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PREFACE 


The first edition of Williams Hematology (né Hematology) was published 
in 1972. This, our 9th edition, will represent our continued efforts over 
nearly one-half century to provide the most current concepts of the 
pathophysiology and treatment of hematologic diseases. 

The rate of growth in our understanding of diseases of blood cells 
and coagulation pathways provides a challenge for editors of a com- 
prehensive textbook of hematology. The sequencing of individual ge- 
nomes, analysis of the “dark DNA” and noncoding RNAs, advances in 
knowledge in proteomics, metabolomics, and other “-omics” fields, as 
applied to hematologic disorders, have accelerated the understanding 
of the pathogenesis of the diseases of our interest. The rate at which 
basic knowledge in molecular and cellular biology and immunology 
has been translated into improved diagnostic and therapeutic methods 
is equally impressive. Specific molecular targets for therapy in several 
hematologic disorders have become reality, and it is not hyperbole to 
state that hematology is the poster child for the rational design of ther- 
apeutics applicable to other fields of medicine. 

This edition of Williams Hematology includes changes designed to 
facilitate ease of access to information, both within the book and its as- 
sociated links, and has been modestly reorganized to reflect our greater 
understanding of the origins of hematologic disorders. Each chapter 
has been revised or rewritten to provide current information. Four new 
chapters have been added and other notable changes have been made. 
Chapter 4 “Consultative Hematology” is new to this edition. The chap- 
ter “Epigenetics and Genomics” has been divided into separate chap- 
ters to reflect the growth of knowledge in those disciplines. Chapter 14, 
“Metabolism of Hematologic Neoplastic Cells” is new, as this topic has 
become the basis of multiple potential drug targets for hematologic dis- 
ease. A section on “Autophagy” has been added to Chap 15 “Apoptosis 
Mechanisms: Relevance to the Hematopoietic System,” as the topic is 
becoming increasingly important for understanding of the physiology 
of blood cell development; and an independent chapter “Heparin-In- 
duced Thrombocytopenia” (Chap 118) has been created to reflect both 
its pathophysiologic and clinical importance. Recognizing that at the 
heart of diagnostic hematology is blood and marrow cell morphology, 
we have continued our incorporation of informative color images of the 
relevant disease topics in each chapter, allowing easy access to illustra- 
tions of cell morphology important to diagnosis. 

The 9th edition of Williams Hematology is also available online, 
as part of the excellent www.accessmedicine.com website. With direct 
links to a comprehensive drug therapy database and to other impor- 
tant medical texts, including Harrison's Principles of Internal Medicine 
and Goodman and Gilman's The Pharmacological Basis of Therapeutics, 
Williams Hematology Online is part of a powerful resource covering all 
disciplines within medical education and practice. The online edition 


of Williams Hematology also includes PubMed links to journal articles 
cited in the references. 

In addition, Williams Manual of Hematology will be revised to 
reflect the diagnostic and therapeutic advances incorporated in the 
9th edition of Williams Hematology. The convenient Manual features 
the most clinically salient content from the parent text, and is useful 
in time-restricted clinical situations. The Manual will be available for 
iPhone™ and other mobile formats. 

The readers of the 9th edition of Williams Hematology will note a 
“changing of (some of) the guard” of our editorial group; Drs. Marcel 
Levi (a member of the 8th edition of Williams Manual of Hematology 
editorial group), Oliver Press, Linda Burns, and Michael Caligiuri have 
joined continuing editors Drs. Kenneth Kaushansky, Marshall Licht- 
man, and Josef Prchal in the 9th edition. 

The production of this book required the timely cooperation of 
101 contributors for the production of 139 chapters. We are grateful for 
their work in providing this comprehensive and up-to-date text. Despite 
the growth of both basic and clinical knowledge and the passion that 
each of our contributors brings to the topic of their chapter, we have 
been able to maintain the text in a single volume through scrupulous 
attention to chapter length. 

Each editor has had expert administrative assistance in the man- 
agement of the manuscripts for which they were primarily responsible. 
We thank Susan Madden in Salt Lake City, Utah; Nancy Press and Deb- 
orah Lemon in Seattle, Washington; and Annie Thompson, Rebecca 
Posey, and Kimberly Morley in Columbus, Ohio for their very helpful 
participation in the production of the book. Special thanks go to Susan 
Daley in Rochester, New York, and Marie Brito in Stony Brook, New 
York, who were responsible for coordinating the management of 139 
chapters, including many new figures and tables, and managing other 
administrative matters, a challenging task that Ms. Daley and Ms. Brito 
performed with skill and good humor. The editors also acknowledge the 
interest and support of our colleagues at McGraw-Hill, including James 
F Shanahan, Publisher, Medical Publishing; Karen Edmonson, Senior 
Editor for Williams Hematology; and Harriet Lebowitz, Senior Project 
Development Editor for Williams Hematology. 


Kenneth Kaushansky 
Marshall A. Lichtman 
Joseph T. Prchal 
Marcel Levi 

Oliver W. Press 

Linda J. Burns 
Michael A. Caligiuri 
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CHAPTER 1 

INITIAL APPROACH TO THE 
PATIENT: HISTORY AND 
PHYSICAL EXAMINATION 


Marshall A. Lichtman and Linda J. Burns 


The care of a patient with a suspected hematologic abnormality begins with 
a systematic attempt to determine the nature of the illness by eliciting an 
in-depth medical history and performing a thorough physical examination. 
The physician should identify the patient's symptoms systematically and obtain 
as much relevant information as possible about their origin and evolution and 
about the general health of the patient by appropriate questions designed 
to explore the patient's recent and remote experience. Reviewing previous 
records may add important data for understanding the onset or progression 
of illness. Hereditary and environmental factors should be carefully sought and 
evaluated. The use of drugs and medications, nutritional patterns, and sexual 
behavior should be considered. The physician follows the medical history with 
a physical examination to obtain evidence for tissue and organ abnormalities 
that can be assessed through bedside observation to permit a careful search 
for signs of the illnesses suggested by the history. Skin changes and hepatic, 
splenic, or lymph nodal enlargement are a few findings that may be of consid- 
erable help in pointing toward a diagnosis. Additional history is obtained dur- 
ing the physical examination, as findings suggest an additional or alternative 
consideration. Thus, the history and physical examination should be considered 
as a unit, providing the basic information with which further diagnostic infor- 
mation is integrated: blood and marrow studies, imaging studies, and biopsies. 

Primary hematologic diseases are common in the aggregate, but hemato- 
logic manifestations secondary to other diseases occur even more frequently. 
For example, the signs and symptoms of anemia and the presence of enlarged 
lymph nodes are common clinical findings that may be related to a hemato- 
logic disease but occur frequently as secondary manifestations of disorders 
not considered primarily hematologic. A wide variety of diseases may produce 
signs or symptoms of hematologic illness. Thus, in patients with a connective 
tissue disease, all the signs and symptoms of anemia may be elicited and 
lymphadenopathy may be notable, but additional findings are usually present 
that indicate primary involvement of some system besides the hematopoietic 
(marrow) or lymphopoietic (lymph nodes or other lymphatic sites). In this dis- 
cussion, emphasis is placed on the clinical findings resulting from either pri- 
mary hematologic disease or the complications of hematologic disorders so as 
to avoid presenting an extensive catalog of signs and symptoms encountered 
in general clinical medicine. 


Acronyms and Abbreviations: |g, immunoglobulin; IL, interleukin; POEMS, 
polyneuropathy, organomegaly, endocrinopathy, monoclonal gammopathy, and skin 
changes; PS, performance status. 


In each discussion of specific diseases in subsequent chapters, the signs 
and symptoms that accompany the particular disorder are presented, and the 
clinical findings are covered in detail. In this chapter, a more general system- 

atic approach is taken. 


@ THE HEMATOLOGY CONSULTATION 


Table 1-1 lists the major abnormalities that result in the evaluation of 
the patient by the hematologist. The signs indicated in Table 1-1 may 
reflect a primary or secondary hematologic problem. For example, 
immature granulocytes in the blood may be signs of myeloid diseases 
such as myelogenous leukemia, or, depending on the frequency of these 
cells and the level of immaturity, the dislodgment of cells resulting from 
marrow metastases of a carcinoma. Nucleated red cells in the blood 
may reflect the breakdown in the marrow-blood interface seen in pri- 
mary myelofibrosis or the hypoxia of congestive heart failure. Certain 
disorders have a propensity for secondary hematologic abnormalities; 
renal, liver, and connective tissue diseases are prominent among such 
abnormalities. Chronic alcoholism, nutritional fetishes, and the use of 
certain medications may be causal factors in blood cell or coagulation 
protein disorders. Pregnant women and persons of older age are prone 
to certain hematologic disorders: anemia, thrombocytopenia, or intra- 
vascular coagulation in the former case, and hematologic malignancies, 
pernicious anemia and the anemia of aging in the latter. The history and 
physical examination can provide vital clues to the possible diagnosis 
and also to the rationale choice of laboratory tests. 


@THE HISTORY 


In today’s technology- and procedure-driven medical environment, the 
importance of carefully gathering information from patient inquiry and 
examination is at risk of losing its primacy. The history (and physical 
examination) remains the vital starting point for the evaluation of any 
clinical problem.’? 


GENERAL SYMPTOMS AND SIGNS 


Performance status (PS) is used to establish semiquantitatively the extent 
of a patients disability. This status is important in evaluating patient 
comparability in clinical trials, in determining the likely tolerance to 
cytotoxic therapy, and in evaluating the effects of therapy. Table 1-2 
presents a well-founded set of criteria for measuring PS.* An abbrevi- 
ated version sometimes is used, as proposed by the Eastern Cooperative 
Oncology Group (Table 1-3).° 

Weight loss is a frequent accompaniment of many serious diseases, 
including primary hematologic malignancies, but it is not a prominent 
accompaniment of most hematologic diseases. Many “wasting” dis- 
eases, such as disseminated carcinoma and tuberculosis, cause anemia, 
and pronounced emaciation should suggest one of these diseases rather 
than anemia as the primary disorder. 

Fever is a common early manifestation of the aggressive lympho- 
mas or acute leukemias as a result of pyrogenic cytokines (e.g., interleu- 
kin [IL]-1, IL-6, and IL-8) released as a reflection of the disease itself. 
After chemotherapy-induced cytopenias or in the face of accompanying 
immunodeficiency, infection is usually the cause of fever. In patients 
with “fever of unknown origin,” lymphoma, particularly Hodgkin lym- 
phoma, should be considered. Occasionally, primary myelofibrosis, 
acute leukemia, advanced myelodysplastic syndrome, and other lym- 
phomas may also cause fever. In rare patients with severe pernicious 


TABLE 1-1. Findings That May Lead to a Hematology 
Consultation 


Decreased hemoglobin concentration (anemia) 
Increased hemoglobin concentration (polycythemia) 
Elevated serum ferritin level 

Leukopenia or neutropenia 


Immature granulocytes or nucleated red cells in the blood 
Pancytopenia 


Granulocytosis: neutrophilia, eosinophilia, basophilia, or 
mastocytosis 


Monocytosis 

Lymphocytosis 

Lymphadenopathy 

Splenomegaly 

Hypergammaglobulinemia: monoclonal or polyclonal 
Purpura 

Thrombocytopenia 

Thrombocytosis 

Exaggerated bleeding: spontaneous or trauma related 
Prolonged partial thromboplastin or prothrombin coagulation times 
Venous thromboembolism 

Thrombophilia 


Obstetrical adverse events (e.g., recurrent fetal loss, stillbirth, and 
HELLP syndrome) 


HELLP, hemolytic anemia, elevated liver enzymes, and low platelet 
count. 


TABLE 1-2. Criteria of Performance Status (Karnofsky 
Scale)* 


Able to carry on normal activity; no special care is needed. 


100% Normal; no complaints, no evidence of disease 


90% Able to carry on normal activity; minor signs or 
symptoms of disease 
80% Normal activity with effort; some signs or 


symptoms of disease 


Unable to work; able to live at home, care for most personal 
needs; a varying amount of assistance is needed. 


70% Cares for self; unable to carry on normal activity 
or to do active work 

60% Requires occasional assistance but is able to care 
for most personal needs 

50% Requires considerable assistance and frequent 
medical care 


Unable to care for self; requires equivalent of institutional or 
hospital care; disease may be progressing rapidly. 


40% Disabled; requires special care and assistance 

30% Severely disabled; hospitalization is indicated 
though death not imminent 

20% Very sick; hospitalization necessary; active 
supportive treatment necessary 

10% Moribund; fatal processes progressing rapidly 

0% Dead 


Adapted with permission from Mor V, Laliberte L, Morris JN, Wiemann 
M: The Karnofsky performance status scale: An examination of 
its reliability and validity in a research setting Cancer 1984 May 1; 
53(9):2002-2007. 
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TABLE 1-3. Eastern Cooperative Oncology Group 
Performance Status? 


Grade Activity 

0 Fully active, able to carry on all predisease perfor- 
mance without restriction 

1 Restricted in physically strenuous activity but ambula- 
tory and able to carry out work of a light or sedentary 
nature, e.g. light housework, office work 

2 Ambulatory and capable of all self-care but unable to 
carry out any work activities; up and about more than 
50% of waking hours 

3 Capable of only limited self-care, confined to bed or 
chair more than 50% of waking hours 

4 Completely disabled; cannot carry on any self-care; 
totally confined to bed or chair 

5 Dead 


Oken MM, Creech RH, Tormey DC, et al: Toxicity and response criteria 
of the Eastern Cooperative Oncology Group. Am J Clin Oncol. 


anemia or hemolytic anemia, fever may be present. Chills may accom- 
pany severe hemolytic processes and the bacteremia that may compli- 
cate the immunocompromised or neutropenic patient. Night sweats 
suggest the presence of low-grade fever and may occur in patients with 
lymphoma or leukemia. 

Fatigue, malaise, and lassitude are such common accompaniments 
of both physical and emotional disorders that their evaluation is complex 
and often difficult. In patients with serious disease, these symptoms may 
be readily explained by fever, muscle wasting, or other associated findings. 
Patients with moderate or severe anemia frequently complain of fatigue, 
malaise, or lassitude and these symptoms may accompany the hematologic 
malignancies. Fatigue or lassitude may occur also with iron deficiency 
even in the absence of sufficient anemia to account for the symptom. 
In slowly developing chronic anemias, the patient may not recognize 
reduced exercise tolerance, or other loss of physical capabilities except in 
retrospect, after a remission or a cure has been induced by appropriate 
therapy. Anemia may be responsible for more symptoms than has been 
traditionally recognized, as suggested by the remarkable improvement in 
quality of life of most uremic patients treated with erythropoietin. 

Weakness may accompany anemia or the wasting of malignant 
processes, in which cases it is manifest as a general loss of strength or 
reduced capacity for exercise. The weakness may be localized as a result 
of neurologic complications of hematologic disease. In vitamin B, defi- 
ciency (e.g., pernicious anemia), there may be weakness of the lower 
extremities, accompanied by numbness, tingling, and unsteadiness of 
gait. Peripheral neuropathy also occurs with monoclonal immunoglob- 
ulinemias. Weakness of one or more extremities in patients with leuke- 
mia, myeloma, or lymphoma may signify central or peripheral nervous 
system invasion or compression as a result of vertebral collapse, a para- 
neoplastic syndrome (e.g., encephalitis), or brain or meningeal involve- 
ment. Myopathy secondary to malignancy occurs with the hematologic 
malignancies and is usually manifest as weakness of proximal muscle 
groups. Foot drop or wrist drop may occur in lead poisoning, amyloi- 
dosis, systemic autoimmune diseases, or as a complication of vincristine 
therapy. Paralysis may occur in acute intermittent porphyria. 


SPECIFIC SYMPTOMS OR SIGNS 


Nervous System 
Headache may be the result of a number of causes related to hematologic 
diseases. Anemia or polycythemia may cause mild to severe headache. 
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Invasion or compression of the brain by leukemia or lymphoma, or 
opportunistic infection of the central nervous system by Cryptococcus 
or Mycobacterium species, may also cause headache in patients with 
hematologic malignancies. Hemorrhage into the brain or subarachnoid 
space in patients with thrombocytopenia or other bleeding disorders 
may cause sudden, severe headache. 

Paresthesias may occur because of peripheral neuropathy in perni- 
cious anemia or secondary to hematologic malignancy or amyloidosis. 
They may also result from therapy with vincristine. 

Confusion may accompany malignant or infectious processes 
involving the brain, sometimes as a result of the accompanying fever. 
Confusion may also occur with severe anemia, hypercalcemia (e.g., 
myeloma), thrombotic thrombocytopenic purpura, or high-dose glu- 
cocorticoid therapy. Confusion or apparent senility may be a mani- 
festation of pernicious anemia. Frank psychosis may develop in acute 
intermittent porphyria or with high-dose glucocorticoid therapy. 

Impairment of consciousness may be a result of increased intracra- 
nial pressure secondary to hemorrhage or leukemia or lymphoma in 
the central nervous system. It may also accompany severe anemia, poly- 
cythemia, hyperviscosity secondary, usually, to an immunoglobulin (Ig) 
M monoclonal protein (uncommonly IgA or IgG) in the plasma, or a 
leukemic hyperleukocytosis syndrome, especially in chronic myeloge- 
nous leukemia. 


Eyes 

Conjunctival plethora is a feature of polycythemia and pallor a result of 
anemia. Occasionally blindness may result from retinal hemorrhages 
secondary to severe anemia and thrombocytopenia or blurred vision 
resulting from severe hyperviscosity resulting from macroglobulinemia 
or extreme hyperleukocytosis of leukemia. Partial or complete visual 
loss can stem from retinal vein or artery thrombosis. Diplopia or distur- 
bances of ocular movement may occur with orbital tumors or paralysis 
of the third, fourth, or sixth cranial nerves because of compression by 
tumor, especially extranodal lymphoma, extramedullary myeloma, or 
myeloid (granulocytic) sarcoma. 


Ears 

Vertigo, tinnitus, and “roaring” in the ears may occur with marked 
anemia, polycythemia, hyperleukocytic leukemia, or macroglobuline- 
mia-induced hyperviscosity. Méniére disease was first described in a 
patient with acute leukemia and inner ear hemorrhage. 


Nasopharynx, Oropharynx, and Oral Cavity 

Epistaxis may occur in patients with thrombocytopenia, acquired or 
inherited platelet function disorders, and von Willebrand disease. 
Anosmia or olfactory hallucinations occur in pernicious anemia. The 
nasopharynx may be invaded by a granulocytic sarcoma or extranodal 
lymphoma; the symptoms are dependent on the structures invaded. The 
paranasal sinuses may be involved by opportunistic organisms, such as 
fungus in patients with severe, prolonged neutropenia. Pain or tingling 
in the tongue occurs in pernicious anemia and may accompany severe 
iron deficiency or vitamin deficiencies. Macroglossia occurs in amyloi- 
dosis. Bleeding gums may occur with bleeding disorders. Infiltration of 
the gingiva with leukemic cells occurs notably in acute monocytic leu- 
kemia. Ulceration of the tongue or oral mucosa may be severe in the 
acute leukemias or in patients with severe neutropenia. Dryness of the 
mouth may be caused by hypercalcemia, secondary, for example, to 
myeloma. Dysphagia may be seen in patients with severe mucous mem- 
brane atrophy associated with chronic iron-deficiency anemia. 


Neck 
Painless swelling in the neck is characteristic of lymphoma but may be 
caused by a number of other diseases as well. Occasionally, the enlarged 


lymph nodes of lymphomas may be tender or painful because of sec- 
ondary infection or rapid growth. Painful or tender lymphadenopathy 
is usually associated with inflammatory reactions, such as infectious 
mononucleosis or suppurative adenitis. Diffuse swelling of the neck and 
face may occur with obstruction of the superior vena cava due to lym- 
phomatous compression. 


Chest and Heart 

Both dyspnea and palpitations, usually on effort but occasionally at 
rest, may occur because of anemia or pulmonary embolism. Congestive 
heart failure may supervene, and angina pectoris may become manifest 
in anemic patients. The impact of anemia on the circulatory system 
depends in part on the rapidity with which it develops, and chronic 
anemia may become severe without producing major symptoms; with 
severe acute blood loss, the patient may develop shock with a nearly 
normal hemoglobin level, prior to compensatory hemodilution. Cough 
may result from enlarged mediastinal nodes compressing the trachea 
or bronchi. Chest pain may arise from involvement of the ribs or ster- 
num with lymphoma or multiple myeloma, nerve-root invasion or com- 
pression, or herpes zoster; the pain of herpes zoster usually precedes 
the skin lesions by several days. Chest pain with inspiration suggests a 
pulmonary infarct, as does hemoptysis. Tenderness of the sternum may 
be quite pronounced in chronic myelogenous or acute leukemia, and 
occasionally in primary myelofibrosis, or if intramedullary lymphoma 
or myeloma proliferation is rapidly progressive. 


Gastrointestinal System 

Dysphagia has already been mentioned under “Nasopharynx, Orophar- 
ynx, and Oral Cavity” above. Anorexia frequently occurs but usually has 
no specific diagnostic significance. Hypercalcemia and azotemia cause 
anorexia, nausea, and vomiting. A variety of ill-defined gastrointestinal 
complaints grouped under the heading “indigestion” may occur with 
hematologic diseases. Abdominal fullness, premature satiety, belching, 
or discomfort may occur because of a greatly enlarged spleen, but such 
splenomegaly may also be entirely asymptomatic. Abdominal pain may 
arise from intestinal obstruction by lymphoma, retroperitoneal bleed- 
ing, lead poisoning, ileus secondary to therapy with the vinca alkaloids, 
acute hemolysis, allergic purpura, the abdominal crises of sickle cell dis- 
ease, or acute intermittent porphyria. Diarrhea may occur in pernicious 
anemia. It also may be prominent in the various forms of intestinal 
malabsorption, although significant malabsorption may occur without 
diarrhea. In small-bowel malabsorption, steatorrhea may be a notable 
feature. Malabsorption may be a manifestation of small-bowel lym- 
phoma. Gastrointestinal bleeding related to thrombocytopenia or other 
bleeding disorder may be occult but often is manifest as hematemesis 
or melena. Hematochezia can occur if a bleeding disorder is associated 
with a colonic lesion. Constipation may occur in the patient with hyper- 
calcemia or in one receiving treatment with the vinca alkaloids. 


Genitourinary and Reproductive Systems 

Impotence or bladder dysfunction may occur with spinal cord or periph- 
eral nerve damage caused by one of the hematologic malignancies or 
with pernicious anemia. Priapism may occur in hyperleukocytic leu- 
kemia, essential thrombocythemia, or sickle cell disease. Hematuria 
may be a manifestation of hemophilia A or B. Red urine may also occur 
with intravascular hemolysis (hemoglobinuria), myoglobinuria, or 
porphyrinuria. Injection of anthracycline drugs or ingestion of drugs 
such as phenazopyridine (Pyridium) regularly causes the urine to turn 
red. The use of deferoxamine mesylate (Desferal) may result in rust col- 
ored urine. Amenorrhea may also be induced by certain drugs, such as 
antimetabolites or alkylating agents. Menorrhagia is a common cause 
of iron deficiency, and care must be taken to obtain a history of the 


number of prior pregnancies and an accurate assessment of the extent 
of menstrual blood loss. Semiquantification can be obtained from esti- 
mates of the number of days of heavy bleeding (usually <3), the num- 
ber of days of any bleeding (usually <7), number of tampons or pads 
used (requirement for double pads suggests excessive bleeding), degree 
of blood soaking, and clots formed, and inquiries such as, “Have you 
experienced a gush of blood when a tampon is removed?” However, an 
objective distinction between menorrhagia (loss of more than 80 mL 
blood per period) and normal blood loss can best be made by a visual 
assessment technique using pictorial charts of towels or tampons.° Men- 
orrhagia may occur in patients with bleeding disorders. 


Back and Extremities 

Back pain may accompany acute hemolytic reactions or be a result 
of involvement of bone or the nervous system in acute leukemia or 
aggressive lymphoma. It is one of the most common manifestations of 
myeloma. 

Arthritis or arthralgia may occur with gout secondary to increased 
uric acid production in patients with hematologic malignancies, espe- 
cially acute lymphocytic leukemia in childhood, myelofibrosis, myel- 
odysplastic syndrome, and hemolytic anemia. They also occur in the 
plasma cell dyscrasias, acute leukemias, and sickle cell disease without 
evidence of gout, and in allergic purpura. Arthritis may accompany 
hemochromatosis, although the association has not been carefully 
established. In the latter case the arthritis starts typically in the small 
joints of the hand (second and third metacarpal joints), and episodes 
of acute synovitis may be related to deposition of calcium pyrophos- 
phate dehydrate crystals. Hemarthroses in patients with severe bleeding 
disorders cause marked joint pain. Autoimmune diseases may present 
as anemia and/or thrombocytopenia, and arthritis appears as a later 
manifestation. Shoulder pain on the left may be a result of infarction 
of the spleen and on the right of gall bladder disease associated with 
chronic hemolytic anemia such as hereditary spherocytosis. Bone pain 
may occur with bone involvement by the hematologic malignancies; 
it is common in the congenital hemolytic anemias, such as sickle cell 
anemia, and may occur in myelofibrosis. In patients with Hodgkin lym- 
phoma, ingestion of alcohol may induce pain at the site of any lesion, 
including those in bone. Edema of the lower extremities, sometimes 
unilateral, may occur because of obstruction to veins or lymphatics by 
lymphomatous masses or from deep venous thrombosis. The latter can 
also cause edema of the upper extremities. 


Skin 

Skin manifestations of hematologic disease may be of great importance; 
they include changes in texture or color, itching, and the presence of 
specific or nonspecific lesions. The skin in iron-deficient patients may 
become dry, the hair dry and fine, and the nails brittle. In hypothy- 
roidism, which may cause anemia, the skin is dry, coarse, and scaly. 
Jaundice may be apparent with pernicious anemia or congenital or 
acquired hemolytic anemia. The skin of patients with pernicious anemia 
is said to be “lemon yellow” because of the simultaneous appearance of 
jaundice and pallor. Jaundice may also occur in patients with hemato- 
logic malignancies, especially lymphomas, as a result of liver involve- 
ment or biliary tract obstruction. Pallor is a common accompaniment 
of anemia, although some severely anemic patients may not appear pale. 
Erythromelalgia may be a troublesome complication of polycythemia 
vera. Patchy plaques or widespread erythroderma occur in cutaneous 
T-cell lymphoma (especially Sézary syndrome) and in some cases of 
chronic lymphocytic leukemia or lymphocytic lymphoma. The skin is 
often involved, sometimes severely, in graft-versus-host disease follow- 
ing hematopoietic cell transplantation. Patients with hemochromatosis 
may have bronze or grayish pigmentation of the skin. Cyanosis occurs 
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with methemoglobinemia, either hereditary or acquired; sulfhemoglo- 
binemia; abnormal hemoglobins with low oxygen affinity; and primary 
and secondary polycythemia. Cyanosis of the ears or the fingertips may 
occur after exposure to cold in individuals with cryoglobulins or cold 
agglutinins. 

Itching may occur in the absence of any visible skin lesions in 
Hodgkin lymphoma and may be extreme. Mycosis fungoides or other 
lymphomas with skin involvement may also present as itching. A sig- 
nificant number of patients with polycythemia vera will complain of 
itching after bathing. 

Petechiae and ecchymoses are most often seen in the extremities in 
patients with thrombocytopenia, nonthrombocytopenic purpura, or 
acquired or inherited platelet function abnormalities and von Wille- 
brand disease. Unless secondary to trauma, these lesions usually are 
painless; the lesions of psychogenic purpura and erythema nodosum are 
painful. Easy bruising is a common complaint, especially among women, 
and when no other hemorrhagic symptoms are present, usually no 
abnormalities are found after detailed study. This symptom may, how- 
ever, indicate a mild hereditary bleeding disorder, such as von Wille- 
brand disease or one of the platelet disorders. Infiltrative lesions may 
occur in the leukemias (leukemia cutis) and lymphomas (lymphoma 
cutis) and are sometimes the presenting complaint. Monocytic leukemia 
has a higher frequency of skin infiltration than other forms of leukemia. 
Necrotic lesions may occur with intravascular coagulation, purpura ful- 
minans, and warfarin-induced skin necrosis, or rarely with exposure to 
cold in patients with circulating cryoproteins or cold agglutinins. 

Leg ulcers are a common complaint in sickle cell anemia and occur 
rarely in other hereditary anemias. 


DRUGS AND CHEMICALS 


Drugs 

Drug therapy, either self-prescribed or ordered by a physician, is 
extremely common in our society. Drugs often induce or aggravate 
hematologic disease, and it is therefore essential that a careful history 
of drug ingestion, including beneficial and adverse reactions, should 
be obtained from all patients. Drugs taken regularly, including nonpre- 
scription medications, often become a part of the patient’s way of life 
and are forgotten or are not recognized as “drugs.” 

Agents such as aspirin, laxatives, tranquilizers, medicinal iron, 
vitamins, other nutritional supplements, and sedatives belong to this 
category. Furthermore, drugs may be ingested in unrecognized form, 
such as antibiotics in food or quinine in tonic water. Specific, persis- 
tent questioning, often on several occasions, may be necessary before a 
complete history of drug use is obtained. It is very important to obtain 
detailed information on alcohol consumption from every patient. The 
four “CAGE” questions—about needing to cut down, being annoyed 
by criticism, having guilt feelings, and requiring a drink as a morning 
eye-opener—provide an effective approach to the history of alcohol use. 
Patients should also be asked about the use of recreational drugs. The 
use of “alternative medicines” and herbal medicines is common, and 
many patients will not consider these medications or may actively with- 
hold information about their use. Nonjudgmental questioning may be 
successful in identifying agents in this category that the patient is tak- 
ing. Some patients equate the term “drugs,” as opposed to “medicines,” 
with illicit drugs. Establishing that the examiner is interested in all 
forms of ingestants—prescribed drugs, self-remedies, alternative reme- 
dies, etcetera—is important to ensure getting the information required. 


Chemicals 
In addition to drugs, most people are exposed regularly to a variety of 
chemicals in the environment, some of which may be potentially harmful 
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agents and result in a deleterious hematologic effect, such as anemia or 
leukopenia. An occupational history should explore exposure to poten- 
tially harmful chemicals. This information should be supplemented 
by inquiries about hobbies and other interests that result in work with 
chemicals, such as glues and solvents. When a toxin is suspected, the 
patient’s daily activities and environment should be carefully reviewed, 
as significant exposure to toxic chemicals may occur incidentally. 


VACCINATION 


Vaccinations can be complicated by acute immune thrombocytopenia. 
In infants, this is most notable after measles, mumps, rubella (MMR) 
vaccine. This occurrence is approximately 1 in 25,000 children vac- 
cinated, occurs within 6 weeks of vaccination, and in the majority of 
occurrences is self-limited. There is no evidence that children with 
antecedent immune thrombocytopenia are at risk of recurrence after 
MMR vaccination.’ Analysis, thus far, shows rare cases in following 
administration of other vaccines (hepatitis A, diphtheria-pertussis- 
tetanus, or varicella) administered to older children and adolescents 
and significant risk has not been ascertained.® 


NUTRITION 


Children who are breastfed without iron supplementation may develop 
iron-deficiency anemia. Nutritional information can be useful in deduc- 
ing the possible role of dietary deficiency in anemia. The avoidance of cer- 
tain food groups, as might be the case with vegetarians, or the ingestion of 
uncooked fish can be clues to the pathogenesis of megaloblastic anemia. 


FAMILY HISTORY 


A carefully obtained family history may be of great importance in the 
study of patients with hematologic disease (Chap. 10). In the case of 
hemolytic disorders, questions should be asked regarding jaundice, ane- 
mia, and gallstones in relatives. In patients with disorders of hemostasis 
or venous thrombosis, particular attention must be given to bleeding 
manifestations or venous thromboembolism in family members. In the 
case of autosomal recessive disorders such as pyruvate kinase deficiency, 
the parents are usually not affected, but a similar clinical syndrome may 
have occurred in siblings. It is particularly important to inquire about 
siblings who may have died in infancy, as these may be forgotten, espe- 
cially by older patients. When sex-linked inheritance is suspected, it is 
necessary to inquire about symptoms in the maternal grandfather, mater- 
nal uncles, male siblings, and nephews. In patients with disorders with 
dominant inheritance, such as hereditary spherocytosis, one may expect 
to find that one parent and possibly siblings and children of the patient 
have stigmata of the disease. Ethnic background may be important in the 
consideration of certain diseases such as a- and -thalassemia, sickle cell 
anemia, glucose-6-phosphate dehydrogenase deficiency, hemoglobin E, 
and other inherited disorders that are prevalent in specific geographic 
areas, such as the Mediterranean basin or Southeast Asia. 


SEXUAL HISTORY 


Because of the frequency of infections with the human immunodefi- 
ciency viruses, it is important to ascertain the sexual behavior of the 
patient, especially risk factors for transmission of HIV. 


PREVENTIVE HEMATOLOGY 


Ideally, the physician's goal is to prevent illness, and opportunities exist 
for hematologists to prevent the development of hematologic disor- 
ders. These opportunities include identification of individual genetic 
risk factors and avoidance of situations that may make a latent disorder 


manifest. Prophylactic therapy, as for example in avoiding venous sta- 
sis in patients heterozygous for protein C deficiency or administering 
prophylactic heparin at the time of major surgery, is a more immediate 
aspect of prevention because it depends on the physician’s intervention. 
Hematologists may also prevent disease by reinforcing community 
medicine efforts. Examples include fostering the elimination of sources 
of environmental lead that may result in childhood anemia. Prenatal 
diagnosis can provide information to families as to whether a fetus is 
affected with a hematologic disorder. 


@ PHYSICAL EXAMINATION 


A detailed physical examination should be performed on every patient, 
with sufficient attention paid to all systems so as to obtain a full evalua- 
tion of the general health of the individual. The skin, eyes, tongue, lymph 
nodes, skeleton, spleen and liver, and nervous system are especially per- 
tinent to hematologic disease and therefore deserve special attention. 


SKIN 
Pallor and Flushing 


The color of the skin is a result of the pigment contained therein and to 
the blood flowing through the skin capillaries. The component of skin 
color related to the blood may be a useful guide to anemia or polycythe- 
mia, as pallor may result when the hemoglobin level is reduced, and 
redness when the hemoglobin level is increased. The amount of pig- 
ment in the skin modifies skin color and can mislead the clinician, as in 
individuals with pallor resulting from decreased pigment, or make skin 
color useless as a guide because of the intense pigmentation present. 

Alterations in blood flow and in hemoglobin content may change 
skin color; this, too, can mislead the clinician. Thus emotion may cause 
either pallor or blushing. Exposure of the skin to cold or heat may sim- 
ilarly cause pallor or blushing. Chronic exposure to wind or sun may 
lead to permanent redness of the skin, and chronic ingestion of alcohol 
to a flushed face. The degree of erythema of the skin can be evaluated by 
pressing the thumb firmly against the skin, as on the forehead, so that the 
capillaries are emptied, and then comparing the color of the compressed 
spot with the surrounding skin immediately after the thumb is removed. 

The mucous membranes and nail beds are usually more reliable 
guides to anemia or polycythemia than the skin. The conjunctivae and 
gums may be inflamed, however, and therefore not reflect the hemoglo- 
bin level, or the gums may appear pale because of pressure from the lips. 
The gums and the nail beds may also be pigmented and the capillaries 
correspondingly obscured. In some individuals, the color of the capil- 
laries does not become fully visible through the nails unless pressure is 
applied to the fingertip, either laterally or on the end of the nail. 

The palmar creases are useful guides to the hemoglobin level and 
appear pink in the fully opened hand unless the hemoglobin is 7 g/dL 
or less. Liver disease may induce flushing of the thenar and hypothenar 
eminences of the palm, even in patients with anemia. 


Cyanosis 

The detection of cyanosis, like the detection of pallor, may be made dif- 
ficult by skin pigmentation. Cyanosis is a function of the total amount of 
reduced hemoglobin, methemoglobin, or sulfhemoglobin present. The 
minimum amounts of these pigments that cause detectable cyanosis are 
approximately 5 g/dL blood of reduced hemoglobin, 1.5 to 2.0 g/dL of 
methemoglobin, and 0.5 g/dL of sulfhemoglobin. 


Jaundice 
Jaundice may be observed in the skin of individuals who are not oth- 
erwise deeply pigmented or in the sclerae or the mucous membranes. 


The patient should be examined in daylight rather than under incan- 
descent or fluorescent light, because the yellow color of the latter masks 
the yellow color of the patient. Jaundice is a result of actual staining 
of the skin by bile pigment, and bilirubin glucuronide (direct-reacting 
or conjugated bilirubin) stains the skin more readily than the unconju- 
gated form. Jaundice of the skin may not be visible if the bilirubin level 
is below 2 to 3 mg/dL. Yellow pigmentation of the skin may also occur 
with carotenemia, especially in young children. 


Petechiae and Ecchymoses 

Petechiae are small (1 to 2 mm), round, red or brown lesions resulting 
from hemorrhage into the skin and are present primarily in areas with 
high venous pressure, such as the lower extremities. These lesions do not 
blanch on pressure, and this can be readily demonstrated by compress- 
ing the skin with a glass microscope slide or magnifying lens. Petechiae 
may occasionally be elevated slightly, that is, palpable; this finding sug- 
gests vasculitis. Ecchymoses may be of various sizes and shapes and may 
be red, purple, blue, or yellowish green, depending on the intensity of 
the skin hemorrhage and its age. They may be flat or elevated; some are 
painful and tender. The lesions of hereditary hemorrhagic telangiectasia 
are small, flat, nonpulsatile, and violaceous. They blanch with pressure. 


Excoriation 

Itching may be intense in some hematologic disorders, such as Hodg- 
kin lymphoma, even in the absence of skin lesions. Excoriation of the 
skin from scratching is the only physical manifestation of this severe 
symptom. 


Leg Ulcers 

Open ulcers or scars from healed ulcers are often found in the region of 
the internal or external malleoli in patients with sickle cell anemia, and, 
rarely, in other hereditary anemias. 


Nails 

Detection of pallor or rubor by examining the nails was discussed ear- 
lier. The fingernails in chronic, severe iron-deficiency anemia may be 
ridged longitudinally and flattened or concave rather than convex. The 
latter change is referred to as koilonychia and is uncommon in present 
practice. 


Eyes 

Jaundice, pallor, or plethora may be detected from examination of the 
eyes. Jaundice is usually more readily detected in the sclerae than in 
the skin. Ophthalmoscopic examination is also essential in patients 
with hematologic disease. Retinal hemorrhages and exudates occur in 
patients with severe anemia and thrombocytopenia. These hemorrhages 
are usually the typical “flame-shaped” hemorrhages, but they may be 
quite large and elevate the retina so that they may appear as a darkly 
colored tumor. Round hemorrhages with white centers are also often 
seen. Dilatation of the veins may be seen in polycythemia; in patients 
with macroglobulinemia, the veins are engorged and segmented, resem- 
bling link sausages. 


Mouth 

Pallor of the mucosa has already been discussed (see “Pallor and Flush- 
ing” above). Ulceration of the oral mucosa occurs commonly in neutro- 
penic patients. In leukemia there may also be infiltration of the gums 
with swelling, redness, and bleeding. Bleeding from the mucosa may 
occur with a hemorrhagic disease. A dark line of lead sulfide may be 
deposited in the gums at the base of the teeth in lead poisoning. The 
tongue may be completely smooth in pernicious anemia and iron- 
deficiency anemia. Patients with an upper dental prosthesis may also have 
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papillary atrophy, presumably on a mechanical basis. The tongue may 
be smooth and red in patients with nutritional deficiencies. This may be 
accompanied by fissuring at the corners of the mouth, but fissuring may 
also be caused by ill-fitting dentures. An enlarged tongue, abnormally 
firm to palpation, may indicate the presence of primary amyloidosis. 


Lymph Nodes 

Lymph nodes are widely distributed in the body, and in disease, any 
node or group of nodes may be involved. The major concern on physical 
examination is the detection of enlarged or tender nodes in the cervical, 
supraclavicular, axillary, epitrochlear, inguinal, or iliofemoral regions. 
Under normal conditions in adults, the only readily palpable lymph 
nodes are in the inguinal region, where several firm nodes 0.5 to 2.0 
cm long are normally attached to the dense fascia below the inguinal 
ligament and in the femoral triangle. In children, multiple small (0.5 to 
1.0 cm) nodes may be palpated in the cervical region as well. Supraclavi- 
cular nodes may sometimes be palpable only when the patient performs 
the Valsalva maneuver. 

Enlarged lymph nodes are ordinarily detected in the superficial 
areas by palpation, although they are sometimes large enough to be 
seen. Palpation should be gentle and is best performed with a circu- 
lar motion of the fingertips, using slowly increasing pressure. Tender 
lymph nodes usually indicate an inflammatory etiology, although rap- 
idly proliferative lymphoma may be tender to palpation. 

Nodes too deep to palpate may be detected by specific imaging 
procedures, including computerized tomography, magnetic resonance 
imaging, ultrasound studies, gallium scintography, and positron emis- 
sion tomography.” 


Chest 

Increased rib or sternal tenderness is an important physical sign often 
ignored. Increased bone pain may be generalized, as in leukemia, or 
spotty, as in plasma cell myeloma or in metastatic tumors. The super- 
ficial surfaces of all bones should be examined thoroughly by applying 
intermittent firm pressure with the fingertips to locate potential areas 
of disease. 


Spleen 

The normal adult spleen is usually not palpable on physical examina- 
tion, but occasionally the tip may be felt.'’ Palpability of the normal 
spleen may be related to body habitus, but there is disagreement on this 
point. Percussion, palpation, or a combination of these two methods 
may detect enlarged spleens.'* Some enlarged spleens may be visible by 
protrusion of the abdominal wall. 

The normal spleen weighs approximately 150 g and lies in the peri- 
toneal cavity against the diaphragm and the posterolateral abdominal 
wall at the level of the lower three ribs. As it enlarges it remains close to 
the abdominal wall, while the lower pole moves downward, anteriorly, 
and to the right. Spleens enlarged only 40 percent above normal may be 
palpable, but significant splenic enlargement may occur and the organ 
still not be felt on physical examination. A good but imperfect correla- 
tion has been reported between spleen size estimated from radioisotope 
scanning or ultrasonography and spleen weight determined after sple- 
nectomy or at autopsy.” Although it is common to fail to palpate an 
enlarged spleen on physical examination, palpation of a normal-sized 
spleen is unusual, and therefore a palpable spleen is usually a significant 
physical finding. 

An enlarged spleen lies just beneath the abdominal wall and can be 
identified by its movement during respiration. The splenic notch may 
be evident if the organ is moderately enlarged. During the examination 
the patient lies in a relaxed, supine position. The examiner, standing 
on the patient’s right, lightly palpates the left upper abdomen with the 


right hand while exerting pressure forward with the palm of the left 
hand placed over the lower ribs posterolaterally. This action permits the 
spleen to descend and be felt by the examiner’s fingers. If nothing is 
felt, the palpation should be performed repeatedly, moving the examin- 
ing hand approximately 2 cm toward the inguinal ligament each time. 
It is often advantageous to carry out the examination initially with the 
patient lying on the right side with left knee flexed and to repeat it with 
the patient supine. 

It is not always possible to be sure that a left upper quadrant mass 
is spleen; masses in the stomach, colon, kidney, or pancreas may mimic 
splenomegaly on physical examination. When there is uncertainty 
regarding the nature of a mass in the left upper quadrant, imaging pro- 
cedures will usually permit accurate diagnosis.'*""° 


Liver 

Palpation of the edge of the liver in the right upper quadrant of the 
abdomen is commonly used to detect hepatic enlargement, although 
the inaccuracies of this method have been demonstrated. It is necessary 
to determine both the upper and lower borders of the liver by percus- 
sion in order to properly assess liver size.’*'7 The normal liver may be 
palpable as much as 4 to 5 cm below the right costal margin but is usu- 
ally not palpable in the epigastrium. The height of liver dullness is best 
measured in a specific line 8, 10, or 12 cm to the right of the midline. 
Techniques should be standardized so that serial measurements can be 
made. The vertical span of the normal liver determined in this manner 
will range approximately 10 cm in an average-size man and approxi- 
mately 2 cm smaller in a woman. Because of variations introduced by 
technique, each physician should determine the normal area of liver 
dullness by the physician's own procedure. Correlation of radioisotope 
imaging data with results from routine physical examinations indicates 
that often a liver of normal size is considered enlarged on physical 
examination and an enlarged liver is considered normal. Ultrasonogra- 
phy and computed tomography measurements are useful in determin- 
ing size and demonstrating localized infiltrative lesions.'*-*° 


Nervous System 

A thorough evaluation of neurologic function is necessary in many 
patients with hematologic disease. Vitamin B,, deficiency impairs cere- 
bral, olfactory, spinal cord, and peripheral nerve function, and severe 
chronic deficiency may lead to irreversible neurologic degeneration. 
Leukemic meningitis is often manifested by headache, visual impair- 
ment, or cranial nerve dysfunction. Tumor growth in the brain or spinal 
cord compression may be caused by malignant lymphoma or plasma cell 
myeloma. A variety of neurologic abnormalities may develop in patients 
with leukemias, lymphomas, and myeloma as a consequence of tumor 
infiltration, bleeding, infection, or a paraneoplastic syndrome. Essen- 
tial monoclonal gammopathy is associated with several types of sensory 
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and motor neuropathies. Polyneuropathy is a feature of POEMS, a 
syndrome marked by polyneuropathy, organomegaly, endocrinopathy, 
monoclonal gammopathy, and skin changes. 


Joints 

Deformities of the knees, elbows, ankles, shoulders, wrists, or hips may 
be the result of repeated hemorrhage in patients with hemophilia A, 
hemophilia B, or severe factor VII deficiency. Often, a target joint is 
prominently affected. 


REFERENCES 


1. Bickley LS: Bates Guide to Physical Examination and History Taking, 11th ed. Lippincott 
Williams & Wilkins, Philadelphia, 2012. 

2. Sackett DL: A primer on the precision and accuracy of the clinical examination. JAMA 
267:2638, 1992. 

3. Williams ME: Geriatric Physical Diagnosis: A Guide to Observation and Assessment. 
McFarland & Company, Jefferson, NC, 2008. 

. Mor V, Laliberte L, Morris JN, Wiemann M: The Karnofsky performance status scale: 
An examination of its reliability and validity in a research setting. Cancer 53:2002, 1984. 

. Oken MM, Creech RH, Tormey DC, et al: Toxicity and response criteria of the Eastern 
Cooperative Oncology Group. Am J Clin Oncol 5:649, 1982. 

. Janssen CAH, Scholten PC, Heintz APM: A simple visual assessment technique to 
discriminate between menorrhagia and normal menstrual blood loss. Obstet Gynecol 
85:977, 1995. 

. Black C, Kaye JA, Jick H: MMR vaccine and idiopathic thrombocytopaenic purpura. Br 
J Clin Pharmacol 55:107, 2003. 

. O'Leary ST, Glanz JM, McClure DL, et al: The risk of immune thrombocytopenic pur- 
pura after vaccination in children and adolescents. Pediatrics 129:248, 2012. 

. Grubnic S, Vinnicombe SJ, Norman AR, Husband JE: MR evaluation of normal retro- 
peritoneal and pelvic lymph nodes. Clin Radiol 57:193, 2002. 

10. Atula TS, Varpula MJ, Kurki TJI, et al: Assessment of cervical lymph node status in head 
and neck cancer patients: Palpation, computed tomography and low-field magnetic 
resonance imaging compared with ultrasound-guided fine needle aspiration cytology. 
Eur J Radiol 25:152, 1997. 

11. Arkles LB, Gill GD, Nolan MP: A palpable spleen is not necessarily enlarged or patho- 
logical. Med J Aust 145:15, 1986. 

12. Barkun AN, Camus M, Green L, et al: The bedside assessment of splenic enlargement. 
Am J Med 91:512, 1991. 

13. Benter T, Kliihs L, Teichgraber U. Sonography of the spleen. J Ultrasound Med 30:1281, 
2011. 

14, Lamb PM, Lund A, Kanagasbay RR, et al: Spleen size: How well do linear ultrasound 
measurements correlate with three-dimensional CT volume assessments? Br J Radiol 
75:573, 2002. 

15. Palas J, Matos AP, Ramalho M. The spleen revisited: An overview on magnetic reso- 
nance imaging. Radiol Res Pract 2013:219297, 2013. 

16. Castell DO, O’Brien KD, Muench H, Chalmers TC: Estimation of liver size by percus- 
sion in normal individuals. Ann Intern Med 70:1183, 1969. 

17. Tucker WN, Saab S, Rickman LS, Mathews WC: The scratch test is unreliable for detect- 
ing the liver edge. J Clin Gastroenterol 25:410, 1997. 

18. Bennett WE, Dova JG: Review of hepatic imaging and a problem-oriented approach to 
liver masses. Hepatology 12:761, 1990. 

19. Barloon TJ, Brown BP, Abu-Yousef MM, et al: Teaching physical examination of the 
adult liver with the use of real-time sonography. Acad Radiol 5:101, 1998. 

20. Elstein D, Hadas-Halpern I, Azuri Y, et al: Accuracy of ultrasonography in assessing 
spleen and liver. J Ultrasound Med 16:209, 1997. 


A 


v 


an 


N 


go 


\o 


This page intentionally left blank 


CHAPTER 2 
EXAMINATION OF 
BLOOD CELLS 


Daniel H. Ryan 


Determining a patient's blood cell counts and examining the appearance of 
cells on a blood film is central to the diagnosis of blood cell diseases and can 
give important information about numerous other degenerative, inflamma- 
tory, and neoplastic diseases that are reflected in quantitative or qualitative 
changes of blood cells. The quantity and quality of blood cells reflects the 
aggregate function of the major blood forming tissue, the marrow, and is thus 
an essential component of diagnosis and followup of primary hematological 
disorders. The decision to perform a marrow examination, and the types of 
special studies required, follow from a careful analysis of blood cells. Currently 
available automated blood cell analyzers continue to evolve and are the main- 
stay of blood cell counting, providing an increasing array of novel quantitative 
parameters, and flagging of abnormal samples that need manual microscopic 
review. The blood provides a unique example of a tissue that can be readily 
analyzed with a degree of quantitative detail unavailable in any other organ 
system. 


@INTRODUCTION 


The blood is examined so as to answer these questions: Is the marrow 
producing appropriate numbers of mature cells in the major hemato- 
poietic lineages? Is the development of each hematopoietic lineage 
qualitatively normal? Are there abnormal (e.g., leukemia or lymphoma) 
cells in the blood? Quantitative measures available from automated 
cell counters are reliable and provide a rapid and cost-effective way to 
screen for primary or secondary disturbances of hematopoiesis. Light 
microscopic observation of the blood film is essential to confirm certain 
quantitative results and to investigate qualitatively abnormal differenti- 
ation of the hematopoietic lineages. Based on examination of the blood, 
the physician is directed toward a more focused assessment of marrow 
function or to systemic disorders that secondarily involve the hemato- 
poietic system. 


Acronyms and Abbreviations: CHr, reticulocyte-specific hemoglobin content; 
EDTA, ethylenediaminetetraacetic acid; fl, femtoliter; FRC, fragmented red cell 
counts; Hct, hematocrit; HYP0%, percentages of red cells falling below a cutoff for 
hemoglobin concentration; %HypoHe, percentages of red cells falling below a cutoff 
for hemoglobin content; Ig, immunoglobulin; MCH, mean cell hemoglobin; MCHC, 
mean cell hemoglobin concentration; MCV, mean cell volume; MPV, mean platelet 
volume; NHANES, National Health and Nutrition Examination Survey; NK, natural 
killer; PDW, platelet volume distribution width; RBC, red blood cell; RDW, red cell 
distribution width; RET-He, reticulocyte-specific hemoglobin content. 


The complete blood count is a necessary part of the diagnostic 
evaluation in a broad variety of clinical conditions. Similarly, the leu- 
kocyte differential count and examination of the blood film, in spite of 
limitations as a screening test for occult disease, is important in initial 
consideration of the differential diagnosis in most ill patients. Although 
quantitative and qualitative (morphologic) examination of the cells 
of the blood are considered separately in this chapter, the distinction 
between these two is not absolute, and measures once considered “qual- 
itative” become quantitative as technology advances. 


@ QUANTITATIVE MEASURES OF CELLS IN 
THE BLOOD 


PRINCIPLES OF AUTOMATED BLOOD CELL 
ANALYSIS 


Automated blood cell analysis is the cornerstone of the modern hema- 
tology laboratory, allowing rapid, cost-effective, and accurate analysis 
of the cells of the blood, including new parameters with diagnostic util- 
ity. The morphologic and functional complexity of blood cells requires 
direct microscopic examination of a stained blood film by a trained 
observer. However, it is possible to use automated techniques to analyze 
and report on the majority of samples, using defined criteria (“flags”) 
to select those that need further microscopic review. Automated hema- 
tology analyzers typically incorporate multiple proprietary software 
flags based on acceptability criteria related to pattern recognition in the 
multiparameter displays or comparison of different detection modes for 
the same cell type. These are frequently updated in software or when 
new models are introduced to improve sensitivity and specificity. In this 
way, instruments identify samples that contain cells or abnormalities the 
instrument cannot definitively identify, so that a skilled morphologist 
can visually evaluate that specimen. Some of these flags can be adjusted 
or suppressed by the user to achieve an appropriate balance that mini- 
mizes both false positives and false negatives. The optimum balance is 
dependent on the patient population examined. Guidelines for manual 
smear review based on comparative data have been published, based 
on instruments then in common use.' Protocols for evaluating and 
adjusting flagging criteria within an individual laboratory have been 
described.? Manual review may consist of a scan of the blood film, a 
more detailed blood film examination including leukocyte differential 
count, or a physician's review, based on laboratory defined criteria.’ The 
proportion of samples requiring manual blood film review differs among 
instruments and the type of patient population tested. Studies show a 
10 to 30 percent manual review rate,*° with a false negative rate (i.e., 
abnormal samples that were not flagged for review) varying from 
approximately 3 percent! to 10-14 percent.* Most of the false nega- 
tives with current instrumentation are related to red cell and platelet 
morphology with relatively limited diagnostic significance.* Contin- 
ued improvement in methodology and increased sophistication of data 
analysis will result in further reduction of unnecessary manual smear 
reviews. Depending on workload and space considerations, laboratories 
may choose to link automated hematology analyzers with automated 
blood film preparation and automated image analyzers to facilitate man- 
ual morphologic review of cells by traditional light microscopy or online 
review of digitized images.’ These instruments can provide a provisional 
differential count with good accuracy,* although typically final classifi- 
cation of problematic cells is performed by a technologist or physician. 
The characteristics of automated hematology analyzer systems 
have been reviewed.’ A detailed description of individual instruments 
is beyond the scope of this chapter, but the general principles employed 
by state-of-the-art instrumentation are summarized below. The major 


analytical challenges are the frequency of the different cell types, which 
vary over many orders of magnitude, from red cells (millions per uL) to 
basophils (dozens per uL), and the complexity of the structure of normal 
and abnormal blood cells. Over the past several decades, instruments 
have become increasingly sophisticated with the use of multiple param- 
eters to produce more precise results in the great majority of patient 
samples. In a typical automated hematology analyzer, the blood sample 
is aspirated and separated into different fluidic streams. The streams 
are mixed with various buffers that accomplish specific purposes in 
the analysis, for instance, using differential lysis to distinguish subsets 
of leukocytes, reagents to measure hemoglobin or detect myeloperoxi- 
dase containing leukocytes, and various fluorescent dyes. Measurements 
of each fluidic stream are made in flow as the sample passes through 
a series of detectors in what are essentially modified flow cytometers 
(Chap. 3). Commonly used principles include light scatter at various 
angles, electrical impedance and conductivity, and fluorescence or light 
absorption of cells stained in flow. Light scatter yields information about 
cell size (using scatter at low-incident angles), nuclear lobulation, and 
cytoplasmic granularity (using high-angle light scatter) and refractive 
index, with polarization of the scattered light as an additional param- 
eter. If red cells are converted to spherocytes by the buffer solution to 
eliminate the variability of cell shape, light scatter at different angles 
can provide information about hemoglobin content, as well as size of 
individual red cells. Cell size is also estimated by measuring change in 
electrical resistance, which is proportional to cell size as cells enter a 
narrow orifice through which a direct current is maintained, the orig- 
inal Coulter principle, named for Wallace Coulter who developed the 
electronic particle counter." Radiofrequency capacitance measurement 
yields additional intracellular structural information that complements 
the direct current measurement. Differential lysis with detergents of 
varying strength or pH is used to separate certain leukocyte types, such 
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as basophils and immature granulocytic cells, from the major normal 
blood cell types. In addition, nucleic-acid-binding fluorescent dyes incor- 
porated into the lysis buffer measure total RNA plus DNA in the cells and 
are used in some analyzers to help differentiate leukocyte types. Fluores- 
cence measurements after staining with RNA binding dyes are commonly 
used to detect and subclassify reticulocytes and platelets. Light absorp- 
tion is the principle used for hemoglobin measurement and in some 
instruments for identifying peroxidase-positive granulocytes. Instru- 
ments rely on a combination of techniques for accuracy and precision” 
(Fig. 2-1). Complex algorithms are invoked to determine whether the 
distribution of variables for a specific result or for the specimen as a whole 
fit sufficiently within an expected variable space so that the results can 
be reported with high confidence, or whether the specimen should be 
“flagged” for further analysis or manual blood film review (Fig. 2-2). There 
is significant overlap in methodology between automated hematology 
analyzers and flow cytometers (flow cytometers are discussed in Chap. 3). 
The latter are distinguished by extensive use of fluorochrome tagged anti- 
bodies to identify cell subtypes. These instruments have replaced labori- 
ous manual work, but also demand increasing interpretation skills on the 
part of laboratory technologists. Automated blood analyzers have been 
adapted to accurately count the smaller numbers of blood cells typically 
found in body fluids,” but accurate differential counts” and detection of 
blast cells in fluids of patients'* remains a challenge. 

Point of care “bedside” testing is far more challenging in hematol- 
ogy than for typical clinical chemistry analytes for many of the reasons 
described above. Instruments have been described for bedside measure- 
ment of hemoglobin, total leukocytes, three-part leukocyte differential 
count, malaria parasitemia, and CD4+ T-cell count, mainly targeting 
clinical settings with limited access to standard laboratory testing. More 
work remains to be done to demonstrate the reliability and clinical 
impact of such testing strategies." 


Figure 2-1. Schematic of multiparameter cell discrimi- 
nation in an automated hematology analyzer. The Sysmex 
XE-2100 is used as an example, in which leukocytes are dis- 
criminated by (A) DNA/RNA fluorescence using a polyme- 
thine dye versus high-angle (side) light scatter in lysed blood; 
(B) side scatter versus low-angle (forward) light scatter after 
acidic lysis in a separate aliquot that preserves basophil struc- 
ture; and (C) direct current (DC) impedance versus radio fre- 
quency (RF) capacitance of cells subjected to a lysis reagent 
that relatively preserves immature cells with lower mem- 
brane lipid content. Nucleated red blood cells (NRBC) are 
distinguished (D) in a lysed sample stained with nucleic acid 
dye where leukocyte nuclei have detectably higher DNA/ 
RNA content than red cell nuclei. Atyp Lymph, atypical lym- 
phocytes; Baso, basophils; Blasts, blast cells; Diff Channel, dif- 
ferential count channel; Eos, eosinophils; HPC, hematopoietic 
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progenitor cells; Imm Gran, immature granulocytes; Lymph, 
lymphocytes; Mono, monocytes; Neut + Baso, neutrophils 
+ basophils; Plt Clumps, platelet clumps; WBC, white blood 
cells. 
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AUTOMATED ANALYSIS OF RED CELLS 


Some red cell parameters (for instance, mean cell volume [MCV], red 
cell number, hemoglobin concentration, red cell distribution width 
[RDW)]) are directly measured, while others (for instance, hematocrit, 
mean cell hemoglobin [MCH], mean cell hemoglobin concentration 
[MCHC]) are derived from these primary measurements. 


Measurement of the Red Cell Count and Hematocrit 

In electronic instruments, the hematocrit (Hct; fractional volume of 
blood occupied by erythrocytes) is calculated from the product of direct 
measurements of the erythrocyte count and the MCV: (Hct [uL/100 uL] = 
RBC [x 10% /uL] x MCV [fl]/10). Falsely elevated MCV and decreased 
red cell counts can be observed when red cell autoantibodies are present 
and retain binding capability at room temperature (cold agglutinins and 
some cases of autoimmune hemolytic anemia). This causes red cells to 
clump and affects the accuracy of both the red blood cell (RBC) count 
and MCV, as well as the resultant hematocrit. 


Basophils 
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Figure 2-2. Examples of how samples containing various 
abnormal findings are flagged for manual review. A. Nor- 
mal sample showing how the major variables and results are 
displayed. B. Immature granulocytes appearing on the DIFF 
(leukocyte differential count) and IMI (immature myeloid) his- 
tograms, as well as a dimorphic red cell population. C. Multiple 
flags, including cells in the area of atypical lymphocytes, and 
platelet clumps with abnormal platelet volume distribution. 
D. Appearance of nucleated red blood cells (NRBCs), reticulo- 
cytes, and reticulated platelets on a different set of parameters. 
This figure is not intended as a comprehensive illustration of 
the technical details, but serves to demonstrate that differ- 
ential lysing reactions coupled with multiparameter light- 
scatter, impedance, capacitance, and fluorescence measure- 
ments are used to analyze blood cells in current high-through- 
put instruments. 


The hematocrit may also be determined by subjecting the blood to 
sufficient centrifugal force to pack the cells while minimizing trapped 
extracellular fluid. This approach was traditionally done in capillary 
tubes filled with blood and centrifuged at very high speed in a small 
tabletop centrifuge, and the technique was referred to as the “microhe- 
matocrit” or informally as a “spun crit? Before standardized methods 
for hemoglobin quantification were available, the hematocrit was the 
simplest and most accurate method for determining the fractional vol- 
ume of red cells in blood and by inference the hemoglobin. However, 
this is a manual procedure not well adapted to routine processing in a 
high-volume clinical laboratory, and is affected by varying amounts of 
plasma trapped between red cells in the packed cell volume,’* typically 
about 2 to 3 percent of the packed volume.” The hematocrit from poly- 
cythemic samples or blood containing abnormal erythrocytes (sickle 
cells, thalassemic red cells, iron-deficient red cells, spherocytes, mac- 
rocytes) is increased because of enhanced plasma trapping associated 
with increased red cell rigidity.” Therefore, although automated hemat- 
ocrit values are adjusted to be equivalent to spun hematocrit for normal 


samples, in abnormal samples, the spun hematocrit may be spuriously 
elevated (up to 6 percent in microcytosis).'* The hemoglobin determina- 
tion now is preferred to the hematocrit, because it is measured directly 
and is the best indicator of the oxygen-carrying capacity of the blood. 


Measurement of Hemoglobin 

Hemoglobin is intensely colored, and this property has been used in 
methods for estimating its concentration in blood. Erythrocytes con- 
tain a mixture of hemoglobin, oxyhemoglobin, carboxyhemoglobin, 
methemoglobin, and minor amounts of other forms of hemoglobin. To 
determine hemoglobin concentration in the blood, red cells are lysed 
and hemoglobin variants are converted to the stable compound cyan- 
methemoglobin for quantification by absorption at 540 nm. All forms of 
hemoglobin are readily converted to cyanmethemoglobin except sulfhe- 
moglobin, which is rarely present in significant amounts. In automated 
blood cell counters, hemoglobin is usually measured by a modified 
cyanmethemoglobin or an alternate lauryl sulphate method. In prac- 
tice, the major interference with this measurement is chylomicronemia, 
but newer instruments identify and minimize this interference. Nonin- 
vasive transcutaneous monitoring of total hemoglobin concentration, 
as well as methemoglobin and carboxyhemoglobin, using multiwave- 
length pulse oximetry has become available. Although these instru- 
ments offer the opportunity to track hemoglobin concentration trends 
in patients subject to blood loss and fluid shifts,” it is not yet clear that 
they have sufficient precision to guide transfusion decisions.” Such 
hemoglobin measurements may be unreliable under conditions of 
peripheral circulatory hypoperfusion. 

The hemoglobin level varies with age (Table 2-1). Chapter 7 dis- 
cusses changes in hemoglobin in the neonatal period. After the first 
week or two of extrauterine life, the hemoglobin falls from levels of 
approximately 17 g/dL to levels of approximately 12 g/dL by 2 months of 
age. Thereafter, the levels remain relatively constant throughout the first 
year of life. Any child with a hemoglobin level below 11 g/dL should be 
considered anemic.” Chapter 8 discusses changes in hemoglobin con- 
centration with pregnancy and Chap. 9 discusses changes in hemoglo- 
bin levels in older persons. 


Standard Red Cell Indices 
The size and hemoglobin content of erythrocytes (red cell indices), 
based on population averages, have traditionally been used to assist in 
the differential diagnosis of anemia.” A variety of newer indices based 
on size and hemoglobinization characteristics of red cell subpopulations 
are discussed in the section “Novel Red Cell and Reticulocyte Indices”. 

Mean Cell Volume Automated blood counters measure the MCV 
directly by either electrical impedance or light scatter measurements 
of individual red cells. The MCV has been used to guide the diagnos- 
tic workup in patients with anemia; for example, testing patients with 
microcytic anemia for iron deficiency or thalassemia, and those with 
macrocytic anemia for folate or vitamin B,, deficiency. This approach 
has practical value, but also limitations”; for instance, MCV may be 
normal in some older patients with pernicious anemia,” or in advanced 
pernicious anemia with severe red cell fragmentation,” while one-third 
of older patients have an elevated MCV without an evident cause.” 
Mathematical manipulations of various red cell indices take advantage 
of the trend toward relatively more severe microcytosis than hypochro- 
mia in thalassemia trait versus iron-deficiency anemia to assist in 
the differential diagnosis of these disorders,” particularly in high- 
prevalence populations where laboratory resources are limited,* but 
their usefulness has been questioned.”! 

Mean Cell Hemoglobin The MCH, the amount of hemoglobin 
per red cell, increases or decreases in parallel with the red cell volume 
(i.e, MCV) and generally provides similar diagnostic information, 
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although because this parameter is affected by both hypochromia 
and microcytosis, it is as least sensitive as the MCV in detecting iron- 
deficiency states.” Another advantage of the MCH is the consistency 
across different analyzer types, as it is derived from two of the most 
accurately measured parameters: hemoglobin and red cell count.” The 
MCHCis not used much diagnostically, and is primarily useful for quality 
control purposes, such as detecting sample turbidity. These red cell indi- 
ces are average quantities and, therefore, may not detect abnormalities 
in blood with mixed-cell populations. In situations such as sideroblas- 
tic anemia, recently transfused patients, patients with severe pernicious 
anemia with red cell fragmentation, and folate plus iron deficiency, both 
large and small red cells are present, diminishing the value of the MCV. 

Red Cell Distribution Width The RDW is an estimate of the vari- 
ance in volume within the population of red cells, expressed as 1 SD of 
red cell volume measurements divided by the MCV. Instrument man- 
ufacturers calculate RDW using different algorithms, so that reference 
ranges vary according to analyzer model. The RDW can be used in 
the laboratory as a flag to select those samples that should have man- 
ual review of blood films for red cell morphology. More significantly, a 
large literature has now developed around the evidence that the RDW 
is a biomarker predicting morbidity and mortality in a broad variety 
of clinical settings, such as angina/myocardial infarction,” heart fail- 
ure, trauma, pneumonia, sepsis, intensive care treatment, renal and 
liver disease, and in the general population.” Most of these studies 
are retrospective, observational, or cohort-based studies, often using 
databases of routinely collected data gathered for other purposes, but 
prospectively designed studies have arrived at similar conclusions.*”** 
The RDW retains its association with poor clinical outcomes whether 
or not anemia is present,” and it adds predictive power to more estab- 
lished predictive risk models. RDW may be a surrogate for systemic 
inflammation” and/or oxidative stress, but the predictive value of RDW 
is independent of other inflammatory markers,” suggesting that this 
biomarker is tracking other mechanistic processes as well. Identification 
of physiologic mechanisms linking RDW to adverse clinical outcomes 
will be important in using this predictive biomarker to inform thera- 
peutic decisions. 


Reticulocyte Count and RNA Content 

The reticulocyte is a newly released anucleate red cell that enters the 
blood with residual detectable amounts of RNA (Chaps. 31 and 32). 
The number of reticulocytes in a volume of blood permits an estimate 
of marrow erythrocyte production and is thus useful in evaluating the 
pathogenesis of anemia by distinguishing inadequate production from 
accelerated destruction (Chap. 32). The manual method for enumerat- 
ing reticulocytes by placing a sample of blood in a tube containing new 
methylene blue and preparing a blood film to enumerate the propor- 
tion of cells that show blue beaded precipitates (residual ribosomes) has 
largely been replaced by automated methods, which are incorporated 
into high-volume hematology analyzers.” Reticulocytes are identified 
by direct fluorescence measurement after staining with RNA-binding 
dyes or light scatter measurements to detect staining if nonfluorescent 
RNA-binding dyes are used. Various proprietary combinations of light 
scatter and other parameters are used to minimize interferences such 
as nucleated red cells, nuclear remnants (Howell-Jolly bodies), malaria 
parasites, or platelet clumps. 

Automated reticulocyte counts are typically reported in absolute 
numbers (reticulocytes per uL or per L of blood), obviating the need to 
correct for a reduced red cell count (anemia), if present. However, one 
may still consider the effect of elevated erythropoietin levels secondary 
to severe anemia, which results in premature release of reticulocytes 
persisting in the circulation for more than the usual 1 day, correspond- 
ingly inflating estimates of daily marrow reticulocyte production based 


TABLE 2-1. Reference Ranges for Leukocyte Count, Differential Count, and Hemoglobin Concentration in Children* 


Leukocytes Neutrophil Hemoglobin g/dL 
Age Total (x 10°/uL) Total Band Segmented Eosinophils Basophils Lymphocytes Monocytes Blood 
12 mo 11.4(6.0-17.5) 3.5(1.5-8.5) 0.35(0-1.0) 3.2(1.0-8.5) 0.30(0.05-0.70) 0.05(0-0.20) 7.0(4.0-10.5) 0.55(0.05-1.1) 12.6(11.1-14.1) 
31 3.1 28 2.6 0.4 61 4.8 
4yr 9.1(5.5-15.5) 3.8(1.5-8.5) 0.27(0-1.0) 3.5(1.5-7.5) 0.25(0.02-0.65) 0.05(0-0.2) 4.5(2.0-8.0) 0.45(0-0.8) 12.7(11.2-14.3) 
42 3.0 39 2.8 0.6 50 5.0 
6yr 8.5(5.0-14.5) 4.3(1.5-8.0) 0.25(0-1.0) 4.0(1.5-7.0) 0.23(0-0.65) 0.05(0-0.2) 3.5(1.5-7.0) 0.40(0-0.8) 13.0(11.4-14.5) 
sil 3.0 48 2 0.6 42 4.7 A 
10yr 8.1(4.5-13.5) 4.4(1.8-8.0) 0.24(0-1.0) 4.2(1.8-7.0) 0.20(0-0.60) 0.04(0-0.2) 3.1(1.5-6.5) 0.35(0-0.8) 13.4(11.8-15.0) rd 
54 3.0 51 24 05 38 4.3 a 
21yr 7.4(4.5-11.0) 4.4(1.8-7.7) 0.22(0-0.7) 4.2(1.8-7.0) 0.20(0-0.45) 0.04(0-0.2) 2.5(1.0-4.8) 0.30(0-0.8) M: 15.5(13.5-17.5) 
59 3.0 56 Alf 0.5 34 4.0 F: 13.8(12.0-15.6) v 


*The means and ranges are in thousands of cells per mL. This table is provided as a guide. Normal ranges should be validated by the clinical laboratory for the specific methods in use. 
The number in italic is mean percentage of total leukocytes. 


For leukocyte and differential count, see Altman PL, Dittmer DS (eds): Blood and Other Body Fluids. Federation of American Societies for Experimental Biology, Washington, DC, 1961. 
For hemoglobin concentration, see Rudolph AM, Hoffman JI (eds): Pediatrics, 18th ed, pp 1011, 1012. Appleton and Lange, Norwalk, CT, 1987. 
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on the reticulocyte count (Chap. 32). The correlation between manual 
and automated methods of reticulocyte enumeration is good, but refer- 
ence ranges differ slightly among the methods, given the different dyes 
and conditions used and the continuous nature of the variables separat- 
ing reticulocytes from mature red cells. 

Many hematology analyzers now report some quantitative mea- 
sure of reticulocyte RNA content. Increase in the immature (highest 
RNA content) reticulocyte fraction is an early sign of marrow recovery 
from cytotoxic therapy” or treatment for nutritional anemias, usually 
preceding the rise in total reticulocyte count. A limitation at present 
is that the methods lack standardization and reference ranges for these 
parameters are instrument dependent.“ 


Additional Red Cell and Reticulocyte Indices 

Current high-end automated cell counters measure unique properties of 
mature red cells and reticulocytes on a cell-by-cell basis, not just as pop- 
ulation averages. The result is a plethora of new indices that are in many 
cases specific to an instrument manufacturer, presenting new diagnostic 
opportunities but also a confusing nomenclature and a potential lack 
of comparability. Some examples of parameters that have been studied 
include %HypoHe, %MicroR, RET-He (available on Sysmex instru- 
ments), CHr, HYPO% (Siemens), RSf, LHD% (Beckman-Coulter), and 
FRC (fragmented red cells; Sysmex and Siemens). 

New formulas for distinguishing causes of microcytosis based on 
several novel red cell indices function about as well* or somewhat bet- 
ter“ than traditional formulas for differentiating iron deficiency from 
thalassemia trait. More sophisticated mathematical modeling of individ- 
ual cell-based volume and hemoglobin content data available in current 
analyzers has been used in a systems biology approach to demonstrate 
latent iron deficiency and to distinguish causes of microcytosis.”“* The 
ability of new automated analyzers to measure parameters specifically 
in reticulocytes on a cell-by-cell basis also opens up the possibility of 
reticulocyte-specific indices. The theoretical advantage is that acute 
changes in red cell function would be detected more rapidly and reliably 
in the reticulocyte fraction as opposed to the total red cell population. 

Estimates of reticulocyte-specific hemoglobin content (CHr and 
RET-He, which are comparable) by light-scatter measurements of 
reticulocytes are closely related to adequacy of iron availability to ery- 
throid precursors during the preceding 24 to 48 hours, and have been 
described as diagnostically useful in detecting functional iron deficiency 
in complex clinical settings, such as chronic inflammation® and chronic 
renal disease.” The increase in serum ferritin as an acute phase reactant 
combined with the physiologic variation of serum iron and iron-bind- 
ing capacity limits the value of conventional parameters in these set- 
tings. The CHr may be a better predictor of depleted marrow iron stores 
than traditional serum iron parameters in nonmacrocytic patients,” 
and is a more sensitive predictor of iron deficiency than hemoglobin 
for screening infants? and adolescents for iron deficiency. Estimates 
of percentages of red cells falling below a cutoff for hemoglobin con- 
centration (HYPO%) or hemoglobin content (%HypoHe) may provide 
greater sensitivity than the corresponding mean values averaged over all 
red cells, for instance with respect to iron deficiency in renal disease.” 
Four of the newer parameters (HYPO%, %HypoHe, CHr, RetHe) sim- 
ilarly outperformed transferrin saturation and ferritin in hemodialysis 
patients™ for diagnosis of iron deficiency. However, both the CHr and 
RET-He are less effective than the MCH in screening elderly patients 
for iron-deficiency anemia.” The RSf (square root of MCV times MRV 
[mean reticulocyte volume]) and LHD% (a mathematical transforma- 
tion of the MCHC) have similar diagnostic utility as RET-He.** Frag- 
mented red cell (FRC) counts by automated analyzers, based on better 
methods of separating small red cells from platelets, appear to lack spec- 
ificity and their clinical role is not yet defined. 
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These parameters have the advantage of ready access in the context 
of an automated blood count, but the availability of differently derived 
and calculated parameters from various instrument makers is a chal- 
lenge to remember and compare across laboratories. 


Other Red Cell Findings 

Nucleated Red Cells Nucleated red cells are present in newborns, 
particularly if physiologically stressed, and in a variety of disorders, 
including hypoxic states (congestive heart failure), severe hemolytic 
anemia, primary myelofibrosis, and infiltrative disease of the marrow 
(Chap. 45). Most modern automated hematology analyzers are capable 
of detecting and quantitating nucleated red blood cells, which were a 
source of spuriously elevated leukocyte counts in earlier instruments, at 
a level of 1 to 2 nucleated red cells per 100 leukocytes. 

Malarial Parasites Malarial parasites can also be detected by some 
current analyzers, based on detecting parasite infected red cells or neu- 
trophils containing ingested hemozoin in regions of the multiparam- 
eter display that are not characteristically populated in normal blood 
(sometimes causing spurious eosinophilia”). Some reports indicate 
high sensitivity and specificity with certain instrumentation,* a useful 
consideration in endemic areas where access to technologists with mor- 
phologic expertise may not be consistent. Careful attention to instru- 
ment characteristics and limitations as well as the relative prevalence 
of disorders causing instrument flags in the laboratory’s patient pop- 
ulation is essential in fine tuning instrument review criteria to provide 
reasonable sensitivity and specificity. 

Other Abnormalities Not Detected by Automation Some disor- 
ders, such as immune and hereditary spherocytosis (Chaps. 46 and 54), 
hemoglobin C disease (Chap. 49), elliptocytosis (Chap. 46), inherited 
granule abnormalities (Chap. 66), and malaria and other parasitic dis- 
eases (Chap. 53), may not be reliably detected by the various flagging 
strategies on automated analyzers, and morphologic findings such as 
basophilic stippling (Chap. 31), toxic granulation (Chap. 60), sidero- 
cytes (Chap. 31), and pathologic rouleaux (Chap. 109) are only detect- 
able by microscopic examination of the blood film. 


AUTOMATED ANALYSIS OF LEUKOCYTES 


Leukocyte Count 

Leukocyte counts are performed by automated cell counters on blood 
samples appropriately diluted with a solution that lyses the erythrocytes 
(e.g., an acid or a detergent), but preserves leukocyte integrity. Man- 
ual counting of leukocytes is used only when the instrument reports a 
potential interference or the count is beyond instrument linearity lim- 
its. Manual counts are subject to much greater technical variation than 
automated counts because of technical and statistical factors, and with 
modern instrumentation, need to be done infrequently. Instruments 
that perform an automated 5-part differential can measure absolute 
neutrophil counts accurately down to 100/uL.” Automated leukocyte 
counts may be falsely elevated as a result of cryoglobulins or cryofibrin- 
ogen, clumped platelets or fibrin from an inadequately anticoagulated 
or mixed sample, ethylenediaminetetraacetic acid (EDTA)-induced 
platelet aggregation, nucleated red blood cells, or nonlysed red cells, 
and falsely decreased because of EDTA-induced neutrophil aggregation. 
This potential interference is instrument dependent, and current analyz- 
ers use a variety of algorithms to minimize their effect and flag those rare 
samples on which accurate automated analysis cannot be performed. 


Leukocyte Differential 

Leukocytes in the blood serve different functions and arise from dif- 
ferent hematopoietic lineages, so it is important to evaluate each of the 
major leukocyte types separately. Modern automated instruments use 


multiple parameters to identify and enumerate the five major morpho- 
logic leukocyte types in blood: neutrophils, basophils, eosinophils, lym- 
phocytes, and monocytes, as well as indicate the possible presence of 
immature or abnormal cell. Customarily, both absolute (cells per uL) 
and relative (percent of leukocytes) counts are reported in the leuko- 
cyte differential. It is the absolute values that relate to pathologic states, 
and percentages are sometimes misleading (e.g., absolute neutropenia 
appearing as a relative lymphocytosis) if the absolute values are not care- 
fully examined. Some have proposed to eliminate the reporting of dif- 
ferential count percentages entirely for this reason. “Band” neutrophils 
cannot be identified as such by automated analyzers, although they 
will usually trigger a manual review flag if present in increased num- 
bers. Current high-throughput instruments can perform an accurate 
automated “five-part” differential count with a false-positive rate (ie., 
unnecessarily flagged for review) of 2 to 15 percent in samples from a 
medical center patient population.” Eosinophils are accurately counted 
by current state-of-the-art instruments, but automated basophil counts 
remain imprecise.'’ Small numbers of abnormal cells can escape detec- 
tion by either automated or manual methods. The false-negative rate 
for detection of abnormal cells varies from 1 to 20 percent, depending 
on the instrument, type of abnormal cell examined, and the detection 
limit desired (1-5 percent abnormal cells).©* Careful attention to use 
of flagging criteria designed to prompt manual review, which are linked 
to instrument-specific methodology, is essential to insure that optimum 
workflow strategies are used to detect samples containing abnormal 
cells with a manageable rate of manual review. Many instruments have 
“blast” flags designed to pick up leukemic blasts, but the sensitivity of 
such flags alone varied from 65 to 94 percent in a recent study," and is 
lower in leukopenic patients. One must rely not only on the specifi- 
cally designed “blast” flags, but also on other abnormalities identified 
in the automated blood count, including other flags, to select samples 
for manual morphologic smear review. Lymphoma cells and reactive 
lymphocytes are the most difficult for both automated instruments and 
the human observer to identify. If one needs to search for infrequent 
abnormal cells or evaluate leukocyte morphology, there is still no sub- 
stitute for microscopic examination of a properly stained blood film by a 
trained observer. The variability of morphologic quantification of band 
neutrophils is so high that some have advocated ceasing quantitative 
reporting of band cells.“ In spite of instrumentation that permits auto- 
mated analysis of a majority of clinical samples, the leukocyte differen- 
tial count is still labor intensive relative to other high-volume laboratory 
tests, and its value as a cause-finding tool in screening of asymptomatic 
patients has been questioned.” 

The normal differential leukocyte count varies with age. As 
described in Chap. 7, polymorphonuclear neutrophils are predominant 
in the first few days after birth, but thereafter lymphocytes account for 
the majority of leukocytes. This pattern persists up to approximately 4 to 
5 years of age, when the polymorphonuclear leukocyte again becomes 
the predominant cell and remains so throughout the rest of childhood 
and adult life. Chapter 9 discusses the leukocyte count in older persons. 
The leukocyte count may decrease slightly in older subjects because of 
a fall in the lymphocyte count with age. Neutrophil counts are lower in 
individuals of African descent, and in some Middle Eastern populations 
than in persons of European descent.® 


AUTOMATED ANALYSIS OF PLATELETS 
Platelet Count 


Platelets are usually counted electronically by enumerating particles in 
the unlysed sample within a specified volume window (e.g., 2-20 fl), 
where volume may be measured by electrical impedance or light scat- 
ter. The platelet count was more difficult to automate than the red cell 
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count because of the small size, tendency to aggregate, and potential 
overlap of platelets with more numerous smaller red cells and cellular 
debris. Current instruments typically construct a platelet volume his- 
togram based on platelet size within a reliably measured platelet vol- 
ume window and mathematically extrapolate this histogram to account 
for platelets whose size overlaps with debris (smaller) or small red cells 
(larger). This works because platelet volumes in health or disease fol- 
low a log-normal distribution. Some analyzers compare platelet counts 
determined by different methods (e.g., impedance, light scatter, or fluo- 
rescence staining) to improve accuracy, especially useful for low platelet 
counts. Based on analysis of volume-distribution histograms of platelets 
and red cells and comparison of optical and impedance-based platelet 
counts, suspect samples are flagged for microscopic review. Automated 
platelet counting by current instrumentation is accurate and far more 
precise than manual methods. At very low platelet counts (less than 
20 x 10°/L), results are less precise” and there is a method-dependent 
tendency to overestimate platelet counts.” Conversely, platelet activa- 
tion in disorders such as disseminated intravascular coagulation (DIC) 
and acute leukemia may result in systematic slight undercounting of 
platelets.” Advances in instrumentation, such as fluorescent dyes to 
more specifically identify platelets in thrombocytopenic” and micro- 
cytic™ samples, should improve accuracy. When reviewing the blood 
film, platelet count may be roughly estimated as 2000 times the number 
of platelets in 10 consecutive oil immersion (1000x) fields.” 

Falsely Decreased Platelet Counts Causes of falsely decreased 
platelet counts include incomplete anticoagulation of the sample (some- 
times accompanied by small clots in the specimen or fibrin strands on 
the stained film) and platelet clumping (pseudothrombocytopenia) or 
“satellitism” (adherence of platelets to neutrophils), caused by aggrega- 
tion induced by nonpathogenic antibodies recognizing platelet adhesion 
molecule epitopes exposed as a result of chelation of divalent cations in 
the anticoagulated sample.” Platelet clumping occurs in approximately 
0.1 percent of hospitalized patients.” The same phenomenon may occur 
to a lesser degree in citrate, which is often used to obtain platelet count 
in such cases. Magnesium EDTA, as compared to sodium EDTA, anti- 
coagulant is reported to more effectively inhibit platelet aggregation in 
these patients and provide an accurate platelet count.” Classical causes 
of falsely elevated platelet count include severe microcytosis, cryoglob- 
ulins, and leukocyte cytoplasmic fragmentation.” Infrequently, it may 
be necessary to confirm automated results by a microscopic (phase con- 
trast) platelet count or platelet estimate from the blood film, bearing in 
mind that these methods are imprecise. 

Mean Platelet Volume The mean platelet volume (MPV) has been 
proposed as a useful clinical tool in the differential diagnosis of throm- 
bocytopenias, and is associated with cardiovascular risk, stroke, and 
metabolic disease. Increased MPV may be related in a complex way to 
thrombopoietic stimuli that affect megakaryocyte ploidy, and not plate- 
let age per se. A platelet volume distribution width (PDW) can be calcu- 
lated just as the RDW, and is correlated with platelet count and MPV.” 
However, platelet size parameters are difficult to accurately quantify and 
use diagnostically because of the wide physiologic variation of the MPV 
in normal subjects, lack of standardization of automated measurement 
techniques and instability of platelet size parameters in the presence of 
commonly used anticoagulants.” 

Newly Released (Reticulated) Platelets Newly released platelets 
contain RNA, as do newly released red cells, and are functionally more 
active, with enhanced expression of adhesion molecules and bound 
coagulation factors.® The number of platelets with high RNA content 
(sometimes termed reticulated platelets or immature platelet fraction, 
measured by flow cytometry with RNA-binding fluorescent dyes, or 
by certain automated analyzers*') is a marker of marrow megakary- 
ocytopoiesis and is proposed as a way of differentiating decreased 


production of platelets from circulatory destruction or removal as a 
cause of thrombocytopenia, in an analogous fashion to the use of the 
reticulocyte count. The percentage of reticulated platelets is increased in 
destructive thrombocytopenias, but remains within the reference range 
in hypoproductive states.” Reticulated platelet number or RNA content 
correlates with imminent platelet recovery after chemotherapy.® Retic- 
ulated platelet number is correlated with risk of death in patients with 
acute coronary syndrome™ and DIC,* and with hyporesponsiveness to 
platelet function inhibitors® or aspirin.*” 


REFERENCE RANGES 


The use of reference ranges for quantitative hematology measurements 
deserves some additional comment. The physiologic variation of certain 
blood cell counts is notably higher than usually found in blood chemistry 
analytes. This is a reflection of the adaptive responsiveness of the mar- 
row and other tissues to cytokine and hormonal signaling. For instance, 
the leukocyte and differential counts are affected by stress, diurnal varia- 
tion, tobacco smoking, and ethnic origin. With increasing globalization 
of clinical research and therapy, ethnic characterization of populations 
used for reference ranges is critical to data interpretation of clinical 
studies.** Platelet count and MPV show substantial ethnic variation.” 
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The platelet and absolute neutrophil counts are lower in individuals of 
African ethnic origin. American men and women of African descent 
have lower hemoglobin concentrations than do men and women of 
European descent, a difference that is reduced by half, but still signifi- 
cant, when subjects with iron deficiency, thalassemia, sickle trait, and 
renal disease are excluded.” Important clinical consequences may 
result from these differences; for instance, reduced neutrophil counts 
in Americans of African descent result in lower-dose intensity of treat- 
ment in early stage breast cancer, which may be related to survival out- 
come disparities.” Beutler and West” summarize the situation well: 
“The problem cannot be solved by simply establishing different ranges 
for different ethnic groups, especially since all represent some degree of 
admixture. Thus, it is basically information that the physician must pos- 
sess that becomes one of the many factors that we designate as clinical 
judgment.” With these caveats in mind, reference ranges for children, 
and African American, Hispanic, and white adults are presented in 
Tables 2-1 and 2-2. As with all laboratory parameters, clinical interpre- 
tation of patient results should be based on laboratory specific reference 
ranges. Therefore, these tables are not presented to guide interpreta- 
tion of specific laboratory results, but to indicate the challenges facing 
laboratories and physicians in constructing and interpreting reference 
ranges of even standard and traditional assays. 


TABLE 2-2. Published Reference Ranges for Key Blood Variables 


NORIP'”” Wakeman” Cheng” Bain’ 
Date 2003 2004 1994 1994 1994 1996 1996 
Ethnicity Nordic U.K. U.S. European U.S. African U.S. Mexican U.K. European U.K. African 
descent descent descent descent descent 
No. 1800 250 3125 1712 17325 200 HS 
Hgb (g/dL) (M) 13.4-17.0 13.7-17.2 13.2-16.9 12.0-16.2 13.1-16.7 NA NA 
(F) 11.7-15.3 12.0-15.2 10.7-15.1 10.2-14.4 11.4-15.0 
Hct (%) (M) 40-50 40-50 39-50 36-48 39-50 NA NA 
(F) 35-46 37-46 34-45 32-43 33-45 
MCV (fl) 82-98 83-98 (M) 79-97 (M) 75-97 (M) 83-96 (M) NA NA 
85-98 (F) 77-97 (F) 75-97 (F) 81-98 (F) 
WBC (x 10°/L) 3.5-8.8 3.6-9.2 4.1-11.7 (M) 3.5-9.5 (M) 4.6-10.6 (M) 3.6-9.2 (M) 2.8-7.2 (M) 
4.3-12.0 (F) 3.4-10.5 (F) 4.3-11.3 (F) 3.5-10.8 (F) 3.2-7.8 (F) 
Neutrophils NA 1.7-6.2 2.7-8.1 (M) 1.5-7.4 (M) 2.2-6.6 (M) 1.7-6.1 (M) 0.9-4.2 (M) 
(x 10°/L) 
2.5-6.9 (F) 1.5-8.4 (F) 2.5-7.9 (F) 1.7-7.5 (F) 1.3-4.2 (F) 
Lymphocytes NA 1.0-3.4 1.1-3.7 (M) 1.1-3.6 (M) 1.3-3.4 (M) 1.0-2.9 (M) 1.0-3.2 (M) 
(x 10°/L) 
1.2-3.7 (F) 1.3-3.9 (F) 1.3-3.9 (F) 1.0-3.5 (F) 1.1-3.6 (F) 
Monocytes NA 0.2-0.8 0.13-0.86 (M) 0.11-0.72 (M) 0.14-0.70 (M) 0.18-0.62 (M) 0.15-0.58 (M) 
(x 10°/L) 
0.11-0.78 (F) 0.12-0.83 (F) 0.12-0.79 (F) 0.14-0.61 (F) 0.15-0.39 (F) 
Platelets 145-348 140-320 161-385 161-381 166-388 143-332 115-290 
(x 10°/L) (M) 
(F) 165-387 180-380 178-434 178-452 171-411 169-358 125-342 


F, female; Hct, hematocrit; Hgb, hemoglobin; M, male; MCV, mean cell; NORIP, Nordic Reference Interval Project; U.K., United Kingdom; U.S., 
United States; WBC, white blood cell count; NA, measurement not available. 


*Ranges calculated from adult (>18 years) data, assuming equal contribution of subjects from each of multiple adult age groups, derived from 


the National Health and Nutrition Examination Survey (NHANES) III. 


This table is provided as a guide. Normal ranges should be validated by the clinical laboratory for the specific methods in use. 
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Figure 2-3. Absolute neutrophil count, hemoglobin, mean cell volume (MCV), and platelet count determined repeatedly by automated hematol- 
ogy analyzer on 24 healthy elderly subjects. Fasting (7-9 am) blood samples were obtained 9 to 10 times at 14-day intervals from seated elderly sub- 
jects with minimal stasis by the same phlebotomist and performed in duplicate on the morning specimen collection. Subjects had no chronic medical 
conditions requiring therapy and were not taking drugs. The mean and range for each patient is shown separately for each assay. This is an illustration 
of the relatively narrow range within which most variables are maintained in an individual, whereas there are striking differences in both mean and 
variance between subjects. Reference ranges need to encompass at least 95% of values from all healthy individuals, placing limits on diagnostic 
sensitivity in detecting progressive change in a hematologic variable, previously maintained in a homeostatic range. (Adapted with permission from 
Fraser CG, Wilkinson SP Neville RG, et al: Biologic variation of common hematologic laboratory quantities in the elderly. Am J Clin Pathol 92(4):465-470. 1989.) 


Note the variation in reference ranges obtained from different 
studies. The major variability is likely population selection, especially 
the degree to which chronic illness or asymptomatic iron deficiency are 
excluded, and physiologic factors, such as diurnal variation, are consid- 
ered. For example, the Wakeman study” exclusively used early morn- 
ing samples, hence the upper limit of leukocyte count is lower because 
of diurnal physiologic variation. The National Health and Nutritional 
Examination Surveys (NHANES) HI national database has the advan- 
tage of being a very large broad nationwide sampling, which, as used 
by Cheng and colleagues,” excluded any subjects with history of smok- 
ing, alcohol consumption, contraceptive use, anda variety of chronic 
diseases (excluding 60 percent of the tested subjects). However, those 
with asymptomatic iron deficiency were not excluded, so hemoglobin 
tends to be lower than in studies that may have been weighted toward 
groups of individuals in which undiagnosed iron deficiency and other 
asymptomatic disorders are less common. a- and f-thalassemia traits 
are also quite common in healthy individuals of certain ethnic groups, 
and inclusion of subjects with these disorders will also affect reference 
ranges. Normal lower limits for hemoglobin have been determined in 
US. subjects of different ethnic backgrounds carefully screened for 
occult disease.” Such considerations also affect determination of the 
upper (97.5th percentile) limit of normal hematocrit and hemoglobin 
in relation to a possible diagnosis of polycythemia, where one has to 
carefully weigh the likelihood that a “normal-range” study has ade- 
quately excluded iron-deficient subjects.” Biomedical parameters 
are also subject to historical trends, such as the observed improvement 
in hemoglobin levels in the post-folic-acid-fortification era.” Finally, 
when one observes significant changes in reference ranges based on age 
(e.g., glomerular filtration rate, lipid parameters, hemoglobin), there is 
the question of whether this is physiologic or a result of increased prev- 
alence of undiagnosed occult disease. 


Most hematologic variables show more stability within an individ- 
ual than between individuals, illustrating one reason for the lack of sen- 
sitivity and specificity of any test “cutoff, which is typically designed for 
a population rather than for an individual person. A study of repeated 
analyses of blood variables from older subjects” graphically demon- 
strates this phenomenon. Some normal subjects have a normal steady- 
state platelet count between 170 x 10°/L and 200 x 10°/L, whereas others 
have one between 280 x 10°/L and 310 x 10°/L (Fig. 2-3). For the latter 
group, a progressive fall in platelet count because of marrow failure may 
not be detected as quickly as the former group. The same observations 
are shown for absolute neutrophil count, hemoglobin, and MCV, among 
others. In normal subjects, the ratio of between subject to within subject 
variation ranges from about two times for absolute neutrophil count” 
to four to six times for hemoglobin, platelet count, absolute reticulocyte 
count, and MCV.! Data from a large clinical trial’s central laboratory 
show similar findings for hemoglobin in study subjects with various 
disease states. In this report bayesian methods were used to construct 
a (narrower) personalized reference range using progressive accumu- 
lation of baseline measurements to achieve greater sensitivity to per- 
turbations following treatment." Circadian variations in hematologic 
laboratory values, including hematocrit, total leukocyte count, serum 
iron, and serum folate have been described. Some have proposed to 
customize reference ranges for time of sample collection, so that ref- 
erence ranges arent inflated by the need to accommodate circadian 
variation." Genetic loci affect quantitative hematologic traits (such 
as hemoglobin, MCH, platelet count, leukocyte count, etc.) in normal 
subjects of European, African, and South Asian ancestry." The loci 
contain many candidate genes known to be involved in hematopoiesis, 
but known genetic influences identified in such studies only explain a 
small proportion (4-9 percent) of the observed phenotypic heterogene- 
ity of these variables. 


@ MORPHOLOGIC EXAMINATION 
OF THE BLOOD 


Microscopic examination of the blood spread on a glass slide or cover- 
slip yields useful information regarding all the cells of the blood. The 
process of preparing a thin blood film causes mechanical trauma to the 
cells, introducing artifacts that can be minimized by good technique. 
The optimal part of the stained blood film to use for morphologic 
examination of the blood cells should be sufficiently thin that a small 
proportion of erythrocytes in a x1000 magnification field touch each 
other, but not so thin that no red cells are touching. Figure 2-4 is a 
composite image taken from the optimal portion of the film showing 
the five major leukocyte types, normal red cells, and platelets. Selection 
of a portion of the blood film for analysis that is too thick or too thin 
for proper morphologic evaluation is the most common error in blood 
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film interpretation. For example, leukemic blasts may appear dense 
and rounded and lose their characteristic features when viewed in the 


thick part of the film. For specific purposes, the thick portion or side 
and “feathered” edges of the film are of interest (for instance, to detect 
microfilariae and malarial parasites or to search for large abnormal cells 
and platelet clumps). 

The blood film is first scanned at low magnification (x200) to confirm 
reasonably even distribution of leukocytes and to check for abnormally 
large or immature cells in the side and feathered edges of the film. The 
feathered edge is examined for platelet clumps. Abnormal cells, red cell 
aggregation or rouleaux, background bluish staining consistent with para- 
proteinemia, and parasites are all findings that can be suggested by medium 
magnification examination (x400). The optimal portion of the film is then 
examined at high magnification (x1000, oil immersion) to systematically 
assess the size, shape, and morphology of the major cell lineages. 


— d 


Figure 2-4. Images from a normal blood film showing major leukocyte types. The red cells are normocytic (normal size) and normochromic (nor- 
mal hemoglobin content) with normal shape. The scattered platelets are normal in frequency and morphology. A. A platelet caught sitting in the 
biconcavity of the red cell in the preparation of the blood film. This normal finding should not be mistaken for a red cell inclusion. Images are taken 
from the optimal portion of the blood film for morphologic analysis. Image shows a (A) segmented (polymorphonuclear) neutrophil and in the inset 
a band neutrophil; (B) monocyte; (C) small lymphocyte; (D) large granular lymphocyte, note larger size than lymphocyte in (C) and increased amount 
of cytoplasm containing scattered eosinophilic granules; and (E) eosinophil. Virtually all normal blood eosinophils are bilobed and filled with relatively 
large (Compared to the neutrophil) eosinophilic granules. F. Basophil and in inset a basophil that was less degranulated during film preparation, 
showing relatively large basophilic granules. The eosinophilic and basophilic granules are readily resolvable by light microscopy (1000), whereas the 
neutrophilic granule is not resolvable but in the aggregate imparts a faint tan coloration to the neutrophil cytoplasm, quite distinctly different from 


the blue-gray cytoplasmic coloring of the monocyte and lymphocyte. 


RED CELL MORPHOLOGY 


Normal erythrocytes on dried films are nearly uniform in size, with a 
mean diameter of approximately 7.5 um (normal and abnormal red cells 
are described in more detail in Chap. 31). The normal-sized erythrocyte 
is about the diameter of the nucleus of a small lymphocyte. The MCV is 
a more sensitive measure of red cell volume than the red cell diameter; 
however, an experienced observer should be able to recognize abnor- 
malities in average red cell size when the MCV is significantly elevated 
or decreased. Anisocytosis is the term that describes variation in ery- 
throcyte size, and is the morphologic correlate of the RDW. Macrocytes 
and microcytes are red cells larger or smaller than normal, and their 
presence consistent with the measured MCV suggests certain diagnos- 
tic possibilities. Early (“shift” or “stress”) reticulocytes (i.e., those with 
the most residual RNA) appear in stained films as large, slightly blu- 
ish cells, referred to as polychromatophilic cells (Chap. 32). These cells 
are roughly the morphologic counterpart of the immature reticulocyte 
fraction identified by automated instruments. 

The normal erythrocyte on a blood film is circular with central 
pallor. Poikilocytosis is a term used to describe variations in the shape 
of erythrocytes. The predominant appearance of a specific abnormality 
in red cell shape can be an important diagnostic clue in patients with 
anemia (Fig. 2-5). Erythrocytes with evenly spaced spikes (echinocytes 
or crenated cells) can be an artifact caused by prolonged storage, or may 
reflect metabolic erythrocyte abnormalities. 

The normal erythrocyte appears as a disc with a rim of hemoglobin 
and a clear central area, which normally occupies less than one-half the 
cell diameter. Increased central pallor (hypochromia) is associated with 
disorders characterized by diminished hemoglobin synthesis, such as 
iron deficiency (Chap. 42). Evaluation of red cell hemoglobin content, 
as well as red cell size, is dependent on examining the proper part of 
the blood film. Cells at the far “feathered edge” will always be large and 
lack central pallor, whereas cells in the thick part of the film will look 
small and rounded and will also lack central pallor. A sharp refractile 
border demarcating the central area of pallor is an artifact secondary 
to inadequate drying of the film before staining (associated with high 
humidity, and more common in anemic samples). Spherocytes are more 
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Clostridial perfringens 
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densely stained and appear smaller because of their rounded shape, and 
show decreased or absent central pallor. A red cell with a spot or disc 
of hemoglobin within the central pale area is a target cell, in reality a 
cup-shaped cell that distorts as it is flattened on the glass slide. These 
cells are typically found in disorders of hemoglobin synthesis (e.g., tha- 
lassemia), liver disease, and postsplenectomy where the cell-surface-to- 
cell-volume ratio is high. Chapter 31 describes the inclusions that may 
be observed in erythrocytes on blood films. 

Erythrocytes are usually distributed evenly throughout the blood 
film. In some cases the cells become aligned in overlapping stacks, 
referred to as rouleaux (Chap. 109), resembling overlapping rows of 
coins. Rouleaux are normal in the thick part of the film, but when found 
in the optimal viewing portion of the film, suggest a pathologic increase 
in immunoglobulin (Ig), particularly IgM-macroglobulinemia. Occa- 
sionally, high concentrations of IgA or IgG in patients with myeloma 
may also produce rouleaux. 

The blood film is also useful to identify red cells with basophilic 
stippling (evidence of dyserythropoiesis), siderotic granules (evidence 
of sideroblastic erythropoiesis), Heinz bodies (evidence of unstable 
hemoglobins), and Howell-Jolly bodies (nuclear remnants). Microor- 
ganisms other than malaria parasites also may be found in or attached 
to red cells (Chap. 53). 


PLATELET MORPHOLOGY 


Platelets appear in normal stained blood film as small blue or colorless 
bodies with red or purple granules (see Fig. 2-4). Normal platelets aver- 
age approximately 1 to 2 wm in diameter, but show wide variation in 
shape, from round to elongated, cigar-shaped forms. In improperly pre- 
pared films, platelets may form large aggregates in some areas and appear 
to be diminished or absent in others. The frequent occurrence of giant 
platelets or platelet masses may indicate a myeloproliferative neoplasm 
or improper collection of the blood specimen. The latter circumstance 
can occur when venipuncture technique is faulty and platelets become 
activated before the blood sample is thoroughly mixed with anticoag- 
ulant. These platelet masses are apparent typically in the thin “feath- 
ered edge” of the film, with corresponding fewer platelets elsewhere. 


Figure 2-5. Disorders associated with certain red cell 
morphologic changes. Poikilocytosis is a general term used 
to indicate the presence of abnormally shaped red cells, 
such as dacryocytes (teardrop-shaped red cells), schisto- 
cytes (fragmented red cells), and elliptocytes, as is found 
in the most extreme form in hereditary pyropoikilocytosis 
(Chap. 46). MDS, myelodysplastic syndromes (Chap. 87). 
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Figure 2-6. Blood films. A. Toxic granules in neutrophils. In inflammatory states the neutrophil may develop overt purplish granules as shown in 
this example of reactive neutrophilia. B. Chédiak-Higashi disease. Note the giant eosinophilic granule in the monocyte and the numerous enlarged 
granules in the lymphocyte (Chap. 66). C. Hurler syndrome. Note characteristic prominent dense cytoplasmic inclusions in the mononuclear cell. 
These inclusions are accumulations of glycosaminoglycans resulting from a deficiency of a-t-iduronidase in leukocytes and other tissues. D. Examples 
of apoptosis of two neutrophils in normal anticoagulated blood during standing at room temperature. Nuclear condensation and fragmentation 
are evident. A normal neutrophil is also present. E. Dohle bodies. These RNA remnants of rough endoplasmic reticulum appear as blue rod-shaped 
structures (arrow points to one) in neutrophils involved in inflammatory reactions. F. May-Hegglin disease. The large blue-gray inclusions (arrow) 
represent precipitates of nonmuscle myosin heavy chain type IIA. Note also the two macrothrombocytes (the size of red cells) characteristic of 


this disorder (Chap. 120). The neutrophil inclusions stain with fluorescent antibodies to nonmuscle myosin heavy chain type IIA. G. 


arrow film. A 


strand of endothelial cells derived from vascular tissue caught on the biopsy needle. Individual endothelial cells may be found, rarely in a blood film. 
H. Platelet satellitism. Three neutrophils surrounded by adherent platelets. This blood film was prepared from an EDTA-anticoagulated sample. (Repro- 
duced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


Platelet clumping throughout the blood film, or platelet “satellitism” 
(adherence of platelets to neutrophils), may be a result of platelet agglu- 
tinins (Fig. 2-6). A platelet will occasionally overlie an erythrocyte, 
where it may be mistaken for an inclusion body or a parasite. The dif- 
ferentiation depends on the observation of a halo around the platelet, 
determination that it lies above the plane of the erythrocyte, and obser- 
vation of the characteristics of a normal platelet in the “inclusion” 


LEUKOCYTE MORPHOLOGY 


The cells normally found in blood are mature neutrophils, lymphocytes, 
and monocytes, with smaller numbers of eosinophils and basophils 


(see Fig. 2-4). Neutrophils are round cells ranging from 10 to 14 um 
in diameter on a blood film. The nucleus is lobulated, with two to four 
lobes connected by a thin chromatin thread. The defining feature of 
the mature neutrophil is the round lobes with condensed chromatin, 
because the chromatin thread may overlie the nucleus and not be visi- 
ble. The chromatin stains purple and is coarse and arranged in clumps. 
The nucleus of 1 to 16 percent of the neutrophils from females may have 
an appendage that is shaped like a drumstick and is attached to one lobe 
by a strand of chromatin. It represents the inactive X chromosome of 
the pair. The cytoplasm is diffusely pale pink and contains many small, 
tan to pink granules distributed evenly throughout the cell. Bands are 
identical in appearance to mature neutrophils except that the nucleus 


is not segmented but is sausage-shaped or U-shaped (see Fig. 2-4). 
Nuclear chromatin is slightly less condensed than the mature neutrophil 
(Chap. 60). 

Eosinophils are on the average slightly larger than neutrophils 
(Chap. 62). The nucleus usually has two lobes (see Fig. 2-4). The chro- 
matin pattern is the same as that of the neutrophil, but the nucleus 
tends to be more lightly stained. The differentiating characteristic of 
these cells is the presence of many refractile, orange-red granules that 
are distributed evenly throughout the cell and may be visible overlying 
the nucleus. These granules are larger than those in the neutrophil and 
are more uniform in size. Occasionally, some of the granules in eosino- 
phils stain light blue rather than orange-red. 

Basophils are similar to the other polymorphonuclear cells and 
are slightly smaller than neutrophils (Chap. 63). The nucleus may stain 
more faintly and usually is less segmented and has less distinct chro- 
matin condensation than is the case in neutrophils. The large deeply 
basophilic granules of basophils are fewer in number and less regular in 
size and shape than in the eosinophil. The granules are visible overlying 
the nucleus and, in some cells, almost completely obscure the lightly 
stained nuclear chromatin. Because the granular constituents are water 
soluble, some granules may stain only faintly or not at all or may be lost 
from the cell during preparation (see Fig. 2-4). 

Lymphocytes on blood films are usually smaller than other leu- 
kocytes, approximately 10 wm in diameter, but large lymphocytes up 
to 20 wm in diameter occasionally are seen (see Fig. 2-4). The small 
lymphocyte, the predominant type in normal blood, is round and 
contains a relatively large, round, densely stained nucleus (Chap. 73). 
The cytoplasm is scanty and stains pale to dark blue. In the large lym- 
phocytes, the nuclear-to-cytoplasmic ratio is lower and the chromatin 
is slightly less condensed than in the small lymphocytes. The nucleus 
is usually round but may be oval or indented. The cytoplasm is abun- 
dant and may contain a few azurophilic granules. Large granular 
lymphocytes contain azurophilic granules and relatively abundant cyto- 
plasm, and generally represent cytotoxic T or natural killer (NK) cells 
(Chap. 94). Reactive lymphocytes, as seen in viral infections caused by 
Epstein-Barr virus, cytomegalovirus, adenovirus, or other organisms, 
are large with indented nuclei and abundant blue cytoplasm (Chap. 82). 
Nuclear chromatin condensation is variable, and nucleoli may be evi- 
dent. A low nuclear-to-cytoplasmic ratio and greater degree of chroma- 
tin condensation distinguishes them from neoplastic cells. 

Monocytes are the largest normal cells in the blood, usually measur- 
ing from 15 to 22 wm in diameter (see Fig. 2-4). The nucleus is of various 
shapes—round, kidney-shape, oval, or lobular—and frequently appears 
to be folded (Chap. 67). The lacy chromatin is arranged in fine strands 
with sharply defined margins. The cytoplasm is light gray, contains vari- 
able numbers of fine lilac or purple granules, and is often vacuolated. 
‘The gray (as opposed to blue) color of monocyte cytoplasm is a result of 
fine granules (staining pink) seen on the background of RNA-containing 
cytoplasm (staining blue), and helps to distinguish between monocytes 
and reactive lymphocytes. The monocyte nuclear chromatin contains a 
fine, string-like structure as opposed to the smudgy-appearing clumps 
of the lymphoid chromatin. Nuclear shape and cytoplasmic vacuoliza- 
tion are less reliable for distinguishing features between monocytic and 
lymphoid cells. 


LEUKOCYTE INCLUSIONS 


Abnormal Granules 

In a systemic inflammatory reaction, neutrophil granules may appear 
larger than normal and stain more darkly, often assuming a dark 
blue-black color. This has been called toxic granulation (see Fig. 2-6). 
These granules if unusually prominent can be confused with the larger 
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granules of basophils. In mucopolysaccharidoses, coarse, dark granules 
may be found in the neutrophils, and large azurophilic granules in some 
lymphocytes and monocytes (see Fig. 2-6). Huge misshapen granules 
are found in the neutrophils, and giant azurophilic granules are present 
in the lymphocytes of patients exhibiting the Chédiak-Higashi anomaly 
(see Fig. 2-6; Chap. 66). Auer rods are sharply outlined, red-staining 
rods found in the cytoplasm in blast cells, and occasionally in more 
mature leukemic cells, in the blood of some patients with acute myelog- 
enous leukemia or myelodysplastic syndromes (Chap. 88). 


Abnormal Neutrophil Inclusions 

Light blue round or oval Déhle bodies, approximately 1 to 2 wm in 
diameter, may be seen in the cytoplasm of neutrophils of patients with 
infections, burns, and other inflammatory states (see Fig. 2-6). The blue 
staining is caused by RNA of the rough-surfaced endoplasmic reticulum 
contained in Dohle bodies. These bodies are thought to be a reflection of 
accelerated maturation of neutrophils with residual endoplasmic reticu- 
lum from the promyelocyte stage. They usually occur in circumstances 
in which toxic granulation may be present. May-Hegglin anomaly is one 
of several MYH9 disorders, autosomal dominant macrothrombocy- 
topenias secondary to defective megakaryocyte maturation and frag- 
mentation, with leukocyte inclusion bodies (also Fechtner, Sebastian, 
Epstein, and Alport-like syndromes; Chap. 112). The leukocytic inclu- 
sions, pale blue-stained, irregularly shaped inclusions are precipitates 
of nonmuscle myosin heavy chains (see Fig. 2-6). Neutrophil function 
is normal. 


LEUKOCYTE ARTIFACTS 
Damaged (“Smudge,” “Basket”) and Apoptotic Cells 


During film preparation, leukocytes may be damaged, resulting in 
an enlarged nucleus with homogeneous, slightly reddish chromatin 
strands with a large blue nucleolus. There is no specific association with 
disease other than chronic lymphocytic leukemia (Chap. 92), where 
increased cell fragility commonly results in variable numbers of smudge 
cells, which connote a favorable prognosis. Eosinophils and basophils 
often are partially or largely degranulated in preparation film with the 
granules scattered beside the cell. Occasional neutrophils may be seen 
in stages of apoptosis after standing in anticoagulated blood at room 
temperature (see Fig. 2-6). 


Radial Nuclear Segmentation 

This refers to abnormal segmentation of the nuclei of leukocytes on the 
blood film, in which the lobes appear to radiate from a single point, 
giving a cloverleaf or cartwheel picture. This change is common in cyto- 
centrifuged preparations (i.e., from a body fluid), EDTA anticoagulated 
blood after excessive storage, and samples collected in oxalate. 


Vacuolization 

Vacuoles may develop in the nucleus and cytoplasm of leukocytes, 
especially monocytes and neutrophils, with prolonged storage in EDTA 
anticoagulated blood. Vacuoles may be associated with swelling of the 
nuclei and loss of granules from the cytoplasm. In blood films prepared 
without anticoagulation, vacuoles in neutrophils suggest sepsis. 


Endothelial Cells 

If the blood film is prepared from the first drop of blood issuing from 
fingerstick, endothelial cells may be present singly, in clumps, or as 
strings of attached cells (see Fig. 2-6). These cells en face may simulate 
the appearance of abnormal cells and may be misinterpreted as blasts or 
metastatic tumor cells. 
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CHAPTER 3 
EXAMINATION OF THE 
MARROW 


Daniel H. Ryan 


SUMMARY 


Microscopic examination of the marrow is a mainstay of hematologic diagno- 
sis. Even with the advent of specialized biochemical and molecular assays that 
capitalize on advances in our understanding of the cell biology of hematopoie- 
sis, the primary diagnosis of hematologic malignancies and many nonneoplas- 
tic hematologic disorders relies upon examination of the cells in the marrow. 
An aspirate and biopsy of the marrow can be obtained with minimal risk and 
only minor discomfort and are quickly and easily processed for examination. 
The marrow should be examined when the clinical history, blood cell counts, 
blood film, or laboratory test results suggest the possibility of a primary or sec- 
ondary hematologic disorder for which morphologic analysis or special studies 
of the marrow would aid in the diagnosis. Leukopenia or thrombocytopenia 
may require a marrow examination for diagnosis. Nonhemolytic anemia that 
is not readily diagnosed by blood cell examination and supporting labora- 
tory tests often requires a marrow examination. Abnormal cells in the blood, 
such as nucleated red cells, white cell precursors, abnormal lymphocytes not 
explained by concurrent infection, and blast cells, usually require a marrow 
examination. In addition to determining the cellularity and morphology of 
precursor cells, or infiltration by nonhematopoietic cells, the study provides 
marrow cells for immunophenotyping, cytogenetic, molecular and genomic 
studies, culture of infectious organisms, and storage of marrow cells for further 
analysis. 


@ HISTORY OF THE MARROW 
EXAMINATION 


The first recorded examinations of marrow in living patients occurred 
in the first decades of the 20th century, first using the tibia as the source 
of marrow and then surgical bone biopsies. Neither technique led to 
routine examination of the marrow, because in the former case the tibia 
was usually hypocellular in adults, and in the latter case, because of 
the invasiveness of an open procedure and the discomfort and risk of 
infection and bleeding. In 1923, Arinkin devised the marrow aspiration 
technique,’ which was the prototype for our current aspiration proce- 
dure. Thirty years passed before the suggestion that the pelvis might 


Acronyms and Abbreviations: CD, cluster of differentiation; CLL, chronic lym- 
phocytic leukemia; CML, chronic myelogenous leukemia; DMSO, dimethylsulfoxide; 
EDTA, ethylenediaminetetraacetic acid; FISH, fluorescence in situ hybridization; GPI, 
glycosylphosphatidylinositol; MDS, myelodysplastic syndrome; M:E, myeloid-to- 
erythroid cell ratio; MRD, minimal residual disease; PCR, polymerase chain reaction. 


be preferable to the sternum gained hold, and another 10 years passed 
before a practical marrow biopsy instrument was put to use. Regular 
use of the posterior iliac crest for aspiration and biopsy and regular use 
of biopsy to complement aspiration did not occur until the 1970s, when 
staging of lymphoma made biopsy a frequent procedure and new sim- 
pler biopsy instruments became readily available. 


@ INDICATIONS FOR MARROW ASPIRATE 
OR BIOPSY 


The International Council for Standardization in Hematology has pub- 
lished guidelines for marrow aspirate and biopsy to promote consis- 
tency in performance and reporting.’ Although marrow aspiration and 
biopsy techniques are safe, they should be performed with a clear idea as 
to how the results will help distinguish the differential diagnoses under 
consideration or provide followup of treatment.** In many hematologic 
disorders, such as most cases of iron-deficiency anemia, thalassemia, 
and acquired and inherited hemolytic anemia, examination of the blood 
and specialized laboratory tests usually suffice to make the diagnosis 
without the need for a marrow examination. 

When examination of the marrow is indicated, the decision as 
to whether an aspirate or an aspirate plus biopsy is desired should be 
made. Aspiration is always attempted because of the superior morphol- 
ogy offered by examination of the aspirate smear. However, a marrow 
biopsy is superior to the aspirate in quantifying marrow cellularity and 
diagnosing infiltrative diseases of the marrow and should be performed 
when these conditions are part of the differential diagnosis.” Marrow 
biopsy is useful for diagnosing and following the course of disorders 
that are commonly associated with reticulin fibrosis, such as megakary- 
oblastic leukemia, hairy cell leukemia, and the chronic myeloprolifera- 
tive neoplasms.‘ In myelodysplastic syndromes, marrow biopsy is useful 
for evaluating abnormal localization of immature precursor cells and 
abnormal megakaryocytes. Marrow necrosis and gelatinous transfor- 
mation are more readily detected in marrow sections than in aspirate 
films. Marrow aspirate alone may be appropriate in some clinical set- 
tings where the diagnostic question is very targeted, such as diagnosis 
of childhood immune thrombocytopenia purpura or surveillance fol- 
lowup of leukemia patients in apparent remission. 

Depending on the diagnostic question, availability of material, and 
expected frequency of the abnormal cells, an appropriate selection of 
specialized diagnostic methods may be needed to support the clinical 
diagnosis. Morphology of marrow cells is still the gold standard for diag- 
nosis of hematologic malignancy and allows construction of a good dif- 
ferential diagnosis for nonmalignant disorders. Immunocytochemistry 
provides excellent phenotype-morphology correlation on an individual 
cell basis, but is limited to epitopes that resist destruction by fixation, 
decalcification, and paraffin embedding. Flow cytometry allows study 
of almost any surface or intracellular protein, with the added ability to 
detect important quantitative changes in cellular proteins and simulta- 
neous determination of multiple proteins within the same cell. How- 
ever, flow cytometry requires that cells be viable and dissociated from 
tissue. Gene expression arrays allow analysis of complex patterns of 
RNA expression by sophisticated mathematical algorithms to discover 
diagnostic patterns based on gene expression. These studies may point 
the way to a smaller more practical set of proteins that can be studied by 
immunocytochemistry or immunofluorescence. Molecular assays tar- 
get oncogenic DNA sequence alterations from the chromosome to the 
nucleotide, and include classic metaphase cytogenetics, fluorescence in 
situ hybridization (FISH), reverse transcriptase polymerase chain reac- 
tion (PCR), and targeted or whole-genome sequencing. 


@ MARROW ASPIRATION TECHNIQUE 


At birth, all bones contain hematopoietic marrow. Fat cells begin to 
replace hemopoietic marrow in the extremities in the fifth to seventh 
year. By adulthood, the hemopoietic marrow is limited to the axial 
skeleton and the proximal portions of the extremities (Chaps. 5 and 9). 
Fatty marrow appears yellow, whereas hematopoietic marrow is red. 
Red marrow contains fat, however, and fat droplets are visible grossly 
in aspirated marrow specimens. Histologically, yellow marrow consists 
almost entirely of fat cells and supporting connective tissue. Red mar- 
row contains an abundance of hematopoietic cells, fat cells, and con- 
nective tissue. The marrow fills the spaces between the trabeculae of 
bone in the marrow cavity. Marrow is soft and friable and can be readily 
aspirated or biopsied with a needle. 

The posterior iliac crest (Fig. 3-1) is the preferred site for marrow 
aspiration and biopsy. In adults, the anterior iliac crest and rarely the 
sternum have been used (Fig. 3-2). The sternum should be used for 
aspiration only. The anterior iliac crest is less preferred than the pos- 
terior crest in adults because of its thick cortical bone. The anterome- 
dial surface of the tibia is an option for infants younger than 1 year old 
(particularly newborns), but the posterior iliac crest is still the preferred 
site. Serious adverse outcomes after marrow aspiration or biopsy are 
rare, occurring in less than 0.05 percent. One direct fatality and three 


A 


Posterior superior iliac spine 


Figure 3-1. A. Jamshidi biopsy instrument. B. Site of marrow biopsy. 
(A, reproduced with permission from Jamshidi K, Swaim WR: Bone marrow 
biopsy with unaltered architecture: A new biopsy device. J Lab Clin Med 
77(2):335-342, 1971.) 
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Figure 3-2. Sites used for marrow aspiration. (Modified with permis- 
sion from Schwartz SO, Hartz WH Jr, Robbins JH: Hematology in Practice. 
New York, NY: McGraw-Hill; 1961.) 


episodes of prolonged but not permanent disability were reported in 
nearly 55,000 marrow biopsies.’ Morbidity most frequently involved 
hemorrhage, which was associated more with platelet function impair- 
ment than thrombocytopenia or coagulation factor defects.’ Infection 
and reactions to anesthetic agents are other infrequent complications. 
Penetration of the bone with damage to the underlying structures is 
possible with all marrow aspirations, but the hazard is greatest in sternal 
aspirations because the sternum at the second interspace is only approx- 
imately 1 cm thick in adults, and the distance from posterior sternal 
cortex to the ascending aorta varies greatly and may be as little as 4 to 
5 mm,” giving rise to the rare but dramatic consequence of aortal wall 
tear. To prevent this, a guard should be in place on the needle if a sternal 
aspirate needs to be done. 

For either a marrow biopsy or aspiration, sedation minimizes anx- 
iety and pain," particularly in children,’ for whom propofol, with or 
without fentanyl, administered under carefully controlled conditions’ 
with monitoring of oxygen saturation, blood pressure, and vital signs, 
is frequently used. Midazolam (Versed) is a popular choice for con- 
scious sedation of adult patients, although a variety of other premed- 
ications have been used. There is a relative lack of empirical research 
and consensus guidelines on the subject of pain reduction during adult 
marrow procedures.'*'5 The experience of marrow procedures from the 
patient's point of view is worth reading.'® The only significant correlates 
with severe/unbearable pain (experienced by 4 percent of patients) 
during marrow examination were quality of the information about 
the procedure provided before the examination and previous painful 
experiences.” Marrow biopsies and aspirations for lymphoma staging 
purposes often can be performed while the patient is under anesthesia 
for other procedures. Several different types of needles are available for 
marrow aspiration.’ For adults, a 16-gauge needle is sufficiently large to 
permit aspiration of adequate specimens; larger needles are unneces- 
sary. The patient is prone or in the left or right lateral decubitus position. 
Sterile precautions must be observed. The skin over the puncture site is 
shaved if necessary and cleansed with a disinfectant solution. The skin, 
subcutaneous tissues, and periosteum are infiltrated with a local anes- 
thetic solution, such as 1 percent lidocaine. Adequate infiltration of the 
anesthetic at the periosteal surface is important to minimize severe pain 
during the procedure, but no more than 20 mL of 1 percent lidocaine 
should be used in an adult.'* Adequate anesthesia can be achieved with 
much less lidocaine in virtually all cases. An air gun can be used to anes- 
thetize the skin surface prior to application of anesthetic to the periosteal 
surface by injection. After the anesthesia has taken effect, usually in 3 to 
5 minutes, the marrow needle is inserted through the skin, subcuta- 
neous tissue, and cortex of the bone using a slight twisting motion. In 


obese patients, the length of the needle must be sufficient to reach the 
iliac crest. The stylet should be locked into place on the hub of the needle 
to prevent plugging of the needle with tissue prior to needle entry into 
the marrow cavity. Penetration of the cortex can be sensed by a slight, 
rapid forward movement accompanied by a sudden increase in the ease 
of advancing the needle. The stylet of the needle is removed promptly, 
the hub is attached to a 10- or 20-mL syringe, and approximately 0.5 to 
1.5 mL of fluid is aspirated. The actual aspiration of the marrow causes 
a transient painful sensation for most patients. If additional specimen 
volume is required, another syringe is fitted on the marrow needle, the 
syringe and needle is rotated and an adjacent area is entered and mar- 
row is aspirated. The stylet may be reinserted and the marrow needle 
slightly repositioned between aspirations. When aspiration is complete, 
the stylet is reinserted and the needle immediately removed from the 
bone. Pressure is applied to the skin over the aspiration site for at least 5 
minutes to minimize bruising at the site. If platelet number or function 
is decreased, firm pressure should be applied for at least 10 to 15 min- 
utes. The bloody fluid that is aspirated contains light-colored particles of 
marrow approximately 0.5 to 1 mm in diameter. They often are readily 
visible in the syringe, but may not be detected until the syringe contents 
are discharged on glass slides for film preparation. 

If nothing enters the syringe when aspiration is performed, the 
needle may not be properly placed in the marrow cavity. The needle 
can be cautiously advanced 1 to 2 mm after reinsertion of the stylet and 
aspiration attempted again, or the needle can be removed from the bone 
and reinserted in a nearby site in the anesthetized area. The thickness 
of the bone must be considered when the needle is being adjusted in 
the bone. Occasionally the needle must be rotated on its longitudinal 
axis, or in a larger orbit, in order to loosen the marrow mechanically 
before the marrow can be aspirated. If a small amount of blood has been 
aspirated, a new needle should be used because of the probability of 
clotting the aspirate when it finally is obtained. Aspiration with a 50-mL 
syringe may succeed if use of a smaller syringe fails. Fibrotic or densely 
packed leukemic marrow may resist all attempts at aspiration, in which 
case a biopsy is necessary. The most common cause of failure to obtain 
marrow is faulty positioning of the needle, and a second attempt at aspi- 
ration usually succeeds. A specimen preparation checklist used at the 
time of procedure to verify presence of spicules, length of biopsy, and 
other protocol items has been found to increase biopsy specimen length 
and decrease frequency of non-diagnostic samples.” 


@ NEEDLE BIOPSY TECHNIQUE 


Needle biopsy usually is performed with the Jamshidi needle, using the 
same preparation as described above. The Jamshidi instrument (see 
Fig. 3-1) consists of a cylindrical needle with constant bore, except 
for a concentrically tapered distal portion ending in a sharp, beveled 
cutting tip. The stylet fits precisely inside the opening at the tapered 
tip, interlocks at the hub of the needle, and extends 1 to 2 mm beyond 
the end of the needle. An 11-gauge needle is most commonly used in 
the United States. After the skin and the periosteum of the biopsy site 
are anesthetized, a 3-mm incision is made in the skin. The needle, with 
obturator in place, is inserted into the skin incision and through the 
subcutaneous tissue to the cortex of the bone. The needle is directed 
toward the posterior iliac spine and advanced with a twisting motion. 
Penetration of the cortex is sensed by a decreased resistance to forward 
movement of the needle. The obturator is removed, and the needle is 
slowly advanced with reciprocal clockwise-counterclockwise twisting 
motions around the long axis. After sufficient penetration of the bone 
(up to approximately 3 cm), the needle is rotated several times on its 
axis and withdrawn approximately 2 to 3 mm. Some needles now come 
with a “trap” that snares the biopsy so that the needle can be directly 
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removed. The needle is reinserted to the original depth at a slightly 
different angle, taking care not to bend the needle, and rotated several 
times to free the specimen from attachments in the marrow cavity. The 
needle is slowly withdrawn, with the same twisting motion used during 
insertion. The core of marrow inside the needle is removed by inserting 
the probe through the cutting tip and extruding the specimen through 
the hub of the needle. The smaller size of the cutting aperture relative 
to the bore of the shaft of the Jamshidi instrument yields a specimen 
that fits loosely inside the needle and therefore is less subject to com- 
pression, distortion, or fragmentation. The technique reliably produces 
good quality biopsy specimens. Marrow biopsy should be performed 
before marrow aspiration is attempted (or in a slightly different site on 
the iliac crest) to avoid hemorrhage and distorted marrow architecture 
in the biopsy core. With the availability of the biopsy needles described 
in this section, open (surgical) biopsies rarely are necessary but may be 
performed, for example, for diagnosis of deeply situated bone lesions or 
at the time of a surgical procedure performed for a related indication 
(e.g., staging). An FDA-approved battery-powered drill that inserts a 
biopsy needle into the posterior iliac bone of adult patients provides 
more consistent and longer biopsy cores and shortens procedure time.” 


@ PREPARATION OF MARROW 
SPECIMENS FOR STUDY 


Several types of preparations can be made from the marrow aspirate to 
maximize use of the diagnostic material. Most important is the direct 
film, which is made immediately from a drop of marrow suspension from 
the unmanipulated aspirate. This preparation is the best for evaluating 
cellular morphology and differential counts of the marrow. The particle 
film is best for estimating marrow cellularity and megakaryocyte abun- 
dance, but morphology is obscured in the thicker parts of the film. A 
concentrate film, which is prepared from a concentrate of nucleated cells 
(marrow buffy coat) achieved by centrifugation of a small volume of 
anticoagulated marrow, is sometimes used for detecting low-abundance 
cells when the marrow is hypocellular. The relative proportions of cell 
lineages are not maintained in the concentrate film preparation (often 
erythroid precursors are relatively enriched). In addition, this prepara- 
tion is subject to anticoagulant-induced changes in nuclear morphology 
or cytoplasmic vacuolization. The touch imprint from the biopsy is quite 
valuable and sometimes diagnostically necessary for evaluating cellular 
morphology when the aspirate is hypocellular.! 


MARROW FILMS 


After aspiration, approximately 0.5 mL of marrow is placed on a glass 
slide; the rest is mixed into a tube containing ethylenediaminetetraace- 
tic acid (EDTA) solution. The marrow specimen is examined to ensure 
the presence of “spicules” or particles of marrow containing bony or 
fatty pieces, indicating successful aspiration of the marrow cavity. Direct 
marrow films are immediately prepared by transferring drops of the 
unanticoagulated marrow pool to fresh slides and making push films 
with coverslips. Sufficient films should be made for special stains. Hep- 
arinization of the aspirate is not necessary if the operator works rapidly 
and should be avoided because heparinization may introduce artifacts. 
Formalin vapor artifact that can distort morphology can be avoided by 
making sure formalin containers are not opened until aspirate smears 
are prepared and put away. 

A useful technique is preparing a thick film of marrow by dis- 
charging a drop or two of the aspirate on a slide, covering the aspirate 
with a second slide, gently pressing the slides together to express most 
of the blood into a gauze sponge, and then pulling the slides apart 


longitudinally. Such preparations may contain an increased number of 
broken cells if too much pressure is applied, but they provide a large 
number of particles from which marrow cellularity can be estimated 
and which are useful for estimating the amount of hemosiderin present. 
Broken cells may be minimized using a squash technique with cover- 
slips instead of glass slides, which compared favorably to push (wedge) 
films in achieving representative distribution of intact cells derived 
from marrow particles.” 

The EDTA-anticoagulated sample may be centrifuged (1500 g for 
10 minutes) in a Wintrobe tube to concentrate the cellular elements 
of the marrow. After centrifugation, the fatty layer and plasma are 
removed, and the “buffy coat” is mixed with an equal amount of plasma. 
Multiple films of this preparation are made. All smears should be thor- 
oughly air-dried, which can take longer in a humid environment, before 
staining to avoid artifacts. 


TOUCH PREPARATIONS 


After a biopsy specimen is obtained using the Jamshidi needle, the 
specimen should be extruded through the hub of the needle and then 
gently rolled across a glass slide (using an applicator stick to move the 
specimen) before it is placed in fixative, taking care to avoid crushing. 
The touch preparations are allowed to dry and are stained in the same 
manner as films. 


SPECIAL STUDIES 


It is essential to formulate the diagnostic question before performing a 
marrow aspiration to ensure an adequate sample is obtained for all the 
special studies that may be needed to make the correct diagnosis, while 
avoiding aspiration of more marrow than is needed, which can lead to 
dilution of the sample.” A sterile anticoagulated sample containing via- 
ble unfixed cells in single-cell suspension is the best substrate for nearly 
all special studies. Specifically, flow cytometry is best performed on 
EDTA- or heparin-anticoagulated aspirate specimens, which are stable 
for at least 24 hours at room temperature. For cytogenetic or cell cul- 
ture analysis, preservative-free heparin-anticoagulated marrow should 
be added to tissue culture medium and analyzed as soon as possible to 
maintain optimal cell viability. Cytogenetic samples are generally not 
adversely affected by overnight incubation.” In cases where the marrow 
aspirate is dry, a duplicate biopsy specimen can be disaggregated to pro- 
duce a cell suspension for morphology, flow cytometry, and cytogenetic 
studies.” FISH for detection of chromosomal deletions, duplications, 
and translocations can be performed in marrow biopsies when EDTA- 
based decalcification protocols are used.” 

For molecular analysis of fresh specimens, sample storage should 
be minimized, and storage at 4°C is preferable. EDTA is the preferred 
anticoagulant because heparin can interfere with some molecular assays. 
DNA is relatively stable, but RNA has a variable half-life in an intact cell 
and is degraded rapidly (on the order of seconds to minutes) in a cell 
lysate by ubiquitous ribonucleases. Sample storage prior to RNA isola- 
tion should be minimized.” Collection tubes have been designed for 
stabilization of RNA, but for maximal RNA recovery, samples should 
be transported to the laboratory immediately, where cell suspensions 
(typically buffy coat or mononuclear cell preparations) can be prepared 
and nucleic acids extracted under conditions that inhibit ribonucleases. 
DNA and messenger RNA can be extracted and analyzed from paraf- 
fin-embedded tissue sections”*® and dried stained films,” with variable 
degree of degradation dependent on the length of sequence required. 

Archival storage of marrow specimens is important in light of 
advances in molecular diagnosis that may necessitate validation stud- 
ies using samples of known origin or retrospective testing of diagnostic 
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material. Isolated DNA or RNA can be stored for long periods at —70°C, 
whereas viable, intact cells can be reliably preserved only by controlled 
rate freezing in dimethylsulfoxide (DMSO) and storage in liquid 
nitrogen. 


HISTOLOGIC SECTIONS 


A variety of techniques for preparing aspirated material for histologic 
study have been advocated. All of the techniques are designed to col- 
lect a sufficient number of marrow particles in a small volume so that 
adequate sections can be prepared. This goal can be accomplished by 
discharging the marrow aspirate onto a glass slide, allowing the particles 
to settle for a few seconds, and then gently tilting the slide so that the 
excess blood runs off. The particles then are pushed together with an 
applicator stick, and the remaining blood is allowed to clot. The clot is 
promptly fixed, typically in buffered formalin, for tissue processing and 
sectioning. An alternative method using filtration of the anticoagulated 
aspirate specimen has been described.” 

The core marrow biopsy specimen is processed for histologic 
examination typically by fixation in neutral buffered formalin, followed 
by decalcification and embedding in paraffin. Decalcification can be 
accomplished with acid reagents or EDTA, the latter of which is pre- 
ferred as it provides better preservation of nucleic acid and protein anti- 
gens. Sections of high quality cut at 3 wm and stained with hematoxylin 
and eosin are satisfactory for routine work. Refinements in fixation and 
embedding techniques have enabled use of many immunologic markers 
in decalcified paraffin-embedded marrow biopsy specimens. Fixation 
in neutral-buffered formalin and embedding without decalcification in 
plastic resin has the advantage of superior morphology,” but is less fre- 
quently used as the potential for immunostaining and molecular assays 
is more restricted. 


@ MORPHOLOGIC INTERPRETATION OF 
MARROW PREPARATIONS 


OVERVIEW 


The Wright-Giemsa-stained direct marrow aspirate film should be 
examined as quickly as possible to provide a preliminary assessment of 
the marrow morphology and allow setup of specialized testing based on 
this preliminary evaluation while the sample is fresh. Final interpreta- 
tion of the marrow biopsy and aspirate should be integrated with results 
from the clinical history, blood film, cell counts, laboratory data, cell 
marker studies, and molecular or cytogenetic data. No other histologic 
specimen exists in which a state-of-the-art interpretation is dependent 
on such an array of supportive data. The challenge for the hematopa- 
thologist and hematologist is to understand the advantages and lim- 
itations of each diagnostic approach so that results can be reconciled 
and placed into perspective. Some common pitfalls in preparation and 
interpretation of marrow aspirates’ and biopsies have been reviewed. 


ADEQUACY OF THE MARROW SAMPLE 


The first question in interpreting the marrow is whether the sample is 
adequate for diagnosis. At the time of the procedure, the presence of 
marrow particles in the aspirate is the best indicator that the needle 
entered the medullary cavity and marrow was successfully withdrawn. 
Marrow particles are bony with a glistening appearance caused by fat 
in the particles. Specimens containing cortical bone, muscle, or other 
tissue with little or no medullary bone are inadequate for marrow inter- 
pretation. Samples with extensive crush artifact or hemorrhage are sub- 
optimal, underscoring the importance of proper technique in obtaining 


a useful sample. An unspoken assumption is that the piece of marrow 
provided for diagnostic evaluation is representative of the marrow as a 
whole. Based on reproducibility of bilateral biopsies, this more likely 
is true in leukemia and myeloma than in lymphoma and metastatic 
tumor.” A biopsy specimen should contain at least a 0.5-cm length 
of marrow cavity. However, for detection of lymphoma or metastatic 
tumor, current recommendations suggest a biopsy length of 1.6 to 2.0 
cm.” A significant proportion of biopsies obtained in routine practice 
may fall short of this recommended length. 

The marrow cavity was entered if the aspirate contains marrow 
particles or hematopoietic precursors (e.g., megakaryocytes, nucleated 
red cells) not found in the blood film. However, this finding does not 
ensure the specimen is adequate for diagnosis, because the amount of 
marrow actually aspirated can vary significantly in disease states. Also, 
some cell types, notably fibroblasts and metastatic tumor cells, are not 
as readily removed from the marrow space by aspiration as are normal 
precursors. Lack of particles or precursor cells does not prove the mar- 
row cavity was not entered, because marrow packed with leukemic cells 
or infiltrated with fibroblasts may yield few cells (“dry tap”). Marrow 
aspirations resulting in a dry tap usually are a consequence of signifi- 
cant pathology (only 7 percent show normal histology on biopsy”) and 
indicate the need to examine a biopsy specimen, which should include 
a touch imprint.” 


MARROW CELLULARITY 


The “gold standard” for overall marrow cellularity is examination of an 
adequate marrow biopsy specimen.** The normal cellularity percentage 
of marrow space occupied by hematopoietic cells as opposed to fatty 
and nonhematopoietic tissue of iliac crest marrow decreases from a 
mean of 80 percent in early childhood to 50 percent by age 30 years, 
with further decreases after age 70 years.” Consequently, marrow cel- 
lularity should be evaluated with reference to normal individuals of the 
same age as the patient.** When evaluating cellularity, consider that the 
marrow spaces directly adjacent to cortical bone frequently are fatty and 
are not representative of the cellularity of the deeper marrow spaces. A 
grid can be used to estimate marrow cellularity of a biopsy.” 

Cellularity assessment by examination of the direct marrow aspi- 
rate film is more difficult because of loss of histologic structure and 
mixture with blood. The aspirate may suggest the marrow is more 
hypocellular than indicated by the biopsy. Marrow particles (seen in 
the direct film or a particle preparation) are the best indicators of cel- 
lularity. These particles are like “mini-biopsies” and contain sufficient 
hematopoietic and fatty elements to give some idea of marrow cellu- 
larity. Cellularity estimates based on careful examination of particles in 
the aspirate preparation agree well with cellularity estimated from the 
marrow biopsy.” 

The degree of dilution of marrow aspirate specimens with blood 
during the aspiration is variable and may affect interpretation of mar- 
row cellularity. Adult marrows with greater than 30 percent lymphocytes 
plus monocytes likely are substantially admixed with blood, as shown by 
cytokinetic studies of paired marrow aspirate and biopsy preparations.”! 
A higher-than-expected proportion of mature neutrophils in the marrow 
differential is another clue to a hemodilute marrow aspirate. In patients 
with hematologic disease, from 6 to 93 percent of the nucleated cells 
were derived from the blood.” The greatest admixture was observed in 
patients with leukemia. Substantial dilution with blood may occur in dif- 
ficult aspirates or when multiple draws were taken from the same punc- 
ture site. For instance, contamination of marrow aspirates with blood 
cells was only 8 percent in the first 1 mL, but 20 percent in subsequent 
draws.” 
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Cellularity of individual lineages is best assessed by examination of 
the biopsy specimen. Erythroid cells typically are arranged in clusters, 
whereas megakaryocytes are scattered throughout the biopsy. Erythroid 
and megakaryocytic cellularity is best appreciated at low power. In the 
aspirate, a myeloid-to-erythroid (M:E) ratio frequently is calculated to 
give some impression of the relative cellularity of these two major lin- 
eages. As a rule of thumb, the M:E ratio normally should be between 2:1 
and 4:1 (Table 3-1 lists the normal ranges in men and women). The rela- 
tive proportions of cell types should be assessed only on the direct mar- 
row film, biopsy imprint, or particle preparation, not a concentrate film, 
which has been manipulated by centrifugation. A decreased M:E ratio 
can be interpreted as either myeloid hypocellularity or erythroid hyper- 
plasia, depending on the overall marrow cellularity. Megakaryocyte 
numbers can be assessed from the direct marrow aspirate film, where 
at least five megakaryocytes should be present in the optimal portion of 
the film. In the particle preparation, most large particles should contain 
one or more megakaryocytes. Megakaryocyte number varies markedly 
in direct marrow aspirate films of normal subjects and depends on the 
degree of admixture of the specimen with blood. Megakaryocytes are 
enriched at the feathered edge of concentrate films. 


INFILTRATIVE DISEASES OF THE MARROW 


Malignant Neoplasms 
Metastatic nonhematopoietic tumor in the marrow biopsy is charac- 
terized by disruption of the marrow architecture with groups of cyto- 
logically abnormal cells. Assessment of the tissue of origin is primarily 
based on morphology, clinical history, and immunocytochemical stain- 
ing. The tendency of carcinoma cells to form tightly adherent clusters 
frequently is helpful in recognizing these neoplasms (Chap. 45). The 
clumps can appear on the marrow aspirate, but the aspirate is less sen- 
sitive than the biopsy for detecting metastatic tumor. Tumor clumps 
may occur only on side or feathered edges of the film, or only in the 
concentrate preparation. These tumor clumps must be distinguished 
from clumps of damaged hematopoietic cells, which commonly appear 
in aspirate preparations, especially the concentrate film. The distinction 
is best accomplished by examining cells at the periphery of the clumps 
to determine if the cells show the morphology of hematopoietic precur- 
sors or are cytologically atypical cells. Isolated nonhematopoietic tumor 
cells are seen infrequently in aspirate preparations, even when tumor is 
obvious in the biopsy, because of the adherent nature of most nonhe- 
matopoietic tumors. Examination of multiple films may be necessary to 
find isolated tumor cell clumps.“ Methods for identifying rare microm- 
etastatic tumor cells (disseminated tumor cells) in marrow aspirates and 
blood have continued to evolve, but have not yet found an established 
role in guiding clinical prognosis or therapy.***6 

Myeloma” and lymphomas“ are nonhomogeneously distributed 
and more reliably detected on the biopsy preparation. Abnormal lym- 
phoid aggregates should be distinguished from lymphoid aggregates 
found in reactive conditions or in older patients. Neoplastic aggregates 
show cytologic atypia and a monomorphous cellular population, and 
they often are adjacent to bony trabeculae, but the distinction can be 
difficult in some cases. The cellular morphology often can be better 
appreciated on the marrow aspirate, but the key histologic features 
are lost. Lymphoma cells do not form the tight clusters seen in non- 
hematopoietic tumors on the marrow aspirate film. In hairy cell leu- 
kemia (Chap. 93), the hematopoietic cells are sufficiently adherent to 
each other and the marrow matrix with variably increased collagen 
matrix that the aspirate specimen is often markedly hypocellular (dry 
tap), whereas biopsy specimens show extensive infiltration with hairy 
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TABLE 3-1. Normal Values for Marrow Differential Cell Count at Different Ages (Percent of Cells) 


Bain”: Subjects Age 21-56 


Glaser” et al: Subjects Years, Iliac Marrow, 0.1-0.2 mL 


<1 month 1 month 18 months Age 1-20 Years, Sternal Aspirated, Men (n = 30), Women 
Type of Cell (n= 57) (n=7) (n= 19) Marrow, 1 mL Aspirated (n= 20) 
Myeloblast = = = 1.2 (0-3) 1.4 (0-3.0) 
Promyelocyte 0.79 + 0.91 0.76 + 0.65 0.64 + 0.59 1.8 (0-4) 7.8 (3.2-12.4) 
Myelocyte 3.195 E2.93 2.50 + 1.48 2.49 + 1.39 16.5 (8-25) 
Neutrophilic 7.6 (3.7-10.0) 
Eosinophilic 1.3 (0-2.8) 
Basophilic 
Metamyelocyte 19.37 + 4.84 11.34 + 3.59 12.42 + 4.15 23 (14-34) 4.1 (2.3-5.9) 
Band form 28.89 + 7.56 14.10 + 4.63 14.20 + 5.63 = neg 
Segmented 
Neutrophil 7.37 + 4.64 3.64 + 2.97 6EB 12.9 (4.5-29) Men: 32.1 (21.9-42.3); women: 
37.4 (28.8-4.9) 
Eosinophil 270 22 27) 2.61 + 1.40 2.70 + 2.16 — 2.2 (0.3-4.2) 
Basophil 0.12 + 0.20 0.07 + 0.16 0.10+0.12 = 0.1 (0-0.4) 
Lymphocyte 14.42 + 5.54 47.05 + 9.24 43.55 + 8.56 16 (5-36) 13.1 (6.0-20.0) 
Monocyte 0.88 + 0.85 1.01 £ 0.89 || 72 ae 153599) — 1.3 (0-2.6) 
Plasma cell 0.00 + 0.02 0.02 + 0.06 0.06 + 0.08 = 0.6 (0-1.2) 
Proerythroblast 0.02 + 0.06 0.10 + 0.14 0.08 + 0.13 0.5 (0-1.5) 
Erythroblast Men: 28.1 (16.2-40.1)5; women: 
22.5 (13.0-32.0)5 
Basophilic 0.24 + 0.25 0.34 + 0.33 0.50 + 0.34 1.7 (0-5) 
Polychromatophilic 13.06 + 6.78 6.90 + 4.45 6:97 £356 18 (5-34) 
Orthochromatic 0.09 + 0.73 0.54 + 1.88 0.44 + 0.49 2.7 (0-8) 
Megakaryocyte 0.06 + 0.15 0.05 + 0.09 0.07 + 0.12 = 31 (6-77)* 
Macrophage 0.4 (0-1.3) 
Others l 
Transitional cells* TIEI 1.95 + 0.94 1.99 + 1.00 = 
Broken cell 579 E278 5.50 + 2.46 SOS ae 2115) = 
M:E ratio 44 4.4 4.8 2.9 (1-5) Men: 2.1 (1.1-4.1); women: 2.8 


(1.6-5.2) 


*Immature lymphoid cells. 
**Bands included in segmented neutrophil count. 


SAll erythroblast forms (basophilic, polychromatophilic, orthochromatic) grouped together. 
tNumber of megakaryocytes near the advancing edge of the film (mean, range). 
‘Osteoclasts noted in 8 of 50 subjects, osteoblasts in 5 of 50 subjects, no mast cells observed. 


cells. Immunohistochemistry is useful in the differential diagnosis of 
plasma cell myeloma and other lymphoproliferative disorders, as is 
flow cytometry when the abnormal cells are sufficiently represented in 
the aspirated material. Demonstration of immunoglobulin light-chain 
restriction in B-cell lymphoma is not possible by immunohistochemis- 
try, but in situ hybridization for x versus À light-chain messenger RNA 
may be successful. Detection of clonal immunoglobulin gene rear- 
rangements by PCR amplification of messenger RNA transcripts may 
be used for this purpose, but clinical interpretation of the results can be 
problematic, and morphology remains the standard in evaluating mar- 
row involvement by lymphoma.” Positron emission tomography using 


['SF] fluorodeoxyglucose (FDG-PET) has been recommended to replace 
staging marrow biopsy in Hodgkin lymphoma,” and in many patients 
with diffuse large B-cell lymphoma.” 


Fibrosis 

Marrow fibrosis typically is recognizable only on a marrow biopsy spec- 
imen; the aspirate merely shows reduced or absent recovery of hemato- 
poietic cells. Early stages of fibrosis are characterized by increased 
stainable marrow reticulin fibers (Chap. 86). Fibrosis may accompany 
either primary hematopoietic disorders (e.g., myelofibrosis) or infiltra- 
tive diseases such as metastatic tumor. 


Storage Diseases 

Storage disorders, such as Gaucher and Niemann-Pick diseases (Chap. 
72), are characterized by abnormal macrophages containing stored 
material in various forms seen in aspirate or biopsy.” Reactive cells, 
such as the histiocytes with “sea-blue” inclusion granules (Chap. 72) or 
pseudo-Gaucher cells associated with chronic myelogenous leukemia 
(CML) (Chap. 89), can resemble the cells seen in storage disorders. 


Amyloidosis 

Amyloid refers to extracellular proteins that become insoluble as a result 
of alteration in secondary structure to form beta pleated sheets. Amy- 
loid light-chain amyloidosis may result from a plasma cell neoplasm, 
and is associated with nephrotic syndrome, restrictive cardiomyopa- 
thy, neuropathy and other tissue involvement. Amyloid deposits can be 
identified in the marrow by characteristic birefringence or fluorescence 
of deposits when stained with Congo Red.™ 


INFECTIONS 


Infectious organisms with an intracellular location, such as Leishma- 
nia, Histoplasma, and Toxoplasma,” can be visualized in monocytic 
cells by morphologic examination of the marrow (Fig. 3-3). Identifi- 
cation of mycobacterial organisms in the marrow by acid-fast staining 
lacks sensitivity but allows early diagnosis in one-third of cases with 
HIV-related Mycobacterium avium complex infection.** Microscopic 
examination and culture of the marrow are the most sensitive diagnos- 
tic tests for disseminated leishmaniasis.” Mycobacteria, also, may be 
cultured from marrow. Marrow morphology also is a sensitive diagnos- 
tic tool for detecting disseminated histoplasmosis.** However, marrow 
culture has a low diagnostic yield in the workup of fever of unknown 
origin in nonimmunosuppressed patients.” Definitive diagnoses aris- 
ing from marrow examination in this setting are usually hematologic 
malignancies.» The presence of marrow granulomas, recognizable 
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only on biopsy specimens, necessitates examination by special stains 
for fungal and mycobacterial organisms, but the differential diagnosis 
is extensive.” 


NECROSIS AND GELATINOUS 
TRANSFORMATION 


Marrow necrosis may occur in a variety of disorders, particularly sickle 
cell disease and neoplastic processes involving the marrow.” Aspirates 
of necrotic marrow stained with polychrome stains contain cells with 
indistinct margins and smudged basophilic nuclei surrounded by aci- 
dophilic material. Marrow sections stained with hematoxylin and eosin 
show loss of normal marrow architecture, indistinct cellular margins, 
and a background of amorphous eosinophilic material. Patients with 
severe weight loss may develop gelatinous transformation of the mar- 
row, characterized by amorphous extracellular material (proteogly- 
cans), fat atrophy, and marrow hypoplasia.” 


@ MORPHOLOGIC DIFFERENTIATION OF 
HEMATOPOIETIC LINEAGES 


OVERVIEW 


Marrow aspirate films should be examined under low-power magnifi- 
cation to assess the cellularity of particles and estimate the number of 
megakaryocytes, plasma cells, and mast cells. Low-power examination 
may also permit detection of malignancy or abnormal storage cells. 
The entire film should be examined, including the particles, and higher 
magnification should be used to study any abnormalities discovered. 
Similarly, biopsy sections are examined at low power to assess adequacy, 
overall cellularity, presence of infiltrative disease, and cellularity of the 
major hematopoietic lineages. 


Figure 3-3. Marrow findings. A. Two osteoblasts are in this field. Elongated ovoid cells with nucleus at extreme end, a morphology which charac- 
teristically looks like the nucleus is falling out of the cell. A clear area is apparent spaced at an interval from the nucleus. B. Osteoclast. Multinucleated 
giant cell. The nuclei are characteristically scattered throughout the cell, appearing separate. C. Macrophage (arrow), relatively large cell with circular 
nucleus and abundant cytoplasm. Ingested debris and few vacuoles. D. Macrophage (two). Prussian blue stain. Relatively large cell with circular 
nuclei. One binucleate. Each macrophage is full of iron as indicated by blue reaction product of stain. E. Macrophage engorged with Histoplasma cap- 
sulatum. F. Macrophage engorged with amastigote forms of Leishmania donovani. (Reproduced with permission from Lichtman's Atlas of Hematology, 


www.accessmedicine.com.) 


After the low-power survey, the films should be examined at 
higher power and under oil-immersion magnification to determine the 
various hemopoietic cell types present and assess adequacy of differen- 
tiation in each hematopoietic lineage. For most diagnostic questions, 
careful and systematic visual examination of the marrow is sufficient 
to assess differentiation, but a marrow differential cell count can be 
performed to quantify blasts or other abnormal cells. Based on the 
diagnostic question at issue, the marrow differential count may require 
examination of 300 to 500 nucleated cells. Table 3-1 lists the normal 
values for these determinations, including data for infants from birth 
to age 18 months.“ Between birth and age 1 month, lymphocytes 
increase and erythroid and granulocytic precursors decrease. After 1 
month, the marrow differential count varies little to age 18 months, 
the duration of the study.“ The proportion of segmented neutrophils 
increases with large volumes of aspirate, probably because of dilution of 
marrow cells by mature granulocytes in the blood.® The range of nor- 
mal for all cell types is broad, and differential counts and M:E ratios 
should be considered rough guides to the character of the marrow as a 
whole. 

Progenitors of all lineages typically are unremarkable cells with- 
out distinctive morphologic attributes. Precursors and mature cells of 
the hematopoietic lineages show characteristic diagnostic morphologic 
changes as described below. Further details of the morphology of these 
cells are discussed in the relevant specific chapters of this book as ref- 
erenced below. 


GRANULOCYTES 


Granulocytes are precursors or mature forms of leukocytes character- 
ized by neutrophilic, eosinophilic, or basophilic granules in their cyto- 
plasm in the more mature stages of development. This series sometimes 
is referred to as the myeloid series (Chap. 60). The overall trend is a grad- 
ual decrease in nuclear size and enhanced clumping of nuclear chroma- 
tin as cells lose proliferative capacity, while granules of varying types 
progressively appear in the cytoplasm. 

The myeloblast is round and large, with a nucleus occupying most 
of the cell. The nuclear chromatin is very fine, and two to five nucleoli 
are present. The cytoplasm is basophilic, but less so than the cytoplasm 
of the erythroid series. Few azurophilic granules may be present.“ The 
promyelocyte is larger than the myeloblast, with a coarser chromatin, 
but still containing nucleoli. The cytoplasm is basophilic with a clear 
Golgi area and a small number of prominent, large red granules—the 
primary, nonspecific, or azurophilic granules. The myelocyte is slightly 
smaller than the promyelocyte, and is the most mature mitotic cell in 
the myeloid lineage. Its nucleus is round or oval and often eccentrically 
located. The chromatin pattern is coarser than that of the promyelocyte, 
and nucleoli usually are not visible. The defining feature is the presence 
of specific granules in the perinuclear cytoplasm, which identify the 
cell lineage. The granules may be neutrophilic (fine, variable size, lilac 
color), eosinophilic (larger, round, orange-red), or basophilic (larger 
still, irregular in size, deep blue). The metamyelocyte is about the same 
size as the myelocyte and resembles it closely, except that the nucleus 
is indented, the chromatin is more coarse, and the cytoplasm is less 
basophilic. The band cell is characterized by a nucleus that is horse- 
shoe shaped or lobular but is not narrowly segmented. The cytoplasm is 
yellowish-pink or nearly colorless with abundant lineage specific gran- 
ules. Segmented (polymorphonuclear) granulocytes differ from band cells 
by the multilobed character of the nucleus. At least two separate lobes 
are defined by a complete rounded shape, whether or not the thin fila- 
ment joining them is seen. Nuclear chromatin is very dense. The mature 
eosinophil typically has only two lobes, whereas the nuclei of most 
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neutrophils have two to four lobes. Basophil nuclei may be obscured by 
the abundant basophilic granules. 


MONOCYTES 


Monocytes in normal marrow are identical morphologically to those in 
the blood. Promonocytes (Chap. 67) have delicate lace-like chromatin 
similar to a monoblast, but with indented or convoluted nuclear out- 
line.” These are important cells to identify as they are considered blast 
equivalents in the evaluation of myelodysplastic syndrome (MDS) and 
acute leukemia. 


MACROPHAGES (HISTIOCYTES) 


These cells are derived from monocytes but are larger, reaching 20 to 
30 um in the longest dimension (Chap. 67). The nucleus is oval with del- 
icate reticular chromatin and one or two small nucleoli. The cytoplasm 
ranges from blue-gray to pale and colorless, and often contains phago- 
cytosed cells, degenerating cell debris, and vacuoles. Normally, intact 
red cells are rarely visible inside marrow macrophages. Erythrophago- 
cytic macrophages are a feature of autoimmune hemolytic anemia, 
hemophagocytic lymphohistiocytosis (HLH), a severe uncontrolled 
hyperinflammatory reaction that can occur in a variety of clinical set- 
tings, such as infection, neoplasia, and autoimmune disorders (where it 
is termed macrophage activation syndrome), in addition to certain rare 
genetic disorders of cytotoxic granule function or immunodeficiency 
states® (Chap. 71). 


ERYTHROID CELLS 


During erythroid differentiation, the nucleus progressively becomes 
smaller and nuclear chromatin more condensed, as the cell’s prolifera- 
tive capacity decreases. The cytoplasm gradually loses the bluish color 
imparted by RNA, which is replaced by the pink-staining hemoglobin. 
Cells in the erythroid series are termed erythroblasts (previously the 
term “normoblast” was used to distinguish the normal sequence from 
the sequence observed in megaloblastic anemia). These stages are arbi- 
trary divisions within a continuum of differentiation. Chapter 31 pro- 
vides more detailed descriptions of normal red cell precursors. 

The proerythroblast is a large, round cell measuring from 15 to 
20 wm in diameter. The nucleus occupies most of the cell and contains 
nucleoli. The chromatin is present in a fine reticular or stippled pattern 
but is usually more densely stained than the chromatin of the myeloblast. 
The cytoplasm typically is more basophilic than the myeloblast. The 
basophilic, polychromatophilic, and orthochromatophilic erythroblasts 
are characterized by cytoplasm gradually changing from blue to gray to 
pink in color as hemoglobin is produced and RNA reduced. The erythro- 
cyte is the mature anucleate red cell. Polychromatophilic erythrocytes are 
mature anucleate red cells that are just released from the marrow (corre- 
sponding to early reticulocytes) and still have sufficient residual RNA to 
impart a slight grayish tinge to the cytoplasm (Chap. 32). 


EVALUATION OF IRON STORES 


Marrow examination often should include evaluation of the iron 
stores, especially if the patient is anemic. The examination is accom- 
plished by staining a marrow film or section by the Prussian blue tech- 
nique. Because decalcification of marrow biopsy specimens results in 
decreased recovery of stainable iron,” a nondecalcified specimen or 
aspirate should be stained when evaluating iron stores in the differen- 
tial diagnosis of anemia. Marrow macrophages (seen best in the aspi- 
rate particle preparation) are evaluated for storage iron (see Fig. 3-3), 


and erythroblasts (best evaluated in the direct film or concentrate) are 
examined for the presence of iron granules in the cytoplasm (siderob- 
lasts). Late erythroblasts are readily identified by their small size and 
the size, shape, and chromatin pattern of the nucleus. The proportion 
of normal late erythroblasts that contain one to four small Prussian 
blue granules is extremely variable (3-69 percent) in normal subjects.” 
Pathologic ring sideroblasts are characterized by an increased number 
of iron granules arranged in a ring encircling at least 1/3 of the nucleus, 
reflecting accumulation of iron in mitochondria (Chap. 87). 


MEGAKARYOCYTES 


Chapter 111 discusses the megakaryocyte in detail. Megakaryocytes are 
large cells (30-150 um) with darkly stained, irregularly lobed nuclei. 
The cytoplasm is blue “cotton candy” textured, and the more mature 
cells contain many azurophilic granules. 


LYMPHOCYTES 


In normal marrow, lymphocytes similar to those found in the blood 
occur in variable numbers, depending on the degree of blood contami- 
nation of the marrow (Chap. 73). Immature lymphoid cells with a high 
nuclear-to-cytoplasmic ratio and moderately dense, but finely distrib- 
uted, chromatin (“hematogones”) often are seen in marrow aspirates of 
children, and mostly represent B-cell precursors.” These cells may cause 
diagnostic difficulty in some clinical settings, such as the “rebound” 
lymphocytosis that occurs after cessation of maintenance chemotherapy 
for acute lymphoblastic leukemia. 


PLASMA CELLS 


Normal plasma cells vary in size but usually are 12 to 16 wm in diameter 
when spread on a slide. They are round or oval. The nucleus is small, 
round, eccentrically placed, and stained densely purple. The chromatin 
is coarse and clumped. Nucleoli are not visible. The cytoplasm is deep 
blue, often with a paranuclear clear zone (Chap. 73). Binucleate forms 
may be found in normal marrow. 


OTHER CELL TYPES 


Mast cells are readily recognized by their content of dark-blue gran- 
ules, which usually completely fill the cytoplasm and may obscure the 
nucleus (Chap. 63). The cells are round or spindle-shaped and often are 
located deep in the particles, frequently lying along blood vessels. The 
nucleus often is not visible but when seen is round or oval with a vesic- 
ular chromatin pattern. 

Osteoclasts and osteoblasts are uncommon, and are more likely seen 
in hypocellular marrow or marrow obtained from children and from 
adults with hyperparathyroidism or osteoblastic reactions to tumors. 
Osteoclasts are large cells and may be larger than 100 um in diameter 
(see Fig. 3-3). They superficially resemble megakaryocytes but contain 
multiple separated nuclei that have a moderately fine chromatin pattern 
with nucleoli. The cytoplasm varies from slightly basophilic to intensely 
acidophilic because of the content of acidophilic granules. Osteoclasts 
may contain coarse basophilic debris. Osteoblasts usually are oval cells 
up to 30 um in the longest diameter (see Fig. 3-3). They often occur 
in groups. The nucleus usually is quite eccentric and may seem to be 
spilling out of the cell. The chromatin pattern is uniform, and one to 
three nucleoli are present. The cytoplasm is light blue and may contain 
a few red granules. Osteoblasts may be mistaken for plasma cells. In 
osteoblasts, the pale centrosomal region of the cytoplasm is separated 
from the nucleus, in contrast to that of the plasma cell, in which the 
centrosomal region directly abuts the nucleus. 
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@ PRINCIPLES OF FLOW CYTOMETRY 
INTERPRETATION 


Immunophenotyping is complementary to morphology in the contem- 
porary practice of marrow cell identification. Flow cytometers use simi- 
lar principles to the automated hematology analyzers discussed in Chap. 
2, with the notable difference that fluorescence-labeled monoclonal 
antibodies directed toward cluster of differentiation (CD) antigens are 
the primary diagnostic tool. As described in the World Health Organi- 
zation classification of hematologic malignancies,” immunophenotypic 
data (expression of cell surface, intracytoplasmic, and nuclear antigens) 
are key determinants of diagnosis and classification of hematopoietic 
malignancies. The principle of immunophenotyping is to diagnose and 
follow neoplastic cell populations by virtue of differential patterns of 
protein expression. Only the basic principles of flow cytometry analysis 
are described in this chapter, so that the reader has the basis for under- 
standing the phenotypic characteristics associated with the hematopoi- 
etic disorders described in greater detail in other chapters of this book. 


METHODOLOGY 


Flow cytometers are automated hematology analyzers that use princi- 
ples of light scatter and fluorescence to define cellular populations in 
which to analyze expression of proteins typically identified by fluores- 
cent tagged antibodies. A single-cell suspension is aspirated into a lam- 
inar flow of isotonic diluent that passes in front of one or more laser 
beams. Light scatter and fluorescence data are collected using specific 
photomultiplier tubes with appropriate filtration to collect scattered 
light (same wavelength as the incident laser light) or fluorescence emit- 
ted light (at a longer wavelength determined by the dye used). Multiple 
detectors with different filtration coupled with single or multiple lasers 
are used to collect highly multiplexed data. As with automated hema- 
tology analyzers, light scatter information is collected at a low angle 
(correlates with cell size) and 90-degree angle (correlates with cellular 
granularity and nuclear complexity; Chap. 2, Fig. 2-1). The latter mea- 
surement is especially useful in separating developing myeloid progen- 
itors, monocytes, and mature granulocytes from lymphoid cells and 
blasts. 

Immunophenotyping can be achieved by using monoclonal anti- 
bodies specific to certain cell surface proteins, most of which have CD 
designations as defined by international workshops. A primary require- 
ment for flow cytometry analysis is that cells must be viable and in 
single-cell suspension prior to staining, which is why this method is used 
largely for hematopoietic malignancies and immunologic disorders, 
and not for analysis of solid tumors. This consideration also explains 
differences in results between flow cytometry and morphologic or 
immunohistochemical observations when samples with highly adher- 
ent neoplastic cells are analyzed. For instance, in multiple myeloma 
or large cell lymphoma the proportion of malignant cells is typically 
lower (or absent) by flow cytometry compared with marrow biopsy. In a 
well-equipped and appropriately staffed clinical laboratory, preliminary 
information often can be provided within 3 to 4 hours after the initial 
sample collection, thereby facilitating institution of appropriate therapy 
(e.g., in the case of newly diagnosed acute leukemias). 

Clinical laboratories typically use four- to six-color analysis, plus 
side and forward light scatter, for routine diagnostic panels. For research 
studies, simultaneous analysis of up to 20 simultaneous fluorochromes 
is possible, by excitation with up to 5 lasers and separate collection of 
the emitted light produced by interaction with each laser. At present, 
routine use of that many simultaneously measured markers is not nec- 
essary for clinical diagnosis. An important consideration is that analysis 


with more simultaneous colors places greater demand on resources for 
development, maintenance and ongoing quality assurance. Most clini- 
cally important phenotypic markers are analyzed as cell surface proteins 
by directly adding conjugated antibodies to cell suspension, followed 
by washing and lysis of red cells.” Assessment of intracytoplasmic and 
nuclear-associated proteins is accomplished after staining for surface 
makers by then fixing cells in suspension and adding the relevant anti- 
bodies in conjunction with a membrane-permeabilizing agent. Some 
lineage-specific markers (CD3 in precursor T cells; CD79a and CD22 
in B cells; myeloperoxidase in granulocyte lineage; cyclin D1 in mantle 
cell lymphoma) are expressed only in the cytoplasm at certain stages of 
development. Fluorescence and light scatter data are stored electron- 
ically as list mode data files that can be archived and later reanalyzed 
using appropriate software. As the number of parameters collected on 
individual cells increases, standard ways of looking at multiple two- 
parameter histograms of gated cell populations become more difficult. 
Data analysis techniques and automation appropriate to discovery and 
interpretation of multidimensional data sets such as those generated by 
various “-omics” analyses may become part of the multiparameter flow 
cytometry workflow.™* Computational methods for identifying cell 
populations in highly multidimensional data sets have been shown to 
be more effective in reliable and consistent identification of clinically 
relevant cell populations in multicolor flow cytometry than manual gat- 
ing and analysis,” particularly in the context of a consensus approach 
using an ensemble of algorithms, as is commonly done today in weather 
forecasting. 


GATING STRATEGIES 


In heterogeneous specimens such as marrow, in which the relevant clin- 
ical population (such as blasts) may be a minor population overall, a 
strategy for specifically identifying the population(s) of interest is neces- 
sary. As discussed in Chap. 2, this is accomplished for blood cells by very 
complex cluster analysis using multiple physical parameters. Because 
the flow cytometer has a much more sophisticated analytical capability 
at the back end with the fluorescent markers, the front-end selection of 
cells is not intended to be definitive, but should include the cells of inter- 
est and exclude nonrelevant cells, particularly those that may create an 
interpretive problem if included in the analysis. This process, referred to 
as gating, is typically accomplished by a combination of CD45 (common 
leukocyte antigen) and 90-degree light scatter (side scatter). As shown 
in Figure 3-4, lymphocytes, monocytes, myeloid precursors, and blast 
cells can be reasonably distinguished in marrow using this method. It 
is important to exclude monocytes, if they are not the cells one wishes 
to phenotype, as they express high-affinity Fc receptors that nonspecifi- 
cally bind antibodies and may cause false-positive fluorescence signals. 
Individual lineages, such as eosinophils, basophils, and neutrophils, or 
stages of neutrophilic maturation, are not distinguished as automated 
hematology analyzers do for blood, but this is not necessary for the 
diagnostic questions usually asked by flow cytometry. The “blast gate; 
defined by dim CD45 expression and low to intermediate side scatter, 
is a helpful region within which to identify and phenotype blast cells 
using more specific markers (only a minority of cell in this gate may 
be blasts,” but many cells with confounding immunophenotypes are 
excluded). Care must be taken to look for cells with unusual light scat- 
ter patterns not fitting in the usual “gates” to make sure the abnormal 
cells are not “hiding” in these regions. In particularly complex clinical 
circumstances, several fluorescent markers can be used just to iden- 
tify a rare or subtly defined neoplastic subset, which can then be more 
definitively phenotyped in additional tubes containing those “back- 
bone” markers to define the cells of interest plus additional markers to 
phenotype them. This strategy benefits from the ability to simultane- 
ously measure up to 8 fluorescent markers in currently available clinical 
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Figure 3-4. Flow cytometry examples: A. Normal marrow showing 
CD45 versus side scatter, which identifies major cell populations as indi- 
cated. B. Acute lymphoid leukemia, in which an expanded blast pop- 
ulation is evident in the CD45 versus side scatter histogram (shown in 
green). Those cells with dim CD45 and negative side scatter (green) are 
then gated, so that expression of cell markers on this population only 
can be analyzed, as shown in the three histograms to the right, where 
the population is shown to be CD19+/CD79a+ (B cell), terminal deox- 
ynucleotidyl transferase (TdT)+ (immature lymphoid), and CD3- (not T 
cell), hence B-precursor lymphoblastic leukemia. C. Chronic lympho- 
cytic leukemia (CLL), in which an expanded lymphocyte population is 
evident on the CD45 versus side scatter histogram (shown in red), with 
coexpression of CD5 and CD19 (consistent with CLL), and expression of 
only surface immunoglobulin light-chain k isotype on the CD5+ cells, 
showing that the population is monoclonal. 


systems.” For samples with low cell viability, gating strategies based on 
light scatter and/or vital exclusion dyes, such as 7a-actinomycin-D, to 
limit analysis to the viable cell population only, may be used.” Strategies 
are commonly used to exclude cell doublets, for instance, based on the 
relationship of the pulse width (duration of signal) to pulse height of the 
forward light scatter signal. Immunocytochemistry of a marrow biopsy 


specimen is the preferred method for phenotyping solid tumors and 
is highly complementary to flow cytometry in diagnosis of lymphoid 
infiltrates. 


COMMON FLOW CYTOMETRY APPLICATIONS 
IN HEMATOLOGY 


Often the diagnostic question involves characterizing an expanded blast 
population or detection and analysis of a clonal lymphoid population 
(see Fig. 3-4). These determinations can be achieved by examining 
lineage-specific or maturation stage-specific markers. For instance, 
in marrow, immature cell populations can be identified by expression 
of antigens such as CD34 and CD117. In some instances, the stage of 
differentiation can be determined using combinations of markers that 
are expressed only during certain phases of differentiation (e.g., dual 
expression of CD4 and CD8 in an immature T-precursor population). 
Stage-specific phenotypes are sometimes valuable clues to clinically 
relevant diagnoses, such as the characteristic lack of human leukocyte 
antigen-D related (HLA-DR) expression in promyelocytic leukemia, 
a phenotype that mimics the normal loss of this antigen in promye- 
locytes. Among lymphoid leukemia/lymphomas, chronic lymphocytic 
leukemia (CLL)/small cell lymphoma, mantle cell lymphoma, hairy 
cell leukemia, and B- or T-precursor lymphoblastic leukemia, among 
others, have distinctive immunophenotypes. Methodologic advances 
such as multicolor analysis (6 or more simultaneous fluorescence col- 
ors) have allowed flow cytometers to detect and analyze diagnostically 
important rare subpopulations such as Reed-Sternberg cells in classical 
Hodgkin lymphoma.” Aberrant phenotype combinations suggestive of 
malignancy, such as coexpression of high levels of CD56 or CD117 on 
plasma cells in plasma cell myeloma, or loss of the T-cell markers CD7 
or CD26 in a mature phenotype T cell in T-cell lymphoma, are diagnos- 
tically useful. Expression intensity is a frequent clue to diagnosis; for 
example, the weak surface immunoglobulin and weak CD20 expression 
in CLL. In reporting flow cytometry immunophenotyping results, the 
summary immunophenotype of the relevant population(s) should be 
described, rather than simply a listing of the percentage of cells positive 
for each marker, with subpopulations noted as observed. 

Immunophenotyping of marrow by flow cytometry is a useful 
adjunct to established morphologic and cytogenetic criteria in diag- 
nosing MDS,” and is predictive of later development of overt MDS 
in the diagnostically challenging group of cytopenic patients with ini- 
tially morphologically equivocal marrow findings.® Abnormalities in 
MDS marrow include an increase in the percentages of CD34+ cells 
even when blasts are not morphologically increased; decreased CD34+ 
B progenitors; aberrant antigen expression by myeloid progenitors, 
mature granulocytic cells, or monocytes; and decreased side scatter of 
mature granulocytic cells. A simplified scoring system (so-called Ogata 
score) has been validated for use in an interlaboratory study,” and inter- 
national guidelines for a more extensive scoring panel have been pub- 
lished by the International/European Leukemia Net Working Group for 
Flow Cytometry in MDS.” Immunophenotyping may provide thera- 
peutically relevant prognostic information independent of existing risk 
factors incorporated in the commonly used (and recently revised) Inter- 
national Prognosis Scoring System (IPSS) score. 

Clonality of immunoglobulin-expressing B-cell malignancies 
involving marrow (e.g., CLL and lymphoplasmacytic lymphoma) can 
be determined by simultaneous assessment of surface x and À immuno- 
globulin light-chain expression on the surface of B cells, often in com- 
bination with a characteristic neoplastic immunophenotype, such as 
CD5 expression in CLL B cells. Technical considerations are important 
to minimize nonspecific binding of serum monoclonal immunoglobu- 
lins to the surface of lymphocytes. Cytoplasmic x and 4 identification, 
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in conjunction with aberrant surface immunophenotype, can also be 
useful in establishing the clonality of plasma cell neoplasms in marrow. 
T-cell clonality is not as easily demonstrated, because there are dozens 
of VB specificities expressed by T cells, and antibodies exist only to iden- 
tify approximately 70 percent of these. Analysis of VB repertoire of the 
aß T-cell antigen receptor in cells with an atypical immunophenotype, 
can identify clonal populations of T cells at diagnosis and posttherapy,™ 
but this methodology is less-routinely used in clinical laboratories. 

Presence of minimal residual disease (MRD) measured by either 
detection of a molecular target using PCR or aberrant immunopheno- 
type using multicolor flow cytometry is increasingly used as a prognostic 
marker, often in the setting of clinical trials, in a variety of hematopoietic 
neoplasms, including acute leukemia, plasma cell myeloma, and CLL. In 
some settings, such as chronic phase CML, MRD monitoring by molecu- 
lar assay is standard practice. In others, both flow cytometry and molec- 
ular methods for MRD detection are used successfully, each having their 
own advantages and limitations.” Flow cytometry assays for MRD are 
considerably more complex than standard diagnostic phenotyping and 
need to be designed for this specific purpose,“ with collection of large 
numbers of events, multicolor strategies for detecting different types of 
subtle aberrant phenotypes, consistent data interpretation protocols, and 
confirmation of absence of “background” cells in noninvolved (but oth- 
erwise comparable; e.g., posttherapy) marrows expressing each aberrant 
phenotype to be tested. Immunophenotypic evidence of MRD can be 
sought by detection of specific leukemia associated immunophenotype, 
or by observation of a population in multidimensional space shifted sig- 
nificantly from any corresponding normal population (“different from 
normal” approach). Immunophenotypic shifts can occur during treat- 
ment, so identification of more than one aberrant phenotype to be tested 
is advisable when possible. Interpretation of MRD assays is dependent 
on type of neoplasia, timing of testing, treatment regimen, and standard- 
ization of assay methods. Standardization of flow cytometry MRD assays 
is a challenge that will need to be resolved as these assays move into more 
routine clinical practice. In acute leukemia, where MRD testing by flow 
cytometry has been most intensively studied, the assays provide post- 
treatment prognostic information, but the translation of this informa- 
tion into therapeutic decision making based on MRD risk stratification 
is further advanced in pediatric leukemia and acute promyelocytic than 
in adult acute myelogenous leukemia (AML).*” MRD detection by either 
flow cytometry or PCR is standard clinical practice in pediatric acute 
lymphocytic leukemia (ALL), where nearly all patients have leukemia 
associated targets suitable for either molecular or flow cytometry MRD 
assays. Detection of MRD in AML is more challenging because half of 
patients lack a molecular target suitable for MRD testing, but the major- 
ity of AML patients have a leukemia-associated phenotype that can be 
detected at the 0.1 percent level or below by multicolor flow cytometry. 
MRD detection in chronic lymphocytic leukemia (CLL)*** and plasma 
cell myeloma” is also possible by flow cytometry and molecular tech- 
niques, and is becoming a relevant clinical issue now that therapeutic 
options in these malignancies are rapidly improving. 

Flow cytometry is used to enumerate CD34+ progenitors when eval- 
uating the adequacy of blood stem cell collections (Chaps. 23 and 28), 
with several routine assay kits available.” Flow cytometry offers the 
potential to incorporate other markers defining clinically relevant pro- 
genitor and stem cell subpopulations.” Lymphocyte subset quantitation 
is diagnostically important in acquired and congenital immunodefi- 
ciency states. Flow cytometry analysis of glycosylphosphatidylinositol 
(GPI) linked proteins in multiple blood cell types is the gold standard for 
diagnosis of paroxysmal nocturnal hemoglobinuria (Chap. 40). Flow 
cytometry detection of paroxysmal nocturnal hemoglobinuria (PNH) 
clones is facilitated by using FLAER (fluorescently labeled inactive vari- 
ant of the bacterial protein aerolysin), which binds to all (GPT) linked 


structures thus sensitively detecting GPI-linked protein expression in 
multiple cell lineages. Guidelines for standardized PNH flow assays 
have been published” and these assays are readily set up in clinical 
laboratories. 
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CHAPTER 4 
CONSULTATIVE 
HEMATOLOGY 


Rondeep S. Brar and Stanley L. Schrier 


Hematology is a unique science in that its complexity is readily accessible via 
the examination of blood and marrow. The ease with which a complete blood 
count (CBC) may be obtained also leads to frequent observation of values 
which fall outside the reference range. Such perturbations may be the sign of 
something as ominous as acute leukemia, or as inconsequential as the com- 
mon cold. That such changes might generate considerable anxiety, both for 
patients and providers, is not surprising given the plethora of life-threatening 
diseases that often manifest classic CBC findings. 

This ever-increasing dependence on labs as screening tools generates a 
seemingly endless supply of “abnormal” results, often triggering hemato- 
logic consultation. Electronic medical records (EMRs), as repositories for this 
ever-growing data, serve as invaluable tools in evaluating the chronicity and 
trend of such findings. 


Acronyms and Abbreviations: AC, anticoagulation; ACD, anemia of chronic dis- 
ease; ADAMTS13, a disintegrin and metalloprotease with a thrombospondin type 1 
motif member 13; ALC, absolute lymphocyte count; ALL, acute lymphoblastic leu- 
kemia; ANC, absolute neutrophil count; APS, antiphospholipid antibody syndrome; 
BCR-Abl, breakpoint cluster region-Abelson; CBC, complete blood count; CD, clonal 
designator; CLL, chronic lymphocytic leukemia; CML, chronic myelogenous leuke- 
mia; CMML, chronic myelomonocytic leukemia; CNL, chronic neutrophilic leukemia; 
CRP, C-reactive protein; DIC, disseminated intravascular coagulation; DVT, deep 
venous thrombosis; EDTA, ethylenediaminetetraacetic acid; EMR, electronic medical 
record; EPO, erythropoietin; ER, emergency room; ESR, erythrocyte sedimentation 
rate; ET, essential thrombocythemia; HELLP, hemolysis, elevated liver enzymes, 
low platelet count; HHT, hereditary hemorrhagic telangiectasia; HIT, heparin- 
induced thrombocytopenia; HUS, hemolytic uremic syndrome; ITP, immune throm- 
bocytopenia; JAK2, Janus kinase 2; LDH, lactate dehydrogenase; LGL, large granular 
lymphocytic; LMWH, low-molecular-weight heparin; MCH, mean corpuscular hemo- 
globin; MCV, mean corpuscular volume; MDS, myelodysplastic syndrome; MGUS, 
monoclonal gammopathy of undetermined significance; MPN, myeloprolifera- 
tive neoplasm; MTHFR, methylenetetrahydrofolate reductase; nRBC, nucleated 
red blood cell; NSAID, nonsteroidal antiinflammatory drug; p50, partial pressure 
required to achieve 50 percent saturation; PCR, polymerase chain reaction; PE, 
pulmonary embolism; PFA, platelet function analysis; PMN, polymorphonuclear 
neutrophil; PNH, paroxysmal nocturnal hemoglobinuria; PT, prothrombin time; 
PTT, partial thromboplastin time; PV, polycythemia vera; RBC, red blood cell; RIPA, 
ristocetin-induced platelet aggregation; RT, reptilase time; SPEP, serum protein 
electrophoresis; TT, thrombin time; TTP, thrombotic thrombocytopenic purpura; 
UPEP, urine protein electrophoresis; VWD, von Willebrand disease; WBC, white 
blood cell. 


In this chapter, we outline our approach to dealing with these common 
queries. The individual epidemiology, pathogenesis, and treatment of such 
disorders are covered comprehensively and with clarity within their corre- 
sponding chapters and are not repeated here. Rather, what we describe is our 
thought process in approaching such questions and narrowing the broad dif- 
ferential to that which is reasonable and probable. 


@LEUKOPENIA 


Detection of a low white blood cell (WBC) count is a common reason 
for hematologic consultation. Clinicians and patients are attentive to 
early signs of marrow pathology, such as myelodysplastic syndrome 
(MDS), although such diseases are found only in a minority of referrals. 
Nevertheless, the severity of potential pathology mandates leukopenia 
be taken seriously and approached thoughtfully. 

One begins by determining if the predominant finding is neutro- 
penia, lymphopenia, monocytopenia, or all of the above. 


NEUTROPENIA 


The potential causes of neutropenia are diverse and include congenital 
disorders, autoimmune disorders, infections, nutritional deficiencies, 
medications, and, of course, hematolymphoid neoplasias. These are dis- 
cussed in detail in Chap. 65. 

Degrees of neutropenia may be broadly classified as mild (abso- 
lute neutrophil count [ANC] 1000-1500 cells/wL), moderate (ANC 
500-1000 cells/uL), or severe (ANC <500 cells/uL). 

The three most important historical details are the degree of neu- 
tropenia, acuity of onset, and presence or absence of associated symp- 
toms. Each is considered individually and within the context of other 
findings. 

The degree of neutropenia is informative. There is no specific 
ANC threshold that mandates evaluation. In general, mild neutropenia 
with preservation of other lineages in the asymptomatic patient may 
be observed, whereas moderate or severe neutropenia increases the 
risk of infection and probability of underlying pathology. The degree of 
neutropenia is not a priori a measure of its potential consequences. For 
example, patients with chronic idiopathic neutropenia may have blood 
neutrophil counts approaching zero with no symptoms or increased 
risk of infection. 

The acuity of neutropenia is quite helpful, and the advent of the 
electronic medical record (EMR) allows for the rapid evaluation of such 
trends. In acute onset neutropenia, it is useful to inquire about recent 
infections and new medications. The latter is often an important clue. 
The number of medications that might cause neutropenia is vast, and 
some representative agents are shown in Chap. 65, Table 65-1. The 
temporal association of new medications with cytopenias is often the 
strongest evidence of causality. If there is suspicion for drug-induced 
neutropenia, the offending medication should be discontinued. If this is 
not possible, switching to a congener with a different chemical structure 
should be strongly considered. 

In cases of chronic neutropenia, one should explore possibilities 
such as congenital neutropenia, chronic idiopathic neutropenia, infec- 
tion particularly hepatitis and HIV, and autoimmune disorders. With 
respect to the latter, systemic lupus erythematosus is important to be 
cognizant of, as nearly half of such patients will be leukopenic. Thus 


symptoms of photosensitivity, arthralgia, and recurrent pregnancy mor- 
bidity should trigger rheumatologic consultation. 

Hematolymphoid neoplasias may present with either acute or 
chronic cytopenias. When considering the presence of malignancy, 
one should attempt to identify other concerning findings, such as other 
cytopenias, adenopathy, fever, organomegaly, or unintentional weight 
loss, in addition to isolated neutropenia. 


LYMPHOPENIA 


Lymphopenia, defined as an absolute lymphocyte count (ALC) less than 
1500 cells/wL, may be seen in a variety of settings. One should begin by 
assessing the chronicity and severity of lymphopenia, along with a thor- 
ough physical examination. The latter should focus on any evidence of 
splenomegaly, adenopathy, or evidence of fungal infection, such as oral 
candidiasis. The numerous inherited and acquired causes of lymphope- 
nia are noted in Chap. 79. 

Notably HIV infection should be excluded in the lymphopenic 
patient. Similarly, a concomitant infection with a number of viral or 
bacterial pathogens may result in lymphopenia. One of the most com- 
mon iatrogenic causes of lymphopenia is the use of glucocorticoids. 
Alcoholism may also result in lymphopenia. 


MONOCYTOPENIA 


Although monocytopenia is described in a number of settings 
(Chap. 70), the most notable entity to exclude is hairy cell leukemia. 
Although rare, this B-cell lymphoproliferative disorder presents with 
constitutional symptoms, splenomegaly, and the majority of patients 
are monocytopenic as well as neutropenic (Chap. 93). Thus, in a patient 
with compatible symptoms and monocytopenia, even without classic 
hairy cells on the blood film, it is worthwhile performing flow cytom- 
etry with attention to hairy cell markers, including clonal designator 
(CD) 11c and CD103. 

Severe monocytopenia may rarely be seen in the MonoMAC 
(monocytopenia and mycobacterial infection) syndrome. Described in 
2010, it is associated with extreme monocytopenia or amonocytosis, may 
be associated with mycobacterial and viral infections and results from a 
mutation in the GATA-2 gene. It has a high risk of progressing to MDS or 
acute myelogenous leukemia (Chap. 70). 


@ ANEMIA 


The underlying pathophysiology of the anemia must be identified. We 
use three interacting analytic tools: 


1. Standard hematologic indices, particularly mean corpuscular vol- 
ume (MCV) and mean corpuscular hemoglobin (MCH). 

2. Kinetic analysis (Chaps. 32 and 33) seeking to determine if the 
underlying cause is a defect in red blood cell (RBC) production, an 
increase in RBC destruction (hemolysis), or blood loss. Humans 
replace 1 percent of their RBCs per day (Chap. 32). Any decrease in 
hemoglobin greater than 1 percent/day implies the patient is bleed- 
ing, hemolyzing, or both. 

3. An awareness of patient demographics. For example, a pediat- 
ric practice may place hemoglobinopathies high on the differen- 
tial, whereas a geriatric internal medicine practice will commonly 
encounter anemia of chronic disease and iron deficiency. 


The history and medical records are important tools in identifying the 
severity and duration of anemia. The timeline of development is crucial: 
if it has been lifelong, congenital causes are likely. If not, then the events 
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surrounding the development of anemia may also provide clues, as well 
as indicate if additional abnormalities in the other cell lines are present. 

The physical should be a comprehensive exam with particular 
attention to lymphadenopathy, liver/spleen size, and assessment of 
cardiovascular status. Laboratory analysis requires a current complete 
blood count (CBC) and a blood film. Critically, one cannot rely on 
an isolated hemoglobin value without the remainder of the CBC. An 
absolute reticulocyte count, corrected for the degree of anemia, is also 
required. A comprehensive metabolic panel as well, including renal and 
liver function tests, is useful in narrowing the differential. 

If the anemia is of recent origin with a normal MCV and a low 
corrected absolute reticulocyte count (meaning there is a production 
defect), then anemia of chronic disease (ACD) (Chap. 37) is likely. 
Additional labs evaluating inflammatory activity, such as ferritin, ery- 
throcyte sedimentation rate (ESR), and C-reactive protein (CRP), 
may be helpful. If there is a RBC production defect, but no evidence 
of inflammatory disease, it is important to exclude renal dysfunc- 
tion. In this setting, we evaluate serum creatinine and erythropoietin 
levels. 

One must maintain a high suspicion for iron deficiency, even in 
the setting of a normal MCV and blood film (Chap. 43). Useful items 
include a ferritin, transferrin saturation, and clinical evaluation for 
blood loss. Conversely, consider a patient in which the hemoglobin is 
10.5 g/dL, MCV 64 fL, MCH 19 pg, and absolute reticulocyte count is 
elevated to 180,000. The blood film shows microcytic, hypochromic 
RBCs with occasional target cells. Although iron levels should be deter- 
mined, thalassemia will be much more likely (Chap. 48). 

Ifthe MCV is greater than 100 fL and the reticulocyte count suggests 
a production defect, examine both the WBC and platelet number and 
morphology. If either is abnormal, then primary marrow disorders such 
as MDS become more likely than nutritional deficiencies such as vitamin 
B, or folate. A marrow biopsy should be performed in this setting. 

If the rate of hemoglobin fall is greater than 1 percent/day, and 
the corrected reticulocyte count is elevated, bleeding or hemolysis is 
occurring. One should search for specific RBC morphologic anoma- 
lies on the blood film. If spherocytes, fragmented cells, or Heinz bodies 
(Chaps. 2 and 31) are present, then hemolysis is likely. We obtain a hap- 
toglobin, indirect bilirubin, lactate dehydrogenase (LDH), and a direct 
Coombs study. The history is informative. If the hemolysis is lifelong, 
then RBC intracorpuscular defects (either of hemoglobin, membrane, 
or enzymes [Chaps. 46, 47, and 49]) are likely. If the hemolysis is recent, 
then acquired extracorpuscular causes, such as autoimmune hemoly- 
sis, parasitic disease, renal/hepatic disease, or hypersplenism, are likely 
(Chaps. 51 to 54 and 56). 

If the anemia is persistent, symptomatic, and the aforementioned 
workup has not provided a diagnosis, then marrow biopsy and aspira- 
tion are indicated. 


@ THROMBOCYTOPENIA 


Whereas the consultative approach to thrombocytosis is relatively 
straightforward, the opposite is true for thrombocytopenia. The clini- 
cal situation may be urgent and the differential diagnosis, upon which 
management is based, is huge (Chap. 117). It is helpful to think of the 
underlying cause(s) mechanistically: 


e Platelet production is low: The marrow is replaced (leukemia, lym- 
phoma), empty (aplastic anemia), or ineffective (MDS, vitamin B,, 
deficiency). 

e Platelets are being rapidly removed from circulation: Thrombotic 
microangiopathy (thrombotic thrombocytopenic purpura [TTP], 
hemolytic uremic syndrome [HUS], disseminated intravascular 


coagulation [DIC], hemolysis, elevated liver enzymes, low platelet 
count [HELLP]) or autoimmune platelet removal (immune throm- 
bocytopenia [ITP], drug-induced thrombocytopenia, heparin-in- 
duced thrombocytopenia [HIT]). 

e Platelets are being sequestered: Massive splenomegaly or hemangiomas. 


If one encounters a new finding of severe thrombocytopenia, one 
must immediately review the blood film for the presence of microangio- 
pathy. If present, concern is raised for TTP, and immediate intervention 
is required (Chap. 132). 

The history provides key information. Comorbid autoimmune 
and lymphoproliferative diseases may be associated with ITP. Culprit 
drugs, such as heparin or quinidine, must be explored. Hepatic disease 
is a common cause of thrombocytopenia and should be queried. The 
EMR should be used to explore the temporal nature of the thrombocy- 
topenia and other associated CBC anomalies. The physical exam should 
pay special attention to petechiae, oral blood blisters, ecchymoses, ade- 
nopathy, and organomegaly. In reviewing the blood film, one should 
exclude spurious thrombocytopenia (Chap. 117) that may include eth- 
ylenediaminetetraacetic acid (EDTA)-induced platelet clumping (pseu- 
dothrombocytopenia), presence of megathrombocytes that are too large 
to be recognized as such by automatic cell counters, or adherence of 
platelets to neutrophils (platelet satellitism) which can be ameliorated 
by using sodium citrate as an anticoagulant. Next, one should check 
for the presence of microangiopathy which, if present, would lead to 
consideration for TTP, HUS, or DIC. Spherocytes and polychromasia 
would raise the possibility of combined ITP and autoimmune hemo- 
lytic anemia, otherwise known as Evans syndrome. Giant hypogran- 
ulated platelets raise consideration of MDS, and more than six lobed 
polymorphonuclear neutrophils (PMNs) associated with an MCV >115 
suggest vitamin B,, or folate deficiency (Chap. 41). In a patient with 
newly developed isolated thrombocytopenia, megathrombocytes, plate- 
lets greater in diameter than one-third of a red cell diameter (>2.5 uM), 
are the parallel of the reticulocyte count. More than 10 percent such 
platelets are suggestive of immune platelet destruction with a compen- 
satory increase in thrombopoiesis. 

In the case of isolated thrombocytopenia, the most common cause 
is autoimmune thrombocytopenia. ITP may also be drug-induced. An 
important feature of autoimmune thrombocytopenia is the absence of 
splenomegaly, thus an enlarged spleen points to other diagnoses such as 
lymphoproliferative disease, hypersplenism, or lupus. Approximately 25 
percent of patients with the antiphospholipid antibody syndrome have 
mild thrombocytopenia (50 to 130 x 10°/L). Bleeding is not a feature of 
this phenomenon and it may be confused with autoimmune thrombo- 
cytopenia. HIT is an event seen in hospitalized patients or those receiv- 
ing heparin through home care (Chap. 118). The thrombocytopenia 
can be mild (e.g., 20 to 100 x 10°/L) and bleeding is unusual. It usually 
occurs 5 to 10 days after exposure to heparin and is associated with 
both venous and arterial thrombosis. Often, the patient may be quite 
ill, postoperative, and have other plausible explanations for thrombosis, 
thus requiring a high index of suspicion. It is less frequent with low- 
molecular-weight heparin (LMWH) preparations, but still can occur in 
that setting. The specifics of diagnostic tests and management are dis- 
cussed in Chap. 118. 

With baseline data from history, exam, and routine labs, a prelimi- 
nary analysis should be performed to focus subsequent specialized test- 
ing. For example, in a patient with CNS symptoms, microangiopathic 
hemolysis, and an elevated serum creatinine, a disintegrin and metallo- 
protease with a thrombospondin type 1 motif member 13 (ADAMTS13) 
activity level should be ordered in addition to instituting prompt plas- 
mapheresis for the tentative diagnosis of TTP. In a patient who received 
heparin 5 days prior during cardiac surgery, HIT is considered and an 
immunoassay for antiplatelet factor 4 obtained. 
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@PANCYTOPENIA 


The presentation of a patient with new-onset pancytopenia requires 
immediate medical attention. In formulating an approach to a patient 
who presents with a combination of anemia, thrombocytopenia, and 
leukopenia it is useful to think of the pathophysiology in mechanis- 
tic terms. It is also important in constructing a differential diagnosis 
to determine whether the leukopenia is balanced, neutropenia, or 
lymphopenia. 

The blood counts may be low because the normal hematopoietic 
marrow has been replaced (fibrosis, infiltrative malignancy), is absent 
(aplastic anemia), or is ineffective (MDS, vitamin B,, deficiency). 
Hypersplenism can also result in the rapid removal of cells from the 
blood, for example in the context of a malignant lymphoma. 

The history provides several critical pieces of information: How 
severe is the pancytopenia? How long has it been present? Is it getting 
better or worse? What was going on when it began? Was there an infec- 
tion at onset, or has the patient had any new medications or occupational 
exposures? Symptoms of anemia (fatigue, shortness of breath), throm- 
bocytopenia (mucosal bleeding, bruising), and leukopenia (recurrent 
infections, stomatitis) are important to determine, as are risk factors for 
hepatic disease (as cirrhosis commonly results in pancytopenia). 

The physical exam should be comprehensive with a particular 
focus on organomegaly and adenopathy. 

If the MCV is greater than 100 fL, consider MDS. Chemistry pan- 
els are obtained to evaluate for evidence of renal or hepatic dysfunc- 
tion. An increase in MCV of greater than 115 fL is more common in 
megaloblastic anemia than in MDS. Folate deficiency may be seen in 
settings of alcohol abuse or celiac sprue. Pernicious anemia is an impor- 
tant consideration for vitamin B, deficiency because it is treatable with 
cobalamin and, if unrecognized, may proceed to severe neurologic 
impairment. Uncommonly, the latter may be the presenting feature (in 
addition to the cognitive abnormalities known as megaloblastic mad- 
ness; Chap. 41). 

As always, a critical review of the blood film may suggest the diag- 
nosis, including the presence of dysplasia (MDS), hypersegmented neu- 
trophils (vitamin B,, and folate deficiency), and myelophthisic features 
(leukoerythroblastic findings such as nucleated RBCs and teardrops) 
that might suggest primary myelofibrosis (Chap. 86) or a marrow- 
replacing process (Chap. 45). The presence of abnormal or neoplastic 
cells in the blood may be diagnostic, such as leukemic blasts, hairy cells, 
or circulating lymphoma cells. 

With this information one can decide on a further diagnostic strat- 
egy. Occasionally one sees patients where the pancytopenia is mild and 
resolves spontaneously within 1 month, which may represent a viral 
infection with transient suppression of hematopoiesis. 

If, in a patient with pancytopenia, the reticulocyte count is very 
low, aplastic anemia becomes a primary consideration. Other malig- 
nant causes of severe cytopenias, such as acute leukemia or MDS, are 
uncommonly associated with reticulocyte counts less than 0.4 percent. 
An enlarged spleen is not a feature of aplastic anemia, and its presence 
would argue against the diagnosis. 

Nearly all patients with unexplained severe and persistent pancy- 
topenia will require a diagnostic marrow aspirate and biopsy. 


@LEUKOCYTOSIS 


An elevated leukocyte count often raises concern for marrow pathology, 
but may be seen in nearly any systemic disorder. There is no numeric 
cutoff that reliably distinguishes between primary hematolymphoid and 
secondary causes of leukocytosis. Rather, a thorough history, physical, 
and focused laboratory evaluation is required. 


Leukocytosis refers to an elevated total leukocyte count. When 
combined with an elevated ANC, the term neutrophilic leukocytosis 
is used. If an elevated ANC is present without leukocytosis, the term 
neutrophilia is applied. The same terminology holds for elevations of 
the lymphocyte, monocyte, eosinophil, and basophil compartments. 
In practice, however, these distinctions are rarely made, nor do they 
have a major impact on diagnostic evaluations, and thus we use them 
interchangeably. 


NEUTROPHILIA 


Neutrophilia may be seen in a variety of settings as outlined in 
Chap. 65. Primary marrow disorders include chronic myelogenous 
leukemia (CML), other myeloproliferative neoplasms, neutrophilic leu- 
kemia, and sickle cell disease. Secondary disorders include infection, 
inflammation, smoking, stress (both physical and emotional), asplenia, 
and medications. With respect to the latter, common offenders include 
corticosteroids, lithium, and exogenous growth factors such as granu- 
locyte colony-stimulating factor. Rare cases of dramatic neutrophilia 
(usually accompanied by mild anemia) can be associated with granu- 
locyte colony-stimulating factor-secreting tumors (e.g., bronchogenic 
carcinoma). In a patient with persistent neutrophilia of unclear etiology, 
it is generally advisable to exclude CML with a qualitative breakpoint 
cluster region-Abelson (BCR-Abl) polymerase chain reaction (PCR) 
analysis. The other classic myeloproliferative neoplasms (MPNs), such 
as polycythemia vera (PV), essential thrombocythemia (ET), and mye- 
lofibrosis, will typically have other manifestations suggesting the diag- 
nosis, such as erythrocytosis, thrombocytosis, organomegaly, and/or a 
leukoerythroblastic blood film. Chronic neutrophilic leukemia (CNL), 
though often considered by clinicians, is a rare disorder. The WBC 
should be greater than 25,000/uL of which greater than 80 percent are 
neutrophils to consider this entity. 

Smokers commonly demonstrate a mild neutrophilia, and if this has 
been longstanding in an otherwise asymptomatic patient, further mea- 
sures other than smoking cessation are typically unnecessary. Similarly, 
mild neutrophilic leukocytosis may be seen in obese patients, perhaps 
reflective of an underlying inflammatory state. It is rarely useful to perform 
a marrow examination for neutrophilia during times of systemic infection 
or critical illness in the intensive care unit, except for the rare instance in 
which neutrophilia is felt to be the proximate illness, as in CNL. 


LYMPHOCYTOSIS 


The diverse causes of lymphocytosis are listed in Chap. 79. Primary 
marrow disorders include chronic lymphocytic leukemia (CLL), acute 
lymphoblastic leukemia (ALL), and hairy cell leukemia. Reactive 
lymphocytosis may be seen in viral infection (classically infectious 
mononucleosis), HIV, bacterial infection, smokers, and autoimmune 
disorders (such as rheumatoid arthritis). 

Lymphocyte morphology is generally more informative than is the 
case in neutrophilia. If the lymphocytes display coarse, clumped chro- 
matin, suspicion is raised for CLL. Readily identifiable lymphoblasts 
suggest ALL. An excess of large granular lymphocytes, particularly in a 
patient with autoimmune disease such as rheumatoid arthritis, suggest 
large granular lymphocytic (LGL) leukemia. The presence of lympho- 
cytes with villous projections might suggest splenic marginal zone lym- 
phoma or hairy cell leukemia. Larger lymphocytes with cleaved nuclei 
may be seen in follicular lymphoma, and cells with cerebriform nuclei 
might represent the malignant T cells of Sézary syndrome. Hence, 
examination of the blood film is a critical component of the lympho- 
cytosis evaluation. The laboratory evaluation might also include flow 
cytometric analysis, as the immunophenotype of atypical lymphocytes 
often leads to significant narrowing of the differential diagnosis. 
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EOSINOPHILIA 


Eosinophilia has a daunting differential, as discussed in Chap. 62. 
On initial screen, we seek to identify patients with moderate (>1500 
cells/uL) or greater eosinophilia, or those with evidence of end organ 
damage, as these groups are more likely to have serious pathology. 
The history should include assessment of B symptoms, rash, diarrhea, 
allergic symptoms, travel history, and food intake. Ingestion of raw or 
undercooked meat, especially pork, increases the chance of parasitic 
infection with Trichinella spiralis, which may be accompanied by signifi- 
cant eosinophilia, periorbital edema, myositis, and fever. This infesta- 
tion usually occurs at festivities where a pig is roasted and served. Pork 
from abattoirs involves mixing of meat from a large number of pigs, 
diluting the Trichinella organisms that might have infected a rare ani- 
mal. The geographic location and lifestyle of the patient determines if 
consideration of another parasitic infestation is a high probability. In 
underdeveloped countries, helminthic infections are the most com- 
mon cause of eosinophilia (see Chap. 62, Table 62-5 for causes of hel- 
minthic-induced eosinophilia). Signs of adrenal insufficiency (fatigue, 
hypotension, hyperpigmentation) a rare cause of eosinophilia, may be 
subtle. Rhinosinusitis, asthma, and eosinophilia should trigger screen- 
ing for eosinophilic granulomatosis with polyangiitis (Churg-Strauss 
syndrome). Mast cell disorders are also associated with eosinophilia, 
and should be kept in mind in patients with a rash suggestive of urti- 
caria pigmentosa or symptoms of mediator release with identified trig- 
gers. Patients with extreme eosinophilia are often critically ill and nearly 
always require hospitalization because of the high probability of malig- 
nancy or infection, in addition to risks for life-threatening damage to 
the cardiac, respiratory, nervous, and gastrointestinal systems. 


BASOPHILIA AND MONOCYTOSIS 


Disorders associated with basophilia and monocytosis are more limited, 
and are listed in Chaps. 63 and 70, respectively. In the absence of an 
obvious infectious/inflammatory insult, basophilia should always trig- 
ger evaluation for CML and PV. Unexplained monocytosis, particularly 
in elderly patients with other cytopenias, should reflex concern for mye- 
loid malignancies such as MDS and chronic myelomonocytic leukemia 
(CMML) and generally warrants examination of the marrow. 


@ ERYTHROCYTOSIS/POLYCYTHEMIA 


As opposed to hematologic consultation for the cytopenias, evaluation 
for polycythemia generally has a more limited differential diagnosis 
(Chaps. 57 and 84). Technically, “polycythemia” refers to increases in 
RBC, WBC, and platelets, while “erythrocytosis” more specifically refers 
to increases in RBCs alone. We are aware, however, that in common 
hematologic parlance the term polycythemia is frequently used to indi- 
cate erythrocytosis and here we use them interchangeably. The disor- 
ders that may cause polycythemia are diverse and have widely varying 
treatments. Attention to detail is critical. 

First, the distinction between absolute and relative polycythemia 
should be made. The former refers to a true elevation of the red cell 
mass, whereas the latter refers to an apparent increase in hemoglobin 
caused by a contracted plasma volume. Reduced plasma volumes might 
be seen in patients who are dehydrated and are also reported in chronic 
smokers. However, smokers are more often polycythemic by virtue of 
their cardiopulmonary disease, so this distinction is difficult to make. 

When evaluating a referral for elevated RBC, hemoglobin, or 
hematocrit, one begins by determining which measure is elevated. 
Although definitions vary, one may assume polycythemia is present 
if the hemoglobin is greater than 18.5 g/dL in men or greater than 
16.5 g/dL in women. 


If a referral is received for an elevated RBC count in the absence 
of true erythrocytosis, a major consideration is thalassemic trait. Addi- 
tional clues for this would include a normal or low hemoglobin in addi- 
tion to severe microcytosis, and a blood film showing targets, as well as 
hypochromia and microcytosis. 

The history is critical in evaluation of erythrocytosis (Chap. 57). 
Key items after determining if the abnormality is acquired or congenital 
include: 


e History of pulmonary disease or chronic hypoxia 

e Risk factors for renal, hepatic, or CNS tumors 

e History of obstructive sleep apnea 

e Family history of polycythemia 

e Use of androgens or anabolic steroids 

e Surreptitious erythropoietin (EPO) injection (particularly in com- 
petitive athletes) 

e Presence of symptoms related to polycythemia 


Primary polycythemia refers to autonomous marrow production 
of erythrocytes, as in PV, whereas secondary polycythemia refers to 
increased erythrocyte production from stimulation by EPO (Chap. 57). 
Elevated EPO levels may be a compensatory response to hypoxia or pro- 
duced in excess by malignancy. Secondary causes of polycythemia are 
discussed at length in Chap. 57. 

Historical symptoms related to polycythemia should also be 
elicited, including headache, fatigue, visual changes, and shortness of 
breath. Symptoms of pruritus, erythromelalgia, or intolerance of hot 
water might be more suggestive of PV. 

Clues during the physical exam include: 


. Digital clubbing, which might suggest pulmonary disease 

. Splenomegaly, which might suggest PV 

. Hepatomegaly, which might suggest PV or a hepatic tumor 

. Facial plethora, which is often seen in PV, although can be seen in 
erythrocytosis of any cause 


BW Ne 


The laboratory evaluation should include a CBC, EPO level, and 
venous blood gas measurement. The latter is useful in that it allows 
indirect calculation of the partial pressure required to achieve 50 per- 
cent saturation (p50) (reduced in high-affinity hemoglobinopathies, 
which should be considered in cases of familial polycythemia) and 
also provides information regarding carboxyhemoglobin (elevated 
in smokers or in carbon monoxide poisoning) and methemoglobin 
levels. 

The combination of polycythemia and alow EPO level is highly sug- 
gestive of PV. This should trigger reflex mutational testing for JAK2V"* 
(exon 14), and, if negative, Janus kinase 2 (JAK2) exon 12 mutation. 
These two mutations capture nearly all cases of PV, and if negative, 
should trigger the diagnosis to be reconsidered and/or tertiary referral. 

More commonly, the EPO level is found to be normal or elevated. 
This makes PV less likely, although certainly not exclusionary. If the 
patient has symptoms suggestive of PV or otherwise unexplained poly- 
cythemia, JAK2 mutational testing should still be obtained. 

If the EPO level is high normal/elevated and there are no PV- 
related symptoms, a thorough evaluation for secondary polycythemia 
should be performed. In the absence of cardiopulmonary disease or 
obvious offending medications, polycythemia with a significantly ele- 
vated EPO level should trigger evaluation for malignancy. 

Although rare, familial polycythemia should always be in the dif- 
ferential, particularly if the family history is suggestive. The various 
mutations in regulators of erythropoiesis and hypoxia-sensing, and are 
discussed in detail in Chap. 57. 

A diagnostic algorithm for erythrocytosis is shown in Chap. 57, 
Fig. 57-6. 
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@THROMBOCYTOSIS 


When evaluating thrombocytosis, one must generally determine 
whether it is reactive or the manifestation of a MPN (Chaps. 84 to 86). 

Historical details should include: When were the platelets first 
elevated? Is the elevation intermittent or constant? Have the platelets 
ever exceeded 1,000,000/uL? Has there been any thrombosis? Has there 
been paradoxical bleeding suggestive of acquired von Willebrand dis- 
ease (VWD)? Causes of reactive thrombocytosis (Chap. 119), such as 
inflammatory disease, infection, recent splenectomy, iron deficiency, 
and malignancy, should be explored. 

The physical exam should include evaluation for organomegaly, 
given this may be seen in a variety of MPNs. 

In reviewing the CBC, a concomitant elevation of the hemoglobin 
and platelets might suggest PV. Neutrophilia, myeloid immaturity, or 
basophilia might suggest CML or myelofibrosis. 

If there is significant suspicion for a MPN, such as organomegaly, 
persistent thrombocytosis, polycythemia, or neutrophilia, additional 
evaluation might include molecular testing for BCR-Abl, JAK2, and/or 
calreticulin mutations (Chaps. 84-86). 


@ PREGNANCY 


Hematologic issues arising during pregnancy are a common cause for 
consultation. In contrast to the nonpregnant patient, the consultant 
must consider both the patient and the fetus (Chaps. 7 and 8). In this 
section we will not consider hematologic disorders of the fetus such as 
hemolytic disease of the newborn and neonatal alloimmune thrombo- 
cytopenia (Chaps. 8 and 55). 

During the transition from the second to third trimester, the 
plasma volume increases by approximately 1.0 L while the RBC mass 
increases by approximately 0.25 L. This partial hemodilution can cause a 
drop in hemoglobin values below the normal 12 g/dL for women. There 
are further complicating issues. The growing fetus requires approxi- 
mately 500 mg of iron from the mother, and if the mother is already iron 
deficient and/or not taking adequate iron supplements, iron-deficiency 
anemia will develop. In mothers with thalassemia intermedia, the mar- 
row is already stressed and providing close to maximum compensatory 
erythropoiesis at baseline. The marrow cannot provide the additional 
0.25 L of RBC mass during pregnancy, causing hemoglobin levels to fall 
where both the patient and fetus may be stressed. Supportive transfu- 
sions are often necessary in this case. 

One is often asked to consult because of a neutrophilic leukocyto- 
sis occurring during the second and third trimesters. This is typically 
physiologic and the film may show myeloid immaturity with bands, 
metamyelocytes, and even myelocytes. Observation is recommended. 

Other than the variations noted above, the approach to anemia and 
WBC abnormalities is essentially identical to the nonpregnant patient. 

Thrombocytopenia as low as 50,000 to 70,000/uL may be seen as a 
normal consequence of pregnancy and is termed gestational thrombocy- 
topenia. It requires no specific management. Nongestational thrombo- 
cytopenia, however, requires particular care because the differential is 
broader in pregnancy and because of the risk of both maternal and fetal 
hemorrhage. For example, when treating patients with ITP, there is con- 
cern that the causative antiplatelet antibody will cross the placenta and 
cause fetal thrombocytopenia. The distortion of the fetus, particularly 
of the cranium during delivery, raises concern about intracranial hem- 
orrhage if the neonate is thrombocytopenic. Newborns of mothers with 
ITP should generally have serial platelet counts over the first week of 
life as thrombocytopenia may be delayed as splenic function develops. 

The appearance of low platelets along with hypertension in the 
third trimester raises concern for preeclampsia. Perhaps a more-severe 


variant of preeclampsia is the HELLP syndrome (Chaps. 8 and 51), an 
emergency where low platelets are accompanied by microangiopathic 
hemolysis and hepatic dysfunction. The blood film and liver function 
tests are essential in making this diagnosis. 

Disorders of hemostasis/coagulation include placental abruption 
and retained products of conception. These two conditions are unique 
to pregnancy and release large amounts of necrotic tissue into the cir- 
culation, leading to DIC (Chap. 129). The consultant is often called 
because of severe bleeding from many sites, including the vagina, 
vascular access sites, and surgical incisions. Laboratory findings often 
demonstrate profound anemia and thrombocytopenia, and the blood 
film shows microangiopathy. The coagulation panel demonstrates a 
prolonged prothrombin time (PT) and partial thromboplastin time 
(PTT), low fibrinogen, and significantly elevated D-dimer. If assayed, 
virtually all coagulation factors will be low. The key to management is 
prompt recognition, establishment of adequate IV access, and massive 
replacement of RBCs, platelets, and coagulation factors, along with 
removal of the uterine contents. 

Two disorders have a specific predilection for the immediate post- 
partum period: appearance of a factor VIII inhibitor and postpartum 
TTP. Patients with a factor VIII inhibitor will show along PTT and mix- 
ing studies will identify and quantify the inhibitor. Patients with post- 
partum TTP will have a clinical presentation like other TTP patients: 
microangiopathic hemolysis, thrombocytopenia, and potentially CNS 
and renal involvement. 


@ BLEEDING 


Clinical bleeding is a common request for hematologic consultation. 
The setting and context provide important clues about the diagnosis. 
Requests arising from the ICU or emergency room (ER) usually relate 
to a specific event like trauma or surgery. These requests may involve 
hemodynamic compromise and often mandate a rapid response. Con- 
versely, complaints about “easy bruising” can be equally ominous, but 
often don’t rise to the same level of acuity. 

The conventional wisdom is that mucosal and skin bleeding is 
likely to be caused by platelet abnormalities (qualitative or quantita- 
tive), vascular disorders, or VWD, whereas deep tissue or joint bleeding 
is caused by coagulation factor deficiencies. This is generally accurate, 
although there is substantial overlap caused by factors like age and 
comorbid medications (including aspirin, nonsteroidal antiinflamma- 
tory drugs [NSAIDs], and anticoagulants). 

As expected, the history is critical. One must inquire about bleed- 
ing length, duration, and context. A long duration and early onset sug- 
gest a hereditary disorder. Bleedings that occurs after dental extractions 
or surgery are clues for mild hemophilia or VWD. If the bleeding always 
occurs at one site, there may well be a local issue, whereas bleeding at 
multiple sites points to a systemic disorder. Drug history is critical, not 
only for anticoagulant drugs, but also for the many agents that cause 
drug-induced platelet functional abnormalities (Chap. 121). A history 
of alcohol abuse, hepatic disease, or renal disease is relevant. 

The exam should be used to identify petechiae, oral blood blisters, 
ecchymoses, hematomas, giant hemangiomas, hemarthroses, and liver/ 
spleen size. 

Laboratory analysis should include a blood film, CBC, and chem- 
istry panel. A basic coagulation panel containing a PT, PTT, fibrinogen, 
D-dimer, thrombin time (TT), and reptilase time (RT) is also important 
(Chaps. 114 and 116). The PT and PTT screen both the intrinsic and 
extrinsic pathways. The fibrinogen and D-dimer provide useful infor- 
mation about DIC and fibrinolysis, while a discrepancy between the RT 
and TT can determine whether there is in vivo presence of heparin. 
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Before deciding that a prolonged PT or PTT is because of a factor 
deficiency, consider the possibility of an inhibitor by ordering a mixing 
study. If an inhibitor is ruled out, then one can determine whether spe- 
cific factor assays are warranted. A prolonged PTT might also be the 
result of a lupus anticoagulant, which generally poses a risk for throm- 
bosis rather than hemorrhage. 

If there is recurrent mucosal bleeding and a family history of 
bleeding, we generally obtain screening for VWD. A platelet function 
analysis (PFA) is a highly sensitive test for VWD. Additional tests, such 
as a von Willebrand antigen, ristocetin cofactor activity, and factor VIII 
levels can be used to confirm the diagnosis. More expensive studies, 
such as multimer analysis and ristocetin-induced platelet aggregation 
(RIPA) are generally not needed if screening studies are negative. A 
variety of disorders are associated with acquired VWD, including car- 
diac valvular disorders, extreme thrombocytosis, paraproteinemias, and 
autoimmune disorders (Chap. 126). 

Mucosal or posttraumatic bleeding might also suggest a platelet 
functional defect. Screening with a PFA is often useful before launching 
into more detailed studies, such as formal platelet aggregometry. 

A low fibrinogen and markedly elevated D-dimer points to DIC, 
which can be seen in a variety of systemic illnesses and is associated 
with both bleeding and thrombosis. 

Of course, not all bleeding is related to disorders of coagulation 
factors and platelets. One should not forget vasculitis or other vascu- 
lar defects, such as hereditary hemorrhagic telangiectasia (HHT), when 
evaluating a patient with recurrent mucosal bleeding and epistaxis. 
Vitamin C deficiency (scurvy) can rarely be encountered in alcoholics 
or severely malnourished individuals and results in bruising and gin- 
gival bleeding because of defective collagen synthesis. 

Pathologic fibrinolysis may also result in bleeding and is not easily 
assessed by standard coagulation panels (Chap. 135). 

We have used thromboelastography to evaluate global hemosta- 
sis on an individualized basis, although this study lacks broad clinical 
utility. 

Finally, preoperative consultations for bleeding can be frustrating 
because there are no generally accepted guidelines. The most important 
tool is the history including family and personal history of bleeding. The 
type, site, and timing of prior episodes of bleeding, whether postopera- 
tive, traumatic, or spontaneous, provide the requisite information upon 
which to base further testing as discussed above. 


@ THROMBOSIS 
VENOUS THROMBOSIS 


Consultations regarding deep venous thrombosis (DVT) may be daunt- 
ing. The decision to commit a young patient to indefinite anticoag- 
ulation (AC), or to cease AC in an older patient at increased risk for 
recurrence often gives the physician pause. 

Here we discuss some of the highlights of our approach to venous 
thromboembolism. The individual components are discussed at length 
in other chapters, including principles of AC (Chap. 25), DVT (Chap. 
133), hereditary thrombophilia (Chap. 130), and the antiphospholipid 
antibody syndrome (APS; Chap. 131). 

Patients often have significant anxiety after a thrombotic event. 
Although considerable progress has been made in the safety and con- 
venience of AC, the process still poses serious risk and may impair 
the patient’s quality of life. It is important to communicate that AC 
management is inherently complex, therapeutic approaches must be 
individualized, and, ultimately, no approach is without risk, including 
life-threatening bleeding and/or thrombosis. 


One should begin the evaluation of a new DVT by defining the 
context of the event. Critical questions include: 


1. Were there any risk factors, such as surgery, immobility, trauma, 
indwelling catheters, cirrhosis, nephrotic syndrome, inflammatory 
disorders, or systemic estrogen therapy (Chap. 133)? 

2. If present, are those risk factors modifiable and might they have rea- 
sonably provoked the event? 

3. If dealing with a reoccurrence while on AC, had the patient been 
compliant with therapy? 

4. Are there historical or physical clues that might suggest malignancy, 
APS, or a hereditary thrombophilia? 


When probing hard enough, one is often able to identify a “risk 
factor” for thrombosis. This alone is insufficient to label an event “pro- 
voked”; rather, that risk factor must be thought to have reasonably 
caused the event. Attribution of causality is arduous and ultimately 
subjective. 

When dealing with recurrent events in patients on AC, compliance 
must be probed at length. Labeling a patient as having “failed” therapy 
has significant consequences. First, this might suggest an underlying 
thrombophilia, such as malignancy or APS. Second, the lack of clear 
superiority data of one agent over another makes management deci- 
sions murky. 

The physical exam must of necessity focus on the affected extrem- 
ity. However, a comprehensive exam may provide valuable clues. Ade- 
nopathy or temporal wasting might suggest malignancy. Arthritis and 
malar rash might suggest an autoimmune diathesis such as lupus. 
Organomegaly and erythromelalgia should trigger concern for an MPN 
such as PV or ET. Spontaneous upper-extremity events might suggest 
thoracic outlet syndrome whereas unprovoked left iliofemoral DVT, 
particularly in young women, may represent May-Thurner syndrome. 

Screening for underlying hereditary thrombophilias is often pur- 
sued although the general utility of this approach is not clear. This is 
discussed at length in Chap. 130. In general, such screening rarely 
changes management and has the potential for error if performed at 
the incorrect time. For example, levels of antithrombin III, protein C, 
and protein S may be falsely low in the acute setting. Functional protein 
S levels might be reduced when the factor V Leiden mutation is pres- 
ent, leading to erroneous diagnosis. Anticardiolipin antibodies require 
sustained elevation over 12 weeks to satisfy criteria for APS. Pregnancy 
and hepatic disease can also affect the serum levels of various pro- and 
anticoagulants and confound diagnosis. 

The decision regarding the duration of therapy is complex (Chap. 
133). These decisions must incorporate the risk of recurrence, risk of 
bleeding, and patient preferences. Generally, patients with either a pro- 
voked or distal DVT may be treated for a finite course, generally three 
months. Patients with unprovoked DVT/pulmonary embolism (PE), 
APS, recurrent thromboses, or active malignancy are often considered 
for indefinite therapy should the bleeding risk be acceptable. 

In patients with unprovoked events who discontinue AC after 
a finite course, efforts aimed at risk stratification via D-dimer assays 
appear to be useful. Thromboprophylaxis with aspirin, has shown 
promise. However these approaches are not standardized. The Amer- 
ican College of Chest Physicians publishes evidence-based antithrom- 
botic guidelines that provide specific recommendations for a variety of 
scenarios and are a useful resource. 

The availability of new, oral anticoagulants has dramatically 
changed AC management from both the patient and physician perspec- 
tives. Dabigatran, a direct thrombin inhibitor, and rivaroxaban, a factor 
Xa inhibitor, are FDA approved for the treatment of venous thrombo- 
embolism, with the former requiring an initial 5 to 10 days of parenteral 
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AC. Both agents are oral, require adequate renal function, and produce a 
reliable anticoagulant effect that need not be monitored or titrated. They 
lack reliable antidotes in the event of bleeding, although such products 
are in development. It should be noted that patients with poor warfa- 
rin compliance are equally poor candidates for these agents. Because of 
their short half-life, skipped doses will result in a prompt loss of AC and 
increased risk of recurrent thrombosis. 

In general, there is insufficient information regarding the superi- 
ority of one anticoagulant over another. There is abundant experience 
with warfarin (Coumadin) and LMWH. The latter is often preferred in 
patients with malignancy, although high-quality evidence in its support 
is lacking. Dabigatran and rivaroxaban lack specific data in hereditary 
thrombophilias, malignancy, and APS, and therefore caution should be 
exercised in these settings. Dabigatran showed an excess risk of bleeding 
and thrombosis when compared to Coumadin in patients with mechan- 
ical heart valves, exemplifying the potential peril in assuming anticoag- 
ulants are of equal efficacy in different settings. 

Decisions regarding AC touch upon every aspect of a patient’s 
life and are not taken lightly. They are not as black and white as stan- 
dardized chemotherapy regimens and require an understanding of the 
patient's lifestyle, values, and risk of recurrence. Such assessment is 
difficult in the modern time-constrained environment. Furthermore, 
such decisions should not be made in a single-instance and then fol- 
lowed indefinitely. Rather, the decision to continue (or withdraw) AC is 
dynamic and should be revisited serially depending on the tolerance of 
therapy and other medical comorbidities. 


ARTERIAL THROMBOSIS 


Consultation is often requested in patients with arterial thrombo- 
sis, such as myocardial infarction, cerebrovascular accident, or acute 
limb ischemia. In the vast majority of cases, however, this is related to 
underlying atherosclerosis with local inflammation rather than a pri- 
mary hypercoagulable state. Risk factors, mechanisms, and treatment of 
atherothrombosis are discussed in Chap. 134. 

In rare cases where underlying risk factors for atherothrombosis 
are absent or there is a strong family history of thrombosis, particu- 
larly at young ages, we perform a limited hypercoagulable evaluation, 
including studies for the APS. Paroxysmal nocturnal hemoglobinuria 
(PNH) and MPNs may rarely result in arterial thromboses. We rarely 
find it helpful to obtain studies for protein C, protein S, or antithrombin 
III deficiency, and do not obtain studies for factor V Leiden or proth- 
rombin 20210A mutations as these do not have a meaningful effect 
on management. Furthermore, routine screening for the thermolabile 
variant of the methylenetetrahydrofolate reductase (MTHFR) should 
be discouraged as there is no evidence of benefit in reducing plasma 
homocysteine levels. 

Hence, broad hypercoagulable evaluations are not useful in iso- 
lated arterial thrombosis, as most findings are likely incidental rather 
than causal, and do not have a direct impact on patient management. 


@ IMMATURE CELLS ON THE BLOOD FILM 


Consultations may arise from the discovery of incidental abnormali- 
ties on the blood film. Nucleated RBCs (nRBCs) and immature myeloid 
cells are relatively common. 


NUCLEATED RED BLOOD CELLS 


The clinical lab may report the finding of nRBCs, which is often reported 
in the differential as #nRBC/100 WBC. 


Although there are several causes for the appearance of nRBCs, two 
predominate: stress erythropoiesis and extramedullary hematopoiesis. 

Stress erythropoiesis occurs as a response to severe anemia. The 
marrow attempts to compensate by increasing erythropoiesis (Chaps. 
32 and 33) and discharges reticulocytes of increasingly younger age to 
the blood. If the anemic stress is not ameliorated or deepens further, 
nRBCs, usually late normoblasts, leave the marrow. The blood film often 
shows abundant polychromasia, skip macrocytes, and late normoblasts. 

Extramedullary hematopoiesis can occur if the normal marrow is 
replaced by fibrosis or cancer or if somatic mutation such as seen in 
primary myelofibrosis decreases stem cell adherence (Chap. 86). The 
hematopoietic stem cells travel through the blood to find suitable alter- 
native sites for growth, often settling in the spleen. However, the sinus- 
oidal structure there is not identical to that of the marrow. Hence, blood 
cells, particularly nRBCs, are released in an uncoordinated manner. 

A leukoerythroblastic smear (nRBCs, teardrop RBCs, myeloid 
immaturity, giant platelets) is a significant clue. If clinically indicated, 
biopsy of the marrow will usually confirm the diagnosis. 


IMMATURE MYELOID CELLS 


The clinical lab may report the presence of metamyelocytes, myelo- 
cytes, promyelocytes, or blasts on the blood film. The differential is 
enormous, ranging from normal pregnancy to myeloid malignancies 
(Chaps. 61-63). One begins with a thorough history, CBC, and blood 
film. We inquire about recent stressors and the use of glucocorticoids. 
In patients with normal blood counts and rare metamyelocytes, obser- 
vation is generally appropriate. The presence of peripheral blasts, par- 
ticularly in association with cytopenias, is never normal and mandates 
examination of the marrow. A full spectrum of myeloid maturity, par- 
ticularly in association with basophilia, should raise concern for CML. 


@ LYMPHADENOPATHY 


On occasion, consultation is requested for lymphadenopathy without 
a tissue diagnosis. The differential diagnosis is vast, including benign 
adenopathy, viral infections, autoimmune disorders, and malignant 
lymphomas. A thorough history is critical (Chap. 1). Laboratory studies 
should include a CBC and blood film. 

Generally with this information, the diagnostic studies can be 
focused and lymph node biopsy is not always required. For example, 
in adolescents with fever, pharyngitis, and cervical adenopathy, tests 
for infectious mononucleosis are pursued. If there is an accompanying 
lymphocytosis, the diagnosis might be established via flow cytometry 
of the blood, as in CLL. If the patient is well appearing, asymptomatic, 
and the nodes are minimally enlarged, a short period of observation is 
often prudent. 

In patients with cytopenias, B symptoms, and organomegaly with- 
out obvious infections, lymph node biopsy is nearly always indicated. 
Fine-needle aspirates, although often more convenient, are discouraged 
because the lack of lymph node architecture impairs pathologic analy- 
sis. If a diagnosis of malignant lymphoma is suspected, treatment with 
glucocorticoids prior to tissue diagnosis is also discouraged as it may 
impair diagnostic sensitivity. 


@SPLENOMEGALY 


Referrals for splenomegaly open up an immense differential, including 
hemoglobinopathies, infection, liver disease, heart failure, autoimmune 
disorders, and malignant leukemia or lymphoma (Chap. 56). 
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Critical diagnostic elements include personal history, family his- 
tory, CBC, and the blood film. Has the diagnosis been made on physical 
exam or was it detected incidentally on an imaging procedure? If prior 
studies are available for comparison, one may be able to use the EMR 
to determine how long the spleen has been enlarged. On exam, is the 
spleen tip barely palpable or does it extend into the pelvis and cross the 
midline as might be the case with primary myelofibrosis (Chap. 86)? 

Evidence of cirrhosis or heart failure might suggest congestive 
splenomegaly. Erythrocytosis and pruritus would raise concern for PV. 

A blood film showing basophilia and myeloid immaturity might 
indicate CML. If risk factors are present, HIV testing is appropriate. 
Thalassemia can readily be identified via the blood film. Because the 
diagnostic possibilities are innumerable, it is critical to avoid a shot- 
gun approach, identify the likely diagnostic possibilities, and focus the 
workup accordingly. It is almost never necessary to do a diagnostic 
splenectomy. 


@ MONOCLONAL GAMMOPATHY 


Monoclonal gammopathies are increasingly detected given the wide 
availability of comprehensive metabolic panels and the subsequent use 
of serum protein electrophoresis (SPEP) as a screening tool. Referring 
physicians often have already requested a SPEP in cases of suspected 
myeloma, anemia, unexplained renal failure, or neuropathy. The finding 
of elevated serum protein or globulin fractions, or the report of exten- 
sive rouleaux formation on blood film may also trigger a request for 
SPEP. The SPEP can demonstrate the presence of a monoclonal protein 
whereas immunofixation defines the heavy-chain isotype and light- 
chain restriction. 

Rouleaux formation reported on a CBC is not synonymous with a 
monoclonal protein. Rouleaux simply describes visible stacked red cells, 
either as a result of poor smear preparation, inappropriate viewing in 
the “thick” area of the slide, or as a consequence of increased plasma 
proteins, such as immunoglobulins and fibrinogen. Although roule- 
aux may result from a monoclonal gammopathy, it may also be seen in 
chronic infections, autoimmune disorders, and liver disease. 

When seeing referrals for monoclonal gammopathies, one should 
obtain a CBC, renal and liver function studies, blood film, immunoglob- 
ulin panel, free light-chain ratio, urine protein electrophoresis (UPEP) 
with immunofixation, and skeletal survey. This analysis seeks to identify 
any evidence of end organ damage attributable to the monoclonal pop- 
ulation, such as hypercalcemia, anemia, renal dysfunction, or lytic bone 
disease. The physical exam focuses on the presence of adenopathy or 
organomegaly that might suggest a lymphoproliferative disorder. 

If there is no clear evidence of end organ damage, the term mono- 
clonal gammopathy of undetermined significance (MGUS) is often 
applied, and observation is pursued. The natural history, risk stratifica- 
tion, and prognosis of such patients in discussed in Chaps. 106 and 107. 
Monoclonal proteins may also be seen in association with several dis- 
orders, including plasma cell dyscrasias, lymphoproliferative disorders, 
infections, and various autoimmune diseases. Notably, it is important to 
identify patients with signs concerning for immunoglobulin light-chain 
amyloidosis (nephrotic range proteinuria, macroglossia, neuropathy). 
In cases of immunoglobulin (Ig) M paraproteins, look for evidence of 
Waldenström macroglobulinemia (adenopathy, constitutional symp- 
toms, organomegaly, bleeding). Although rare, in patients with anemia 
and IgM x paraproteins, one should inquire about cold sensitivity and 
seek to exclude cold agglutinin hemolysis. 

One is often faced with an elderly patient with multiple comorbid- 
ities, such as chronic renal dysfunction, peripheral neuropathy, diabetes 
mellitus, and osteoporosis in conjunction with a systemic paraprotein. 


In most cases, if these findings have been chronic and longstanding, 
they are thought to be unrelated to the paraprotein, and ongoing obser- 
vation is appropriate rather than cytotoxic chemotherapy. In some 
cases, particularly those in which historical labs are unavailable, this 
distinction is more difficult to make, and marrow exam may be use- 
ful to assess the degree of marrow effacement. In younger patients with 
monoclonal proteins greater than 1.5 g/dL, non-IgG isotypes, or abnor- 
mal free light-chain ratios, we often obtain marrow biopsies given the 
higher likelihood of progression and potential intervention for patients 
with high-risk smoldering myeloma. 


@ ADVICE TO REFERRING PHYSICIANS 


A good relationship and open line of communication between hema- 
tologists and referring physicians are imperative. A few points to keep 
in mind: 


e The clinical history is invaluable. If there is lack of clarity, we recom- 
mend a quick phone call to the referring physician focusing on the 
salient features of the patient’s medical history and the reason for 
consultation. Much like pathologists, this information helps us place 
the labs and blood film in appropriate context and aids the diagnostic 
evaluation, particularly in cases with broad differentials such as ane- 
mia or leukopenia. The importance of the history and physical exam 
also reinforces the need for the attending hematologist to personally 
review the blood film, rather than relying solely on hematopatholo- 
gists or laboratory technicians. 

e Avoid the laboratory “shotgun” approach. For example, exhaustive 
hypercoagulable studies in patients with provoked thromboses are 
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not particularly useful and can create patient anxiety. Patients have 
concerns about their “genetic disease,” and hematologists have a hard 
time explaining the implications of tests they would not typically 
order. The consulting hematologist should direct the laboratory eval- 
uation to avoid unnecessary, duplicate, and/or costly tests. 

e ‘The increasing variety of molecular and genetic diagnostics, in addi- 
tion to the evolving complexity of hematopathology, mandates one 
be aware of the resources of their local hematologist. For example, 
rare disorders such as systemic mastocytosis, CNL, severe eosino- 
philia, and atypical CML are often best evaluated in a tertiary center. 
Once the diagnosis is made and a treatment plan established, care 
should then be transitioned to local physicians, with intermittent 
input from an academic center if required. Value should always be 
placed on avoiding repeat marrow examinations. 

e With rare exception, diagnoses should not be made off scant mar- 
row specimens. Terms such as “aspiculate aspirate” and “subcortical 
biopsy” should trigger concern for an inadequate specimen. In such 
cases, a repeat biopsy should be obtained by an experienced provider 
rather than making diagnostic assumptions from a poor specimen. 

e A referral to a hematologist, “cancer center; or hematologist/oncol- 
ogist often generates considerable patient anxiety, even if not ver- 
balized. The waiting period of several days to weeks to see such a 
provider can cause significant distress. Unless the diagnosis is clear, 
it is useful to counsel patients that such a referral does not imply 
the presence of “cancer” or “leukemia” but rather a request for more 
information. 
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CHAPTER 5 
STRUCTURE OF THE 
MARROW AND THE 
HEMATOPOIETIC 
MICROENVIRONMENT 


Utpal P. Davé and Mark J. Koury* 


The marrow, located in the medullary cavity of bone, is the site of hematopoie- 
sis in humans. The marrow produces approximately 6 billion cells per kilogram 
of body weight per day. Hematopoietically active (red) marrow regresses after 
birth until late adolescence, after which it is focused in the lower skull, verte- 
brae, shoulder and pelvic girdles, ribs, and sternum. Fat cells (yellow marrow) 
replace hematopoietic cells in the bones of the hands, feet, legs, and arms. Fat 
comprises approximately 50 percent of red marrow in the adult. Further fatty 
replacement of the red marrow continues slowly with aging, but hematopoie- 
sis can be expanded when demand for blood cells is increased. 


Acronyms and Abbreviations: AGM, aorta-gonad-mesonephros; ALCAM, activated 
leukocyte adhesion molecule; bFGF, basic fibroblast growth factor; BFU-E, burst- 
forming unit—erythroid; BMP, bone morphogenetic protein; CAR, CXCL 12—abundant 
reticular cells; CD, cluster of differentiation; C/EBP, CCAAT/enhancer-binding protein; 
CFU-E, colony forming unit—erythroid; CFC-G, colony-forming cell-granulocyte; 
CXCL12/SDF1, stromal cell-derived factor; dpc, days postcoitum; EBI, erythroblastic 
island; ECM, extracellular matrix; ELAM, endothelial leukocyte adhesion molecule; 
EPO, erythropoietin; FN, fibronectin; GAG, glycosaminoglycan; G-CSF, granulocyte 
colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating 
factor; GMP, granulocyte-macrophage progenitor; HGF, hepatocyte growth factor; 
HIF, hypoxia-inducible factor; HSC, pluripotent hematopoietic stem cell; ICAM, inter- 
cellular adhesion molecule; IHH, Indian hedgehog family of proteins; IL, interleukin; 
LFA, lymphocyte function antigen; MAdCAM, mucosal addressin cell adhesion mole- 
cule; M-CSF, macrophage colony-stimulating factor; MEP, megakaryocytic-erythroid 
progenitor; MIP, macrophage inflammatory protein; MMP, matrix metalloproteinase; 
MPP, multipotential pluripotential progenitor; MSC, mesenchymal stem cell; NFAT, 
nuclear factor of activated T cells; NK, natural killer; OPG, osteoprotegerin; PDGF, 
platelet-derived growth factor; PECAM, platelet endothelial cell adhesion mole- 
cule; PPAR, peroxisome proliferator-activated receptor; ProEBs, proerythroblasts; 
PSGL, P-selectin glycoprotein ligand; RANK, receptor activator of nuclear factor-KB; 
Rb, retinoblastoma tumor-suppressor protein; SCF, stem cell factor; Siglecs, sialic 
acid-binding immunoglobulin (Ig)-like lectins; SP, side population; TGF-6, trans- 
forming growth factor-B; TLR, toll-like receptor; TNF-a, tumor necrosis factor-a; 
TPO, thrombopoietin; TRAP, tartrate-resistant acid phosphatase; TSP, thrombospon- 
din; VCAM, vascular cell adhesion molecule; VEGF, vascular endothelial growth factor; 
VLA, very-late antigen. 


“Marshall A. Lichtman was an author of this chapter in the previous six editions, 
and some material from those editions, including all illustrations, has been 
retained. 


The marrow stroma consists principally of a network of sinuses that orig- 
inate at the endosteum from cortical capillaries and terminate in collecting 
vessels that enter the systemic venous circulation. The trilaminar sinus wall 
is composed of endothelial cells; a thin basement membrane; and adventitial 
reticular cells that are progenitors of chondrocytes, osteoblasts and adipocytes. 
Stem cells can leave and reenter marrow as part of their normal circulation. 

Hematopoiesis, the proliferation and differentiation of stem cells and their 
progeny in the intersinus spaces, is controlled by a complex array of stimu- 
latory and inhibitory cytokines, cell—cell contacts, and interactions with the 
extracellular matrix. In this unique environment, lymphohematopoietic stem 
cells differentiate into all the blood cell lineages. Mature cells are produced and 
released to maintain steady-state blood cell levels. The hematopoietic system 
also can respond to meet increased demands for additional cells as a result of 
blood loss, hemolysis, inflammation, immune cytopenias, and other causes. 


@ HISTORY AND GENERAL 
CONSIDERATIONS 


The marrow, one of the largest organs in the human body, is the prin- 
cipal site for blood cell formation. In the normal adult, daily marrow 
production amounts to approximately 2.5 billion red cells, 2.5 billion 
platelets, and 1 billion granulocytes per kilogram of body weight. The 
rate of production adjusts to actual needs and can vary from a basal 
rate to several times normal. Until the late 19th century, blood cell 
formation was thought to be the prerogative of the lymph nodes or 
the liver and spleen. In 1868, Neuman! and Bizzozero* independently 
observed nucleated blood cells in material squeezed from the ribs of 
human cadavers and proposed that the marrow is the major source of 
blood cells.* The first in vivo marrow biopsy probably was done in 1876 
by Mosler,‘ who used a wood drill to obtain marrow particles from a 
patient with leukemia. Studies by Arinkin® in 1929 established marrow 
aspiration as a safe, easy, and useful technique (Chap. 3). 

Kinetic studies of marrow cells, using radioisotopes and in vitro 
cultures, have shown that cell lineages consist mainly of maturing cells 
with a finite functional life span. On the other hand, sustained cellular 
production depends on pools of primordial cells capable of both dif- 
ferentiation and self-replication.® The most primitive pool consists of 
pluripotential lymphohematopoietic stem cells with the capacity for 
continuous self-renewal, that is, hematopoietic stem cells (HSCs). The 
more mature pools consist of differentiating progenitor cells, with their 
maturation restricted to single or limited numbers of cell lineages and 
more restricted capacities for self-renewal (Chap. 18). The proliferative 
activity of these pools involves humoral feedback from peripheral target 
tissues’ and cell-cell and cell-matrix interactions within the microen- 
vironment of the marrow.’ The marrow stroma and nearby hematopoi- 
etic cells provide unique structural and chemical environments (niches) 
that support the survival, differentiation, and proliferation of pluripo- 
tential HSCs. HSC interactive niches” have been identified at the struc- 
tural and molecular” levels and are dynamically controlled by bone 
morphogenetic proteins (BMPs)" and factors regulating intramedul- 
lary osteoblastic cells and their progenitors.” Early stem cells can be 
identified and isolated using a unique array of surface antigen-receptor 
expressions (CD34+/-, Thy1,’ KIT+, CD38-, CD33-, vascular endo- 
thelial [VE]-cadherin+, KDR/FLK1+, FLK2—/FLT3-—, CD133+/-)*-8 
and have a unique molecular signature.'’*” The ability to efflux specific 
chemical dyes has also been used to provide enriched populations of 
HSC.?' Isolated cell populations enriched in HSC can be quantified 
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Figure 5-1. Expansion and recession of hematopoietic activity in 
extramedullary and medullary sites. For details regarding the nature 
of yolk sac and hepatic hematopoiesis, see “Sites of Hematopoiesis: 
Embryogenesis and Early Stem Cell Development” Chapter 7 provides 
a more comprehensive treatment of this topic (see Fig. 7-1 in Chap. 7). 


using in vitro long-term progenitor assays and surrogate in vivo repopu- 
lating assays in severely immunodeficient mice and xenogeneic animal 
models (Chap. 18). 


@SITES OF HEMATOPOIESIS 


EMBRYOGENESIS AND EARLY STEM CELL 
DEVELOPMENT 


As shown in Fig. 5-1, the marrow is the last in a series of anatomical 
sites of hematopoiesis that change several times during embryonic and 
fetal development.” The earliest hematopoietic cells develop in the 
blood islands of the extraembryonic yolk sac during late gastrulation 
and form the primitive hematopoietic system. This primitive hemato- 
poiesis is transient, lasting from the appearance of the blood islands 
at embryonic days 7.5 days postcoitum (dpc) in mice and 19 dpc in 
humans through the final cellular divisions in the circulating embryonic 
blood at 13.5 dpc in mice and week 6 in humans.”**” The large majority 
of primitive blood cells produced are erythrocytes that enucleate after 
release into the circulation, and their hemoglobin contains the embry- 
onic æ- and f-globin chains. Primitive hematopoietic cells also give rise 
to macrophages and megakaryocytes. Overlapping with this transient 
primitive hematopoiesis is definitive hematopoiesis that gives rise to all 
of the blood cell types found in the adult (Chap. 7). 

Transplantation experiments in hematopoietically ablated mice 
have demonstrated that definitive hematopoietic cells arise on 8.5 to 
11.5 dpc in mice and weeks 4 to 6 in humans in three different embry- 
onic locations: the yolk sac blood islands, the anterior portion of the 
aorta-gonad-mesonephros (AGM) region, and the allantoic portion of 
the developing placenta.” The definitive murine erythroid cells cir- 
culating on 8.5 to 11.5 dpc appear to be descendent from a transient 
population of erythroid/myeloid progenitors derived from the yolk 
sac, rather than being derived from HSCs that arise in the placenta and 
AGM as occurs at later times in the fetus and adult.” Serial transplanta- 
tion in irradiated mice demonstrated that the earliest appearance of the 
intraembryonic human HSCs is in the AGM at week 5.*! HSCs migrate 
through the blood to the fetal liver where they seed and mature into all 
of the cellular elements of the blood.”-” Erythrocytes, the predominant 
cell produced by definitive hematopoiesis during prenatal development, 
are smaller than the primitive erythrocytes, and their hemoglobin con- 
tains the fetal and adult globin chains. In mid-gestation, the HSCs that 
have migrated to the fetal liver undergo an exponential expansion and 
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display a specific integrin (Mac-1) that is not found in marrow HSCs.” 
In the last third of gestation, the HSCs and early hematopoietic pro- 
genitor cells migrate from the fetal liver through the circulation seed- 
ing the spleen and marrow. Fetal liver hematopoiesis declines steadily 
as the spleen and marrow become the major hematopoietic sites. At 
birth, the marrow is the major hematopoietic site in humans, while the 
spleen remains a prominent but decreasing site in the mouse (Chap. 7). 

Visceral endoderm is in close proximity to the mesoderm formed 
by gastrulation in those sites where HSCs are generated in the embryo. 
This proximity is important in that the endoderm appears to induce 
both endothelial and blood cell development in the adjacent mesoderm 
through secretion of Indian hedgehog (IHH), a member of the hedge- 
hog family of proteins.” IHH, in turn, upregulates the expression of 
BMP4 in the developing mesodermal cells. BMP4 upregulation is 
important for the development of both the endothelial cells that form 
blood vessels and the HSCs located within these vessels.**** Develop- 
ing endothelial cells and hematopoietic cells in the vessels formed by 
these endothelial cells are found in each site of primitive and defini- 
tive hematopoiesis. The close association of these two cell types in the 
developing embryo has led to the proposal for their having a common 
precursor, the hemangioblast.**** Important proteins involved in the 
development of the hemangioblasts are BMP4, VE growth factor recep- 
tor KDR/Flk-1, transcription factor TAL1, and TAL1’s binding partner 
LMO2.*°6 

Marked endothelial cells in mice give rise to the HSCs.” Imaging 
studies in zebrafish” and mice” indicate that specialized hemogenic 
endothelial cells in the ventral part of the aorta can transform without 
mitosis into HSCs. The differentiation of HSCs from hemangioblasts 
and/or hemogenic endothelium requires the signaling protein Notch] 
and the transcription factors GATA-2, MYB, and Runx1.*****!? The 
mechanism driving this earliest expansion of HSC is not well-defined, 
but two factors that also play roles later, KIT ligand/stem cell factor 
(SCF) and interleukin (IL)-3, are important in the embryo. BMP4, in 
addition to its role in the induction of hematopoietic and endothelial 
differentiation, increases proliferative and self-renewal of HSCs*! as 
it differentially upregulates a © i receptor) in the HSCs, but not in 
adjacent endothelial cells.” E ion of the earliest definitive HSC is 
also mediated by Notch signaling as it induces the Runx1 transcription 
factor’ and one of its targets, the IL-3 gene.“ 


STEM CELL AND MESENCHYMAL CELL 
PLASTICITY 


Primitive stem cells from human fetal liver or marrow reconstitute all 
lymphohematopoietic-derived cells and part of the stromal microenvi- 
ronment in in vivo repopulation assays. These observations are con- 
sistent with the early derivation of hematopoietic, vascular, and stromal 
cells from a CD34-, KDR/Flk-1+, multipotential mesenchymal stem 
cell.!4"!646 Identification of AC133+, CD34—, CD7— HSCs” and demon- 
stration of endothelial precursors in AC133+ progenitor cells** under- 
score the crosstalk between hematopoiesis and angiogenesis signaling 
pathways and establish the functional role of hemangioblasts in ontog- 
eny." As early fetal hematopoiesis is established, the yolk sac vascular 
networks remain active sites of progenitor production and hemato- 
poiesis.” Long-term reconstituting HSCs express two members of the 
ATP-binding cassette genes (ABCG-2 and P-glycoprotein), allowing 
the efflux of mitochondrial vital dyes such as Hoechst 33342 and rho- 
damine 123 and their isolation by multiparameter flow cytometry based 
on their low side scatter (side population [SP] cells). Enrichment of 
the SP population for HSC has been achieved in both adult marrow” 
and fetal liver” populations by using the signaling lymphocyte and 
activation markers (SLAMs) to select cells with the specific phenotype 


(CD150+, CD244-, CD48-). Nearly half of the individual cells in the 
CD150+, CD244-, CD48- population provide long-term hematopoi- 
etic reconstitution in irradiated mice.” 

Derivation of hematopoietic cells from adult tissue (muscle, liver) 
is attributed to resident marrow-derived stem cells in these tissues.**°° 
A role for adult marrow-derived mesenchymal stem cells in the repair 
and regeneration of nonmarrow organs has been described, includ- 


ing cardiac and smooth muscle, liver, and brain.**°’ However, these 


marrow-derived mesenchymal stem cells function mainly by providing 
a microenvironment through various cytokines that induce cell growth 
and stimulate vascularization or by fusing with local cells, rather than by 
transdifferentiation into specific differentiated cells of the organ under- 
going repair (Chap. 18).°°°” 


HISTOGENESIS 


Stroma and Hematopoietic Tissue 

The formation of the marrow in the third trimester of mammalian pre- 
natal development involves the circulation and chemotaxis of HSCs, 
which have greatly expanded their numbers in the fetal liver, to the 
newly developed marrow niche (see “Marrow Structure” below). The 
release of HSC from the murine fetal liver coincides with the progres- 
sive loss of two adhesion proteins, CD144 (VE-cadherin) and CD41 
(integrin æ). In mice, the seeding of the marrow with HSCs is first 
detected at 17.5 dpc, but the formation of the marrow niches for the 
HSCs and their progeny occurs in the preceding 3 days in sites of endo- 
chondral bone formation.“ Differentiation of a clonal skeletal progen- 
itor stem cell results in cell populations that form cartilage, bone, or 
marrow niches that either support HSCs or the differentiating prog- 
eny of HSCs.” The specific cells supported by a niche depend upon 
the expressions of endoglin, Thyl, and aminopeptidase A by the mes- 
enchymal descendants of the skeletal progenitor stem cell. The migra- 
tion of the circulating HSCs to their supporting marrow niches, which 
are formed by cells expressing aminopeptidase A but not endoglin or 
Thy1,” is directed by the synergistic action of the chemokines CXCL12 
and SCF for which the HSCs display the respective receptors, CXCR4 
and KIT.® Other chemotactic factors and adhesion molecules contrib- 
ute to HSC migration from the fetal liver to the developing bone where 
their seeding and differentiation initiates marrow hematopoietic func- 
tion in mammals. 

Cavities within bone occur in the human being at about the fifth 
fetal month and soon become the exclusive site for granulocytic and 
megakaryocytic proliferation. Erythropoietic activity at the time is con- 
fined to the liver. The microenvironment in the marrow becomes sup- 
portive of erythroblasts only toward the end of the last trimester (see 
Fig. 5-1). The formation of the marrow cavities in the developing mouse 
bones appear at a relatively later time in the prenatal life of mice than 
humans, and it involves an IHH-regulated® synchronized maturation of 
osteoblast progenitors arising from mesenchymal stem cells and osteo- 
clast progenitors arising from HSCs in the areas of mineralized cartilage 
of the fetal bones.“ Most of the marrow spaces form in the endochon- 
dral bones but some marrow develops in the intramembranous bones 
of the cranium and scapulae. As these respective progenitors differ- 
entiate in situ they acquire the phenotype of osteoblasts with expres- 
sion of osteopontin, osteonectin, bone sialoprotein, and macrophage 
colony-stimulating factor (M-CSF), and of osteoclasts with expression 
of tartrate-resistant acid phosphatase (TRAP), calcitonin receptors, 
and c-FMS (M-CSF receptor). In the human, marrow hematopoiesis 
begins at the 11th week of gestation in specialized mesodermal struc- 
tures termed primary logettes. The logettes are composed of mesenchy- 
mal cells and fibers that surround a central artery and protrude into 
the venous sinuses of the developing marrow cavities. The myeloid and 
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erythroid hematopoietic cells that populate the logettes are derived not 
from HSCs but rather from later-committed progenitors.® Just after 
birth the HSCs are found in the marrow, and hematopoiesis is evident 
throughout the marrow cavity. 


Adipose Tissue 

By the fourth year of life, a significant number of fat cells have appeared 
in the diaphysis of the human long bones.“ These cells slowly replace 
hematopoietic elements and expand centripetally until, at approx- 
imately 18 years of age, hematopoietic marrow is found only in the 
vertebrae, ribs, skull, pelvis, and proximal epiphyses of the femora and 
humeri. Direct measurements of the volume of bone cavities reveal 
increases from 1.4 percent of body weight at birth to 4.8 percent in the 
adult,“ whereas blood volume decreases from 8 percent of body weight 
in the newborn to approximately 7 percent in the adult.” Expansion of 
marrow space continues throughout life, resulting in a further gradual 
increase in the amount of fatty tissue in all bone cavities, especially in 
the long bones. Although the quantity of adipose tissue in the head 
and trochanteric parts of the femur varies in individuals, the fat con- 
tent of this area of hematopoietic marrow progressively increases as 
adult humans age.” The preference of hematopoietic tissue for centrally 
located bones has been ascribed to higher central tissue temperature 
with greater vascularity.” In mice, an increased prevalence of adipose 
tissue in tail vertebrae as opposed to the more central thoracic vertebrae 
is associated with fewer HSCs and hematopoietic progenitors.” Genetic 
absence of adipose tissue or chemical inhibition of adipocyte generation 
was associated with improved posttransplant hematopoietic regenera- 
tion, suggesting that marrow adipocytes are negative regulators in the 
hematopoietic microenvironment.” 


@ MARROW STRUCTURE 
VASCULATURE 


The blood supply to the marrow comes from two major sources. The 
nutrient artery, the principal source, penetrates the cortex through the 
nutrient canal. In the marrow cavity, the nutrient artery bifurcates into 
ascending and descending central or medullary arteries from which 
radial branches travel to the inner face of the cortex. After repenetrating 
the endosteum, the radial vessels diminish in caliber to structures of 
capillary size that course within the canalicular system of the cortex. 
In the canalicular system, arterial blood from the nutrient artery mixes 
with blood that enters the cortical capillary system from the periosteal 
capillaries derived from muscular arteries.” After reentering the mar- 
row cavity, the cortical capillaries form a sinusoidal network (Fig. 5-2). 
Hematopoietic cells are located in the intersinusoidal tissue spaces. 
Some arteries have specialized, thin-walled segments that arise abruptly 
as continuations of arteries with walls of normal thickness.” These 
vessels give off nearly perpendicular branches analogous to the arte- 
rial branching observed in the spleen and kidney, permitting volume 
compensation for changes in intramedullary pressure. In the marrow 
cavity, blood flows through a highly branching network of medullary 
sinuses. These sinuses collect into a large central sinus from which the 
blood enters the systemic venous circulation through emissary veins. 
Histomorphic studies of normal murine marrow demonstrate that all 
hematopoietic cells are within 18 um or less than 3 cell diameters of a 
blood vessel.” 

Vascular networks consisting of cells expressing CD31, CD34, 
and CD105 (endoglin) but lacking intercellular adhesion molecule 
(ICAM)-1, ICAM-2, ICAM-3, or endothelial leukocyte adhesion mol- 
ecule (ELAM)-1 (E-selectin) can form within the stroma of long-term 
marrow cultures. These findings underscore the intimate relationship of 
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Figure 5-2. Schematic of the marrow circulation (see “Marrow Struc- 
ture” for further explanation). (Used with permission of Lichtman MA, Uni- 
versity of Rochester.) 
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blood vessels to hematopoietic activity.” A study of early hematopoiesis 
of human marrow from long bones (ages 6-28 weeks) has shown an 
absence of CD34+ hematopoietic progenitors before onset of hemato- 
poiesis, a predominance of CD68+ cells mediating chondrolysis, and 
CD34+ endothelial cells developing into specific vascular structures 
organized by endothelial cells and myoid cells.” Vascular endothelial 
growth factor (VEGF) receptors found on CD34+ cells and AGM 
primitive stem cells underscore the common ontogeny.” Subsets of 
CD34+ cells expressing the AC133 antigen and the human VEGF recep- 
tor-2 (KDR/FLK1) define the functional endothelial precursor pheno- 
type.” Endothelial progenitors residing in the CD34+, CD11b+ subsets 
are capable of producing and binding angiopoietins,” and fibronectin 
(FN) enhances VEGF-induced CD34 cell differentiation into endothe- 
lial cells.” Growth and remodeling of bone, marrow space, and the vas- 
culature that supplies them with nutrients and oxygen are closely linked 
by the relative hypoxia of the marrow and surrounding bone.” The 
transcription factors, hypoxia-inducible factor (HIF)-la and -2a, are 
stabilized by hypoxia and increase VEGF expression in osteoblasts, and 
lead to regulated, coupled growth by endothelial cells and osteoblasts, 
both of which have VEGF receptors.” The expansion of erythropoiesis 
in response to erythropoietin (EPO) in mice is associated with a recip- 
rocal decrease in the vasculature.* 


INNERVATION 


Myelinated and nonmyelinated nerve fibers are present in periarterial 
sheaths in the marrow,“ where they are believed to regulate arterial 
vessel tone. Nerve terminals are distributed between layers of periar- 
terial adventitial cells or localize next to arterial smooth muscle cells.* 
Nonmyelinated fibers terminate in the hematopoietic spaces, implying 
that neurohumors elaborated from free-nerve terminals affect hemato- 
poiesis. Intimate cell-cell communication between sympathetic nerve 
cells and structural elements within the marrow sinuses occurs at less 
than 5 percent of nerve terminals that terminate within the hemato- 
poietic parenchyma or on sinus walls. This anatomical unit, termed 
a neuroreticular complex, consists of efferent (autonomic) nerves and 
marrow stromal cells connected by gap junctions.* The marrow is 
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highly innervated along the arterioles and less frequently along capillar- 
ies, where neurologic control of blood flow and angiogenesis appear to 
be mediated via neurokinin A and substance P.*° 


SINUS ARCHITECTURE, NONHEMATOPOIETIC 
CELL ORGANIZATION AND NICHE FORMATION 


In mammals, hematopoiesis occurs in the extravascular spaces between 
marrow sinuses. The marrow sinus wall is composed of a luminal layer 
of endothelial cells and an abluminal coat of adventitial reticular cells, 
which forms an incomplete outer lining (Fig. 5-3). A thin, interrupted 
basement lamina is present between the cell layers. Circulating HSCs 
move across the sinus endothelium into the extravascular space where 
they proliferate and differentiate into mature cells, which move across 
the sinus endothelium and circulate in the blood. Nonhematopoietic 
cells and extracellular matrix in the extravascular space form the mar- 
row stroma. Stromal cells obtained from animal or human marrow can 
be studied in cultures,” are derived from fibroblasts, and have unique 
phenotypic and functional characteristics that allow them to nurture 
hematopoietic development in highly specialized microenvironmental 
niches.” However, newer studies with mutant mice and mice with spe- 
cific cells that can be identified by direct fluorescence microscopy” have 
led to an understanding of the spatial orientation of the stroma and the 
localization of hematopoietic niches that they form in the marrow. 

The hematopoietic niche concept was originally described for an 
operationally defined murine multipotential pluripotential progeni- 
tor (MPP) in the spleen,” but it has been extended to various marrow 
hematopoietic subpopulations, including physically demonstrated niches 
of HSCs,” lymphoid cells,” and erythroid cells.°*** The cellular compo- 
nents of these hematopoietic areas of the marrow include several types of 
nonhematopoietic cells including: (1) the sinus endothelial cells, (2) mes- 
enchymal stem cells (MSCs) that form the skeletal elements of bone and 
marrow space such as chondrocytes, osteoblasts, osteocytes, fibroblasts, 
and adipocytes, and (3) terminally differentiated cells of hematopoietic 
origin such as macrophages, lymphocytes, and plasma cells. Experiments 
in both mice“ and humans” have demonstrated by heterotopic bone for- 
mation that host marrow sinusoidal endothelial cells and hematopoietic 
cells will infiltrate and develop within microenvironment provided by a 
transplanted MSCs and its progeny. In mice, these MSCs are identified by 
a CD105+, Thyl—, 6C3— phenotype, which can support specific hemato- 
poietic populations as their progeny develop Thy1 and 6C3 expression.” 
In humans, these MSCs are identified as CD45—, CD146+ adventitial 
reticular cells with fibroblast colony forming capacity that can intercon- 
vert between this MSC status and CD146- chondrocytes.” 

Studies localizing marrow areas that support murine HSCs and 
their early progeny the hematopoietic progenitor cells (HPCs) have led 
to the concept of two niches for these hematopoietic cells: an endosteal 
niche that promotes HSC quiescence and a vascular/perivascular niche 
that is associated with self-replicating HSCs.” Studies combining vascu- 
lar and endosteal imaging demonstrate that HSC/HPCs localized in the 
endosteal areas were also within a few cell diameters of VE cells.°* The 
hypoxic status of HSC/HPCs, in terms of HIF expression, is unrelated to 
their proximity to blood vessels,” the flow rate of blood in the marrow 
vessels in the vicinity of HSCs appears to be very low,” and the lowest 
oxygen tension directly measured in the marrow is in the perivascular 
areas of microvessels.’ These results suggest that the functional status 
of microvessels has a larger role in HSC niche activity than the proxim- 
ity of the potential niche to its vascular supply. 


Endothelial Cells 
Endothelial cells are broad flat cells that completely cover the inner sur- 
face of the sinus. They form a major barrier and control the system 


for chemicals and particles entering and leaving the hematopoietic 
spaces, with overlapping or interdigitating unions permitting volume 
expansion." The endothelium of marrow sinusoids is actively endo- 
cytic and contains clathrin-coated pits, clathrin-coated vesicles, lys- 
osomes, phagosomes, transfer tubules, and diaphragmed fenestrae.'°*'™ 
Marrow endothelial cells express von Willebrand factor protein,'” type 
IV collagen, and laminin.’ They also constitutively express adhesion 
molecules: ICAM-3,'” vascular cell adhesion molecule (VCAM)-1, and 
E-selectin, all of which regulate HSC proliferation.” The distribution 
of sialic acid and other carbohydrates on the luminal surface of marrow 
sinus endothelium is discontinued at diaphragmed fenestrae and coated 
pits, suggesting such glycosylation plays a role in endothelial membrane 
function and cellular interactions.''° In vivo, the conditional deletion in 
endothelial cells of gp130, the common receptor component for several 
cytokines, including IL-6, leads to a hypocellular marrow as mice age.’ 
The loss of gp130 from marrow endothelial cells affects the progenitor 
cell populations rather than the HSC leading to a lethal anemia, a leu- 
kocytosis, but normal platelets.’ 

Marrow endothelial cells via direct cell-cell contacts and secreted 
peptides uniquely influence osteoprogenitor cell differentiation’ and 
regulate hematopoiesis." Marrow microvascular endothelium has 
major roles in osteogenesis through its physiologic production of the 
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Figure 5-3. Transmission electron micrograph of a 
mouse marrow sinus. The small arrow in the sinus lumen 
(L) indicates the perikaryon of an endothelial cell. Several 
endothelial cell junctions are present along the circumfer- 
ence of the sinus endothelial wall. Thus, the wall is com- 
posed of the cytoplasm of endothelial cells that overlap or 
interdigitate. Two adventitial reticular cell bodies are iden- 
tified by arrows at the top and upper left of the sinus. The 
cytoplasm of the adventitial reticular cells is discontinuous 
as it is followed around the sinus. Three cytoplasmic pro- 
cesses of adventitial reticular cells are indicated by arrows. 
Other, smaller processes of reticular cell cytoplasm are 
found upon close inspection of the sinus periphery and 
the hematopoietic spaces. The scattered rough endoplas- 
mic reticulum and dense bodies are characteristic of the 
reticular cell cytoplasm. (Reproduced with permission from 
Lichtman MA: The ultrastructure of the hemopoietic environ- 
ment of the marrow: A review. Exp Hematol 9:391, 1981.) 


VEGF 164 isoform as well as multiple cytokines that are usually asso- 
ciated with inflammation.'* Other marrow endothelial cell cytokines 
that affect hematopoiesis include SCĘ'" angiopoietin-like protein 3,6 
IL-5," thymosin f „ ACSDKP,'"* and B-type natriuretic peptide." Endo- 
thelial cells also regulate cellular trafficking into and out of the marrow 
sinusoidal spaces by altering their permeability and reorganizing their 
cytoskeleton by ICAM-3, by VE-cadherin-mediated cell-cell con- 
tacts,'"”!”° and via specialized heparin sulfate proteoglycans,'*! CXCL12 
bound to surface proteoglycans,’” and other chemokines/chemokine 
receptors,'?*!4 such as fractalkine, a membrane-bound chemokine with 
a mucin stalk expressed in activated vascular beds.” Marrow sinusoi- 
dal endothelium specifically expresses hyaluron and sialylated CD22 
ligands, which are homing receptors for recirculating HSCs” and B 
lymphocytes,” respectively. 


Adventitial Reticular Cells 

The abluminal or adventitial surface of the vascular sinus is composed 
of reticular cells.°"!””'"* The reticular cell bodies are contiguous with the 
sinus, forming part of its adventitial coat (see Fig. 5-3). Their extensive 
branching cytoplasmic processes envelop the outer wall of the sinus to 
form an adventitial sheath. The sheath is interrupted and is estimated to 
cover approximately two-thirds of the abluminal surface area of sinuses. 


The reticular cells synthesize reticular (argentophilic) fibers that, with 
their cytoplasmic processes, extend into the hematopoietic compart- 
ments and form a meshwork on which hematopoietic cells rest (Figs. 
5-4 and 5-5). The cell bodies, their broad processes, and their fibers 
constitute the reticulum of the marrow. 

Adventitial reticular cells can differentiate along the smooth mus- 
cle pathway and contain a smooth-muscle actin, vimentin, laminin, FN, 
and collagens I, III, and IV.”® More specialized contractile reticular 
“barrier cells” have been described in mouse marrow after hematopoi- 
etic stress.” Barrier cells increase in number and seem to enclose small 
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Figure 5-4. Scanning electron micrograph of 
rat marrow sinus. The floor of the lumen (L) is 
indicated. The arrow on the left indicates the cell 
body of an adventitial reticular cell, which is just 
beneath the endothelial cell layer. Reticular cell 
processes can be seen coursing between the 
sinus wall and the hematopoietic compartment 
(small arrows).(Reproduced with permission from 
Lichtman MA: The ultrastructure of the hemopoi- 
etic environment of the marrow: A review. Exp 
Hematol 9:391, 1981.) 


vessels and extend the venous sinuses so that release of precursors is 
restrained while accommodating an increased entry of mature cells into 
the circulation.'*! 

Studies in both mice and humans have identified subsets of adven- 
titial reticular cells as MSCs with adipocytic-osteogenic potential that 
in mice appear to have significant overlap: (1) CXCL12-abundant 
reticular (CAR) cells, (2) adventitial reticular cells expressing the 
intermediate filament protein Nestin and displaying the surface pro- 
teins platelet-derived growth factor (PDGF) receptor-a and CD51 
(Nestin+, PDGFRa+, CD51+),! and (3) adventitial reticular cells 


Figure 5-5. Scanning electron micrograph 
of rat femoral marrow sinus. The lumen (L) 
of an exposed sinus that has been cut open 
is indicated. The single asterisk indicates the 


intimate contact it ma 
etic cell. To the left of 


for hematopoietic ce 


in the sinus floor is an 


process of an adventiti 


al reticular cell and the 
kes with a hematopoi- 
his process are adven- 


titial reticular cell fibers, which form a scaffold 


Is. The double asterisk 


identifies a portion of a reticular cell. The hole 


artifact of preparation 


or a migration channe 


bereft of the emigrat- 


ing cell. Empty spaces between cells and 
fibers are artifacts of preparation. The arrow 
to the left points to thin-walled fenestrae in 
the endothelial cytoplasm. The arrow to the 
right identifies the portion of a reticulocyte 
that may be penetrating the sinus wall, early 
in egress (see Fig. 5—8A). (Used Lichtman MA, 
University of Rochester.) 


expressing leptin receptors.''*'** The human equivalents are a popu- 
lation of CD45-, CD146+ adventitial reticular cells that have smaller 
subsets that express Nestin, PDGFRa, and CD51.'** A major proportion 
of these subsets are restricted to the perivascular area, but have some 
cells scattered throughout the hematopoietic marrow. However, because 
these adventitial reticular subsets are also the major sources of CXCL12 
and SCF in the marrow, they have important roles in establishing the 
HSC niche near the marrow microvasculature while their progeny 
establish the endosteum and its associated hematopoietic niche in the 
marrow. 

The majority of CAR cells are in close association with the sinus- 
oidal endothelial cells but some are also associated with the endosteum. 
Like the Nestin+ MSCs, CAR cells appear to be progenitors of osteoblasts 
and adipocytes while producing major amounts of CXCL12 and SCE'* 
Development of CAR cells and their production of CXCL12 and SCF 
is associated with the expression of the transcription factor Foxlc.'* 
CAR cells and the niches that they create in the marrow are required 
for the normal development of HSC, various differentiation stages of B- 
lymphocytes, natural killer cells, and the plasmacytoid dendritic cells 
that are all found in close physical association with CAR cells.'*” 

Autonomic neurons innervate the perivascular Nestin+, PDG- 
FRa+, CD51+ adventitial reticular cells which maintain the HSC niche 
by several surface-displayed and/or secreted products including IL-7 
and VCAM-1, in addition to SCF and CXCL12.* 6-Adrenergic neuro- 
transmission inhibits the expression of these proteins so that mice with 
specific denervation have decreased marrow cellularity and increased 
circulating hematopoietic progenitors.’ The sympathetic nervous sys- 
tem controls circadian fluctuations in circulating HSC numbers though 
its effect on MSC expression of the chemokine CXCL12 in the mar- 
row.™ Studies in mice with defective myelinization and mice treated 
with adrenergic antagonists or agonists indicate that the adrenergic 
nervous system in the marrow also regulates mobilization of HSCs by 
granulocyte colony-stimulating factor (G-CSF).'*! However, the non- 
myelinating Schwann cells associated with the autonomic nerves of 
the marrow secrete transforming growth factor-B (TGF-f) and thereby 
maintain the HSC quiescence.’ 
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Adipocytes 

Adipocytes in the marrow develop by lipogenesis in fibroblast-like cells 
(Fig. 5-6). Reticular cells in mouse and human marrow can undergo 
transformation to fat cells in vitro and can revert into fibroblasts in 
culture by lipolysis,'°"'* and the Nestin+ MSCs'** and CAR MSCs can 
differentiate into adipocytes. A reciprocal relationship between adipo- 
cyte and osteoblast differentiation of MSCs appears to be controlled by 
multiple transcription factors, with both peroxisome proliferator-acti- 
vated receptor-y2 (PPARy2)'* and CCAAT/enhancer binding protein 
(C/EBP)' promoting adipocyte differentiation. Marrow fat cells are 
relatively resistant to lipolysis during starvation, and their phenotype is 
consistent with both white and brown fat.'*'"” Although the proportion 
of saturated fatty acids is lower than in other fat deposits, marrow fat 
composition depends on whether it is located in the red, hematopoiet- 
ically active, or the yellow, hematopoietically inactive, marrow. Human 
marrow adipocytes support the differentiation of late-stage, commit- 
ted, myeloid and lymphoid hematopoietic cells, but they are unable 
to support earlier progenitor stages. Quantification of immature 
hematopoietic cells including HSCs shows reduced numbers in human 
marrows with increased fat,” and in vivo studies in mice confirm that 
marrow adipocytes create a negative hematopoietic microenvironment 
that reduces development of HSCs and early-stage common hemato- 
poietic progenitors.” 


Bone Cells 

Osteoblasts, osteoclasts, and elongated flat cells with a spindle-shaped 
nucleus form the marrow endosteal lining.’ These endosteal cells and 
the closely associated microvascular cells participate in a dynamic pro- 
cess in which endochondral bone formation proceeds with removal of 
calcified cartilage and connective tissues by macrophages while new 
bone is formed by osteoblasts and remodeled by specialized osteo- 
clasts.'"*"°° Osteoblasts that become embedded in the bone matrix 
proteins are termed osteocytes, a terminally differentiated cell that has 
secretory capacity and influences the activities of osteoblasts, osteo- 
clasts, and hematopoietic cells. Resting endosteal cells express vimentin, 
tenascin, a smooth-muscle actin, osteocalcin, CD51, and CD56. They 


Figure 5-6. Scanning electron micrograph of rat 
femoral marrow. Several sinuses and the intervening 
hematopoietic cords are evident. The exposed lumen 
(L) of one branching sinus is indicated. The sinus, 
just above the L, contains a bean-shaped proplatelet 
with an attenuated strand connected to a separat- 
ing smaller proplatelet fragment. Smaller proplatelet 
fragments are below the L. The short horizontal arrow 
points to the cytoplasm of a transected megakaryo- 
cyte. The lower arrow points to a fat cell. The rat femoral 
marrow contains a modest number of fat cells. Spaces 
in the hematopoietic cords are artifacts resulting from 
transecting the femur. (Reproduced with permission 
from Lichtman MA: The ultrastructure of the hemopoi- 
etic environment of the marrow: A review. Exp Hematol 
9:391, 1981.) 


do not react with antibodies to CD3, CD15, CD20, CD34, CD45, CD68, 
or CD117."' Enriched CD56+, CD45-, CD34- endosteal cells grown 
in the presence of cytokines (insulin growth factor I, basic fibroblast 
growth factor [bFGF], SCF IL-3, granulocyte-macrophage colony-stim- 
ulating factor [GM-CSF]) do not give rise to hematopoietic cells, which 
suggests they are not totipotent MSCs.'*' In the next sections, the two 
major types of cells responsible for endosteal activity, osteoblasts and 
osteoclasts, are considered in terms of their potential roles in maintain- 
ing the hematopoietic niche. 


Osteoblasts 

Osteoblasts have three major functions: formation of new bone by reg- 
ulating the secretion of the bone matrix proteins, regulation of bone 
resorption via osteoclast activity, and regulation of the hematopoietic 
environment mainly by secretion of cytokines. Bone-forming osteoblast 
progenitor cells, like stromal precursors, reside in the CD34—, STRO- 
1+ nonadherent marrow cell population. The differentiation of 
mesenchymal cells into either osteoblasts or adipocytes is related to the 
relative activities of Runx2 and PPARy, respectively.’ With aging, the 
sensitivity to PPARy appears to increase, contributing to the increase 
in adipose tissue in the marrow found with older age.’ BMP2,!° 
bFGE'** hepatocyte growth factor (HGF), parathyroid hormone” 
and endothelin-1'* promote osteoblast growth, whereas the cytokine 
TGF-f'* and the transcription factor osterix'®” promote differentia- 
tion. Osteoblasts increase early hematopoietic progenitor survival in 
long-term cultures and secrete hematopoietic growth factors such as 
M-CSF, G-CSF, GM-CSF, IL-1, and IL-6." Osteoblasts also produce 
various cytokines such as hematopoietic cell-cycle inhibitory factors 
TGF-B,'* osteopontin,' and CXCL12,” as well as cell-cycle stimula- 
tory factor Dickkopf-1,'® all of which contribute to stem cell regulation 
within the marrow microenvironment. Direct cell-cell communication 
has been shown in the marrow and in osteoblastic cell networks,'% 
indicating a potential regulatory role for anatomical gap junctions in 
hematopoiesis. The size of stem cell niches increases after 
osteoblastic expansion and Notch activation in transgenic models. ™™!? 
In another model, intramedullary hematopoiesis and stem cell num- 
bers are severely diminished following in vivo ablation of osteoblasts,’® 
underscoring the importance of this cell type to the marrow hemato- 
poietic inductive microenvironment. The lymphoid niches for early 
lymphoid progenitors and differentiating B cells are located adjacent 
to the endosteal surface.” Osteocytes, which are terminally differ- 
entiated osteoblasts trapped in the bony matrix, secrete cytokines into 
the marrow space that act in a negative feedback manner on new bone 
formation. Specifically, the osteoblast and stromal cell surface protein 
receptor activator of nuclear factor-«B ligand (RANKL) activates osteo- 
clasts,’ while the cytokine sclerostin suppresses osteoblast activity." 
Disruption of the signaling mechanism of G-protein receptors in osteo- 
cytes leads to an expansion of myelopoiesis that is mediated by secreted 
myelopoietic cytokines, most likely G-CSF.” 


Osteoclasts 

Mature osteoclasts are multinucleated giant cells derived from fusion of 
progenitor cells of the monocyte/macrophage lineage of the HSC. The 
mature osteoclasts resorb and remodel bone, regulate osteoblast activ- 
ity, and help control the HSC entry into and exit from the marrow. +15 
The osteoclasts have motile and resorptive phases. They require the 
Wiskott-Aldrich syndrome protein during clustering and fusion of 
actin-based adhesion structures named podosomes.'”° Podosomes are 
involved in the formation of specific structures termed sealing zones 
in which actin rings surround an area of ruffled plaama membrane at 
the face of the endosteal bone. Within these sealing zones, osteoclasts 
secrete hydrochloric acid and digestive enzymes that resorb bone. 
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Osteoclasts also can be derived from pro-B cells, as shown by Pax-5 
knockout mice, which have increased osteoclasts and severe osteope- 
nia.” When osteoclast activity or number are reduced or eliminated 
in mice through null mutations or homologous recombination, the 
marrow cavities fail to form resulting in osteopetrosis. Based on stud- 
ies of osteopetrotic mice, proteins required for osteoclast differentiation 
include the macrophage transcription factor PU.1; the secreted and sur- 
face displayed cytokine M-CSF of stromal cells and its receptor c-FMS 
on osteoclasts; the transcription factor c-FOS; the cytokine RANKL; 
its osteoclast receptor RANK, the signaling transducer tumor necrosis 
factor-a (TNF-a) receptor-associated factor 6 (TRAF 6); the down- 
stream transcription factor nuclear factor (NF)-«B, and nuclear factor 
of activated T cells (NFAT).'%"!” Other osteopetrotic mice strains 
have deficiency of proteins required for the bone resorption function of 
osteoclasts. These proteins include the 8, component of the a 8, integrin 
(vitronectin receptor) required for binding of the osteoclast sealing zone 
to bone; c-Src signaling protein; the proton transporting H+ adenosine 
triphosphatase (ATPase) and chloride channel protein required for 
HCI secretion; and the secreted osteoclast proteins cathepsin K, matrix 
metalloproteinases, and TRAP that digest the bone matrix. 7417517? 

Osteoblast/stromal cells regulate differentiation of osteoclasts 
through intimate cell-cell contacts. They are found in direct apposition 
to osteoclasts with coated pit formation, suggesting accumulation of 
receptor-ligand complexes in endocytic vesicles.'**’*' The recruitment 
of the osteoblasts and osteoclasts appears to be through capillaries 
associated with the remodeling compartment.” A major regulatory 
mechanism by which osteoblasts and osteoclasts interact is the RANK/ 
RANKL/osteoprotegerin (OPG) system of signaling.'® Osteoclast dif- 
ferentiation and maturation require the signaling cascade from RANK 
on the cell surface through TRAF 6, NF-«B, and NFAT." Osteoblasts 
and their progenitor cells display RANKL on their surfaces, and binding 
of RANKL to the RANK on the osteoclasts and their progenitors pro- 
motes differentiation and activation of the osteoclasts. Osteoblasts also 
secrete OPG, a decoy receptor for RANKL, which inactivates RANKL 
by binding to the active site of RANKL, thereby preventing its bind- 
ing to RANK. As a result, osteoclastic activity is decreased when OPG 
concentrations are high and increased when they are low.'* Another 
signaling mechanism by which osteoclasts and osteoblasts reciprocally 
regulate the differentiation and activities of each other is the ephrin- 
B2-EphB4 signaling system.’ Osteoclasts express ephrinB2 on their 
surfaces while the osteoblasts express EphB4, a member of the recep- 
tor tyrosine kinase (RTK) family, which is the receptor for ephrinB2. 
Binding of ephrinB2-EphB4 results in bidirectional signaling in which 
osteoclast differentiation is decreased though suppression of the 
c-FOS-NFATc1 activity, whereas osteoblast differentiation is increased 
by EphB4 signaling. 

Osteoclasts produce HGF and express c-Met, the HGF receptor, 
implying a paracrine and autocrine regulatory pathway between them 
and adjoining osteoblasts.’*”'* Similarly, blocking expression of cad- 
herin-6 interferes with heterotypic interactions between osteoclasts and 
stromal cells, impairing their ability to support osteoclast formation. 
CD9, a tetraspanin transmembrane adhesion protein on stromal cells,'*” 
influences myelopoiesis in long-term marrow cultures.'** Inhibition of 
stromal cell CD9-mediated signaling by a blocking antibody reduces 
osteoclast differentiation factor transcription, leading to reduced osteo- 
clastogenesis.'*” Macrophage-stimulating protein, a HGF-like protein, 
signals through the stem cell-derived tyrosine kinase, a member of 
the HGF receptor family. It also stimulates osteoclast bone-resorb- 
ing activity by enhanced cytoskeletal reorganization without affecting 
proliferation of osteoclast precursors.'””'”! Osteoclast differentiation is 
influenced by monocytes expressing ADAM-8 (CD156), a protein of the 
disintegrin and metalloproteinase family,” and eosinophil chemotactic 


factor-L (ECFL),'” characterizing complex cell-cell, cell adhesion pro- 
tein, stromal cell cytokine, and chemokine signals within the marrow 
microenvironment. 


LYMPHOCYTES 


Lymphocytes, including T, natural killer (NK), B, and plasma cells, 
and macrophages, including monocyte-derived, antigen-presenting 
dendritic cells, arise from the HSCs and undergo part of their differen- 
tiation in the marrow. They then circulate and, in the case of the lym- 
phoid cells, reside and further differentiate in other organs such as the 
thymus, spleen or lymph nodes, before returning to the marrow, where 
they terminally differentiate and form part of the marrow microenvi- 
ronment by producing growth factors (IL-3, CCL3) and participating 
in cell-cell interactions with developing progenitors.**!°"'** Monocytic/ 
macrophage progenitor cells can enter the circulation and later enter 
many different tissues where they differentiate into macrophages. In 
the marrow, the monocytic/macrophage progenitors can differentiate 
into macrophages or fuse and become osteoclasts. Lymphocytes and 
macrophages concentrate around arterial vessels, near the center of 
the hematopoietic cords. B cells also cluster near the osteal surface.” 
Mature B and T lymphocytes in the marrow are in contact with a spe- 
cific set of monocyte-derived, antigen-presenting dendritic cells that are 
clustered around the blood vessels.’ 

Lymphocytic differentiation begins as HSCs that have committed 
to differentiation as multipotent HPCs (MPPs) lose their potential to 
become megakaryocytic-erythroid progenitors (MEPs) and granu- 
locyte-macrophage (GM) progenitors; this change in differentiation 
potential is detectable as the upregulation of lymphoid-specific tran- 
scripts, that is, they are lymphoid-primed multipotent progenitors 
(LMPPs). The commitment of LMPPs to lymphoid differentiation in 
these early-stage HPCs is reinforced by progressive expression of FMS- 
like tyrosine kinase 3 (Flt-3), IL-7 receptors (IL-7R), and recombina- 
tion activating genes-1/2 (Rag-1/2) proteins. These early lymphoid 
progenitors (ELPs) require a microenvironment provided by MSCs and 
their osteogenic progeny which supplies VCAM-1, CXCL12, Flt-3 lig- 
and, and IL-7.'*! The ELPs enter the blood with transit to the thymus 
where they undergo differentiation into T cells. In addition, to its role 
as site of early T-lymphocyte development, the marrow acts a secondary 
organ for the proliferation of mature CD8 and CD4 memory T lympho- 
cytes. Although no specific organized structure or niche has been found 
for these T lymphocytes, they can represent up to 4 percent of nucleated 
cells in the marrow that they reenter by migrating through the sinus- 
oidal endothelium from the blood.” Alternatively, LMPPs can remain 
in the marrow and differentiate into common lymphocyte progenitors 
(CLPs) that give rise to NK progenitor cells, which differentiate in the 
marrow, or prepro-B cells that mature to the pro-B cells, which migrate 
from the marrow to the lymph nodes or spleen where they differentiate 
further, 47 

Marrow stromal cells facilitate the maturation of NK cells, an 
effect likely mediated by stromal-derived Flt-3 ligand and IL-15.*” 
Within the marrow, both NK cells and CD8+ memory T cells require 
the coordinated expression of secreted IL-15 and surface IL-15 recep- 
tors by other marrow cells for their survival and development.” The 
marrow MSCs and their osteogenic progeny also create a microenvi- 
ronment for proliferation and differentiation of ELPs through the later 
sequential lymphoid stages of CLPs, prepro-B cells, pro-B cells, and 
pre-B cells via the provision of osterix and galectin-1.'* 

The differentiation stages subsequent to the pro-B cells occur after 
the cells enter the blood and seed the lymphoid follicles of the sec- 
ondary lymphoid organs, mainly spleen and lymph nodes. From these 
lymphoid organs, the cells then reenter the blood as B lymphocytes 
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or immature plasma cells. The immature plasma cells that have dif- 
ferentiated in the spleen and will become the long-lived plasma cells 
return home to the marrow, where they are located in contact with 
CXCL12-producing stromal cells. A negative feedback is completed as 
the mature plasma cells either compete with the prepro-B cells for sites 
on the CXCL12-producing stromal cells or directly induce apoptosis 
of the prepro-B cells." Marrow blood vessel-associated dendritic cells 
produce macrophage migration-inhibition factor, a cytokine required 
for survival of mature B lymphocytes that have matured in secondary 
lymphoid organs and recirculated to the marrow.” 


MACROPHAGES 


Hematopoietic progenitors restricted to monocyte/macrophage differ- 
entiation are characterized by expression of M-CSF receptors (FMS), 
membrane-activating complex-1 (CD11b), and F4/80 antigen, and give 
rise to monocytes that enter the blood.’ These nondividing monocytes 
can then enter various organs, including a subset with high Ly6C that 
reenter the marrow where they become macrophages and antigen-pre- 
senting dendritic cells." Although they are both descendants of 
similar M-CSF-dependent monocytic progenitors, macrophages dif- 
fer from osteoclasts by their single nucleus and, in mice, expression 
of F4/80 antigen as well as lack of TRAP and calcitonin receptors.” 
Marrow macrophage phenotype?” is regulated by adjoining stromal 
cell-accessory cell-derived colony-stimulating factors and cytokines,” 
such as M-CSF-induced upregulation of «,6,- and «f -integrin expres- 
sion” and Flt-3 ligand-promoting macrophage outgrowth with B-cell- 
associated antigens.” Macrophages are an integral component of the 
local microenvironment and regulate hematopoiesis via a complex 
array of dual-acting stem cell stimulatory and inhibitory factors, such as 
IL-1, CCL3, TNF-a, and TGF-f.7!'*! Macrophages respond to PDGF 
by upregulating IL-1 secretion and thereby activating primitive hemato- 
poietic cells.*!* Macrophages also modulate the structure and composi- 
tion of the extracellular matrix (ECM) and its FN content.?5 
Specialized macrophages termed osteomacs form a canopy over 
the active osteoblasts and osteoclasts on the endosteal surface, where 
the macrophages coordinate the bone-forming activity of osteoblasts 
and bone-resorbing activity of osteoclasts. Another subset of mac- 
rophages, which are identified by CD169 (sialoadhesin/Siglec-1 [sialic 
acid-binding immunoglobulin-like lectin-1]), act to retain in the mar- 
row those HSCs and early progenitor cells that are capable of circula- 
tion in the blood.” CD169-expressing macrophages also comprise 
the central macrophages of erythroblastic islands that interact directly 
with erythroid cells,” enhancing their proliferation and differentiation. 
Similarly, mature B and T lymphocytes in the marrow are supported in 
the specific microenvironment provided by monocyte-derived, antigen- 
presenting dendritic cells that are clustered around the blood vessels.'*° 


EXTRACELLULAR MATRIX 


Mesenchymal cells forming the cellular stroma in the marrow create 
a network of ECM proteins, such as proteoglycans or glycosamino- 
glycans (GAGs), FN, tenascin, collagen, laminin, and thrombospon- 
din (TSP).”"*' Localizing signals are provided by stromal-ECM and 
hematopoietic cell adhesive interactions???” in concert with chemok- 
ines** and cytokines bound to heparin-like structures in the GAGs.” 
The binding of specific cytokines may enhance the activity of a cytokine 
if the GAG-binding site does not interfere with the site that binds the 
cytokine receptor, whereas GAG-binding sites that overlap or interfere 
with a cytokine receptor-binding site can inhibit the cytokine func- 
tion.” Table 5-1 lists the cytokines that are presented on the surface of 
stromal cells and matrix-binding chemokines and cytokines.” 


TABLE 5-1. Cell Membrane Presentation and Matrix 


Association of Cytokines and Chemokines 


Cell Membrane Matrix Association 


Chemokine 
RANTES, PF-4, IP-10, IL-8 


Macrophage inflammatory proteins 
(MIP-1a, MIP-1B) 


CXCL12/stromal cell-derived growth 
factor-1 (SDF-1a, SDF-1B) 


Monocyte chemoattractant protein-1 
(MCP-1) 


Cytokine 


Chemokine 
Fractalkine 


Cytokine 
c-KIT ligand 


Granulocyte-macrophage colony- 
stimulating factor 


Tumor necrosis factor-a 
(TNF-a) 


Interleukin-1 (IL-1) 


Interferon-y (IFN-y) 


Leukemia inhibitory factor (LIF) 


Interleukins (IL-1a, IL-1, IL-2, IL-3, IL-4, 
IL-5, IL-6, IL-7, IL-12) 


Macrophage colony- 
stimulating factor 
(M-CSF) 


Basic fibroblast growth factor (bFGF) 


Transforming growth 
factor-a (TGF-a) 


Hepatocyte growth factor (HGF) 


Transforming growth factor-B (TGF- 
B; binding to endoglin and heparan 
sulfate) 


IP-10, interferon-inducible protein 10; PF-4, platelet factor 4; RANTES, 
regulated upon activation normal T-cell expressed and secreted. 


In addition to its supply of hematopoietic growth factors, the ECM 
provides noncellular binding partners for surface adhesion molecules 
of the hematopoietic and mesenchymal cells. The marrow microelastic- 
ity, which is a function of cellular density and ECM composition, var- 
ies more than 100-fold from the soft central areas to the much stiffer 
endosteal areas.*” This microelasticity determines the differentiation of 
MSCs,” and the fate of HSCs and committed hematopoietic cells.“ In 
HSCs and HPCs, the activities of two nonmuscle myosin isozymes are 
regulated in response to the elasticity of the ECM. The increased relative 
activity of nonmuscle myosin II B that mediates asymmetric cell divi- 
sion and self-renewal is greatest in the stiffer ECM of endosteal areas, 
whereas increased relative activity of non-muscle myosin IIA in the areas 
of softer ECM mediates symmetric cell division and differentiation.” 


Proteoglycans 

Proteoglycans are polyanionic macromolecules (heparan sulfate, der- 
matan, chondroitin sulfate, hyaluronic acid) that are distributed on the 
surface of adventitial reticular cells and within the ECM.”'**” Heparan 
sulfate is the main cell-surface GAG in long-term marrow cultures, 
and chondroitin sulfate is the major secreted species.” D-xylosides, 
which stimulate artificial sulfated GAG synthesis, increase chondroitin 
sulfate synthesis and hematopoietic cell production.“ Hyaluronic 
acid and chondroitin sulfate-containing proteoglycans are prominent 
in the adherent and nonadherent compartments of long-term mar- 
row cultures.*” Heparin-containing and heparan sulfate-containing 
proteoglycans interact with laminin and type IV collagen and may 
play a role in cell-cell interactions, cytokine presentation, and cell 
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differentiation.**°” They also mediate progenitor cell binding to other 


ECM molecules such as FN. 

Agrin, a proteoglycan associated with neuromuscular junctions, 
is produced in the marrow by MSCs, osteoblasts and monocytes, and 
interacts through a-dystroglycan receptors on HSCs**! and their prog- 
eny as they differentiate along the monocyte/macrophage lineage.” 
Agrin-deficient mice have hypocellular marrows as a result of decrease 
in all marrow hematopoietic cell lineages” as well as specific inhibition 
of numbers and phagocytic function of monocytes and macrophages.” 
An important hematopoietic cell proteoglycan, CD44, has hyaluronate 
as a major matrix ligand. The CD44-hyaluronate interaction is greatly 
enhanced by various cytokines, and it promotes other matrix and cel- 
lular interactions by hematopoietic cells. Cytokines (GM-CSE, IL-3, 
SCF) rapidly induce CD44 expression and increase CD44-mediated 
adhesion of CD34+ hematopoietic progenitors to hyaluronan. Lym- 
phocyte CD44 has a binding site on the carboxy-terminal heparin- 
binding domain of FN,’ and neutralizing antibodies to CD44 inhibit 
hematopoiesis in long-term marrow cultures.” Chondroitin sulfates A 
and B mediate monocyte and B-cell activation via a CD44-dependent 
pathway.” Hyaluronate binding enhances hematopoiesis by releasing 
IL-1 in a CD44-dependent manner and IL-6 by a CD44-independent 
pathway.” In humans, a specific CD44 isoform displayed on hemato- 
poietic cells is a ligand for E- and L-selectins and plays a role in HSC 
homing and integrin-mediated transendothelial migration in the 
marrow.” 

Heparan sulfate mediates IL-7-dependent lymphopoiesis*® and 
modulates hematopoiesis and stromal cell-matrix remodeling” by 
anchoring HGF”? and bFGF? On the surface of marrow 
stromal cells, the main heparan sulfate-containing proteoglycans are 
syndecan-3, syndecan-4, and glypican-1. In the ECM, the most prev- 
alent form is perlecan.** Syndecan-3 is expressed by marrow stromal 
cells as a variant form with a core protein of 50 to 55 kDa, suggesting 
syndecan-3 plays a role in hematopoiesis.*“ Perlecan promotes bFGF 
receptor binding and mitogenesis, and can bind GM-CSF." Hepa- 
ran sulfate expression is induced on the cell surface in early erythroid 
differentiation of multipotential HSC.” Glypican-4, another member 
of this family, is found on marrow stromal cells and progenitor cells.” 
Syndecan-1 expression in B lymphoid cells is reduced by IL-6, which 
implies similar regulatory pathways in other cell types.’ Biglycan, a 
matrix glycoprotein, with homology to osteonectin, and the molecule 
SIM, a transmembrane protein, selectively increase IL-7-dependent 
proliferation of B cells.*® Interactions of B cells with other components 
of the immune system are mediated by syndecan-4, which facilitates the 
formation of dendritic processes”? and regulates focal adhesion, stress 
fiber formation, and cell migration.”” 
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Fibronectin 
FN localizes at sites of attachment of hematopoietic cells and marrow 
stromal cells in vitro’’’’” and at sites of interaction between these cells 
and developing granulocytes or monocytes.?? Early erythroid pro- 
genitors bind FN through their integrin receptors «f, and af 7*7 
Adhesion of HPCs to stroma is partly mediated by FN.” The alterna- 
tively spliced form of FN (type II connecting segment [HICS]), which 
is expressed uniquely within the marrow microenvironment, associates 
with the a f -integrin receptor on HSC.*” Additional IIICS FN variants 
have been detected in marrow stroma, providing for finely controlled 
progenitor-stem cell interactions based on messenger RNA splicing.’ 
FN adhesion to peptide domains, such as the CS1 domain (which acti- 
vates a, integrins) or stromal cells, can have dual effects of stimulation 
and inhibition of hematopoietic progenitor growth.2?-? 

The very-late antigens (VLA)-4 and VLA-5 (a,8, and «,8,) and 
CD44 cooperate to promote FN adhesive interactions.”””*-**4 Cytokines 


such as IL-3, SCE, and thrombopoietin (TPO) augment the magnitude 
of FN-mediated HPC adhesion and migration.” Functional effects 
of FN within the marrow ECM include decreased erythroblast FN adhe- 
sion as differentiation progresses*”*** with modulation of erythroid cell 
differentiation dependent upon competing binding of a f}, integrin 
with FN in the ECM and with central macrophages in erythroblastic 
islands.*” Binding of collagen I in the marrow ECM by megakaryo- 
cytes leads to their spreading and inhibition of proplatelet formation 
by a mechanism involving FN induction and secretion with polymer- 
ization via cosecreted factor XIII-A.” EN is required for expression of 
gelatinase in macrophages” and regulates cytokine release by M-CSF- 
activated macrophages”*” and chondrocytes.” 


Tenascin 

The fibrillar glycoprotein tenascin-C is found in the microenvironment 
surrounding maturing hematopoietic cells.” Tenascin-C has distinct 
functional domains that promote hematopoietic cell adhesion to ECM 
proteins or mediate a strong mitogenic signal to marrow mononuclear 
cells.” Although tenascin-C-deficient mutant mice appear to have nor- 
mal steady-state hematopoiesis, colony-forming capacity of marrow is 
markedly decreased,”® marrow regeneration capacity after cytoreduc- 
tive agents is decreased,” and retention of T-lymphocyte progenitors 
is impaired.” This last effect is mediated through the æ f, integrin on 
T-lymphocytes progenitors, but effects on HSCs and early hematopoi- 
etic progenitors is mediated by a different mechanism.” Mutant tena- 
scin-C-deficient animals also display decreased FN in their marrow, 
suggesting a possible mechanistic interaction between tenascin-C and 
FN in the marrow microenvironment.’ 


Collagen 

Collagen types I and III are associated with microvascular walls, 
whereas collagen type IV is confined to basal lamina beneath endo- 
thelial cells. Marrow-derived capillary networks grow in collagen 
gel cultures,*” inhibition of collagen synthesis reduces hematopoiesis 
in vitro,**' and collagen-based scaffolds are most effective for in vitro 
three-dimensional models of the hematopoietic microenvironment.*” 
Marrow-derived fibroblasts and stromal cells synthesize collagens I, 
HI, IV, V, and VI.*° Collagen VI binds von Willebrand factor and is 
a strong cytoadhesive component of the marrow microenvironment.” 
Erythroid and granulocytic progenitors adhere to collagen type I in 
vitro. Collagen type XIV, another fibril-associated collagen, promotes 
hematopoietic cell adhesion of myeloid and lymphoid cell lines.” In 
situ immunolocalization of ECM proteins in murine marrow shows that 
collagen types I and IV and FN localize to the endosteum.*” Megakary- 
ocyte binding to collagen I that induces FN secretion and polymeriza- 
tion enhances the æ} -mediated collagen binding by megakaryocytes, 
permitting increased megakaryocyte adhesion and migration,** which 
are also mediated by other megakaryocytic collagen receptors including 
glycoprotein VI and discoid domain receptor 1(DDR1). 


Laminin 

Laminins, multidomain glycoproteins with mitogenic and adhesive 
sites, are major components of the ECM and basement membranes.*"” 
Laminin interactions with collagen type IV and basement membrane 
components such as proteoglycans and entactin*!! regulate leukocyte 
chemotaxis.*?*!7 CD34+ granulocytic progenitors,** mature mono- 
cytes,™ and neutrophils*!® adhere to laminins. The role of laminins 
within the cytomatrix may be to strengthen adhesive interactions with 
æ fp, (VLA-5) and aß, (VLA-6) on hematopoietic cells.*° In combi- 
nation with FN in vitro, laminins can expand both HSCs and several 
more differentiated progenitors.*!” Laminins are composed of a, B, and y 
polypeptides with expression of laminin-2 (a,6,y,), laminin-8 (æ f y.) 
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and laminin-10 (a@.8,y,) in the marrow.*** Stromal cells in cultures and 
cytokine-expanded CD34+cells also express laminin f, which is found 
in the pericellular space in marrow and intracellularly in megakary- 
ocytes.*"” Laminin-y, chain expression, which is unique to marrow- 
derived stromal cells, colocalizes with a smooth-muscle actin in mar- 
row and is not expressed in endothelial cells or megakaryocytes.*” 

Integrins «f, and aß, are receptors for laminin-10/11 and 
laminin-8.** Laminin-10/11 (a.8,y,/y.8,y,) and FN bind CD34+ and 
CD34+ CD38-progenitors, whereas laminin-8 («,8,y,) and lami- 
nin-10/11 facilitate CXCL12-mediated transmigration of CD34+ 
cells.** In mouse repopulation studies, antibodies that block the æ; 
components of laminin receptors decreased the homing of HSCs and 
colony-forming units-granulocyte-macrophage (CFU-GM).*? When 
combined with antibodies to the « „ component of integrins, antibodies 
that block the a, components synergistically decreased marrow homing 
of the short-term, multipotent repopulating cells. In contrast to this role 
of these integrin receptors in the homing of HSCs, a 67-kDa, noninte- 
grin laminin receptor is upregulated in HSCs following G-CSF stimu- 
lation and plays a significant role in their mobilization.*” This 67-kDa 
nonintegrin receptor for laminin also has a role in the marrow homing 
of burst-forming units—erythroid (BFU-Es), early-stage erythroid pro- 
genitors that circulate in the blood. On the other hand, the Lutheran 
blood group glycoproteins serve as receptors for the «, integrin compo- 
nent of laminins on the late-stage erythroid cells.*** Laminin promotes 
the M-CSF-dependent proliferation of marrow-derived macrophages 
via the a,-integrin subunit,” and a}, mediates mast cell adhesion to 
laminin.” 


Thrombospondin 

The TSPs are secreted matrix glycoproteins that modulate cell function 
by altering cell-matrix interactions.” TSP1, a multifunctional ECM 
protein initially identified in platelet æ granules, has domains that inter- 
act with collagen and FN and may participate in HSC lodgment.** TSP 
activates TGF-B*” which results in a stimulatory effect on NK cells.**° 
TSP binds to matrix heparan sulfates!”* and inhibits osteogenic dif- 
ferentiation.” Receptors on hematopoietic and nonhematopoietic 
cells can interact with TSP, including CD36** and the cutaneous lym- 
phocyte antigen-1 protein of the CD36/LIMP II gene family.*** CD36 
is expressed during erythroid and megakaryocytic maturation.** TSP 
stimulates matrix metalloproteinase-9 activity in endothelial cells*** 
and is chemotactic to monocytes.*” A 140-kDa fragment of TSP1 
binds bFGF and TSP1 acts as a scavenger for matrix-associated angio- 
genic factors (fibroblast growth factor 2, VEGF, HGF), underscoring 
its antiangiogenic properties.***” Mice deficient in TSP2 demonstrate 
that TSP2 is taken up in an integrin-dependent manner within the mar- 
row and is necessary for the release of functionally competent plate- 
lets by megakaryocytes.“ The 21-amino acid, C-terminal peptide of 
TSP4 stimulates proliferation of multiple types of early hematopoietic 
progenitors through the regulator of differentiation 1 (ROD1) nuclear 
receptor and increases erythropoiesis in mice.*' 


Vitronectin 

Vitronectin, a major cytoadhesive glycoprotein, is present in plasma 
and the interstitial matrix of tissues. It interacts with a vast number of 
ECM components, cytokines, growth factors and proteolytic enzymes 
in vitro and in vivo.” Vitronectin also binds to several « -containing 
integrins,” including the integrin «œ fp, receptor (CD51) on fibrob- 
lasts, endothelial cells, osteoclasts, and mature hematopoietic cells, 
including megakaryocytes, platelets,“ and mast cells.*° The integ- 
rin æ f, is expressed on monocyte-macrophages and neutrophils and 
mediates their transendothelial migration.*”*“ The vitronectin receptor 
cooperates with TSP and CD36 in the recognition and phagocytosis of 


apoptotic cells by neutrophils, macrophages, and dendritic cells.°”*"! 


Vitronectin-deficient mice have normal blood cell counts,**” but throm- 
bogenesis, new microvessel formation and tissue repair capacity are 
impaired,’ most likely due to failure of inflammatory and thrombotic 
mechanisms. Thus, in the marrow ECM, vitronectin functions mainly 
in the coordination of apoptotic cell clearance, cellular migration, bone 
remodeling, and angiogenesis. 


Other Matrix Proteins 

Osteopontin, a glycoprotein produced by osteoblasts and hematopoi- 
etic cells in the marrow, binds to FN and collagen.****° The predomi- 
nant form of osteopontin in the marrow is thrombin-cleaved, and its 
N-terminal peptide is the active ligand for the «p, and a f, integrins 
on HSCs and circulating hematopoietic progenitors that plays a role in 
their attraction to and binding in the marrow.** Osteopontin can bind 
numerous integrins and CD44, and its binding through £,-integrin 
results in suppression of proliferation and maintenance of quiescence 
in HSCs.**** Conversely, the same osteopontin-f,-integrin pathway 
induces proliferation in erythroblasts.” Osteopontin also plays a role in 
the development of NK cells*® and T lymphocytes. The fibulins are 
proteins secreted by the stromal cells of marrow, including osteoblasts 
and endothelial cells.“ The metalloproteinase-resistant fibulin-1 
accumulates in the ECM where it binds to a specific site on FN,*°* 
thereby disrupting HSC binding to FN with resultant decreases in HSC 
proliferation and differentiation.* Thus, fibulin-1 can act as a negative 
regulator that can maintain the quiescence of HSCs in the marrow. 


HEMATOPOIETIC CELL ORGANIZATION 


Erythroblasts 
Erythroid progenitor cells arise from MPPs via the activity of the 
transcription factor GATA-1, which promotes differentiation toward 
the bipotent MEP that can subsequently differentiate into either ery- 
throblasts or megakaryocytes (Chap. 32).* MEP fate is determined by 
the relative activities of two competing transcription factors, KLF-1, 
which directs differentiation toward the erythroid lineage, and Fli-1, 
which directs differentiation toward the megakaryocytic lineage.” 
The earliest progenitor cells committed solely to erythroid differenti- 
ation, BFU-Es,** which are defined by production of large colonies or 
bursts of erythroblasts after weeks in tissue culture, can circulate in the 
blood and reenter the marrow. When a BFU-E or one of its progeny, 
the colony-forming units-erythroid (CFU-Es),*” associates with a mar- 
row macrophage, they form the precursor of the basic unit of terminal 
erythropoiesis, the erythroblastic island (EBI).** Under the influence of 
the KLF-1 in both the macrophage and the erythroid cells,**" an EBI 
develops as a central macrophage surrounded by as many as 30 adherent 
erythroblasts at various stages of differentiation from CFU-E through 
enucleating orthochromatic erythroblast. At least five cell-surface pro- 
tein pairs contribute to adherence between macrophages and erythrob- 
lasts in EBIs™*: (1) VCAM-1 on macrophages and aß integrin (VLA-4) 
on erythroblasts; (2) a, component of integrins on macrophages and 
ICAM-4 on erythroblasts; (3) erythroblast-macrophage protein (EMP), 
on both erythroblasts and macrophages via a homophilic reaction; (4) 
CD169/Siglec-1 on macrophages and sialylated glycoproteins on ery- 
throblasts; and (5) hemoglobin-haptoglobin receptor (CD163) on mac- 
rophages and an unknown binding partner on erythroblasts. 
Differentiating erythroblasts are defined as basophilic, polychro- 
matophilic, and orthochromatic erythroblasts by their morphologic 
appearances in Giemsa-stained films of aspirated marrows. However, 
CFU-Es and their immediate progeny, the proerythroblasts (ProEBs), 
as well as the morphologically defined, later erythroblast stages can be 
purified and defined by flow cytometry. Murine erythroid cells from 
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CFU-Es through ProEBs, are identified by flow cytometric expres- 
sion patterns of transferrin receptor (CD71) and the erythroid-spe- 
cific membrane glycoprotein Ter119, or of CD44 and forward light 
scatter.*** Likewise, expression patterns of glycophorin A, Band 3, and 
the æ, component of integrin permit identification of the same stages in 
human erythroid differentiation.” 

In EBIs, CFU-Es lose SCF dependence that had been present 
throughout their differentiation from HSCs, and CFU-Es, ProEBs, 
and early basophilic erythroblasts develop a dependence upon EPO to 
prevent apoptosis.*” The level of EPO, the principal regulator of ery- 
thropoiesis, is regulated by tissue oxygen delivery in the kidney, and is 
dependent on both blood oxygen levels and red cell numbers.*” How- 
ever, during hypoxic stress, CFU-Es and ProEBs can be increased without 
differentiation in response to circulating glucocorticoid hormones*”'*” 
and BMP4 from central macrophages of EBIs.*”7 EPO prevents apopto- 
sis by decreasing expression of Fas, a membrane protein of the TNF-a 
receptor family that is prominently expressed on CFU-E, ProEBs and 
early basophilic stage erythroblasts. Fas activation triggers a series of 
caspases, a family of intracellular proteases that cleave other caspase 
members in sequential fashion, ultimately inducing apoptosis.*”* Fas- 
ligand, which binds and activates Fas, is produced mainly by immature 
erythroblasts in mice’ and by mature erythroblasts in humans.*”* EPO 
also suppresses apoptosis in late-stage erythroblasts by inducing the 
antiapoptotic protein Bcl-X,, which stabilizes mitochondria, preventing 
the activation of caspases other than those activated by Fas.*” Asa result 
of the Fas/Fas-ligand negative feedback within the EBI, differentiating 
erythroblasts can modulate the rate of CFU-E/ProEB apoptosis and 
provide regulated control rates of erythrocyte production commensu- 
rate with erythropoietic demand. 

In EBIs, differentiation events include: (1) hemoglobin produc- 
tion in differentiating erythroblasts, (2) formation of the erythrocyte 
plasma membrane and underlying membrane skeleton, (3) cell size 
decrease associated with the terminal 4 to 5 cell divisions being a result 
of decreased duration of the G, phase of erythroblasts attached to 
central macrophages,*”* and (4) nuclear condensation,” stiffening,’ 
and extrusion.**' Erythroblast enucleation requires nonmuscle myo- 
sin IIB*’ and filamentous actin**' to produce a membrane-enveloped 
nucleus and a nascent reticulocyte. The central macrophage sends out 
extensive slender membranous processes that envelop each erythrob- 
last and phagocytize defective erythroblasts and extruded nuclei.** 
The extruded nuclei display phosphatidylserine on their plasma mem- 
branes that leads to rapid phagocytosis by the central macrophage.** 
Phagocytosis of extruded nuclei with recycling of the DNA compo- 
nents is essential in that deoxyribonuclease II-deficient mice die from 
an underproduction anemia with fetal liver macrophages filled with 
extruded erythroid nuclei.’ The irregularly shaped, maturing reticulo- 
cytes can interact directly with the central macrophages before entering 
the blood through the venous sinuses.” 


Megakaryocytes 

During thrombopoiesis, HSC in the subcortical regions of the hemato- 
poietic cords generate megakaryocytes by sequential, overlapping 
expressions of specific transcription factors. First HSCs differentiate 
to common myeloid progenitors (CMPs) via the influence of PU.1 and 
GATA-1, next to MEPs via GATA-1/FOG, then to megakaryocytic 
progenitors via Fli-1, and finally to megakaryocytes via NF-E2 (Chap. 
111).5*° The microenvironmental factors that control survival and dif- 
ferentiation of megakaryocytes and their progenitors include a similar 
pattern of dependence to that of erythroid progenitors, with an over- 
lapping decrease in dependence on SCF and an increasing dependence 
upon a physiologically regulated cytokine, TPO in the case of megakary- 
ocytes, which ceases before the completion of differentiation.****” 


TPO concentrations are reciprocally related to the circulating platelet 
mass, which is the major site of metabolism of the hormone.*** As the 
major regulator of megakaryocyte development, TPO acts in concert 
with several synergistic cytokines, including IL-11, IL-3, and IL-6.*°°**” 
TPO induces endomitosis in terminally differentiating megakaryo- 
cytes by inhibiting cytokinesis through reduced function of the con- 
tractile ring of filamentous actin and suppression of nonmuscle myosin 
expression.***? However, DNA replication and accumulation of cyto- 
plasmic proteins continues during six to seven of these endomitotic cell 
cycles. The resultant polyploid nucleus and abundant cytoplasm char- 
acterize the mature megakaryocyte which can account for 2 percent of 
marrow hematopoietic cell volume.” 

Mature megakaryocytes lie directly outside the marrow vascular 
sinus wall”! because of their translocation during differentiation under 
the influence of platelet endothelial cell adhesion molecule (PECAM)-1 
(CD31) expressed on endothelial cells? and an autocrine pathway 
of VEGF-A and its receptor Flt-1 stimulating CXCR4 (receptor for 
CXCL12) expression on megakaryocytes.** This migration of matur- 
ing megakaryocytes is associated with the development of podosomes, 
actin-based extensions that bind to and remodel the local ECM.*” The 
podosomes not only direct the megakaryocytes through the marrow to 
the sinus wall, but they also extend through the sinus basement mem- 
brane into the circulation.” Terminal differentiation of megakaryo- 
cytes involves the development of branching cytoplasmic protrusions, 
the proplatelets. Proplatelets are formed around a microtubular core 
that both provides a sliding mechanism that elongates and extends them 
into the vascular sinus lumen, but also provides a conduit for the redis- 
tribution of cytoplasmic granules from the megakaryocytes to bulbous 
formations at the distal ends of the proplatelets.*” 


Granulocytes 

Granulocytes are mature myeloid cells comprised of neutrophils, eosin- 
ophils, and basophils originating from stem cells and myeloid progen- 
itor cells concentrated in the subcortical regions of the hematopoietic 
cords (Chap. 18). Granulocytes are terminally differentiated from 
common granulocyte-macrophage progenitor (GMP) cells which 
arise from MPPs through the expression of multiple transcription fac- 
tors (Chap. 61). The transcription factor PU.1 promotes the develop- 
ment of the GMP phenotype and antagonizes the activity of GATA-1, 
which promotes MEP differentiation.” The myeloid commitment of 
GMPs is reinforced by C/EBPa, which promotes myeloid differentia- 
tion while suppressing the B-lymphoid transcription factor Pax5.**?” 
The further activity of C/EBPa is associated with granulocytic differ- 
entiation, whereas increased PU.1 activity is associated with monocytic 
differentiation.” The progression of myeloid differentiation beyond the 
promyelocyte stage, including the formation of secondary and tertiary 
granules, requires both C/EBP and the GFI-1 transcription factors. “%4! 
GFI-1 also antagonizes the activity of the Egr-1 and Egr-2 transcription 
factors that are associated with monocytic differentiation. The timing 
of expression and relative ratios of C/EBPa and GATA-2 transcription 
factors regulate differentiation of the GMP into a mature neutrophil, 
eosinophil, basophil, or mast cell.” Increased C/EBPa activity at this 
stage promotes a differentiation pathway toward neutrophils and eos- 
inophils, whereas increased GATA-2 activity promotes differentiation 
toward basophils and mast cells.*” Cells differentiating along the neu- 
trophil and/or eosinophil pathway will follow a terminal neutrophil 
path when only C/EBPa is expressed, and a terminal eosinophil path 
when both C/EBPa and GATA-2 are expressed. Those cells differentiat- 
ing along the basophil/mast cell pathway will follow a terminal mast cell 
path when only GATA-2 is active and a terminal basophil path when 
both GATA-2 and C/EBPa are active. 
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A group of hematopoietic growth factors, including SCE GM-CSF, 
G-CSF, IL-6, and IL-5, support granulocytic progenitor/precursor via- 
bility and proliferation. In some cases, these growth factors can mobi- 
lize of these progenitors/precursors and their mature progeny from the 
marrow. These growth factors are produced in sites of inflammation in 
peripheral tissues, although some such as SCF and M-CSF are normally 
produced in the marrow stroma. Two hematopoietic growth factors 
have lineage-specific late-stage granulocytic cells as targets: IL-5 for 
eosinophil progenitors and G-CSF for neutrophilic progenitors. IL-5 is 
produced mainly by the T-helper type 2 (Th2) lymphocytes in response 
to allergens (Chap. 62).**? Eosinophilic progenitor cells display an 
IL-5a@ receptor protein that when associated with the common £ recep- 
tor (CSF2RB), binds IL-5, leading to their survival and proliferation.’ 
Mature eosinophils have survival and chemotactic responses to IL-5, 
which mediates their entry into the circulation and accumulation in 
sites of allergic inflammation. GM-CSF, G-CSF, IL-3, and IL-6 all stim- 
ulate granulopoiesis in vivo, but only the deficiency of G-CSF results 
in severe neutropenia, making it the likely regulator of normal circu- 
lating granulocyte numbers.** Under normal steady-state conditions, 
1 to 2 percent of neutrophils circulate transiently in the blood, while the 
majority remains in the marrow unless mobilized by inflammation in 
other areas of the body. 

Models of G-CSF regulation of granulopoiesis and circulating neu- 
trophils under normal conditions and during inflammatory states have 
been proposed.“ Newly formed neutrophils have low expression of 
CXCR4 and can exit the marrow by migration through sinusoidal endo- 
thelial cells. As they age in the circulation they express more CXCR4 and 
are attracted back to the marrow by stromal CXCL12, the CXCR4 lig- 
and.“ After reentering the marrow, the senescent neutrophils undergo 
apoptosis and are phagocytosed by macrophages that, in turn, produce 
G-CSF stimulating more granulopoiesis.*” Cells at sites of inflamma- 
tion produce both G-CSF and chemokines, including KC chemokine 
(CXCL1), and macrophage inhibitory protein (MIP)-2 (CXCL2). The 
secreted G-CSF acts on the marrow mobilizing neutrophils by its ability 
to reduce both marrow CXCL12 production and neutrophilic CXCR4 
expression. G-CSF, however, does not recruit the neutrophils to sites 
of inflammation from the blood.“ By their chemotactic properties, 
CXCL1 and CXCL2 also induce rapid mobilization from the marrow 
into the blood and to sites of inflammation.“ Another model involves 
similar migration of neutrophils from the marrow that depends on 
G-CSF downregulating CXCL12 production and neutrophilic CXCR4 
expression, but the feedback that decreases G-CSF occurs in the periph- 
eral tissues.“ In this model, macrophages that phagocytose apoptotic 
neutrophils in the peripheral tissues decrease IL-23 production, which 
decreases IL-17 production by a subset of T-lymphocytes that, in turn, 
results in decreased G-CSF in the marrow. 


@ CELL ADHESION AND HOMING 


After their initial migration from the yolk sac, AGM, or placenta to the 
marrow, the HSCs are located in specific sites in the marrow through 
interactions with other types of cells and with matrix proteins. HSCs 
do not remain permanently in the marrow because a small percent- 
age of them are continuously entering the blood through the venous 
sinusoids, circulating briefly, and then reentering the marrow.“ In 
addition to the HSCs, the more differentiated progenitor cells, such 
as the short-term repopulating cells and the primitive BFU-Es, can 
circulate in a similar manner. When circulating, the HSCs can either 
reenter the marrow or they can enter other organs. After entering the 
interstitium of a peripheral organ, the HSCs can give rise to myeloid 
progeny and/or they enter the lymphatic drainage of the organ and cir- 
culate through lymphatic vessels and thoracic duct before reentering 


the blood.*” HSCs display multiple adhesion and cytokine receptors 
that allow them to attach to cellular and matrix components within the 
marrow sinusoidal spaces.??74!°4 Such attachments facilitate HSC 
homing and lodgment in the marrow and provide the cell-cell contacts 
required for HSC survival and steady-state proliferation,*!* as shown by 
membrane-bound SCF regulation of HSC lodgment in the endosteal 
marrow region.“ 

In most lineages, differentiated cells are released from the marrow, 
circulate in the blood, and eventually home to the marrow. In some cell 
types, the circulating cells will differentiate further in peripheral organs 
such as B lymphocytes in the lymph nodes and spleen, monocytes in the 
tissues, and T lymphocytes in the thymus. After a period of residence 
in these secondary lymphoid organs, some lymphocytes travel through 
the lymph and blood, homing to the marrow, where they become func- 
tioning mature cells, such as plasma cells and CD4 and CD8 mature 
T lymphocytes.’ Mature and band forms of neutrophils exit the 
marrow, circulate in the blood and, if not recruited to a site of inflam- 
mation, home as senescent cells to the marrow by the CXCL12/CXCR4 
mechanism described in the preceding “Granulocytes” section.” 
Senescent erythrocytes are also removed from circulation through a 
mechanism that involves binding surface ICAM-4 to integrin a, 8, (lym- 
phocyte function-associated antigen [LFA]-1) on macrophages in the 
spleen and marrow.“ Mature leukocytes that participate in inflamma- 
tory reactions, such as the lymphocytes, monocytes/macrophages, and 
eosinophils, exit the circulation in areas of infection, allergic reactions, 
or injury. Table 5-2 lists the adhesive receptors and their ligands pres- 
ent on HSCs, progenitor cells, and components of the hematopoietic 
microenvironment, but receptor-ligand interactions that regulate the 
trafficking of mature leukocytes are not exhaustively listed. “647 


INTEGRINS 


Integrins mediate important cellular functions, including embryonic 
development, cell differentiation, and adhesive interactions between 
hematopoietic cells and inflammatory cells and surrounding vascu- 
lar and stromal microenvironments.*4?'* Integrins are divalent 
cation-requiring heterodimeric proteins (18 œ subunits and 8 f} sub- 
units) subdivided by the 6-chain component. Table 5-2 indicates that 
a-chains can associate with more than one f-chain subunit. The prin- 
cipal integrin receptors of the f, subgroup involved in HSC-endothe- 
lial and HSC-stromal interactions are a,8, (VLA-4), a8, (VLA-5), and 
a P, (LFA-1) of the £, subgroup. «,8,-based stromal adhesion events 
regulate erythropoiesis in the stages after EPO dependence.“ Gran- 
ulopoiesis is stimulated by æ}, activation by marrow stromal cells in 
cooperation with PECAM-1 (CD31), an immunoglobulin superfamily 
member.” Antibodies against æ, or small molecule antagonists can 
mobilize hematopoietic stem and progenitor cells into the peripheral 
circulation.”! The high expression of a fp, in granulocytic precursor 
cells and newly formed granulocytes has an important role in their 
adherence to VCAM-1 in the marrow, whereas the downregulation of 
œ p, in the more mature neutrophils works in concert with CXCL12/ 
CXCR4 for their release into the blood.*” The «œ p, integrin on B lym- 
phocytes is important for interactions with the VCAM-1 on the stromal 
cells in the B-lymphocyte niche, both in early B-lymphocyte develop- 
ment prior to migration out of the marrow and in later development of 
plasma cell precursors that have reentered the marrow.” An acquired 
defect in stromal function, characterized by a deficiency in VCAM-1 
and IL-7 expression,” accounts for the delayed B-lymphoid recon- 
stitution seen after marrow transplantation. During thrombopoiesis, 
CXCL12 induces VCAM-1 in the marrow sinusoid endothelial cells*° 
that mediates the binding of the megakaryocytes to the endothelium.*”” 
Integrin a iB, and its receptor, mucosal addressin cell adhesion molecule 
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(MAdCAM)-1, like the integrin a „Bil VCAM-1 receptor pair, contribute 
equally to the homing of HSC to the marrow.***” 

Integrins are signaling molecules.*° After engaging their lig- 
ands, or subsequent to activation by monoclonal antibodies, multiple 
events (tyrosine phosphorylation of focal adhesion kinase, paxillin, and 
ERK-2) are triggered (outside-in signaling), culminating with Ras acti- 
vation.**'*” Integrin receptor crosstalk’? with other adhesive receptor 
members, such as the immunoglobulin superfamily (NK cell-T cell 
[a,B,/DYNAM-1], CD34+endothelial cell PECAM-1,***° or selec- 
tins,*” also results from outside-in signaling events that regulate recep- 
tor-binding affinity***” and mediates inhibitory signals for erythroid, 
myeloid, and lymphoid progenitor growth.” Integrin binding of 
their respective receptors, such as a B,/VCAM-1 or a BEN, in early 
CD34+ progenitors enhances viability and preserves their long-term 
repopulating ability.“ In studies of isolated SP cells, high expression 
of the vitronectin receptor æa p, (CD51/CD61) is associated with qui- 
escence and long-term repopulating ability.“ Conversely, expression 
of the a, integrin is associated with only short-term repopulating 
capacity.“ 


IMMUNOGLOBULIN SUPERFAMILY 


The immunoglobulin superfamily designates a group of molecules con- 
taining one or more amino acid repeats also found in immunoglobu- 
lins and includes PECAM-1 (CD31), ICAM-3/R (CD50) and ICAM-1 
(CD54), LFA-3 (CD58), ICAM-2 (CD102), VCAM-1 (CD106), KIT 
(CD117), and LW/ICAM-4 (CD242) (see Table 5-2).47“6! VCAM-1 
is upregulated by inflammatory cytokines, IL-4 and IL-13.4° Immu- 
noglobulin-like adhesion molecules also include NCAM, a neural 
cell-adhesion molecule that binds lymphocytes but not hematopoietic 
progenitors; Thyl, a stem cell antigen; major histocompatibility com- 
plex classes I and II; and CD2, CD4, and CD8 (see Table 5-2). LW/ 
ICAM-4 on erythroblasts binds the a, component of integrins on mac- 
rophages in EBIs,” whereas the normal function of Lutheran red blood 
cell antigen, Lu/B-CAM (CD239), which binds the a, component of 
laminin and is expressed late in erythroblast differentiation, is uncer- 
tain.*” The sialic acid-binding immunoglobulin-like lectins (Siglecs) are 
a family of surface proteins found on lymphocytes and myeloid cells 
that bind sialic acid residues of glycoproteins.“ Some Siglecs are evo- 
lutionarily conserved, such as Siglec-1 (sialoadhesin), which is highly 
expressed on macrophages, including the central macrophages of EBIs, 
and CD22, a coreceptor on B-lymphocytes. The remaining Siglecs, 
which are phylogenetically evolving rapidly, include CD33, which is 
expressed in lymphocytes and in all stages of myeloid cells where it is a 
commonly used marker for acute myeloid leukemia. 


LECTINS (SELECTINS) 


Homing of stem cells requires lectin receptors with galactosyl and 
mannosyl specificities.“°*°° The selectins are a family of adhesion 
molecules, each containing type C lectin structures.“ The leukocyte 
selectin (L-selectin, CD62L) is expressed on hematopoietic stem and 
progenitor cells and mediates adhesive interactions with other receptors 
(addressins), such as the CD34 sialomucin present on specialized endo- 
thelium, using sialylated fucosyl-glucoconjugates (see Table 5-2). 
The CD34 receptor on stem cells, however, does not bind L-selectin,” 
as a putative L-selectin ligand may exist on these cells but is yet to be 
defined. The selectin family also contains CD62E, an E-selectin con- 
stitutively expressed on the marrow sinusoidal endothelium that reg- 
ulates transmigration of leukocytes and CD34+ stem cell homing. The 
third member of this family is P-selectin, which is found on platelets. P- 
selectin can bind HSCs using a mucin receptor, CD162 also known as 
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TABLE 5-2. Hematopoietic and Microenvironment Adhesion Receptors and Their Ligands 


Receptor Subgroups Receptor 


Cellular Distribution 


Ligand 


INTEGRINS 


B, subgroup (CD29) CD49d, aß, (VLA-4) 


CD34+ cells (erythroid, and lympho- 
myeloid progenitors) 


VCAM-1 (CD106), FN, TSP 


CD49e, a,B, (VLA-5) 


CD34+ cells, bone cells 


FN, laminin 


CD49f, aB, (VLA-6) 


Rare CD34+ cells, monocytes 


Collagen, laminin 


B, subgroup (CD18) CD11a/CD18, a, B, (LFA-1) CD34+ cell subsets, not on repopulat- ICAM-1, ICAM-2, ICAM-3, DNAM-1 
ing stem cells 
CD11b/CD18, a,,8, (Mac-1) CD34+ subsets, monocytes ICAM-1, ICAM-2, iC3b, fibrinogen 
B, subgroup VB, (VNR) Megakaryocytes, osteoclast FN, TSP, CD31 
B, subgroup a,b, (LPAM-1) Lymphoid and myeloid progenitor MAdCAM-1, VCAM-1, FN 
cells, mature myeloid cells 
IMMUNOGLOBULINS 
CD31 (PECAM-1) ECs, CD34+ cells, monocytes CD31 homophilic adhesion, aß, (VNR), CD38 
CD50 (ICAM-3, ICAM-R) CD34+ cells, monocytes a,B, (LFA-1), CD11d/CD18 (a,8.) 
CD54 (ICAM-1) CD34+ cells, stroma, activated ECs aß, (LFA-1), a,,8, (Mac-1) 
CD58 (LFA-3) CD34+ progenitors, stroma, ECs CD2 
CD102 (ICAM-2) ECs, monocytes aß, (LFA-1) 
CD106 (VCAM-1) Stroma, activated ECs a,b, (VLA-4), a8, (LPAM-1) 
CD117 (c-KIT) CD34+ progenitors Membrane KIT ligand 
CD242 (ICAM-4) Erythroid cells a,-Integrins 
PRR2 (related to CD155, CD34+, CD33+, CD41+, myelomono- PRR2 homophilic adhesion 
the poliovirus receptor) cytic cells, megakaryocytic cells, ECs 
LECTINS 
CD62L (L-selectin) Stroma, CD34+ cells GlyCAM-1, MAdCAM-1, CD162, CD34, sLe*, 
PCLP1 
CD62E (E-selectin) Activated ECs, (marrow ECs express CD15, sLe?, CD162, CLA, sLe* 
CD62E constitutively) 
CD62P (P-selectin) Activated ECs CD162, sLe*, CD24 (HSA) 
SIALOMUCINS 
CD34 CD34+ cells, ECs Selectins, other ligands? 
CD43 CD34+, monocytes, NK cells CD54 (ICAM-1) 
CD162 (PSGL-1) CD34+ cells, ECs CD62L, CD62E, CD62P 
CD164 (MGC-24v) CD34+ cells, stroma, monocytes Unknown 
CD166 (HCA, ALCAM) CD34+ cells, stromal cells, ECs CD6, CD166 


HYALADHERIN 


CD44 


CD34+ cells, broad distribution 


Hyaluronan, bFGF, HGF 


OTHER 
CD38 


CD34+ subsets, early T and B cells, 
plasma cells, thymocytes 


CD31, hyaluronan 


CD144 (VE-cadherin) 


CFU-E, stromal cells, ECs 


E-cadherin 


CD157 (BST-1) 


Stroma, T and B cells, myeloid cells 


Unknown 


ALCAM, activated leukocyte adhesion molecule; bFGF, basic fibroblast growth factor; BST, bone marrow stroma; CD, cluster designation; CFU-E, 
colony forming unit-erythroid; CLA, cutaneous lymphocyte antigen; DNAM-1, DNAX accessory Molecule-1; EC, endothelial cell; FN, fibronec- 
tin; GlyCAM, glycosylation-dependent cell adhesion molecule; HCA, hematopoietic cell antigen; HGF, hepatocyte growth factor; HSA, heat- 
stable antigen; ICAM, intercellular adhesion molecule; iC3b, inactive complement 3b complex; KIT, tyrosine-protein kinase; LFA, lymphocyte 
function-associated antigen; LPAM, lymphocyte Peyer patch-specific adhesion molecule; MAdCAM, mucosal addressin cell adhesion molecule; 
MGC-24, multiglycosylated core of 24 kDa; NK, natural killer; PCLP, podocalyxin-like protein; PECAM, platelet/endothelial cell adhesion mole- 
cule; PRR2, poliovirus receptor-related protein 2; PSGL-P, selectin glycoprotein ligand; sLe, sialyl Lewis; TSP, thrombospondin; VCAM, vascular 
cell adhesion molecule; VE, vascular endothelial; VLA, very-late antigen; VNR, vitronectin receptor. 


the P-selectin glycoprotein ligand (PSGL)-1, which binds to all three 
selectins (see Table 5-2). These proteins are responsible for leuko- 
cyte rolling over endothelial surfaces and tethering, thereby allowing 
integrin-mediated firm adhesion to the endothelium and mediating 
cellular homing events using specialized high endothelial venule lym- 
phocyte homing sites.'*°“°”** In addition to their role in HSC homing in 
the marrow, E-selectin and P-selectin can promote quiescence in HSC 
and induce apoptosis of late-stage myeloid progenitors while promoting 
the expansion (P-selectin) or differentiation (E-selectin) of short-term 
repopulating cells.*” 


SIALOMUCINS 


Three members of the CD34 family—CD34, podocalyxin, and endo- 
glycan—are expressed on vascular endothelium, HSCs, and various 
hematopoietic cell lineages.” When expressed on lymphoid high 
endothelial venules, these sialomucins are receptors for L-selectin, 
but their differential glycosylation in hematopoietic cells prevents L- 
selectin binding and results in their reducing nonspecific adhesion and 
potentially enhancing mobility. Although its function has not been 
determined, endomucin is another CD34-like sialomucin expressed in 
endothelium and in HSCs.“ In T lymphocytes, where it affects mobil- 
ity, CD43 (leukosialin) acts in concert with PSGL-1 and binds both 
P-selectin and E-selectin.“ CD43 in neutrophils can foster adhesion 
when binding to E-selectin on endothelial cells, but it inhibits adhesion 
in most instances.*”? CD43 can also regulate hematopoietic progenitor 
survival.*”* CD162 (PSGL-1), a sialomucin that binds all three selec- 
tins, is important in leukocyte trafficking and stem cell homing.*°”**” 
CD164 (endolyn), another sialomucin receptor displayed on HSCs, 
forms a complex with CXCR4, VLA-4, and VLA-5 on the leading edge 
of migrating HSCs after exposure to FN-bound CXCL12, indicating a 
role for CD164 in the homing of HSCs.*”* CD166 (hematopoietic cell 
antigen [HCA], activated leukocyte adhesion molecule [ALCAM]) 
is expressed on HSCs and osteoblasts and is required for long-term 
engraftment potential of donor HSCs in murine transplantation mod- 
els, probably through homophilic interaction.*”**”* CD166’s only other 
ligand is CD6."”*” 


HYALADHERINS 


The fifth subgroup listed in Table 5-2 is the cartilage-related proteogly- 
can, CD44, also known as the lymphocyte homing cell adhesion molecule 
(HCAM). This adhesion receptor, which binds the hyaluronic acid in 
the marrow matrix and can be a receptor for E-selectin, is expressed on 
neutrophils, lymphocytes, erythroblasts, and HSC.*°"*** CD44 displayed 
on HSCs facilitates their homing and adhesion to the marrow and plays 
a role in their mobilization in response to G-CSE“°7***° Studies with 
CD44-deficient mice show no defects in HSC homing and growth, and 
no decrease in hematopoiesis, suggesting that another hyaladherin 
receptor may compensate for the absence of CD44.**' The other hyalad- 
herin receptor on HSC is the receptor for hyaluron-mediated mobility 
(CD168/RHAMM),*°?**! which does provide hyaluronic acid binding 
by neutrophils under inflammatory conditions in CD44 deficiency.*” 
Thus, CD44 and CD168/RHAMM may provide redundant hyaluronic 
acid binding in HSC. 


OTHER ADHESION MOLECULES 


CD38 is an adhesion receptor that binds the CD31 receptor and matrix 
hyaluronan. It is expressed on early T and B cells and subsets of CD34+ 
hematopoietic progenitors.** Similar to CD38, the stromal adhesion 
receptor BST-1 (CD157) is an adenosine diphosphate-ribosyl cyclase 
that is involved in regulation of intracellular calcium concentrations. 
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CD157 is expressed on marrow stroma, T and B cells, and myeloid cells. 
It promotes pre-B-cell adhesion and growth.“ Cadherins are large 
molecules involved in cell-cell junctions and vascular integrity. CD144 
(VE-cadherin) is expressed on CD34+ hematopoietic and endothelial 
progenitor cells and is an important molecule for trafficking of HSCs 
in fetal tissues and for the maintenance of HSC self-renewal. 115484485 
Downregulation of VE-cadherin is associated with crosslinking of 
VCAM-1, resulting in enhanced transendothelial migration of CD34+ 
cells in response to CXCL12.' Although N-cadherin expression by 
both HSC and osteoblasts has been proposed to play a role in their inter- 
actions, experimental results in knockout mice do not support such a 
role. 11486 


@ CELLULAR HOMING 


Leukocyte trafficking and migration have been central to understand- 
ing mechanisms of tissue homing. One of the best studied processes 
is lymphocyte homing to secondary lymphoid organs via special- 
ized high endothelial venules (HEVs). Generally, leukocytes home to 
areas of inflammation by adhering to the endothelium and migrating 
between intercellular spaces by a sequence of specific events that begins 
with tethering of the leukocytes to the luminal surface of the endothe- 
lial cells.” In the secondary lymphoid organs, tethering is mediated 
by L-selectin/CD62L receptor on the surface of naive lymphocytes 
that binds a complex carbohydrate determinant, 6-sulfo-sialyl Lewis 
X, on glycoproteins called peripheral node addressins, such as CD34, 
podocalyxin, and endomucin.****” P-selectin and E-selectin are upreg- 
ulated on the endothelial cell surface in response to various inflamma- 
tory cytokines, where they bind their respective receptors, PSGL-1 and 
CD44 on leukocytes.“ Tethering results in rolling of the leukocytes 
along the endothelial surface. Interactions of VLA-4 and afp, integrin 
on the surface of lymphocytes with their respective ligands VCAM-1 
and MAdCAM-1 on HEVs may also mediate rolling.*” Rolling of neu- 
trophils is slowed further by PSGL-1 and L-selectin activation of other 
adhesion molecules that include the £, integrins a f}, (LFA-1) and a,,8, 
(Mac-1).*°-4 These B, integrins, in turn, bind ICAM-1 on endothelial 
cells. The rolling leukocytes also receive signals through surface G- 
protein-coupled receptors that bind chemokines in the heparan sulfate 
proteoglycans on the endothelial cells.°°*” 

The interaction of PSGL-1, L-selectin, integrins, and G-protein- 
coupled receptors with their endothelial ligands leads to cytoskeletal 
changes with arrest of rolling and adhesion to the endothelium. The 
adherent leukocytes undergo a rapid diapedesis, with migration either 
through or between the endothelial cells into the abluminal interstitium. 
At the interface with the adherent leukocyte, ICAM-1 and VCAM-1 in 
the endothelial cell are concentrated in a cup-like, caveolin-rich struc- 
ture that internalizes ICAM-1.°?** This caveolin-rich structure is linked 
to the endothelial cell cytoskeleton through vimentin. The internaliza- 
tion of the ICAM caveolae leads to the formation of a channel through 
the cell to the abluminal surface. When leukocytes follow a paracellular 
route through the endothelium, they require the coordinated activity 
of multiple adhesion proteins. These include PECAM-1, CD99, JAM 
proteins, and VE-cadherin, each of which mediates homophilic inter- 
actions at intercellular junctions between endothelial cells, and ICAM- 
2,7-94 Although the roles of these proteins are uncertain, antibody 
inhibition and knockout mice demonstrate that they are necessary for 
the unidirectional migration of the leukocyte through the endothelium. 
PECAM-1, CD99, and JAM-C are expressed on leukocytes and may be 
involved in homophilic interactions between the migrating leukocyte 
and the endothelial junction. LFA-1 and Mac-1 on leukocytes can bind 
and interact with ICAM-2 and JAM-A on endothelium, whereas leuko- 
cyte VLA-4 can interact with endothelial JAM-B. 


The driving force for the migration and homing of leukocytes is 
the expression of chemoattractants at the site of inflammation or areas 
of constitutive production, such as the secondary lymphoid organs or 
the marrow. Bacterial peptides, complement components, and cytok- 
ines are produced in inflammatory sites. More than 40 different, but 
structurally related, chemotactic cytokines (chemokines) can be pro- 
duced by leukocytes in inflammatory sites. Chemokines accumu- 
late on cell surfaces or in extracellular matrices through their binding 
to GAGs.“ Concentrations and chemotactic activities of each cytok- 
ine are related to production rate, binding affinities to GAGs, presence 
of decoy chemokines that can compete with chemotactic activity, and 
modulation by metalloproteinases that enhance or diminish activities 
of substrate chemokines.*” 

Based on the location of one or two cysteine residues in the amino 
terminus, chemokines are divided into four subfamilies.?***°** One 
large subfamily comprises the CXC ligand (CXCL) chemokines (e.g., 
platelet factor 4, IL-8, melanocyte growth-stimulating activity/GROa, 
neutrophil activating protein-2, granulocyte chemotactic protein-2), 
which mediate neutrophil migration and activation. The other large 
subfamily comprises the CC ligand (CCL) chemokines (e.g., CCL3 
[MIP- 1a], CCL4 [MIP-1f], [CCL5] RANTES [regulated on activation, 
normal T-cell expressed, presumed secreted], MCP-1 through MCP-5), 
which mediate mostly monocyte, and in some cases lymphocyte, che- 
motaxis.*”” A chemokine with CXXXCL structure is fractalkine, an 
endothelial transmembrane mucin-chemokine hybrid molecule that 
mediates the rapid capture, firm adhesion, and activation under phys- 
iologic flow of circulating monocytes, resting or IL-2-activated CD8 
lymphocytes, and NK cells.“ The cytokines TNF-a and IL-1 upreg- 
ulate fractalkine, in keeping with the need to rapidly recruit effector 
cells at sites of inflammation. The chemokine receptors on the sur- 
face of leukocytes are coupled to G proteins that initiate signaling for 
chemotaxis upon chemokine ligand binding.**°* The chemokine 
receptors for the two large subfamilies bind those members such that 
CXCLs bind CXCRs and CCLs bind CCRs. However, within these two 
subfamilies is significant redundancy and promiscuity in chemokine- 
receptor binding. Table 5-3 gives a detailed listing of chemokine recep- 
tors and the cellular targets and ligands interacting with each receptor 
subgroup. 

A major exception to this redundant and promiscuous chemokine- 
receptor interaction is the specific binding of CXCL12/stromal cell-de- 
rived factor (SDF)-1a to its receptor CXCR4, which is associated with 
homeostatic maintenance of cell populations, including HSCs and their 
progeny in the marrow.***” CXCL12 can bind to one other chemok- 
ine receptor (CXCR7), but mouse knockout experiments show that 
CXCL12 null and CXCR4 null mice have embryonic lethal phenotypes 
that are markedly similar whereas CXCR7 null mice have postnatal 
lethality due to cardiovascular defects; CXCR7 may have a role in lig- 
and sequestration but not in hematopoiesis.“ °° CXCL12 is pro- 
duced by the bone, endothelial, perivascular reticular cells and some 
hematopoietic cells in the marrow, and its receptor CXCR4 is expressed 
on various hematopoietic and mature blood cells.4*“°°°° The murine 
gene Cxcl12 was floxed, allowing conditional deletion by various Cre 
transgenics expressed in mesenchymal progenitor cells. Conditional 
deletion of Cxcl12 in mineralizing osteoblasts resulted in no obvious 
phenotype whereas deletion in Osterix-Cre-expressing reticular (CAR 
cells) and osteoblast cells resulted in constitutive HSC mobilization 
and loss of B-lymphoid progenitor cells.**°°* The Cre transgenics that 
delete floxed Cxcl12 alleles have complicated patterns of expression 
and current evidence supports a more important role for the perivas- 
cular niche in the homing of HSCs.*” Hence, mouse genetics and phar- 
macologic inhibition show that CXCL12 and CXCR4 are involved in 
the trafficking of HSCs, committed progenitor cells, and mature cells, 
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including neutrophils, dendritic cells, NK cells, and T and B lympho- 
cytes. “04405421499303 The cellular specificity of the homing, localization, 
and mobilization that are driven by CXCL12 and CXCR4 are regulated 
by additional chemokines, adhesion proteins, and metalloproteinases 
associated with specific hematopoietic cell types and/or the organs 
to which they home, in which they reside, and from which they are 
mobilized.“ In the case of HSCs homing from the peripheral tis- 
sues through which they migrate, their initial entry into the lymphatic 
vessels is driven by the lipid chemoattractant sphingosine- 1-phosphate 
(S-1-P).“°° HSC display S-1-P receptors that respond to high levels in 
the lymph compared to the peripheral tissues where S-1-P is degraded. 

For the HSCs and the marrow, multiple experiments using inhibi- 
tors and antibodies with stem cell transplantation in mice and humans, 
parabiotic experiments with mice, and transplantation of human HSCs 
into immunocompromised mice (e.g., nonobese diabetic [NOD]/severe 
combined immunodeficiency [SCID] strains) have contributed to an 
understanding of some interactions of these multiple factors that influ- 
ence HSCs within the marrow.” Two adhesion mechanisms that play 
major roles in CXCL12-mediated HSCs homing to the marrow are the 
binding and activation of æ}, integrin and selectin ligands, particularly 
PSGL-1,'4°***5°7 on HSCs to their respective receptors, VCAM-1, and P- 
and E-selectins on the marrow sinusoidal endothelium.**°" Although 
a P, integrin appears to be the major integrin on HSCs involved in the 
first step of homing, other integrins have been implicated as having sup- 
porting roles, including a.f, a,8., and a f, or «fp, integrin that bind to 
FN, MAdCAM-1, and laminins in the marrow.”**! Similarly, a coordi- 
nated action between CXCR4 that has bound CXCL12 and the CD44 
isoform on HSCs,” or another hyaladherin such as RHAMM,"*! may 
provide a source of adhesion for HSCs to hyaluronic acid on marrow 
endothelial cells in the homing process. In cord blood cells enriched for 
HSCs, the colocalization and cooperative activity of the endolyn with 
CXCR4, a „Po and a8, integrin appears to enhance HSCs homing to the 
marrow in response to CXCL12.*” CXCR4 has also been colocalized 
in lipid rafts on HSCs with Rac-1, a member of the receptor-associated 
RhoGTPases.*!° The RhoGTPases have two members, Rac-2 and RhoH, 
that are hematopoietic specific and, with other more widely expressed 
members such as Rac-1, Cdc42, and Rho A, are downstream effectors of 
CXCR4, p -integrin, and KIT signaling in HSCs.*"' The various RhoGT- 
Pases modulate actin polymerization and lead to cytoskeletal changes 
that are required for survival, proliferation, homing, and mobilization 
of HSCs and their progeny. In the homing of HSCs, the RhoGTPase- 
mediated signaling provided by the coordinated action of CXCR4, B, 
integrins, and CD44 leads to the rolling, arrest, and transmigration of 
the marrow sinus endothelial cells. 

Once the HSCs have migrated across the sinusoidal endothelial 
cells, they migrate further within the marrow in response to CXCL12. 
Using fluorescent SLAM-labeled markers for the identification of HSC 
in murine transplantation experiments, the homing of HSCs in the 
marrow cavity is associated with reticular cells that harbor the highest 
numbers of CAR cells in the marrow.'” The majority of CAR cells are 
in the perivascular areas to which the HSCs home.” Another factor that 
may contribute to perivascular homing, especially following stress, such 
as lethal irradiation, is the ability of the marrow sinusoidal endothe- 
lial cells that express CXCR4 that binds circulating CXCL12 and trans- 
ports it into the perivascular areas of the marrow.**°” A second area 
in the marrow to which HSC home is the endosteal niche because of 
the proximity of these endosteal areas to perivascular areas," as well as 
the abundant CXCL12 production by osteoblasts and osteoclasts. "+16 
Thus, two HSC niches are recognized in the marrow—perivascular 
and endosteal—with HSCs in the perivascular areas more likely to 
proliferate, differentiate, and mobilize into the blood than HSCs in the 
endosteal areas.7™15%5!2 
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TABLE 5-3. Chemokine Receptors, Interacting Chemokine Ligands, and Cellular Specificity 


Receptors Receptor Expression Chemokine Ligands 
CXCR1 Neutrophils, monocytes CXCL2 (GROB), CXCL3 (GROy), CXCL5 (ENA78), CXCL6 
(GCP-2), CXCL8 (IL-8) 
CXCR2 Neutrophils, IL-5—primed Eos, monocytes CXCL1,2,3 (GROa/B/y), CXCL5 (ENA78), CXCL6, CXCL7 
(NAP-2), CXCL8(IL-8), 
CXCR3 Activated memory and naive T cells, NK cells; T (preferentially CXCL9 (MIG), CXCL10 (IP-10), CXCL11 (I-TAC) 
Th1) cells, B cells 
CXCR4 Neutrophils, monocytes, megakaryocytes, CD34+ and pre-B-cell CXCL12 (SDF-1a, SDF-1) 
precursors, resting and activated T cells, DCs 
CXCR5 B lymphocytes, T lymphocytes CXCL13 (BCA-1/BLC) 
CXCR6 T lymphocytes CXCL16 (SR-PSOX) 
CXCR7 B lymphocyte, T lymphocytes, Basos, monocytes, NK cells CXCL11 (I-TAC), CXCL12 (SDF-1a) 
CX3CR1 Monocytes, DCs, CD34+ cells, NK cells; in nodal tissues activated CX3CL1 (fractalkine/neurotactin) 
T-helper lymphocytes, activated B cells, and follicular DCs 
XCR1 Resting T cells, NK cells XCL1 (lymphotactin/SCM-1a/ATAC), XCL2 (SCM-1 6) 
CCR1 Monocytes, EOS, basophils, activated Neu and T cells, CD34+ CCL3 (MIP-1a), CCL5 (RANTES), CCL7 (MCP-3), CCL8 
cells, immature DCs (MCP-2), CCL13 (MCP-4), CCL22 (MDC), CCL23 (MPIF-1) 
Monocytes, T cells (not Neu, EOS, or B cells) CCL14 (HCC-1), CCL15 (HCC-2/MIP-5), CCL16 (HCC-4/LEC) 
CCR2 Monocytes, basophils, DCs, T cells, activated memory CD4 T CCL2(MCP-1), CCL7 (MCP-3), CCL8 (MCP-2), CCL13 
cells, NK cells (MCP-4) 
CCR3 Eos, thymocytes, basophils, DCs, activated memory CD4T cells CCL5 (RANTES), CCL7 (MCP-3), CCL8 (MCP-2), CCL11 
(Eotaxin-1), CCL13 (MCP-4), CCL15 (HCC-2/MIP-5), CCL24 
(Eotaxin-2/MPIF-2), CCL26 (Eotaxin-3) 
CCR4 Activated T cells, immature DCs CCL17 (TARC) 
Monocyte-derived DCs, activated NK cells CCL22 (MDC) 
Thymocytes (CD3+, CD4+, CD8'™) CCL22 (MDC) 
CCR5 Monocytes, activated memory CD4T cells CCL5 (RANTES), CCL8 (MCP-2), CCL13 (MCP-4), CCL14 
(HCC-1) 
Immature DCs, CD34+ cells, NK cells CCL3 (MIP-1a), CCL4 (MIP-1 6) 
Human thymocytes CCL4 (MIP-1) 
CCR6 T cells, CD34+-derived dendritic cells CCL20 (MIP-3a/LARC/exodus-1) 
CCR7 Activated T (naive and memory T cells) > B lymphocytes, NK cells CCL19 (MIP-38/ELC/exodus-3), CCL21 (SLC/exodus-2/ 
subsets, CD34+ macrophage progenitors, mature DCs 6Ckine) (6Ckine inactive on B cells) 
CCR8 Monocytes, T (Th2) cells, NK cells CCL1 (1309), CCL17 (TARC) 
CCR9 Thymocytes (CD4+/CD8+, CD4+/CD8-), activated macrophages CCL25 (TECK) 
CCR10 Skin-homing memory T cells, CD4/CD8 cells CCL26 (Eotaxin-3), CCL27 (CTACK/ILC/ESkine), CCL28 
(MEC) 
CCR1 and Neutrophils, monocytes, lymphocytes CCL15 (HCC-2/MIP-5) 
CCR3 
Not known Resting T cells CCL18 (DC-CK1/PARC) 


CCR3/CCR10 Memory lymphocytes, Eos, IgA plasmablasts CCL28 (MEC) 


6Ckine, chemokine with 6 cysteines; ATAC, activation-induced, chemokine-related molecule; Baso, basophil; BCA, B-cell attracting chemokine; 
BLC, B-cell homing chemokine that activates Burkitt lymphoma receptor 1 (BLR1); CTACK, cutaneous T-cell-attracting chemokine; DC, dendritic 
cell; ELC, EBI1-ligand chemokine; ENA, epithelial neutrophil-activating protein; EOS, eosinophil; ESkine, embryonal stem cell chemokine; GCP, 
granulocyte chemotactic protein; GRO, growth-related oncogene; HCC, human C-C chemokine; IgA, immunoglobulin A; IL-8 is also chemotactic 
for a specific subset of (CD3+, CD8+, CD56+, CD26-) T cells; IP, interferon-inducible protein; I-TAC, interferon-inducible T-cell a chemoattrac- 
tant; LARC, liver and activation-regulated chemokine; LEC, liver-expressed chemokine; MCP, monocyte chemoattractant protein; MDC, macro- 
phage-derived chemokine, MDC is chemotactic to eosinophils, in a CCR3- and CCR4-independent manner; MEC, mucosae-associated epithelial 
chemokine; MIG, monokine induced by interferon-y; MIP, macrophage inflammatory protein; MPIF, myeloid progenitor inhibitory factor; NAP, 
neutrophil-activating peptide; NK, natural killer; PARC, pulmonary and activation-regulated chemokine; RANTES, regulated on activation, nor- 
mal T-cell expressed and secreted; SCM, single-C motif; SDF, stromal cell-derived factor; SLC, secondary lymphoid tissue chemokine, also known 
as exodus-2 and 6Ckine; SR-PSOX, scavenger receptor for phosphatidylserine and oxidized lipoprotein; TARC, thymus and activation-regulated 
chemokine; TECK, thymus-expressed chemokine; Th2, T-helper cell type 2. 


In the marrow, multiple mechanisms act to stabilize and reinforce 
the lodgment of HSC, that is, to maintain the HSC in niches. One prom- 
inent mechanism is the binding of SCE, either secreted in and adherent 
to the marrow matrix or displayed on stromal cells. The absence of either 
KIT or SCF results in embryonic failure of hematopoiesis as a result of 
impaired homing of HSCs to the fetal liver where SCF acts coopera- 
tively with CXCL12 as a chemoattractant, and to impaired retention of 


HSCs in the marrow’ where KIT upregulates HSC expression of inte- 


grins a f}, and a,8,.°4 The 8, integrins of the HSCs also bind osteopon- 
tin, which, in turn, is bound to other matrix proteins, such as FN and 
collagen. Similarly, CD44 on HSCs binds to hyaluronic acid, FN, and 
collagen the marrow matrix.’ Two receptors on HSCs that contribute 
specifically to endosteal niche retention are the calcium-sensing recep- 
tor,™ which is needed for effective binding to collagen, and the Tie fam- 
ily receptor kinases, specifically Tie-2 receptor, which mediates HSC 
integrin binding to FN after engaging its ligand, angiopoitein-1, that 
is expressed by osteoblasts.*'*°!7 Marrow SP cells enriched with long- 
term repopulating quiescent HSCs display high expression of f,-inte- 
grin, most likely as the vitronectin receptor a p, suggesting another 
integrin—-matrix protein interaction that supports HSC retention.“°°* 
One mechanism of retention in the endosteal niche is the long-term 
maintenance of HSCs by TPO produced by adjacent osteoblasts.5!?°”° 
The binding of TPO by its receptor induces HSC quiescence, whereas 
the absence of TPO leads to active cell cycling and to a protracted and 
progressive depletion of HSCs.*!*°”” 


@ CELLULAR RELEASE 


Cell migration from the marrow occurs between adventitial cells and 
through endothelial cell channels that develop at the time of cell tran- 
sit. Electron micrographs of leukocytes partially translocated across 
endothelium indicate that marked deformation of these cells occurs as 
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they penetrate the cytoplasm of the endothelial cell and enter the sinus 
lumen (Fig. 5-7).®! As with reticulocytes, egress occurs adjacent to 
junctions of endothelial cells. The nucleus of the granulocyte, usually 
segmented, does not require as marked a deformation to traverse the 
migration pore as do the nuclei of monocytes and lymphocytes.” This 
transendothelial migration is likely to be related to leukocyte migration 
from the blood and into areas of inflammation described in the section 
on adhesion and homing because the marrow sinusoidal endothelial 
cells constitutively express adhesion proteins that are upregulated in 
inflammation, including VCAM-1, ICAM-1, and E- and P-selectin.“ 
Immature granulocytes in the marrow are anchored to adventitial 
reticular cells through lectin-like adhesion molecules. Gradual loss of 
these molecules (e.g., shedding of L-selectin) during maturation or after 
activation could permit movement toward the sinus wall.” Transient 
changes in surface glycoproteins (upregulation of «-2,6-sialylation of 
CD11b and CD18) of maturing marrow myeloid cells lead to decreased 
stromal and FN adhesion and may favor contact with endothelium and 
cell egress.*” The complement component C5a and G-CSF administra- 
tion recruit neutrophils by altering integrins (low CD11a with G-CSF) 
and decreased L-selectin expression (with both agents).°*°* Similar 
findings obtained in mice lacking two or all three selectins underscore 
the essential role of selectins in neutrophil recruitment.” Mature leu- 
kocytes retain their nuclei as they enter the marrow venous sinuses and 
circulate in the blood, but erythroid and megakaryocytic cells release 
anucleate cells and their residual nuclei are rapidly phagocytosed by 
marrow macrophages.” Occasional immature granulocytes and 
megakaryocyte nuclei or whole megakaryocytes are present in cell con- 
centrates of normal blood.” Restrictions on the release of immature 
myeloid cells, erythroblasts, and megakaryocytes are associated with the 
relative stiffness of their nuclei because of the ratio of nuclear lamin 
isotypes in erythroid and immature myeloid precursors and increased 
total lamins in megakaryocytes.*” 


Figure 5-7. Transmission electron micro- 
graph of mouse femoral marrow. The lumen 
(L) of a sinus is indicated. Endothelial cell 
cytoplasm separates the sinus lumen from 
the hematopoietic spaces (arrow). Two neu- 
trophils are evident traversing the sinus wall. 
Note deformation of the cell producing a 
narrow waist where the cell passes through 
endothelium. The luminal portion of the 
migrating cells is granule-poor. The remain- 
der of the cytoplasm is granule-rich, possi- 
bly reflecting gel-sol transformation during 
pseudopod formation. (Used with permission 
of Lichtman MA, University of Rochester.) 


A number of releasing factors are implicated in the initiation of 
marrow granulocyte egress, including G-CSF,**°”” GM-CSF the C3e 
component of complement,*! zymosan-activated plasma-containing 
complement fragments,*” glucocorticoid hormones,*** androgenic ste- 
roids, and endotoxin.** Neutrophils residing in the marrow venous 
sinusoids are rapidly released into the circulation by IL-8.** In a rat 
model in which releasing factors can be given through the femoral 
artery and neutrophils collected from the femoral vein, chemokines 
CXCL2 (MIP-2) and CXCL1 (KC) that are produced at sites of inflam- 
mation induce rapid, selective neutrophil migration from the marrow 
compartment into the blood.**”** Blocking or inhibiting the w,-integrin 
component, $,-integrin component, or the sheddase that catalyzes the 
proteolysis of L-selectin on migrating HSCs indicates that the interac- 
tion of the highly expressed VLA-4 on neutrophils with VCAM-1 on the 
sinusoidal endothelial cells is required for transendothelial migration, 
whereas shedding of L-selectin has no effect, and f,-integrin binding 
helps retain the neutrophils in the marrow.*” Blocking the neutrophil 
enzyme matrix metalloproteinase-9 (MMP-9) had no effect on the 
chemokine-induced neutrophil migration.** CXCL2- and CXCL1- 
induced migration is synergistic with the rapid, selective neutrophil 
migration from the marrow induced by G-CSE,*” which is mediated 
by interrupting the interaction of CXCL12 in the marrow and CXC4R 
on neutrophils. In a similar hind-leg model in guinea pigs, IL-5 and 
eotaxin, both of which are produced in sites of allergic inflammation, 
induce the rapid, selective migration of eosinophils from the marrow 
to blood with a synergistic effect when both are administered.*"' CCL11 
(eotaxin) alone induces the migration of both eosinophil progenitor 
cells and mature eosinophils.*' The route of migration is transendo- 
thelial, and blocking experiments demonstrate that 8,-integrin binding 
enhances eosinophil migration from the marrow to the blood, whereas 
æ integrin binding helps retain eosinophils in the marrow.™ Pros- 
taglandin D, (PGD, is produced by mast cells in sites of allergic inflam- 
mation, and it induces rapid, selective migration of eosinophils from 
the marrow to the blood in the guinea pig model.** The eosinophils 
respond via two PGD, receptors, chemoattractant receptor-homologous 
molecule on Th2 (CRHTH2) and D-type prostanoid (DP) receptors.” 
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Releasing factors for reticulocytes have been difficult to identify. 
Adventitial reticular cell cytoplasm is a barrier to the reticulocytes on 
the abluminal surface of the endothelium.* Phlebotomy, phenylhy- 
drazine-induced hemolytic anemia, and EPO result in marked reduc- 
tion of the adventitial cell cover of the sinus, a process that is thought to 
facilitate cell egress through the endothelium.*” Immature reticulocytes 
have much less deformability than more mature ones,” suggesting that 
active migration by nascent reticulocytes through the endothelial cells 
is relatively unlikely, and release is via a passive mechanism. Thus, retic- 
ulocytes appear to require a pressure gradient to cross the venous endo- 
thelium and enter the blood as shown in Fig. 5-8.5 The pressures 
within the marrow sinuses are pulsatile, and pressures sufficient to cause 
egress may be transient.” Another force that may contribute to retic- 
ulocyte egress is provided by the increasing numbers of erythroblasts 
proliferating in the EBIs that displace the more mature reticulocytes 
peripherally toward the venous sinuses.” 

Platelet release by the megakaryocyte requires both actin-based 
podosomes and microtubulin-based proplatelets that extend through 
of the marrow sinus endothelium into the blood as described in the 
“Megakaryocytes” section of this chapter. The proplatelets can be sepa- 
rated from the megakaryocyte in the marrow, but the fate of these sepa- 
rated proplatelets is not certain, and they may not give rise to platelets." 
In normal thrombopoiesis, increased concentrations of S-1-P in the 
circulating blood activate the S-1-P receptor on the megakaryocytes, 
thereby, promoting proplatelet extension into the vascular sinus.*” The 
proplatelets extend through the endothelium (Fig. 5-9) and into the 
lumen of the venous sinus (see Figs. 5-6 and 5-10) producing elongated 
bean-shaped proplatelets.*°**! The formation of platelets also requires 
S-1-P and its receptor’ combined with the shear force of the blood 
flow,” which releases both individual platelets or proplatelets them- 
selves that later fragment in the circulation. 

Under homeostatic conditions, the migration of HSCs from the 
marrow into the blood is a rare but steady process.**4*! With the 
stress of chemotherapeutic agents or pharmacologic doses of G-CSF 
administration, many HSCs are recruited into active cell cycle,**! and 
they migrate into the blood before homing again to the marrow.“ The 


Figure 5-8. Transmission electron micrograph of mouse femoral marrow. Composite of reticulocytes in egress. A. Small protrusion of marrow retic- 
ulocyte into sinus lumen (L). B. Reticulocyte in egress, with approximately half the cell in the sinus lumen. C. Reticulocyte virtually in the sinus. Egress 
occurs through a migration pore that is parajunctional in position (arrows point to endothelial cell junctions). 


stress of moderate blood loss also increases the cell cycling of the HSCs, 
but those cycling HSCs cannot be detected in the blood,” indicating 
that the migration of HSCs in response to stress is very likely related 
to the inflammatory/injury component of the stress. This relation- 
ship between inflammation/injury and HSC migration has been used 
experimentally to understand the mechanisms of HSC migration into 
the blood and clinically to mobilize the HSCs into the blood for collec- 
tion for use in stem cell transplantation. Not surprisingly, these studies 
demonstrate that much of the regulation of HSC migration involves the 
reversal or inhibition of the mechanisms by which the HSCs home to 
the marrow and develop quiescence. 

Many hematopoietic growth factors can mobilize HSCs from the 
marrow to the blood, but the best understood and most used clinically 
is G-CSF.480506553 Similar to other growth factors, the G-CSF mobiliza- 
tion of HSCs requires several days for maximal effect. A major deter- 
minant in both the homing to and migration from the marrow is the 
interaction of CXCR4 on HSCs with its ligand CXCL12 in the marrow. 
G-CSF induces stem cell mobilization by decreasing CXCL12 signal- 
ing.™* CXCR4 knockout mice do not mobilize HSCs with G-CSF, but 
they mobilize HSCs in response to VLA-4 (a p, integrin) antagonists.*° 
Inhibitor studies originally identified the mobilization mechanism as 
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Figure 5-9. Transmission electron micrograph of mouse 
femoral marrow. A. The lumen (L) of a marrow sinus is indi- 
cated. The arrow points to the thin endothelial cytoplas- 
mic lining of the sinus. The nucleus of a megakaryocyte 
N) is indicated, with the cytoplasm of the megakaryocyte 
invaginating the endothelial cell cytoplasm in three places 
below the lumen. B. The arrow indicates the thin endo- 
helial cell cytoplasmic lining of the sinus. The endothe- 
ium is attenuated to a double membrane in two places. 
A small process of megakaryocyte cytoplasm has formed 
a pore in the endothelial cell and has entered the sinus 
umen (L). Cytoplasm flows through such pores and deliv- 
ers proplatelets to the sinus lumen. (Used with permission of 
MA Lichtman, University of Rochester.) 


the degradation of CXCL12 by neutrophil-associated enzymes such 
as neutrophil elastase, cathepsin G, and MMP-9 or the HSC enzyme 
CD26/dipeptidylpeptidase, but mice genetically null for the proteases 
or treated with other protease inhibitors still show the G-CSF-induced 
decrease of CXCL12 mRNA and protein.” Multiple mechanisms 
for CXCL12 modulation have been proposed, including the adrenergic 
nervous system suppressing MSC production of CXCL12 and direct 
G-CSF suppression of osteoblast lineage cells in the marrow.'40141597558 
The successful development of small antagonists of CXCR4, such as 
plerixafor (formerly AMD3100), has provided a rapid means to mobi- 
lize HSCs and is used clinically for those patients that fail to mobilize 
with G-CSE” Similarly, blocking a,-integrin binding or genetic dele- 
tion of the a,-integrin component leads to HSC mobilization within 
1 or 2 days under both homeostatic or G-CSF-induced conditions.” 
This mobilization appears to be mainly mediated through disruption 
of VLA-4 activity and is further enhanced by blocking other adhesion 
mediators such as the $,-integrins or E-selectin, neither of which has an 
effect when used alone. Some of 8,-integrin’s synergistic effects may 
be indirect through the action on other cells. HSC mobilization with 
antibodies against the «, component of integrin’ is replicated by potent 
and selective small molecule antagonists." The results of interfering 


Figure 5-10. Transmission electron micrograph of 
mouse femoral marrow. The marrow sinus lumen (L) and 
a megakaryocyte nucleus (N) virtually denuded of cyto- 
plasm are indicated. The megakaryocyte nucleus abuts 
he nucleus of an adventitial reticular cell; the latter is 
separated from the lumen by the very thin endothelial 
cell cytoplasm. A portion of residual megakaryocyte 
cytoplasm (proplatelet) can be seen streaming into the 
umen (arrow). The lumen contains several proplatelets 
asterisks). Compare the size of the proplatelets to that 
of lymphocyte in the sinus. The bean-shaped, three-di- 
mensional appearance of the proplatelets can be seen 
in the scanning micrograph shown in Fig. 5-6. (Used 
with permission of MA Lichtman, University of Rochester.) 


with two other adhesion mediators of HSC homing, CD44 and SCF, are 
unclear in that antibodies to CD44 or administration of SCF induced 
HSC mobilization while genetic deficiencies of CD44 or KIT resulted 
in decreased G-CSF mobilization.’ Two chemokine ligands of the 
CXCR2 receptor, IL-8 and GRO-$ (KC in mice), induce HSC mobili- 
zation within minutes to hours and can synergize with G-CSF, but their 
action is more complex in that it is mediated through neutrophils and 
their enzymes including MMP-9.*°° 


@ CELL PROLIFERATION, APOPTOSIS, 
AND MATURATION 


Irrespective of their location during the postnatal period, HSCs undergo 
continued self-renewal divisions, but at 3 to 4 weeks of age in mice (cor- 
responding to 2 to 4 years in humans), they switch to their characteristic 
cell-cycle quiescence found in adult HSCs.°5* This switch appears to be 
an intrinsic event that also decreases the myeloid differentiation poten- 
tial of the HSCs." In the marrow endosteal niche, HSCs have multiple 
stimuli that induce cell-cycle quiescence. These stimuli include high 
concentrations of CXCL12 binding CXCR4*°*"; low concentrations of 
CD34, podocalyxin, and endoglycan; TPO binding by MPL***; vari- 
able binding to matrix proteins such as osteopontin, FN, and fibulin, 
that depend upon angiopoetin-1/Tie-2, and SCF/KIT activities.*°°"4°!° 
Compared to HSCs located outside the endosteal niche, HSCs that are 
closely associated with to the endosteum have greater quiescence, mar- 
row homing, and long-term reconstitution capacity.5° 

In murine transplantation studies, cell-cycle status significantly 
impacts the rate of engraftment and donor hematopoiesis with HSCs in 
G, phase providing maximal long-term reconstitution, whereas HSCs 
in G, S, G, or M phases provide minimal engraftment or long-term 
reconstitution.*!°°” In long-term in vivo labeling with bromodeox- 
yuridine (BrdU), murine HSC immunophenotypically defined as Lin-, 
Sca-1+, KIT+, CD150+, CD48-, and CD34- have the greatest recon- 
stitution capacity and are located in both endosteal and central areas of 
the marrow.*' These HSCs are extremely quiescent, dormant, with an 
estimated division rate of only four or five times over the life of the adult 
mouse. However, the large majority of them are able to enter cell cycle 
and are mobilized within a day or two of stressful stimuli, including 
G-CSF or 5-fluorouracil (5-FU) administration.**! Dormancy or quies- 
cence is resumed upon homing and reestablishing marrow residence, 
indicating that the long-term reconstituting HSCs provide a large 
reserve that is able to respond, but only under situations of stress.*! 

Dormant or quiescent HSCs are determined to be in G, based on 
lower RNA content and diploid genomic DNA content." Entry into 
the cell cycle induces cells into the G, phase where a restriction (R) 
point is encountered beyond which further progression to S phase and 
subsequent transit through G, to M phases is irreversible. The sequence 
of events and in particular transit through the R point is tightly reg- 
ulated by the retinoblastoma tumor-suppressor protein (Rb) and its 
paralogs (p107, and p130).*°5” Rb is regulated by phosphorylation 
that is catalyzed by cyclin-dependent kinases, Cdk2, Cdk4, and Cdk6. 
Cdk4 and Cdké6 are regulated by D-type cyclins (D1, D2, D3), and 
Cdk2 is regulated by E-type cyclins (E1 and E2), at early and late stages, 
respectively, of the G, phase. Hyperphosphorylated Rb releases E2F 
transcription factors that promote entry into S phase by transcription 
of multiple genes required for replication.*”'°” MPPs, the short-term 
repopulating cells and the colony-forming unit-granulocyte-erythroid- 
monocyte-macrophage (CFU-GEMM), have relatively low rates of 
proliferation, but they are greatly increased compared to the very infre- 
quent cell divisions of HSC. The D cyclins and Cdk4 and Cdk6 kinases 
are important in these early progenitor cells because knockout mice that 
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lack all three D cyclins*” or lack both Cdk4 and Cdk6 kinases*”* have 
specific, lethal hematopoietic failures at the fetal liver stage of definitive 
hematopoiesis.*” In both of these knockout models, the HSC popula- 
tions have little or no loss of numbers, but the multipotent progenitors 
are severely reduced, indicating these cell cycle regulators are required 
for the process that commits the HSC to increased proliferation during 
differentiation.*”°” 

As they divide, MPPs have progressively restricted lineage poten- 
tial, which is regulated by various transcription factors as described 
above in the sections on the individual cell types in the marrow. The sin- 
gle-lineage progenitors further increase the percentages of their popula- 
tions in active cell cycle so that by the later stages of CFU-E, CFC-G, and 
more mature hematopoietic precursor cell development, the majority 
are in the S, G,, and M phases.” The two potential sources of extracellu- 
lar stimuli that increase hematopoietic cell division are soluble hemato- 
poietic cytokines and local interactions of the progenitors with other 
cells and matrix in the marrow. Hematopoietic cytokines include those 
produced either in remote organs, such as EPO, or those produced in 
a wide variety of organs, including the marrow, such as TPO, GM-CSF, 
and G-CSE.*”* These latter hematopoietic cytokines have multiple effects 
on their target progenitor cells, including the promotion of survival, 
maturation, and migration, that are important for the increased pro- 
duction and recruitment of the mature cells to sites of inflammation.*” 
Among the cytokines, M-CSF is mitogenic, that is, it promotes progres- 
sion from G, to S phase, in macrophages and their precursors.*” The sig- 
naling from FMS (CSF1R), the M-CSF receptor, which leads to S-phase 
progression, is mediated by both cyclin D1 and the transcription factor 
MYC.*% Among the various cellular interactions of late progenitors and 
precursors, attachment to central macrophages of EBIs promotes the G, 
to S phase transition in erythroid progenitors/precursors.*”* This mito- 
genic effect of macrophage-erythroid cell interaction is unrelated to the 
antiapoptotic effect of EPO on the erythroid cells during these stages of 
erythroid differentiation.*” 

Mature hematopoietic cells cease cell division prior to their release 
from the marrow, but the mechanisms that signal cell cycle arrest in 
hematopoietic cells as they mature are uncertain. Among the poten- 
tial mediators of this cell-cycle arrest are Rb and several intracellular 
inhibitors of the cyclin-dependent kinases, specifically the INK4 pro- 
teins (p15, p16, p18, p19) that inhibit Cdk4 and Cdk6 and the CIP/KIP 
family of Cdk2 inhibitors (p21, p27, and p57).°* Rb knockout mice have 
a lethal anemia during fetal liver hematopoiesis that is associated with 
persistent progression through cell cycle, but the erythroblast apoptosis 
appears to be related to failure of mitochondrial biogenesis.°” Under- 
standing the activity of p16 in regulating cell cycle is complicated by 
its potential role in senescence and apoptosis of HSC.*” Although p21 
and p27 proteins are proposed as having roles in the TGF-6-induced 
HSC quiescence and in the increased proliferation of later progenitor 
stages, Cdk2 knockout mice do not have impaired hematopoiesis,**” 
indicating that other cell-cycle mediators are required for the cessation 
of proliferation that accompanies terminal differentiation. 

Apoptosis is the major regulator of cellular populations in the 
marrow. Because of the exponential expansion of cells in a proliferat- 
ing population, cell death has a dramatic effect on the numbers of cells 
in subsequent generations.*' Thus, the regulation of hematopoietic 
cell populations by apoptosis provides a mechanism for dramatic and 
prompt changes in blood cell production. During various stages of dif- 
ferentiation, hematopoietic cells depend upon specific cytokines to pre- 
vent apoptosis.*”°**! A wide range of sensitivities to the hematopoietic 
cytokines among the dependent cells, as has been demonstrated for ery- 
throid cells and EPO,°*” results in differential survival that allows for a 
graded response. Experiments in knockout mice have identified specific 
proteins in the Bcl-2 family as principal regulators of the intrinsic or 


mitochondrial apoptosis pathway in the homeostasis of the hematopoi- 
etic cells populations in the marrow." Antiapoptotic members of the 
Bcl-2 family (Bcl-2, Bcl-X,, Mcl-1, and A1) stabilize the mitochondrial 
membranes by preventing mitochondrial depolarization by the pore- 
forming family members, Bax and Bak. The antiapoptotic members 
are also opposed by the proapoptotic, regulatory family members that 
consist of the BH3-only domain, such as Bim, Bid, Nix, and Puma. 

In HSC and multipotent progenitors, Mcl-1 is required to prevent 
apoptosis, and SCF stimulation increases the Mcl-1 expression.*®6597 
In the later stages of single-lineage progenitors, Mcl-1 continues to be 
required for survival of neutrophil and B and T lymphocytes, but it is 
antagonized by the expression of Bim and Puma in these progenitors, 
providing a means to eliminate specific cells, such as autoreactive B and 
T lymphocytes." Al is required for normal neutrophil survival.*** 
In the erythroid lineage, Bcl-X, is required to prevent apoptosis at 
the late erythroblast stage,*” and the proapoptotic Nix protein is also 
expressed. The sequential proapoptotic and antiapoptotic stimuli 
that regulate erythropoiesis demonstrate overlapping and cooperative 
interactions that affect erythroid cell homeostasis by both survival and 
differentiation. Following moderate blood loss, an increased percent- 
age of HSC enter cell cycle and self-renewal.* In the BFU-E through 
CFU-E stages, SCF and glucocorticoids act in concert to upregulate 
proliferation according to the erythropoietic requirements.’ How- 
ever, because CFU-E depends upon EPO, SCF and EPO act together, 
enhancing the proliferation and survival, respectively, of CFU-E.*” EPO 
prevents apoptosis of CFU-E through basophilic erythroblast stages by 
decreasing Fas expression,*”**”° but its upregulation of Bcl-X, prevents 
the apoptosis of the late-stage hemoglobin-producing erythroblasts.*” 
Expression of proapoptotic Nix in very late erythroblasts and reticulo- 
cytes plays a major role in targeting mitochondria for nontoxic elimina- 
tion by autophagy.°* 

Various mathematical models have been constructed to explain 
the production rates for each cell type during homeostasis and during 
periods of increased and decreased production. A model of homeostatic 
human marrow has been based upon marrow films and sections relating 
differential counts of marrow samples to their content of injected radio- 
active iron. A number of assumptions and approximations are made,” 
but the summary data (Table 5-4) agree well with many other obser- 
vations on the cellular content and kinetics of normal marrows. Under 
pathologic conditions such as infection, inflammation, or hematopoi- 
etic dysplasia, the proliferation and differentiation of hematopoietic 
progenitors may be affected by microbial products, cytokines, and cel- 
lular interactions that do not have a role in normal hematopoietic devel- 
opment. Infections, for example, can lead to increased myelopoiesis 


TABLE 5-4. Normal Precursor Cell Kinetics 


Marrow 
Number Transit Production Rate 
Cell Type (cells/kg) Time (days) (cells/kg/day) 
l. Red cells 
Erythroblasts 5.3x10° ~5.0 3.0 x 10° 
Reticulocytes 8.2 x 10° 2.8 3.0 x 10° 
ll. Megakaryocytes 15.0x10° ~7.0 2.0 x 10° 
Ill. Granulocytes 
Proliferation pool 2.1x10° ~5.0 0.85 x 10° 
Postmitotic pool 5.6 x 10° 6.6 0.85 x 10° 


Reproduced with permission from Finch CA, Harker LA, Cook JD: 
Kinetics of the formed elements of human blood. Blood 50(4): 
699-707, 1977. 
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without the involvement of the hematopoietic cytokines. HSC and their 
myeloid and lymphoid progeny have multiple toll-like receptors (TLRs) 
which bind specific bacterial or viral molecules." The activation of 
TLRs leads to increased myelopoietic proliferation and differentiation, 
especially of the monocyte/macrophage lineage, and differentiation 
of lymphoid cells toward the dendritic cell phenotype.*** Although 
increased hematopoietic cytokines are produced by TLR activation, a 
direct response to TLR activation in hematopoietic cells changes the 
prevalent myeloid transcription factor from C/EBPa, which mediates 
homeostasis by hematopoietic cytokines, to C/EBP$, which mediates 
the emergency responses to TLR activation.*” In response to the acti- 
vation of TLRs, mature neutrophils have decreased apoptosis as a result 
of increased Mcl-1 and decreased Bad activity. This may be a result 
of direct ligation of TLR receptors on LT-HSC, ST-HSC, and MPP that 
are then stimulated to secrete cytokines such as IL-6, GM-CSE, and 
TNF-a. An alternative path to apoptosis in hematopoietic cells is 
the activation of specific death-domain receptors for the ligands such as 
FAS ligand, TNF-a, and TRAIL (tumor necrosis factor-related apopto- 
sis-inducing ligand). Although these ligands are most commonly asso- 
ciated with pathologic states where they may play a role in the anemias 
of chronic disease, they have also been proposed to have a regulatory 
role in normal erythropoiesis.*” 
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CHAPTER 6 

THE ORGANIZATION AND 
STRUCTURE OF LYMPHOID 
TISSUES 


Aharon G. Freud and Michael A. Caligiuri* 


The lymphoid tissues can be divided into primary and secondary lymphoid 
organs. Primary lymphoid tissues are sites where lymphocytes develop from 
progenitor cells into functional and mature lymphocytes. The major primary 
lymphoid tissue is the marrow, the site where all lymphocyte progenitor cells 
reside and initially differentiate. This organ is discussed in Chap. 5. The other 
primary lymphoid tissue is the thymus, the site where progenitor cells derived 
from the marrow differentiate into mature thymus-derived (T) cells. Second- 
ary lymphoid tissues are sites where lymphocytes undergo additional matura- 
tion and also interact with each other and with nonlymphoid cells to generate 
immune responses to antigens. These tissues include the spleen, lymph nodes, 
and mucosa-associated lymphoid tissues such as tonsils. The structure of these 
tissues provides insight into how the immune system discriminates between 
self-antigens and foreign antigens and develops the capacity to orchestrate a 
variety of specific and nonspecific defenses against invading pathogens. 


@THE THYMUS 


The thymus is the site for development of thymic-derived lymphocytes, 
or T cells. In this organ, developing T cells, called thymocytes, differ- 
entiate from lymphoid stem cells derived from the marrow into func- 
tional, mature T cells.’ It is here that T cells acquire their repertoire of 
specific antigen receptors to cope with the antigenic challenges received 
throughout one’s life span. Once they have completed their maturation, 
the T cells leave the thymus and circulate in the blood and through sec- 
ondary lymphoid tissues. 


Acronyms and Abbreviations: A/RE, autoimmune regulatory gene; APECED, autoim- 
mune polyendocrinopathy-candidiasis-ectodermal dystrophy; CT, computed tomog- 
raphy; GALT, gastrointestinal-associated lymphoid tissue; Ig, immunoglobulin; IL, 
interleukin; ILC, innate lymphoid cell; MALT, mucosa-associated lymphoid tissue; 
MHC, major histocompatibility complex; NK, natural killer; PALS, periarteriolar lym- 
phoid sheath; PGA syndrome, polyglandular autoimmune syndrome; r, correlation 
coefficient; T, thymus-derived; TCR, T-cell receptor. 


“This chapter was prepared by Thomas J. Kipps in the 8th edition and much of 
the text has been retained. 


THYMIC ANATOMY 


The thymus is located in the superior mediastinum, overlying, in order, 
the left brachiocephalic (or innominate) vein, the innominate artery, 
the left common carotid artery, and the trachea. It overlaps the upper 
limit of the pericardial sac below and extends into the neck beneath the 
upper anterior ribs. It receives its blood supply from the internal tho- 
racic arteries. Venous blood from the thymus drains into the brachioce- 
phalic and internal thoracic veins, which communicate above with the 
inferior thyroid veins. 

Arising from the third and fourth branchial pouches as an epithe- 
lial organ populated by lymphoid cells and endoderm-derived thymic 
epithelial cells, the thymus develops at about the eighth week of ges- 
tation.” The thymus increases in size through fetal and postnatal life 
and remains ample into puberty,* when it weighs approximately 40 g. 
Thereafter, the size progressively decreases with aging as a consequence 
of thymic involution.* The cause of thymic involution is likely in part a 
result of the influence of glucocorticoid hormones.’ Nonetheless, there 
is evidence that T lymphocytes continue to develop throughout life, 
potentially including in some extrathymic sites.‘ 

The volume of the thymus can be estimated by sonography. In one 
study of 149 healthy term infants within 1 week of birth, there was a 
significant correlation between the estimated thymic volume and the 
weight of the infant.*’” However, no correlation was apparent between 
the estimated thymic volume and the infant’s sex, length, or gestational 
age. Also, there was no apparent correlation between estimated vol- 
ume and the proportions of CD4+ T cells or CD8+ T cells found in the 
blood. The estimated thymic volume of healthy infants increases from 
birth to 4 and 8 months of age and then decreases.’ Most of the indi- 
vidual variation at 4 and 10 months of age appears to correlate with 
breastfeeding status, body size, and, to a lesser extent, illness. Breastfed 
infants at 4 months of age have significantly larger estimated thymic 
volumes than do age-matched formula-fed infants with similar thymic 
volumes at birth.® 


THYMIC ARCHITECTURE 


A longitudinal fissure divides the thymus into two asymmetrical lobes, a 
larger right anda smaller left, that are derived from the right and left bran- 
chial pouches, respectively. These two developmentally separate parts of 
the thymus are easily separated from each other by blunt dissection. 

Each lobe of the thymus is divided into multiple lobules by fibrous 
septa that extend inward from an outer capsule. Each lobule consists 
of an outer cortex and an inner medulla (Fig. 6-1). The cortex con- 
tains dense collections of thymocytes (developing immature T cells) 
that cytologically appear as lymphocytes of slightly variable size with 
scattered, rare mitoses. The lighter-staining medulla is loosely arranged 
and more sparsely populated by mature thymocytes and characteristic 
tightly packed whorls of squamous-appearing epithelial cells, called 
thymic or Hassall corpuscles (Fig. 6-2). These appear to be remnants of 
degenerating cells and are rich in high-molecular-weight cytokeratins. 
Hassall’s corpuscles are thought to serve a critical role in the develop- 
ment of regulatory T cells.’ 

The thymus contains several important cell types that serve a 
variety of functions including supporting the maturation of thymo- 
cytes into mature T cells. There are several types of specialized epi- 
thelial cells within the thymus." The three main categories of thymic 
epithelial cells are the medullary epithelial cells, which are organized 
into clusters; the cortical epithelial cells, which form an epithelial net- 
work; and the epithelial cells of the outer cortex. The epithelial cells in 
the cortex and medulla often have a stellate shape, display desmoso- 
mal intercellular connections, and likely function as support cells to 
developing thymocytes by providing important growth factors such 


as interleukin (IL)-7."' In addition, at primarily the corticomedullary 
junction, the thymus contains marrow-derived antigen-presenting 
cells, mostly interdigitating dendritic cells and macrophages. Scat- 
tered B cells are also present in the thymus, and these interact with 
maturing thymocytes and potentially regulate T-cell development. +>" 

After puberty, thymic involution begins within the cortex. This 
region may disappear completely with aging, while medullary rem- 
nants persist throughout life. Glucocorticoids also may induce atrophy 
of the cortex secondary to glucocorticoid-induced apoptosis of cortical 


Figure 6-1. Normal human infant thymus. 
The thymus is surrounded by dense connec- 
tive tissue capsule (Cap). It is organized into 
adjacent lobules separated by capsular con- 
nective tissue extensions or trabeculae. The 
lobules each have a dense cortex (C) and a 
lighter staining medulla (M). The medulla is a 
continuous tissue surrounded by the cortex 
that extends throughout the thymus, and 
it cannot be appreciated in a single section. 
(Reproduced with permission from Lichtman’s 
Atlas of Hematology, www.accessmedicine. 
com.) 


thymocytes.° This also may be seen in conditions that are associated 
with increases in circulating glucocorticoid hormones, for example, 
pregnancy or stress. 1*5 


THYMIC IMMUNE FUNCTION 


The thymus is the site of T-cell development. The importance of the 
thymus is underscored by patients with DiGeorge syndrome, or chro- 
mosome 22q11.2 deletion syndrome, who lack the genes required for 


Figure 6-2. Normal human infant thymus. 
Higher magnification. Medulla. The arrows 
indicate thymic corpuscles (synonymous with 
Hassall corpuscles). They are composed of 
tightly packed, concentrically arranged, type 
V endothelioreticular cells with flattened 
nuclei. The central mass is composed of ker- 
atinized cells. In addition to thymic corpus- 
cles and the mass of small densely stained T 
ymphocytes, the medulla contains scattered, 
arger, type V epithelioreticular cells with their 
ight nuclei, dark nucleolus, and eosinophilic 
cytoplasm, evident on this section. (Repro- 
duced with permission from Lichtman's Atlas of 
Hematology, www.accessmedicine.com.) 


Chapter 6: The Organization and Structure of Lymphoid Tissues 


Capsülé Hassall Figure 6-3. Structure of the thymus. The top half of the 
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thymic development.'* These patients do not develop T cells and hence 
have profound immune deficiency. 

Prothymocytes originate in the marrow and migrate to the thy- 
mus, where they mature into T cells (Chap. 76). Maturation of T cells 
is accompanied by the sequential acquisition of various T-cell markers 
including CD2, CD3, CD4 or CD8, CD5, and the T-cell receptor (TCR) 
(Fig. 6-3).7 Terminal deoxynucleotidyl transferase (TdT) is found in 
prothymocytes and immature thymocytes but is absent in mature 
T cells. TdT facilitates the successful rearrangement of TCR genes in 
immature thymocytes.’ 

T-cell precursors can be found in distinct microenvironments 
within the thymus. Marrow-derived CD34+ pre-T cells enter the cor- 
tex via small blood vessels and are double-negative for CD4 and CD8 
antigens.' One of the earliest identifiable T-cell membrane antigens is 
CD2. As the thymocytes proliferate and differentiate in the cortex, they 
acquire CD4 and CD8 antigens. They subsequently acquire the CD3 
antigen and the TCR for antigen as they migrate toward the medulla. 
In the cortex, the thymocytes are induced to express the chemokine 
receptor, CCR7, which directs their migration to CCL19- and CCL21- 
producing cells in the thymic medulla where they undergo further 
maturation.” 

Positive and negative selection of maturing T cells takes place in 
the thymus.” Double-positive (CD4+ and CD8+) thymocytes undergo 
an initial positive selection step that is mediated exclusively by thymic 
cortical epithelium to ensure that developing T cells can recognize pep- 
tides in the context of self major histocompatibility complex (MHC) 
molecules.” Thymocytes that have TCRs capable of interacting with self 
MHC molecules expressed by thymic cortical epithelial cells undergo 
expansion, whereas thymocytes with defective TCR undergo apopto- 
sis.” As these positively selected cells migrate toward the medulla, 
they experience negative selection through their interaction with thy- 
mic medullary epithelial cells in order to ensure that any T cells that 
react too strongly to self MHC molecules are deleted. These thymic 
medullary epithelial cells uniquely express the autoimmune regulatory 
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gene (AIRE). AIRE encodes a transcriptional regulator that promotes 
ectopic expression of a large repertoire of transcripts encoding pro- 
teins that ordinarily are restricted to differentiated organs residing in 
the periphery.” This allows the thymic medullary epithelial cells to 
express many different self-antigens, which are presented to developing 
thymocytes. Those thymocytes that have TCR that react too vigorously 
with the MHC molecules of the medullary epithelium will undergo 
apoptosis.” Most of the developing thymocytes are destroyed. In this 
way, only those T cells that have the appropriate level of affinity for self- 
MHC molecules yet are not reactive against self antigens will reach the 
medulla to undergo the final maturation stages and eventually exit the 
thymus via efferent lymphatics as functionally competent naive CD4+ 
and CD8+ single-positive T cells. 

Patients with the rare disease autoimmune polyendocrinopathy- 
candidiasis-ectodermal dystrophy (APECED) or polyglandular autoim- 
mune (PGA) syndrome type I (PGA I) underscore the importance of 
negative selection of thymocytes by thymic medullary epithelial cells. 
APECED, or PGA I, is characterized by chronic mucocutaneous can- 
didiasis, hypoparathyroidism, and adrenal insufficiency. In addition, 
most patients also have a number of other autoimmune manifestations, 
including thyroiditis, type 1 diabetes, ovarian failure, alopecia, and/or 
hepatitis.” These patients have genetic defects in AIRE,” which pre- 
cludes their thymic epithelial cells from expressing the large variety 
of tissue differentiation self-antigens required for the negative selec- 
tion of self-reactive thymocytes and the generation of central T-cell 
tolerance.*>8 


@THE SPLEEN 


The spleen is a specialized abdominal organ serving multiple functions 
in erythrocyte clearance, innate and adaptive immunity, and the regu- 
lation of blood volume. In general the spleen contains two structurally 
and functionally distinct components: white and red pulp. The white 
pulp of the spleen consists of secondary lymphoid tissue that provides 


an environment in which the cells of the immune system can interact 
with one another to mount adaptive immune responses to bloodborne 
antigens. The splenic red pulp contains macrophages that are responsi- 
ble for clearing the blood of unwanted foreign substances and senescent 
erythrocytes, even in the absence of specific immunity. Thus, it acts as 
a filter for the blood. 


SPLENIC ANATOMY 


The spleen is located within the peritoneum in the left upper quadrant 
of the abdomen between the fundus of the stomach and the diaphragm. 
It receives its blood supply from the systemic circulation via the splenic 
artery, which branches off the celiac trunk, and the left gastroepiploic 
artery.” The blood returning from the spleen drains into the portal 
circulation via the splenic vein. Therefore, the spleen can become con- 
gested with blood and increase in size when there is portal vein hyper- 
tension (Chap. 56). 

Approximately 10 percent of individuals have one or more acces- 
sory spleens. Accessory spleens are usually 1 cm in diameter and resem- 
ble lymph nodes. However, they usually are covered with peritoneum, 
as is the spleen itself. Accessory spleens typically lie along the course 
of the splenic artery or its gastroepiploic branch, but they may be else- 
where.” The commonest location is near the hilus of the spleen, but 
approximately 1 in 6 accessory spleens can be found embedded in the 
tail of the pancreas, where they may be occasionally mistaken for a pan- 
creatic mass lesion.*! 

The average weight of the spleen in the adult human is 135 g 
(range: 100 to 250 g). However, when emptied of blood it weighs only 
approximately 80 g. On autopsy of 539 subjects with normal spleens, 
there was a positive correlation between the spleen weight and both the 
degree of acute splenic congestion and the subject's height and weight, 
but not with the subject’s sex or age.” 

The splenic volume can be estimated by computed tomography 
(CT) of the abdomen. In one study, the splenic volume was calculated 
from the linear and the maximal cross-sectional area measurements of 
the spleen, using the following formula: splenic volume = 30 cm? + 0.58 
(the product of the width, length, and thickness of the spleen measured 
in centimeters).** Using this formula, the mean value of the calculated 
splenic volume for 47 normal subjects was 214.6 cm’, with a range of 
107.2 to 314.5 cm*. The calculated splenic volume did not appear to vary 
significantly with the subject’s age, gender, height, weight, body mass 
index, or the diameter of the first lumbar vertebra, the latter being con- 
sidered representative of body habitus on CT. 

The splenic volume also can be estimated by sonography, which 
provides good correlation with volumes measured by helical abdomi- 
nal CT or actual volume displaced by the excised organ. In one study 
of 50 patients, the linear measurement by sonography that correlated 
most closely with CT volume was the spleen width measured on a 
longitudinal section with the patient in the right lateral decubitus 
position (correlation coefficient [r] = 0.89, p <0.001). There was also 
good correlation between splenic length measured in the right lateral 
decubitus position and CT volume (r = 0.86, p <0.001). In another post- 
mortem analysis of 32 normal adult spleens, the ultrasonogram mea- 
surements of maximal height, width, and breadth of the spleen were 
compared with the actual volume displaced by the excised organ.” The 
mean actual splenic volume was approximately 148 cm? (+81 cm? SD), 
whereas mean splenic volume estimated from ultrasonography was 
284 cm? (+168 cm? SD). Despite the differences between the actual and 
estimated volumes, these investigators did find a roughly linear correla- 
tion between actual splenic volume and the estimated splenic volume 
measured by ultrasound. However, there may be operator-to-operator 
variation in measurement of the estimated splenic volume, making the 
use of sonography in longitudinal studies technically demanding. 
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SPLENIC ARCHITECTURE 


The spleen has an open circulation, which lacks endothelial continu- 
ity from artery to vein. When isolated spleens are perfused in washout 
studies, erythrocytes that appear in the splenic vein appear to be flushed 
out from three compartments. The red cells that are flushed out first 
come from a compartment that presumably is formed by the splenic 
vessels. The erythrocytes that are flushed out next come from a second 
compartment, where they presumably are loosely held within the filtra- 
tion beds. The erythrocytes that are flushed out last presumably were 
adherent to cells of the filtration beds. Although 90 percent of the blood 
flow passes through the splenic vessels, only approximately 10 percent 
of the total splenic red cells are found within this first compartment. 
The second compartment is perfused by 9 percent of the total inflow 
yet contains 70 percent of the splenic red cells. The last compartment is 
perfused by only 1 percent of the inflow but contains 20 percent of the 
splenic red cells. 

These compartments reflect the anatomy of the spleen and its 
stroma. The stroma is composed of branched, fibroblast-like cells called 
reticular cells. These cells produce slender collagen fibers, the reticular 
fibers, which are rich in type II collagen. The reticular cells and fibers 
form a meshwork, or reticulum, which filters the blood. Three major 
types of filtration beds can be distinguished by their structure and con- 
tent: the white pulp, the marginal zone, and the red pulp. 


White Pulp 

The white pulp contains the lymphocytes and other mononuclear cells 
that surround the arterioles branching off the splenic artery. After the 
splenic artery pierces the splenic capsule at the hilum, it divides into 
progressively smaller branches. Each branch is called a central artery 
because it runs through the central longitudinal axis of a distinctive fil- 
tration bed that surrounds each central artery (Fig. 6-4). This is com- 
posed of a cuff of lymphocytes called the periarteriolar lymphoid sheath 
(PALS). The PALS is composed mostly of T lymphocytes, about two- 
thirds of which are CD4+ T cells. The PALS around white pulp arterioles 
of the human spleen is not continuous.” Indeed, segments of the central 
arterioles might not be surrounded by T cells in areas where they run 
through lymphoid follicles containing pale areas of activated B lympho- 
cytes interspersed with large, pale macrophages and dendritic cells.’ The 
migration of T cells to the PALS is governed by stromal cell production 
of chemokines, primarily CCL19 and CCL21, which interact with the 
chemokine receptor CCR7 that is expressed by naive T cells.” Stromal 
production of these chemokines can be stimulated by certain cytokines, 
such as lymphotoxin.* 

On gross inspection of the surface of a freshly cut spleen, these 
follicles appear as white dots referred to as malpighian corpus- 
cles (Fig. 6-5). These corpuscles contain a germinal center and have 
the same anatomic features and functions as secondary follicles in the 
lymph node. Branches coming off the central artery deliver dispropor- 
tionate amounts of plasma and lymphocytes to the rim of the PALS 
(Fig. 6-6). These branches tend to run at acute angles, leading to a selec- 
tive loss of plasma from the blood, a phenomenon referred to as “skim- 
ming.’ After becoming relatively depleted of plasma, the arterioles then 
carry plasma-reduced blood into the filtration beds of the red pulp and 
marginal zone. As a result, the red pulp and marginal zone beds contain 
relatively high concentrations of red cells. 


The Marginal Zone 

The marginal zone surrounds the PALS and follicles. It is composed of a 
reticulum, which forms a finely meshed filtration bed, serving as a ves- 
tibule for much of the blood that flows through the spleen. The marginal 
zone surrounds the white pulp and merges with the red pulp. It contains 
more lymphocytes than the red pulp. These are primarily B cells and 
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Figure 6-4. Structure of the 
spleen. A branch of the splenic 
artery enters the pulp and becomes 
a central artery. Surrounding the 
central artery is a periarterial lym- 
phoid sheath (PALS). At the circum- 
ference of the PALS is the marginal 
zone, which generally separates 
he white pulp of the PALS from 
he red pulp. Follicles of B cells with 
occasional germinal centers (mal- 
pighian corpuscles) are located at 
he outer margins of the PALS for 
he depicted central artery and the 
PALS of central arteries that are in 
a different plane from that of the 
figure. 


| 


Figure 6-5. Normal human spleen. The splenic tissue is composed of red and white pulp. The red pulp (R), shown here as masses of red cells, is 
imparted a red color in living tissue as a result of the natural color of hemoglobin in red cells and in stained sections as a result of the intensified red 
(eosinophilic) stain taken up by hemoglobin. The red pulp contains venous sinuses separated by cords of red cells (cords of Billroth), which cannot 
be seen in a light micrograph. The white pulp is composed of spherical aggregates of lymphocytes (lymphatic nodule /LN/) with a lighter staining 
germinal center and an outer, relatively thin, darker stained marginal zone, which separates white pulp from red pulp. Thick-walled central arteries are 
usually evident penetrating the white pulp. The central artery is cut obliquely in the white pulp at the upper left. Two arteries are seen penetrating 
the nodule in the center-left of the field and a single artery penetrating the white pulp in the lower-center of the field. The central artery is often 
seen in the lymphatic nodule in an eccentric position. Other nodules do not show a vessel in this plane of section. (Reproduced with permission from 


Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 
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CD4+ T cells that appear especially well equipped for rapid antibody 
immune responses to bloodborne antigens.**' However, like the red 
pulp, the marginal zone may become congested and remove damaged 
and senescent red cells and parasites. 


The Red Pulp 

The splenic red pulp is composed of a reticular meshwork, called the 
splenic cords of Billroth, and splenic sinuses.” This region predomi- 
nantly contains erythrocytes but also has large numbers of macrophages 
and dendritic cells as well as fewer numbers of granulocytes, cytolytic 
CD8+ T cells, and natural killer (NK) cells. 

As the central arteries branch and decrease in size, the PALS also 
branches and decreases in diameter to but a few cells surrounding the 
arteriole. The small arteriole finally emerges from its sheath and then 
terminates in either the marginal zone or the red pulp. Here these ves- 
sels are suspended and anchored by adventitial reticular cells in the 
periarterial beds. They often terminate abruptly as arteriolar capillaries 
or as vessels with a trumpet-like flare with widened slits called interen- 
dothelial slits. The blood flows through these slits into filtration beds 
composed of large-meshed loculi that open to one another. 

The blood in the red pulp and marginal zone drains into venous 
sinuses that form anastomosing, blind-ending vessels. These venous 
sinuses actually are specialized postcapillary venules. The endothelial 
cells are shaped as tapered rods that are stiffened by basal, longitudinal, 
intermediate cytoskeletal filaments and contractile filaments of actin 
and myosin. These intracellular contractile filaments can shorten the 
vein, causing the endothelium to buckle and form interendothelial gaps, 
favoring transmural passage. 

The endothelial cells are attached to a basement membrane. 
Although this appears to be fashioned of fibers, the basement mem- 
brane actually is an extracellular membranous wall with large, regular 
defects that expose considerable basal endothelial surface. This includes 
the interendothelial slits through which blood may flow from the fil- 
tration bed and into the vein. Ordinarily the interendothelial slits are 


Figure 6-6. Normal human spleen (higher 
magnification of white pulp). The white 
pulp is composed of spherical aggregates 
1 of lymphocytes (lymphatic nodules [LN] 
aay ah aS witha lighter staining germinal center and 
a x an outer, relatively thin, darker stained mar- 
ginal zone, which separates white pulp from 
red pulp. The lymphatic nodules largely 
consist of B lymphocytes. Thick-walled 
central arteries are usually evident pene- 
trating the white pulp, often in an eccen- 
tric position as noted by the asterisks. The 
T-cell-rich periarteriolar lymphoid sheath 
surrounds the central artery, which is cut 
longitudinally in the lymphatic nodule at 
the left. A single central artery penetrating 
the lymphatic nodule in the upper-right 
part of the field is in a characteristically 
eccentric position. R, red pulp. (Reproduced 
with permission from Lichtman’s Atlas of 
Hematology, www.accessmedicine.com.) 


narrow or even closed unless forced apart by cells in transmural transit 
or by endothelial contraction. 

Splenic arterioles terminate at varied distances from the walls 
of venous vessels. Blood flowing from arterioles that terminate at the 
venous vessel wall may flow directly into the splenic vein. However, 
blood flowing from arterioles that terminate at a distance from a vein 
must traffic through the spleen. In so doing, the blood either may pass 
quickly through a nonsinusoidal venous aperture or slowly through 
sinusoidal interendothelial slits and the fibroblast stroma. 

The fibroblast stroma contains reticular cells and myofibroblast 
cells, which are also called barrier cells. The latter may fuse with each 
other to form a syncytial membrane that connects the arterial terminals 
with venous interendothelial slits or apertures. Like other myofibrob- 
lasts, these cells contain actin and myosin and may contract, thereby 
approximating splenic arterial and venous vessels with one another. 
Thus, the fibroblast stroma may affect the relative proportion of blood 
that flows through the stroma or the sinusal interendothelial slits. Such 
redistribution might occur during periods of acute physiologic stress, 
allow for increased expulsion of red cells from the spleen, and account 
for some of the increase in hematocrit observed during strenuous 
exercise. 


SPLENIC FUNCTION 
Red Cell Clearance 


Mixed within the stroma of the red pulp and marginal zone are mono- 
cytes and macrophages. As the blood passes through the stroma, mono- 
cytes adhere to the stroma, where the microenvironment is conducive to 
their maturation into macrophages and large, dendritic, lysosome-rich 
phagocytes. These cells assist the reticular cells in mechanical filtration. 
More importantly, these cells have phagocytic activity that allows them 
to ingest imperfect erythrocytes, store platelets, and remove infec- 
tious agents, such as plasmodia, from the circulation.“ In addition, the 
monocytes and macrophages have nonphagocytic functions, such as the 


presentation of antigens to T cells or the elaboration of immunomodu- 
latory cytokines. 

Collectively, the anatomy of the spleen allows the marginal zone 
and red pulp to cull defective erythrocytes. As the blood passes slowly 
through the sinusoidal interendothelial slits and the fibroblast stroma, 
the erythrocytes must undergo alterations in shape to squeeze through 
the mechanical barrier generated by this filtration compartment. Nor- 
mal red cells that are supple may pass through readily because the 
interendothelial slits can open to approximately 0.5 um. However, ery- 
throcytes containing large, rigid inclusions, such as plasmodium-con- 
taining erythrocytes, are delayed or sequestered.“ Antibody-coated red 
cells, as present in autoimmune hemolytic anemia, are also recognized 
and removed by macrophages in the splenic red pulp. Polymorphisms 
of FcyRII (CD32) or FeyRII (CD16) that affect immunoglobulin (Ig) G 
binding in vitro can alter the efficiency of clearance of antibody-coated 
red cells in vivo.*® 

When these filtration beds sequester imperfect red cells, the 
blood pools inside the spleen, causing stasis and congestion. This stim- 
ulates sphincter-like contraction of the distal vein, resulting in prox- 
imal plasma transudation that produces a viscous luminal mass of 
high-hematocrit blood. During episodes of enhanced red cell seques- 
tration, as occurs during malarial crises or hemolytic episodes in a small 
proportion of patients with sickle cell disease, the splenic volume and 
weight may increase 10- to 20-fold (Chap. 56).*” Although the white 
pulp may enlarge, particularly in germinal centers, the marginal zones 
and red pulp become greatly widened with pooled erythrocytes and 
macrophages in this setting. 


Regulation of Blood Volume 

The spleen also can play a role in modulating blood volume. Release of 
high-hematocrit blood through splenic contraction occurs in response 
to activation of the baroreflex, which also may be activated during con- 
ditions of decreased blood pressure and cardiac output.**“? On the other 
hand, physiologic agents such as atrial natriuretic peptide, nitric oxide, 
and adrenomedullin can induce fluid extravasation from the splenic cir- 
culation into lymphatic reservoirs.* Excessive splenic extravasation can 
contribute to the inability to maintain adequate intravascular volume 
during septic shock. There also is evidence that the splenic afferent and 
renal sympathetic nerves play a role in maintaining renal microvascular 
tone.” This splenorenal reflex can influence blood pressure and, during 
septic shock, help promote renal sodium and water reabsorption and 
release of the vasoconstrictor angiotensin II. On the other hand, in portal 
hypertension, the splenorenal reflex can promote renal sodium and 
water retention and possibly play a role in the hemodynamic complica- 
tions of portal hypertension through neurohormonal modulation of the 
mesenteric vascular bed. 


Splenic Immune Function 

The spleen and its responses to antigens are similar to those of lymph 
nodes, the major difference being that the spleen is the major site of 
immune responses to bloodborne antigens, while lymph nodes are 
involved in responses to antigens in the lymph.” Antigens and lympho- 
cytes enter the spleen through the vascular sinuses, because the spleen 
lacks high endothelial venules. Upon entry, the lymphocytes home to 
the white pulp. T cells, which express the chemokine receptor CCR7, 
migrate to the PALS in response to CCL19 and CCL21, and B cells, 
which express CXCRS, migrate to the lymphoid follicles in response to 
CXCL13.*”*! Dendritic cells also express CCR7 and hence migrate to 
the same area as do naive T cells. T and B cells migrate within these 
compartments for about 5 and 7 hours, respectively. In the absence of 
an immune response, these cells migrate through a reticulum arranged 
around the circumference of the central artery. 
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Upon immune activation in response to antigen, the lymphocytes 
may remain in the spleen to sustain a primary or secondary immune 
response. Activation of B cells is initiated in the marginal zones that are 
adjacent to CD4+ T cells in the PALS. Activated B cells then migrate 
into germinal centers or into the red pulp.” Lymphoid nodules appear 
and expand by recruiting lymphocytes from the blood and the periph- 
eral zone of the follicles, termed the mantle zone. These cells then pro- 
liferate and differentiate in the center of a lymphoid nodule, forming a 
germinal center.® In their path from the marginal zone to the follicles, B 
cells pass into the PALS, where they remain in contact with T lympho- 
cytes for a few hours, allowing ample time for T- and B-cell interaction 
in response to antigens. If they are not recruited in an immune response 
to antigen, both T and B lymphocytes exit the spleen via deep efferent 
lymphatics, not the splenic veins. 

These efferent lymphatics are not distinguished as separate struc- 
tures within the PALS, being quite thin-walled and often packed with 
efferent lymphocytes. However, they are important in moving nonre- 
active lymphocytes out of the spleen and in producing high-hematocrit 
pulp blood. After leaving the spleen, the efferent lymphocytes become 
the afferent lymphatics of the perisplenic mesenteric lymph nodes or 
empty into the thoracic duct. This duct empties into the left subclavian 
vein, thus returning the lymphocytes to the venous circulation. 


@LYMPH NODES 


The lymphoid nodes are secondary lymphoid tissues. They form part 
of a network that filters antigens from the interstitial tissue fluid and 
lymph during its passage from the periphery to the thoracic duct. Thus, 
the lymph nodes are the primary sites of immune response to tissue 
antigens. 


LYMPH NODE ANATOMY 


The lymph nodes are round or kidney-shaped clusters of mononuclear 
cells that normally are less than 1 cm in diameter (Fig. 6-7). A collage- 
nous capsule surrounds a typical lymph node and has an indentation 
called the hilus where blood vessels enter and leave. 

Lymph nodes typically are present at the branches of the lymphatic 
vessels and form part of the extensive network of lymphatic channels 
that extends throughout the body. Several afferent lymphatic channels 
that drain lymph from regional tissues into the lymph node perforate 
the capsule of each lymph node. The lymph draining from the node 
leaves through one efferent lymphatic vessel at the hilus. The lymph 
from the node, in turn, empties into efferent lymphatic vessels that 
eventually drain into larger lymphatic channels leading eventually to the 
thoracic duct. The thoracic duct, in turn, drains into the left subclavian 
vein, thus returning lymph into the systemic circulation. 

Clusters of lymph nodes are located strategically in areas that drain 
various superficial and deep regions of the body, such as the neck, axil- 
lae, groin, mediastinum, and abdominal cavity. The lymph nodes that 
receive lymph that drains from the skin, termed somatic nodes, are 
superficial. The lymph nodes that receive their lymph from the mucosal 
surface of the respiratory, digestive, or genitourinary tract, termed vis- 
ceral nodes, are usually deep within body cavities. 


LYMPH NODE STRUCTURE 


Beneath the collagenous capsule is the subcapsular sinus, into which 
the afferent lymphatic channels drain (Fig. 6-8). This sinus is lined with 
phagocytic cells. Fibrous trabeculae radiate from the medulla adjacent 
to the hilus of the node to the subcapsular sinus, thus breaking the node 
into several follicles, called cortical follicles. These trabeculae, together 


Medulla 


with the capsule and a network of reticulin fibers, support the various 
cellular components of the node and serve as the scaffolding for lym- 
phatic spaces, namely, the subcapsular and cortical sinuses. These lym- 
phatic spaces are continuous with medullary sinuses and the solitary 
efferent lymphatic channel exiting the hilus. 

Each cortical follicle contains dense collections of small, mature, 
recirculating lymphocytes. These consist of a B-cell area (cortex), a 
T-cell-rich area (paracortex), and a central medulla with cellular cords 
that contain T cells, B cells, plasma cells, and macrophages.' Some fol- 
licles contain lightly staining areas of 1- to 2-mm in diameter, called 
germinal centers. Germinal centers are the specialized sites for the 
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Figure 6-7. Normal human lymph node. 
Low power. Capsule (Cap) is a thin connec- 
tive tissue covering. Below the capsule is 
the subcapsular sinus. Lymphatics pene- 
trate the capsule and enter the subcapsular 
sinus. The cortex is composed of adjacent 
lymphatic nodules, usually with fine con- 
nective tissue trabecula extending from 
the capsule separating the nodules. The 
nodule has a germinal center that stains 
lighter than the outer mantle zone because 
of the proliferating medium-sized and 
large lymphocytes with less dense stain- 
ing properties. The medulla is composed 
of interconnecting medullary cords com- 
posed of lymphocytes and interspersed 
light staining channels, the medullary 
sinuses. Lymph flows from the subcapsular 
sinus down the trabecular sinuses and into 
the medullary sinuses and exits the node 
via efferent lymphatics at the hilum. (Repro- 
duced with permission from Lichtman’s Atlas 
of Hematology, www.accessmedicine.com.) 


generation of memory B cells and antibody affinity maturation via the 
process of immunoglobulin variable-region somatic hypermutation.* 
Follicles without germinal centers are called primary follicles, and those 
with germinal centers are called secondary follicles. Primary lymphoid 
follicles contain nodules that consist predominantly of small, mature, 
recirculating B lymphocytes. 

Within 1 week after antigenic stimulation, secondary follicles 
develop a germinal center that contains proliferating B cells and mac- 
rophages.*** The small, nonreactive B cells are apparently forced to 
the periphery of the follicle, where they form a dense follicular mantle. 
The B cells within the germinal center, on the other hand, are highly 


Figure 6-8. Structure of the lymph node. The 
lymph enters via afferent lymphatic channels and 
exits via the efferent lymphatic channel. The large 
arrows indicate the direction of the lymphatic 
flow into and out of the lymph node. The legend 
shows the symbols used for the T-cell zone (x) 
and the B-cell zone (shade) of each follicle. The 
follicle in the lower left part of the node contains 
a primary follicle lacking a germinal center. The 
follicle immediately above this follicle contains 
a germinal center. Thus, the entire follicle delin- 
eated by the dashed lines is a secondary follicle. 
The cortex, paracortical area, and medulla are 
also shown. 


Paracortical zone 
(Deep cortex) (x ) 


activated, typically forming blasts that have abundant cytoplasm and 
round, cleaved, or convoluted shapes. Follicular dendritic cells also are 
found within the germinal centers. These cells can trap and retain anti- 
gens for months, possibly in the form of immune complexes.” The ger- 
minal centers of the secondary follicle may gradually regress after the 
antigenic stimulus is eliminated. 

Surrounding the lymphoid follicles of the superficial cortex are 
sheets of lymphocytes that extend to the deep cortex, the paracortex, 
that blend into medullary cords of cells. The paracortical zones are 
formed mostly of T cells. The ratio of T cells to B cells in these zones 
is approximately 3:1. The medulla, however, contains scattered B cells, 
dendritic cells, macrophages, rare NK cells, and, during an immune 
response, plasma cells. The superficial cortex and medulla of the lymph 
nodes are the thymic-independent areas, while the deep cortex is partic- 
ularly enriched with T cells, forming an area that sometimes is referred 
to as the thymic-dependent area. The major T-cell population found 
within the lymph node consists of CD4+ T cells. The scattering of CD4+ 
T cells in the follicles, and in more prominent numbers in the interfol- 
licular zones, reveals the proximity of CD4+ T and B cells important 
for T-B cooperation during proliferation and maturation of antigen- 
stimulated B cells.** 

The T-cell-rich paracortex is also relatively enriched with special- 
ized NK cells and other innate lymphoid cell (ILC) populations that 
likely have roles in shaping innate and adaptive immune responses 
in lymph nodes, as well as other secondary lymphoid tissues (SLT), 
through the production of immunomodulatory cytokines. The NK cell 
population present in the lymph node paracortex is predominantly 
composed of the CD56°"*" subset that can rapidly produce cytokines, 
such as interferon-y and tumor necrosis factor-a, in response to mono- 
cyte-derived cytokines (IL-12, IL-15, and IL-18). However, these NK 
cells show relatively weak cytotoxicity in comparison to CD56“ NK 
cells that predominate in the blood (Chap. 77)." There is accumulating 
evidence that CD56""8" NK cells represent the immediate precursors to 
CD56“ NK cells and likely differentiate into the latter just prior to their 
egress from lymph nodes.“ Moreover, CD34+CD45RA+ hematopoi- 
etic progenitor cells capable of giving rise to CD56™8 NK cells are also 
enriched in the lymph node paracortex indicating that these tissues are 
also likely sites of NK cell development. 6-97 

Lymphocytes primarily enter lymphatic tissues from the blood by 
migrating across the tall, active endothelium of specialized postcapil- 
lary venules called high endothelial venules.® Cellular adhesion mole- 
cules and various chemokines, including CXCL13, CCL19, and CCL21, 
are responsible for the pattern of lymphocyte trafficking and determine 
the associations among stromal (e.g., reticular and endothelial) and par- 
enchymal (e.g., T and B lymphocytes, dendritic cells, and macrophages) 
cells in the lymphoid tissues. 


LYMPH NODE FUNCTION 


The lymph node is the site where different types of lymphocytes, macro- 
phages, and dendritic cells can interact with one another to generate an 
immune response to antigens carried within the lymph. As the lymph 
passes across the nodes from afferent to efferent lymphatic vessels, par- 
ticulate antigens are removed by the phagocytic cells and transported 
into the lymphoid tissue of the lymph node.’ Abnormal cells within the 
lymph, such as neoplastic cells, also can be trapped within the lymph 
node. 

Within the lymph node, antigen is presented to T cells as processed 
peptides by MHC molecules of antigen-presenting cells (Chap. 76). 
Various T-cell subsets comprise a network of interactive cells. CD4+ 
and CD8+ cell-mediated contacts, as well as T-cell-derived soluble 
factors, induce and regulate the immune response. T-cell recognition 
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is mediated by the TCR for antigen. Which T cells are activated is deter- 
mined by the specificity of the TCRs, the structure of MHC molecules, 
and the nature of antigen-presenting cells, including the dendritic retic- 
ular cells, macrophages, and B cells. 

Along with TCR recognition of processed antigen presented in the 
MHC of the antigen-presenting cell, adequate T-cell activation requires 
secondary signals, or costimulation, delivered through accessory mol- 
ecules, such as CD28.” Without these secondary signals, T cells may 
become anergic or specifically nonresponsive to antigen stimulation.” 
This specific suppression is thought to play an important regulatory role 
in the maintenance of self-tolerance.” 

T-cell recognition of specific antigen may induce release of soluble 
factors, such as interleukins, that can activate the T cells themselves or 
have paracrine effects on other neighboring leukocytes.” Also, activated 
T cells express surface molecules, such as CD40-ligand (CD154), that 
also can activate B cells, dendritic cells, or macrophages.”*” 

The T-dependent immune response includes the formation of 
early germinal centers within days after antigen exposure. There is a 
mixture of B cells and activated CD4+ T cells in the lymphoid folli- 
cles. T-B cooperation involves the accessory B-cell antigen CD40 and 
the CD154 antigen expressed on activated T cells (Chap. 76). Activated 
B cells differentiate and take on the cytomorphologic characteristics of 
centroblasts and comprise the largest numbers of cells in the early ger- 
minal center. Subsequently, centroblasts give rise to smaller B cells, 
the centrocytes. B cells undergo affinity maturation within the germi- 
nal center. During this process, the genes encoding the surface immu- 
noglobulin of B cells undergo high rates of mutation, called somatic 
hypermutation.”” B cells that express immunoglobulin with little or 
no affinity for antigen undergo apoptosis.”* The resulting cellular debris 
is tingible, or capable of being stained, and is found prominently within 
macrophages specifically designated tingible body macrophages. On the 
other hand, B cells expressing surface immunoglobulin with high affin- 
ity for antigen are selected to proliferate and differentiate to memory B 
cells or plasma cells.** As well as promoting activation of B cells, CD4+ 
T cells, and CD8+ T cells may give rise to circulating memory T cells.”*° 

Following the release of specific antibody, antigen-antibody com- 
plexes may form and become sequestered on the surface of follicular 
dendritic cells within the germinal centers. These antigen-antibody 
complexes produce a coating of small, bead-like, immune complex- 
coated bodies called iccosomes. Iccosomes may be presented to CD4+ 
T cells by B cells and dendritic cells. Iccosomes also appear to assist 
in anamnestic recall following reentry of antigen in the host.* T- and 
B-cell memory functions depend upon persistence of antigen.” 


@ PERIPHERAL LYMPHOID TISSUES 
MUCOSA-ASSOCIATED LYMPHOID TISSUES 


The mucosa-associated lymphoid tissues (MALTs) are diffusely orga- 
nized aggregates of lymphocytes that protect the respiratory and gas- 
trointestinal epithelium.’ The lymphoid aggregates associated with 
the respiratory epithelium are sometimes referred to as the bronchi- 
al-associated lymphoid tissue. The lymphoid aggregates associated with 
the intestinal epithelium are sometimes referred to as the gut-associ- 
ated lymphoid tissue (GALT). Lymphocytes in the GALT are located 
in three main regions: within the epithelial layer, scattered through the 
lamina propria, and clustered in organized collections in the lamina 
propria. The latter includes the tonsils, adenoids, appendix, and spe- 
cialized structures called Peyer patches found in the ileum (Fig. 6-9). 
Most intraepithelial lymphocytes are CD8+ T cells, 10 percent of which 
express the y/d form of the TCR (Chap. 76). On the other hand, the 
intestinal lamina propria contains a mixed population of cells, including 


activated CD4+ T cells as well as a recently described and heteroge- 
neous population of ILC. ILCs are now known to be key players in 
mucosal immunity; they release immunomodulatory cytokines, and 
a subset also produces IL-22 which supports epithelial homeostasis.™ 
Similar to the lymphoid follicles of the spleen and lymph nodes, the 
mucosal follicles in the lamina propria contain mostly B cells, which 
sometimes are organized into germinal centers. 

Solitary lymph nodules with follicular and germinal center struc- 
tures occur in the mucosa and submucosa of the respiratory tract, the 
gastrointestinal tract (particularly within the ileum), the urinary tract, 
and the vagina. Microfolds overlying specialized epithelial cells in the 
gut transport antigenic material by pinocytosis, with potential sub- 
sequent activation of the immune response. During states of chronic 
inflammation, lymphoid nodules may form as a localized center of 
lymphocytes with marked follicular activity. The Waldeyer ring of 
pharyngeal lymphoid tissues and Peyer patches in the ileum contain 
prominent aggregated nodular lymphoid tissue. No capsule or efferent 
or afferent lymphatic vessels are present in these accessory lymphoid 
tissues. 

The MALT are rich in plasma cells and eosinophils. The plasma 
cells are a source of secretory immunoglobulin that is transferred into 
the lumina of the bronchi and gastrointestinal tract. The majority of 
plasma cells in the mucosa of the bronchi and gut contain IgA.* IgA 
is released from the plasma cell and then combines with a secretory 
piece synthesized within the mucosal epithelium to become secretory 
IgA (Chap. 75). Secretory IgA then is secreted across the microvilli of 
mucosal epithelium into the lumen, where it may prevent coloniza- 
tion of mucosal membranes by pathogens. Lymphoid nodules along 
mucosa-lined tracts serve as precursors of IgA-producing cells. These 
nodules form a barrier against many microorganisms and antigens.** 


Peyer Patches 
Peyer patches are the most important and highly organized of the 
GALT.® They are found in the lamina propria of the ileum (near the 


Figure 6-9. A cross-section of human 
terminal ileum. The columnar epithelium 
shown to the left is organized into villi. A 
series of lymphatic nodules in the mucosa 
extending from the lamina propria to the 
submucosa is part of the gastrointestinal- 
associated lymphoid tissue (GALT). In the 
ileum, this highly organized lymphatic tissue 
is referred to as Peyer patches. They each 
contain a germinal center. The GALT is a 
subset of the mucosa-associated lymphatic 
tissue. Scattered lymphatic nodules may 
also be seen in the mucosa of other parts 
of the small bowel and colon but they are 
usually isolated single nodules. (Reproduced 
with permission from Lichtman's Atlas of 
Hematology, www.accessmedicine.com.) 


ileocolonic junction) and consist of up to 50 or more lymphoid nodules 
covered by a single layer of columnar epithelium (see Fig. 6-9). They 
are well developed in youth and regress with age. Antigens from the 
intestinal epithelium are collected by specialized epithelial cells called 
M cells, allowing for generation of specific immune responses against 
intestinal pathogens.*’ Peyer patches are the sites at which B cells differ- 
entiate in response to these antigens into the plasma cells found within 
the intestine.®* 


Tonsils 

The tonsils are the major component of the Waldeyer ring of pharyn- 
geal lymphoid tissues. They are covered by variable epithelial surfaces 
that have deep, branching depressions called crypts. Fused lymphatic 
nodules lie adjacent to the crypts, and germinal centers are prominent. 
A pseudocapsule of condensed connective tissue surrounds the tonsils, 
and septae within the structures form lobulations. Together with the 
other lymphoid tissues of the Waldeyer ring, the tonsils provide the ini- 
tial barrier to pathogens entering the oral pharynx. 
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CHAPTER 7 
HEMATOLOGY OF THE FETUS 
AND NEWBORN 


James Palis and George B. Segel 


During embryogenesis, hematopoiesis occurs in spatially and temporally 
distinct sites, including the extraembryonic yolk sac, the fetal liver, and the 
preterm marrow. The development of primitive erythroblasts in the yolk sac 
is critical for embryonic survival. Primitive erythroblasts differentiate within 
the vascular network rather than in the extravascular space and circulate as 
nucleated cells. Although it is widely assumed that primitive red cells remain 
nucleated throughout their life span, primitive erythroblasts ultimately enu- 
cleate upon terminal differentiation. After 7 weeks of gestation, hematopoi- 
etic progenitors are no longer detected in the yolk sac. Hematopoietic stem 
cells emerge from major arterial vessels at 5 weeks of gestation. The liver 
serves as the primary source of red cells from the 9th to the 24th week of ges- 
tation. Like primitive erythropoiesis in the yolk sac, definitive erythropoiesis 
in the fetal liver is necessary for continued survival of the embryo. In contrast 
to the yolk sac, where hematopoiesis is restricted to maturing primitive ery- 
throid, macrophage, and megakaryocytic cells, hematopoiesis in the fetal 
liver consists of definitive erythroid, megakaryocyte, and multiple myeloid, as 
well as lymphoid lineages. Hematopoietic cells are first seen in the marrow 
of the 10- to 11-week embryo, and they remain confined to the diaphyseal 
regions of long bones until 15 weeks of gestation. Lymphopoiesis is present 
in the lymph plexuses and the thymus beginning at 9 weeks of gestation. Yolk 
sac stem cells were first thought to seed the liver and eventually the marrow. 
However, later experiments in avian and amphibian embryos indicate that the 
hematopoietic stem cells that seed the marrow arise within the body of the 
embryo proper rather than from the yolk sac. The aorta-gonad-mesonephros 
(AGM) region generates hematopoietic stem cells that seed the liver and the 
marrow to provide lifelong hematopoiesis. Hemoglobin (Hgb) Gower-1 (¢.¢.) 
is the major hemoglobin in embryos younger than 5 weeks. Hgb F (a. y,) is the 
major hemoglobin of fetal life. The fetal hemoglobin concentration in blood 
decreases after birth by approximately 3 percent per week and is generally 


Acronyms and Abbreviations: ADP, adenosine diphosphate; AGM, aorta- 
gonad-mesonephros; ATP, adenosine triphosphate; ATPase, adenosine triphos- 
phatase; BFU-E, burst-forming unit—erythroid; BPG, bisphosphoglycerate; BPI, 
bacterial permeability-increasing protein; cAMP, cyclic adenosine monophosphate; 
CFU-E, colony-forming unit—erythroid; CFU-GEMM, colony-forming unit—granu- 
locyte-erythroid-monocyte-macrophage; CFU-GM, colony-forming unit—granulo- 
cyte-monocyte; CFU-Meg, colony-forming unit—megakaryocyte; G-CSF, granulocyte 
colony-stimulating factor; GM-CSF, granulocyte-monocyte colony-stimulating fac- 
tor; IL, interleukin; MCV, mean cell volume; NBT, nitroblue tetrazolium; NK, natural 
killer; RDW, red cell distribution width; SIDS, sudden infant death syndrome; TNF, 
tumor necrosis factor; TPO, thrombopoietin. 


less than 2 to 3 percent of the total hemoglobin by 6 months of age. The mean 
hemoglobin level in cord blood at term is 16.8 g/dL, with 95 percent of the 
values falling between 13.7 and 20.1 g/dL. The red cells of the newborn are 
macrocytic, with a mean cell volume in excess of 110 fL/cell. The red cell, hemo- 
globin, and hematocrit values decrease only slightly during the first week after 
birth, but decline more rapidly in the following 5 to 8 weeks, producing the 
physiologic anemia of the newborn. The absolute number of neutrophils in the 
blood of term and premature infants is usually greater than that found in older 
children. Segmented neutrophils are the predominant leukocytes in the first 
few days after birth. As their number decreases, the lymphocyte becomes the 
most numerous cell type and remains so during the first 4 years of life. Phago- 
cytosis of bacteria by neutrophils from premature and term infants is normal. 
Bactericidal activity varies according to the conditions of testing and the clin- 
ical status of the neonates. The platelet counts in term and preterm infants 
are between 150 and 400 x 10°/L, comparable to adult values. The absolute 
number of lymphocytes in the newborn is equivalent to that in older children, 
with lower values in premature infants at birth. The absolute number of CD3+ 
and CD4+ (helper/inducer phenotype) T-cell subsets in blood of newborns is 
significantly higher than in adults. Humoral (B-cell) immunity also develops 
early in gestation, but it is not fully active until after birth. In the newborn, 
approximately 15 percent of lymphocytes have immunoglobulin on their sur- 
face, with all immunoglobulin isotypes represented. The term newborn has 
reduced mean plasma levels (<60 percent of adult levels) of factors Il, IX, X, 
XI, and XIl, prekallikrein, and high-molecular-weight kininogen. In contrast, 
the plasma concentration of factor VIII is similar and von Willebrand factor is 
increased compared to older children and adults. 


@ FETAL HEMATOLYMPHOPOIESIS 


PRODUCTION OF EMBRYONIC AND FETAL 
HEMATOPOIETIC CELLS 


During embryogenesis, hematopoiesis occurs in spatially and tempo- 
rally distinct sites, including the extraembryonic yolk sac, the fetal liver, 
the thymus, and the preterm marrow. The origin of hematopoietic cells 
is closely tied to gastrulation, the formation of mesoderm cells, and to 
the emergence of the endothelial lineage. Hematopoiesis is first estab- 
lished soon after implantation of the blastocyst, with the appearance of 
primitive erythroid cells in blood islands of the yolk sac beginning at 
day 18 of gestation.’ The spatial and temporal association of embryonic 
red cells and endothelial cells in these blood islands suggests that the 
transient erythromyeloid potential of the yolk sac arises from heman- 
gioblast precursors that also contain endothelial potential.” This concept 
is supported by in vitro studies of human embryonic stem cells cultured 
as embryoid bodies.** Hematopoietic stem cells, containing erythromy- 
eloid and lymphoid potential, subsequently arise from intraembryonic 
vasculature, particularly the aorta (Fig. 7-1). These hematopoietic stem 
cells provide for fetal and long-term postnatal blood cell production. 
The ontogeny of the hematopoietic system remains a topic of active 
research using mammalian and several nonmammalian model systems. 


Yolk Sac Hematopoiesis 

“Primitive” red cells derived from the yolk sac constitute a distinct 
transient erythroid lineage that differs from “definitive” red cells that 
subsequently mature in the fetal liver and marrow. The development of 
primitive erythroblasts is critical for embryonic survival. In the mouse, 
targeted disruption of the transcription factors SCL (TAL1), LM02 
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Yolk sac 


Time 


Figure 7-1. Hypothetical model of human 
hematopoietic ontogeny based on amphib- 
ian, avian, murine, and human developmen- 
tal data. The yolk sac provides two transient 
populations of committed progenitors that 
are thought to arise from a mesoderm-de- 
rived hemangioblast (HB) precursor. The first 
wave of progenitors produces primitive ery- 
throblasts (PRIM. ERY.) (see text). The second 
wave produces burst-forming unit-erythroid 
(BFU-E) and several myeloid progenitors (MP) 
that seed the liver. Long-term hematopoi- 
etic stem cells (HSCs) arise later in the aorta- 
gonad-mesonephros (AGM) region that sub- 
sequently populate the liver and ultimately 
the marrow to generate the full panoply of 
definitive hematopoiesis. The HSCs from liver 
also provide naive lymphoid cells to the thy- 
mus, and T-lineage maturation occurs there. 


Marrow 


(RBTN2), and GATA-1 abrogates primitive erythropoiesis in the yolk 
sac and leads to early embryonic death.*” In the human, primitive ery- 
throblasts begin to enter the embryo proper at days 21 to 22 of gestation 
with the onset of cardiac contractions? and circulate until approximately 
12 weeks of gestation. Yolk sac erythroblasts have several characteristics 
that distinguish them from their later definitive counterparts. Primi- 
tive erythroblasts circulate as nucleated cells, accumulating embryonic 
hemoglobins and completing terminal differentiation within the vas- 
cular network.’ Because of their extremely large size, with an estimated 
MCV of >400 fL/cell, yolk sac erythroblasts have been termed meg- 
aloblasts. Although it is widely assumed that primitive red cells remain 
nucleated throughout their life span, human primitive erythroblasts, 
like their murine counterparts, ultimately enucleate upon terminal 
differentiation.’* 

In the mouse, primitive red cells are derived from a transient 
population of primitive erythroid progenitors that is confined to the 
yolk sac.” Ultrastructural examination of the human yolk sac reveals 
the presence, not only of primitive erythroblasts, but also of macro- 
phage cells and megakaryocytes.'' These findings are consistent with 
hematopoietic progenitor studies in the mouse embryo and in human 
embryonic stem cells differentiated in vitro, which support the concept 
that “primitive” hematopoiesis in the yolk sac consists of primitive ery- 
throid, macrophage, and megakaryocyte lineages. 15 

The initial wave of primitive erythroid progenitors is followed by 
a second wave of yolk sac-derived definitive erythroid progenitors, 
termed burst forming units-erythroid (BFU-E). BFU-E are present in the 
human yolk sac as early as 4 weeks’ gestation and are found in the fetal 
liver by 5 weeks’ gestation.'® These findings suggest that the fetal liver 
is initially seeded by hematopoietic progenitors derived from the yolk 
sac (see Fig. 7-1).'” Erythroid and nonerythroid progenitors are evident 
also in the nonliver regions of the embryo proper.'* After 7 weeks’ gesta- 
tion, hematopoietic progenitors are no longer detected in the yolk sac.” 


Hepatic Hematopoiesis 

The liver serves as the primary source of red cells from the 9th to the 
24th weeks of gestation. Between 7 and 15 weeks’ gestation, 60 percent 
of the liver cells are hematopoietic.” Erythroid cells differentiate in close 


physical association with macrophages and extrude their nuclei prior to 
entering the blood. These fetal-liver-derived definitive “macrocytes” are 
smaller than yolk sac—derived primitive megaloblasts and contain one- 
third the amount of hemoglobin. Differentiation of murine erythroid 
cells in the fetal liver is critically dependent on erythropoietin signaling 
through its receptor and the Janus kinase 2 (JAK2) pathway.”!”* Fetal- 
liver-derived erythroid progenitors can differentiate in vitro with ery- 
thropoietin alone, in contrast to adult marrow-derived BFU-E, which 
requires erythropoietin plus interleukin (IL)-3 or stem cell factor.” 
Erythropoietin transcripts are present during the first trimester in the 
liver, which remains a primary site of erythropoietin transcription 
throughout fetal life.” Erythropoietin transcripts also are present in the 
developing human kidney as early as 17 weeks’ gestation and increase 
after 30 weeks.” Like primitive erythropoiesis in the yolk sac, definitive 
erythropoiesis in the fetal liver is necessary for continued survival of 
the embryo. Targeted disruption of the c-myb transcription factor in 
the mouse blocks fetal liver erythropoiesis and leads to fetal death.’ 
This mutation does not affect primitive erythropoiesis, indicating fun- 
damental differences in the transcriptional regulation of these distinct 
forms of erythropoiesis. 

In contrast to the yolk sac, where hematopoiesis is restricted 
primarily to erythromyeloid lineages, hematopoiesis in the fetal liver 
eventually will consist of definitive erythroid, megakaryocyte, multiple 
myeloid, as well as, lymphoid lineages. Megakaryocytes are present in 
the liver by 6 weeks’ gestation. Platelets are first evident in the circula- 
tion at 8 to 9 weeks’ gestation.” Granulopoiesis is present in the liver 
parenchyma as early as 7 weeks’ gestation and small numbers of cir- 
culating leukocytes are present at the 11th week of gestation. Despite 
the low number and immature appearance of hepatic neutrophils, the 
fetal liver contains abundant hematopoietic progenitor cells, including 
the multipotential colony-forming unit-granulocyte-erythroid-mono- 
cyte-macrophage (CFU-GEMM) and colony-forming unit-granulo- 
cyte-monocyte (CFU-GM).”” CFU-GM growth depends upon several 
cytokines, including granulocyte colony-stimulating factor (G-CSF), 
granulocyte-monocyte colony-stimulating factor (GM-CSF), and 
interleukins. When compared to adult marrow-derived myeloid pro- 
genitors, these fetal liver-derived myeloid progenitors have a similar 


dose-response in vitro to G-CSF.” G-CSF is expressed by hepatocytes at 
14 weeks’ gestation.” 


Lymphopoiesis 

Lymphopoiesis is present in the lymph plexuses and the thymus begin- 
ning at 9 weeks’ gestation.” B cells with surface immunoglobulin (Ig) M 
are present in the liver, and circulating lymphocytes also are seen at 9 
weeks’ gestation. T lymphocytes are found only rarely before 12 weeks’ 
gestation.” Lymphocyte subpopulations are detected by 13 weeks’ ges- 
tation in fetal liver.* Absolute numbers of major lymphoid subsets in 
20- to 26-week-old fetuses, as defined by the antigens CD2, CD3, CD4, 
CD8, CD16, CD19, and CD20, are similar to those in newborns (see 
“Neonatal Lymphopoiesis” below).*?* 


Marrow Hematopoiesis 

Hematopoietic cells are first seen in the marrow of the 10- to 11-week 
embryo,’ and they remain confined to the diaphyseal regions of long 
bones until 15 weeks’ gestation.* Initially, there are approximately equal 
numbers of myeloid and erythroid cells in the fetal marrow. However, 
myeloid cells predominate by 12 weeks’ gestation, and the myeloid-to- 
erythroid ratio approaches the adult level of 3:1 by 21 weeks’ gestation.” 
Macrophage cells in the fetal marrow, but not in the fetal liver, express 
the lipopolysaccharide receptor CD14.” The marrow becomes the 
major site of hematopoiesis after the 24th week of gestation and remains 
so throughout the remainder of fetal life. 


ONTOGENY OF HEMATOPOIETIC STEM CELLS 


The reconstitution of the entire hematopoietic system by transplantation 
with cord blood indicates that hematopoietic stem cells are circulating 
in the blood at birth.” The immunologic reconstitution of an immuno- 
deficient human fetus with fetal-liver-derived cells also indicates that 
hematopoietic stem cells exist in the late gestation fetal liver.” It was 
first postulated that hematopoietic stem cells originate independently 
in each hematopoietic site (yolk sac, liver, and marrow) of the embryo.” 
However, experiments in the mammalian embryo indicate that the 
liver rudiment, like the marrow, is seeded by exogenous hematopoi- 
etic cells.’ It was initially thought that the liver, and eventually the 
marrow, were seeded by yolk sac-derived hematopoietic stem cells.“ 
However, experiments in avian and amphibian embryos indicate that 
the hematopoietic stem cells that ultimately provide for long-term adult 
hematopoiesis arise within the body of the embryo proper rather than 
from the yolk sac.“ Subsequent investigations in the mouse embryo 
indicate that stem cells capable of engrafting myeloablated adult recip- 
ients originate in the aorta-gonad-mesonephros (AGM) region of the 
embryo proper.” Cells capable of long-term engraftment of immunode- 
ficient mice also first originate at 35 days of gestation in the aorta region 
of human embryos.“ This correlates anatomically with the transient 
appearance of clusters of CD34+ blood cells closely associated with the 
ventral wall of the aorta in several mammalian species, including the 
5 weeks’ gestation human embryo.“ These findings, as well as direct 
visualization of developing zebrafish embryos,” support the concept 
that hematopoietic stem cells arise from “hemogenic” aortic endothe- 
lium through an endothelial-to-hematopoietic transition and then seed 
the liver, and eventually the marrow, to provide lifelong hematopoiesis 
(see Fig. 7-1). Studies in the murine embryo indicate that the placenta 
also serves as a site of hematopoietic stem cell origin and expansion.“ 
It is not known if the placenta serves a similar function during human 
development. The underlying relationship of the transient erythromye- 
loid hematopoiesis derived from the yolk sac to long-term hematopoi- 
etic stem cell-derived intraembryonic hematopoiesis remains unclear. 
However, studies in the mouse indicate that resident macrophage 
populations in multiple organs of the adult, particularly microglia in 
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the brain, are ultimately derived from the yolk sac of the embryo and 
undergo limited maintenance after birth from hematopoietic stem 
cells; 


SYNTHESIS OF FETAL HEMOGLOBINS 


Human hemoglobin (Hgb) is a tetramer composed of two a-type and 
two B-type globin chains (Table 7-1). The a-globin gene cluster is 
located on chromosome 16 and contains the ¢ gene 5’ to the pair of 
«-globin genes. The 6-globin gene cluster is located on chromosome 11 
and contains five globin genes oriented 5’ to 3’ as e-y 4-y S-5-B.°! During 
embryogenesis the genes on both chromosomes are activated sequen- 
tially from the 5’ to the 3’ end. This globin “switching” is related not 
only to the relative positions of the globin genes within their respective 
chromosomal clusters, but also to interacting upstream “locus control 
regions.” 

Hgb Gower-1 (¢.¢,) is the major hemoglobin in embryos younger 
than 5 weeks’ gestation (see Table 7-1). Hgb Gower-2 (a,¢,) has been 
found in embryos with a gestational age as young as 4 weeks and is 
absent in embryos older than 13 weeks. Hgb Portland (¢,y,) is found in 
young embryos, but persists in infants with homozygous a-thalassemia 
(Chap. 48). Synthesis of the ¢ and e chains decreases as those of the a 
and y chains increase (Fig. 7-2). The ¢-to-a-globin switch precedes the 
é-to-y-globin switch as the liver replaces the yolk sac as the main site of 
erythropoiesis.” 

Hgb F (a,y,) is the major hemoglobin of fetal life (see Fig. 7-2).°° 
Synthesis of Hgb A can be demonstrated in fetuses as young as 9 weeks’ 
gestation.” In fetuses of 9 to 21 weeks’ gestation, the amount of Hgb A 
(a,B,) rises from 4 to 13 percent of the total hemoglobin.” These levels 
of Hgb A have enabled the antenatal diagnosis of $-thalassemia using 
globin-chain synthesis. After 34 to 36 weeks’ gestation the percentage of 
Hgb A rises, whereas that of Hgb F decreases (see Fig. 7-2). The mean 
synthesis of Hgb F in term infants was 59.0 + 10 percent (1 SD) of total 
hemoglobin synthesis as assessed by “C-leucine uptake.* The amount 
of Hgb F in blood varies in term infants from 53 to 95 percent of total 
hemoglobin.® 

The fetal hemoglobin concentration in blood decreases after birth 
by approximately 3 percent per week and is generally less than 2 to 3 
percent of the total hemoglobin by 6 months of age. This rate of decrease 
in Hgb F production is closely related to the gestational age of the infant 
and is not affected by the changes in environment and oxygen tension 
that occur at the time of birth. Hgb A, (a,6,) has not been detected in 
fetuses. Normal adult levels of Hgb A, are achieved by 4 months of age. 
Increased proportions of Hgb F at birth have been reported in infants 
who are small for gestational age, who have experienced chronic intra- 
uterine hypoxia, who have trisomy 13, or who have died from sudden 
infant death syndrome (SIDS). Decreased levels of Hgb F at birth are 
found in trisomy 21.” 


TABLE 7-1. Embryonic Hemoglobins 


Chain 

Hemoglobin Composition Primary Site Appearance 

Gower-1 CE Yolk sac <5-6 weeks 

Gower-2 a.€é, Yolk sac 4-13 weeks 

Portland GY > Yolk sac 4-13 weeks 

Fetal (F) ay, Liver Early, 53-95% at 
term 

Adult (A) ap, Marrow 9 weeks, 5-45% 
at term 
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Figure 7-2. Changes in hemoglobin tetramers (A) 
and in globin subunits (B) during human develop- 
ment from embryo to early infancy. (Reproduced with 
permission from Bunn HF, Forget BG: Hemoglobin: Molec- 
ular, Genetic and Clinical Aspects. Philadelphia, PA: WB 
Saunders; 1986.) 
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The cellular composition of fetal blood changes markedly during the 
second and third trimesters. The mean blood hemoglobin concen- 
tration in fetuses progressively increases from 9.0 + 2.8 g/dL at age 
10 weeks to 16.5 + 4.0 g/dL at age 39 weeks.® There is a concomitant 
decrease in the MCV of fetal red cells from a mean of 134 fL/cell at 18 
weeks’ gestation to 118 fL/cell at 30 weeks’ gestation. The total white 
blood cell count averages 2 x 10°/L between 10 and 17 weeks of gesta- 
tion,*' and increases during the middle trimester to between 4.0 and 
4.5 x 10°/L, with an 80 to 85 percent preponderance of lymphocytes and 
5 to 10 percent neutrophils.” The percentage of circulating nucleated 
red cells decreases from a mean of 12 percent at 18 weeks to 4 percent 
at 30 weeks.” The platelet count remains greater than 150,000/uL from 
15 weeks’ gestation to term.” 

Large numbers of committed hematopoietic progenitors circulate 
in the fetal blood. Blood samples obtained by fetoscopy at 12 to 19 weeks’ 
gestation reveal a mean of 20,450 BFU-E/mL and 12,490 CFU-GM/ 
mL.” This is in striking contrast to adult blood, which contains many 
fewer erythroid progenitors and 30 to 250 CFU-GM/mL.”” Most 
(70-80%) circulating hematopoietic progenitors at 26 to 28 weeks’ gesta- 
tion are cycling.” In contrast, adult-marrow-derived progenitors in the 
bloodstream are relatively quiescent with only 0 to 5 percent cycling. 


@ NEONATAL HEMATOPOIESIS 


NEONATAL ERYTHROPOIESIS AND RED CELLS 


Hemoglobin, Hematocrit, and Indices 

The mean hemoglobin level in cord blood at term is 16.8 g/dL, with 95 
percent of the values falling between 13.7 and 20.1 g/dL.” This variation 
reflects perinatal events, particularly asphyxia,” and also the amount 


Early cord clamping appears to heighten the occurrence of anemia at 
2 months and to impair cardiopulmonary adaptation.” Delay of cord 
clamping may increase the blood volume and red cell mass of the infant 
by as much as 55 percent.” This results in fewer transfusions and 
fewer days requiring oxygen and ventilation in preterm infants.” The 
mean total blood volume after birth is 86 mL/kg for the term infant and 
89 mL/kg for the premature infant.” The blood volume per kilogram 
decreases over the ensuing weeks, reaching a mean value of approxi- 
mately 65 mL/kg by 3 to 4 months of age. 

Normally the hemoglobin and hematocrit values rise in the first 
several hours after birth because of the movement of plasma from the 
intravascular to the extravascular space.” A venous hemoglobin con- 
centration of less than 14 g/dL in a term infant and/or a fall in hemo- 
globin or hematocrit level in the first postnatal day are abnormal. Table 
7-2 shows the normal red cell values from capillary blood samples for 
term infants in the first 12 weeks after birth.® Capillary hematocrit val- 
ues in newborns are higher than those in simultaneous venous samples, 
particularly during the first postnatal days, and the capillary-to-venous 
ratio is approximately 1.1:1.*' This difference reflects circulatory factors 
and is greater in preterm and sick infants. 

The red cells of the newborn are macrocytic, with an MCV in 
excess of 110 fL/cell. The MCV begins to fall after the first week, reach- 
ing adult values by the ninth week (see Table 7-2). The blood film 
from a newborn infant shows macrocytic normochromic cells, poly- 
chromasia, and a few nucleated red blood cells. Even in healthy infants 
there may be mild anisopoikilocytosis.* Three to 5 percent of the red 
cells may be fragments, target cells, or otherwise distorted. By 3 to 5 
days after birth, nucleated red blood cells are not found normally in the 
blood of term or premature infants, but they may be present in mark- 
edly elevated numbers in the presence of hemolysis or hypoxic stress. As 


TABLE 7-2. Red Cell Values for Term Infants during the First 12 Weeks after Birth* 
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Age Hbg, g/dL + SD RBC x 10'7/L+SD Hematocrit, %+SD MCV, fL+SD MCHC, g/dL+SD Reticulocytes, % + SD 
DAYS 

1 1932222 5.14+0.7 61 +7.4 119 + 9.4 Aaa 1.9 3.2 +41.4 
2 19.0 + 1.9 Spills) ae Os! 60 + 6.4 11570 31.6 + 1.4 S2 
3 18.8 + 2.0 Salli] 22 0).7/ (Gy) ae 2),3} 16553 SIRERE PLAS} a8 | /f 
4 18.6 + 2.1 5.00 + 0.6 DIA ae i 1147.5 82 (9) ae 1} 5) ideas Tell 
5 WA7@ 32 ot 4.97+0.4 DU ae 1/33 114+8.9 BOG) ae 272 1c ae (0) 
6 17.4 + 2.2 5.00 + 0.7 54+7.2 113+ 10.0 SVL 2 ae 11Le) 0.6 + 0.2 
7 IORS 4.86 + 0.6 56 + 9.4 e Sa 32.0 + 1.6 0.5+0.4 
WEEKS 

1-2 WAS a8 233 4.80 + 0.8 54+ 8.3 112+ 19.0 8Y),j] az 22) 0.5+0.3 
2-3 15.6 + 2.6 4.20 + 0.6 46+7.3 Hil eS SS) ae 1142) 0.8 + 0.6 
3-4 14.2 + 2.1 4.00 + 0.6 43 +5.7 10575 Bish) ae ILS) 0.6 + 0.3 
4-5 IAW ae 14S 3.60 + 0.4 36 + 4.8 101 +8.1 34.9 + 1.6 0.9 + 0.8 
5-6 MOSS 215502 36+6.2 102 + 10.2 34.1 + 2.9 TOOT 
6-7 P20) a8 11.15 3.40 + 0.4 36 + 4.8 105 + 12.0 3810223 0T 
7-8 We 28 Wot 3.40 + 0.4 BSE 100 + 13.0 BS} // ae 226) 15) ae OT 
8-9 10.7+0.9 3.40+0.5 3) |) ae 233) S ae 11220) 34.1 + 2.2 idshae o) 
9-10 11.2 + 0.9 31602203 Sy) ae A 91+9.3 34.3 + 2.9 ROG 
10-11 11.4 + 0.9 3.70 + 0.4 34 +42.1 SEET 33.2424 EOT 
11-12 11.3+0.9 27020 Sela BS 88 +7.9 34.8 + 2.2 0.7 + 0.3 


MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; RBC, red blood cell. 
*Capillary blood samples. The RBC count and MCV measurements were made on an electronic counter. 
Adapted with permission from Matoth Y, Zaizor R, Varsano |: Postnatal changes in some red cell parameters. Acta Paediatr Scand 60(3):317-323, 


1971. 


expected from these findings, the red cell distribution width (RDW) is 
markedly elevated in the newborn period.™ 

There are significant numbers of circulating progenitor cells in 
cord blood.***” Cord blood BFU-E and colony-forming unit-erythroid 
(CFU-E) differentiate more rapidly than their adult counterparts.** Fur- 
thermore, the proportion of cord blood hematopoietic progenitors in 
the mitotic cycle is approximately 50 percent, intermediate between the 
proportions found in fetal and adult progenitor cells.”**° 

In several,” but not all,” studies, premature infants at birth had 
lower hemoglobin levels, higher reticulocyte counts, and higher nucle- 
ated red cell counts than did the term infants. The reticulocyte counts 
of premature infants are inversely proportional to their gestational age, 
with a mean of 8 percent reticulocytes evident at 32 weeks’ gestation and 
4 to 5 percent at term.” Infants who are small for their gestational ages 
have higher red cell counts, hematocrit levels, and hemoglobin concen- 
trations as compared with infants whose size is appropriate for their 
gestational age.’ 

Erythropoietin and Physiologic Anemia of the Newborn Ery- 
thropoietin is the primary regulator of erythropoiesis (Chaps. 32 and 33). 
Although erythropoietin is present in cord blood, it falls to undetect- 
able levels after birth in healthy infants.” Subsequently, the reticulocyte 
count falls to less than 1 percent by the sixth day after birth.” The red 
cell, hemoglobin, and hematocrit values decrease only slightly during 
the first week, but decline more rapidly in the following 5 to 8 weeks 
(see Table 7-2), producing the physiologic anemia of the newborn. 
The lowest hemoglobin values in the term infant occur at approximately 


2 months of age. When the hemoglobin concentration falls below 11 
g/dL, erythropoietic activity begins to increase. Erythropoietin can be 
measured after the 60th postnatal day,”* corresponding to the recovery 
from physiologic anemia. If there is sufficient stimulus, such as hemo- 
lytic anemia or cyanotic heart disease, the newborn infant is able to pro- 
duce erythropoietin prior to the 60th postnatal day.” 

The fall in hemoglobin level is more pronounced in the premature 
infant. In one study of premature infants, the mean hemoglobin level at 
2 months was 9.4 g/dL, with a 95 percent range of 7.2 to 11.7 g/dL.” In 
healthy premature infants erythropoietin becomes detectable when the 
hemoglobin level falls to approximately 12 g/dL. In infants with a lower 
percentage of Hgb F (as from transfusion) and, consequently, better 
oxygen delivery, erythropoietin does not rise until the hemoglobin falls 
to approximately 9.5 g/dL.” The mean values for iron-sufficient prema- 
ture infants reached those of term infants by 4 months for red cell count, 
5 months for hemoglobin level, and 6 months for mean corpuscular vol- 
ume and mean corpuscular hemoglobin.” 

Blood Viscosity The viscosity of blood increases logarithmically 
in relation to the hematocrit." Hyperviscosity was found in 5 percent 
of infants,” and in 18 percent of infants who were small for gestational 
age.! Newborn infants with hematocrit values of greater than 65 to 
70 percent may become symptomatic because of increased viscosity.” 
In one study of infants with documented hyperviscosity and a mean 
hematocrit greater than 65 percent, 38 percent displayed symptoms of 
irritability, hypotonia, tremors, or poor suck reflex." Partial plasma 
exchange transfusion reduced blood viscosity, improved cerebral blood 
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flow, and relieved the symptoms. However, cerebral blood flow was nor- 
mal in the asymptomatic infants with hyperviscosity, and, consequently, 
there was no benefit from exchange transfusion.'™ Studies of neurode- 
velopmental status do not show any clear long-term benefits for the use 
of partial exchange transfusions in asymptomatic neonates. "° 

Red Cell Antigens The blood group antigens on neonatal red cells 
differ from those of the older child and adult. The i antigen is expressed 
strongly, whereas the I antigen and the A and B antigens are expressed 
only weakly on neonatal red cells. The i antigen is a straight-chain car- 
bohydrate that is replaced by the branched-chain derivative, I antigen, 
as a result of the developmental acquisition of a glycosyltransferase.'"° 
By 1 year of age the i antigen is undetectable, and the ABH antigens 
increase to adult levels by age 3 years (Chap. 136). The ABH, Kell, Duffy, 
and Vel antigens can be detected on the cells of the fetus in the first 
trimester and are present at birth.” The Lu* and Lu? antigens also are 
detectable on fetal red cells and are more weakly expressed at birth, 
increasing to adult levels by age 15 years.” The Xg antigen is variably 
expressed in the fetus and is weaker on newborn than on adult red cells. 
Moreover, particularly poor expression of Xg has been noted in new- 
borns with trisomy 13, 18, and 21.'” The Lewis group (Le*/Le®) antigens 
are adsorbed on the red cell membrane and become detectable within 
1 to 2 weeks after birth as the receptor sites develop. Anti-A and anti-B 
isohemagglutinins develop during the first 6 postnatal months, reach- 
ing adult levels by 2 years of age. 

Red Cell Life Span The life span of the red cells in the newborn 
infant is shorter than that of red cells in the adult (Chap. 33). The aver- 
age of several studies of mean half-life of newborn red cells is 60 to 
80 days.” The reasons for this shortened survival are unclear, but the 
known susceptibility to oxidant injury of newborn red cells may be a 
contributing factor. 

Iron and Transferrin The serum iron level in cord blood of the 
normal infant is elevated compared to maternal levels. The mean 
value is approximately 150 + 40 mcg/dL (1 SD).’® Infants on an iron- 
supplemented diet have a median serum iron level of 125 mcg/dL at 1 
month of age and of approximately 75 mcg/dL at 6 months of age. The 
total iron-binding capacity rises throughout the first year. The median 
transferrin saturation falls from almost 65 percent at 2 weeks to 25 per- 
cent at 1 year, and saturations as low as 10 percent may be observed in 
the absence of iron deficiency." The mean serum ferritin levels in iron- 
sufficient infants are high at birth, 160 mcg/L, rise further during the 
first month, and then fall to a mean of 30 mcg/L by 1 year of age." The 
amount of stainable iron in the marrow at birth is small but increases 
in both term and premature infants during the first weeks after birth. 
Stainable marrow iron begins to decrease after 2 months and is gone by 
4 to 6 months in term infants and earlier in premature infants." Iron is 
preferentially allocated to erythropoiesis if the availability of iron is lim- 
ited." This makes the availability of adequate iron particularly impor- 
tant to avoid iron lack in the brain, heart, and skeletal muscle. 


Red Cell Functions 

Oxygen Delivery The oxygen affinity of cord blood is greater than that 
of maternal blood, because the affinity of Hgb F for 2,3-bisphosphoglyc- 
erate (2,3-BPG) is less than that of Hgb A.'"* Levels of 2,3-BPG are lower 
in newborn red cells than in adult cells and even more decreased in 
the red cells of premature infants, and this low 2,3-BPG level further 
heightens the oxygen affinity of newborn red cells. Consequently, the 
red cell oxygen equilibrium curve of the newborn is shifted to the left of 
that of the adult (Fig. 7-3). The mean partial pressure of oxygen (pO,) at 
which hemoglobin is 50 percent saturated with oxygen at 1 day of age in 
term infants is 19.4 + 1.8 torr, as compared with the normal adult value 
of 27.0 + 1.1 torr.'!° This results in a decrease in the oxygen released at 
the tissue level, as shown in Fig. 7-3. As the partial pressure of oxygen 
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Figure 7-3. The oxygen equilibrium curves are based on the assump- 
tion that the Hgb concentration is 15 g/dL and that there is full O, sat- 
uration of Hgb at a partial pressure of arterial oxygen (Pao,) of 100 torr. 
The O, released is the difference in O, content between a Pao, of 90 torr 
and the mixed venous Pao, of 40 torr. The O, available is the difference 
in O, content between a Pao, of 90 torr and a mixed venous Pao, of 
20 torr. This is the maximum O, available without evoking compensa- 
tory mechanisms such as increased cardiac output. 


(Po,) falls from 90 torr in arterial to 40 torr in the venous blood, 3.0 mL/ 
dL of oxygen are released from newborn blood, whereas 4.5 mL/dL are 
released from adult Hgb A-containing blood. The shift to the left of the 
oxygen equilibrium curve is even more pronounced in the premature 
infant, requiring a larger fall in Po, to release an equivalent amount of 
oxygen. After birth the oxygen equilibrium curve shifts gradually to the 
right, reaching the position of the adult curve by 6 months of age. The 
position of the curve in the premature infant correlates with gestational 
age rather than with postnatal age,''® and its shift to the adult position 
is more gradual. 

Metabolism Many differences have been found between the 
metabolism of the red cells of newborn infants and that of adults.'!7"" 
Some of the differences may be explained by the younger mean cell age 
in the newborn, but others seem to be properties of the fetal cell. The 
glucose consumption in newborn red cells is lower than that in adult 
red cells." Elevated levels of glucose phosphate isomerase, glyceralde- 
hyde-3-phosphate dehydrogenase, phosphoglycerate kinase, and eno- 
lase beyond those explainable by the young cell age have been found in 
neonatal cells.!>"”° The level of phosphofructokinase is low in red cells 
of term and premature infants.''>?°'?! The pentose phosphate shunt 
is active in red cells of term and premature infants,'’” but glutathione 
instability leads to a heightened susceptibility to oxidant injury. The 
result of oxidant stress is depletion of adenosine triphosphate (ATP) and 
adenine nucleotides leading to iron release, denaturing of membrane 
proteins, and hemoglobin and membrane peroxidation.’ The levels 
of ATP and adenosine diphosphate (ADP) are higher in the red cells 
of term and preterm infants,’ but may merely reflect the younger age 
of the erythrocyte population. Finally, lower-than-adult activities have 
been found for several other red cell enzymes, including cytochrome B, 
reductase’™ and glutathione peroxidase.” 

Membrane The membrane of the newborn red cell also is dif- 
ferent from that of the adult red cell. Ouabain-sensitive adenosine 
triphosphatase (ATPase) is decreased, and active potassium influx 
is significantly less in neonatal red cells.” Newborn cells are more 
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TABLE 7-3. The White Cell Count and the Differential Count during the First 2 Weeks after Birth* 


Neutrophils 
Age Leukocytes Total Segmented Bands Eosinophils Basophils Lymphocytes Monocytes 
BIRTH 
Mean 18.0 11.0 9.4 1.6 0.40 0.10 5.5 1.05 
Range 9.0-30.0 6.0-26.0 = — 0.02-0.85 0-0.64 2.0-11.0 0.4-3.1 
Mean % — 61 52 9 hp? 0.6 31 5.8 
7 DAYS 
Mean 122 55 4.7 0.83 0.50 0.05 5)(0) ile 
Range 5.0-21.0 1.5-10.0 — — 0.07-1.1 0-0.25 2.0-17.0 0.3-2.7 
Mean % = 45 39 6 4.1 0.4 41 9.1 
14 DAYS 
Mean 11.4 4.5 319) 0.63 035 0.05 55 1.0 
Range 5.0-20.0 1.0-9.5 — — 0.07-1.0 0-0.23 2.0-17.0 0.2-2.4 
Mean % — 40 34 39 Sil 0.4 48 8.8 


*All white cell counts are expressed as cells x 10°/L. 


Data from Altman PL, Dittmer DS: Blood and Other Body Fluids. Federation of American Societies for Experimental Biology, Washington, DC, 1961 
and Dallman PR: Pediatrics, 16th edition. New York, NY: Appleton-Century-Crofts, 1977. 


sensitive to osmotic hemolysis and to oxidant injury than are adult cells. 
Newborn red cell membranes have higher total lipid, phospholipid, and 
cholesterol per cell than adult red cells.'*'”? The patterns of phospho- 
lipid and phospholipid fatty acid composition also differ from those in 
adult red cells. Red cells of newborns have the same pattern of mem- 
brane proteins on polyacrylamide gel electrophoresis’*® and the same 
rate of mobility in an electric field’"' as do red cells from adults. After 
trypsin treatment of newborn and adult cells, however, there is a dif- 
ference in electrophoretic mobility, indicating that the surface trypsin- 
resistant proteins are different.'*! The relationship of the metabolic and 
membrane alterations in neonatal red cells to their shorter life span is 
not clear. 


WHITE CELLS 


Granulocytopoiesis and Monocytopoiesis 

Colony-Stimulating Factors and Granulomonopoiesis The absolute 
number of neutrophils in the blood of term and premature infants usu- 
ally is greater than that found in older children (Table 7—3).'* The neu- 
trophil count tends to be lower in the premature than in the term infant, 
and the proportion of myelocytes and band neutrophils is higher.” 
Serum and urinary colony-stimulating activity are elevated during the 
period of neutrophilia.'"* When granulopoiesis was studied in cord 
blood, blood, and marrow of infants, the macrophage colony-forming 
unit was predominant despite the clinical neutrophilia, and this pattern 
was not altered by different sources of colony-stimulating factors.'**'** 
The endogenous cytokines produced by mononuclear cells from cord 
or systemic venous blood support the growth of neutrophil colonies 
in assays using marrow from adults.'** However, there is diminished 
GM-CSF, G-CSF, and IL-3 production in stimulated newborn com- 
pared to adult mononuclear cells," which may limit the response to 
bacterial infection in the newborn. Furthermore, preterm infants have 
a reduced neutrophil storage pool and a restricted capacity to increase 
their progenitor proliferation, and their neutrophil count may fall pre- 
cipitously with neonatal bacterial infection.’ Dysregulation, as well as 


diminished capacity of neonatal granulopoiesis, may impair the neo- 
natal response to infection.’ Smaller numbers of CFU-GM colonies 
were observed in the blood of sick infants, who also have diminished 
endogenous production of colony-stimulating factors in culture. The 
clinical use of cytokines to treat neonatal sepsis remains controversial,” 
but circulating neutrophils are increased in preterm infants treated with 
recombinant G-CSF, and the infants’ length of stay in the neonatal 
intensive care unit is shortened. 

White Cell and Differential Counts Table 7-3 gives the values 
for the white cell and differential counts during the first 2 weeks after 
birth. The absolute number of segmented neutrophils rises in both term 
and premature infants in the first 24 hours.“ In term infants, the mean 
value increases from 8 x 10°/L to a peak of 13 x 10°/L and then falls to 
4 x 10°/L by 72 hours of age, remaining at this level through the follow- 
ing 7 days. In the premature infant, the mean values for neutrophils are 
5 x 10°/L at birth, 8 x 10°/L at 12 hours, and 4 x 10°/L at 72 hours. The 
mean count then falls gradually to 2.5 x 10°/L by the 28th postnatal day. 
The level after the first 72 hours is very stable for an individual infant, 
whether term or premature. Immature forms, including an occasional 
promyelocyte and blast cell, may be seen in the blood of healthy infants 
in the first few days after birth and are more frequent in premature 
infants than in term infants.’ Segmented granulocytes are the predom- 
inant cells in the first few days after birth. As their number decreases, 
the lymphocyte becomes the most numerous cell and remains so during 
the first 4 years of life. An absolute eosinophil count of greater than 
0.7 x 10°/L was found in 76 percent of premature infants at 2 to 3 
weeks of age. The onset of the eosinophilia coincided with the estab- 
lishment of steady weight gain in the infants.'° It is increased by the 
use of total parenteral nutrition, endotracheal intubation, and blood 
transfusions. 


Phagocyte Functions 

Bacterial infections are a major cause of morbidity and mortality in the 
newborn period. The infections frequently are caused by organisms 
of low virulence in normal children and adults, including Staphylo- 
coccus and Lancefield group B B-hemolytic streptococci, but, also, by 


Part Ill: Epochal Hematology 


Pseudomonas, and other Gram-negative bacilli. Cellular defense mech- 
anisms and humoral immunity of the newborn differ from those found 
later in life, and these undoubtedly contribute to the unusual suscepti- 
bility to infection noted in the neonatal period.'“° 

Opsonins and Complement Engulfment and destruction of bac- 
teria by neutrophils depend on opsonic activity of the plasma and on 
chemotaxis, phagocytosis, and the bacteriocidal capacity of the leuko- 
cyte. The serum factors necessary for optimal phagocytosis (opsonins) 
include the immunoglobulins and complement components. In term 
infants, opsonic activity is normal for Staphylococcus aureus," but 
it is low for yeast'® and Escherichia coli. Diminished opsonic anti- 
body is associated with group B streptococcal infection and represents 
one risk factor for neonatal infection.’ 

In premature infants, opsonic activity is low for S. aureus and 
Serratia marcescens,” but is normal for Pseudomonas aeruginosa." 
When serum concentrations of fibronectin and IgG subclasses C3 and 
C4 were measured at birth, 1 month, 3 months, and 6 months, early 
gestational age was correlated with lower initial levels." The decreased 
opsonic activity for some organisms in premature infants is attributed to 
diminished IgG levels, because additional IgG will correct the opsonic 
defect both in vivo and in vitro.” The added IgG improves bacterial 
opsonization by serum of premature infants in part because comple- 
ment consumption and deposition of C3 on the bacterial surface are 
augmented.'*'* 

Complement components appear in fetal blood before 20 weeks’ 
gestation and increase markedly during the third trimester. However, 
in many newborns both the classical and alternative complement path- 
ways are decreased in activity and in levels of individual components." 
The mean level of C3, the first common component of the two pathways 
of complement activation, is approximately 65 percent of that in nor- 
mal adults.’°*'* There is no transplacental transfer of this protein, and 
levels in infants are lower than those in their mothers.!* Total serum 
hemolytic complement (CH,,) and alternative pathway activity (PH,,) 
in newborns are lower than in adults, as are mean levels of Clq, C2-C9, 
properdin, and factors B, I, and H.'*”"'® In general, the mean levels in 
full-term infants are greater than 50 percent of those in normal adult 
controls and may be somewhat less in premature infants. There is con- 
siderable overlap, however, between levels in infants and in controls. A 
functional deficiency in the alternative pathway has been detected in 
infants.'° 

Fibronectin mediates more efficient interactions between phago- 
cytes and infectious agents. Fibronectin, a 450-kDa glycoprotein found 
in plasma and in the intercellular matrix, promotes the attachment of 
staphylococci to neutrophils’ and enhances opsonic activity of anti- 
bodies against group B streptococci.' Because both these bacteria are 
common pathogens for neonates, the deficiency in fibronectin observed 
in neonates'® may further compromise opsonic capacity and hence bac- 
tericidal activity in the neonate. 

The administration of intravenous IgG may be useful in the treat- 
ment or prophylaxis of infection in preterm infants based on the reduced 
placental transfer of maternal antibody and the restricted endogenous 
synthesis of IgG." IgG administered to septic neonates appears to 
enhance serum opsonic capacity as well as to increase the quantity of 
circulating neutrophils.'® In premature neonates, added IgG heightens 
granulocyte phagocytosis.’ Intravenous IgG has been reported to 
effectively treat infected premature neonates, but these reports involved 
small numbers of subjects. The clinical efficacy of IgG prophylaxis 
against neonatal pathogens is not firmly established. 7° New IgG prep- 
arations with consistent, adequate levels of antibodies directed against 
neonatal pathogens can be achieved by selection of sera with high levels 
of functional antibodies," or potentially by the addition of monoclonal 
antibodies, and these may prove more effective. 


Chemotaxis Chemotactic function of leukocytes is low in neo- 
nates, whereas random motility is normal.'-' Neonatal serum does 
not generate as much chemotactic factor as does adult serum, even after 
the addition of purified C3. The defect in chemotaxis may be related to 
decreased granulocyte deformability and impaired capping of cell sur- 
face receptors.'” The role of observed cyclic adenosine monophosphate 
(cAMP) and membrane potential alterations in the defective chemo- 
taxis is not clear.” The ability of neutrophils to roll along the blood 
vessel endothelium also is impaired in neonates. Diminished upregu- 
lation and surface migration of f, integrins and fewer L-selectin recep- 
tors reduce the ability of neonatal neutrophils to interact with adhesion 
molecules on the endothelium.” 

The densities of the C3bi receptor (CD11b/CD18) and of the 
low-affinity receptor for immunoglobulin, FcRIII (CD16), are decreased 
on neutrophils of premature infants, whereas term infants’ cells show a 
lesser impairment.'”~' The deficient upregulation of C3bi correlates 
with decreased adherence and chemotaxis by neonatal neutrophils.’” 
Low FcRIII is associated with impaired chemotaxis of neonatal neu- 
trophils,'* although decreased FcRIII might also be responsible for sub- 
tle defects in adherence and subsequent phagocytosis of opsonized’! 
and unopsonized'* organisms by neutrophils. 

Adherence Neutrophil cell adhesion molecules are central to the 
bonding of neutrophils to the vascular endothelium, and reduction 
of these molecules diminishes the capacity of neonatal neutrophils to 
properly adhere and migrate (Chap. 19).’* Although L-selectin, a key 
adhesion molecule, is expressed at high levels on hematopoietic pro- 
genitor cells, it decreases markedly during the first 3 days of life and 
remains low compared to adult levels during the first weeks, impairing 
the neutrophil’s ability to “roll” as part of the adhesion process. Also, 
there are defects in expression of CD18/CD11b, which are members of 
the £,-integrin family of adhesion molecules.'* These characteristics 
likely contribute to the newborn susceptibility to bacterial infections. 

Phagocytic and Bactericidal Activity Phagocytosis of bacteria 
and latex granules by neutrophils from premature and term infants is 
normal.'*”'>!"** Bactericidal activity varies according to the conditions 
of testing and the clinical status of the neonates. The intracellular killing 
of S. aureus and S. marcescens in cells from most term and low-birth- 
weight infants is normal,'”'* as is that of E. coli in term infants." Sim- 
ilar studies have shown defective bactericidal activity against S. aureus 
in some infants in the first 12 hours after birth,’ P aeruginosa in cells 
from premature infants,’*' and Candida albicans in granulocytes from 
term and premature infants." With bacteria-to-neutrophil ratios of 
1:1, newborn cells kill S. aureus and E. coli as effectively as controls; 
however, at the higher ratio of 100:1, killing and oxidative responses 
as measured by chemiluminescence are markedly depressed, although 
phagocytosis is normal.’ Depressed activity also has been found in 
cells from newborns who have had clinical stress, either from infection 
or other disorders, shown both as decreased chemiluminescence and 
impaired bactericidal activity against S. aureus, E. coli, and group B 
streptococci.'*”'* The decreased granulocyte function shown in these 
studies also is found in liquid culture, where neutrophils from new- 
borns do not survive as long as those from adults, perhaps because of 
decreased resistance to autoxidation.'** Although superoxide dismutase 
levels are normal and superoxide production is normal or increased in 
neutrophils from newborns, glutathione peroxidase and catalase levels 
are decreased.'*' The relationship of these in vitro cellular defects to 
bacterial infections in the newborn is still not clear. 

Antimicrobial proteins and peptides are present in neutrophil 
cytoplasmic granules. Bacterial permeability-increasing protein (BPI), 
located in the primary granules, is markedly lower in newborns, par- 
ticularly preterm newborns.'””"”” BPI is an antimicrobial protein that 
binds and neutralizes endotoxin. Other granule components, such as 


myeloperoxidase (bacterial killing) and defensins (antimicrobial pro- 
teins), are not diminished. 

Monocytes from newborn infants have normal nitroblue tetrazo- 
lium (NBT) reduction,” normal antibody-dependent cellular cytotoxic- 
ity, ”* and normal in vitro killing of S. aureus and E. coli.” However, they 
are slower than monocytes from adults in phagocytosis of polystyrene 


spheres, and they have reduced ATP production.” Furthermore, che- 


motaxis to serum-derived factors is decreased, as is monocyte appear- 
ance in skin windows.’ These functional aspects may contribute to the 
observed susceptibility of newborns to a variety of infectious agents. 

Cytokine Effects on Neonatal Phagocytic Function There is a 
complex interaction between cytokines produced by lymphocytes and 
macrophages, and the activation status of neutrophils during infec- 
tion. There is decreased production of interferon-y by neonatal leuko- 
cytes. Interferon-y causes the upregulation of the C3bi receptor 
and induces the surface expression of the high-affinity immunoglobulin 
receptor FcRI (CD64)” on neutrophils. C3bi is required for adherence 
and efficient chemotaxis by neutrophils. Low levels of this receptor also 
impair complement-mediated phagocytosis and oxidative metabolism. 
FcRI also mediates oxidative responses, and appears on neutrophils 
of adults during infection. The diminished production of G-CSF 
and GM-CSF by neonatal mononuclear cells!” may not only limit 
progenitor colony growth, but may also impair neonatal neutrophil 
functions, including chemotaxis, superoxide production, and C3bi 
expression, which are enhanced by these factors.” Tumor necrosis 
factor (TNF)-« and IL-4, cytokines that modulate neutrophil functions, 
also may be produced at lower levels in neonates.” 


THROMBOPOIESIS AND PLATELETS 


The platelet counts in term and preterm infants are between 150 and 
400 x 10°/L (150,000 to 400,000/uL), comparable to adult values.””°* 
Thrombocytopenia of fewer than 100 x 10°/L (100,000/uL) may 
occur in high-risk infants with respiratory distress or sepsis,” small- 
for-date infants,” and newborns with trisomy syndromes.” Even nor- 
mal newborns are unable to regulate thrombopoiesis and myelopoiesis 
in a wholly effective manner.” Although committed megakaryocyte 
progenitors (colony-forming unit-megakaryocyte [CFU-Meg]) are 
increased in the marrow and cord blood of newborns, they are less 
able to produce adequate numbers of platelets when severely stressed. 
Reduced levels of G-CSF, GM-CSF, and IL-3 may play a role in the 
impaired response.” Thrombopoietin (TPO) is a major regulator of 
platelet production in adults. TPO transcripts have been detected as 
early as 6 weeks postconception and the primary source of TPO in the 
fetus and neonate is thought to be the liver?” Serum TPO levels are 
higher in preterm and term neonates compared to adults. However, 
thrombocytopenic newborns do not increase serum TPO levels as 
robustly as thrombocytopenic adults, which may contribute to the high 
incidence of thrombocytopenia seen in sick infants.””” 


Platelet Functions 

Bleeding Time and Closure Time The expected inverse relationship 
between the platelet count and bleeding time has been described in 
term and preterm newborns.” However, the bleeding time often is lon- 
ger than would be predicted by the platelet count because of sepsis or 
respiratory distress resulting in impaired platelet function, aggravating 
the effects of thrombocytopenia. 

The bleeding time reflects platelet function and capillary integrity, 
as well as the platelet count, and traditionally has been used to assess 
these parameters. However, there are technical difficulties in applying a 
technique for measuring bleeding time to neonates or preterm infants 
because of the need for venous occlusion of the forearm, where the test 
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normally is performed, and for a minimal incision to avoid scarring of 
the skin. Bleeding times were measured using an automatic device to 
minimize trauma in normal neonates, with venous occlusion of 20 torr 
for infants who weigh less than 1000 g, 25 torr for those who weigh 
1000 to 2000 g, and 30 torr for those who weigh more than 2000 g. 
In 82 observations, 97 percent of the measurements were below 3.5 
minutes, which was suggested as the upper limit for normal in these 
infants.” A similar upper limit (200 seconds) for the bleeding time of 
normal infants has been obtained using an automated device and verti- 
cal incisions.” Generally, newborn infants have shorter bleeding times 
than do children and adults, which may reflect their higher hematocrit, 
increased concentration of von Willebrand factor, and higher propor- 
tion of high-molecular-weight multimers of von Willebrand factor.”!° 
Children have longer bleeding times than either adults or newborns, 
and the upper limit measured with an automated pediatric device may 
be as high as 13 minutes before age 10 years, compared to an upper limit 
of 7 minutes in adults measured with the same device.” 

The bleeding times in newborns may be prolonged for a variety of 
reasons, including neonatal infection and respiratory distress syndrome, 
which do not necessarily result in thrombocytopenia.’ Platelets from 
healthy newborns are relatively deficient in phospholipid metabolism, 
granule secretion, and aggregation,’ but there is heightened platelet 
adhesion because of increased large von Willebrand multimers. The 
result of these differences is shortened bleeding and closure times in 
normal neonates (see below). 

The use of indomethacin for treatment of patent ductus arterio- 
sus in preterm infants has been questioned because this agent interferes 
with prostaglandin metabolism and the production of thromboxane A., 
an important initiator of platelet aggregation. Although bleeding times 
are prolonged from a normal 3.5 minutes to approximately 9 minutes 
in indomethacin-treated patients,” indomethacin did not result in an 
increase in periventricular or intraventricular hemorrhage in preterm 
infants treated for patent ductus arteriosus. 

The closure time to assess platelet function may replace the bleed- 
ing time, particularly for neonates and young children in whom bleed- 
ing times are difficult to perform and interpret. Newborn infants have 
closure times that are shorter than those of adults, likely related to their 
higher hematocrits, increased von Willebrand multimers and hence ris- 
tocetin cofactor, and higher leukocyte counts.” The normal adult 
value for collagen-epinephrine closure time is less than 164 seconds, 
and for collagen-ADP closure time is less than 116 seconds. However, 
each laboratory must determine its own normal range for these tests. 

Platelet Aggregation and Metabolism A variety of differences 
have been described in the platelet function of neonates. These include 
decreases in ADP release, in platelet factor 3 activity, in platelet adhe- 
siveness, and in platelet aggregation in response to ADP, epinephrine, 
collagen, or thrombin.’**> These defects result from intrinsic differ- 
ences in neonatal compared to adult platelets.” Paradoxically, these 
insufficiencies have little effect on the bleeding time of neonates. The in 
vitro findings do not appear related to a significant defect in prostaglan- 
din synthesis or to storage pool deficiency of adenine nucleotides.” 
Furthermore, electron micrographs of neonatal platelets do not differ 
from those of platelets from normal adults.” This leaves unexplained 
the in vitro observations in neonatal platelets, which may be related 
to platelet membrane immaturity. These in vitro abnormalities may 
aggravate the impairment in platelet function and the predisposition 
to bleeding that result from neonatal diseases, particularly respiratory 
distress syndrome and sepsis. 

Maternal aspirin ingestion also results in abnormalities in plate- 
let aggregation in the newborn in response to collagen.” However, 
aspirin has been studied extensively in patients with preeclampsia, and 
there is no significant bleeding in the fetus or newborn.”””?! 
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Newborn infants commonly have petechiae, particularly on the 
head, neck, and shoulders, after vertex deliveries. They are presumably 
caused by trauma associated with passage through the birth canal and 
disappear within a few days. Petechiae usually are not present in infants 
delivered by cesarean section. 

Platelet Antigens and Glycoproteins The glycoprotein complex 
GPIIb/IHa represents approximately 15 percent of platelet surface pro- 
tein and exhibits two allelic forms, PI^ and Pl’? The PI^ antigen can 
be identified on fetal platelets by 16 weeks’ gestation.” PI^ antigen is 
observed in a higher percentage of fetuses between 18 and 26 weeks’ ges- 
tation than in adults. Approximately 2 percent of the population in the 
United States of European descent is homozygous for Pl*’ and thus are 
Pl*!-negative. The complete expression of the PI“ antigen during early 
gestation likely permits sensitization in women who are Pl^'-negative 
even during their first pregnancy.” The membrane glycoprotein GPIb, 
as well as the GPIIb/IIIa complex, is expressed by 18 weeks of gestation.? 
‘The difference between PI“ and Pl” is a leucine 33-proline 33 amino acid 
polymorphism in glycoprotein IIA.” Prenatal diagnosis of the glyco- 
protein genotype using DNA from amniocytes and the polymerase chain 
reaction can establish the potential for neonatal alloimmune thrombocy- 
topenia,” as well as the diagnosis of Glanzmann thrombasthenia. Rarely, 
other fetal platelet antigens, such as PI”, DUZO’, Ko’, and Bak? have 
caused maternal sensitization and neonatal alloimmune thrombocytope- 
nia.” The gestational ages for expression of these antigens have not been 
defined but are sufficiently early to permit sensitization. 


NEONATAL LYMPHOPOIESIS 


T-Lymphocyte Functions—Cellular Immunity 

The absolute number of lymphocytes in the newborn is equivalent to 
that in older children, ages 6 months to 2 years, with lower values in 
premature infants at birth. Thymus-derived cells (T cells) develop early 
in gestation.” Tables 7-4 and 7-5 show the various lymphocyte subsets 
in infants and children.””*** The absolute number of CD3+ and CD4+ 


TABLE 7-4. Blood Lymphocyte Subsets: Infants Age 1 to 


3 Days 


Median (10th-90th 
percentile range) 


Lymphocyte Subsets Infants (1-3 Days) Adults 
Lymphocytes x 10°/L 3.1 x 10°/L (3.1-6.8) ___ 

CD3+ % of lymphocytes 83% (72-90) 77 (69-84) 
Count x 10°/L 3.7 (2.6-5.8) — 
CD3-/CD19+ % of 14% (6-22) 14 (8-18) 
lymphocytes 

Count x 10°/L 0.58 (0.23-1.2) = 

NK (CD3-/CD16+ or CD56+) 4% (2-8) 11 (6-17) 
% of Lymphocytes 

Count x 10°/L 0.2 (0.06-0.38) = 
CD3+/CD4+ % of 63% (52-72) 46 (37-55) 
lymphocytes 

Count x 10°/L 2.7 (2.0-4.4) = 
CD3+/CD8+ % of 23% (16-29) 28 (20-34) 
lymphocytes 


Count x 10°/L 1.1 (0.55-1.9) 


Data from O'Gorman MRG, Millard DD, Lowder JN, et al: lymphocyte 
subpopulations in 1-3 day old infants. Cytometry 34:235, 1998. 


(helper/inducer phenotype) T-cell subsets in blood of newborns is 
higher than in adults.” This is a result of an increased total lymphocyte 
count in neonates (and older children) as compared with adults.” The 
percentages of major lymphoid subsets (CD2, CD3, CD4, CD8, CD19) 
and natural killer (NK) cells are not markedly different in neonates, 
children, and adults when measured by flow cytometry methods.” 
However, functional defects are present in the NK cell population.” 
Furthermore, the responses of T-helper type 1 (Th1 cell-mediated 
immunity) and T-helper type 2 (Th2-assisted humoral immunity) differ 
in newborns and adults in response to various antigens such as vac- 
cines, infectious agents, and environmental antigens.” The numbers of 
T and B lymphocytes are sustained or increased during the first 2 post- 
natal months.” There is a trend toward increased CD4 and decreased 
CD8 lymphocytes in newborns and children, resulting in an increased 
CD4:CD8 ratio." In spite of this, T-cell suppressor activity may be 
increased in newborns.™” Most responses of the cellular immunity 
system, such as antigen recognition and binding, antibody-dependent 
cytotoxicity, and graft-versus-host reactivity are present in the new- 
born,” although some are decreased in comparison with adults.” The 
in vitro response to phytohemagglutinin of cord blood lymphocytes is 
increased,” but the response of the newborn to 2,4-dinitrofluoroben- 
zene, a potent inducer of delayed hypersensitivity, is not as consistent as 
that seen in older children.’ Impaired T-cell production of interfer- 
on-y and other lymphokines may be related to immature macrophage 
rather than to T-lymphocyte function, because intercellular coopera- 
tion is a requisite for these processes.” Furthermore, cord blood T lym- 
phocytes form a functional IL-2 receptor complex and have normal IL-2 
receptors, but they do not upregulate interferon-y in response to IL-2.° 


B-Lymphocyte Functions—Humoral Immunity 

Humoral (B-cell) immunity also develops early in gestation,” but it 
is not fully active until after birth. In the newborn, approximately 15 
percent of lymphocytes have immunoglobulin on their surface, with 
all immunoglobulin isotypes represented.” A percentage of these cells 
are CD5+ B cells (B-1 cells), which produce polyreactive autoantibod- 
ies whose function is yet unclear.” The proportion of CD5+ B cells is 
markedly higher in the fetus compared to adults. The percentages of B 
cells expressing specific immunoglobulin isotypes are not related to the 
plasma levels of those isotypes. Variation in antibody response to specific 
antigens relates to the interaction of macrophages, T cells, and B cells. 
B lymphocytes are well represented in newborns, but T-lymphocyte- 
independent B-lymphocyte responses are limited during the first year.*°° 
T-lymphocyte-dependent B-lymphocyte antibody production matures 
much earlier.” 

Fetal lymphocytes synthesize little immunoglobulin, presumably 
because of the sheltered environment in utero. Animals kept germ-free 
after birth have few plasma cells and markedly decreased production 
of immunoglobulins.” IgG levels of term infants are similar to mater- 
nal levels because of transplacental transfer.” IgM, IgD, and IgE do not 
cross the placenta,”*” and the levels of these immunoglobulins and of 
IgA are low or not detectable at birth. Breastfeeding provides some trans- 
fer of antibodies, particularly secretory IgA, lysozyme, and lactoferrin. 
Large numbers of lymphocytes and monocytes (10° cells/mL) are found 
in colostrum and milk during the first 2 months postpartum.” These 
may provide local gastrointestinal protection against infection, ®?® and 
there is some evidence for absorption of immunoglobulin and transfer 
of tuberculin sensitivity to the infant. 

Although the newborn infant can produce specific IgG antibody, 
only small amounts of IgG are usually produced by the fetus. IgG levels 
in premature infants are reduced in relation to gestational age because 
of the low placental transport early in pregnancy.” The ability of the 
fetus to produce IgM and IgA with appropriate stimuli is indicated by 
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TABLE 7-5. Blood Lymphocyte Subsets: Infants and Children to Age 18 Years 


Lymphocyte 

Subsets 0-3 Months 3-6 Months 6-12 Months 1-2 Years 2-6 Years 6-12 Years 12-18 Years 

WBC x 109/L 10.60 9.20 9.10 8.80 7.10 6.50 6.00 
(7.20-18.00) (6.70-14.00) (6.40-13.00) (6.40-12.00) (5.20-11.00) (4.40-9.50) (4.40-8.10) 

Lymphocytes x 5.40 6.30 5.90 5.50 3.60 2.70 2.20 

10°/L (3.40-7.60) (3.90-9.00) (3.40-9.00) (3.60-8.90) (2.30-5.40) (1.90-3.70) (1.40-3.30) 

CD3+ 


% of lymphocytes 73% (53-84) 66% (51-77) 65% (49-76) 


65% (53-75) 


259 
(2.10-6.20) 


66% (56-75) 


239) 
(1.40-3.70) 


69% (60-76) 


1.82 
(1.20-2.60) 


73% (56-84) 


1.48 
(1.00-2.20) 


25% (16-35) 


1.31 
(07252160) 


21% (14-33) 


0.75 
(0.39-1.40) 


18% (13-27) 


0.48 
(0.27-0.86) 


14% (06-23) 


0.30 
(0.11-0.57) 


7% (03-15) 


0.36 
(0.18-0.92) 


9% (04-17) 


0.30 
(0.13-0.72) 


9% (04-17) 


0.23 
(0.10-0.48) 


9% (03-22) 


0.19 
(0.07-0.48) 


Count x 10°/L 3.68 3.75 3.93 
(2.50-5.50) (2.50-5.60) (1.90-5.90) 

CD19+ 

% of lymphocytes 15% (06-32) 25% (11-41) 24% (14-37) 

Count x 10°/L 0.73 1.55 1.52 
(0.30-2.00) (0.43-3.00) (0.61-2.60) 

CD16+/CD56+ 

% of lymphocytes 8% (04-18) 6% (03-14) 7% (03-15) 

Count x 10°/L 0.42 0.42 0.40 
(0.17-1.10) (0.17-0.83) (0.16-0.95) 

CD4+ 

% of lymphocytes 52% (35-64) 46% (35-56) 46% (31-56) 

Count x 10°/L 2.61 2.85 2.67 
(1.60-4.00) (1.80-4.00) (1.40-4.30) 


41% (32-51) 


2.16 
(1.30-3.40) 


38% (28-47) 


1.38 
(0.07-2.20) 


37% (31-47) 


0.98 
(0.65-1.50) 


41% (31-52) 


0.84 
(0.53-1.30) 


CD8+ 
% of lymphocytes 


Count x 109/L 


18% (12-28) 


0.98 
(0.56-1.70) 


16% (12-23) 


1.05 
(0.59-1.60) 


17% (12-24) 


1.04 
(0.50-1.70) 


20% (14-30) 


1.04 
(0.62-2.00) 


23% (16-30) 


0.84 
(0.49-1.30) 


25% (18-35) 


0.68 
(0.37-1.10) 


26% (18-35)0 


0558 
(0:3550:92) 


WBC, white blood cells. 


Data from Shearer WT, Rosenblatt HM, Gelman RS, et al: Lymphocyte subsets in healthy children from birth through 18 years of age: The 
Pediatric AIDS Clinical Trials Group P1009 Study. J Allergy Clin Immunol 112:973, 2003. 


the presence of these antibodies in many newborn infants who have 
had prenatal infections” and by the presence of IgM isohemagglutinins 
in more than half of term newborn infants.” In human newborns and 
in fetal animals, the IgM response is predominant, and the appearance 
of IgG after exposure to specific antigens is delayed. These differences 
from the adult may relate to functional immaturity of B and T lympho- 
cytes,” *”! to increased activity of suppressor T cells,” and perhaps 
to altered macrophage function.”” 

Newborns also may have relative splenic hypofunction, suggested 
by the large number of “pocked” red cells seen in the blood films of 
neonates, particularly premature infants. These “pocks” represent resid- 
ual intraerythrocyte inclusions, which remain because of monocyte and 
macrophage hypofunction.””*?” 


COAGULATION IN THE NEONATE 


Plasma Coagulation Factors 

When the term newborn is compared to older children and adults, sev- 
eral differences in the coagulation and fibrinolytic systems are appar- 
ent.’”*?8! A comprehensive evaluation of the developmental changes in 
the levels of clotting factors and coagulation tests in preterm and term 
infants has been published.” The term newborn has reduced mean 
plasma levels (<60 percent of adult levels) of factors II, IX, X, XI, XII, 
prekallikrein, and high-molecular-weight kininogen (Table 7-6). This is 
not a result of impaired mRNA expression, at least in the case of factors 
II and X.* In contrast, the plasma concentration of factor VIII is sim- 
ilar and von Willebrand factor is increased compared to that of older 


children and adults. In spite of the lower levels of factors, the functional 
tests (prothrombin and partial thromboplastin times) are only slightly 
prolonged compared to adult normal values (Table 7-6). Although dif- 
ferent coagulation factors show different postnatal patterns of matura- 
tion, near-adult values are achieved for most components by 6 months 
of age.’”* 

Factors II (prothrombin), VII, IX, and X require vitamin K for the 
final y-glutamyl carboxylation step in their synthesis.” These factors 
decrease during the first 3 to 4 days after birth. This fall may be lessened 
by administration of vitamin K, effectively preventing classic, early 
occurring (first few days after birth) hemorrhagic disease of the new- 
born. Inactive prothrombin molecules have been found in the plasma 
of some newborns, but they disappear after administration of vitamin 
K.*” Early occurring hemorrhagic disease is most often associated with 
maternal administration of medications such as phenytoin (Dilantin)? 
and warfarin,” which reduce the vitamin K-dependent factors. In rare 
cases, no contributing factor is found. 

A hemorrhagic diathesis also may occur later, 2 to 12 weeks after 
birth, as a result of lack of vitamin K, and is called late hemorrhagic 
disease of the newborn or acquired prothrombin complex deficiency! 
The etiology of the vitamin K lack is unclear but may result from poor 
dietary intake, particularly related to breastfeeding, alterations in liver 
function with cholestasis and decreased vitamin K absorption, or a 
toxic or infectious impairment of hepatic utilization.” Unfortunately, 
intracranial hemorrhage frequently is the presenting event in this con- 
dition. This problem can be prevented by parenteral or oral vitamin K, 
but the preferred route of administration remains controversial.” The 


7 

Preterm 2 

28-31-Week T 

Infants Preterm 30-36-Week Infants Full-Term Infants m 

Coagulation Test Day 1 Day 1 Day 30 Day 180 Day 1 Day 30 Day 180 Adults E 

PT(s) 15.4 (14.6-16.9) 13.0 (10.6-16.2) 11.8 (10.0-13.6) 12.5 (10.0-15.0) 13.0 (10.1-15.9) 11.8 (10.0-14.3) 12.3 (10.7-13.9) 12.4 (10.8-13.9) = 

INR 1.0 (0.61-1.70) 0.79 (0.53-1.11) 0.91 (0.53-1.48) 1.00 (0.53-1.62) 0.79 (0.53-1.26) 0.88 (0.61-1.17) 0.89 (0.64-1.17) T 

APTT(s) 108(80.0-168) 53.6(27.5-79.4) 44.7(26.9-62.5) BHD (27e2—5 3.5) 42.9(31.3-54.5) 40.4(32.0-55.2) 35528124219) 33.5(26.6-40.3) 3 

TCT(s) 24.8 (19.2-30.4) 24.4 (18.8-29.9) 25.2 (18.9-31.5) 23.5 (19.0-28.3) 24.3 (19.4—29.2) 25.5 (19.8-31.2) 25.0 (19.7-30.3) = 

Fibrinogen (g/L) 2.56 (1.60-5.50) 2.43 (1.50-3.73) 2.54 (1.50-4.14) 2.28 (1.50-3.60) 2.83 (1.67-3.99) 2.70 (1.62-3.78) 2.51 (1.50-3.87) 2.78 (1.56-4.00) 2 

Il (U/mL) 0.31(0.19-0.54) 0.45(0.20-0.77) 0.57(0.36—-0.95) 0.87(0.51-1.23) 0.48(0.26-0.70) 0.68(0.34—1.02) 0.88(0.60—-1.16) 1.08(0.70-1.46) < 
V (U/mL) 0.65(0.43—-0.80) 0.88(0.41-1.44) 1.02(0.48-1.56) 1.02(0.58-1.46) 0.72(0.34—1.08) 0.98(0.62—-1.34) 0.91(0.55-1.27) 1.06(0.62-1.50) 

VII (U/mL) 0.37(0.24—0.76) 0.67(0.21-1.13) 0.83(0.21-1.45) 0.99(0.47-1.51) 0.66(0.28—-1.04) 0.90(0.42—-1.38) 0.87(0.47-1.27) 1.05(0.67-1.43)0 

VIII (U/mL) 0.79(0.37-1.26) ile na 50-2.13) 1.11(0.50-1.99) 0.99(0.50-1.87) 1.00(0.50-1.78) 0.91(0.50-1.57) 0.73(0.50-1.09) 0.99(0.50-1.49) 
VWF (U/mL) 1.41 (0.83-2.23) .36(0.78-2.10) 1.36(0.66-2.16) 0.98(0.54-1.58) 1.53(0.50-2.87) 1.28(0.50-2.46) 1.07(0.50-1.97) 0.92(0.50-1.58) 
IX (U/mL) 0.18(0.17-0.20) 0.35(0.19-0.65) 0.44(0.13-0.80) 0.81 (0.50-1.20) 0.53(0.15-0.91) 0.51(0.21-0.81) 0.86(0.36-1.36) 1.09(0.55-1.63) 
X (U/mL) 0.36(0.25-0.64) 0.41(0.11-0.71) 0.56(0.20-0.92) 0.77(0.35-1.19) 0.40(0.12—-0.68) 0.59(0.31-0.87) 0.78(0.38-1.18) 1.06(0.70-1.52) 
XI (U/mL) 0.23(0.11-0.33) 0.30(0.08--0.52) 0.43(0.15-0.71) 0.78(0.46—-1.10) 0.38(0.10—-0.66) 0.53(0.27-0.79) 0.86(0.49-1.34) 0.97(0.67-1.27) 
XII (U/mL) 0.25(0.05-0.35) 0.38(0.10—-0.66) 0.43(0.11-0.75) 0.82(0.22—-1.42) 0.53(0.13-0.93) 0.49(0.17-0.81) 0.77(0.39-1.15) 1.08(0.52-1.64) 
PK (U/mL) 0.26(0.15—-0.32) 0.33(0.09-0.57) 0.59(0.31-0.87) 0.78(0.40-1.16) 0.37(0.18-0.69) 0.57(0.23-0.91) 0.86(0.56—-1.16) 1.12(0.62-1.62) 
HK (U/mL) 0.32(0.19-0.52) 0.49(0.09-0.89) 0.64(0.16—-1.12) 0.83(0.41-1.25) 0.54(0.06-1.02) 0.77(0.33-1.21) 0.82(0.36-1.28) 0.92(0.50-1.36) 
XIlla (U/mL) 0.70(0.32-1.08) 0.99(0.51-1.47) 1.13(0.65-1.61) 0.79(0.27-1.31) 0.93(0.39-1.47) 1.04(0.46-1.62) 1.05(0.55-1.55) 
XIIIb (U/mL) 0.81(0.35-1.27) 1.07(0.57-1.57) 1.15(0.67—1.63) 0760305122) 1.11(0.39-1.73) 1.10(0.50-1.70) 0.97(0.57-1.37) 


APTT, activated partial thromboplastin time; HK, high-molecular-weight kininogen; INR, international normalized ratio; PK, prekallikrein; PT, prothrombin time; TCT, thrombin clotting 
time; VWF, von Willebrand factor. 

*All factors except fibrinogen are expressed as units per milliliter (U/mL), where pooled plasma contains 1.0 U/mL. All values are expressed as the mean of 40 to 77 samples for each 
population. The range of values encompassing 95 percent of the population is shown in parentheses. 

Data from Andrew M, Paes B, Milner B, et al: Development of the human coagulation system in the full-term infant. Blood 70:165, 1987 and Monagle P, Massicotte P: Developmental 
haemostasis: Secondary haemostasis. Sem in Fetal and Neonatal Medicine 16:294-300, 2011. 


parenteral route may result rarely in neuromuscular complications,” 


and an association of intramuscular vitamin K prophylaxis and cancer 
in infancy was suggested but not substantiated. Oral administration, 
however, appears less reliable and may require repeated doses.” The 
current recommendation of the American Academy of Pediatrics sug- 
gests that vitamin K,, 0.5 to 1.0 mg, be administered intramuscularly at 
birth.** Even the lower (0.5 mg) parenteral dose may be excessive for 
preterm (<32 weeks’ gestation) infants, although no toxic effects have 
been reported as a result of very high plasma values.” Recent data sug- 
gest that 0.2 mg vitamin K may be appropriate prophylaxis for infants 
delivered at fewer than 32 weeks’ gestation, but additional oral supple- 
mentation is needed when feeding is established.” A mixed micellar 
vitamin K, preparation is particularly well absorbed and may permit 
prophylaxis with a single oral dose,”” but the efficacy and safety of oral 
prophylaxis require further study. 

Table 7-6 shows the values for coagulation factors in healthy 30 
to 36 weeks’ gestation premature infants. More prominent decreases 
in factors IX, XI, and XII are noted, which tend to prolong the partial 
thromboplastin time. Table 7-6 also shows the values for coagulation 
factors in 28 to 31 weeks’ gestation infants. All of the coagulation factors 
are lower at earlier gestational ages. 

There are no significant differences in mean prothrombin time 
determinations between 30 and 36 weeks’ gestation premature and 
full-term infants who have not received vitamin K.” Premature infants 
given vitamin K have a longer mean prothrombin time than do term 
infants similarly treated. In some small infants there is no improve- 
ment in prothrombin time or levels of prothrombin, and factors VII 
and X after the intramuscular administration of vitamin K.” These 
results suggest a greater degree of “immaturity” of the liver in the small 
infants. 


Bleeding and Thrombosis 

Significant bleeding occurs more often in low-birth-weight infants than 
in term newborn infants. Increased capillary fragility is frequently found 
in premature infants in the first 2 days after birth and is not associated 
with thrombocytopenia.” Bleeding under the scalp or in other super- 
ficial areas may be caused by trauma at birth coupled with increased 
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capillary fragility. The more serious disorders of periventricular- 
intraventricular hemorrhage and pulmonary hemorrhage probably 
are not caused by coagulation disorders, although such disorders may 
increase the bleeding.™ Hypoxia seems to affect the clotting status of 
low-birth-weight infants.*' Many infants with markedly abnormal 
prothrombin times have had hypoxia during delivery or shortly there- 
after.” Cardiovascular collapse seen with episodes of cardiac arrest or 
with profound shock may cause disseminated intravascular coagulation 
and generalized bleeding. In many sick premature infants, a combina- 
tion of shock, sepsis, liver immaturity, hypoxia, and other factors may 
contribute to the pathogenesis of coagulation abnormalities. 

Arterial and venous thromboses are relatively frequent in new- 
borns as compared to other age groups, but greater than 90 percent of 
arterial and greater than 80 percent of venous clots are related to cathe- 
ters. Spontaneous thromboses are much less common, and most involve 
the renal veins or, rarely, the pulmonary vasculature.*” Relative hyperco- 
agulability in the newborn could result from a difference in the vascular 
endothelium, activation of the coagulation cascade, diminished coagu- 
lation inhibitor activity, or a defect in fibrinolysis. Inhibitors of coagu- 
lation include antithrombin, heparin cofactor II, protein C, and protein 
S.78339 The levels of proteins C and S, which are vitamin K dependent, 
as well as antithrombin and heparin cofactor II, are low in the newborn; 
they are in a range associated with thrombotic episodes in adults with 
inherited deficiencies.” In addition, the presence of factor V Leiden 
may occur in as many as 6 percent of newborns. This produces resis- 
tance to the action of protein C and may heighten the susceptibility to 
thrombosis (Chap. 130). Hyperprothrombinemia caused by the 20210A 
allele prothrombin gene may affect 1 percent of the population,’ but 
the elevated prothrombin level predisposing to thrombosis occurs in 
older patients.” The combined deficiency of these anticoagulant pro- 
teins may further intensify the thrombotic risk. However, the precise 
role of these inhibitors of coagulation in newborn hypercoagulability 
is uncertain because a proportionate decrease in vitamin K-dependent 
procoagulant factors (II, VII, IX, X) also is present, and an additional 
inhibitor, a,-macroglobulin, is increased (Chap. 130). Table 7-7 shows 
the values for plasma inhibitors of coagulation in premature and term 
infants. 


TABLE 7-7. Reference Values for Inhibitors of Coagulation in Preterm and Full-Term Infants* 


Inhibitor Levels Day 1 Day 30 Day 180 Day 1 Day 30 Day 180 Adults 
AT (U/mL) 0.38 0.59 0.90 0.63 0.78 1.04 1.05 
(0.14-0.62) (0.37-0.81) (0.52-1.28) (0.39-0.87) (0.48-1.08) (0.84-1.24) (0.79-1.31) 
a,M (U/mL) 1.10 1.38 2.09 139 1.50 ISA 0.86 
(0.56-1.82) (0.72-2.04) (1.10-3.21) (0.95-1.83) (1.06-1.94) (1.49-2.33) (0.52-1.20) 
C,E-INH (U/mL) 0.65 0.74 1.40 0.72 0.89 1.41 1.01 
(0.31-0.99) (0.40-1.24) (0.96-2.04) (0.36-1.08) (0.47-1.31) (0.89-1.93) (0.71-1.31) 
a, AT (U/mL) 0.90 0.76 0.82 0.93 0.62 0.77 0.93 
(0.36-1.44) (0.38-1.12) (0.48-1.16) (0.49-1.37) (0.36-0.88) (0.47-1.07) (0.55-1.31) 
HCII (U/mL) 0.32 0.43 0.89 0.43 0.47 1.20 0.96 
(0.10-0.60) (0.15-0.71) (0.45-1.40) (0.10-0.93) (0.10-0.87) (0.50-1.90) (0.66-1.26) 
Protein C (U/mL) 0.28 0.37 0.57 0.35 0.43 0.59 0.96 
(0.12-0.44) (0.15-0.59) (0.31-0.83) (0.17-0.53) (0.21-0.65) (0.37-0.81) (0.64-1.28) 
Protein S (U/mL) 0.26 0.56 0.82 0.36 0.63 0.87 0.92 
(0.14-0.38) (0.22-0.90) (0.44-1.20) (0.12-0.60) (0.33-0.93) (0.55-1.19) (0.60-1.24) 


a AT, a,-antitrypsin; a,M, a,-macroglobulin; AT, antithrombin; C, E-INH, C, esterase inhibitor; HCII, heparin cofactor Il. 

*All values are expressed in units per milliliter (U/mL) where pooled plasma contains 1.0 U/mL. All values are expressed as the mean of 40 to 75 
samples for each population. The range of values encompassing 95 percent of the population is shown in parentheses. 

Data from Andrew M, Paes B, Milner B, et al: Development of the human coagulation system in the full-term infant. Blood 70:165, 1987 and 
Monagle P, Massicotte P: Developmental haemostasis: Secondary haemostasis. Sem in Fetal and Neonatal Medicine 16:294-300, 2011. 


Part Ill: Epochal Hematology 


TABLE 7-8. Hematologic Effects of Maternal Drugs on the Fetus and Newborn 


Drug Effect Certainty* Mechanism Reference 
Antiretroviralagents Decreased Established Unknown—only seen with combination of zido- 318 
in combination hemoglobin vudine, lamivudine + nelfinavir 
Aspirin Bleeding; kernicterus Established; Interference with platelet function 123, 224, 228 
parentia Displacement of bilirubin from albumin 317 
Diazoxide Bleeding Questionable Thrombocytopenia 307 
Nalidixic acid Hyperbilirubinemia Potential Oxidant damage to hemoglobin 315 
Nitrofurantoin Hyperbilirubinemia Potential Oxidant damage to hemoglobin 314, 316 
Phenytoin (Dilantin/ Bleeding Suspected Depletion of vitamin K-dependent coagulation 288 
phenobarbital) factors by hepatic enzyme induction and factor 
degradation 
Rifampin/isoniazid Bleeding Suspected Depletion of vitamin K-dependent coagulation sie 
factors 
Sulfonamides Kernicterus Established Displacement of bilirubin from albumin 317 
Thiazides Bleeding Suspected Thrombocytopenia 308, 309 
Warfarin (Coumadin) Bleeding Established Known depletion of vitamin K-dependent coagu- 288, 289 


lation factors by blocking carboxylation 


*Certainty reflects the level of confidence in the data, assigned in increasing order from potential through questionable, suspected, and 


established. 


Data from Haley TJ, Berndt WO: Handbook of Toxicology. Washington, DC: Hemisphere Publishing; 1987. 


HEMATOLOGIC EFFECTS OF MATERNAL DRUGS 
ON THE FETUS AND NEWBORN 


Hemostatic Effects 

A number of maternally administered pharmacologic agents have been 
implicated in hematologic abnormalities of the fetus or newborn (‘Table 
7-8). Maternal aspirin ingestion results in impaired platelet aggregation 
but does not foster neonatal bleeding. Other agents taken by the mother, 
including diazoxide and thiazides, might be associated with neonatal 
thrombocytopenia.*”-*” 

The newborn’s plasma coagulation factors may be depressed by 
maternal warfarin ingestion.*” This drug is best avoided during preg- 
nancy because it is teratogenic (first trimester) and may cause growth 
retardation of the fetus as well as bleeding.” In contrast, heparin does 
not cross the placenta, and maternal treatment with heparin appears to 
be safe for the fetus.*”° 

Phenytoin (Dilantin) and/or phenobarbital also may reduce the 
newborns vitamin K-dependent factors, possibly by microsomal 
enzyme induction, which enhances their degradation.” Furthermore, 
phenytoin may depress the platelet count as a result of prenatal expo- 
sure’™! and cause teratogenic effects, for example, the fetal hydantoin 
syndrome.*” The decision to use this agent during pregnancy should 
reflect an assessment of the need for this specific drug, and also the risk 
of maternal seizures to the fetus and mother versus the potential side 
effects of treatment. Newborns of mothers taking rifampin and iso- 
niazid also may have depressed vitamin K-dependent factors.*¥ 


Hyperbilirubinemia and Kernicterus 

Nitrofurantoin and nalidixic acid may cause oxidant injury to the red cell 
membrane and hemoglobin.*"**”* If there is glucose-6-phosphate dehy- 
drogenase deficiency, or if reduced glutathione is diminished, as in new- 
born red cells, these drugs have the potential to induce hemolysis and 
heighten neonatal hyperbilirubinemia (Chap. 47). Although this prob- 
lem has not been documented by transplacental transfer of nitrofuran- 
toin or nalidixic acid, hemolysis has occurred in glucose-6-phosphate 


dehydrogenase-deficient infants who acquired the drugs from breast 
milk.**'® Alternatively, sulfonamides may cause displacement of bil- 
irubin bound to albumin and heighten the risk of kernicterus.*” Sali- 
cylates, phenylbutazone, and naproxen may have a similar effect at very 
high plasma concentrations.’ Ideally, all these medications should be 
avoided during pregnancy unless their indication outweighs the poten- 
tial risk to the fetus and newborn. 
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CHAPTER 8 
HEMATOLOGY DURING 
PREGNANCY 


Martha P. Mims 


Normal pregnancy involves many changes in maternal physiology, including 
alterations in hematologic parameters. These changes include expansion in 
maternal plasma volume. The increase in plasma volume is relatively larger 
than the increase in red cell mass resulting in a decrease in hemoglobin con- 
centration. An increase in the levels of some plasma proteins alters the bal- 
ance of coagulation and fibrinolysis. Worldwide, the predominant cause of 
anemia in pregnancy is iron deficiency. Fetal requirements for iron are met 
despite maternal deficiency, but maternal iron deficiency has a number of 
adverse consequences including an increased frequency of preterm delivery 
and low-birth-weight infants. Bleeding disorders in pregnancy are a common 
reason for hematologic consultation and evoke concern for both the mother 
and child. Life-threatening bleeding caused by disseminated intravascular 
coagulation is seen with some complications unique to pregnancy, including 
placental abruption, retained dead fetus, and amniotic fluid embolism. von 
Willebrand disease is the commonest inherited bleeding disorder, but because 
of increases in factor VIII level and von Willebrand factor during pregnancy, 
excessive bleeding at delivery is rarely a problem in such patients. Factor levels 
fall rapidly postpartum, and serious hemorrhage can occur during this period. 
Carriers of hemophilia A and B should be monitored during pregnancy to 
determine if factor levels will be adequate for delivery at term. Caution should 
be exercised at delivery and during the first few days of life with offspring of 
hemophilia carriers until hemophilia testing is completed and the infant's sta- 
tus is known. Acquired hemophilia as a result of factor VIII autoantibodies is 
rare, but can occur during pregnancy or the puerperium. Thrombocytopenia 
is not uncommon in pregnancy, and its causes include several conditions that 
are unique to pregnancy, such as preeclampsia. Idiopathic thrombocytopenic 
purpura (ITP) is common, itis often exacerbated in pregnancy, and is managed 
conservatively if possible; close followup of newborns of mothers with ITP is 
essential. HELLP (hemolysis, elevated liver enzymes, and low platelet count) 
syndrome and TTP (thrombotic thrombocytopenic purpura)/hemolytic uremic 
syndrome are also seen in pregnancy and the puerperium. HELLP syndrome 
is managed by immediate delivery, if possible, whereas TTP, usually, can be 
managed with plasma exchange. Inherited and acquired prothrombotic 


Acronyms and Abbreviations: DDAVP, desmopressin acetate, a synthetic analogue 
of the pituitary hormone vasopressin; DIC, disseminated intravascular coagulation; 
ESR, erythrocyte sedimentation rate; ET, essential thrombocythemia; HELLP, hemoly- 
sis, elevated liver enzymes, low platelets syndrome; ITP, idiopathic thrombocytopenic 
purpura; PNH, paroxysmal nocturnal hemoglobinuria; PT, prothrombin time; PTT, 
partial thromboplastin time; PV, polycythemia vera; TTP, thrombotic thrombocy- 
topenic purpura; VTE, venous thromboembolism; VWD, von Willebrand disease; VWF, 
von Willebrand factor. 


conditions can be exacerbated by pregnancy and can result in adverse repro- 
ductive outcomes as well as maternal venous thromboembolism. The stron- 
gest evidence for an association between a thrombophilia and recurrent fetal 
loss exists for antiphospholipid antibody syndrome; however, evidence is 
mounting for a connection between inherited thrombophilias and the severity 
of some complications of pregnancy. These thrombophilias increase the risk 
of maternal venous thromboembolism in pregnancy and the puerperium. 
Treatment of hematologic malignancies in pregnancy can present a difficult 
dilemma both in terms of staging studies and management. In many cases 
of Hodgkin lymphoma, treatment can be delayed safely until after delivery. 
In contrast, in aggressive lymphomas and acute leukemias rapid initiation of 
chemotherapy is often necessary to save the life of the mother. In general, the 
teratogenic effects of chemotherapy are greatest in the first trimester; how- 
ever, care must be taken in later trimesters to avoid cytopenias of both mother 
and fetus at delivery. Hemorrhagic and thrombotic complications associated 
with pregnancy in females with essential thrombocythemia and polycythemia 
vera present a unique challenge because of the lack of controlled trials in these 
situations. 


@BLOOD VOLUME, ERYTHROPOIETIN 
LEVEL, AND HEMOGLOBIN 
CONCENTRATION 


Maternal blood volume increases by an average of 40 to 50 percent above 
the nonpregnant level.’ Plasma volume begins to rise early in pregnancy, 
with most of the escalation taking place in the second trimester and 
prior to week 32 of gestation.’ Red cell mass increases significantly 
beginning in the second trimester and continues to expand throughout 
pregnancy, but to a lesser extent than plasma volume.” Erythropoietin 
levels increase throughout pregnancy, reaching approximately 150 per- 
cent of their prepregnancy levels at term.** The overall effect of these 
changes in most women is a slight drop in hemoglobin concentration, 
which is most pronounced at the end of the second trimester and slowly 
improves approaching term. 


PLATELET AND WHITE CELL COUNTS 


The effect of pregnancy on maternal platelet count is somewhat more 
controversial; some studies demonstrate a mild decline in platelet count 
over the course of gestation,’ whereas others do not.‘ In general, white 
cell counts rise during pregnancy with the occasional appearance of 
myelocytes or metamyelocytes in the blood.” During labor and the early 
puerperium, there is a rise in the leukocyte count. Leukocytosis appears 
to be linearly related to the duration of labor." 


PLASMA PROTEINS 


The levels of some plasma proteins also increase during pregnancy. 
In particular, C-reactive protein concentration is higher in pregnant 
women and rises even further during labor.’ Erythrocyte sedimentation 
rate (ESR) rises during pregnancy, and is affected by both hemoglobin 
concentration and gestational age.” The rise in ESR during pregnancy, 
in large part a result of an increase in levels of plasma globulins and 
fibrinogen, makes its use as a marker of inflammation difficult. The 
levels of many of the procoagulant factors increase during pregnancy 
whereas activity of the fibrinolytic system diminishes in preparation for 
the hemostatic challenge of delivery. Plasma levels of von Willebrand 
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factor (VWF), fibrinogen, and factors VII, VIII, and X all increase 
markedly, whereas factors H, V, IX, and XII are essentially unchanged 
and factor XIII declines.'! Levels of protein C and antithrombin remain 
stable throughout pregnancy whereas total and free protein S fall with 
increasing gestational age.'* Fibrinolysis is also impaired by increases 
in plasminogen activator inhibitors I and II, the latter a product of the 
placenta." 


@ ANEMIA IN PREGNANCY 
IRON DEFICIENCY 


Worldwide, the contribution of anemia to maternal and fetal morbidity 
and mortality is well recognized; in some parts of Africa, more than 
75 percent of pregnant women are anemic, and there is a significant cor- 
relation between maternal mortality and anemia.” It has been suggested 
that iron deficiency may protect against placental malaria, but epidemio- 
logic studies have not been conducted to verify this supposition." In preg- 
nant women, anemia is defined as a hemoglobin concentration of less than 
11 g/dL in the first and third trimesters, and less than 10.5 g/dL in the sec- 
ond trimester.” In both the industrialized and the developing world, 
iron-deficiency anemia (Chap. 43) is the commonest cause of anemia.'® 
On average approximately 1 g of iron is required during a normal 
pregnancy; 300 mg of iron are required by the fetus and the placenta, 
whereas expansion of the maternal red cell mass requires 500 mg, and 
200 mg are lost via excretion.” These requirements exceed the iron stor- 
age of most young women and in general cannot be met by the diet. 
Even in cases of maternal iron deficiency, the fetal requirements for iron 
are always met; thus there is no correlation between the hemoglobin of 
the fetus and that of the mother. 

Iron-deficiency anemia during the first two trimesters of preg- 
nancy is associated with a twofold increased risk for preterm delivery 
and a threefold increased risk for delivery of a low-birth-weight infant.” 
However, a large randomized trial comparing routine iron prophy- 
laxis in pregnancy versus iron supplementation given only as needed 
demonstrated no significant differences in adverse maternal or fetal 
outcomes.” As in nonpregnant individuals, iron-deficiency anemia can 
generally be diagnosed using laboratory values such as serum ferritin, 
and transferrin saturation levels (Chap. 43). Pica, the ingestion of non- 
nutritive substances, is said to be more common among iron-deficient 
pregnant women than among other populations with iron deficiency. 
Ice, clay or dirt, and starch are the most frequent substances ingested 
(Chap. 43); to some extent, however, the choice appears to be cultural 
and much more widespread than most practitioners realize.” 


FOLATE AND VITAMIN B,, DEFICIENCY 


Apart from iron deficiency, folate deficiency is the next most frequent 
nutritional deficiency leading to anemia in pregnant women. In the 
United States, where foodstuffs are supplemented with folate and the 
level of awareness of the association between folate deficiency and 
neural tube defects in the embryo is high, folate deficiency is relatively 
unusual. Folate requirements in pregnancy are roughly twice those in 
the nonpregnant state (800 mcg/day vs. 400 mcg/day), and if diet is 
insufficient may exceed the body’s stores of folate (5-10 mg) relatively 
quickly.” Anemia related to folate deficiency most often presents in the 
third trimester and responds to folate supplementation with reticulocy- 
tosis within 24 to 72 hours.'® Reports of severe pancytopenia and even 
states resembling the HELLP (hemolysis, elevated liver enzymes, and 
low platelet count) syndrome as a result of folate deficiency in preg- 
nancy have appeared in the literature.**** Despite these case reports, a 
review of 21 trials measuring the effect of folate supplementation on 
biochemical and hematologic parameters and pregnancy outcome 


(excluding neural tube defects) revealed improvement in low hemoglo- 
bin level in late pregnancy, but had no measurable effect on any substan- 
tive measures of pregnancy outcome (Chap. 41).” 

Vitamin B,, (cobalamin) deficiency during pregnancy is rare, in 
part because deficiency of this vitamin leads to infertility. Serum cobal- 
amin levels are known to fall during pregnancy.” A shift from the serum 
to tissue stores is proposed to account for the drop in serum B,, lev- 
els. However, values less than 180 pmol/L usually are not observed in 
healthy women, and these low-normal levels are not accompanied by 
increased levels of methylmalonic acid, an indicator of cellular defi- 
ciency of cobalamin (Chap. 41).”” 


RED CELL APLASIA 


A rare cause of anemia in pregnancy is pure red cell aplasia (Chap. 36). 
In pure red cell aplasia, anemia tends to occur early in pregnancy and 
often resolves within weeks of delivery. The pathogenic mechanism 
leading to red cell aplasia does not appear to be transferred to the fetus, 
but does tend to recur in subsequent pregnancies.” Conservative 
treatment, if feasible, is probably best until delivery; successful prenatal 
treatments with glucocorticoids and with intravenous immunoglobulin 
have been reported.***! 


@ BLEEDING DISORDERS AND CAUSES 
OF THROMBOCYTOPENIA 


Bleeding disorders in pregnancy require consideration of maternal 
bleeding and hemorrhagic complications in the newborn. Data on the 
fetus are often lacking, and the practitioner must base decisions on past 
experience and the mother’s previous reproductive history. 


DISSEMINATED INTRAVASCULAR 
COAGULATION 


Life-threatening bleeding is seen with some pregnancy-unique com- 
plications, resulting in disseminated intravascular coagulation (DIC). 
Because of the changes in coagulation factor levels, D-dimer, and plate- 
let count during pregnancy, the normal range for tests routinely used to 
diagnose DIC in a nonpregnant state cannot be extrapolated directly to 
DIC in pregnancy. Serial measurement of the prothrombin time (PT), 
partial thromboplastin time (PTT), D-dimer, and fibrinogen are likely 
to be more helpful than measuring a single value.” The DIC score devel- 
oped by the International Society on Thrombosis and Hemostasis has 
been modified for pregnancy and this score may be more useful in iden- 
tifying DIC.” 

Complications of pregnancy that lead to DIC include placental 
abruption, a retained dead fetus, and amniotic fluid embolism (Chap. 
129). Although amniotic fluid embolism is a significant cause of mater- 
nal death in developed countries, the mortality decreased from 86 per- 
cent in 1979 to less than 30 percent in 1994 and 1995, perhaps from 
a better supportive therapy.** Amniotic fluid embolism is most likely 
to occur in older multiparous women whose pregnancies have gone 
beyond the 40th week and during tumultuous labor. Amniotic fluid 
enters the maternal circulation through tears in the chorioamniotic 
membranes, injury to the uterine veins, or uterine rupture. Its onset is 
heralded by maternal vascular collapse with dyspnea, hypotension, and 
cardiac arrhythmias followed by DIC that is manifested by oozing from 
intravenous lines, hematuria, hemoptysis, and excessive uterine bleed- 
ing. Atypical presentations have also been reported in which there is 
rapid deterioration of the fetus, followed by maternal respiratory and 
cardiovascular deterioration with development of DIC.’ 


In amniotic fluid embolism, DIC appears to involve an abnormal 
host response to exposure to various foreign antigens with the subse- 
quent release of endogenous mediators which drive the clinical mani- 
festations.*° Treatment is not significantly different than in other cases 
of DIC with bleeding (Chap. 129); however, there are some reports of 
successful management with uterine artery embolization.” 

Placental abruption has also led to development of DIC, and the 
spectrum of hemostatic failure is broad and appears to be related to 
the degree of placental separation.** Volume resuscitation, delivery of the 
fetus, and infusion of blood products to correct the maternal coagula- 
tion defect are indicated. Regional anesthesia is contraindicated because 
of the risk of bleeding in the epidural space and of the pooling of blood 
in the lower limb vascular bed, which could worsen hypovolemia.* 
Fetal trophoblast cells have distinct properties which may activate coag- 
ulation including expression of tissue factor, suppression of fibrinoly- 
sis, and exposure of anionic phospholipids.” Finally, intrauterine fetal 
death can also lead to DIC. Thromboplastic substances and specifically 
tissue factor released from dead fetal tissues into the maternal circula- 
tion are thought to trigger DIC; however, this is not usually detectable 
by laboratory tests until 3 or 4 weeks after fetal demise. Overt DIC is 
present in approximately 50 percent of women who retain a dead fetus 
for 5 weeks or longer.“ 


VON WILLEBRAND DISEASE 


Although von Willebrand disease (VWD) is transmitted in an autoso- 
mal dominant fashion, women appear to be disproportionately affected 
with bleeding symptoms, primarily menorrhagia and postpartum hem- 
orrhage (Chap. 126). In normal women and in types 1 and 2 (but not 
type 3) VWD patients, levels of factor VIII and VWF rise during preg- 
nancy, with the most pronounced increase in the third trimester.” As 
a result, prophylactic administration of VWF-containing factor con- 
centrates at delivery is often unnecessary in type 1 and type 2 VWD 
patients; however, the risk of postpartum hemorrhage is significant 
(13-29 percent) as levels fall rapidly after birth.“ Thus in type 1 patients, 
factor VIII levels should be tested not only late in the third trimester, 
but also for 1 to 2 weeks postpartum. These patients should be moni- 
tored for increases in menstrual blood flow for at least 1 month. Risk of 
bleeding appears to be minimal when factor VIII levels are greater than 
50 U/dL. There are several reports of severe thrombocytopenia devel- 
oping late in pregnancy in patients with type 2B VWD,"** and at least 
one of these patients developed a pulmonary embolus while receiving 
cryoprecipitate for postpartum hemorrhage. Despite the possible risk 
of thrombosis, these patients may require treatment with plasma-de- 
rived VWF-containing concentrates at delivery or postpartum if there is 
abnormal bleeding, and with platelets if thrombocytopenic bleeding is 
not controlled with infusion of VWF concentrate. Type 3 VWD patients 
require infusion of a plasma-derived VWF-containing concentrate at 
delivery, typically 40 to 80 IU/kg, followed by doses of 20 to 40 IU/kg 
daily for a week then tapered over the next few weeks.“ Use of des- 
mopressin acetate (DDAVP) antepartum is controversial because of the 
theoretical risk of vasoconstriction and placental insufficiency and the 
risk of maternal hyponatremia. Guidelines for management of VWD at 
delivery and during the puerperium have been published and are also 
reviewed in Chap. 126.446 


COAGULATION FACTOR DEFICIENCIES 


Carriers of hemophilia A and B generally have factor levels approxi- 
mately 50 percent of normal; however, a wide range of values have 
been reported as a result of random inactivation of the X chromosome 
(Chaps. 10 and 123).*”** Ideally, carriers are identified before preg- 
nancy when prenatal counseling can be offered. Baseline factor levels 
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should be tested at the first visit during pregnancy and again in the 
third trimester, but it should be noted that factor IX levels generally 
do not rise during the course of the pregnancy.“ The sex of the fetus 
should be determined to guide the obstetrician at delivery. With the 
recognition that maternal serum contains cell free fetal DNA, genomic 
strategies have been developed to determine fetal gender as early as 7 
weeks of gestation. Similarly, strategies to determine whether a male 
fetus is affected by hemophilia based on testing of maternal blood have 
now been developed and will doubtless enter the clinical arena in the 
near future.” Cranial hemorrhage is the commonest site of bleeding 
in newborns with severe hemophilia, and has the highest potential for 
long-term serious sequelae. Risk factors for cranial hemorrhage include 
prolonged labor and use of instruments during delivery.“ To protect 
a potentially affected or known hemophiliac fetus, vacuum extraction 
should be avoided at delivery and forceps should be used only with cau- 
tion. All intramuscular injections should be withheld from the newborn 
until hemophilia testing is completed. If an infant’s hemophilia status 
is not known, testing should be done on cord blood to avoid poten- 
tial bleeding or bruising after a blood draw.“ The mother’s factor level 
should be followed for a few days after delivery and menstrual bleeding 
should be monitored to ensure adequate hemostasis. 

There is also an association between pregnancy and acquired 
hemophilia caused by factor VIII autoantibodies (Chap. 127). This con- 
dition usually appears 1 to 4 months postpartum, but emerges during 
pregnancy in up to 14 percent of patients.” In general, the Bethesda titer 
of the inhibitor is low and in most cases the inhibitor disappears sponta- 
neously. Inhibitors can recur in subsequent pregnancies.” 

Rarely, pregnant women with factor deficiencies other than factors 
VIII and IX may be identified. The most important of these to recog- 
nize is deficiency of factor XIII, which is associated with habitual hem- 
orrhagic abortions and postpartum hemorrhage. In rare pregnancies 
reaching term, bleeding complications, including intracranial hemor- 
rhage in the infant, have been observed." Treatment of this deficiency 
with fresh-frozen plasma, cryoprecipitate, or plasma-derived factor XIII 
concentrates (now available in the United States) prevents abortion in 
women, although there are no controlled studies.** Most authorities rec- 
ommend more frequent prophylactic therapy during pregnancy (every 
3 weeks vs. every 5-6 weeks) with booster doses during labor or before 
cesarean section to ensure a level of 5 percent or greater.” Although 
rare, congenital afibrinogenemia, hypofibrinogenemia, and dysfibrino- 
genemia (Chap. 125) can cause hemorrhagic and thrombotic pregnancy 
complications. Most experts recommend fibrinogen replacement (using 
cryoprecipitate or fibrinogen concentrate) to maintain a level of 60 to 
100 mg/dL during pregnancy and for 6 weeks postpartum.” 


CAUSES OF THROMBOCYTOPENIA 


Thrombocytopenia in pregnancy is relatively common, with up to 
5 percent of all pregnant women exhibiting asymptomatic thrombo- 
cytopenia.*” Many causes of thrombocytopenia in pregnancy are iden- 
tical to those seen in the nonpregnant state, with some predisposing 
to bleeding whereas others predispose to clotting. However, there are 
several conditions leading to thrombocytopenia that are unique to preg- 
nancy, including gestational thrombocytopenia, preeclampsia/ HELLP 
syndrome/eclampsia, and acute fatty liver of pregnancy. 


Gestational and Immune Thrombocytopenia 

Gestational thrombocytopenia and idiopathic thrombocytopenic pur- 
pura (ITP) are best discussed together as they can be difficult to dif- 
ferentiate and, in fact, may be two extremes of a spectrum of disease. 
In general, gestational thrombocytopenia is asymptomatic and is said 
to occur later in pregnancy and be less severe than ITP. Most sources 
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suggest that gestational thrombocytopenia occurs in the second and 
third trimesters, with platelet counts rarely falling below 70,000/uL.* 
Gestational thrombocytopenia can sometimes be diagnosed with cer- 
tainty only after delivery; usually there is no past history of low platelets, 
except perhaps with previous pregnancies, the platelet count returns to 
normal after delivery, and there is no association with fetal thrombocy- 
topenia. It is not clear whether or not gestational thrombocytopenia is a 
variant of immune-mediated platelet destruction (Chap. 117).* 

In contrast to gestational thrombocytopenia, ITP can occur at any 
point in pregnancy and the fall in platelet count can be severe. Diagnosis 
is essentially the same as it would be in any patient in that alternative 
causes of thrombocytopenia must be ruled out. As in other cases, treat- 
ment of ITP in pregnancy must take into account the severity of the 
thrombocytopenia and the presence or absence of symptoms. In gen- 
eral, platelet counts less than 10,000/uL require treatment regardless of 
the trimester; platelet counts of 30,000 to 50,000/uL without bleeding 
require no treatment, and platelet counts of 10,000 to 30,000/yL in later 
trimesters or in the presence of bleeding require treatment. Although 
glucocorticoid and intravenous immunoglobulin are safe in preg- 
nancy, they may have no effect on fetal counts and should only be used 
to treat the mother.” Splenectomy for ITP in pregnancy is best done 
in the second trimester if platelet counts are extremely low and unre- 
sponsive to treatment." One small study evaluated the safety of anti-D 
antibodies during pregnancy; all 10 of the women studied achieved 
a platelet count greater than 30,000/uL, but larger studies are needed 
before this intervention can be recommended.® Similarly, there are case 
reports of rituximab administration for treatment of refractory ITP 
in pregnancy; at least one report demonstrated transient inhibition of 
neonatal B-lymphocyte development.” There are no adequate and well- 
controlled studies of either eltrombopag or romiplostim in pregnant 
women and both are considered pregnancy category C drugs. In ani- 
mal studies, both drugs crossed the placental and fetal effects included 
thrombocytosis, postimplantation loss, increase in fetal mortality, 
but no major structural malformations were reported.” Case reports 
describing the use of romiplostim in pregnancy have appeared and in 
one report the newborn had severe thrombocytopenia at birth compli- 
cated by intracranial hemorrhage.® Maternal platelet counts of greater 
than 50,000/uL usually are safe for both vaginal and cesarean delivery. 
In most cases, spinal anesthesia should not be used if the platelet count 
is less than 75,000/wL.™ Less than 5 percent of babies born to mothers 
with ITP have platelet counts less than 20,000/uL, although there does 
seem to be some correlation between very severely depressed maternal 
platelet count and severe thrombocytopenia in the newborn.® No clear 
recommendations can be given for measuring fetal platelet count prior 
to or at delivery as measurements are fraught with error; however, if the 
fetal platelet count is known to be less than 20,000/uL, cesarean section 
is probably reasonable. Newborns of mothers with ITP should be mon- 
itored for 5 to 7 days after delivery to ensure that the platelet count does 
not drop (Chap. 117). 


Eclampsia and HELLP Syndrome 

The spectrum of hypertensive disorders of pregnancy ranging from 
preeclampsia to severe preeclampsia and HELLP syndrome to eclamp- 
sia (see Chap. 51) may also result in thrombocytopenia, although 
thrombosis is more of an issue than is bleeding. There is some debate 
in the literature as to whether thrombocytopenia can be diagnosed in 
preeclampsia without HELLP syndrome; however, data from one large 
study” indicated that approximately 15 percent of cases of preeclamp- 
sia are complicated by thrombocytopenia. In general, the symptoms of 
preeclampsia, including hematologic manifestations, resolve with deliv- 
ery; however, in a small proportion of cases they persist, worsen, or even 
develop immediately postpartum. When symptoms persist postpartum, 


the differentiation from thrombotic thrombocytopenic purpura (TTP)/ 
hemolytic uremic syndrome becomes more difficult. Some data suggest 
that maternal recovery from the HELLP syndrome is accelerated by 
administration of intravenous dexamethasone”; however, a meta-anal- 
ysis demonstrated no clear advantage to the use of glucocorticoids to 
decrease maternal or perinatal morbidity or mortality.” A collabora- 
tive randomized controlled trial of glucocorticoids in HELLP syndrome 
(COHELLP) is underway to determine the effectiveness of dexametha- 
sone to accelerate the postpartum recovery of patients with class I 
HELLP syndrome.® Observation or treatment of HELLP with glucocor- 
ticoids alone postpartum should probably not persist beyond the third 
postpartum day. If the patient is not clearly improving, plasma exchange 
should be initiated as one would do for thrombotic thrombocytopenic 
purpura (TTP).® Although not associated with hypertension, acute 
fatty liver of pregnancy is another rare disorder that can present in the 
third trimester with severe liver dysfunction, but thrombocytopenia, if 
present, is generally mild and does not require treatment (Chaps. 51, 
117, and 129). 


@THROMBOPHILIA 
FETAL LOSS AND COMPLICATIONS 


Pregnancy is a prothrombotic state. Inherited prothrombotic conditions 
contribute to 50 percent of the cases of venous thromboembolism and 
pulmonary embolism, as well as to stroke in pregnancy and the puer- 
perium. Hereditary thrombophilias (Chap. 130) may also predispose 
to fetal loss through placental vascular disorders. The best evidence for 
an association between a thrombophilia, albeit acquired, and recurrent 
fetal loss exists for antiphospholipid antibody syndrome in which the 
association between the antibodies and pregnancy loss has been recog- 
nized for more than 20 years.’! As many as 20 percent of women with 
recurrent fetal loss have antiphospholipid antibodies,” and studies show 
that without treatment up to 90 percent will experience fetal loss.” One 
study suggests that poor pregnancy outcomes occur more frequently 
in primary antiphospholipid syndrome when patients have more than 
one positive laboratory test (lupus anticoagulant, immunoglobulin [Ig] 
G/IgM anticardiolipin, IgG/IgM antihuman £.,-glycoprotein I antibod- 
jes). In a randomized controlled trial including 90 women with a his- 
tory of recurrent miscarriage associated with phospholipid antibodies 
(or antiphospholipid antibodies), lupus anticoagulant, and cardiolipin 
antibodies (or anticardiolipin antibodies), the rate of live births with 
low-dose aspirin (75 mg/day) and unfractionated heparin (5000 U sub- 
cutaneously twice per day) was 71 percent (32 of 45 pregnancies) and 
42 percent (19 of 45 pregnancies) with low-dose aspirin alone (odds 
ratio: 3.37 [95% confidence interval: 1.40 to 8.10]).” A rarer acquired 
cause of fetal loss and thrombosis in pregnancy is paroxysmal nocturnal 
hemoglobinuria (PNH; Chap. 40). Though no clinical trials data exist, 
recommendations are to provide prophylactic or intermediate-dose 
low-molecular-weight heparin antepartum and for 6 weeks postpartum. 
Eculizumab should be consider both prior to and following delivery.” 
Although an association between inherited thrombophilias and 
pregnancy loss has been elusive and there are inconsistencies between 
studies, there is an association between factor V Leiden and recurrent 
fetal loss.” Less-convincing data exist for prothrombin 20210A, but 
there is no clear association with homozygous methylene tetrahydro- 
folate reductase C677T polymorphism (hyperhomocysteinemia).” 
Clinical trials examining the use of low-molecular-weight heparins 
or aspirin to prevent adverse pregnancy outcomes in women with 
inherited thrombophilias have been criticized for lack of an untreated 
control group.®-® Pregnancy outcomes from a large ongoing trial con- 
ducted with a no-treatment control have yet to be published.** Studies 


evaluating a role for inherited thrombophilias in preeclampsia and 
intrauterine growth retardation indicate that these factors may not be 
causative, but may contribute to disease severity.*°*' 


THROMBOEMBOLIC EVENTS 


Risk Factors 

Estimates place the relative risk of arterial and venous thromboem- 
bolism (VTE) in pregnant women (Chaps. 133 and 134) at two to six 
times that of nonpregnant women.' Factors specific to pregnancy that 
increase the risk of VTE include obstruction of venous return by the 
gravid uterus, acquired prothrombotic changes in hemostatic proteins, 
and venous atonia caused by hormonal factors.™* Additional risk factors 
include cesarean section (especially emergency), obesity, and increasing 
age. Approximately 80 percent of deep vein thromboses in pregnancy 
occur in the iliofemoral veins on the left, probably as a consequence 
of compression of the left iliac vein by the right iliac and ovarian 
arteries.**° Rates of VTE immediately postpartum are difficult to assess 
as many occur after the patient is discharged; one large study estimates 
rates as much as 5 times higher in postpartum women than pregnant 
women.” Inherited thrombophilias (Chap. 130) are associated with 
more than half of VTE in pregnancy. Factor V Leiden and the proth- 
rombin gene mutation are the commonest abnormalities associated 
with VTE in pregnancy, accounting for 44 and 17 percent, respectively. 
In general 1 in 500 factor V Leiden heterozygotes and 1 in 200 heterozy- 
gous carriers of the prothrombin 20210 gene mutation will have a VTE 
in pregnancy. Homozygosity for either of these mutations increases risk 
about fourfold. Based on recent studies, the risk for VTE during preg- 
nancy is 1 in 113 for protein C deficiency, approximately 1 in 3 for type I 
antithrombin deficiency, and 1 in 42 for type II antithrombin deficiency. 
Risk for carriers of protein S deficiency is similar to that for protein C 
deficiency.’ 


Diagnostic Methods 

Diagnosis of VTE in pregnancy is complicated both because the 
presenting complaints—leg edema, back pain, and chest pain—are 
common in pregnancy, and because radiologic studies used to make 
the diagnosis in nonpregnant individuals are relatively contraindicated 
in pregnant women. Compression ultrasonography is the initial test of 
choice in pregnant women. If this test is nondiagnostic, several other 
tests may be considered. If pulmonary embolus is suspected, lung ven- 
tilation perfusion scanning, which gives relatively low-dose radiation, 
may be used. Magnetic resonance imaging or magnetic resonance 
venography are also informative if available. Measurement of D-dimers 
is a useful adjunct in nonpregnant patients to rule out VTE (D-dimers 
are sensitive, but not specific, for VTE). However, D-dimer levels rise 
over the course of normal pregnancy”!”” and with several complications 
of pregnancy, including preterm labor, hypertension, and placental 
abruption,” and thus may not be useful in excluding VTE. 


Prophylaxis 

Prophylaxis for VTE is a controversial issue as only a few prospective 
studies have been done to assess the risk of use.” There is general 
agreement, however, that because of its teratogenic potential, warfarin 
should not be used during pregnancy and that low-molecular-weight 
heparins are the anticoagulant of choice because they do not cross the 
placenta and have a lower risk of osteoporosis and heparin-induced 
thrombocytopenia than unfractionated heparin.® Most experts now 
agree that risk assessment should be based on both personal and fam- 
ily history of VTE as well as the presence of a known hypercoagula- 
ble state. Based on the most recent Chest Guidelines,” all women with 
prior history of VTE should be offered postpartum prophylaxis with 
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prophylactic or intermediate dose low molecular weight heparin for 6 
weeks. For pregnant women with a low risk of recurrence (e.g., a single 
VTE with a transient risk factor unrelated to pregnancy or estrogen use) 
surveillance is recommended antepartum, whereas those with higher 
risk should receive prophylactic or intermediate dose low molecular 
weight heparin prior to delivery. Women with no prior VTE are divided 
into four categories. Those with higher risk of VTE in pregnancy includ- 
ing Factor V Leiden or Prothrombin 20210 homozygotes or compound 
heterozygotes with a family history of VTE should receive prophylac- 
tic or intermediate dose low molecular weight heparin antepartum 
and postpartum prophylaxis with prophylactic or intermediate dose 
low molecular weight heparin for 6 weeks. Factor V Leiden or Proth- 
rombin 20210 homozygotes or compound heterozygotes without a fam- 
ily history of VTE should undergo surveillance antepartum and should 
receive postpartum prophylaxis with prophylactic or intermediate dose 
low molecular weight heparin for 6 weeks. Pregnant women with no 
personal history of VTE with any other thrombophilia and a family 
history of VTE should undergo surveillance antepartum and should be 
offered postpartum prophylaxis with prophylactic or intermediate-dose 
low-molecular-weight heparin for 6 weeks. Finally, women with lower 
risk thrombophilias and no personal or family history of VTE should be 
offered surveillance post antepartum and postpartum. Patients with two 
or more episodes of VTE should probably be treated throughout preg- 
nancy and the puerperium.”*'” As noted above, women who meet the 
criteria for antiphospholipid antibody syndrome should receive ante- 
partum prophylactic or intermediate dose unfractionated or prophy- 
lactic low molecular weight heparin and low dose aspirin throughout 
pregnancy. Treatment of VTE in pregnancy should be with full-dose 
low-molecular-weight heparin. Ideally, women on treatment doses of 
heparin have elective induction of labor. Heparin is usually discontin- 
ued 24 hours prior to induction; however, women deemed to be at very 
high risk of recurrent VTE can then receive intravenous heparin up to 
4 to 6 hours prior to delivery.'%'"' Great care should be taken with epi- 
dural anesthesia, and it should be avoided if there is any question of a 
significant anticoagulant effect. Heparins and warfarin are safe postpar- 
tum, even when breastfeeding.’ 


@ TREATMENT OF HEMATOLOGIC 
MALIGNANCIES IN PREGNANCY 


Although not common, leukemias and lymphomas do occur in preg- 
nancy and present problems with proper diagnosis, staging, and treat- 
ment (Chaps. 88-90). The literature suggests that the incidence of 
Hodgkin lymphoma is 1:1000 to 1:6000 pregnancies, whereas the inci- 
dence of non-Hodgkin lymphoma is manyfold lower.’ Leukemia in 
pregnancy is uncommon. 


HODGKIN LYMPHOMA 


Neither the histology nor the outcome of patients who present during 
pregnancy is worse than that of other patients.'* Diagnosis, usually by 
biopsy of a lymph node, is usually not problematic, but staging can be 
difficult. Posterior-anterior chest films with abdominal shielding and 
marrow biopsy (in the presence of B symptoms, leukopenia, or throm- 
bocytopenia) should be done and present little risk to the fetus. Labo- 
ratory studies, including blood counts, liver functions tests, and ESR, 
should be done, but care should be taken in interpreting the alkaline 
phosphatase and ESR measurements, which both rise during the course 
of a normal pregnancy. Evaluation for the presence of abdominopelvic 
disease is difficult because computed tomography imaging is contrain- 
dicated in pregnant women. Abdominal ultrasonograms are safe, but 
provide limited information. If necessary, magnetic resonance imaging 
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scans can probably be done safely in pregnancy; however, this is rarely 
necessary and most experts recommend waiting until after the first tri- 
mester. The toxicities of treatment and the risks of delaying treatment 
until later in pregnancy or postpartum need to be considered carefully 
in each case. Fetal risks of chemotherapy are greatest in the first tri- 
mester during the period of organogenesis, with folate antagonists and 
antimetabolites carrying the largest risk. Despite the changes in phys- 
iology that occur during pregnancy, there is no evidence that dosing 
should be changed. If chemotherapy is indicated, it should be delayed 
until the second trimester; however, single-agent vinblastine has been 
given in the first trimester with a low incidence of fetal abnormalities.’ 
Treatment should be timed so that there is the maximum amount of 
time possible between the last dose of chemotherapy and delivery to 
avoid cytopenias in either the mother or the fetus. In some cases, radio- 
therapy may be a feasible alternative in the second and third trimesters 
of pregnancy. Of 16 patients who received radiotherapy for supradia- 
phragmatic Hodgkin lymphoma (clinical stages IA and IIA) during 
pregnancy, 11 received full mantle irradiation, and all patients had 
lead shielding of the uterus.’ All 16 pregnancies were carried to com- 
pletion with full-term deliveries of normal infants. However, a review 
of the records of 382 women treated with radiotherapy for Hodgkin 
lymphoma suggests that the risk of breast cancer after radiation ther- 
apy is nearly sevenfold greater with irradiation around the time of 
pregnancy.’ Additional studies are needed to confirm these findings, 
but this potential risk should be borne in mind by the clinician when 
making therapeutic decisions.’ Relapse of Hodgkin lymphoma usu- 
ally occurs within the first 2 years following treatment, and patients are 
counseled to avoid pregnancy during this period. Vigilance for second 
cancers in these patients is also advised as is monitoring for hypothy- 
roidism in those who receive radiation therapy, especially during subse- 
quent pregnancies when hypothyroidism could have profound maternal 
and fetal effects. 


NON-HODGKIN LYMPHOMA 


As compared with Hodgkin lymphoma, other lymphomas (Chap. 95) 
are less frequent in pregnancy, tend to present with a higher stage dis- 
ease, and have a poorer prognosis.” Burkitt or Burkitt-like lymphoma 
can involve the breasts of young pregnant or lactating women and typ- 
ically behaves aggressively.""''’* A recent review of more than 100 cases 
of Non-Hodgkin lymphoma in pregnancy, 75 percent of the patients 
had stage IV disease at diagnosis and nearly half had involvement of 
reproductive organs, primarily the breast. Very few cases of placental or 
fetal involvement were observed." In patients with high-grade lympho- 
mas, chemotherapy often cannot be delayed and difficult decisions must 
be made. However, in one report of 16 pregnant patients who received 
aggressive chemotherapy for non-Hodgkin lymphoma during their 
pregnancies, all survived to delivery.’ Half of the 16 patients received 
chemotherapy in their first trimester and all 16 delivered healthy 
infants despite episodes of myelosuppression during the pregnancies. 
In a subsequent report, the health of 84 children born to mothers who 
received chemotherapy for hematologic malignancies during pregnancy 
revealed no abnormalities in physical or cognitive development and no 
increase in cancers at a median followup of 18.7 years." Rituximab in 
pregnancy, both as a single agent and in combination with chemother- 
apy, has not been associated with abnormalities of the newborn when 
given in the first, second, or third trimester'!’; however, there is one 
report of prolonged lymphopenia in a neonate whose mother received 
rituximab in pregnancy.”""*'”” A retrospective study of 231 pregnancies 
associated with maternal rituximab exposure identified 153 pregnan- 
cies with known outcomes. Among these pregnancies there were 90 live 
births, 22 of which were premature. There were four neonatal infections 
and two congenital malformations.'"* 


ACUTE LEUKEMIA 


Leukemia is distinctly uncommon in pregnancy; estimates derived from 
studies beginning in the 1950s place the incidence at approximately 
1:75,000 pregnancies (Chaps. 88 and 91). Acute leukemias make 
up nearly 90 percent of the total, followed by chronic myeloid leukemia, 
which comprises an additional 10 percent; chronic lymphocytic leuke- 
mia is extremely rare.'*! The acute leukemias require urgent treatment, 
and while pregnancy itself does not alter the course of the leukemia, 
the outcome is much worse if treatment is delayed.’ A summary of 
data on 96 pregnant women reported in the literature from 1983 to 1995 
who were treated with cytotoxic chemotherapy for leukemias (most of 
which were acute) revealed that most patients received regimens that 
included multiple drugs and were not different from those given to 
nonpregnant patients.” Nearly one-third of patients were treated in 
the first trimester of pregnancy. Among the 96 pregnancies, there were 
2 maternal deaths, 2 children were stillborn, 2 therapeutic abortions 
were performed, 1 child had chromosomal abnormalities, and 8 had 
congenital defects. Seven of the eight children born with congenital 
defects were born to mothers who had been treated in the first trimes- 
ter. It was not possible to identify a drug (or drugs) that was most likely 
responsible for adverse outcomes. Treatment in the first trimester carries 
a high risk of fetal anomaly or miscarriage. For patients with acute mye- 
logenous leukemia (AML) receiving a standard induction regimen of 
cytarabine and an anthracycline, it is probably best to avoid idarubicin, 
which is more lipophilic with elevated placental transfer. Doxorubicin 
has been extensively studied in pregnancy women with breast cancer 
and is probably the anthracycline of choice in pregnant patients with 
AML." Although few cases of fetal cardiotoxicity related to anthracy- 
clines have been reported, fetal cardiac function should be monitored in 
pregnancy. Very few data exist for consolidation therapy in pregnancy. 
Case reports of treatment of acute promyelocytic leukemia in preg- 
nancy with all-trans-retinoic acid" suggest that it may be safe after 
the first trimester. Arsenic trioxide is not recommended for use at any 
stage of pregnancy because of its high potential for embryotoxicity.’* 
For patients who require chemotherapy postpartum, breastfeeding is 
not recommended so as to avoid exposure of the newborn to cytotoxic 
drugs in the breast milk.’ Patients with chronic myeloid leukemia have 
been successfully treated in pregnancy with interferon-a, hydroxyurea, 
leukapheresis, and even busulfan.'°'? A review of 125 women treated 
with imatinib mesylate during pregnancy revealed that most pregnan- 
cies had successful outcomes; however, 12 infants had abnormalities, 3 
of which involved complex malformations.’** 

Supportive treatment with antiemetics, including ondansetron, 
aprepitant and metoclopramide, is safe, and these agents do not cause 
congenital malformations.™ Little data exist for the effects of growth 
factors including granulocyte colony-stimulating factors, but there are 
no reports of teratogenic effects." Care should be taken with prescrib- 
ing antibiotics and quinolones in specific should be avoided in preg- 
nancy as should sulfonamides. When antifungal therapy is required, 
amphotericin may be the drug of choice as there have been no reports 
of teratogenicity with this agent. Fluconazole appears to be safe at doses 
less than 150 mg per day, but ketoconazole and voriconazole can cause 
fetal malformations and should avoided altogether." 


@ ESSENTIAL THROMBOCYTHEMIA 


The management of pregnant patients with essential thrombocythe- 
mia (ET) is a challenge because thrombosis is the main complication 
of ET (Chap. 85) and is accentuated by the prothrombotic state of preg- 
nancy. In addition, of all the myeloproliferative neoplasms, ET has the 
highest proportion of affected females of child-bearing age. One study 


reviewed 155 pregnancies in 86 women with ET, and only 59 percent of 
these pregnancies resulted in a live neonate.” First-trimester abortion 
was seen in 31 percent of pregnancies, the main cause being placental 
infarction. Maternal thrombotic or hemorrhagic complications were 
infrequent, but were more common than in normal pregnancy. Preg- 
nancy did not appear to adversely affect the course and prognosis of ET. 

A meta-analysis revealed a benefit for aspirin treatment, whereas 
the benefit of heparin prophylaxis has not been established, but may 
have a role in selected cases.'** If cytoreductive therapy becomes nec- 
essary, interferon-a is the drug of choice. A similar incidence of preg- 
nancy complications in patients with ET was reported in a series from 
the Mayo clinic.’ Another large single institution study of 68 young ET 
patients demonstrated that for both polycythemia vera (PV) and ET, 
most thromboses in young patients occurred at the time of diagnosis 
and also suggested, but did not prove, the benefit of aspirin. The most 
detailed analysis was published by the Italian Society of Hematology 
in its guidelines.'** The Society’s report analyzed pooled outcome data 
from 461 pregnancies in women with ET. The mean age of the pregnant 
patients was 29 years, and the mean platelet count at the beginning of 
pregnancy was 1000 x 10°/L, which declined to 400 x 10°/L in the sec- 
ond trimester. This decrease in the platelet count during pregnancy doc- 
umented for the first time the anecdotal observation that some women 
with ET spontaneously normalize their platelet count during their preg- 
nancy. (The authors of this chapter have rarely observed this phenome- 
non; however, in one of their ET patients a spontaneous, but transient, 
ET remission occurred in the first pregnancy, but not in the following 
pregnancy.) The Italian study found that 44 percent of pregnancies 
were unsuccessful in women with ET, a figure that is threefold higher 
than in the general population. Among the 461 pregnancies there were 
13 pre- or postpartum significant bleeding events. The median duration 
of gestation was 38 weeks because of abortions and preterm deliveries. 
Cesarean section was necessary in 15 percent of the patients. The plate- 
let count at the beginning of pregnancy did not predict pregnancy out- 
come. Placental infarctions were reported in 18 pregnancies and these 
were associated with intrauterine fetal growth retardation (11 pregnan- 
cies). Placental abruption was reported in 3.6 percent of ET pregnancies 
compared to 1 percent in the non-ET population. Preeclampsia was 
seen at a rate equal to that seen in non-ET pregnancies. Postpartum 
thrombotic episodes were reported in 5.2 percent of the pregnancies 
and included venous thrombosis, pulmonary embolism, sagittal sinus 
thrombosis, transient ischemic attacks, and Budd-Chiari syndrome 
(rates for all problems were significantly higher than in non-ET preg- 
nancies). The impact of therapy was difficult to evaluate because man- 
agement of ET pregnancies was heterogeneous; no specific therapy for 
ET was given in 48 percent of the pregnancies. Aspirin therapy at doses 
ranging from 75 to 500 mg per day was used in 106 pregnancies, low- 
molecular-weight heparin (pre-/postpartum) was used in 26 pregnan- 
cies, interferon-a was used in 19 pregnancies, and a handful of patients 
had various chemotherapies and radioactive phosphorus. When the 
outcome of the ET pregnancies was reviewed, 74 percent of patients 
treated with aspirin during pregnancy had successful pregnancies, 
whereas 55 percent of the patients not receiving aspirin had successful 
pregnancies. Based on the detailed analyses of all variables, this panel of 
experts felt that there was no direct evidence of the efficacy of aspirin in 
pregnant ET women, but that “it seems possible that aspirin increases 
the rate of successful pregnancies.” The panel also recommended that 
ET patients with a thrombotic episode (peripheral or placental) during 
pregnancy should receive low-molecular-weight heparin at therapeutic 
doses and oral anticoagulant therapy (PT international normalized ratio 
2 to 3) for at least 6 weeks postpartum. Longer periods of anticoagula- 
tion were recommended for patients with familial thrombophilia. Preg- 
nant women deemed candidates for platelet-lowering therapy (a history 
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of major thrombosis, or of major bleeding, platelet count greater than 
1000 x 10°/L, familial thrombophilia or cardiovascular risk factors) were 
recommended to receive interferon. The Italian panel also recommended 
avoidance of anagrelide in pregnancy because of uncertainty about its 
teratogenic potential; however, several normal infants have been born to 
women who inadvertently took this drug during pregnancy (FDA docu- 
ments submitted by the manufacturer). Although the risk of congenital 
anomalies among infants of women treated with hydroxyurea during 
pregnancy was thought to be substantial, of 15 infants born to women 
treated with hydroxyurea at conception and/or during pregnancy, no 
malformations were observed, and only one stillbirth was reported in a 
woman who also had eclampsia. At least one publication has identified 
the presence of the JAK2 V617F mutation as a risk factor for pregnancy 
complications; however, to date there is no consensus on whether to 
manage these patients differently." A review of 158 young women with 
ET experiencing 237 pregnancies demonstrated that pregnancy compli- 
cations are associated with higher risk of subsequent thrombosis.‘ 


@POLYCYTHEMIA VERA 


Although there is significant overlap in the clinical features of PV and 
ET, there are some noteworthy differences (Chap. 84). In PV, the num- 
ber of reported pregnancies is low because most PV patients are past 
childbearing age, and comorbid conditions are more frequent. One 
authoritative review suggests maintaining the hematocrit below 45 
percent’ in pregnancy, and another recommends using interferon-a 
when myelosuppression is indicated." Another noted authority in PV 
recommends that the hematocrit be kept lower than 35 percent in preg- 
nancy.'** However, because of a dearth of data and controlled studies, 
optimal management of PV pregnancies is poorly defined and agreed 
upon protocols are not available. None of the available information 
allows definite therapeutic recommendations; however, some authori- 
ties recommend that, at a minimum, all pregnant patients with PV be 
treated with low-dose aspirin." 


@ HEMOGLOBINOPATHIES 
SICKLE SYNDROMES 


Although pregnancy in patients with sickle cell trait is typically 
uneventful, these patients probably have an increased risk for urinary 
tract infection.'* Earlier studies suggested an increased risk for preec- 
lampsia in patients with sickle cell trait, but a large study demonstrated 
that sickle cell trait is not an independent risk factor for preeclampsia 
(Chap. 49)."6 

Patients with sickle cell anemia should receive at least 1 mg of 
folate per day; however, they should not receive iron supplementation 
until a ferritin level is checked and iron deficiency is documented.” 
Because of the risk of fetal malformation, hydroxyurea should be dis- 
continued at least 3 months before pregnancy. However, successful 
outcomes have been reported in sickle cell disease patients who were 
exposed to the drug while pregnant. Women with sickle cell ane- 
mia and their fetuses have an increased risk of complications during 
pregnancy. A large study of more than 17,000 deliveries to women with 
sickle cell anemia compared with controls demonstrated that infectious 
complications, including pneumonia, systemic inflammatory response 
syndrome, and sepsis, were more common in the women with sickle 
cell anemia. Furthermore, thrombotic complications such as cerebral 
vein and deep vein thrombosis and pregnancy complications includ- 
ing preeclampsia, eclampsia, abruption and antepartum bleeding were 
significantly more common in patients with sickle cell anemia. As in 
previous reports, rates of intrauterine growth retardation and preterm 
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labor, as well as rates of maternal mortality, were higher in mothers 
with sickle cell anemia.” The issue of prophylactic versus need-based 
transfusion in sickle cell patients is controversial. A Cochrane Review 
identified only two small randomized studies conducted in the United 
States in the 1980s addressing this issue. These studies demonstrated no 
difference in perinatal outcome between the offspring of mothers with 
sickle cell disease who were assigned to treatment with prophylactic 
transfusions and those who were not."!° 

Although the incidence of cesarean section in sickle cell patients is 
reported to be as high as 36 percent," delivery can generally be accom- 
plished vaginally. Most experts recommend avoiding induction of labor 
as this can lead to sickle crisis.’ Epidural anesthesia is reported to be 
safe and to decrease the risk of peripartum painful crises.** 


THALASSEMIA SYNDROMES 


B-Thalassemia Syndromes 

Preconception evaluation of patients with $-thalassemia syndromes 
is recommended and should include assessment of transfusion needs, 
chelation therapy, body iron status and organ function, and the pres- 
ence of antibodies to red cell antigens.’* Patients with B-thalassemia 
minor generally tolerate pregnancy well; however, doses of at least 4 mg 
of folate per day are recommended in the preconception period and 
the first trimester as there is some data to suggest an increased risk of 
neural tube defects in their offspring. Transfusion and iron chelation 
therapy has improved both life expectancy and fertility in patients with 
§-thalassemia intermedia and major, and successful pregnancies have 
been reported in both disorders. A high rate of maternal mortal- 
ity is reported in women with thalassemia and cardiac iron overload 
emphasizing the need for aggressive management of iron status prior to 
undertaking a pregnancy.'*” During pregnancy, regular transfusions are 
recommended to keep the hemoglobin level at 10 mg/dL and transfu- 
sion requirements often increase as compared to prepregnancy values.'* 
Iron-chelation therapy with deferoxamine in pregnancy is controversial 
and most authorities recommend a hiatus during pregnancy; however, 
no fetal abnormalities have been reported in pregnancies in which it 
was continued (Chap. 48).!° 


a-Thalassemia Syndromes 

Patients with the silent carrier state or a-thalassemia trait have no 
increase in pregnancy complications; however, identification of patients 
with heterozygous w-thalassemia trait is important in assessing the risk 
of having a fetus that has hemoglobin H or hemoglobin Bart. Although 
women with hemoglobin H are generally able to have successful preg- 
nancies, the chronic anemia often worsens, requiring blood transfusion. 
Patients with hemoglobin H are sensitive to oxidizing compounds and 
medications, which should be borne in mind, particularly during preg- 
nancy (Chap. 48). 
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CHAPTER 9 
HEMATOLOGY IN OLDER 
PERSONS 


William B. Ershler, Andrew S. Artz, and Bindu Kanapuru 


This chapter presents a current appraisal of our understanding of aging fol- 
lowed by a more detailed description of age-associated changes in hemato- 
poiesis and their clinical consequences. Those who are older than the age of 
75 years comprise a rapidly growing segment of the population. Marrow, like 
other organs, undergoes characteristic changes with advancing age, and many 
of these changes are evident by standard examination. For example, within the 
marrow space, hematopoietic cells occupy approximately one-half the volume 
at mid-life, with adipose tissue making up the difference. Yet, in the absence 
of disease, blood counts are generally maintained within a range established 
as normal for younger individuals. This is possible because hematopoietic stem 
cells increase in number with age and are of sufficient functional capacity to 
respond to homeostatic signals. Older people are more likely to have chronic 
diseases that may produce additional stress on marrow reserve. Anemia, for 
example, is present in just over 10 percent of community-dwelling individu- 
als older than age 65 years; for those residing in nursing homes, the preva- 
lence is closer to 50 percent. One distinction between anemias in older people 
compared with younger people is that for approximately one-third of older 
anemic patients, a specific cause for the anemia cannot be determined. This 
“unexplained anemia’ is likely the result of multiple factors, including inappro- 
priately low erythropoietin response, inflammatory cytokines, androgen defi- 
ciency, and, in some persons, incipient myelodysplasia. Platelet and neutrophil 
changes with age have been incompletely characterized but are likely to be 
subtle and of little clinical consequence. There is a well-characterized, age- 
associated involution of the thymus gland that precedes the histologic changes 
within the marrow, and marrow-derived T- and B-cell precursors are affected. 
Older people have fewer naive, reactive T cells and an increase in relatively 
inert memory T cells. Thus, the capacity to react to new antigenic challenges is 
reduced and there is an increased susceptibility to certain infections and vac- 
cines. Also evident are deficient regulatory functions, which may explain the 
observed increase in autoantibody, paraproteins, and inflammatory cytokines 
in those of advanced age. In the absence of disease, however, these alterations 
are of little consequence. In the presence of chronic debilitating disease, they 
are likely to become more pronounced and as such, contribute to an exagger- 
ated decline in overall function. Similar conclusions can be drawn regarding 


Acronyms and Abbreviations: EPESE, Established Populations for the Epidemi- 
ological Study of the Elderly; HSCs, hematopoietic stem cells; IADL, independent 
activities of daily living; IL, interleukin; NHANES III, National Health and Nutrition 
Examination Survey Ill; PAl-1, plasminogen activating inhibitor-I; TNF, tumor necrosis 
factor; UA, unexplained anemia; WHO, World Health Organization. 


dysregulated inflammatory pathways and coagulation. In balance, advancing 
age is associated with a procoagulant profile that may be of clinical impor- 
tance in the presence of underlying atherosclerotic vascular disease. 


@A PRIMER ON AGING 


The world’s population is aging at an unprecedented rate and the impli- 
cations for health care delivery are profound.’* Over the next several 
decades, the percentage of the population older than age 65 years will 
nearly double. In anticipation, an increased research effort is being 
made to better understand the basic biology of aging and the mecha- 
nisms whereby individuals become susceptible to disease.*” 

A central dogma of gerontology is that aging is not a disease. Yet, 
intrinsic biologic aging is the major risk factor for virtually all major 
diseases of developed societies, including cancer, diabetes, atheroscle- 
rotic cardiovascular and cerebrovascular disease, diabetes, neurode- 
generative diseases (e.g., Alzheimer and Parkinson), osteoporosis and 
infection. Examination of the mechanisms by which biologic aging 
contributes to the pathogenesis of these diseases has now become 
recognized in the mainstream of scientific inquiry over a broad range 
of disciplines.” However, from a biogerontologist’s perspective, there 
remain certain features of aging that transcend the more discipline- 
focused investigations. 

One of these common features of aging is heterogeneity. For 
example, for any measureable variable, the range of values among nor- 
mal older individuals is much wider than the range of normal among 
younger individuals.*” This variation is particularly relevant for hema- 
tologists consulted to examine older, but otherwise healthy, individuals 
with laboratory values outside the “normal range.” 

Although functional declines that accompany normal aging have 
been well characterized,’*"! in general these are not of sufficient mag- 
nitude to account for symptoms or be mistaken for disease. For exam- 
ple, that kidney function declines with age is well recognized,'*" and, 
in fact, has proven to be a useful biologic marker of aging. Yet, clin- 
ical consequences of this change in renal function, in the absence of 
a disease or the exposure to an exogenous nephrotoxic agent, do not 
occur commonly. Similarly, the marrow changes with age. Marrow 
stem cells increase in number and proliferative capacity, yet the in vitro 
proliferative potential of progenitor cells is less. Although clinically 
significant cytopenias do not occur in the absence of disease, mild to 
moderate anemia that has not been fully characterized occurs with 
increasing frequency, especially in the frail elderly.” Furthermore, in 
frail individuals even a mild reduction in hemoglobin level is associated 
with untoward clinical outcomes.!??!”? 

Certain immune functions decrease with age,” but these may be 
of only marginal clinical significance. For example, whether the labora- 
tory-observed declines in immune function contribute to a heightened 
susceptibility to infection is a subject of debate, but data support an 
association of age-associated qualitative change in lymphocyte function 
and susceptibility to reactivation of tuberculosis” or herpes zoster**”” 
and diminished response to influenza vaccine.*** There is compelling 
evidence that a profound decline in immunity is causally related to cer- 
tain malignancies,” but there remains debate over whether the more 
modest decline associated with normal aging is sufficient to account for 
the observed increased rate of cancer in the elderly.*°** In fact, there 
is some evidence that cancer incidence is even lower in frail elderly,” 
a population known to be functionally immunodeficient.’ Similarly, 
development of autoantibodies appear with increasing frequency 
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with advancing age, but these are considered markers of an acquired 
humoral immune dysregulation, and with regard to autoantibody, not 
of clinical importance.” In contrast, essential monoclonal gammopathy, 
a clonal B lymphocyte expansion that increases in frequency with age 
and that stabilizes at a clone size that does not impair normal immuno- 
globulin synthesis or inhibit hematopoiesis, does have a probability of 
undergoing clonal evolution to a B-cell malignancy, such as myeloma, 
lymphoma, or monoclonal light-chain amyloidosis at a rate of 1 percent 
per year (Chap. 106).*° 


THEORIES OF AGING 


Providing a rational, unifying explanation for the aging process has been 
the subject of a great number of theoretical expositions. Yet, no single pro- 
posal suffices to account for the complexities observed (Table 9-1). 


Genetic Effects 

That genetic controls are involved seems obvious when one considers 
that lifespan is highly species-specific. For example, mice generally live 
approximately 30 months and humans approximately 90 years. How- 
ever, the aging phenomenon is not necessarily a direct consequence of 
primary DNA sequence. For example, mice and bats have 0.25 percent 
difference in their primary DNA sequence, but bats live for 25 years, 
10 times longer than mice. Thus, regulation of gene expression seems 
likely to be the major source of species longevity differences. 

Progeria Syndromes Gerontologists have long been intrigued by 
the concept of accelerated aging and by examining those rare individ- 
uals who are so affected. From work with invertebrate models a num- 
ber of genes have been identified that associate with longevity. Yet, the 
identification and functional analysis of analogous genes in humans 
remains elusive. With regard to genetic examples of accelerated aging, 
two syndromes have been well characterized: Hutchison-Guilford 
syndrome (early-onset progeria) and Werner syndrome (adult-onset 
progeria). Although neither these nor other progeria syndromes 
manifest a complete phenotype of advanced age, the identification of 
the genes responsible for these particular syndromes is beginning to pay 
dividends by providing clues to the molecular mechanisms involved in 
the aging process. For example, Werner syndrome is now defined by 
mutations in a single gene on chromosome 8 that encodes a protein 
containing a helicase-like domain.**“ The activity of the Werner protein 
helps to maintain telomere structure and homology-dependent recom- 
bination.“ Similarly, a mutation in the lamin A (LMNA) gene localized 
to chromosome 1 has been causally related to the Hutchison-Guilford 
syndrome.** The product of the mutated LMNA gene (termed progerin) 
accumulates, producing a variety of nuclear distortions of which telo- 
mere dysfunction and associated replicative senescence are notable.” 

Examination of aging in yeast has also been informative with regard 
to the genetic controls of aging. These single-cell organisms follow the 


TABLE 9-1. Theories of Aging 


Intrinsic-stochastic Somatic mutation°°*! 
Intrinsic mutagenesis” 
Impaired DNA repair°® 
Error catastrophe 


Extrinsic-stochastic lonizing radiation*°°"535* 


Free radical® 


Neuroendocrine?” 
Immune?” 


Genetically determined 


replicative limits of mammalian cells and it has been observed that “life 
span’ is related to silencing large chromosomal regions. Mutations in 
these silencing genes lead to increased longevity. 

Thus, if there are certain genes that regulate normal aging, or at least 
are associated with the development of an aged phenotype, it stands to 
reason that acquired mutations of those genes might influence the rate 
of aging. Over the years several theories have been proposed that relate 
to this supposition. In general, they hypothesize a random or stochastic 
accumulation of damage, either to DNA or protein that leads eventu- 
ally to dysfunctional cells, cell death and subsequent organ dysfunction, 
and ultimately death. Prominent among these is the somatic mutation 
theory,” which predicts that genetic damage from background radiation, 
for example, accumulates and produces mutations that ultimately result 
in functional decline. A variety of refinements have been suggested to 
this theory, invoking the importance of mutational interactions,” trans- 
posable elements," and changes in DNA methylation status. 

A related hypothesis is Burnet’s intrinsic mutagenesis theory,” 
which proposes that spontaneous or endogenous mutations occur at 
different rates in different species and that this accounts for the vari- 
ability observed in life span. Closely related to this notion is the DNA 
repair theory.” Initially, there was great excitement about this idea as it 
was found that long-lived animals had demonstrably more active DNA 
repair mechanisms than shorter-lived species.” However, longitudinal 
studies within a species have not revealed a consistent decline in repair 
mechanisms with age. This, of course, does not rule out the possibility 
that repair of certain specific and critical DNA lesions is altered with 
advancing age. We now understand that there are multiple DNA repair 
mechanisms, including base excision repair, transcription-coupled 
repair, and even mitochondrial DNA repair mechanisms. Disorders 
involving one or a subset of repair mechanisms could lead to accumula- 
tion of DNA damage and dysfunction. 

In yet another intrinsic/stochastic model, Orgel proposed the 
error catastrophe theory in which he suggested that random errors 
in protein synthesis occur and when the proteins involved are those 
responsible for DNA or RNA synthesis, there is resultant DNA damage 
and the consequences thereof to daughter cells. Although this model has 
appeal, there has been no reported evidence for impaired or inaccurate 
protein synthesis machinery with advancing age. However, a candidate 
protein that may eventually be shown to be so affected is telomerase. 
This critical enzyme is necessary for maintaining telomere length and 
cell replicative potential. In vitro cellular senescence is associated with 
diminished telomerase activity, but whether this relates to aging of the 
organism as a whole remains controversial.” 


Posttranslational Effects 

Evidence that exogenous factors are involved in the acquisition of 
age-associated damage to DNA and protein is derived from a number of 
observations, many of which are circumstantial or correlative, but none- 
theless provocative. It now appears that the accumulation of abnormal 
protein within senescent cells, as predicted by the error catastrophe 
theory, actually reflects posttranslational events, such as oxidation or 
glycation, and resultant crosslinking. There is theoretic appeal to the 
concept that key proteins, such as collagen or other extracellular matrix 
proteins, and DNA become dysfunctional with age as a consequence of 
the impairment produced by these crosslinks.**" 

Glycation One mechanism producing crosslinks is called glyca- 
tion, the nonenzymatic reaction of glucose with the amino groups of 
proteins. Presumably, glycation would occur more readily in the pres- 
ence of higher serum levels of glucose, and, thus, this theory fits well 
with the observed, age-associated dysregulation of glucose metabolism 
and prevalent hyperglycemia in geriatric populations. Of course, these 


findings also point out the theory’s deficiency as a unifying mechanism, 
as there is no question that individuals with well-maintained glucose 
levels throughout their life span will still be subject to the acquired 
changes typical of aging. 


Free Radical Hypothesis 

Another mechanism held responsible for crosslinking is the damage pro- 
duced by free radicals, which forms the basis of the free radical hypothesis 
initially promoted by Harman.‘ This theory offers that aging is the 
result of DNA and protein damage (e.g., mutagenesis or crosslinking) 
by atoms or molecules that contain unpaired electrons (free radicals). 
These highly reactive species are produced as byproducts of a variety 
of metabolic processes and are normally inhibited by intrinsic cellular 
antioxidant defense mechanisms. Nitrate-based free radicals are also 
generated by in vivo processes and another set of nitrogen free-radical 
scavenging mechanisms are in place. If free radical generation increases 
with age, or the defense mechanisms that scavenge free radicals (e.g., 
glutathione) or repair free radical damage decline, the accumulated free 
radical damage may account for altered DNA and protein function. Evi- 
dence to support this widely held notion is incomplete. It is known that 
free radical generation in mammals correlates inversely with longevity® 
and, similarly, the level of free radical inhibiting enzymes, such as super- 
oxide dismutase were higher in those species with longer life spans.® 
However, efforts at enhancing antioxidant mechanisms with dietary 
vitamin E have resulted in only a modest enhancement of median sur- 
vival in mice and no effect on maximum life span." 

Much attention has been focused on mitochondrial function in the 
context of free radical damage because the bulk of oxidative metabolism 
and the production of reactive oxygen species occur in these organelles. 
Although mitochondrial DNA codes for antioxidant enzymes in addi- 
tion to enzymes involved in energy production, it is currently believed 
that energy production declines with age as a result of mitochondrial 
DNA damage by those reactive products. Indeed, mitochondrial dam- 
age increases with age in experimental models,” and the shortened 
survival of knockout mice deficient in mitochondrial antioxidant 
enzymes has supported the potential importance of this mechanism.” 

The most compelling data to date in support of the free radical 
hypothesis come from experiments in which transgenic Drosophila 
producing enhanced levels of superoxide dismutase and catalase had 
a maximum survival 33 percent greater than controls.” Furthermore, 
it is known that flies produce high levels of free radicals associated with 
their impressive metabolic requirements, and that survival is enhanced 
dramatically when the ability to fly is experimentally hindered.® 
However, the generalizability of these findings has been questioned. It 
has been noted that transgenic mice overexpressing free radical scav- 
enging enzymes have produced very modest effects on life span.” Thus, 
the conclusion that augmentation of free radical scavenging mecha- 
nisms increases longevity in mammalian species is not established. 


Neuroendocrine Theory 

From a different perspective, very good evidence implicates a nonran- 
dom, perhaps genetically regulated endogenous mechanism involved 
in aging. For example, the neuroendocrine theory suggests that the 
decrements in neuronal and associated hormonal function are central 
to aging. It has been suggested that age-associated decline of hypotha- 
lamic-pituitary-adrenal axis function results in a physiologic cascade 
leading, ultimately, to the “frail” phenotype. This hypothesis is appeal- 
ing because it is well established that this neuroendocrine axis regulates 
much of development and also the involution of ovarian and testicular 
function. Furthermore, age-associated declines in growth hormone and 
related factors,” dehydroepiandrosterone,” and secondary sex steroids” 
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are implicated in age-associated impairments, including a reduction in 
lean body mass and bone density. Furthermore, pharmacologic recon- 
stitution using these or related hormones has met with some success at 
reversing age-associated functional decline.” 


Immunologic Theory 

Similarly, it has been argued that involution of the thymus gland and 
subsequent decline in immune function discussed below is a key reg- 
ulator of aging.” The argument is based upon the observation that the 
decline in immune function occurs in all mammalian species, but occurs 
later in those with longer survival.” Furthermore, dietary restriction is 
associated with maintained thymic mass and measurable immune func- 
tion as well as prolonged survival, suggesting an association of a decline 
in immunity with primary aging processes. 

The possibility is highlighted by the observation that differences 
in maximum survival of different mouse strains has been associated 
with specific alleles in the major histocompatibility complex, which, in 
turn, code for immunologic determinants.” This hypothesis, although 
not without its appeal, is not widely accepted as a major explanation 
for aging. Perhaps this relates to the fact that biologic aging is a uni- 
versal phenomenon and certain features are held in common, even in 
organisms with primitive or no immune function. (The same could also 
be said for the neuroendocrine theory.) It is obvious that the immune 
system is of great importance in minimizing the chance of early death, 
particularly from infectious diseases. However, immunologic reconsti- 
tution of middle aged or old animals has not been shown to prolong 
survival.” 


LIFE SPAN: MEDIAN AND MAXIMUM SURVIVAL 


From the perspective of those who study aging, an important distinc- 
tion is made between median (life expectancy) and maximum life span. 
Over the past century, a dramatic increase in median survival has been 
mostly attributable to modern sanitation and refrigeration, as well as 
public health measures, including vaccination and antibiotics.*! Early 
deaths have been diminished and more individuals are reaching old age. 
In the United States today, expected survival from birth is approximately 
80 years.” Median survival is what concerns public health officials and 
healthcare providers. In contrast, maximum survival is the focus of 
those gerontologists interested in the biology of aging and longevity. 

The oldest human being alive today is approximately 120 years old. 
It is intriguing that the oldest age limit has remained stable, unchanged 
by the public health initiatives mentioned above. In the laboratory, lim- 
its on age have been established for a variety of species. Drosophila, free 
of predators, disease or fly swatters, can live 30 days, whereas C57BL/6 
mice in a laboratory environment and allowed to eat a healthy diet ad 
libitum, may survive 40 months. Unlike health-related interventions in 
humans, certain experimental interventions in lower species are asso- 
ciated with a prolongation of maximum survival. In Drosophila, for 
example, transgenic offspring producing extra copies of the free radical 
scavenging enzymes superoxide dismutase and catalase survive approx- 
imately 33 percent longer than controls. In nutritional intervention 
studies involving lower species, controlled restriction of dietary intake 
(dietary restriction) has become a common experimental paradigm 
exploited in the investigation of primary processes of aging and max- 
imum survival.*** 


Dietary Restriction 

Dietary restriction typically involves a reduction of 30 to 40 percent 
in caloric intake with careful attention to the provision of adequate 
amounts of essential nutrients. It is associated with both a delay in the 
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acquisition of age-related diseases (including cancer) and a reduction 
in the rate of achieving certain established biomarkers of aging (i.e., a 
retardation in primary aging). The critical questions remain: What is the 
mechanism of the effect of dietary restriction, and will it be applicable to 
higher species? With regard to the latter, there are now comprehensive 
and interactive studies within the United States in which dietary restric- 
tion is being examined in nonhuman primates***’ and human studies 
are also underway.*** Although it appears that the calorie restricted 
monkeys in these studies are assuming a more youthful phenotype in 
a variety of physiologic measures,***°*! it remains too early to predict 
whether maximum survival will be affected. 


CELLULAR SENESCENCE AND ORGANISMAL 
AGING 


After a finite number of divisions, normal somatic cells invariably enter 
a state of irreversibly arrested growth, a process termed replicative 
senescence.” In fact, it has been proposed that escape from the regula- 
tors of senescence is what oncologists term malignant transformation. 
However, the role of replicative senescence as an explanation of organ- 
ismal aging remains the subject of vigorous debate (for review, see refer- 
ences 93 and 94). The controversy relates, in part, to the fact that certain 
organisms (e.g., Drosophila, Cunninghamella elegans) undergo an aging 
process, yet all of their adult cells are postreplicative. 

What is clear is that the loss of proliferative capacity of human cells 
in culture is intrinsic to the cells and not dependent on environmental 
factors or even culture conditions.” Unless transformation occurs, cells 
age with each successive division. The number of divisions turns out to 
be more important than the actual amount of time passed. Thus, cells 
held in a quiescent state for months, when allowed back into a prolif- 
erative environment, will continue approximately the same number of 
divisions as those that were allowed to proliferate without a quiescent 
period.” The question remains whether this in vitro phenomenon is 
relevant to animal aging.” Although when various species are compared, rep- 
licative potential is directly and significantly related to life span,” within an 
organism there is great variability in proliferative capacity from tissue to tis- 
sue and organ to organ. As such, age-associated changes in the marrow or gut 
might relate to replicative senescence, whereas in muscle or brain other pro- 
cesses most certainly are involved. But, added to this heterogeneity within an 
individual, is that fact that certain commonly employed models of aging (e.g., 
Drosophila, C. elegans) undergo an aging process despite a long held belief 
that all of their adult cells were post replicative.*°”"* However, this notion 
has been countered by the demonstration of multipotent intestinal stem cells 
within the midgut near the intestinal basement membrane of Drosophila.” 
Unlike intestinal stem cells in vertebrates that interact with stromal cells 
within a niche, analogous cells within Drosophila reside on the surface of the 
basement membrane and interact directly with daughter cells. Nevertheless, 
the presence of such cells has rekindled an interest in Drosophila as a model 
for stem cell biology, cancer, and whole-animal aging." 


CELLULAR SENESCENCE AND CANCER 


A feature of cellular senescence is diminished proliferative capacity. 
In fact, it is now understood that genes considered tumor suppressors 
(e.g., p53, RB [retinoblastoma gene]) prevent cancer by inducing pro- 
grammed cell death (apoptosis), particularly in cells at risk for neoplas- 
tic transformation. Alternatively, they can prevent potential cancer cells 
from proliferating by inducing permanent withdrawal from the cell 
cycle (cellular senescence). Although little is known about how cells 
choose between apoptotic and senescence responses, both are crucial 
for suppressing cancer! and both are highly relevant to functional 
decline and longevity.“ 


There are a multitude of oncogenic stimuli that may result in 
either cancerous transformation or cellular senescence." Epigenetic 
changes within chromatin, histones, or nucleic acids may be caused 
by pharmacologic agents or altered expression of proteins. Such 
changes can alter the expression of protooncogenes or tumor-suppres- 
sor genes and are a frequent occurrence among malignant tumors. Thus 
the senescence response aborts the uncontrolled proliferative response 
an assortment of potentially oncogenic stimuli. 

Although diverse stimuli can induce a senescence response, they 
appear to converge on one or both of the two pathways that establish 
and maintain the senescence growth arrest. These pathways are gov- 
erned by the gatekeeper tumor-suppressor proteins p53 and pRB. 10411011 
Furthermore, the senescence response to dysfunctional telomeres 
requires the integrity of the p53 pathway." Overexpression of the 
RAS gene may also trigger a p53-dependent damage response by pro- 
ducing high levels of reactive oxygen species. "="! However, oncogenic 
RAS can also induce p16, an activator of the pRB pathways, which pro- 
vides a second barrier to the proliferation of potentially oncogenic cells. 
There is an emerging consensus that senescence occurs through one 
pathway or the other, with the p53 pathway mediating senescence pri- 
marily as a result of telomere dysfunction and DNA damage and p16/ 
pRB pathway—mediating senescence primarily as a result of oncogenes, 
chromatin disruption, and various stresses. 

A more speculative, but potentially important consequence of cellu- 
lar senescence may be its impact on stem cells." Embryonic stem cells, 
whether human or rodent, express a high level of telomerase and thus are 
considered resistant to replicative senescence."'”""* However, mammalian 
adult stem cells or progenitor cells do not proliferate indefinitely." The 
ability of stem cells to undergo senescence and apoptosis is likely to be an 
important mechanism for preventing cancer." 


@ AGING AND HEMATOPOIESIS 


Aging is a universal phenomenon that affects all normal cells, tissues, 
organ systems, and organisms. Accordingly, the marrow undergoes 
changes with age. Age-related hematologic changes are reflected by a 
decline in marrow cellularity, an increased risk of clonal myeloid neo- 
plams’”’ and anemia,” and a decline in adaptive immunity." =-"4 


MARROW: ANATOMIC CHANGES 


The percentage of marrow space occupied by the hematopoietic tissue 
declines from 90 percent at birth to a level of approximately 50 percent 
at age 30 years and 30 percent at age 70 years.’*°° A similar change 
occurs in the thymus, where involution begins at an earlier age and is 
reflected anatomically by a reduction in lymphoid mass with an increase 
in fat!’ and functionally by a steady decrease in the production of naive 
T cells. Fat infiltration into the marrow and thymus results in a 
diminished volume of hematopoietic tissue. 

Although age-related change in the marrow is well described, the exact 
mechanisms that regulate these changes remains speculative.” For exam- 
ple, it remains unclear whether the age-associated expansion of marrow fat 
is a cause or an effect of aging and whether the changes seen in marrow and 
histologically similar changes within the thymus are intrinsically related. 
Because of the intricate association of hematologic and immune functions 
and these common histologic patterns of change with age, both changes in 
blood and innate immunity are discussed below in the sections on Blood 
Cell Changes with Age and Aging and Immunity. 


MARROW: STEM CELLS 


The ontogeny of hematopoietic stem cells is the focus of much atten- 
tion.4°"! In fetal development the manufacture of blood cells occurs 


in several organs, but after birth this function is subsumed by the mar- 
row.'*-"8 The process of embryonic and fetal hematopoiesis is described 
in Chap. 7. Hematopoietic cells appear in the medullary cavities of bone 
around 14 weeks of gestation,” and by birth the marrow is the primary 
site of hematopoiesis. 

Unlike the commonly held notion that stem cell compartments 
diminish either in number or function with age ultimately resulting in 
an inability to meet homeostatic demands, age-related hematopoietic 
stem cell (HSC) changes appear to be an exception, at least for murine 
species in which this question has been most directly addressed. !5%51 
Early work demonstrated that marrow serially transplanted could 
reconstitute hematopoietic function for an estimated 15 to 20 life 
spans. Furthermore, the capacity for old marrow to reconstitute 
proved superior to that of young.'** Subsequently, a number of investi- 
gators using a variety of techniques have concluded that HSC frequency 
in old mice and humans is approximately 2 to 10 times greater than in 
the young.'*5°151154-156 Some evidence suggests that the intrinsic func- 
tion of HSCs changes somewhat with age, most notably in a shift in 
lineage potential from lymphoid to myeloid development. This may 
contribute to an observed relative increase in neutrophils and decrease 
in lymphocytes in the blood of older people.'*” 

There is an intrinsic change in HSCs with age, most notably result- 
ing ina shift in lineage potential from lymphoid to myeloid development. 
This may contribute to a relative increase in neutrophils and decrease in 
lymphocytes in the blood of older persons.'*” As HSCs age, they accumu- 
late genotypic (mutational) and phenotypic alterations. Indeed, human 
stem-progenitor cells from healthy volunteers were found to accumu- 
late 13 exonic (private) mutations per year of age." Current opinion 
is that such changes are responsible for the development of immune 
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senescence and that such changes are responsible for the development of 
immune senescence, as well as the increased occurrence of age-associ- 
ated diseases such as myelodysplasia and leukemia. Thus, the process of 
“jmmunosenescence,’ as it affects the innate and adaptive immune sys- 
tem, may result from HSC aging. For example, an age-related decrease 


in the provision of B-cell precursors may be the result of HSC aging. 


MARROW DURING ADULT LIFE 


The most apparent change seen in the marrow with aging is decreased 
cellularity (Fig. 9-1).8° Under normal circumstances, the marrow is 
the only site of hematopoiesis. Foci of extramedullary hematopoiesis 
may occur in the liver, spleen, or lymph nodes in pathologic states, but 
they are not of functional consequence. Until puberty the entire skel- 
eton remains hematopoietically active, but by age 18 years only the 
vertebrae, ribs, sternum, skull, pelvis, proximal epiphyseal regions of 
humerus and femur remain active sites of blood production, with other 
medullary sites infiltrated with fatty tissue. By age 40 years, the marrow 
in sternum, ribs, pelvis and vertebrae is composed of equal amounts 
of hematopoietic tissue and fat and cellularity declines gradually there- 
after. By age 65 years, marrow cellularity is estimated to be approxi- 
mately 30 percent,'**"° with a corresponding increase in marrow fat. 
Age-associated imbalanced bone remodeling and osteoporosis results 
in decreased trabecular bone which itself may contribute to diminished 
hematopoiesis." The presence of fat correlates with the occurrence and 
severity of osteoporosis, both of which are evident with aging.” Several 
age-related qualitative changes have been identified in hematopoietic 
cells, including skewed X-chromosome inactivation, telomere short- 
ening,'-'? accumulation of mitochondrial DNA mutations,'®'™ and 
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Clinical consequences* 


?Increased GVHD as marrow donor 


Increased susceptibility to herpes zoster 


?Predisposition to cancer 


*Consequences of aging in the bone marrow and thymus in the absence of disease. 


Figure 9-1. Aging of marrow and thymus. Marrow cellularity declines from birth in a manner comparably to thymic mass. This is reflected histolog- 
ically by the increased presence of fat. The clinical consequences of these age-associated changes, in the absence of disease, are a mild anemia and 
immune deficiency. The latter is reflected by an increased predisposition to certain infections (e.g., herpes zoster or reactivation of latent tuberculosis) 
and possibly to the increased predisposition to cancer. GVHD, graft-versus-host disease. 
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micronuclei formation,’® any of which could result in cellular dysfunc- 
tion. Furthermore, growth hormone production declines with age, and 
this, too, is linked with deposition of fat within the marrow.’ Adminis- 
tration of growth hormone to old rats reduces marrow fat and increases 
hematopoietic tissue.’ 


BLOOD CELL CHANGES WITH AGE 
Red Cells 


Anemia is a significant health problem in the elderly because of a high 
prevalence and significant associated morbidity, including reduced 
quality of life, clinical depression, falls, functional impairment, slower 
walking speed, reduced grip strength, loss of mobility, worsening 
comorbidities, and mortality.’ 

In older men and women, anemia defined using the World Health 
Organization (WHO) criteria of hemoglobin levels less than 13 g/dL for 
men and 12 g/dL for women!” is associated with an increase in mortal- 
ity.’ It has been pointed out that the WHO criteria do not take into 
account inherent ethnic variations, particularly with respect to Americans 
of African descent who have lower levels of hemoglobin without signifi- 
cant adverse outcomes." In a study that analyzed 1018 Americans of 
African descent and 1583 Americans of European descent adults aged 
71 to 82 years, anemia defined by the WHO criteria was associated 
with increased mortality in those of European descent but not those of 
African descent.'””'”* The reasons for these ethnic differences are unde- 
fined. However, the difference is one of degree. In general, the impact 
of anemia on functional status and mortality in Americans of African 
descent becomes apparent at hemoglobin levels approximately 1 g/dL 
lower than in whites. The issue of establishing criteria for the diagnosis 
of anemia is relevant in the context of age, as well. Older women, for 
example, have better physical performance and function at hemoglobin 
values between 13 and 15 g/dL than at between 12.0 and 12.9 g/dL,'” 
suggesting perhaps that the cut off level of 12 g/dL is too low. Neverthe- 
less, the WHO definition remains the standard used in most current 
epidemiologic surveys and many clinical laboratories. 


Prevalence of Anemia 

In the third National Health and Nutrition Examination Survey 
(NHANES III) database, a nationally representative sample of commu- 
nity-dwelling persons and determined age- and sex-specific prevalence 
rates of anemia in the total U.S. population,” of those individuals older 
than age 65 years approximately 11 percent were anemic by WHO crite- 
ria (see Table 9-1). The prevalence of anemia was lowest (1.5%) among 
males between 17 and 49 years of age and highest (26.1%) in males older 
than 85 years. Among those 65 years and older, the prevalence rate was 
notably higher in Americans of African descent as compared to Amer- 
icans of European descent and Americans of Hispanic descent. Preva- 
lence rates of anemia in the elderly vary in community-dwelling and 
institutionalized populations. Also, anemia is more common among 
frail elderly. In the nursing home, for example, anemia prevalence 
approaches 50 percent or higher. 16180-182 


Unexplained Anemia 

Hematologists are usually successful in uncovering the cause of anemia 
in young adults. However, in older populations a specific explanation 
cannot be defined by routine evaluation in approximately one-third 
of anemic patients (Table 9-2).?!!*+ Typically, this anemia is mild 
(hemoglobin concentration in the 10-12 g/dL range), normocytic, and 
hypoproliferative (low reticulocyte index). It has been postulated that 
the cause relates to a number of factors including declining testoster- 
one level,!*> occult inflammation,!* impaired renal function with inap- 
propriately low serum erythropoietin,” or incipient myelodysplasia.'* 
Likely, unexplained anemia represents an amalgam of these and perhaps 


TABLE 9-2. Anemia Prevalence in the Elderly Using the 
WHO* Criteria 


Age 
Study (Years) Population Prevalence 
Guralnik, 2004177 >65 Community- 10.6% 
dwelling elderly 
American 
Ferrucci, 20077 >70 Community- 11% 
dwelling elderly 
Italian 
Denny?” 271 Community 24% 
dwelling 
Joosten!” 265 Hospitalized 24% (defined 
as hemoglobin 
<11.5 g/dL) 
Artz'?6 Most 265 Nursing home 48% 
Robinson'™ 265 Nursing home 59.6% 


*World Health Organization anemia criteria; hemoglobin <13 g/dL for 
adult men and <12 g/dL for adult women. 


other factors, such as shortened red cell survival, refractoriness of the 
erythroid precursors to erythropoietin stimulation, and/or the presence 
of as yet undiagnosed illness. 


Serum Erythropoietin and Aging 

Data on erythropoietin levels in nonanemic older persons are incon- 
sistent. Some suggest that nonanemic older persons have higher ery- 
thropoietin levels compared to younger adults," but other studies 
fail to confirm these findings. ®™ One longitudinal analysis clearly 
demonstrates that serum erythropoietin levels rose gradually in healthy 
individuals who maintained normal hemoglobin levels but the rise was 
not observed in those who were to develop diabetes or hypertension 
during the evaluation period.’ An explanation for the rise in serum 
erythropoietin with age is not established, but in theory, it could be the 
result of age-associated shortened red cell survival or reduced sensitiv- 
ity of erythroid progenitor cells to the erythropoietin signal. Studies in 
older subjects are ongoing to define the basis for the increasing need for 
erythropoietin to maintain normal levels of red cells. 


Leukocytes 

Although no significant change is seen in the blood leukocyte count 
with normal aging,'**’** among those who acquire features of frailty, an 
increased neutrophil count may be observed. Furthermore, sev- 
eral qualitative neutrophil defects have been described. For example, 
a decreased respiratory burst response to soluble signals,’ defective 
phagocytosis," and impaired neutrophil migration to sites of stress'”° 
have been described in accordance with advanced age. Although the 
exact cause for these functional changes has not been clarified, it may 
be associated with an age-related alteration in actin cytoskeleton and 
receptor expression in leukocytes.” A mild decrease in the blood lym- 
phocyte count is first noticeable in the fourth decade with a gradually 
progressive decrease thereafter throughout the remainder of the life- 
span.’ Qualitative alterations in T-lymphocyte function in the elderly 
have also been demonstrated.” 


Platelets 

At present, knowledge about the influence of age on platelet counts has 
been limited to cross-sectional data derived from selected populations. 
From those data, no or very limited changes in platelet number are 


noted with age. To date, a longitudinal data set describing altera- 
tions in platelet number with advancing age has not been produced nor 
are there conclusive studies describing age-associated changes in plate- 
let function. 


AGING AND COAGULATION 


Coagulation Factors and Aging 

A number of proteins critical to clot formation and fibrinolysis change in 
characteristic ways with advancing age. Plasma concentrations of 
factor VII coagulant activity and antigen," and factor VIIIC,17°% 
as well as von Willebrand factor,” fibrinogen, 7%?" fibrinopep- 
tide A,"°!”°°"” and tissue plasminogen activator antigen'”’”!'*” increase 
with age. In healthy centenarians, levels of activated factor VIL activation 
peptides of prothrombin, factors IX and X, and thrombin-antithrombin 
complex concentration were increased, which are signs of higher-than- 
expected coagulation enzyme activity. Age-associated increases in 
levels of protein C occur in both sexes. Aging is also associated with 
increasing levels of free protein S. In contrast, antithrombin tends to 
decrease with age in males and increases with age in females following 
menopause.” Higher D-dimer and plasmin-antiplasmin complexes 
indicate an accompanying increase in fibrinolytic activity.” In con- 
trast, plasma tissue-plasminogen activator inhibitor levels increase with 
increasing age, as do levels of thrombin-activatable fibrinolysis inhibitor 
in women?" and its proenzyme form, procarboxypeptidase U, in both 
sexes.””” These latter findings are suggestive of a possible age-dependent 
compromise in fibrinolytic activity." Thus, procoagulant and, in some 
studies, fibrinolytic activities appear to be increased in older subjects by 
both in vitro?! and in vivo studies,'°! but the changes in fibrino- 
lytic activity are inconsistent. Older patients may show an exaggerated 
anticoagulant response to warfarin.”” 


Aging as a Prothrombotic State 

Activation of the coagulation system and increase in procoagulant 
markers are associated with the pathogenesis of atherosclerosis.” 
However, procoagulant markers, most notably D-dimer,” fibrinogen, 
and factor VIII,” also increase with advancing age, and may, in fact, 
correlate better with aging than with cardiovascular disease.”*?™ In a 
study examining 1729 participants age 70 years and older in the Estab- 
lished Populations for the Epidemiological Study of the Elderly (EPESE) 
cohort, increasing age was associated with high D-dimer levels. For 
example, 23 percent of the participants age 90 to 99 years had high 
D-dimer levels (>600 mcg/L) compared to 13 percent in the 80- to 
89-year-old age group and 7 percent in the 70- to 79-year-old age 
group.” Investigators measured fibrinogen concentrations in healthy 
subjects ages 19 to 96 years and found levels to be significantly higher 
in participants older than age 60 years when compared to younger sub- 
jects.” Healthy individuals across the life span had fibrinogen levels 
increased by 25 mg/dL per decade of life, and levels as high as 320 mg/ 
dL were found in more than 80 percent of people older than 65 years 
of age.” Other markers of activated coagulation, such as plasmino- 
gen activating inhibitor-I (PAI-1) and factor VIII also increased with 
age.” Thus, it is now apparent that aging is associated with markers 
of activated coagulation. In this context, it is notable that the incidence 
of venous thrombosis and pulmonary emboli increases dramatically in 
geriatric populations.”*!*” Bleeding complications from anticoagulation 
therapy are also increased in older patients. No interventional study has 
identified an at-risk population of normal-age subjects without prior 
thrombosis in whom prophylactic anticoagulation is of value. 


Coagulation and Functional Decline 
In the EPESE study, increases in D-dimer and interleukin (IL)-6 were 
related to increases in both morbidity and mortality.” In fact, the 
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correlation for adverse outcomes was stronger with D-dimer than 
IL-6.?* In this, and other studies,****° D-dimer and other markers of 
activated coagulation were associated with limitation in a wide variety 
of functional domains, including independent activities of daily living 
(IADL), lower-extremity function, and performance on cognitive test- 
ing. The age-associated changes in coagulation markers occur earlier 
than other aging biomarkers, and hence it has been argued that they 
could be early predictors of those elderly at increased risk for functional 
decline.?”” 

This age-associated prominence of coagulation factors has also 
been reproduced in animals. For example, when stress associated with 
physical restraint was compared in aged versus young C57BL/6J mice, 
significantly increased expression of PAI-1 mRNA was noted in almost 
all the tissues in older mice.” Similar results were seen for expression of 
tissue factor mRNA in aged mice.”** In both these experimental models 
an increase in microthrombi was noted with clots distributed through 
multiple organ systems in the older mice. 

In humans, both the presence of depression and/or psychological 
stress are associated with increased coagulation™* and decreased 
fibrinolytic activity.” In elderly subjects without cardiovascular dis- 
ease, physical exhaustion, a characteristic frequently used to distinguish 
frail from nonfrail individuals, was associated with significant increases 
in both inflammatory and coagulation factors as assessed by fibrinogen, 
C-reactive protein, and white cell levels.*” Frail and prefrail subjects 
from the Cardiovascular Health Study had significantly higher levels of 
fibrinogen, factor VIII, and D-dimer levels as compared to the nonfrail 
group. The association with frailty persisted even after adjusting for the 
presence of cardiovascular disease and diabetes.” Frailty is also associ- 
ated with increased risk of venous thromboembolism when compared 
to nonfrail individuals of the same age, especially in association with 
increased factor VIII levels.” 


AGING AND IMMUNITY 


Whether related to primary processes of aging or not, the thymus gland 
undergoes a very characteristic pattern of involution beginning well in 
advance of other phenotypic changes attributed to aging (see Figs. 9-1 
and 9-2; Chap. 6).° Among the consequences are a decreased gener- 
ation of naive T cells.” Despite this, the total lymphocyte count does 
not decline greatly because peripheral T cells are capable of expanding 
to fill the T-cell niche in the absence of generation of new T cells. How- 
ever, when they do so, the repertoire for antigen recognition becomes 
less comprehensive. Thymic involution may result from the aging T-cell 
progenitor population,” from the defects in rearrangement of T-cell 
receptor f genes,”**” from loss of self-peptide expressing thymic epi- 
thelium,” and/or from the loss of thymic trophic cytokines.” Thy- 
mic epithelial cells produce a variety of colony-stimulating factors and 
hematopoietic cytokines, such as IL-1, IL-3, IL-6, IL-7, transforming 
growth factor-6, oncostatin M, and leukemia inhibitory factor,**?™ 
which influence the complex process of T-cell production. It is pro- 
posed that thymic atrophy and decreased thymopoiesis is an active pro- 
cess and mediated by the upregulation of thymosuppressive cytokines 
(leukemia inhibitory factor, IL-6, and oncostatin M), which results in 
the altered peripheral lymphatic tissue T-lymphocyte function with 
aging.” 

There is a notable shift in the overall blood T-cell population 
toward lymphocytes with memory T-cell markers,** and many of 
these are thought to have attained replicative senescence.” With the 
decreasing numbers of naïve T cells in the peripheral lymphatic tissue 
and increasing memory T cells reaching senescence, elderly persons 
have difficulties responding to old and new antigens and demonstrate 
impaired reactions to vaccinations. The decreased efficacy of vaccines 
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Figure 9-2. Immunity and aging. A variety of factors have been asso- 
ciated with thymic involution, the consequence of which is a mild to 
moderate immune deficiency. Dysregulated inflammatory pathways 
are also observed with advancing age and these may be of greater clin- 
ical importance. Ag, antigen; ROS, reactive oxygen species. 


may also be a result of alterations in antigen presentation with age. 
Within the T-helper cell fraction there is a shift to the T-helper (Th) type 
2 subset and away from Th1,” thereby influencing cytokine production 
and overall immune response. 

In addition to the anatomic changes within marrow and thymus 
(see Figs. 9-1 and 9-2), similar age-associated morphologic changes 
within the paracortical and medullary zones of secondary lymphoid 
tissues (spleen, and lymph nodes) occur, including a decline in the par- 
acortical and medullary zones and increased deposition of fat within the 
germinal centers.’ It remains unclear to what extent these changes 
contribute to the overall change in immune function with age. 

A wide range of lymphocyte functional changes have been 
described in the context of aging; however, cataloguing these would be 
beyond the scope of this chapter. Such changes are detailed in several 
excellent reviews.””*'*® Briefly stated, there is a shift in the T-cell pop- 
ulation toward memory T cells, which attain replicative senescence in 
response to repeated antigen exposures.” With the relative and abso- 
lute decrease in numbers of naive T cells in the peripheral lymphatic 
tissue and the accumulation of functionally diminished memory senes- 
cent T cells, primary and secondary immune responses are reduced in 
elderly persons. 

Coincident with the age-related changes in lymphocyte function 
is the increase in levels of circulating proinflammatory cytokines, mea- 
sureable in some, even in the absence of definable inflammatory dis- 
ease. IL-6 is the prototype in this regard. In young adults, expression 
of IL-6 is tightly regulated and serum levels are usually unmeasurable 
or very low in the absence of inflammatory conditions. Animal stud- 
ies reveal an increased production of IL-6? from mononuclear cells 
and lymphoid cells after stimulation with lipopolysaccharide or other 
mitogens. Similarly, in humans serum IL-6 levels increase significantly 
with age.**”-*”! Other inflammatory proteins, including tumor necrosis 
factor-a (TNF-a) and C-reactive protein are also seen at higher levels in 
the elderly.””-*” Visceral adipose tissue from older mice express greater 
levels of both IL-6 and TNF-a mRNA than tissue from younger mice,” 
and thus, some of the age-associated rise in IL-6 may be the conse- 
quence of those metabolic shifts mentioned above. 


CLINICAL CONSEQUENCES 
Marrow Aging 


Although a number of measureable changes occur in the marrow, not 
the least of which is a reduction in cellularity, apparent compensatory 
stem cell changes allow the sustenance of normal or near-normal blood 
counts throughout the life span. It is notable from transplant experi- 
ence that even when marrow is donated from a 65-year-old person to an 
human leukocyte antigen (HLA)-matched younger recipient, the donor 
marrow supports hematopoiesis for the life of the recipient, although 
allogeneic marrow from older donors has a greater chance of being 
associated with graft-versus-host disease.’”° 


Unexplained Anemia 

To the extent that marrow contains continuously repopulating cell lines, 
it is quite remarkable that changes attributable to aging alone (i.e., in the 
absence of disease) are quite subtle. Nonetheless “unexplained anemia” 
(UA) accounts for up to one-third of cases of anemia in older patients 
and its frequency increases with advancing age.” 

UA is usually mild, with hemoglobin levels approximately 1 g/dL 
lower than the WHO standard. The red cells are typically of normal size 
and examination of the blood film reveals no evidence for intravascu- 
lar destruction or morphologic features suggestive of myelodysplasia. 
Although inflammatory cytokine levels may be elevated, the intensity 
of inflammation is insufficient to produce increased levels of hepcidin; 
thus, UA has a distinct pathogenesis from the anemia of chronic disease 
(Chap. 37). Because UA is typically mild, it is likely to be overlooked. In 
fact, in one population-based cohort that included elderly patients with 
even more significant anemia, the medical records of affected individ- 
uals did not mention anemia as a problem in 75 percent of the cases.” 
However, there is now evidence that this casual acceptance of lower 
hemoglobin levels in older populations may not be advisable.’ Not 
only can a decline in important functional measures be related to mild 
anemia,'””77-**° but longitudinal studies demonstrate increased mortal- 
ity among individuals with even mild anemia.'*!”?*! Furthermore, a 
retrospective cohort study of the U.S. Veterans Administration National 
Surgical Quality Improvement database, indicated that of 310,311 sub- 
jects age 65 years and older who underwent noncardiac surgery, the 
30-day mortality and cardiac event rates increased by 1.6 percent for 
each 1 percent decrease in hematocrit below the level of 39 percent.” 
Thus, although in younger individuals mild anemia may be well toler- 
ated, in many older individuals it is associated with important negative 
consequences. That stated, it remains to be established whether the cor- 
rection of anemia for those with UA will result in improved quality of 
life, physical function, or survival. 

For elderly patients with UA, the presence of macrocytosis; throm- 
bocytopenia; neutropenia; splenomegaly; or unexplained constitutional 
findings of fever, chills, or weight loss; or symptoms of early satiety; or 
bone pain should prompt consideration of a marrow examination to 
rule out myelodysplasia or other diseases affecting marrow function, 
most of which occur with increasing frequency with advancing age. 


Immune Senescence 

The complex alterations in immune function with age have been 
described comprehensively in several reviews.**'-** The changes may 
explain an age-associated predisposition to certain infections (herpes 
zoster, tuberculosis reactivation) and perhaps a failure to mount a suf- 
ficient vaccine response (e.g., influenza hemagglutinin”). The more 
profound immune deficiency commonly observed in older people most 
often reflects the debilitating effects of concurrent diseases, most of 
which occur more commonly with age, and side effects of the medicines 
used to manage those diseases. 


Inflammation/Coagulation Dysregulation and Frailty 
Presumably on the basis of chronic inflammatory stimuli, there is an 
age-associated activation of coagulation’ and fibrinolytic’ pathways 
that favor thrombus formation. Fibrinogen levels are typically high 
with more than 80 percent of those age 65 years and older having lev- 
els above 320 mg/dL.” Similarly an analysis of D-dimer levels in the 
EPESE, including 1727 community elderly, revealed an age-associated 
increase that correlated with declining overall physical function.” Fur- 
thermore, when combining D-dimer and IL-6 levels, those individuals 
who had elevations of both were at greatest risk for mortality over a 
4-year interval.” In the Cardiovascular Health Study, which included 
relatively healthy elderly, higher fibrinogen and factor VIII levels were 
associated with a greater risk for cardiovascular disease and mortality, 
even after adjustment for other cardiovascular risk factors.” Sum- 
marizing what has now become a robust literature, higher IL-6, TNF-a, 
D-dimer, and C-reactive protein are each associated with negative phys- 
iologic consequences, including reduced lower-extremity muscle mass 
and strength,’ cognitive decline,’ insulin resistance,’ subclini- 
cal and clinical cardiovascular disease,” renal insufficiency,” loss 
of bone mineral density,”° depression,” anemia, dementia,** and 
mortality.” As a result, a general consensus has emerged that activated 
inflammatory mediators are, at least in part, contributing to the physi- 
ology of aging, and to the extent that these pathways are dysregulated, 
important functional outcomes are impaired. 
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CHAPTER 10 
GENETIC PRINCIPLES AND 
MOLECULAR BIOLOGY 


Lynn B. Jorde* 


The understanding of hematology is dependent upon an appreciation of 
genetic principles and the tools that can be used to study genetic variation. 
All the genetic information that makes up an organism is encoded in the 
DNA. This information is transcribed into mRNA, and then the triplet code of 
those mRNAs is translated into protein. Changes that affect the DNA or RNA 
sequence or its expression, either in the germline or acquired after birth, can 
cause hematologic disorders. These may be mutations that change the DNA 
sequence, including single base changes, deletions, insertions, and duplica- 
tions, or they may be epigenetic changes that affect gene expression without 
any change in the DNA sequence. 

The detection of mutations that cause a variety of diseases is now possible 
and has become a routine method for the diagnosis of some disorders. Large-scale 
DNA sequencing can be used to identify disease-causing genes and to carry 
out genetic testing. The development of methods to disrupt or prevent expres- 
sion of specific genes has made it possible to produce mouse models of human 
hematologic diseases, and such models have the potential to serve as means to 
better understand pathophysiology and to study treatment strategies. 

Inheritance patterns depend upon the biologic effect and chromosomal 
location of the mutation. Common autosomal recessive hematologic diseases 
include sickle cell disease, the thalassemias, and Gaucher disease. Hereditary 
spherocytosis, thrombophilia caused by factor V Leiden, most forms of von 
Willebrand disease, and acute intermittent porphyria are characterized by 
autosomal dominant inheritance. Mutations that cause glucose-6-phosphate 
dehydrogenase deficiency, hemophilias A and B, and the most common form 
of chronic granulomatous disease, are all carried on the X chromosome and, 
therefore, manifest X-linked inheritance, with transmission of the disease 
state from a heterozygous mother to her son. Understanding the genetics of a 
disorder is necessary for accurate genetic counseling. 


Acronyms and Abbreviations: BACs, bacterial artificial chromosomes; bp, base 
pairs; cDNA, complementary DNA; CNV, copy number variant; CpG, cytosine phosphate 
guanine; ENU, N-ethyl-N-nitrosourea; G6PD, glucose-6-phosphate dehydrogenase; 
HNPCC, hereditary nonpolyposis colorectal cancer; IncRNA, long noncoding RNA; 
miRNA, microribonucleic acid; mRNA, messenger ribonucleic acid; mtDNA, mitochon- 
drial DNA; NADH, nicotinamide adenine dinucleotide (reduced form); PACs, P1-derived 
artificial chromosomes; PCR, polymerase chain reaction; RISC, RNA-induced silencing 
complex; RNAi, RNA interference; rRNA, ribosomal ribonucleic acid; RT-PCR, reverse 
transcriptase polymerase chain reaction; SCID, severe combined immunodeficiency; 
siRNA, small interfering ribonucleic acid; SNP, single nucleotide polymorphism; STR, 
short tandem repeat; tRNA, transfer ribonucleic acid; YAC, yeast artificial chromosome. 


“In the previous edition, this chapter was written by Ernest Beutler and portions 
of that chapter have been retained. 


@ GENETICS AND HEMATOLOGIC 
DISORDERS 


Many of the hematologic diseases described in this text have a genetic basis. 
Often the disease is caused by a mutation in a single gene. Some of these 
disorders, such as sickle cell disease (Chap. 49), thalassemia (Chap. 48), 
glucose-6-phosphate dehydrogenase (G6PD) deficiency (Chap. 47), 
and factor V Leiden (Chap. 130), are common, whereas others, such as 
congenital dyserythropoietic anemia type I (Chap. 39), chronic gran- 
ulomatous disease (Chap. 66), and afibrinogenemia (Chap. 125), are 
rare. All are caused by mutations in a gene that result in the formation 
of a defective protein or an insufficient amount of a normal protein. 
The principal focus of this chapter is such genetic disorders. However, 
a number of acquired hematologic diseases, including lymphomas, leu- 
kemias, and other clonal hematologic diseases, are the consequence of 
acquired damage to the genetic apparatus. Understanding these diseases 
requires an appreciation of how the genetic apparatus functions. 

All of the information required for the development of a complete 
adult organism is encoded in the DNA ofa single cell—the zygote. This 
information, designated the genome, includes the data needed for the 
synthesis of all enzymes; all the plasma proteins, including the clotting 
factors, complement components, and the transport proteins; all the 
membrane proteins, including receptors; and all of the cytoskeletal pro- 
teins. The units of information into which the genome is organized are 
the genes, which are composed of sequences of DNA. By serving as the 
blueprints of proteins in the body, genes ultimately influence all aspects 
of body structure and function. There are approximately 21,000 protein- 
coding genes and an additional 10,000 genes that do not encode pro- 
teins but affect the regulation of genes.’ An error in one of these genes 
often leads to a recognizable genetic disease. To date, more than 20,000 
genetic traits and diseases have been identified and cataloged. 


DNA, RNA, AND PROTEINS: HEREDITY AT THE 
MOLECULAR LEVEL 
DNA 


DNA has three basic components: the pentose sugar molecule, deoxyri- 
bose; a phosphate molecule; and four types of nitrogenous bases. Two of 
the bases, cytosine and thymine, are single carbon-nitrogen rings called 
pyrimidines. The other two bases, adenine and guanine, are double car- 
bon-nitrogen rings called purines. The four bases are commonly repre- 
sented by their first letters: A, C, T, and G. 

Watson and Crick demonstrated how these molecules are phys- 
ically assembled together as DNA, proposing the double-helix model, 
in which DNA appears like a twisted ladder with chemical bonds as 
its rungs (Fig. 10-1). The two sides of the ladder are made up of the 
sugar and phosphate molecules, held together by strong phosphodiester 
bonds. Projecting from each side of the ladder, at regular intervals, are 
the nitrogenous bases. The base projecting from one side is bound to the 
base projecting from the other by a weak hydrogen bond. Therefore, the 
nitrogenous bases form the rungs of the ladder; adenine pairs with thy- 
mine, and guanine pairs with cytosine. Each DNA subunit—consisting 
of one deoxyribose molecule, one phosphate group, and one base—is 
called a nucleotide. 

DNA directs the synthesis of all the body’s proteins. Proteins are 
composed of one or more polypeptides (intermediate protein com- 
pounds), which are, in turn, composed of sequences of amino acids. 
The body contains 20 different types of amino acids, which are specified 
by the four nitrogenous bases. To specify (code for) 20 different amino 
acids with only four bases, different combinations of bases, occurring in 
groups of three, are used. These triplets of bases are known as codons. 
Each codon specifies a single amino acid in a corresponding protein. 
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Figure 10-1. Watson-Crick model of the DNA molecule. The DNA 
structure illustrated here is based on that published by James Watson 
and Francis Crick in 1953. Note that each side of the DNA molecule con- 
sists of alternating sugar and phosphate groups. Each sugar group is 
united to the sugar group opposite it by a pair of nitrogenous bases 
(adenine-thymine or cytosine-guanine). The sequence of these pairs 
constitutes a genetic code that determines the structure and func- 
tion of a cell. (Reproduced with permission from Patton KT, Thibodeau GA: 
Anatomy & physiology, 8th edition. St. Louis MO:Mosby/Elsevier, 2013.) 
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Because there are 64 (4 x 4 x 4) possible codons but only 20 amino 
acids, there are many cases in which several codons correspond to the 
same amino acid. 

The genetic code is universal: All living organisms use precisely the 
same DNA codes to specify proteins except for mitochondria, the cyto- 
plasmic organelles in which cellular respiration takes place—they have 
their own extranuclear DNA. Several codons of mitochondrial DNA 
encode different amino acids than do the same nuclear DNA codons. 

DNA replication consists of breaking the weak hydrogen bonds 
between the bases, leaving a single strand with each base unpaired. 
The consistent pairing of adenine with thymine and of guanine with 
cytosine, known as complementary base pairing, is the key to accurate 
replication. The unpaired base attracts a free nucleotide only if the 
nucleotide has the proper complementary base. When replication is 
complete, a new double-stranded molecule identical to the original is 
formed. The single strand is said to be a template, or molecule on which 
a complementary molecule is built, and is the basis for synthesizing the 
new double strand. 

Several different proteins are involved in DNA replication. The 
most important of these proteins is an enzyme known as DNA poly- 
merase. This enzyme travels along the single DNA strand, adding the 
correct nucleotides to the free end of the new strand and checking to 
make sure that its base is actually complementary to the template base. 
This mechanism of DNA proofreading substantially enhances the accu- 
racy of DNA replication. 


MUTATIONS 


A mutation is any inherited alteration of genetic material. Mutations 
may cause disease or be subtle, silent substitutions that do not change 
amino acids. A base pair change that alters a single amino acid is termed 
a missense mutation, and a base pair change that produces a premature 
stop codon is termed a nonsense mutation. Because they typically result 
in a complete loss of gene product, nonsense mutations usually pro- 
duce a more-severe disease phenotype than do missense mutations. For 
example, nonsense mutations in the factor VIII gene are much more 
likely to produce severe hemophilia A than are missense mutations. This 
is an example of a genotype-phenotype correlation, which can be use- 
ful in predicting the severity of disease. A frameshift mutation involves 
the insertion or deletion of one or more base pairs of the DNA mole- 
cule. These mutations change the entire “reading frame” of the DNA 
sequence because the deletion or insertion is not a multiple of three base 
pairs (bp; the number of base pairs in a codon). Frameshift mutations 
can thus greatly alter the amino acid sequence and typically lead to a 
premature stop codon downstream of the mutation. (“In-frame” inser- 
tions or deletions, in which a multiple of three bases is inserted or lost, 
tend to have less-severe disease consequences than do frameshift muta- 
tions.) Splice-site mutations describe alterations of the DNA sequence 
at intron-exon boundaries (see section on Genes to Proteins above). 
These result in a mature mRNA transcript that contains introns or lacks 
exons. Table 10-1 gives examples of hematologic diseases caused by dif- 
ferent types of mutations. 

Mutations are rare events. The rate of spontaneous mutations (those 
occurring in the absence of exposure to known mutagens) in humans 
is approximately 10~* to 10% per gene per generation. This rate varies 
from one gene to another, with larger mutation rates for larger genes. At 
the nucleotide level, the human mutation rate is approximately 10° per 
nucleotide per generation.*° Certain DNA sequences have particularly 
high mutation rates and are known as mutational hot spots. In particu- 
lar, sequences consisting of a cytosine base followed by a guanine base 
(CpG) are highly susceptible to mutation and are known to account for 
a disproportionately large percentage of disease-causing mutations. 


FROM GENES TO PROTEINS 


DNA is formed and replicated in the cell nucleus, but protein synthesis 
takes place in the cytoplasm. The DNA code is transported from nucleus 
to cytoplasm, and subsequent protein is formed through two basic pro- 
cesses: transcription and translation. These processes are mediated by 
RNA, which is chemically similar to DNA except that the sugar mole- 
cule is ribose rather than deoxyribose, and uracil rather than thymine is 
one of the four bases. The other bases of RNA, as in DNA, are adenine, 
cytosine, and guanine. Uracil is structurally similar to thymine, so it 
also can pair with adenine. Whereas DNA usually occurs as a double 
strand, RNA usually occurs as a single strand. 

In transcription, RNA is synthesized from a DNA template, form- 
ing messenger RNA (mRNA). RNA polymerase binds to a promoter site, 
a sequence of DNA that specifies the beginning of a gene. RNA poly- 
merase then separates a portion of the DNA, exposing unattached DNA 
bases. One DNA strand then provides the template for the sequence of 
mRNA nucleotides. 

The sequence of bases in the mRNA is thus complementary to the 
template strand, and except for the presence of uracil instead of thy- 
mine, the mRNA sequence is identical to the other DNA strand. Tran- 
scription continues until a termination sequence is reached. Then the 
RNA polymerase detaches from the DNA, and the transcribed mRNA 
is freed to move out of the nucleus and into the cytoplasm. 

When the mRNA is first transcribed from the DNA template, it 
reflects exactly the base sequence of the DNA. In eukaryotes, many 
RNA sequences are removed by nuclear enzymes, and the remain- 
ing sequences are spliced together to form the functional mRNA that 
migrates to the cytoplasm. The excised sequences are called introns, and 
the sequences that are left to code for proteins are called exons. 

In translation, RNA directs the synthesis of a polypeptide, inter- 
acting with transfer RNA (tRNA), a cloverleaf-shaped strand of approx- 
imately 80 nucleotides. The tRNA molecule has a site where an amino 
acid attaches. The three-nucleotide sequence at the opposite side of the 
cloverleaf is called the anticodon. It undergoes complementary base 
pairing with an appropriate codon in the mRNA, which specifies the 
sequence of amino acids through tRNA. 

The site of actual protein synthesis is in the ribosome, which con- 
sists of roughly equal parts of protein and ribosomal RNA (rRNA). 
During translation, the ribosome first binds to an initiation site on the 
mRNA sequence and then binds to its surface, so that base pairing can 
occur between tRNA and mRNA. The ribosome then moves along the 
mRNA sequence, processing each codon and translating an amino acid 
by way of the interaction of mRNA and tRNA. 

The ribosome provides an enzyme that catalyzes the formation 
of covalent peptide bonds between the adjacent amino acids, resulting 
in a growing polypeptide. When the ribosome arrives at a termination 
signal on the mRNA sequence, translation and polypeptide forma- 
tion cease; the mRNA, ribosome, and polypeptide separate from one 
another; and the polypeptide is released into the cytoplasm to perform 
its required function. 

All cells receive the same complement of genes. Nonetheless, some 
proteins are tissue-specific. Several circumstances can account for this. 
Some enzymes that appear to perform the same function are encoded 
by different genes in different tissues. For example, the pyruvate kinase 
of leukocytes and that of erythrocytes are under separate genetic control 
(Chap. 47). In other cases, alternative splicing of the primary mRNA 
can produce different polypeptides, a phenomenon that is particularly 
prominent with some of the red cell membrane proteins. Differences 
in posttranslational processing, including proteolysis and glycosylation 
of the same polypeptide by different enzymes in different tissues, can 
lead to different final products. However, in most instances a mutation 
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that affects an enzyme in one type of blood cell will also affect the same 
enzyme in other blood cells, in liver, in brain, and in other tissues. 


MENDELIAN GENETICS 


Traits caused by single genes are called mendelian traits (after Gregor 
Mendel). Each gene occupies a position along a chromosome known 
as a locus. The genes at a particular locus can take different forms (i.e., 
they can be composed of different nucleotide sequences) called alleles. 
A locus that has two or more alleles that each occurs with an appre- 
ciable frequency (classically defined as 1%) in a population is said to 
be polymorphic (or a polymorphism). Polymorphisms that involve a 
single nucleotide are termed single nucleotide polymorphisms (SNPs), 
while those that involve the presence or absence of larger pieces of DNA 
are termed copy number variants (CNVs).*’ Sometimes genetic vari- 
ants, such as the alleles responsible for sickle cell disease, thalassemia, 
or G6PD deficiency, reach polymorphic levels because the deleterious 
effects that they may have are counterbalanced by beneficial effects on 
survival, such as increased resistance to malaria.’ They are known as 
balanced polymorphisms. Short tandem repeats (STRs) are a special form 
of polymorphism consisting of differing numbers of repeating units 
of one to six nucleotides, for example, ATATATATAT. Such sequences 
are unstable in evolution of a species and tend to be very polymorphic. 
Instead of only two possible genotypes, as in the case of most SNPs, 
there may be 5, 10, or more different numbers of repeats at a given locus 
in different individuals. As a result, STRs are very useful in genetic 
mapping and in forensic analysis.’ In addition, an expanded number of 
repeat copies of some STRs located within or near genes is an important 
cause of inherited disease.'° 

Because humans are diploid organisms, each chromosome is rep- 
resented twice, with one member of the chromosome pair contributed 
by the father and one by the mother. At a given locus, an individual has 
one allele whose origin is paternal and one whose origin is maternal. 
When the two alleles are identical, the individual is homozygous at that 
locus. When the alleles are not identical, the individual is heterozygous 
at that locus. The composition of genes at a given locus is known as the 
genotype. The outward appearance of an individual, which is the result 
of both genotype and environment, is the phenotype. 


DOMINANCE AND RECESSIVENESS 


In his experiments with garden peas, Gregor Mendel established that 
many traits can be either dominant or recessive. In dominant traits, such 
as von Willebrand disease or porphyria cutanea tarda type H, one copy 
of a disease-causing allele is sufficient for disease causation, so heterozy- 
gotes are typically affected. In recessive traits, such as $-thalassemia, two 
copies of the disease-causing allele must be present, so the affected indi- 
vidual is a homozygote. A carrier is an individual who has a disease gene 
but is phenotypically normal. Many alleles for a recessive disease occur 
in heterozygotes that carry one copy of the gene but do not express the 
disease. When recessive alleles are lethal in the homozygous state, they 
are eliminated from the population when they occur in homozygotes. 
By “hiding” in carriers, however, recessive genes for diseases are passed 
on to the next generation (the word “recessive” comes from the Latin 
for “hidden’). 


GENE DUPLICATION 


Crossing over during meiosis usually occurs with great precision. 
Homologous genes pair with each other, and although genes that 
were together on the chromosome before meiosis may now be on 
opposite chromosomes of the pair, each chromosome still contains a 


complete set of genes (see Fig. 10-1). Occasionally, however, an error 
occurs and pairing during meiosis is imperfect. Under these circum- 
stances—unequal crossing over (see Fig. 10-5)—one of the daughter 
chromosomes contains a duplicated gene, while the other one exists 
with a gene deleted. Once a duplication has occurred, further dupli- 
cations occur more readily, because pairing of the first of the duplicate 
genes on one chromosome with the second gene of the duplicate on 
the other produces one chromosome with a triplicated gene and one 
with a single gene (Chap. 48). Duplication has probably played a very 
important role in the course of evolution!’ because the presence of two 
genes with the same function allows experiments of nature: Mutations 
can accumulate on one of the genes while the original function is still 
provided by the duplicate. Examples of the results of gene duplication 
abound in hematology, particularly with respect to the hemoglobin loci. 
The y-chain loci are duplicated, and there are also two nearly identical 
copies of the a-chain locus (Chap. 48). Furthermore, the close similarity 
of their amino acid sequence and the fact that they are tightly linked 
indicate that the £, y, and 6 loci represent the result of duplication of a 
single ancestral gene. The process of unequal crossing over takes place 
not only between genes, but also within genes. When this occurs, one 
would anticipate that a portion of the amino acid sequence of a protein 
is represented twice on one chromosome and is missing on the other. 
The Lepore hemoglobins, leading to a thalassemic clinical state, are an 
example of this type of unequal crossing over (Fig. 48-8). These abnor- 
mal hemoglobins have the amino acid sequence of the 6 chain at the 
amino end, and the sequence of the £ chain at the carboxyl end. The 
complement to this kind of abnormality, the “anti-Lepore” hemoglobin, 
also has also been found (Chap. 49). Similarly, a mutation of the glu- 
cocerebrosidase gene causing Gaucher disease has been found to be the 
result of a crossover between the active gene and the pseudogene.’* The 
two types of haptoglobin represent an ancestral gene and one in which 
a major part of that gene has been duplicated.” 


@ TRANSMISSION OF GENETIC DISEASES 


The known single-gene diseases can be classified into four major modes 
of inheritance: autosomal dominant, autosomal recessive, X-linked 
dominant, and X-linked recessive.“ The first two types involve genes 
known to occur on the 22 pairs of autosomes. The last two types occur 
on the X chromosome; very few disease-causing genes are found on the 
Y chromosome. 

The pedigree chart summarizes family relationships and shows 
which members of a family are affected by a genetic disease (Fig. 10-2). 
Generally, the pedigree begins with one individual in the family, the 
proband. This individual is usually the first person in the family diag- 
nosed or seen in a clinic. 
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Figure 10-2. Pedigree for an autosomal dominant disease. (Repro- 
duced with permission from Jorde LB, Carey JC, Barnshad MJ: Medical 
Genetics, 4th edition. Philadelphia, PA: Mosby/Elsevier, 2010.) 
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AUTOSOMAL DOMINANT INHERITANCE 


Diseases caused by autosomal dominant genes are rare, with the most 
common occurring in fewer than 1 in 500 individuals. Therefore, it is 
uncommon for two individuals who are both affected by the same auto- 
somal dominant disease to produce offspring together. Affected offspring 
are usually produced by the union of a normal parent with an affected 
heterozygous parent. The affected parent can pass either a disease gene 
or a normal gene to the next generation. On average, half the children 
will be heterozygous and will express the disease, and half will be normal. 

The pedigree in Fig. 10-2 shows the transmission of an autoso- 
mal dominant trait or disease. Several important characteristics of this 
pedigree support the conclusion that the trait is inherited in autosomal 
dominant fashion: 


1. The two sexes exhibit the trait in approximately equal proportions, 
and males and females are equally likely to transmit the trait to their 
offspring. 

2. No generations are skipped. If an individual has the trait, one parent 
must also have it. If neither parent has the trait, none of the children 
have it (with the exception of new mutations, as discussed later in 
this section). 

3. Affected heterozygous individuals transmit the trait to approxi- 
mately half their children, and because gamete transmission is sub- 
ject to chance fluctuations, all or none of the children of an affected 
parent may have the trait. When large numbers of matings of this 
type are studied, however, the proportion of affected children closely 
approaches one-half. 


The probability that an at-risk individual (e.g., someone with 
a positive family history) will develop a genetic disease is termed the 
recurrence risk. When one parent is affected by an autosomal dominant 
disease (and is a heterozygote) and the other is unaffected, the recur- 
rence risk for each child is one-half. 

An important principle is that each birth is an independent event, 
much like a coin toss. Thus, even though parents may have already had 
a child with the disease, their recurrence risk remains one-half. Even if 
they have had several children, all affected (or all unaffected) by the dis- 
ease, the law of independence dictates that the probability that their next 
child will have the disease is still one-half. Parents’ misunderstanding of 
this principle is acommon problem encountered in genetic counseling. 

If a child is born with an autosomal dominant disease and there is 
no history of the disease in the family, the child is probably the prod- 
uct of a new (or de novo) mutation. The gene transmitted by one of 
the parents has thus undergone a mutation from a normal to a disease- 
causing allele. The genes at this locus in most of the parent’s other germ 
cells are still normal. In this situation the recurrence risk for the parent’s 
subsequent offspring is not greater than that of the general population. 
The offspring of the affected child, however, will have a recurrence risk 
of one-half. Because these diseases often reduce the potential for repro- 
duction, many autosomal dominant diseases result from new mutations. 

Occasionally, two or more offspring have symptoms of an auto- 
somal dominant disease when there is no family history of the disease. 
Because mutation is a rare event, it is unlikely that this disease would 
be a result of multiple mutations in the same family. The mechanism 
most likely responsible is termed germline mosaicism.” During the 
embryonic development of one of the parents, a mutation occurred 
that affected all or part of the germline, but few or none of the somatic 
cells of the embryo. Thus, the parent carries the mutation in the parent’s 
germline but does not actually express the disease. As a result, the unaf- 
fected parent can transmit the mutation to multiple offspring. This 
phenomenon, although relatively rare, can have significant effects on 
recurrence risks.'* 


AUTOSOMAL RECESSIVE INHERITANCE 


Like autosomal dominant diseases, diseases caused by autosomal reces- 
sive genes are rare in populations, although there can be numerous car- 
riers. Sickle cell disease is seen in approximately 1 in 600 Americans of 
African descent, but it occurs in the heterozygote state in approximately 
1 in 12 members of this population.'? Under most circumstances, car- 
riers are phenotypically normal. Like autosomal dominant diseases, 
many autosomal recessive diseases are characterized by incomplete 
penetrance and variable expressivity. 

Figure 10-3 shows a pedigree for an autosomal recessive condition 
such as sickle cell disease. The important criteria for discerning autoso- 
mal recessive inheritance include the following: 


1. Males and females are affected in equal proportions. 

2. Consanguinity (marriage between related individuals) is sometimes 
present, especially for rare recessive diseases. 

3. The disease may be seen in siblings of affected individuals, but usu- 
ally not in their parents. 

4. On average, one-fourth of the offspring of carrier parents will be 
affected. 


In most cases of recessive disease, both of the parents of affected 
individuals are heterozygous carriers. On average, one-fourth of their 
offspring will be normal homozygotes, one-half will be phenotypically 
normal carrier heterozygotes, and one-fourth will be homozygotes 
with the disease. Thus, the recurrence risk for the offspring of carrier 
parents is 25 percent. However, in any given family, there are chance 
fluctuations. 
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Figure 10-3. Pedigree for sickle cell disease. The double bar denotes 
a consanguineous mating. Because sickle cell disease is relatively com- 
mon in some populations, most cases do not involve consanguinity. 
(Reproduced with permission from Jorde LB, Carey JC, Barnshad MJ: Medical 
Genetics, 4th edition. Philadelphia, PA: Mosby/Elsevier, 2010.) 
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If two parents both have a recessive disease, they each must be 
homozygous for the disease. Therefore, all their children also must be 
affected. This distinguishes recessive from dominant inheritance because 
two parents both affected by a dominant gene are nearly always both 
heterozygotes and thus one-fourth of their children will be unaffected. 

Because carrier parents usually are unaware that they both carry 
the same recessive allele, they often produce an affected child before 
knowing of their condition. Carrier detection tests can identify hete- 
rozygotes by measuring the reduced amount of a critical enzyme. This 
enzyme is totally lacking in a homozygous recessive individual, but a 
carrier, although phenotypically normal, will typically have half the 
normal enzyme level. Increasingly, carriers are now detected by direct 
examination of their DNA to reveal a mutation. Carrier detection 
tests are available for many hematologic recessive diseases, includ- 
ing sickle cell disease, a- and f-thalassemia, Gaucher disease, and 
hemochromatosis.””” 


PENETRANCE AND EXPRESSIVITY 


The penetrance of a trait is the percentage of individuals with a spe- 
cific genotype who also exhibit the expected phenotype. Incomplete 
penetrance means that individuals who have the gene disease-causing 
genotype may not exhibit the disease phenotype at all, even though the 
genotype and the associated disease may be transmitted to the next gen- 
eration. Penetrance can increase with age, and it can differ between the 
sexes. For example, the penetrance of hemochromatosis, an autosomal 
recessive condition, increases with age as iron accumulates in organs 
such as the heart and liver. The penetrance of the hemochromatosis 
genotype is higher in males than females because females deplete their 
iron supplies by menstruation, childbirth, and lactation.” 

Expressivity is the extent of variation in phenotype associated with a 
particular genotype. If the expressivity of a disease is variable, penetrance 
may be complete but the severity of the disease can vary greatly. Many 
hematologic conditions, including sickle cell disease and $-thalassemia, 
have variable expressivity. This can be a result of the effects of other 
genes (modifier loci), an example of which is variants in the BCL11A 
gene that increase fetal hemoglobin levels and attenuate the effects 
of sickle cell disease.” Similarly, the factor V Leiden variant is more 
likely to produce thrombophilia if a second mutation of a gene encod- 
ing another coagulation factor, such as protein C, is coinherited.” In 
addition, different mutations at a locus can cause variation in severity. 
For example, a mutation that alters only one amino acid of the factor 
VIII gene usually produces a mild form of hemophilia A, whereas a 
“stop” codon (premature termination of translation) usually produces 
a more-severe form of this clotting disorder.**”” Nongenetic (“environ- 
mental”) factors can also influence expression, as in hemochromatosis, 
where alcohol abuse can increase the severity of expression. 


X-LINKED INHERITANCE 


Some genetic conditions are caused by mutations in genes located on 
the sex chromosomes, and that mode of inheritance is termed sex linked. 
Only a few diseases are known to be inherited as X-linked dominant or 
Y chromosome traits, so only the more common X-linked recessive dis- 
eases are discussed here. 

Because females receive two X chromosomes, one from the father 
and one from the mother, they can be homozygous for a disease allele 
at a given locus, homozygous for the normal allele at the locus, or het- 
erozygous. Males, having only one X chromosome, are hemizygous for 
genes on this chromosome. If a male inherits a recessive disease gene 
on the X chromosome, he will be affected by the disease because the 


Y chromosome does not carry a normal allele to counteract the effects 
of the disease gene. Because a single copy of an X-linked recessive gene 
will cause disease in a male, whereas two copies are required for disease 
expression in females, more males are affected by X-linked recessive dis- 
eases than are females. 


X INACTIVATION 


In the late 1950s, Mary Lyon proposed that one X chromosome in the 
somatic cells of females is permanently inactivated, a process termed 
X inactivation (Fig. 10-4).*°-** This proposal, the Lyon hypothesis, explains 
why most gene products coded by the X chromosome are present in 
equal amounts in males and females, even though males have only one 
X chromosome and females have two X chromosomes. This phenome- 
non is called dosage compensation. The inactivated X chromosomes are 
observable in many interphase cells as highly condensed intranuclear 
chromatin bodies, termed Barr bodies (after Barr and Bertram, who dis- 
covered them in the late 1940s). Normal females have one Barr body in 
each somatic cell, whereas normal males have no Barr bodies. 

X-inactivation occurs very early in embryonic development— 
approximately 7 to 14 days after fertilization. In each somatic cell, one 
of the two X chromosomes is inactivated. In some cells, the inactivated 
X chromosome is the one contributed by the father; in other cells it is 
the one contributed by the mother. Once the X chromosome has been 
inactivated in a cell, all the descendants of that cell have the same chro- 
mosome inactivated. Thus inactivation is said to be random but fixed. 

Some individuals do not have the normal number of X chromo- 
somes in their somatic cells. For example, males with Klinefelter syn- 
drome typically have two X chromosomes and one Y chromosome. 
These males do have one Barr body in each cell. Females whose cell 
nuclei have three X chromosomes have two Barr bodies in each cell, 
and females whose cell nuclei have four X chromosomes have three 
Barr bodies in each cell. Females with Turner syndrome have only one 
X chromosome and no Barr bodies. Thus, the number of Barr bodies is 
always one less than the number of X chromosomes in the cell. All but 
one X chromosome are always inactivated. 
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Figure 10-4. The X inactivation process. At fertilization, the female 
zygote inherits one maternal chromosome (X™) and one paternal X 
chromosome (xX°). At some time early in embryogenesis, one X in each 
cell is inactivated at random and condenses to form the Barr body. The 
active X remains active not only for the lifetime of that cell but for the 
lifetime of all of its progeny. A tumor with a clonal origin will consist 
entirely of cells in all of which either X™ or XP is active. A tumor with a 
multicentric origin may contain both X™ and X° cells. 
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Persons with abnormal numbers of X chromosomes, such as those 
with Turner syndrome or Klinefelter syndrome, are not physically nor- 
mal. This situation presents a puzzle because they presumably have only 
one active X chromosome, just as individuals with normal numbers of 
chromosomes do. This is probably because the distal tips of the short 
and long arms of the X chromosome, as well as several other regions on 
the chromosome arm, are not inactivated. Thus, X inactivation is also 
known to be incomplete. 

Although the mechanisms underlying X inactivation are only 
partially understood, the gene responsible for initiating X inactivation, 
XIST, has been identified.“ This gene encodes a long noncoding RNA 
(IncRNA) that coats one of the X chromosomes, which is then inacti- 
vated (it is estimated that the human genome contains approximately 
9000 IncRNA genes’). Methylation of X chromosome DNA, a process in 
which DNA is inactivated when cytosine bases are enzymatically con- 
verted to 5-methylcytosine, occurs on the inactivated X chromosome. 
Inactive X chromosomes can be at least partially reactivated in vitro by 
administering 5-azacytidine, a demethylating agent. 


Characteristics of Pedigrees 
X-linked pedigrees show distinctive modes of inheritance. The most 
striking characteristic is that females seldom are affected. To express an 
X-linked recessive trait, a female must be homozygous: either both her 
parents are affected, or her father is affected and her mother is a carrier. 
Such matings are rare. 

The following are important principles of X-linked recessive 
inheritance: 


1. The trait is seen much more often in males than in females. 

2. Because a father can give a son only a Y chromosome, the trait is 
never transmitted from father to son. 

3. The gene can be transmitted through a series of carrier females, caus- 
ing the appearance of one or more “skipped generations.” 

4. The gene is passed from an affected father to all his daughters, who, 
as phenotypically normal carriers, transmit it to approximately half 
their sons, who are affected. Good examples of X-linked hematologic 
disorders include hemophilia A (clotting factor VII deficiency), 
hemophilia B (clotting factor IX deficiency), and G6PD deficiency. 


Recurrence Risks 
The most common mating type involving X-linked recessive genes is 
the combination of a carrier female and a normal male. On average, the 
carrier mother will transmit the disease-causing allele to half her sons 
(who are affected) and half her daughters (who are carriers). The other 
common mating type is an affected father and a normal mother. In this 
situation, all the sons must be normal because the father can trans- 
mit only his Y chromosome to them. Because all the daughters must 
receive the father’s X chromosome, they will all be heterozygous carri- 
ers. Because the sons must receive the Y chromosome and the daughters 
must receive the X chromosome with the disease gene, these are precise 
outcomes and not probabilities. None of the children will be affected. 
Once the mode of genetic transmission is clear, the diagnostic 
alternatives can be narrowed considerably. For example, methemoglo- 
binemia transmitted as an autosomal dominant disorder is a result of 
hemoglobin M, whereas methemoglobinemia transmitted as an auto- 
somal recessive disorder is a result of cytochrome b5 reductase (the 
reduced form of nicotinamide adenine dinucleotide [NADH] diapho- 
rase) deficiency (Chap. 49). Hemolytic anemia with autosomal dom- 
inant transmission is likely to be a result of hereditary spherocytosis, 
but sex-linked transmission of the hemolytic state suggests a deficiency 
of G6PD or, more rarely, phosphoglycerate kinase. A bleeding disorder 
that is transmitted in an X-linked fashion may be caused by a deficiency 


of factor VIII or factor IX, but autosomal recessive inheritance should 
suggest to the physician a deficiency of other clotting factors, such as 
factor X, XI, or V. Careful analysis of the family history not only will 
make possible more appropriate genetic counseling to the patient and 
family, but also will shorten the road to a correct diagnosis. 


@ EPIGENETICS AND GENOMIC 
IMPRINTING 


Although this chapter focuses on DNA sequence variation and its con- 
sequence for disease, there is increasing evidence that the same DNA 
sequence can produce dramatically different phenotypes because of 
chemical modifications that alter the expression of genes (these modi- 
fications are collectively termed epigenetic; Chap. 12). Epigenetic altera- 
tion of gene activity can have important disease consequences. For 
example, a major cause of one form of inherited colon cancer (termed 
hereditary nonpolyposis colorectal cancer [HNPCC)) is the methylation 
of a gene whose protein product repairs damaged DNA.” When this 
gene becomes inactive, damaged DNA accumulates eventually resulting 
in colon tumors.” 


@ LINKAGE ANALYSIS AND GENE 
IDENTIFICATION 


Locating genes on specific regions of chromosomes has been one of 
the most important goals of human genetics. The location and iden- 
tification of a gene can tell much about the function of the gene, its 
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interaction with other genes, and the likelihood that certain individuals 
will develop a genetic disease. 

Mendel’s second law, the principle of independent assortment, 
states that an individual’s genes will be transmitted to the next genera- 
tion independently of one another. This law is only partly true, however, 
because genes located close together on the same chromosome do tend 
to be transmitted together to the offspring. Thus Mendel’s principle of 
independent assortment holds true for most pairs of genes but not those 
that occupy the same region of a chromosome. Such loci demonstrate 
linkage and are said to be linked. 

During the first meiotic stage, the arms of homologous chromo- 
some pairs intertwine and sometimes exchange portions of their DNA 
(Fig. 10-5) in a process known as crossover. During crossover, new com- 
binations of alleles can be formed. For example, two loci on a chromo- 
some have alleles A and a and alleles B and b. Alleles A and B are located 
together on one member of a chromosome pair, and alleles a and b are 
located on the other member. The genotype of this individual is denoted 
as AB/ab. 

As Fig. 10-5A shows, the allele pairs AB and ab would be trans- 
mitted together when no crossover occurs. However, when crossover 
occurs (Fig. 10-5B), all four possible pairs of alleles can be transmit- 
ted to the offspring: AB, aB, Ab, and ab. The process of forming such 
new arrangements of alleles is called recombination. Crossover does not 
necessarily lead to recombination, however, because double crossover 
between two loci can result in no actual recombination of the alleles at 
the loci (Fig. 10-5). 

The analysis of recombination in families is used to determine 
the locations of disease-causing genes.” Millions of SNPs have been 
identified in the human genome, and their chromosome locations 
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Figure 10-5. Genetic results of crossing over. A. No crossing over. B. Crossing over with recombination. C. Double crossing over, resulting in no 
recombination. (Reproduced with permission from McCance KL, Huether SE, Brashers VL, et al: Pathophysiology: The biologic basis for disease in adults and 


children, 6th edition. St. Louis, MO:Mosby/Elsevier, 2010.) 


are known.” If a SNP demonstrates close linkage with a disease phe- 
notype in a family or a series of families, then the disease-causing locus 
must be located near the SNP. This establishes the approximate location 
of the disease-causing locus. Linkage can be used in some cases to help 
diagnose genetic disease in family members by determining whether a 
parent who has a disease-causing allele has transmitted a linked SNP 
allele to their offspring. 

The Human Genome Project was initiated in 1990 and completed 
in 2003. Its main goals were to discover polymorphisms useful for link- 
age throughout the genome (the “gene map”) and to determine the 
entire human DNA sequence.” These goals have been accomplished, 
and DNA sequencing has become far cheaper and more efficient in 
recent years (Chap. 11). Consequently, many thousands of individuals 
have now been sequenced, and the genes responsible for approximately 
4000 mendelian conditions have been identified.“ This has greatly 
increased our understanding of the mechanisms that underlie many 
diseases and has permitted more accurate genetic testing and diagnosis. 


@THE METHODS OF MOLECULAR 
BIOLOGY 


CLONING DNA 


The sequencing of DNA and the preparation of probes requires that a 
fragment of DNA is amplified manyfold to provide a relatively pure sam- 
ple for study. The classical method by which this is achieved, cloning, is a 
central technique of molecular biology.’ It is generally accomplished by 
inserting the DNA into a vector, a bacteriophage or plasmid, that nor- 
mally replicates within a bacterial cell. When such a phage or plasmid 
contains a foreign DNA fragment, the fragment also undergoes repli- 
cation and can then be purified in greatly amplified form. If the DNA 
is not available in pure form to begin with, it must be purified from a 
collection of DNA fragments that is designated a library. An adequate 
genomic library consists of millions of fragments of the genetic material 
of a cell that have been ligated into a suitable vector. Another valuable 
type of library is made by transcribing mRNA from a tissue into com- 
plementary DNA (cDNA) using the enzyme reverse transcriptase. Such 
a cDNA library is particularly useful for the isolation of genes because 
in it are represented only the intron-free portions of genes that are being 
actively transcribed in a tissue. In contrast, a genomic library represents 
all of the genetic material, coding and noncoding, transcribed and non- 
transcribed. Many different vectors have been designed and they possess 
the capacity to replicate fragments of DNA of widely differing sizes, vary- 
ing from yeast artificial chromosomes (YACs), which may incorporate a 
million or more base pairs of DNA, to bacterial artificial chromosomes 
(BACs) and P1-derived artificial chromosomes (PACs), which can con- 
tain 100,000 bp, to cosmids (20,000 to 30,000 bp). Much smaller inserts, 
ranging in size from approximately 3000 to 12,000 bp can be cloned into 
bacteriophages. 


THE POLYMERASE CHAIN REACTION 


Amplification of the desired part of the genome may be achieved, when 
some of the sequence is already known, by using the polymerase chain 
reaction (PCR), a technique that is much simpler and more rapid than 
cloning.“ For example, one may wish to determine the sequence of a 
portion of a gene for diagnostic purposes, but cloning the gene(s) of 
interest is too time-consuming and labor intensive to be practical. Two 
primers matching opposite strands of DNA on either side of the region 
of interest are used to amplify the intervening specific segment of DNA 
by more than a million-fold. Successive cycles of DNA synthesis from 
the primers and chain separation by heating between the cycles are the 
basis of this powerful technique. 
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PCR can be carried out just a few nanograms of DNA, as opposed 
to the micrograms required for cloning. The amount of DNA ina several- 
year-old blood stain, a single hair, or even the back of a licked postage 
stamp is often sufficient for analysis. PCR is so sensitive that under opti- 
mal conditions the DNA from a single cell may be amplified. Moreover, 
the stability of DNA is such that very old preserved material may be 
used. Thus, it is possible to amplify the DNA from blood films, mum- 
mies, and other ancient biologic material.“ In addition, because it does 
not require cloning, the procedure is much faster than older techniques. 
Genetic testing for sickle cell disease, for example, can be done in a 
single day with PCR. 

Amplifying by PCR cDNA produced by reverse-transcribing 
mRNA in tissue extracts (reverse transcriptase polymerase chain reac- 
tion [RI-PCR]) provides a very sensitive means for measuring the 
expression of genes in tissues.** In the early cycles of PCR, the rate of 
amplification is a function of the amount of template; thus it allows for 
quantification of mRNA or DNA. For this purpose, a housekeeping 
mRNA is also measured and the ratio of this reference mRNA to tested 
mRNA is used. Thus, the slope of the curve can be used to measure 
the amount of mRNA or DNA in a specimen. This process, which has 
been designated real-time PCR, has been automated by using fluores- 
cent probes that are destroyed during the amplification process or a dye 
that binds only to double-stranded DNA. 


DNA SEQUENCING 


The chain termination technique has traditionally been used to deter- 
mine the sequence of DNA.” It depends upon synthesizing a labeled 
strand of DNA, with the DNA to be sequenced serving as the template. 
The mixture of nucleotides used contains a nucleotide analogue that 
results in chain termination when incorporated. Gel electrophoresis 
of the labeled products produces “ladders” of polynucleotides. The size 
of each fragment depends on the point at which there exists a nucleo- 
tide corresponding to the chain terminating analogue in the mixture. 
Sequencing can be done rapidly and accurately by automated methods 
in which the elongation of the strand is terminated by a fluorescent 
nucleotide and electrophoresis is carried out in capillary tubes rather 
than slab gels. Although DNA sequencing formerly required cloning 
of the fragment to be studied, amplification by PCR serves as a simpler 
alternative. 

The development of new high-throughput DNA sequencing technol- 
ogy has decreased the cost of DNA sequencing by many orders of mag- 
nitude (this technology is also sometimes termed “next-generation” or 
“massively parallel” sequencing; see Chap. 11 for further details).°-*' In 
one common approach, genomic DNA is chopped at random into small 
segments, typically 100 to several hundred bp in size. Short synthetic 
DNA sequences, termed adapters, are joined to the ends of the genomic 
DNA fragments. These double-stranded DNA fragments are separated 
into single strands and then attached to a solid surface, such as a glass 
slide. Each individual DNA fragment is amplified by PCR into a cluster 
of thousands of identical copies, using the adapters as primer sequences 
(the multiple copies provide a signal strong enough to be visualized by 
a specilialized camera). A sequencing reaction then occurs, in which 
these fragment clusters serve as templates for synthesizing complemen- 
tary sequences. Similar to the Sanger sequencing process described pre- 
viously in the section on DNA sequencing, new complementary bases 
(to which a base-specific fluorescent label is attached) are added one at 
atime. The fluorescent signal from each cluster is recorded by a camera, 
revealing the base-pair sequence of each fragment. The key advantage of 
this approach is that millions of different DNA fragments are sequenced 
simultaneously, in contrast to older methods in which only a few dozen 
fragments are sequenced at a time. 


INTERFERENCE WITH GENE EXPRESSION 
Antisense RNA and DNA 


It is possible to interdict the expression of a gene at several different levels. 
The translation of mRNA can be inhibited and the mRNA degraded by 
antisense RNA or DNA, molecules that have a sequence complemen- 
tary to the mRNA that is to be inactivated. When such oligonucleotides 
are present, they inhibit gene expression through a variety of mecha- 
nisms. For example, they form a double strand with the RNA, just as 
two complementary strands of DNA will hybridize to form the normal 
double-stranded form of DNA. Because the double-stranded form can- 
not be translated and is probably degraded rapidly, the production of its 
protein product is inhibited specifically. In experimental systems, anti- 
sense DNA or stable DNA analogues, such as the methylphosphonates, 
can be transfected directly into cells or the RNA can be made off of a 
plasmid with the appropriate DNA template and a promoter. Originally 
this approach was used, for example, to suppress lymphoma growth 
with DNA oligonucleotides antisense to introns of the oncogene c-myc, 
to suppress marrow cells from patients with chronic myelogenous leu- 
kemia by antisense DNA directed at the BCR-ABL junction, or to sup- 
press BCL-2-positive lymphoma cells in culture by BCL-2 antisense. 
Because antisense RNA can be produced in vivo by transcribing the 
complementary strand of a gene, it may represent a natural regulatory 
mechanism. 


Interfering RNA 

RNA plays a much broader role in the physiologic regulation of genes 
than merely the formation of antisense mRNAs. siRNAs (small inter- 
fering ribonucleic acids) and the closely related miRNAs (microribo- 
nucleic acids) represent a mechanism for silencing of genes, through a 
process known as RNA interference (RNAi**?). In the case of siRNA, 
double-stranded RNA is cleaved by the “dicer” enzyme into approxi- 
mately 22 bp segments that trigger the destruction through the RNA- 
induced silencing complex (RISC) of the homologous targeted mRNA. 
Although siRNAs tend to operate through RISC and slice the targeted 
mRNA, the miRNAs that represent endogenous duplexes can decrease 
the amount of target mRNA(s) or can also posttranscriptionally regu- 
late gene expression by complexing with the same RISC and interfering 
with the targeted mRNA translation. miRNAs may play an important 
role in hematopoietic differentiation™ and seem to be widely used as a 
gene regulatory and antiviral measure. The use of siRNA has become 
very useful to molecular biologists as a powerful method for the down- 
regulation of genes in experimental systems. 


Ribozymes 

Cleaving RNA at defined sequences, much as restriction endonucleases 
cleave DNA, is one of the known enzymatic functions of RNA, and this 
function provides a means by which the expression of a gene can be 
interdicted in experimental systems. This ribozyme approach has been 
used, for example, in preventing replication of the HIV-1 virus” and by 
cleaving BCR-ABL fusion transcript with a view to developing a treat- 
ment for chronic myelogenous leukemia.” 


Transgenic and Knockout Animal Models 

The insertion of DNA fragments into the nucleus of a fertilized ovum 
provides a means for altering the genetic constitution of animals. Ani- 
mals that have been engineered in this manner are referred to as trans- 
genic. The use of promoters that are inducible or tissue specific permits 
studies of the effect of a gene product that might be lethal if expressed 
in all tissues or at all times during embryogenesis. Transgenic mice that 
carry the human sickle B-globin gene have been produced and when 
superimposed on a murine thalassemic genotype produce high enough 
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levels of human hemoglobin S to have some potential as an animal 
model of sickle disease (Chaps. 48 and 49). Another valuable tech- 
nique for the study of gene function is targeted disruption (“knocking 
out”) of genes. In this technique, a DNA construct that contains regions 
homologous to the gene being targeted and selectable markers is trans- 
fected into an embryonic mouse stem cell. Once a cell in which recom- 
bination has occurred within a gene is found, it can be implanted into a 
blastocyst, with the hope that some of the progeny of the implanted cell 
will become germ cells. If this does occur, the knockout can be prop- 
agated and homozygous animals bred. The value of the technique is 
often limited by the fact that the knockout may be lethal (e.g., G6PD75 
deficiency and Gaucher disease) or may not have any abnormal pheno- 
type. But in some diseases, such as hemochromatosis,* knockout mod- 
els of various forms of the disease are valuable resources. In situations 
in which a knockout proves to be lethal, or where it would be useful 
to limit the deficiency to a single-organ system, the Cre/LoxP site-spe- 
cific recombination system has proven to be very useful.” The LoxP 
sequence, a 13-bp inverted repeat, is inserted so that it flanks the gene 
that is to be removed. Site specific recombination is catalyzed by the P-1 
bacteriophage Cre recombinase, excising the intervening DNA targeted 
by the LoxP sequence and ligating the remaining 5’ and 3’ DNA. Tissue- 
specific excision can be achieved by inserting the Cre-recombinase 
downstream from a tissue-specific promoter. Random mutagenesis with 
agents such as N-ethyl-N-nitrosourea (ENU) can identify functions of 
genes whose role in a metabolic pathway was unsuspected. For exam- 
ple, a mutation in a membrane serine protease of unknown function 
revealed that it was a negative regulator of hepcidin, and subsequent 
investigations revealed that mutations of this gene caused hereditary 
iron deficiency in humans.” 


@ GENE THERAPY 


In somatic cell gene therapy, the DNA of a specific set of a patient's 
somatic cells is altered. It is also possible to carry out germline therapy, 
which affects all cells, including reproductive cells, but for technical and 
ethical reasons this is not being pursued in humans. Most commonly, 
somatic cell therapy is used for conditions in which a mutation has 
caused the absence of a gene product in a cell (e.g., adenosine deaminase 
in T cells, which leads to an autosomal recessive form of severe com- 
bined immunodeficiency [SCID]).*' A vector is used to carry a normal 
copy of the mutated gene into the patient's cells. These vectors are usually 
viruses, such as retroviruses or adenoviruses, which have been geneti- 
cally modified so that they contain the normal human gene and cannot 
make copies of themselves (otherwise they could cause a viral infection). 
Once inside the patient's cells, the normal human gene begins to encode 
the missing gene product. For diseases caused by a gain of function, tech- 
niques such as antisense DNA or RNA and RNAi (discussed in the sec- 
tion on Interference with Gene Expression.) are being used. 

Gene therapy has faced a number of technical hurdles, including 
immune responses against the vector, limited efficiency of antisense 
and RNAi approaches, and difficulties in producing sufficient quanti- 
ties of a desired gene product. In one case, an immune response against 
an adenoviral vector proved fatal, and several cases of leukemia have 
resulted from the insertion of a modified retrovirus near an oncogene. 
Nevertheless, gene therapy has now been successful in treating a 
number of inherited conditions, including X-linked and ADA SCID, 
B-thalassemia, hemophilia B, and X-linked adrenoleukodystrophy.*-* 
In addition to the treatment of hereditary diseases, gene therapy is being 
used to alter tumor cells in the treatment of various types of cancer. It is 
hoped that further research will lead to safe, efficient and cost-effective 
treatment of many human diseases through gene therapy. 
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CHAPTER 11 
GENOMICS 


Lukas D. Wartman and Elaine R. Mardis 


The introduction of next-generation sequencing platforms, coincident with 
genome-scale preparatory and analytical approaches and the completion of 
the Human Genome Reference, has ushered in the era of genomics. This chap- 
ter introduces the fundamentals of next-generation sequencing methods, 
provides an overview of the basics of data analysis, and explores the myriad 
applications developed to exploit the scale and throughput of next-generation 
sequencing toward questions of biomedical importance. Specifics of cancer 
genomics, complex disease genomics, and how they pertain to hematologic 
basic science and clinical practice are discussed, along with the modern-day 
realities of the consenting process. 


@ HISTORY OF GENOMICS: SANGER 
SEQUENCING 


The scientific discipline known as genomics has dramatically changed 
since the publication of the Human Reference Genome in 2003, primar- 
ily as a result of the introduction and broad-based implementation of 
new sequencing technologies.’ Prior to the mid-2000s, Sanger sequenc- 
ing was the predominant DNA sequencing approach, and was used to 
complete the sequencing of the first human reference genome. Freder- 
ick Sanger and his colleagues developed Sanger or “chain termination” 
sequencing in the late 1970s.” In their original method, four reactions 
were used to accomplish chain termination by incorporating separate 
di-deoxynucleoside triphosphates (ddNTPs), each included with a mix 
of three unmodified deoxynucleoside triphosphates (dNTPs) and a 


Acronyms and Abbreviations AML, acute myeloid leukemia; ATAC-seq, uses the 
hyperactive Tn5 transposase to simultaneously fragment and add sequencing adap- 
tors to accessible DNA; bp, base pair; ChIP-seq, chromatin immunoprecipitation 
sequencing; ddNTP, di-deoxynucleotide triphosphate; DNase-seq, uses DNase | to 
fragment DNA based on DNase | hypersensitive sites as a marker of chromatin acces- 
sibility; dNTP, deoxynucleotide triphosphate; FAIRE-seq, formalin crosslinking of DNA 
to proteins prior to random fragmentation; FFPE, formalin-fixed, paraffin embedded; 
FLT3-ITD, internal tandem duplications of FLT3 gene; Gb, gigabase, i.e., billion base 
pairs; GINA, The Genetic Information Nondiscrimination Act; GWAS, genome-wide 
association study; IncRNA, long noncoding RNA; indel, term for the insertion or the 
deletion of bases; MDS, myelodysplastic syndromes; miRNA, microRNA; MNase-seq, 
micrococcal nuclease (MNase) determines nucleosomal footprints and boundaries 
by pairing with NGS as a marker of chromatin accessibility; MRD, minimal residual 
disease; NGS, next-generation sequencing; PCR, polymerase chain reaction; RNA- 
seq, RNA sequencing; siRNA, short-interfering RNA; SNP, single nucleotide polymor- 
phism; snoRNA, small nucleolar RNA; snRNA, small nuclear RNA; Tb, terabase, i.e., 
trillion base pairs; WGBS, whole-genome bisulfite sequencing; ZMW, zero-mode 
waveguide. 


fourth, radiolabeled dNTP. Each reaction consisted of the DNA tem- 
plate to be sequenced in a mixture containing a DNA primer, a DNA 
polymerase, a mixture of four dNTPs, and one of the four ddNTPs. 
Here, the chemistry of ddNTPs, which lack the 3’ hydroxyl group pres- 
ent in a native dNTP, resulted in chain termination when incorporated 
into a growing DNA chain, as DNA polymerase cannot add another 
nucleoside without the 3’ hydroxyl group present. With multiple rounds 
of primer elongation, the ddNTPs incorporate randomly in the newly 
synthesized strands according to the complementary nucleotides of the 
DNA template. By denaturing the newly synthesized strands from the 
DNA templates and resolving each of the four DNA fragment mixtures 
on separate lanes by gel electrophoresis, one could read out the sequence 
of the DNA template from the resulting autoradiograph. Significant 
improvements to the original Sanger sequencing protocol included the 
use of fluorescently labeled ddNTPs to allow for sequencing to occur in 
one reaction rather than four,’ improved thermally stable DNA poly- 
merases that permitted temperature cycling (“cycled sequencing”), and 
the use of capillary electrophoresis rather than standard gel electropho- 
resis for automated separation matrix filling between samples.*” Mod- 
ern Sanger capillary sequencers typically generate DNA sequencing 
reads in the range of 400 to 900 base pairs (bp). The main limitation of 
Sanger sequencing is that the sequencing reaction is decoupled from 
the electrophoretic separation and detection steps. To piece together the 
sequence for a large segment of DNA or entire genome, genomic DNA 
must be randomly fragmented and subcloned into a bacterial vector, 
with each cloned DNA isolated and sequenced. The resulting sequenc- 
ing reads are assembled computationally to recreate larger fragments 
that recapitulate the starting DNA nucleotide sequence. This process is 
expensive, time-consuming, and laborious. However, with the availabil- 
ity of robotic DNA isolation and sequencing reactions, coupled with 
high-throughput capillary sequencers, the human genome, among the 
genomes of many other organisms, was decoded. Currently, Sanger 
sequencing is still in use to complete smaller scale sequencing projects 
and to validate findings from next-generation sequencing studies. 


@ MODERN GENOMICS: 
NEXT-GENERATION SEQUENCING 


OVERVIEW OF NEXT-GENERATION 
SEQUENCING 


The method for next-generation sequencing (NGS), or massively par- 
allel digital sequencing, is distinct from Sanger sequencing in that the 
sequencing reactions alternate with cycles of signal detection to provide 
the data readout at a significantly accelerated scale.” The use of NGS 
in the years after the completion of the Human Genome Project has 
greatly increased the use of genomics and has significantly impacted 
the pace of biomedical research.” Although there are several different 
NGS platforms offered commercially, they are methodologically quite 
similar. Unlike Sanger sequencing, NGS does not require subcloning of 
DNA, propagation in a bacterial host, and isolation of individual tem- 
plates prior to sequencing. Instead, DNA is randomly fragmented into 
a pool of small pieces (generally 100 to 500 bp) and then ligated with 
specific synthetic DNA linkers (or adaptors) at the fragment ends to 
generate a NGS “library.” The library fragments are subsequently ampli- 
fied by a process that isolates individual library fragments to a specific 
location prior to amplification. In general, this in situ amplification 
occurs on a covalently modified surface (a bead or flat silicon surface) 
with complementary linkers covalently attached to it, using a specific 
dilution of library fragments as input. In this step, the individual library 
fragment amplification permits sufficient signal output for detection 
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Figure 11-1. Illumina library construction and sequencing process. Panel A represents the library construction process whereby high- 
molecular-weight genomic DNA is fragmented, ligated with adaptors, and amplified on a solid support prior to annealing of adaptor-complementary 
primers. Panel B represents the stepwise sequencing process whereby reagents are introduced to extend the primed fragments, the incorporated 
fluorescent nucleotides are detected, the 3’ end is deblocked, and the fluorescent groups on the incorporated nucleotides removed prior to the next 
stepwise sequencing-by-synthesis series. (Reproduced with permission from Mardis, ER: Next-generation sequencing platforms. Annu Rev Anal Chem 


(Palo Alto Calif) 6:287-303, 2013.) 


during the sequencing steps that follow. Because each sequencing read 
derived from an amplified library fragment originates from that sin- 
gle unique fragment, NGS data are digital in nature. This fact under- 
lies an important concept for digital sequencing methods: the number 
of specific sequencing reads generated is directly proportional to the 
amount of input nucleic acid, accurately reflecting amplified regions of 
a genome, for example. However, as the generation of libraries and the 
amplification of fragments involve polymerase chain reaction (PCR) 
amplification, inaccuracies can result via amplification biases or from 
PCR enzyme substitution errors in which the wrong base is incorpo- 
rated during amplification. 


SEQUENCING BY SYNTHESIS: THE ILLUMINA 
PLATFORM 


Currently, there are two commercially available NGS platforms in 
common use. One uses an approach called sequencing by synthesis 
that occurs in the microfluidic channels of a silicon-derived “flow cell” 
device (Fig. 11-1)." Here, enzymatic amplification of library fragments 
on the flow cell surface results in hundreds of millions of DNA clus- 
ters, and the sequencing of each cluster occurs in parallel with all of the 
other clusters by a stepwise series of events. Solexa marketed the first 
commercially available sequencer using this technology in 2006, and 
was acquired by Illumina in 2007. Illumina offers a variety of different 


sequencing machines with varying run times (from hours to days), 
sequencing capacities (from 25 million reads to nearly 3 billion reads 
per flow cell), and overall output (from approximately 0.5 gigabase (Gb) 
to greater than 1.5 terabase (Tb) of sequenced bases per run). 


SEQUENCING BY SYNTHESIS: OVERVIEW OF 
METHODOLOGY 


As in Sanger sequencing, the sequencing-by-synthesis steps begin with 
annealing sequencing primers complementary to the adaptors to the 
amplified library fragments on the flow cell surface. Then, a solution 
containing DNA polymerases and fluorescently-labeled, chemically 
modified dNTPs are added to the flow cell to begin an incorporation 
step. The DNA polymerases incorporate the complementary dNTP onto 
the 3’ ends of the primed fragments in each cluster. Each incorpora- 
tion reaction is terminated after a dNTP is added, because of a block- 
ing group at the 3’ position. After a cycle of dNTP incorporation on 
the flow cell, a laser-based detection system scans the flow cell surfaces 
to excite the incorporated fluorescent groups and to collect the unique 
light emission of each of the four fluorescently labeled dNTPs. Chem- 
ical deblocking steps follow to (1) remove the fluorophore by cleavage 
(the fluorescently-labeled dNTPs are known as “reversible dye termina- 
tors”) and (2) unblock the 3’ hydroxyl group to permit the next cycle of 
incorporation, detection and blocking. 


Unlike Sanger sequencing, Illumina’s sequencing-by-synthesis 
method generates relatively short read lengths, typically 100 to 300 bp. 
The limitations on read length are primarily a signal-to-noise issue, 
where increasing numbers of steps in the sequencing-by-synthesis 
approach produces increasing noise at each step that competes with 
true signal detection. Hence, the data quality of Illumina reads tends 
to decrease with increasing step numbers. Illumina error rates are 
low, in the 0.1 to 0.3 percent range, and the predominant error type 
is base substitution.’? Ultimately, a complex, repetitive genome such as 
the human genome cannot be assembled from 300-bp read lengths, so 
algorithms were developed to align reads to the reference genome as 
a first step toward data interpretation. ® One approach by which Illu- 
mina has improved read mapping is by enabling paired-end sequencing 
that permits the sequence read off first one end and then the other of 
each amplified fragment cluster on the flow cell. Paired end reads of this 
type physically are linked and defined by the fragment size, permitting 
their accurate placement onto the reference genome by alignment, and 
effectively permitting more reads to contribute to coverage from a given 
sequencer run (when compared to single-end reads).'* Furthermore, as 
described later, the expected read placement onto the reference genome, 
when not met, is a source of information used to interpret structural 
variation. 
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SEQUENCING BY PH CHANGE SENSING: THE 
ION TORRENT PLATFORM 


The second type of NGS platform in common use is the sequencing by 
pH sensing method that is marketed by Life Technologies (now a part 
of Thermo Fisher) as their Ion Torrent platform (Fig. 11-2). Life Tech- 
nologies acquired Ion Torrent in 2010. The sequencing by pH-sens- 
ing method involves similar steps of library construction as described 
for sequencing by synthesis. However, the library DNA fragments are 
diluted and combined with (1) individual micron-scale beads that have 
covalently attached complementary adaptors on their surface and (2) 
PCR reagents, including DNA polymerase, into an emulsion PCR reac- 
tion. In emulsion PCR, one generates individual aqueous micelles that 
permit bead-based amplification of library fragments prior to sequenc- 
ing. The emulsion PCR process generates beads carrying copies of iden- 
tical DNA fragments suitable for sequencing. The DNA-coated beads 
are purified from the emulsion, enriched for those beads with amplified 
DNA on their surfaces, and then deposited into individual wells of a 
specifically constructed semiconductor plate, known as an Ion Chip. 
Sequencing primers (complementary to the adaptors) are annealed 
to the bead-amplified fragments, and then the sequencing process 
is initiated by the addition of DNA polymerase and flow of a single 
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Figure 11-2. lon Torrent library construction and sequencing process. Panel A represents the specifics of the lon Torrent library amplification 
process, which requires an emulsion PCR amplification on the surface of a bead with covalently attached adaptor-complementary primers, followed 
by emulsion breaking and bead addition to the lon Chip for sequencing. The sequencing process, illustrated in panel B, flows sequential high-purity 
dNTP solutions across the chip surface for incorporation. Upon incorporation, there is a release of hydrogen ions that are detected by the pH-sensing 
capability of the chip, detected in panel C. (Used with permission from Thermo Fisher Scientific.) 


dNTP-containing buffer solution across the Ion Chip surface. The flow 
of the four nucleotides occurs in a stepwise fashion, with a detection 
step and an intervening wash. When a specific dNTP is incorporated 
into the elongating strands of DNA fragments on a specific bead, hydro- 
gen ions are released, and a highly sensitive pH sensor built into the Ion 
Chip can read out the subsequent change in pH for the well containing 
that bead. If no dNTP is incorporated at that cycle, no change in pH 
is registered for that well. This approach follows for all wells contain- 
ing beads on the Ion Chip, resulting in massively parallel sequencing. 
As with the Illumina technology, read lengths are short, in the 100 to 
400 bp range. Unlike the Illumina platform that uses paired-end reads, 
Ion Torrent sequencing reads are single-end reads. The source of most 
sequencing errors generated by the Ion Torrent platform are insertion/ 
deletion errors in stretches of identical bases on the template strand as 
a result of the difficulty of discerning the pH change ratio associated 
with incorporation of the same nucleotide above four consecutive iden- 
tical nucleotides." Advantages of the Ion Torrent are that run times are 
very short (in the 2- to 7-hour range), and the cost per run is relatively 
inexpensive. The output, read length, run time, and cost vary by the Ion 
Chip type used (up to 2 Gb). 


NEXT-GENERATION SEQUENCING 
TECHNOLOGY IN DEVELOPMENT: 
SINGLE-MOLECULE SEQUENCING 


There is one commercially available platform for single-molecule 
sequencing, the Pacific Biosciences RSII instrument.” Single-molecule 
sequencing differs primarily from the previous platforms discussed in 
that no PCR amplification is required prior to data generation. This has 
obvious advantages in eliminating some sources of bias that result from 
the use of PCR, but has a disadvantage in that higher input amounts of 
DNA are typically required. The other major difference in the Pacific 
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Biosciences approach is in the read length obtained, which ranges 
according to the template type but can exceed 50,000 bases with the 
input of very long molecules to the library construction. 

The Pacific Biosciences approach couples primed DNA library 
fragments with DNA polymerase molecules that are specifically engi- 
neered for the sequencing system (Fig. 11-3). These complexes are 
introduced to the surface of a SMRTCell, a nanofabricated sequencing 
device, which consists of 150,000 zero-mode waveguides (ZMWs). In 
effect, the loading of complexes aims to place one DNA polymerase/ 
DNA template complex into each ZMW in preparation for sequencing. 
The ZMW is a nanofabricated pore that focuses the laser excitation and 
detection optics at the bottom of the ZMW where the DNA polymerase 
complex is bound, isolating the detection area to the active site of the 
polymerase. The sequencing process initiates with the introduction of 
fluorescent nucleotides and buffers, and is continuously monitored by 
the excitation/detection optics during the run time. As fluorescently 
tagged nucleotides sample into the active site, they can be detected 
with sufficient dwell time upon their incorporation into the synthe- 
sized strand. Because each fluorescent group is specific to the nucleo- 
tide identity, the sequence is read out based on the detected emission 
wavelength. The fluorescent group is attached to the phosphate portion 
of the nucleotide, so incorporation removes it by cleavage during the 
phosphodiester bond formation, and it diffuses out of the ZMW focus. 

Single-molecule sequencing has, by definition, an inherently higher 
error rate as a consequence of the signal-to-noise ratio associated with 
detecting a single event in real time. The predominant error type in Pacific 
Biosciences sequencing reads is an insertion/deletion error that may be a 
result of inaccuracies in detecting (1) a nucleotide that had a longer than 
average dwell time but was not incorporated, (2) a single nucleotide that 
incorporated but was mistaken for two (or more) nucleotides, or (3) by 
errors in detecting multiple nucleotide incorporations into a homopoly- 
mer stretch. In spite of an approximate 15 percent error rate, the errors 
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Figure 11-3. Pacific Biosciences real-time sequencing and detection process. The primed library fragments are complexed to DNA polymerases 
and applied to the surface of a SMRTCell, where they locate into zero-mode waveguides (ZMWs). After providing fluorescently labeled nucleotides 
and buffer, the sequencing process is monitored by real time detection, whereby incorporated nucleotides are detected in the active site of each 
ZMW-isolated polymerase complex by the laser/detection optics of the instrument. Here, the fluorescence events are recorded for each active ZMW 
throughout a preset duration, resulting in the final sequencing read data for each single DNA molecule. (Used with permission from Pacific Biosciences.) 


are essentially random, which means that oversampling (or “coverage”) 
of the sequence of interest can correct most errors, resulting in a cumu- 
lative error rate of around 0.1 percent following read assembly.’* The very 
long read lengths possible on this platform enable read assembly, rather 
than read alignment needed in short read platform data analysis. Assem- 
bly has obvious advantages in its ability to represent novel content in a 
genome and to provide long-range haplotyping information. 

Emerging DNA sequencing technologies are being developed 
around the central concept of translocating DNA molecules through 
nanopores, which can be either biologic or nanofabricated pores.” In 
nanopore sequencing, detection of the nucleotide sequences occurs 
during nanopore translocation events that are sensed by changes in 
electrical current that correlate to sequence, or by laser-based detection 
of incorporated fluorescent nucleotides. Nanopore sequencing, while 
still somewhat theoretical, may offer rapid sequencing with very long 
read lengths. 


TARGETED NEXT-GENERATION SEQUENCING: 
FROM GENE PANELS TO EXOMES AND BEYOND 


Initially, NGS platforms were used for whole-genome sequencing of 
organisms with relatively small genomes, such as bacteria or model 
organisms (Caenorhabditis elegans, Drosophila melanogaster, etc.), or 
for combining large numbers of PCR products into a single sequencing 
run. As the throughput per run improved, larger genomes, including 
human genomes, were studied, including the first cancer genome.”*”! 
However, the cost and complexity of analysis for whole human genome 
studies, along with the difficulty of interpretation of variants identified 
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outside of the known genes, inspired the development of methods to 
focus sequencing onto these loci. In particular, hybrid capture tech- 
niques were developed that provided either a subset of known genes 
(all kinases, for example), or all the known genes (the “exome”) by a 
series of selective steps that led directly to NGS data generation (Fig. 
11-4).” At its essence, hybrid capture relies on synthetic DNA probes 
that are complementary to sequences of the known exons of genes in 
the genome of interest.**~* In typical current protocols, the probes have 
covalently attached biotin moieties that enable downstream selection by 
streptavidin-coated magnetic particles. By combining a whole-genome 
library with the hybrid capture probes under conditions that favor 
hybridization (stoichiometry of probes to targets, temperature, and buf- 
fer conditions), probe:library fragment hybrids are formed. Following 
their selection by streptavidin magnetic bead binding and application of 
a magnetic force to isolate the beads, the noncaptured library fragments 
are removed, washes performed and the hybridized fragments eluted by 
denaturation from the probes. The resulting fragments are PCR ampli- 
fied, quantitated, and sequenced by NGS. At present, the throughput of 
genome-scale NGS platforms permits the combination or “multiplex- 
ing” of the resulting fragments from several hybrid capture reactions 
into a sequencing run. Multiplexing is enabled by the inclusion of DNA 
barcodes that are synthesized onto the library adapters, and demulti- 
plexing of the sequencing reads occurs downstream of the instrument 
run using the appropriate bioinformatics program. Although exome 
sequencing costs about one-tenth of whole-genome sequencing, it is 
important to note that typical yields from hybrid capture range from 85 
to 90 percent of the targeted regions being covered at sufficient depth 
to confidently predict variants. Furthermore, the range of variant types 
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Figure 11-4. Overview of hybrid capture preparation for sequencing. This illustration presents a generalized overview of the process for hybrid 
capture selection prior to DNA or RNA sequencing. In general, probes are designed for the targeted regions of interest, which can constitute a small 
number of genes or hotspot loci, up to the full exome (all annotated genes in a genome). Following hybrid capture, the probe:library duplexes are 
isolated from solution by streptavidin magnetic beads. Release of the library fragments by denaturation is followed by amplification, quantitation, and 


sequencing. (Used with permission from Illumina, Inc.) 


detected by hybrid capture is often limited. Single nucleotide variants 
and short insertion/deletion variants can be detected, but copy number 
and structural variants are difficult to detect reliably, especially if they 
are not anticipated by the addition of specially designed probes to cap- 
ture them and by the specialized analyses required to detect them. 


OVERVIEW OF NEXT-GENERATION DNA 
SEQUENCING ANALYSIS 


It can be easily argued that the relative ease of performing biomedi- 
cal experimentation imparted by NGS-based methods has conversely 
required more complicated analytical approaches to accurately interpret 
the resulting data.” As mentioned earlier, this is partly a result of the 
complexities of the human genome and the requirement for short reads 
to be aligned to the reference sequence as a first step for data analysis. 
It also is a result of computational infrastructure and software pipeline 
requirements to align and analyze data because of the sheer magnitude 
of data generated in a single experiment, which is exacerbated by mul- 
tiple samples, multiple time points, and the need to integrate data of 
different types for the correlative analyses that are desired. 

Most cancer-focused analyses have as a central goal the identifi- 
cation of DNA variants that are unique to the tumor cells (“somatic”) 
as compared to the inherited (“constitutional” or “germline”) genome. 
In practice, the desired comparison (whether the sequencing platform 
is a targeted gene panel, exome, or whole genome) is achieved by first 
aligning sequencing reads from the tumor library and from the matched 
normal library against the human genome reference sequence as sepa- 
rate entities. Algorithms that have specialized logic to identify differ- 
ent types of variation (single nucleotide, or “point” mutations, small 
insertions or deletions, copy number, or structural alterations) then are 
used to separately examine each set of read alignments and to iden- 
tify the specific variation type relative to the human genome reference 
sequence. Lastly, the resulting variants that are identified are compared 
between the tumor and normal datasets, to identify those variants that 
appear unique to the tumor. As a means of interpreting the impact of 
all identified somatic variants on the sequence of amino acids in a given 
gene, for example, one must secondarily apply the annotation of the 
human genome onto identified single nucleotide and indel (term for 
the insertion or the deletion of bases) variants that occur within the 
coding regions and splice sites of known genes. Somatic single nucleo- 
tide variants (Chap. 10) can preserve the resulting amino acid (“synon- 
ymous’); can encode a different amino acid (“nonsynonymous”); can 
abolish a splice site and therefore alter the gene reading frame according 
to the intronic sequences up to the next encoded stop codon (“splice 
site”); and can omit (“readthrough”) or introduce a stop codon (“non- 
sense”). Indel mutations typically cause a shift in the open reading 
frame (“frameshift”) and result in a different amino acid sequence and 
length of the resulting protein, depending upon the number of added 
or deleted nucleotides. If the number added or deleted is a multiple of 
three nucleotides, the open reading frame is preserved but the protein 
sequence is altered accordingly. 

Copy number gains or losses are defined by statistically significant 
variation in regional read density, and often are defined by the genes 
that lie in the altered region.”*”’ Structural variants are broadly defined 
as chromosomal segments that are inserted, inverted relative to the 
germline sequence, or translocated relative to the germline sequence. 
Here, algorithms identify the different types of structural variants based 
on multiple read alignments that are spaced farther apart than expected 
defined by the insert size of the sequencing library used (“insertions”); 
or are spaced more closely than expected (“deletions”); or have the 
incorrect orientation of read direction for the read pairs aligned to the 
same chromosome (“inversions”); or have the forward and reverse reads 
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of multiple read pairs on different chromosomes (“translocations”). 
Insertions and inversions may result in a fusion protein by virtue of 
juxtaposition of exons from two genes on either the same (inversion) 
or different (insertion) chromosomes. Translocations also can result in 
gene fusions but involve juxtaposed exons from genes present on differ- 
ent chromosomes in the germline. There are multiple examples of gene 
fusions that result in proteins with a demonstrated role in oncogenesis.” 

Genetic susceptibility to hematologic malignancies can occur 
either by inheritance or by de novo mutations in genes, such as BRCA1/2, 
TP53, and others. Here, variants in the germline can be identified from 
aligned sequence read data to the human reference sequence, followed 
by annotation of the known cancer susceptibility genes. The pathoge- 
nicity of a given variant can be evaluated relative to databases of pre- 
viously catalogued variants in these genes, if available. Identification of 
these variants typically will require consenting the patient and family 
members to a genetic counseling session to communicate the informa- 
tion about the germline susceptibility and its possible consequences for 
siblings and children (discussed below in “Next-Generation Sequencing 
as a Clinical Assay: Implications for the Practicing Hematologist”). 

There are a variety of data analyses that integrate NGS data from 
different starting materials such as DNA and RNA from the same 
tumor, or across large groups of tumors (either from the same or dif- 
ferent disease site). One example of data integration is evaluating RNA 
sequencing data to support a specific variant identified initially from 
tumor to normal DNA comparisons such as for a predicted fusion gene. 
In this example, the confirmed detection of the gene fusion in RNA pro- 
vides confidence that the structural variant algorithm has identified a 
true positive. Such a result can also confirm cytogenetic results from 
conventional diagnostic assays. Similarly, the identification of a DNA 
level mutation that appears to introduce a protein truncating variant 
(frameshift or splice site mutation) can be evaluated by examining the 
RNA sequencing data for evidence of its transcription. Because these 
transcripts are often subject to nonsense-mediated decay (a surveillance 
pathway that reduces errors in gene expression by eliminating mRNA 
transcripts that contain premature stop codons), having RNA data to 
verify the transcript is present, and if so encodes the nonsense mutation, 
or is absent, can provide important information. 

Hematologic malignancies have very specific considerations in 
experimental design and data analysis that should be noted. In partic- 
ular, while high tumor cell content is typically derived from marrow 
biopsies, and therefore a majority of cells contributing DNA to NGS 
libraries are tumor cells, the matched normal sample can be problematic 
in the following regard. In patients with high circulating tumor cell con- 
tent in the blood, the use of a skin, buccal swab, or mouthwash sample 
to provide the normal sample may have contaminating tumor cell con- 
tent that will complicate the identification of somatic variants. Although 
consent to obtain a second normal sample once the patient achieves 
remission may be used to address this dilemma, not all patients achieve 
remission, and some patients will refuse the second biopsy because of 
discomfort. Flow sorting the blood or marrow to isolate a nonmalignant 
cell population (often normal T cells) can provide a matched normal if 
no alternative source is available. 

The rapid and uncontrolled growth and cell division inherent to 
cancer cells often means that not all cancer cells in a patient will have 
the same somatic alterations. This has been demonstrated for leukemias 
and myelodysplastic syndromes and is referred to as genomic hetero- 
geneity.” In essence, every cancer cell carries the same set of founder 
mutations (sometimes referred to as “truncal”), but subclones can exist 
in the tumor cell population, each of which carries additional mutations 
unique to that subclone. As yet, the importance of heterogeneity has not 
been definitively demonstrated in the context of outcome, likelihood to 
relapse, resistance to therapy, or other possible clinical attributes. Tumor 


subclones can be defined by their somatic mutational landscape from 
high depth NGS, where the digital nature of the NGS data is exploited 
by algorithmic clustering of mutations that share the same variant allele 
fraction (VAF). In particular, the VAF of any mutation is defined as the 
fraction of sequencing reads that contain the somatic variant (as com- 
pared to the germline or inherited nucleotide at that locus). Changes in 
the heterogeneity of cancer cell populations can be studied by compar- 
ing data from temporal sampling of a patient, such as at diagnosis and 
disease relapse. 


NEXT-GENERATION SEQUENCING-BASED 
COMPREHENSIVE GENOMICS: FROM 

STUDIES OF THE TRANSCRIPTOME TO DNA 
METHYLATION TO CHROMATIN ACCESSIBILITY 
AND MODIFICATIONS 


The study of modern genomics by NGS methods is not limited to the 
sequencing of genomic DNA but also can include (1) the characteriza- 
tion of RNA transcripts, (2) the physical structure of genomes includ- 
ing chromatin organization and protein-DNA interactions, and (3) the 
identification of specific chemical modifications to nucleotides and 
histones.” 


Analysis of the Transcriptome: RNA Sequencing 

RNA sequencing (RNA-seq) involves the conversion of RNA into com- 
plementary DNA (cDNA) by reverse transcription followed by NGS 
library construction.** RNA-seq uses the digital nature of NGS tech- 
nology to quantify levels of RNA transcripts. Previously, microarrays 
(designed with a fixed content of gene-specific probes) were used to 
assay gene expression by hybridization to reverse-transcribed RNA iso- 
lates. By contrast, RNA-seq offers the advantages of comprehensive and 
less-biased data analysis, with a broader dynamic range for detection 
of high and low abundance transcripts. With the single base resolution 
provided by RNA-seq, one can determine the expression of specific 
mutant alleles present in the germline or in cancer samples, which may 
be highly relevant for implementing a small molecule or immunother- 
apy-based targeted therapeutic. RNA-seq data can be analyzed to detect 
the expression of alternatively spliced isoforms of transcribed genes or 
to detect the transcriptional product(s) of gene fusions in cancer cells. 
RNA-seq can be produced as either single- or paired-end reads, where 
the latter are better suited to detect alternative splicing and gene fusions. 
Additionally, RNA-seq data can identify strand specificity of the DNA 
template, wherein RNA derived from the antisense strand may play an 
important role in regulating gene expression. Finally, the insert size 
of the RNA-seq libraries can be targeted to enrich for different sub- 
sets of the transcriptome. Small fragment size libraries (approximately 
15 to 70 bp) enrich for microRNA (miRNA), short-interfering RNA 
(siRNA) and PIWI-interacting RNA (piRNA), intermediate size librar- 
ies (approximately 70 to 200 bp) enrich for small nuclear (snRNA) and 
small nucleolar RNA (snoRNA), and larger fragment libraries (exclud- 
ing fragments less than 200 bp) enrich for messenger RNA (mRNA) and 
long noncoding RNA (IncRNA). 

There are many protocols for RNA-seq, including different com- 
mercially available kits that exploit the aforementioned experimental 
focus areas. For example, protocols to study the “transcriptome,” which 
is defined as all the expressed RNA from a given cell or cell popula- 
tion, are often optimized to preferentially target one (or more) types 
of RNA that are pertinent to a particular area of clinical or research 
interest. Thus, a researcher interested only in detecting gene expres- 
sion of annotated mRNA transcripts would choose either an RNA-seq 
protocol that included ribosomal RNA (rRNA) depletion (rRNA may 
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represent up to 60 percent of transcripts in a cell) or one that used an 
initial poly-A enrichment step (as rRNAs are not polyadenylated). By 
comparison, noncoding RNAs play a role in many cellular processes but 
are not polyadenylated, so even though poly-A enrichment would not 
be applied, a protocol that preserves strand specificity should be. 

RNA is a less-stable molecule than DNA and hence assessing the 
quality of the isolated RNA prior to creating a sequencing library is of 
paramount importance. The source for the RNA may be fresh tissue, 
fresh-frozen tissue, or formalin-fixed, paraffin-embedded (FFPE) tis- 
sue, and each of these sources may influence the quality of the resulting 
RNA. RNA derived from FFPE tissue is often at least partially degraded 
because of formalin crosslinks with the RNA backbone that result in 
breakage. Similarly, the amount of RNA available from clinical speci- 
mens is often quite limited, making necessary the use of RNA amplifi- 
cation prior to library construction, or the use of hybrid capture probes 
to enrich the on-gene yield of sequencing data from low input sources.” 

As the analysis of RNA-seq data is distinct in many ways compared 
to DNA sequencing data analysis, multiple software tools are avail- 
able to characterize differential gene expression, differential splicing, 
gene fusion detection, and allele-specific expression.“ In regard to 
cancer-specific analyses of RNA, a paired “normal” comparator from 
adjacent nonmalignant cells is often not available (or even understood), 
which complicates the analysis and interpretation of RNA-seq data. 
However, efforts are now cataloguing expression in normal human 
tissues and providing these results in public databases for comparison 
purposes. 


Next-Generation Sequencing-Based Studies of Chromatin 
Modifications 

Chromatin immunoprecipitation followed by NGS-based whole- 
genome sequencing is known as ChIP-seq.® When studying chroma- 
tin modifications (Chap. 12), the targets are often transcription factors 
or specific histone modifications (such as methylation or acetylation) 
that may be important for regulation of gene expression. In brief, ChIP- 
seq begins with standard chromatin immunoprecipitation: protein and 
DNA are crosslinked in growing cell culture, the fixed and crosslinked 
DNA-protein complexes are fragmented, immunoprecipitated with an 
antibody specific for the protein of interest, and the DNA isolated from 
the precipitated material. After DNA isolation, a standard NGS library 
is prepared by adapter ligation and sizing, and the DNA is sequenced by 
standard NGS methods. Given the digital nature of NGS, the number of 
reads aligning to a particular area of the genome is directly proportional 
to the amount of input DNA from that region. Thus, one can determine 
“peaks” with a statistically significant increased number of aligned reads 
and infer that the genomic regions underlying the peaks are the specific 
areas where the protein of interest was bound to the DNA.*“ Antibody 
specificity and avidity remain key determinants for the validity of ChIP- 
seq data, as does identifying the appropriate coverage cutoff value that 
determines a “peak” 


Next-Generation Sequencing-Based Studies of Chromatin 
Accessibility 

The interaction of DNA and proteins to form chromatin plays an 
increasingly recognized role in the study of genomics and epigenomics 
(Chap. 12). Several methods using NGS-based approaches can inter- 
rogate the physical structure of DNA. These methods, which fragment 
DNA based on the accessibility of chromatin, allow for the determi- 
nation of nucleosome positioning and inferred protein-DNA binding 
sites. Although these studies are not a direct method for determining 
specific protein-DNA binding sites, one can use sequence from the 
inferred protein-DNA binding sites as an indirect method for assaying 


global transcription factor binding genome-wide without the limitations 
of ChIP-seq described above. NGS-based protocols used to determine 
chromatin accessibility differ in the approach to the DNA fragmentation 
step. Three commonly used protocols are DNase-seq, MNase-seq, and 
ATAC-seq. DNase-seq uses DNase I to fragment DNA based on DNase 
I hypersensitive sites as a marker of chromatin accessibility.” MNase- 
seq uses micrococcal nuclease (MNase) to cleave the DNA at accessible 
sites. ATAC-seq uses the hyperactive Tn5 transposase to simultane- 
ously fragment (with minimal sequence bias) and add sequencing 
adaptors to accessible DNA.” Another approach to studying chromatin 
accessibility is known as FAIRE-seq, which involves formalin crosslink- 
ing of DNA to proteins prior to random fragmentation via sonication.* 
A variation of this protocol, called chromosome conformational capture 
(or “3C”), in which chromatin domains are crosslinked, sequenced, and 
analyzed to determine higher-order structural associations, can provide 
details into the spatial organization of a genome.” 


Next-Generation Sequencing-Based Studies of 

Chemical Modifications to DNA: DNA Methylation and 
Hydroxy-methylation 

Unless otherwise specified, DNA methylation is generally synony- 
mous with cytosine methylation. Cytosine can undergo methylation 
or hydroxymethylation at its C5 position to form 5-methylcytosine 
(5-mC) or 5-hydroxymethylcytosine (5-hmC). Both cytosine methy- 
lation and 5-hydroxymethylation typically occur when a 5’ cytosine is 
positioned directly adjacent to a downstream guanine (known as a CpG 
dinucleotide). There are approximately 26 million CpGs in the human 
genome. The first genome-wide platforms to detect DNA methylation 
changes at base pair resolution were microarrays designed to hybrid- 
ize targeted CpGs across the genome (current methylation microarrays 
target approximately 500,000 CpGs). However, the design of CpG rep- 
resentation on a microarray was often biased toward gene promoters or 
other areas of predetermined interest. 

Many protocols exist for differential fragmentation of a genome 
based on DNA methylation prior to array capture. For example, meth- 
ylated cytosines are protected from cleavage by particular restriction 
enzymes: Hpall will cleave C-C-G-G but not C-5mC-G-G, whereas 
MspI will cleave both sites. By creating separate fragmentation librar- 
ies using each individual enzyme and then hybridizing each library to 
a separate array, differentially methylated sites can be determined.” 
Alternatively, one can perform DNA methylation studies using the 
sodium bisulfite conversion of cytosine to uracil (which is read as a thy- 
midine). Both 5-mC and 5-hmC do not undergo bisulfite conversion 
and are read out as cytosine in a downstream assay. Microarrays that 
were designed for bisulfite-treated DNA have distinct paired probe sets 
that are designed to capture specific differentially methylated CpGs. 
NGS has enabled the direct sequencing of bisulfite converted DNA for 
unbiased evaluation of methylation and hydroxymethylation genome- 
wide.*' In whole-genome bisulfite sequencing (WGBS), a standard 
sequencing library is prepared with methylated C-containing adaptors, 
followed by the bisulfite conversion of the library. WGBS is complicated 
by numerous factors, including (1) the large amount of input DNA 
necessary for sequencing (bisulfite conversion results in DNA degra- 
dation), (2) incomplete conversion of cytosine to uracil, and (3) the 
analytic challenge of determining accurately which sequencing reads 
have been converted because of the presence of cytosine methylation 
or hydroxymethylation. To determine if cytosines are methylated ver- 
sus hydroxymethylated, researchers have designed alternative proto- 
cols with an added chemical or enzyme-mediated conversion step or 
antibody-mediated differential capture of 5-mC and 5-hmC prior to 
sequencing.” Capture-based methods can also be used to target only 
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5-mC prior to library preparation and sequencing, which may allow for 
genome-wide methylation studies at base pair resolution using smaller 
amounts of input DNA than WGBS.™ A new transposase-based tag- 
mentation method, similar to the approach used for ATAC-seq, also 
allows for WGBS with very small amounts of input DNA.” 


APPROACHES TO DNA SEQUENCING FOR 
RESEARCH PURPOSES 


The study of genomics for research purposes has also shifted as a result 
of NGS technology. Prior to the broad availability of NGS platforms, 
most genomics research studies were genome-wide association stud- 
ies (GWASs) that used a microarray platform to assay for significant 
changes in allele frequency from the panel of single nucleotide poly- 
morphisms (SNPs) included on the array (modern arrays often have 
probes to detect the genotype of more than 1 million SNPs).°* GWASs 
require large numbers of samples (cases and controls), and are pow- 
ered to identify SNPs that are in linkage disequilibrium with an asso- 
ciated condition.” It is unlikely that the true pathologic variant will be 
discovered via a GWAS. Instead, the results of a GWAS could provide 
the basis for a targeted sequencing study to determine the pathologic 
alteration(s). In the era of decreasing cost and broad availability of NGS, 
most genomics studies have shifted to a more inclusive discovery plat- 
form, such as whole-genome sequencing or exome sequencing. Using 
a platform with single-base resolution rather than a defined content 
microarray increases the power to identify a pathologic variant, and the 
number of samples may decrease. However, for complex genetic dis- 
eases, in which multiple genes may play a causative role, the number of 
samples required remains large and can be cost prohibitive. In these sit- 
uations, investigators often use a combination of GWAS methods (with 
cheaper microarrays) to perform the initial discovery work followed by 
region-specific NGS discovery sequencing. 

Several ethical issues complicate the NGS-based study of human 
genomes. First, sequencing data may be potentially “identifiable,” mean- 
ing that one could potentially determine another person’s identity based 
on sequencing results obtained by a genomic study, when compared to 
data from a second genotyping assay (such as for diagnostic or criminal 
purposes). The Genetic Information Nondiscrimination Act (GINA) 
of 2008 made it illegal in the United States for employers and health 
insurance providers to discriminate based on the results of genetic find- 
ings. However, persons enrolling into genomics research trials must be 
informed of this theoretical risk of identifiability and be properly con- 
sented. Another consequence of genomics studies is that researchers 
must consider the return of genetic results to patients. The return of 
results is divided into two general categories: incidental findings and 
findings pertinent to the condition being studied. There is no standard 
approach for return of results as the approach varies on a case-by-case 
basis, depending on the sequencing study and the result to be commu- 
nicated; however, new guidelines are emerging.** There is general con- 
sensus in the genomics research community that these issues, and how 
they will be handled for the particular study, must be clearly presented 
in the study protocol and the informed consent documentation. 

The sequencing of cancer genomes, whether by whole-genome 
sequencing, exome sequencing, or multigene panels, is also associated 
with several specific considerations. Proper informed consent is again 
paramount. Proper sample banking is critical to avoid degradation 
of nucleic acids prior to their isolation, as high-quality DNA or RNA 
increases the likelihood of successful sequencing independent of the 
NGS platform used. For DNA sequencing studies of a cancer sample, a 
matched “normal” sample is often also sequenced to discern the somatic 
versus germline status of any identified alterations. 


NEXT-GENERATION SEQUENCING ASA 
CLINICAL ASSAY: IMPLICATIONS FOR THE 
PRACTICING HEMATOLOGIST 


Using NGS as a clinical assay platform offers many opportunities for 
new clinical tests and potential therapeutic interventions. Clinical 
sequencing requires the same high standards regarding sample bank- 
ing, nucleic acid isolation and proper informed consent. Moreover, 
clinical sequencing must be done in an appropriately certified clinical 
laboratory environment. As the depth of coverage increases for NGS- 
based platforms, the statistical power to detect variation will increase 
up until the point that it is outweighed by the intrinsic error associated 
with the sequencing platform. For clinical NGS-based diagnostic tests, 
these error metrics must be predetermined for each protocol, whether 
it be whole-genome sequencing, a specific exome reagent, or a specific 
gene panel test. 

NGS-based diagnostics have specific potential applications for 
both hematologic malignancies and nonmalignant hematologic condi- 
tions. For leukemias, lymphomas, myelodysplastic syndromes (MDS), 
myeloproliferative neoplasms and other hematologic malignancies 
(or premalignant conditions), the use of clinical sequencing can be 
employed to determine the spectrum of mutations that are driving the 
particular malignancy. For any given tumor, comprehensive sequencing 
may identify an “actionable” mutation that could lead to the use of a 
targeted therapy. 

In the past, a clinician may have ordered a single gene test to deter- 
mine if a particular molecular abnormality were present in a tumor 
sample, such as testing for FLT3 internal tandem duplications (FLT3- 
ITD) in patients with acute myeloid leukemia (AML). The presence of 
such an alteration has prognostic implications and may have therapeu- 
tic significance pending the results of ongoing clinical studies with FLT3 
inhibitors. A single-gene or single “hot spot” assay that is designed to 
detect a specific alteration has several limitations that are now leading to 
wider use of NGS-based approaches to clinical diagnostics. To continue 
using FLT3-ITD alterations in AML as an example, the use of a more 
comprehensive sequencing platform could be used to discern the sub- 
clonal architecture of the cancer tissue. If the FLT3-ITD mutation was 
present only in a subclone but not in the founding clone, one would pre- 
dict that a FLT3 inhibitor would only be active in eradicating the sub- 
clone. Therefore, clinicians would need to incorporate another therapy 
to eradicate the founding clone, so as to achieve remission or prevent 
disease relapse. Ideally, the choice of this therapy would be determined 
based on the other mutations identified in the founding clone. 

As clinicians better understand the mutational drivers of any par- 
ticular tumor, they may be able to use targeted therapies directed at par- 
ticular pathways rather than individual gene mutations. For example, 
researchers may be able to develop a drug that is effective if a patient 
with AML or MDS harbors a mutation in any of the genes involved 
in the spliceosome complex or associated proteins. A similar scenario 
could be envisioned targeting mutations in genes in the cohesin com- 
plex (protein complex that regulates the separation of sister chromatids 
in cell division) or genes that alter the hydroxymethylation of cytosine 
in DNA. Clinical trials built around these concepts will be necessary 
to establish their validity. Additionally, comprehensive sequencing can 
identify somatic mutations that result in the formation of neo-antigens 
expressed on the tumor cells. Clinicians could then use tumor-specific 
immunotherapy to target the malignancy.” 

Researchers are using NGS-based technology to detect minimal 
residual disease (MRD) in hematologic malignancies.** An advan- 
tage of NGS-based methods of MRD detection is that the data not only 
provide information regarding the presence or absence of MRD but 
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also may reveal the clonal architecture of persistent disease from the 
mutations detected. Finally, clinicians could use knowledge gained by 
sequencing an individual's genome to determine the choice of therapy, 
whether for a malignant or non-malignant hematologic disease. In one 
such example, a therapy choice could be optimized based on pharma- 
cogenomic studies in which the response or toxicity of a given drug is 
associated with underlying inherited genetic variation in the patient.“ 
In a second example, a genomic assay might identify a somatic altera- 
tion corresponding to a targeted therapy that might help a patient with 
residual MRD to achieve remission. These examples are illustrative of 
the translational potential of NGS from research tool into clinical care. 
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CHAPTER 12 
EPIGENETICS 


Bradley R. Cairns 


Epigenetics involves a heritable change in phenotype without a change in 
genotype—with the inheritance of particular chromatin and transcription 
states often underlying the mechanism. Chromatin regulates gene expression 
by controlling the density and positioning of nucleosomes, and by the use of 
histone- and DNA-modifying enzymes. Chromatin and transcription factors 
drive proper differentiation decisions through their coregulation of key factors 
in development and proliferation. Of particular interest to hematologists are 
instances when misregulation/mutation of chromatin factors drives hema- 
tologic malignancies and myeloproliferative disorders. Here, fusion proteins 
that involve the mistargeting of chromatin regulators have been known for 
decades. More recently, high-throughput sequencing and other genomics 
approaches have revealed mutations in many types of chromatin regulators 
in hematologic malignancies, including mutations in chromatin remodelers, 
DNA methylation regulators, histone modification enzymes, and metabolic 
enzymes affecting epigenetic cofactors. Overall, these studies reveal a con- 
sistent theme: epigenetic and genetic mutations confer both variation and 
plasticity to the transcriptome, and when combined with selection, arrive 
at transcriptomes that promote proliferation, survival, and adaptability. This 
chapter addresses these mechanistic principles of chromatin, and their mis- 
regulation in hematologic malignancies, as well as emerging therapeutic 
approaches. 


Acronyms and Abbreviations: AF, ALL1-fused gene; ALL, acute lymphocytic leu- 
kemia; AML, acute myeloid leukemia; BAF, BRG/BAF-associated factors; BCL, B-cell 
lymphoma family of regulator proteins that regulate cell death; BET, bromo and 
extraterminal; CHD, chromodomain remodeler; CMML, chronic myelomonocytic leu- 
kemia; DNAme, DNA methylation; DNMT, DNA methyltransferase; DOT1, a histone H3 
methyltransferase; EGR1, early growth response protein 1; EZH2, enhancer of zeste 
homologue 2; H3, histone H3; HAT, histone acetyltransferase; HDAC, histone deacet- 
ylase; HIF, hypoxia-inducible transcription factor; ShmC, 5-hydroxymethylcytosine; 
HMT, histone methyltransferase; HSC, hematopoietic stem cell; IDH, isocitrate 
dehydrogenase; Ifng promoter, interferon-y promoter; ISWI, imitation SWI remod- 
eler; MBD, methyl-domain binding; 5mC, 5-methylcytosine; MLL, mixed lineage 
leukemia; MTA, metastasis-associated; NuRD, nucleosome remodeling and deacet- 
ylation factor; NURF, nucleosome remodeling factor; 20G, 2-oxoglutarate; PRC2, 
polycomb repressive complex 2; R-2HG, (R)-2-hydroxyglutarate; RAR, retinoic 
acid receptor; RNAP II, RNA polymerase Il; SDH, succinate dehydrogenase; SRF, 
serum response factor; SWI/SNF, switch and sucrose nonfermenting remodeler; 
TDG, thymine DNA glycosylase; UHRF1, ubiquitin-like with PHD and ring finger 
domains; UTX, X-chromosome encoded ubiquitously transcribed tetratricopeptide 
repeat. 


@ DEFINITION AND OVERVIEW 


Epigenetics is defined as a heritable change in phenotype without a 
change in genotype. Although epigenetic mechanisms vary, this chap- 
ter focuses on the most common mechanism: chromatin. Changes in 
chromatin/epigenetics accompany many steps in transcription, rep- 
lication, and recombination. However, the aspects of highest interest 
and relevance involve examples where epigenetic factors and enzymes 
drive differentiation decisions, and where misregulation/mutation of 
these factors drives pathologies, such as hematologic malignancies. This 
decision making must be precise, as differentiation along the lymphoid 
and myeloid lineages involves the regulated generation of multiple cell 
types in temporal order and proper proportion. Decisions are arrived 
through collaboration among signaling systems, transcription factors, 
and chromatin regulators-which together regulate the key genes gov- 
erning self-renewal, differentiation, and survival. This chapter focuses 
on chromatin factors with central roles in these processes: ATP- 
dependent remodelers, DNA methylation (DNAme)/demethylation 
enzymes, and histone modification enzymes. As a complete treatment is 
beyond the scope of this chapter, the focus here will be conceptual, with 
particular examples provided to create a framework for understanding 
the many instances where chromatin factors influence decision-making. 

Beyond their roles in normal blood cell development, misregula- 
tion of chromatin factors is now known to be common in hematologic 
malignancies. Indeed, high-throughput whole-genome and/or exome 
sequencing of leukemias and lymphomas has revealed mutations in 
many types of chromatin regulators, including mutations in chromatin 
remodelers, DNA methyltransferases (DNMT), and histone modifica- 
tion enzymes, as well as revealing fusion proteins that involve chroma- 
tin regulators.’ In certain instances, modeling in the mouse supports 
these epigenetic mutations as the main drivers of the cancer phenotype. 
In other instances, epigenetic mutations cooperate with (and likely 
enable) additional genetic mutations, which cooperate to impact prolif- 
eration, survival, and plasticity, which can enable both cancer progres- 
sion and therapy resistance. However, as many chromatin regulators are 
enzymes, they may be more targetable than mutations in DNA bind- 
ing transcription factors, providing new therapeutic approaches. This 
chapter expands on these concepts, addressing the mechanistic basis 
of chromatin misregulation in hematologic malignancies, as well as 
emerging therapeutic approaches. 


@ CHROMATIN REMODELING AND 
DNA ACCESS 


CHROMATIN REGULATES TRANSCRIPTION 
FACTOR BINDING 


Chromatin has a major impact on gene expression, mediated through 
interplay with transcription factors. Sequence-specific DNA-binding 
transcription factors are the most important factors in defining whether 
and when a gene is transcribed, and also define the locations and char- 
acter of chromatin regions, as they target chromatin remodeling and 
modifying proteins. However, the initial chromatin landscape can con- 
trol whether transcription factors have access to the DNA at a particu- 
lar gene/region. Access to DNA is deterred by nucleosomes, the main 
repeating unit of chromatin structure, which can block the binding sites 
of transcription factors to chromatin.* Likewise, DNAme can also block 
the binding of transcription factors, many of which will not bind DNA 
if the cytosine in their binding site is methylated (DNAme is discussed 
more extensively in the section “DNA Methylation and Demethylation’). 


Thus, the nucleosome and DNAme landscape together define the initial 
“open versus closed” chromatin state of a region with which the current 
repertoire of transcription factors within that cell type must contend. 
However, this landscape is dynamic, as signaling systems can modify 
transcription factors and chromatin components, altering their activ- 
ity and the landscape both through their binding, and through their 
recruitment of nucleosome remodelers and chromatin modifiers.*° 


CHROMATIN REMODELERS CONTROL 
GENOME ACCESS 


ATP-dependent chromatin remodeling complexes (termed hereafter 
remodelers) conduct central roles in regulating nucleosome occupancy 
and positioning (Fig. 12-1). For example, remodelers specialized for 
chromatin assembly (such as imitation SWI remodeler [ISWI]-family 
and chromodomain remodeler [CHD]-family remodelers) utilize ATP 
hydrolysis to facilitate tight-packed nucleosomes that lead to the occlu- 
sion of sites for site-specific DNA binding proteins, such as transcrip- 
tion factors. Access to chromatin at enhancers, promoters and other 
loci can be enabled by remodelers such as the switch and sucrose non- 
fermenting remodeler (SWI/SNF) complex, also termed the BRG/ 
BAF-associated factors (BAF) complex, which can slide or eject the his- 
tone octamer, using the energy of ATP hydrolysis (Fig. 12-1). Notably, 
SWI/SNF can interact with (and facilitate the binding of) DNA-bind- 
ing activators or repressors and can, therefore, help facilitate either 
activation or repression.** Here, the ability of activators or repressors 
to interact with SWI/SNF complexes can be influenced by signaling 
cascades, which impart covalent modifications that enable or disable 
protein interactions. Taken together, ISWI and CHD remodelers often 
act to silencing genes via site blockage at enhancers and promoters, 
whereas SWI/SNE remodelers promote site exposure at those locations 
(Fig. 12-1), which is important for gene activation. 
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@ CHROMATIN REMODELING 
COMPLEXES IN BLOOD 
CELL DIFFERENTIATION 


Clear roles for remodelers in blood cell differentiation are emerging. For 
example, SWI/SNF components affect the pool size of fetal hemato- 
poietic stem cells (HSCs), and also impact HSC (and progenitor) pro- 
liferation and survival. SWI/SNF complex is also used for myeloid 
differentiation to granulocytes and for multiple steps in thymocyte 
development. More specifically, in mice SWI/SNF binds the interferon-y 
(Ifng) promoter, and is required for its full transcription. Furthermore, 
mutations in the adenosine triphosphatase (ATPase) function of SWI/ 
SNF are known to reduce 6-globin expression and to prevent erythroid 
differentiation.” Notably, B-cell lymphoma (BCL) factors BCL7A and 
BCL11B, which are considered members of SWI/SNF complex in many 
cell types, are common in hematologic malignancies; for example, muta- 
tions in BCL7A are found in approximately 20 percent of non-Hodgkin 
lymphoma and multiple myeloma cases, and mutations in BCL11B 
are found in 6 to 12 percent of T-cell acute lymphocytic leukemias 
(ALLs).* 

Roles for ISWI- and CHD-family remodelers include roles for the 
well-characterized CHD-family remodeler nucleosome remodeling and 
deacetylation factor (NuRD), which interacts with histone deacetylase 
(HDAC) enzymes to silence genes. The metastasis-associated (MTA) 
subunits of NuRD help target NuRD subtypes to particular genes 
through their interaction with transcription factors and chromatin 
modifications.’ For example, in B-lymphocytes, MTA3 interacts with 
BCL6, a major regulator of B-cell differentiation, targeting NuRD 
repression and preventing terminal differentiation into plasma cells." 
Remarkably, expressing BCL6 in plasma cells while MTA3 is func- 
tional results in a reversion of the cell fate and reprogramming into 


Figure 12-1. Roles for ATP-dependent chro- 
matin remodelers in chromatin assembly or 
chromatin access. Imitation SWI remodelers 
(ISWI)- and chromodomain remodelers (CHD)- 
family remodelers are involved in chromatin 
assembly genome-wide, and also interact with site- 
specific repressors to organize nucleosome 
spacing at genes, which can occlude sites for 
DNA-binding proteins. Switch and sucrose nonfer- 
menting remodelers (SWI/SNF)-family remodelers 
conduct both nucleosome repositioning/sliding 
as well as ejection to expose DNA to DNA-binding 
proteins. 
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B lymphocytes. Furthermore, the recruitment of the ISWI-family com- 
plex nucleosome remodeling factor (NURF) to the early growth response 
protein 1 (EGR1) locus (important for thymocyte maturation) involves 
interaction with the transcription factor serum response factor (SRF) 
by the NURF subunit BPTF enabling its stable binding to promoters.” 
Notably, Ikaros (which drives lymphoid differentiation) acts to inhibit 
both the ATP-dependent remodeling and HDAC activities of NuRD at 
target genes to enable activation rather than silencing.” Taken together, 
these and other examples illustrate the use of remodeler function and 
recruitment to activate or repress key genes in blood differentiation. 


@ PRINCIPLES OF HISTONE 
MODIFICATION 


HISTONE MODIFICATION CONCEPTS: WRITE, 
READ, ERASE 


The process of transcriptional regulation is accompanied by the 
ordered placement of particular histone modifications at enhancers, 
promoters, and coding regions. There are dozens of different modifi- 
cations that occur on histones, with the most common modifications 
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being acetylation, methylation, ubiquitylation, and phosphorylation. 
An inventory and functional analysis of all of these modifications, the 
enzymes that place and remove these modifications, is beyond the scope 
of this chapter; however, more important are the concepts, which can 
then be applied widely to various contexts. 

First, the vast majority of histone modifications occur either on 
the extended aminoterminal “tails” of histones, whereas a minority also 
occur on the histone octamer “core?” The core of the histone octamer 
wraps the DNA, whereas histone tails serve as platforms for the regu- 
lated binding of proteins, and covalent modifications can either enhance 
or deter binding of chromatin remodelers, chromatin modifiers, and 
transcription factors, and help to orchestrate protein associations dur- 
ing transcription (Fig. 12-2). For example, methylation on histone H3 
(H3) H3K4me can deter interaction with DNMTs and therefore cause 
passive DNA demethylation; in contrast, H3K4me3 can facilitate inter- 
action with RNA polymerase II (RNAP II) machinery." Second, histone 
modifiers are typically targeted by site-specific DNA binding proteins 
(see Fig. 12-2), which are themselves responsive to developmental and 
environmental/metabolic signaling. Third, some histone modifiers are 
targeted or regulated by other histone modifications, which underlies 
(in part) why certain sets of histone modifications are coincident in 
regions. 
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Figure 12-2. Chromatin changes that accompany the transition from a repressed to an active state. Repression (top) is enforced by site-specific 
DNA-binding repressors which recruit factors such as histone deacetylates (HDACs), histone methyltransferases (HMTs; for H3K9me or H3K27me), 
and DNA methyltransferases (not shown), which are used to methylate the DNA (M). Methyl-binding domain proteins (MBDs) bind to DNA methy- 
lation (DNAme) and also recruit a similar set of chromatin modifiers. These repressors also recruit imitation SWI remodeler (ISWI)-family remodelers, 


which help position nucleosomes on important cis-controlling elements like enhancers (Enh), the TATA box, or 


he transcription start site (TSS). The 


transition from the repressed state to the active state involves the modification and repositioning of nucleosomes, as well as DNA demethylation 


by passive or active modes. Nucleosomes are modified by histone acetyltransferases (HATs), and activating H 


Ts (mixed-lineage leukemia [MLL] 


complex, specific for H3K4me). Such modifications are believed to be recognized by the bromodomains present on remodelers, which then mobilize 
modified nucleosomes, allowing the transcription machinery to bind. Components of the transcription machinery, such as TFIID, can also detect 


histone modifications. 


A major concept in histone modification biology is dynamic 
reversibility, termed write, read, erase.’'*"® “Writing” involves the enzy- 
matic addition of a covalent modification to an amino acid, within a 
particular protein sequence context. “Reading” involves the ability of 
a second protein/domain to bind that modification, within a particu- 
lar protein sequence context, defining the impact of the modification. 
“Erasing” involves the removal of the covalent modification, within a 
particular sequence context, regenerating the prior/initial state. These 
concepts are actually quite general, and can be applied widely in 
protein signal transduction biology, with this terminology simply hav- 
ing become popularized in the chromatin field. Nevertheless, these 
terms are quite useful for framing histone modification cycles that 
accompany transcription cycles. One illustrative example is the addi- 
tion of histone acetylation by histone acetyltransferase (HAT) enzymes, 
the binding of acetylated histone tails by the bromodomain (present 
in SWI/SNE remodelers and certain chromatin modifiers),!”!* and the 
removal of acetylation by HDAC enzymes." Finally, although this chap- 
ter discusses histone modifications and modifiers, histone modifiers 
often also modify additional chromatin proteins, including proteins 
that contain “histone mimic” regions. Although beyond the scope of 
this chapter, those chromatin modifications often go through similar 
“write, read, erase” cycles to enable additional layers of protein recruit- 
ment and release within a chromatin process. 


@TRANSCRIPTION FACTOR-CHROMATIN 
MODIFIER PROGRAMS FOR 
DIFFERENTIATION 


Within the context above, a common theme in cell differentiation is 
waves of transcription factor-chromatin modifier interactions that 
define the current chromatin and transcription state, and also help pre- 
pare the enhancers and promoters of genes needed for future states/cell 
types (see Fig. 12-2). Signaling systems inform cellular differentiation 
decisions, and define the next differentiation state by affecting transcrip- 
tion factor activity and their interaction with chromatin factors, creating 
a forward loop. Quite often, the transcription factor-chromatin modifier 
interactions of the new state (and cell type) also feedback to inhibit the 
prior program, as well as alternative differentiation programs, so as to 
ensure the proper developmental trajectory. An example that illustrates 
part of this program in action involves the transition between HSCs and 
erythroid progenitors, which involves a switch in the abundance and 
activity of transcription factors (e.g., GATA2 to GATA1) and histone 
methyltransferase (HMT) paralogs (e.g., enhancer of zeste homologue 2 
[EZH2] to EZH1).”°?! This switch serves to repress a set of stem-related 
genes while activating a set of pro-differentiation genes. By extension, 
many studies show that loss-of-function mutations in chromatin fac- 
tors can prevent developmental transitions, and if this block occurs at a 
highly proliferative progenitor stage, it can predispose to cancer. 


@ EPIGENETICS AND MEMORY: 
TRAINED IMMUNITY 


Trained immunity refers to a type of memory in the innate immune 
system where genes that have been activated in the past (via infection 
or vaccination, termed stimulation) are “primed” for a more rapid and/ 
or robust future response. Here, prior to initial stimulation, monocytes 
and macrophages bear “latent” enhancers neighboring proinflamma- 
tory genes, which lack histone modifications. Following stimulation, 
these latent enhancers acquire histone modifications (e.g., H3K4me and 
H3K27ac) that are correlated with gene activation and maintain those 
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modifications for days following withdrawal of the initial stimulus.” 
Importantly, the retention of these modifications is correlated with a 
more robust or rapid activation in response to a second stimulus. Thus, 
chromatin states can confer a memory of prior transcriptional states 
that shapes future response. Here, one can infer within Fig. 12-2 that 
following activation, this system does not return to the initial repressed 
state, but rather to an intermediate “poised” state where histone modifi- 
cations are retained at the enhancer. 


@ DNA METHYLATION AND 
DEMETHYLATION PRINCIPLES 


DNA METHYLATION 


DNAme is a major component of epigenetic regulation in mammals, 
with central roles in gene and transposon silencing, imprinting, and 
X-chromosome inactivation.” Furthermore, DNAme can predispose 
to cancer by at least two routes: first, through the improper placement 
of focal DNAme, leading to the silencing of tumor-suppressor genes; 
second, through hypomethylation of the genome, causing genome 
instability.2 Here, basic principles of DNAme and demethylation are 
first discussed, with a later section “Epigenetic and Hematologic Malig- 
nancies” focusing on their misregulation in hematologic malignancies. 

DNAme primarily involves cytosine methylation in a CpG context, 
and in mammalian genomes the vast majority (>85 percent) of such 
cytosines are methylated. DNAme is conducted by DNMTs, involving 
the de novo enzymes DNMT3a and DNMT3b (which can methylate 
unmethylated regions) or by the maintenance enzyme DNMT1, which 
partners with ubiquitin-like with PHD and ring finger domains factor 
(UHRF1) to fully methylate hemimethylated CGs during replication.” 
DNAme confers silencing through two modes. First, DNAme inhibits 
or prevents the binding of many transcription factors with CG sites 
in their consensus binding sequence, including cMyb,” cMyc, E2F- 
family,“ nuclear factor-xB,” CREB-family,* ETS-family, and AP2 
factors.” Second, certain methyl-domain binding (MBD) proteins (e.g., 
MBD1, MBD2, MECP2) bind to methylated CpG sites and can recruit 
both HDAC, repressive HMTs, and CHD-family remodelers (e.g., 
NuRD) to establish and maintain repression.” 

Although most genomic CGs are methylated, mammalian genomes 
are punctuated by small regions (250 bp to 2 kb) where DNAme is nota- 
bly absent, and these regions are strongly correlated with a high relative 
density of CG bases, termed CpG islands.’ (CpG islands are regions that 
have avoided the strong CG depletion that has occurred over the rest 
of the genome, as methylated cytosine can spontaneously deaminate to 
create uracil). Thus, methylated CGs are absent in regions where CGs 
are dense, a counterintuitive observation that underscores that CG-rich 
regions must attract active mechanisms to either prevent DNMT activ- 
ity or remove DNAme (see section “TET Proteins and Active DNA 
Demethylation’). CpG islands reside in the promoters of most genes 
that are constitutively transcribed, such as housekeeping/metabolic 
genes, and these islands remain unmethylated under virtually all con- 
ditions and cell types. However, CpG islands vary in size and composi- 
tion; those of intermediate CG density are often found at developmental 
genes; notably, these intermediate CpG islands are typically unmeth- 
ylated in stem cells, but undergo developmentally regulated DNAme 
to confer silencing in cell types where their expression might confer 
alternative fates.” Notably, CpG islands often contain binding sites for 
transcription factors; for those transcription factors that display methy- 
lation-sensitive binding (listed above), a lack of DNAme in these regions 
can permit their binding, whereas CpG island methylation can prevent 
binding. Taken together, proper regulation of DNAme is critical, as the 
improper placement of focal DNAme can lead to gene silencing. 


@TET PROTEINS AND ACTIVE 
DNA DEMETHYLATION 


DNAme is chemically highly stable, and therefore very useful in stable 
propagation of epigenetic states, even through germline inheritance. 
Although stable, DNA demethylation can occur, and does so mainly 
through two routes: (1) “passive” demethylation (dilution of DNAme by 
the failure to conduct maintenance DNAme after DNA replication), and 
(2) “active” demethylation, mainly involving proteins of the TET family. 
TET proteins are dioxygenase enzymes that oxidize the methyl group of 
5-methylcytosine (5mC) to 5-hydroxymethylcytosine®** (5hmC) and 
additional oxidized intermediates (not addressed further). Here, 5hmC 
and other intermediates cause DNA demethylation by one of two modes: 
first, following replication the maintenance DNMT1 and its partner, 
UHRF1, do not recognize these oxidized products as 5mC, leading to 
passive demethylation.” Second, glycosylases with roles in DNA repair 
(e.g., thymine DNA glycosylase [TDG]) can remove 5-hydroxymeth- 
ylcytosine (ShmC) and similar oxidized intermediates, which are then 
replaced with an unmodified cytosine by base-excision repair systems.” 
An important aspect of TET-family dioxygenases is their use of iron 
and 2-oxoglutarate (20G) as cofactors during the oxidation reaction; a 
feature that renders TET enzymes sensitive to concentrations of these 
metabolites and related compounds, which can act as inhibitors during 
metabolic dysregulation (see section “Misregulation of Dna Methylation/ 
Demethylation In Hematologic Malignancies”). 


@ EPIGENETICS AND HEMATOLOGIC 
MALIGNANCIES 


CONCEPTS IN CANCER EPIGENETICS 


Misregulation of epigenetic factors is common in cancer, and a higher 
level of understanding is achieved by recognizing recurring themes. 
Epigenetic factors are often misregulated by one of three modes: fusion, 
loss-of-function (via mutation or expression changes), or gain-of- 
function (via mutation or expression changes). Notably, each mode 
impacts the genome and transcriptome in a particular manner, as 
described below: 


Theme 1: Fusion Proteins 

Fusion proteins are commonly observed in hematologic malignancies, 
and are often the product of reciprocal chromosomal translocations. 
Common configurations involve fusions of DNA-binding proteins to 
chromatin modifiers, or proteins that interact with chromatin modifiers. 
This creates a dominant gain-of-function protein that targets chromatin- 
modifying activity to genes important for proliferation, development, 
or survival. A well-studied and conceptually informative example 
involves fusion of the aminoterminal portion of the HMT mixed-lineage 
leukemia (MLL) protein to other proteins that interact with chromatin 
modifiers.***” Oncogenic MLL fusions are typically driven by the endoge- 
nous MLL promoter and retain the DNA-binding domain and additional 
regions present in the MLL aminoterminus, but omit the catalytic HMT 
domain normally present at the MLL C-terminus. MLL is normally part 
of a large complex that methylates histones (H3K4me3) at the promot- 
ers of active genes. Oncogenic MLL-fusion proteins can dimerize with 
normal full-length MLL, and retain the ability to bind DNA binding and 
also the ability to interact with chromatin and DNA-binding factors. 

As previewed above, the fusion partner of MLL is often a protein 
that interacts with and recruits chromatin modifiers, providing a route 
to aberrant/constitutive recruitment of chromatin modifiers to partic- 
ular loci. The most common MLL fusions involve fusion of the MLL 
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N-terminus to the ALL1-fused (AF) genes (AF9) and AF4 proteins 
(partial internal tandem duplications are also leukemogenic, which 
likely also affect interactions with chromatin modifiers). Interestingly, 
the AF9 and AF4 partners are themselves members of more than one 
chromatin and transcription complex,’ and therefore capable of 
recruiting a range of chromatin modifiers, including a H3 methyltrans- 
ferase, DOT1 (which methylates histone H3K79),*°” or TIP60, CBP, 
and EP300 (which acetylate histones H3 and H4). AF4 is also a member 
of a complex important for transcriptional elongation,” which inter- 
acts with acetylated histone tails via a bromo and extraterminal (BET)- 
family bromodomain present in the BRD4 subunit. MLL fusions also 
involve direct fusion to a chromatin modifier, including fusion to the 
HAT enzymes CBP or EP300. (Fusion of MLL to TET proteins are cov- 
ered separately in the context of DNAme in the section “Misregulation 
of Dna Methylation/Demethylation In Hematologic Malignancies”). 

Regarding mechanism, current thinking supports the targeting 
of MLL fusions to constitutively activate key genes involved in blood 
development, causing a block in differentiation. This block (and contin- 
ued proliferation) provides the opportunity for other genetic and epige- 
netic events that enhance proliferation and survival. Confirmed targets 
for MLL fusions include HoxA9 and the Meis1 gene in mouse, where 
the fusion contributes to their transcriptional activation.“ However, it 
is likely that a larger repertoire of target genes is involved, as ectopic 
expression of HoxA9 and Meis1 in mice is effective at inducing leuke- 
mias only under certain contexts. Finally, it is important to note that 
MLL fusions represent one particular class and mechanism; in contrast, 
fusions involving the retinoic acid receptor (RAR) (e.g., RAR-PLZF) are 
known to block differentiation through the constitutive recruitment of 
repressive chromatin modifiers (e.g., HDACs), conferring repression 
of genes important for activation.“ Thus, as illustrated in Fig. 12-3, 
proper differentiation involves waves of transcription that involve acti- 
vating a new program and silencing the former program. 

The involvement of multiple enzymes in MLL fusions has inspired 
therapeutic approaches based on enzyme inhibition.? For example, 


Cell Type A 
(Hematopoie 
tic stem cell) 


Cell Type B 


(Erythroid 


Progenitor) 


Differentiation 
Signals 


Switch in Transcription Factor 
Transcription Factor A Transcription Factor B 
Inhibit alternative program 
Chromatin Factor A Chromatin Factor B 


Switch in Chromatin Factor 


Conduct Transcription Program for Cell Type A, and 
Modify/Poise Enhancers and Promoters for Cell Type B 


Figure 12-3. Conceptual model for a developmental switch involv- 
ing transcription factors, chromatin modifiers, and a feedback loop. 
Here signals for differentiation alter transcription factor and chromatin 
modifier abundance and activity. This collaboration defines the current 
chromatin and transcription state and helps prepare the enhancers and 
promoters of genes needed for future states/cell types, with an exam- 
ple given related to HSC-to-erythroid transition! Furthermore, the tran- 
scription factor-chromatin modifier interactions of the new state (cell 
type) can feed back to inhibit the prior program, ensuring the proper 
developmental trajectory. 


DOTI (a histone H3 methyltransferase) inhibitors have proven useful 
in mouse models of MLL-fusion-induced leukemia (and in cell lines),*° 
and have entered phase I clinical trials (NCT01684150). Notably, the 
involvement of BRD4 in this system, along with its known importance 
in transcriptional activation in MYC-driven cancers, provides addi- 
tional therapeutic possibilities. Here, inhibitors of BET-family bromo- 
domains (JQ1 and others) have proven very effective in cell lines from 
patients, laying the foundation for clinical trials.” 


Theme 2: Loss-of-Function Mutations in Chromatin Modifiers 
Loss-of-function mutations in chromatin modifiers are now very com- 
mon in many cancers. The key concept in this theme is that the loss of 
epigenetic control confers both gene-specific and genome-wide epige- 
netic variation, eliciting transcriptome variation and plasticity. As a 
result, individual cells with transcriptomes that promote growth, sur- 
vival, and/or metastasis can be selected from a diverse population. For 
example, this epigenetic variation can allow cells to sample a transcrip- 
tome that promotes invasion and later convert to a transcriptome that 
favors colonization. One mode involves the aberrant epigenetic silencing 
of tumor-suppressor proteins, either by the acquisition of “silencing” 
histone modifications, DNAme, or both. Epigenetic variation and selec- 
tion are themselves powerful tools; however, they can also combine 
with genetic mutations to provide a further fitness benefit and reinforce 
oncogenic properties. 

Examples of mutations in epigenetic factors in hematologic malig- 
nancies are numerous; even a partial list of factors and their impact is 
beyond the scope of this chapter.' However, mutations in certain fac- 
tors are found in many hematologic malignancies and help to illustrate 
the concepts above; consequently, they are treated further here. One 
example that builds on an earlier section “Epigenetics and Hemato- 
logic Malignancies” involves mutations in MLL genes. MLL is actually a 
family of five similar genes; however, whereas MLL1 is most commonly 
involved in leukemogenic fusion proteins (discussed earlier), mutations 
in MLL2 are very common in lymphomas, with mutation rates as high 
as 89 percent for follicular lymphoma.” Other chromatin factors are also 
mutated at high frequency in BCLs, including the HAT complex mem- 
bers EP300 and CREBBP.” 

Mutations that affect the addition or removal of the repressive 
histone modification H3K27me3, are increasingly common in hema- 
tologic malignancies. For example, mutations in the polycomb repres- 
sive complex 2 (PRC2) complex, which adds H3K27me3, are associated 
with myeloproliferative diseases, myelodysplastic syndromes, and 
T-cell ALL.®' In addition, mutations in the main enzyme that 
removes H3K27me3, known as X-chromosome encoded ubiquitously 
transcribed tetratricopeptide repeat (UTX), are common in multiple 
myeloma.” Furthermore, mutations in these enzymes are known to 
synergize with mutations in other epigenetic enzymes, such as TET pro- 
teins, in myeloid disorders.” Notably, many genes that become improp- 
erly methylated in cancer cells were marked by H3K27me earlier in 
their development and were DNA demethylated. Thus, proper regula- 
tion of H3K27me3—a modification present at many silent but “poised” 
developmental genes—appears critical for tumor prevention. 


Theme 3: Gain-of-Function Mutations in Chromatin Modifiers 
Gain-of-function of epigenetic enzymes typically occurs either through 
upregulation of expression (through copy number variation or pro- 
moter fusions) or via mutations that upregulate the activity of the 
enzyme. The main concept in this theme is that high levels and/or the 
inability to turn off an epigenetic enzyme can lead to sustained acti- 
vation or silencing of target loci, depending on the main function of 
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the modification. Among many examples is EZH2, the main enzyme 
for H3K27me addition, which is either greatly overexpressed or hyper- 
activated (via mutation) in various hematologic malignancies.” For 
example, EZH2 is highly expressed in mantle cell lymphomas, whereas 
activating mutations (conferred by amino acid substitutions in the 
catalytic domain) are common in diffuse large B-cell and follicular 
lymphomas. This hyperactivity has led to therapeutic strategies 
involving selective competitive inhibitors that mimic the cofactor 
S-adenosyl-methionine, the methyl donor for the EZH2 enzyme, which 
have proven effective in mouse xenografts.*° 


@ MISREGULATION OF DNA 
METHYLATION/DEMETHYLATION IN 
HEMATOLOGIC MALIGNANCIES 


Over the past several years, several studies have made striking links 
between hematologic malignancies and the misregulation of DNAme. 
High-throughput sequencing of leukemias and lymphomas have 
revealed three different types of mutations: (1) loss-of-function muta- 
tions in the de novo DNMT3a enzyme; (2) loss-of-function mutations 
in particular TET proteins; and (3) gain-of-function mutations in the 
metabolic enzymes isocitrate dehydrogenase (IDH)1 and IDH2, which 
create small molecule inhibitors of TET proteins (expanded below in 
this section). To begin, hypomorphic mutations in DNMT3a are com- 
mon in acute myeloid leukemias (AMLs),*’ although precisely how a 
reduction in DNMT3a activity promotes leukemia is not yet under- 
stood. Of the three TET-family genes, particular TET genes are mutated 
at high frequency in hematologic malignancies. Strikingly, mutations in 
TET2 are found in almost half of chronic myelomonocytic leukemias 
(CMML),°**? and are also common in certain T-cell lymphomas. The 
key emerging concept is that defects in DNA demethylation by TET2 
mutations may lead to increases in DNAme at certain CpG island 
regions (including those bearing H3K27me), which may confer gene 
silencing of developmental and/or tumor-suppressor type genes; how- 
ever, clear cause-and-effect links have not yet been made. Consistent 
with this mechanism, TET2 mutations are often found with mutations 
in EZH2, which catalyzes H3K27me addition.*)? 

Of particular interest are recent links between metabolic dysreg- 
ulation, hematologic malignancies, and gliomas. Remarkably, gain-of- 
function mutations in the TCA cycle enzymes IDH1 and IDH2 are 
oncogenic." Normally, IDH1/2 convert isocitrate to 20G (also 
known as a-ketoglutarate), a cofactor for both TET enzymes and 
JmjC-class lysine demethylases. Notably, oncogenic IDH1/2 mutations 
create proteins that additionally convert 20G to (R)-2-hydroxygluta- 
rate (R-2HG).®°’ This both depletes the normal cofactor for TETs and 
JmjC demethylases and further creates a potent “oncometabolite” inhib- 
itor of TET enzymes and prolyl hydroxylases (which regulate hypoxia- 
inducible transcription factor [HIF] proteins). Additionally, mutations 
in other Krebs cycle enzymes (e.g., succinate dehydrogenase [SDH]) 
accumulate succinate, which can likewise inhibit TET, JmjC, and pro- 
lyl hydroxylases®; notably, SDH mutations and HIF mutations are both 
common in neuroendocrine tumors.® These observations have inspired 
multiple therapeutic approaches, including: (1) reversing the impact 
of these oncometabolites on the epigenome (e.g., via DNMT, HDAC 
or HMT inhibitors); (2) implementing selective inhibitors of these 
gain-of-function IDH mutant proteins to prevent (R)-2HG production; 
(3) using selective inhibitors of prolyl-hydroxylases; and (4) the use 
of ascorbic acid (vitamin C), which can enhance TET protein activity 
by affecting the reduction-oxidation (redox) state of iron, an essential 
cofactor for TET enzymes. 
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CHAPTER 13 
CYTOGENETICS AND 
GENETIC ABNORMALITIES 


Lucy A. Godley, Madina Sukhanova, Gordana Raca, 
and Michelle M. Le Beau 


Cytogenetic and genetic analysis provides pathologists and clinicians with a 
powerful tool for the diagnosis and classification of hematologic malignant 
diseases. The detection of an acquired, somatic mutation establishes the 
diagnosis of a neoplastic disorder and rules out hyperplasia, dysplasia, or 
morphologic changes from toxic injury or vitamin deficiency. Specific cyto- 
genetic and genetic abnormalities have been identified that are very closely, 
and sometimes uniquely, associated with morphologically distinct subsets 
of leukemia or lymphoma, enabling clinicians to predict their clinical course 
and likelihood of responding to particular treatments. The detection of one of 
these recurring abnormalities is helpful in establishing the diagnosis and adds 
information of prognostic importance. In many cases, the prognostic infor- 
mation derived from cytogenetic and genetic analysis is independent of that 
provided by other clinical features. Patients with favorable genetic prognostic 
features benefit from standard therapies with a well-known spectra of tox- 
icities, whereas those with less-favorable clinical and cytogenetic or genetic 
characteristics may be better treated with more intensive or investigational 
therapies. Pretreatment cytogenetic analysis also can be useful in choosing 
between post-remission therapies that differ widely in cost, acute and chronic 
morbidity, and effectiveness. The appearance of new abnormalities in the 
karyotype of a patient under observation often signals clonal evolution and 
more aggressive behavior. The disappearance of a chromosomal abnormality 
present at diagnosis is an important indicator of complete remission following 
treatment, and its reappearance may herald disease recurrence. 


Acronyms and Abbreviations ALCL, anaplastic large cell lymphoma; ALL, acute 
lymphocytic or lymphoblastic leukemia; AML, acute myeloid leukemia; AMML, acute 
myelomonocytic leukemia; APL, acute promyelocytic leukemia; CDS, commonly 
deleted segment; CLL, chronic lymphocytic leukemia; CMA, chromosome microarray 
analysis; CML, chronic myeloid leukemia; del, deletion; DLBCL, diffuse large B-cell 
lymphoma; EBV, Epstein-Barr virus; FAB, French-American-British; FISH, fluorescence 
in situ hybridization; FLT3, FMS-like tyrosine kinase; HSC, hematopoietic stem cell; 
IGH, immunoglobulin heavy chain; inv, inversion; ITD, internal tandem duplication; 
JAK, Janus kinase; LOH, loss of heterozygosity; MALT, mucosa-associated lymphoid 
tissue; MAPK, mitogen-activated protein kinase; MDS, myelodysplastic syndrome; 
Ph, Philadelphia chromosome; PI3K, phosphatidylinositide 3’-kinase; qRT-PCR, 
quantitative reverse transcriptase polymerase chain reaction; RA, refractory anemia; 
RAEB, refractory anemia with excess blasts; RARa, retinoic acid receptor-a; RARS, 
refractory anemia with ring sideroblasts; RARS-t, refractory anemia with ringed 
sideroblasts and thrombocytosis; RCMD, refractory cytopenia with multilineage dys- 
plasia; SNP, single nucleotide polymorphism; STAT, signal transducer and activator of 
transcription; t, translocation; t-, therapy-related, TKI, tyrosine kinase inhibitor; WHO, 
World Health Organization. 


@ GENETIC CONSEQUENCES OF 
GENOMIC REARRANGEMENTS 


Over the past two decades, the genes that are located at the breakpoints 
of a number of the recurring chromosomal translocations have been 
identified. Alterations in the expression of the genes or in the properties 
of the encoded proteins resulting from the rearrangement play an inte- 
gral role in the process of malignant transformation.'” The altered genes 
fall into several functional classes, including tyrosine or serine protein 
kinases, cell surface receptors, growth factors and, the largest class, tran- 
scription factors. These latter proteins are involved in the induction or 
repression of gene transcription, often functioning in a tissue-specific 
fashion to regulate cell growth and differentiation. 

There are two general mechanisms by which chromosomal 
translocations result in altered gene function. The first is deregulation 
of gene expression (Chap. 10). This mechanism is characteristic of the 
translocations in lymphoid neoplasms that involve the immunoglobulin 
genes in B-lineage tumors and the T-cell receptor genes in T-lineage 
tumors. These rearrangements result in the inappropriate or constitu- 
tive expression of an oncogene. The second mechanism is the encoding 
and expression of a novel fusion protein, resulting from the juxtaposi- 
tion of coding sequences from two genes that are normally located on 
different chromosomes. Such chimeric proteins are “tumor specific” in 
that the fusion gene typically does not exist in nonmalignant cells. Thus, 
the detection of such a fusion gene or protein product can be important 
in diagnosis and in the detection of residual disease or early relapse. 
Moreover, they may also be appropriate targets for tumor-specific ther- 
apies. An example is the chimeric BCR-ABL] protein resulting from the 
t(9;22) in chronic myeloid leukemia (CML) (see “Methods of Cell Prep- 
aration” below). All of the translocations cloned to date in the myeloid 
leukemias result in a fusion protein. 

Chromosomal translocations result in the activation of genes in a 
dominant fashion. A number of human tumors result from homozy- 
gous, recessive mutations. These mutations lead to the absence of a 
functional protein product, suggesting that these genes function as “sup- 
pressor” genes, whose normal role(s) is to limit cellular proliferation. 
The hallmark of tumor suppressor genes is the loss of genetic material in 
malignant cells, resulting from chromosomal loss or deletion, as well as 
by other genetic mechanisms (Chap. 10).' A subset of tumor suppressor 
genes act by haploinsufficiency, whereby loss of one allele results in a 
reduction in the level of the protein product by half, thereby perturbing 
normal cellular processes. This mechanism is common in the recurring 
deletions in myeloid neoplasms (Chap. 83). 

Extensive experimental evidence indicates that more than one 
mutation is required for the pathogenesis of hematologic malignancies. 
‘That is, expression of translocation-specific fusion genes or deregulated 
expression of oncogenes is required, but insufficient to induce leukemia. 
Thus, an important aspect of leukemia biology is the elucidation of the 
spectrum of chromosomal and molecular mutations that cooperate in 
the pathways leading to leuakemogenesis. Where known, we describe the 
cooperating mutations associated with specific cytogenetic subsets of 
leukemia or lymphoma. 


@ METHODS OF CELL PREPARATION 


Cytogenetic analysis of malignant diseases should be based upon the 
study of the tumor cells themselves. In leukemia, the specimen is usu- 
ally obtained by marrow aspiration and is typically cultured for 24 
to 72 hours. When a marrow aspirate cannot be obtained, a marrow 
biopsy (bone core specimen) or a blood sample for patients who have 
circulating immature myeloid or lymphoid cells, can often be processed 


successfully. An involved lymph node or tumor mass specimen may be 
examined for the analysis of lymphoma cells. 

For specimen collection, 1 to 5 mL of marrow are aspirated asep- 
tically into a syringe coated with preservative-free sodium heparin and 
transferred to a sterile 15-mL centrifuge tube containing 5 mL of culture 
medium (RPMI 1640, 100 units sodium heparin). The use of Vacutainer 
tubes containing heparin as an anticoagulant should be avoided, as the 
heparin contains preservatives that suppress cell growth. If a marrow 
aspirate cannot be obtained, a marrow biopsy may be taken and placed 
into the collection tube. Approximately 75 percent of marrow biopsies 
can be minced to generate suspension of cells that will yield adequate 
numbers of metaphase cells for complete analysis. For blood specimens, 
10 mL are drawn aseptically by venipuncture into a syringe coated with 
preservative-free heparin. To avoid loss of cell viability, it is critical that 
the specimen be transported at room temperature to the cytogenetics 
laboratory without delay. Overnight shipment of specimens frequently 
results in loss of cell viability, and most laboratories experience a high 
proportion (25-50 percent) of inadequate analyses using such speci- 
mens. For optimally handled specimens, approximately 95 percent of 
all cases should be adequate for cytogenetic analysis. Those cases that 
are inadequate generally represent samples from patients with hypocel- 
lular marrows. 


@ CHROMOSOME NOMENCLATURE 


Chromosomal abnormalities are described according to the Interna- 
tional System for Human Cytogenetic Nomenclature (Table 13-1).* To 
describe the chromosomal complement, the total chromosome num- 
ber is listed first, followed by the sex chromosomes, and numerical and 
structural abnormalities in ascending order. The observation of at least 
two cells with the same structural rearrangement, for example, translo- 
cations, deletions or inversions, or gain of the same chromosome, or 
three cells each showing loss of the same chromosome, is considered 
evidence for the presence of an abnormal clone. However, one cell with 
a normal karyotype is considered evidence for the presence of a normal 
cell line. Patients whose cells show no alteration or nonclonal (single 
cell) abnormalities are considered to be normal. An exception to this is 
a single cell characterized by a recurring structural abnormality. In such 
instances, it is likely that this represents the karyotype of the mutated 
subclone in that particular patient. 


@ METHODS THAT COMPLEMENT 
KARYOTYPE ANALYSIS 


FLUORESCENCE JN SITU HYBRIDIZATION 


Cytogenetic analysis of human tumors is often technically difficult 
because of the presence of multiple abnormalities and requires highly 
skilled personnel. These factors have led investigators to seek alterna- 
tive methods for identifying chromosomal abnormalities, such as fluo- 
rescence in situ hybridization (FISH). The FISH technique is based 
on the same principle as Southern blot analysis, namely, the ability of 
single-stranded DNA to anneal to complementary DNA.* FISH can be 
performed on marrow or blood films, or fixed and sectioned tissue, as 
it does not require dividing cells. The target DNA is the nuclear DNA 
of interphase cells, or the DNA of metaphase chromosomes that are 
affixed to a glass microscope slide. Commercial probes are now avail- 
able for the most common abnormalities, and are directly labeled with 
fluorochrome, which simplifies the technique by eliminating the probe 
preparation and detection steps. With the development of dual- and 
triple-pass filters, most laboratories now have the capacity to hybridize 
and detect two to three probes simultaneously. Table 13-1 summarizes 
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the most frequently used commercially available FISH probes. Several 
types of probes can be used to detect chromosomal abnormalities by 
FISH. Hybridization of centromere-specific probes has been used to 
detect monosomy, trisomy, and other aneuploidies in both leukemias 
and solid tumors, as well as the sex chromosome complement in the 
transplant setting (Fig. 13-1). 

Translocations and deletions can also be identified in interphase 
or metaphase cells by using genomic probes that are derived from the 
breakpoints of recurring translocations or within the deleted segment 
(see Fig. 13-1). In some cases, FISH analysis provides more sensitiv- 
ity, in that cytogenetic abnormalities have been identified by FISH in 
samples that appeared to be normal by conventional cytogenetic anal- 
yses. Advantages of FISH include (1) the rapid nature of the method 
and the ability to analyze large numbers of cells; (2) its high sensitivity 
and specificity; and (3) the ability to obtain cytogenetic data from sam- 
ples with a low mitotic index or from terminally differentiated cells. A 
further increase in sensitivity in cases with a low percentage of malig- 
nant cells can be achieved by performing FISH analysis on samples that 
have been enriched previously for specific subpopulations of cells. For 
example, the use of FISH in combination with plasma cell enrichment 
techniques is routinely applied in the clinical setting to maximize the 
detection rate of specific chromosome rearrangements in myeloma.” 
The major disadvantage of FISH testing is the inability to interrogate 
more than a few abnormalities. FISH is most powerful when the analy- 
sis is targeted toward those abnormalities that are known to be associ- 
ated with a particular tumor or disease. In a clinical setting, cytogenetic 
analysis could be performed at the time of diagnosis to identify the 
chromosomal abnormalities in an individual patient’s malignant cells. 
Thereafter, FISH with the appropriate probes could be used to detect 
residual disease or early relapse, and to assess the efficacy of therapeutic 
regimens. For example, the use of FISH to detect the t(9;22) in CML 
patients following therapy with an oral tyrosine kinase inhibitor, or sex 
chromosome determination after a sex-mismatched transplant, is wide- 
spread. Material from patients newly presenting are often analyzed most 
efficiently by conventional cytogenetic analysis, combined with quanti- 
tative reverse transcriptase polymerase chain reaction (qRT-PCR) anal- 
ysis if a specific chromosome rearrangement is suspected, for example, 
a BCR-ABL1 fusion. Molecular qRT-PCR monitoring of the blood and 
marrow of CML patients is now part of the recommended testing for 
patient followup.’ 


MICROARRAY ANALYSIS 


Several microarray-based technologies play an important role in the 
diagnosis and experimental analysis of hematologic malignancies, 
including high-density copy number/single nucleotide polymor- 
phism (SNP) array testing (also known as chromosomal microarray 
analysis [CMA]), microarray-based gene expression profiling, and 
high-throughput SNP genotyping. CMA allows genome-wide detec- 
tion of copy number abnormalities (deletions and duplications) at a 
much higher resolution than karyotyping; it also enables detection of 
loss of heterozygosity (LOH) that occurs without concurrent changes 
in the gene copy number, that is, uniparental disomy (UPD) (Chap. 10), 
and can be attributed to somatic mitotic recombination (also referred 
to as copy-neutral LOH) (Fig. 13-2). CMA is clinically available as 
an adjunct test to karyotyping and FISH, and it facilitates detection 
of genomic abnormalities in a substantial proportion of patients with 
myelodysplastic syndromes (MDSs) and leukemia with a normal kar- 
yotype; it can also be used as a cost-effective alternative to large panels 
of FISH probes, and as a very useful tool to characterize chromosomal 
abnormalities of uncertain significance. Microarray-based gene expres- 
sion profiling has been applied to study a variety of hematopoietic 
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TABLE 13-1. Glossary of Cytogenetic Terminology 


Aneuploidy—An abnormal chromosome number because of 
either gain or loss of chromosomes. 


Banded chromosomes—Chromosomes with alternating dark and 
light segments as a result of special stains or pretreatment with 
enzymes before staining. Each chromosome pair has a unique pat- 
tern of bands. 


Breakpoint—A specific site on a chromosome containing a DNA 
break that is involved in a structural rearrangement, such as a 
translocation or deletion. 


Centromere—The chromosome constriction that is the site of 
the spindle fiber attachment. The position of the centromere 
determines whether chromosomes are metacentric (X-shaped, 
e.g., chromosomes 1-3, 6-12, X, 16, 19, 20) or acrocentric (inverted 
V-shaped, e.g., chromosomes 13-15, 21, 22, Y). During mitosis, the 
two exact copies of the DNA in each chromosome are separated by 
shortening of the spindle fibers attached to opposite sides of the 
dividing cell. 

Clone—lIn the cytogenetic sense, this is defined as two cells with 
the same additional or structurally rearranged chromosome, or 
three cells with loss of the same chromosome. 


Deletion—A segment of a chromosome is missing as the result of 
two breaks and loss of the intervening piece (interstitial deletion). 
Molecular studies of many recurring deletions have shown that, in 
each case, the deletions were interstitial, rather than terminal 
(single break with loss of the terminal segment). 


Diploid—Normal chromosome number and composition of 
chromosomes. 


Fluorescence in situ hybridization (FISH)—A molecular-cytoge- 
netic technique based on the visualization of fluorescently-labeled 
DNA probes hybridized to complementary DNA sequences from 
metaphase or interphase cells, used to detect numerical and struc- 
tural abnormalities. A short nomenclature description is used to 
describe the results of in situ hybridization. For interphase FISH, 
the abbreviation “nuc ish” is followed immediately by the locus des- 
ignation in parentheses (or multiple loci separated by a comma), 

a multiplication symbol, and the number of signals observed. The 
number of cells scored is placed in brackets. For example, normal 
results for the BCR-ABL7 probe are described as “nuc ish (ABL1, 
BCR)x2[400].” A case with the t(9;22) resulting in the BCR-ABL1 
fusion analyzed using a dual-color, dual-fusion probe would be 
described as “nuc ish (ABL1x3), (BCRx3), (ABL1 con BCRx2)[400].” 


Haploid—Only one-half the normal complement, i.e., 
23 chromosomes. 


Hyperdiploid—Additional chromosomes; therefore, the modal 
number is 47 or greater. 


Hypodiploid—Loss of chromosomes with a modal number of 
45 or less. 


Inversion—Two breaks occur in the same chromosome with rota- 
tion of the intervening segment. If both breaks were on the same 


side of the centromere, it is called a paracentric inversion. If they 
were on opposite sides, it is called a pericentric inversion. 


lsochromosome—A chromosome that consists of identical cop- 
ies of one chromosome arm with loss of the other arm. Thus, an 
isochromosome for the long arm of No. 17 [i(17)(q10] contains two 
copies of the long arm (separated by the centromere) with loss of 
the short arm of the chromosome. 


Karyotype—Arrangement of chromosomes from a particular cell 
according to an internationally established system such that the 
largest chromosomes are first and the smallest ones are last. A 
normal female karyotype is described as 46, XX and a normal male 
karyotype is 46, XY. An idiogram is an idealized representation 
(diagram) of the chromosomes. 


Pseudodiploid—A diploid number of chromosomes accompanied 
by structural abnormalities. 


Recurring Abnormality—A numerical or structural abnormality 
noted in multiple patients who have a similar neoplasm. Such 
abnormalities are characteristic or diagnostic of distinct subtypes 
of leukemia and lymphoma that have unique morphologic and/ 
or immunophenotypic features. Recurring abnormalities represent 
genetic mutations that are involved in the pathogenesis of the 
corresponding diseases; many recurring abnormalities have prog- 
nostic significance. 


Translocation—A break in at least two chromosomes with 
exchange of material. In a reciprocal translocation, there is no obvi- 
ous loss of chromosomal material. Translocations are indicated by 
t; the chromosomes involved are noted in the first set of brackets 
and the breakpoints in the second set of brackets. The Ph translo- 
cation is t(9;22)(q34.1;q11.2). 


Nomenclature symbols: 
p—Short arm 
q—Long arm 


+—lf before the chromosome, indicates a gain of a whole chro- 
mosome (e.g., +8) 


——lf before the chromosome, indicates a loss of a whole chro- 
mosome (e.g., —7) and if after the chromosome indicates loss of 
part of the chromosome (e.g., 5q-, loss of part of the long arm of 
chromosome 5) 


?—Indicates uncertainty about the identity of the chromosome 
or band listed just after the ? 


t—translocation 
del—deletion 
inv—inversion 
i—isochromosome 
mar—marker chromosome 
r—ring chromosome 


Data from Rowley JD: Chromosome abnormalities in human cancer. In De Vita VT, Hellman S, Rosenberg S (eds): Practice and Principles of Oncol- 


ogy 3rd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 1991. 


malignancies, often revealing complex but unique expression signatures 
for each disease subtype. For example, gene expression profiling has 
shown that diffuse large B-cell lymphoma (DLBCL) comprises at least 
three different subtypes—germinal center B-cell (GCB)-like, activated 
B-cell (ABC)-like, and primary mediastinal B-cell lymphoma (PMBL)— 
each with a distinct oncogenic mechanism, prognosis, and response to 
therapies (Chap. 98).° Expression profiling studies led to the recognition 


of a novel genetic subtype of high-risk B-cell acute lymphocytic or lym- 
phoblastic leukemia (ALL), which has a similar expression signature as 
Ph-chromosome-positive ALL (Chap. 91).°!° High-throughput array- 
based SNP genotyping, enabling the analysis of large numbers of cases 
and controls, has facilitated genome-wide association studies for the 
identification of disease susceptibility loci."' Future diagnostic evalua- 
tion, identification of high-risk cases and management decisions will be 
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Figure 13-1. Fluorescence in situ hybridization (FISH) analysis. Panels B and D illustrate images of metaphase and interphase cells following FISH; 
the cells are counterstained with 4,6-diamidino-2-phenylindole-dihydrochloride (DAPI). A. Schematic of the BCR and ABL1 loci, location of the BCR 
and ABL1 dual fusion probe (Vysis, Inc), and configuration of signals in interphase cells. B. Hybridization of the BCR-ABL7 dual fusion probe to meta- 
phase and interphase cells with the t(9;22). In cells with the t(9;22), only one green and one red signal is observed on the normal 9 and 22 homologs, 
and two yellow fusion signals (arrows) are observed on the der(9) and the der(22) (Ph) chromosomes as a result of the juxtaposition of the ABL7 and 
BCR sequences. C. Schematic of the KMT2A/MLL gene, location of the KMT2A break-apart probe (Vysis, Inc.), and configuration of signals in interphase 
cells. D. Hybridization of the KMT2A break-apart probe to metaphase and interphase cells with a t(11q23.3). In cells with a KMT2A translocation, a 
yellow fusion signal is observed for the germline configuration on the normal chromosome 11 homolog, a green signal is observed in the der(11) 


chromosome, and a red signal is observed on the partner chromosome. 


increasingly based on genomic and even proteomic profiling of patients’ 
germline and tumor samples, which will likely utilize a combination of 
array-based and next-generation sequencing—based technologies. 


@ SPECIFIC CLONAL DISORDERS 
CHRONIC MYELOID LEUKEMIA 


The first consistent chromosomal abnormality in any malignant disease 
was identified in CML (Chap. 89). The Philadelphia (Ph) chromosome 
results from a translocation involving chromosomes 9 and 22, t(9;22) 
(q34.1;q11.2), (Fig. 13-3), and arises in a pluripotential stem cell that 
gives rise to both lymphoid and myeloid lineage cells. The standard 
t(9;22) is identified in approximately 92 percent of CML patients, 
whereas 6 to 8 percent have variant translocations that involve a third 
chromosome in addition to chromosomes 9 and 22 (see Chap. 89, Fig. 
89-8). The genetic consequences of the t(9;22) or the complex translo- 
cations are to move a segment of the Abelson (ABL1) oncogene on 
chromosome 9 next to a segment of the BCR gene on 22. Analyses of 
leukemia cells from rare patients with typical CML lacking the t(9;22) 


has revealed a rearrangement involving ABLI and BCR that is detect- 
able only at the molecular level (1 to 2 percent of cases).! 

The t(9;22) and resultant BCR-ABLI fusion is the sine qua non of 
CML.” The BCR-ABL] fusion protein is located on the cytoplasmic sur- 
face of the cell membrane and acquires a novel function in transmitting 
growth-regulatory signals to the nucleus via the RAS/MAPK, phos- 
phatidylinositide 3’-kinase (PI3K)/AKT, and Janus kinase (JAK)/signal 
transducer and activator of transcription (STAT) signal transduction 
pathways. The tyrosine kinase activity of the BCR-ABL1 fusion pro- 
tein can be specifically inhibited by several commercially available oral 
tyrosine kinase inhibitors (TKIs): imatinib mesylate (Gleevec/STI571, 
Novartis Pharmaceuticals, East Hanover, NJ), dasatinib (Sprycel, BMS- 
354825, Bristol-Myers Squibb, Princeton, NJ), and nilotinib (Tasigna, 
AMN107, Novartis Pharmaceuticals, East Hanover, NJ) (Chap. 89). 
Additional oral agents are also being tested in clinical trials.'*'* The 
BCR-ABLI translocation can be detected by cytogenetic and FISH anal- 
ysis, RT-PCR, and Southern blot analysis to diagnose the disease and 
detect residual disease. Studies of patients treated with TKIs show a 
strong correlation between BCR-ABLI levels as measured in the blood 
by qRT-PCR and the percentage of Ph+ cells in the marrow. 
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Figure 13-2. Representative results for three B-cell ALL samples illustrating detection of submicroscopic deletions and LOH by CMA. A. A 1.7-Mb 
deletion affecting the CDKN2A and CDKN2B tumor suppressor genes at 9p (shown by the dark bar on the top and the red arrow). The deletion is 
accompanied by an extended region of a copy-number neutral LOH affecting the entire short arm of chromosome 9 (indicated by the purple bar) and 
resulting in biallelic loss of CDKN2A and CDKN2B. The normal SNP pattern is indicated with a blue arrow, whereas the abnormal pattern associated with 
LOH is identified by the purple arrow. B. IKZF1 deletion detected by SNP array is associated with an adverse treatment outcome of pediatric B-cell ALL 
patients. C. Array plot showing 5q32-q33.3 deletion that fuses the PDGFRB and EBF1 genes in a case of Ph+-like ALL (D). 


mias. The rearranged chromosomes are identified with 


\ arrows. A. t(9;22)(q34.1:q11.2), CML. B. t(8;21)(q22;q22.3), 
\ AML-M2. C. inv(16)(p13.1q22), AMMoL-MEo. D. t(15;17) 


(q24.1;q21.1), APL. E. t(9;11)(21.3;q23.3), AMoL-M5. F. 
9 2 2 8 2 1 1 6 del(5)(q13q33), t-AML. 
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Several types of genetic changes are associated with imatinib resis- 
tance, including point mutations leading to amino acid substitutions in 
the BCR-ABL1 kinase domain that interfere with imatinib binding, as 
well as the acquisition of additional copies of the Ph chromosome or 
BCR-ABLI gene amplification, both of which can be detected by FISH." 
Besides duplications of the BCR-ABLI1 fusion, additional TKI resis- 
tance-associated genomic lesions, including acquired regions of LOH 
on chromosomes 1, 8, 9, 17, 19, and 22, have been detected by SNP 
array analysis. Although some patients who achieve a complete cyto- 
genetic response on imatinib develop clonal karyotypic abnormalities, 
most commonly +8, —7, or del(20q), the majority of them do not go on 
to develop the clinical features of MDS." The significance of these early 
findings will be elucidated by the analysis of a large number of patients 
who have had complete cytogenetic responses to TKIs and are being 
followed prospectively. 

As they enter the more aggressive stages of accelerated and blast 
phase disease, historically 80 percent of CML patients showed karyo- 
typic evolution with the appearance of new chromosomal abnormalities 
in very distinct patterns in addition to the Ph chromosome. A change in 
the karyotype was considered to be a grave prognostic sign.” The most 
common changes, a gain of chromosomes 8 or 19, or a second Ph chro- 
mosome (by gain of the first), or an i(17q), frequently occurred in com- 
bination to produce modal chromosome numbers of 47 to 50. Other 
genetic changes identified in CML in blast crisis include mutations in 
the TP53, RB1, MYC, CDKN2A (p16), KRAS/NRAS, or RUNX1/AML1 
genes. With the advent of TKI therapy, the natural history of CML has 
been altered, and the karyotype in blast phase appears to differ from 
that seen previously. However, the pattern of abnormalities is not yet 
well described. 

Rarely, marrow biopsies from patients will appear similar to those 
patients with CML, but will lack a Ph chromosome or the BCR-ABL1 
fusion. Most often these patients have a MDS or myeloproliferative 
neoplasm (MPN), most commonly chronic myelomonocytic leukemia, 
refractory anemia with excess blasts (RAEB), or the poorly understood 
disorder of “atypical CML.” Some of the latter have JAK2’"* mutations 
and a phenotype consistent with chronic neutrophilic leukemia (Chaps. 
84 and 89). Cytogenetic analysis of marrow biopsies from these patients 
commonly have a normal karyotype, +8, +13, del(20q), or i(17q). These 
patients have a substantially shorter survival than do those whose cells 
have the t(9;22). Because each of the oral TKIs blocks kinase activities 
in addition to BCR-ABLI, they have proven to be effective in other 
disorders, including chronic MPNs with platelet-derived growth fac- 
tor receptor (PDGFR)-f rearrangements, a myeloproliferative variant 
of hypereosinophilic syndrome that expresses the FIP1L1-PDGFRA 
fusion protein, and in patients with mast cell malignancies that express 
an activating point mutation in KIT (Chap. 89)."* 


OTHER MYELOPROLIFERATIVE NEOPLASMS 


A cytogenetically abnormal clone is present in 15 percent of untreated 
polycythemia vera patients compared with 40 percent of treated patients 
(Table 13-2). When the disease transforms to acute myeloid leukemia 
(AML), almost 100 percent have a cytogenetically abnormal clone. The 
presence of a chromosome abnormality at diagnosis does not neces- 
sarily predict a short survival or the development of leukemia. How- 
ever, a change in the karyotype may be an ominous sign. Marrow cells 
frequently contain additional chromosomes (+8 or +9). Trisomy 8 and 
9 may occur together which is otherwise rare.” Structural rearrange- 
ments most often involve a del(13q) or del(20q), noted in 30 percent of 
patients. Loss of chromosome 7 (20 percent) and del(5q) (40 percent) 
are often observed in the leukemic phase, and may be related to the 
prior treatment received by these patients (Chap. 84). 
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Cytogenetic analysis of cells from patients with primary myel- 
ofibrosis has revealed clonal abnormalities in 60 percent of patients 
(Chap. 86).'° These abnormalities are similar to those noted in other 
myeloid disorders. The most common anomalies are +8, —7, or a 
del(7q), del(11q), del(13q), and del(20q).'° A change in the karyotype 
may signal evolution to AML. Fewer than 10 percent of patients with 
essential thrombocythemia have an abnormal clone (Chap. 85). Recur- 
ring abnormalities include +8 and del(13q). Although del(5q) and 
inv(3)/t(3;3) are associated with thrombocytosis, they are characteristic 
of MDS or AML, rather than essential thrombocythemia. 

Mutant JAK2V°'” is a constitutively active tyrosine kinase that acti- 
vates the STAT, PI3Ks, and mitogen-activated protein kinases (MAPKs) 
signalling pathways downstream of the erythropoietin receptor, throm- 
bopoietin receptor, or the granulocyte colony-stimulating factor (G-CSF) 
receptor to promote proliferation and transformation of hematopoietic 
progenitor cells (Chap. 84). JAK2 mutations occur in polycythemia vera 
(95 percent), essential thrombocythemia (approximately 50 percent), 
and myelofibrosis (approximately 50 percent) (Chaps. 84 to 86).” In 
refractory anemia with ring sideroblasts (RARS) with thrombocytosis 
(RARS-t), a MDS/MPN, unclassified by the World Health Organiza- 
tion (WHO) classification, 60 percent of patients have the JAK2Y°”F 
mutation, and present with higher white blood cell and platelet counts 
(Chap. 87). Less commonly, activation of the JAK-STAT pathway in 
MPNs may result from JAK2 exon 12 mutations (1 to 2 percent of poly- 
cythemia vera cases) or mutation of the thrombopoietin receptor, MPL 
(approximately 2 percent of essential thrombocythemia and approx- 
imately 5 percent of myelofibrosis). The majority of essential throm- 
bocythemia and myelofibrosis patients with nonmutated JAK2 carry 
somatic mutations in the calreticulin gene (CALR) (Chaps. 85 and 86). 


MYELODYSPLASTIC SYNDROMES 


The MDSs are a heterogeneous group of neoplasms, including refrac- 
tory cytopenia with unilineage dysplasia, RARS, refractory cytopenia 
with multilineage dysplasia (RCMD), RAEB-1,2, MDS with isolated 
del(5q), MDS unclassifiable, and childhood MDS, including refractory 
cytopenia of childhood (Chap. 87).** Clonal chromosome abnormalities 
can be detected in marrow cells of approximately 50 percent of patients 
with primary MDS at diagnosis (refractory anemia [RA], 25 percent; 
RARS, 10 percent; RCMD, 50 percent; RAEB -1,2, 50 to 70 percent; 
MDS with isolated del (5q), 100 percent) (see Table 13-2).°”* The pro- 
portion varies with the risk that a subtype will transform to AML, which 
is highest for RCMD and RAEB. The common chromosome changes, 
+8, del(5q), —7/del(7q), and del(20q), are similar to those seen in AML 
de novo. The recurring translocations that are closely associated with 
the distinct morphologic subsets of AML de novo are almost never seen 
in MDS. With the exception of MDS with isolated del(5q), the chromo- 
some changes show no close association with the specific subtypes of 
MDS. MDS with isolated del(5q) occurs in a subset of older patients, 
frequently women, with RA, generally low blast counts, and normal or 
elevated platelet counts.” These patients have an interstitial deletion of 
5q, typically as the sole abnormality, and can have a relatively benign 
course that extends over several years (Chap. 87).” Diagnostic and 
prognostic information for the patients with a normal karyotype can be 
provided by CMA, which can detect abnormalities in 10 to 15 percent 
of these cases. Some abnormalities detectable by CMA, including sub- 
microscopic microdeletions in 4q24 affecting the TET2 gene, as well as 
LOH 7q, LOH 11q, and LOH 17p, were shown to be associated with a 
poor outcome in MDS.” 

Cytogenetic abnormalities in MDS are predictive of survival and 
progression to AML.” Patients with a “very good outcome” have -Y 
or del(11q) as the sole abnormality; those with a “good outcome” have 
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TABLE 13-2. Recurring Chromosome Abnormalities in Malignant Myeloid Diseases 


Disease Chromosome Abnormality Frequency Involved Genes* Consequence 
CML t(9;22)(q34.1;q11.2) ~99%t ABL1 BCR Fusion protein-altered 
cytokine signaling pathways, 
genomic instability 
CML blast t(9;22) with +8, +der(22) ~70% 
phase t(9;22), +19, or i(17q) 
PV +8 20% (all abnormali- 
49 ties combined) 
del(20q) 
del(13q) 
partial trisomy 1q 
PMF +8 30% (all abnormali- 
49 ties combined) 
—7/del(7q) 
del(5q)/t(5q) 
del(20q) 
del(13q) 
partial trisomy 1q 
AML t(8;21)(q22;q22.3) 10% RUNX1T1/ETO RUNX1/AML1 Fusion protein-altered 
transcriptional regulation 
t(15;17)(q24.1;q21.1) 9% PML RARA Fusion protein-altered 
transcriptional regulation 
inv(16)(p13.1q22) or t(16;16) 5% MYH11 CBFB Fusion protein-altered 
(p13.1;q22) transcriptional regulation 
t(9;11)(/p21.3;q23.3) 5-8% for all MLLT3/AF9 KMT2A/MLL KMT2A histone methyltrans- 
t(10;11)(p12;q23.3) t(11q23.3) MLLT10/AF10 KMT2A ferase fusion proteins-altered 
7 3 chromatin structure and tran- 
t(11;17)(q23.3;q25) KMT2A MLLT6/AF17 scriptional regulation 
t(11;19)(q23.3;p13.3) KMT2A MLLT1/ENL 
t(11;19)(q23.3;p13.1) KMT2A ERI 
t(6;11)(q27;q23.3) MLLT4/AF6 KMT2A 
Other t(11q23.3) KMT2A 
del(11)(q23) 
+8 8% 
aril 1-2% KMT2A Internal tandem duplication 
—7 or del(7q) 14% 
del (5q)/t(5q) 12% 
t(6;9)(p23;q34.1) 1% DEK NUP214/CAN Overexpression of MECOM 
inv(3)(q21.3q26.2) or t(3;3) 2% MECOM/EVI1 
del(20q) 5% 
t(12p) or del(12p) 2% 
Therapy- —7 or del(7q) 45% 
man MDS/  del(5q)/t(5q) 40% 
der(1;7)(q10;p10) 2% 
dic(5;17)(q11.1-13;p11.1-13) 5% TP53 Loss of function-DNA 
damage response 
t(9;11)(p21.3;q23.3)/t(11q23) 3% MLLT3 KMT2A KMT3A histone methyltrans- 
t(11;16)(q23.3;p13.3) 2% (t-MDS) KMT2A CREBBP ferase fusion proteins—altered 
transcriptional regulation 
t(21q22.3) 2% RUNX1/AML1 Overexpression of MECOM 
(3;21)(q26.2;q22.3) 3% MECOM RUNX1 


(continued) 
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TABLE 13-2. Recurring Chromosome Abnormalities in Malignant Myeloid Diseases (Continued) 


Disease Chromosome Abnormality Frequency Involved Genes* Consequence 
MDS +8 10% 
(Unbalanced) —7/del(7q)* 12% 
del(5q)/t(5q)* 15% 
del(20q) 5-8% 
-Y 5% Loss of function, DNA 
i(17q)/t(17p)* 3-5% TP53 damage response 
—13/del(13q)* 3% 
del(11q)* 3% 
del(12p)/t(12p)* 3% 
del(9q)* 1-2% 
idic(X)(q13)* 1-2% 
(Balanced) t(1;3)(p36.3;q21.2)* 1% MMEL1 RPN1 Deregulation of MMEL1- 
transcriptional activation? 
t(2;11)(p21;q23.3)/t(11q23.3)* 1% KMT2A KMT2A fusion protein-altered 
transcriptional regulation 
inv(3)(q21.3q26.2)/t(3;3)* 1% RPN1 MECOM/EVI1 Altered transcriptional regu- 
lation by MECOM 
t(6;9)(p23;q34.1)* 1% DEK NUP214 Fusion protein-nuclear pore 
protein 
CMML t(5;12)(q32;p13.2) ~2% PDGFRB ETV6/TEL Fusion protein-altered signal- 


ing pathways 


AML, acute myeloid leukemia; CML, chronic myeloid leukemia; CMML, chronic myelomonocytic leukemia; MDS, myelodysplastic syndrome; 


PMF, primary myelofibrosis; PV, polycythemia vera. 


*Genes are listed in order of citation in the karyotype; e.g., for CML, ABL7 is at 9q34.1 and BCR at 22q11.2. 
‘Rare patients with CML have an insertion of ABL7 adjacent to BCR in a normal-appearing chromosome 22. 
*Cytogenetic abnormalities considered in the WHO 2008 Classification as presumptive evidence of MDS in patients with persistent cytope- 


nias(s), but with no dysplasia or increased blasts. 


normal karyotypes, del(5q) alone, or with one additional abnormality, 
del(12p) alone, or del(20q) alone; those with an “intermediate outcome” 
have del(7q), +8, +19, i(17q), or any other single or double abnormality; 
those with a “poor outcome” have —7, inv(3q)/t(3;3), double abnormal- 
ities, including —7/del(7q), and complex karyotypes with 3 abnormal- 
ities; and those with a “very poor outcome” have complex karyotypes 
with more than three abnormalities, typically with abnormalities of 
chromosome 5.*° With larger data sets, the inclusion of additional rare 
recurring cytogenetic abnormalities has facilitated a refinement of the 
cytogenetic risk groups, and provided the clinician with more informa- 
tion to predict the expected outcome for their patient.*°*! 


ACUTE MYELOID LEUKEMIA DE NOVO 


Clonal chromosomal abnormalities are detected in 80 to 90 percent of 
patients with AML. The most frequent abnormalities are +8 and —7, 
which are seen in most subtypes of AML.' Specific rearrangements are 
closely associated with particular subtypes of AML as recognized by the 
WHO and French-American-British (FAB) classification schemes (see 
Table 13-2; Chap. 88).? 


Translocation 8;21 

The 8;21 translocation [t(8;21)(q22;q22.3)], described in 1973, was the 
first translocation identified in AML (see Fig. 13-3). The t(8;21) is com- 
mon and is observed in 5 to 10 percent of all patients with AML with an 


abnormal karyotype and in 10 percent of patients with AML with mat- 
uration. This translocation is the most frequent abnormality in children 
with AML and occurs in 15 to 20 percent of karyotypically abnormal 
cases. Loss of a sex chromosome (—Y in males, -X in females), or a 
del(9q) with loss of 9q22, accompanies the t(8;21) in 75 percent of cases. 
The presence of the t(8;21) identifies a morphologically and clinically 
distinct subset of AML, and most cases with the t(8;21) are classified 
as AML with maturation. AML with the t(8;21) has a favorable prog- 
nosis in adults (overall 5-year survival of 70 percent), but the outcome 
in children is poor.” At the molecular level, the t(8;21) involves the 
RUNX1/AMLI gene, which encodes a transcription factor, also known 
as core-binding factor, that is essential for hematopoiesis. The RUNX1 
gene on chromosome 21 is fused to the RUNX1T1/ETO gene on chro- 
mosome 8 and results in a RUNX1-RUNXI1T1 chimeric protein. Trans- 
formation by RUNX1-RUNXIT1 likely results from transcriptional 
repression of normal RUNXI target genes via aberrant recruitment of 
nuclear transcriptional corepressor complexes.” 


Inversion 16 and Translocation 16;16 

Another clinical-cytogenetic association involves acute myelomono- 
cytic leukemia (AMML) with abnormal eosinophils, including large 
and irregular basophilic granules, and positive reactions with periodic 
acid-Schiff and chloroacetate esterase. Most patients have an inversion 
of chromosome 16, inv(16)(p13.1q22) (see Fig. 13-3), but some have a 
t(16;16)(p13.1;q22), and the WHO classification system now recognizes 


these as a distinct form of AML (Chap. 88). These aberrations are rel- 
atively common, occurring in 5 percent of AML and 25 percent of 
AMML patients.! These patients have a good response to intensive 
chemotherapy with a complete remission rate of approximately 90 per- 
cent and an overall 5-year survival of 60 percent.” The breakpoint at 
16q22 occurs within the CBFB gene, which encodes one subunit of the 
RUNX1/CBFB transcription factor. Thus, like the t(8;21), the inv(16) 
disrupts the RUNX1/AMLI] pathway regulating hematopoiesis. Second- 
ary cooperating mutations of KIT, KRAS, and NRAS are common in 
core-binding factor-associated leukemias, although only KIT mutations 
confer a poor prognosis.’ 


Translocation 15;17 

The t(15;17)(q24.1;q21.1) (see Fig. 13-3) is specific for acute promye- 
locytic leukemia (APL) and has not been found in any other disease. 
Rare variant translocations, which occur in less than 2 percent of cases, 
include the t(11;17)(q23.2;q21.1) and t(5317)(q35.1;q21.1), which result 
in the ZBTB16 (PLZF)-RARA and NPMI-RARA fusion proteins, 
respectively. Establishing the diagnosis of APL with the typical t(15;17) 
is important, because this disease is sensitive to therapy with all-trans 
retinoic acid, whereas other cases of AML and some of the APL-like 
disorders associated with the variant translocations do not respond to 
this treatment (Chap. 88). The t(15;17) results in a fusion retinoic acid 
receptor-a protein (PML-RARA). The oncogenic potential of the APL 
fusion proteins appears to result from the aberrant repression of RARA- 
mediated gene transcription through histone deacetylase (HDAC)- 
dependent chromatin remodeling. Genetic mutations that cooperate 
with PML-RARA include FLT3 internal tandem duplications (ITDs), 
observed in 35 percent of patients. 


Translocations Involving 11q 

Recurring translocations involving 11q23.3 are seen in approximately 
35 percent of acute monocytic leukemia patients and are of great inter- 
est in acute leukemia for at least three reasons.'*° First, there are more 
than 50 different recurring rearrangements that involve 11q23.3 and, 
thus, along with 14q32.3, 11q23.3 is one of the bands most frequently 
involved in rearrangements in human tumor cells.’ The most com- 
mon breakpoints in the translocation partners include 1p32, 4q21.3, 
and 19p13.3 in ALL (Chap. 91), and 1q21, 2q21, 6q27, 9p21.3, 10p12, 
17q25, 19p13.3, and 19p13.1 in AML (Chap. 88). Second, these translo- 
cations occur in both lymphoid and myeloid leukemias. One common 
translocation in infants, t(4;11)(q21.3;q23.3), has a lymphoblastic phe- 
notype, whereas other translocations, such as the t(9;11)(p21.3;q23.3) 
(see Fig. 13-3) and t(11;19)(q23.3;p13.1), are common in acute mono- 
cytic leukemias. Finally, translocations involving 11q23.3 have a very 
unusual age distribution, comprising about three-quarters of the chro- 
mosome abnormalities in leukemia cells of children younger than 1 year 
of age. With the exception of the t(9;11) which may have an inter- 
mediate outcome, translocations of 11q23.3 are associated with a poor 
outcome.” Translocations of 11q23.3 involve KMT2A/MLL, a very large 
gene (>100 kb) with multiple transcripts of 12 to 15 kb. KMT2A pro- 
tein is a histone methyltransferase that assembles in protein complexes 
that regulate gene transcription via chromatin remodeling.” All of the 
KMT2A translocations identified to date result in fusion proteins. 


Trisomy 11 

Trisomy 11 is a rare abnormality, noted as a sole aberration in 1 to 2 per- 
cent of MDS or AML, and confers an unfavorable outcome.” It is nota- 
ble that an ITD of the KMT2A gene is detected in 90 percent of AMLs 
with +11 as the sole abnormality and in 10 percent of AML cases with 
a normal karyotype. The rearrangement is the result of a duplication of 
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KMTZ2A exons 2 to 6 or 2 to 8 mediated by recombination between Alu 
repetitive elements and may produce a partially duplicated protein. 


Inversion 3 and t(3;3) 

Each of the other recurring rearrangements in AML occurs in fewer than 
3 percent of patients. A unique feature of abnormalities involving the 
long arm of chromosome 3 [inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2)] 
is the presence of platelet counts greater than 100 x 10°/L, sometimes 
greater than 1000 x 10°/L, and an increase in marrow megakaryocytes, 
especially micromegakaryocytes.'! Most of the recurring translocations 
described above occur in younger patients with a median age in the 30s, 
whereas other abnormalities, such as del(5q), or —7/del(7q), occur in 
patients with a median age greater than 50 years. Moreover, many of the 
latter patients have occupational exposure to mutagenic agents, such as 
solvents, petroleum, and pesticides. 


Mutations 

The prognosis of patients with AML is also determined by mutations, 
most commonly of the FLT3, NPM1, CEBPA, or KIT genes (Table 
13-3). Mutations of the FLT3 gene, including both point mutations 
within the tyrosine kinase domain and ITDs, are among the most com- 
mon genetic changes seen in AML, occurring in 15 to 35 percent of 
cases. FLT3-ITD mutations may occur in any subtype of AML, but are 
most common in APL and AML with a normal karyotype, and are asso- 
ciated with a poor prognosis, particularly in those cases with loss of the 
remaining wild type FLT3 allele.” Mutations of the FLT3 tyrosine kinase 
domain (codons 835 or 836 of the second tyrosine kinase domain) are 
noted in 5 to 8 percent of AML.” Mutations of NPM1 also occur fre- 
quently in AML (35 percent of adult cases, and 80 to 90 percent of acute 
monocytic leukemia), but are less frequent in patients with recurring 
cytogenetic abnormalities. In the absence of FLT3 mutations, NPM1 
mutations are associated with a favorable prognosis.*” NPM1 mutations, 
most commonly involve exon 12, resulting in alterations at the C-termi- 
nus, that is, replacement of tryptophan(s) at position 288 and 290, and 
aberrant localization of the protein to the cytoplasm. CEBPA mutations 
(6 to 15 percent of all AMLs), are often biallelic, and are usually asso- 
ciated with intermediate risk cytogenetics, but are generally associated 
with a favorable prognosis.** Mutations of KIT are noted in 2 percent 
of AMLs, and have prognostic significance among AMLs with t(8;21) 
and inv(16)/t(16;16) (20 to 25 percent), in which they are associated 


TABLE 13-3. Gene Mutations in MDS and AML 


Disease 
Mutated Gene MDS AML t-MDS/t-AML 
FLT3 (ITD) 2.4% 15-35% 0% 
FLT3 (TKD) 1% 5-8% <1% 
NRAS 10-15% 10% 10% 
gyre ~1% 2% NA 
KMT2A (ITD) 3% 7% 2-3% 
RUNX1 10-15% 12% 15-30% 
TP53 5-10% 5-10% 25-30% 
PTPN11 ~1% ~1% 3% 
NPM1 Rare 35% 4-5% 
CEBPA 1-8% 6-18% Rare 
JAK2Ve\7F 2-5% 2-5% 2-5% 
DNMT3A 8% 10% 16% 


with a poor prognosis.*? With respect to epigenetic changes, transcrip- 
tional silencing via DNA methylation of the CDKN2B (p15'N“"®) gene 
is observed in a high percentage of patients with AML or therapy- 
related myeloid neoplasm, and is associated with —7/del(7q), and a poor 
prognosis.“ 

Whole-genome and exome sequencing studies implicated a num- 
ber of additional genes in pathogenesis of AML, including DNMT3A, 
TET2, ASXL1, IDH1, IDH2, PHF6, WT1, TP53, RUNX1, and EZH2. Still, 
AML genomes have a relatively few mutations compared to other adult 
cancers (average of 13 mutations), and only approximately 20 genes 
appear to be mutated in AML with a significant frequency.” Several of 
the newly identified genetic abnormalities have prognostic importance 
in AML, including DNMT3A, TET2, ASXL1, and PHF6 mutations, and 
KMT2A-PTD, which are all associated with a poor outcome.” As more 
data accumulate regarding the clinical relevance of the specific muta- 
tion in homogeneously treated clinical cohorts it will become impor- 
tant to develop and implement assays that allow for cost-effective, rapid 
molecular profiling in the clinical setting. 

In addition, the emerging molecular analysis of tumor tissue 
presents an opportunity to identify individuals with germline predispo- 
sition to cancer.**“* Depending on the type of bioinformatic analysis that 
is performed on tumor tissue, it is possible to identify germline muta- 
tions when analyzing an individual's primary tumor, as every cell in that 
person's body will contain the germline mutation. For example, the cur- 
rent standard for molecular analysis in the case of a patient presenting 
with a new AML is to perform mutational analysis of CEBPA. CEBPA is 
mutated sporadically in AML, but the familial form is associated with 
biallelic CEBPA mutations, most commonly with the germline mutation 
found within the 5’ end of the gene, accompanied by the acquisition 
of a second 3’ mutation in the leukemia. Germline 3’ CEBPA muta- 
tions have also been identified.” In approximately 10 percent of AML 
patients found to have biallelic CEBPA mutations within their leukemia 
cells, one of these mutated alleles is actually a germline mutation and, 
therefore, any AML patient found to have biallelic CEBPA mutations 
should undergo genetic counseling and molecular testing of germline 
tissue.“*°*! This type of scenario may become more common as nex- 
t-generation sequencing of tumor tissue is performed more frequently. 
The American College of Medical Genetics and Genomics (ACMG) has 
published a series of commentaries and recommendations regarding 
disclosure of genetic information when clinical genetic sequencing is 
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Figure 13-4. Frequency of recurring abnormalities in myeloid leukemias. 
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performed.*** The ACMG recommends disclosure of genetic informa- 
tion regarding 24 genes that confer germline cancer predisposition.” 
Figure 13-4 shows the frequency of common cytogenetic abnormalities 
in AML occurring de novo. 


THERAPY-RELATED MYELOID NEOPLASMS 


Therapy-related myeloid neoplasms (t-MNs), comprised of therapy- 
related MDS (t-MDS) and therapy-related AML (t-AML), are alate com- 
plication of cytotoxic therapy used in the treatment of both malignant 
and nonmalignant diseases." In patients who received alkylating agents, 
the characteristic recurring chromosome abnormalities observed are 
loss of part or all of chromosomes 5 [del(5q)] and/or part or all of chro- 
mosome 7 [-7/del(7q)] (see Fig. 13-4). Clinically, these patients have a 
long latency period (5 years), present with MDS, which often progresses 
rapidly to AML with multilineage dysplasia and a poor prognosis. In 
our experience, 92 percent of t-MN patients had an abnormal karyo- 
type and 70 percent had an abnormality of one or both chromosomes 
5 and 7,” and these observations have been confirmed in other series.” 
In contrast, only approximately 20 percent of patients with AML de 
novo have a similar abnormality of chromosomes 5 or 7 or both.’ 

By cytogenetic and molecular analysis, investigators have defined 
a 970-kb commonly deleted segment (CDS) containing 19 genes on 
the long arm of chromosome 5 (5q31.2) predicted to contain a mye- 
loid tumor suppressor gene.” A second, nonoverlapping CDS in 5q32 is 
implicated in MDS with an isolated del(5q).** Parallel studies revealed a 
2.5-Mb CDS within 7q22 containing 16 genes. Molecular analysis of the 
genes within these regions did not reveal inactivating mutations in the 
remaining alleles, nor was there evidence of transcriptional silencing.” 
These observations are compatible with a haploinsufficiency model 
(gene dosage effect resulting from the loss of one allele), and several 
candidate haploinsufficient genes (EGR1, APC, CSNK1A1, RPS14) have 
been identified on 5q. The EGR1 transcription factor is downstream of 
cytokine signaling pathways. In a mouse model, loss of a single allele of 
Egr1 cooperates with mutations induced by an alkylating agent in the 
development of myeloid diseases.” RPS14 encodes an essential compo- 
nent of the 40S subunit of ribosomes, and haploinsufficiency of this gene 
appears to be responsible for the defect in erythropoiesis in MDS with 
an isolated del(5q).° Other studies show that haploinsufficiency of two 
micro-RNAs, miR-145 and miR-146a, encoded by sequences near the 
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RPS14 gene, cooperate with loss of RPS14 and mediate the megakary- 
ocytic dysplasia seen in this disease.“ These studies raise the possibility 
that haploinsufficiency for one or more of these genes in hematopoietic 
stem cells (HSCs) may contribute to the pathogenesis of MDS or AML 
with a del(5q), and a study demonstrated that haploinsufficiency for two 
del(5q) genes, EGR1 and APC, together with loss of TP53 leads to AML 
in a mouse model.” 


A second subtype of t-AML has been identified that is distinctly 
different from the more common leukemia that follows alkylating 
agents or irradiation. This type of t-AML is seen in patients receiving 
drugs known to inhibit topoisomerase II, for example, etoposide, teni- 
poside, and doxorubicin. Clinically, these patients have a shorter latency 
period (1 to 2 years), present with overt leukemia, often with monocytic 
features, without a preceding myelodysplastic phase, and have a more 
favorable response to intensive induction therapy. Balanced transloca- 
tions involving the KMT2A gene at 11q23.3, or the RUNX1/AMLI gene 
at 21q22.3 are common in this subgroup.™ 


ACUTE LYMPHOBLASTIC LEUKEMIA 


ALL is the most frequent leukemia in children (Chap. 91). In both 
childhood and adult ALL, the identification of prognostic subgroups 
based on recurring cytogenetic abnormalities (Table 13-4) and molec- 
ular markers has resulted in the application of risk-adapted therapies.” 
The most useful prognostic indicators are karyotype (including ploidy), 
age, white blood cell count, and response to initial therapy (day 14 mar- 
row response and end-induction minimal residual disease). Based on 
these parameters, the Children’s Oncology Group has defined four risk 
groups: lower risk (5-year event-free survival [EFS], at least 85 percent), 
with either the ET V6/RUNX1 fusion, or simultaneous trisomies of chro- 
mosomes 4, 10, and 17; standard and high risk (those remaining in the 
respective National Cancer Institute risk groups); and very high risk 
(5-year EFS, 45 percent or below), with extreme hypodiploidy (fewer 
than 44 chromosomes), or the BCR-ABL1 fusion, and induction fail- 
ure.“ Genome-wide profiling studies using CMA revealed a high fre- 
quency of submicroscopic copy-number abnormalities in pediatric ALL, 
including deletions of PAX5 (32 percent), IKZF1 (IKAROS, 29 percent), 
CDKN2A/B (50 percent), BTG1, and EBF1 (8 percent). Many of these 
abnormalities disrupt genes and pathways controlling B-cell develop- 
ment and differentiation, and the most clinically significant among 
them appears to be genetic alterations of IKZF1, which are invariably 
associated with a very poor outcome in B-cell progenitor ALL.’ 


Translocation 9;22 

The incidence of the t(9;22) in ALL is 30 percent in adults (the inci- 
dence may approach 50 percent in adults older than 60 years of age) and 
5 percent in children. Thus, the Ph chromosome is the most frequent 
rearrangement in adult ALL. Approximately 70 percent of the patients 
show additional abnormalities, a frequency that is substantially higher 
than that observed in CML with +der(22)t(9;22),+21, abnormalities 
of 9p, +8, -7, and +X (noted in descending frequency). Monosomy 7 
is associated with a poorer outcome.® A chromosomally normal cell 
line is frequently noted in the marrow of Ph chromosome-positive ALL 
patients (70 percent), but is rare in untreated CML. Most cases have a 
B-lineage phenotype (CD10+, CD19+, and TdT+), but there is frequent 
expression of myeloid-associated antigens (CD13 and CD33). The dis- 
ease in both adults and children is characterized by high white blood 
cell counts, a high percentage of circulating blasts, and a poor prognosis. 
As in CML, the t(9;22) in ALL results in a BCR-ABL1 fusion gene. How- 
ever, in more than half of the patients, the break in BCR is more prox- 
imal, resulting in a smaller fusion protein with even greater tyrosine 
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kinase activity (BCR-ABL1”'”). Genetic alterations of the IKZF1 gene 
are detectable in up to 80 percent of patients with Ph chromosome-pos- 
itive ALL, and are associated with an unfavorable outcome even with 
the use of TKIs.% 


Translocations Involving 11q 

Translocations involving the KMT2A gene at 11q23.3 are observed in 
5 percent of ALL patients.” Of these, the most common is the t(4;11) 
(q21.3;q23.3) (Fig. 13-5). The t(11;19)(q23.3;p13.3) is second in fre- 
quency. However, this rearrangement is not limited to ALL in that 
approximately 50 percent of these cases have AML, usually monoblas- 
tic. Of note is the high frequency of translocations involving 11q23.3 
in infant ALL (60 to 80 percent). Patients with the t(4;11) have a pro 
B-cell phenotype (CD10-, CD19+), with coexpression of monocytic 
(CD15+), or, less commonly, T-cell markers. Clinically, both children 
and adults have aggressive features with hyperleukocytosis, extramed- 
ullary disease, and a poor response to conventional chemotherapy.” 
Adults with the t(4;11) have a remission rate of 75 percent, but a median 
EFS of only 7 months. Rearrangements affecting KMT2A represent a 
major class of mutations in acute leukemia and identify patients with a 
poor outcome. 


Translocation 12;21 

The t(12;21)(p13.2;q22.3) has been identified in a high proportion 
(approximately 25 percent) of childhood precursor B-cell leukemia, but 
is uncommon in adults (approximately 5 percent of ALL cases) (Fig. 
13-6). The translocation is not easily detected by cytogenetic anal- 
ysis because of the similarity in size and banding pattern of 12p and 
21q. However, the rearrangement can be detected reliably using reverse 
transcriptase polymerase chain reaction (RT-PCR) or FISH analysis. 
The t(12;21) defines a distinct subgroup of patients characterized by an 
age between 1 and 10 years, B-cell lineage immunophenotype (CD10+, 
CD19+, HLA-DR+), and a favorable outcome, particularly when other 
favorable risk factors are present. In one study, patients with the t(12;21) 
had a 5-year EFS of 91 percent as compared to 65 percent for patients 
without this rearrangement. However, the t(12;21) may be associated 
with late disease recurrences. The t(12;21) results in a fusion protein 
containing the N-terminus of ETV6/TEL, a transcriptional repres- 
sor of the ETS family, and most of the RUNX1/AMLI transcription 
factor. 


Hyperdiploidy 

The leukemia cells of some patients with ALL are characterized by a 
gain of many chromosomes (see Fig. 13-6). Two distinct subgroups are 
recognized: a group with 1 to 4 extra chromosomes (47 to 50), and the 
more common group with more than 50 chromosomes. Chromosome 
numbers usually range from 51 to 60, and a few patients may have up to 
65 chromosomes. Hyperdiploidy (>50 and usually <66 chromosomes) is 
common in children (approximately 30 percent), but is rarely observed 
in adults (<5 percent). Certain additional chromosomes are com- 
mon (X chromosome, and chromosomes 4, 6, 10, 14, 17, 18, and 21). 
Chromosome 21 is gained most frequently (100 percent of cases). 
Patients who have hyperdiploidy with more than 50 chromosomes have 
all of the previously recognized clinical factors that indicate a good 
prognosis, including age between 1 and 9 years, low white blood cell 
count (median 6700/uL), and favorable immunophenotype (early pre-B 
cell or pre-B cell). The favorable prognosis associated with high hyper- 
diploidy is associated with gains of chromosomes 4, 10, and 17, whereas 
a gain of chromosomes 5 and i(17q) is associated with a poor outcome.” 
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TABLE 13-4. Cytogenetic-lmmunophenotypic Correlations in Malignant Lymphoid Diseases 


Chromosome 

Disease Abnormality Frequency* Involved Genes? Consequence* 

ACUTE LYMPHOBLASTIC LEUKEMIA 

Precursor B t(12;21)(p13.2;q22.3) 25% ETV6/TEL RUNX1/AML1 Fusion protein-TF 
t(9;22)(q34.1;q11.2) 10%# ABL1 BCR Fusion protein—altered cytokine 

signaling pathways 
t(4;11)(q21.3;q23.3) 5% AFF4 KMT2A Fusion protein—-TF 
t(17;19)(q22;p13.3) 1% HLF TCF3 (E2A) Fusion protein-TF 
t(11;19)(q23.3;p13.3) 1% KMT2A MLLT1/ENL Fusion protein-TF 

Pre-B t(1;19)(q23;p13.3) 6% (30%) PBX1 TCF3 (E2A) Fusion protein-TF 

B (Slg+) (8;14)(q24.2;q32.3) 5% (95%) MYC IGH Deregulated expression-TF 
t(2;8)(p12;q24.2) <1% (1%) IGK MYC Deregulated expression-TF 
(8;22)(q24.2;q11.2) <1% (4%) MYC IGL Deregulated expression-TF 

Other Hyperdiploidy (50-60) 10% 
del(12p), t(12p) 10% 

1 t(11;14)(p15.4;q11.2) 1% LMO1 TRA Deregulated expression-TF 
t(11;14)(p13;q11.2) 3% LMO2 TRA Deregulated expression-TF 
(8;14)(q24.2;q11.2) <1% MYC TRA Deregulated expression-TF 
inv(14)(q11.2q32.1) <1% TRA TCLIA Deregulated expression-TF 
t(10;14)(q24.3;q11.2) 3% TLX1 TRA Deregulated expression-TF 
t(1;14)(p33;q11.2) 1% TALI TRD Deregulated expression-TF 
t(7;9)(q34;q34.3) TRB NOTCH1 Deregulated expression-TF 
t(7;19)(q34;p13.3) 2% 
del(9p), t(9p) <1% CDKN2A, Tumor suppressor gene-cell-cycle 

<1% (10%) | CDKN2B regulation 
LYMPHOMA 
B-Cell Lymphoma 
Burkitt t(8;14)(q24.2;q32.3) 95% MYC IGH Deregulated expression-TF 
t(2;8)(p12;q24.2) 1% IGK MYC Deregulated expression-TF 
t(8;22)(q24.2;q11.2) 4% MYC IGL Deregulated expression-TF 
Follicular SNCL t(14;18)(q32.3;q21.3) 80% IGH BCL2 Deregulated expression-antiapoptosis 
DLBCL t(14;18)(q32.3;q21.3) 20% IGH BCL2 protein 
DLBCL (3;22)(q27;q11.2) 45% for all BCL6 IGL Deregulated expression-TF 
(3;14)(q27;q32.3) t(3q27) BCL6 IGH Deregulated expression-TF 
MCL t(11;14)(q13.3;q32.3) ~100% CCND1 IGH Deregulated expression-TF 
LPL t(9;14)(p13.2;q32.3) PAX5 IGH Deregulated expression-TF 
SLL t(14;19)(q32.3;q13.3) IGH BCL3 Deregulated expression-TF 
MALT t(11;18)(q22.2;q21.3) 40-50% BIRC3/API2 MALT1 Fusion Protein—NFKB activation 
t(1;14)(p22.3;q32.3) 10% BCL10 IGH Deregulated expression-increased NFkB 
activation 

t(14;18)(q32.3;q21.3) 10-20% IGH MALT1 Deregulated expression-increased NFkB 
activation 

t(3;14)(p13;q32.3) 10% FOXP1 IGH Deregulated expression-TF 

t(X;14)(p11.4;q32.3) rare GPR34 IGH Deregulated expression-G-protein- 
coupled receptor 

PCMZL t(14;18)(q32.3;q21.3) rare IGH MALT1 Deregulated expression-increased NFKB 

activation 

RGEGE t(14;18)(q32.3;q21.3) 40% IGH BCL2 Deregulated expression-anti-apoptosis 


protein 


(continued) 
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TABLE 13-4. Cytogenetic-lmmunophenotypic Correlations in Malignant Lymphoid Diseases (Continued) 


Chromosome 

Disease Abnormality Frequency* Involved Genest Consequence* 

T-Cell Lymphoma 

ALK+ ALCL t(2;5)(—p23.2;q35.1) 75% ALK NPM1 Deregulated expression-tyrosine kinase 

ALK— ALCL t(6;7)(—p25.3;q32.3) 10-15% IRF4, DUSP22 Deregulated expression of TF (IRF4) and 

phosphatase (DUSP22) 

Nasal/NK cell i(1q), i(7q), i(17q) 

Hepatosplenic i(7q) >95% 

Peripheral t(5;9)(q33.3;q22.2) 15% ITK SYK Constitutively active tyrosine kinase 

(SYK) 
CHRONIC LYMPHOCYTIC LEUKEMIA 
B t(11;14)(q13.3;q32.3) 10% CCND1 IGH Deregulated expression-cell-cycle 
regulation 
t(14;19)(q32.3;q13.2) 5% IGH BCL3 Deregulated expression-increased NFkB 
activation 
t(2;14)(p13;q32.3) 5% IGH 
t(14q32.3) 15% IGH 
del(13q) 30% 
+12 25% 

T t(8;14)(q24.2;q11.2) 5% MYC TRA Deregulated expression-TF 
inv(14)(q11.2q32.3) 5% TRA/TRD IGH Deregulated expression 
inv(14)(q11.2q32.1) 5% TRA/TRD TCLIA Deregulated expression-TF 

MULTIPLE MYELOMA 

B —13/del(13q) 40% 
t(4;14)(p16;q32) 15% FGFR3 IGH Deregulated expression—growth 

factor receptor 
WHSC1/MMSET IGH Deregulated chromatin modifica- 
tion and gene expression-histone 
methyltransferase 
t(14;16)(q32.3;q23) 5% IGH MAF Deregulated expression-TF 
t(6;14)(p21;q32.3) 4% CCND3 IGH Deregulated expression-cell-cycle 
regulation 
t(11;14)(q13.3;q32.3) 15% CCND1 IGH Deregulated expression-cell-cycle 
regulation 
t(14q32.3) 50% IGH 
del(17p)/t(17p) 30% TP53 Loss of function-DNA damage response 
gain of 1q 
hyperdiploidy: 20% 
+3,+5,+7,+9,411 

ADULT T-CELL LEUKEMIA/LYMPHOMA 
t(14;14)(q11.2;q32.3) TRA IGH Deregulated expression 
inv(14)(q11.2q32.3) TRA/TRD IGH Deregulated expression 


+3 


ALCL, anaplastic large cell lymphoma; DLBCL, diffuse large B-cell lymphoma; LPL, lymphoplasmacytoid lymphoma; MALT, mucosa-associated 
lymphoid tissue; MCL, mantle cell lymphoma; NFKB, nuclear factor KB; NK, natural killer; PCFCL, primary cutaneous follicular center lymphoma; 
PCMZL, primary cutaneous marginal zone lymphoma; Slg, surface immunoglobulin; SLL, small lymphocytic lymphoma; SNCL, small noncleaved 


cell lymphoma; TF, transcription factor. 


*The percentage refers to the frequency within the disease overall. The number in the parentheses refers to the frequency within the morpho- 


logic or immunologic subtype of the disease. 


*Genes are listed in order of citation in the karyotype; e.g., for precursor B ALL, ETV6 is at 12p13.2 and RUNX7 is at 21q22.3. 


*By cytogenetic analysis, the frequency in children is approximately 5%, and in adults it is approximately 25%; using molecular probes, this 
frequency is 30% in adults overall, and 50% in adults older than 60 years of age. 


Pat PAGA 


a4 N 


8N 14 


Translocation 1;19 and translocation 8;14 

The t(1;19)(q23;p13.3) has been identified in approximately 6 percent of 
children with a B-lineage leukemia (see Fig. 13-5). The leukemia cells 
have cytoplasmic immunoglobulin and are CD10+, CD19+, CD34-, 
and CD9+. A reciprocal translocation involving the long arms of chro- 
mosomes 8 and 14 [t(8;14)(q24.2;q32.3)] is observed in mature B-cell 
ALL (see Fig. 13-5).” These patients have a high incidence of central 
nervous system involvement and/or abdominal nodal involvement at 
diagnosis. Although the outcome for both children and adults with a 
t(8;14) has been poor, the use of high intensity chemotherapy has mark- 
edly improved the outcome (EFS of 80 percent in children).” 


Philadelphia Chromosome-like Acute Lymphocytic/ 
Lymphoblastic Leukemia 

Ph-like ALL is a novel subgroup of high-risk ALL, characterized by 
increased expression of HSC genes, and a similar gene expression profile 
to Ph-positive ALL. Like Ph-positive ALL, Ph-like cases are also char- 
acterized by a high frequency of IKZF1 deletions and mutations, which 
confer a poor prognosis.” Ph-like ALL comprises up to 15 percent of 
pediatric ALL and up to 30 percent of adult ALL and is associated with 
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Figure 13-5. Partial karyotypes of trypsin- 
Giemsa-banded metaphase cells depicting recur- 
ring chromosomal rearrangements observed in 
ymphoid malignant diseases. The rearranged 
chromosomes are identified with arrows. A. t(4;11) 
q21.3;q23.3) in ALL. B. t(1;19)(q23;p13.3) in pre-B 
cell ALL. C. t(8;14)(q24.2;q32) in B-cell ALL and 
Burkitt lymphoma. D. inv(14)(q11.2q32.1) in T-cell 
eukemia/lymphoma. E. t(8;14)(q24.2;q11.2) in 
T-cell leukemia/lymphoma. F. t(14;18)(q32.3;q21.3) 
in B-cell lymphoma. 
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a higher risk of relapse compared to other Ph-negative cases. Genetic 
alterations responsible for the activated kinase and cytokine receptor 
signaling signature in Ph-like ALL are starting to be elucidated, and 
include point mutations and gene fusions affecting CRLF2, JAK2, ABLI, 
PDGERB, EPOR, EBF1, FLT3, IL7R, SH2B3, and other genes.”! 


T-CELL ACUTE LYMPHOBLASTIC LEUKEMIA 


T lymphoblastic leukemia/lymphoma has a distinct pattern of recur- 
ring karyotypic abnormalities.” Rearrangements involving 14q11.2 (see 
Fig. 13-5) and two regions of chromosome 7, (7q34) and (7p14), are 
particularly frequent in T-cell malignancies (see Table 13-4). The most 
common are the t(10;11)(q24.3;q11.2) (7 percent of childhood and 
30 percent of adult cases, TLX1 gene); the cryptic t(5;14)(q35.1;q32.1) 
(TLX3, 20 percent of childhood and 10 to 15 percent of adult cases), 
t(11;14) (p13;q11.2) (approximately 3 percent, LMO2 gene), and t(7;9) 
(q34;q34.3) (approximately 2 percent, NOTCH] gene). Approximately 
30 percent of patients have activating mutations of the NOTCH1 gene. 
Patients with T-cell ALL are most often young males and often have 
a mediastinal tumor mass, high white blood cell count, and leukemia 
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Figure 13-6. Frequency of recurring abnormalities in acute lymphocytic/lymphoblastic leukemias (ALL) and non-Hodgkin lymphomas (NHL). 


cells in the cerebrospinal fluid. These same clinical characteristics are 
associated with lymphoblastic lymphoma, another T-cell malignancy. 


CHRONIC LYMPHOCYTIC LEUKEMIA 


The chromosomal abnormalities associated with chronic lymphocytic 
leukemia (CLL) have been delineated through the use of FISH (Chap. 
92). When conventional cytogenetic techniques are used, only 50 per- 
cent of CLL patients have detectable chromosomal abnormalities. The 
most common abnormality is trisomy 12 (20 to 60 percent), followed 
by structural abnormalities of 13q and 14q (see Table 13-4). How- 
ever, when FISH analysis is used to study specific abnormalities, chro- 
mosomal abnormalities can be detected in greater than 80 percent of 
patients. The most frequent chromosomal changes seen by FISH are: 
loss or deletion of 13q (55 percent); deletion of 11q, the location of the 
ATM gene (18 percent); trisomy of 12q (16 percent); deletion of 17p, 
the location of the TP53 gene; and deletion of 6q (6 percent). The LOH 
affecting 17p frequently coincides with the TP53 mutations (7 percent) 
and can be detected by CMA.” Patient survival correlates with cyto- 
genetic subtype, with a shorter median survival observed in patients 
with 17p (32 months) or 11q (79 months) deletions, than in those with 
no detectable abnormality (111 months), trisomy of 12q (114 months), 
or —13/del(13q) (133 months). Two micro-RNA genes (miR-16-1 and 
miR-15a) are possible target genes in the 13q14.3 region. FISH probes 
capable of detecting the deletions of 11q, 13q, and 17p, trisomy 12, 
and immunoglobulin heavy chain (IGH) translocations are commer- 
cially available, and facilitate the application of risk-adapted treatment 
strategies. 

The prognosis of patients with CLL is also determined by two other 
molecular abnormalities: the status of the IGH variable region and the 
expression level of CD38 (Chap. 92). Patients whose CLL cells express 
IGH genes containing somatic mutations have a 24-year median sur- 
vival compared to only 6 to 8 years in those patients who do not have 
somatic IGH gene mutations.” This simple grouping of patients based 
on the mutation status of the IGH gene may reflect the fact that CLL 
cells that have few or no IGH mutations also often contain chromoso- 
mal aberrations that confer a poor prognosis, for example deletions of 
11q or 17p, or trisomy 12, whereas CLL cells with IGH mutations often 
contain deletions of 13q, which confer a more favorable clinical course. 
Unfortunately, testing for somatic mutations in the IGH gene is not cur- 
rently commercially available. ZAP-70, an enzyme normally expressed 
in T lymphocytes and critical for T-cell activation, is upregulated in 
CLL cells that contain unmutated IGH genes, conferring a poor prog- 
nosis (Chap. 92).”° Patients whose CLL cells have mutated IGH and lack 
expression of ZAP-70 and CD38, a membrane protein with signaling 
activity have the longest treatment-free period after initial diagnosis.” 

T-cell CLL and large granular lymphocytic leukemia are uncom- 
mon disorders in which the malignant lymphocytes have a T-cell immu- 
nophenotype. Rearrangements involving band 14q11.2 with or without 
an accompanying break in 14q32.1 have been reported in T-CLL as well 
as in T-cell lymphomas (see Table 13-4). The most common is inv(14) 
(q11.2q32.1). 


LYMPHOMA 


Cytogenetic analyses of patients with lymphoma have demonstrated that 
more than 90 percent of cases are characterized by clonal chromosomal 
abnormalities and, more importantly, many of the recurring abnormalities 
correlate with histology and immunophenotype (see Table 13-4; Chaps. 
95 and 96).’* For example, the t(14;18) is observed in a high proportion of 
follicular small cleaved cell lymphomas (70 to 90 percent), most patients 
with a t(3;22)(q27;q11.2) or t(3;14)(q27;q32.3) have DLBCL, and patients 
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with a t(8;14)(q24.2;q32.3) have either small noncleaved cell or DLBCL 
(Chap. 98). Band 14q32.3, the location of IGH is frequently involved in 
translocations in B-cell neoplasms (approximately 70 percent). In con- 
trast, a large proportion of T-cell neoplasms are characterized by rear- 
rangements that involve 14q11.2, 7q34, or 7p14, the locations of the T-cell 
receptor genes (Chap. 104). Gene expression profiling has proven useful 
in distinguishing unique genetic subtypes of lymphoma.” 

The t(8;14) is characteristic of both endemic and nonendemic 
Burkitt tumors, as well as Epstein-Barr virus (EBV)-negative and 
EBV-positive tumors (see Fig. 13-5; Chap. 102). Moreover, the t(8;14) 
has also been observed in other lymphomas, particularly small non- 
cleaved cell (non-Burkitt) and large cell immunoblastic lymphomas, 
HIV-associated Burkitt lymphoma (100 percent) and HIV-related 
DLBCL (30 percent).® Two other variant translocations also occur in 
Burkitt lymphoma, t(2;8)(p12;q24.2) and t(8;22)(q24.2;q11.2). All three 
translocations involve chromosome band 8q24.2. These same translo- 
cations have been seen in some patients with B-cell ALL. The t(8;14) 
involves a break within the IGH locus on chromosome 14, and a break 
either 5’ or within the MYC gene on chromosome 8, and relocates the 
MYC coding exons to chromosome 14. MYC is a transcription factor 
that plays a critical role in a number of cellular processes including 
DNA replication, proliferation, and apoptosis; its oncogenic properties 
are a result of its constitutive expression. 

Between 70 and 90 percent of follicular lymphomas (Chap. 99) and 
20 percent of DLBCL have the t(14;18) (see Fig. 13-6), in which the 
BCL2 gene at 18q21.3 is juxtaposed to the IGH J segment, leading to 
the deregulated expression of BCL2.*! Common secondary abnormali- 
ties include —7, +18, and del(6q). Other malignancies that overexpress 
BCL2, but do not harbor the t(14;18), include hairy cell leukemia and 
CLL. The BCL2 gene encodes a 26-kDa mitochondrial membrane pro- 
tein that functions to increase cell survival through antiapoptosis and 
preventing programmed cell death. 

The t(11;14) (q13.3;q32.3) is observed in virtually all cases of man- 
tle cell lymphoma (Chap. 100), 3 percent of myeloma (Chap 107), and 
up to 20 percent of prolymphocytic leukemias (Chap. 92). Many 
cases also have deletions or point mutations of the ATM gene (11q22.3). 
Mantle cell lymphomas are currently regarded as a poor prognostic 
group with a median survival from diagnosis of 3 years. This translo- 
cation results in the activation of the cyclin D1 (CCND1) gene by the 
IGH gene (J region).** The CCND1 gene is located 100 to 130 kb away 
from the breakpoint on 11q13.3. The D-type cyclins act as growth fac- 
tor sensors, causing cells to go through the restriction start point of the 
cell cycle at G, and committing them to divide via phosphorylation and 
inactivation of RB1. 

The BCL6 gene was cloned from the recurring breakpoint at 3q27 
in cells characterized by a t(3;22)(q27;q11.2), t(33;14)(q27;q32.3) or, 
rarely, t(2;3)(p12;q27).”* BCL6 rearrangements occur in 40 percent of 
DLBCLs and, in some series, up to 10 percent of follicular lymphomas. 
The translocations lead to the truncation of the BCL6 gene within the 
first exon or the first intron, substitution of its promoter sequences with 
an IG promoter, and deregulated expression. The BCL6 gene product 
is a 96-kDa POZ/Zn finger, nuclear protein that acts as a potent tran- 
scriptional repressor. It is predominantly expressed in the B-cell lin- 
eage, particularly in mature B cells, and may suppress genes involved in 
lymphocyte activation, differentiation, cell cycle arrest, and apoptosis. 
Somatic mutations have been identified in the 5’ regulatory regions of 
BCL6 in approximately 20 percent of DLBCLs without translocations 
leading to deregulation of BCL6, suggesting that overexpression of 
BCL6 is more broadly involved than initially recognized.™ 

Extranodal marginal zone B-cell lymphomas of mucosa-associated 
lymphoid tissue (MALT lymphoma) are comprised of several genetic 
subgroups, one characterized by trisomy 3 plus other abnormalities 


(60 percent), and another by the t(11;18)(q21.2;q21.3)(25 to 50 percent) 
and its variants (Chap. 101).*° Of note is that the t(11;18) is not observed in 
primary large B-cell gastric lymphoma. The t(11;18) results in the fusion 
of the apoptosis-inhibitor gene BIRC3 (API2), to a novel gene at 18q21.3, 
MALT1, whose product activates the nuclear factor xB (NF«B) pathway. 

A number of recurring chromosomal abnormalities have been 
recognized in T-cell leukemias and lymphomas (see Table 13-4; 
Chap. 104). Similar to B-cell neoplasms, in which rearrangements fre- 
quently involve the chromosomal bands containing the immunoglob- 
ulin gene loci, T-cell neoplasms often have rearrangements involving 
band 14q11.2, the site of the T-cell receptor a-chain (TRA) and 6-chain 
(TRD) genes or, less often, one of two regions of chromosome 7 (7q34 
and 7p14) to which the T-cell receptor 6-chain (TRB) and y-chain 
(TRG) genes have been localized, respectively.” These translocations 
result from aberrant V-D-J recombination events. With few exceptions, 
the involved gene on the partner chromosome encodes a transcription 
factor, whose expression is deregulated or activated as a result of the 
rearrangement (see Table 13-4). As a consequence of a chromosomal 
rearrangement that brings an oncogene under the controlling influence 
of promoters and enhancers that are active in T-cell receptor synthesis, 
T-cells may gain a proliferative advantage, resulting in malignant clonal 
expansion. 

A distinctive subtype of lymphoma, namely, anaplastic large cell 
lymphoma (ALCL) is characterized by a young age at presentation, and 
skin and/or lymph node infiltration by large, often bizarre lymphoma 
cells, which preferentially involve the paracortical areas and lymph node 
sinuses (Chap. 98). The majority of such tumors express one or more 
T-cell antigens, a minority express B-cell antigens, and some express both 
T- and B-cell antigens (the null phenotype). A reciprocal translocation, 
t(2;5)(p23.2;q35.1), t(1;2)(q25;p23), or variant rearrangement involving 
the ALK tyrosine kinase gene at 2p23.2 appears to be restricted to ALCL 
of either T-cell or null phenotype, and is present in a high percentage 
of these cases.** The tumor cells are positive for CD30 on the cell mem- 
brane and in the Golgi region, and ALK expression is detectable in 60 to 
85 percent of cases, where it confers a more favorable outcome (5-year 
survival, 80 percent in ALK+ vs. 40 percent in ALK- tumors). The t(2;5) 
has also been found in CD30+ primary cutaneous lymphomas. 


MYELOMA 


As in CLL, the application of molecular cytogenetic tools, such as FISH, 
has led to the discovery of numerous chromosomal abnormalities in 
myeloma, its precursor essential monoclonal gammopathy (Chaps. 105 
and 106), and plasma cell leukemia (Chap. 107).***” Monoclonal gam- 
mopathy is characterized by chromosomal aneuploidy, IGH transloca- 
tions (45 percent of patients), and deletions of 13q (15 to 50 percent). 
Plasma cell myeloma is a malignancy of postfollicular B cells and is char- 
acterized by the acquisition of complex chromosomal rearrangements. 
As in monoclonal gammopathy, the earliest changes involve deletions of 
13q14, and translocations of the IGH gene, which deregulate the expres- 
sion of oncogenes located near the translocation breakpoints. Loss of 
chromosome 13 or a del(13q) is the most frequently observed chromo- 
somal loss in myeloma and confers a poor prognosis.*? With the use of 
FISH, deletions of 13q are detected in 40 to 50 percent of patients with 
myeloma and may be associated with specific 14q translocations. 
Among the most frequent chromosomal rearrangements noted in 
plasma cell malignancies are translocations involving the IGH locus on 
14q32. IGH translocations are detectable by interphase FISH analysis 
in approximately 10 percent of patients with monoclonal gammopathy, 
40 to 50 percent of patients with myeloma, and more than 60 percent 
of patients with plasma cell leukemia.** The t(11;14)(q13.3;q32.2) is 
found in 15 percent of cases, and results in cyclin D1 overexpression 
and may deregulate expression of MYEOV (myeloma overexpressed 
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gene). The t(4;14)(p16.3;q32.3) is noted in approximately 15 percent of 
patients and deregulates the expression of the fibroblast growth factor 
receptor 3 gene (FGFR3) translocated to the der(14), and the WHSC1/ 
MMSET domain remaining on the der(4) chromosomes. The t(14;16) 
(q32.3;q23), noted in 5 percent of cases, results in the overexpression 
of the MAF transcription factor gene. Cyclin D3 overexpression occurs 
in the context of the t(6;14)(p21.1;q32.3), observed in 4 percent of 
patients. The translocation partners for the remaining 10 to 15 percent 
of myeloma cases are currently unknown. The t(4;14) and t(14;16) are 
both associated with a poor clinical outcome, whereas the t(11;14) con- 
fers a favorable prognosis. Translocations involving unknown partners 
confer an intermediate prognosis. 

Chromosome 1 abnormalities are prevalent in multiple myeloma, 
frequently resulting in both gain of 1q and loss of 1p, and are associated 
with a shorter survival.** Furthermore, gene expression profiling studies 
that identified a high-risk disease signature noted a significant enrich- 
ment of genes located on chromosome 1.** For this reason, it is now 
recommended that a comprehensive FISH testing panel for multiple 
myeloma include detection of chromosome 1 abnormalities, particu- 
larly using probes for 1q. 

Additional events occur with disease progression, including muta- 
tions of NRAS and KRAS, MYC deregulation, and epigenetic altera- 
tions. Activating mutations of NRAS or KRAS have been identified in 
monoclonal gammopathy (approximately 5 percent), and at a higher 
frequency in myeloma (30 to 40 percent); but the frequency may be 
higher in patients who relapse (80 percent). Several genes are silenced 
through aberrant promoter hypermethylation in both monoclonal 
gammopathy and myeloma, including DAPK1 (67 percent), SOCS1, 
CDKN2B (p15), and CDKN2A (p16). 
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CHAPTER 14 

METABOLISM OF 
HEMATOLOGIC NEOPLASTIC 
CELLS 


Zandra E. Walton, Annie L. Hsieh, and Chi V. Dang 


The quantum physicist Erwin Schrodinger surmised in his monograph “What 
is Life?” that the organized matter known as /ife needs to feed on “negative 
entropy” to avoid decay.' He concluded that this feeding on negative entropy 
is achieved through metabolism, a term derived from Greek that describes 
an exchange of materials. Because of this centrality to life, metabolism’s core 
pathways—glycolysis and respiration—evolved early in Earth’s history and 
are highly conserved. At every stage of life, metabolism provides the needed 
nutrients, energy, and building blocks. Embryogenesis, for instance, requires 
metabolism of maternally derived nutrients to support cellular repair, growth, 
division, and differentiation. In particular, cell replication requires that the 
instructions emanating from the DNA sequence, modulated by the epige- 
nome, couple with the import of nutrients and metabolic pathways to produce 
the components and energy necessary to build two copies of a cell and main- 
tain high replication fidelity of the genome. During growth and development, 
and especially during adulthood, metabolism also plays the important role of 
providing bioenergetics for cellular and organismal homeostasis. Metabolism 
can also feature prominently in disease, and this chapter discusses how the 
metabolic pathways central to life and normal biology can be subverted in 
cancer to fuel abnormal growth. 


Acronyms and Abbreviations: ABC, activated B-cell type; ALL, acute lymphoid leuke- 
mia; AML, acute myeloid leukemia; AMPK, adenosine monophosphate kinase; ASCT2, ASC 
amino-acid transporter 2; ATRA, all-trans retinoicacid; BPTES, a glutaminase inhibitor; CDK, 
cyclin-dependent kinase; CL, cardiolipin; COO, cell of origin; DFMO, a-difluoromethylorni- 
thine; DLBCL, diffuse large B-cell lymphoma; elF5A, eukaryotictranslation initiation factor; 
ERK, extracellular regulated kinase; ETC, mitochondrial electron transport chain; Ets, E26, E 
twenty-six; F1,6BP fructose 1,6 biphosphate; F2,6BP, fructose 2,6 biphosphate; FAO, fatty 
acid oxidation; FDG-PET, fluorodeoxyglucose positron emission tomography; FH, fumarate 
hydratase; FOS, a protooncogene; G3P, glycerol 3-phosphate; G6PD, glucose-6-phosphate 
dehydrogenase; GAP, glyceraldehyde 3-phosphate; GCB, germinal center B-cell type; 
GDP, guanosine-5’-diphosphate; GLS, glutaminase; GLUT, glucose transporter; GM-CSF, 
granulocyte-macrophage colony-stimulating factor; GOT, glutamate oxaloacetate tran- 
saminase; GPI, glucose phosphate isomerase; GPT, glutamate pyruvate transaminase; 
GTP, guanosine-5’-triphosphate; 2-HG, 2-hydroxyglutarate; HIF, hypoxia-inducible factor; 
HSC, hematopoietic stem cell; IDH, isocitrate dehydrogenase; IMPDH, inosine monophos- 
phate dehydrogenase; LDHA, lactate dehydrogenase A; LKB1, Liver kinase B1; LSC, leuke- 
mic stem cell; Max, Myc-associated factor X; MDM2, mouse double minute 2 homolog; 
Miz-1, Myc-interacting zinc finger protein 1; MLL2, mixed-lineage leukemia protein 2; 
Mix, Max-like protein X; MondoA, member of the MYC network of transcription factors 


Food, through metabolism, provides the nutrients necessary for homeosta- 
sis, repair, and reproduction of many organisms. To align supply and demand, 
mammalian metabolism is linked to sleep cycles through the central circadian 
clock that senses light and dark phases of the day via the eye and central ner- 
vous system. The central regulation of feeding and sleeping cycles coordinates 
nutrient availability from food with the circadian oscillation of metabolism of 
individual cells, which all have a molecular clock comprised of a network of 
transcription factors that regulates cell metabolism.” 

Food is digested, absorbed through the gastrointestinal tract, and in part 
processed or stored in the liver, which is a key metabolic organ.’ Processed 
lipids in the form of lipoproteins are synthesized in the liver and dissemi- 
nated throughout to supply the needs of various organs. Amino acids, with 
glutamine circulating at the highest level (0.5 mM), supply cells with build- 
ing blocks for proteins. Some amino acids (nonessential) are synthesized by 
humans, but essential amino acids must be available from the diet. Complex 
carbohydrates are broken down and circulate as glucose, a vital nutrient for 
virtually all mammalian cells. In this regard, an endocrine system (insulin and 
glucagon) has evolved to control the circulating levels of this precious bioen- 
ergetic molecule. When in excess, amino acids and sugars contribute to lipo- 
genesis, and the extra energy is stored as fat depots in adipose tissues. Excess 
glucose is stored as glycogen, which is deployed to release glucose in starved 
conditions. It is believed that, during our evolution, periods of gorging and 
feeding were separated by significant durations of starvation; hence, we have 
evolved mechanisms to survive starvation. 

In contrast to the fed state, when insulin level increases in response to 
rising glucose to trigger cellular glucose uptake and storage, the starved 
state triggers glucagon secretion from the pancreas, which mobilizes cellular 
glycogen stores as nutrient. Prolonged starvation depletes liver and muscle 
glycogen stores—the only major glycogen stores—and prompts the mobi- 
lization of fat stores. The released fatty acids provide glycerol as a substrate 
for making glucose through gluconeogenic pathways and fatty acids for mito- 
chondrial oxidation. Further prolonged starvation triggers the liver to convert 
fatty acids to ketone bodies, which can cross the blood—brain barrier to feed 


that upregulates glycolysis (known as MLXIP, MLX interacting protein); mTOR, mamma- 
lian target of rapamycin; mIORC1, mTOR complex 1; MYC, a protooncogene that is a major 
regulator of cell growth and metabolism; NADH, nicotinamide adenine dinucleotide; 
NADPH, nicotinamide adenine dinucleotide phosphate; NAMPT, nicotinamide phos- 
phoribosyltransferase; NRF2, nuclear respiratory factor-2; NTP, nucleotide triphosphate; 
ODC, ornithine decarboxylase; OGDH, oxoglutarate dehydrogenase; OXPHOS, oxidative 
phosphorylation; ,53, activates oxidative phosphorylation and inhibits glycolysis; PC, 
phosphatidyl choline; PDH, pyruvate dehydrogenase; PDK, pyruvate dehydrogenase 
kinase; PE, phosphatidyl ethanolamine; PEP, phosphoenol pyruvate; PFK, phosphofruc- 
tokinase; PG, glycerophosphoglycerol; PGC1a, an activator of mitochondrial biogenesis; 
PI, phosphatidyl inositol; PI3K, phosphoinositol 3’-kinase; PML, promyelocytic leukemia; 
PRPS, 5-phosphoribosyl-pyrophosphate synthetase; PS, phosphatidyl serine; PTEN, phos- 
phatase and tensin homologue deleted on chromosome 10, an antioncogene; RAS, name 
given to a family of related proteins belonging to small GTPase involved in signal trans- 
duction; ROS, reactive oxygen species; rRNA, ribosomal RNA; SAM, S-adenosylmethion- 
ine; SCO, cytochrome c oxidase; SDH, succinate dehydrogenase; SLC1A5, ASC amino-acid 
transporter 2; SOD, superoxide dismutase; TCA, tricarboxylic acid; TET, family of dioxyge- 
nases that catalyze conversion of 5-methylcytosine to 5-hydroxymethylcytosine; TFEB, 
transcription factor EB; THF, tetrahydrofolate; VHL, von Hippel-Lindau protein. 


the brain. How whole organisms initiate autophagy (self-eating) during mark- 
edly prolonged starvation has not been thoroughly studied. But autophagy is 
clearly necessary for mammalian development, particularly upon birth when 
deletion of specific autophagic regulators results in death.’ Although autoph- 
agy plays an important role in mitochondrial and organellar homeostasis and 
cancer metabolism, it is discussed in Chap. 15; this chapter focuses primarily on 
intermediary metabolism. 

Although most of our cells are differentiated and do not proliferate, stem 
cell compartments are ubiquitous among tissues, allowing for replacement 
of used or damaged cells. The hematopoietic stem cell and hematopoiesis 
constitute probably the best-studied stem cell system.’ Cytokines, growth 
factors, and the extracellular matrix provide the cues for stem cells to main- 
tain their quiescent state or to awaken and differentiate to replenish lost 
cells. In response to growth factors in the presence of nutrient-replete states, 
stem cells self-renew, proliferate, and then differentiate. In nutrient-deprived 
states, normal metabolic checkpoints forbid growth factor stimulated cells 
from proliferating.° All of the mechanisms used by normal cells during fed and 
starved states are potentially exploitable by neoplastic cells for their survival. 
Genetic mutations drive neoplastic cells to grow and proliferate regardless of 
the availability of nutrients; in contrast, normal cells sense nutrients and do 
not proliferate under starved conditions. In this chapter, basic cell metabolism 
is covered along with discussions about growth signaling and its intersection 
with metabolism. Alterations in metabolism found in hematologic neoplastic 
cells are discussed in the context of therapeutic opportunities that are rapidly 
emerging from the latest basic research and translational efforts. 


@CELL GROWTH AND METABOLISM 
HOMEOSTASIS 


The canonical cell has significant bioenergetic needs for maintenance 
and homeostasis.‘ Protein synthesis and maintenance of cellular mem- 
brane potentials consume most of the ATP produced under homeostatic 
conditions.’ In many differentiated or quiescent cells, it is believed that 
fatty acid oxidation provides the bulk of the energy, followed by the use 
of glucose. In this regard, mitochondrial respiration is essential for adult 
tissues and cells. It is notable, however, that specialized cell functions 
in the various organs could require different metabolic pathways. Glu- 
cocorticoid hormone-producing cells, for example, express specialized 
metabolic pathways. Although cardiac muscle cells depend heavily on 
fatty acid oxidation, skeletal muscle cells use glucose. The brain depends 
largely on glucose, but it can feed on ketone bodies under starved states. 
For differentiated cells, which are the bulk of cells in mammals, homeo- 
stasis drives the demand for nutrients, to “the availability of which are 
determined by feeding and interorgan (liver, muscle, and endocrine tis- 
sues) metabolic interplays. For example, lactate produced by exercising 
muscle circulates back to the liver and is processed via the Cori cycle to 
produce glucose.’ Glucose plasma level is tightly controlled by the pan- 
creas, which produces insulin and glucagon, and by the liver (as well as 
kidney) that can produce glucose through gluconeogenesis. 


CELL GROWTH: SIGNALING, NUTRIENTS, AND 
METABOLISM 


Normal cell growth and proliferation are triggered by extracellular cues. 
Yeast cells, for example, only require the presence of nutrients to initi- 
ate cell growth or an increase in cell size.° During this growth phase, 
nutrients are imported and channeled into biomass, which is largely 
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comprised of ribosomes. It is estimated that ribosomes constitute more 
than 50 percent of cellular dry mass, and hence ribosome biogenesis is 
highly regulated and vitally important for cell growth and proliferation. 
Once a critical cell size (mass) is reached with a balanced nucleotide 
pool, DNA synthesis begins. Yeast cells sense nutrients, particularly 
glucose and glutamine, through pathways involving RAS and target of 
rapamycin complex 1 (TORC1), which silence transcriptional repres- 
sors of ribosome biogenesis.’ With nutrient deprivation, activation of 
these transcriptional repressors provides a metabolic checkpoint that 
restrains cells from growing in the absence of adequate bioenergetic 
support. Hence, the normal feedback loops couple nutrient availability 
with cell growth: no nutrients, no growth. The normal feedback loops 
can be artificially disrupted by deletion of transcriptional repressors of 
ribosomal biogenesis, rendering yeast mutants constitutively activated 
for growth. These mutants resemble mammalian cancer cells, which 
have mutations that drive autonomous cell growth with disregard for 
nutrient availability. The severance of nutrient sensing from growth sig- 
naling causes addiction of these yeast mutants to nutrients, such that 
deprivation of glucose or glutamine results in nonviable mutants. Simi- 
larly, cancer cells are addicted to nutrients. 

Cell growth in multicellular organisms requires additional cues in 
addition to the availability of nutrients. Mammalian cells live in a com- 
munity of cells and are constantly bathed in nutrients derived from the 
circulation, but they do not proliferate unless there are appropriate cues 
from growth factors and the extracellular matrix. Mammalian cells can 
be envisioned as bioreactors that require at least two signals to grow: (1) 
growth factor and (2) nutrients.° Cell growth is arrested in the absence 
of either growth factor or nutrients. Similar to yeast cells, metabolic 
checkpoints are critical to the growth of normal mammalian cells. 

Growing cells largely depend on glucose, glutamine and other amino 
acids.’ Indeed, the core metabolic pathways including glycolysis, glutami- 
nolysis, and the tricarboxylic acid (TCA) cycle link amino acid and glucose 
metabolism to lipogenesis and nucleotide synthesis (Fig. 14-1). Glycolysis 
starts with the transport of glucose into cells through several transporters, 
known as GLUTs, with SLC2A1 (GLUT1) being one that is coupled with 
cell growth stimulation. Once inside the cell, glucose is phosphorylated 
in an ATP-consuming step by hexokinases (HK) with HKII being stimu- 
lated by many growth signals and directly regulated by the MYC oncogene 
or the hypoxia inducible factor 1 alpha (HIF-1a). Glucose-6-phosphate 
(G6P) is used by the pentose phosphate pathway to produce ribose for 
nucleotide synthesis (Fig. 14-1) or converted to fructose phosphate via an 
isomerization reaction catalyzed by glucose phosphate isomerase (GPI).” 
Fructose-6-phosphate is further phosphorylated with consumption of a 
second ATP through a rate-limiting step catalyzed by phosphofructoki- 
nase (PFK) to fructose-1,6-bisphosphate (F1,6BP). F1,6BP is converted 
by aldolase and an isomerase to the three-carbon phosphorylated mol- 
ecule, glyceraldehyde 3-phosphate (GAP), which is oxidized and phos- 
phorylated using inorganic phosphate by the dehydrogenase, GAPDH, 
to 1,3-bisphosphoglycerate. The energy gained by nicotinamide adenine 
dinucleotide (NAD+)-mediated oxidation and phosphorylation is 
released from 1,3-bisphosphoglycerate by phosphoglycerate kinase, which 
transfers the high-energy phosphate bond to adenosine diphosphate 
(ADP) to form ATP. The resulting 3-phosphoglycerate (3-PG) provides a 
substrate for serine and glycine synthesis, for the production of glycerol, 
or for the production of phosphoenol pyruvate (PEP) in glycolysis. Pyru- 
vate kinase mediates the transfer of the high-energy phosphate bond from 
PEP to ADP producing ATP and pyruvate, which is the terminal substrate 
of glycolysis. Collectively, glycolysis uses ATP to charge up several inter- 
mediates for their transformations and uses NAD+ to oxidize intermedi- 
ates and generate energy through new high-energy phosphate bonds with 
inorganic phosphate. Each glucose molecule results in the production of a 
net two ATP molecules from ADP through glycolysis. 
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Figure 14-1. Central metabolic pathways involv- 
ing glycolysis, glutaminolysis, and the tricarboxylic 
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Pyruvate, derived from glucose through glycolysis, from malate 
through malic enzyme or from alanine through transamination, could 
enter the mitochondria through specific transporters and be converted 
to acetyl-coenzyme A (CoA) by pyruvate dehydrogenase (PDH) (see 
Fig. 14-1).'° PDH activity can be attenuated by phosphorylation, medi- 
ated by PDH kinase (PDK), which is activated by hypoxia to divert 
glucose carbons away from the TCA cycle toward lactate production. 
Under aerobic conditions, acetyl-CoA combines with oxaloacetate 
coming from a complete turn of the TCA cycle to produce citrate, which 
can be extruded into the cytoplasm to participate in lipid synthesis or 
which can be converted to isocitrate in the TCA cycle. Isocitrate is fur- 
ther oxidized to a-ketoglutarate by isocitrate dehydrogenase (IDH) with 
the production of either nicotinamide adenine dinucleotide (NADH) or 
nicotinamide adenine dinucleotide phosphate (NADPH) and release of 
a carbon dioxide molecule. There are three IDH isozymes with IDH1 
being located in the cytosol, while IDH2 and IDH3 are in the mitochon- 
drion. NADH in the mitochondrion contributes to the high-energy 
electrons that drive production of ATP through the electron transport 
chain. NADPH produced by cytosolic IDH1 or mitochondrial IDH2 
could participate in reductive biosynthesis of fatty acids or nucleobases. 

In addition to being a key TCA cycle intermediate at the crossroads 
of several metabolic pathways, a-ketoglutarate (or oxoglutarate) serves 
as a cofactor for many important oxygenases, such as those involved 
in the hydroxylation and degradation of the hypoxia inducible factors 
(HIFs), modification of ribosomes, or those involved in demethylation 
of DNA and histones.'"? Notably, glutamine can enter the TCA cycle 
at this junction. a-Ketoglutarate is further oxidized by oxoglutarate 
dehydrogenase (OGDH) to produce succinyl-CoA and carbon dioxide. 
Succinyl-CoA, which is also used for heme synthesis, is then converted 
to succinate with the production of a guanosine-5’-triphosphate (GTP) 
from guanosine-5’-diphosphate (GDP). Succinate is then converted to 
fumarate by succinate dehydrogenase (SDH), which is mutated in cer- 
tain familial cancer syndromes. Fumarate hydratase (FH), which is also 
mutated in cancer syndromes, converts fumarate to malate that is, in 
turn, converted to oxaloacetate. Oxaloacetate can serve as a substrate 
for glutamate oxaloacetate transaminase (GOT) for the production of 
aspartate for nucleotide synthesis, or it can further cycle forward into 
the TCA cycle by combining with acetyl-CoA to form citrate, thus com- 
pleting the TCA (citric acid or Krebs) cycle (see Fig. 14-1). 

Glutamine also serves as a key metabolic substrate for growing 
cells (see Fig. 14-1). Glutamine is imported by membrane transport- 
ers, such as SLC1A5 or ASCT2."*"* Once in the cytosol, glutamine can 
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contribute to protein synthesis or glucosamine or nucleobase biosyn- 
thesis by donating its nitrogen. Glutamine is further imported into the 
mitochondrion and converted to glutamate by glutaminase (GLS) with 
the release of ammonia. Glutamate is converted to a-ketoglutarate by 
either glutamate dehydrogenase (primarily in nongrowth states) or 
aminotransferases (GOT or glutamate pyruvate transaminase [GPT]). 
In this manner, glutamine serves as a major growth substrate for grow- 
ing cells. Hence, the TCA cycle is a metabolic roundabout that uses 
carbons from glucose, glutamine, and fatty acids to generate carbon 
skeletons for biosynthesis, NADH for the production of ATP, or a- 
ketoglutarate for catalyzing key oxygenase reactions. 

Oxidation of glucose, glutamine, and fatty acids produces energy 
for growing cells. On the other hand, synthesis of fatty acids and other 
building blocks require the reductive power of NADPH for bond for- 
mation. NADPH is produced from several well-characterized pathways, 
including the pentose phosphate pathway, malic enzyme, IDH, and the 
folate pathway.'* Glucose-6-phosphate dehydrogenase (G6PD) is well- 
known for its role in oxidation of G6P to 6-phosphogluconolactone and 
the concurrent reduction of NADP+ to NADPH, which contribute to an 
antioxidant state through maintaining reduced glutathione. Specifically, 
loss of G6PD function is associated with severe hemolytic anemia in 
patients who inherit hypomorphic alleles of G6PD (see Chap. 47). Malic 
enzyme mediates the oxidation of malate to pyruvate using nicotin- 
amide adenine dinucleotide phosphate (NADP+), which is reduced to 
NADPH. IDH1 oxidizes isocitrate to a-ketoglutarate with the produc- 
tion of NADPH from NADP+. Lastly, it was recently documented that 
the folate pathway plays a major role in NADPH production through 
the oxidation of methylene-tetrahydrofolate (THF) to formyl-THE” 
The largest consumer of NADPH, on the other hand, involves fatty acid 
synthesis with reduction of glutathione following closely behind. Thus 
production of NADPH is critical for both biosynthesis and for redox 
homeostasis. 


@ SIGNAL TRANSDUCTION: 
ONCOGENES, TUMOR SUPPRESSORS 
AND METABOLISM 


Growth factors and nutrients drive the growth and proliferation of 
cells (Fig. 14-2 and Chap. 17). Growth factor engagement of a (usu- 
ally dimeric) growth factor receptor triggers allosteric alterations 
that lead to autophosphorylation, in the case of the receptor tyrosine 
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Figure 14-2. Canonical signal transduction pathways emanating from a receptor tyrosine kinase and their connections to metabolism. The phos- 
phoinositol 3’-kinase (PI3K)-PTEN-Akt and Ras-Raf-ERK (extracellular regulated kinase) pathways are shown with connections to MYC and hypoxia-in- 
ducible factor 1 (HIF-1a), which trigger metabolic transcriptional programs. All of these pathways coordinate a response to growth factors and drive 
nutrients into the cell to generate ATP and building blocks for lipid, nucleotide, and protein synthesis. The net result is cell growth and generation 
of waste products, such as reactive oxygen species (ROS), lactate and carbon dioxide. Tumor suppressors (red octagons) and protooncogenes (green 


bursts) are highlighted. 


kinase family, or phosphorylation by Janus kinase in the cases of the 
hematopoietic cytokine receptor family. The phosphorylated receptor 
then recruits adaptor molecules that initiate a cascade of phosphoryla- 
tion events, which culminate in the activation of concurrent pathways 
through phosphoinositol 3’-kinase (PI3K)/PTEN/AKT and RAS-RAF- 
ERK (extracellular regulated kinase) (Fig. 14-2). These cascades relay 
signals to mTOR complex, which is a vital hub for metabolic sensing 
and short-term post-transcriptional control of cell growth.'* mTOR, 
potentially coupled with additional outputs of the RAS-RAF-ERK path- 
way, also activates a genomic response to the growth signal. In essence, 
the mTOR pathway provides an immediate response to growth stimu- 
lus and nutrients followed thereafter by a transcriptional response that 
provides an increase in specific mRNAs needed for the production of 
new building blocks for the growing cell. The initial growth response 
occurs in cells that have a basal number of ribosomes, which serve to 
translate delayed early response genes. The cascade down the ERK path- 
way also activates the expression of early response genes such as FOS 
and MYC. The activation of MYC is probably mediated through the 
ERK-activation of Ets transcription factors, whose regulatory motifs are 
found in the MYC gene.” Furthermore, ERK phosphorylates and stabi- 
lizes the MYC protein, enhancing ERK’s ability to drive a transcriptional 
response to growth. '®!° 

The immediate sensing of nutrients is mediated through the ade- 
nosine monophosphate kinase (AMPK) and mTOR pathways, which, 
in turn, modulate cellular responses through phosphorylation of reg- 
ulatory proteins (see Fig. 14-2).'’° In the presence of nutrients, the 
import of branched-chain amino acids is sensed through lysosomes 
to activate mTOR complex 1 (mTORC1). Import of glutamine, which 
is converted to glutamate, is thought to play an important role in 


activating mTOR through the antiporter, SLC7A1, which exports 
glutamate in exchange for leucine. Leucine is one of the most potent 
activators of mTORC1, which, in turn, phosphorylates key regulatory 
proteins to increase protein translation, mitochondrial biogenesis and 
respiration, glycolysis, and lipogenesis. Many of these effects are also 
mediated through mTORC1’s regulation of transcription factors such 
as PGCla (mitochondrial biogenesis), HIF-1a (glycolysis), and SREBP 
(lipogenesis). mTORC1 also phosphorylates and inactivates the tran- 
scription factor TFEB, which is a master positive regulator of lysosome 
biogenesis." Presumably, inhibition of TFEB would also diminish the 
machinery involved in autophagy. Although mTORC1 also stimulates 
ribosome biogenesis, the mechanism by which this occurs is not yet 
known. Activation of the mTORC2 complex is less well defined, but 
mTORC2 is responsible for the subsequent activation of AKT that plays 
a critical role in activating glycolysis. Thus, growth factor signaling 
stimulates nutrient uptake that in turn activates mTOR to stimulate cell 
growth. 

In nutrient-deprived states, the AMPK pathway regulates cellu- 
lar responses that optimize energy production and diminish energy 
utilization pathways (see Fig. 14-2).”?! AMPK is allosterically altered 
by binding to adenosine monophosphate (AMP), which makes AMPK 
permissive for phosphorylation and activation by the tumor suppressor 
LKB1. The phosphorylated AMPK in turn phosphorylates and regu- 
lates many pathways involved in energy regulation. One of the earliest 
discoveries was that AMPK phosphorylates and inactivates acetyl-CoA 
carboxylase, which is involved in fatty acid synthesis. Thus, by diminish- 
ing lipogenesis, AMPK is able to inhibit an energy consuming process 
as well as inhibit cell growth by curbing lipogenesis. AMPK also atten- 
uates protein synthesis through phosphorylation of RNA polymerase I, 


which is required for ribosome biogenesis. On the other hand, AMPK 
increases energy yield by stimulating glycolysis through phosphory- 
lation and activation of PFK-2. AMPK stimulates mitochondrial bio- 


genesis through phosphorylation of PGCla and increases autophagy 
to recycle energy by phosphorylating ULK-1.71 Thus, increased AMPK 
activity conserves energy and maximizes energy production. 

Together with posttranscriptional responses to growth signal- 
ing and nutrients, the nuclear transcriptional response is necessary to 
sustain the growth program through production of components of the 
ribosome and mRNAs that give rise to all other components of the cell. 
mTOR through its direct activation of specific transcription factors con- 
tributes to lipogenesis and mitochondrial biogenesis. Growth signaling 
also activates the MYC protooncogene, that regulates gene expression 
broadly to support cell growth and proliferation (see Figs. 14-2 and 
14-3). Loss of function of Drosophila dMYC results in decreased cell 
and body size, a phenotype that underscores MYC’s role in cell growth.” 
This phenotype mimics the loss of ribosome protein gene function in a 
group of mutant flies termed Minutes. Hence, Drosophila genetics links 
MYC to cell growth control. Furthermore, MYC is the only transcrip- 
tion factor capable of stimulating the activity of RNA polymerases I, II, 
and III, all of which are involved in ribosome biogenesis. 

MYC dimerizes with its partner Max to bind a specific DNA 
sequence, termed E-box (CACGTG), and activate transcription.” It 
can also inhibit transcription partly through direct binding to Miz-1 
and diminishing the expression of Miz-1 target genes, including the 
cyclin-dependent kinase (CDK) inhibitor p21 and genes involved in 
autophagy. Upon MYC activation, it is binding to proximal promoters 
accounts for most of it is transcriptional function in normal cells. When 
MYC is experimentally expressed at levels comparable to those found 
in cancers,” excess MYC triggers p53-dependent checkpoints (see 
Fig. 14-3) that cause cell growth arrest or apoptosis. In multistep tum- 
origenesis, therefore, p53 is often lost, unleashing MYC’s full oncogenic 
potential. A high, unchecked level of MYC allows it to alter the tran- 
scriptome by amplifying selected target genes.” MYC was first shown to 
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Figure 14-3. Diagram depicting fates of growth factor-stimulated 
normal cells and MYC transforming cell. Upon engaging a growth fac- 
tor (pink square), the stimulated cell reacts as a bioreactor, which grows 
and duplicates itself. MYC overexpression triggers checkpoints via p53, 
which induces cell death. With loss of p53 MYC's full transforming 
potential is unleashed through its transcriptional activities. 
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directly regulate genes involved in glycolysis, thereby linking an onco- 
genic transcription factor to metabolism." Since these initial observa- 
tions, high-throughput methods have mapped MYC to a broad swath 
of metabolic enzyme genes involved in glycolysis, glutaminolysis, and 
lipogenesis. MYC also directly regulates genes involved in mitochon- 
drial biogenesis and the production of ribosomes. Specifically, genes 
highly induced by MYC include those involved in nucleolar function 
and ribosome biogenesis, such as Ncl, NPM1, fibrillarin, and NOP52. 
Collectively, these studies uncover MYC’s role as a central regulator of 
cell growth through coupling of energy metabolism with cellular bio- 
synthetic processes. 

Ribosome biogenesis is a critically important process for cell 
growth or cell mass accumulation.” Ribosomes are produced through 
RNAs that are transcribed by RNA polymerases I (rRNA [ribosomal 
RNA\]), I (mRNA), and III (tRNAs [transfer RNAs] and small RNAs). 
rRNA is synthesized in the nucleolus from high copy numbers of rDNA, 
whose chromatin structure and transcription depends on nutrient 
availability. Under nutrient limitation, rDNA chromatin becomes less 
accessible, thereby restricting ribosome biogenesis.” Ribosomal pro- 
teins produced from mRNAs reenter the nucleolus, where components 
of ribosomes are assembled into mature ribosomal particles, which are 
exported to the cytosol. The production of rRNAs and proteins also pro- 
vides an opportunity for bioenergetic sensing of adequate nutrients to 
support nucleic acid and protein synthesis required for growth. In this 
regard, specific ribosomal protein subunits (RPL5, RPL11, and others) 
can bind and inhibit MDM2 (mouse double minute 2 homolog), which 
binds to and mediates the degradation of p53.” Thus, it is surmised that 
ribosomal proteins in excess of rRNAs would activate p53, triggering 
checkpoints that block progression through the cell cycle, presumably 
in response to nutrient limitation sensed as an imbalance in rRNA and 
ribosomal protein synthesis. 

In addition to sensing ribosome biogenesis, p53 also responds to 
genotoxic stresses by directly regulating metabolism (see Fig. 14-2). 
P53, in general, activates oxidative phosphorylation and inhibits gly- 
colysis.”” P53 can activate HK, which phosphorylates glucose in the 
first step of glycolysis, and stimulate TIGAR that shunts glucose to 
the pentose phosphate pathway through decreasing the levels of 
fructose-2,6-bisphosphate (F2,6BP), which allosterically activates PFK. 
P53 also increases the efficiency of mitochondrial function through 
induction of cytochrome c oxidase (SCO,).”* Overall, it appears that the 
normal function of p53 is to rewire metabolism to mitigate oxidative 
stress through increased production of NADPH and the antioxidant glu- 
tathione. Gain of p53 function through specific mutations, on the other 
hand, appears to alter metabolism through specific target genes that are 
involved in cholesterol biosynthesis or phospholipase function.” 

Other tumor suppressors are also involved in metabolism (see Fig. 
14-2). PTEN negatively modulates PI3K, and hence its loss stimulates 
the PI3K pathway that is a potent regulator of cell metabolism through 
stimulation of glycolysis and activation of mTOR, AKT, MYC, and 
HIF.” The tumor suppressor LKB1, which is lost in some lung cancers, 
normally activates the AMPK pathway and diminishes lipogenesis.” 
Loss of the von Hippel-Lindau (VHL) tumor suppressor activates HIF, 
which transcriptionally regulates glucose metabolism.” In addition to 
any direct roles they play in regulating the cell-cycle machinery, tumor 
suppressors—similar to protooncogenes—also regulate metabolism. By 
coopting cellular responses to growth factor stimulation in the presence 
of nutrients, activation of oncogenes and disablement of tumor sup- 
pressors achieve coordinated posttranscriptional and transcriptional 
mobilizations that drive nutrients into ATP production and the building 
blocks for growing cells. 

Growth factor stimulation also results in the production of meta- 
bolic wastes and toxins, including carbon dioxide, lactate, and reactive 


oxygen species (ROS) (Fig. 14-2). In this regard, various mechanisms 
have evolved to eliminate these wastes that accumulate as cells dis- 
card entropy into the environment after consuming “negative entropy” 
(macromolecules) to survive and grow. Carbon dioxide and protons 
are neutralized by carbonic anhydrase. Lactate is exported by mono- 
carboxylate transporters.” Reactive oxygen species (ROS) are gener- 
ated by the mitochondria and other cellular reaction pathways, such as 
via NADPH oxidases or disulfide bond formation. ROS participates 
in signaling at ambient levels; however, very high levels of ROS result 
in oxidative cellular stress.**” In particular, electrons leaking from the 
mitochondrial electron transport chain (ETC) contribute to a large frac- 
tion of cellular ROS.” Electrons are donated to the chain by NADH or 
succinate at mitochondrial complexes I, II, and III, which all generate 
ROS. Complexes I and II release ROS into the mitochondrial matrix, 
whereas complex III releases ROS into space on both sides of the inner 
mitochondrial membrane. Complex I accepts electrons from NADH, 
which is generated from TCA cycle oxidation, and passes them on to 
ubiquinone or coenzyme Q that also accepts electrons from succinate 
via complex II (SDH). Coenzyme Q then passes electrons to complex 
II, which, in turn, passes them onto cytochrome E Finally, electrons are 
passed from cytochrome c to complex IV or cytochrome c oxidase that 
generates water from electrons, protons, and oxygen, which serves as the 
final electron acceptor. Upon accepting electrons at complexes I, III, and 
IV, a proton is pumped into the intermembrane space, creating a proton 
gradient across the inner mitochondrial membrane. The proton gradient 
is dissipated through complex V or ATP synthase with the generation of 
ATP from ADP. During the process of making ATP, leakage of electrons 
from complexes I, II, and III generates superoxide from oxygen. 

Superoxide is highly reactive and could damage membranes and 
proteins if unattenuated. Hence, superoxide dismutases (SODs) have 
evolved to convert superoxide to hydrogen peroxide, which is, in turn, 
neutralized by catalases and converted to water and oxygen. In addition 
to enzymatic ROS neutralizers, the family of peroxiredoxins also plays 
an important role in titrating mitochondrial and cytosolic ROS by neu- 
tralizing hydrogen peroxide. Because oxidative stress imposed by ROS 
is a part of normal metabolism, a system of cellular response to this 
stress has evolved. Immediate response to ROS is mediated by SOD, 
catalase, peroxiredoxins, and glutathione. A sustained response to ROS 
is mediated chiefly through NRF2, which is a transcription factor that 
is negatively regulated by KEAP1, a protein that is directly inhibited by 
oxidative modification of sensitive cysteine residues.” NRF2 activates 
many genes involved in redox homeostasis, including SODs and cata- 
lase. Intriguingly, KEAP1 has been identified as a tumor suppressor in 
human cancers, illustrating that increased NRF2 activity or antioxidant 
response is protumorigenic in the setting of heightened metabolic rates 
and oxidative stress. 


METABOLISM AND THE EPIGENOME 


Cells have evolved a genome that mediates posttranscriptional and 
transcriptional mechanisms to import nutrients and harness energy 
and building blocks for the growing cell. In turn, metabolic interme- 
diates generated from various nutrients can modulate gene expres- 
sion, seemingly as an adaptive response to the metabolic milieu.” 
The epigenome is richly regulated by metabolic intermediates such as 
acetyl-CoA, S-adenosylmethionine (SAM), a-ketoglutarate, NAD+, 
and N-acetylglucosamine.”” Acetyl-CoA mediates histone acetylation 
and modulates gene expression by rendering the genome accessible to 
specific transcriptional factors. SAM permits methylation of histones 
and DNA to prevent access of the transcriptional machinery to certain 
DNA sequences. a-Ketoglutarate serves as a cofactor for histone and 
DNA demethylation reactions, thereby countering the modifications 
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provided by SAM. NAD+ serves as a cofactor for sirtuins that play a key 
role in histone deacetylation. N-acetylglucosamine, which is produced 
from glucose and glutamine, serves to modify histones. Other meta- 
bolic intermediates such as propionate, butyrate, formate, and crotonate 
also play a role in modifying histones, which have emerged as the met- 
abolic sensor for gene expression.” 

The evolution of cancers is not only driven by hard-wired somatic 
DNA mutations and predisposing germline alleles but also by erasable 
covalent modifications of DNA and histones. A deregulated epigenetic 
regulatory system, which randomly silences or makes more accessible 
portions of the genome, could enhance the adaptability of cancer cells 
and thus provide a selection advantage that does not require DNA 
mutations. In this regard, deep sequencing of human cancers, particu- 
larly leukemias, has revealed that chromatin-modifying proteins, such 
as MLL2 (mixed-lineage leukemia protein 2), are frequently mutated 
at the somatic level.” Thus, somatic mutations in chromatin mod- 
ifiers are surmised to increase the degrees of freedom for cancer cell 
adaptation to the dynamic tumor microenvironment and permit tumor 
progression. 


@ HEMATOLOGIC NEOPLASMS AND 
METABOLISM 


Normal hematopoietic stem cells (HSCs) and committed multipotent 
progenitor cells appear to have different metabolic programs, which 
may be adopted in the neoplastic state. The HSC resides in a hypoxic 
environment, and hence low mitochondrial mass and high glycolytic 
rates appear favored for survival. One of the mechanisms by which the 
hypoxic HSC niche induces stem cell quiescence is through HIF-1la and 
inhibits, which transactivates genes involved in glycolysis and inhibits 
DNA replication. Two studies of HSCs documented that HIF-1a is 
essential for the quiescent state, such that deletion of HIF-1a resulted 
in HSC proliferation and depletion of the HSC compartment.** Con- 
versely, loss of VHL stabilized HIF-1a resulted in an expansion of the 
HSCs incapable of replenishing hematopoietic cells, resulting in cytope- 
nia. Intriguingly, three studies showed that the LKB1 tumor suppressor 
also plays a role in HSC quiescence; loss of LKB1 resulted in cell pro- 
liferation and loss of the HSC compartment." Interestingly, loss of 
LKB1 in HSCs does not seem to be mediated solely through AMPK, 
as loss of AMPK in HSCs did not phenocopy the HSC nonquiescent 
phenotype seen with LKB] loss. Instead, one study identified the mito- 
chondrial biogenesis coregulators, PGCla and PGC1f, as being central 
to the LKB1 loss phenotype. Loss of LKB1 in HSCs was associated 
with decreased expression of PGCla and PGC1£ and decreased mito- 
chondrial DNA content and membrane potential. These studies collec- 
tively suggest that both HIF-la and LKB1 are necessary for induction 
of quiescence by the hypoxic microenvironment. Loss of either HIF-la 
or LKB] resulted in increased HSC proliferation and, presumably, com- 
mitment toward progenitors, thereby depleting the HSC pool. Although 
the hypoxic HSC microenvironment suggests that glycolysis predomi- 
nates, it should be noted that hypoxic cells can still respire and consume 
oxygen. In fact, cytochrome c oxidase only ceases to function at oxygen 
tension well below 0.5 percent (as compared to the ambient 21 percent 
oxygen or approximately 6 percent oxygen found in perfused normal 
tissues). As such, the observation that loss of LKB1 is associated with 
a mitochondriopathy in HSCs suggests that mitochondrial function is 
essential for HSC maintenance, and may resolve the paradox that HSCs 
seems to rely also on glutamine oxidation (Fig. 14-4). 

The HSC uses symmetric commitment to replenish and maintain 
the stem cell pool and asymmetric division for the generation of com- 
mitted progenitors (see Fig. 14-4). HIF-la and LKB1 appear to play a 
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Figure 14-4. Metabolic features of hematopoietic stem cells undergoing symmetric and asymmetric division. Some of these features appear to be 


preserved in leukemic stem cells. 


role in maintaining symmetric commitment. Fatty acid and glutamine 
oxidation, which requires mitochondrial function, may be required 
for asymmetric commitment toward progenitors. Surprisingly, despite 
anticipated HIF-mediated upregulation of glycolysis, the inducible glu- 
cose transporter GLUT1 is not highly expressed in HSCs and is only 
expressed upon differentiation.” Instead, the glutamine transporter 
ASCT2 (SLC1A5) is more highly expressed in HSCs, suggesting that 
glutamine oxidation via the TCA cycle unexpectedly plays a role in 
hypoxic stem cell metabolism. Consistent with the notion that hypoxic 
cells continue to respire, recent studies with human B cells or fibroblasts 
illustrate this capacity to oxidize glutamine in hypoxia when glucose 
is largely shunted away from the TCA cycle as lactate.“ Interestingly, 
glutamine metabolism also appears to influence cell fate. For example, 
persistent glutamine metabolism in HSCs seems required for erythroid 
differentiation as glutamine deprivation blunts erythroid nucleotide 
synthesis and favors differentiation toward the myelomonocytic lineage 
even in the presence of erythropoietin.” Fatty acid oxidation, on the 
other hand, appears to be necessary for asymmetric division. Activa- 
tion of peroxisome proliferator-activated receptor (PPAR)-6, which 
augments mitochondrial function and fatty acid oxidation through 
the promyelocytic leukemia (PML)-PPAR6-fatty acid oxidation (FAO) 
pathway, increases asymmetric stem cell division, whereas inhibition of 
FAO enhances symmetric stem cell commitment.” These findings sug- 
gest that mitochondrial oxidation of fatty acids and glutamine may play 
a role in asymmetric division and lineage commitment, while hypoxia- 
promoted glycolysis and, surprisingly, glutamine oxidation may be 
associated with the quiescent HSC pool. How these metabolic cues may 
affect cellular states through the epigenome is not yet known, however. 


LEUKEMIAS 


The history of the treatment of acute lymphocytic leukemia (ALL) 
underscores the importance of metabolism in our understanding of 
cancer. In fact, the first antimetabolite drug effective against any cancer, 
4-aminopteroylglutamic acid (aminopterin), disrupts folate metabolism, 
which is intimately tied to NADPH production and nucleotide biosyn- 
thesis. The dependency of ALL on asparagine also provided a thera- 
peutic opportunity through the use of L-asparaginase, which depletes 
plasma asparagine from patients.” The use of these antimetabolites 


led to the current state of therapy in which more than 90 percent of 
children with ALL achieve complete a substantial improvement from 
the uniformly lethal disease it presented as 60 years ago. Despite this 
remarkable clinical progress, our understanding of metabolism in acute 
leukemias is still rudimentary. However, advances in metabolomics and 
next-generation DNA sequencing have revealed new insights that pro- 
vide additional texture to this understanding. 

Leukemias have diverse oncogenic drivers, with many chromoso- 
mal translocations found in ALLs and some acute myelogenous leuke- 
mias (AMLs).**°° Whatever the oncogenic driver may be, the leukemic 
cells share common central metabolic pathways that support growth 
and replication, particularly glycolysis, glutaminolysis, and FAO (see 
Fig. 14-1). However, the fluxes through each of these pathways are 
likely different and dependent on the genomic alterations that are hard- 
wired by mutations. Much of our current understanding comes from 
in vitro studies of leukemic cell lines that have revealed their high gly- 
colytic rates and use of glutamine. Many early studies, including those 
of Otto Warburg, revealed that leukemic cells have very high rates of 
conversion of glucose to lactate.** Recent studies extend these observa- 
tions; specifically, high glycolytic rates in primary and relapsed AML 
correlate with resistance to all trans-retinoic acid (ATRA). For these 
cases better overall survival and attainment of complete remission are 
achieved with induction chemotherapy.” Another study documents 
that primary childhood ALLs have gene expression profiles that sug- 
gest increased glycolysis and decreased oxidative phosphorylation and 
FAO." Gene expression profiling also catalogued another link between 
glucose metabolism and leukemia with the discovery that MondoA 
expression is significantly elevated in ALL.” MondoA belongs to a fam- 
ily of transcription factors, including carbohydrate response element 
binding protein, which senses nutrient states and regulates metabo- 
lism.” MondoA was discovered as an extended family member of the 
MYC:Max network of transcription factors. MondoA dimerizes with 
Mlx (Max-like protein X) to bind target DNA sequences and regulate 
glucose metabolism. Thus ALL seems to depend on MondoA, with low- 
ered MondoA expression in ALL reducing glycolytic metabolism and 
enhancing ALL cell differentiation. 

Studies of AML cell lines in vitro also revealed their dependency 
on glutamine, which contributes in part to oxidation-reduction (redox) 
homeostasis through the generation of glutathione." Primary AML 


cells, in contrast with normal CD34+ cells, depend on glutamine and 
undergo apoptosis with glutamine withdrawal. Apoptosis appears to 
follow diminished mTORCI!1 activation. Furthermore, reduction of glu- 
tamine transport via ASCT2 (SLC1A5) diminishes AML cell line sur- 
vival, underscoring the importance of glutamine metabolism in AML.® 
Clinical and laboratory experience with L-asparaginase also emphasizes 
the centrality of glutamine metabolism in ALL. L-Asparaginase is a 
highly effective agent against ALL, not only via the enzymatic activity 
embodied in its name, but also via “off-target” glutaminase activity.” 
Because glutamine also plays a critical role in the survival of ALL cells, 
they are likewise sensitive to L-asparaginase. The glutaminase activity of 
L-asparaginase additionally serves to reinforce the asparaginase activity 
of the drug, as glutamine released from the leukemic microenvironment 
can be used to regenerate asparagine in conjunction with aspartate via 
asparagine synthetase.” In one study, metabolites in the marrow of 
pediatric ALL were compared with those found in blood before and 
after standard therapy. Metabolites that were relatively depleted in the 
marrow prior to therapy include glutamine, glucose, and certain fatty 
acids.“ These observations suggest that lymphoblasts or the microenvi- 
ronment have heightened glycolysis, glutaminolysis, and perhaps fatty 
acid consumption. Upon therapy, there was severe depletion of asparag- 
ine and glutamine, with a more rapid recovery of peripheral glutamine 
levels after (therapy as also corroborated by another study).® Intrigu- 
ingly, obese children with ALL do not respond well to L-asparaginase 
therapy, even with a significant reduction in asparagine and glutamine 
levels.“ This phenomenon appears to be partly from the induction of 
glutamine synthetase in the marrow, which releases glutamine from 
adipocytes.‘ The notion that the tumor microenvironment, particularly 
mesenchymal cells, might contribute to the production of asparagine 
appears to be supported by the finding that marrow aspartate levels 
were higher than in the blood after L-asparaginase treatment while 
asparagine levels remained low. Thus, metabolism in the tumor micro- 
environment may affect therapeutic outcome. 

Leukemic stem cells (LSCs) appear to adopt the ability of normal 
HSCs to use oxidative phosphorylation (see Fig. 14-4). Accumulating 
evidence suggests that FAO and ROS may also play important roles 
in LSC and HSC survival, self-renewal, and differentiation.*!*’ In one 
study, AML LSCs with high clonogenicity were isolated from stem cells 
with low ROS levels.* Gene expression analysis comparing these cells 
with leukemic cells with high ROS levels or with normal CD34+ HSCs 
revealed elevated expression of Bcl-2, which plays a role in mitochon- 
drial metabolism, in addition to its canonical role in apoptosis.” The 
LSCs with high Bcl-2 expression appear to be metabolically quiescent as 
compared with normal CD34+ HSCs, demonstrating low oxygen con- 
sumption and lactate production. In contrast, ROS-high leukemic cells 
are more metabolically active and have lower colony-forming units. The 
ROS-low cells are dependent on oxidative phosphorylation and inca- 
pable of mounting a glycolytic response, as evidenced by inhibition of 
Bcl-2 resulting in diminished oxidative metabolism and decreased sur- 
vival of the LSCs. By contrast, ROS-high leukemic and normal HSCs 
can mount a glycolytic response in response to Bcl-2 inhibition. In a 
separate study, inhibition of Bcl-2 with a small molecule in combination 
with the fatty oxidation inhibitor etomoxir resulted in a decrease in the 
AML LSC compartment,® suggesting that FAO may play a role in the 
survival of LSCs. If the AML LSCs are similar, at least in part, to normal 
HSCs, which use FAO for generation of progenitors, then the prolif- 
eration of AML cells from LSCs may require fatty acids. Collectively, 
these results suggest that LSCs may rely on oxidative phosphorylation 
and may use fatty acids as a source of fuel for survival and generation 
of more differentiated AML cells from the LSC pool. Use of FAO is 
expected to increase ROS, which seems to be required for myeloid dif- 
ferentiation from the HSC compartment. In this regard, induction of 
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ROS, such as through the use of iron chelators, has been suggested as a 
therapeutic strategy that forces LSCs to differentiate.” 

Frequent mutations in AML, such as FLT3-ITD,””! result in con- 
stitutive receptor tyrosine kinase activation, which culminates in acti- 
vation of PI3K, as well as many downstream events that are associated 
with increased glycolysis and glutaminolysis (see Fig. 14-2). It is sur- 
mised that these pathways would increase the dependency of AML cells 
on metabolism and mitochondrial function. In this regard, AML cells 
are sensitive to inhibition of mitochondrial complex I with metformin.” 
Intriguingly, a large study of 400 AML patients revealed a serum meta- 
bolic signature pointing to heightened glycolysis and TCA cycle activ- 
ity in AML that is associated with resistance to cytosine arabinoside.” 
These observations led to a metabolic prognostic score based on the 
levels of six circulating metabolites. Although this study documents the 
alteration of metabolism in AML patients, the general applicability of 
the metabolic prognostic score remains to be determined. 

The metabolic pathways (glycolysis, glutaminolysis, and FAO) 
associated with different leukemic states are surmised to support cel- 
lular function, but it could be speculated that these specific pathways 
are compatible with maintenance of the epigenome of that cellular state. 
Specifically, the concentrations (and fluxes) of specific metabolic inter- 
mediates (e.g., SAM, acetyl-CoA, and a-ketoglutarate) associated with 
specific metabolic states could modulate the epigenome. The epigenetic 
influence of metabolism is perhaps best illustrated by the discovery of 
germline mutations in key metabolic enzymes found in familial cancer 
syndromes and of somatic mutations of IDH1 and IDH2 in a variety of 
cancers, including AML and angioimmunoblastic lymphoma.” 

Somatic mutations of IDH were first discovered in gliomas through 
deep sequencing.” Whole-genome sequencing subsequently revealed 
the same in a karyotypically normal case of AML.” These findings bol- 
stered the notion that hardwired mutations of metabolism could be 
tumorigenic. A breakthrough in our understanding of IDH mutations 
in hematologic neoplasm came from a landmark biochemical study 
of mutant IDH, which revealed a neomorphic activity of the mutant 
enzymes.” Instead of just being inactive, unable to convert isocitrate to 
«-ketoglutarate (Fig. 14-5), the mutant enzymes reduces a-ketogluta- 
rate to form the oncometabolite 2-hydroxyglutarate (2-HG), which can 
be detected at high levels in AML.” The role of 2-HG in cell growth 
was illustrated by studies of the leukemic granulocyte-macrophage 
colony-stimulating factor (GM-CSF)-dependent TF1 cell line, which 
when deprived of GM-CSF displays diminished growth partially 
rescuable by exposure to 2-HG.”*” Biochemical studies of 2-HG indi- 
cate that it could compete with a-ketoglutarate in many oxygenase reac- 
tions that depend on a-ketoglutarate as a cofactor, specifically enzymes 
that are involved in DNA or histone demethylation. 

The ability of 2-HG to interfere with epigenetic modifications sug- 
gests that IDH mutations promote tumorigenesis through the epige- 
nome.” In this regard, genomics of AML reveal the mutual exclusivity of 
mutations of either IDH1 or IDH2 with mutations in TET2.® TET2 pro- 
duces a DNA demethylating enzyme and hence it appears that high levels 
of 2-HG production via IDH mutations phenocopies the loss of TET2 in 
AML. Furthermore, whole-genome methylation analysis uncovers dis- 
tinct methylomes associated with IDH mutations, underscoring the role 
of IDH mutations in altering the epigenome in a way that makes mye- 
loid progenitor cells permissive for leukemogenesis.® The emergence of 
specific drugs that inhibit IDH1 or IDH2 reveal that inhibition of mutant 
IDHs results in differentiation of AML cells. These observations indicate 
that the epigenome maintained by high levels of 2-HG prevents activation 
of a myeloid differentiation program, similar to the PML-RAR mutation 
found in acute PML, which can be induced to differentiate with retinoids. 
Intriguingly, IDH mutations are also found in other cancers, including 
angioimmunoblastic lymphomas, but not in other types of lymphomas.” 
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Figure 14-5. Neomorphic enzymatic activity of mutant isocitrate dehydrogenases (IDHs). IDH1 is shown localized in the cytosol, while IDH2 
and IDH3 are found participating in the TCA cycle in mitochondria. Isocitrate generated from citrate is oxidized by IDH2 or IDH3 to produce a- 
ketoglutarate, which is further oxidized in the TCA cycle. IDH1 is depicted to convert isocitrate to a-ketoglutarate in the cytosol. Mutant IDH1 is shown 
to reduce a-ketoglutarate to 2-hydroxyglutarate (2-HG) with the production of NADP+ from NADPH. Glutamine is the main source of a-ketoglutarate 


that serves as substrate for mutant IDHs. 


LYMPHOMAS 


The lymphomas are a broad group of lymphoid malignancies spanning 
from the more indolent to the most aggressive forms, each with a spec- 
trum of genomic alterations.” * The majority of lymphomas evolve from 
B-cells at different stages of differentiation in the course of the germi- 
nal center reaction (Chap. 78). B-cells activated by T-cell-dependent 
antigens undergo rapid bursts of growth, forming germinal centers 
where somatic hypermutation occurs for generation of antibody diver- 
sity and plasmacytic differentiation. These phases of B-cell development 
demand high levels of bioenergetic support and are the stages from 
which lymphomagenesis is launched. Mantle cell lymphoma arises from 
the mantle zone. Burkitt lymphoma, emanating from MYC activation, 
emerges from the pregerminal center compartment. The germinal cen- 
ter type B-cell lymphoma arises from the germinal center compartment, 
and the activated B-cell (ABC) type of lymphoma develops from the 
plasmacytic stage. The lymphomas retain the high energetic demands 
of the precursor cells, and hence the aggressive lymphomas are staged 
and followed by fluorodeoxyglucose positron emission tomography 
(FDG-PET), which documents the high levels of glucose uptake and 
retention in these lymphomas.***’ It should be noted that the basis for 
high FDG-PET is the uptake and retention of 2-deoxyglucose through 
phosphorylation by HKs. A highly positive FDG-PET does not indicate 
whether glucose ends up being converted to lactate or being oxidized 
through the TCA cycle. 

Burkitt lymphoma and diffuse large B-cell lymphoma (DLBCL) 
have high glycolytic flux driving glucose to lactate production. In clin- 
ically advanced cases, these lymphomas can present with severe lactic 


acidosis without any evidence of septicemia.**® The high glycolytic flux 
is driven by MYC or PI3K activation of glycolysis in these lymphomas 
and by HIF-1a, which is stabilized in hypoxic regions of the lymphomas 
(see Fig. 14-2). High glycolytic flux renders models of lymphomas sen- 
sitive to glycolytic inhibitors as well as inhibitors of monocarboxylate 
transporters that export lactate.” Inhibition of these transporters and 
subsequent buildup of lactate result in the inability of lactate dehydroge- 
nase to recycle NADH to NAD+, culminating in inhibition of glycolysis 
because GAPDH requires NAD + for its function upstream in the glyco- 
lytic pathway. The inhibition of glycolysis causes lymphoma cells to rely 
further on oxidative phosphorylation, rendering them sensitive to the 
antidiabetic drug and mitochondrial complex I inhibitor, metformin. 

Genetic alterations in lymphomas including B-cell receptor muta- 
tions and MYC activation link the genome to alterations in cell metab- 
olism. B-cell receptor activating mutations increase PI3K signaling and 
render DLBCLs highly glycolytic.” High glycolytic rates allow for the 
synthesis of ribose, glycine, and aspartate, which are building blocks for 
nucleotide biosynthesis (see Fig. 14-1). Glutamine is also essential for 
the production of nucleotides and fatty acids. In this regard, glutami- 
nolysis is increased by oncogenic MYC in a model of human Burkitt 
lymphoma.**?** Hypoxic lymphoma cells increase glucose flux to 
lactate but continue to respire in a glutamine dependent fashion, such 
that inhibition of GLS with the small molecule BPTES diminishes lym- 
phoma progression in preclinical xenograft models.” 

The rapid proliferation of aggressive lymphomas demands ample 
nucleotide pools for RNA and DNA synthesis. Many of the key nucle- 
otide metabolic genes are direct targets of the MYC transcription fac- 
tor, which plays a prominent role in many types of lymphomas.’>°* 


Activation of normal lymphocytes results in a significant increase in 
5-phosphoribosyl-pyrophosphate synthetase (PRPS). PRPS2 is not only 
a target of MYC essential for lymphomagenesis in transgenic mice, but 
its expression couples the regulation of protein synthesis with nucleo- 
tide synthesis.” Prps2 transcription is directly activated by MYC, and 
the 5’-untranslated region (UTR) of Prps2 requires the oncogenic trans- 
lational factor eIF4E for its translation, thereby linking protein synthesis 
with the regulation of nucleotide metabolism. IMPDH1 and IMPDH2, 
which encode the inosine monophosphate dehydrogenases that catalyze 
the oxidation of inosine monophosphate to xanthosine monophosphate 
in nucleotide biosynthesis, are also MYC target genes. Increased expres- 
sion of inosine monophosphate dehydrogenases (IMPDHs) is a feature 
of lymphomas, and IMPDH is also thought to play an additional role 
as a transcription factor. Mycophenolic acid is an immunosuppres- 
sant that targets IMPDH in lymphocytes, but its role in the therapy of 
lymphomas is not well-studied. However, it is not only the size of the 
nucleotide pool that is lymphomagenic, but also the imbalanced nature 
of that pool. DNA replication fidelity relies on balanced pools of nucleo- 
tides, with deoxyguanosine triphosphate (dGTP) tending to be limiting 
amongst the deoxynucleoside triphosphates (dNTPs). As such, the 
relative deficiency of deoxycytidine kinase in lymphomas could result in 
diminished deoxycytidine triphosphate (dCTP) pools that can induce 
replication stress and genomic instability.” Alterations in nucleotide 
pools along with increased ROS production by mitochondria could 
then provide a mutator phenotype for the progression of lymphomas, 
which have relatively high mutational rates among cancers. 

Polyamines play an important role in cell growth by providing 
polycations involved in DNA replication and dynamics. The synthesis 
of the polyamines, spermine and spermidine, starts with the synthe- 
sis of their precursor, putrescine, from ornithine catalyzed by ornithine 
decarboxylase (ODC), whose gene is one of the first recognized MYC 
targets." ODC is essential for transgenic murine lymphomagenesis and 
its activity could be inhibited by a-difluoromethylornithine (DFMO), 
which has not had a significant clinical impact despite being studied 
over the last several decades.’ Spermidine is also involved as a cofactor 
in a unique posttranslational alteration of lysine to hypusine. Although 
this unusual amino acid is found in all eukaryotes, the only known 
protein containing hypusine is eukaryotic translation initiation factor 
elF5A, which is required for lymphocyte activation.” Hypusinated 
eIF5A attenuates the translation of MYC, thereby providing a negative 
feedback loop, whose disruption accelerates MYC-mediated lympho- 
magenesis. The tumor-suppressive function of spermidine-dependent 
hypusinated eIF5A could underlie the reason why DFMO has not made 
a significant clinical impact. 

Intriguingly, gene expression profiling also identified a group of 
DLBCL that displays high levels of expression of genes involved in 
oxidative phosphorylation, termed the OXPHOS group of DLBCL.'® 
The OXPHOS group depends more on FAO for survival and growth 
as compared to the B-cell receptor group, which could also be defined 
by gene expression profiling. FAO requires functional peroxisomes or 
mitochondria.’ Fatty acids longer than 12 carbons are conjugated with 
carnitine and then transported into peroxisomes or mitochondria via 
carnitine-palmitoyl transferase. Upon entry into the mitochondrial 
matrix, fatty acids are degraded into acetyl-CoA for further oxidation 
in the TCA cycle. In this regard, it is notable that MYC induces mito- 
chondrial biogenesis in proliferating cells through activation of genes 
involve in the genesis and function of mitochondria.'*!” 

In addition to FAO as a signature of a subset of DLBCL, alterations 
in lipid contents have also been documented. Using MYC-inducible 
models of lymphoma, glycerophosphoglycerol (PG) and cardiolipin 
(CL) were found to be elevated in a MYC-dependent manner.’ Both 
PG and specifically CL are important for mitochondrial membrane 
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integrity. These phospholipids are also elevated in human lymphomas 
with high MYC expression. On the other hand, phosphatidyl serine (PS), 
phosphatidyl inositol (PI), and the most abundant mammalian mem- 
brane phospholipid, phosphatidyl ethanolamine (PE), were decreased 
in these lymphomas. Intriguingly, *'P-MRS imaging has been used to 
determine the abundance of PE and phosphatidyl choline (PC) relative 
to nucleotide triphosphate (NTP) in DLBCL and has uncovered that 
poor clinical response to cyclophosphamide, hydroxydaunorubicin, 
methotrexate, and prednisone (CHOP)-based therapy correlates with a 
higher pretreatment ratio of phosphomonoesters to NTP levels.'” 

The study of the OXPHOS subgroup of lymphomas also under- 
scores observations that high aerobic glycolysis in lymphomas is not 
exclusive of OXPHOS, which relies on functional mitochondria that 
generate the majority of ATP.’ The cell-of-origin (COO) classification 
of DLBCL into germinal center B-cell type (GCB) or ABC groups of 
lymphoma does not discretely segregate different metabolic features, 
although the ABC group tends to have higher expression of MYC. A sig- 
nificant fraction of DLBCL, however, has translocations or alterations 
in expression that increase Bcl-2 and MYC levels, resulting in a highly 
resistant group of “double-hit” DLBCL."° The ability of MYC to induce 
metabolic rewiring and biomass accumulation (discussed above) and 
the effect of Bcl-2 on mitochondrial metabolism and apoptosis make 
this group of lymphomas particularly resistant to standard therapy. 


MYELOMAS 


Multiple myeloma is characteristically a MYC-driven cancer, particu- 
larly since MYC is overexpressed through spurious chromosomal rear- 
rangements and MYC amplification.'!""”” In this regard, it is anticipated 
that heightened glycolysis and glutaminolysis play vital roles in mye- 
loma development and progression. Although few studies have delin- 
eated the metabolic changes in myeloma, clinical FDG-PET scans are 
used to monitor disease response to therapy,’ suggesting that myeloma 
has increased glucose uptake and retention relative to neighboring nor- 
mal marrow. Moreover, expression of the glucose transporters GLUT4, 
GLUTS8, and GLUT11 are elevated in myeloma." The dependency of 
myeloma on glycolysis appears to sensitize myeloma cell lines to PDK1 
inhibition, which diverts pyruvate away from lactate and into acetyl- 
CoA." These observations suggest that inhibition of glucose metabo- 
lism could potentiate response of myeloma to therapies. 

It is notable that several studies showed significant inhibition 
of myeloma growth and survival with inhibition of NAD+ synthesis 
through nicotinamide phosphoribosyltransferase (NAMPT).'° The 
production of NAD+ is required for multiple metabolic processes, 
including glycolysis that depends on NAD+ for oxidation of glycolytic 
intermediates. In this regard, a preclinical model of B-cell neoplasia with 
plasmacytoid features displays sensitivity to a combination of NAMPT 
and lactate dehydrogenase A (LDHA) inhibition. The expression of 
NAMPT, which is a direct target of MYC, is elevated in myeloma.'!® The 
NAMPT inhibitor, FK866, diminishes myeloma tumorigenesis, triggers 
autophagic cell death, and synergizes with proteasome inhibitors, which 
have significant clinical activity in multiple myeloma.’ Collectively, 
these studies suggest an important role of glucose metabolism in mye- 
loma. However, relatively little is known currently about glutamine or 
fatty acid metabolism in this disease. 

More than ninety years have passed since Otto Warburg first docu- 
mented metabolic alterations in cancers, including the high rate conver- 
sion of glucose to lactate termed the Warburg effect or aerobic glycolysis. 
Much of our understanding of cancer metabolism has resulted from 
studies of solid tumors, which share many basic metabolic features with 
hematologic neoplasms. In particular, the central metabolic pathways 
of glycolysis and glutaminolysis seem to be similarly exploited by solid 


and hematologic neoplasm alike for cell growth, proliferation, and sur- 
vival. Glucose and glutamine flux into cells provides for the production 
of ATP and building blocks for the growing cell. Furthermore, gluta- 
mine and glucose are also substrates for glutathione synthesis, which is 
vital for redox homeostasis of growing cells that produce ROS as meta- 
bolic byproducts. Resting cells, on the other hand, tend to rely on FAO, 
which provides the most efficient energy production. In this regard, 
evidence has emerged indicating that neoplastic stem cells also rely on 
FAO and, hence, could be targeted therapeutically via this route. Glu- 
cose, glutamine, and mitochondrial metabolism pathways offer similar 
inhibition strategies for proliferating hematologic neoplastic cells. One 
of the most remarkable therapeutic developments, however, is the dis- 
covery of IDH mutations in AML and lymphoma and the development 
of specific drugs targeting the mutant forms of IDH1 and IDH2. Fur- 
thermore, alterations of the AML methylome and the ability of mutant 
IDH inhibitors to induce differentiation of AML cells underscore the 
link between metabolites and the epigenome. It is through advances 
in our understanding of cancer metabolism that we have been able to 
develop therapies like these for mutant IDH, capitalize on the avidity of 
glucose uptake by hematologic neoplasms for diagnostic and followup 
FDG-PET scanning, and develop many more metabolic strategies that 
are hoped to provide new gains against these deadly malignancies. 
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CHAPTER 15 

APOPTOSIS MECHANISMS: 
RELEVANCE T0 THE 
HEMATOPOIETIC SYSTEM 


John C. Reed 


Apoptosis was originally coined to describe the morphologic features of a 
form of cell death characterized by cell shrinkage, membrane blebbing, and 
nuclear condensation. This type of cell death occurs in a wide variety of physi- 
ologic contexts, and thus is sometimes referred to as programmed cell death. 
Apoptosis occurs in all animal species as a means to balance cell proliferation 
with cell loss. The physiologic benefits of apoptosis include eliminating cells 
that are unneeded, defective, or infected, and maintenance of tissue homeo- 
stasis by continuously renewing adult tissues so as to maintain appropriate 
organ mass. In the hematopoietic system, production of leukocytes is deli- 
cately balanced against cell death, until a need arises for rapidly generating 
immune and inflammatory cells for combating pathogens. The life span of 
hematopoietic cells is regulated by numerous cytokines and lymphokines, as 
well as by signals derived from microanatomical niches through cell adhesion 
molecules and other regulators. Defects in the regulation of hematopoietic cell 
life span contribute to myriad diseases, including disorders characterized by 
inappropriate cell accumulation, such as leukemia, lymphoma, and autoim- 
munity, and diseases where pathologic loss of cells occurs, such as immunode- 
ficiency and various blood dyscrasias. 


Acronyms and Abbreviations: ALL, acute lymphocytic leukemia; ALPS, auto- 
immune lymphoproliferative syndrome; Asp, aspartic acid; B-CLL, B-cell chronic 
lymphocytic leukemia; BH, Bcl-2 homology domain; CARDs, caspase recruitment 
domains; caspases, cysteine aspartyl proteases; CLLs, chronic lymphocytic leuke- 
mias; CHOP, C/EBP homologous protein; CML, chronic myelogenous leukemias; 
CTL, cytolytic T lymphocyte; Cyt-c, cytochrome c; DD, death domain; DEDs, death 
effector domains; DISC, death-inducing signaling complex; DLBCL, diffuse large 
B-cell lymphoma; DR, death receptor; EBV, Epstein-Barr virus; ER, endoplasmic 
reticulum; FasL, Fas ligand; FKHD, forkhead transcription factors; IAP, inhibitor of 
apoptosis; IBD, inflammatory bowel disease; IgH, immunoglobulin heavy chain; 
IKKs, l-KB kinases; IL, interleukin; KSV, Kaposi sarcoma virus; MALT, mucosa- 
associated lymphoid tissue; miRNAs, microRNAs; MLKL, mixed-lineage kinase 
domain-like; MMs, multiple myelomas; MOMP, mitochondrial outer membrane 
permeabilization; MPT, mitochondrial permeability transition; NHLs, non- 
Hodgkin lymphomas; NK, natural killer; PARP, poly-ADP ribosy! polymerase; PCD, 
programmed cell death; PI3K, phosphatidylinositol 3’-kinase; pro/pre—B-cells, 
B-lymphocyte progenitors; ROS, reactive oxygen species; TNF, tumor necrosis fac- 
tor; TNFR1, TNF receptor-1; UBCs, ubiquitin conjugating enzymes. 


It is now well established that defects in the normal mechanisms that 


control programmed cell death (PCD) occur commonly in human dis- 
eases. Cell numbers in the body are governed not only by cell division, 
which determines the rate of cell production, but also by cell death, 
which dictates the rate of cell loss. In the course of a typical day, an aver- 
age adult human produces, and in parallel eradicates, approximately 
50 to 70 billion cells, representing approximately 1 million cells per sec- 
ond. Normally, these two processes of cell division and cell death are 
tightly coupled so that no net increase in cell numbers occurs, or so that 
such increases represent only temporary responses to environmental 
stimuli. However, alternations in the expression or function of the 
genes that control PCD can upset this delicate balance, contributing to 
or causing disease. 

In most cases, PCD occurs by apoptosis. Apoptosis is defined by 
its morphologic features. As viewed with the assistance of the light- 
(or, preferably, electron-) microscope, the characteristics of the apop- 
totic cell include chromatin condensation and nuclear fragmentation 
(pyknosis), plasma membrane blebbing, and cell shrinkage. Eventually, 
the cell breaks into small membrane-surrounded fragments (apoptotic 
bodies), which are cleared by phagocytosis, without inciting an inflam- 
matory response. The release of apoptotic bodies is what inspired the 
term “apoptosis” from the Greek, meaning “to fall away from” and con- 
juring notions of the falling of leaves in the autumn from deciduous 
trees.’ 

In recent years, the molecular machinery responsible for apop- 
tosis has been elucidated, revealing a family of intracellular proteases, 
caspases (cysteine aspartyl proteases), which are responsible directly 
or indirectly for most of the morphologic and biochemical changes 
that characterize the phenomenon of apoptosis.** Diverse regulators 
of the caspases have also been discovered, including activators and 
inhibitors of these cell death proteases. Inputs from signal transduc- 
tion pathways into the core of the cell death machinery have also been 
identified, demonstrating ways of linking environmental stimuli to 
cell death responses or cell survival maintenance. Knowledge of the 
molecular mechanisms of apoptosis is providing insights into the 
pathogenesis of many diseases, revealing strategies for possible novel 
treatments. 


@ CASPASES—PROTEASES THAT CAUSE 
APOPTOSIS 


Intracellular proteases called caspases are responsible for most of the 
morphologic changes that we recognize as “apoptosis, as well as many 
of the biochemical changes often associated with this route of cell 
demise. Specifically, activation of a family of intracellular cysteine pro- 
teases that cleave their substrates at aspartic acid residues, known as 
“caspases” for cysteine aspartyl-specific proteases.* These proteases are 
present as inactive zymogens in essentially all animal cells, but can be 
triggered to assume active states, generally involving their proteolytic 
processing at conserved aspartic acid (Asp) residues. During activation, 
the zymogen proproteins are cleaved to generate the large (~20 kDa) 
and small (~10 kDa) subunits of the active enzymes, typically liberating 
an N-terminal prodomain from the processed polypeptide chain. The 
active enzymes consist of heterotetramers composed of two large and 
two small subunits, generally with two active sites per molecule.”* 

The observation that caspases cleave their substrates at Asp res- 
idues and are also activated by proteolytic processing at Asp residues 
makes evident that these proteases collaborate in proteolytic cascades, 
where caspases activate themselves and each other. Humans contain 11 
caspases. They can be subgrouped according to either their amino-acid 
sequence similarities or their protease specificities. 


From a functional perceptive, it is useful to view the caspases as either 
upstream “initiator” caspases or downstream “effector” caspases. The 
zymogen forms of upstream initiator caspases possess large N-terminal 
prodomains, which function as protein interaction modules, allowing 
them to interact with various proteins that trigger caspase activation. In 
contrast, the proforms of downstream effector caspases contain only short 
N-terminal prodomains, serving no apparent function. Downstream cas- 
pases are largely dependent on upstream caspases for their proteolytic 
processing and activation. The substrates of effector caspases are myriad, 
as revealed in recent years by unbiased proteomics approaches. Substrates 
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include cytoskeletal and nuclear matrix proteins, chromatin-modifying 
(e.g., poly-ADP ribosyl polymerase [PARP]) and DNA repair proteins, 
inhibitory subunits of endonucleases (CIDE-family proteins), protein 
kinases (often separating the autorepressing regulatory domains from 
catalytic domains) and other signal transduction proteins. 


@ CASPASE ACTIVATION PATHWAYS 


Several pathways for activating caspases have been delineated 
(Fig. 15-1). The simplest is exploited by cytolytic T lymphocytes (CTLs) 
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Figure 15-1. Pathways for caspase activation. The major pathways for caspase activation in mammalian cells are presented. The extrinsic 


left, upper) is induced by members of the tumor necrosis factor (TNF) family of cytokine receptors such as TNF receptor-1 (TNFR1), Fas, and the 
umor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptors. These proteins recruit adapter proteins to their cytosolic death domains 
(DDs), including the Fas-associated death domain (FADD), which then bind the death effector domain (DED)-containing procaspases, partic- 
ularly procaspase-8, inducing their activation. Cytolytic T lymphocytes (CTLs) and natural killer (NK) cells introduce the protease granzyme B 
into target cells (right, upper). This protease cleaves and activates multiple members of the caspase family. The intrinsic pathway (left, lower) is initi- 
ated by release of cytochrome c from mitochondria, induced by various stimuli, including elevations in the levels of pore-forming proapop- 
otic Bcl-2 family proteins, such as Bax and Bak. In the cytosol, cytochrome c binds and activates Apaf-1, allowing it to associate with and activate 
procaspase-9. Active caspase-9 (intrinsic) and caspase-8 (extrinsic) have been shown to directly cleave and activate the effector protease, 
caspase-3. Because other caspases also become involved in these pathways (not shown), the schematic represents an oversimplification of the events 
hat occur in vivo. Additionally, disturbances in the function of the endoplasmic reticulum (ER) are also linked to the intrinsic and extrinsic apoptosis 


pathways, through both Ca* transfer to mitochondria and via transcriptional mechanisms that include induction of CHOP expression, which, in turn, 
stimulates expression of death receptor 5 (DRS) and Bim (proapoptotic Bcl-2 family member) (right, lower). Rectangles indicate proapoptotic proteins 


whereas ellipses indicate antiapoptotic proteins. 


and natural killer (NK) cells, which introduce apoptosis-inducing 
proteases, particularly granzyme B (a serine protease), into effective 
intracellular compartments of target cells via perforin-dependent mech- 
anisms.° Unlike the caspases, granzyme B is a serine protease. However, 
similar to the caspases, granzyme B specifically cleaves its substrates at 
Asp residues. Granzyme B is capable of cleaving and activating multiple 
caspases and some caspase substrates.” Endogenous and viral inhibitors 
of granzyme B have been identified, accounting for resistance to this 
apoptotic inducer.*”” 

Another caspase-activation pathway is represented by tumor 
necrosis factor (TNF) family receptors. Eight of the approximately 
30 known members of the TNF family in humans contain a so-called 
death domain (DD) in their cytosolic tails. Several of these DD- 
containing TNF family receptors use caspase activation as a signaling 
mechanism, including TNF receptor-1 (TNFR1)/CD120a; Fas/APO1/ 
CD95; death receptor (DR)-3 (DR3)/Apo2/Weasle; DR4/ tumor necro- 
sis factor-related apoptosis-inducing ligand receptor 1 (TRAILR1); 
DR5/TRAILR2; and DR6. Ligation of these receptors at the cell sur- 
face results in receptor clustering and recruitment of several intracel- 
lular proteins, including certain procaspases, to the cytosolic domains 
of these receptors, forming a “death-inducing signaling complex” that 
triggers caspase activation and leads to apoptosis. 

The specific caspases summoned to the DISC are caspase-8 and, in 
some cases, caspase-10. These caspases contain so-called death effector 
domains (DEDs) in their N-terminal prodomains that bind to a corre- 
sponding DED in the Fas-associated death domain (FADD), a bipar- 
tite adapter protein containing a DD and a DED. FADD functions as 
a molecular bridge between the DD and DED domain families, and is, 
in fact, the only protein in the human genome with this dual domain 
structure. Consequently, cells from mice in which the fadd gene has 
been knocked out are resistant to apoptosis induction by TNF family 
cytokines and their receptors. Cells derived from caspase-8 knockout 
mice also fail to undergo apoptosis in response to ligands or antibodies 
that activate TNF family DRs, demonstrating an essential role for this 
caspase in this pathway.'* However, mice lack the highly homologous 
protease, caspase-10, which is found in humans, having arisen from an 
apparent gene duplication on chromosome 2." Thus, caspases 8 and 10 
may play redundant roles in human cells. 

Mitochondria also play important roles in apoptosis, releasing cyto- 
chrome c (Cyt-c) into the cytosol, which then causes assembly of a multi- 
protein caspase-activating complex, referred to as the “apoptosome.”!*!” 
The central component of the apoptosome is Apafl, a caspase-activating 
protein that oligomerizes upon binding Cyt-c and which specifically 
binds procaspase-9. Apafl and procaspase-9 interact with each other 
via their caspase recruitment domains (CARDs). Such CARD-CARD 
interactions play important roles in many steps in apoptosis pathways. 
In addition to Cyt-c, mitochondria also release several other proteins of 
relevance to apoptosis, including endonuclease G, AIF (an activator of 
nuclear endonucleases), and SMAC (Diablo) and Omi (HtrA), antago- 
nists of a family of caspase-inhibitory proteins known as the IAPs (inhib- 
itors of apoptosis) (see section “Inhibitors of Apoptosis” below). 

The central importance of the Cyt-c-dependent pathway for apop- 
tosis is underscored by the observation that cells derived from mice 
in which either the apafl or procaspase-9 genes have been ablated are 
incapable of undergoing apoptosis in response to agents that trigger 
Cyt-c release from mitochondria.'* Nevertheless, such cells can die by 
nonapoptotic routes,” demonstrating that mitochondria control both 
caspase-dependent and caspase-independent cell death pathways. 
Moreover, distinguishing mitochondria-driven apoptotic from nonap- 
optotic cell death can be challenging in many contexts because of the 
similar morphologic features caused probably by some of the proteins 
released from these organelle such as endonuclease G and AIF, which 
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promote chromatin condensation and DNA fragmentation. The mito- 
chondrial mechanisms for apoptotic and nonapoptotic cell death are 
activated by myriad stimuli, including growth factor deprivation, oxi- 
dants, Ca** overload, DNA-damaging agents, microtubule-modifying 
drugs, and much more.'””° In this sense, mitochondria are sometimes 
viewed as central integrators of cell stress signals that dictate ultimately 
cell life and death decisions. 

Mitochondria can also participate in cell death pathways induced 
via TNF family DRs, through crosstalk mechanisms involving proteins 
such as Bid, BAR, and Bap31.?""4 However, mitochondrial (“intrinsic”) 
and DR (“extrinsic”) pathways for caspase activation are fully capable of 
independent operation in most types of cells.” 

Cell death mechanisms are also linked to endoplasmic reticulum 
(ER). In most cases, however, these ER-initiated signals ultimately seem 
to impinge on mitochondria as the downstream effectors of the cell 
death pathway. In this regard, the ER is a central regulator of intracellu- 
lar Ca**, and ER membranes form close contacts with mitochondria to 
create structures where Ca™ effluxes from ER into mitochondria, thereby 
impacting mitochondrial function in profound ways that can either pro- 
mote cell life or cause death. Too much Ca” entry into mitochondria, 
for instance, triggers a phenomenon called mitochondrial permeability 
transition (MPT) in which the organelles swell and eventually rupture. 

However, in addition to the role of ER Ca” and mitochondria-driven 
cell death, another pathway for apoptosis has been linked to accumulation 
of unfolded proteins in the ER. Specifically, ER stress induces expression 
of the proapoptotic transcription factor CHOP, which, in turn, stimulates 
expression of DR5 (TRAILR2), causing caspase-8-dependent apoptosis.” 
Additionally, CHOP has been reported to directly stimulate transcription 
of the gene encoding Bim, a proapoptotic member of the Bcl-2 family (see 
section “Suppressors of Apoptosis” below) that stimulates Cyt-c release 
from mitochondria. Thus, ER stress has multiple potential routes of stim- 
ulating cell death pathways, with the predominant pathway probably 
varying among cell types and pathophysiologic contexts. 

Although diverse mechanisms exist for activating initiator Cas- 
pases, as outlined above, in most instances, the biochemical mecha- 
nisms appear to be remarkably similar. Much of caspase activation and 
can be explained by the “induced proximity model,” in which forcing 
dimerization of procaspases results in conformational states that pro- 
mote protease activation, typically resulting in cleavage events that lock 
the proteases into their fully active state. This mechanism is clearly oper- 
ative in the caspase-activation pathways induced by TNF family recep- 
tors (extrinsic pathway) and Cyt-c/mitochondria (“intrinsic pathway”). 


@SUPPRESSORS OF APOPTOSIS 


Given the critical importance of making the correct choices about cell 
life-death decisions in complex multicellular organisms, it is not surpris- 
ing that the pathways governing caspase activation are under exquisite 
control by networks of proteins that directly or indirectly communi- 
cate with these proteases. A delicate balance between proapoptotic and 
antiapoptotic regulators of apoptosis pathways is at play on a continual 
basis, ensuring the survival of long-lived cells and the proper turnover 
of short-lived cells in a variety of tissues, including the marrow, thymus, 
and peripheral lymphoid tissues. The antiapoptotic proteins responsible 
for creating roadblocks to cell death have been mapped to specific cas- 
pase-activation pathways. 


BCL-2 FAMILY 


The Bcl-2 family represents a large group of proteins (number >26 in 
humans) that control mitochondria-dependent steps in cell-death path- 
ways, including dictating whether Cyt-c is or is not released from these 
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Figure 15-2. Network of interactions among Bcl-2 family proteins. 
The functional and physical interactions among proapoptotic and anti- 
apoptotic Bcl-2 family proteins are depicted. Illustrative members of the 
Bcl-2 family are shown. 


organelles (Fig. 15-2). Both proapoptotic and antiapoptotic Bcl-2 family 
proteins have been delineated.” These proteins are best known for their 
roles in controlling the intrinsic (mitochondrial) cell-death pathway,” 
although effects on the ER-pathway for cell death have also been doc- 
umented.” Even though the human genome encodes at least 26 Bcl-2 
family proteins, only six of these are antiapoptotic (in humans, Bcl-2, 
Bcl-X, [BCL2L1], Bel-W [BCL2L2], Mcl-1 [BCL2L3], Bfl-1 [BCL2L5], 
and Bcl-B [BCL2L10]). Several types of animal viruses also harbor Bcl-2 
family genes within their genomes, including herpes viruses implicated 
in cancer such as the Epstein-Barr virus (EBV) and Kaposi sarcoma 
virus (KSV). The relative ratios of anti- and proapoptotic Bcl-2 family 
proteins dictate the ultimate sensitivity or resistance of cells to various 
apoptotic stimuli, including growth factor deprivation, hypoxia, radia- 
tion, anticancer drugs, oxidants, and Ca” overload. 

Various Bcl-2 family members play important roles in controlling 
the life spans of hematopoietic cells, as evidenced by phenotypes gen- 
erated in genetically engineered mice (gene knockouts and transgenics) 
and also (in some cases) by human clinical experiences with experi- 
mental therapeutics targeting some of these proteins. For example, anti- 
apoptotic protein Bcl-2 is required for survival of mature T cells and 
B cells, with deficiency of Bcl-2 causing lymphopenia. Conversely, the 
proapoptotic protein Bim is necessary for limiting expansion of T and 
B lymphocytes, with deficiency of Bim causing lymphocytosis. Bim also 
plays important role in eradicating autoreactive T cells in the thymus 
(“negative selection”), having important implications for mechanisms 
of autoimmune diseases.” Bcl-X, is required for platelet homeostasis, 
such that either genetic or pharmacologically induced Bcl-X, deficiency 
causes thrombocytopenia. Antiapoptotic protein Mcl-1 is particularly 
important for survival of the myeloid lineage in mice, as well as con- 
tributing to lymphocyte survival. Conversely, antiapoptotic protein 
Bcl-W is not required for hematopoiesis in mice, despite being widely 
expressed in myeloid lineage cells. It should be noted that direct com- 
parisons of gene manipulations in mice with the human circumstance 
are not always possible because of genomic differences in the Bcl-2 fam- 
ily genes of mice versus humans (e.g., human Bfl-1 versus murine A1; 
human Bcl-B versus murine Boo/Diva). 

Many members of the Bcl-2 family have a hydrophobic stretch of 
amino acids near their carboxyl-terminus that anchors them in the outer 
mitochondrial membrane.” In contrast, other Bcl-2 family members 
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such as Bid, Bim, and Bad, lack these membrane-anchoring domains, but 
dynamically target mitochondria in response to specific stimuli. Still oth- 
ers have the membrane-anchoring domain but keep it latched against the 
body of the protein until stimulated to expose it (e.g., Bax).*! 

Based on their predicted (or experimentally determined) three- 
dimensional structures, Bcl-2 family proteins can be broadly divided 
into two groups. One subset of these proteins is probably similar in 
structure to the pore-forming domains of bacterial toxins, such as the 
colicins and diphtheria toxin.** These a-helical pore-like proteins 
include both antiapoptotic proteins (Bcl-2, Bcl-X,, Mcl-1, Bfl-1, Bcl-W, 
Bcl-B) and proapoptotic proteins (Bax, Bak, Bok, and Bid). Most of the 
proteins in this subcategory can be recognized by conserved stretches of 
amino acid sequence homology, including the presence of Bcl-2 homol- 
ogy (BH) domains, BH1, BH2, BH3, and sometimes BH4. However, this 
is not uniformly the case, as the Bid protein contains only a BH3 domain 
but has been determined to share the same overall protein-fold with 
Bel-X,, Bcl-2, and Bax.’ Where tested to date, these proteins have all 
been shown to form ion-conducting channels in synthetic membranes 
in vitro, including Bcl-2, Bcl-X,, Bax, and Bid,**” but the significance of 
this pore activity remains unclear. 

The other subset of Bcl-2 family proteins appears to have in com- 
mon only the presence of the BH3 domain, including Bad, Bik, Bim, 
Hrk, Bcl-G,, p193, APR (Noxa), and PUMA. These “BH3-only” pro- 
teins are uniformly proapoptotic. Their cell-death-inducing activity 
depends, in most cases, on their ability to dimerize with antiapoptotic 
Bcl-2 family members, functioning as trans-dominant inhibitors of pro- 
teins such as Bcl-2 and Bel-X, me However, some of these proteins (e.g., 
Bid, PUMA, Bim) can also interact with proapoptotic proteins (e.g., 
Bax, Bak), functioning as agonists of the killers, in addition to dimeriz- 
ing with antiapoptotics (e.g., Bcl-2; Bcl-X,) to function as antagonists of 
these cell-survival proteins (see Fig. 15-2).*** Binding of Bid to Bax or 
Bak promotes insertion of these proteins into membranes where they 
oligomerize, apparently forming large pores through which molecules 
such as Cyt-c, SMAC, and Omi can escape from mitochondria or caus- 
ing an increase in the permeability of the outer membrane of mitochon- 
dria through more complex mechanisms.*** Bax and Bak thus induce 
mitochondrial outer membrane permeabilization (MOMP), which is a 
critical event that not only causes release of death-inducing mitochon- 
drial proteins but also secondarily causes necrosis by uncoupling of oxi- 
dative phosphorylation (when Cyt-c becomes limiting) and diversion 
of electrons from the respiratory chain into production of toxic free 
radicals.” 

The BH3 domain mediates dimerization among Bcl-2 family pro- 
teins. This domain consists of an amphipathic a-helix of approximately 
16 amino acids that inserts into a hydrophobic crevice on the surface of 
antiapoptotic proteins such as Bcl-2 and Bcl-X,.* The BH3-only pro- 
teins link a wide variety of environmental stimuli to the mitochondrial 
pathway for apoptosis, with some examples outlined below. 

In addition to mitochondria, mechanistic links for Bcl-2 family 
proteins to ER stress and autophagy have also been delineated. For 
example, Bax and Bak can bind the ER stress signaling protein, IRE-1, 
thereby stimulating its intrinsic autokinase activity and its endoribo- 
nuclease activity.” Proapoptotic (Bak/Bax) and antiapoptotic (Bcl-2/ 
Bcl-X,) family members also have opposing effects on basal ER Ca** 
levels, probably via effects on Ca’* channel proteins in ER membranes 
(e.g., IP3Rs, BI-1, and TmBim3). Autophagy protein Beclin contains a 
BH3-like domain that mediates interactions with antiapoptotic Bcl-2 
family proteins, which sequester Beclin and thereby reduce autophagic 
flux.*° Autophagy, which is a lysosome-dependent catabolic pathway, 
can either promote cell survival by providing access to nutrients during 
times of nutrient insufficiency and hypoxia, or it can cause cell death 
when stimulated to an extreme.” 


FLIP 


The c-FLIP proteins are another type of apoptosis suppressor that oper- 
ates via directly binding to certain caspases and their upstream activator, 
FADD. The c-FLIP gene of humans resides in a tandem gene cluster on 
chromosome 2, which contains the genes encoding procaspases 8 and 
10, suggestive of gene duplication events. Two isoforms of c-FLIP are 
produced from a single gene, including the long form, which is highly 
similar in overall sequence to procaspases 8 and 10, containing tandem 
copies of DEDs, followed by a pseudocaspase domain that lacks enzy- 
matic activity. The shorter isoform consists only of the DED domains, 
thus resembling analogous proteins encoded in the genomes of some 
mammalian viruses.” FLIP-S is exclusively antoptotic whereas FLIP-L 
can be either pro- or antiapoptotic, depending on its levels of expression 
relative to procaspases 8 and 10.” In general, FLIP proteins form com- 
plexes with procaspases 8 and 10, preventing their dimerization and 
activation, as well as competing for binding to adapter protein FADD, 
which is required for caspase recruitment to DR complexes.’ Thus, 
in most circumstances, FLIP proteins create blockades in the extrinsic 
pathway for apoptosis. 

Additionally, a role in suppressing nonapoptotic cell death 
(necroptosis) has been described for FLIP in partnership with 
caspase-8.* In this regard, TNFR1 signaling has been shown to stimu- 
late caspase-independent cell death in some circumstances (commonly 
called “necroptosis”) via a mechanism that is suppressed by FLIP and 
caspase-8 but that is dependent on the protein kinase Rip3 (see section 
“Inhibitors of Apoptosis” below). It is thought that dimers consisting of 
the longer isoform of c-FLIP plus caspase-8 direct the proteolytic activ- 
ity of caspase-8 to substrates that promote cell survival rather than cell 
death.” Among the relevant substrates is the kinase Rip1, an upstream 
activator of Rip3. Thus, FLIP proteins play complex roles in cell death 
regulation mediated by various members of the TNF Receptor family. 


INHIBITORS OF APOPTOSIS 


The LAP proteins (n = 8 in humans) suppress apoptosis via a diversity 
of mechanisms, including directly binding to and inhibiting certain cas- 
pases.**°° IAPs are characterized by the presence of protein interaction 
domains called BIRs (baculovirus internal repeats), numbering between 
1 and 3 per protein. Most IAPs also carry RING domains that endow 
them with E3 ligase activity through interactions with ubiquitin con- 
jugating enzymes (UBCs). Some of the apoptogenic proteins released 
from mitochondria, notably SMAC and HtrA2, bind certain BIRs and 
thereby compete for protein interactions on the surface of IAPs. Some 
examples of IAP mechanisms are provided here. 

XIAP (so-called because its encoding gene resides on the X- 
chromosome) contains 3 BIR domains. BIR2 of XIAP binds down- 
stream effector proteases, caspases-3 and -7, to suppress apoptosis at a 
distal point. BIR3 of XIAP binds upstream initiator protease, caspase-9, 
to suppress an apical step in the mitochondrial pathway for apoptosis. 

The c-IAP1 (BIRC2) and c-IAP2 (BIRC3) proteins are also capable 
of binding to caspases 3, 7, and 9, although they are less potent by far as 
direct enzymatic inhibitors and may rely on their E3 ligase activity for 
controlling caspase degradation. However, these IAP family members 
also participate in other cell death-relevant mechanisms by impacting 
signal transduction by TNF family receptors. Binding of TNF to one 
of its principal cellular receptors expressed widely on cells, TNFR1, is 
capable of triggering at least three different signaling pathways, each 
involving overlapping but distinct protein complexes that are assem- 
bled at the receptor (Fig. 15-3). One of these TNFR1-initiated pathways 
causes caspase activation and apoptosis by DISC assembly (described in 
the section “Caspase Activation Pathways,’ and Fig. 15-1 above). Another 
pathway causes activation of the kinase Rip3, usually via the upstream 
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Figure 15-3. Opposing pathways for cell death and cell survival are 
induced by tumor necrosis factor receptor (TNFR). TNFR1 is the best 
studied of the death domain (DD)-containing TNF family receptors, 
which include in humans Fas (CD95), tumor necrosis factor—related 
apoptosis-inducing ligand (TRAIL) receptor-1 (TRAILR1, DR4), TRAILR2 
(DR5), DR3, and DR6. DD-containing adapter protein TRADD (tumor 
necrosis factor receptor death domain) binds the DD in the cytosolic 
domain of TNFR1, which then connects to at least one of three different 
pathways that are outlined here. A cell survival pathway results in nuclear 
factor (NF)-KB activation, whereby TRADD recruits the DD-containing 
protein Rip1 and also binds the E3 ligase/adapter protein TRAF2 (tumor 
receptor-associated factor 2). Rip1 and TRAF2 bind c-IAP1 (inhibitor of 
apoptosis 1) and c-IAP2. The resulting complex promotes noncanoni- 
cal ubiquitination of the kinase Rip1, triggering a signal transduction 
kinase pathway that results in activation of l-KB kinases (IKKs) that cause 
|-kB ubiquitination and proteasomal degradation, thereby releasing 
sequestered NF-kB to allow its translocation into the nucleus where it 
stimulates expression of multiple antiapoptotic genes. In the TNFR1- 
mediated apoptosis pathway, the DD of TRADD associates with the DD 
of FADD, which, in turn, binds caspases 8 and 10 via their death effector 
domains (DEDs), triggering protease activation and thereby stimulat- 
ing apoptosis. The TNFR1-mediated pathway for necrosis (necroptosis) 
involves a cascade of events that include recruitment of Rip1, which, in 
turn, activates Rip3, which activates mixed-lineage kinase domain-like 
(MLKL) kinase and which causes mitochondrial and probably lysosomal 
changes that stimulate reactive oxygen species (ROS) generation and 
lead to necrosis. 


kinase Rip1, which associates with TNFR1 complexes.” The Rip3-de- 
pendent cell death pathway is caspase-independent, leading to nonap- 
optotic cell death (“necroptosis”) through a process involving reactive 
oxygen species (ROS) generated by mitochondria. Another serine/ 
threonine kinase, mixed-lineage kinase domain-like (MLKL) protein, 
appears to be a critical downstream mediator of Rip3-induced necrop- 
tosis. This Rip3-dependent pathway for necroptosis is suppressed by 
c-IAP1 and c-IAP2, probably via their roles as E3 ligases and possibly 
involving ubiquitin/proteasome-mediated reductions in Rip3 protein 
levels.“ Finally, TNFR1 stimulates a cell survival pathway in which 
c-IAP1 and c-IAP2 participate. In this TNFR1-mediated survival path- 
way, the kinase Rip] comes together with the E3 ligases c-IAP1, c-IAP2, 
and tumor receptor-associated factor 2 (TRAF2) to stimulate nonca- 
nonical (lysine 63, rather than lysine 48) ubiquitination of Rip1, initiat- 
ing a signal transduction pathway that causes activation of transcription 
factor nuclear factor (NF)-«B. NF-«B influences the expression of many 
target genes involved in host defenses and immune regulation, among 


which are several genes that suppress apoptosis. As a result, this NF-«B 
pathway nullifies the caspase pathway, negating apoptosis,” in addition 
to accounting for the untoward inflammatory actions of this cytokine. 
Several antiapoptotic genes are among the direct transcriptional targets 
of NF-xB (REL)-family proteins, including the genes encoding c-FLIP, 
c-IAP2, Bcl-X,, and Bfl-1. 

In this regard, the c-IAP1 and c-IAP2 proteins were first identi- 
fied because of their association with TNF receptor complexes. These 
IAPs bind the kinase Rip] via their BIR3 domains, mediating nonca- 
nonical ubiquitination of Rip1 via interactions of atypical UBCs with 
their RING domains and possibly also indirectly via interactions of the 
E3 ligase TRAF2, which binds their BIR1 domains. The noncanonical 
ubiquitination of Rip1 is required for TNFR1-mediated NF-«B acti- 
vation and suppression of cytokine-induced apoptosis. The c-IAP1 
and c-IAP2 proteins also control the “alternative” pathway for NF-«B 
activation via yet another mechanism, which involves classical lysine 
48 mediated polyubiquitination of the kinase Nik. 

Additional members of the IAP family not described here (Sur- 
vivin, Apollon/Bruce, ML-IAP, etc.) also have interesting mechanisms 
of interacting with components of cell-death pathways and they also 
can have other roles beyond cell-death regulation. For example, XIAP, 
c-IAP1, and c-IAP2 have other documented cellular activities, which 
include, for example, their interactions with kinases (e.g., Rip2) or 
kinase-binding adapter proteins (TAB/Tak) involved in processes such 
as innate immunity and morphogenesis. In these circumstances, the 
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most relevant activity of IAPs appears to be their noncanonical E3 ligase 
activity, as well as a protein scaffold role where they serve as platforms 
for assembling multiprotein complexes. Additional roles for IAP family 
members include cell division, where, for example, the Survivin protein 
plays a fundamental role in chromosome segregation and cytokinesis. 

Several of the IAPs are opposed by proteins released from mito- 
chondria, SMAC and HtrA2. SMAC and Htra2 bind BIR domains on 
IAPs, thus displacing caspases and other associated proteins. In many 
cases, SMAC binding to IAPs induces their polyubiquitination and pro- 
teasomal degradation. Thus, factors that cause MOMP take the breaks 
off the caspases by eliminating various IAP family proteins. 


@ SIGNAL TRANSDUCTION AND 
APOPTOSIS REGULATION 


Various receptor-mediated signal transduction pathways converge on 
the core components of the cell death machinery outlined above, includ- 
ing receptors for growth factors, lymphokines and cytokines. Some 
examples illustrating the intimate links between receptor-mediated sig- 
nal transduction and apoptosis pathways are provided here (Fig. 15-4). 


LYMPHOKINES 


Many lymphokine receptors signal via Jak/STAT pathways. STAT fam- 
ily transcription factors are known to stimulate transcription of the 
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Figure 15-4. Signal transduction and apoptosis regulation. Some of the transcription factors and kinases that play prominent roles in apoptosis 
regulation are depicted, including kinases Akt (PKB) and the transcription factors p53, NF-KB, and CHOP. Illustrative examples of the connections to 
apoptosis-regulating proteins and genes are shown, without attempting to be comprehensive. The protein kinase Akt (PKB) is activated in response 
to second-messagers produced by PI3K, a lipid kinase that is activated by many growth factor receptors and oncoproteins. PTEN is a lipid phosphatase 
that prevents accumulation of these second messagers, the expression of which is lost in many tumors through gene deletions, gene mutations, and 
other mechanisms.® Akt can phosphorylate and either activate (arrows) or inactivate (|) multiple proteins directly or indirectly relevant to apoptosis.” 
Expression of the transcription factor CHOP is stimulated by transcription factors that are elaborated during ER stress, including XBP1, ATF4, and ATF6. 


See text for additional details. 


BCL-X gene as at least one of their mechanisms of suppressing apop- 
tosis. Examples with relevance to hematopoietic system include ery- 
thropoietin-mediated stimulation of survival of erythrocyte precursors 
and interleukin (IL)-3 and IL-7-mediasted stimulation of survival of 
B-lymphocyte progenitors (pro/pre—B-cells). Additionally, Jak family 
nonreceptor protein tyrosine kinases are capable of stimulating phos- 
phatidylinositol 3’-kinase (PI3K) activity, which, in turn, causes acti- 
vation of Akt family kinases. The murine gene encoding Akt was first 
discovered by virtue of its similarity to the v-akt oncogene found in 
some murine leukemia viruses and through its activation in thymomas 
caused by retrovirus insertions near the c-akt gene.“ Humans contain 
three AKT genes. Akt can phosphorylate multiple proteins within the 
core apoptosis machinery. For example, the proapoptotic Bcl-2 family 
member Bad is a target of Akt, where phosphorylation of Bad causes 
its sequestration by 14-3-3 family proteins, thus inhibiting Bad from 
heterodimerizing with Bcl-X,.° Akt also can phosphorylate human 
caspase-9, blocking apoptosis downstream of mitochondria.® Another 
substrate of Akt that is relevant to apoptosis is forkhead transcription 
factors (FKHD). Some FKHD family members appear to control apop- 
tosis, perhaps by affecting transcription of the gene encoding FasL.” 
Phosphorylation of FKHD by Akt prevents its entry into the nucleus. 


CYTOKINES 


Several cytokines stimulate the activation of NF-«B (REL) family tran- 
scription factors. NF-«B directly binds the promoters and induces 
expression of several antiapoptotic genes, including the BCL-2 fam- 
ily members BCL-X and BFL-1, the IAP-family member C-IAP2, and 
C-FLIP.” Thus, elevations in NF-«B activity can increase cellular resis- 
tance to apoptosis, affecting (1) the Intrinsic (mitochondrial) pathway 
through elevations in antiapoptotic Bcl-2 family proteins, (2) the extrin- 
sic (TNF family DR) pathway through upregulation of c-Flip, and (3) 
downstream common pathways involving effector caspases as a result 
of overexpression of c-IAP2. 

The first example of NF-«B involvement in malignancy was pro- 
vided by studies of the avian Rev-T retrovirus, a transforming retrovi- 
rus that causes rapidly fatal lymphomas in young chickens and which 
carries the v-Rel oncogene. The cellular homologue of this viral onco- 
gene is C-REL, which encodes the p65 subunit of NF-«B. Amplifica- 
tion of the C-REL gene has been reported in non-Hodgkin lymphomas 
(NHLs), occurring particularly in diffuse large B-cell lymphoma and 
commonly associated with extranodal presentation.* Other genetic 
alterations associated with dysregulation of NF-«B include chromoso- 
mal translocations involving the I-«B family member BCL-3 in B-CLL.” 
I-xB family proteins bind and sequester NF-kB complexes, preventing 
the transcription factor from entering the nucleus.” Typically, I-«B 
is regulated by ubiquitin-mediated turnover by the 26S proteasome. 
Mutations in I-«B thus may enhance NF-«B activity, either by produc- 
ing unstable proteins or reducing the affinity of I-xB for NF-«B. The 
anticancer activity of drugs that inhibit the proteasome, approved for 
multiple myeloma, may be attributable in part to suppression of I-«B 
degradation, thereby inhibiting NF-«B induction.” 


GENOTOXIC STRESS 


Gamma-radiation and many DNA-damaging anticancer drugs potently 
stimulate apoptosis of hematopoietic cells. The principal mediator of 
apoptosis induced by genotoxic stress is p53. The p53 protein is a tetram- 
eric transcription factor, whose levels are controlled by the E3 ligase 
Mdm2. This transcription factor directly induces expression of BH3- 
only proteins Noxa (APR), Bid, and PUMA,” thus linking p53 to the 
death machinery. Additionally, p53 directly binds and transcriptionally 
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activates the human BAX gene promoter. Loss of p53 activity occurs in 
many human malignancies by a variety of mechanism, including gene 
deletion, gene mutations that result in mutant p53 proteins lacking 
transcriptional activity, and MDM2 gene amplification. Small molecule 
drugs that block Mdm2 protein interaction with p53 have shown prom- 
ising preclinical activity against hematopoietic malignancies. 

Interestingly, in addition to its role as a nuclear transcription fac- 
tor, evidence has emerged suggesting that p53 may promote apoptosis 
also via nontranscriptional mechanisms under some circumstances. 
Specifically, a cytoplasmic pool of p53 reportedly associates with mito- 
chondria, directly inducing activation of the Bax and inhibiting Bcl-2 
and Bcl-X,.” Importantly, even mutant p53 is capable of activating this 
cell-death pathway, raising hopes of finding pharmacologic interven- 
tions that would entice mutant p53 to attack mitochondria and trigger 
apoptosis of cancer cells in which this important tumor-suppressor gene 
product has suffered somatic mutations that inactive its nuclear (tran- 
scriptional) functions. 


@ HEMATOLOGIC DISEASES AND 
APOPTOSIS 


Either insufficient or excessive apoptosis plays important roles in a wide 
diversity of hematologic diseases. Convincing evidence has gathered to 
support a major role for insufficient apoptosis in the context of most (if 
not all) hematologic malignancies, where defects in apoptosis prolong 
cell life span and thereby promote cell accumulation, as well as com- 
plementing the proapoptotic effects of certain oncogenes (e.g., C-MYC; 
CYCLIN-D1), permitting growth factor independent cell survival, 
and promoting resistance to chemotherapy, radiation, and immune- 
mediated cell killing. Defects in apoptosis also seem to underlie some 
aspects of autoimmunity, where a failure to eradicate autoreactive lym- 
phocytes occurs. Conversely, excessive apoptosis has been implicated in 
the depletion of CD4+ T-lymphocytes seen in chronic HIV infection, 
bacteria-mediated killing of macrophages, myelodysplastic disorders 
where marrow failure occurs resulting in anemia and failed myelopoie- 
sis, and many other conditions. Some examples of the human diseases 
that have been linked to genomic alterations of apoptosis genes are 
highlighted here, without an attempt to be comprehensive. 


ALTERNATIONS IN APOPTOSIS GENES IN 
HEMATOLOGIC MALIGNANCIES 


Defects in apoptosis (cell death) are recognized as one of the hallmarks 
of essentially all cancers. Not surprisingly, therefore, myriad examples 
of alternations in genes regulating the core apoptosis machinery have 
been delineated in human cancers. Hematologic malignancies have, in 
fact, revealed many of the first and most striking examples of the criti- 
cal importance of cell death as a constraint to inappropriate cell expan- 
sion and accumulation. Here, some illustrative examples are provided 
without an attempt to be comprehensive, particularly focusing on the 
families of apoptosis-regulating genes outlined above with emphasis on 
genomic alterations. Additionally, myriad epigenetic mechanisms mod- 
ulate the expression of apoptosis genes in hematologic malignancies, 
which are not covered here. 


BCL-2 FAMILY 


The Bcl-2 family derives its name from discovery of the founding 
member as a result of its involvement in B-cell lymphomas and leu- 
kemias. The human BCL-2 gene is involved in t(14;18) chromosomal 
translocations found commonly in NHLs. In this regard, the BCL-2 


gene normally resides on chromosome 18, but it becomes merged with 
the immunoglobulin heavy-chain (IgH) locus on chromosome 14, 
probably as a result of aberrant actions of the V-D-J gene recombina- 
tion machinery responsible for antibody generation in B-cells. In this 
context, the BCL-2 gene becomes deregulated in its expression via the 
powerful cis-acting enhancer elements of the IgH locus. Chromosomal 
translocations activating BCL-2 occur in most indolent NHLs (espe- 
cially follicular B-cell lymphomas) as well as a substantial proportion 
of aggressive NHLs (perhaps commonly arising from progression of a 
previously undiagnosed low-grade B-lymphoma). Gene amplification 
provides another mechanism for BCL-2 gene dysregulation, and is 
reported in nearly 20 percent of aggressive B-NHLs, particularly diffuse 
large B-cell lymphomas (DLBCLs). Thus, by studying the cytogenetics 
of B-cell malignancies, the world’s first example of an antiapoptotic gene 
(BCL-2) was discovered. 

Additionally, loss of genes encoding microRNAs (miRNAs) that 
posttranscriptionally suppress BCL-2 by inducing Bcl-2 mRNA deg- 
radation accounts for the widespread dysregulation of BCL-2 gene in 
B-cell chronic lymphocytic leukemia (B-CLL). In this context, approx- 
imately 90 percent of B-CLLs have homozygous loss of function muta- 
tions or deletions involving miRNA15 and miRNAI6 on chromosome 
13q14, thus derepressing BCL-2 gene expression. This somatic loss of 
miRNA15 and miRNA 16 genes in CLL was the first example of miRNA 
genes operating as tumor suppressors. 

Genetic lesions responsible for dysregulation of other members of 
the Bcl-2 family have also been identified in various types of hemato- 
logic and nonhematologic malignancies. Among these somatic genetic 
mechanisms is the amplification of the BCL-X (BCL2L2) or MCL-1 
(BCL2L3) gene loci, which occurs probably in one in 10 human solid 
tumors. Conversely, homozygous gene mutations that inactivate the 
proapoptotic BAX gene have also been identified in occasional hemato- 
poietic malignancies and some solid tumors. In this regard, deletions 
or inactivating mutations in the tumor-suppressor p53 also reduce the 
expression of several proapoptotic Bcl-2 family genes, including the 
BAX, PUMA, NOXA, and BID genes, which are direct transcriptional 
targets of p53 (see above). The incidence of p53 gene deletions and 
mutations varies among hematologic malignancies, ranging from rare 
(<5 percent) in T-cell leukemias and low-grade B-cell lymphomas to 
frequent (>30 percent) in disorders such as high-grade B-cell lympho- 
mas, Burkitt lymphomas, and relapsed/aggressive acute lymphocytic 
leukemia (ALL), chronic lymphocytic leukemias (CLLs) that have 
progressed to Richter syndrome, and chronic myelogenous leukemias 
(CML) in blast crisis.” 


INHIBITORS OF APOPTOSIS 


Genomic lesions involving the IAP family genes are also associ- 
ated with hematologic malignancies. For example, in marginal zone 
mucosa-associated lymphoid tissue (MALT) B-cell lymphoma, the 
most common of the extranodal NHLs, t(11;18)(q21;q21) chromo- 
somal translocations occur frequently.” These translocations fuse 
the three BIR domains of c-IAP2 with portions of the gene encod- 
ing MALT1, a caspase-like protein. The predominant mechanism by 
which the resulting c-IAP2/MALT1 fusion protein suppresses apop- 
tosis appears to be hyperactivation of NF-xB. In this regard, the BIR1 
domain of c-IAP1 binds NF-«B-inducing E3 ligase TRAF2, and this 
interaction has been shown to be critical for NF-«B induction by 
c-IAP2/MALT1 fusion proteins. Additionally, the C-terminal region 
of MALT! also binds a related NF-«B-inducing E3 ligase, TRAF6, 
making additional contributions to NF-«B stimulation. Interestingly, 
TRAF2 gene amplification has also been described in a significance 
number of human malignancies. 
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CASPASES 


Inactivating mutations have been described in a variety of cancers. In 
approximately 15 percent of NHLs, mutations that alter the activity of 
caspase-10 have been reported. The resulting mutant caspase-10 pro- 
teins may operate as dominant-negative inhibitors of DR-mediated 
apoptosis.” Although exhaustive analysis has not been performed to 
date, overall mutations inactivating caspase-encoding genes appear 
to be relatively rare in hematopoietic malignancies, though epigenetic 
silencing may be more common. 


TUMOR NECROSIS FACTOR FAMILY 
DEATH RECEPTORS 


Somatic mutations in the FAS (CD95) gene have been found in multiple 
myelomas (MMs) and NHLs.* Missense mutations within the DD of 
Fas (CD95) were associated with retention of the wild-type allele, sug- 
gesting a dominant-negative mechanism, whereas missense mutations 
outside the DD were associated with allelic loss.® The observation that 
tumor-suppressor p53 can induce transcription of the DRs Fas (CD95) 
and DR5 (TRAILR2) in some types of tumor cells,*"’ suggests an addi- 
tional cancer-relevant mechanism by which reductions in the expres- 
sion TNF family DRs could occur in human malignancies, namely, 
secondarily to genomic lesions that inactivate p53 or that cause overex- 
pression of endogenous p53 antagonists. 


OTHER GENOMICALLY BASED DISEASES 
INVOLVING APOPTOSIS GENES 


Hereditary deficiency of XIAP is a very strong risk factor for early onset 
inflammatory bowel disease (IBD). This function of XIAP is probably 
not related to its role in apoptosis, but rather stems from the function 
of XIAP as a component of NACHT and Leucine rich repeat domain- 
containing receptor (NLR) family protein complexes involved in innate 
immunity. Causative mutations have been identified in the FAS (CD95) 
gene of humans in patients with autoimmune lymphoproliferative syn- 
drome (ALPS), also known as Canale-Smith syndrome.™ Thus, the Fas/ 
Fas ligand (FasL) system plays a critical role in lymphocyte homeosta- 
sis in vivo. At least some of the mutant Fas proteins found in humans 
with ALPS have been shown to operate as trans-dominant inhibitors of 
wild-type Fas, probably explaining the dominant inheritance pattern of 
this disorder. Likewise, germline mutations in Fas and FasL have been 
discovered as the underlying basis for the lymphoproliferative autoim- 
mune phenotype of Ipr/Ipr and gdl/gdl strain mice, respectively.**** In 
contrast to humans, however, the mutations in the fas gene of Ipr-strain 
mice produce disease with a recessive inheritance pattern.” FasL, like 
most TNF family members, is a trimer, and the receptor also forms tri- 
mers and probably higher-order oligomers, thus explaining why some 
Fas mutants display dominant-negative effects on wild-type Fas while 
others do not. Indeed, mutant versions of Fas from some patients with 
hereditary ALPS have been demonstrated to antagonize wild-type Fas,*” 
probably forming mixed oligomers of wild-type and mutant molecules. 
Additionally, mutations in caspase-10 gene that produce altered pro- 
teins that interfere with Fas-induced apoptosis have been identified in 
patients with ALPS.* 

These examples of autoimmune disorders associated with hered- 
itary alternations in apoptosis-regulatory genes highlight the intricate 
linkages between cell death regulation and host-pathogen interactions. 
Many components of the apoptosis machinery play important roles in 
aspects of innate and adaptive immunity, possibly reflecting the notion 
that altruistic cell suicide may be the best defense against pathogens for 
multicellular organisms. Moreover, a subfamily of the caspases (e.g., 


caspases 1, 4, and 5 in humans) has as its primary role the proteolytic 
processing and activation of inflammatory cytokines (pro-IL-1f, pro- 
IL-18, etc.), with apoptosis representing a secondary function that is 
observed mostly in the context of excessive stimulation. 


@ CONCLUSIONS 


Programmed cell-death mechanisms play critical roles in hematopoietic 
and immune cell homeostasis. Elaboration of the complex cell-death 
pathways and the networks of proteins that modulate these pathways 
have provided insights into the underlying mechanisms of cell life- 
death decisions, although many mechanistic details remain still to be 
revealed. In several cases, the available information has already sparked 
efforts to translate the base of information into therapeutic strategies. 
Among the experimental therapeutics targeting components of the 
cell death machinery that have entered clinical testing are small mole- 
cule inhibitors of Bcl-2 family and IAP family proteins, as well as large 
molecule modulators of TNF family DRs. Compounds that modulate 
upstream inputs into cell death pathways are also advancing through 
clinical evaluations, such as small molecule inhibitors of Mdm2 (which 
cause p53 protein accumulation) and small molecule inhibitors of Akt 
family kinases. Many other targets within the cell-death pathways are 
the subject of preclinical drug discovery efforts today. The stage is thus 
set for continued progress in manipulating cell-death pathways for ther- 
apeutic benefit of multiple diseases, including disorders of the hemato- 
poietic system. 
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CHAPTER 16 

CELL-CYCLE REGULATION 
AND HEMATOLOGIC 
DISORDERS 


Yun Dai, Prithviraj Bose, and Steven Grant 


Complex feedback pathways regulate the passage of cells through the G., S, 
G, and M phases of the growth cycle. Two key checkpoints control the com- 
mitment of cells to replicate DNA synthesis and to mitosis. Many oncogenes 
and defective tumor-suppressor genes promote malignant change by stimu- 
lating cell-cycle entry, or disrupting the checkpoint response to DNA damage. 
Advances in the understanding of genetic and epigenetic mechanisms of gene 
regulation provide the basis for novel therapeutic approaches. This chapter 
presents the pathways and the genetic and epigenetic alterations that regu- 
late cell replication, and highlights the various oncogenes and tumor-suppressor 
genes that are involved in hematologic malignancies. 


Mitosis is the final step of a defined program—the cell cycle—that can 
be separated into four phases: the G,, S, G,, and M phases (Fig. 16-1). 
A number of surveillance systems (checkpoints) control the cell cycle 
and interrupt its progression when DNA damage occurs or when cells 
have failed to complete a necessary event.' These checkpoints have been 


Acronyms and Abbreviations: ALL, acute lymphoid leukemia; AML, acute 
myelogenous leukemia; APC, anaphase-promoting complex; APL, acute pro- 
myelocytic leukemia; ATM, ataxia-telangiectasia mutated; ATR, ATM and Rad3 
related; cdc, cell division cycle; cdk, cyclin-dependent kinase; CDKI, cyclin- 
dependent kinase inhibitor; Chk, checkpoint kinase; CLL, chronic lympho- 
cytic leukemia; CML, chronic myelogenous leukemia; CTD, carboxy-terminal 
domain; DDR, DNA damage response; DSIF, DRB-sensitivity—inducing factor; 
ER, endoplasmic reticulum; FLAM, flavopiridol, cytarabine, mitoxantrone; 
GADD, growth arrest and DNA damage; HAT, histone acetyltransferase; HDAC, 
histone deacetylase; HDACI, histone deacetylase inhibitor; HR, homologous 
recombination; Id1, inhibitor of DNA-binding 1; INK4, inhibitor of kinase 4; 
JAK, Janus-associated kinase; MAPK, mitogen-activated protein kinase; MCL, 
mantle cell lymphoma; MDM2, murine double minute protein 2; MLL, mixed- 
lineage leukemia; MTA, 5’-deoxy-5’-(methylthio)adenosine; MTAP, methylth- 
ioadenosine phosphorylase; NELF, negative elongation factor; N-TEF, negative 
transcription elongation factor; ODC, ornithine decarboxylase; PDGF, platelet 
derived growth factor; PI3K, phosphatidylinositol 3’-kinase; PLZF, promyelo- 
cytic leukemia Kruppel-like zinc finger; PML, promyelocytic leukemia; P-TEFb, 
positive transcription elongation factor; RARa, retinoic acid receptor a; RB, 
retinoblastoma gene; rPTK, receptor protein-tyrosine kinase; STAT, signal 
transducer and activator of transcription; TGF-B, transforming growth fac- 
tor-B; TKI, tyrosine kinase inhibitor; UPR, unfolded protein response. 


given an empirical definition: When the occurrence of event B is depen- 
dent on the completion of prior event A, the dependence is a result of a 
checkpoint if a loss-of-function mutation can be found that relieves the 
dependence.' Three major cell-cycle checkpoints have been discovered: 
the DNA damage checkpoint, the replication checkpoint, and the spin- 
dle-pole body duplication checkpoint.’* The functional consequence of 
failure to “satisfy” the requirements of a cell-cycle checkpoint is usually 
death by apoptosis. However, small numbers of genetically altered cells 
may survive. Cells with defective checkpoints have an advantage when 
selection favors multiple genetic changes. Cancer cells often are miss- 
ing one or more checkpoints, which facilitates a greater rate of genomic 
evolution.° 

A disturbance of cell-cycle regulation is an important pathway 
in the development of many hematologic malignancies as a result of 
mutations in tumor-suppressor genes or oncogenes. Until the end of 
the 20th century, it was believed that the only mechanism by which 
the “gatekeepers” of the cell cycle could be inactivated was deletion or 
mutation (gain-of-function or loss-of-function mutations). Progress in 
the understanding of the regulation of gene expression put emphasis 
on another mechanism of gene inactivation, called epigenetic regulation 
(Chap. 10). This term summarizes several molecular modifications, 
including histone deacetylation, CpG-island hypermethylation, ubiq- 
uitination, and phosphorylation, etc. 


@CYCLINS AND CYCLIN-DEPENDENT 
KINASES 


Table 16-1 lists Cdks, associated partners, and their functions. 

Early experiments on the control of mitosis in human cells pro- 
vided evidence for the existence of factors called M-phase and S-phase 
promoting factors.’ The key element of S-phase promoting factor was 
thought to be cell division cycle (cdc) 2. Experiments performed in Xen- 
opus eggs showed that cdc2 is an M-phase-specific histone H1 kinase,’ 
but is just one subunit of a regulatory complex. A second component 
is cyclin B, which is synthesized in interphase and degraded in mid- 
mitosis. More than 10 members of the mammalian cyclin family have 
been identified. Most of these cyclins interact with a group of cdc2- 
related kinases called cyclin-dependent kinases (cdks),*° while others are 
involved in alternate splicing processes.” Phosphorylation of tyrosine 
15 is the key event in regulating human cdc2 activity. Threonine 14 also 
is phosphorylated in G, phase. Dephosphorylation at both phosphory- 
lation sites is required for mitotic initiation. Cdc2 interacts with cyclin B 
in mitosis, whereas the cdc2/cyclin A complex is formed before mitosis 
and is required for progression through late G, phase." Thus, cyclins 
A and B are also called the mitotic cyclins, because they are upregu- 
lated in late G, or G,/M phase and undergo proteolysis in M phase. 
The exit from mitosis is characterized by the abrupt ubiquitination and 
subsequent degradation of cyclin B. Cells with a defective cyclin B deg- 
radation mechanism or without mitotic cyclin B easily become aneu- 
ploid. There is evidence that cyclin A acts at the G,/M transition and 
binds cdk2 in S phase. Cyclin A is mandatory for the downregulation 
of anaphase-promoting complex (APC). Overexpression of cyclin A 
in G, phase leads to an accelerated entry into S phase.'? Because cdc2 is 
able to interact with mitotic and G, cyclins, it is likely that one protein 
kinase potentially can fulfill several different functions in the cell cycle 
at various checkpoints. Notably, there is increasing evidence that cdc2 
is directly involved in regulating the DNA damage response (DDR), 
including DNA damage checkpoint activation and DNA repair (partic- 
ularly homologous recombination [HR]).'* There are several cdc2-re- 
lated protein kinases in humans that interact with the corresponding 
cyclins. Originally, three cdc2-related proteins were isolated, which 
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Figure 16-1. Cell-cycle regulation in mammalian cells. 


were able to replace deficient cdc28 function in budding yeast: cdk1, 
cdk2, and cdk3."-"7 Other cdks are termed cdk4,"* cdk5,” and cdk6.” 
Cdk4/6 has been in the focus of tumor-suppressor gene research for 
the past several years, because it complexes with cyclin D (a G, cyclin). 
This complex is an important element in the p16’*-retinoblastoma 
(RB) gene pathway, which is commonly disrupted in cancer. Interest- 
ingly, the neural cdk5 is also expressed at high levels in certain can- 
cer types (e.g., myeloma), potentially representing a therapeutic target 
in these diseases.” Moreover, cdk5 may serve as a prognostic marker 
and help to identify patients most likely to respond to treatment (e.g., 
with bortezomib).” In addition, inhibition of cdk1 and/or cdk5 may 
contribute to disruption of the unfolded protein response (UPR) sec- 
ondary to endoplasmic reticulum (ER) stress inducers.” Three tran- 
scription-regulatory cdks have been characterized. Cdk7 interacts with 
cyclin H and is responsible for phosphorylating cdks on threonine res- 
idues.”* Cdk8 interacts with cyclin C, Med12, and Med13, and forms a 
complex called “cdk8” subcomplex. Several substrates for cdk8, when 
complexed with the above-mentioned proteins, have been detected, 
including RNA polymerase II and histone H3.” Cdk8 directly antag- 
onizes the repression of B-catenin transcription by the transcription 
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factor E2F1 in colorectal cancer.” The suppression of B-catenin by E2F1 
contributes to apoptosis. Therefore, overexpression of cdk8 (and RB) 
accounts for a reduced rate of apoptosis and increased cell growth.” 
Cdk9 binds cyclin T and displays a tissue-specific expression pattern.” 
That cdk9/cyclin T specifically interacts with the tat element of HIV-1 
links this cyclin-dependent kinase directly to the replication pathway of 
HIV, and circumstantially to HIV-1-related malignancies (e.g., Kaposi 
sarcoma).”* Cdk10” and cdk11* define a novel class of cyclin-depen- 
dent kinases; both cdks interact with apoptosis-related factors” or tran- 
scription factors such as ets.’ Cdk10 has two isoforms with different 
functions. A role at the G,/M transition has been suggested for the first 
isoform of cdk10, whereas the alternative splicing form interacts with 
the N-terminus of the Ets2 transcription factor. This interaction affects 
the G,/M transition in mice.” Two known cyclin-dependent kinases, 
cdk12 and cdk13, interact with both forms of cyclin L (cyclin L, and L,). 
This complex seems to be involved in alterative RNA-splicing,'** and 
thus is involved in the pre-messenger RNA processing machinery. All 
cyclins share an approximately 150-amino-acid region, called the cyclin 
box, which interacts with the cdks.™ The G, cyclins (C, D, and E) and the 
mitotic cyclins (A and B)* form distinct categories, although cyclin H, 


TABLE 16-1. CDKs, Associated Cyclins, and their 


Functions 


Associated Partner 


Cdk Cyclin Function 
Cdk1 Cyclin A, B G,/M 
Cdk2 Cyclin A, D, E; C G//S; S; G/M 
Cdk3 Cyclin C Gir 
Cdk4 Cyclin D GGTS 
Cdk5 p35, p39 Neuronal processes (neuron 
survival/death, migration, cor- 
tical layering, synaptic 
plasticity, etc.) 
Cdk6 Cyclin D G GG 
Cdk7 Cyclin H, Mat1 Cdk1, 2, 4/6 activation; tran- 
scriptional regulation 
Cdk8 Cyclin C, MED12, Transcriptional regulation 
MED13 
Cdk9 Cyclin T1, T2 Transcriptional regulation 
Cdk10 Ets-2 G/M 
Cdk11 RanBPM, RNPS1, RNA splicing; transcriptional 
casein kinase, regulation; apoptosis 
cyclin L 
Cdk12 Cyclin K, L (?) Transcriptional regulation; 
alternative splicing 
Cdk13 Cyclin K, L (?) Transcriptional regulation; 


alternative splicing 


cyclins L1 and L2, and the type T cyclins (Tp T,a, and Tb) fall outside 
these two major groups. 

Cyclin A binds and activates cdk2 mainly in S phase. However, 
microinjection of anti-cyclin A antibodies into cells causes cell cycle 
arrest just before S phase.'' This observation, together with the find- 
ing that overexpression of cyclin A leads to accelerated S-phase entry, 
suggests that cyclin A is involved in transformation.’ Cyclin A is able 
to compensate for loss of cyclin E function. Cyclin E is important for 
the duplication of centrosomes. In cyclin E-defective cells, cyclin A can 
take over the function of cyclin E in S phase, whereas cyclin A is impor- 
tant for centrosome amplification in G,-arrested cells, irrespective of 
whether cyclin E is present. The importance of cyclin A in cell divi- 
sion is underlined by other reports.” In addition to its role at the G,/S 
boundary, cyclin A acts in late G, phase, where it complexes with cdk1. 
Cyclin E, the other cyclin that interacts with cdk2, may control the pro- 
gression from G, to S phase, and the time point when cdk2 “switches” 
from cyclin E to cyclin A binding is right after prereplication complex 
assembly terminates while DNA replication initiates. Cells overexpress- 
ing cyclin E progress much faster through G, into S phase, but the time 
required for DNA synthesis remains normal.” On the other hand, a 
bifurcation in cdk2 activity determines whether cells immediately com- 
mit to the next cell cycle or enter a transient state of quiescence as they 
exit mitosis.” Cyclin E levels are also regulated by environmental fac- 
tors, including transforming growth factor-6 (TGF-B) and irradiation. 
‘These effects are, in part, mediated by small proteins, the cyclin-depen- 
dent kinase inhibitors. Cyclin E accumulates at the G,/S boundary of 
the cell cycle, where it stimulates functions associated with entry into 
and progression through S phase.“ In normal cells, cyclin E levels are 
highly regulated so that peak cyclin E-cdk2 kinase activity occurs only 
for a short interval near the G,/S boundary.” Cyclin E-cdk2 complexes 
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become active during S phase and are then rapidly ubiquitinated after 
phosphorylation.” The poor prognostic implications of overexpression 
of cyclin E has been observed in a variety of human malignancies,” lead- 
ing to a high cyclin E level throughout the cell cycle. The direct linkage 
between cyclin E overexpression and tumorigenesis is not completely 
understood. It has been suggested that the cyclin E-cdk2 complex phos- 
phorylates and inactivates the RB protein“ or leads to genomic instabil- 
ity via generation of aneuploid cells.“ Cyclin E overexpression delays 
progression through early phases of mitosis and causes mitosis to be 
executed aberrantly, thus dysregulating mitotic progression.“ 

The B-type cyclins associate with cdk1 to form the classical mitotic 
cyclin-cdk complexes.** Cyclin B is synthesized in S phase and accu- 
mulates, and in the midst of M phase is ubiquitinated and degraded, 
allowing the cell to exit from mitosis. The G,/M checkpoint is very often 
defective in malignant cells, leading to uncontrolled M-phase entry and 
aneuploidy. The cellular localization of the cdk1-cyclin B complexes is 
strictly cell-cycle-dependent. Although the complexes accumulate in 
the cytoplasm during G, and S phase, they move to the nucleus in mito- 
sis and bind to the mitotic spindle.“ The cyclin B family has different 
family members with distinct functions. At mitotic entry, cyclin B,-cdk1 
promotes chromosome condensation, nuclear membrane dissolution, 
mitotic aster assembly, and Golgi breakdown, whereas cyclin B,-cdk1 
can only induce Golgi disassembly.” At prophase, cyclin B, accumu- 
lates in the nucleus” and then localizes to condensed chromatin, spin- 
dle microtubules, centrosomes, and chromatin during prometaphase.” 
Distinct sequence elements are responsible for the localization of cyclin 
B, to the chromatin, centrosomes, and kinetochores during mitosis.” 

The three cyclin D molecules—D,, D, and D,—function mainly in 
G, phase, where they bind cdk4 and cdk6. These complexes phosphory- 
late RB, restraining its inhibitory effects on E2F and related transcrip- 
tion factors. Cyclin D, is the major D cyclin in most cell types. All three 
cyclin D molecules act in late G, phase, just before entry into S phase. 
Cyclin D, also exhibits a variety of non-cell-cycle regulatory functions. 
For example, cyclin D, regulates microRNA biogenesis by induction of 
Dicer, a central regulator of microRNA maturation.” Many tumors have 
high cyclin D, levels without amplification or mutation of the cyclin 
D, structural gene. Instead, cyclin D levels may be regulated by a feed- 
back loop dependent on RB. Alterations of the RB gene in cancer may 
secondarily cause upregulation of cyclin D transcription. As a result 
of its central role in cell-cycle control, the cyclin D-cdk4 complex is 
an important target for anticancer drugs. Mice lacking cyclin D, are 
completely resistant to ErbB-2-driven breast cancer. ErbB-2-induced 
mammary tumor development is also prohibited by the inactivation 
of the cyclin D, partner cdk4, underlining the role of this complex in 
human malignancies.” As aberrations of the pl6-cdk4-cyclin D-RB 
pathway are common in the majority of cancers, the development of 
selective cdk4 inhibitors (e.g., palbociclib) launched promising efforts 
to target tumors displaying either cyclin D, overexpression (e.g., breast 
cancer, mantle cell lymphoma, multiple myeloma) or cdk4 amplifica- 
tion (e.g., liposarcoma).*° Moreover, cyclin D,-cdk4 is also involved 
in regulation of glucose metabolism in postmitotic cells, suggesting 
a novel cell-cycle-independent function of this complex.” However, 
cdk6, a functional homologue of cdk4, may also play an important 
role in tumorigenesis under certain circumstances. For example, acute 
myelogenous leukemia (AML) cells carrying mixed-lineage leukemia 
(MLL) rearrangements (e.g., MLL-AF9, MLL-AF4, and MLL-AF6) 
specifically rely on cdk6, rather than cdk4, to proliferate,” suggesting 
that cdk6 might represent a target in MLL-driven leukemia.” Interest- 
ingly, SUMOylation stabilizes the cdk6 protein, which may contribute 
to progression of some tumors (e.g., glioblastoma).® Notably, cyclin D- 
dependent cdk4/6 also phosphorylates a variety of substrates (e.g., RB1 
and its relatives RBL1 and RBL2, SMAD2, SMAD3, FOXM1, MEP50, 


etc.), forming a central node in a complex signaling network that gov- 
erns the overall transcriptional and biologic response of cells to activa- 
tion or inhibition of the kinases.“ 

Cdk7 plays dual functions in regulation of cell cycle and gene tran- 
scription. In the former case, cdk7, together with its partner cyclin H, 
acts as a cdk-activating kinase, which fully activates various cell-cycle- 
regulatory cdks (e.g., cdk1, cdk2, cdk4, and cdk6) by phosphorylating 
their T loop in a context-specific manner.” For example, whereas cdk7 
is required to determine cyclin specificity and activation order of cdc1 
and cdk2 during S and G, phases, it is also required to maintain the 
activity of cdk4 as cells exiting quiescence and G, progression through 
the restriction point. Cdk7, as a component of the general transcrip- 
tion factor TFIIH (cdk7/cyclin H/Matl complex), phosphorylates the 
carboxy-terminal domain (CTD, serines 5 and 7) of RNA polymerase II, 
which is responsible for transcription initiation and promoter clearance, 
a critical step in switching initiation to elongation during transcrip- 
tion.“ As transcription factors that co-opt the general transcriptional 
machinery to sustain the oncogenic state, pharmacologic inhibition of 
cdk7 may represent a novel approach to treat tumor types (e.g., T-cell 
acute lymphoblastic leukemia [T-ALL]) that are particularly dependent 
on transcription.® 

Cdk9, as a catalytic subunit, partners with the regulatory sub- 
unit cyclin T, an 87-kDa cyclin C-related protein with three isoforms, 
to form a complex known as positive transcription elongation fac- 
tor b (P-TEFb). The so-called cdk9-related pathway consists of two 
cdk9 isoforms (cdk9-42 and cdk9-55), cyclin Ts cyclin Toz cyclin Ta 
and cyclin K.” Cdk9 and its binding partner cyclin T, comprise the 
P-TEFb.” P-TEFb hyperphosphorylates the CTD (primarily serine 2) of 
RNA polymerase II, essential for transcription elongation. P-TEFb also 
phosphorylates the negative transcription elongation factors (N-TEFs), 
including DRB-sensitivity inducing factor (DSIF) and the negative 
elongation factor (NELF), to release the transcription block (a pause 
immediately after transcription initiation) of both N-TEFs on hypoph- 
osphorylated forms of RNA polymerase II. In addition, cdk9 also plays a 
role in ribosomal RNA processing through activation of RNA polymerase 
II.* In normal cells, the activity of P-TEFb is stringently maintained 
in a functional equilibrium to accommodate transcriptional demands 
for different biologic activities.” As a rule in oncogenic transformation, 
upregulated antiapoptotic or prosurvival proteins in transformed cells 
must be sustained by constitutive RNA polymerase II activity that gov- 
erns transcription elongation, in which cdk9 is the primary processivity 
factor.” In other words, transformed cells are addicted to transcription 
because of the requirement for continuous production of antiapoptotic 
proteins, particularly those with short half-lives. Of note, abnormal 
activities in the cdk9-related pathway occur in many human malignan- 
cies.”! For example, high levels of cdk9/cyclin T, expression are found 
in several types of hematologic malignancies, including B- and T-cell 
precursor-derived lymphomas, anaplastic large cell lymphoma, and fol- 
licular lymphomas, whereas strong nuclear staining for both proteins 
are observed in Hodgkin and Reed-Sternberg cells of classical Hodgkin 
lymphoma. In this context, selective cdk9 inhibitors preferentially target 
malignant cells in preclinical hematologic tumor models, including leu- 
kemia and multiple myeloma.” Mcl-1, the Bcl-2 family antiapoptotic 
protein with an estimated half-life of less than 3 hours,” represents one 
of the most common downstream targets for cdk9 inhibition.” More- 
over, cdk9 inhibition disrupts the process of cytoprotective autophagy, 
for example, through downregulation of the adaptor protein SQSTM1/ 
p62, resulting in an inefficient form of autophagy from cargo-loading 
failure, which, in turn, triggers apoptosis via upregulation of the BH3- 
only protein NBK/Bik.” Moreover, cdk inhibitors also induce upregu- 
lation of other BH3-only proteins such as Bim and Noxa.” Although it 
remains to be determined whether these events stem from inhibition of 
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specific cdk(s), it is now clear that in addition to cell cycle-regulatory 
cdks, transcription-regulatory cdks, such as cdk9, represent another 
class of therapeutic targets. In addition, P-TEFb forms a complex with 
the HIV tat protein that binds the transactivation response element. 
The modification of RNA polymerase II by cdk9/cyclin T facilitates the 
efficient multiplication of the viral genome.” Other binding partners 
of cdk9 include tumor necrosis factor receptor-associated factor 2,” as 
well as inhibitory MAQ1 (or HEXIM1) and 7SK small nuclear RNA.*° 
Furthermore, cdk9 is expressed throughout the cell cycle% and is also 
involved in viral (HIV, herpes) replication.” 

Other members of the transcription-regulatory cdk subfam- 
ily include cdk8 and cdk12. Cdk8 is a subunit of the large Mediator 
complex (~1.2 MDa) composed of 25 to 30 proteins, which acts as a 
molecular bridge between DNA-binding transcription factors and RNA 
polymerase II. Cdk8 binds to cyclin C, MED12, and MED13 in the 
cyclin C-cdk8 module of the Mediator.” The cdk8/cyclin C pair facili- 
tates phosphorylation of both serine 2 and serine 5 at the CTD of RNA 
polymerase II.® Cdk8 can perform both positive and negative functions 
in transcriptional regulation during different transcription stages (e.g., 
preinitiation and elongation), which provide a mechanism to respond to 
different promoter contexts (e.g., transcription factors or cdk8 module 
binding).* Unlike cdk7 and cdk9, which govern global gene expression, 
cdk8 promotes only gene-specific transcription. Recently, cdk8 expres- 
sion has been detected in 70 percent colorectal cancers and correlated 
with -catenin activation, suggesting that cdk8 may act as a oncogene 
in certain types of cancer (e.g., colorectal and pancreatic cancer).*** 
Cdk12 and cdk13 have been identified as CTD kinases, both of which 
are unusually large proteins that contain a central kinase domain and 
share the same partner, cyclin K.*° Cdk12/cyclin K, phosphorylates the 
CTD (preferably serine 2) of RNA polymerase II.” Interestingly, cdk12/ 
cyclin K only regulates expression of a small subset of genes, predom- 
inantly long genes with high exon numbers and DDR genes, includ- 
ing critical regulators of genomic stability, for example, BRCAI, ATR 
(ataxia-telangiectasia mutated [ATM] and Rad3 related), FANCI, and 
FANCD2.* 

The cdk10 gene encodes two different cdk-like putative kinases; 
it is postulated that they exert their function at the G,/M transition.” 
‘These two isoforms predominate in human tissues, except in brain and 
muscle, and the relative isoform levels do not vary during the cell cycle.” 
Cdk10 interacts with the N-terminus of the Ets2 transcription factor, 
which contains the highly conserved pointed transactivation domain. 
The pointed domain is implicated in protein-protein interactions and 
Ets2 requires an intact pointed domain to bind Cdk10, which inhibits 
Ets2 transactivation in mammalian cells.” This could be an important 
factor for the development of follicular lymphoma, because cdk10 is 
overexpressed in this cancer.” In addition, cdk10 silencing increases 
Ets2-driven transcription of c-RAK, resulting in mitogen-activated pro- 
tein kinase (MAPK) pathway activation and loss of tumor cell reliance 
upon estrogen signaling.” Cdk10 promoters are frequently hypermeth- 
ylated in malignant tumors, resulting in low expression levels of cdk10 
and impaired cell-cycle regulation.” 

Cdk11 is associated with cyclin L.” It is part of the large family 
of p34(cdc2)-related kinases whose functions appear to be linked with 
cell-cycle progression, tumorigenesis, and apoptotic signaling. Cdk11 
interacts with the p47 subunit of eukaryotic initiation factor 3 during 
apoptosis and is therefore directly involved in cell death mechanisms.” 
Casein kinase 2 phosphorylates the cdk11 aminoterminal domain, 
suggesting that cdk11 participates in signaling pathways that include 
casein kinase 2 and that its function may help to coordinate the reg- 
ulation of RNA transcription and processing events.” So far two iso- 
forms of cdk11 have been identified, a larger p110 and a smaller p46 
isoform. During Fas- or tumor necrosis factor-a-induced apoptosis, 


the caspase-processed p46 isoform is generated from the larger p110 
isoform and it promotes apoptosis when it is ectopically expressed in 
human cells. Cdk11 also stabilizes the microtubule assembly of cells”; 
cdk11 is therefore mandatory for the maintenance of sister chromatid 
cohesion™ and its disruption can contribute to the development of 
cancer.” 


SUBSTRATES AND INHIBITORS 
OF CYCLIN-DEPENDENT KINASES 


Many cyclin-cdk substrates have been identified by immunoprecipita- 
tion or two-hybrid assays, but only a few of them are thought to exert 
a direct function in cell-cycle control. The regulation of the cell cycle 
has been studied extensively during the last decade and a consensus 
paradigm of cell-cycle regulation has been suggested. According to 
this paradigm, the important switch of the cell cycle is the RB family 
of proteins (Fig. 16-2). In its hypophosphorylated state, RB binds to 
and inhibits a class of transcription factors, of which the best character- 
ized is the E2F transcription factor. Hyperphosphorylation causes RB 
to detach from its binding site, permitting transcriptional activation of 
genes necessary for DNA synthesis and cell division. This phosphory- 
lation of RB is regulated in a cell-cycle-dependent manner.” A widely 
accepted model suggests that RB is phosphorylated by different regula- 
tors such as cyclin E/cdk2 at the so-called “R” point, a time point during 
G, when cell cycle progression becomes independent of exogenous stim- 
uli.® Interference with RB function impairs G, checkpoint regulation 
and fosters unrestrained cell growth, a nearly universal characteristic of 
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Figure 16-2. Interactions between cyclin-dependent kinase inhibitors 
(p16, p14, p21), p53, and the retinoblastoma protein (RB). 
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malignancy. RB controls the activity of several other cell-cycle regula- 
tory elements such as Skp2.” The Skp2 regulation follows an autocrine 
loop where Skp2 triggers degradation of the cdk inhibitor p27 *?', fol- 
lowed by cyclin E/cdk2 activation, consecutive cdk2-induced RB-phos- 
phorylation, and further E2F-dependent Skp2 expression.’ Causes of 
reduced RB activity include changes in the structural gene, the seques- 
tration and inactivation of the protein by viral oncogene products, and 
hyperphosphorylation of RB as a result of increased cdk4 and cyclin 
D activity or deletion of the gene for the p16" inhibitor of cdk4. 
Deletions, mutations, and translocations of RB are common in various 
malignancies, while homozygous deletions of the p16" gene are even 
more frequent. Many different transforming viruses (papillomavirus, 
simian virus 40) produce proteins that interact with RB. Both cyclin 
D,-cdk4 and cyclin D,(D,, D,)-cdk6 complexes are able to phosphory- 
late RB.'°'"” The time point of RB phosphorylation correlates strongly 
with the appearance of the cyclin D -cdk4 complex.'” The link between 
RB and cyclin D is supported by the observation that loss of RB function 
leads to a decrease in the cellular cyclin D level.'** However, cyclin D is 
not the only cyclin that is involved in the RB regulatory pathway.” 
Ectopic expression of both cyclin A and cyclin E restores RB hyperphos- 
phorylation and causes cell-cycle arrest in cancer cell lines. Perhaps the 
cdk2-cyclin A complex contributes to additional phosphorylation of 
RB, whereas the cdk2-cyclin E complex prolongs the phosphorylation 
timez” 

The key regulatory element for the G,-to-S transition is the RB-E2F 
complex. After RB is phosphorylated by cdk4 and/or cdk6 complexes 
during G, phase and cdk2 at G,/S interphase, E2F proteins are released 
and promote the transcription of genes essential for the transition to 
S phase.” As mentioned above, the p16™4/cyclin D,/cdk4/RB/E2F 
cascade is probably one of the most important cascades in cell-cycle 
control, and is frequently affected in human cancer. For example, this 
pathway is defective in nearly 100 percent of AML cell lines and most 
of the primary AML samples, although the exact mechanism of inac- 
tivation is not always clear. Two RB-related pocket proteins, p107 and 
p130, also form complexes with the transcription factor E2F,'” bind to 
the region of the adenovirus E1A protein required for transformation, 
and are able to induce G, arrest when they are overexpressed in human 
malignant cell lines.’*! Unlike RB, the p107 and p130 proteins contain 
a so-called spacer region that interacts with cdk2/cyclin A and cdk2/ 
cyclin E," although it seems to be unlikely that these two complexes 
regulate the activity of p107 and p130." Instead, p107 may bind and 
inactivate the cyclin A and cyclin E complexes. Thus, p107 may regulate 
the cell cycle by several different mechanisms. Because both p107 and 
p130 are regulated through phosphorylation, efficient cell-cycle entry is 
accompanied by phosphorylation of all the RB-related proteins.'"' 

In addition to its cell-cycle regulatory properties, RB also influences 
hematopoietic differentiation.''* RB interacts with the transcription fac- 
tor PU.1, which blocks erythroid differentiation in the proerythroblast 
stage when ectopically overexpressed in marrow cells,''*'" and represses 
GATA-1 activity." An important event in this differentiation process is 
the interaction between hematopoietic stem cells and the microenvi- 
ronment of the marrow. In addition, hypophosphorylated RB promotes 
monocytic over neutrophilic differentiation in bipotent progenitor cells, 
an event that is switched to neutrophilic differentiation if RB expression 
is inhibited. This finding points to an important property of RB inde- 
pendent of cell-cycle control."”° 

Besides regulation by phosphorylation, specific protein inhibitors 
of cdk enzymatic activity have been identified." The cyclin-dependent 
kinase inhibitors (CDKIs) cause cells to arrest in G, phase, followed by 
differentiation and/or senescence. The first CDK] identified was p211," 
It binds to several cyclin/cdk complexes, including cyclin A/cdk2, cyclin 
D/cdk4, and cyclin E/cdk2 (see Fig. 16-2).°”""” Several different cell-cycle 


regulatory pathways are affected by p21’. In addition, a basal p21°?!- 
cdk2 axis determines quiescent and cycling cell states and thus controls 
population heterogeneity in both normal cells and tumors, which can 
make anticancer treatment selectivity challenging. The molecule has 
a p53 binding site in its promoter, and an increase in p53 levels results 
in transcriptional activation of p21°?!, slowing cell-cycle progression. 
In addition to this p53-dependent pathway, p21”' is also regulated in 
a p53-independent manner. For example, histone deacetylase inhibitors 
(HDACTIs) are able to induce p21°?! expression in p53™" leukemia cells 
through an alternative nuclear factor (NF)-«B-dependent mechanism, 
which may limit the antileukemia activity of these agents." ?™*!?? Several 
binding partners of p21", including Pim-1, have been identified. Pim-1 
associates with and phosphorylates p21°?' in vivo, which influences the 
subcellular localization of p21°?!.!* p21°?! is phosphorylated by Pim-1 
at two distinct sites, Thrl45 and Serl46; phosphorylation on Thr! 
results in a nuclear localization of p21°?! and a disruption of the cell 
cycle, while phosphorylation on Ser’ leads to a cytoplasmic localization 
of p21°??,!* suggesting that overexpression of Pim-1 in certain tumors 
plays a key role in tumorigenesis.” Like RB, expression and function of 
p21*?' is also affected by several different mechanisms, including muta- 
tion and histone deacetylation (see “The Role of Histone Deacetylases 
in Cell-Cycle Regulation” below). Other members of the p21“?! family 
of CDKIs include p27*?! and p57#??,!°46 As a cdk inhibitor, p27*?! has 
tumor-suppressor activity. Besides cdks, p27*?! regulates additional cel- 
lular processes, including cell motility, some of which seem to mediate 
the oncogenic activities of p27“”!. For example, the constellation of high 
p27*?! and low Myc expression is characteristic of chronic lymphocytic 
leukemia (CLL) cells.” These activities of p27*?' are regulated through 
multiple phosphorylation sites. The multiple functions of p27"?! are 
dependent on a number of different conditions, and dictate whether 
the protein displays anti- or protumorigenic properties.” High-level 
expression of p27*”' leads to a cell-cycle block in G, phase after treatment 
of cells with TGF-8. One major difference between p21“?! and p27“?! is 
that the former binds predominantly to cdk2 whereas the latter binds 
cdk4. 

The cellular levels of a number of cell-cycle regulators, includ- 
ing p21“! and p27*?!, are regulated by ubiquitination and subsequent 
proteolysis. Polyubiquitinated proteins are degraded by the 26S protea- 
some complex. There are two major ubiquitination systems in the cell; 
they are designated SCF and APC.” SCF is named for three of its core 
components, Skp, Cullin, and an F-box-containing protein. Important 
examples of SCF substrates are Cln1, Sicl, Weel, Cdc6/Cdc18, E2F, 
cyclin D, cyclin E, p21°?!, p27*?!, and p572, 

A second group of CDKIs belongs to the inhibitor of the kinase 
4 (INK4) family and includes p15"*, p16™*, p18'N™°, and p19™ 
Kap 104107130.131 They all bind and inhibit the cyclin D.-cdk4 and/or cyclin 
D,-cdk6 complex, which regulate cell-cycle progression via RB.'°'!° 
TGF-£ is also a potent inducer of p15'*?,! one of the mechanisms 
by which the cytokine regulates the proliferation of hematopoietic cells 
(Chap. 16). p16’ is probably the most important CDKI, because 
the gene is inactivated by several mechanisms (deletion, mutation, 
hypermethylation) in many different human cancers.” Surprisingly, 
p16™** and p14" are overexpressed in some cases of human hema- 
tologic malignancies.'*? This overexpression is probably a result of 
defects downstream of p16“, particularly caused by mutations in 
the RB gene.'** In hematologic malignancies, the highest frequencies 
of p144®*, p15'N*, or p16'N™ inactivations are found in T-ALL," sec- 
ondary high-grade lymphomas, and mantle cell lymphoma (MCL).¥%"°” 
The potency of p14“ and p16'"™ in terms of tumorigenicity becomes 
obvious because the reexpression of both genes by either retroviral 
transfection or demethylation of the promoter regions results in a com- 
plete reversion of the malignant phenotype.'’*'” p14*"" has multiple 
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tumor-suppressor functions, some of which are mediated by signaling 
to p53. On the other hand, it has been shown that p14**" is able to drive 
tumor progression in a p53-independent fashion, especially in myc- 
driven lymphomas.” 


@ PHARMACOLOGIC INHIBITION OF 
CYCLIN-DEPENDENT KINASES 


Perturbations of the cell cycle, for example, overexpression of cyclins or 
underexpression of endogenous CDKIs, are nearly universal in human 
malignancies, and cdks, as critical regulators of cell-cycle progression 
and RNA transcription, represent attractive targets for anticancer drug 
development, as their inhibition can lead to both cell-cycle arrest and 
apoptosis." Additionally, pharmacologic inhibition of transcrip- 
tional cdks, for example, cdk9, affects proteins with short half-lives, 
for example, the antiapoptotic proteins Mcl-1 and XIAP (X-linked 
inhibitor of apoptosis), cell-cycle regulators, p53, and NF-«B-respon- 
sive gene products.“ Hematologic malignancies may be particularly 
susceptible to cdk inhibition and apoptosis induction. A number of 
pharmacologic CDKIs have been developed and subjected to various 
phases of preclinical and clinical testing in hematologic malignancies 
(for a review, see Ref. 143). The selective cdk4/6 inhibitor palbociclib 
has been approved by the FDA as a potential treatment for hormone- 
responsive metastatic breast cancer. In MCL, a disease characterized 
by cyclin D, overexpression, this agent has demonstrated encouraging 
clinical activity.“ Whether selective or broad-spectrum inhibition is 
the superior therapeutic strategy continues to be debated,'* and may be 
tumor type-specific. The “pan-CDKI” flavopiridol (alvocidib), the first 
CDKI to enter the clinic, has shown promising activity in patients with 
genetically high-risk chronic lymphocytic leukemia (CLL), particularly 
when administered by a pharmacologically derived “hybrid” sched- 
ule,'*""* but recent developmental efforts for this agent have focused on 
AML, where it was recently granted “orphan drug” status.” Flavopiri- 
dol induces apoptosis in primary leukemic blasts and recruits surviving 
leukemic cells into a proliferative state, thereby priming such cells for 
killing by S-phase-active cytotoxic agents such as cytarabine."*'”” These 
observations led to the design of “timed sequential therapy” regimens, 
for example, FLAM (flavopiridol, cytarabine, mitoxantrone), which 
exhibited promising clinical activity in AML patients with nonfavorable 
cytogenetics.’ Interestingly, both “bolus” and “hybrid” schedules of 
administration of flavopiridol produce comparably encouraging results 
in this setting.’ Other rational combinations involving pan-CDKIs 
such as flavopiridol or roscovitine involve those with proteasome inhib- 
itors (PIs), >! HDACIs'* or BH3-mimetics.” The first strategy has 
been explored in phase I trials in patients with recurrent or refractory 
indolent B-cell neoplasms,'*'** and a phase I trial of bortezomib and 
dexamethasone plus the pan-CDKI dinaciclib in patients with relapsed 
myeloma is ongoing as of this writing (NCT01711528). Synergism in 
preclinical studies in leukemia between pan-CDKIs and HDACIs is 
based predominantly on reciprocal effects on the cytoprotective NF-KB 
pathway and the endogenous cdk inhibitor p21“"/“"', besides Mcl-1/ 
XIAP downregulation.’ Some of these phenomena have been recapitu- 
lated in patients with AML." 


@ CELL-CYCLE CHECKPOINTS 


The cell cycle progresses in an orderly fashion and is monitored by safety 
mechanisms known as cell-cycle checkpoints, which, upon activation, 
function to halt cell division. When DNA damage occurs, distinct, 
albeit overlapping and cooperating, checkpoint pathways are activated, 


which block S-phase entry (the G,/S-phase checkpoint), delay S-phase 
progression (the intra-S- or S-phase checkpoint), or prevent mitotic 
entry (the G,/M-phase checkpoint). These events direct phase-specific 
DNA repair mechanisms through repair-specific gene transcription. 
If repair fails, checkpoints trigger apoptosis.’ Checkpoints are thus 
important quality control measures that ensure the proper sequence of 


cell-cycle events and allow cells to respond to DNA damage.'® 


The G,/S checkpoint is the first defense against genomic stress in 
cycling cells. In response to DNA damage, the G,/S checkpoint prevents 
cells from entering the S-phase by inhibiting the initiation of DNA rep- 
lication. At this checkpoint, the checkpoint kinase Chk2 is activated by 
the proximal transducer ATM to phosphorylate (and thereby inhibit) 
the cdc25A phosphatase, thus preventing activation of cyclin E(A)/cdk2 
and temporarily halting the cell cycle. G, arrest is sustained by ATM/ 
Chk2-mediated phosphorylation of murine double minute protein 2 
(MDM2) and p53, resulting in p53 stabilization and accumulation. p53 
transcriptionally activates the endogenous cdk inhibitor p21, which, in 
turn, inhibits cyclin E(A)/cdk2 and preserves the association of Rb with 
E2R'° 

‘The intra-S or S-phase checkpoint is activated in response to struc- 
tural DNA damage as well as stalled replication forks. Upon activation 
of this checkpoint, ATR/Chk1 and ATM/Chk2 phosphorylate cdc25A, 
resulting in enhanced proteolysis of the phosphatase and inhibition 
of its function through 14-3-3 o binding. Cyclin E(A)/cdk2 is thereby 
inhibited, and progression through the S-phase halted.'** 

The G,/M checkpoint prevents mitotic entry of cells that have 
either incurred DNA damage during G, or that have escaped the G,/S 
and intra-S checkpoints despite earlier genomic insults. The key down- 
stream target of the G,/M checkpoint is the promitotic cyclin B/cdk1 
(cdc2) complex. During interphase, this complex is inactivated through 
phosphorylation by Myt1 and Wee1.'** Chk1 may phosphorylate Weel, 
mediating binding of Weel to 14-3-3 proteins, which, in turn, may stim- 
ulate the kinase activity of Weel against cdk1 (cdc2). Thus, both Chk1 
and 14-3-3 proteins may act together as positive regulators of Weel.’ 
Activation of cyclin B/cdk1 (cdc2) requires dephosphorylation by the 
cdc25 phosphatases (A, B, and C). Notably, phosphorylation/inactiva- 
tion of cdk1 (cdc2) involves two inhibitory sites, for example, Tyr15 
and Thr14, and dephosphorylation of both sites is necessary for full 
cdk1 (cdc2) activation. Initiation of the G,/M checkpoint is mediated 
by ATR/Chk1, which phosphorylates (and thereby inhibits) cdc25A, 
B, and C, whereas maintenance of this checkpoint requires p53 and its 
downstream effectors p21, 14-3-3 ø, and growth arrest and DNA dam- 
age (GADD) 45.'* 

Checkpoint dysfunction is common in human cancers and is 
considered a pathologic hallmark of neoplastic transformation.’ 
Conversely, agents used for cancer treatment, such as cytotoxic che- 
motherapy and ionizing radiation, activate cell-cycle checkpoints.’** 
Cancer cells are particularly dependent upon the S- and G,/M-phase 
checkpoints for repair of DNA damage because of preexisting defects in 
G,/S checkpoint mechanisms, such as p53 and RB mutations. Because 
the S-phase checkpoint facilitates slowing, rather than arrest, of the cell 
cycle, a cancer cell harboring DNA damage may progress through the 
S-phase checkpoint, only to halt at the G,/M checkpoint. The latter is, 
therefore, a key guardian of the cancer cell genome, and its abrogation 
can lead to enhanced tumor cell death while sparing normal cells, which 
maintain an intact G,/S-phase checkpoint. G,/M checkpoint abrogation 
prevents cancer cells from repairing DNA damage, forcing them into a 
premature and lethal mitosis (“mitotic catastrophe”).'° 

Based upon these concepts, synergism between DNA-damaging 
agents (cytotoxic chemotherapy) and G,/M checkpoint abrogators have 
been examined both preclinically and in clinical studies. In human 
AML cell lines, the Chk1 inhibitor MK-8776 (SCH900776) markedly 
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increased cytarabine-induced apoptosis, with negligible impact on nor- 
mal myeloid progenitors,'® leading to a phase I trial of the combination 
in patients with relapsed and refractory acute leukemias.’ Chk] inhibi- 
tors increase HDAC lethality in human leukemia cells.’* This may reflect 
the ability of HDACIs to induce DNA damage in AML cells,'® inhibit 
both homologous recombination and nonhomologous end-joining 
mechanisms of DNA repair,” and downregulate/inactivate Chk1.'* 
However, clinical development of MK-8776 has been halted. Based upon 
the ability of Hsp90 inhibitors to downregulate Chk1, a phase I study of 
the combination of cytarabine and the Hsp90 inhibitor tanespimycin 
was conducted in adults with recurrent or refractory acute leukemia; 
however, the combination exhibited limited clinical activity.’ 

Weel is a validated therapeutic target in AML.'” The combination 
of cytarabine and the Weel inhibitor AZD1775 synergistically induces 
apoptosis in myeloid cell lines." Similarly, genome-wide short hairpin 
RNA screens strongly implicate cell-cycle checkpoint proteins, partic- 
ularly Weel, as critical mediators of AML cell survival after cytarabine 
exposure.'” In AML cell lines, synergistic inhibition of proliferation by 
the combination of AZD1775 and Ara-C occurred regardless of p53 
functionality.’ Another combinatorial strategy in AML involves coad- 
ministration of AZD1775 with HDACIs.™ Besides inducing DNA dam- 
age and inhibiting DNA repair, HDACIs downregulate several proteins 
critical to checkpoint function, such as ATR, Chk1, and Wee1,!68175-177 
and Weel inhibition promotes premature mitotic entry of cells bearing 
unrepaired DNA damage.'” Efforts to extend these pre-clinical findings 
to the clinic are underway. 


@ ONCOGENES 


Table 16-2 lists the common genomic aberrations seen in hemato- 
logic malignancies. Tables 16-3 and 16-4 list common somatic muta- 
tions encountered in the major myeloid and lymphoid malignancies, 
respectively. 

The complicated cell-cycle network has its parallel in the several 
different oncogenes and tumor-suppressor genes that influence car- 
cinogenesis and tumor progression. The products of oncogenes, the 
oncoproteins, lead to or facilitate the transformation of a normal into a 
malignant cell. Oncogenes can be carried into the cell by viruses or they 
can arise from mutations in normal cellular genes. In addition, they can 
also arise from leukemia- or lymphoma-associated translocations where 
two usually separated genes are fused together and form a novel fusion 
protein. The familiar concept of this kind of protooncogene activation 
can be blurred by the fusion proteins because they possess unique capa- 
bilities not shared by either of the individual fusion partners. Oncopro- 
teins can interact directly with cell-cycle regulatory proteins or control 
their activity through phosphorylation and dephosphorylation. Not 
all mutations in oncogenes lead to an altered function of the resulting 
product. The nomenclature in the oncogene and tumor-suppressor gene 
field is not always clear. As a general guideline, if a mutation causes a 
functional loss of the gene product (loss of function), and the recessive 
loss of function leads directly to uncontrolled cell division, the under- 
lying gene can be named a tumor-suppressor gene. On the other hand, 
if the mutation leads to an altered gene product (gain of function) that 
interacts abnormally with other proteins to influence the cell cycle, this 
gene is an oncogene, acting in a dominant fashion. Translocations are 
typical of oncogenes, whereas homozygous deletions and hypermeth- 
ylation of CpG-nucleotide repeats in the promoter regions (“epigenetic 
silencing”) are characteristic features of tumor-suppressor genes. 

Numerous oncogenes/oncogene candidates are described in 
the literature, and most of them are involved in the pathogene- 
sis and development of many different tumors types, especially the 
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TABLE 16-2. Common genomic aberrations seen in the major hematologic malignancies. 


Genes/loci 
affected or fusion Approximate inci- 

Chromosomal gene where Functional consequence, dence (in newly Prognostic/therapeutic implications, 
abnormality applicable if known diagnosed patients) if any 
ACUTE MYELOID LEUKEMIA 
t(8;21)(q22;q22) - RUNX1-RUNX1T1 Fusion protein alters 7% in adults; most Favorable prognosis in adults(not 
diagnostic of AML (AML 1-ETO) transcriptional regulation frequent abnormal- children) unless c-kit mutated; respond 
regardless of blast of normal RUNX1 target ity in children with particularly well to high dose 
count genes and activates new AML cytarabine-based regimens; generally 

target genes to pre- not allografted in CR1 

vent apoptosis and/or 

differentiation 
inv(16)(p13.1q22) or CBFB-MYH11 Fusion protein disrupts 5% in adults Favorable prognosis unless c-kit 
t(16;16) (p13.1;q22) - function of RUNX1/CBFB mutated; respond particularly well to 
diagnostic of AML transcription factor high dose cytarabine-based regimens; 
regardless of blast repression of transcrip- generally not allografted in CR1 
count tion; association with 

M4 FAB subtype and 

abnormal bone marrow 

eosinophils 
t(15;17)(q24.1;q21.1)- | PML-RARA Fusion protein causes 13% (APL, most com- Differentiation block overcome by 
diagnostic of AML transcriptional repression, mon form of AML pharmacologic doses of ATRA; high cure 
(APL) regardless of preventing differentiation related to therapy rates; low/intermediate risk patients can 
blast count of promyelocytes with bimolane for be cured without chemotherapy 

psoriasis) 

11q23 rearrangements KMT2A (MLL) and Complex effects (CDKs 6% in young adults Poor prognosis unless t(9;11)(p22;q23) 


various partner 
genes, e.g., AF9 
(most common 
partner) or partial 


tandem duplication 


important in leukemo- 

genesis); can also result 
in lymphoid phenotype 
(e.g., KMT2A-AF4 fusion 
with t(4;11)(q21;q23) 


and up to 12% in 
children; often seen 
in AML following 
therapy with DNA 
topoisomerase Il 


leading to KMT2A-AF9 fusion (intermedi- 
ate prognosis); MLL translocations pre- 
dict improved outcome with high dose 
daunorubicin 


inhibitors 
inv(3)(q21q26.2) or MECOM (EV1) MECOM (EV1) activation 1% (3q abnormalities Adverse prognosis; association with 
t(3;3)(q21;q26.2) or can promote or repress as a whole in 4.4%) thrombocytosis and increased, 
ins(5;3)(q14;q21q26.2) transcription depending often abnormal, bone marrow 
on binding partners megakaryocytes 
through interaction with 
transcriptional and epige- 
netic regulators 
(6;9)(p23;q34) DEK-NUP214 Fusion protein is a nucle- 1% Poor prognosis; high incidence of FLT3- 
(DEK-CAN) oporin that acts as a tran- ITD; association with basophilia, dyspla- 
scription factor and also sia and pancytopenia 
alters nuclear transport 
Trisomy 8 13% Intermediate prognosis 
Loss of chromosome 7 CUX1, EZH2 CUX1 encodes a transcrip- -7 seen in 9% Poor prognosis; strong associations with 
or del7q tion factor and EZH2 a older age, secondary AML, complex kar- 
histone methyltransfer- yotype and prior therapy with alkylating 
ase; both act as tumor agents or radiation 
suppressors 
Loss of chromosome 5 RPS74, miR- Unclear; cooperative -5 seen in 6% Poor prognosis; strong associations with 
or del5q 145/146a, EGR1, loss of multiple genes older age, secondary AML, complex 
NPM1, APC, CTNNA1 on 5q likely required for karyotype and with prior therapy with 
pathogenesis alkylating agents or radiation 
del17p TP53 Loss of tumor suppressor TP53 mutations seen Very poor prognosis, high risk of treat- 


“guardian of genome’, 
failure of cell cycle check- 
point mechanisms, dis- 
ruption of DDR 


in only 9% of older 
patients with de 
novo AML, but much 
more common in 
secondary and t-AML 


ment failure not overcome even by 
allogeneic HSCT; strong association with 
complex karyotype 
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TABLE 16-2. Common genomic aberrations seen in the major hematologic malignancies. (Continued) 


Genes/loci 

affected or fusion Approximate inci- 
Chromosomal gene where Functional consequence, dence (in newly Prognostic/therapeutic implications, 
abnormality applicable if known diagnosed patients) if any 
Complex karyotype Multiple 10-12%, increases Very poor prognosis; 5q, 17p and 7q 


abnormalities most common; TP53 
alterations the most important prognos- 


(23 acquired, unre- 
lated abnormalities in 


with age; much more 
common in second- 


the absence of t(8;21), 
inv(16)/t(16;16) or 
t(15;17)) 


ary or t-AML 


tic factor 


Monosomal karyotype Multiple 
(=2 monosomies, or a 

single monosomy in 

the presence of struc- 

tural abnormalities) 


13%, increases with 


age 


Extremely poor prognosis not overcome 
even by allogeneic HSCT 


CHRONIC MYELOID LEUKEMIA 


t(9;22)(q34;q11) BCR-ABL1 (vast 
majority of cases 
characterized by 
the p210 “major” 
fusion protein) 


Fusion protein (consti- 
tutively active tyrosine 
kinase) drives all aspects 
of pathogenesis in 
chronic phase; other 
pathways also important 
in advanced phases 


All cases (atypical 
CML, Bcr-Abl neg- 
ative, is a separate 
entity) 


High degree of “oncogene addiction” 

in chronic phase allows successful tar- 
geting of the Bcr-Abl kinase by small 
molecule inhibitors; outcomes dismal in 
blastic phase with loss of addiction to 
Bcr-Abl signaling 


MYELODYSPLASTIC SYNDROMES 


del5q33.1 or del5q31 RPS14, miR- In 5q- syndrome, haploin- 15% overall Most common chromosomal abnormal- 
145/146a, EGR1, sufficiency of RPS14 leads ity in MDS; del5q31 more common with 
APC, CTNNA1 to impaired maturation of higher risk or t-MDS; del5q33.1 seen in 
40S ribosomal units, caus- the indolent 5q- syndrome responsive to 
ing premature TP53- lenalidomide; del5q considered “good” 
dependent apoptosis of in IPSS-R 
erythroid precursors 
del7q or loss of EZH2? Unclear loss of which 10% inde novo MDS; del7q considered “intermediate” in 


chromosome 7 


genes on 7q pathogeneic, 
since vast majority of 
patients with EZH2 muta- 
tions do not have del7q 
or -7 


up to 50% in t-MDS 


IPSS-R; -7 considered “poor” 


Trisomy 8 c-MYC, others? Higher expression of <10% Considered “intermediate” in IPSS-R 
anti-apoptotic genes, 
c-MYC overexpression? 

del20q Unknown Unknown <5% Considered “good” in IPSS-R 

Loss of Y chromosome Multiple Not felt to be pathogenic Common normal Considered “very good” in IPSS-R 
in MDS finding in men 

Complex karyotype Multiple 18% Considered “very poor” in IPSS-R if >3 


(23 abnormalities) 


abnormalities; “poor” if only 3 


t(5;12)(q33;p13) ETV6-PDGFRB 


(TEL-PDGFRB) 


Fuses ETV6 transcription 
factor gene with PDGFR 
beta gene 


Rare 


Seen in the context of MDS/MPN; 
responds to imatinib 


B-CELL ACUTE LYMPHOBLASTIC LEUKEMIA 


t(9;22)(q34;q11) BCR-ABL1 (most 
cases characterized 
by the p190“minor” 
fusion protein 


Fusion protein leads 
to constitutively active 
tyrosine kinase; often 
associated with /KZF7 
splicing abnormalities 


25-30% in adults, 
2-5% in children 


Traditionally “high risk’, with allogeneic 
HSCT in CR1 commonly recommended; 
cure rates improved in “TKI era” 
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TABLE 16-2. Common genomic aberrations seen in the major hematologic malignancies.(Continued) 


Genes/loci 

affected or fusion Approximate inci- 
Chromosomal gene where Functional consequence, dence (in newly Prognostic/therapeutic implications, 
abnormality applicable if known diagnosed patients) if any 
(8;14)(q24.2;q32) or c-MYC, immuno- Constitutive expression of 1% (Burkitt's lym- Poor prognosis; high incidence of CNS 
t(2;8)(p12;q24.2) or globulin heavy and oncogenic c-MYC phoma/leukemia involvement and TLS; treated with short, 


t(8;22)(q24.2;q11.2) 


light chain genes 


- FAB L3 morphol- 
ogy; mature B-cell 
phenotype) 


intensive regimens 


t(12;21)(p12;q22) ETV6-RUNX1 Fusion protein inhibits 15-25% in children, Favorable prognosis 
(TEL-AML1) transactivation of gene 3-4% in adults 
expression by normal 
RUNX1 
Intrachromosomal RUNX1 (AML1) 3-5% of older Poor prognosis with standard risk reg- 


amplification of 
chromosome 21 
(secondary chromo- 
somal abnormalities 
common) 


children 


imens, overcome by intensive therapy 
(high risk regimens) 


11q23 abnormalities 


KMT2A (MLL), 

most commonly 
KMT2A-AF4(AFF 1) 
caused by t(4;11) 
(q21;q23); 2"! most 
common is t(11;19) 
(q23;p 13.3) 


KMT2A encodes a histone 
methyltransferase that 
regulates transcription of 
genes such as IKZF1 and 
HOX genes 


5-7% overall; 60-80% 
in infants 


Poor prognosis; frequent co-expression 
of myeloid antigens; about half the 
patients with t(11;19)(q23;p13.3) have 
AML, mostly FAB M5a subtype 


t(1;19)(q23;p13.3) 
or der(19)t(1;19) 


PBX1-TCF3 (PBX- 
1-E2A) or HLF-E2A 


Activation of gene 
transcription by fusion 


30% of childhood 
precursor B-cell ALL 


Studies with conflicting results; proba- 
bly favorable prognosis 


(q23;p13.3) and protein via unclear (5% of all pediatric 
its variant t(17;19) mechanisms ALL) 
(q21;p13.3) 
del9p PAX5, JAK2 (in 5-10% Poor prognosis 
Down syndrome 
associated ALL) 
Hyperdiploidy Multiple 40% Favorable prognosis in patients with 
>50 chromosomes 
Hypodiploidy Multiple 5-6% Poor prognosis 
T-CELL ACUTE LYMPHOBLASTIC LEUKEMIA 
Translocations involv- TCR genes; multiple 35% 


ing 7p14 (TCRy) 
or 7q34(TCRB) or 
14q11.2 (TCRa/d) 


partners — usually 
cell cycle inhibitors 
or transcription 
factors 


Cryptic interstitial SIL-TAL1 Fusion gene functions as 9-30% of childhood 
deletion at 1p32 transcription factor T-ALL; frequency 
decreases in adults 
11q23 abnormalities KMT2A (MLL) with 8% 
various partners 
t(10;11)(p13;q14) CALM-AF10 10% 
t(9;9)(q34;q34) NUP214-ABL1 Fusion of nuclear pore Up to 6% Responsive to imatinib? 


complex component 
with intracellular tyrosine 
kinase as a result of epi- 
somal amplification of 
in-frame fusion 
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TABLE 16-2. Common genomic aberrations seen in the major hematologic malignancies.(Continued) 


Genes/loci 
affected or fusion Approximate inci- 
Chromosomal gene where Functional consequence, dence (in newly Prognostic/therapeutic implications, 
abnormality applicable if known diagnosed patients) if any 
del9p21 p16 (INK4/ARF) Loss of endogenous CDK 65% in children; 
inhibitor function 15% in adults 
del6q 20-30% 
CHRONIC LYMPHOCYTIC LEUKEMIA 
del13q MIR15A, MIR16-1, Loss of tumor suppres- 55% Favorable prognosis when sole cytoge- 
RB1, associated sor function of Rb; loss netic abnormality; MYD88 mutations 
with MYD88 of miR15a and miR16-1 associated with mutated /GHV; BTK (BCR 
mutations derepresses Bcl-2 but pathway) inhibition highly effective 
also increases TP53 in CLL 
mRNA; MYD88 is a critical 
adaptor molecule of the 
IL-1 TLR pathway that 
activates NF-KB and aug- 
ments BTK signaling 
del11q ATM; associ- ATM is a proximal trans- 18% Poor prognosis but overcome by FCR; 
ated with SF3B1 ducer of the DDR net- the most common type of karyotypic 
mutations work; SF3B1 functions in evolution over time; associated with 
mRNA splicing bulky lymphadenopathy 
Trisomy 12q Associated with 16% Unclear - conflicting study results; 
NOTCH1 and NOTCH1 mutations confer unfavorable 
FBXW7 mutations prognosis and are associated with 
unmutated IGHV 
del17p TP53 Loss of tumor suppressor 7% Poor prognosis not overcome by cyto- 
“guardian of genome’, toxic chemotherapy; alemtuzumab and 
failure of cell cycle check- BCR pathway inhibitors effective, as well 
point mechanisms, dis- as allogeneic HSCT 
ruption of DDR 
del6éq 7% 
T-CELL PROLYMPHOCYTIC LEUKEMIA 
t(14;14)(q11;q32) or TCR-TCL1 Overexpression of the 90% 
inv(14)(q11;q32) or TCL-1 oncogene or its 
t(X;14)(q28;q11) MTCP1-TCR encelise ee 
Chromosome 8 idic(8p1 1), t(8;8), Up-regulation of onco- 70-80% 
abnormalities trisomy 8q genic c-MYC 
MULTIPLE MYELOMA 
del13q14 or Multiple 48% Intermediate risk with modern therapies 
monosomy 13 or only if detected on karyotyping, or by 
hypodiploidy FISH in presence of other abnormalities 
(otherwise standard risk) 
del17p13 TP53 Loss of tumor suppressor 11% High risk 
“guardian of genome’, 
failure of cell cycle check- 
point mechanisms, dis- 
ruption of DDR 
Gain of 1q21 CKS1B CKS1B favors cell cycle 30-43% Controversial; conflicting study results 
progression by promot- 
ing degradation of the 
endogenous CDK inhib- 
itor p27 with release of 
CDKs and mitotic entry 
delip FAM46C, CDKN2C Loss of endogenous CDK 30% High risk 


inhibitor function leads to 
excessive proliferation 
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TABLE 16-2. Common genomic aberrations seen in the major hematologic malignancies(Continued) 


Genes/loci 
affected or fusion Approximate inci- 
Chromosomal gene where Functional consequence, dence (in newly Prognostic/therapeutic implications, 
abnormality applicable if known diagnosed patients) if any 
t(11;14)(q13;q32) CCND1-IgH Overexpression of cyclin 21% (10-31%) Standard risk; very high prevalence in 
D1 non-secretory cases; associated with 
lower levels of monoclonal proteins, 
CD20 expression, lambda light chains 
and lymphoplasmacytic morphology 
t(6;14)(p25;q32) CCND3-IgH Overexpression of cyclin Standard risk 
D3 
t(8;14)(q24;q32) c-MYC-IgH c-MYC overexpression Standard risk 
(4;14)(p16.3;q32.3) MMSET-IgH MMSET is a histone 14% Intermediate to high risk; adverse prog- 
methyltransferase and nosis overcome by bortezomib/HSCT 
its deregulation/overex- 
pression is key to patho- 
genesis; FGFR3 also often 
overexpressed 
t(14;16)(q32.3;q23) IgH-c-MAF MAF encodes a tran- High risk 
scription factor that can 
activate or repress tran- 
scription depending on 
binding site/partner 
t(14;20)(q32;q11) IgH-MAFB MAF encodes a tran- High risk 
scription factor that can 
activate or repress tran- 
scription depending on 
binding site/partner 
Hyperdiploidy (tri- Multiple 39% Standard risk; in the presence of concur- 


somies of odd num- 
bered chromosomes 
other than 1, 13, 21) 


rent trisomies, “high risk” cytogenetics 
become standard risk 


NON-HODGKIN’S LYMPHOMA (selected abnormalities) 


Fusion gene 

Chromosomal created, where Pathogenetic 
abnormality applicable mechanism Disease association Therapeutic relevance 
t(2;5)(p23;q35) and ALK-NPM and Constitutively active ALK+ anaplastic ALK targeting with small molecule inhib- 
variants others tyrosine kinase triggers large cell lymphoma itors, e.g., crizotinib 

malignant transformation 

and activates anti- 

apoptotic pathways 
t(11;14)(q13;q32) CCND1-IgH Overexpression of Mantle cell lym- Efficacy of CDK4/6 inhibitors, e.g., 

cyclin D1 drives cellular phoma (almost all palbociclib 

proliferation cases) 
t(14;18)(q32;q21) IgH-BCL2 Constitutive expression of Follicular lymphoma Selective targeting of Bcl-2 with BH3- 


anti-apoptotic Bcl-2 pro- 
motes cellular survival 


(80%), diffuse large 
B-cell lymphoma 
(30%) 


mimetics, e.g., venetoclax 


t(11;18)(q21;q21) 
t(14;18)(q32;q21) 
t(1;14)(p22;q32) 
t(3;14)(p13;q32) 


API2 (IAP2)-MALT1 
IgH-MALT1 
BCL10-IgH 
FOXP1-IgH 


Overexpression of BCL10 
results in NF-KB activation 
through BCL10/MALT1 
signaling complex; FOXP1 
is a transcription factor of 
unknown function 


MALT lymphoma 
(extranodal marginal 
zone lymphoma) 


Nuclear expression of BCL10 or NF-KB in 
gastric MALT lymphoma associated with 
resistance to antibiotic therapy 
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TABLE 16-2. Common genomic aberrations seen in the major hematologic malignancies.(Continued) 


Genes/loci 

affected or fusion Approximate inci- 
Chromosomal gene where Functional consequence, dence (in newly Prognostic/therapeutic implications, 
abnormality applicable if known diagnosed patients) if any 


9p24 amplification Contains genes 


that encode PD-L1, 


PDL-1 commonly over- 
expressed; MHC class Il 


Primary mediastinal 
B-cell lymphoma 


PD-1 immune checkpoint pathway a 
potential target 


PD-L2, JAK2 transactivator rearrange- 
ments (38% of PMBL) lead 
to PD-1 overexpression 
also 
3q27 abnormal- Locus for BCL6 Bcl-6 overexpression Diffuse large B-cell New inhibitors that disrupt Bcl-6 func- 
ities (mutations, transcriptional results in down- lymphoma (almost tion being developed 
rearrangements) repressor regulation of many target all cases) 


proteins, including p53 


tumor suppressor 


hematologic malignancies. Among the chromosomal translocations, 
some of the most well-studied are found in AML and other myeloid 
neoplasms. These include t(8;21)(q22;q22), leading to the AML1-ETO 
or RUNXI1-RUNXIT1 rearrangement, del4(q12;q12), t(5;12)(q31- 
q32;p13), leading to the TEL-platelet derived growth factor receptor 
(PDGER) £ rearrangement, t(15;17)(q22;12), leading to the promyelo- 
cytic leukemia (PML)-retinoic acid receptor (RAR) « rearrangement, 
inv16(p13;q22) or t(16;16)(p13;q22), leading to the CBF$-MYH11 rear- 
rangement, t(9;22)(q34;q11), leading to the BCR-ABL rearrangement, 
t(3;3)(q21;q26), t(8;16)(p11;p13), t(6;9)(p23;q34), t(7;11)(p15;p15), 
t(9;11)(p22;q23), t(6;11)(q27:q23), t(11;19)(q23;p13.1), and t(11;19) 
(q23;p13.3), all of which translocate the MLL gene located at 11q23, 
t(16;21)(p11;q22), and t(1;22) (p13;q13).'!*° Leukemias carrying MLL 
rearrangements are driven by dysregulated epigenetic mechanisms in 
which fusion proteins containing N-terminal sequences of MLL can 
cause human leukemia without the requirement for a “second hit.”!*! 
MLL-rearranged leukemias provide a paradigm for how epigenetic dys- 
regulation can lead to cancer through inappropriate chromatin struc- 
ture with subsequent activation of target genes with oncogenic activity. 
An improved molecular understanding of how MLL fusions upregulate 
binding targets has led to the identification of a number of potential 
mechanism-based therapeutic vulnerabilities for this poor-prognosis 
malignancy. Potential novel therapeutic approaches include inhibition 
of P-TEFb (cdk9/cyclin T), the histone modifying enzymes DOT1L 
(methyltransferase) or TIP60 (acetyltransferase), and disruption of 
the interaction of MLL fusions with other epigenetic systems such as 
CpG island methylation and polycomb genes, for example, PRC2."*! 
In contrast, in secondary myeloid leukemias, recurrent numerical and 
unbalanced cytogenetic abnormalities predominate such as del(5q), 
del(7q), 7/del(7q), and del(20q), and are often associated with a poor 
prognosis.'*'*? Table 16-2 lists some of the fusion partners. Apart from 
the chromosomal translocations in AML as described above, there also 
aberrant fusion proteins in acute lymphoid leukemia (ALL), such as 
t(9;22), which is also found in chronic myelogenous leukemia (CML), 
t(4;11) in prolymphoblastic leukemia, and t(12;21) in childhood ALL. 
Some lymphomas are characterized by chromosomal translocations 
that juxtapose an oncogene to the immunoglobulin heavy-chain gene, 
which then drives overexpression of the oncogene, for example, t(8;14) 
in Burkitt lymphoma, t(11;14) in MCL, or t(14;18) in follicular lym- 
phoma; for a review see Ref. 125.' The same is true of myeloma, where 
abnormalities such as t(4;14), t(6;14), t(11;14), t(14;16), and t(14;20) are 
frequently seen. An excellent overview of chromosomal rearrangements 
in cancer and the affected genes is available.’ 


‘The precise mechanism by which the fusion proteins lead to tum- 
origenesis is not always well understood. Nevertheless, in patients with 
AML, abnormal expression of the transcription factor RUNX1 (AML1) 
is able to promote cell-cycle progression by shortening G, phase and by 
repressing p21“! promoter activity. RUNX1 is absolutely required for 
the establishment of adult-type hematopoiesis™ it regulates genes spe- 
cific to the lymphoid, myeloid, and megakaryocyte lineages,'* and mice 
lacking RUNX1 do not develop definitive hematopoiesis, indicating a role 
in adult hematopoietic stem cell formation.'** In contrast, the fusion 
product AMLI/ETO, derived from the t(8;21), slows cell-cycle progres- 
sion, suggesting that one gene in different “fusion situations” can cause 
different effects on the cell cycle.'*” Activation of the RUNX1-repression 
domain or fusing the gene to ETO results in downregulation of cdk4 
and Myc, directly linking this fusion protein to cell-cycle checkpoints.'*” 
Additional evidence for the direct involvement of RUNX1 in cell- 
cycle control comes from the observation that the transcription factor 
binds to the p19"? promoter and downregulates p19'\“’? expression 
in megakaryocytes.’ Inhibiting the oligomerization domain of ETO 
interferes with RUNX1/ETO oncogenic activity and these cells lose 
their progenitor cell characteristics, arrest cell-cycle progression, and 
undergo cell death.” Another interesting chromosomal translocation 
fusion product that affects cell-cycle control is found in patients with 
acute PML (APL) or its variant form (vAPL). The PML-RARa, which 
results from t(15;17)(q22;12), upregulates cyclin A, expression, whereas 
PML itself seems to be a negative regulator of cell growth because its 
overexpression leads to growth suppression and G, arrest in a variety of 
different cell types. PML is crucial for the growth-inhibiting activity 
of retinoic acid and its absence abrogates the retinoic acid-dependent 
transactivation of p21°?'.""! Another mechanism by which PML elicits 
irreversible growth arrest is believed to involve activation of the tumor- 
suppressor pathway p16'™**/RB.'” Recent data point toward a linkage 
between PML and the nucleoporins, especially Nup98 and Nup214. 
In some AML specimens, these nucleoporins are expressed as onco- 
genic fusion proteins and become directed—complexed with PML—to 
common cytoplasmic compartments during the M-to-G, transition of 
the cell cycle. In APL cells, the loss of function of normal PML causes 
an increase in cytoplasmic-bound versus nuclear-membrane-bound 
nucleoporins.'*? Consequently, PML by itself is a tumor-suppressor 
gene that positively regulates cell-cycle progression. Further evidence 
for a tumor-suppressor gene function of PML comes from transgenic 
mice models where PML“ mouse embryonic fibroblasts are enriched 
in S phase and the G,/G, phase is minimized.’ In APL, this regula- 
tory role is disrupted by the fusion to RARa. One mechanism by which 
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Functional class of 


Gene encoded protein 


Nature of mutation and 
functional consequence 


Approximate 
incidence 


Prognostic and/or therapeutic 
implications, if any 


ACUTE MYELOID LEUKEMIA (AML) 


FLT3 (most com- 
monly mutated 


Tyrosine kinase 
(signaling molecule) 


Internal tandem duplica- 
tions or tyrosine kinase 


Up to 35% (25% ITD, 
10% TKD); higher in 


FLT3-ITD AML characterized by 
higher WBC counts and blast %, 


gene in AML) domain mutations CN AML (31% ITD; early relapses and poor survival; 
(“class I” mutations that 11% TKD) multiple inhibitors in develop- 
confer survival and prolif- ment; allogeneic HSCT in CR1 
eration advantages) usually recommended; prognostic 
impact of TKD mutations unclear; 
conflicting studies 
NPM1 (most com- Nucleophosmin “Class II” mutations that 27% (53% of CN AML) Mutated NPM7 with WT FLT3 con- 


monly mutated 
gene in CN AML) 


impair differentiation of 
hematopoietic cells 


fers favorable prognosis in CN AML 
if IDH1/2 also mutated; patients 
generally not allografted in CR1; 
may predict improved outcome 
with high dose daunorubicin 


MLL-PTD Histone methyltransferase Partial tandem duplica- 5-7% of CN AML Poor prognosis; mutually exclusive 
tion; for translocations of NPM1; DOT1L inhibitors in early 
see Table 2 clinical trials; CDK9 and HDAC 

inhibitors appear promising 

DNMT3A DNA methyl transferase Loss of function muta- 22% Strongly associated with interme- 
tions causing reduced diate risk cytogenetics; indepen- 
methylation in mutant dent predictor of poor outcome 
genomes that may be overcome by high 

dose daunorubicin; mutually 
exclusive with MLL translocations 
IDH1/2 Krebs cycle enzymes IDH mutants produce 15-30% Increased frequency in older 
2-hydroxyglutarate patients; new small molecule 
from alpha- IDH inhibitors promising; IDH2 
ketoglutarate, R140Q mutations associated with 
which inhibits TET improved survival 
enzymes, causing DNA 
hypermethylation 
Wee Catalyzes alpha- Loss of function 10% TET2 mutations mutually exclusive 
ketoglutarate- mutations > with DH1/2 mutations and confer 
dependent conversion increased promoter poor prognosis in patients with 
of 5-methylcytosine to methylation—increased intermediate risk AML 
5-hydroxymethylcytosine, self-renewal and impaired 
leading to DNA differentiation 
demethylation 

ASXL1 Member of polycomb Loss of function 3-5% in younger Poor prognosis; may be mutually 
family of chromatin binding mutations patients, 16% in older exclusive of NPM1 mutations 
proteins; epigenetic modi- patients 
fier; functions as ligand- 
dependent coactivator of 
retinoid acid receptor 

CEBPA Myeloid transcription factor “Class II” mutations that 13% of CN AML Biallelic CEBPA mutations associ- 
impair differentiation of ated with favorable prognosis in 
hematopoietic cells patients with intermediate risk 

AML 
RUNX1 (AML 1) Myeloid transcription Gain of function muta- 5% Mutually exclusive of FLT3 and 


factor - master regulator of 
hematopoiesis 


tions in proximal Runt 
homology domain, or loss 
of function mutations 

in distal transactivation 
domain 


NPM1 mutations 
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TABLE 16-3. Common somatic mutations encountered in the major myeloid malignancies. (Continued) 


Functional class of 


Nature of mutation and 


Approximate 


Prognostic and/or therapeutic 


Gene encoded protein functional consequence incidence implications, if any 
TP53 Master regulator of cell 17p deletions and inacti- TP53 mutations seen Extremely poor prognosis; MDM2 
cycle, DNA damage vating point mutations; in only 9% of older (negative regulator of TP53) 
response and apoptosis MDM2 overexpression; patients with denovo antagonists in clinical trials; mutu- 
(tumor suppressor) other mechanisms of loss AML, but much more ally exclusive of FLT3 and NPM1 
of function common in second- mutations 
ary and t-AML 
PHF6 X-linked tumor suppressor Loss of function 3% Mutations confer poor prognosis 
mutations 
NRAS Survival signaling molecule “Class I” mutations that 13% of CN AML; RAS RAS mutations predict for benefit 
confer survival and prolif- mutated in 19% of of post remission HiDAC 
eration advantages elderly patients with 
AML 
WT1 Transcription factor that Loss of function 10%; most frequentin Unclear effect on prognosis; likely 
may act both as a tumor mutations CN AML negative impact 
suppressor gene and an 
oncogene 
KIT Tyrosine kinase (signaling Activating mutations 30-40% of CBF AML Mutated c-KIT confers adverse 


molecule) 


prognosis in CBF AML; ?role 
of TKIs 


MYELODYSPLASTIC SYDROMES (MDS) 


SF3B1 RNA splicing protein-core Spliceosome 24% Extremely strong correlation with 
component of U2 snRNP, mutations—decreased or ringed sideroblasts; indolent 
which recognizes the 3’ increased transcription of course with prolonged survival 
splice site at intron-exon normal pre-mRNA, exon (RARS); acquisition of JAK2 V617F 
junctions skipping, intron retention causes RARS-T 

and cryptic splice sites; 
SF3B1 mutations lead 
to abnormal splicing of 
ABCB7 

TET2 Catalyzes alpha-ketog- Loss of function 20-22% Predict response to HMAs, but 
lutarate-dependent mutations— increased overall confer poor prognosis, 
conversion of 5-methylcy- promoter methyla- even after HSCT 
tosine to 5-hydroxymeth- tion—increased self- 
ylcytosine, leading to DNA renewal and impaired 
demethylation differentiation 

SRSF2 RNA splicing protein Spliceosome muta- 14% Co-occurrence of TET2 and SRSF2 

tions—decreased or mutations highly specific for 

increased transcription of CMML; mutually exclusive with 

normal pre-mRNA, exon SF3B1 mutation; progression from 

skipping, intron retention SRSF2- mutated RCMD-RS to RAEB 

and cryptic splice sites may involve appearance of STAG2 
mutations 

ASXL1 Member of polycomb fam- Loss of function muta- 10%; >40% of Poor prognosis 
ily of chromatin binding tions in C-terminal gener- patients with CMML 
proteins; epigenetic modi- ate a dominant-negative 
fier; functions as ligand-de- protein that inhibits its 
pendent coactivator of wild type counterpart and 
retinoic acid receptor other members of poly- 

comb protein complex 
DNMT3A DNA methyl transferase Loss of function muta- 10-15% Poor prognosis, even after HSCT 


tions causing reduced 
methylation in mutant 
genomes 
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TABLE 16-3. Common somatic mutations encountered in the major myeloid malignancies. (Continued) 


Functional class of 


Nature of mutation and 


Approximate 


Prognostic and/or therapeutic 


Gene encoded protein functional consequence incidence implications, if any 
RUNX1 (AML1) Myeloid transcription Gain of function muta- 7-15%; higher in Poor prognosis; RUNX7 mutations 
factor - master regulator of tions in proximal Runt t-MDS often accompanied by activation 
hematopoiesis homology domain, or loss of Ras pathway 
of function mutations 
in distal transactivation 
domain 
U2AF1 RNA splicing protein Spliceosome 5-10% 
mutations—decreased or 
increased transcription of 
normal pre-mRNA, exon 
skipping, intron retention 
and cryptic splice sites 
TP53 Master regulator of cell 17p deletions and inacti- 5-15%; higher in Poor prognosis, even after HSCT 
cycle, DNA damage vating point mutations t-MDS 
response and apoptosis 
(tumor suppressor) 
EZH2 Tumor suppressor - Loss of function muta- 6% Poor prognosis, including in lower 
histone methyltransferase tions—loss of PRC2 risk patients 
(catalytic subunit of poly- activity—increase in 
comb repressive complex, hematopoietic stem 
PRC2) cell number and 
activity 
IDH1/2 Krebs cycle enzymes IDH mutants produce 3.5% IDH2 more frequently mutated 
2-hydroxyglutarate than /DH7 and often co-mutated 
from alpha-ketogluta- with SRSF2; IDH mutations cause 
rate, which inhibits TET differentiation block; inhibitors in 
enzymes, causing DNA development 
hypermethylation 
ETV6 (TEL) Transcription factor 0.2-2.7% Poor prognosis; ETV6-PDGFRB rear- 
rangement in MDS/MPN responds 
to imatinib 
NRAS Survival signaling molecule — Ras-Raf-MEK-ERK path- 10-15% Poor prognosis 
way activation 
CBL Tyrosine kinase- Mutants encode a dom- <5%; 15% of patients Unclear impact on prognosis 
associated ubiquitin inant negative protein with CMML 
ligase that negatively that inhibits the ubiquitin 
regulates Ras pathway ligase activity of the wild 
and JAK-STAT signaling by type protein and of its 
targeting receptor TKs for homolog, CBLB 
degradation 
JAK2 Tyrosine kinase (JAK- Activating mutations 5%; 50% in RARS-T None; evolution from RARS to 


STAT signaling critical to 
hematopoiesis) 


(V617F) 


PHILADELPHIA CHROMOSOME NEGATIVE MYELOPROLIFERATIVE NEOPLASMS (Ph neg MPNs) 


RARS-T involves acquiring JAK2 
V617F in SF3B7 mutants 


CSF3R WBC growth factor receptor Activating mutations lead 59% of patients Could help diagnose CML-like 
to oncogenic signaling with atypical CMLor disorders without the Philadelphia 
through SRC family (TNK2 chronic neutrophilic | chromosome or Bcr-Abl 
or JAK) kinases leukemia 

JAK2 Tyrosine kinase (JAK- Activating mutations in Present in almost all JAK-STAT pathway overactive 


STAT signaling critical to 
hematopoiesis) 


exons 14 (V617F) and 12 


cases of PV and about 
half of cases of ET 
and MF 


with or without mutations in 
JAK2; small molecule TKI 
ruxolitinib approved for MF 
and PV 
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TABLE 16-3. Common somatic mutations encountered in the major myeloid malignancies. (Continued) 


Functional class of 


Nature of mutation and 


Approximate 


Prognostic and/or therapeutic 


Gene encoded protein functional consequence incidence implications, if any 
MPL Thrombopoietin receptor Activating mutations, e.g, 5-10% of casesofET MPLW515L activates JAK-STAT sig- 
W515L or MF naling; associated with older age, 
female sex, lower Hgb level and 
higher platelet count 

CBL Tk-associated ubiquitin Mutants encode a dom- 6% of cases of MF Enhanced JAK-STAT signaling 
ligase that negatively inant negative protein 
regulates signal transduc- that inhibits the ubiquitin 
tion by targeting receptor ligase activity of the wild 
TKs for degradation (tumor type protein and of its 
suppressor) homolog, CBLB (inactivat- 

ing mutations) 

LNK Membrane-bound adaptor Inactivating mutations Rare cases of JAK2 Enhanced JAK-STAT signaling 
protein that inhibits wild V617F-negative ET or 
type and mutant JAK2 MF; more common 
signaling in blast phase of MF 

(13%) 
CALR Endoplasmic reticulum Frameshift mutations in Absent in PV; pres- Predicts for more indolent clinical 
chaperone (calreticulin) exon 9 create mutant ent in most (~73%) course than JAK2 V617F; patients 
protein with novel C- patients with ET or MF have lower Hgb levels and higher 
terminal—altered without JAK2 or MPL platelet counts; mutant CALR 
subcellular localiza- mutations (helps dis- activates JAK-STAT signaling in 
tion and impaired Ca? tinguish clonal MPNs myeloid cells 
binding from reactive causes 
of thrombocytosis) 

TET2 Catalyzes alpha- Loss of function 16% in PV, 5% in ET, No effect on survival, leukemic 
ketoglutarate- mutations—> 17% in MF; 14% in transformation or thrombosis; may 
dependent conversion increased promoter post-PV or post-ET correlate with anemia in MF 
of 5-methylcytosine to methylation—increased MF; incidence 
5-hydroxymethylcytosine, self-renewal and impaired increases with age 
leading to DNA demethy- differentiation 
lation 

ASXL1 Member of polycomb Loss of function muta- 8% of patients with 
family of chromatin binding tions in C-terminal gener- MPNs 
proteins; epigenetic modi- ate a dominant-negative 
fier; functions as ligand- protein that inhibits its 
dependent coactivator of wild type counterpart and 
retinoic acid receptor other members of poly- 

combprotein complex 

IDH1/2 Krebs cycle enzymes IDH mutants produce <5% of cases of MF 

2-hydroxyglutarate (much higher (~22%) 
from alpha-ketogluta- in blast phase); 1-2% 
rate, which inhibits TET of cases of ET and PV 
enzymes, causing DNA 

hypermethylation 

EZH2 Tumor suppressor-histone Loss of function 13% in MF; 12% in Independently associated with 
methyltransferase (cata- mutations—loss of PRC2 MDS/MPN overlap shorter survival in patients with 
lytic subunit of polycomb activity—increase in syndromes MF 
repressive complex, PRC2) hematopoietic stem cell 

number and activity 
DNMT3A DNA methyl transferase Loss of function muta- 7-10% 
tions causing reduced 
methylation in mutant 
genomes 
IKZF1 Transcription factor Generally deletions Rare in chronic phase Important step in leukemic 


(del7p) rather than muta- 
tions; late events 


MPNs, but 19% in 
blast phase 


transformation 
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TABLE 16-3. Common somatic mutations encountered in the major myeloid malignancies. (Continued) 


Functional class of 
Gene encoded protein 


Nature of mutation and 
functional consequence 


Approximate 
incidence 


Prognostic and/or therapeutic 
implications, if any 


CHRONIC MYELOID LEUKEMIA (CML) 


BCR-ABL Constitutively active Point mutations that con- 40-90% of cases of “Gatekeeper”T315] mutant inhib- 
tyrosine kinase (fusion fer resistance to one or resistance to imatinib ited only by ponatinib 
protein) more small molecule TKls (15% T3151) 

c-MYC Oncoprotein Overexpression often due 34% of cases with Genomic instability characteristic 

to acquired trisomy 8 clonal evolution of progression to advanced phases 
(trisomy 8) 

TP53 Master regulator of cell Loss of function often Mutated in 25-30% of Inactivation of tumor suppressor 
cycle, DNA damage associated with isochro- patients in myeloid genes characteristic of progres- 
response and apoptosis mosome 17 blast phase sion to blast phase 
(tumor suppressor) 

p16 (INK4A/ARF) Endogenous CDK inhibitor Deletions affect exon 2 Deleted in 50% of Inactivation of tumor suppressor 


(tumor suppressor) of locus 


cases of lymphoid 
blast phase 


genes characteristic of progres- 
sion to blast phase 


this fusion protein (and also the PML Kruppel-like zinc finger [PLZF]- 
RARa fusion derived from the rare t[11;17]) affects cell-cycle control is 
its strong interaction with SMRT or N-CoR, two corepressor elements 
that are important for the recruitment of HDACs, as described below 
in “The Role of Histone Deacetylases in Cell-Cycle Regulation.” In 
accordance with this is the finding that retrovirally transduced PML- 
RARa induces a maturation arrest in the corresponding cells, implying 
that these cells are unable to express certain transcription factors as a 
consequence of the conformational changes caused by the recruitment 
of HDACs.'® A variant of this chromosomal translocation results in a 
fusion protein between RARa and the PLZF protein, which is observed 
in a subset of patients with APL." 

The translocation t(9:22), which fuses the BCR gene to the c-ABL 
gene, is a characteristic feature of CML (Chap. 88). The chromosome 9 
breakpoints, where the c-abl gene is located, involve a large region of 
about 200 kb, but fusion genes invariably include the abl exon 2. The 
corresponding breakpoints on chromosome 22 are located in a much 
smaller region, including the BCR gene.'” The bcr-abl fusion protein 
localizes to the cytoskeleton and displays enhanced tyrosine kinase 
activity." It is also found in some cases of ALL and in occasional cases 
of AML." Bcr-abl not only regulates cell proliferation, apoptosis, 
differentiation, and adhesion, but also induces resistance to cytostatic 
drugs by modulation of DNA repair mechanisms, cell-cycle check- 
points, and the Bcl-2 family of apoptosis regulators. Upon DNA dam- 
age, bcr-abl enhances repair of DNA lesions and prolongs activation of 
cell-cycle checkpoints (e.g., G,/M), providing more time for repair of 
otherwise lethal lesions, so that these cells have a significant survival 
advantage.’ The bcr-abl fusion product is so far the only oncogenic 
product that is sufficient to induce malignant growth in vivo without 
the presence of other abnormal molecular changes. Several reports 
have shown that bcr-abl-positive cells display pronounced G,/M 
delay in response to various chemotherapeutics and irradiation. The 
exact mechanism of G,/M delay in bcr-abl-positive cells has not been 
characterized in detail, but it seems that the cdc2-cyclin B, regulation 
is affected. In addition, bcr-abl, through both kinase-dependent and 
kinase-independent mechanisms, converts p27“?! from a nuclear tumor 
suppressor to a cytoplasmic oncogene, which may contribute to bcr-abl 
tyrosine kinase inhibitor (TKI)-resistance.™ The bcr-abl signal trans- 
duction process involves adapter molecules such as GRB2 and GAB2, as 
well as signaling pathways (e.g., phosphatidylinositol 3’-kinase [PI3K], 


Janus-associated kinase [JAK]-signal transducer and activator of tran- 
scription [STAT]).'* In addition, although there is no direct evidence 
that the abnormal bcr-abl product affects the M checkpoint itself, some 
data suggest that bcr-abl-positive CML cells contain elevated MAD2 
and BUBI levels, proteins that inhibit the APC and therefore cause 
mitotic spindle arrest.” Amplification of the fusion sequence is fre- 
quently used to detect minimal residual disease in patients under ther- 
apy with interferon-a, TKIs,” and after stem cell transplantation.“ The 
etv6 gene is the only known non-bcr fusion partner of abl, sometimes 
observed as etv6-abl in ALL or myeloproliferative syndromes (t[9;12] 
[q34;p13]).** The affected cells show only a minor response to imatinib. 

Mutant-activated receptor protein-tyrosine kinases (rPTKs) com- 
prise a family of very-well-characterized oncogenes. The constitutive 
activation of rPTK usually is achieved by mutations that lead to the 
dimerization and activation of their cytoplasmic catalytic domains.” 
Other possible causes of rPTK dimerization are chromosomal translo- 
cations that create chimeric proteins. In the t(2;5) translocation, found 
in several anaplastic large cell lymphomas, N-terminal nucleophosmin 
sequences on the long arm of chromosome 5 are fused to the cytoplas- 
mic domain of the ALK protein on chromosome 2.8 The character- 
istic translocation of chronic myelomonocytic leukemia, t(5;12), fuses 
sequences from the transcription factor TEL to the cytoplasmic domain 
of the PDGFRf (TEL-PDGFBR), resulting in the formation of a TEL-P- 
DGF£R fusion protein and constitutive activation of the receptor tyrosine 
kinase (RTK),’ while targeting Id1 (inhibitor of DNA-binding 1) 
inhibits growth of leukemia cells expressing oncogenic FLT3-ITD and 
BCR-ABL tyrosine kinases.”"° Patients with the t(5;12) translocation 
respond to imatinib, as the drug also inhibits the PDGFR. The chro- 
mosomal area surrounding the TEL gene is a fragile site, because the 
TEL gene is involved in several other translocations in human acute 
leukemias (e.g., t[12;9]). One of the TGF-B receptors also is involved 
in oncogenesis, and mutations are frequently found in colon cancer. 
TGF-£ receptor signaling acts through the SMAD family of transcrip- 
tion factors. 

Two important oncogene families encode the Ras and Rho family 
proteins. Ras itself is a G protein, and activating mutations in H-Ras, 
K-Ras, and N-Ras have been found in nearly all kinds of human can- 
cers. Several different Ras mutations are able to transform normal cells 
in tissue culture.” *?!? Mutations in many different Ras-related pathways 
have been identified in cancer (e.g., Rafl, p110 PI3K, Rinl, Mekk1), 
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TABLE 16-4. Common somatic mutations encountered in the major lymphoid malignancies. 


Functional class of encoded 


Gene protein 


Nature of mutation and 
functional consequence 


Approximate 
incidence 


Prognostic and/or therapeutic impli- 
cations, if any 


CHRONIC LYMPHOCYTIC LEUKEMIA (most mutations frequencies higher with time and with treatment) 


IP53 Master regulator of cell cycle, Deletions and inactivating 7-12% Poor prognosis; BCR pathway inhib- 
DNA damage response and point mutations itors, alemtuzumab and allogeneic 
apoptosis (tumor suppres- HSCT only effective currently approved 
sor); strong correlation with treatments 
del17p 

NOTCH1 Transmembrane receptors, Gain of function frameshift 10-12% Strong correlation with trisomy 12; may 
signaling through which reg- mutations lead to a trun- predict for lack of benefit of adding rit- 
ulates cell death, proliferation cated, constitutively active uximab to fludarabine plus cyclophos- 
and differentiation protein that lacks degrada- phamide (CLL8 trial); associated with 

tion signals unmutated /GHV and poor outcome 

FBXW7 Ubiquitin ligase known to be Loss of function muta- 2.5% (newly diag- Associated with trisomy 12 and with 
a tumor suppressor tions impaired degra- nosed patients) NOTCH1 mutations; nearly exclusive of 

dation of Notch1, c-Myc, SF3B1 mutations 
c-Jun, cyclin E1, Mcl-1 

SF3B1 RNA splicing protein — core Spliceosome mutations> 9-18% Found primarily in patients with del11q 
component of U2 snRNP, decreased or increased and normal karyotype; confer adverse 
which recognizes the 3’splice transcription of normal prognosis; almost mutually exclusive 
site at intron-exon junctions pre-mRNA, exon skipping, with NOTCH71 and FBXW7 mutations 

intron retention and cryp- 
tic splice sites; associated 
with aberrant DDR 

BIRC3 Negative regulator of non- Inactivating mutations, 4% (newly diag- Associated with fludarabine refractori- 
canonical NF-KB pathway deletions and insertions nosed patients) ness (24%); mutually exclusive of TP53 

that disrupt gene func- abnormalities 
tion—non-canonical NF-KB 
activation 

MYD88 Critical adaptor molecule Mutations activate toll- 1.5% (newly diag- Younger patients; associated with 
of the interleukin-1/toll-like like receptor pathway via nosed patients) del13q, mutated IGHV and low CD38/ 
receptor signaling (TLR) IRAK1/4 to engage NF-KB ZAP-70 expression; favorable outcome 
pathway and MAPK pathways 

XPO1 Exportin; controls localization 3.4% (newly diag- May be associated with CD38/ZAP- 
of cyclin B and members of nosed patients) 70 positivity, NOTCH? mutations and 
MAPK pathway unmutated IGHV 

SAMHD1 Enzyme that degrades the Inactivating mutations lead 3% (up to 11% in May serve as biomarker of chemoresis- 
intracellular pool of dNTPs, to loss of tumor suppres- relapsed/refractory tance, fludarabine in particular 
limiting DNA synthesis; sor function—increased setting) 
involved in DDR cellular survival and 

proliferation 

ATM Proximal transducer of DNA Mutations disrupt DDRand 18% ATM gene inactivation associated with 
damage signals within DDR impair apoptosis dell1q 
network 

IGHV Immunoglobulin heavy chain “Mutated” indicates 62% Mutated IGHV generally confers favor- 
variable region sequence >2% different able prognosis 

from germline sequence; 
indicative of antigen expo- 
sure of B-cells 

NFKBIE Inhibitor of NF-KB activity 11% (advanced 
with specific role in B-cell phase patients) 
biology 

EGR2 Transcription factor that par- Missense mutations affect 8% (advanced Associated with shorter time to treat- 


ticipates in control of cellular 
differentiation 


transcription of target 
genes 


phase patients) 


ment and poor survival 
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TABLE 16-4. Common somatic mutations encountered in the major lymphoid malignancies. (Continued) 


Functional class of encoded 


Nature of mutation and 


Approximate 


Prognostic and/or therapeutic impli- 


Gene protein functional consequence incidence cations, if any 
Wnt pathway Critical for proliferation and Activating mutations in 14% overall Not associated with any known CLL 
genes cell fate determination of different genes—greater prognostic factor; multiple Wntpath- 
many cell types, including dependence on Wnt path- way inhibitors being developed 
B-cells way signaling (already 
hyperactive in CLL) 
Ras/Raf/ Major cellular pathway that Activating mutations;some <5% May be amenable to therapeutic tar- 
MAPK path- controls proliferation, differ- in subclones geting by small molecule inhibitors 
way genes entiation, transcription regu- 


lation and development 


HAIRY CELL LEUKEMIA (HCL) 


BRAF Serine-threonine kinase; part 
of the Ras/Raf/MAPK signal- 

ing pathway which regulates 
cell survival, proliferation and 


differentiation 


Activating V600E mutation 


Nearly all cases 


Efficacy of small molecule kinase inhib- 
itors, e.g., vemurafenib, dabrafenib; 
may help distinguish from other B-cell 
lymphomas and leukemias 


B-CELL ACUTE LYMPHOBLASTIC LEUKEMIA (B-ALL) 


RB1 Tumor suppressor involvedin Various abnormalities lead 51% 
cell cycle control to dysregulated cell cycle 
progression 
p16(CDKN2A) Endogenous CDK inhibitors Various abnormalities 40% Poor prognosis 
p15 (CDKN2B) (deletion, methylation) 70% 
lead to unrestrained cell 
cycle progression 
TP53 Master regulator of cell cycle, Deletions and inactivating 16% (92% in Poor prognosis; more common in 
DNA damage response and point mutations patients with low B-ALL than T-ALL; frequency increases 
apoptosis (tumor suppressor) hypodiploidy, 63% with age; “double hit” of TP53 do worst 
with MYC translo- 
cations, 23% with 
complex karyotype) 
IKZF1 Transcription factor Splicing abnormalities >80% of patients Poor prognosis independent of Ph 
with Ph+ ALL status 


“PHILADELPHIA CHROMOSOME LIKE” B-ALL (10-13% of children; 21-27% of adolescents /young adults) 


ABL1,ABL2, Various rearrangements Signaling pathway activa- 12.6% Sensitive to Bcr-Abl TKls, e.g., imatinib, 

CSFIR, involving different fusion tion (CRKL phosphorylation dasatinib 

PDGFRB partners, e.g., EBF1-PDGFRB, seen with fusions involving 
NUP214-ABL1 ABL1/2) 

EPOR Various rearrangements Activation of JAK-STAT 3.9% Sensitive to JAK1/2 inhibitor ruxolitinib 
involving different fusion signaling 
partners, e.g., IGH-EPOR 

JAK2 Various rearrangements Activation of JAK-STAT 74% Sensitive to JAK1/2 inhibitor ruxolitinib 
involving different fusion signaling 
partners, e.g., PAX5JAK2, 
ATFZIP-JAK2, BCR-JAK2, 
STRB3-JAK2 

CRLF2 Various rearrangements Activation of JAK-STAT 49.7% 55% have concomitant JAK1/2 muta- 
involving different fusion signaling tion; sensitive to ruxolitinib even with- 
partners, e.g., P2RY8-CRLF2, out concomitant JAK mutations 
IGH-CRLF2 

IZR FLT3, Various alterations Activation of JAK-STAT 12.6% Role for therapeutic JAK inhibition? 

SH2B3 (LNK), signaling 

JAK 1, JAK3, 

TYK2, IL2RB 

Ras/Raf/ Major cellular pathway that Activating mutations 4.3% MEK inhibitors? 

MAPK path- controls proliferation, differ- 

way genes entiation, transcription regu- 


lation and development 
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TABLE 16-4. Common somatic mutations encountered in the major lymphoid malignancies. (Continued) 


Functional class of encoded 


Nature of mutation and 


Approximate 


Prognostic and/or therapeutic impli- 


Gene protein functional consequence incidence cations, if any 

NTRK3, DGKH Fusion proteins, e.g., 0.9% ETV6-NTRK3 sensitive to ALK inhibitor 
ETV6-NTRK3 crizotinib 

IKZF1 Transcription factor Deletions or point 68% (vs. 16% in Inferior survival; more common in 
mutations Bcr-Abl negative patients with kinase fusions than those 


non-"Ph-like” ALL) 


with point mutations 


T-CELL ACUTE LYMPHOBLASTIC LEUKEMIA (T-ALL) 


NOTCH1 NOTCH1 signaling necessary NOTCH1 mayinteract with >50% NOTCH1 and FBXW7 mutant T-ALL 
for commitment to T-cell lin- PRC2, which influences may enjoy superior survival; miR223 
eage and for thymic prolifera- stem cell renewal through appears to promote NOTCH1-driven 
tion of T-cell progenitors epigenetic silencing of T-ALL; gamma secretase inhibitors 

genes under study 

JAK1/JAK3/ Tyrosine kinases (JAK- Enhanced cellular survival More frequent in ETP ALL carries a poor prognosis and 

SH2B3 (LNK) STAT signaling critical to and proliferation early T-cell precur- has a mutational spectrum similar to 
hematopoiesis) sor (ETP) ALL; also myeloid tumors; V658F mutation in 

Ras/Raf/ Major cellular pathway that FLT3, transcription JAK1 homologous to V617F in JAK2 

MAPK path- controls proliferation, differ- factors (GATA3, 
entiation, transcription regu- ETV6, RUNX1, IKZF1) 

way genes : - 
lation and development and histone mod 

ifiers (e.g., EZH2) 
often mutated in 
ETP ALL 
PHF6 X-linked tumor suppressor Deletions or inactivating 16% in children, May explain greater incidence of T-ALL 


mutations—aberrant 
expression of TLX1 (HOX11) 
transcription factor 
oncogene 


38% in adults 


in males 


MULTIPLE MYELOMA (MM) 


KRAS, NRAS, Major cellular pathway that Activating mutations lead 23%, 20% and 6% Can coexist, but usually only one 

BRAF controls proliferation, differ- to activation of the MAPK for KRAS, NRAS and __ clonal; combined MEK/BRAF inhibition 
entiation, transcription regu- pathway BRAF, respectively worth exploring in clonal, BRAF-mutant 
lation and development multiple myeloma 

FGFR3 Fibroblast growth factor Overexpression rather than 23% 
receptor mutation 

MAF Transcription factor Overexpressed rather than 13% c-MAF overexpression associated with 

mutation poor survival 

DIS3 and Ribonuclease (DIS3) involved Point mutations with loss 11% each DIS3 aberrations more common in non- 

FAM46C in RNA processing; both of heterozygosity lead to hyperdiploid cases; associated with 
genes encode RNA-binding loss of tumor suppressor del13q14 and IGH translocations and 
proteins; FAM46C functionsin function of DIS3 may predict for worse survival; these 
regulation of translation mutations rarely seen in other cancers 

LRRK2 Serine threonine kinase that Mutations lead to disrup- 8% Protein homeostasis critical in MM 
phosphorylates translation tion of translational control because of high rate of immunoglob- 
initiation factor 4EBP ulin production; explains success of 

proteasome inhibitors 

P53) Master regulator of cell cycle, Deletions and inactivating 8% Poor prognosis; strong correlation with 
DNA damage response and point mutations del17p 
apoptosis (tumor suppressor) 

TRAF3, Genes associated with regu- Activation of NF-KB signal- © TRAF3 mutated in Underlies fundamental role of NF-KB 

BIRC2, BIRC3, lation of the NF-KB signaling ing, e.g. through deletions 5%; CYLD in 2%; signaling and therapeutic efficacy of 

CYLD, BTRG, pathway and mutations in CYLD or others less frequent proteasome inhibitors 

CARD11, inactivating mutations in 

IKBIP, IKBKB, LTB 

MAP3K1, LTB, 

MAP3K14, 

RIPK4, TLR4, 

TNFRSF1A 
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TABLE 16-4. Common somatic mutations encountered in the major lymphoid malignancies.(Continued) 


Functional class of encoded 


Nature of mutation and Approximate 


Prognostic and/or therapeutic impli- 


Gene protein functional consequence incidence cations, if any 
MLL, MLL2, Histone modifying enzymes Mutations lead to epige- Aberrant HOXA9 expression could rep- 
MLL3, UTX, netic derepression of tran- resent a new therapeutic target 
WHSC1, scription factor HOXA9 
WHSC1L1 
PRDM1 Transcriptional repressor Missense and truncating 5% 
involved in plasmacytic frame shift or splice site 
differentiation mutations—loss of tumor 
suppressor function 
RB1 Tumor suppressor involved in Mutations lead to dysregu- 3% 
cell cycle control lated cell cycle progression 
ACTG1 Cytoplasmic actin found in 2% 
nonmuscle cells 
EGR1 Transcription factor Somatic hypermutation 3% Not clear if “driver” or “passenger” 
mutations 
IRF4(MUM1) Transcription factor whose Missense mutations, e.g., 
expression propels B-cells K123R, lead to gain of 
towards plasmacytic function 
differentiation 
SP140 Transcription factor (tumor Missense, frame shift and 
suppressor) splice site alterations 
CDKN2C, Cell cycle regulatory genes Overexpression of Cyclin D1 overex- Efficacy of pharmacologic CDK inhibi- 
CDKN1B, cyclins and/or deficiency pressed in 36% tion, e.g., with dinaciclib, palbociclib 
CCND1 of endogenous CDK 
inhibitors—+enhanced 
proliferation 
PTPRD Tyrosine phosphatase Homozygous deletions of 
that dephosphorylates tumor suppressor gene 
STAT3, which promotes IL-6 
signaling 
MAX Transcription factor that func- Loss of heterozygosity of 


tions as heterodimerization 
partner for MYC 


tumor suppressor gene 


WALDENSTROM’S MACROGLOBULINEMIA (WM)/LYMPHOPLASMACYTIC LYMPHOMA (LPL) 


MYD88 


Critical adaptor molecule 
of the interleukin-1/toll-like 
receptor (TLR) signaling 
pathway 


Mutations, e.g., L265P, acti- 
vate toll-like receptor path- 
way via IRAK1/4 to engage 
NF-KB and MAPK pathways 


91% of all patients 
with LPL 


Can help diagnose WM/LPL in cases of 
uncertainty; explains high efficacy of 
BTK (ibrutinib) and proteasome (borte- 
zomib) inhibitors in WM 


DIFFUSE LARGE B-CELL LYMPHOMA - GERMINAL CENTER B-CELL (GCB) AND ACTIVATED B-CELL (ABC) 


EZH2 Histone methyltransferase Gain of function mutations, 22% of GCBDLBCL, EZH2 inhibitors in early phase clinical 
(catalytic subunit of poly- e.g., at Y641, promote lym- not seen in ABC trials 
comb repressive complex, phomagenesis through DLBCL 
PRC2) transcriptional silencing of 
key antiproliferative tumor 
suppressor genes, €.g., 
CDKN1A 
PTEN Negative regulator of PI3K/ PTEN deletion leads to 11% of GCB DLBCL Inhibtiors of PI3K (e.g., idelalisib), Akt 
Akt/mTOR pathway (tumor constitutive activation of and mTOR (e.g., everolimus, temsiroli- 
suppressor) and addiction to PI3K/Akt/ mus) being explored 
mTOR signaling 
BCL-2 Founding member of Promotes cellular sur- The most mutated Selective Bcl-2 antagonist (BH3- 


Bcl-2 family of mitochon- 
drial apoptosis regulators; 
anti-apoptotic 


vival and a major deter- 
minant of resistance to 
chemotherapy 


t(14;18) found in 


DLBCL 


gene in GCB DLBCL; 


34% of cases of GCB 


mimetic) venetoclax in clinical trials 
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TABLE 16-4. Common somatic mutations encountered in the major lymphoid malignancies.(Continued) 


Functional class of encoded 


Nature of mutation and 


Approximate 


Prognostic and/or therapeutic impli- 


Gene protein functional consequence incidence cations, if any 
BCL-6 Transcription factor; represses Routinely overexpressed Mutated (70%) or Small molecule inhibitors that disrupt 
many target genes involved in DLBCL; activation may rearranged (40%) in Bcl-6 function in development 
in proliferation, survival, cell underlie resistance to essentially all cases 
growth and metabolism treatment of DLBCL 
CARD11 Part of signaling complex of | BCR signaling and NF-KB Up to 10% of cases CARD11 mutations predict for lack of 
adaptor proteins that lead activation critical in ABC of ABC DLBCL efficacy of inhibition of upstream BCR 
to BCR-dependent NF-kB DLBCL pathway targets, e.g., BTK (ibrutinib) or 
activation upon antigenic PKC-beta 
stimulation 
CD79B B-cell co-receptor BCR signaling and NF-kB 21% of cases of ABC CD79B mutations correlate with sen- 
activation critical in ABC DLBCL sitivity to selective PKC-beta inhibitor 
DLBCL sotrastaurin 
MYD88 Critical adaptor molecule Mutations, e.g., L265P, 30% of cases of ABC 
of the interleukin-1/toll-like activate toll-like receptor DLBCL 
receptor (TLR) signaling pathway via IRAK1/4 to 
pathway engage NF-kB and MAPK 
pathways—IL-6 /IL-10 pro- 
duction—autocrine JAK 
activation 
TNFAIP3 Negative regulator of NF-kB Inactivating mutations and _ Biallelic inactivation (Can coexist with mutations in both 
(A20) pathway (tumor suppressor) deletions occurs in 30% of MYD88 and CD79B 
cases of ABC DLBCL 
IRF4 (MUM1) Transcription factor whose A direct target of the NF-kB Constitutive NF-KB —_ Lenalidomide selectively kills ABC 
expression propels B-cells pathway that can induced activation is a DLBCL cells by cereblon-dependent 
towards plasmacytic by both the BCR and TLR pathogenic hall- IRF4 down-regulation 
differentiation pathways mark of ABC DLBCL 
c-MYC (cases Oncoprotein Suppresses transcription 10% of patients May be possible to target MYC using 
harboring of tumor suppressor with newly diag- BET bromodomain BRD4 inhibitors 
additional tristetraprolin nosed DLBCL carry 
oncogenic an underlying MYC 
rearrange- rearrangement 
ments (translocation, 
involving amplification) 
BCL2, BCL6 
or CCND1 
designated 
“double hit”) 
BTK/Syk/ Kinases involved in BCR sig- Therapeutic targets with- “Chronic active” Multiple small molecule inhibitors 
Lyn/PKC-B/ naling (JAK-STAT signaling out activating mutations BCR signaling and being studied, e.g., ibrutinib (BTK), 
MALT1/ driven by activating MYD88 NF-kB activation enzastaurin (PKC-8), ruxolitinib 
JAK-STAT mutations) fundamental in ABC (JAK1/2) 


DLBCL 


FOLLICULAR LYMPHOMA (FL) 


MLL2, CRE- Histone modifying enzymes CREBBP, MLL2, EZH2 Very high fre- Potential role for EZH2 inhibitors as in 
BBP, EZH2, alterations early events quency overall; GCB DLBCL? 
MEF2B in lymphomagenesis and EZH2 mutated in 
progression 7-27% (gain of 

function mutations, 

e.g. at Y641) 
HIST1H- Linker histones - proteins 27% (HIST1H1B-E), | Mutations in HIST1H1B-E and in EZH2 or 
1B-E, OCT2 that facilitate folding of 8% (OCT2/POU2F2), ARID1A largely mutually exclusive 
(POU2F2), higher order chromatin struc- 6% (IRF8), 11% 
IRF8,ARIDIA tures and regulate access of (ARID1A) 


histone modifying enzymes 
and chromatin remodeling 
complexes to target genes 
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TABLE 16-4. Common somatic mutations encountered in the major lymphoid malignancies. (Continued) 


Gene 


Functional class of encoded 
protein 


Nature of mutation and 
functional consequence 


Approximate 
incidence 


Prognostic and/or therapeutic impli- 
cations, if any 


STAT6, SOCS1 


JAK-STAT signaling pathway 
genes 


Mutations contribute to 
constitutive STAT6 acti- 
vation and promotion of 
tumor cell survival 


STAT6 12%, SOCS1 
8% 


Eventual role for JAK inhibitors? 


CARD11, NF-kB pathway genes - mutu- Constitutive activation of CARD11 and Implications for therapy as for ABC 

CD79B, ally exclusive mutations NF-KB TNFAIP3 each 11% DLBCL 

TNFAIP3 (overall one third) 

EBF1 Transcription factor impor- Loss of function mutations 17% overall (genes 
tant in B-cell development lead to reduction in EBF1 important in B-cell 

target gene expression development) 

BCL2 Founding member of Promotes cellular survival Mutation frequency Correlate with risk for transformation 
Bcl-2 family of mitochon- and a major determinant 12% at diagnosis; and death; Bcl-2 antagonist (BH3- 
drial apoptosis regulators; of resistance to chemother- 53% at transforma- mimetic) venetoclax in clinical trials 
anti-apoptotic apy; overexpression char- tion (different from in FL 

acteristic of FL t(14;18) present in 
80-90%) 

NOTCH1/2 Transmembrane receptors, Gain of function mutations 6.3% Female predominance, greater splenic 
signaling through which reg- lead to truncated protein involvement, lower frequency of 
ulates cell death, proliferation that lacks degradation t(14;18); gamma secretase inhibitors 
and differentiation signals under study 

CDKN2A p16(INK4a) and p14 (ARF) Inactivation of tumor sup- Deletion (8%), May predict for inferior survival, partic- 


tumor suppressors 


pressor gene through dele- 
tion or methylation 


methylation (19%) 


ularly in rituximab-treated patients 


MANTLE CELL LYMPHOMA (MCL) 


IGHV Immunoglobulin heavy chain Mutations support 15-40% Correlate with SOX11 negativity, 
variable region antigen-driven selection in indolent clinical course, non-nodal 
the clonogenicexplansion presentation 
of MCL tumor cells 
SOX11 Transcription factor overex- Promotes angiogenesis >90% of cases of Expression correlates with unmutated 
pressed (not mutated) inthe via PDGF, regulates PAX5 MCL, both cyclin IGHV, aggressive clinical course and 
vast majority of cases of MCL expression and blocks ter- D1 positive and karyotypic complexity 
minal B-cell differentiation negative (can help 
diagnose in latter 
situation) 
ATM Proximal transducer of DNA Mutations disrupt DDRand 55% in SOX11+ Correlate with del11q 
damage signals within DDR impair apoptosis MCL; 0% in SOX11- 
network cases; 42% overall 
CCND1 Cyclin D1 Activating mutations/over- Mutations more Likely acquired in germinal center 
expression drive cell cycle frequent in SOX11- microenvironment; CDK4/6 inhibitor 
progression cases (86% vs. palbociclib effective in MCL 
18%), and cases 
with mutated IGHV 
(58% vs. 19%); 14% 
overall 
TP53 Master regulator of cell cycle, Deletions andinactivating 19-28% Equally distributed regardless of SOX11 
DNA damage response and point mutations or IGHV status; correlate with del17p 
apoptosis (tumor suppressor) 
WHSC1 Histone methyltransferases WHSC7 mutations increase Found virtually only WHSC1-mutant gene expression 
(MMSET), H3K36 methylation—> in SOX11+/IGVH signature very similar to that seen in 
MLL2, MEF2B genome wide hypomethy- unmutated MCL multiple myeloma with t(4;14); MLL2 
lation of H3K27> (WHSC71 15%, MLL2 and MEF2B mutations similar to those 


significant overexpression 
of proliferation and cell 
cycle regulation genes 


18%, MEF2B 5%); 
of all cases of MCL, 
WHSC1 mutated in 
10%; MLL2 in 20% 
and MEF2B in 3.2% 


in DLBCL or FL 
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TABLE 16-4. Common somatic mutations encountered in the major lymphoid malignancies.(Continued) 


Functional class of encoded 


Nature of mutation and 


Approximate Prognostic and/or therapeutic impli- 


Gene protein functional consequence incidence cations, if any 

TRAF2, BIRC3 BIRC3 is a negative regula- Inactivating or splice site 6% (TRAF2); 10% BIRC3 mutations correlate with del11q; 
tor of non-canonical NF-KB mutations (BIRC3) and acti- (BIRC3) both suggest NIK (rather than BCR) sig- 
pathway; TRAF2 transduces vating mutations (TRAF2) naling and alternative NF-KB pathway 
signals from TNF receptors to lead to enhanced NF-KB activation (resistance to BCR pathway 
NF-kB activation inhibitors, e.g., ibrutinib) 

TLR2 Toll-like receptor 2 (TLR path- Mutations lead to signifi- Seen only in SOX- 
way mediates innateimmu- cantly increased produc- 11-/IGHV mutated 
nity independent of antigenic tion of IL-6, IL-1RA and IL-8 MCL 
stimulation) 

NOTCH1/2 Transmembrane receptors, Gain of function mutations 9.5% A subset of tumors with adverse bio- 
signaling through which reg- lead to truncated protein logical and clinical features; i.e., blas- 
ulates cell death, proliferation that lacks degradation toid morphology and worse survival 
and differentiation signals 

LARGE GRANULAR LYMPHOCYTIC LEUKEMIA (LGL leukemia) 

STAT3 Signal transducer and acti- Activating mutations 40% May correlate with greater preva- 
vator of transcription, e.g., lence of neutropenia and rheumatoid 
transducing signals from arthritis 


cytokine receptor-associated 
Janus kinases to the nucleus 


and numerous downstream signaling effects of those mutations have 
also been defined. The Ras and the Rho families of oncoproteins are 
linked by a small G protein called Rac, which is required for transfor- 
mation by Ras.”*?"* The normal formation of actin filaments is required 
for G,/S-phase entry. Recent data have shown the Rho-guanosine tri- 
phosphatases play a key role in the Wnt-signaling pathway, where they 
are involved in cellular polarization processes.”'> Thus, alterations in the 
Rho pathway may lead to premature entry into M phase by interfer- 
ence with cytoskeletal organization. The Ras/Raf/MEK/ERK cascade 
couples signals from the surface to the intracellular space and triggers 
cell proliferation signals that influence the cell cycle. Abnormal activa- 
tion of this cascade occurs in several leukemias because of activating 
mutations in the Ras protooncogene.”!® Ectopic overexpression of Raf 
proteins is associated with cell proliferation, whereas overexpression of 
activated Raf is associated with cell-cycle arrest in G, phase.” Differ- 
ent Raf genes have different functions in cells, although A-Raf and B-Raf 
share three conserved domains termed CR1, CR2, and CR3.2” A-Raf 
is able to upregulate the expression of cyclin D; cdk2, cyclin E, and 
cdk4, whereas B-Raf and Raf-1 induce p21°?', leading to a G, arrest. 421 
The mode of action of these Raf molecules is not fully understood but 
one explanation why they act differently may be because they activate 
different downstream pathways, namely the MAPK (MEK [MAP/ERK 
(extracellular signal-regulated kinase)]). The three different MAPK cas- 
cades are the ERK-, c-Jun N-terminal kinase (JNK)/stress-activated 
protein kinase (SAPK)-, and p38 pathways. The MAP kinase pathways 
consist of three types of kinases in a series, MAPKKK, MAPKK, and 
MAPK (ERK), each sequentially activating the next kinase. The MAPK 
cascades all transmit responses from several different surface recep- 
tors to the nucleus.””° One explanation for the oncogenic effects of the 
MAPK pathway is that ERK activates c-Myc via phosphorylation on 
serine 62.”! In addition, repression of c-Myc is required for terminal 
differentiation of many cell types, including hematopoietic cells. Thus, 
deregulated expression of c-Myc in both M1 AML cells and in normal 
myeloid cells derived from murine marrow blocks terminal differentia- 
tion and its associated growth arrest, and also induces apoptosis, which 


is dependent on the extrinsic Fas/CD95 pathway. New data suggest a 
linkage between c-Myc downregulation, the p16™“*/cyclinD1/RB, and 
SMAC/Diablo apoptotic pathways.” Several different transcription fac- 
tors have been implicated in the downregulation of c-Myc expression 
during differentiation, including CCAAT/enhancer binding protein 
(C/EBP) a, CTCF, BLIMP-1, and RFX1. Alterations in the expression 
and/or function of these transcription factors, or of the c-Myc and Max 
interacting proteins, such as MM-1 and Mxil, can influence the neo- 
plastic process.” 

Experiments on oncoproteins have focused on apoptosis, the lethal 
response of a cell to either DNA damage or to signaling through cell 
surface “death” receptors. Key regulators of apoptosis induced by DNA 
damage are the multiple members of the Bcl-2 family of proteins, which 
include Bcl-2, Bcl-x,, Mcl-1, Bax, Bak, Bim, and Bad, among others. 
Bcl-2 is involved in the t(14;18) chromosomal translocation, which is 
found classically in follicular lymphoma.” The disruption of these loci 
increases expression of Bcl-2, and results in the uncontrolled accumu- 
lation of malignant B cells, because of an impaired balance between 
growth and apoptosis.*”°”’ It also has been shown that Bcl-x, Bax, and 
Bad are involved in the regulation of AML cells. For example, the ratio 
between Bax and Bcl-2 is a prognostic factor in this myeloid neoplasm.” 
Additionally, Mcl-1 may be even more critical to the development and 
maintenance of AML than Bcl-2 or Bcl-,,.”” The nuclear HDAC com- 
plex, which regulates the structural conformation of DNA and therefore 
the activation of several genes, is targeted by ETO, the fusion partner of 
the RUNX1 gene in some patients with AML. The t(8;21) translocation 
that occurs in such patients allows the formation of a stable complex 
between the HDAC complex and ETO, contributing to leukemogene- 
sis.°°?3! PLZF, PLZF-RARa, and BCL-6 are other oncogenes that target 
the HDAC complex.” 


@TUMOR-SUPPRESSOR GENES 


Almost every cancer harbors one or more abnormalities of tumor-sup- 
pressor genes. These include mutations, translocations, deletions, and 


epigenetic modifications. In addition, at least two epigenetic mech- 
anisms—the hypermethylation of CpG islands in the promoter region 
and the aberrant acetylation of histones (especially histone H4)—can 
silence tumor-suppressor genes in a variety of human cancer cell lines 
and primary tumors. 

The products of three important tumor-suppressor genes (RB, P53, 
and p16") are interconnected biochemically. The RB gene maps to 
chromosome 13q14 and has several downstream effectors, among which 
the transcription factor E2F is the best characterized.“ The RB gene 
family consists of three closely related proteins, RB, p107, and p130. All 
three proteins are able to interact with several E2F family members. 

Transcriptional activation and repression are mediated via com- 
plexes consisting of RB family members, E2F family members, and 
so-called DP proteins.” Besides its role in cell-cycle control, RB can 
modulate RNA polymerase activity, thus linking cell-cycle progression 
to transcriptional regulation. Many cellular proteins have been identi- 
fied that bind to RB. These proteins can be divided into different groups, 
including transcription factors, growth factors, protein kinases, protein 
phosphatases, and nuclear matrix proteins. Mutations of RB are fre- 
quent in cancer e.g., leukemias; soft-tissue sarcomas; and breast, esoph- 
agus, prostate, and renal carcinomas.” Several viral or oncoproteins 
can bind to and inactivate RB."!»?37 

The p53 gene has been called a “guardian” of the genome because it 
transmits signals arising from various forms of DNA damage, leading to 
cell-cycle arrest or apoptosis. p53 protein is also the target of leukemo- 
genic mutations. Damaging factors, such as hypoxic stress, chemicals, 
or irradiation either alter the p53 protein itself or can stabilize its cellu- 
lar inhibitor, MDM2 (in humans the homologue is termed HDM2).”* 
The MDM2 protein inhibits p53 transcription and stimulates p53 deg- 
radation.”*?*"° For the former, MDM2 is able to bind to the transactiva- 
tion domain of p53 through a p53-interacting domain on the MDM2 
amino terminus, which inhibits p53 from binding to its transcriptional 
coactivators, thereby preventing activation of p53 transcriptional targets. 
For the latter, MDM2 binds to p53 through a RING-domain and ubiq- 
uitinates p53 through the E3 ubiquitin ligase activity of MDM2, caus- 
ing p53 nuclear export and ultimate degradation.’ Moreover, MDM2 
is able to affect chromosomal stability independently of p53.” The 
MDM2 binding region contains several phosphorylation sites.” These 
residues (e.g., serine 395) are phosphorylated by DNA damage-ac- 
tivated kinases (e.g., ATM and Chk2), which is required for p53 acti- 
vation.“ The p14“* tumor-suppressor gene, which is encoded within 
the p16" locus by alternate splicing, controls MDM2 activity.” In 
de novo AML, although p53 mutations are not common,” overexpres- 
sion of MDM2 is frequently encountered,” and there is current interest 
in exploring MDM2 antagonists, for example, RO5503781, in combi- 
nation with cytarabine in patients with relapsed or refractory AML. 
Additionally, the MDM2 antagonist nutlin-3A causes p53-dependent 
apoptosis in AML cells by disrupting the p53-MDM2 interaction’ and 
synergizes with BH3-mimetics,“’ MEK/ERK inhibitors,” aurora 
kinase inhibitors,” cdk1 inhibitors,’ XIAP antagonists,” FLT3 inhib- 
itors,”*?5 and inhibitors of nuclear export, such as CRM1.”° The p144"" 
gene shares exons 2 and 3 with p16“ but has a distinct exon 1. The 
discovery that two important tumor-suppressor genes are encoded by 
the same chromosomal locus and share several exons was unexpected 
and is unique in human biology. The p16’*“ gene function depends 
on p53, because overexpression of p16'™ causes cell-cycle arrest in 
p53 wild-type cells but not in p53-deficient cells.” The transcription 
of p16" is regulated by E2F, which is under the control of RB.” This 
indicates the existence of yet another feedback loop, which links the RB 
pathway to p53. The Ras protein is another identified p16" fac- 
tor involved in MDM2-p53-p21-RB regulation.“ Different signaling 
routes that connect DNA damage with p53 include a cascade of Ser/Thr 
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kinases, for example, ATM, ATR, Chk1 and Chk2, which phosphorylate 
p53.” Abnormalities of p53 are found in slightly more than 50 percent 
of all human tumors and, surprisingly, even in some normal cells. It is 
unclear if these “normal” cells represent a pool of premalignant cells 
in an otherwise healthy individual or, more likely, p53 changes are just 
one step in multistage tumorigenesis. Two different p53 homologues, 
p63 and p73, have been described, which show DNA binding, transac- 
tivation, and oligomerization domains similar to p53.*° This similarity 
in the DNA binding domain allows p63 and p73 to regulate p53 target 
genes, induce cell-cycle arrest and apoptosis, and therefore act as tumor 
suppressors.” The p73 gene has been localized to chromosome 1p36, a 
common region of cytogenetic changes in cancer. p73 protein can also 
bind p53, inhibiting its transcriptional regulatory activity.” Although 
p53 mutations are found frequently in almost all cancers, p63 and p73 
mutations are much more rare.” However, the p73 gene is inacti- 
vated by hypermethylation of CpG islands in its promoter region in 
both leukemias and lymphomas.” 

Homozygous deletions of the p16™**4/p14^" gene locus on human 
chromosome 9p21 have been detected in gliomas,’ primary can- 
cers of lung,'””’® bladder,” head and neck,” as well as in acute T-cell 
leukemias”??? and mesotheliomas.” Because inherited mutations of 
p16" exon 2 may interfere with its expression and/or function, with- 
out causing an amino acid change in p14*”", it is clear that p16" inac- 
tivation alone is an important step in the evolution of malignant disease. 
However, in established tumor cell lines, nearly all chromosome 9p21 
deletions disable the entire p16'““/p14**" locus. Both proteins act as 
suppressors of the G,-S transition, even though they function in two dif- 
ferent pathways: p16’ acts as an inhibitor of cyclin D,/cdk4/6 com- 
plexes whereas p14**" stabilizes p53 by inhibition of MDM2. Several 
models provide insight into the different modes of action of p16"“** 
and p14*"* on cell-cycle regulation. Interestingly, if the entire p194**/ 
p16'N**“ locus is disrupted in mice (the mouse homologue of p144*" is 
p194**), the mice develop lymphomas, lymphoid leukemias, and sarco- 
mas, suggesting that these tumor-suppressor genes do not act in a lin- 
eage-specific manner on cell-cycle regulation but in a more general way. 
Retroviral expression of p16'N“** restores the normal phenotype in some 
cell types underlining the strong tumor-suppressor potency of p16™**. 
The p15'**” gene, also located on chromosome 9p21, approximately 20 
kb centromeric of p16™**4, is deleted somewhat less frequently. Analyses 
of primary tumors, however, show that not all 9p21 deletions encompass 
these three tumor suppressor genes. One mechanism for disruption of 
the p15'X“"/p144*"/p16'"™ region in T-cell leukemias may be the action 
of an illegitimate variable diversity joining (V[D]J) recombinase.” Sev- 
eral other binding partners of p16'N“** have been identified.’ The RB 
gene interacts with one of these factors, BRG1, to remodel chromatin 
structures. BRG1 also acts upstream of RB with p16™*** and functions 
as a tumor suppressor.’ 

The p15'N8/p16N*4/p144** locus on chromosome 9p21 is a 
hotspot in the development of human cancer and approximately 50 
percent of all human malignancies show abnormalities in at least one 
of these tumor-suppressor genes. Another gene lies about 100 kb telo- 
meric of p16'**4, and this gene, methylthioadenosine phosphorylase 
(MTAP), encodes an important enzyme in purine metabolism. Some 
early gliomas show MTAP deletions without deletions of other genes 
on 9p21, suggesting that MTAP by itself has tumor-suppressor proper- 
ties. The reexpression of MTAP in breast cancer cells severely inhibits 
their ability to form colonies in soft agar or collagen, supporting this 
hypothesis.?” In addition, MTAP-expressing cells are suppressed for 
tumor formation when implanted into severe combined immune defi- 
ciency (SCID) mice. Recent findings suggest that the enzyme ornithine 
decarboxylase (ODC) is overexpressed in MTAP-deleted tumors, pro- 
viding evidence for a new pathway in tumorigenesis. Overexpression of 


ODC has been observed in many tumors and is linked to the Ras path- 
way.” Reexpression of MTAP in ODC overexpressing cells decreases 
ODC levels and inhibits tumor cell growth.?” In addition, high levels 
of 5’-deoxy-5’-(methylthio) adenosine (MTA) induce matrix metallo- 
proteinase and growth factor gene expression in melanoma cells, lead- 
ing to enhanced invasion and vasculogenic mimicry. In addition, MTA 
induced the secretion of B-fibroblast growth factor and the upregulation 
of activator protein-1, demonstrating a tumor-supporting role of MTA, 
which is increased in MTAP- deficient cells.” 

The mechanisms by which the above-mentioned genes are inacti- 
vated are rather different. Especially in permanent cell lines, p15™*/ 
p14*""/p16'N and MTAP are homozygously deleted. One allele of 
MTAP is also deleted in AML lines, but not in primary AML samples. 
Mutations in p15'N"/p144""/p16'N genes are rare, and if present, 
occur in exon 2. Hypermethylation of CpG islands in the promoter 
areas of p15INK4B/p144"/p 16 are frequently found in hemato- 
logic malignancies.**'** The availability of demethylating agents such 
as 5-azacytidine and 5-aza-2’-deoxycytidine (decitabine) makes this 
phenomenon an interesting target for chemotherapy.**”* Decitabine 
has been used to treat patients suffering from different hematologic 
malignancies and was reported to have activity in advanced myelo- 
dysplastic syndrome (MDS), accompanied by demethylation of the 
p16%™4 promoter.” Azacytidine and decitabine are approved for 
the treatment of MDS“? and also widely used for the treatment 
of AML, particularly older patients considered unfit for cytotoxic 
chemotherapy, particularly when blast counts are low.**”-”*' However, 
p16“ and p155%® are not the only targets of these demethylating 
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agents in hematologic malignancies.” Transcriptional regulation 
by methylation is mediated by a multiprotein complex consisting 
of a MeCP2, a methylcytosine-binding protein with a transcrip- 
tional repressor domain that binds the corepressor mSin3A, which 
is itself one element of a multiprotein complex that includes HDAC1 
and HDAC2.”*”"* Therefore, reexpression of silenced genes can be 
achieved by demethylating DNA or by destabilizing HDACs, and 
it could be demonstrated that both mechanisms are tightly linked. 
HDACIs and demethylating agents act synergistically to induce genes 
silenced in cancer by hypermethylation. Another new mechanism 
of gene regulation and inactivation in vivo is degradation by microR- 
NAs. This has also been shown for several members of the p16'“**/ 
cdk4/cyclin D,/RB pathway.” 


@ THE ROLE OF HISTONE DEACETYLASES 
IN CELL-CYCLE REGULATION 


HDACs catalyze the deacetylation of lysine residues in the histone 
N-terminal tails and are found in large multiprotein complexes 
with transcriptional corepressors. Human HDACs are grouped into 
three classes based on their similarity to known yeast factors: class 
I HDACs are similar to the yeast transcriptional repressor yRPD3; 
class II HDACs are similar to the yeast transcriptional repressor 
yHDAI; and class HI HDACs are similar to the yeast transcrip- 
tional repressor ySIR2 (Table 16-5; Fig. 16-3).”°*” Eleven different 
HDACs have been identified so far. The physiologic counterparts of 


TABLE 16-5. Different Types and Classes of Histone Deacetylases 


Mechanism of Deacetylase 


Enzyme Activity Tissue Expression Interacting Protein 
Class | 
HDAC1 Zn** dependent Ubiquitous HDAC2, Sin3, CoREST, NuRD, RB/E2F1, p53, MYOD, NF-KB, 
YY1, DNMT1, DNMT3A, MBD2, SP1, SP3, BRCA1, MeCP2, ATM, 
AML1-ETO, PML, PLZF, BCL6, AR, ER 
HDAC2 Zn** dependent Ubiquitous HDAC1, Sin3, COREST, NuRD, RB, NF-kB, BRCA1, DNMT1, 
AML1-ETO, PML, PLZF, BCL6 
HDAC3 Zn** dependent Ubiquitous HDAC4, HDAC5, HDAC7, RB, NF-KB, STAT1, STAT3, GATA1, 
GATA2, NCoR/SMRT, AML1-ETO, PML, PLZF, PML-RARa, PLZF- 
RARa, BCL6, 
HDAC8 Zn** dependent Ubiquitous SMC3, EST1B, Hsp70 
Class Ila 
HDAC4 Zn** dependent Tissue specific MEF2, HDAC3-NCOR, GATA1 
HDACS5 Zn** dependent Tissue specific MEF2, HDAC3-NCOR, GATA1, GATA2 
HDAC7 Zn?* dependent Tissue specific MEF2, HDAC3-NCoR, ERa 
HDAC9 Zn** dependent Tissue specific MEF2 
Class IIb 
HDAC6 Zn** dependent Tissue specific a-tubulin, Hsp90, HDAC11 
HDAC10 Zn% dependent Tissue specific RB 
Class Ill 
Sirt1-7 NAD* dependent ? p53 
Class IV 
HDAC11 Zn** dependent Tissue specific Interleukin 10, HDAC6 


HDAC, histone deacetylase; NAD, nicotinamide adenine dinucleotide; NF-kB, nuclear factor kappa B; RB, retinoblastoma. 
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“HD domain, histone deacetylase; ““two-splice variants 


Figure 16-3. Classes of human histone deacetylases. 


the HDACs are histone acetyl transferases (HATs). In the nucleosome, 
positively charged hypoacetylated histones bind tightly to the phos- 
phate backbone of the DNA and maintain the chromatin in an inac- 
tive, silent state. Both HAT and HDAC are recruited to target genes 
in complexes with sequence-specific transcription factors and their 
cofactors. Examples of these cofactors include NCoR or SMRT (Fig. 
16-4). Several different transcription factors are assembled with these 
complexes, including Bcl-6, MAD1, PML, and ETO.” HDACs are 
involved in different cellular mechanisms, including proliferation and 
differentiation. Irregular activation of HDACs leads to the loss of cell- 
cycle control.” Gene silencing by HDAC complexes is an important 


Figure 16-4. A. Transcriptional silencing by the recruitment of his- 
tone deacetylases (HDACs) in acute myelogenous leukemia (AML) with 
t(11;17). See text for further description. B. Transcriptional reactivation 
and induction of differentiation by histone deacetylase inhibitors and 
all-trans-retinoic acid (ATRA) in AML with t(11;17). See text for further 
description. 
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mechanism in the development of AML, most notably APL. The 
PML-RARa fusion protein is an oncoprotein that represses retinoic 
acid-dependent transcription by recruitment of HDAC to RAR-reg- 
ulated genes (Fig. 16-4B), halting myeloid maturation because of 
cell-cycle arrest. In the PML-RARa fusion protein, the RARa is not 
responsive to physiologic concentrations of retinoic acid and supra- 
physiologic doses of all-trans-retinoic acid are necessary to overcome 
the tight HDAC-recruitment and the consequent cell-cycle block.”* 
The rare translocation t(11;17) fuses the RARa gene to the PLZF gene, 
which directly interacts with the NCoR-mSin3a-~-HDAC complex to 
suppress gene transcription. This block can only be overcome by the 
addition of a HDACI. Another well-known example of transcriptional 
silencing by the recruitment of an HDAC repressor is the AML1-ETO 
fusion protein which results from the t(8;21) translocation. As already 
described, the addition of an HDACI can relieve ETO-mediated tran- 
scriptional repression.” Although 11 HDACs have been described, 
only limited information is available about their redundant biologic 
and physiologic functions. As shown in Figure 16-4B, inhibitors of 
HDAC activity lead to the reexpression of silenced genes and to the 
induction of differentiation. Most of these inhibitors, such as dep- 
sipeptide (romidepsin), belinostat or vorinostat,™ do not exhibit 
isoenzyme selectivity and may therefore be of limited therapeutic 
value, at least as single agents. These drugs are currently approved for 
patients with previously treated peripheral and cutaneous T-cell lym- 
phomas, although they continue to be studied for other indications, 
for example, vorinostat for AML in combination with chemother- 
apy (NCT01802333). The pan-HDACI panobinostat, in combina- 
tion with bortezomib and dexamethasone, has been approved in the 
treatment of patients with relapsed or refractory myeloma,” while 
the class I-selective HDACI entinostat is currently being studied in 
phase III clinical trials in advanced hormone-responsive breast can- 
cer in conjunction with aromatase inhibitors (NCT02115282). Finally, 
pracinostat (pan-HDACI) and mocetinostat (isotype-selective) have 
been granted “orphan drug” status for AML,'” and for MDS and 
diffuse large B-cell lymphoma with specific mutations in HATs (e.g., 
CREBBP and EP300), respectively. However, the HDACI valproic 
acid, an established antiepileptic agent, is the first drug within this 
group that selectively inhibits one HDAC, namely HDAC2.*” Val- 
proic acid induces proteasomal degradation of HDAC2. Basal and 
valproic acid-induced HDAC2 turnover strongly depend on the E2 
ubiquitin conjugase Ubc8 and the E3 ubiquitin ligase RLIM. Thus, 
polyubiquitination and proteasomal degradation provide an isoen- 
zyme-selective mechanism for downregulation of HDAC2.*” This 
also underlines the importance of another cell-cycle element, the 
proteasome. 


@ THE PROTEASOME: THE RECYCLING 
MACHINERY 


The proteasome is a 2.4 MDa, multicentric protease complex with an 
important role in cellular protein regulation. Its structure consists of a 
cylindrical core, the so-called 20S particle, composed of four stacked 
rings with a total of seven proteins in each ring. The second part of the 
proteasome, two copies of a 19S particle, is bound to the 20S core. Only 
proteins that have been ubiquitinated can be degraded in the protea- 
some. The ubiquitination of different substrate proteins involves the 
sequential action of three enzymes: E1 (an ATP-dependent ubiquit- 
in-activating enzyme), E2 (a ubiquitin-conjugating enzyme), and E3 
(ubiquitin-protein ligase). The ubiquitin-proteasome pathway plays 
a critical role in the degradation of intracellular proteins involved 


in cell-cycle control, transcription activation, apoptosis, and tumor 
growth through an ATP-dependent mechanism.*” Proteins such as 
HDAC2 are tagged with several ubiquitin molecules and then degraded 
in the machinery.*” Several tumors depend on rapid cell cycling, which 
requires expression and degradation of numerous regulatory proteins. 
Some of the proteins that undergo proteasome-mediated degradation 
include cyclins (cyclins A, B, D, E), endogenous cdk inhibitors (p27*?', 
p21°?'), p53, RB, cdc25 phosphatase, and others.** The rapid turn- 
over of these proteins triggers the rapid growth rate of certain human 
malignancies, thus the proteasome is an excellent new target for the 
development of new drugs, as attested to by the success of the pro- 
teasome inhibitors bortezomib*** and carfilzomib*” in patients with 
MCL and myeloma. These agents inhibit the proteolytic activity of the 
proteasome and so cells accumulate in the G,-M phase of the cell cycle 
with a decrease of cells in G,.*°*** For example, p27*”', p21°?!are upreg- 
ulated in myeloma cells after the treatment with bortezomib, leading to 
cell-cycle arrest and apoptosis.*” 

‘The proteasome is also required for activation of the nuclear tran- 
scription factor NF-«B, which in response to environmental stress 
or cytotoxic agents, plays a role in maintaining cell viability through 
the transcription of inhibitors of apoptosis, and the DDR including 
DNA-damage checkpoints*!° and DNA repair.*"! Based on these obser- 
vations, targeting the proteasome has become a successful approach to 
cancer treatment*” and with a better understanding of the human cell- 
cycle machinery, it will be possible in the future to identify new targets 
for antineoplastic therapies. 
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CHAPTER 17 
SIGNAL TRANSDUCTION 
PATHWAYS 


Kenneth Kaushansky 


Most external influences upon cells of any organ are mediated by biochemical 
and molecular mechanisms that are triggered by interactions with membrane, 
cytoplasmic, or nuclear receptors. Our understanding of the receptors and the 
intermediate molecules that couple them with cellular pathways that influ- 
ence the proliferation, activation, differentiation, or survival of hematopoietic 
cells has expanded significantly. Proteins on the surface of blood cells that 
transmit vital information from the extracellular environment include single- 
pass, homodimeric, heterodimeric, and heterotrimeric transmembrane pro- 
teins that do, or do not, contain intrinsic kinase activity, but either way signal 
by inducing the tyrosine phosphorylation of a multitude of cytoplasmic pro- 
teins, seven transmembrane domain proteins that signal through G proteins, 
heterodimeric integrins that recruit large focal adhesions, and large families 
of heterodimeric proteins that induce serine and threonine phosphorylation. 
This chapter describes the receptors that influence blood cell production and 
function, the secondary mediators and the biochemical modifications they 
undergo to alert the cell to an external influence, the molecular mechanisms 
that allow for the coordination of multiple signals impacting a cell simultane- 
ously, and the processes upon which they impact. 


Acronyms and Abbreviations: AP2, adaptor protein-2; BCR, B-cell antigen 
receptor; BMP, bone morphogenic protein; CNTF, ciliary neurotrophic factor; CT-1, 
cardiotrophin-1; DD, death domain; DR, death receptor; EPO, erythropoietin; EPOR, 
erythropoietin receptor; ERK, extracellular response kinase; FADD, Fas-associated 
death domain; FAK, focal adhesion kinase; G-CSF, granulocyte colony-stimulating 
factor; Gab, Grb binding; GH, growth hormone; GM-CSF, granulocyte-macrophage 
colony-stimulating factor; GPCR, G-protein-coupled receptor; HCR, hematopoietic 
cytokine receptor; IAP, inhibitors of apoptosis; IKK, I-KB kinase; IL, interleukin; IRS, 
insulin receptor substrate; ITAM, immunoreceptor tyrosine-based activation motif; 
ITIM, immunoreceptor tyrosine-based inhibitory motif; JAK, Janus family kinase; 
JNK, c-Jun N-terminal kinase; LIF, leukemia inhibitory factor; M-CSF, macrophage 
colony-stimulating factor; MAPK, mitogen-activated protein kinase; NR, nuclear 
receptor; OSM, oncostatin M; PI3K phosphoinositol 3’-kinase; PIAS, protein inhibitor 
of activated STATs; PIP, phosphoinositol phosphate; PKC, protein kinase C; PTP, protein 
tyrosine phosphatase; RACK, receptor for activated C kinase; RTK, receptor tyrosine 
kinase; SARA, SMAD anchor for receptor activation; SCID, severe combined immuno- 
deficiency; SH2, Src homology 2; SOCS, suppressors of cytokine signaling; STATs, sig- 
nal transducers and activators of transcription; SUMO, small ubiquitin-like modifier; 
TGF, transforming growth factor; TM, transmembrane; TNF, tumor necrosis factor; 
TPO, thrombopoietin; TRADD, TNF receptor death domain; TRAF, TNF receptor-associ- 
ated factor; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand. 


@ AN OVERVIEW OF CELL SIGNALING 


Blood cells and their marrow-based progenitors are exquisitely 
responsive to their environment. A wide variety of cues are detected 
by mature blood cells that impact significantly on their function. For 
example, leukocytes respond to noxious stimuli by chemokine-induced 
migration toward inflammatory stimuli, cross endothelial cell barriers 
and the extracellular matrix by engaging integrins, and then respond 
to chemotactic gradients to enter inflammatory foci to contact and 
engulf microorganisms on encountering bacterial products. Likewise, 
platelets adhere to reactive endothelial surfaces or denuded subendo- 
thelial cell matrix by engagement of extracellular adhesive proteins. 
Adherent platelets can also recruit additional platelets and aggregate 
with them through interactions with platelet integrins, secrete growth 
factors that will recruit cells that mediate repair of vascular injury and 
then contract to strengthen the platelet plug by engagement of numer- 
ous granule substances. Even the anucleate erythrocyte responds to 
mechanical deformation and hypoxemia with adenosine triphosphate 
(ATP) release. Adrenergic receptors also play important roles in the 
normal erythrocyte response to parasitic infection or in the pathologic 
red cell’s interactions with endothelial cell surfaces (e.g., patients with 
hemoglobinopathies). Each of these events induces an intracellular sig- 
nal that leads to further cellular reactivity toward the initiating stimu- 
lus, or that prepares the cell for subsequent functional events. Like the 
functional activation of mature blood cells, the generation of blood cells 
is under tight regulation, mediated by soluble hematopoietic growth 
factors, cytokines, and components of the marrow microenvironment. 
Here again, the erythropoietin (EPO) response to anemia is sensed by 
erythroid progenitor cell surface receptors; their coordinated reaction 
involves a myriad of signals that impact on the survival, growth, and 
differentiation of both undifferentiated and lineage-committed cells. 
Although anemia induces red cell production and inflammation leads 
to the production and functional activation of leukocytes, many of the 
intracellular signals that mediate these two responses overlap substan- 
tially. This chapter illuminates a number of principles that mediate the 
growth and functional responses of blood cells and their progenitors in 
health and disease. A better understanding of how blood cells respond 
to their environment can lead to improved strategies to intervene in 
pathologic processes in which too many or too few blood cells are pro- 
duced, or in which the functional activation of blood cells is insufficient 
or overly exuberant and leads to disease. Moreover, a thorough knowl- 
edge of how the signaling pathways that mediate growth and cell sur- 
vival are disrupted in the hematologic malignancies has begun to allow 
the rational intervention in such diseases. 


@TYPES OF RECEPTORS AND THEIR 
MECHANISMS OF ACTIVATION 


THE HEMATOPOIETIC CYTOKINE RECEPTOR 
FAMILY 


The Erythropoietin Receptor 

The erythropoietin receptor (EPOR) was cloned in 1989,' settling sev- 
eral controversies and setting many important paradigms in receptor 
biology. Like other hematopoietic cytokines of this class (granulocyte 
colony-stimulating factor [G-CSF], thrombopoietin [TPO], and growth 
hormone [GH]]), EPO binds to a homodimeric receptor?’ with picomo- 
lar affinity.* Numerous studies in these and multiple other cell-signaling 
systems demonstrate the importance of phosphorylation of vital cyto- 
plasmic mediators in signal transduction,*” yet one initial conundrum 
was that the cloned EPOR bears no kinase domain.' Rather, subsequent 


i ab: 


EPOR — gp130/ IL-2 TNF c-Kit 


IL-6 


studies revealed that the EPOR employs a cytoplasmic kinase of the 
Janus family (JAK) to initiate signaling.’ JAK kinases bind to the cyto- 
plasmic domain of hematopoietic receptors through motifs termed Box1 
and Box2 domains. This information, along with the availability of the 
tertiary structure of EPOR and of EPO bound to EPOR,” has provided 
a key insight into the initiation of signal transduction. EPOR exists as a 
preformed cell surface dimer (Fig. 17-1), in a conformation that sepa- 
rates the two cytoplasmic domains of the subunits (and hence the two 
tethered JAK molecules). EPO binds sequentially to the two subunits of 
the preformed EPOR dimer at two distinct faces of the molecule, first 
to one subunit with the high-affinity face of the ligand (also termed site 
I), and then to the second subunit of EPOR with a lower-affinity face 
(termed site II), but an interaction that reduces the off-rate of the ligand. 
Upon engagement of the two EPOR subunits, a conformational change 
ensues, shifting the distance between the two cytoplasmic domains of 
the receptor subunits, that is thought to bring the two inactive JAK mol- 
ecules into sufficiently close juxtaposition to allow cross-phosphoryla- 
tion and kinase activation. Once the two tethered JAK molecules are 
active, multiple additional tyrosine residues become phosphorylated, 
residues of the receptor itself and those on a number of tethered signal- 
ing molecules, events that trigger the totality of cellular EPO responses. 
Although direct proof for this model of signal initiation is not available 
for other cytokine receptors of this class, it is widely assumed that a 
variety of growth factors, interleukins, and hormones activate cellular 
events in the same manner. 

The understanding that a single molecule of EPO can bind simulta- 
neously to two EPOR molecules, and the realization that multiple other 
cytokines employ a similar stoichiometry of activation has allowed for 
therapeutic engineering of cytokines into peptide and chemical recep- 
tor antagonists. Following EPO binding to a first molecule of EPOR 
through site I, the receptor conformational change becomes dependent 
on binding of EPO site II to a second EPOR subunit. By altering the res- 
idues at site II, it is possible to block binding at site II, and hence block 
receptor activation. If site I is altered to increase its affinity for binding 
to a first receptor subunit so that the affinity of the mutant protein rivals 
that of the intact molecule, a potent rationally designed antagonist is 
generated. This strategy has been successfully employed to create pegvi- 
somant, a GH antagonist useful for the treatment of acromegaly. 

The engagement of two receptor subunits by a cognate ligand is one 
mechanism of inducing the receptor conformational change necessary 
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Figure 17-1. An illustration of cell surface 
receptors. Each member of the cell surface recep- 
tors is depicted as an extracellular region of one or 
multiple domains, with conserved disulfide bonds 
indicated by thin cross lines, and the conserved WS 
box indicated by a thick cross line. The founding 
member of each receptor class is indicated. EPOR, 
erythropoietin receptor; GPCR, G-protein—-coupled 
receptor; gp130, glycoprotein 130; IL, interleu- 
kin; TGF, transforming growth factor; TNF, tumor 
necrosis factor. Each receptor subunit illustrated 
is a single-pass transmembrane protein with the 
exception of the heptahelical GPCR. 


GPCR 


for JAK activation, but several other mechanisms exist that have been 
exploited by man and nature. Small molecules and dimeric antibodies 
can induce signaling through the EPOR and at least for the former, can 
serve as EPO mimetics for therapeutic use.'! Moreover, the 55-kDa gly- 
coprotein (gp55) of the Friend erythroleukemia virus hijacks the EPOR 
for virus-induced proliferation” by directly binding to EPOR and (pre- 
sumably) by inducing the same receptor conformational changes as 
induced by the authentic hormone. Thus, there are many ways to acti- 
vate EPOR, and many subtleties dependent on the actual tertiary struc- 
tural changes induced.” 

The Interleukin-6 Receptor Family The interleukin (IL)-6 family 
of cytokine receptors displays several properties distinct from those of 
EPOR and its related receptors.'* Unlike the receptors discussed thus 
far, the IL-6R family members are composed of a heterodimer. The 
« subunit of each receptor binds cognate ligand with modest affinity, 
but plays no role in signaling. Instead, a second receptor subunit, gly- 
coprotein (gp)130 (named for its apparent molecular weight [Mr]), or 
oncostatin-M (OSM) receptor, molecules that alone have no affinity 
for ligand, but together with the « subunit enhance the binding affinity 
of the heterodimeric receptor, and are responsible for initiating signal 
transduction in the presence of ligand." In addition, soluble forms of 
some of the receptors, such as IL-6R, if loaded with IL-6, can bind to 
cells bearing only gp130 and activate the latter.'!° Like EPOR and other 
members of that subfamily, gp130 and OSM-R engage JAKs to initi- 
ate signal transduction.” Moreover, it is almost certain that the mature 
IL-6R complex is composed of at least two molecules of IL-6R and two 
of gp130,'* the latter required to bring the requisite two JAK molecules 
to the signaling complex. In addition to serving as signaling subunit for 
IL-6R, gp130 serves as the signaling receptor subunit for IL-11, OSM, 
leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), 
cardiotrophin-1 and -2 (CT-1, CT-2), cardiotrophin-like cytokine 
(CLC), and IL-27, and OSM-R serves as a signaling subunit for OSM 
and IL-31. Similar to its role in the IL-6R, gp130 binds to each of these 
ligands only in the additional presence of a cytokine-specific receptor 
subunit (e.g., IL-11R, LIF-R) to form a complete signaling receptor. As a 
consequence of this shared coreceptor physiology, when two or more of 
the cytokine-specific receptors are present on a cell, the two correspond- 
ing ligands can compete for a limiting amount of gp130, and hence for 
cytokine-specific signaling. This physiology also allows therapeutically 
engineered cytokine-receptor complexes to stimulate signaling in all 


cells that express gp130.'? Furthermore, the same principles that allow 
the rationale design of an EPO or GH antagonist can be used to engi- 
neer IL-6 antagonists for treatment of pathologic states dependent on 
interactions with receptors that require gp130 for receptor signaling.” 

The Interleukin-2 Receptor Family The IL-2 family of receptors 
is also quite complex, in most cases sharing one, two, or three subun- 
its with receptors for other cytokines of the same class (see Fig. 17-1). 
IL-2Rf is shared with the IL-15R, and IL-2Ry (also termed y, [for com- 
mon]) is shared with the IL-4, IL-7, IL-9, IL-15, and IL-21 receptors.” 
Another feature of the IL-2R not yet discussed for the EPOR or IL-6R 
families is that of a devoted JAK. While JAK2 is employed by all the 
EPOR subfamily members along with some of the IL-6R subfamily 
members, and JAK1 and TYK2 are also shared amongst these latter 
receptors, the fourth and final JAK family member, JAK3, is engaged 
almost exclusively by y.(one study identified JAK3 activation by IL-8, 
implying use by the CXCR1 and/or CXCR2 receptors).” In addition to 
providing a more fundamental understanding of the principles of sig- 
nal transduction, careful investigation of the IL-2 family of receptors 
also has afforded detailed insights into a number of clinically important 
immunodeficiency states.” The complexity of this family of receptors 
was illustrated by the progressive investigation into the origins of severe 
combined immunodeficiency (SCID).* As is discussed in Chap. 80, 
SCID is a severe loss of natural killer (NK) and T lymphocytes, and 
has been traced to deficiencies of either y, or JAK3, a phenotype reca- 
pitulated quite well (but not perfectly) by genetic elimination of the 
same molecules in mice. However, genetic elimination of IL-2 leads 
to a phenotype quite different than SCID of humans or engineered 
mice. Instead, of the multiple cytokines for which y, and JAK3 sup- 
port signaling, only elimination of IL-7 or the IL-7R recapitulates the 
phenotype,” a finding now consistent with the finding that IL-7 affects 
common lymphoid progenitors (Chap. 18), while other cytokines in the 
family affect more differentiated lymphoid cells. 


THE TUMOR NECROSIS FACTOR RECEPTOR 
SUPERFAMILY 


At present the tumor necrosis factor (TNF) superfamily of receptors and 
ligands comprises at least 30 receptors and 20 ligands,” and illustrates 
several novel points in signal transduction pathways: trimeric binding 
(see Fig. 17-1), receptor promiscuity, and decoy receptors. Although 
many TNF ligand family members (TNF-a, TNF-B, CD40L [CD154], 
receptor activator of nuclear factor-«B ligand [RANKL; osteoprotegerin 
ligand (OPGL)], OX40L, etc.) can bind to several receptors, the ligands 
are, for the most part, subfamily specific. For example, TNF-a only 
binds to the six TNF-a receptors and TNF-related apoptosis-inducing 
ligand (TRAIL) binds to the five TRAIL receptors,” although it can also 
bind to the receptor termed osteoprotegerin (OPG). Ligands in this fam- 
ily bind as trimers to homotrimeric receptors, leading to recruitment 
of secondary signaling molecules to the cytoplasmic domain of the 
receptors. In general, there are two classes of cytoplasmic domains in 
these receptors, based on whether they contain the death domain (DD), 
a region capable of binding signaling mediators that initiate apoptosis 
(Chap. 15). As such, receptors that do not contain a DD or other sig- 
naling domain can function as “decoy receptors,” diverting ligand from 
initiating programmed cell death in the target cell. For example, among 
the TNF-a receptors, TNFRI (death receptor [DR]2) contains a DD, and 
among the five TRAIL receptors, DR4 and DR5 contain DDs, whereas 
TNFR2 and DcR1 and DcR2 and OPG act as decoy receptors for TNF 
and TRAIL, respectively. The biologic consequences of ligand binding 
to individual TNFR family members depend on the relative affinity of 
their cytoplasmic domains for multiple adaptor proteins; TNF recep- 
tor death domain (TRADD) and Fas-associated death domain (FADD) 
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engagement trigger apoptosis pathways, whereas recruitment of one of 
the seven TNF receptor-associated factor (TRAF) family members leads 
to activation of transcription factors such as nuclear factor-xB (NF-«B) 
and kinases such as c-Jun N-terminal kinase (JNK) that lead to cell sur- 
vival, proliferation, and activation of inflammation. 


THE RECEPTOR TYROSINE KINASES 


The receptor tyrosine kinases (RIKs) comprise another class of recep- 
tors that contains members vital for hematopoiesis and mature blood 
cell function (see Fig. 17-1). The first hematopoietic member of this 
family to be identified was the eukaryotic version of the v-fms oncogene, 
designated c-fms. Further study revealed that the protooncogene is the 
sole receptor for macrophage colony-stimulating factor (M-CSF),” 
and although somewhat distinct in possessing a split kinase domain, 
was immediately grouped with other RTKs, such as the receptors for 
insulin, vascular endothelial cell growth factor and epidermal growth 
factor, among several others. Subsequently, two additional hemato- 
poietic receptor family members have been identified, c-Kit and Flt-3. 
‘These receptors were each cloned based on their homology to the viral 
oncogene v-kit or c-fms, respectively.” Like all other members of the 
family, upon engagement of their cognate ligand the kinase domains of 
homodimeric RTKs become activated, leading to the phosphorylation 
of receptor cytoplasmic domain tyrosine residues and other tethered 
substrates. In an apparent example of convergent evolution, like mem- 
bers of the hematopoietic cytokine receptor (HCR) family, RTKs were 
also found to employ JAKs in their signaling pathways™; as a result, 
many of the same secondary signaling pathways are activated by both 
classes of receptors. But perhaps serving as an even more striking exam- 
ple of convergent evolution, the tertiary structure of the index ligand 
for a hematopoietic RTK, M-CSF, bears substantial homology to essen- 
tially all the ligands of the HCR family, such as granulocyte-macrophage 
colony-stimulating factor (GM-CSF). 


TRANSFORMING GROWTH FACTOR 
B FAMILY 


The transforming growth factor (TGF) receptor family consists of seven 
type I and five type II receptors that heterodimerize to form receptors 
for multiple TGF-f family members, including the TGF-6/activin/nodal 
and bone morphogenic protein (BMP) subfamilies. The precise stoichi- 
ometry of binding involves a ligand dimer, stabilized by disulfide and/ 
or hydrophobic bonds, and two type I and two type I subunits (see Fig. 
17-1); the tertiary structure of the complex has been carefully investi- 
gated.** Both type I and type II receptors contain an N-terminal ligand 
binding, transmembrane, and cytoplasmic ser/thr kinase domains; the 
type I receptors additionally contain a Gly/Ser (GS)-rich domain.” For 
TGF-£ subfamily members, the type II subunit bears a high-affinity lig- 
and binding site, which on TGF-f or activin engagement recruits type 
I receptors, bringing the two cytoplasmic domains into close juxtapo- 
sition, enabling the type II kinase to phosphorylate Ser residues on the 
type I receptor GS domain, thereby activating the type I kinase. Cell- 
surface-bound coreceptors also exist and aid in generating the signaling 
complex for TGF-f, but not activin or BMP ligands. For BMP family 
members, the type I receptor bears the high-affinity ligand binding 
site, such that BMP initially binds to type I receptor, with the type II 
subunit subsequently recruited to form the signaling complex. Once 
the two receptor kinases are activated, they recruit and phosphorylate 
the SMAD (Sma- and Mad-related protein) adaptor proteins, allowing 
their nuclear translocation and transcriptional activation. However, 
SMAD-independent TGF-f signaling pathways also exist.” 


G-PROTEIN-COUPLED RECEPTOR FAMILY 


Several molecules that play essential roles in blood cell development 
or function signal by engaging G-protein-coupled receptors (GPCRs), 
the largest family of cell surface receptors in organisms as diverse as 
yeast and humans, estimated to comprise approximately 1000 distinct 
gene products, or approximately 3 percent of the human genome. Also 
termed serpentine or heptahelical receptors (for their seven transmem- 
brane domains that form four extracellular and three intracellular 
loops; see Fig. 17-1), GPCRs are so named because they use three small 
guanine nucleotide (or G)-binding proteins (Ga, Gf, and Gy) for sig- 
nal transduction. In the unstimulated state, all three G proteins bind to 
the intracellular loops of the receptor. Individual ligands engage GPCR 
in one of many different ways. For example, small lipophilic molecules 
(e.g., epinephrine) bind to transmembrane (TM) domains of the recep- 
tor, disrupting the interactions between TM3 and TM6, leading to con- 
formational changes that alter G-protein binding.** Other GPCRs use 
additional extracellular domains (e.g., the “Venus flytrap” domain)” 
to bind and dimerize receptors. Still others, which are engaged by pro- 
teases, are activated by protease cleavage of the receptor amino termi- 
nus, leading to the “unmasking” of a hexapeptide at the new amino 
terminus, which then interacts with one of the receptor extracellular 
or TM domains.“ By each of these and other mechanisms a confor- 
mational change occurs in the GPCR, allowing monomeric Ga and 
dimeric Gy complexes to dissociate from the intracellular loops and 
each to engage secondary signaling pathways.“ Examples of critical 
molecules that employ GPCRs and display hematologic activity are 
thrombin, adrenergic hormones, and chemokines. The outcomes of 
such engagement include cellular growth and survival, functional acti- 
vation, and migration. 


INTEGRINS AND OTHER ADHESION 
MOLECULES 


Although adhesion molecules were named for the vital structural role 
they play in tissue cohesion, physically bridging cells in the marrow with 
each other and with extracellular matrix macromolecules, and at sites at 
which mature blood cells interact with the endothelium, engagement of 
blood and progenitor cell integrins and other adhesion molecules also 
generates vital cellular signals that affect their survival, proliferation, 
and functional activation.“ In fibroblasts, cell adhesion is most clearly 
manifest at contact sites termed focal adhesions, and the signaling com- 
plexes that form on cytoplasmic domains of the integrins that support 
them are termed focal adhesion complexes.“ Within such complexes 
are components of the actin cytoskeleton, kinases both specific for focal 
adhesions and several others found in other cytoplasmic sites,“ and 
a number of scaffolding molecules upon which adhesion strengthening 
and signaling take place. Moreover, growth factor receptors functionally 
interact with integrins, adding to signaling complexity. Thus, adhesion 
molecules must also be considered as signaling receptors. 


NUCLEAR RECEPTORS 


Nuclear receptors (NRs) are nascent transcription factors that play a wide 
variety of roles in cellular physiology by binding small lipophilic hor- 
mones. Some NRs, such as glucocorticoid hormone receptors, remain 
sequestered in the cytoplasm in the absence of their cognate ligand, and 
upon ligand engagement translocate to the nucleus and bind and acti- 
vate palindromic, direct repeat, or inverted palindromic sequences that 
comprise nucleotide hormone response elements.” Other NRs, such 
as receptors for vitamin A metabolites (retinoids), remain bound to 
nuclear DNA and repress transcription, until engaged by ligand upon 
which nuclear coactivators are recruited leading to enhancement of 
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gene transcription.**’ Although sex, glucocorticoid, and thyroid hor- 
mones may play subtle roles in blood cell biology, retinoid receptors, 
which most commonly bind as heterodimers with the RXR receptor to 
retinoid response elements of the form PuGTTCA(N)2,5PuGTTCA, 
play vital developmental roles in a myriad of cell systems, and play 
similar roles in hematopoiesis. Amongst the hematopoietic targets of 
retinoid receptors are c-myc, C/EBPe, and p21.° However, because this 
class of receptors represents a nearly direct pathway from stimulus to 
response, without intervening signaling, they are not discussed further 
in this chapter. 


@THE DIVERSITY OF DOWNSTREAM 
SIGNALS 


PROTEIN PHOSPHORYLATION 


Protein phosphorylation is the critical first and vital response to engage- 
ment of signaling molecules of nearly all classes of cell surface receptors, 
including those that affect blood cell production and function. Numer- 
ous studies reveal that protein tyrosine phosphorylation is detectible 
within a minute of the addition of a wide variety of hematopoietic 
cytokines to blood cells and their progenitors. Evidence from nearly 
all studies employing chemical inhibitors of kinase function or various 
knockout and knockin strategies shows that JAK activation is critical 
for hematopoietic cell survival, growth, and differentiation, and mature 
cell response to a wide range of stimuli (Fig. 17-2).** Several studies 
have elucidated an important mechanism of regulation of JAK kinases, 
one that is altered in the myeloproliferative diseases polycythemia vera, 
essential thrombocytosis, and idiopathic myelofibrosis (Chaps. 84 to 86). 

Based on homologies to a number of other proteins JAK kinases 
display 7 domains. These include (1) the domains that tether the kinase 
to the cytoplasmic domain of the cytokine receptor (JH3-JH7), (2) the 
kinase domain (JH1), and (3) a pseudokinase domain (JH2), so termed 
because of its homology to other tyrosine kinases but lack of kinase 
activity. Nevertheless, despite its lack of kinase activity, the pseudoki- 
nase domain inhibits the kinase activity of the kinase domain, as shown 
by single- and double-domain expression studies." Based on the known 
structures of other kinases, the kinase and pseudokinase domains 
of JAK2 have been modeled.” Both structural and functional studies 
revealed that unexpectedly, the “pseudokinase” domain is, in fact, a 
kinase that phosphorylates two negative regulatory tyrosine residues, 
and suggests that the Val „Phe mutation present in virtually all patients 
with polycythemia vera and approximately half with essential throm- 
bocythemia and idiopathic myelofibrosis (Chaps. 84 to 86)**-*! acts to 
stiffen the pseudokinase domain, altering its function.” 

Among the phosphorylation targets of JAKs and other immedi- 
ately responsive kinases in both normal and neoplastic hematopoiesis 
are the signaling receptor itself, adaptor molecules (Shc, Grb2, IRS, Gab, 
Tensin2) that once modified recruit additional signaling substrates, reg- 
ulatory subunits of secondary kinases (p85 phosphoinositol 3’-kinase 
[PI3K]), latent transcription factors (signal transducers and activators 
of transcription [STATs]), and several phosphatases (SHP2, SHIP). By 
catalyzing the phosphorylation of Tyr residues present in certain recep- 
tor motifs, RTKs and JAK2 modify many signaling proteins to acquire 
the capacity to bind Src homology (SH)-2 domain-containing proteins. 
Perhaps equally important are ser/thr phosphorylation sites induced by 
activated TGF-f receptors. However, most of the downstream signal- 
ing components of all of the receptors that use JAK2 and other kinases 
to transduce growth and differentiation cues have been derived from 
candidate gene approaches; the availability of antibodies to specific sig- 
naling mediators has dictated the molecules that have been studied. An 
unbiased approach to identifying the entire “signaling space” used by all 
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of the receptors noted above is required if we are to fully understand the 
influence of the extracellular milieu on hematopoiesis. An example of 
such an approach has been reported.® 


MEMBRANE LIPID MODIFICATION 


Upon recruitment to a doubly phosphorylated receptor cytoplasmic 
domain or adapter protein, the p85 regulatory subunit of PI3K under- 
goes conformational changes enabling the binding of its p110 kinase 
subunit, resulting in activation of the kinase (see Fig. 17-2).“ The major 
target of PI3K is membrane inositols, perhaps most importantly PI, , 
phosphate (PIP2), converting the latter into PI, ¿P (PIP3). Once present 
in adequate amounts, PIP3 recruits proteins with pleckstrin homology 
domains to the inner cytoplasmic membrane, which become phospho- 
rylated by their juxtaposition to another PH domain containing kinase, 
PDK.® Among the best known of the recruited proteins are protein 
kinase B (also termed Akt), a kinase that phosphorylates a broad range 
of substrates in a wide variety of cells, all with the ultimate effect of 
enhancing cell survival and/or cell cycling.“ For example, Akt phos- 
phorylates Bad, a proapoptotic protein that once so modified is targeted 
for degradation.” Akt indirectly activates NF-«B,” a transcription fac- 
tor that influences several cell-cycle and survival proteins,” including 
the antiapoptotic Bcl and IAP (inhibitors of apoptosis) proteins and 
the cell-cycle activators c-Myc and cyclin D. In addition, forkhead fam- 
ily members, which when present enhance transcription of cell-cycle 
inhibitors such as p27 and the proapoptotic protein Fas ligand, are 
phosphorylated and inactivated by Akt.® Akt is activated by the bcr-abl 
oncogene in blood cells of patients with chronic myelogenous leukemia 
(CML), as it is in patients with polycythemia vera, and blockade of PI3K 
reduces cell proliferation substantially.” 


NUCLEAR TRANSLOCATION 


In addition to the posttranslational modification of signaling molecules 
illustrated in the preceding examples, relocalization of signaling mole- 
cules is also a vital process that conveys information within the cell. This 
cellular strategy is well illustrated by the activation of NF-«B,®* a family 
of transcription factors activated by growth factor, nuclear, TGF/BMP 
family, and integrin receptors that affect genes vital for cell survival and 
growth. In the unstimulated cell, NF-«B subunits reside in the cyto- 
plasm, sequestered from their nuclear targets by virtue of its binding 
to I-xB. Upon cellular activation of Akt, I-xB kinase (IKK) is activated 
by phosphorylation, which then phosphorylates I-«B, thereby releasing 
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NF-«B and targeting I-«B for proteasomal destruction, allowing NF-«B 
to translocate to the nucleus and bind and activate target genes. 

A second example of cytoplasmic sequestration blocking nuclear 
function involves the SMAD proteins that mediate TGF-f receptor sig- 
naling.” Once recruited to the phosphorylated type I TGF-f receptor, 
SMAD2 is phosphorylated, reducing its affinity for the SMAD anchor 
for receptor activation (SARA), a molecule that helps tether SMAD2 to 
the receptor. Once free of SARA, a SMAD2/SMAD4 complex forms, 
which is competent to translocate to the nucleus, either by the genera- 
tion of a nuclear localization signal or because of the elimination of the 
SARA blockade of the SMAD2 nuclear pore complex interaction site. In 
addition to ingress, the formation of a SMAD2/SMAD4 complex also 
blocks a nuclear export signal present on the latter.” 


ENGAGEMENT OF ADAPTOR PROTEINS 


Another general theme to emerge from numerous studies on signal 
transduction is that multimolecular complexes of signaling intermedi- 
aries often assemble on scaffolding or adaptor proteins, which develop 
the capacity to assemble signaling complexes upon phosphorylation.” 
Insulin receptor substrates (IRSs) were the first such adaptors identi- 
fied, and are phosphorylated by the activated insulin receptor.” IRS 
proteins are also modified by several other receptor-activated kinases, 
including JAKs.™* Grb-binding (Gab) proteins are a family of at least 
three adapters, so named because of their ability to bind to the adaptor 
Grb2, a signaling intermediate necessary for Ras activation.” Both IRS 
and Gab proteins present multiple sites for phosphorylation, and once 
so modified present numerous SH2-binding and other protein-protein 
interacting motifs (see Fig. 17-2), which allow assembly of signaling 
complexes. Additional molecules serve this function in other signal- 
ing receptors, such as Tensin2 binding to the thrombopoietin receptor, 
c-Mpl,® which recruits p85 PI3K to the receptor, and paxillin binding 
on the cytoplasmic tails of a-integrin.** Paxillin presents four different 
types of protein-protein interaction domains (SH3, SH2, LD [Leu-Asp], 
and LIM [lin-11/Isl-1/Mec-3]) enabling it to bind downstream kinases 
(focal adhesion kinase [FAK], the related Pyk2 kinase, Src kinase, and 
paxillin-associated kinase [PAK]), other adaptor molecules (Crk, PIX, 
PKL), and phosphatases (PTP-PEST). As many cellular kinases can 
phosphorylate adaptor proteins (e.g., in addition to integrin engage- 
ment, GH binding leads to paxillin phosphorylation), such complexes 
can function as a nexus to coordinate multiple cellular stimuli into a 
concerted response. 


Another example of the capacity of adaptor proteins to translate 
extracellular signals into intracellular physiologic change is found in 
the response to TNF ligands. The capacity of receptors that bear DDs 
to induce apoptosis is dependent on the binding of the adaptor pro- 
tein FADD to the cytoplasmic domain of TNFR, which then recruits 
and activates the initiating caspases 8 and 10, leading to activation of 
the executioner caspases 3, 6, and 7 (Chap. 15).”*”?” This extracellu- 
lar signal-mediated apoptotic pathway stands in contrast to a second, 
cell-intrinsic apoptosis pathway, in which DNA damage, cell-cycle 
checkpoint defects, or loss of survival factors leads to enhanced expres- 
sion of proapoptotic bcl family members (bax, bad, bclXs, bid). Once 
proapoptotic proteins overcome the level of antiapoptotic family mem- 
bers (bc12, BclXL), mitochondrial TM potential declines, leading to 
leakage of cytochrome c and SMAC, the former engaging the apoptotic 
protease-activating factor (APAF) adaptor, thereby activating caspase 9 
and, subsequently, the executioner family of caspases, the latter inhibit- 
ing members of the IAP family that otherwise attenuate caspase action. 
It should also be noted that although these two apoptosis pathways can 
be discussed as distinct entities, merging at the level of caspase 3, they 
interact. For example, activation of caspase 8 by TNF family members 
can also cleave bid to cause mitochondrial leakage of cytochrome c, 
thereby engaging the cell intrinsic pathway, serving to amplify the extra- 
cellular signal pathway to programmed cell death. 

Binding of TNF family members to their receptors does not always 
result in apoptosis. Although there are likely many mechanisms for 
this finding, one is mediated by the binding of adaptors. Different TNF 
family receptors employ one of six TRAFs to engage and activate IKK, 
which leads to the release of NF-«B, a transcription factor that induces 
expression of several prosurvival and proliferation-associated genes.® 


@ SIGNALING SPECIFICITY WITHIN EACH 
RECEPTOR FAMILY 


Once a large number of receptor/cytokine systems were identified and 
tools to study some of their downstream signaling events developed, 
it became clear that most cytokine receptors stimulate a very similar 
cadre of signaling events as other members of the same family. For 
example, EPO, TPO, GH, GM-CSF, IL-6, and leptin all stimulate the 
phosphorylation of JAK2, yet lead to quite different cellular effects. 
One theory of hematopoiesis posits that growth factors merely serve 
to prevent apoptosis; the stochastic induction of one or another set 
of transcription factors is responsible for the distinct lineage differen- 
tiation events of hematopoiesis.” If this is true, then overlapping sig- 
naling events supported by a diverse range of cytokines might not be 
surprising as they would subserve the same end point, inhibition of 
programmed cell death. However, it is also clear that some cytokines 
and extracellular stimuli induce changes in critical transcription fac- 
tors, and that the fate of multipotent progenitor cells can be influenced 
by the cytokines to which they are exposed; if so, each cytokine would 
need to induce distinct signals. Careful studies of signaling events have 
supported this hypothesis. For example, JAK3 is engaged only by cytok- 
ine receptors that use y,” and although EPO activates the same JAK 
as TPO (JAK2), the former leads to activation of STAT5,”* whereas the 
latter leads to STAT1, STAT3, and STATS activation,” which targets a 
different set of genes. Moreover, engagement of integrin «f, stimulates 
EPO-induced erythroid development, whereas stimulation of integrin 
æ p, mediates signals that inhibit erythropoiesis and enhances TPO-in- 
duced megakaryocyte growth.***' Additional examples of relative sig- 
naling specificity that separates sets of cytokines are the predominance 
of STATS activation by IL-2, compared with STAT1 and STAT3 by the 
closely related IL-21,° and the almost exclusive engagement of STAT4 
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by IL-12 and STAT6 by IL-4 and IL- 13. This same STAT-mediated “lin- 
eage choice” is seen in pathologic hematopoiesis. Individuals more likely 
to express high levels of STAT1 who acquire the pathologic Jak2¥"'* 
mutation are more likely to develop essential thrombocythemia than 
polycythemia vera.** Consequently, because our understanding of the 
entirety of downstream signals is far from complete, the cytoplasmic 
domains of cytokine receptors bear almost no homology other than that 
required to engage JAKs, and there already exists a modest degree of 
signaling specificity, it is likely that although several cytokines engage 
overlapping sets of signaling intermediaries, each will result in a unique 
set of signaling events. It is almost certain that the use of unbiased 
screens of the entirety of signaling molecules will be required to deci- 
pher all the interactions induced by ligand engagement of the multi- 
ple receptor families described in this chapter. Such efforts have been 
described for the epidermal growth factor receptor family,” and should 
be highly informative in studies of hematopoietic signaling. 


@ SIGNALING INSULATION 


Many of the kinases and other intermediaries that play important roles in 
signal transduction are not absolutely substrate specific; nevertheless, they 
do participate in specific pathways free from interference from other path- 
ways. Perhaps the best example of this is found in the mitogen-activated 
protein kinase (MAPK) pathway." At least three major MAPK pathways 
operate in most cells, the p42/p44 ERK (extracellular response kinase), 
p38, and JNK, each of which is triggered by distinct stimuli (mitogens 
such as cytokines for ERK, inflammatory mediators and hypoxia for 
p38, and stress and noxious stimuli for JNK), but all of which eventuate 
in the activation of a cascade of kinases, a MAPK kinase kinase (also 
termed MEKK), which phosphorylates and activates a MAPK kinase 
(also termed a MEK), and finally the MAPK. The MAPKKK (MAP 
kinase kinase kinase) for ERK1/2 is Raf-1 and the MAPKK for ERK1/2 
is MEK1; the MAPKKK for p38 is MEKK1 and the MAPKK is MKK3; 
and for JNK they are MEKK1 and MKK4 or MKK7, respectively. 
Because each of these kinases display only limited substrate specificity 
in vitro, it would be difficult to explain how MEKK1 activation does not 
lead to ERK activation without some mechanism to insulate the signals. 
Several scaffolding proteins have now been identified that assemble spe- 
cific MAPKKK, MAPKK, and MAPKs.” By forming complexes of the 
cascade on pathway-specific scaffolding molecules, signaling integrity 
is preserved. Moreover, once the MAPK is activated, additional scaf- 
folding molecules can link the specific MAPK to its target transcription 
factors.** Additional examples of “insulating” signaling scaffolds include 
those for NF-«B and the TNF receptor,” the B-cell antigen receptor 
(termed BLNK),” and protein kinase C (PKC) and integrins (termed 
RACKs).”! 


@ EXTINGUISHING SIGNALS 


In addition to initiating signaling by extracellular ligands, the cell must 
also be able to extinguish the stimulus to prepare for additional events 
and to guard against continuous cell growth. Several mechanisms have 
been identified that extinguish the signals initiated by extracellular 
stimuli. 


RECEPTOR DOWN-MODULATION 


Shortly after binding to ligand, HCRs and RTKs are rapidly internal- 
ized,” serving to down-modulate further signaling.” Receptor inter- 
nalization is dependent on membrane clathrin,” which represents a 
major mechanism of endocytosis of cell-surface proteins, and on at least 
one element of ligand-induced signaling.” The sites on hematopoietic 


receptors responsible for internalization are mapped,” potentially 
allowing intervention in this process. For example, activation of c-Mpl 
by TPO leads to engagement of the adaptor protein-2 (AP2) complex, 
which results in clathrin binding and receptor internalization. The 
kinetics of this process is delayed, taking approximately 30 minutes for 
near complete internalization, allowing the TPO signal to persist only 
a short time.” 


PHOSPHATASES 


As discussed earlier in “The Diversity of Downstream Signals,’ phos- 
phorylation of numerous proteins and membrane lipids plays a vital 
role in signal transduction within the cell. Thus, elimination of these 
modifications through the action of phosphatases would be expected to 
terminate such signals. Moreover, because some of the same signals are 
activated in malignant transformation, protein tyrosine phosphatases 
(PTPs) might also be expected to play an important role in malignancy, 
and possibly in autoimmunity. 

Hematopoietic cell phosphatase (also termed SHP1) bears two 
SH2 domains that interact with cytokine and inhibitory immune core- 
ceptors at ITIM (immunoreceptor tyrosine-based inhibitory motif) 
sites that have been modified by Tyr phosphorylation. Once so engaged, 
SHP1 becomes activated and dephosphorylates associated phosphoty- 
rosine activation sites on receptors, adaptor molecules, and their asso- 
ciated kinases.” One of the earliest clues that SHP1 plays an important 
role in hematopoietic signaling came from the discovery that the moth- 
eaten mouse phenotype is a result of a genetic loss of function of SHP1.”8 
These mice demonstrate a massive expansion and tissue accumulation 
of monocytes and myeloid cells, resulting in chronic inflammation, mas- 
sive immune defects, and premature death. Careful analysis of the mice 
revealed they manifest defective controls over the cellular activation 
and proliferation response to exogenous stimuli, such as that induced 
by engagement of the B-cell antigen receptor (BCR) complex. At steady 
state SHP1 is thought to engage the BCR (through presently unclear 
mechanisms) and maintains the antigen-binding subunits (immuno- 
globulin [Ig]a and Ig$) in a dephosphorylated, quiescent state. The 
phosphatase is displaced from the complex upon antigen engagement, 
but is later re-recruited to the complex once ITIM containing inhibitory 
coreceptors such as CD22, PIR-B, CD72, and FcyRIIb are phosphory- 
lated and recruited to the activated complex.” Once recruited to the 
BCR complex, SHP1 removes the activating Tyr phosphate sites on the 
ITAM (immunoreceptor tyrosine-based activation motif) sites of Iga/B, 
the coreceptor CD19, the adaptor BLNK and Lyn kinase, and the BCR 
returns to its quiescent state. Similar roles for SHP1 have been identified 
in T cells, NK cells,'"' monocytes and macrophages,'” and erythroid 
cells. The latter is of particular interest, as mutation of the site on 
EPOR to which SHP1 binds causes familial erythrocytosis, as a result of 
prolongation of EPO signaling. Of interest, this mutation was identified 
in a family containing a two-time Olympic gold medalist. +° 


SOCS Proteins 

Another mechanism of growth factor signal termination is mediated by 
the suppressors of cytokine signaling (SOCS) proteins. The cloning of a 
STAT-inducible gene, CIS, and several additional genes that bear sub- 
stantial sequence homology,'**'”’ yielded a family of proteins that can 
directly suppress growth factor receptor-induced signals. The engage- 
ment of either HCRs or RTKs leads to STAT activation, as discussed 
earlier in “The Diversity of Downstream Signals.” One of the transcrip- 
tional targets of STATs are the SOCS and PIAS (protein inhibitor of 
activated STATs) genes (see Fig. 17-2), which, upon transcription and 
translation, bind to phosphotyrosine residues and inhibit either JAK 
kinases, STATs, or the phosphorylated receptors themselves, blocking 
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recruitment of signaling adaptor molecules.’ Ubiquitin and SUMO 
(small ubiquitin-like modifier) also play a vital role in SOCS- and PIAS- 
mediated repression of cytokine signaling. Like for the hematopoi- 
etic phosphatases, dysfunction of SOCS proteins has been implicated 
in malignancy.'” 


INHIBITORY SIGNALS 


Finally, some signals negatively impact signals derived from other 
receptors. One example is the interaction of the growth inhibitory sig- 
nals derived from TGF-f and the growth promoting signals triggered by 
several hematopoietic growth factors. TGF-f is constitutively expressed 
in the marrow stroma, and acts to reduce hematopoietic stem cell 
(HSC) cycling by driving the nuclear localization of a SMAD2-SMAD4 
complex, which, in turn, is regulated by an inhibitable nuclear export 
signal present on the complex. Stem cell factor (SCF), FMS-like tyrosine 
kinase 3 (Flt-3) ligand, and TPO all induce promote HSC survival and 
growth, in part through activation of the MAPKs: ERK1 and ERK2. In 
turn, activated ERK1/2 then phosphorylates several sites on the linker 
region of SMAD2, inhibiting the nuclear localization of the inhibitory 
SMAD2/SMAD4 complex, reducing the suppressive effects of TGF-6 on 
the cell cycle.!!° Another form of this type of crosstalk between cytok- 
ines is illustrated by TPO and interferon (IFN)-a, the latter suppressing 
megakaryopoiesis driven by the former. By induction of SOCS-1, not 
usually induced by TPO, IFN-a inhibits TPO-mediated signaling.'" 


@SIGNAL COORDINATION AND 
CROSSTALK 


In the foregoing discussion, several examples of the convergence of sig- 
naling pathways and receptor crosstalk were summarized. Over the past 
decade, two types of cell membrane-based supramolecular organizations 
have been identified: lipid rafts and tetraspanin webs. In their seminal 
fluid-mosaic model of the cell membrane, Singer and Nicolson posited 
that integral membrane proteins float in a random array of membrane 
lipids.‘ This model was modified to account for local heterogeneity of 
the lipid bilayer. Lipid rafts, local concentrations of specific membrane 
lipids and proteins, are defined by the methods to isolate them—the 
insoluble components of a cold detergent extraction in which raft com- 
ponents “float” to the top of a density gradient.’ Upon discovery that 
many of the proteins present in such rafts were involved in signal trans- 
duction, it became apparent that these membrane subdomains could 
represent a structural basis for communication between seemingly dis- 
parate components of the signal transduction apparatus.*7""*!"° 

A second level of membrane-based structural organization of 
signaling molecules has been elucidated: the tetraspanin-enriched 
microdomain or “web? The tetraspanin family of membrane proteins 
is characterized by four TM domains punctuating two extracellular 
regions, a CCG motif, and several other conserved cysteine residues 
in the extracellular domain. The tetraspanins now include more than 
30 members,!! most or all of which interact with other cell surface mol- 
ecules, and have been functionally linked to cell adhesion, migration, 
differentiation, and signal transduction. Members of this family are 
thought to act as molecular facilitators of protein-protein interaction 
by associating with “partners,” the bimolecular complexes then interact 
with others in a slightly less avid manner, and the complexes loosely 
associate in microdomains. CD9, CD63, and CD81 are the tetraspanins 
most closely linked to hematopoietic cell function, are usually found in 
association with £, and £, integrins,” affect many hematopoietic cell 
types,'*!"° and act in concert with multiple signaling receptors, kinases, 
and phosphatases. 21! 
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CHAPTER 18 
HEMATOPOIETIC STEM 
CELLS, PROGENITORS, 
AND CYTOKINES 


Kenneth Kaushansky 


Blood cell production is an enormously complex process in which a small num- 
ber of hematopoietic stem cells expand and differentiate into an excess of 10" 
cells each day. Based on a number of strategies available to the experimen- 
tal hematologist a hierarchy of hematopoietic stem, progenitor, and mature 
blood cells is emerging in which each successive developmental stage loses 
the potential to differentiate into a specific type or class of cells. The charac- 
teristics of the stem and progenitor cells that give rise to the cells of the blood 
are the subject of this chapter, including the roles played by transcription fac- 
tors and external signals in lineage fate determination, the cytokines and cell 
adhesion molecules that support cell survival, self-renewal, expansion, and 
differentiation, and the cell surface properties that allow for their purification, 
and biochemical and genetic characterization. A thorough understanding of 
hematopoietic stem and progenitor cells and their supportive microenviron- 
ment can provide critical insights into developmental biology of multiple cell 
systems, favorably impact blood cell development for therapeutic benefit, 
impact genetic therapy for a number of blood and other human diseases, and 
potentially provide the tools necessary to allow the regeneration of multiple 
organs. 


Acronyms and Abbreviations: AGM, aorta-gonad-mesonephros; BFU-E, burst- 
forming unit—erythroid; BFU-MK, burst-forming unit-megakaryocyte; CAFC, 
cobblestone area-forming cell; CAR, CXCL12—abundant reticular; CFC, colony-forming 
cell; CFU-E, colony-forming unit—erythroid; CFU-GM, colony-forming unit- 
granulocyte-macrophage; CFU-MK, colony-forming unit—megakaryocyte; CLP com- 
mon lymphoid progenitor; CMP, common myeloid progenitor; EBF, early B-cell factor; 
ECM, extracellular matrix; EGF, epidermal growth factor; EPO, erythropoietin; EPOR, 
erythropoietin receptor; FAK, focal adhesion kinase; FL, Flt-3 ligand; G-CSF, granu- 
locyte colony-stimulating factor; G-CSF-R, granulocyte colony-stimulating factor 
receptor; GM-CSF, granulocyte-macrophage colony-stimulating factor; GM-CSF-R, 
granulocyte-monocyte colony-stimulating factor receptor; GMP, granulocyte- 
macrophage progenitor; HSC, hematopoietic stem cell; Ig, immunoglobulin; IL, inter- 
leukin; IRF4, interferon regulatory factor 4; LEF, lymphoid-enhancer binding factor; 
LR, laminin receptor; LTC, long-term culture; LTC-IC, long-term culture-initiating cell; 
MAPK, mitogen-activated protein kinase; M-CSF, macrophage colony-stimulating 
factor; MEP megakaryocyte-erythroid progenitor; MK, megakaryocyte; MSC, mes- 
enchymal stem cell; PI3K, phosphoinositol 3’-kinase; R, receptor; RAG, recombina- 
tion activating gene; ROS, reactive oxygen species; SCF, stem cell factor; SCL, stem cell 
leukemia; SDF-1, stromal-derived factor-1; SLAM, signaling lymphocyte activation 
molecule; TCF, T-cell factor; TGF, transforming growth factor; TPO, thrombopoietin; 
VCAM, vascular cell adhesion molecule; VLA, very-late antigen. 


@ AN OVERVIEW OF HEMATOPOIESIS 


Blood cell production is an enormous and complex process. Based on 
the adult blood volume (5 L), the number of each of the blood cell types 
per microliter of blood, and their circulatory half-life, it can be calcu- 
lated that each day an adult human produces 2 x 10" erythrocytes, 1 x 
10" leukocytes, and 1 x 10" platelets. These numbers can all increase 
approximately 10-fold in states of blood cell destruction or enhanced 
need. Over the past four decades experimental hematologists have 
developed a model of blood cell production in which a hierarchical 
developmental progression of primitive, multipotential hematopoietic 
stem cells (HSCs) gradually lose one or more developmental poten- 
tials and ultimately become committed to a single cell lineage, which 
matures into the corresponding blood cell type.' Perhaps one of the 
most compelling arguments supporting this model of hematopoiesis is 
derived from extensive purification schemes using cell surface mark- 
ers that yield cells at each predicted developmental stage (Fig. 18-1).? 
Although hematopoietic development is considered by most investiga- 
tors as an irreversible stepwise and progressive loss of developmental 
potentials, studies now suggest that cells undergoing apparent differen- 
tiation steps might oscillate between different stages depending on their 
position in the cell cycle.* But regardless of the precise relationships 
between different stages of hematopoietic development, the availability 
of this model and the data leading to its construction have provided 
important insights into the biology and clinical uses of hematopoietic 
stem and progenitor cells. This chapter focuses on our understanding of 
the molecular basis for blood cell development, beginning with the HSC 
and its offspring, the lineage-committed progenitor cells. 


@ DEVELOPMENTAL BIOLOGY 
OF HEMATOPOIESIS 


Blood cell production begins in the yolk sac,* where extraembryonic 
mesoderm develops into angioblasts and primitive erythroid precur- 
sors at day 7 postcoitum of the mouse; cells of the outer layer of the 
undifferentiated mesoderm at this time flatten and become endothe- 
lial cells, and the inner cells round up to become clusters of erythroid 
precursors,’ termed blood islands(Chap. 7). Like in the embryo proper, 
there is much evidence to suggest that these two cells are derived from 
a common precursor (the hemangioblast).° Once adjacent blood islands 
begin to coalesce on day 8, the endothelial cells form vascular channels, 
which by day 8.5 connect with the embryonic vasculature, allowing yolk 
sac blood cells to exit the blood islands, complete their maturation, and 
enucleate in the embryonic bloodstream.’ In both mouse and man there 
is a stage of embryonic development where both primitive erythro- 
cytes (as characterized by ¢ globin phenotype) and definitive red cells 
are produced in the yolk sac, although the former appears only very 
transiently. Although not as well characterized, yolk sac myelopoiesis 
and thrombopoiesis also occur, perhaps as part of the development of 
multipotent progenitors that appear by day 8.5 postcoitum. Cells capa- 
ble of differentiating into multiple cell lineages become recognizable 
early during yolk sac hematopoiesis.* However, such cells reproducibly 
engraft only in the marrow of myeloablated embryonic animals and not 
in adults,’ making it unlikely that such cells are true HSCs, although this 
topic remains controversial. By day 11 postcoitum repopulating HSCs 
are clearly present in the yolk sac, but the relationship of these cells and 
the HSCs that are clearly demonstrable a day earlier in a region of the 
embryonic paraaortic splanchnopleure known as the aorta-gonad-me- 
sonephros (AGM) is not certain. By day 12.5, postcoitum hematopoiesis 
in the murine yolk sac is eliminated. 

Although it was long believed that the developmental origin of the 
adult mammalian hematopoietic system was the yolk sac, subsequent 
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Figure 18-1. The figure displays the hematopoietic pro- 
genitors that have been defined by in vitro assays or by 
more complex tissue-based assays. In (A) the growth factors 
esponsible for cell survival and proliferation at each corre- 
sponding stage of hematopoietic development are shown, 
and in (B) the corresponding transcription factors are illus- 
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research has shown that the first adult-type HSCs are derived from 
mesodermal cells within the ventral wall of the dorsal aorta of the 
AGM.'°” The AGM remains a source of hematopoiesis between 
days 9.5 and 11.5 postcoitum in the mouse, and days 30 and 37 in the 
human.'*"* Of interest, the development of hematopoietic cells in this 
region (as well as in the yolk sac) occurs in a “reverse” direction, that 
is, single lineage-committed progenitors appear prior to multilineage 
progenitors, which appear prior to stem cells. This region also has cells 
that express a number of molecules in common with endothelial cells, 
including CD34, the transcription factors SCL and GATA-2, and the 
receptors c-KIT and FLK-1."° Moreover, cell culture experiments have 
established that such cells display combined endothelial and hemato- 
poietic potential, establishing them as “hemangioblasts,’ the postulated 
combined endothelial cell-hematopoietic precursor.’ 

Approximately 2 days following the appearance of HSCs in the 
AGM region, hematopoiesis begins in the murine fetal liver. Careful dis- 
section experiments of the 1970s indicate that fetal liver hematopoiesis 


is dependent on an exogenous source of hematopoietic cells,” which 
populate the fetal liver in two waves, consisting of erythroid and mul- 
tilineage progenitors around day 9 of murine gestation and committed 
progenitors and true HSCs at day 11.'* Although there is no direct proof, 
the temporal appearance of these cell types in the AGM approximately 
1 to 2 days prior to their appearance in the fetal liver strongly suggests 
that the former is the source for populating the latter. In humans the 
fetal liver becomes the major source of blood cells around 5 weeks of 
gestation, and the marrow begins to populate with hematopoietic cells 
at 8 weeks of gestation. Unlike the random pattern of cells seen in the 
yolk sac, hematopoiesis in the fetal liver is well organized; erythroid 
cells are usually found in clusters surrounding a central macrophage 
and CD15+ myelopoietic cells localize mainly around portal triad ves- 
sels, although lymphoid precursors fail to demonstrate a specific local- 
ization pattern and are randomly found amongst hepatocytes." Up to 
50 percent of the fetal liver is composed of hematopoietic cells at days 12 
to 14 of murine embryonic life, a proportion that begins to decrease as 


hepatocytes replace hematopoietic cells and the latter shift to the mar- 
row, prior to birth. 

The final shift in the site of hematopoiesis occurs before birth; 
although the marrow begins to populate with liver derived hematopoi- 
etic cells at day 16 in the mouse and at 8 weeks gestation in the human, 
it is mostly myeloid in nature and contributes little to the circulating 
blood until just before birth.” Hematopoietic stem and progenitor cells 
circulate in large numbers during fetal life, as clinically witnessed by the 
use of umbilical cord blood as a rich source of HSCs for transplanta- 
tion. However, shortly after birth neonatal blood has very few primitive 
hematopoietic cells, as they begin to home to and lodge in the marrow. 
Genetic studies reveal that marrow localization of HSCs is dependent on 
the chemokine CXCL12 (previously known as stromal cell-derived fac- 
tor [SDF]-1)”' as elimination of the chemokine or its receptor (CXCR4) 
leads to marrow hypoplasia.” The shifts in localization of hematopoiesis 
during mammalian development are likely the result of changes both 
in the cell surface adhesion molecules on hematopoietic stem and pro- 
genitors that occur during ontogeny, and the characteristics of stromal 
cells of the yolk sac, AGM, fetal liver, and adult marrow that provide the 
microenvironmental support of HSC survival, homing and lodgment, 
self-renewal, proliferative expansion, and differentiation (Chap. 7). 


@THE HEMATOPOIETIC STEM CELL 
FUNCTIONAL DEFINITION 


Although the concept of a common “mother cell” of all blood elements 
in the adult dates to Maximov in 1909, and its potential for participation 
in disease as proposed by Danchakoff in 1916,” the basic concepts of a 
hierarchical organization of stem and progenitor cells leading to mature 
blood cell production were coalesced by Till and McCulloch using a 
spleen colony-forming assay, experimentally establishing the existence 
of multipotential hematopoietic cells.” The capacity to transplant mar- 
row cells and reconstitute all aspects of hematopoiesis in myeloablated 
recipients provided an in vivo assay for the HSC, but it was not until the 
development of clonal in vitro assays of lineage-committed progenitors 
that a coherent model of blood cell production began to emerge. The 
pioneering work of Pluznik and Sachs” and of Bradley and Metcalf” 
provided methods to enumerate and characterize marrow cells com- 
mitted to the hematopoietic lineage. These investigators independently 
developed culture conditions that allowed colonies of leukocytes to 
develop from single progenitors. However, as a result of the more fas- 
tidious conditions required for erythropoiesis and megakaryopoiesis in 
vitro, the description of methods to culture these progenitors did not 
occur for another decade or more.””*! Work using density fractionation, 
cell sorting, and fluorescent dye exclusion methods has yielded purified 
populations of stem cells,*** common myeloid” and lymphoid” pro- 
genitors, and lineage-restricted hematopoietic progenitors,” methods 
that have greatly advanced our understanding of the cell and molecu- 
lar biology of blood cell development. Figure 18-1 depicts a working 
model of this process. 


STEM CELL KINETICS 


Based on transplantation data indicating that there are a remarkably 
similar total-body number of HSCs in mice and cats, it has been esti- 
mated that all mammals, including humans, possess 2 x 10* stem cells,*! 
and because only a small fraction of these are cycling (and therefore 
contributing to blood cell production) at any given time, it is also clear 
that daily blood cell development from the few cycling stem cells to pro- 
duce the approximately 4 x 10'! mature blood cells represents a mas- 
sive amplification process. However, the capacity of HSCs to contribute 
to hematopoiesis changes with age (Chap. 9). The number of HSCs 
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increases with age in some but not all strains of mice.“ Also, HSC dif- 
ferentiation in aged animals is skewed toward the myeloid rather than 
lymphoid lineage.“ The molecular basis for these changes are undergo- 
ing intense study.“ 

Another measure of stem cell kinetics is the time it takes for trans- 
planted marrow cells to repopulate a lethally irradiated animal. Studies 
using retroviral markers suggest that HSCs can be divided into short- 
term and long-term repopulating cells, based on the timing of their 
appearance in the blood following intravenous transplantation (fewer 
than or more than 3 months following transplantation in mice). How- 
ever, a rapidly repopulating stem cell has been identified using a direct 
marrow injection strategy, a cell capable of generating large numbers 
of erythroid and myeloid cells within 2 weeks of injection.*” Moreover, 
by transplanting luciferase-labeled single stem cells, a strategy that 
allows the serial tracking of the cells during life, initially detected foci 
were found to expand locally, seed other sites in the marrow or spleen, 
and then recede with different kinetics.” From these experimental 
approaches it is clear that HSCs are heterogeneous. 


STEM CELL ASSAYS 


Transplantation Assays 

Assays of Murine Stem Cells Experimental transplantation in ani- 
mals affords the clearest estimation of HSC properties as the capacity 
to durably regenerate all of hematopoiesis in an otherwise lethally irra- 
diated animal remains the gold standard for the field; moreover, the 
technique can be made quantitative. Typically, either 2 x 10° genetically 
marked, whole murine marrow cells, or reduced numbers of variably 
purified cells are infused intravenously into recipient animals who had 
previously received 90 to 110 cGy of whole-body irradiation. Blood cells 
and marrow are monitored for hematopoietic recovery in the following 
weeks and months, and the success of the transplant is measured by 
survival, and long-range contribution to hematopoiesis in the recipient. 
The contribution of donor cells to recovery is established by analysis of 
the posttransplant blood or marrow cells; the most common method of 
distinguishing donor from residual recipient blood and marrow cells is 
the use of flow cytometry against isoforms of the cell membrane-bound 
phosphatase CD45, present on virtually all hematopoietic cells. In a 
more quantitative embodiment of the strategy, limiting numbers of the 
genetically distinct cells (e.g., CD45.1+) are mixed with a “just adequate” 
(for full recovery) number of alternately marked cells (e.g., CD45.2+) 
and the proportion of CD45.1 to total CD45.1+ plus CD45.2+ cells is 
assessed following transplantation, yielding a calculation of the number 
of stem cells in the initial inoculum, an approach termed competitive 
repopulation.” Because there exist both “short-term” and “long-term” 
repopulating cells, the degree of donor cell chimerism is tested 3 or 
more months following transplantation, to be certain that only the lat- 
ter are evaluated. For example, transplantation of megakaryocyte-ery- 
throid progenitor (MEP) cells allows for survival in a lethally irradiated 
mouse, as these cells allow sufficient time for endogenous recovery of 
the small number of relatively radio-resistant HSCs in the recipient 
mouse.” Consequently, survival alone following cell transplantation is 
not a sufficient measure of the presence of stem cells in a given popula- 
tion. Thus, with the appropriate caveats, this approach allows an assess- 
ment of the numbers or “quality” of HSCs in the test population (ie., 
some genetically altered stem cell populations repopulate less robustly 
than wild-type cells as a consequence of defects in cytokine receptors 
or other genes that affect the self-renewal, survival, or proliferation of 
stem cells). Based on the use of these experimental tools, we know most 
about murine HSCs. Obviously, this approach is not available to assess 
human HSCs. Instead, a number of alternate experimental approaches 
have been developed. 


Assays of Human Hematopoietic Stem Cells Severely immuno- 
compromised mice can be engrafted by human HSCs, provided their 
survival can be supported in a strictly controlled animal care environ- 
ment and that the experiments take place prior to the development of 
other untoward effects in such animals (e.g., tumor formation). The 
first assay employing this strategy relies on the combined immuno- 
deficiency created by the severe combined immunodeficiency (SCID) 
and nonobese diabetic (NOD) genetic mutations.** Subsequently, these 
mice were found to bear some ability to reject or alter the developmen- 
tal characteristics of human cell repopulation, leading other investiga- 
tors to add genetic defects to the NOD-SCID background that improve 
the engraftment of normal and pathologic human marrow cells, such 
as NOD-SCID/f,-microglobulin null,* or the most commonly used 
NOD-SCID/yc null,* or by crossing with mice that also express human 
hematopoietic cytokines.” Such animal models have allowed the assess- 
ment of (1) stem cell numbers in human CD34+ cells from mobilized 
blood or umbilical cord blood,* (2) assessment of the effects of gene 
therapy vectors,” cell-cycle inhibitors,“ or cytokine cocktails designed 
to expand stem cell numbers*™ on the retention of repopulating capac- 
ity, or (3) the study of fundamental biologic properties of human HSCs 
in vivo, such as the cell-cycle restriction of repopulating cells. 


Surrogate In Vitro Stem Cell Assays 

Although in vivo assays remain the gold standard, NOD-SCID and 
more severely immunocompromised mice are difficult to maintain and 
remain expensive and quite cumbersome methods to assess human 
HSC quality and quantity. As a result, a number of culture-based meth- 
ods were developed to more quickly and quantitatively evaluate human 
HSC function. Generally, each relies on long-term cell growth in culture 
and other special features to establish their validity as a model of the 
human HSC. 

The ability to grow marrow cells in culture for extended periods of 
time provided an important tool to explore HSC biology.“ In long-term 
cultures human or murine marrow is incubated in serum-containing 
medium under defined conditions, and after several weeks the stromal 
layer that has developed is recharged with fresh marrow cells, which 
then produce mature blood cells and their progenitors for many months. 
Cell fractionation studies show that the HSC resides adherent to the 
stromal cell layer in such cultures,” and that enzymatic disruption of 
the stromal layer will allow one to reseed a secondary stromal cell layer 
with the capacity to produce hematopoietic cells for a period of weeks 
to months, thereby defining an in vitro assayable cell termed the long- 
term culture-initiating cell (LTC-IC).® A second assay that was devel- 
oped based on similar principles is the cobblestone area-forming cell 
(CAFC), which, when evaluated by phase-contrast microscopy, gives 
rise to complex colonies of multiple hematopoietic cell types under the 
stromal cell layer of long-term cultures. Unfortunately, when careful 
comparisons are made between these assays and transplantation stud- 
ies, the true HSCs comprise only a fraction of the repopulating cells 
found in marrow. Thus, conclusions about stem cell behavior from such 
in vitro assays cannot be considered rigorous. 


CELL SURFACE PHENOTYPE 


Numerous investigators have used monoclonal antibodies to an increas- 
ing number of hematopoietic cell surface proteins to negatively and/ 
or positively enrich for stem and primitive hematopoietic progenitor 
cells. Although the function of only a few of these stem cell markers 
is known, it has not impeded their use for research and/or therapeu- 
tic benefit. Others have taken advantage of the capacity of primitive 
hematopoietic cells to extrude fluorescent organic chemicals or on their 
buoyant density to obtain purified populations of these scarce marrow 
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cells; most successful stem cell purification strategies employ several 
such techniques. 

The antigenic proteins and glycoproteins that exclusively or pre- 
dominantly present on HSCs include (1) CD34, a 90- to 110-kDa type I 
glycoprotein that is postulated to mediate cell adhesion and/or cell-cycle 
arrest’; (2) CD90 (Thy1),” a heavily glycosylated glycophosphoinos- 
itol-linked protein that participates in T-cell adhesion to stromal cells”; 
(3) CD117 (the c-Kit receptor), which supports primitive hematopoi- 
etic cell survival and proliferation”; (4) AA4,*4 a murine molecule 
homologous to the human phagocyte Clq complement receptor’; (5) 
Scal,” a murine surface molecule shown by knockout studies to be 
necessary for normal stem cell development*’; (6) CD133,"' a 115-kDa 
pentaspan cell-surface glycoprotein expressed on the apical surface of 
neuroepithelial and HSCs that has been proposed to function in estab- 
lishing or maintaining plasma membrane protrusions”; (7) CD164,* a 
cell-surface sialomucin that is present in several alternately spliced iso- 
forms and that enhances blood cell homing and inhibits CD34+/CD38- 
cell proliferation,** and CD150, a member of the signaling lymphocyte 
activation molecule (SLAM) family of lymphocyte proliferation recep- 
tors®; and (8) CD110 (the thrombopoietin [TPO] receptor c-Mpl)* 
present on virtually all repopulating HSCs,” and established to be vital 
for human HSC physiology as genetic elimination of the receptor leads 
to congenital amegakaryocytic thrombocytopenia at birth and aplastic 
anemia shortly thereafter (Chap. 117). 

Many or most of the surface membrane proteins found on HSCs 
are also present on cells that have begun to differentiate toward spe- 
cific lineages, precluding the exclusive use of positive selection alone 
for stem cell purification. Thus, a number of stem cell purification strat- 
egies include negative selection, based on cell surface markers absent 
on HSCs but present on mature blood cells and their corresponding 
unilineage-committed progenitors. Typically, cocktails of negatively 
selecting antibodies include CD38, HLA-DR, CD3, CD4, CD5, or CD8 
for T lymphocytes; CD11b, CD14, or Gr-1 to exclude macrophages and 
granulocytes; CD10, CD19, CD20, or B220 to eliminate B lymphocytes; 
and glycophorin A or Ter119 to remove erythroid cells. The products 
that result from the use of such combinations of negative-selecting anti- 
bodies are termed Lin- cells. 

A particularly difficult problem is presented by separating true 
HSCs from their progeny committed to the lymphoid or myeloid lin- 
eage, but not differentiated beyond that stage. Several studies clarify the 
cell surface profile of the common lymphoid progenitor (CLP) as Lin—/ 
interleukin (IL)-7R(receptor)a+/Thy1—/Sca-110"/c-kit’"” and the 
common myeloid progenitor (CMP) as Lin—/IL-7Ra—/c-Kit+/Sca-1-.*° 
The cell surface phenotype of human HSCs includes CD34+/CD38-/ 
KDR(VEGFR2)+/Thy1+/CD133+/Lin-, although most of these mark- 
ers require careful clinical assessment before their widespread use in 
patients can be considered. At present, at least for murine cells, that 
problem has been solved. The most effective cell sorting method for 
purifying murine HSC is the E-SLAM approach, negatively selecting for 
CD48 and positively selecting for CD45, CD201, and CD150. It is esti- 
mated that such a cell population is at least 50 percent pure HSC based 
on single-cell transplantation experiments in mice. 


STEM CELL INTEGRINS 


Integrins are a family of heterodimeric single-pass transmembrane 
proteins (18 æ and 8 f subunits form at least 24 different cell surface 
adhesion receptors in humans) characterized by multiple immunoglo- 
bin (Ig)-like extracellular domains that allow two-way communica- 
tion between a cell and its environment.” A large number of cell types 
require contact for survival; in vitro, this is usually manifest as integrin- 
dependent cell adhesion, either to extracellular matrix protein(s) or 


to other cells. In such cultures, disruption of adherence causes pro- 
grammed cell death; for example, endothelial cells undergo apoptosis 
upon forced detachment in vitro, as a result of disruption of multiple 
integrins.” Integrins also influence the proliferation of cells by affecting 
the G, to S phase transition of the cell cycle.” These effects also operate 
in vivo; a, integrin (a component of the a f, collagen receptor) null mice 
have a hypoplastic dermis, and the growth of a, —/— fibroblasts on col- 
lagen is substantially reduced.” 

Hematopoietic stem and progenitor cells express multiple inte- 
grins, including «f, (also termed very-late antigen [VLA] 4), which 
binds to either vascular cell adhesion molecule (VCAM) 1 or fibronec- 
tin, and a, B, (VLA5), which binds to a region of fibronectin distinct 
from the f, 8, binding domain. Moreover, primitive hematopoietic cells 
are thought to express integrin alIbf,, the platelet fibrinogen receptor, 
based on the death of multiple hematopoietic lineages in mice express- 
ing a suicide transgene under control of the integrin allb promoter.” 
However, the physiologic significance of this finding is uncertain at 
present. 

The avidity of progenitor cell-integrin interactions can be altered 
by external effectors; numerous cytokines and chemokines, including 
cytokines critical for stem cell function (stem cell factor [SCF], TPO, 
and CXCL12), enhance integrin-mediated binding.” Counterre- 
ceptors for both integrins, such as VCAM1 and fibronectin (FN), are 
highly expressed in the marrow matrix and on marrow stromal cells 
(see “Matrix Proteins” in “The Hematopoietic Microenvironment” later). 
Integrin-based interactions with the stroma are responsible for hom- 
ing and retention of stem and primitive progenitor cells in the marrow, 
as antibodies that interfere with the interaction can mobilize stem and 
progenitor cells into the blood.” However, it is uncertain whether inte- 
grins can influence the survival or growth of HSCs, or affect their ulti- 
mate developmental fate. 


METABOLIC CHARACTERISTICS 


One of the hallmarks of HSCs is their resistance to chemotherapy-in- 
duced cytotoxicity. A primary reason for this property is high-level 
expression of drug efflux pumps of the multidrug resistance class of 
proteins.** The presence of these verapamil-sensitive efflux pumps has 
enabled the separation of HSCs based on their low-level retention of 
various fluorescent markers such as rhodamine 123 and Hoechst 33342, 
the “Rh'*/Ho”™ population of murine cells and the side population (SP) 
of cells in human marrow.” However, before such maneuvers can be 
used for clinical stem cell enrichment procedures, the lack of toxicity 
of the fluorescent dyes must be confirmed. Nevertheless, such experi- 
mental strategies continue to shed important insights into HSC biology. 
As a consequence of residing physically removed from the marrow 
vasculature, the stem cell microenvironment is hypoxic (see “Anatomy” 
in “Hematopoietic Microenvironment”). The metabolic consequence is 
that HSCs display a low metabolic state, with most of its ATP generation 
derived from glycolysis. As the HSC rarely undergoes cell division, it 
can “afford” the low metabolic state of cells dependent on glycolysis. 
One of the transcription factors critical for HSC physiology, MEIS1,'° 
appears responsible for this metabolic profile, by driving expression 
of hypoxia-inducible factor (HIF)-la, that upregulates expression of 
the glycolytic enzyme machinery.” In addition, HIF-la also induces 
pyruvate dehydrogenase kinases (PDK1-4) that prevent mitochondrial 
pyruvate oxidation by suppressing pyruvate dehydrogenase complex, 
the first step that fuels the Krebs cycle. Stem cell down-modulation of 
mitochondrial oxidative phosphorylation acts to reduce the generation 
of reactive oxygen species (ROS), which is highly toxic to HSCs. It has 
been suggested that this property, the avoidance of ROS generation, 
contributes to the longevity of the stem cell pool in any individual. 


Chapter 18: Hematopoietic Stem Cells, Progenitors, and Cytokines 


As HSCs mature into committed progenitors, they migrate toward 
the marrow vasculature, and into a higher oxygen tension atmosphere. 
This would appear to be required to gain the additional metabolic rate 
afforded by oxidative phosphorylation. As one component of this “met- 
abolic switch,” marrow hematopoietic progenitor cells express lower 
levels of PDKs, reducing PDK-mediated suppression of oxidative phos- 
phorylation seen in HSCs." 


CELL-CYCLE CHARACTERISTICS 


Adult hematopoietic cells display altered engraftment capacity depen- 
dent on their phase in the cell cycle. Using primitive hematopoietic cell 
populations several investigators have demonstrated that only quiescent 
G,/G, phase cells engraft into lethally irradiated recipient animals; cells 
in the S and early G, phase display minimal engraftment capacity, >! 
a situation that can be experimentally manipulated; elimination of p21, 
a key cell-cycle progression gene, enhances stem cell expansion. This 
finding correlates well with findings that the profile of expressed genes 
in a highly selected population of primitive hematopoietic cells shifts 
when they are induced from G,,, phase into the cell cycle.” However, 
even though this cell-cycle dependence of engraftment of stem cells is 
true for adult cells, the corresponding cell populations derived from 
umbilical cord blood or fetal liver is not cell-cycle dependent.’ A bet- 
ter understanding of these findings is very likely to shed important new 
insights into the genes that regulate engraftment. 


GENE EXPRESSION PROFILE 


It can be argued that the most critical feature of the HSC is its abil- 
ity to quantitatively balance its three fates—apoptosis, self-renewal, 
and differentiation—into the mature elements of the blood. Moreover, 
the undifferentiated cell must express (at the least) the initiating genes 
responsible for all possible developmental lineages. A useful conceptual 
framework for this process can be constructed by considering the gene 
expression profiles of stem and committed hematopoietic progenitors 
that develop into the multiple hematopoietic differentiation pathways. 
At each developmental step genes associated with the adopted pathway 
should remain expressed or be upregulated, while the genes that specify 
the alternate lineage(s) are likely silenced. A thorough understanding 
of these gene expression profiles should help to explain the circuitry 
of specific aspects of hematopoiesis, and of developmental biology in 
general. 

Initial studies using immortalized multipotent hematopoietic cell 
lines reinforced this conceptual framework; pluripotency is character- 
ized by the expression of multiple genes associated with multiple cell 
fates.” Studies of purified HSCs and lineage-committed progenitors 
have also strengthened this hypothesis, revealing coexpression of sev- 
eral different lineage-affiliated gene sets in single primitive hemato- 
poietic cells. In contrast, the downstream progenitors of HSCs were 
found to express only lineage-appropriate transcripts, such as for the 
granulocyte colony-stimulating factor receptor (G-CSF-R) in granu- 
locyte-macrophage progenitors (GMPs), or 6-globin and the erythro- 
poietin receptor (EPOR) in committed erythroid progenitors.** Similar 
findings were reported for lymphoid committed cells, although some 
promiscuity was detected in B-cell progenitors.’” 

With these principles established, more ambitious efforts to cata- 
logue all the genes expressed by each stage of hematopoietic develop- 
ment have been made possible by advances in microarray and whole 
transcriptome sequencing approaches to gene expression.''® On an even 
broader scale, and as might be expected, comparisons of different types 
of stem cells (e.g., liver, skin, neural) reveals an overlap in the expressed 
genes, supporting the hypothesis that the mechanisms responsible for 
critical stem cell properties, such as self-renewal, are shared among the 


cells derived from multiple organs.''' This observation also provides a 
powerful tool to identify such proteins. Such studies have also begun to 
identify novel genes expressed in HSCs, potentially allowing our better 
understanding of their role in hematopoiesis. 


TRANSCRIPTION FACTOR PROFILE 


An important goal of modern cell biology is to provide a molecular 
explanation for the gene or sets of genes required to orchestrate specific 
developmental events. Fundamental to this process is an understand- 
ing of the proteins present in cells that regulate gene transcription in 
a lineage-, ontogenic stage-, and developmental level-specific manner. 
Unlike what is claimed for many organ-specific programs, no single 
lineage-unique family of master regulators exerts executive control 
over hematopoiesis. Rather, an assemblage of specific and nonunique 
factors and signals converge to determine lineage and differentiation 
patterns. Several transcription factors have been identified in stem cell 
populations or have been shown to affect stem cell differentiation into 
the lymphoid and myeloid lineages. In addition to transcription factors 
that regulate HSC expansion, a number of epigenetic and microRNA 
changes have been identified that affect gene expression in these cells. 
The BMII gene encodes a protein that forms part of a polychrome 
group repressor complex, which represses a number of important 
target genes including the cell-cycle regulator p16/INK4a, a pathway 
that regulates HSC function in normal and malignant hematopoie- 
sis.’ In addition, methylation can affect HSC gene expression, as the 
DNA methyltransferases DNMT3A and DNMT3B affect HSC self-re- 
newal.'? And microRNA (miRNA) species are regularly being identi- 
fied that regulate transcription and translation of critical HSC genes. 
For example, 9 miRNA were overexpressed and 22 downregulated in 
CD34+/CD38— HSCs compared with CD34+/CD38+ cells. Among the 
most upregulated miRNAs in the more primitive cells was miR-520h, 
predicted to target ATP-binding cassette, subfamily G (ABCG2) gene, 
known to be involved in stem cell maintenance. Transduction of miR- 
520h into CD34+ cells increased the numbers of several progenitor cell 
types (colony-forming unit-erythroid [CFU-E], burst-forming unit- 
erythroid [BFU-E], and colony-forming unit-granulocyte-macrophage 
[CFU-GM]) as well as the total number of CD34+ cells (reviewed in 
Ref. 114). 


Hematopoietic Stem Cell Self-Renewal and Expansion 
Members of the Hox family of transcription factors are important regu- 
lators of hematopoietic cell decisions, at least at the level of self-renewal/ 
expansion, based on (1) a similar role in multiple organ systems"; (2) 
their lineage- and differentiation-stage-specific expression pattern 
in hematopoietic cells’; (3) disruption of their usual level or pattern 
of expression that leads to hematologic expansion or malignancies”; 
and (4) their elimination,' or elimination of the gene(s) that regulate 
them, which leads to significant defects in hematopoiesis. In addi- 
tion, members of the extradenticle family of homeodomain-contain- 
ing proteins serve as cofactors for Hox proteins, altering their cellular 
localization, DNA-binding affinities, and specificities. Like Hox genes, 
genetic elimination of some of these cofactor proteins can lead to HSC 
defects. For example, Pbx1 null mice display greatly reduced numbers 
of CMPs,'° and overexpression or altered expression of MEIS1 is asso- 
ciated with hematologic malignancy.’ 


Hematopoietic Stem Cell to Common Lymphoid 

Progenitor Commitment 

The Ikaros gene encodes a family of lymphoid-restricted zinc-finger 
transcription factors related to the Drosophila hunchback gene.'” 
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All isoforms of Ikaros contain a highly conserved carboxyl-terminal 
activation domain and two zinc-finger domains that mediate their 
dimerization. However, only isoforms 1 to 3 of the six known alter- 
nately spliced forms contain more than three of the four N-terminal 
zinc fingers required for DNA binding to the consensus DNA core motif 
GGGA.”” The PU.1 gene is 1 of approximately 30 members of the Ets 
family of transcription factors that bind to the purine-rich sequence 
5’-GGAA-3’.'” Genetic elimination of the Ikaros and PU.1 genes have 
established their critical role in commitment of HSCs to the lymphoid 
lineage; fetal stem cells in Ikaros —/— mice fail to generate any definitive 
T- or B-lymphocyte precursors,” and although thymocyte precursors 
can be identified postnatally, they undergo aberrant differentiation or 
fail to develop into the CD4, dendritic, and some ydT-cell subsets in 
adult mice. Consequently, Ikaros is essential for all of lymphopoiesis 
early during ontogeny, and for several subsets of lymphocytes later in 
life. In a similar fashion, PU.1-deficient mice also lack any definitive 
T- and B-cell precursors in their lymphoid organs at birth (and myeloid 
cells; see “HSC to CMP Commitment” below),'” and if knockout mice 
are maintained on antibiotics and survive the first 48 hours of life, they 
begin to develop normal-appearing T cells 3 to 5 days later. In contrast, 
mature B cells and macrophages remain undetectable in the older mice, 
indicating absolute tissue dependence for this lineage. 


Hematopoietic Stem Cell to Common Myeloid 

Progenitor Commitment 

The SCL (stem cell leukemia) gene encodes one of the transcription fac- 
tors responsible for the initial stages of myeloid development, a gene 
first identified at the site of chromosomal rearrangement in a patient 
with SCL.’ SCL belongs to the helix-loop-helix family of transcription 
factors, which form dimers and bind DNA at consensus E-box motifs 
(CANNTG).”” Although initially identified as a gene rearranged in 
T-cell acute lymphocytic leukemia, an essential role for SCL in hemato- 
poietic development was established by gene ablation studies, which 
revealed a complete absence of primitive blood cells and lethality in 
scl-/— embryos at day 9.5 postcoitum.'* Consistent with this panhe- 
matopoietic phenotype, previous studies showed that SCL is down- 
regulated in differentiating granulocytic and monocytic progenitor 
cells and that forced expression of the gene in hematopoietic cell lines 
inhibits cytokine-induced granulocytic and monocytic differentia- 
tion.” Consistent with their respective roles in promoting stem cell 
and mature cell survival and proliferation, SCF sustains SCL expression 
in primary CD34+ cells, maintaining them in an undifferentiated state, 
whereas granulocyte-monocyte colony-stimulating factor (GM-CSF) 
downregulates SCL levels and favors granulocyte and monocyte dif- 
ferentiation.’*’'*! Together, these results suggest that SCL expression is 
required for HSC and CMP maintenance, and that down-modulation of 
the transcription factor is essential for myeloid differentiation. 

The GATA transcription factor family contains six members 
possessing a highly related DNA-binding domain composed of two 
conserved zinc-finger motifs. GATA1 and GATA2 are present in 
hematopoietic cells, GATA2 is found in the same cells as SCL, with 
GATAI expression restricted to latter stages of erythroid/megakaryo- 
cytic (MEP) differentiation. Because genetic elimination of GATA2 is 
lethal as a result of numerous nonhematopoietic defects, and because 
individual hematopoietic lineage-specific knockouts have not yet been 
engineered, the role of GATA2 in early hematopoiesis is uncertain. 
However, like SCL, elimination of GATA2 expression is required for 
hematopoietic cell maturation." 

As noted above, numerous lines of evidence indicate that HSCs express 
the TPO receptor, c-Mpl, as best exemplified by its expression on all AA4+/ 
Sca+ cells that are capable of long-term hematopoietic repopulation.” 


Several investigators have shown that the 5’ flanking region of the c-mpl 
gene contains a functionally important GATA site and that GATA1 
transactivates the gene in hematopoietic cell lines.'** Because GATA1 
does not appear in hematopoietic cells until they have lost their repop- 
ulating capacity, it is possible that GATA2 fulfills this role in HSCs, 
although there is no evidence yet available establishing that this protein 
can transactivate the c-mpl GATA site." 


STEM CELL AGING 


While blood cell counts do not change substantially in elderly mam- 
mals, a number of alterations are demonstrable in HSCs derived from 
older individuals. In aged mice, the HSC compartment expands, 
although each HSC has reduced capacity to expand.'** Upon trans- 
plantation, aged marrow HSCs display a myeloid skewing, generating 
reduced numbers of T- and B-lymphoid precursors, that along with 
thymic involution helps to explain the immune depletion seen in older 
adults. Similar findings were reported when aged human stem cells were 
transplanted into immunocompromised mice.'*” This topic has been 
reviewed.'** 


@THE HEMATOPOIETIC 
MICROENVIRONMENT 


It has been estimated that the concentration of cells within the mar- 
row is 10°/mL; as a result, multiple cell-cell and cell-matrix interac- 
tions occur. A major advance in experimental hematology has been the 
capacity to grow hematopoietic cells in long-term culture. When high 
concentrations of marrow cells are placed in serum-containing cultures, 
a stromal cell layer and extracellular proteinaceous matrix form, and 
when subsequently recharged with fresh marrow cells, these long-term 
cultures (LTCs) are capable of supporting hematopoiesis for months 
with simple demidepletion and replacement of culture medium. It is 
assumed that the cell-cell and cell-matrix interactions that develop 
in such cultures more closely resemble those found in vivo, helping to 
explain the longevity of such cultures and their capacity to maintain 
hematopoietic stem and primitive progenitor cells far longer ex vivo 
than do nonstromal cell-containing cultures. The molecular basis for 
the improved hematopoietic environment of LTCs is thought to rely on 
stromal cell surface molecules that promote cell-cell contact, prevent 
programmed cell death, and regulate growth. 

The microenvironmental effects on HSCs have far reaching clin- 
ical implications as well; our ability to mobilize marrow stem cells for 
transplantation has greatly changed the way we treat hematologic and 
other malignancies, and ultimate success in the efforts of experimental 
hematologists to expand HSCs ex vivo with cocktails of cytokines and 
stromal cells for applications in gene therapy and regenerative medi- 
cine will undoubtedly derive only from a thorough understanding of 
the molecular bases for the interaction of HSCs with their microenvi- 
ronment (Fig. 18-2). 

Marrow stromal cells influence hematopoiesis in a number of 
ways, by producing several cytokines that positively or negatively affect 
hematopoietic cell growth," including some, like SCE, that are 
expressed on their cell surfaces, resulting in enhanced biologic activ- 
ity.” Stromal cells are the origin ofa number of extracellular matrix pro- 
teins that either directly affect hematopoietic cells, or do so indirectly by 
binding growth factors and presenting them in a functional context.’ 
They also bear the Jagged/Delta family ligands that stimulate Notch 
proteins to undergo cleavage and translocation into the nucleus, events 
that are critical mediators of cell fate decision making, including 
for hematopoietic cells. Cell-cell interactions mediated by integrins 
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Figure 18-2. The figure depicts multiple elements of the hemato- 
poietic microenvironment. The niche has two major regions in the 
marrow, supported by osteoblasts or vascular cells. Several cell types 
provide cytokines that maintain osteoblasts (Ob), which, in turn, sup- 
port hematopoietic stem cells (HSC) by secreting CXCL12 and other 
cytokines. Osteoclasts (Oc) are also shown but are of lesser importance 
in HSC maintenance, and may inhibit HSC survival/proliferation. Mac- 
rophages that express a smooth muscle actin (aSM) support perivas- 
cular cells, including the CXCL12 abundant reticular (CAR) cells, that, in 
turn, provide CXCL12 and SCF (here termed c-kit ligand [KitL]) to HSCs. In 
addition to paracrine support, direct perivascular cell-stem cell contact, 
through integrins, also support HSCs. (Reproduced with permission from 
Calvi LM, Link DC: Cellular complexity of the bone marrow hematopoietic 
stem cell niche. Calcif Tissue Int 94(1):1 12-124, 2014.) 


present on hematopoietic cells and counterreceptors on stromal cells 
are also very important for hematopoiesis.®”* In addition to bringing 
hematopoietic cells into close proximity to cells producing soluble or 
cell-bound cytokines, and hence raising the local concentration of these 
growth promoting proteins, integrin engagement leads to intracellular 
signaling, usually promoting entry into the cell cycle and preventing 
programmed cell death.™ Reflecting the vital and sometimes lineage 
specific roles of the hematopoietic microenvironment, the extracellular 
matrix and stromal cells reside in a highly organized structure (Chap. 5). 


ANATOMY 


Hematopoiesis is highly compartmentalized within areas of red marrow, 
with erythropoiesis occurring in clusters surrounding a central macro- 
phage,” granulocyte development associated with stromal cells, and 
megakaryopoiesis occurring adjacent to the endothelial sinusoidal cells. 
In the adult marrow, the specialized niche in which HSCs develop into 
differentiated progeny has been termed the hematon by Peault, a structure 
that includes Str01+ mesenchymal cells, desmin-positive perivascular 
lipocytes, Flk1+ endothelial cells, macrophages, and hematopoietic pro- 
genitors.'* From these structures can be derived all lineages of committed 
colony-forming cells (e.g., CFU-GM and BFU-E) and primitive cells that 
score positive in CAFC assays, LTC-IC, and high proliferative potential 
colony-forming cell assays (Chap. 5). 

One consequence (or perhaps cause) of this anatomical arrange- 
ment is that the stem cell microenvironment is quite hypoxia. It is esti- 
mated that the O, level of the stem cell niche is approximately 5 percent. 
The HSC response to hypoxia is discussed in “Metabolic Characteris- 
tics” above. 


STROMAL CELLS 


The marrow microenvironment is composed of multiple cell types. 
Fibroblasts are perhaps the best-studied of the marrow stromal cells, 
and can bind to primitive hematopoietic cells by engaging cell-surface 
integrins.’*? Marrow endothelial cells also support primitive hemato- 
poietic cells, including LTC-IC.'"* The CXCL12-abundant reticular 
(CAR) cells, which surround the sinusoidal endothelial cells in vivo, are 
also likely to play the critical niche function of the vascular wall.15556 
However, based on their ability to increase the number of HSCs when 
experimentally increased, osteoblasts, which line trabecular bone and 
reside adjacent to primitive hematopoietic cells,” are thought to pro- 
vide a critical role in serving as the HSC supportive niche.'** The origin 
of all of these cell types is thought to reside in the mesenchymal stro- 
mal cell (MSC), a functionally defined entity that under specific condi- 
tions can be induced to form fibroblasts, endothelial cells, CAR cells, 
and osteoblasts, amongst others,'* and hold promise to therapeutically 
manipulate hematopoiesis.’ MSCs are discussed more extensively in 
Chap. 30. 

Marrow stromal cells affect HSCs in multiple ways. Each of these 
cells is known to produce a number of cytokines critical for primitive 
and mature hematopoietic cell development. For example, although a 
number of organs produce TPO constitutively, marrow stromal cells 
are induced to produce the hormone in states of thrombocytopenia.’ 
Stromal cells produce SCF constitutively in both soluble and membrane 
bound forms,” and FLT-3 ligand (FL) is produced both constitutively by 
stromal cells and lymphocytes and can be induced to high levels in the 
presence of pancytopenia.’ 

Besides growth factor production, stromal cells are also known 
to display counterreceptors for the integrins present on hematopoietic 
cells, including VCAM-1,'® interactions that promote cell survival and 
proliferation in several ways.’ Osteoblast-derived annexin II serves as 
an adhesion molecule for HSCs.” Stromal cells also elaborate extra- 
cellular matrix components, including collagen, laminin, FN, heparins, 
hyaluronan, and tenascin, which display important effects on HSCs (see 
“Matrix Proteins” later). These substances, in turn, engage a number of 
HSC integrins and other cell-surface molecules, and form a solid matrix 
on which hematopoietic cells firmly attach. Of considerable clinical 
interest, it appears that interference with cell-matrix interactions,'® or 
digestion of the extracellular matrix itself,’® is involved in mobilizing 
HSCs by some agents such as granulocyte colony-stimulating factor 
(G-CSF) and IL-8. 

It has long been known that the marrow is innervated by the auto- 
nomic nervous system,'” which influences HSCs in several ways, such 
as directing HSC trafficking by acting on nestin-positive microenviron- 
mental cells.”! One or more of these functions appear to be critical for 
HSC homeostasis, as marrow nerve injury impairs hematologic recov- 
ery following chemotherapy-induced injury.” 


Cytokines 
The regulation of stem cell survival, proliferation, and differentiation 
has been difficult to address because of the rarity of stem cells and the 
requirement that they be assessed using cumbersome transplantation 
assays. Several cytokines are able to exert effects on HSCs. The pursuit 
of the cytokines that affect HSCs is of more than pure physiologic inter- 
est, as the availability of the right combination of such proteins could 
allow expansion of the cells for therapeutic use without sacrificing 
their pluripotent and self-renewal capacities. Three proteins—SCE, FL, 
and TPO—and their corresponding receptors (c-Kit, Flt3, and c-Mpl, 
respectively) exert important effects on the number and/or growth of 
HSCs both in vitro and in vivo (Table 18-1). 

Stem Cell Factor The molecule termed SCE steel factor, mast cell 
growth factor, or c-Kit ligand was cloned by several groups based on its 
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TABLE 18-1. Cytokines and Hormones Active on Stem 


Cells and Progenitors 


Cytokine Principal Activities 


IL-1 Induces production of other cytokines from many 
cells, works in synergy with other cytokines on 
primitive hematopoietic cells 


IL-2 T-cell growth factor 

IL-3 Stimulates the growth of multiple myeloid cell types, 
involved in delayed type hypersensitivity 

IL-4 Stimulates B cell growth and modulates the immune 
response by affecting immunoglobulin class switching 

Sa Eosinophil growth factor and affects mature cell 
function 

IL-6 Stimulates B lymphocyte growth; works in synergy 
with other cytokines on megakaryocytic progenitors 

[Lea Principal regulator of early lymphocyte growth 

IES Produced by Th2 lymphocytes; costimulates the 
growth of multiple myeloid cell types 

IL-11 Shares activities with IL-11; also affects the gut mucosa 

Ee Modulates T lymphocyte activity and stimulates 
natural killer cell proliferation 

IL-21 Affects growth and maturation of B, T, and natural 
killer cells 

SGEa Affects primitive hematopoietic cells of all lineages 
and the growth of basophils and mast. Also termed 
c-Kit Ligand 

EPO* Stimulates the proliferation of erythroid progenitors 

M-CSF* Promotes the proliferation of monocytic progenitors 

G-CSF* Stimulates growth of neutrophilic progenitors, acts in 
synergy with IL-3 on primitive myeloid cells and acti- 
vates mature neutrophils 

GM-CSF Affects granulocyte and macrophage progenitors and 
activates macrophages 

IROX Affects hematopoietic stem cells and megakaryocytic 
progenitors 

CXCL12 Chemokine that attracts HSCs by binding to the CXC4 


receptor 


*Primary regulator of the corresponding cell lineage. 


binding to a cell surface receptor encoded by the protooncogene c-Kit,”* 
previously identified as responsible for the severe defects in hemato- 
poiesis, pigmentation, and gametogenesis in W mice. As the phenotype 
of mice bearing alleles of W was quite similar to those of steel (Sl), but 
in transplantation studies one strain displayed a stem cell autonomous 
defect (W) while the other was not (SI), it had been hypothesized that 
the two genes represented the receptor for a growth factor and the 
cytokine itself, respectively, a tenet proven true with the cloning of SCE. 

The extracellular domain of c-Kit is composed of five immuno- 
globulin-like domains, which leads through a typical transmembrane 
domain to the intracellular domain that bears a split domain-type 
tyrosine kinase. A single molecule of SCF binds to the first three immu- 
noglobulin domains (D,D,D,) of two c-Kit receptors. The two D4 
domains of a dimeric c-Kit receptor display substantial electrostatic 
repulsion toward each other, precluding the juxtaposing of the two 


transmembrane domains, and by extension, the two intracellular kinase 
domains. Once SCF binds to c-Kit the affinity for dimer formation 
overcomes the D4 electrostatic repulsion and the two kinase domains 
are brought together to initiate signaling.’ The intracellular mediators 
activated by SCF binding to c-Kit include phosphoinositol 3’-kinase 
(PI3K), mitogen-activated protein kinases (MAPKs), phospholipase C 
gamma (PLCy), and c-Src (Chap. 17; reviewed in Ref. 174). 

SCF is synthesized by marrow fibroblasts and other cell types. Sol- 
uble SCF is a highly glycosylated 36-kDa protein released from its initial 
site on the cell membrane by proteolytic processing. An alternatively 
spliced form of SCF messenger RNA (mRNA), that does not encode the 
cleavage site, remains on the cell membrane, and is a more potent stim- 
ulus of c-Kit-receptor-bearing cells. The ratio of soluble to membrane 
encoding SCF mRNA varies widely in different tissues, ranging from 
10:1 in the brain, to 4:1 in the marrow, to 0.4:1 in the testis. 

The importance of SCF to hematopoiesis is easily demonstrated; 
although nullizygous mice (SI/SI) are embryonic lethal because of a 
number of developmental defects, the presence of a partially functional 
allele (SI*) allows compound heterozygotes (SI/SI*) to survive into adult- 
hood, albeit with severe anemia because of diminished numbers/quality 
of HSCs. In addition to its critical role in the development of embryonic 
and fetal hematopoiesis, treatment of adult mice with an antibody that 
neutralizes the SCF receptor, c-Kit, also results in severe pancytopenia, 
indicating an important hematopoietic role for the receptor/ligand pair 
throughout life. 

When present in culture SCF alone can maintain the long-term 
repopulating ability of murine Sca-1+/Rh'/Lin— hematopoietic cells, 
suggesting that the cytokine can promote the survival of HSCs in vitro.” 
However, alone, SCF is only a weak stimulator of cell proliferation, pri- 
marily inducing the development of mast cells both in vitro and in vivo. 
Nevertheless, in the additional presence of IL-3, IL-6, IL-11, G-CSF, or 
TPO, SCF exerts profound effects on the generation of hematopoietic 
progenitor cells of all lineages,'”*!” pointing to primitive hematopoietic 
cells as critical targets. The molecular mechanisms of such synergy are 
beginning to emerge.” A physical association of c-Kit and EPOR has 
been detected following SCF stimulation of cells bearing both receptors, 
an event that is essential for their functional synergy.'* 

Flt3 Ligand FL was cloned as the binding partner for the then 
newly identified novel orphan receptor Fit3,'*' a protein most closely 
related to the receptors for macrophage colony-stimulating factor 
(M-CSF) (hence the term flt = fms-like tyrosine kinase), and c-Kit. 
FL is expressed by T lymphocytes and marrow stromal cells.’*'* The 
Flt3 receptor is a 160-kDa cell-surface molecule expressed primarily on 
primitive hematopoietic cells.’ Like c-Kit, activation of Flt-3 results 
in activation of several signaling mediators, including the p85 subunit 
of phosphatidylinositol 3-kinase, SHP, PLCy, and a guanosine 5’- 
triphosphatase (GTPase)-activating protein, activating Ras.'** Normal 
Flt3 signaling also activates the MAPKs extracellular regulated kinase 
(ERK)-1 and ERK2 but leads to only weak phosphorylation of signal 
transducer and activator of transcription (STAT)-5, in contrast to an 
oncogenic form of the receptor, identified in 25 percent of patients with 
myelodysplastic syndromes or acute myelogenous leukemia.'**!* In the 
leukemic cells of such patients Flt3 bears an internal tandem duplica- 
tion of the kinase domain, resulting in the constitutive activation of the 
receptor. Clinically, this is associated with reduced likelihood of patient 
survival; hence, this observation has led to an attempt to control the 
growth of such mutant-receptor-bearing cells with specific Flt3 kinase 
inhibitors,! with some success (Chap. 88). 

FL was initially cloned using a soluble form of the receptor to iden- 
tify ligand-bearing cells.” As their receptors bear a number of com- 
mon structural features, it was not surprising to find that FL shares 
significant structural homology, as well as biologic properties with both 
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M-CSF and SCE. Like the other two cytokines, FL displays a 4a-helix 
bundle tertiary structure and exists in both membrane-bound and 
soluble states, the result of alternate splicing of the primary transcript 
that does or does not include a cleavage site for its release from the cell 
membrane. '** 

Unlike SCF levels that remain relatively static regardless of blood 
cell counts,” blood concentrations of FL can rise more than 25-fold in 
response to pancytopenia. Interestingly, only pancytopenia, and not 
individual lineage deficiencies cause an increase in blood FL concen- 
trations, suggesting that the cytokine is a bona fide regulator of stem 
or primitive hematopoietic cells. Consistent with this conclusion, 
transplantation data indicate that HSCs from Flt3-deficient mice do 
not effectively reconstitute the hematopoietic system,'” being three- to 
eightfold less efficient in repopulation as wild-type cells, a conclusion 
reinforced by its genetic combination with c-Kit mutant mice. 

Like SCF, FL appears to act on HSCs only in synergy with other 
hematopoietic cytokines, "™!” a finding particularly true for its combi- 
nation with TPO.'**!™ In addition, FL is a potent stimulus of B lymp- 
hopoiesis and granulocyte-macrophage proliferation and development, 
particularly of the latter toward the dendritic cell lineage.” 

Thrombopoietin TPO is a 45- to 70-kDa hormone that was 
cloned by both traditional biochemical purification and expression 
cloning strategies based on the use of a then orphan class I cytokine 
receptor, first identified as the cellular homologue of the murine-trans- 
forming oncogene v-mp1.'”” TPO bears extensive sequence homology to 
erythropoietin (EPO), sharing 20 percent identity and an additional 25 
percent similarity. The hormone is produced in several organs, includ- 
ing the liver, kidney, skeletal muscle, and the marrow stroma. Based on 
murine liver transplantation studies about half of steady-state TPO pro- 
duction occurs in that organ,'® but in states of thrombocytopenia the 
marrow stroma increases production substantially.'°' The hormone 
acts on megakaryocyte (MK) progenitors to enhance their survival and 
proliferation and on immature MKs to promote their differentiation, 
but surprisingly not on mature cells during platelet formation.’ Mul- 
tiple lines of evidence also indicate that TPO can exert profound effects 
on the HSC. The hormone also supports the survival of candidate HSC 
populations, and acts in synergy with IL-3 and SCF to induce these cells 
into the cell cycle and increase their output of both primitive and com- 
mitted hematopoietic progenitor cells of all lineages." These proper- 
ties are also seen in vivo. For example, administration of the hormone 
to myelosuppressed animals leads to more rapid recovery of all hemato- 
poietic lineages, including primitive cells,” and genetic elimination 
of TPO or its receptor severely reduces the number of marrow stem 
and progenitor cells of all lineages to 15 to 25 percent of normal val- 
ues.*729%07 Tn addition, as noted in “Flt3 Ligand” above, TPO acts in 
synergy with FL to expand primitive hematopoietic cells in suspension 
culture, and when used to supplement LTC, the hormone maintained 
HSC numbers for up to 2 months,” compared to standard LTCs in 
which repopulating HSCs are no longer detectable at this time. 

The TPO receptor, the product of the cellular protooncogene 
c-Mpl, is a member of the cytokine receptor family that includes EPO, 
G-CSF, growth hormone, leptin, and many others. Upon binding TPO, 
the homodimeric c-Mpl activates its tethered Jak2 kinases, leading to 
phosphorylation of three of the cytoplasmic domain tyrosine residues. 
These phosphotyrosine residues then act as docking sites for several 
secondary signaling molecules, including STATs, MAPKs, and PI3K, 
ultimately leading to the expression of a number of transcription factors 
(e.g., homeobox-containing proteins, HIFs) and cell-survival molecules 
(e.g., BcLXL). A more complete discussion of the molecular mechanisms 
by which TPO affects the HSC is found in Chap. 17. 

CXCL12 (Previously Termed Stromal Cell-Derived Factor 1) 

CXCL12 is produced by a number of the cells that occupy the 


hematopoietic microenvironment, and has profound effects on HSC 
localization to the stem cell niche.” However, this chemokine is also 
thought to display direct effects on the survival and proliferation of 
hematopoietic stem and progenitor cells, both alone and in synergy 
with other hematopoietic cytokines.” 

Notch Ligands The human homologue of Drosophila Notch was 
identified as an altered gene product in T-cell leukemia.” The discov- 
ery that the hematopoietic microenvironment displays Notch ligands, 
and that Notch isoforms appear on primitive hematopoietic cells," 
opened the possibility that Notch affects HSCs. This assertion has been 
directly proven: The Notch ligands Deltal and Delta4 expand primitive 
hematopoietic cells.” It is possible that the favorable effect of marrow 
osteoblasts on HSCs is a result of their expression of Notch ligands, as 
inhibition of Notch processing blocks the expansion in HSCs seen in 
mice in which osteoblasts have been experimentally expanded.'* 

Wnt Proteins A role for Wnt proteins in hematopoiesis was sug- 
gested by their localization at sites of fetal blood cell production and 
their ability to expand hematopoietic progenitor cells.” Wnt 3a has 
been shown to expand long-term repopulating HSCs.”'*”” As Wnt pro- 
teins are expressed on primitive hematopoietic cells,”"* it is also possible 
that in addition to classical paracrine signaling, Wnts could act in an 
autocrine fashion in HSC biology. 

Transforming Growth Factor 6 The transforming growth factor 
(TGF) family of ligands (TGF-B, activins, bone morphogenetic pro- 
teins [BMP]) bind to members of the TGF-f receptor family and trig- 
ger activation of the SMAD (Sma- and Mad-related protein) group of 
intracellular mediators.”!? Unlike the cytokines discussed above, TGF-f 
members inhibit HSC cycling,”°””! and so blunt cell expansion, at least 
in vitro. Nevertheless, the situation in vivo is complex; genetic elimina- 
tion of TGF-B does not alter HSC self-renewal or regeneration in vivo,” 
likely because of redundancy in the TGF- system of ligands.” In con- 
trast, genetic elimination of several of the SMAD proteins disrupts nor- 
mal HSC homeostasis.**> Recent data suggests that BMP4 might be 
the critical member of the TGF family that affects HSC biology.”* 

The mechanisms by which these cytokines exert their effects on 
HSCs are only now beginning to be understood at the molecular level, 
but it is already clear that effects on the transcription factors that govern 
HSC survival, self-renewal, and expansion likely play critical roles. It 
has long been understood that Wnt proteins act to stimulate an increase 
in intracellular levels of 6-catenin, a nascent transcription factor. Upon 
being liberated from proteasomal degradation in the presence of Wnt, 
B-catenin translocates to the nucleus and alters transcription of genes 
displaying the T-cell factor (TCF)/lymphoid-enhancer binding factor 
(LEF) consensus sequence.”” Moreover, TGF-$-induced alterations 
in SMAD protein phosphorylation affects their ability to activate tran- 
scription directly.” However, most of the cytokine receptors that affect 
HSCs do not directly affect transcription factors; rather, several cytok- 
ines affect signaling pathways that alter the expression, activity, or sub- 
cellular localization of HSC transcription factors. 

As discussed in “Hematopoietic Stem Cell to Common Myeloid 
Progenitor Commitment” above, SCL is a helix-loop-helix transcription 
factor critical for hematopoiesis. SCF enhances the survival of primi- 
tive hematopoietic cells in culture by maintaining their expression of 
SCL,"*' which enhances expression of the SCF receptor c-Kit.”” Two 
additional transcription factors that play vital roles in HSC expansion, 
HOXB4 and HOXAS, are both affected by cytokines. Exogenous expres- 
sion of HOXB4 to levels only twice normal are associated with a marked 
and rapid expansion of transduced HSCs on their transplantation into 
lethally irradiated recipients." In both model cell lines and primitive 
hematopoietic cells TPO doubles the expression of HOXB4, in a p38 
MAPK-dependent fashion.” Of probably greater significance is the 
effect of TPO on HOXAY, a gene that also induces rapid expansion of 
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HSCs on its introduction into these cells, and whose genetic elimina- 
tion leads to a profound deficit in numbers of HSC in vivo." Although 
the hormone fails to affect total cellular levels of HOXA9 in either 
model cells or primary primitive murine HSC populations, TPO greatly 
enhances HOXA9 nuclear translocation by inducing expression of its 
translocation partner, MEIS1, and leading to ERK1/2 MAPK-induced 
MEIS1 phosphorylation.” 

A third mechanism by which cytokines affect HSC expansion is 
through global inhibitors of signaling. In addition to its direct effects on 
HSC survival and self-renewal pathways, TPO has been shown to inter- 
act with the adaptor protein LNK,’” which inhibits signaling pathways 
derived from a broad range of hematopoietic cytokines,**’* including 
TPO.** From these data it appears that TPO and LNK alternately regu- 
late HSC expansion and each other.” 


MATRIX PROTEINS 


Fibronectin 

FN is a 450-kDa fibril-forming glycoprotein composed of two subunits 
that is a major component of the hematopoietic microenvironment. FN 
is produced by both marrow stromal (endothelial cells and fibroblasts) 
and blood cells,” and is implicated in marrow homing of hematopoi- 
etic cells.” Distinct domains of FN have been identified that interact 
with different integrins, for example, those for integrin a AP, and for 
integrin «p, HSCs display multiple integrins and their engagement 
contributes to cell survival and/or expansion. For example, ex vivo cul- 
ture of human CD34+ cells on FN maintains the repopulating capac- 
ity of HSCs, whereas growing the cells in suspension obliterates their 
ability to repopulate hematopoiesis.*” FN binding to a p, integrins also 
enhances the generation of large numbers of committed hematopoi- 
etic progenitors™ and LT'C-IC™' from primitive precursors. Multiple 
molecular mechanisms for the effects of FN on integrin-bearing cells 
have been identified, and serve as a paradigm for the supportive effects 
of this entire class of microenvironmental signals. 

Integrin engagement by FN triggers a number of intracellular sig- 
naling events that affect the cellular cytoskeleton and transcriptional 
events. Complexes composed of kinases, adaptors, and cytoskeletal 
components are recruited to sites of integrin engagement, initiated by 
interactions with integrin cytoplasmic domains.” A critical molecule 
for integrin-based signaling is paxillin, a 68-kDa protein that contains 
a number of protein-protein binding domains, and which binds to the 
cytoplasmic domain of the integrin.” Additional binding partners also 
help trigger intracellular signaling, including focal adhesion kinase 
(FAK) and the closely related Pyk2 kinase. Upon recruitment, FAK 
and Pyk2 are activated and initiate Tyr phosphorylation of paxillin and 
other associated molecules, creating additional protein binding sites 
and activating tethered secondary messenger molecules. One vital sig- 
naling pathway downstream of FAK and Pyk2 is PI3K, which is medi- 
ated by the association of its regulatory p85 subunit with the adhesion 
kinases (Chap. 14).® FAK also directly activates a pathway that results 
in upregulation of the cyclin D promoter,™ affecting cell proliferation. 
Integrin engagement also leads to Src activation, engagement of Grb2, 
and activation of Ras,” pathways also activated by SCF and TPO, and 
potentially providing a mechanism by which diverse extrinsic stimuli of 
HSCs may converge. 


Hyaluronan 

Another stromal cell matrix glycoprotein is hyaluronan, which binds 
to two hematopoietic cell-surface receptors, RHAMM and CD44. 
Although most CD34+ marrow cells express CD44, only a fraction of 
them adhere to hyaluronan,” a process that can be mediated by cytok- 
ines, as a result of either increased surface expression of CD44 or an 


alteration in its conformation. Consistent with the latter notion, certain 


epitopes on CD44 have been shown to be inducible,” and antibodies to 


CD44 can alter the adherence of CD34+ cells to marrow stroma.” Nev- 
ertheless, other data suggests that RHAMM is the primary receptor for 
hyaluronan.” It is also of considerable interest that primitive hemato- 
poietic cells also express hyaluronan, and that it plays an important role 
in their lodgment in the marrow and subsequent proliferation.*” 


Heparan Sulfate 

LTCs that support hematopoiesis develop a heparan sulfate proteogly- 
can layer. Immunochemical analysis has shown that marrow stromal 
cell lines synthesize and secrete numerous members of the syndecan 
family of heparan sulfate, including glypican, betaglycan, and perle- 
can.'* Evidence is accumulating that heparan sulfate-containing prote- 
oglycans may be vital components of the stem cell niche. For example, 
the structure of the heparan sulfate secreted from stromal cell lines 
that support long-term hematopoiesis are significantly larger and more 
highly sulfated than heparan sulfate from nonsupportive stromal cell 
lines, and when used alone in LTCs, the former can support LTC-IC, 
whereas desulfated heparan sulfate cannot.**! 


Tenascin 

Tenascins are large, extracellular matrix (ECM) glycoproteins found in 
several tissues, synthesis of which is upregulated in response to tissue 
regeneration. Tenascins are multimeric proteins composed of numerous 
modules. For example, tenascin-C is composed of six subunits linked 
like spokes in a wheel by their C-terminal fibrinogen-like domains, each 
subunit being composed of multiple epidermal growth factor (EGF)-like 
and EN type III modules. Two forms of tenascin of molecular mass (Mr) 
280 and 220 kDa are also expressed at high levels by marrow stromal 
cells.*” Marrow cells can adhere to tenascin-C within the fibrinogen- 
like domain and to two sets of the FN type I-like repeats, and when 
so engaged, they undergo a proliferative response.** Genetic elimina- 
tion of tenascin leads to modest deficiencies in marrow hematopoietic 
progenitor cells," although as the levels of FN in such mice are also 
reduced, it is unclear if direct tenascin engagement of hematopoietic 
cells is responsible, or the defect is a result of the secondary reduction of 
FN engagement of $, integrins. 


Laminins 

Laminins are heterotrimeric (ay) extracellular proteins that regulate 
cellular function by adhesion to integrin and nonintegrin receptors. 
At present, 5 œ chains, 3 f chains, and 2 y chains have been character- 
ized, which combine to form at least 12 distinct laminin isoforms.” 
Laminins containing y, and either f, and a, chains are expressed in 
marrow, but only the latter (laminin-10/11) binds to æ f, integrin on 
primitive hematopoietic cell lines** and to primary human CD34+/ 
CD38- stem and progenitor cells. A second, nonintegrin laminin 
receptor (LR) also binds laminins, as well as other components of the 
ECM, such as EN, collagen, and elastin, and is composed of an acylated 
dimer of 32-kDa subunits.** Although not an integrin, the LR associ- 
ates with integrins (e.g., integrin a,8,) to modulate laminin binding.*” 
Functionally, aminin-10/11 facilitates SDF-1la-stimulated transmigra- 
tion of CD34+ cells,” and displays mitogenic activity toward human 
hematopoietic progenitor cells. The nonintegrin LR associates with 
the GM-CSF receptor (GM-CSF-R) to modulate its signaling proper- 
ties, down-modulating receptor signaling in the absence of laminin, and 
releasing the inhibition when bound by its ligand.”*! This arrangement 
could provide a novel molecular explanation for how laminins affect cell 
proliferation; whether this physiology extends to other cytokines that 
affect HSCs is under investigation. 
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Collagen Types |, IIl, V, and VI 

Collagen types I, IH, IV, and VI have been identified in LTC or in 
situ from marrow sections by a number of methods.**” Most of the 
marrow-derived collagen types are assembled into long fibrils, which 
form the fine, background reticulin staining seen on marrow biopsies, 
although type IV collagen is assembled into a meshwork seen most 
commonly as part of basement membranes. Collagens also interact with 
laminins in the marrow. Collagen types I and VI are strong adhesive 
substrates for various hematopoietic cell lines and marrow mononu- 
clear cells, including committed myeloid and erythroid progenitors.” 
Classic collagen receptors on blood cells are of two types, the 8, integ- 
rins (« f, and a@,B,) and the nonintegrin glycoprotein VI, present pre- 
dominantly on platelets. 


THE AGING MARROW MICROENVIRONMENT 


Like the HSC itself (see “Stem Cell Aging” earlier), the HSC niche 
undergoes several changes with aging. Although the number of 
osteoblasts decreases, they generate higher levels of ROS, inducing 
p38 MAPK signaling, potentially accounting for the reduction in self- 
renewal capacity of HSCs derived from older mammals. The number 
of adipocytes increases as a result of the skewed differentiation of aged 
MSCs; increased adiposity and reduced osteogenesis lead to decreased 
CXCL12 levels in the aged marrow. This finding could be responsible for 
altered HSC mobilization in elderly individuals. In contrast, increased 
levels of the CC-chemokine ligand 5 (CCL5; also known as RANTES 
[regulated upon activation, normal T-cell expressed and secreted]), in 
the niche could contribute to the altered myeloid/lymphoid skewing 
seen in HSCs of older individuals.”* This topic has been reviewed but 
clearly requires additional study.'** 


@ CONTROVERSIES IN HEMATOPOIESIS 
LINEAGE FATE DETERMINATION 


One of the most contentious issues in hematopoiesis is the origin of 
stem cell commitment to specific blood cell lineages. Two schools of 
thought exist: extrinsic and intrinsic control. The former, championed 
by Metcalf and others,’ argues that cytokines, ECM, or other stimuli 
instruct the hematopoietic stem or progenitor cell to differentiate into 
specific cell types. In contrast, Dexter and others*® argue that a hierar- 
chy of transcription factors direct a cell toward a specific lineage, mech- 
anistically explained by a stochastic rise in one or more of a mutually 
antagonistic set of transcription factors, that drive developmental path- 
ways by enhancing expression of the genes that characterize that path- 
way, and by interfering with the levels or function of the transcription 
factors that drive the alternate lineage fate choice. 


The Case for Transcription Factors 

A strong case has been made for intrinsic control of stem cell lineage 
determination.*® As Enver and colleagues state: “Simply put, the ques- 
tion is this: Is unilineage commitment the result of a cell-autonomous, 
internally driven program, or rather is it the consequence of a cell 
responding to an external, environmentally imposed agenda?” These 
and several other investigators argue that the stochastic rise in one or 
another lineage determining transcription factor in the multilineage 
progenitor leads to its ultimate lineage commitment. 

It is abundantly clear that transcription factors can direct lin- 
eage commitment in hematopoietic cells. A partial list of transcrip- 
tion factors restricted to specific hematopoietic lineages includes 
Pax5 (B cells), Ikaros (B/T cells),?°” PU.1 and C/EBPa (myeloid and 
B cells), *° GATA1 (erythrocytes and MKs),'*?” Flil (MKs),”” and 
C/EBPé (granulocytes). A number of loss-of-function studies have 


revealed the nonredundant role of these proteins in development of the 
corresponding cell lineage. For example, genetic elimination of Pax5 
eliminates B cells?”’; elimination of Ikaros leaves a mouse devoid of fetal 
T cells, fetal and adult B cells, and their progenitors; and loss of C/EBPa 
leads to absolute neutropenia.””* Moreover, the exogenous expression of 
several transcription factors in lineage committed progenitor cells can 
redirect cell fate. For example, C/EBPa is expressed in myeloid progen- 
itor cells, and introduction of a regulatable C/EBPa gene into purified 
erythroid progenitors causes their switch to the myeloid lineage.” In 
further support of this hypothesis, several lines of evidence have been 
gathered, including the finding that forced expression of the antiapop- 
totic gene bc1, in a growth factor-dependent multipotential hematopoi- 
etic cell line resulted in growth factor independence and spontaneous 
differentiation into all of the possible cell lineages that develop when the 
corresponding growth factor(s) are added to the wild-type cells.’ 

In addition to providing these and other arguments in favor of 
a transcription factor—based intrinsic regulatory mechanism of stem 
cell fate, proponents of the intrinsic hypothesis point to feed-forward 
switch-like molecular mechanisms in which a stochastic increase in one 
of a binary set of such transcription factors reduces the level or activ- 
ity of those transcription factors responsible for alternate cell fates. An 
example of this physiology is illustrated by the mutually antagonistic 
effects of the erythroid transcription factor GATA1 and the myeloid 
transcription factor PU.1; GATA1 acts to inhibit the myeloid activation 
potential of PU.1,’” and PU.1 blocks the binding of GATA1 to its genetic 
target sites.” Thus, when the level of GATA1 stochastically rises above 
that of PU.1 in a CMP, the granulocyte-macrophage potential would be 
extinguished and the MEP potential of the cell would march forward, 
unfettered. Alternately, CMPs in which PU.1 levels rise above that of 
GATA1 would develop along the myeloid lineages, both through the 
direct stimulation of myeloid gene expression by PU.1, and indirectly by 
the blockade of GATA1-mediated erythroid and megakaryocytic gene 
expression programs. 


The Case for Humoral Mediators 

Although much evidence has been garnered in favor of an intrinsic 
mechanism of stem and progenitor cell fate determination, propo- 
nents of an extrinsic instructive hypothesis have also generated a large 
amount of compelling evidence in favor of the importance of extrinsic 
signals. One illustrative example of the capacity of certain extrinsic sig- 
nals to impact specific patterns of differentiation is that the exogenous 
expression of an IL-2R transgene in CLPs induces their differentiation 
into myeloid cells.?” Subsequent studies revealed that the presence of 
the exogenous receptor leads to upregulation of the GM-CSF-R in the 
CLP, and that exogenous expression of GM-CSF-R could also lead a 
CLP toward monocyte/macrophage development.’ In separate studies, 
other cytokines were shown to direct myeloid lineage fate determina- 
tion; compared to the differentiation profile seen when marrow cells 
were cultured with SCF alone, an antiapoptotic stimulus, the addition of 
IL-5 greatly enhanced the number of marrow progenitor cells that gave 
rise to eosinophilic colonies, whereas the addition of TPO induced a 
predominance of megakaryocytic colonies, without significant changes 
in the number of apoptotic cells in any of the three culture conditions. 
These results were interpreted to indicate that while the SCF could 
keep nearly all progenitor cells alive under the cell culture conditions 
employed, the second cytokine directed the multilineage progenitors 
into specific cell fates.” 

A number of external signaling events have been found to directly 
impact the transcriptional apparatus of the cell. For example, as previ- 
ously noted, two transcription factors that lead to the self-renewal and 
expansion of HSCs, HOXB4, and HOXA9 are induced to higher levels 
of expression or to translocate into the nucleus of stem cells in response 
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to TPO.” Moreover, SCL, a transcription factor that when expressed 
in maturing hematopoietic cells inhibits cytokine-induced granulocytic 
and monocytic differentiation, maintaining them in an undifferentiated 
state, is enhanced by SCF and down-modulated by GM-CSE."*! And the 
level of c-Myb, which determines whether a MEP develops an erythroid 
or MK fate is affected by TPO, mediated by its induction of miR150.”*" 
Thus, strong evidence supporting both extrinsic and intrinsic control 
of lineage determination has been presented, and like the case for most 
conflicts in biology, it is most likely that elements of both mechanisms 
operate in hematopoiesis. 


@STEM CELL SURVIVAL, 
EXPANSION, SELF-RENEWAL, 
AND DIFFERENTIATION 


Like nearly every other cell type, the HSC is subjected to a number of 
noxious stimuli, and must possess mechanism to survive such insults. 
Moreover, the regulation of HSC levels is carefully regulated, such as 
seen following transplantation, through both cell expansion and pro- 
grammed cell death. The mechanisms that drive HSC survival are 
beginning to be determined. 

A number of cytokines affect cell survival by regulating inhibitors 
of apoptosis, such as the Bcl proteins. In addition, in response to suble- 
thal DNA damage, cytokines can also act to trigger DNA repair mecha- 
nisms. For example, TPO acts to increase the efficiency of DNA-protein 
kinase-dependent nonhomologous end-joining in response to irradia- 
tion or chemotherapy, helping to repair double-stranded DNA breaks.” 

The ability to divide symmetrically to generate identical daugh- 
ters is a feature of most cells, including HSCs. However, the multipo- 
tent stem cell possesses an added ability to undergo asymmetric cell 
divisions, yielding one committed progenitor daughter and one stem 
cell daughter, or two differentiating progeny; regulating the balance 
between symmetric and asymmetric stem cell divisions becomes crit- 
ical in maintaining proper HSC numbers and in meeting the demand 
for differentiated cells. The beginnings of the molecular origins of asym- 
metric division in the HSC are under study.” 

A question related to the previous discussion of whether intrinsic 
or extrinsic factors determine HSC lineage fate, is whether intrinsic or 
extrinsic factors determine the possible outcomes for a dividing HSC 
(two HSC progeny [stem cell expansion], one HSC and one differenti- 
ating cell [a self-renewal division], or two differentiating progeny). It is 
clear that feedback mechanisms exist that govern the size of the stem cell 
pool, as following myeloablation and transplantation of a limited number 
of HSCs, the pool expands toward that seen in a normal individual but 
not beyond, even when subjected to forced overexpression of genes that 
enhance HSC expansion.’ HSCs do not appear to have a limit on their 
capacity for expansion; experiments using serial transplantation of mar- 
row cells revealed that even after four such maneuvers the transplantation 
of a limiting number of HSCs was associated with a 10-fold expansion in 
the recipient,” a level of expansion remarkably consistent from one serial 
transplant to the next. Thus, there does not appear to be an intrinsic limit 
on HSC expansion that sets the size of the stem cell pool. Rather, evidence 
from quantitative transplants suggests that there exist both intrinsic and 
extrinsic controls on the size of the stem cell pool. 

Following transplantation the degree to which a limiting number 
of transplanted HSCs expand depends on the source of the cells; fetal 
liver cells expand to a far greater degree than a similar number of adult 
marrow-derived HSCs, indicating that an intrinsic mechanism governs 
stem cell expansion divisions. However, evidence for an extrinsic mech- 
anism that regulates stem cell expansion also exists, as the transplan- 
tation of a smaller number of either fetal liver or adult marrow HSCs 


resulted in slower marrow recovery but ultimately greater levels of HSC 
expansion than did infusion of larger numbers of cells. These results 
were interpreted to suggest that the more rapid recovery of marrow 
function associated with the administration of a larger marrow inocu- 
lum, with its increased numbers of stem cells, prematurely shut down 
HSC expansion, calling attention to an extrinsic regulatory mechanism. 
Moreover, the differences in expansion capacity amongst fetal and adult 
stem cells might also reflect the influence of extrinsic factors. When 
adult human marrow cells are transplanted, they retain their stem 
cell capacity only if quiescent at the time of transfer. In contrast, fetal 
liver and cord blood stem cells contribute to long-term hematopoiesis 
regardless of the phase of the cell cycle in which they reside at the time 
of harvest.” It is postulated that this latter property of fetal stem cells 
depends on the fetal hematopoietic microenvironment, making it likely 
that extrinsic factors play the key role in the decision to self-renew or 
differentiate. Strong experimental evidence has been generated indicat- 
ing that stem cell numbers in an individual are governed by the number 
of hematopoietic niches.” This data strongly suggests that, at the very 
least, the availability of stem cell niches places an upper limit upon HSC 
expansion. 

Clues from the developmental biology of lower organisms may 
also shed important insights into the mechanisms that regulate the deci- 
sion between symmetric and asymmetric HSC divisions.’ Within the 
niche of developing Drosophila gonadal tissue exist hierarchies of cells. 
When female gonadal stem cells divide, the cell directly contacting the 
niche supportive cells remains a stem cell, the daughter that loses con- 
tact differentiates and initiates oogenesis. A similar niche architecture 
also sets the stage for gonadal stem cell retention in the fly testis and 
in many tissues of many organisms. The developing principle is that a 
stem cell in contact with the stem cell determining niche stromal cell, 
or residing in a region of the niche possessing the highest concentration 
of a stem cell-determining soluble factor, will remain a stem cell, and 
those removed from contact or soluble factor will differentiate. In such 
a niche, the axis of stem cell division then determines cell fate; if the axis 
of cell division is parallel to the front of stem cell-determining contact 
or soluble mediator gradient, the proximal cell will remain a stem cell 
while the distal cell differentiates; if the axis of cell division is perpen- 
dicular, both cells will remain under the influence of the “stemness” fac- 
tor(s), and remain stem cells. Consequently, spindle-polarizing signals 
could be responsible for the fate of the daughters of stem cell division, 
a focus of much research, but at present, few established mechanisms. 


STEM CELL PLASTICITY 


A remarkable observation has been repeatedly made in patients who 
underwent sex-mismatched (male into female) marrow transplanta- 
tion, suffered subsequent organ damage, and were carefully studied 
until the time of their death. In such settings, Y chromosome-bearing 
cells were identified at the site of repair of previous myocardial infarc- 
tions, strokes, and other organ damage. These observations suggest that 
hematopoietic cells can contribute to the replacement of damaged cells 
of multiple organs. More direct experimentation has lent additional sup- 
port to this idea; several investigators have found that marrow cells are 
capable of giving rise to cells of multiple organs, including nerve,” 
liver,” skeletal muscle,” and cardiac muscle,” in a process termed 
transdifferentiation. However, direct evidence establishing this conclu- 
sion is lacking, as most such studies have assayed only partially purified 
cell populations that might also contain alternate types of stem cells,””° 
and almost none have been performed using single cells, a requirement 
for robust proof of their multipotency. An alternate explanation for the 
presence of marked hematopoietic cells at nonhematopoietic sites of 
organ damage has been termed cell fusion. It has long been appreciated 
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that marrow cells (especially macrophages) can fuse with other cells, 
and spontaneous in vitro fusion of embryonic stem cells with mar- 
row-derived cells yields hybrids that display stem cell function’; 
further experimentation is required to prove or disprove the concept 
of HSC plasticity,” a proof that will have far reaching implications for 
regenerative medicine. 


@ HEMATOPOIETIC PROGENITORS 


The loss of one or more developmental potentials of the HSC results in 
a progenitor committed to any number of specific hematopoietic cell 
lineages. Besides the loss of pluripotency, committed hematopoietic 
progenitors display a number of characteristics that differ from their 
parents, including the lack of capacity for self-renewal, a higher frac- 
tion of cells traversing the cell cycle, reduced ability to efflux foreign 
substances, and a change in their surface protein profile. On the genetic 
level, the transition of HSCs to committed progenitors is marked by the 
downregulation of a large number of HSC-associated genes and pro- 
gressive upregulation of a limited number of lineage-specific genes. 
This section highlights some of the features of specific lineage-commit- 
ted progenitors that allow for their purification, characterization, and, 
potentially, their manipulation for therapeutic benefit. Details of the 
morphologic, biochemical, and genetic aspects of the differentiation of 
each of these progenitors is found in the chapters corresponding to their 
mature blood cell types. 


PROGENITOR CELL ASSAYS 


Assays for most hematopoietic progenitor cells consist of marrow or 
(occasionally) blood cells, either unfractionated or purified to varying 
degrees, a semisolid support (either methylcellulose or agar, which pre- 
vents cellular migration), and a source of hematopoietic growth factors. 
The cultures are incubated in a humidified environment at 37°C for 2 to 
7 days for murine cells, or 5 to 14 days for human cells, during which 
time the vast majority of the cells that began culture as mature blood 
cells die, allowing the few hematopoietic progenitors present to prolifer- 
ate and differentiate into mature blood cells. As the cells in such culture 
systems are immobilized by the semisolid supporting matrix, all of the 
progeny in the resultant colonies are derived from a single progenitor, 
allowing one to retrospectively determine the developmental capac- 
ity of that cell, termed a colony-forming cell (CFC) or unit (CFU). The 
requirement for a source of hematopoietic growth factors was initially 
fulfilled by using cellular underlayers containing fibroblasts, lympho- 
cytes, or monocytes, or tissue culture medium conditioned by a variety 
of normal and neoplastic cellular sources, but essentially all the req- 
uisite growth factors are now available in purified recombinant form. 
Despite substantial progress in our understanding of the developmental 
requirements of committed hematopoietic progenitors, we still do not 
have an adequate in vitro colony-forming assay for some well-charac- 
terized hematopoietic progenitor cells (e.g., those committed to the T 
lymphocytic or natural killer [NK] cell lineages) that still require more 
complex assays (e.g., fetal thymus explant assay). 


CHARACTERISTICS OF SPECIFIC PROGENITOR 
CELL TYPES 


Lymphoid Progenitors 

Common Lymphoid Progenitors The existence of a population of cells 
committed to all lymphoid lineages but devoid of myeloid capacity was 
theorized to exist based on a number of analyses. For example, patients 
with adenosine deaminase deficiency, or mice with genetic elimination 
of the y, receptor, the signaling kinase JAK3, or the transcription factor 
Ikaros, lack T and B lymphocytes and have few, if any, myeloid defects, 


arguing that the defects in these disorders might affect a CLP; however, 
this does not prove the existence of a cell common for all. Work using 
cell sorting for CD10+/CD34+/Thy—/c-Kit—/Lin— human marrow cells 
revealed the capacity to develop into T, B, NK, and lymphoid dendritic 
cell progenitors,” but the report did not demonstrate a common pro- 
genitor capable of giving rise to each lineage on a clonal level. 

More recent work, based upon the importance of IL-7 for all single- 
lineage lymphoid progenitor cells, and on the severe lymphopenia seen 
when the gene was eliminated in mice,” has indicated that the IL-7R 
marks a CLP that can be used in flow cytometry to isolate a population 
of IL7R+/Lin—/Thy—/Sca'*/Kit” cells that engrafts all of lymphopoiesis 
but no myelopoiesis in congenic mice.” For example, the injection of 
2000 such CD45.1+ cells plus 1 x 10° whole-marrow CD45.2+ cells into 
lethally irradiated CD45.2 recipients lead to 3 to 20 percent CD45.1+ 
B and T lymphocytes, which disappear after approximately 6 months. 
In contrast, this strategy never results in the appearance of CD45.1+ 
myeloid cells. When limiting dilution studies were performed, approx- 
imately 1 in 20 such cells could give rise to short-term B-lymphopoie- 
sis when injected intravenously, and an equal number could give rise 
to T-lymphopoiesis when injected into the thymus. In colony-forming 
assays using IL-7, SCE, and FL, approximately 20 percent of such cells 
gave rise to pre-B and pro-B cell colonies in vitro. Thus, given the low 
likelihood of proper homing when injected into mice, it is almost cer- 
tain that the CLP exists and is IL7R+/Lin—/Thy—/Sca'/Kit'. When a 
genetic expression analysis was performed comparing HSCs to CLPs, 
the latter demonstrated a down-modulation of many molecules asso- 
ciated with HSCs, such as the cell-surface receptors c-Mpl, B,-integrin, 
and Tie2, and the transcription factors HOXA9 and EGRI, and upreg- 
ulation of the IL-7R and the recombination activating protein recombi- 
nation activating gene (RAG) 2. 

T Lymphocyte/NK Cell, T Lymphocyte, and NK Cell Progenitors 
Simple colony-forming assays for mixed T/NK cell progenitors have 
not been developed, but the existence of the bipotent progenitor can be 
inferred from studies in which CD44+CD25—FcyRII/II- fetal thymic 
cells are cultured with genetically marked, deoxyguanosine treated fetal 
thymic lobes under 70 percent oxygen at 37°C. Without cytokine sup- 
plementation, such cultures yield primarily CD3+/Thy1+ T cells, but 
if IL-2 plus IL-15 are added, the NK cell potential (CD3—/NK1.1+) of 
these cells is realized, and if IL-7 is also added, the number of single cells 
that yield cells of both lineages increases significantly.” As this type of 
readout is possible from single day 12 fetal thymus cells, such studies 
establish that bipotent T/NK cell progenitors exist. 

E box-binding proteins consisting of HEB, E2-2, and the E2A gene 
products E12 and E47 forma distinct subgroup within the large family of 
basic helix-loop-helix transcription factors.” Heterodimers or homod- 
imers form between family members through their helix-loop-helix 
(HLH) region, and through their basic regions bind to canonical E-box 
DNA sequences and thereby affect gene expression, including T-cell 
targets such as CD4*” and the pre-Ta,™ and assist in recombination 
of the yô T-cell receptors.*® It is now clear that E2A is required for the 
transition from the bipotent T/NK progenitor to committed T-cell pro- 
genitors as its genetic elimination leads to preservation of the former 
but elimination of the latter.” 

Another important subgroup of HLH proteins is the Id family, 
which contain an HLH region but lack a DNA binding domain, thereby 
acting as a sink for functional HLH proteins and thus negatively regu- 
lating the function of E proteins.*” Id proteins appear to be essential for 
NK cell development, as genetic elimination of Id2 leads to a profound 
loss of NK cell progenitors*” and forced overexpression of Id3 leads to a 
shift of T/NK cells preferentially into the NK cell lineage.** 

It is also clear that Notch activation plays a vital role in T-cell 
lineage commitment from the CLP. Overexpression of active Notch1 
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directs marrow stem cells into immature CD4+/CD8+ T cells and 
inhibits B-lymphocyte development.*” Overexpression of Notch] in 
RAG-deficient precursors also results in differentiation to the T-cell lin- 
eage, although only to the immature CD4—/CD8- stage, indicating that 
Notch cannot substitute for pre-T-cell-receptor signaling.*"° 

B-Lymphocyte Progenitors B-cell progenitors include the pro-B 
cell, the earliest cell irreversibly committed to the lineage, which are 
CD34+/CD10+/CD38+/CD19+/CD20+, the pre-B cell, which displays 
the initial stages of immunoglobulin rearrangement, expresses immu- 
noglobulin heavy chains in their cytoplasm and are CD34—/CD10+/ 
CD19+/CD20+/CD38-, and immature B cells which begin immu- 
noglobulin light-chain production, express cell-surface IgM, and are 
CD10+/CD19+/CD20+. Pro-B cells can be detected in a simple colony- 
forming assay.*'' Normally, B-cell precursor development occurs in con- 
tact with the hematopoietic microenvironment, mediated by precursor 
cell integrin 8,6, and stromal cell VCAM or matrix FN. A number of 
cytokines affect B-cell progenitor proliferation,*” including IL-7,*% 
insulin-like growth factor (IGF)-1,*" SDF-1,° and SCE*"* although 
based on genetic knockout studies, B cells are absolutely dependent only 
on IL-7” and SDF-1.” 

A number of cytokines also inhibit B-cell precursor development, 
including interferon (IFN) a/f," IFN-y,*'* IL-4, and TGF-B.*° The 
role of these and other inhibitory cytokines in B lymphopoiesis is com- 
plex, as in some situations a cytokine can inhibit one stage and stimulate 
another stage of development, and some might act indirectly. 

A number of transcription factors are required for mature B cell 
function, including PU.1, nuclear factor-«B (NF-«B), early B-cell factor 
(EBF), interferon regulatory factor 4 (IRF4), and Oct2, many of which 
bind to the promoters and enhancers involved in immunoglobulin 
gene expression. In contrast to these relatively later stage effects, E2A is 
required for commitment to the lineage.*”' The marrow of E2A-deficient 
mice is devoid of CD19 B cells, as well as most B-cell lineage-specific 
genes, including RAG1/2, Pax5, EBF, and VpreB. Moreover, no immu- 
noglobulin rearrangement is detectable, and there are no IL-7 respon- 
sive cells. Reintroduction of E2A into the marrow cells of null mice 
reconstitutes pre-B-cell development.*” 

E2A sits upon a hierarchy of B-cell lineage-specific genes and tran- 
scription factors’; E2A directly regulates the expression of RAG1, A5, 
D-J,» V-JxK, and the transcription factor EBF, the latter, in turn, regulat- 
ing VpreB, mb-1, D-J,, V-Jk, and the transcription factor Pax5, which, 
in turn, regulates CD19 and LEF1 and shuts down genes associated with 
alternate lineages, such as M-CSF-R (monocytic), myeloperoxidase 
(neutrophilic), GATA1 (MEP), and pTa (T lymphocytic). As noted ear- 
lier in the section “Notch Ligands’, a critical condition for B-cell com- 
mitment is the absence of Notch signaling. 


Myeloid Progenitors 

Common Myeloid Progenitors Flow cytometry has also been exten- 
sively used to purify myeloid progenitors; an IL-7R—/Lin—/c-Kit+/ 
Sca-1— population of murine marrow cells, which by virtue of being 
Scal- excludes HSCs, develop into all myeloid lineages.” Based on 
expression of CD34 and the Fcy RII/III, three distinct subpopulations 
can be identified by further flow cytometry, IL-7Ra—/Lin—/c-Kit+/ 
Sca-1—-/CD34+/FcRy", IL-7Ra—/Lin—/c-Kit+/Sca-1—-/CD34—/FcRy”, and 
IL-7Ra—/Lin—/c-Kit+/Sca-1—-/CD34+/FcRy". When tested in colony- 
forming assays in the presence of SCE, FL, IL-11, IL-3, GM-CSF, EPO, 
and TPO, each cell population yielded distinct mature cell types.* 
IL-7Ra—/Lin—/c-Kit+/Sca-1—/CD34+/FcRy” cells give rise to all mye- 
loid colony types, including CFU-Mix, BFU-E, CFU-megakaryo- 
cyte (CFU-MK), MEP, CFU-GM, CFU-granulocyte (CFU-G), and 
CFU-macrophage (CFU-M), consistent with that expected for the CMP. 
In contrast, IL-7Ra—/Lin—/c-Kit+/Sca-1-/CD34+/FcRy" cells form 


only CFU-M-, CFU-G-, and CFU-GM -derived colonies in response 
to any of the growth factors, alone or in combination, and thus represent 
granulocyte/macrophage lineage-restricted progenitors (GMP). Finally, 
IL-7Ra—/Lin—/c-Kit+/Sca-1—/CD34—/FcRy” cells form only BFU-E-, 
CFU-MK-, and mixed megakaryocyte-erythroid colonies, leading to 
their designation as MEP. To demonstrate their capacity to differentiate 
in vivo, limiting numbers of each cell population were transplanted into 
congenic mice; in such studies, cell fate outcomes correspond strictly 
with those of the in vitro colony assays. For example, 6 days after injec- 
tion of 5000 CMPs, both donor-derived Gr-1+/Mac-1+ myelomono- 
cytic cells and TER119+ erythroid cells were detectable in recipients. 
In contrast, when 5000 GMPs were transplanted, only Gr-1+/Mac-1+ 
cells were recovered, and only for a transient period of time. Likewise, 
MEPs reconstituted only TER119+ cells in similar experiments, and the 
genetically marked progeny from each of these progenitor populations 
disappear within 4 weeks of transplantation, indicating their limited 
self-renewal capacity. 

Erythroid/Megakaryopoietic, Erythroid, and Megakaryopoi- 
etic Progenitors Culture conditions necessary for in vitro erythropoie- 
sis have been known for nearly 35 years,*** with colony morphologies 
ranging from small compact clusters of 20 to 50 erythrocytes develop- 
ing with 2 to 5 days in murine and human marrow plasma clot cultures 
(CFU-E), to large highly complex colonies containing up to thousands 
of cells taking from 7 to 14 days to develop in methylcellulose or agar 
(BFU-E). The cytokine requirement for the former is simple—EPO, 
whereas a cytokine that stimulates earlier cells, such as IL-3 or SCF, is 
required for the latter progenitor cell type. 

Culture conditions that support the proliferation of MK progeni- 
tors have been established for both mouse and humans.” Using either 
methylcellulose, agar, or a plasma clot, two colony morphologies that 
contain exclusively MKs have been described. The CFU-MK is a cell 
that develops into a simple colony containing from 3 to 50 mature MKs, 
larger, more complex colonies that include satellite collections of MKs 
and contain up to several hundred cells are derived from the burst- 
forming unit-megakaryocyte (BFU-MK). Because of the difference in 
their proliferative potential and by analogy to erythroid progenitors, 
BFU-MK and CFU-MkK are thought to represent primitive and mature 
progenitors restricted to the MK lineage. And like their erythroid coun- 
terparts, the cytokine requirements for CFU-MK are simple: TPO stim- 
ulates the growth of 75 percent of all CFU-MK, with IL-3 being required 
along with TPO for the remainder,” whereas IL-3 or SCF is required 
alone with TPO for more complex, larger MK colony formation from 
their more primitive progenitors. 

Progenitors for erythrocytes and MKs display many common 
features: they share a number of transcription factors (SCL, GATA1, 
GATA2, NF-E2), cell-surface molecules (TER119), and cytokine recep- 
tors (for IL-3, SCF, EPO, and TPO), and most erythroid and MK leu- 
kemia cell lines display, or can be induced to display, features of the 
alternate lineage.” Moreover, the cytokines most responsible for devel- 
opment of these two lineages—EPO and TPO—are the two most closely 
related proteins in the hematopoietic cytokine family,“ and display 
synergy in stimulating the growth of progenitors of both lineages.” For 
these and other reasons it has been postulated that erythropoiesis and 
megakaryopoiesis share a common progenitor cell,” a hypothesis now 
established** with the identification of IL-7Ra—/Lin—/c-Kit+/Sca-1—/ 
CD34—/FcRy’” cells. 

Like other primitive hematopoietic cells, bipotent MEP progen- 
itors resemble small lymphocytes but can be distinguished by a spe- 
cific pattern of cell-surface protein display. As noted above, MEPs are 
IL-7Ra—/Lin—/c-Kit+/Sca-1—/CD34-/FcRy”. Cells committed to the 
MK lineage then begin to express CD41 and CD61 (integrin allbf,), 
CD42 (glycoprotein Ib), and glycoprotein V. Those that are committed 
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to the erythroid lineage begin to express CD41 and the transferrin 
receptor (CD71), and as they mature lose CD41 expression but express 
the thrombospondin receptor (CD36), glycophorin, and, ultimately, 
globin.** These and other cell-surface markers provide experimental 
hematologists several strategies to purify committed MK**” and ery- 
throid* progenitors. Another useful method to identify megakary- 
oblasts is histochemical staining for von Willebrand factor, and in 


rodents, acetylcholinesterase.**! 


The transcription factors expressed by erythroid and MK pro- 
genitors that allow for their commitment to the lineage are becoming 
increasingly well understood. GATA1 is an X-linked gene encoding a 
50-kDa polypeptide that contains two zinc fingers required for DNA 
binding.” Genetic elimination of the transcription factor established 
the critical role of this transcription factor in hematopoiesis; GATA1 
—/— mice are embryonic lethal as a consequence of failure of ery- 
thropoiesis,** and MK-specific elimination of GATA1 leads to severe 
thrombocytopenia as a consequence of dysmegakaryopoiesis.*** GATA1 
acts in concert with another protein that affects transcription without 
binding to DNA, friend of GATA (FOG).** The importance of this 
interaction to megakaryopoiesis is clear: several different mutations 
of the site on GATA1 responsible for FOG binding lead to congenital 
thrombocytopenia.” 

The Ets family of transcription factors includes about 30 members 
that bind to a purine box sequence, proteins that interact in both positive 
and antagonistic ways. For example, PU.1, initially termed Spi-1 based 
on its association with spleen focus-forming virus-induced erythroleu- 
kemias, blocks erythroid differentiation, although it appears important 
for MK development.” Moreover, the Ets factor Fli-1 is essential for 
megakaryopoiesis*” and mutations in the transcription factor are also 
associated with congenital thrombocytopenia in man.” 

Granulocyte/Monocytic, Granulocyte, and Monocytic 
Progenitors As noted above, GMPs (CFU-GM) are IL-7Ra-/Lin—/c- 
Kit+/Sca-1—/CD34+/FcRy", reflecting their beginning differentiation 
toward phagocytic cells (i.e., FcRy-positive). In the human, GMP are 
CD34+/CD33+/CD13+ markers, which are of clinical significance. For 
example, CD33 is also termed Siglec-2, a member of a family of sialic- 
acid-binding surface membrane proteins of the immunoglobulin super- 
family that are involved in cell-cell interactions and signaling. Although 
the role of CD33 is not yet known with certainty, it has become a ther- 
apeutic target because of its high-level expression on the blasts of sev- 
eral forms of acute myelogenous leukemia’; the use of gemtuzumab 
ozogamicin, in which a humanized anti-CD33 monoclonal anti- 
body has been fused to N-acetyl-gamma calicheamicin 1,2-dimethyl 
hydrazine dichloride, a potent antitumor antibiotic, has resulted in a 
complete remission rate of 15 to 20 percent as a single agent in patients 
with relapsed disease.*” These initial successes have prompted its testing 
in earlier stage disease along with other active agents.” When marrow 
grafts are purged of CD33-bearing cells durable engraftment occurs, but 
is often quite delayed, indicating that CD33 is not present on the HSC, 
but that the presence of GMPs in a transplantation product is vital for 
rapid engraftment. 

CD13 is also termed aminopeptidase N, an ectopeptidase present 
in many organs other than the marrow, a member of a family of pro- 
teases that play an important role in cell growth by virtue of their cleav- 
age of biologically important peptides, in some cases inactivating, and 
in some cases activating them, and by serving a cell adhesive function 
as well. CD13 is present on early hematopoietic cells, including myeloid 
and lymphoid lineage progenitors, but disappears from the latter class 
of cells and its expression rises as monocytes mature. Although it func- 
tions to scavenge peptides in the intestinal brush border and degrade 
endorphins and enkephalins in the synaptic cleft, its role in hemato- 
poiesis is less clear, although IL-8 is a substrate of its proteolytic activity. 


Once bipotent GMPs differentiate, they further restrict their devel- 


opmental potential. Monocytic progenitors are characterized by a pre- 
dominance of PU.1, whereas granulocytic cells by members of the C/ 
EBP family—C/EBPa and C/EBPe—are vital for the expression of neu- 
trophil and eosinophil granule proteins.“ A recent study suggests 
that the developmental decision of a bipotent GMP into each of the two 
lineages might be mediated by alterations in the relative levels of PU.1 
and C/EBP expression*’; haploinsufficiency of PU.1 (PU.1+/—) results 
in a reduction in CFU-M frequency in the marrow and an increase in 
CFU-G levels, even ameliorating the neutropenia seen in G-CSF null 
mice. Moreover, by increasing expression of C/EBPa, a transcription 
factor that drives granulocytic differentiation, G-CSF further influences 
the choice between the granulocytic and monocytic lineages. How- 
ever, it is also clear that PU.1 plays an important role in both lineages, 
and it is likely that additional investigation will yield new insights into 
the molecular mechanisms that establish the ordered process we term 
myelopoiesis. 
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CHAPTER 19 
THE INFLAMMATORY 
RESPONSE 


Jeffrey S. Warren and Peter A. Ward 


The acute inflammatory response is characterized by a rapid but relatively 
short-lived localized increase in blood flow, an increase in microvascular 
permeability and the sequential recruitment of different types of leukocytes. 
Acute inflammation may be followed by “chronic” inflammation and a super- 
imposed series of reparative processes (e.g., angiogenesis, production of 
extracellular matrix, parenchymal regeneration and scar formation). The early 
hemodynamic changes at a site of inflammation establish low shear condi- 
tions that enable marginated leukocytes to engage in low-affinity selectin- 
mediated rolling interactions with activated endothelial cells. In response to 
locally produced soluble and cell surface mediators, endothelial cells and roll- 
ing leukocytes sequentially express several sets of complementary adhesion 
molecules that include selectins, integrins, and members of the immunoglob- 
ulin superfamily. Leukocyte and endothelial cell adhesion molecules mediate 
the high-affinity adhesive interactions necessary for leukocyte emigration 
from the vascular space along chemotactic gradients. Analogous, temporally 
regulated, soluble mediators and cellular adhesion molecules also orchestrate 
succeeding monocyte- and lymphocyte-rich chronic inflammatory responses. 
This paradigm is modulated by a vast network of surface-active and soluble 
inflammatory mediators. Recruited leukocytes and cells indigenous to the 
anatomic site of inflammation both play critical roles in host defense, resolu- 
tion of inflammation and tissue repair. 


@HISTORY 


The sentinel clinical features of acute inflammation—rubor, calor, 
tumor, and dolor—have been recognized for at least 5000 years.' 
Dr. John Hunter, the renowned late 18th-century Scottish surgeon, 
observed that the inflammatory response is not a disease per se but 


Acronyms and Abbreviations: ADAM, a disintegrin and metalloproteinase; BPI, 
bacterial permeability-increasing protein; CAP37, cationic antimicrobial protein; DARC, 
Duffy antigen receptor for chemokines; CD, cluster of differentiation; eNOS, endothelial 
nitric oxide synthase; HEV, high-endothelial venule; HPETE, hydroperoxyeicosatetrae- 
noic acid; ICAM, intercellular adhesion molecule; IFN, interferon; |g, immunoglobulin; 
IL, interleukin; iNOS, inducible nitric oxide synthase; LT, leukotriene; LTB,/C,/D,/ 
E, leukotriene B,/C,/D,/E,; MadCAM, mucosal addressin cell adhesion molecule; 
MASP, mannan-binding lectin-associated serine protease; MBL, mannan-binding 
lectin; NADPH, nicotinamide adenine dinucleotide phosphate (reduced); NO, nitric 
oxide; PAF, platelet-activating factor; PARs, proteinase-activated receptors; PNAd, 
peripheral node addressin; PSGL-1, P-selectin glycoprotein ligand-1; RGD, arginine- 
glycine-aspartic acid peptide sequence; TACE, tumor necrosis factor-a converting 
enzyme; TNF, tumor necrosis factor; VCAM, vascular cell adhesion molecule; VLA, 
very-late antigen. 


rather a nonspecific and salutary response to a variety of insults. 
Through his microscopic examinations of transparent vital membrane 
preparations, German pathologist Julius Cohnheim concluded that 
the inflammatory response is fundamentally a vascular phenomenon. 
Phagocytosis was described late in the 19th century by Elie Metchnikoff 
and his colleagues at the Pasteur Institute. Morphologic studies, using 
both live animals and fixed histologic preparations, transformed our 
understanding of inflammation and led to the currently held concepts 
of inflammation-associated hemodynamic alterations, acute inflamma- 
tion and chronic inflammation. *? During the past 5 decades, the modern 
techniques of biochemistry, tissue culture, monoclonal antibody pro- 
duction, recombinant DNA technology, and the genetic manipulation 
of isolated cells and whole animals have enabled a more detailed under- 
standing of the cellular and molecular mechanisms which underpin the 
inflammatory response, the active resolution of inflammation, and the 
transition to tissue repair and restitution. These studies, in concert with 
“experiments of nature,” such as chronic granulomatous disease (Chap. 
66) and the leukocyte adhesion deficiency disorders (Chap. 66), have 
permitted the formulation of complex, yet elegant, models of acute and 
chronic inflammation and led to the promise of incisive therapeutic 
approaches. A large array of human diseases is marked by either defects 
in the development of the inflammatory response or the deleterious 
effects of the inflammatory response itself. 


@ GENERAL CHARACTERISTICS 
OF INFLAMMATION 


It is useful to consider inflammation as an acute or chronic (persistent) 
process. Acute inflammation lasts from minutes to several days and is 
characterized by pronounced local hemodynamic and microvascu- 
lar changes and leukocyte accumulation.*? The acute inflammatory 
response is consistently marked by microvascular leakage and the accu- 
mulation of neutrophils. The four cardinal signs of acute inflammation, 
alluded to above, can be accounted for within the physiologic param- 
eters of inflammation. The systemic effects of inflammation, particu- 
larly acute inflammation, account for the familiar clinical findings of 
fever, acute-phase response and altered sensorium. In turn, sepsis is a 
systemic inflammatory response syndrome that occurs in response to 
infection; severe sepsis is sepsis complicated by acute organ dysfunc- 
tion; and septic shock is sepsis complicated by either fluid resuscitation- 
resistant hypotension or by hyperlactatemia.* 

The chronic inflammatory response, which lasts much longer and 
is more varied in its effects, is marked by growth of new capillaries 
and proliferation of resident fibroblasts.” Cellular infiltrates typically 
include monocytes and lymphocytes, but there are many variations in 
the cellular composition, anatomic distribution and tempo of develop- 
ment of chronic inflammatory lesions. Chronic inflammatory processes 
can be classified according to these variations. For example, granuloma- 
tous inflammation is a chronic process marked by nodular aggregates of 
mononuclear phagocytes that have become “transformed” into epithe- 
lioid histiocytes, so-called because of their similar appearance to epi- 
thelial cells.* Granulomas may be distributed along blood vessels (e.g., 
angiocentric), along upper airways (e.g., bronchocentric), or randomly 
throughout the interstitium or parenchyma of an organ. Granulomas 
may vary morphologically. Tuberculous granulomas often contain areas 
of caseous necrosis while sarcoidosis-associated granulomas are often 
cellular and exhibit fibrosis but usually without areas of necrosis.” Other 
chronic inflammatory processes are marked by a preponderance of eos- 
inophils or plasma cells. In contrast to the more stereotyped appearance 
of an acute inflammatory lesion, the particular appearance of a chronic 
inflammatory lesion can sometimes provide insight into its cause (e.g., 


caseating granulomas in tuberculosis, eosinophil-rich infiltrates in a 
parasitic infection and plasma cell-rich infiltrates in viral hepatitis). 

Superimposed upon acute and chronic inflammatory responses 
is repair.” Resolution or termination of the inflammatory response is 
an important step in the pathway to repair; it occurs through a com- 
plex set of regulated processes.’ Repair, which may entail the regener- 
ation of parenchymal cells damaged as the result of an insult per se or 
as “bystanders” to the inflammatory response, is characterized by the 
growth of new capillaries (angiogenesis) and the activation of fibrob- 
lasts which produce extracellular matrix molecules (e.g., scar tissue). 
In some circumstances an inflammatory response is self-limited (e.g., 
sunburn), whereas in other situations the response may persist for many 
years (e.g., tuberculous granulomas). The elimination or persistence of 
an insult has a major influence on outcome-whether ongoing chronic 
inflammation, complete regeneration or scar formation. There is great 
complexity in terms of the networks of proinflammatory and antiin- 
flammatory soluble mediators (e.g., cytokines) and the phenotypes, as 
well as the functional and regulatory roles of both indigenous cells and 
recruited inflammatory cells in inflammation, resolution and repair.***” 

This chapter first addresses acute inflammation, which encom- 
passes localized changes in blood flow, alterations in microvascular 
permeability and neutrophil exudation.” In addition to hemodynamic 
changes, inflammation encompasses endothelial cell activation, low- 
affinity leukocyte-endothelial adhesion, high-affinity or stationary 
leukocyte-endothelial adhesive interactions, leukocyte emigration, leu- 
kocyte activation, and the subsequent dampening and resolution of the 
inflammatory response. The highly regulated migration of leukocytes from 
the vasculature into sites of inflammation and of lymphocytes through sec- 
ondary lymphoid tissues and, in turn, into sites of microbial invasion, are 
pivotal to host defense in the contexts of inflammation and immunity.**° 
This extraordinary complexity of regulatory processes that control inflam- 
mation is exemplified by, butnotlimited to, proinflammatory cytokines (e.g., 
tumor necrosis factor [TNF]-a, interleukin [IL]-1,, IL-6) that drive inflam- 
mation, countered by rises in antiinflammatory cytokines (e.g., IL-4, IL-10, 
IL-11, IL-13, transforming growth factor [TGF] -f, IL-1raand soluble cytok- 
ine receptors) that dampen inflammatory responses (see “Cytokines and 
Chemolines”).”” Both the termination of an inflammatory process and the 
transition from an active inflammatory milieu to a wound-healing, tissue- 
remodeling environment are actively regulated processes. The concept of 
“active” termination of the inflammatory response, including the roles of 
chemokine depletion, neutrophil apoptosis, resolvins and protectins, and 
the shift from interferon (IFN)-y-driven “classical M1” macrophages to 
IL-4/IL-13-driven “alternative M2” macrophages, is introduced at the end 
of the first section of this chapter (M1 and M2 Macrophages). The section 
“Regulators of the Inflammatory Response’ of this chapter introduces (and 
where appropriate, reiterates) the vast array of soluble and surface-active 
mediators that regulate both acute and chronic inflammatory responses, as 
well as some aspects of resolution. These mediators include substances that 
range from short-lived reactive oxygen and nitrogen intermediates to entire 
regulatory systems (e.g., complement and coagulation). Many mediators of 
inflammation have become targets for therapeutic interruption strategies. 
See section “Chronic Inflammation and Repair? This chapter provides a 
framework for understanding the basic processes of inflammation while 
promoting an appreciation for the highly complex and integrated nature of 
the regulated inflammatory response. 


@ ACUTE INFLAMMATION 
HEMODYNAMIC CHANGES 


The hemodynamic changes that occur early in acute inflammation 
include arteriolar vasodilatation and localized increases in microvas- 
cular permeability (Fig. 19-1). In many circumstances, arteriolar 
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vasodilation follows a rapid and transient period of vasoconstriction.”? 
Arteriolar vasodilation results in increased blood flow, thus explaining 
the familiar redness and warmth that characterize a site of acute inflam- 
mation. The increase in blood flow, coupled with increases in microvas- 
cular permeability, results in hemoconcentration and increased local 
viscosity. These hemodynamic changes are critical to subsequent 
leukocyte emigration because selectin-mediated low-affinity rolling 
leukocyte-endothelial adhesive interactions occur only under such 
conditions of low shear force. Experimental studies using in vitro flow 
chambers and transparent vital membrane preparations in live animals 
indicate that selectin-mediated leukocyte-endothelial rolling adhesive 
interactions cannot occur in the face of the shear forces that exist under 
conditions of normal blood flow velocity. Increased microvascular 
permeability leads initially to protein-poor transudation followed by 
protein-rich plasma exudation, another characteristic of acute inflam- 
mation.’ Microvascular leakage occurs through a variety of temporally 
regulated mechanisms, including rapid, reversible, and short-lived ven- 
ular endothelial cell contraction attended by widening of intercellular 
junctions; so-called endothelial cell retraction, which is less-well under- 
stood but involves long-lived cytokine-mediated cytoskeletal changes; 
direct endothelial injury and disruption by physical trauma; leukocyte- 
mediated endothelial cell injury; and leakage via new capillaries that do 
not yet possess completely “closed” intercellular junctions.” Increases in 
rate of transcytosis by which plasma constituents cross endothelial cells 
in vesicles or vacuoles (vesiculovacuolar organelles) occur in neoplastic 
blood vessels and may play a role in inflammation.”* Alterations in local 
blood flow occur at the level of arterioles, the key to vascular resistance 
and regulated largely by the autonomic nervous system, nitric oxide 
(NO) (formerly called endothelium-derived relaxing factor), vasoactive 
peptides, and eicosanoids. A variety of soluble mediators can induce 
increases in microvascular permeability through several of the above- 
mentioned mechanisms. 


LEUKOCYTES 


The recruitment of leukocytes into a site of inflammation is a funda- 
mental characteristic of the inflammatory response.” The orches- 
trated recruitment of particular types of leukocytes into specific tissues, 
whether sites of acute inflammation, in the course of physiologic lym- 
phocyte recirculation through lymph nodes or in the cellular immune 
response to microbial invasion, is referred to as homing.’ The general 
mechanisms of leukocyte homing are similar, but the leukocytes and 
particular mediator molecules vary. For example, neutrophils bind and 
traverse postcapillary venules in acute inflammation, naive T lympho- 
cytes bind and traverse lymph node high-endothelial venules (HEVs) 
in lymphocyte recirculation, and effector and memory T lymphocytes 
bind and traverse postcapillary endothelial cells in sites of chronic infec- 
tion.* The importance of white blood cells in host defense is highlighted 
in patients with either numerical leukocyte deficiencies or functional 
defects. Leukocytes are critical because of their central role in the phago- 
cytosis and killing or containment of microbes and in the digestion of 
necrotic tissue debris. Leukocyte-derived products, such as proteolytic 
enzymes and reactive oxygen intermediates, contribute to tissue injury. 


Leukocyte Adhesion and Transmigration 

Vascular stasis that results from the hemodynamic changes of early 
acute inflammation leads to displacement of leukocytes from the central 
axial column of circulating blood cells to positions along the endothe- 
lial surface. This process, margination, is enhanced under conditions 
of slow blood flow.*? Leukocytes adhere transiently and weakly to the 
endothelial surface. Vital membrane preparations and flow chamber 
studies using endothelial cell monolayers and suspensions of puri- 
fied leukocytes have revealed that cells “tumble and roll” along the 
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endothelial surface.” Transient, weak, rolling neutrophil—endothelial 
adhesive interactions occur within minutes of initiation of an acute 
inflammatory response and can, depending upon the time point within 
the evolution of an inflammatory response, involve neutrophils, lym- 
phocytes, monocytes, basophils, or eosinophils. Leukocyte-endothelial 
cell-rolling adhesive interaction is a specific and necessary step that pre- 
cedes high-affinity, or so-called stationary adhesion and emigration.?""! 
Early rolling adhesive interactions are mediated largely by selectins and 
their carbohydrate-rich counterreceptors.**° In turn, the cell-surface 
expression of selectins (and other intercellular adhesion molecules) is 
regulated by locally produced proinflammatory mediators.’ 

Selectins contain an extracellular N-terminal carbohydrate- 
binding region that is homologous to mammalian lectins, an epidermal 
growth factor-like domain, a series of complement regulatory domains, 
and a lipophilic transmembrane domain (Table 19-1).?3!° P-selectin 
is expressed by endothelial cells and platelets, E-selectin by endothelial 
cells, and L-selectin by most white blood cells. P-selectin is constitu- 
tively synthesized and stored in endothelial intracytoplasmic granules 
(Weibel-Palade bodies).? When endothelial cells are exposed to his- 
tamine, thrombin, platelet-activating factor (PAF) or tissue factor, 
preformed P-selectin is rapidly (within minutes) translocated to the 
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Figure 19-1. Early hemodynamic events in acute 
inflammation. Vascular dilatation, increased microvas- 
cular permeability, fluid transudation, and leukocyte 
recruitment and emigration occur after a transient 
period of arteriolar vasoconstriction. (Modified with 
permission from Cotran RS, Kumar V, Collins T, Robbins 
SL (eds): Robbins Pathologic Basis of Disease, 6th ed. 
Philadelphia, PA: Saunders/Elsevier, 1999.) 
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endothelial surface where it engages marginated leukocytes via carbo- 
hydrate moieties that contain sialic acid residues (e.g., P-selectin gly- 
coprotein ligand-1 [PSGL-1]).?*'°" This transient, low-affinity, binding 
interaction accounts in part for the early rolling interactions (Fig. 19-2). 
The development of single knockout mice (i.e., lacking individual selec- 
tins [P-/-; E-/— or L-/—], double knockout mice (e.g., E-/— and P-/-), 
and even triple knockout mice, has confirmed that leukocyte rolling can 
be almost completely accounted for by selectins.'*!* Exposure of endo- 
thelial cells to TNF-a or IL-1 results in new protein synthesis-depen- 
dent expression of E-selectin, a response that occurs within 1 to 2 hours 
and peaks at 4 to 6 hours.”*” As in the case of P-selectin-mediated leuko- 
cyte adhesion, E-selectin-mediated adhesion occurs via a series of sialy- 
lated and fucosylated carbohydrate moieties related to the sialyl Lewis 
X and sialyl Lewis A blood group antigens, but found on leukocytes 
(Table 19-1).*!° Selectin counterreceptors consist of several different 
mucin-like glycoproteins coated with various sialyl moieties. L-selec- 
tin is constitutively expressed by leukocytes, participates in neutrophil 
and monocyte binding to activated endothelium in inflammatory sites, 
lymphocyte-endothelial cell homing (e.g., lymphocyte homing to 
lymph nodes via HEVs), leukocyte-leukocyte adhesive interactions 
via sulfur-containing mucin-like glycoproteins, and is cleaved from 


TABLE 19-1. Adhesion Molecules in Inflammation 
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Family Structure Members Tissue Distribution Counterreceptor* 
Selectin N-terminal lectin domain, P-selectin Endothelium, platelets PSGL-1, SLe* glycoprotein 
apiclanmel oa eset E-selectin Endothelium PSGL-1, SLe* glycoprotein 
domain, multiple comple- 
ment regulatory repeats, L-selectin Leukocytes PNAds: GlyCAM-1, Mad- 


transmembrane, and CAM-1, CD34 
short cytoplasmic tail 
Immunoglobulin Multiple immunoglobulin ICAM-1 Endothelium, other cells © CD11a/CD18 
superfamily domains, transmembrane ICAM-2 CD11b/CD18 
region and cytoplasmic 
tail ICAM-3 
VCAM-1 Endothelium VLA-4 
CD31 (PECAM) Endothelium CD31 
Integrin (B,; leukocyte) Heterodimers: distincta | CD11a/CD18 (LFA-1) Neutrophils, monocytes, ICAM-1 
subunits with common B macrophages, and 
A ICAM-2 
subunits lymphocytes 
ICAM-3 
CD11b/CD18 (Mac-1) Neutrophils, monocytes, ICAM-1, iC3b, LPS, and 
and macrophages fibronectin 


VLA-4 


Monocytes and VCAM-1 and fibronectin 


lymphocytes 


CD, cluster of differentiation; ICAM, intercellular adhesion molecule; LFA-1, leukocyte function-associated antigen-1; LPS, lipopolysaccharide; 
PECAM, platelet endothelial cell adhesion molecule; PSGL-1, P-selectin glycoprotein ligand-1; sLe*, sialyl Lewis X; VCAM, vascular cell adhesion 


molecule; VLA, very-late antigen. 


*"Counterreceptor” refers to a complementary moiety to which a receptor specifically binds. For example, P-selectin binds to PSGL-1. 


cells by means of “sheddase” enzymes such as a disintegrin and metal- 
loproteinase (ADAM)-17 (TNF-a converting enzyme [TACE]) when 
the leukocyte is activated (see Table 19-1).*'5 The relevant mucin-like 
glycoprotein counter-receptors on HEVs are collectively referred to as 
peripheral node addressins (PNAds) and include mucosal addressin 
cell adhesion molecule (MadCAM)-1, GlyCAM-1, and CD34.*° L- 
selectin shedding facilitates leukocyte emigration by allowing the weakly 
adherent white blood cell to detach from the endothelium. Low-affinity 
rolling adhesive interactions set the stage for 6-integrin— and immuno- 
globulin superfamily mediated high-affinity adhesive interactions and 
leukocyte transmigration.**” 

Weak selectin-mediated rolling and high-affinity stationary adhe- 
sive interactions are not temporally or mechanistically completely dis- 
crete. For example, TNF-a and IL-1 both induce E-selectin, which is 
not expressed by quiescent cells, and both increase endothelial expres- 
sion of intercellular adhesion molecule (ICAM)-1 and vascular cell 
adhesion molecule (VCAM)-1, which are constitutively expressed in 


Rolling Adhesion 
Activated 
neutrophil 


Transmigration 


Unstimulated 
neutrophil 4°: 


Quiescent endothelium 


Chemotactic gradient 


low cell-surface densities.»? ICAM-1 is involved in the recruitment 
of all types of leukocytes and VCAM-1 is involved in the recruitment 
of chronic inflammatory leukocytes (lymphocytes, monocytes, eos- 
inophils, and basophils).**? ICAM-1 binds to £, (leukocyte) integ- 
rins, which are heterodimeric structures that contain one species of a 
chain (e.g, CD1la, CD11b, CD11c, CD11d) and a common f chain 
(CD18). VCAM-1 binds to f integrins (e.g., very-late antigen [VLA]- 
4/a,B,) (see Table 19-1).* Activated endothelial cells secrete PAF and 
CXCL8 (IL-8), which activate overlying selectin-bound leukocytes.?**"6 
Individual leukocyte CD1la/CD18 (LFA-1) heterodimers undergo a 
transient conformational change and groups of CD1la/CD18 mol- 
ecules form multimolecular clusters.**° Both the conformational 
change in CD11a/CD18 and the clustering contribute to increases in 
binding affinity to endothelial ICAM-1.2'* CD11b/CD18 (Mac-1) binds 
ICAM-1, ICAM-2, and iC3b (see section “Complement”), the latter 
of which opsonizes complement-coated particulates. CD11c/CD18 
also binds to iC3b and initiates phagocytosis, but plays a lesser role in 


Figure 19-2. Leukocyte-endothelial adhesive inter- 
actions. Early in the acute inflammatory response, mar- 
ginated leukocytes engage in transient, low-affinity, 
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neutrophil adhesion than do CD11a/CD18 and CD11b/CD18. Inter- 
cellular adhesion molecules are found on a variety of cell types other 
than endothelial cells. The roles of CD11lc/CD18, CD11d/CD18, 
and ICAM-3 in leukocyte-endothelial adhesion are less-well estab- 
lished. 8,-Integrins, notably VLA-4, are found primarily on chronic 
inflammatory leukocytes (e.g., lymphocytes, monocytes, basophils, 
and eosinophils) and mediate leukocyte binding via VCAM-1.**” f,- 


Integrin-mediated adhesive interactions occur via arginine- 
glycine-aspartic acid peptide sequences (RGDs) displayed by VCAM-1, 
as well as on exposed surfaces of matrix molecules (e.g., fibronectin). 
B,-Integrin-ICAM-1 and £,-integrin-VCAM-1-mediated adhesive 
interactions occur later (hours to days) in the inflammatory response 
than do selectin-mediated interactions. 

B,- and f -integrins are clearly important in leukocyte recruit- 
ment into sites of acute and chronic inflammation. Eighteen different 
integrin « subunits, eight integrin f subunits, and 24 in vivo heterod- 
imer combinations have been identified in mammals.” In addition to 
leukocyte-endothelial cell adhesion interactions, integrins function in 
a variety of other cell-cell and cell-extracellular matrix interactions. 
A large number of integrin-targeted small molecule, peptide, and 
designer antibodies have been developed for therapeutic applications.” 
Inflammatory-immunologic diseases treated with integrin antagonists 
include, among others, multiple sclerosis, Crohn disease, and age-re- 
lated macular degeneration. 

High-affinity stationary adhesive interactions precede leukocyte 
transmigration across the endothelium into the subjacent interstitium. 
The functional importance of complementary leukocyte-endothelial 
adhesive interactions has been clarified by in vitro binding studies and in 
vivo studies that have employed neutralizing antibodies directed against 
adhesion molecules, pharmacologic antagonists of adhesion molecules, 
and knockout mice.”* The functional importance of leukocyte integrins 
(CD11a/CD18, CD11b/CD18, CD11c/CD18) has also been highlighted 
by clinical and experimental observations in patients with rare genetic 
leukocyte adhesion deficiencies (Chap. 66). 

B,-Integrin ICAM-1 and ICAM-2, as well a f -integrin (VLA- 
4) VCAM-1, induce adhesive interactions that lead to cytoskeletal 
reorganization in leukocytes that flatten and spread out on the endo- 
thelial surface, extend pseudopodia between endothelial cells, and 
migrate along extravascular chemotactic gradients. Most leukocytes 
exit the vascular space between adjacent endothelial cells (paracellu- 
lar transmigration). Paracellular transmigration depends not only on 
integrin-ligand interactions but also on CD31 (PECAM-1 [platelet- 
endothelial cell adhesion molecule-1]) expressed on both leukocytes 
and endothelial cells, and transient reversible disassembly of tight inter- 
endothelial vascular endothelial (VE)-cadherin junctional complexes."* 
There is evidence that leukocytes can also exit the vascular space via a 
less-well-characterized transcellular pathway. 


Leukocyte Chemotaxis and Activation 

Leukocytes bound tightly to endothelium emigrate from the vascular 
space into the interstitium by extending pseudopods between intercellu- 
lar junctions (see Fig. 19-2).'* Secreted neutral proteases such as elastase, 
cathepsin G, and proteinase 3, play a role in the passage or “invasion” 
of leukocytes through the subendothelial extracellular matrix. Collage- 
nases are particularly important in leukocyte transmigration through 
basement membranes. A variety of matrix metalloproteinases, produced 
by several cell types, participate in leukocyte migration, and also play 
roles in resolution of inflammation and tissue remodeling. Leukocyte 
emigration and subsequent movement through the interstitium fol- 
low chemical concentration gradients; processes facilitated by binding 
interactions between leukocyte integrins and complementary sites on 
extracellular matrix molecules (e.g., fibronectin).? A wide variety of 
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soluble mediators can provide the motive trigger for this process.**”” 


Chemotactic factors for neutrophils include peptides derived from 
bacteria (e.g., N-formyl peptides), complement-derived peptides (e.g., 
C5a), cell membrane-derived chemotactic lipids (e.g., PAF), and cytok- 
ines and chemokines produced by a variety of cell types (e.g., CXCL8 
[IL-8] from endothelial cells). Chemotactic factors vary with respect 
to their specificity for different types of leukocytes. For example, C5a 
and N-formyl peptides both induce neutrophil and monocyte chemo- 
taxis, and CXCL8 [IL-8] induces neutrophil chemotaxis, whereas CCL2 
(monocyte chemoattractant protein [MCP]-1) induces chemotactic 
responses in monocytes and a specific subset of memory T lympho- 
cytes.’ The Th17 subset of CD4 T-helper lymphocytes secretes IL-17 and 
IL-22 which participate in the recruitment of neutrophils.’ (There are 
several species of IL-17, including homodimers IL-17A-IL-17F as well 
as heterodimeric species.) Each of these chemotactic factors activates 
“target” cells by engaging specific cell surface receptors, which, in turn, 
are linked to the contractile cell motility apparatus.*”” 

In addition to chemotaxis, soluble and cell-surface mediators 
induce leukocyte activation manifested by a wide array of changes in 
cellular function (e.g., leukocyte integrin upregulation and increased 
binding affinity [e.g., CD11b/CD18], selectin shedding [e.g., L-selectin], 
lysosome degranulation, and initiation of the respiratory burst). There 
have been great advances in understanding of the biochemical pathways 
involved in chemotaxis, cell activation, and degranulation.”' Although 
there are many nuances in the signal transduction pathways involved in 
these processes, several themes have emerged. Cell surface receptors are 
activated by specific ligands (e.g., C5a, leukotriene B, [LTB,], CXCL8 
[IL-8] and receptor activation is transduced via specific G proteins and 
membrane-associated phospholipases, which leads to mobilization of 
intracellular calcium, influx of extracellular calcium and phosphory- 
lation of series of cytosolic proteins.” Rare genetic diseases linked to 
receptor and effector defects (e.g., IFN-y receptor defects and nicoti- 
namide adenine dinucleotide phosphate [reduced form] [NADPH] 
oxidase defects) have provided insight into leukocyte function and the 
importance of such specific activities in host defense (Chap. 66). 

A principal result of neutrophil and monocyte recruitment is pro- 
vision of large numbers of activated leukocytes that can release lytic 
substances and reactive oxygen and nitrogen intermediates needed to 
destroy foreign invaders, and a vehicle to contain foreign particulates 
through phagocytosis. Some recruited monocytes differentiate into 
macrophages and recruited effector and memory lymphocytes play piv- 
otal roles in the adaptive immune response.** The products and func- 
tions of activated inflammatory cells are at once salutary because they 
contain and destroy invaders and deleterious because they cause tissue 
damage. The roles of neutrophil apoptosis (programmed cell death) in 
the termination of acute inflammatory responses and IFN-y-driven M1 
macrophages and IL-4/IL-13-driven M2 macrophages in the transition 
of an inflammatory milieu to a wound-healing or tissue-remodeling 
milieu are discussed in “M1 and M2 Macrophages”. 

Leukocyte activation, especially of neutrophils and mononu- 
clear phagocytes, results in the secretion of microbicidal peptides 
(e.g., defensins, bactericidal permeability-increasing protein [BPI], 
cationic antimicrobial protein [e.g., CAP37]) and lytic enzymes (e.g., 
myeloperoxidase, elastase, cathepsin G).°”!”’ The release of such gran- 
ular constituents is accompanied by the generation of reactive oxy- 
gen and nitrogen intermediates (e.g., O,, PLO; NO), the generation 
of arachidonate metabolites (e.g., leukotrienes and prostaglandins) 
and the production of other proinflammatory mediators (see section 
“Regulators of the Inflammatory Response’). In some circum- 
stances these mediators are released into phagolysosomes where they 
contribute to the destruction of engulfed microbes, while in other 
circumstances they are secreted into the extracellular milieu where 


they amplify the inflammatory response and cause tissue damage. 
The various types of neutrophil granules (primary azurophilic, second- 
ary specific, tertiary gelatinase-containing, and secretory vesicles) are 
released in a differentially coordinated fashion.*)” 

An important recently formulated concept is that of the “inflam- 
masome,’ a cytosolic multiprotein complex that is formed in a variety of 
leukocytes and leads to the generation of IL-1 via activated caspase-1- 
mediated cleavage of pro-IL-1f.” Inflammasome formation can be 
induced by a wide variety of microbial products (e.g., lipopolysaccha- 
ride) as well as by other proinflammatory molecules (e.g., urate crys- 
tals, damage-associated molecular patterns also known as “alarmins”).” 
Pathogens can activate immune cells via several classes of pattern- 
recognition receptors, including C-type lectin receptors, toll-like receptors 
(TLRs), retinoic acid—inducible gene (RIG) 1-like cytosolic receptor and 
nucleotide-binding oligomerization domain (NOD)-like receptors.*** 

Effective phagocytosis involves three distinct steps: (1) recogni- 
tion and attachment, (2) engulfment, and (3) degradation (killing in the 
case of microbes) of the ingested material.”’’” Phagocytosis is greatly 
enhanced when particles (e.g., bacteria) are coated with opsonins, 
which, in turn, function as ligands for leukocyte surface receptors. The 
major opsonins include the Fc domains of immunoglobulin (Ig) G and 
IgM and the complement-derived fragments C3b and iC3b, which are 
generated via activation of the complement cascades and covalently 
bound to the surfaces of nearby large molecules and particles (e.g., 
microbes). There are a variety of Fc receptors (FcyRI, FcyRII, FeyRIUB, 
etc.) and complement receptors (e.g., CR1, CR3, CR4) that specifically 
engage their respective opsonins when the latter coat foreign partic- 
ulates.° In addition to facilitating receptor-mediated phagocytosis of 
opsonized particles, Fc receptors trigger cell activation with the atten- 
dant release of granular constituents and the generation of reactive oxy- 
gen intermediates.* Other important recognition molecules expressed 
by leukocytes include integrins, the Clq receptor, mannose receptors, 
scavenger receptors and TLRs.°**”5 Mannose receptors bind to man- 
nose and fucose moieties, which are present on some microbes but not 
mammalian cells; scavenger receptors bind to a variety of microbes, as 
well as to oxidized and acetylated low-density lipoproteins; and TLRs 
bind to a variety of microbial moieties including endotoxins (lipopoly- 
saccharide) and prokaryotic nucleic acids (e.g., double-stranded 
RNA).°*4?5 Humans express at least nine species of TLR, some of which 
are expressed on external cell surfaces and others on the inner surfaces 
of endosomes.**° Some enhanced phagocytic reactions occur indepen- 
dently of opsonins. The engulfment, degranulation, and oxidative burst 
triggered as the result of engagement of FcR is enhanced by the con- 
current engagement of complement receptors. In some circumstances, 
engulfment is enhanced by the simultaneous binding of the leukocyte 
to specific extracellular matrix molecules (e.g., fibronectin) or soluble 
cytokines. Engulfment results in the formation of phagosomes, which 
fuse with lysosomes to form phagolysosomes in which foreign particles 
are oxidized and degraded. Numerous mechanisms for killing and/or 
degradation of microbes have been elucidated (Table 19-2). Although 
these mechanisms are classified as either oxygen-dependent or oxygen- 
independent, both types of processes may be involved in the destruction 
of a given microorganism, and a given microorganism may vary greatly 
in its susceptibility to various mechanisms of destruction.*”’”” Extracel- 
lular release of reactive oxygen and nitrogen intermediates, lysosomal 
enzymes, lipid mediators, and cationic proteins can all contribute to 
inflammation-related tissue injury. 

As noted above, acute inflammation may be followed by chronic 
inflammation and a superimposed series of reparative processes that 
can result in resolution or scar formation. Resolution of inflamma- 
tion was long viewed to be a passive process that included a poorly 
understood decline in concentrations of proinflammatory mediators 
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TABLE 19-2. Killing and Degradation of Microorganisms 


in Phagocytes 


Oxygen-Dependent Oxygen-Independent 


Arachidonate metab- 
olites (prostaglandins, 
leukotrienes) 


Superoxide anion (0,) 


Hydrogen peroxide (H,O,) Platelet-activating factor 
Hydroxyl radical (HO>) Lysosomal proteases 
Singlet oxygen CoO) Lactoferrin 
N-chloramines (R-NHC1, Lysozyme 

R-NCL.) 

Hypohalous acids (HO-X) Cationic proteins (e.g., 
bactericidal permeability- 
increasing protein, major 
basic protein, defensins) 

Nitric oxide (NO) 

Peroxynitrite (ONOO-) 


and cells.° It has become clear that the balance between a proinflam- 
matory and an antiinflammatory milieu is regulated by networks of 
proinflammatory mediators (e.g., proinflammatory cytokines: TNF-a, 
IL-1, IL-6) and antiinflammatory mediators (e.g., antiinflammatory 
cytokines: IL-4, IL-10, IL-11, IL-13, TGF, IL-1ra, and soluble cytokine 
receptors). Clearance of inflammatory cells and mediators is an active 
process that encompasses leukocyte apoptosis, inactivation and seques- 
tration of proinflammatory chemokines, and egress of leukocytes from 
sites of inflammation.’ Detailed serial biochemical analyses of inflam- 
matory exudates by liquid chromatography-mass spectroscopy have, 
along with structure-function analyses and in vivo animal studies, 
elucidated the identities of “resolvins” and “protectins,” lipids derived 
from omega-3 polyunsaturated fatty acids that facilitate resolution of 
inflammation.*®? The recognition of functionally distinguishable 
macrophages as “classical, IFN-y-driven M1” phenotype and “alter- 
native, IL-4/IL-13-driven M2” phenotype has provided insight into 
the transition of an active inflammatory milieu to a wound-healing or 
tissue-remodeling milieu." It has become clear that there are several 
different macrophage phenotypes, a reflection of the great complexity of 
the transition from active inflammation to resolution and remodeling. 
Insight into actively regulated termination of inflammation as well as 
the transition from active inflammation to resolution and remodeling 
has provided for new therapeutic strategies. 


ACUTE-PHASE RESPONSE 


The acute-phase response is a stereotyped host response to insults that 
include trauma, tissue damage, and infection.* TNF-a, IL-1, and IL-6 
are consistently produced regardless of trigger. As discussed through- 
out, these soluble cytokines mediate several proinflammatory processes. 
(Proinflammatory cytokines TNF-a, IL-1, IL-6, and antiinflamma- 
tory cytokines are further discussed in “Cytokines and Chemokines”) 
TNF-a, IL-18 and IL-6 act on the hypothalamus to increase the body 
temperature set point, resulting in fever. Because they are produced 
endogenously and induce fever in the context of a systemic host 
response, these mediators have sometimes been referred to as “endoge- 
nous pyrogens.” Exogenous pyrogens (e.g., endotoxin or lipopolysac- 
charide) originate from outside the host but induce TNF-a, IL-1, and 
IL-6. The downstream effects of these cytokines are responsible for sev- 
eral familiar clinical manifestations of infection, including fever, altered 


sensorium, and the production of fibrinogen, serum amyloid protein, 
C3, C4, and C-reactive protein by hepatocytes and other cell types. 
The biochemical fingerprints of an acute-phase response are revealed 
through several widely available laboratory tests (C-reactive protein 
measurement, serum protein electrophoresis). Severe, overwhelming 
infections attended by high serum concentrations of endotoxin can 
induce very high concentrations of TNF-a, IL-1, and IL-6.* High con- 
centrations of TNF-« are directly responsible for several of the key man- 
ifestations of severe sepsis and septic shock (e.g., cardiac suppression, 
intravascular thrombosis, capillary leakage and insulin resistance).*# 
Interruption of TNF-a has been a therapeutic strategy in localized 
inflammatory conditions like the joint inflammation (and destruction) 
of rheumatoid arthritis and bowel wall inflammation in Crohn disease 
and ulcerative colitis, as well as in severe sepsis and septic shock.” Anti- 
TNF-« therapy (via engineered monoclonal antibodies [infliximab and 
adalimumab] that neutralize TNF-a as well as inhibitory soluble TNF 
receptors [etanercept]) has been effective in conditions such as rheu- 
matoid arthritis and inflammatory bowel disease, but not in severe sep- 
sis or septic shock in humans.**° Major adverse events associated with 
anti-TNF-« therapies include an increased risk of mycobacterial infec- 
tion, development of autoantibodies (but not autoimmune disease), 
and injection site inflammation.” There have been isolated reports of 
cytopenias, skin cancer and worsened congestive heart failure.” 


@ RESOLUTION OF INFLAMMATION 


Since the advent of morphologic examinations of tissue from inflamma- 
tory lesions, it has been recognized that resolution of acute inflamma- 
tion is marked by the disappearance of neutrophils and the engulfment 
of cellular debris by recruited monocytes and tissue macrophages. 
It has been relatively recent that resolution of inflammation has been 
understood to be an active process.* Key aspects of resolution include: 
(1) cessation of neutrophil influx effected by chemokine inactivation 
and sequestration; (2) neutrophil apoptosis; (3) functional polariza- 
tion or switching of macrophages from a proinflammatory (M1) to a 
wound-healing and tissue-remodeling (M2) phenotype; and (4) the 
rapid, localized generation of proresolution lipid mediators that include 
lipoxins, resolvins, and protectins. 


INACTIVATION AND SEQUESTRATION 
OF CHEMOKINES 


As described in the preceding section, neutrophil influx into an inflam- 
matory site is in part mediated by locally generated chemokines. The 
actions of proinflammatory chemokines are terminated as a result of 
their cleavage into inactive fragments and through sequestration or 
removal from participation by binding to indigenous nonfunctional 
decoy receptors or to locally generated decoy receptors. Examples 
include the cleavage of neutrophil-directed CXC-chemokines within 
a critical ELR motif by macrophage-derived matrix metalloproteinase 
12 and matrix metalloproteinase cleavage of the monocyte-directed 
CC-chemokine, CCL7.°*' Cleaved CCL7 can still bind its cognate recep- 
tors, CCR1, CCR2, and CCR3, but these cells are not mobilized by the 
truncated version of CCL7.° 

Chemokine receptors that lack an intact highly-conserved DRY 
motif, which normally links the receptor to key signal transduction 
molecules, function as decoy receptors. The best understood of these are 
the “Duffy antigen receptor for chemokines” (DARC) and D6.° DARC is 
expressed by endothelial cells at sites of leukocyte egress and binds both 
CC and CXC chemokines. Functional studies reveal that disruption of 
DARC leads to increased neutrophil recruitment into sites of inflamma- 
tion. D6 binds several different CC chemokines, thus rendering them 
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ineffective. Chemokine decoy receptors can also be derived in situ from 
previously active receptors in sites of inflammation. IL-10 facilitates 
maintenance of CCR1, CCR2, and CCR5 expression, but induces the 
functional inactivity of these receptors thus hastening the resolution of 
inflammation. 


NEUTROPHIL APOPTOSIS 


Contrary to a long-held belief that extravascular neutrophil life spans 
are fixed, recent studies suggest that neutrophil life spans can be mod- 
ulated by local mediators. Low concentrations of macrophage-derived 
TNF-a and Fas-ligand prolong neutrophil life span, whereas high con- 
centrations of the same ligands lead to shortened life spans. The latter 
results in neutrophil apoptosis via phosphoinositide 3-kinase-triggered 
oxygen metabolite generation and Btk-NADPH-modulated pathways. 
Other local regulators of neutrophil apoptosis include oxygen tension- 
modulated hypoxia-inducible factor la and granulocyte-macrophage 
colony-stimulating factor (GM-CSF).° 

In turn, apoptotic neutrophils attenuate inflammation via the 
secretion of annexin Al, which inhibits the recruitment of additional 
neutrophils as well enhances neutrophil apoptosis and phagocytosis by 
macrophages.” Lactoferrin, a neutrophil secondary granule protein, also 
inhibits neutrophil recruitment and induces apoptosis following its release 
into the inflammatory milieu. (The effect of lactoferrin on neutrophil sur- 
vival is influenced by its degree of iron saturation.) Macrophage inges- 
tion of apoptotic neutrophils is called “efferocytosis,’ a process directed 
by distinct “find me” and “eat me” signals.’ “Find me” signals include the 
nucleotides ATP and uridine triphosphate (UTP), fractalkine (CX,CL1), 
lysophosphatidylcholine and sphingosine-1-phosphate (S-1-P). The cor- 
responding counterreceptors for these “find me” signals include P2Y2 
receptors, CX,CR1, G2A, and S-1-P,_, receptors, respectively. This set of 
“find me/eat me” ligand receptor pairs fits within a larger set of apoptotic 
cell-efferocyte interactions. In some cases, apoptotic cell “find me” mol- 
ecules are expressed as a function of apoptosis per se, whereas in other 
cases, existing surface molecules are either modified or linked with medi- 
ators that facilitate recognition and ingestion by efferocytes. 


M1 AND M2 MACROPHAGES 


It was recognized during the 1980s and 1990s that various cytokines 
can differentially modulate macrophage function.” From original 
specific observations of an IFN-y-activated macrophage phenotype 
and an IL-4-activated macrophage phenotype, emerged the concept 
of “classical, IFN-y-activated, M1” macrophages and “alternative, 
IL-4-activated, M2” macrophages. Such macrophages are sometimes 
described as being “polarized” by IFN-y, IL-4, or other mediators. Sev- 
eral different activated macrophage “phenotype signatures” have been 
elucidated, a recognition that has led to a series of designations with 
“M1” and “M2” representing the most extreme differences." There are 
several M2 subtypes.’ IFN-y-activated macrophages (M1) produce 
tissue-toxic radicals (e.g., NO) and proinflammatory cytokines (e.g., 
TNF-a), whereas M2 macrophages produce less NO and more IL-10 
and TGF-, the latter being important mediators of wound healing and/ 
or tissue-remodeling.’ Insight into the role of tissue macrophages in the 
resolution of active inflammation and the transition to wound-healing 
and tissue-remodeling has helped foster the concept of inflammation as 
an actively regulated response. 


LIPID REGULATORS: RESOLVINS 
AND PROTECTINS 


The transition from peak acute inflammation, marked by maximum 
concentrations of neutrophils, toward resolution, is accompanied by 


marked changes not only in the local cytokine-chemokine milieu, 
but also in the lipid milieu. Specifically, there is a shift from high local 
concentrations of proinflammatory prostaglandins and leukotrienes 
to antiinflammatory lipoxins, resolvins, and protectins. Basic lipoxin 
biochemistry is outlined later in the section “Inflammatory Lipids”. 
Resolvins and protectins, derived from omega-3 polyunsaturated fatty 
acids, each encompass several classes of related molecules.*”°”” The 
synthesis of both resolvins and protectins occurs through enzymatic 
pathways; the mediators themselves exert their effects through specific 
receptors on neutrophils, macrophages and dendritic cells.” Antiin- 
flammatory mechanisms exerted by resolvins and protectins are diverse 
and include enhancement of macrophage-mediated clearance of apop- 
totic neutrophils, upregulation of cell-surface CCR5 which sequesters 
proinflammatory chemokines, and the shift of biochemical pathways 
toward an antiinflammatory phenotype.***” The identification and 
characterization of both resolvins and protectins has laid the ground- 
work for new therapeutic strategies to modulate inflammation." 
Efficacy of several “proresolving lipids” has been reported in animal 
models of inflammation.* Resolvin El, a synthetic resolvin analogue 
(RX-100045), and LXA4-based compounds are under investigation in 
several human inflammatory diseases.* 


@ REGULATORS OF THE INFLAMMATORY 
RESPONSE 


The foregoing sections have provided a conceptual framework for the 
inflammatory response, specifically, the hemodynamic alterations, 
mechanisms of specific leukocyte-endothelial adhesive interactions, 
chemotaxis, leukocyte activation, phagocytosis, intracellular microbial 
killing mechanisms, active termination/resolution of the acute inflam- 
matory response, and the contributions of M1 and M2 macrophages 
to inflammation and tissue repair. The many steps that constitute this 
paradigm are regulated by soluble mediators produced by endothelial 
cells and leukocytes at a site of inflammation, by other resident cells 
(e.g., tissue macrophages, fibroblasts, mast cells) and as byproducts of 
bloodborne proteins (e.g., complement system, coagulation cascade; 
Table 19-3). There are many examples of “crosstalk” among regulatory sys- 
tems (e.g., proteinase-activated receptors), complex regulatory networks 
(e.g., proinflammatory and antiinflammatory cytokine balance), and plei- 
otropism exhibited by individual mediators (e.g., TNF-a and IL-1). 


REACTIVE OXYGEN INTERMEDIATES 


Since the early 1970s it has been recognized that activated phagocytes 
exhibit a transient but marked increase in oxygen consumption and the 
mechanistically coupled generation of reduced oxygen metabolites.” 
Although small quantities of reactive oxygen intermediates are pro- 
duced as byproducts of several metabolic pathways, the chief source is 
the leukocyte cytosol and membrane-associated NADPH oxidase, an 
enzyme complex that is defective in most patients with chronic gran- 
ulomatous disease (Chap. 66). Reactive oxygen intermediates include 
superoxide anion (O,), hydrogen peroxide (H,O,), hydroxyl radical 
(HOs), and singlet oxygen ('O,).** These reduced oxygen products 
play a major role in intraphagolysosomal killing of microorganisms, 
and when released extracellularly, are directly or indirectly responsible 
for a variety of proinflammatory processes, including endothelial cell 
lysis, extracellular matrix degradation, activation of latent proteolytic 
enzymes (collagenase, gelatinase), inactivation of antiproteases, inter- 
action with metabolites of L-arginine, and generation of chemotactic 
factors from arachidonic acid and the complement component, C5.* 
In addition to their role in endothelial cytotoxicity, reactive oxygen 
intermediates are cytotoxic to fibroblasts, erythrocytes, tumor cells and 
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TABLE 19-3. Inflammatory Mediator Systems 


Mediator System Source Major Actions 

Reactive oxygen Leukocytes, Tissue damage through 
intermediates (O~, endothelial cells cytolysis, matrix deg- 
H,O., HOX, HO) radation, activation of 


complement, and gen- 
eration of chemotactic 
lipids 


Reactive nitrogen 
intermediates (NO, 


ONOO;, NO,-, NO,>) 


Monocytes, 
macrophages, 
lymphocytes, 
endothelial cells 


Cytostasis of cells, inhi- 
bition of DNA synthesis, 
inhibition of mitochon- 
drial respiration, and 
formation of OH 


Lysosomal granule 
constituents (pro- 
teases, lysozyme, 
lactoferrin, cationic 
proteins) 


Neutrophils, 
monocytes 


Tissue damage through 
proteolysis, matrix deg- 
radation, and catalysis 
of oxidant-generating 
reactions 


Cytokines and 
chemokines (TNF, 
IL-1, IL-8, MCP-1, 
etc.) 


Monocytes, mac- 
rophages, and 
endothelial cells 


Cell activation, induc- 
tion of adhesion, 

chemotaxis, fever, and 
acute-phase response 


Platelet-activating 
factor 


Leukocytes, 
endothelial cells 


Vascular permeability 
and cell activation 


Arachidonic acid 


Cell membranes 


Coagulation, vasodila- 


metabolites (pros- (endothelial tion, vascular perme- 
taglandins, 5-HPETE, cells, platelets, ability, cell activation, 
leukotrienes) leukocytes) and chemotaxis 
Kinins (bradykinin, Plasma Pain, vascular permea- 


kallikrein) bility, and vasodilation 

Vasoactive amines Platelets, mast Vascular permeability, 

(serotonin, cells, and induction of adhesion 

histamine) basophils 

Complement Plasma, Chemotaxis, vascular 
macrophages permeability, and cell 

activation 
Coagulation Plasma Chemotaxis, vascular 


permeability, and com- 
plement activation 


5-HPETE, 5 hydroperoxyeicosatetraenoic acid; IL, interleukin; MCP-1, 
monocyte chemoattractant protein-1; TNF, tumor necrosis factor. 


many types of parenchymal cells.” Implicated biochemical mechanisms 
include lipid peroxidation, formation of carbonyl moieties and nitrosy- 
lation products, intracellular enzyme inactivation, protein oxidation, 
and oxidant-mediated DNA damage. Reactive oxygen intermediates 
(e.g., O,-) can also undergo reactions with reactive nitrogen intermedi- 
ates (e.g., NO; see “Reactive Nitrogen Intermediates” below) to generate 
toxic NO derivatives.*? Within limits, host cells are protected by anti- 
oxidant defense systems (e.g., superoxide dismutase, catalase, reduced 
glutathione). 


REACTIVE NITROGEN INTERMEDIATES 


Described in 1980 as “endothelium-derived relaxing factor,” NO is the 
soluble, gaseous, short-acting biosynthetic product of L-arginine, O, 
NADPH, and NO synthase (NOS).™ As suggested by its original name, 
NO mediates vascular smooth muscle relaxation. NO binds to the heme 
moiety of guanylyl cyclase to trigger the generation of intracytoplasmic 


cyclic guanosine monophosphate (CGMP) and, through the activation 
of a series of kinases, induces smooth-muscle relaxation and vasodi- 
lation.” Three different forms of NOS have been characterized: endo- 
thelial (eNOS), neuronal (nNOS), and inducible (INOS). Nitric oxide 
can be produced either constitutively (eNOS, nNOS) or induced (iNOS) 
in a wide variety of cell types (e.g., endothelial cells, neurons, macro- 
phages, respectively). Nitric oxide produced by eNOS plays a particu- 
larly important role in the localized regulation of vascular tone, whereas 
NO derived from nNOS is important in neuronal signal transduction. 
NO also plays important roles in the inhibition of smooth-muscle 
proliferation and in inflammation. The roles of NO in inflammation 
include inhibition of cell-mediated inflammation, reduction in platelet 
aggregation and adhesion, and as a regulator of leukocyte recruitment. 
Specifically, NO produced by cytokine-iNOS reduces leukocyte recruit- 
ment into sites of inflammation. NO can react with reactive oxygen 
intermediates to form both reactive oxygen and nitrogen species (e.g., 
NO +0, > NO, + HOs); it can inhibit DNA synthesis; it can directly 
kill microbes and tumor cells; and it can inactivate cytosolic glutathione 
and other sulfhydryl enzymes. NO and its generating enzymes, eNOS, 
nNOS, and iNOS, represent a regulatory system that has varied effects 
on the inflammatory response depending upon location and setting. 


LYSOSOMAL GRANULE CONSTITUENTS 


The activation of neutrophils, monocytes and macrophages results in the 
release, either through exocytosis or as the result of cell death, of a wide 
variety of proinflammatory mediators that have important roles in the 
inflammatory response. Neutrophils contain three major types of gran- 
ules and also secretory vesicles (Chap. 60). Large, primary (azurophilic) 
granules contain myeloperoxidase, lysozyme, a variety of cationic pro- 
teins, defensins, phospholipase, acid hydrolases and neutral proteases 
(e.g., proteinase 3, collagenases, elastase). Smaller, secondary (specific) 
granules contain lactoferrin, lysozyme, type IV collagenase, subunits of 
NADPH oxidase and the f,-integrin, CD11b/CD18. Tertiary granules 
contain gelatinase, subunits of NADPH oxidase and CD11b/CD18. 
Acid proteases function most efficiently within phagolysosomes where 
the pH is low, whereas neutral proteases can function efficiently within 
extracellular inflammatory exudates. Lysosomal granule constituents 
contribute to the inflammatory response and tissue injury through a 
wide array of mechanisms (e.g., degradation of extracellular matrix, 
proteolytic generation of chemotactic peptides and catalysis of reactive 
oxygen metabolite generation). 


CYTOKINES AND CHEMOKINES 


Cytokines are proteins that exhibit a variety of proinflammatory and 
antiinflammatory effects. They are produced by many cell types and 
modulate the function of other cell types. Individual cells may produce 
many different cytokines, and an individual cytokine may exert a wide 
variety of effects; they are pleiotropic.** In addition to their important 
roles in regulating various aspects of the immune response (e.g., lym- 
phocyte activation, proliferation, and differentiation), many cytokines 
participate in innate immunity (e.g., TNF-a, IL-1, IL-6, type I inter- 
ferons), mediate the acute-phase response (TNF-a, IL1, IL-6), activate 
inflammatory cells (e.g., IFN-y) and participate in hematopoiesis (e.g., 
IL-3, granulocyte-monocyte colony-stimulating factor, granulocyte 
colony-stimulating factor, macrophage colony-stimulating factor).** 
Among the most thoroughly characterized cytokines are TNF-a and 
IL-1, which are structurally dissimilar but share many biologic activi- 
ties and can function as autocrine, paracrine and endocrine mediators 
of inflammation (Table 19-4).*? TNF-a and IL-1 are produced by var- 
ious cell types and are pleiotropic. Particularly important functions in 
inflammation include endothelial, leukocyte and fibroblast activation. 
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TABLE 19-4. Interleukin-1 and Tumor Necrosis Factor in 


Inflammation 


Acute-phase response 
Fever 

Shock 

Neutrophilia 
Somnolence 

Anorexia 

Endothelial activation 
Induction of IL-1, IL-6, IL-8 
Procoagulant phenotype 
Inhibition of fibrinolysis 
Leukocyte adherence 
Fibroblast activation 
Proliferation 

Collagen synthesis 
Collagenase and protease induction 


Elevated local (and sometimes systemic) concentrations of TNF-a, 
IL-1, and IL-6 are consistently observed during the development of 
an inflammatory response. Based on their roles in the systemic acute- 
phase response and in the orchestration of important localized mech- 
anistic steps in inflammation (e.g., induction of endothelial leukocyte 
adhesion molecules, phagocyte activation, procoagulant mediator 
induction), these mediators are prototypic “proinflammatory” cytok- 
ines. Their expression is regulated by nuclear factor xB (NFxB). NF«B is 
a transcription factor that exists as a heterodimer complexed with IxB 
(inhibitor xB) in the cytosol of many different cells types.*® When cells 
are activated by various microbial products, viruses, reactive oxygen 
intermediates, cytokines, and chemotherapeutic agents, IxB is phospho- 
rylated before it dissociates from NFxB heterodimers. Unbound NFxB 
translocates into the cell nucleus where it participates in the upregula- 
tion of as many as 200 different genes, including TNF-a, IL-1 and IL-6. 

The proinflammatory cytokines and their activities are counter- 
balanced by a wide variety of “antiinflammatory” cytokines, including 
IL-4, IL-10, IL-11, IL-13, TGF, IL-1ra, and several soluble cytokine 
receptors.”*” IL-4, a 20-kDa peptide produced by CD4 Th2 cells, inhib- 
its IL-18 synthesis and induces IL-1ra (IL-1 receptor antagonist). Sol- 
uble IL-1ra binds IL-1f (and IL-1a), preventing their binding to IL-1 
receptors. IL-10 is also secreted by CD4 Th2 cells (and regulatory T 
cells, monocytes, and macrophages). Acting through its cognate recep- 
tor, IL-10 suppresses the expression of proinflammatory cytokines, 
adhesion molecules, chemokines, and cell-surface activation molecules 
of neutrophils, monocytes, macrophages, and T lymphocytes.” IL-10 
also induces the shedding of TNF-a receptors, which then function as 
soluble TNF-a antagonists. IL-11, IL-13, and TGF also each exert a set 
of activities that counter the proinflammatory actions of TNF-a, IL-12, 
and IL-6. Recognition of the many counterbalancing actions between 
proinflammatory and antiinflammatory cytokines has led to the con- 
cept of “proinflammatory-antiinflammatory cytokine balance.” This 
concept is the basis for rational therapeutic strategies to manipulate or 
“reset” this balance. 

TNF-a, IL-1, and IL-6 are key proximate mediators of the “acute- 
phase response.” Stimuli such as bacterial endotoxin (lipopolysaccha- 
ride), exotoxins, immune complexes and physical stimuli (e.g., heat or 


trauma) can induce macrophages (and other cell types) to secrete TNF- 
a, IL-1, and IL-6.**” In turn, TNF-a, IL-1f, and IL-6 mediate fever, 
somnolence, increased production of proteins such as «,-antitrypsin 
(a,-antiprotease) and a,-macroglobulin, and decreased production of 
proteins such as albumin and transferrin. As noted, the acute-phase 
response is a stereotyped host metabolic response to a wide variety of 
insults. In addition to the systemic acute-phase response, TNF-a and 
IL-1 induce endothelial activation marked by increases in leukocyte 
adherence and a procoagulant state, leukocyte activation marked by 
cytokine secretion, and fibroblast activation marked by proliferation, 
collagen synthesis, and collagenase production.?*’ These actions are 
critical components of inflammation and wound healing; they exem- 
plify the linkage between the inflammatory response and the coagula- 
tion system. 

TNF-a, originally identified as “cachexin or cachectin” because of 
its role in the systemic wasting that accompanies some chronic infec- 
tions and cancer, can induce cytokine production in a variety of cells.” 
TNF-a can induce neutrophil activation and the expression of adhesion 
molecules on endothelial cells. In contrast to IL-16, TNF-a also pos- 
sesses potent cytotoxic activities for some types of cells. Both IL-1} and 
TNF-a are produced in response to endotoxemia and both can mediate 
a systemic shock-like response. 

IL-1, which exhibits a wide variety of biologic activities, was ini- 
tially termed endogenous pyrogen because of its ability to induce tem- 
perature elevation and the acute-phase response.**”* IL-1 is relevant to 
acute inflammation because of its ability to induce cytokine production 
in monocytes, macrophages, fibroblasts and endothelial cells. IL-1 can 
also induce NOS.* As noted previously, IL-1 can activate endothelial 
cells, resulting in the expression of adhesion molecules and a procoag- 
ulant phenotype.”*”* 

IL-6 participates in the acute-phase response through the induc- 
tion of proinflammatory mediators production by hepatocytes, via the 
differentiation of CD4 T lymphocytes that produce IL-17 and through 
the induction of marrow neutrophil production.*? IL-6 is produced by 
a variety of cell types following activation by TNF-a, IL-1, and patho- 
gen-associated molecular patterns (PAMPs) such as lipopolysaccha- 
rides (endotoxin), mannans, flagellin, and microbial nucleic acids.*® 

Chemokines, or “intercrines,’ are small proteins, which, in addition 
to many of the general properties of cytokines, exhibit prominent che- 
motactic activities.*°*” Chemokines are grouped into four classes based 
on the amino acid sequence positions of conserved cysteine (C) resi- 
dues in mature peptides.®” The four classes include CC, CXC, XC, and 
CX,C chemokines. There are four families of corresponding chemokine 
receptors: CCR, CXCR, XCR, and CX,CR, respectively. Nomenclature 


TABLE 19-5. Chemokines 
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of chemokines is based on the locations of N-terminal cysteine resi- 
dues whereby “CC” indicates two adjacent residues, “CXC” indicates 
two cysteine residues separated by one intervening amino acid, and so 
on. Individual chemokines contain the letter “T” for ligand, followed by 
individual numbers (e.g., CCL1, CCL2, CCL3, etc.); more than 40 have 
been identified. The two most studied subfamilies include the alpha, or 
“CXC” chemokines, and the beta, or “CC” chemokines. Alpha chemok- 
ines, of which IL-8 (CXCL8) is the prototype, consistently exhibit neu- 
trophil chemotactic activity, whereas the beta, or “CC” chemokines, of 
which MCP-1 (CCL2) is the prototype, exhibit monocyte chemotactic 
activity (Table 19—5).3”*8 Both in vitro and in vivo studies have provided 
insight into the roles of chemokines in inflammation. For example, 
MCP-1 knockout mice (MCP-1 —/—) exhibit reductions in monocyte 
influx into sites of experimentally induced peritonitis and delayed-type 
hypersensitivity.” Complementary studies using knockout mice devoid 
of the MCP-1 receptor CCR2 do not form typical granulomas.” These 
types of studies, as well as many that have employed specific chemokine- 
neutralizing antibodies or soluble chemokine receptor antagonists, have 
provided valuable insight into the pathophysiology of inflammation. 
Seemingly contradictory experimental results suggest that leukocyte 
recruitment mechanisms are multiple, overlapping or redundant, and 
not completely understood. Chemokine receptors noted above (CCR, 
CXCR, etc.) activate leukocytes through membrane receptors (some- 
times called “serpentine” receptors) that contain seven transmembrane 
domains and are linked to cytosolic heterotrimeric G proteins.** 


INFLAMMATORY LIPIDS 


Lipid mediators of inflammation, commonly derived from cell mem- 
brane precursor molecules, can act either intracellularly or extracellu- 
larly, the latter in a short-lived, localized manner.“ Arachidonic acid, a 
20-carbon polyunsaturated fatty acid (5,8,11,14-eicosatetraenoic acid) 
derived either from dietary sources or by conversion from linoleic 
acid, is maintained in cell membranes as an esterified phospholipid. 
Three families of inflammatory mediators derived from arachidonic 
acid are generated via the cyclooxygenase and lipoxygenase pathways. 
Arachidonic acid is released from membrane phospholipids via cellular 
phospholipases such as phospholipase A,. Phospholipase activation is 
triggered by mechanical/physical or chemical stimuli. Arachidonic acid 
can be metabolized via the cyclooxygenase pathway to prostaglandins 
(e.g. PGG,, PGH, PGD, PGE, PGF,), prostacyclin (PGL) or throm- 
boxane (TXA,).“ Prostacyclin mediates vasodilation and the inhibi- 
tion of platelet aggregation; thromboxane has the opposite effects; and 
PGD, PGE; and PGF, mediate vasodilation and edema. Activation 


Family Members Abbreviation(s) Primary Target Cell(s) 
a-Chemokines (CXC) Interleukin-8 IL-8 Neutrophils 
Platelet factor 4 PF4 Neutrophils 
Melanocyte growth-stimulatory activity MGSA or GROa Neutrophils 
Neutrophil-activating peptide-2 NAP-2 Neutrophils 
y-Interferon-inducible protein y-IP-10 Neutrophils 
B-Chemokines (CC) Monocyte chemoattractant protein-1 MCP-1/MCAF or JE Monocytes, basophils 


Regulated on activation, normal T-cell RANTES Monocytes, eosinophils, 
expressed and presumably secreted basophils 

Macrophage inflammatory protein-1a MIP-1a Monocytes, eosinophils 
Macrophage inflammatory protein-18 MIP-1B Monocytes 


of the lipoxygenase pathway results in the synthesis of 5-hydroperox- 
yeicosatetraenoic acid (5-HPETE), which is a potent chemoattractant 
of neutrophils and can be enzymatically modified to yield a series of 
other leukotrienes. LTB, induces neutrophil chemotaxis, aggregation, 
degranulation, and adherence, while LTC, LTD, and LTE , trigger 
smooth-muscle constriction, increases in vascular permeability and 
bronchoconstriction." Members of both of these families of lipid- 
derived mediators and their catabolites have been detected in inflamma- 
tory exudates. There are two important branches within the lipoxygenase 
pathway."'” Lipoxins (A, [LXA,] and B, [LXB,]) are generated via the 
12-lipooxygenase branch of the lipoxygenase pathway in conjunction 
with a unique transcellular biosynthetic pathway.” Neutrophils gener- 
ate LTA, via the 5-lipoxygenase pathway branch; in turn, lipoxins (LXA, 
and LXB,) are generated through the action of platelet 12-lipooxygense 
on neutrophil LTA,. Prevention of neutrophil-platelet binding interrupts 
this pathway. Lipoxins inhibit neutrophil chemotaxis and adhesion to 
endothelium.” As noted above, resolvins and protectins each encompass 
several molecular species—all derived from omega-3 polyunsaturated 
fatty acids.”°’7 

PAF is a potent proinflammatory lipid produced by a variety of 
cell types, including neutrophils, monocytes, endothelial cells and IgE- 
sensitized basophils. Derived from the cell membrane constituent, 
choline phosphoglyceride, PAF is an acetyl glycerol ether phosphocho- 
line that is synthesized following the activation of phospholipase A.. 
PAF triggers platelet aggregation and degranulation, increases vascular 
permeability, and promotes leukocyte accumulation and activation. In 
vivo studies using specific PAF antagonists have suggested a role for PAF 
in a variety of acute inflammatory lesions.* 


KININS 


The kinin system is activated by contact activation of clotting factor 
XII (Hageman factor) (Chaps. 113 and 114). Activation of the kinin 
system results in the generation of bradykinin, a nine-amino-acid 
vasoactive peptide. Bradykinin possesses several activities, including 
the capacity to increase vascular permeability, induce smooth-muscle 
contraction, trigger vasodilation, and cause pain.“ Activated Hageman 
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factor (factor XIIa), also known as the prekallikrein activator, converts 
plasma prekallikrein to kallikrein. In turn, kallikrein cleaves high- 
molecular-weight kininogen to produce bradykinin. Models of septic 
shock reveal decreases in plasma kininogen that parallel decreases in 
peripheral arterial resistance.“ 


VASOACTIVE AMINES 


Histamine and serotonin (5-hydroxytryptamine) are low-molecular- 
weight vasoactive amines. Histamine is contained in mast cell and 
basophil granules, whereas platelets are a chief source of serotonin.“ 
Localized release of histamine results in wheal formation as a conse- 
quence of increases in vascular permeability. Histamine induces the 
formation of reversible openings in endothelial tight junctions, trig- 
gers the formation of prostacyclin by endothelial cells and induces NO 
release from the endothelium. In addition, histamine, like thrombin, 
can induce the rapid upregulation of endothelial P-selectin.“ Serotonin, 
acting through receptors on vascular smooth-muscle cells, is responsi- 
ble for vasoconstriction, whereas interaction with endothelial receptors 
results in vasodilation (via release of NO) and increased permeability.’ 
Release of histamine and serotonin from mast cells and platelets can 
be triggered by IgE-mediated type I hypersensitivity reactions, directly 
by C3a or C5a, and directly by neutrophil granule-derived cationic 
proteins. 


COMPLEMENT 


The complement system, including its soluble and cell membrane- 
associated regulators, consists of nearly two dozen plasma proteins that 
give rise to mediators of chemotaxis, increased vascular permeability, 
opsonic activity, phagocyte activation, and cytolysis.*° In a manner 
analogous to coagulation, the complement system is activated through 
a cascade of proteolytic cleavage reactions. There are three convergent 
pathways (Fig. 19-3). The first of these, the “classical pathway,” is ini- 
tiated primarily (but not exclusively) by complement-fixing immune 
complexes (IgG subclasses 1 to 3 and IgM), whereas the second, the 
“alternative pathway,’ is triggered by a variety of substances that include 


Figure 19-3. The complement system. The 
complement system consists of a series of soluble 
and surface-associated mediators that are func- 
tionally organized into the classical, alternative, 
and mannan-binding lectin (MBL) pathways. The 
three pathways of complement converge and 
lead to the production of the pore-forming mem- 
brane attack complex. The classical pathway is 
most often activated by IgG- and IgM-containing 
immune complexes, the alternative pathway can 
be activated by a variety of carbohydrate-coated 
particulates, and the MBL pathway also by various 
carbohydrate-coated surfaces. In all three cases, 
complex multicomponent enzyme complexes, 
called C3 and C5 convertases, are formed. A vari- 
ety of soluble proinflammatory peptide fragments 
(e.g., C3a, C5a) are generated as a result of comple- 
ment activation. 


IgA aggregates, endotoxin, cobra venom factor, and polysaccharide 
moieties found on some bacterial and fungal cell walls. The third path- 
way, the “mannan-binding” lectin (MBL) pathway, is activated when 
MBL binds to a microorganism coated with certain carbohydrate moi- 
eties (e.g., mannans). Upon binding, MBL activates MBL-associated 
serine proteases (e.g., MASP-1, MASP-2) which function in a manner 
analogous to Clr and Cls of the classical pathway. MBL recognizes 
carbohydrate moieties infrequently present in mammalian hosts, thus 
constituting a system for recognizing foreign particulates. As such, the 
alternative and MBL pathways are considered to be part of the innate 
system of host defense.® The classical pathway is initiated by the fixation 
of C1 (Clqr,s,) by the Fc portion of surface-bound IgG or IgM immu- 
noglobulins. Activated C1 (Clqr,s,) cleaves C2 and C4, which leads to 
the formation of the “classical pathway” C3 convertase, C4b2a. Activa- 
tion of the alternative pathway results in the formation of an “alternative 
pathway” C3 convertase following direct cleavage of C3 and subsequent 
interactions of C3b with factors B and D in the presence of Mg”. The 
resulting complex, C3bBb, is stabilized by properdin, leading to the 
stable C3 convertase, C3bBbP. C3 convertases generated via any of 
the three pathways efficiently cleave C3 to form C3a and C3b. 

These enzymatic reactions exhibit high activity levels, thus serving 
to dramatically amplify the cascade. C3b can bind to either the classical 
or alternative pathway C3 convertase to form a C5 convertase, which 
cleaves C5 into C5a and C5b. C5a is released into the fluid phase, like 
C3a, whereas C5b combines first with C6 and then C7 to form C5b- 
7, which, in turn, binds with C8 and multiple C9 molecules to form 
C5b-9, the membrane attack complex. In addition to the cell-activating 
and cytolytic activities of C5b-9, individual complement cleavage prod- 
ucts and complexes mediate a variety of specific and potent proinflamma- 
tory activities.“ These functions, combined with the rapid amplification 
in numbers of complement-derived mediators, emphasize the vital role 
of complement in acute inflammation. The most important activation 
products of complement appear to be C5a, a major chemotactic factor, 
and the anaphylatoxins (C3a, C4a, C5a), of which C3a is the most abun- 
dant. C5b-9 is a major cytotoxic product, provided that this complex is 
assembled on the surface of a susceptible cell (e.g., bacterium). 

A series of soluble and cell membrane-associated complement 
proteins play important roles in the regulation of the complement cas- 
cade.** The pivotal regulator of the proximal arm of classical pathway is 
Cl esterase inhibitor (C1E-INH), a serine protease inhibitor that cova- 
lently bonds to the activated esterase subunits of the Clqrs complex thus 
preventing activation of the downstream zymogen cascade.“ Defects 
in C1E-INH, from genetic defects or those acquired (e.g., neutralizing 
antibodies against C1E-INH), can result in angioedema. Angioedema 
can manifest in a variety of ways including as life-threatening laryngeal 
soft tissue swelling. 


COAGULATION SYSTEM 


The coagulation system is reviewed in detail in Chaps. 113, 114, and 
116. The interrelationships among the coagulation system and several 
inflammatory mediator systems are important in the context of host 
defense and the pathophysiology of septic shock.* Activation of the clot- 
ting cascade results in the generation of fibrinopeptides which increase 
vascular permeability and are chemotactic for leukocytes. Thrombin 
and tissue factor induce endothelial expression of P-selectin, resulting 
in increased neutrophil adhesion.” In addition, plasmin is responsible 
for the activation of Hageman factor, which then can activate the kinin 
system and can cleave C3 into its active components.“ It can also gen- 
erate “fibrin-split” or “fibrin-degradation” products. The induction of 
tissue factor in endothelial cells exposed to TNF-a and IL-1f further 
links the coagulation system to the inflammatory response. 
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PROTEINASE-ACTIVATED RECEPTORS 


Proteinase-activated receptors (PARs) define an important general 
mechanism that links several seemingly disparate regulatory systems 
involved in inflammation.” PARs subsume a G-protein-coupled recep- 
tor subfamily defined by a common activation mechanism.” Individual 
PARs include an N-terminal extracellular domain, seven transmem- 
brane helices connected by three intracellular and three extracellular 
loops, and linkage to cytosolic G-protein-mediated signal transduction 
pathways.“ PARs are activated when extracellular proteinases cleave the 
N-terminal extracellular domain at a specific site which results in the 
creation of a “tethered ligand.” The tethered ligand is the residual, now 
unmasked N-terminal portion of the PAR; it interacts with the nearby 
nontruncated extracellular PAR domain and activates the receptor. The 
PAR family possesses of four members: PAR, PAR, PAR, and PAR T 
The extracellular domain of each PAR possesses several potential cleav- 
age sites. For example, the canonical PAR, tethered ligand sequence cre- 
ated after cleavage by thrombin is the amino acid sequence, SFLLRN.” 
A wide variety of proteinases that are pivotal in inflammation, throm- 
bosis, hemostasis, and wound healing (as well as in development and 
cancer progression) can activate PARs. PAR, PAR, and PAR 4 are sus- 
ceptible to cleavage by thrombin. Other coagulation system-related pro- 
teinases, such as factor Xa, activated protein C, plasmin, and kallikreins 
can also activate PAR.. Likewise, PAR, can also be activated by matrix 
metalloproteinase-1, neutrophil elastase, and neutrophil proteinase-3. 
Various proteinases cleave the N-terminal extracellular domain of 
PARS at different, yet specific, sites. Examples of PAR activation rele- 
vant to inflammation include thrombin-induced CCL2 expression in 
osteoblasts and PAR, and PAR, activation in animal models of arthritis. 
A goal of rational therapeutic design is to target crosstalk interactions 
using paired drugs or bifunctional agents. Although no PAR-targeting 
compounds have yet come into clinical use, this is a promising area.“ 


@ CHRONIC INFLAMMATION AND REPAIR 


The chronic inflammatory response and repair processes are, like the 
acute inflammatory response, highly regulated. By definition, “chronic” 
inflammation connotes a process that lasts at least several days and 
more often, weeks to months, sometimes years. Chronic inflammation 
is characterized by the recruitment of mononuclear cells including lym- 
phocytes, monocytes and plasma cells, as well as by the proliferation of 
new capillaries (angiogenesis) and increases in the deposition of extra- 
cellular matrix. Replacement of damaged tissue by new small blood ves- 
sels and extracellular matrix constitutes a fundamental aspect of chronic 
inflammation and, simultaneously, is an integral part of wound healing 
and repair. The recruitment of this wide variety of cell types is achieved 
by complex interactions among cytokines, chemokines and indigenous 
cells. Great advances in understanding of angiogenesis and extracellular 
matrix molecule metabolism have been made in recent years. 

Chronic inflammation can be caused by persistent infections with 
a wide variety of microorganisms (e.g., Treponema pallidum, Myco- 
bacterium tuberculosis). In contrast to highly virulent organisms that 
trigger acute pyogenic infections (e.g., Streptococcus pneumoniae, Hae- 
mophilus influenzae), organisms that induce chronic inflammation 
typically exhibit relatively low intrinsic toxicity, are poorly cleared and 
may provoke a delayed-type hypersensitivity reaction. Chronic inflam- 
mation is also triggered by long-term exposure to insoluble exogenous 
particles (e.g., carbon dust, silica)? The initiation of other chronic 
inflammatory processes such as atherosclerosis and autoimmune dis- 
eases (e.g., rheumatoid arthritis, systemic lupus erythematosus) is less- 
well understood, but it is clear that a variety of environmental factors 
(e.g., diet in atherosclerosis) and genetic factors (e.g., human leukocyte 


antigen [HLA]-linked susceptibility in rheumatoid arthritis) are impor- 
tant. The characteristics of individual chronic inflammatory responses 
are dependent on the location of the injury and the type of injurious 
agent. As noted throughout this chapter, the recruitment of mononu- 
clear cells into an inflammatory lesion is governed by the same general 
paradigm that orchestrates the recruitment of neutrophils into sites of 
acute inflammation. Unlike most acute conditions, chronic inflamma- 
tory processes are sometimes marked by a relatively specific morphol- 
ogy (e.g., granuloma formation in tuberculosis, eosinophil infiltration 
in parasitic infections) and by the coexistence of tissue repair (ie., 
angiogenesis and extracellular matrix production). 

A key cell type in chronic inflammatory processes is the macro- 
phage.* Tissue macrophages are derived primarily from circulating 
blood monocytes and can adopt relatively specific functions based 
on their differentiation in selected body sites (e.g., hepatic Kupffer 
cells, alveolar macrophages, central nervous system microglia). In 
the setting of chronic inflammation, tissue macrophages can be acti- 
vated by immunologic means (IFN-y secreted by antigen-activated 
CD4 T lymphocytes) and by nonimmunologic means (microbial 
endotoxin, extracellular matrix proteins and foreign particulates; 
Chap. 67). In turn, activated macrophages enlarge, become more meta- 
bolically active, exhibit enhanced phagocytosis and secrete a large array 
of mediators.*° Mediators secreted by activated macrophages include 
proteases, reactive oxygen and nitrogen intermediates, coagulation fac- 
tors, arachidonic acid-derived lipids and cytokines. These mediators, as 
detailed in preceding sections, participate in inflammation. Activated 
macrophages also secrete collagenases that participate in tissue remod- 
eling, angiogenic factors (e.g., fibroblast growth factor) and profibro- 
genic growth factors (fibroblast growth factor, TGF-f, platelet-derived 
growth factor).*° Consequently, activated tissue macrophages par- 
ticipate in inflammation per se, tissue remodeling, angiogenesis and 
fibrosis. 

Although macrophages play a central role in all facets of chronic 
inflammation, other cell types are also important. Lymphocytes (both 
B and T cells) are recruited into chronic inflammatory lesions via 
leukocyte-endothelial adhesive interactions and via chemotactic 
mechanisms analogous to those involved in neutrophil recruitment. 
Antigen-activated CD4 Th1 lymphocytes produce IFN-y, which, as dis- 
cussed above, is an important activator of tissue macrophages.’ Acti- 
vated CD4 Th2 lymphocytes produce a variety of proinflammatory 
mediators that are involved in lymphocyte activation (e.g., IL-2) and in 
immune regulation (e.g., IL-5 in IgE production).’ 

Eosinophils and mast cells also play important roles in some types 
of chronic inflammation. Mast cells, which tend to be distributed along 
small blood vessels, possess high-affinity FceRI receptors for IgE.“ 
Engagement of mast cell-bound IgE triggers degranulation that leads 
to histamine and arachidonic acid-derived lipid release (Chap. 63). 
Eosinophils are characteristically formed in IgE-mediated allergic reac- 
tions and in parasitic infections (Chap. 62). Eotaxin, a CC chemokine, 
binds to and activates eosinophils via CCR3.*** Recruited eosinophils 
secrete various granule proteins that help kill parasites, but which can 
also cause tissue damage. As inferred above, the histopathologic appear- 
ance of many chronic inflammatory lesions can provide insight into 
their pathogenesis and cause. A variety of poorly degraded, intrinsi- 
cally low toxicity agents can induce granulomatous inflammation (e.g., 
M. tuberculosis). Many parasites induce an eosinophilic response (e.g., 
Toxocara canis). Finally, the induction of tissue remodeling, angiogen- 
esis and fibrosis can contribute to both tissue damage and repair, and 
can also suggest underlying etiology (e.g., lung fibrosis associated with 
asbestos). The tremendous advances in understanding of the inflamma- 
tory response hold great promise for the future of both diagnostics and 
therapeutics. 
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CHAPTER 20 
INNATE IMMUNITY 


Bruce Beutler 


The innate immune system provides immediate protection against infection 
and serves an essential antigen-presenting role that allows the adaptive 
immune response to occur during the days and weeks that follow. The sensory 
apparatus that allows detection of infectious microbes has been deciphered 
in large part, and it is now known that Toll-like receptors, NOD-like receptors, 
RIG-I-like helicases, C-type lectin receptors, and cytosolic sensors of DNA, 
most notably cyclic guanosine monophosphate/adenosine monophosphate 
synthetase, permit recognition of specific molecules of microbial origin. Much 
has also been learned of the biochemical events that follow activation of these 
sensors. Susceptibility to infection in humans is strongly heritable, and among 
the many loci that influence it, those that encode proteins vital to the innate 
immune response are of central importance. Moreover, autoinflammatory and 
autoimmune diseases are dependent upon the activation of innate immune 
signaling pathways. 


Acronyms and Abbreviations: BIR, baculovirus inhibitor of apoptosis repeat; 
CARD, caspase activating and recruitment domain; CD, cluster of differentiation; 
cGAS, cyclic AMP/GMP synthetase; CTLA, cytotoxic T-lymphocyte antigen; DAI, 
DNA-dependent activator of IRFs; ERK, extracellular signal-regulated kinase; FADD, 
Fas-associated death domain; G-CSF, granulocyte colony-stimulating factor; GM-CSF, 
granulocyte-monocyte colony-stimulating factor; IFN, interferon; IKB; inhibitor of 
KB; IKK, IKB kinase; IL, interleukin; IPAF, ice-protease activating factor; IPS-1, IFN-B 
promoter stimulator 1; IRAK, interleukin-1 receptor-associated kinase; IRF, interferon 
response factor; JAK, Janus kinase; JNK, c-Jun N-terminal kinase; LPS, lipopolysac- 
charide; LRR, leucine-rich repeat; MAL, MyD88 adaptor-like; MDA5, melanoma 
differentiation-associated gene 5; MDP, muramyl dipeptide; MyD88, myeloid differ- 
entiation primary response 88; NACHT, a nucleotide-binding domain present in NAIP, 
CIITA, HET-E, and TP-1; NADPH, nicotinamide adenine dinucleotide phosphate; NBS, 
nucleotide binding sequence; NEMO, NF-KB essential modulator; NF-KB, nuclear fac- 
tor-xB; NK, natural killer; NLR, NOD-like receptor; NOD, nucleotide-binding oligomer- 
ization domain; PAR-2, proteinase-activated G-protein—coupled receptor; PRAT4A, 
protein associated with TLR4; PYD, pyrin domain; RIG-l, retinoic acid inducible gene |; 
RIP receptor-interacting protein; RLH, RIG-I—like helicase; ROS, reactive oxygen spe- 
cies; SARM, sterile-a and armadillo motif; SOCS-1, suppressor of cytokine signaling 
1; STAT, signal transducer and activator of transcription; STING, stimulator of inter- 
feron genes; TAK-1, transforming growth factor-B—activating kinase 1; TBK1, TANK- 
binding kinase 1; TIR, Toll/interleukin-1 receptor; TLR, Toll-like receptor; TNF, 
tumor necrosis factor; Tpl2, tumor progression locus 2; TRAF, TNF receptor— 
associated factor; TRAM, TRIF-related adaptor molecule; TRIF, Toll/interleukin-1 
receptor (TIR) domain-containing adaptor inducing IFN-6; UCM, upregulation of 
costimulatory molecules. 


@ INNATE IMMUNITY VERSUS 
ADAPTIVE IMMUNITY 


In humans, as in all mammals, resistance to microbial infection is based 
partly upon lymphocytes, which yield highly specific responses to 
microbial antigens: either the production of antibodies or the expansion 
of T-cell cell clones that are directly cytotoxic to infected cells (Chaps. 75 
and 76). This, the adaptive immune response, is a recent fixture in 
evolution, witnessed only in vertebrates and traceable to the develop- 
ment of a mechanism for recombination of genomic DNA that arose 
approximately 450 to 500 million years ago, operating on genes encod- 
ing proteins with immunoglobulin domains in some lineages and on 
genes encoding proteins with leucine-rich repeats in other lineages.'? A 
more fundamental type of immunity, known as innate immunity, is rep- 
resented in one form or another in all multicellular organisms. For this 
reason, a great deal of progress in the innate immunity field has come 
from the study of model animals such as Drosophila melanogaster, and 
model plants such as Arabidopsis thaliana. Despite the vast evolution- 
ary divergence of these organisms from Homo sapiens, these species use 
defensive proteins and signaling pathways that are ancestrally related to 
those represented in humans. 

Like the adaptive immune system, the innate immune system is 
endowed with a means of detecting microbes, destroying them, and at 
the same time, exercising self-tolerance. These mechanisms are far older 
than the analogous adaptive mechanisms and as a consequence are more 
refined. Although it is sometimes termed the “primitive” immune sys- 
tem, the innate immune system is both sophisticated and highly effec- 
tive. Moreover, adaptive immunity is largely dependent upon innate 
immunity in the sense that antigen presentation and adaptive immune 
activation depend upon innate immune cells. 

Innate immunity, which acts immediately to protect the host in 
the event of microbial inoculation, fills a temporal gap that would oth- 
erwise exist in the global immune response. Days or weeks are required 
for an effective adaptive immune response to develop when the naive 
host encounters a new pathogen. During this time, innate immunity 
alone protects the host. Indeed, innate immunity is objectively more 
important than adaptive immunity. In a nonsterile environment, sur- 
vival would be impossible without it (Table 20-1). 


@TYPES OF INNATE IMMUNITY 


Innate immunity embraces a large number of host resistance mecha- 
nisms, which may be divided into cellular and noncellular components, 
and also into afferent and effector components. Noncellular compo- 
nents of innate immunity include antimicrobial peptides, which selec- 
tively disrupt microbial cell membranes, complement, components of 
which also disrupt cell membranes, and the proteins hemopexin and 
haptoglobin, which deny iron to invasive microbes. Cellular compo- 
nents include myeloid cells (granulocytes, monocyte/macrophages, 
mast cells, and dendritic cells) and lymphoid cells (natural killer [NK] 
cells and NKT cells). As such, it can be seen that despite their recent 
evolutionary origin, some lymphoid cells have been coopted to serve 
in the innate immune system rather than the adaptive immune system. 
Many other cells are also endowed with some degree of innate (often 
“cell-autonomous”) immune function. For example, fibroblasts can 
sense viral infection and respond with interferon (IFN) production. 
Once initiated, the innate immune response runs its course in a 
preprogrammed fashion, proceeding from microbe sensing all the 
way through to microbial killing, making division into “afferent” and 
“effector” functions somewhat arbitrary. Nonetheless, the proteins 
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Adaptive Immunity 


Innate Immunity 


TABLE 20-1. Comparisons between Innate and 


Adaptive Immunity 


Sensing TLRs, NK receptors; NLRs, Immunoglobulins, 
mechanism RLHs, fMLP receptor T-cell receptors 
Cellular Macrophages, dendritic T cells, B cells 
components cells, granulocytes, mast 
cells, NK cells 
Efferent Cytokine production, Antibody produc- 
mechanisms inflammatory response, tion, cytokine pro- 
phagocytosis, pathogen duction, cell killing 
killing 
Purpose Alert other innate and Assist in efficacy 
adaptive immune cells of innate immune 
to pathogen presence; response, produce 
directly kill pathogen; highly specific lig- 
encourage the devel- ands for pathogens 
opment of an adaptive 
immune response 
Time scale of Quick (maximal in Slow (maximal in 
response minutes to hours) days to weeks) 
Specific No Yes 
memory 
Phylogeny Ancient (all multicellular Recent (vertebrates 


organisms) only) 


fMLP, N-formyl-methionyl-leucyl-phenylalanine; NK, natural killer; NLR, 
NOD (nucleotide-binding oligomerization domain)-like receptor; RLH, 
RIG (retinoic acid inducible gene)-I-like helicase; TLR, Toll-like receptor. 


responsible for microbial recognition, signaling, and the development 
of a transcriptional response within innate immune cells are gener- 
ally considered “afferent” components; the cytokines that mediate the 
response and the cellular weaponry that is used to destroy viruses and 
bacteria may be considered “effector” components. 

The remainder of this chapter emphasizes the afferent arm of cellu- 
lar innate immunity, as the effector mechanisms (neutrophil-mediated 


killing, complement, and antimicrobial peptides) are covered in other 
chapters. Our understanding of innate immune responses has improved 
dramatically as forward and reverse genetic methods have been used 
to dissect the signaling pathways that permit host recognition of 
microbes. The initial interactions between molecules of microbes and 
molecules of the host that trigger an innate immune response have 
been studied in great detail over the past decade. The afferent pathways 
are each capable of activating responses that partly overlap with one 
another. 


MICROBE RECOGNITION BY THE 
TOLL-LIKE RECEPTORS 


Discovery of the Mammalian Toll Like Receptors as the 
Primary Sensors of the Innate Immune System 

The Toll-like receptors (TLRs) collectively mediate the recognition 
of most microbes. Ten TLRs are encoded in the human genome. The 
molecular specificity of nine of these TLRs has been established, at least 
in part. Although publications can be found to suggest that some of the 
TLRs (notably TLRs 2 and 4) detect dozens of molecules, the evidence 
favoring most of these interactions is slender, and a conservative view- 
point is preferred; hence, Table 20-2 presents only those interactions 
that are deemed certain. 

The microbe-sensing function of the mammalian TLR was 
discovered as a result of inquiry into the mechanism of endotoxin 
sensing. Endotoxin (later identified as lipopolysaccharide [LPS]) was 
first described by Pfeiffer as a toxic component of Vibrio cholerae 
more than 100 years ago.’ Its chemical structure was established many 
years later (reviewed in Ref. 4), and a toxic “lipid A” moiety of LPS was 
synthesized artificially in 1985 and found to have full biologic activ- 
ity.” The identity of the LPS receptor was established in 1998, through 
the positional cloning of Lps, a locus that was known to be required 
for all cellular responses to endotoxin, and for the effective clearance 
of Gram-negative bacterial infections® in laboratory mice. In LPS-un- 
responsive mice, the Tlr4 locus was shown to be mutationally altered 
or deleted.’ It had previously been recognized that Toll, a Drosophila 
protein also known for its developmental effects,* was required for 
the innate immune response to fungal infection in flies.’ Hence, the 


TABLE 20-2. Toll-Like Receptors, Microbial Specificities, and Transducers 


Known Macromolecular 


TLR Associations Ligand(s) Adapter Use Refs. 
1 TLR2 Tri-acyl lipopeptides MyD88, MAL 12, 137-139 
2 TLRs 1 or 6, or homodimer Lipopeptides, lipoteichoic acid, MyD88, MAL 11 
zymosan, protozoal GPI 
3 = dsRNA TRIF 14, 42, 120 
4 CD14, MD-2 LPS MyD88, MAL, TRIF, TRAM 7,21, 41, 42, 120, 140 
5 - Flagellin MyD88 13 
6 TLR2 Di-acyl lipopeptides, glucans, MyD88, MAL 141 
lipoteichoic acid 
y - ssRNA, imidazoquinolines MyD88 142 
- ssRNA, imidazoquinolines MyD88 143 
- Unmethylated CpG motifs MyD88 10 
10 - Unknown Unknown 144 


dsRNA, double-stranded RNA; GPI, glycosylphosphatidylinositol; LPS, lipopolysaccharide; MAL, MyD88 adaptor-like; MyD88, myeloid differentia- 
tion 88; ssRNA, single-stranded ribonucleic acid; TRAM, TRIF-related adaptor molecule; TRIF, Toll/interleukin-1 receptor (TIR) domain-containing 


adaptor inducing IFN-B. 


discovery of an LPS-sensing function for TLR4, a homologue of Toll, 
made evolutionary sense. 

Other molecules of microbial origin (for example, di- and tri- 
acylated lipopeptides and lipoproteins, lipoteichoic acid, unmethy- 
lated DNA bearing CpG dinucleotides in a particular context, flagellin, 
and double-stranded RNA [dsRNA]) were known to elicit responses 
qualitatively similar to those elicited by LPS. The other TLR paralogs 
seemed excellent candidate receptors for these molecules. Reverse 
genetic methods established that each of these molecules is indeed rec- 
ognized by a particular TLR or heteromeric combination of TLRs." 
Moreover, genetic complementation analyses have shown that at least 
some microbial ligands directly engage the TLRs in order to elicit a 
signal.'*!° On the other hand, other molecules enhance the signal, and 
also participate in ligand recognition. Dectin-1 is a type II transmem- 
brane C-type lectin that recognizes glucans present in the cell walls of 
fungi, signals via spleen tyrosine kinase (Syk) and the Card9/Bcl-10/ 
MALT! complex to activate nuclear factor-«B (NF-«B),'”!* and enhances 
TLR2/6 signaling.” Similarly, proteinase-activated G-protein-coupled 
receptor (PAR-2) signaling enhances TLR4 responses to LPS.” Other 
examples include the binding of cluster of differentiation (CD) 14 to 
LPS” which augments LPS responses,” as well as the enhancement of 
responses to bacterial diacylglycerides by CD36.” It is likely that these 
accessory molecules form complexes with the TLRs, which are respon- 
sible for transducing the signal across the cell membrane. TLR4 exists 
in a tight complex with MD-2, a small secreted protein that is required 
for TLR4 to reach the cell surface and required for LPS sensing as well.” 
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Structure of the Toll-Like Receptors 

The TLRs are single-spanning transmembrane proteins with leucine-rich 
repeat (LRR) motifs in their extracellular domains and a characteris- 
tic TIR (Toll/interleukin [IL]-1 receptor) motif in their cytoplasmic 
domains. The TIR domain is based on an ancient protein fold” evident 
in cytosolic plant disease resistance proteins (where it often is repre- 
sented together with a nucleotide binding sequence [NBS] and/or LRR 
motifs), in proteins of the IL-1 and IL-18 receptor family, in the adapter 
proteins that carry signals from TLRs, and in the TLRs themselves. 

The structure of the TLR2/1, 2/6, 3, 4, 5, and 8 ectodomains has been 
determined by x-ray crystallography, which showed a horseshoe-shape 
characteristic of LRR-containing proteins. TLRs form homodimers or 
heterodimers induced by the simultaneous binding of ligands to LRRs 
of distinct receptor chains. The nature of the ligand-receptor interac- 
tion has also been determined for several of the above receptors, and 
appears to be different in each individual case (Fig. 20-1). To activate 
TLR4, LPS interacts with MD-2, which has a hydrophobic pocket that 
accommodates the lipid A moiety of LPS.” TLR2/1 heterodimers 
are “crosslinked” by the engagement of two acyl chains by TLR1 and 
a single acyl chain by TLR2.* TLR3 molecules bind a linear, negatively 
charged dsRNA oligonucleotide, which triggers activation.” 

TLRs 3, 7, 8, and 9 are believed to be intracellular. Little (TLR3) 
or no (TLRs 7 and 9) surface expression can be detected, and tagged 
versions of the molecules are found to reside within the interior of 
transfected cells.® The ectodomains of these TLRs project into endo- 
cytic vesicles and there detect foreign molecules rather than within the 


Figure 20-1. Structures of Toll-like receptors (TLRs) and their ligands. TLR2-TLR6-Pam,CSK, lipopeptide (3A79), TLR2-TLR1-Pam,CSK, lipopeptide 
(2Z7X), TLR3-dsRNA (3ClY), TLR4-MD2-LPS (3FXI), TLRS (3J0A), and TLR8-R848 (3W3L) are shown. Side view (upper panels) and top view (lower panels) 
are shown. Protein Databank ID numbers are indicated in parentheses. Figures were generated with UCSF Chimera. dsRNA, double-stranded RNA. 


extracellular space. TLRs 3, 7, 8, and 9 are trafficked from the endo- 
plasmic reticulum (ER) to endosomal compartments via the secretory 
pathway, and depend on the aid of chaperones to do so. For example, 
UNC93B1, a 12-transmembrane spanning ER protein, directly binds 
and is necessary for TLRs 3, 7, and 9 to gain access to the endosomal 
compartment.’ UNC93B1 is believed to escort these molecules, and 
perhaps others, to their destination in the cell. PRAT4A (encoded by 
TNRC5) serves a critical role in chaperoning multiple TLRs to their des- 
tination,** while the ER chaperone protein, gp96 (also called GRP94 or 
HSP90B1) is critical for all TLR maturation (Fig. 20-2).* Proteolysis 
of TLR7 and 9 is known to occur in the endolysosome, and at least for 
TLR9, this cleavage increases ligand binding and is necessary for acti- 
vating downstream signaling pathways.**** In plasmacytoid dendritic 
cells, TLR7 and TLR9 are further trafficked from endosomes to lys- 
osome-related organelles; this trafficking is necessary for the abundant 
production of type I IFN for which these cells are specialized.’ The 
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adaptor protein complex 3 (AP-3), which directs subcellular trafficking 
through the secretory pathway, and the peptide/histidine transporter 1 
(PHT1) are necessary for TLR7 and TLR9 trafficking to lysosome-re- 
lated organelles. 


Toll/Interleukin-1 Receptor Adapter Signaling 

‘The signaling events initiated by the TLRs are increasingly complex and 
have been studied in great detail [reviewed in Refs. 39 and 40]. Figure 
20-3 illustrates the pathways as they are presently understood. It must 
be recognized that not all TLRs operate within the same cells, nor are 
all cells equivalent in their responses to TLR ligation. Notably, macro- 
phages and conventional (myeloid) dendritic cells respond to different 
stimuli than do lymphoid cells, or plasmacytoid dendritic cells (which 
are specialized for type I IFN production). Moreover, some cells not 
usually regarded as “professional” components of the innate immune 
system are capable of responding to TLR ligands in one way or another. 
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Figure 20-2. The Toll-like receptors (TLRs). The TLRs exist in homo- or heterodimeric form and are capable of sensing diverse molecules derived 
from pathogenic organisms. TLRs 1, 2, 4, 5, and 6 are located at the cell surface, while TLRs 3, 7, and 9 are located in the endosome. All TLR maturation 
is dependent on the chaperone protein gp96 in the endoplasmic reticulum (ER). Two other ER proteins, PRAT4A and UNC93B1, play important roles 
in TLR trafficking. PRAT4A is necessary for TLRs 1, 2, 4, 7, and 9 responses, while UNC93B1 is required for TLRs 3, 7, and 9 trafficking. At the cell surface, 
a TLR4 complex composed of TLR4, MD2, and CD14 specifically binds to lipopolysaccharide (LPS) and vesicular stomatitis virus glycoprotein G (VSV- 
G). The TLR2/6 heterodimer, along with CD36 and CD14, recognizes diacylated lipopeptides and lipoteichoic acid (LTA). The TLR1/2 heterodimer 
senses triacylated lipopeptides (PAM,CSK,), and TLR5 recognizes flagellin. TLR7 is able to bind to single-stranded RNA, TLR9 to CpG DNA, and TLR3 to 
double-stranded RNA. Proteolysis of both TLR7 and TLR9 by lysosomal cysteine proteases including cathepsins and asparagine endopeptidase occurs 
in the endolysosome, and at least in the case of TLR, is required for function. Abbreviations are as used in the text. 
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Figure 20-3. Overview of Toll-like receptor (TLR) signaling pathways. Shown are the activating events downstream of TLR activation that ultimately 
lead to the induction of thousands of genes including those encoding tumor necrosis factor (TNF) and type | interferon (IFN), which are critical in 
activating innate and adaptive immune responses. TLR4 activation is shown as a prototypical model. Once TLR complexes recognize a specific mol- 
ecule, they recruit combinations of adaptor proteins (MyD88 [myeloid differentiation primary response 88], TRIF [Toll/interleukin-1 receptor domain- 
containing adaptor inducing IFN-G], TRAM [TRIF-related adaptor molecule], MAL [MyD88 adaptor-like]) and initiate activation of downstream signal- 
ing molecules. See text for details of MyD88-dependent and TRIF-dependent signaling. When bound to vesicular stomatitis virus glycoprotein G (VSV- 
G), TLR4 can signal through TRAM to induce interferon response factor (IRF) 7 activation, a process that is partially dependent on TRIF (not shown). 
K63 and K48 ubiquitination are represented by chained circles. Proteins that are degraded are shown with a dotted outline. LP2, lipopeptide 2; LTA, 
lipoteichoic acid. PAM,CSK, is a triacyl lipopeptide. Phosphorylation events are represented by P-labeled circles. Abbreviations are as used in the text. 


A total of five TIR adapter proteins are encoded in the human 
genome. These adapters are MyD88 (myeloid differentiation primary 
response 88), MAL (MyD88 adaptor-like; also known as TIRAP), 
TRIF (Toll/interleukin-1 receptor domain-containing adaptor inducing 
IFN-£; also known as TICAM] and first identified by a mutant allele 
known as Lps2), TRAM (TRIF-related adaptor molecule; also known 
as TICAM2), and SARM (sterile-@ and armadillo motif). The function 
of SARM remains unknown, and it is the most distantly related par- 
alog among the adaptors. However, the four remaining adapters have 
well-defined roles in signal transduction. All four of these adapters are 
required for normal signaling from the LPS receptor, TLR4; MyD88 and 
MAL act in concert with one another, and TRIF and TRAM act together, 
so that two primary branches of the LPS signaling pathway diverge at 
the level of the receptor.“ In contrast, TRIF alone serves TLR3 signal- 
ing; MyD88 and MAL (but neither TRIF nor TRAM) serve TLR2; and 
MyD838 alone serves TLRs 7, 8, and 9. Mutational inactivation of MyD88 
creates a severe immunodeficiency state in mice and humans, and 
compound homozygosity for mutations affecting both MyD88 and TRIF 
causes immunodeficiency that is still more severe, in which animals are 
essentially unable to sense the presence of most microbes.” 

Two main branches of signaling, dependent on MyD88 or TRIE 
mediate the effects of TLR activation in conventional dendritic cells, 
macrophages, and fibroblasts (see Fig. 20-3). The MyD88-depen- 
dent pathway is used by all TLRs except TLR3, as mentioned above. 
MyD88 is believed to assemble into a helical complex called the Myd- 
dosome upon receptor activation, engaging the serine kinases IRAK 
(interleukin-1 receptor-associated kinase) 4 and IRAK2 or IRAK1 
through death domain interactions.“ Signaling proceeds via phospho- 
rylation of IRAK2 or IRAK1 by IRAK4. No comparable structural data 
illuminate the function of MAL, TRIE or TRAM proteins, but it is clear 
that TRIF can directly engage TLR3.* The activated Myddosome recruits 
the E3 ubiquitin ligase tumor necrosis factor (TNF) receptor-associated 
factor (TRAF) 6, a cellular scaffold protein that coordinates the recruit- 
ment of several other protein kinases. MyD838 also interacts with TRAF3; 
however, degradative K48-linked ubiquitination of TRAF3 by cIAP1/2 
during MyD88-dependent TLR signaling is necessary for the activa- 
tion of mitogen-activated protein kinases (MAPKs) and production of 
inflammatory cytokines.” In conjunction with the E2 ubiquitin-conju- 
gating enzyme 13 (Ubc13) and the Ubc-like protein Uevla, TRAF6 adds 
chains of K63-linked polyubiquitin to itself, as well as inhibitor of xB 
(IxB) kinase y (IKKy; also called NEMO [NF-«B essential modulator]) 
and to TRAF2 (reviewed in Ref. 48). Transforming growth factor-B- 
activating kinase 1 (TAK-1) forms a complex with TAB1, TAB2, and 
TAB3, is recruited to the TRAF6 complex, and phosphorylates IKK, 
which in complex with IKKa and IKKy phosphorylates IxB (an inhib- 
itor of the p65 form of NF-«B), leading to its K48-ubiquitin-mediated 
degradation.“ Nuclear translocation of homo- or heterodimers com- 
posed of p65 and/or p50 NF-xB ensues. NF-«B drives the transcription 
of hundreds of genes encoding proteins that form the inflammatory 
response. Mitochondrial reactive oxygen species (ROS) are also pro- 
duced in macrophages as a result of TLR4, TLR2, and TLR1 activation; 
this antibacterial response depends on the translocation of TRAF6 to 
mitochondria to engage and ubiquitinate a protein called ECSIT, which 
functions in mitochondrial respiratory chain assembly.” 

At the same time, the IKK complex activated by TAK-1 phospho- 
rylates the p105 form of NF-kB and MAP3K8 (also known as Tpl2), 
proteins that form a complex in which MAP3K8 is inactive under basal 
conditions. This leads to the degradation of p105 NF-«B, and to the acti- 
vation of MAP3K8.°°5! MAP3K8 phosphorylates and activates MEK1 
and MEK2, while independently MEK3 and MEK6 are activated by 
TAK-1.” The MEKs activate MAPK family members, including extracel- 
lular signal-regulated kinase (ERK) 1 and ERK2, c-Jun N-terminal kinase 
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(JNK), and p38 kinases. These kinases trigger the activation of other tran- 
scription factors, including c-Jun, which together with c-Fos forms the 
transcription factor AP1, and members of the cyclic adenosine mono- 
phosphate (AMP) response element-binding protein (CREB) family. 

The TRIF-dependent TLR signaling pathway is activated by TLR3 
and TLR4, and results in the induction of type I IFNs as well as inflam- 
matory response genes (see Fig. 20-3). Upon receptor activation, TRIF 
interacts with TRAF3, which recruits TANK-binding kinase 1 (TBK1) 
and IKKe (both distantly homologous to the IKKs).***? This complex 
engages and phosphorylates interferon response factor (IRF) 3, an 
interaction that may be mediated by phosphatidylinositol-5-phosphate 
generated by PIKfyve.** IRF3 dimerizes and translocates to the nucleus 
to activate transcription of type I IFN genes with the aid of deformed 
epidermal autoregulatory factor-1 (DEAF-1).°*° Two other IRF proteins, 
IRF1 and IRF7, also activate type I IFN genes, but in response to sig- 
naling from TLR7 and TLR9 particularly in plasmacytoid dendritic 
cells." Activation of IRF3 and IRF1 can initiate expression of the IFN- 
p gene.**” IFN-6 mediates antiviral effects, and is also required for the 
upregulation of costimulatory proteins (e.g., CD40, CD80, and CD86) 
that enhance the activation of an adaptive immune response. Hence, the 
adjuvant effects of LPS and dsRNA are dependent upon the type I IFN 
receptor.” IRF7 induces the expression of the IFNa genes.” Both a and 
p IFNs bind to the type I IFN receptor rendering similar if not identical 
biological responses. 

To induce inflammatory response genes, TRIF recruits receptor-in- 
teracting protein (RIP) 1 following its polyubiquitination by the E3 ligase 
Pellino.” RIP1 interacts with the TRAF6/TAK-1 complex leading to 
NF-«B activation following the pathway described above for MyD88-de- 
pendent signaling. For reasons that remain unclear, the heteromeric 
MyD88/MAL complex is incapable of driving type I IFN gene expression. 


Countervailing Influences in Toll/Interleukin-1 Receptor 
Adapter Signaling 

IRAK-M, a homologue of IRAKs 1, 2, and 4, is an inhibitor of TIR 
domain signaling and may participate in feedback inhibition of signal- 
ing known as “endotoxin tolerance.”® In addition, suppressor of cytok- 
ine signaling 1 (SOCS-1) inhibits signal transduction from the Janus 
kinase (JAK)/signal transducer and activator of transcription (STAT) 
pathway (Chap. 17) activated by type I IFN, one of the key cytokines 
elicited in the course of an innate immune response. A20 and CYLD, 
both deubiquitination enzymes, remove the K63 ubiquitin tails from 
TRAF6, NEMO, and RIP, inhibiting the activation cascade.* Still more 
distally, inhibition of signaling via antiinflammatory cytokines (such as 
IL-10 or transforming growth factor [TGF]-f) acts to limit responses 
initiated by the TLRs. 


SENSORS OF THE NUCLEOTIDE-BINDING 
OLIGOMERIZATION DOMAIN-LIKE 
RECEPTOR FAMILY 


An extensive family of proteins defined by their motif structure has 
recently been recognized for its participation in innate immune 
responses to intracellular microbes as well as noninfectious inflam- 
matory stimuli, including, for example, uric acid crystals and alumi- 
num hydroxide particles. Collectively called the nucleotide-binding 
oligomerization domain (NOD)-like receptors (NLRs), the proteins 
contain CARD (caspase activating and recruitment domain), Pyrin, 
or BIR (baculovirus inhibitor of apoptosis repeat) domains followed 
by nucleotide-binding NACHT domains and LRR domains arranged 
in tandem, and have been assigned to several subfamilies (Fig. 20-4).° 
Mutations within different representatives of the family produce dom- 
inant or semidominant inflammatory diseases. In some cases there is 
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Figure 20-4. Domain structure of nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs). The various members of the NOD-like 
receptor family are grouped into subfamilies based on domain structure and homology by the Human Genome Gene Nomenclature Committee 
(HGNC), although sometimes domain classifications and homologies remain unclear. The leucine-rich repeat (LRR) domain contains variable numbers 


of LRR repeats. Abbreviations are as used in the text. 


limited penetrance and strong dependence upon the presence of muta- 
tions in other genes. For example, NOD2 mutations have been clearly 
shown to enhance the likelihood of Crohn disease“ and cause Blau 
syndrome,” while distinct NLPR3 mutations are the proximal cause of 
cold-induced autoinflammatory syndrome (CIAS1), chronic neurologic 
cutaneous and articular (CINCA) syndrome, or neonatal onset multi- 
system inflammatory disease (NOMID).” Mutations in the structur- 
ally related MEFV (pyrin-encoding) gene are responsible for familial 
Mediterranean fever.” Pyrin has been shown to interact with the adap- 
tor protein PSTPIP1 (proline serine threonine phosphatase- interacting 
protein 1). Mutations in the gene encoding this protein also cause an 
inflammatory disorder, pyogenic arthritis, pyoderma gangrenosum and 
acne (PAPA) syndrome.” 

The inflammatory potential of the NLR superfamily is exerted 
through two signaling pathways: the “inflammasome” pathway and the 
“NOD1/2” pathway. Each is less fully elucidated at present than the TLR 
signaling pathways. Moreover, each likely interacts with the TLR signal- 
ing pathways and in the case of the inflammasome, is dependent upon 
the TLR signaling for full expression of activity. 


The Inflammasome Pathway 

The “inflammasome” pathway (Fig. 20-5) is induced by at least three 
proteins, and possibly others. Ice-protease activating factor (IPAF/ 
NLRC4; encoded by CARD12), NACHT domain-, LRR-, and pyrin 
domain (PYD) containing protein 1 (NLRP1, also known as CARD7), 
and NLRP3 (also known as cryopyrin) each trigger the inflammasome 
response. Diverse cellular perturbations probably lead to activation of 
IPAF, NLRP1, and NLRP3. Cytosolic flagellin introduced via type III 
or type IV bacterial secretion systems activates IPAF” Anthrax lethal 
factor and muramyl dipeptide (MDP, a product of bacterial cell walls) 


introduced via pore-forming toxins activate NLRP1.”*” Peptidoglycan 
(PGN), MDP, lipopeptides, nucleic acids, uric acid crystals, alum, and 
other foreign substances activate NLRP3.”** Full activation of NLRP3 
depends upon a drop in cytosolic potassium concentration, mediated 
in part by the potassium exporting channel P2X7. Activation of P2X7 
recruits the gap junction channel Pannexin-1 (Panx-1), allowing entry 
of bacterial products and other molecules into the cell.*! Although it is 
not clear that the inducers have direct contact with the NLRPs or IPAF, 
the latter undergo oligomerization (mediated by the NACHT domain). 
They then signal either directly (in the case of IPAF) or via adapter pro- 
teins (ASC in the case of NLRP1, and both ASC and CARDINAL in the 
case of NLRP3) to activate the cytosolic cysteine proteases caspase-1 
and/or caspase-5. Activation occurs through CARD interactions. 
Homodimeric caspase-1 and caspase-5 act to convert the inflammatory 
cytokine pro-IL-1f into its active form. Importantly, inflammasome 
signaling does not initially activate expression of the IL-1 encoding 
gene. However, TLR signaling, which activates NF-«B, or signaling by 
IL-1, itself, can do so.® 

IL-1f signals via its receptor to activate a signaling pathway very 
similar to those used by the TLRs, dependent upon MyD88 and the 
downstream signaling cascade components described earlier in this 
chapter in the section “Toll/Interleukin-1 Receptor Adapter Signaling”. 
As such, IL-1} may be viewed as an endogenous ligand that elicits a 
response similar to those elicited by microbial ligands. This signal may 
initially be induced by a focal infection operating in conjunction with a 
noninfectious inflammatory stimulus. 


The Nucleotide-Binding Oligomerization Domain Pathway 
NOD1 (CARD4) and NOD2 (CARD15) proteins have been men- 
tioned as sensors of y-D-glutamyldiaminopimelic acid (DAP) and MDP, 
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Figure 20-5. Inflammasome complexes formed by NLRP1 (NALP1), NLRP3 (NALP3), and NLRC4 (IPAF [ice-protease activating factor]). In the 
absence of activating signals, NOD-like receptors (NLRs) are present in the cytosol in inactive conformations. The SGT1/HSP90 chaperone complex 
associates with and keeps NLRP3 in an activation-ready state. Upon activation, binding and hydrolysis of ATP results in oligomerization and inflam- 
masome formation. NLRP1 and NLRP3 engage procaspase-1 through adaptor proteins (ASC or ASC/CARDINAL for NLRP3), while NLRC4 is able to bind 
procaspase-1 directly. NLRP1 is also able to engage procaspase-5. This engagement leads to the autoproteolytic maturation of the caspases, which 
then cleave the pro forms of inflammatory cytokines to their biologically active forms. Protein domains shown are the same as in Fig. 20-4. 


respectively, both components of microbial cell walls. They are believed 
to detect intracellular bacteria or fragments thereof.** ** NOD2 has been 
strongly implicated in the pathogenesis of Crohn disease through link- 
age disequilibrium mapping and sequence analysis,“ but mutations of 
NOD2 cause disease with low penetrance, suggesting the importance of 
other genetic and environmental factors. No clear disease association 
has been defined for NOD1. The NOD proteins do not form the core 
of inflammasomes, although recent data suggests that NOD2 is able to 
associate with NLRP1 and caspase-1 upon stimulation with MDP.* In 
response to microbial stimuli, the NOD proteins oligomerize and signal 
via TRAF2, TRAF5, and TRAF6 to cause K63 ubiquitination of RICK2 
(also known as RIP2, or CARDIAK), a protein with a domain structure 
similar to receptor interacting protein (RIP), known for its involvement 
in TNF signal transduction. RICK2 activates TAK-1, and by way of 
TAK-1, elicits the activation of both NF-x«B and the mitogen-activated 
protein (MAP) kinase cascade, leading to activation of the transcription 
factor AP1 (Fig. 20-6). 


SENSORS OF THE RIG-I-LIKE 
HELICASE PATHWAYS 


While TLRs are capable of detecting nucleic acids within the endoso- 
mal compartment and do make an essential contribution to the detec- 
tion of some viruses (notably herpesviruses), other viruses are detected 
chiefly or entirely by cytosolic receptors. Among these, the RIG-I-like 
helicases (RLHs), including retinoic acid inducible gene I (RIG-I), 
melanoma differentiation-associated gene 5 (MDA5), and LGP2, are 
the best known sensors and are believed to undergo direct interaction 
with nucleic acids to initiate a response. RIG-I and MDAS sense spe- 
cific viruses; for example, viruses detected by RIG-I include influenza 
A, Sendai, and vesicular stomatitis viruses, and MDAS detects enceph- 
alomyocarditis and murine hepatitis viruses.*° RLH proteins have RNA 
helicase domains (involved in binding nucleic acids), as well as a regu- 
latory domain (RD) that has been implicated in inhibiting downstream 
signaling,” but is also necessary for RNA sensing.®® Both RIG-I and 
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Figure 20-6. The nucleotide-binding oligomerization domain (NOD) 1/2 signaling pathways. Upon sensing PGN-derived motifs in the cyto- 
sol (y-p-glutamyldiaminopimelic acid [DAP] and muramyl dipeptide [MDP]), NOD1 and NOD2 oligomerize and form complexes with the serine/ 
threonine kinase RICK2. Signaling through tumor necrosis factor receptor—associated factors (TRAFs, which are E3 ubiquitin ligases) results in K63 


ubiquitination (chained circles) of RICK2, and transforming growth factor-B- 


activating kinase (TAK)-1 recruitment. Activation of the TAK-1 complex 


leads to IKB kinase (IKK) and MKK activation, resulting in signaling cascades similar to those activated in response to TLR ligands. Caspase activating 
and recruitment domain (CARD) 9 is important for p38 activation downstream of NOD2. NOD-like receptor (NLR) protein domains shown are the 
same as in Fig. 20-4. Phosphorylation events are represented by P-labeled circles. Abbreviations are as used in the text. 


MDAS have more proximal CARD domains involved in signaling, 
whereas LGP2 does not. On this basis it was initially believed that LGP2 
might have an inhibitory function.” However, it appears to contribute 
to sensing in a positive manner, and may augment RIG-I and MDA5 
signaling.» 


Although TLR3 can detect dsRNA and its synthetic analogue 
poly I:C, the dominant sensor of poly I:C (long polymers in particular) 
in vivo is MDA5”; shorter poly I:C polymers are better detected by 
RIG-I. RIG-I is able to form stable complexes with dsRNA molecules 
containing blunt ends or 5’-overhangs, while dsRNA with 3’-overhangs 


are unwound by its helicase activity.** RIG-I additionally recognizes 
single-stranded RNA (ssRNA) molecules, distinguishing them from 
host RNA by detecting 5’-triphosphate structures such as are found in 
ssRNA from the influenza virus.” RIG-I must be activated by T-cell 
receptor interacting molecule 25 (TRIM25), a host resistance factor that 
ubiquitinates RIG-I (K63 linkages). 

Upon virus recognition the RLHs initiate signaling, leading to type 
I IFN and inflammatory cytokine production dependent, respectively, 
upon IRF and NF-xB activation. RLHs signal by CARD domain-medi- 
ated interaction with mitochondrial antiviral signaling protein (MAVS; 
also known as IPS-1, VISA, or CARDIF), an integral protein of the 
mitochondrial outer membrane with a CARD domain that projects into 
the cytoplasm.”*” Upon activation by RIG-I interaction, MAVS forms 
prion-like polymeric fibers that induce the formation of similar aggre- 
gates by untouched MAVS molecules, which thereby gain competence to 
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activate IRF3.'° MAVS, in its active form, is capable of triggering three 
different signaling pathways. One pathway mimics the TNF signaling 
pathway, and includes the adaptor protein TRADD, Fas-associated death 
domain protein (FADD), RIP1, caspase-8 and caspase-10, and leads to 
IKK complex and NF-«B activation. A second pathway recruits TRAF6 
and MEKKI], leading to activation of the MAP kinases and AP1. These 
two pathways are responsible for inflammatory cytokine production. The 
third pathway entails activation of TBK1 and IKKe, and leads to the acti- 
vation of IRF3 and IRF7, with ensuing type I IFN production (Fig. 20-7). 

A pathway for responses to cytoplasmic double-stranded 
DNA (dsDNA) has also been identified in mammalian cells (see 
Fig. 20-7).'"' Cyclic adenosine monophosphate (AMP)/guanosine 
monophosphate (GMP) synthetase (cGAS) is an enzyme allosterically 
activated by binding to dsDNA, whereon it synthesizes cyclic GMP:AMP 
(cGAMP). cGAMP activates stimulator of IFN genes (STING),'® a 
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Figure 20-7. Cytosolic sensors and signaling pathways. Retinoic acid inducible gene | (RIG-I) and melanoma differentiation-associated gene 5 
MDAS) respond to different viral infections, recognizing single-stranded RNA (ssRNA) and double-stranded RNA (dsRNA), respectively. RIG-I also 
detects short dsRNA sequences. LGP2 is able to bind to dsRNA, and appears to modulate RIG-| and MDAS signaling. Full RIG-I activity requires K63 
ubiquitination (chained circles) by T-cell receptor interacting molecule 25 (TRIM25). RIG-l and MDAS activate mitochondrial antiviral signaling protein 
MAVS), which interacts with a complex containing receptor-interacting protein 1 (RIP1), Fas-associated death domain (FADD), and tumor necrosi 
factor (TNF) receptor-associated death domain (TRADD), as well as with TNF receptor—associated factor (TRAF) 6, and TRAF3. Association of FAD 
with procaspase 8 or procaspase 10 results in cleavage to the mature, active caspase 8 or caspase 10, which go on to activate nuclear factor (NF)-k' 
Recruitment of TRAF6 leads to activation of the mitogen-activated protein (MAP) kinase pathway and AP1, while K63-ubiquitinated TRAF3 activate 
interferon response factor (IRF) 3 and IRF7 through the kinases IKB kinase (IKK)e and TANK-binding kinase (TBK). The latter also associate with TRA 
family member-associated NF-KB activator (TANK), NAK-associated protein 1 (NAP1), and similar to NAP1 TBK1 adaptor (SINTBAD). MAVS is negative 
regulated by the autophagy conjugate Atg12—Atg5, and potentially by NLRX1, while RIG-I is negatively regulated by the IFN-inducible ubiquiti 
igase RNF125 (K48 linkage) and the deubiquitinase A20. The TRAF3-dependent pathway is negatively controlled by the deubiquitinase DUBA. Th 
peptidyl-prolyl-isomerase Pin1 triggers phosphorylated IRF3 ubiquitination and degradation. dsDNA is sensed by cyclic adenosine monophospha 
AMP)/guanosine monophosphate (GMP) synthetase (cGAS), which synthesizes CGAMP from ATP and guanosine triphosphate (GTP). cCGAMP binds 
and activates STING (stimulator of interferon genes), which recruits TBK1 to phosphorylate IRF3. STING also activates the IKK complex. dsDNA can also 
be sensed by DNA-dependent activator of IRFs (DAI). STING also associates with RIG-I (not shown). The caspase activating and recruitment domains 
CARDs) are indicated by rust-colored rectangles, helicase domains by white rectangles, RD domains by green rectangles. NLRX1 domains are the same 
as in Fig. 20-4 except for the unclassified domain, which is shown inserted into the mitochondrial membrane. Phosphorylation events are repre- 
sented by P-labeled circles. Unknown signaling pathway(s) are represented by a dotted arrow. Abbreviations are as used in the text. 
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penta-spanning ER membrane protein that undergoes a conformational 
change leading to the activation of TBK1 to phosphorylate IRF3, which 
dimerizes and translocates to the nucleus to induce type I IFNs. STING 
also activates the IKK complex, leading to degradation of IxB and release 
of NF-«B to enter the nucleus and induce other cytokines. A putative 
cytosolic DNA sensor DAI (for DNA-dependent activator of IRFs) has 
also been described. DAI contains DNA binding domains and enhances 
DNA-mediated induction of type I IFNs in vitro.™™* However, the role of 
DAI as a sensor of cytoplasmic DNA appears to be redundant.! 

Both the RLH-MAVS pathway and the cGAS-STING pathway 
become activated in B cells when they are stimulated by type 2 T-cell- 
independent antigens, such as pneumococcal vaccine (PPSV23).'° 
These pathways sense the induction of endogenous retroviruses, leading 
to sustained B-cell activation and an immunoglobulin (Ig) M response. 


KEY EFFECTOR CYTOKINES IN THE INNATE 
IMMUNE RESPONSE 


Cells of the innate immune system exhibit a measure of autonomy (e.g., 
neutrophils directly engulf and destroy pathogens), but also initiate the 
adaptive immune response to microbes and summon “reinforcements” 
to the site of infection. These functions depend upon the production of 
cytokines, too numerous to describe in this chapter. However, a few of 
the key mediators are listed here. 


Tumor Necrosis Factor-a 

A homotrimeric cytokine that is made by many cells, TNF is synthesized 
in greatest amounts by mononuclear phagocytes that have been exposed 
to LPS or other TLR-activating stimuli. It was recognized as a key 
endogenous mediator of endotoxicity,’” and later, as a mediator of other 
forms of inflammation (including sterile inflammation, as observed in 
rheumatoid arthritis and cancer, Crohn disease, ankylosing spondylitis, 
and psoriasis). The TNF signaling pathway depends upon two receptors, 
involves NF-«B activation, and is ancestrally related to the Drosophila 
Imd (immunodeficiency) pathway for recognition of Gram-negative 
bacteria." The ancient phylogenetic origins of TNF signaling, its large 
representation in distant species, the therapeutic efficacy of TNF neu- 
tralization in the diseases just mentioned, and the immunocompromis- 
ing effects of TNF and TNF receptor mutations in animals all suggest 
that TNF is one of the most important of the cytokines utilized by the 
innate immune system for effective containment of infection. 


Interleukin-1a and B 

Once known as pleiotropic inflammatory cytokines, IL-la and IL-1, 
two distantly related ligands that share the same set of receptors, are 
produced in response to innate immune stimuli and evoke fever, swell- 
ing, and neutrophil adhesion in the region of an infectious nidus. The 
type I IL-1 receptor, responsible for most or all of the agonist activity 
of the IL-1 proteins, has two chains, each of which is endowed with 
a cytoplasmic TIR domain. The receptor complex signals via MyD88 
and no other adapters are known to be required. IL-1 signaling may act 
as an amplification mechanism that augments the primary infectious 
signal, and transmits awareness of infection to cells that lack the innate 
immune sensors required for detection of microbes. 


Interleukin-6 

Signaling via a receptor that uses the JAK/STAT pathway, IL-6 activates 
many elements of the “acute phase response’; that is, hepatic production 
of fibrinogen, serum amyloid A protein, and C-reactive protein. It also 
has thrombopoietic activity, both directly (minor effect) and through its 
stimulation of thrombopoietin production (major effect) (Chap. 111), 
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which stimulates platelet production, often consumed in the course of 
a serious infection. 


Interleukin-12 

A cytokine made in abundance by dendritic and other cells in response 
to TLR stimulation, IL-12 activates the production of IFN-y by lym- 
phoid cells, which, in turn, increases the microbicidal activity of mono- 
nuclear phagocytes. Unlike most cytokines, IL-12 is a heterodimeric 
protein, and the IL-12 p40 subunit is subject to induction, whereas the 
p35 subunit is synthesized constitutively. Mutations of the genes encod- 
ing IL-12 or its receptor, or IFN-y or its receptor, are known to cause 
relatively severe susceptibility to infection by mycobacteria and other 
intracellular infections. Hence the IL-12/IFN-y feedback loop is consid- 
ered one of the most important innate/adaptive immune interactions. 


Chemokines 

A family of small proteins, highly redundant in receptor specificity and 
organized into CC and CXC subfamilies, the chemokines are induced 
by primary microbial stimuli and by TNF and IL-1. Binding to G- 
protein-coupled receptors, they exhibit phagocyte chemotactic activity 
(Chaps. 61 and 68), and are believed to contribute to the egress of neu- 
trophils from blood into infected tissue. 


Granulocyte Colony-Stimulating Factor and Granulocyte- 
Macrophage Colony-Stimulating Factor 

The central hematopoietic response is attuned to events in the periph- 
eral tissues, and granulocyte colony-stimulating factor (G-CSF) and 
granulocyte-macrophage colony-stimulating factor (GM-CSF) promote 
the production and release of granulocytes and monocytes to cope with 
an infectious challenge. These cytokines are produced by macrophages, 
endothelial cells and fibroblasts in direct response to TLR signaling 
(Chap. 61), and also in response to secondary cytokines such as TNE 
They signal via JAK/STAT-coupled receptors. 


Interferons 

Type I IFNs (IFN-a and IFN-f) are expressed immediately in response 
to LPS, dsRNA, or unmethylated DNA, and have broad activity in 
the containment of viral infections. LPS-induced type I IFN produc- 
tion depends upon TLR4 and the adapters TRIF and TRAM. dsRNA- 
induced type I IFN depends upon TLR3 and TRIF (but not TRAM). 
Unmethylated CpG motifs in DNA stimulate type I IFN production that 
depends upon MyD88. Although many cells are induced into an antivi- 
ral state as the result of IFN stimulation, NK cells, which are specialized 
for the elimination of virus-infected targets, are particularly dependent 
upon type I IFN signaling (Chap. 77), and require it for the elimina- 
tion of specific pathogens such as cytomegalovirus.'’? The type I IFNs 
are also involved in protection against bacterial infection," and type 
I IFN signaling has been shown to be important to the development 
of endotoxic shock.'”? Plasmacytoid dendritic cells are a particularly 
important source of type I IFN." 

Type II IFN (IFN-y) has less antiviral activity than type I IFN, is 
produced by T cells in response to IL-12 receptor stimulation, and is 
crucial for the elimination of intracellular pathogens such as mycobac- 
teria, which reside within macrophages of the infected host. 


@THE ACTIVATION OF ADAPTIVE 
IMMUNITY 


The adjuvant effect of microbes has been known since the classic 
studies of Lewis and Loomis'™ who coined the term “allergic irrita- 
bility” to describe the augmented production of antibodies against a 


protein antigen in guinea pigs infected with Mycobacterium tuberculosis. 
Freund and McDermott! demonstrated that heat-killed mycobacteria 
were capable of eliciting an exaggerated antibody response as well when 
coadministered with a protein antigen, indicating that molecular com- 
ponents of microbes (rather than infection per se) were responsible for 
adjuvanticity. LPS was shown to be endowed with adjuvant activity in 
1955," and by 1975 the Lps locus was shown to be required for this 
effect of LPS (as it is required for all other cellular effects of LPS). By 
deduction, the positional cloning of Lps thus revealed the essential role 
of TLR4 in LPS-mediated adjuvanticity.’ 

Activation of an adaptive immune response to a specific anti- 
gen has long been known to depend upon two signals that occur in 
the course of antigen presentation. First, the T-cell receptor must be 
activated. In addition, costimulatory molecules upregulated on the 
antigen-presenting cell (e.g., CD40, CD69, CD80, and CD86) are known 
to interact with receptors (or in some cases ligands) on the T cell. An 
exchange of signals occurs over a period of approximately 12 hours,'!® 
ultimately leading to autonomous expansion of the T-cell clone and, in 
turn, activation of specific B cells. Some of these signals are well charac- 
terized. For example, CD80 and CD86 both engage CD28 and cytotoxic 
T-lymphocyte antigen (CTLA) on the T-cell surface, and abrogation of 
signaling via these costimulatory receptors is known to substantially 
attenuate the adaptive immune response.'” 

Upregulation of costimulatory molecules (UCM) is therefore 
essential, although not by itself sufficient, for activation of the adap- 
tive immune response. LPS depends upon TRIF (and specifically, upon 
TRIF-mediated type I IFN gene expression) to elicit UCM“; absent 
TRIE LPS cannot exert an adjuvant effect. TRAM is also required for 
UCM.“ Although MyD88 does not elicit UCM, it does contribute to 
LPS-induced adjuvanticity in an experimental setting.” It is likely that 
IL-12, a cytokine that is largely MyD88-dependent, also contributes to 
the adjuvant effect, along with other proteins yet to be identified. 

Even though several publications initially suggested that TLR 
signaling is required for adaptive immune responses to occur, it has 
been observed that mice lacking all TLR signaling are quite capable of 
mounting adaptive immune responses, including antibody responses 
and recall responses to defined antigens administered with diverse 
adjuvants.'”' It is now evident that there is much redundancy in adaptive 
immune responses, and several innate immune pathways can indepen- 
dently trigger such responses. 


@ DISEASES CAUSED BY INNATE 
IMMUNE DEFECTS 


Premature death from infection is strongly heritable in humans.'” 
Defects of the innate immune sensing apparatus are expected to cause 
hypersusceptibility to infection in humans as they clearly do in mice, 
and specific examples of such mutations have recently come to light 
including the NLR disorders discussed above (see “Sensors of the 
NOD-Like Receptor Family”). Missense mutations of TLR4 that are 
rare among the normal white population are quite common in patients 
with systemic meningococcal disease, and have been assigned a role in 
susceptibility on this basis.’ A nonsense mutation of TLR5 was found 
to be overrepresented in patients who developed Legionnaire disease 
as compared to a comparably exposed population that remained dis- 
ease-free.'** Mutations of IRAK4 and MyD838 create susceptibility to 
suppurative Gram-positive infections.“ In humans, both TLR3’* and 
UNC93B1'” mutations cause susceptibility to recurrent Herpes simplex 
virus encephalitis, and presumably to other diseases as well. 

On the effector side, examples of immunocompromise from innate 
immune defects are far better known, and include diseases caused by 
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mutations affecting IFN-y,'* IL-12'” and its receptor," defects of 
granule formation,” and defects of nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase.'* 


@THE GENERAL STRATEGY OF INNATE 
IMMUNE RESPONSES AND THE 
CONCEPT OF FORWARD FEEDBACK 
LOOPS IN AUTOIMMUNITY 


Although the term “autoimmunity” is reserved for inappropriate adap- 
tive immune responses that damage tissues of the host, the innate 
immune system may also cause injury or death, and typically does so 
when systemic activation occurs in the course of a serious infection. 
Innate immune responses, which entail cytokine-mediated inflamma- 
tion and coagulation, evolved to contain small inoculates of microor- 
ganisms by encouraging the influx of granulocytes to engulf and destroy 
these pathogens, and by stimulating the development of an adaptive 
immune response. The mechanisms that are employed to these ends can 
be lethal if they are generalized rather than focal. In several examples, 
the importance of microbes as drivers of inflammation has been cited, 
and forward-feedback loops may perpetuate inflammation or auto- 
immunity. It has been reported, for example, that endogenous DNA, 
signaling via TLR9, is responsible for the generation and perpetuation 
of antinucleoprotein antibodies in a mouse model of systemic lupus 
erythematosus.'** The involvement of TLRs 3 and 7 may also be 
important. 

In hemophagocytic lymphohistiocytosis (HLH), an amplification 
loop involving a microbial driver, CTL expansion, and IFN-y driven 
myeloid expansion has been well described in mice.'* In SHP1 defi- 
ciency in mice, autoimmunity and inflammation also depend upon a 
microbial driver and activation of TIR domain signaling pathways. 
NOMID and other mutations capable of activating the NLRP3 inflam- 
masome have been mentioned earlier in this chapter. Beyond this, the 
innate immune system may also contribute to sterile inflammation 
(autoinflammatory disease), as witnessed in many human diseases that 
have so far eluded etiologic decipherment. 


REFERENCES 


1. Pancer Z, Amemiya CT, Ehrhardt GR, et al: Somatic diversification of variable lympho- 
cyte receptors in the agnathan sea lamprey. Nature 430:174, 2004. 

2. Cooper MD, Alder MN: The evolution of adaptive immune systems. Cell 124:815, 2006. 

. Pfeiffer R: Untersuchungen über das Choleragift. Z Hyg Infektionskr 11:393, 1892. 

4. Raetz CR, Whitfield C: Lipopolysaccharide endotoxins. Annu Rev Biochem 71:635, 

2002. 

5. Galanos C, Luderitz O, Rietschel ET, et al: Synthetic and natural Escherichia coli free 

lipid A express identical endotoxic activities. Eur J Biochem 148:1, 1985. 

6. Rosenstreich DL, Weinblatt AC, O’Brien AD: Genetic control of resistance to infection 
in mice. CRC Crit Rev Immunol 3:263, 1982. 

. Poltorak A, He X, Smirnova I, et al: Defective LPS signaling in C3H/HeJ and 
C57BL/10ScCr mice: Mutations in Tlr4 gene. Science 282:2085, 1998. 

. Anderson KV, Bokla L, Nusslein- Volhard C: Establishment of dorsal-ventral polarity in 
the Drosophila embryo: The induction of polarity by the Toll gene product. Cell 42:791, 
1985. 

. Lemaitre B, Nicolas E, Michaut L, et al: The dorsoventral regulatory gene cassette spatzle/ 
Toll/cactus controls the potent antifungal response in Drosophila adults. Cell 86:973, 
1996. 

10. Hemmi H, Takeuchi O, Kawai T, et al: A Toll-like receptor recognizes bacterial DNA. 

Nature 408:740, 2000. 

11. Takeuchi O, Kaufmann A, Grote K, et al: Preferentially the R-stereoisomer of the 
mycoplasmal lipopeptide macrophage-activating lipopeptide-2 activates immune cells 
through a Toll-Like receptor 2- and MyD88-dependent signaling pathway. J Immunol 
164:554, 2000. 

12. Takeuchi O, Sato S, Horiuchi T, et al: Cutting edge: Role of Toll-like receptor 1 in medi- 
ating immune response to microbial lipoproteins. J Immunol 169:10, 2002. 


w 


N 


o0 


\o 


13. 


14. 


15. 


16. 


17. 


18. 


19, 


20. 


2L 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


Al. 


42. 


43. 


44. 


45. 


46. 


Hayashi F, Smith KD, Ozinsky A, et al: The innate immune response to bacterial 
flagellin is mediated by Toll- like receptor 5. Nature 410:1099, 2001. 

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA: Recognition of double-stranded 
RNA and activation of NF-kappaB by Toll-like receptor 3. Nature 413:732, 2001. 
Poltorak A, Ricciardi-Castagnoli P, Citterio A, Beutler B: Physical contact between 
LPS and Tlr4 revealed by genetic complementation. Proc Natl Acad Sci U S A 97:2163, 
2000. 


Bauer S, Kirschning CJ, Hacker H, et al: Human TLR9 confers responsiveness to bacte- 
rial DNA via species-specific CpG motif recognition. Proc Natl Acad Sci U S A 98:9237, 
2001. 

Gross O, Gewies A, Finger K, et al: Card9 controls a non-TLR signalling pathway for 
innate anti-fungal immunity. Nature 442:651, 2006. 

Rogers NC, Slack EC, Edwards AD, et al: Syk-dependent cytokine induction by Dec- 
tin-1 reveals a novel pattern recognition pathway for C type lectins. Immunity 22:507, 
2005. 

Gantner BN, Simmons RM, Canavera SJ, et al: Collaborative induction of inflammatory 
responses by dectin-1 and Toll-like receptor 2. J Exp Med 197:1107, 2003. 

Rallabhandi P, Nhu QM, Toshchakov VY, et al: Analysis of proteinase-activated recep- 
tor 2 and TLR4 signal transduction: A novel paradigm for receptor cooperativity. J Biol 
Chem 283:24314, 2008. 

Wright SD, Ramos RA, Tobias PS, et al: CD14, a receptor for complexes of lipopolysac- 
charide (LPS) and LPS binding protein. Science 249:1431, 1990. 

Haziot A, Ferrero E, Kontgen F, et al: Resistance to endotoxin shock and reduced dis- 
semination of gram-negative bacteria in CD14-deficient mice. Immunity 4:407, 1996. 
Hoebe K, Georgel P, Rutschmann §, et al: CD36 is a sensor of diacylglycerides. Nature 
433:523, 2005. 

Nagai Y, Akashi S, Nagafuku M, et al: Essential role of MD-2 in LPS responsiveness and 
TLR4 distribution. Nat Immunol 3:667, 2002. 

Xu Y, Tao X, Shen B, et al: Structural basis for signal transduction by the Toll/interleukin-1 
receptor domains. Nature 408:111, 2000. 

Kim HM, Park BS, Kim JI, et al: Crystal structure of the TLR4-MD-2 complex with 
bound endotoxin antagonist Eritoran. Cell 130:906, 2007. 

Ohto U, Fukase K, Miyake K, Satow Y: Crystal structures of human MD-2 and its com- 
plex with antiendotoxic lipid IVa. Science 316:1632, 2007. 

Jin MS, Kim SE, Heo JY, et al: Crystal structure of the TLR1-TLR2 heterodimer induced 
by binding of a tri-acylated lipopeptide. Cell 130:1071, 2007. 

Liu L, Botos I, Wang Y, et al: Structural basis of Toll-like receptor 3 signaling with 
double-stranded RNA. Science 320:379, 2008. 

Ahmad-Nejad P, Hacker H, Rutz M, et al: Bacterial CpG-DNA and lipopolysaccharides 
activate Toll-like receptors at distinct cellular compartments. Eur J Immunol 32:1958, 
2002. 

Tabeta K, Hoebe K, Janssen EM, et al: The Unc93b1 mutation 3d disrupts exogenous 
antigen presentation and signaling via Toll-like receptors 3, 7 and 9. Nat Immunol 7:156, 
2006. 

Kim YM, Brinkmann MM, Paquet ME, Ploegh HL: UNC93B1 delivers nucleotide- 
sensing Toll-like receptors to endolysosomes. Nature 452:234, 2008. 

Takahashi K, Shibata T, Akashi-Takamura S, et al: A protein associated with Toll-like 
receptor (TLR) 4 (PRAT4A) is required for TLR-dependent immune responses. J Exp 
Med 204:2963, 2007. 

Yang Y, Liu B, Dai J, et al: Heat shock protein gp96 is a master chaperone for Toll-like 
receptors and is important in the innate function of macrophages. Immunity 26:215, 
2007. 

Ewald SE, Lee BL, Lau L, et al: The ectodomain of Toll-like receptor 9 is cleaved to 
generate a functional receptor. Nature 456:658, 2008. 

Park B, Brinkmann MM, Spooner E, et al: Proteolytic cleavage in an endolysosomal 
compartment is required for activation of Toll-like receptor 9. Nat Immunol 9:1407, 
2008. 

Blasius AL, Arnold CN, Georgel P, et al: Slc15a4, AP-3, and Hermansky-Pudlak syn- 
drome proteins are required for Toll-like receptor signaling in plasmacytoid dendritic 
cells. Proc Natl Acad Sci U S A 107:19973, 2010. 

Sasai M, Linehan MM, Iwasaki A: Bifurcation of Toll-like receptor 9 signaling by adap- 
tor protein 3. Science 329:1530, 2010. 

Beutler B, Jiang Z, Georgel P, et al: Genetic analysis of host resistance: Toll-Like receptor 
signaling and immunity at large. Annu Rev Immunol 24:353, 2006. 

Kawai T, Akira S: TLR signaling. Semin Immunol 19:24, 2007. 

Yamamoto M, Sato S, Hemmi H, et al: TRAM is specifically involved in the Toll-like 
receptor 4-mediated MyD88-independent signaling pathway. Nat Immunol 4:1144, 
2003. 

Hoebe K, Du X, Georgel P, et al: Identification of Lps2 as a key transducer of 
MyD88-independent TIR signaling. Nature 424:743, 2003. 

Takeuchi O, Hoshino K, Akira S: Cutting edge: TLR2-deficient and MyD88-deficient 
mice are highly susceptible to Staphylococcus aureus infection. J Immunol 165:5392, 
2000. 

von Bernuth H, Picard C, Jin Z, et al: Pyogenic bacterial infections in humans with 
MyD88 deficiency. Science 321:691, 2008. 

Lin SC, Lo YC, Wu H: Helical assembly in the MyD88-IRAK4-IRAK2 complex in TLR/ 
IL-1R signalling. Nature 465:885, 2010. 

Oshiumi H, Matsumoto M, Funami K, et al: TICAM-1, an adaptor molecule that 
participates in Toll-like receptor 3-mediated interferon-beta induction. Nat Immunol 
4:161, 2003. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


61. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


74. 


75. 


76. 


77. 


78. 


79. 


Chapter 20: Innate Immunity 


Tseng PH, Matsuzawa A, Zhang W, et al: Different modes of ubiquitination of the adap- 
tor TRAF3 selectively activate the expression of type I interferons and proinflammatory 
cytokines. Nat Immunol 11:70, 2010. 

Chen ZJ: Ubiquitin signalling in the NF-kappaB pathway. Nat Cell Biol 7:758, 2005. 
West AP, Brodsky IE, Rahner C, et al: TLR signalling augments macrophage bacteri- 
cidal activity through mitochondrial ROS. Nature 472:476, 2011. 

Waterfield M, Jin W, Reiley W, et al: IkappaB kinase is an essential component of the 
Tpl2 signaling pathway. Mol Cell Biol 24:6040, 2004. 

Beinke S, Deka J, Lang V, et al: NF-kappaB1 p105 negatively regulates TPL-2 MEK 
kinase activity. Mol Cell Biol 23:4739, 2003. 

Fitzgerald KA, McWhirter SM, Faia KL, et al: IKKepsilon and TBK1 are essential com- 
ponents of the IRF3 signaling pathway. Nat Immunol 4:491, 2003. 

Sato S, Sugiyama M, Yamamoto M, et al: Toll/IL-1 receptor domain-containing adap- 
tor inducing IFN-beta (TRIF) associates with TNF receptor-associated factor 6 and 
TANK-binding kinase 1, and activates two distinct transcription factors, NF-kappa B 
and IFN-regulatory factor-3, in the Toll-like receptor signaling. J Immunol 171:4304, 
2003. 

Kawasaki T, Takemura N, Standley DM, et al: The second messenger phosphatidyli- 
nositol-5-phosphate facilitates antiviral innate immune signaling. Cell Host Microbe 
14:148, 2013. 

Ordureau A, Enesa K, Nanda §, et al: DEAF1 is a Pellinol-interacting protein required 
for interferon production by Sendai virus and double-stranded RNA. J Biol Chem 
288:24569, 2013. 

Kawai T, Sato S, Ishii KJ, et al: Interferon-alpha induction through Toll-like receptors 
involves a direct interaction of IRF7 with MyD88 and TRAF6. Nat Immunol 5:1061, 
2004. 

Shinohara ML, Lu L, Bu J, et al: Osteopontin expression is essential for interferon-alpha 
production by plasmacytoid dendritic cells. Nat Immunol 7:498, 2006. 

Negishi H, Fujita Y, Yanai H, et al: Evidence for licensing of IFN-gamma-induced IFN 
regulatory factor 1 transcription factor by MyD88 in Toll-like receptor-dependent gene 
induction program. Proc Natl Acad Sci U S A 103:15136, 2006. 

Honda K, Ohba Y, Yanai H, et al: Spatiotemporal regulation of MyD88-IRF-7 signalling 
for robust type-I interferon induction. Nature 434:1035, 2005. 

Hoebe K, Janssen EM, Kim SO, et al: Upregulation of costimulatory molecules induced 
by lipopolysaccharide and double-stranded RNA occurs by Trif-dependent and 
Trif-independent pathways. Nat Immunol 4:1223, 2003. 

Kaisho T: Type I interferon production by nucleic acid-stimulated dendritic cells. Front 
Biosci 13:6034, 2008. 

Chang M, Jin W, Sun SC: Pelil facilitates TRIF-dependent Toll-like receptor signaling 
and proinflammatory cytokine production. Nat Immunol 10:1089, 2009. 

Kobayashi K, Hernandez LD, Galan JE, et al: IRAK-M is a negative regulator of Toll-like 
receptor signaling. Cell 110:191, 2002. 

Kinjyo I, Hanada T, Inagaki-Ohara K, et al: SOCS1/JAB is a negative regulator of 
LPS-induced macrophage activation. Immunity 17:583, 2002. 

Ye Z, Ting JP: NLR, the nucleotide-binding domain leucine-rich repeat containing gene 
family. Curr Opin Immunol 20:3, 2008. 

Hugot JP, Chamaillard M, Zouali H, et al: Association of NOD2 leucine-rich repeat 
variants with susceptibility to Crohn's disease. Nature 411:599, 2001. 

Miceli-Richard C, Lesage S, Rybojad M, et al: CARD15 mutations in Blau syndrome. 
Nat Genet 29:19, 2001. 

Hoffman HM, Mueller JL, Broide DH, et al: Mutation of a new gene encoding a putative 
pyrin-like protein causes familial cold autoinflammatory syndrome and Muckle-Wells 
syndrome. Nat Genet 29:301, 2001. 

Feldmann J, Prieur AM, Quartier P, et al: Chronic infantile neurological cutaneous and 
articular syndrome is caused by mutations in CIAS1, a gene highly expressed in poly- 
morphonuclear cells and chondrocytes. Am J Hum Genet Hum Genet 71:198, 2002. 
Neven B, Callebaut I, Prieur AM, et al: Molecular basis of the spectral expression of 
CIAS1 mutations associated with phagocytic cell-mediated autoinflammatory disor- 
ders CINCA/NOMID, MWS, and FCU. Blood 103:2809, 2004. 

The International FMF Consortium: Ancient missense mutations in a new member 
of the RoRet gene family are likely to cause familial Mediterranean fever. Cell 90:797, 
1997. 

Wise CA, Gillum JD, Seidman CE, et al: Mutations in CD2BP1 disrupt binding to PTP 
PEST and are responsible for PAPA syndrome, an autoinflammatory disorder. Hum 
Mol Genet 11:961, 2002. 

Miao EA, Andersen-Nissen E, Warren SE, Aderem A: TLRS and Ipaf: Dual sensors of 
bacterial flagellin in the innate immune system. Semin Immunopathol 29:275, 2007. 
Boyden ED, Dietrich WF: Nalp1b controls mouse macrophage susceptibility to anthrax 
lethal toxin. Nat Genet 38:240, 2006. 

Bruey JM, Bruey-Sedano N, Luciano F, et al: Bcl-2 and Bcl-XL regulate proinflamma- 
tory caspase-1 activation by interaction with NALP1. Cell 129:45, 2007. 

Martinon F, Agostini L, Meylan E, Tschopp J: Identification of bacterial muramyl 
dipeptide as activator of the NALP3/cryopyrin inflammasome. Curr Biol 14:1929, 2004. 
Mariathasan S, Newton K, Monack DM, et al: Differential activation of the inflam- 
masome by caspase-1 adaptors ASC and Ipaf. Nature 430:213, 2004. 

Cassel SL, Eisenbarth SC, Iyer SS, et al: The Nalp3 inflammasome is essential for the 
development of silicosis. Proc Natl Acad Sci U S A 105:9035, 2008. 

Eisenbarth SC, Colegio OR, O'Connor W, et al: Crucial role for the Nalp3 inflam- 
masome in the immunostimulatory properties of aluminium adjuvants. Nature 
453:1122, 2008. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


95, 


96. 


97. 


98. 


99. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


112. 


00. 


101. 


02. 


103. 


04. 


Dostert C, Petrilli V, Van Bruggen R, et al: Innate immune activation through Nalp3 
inflammasome sensing of asbestos and silica. Science 320:674, 2008. 

Pelegrin P, Barroso-Gutierrez C, Surprenant A: P2X7 receptor differentially couples to 
distinct release pathways for IL-1beta in mouse macrophage. J Immunol 180:7147, 2008. 
Girardin SE, Boneca IG, Carneiro LA, et al: Nod1 detects a unique muropeptide from 
Gram-negative bacterial peptidoglycan. Science 300:1584, 2003. 

Girardin SE, Boneca IG, Viala J, et al: Nod2 is a general sensor of peptidoglycan through 
muramy! dipeptide (MDP) detection. J Biol Chem 278:8869, 2003. 

Girardin SE, Travassos LH, Herve M, et al: Peptidoglycan molecular requirements 
allowing detection by Nod1 and Nod2. J Biol Chem 278:41702, 2003. 

Hsu LC, Ali SR, McGillivray S, et al: A NOD2-NALP1 complex mediates caspase-1- 
dependent IL-1beta secretion in response to Bacillus anthracis infection and muramyl 
dipeptide. Proc Natl Acad Sci U S A 105:7803, 2008. 

Loo YM, Gale M Jr: Immune signaling by RIG-I-like receptors. Immunity 34:680, 2011. 
Saito T, Hirai R, Loo YM, et al: Regulation of innate antiviral defenses through a shared 
repressor domain in RIG-I and LGP2. Proc Natl Acad Sci U S A 104:582, 2007. 
Takahasi K, Yoneyama M, Nishihori T, et al: Nonself RNA-sensing mechanism of RIG-I 
helicase and activation of antiviral immune responses. Mol Cell 29:428, 2008. 

Pippig DA, Hellmuth JC, Cui S, et al: The regulatory domain of the RIG-I family 
ATPase LGP2 senses double-stranded RNA. Nucleic Acids Res 37:2014, 2009. 
Rothenfusser S, Goutagny N, Diperna G, et al: The RNA helicase Lgp2 inhibits 
TLR-independent sensing of viral replication by retinoic acid-inducible gene-I. J Immu- 
nol 175:5260, 2005. 

Venkataraman T, Valdes M, Elsby R, et al: Loss of DExD/H box RNA helicase LGP2 
manifests disparate antiviral responses. J Immunol 178:6444, 2007. 

Satoh T, Kato H, Kumagai Y, et al: LGP2 is a positive regulator of RIG-I- and MDA5- 
mediated antiviral responses. Proc Natl Acad Sci U S A 107:1512, 2010. 

Gitlin L, Barchet W, Gilfillan S, et al: Essential role of mda-5 in type I IFN responses to 
polyriboinosinic:polyribocytidylic acid and encephalomyocarditis picornavirus. Proc 
Natl Acad Sci U S A 103:8459, 2006. 

Hornung V, Ellegast J, Kim S, et al: 5’-Triphosphate RNA is the ligand for RIG-I. Science 
314:994, 2006. 

Pichlmair A, Schulz O, Tan CP, et al: RIG-I-mediated antiviral responses to sin- 
gle-stranded RNA bearing 5’-phosphates. Science 314:997, 2006. 

Kawai T, Takahashi K, Sato S, et al: IPS-1, an adaptor triggering RIG-I- and Mda5- 
mediated type I interferon induction. Nat Immunol 6:981, 2005. 

Seth RB, Sun L, Ea CK, Chen ZJ: Identification and characterization of MAVS, a mito- 
chondrial antiviral signaling protein that activates NF-kappaB and IRF 3. Cell 122:669, 
2005. 

Xu LG, Wang YY, Han KJ, et al: VISA is an adapter protein required for virus-triggered 
IFN-beta signaling. Mol Cell 19:727, 2005. 

Meylan E, Curran J, Hofmann K, et al: Cardif is an adaptor protein in the RIG-I antiviral 
pathway and is targeted by hepatitis C virus. Nature 437:1167, 2005. 

Hou F, Sun L, Zheng H, et al: MAVS forms functional prion-like aggregates to activate 
and propagate antiviral innate immune response. Cell 146:448, 2011. 

Sun L, Wu J, Du ẸF et al: Cyclic GMP-AMP synthase is a cytosolic DNA sensor that 
activates the type I interferon pathway. Science 339:786, 2013. 

Wu J, Sun L, Chen X, et al: Cyclic GMP-AMP is an endogenous second messenger in 
innate immune signaling by cytosolic DNA. Science 339:826, 2013. 

Ishikawa H, Barber GN: STING is an endoplasmic reticulum adaptor that facilitates 
innate immune signalling. Nature 455:674, 2008. 

Takaoka A, Wang Z, Choi MK, et al: DAI (DLM-1/ZBP1) is a cytosolic DNA sensor and 
an activator of innate immune response. Nature 448:501, 2007. 

Wang Z, Choi MK, Ban T, et al: Regulation of innate immune responses by DAI 
(DLM-1/ZBP1) and other DNA-sensing molecules. Proc Natl Acad Sci U S A 105:5477, 
2008. 

Zeng M, Hu Z, Shi X, et al: MAVS, cGAS, and endogenous retroviruses in T-independent 
B cell responses. Science 346:1486, 2014. 

Beutler B, Milsark IW, Cerami AC: Passive immunization against cachectin/tumor 
necrosis factor protects mice from lethal effect of endotoxin. Science 229:869, 1985. 
Georgel P, Naitza S, Kappler C, et al: Drosophila immune deficiency (IMD) is a death 
domain protein that activates antibacterial defense and can promote apoptosis. Dev Cell 
1:503, 2001. 

Orange JS, Biron CA: Characterization of early IL-12, IFN-alpha/beta, and TNF effects 
on antiviral state and NK cell responses during murine cytomegalovirus infection. 
J Immunol 156:4746, 1996. 

Andrews DM, Scalzo AA, Yokoyama WM, et al: Functional interactions between den- 
dritic cells and NK cells during viral infection. Nat Immunol 4:175, 2003. 

Mancuso G, Midiri A, Biondo C, et al: Type I IFN signaling is crucial for host resistance 
against different species of pathogenic bacteria. J Immunol 178:3126, 2007. 
Karaghiosoff M, Steinborn R, Kovarik P, et al: Central role for type I interferons and 
Tyk2 in lipopolysaccharide-induced endotoxin shock. Nat Immunol 4:471, 2003. 


113. 


114. 


115. 


116. 


117. 


118. 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 


127. 


128. 


129. 


130. 


131. 


132. 


133. 


134. 


135. 


136. 


137. 


138. 


139. 


140. 


141. 


142. 


143. 


144. 


Part IV: Molecular and Cellular Hematology 


Cella M, Jarrossay D, Facchetti F, et al: Plasmacytoid monocytes migrate to inflamed 
lymph nodes and produce large amounts of type I interferon. Nat Med 5:919, 1999. 
Lewis PA, Loomis D: The formation of anti-sheep hemolytic amboceptor in the normal 
and tuberculous guinea pig. J Exp Med 40:503, 1924. 

Freund J, McDermott K: Sensitization to horse serum by means of adjuvants. Proc Soc 
Exp Biol Med 49:548, 1942. 

Condie RM, Zak SJ, Good RA: Effect of meningococcal endotoxin on the immune 
response. Proc Soc Exp Biol Med 90:355, 1955. 

Skidmore BJ, Chiller JM, Morrison DC, Weigle WO: Immunologic properties of bacte- 
rial lipopolysaccharide (LPS): Correlation between the mitogenic, adjuvant, and immu- 
nogenic activities. J Immunol 114:770, 1975. 

Germain RN, Jenkins MK: In vivo antigen presentation. Curr Opin Immunol 16:120, 
2004. 

Borriello F, Sethna MP, Boyd SD, et al: B7-1 and B7-2 have overlapping, critical roles in 
immunoglobulin class switching and germinal center formation. Immunity 6:303, 1997. 
Yamamoto M, Sato S, Hemmi H, et al: Role of adaptor TRIF in the MyD88-independent 
Toll-like receptor signaling pathway. Science 301:640, 2003. 

Gavin AL, Hoebe K, Duong B, et al: Adjuvant-enhanced antibody responses in the 
absence of Toll-like receptor signaling. Science 314:1936, 2006. 

Sorensen TI, Nielsen GG, Andersen PK, Teasdale TW: Genetic and environmental 
influences on premature death in adult adoptees. N Engl J Med 318:727, 1988. 
Smirnova I, Mann N, Dols A, et al: Assay of locus-specific genetic load implicates rare 
Toll-like receptor 4 mutations in meningococcal susceptibility. Proc Natl Acad Sci US A 
100:6075, 2003. 

Hawn TR, Verbon A, Lettinga KD, et al: A common dominant TLRS stop codon poly- 
morphism abolishes flagellin signaling and is associated with susceptibility to Legion- 
naires disease. J Exp Med 198:1563, 2003. 

Picard C, Puel A, Bonnet M, et al: Pyogenic bacterial infections in humans with IRAK-4 
deficiency. Science 299:2076, 2003. 

Zhang SY, Jouanguy E, Ugolini S, et al: TLR3 deficiency in patients with herpes simplex 
encephalitis. Science 317:1522, 2007. 

Casrouge A, Zhang SY, Eidenschenk C, et al: Herpes simplex virus encephalitis in 
human UNC-93B deficiency. Science 314:308, 2006. 

Jouanguy E, Altare F, Lamhamedi S, et al: Interferon-gamma-receptor deficiency in an 
infant with fatal bacille Calmette-Guerin infection. N Engl J Med 335:1956, 1996. 
Picard C, Fieschi C, Altare F, et al: Inherited interleukin-12 deficiency: IL12B genotype 
and clinical phenotype of 13 patients from six kindreds. Am J Hum Genet Hum Genet 
70:336, 2002. 

Altare F, Durandy A, Lammas D, et al: Impairment of mycobacterial immunity in 
human interleukin-12 receptor deficiency. Science 280:1432, 1998. 

De Jong R, Altare F, Haagen IA, et al: Severe mycobacterial and Salmonella infections in 
interleukin-12 receptor-deficient patients. Science 280:1435, 1998. 

Barbosa MD, Nguyen QA, Tchernev VT, et al: Identification of the homologous beige 
and Chediak-Higashi syndrome genes. Nature 382:262, 1996. 

Royer-Pokora B, Kunkel LM, Monaco AP, et al: Cloning the gene for an inherited 
human disorder—chronic granulomatous disease—on the basis of its chromosomal 
location. Nature 322:32, 1986. 

Leadbetter EA, Rifkin IR, Hohlbaum AM, et al: Chromatin-IgG complexes activate B 
cells by dual engagement of IgM and Toll-like receptors. Nature 416:603, 2002. 

Crozat K, Hoebe K, Ugolini S, et al: Jinx, an MCMV susceptibility phenotype caused by 
disruption of Unc13d: A mouse model of type 3 familial hemophagocytic lymphohisti- 
ocytosis. J Exp Med 204:853, 2007. 

Croker BA, Lawson BR, Berger M, et al: Inflammation and autoimmunity caused by a 
SHP1 mutation depend on IL-1, MyD88, and a microbial trigger. Proc Natl Acad Sci U 
S A 105:15028, 2008. 

Fitzgerald KA, Palsson-McDermott EM, Bowie AG, et al: Mal (MyD88-adapter-like) is 
required for Toll-like receptor-4 signal transduction. Nature 413:78, 2001. 

Horng T, Barton GM, Medzhitov R: TIRAP: An adapter molecule in the Toll signaling 
pathway. Nat Immunol 2:835, 2001. 

Yamamoto M, Sato S, Hemmi H, et al: Essential role for TIRAP in activation of the 
signalling cascade shared by TLR2 and TLR4. Nature 420:324, 2002. 

Poltorak A, Smirnova I, He XL, et al: Genetic and physical mapping of the Lps locus- 
identification of the Toll-4 receptor as a candidate gene in the critical region. Blood Cells 
Mol Dis 24:340, 1998. 

Takeuchi O, Kawai T, Muhlradt PF, et al: Discrimination of bacterial lipoproteins by 
Toll-like receptor 6. Int Immunol 13:933, 2001. 

Hemmi H, Kaisho T, Takeuchi O, et al: Small anti-viral compounds activate immune 
cells via the TLR7 MyD88-dependent signaling pathway. Nat Immunol 3:196, 2002. 
Jurk M, Heil F, Vollmer J, et al: Human TLR7 or TLR8 independently confer responsive- 
ness to the antiviral compound R-848. Nat Immunol 3:499, 2002. 

Chuang T, Ulevitch RJ: Identification of hTLR10: A novel human Toll-like receptor 
preferentially expressed in immune cells. Biochim Biophys Acta 1518:157, 2001. 


CHAPTER 21 
DENDRITIC CELLS AND 
ADAPTIVE IMMUNITY 


Madhav Dhodapkar, Crystal L. Mackall, and Ralph M. Steinman* 


Dendritic cells are a multifunctional group of cells that serve as sentinels of 
the immune system and thus regulate many immune functions. Dendritic 
cells play a central role in initiating adaptive immune responses to patho- 
gens and initiating antitumor immune responses. Dendritic cell receptors 
sense environmental stimuli and can respond rapidly to both foreign patho- 
gens and danger signals derived from tissue damage or immune complexes. 
Through their capacity to present antigen to T cells in immune-activating or 
immune-dampening contexts, dendritic cells can both induce T-cell prolifer- 
ation (activation) or lack of activation (tolerance). In this way, dendritic cells 
help regulate immune responses mediated by cells and B cells of the adaptive 
immune system. This chapter describes the varied types and functions of this 
important class of cells. 


@ FUNCTIONS OF DENDRITIC CELLS 


Host defense is mediated by innate and adaptive immune responses, 
and dendritic cells (DCs) play essential roles in linking together innate 
and adaptive immunity.’ The innate immune response provides rapid 
resistance to pathogens, but the potency of innate responses does not 
increase following initial exposure. Adaptive responses, mediated by 
B and T lymphocytes, generate immune memory, resulting in more 
rapid and more potent responses following antigen reexposure (Chaps. 
75 and 76). 


DENDRITIC CELLS AND INNATE IMMUNITY 


DCs provide innate immune resistance through production of cytok- 
ines, including interleukin (IL)-12 and type I interferons, and by acti- 
vating other innate lymphocytes such as natural killer (NK) cells, NKT 
cells, and yd T cells (Chap. 75). Innate responses are most often ini- 
tiated by “pattern recognition receptors” (Chap. 20), which respond 


Acronyms and Abbreviations: CD, cluster of differentiation; CMV, cytomegalo- 
virus; DC, dendritic cell; GM-CSF, granulocyte-monocyte colony-stimulating factor; 
GVHD, graft-versus-host disease; GVL, graft-versus-leukemia; Ig, immunoglobulin; 
IL, interleukin; M-CSF, monocyte colony-stimulating factor; MHC, major histocom- 
patibility complex; NK, natural killer; Th, T helper; TLR, toll-like receptor; TNF, tumor 
necrosis factor; Tr, T regulatory. 


“Deceased. Substantial portions of his contribution have been retained in the 
current version of this chapter. 


to evolutionarily conserved molecules found in microbes, parasites 
and viruses.** Pattern recognition receptors include toll-like receptors 
(TLRs), nucleotide-binding oligomerization domain-like receptors, 
retinoic acid-inducible gene 1-like receptors, and numerous C-type 
lectins. Pattern recognition receptors recognize a wide array of ligands, 
such as single- or double-stranded RNA, lipopolysaccharides, and other 
microbial constituents. DCs express pattern recognition receptors and 
respond to pattern recognition receptor agonists by becoming potent 
immunostimulatory cells and by presenting captured antigens to T cells 
in the context of major histocompatibility antigens. Pattern recogni- 
tion receptors on DCs can also be activated via noninfectious stimuli 
induced by tissue damage and malignant cells, including uric acid crys- 
tals and heat shock and chromatin proteins. Such pathways are likely 
important for activating DCs toward tumor-associated antigens follow- 
ing transplantation or in disease states such as cancer or allergy. 
Activated or matured DCs can prime resting NK cells, which then 
reciprocally act back on DCs, enhancing DC maturation and initiat- 
ing adaptive immune responses.° NK cells can also negatively regulate 
DC function by killing immature DCs, a feature that is important in 
NK mediated graft-versus-leukemia (GVL), without graft-versus-host 
disease (GVHD), following hematopoietic stem cell transplantation.’ 
Such immune crosstalk between NK cells and DCs, is emblematic of the 
exquisite interdependence and complexity of the immune response.*° 


DENDRITIC CELLS AND ADAPTIVE IMMUNITY 


Adaptive immunity imparts immune memory to the host, which allows 
a more rapid and more effective immune response to rechallenge with 
the same antigen. Adaptive immunity is mediated by B and T lympho- 
cytes, but its induction is largely regulated by DCs. Immune memory 
increases the frequency and function of antigen-specific lymphocytes, 
leading to enhanced levels of protective antibodies, cytokines, and killer 
molecules. Through an elaborate series of gene rearrangements, hyper- 
mutation, and selection, antibody on B cells and T-cell receptors on 
T cells provide remarkable diversity and specificity. This array might 
be thought of as the largest combinatorial library of specificities in the 
world! 

DCs function as sentinels of the immune system (Table 21-1)'*!! 
and provide a critical bridge between innate and adaptive immunity. 
Indeed, the presence of antigen and lymphocyte is rarely sufficient to 
induce adaptive immune responses. Rather, a third party, the DC system 
of antigen-presenting cells provides the pivotal immune initiation sig- 
nal required to induce an adaptive immune response. DCs sense a wide 
range of environmental stimuli, producing cytokines, such as IL-12 and 
type I interferons that help stimulate immune responses. DCs express 
most types of TLRs, with specific subsets of DCs differentially express- 
ing distinct TLRs; for example, plasmacytoid DCs express significant 
levels of TLR-7 and TLR-9."* DCs can also respond to endogenous stim- 
uli, ranging from inflammatory cytokines, including tumor necrosis 
factor (TNF)-a, IL-1, or interferons, to byproducts of cell death or tissue 
damage. DCs capture microbes and tumor cells, processing their com- 
ponent antigens for presentation to the adaptive immune system. DC 
activation, via innate immune receptors, leads to DC maturation and 
initiation of adaptive immunity. In addition to antigen processing and 
presentation, sentinel DCs produce chemokines and cytokines. They 
migrate to lymphoid tissues, where they recruit naive antigen-specific 
lymphocytes and instruct their subsequent development. 

A variety of DC subsets exist and the biology of DC activation can 
vary significantly according to the exposure. During immunization, 
DCs initiate clonal expansion of T cells and can directly and indirectly 
influence the growth of B cells. In addition, DCs can modulate differen- 
tiation of lymphocytes, such that the properties of the lymphocytes are 


TABLE 21-1. Role of Dendritic Cell in Immunity 


Sensors: rapid and appropriate differentiation in response to 
pathogen-associated molecular patterns and other signals 


Sentinels: positioned in peripheral tissues to optimize antigen 
capture and migrate to lymphoid tissues 


Tolerance: deletion and anergy of self-reactive lymphocytes and 
induction of regulatory T cells 


Innate resistance: activation of innate lymphocytes, including NK 
and NKT cells, secretion of protective cytokines 


Adaptive immunity: differentiation of quiescent, naive T cells to 
form effectors, establishment of memory lymphocytes, antibody 
responses 


appropriate to the invading pathogen.” For example, under the influ- 
ence of DCs, T cells can preferentially produce interferon-y (T-helper 
[Th] type 1 cells) to activate macrophages to resist infection by intra- 
cellular microbes; or IL-4, IL-5, and IL-13 (Th2 cells) to mobilize white 
cells to resist helminths; or IL-17 (Th17 cells) to mobilize phagocytes at 
body surfaces to resist extracellular bacteria. 

An essential counterpart to adaptive immunity is adaptive toler- 
ance, which is the silencing of cells with receptors reactive to self or 
harmless environmental antigens. T cells develop tolerance centrally in 
the thymus and peripherally in lymphoid organs.'*!5 DCs play a role in 
inducing tolerance, especially with regard to T cells. DCs can silence 
self-reactive T cells, through either deletion or functional inactivation. 
DCs can also drive T cells to suppress immunity by expressing IL-10 (T 
regulatory [Tr]1 cells) or FOXP3."° 


@ DENDRITIC CELL BIOLOGY 


DCs are “antigen-presenting cells? An antigen-presenting cell is any 
cell that uses its major histocompatibility complex (MHC) products (or 
other antigen-presenting molecules, such as the CD1 molecules that 
present glycolipids and lipoglycans) to bind and display (i.e., “present”) 
fragments of antigen to lymphocytes. DCs are more specialized or pro- 
fessional than other antigen-presenting cells. This is because DCs have 
efficient and regulated pathways for antigen uptake and processing, and 
DCs possess dozens of features that allow them to initiate and control 
immunity (Table 21-2). For example, when DCs mature in response to 
infection, hundreds, even thousands, of gene transcripts can be upregu- 
lated or downregulated.'”* 


ANTIGEN UPTAKE AND PROCESSING 


DCs express a wide array of endocytic receptors, which enhance the 
efficiency of antigen capture, processing, and presentation. Many endo- 
cytic receptors are predicted to be C-type lectins, and in some cases 
their natural ligands have not been identified. DCs also express Fcy and 
Fce receptors, which recognize immune complexes, as well as scaven- 
ger receptors. Recognition of pathogens by DC receptors can have two 
outcomes. One outcome is immune activation followed by antigen pre- 
sentation and development of a productive immune responses. Alter- 
natively, pathogens may use DC receptors to evade the host immune 
response. For example, DC-SIGN (CD209) a lectin expressed on DCs, is 
used by HIV-1 and cytomegalovirus (CMV) to reach T cells and endo- 
thelial cells, respectively’’°; by Dengue virus to replicate within DCs”'; 
and by Mycobacterium tuberculosis to trigger production of the suppres- 
sive cytokine IL-10.” 

Following uptake, efficient processing of antigen yields pep- 
tides that bind to MHC class II and class I products. “Exogenous” 
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TABLE 21-2. Important Components of Dendritic Cell 
Function 


Cell processes or dendrites and motility: numerous and continu- 
ally probing 


Antigen handling: specialized antigen uptake receptors and 
processing pathways for classic (MHC) and nonclassic (CD1 and 
others) presenting molecules, including cross-presentation onto 
MHC class I and CD1 


MHC class Il products: high and regulated expression 


Migration in lymphatics to lymphoid organs and localization to 
T-cell areas 


Environmental sensing: multiple receptors for microbial and non- 
microbial products and exaggerated responses to the products 


Cytokine receptors, including hematopoietins (flt3L and granu- 
locyte-macrophage colony-stimulating factor, but not monocyte 
colony-stimulating factor, granulocyte colony-stimulating factor) 


Chemokine receptors, especially for homing to tissues (CCR6) and 
lymph nodes (CCR7, CCR2) 


Induction of peripheral tolerance via intrinsic and extrinsic 
pathways 


Activation of innate lymphocytes (e.g., natural killer cells) 


antigens refer to molecules processed directly following uptake, whereas 
“endogenous” antigens are processed following biosynthesis in the 
antigen-presenting cell. Classic pathways of antigen presentation 
emphasize processing of “exogenous” antigens for presentation on MHC 
Il-peptide complexes to CD4+ T lymphocytes, whereas “endogenous” 
antigens were targeted for presentation on MHC class I-peptide com- 
plexes to CD8+ T cells. However, it is now clear that there is significant 
overlap in these pathways such that exogenous antigens may also be 
presented on MHC I products to CD8+ T cells. This pathway is termed 
cross-presentation and is important for initiation of antitumor immune 
responses. Cross-presentation is well developed in DCs, especially those 
found in lymphoid tissues, and leads to either tolerance or activation of 
CD8+ T lymphocytes, depending upon the DC maturation stimulus.” 
For instance, products of dying cells, from transplants, tumors, foci of 
infection, and self-tissues are endocytosed by DCs then presented on 
MHC Class I to CD8+ cells.” Importantly, cross-presentation of anti- 
gens onto MHC class I can involve the proteasome and transporters for 
antigenic peptides, which are used in the presentation of endogenous 
antigens. 

DCs are a major cell type involved in cross-presentation of pro- 
teins,” and probably of lipids.” Cross-presentation has been docu- 
mented involving nonreplicating microbes, dying cells, ligands for the 
DEC205 receptor, and immune complexes, including antibody-coated 
tumor cells. This pathway allows DCs to induce tolerance or immunity 
to antigens not synthesized de novo in these cells. Fcy receptors, in addi- 
tion to mediating presentation, can influence DC maturation, either 
enhancing maturation through activating forms of the receptor or pre- 
venting maturation through inhibitory forms.” Such consequences of 
antibody binding to DC Fc receptors, with regard to DC maturation 
and cross-presentation, are important features for consideration when 
trying to understand the use of antibodies as therapeutic agents. 

Some DCs subsets also express the CD1 family of antigen- 
presenting molecules. For example, CD1a typically is found on epider- 
mal Langerhans cells in skin, whereas CD1b and CD1c are expressed 
on dermal DCs. CD1 molecules present glycolipids, whereas microbial 
glycolipids are the best studied to date with regard to CD1a, CD1b, and 


CD1c. CD1d molecules on DCs also efficiently present the synthetic 
glycolipid a-galactosylceramide.*' This process leads to activation of 
distinct lymphocytes with a restricted T-cell repertoire, the NKT cells.” 
NKT cells have significant potential as effector cells because they can 
produce large amounts of interferon-y and lyse tumor targets. 

A newer “nonclassical” pathway for antigen presentation involves 
presentation of “endogenous” proteins on MHC class II.” This path- 
way involves autophagy and is also well developed in DCs.* It allows 
nuclear, mitochondrial and cytoplasmic proteins to be presented from 
digestive compartments, including as a first example, the Epstein-Barr 
nuclear antigen 1.*° 


MATURATION OF DENDRITIC CELLS 


Immature DCs efficiently take up antigen but do not induce immunity, 
defined as the production of immune effectors and the establishment 
of memory. For immune induction to occur, DCs require additional 
stimuli that lead to an intricate differentiation process called “matura- 
tion”? Maturation involves changes in endocytic and antigen processing 
machineries, production of chemokines and cytokines, and expression 
of many cell-surface molecules, including those of the B7, TNF, and 
Notch ligand families. DCs have an endocytic system that is tightly 
regulated and devoted to presentation of captured antigens, rather than 
clearance and scavenging. 

In the case of DCs derived from marrow and monocyte precursors, 
DC maturation is accompanied by exquisite changes in the endocytic 
system with attendant consequences for antigen processing and presen- 
tation. During maturation, antigen uptake is dampened as a result of 
inactivation of a rho-guanosine triphosphatase termed cdc42.** At the 
same time, machinery associated with antigen processing is augmented. 
Lysosomal processing is activated by assembly of an active proton 
pump, which acidifies the lysosome so that processing of antigens and 
the MHC class II associated invariant chain can proceed. MHC-peptide 
complexes form within the endocytic system of the maturing DCs,” 
then traffic in distinct nonlysosomal compartments to the cell surface. 
Internalization and degradation of MHC II also occurs via ubiquitina- 
tion is also inhibited in mature DCs.” DC maturation also increases 
presentation on MHC I via, in part, the formation of an “immunopro- 
teasome,’ a combinatorial form of proteasome that increases the spec- 
trum of peptides destined to be presented on MHC I.” 

A hallmark of DC maturation in response to several stimuli is 
upregulation of costimulatory molecules such as CD80 and CD86, 
resulting at least in part from production of inflammatory cytokines, 
particularly TNF-«.* Importantly however, CD86 upregulation should 
not be equated directly with immune activation, which requires other 
DC functions, such as those triggered by CD40 ligation, including pro- 
duction of cytokines such as IL-12 or type I interferons, and/or engage- 
ment of other receptors such as CD70.” 

DCs enhance antibody formation by several mechanisms. The 
classical pathway involves induction of antigen-specific CD4+ helper 
T cells, which then help B-cell growth and antibody secretion. How- 
ever, DCs can also directly affect B cells to enhance immunoglobulin 
(Ig) secretion and isotype switching, including production of the IgA 
class of antibodies, which contribute to mucosal immunity. DCs can 
induce a B-cell class switch in a CD40-independent manner, through 
production of ligands such as B-lymphocyte stimulator (B-cell activat- 
ing factor belonging to the TNF family [BAFF]) and a proliferation- 
induced ligand (APRIL), including T-cell-independent induction of 
IgA antibodies to commensal organisms.” Plasmacytoid DCs stimulate 
antibody responses to influenza virus in culture.“ Production of anti- 
bodies by any of these mechanisms may lead to interaction with DC 
FcyR and thereby an adaptive response by T cells. 
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@ DENDRITIC CELL SUBSETS 


The primary function of DCs is to survey host tissues and initiate 
responses upon encountering danger signals. To optimally perform 
these functions, DCs are present in every tissue of the body, and are 
enriched in lymphoid tissues. Immature DCs are strategically posi- 
tioned along body surfaces (skin, airway, gut) and in the interstitial 
spaces of many organs, such as the heart and kidneys. DCs are able to 
extend their processes through the tight junctions in epithelia, without 
altering the epithelial barrier, allowing them to sample antigens from 
harmless environmental antigens and commensal microorganisms. In 
the steady state, DCs migrate continuously from tissues into afferent 
lymphatics and probably blood. By electron microscopy, DCs in lym- 
phoid tissues often are termed interdigitating cells, appearing as large 
stellate cells with a lucent “empty”-appearing cytoplasm. 

One method of categorizing DCs is to describe them based upon 
the tissue in which they reside. Lymphoid tissue-resident DCs have 
undergone intensive study, especially in murine models. The scarcity of 
DCs in nonlymphoid tissues, on the other hand, limited understanding 
of their importance for many years and continues to render study of 
these cells challenging. Because circulating DCs are the most accessible 
subset in humans, they have received intense study; however, blood DCs 
may not reflect accurately the biology of tissue resident cells. Briefly, all 
DCs subsets are CD45+CD11c+class I+ cells that lack markers associ- 
ated with T-cell, B-cell, erythroid, granulocytic, and NK lineages. How- 
ever, such a definition is not complete as some macrophages express this 
phenotype yet are distinct from the DC lineage. Additional confidence 
in a DC lineage is provided by expression of Flt-3 (FMS-like tyrosine 
kinase 3, CD135), which mediates signals important in the differentia- 
tion of this lineage, c-kit and/or CCR7. 

An alternative method for classifying DC subsets separates the major 
lineages as classical dendritic cells (cDCs) versus plasmacytoid dendritic 
cells (pDCs). cDCs are the most plentiful and incorporate lymphoid 
tissue-resident and nonlymphoid tissue-resident DCs. Although both 
pDCs and cDCs derive from a common progenitor, pDCs are distinct 
from cDCs in appearance (they resemble plasma cells) and they reside pri- 
marily in blood and lymphoid tissue, but are not found in nonlymphoid 
tissues. pDCs are important mediators of innate immunity, because of 
their capacity to rapidly produce high levels of interferon (IFN)-a upon 
encounter with pathogens that engage the TLR-7 and TLR-9 receptors, 
which are plentiful in this subset. cDCs are frequently further subdivided 
into lymphoid-resident cDCs versus nonlymphoid-resident cDCs. In 
mice, most lymphoid-resident cDCs are CD8a+CD11b-— whereas most 
nonlymphoid-resident cDCs are CD103+CD11b-. CD8a+CD11b-— 
lymphoid tissue-resident cDC have a similar origin, phenotype, and 
transcriptional profile as CD103+CD11b-— nonlymphoid-resident 
cDC. In contrast, CD11b+ cDCs can be found in both lymphoid and 
nonlymphoid tissue, and this subset is notable for its ability to derive 
from monocytes in response to granulocyte-monocyte colony-stimu- 
lating factor (GM-CSF), monocyte colony-stimulating factor (M-CSF), 
and other inflammatory mediators. CD8a+ and CD8a— cDCs show 
a remarkable division of labor in terms of the nature of induced host 
response. While CD8a+ DCs efficiently cross-prime CD8+ T-cell 
immunity through MHC class I antigen presentation, CD8a— DCs 
stimulate predominantly CD4+ T-cell response through MHC class II 
presentation.“ These differences may be explained in part by the fact 
that CD8a+ DCs have high endosomal pH, low antigen degradation, 
high antigen export to cytosol, and more presynthesized stores of MHC 
class I molecules.“ 

In humans, essentially all DCs lack lineage markers for T 
cells, B cells, NK cells, and erythroid and granulocytic lineages, 
and express CD45 and MHC class II. Human pDCs are described as 


Lin-classII+CD303(BDCA2)+CD304(BDCA4)+, whereas human cDC 
blood subsets generally correlate with lymphoid tissue cDC subsets. 
Human cDCs are either CD1c(BDCA1)+ or CD141(BDCA3)+, with 
the CD1c+ subset being significantly more plentiful than the CD141+ 
subset. In humans, BDCA3+ DCs have been proposed as human equiv- 
alents of murine CD8a+ DCs, and may have superior cross-presentation 
capability compared to other human DC subsets.” However, the capac- 
ity for cross-presentation is not restricted to this subset of human DCs. 
The DEC205/CD205 lectin receptor is also a useful marker for DCs in 
human lymph nodes.** Nonlymphoid tissue-resident DCs in humans 
remain incompletely characterized, with the exception of Langerhans 
cells. First described more than 100 years ago, Langerhans cells are cDCs 
found in the epidermis, characterized by a “tennis racket” appearance by 
light microscopy as a result of internalized Langerin, which localizes in 
“Birbeck granules.”*! Langerhans cells are characterized by expression of 
CD1a as well as E>CAM and CD207(Langerin). Uncontrolled prolifera- 
tion of Langerhans cells is responsible for the clinical disorder known as 
Langerhans cell histiocytosis (LCH). 

Further insights into the functional diversity of DC subsets has 
come from discovery of distinct transcriptional factors that underlie 
their development and functional properties. For example, z-DC, 
was identified as a transcriptional factor regulating the development 
of classical DCs.**** Functional specialization of DC subsets is likely to 
impact the next generation of vaccines, as discussed in “Dendritic Cells 
in Immunotherapy” below. 

One of the most important discoveries in DC biology has been 
identification of a clonogenic DC progenitor within the marrow that is 
committed to the DC lineage and unable to give rise to other cell types. 
Such progenitors, described as pro-DCs can generate plasmacytoid and 
CD8a+ and CD8a- classical DCs, but no other cell subset.**°* Subse- 
quent work confirmed that the committed DC progenitor derives from 
a more primitive cell that is capable of giving rise to monocytes and 
macrophages.” Progenitors can also be identified that specifically gave 
rise to cDCs but not pDCs.* In mice, administration of Flt-3 ligand 
expands progeny of DC-committed progenitors. This series of discov- 
eries dispelled the notion that DCs in vivo were largely derived from 
inflammation driven monocyte differentiation and firmly established 
DCs as a distinct hematopoietic lineage. Still, in states of inflammation, 
DCs can be induced from mature monocytes in the presence of inflam- 
matory mediators such as GM-CSF and M-CSF. 


@ DENDRITIC CELLS IN 
IMMUNOTHERAPY 


In view of their central role as antigen-presenting cells, DCs have been 
targeted to both boost T-cell immunity in the setting of resistance 
against pathogens/tumors or suppress T cells in the setting of autoim- 
mune disease.** Although both are relevant to hematologic diseases, 
much of the current effort has been in the context of vaccination to 
boost T-cell immunity against tumors. Immunity to standard subcuta- 
neously injected protein vaccines is also likely impacted by the biology 
of lymph node-resident and migratory DC subsets.” Two broad strat- 
egies have been attempted to harness the ability of DCs to boost T-cell 
immunity. One approach involves adoptive transfer of antigen-loaded 
DCs.® In most of these studies, DCs were generated ex vivo from pre- 
cursors such as blood monocytes, although some of these studies also 
utilized more primitive progenitors, such as CD34+ hematopoietic stem 
cells or circulating DCs." One of the first studies involved the injec- 
tion of idiotype-pulsed DCs against lymphoma.” Most of these studies 
were small, and while DCs were well tolerated, they led to only modest 
clinical effects in terms of objective tumor regression. Although these 
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studies provided important fundamental insights into DC biology, such 
as the link between DC maturation and their immunogenicity,” they 
did not exploit the biology of naturally occurring DCs and their sub- 
sets. These studies also emphasized the need to combine vaccine-based 
approaches with strategies to overcome suppressive elements in the 
tumor bed, including inhibitory immune checkpoints, and address the 
vaccine-induced induction of regulatory T cells. Recent promising 
clinical results with T-cell immune checkpoint blockade such as with 
antibodies against PD1/PDL1 in human cancer is setting the stage for 
the next generation of combination therapies with vaccines.®” In addi- 
tion to T cells, DCs are also being explored to activate other immune 
cells such as innate NKT cells. Combination of NKT-cell-targeted vac- 
cine with low-dose lenalidomide led to synergistic immune activation 
and tumor regressions in early myeloma.® 

Another strategy involves targeting antigens directly to DCs in situ. 
Coupling antigens to antibodies against DEC205, an antigen-uptake 
receptor on DCs, leads to enhanced activation of T-cell immunity in 
several models.* Even in this setting, DC activation is essential to elicit 
immunity and targeting antigens to DEC205 in steady state results in 
the induction of tolerance.” Early clinical studies with targeting anti- 
gens to DEC205 combined with approaches to activate DCs demon- 
strate clear induction of humoral and cellular immune responses.” 
Promising but preliminary results in patients who receive T-cell check- 
point blockade following the vaccine supports the investigation of com- 
bination approaches.” Other emerging approaches to targeting DCs in 
situ include nanoparticles. These technologies hold promise for flexi- 
bility and personalization of the vaccine, but the nature of optimal DC 
subset or adjuvant/DC maturation stimulus remains to be clarified.” 
It is notable that potent human vaccines, such as the yellow fever vac- 
cine, simultaneously engage multiple DC subsets,” raising the prospect 
that to optimize the generation of T-cell immunity a combination of DC 
subsets will need to targeted in vivo.” 

A setting where the biology of DCs plays a central role in hema- 
tology is allogeneic stem cell transplantation. The immunologic activ- 
ity of donor T cells in allogeneic stem cell transplantation is a critical 
factor for eradicating residual malignancy, a process termed GVL, but 
can also lead to detrimental GVHD. There is considerable evidence that 
the induction of GVHD is dependent on the remaining host antigen- 
presenting cells of which DCs are the most potent.”*”> The role of DCs 
in mediating the GVL effect is less-well understood, although a role for 
DCs has been implicated.” DC subsets, particularly pDCs, have also 
emerged as critical regulators of autoimmune hematologic disorders 
such as immune thrombocytopenia in children.” 

Consequently, targeting DCs may be of benefit in the setting of 
autoimmunity as well as GVHD. 
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CHAPTER 22 
PHARMACOLOGY 

AND TOXICITY OF 
ANTINEOPLASTIC DRUGS 


Benjamin Izar, Dustin Dzube, James M. Cleary, Constantine S. 
Mitsiades, Paul G. Richardson, Jeffrey A. Barnes, and Bruce A. Chabner 


The safe and effective use of anticancer drugs in the treatment of hematologic 
malignancies requires an in-depth knowledge of the pharmacology of these 
agents. In this field of medicine, the margin of safety is narrow and the poten- 
tial for serious toxicity is real. At the same time, anticancer drugs cure many 
hematologic malignancies and provide palliation for others. The discovery 
and development of treatments for leukemia and lymphoma have provided 
a paradigm for approaches to the improved treatment of the more common 
solid tumors. 

The intelligent use of these drugs begins with an understanding of their 
mechanism of action. Cytotoxic anticancer drugs inhibit the synthesis of 
DNA or directly attack its integrity through the formation of DNA adducts 
or enzyme-mediated breaks. These DNA-directed actions are recognized by 
repair processes and by the checkpoints that monitor DNA integrity, includ- 
ing most prominently p53. If DNA damage cannot be repaired, and if the DNA 
damage reaches thresholds for activating programmed cell death, then DNA 
damage is translated into tumor regression. Attention has turned to the pos- 
sibility of identifying molecular targets unique to tumor cells, or dramatically 


Acronyms and Abbreviations: ABVD, Adriamycin (doxorubicin), bleomycin, 
vinblastine, and dacarbazine; ADCC, antibody-dependent cellular cytotoxic- 
ity; aKG, a-ketoglutarate; ALL, acute lymphocytic leukemia; AML, acute mye- 
logenous leukemia; APL, acute promyelocytic leukemia; ara-C, cytarabine; 
ara-CTP, cytarabine triphosphate; ara-G, arabinosylguanine; ara-GTP, arabi- 
nosylguanine triphosphate; ara-U, arabinosyluracil; ATRA, all-trans retinoic 
acid; BCNU, bischloroethylnitrosourea; BCRP, breast cancer resistance protein 
transporter; BET, bromodomain and extraterminal; BTK, Bruton tyrosine 
kinase; CHF, congestive heart failure; CLL, chronic lymphocytic leukemia; 
CML, chronic myelogenous leukemia; COMFORT, Controlled Myelofibrosis 
Study with Oral JAK Inhibitor Treatment; CrCl, creatinine clearance; CYP, 
cytochrome P450; dCK, deoxycytidine kinase; dCTP, deoxycytidine triphos- 
phate; DHFR, dihydrofolate reductase; DNMT, DNA methyltransferase; DTIC, 
dimethyltriazenoimidazole carboxamide; EPO, erythropoietin; ET, essential 
thrombocythemia; etoposide, VP-16; EZH2, enhancer of zest homologue 
2; FBP, folate-binding protein; GM-CSF, granulocyte-macrophage colony- 
stimulating factor; HDAC, histone deacetylase; hENT, human equilibrative 
nucleoside transporter; 2HG, 2-hydroxyglutarate; Hgb, hemoglobin; HGPRT, 


hypoxanthine guanine phosphoribosyltransferase; IC, inhibiting growth 


overexpressed in those cells, including molecules involved in cell signaling 

and cell-cycle control, but the principles of drug action and resistance to these 
compounds remain the same. Resistance to drug action can arise from altera- 
tions in any one of the critical steps required for drug activity; these steps 
include drug uptake and distribution through the bloodstream or across the 
blood—brain barrier; transport across the cell membrane; transformation of 
the parent drug to its active form within the tumor cell or in the liver; interac- 
tion of the drug with its target protein or nucleic acid; enzymatic or chemical 
inactivation of the agent; drug transport out of the cell; and elimination of the 
agent from the body through the kidneys or through metabolic transforma- 
tion. The underlying mutability of tumors leads to the spontaneous generation 
of cells with alterations in drug uptake, transformation, inactivation, and tar- 
get binding. In the presence of the selective pressure of drug, resistant tumors 
replace sensitive cells as the dominant tumor population. Combination che- 
motherapy overcomes resistance that carries specificity for single agents, but 
the expression of multidrug resistance genes, as well as loss of the apoptotic 
response, can result in resistance even to combination drug therapy. 

In addition to the molecular determinants of drug action, pharmacokinet- 
ics (the disposition of drugs in humans) plays a critical role in determining drug 
effectiveness and toxicity. Drug regimens are designed to achieve a maximally 
effective concentration in plasma and tumor cells for an effective duration of 
exposure. Because of the potential of these agents for toxicity, it is critical for 
hematologists and oncologists to understand the pathways of drug clearance 
and to adjust dose in the presence of compromised organ function. Drugs such 
as methotrexate, hydroxyurea, and the newer purine antagonists (fludarabine 
and cladribine) are eliminated primarily by renal excretion and should not be 
used in full doses in patients with renal dysfunction. Similarly, hepatic dys- 
function with an elevated serum bilirubin concentration should alert clinicians 
to decrease doses of the taxanes, vinca alkaloids, and the anthracyclines. In 
addition, clinicians must be alert to the potential for drug interactions, par- 
ticularly the ability of drugs that induce or inhibit cytochrome metabolism to 
alter patterns of drug elimination. 


by concentration 50 percent; IDH, isocitrate dehydrogenase; IL, interleukin; 
IMiD, immunomodulatory drug; IRF4, interferon regulatory factor 4; IRIS, 
International Randomized Study of Interferon and STI571; JAK, Janus-type 
tyrosine kinase; JMJC, Jumonji-C domain; MDR, multidrug resistance; MDS, 
myelodysplastic syndrome; mesna, sodium 2-mercaptoethane sulfon- 
ate; MLL, mixed-lineage leukemia; MOPP, nitrogen mustard, vincristine 
(Oncovin), procarbazine, and prednisone; 6-MP, 6-mercaptopurine; MPN, 
myeloproliferative neoplasm; MRI, magnetic resonance imaging; MRP, 
multidrug resistance-associated protein; MTD, maximum tolerated dose; 
MUGA, multigated acquisition scan; NK, natural killer; OCT1, organic cat- 
ion transporter-1; PDGFR, platelet-derived growth factor receptor; PEG, 
monomethoxypolyethylene glycol; PMF, primary myelofibrosis; PRC2, 
polycomb repressive complex 2; PRPP, phosphoribosyl pyrophosphate; PV, 
polycythemia vera; RARa, retinoic acid receptor-a; REMS, risk evaluation 
and mitigation strategy; RNR, ribonucleotide reductase; SAMe, S-ade- 
nosyl-L-methionine; S-phase, synthetic-phase; STAT, signal transducer 
and activator of transcription; teniposide, VM-26; 6-TG, 6-thioguanine; 
TKI, tyrosine kinase inhibitor; Topo Il, topoisomerase Il; TPMT, 5-thiopu- 
rine-methyltransferase; TPO, thrombopoietin. 
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Inherited genetic variations in drug-metabolizing enzymes may lead to an 
increased risk of drug toxicity and may alter the antitumor response. The most 
important of these familial syndromes affecting treatment of leukemia is the 
deficiency of thiopurine methyltransferase, which slows the elimination of 
6-mercaptopurine (6-MP) and leads to unanticipated toxicity during mainte- 
nance chemotherapy for acute lymphocytic leukemia. Pharmacokinetic moni- 
toring has a standard role in the use of certain therapies, particularly high-dose 
methotrexate, and in the evaluation of new drugs or new drug combinations. 
To ensure appropriate dosing, and management of toxicity, there is no substi- 
tute for therapy based on standard protocols and peer-reviewed clinical trials. 
Adherence to protocols ensures that the pharmacologic variables affecting 
drug disposition can be taken into account early in the course of treatment 
and that serious untoward events can be avoided while maintaining effective 
therapy. 


The leukemias and lymphomas have been the initial testing ground for 
cancer chemotherapy. Because of their rapid rates of proliferation, lack of 
surgical treatment options, ready access to malignant cells, and availabil- 
ity of mouse models of leukemia, the hematologic malignancies drew the 
attention of early investigators interested in treating cancer with drugs. 
The first evidence for activity of a chemical antitumor agent came in 1942, 
from the experimental work and subsequent clinical trials conducted by 
Goodman, Gilman, and colleagues at Yale, and their observation that 
nitrogen mustard caused tumor regression in a patient with Hodgkin 
lymphoma.’ Six years later, Sidney Farber, a pathologist at Children’s 
Hospital in Boston, made the even more startling discovery of remission 
induction by aminopterin and then methotrexate in acute lymphocytic 
leukemia (ALL). His work ushered in the modern era of chemother- 
apy.’ Over the next 20 years, clinical trials in these diseases established 
the basic principles of cyclic combination therapy and dose intensifica- 
tion,’ developed effective strategies for management of infectious and 
hemorrhagic complications, and led to the cure of these diseases with 
chemotherapy. High-dose chemotherapy with marrow reconstitution 
has further extended the cure rate in leukemias and lymphomas. As our 
understanding of the biologic and molecular basis for malignancy has 
advanced, the concept of molecularly targeted therapy achieved its first 
striking success with the development of imatinib mesylate for chronic 
myelogenous leukemia (CML).* Studies of relapsing patients on imatinib 
provided the first clear evidence for target mutation as a mechanism of 
clinical drug resistance.’ The first effective use of a monoclonal antibody, 
rituximab, has extended the cure rate for patients with large cell lympho- 
mas, and the first clear demonstration of drug-induced differentiation by 
all-trans retinoic acid (ATRA) has led to a remarkable improvement in 
the cure rate of acute promyelocytic leukemia (APL).° Other unique non- 
cytotoxic drugs with unusual mechanisms of action, such as L-asparagi- 
nase, thalidomide, and bortezomib, have become valuable components 
of regimens for specific kinds of hematologic malignancies. Molecular 
studies of the abnormalities in pathways that control proliferation and 
survival lymphomas and leukemias have revealed distinct subsets of dis- 
ease have identified new therapeutic targets. 


@ BASIC PRINCIPLES OF CANCER 
CHEMOTHERAPY 


The safe and effective use of chemotherapy in clinical practice requires 
a thorough understanding of the basic aspects of drug action as well as 
knowledge of the important clinical toxicities, pharmacokinetics, and 


drug interactions of the various agents. Antineoplastic chemotherapy 
is a complex undertaking, with the potential for serious or fatal side 
effects. Patients are best served if their treatment is based on evidence 
from clinical trials, which define optimal doses, schedules, and drug 
combinations. The specific protocol chosen for treatment should be 
appropriate not only for the stage and histology of the tumor but should 
consider individual patient comorbidities, age, and susceptibility to 
specific potential toxicities. Thus, bleomycin is not a safe choice for a 
patient with serious underlying renal or lung disease, nor is doxorubicin 
an appropriate drug for use in a patient with a history of congestive 
heart failure; even in patients with normal cardiac or pulmonary func- 
tion, total dose limits should be respected for these agents. Even though 
clinical trials define the benefits and risks of a cohort of patients of a 
defined age range and physiology, these results may not be easily extrap- 
olated to patients at the extreme ends of the spectrum. 

Depending on the major route of drug clearance, doses should be 
modified for renal or hepatic dysfunction (Table 22-1). Changes in the 
dose and schedule of a drug (dose-dense chemotherapy) offer poten- 
tially greater antitumor effects, but often lead to unique toxicities. With 
the development of techniques for marrow or blood stem cell storage 
and replacement of marrow after chemotherapy, potentially lethal doses 
of chemotherapy can be administered in an attempt to cure malignancies 


TABLE 22-1. Dose Modification in Patients with Renal or 


Hepatic Dysfunction 


Renal dysfunction (creatinine clearance <60 mL/min) 
Reduce dose in proportion to reduction in creatinine clearance. 
Drugs 
1. Methotrexate 
2. Cisplatin 
3. Carboplatin 
4. Bleomycin 
5. Etoposide 
6. Hydroxyurea 
7. Deoxycoformycin 
8. Fludarabine phosphate 
9. Cladribine 
10. Topotecan 
11. imatinib 
12. Dasatinib (likely, but no guidelines available) 
13. Lenalidomide 
Hepatic dysfunction 
For bilirubin >1.5 mg/dL reduce initial dose by 50%. 
For bilirubin >3.0 mg/dL reduce initial dose by 75%. 
Drugs 
1. Amsacrine 
. Doxorubicin 
. Daunorubicin 
. Vincristine 
. Vinblastine 
. Paclitaxel and docetaxel 
. Mitoxantrone 
. Gleevec 
. Dasatinib 
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Chapter 22: Pharmacology and Toxicity of Antineoplastic Drugs 


refractory to standard regimens. In general, these regimens may pro- 
duce organ toxicities not seen at conventional doses—including pneu- 
monitis, cardiac failure, vascular endothelial damage, and hepatic and 
renal insufficiency—and are ordinarily reserved for patients of younger 
age and with normal baseline organ function. 

The success of chemotherapy in curing hematologic malignancy 
is incompletely understood. Although targeted therapies exploit clear 
differences in biology conferred by mutations or amplification of key 
genes, an explanation for the differential effects of cytotoxic drugs on 
tumor versus normal tissues is less obvious. The greater susceptibility 
of malignant cells to drug toxicity, as reflected in the phenomenon 
of leukemia remission induction, with restoration of normal marrow 
function, may result from the relative resistance of normal marrow 
stem cells to drug injury. These stem cells exist in a nonreplicating 
phase of the cell cycle, where they are less susceptible to damage by 
DNA-directed agents, and they express genes that protect against 
chemical and hypoxic damage. In addition, there is growing evidence 
that cancer cells lack cell-cycle checkpoints that recognize DNA dam- 
age and activate repair of DNA strand breaks, base deletions, or other 
lesions induced by chemotherapy. This differential in repair capability 
may allow normal cells to repair damage and promote recovery from 
chemotherapy-induced injury. 


COMBINATION CHEMOTHERAPY 


Most leukemias and lymphomas are highly drug sensitive, but, with the 
exception of the curability of Burkitt lymphoma (treated with cyclo- 
phosphamide) and hairy cell leukemia (treated with cladribine), are 
rarely, if ever, cured with single-agent chemotherapy. Combination 
chemotherapy forestalls the emergence of drug-resistant cells and thus 
is curative in settings where individual agents are ineffective. Empiric 
principles have resulted from the clinical experience of the past 4 
decades of combination therapy. In general, drugs selected for combi- 
nation therapy should have demonstrable antineoplastic activity, or at 
least biologic effects, against the tumor in question. The lone exception 
may be targeted drugs that inhibit signal transduction or angiogene- 
sis; antibodies such as trastuzumab or rituximab may exhibit limited 
antitumor activity on their own, but may significantly augment the 
action of cytotoxic agents.” Individual agents in a combination should 
be chosen based on their different mechanisms of action and lack of a 
common mechanism of resistance such as multidrug resistance (MDR). 
The dose-limiting toxicities of the agents chosen should not overlap; 
otherwise, they could not be used together at or near full doses. The 
clinical use of specific combinations should be based on preclinical evi- 
dence of synergistic interaction, and single-agent activity in the disease 
in question. Favorable molecular or biochemical drug interactions may 
be dependent on specific schedules of administration. Pharmacokinetic 
interactions should be defined in initial trials of drug combinations so 
as to avoid under- or overdosing of individual agents. 

Another important consideration in designing clinical protocols 
is dose intensity, the dose administered per unit time, which should be 
maintained throughout a treatment regimen. Achieving this objective 
may require the use of hematopoietic growth factors to hasten marrow 
recovery, prevent repeated episodes of febrile neutropenia, and allow 
ontime administration of the next treatment cycle. 

Interdigitation of chemotherapy with surgery and irradiation 
makes it possible to take advantage of favorable cytokinetic or radi- 
osensitizing effects of chemotherapy, but drugs may enhance radia- 
tion or surgical toxicity to normal organs, an interaction that requires 
careful consideration in designing a multidisciplinary regimen. Thus, 
5-fluorouracil and cisplatin are potent radiosensitizers used with 
radiation therapy to enhance local tumor control in solid tumors. 


In the treatment of lymphomas, the toxicity of radiation therapy to 
sensitive organs such as skin, lung, heart, and brain may be signifi- 
cantly increased by concurrent administration of anthracyclines, a 
consideration that has prompted the use of radiation therapy either 
before or after anthracycline antibiotics, but not concurrently. Like- 
wise, bleomycin sensitizes the lungs to damage by high concentration 
of inspired O, during surgery. Antiangiogenic therapies, rarely used 
in hematologic malignancies, are associated with an increased risk of 
bowel perforation in patients who have recently undergone intraab- 
dominal surgery. 


CELL KINETICS AND CANCER CHEMOTHERAPY 


The cell-killing characteristics of cancer chemotherapeutic agents 
vary according to their mechanism of action. Many of the most effec- 
tive agents in antileukemic therapy belong to the antimetabolite class, 
including cytarabine and methotrexate. These drugs kill cells most 
effectively during the DNA synthetic phase (S-phase) of the cell cycle. 
For these agents, a prolonged period of tumor exposure to drug is essen- 
tial so as to maximize the number of cells exposed during the vulnerable 
period of the cell cycle. As would be predicted, the antimetabolite drugs 
are primarily active against rapidly dividing tumors such as acute leu- 
kemias and intermediate and high-grade lymphomas. Other anticancer 
drugs, such as the topoisomerase inhibitors and alkylating agents, do 
not require cells to be exposed during a specific phase of the cell cycle, 
although like the antimetabolites, these drugs are generally more effec- 
tive against actively proliferating cells as compared to resting cells. Still 
others, most notably the nitrosoureas and busulfan, are equally toxic to 
dividing and nondividing cells, and at the same time, deplete marrow 
stem cells. In general, the toxicity of alkylating agents is determined by 
the total dose of drug, whereas for the cell-cycle-specific drugs (such 
as methotrexate and cytarabine), both drug concentration and dura- 
tion of exposure determine cytocidal effect. However, for drugs that act 
through alternate mechanisms, such as the taxanes, myelosuppression 
correlates best with the duration of exposure above a threshold plasma 
concentration, which is approximately 50 to 100 nM for paclitaxel and 
200 nM for docetaxel.’ 

High-dose regimens achieve a number of worthwhile objectives 
for these agents, including an enhancement of cross-membrane trans- 
port, saturation of anabolic pathways inside the cell, and prolongation 
of the period of effective drug concentration. However, achieving these 
objectives is realized at the cost of increased toxicity to normal prolif- 
erating marrow precursor cells and may produce significant and unex- 
pected damage to normal organs, such as hepatic venoocclusive disease 
(alkylating agents), cerebellar toxicity (certain alkylating agents and 
cytarabine [ara-C]), or pulmonary toxicity (nitrosoureas and alkylating 
agents). Because hematopoietic stem cells can be harvested, stored, and 
reinfused, dose-limiting toxicities of high-dose chemotherapy are gen- 
erally those affecting nonhematologic organs. 

The choice of an appropriate dose and schedule of drug adminis- 
tration depends on a number of factors: (1) the drug's cell-cycle depen- 
dence; (2) the often empirically derived relationship between antitumor 
effects, drug dose, and schedule; (3) pharmacokinetic behavior and the 
need to maintain a specific drug concentration for a given period of 
time; (4) potential interactions with other components of the treatment 
regimen; and (5) patient tolerance. Multiple clinical trials are required 
to establish safe and effective single-agent regimens and drug combina- 
tions. For molecularly targeted drugs, the aim is to maintain inhibition 
of the target for prolonged periods of time, keeping drug levels above a 
threshold for toxicity to tumor cells, but balancing these considerations 
against the potential for toxicity to normal tissues, such as skin, liver, 
and intestinal epithelium. 
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DRUG RESISTANCE 


Inadequate treatment of a sensitive tumor tends to select for the out- 
growth of drug-resistant clones of the original tumor. The reasons for 
emergence of drug resistance are manifold. Cancer cells often harbor 
basic defects in DNA repair as one of their hallmark mutations and 
spontaneously generate drug-resistant mutants, even in the absence of 
drug exposure. Thus it has been demonstrated in the specific example 
of imatinib treatment of CML that drug-resistant cells, carrying spe- 
cific mutations in the BCR-ABL gene, can be identified in marrow prior 
to treatment and become the dominant tumor population under the 
selective pressure of drug treatment.’ A similar finding of pretreatment 
mutations explains drug resistance to inhibitors to the epidermal growth 
factor receptor in non-small-cell lung cancer.’ In addition, many cancer 
drugs, especially alkylating agents, and irradiation are mutagenic and 
increase the rate of generation of drug-resistant mutants, as demon- 
strated in the selection of mismatch repair mutants by temozolomide."” 
To discourage the outgrowth of resistant cells, multiple agents with dif- 
fering mechanisms of resistance should be used simultaneously, because 
the likelihood of there being a doubly or triply resistant cell is the prod- 
uct of the probabilities of the independent drug-resistant mutations 
occurring at the same time ina single cell. The probability of a cell divi- 
sion resulting in mutation at any given genetic locus is approximately 
10° for any given episode of cell division in somatic cells; thus the prob- 
ability of two independent mutations arising in the same cell is 10°”. 
Mutation rates may be distinctly higher in tumor cells and may be fur- 
ther increased by exposure to alkylating agents and irradiation. Some 
mutations, such as those affecting apoptosis, may confer resistance to 
multiple agents of diverse mechanisms of action. Thus, the probability 
of encountering MDR cells is much higher in reality. 

In choosing drugs for combination therapy, one must bear in 
mind potential mechanisms of resistance. Classical MDR occurs as a 
consequence of increased expression of drug efflux pumps such as the 
P-glycoprotein or the MDR-associated proteins (MRPs),''? and confers 
resistance to a broad spectrum of agents derived from natural products, 
including taxanes, anthracyclines, vinca alkaloids, and epipodophyl- 
lotoxins, and potentially to a number of “targeted” agents. Other mech- 
anisms of resistance that induce amplification of a target gene, such as 
dihydrofolate reductase (DHFR) or BCR-ABL kinase,'* may be highly 
specific for a single drug. Table 22-2 lists the common mechanisms 
of resistance. Although the presence of these biochemical changes 
is not routinely determined in tumor biopsies prior to therapy, these 
mechanisms should be considered in developing new protocols and in 
choosing cytotoxic therapy. In relapse after targeted therapy of CML or 
certain non-small cell lung cancers, the choice of second-line therapies 
may rely on studies of tumor cell resistance, as reflected in repeat biop- 
sies of solid tumors or cell sampling in CML. 

In addition to drug-specific mechanisms of resistance, mutations 
that abolish recognition of DNA damage, such as the loss of compo- 
nents of the mismatch repair gene complex (MLH6 or MSH2)"> seem 
to block initiation of apoptosis by cisplatin, thiopurines, or alkylating 
agents. Other mutations that block the induction of apoptosis, such as 
loss of p53"* or overexpression of the antiapoptotic factors such as BCL-2,!” 
may render tumor cells insensitive to a broad array of drugs and modal- 
ities, including ionizing irradiation, alkylating agents, antimetabolites, 
and anthracyclines. Although the specific contribution of p53 mutation 
and altered apoptosis to clinical resistance is still uncertain, emerging 
evidence suggests that these factors are commonly associated with clin- 
ical resistance and aggressive tumor growth and may be more relevant 
causes of drug resistance in the clinic than are the classical drug-specific 
mechanisms found in experimental tumors. 

The contribution of tumor stem cells to treatment resistance and 
disease recurrence is an intriguing, but as yet undefined, possibility. It 


is clear that many tissues, including marrow, contain stem cells capable 
of repopulating organs, even from single cells." Likewise, many tumors 
contain stem cells, which, on careful evaluation, preserve many of the 
surface antigens of their normal counterpart, and display resistance to 
DNA damage, reactive oxygen species generated by drugs or irradia- 
tion, and readily export toxic natural products.” It is possible, but still 
to be established, that these drug-resistant stem cells represent the ulti- 
mate barrier to successful cancer treatment. 


@ CELL-CYCLE-SPECIFIC AGENTS 


A number of anticancer drugs, particularly those developed during the 
era of cytotoxic chemotherapy, exert their antitumor effects on DNA syn- 
thesis. Cells are thus most vulnerable during periods of active DNA syn- 
thesis (S-phase), and least affected during quiescent (G,) stages of their 
life cycle. Thus tumors that have a high proliferative rate, such as leuke- 
mias and aggressive lymphomas, are most vulnerable to these agents. 


METHOTREXATE 


Farber and associates showed that the folate antagonist aminopterin 
induced a complete remission in children with ALL, thereby launch- 
ing the modern era of chemotherapy. Unfortunately, these remissions 
were short-lived, and the leukemia invariably became resistant to fur- 
ther treatment. Subsequently, methotrexate, a 4-amino, N-10 methyl 
analogue of folic acid, supplanted aminopterin because it had more 
predictable side effects. Methotrexate continues to be a key drug in the 
induction and maintenance therapy of ALL, in the intrathecal prophy- 
laxis and treatment of CNS leukemia, in the primary treatment of CNS 
lymphomas, and in combination therapy of high-grade lymphomas. 


Mechanisms of Action 

Methotrexate enters cells through an active uptake process mediated 
in most tumor cells by the reduced folate transporter” and is actively 
effluxed from cells by the MRP class of exporters.” A second uptake 
transporter, the membrane folate-binding protein (FBP), has lower 
affinity for methotrexate, but may contribute to uptake of other anti- 
folates, such as pemetrexed. The FBP is found on many solid malignan- 
cies, and is an active target for folate analogue- and antibody-mediated 
drug development. A third, low pH transporter may also participate in 
methotrexate influx, particularly in the intestine, but its role in tumor 
uptake is uncertain.” By virtue of its 4-amino substitution, methotrex- 
ate potently inhibits the enzyme DHFR, which recycles oxidized dihy- 
drofolate to its active tetrahydrofolate state. Inhibition of DHFR leads to 
rapid depletion of the intracellular tetrahydrofolate coenzymes required 
for thymidylate and purine biosynthesis. As a result, DNA synthesis is 
blocked and cell replication stops. Methotrexate is retained intracellu- 
larly as a consequence of an enzymatic process that adds up to six glu- 
tamate moieties in an unusual peptide linkage to the y-carboxyl group 
of the drug (Fig. 22-1). Polyglutamation is an important determinant of 
leukemic cell sensitivity to methotrexate. Methotrexate polyglutamates, 
in addition to their long persistence in cells and their potent inhibition 
of DHER, have greatly increased inhibitory effects on other folate-de- 
pendent enzymes, including thymidylate synthase and enzymes that 
synthesize purines (Fig. 22-2). Cells that convert the drug to polyglu- 
tamates efficiently, such as leukemic myeloblasts and lymphoblasts, 
are more susceptible to the drug than are normal myeloid precursors, 
which have limited capability for polyglutamation.** Accumulation of 
polyglutamates correlates with increased cytotoxicity and treatment 
response in childhood lymphoblastic leukemia.” Hyperdiploid ALLs 
are particularly efficient in transporting methotrexate and in producing 
polyglutamated species, factors that may contribute to their favorable 
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TABLE 22-2. Mechanisms of Resistance to Anticancer Drugs 


Mechanisms Drugs Affected 
1. Decreased drug uptake 
Reduced folate transporter Methotrexate 
Nucleoside transporter cytarabine 


Clinical Role 


ALL 
AML 


2. Increased drug efflux 
MDR transporter (P-glycoprotein) Anthracyclines, vinca alkaloids, taxanes, Myeloma, AML, non-Hodgkin 
etoposide lymphoma 
MRP transporters, breast cancer- resistant protein Anthracyclines, vinca alkaloids, taxanes, Breast cancer 
etoposide 
3. Decreased drug activation in tumor 
Deoxycytidine kinase deletion cytarabine, fludarabine, cladribine, clofarabine AML, CLL, hairy cell leukemia 
Hypoxanthine phosphoribosyltransferase deletion 6-Mercaptopurine Uncertain 
Folylpolyglutamation Methotrexate Acute leukemias 
4. Increased drug inactivation defect 
Thiopurine methyltransferase 6-Mercaptopurine ALL 
Bleomycin hydrolase Bleomycin Uncertain 
Glutathione transferase Alkylating agents Uncertain 
5. Decreased target enzyme 
Topoisomerase | Camptothecins Uncertain 
Topoisomerase II Anthracyclines, etoposide Uncertain 
6. Increased target enzyme 
Dihydrofolate reductase Methotrexate Acute leukemia, small cell lung 
cancer 
Thymidylate synthase 5-Fluorouracil Solid tumors 
Adenosine deaminase Deoxycoformycin Lymphoid tumors 
7. Mutated intracellular target 
BCR-ABL kinase Imatinib mesylate, dasatinib CML 
Tubulin Vinca alkaloids, taxanes Uncertain 
Topoisomerase | Camptothecins Uncertain 
Topoisomerase II Anthracyclines, etoposide Uncertain 
8. Increase DNA repair 
Guanine-O-6-methyltransferase Procarbazine, nitrosoureas temozolomide Brain tumors 
Nucleotide excision repair Platinating drugs Ovarian cancer 
9. Decreased DNA damage recognition 


p53 mutation 
Mismatch DNA repair mutations 


Many cancer drugs, radiation 


Platinating agents, methylating drugs, 
thiopurines 


Leukemias, lymphomas 


Colon cancer, glioblastoma, 
leukemias 


ALL, acute lymphocytic leukemia; AML, acute myelogenous leukemia; CLL, chronic lymphocytic leukemia; CML, chronic myelogenous leukemia; 
MDR, multidrug resistance; MRP, multidrug resistance-associated protein. See text for references and explanation. 


prognosis.” Polyglutamates are slowly degraded to their readily effluxed 
monoglutamate form by y-glutamyl hydrolase, and a polymorphism 
(T1271) that deceases y-glutamyl hydrolase activity is associated with 
enhanced polyglutamate accumulation in leukemic cells.” Acquired 
resistance to methotrexate in patients with leukemia is associated with 
several different alterations: increased levels of DHFR as a consequence 
of gene amplification,’? defective polyglutamation,” impaired drug 
uptake,”* or increased efflux by the MRP class of transporters.” 


Clinical Pharmacology 
Methotrexate is well absorbed when administered orally at low doses 
(5 to 10 mg/m’), but when doses exceed 30 mg/m’, absorption is 


variable. Consequently, doses greater than 25 mg/m’ should be admin- 
istered parenterally. 

The concentration of methotrexate in plasma declines in a poly- 
exponential manner. A very rapid initial disposition phase persists for 
only a few minutes after intravenous administration. The intermediate 
disposition phase has a 2- to 4-hour half-life and continues for 12 to 24 
hours after dosing. The terminal phase of drug decay is considerably 
slower, with an 8- to 10-hour half-life, and this phase becomes impor- 
tant in determining drug toxicity and the effectiveness of leucovorin 
rescue in patients treated with high-dose methotrexate. Methotrexate 
is primarily excreted unchanged by the kidney, while a minor fraction 
of the drug (7 to 30 percent) is inactivated by hepatic hydroxylation at 
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Figure 22-1. Structures of folate, tetrahydrofolate, and its analogue methotrexate. The vitamin is absorbed as a monoglutama 


e and converted 


intracellularly to a polyglutamate, in which form it is both physiologically active and is stored in cells. Methotrexate, the 2,4-diamino analogue of folic 
acid, is shown in the bottom panel and is also converted to a polyglutamate intracellularly. (Reproduced with permission from Brunton L, Chabner B, and 
Knollman B: Goodman & Gilman's The Pharmacological Basis of Therapeutics, 12th ed. New York, NY: McGraw-Hill; 2011.) 


the 7 position. Thus, doses should be reduced in proportion to the 
decrease in creatinine clearance (CrCl) in patients with renal impair- 
ment (CrCl <60 mL/min), because the prolonged exposure to high 
blood levels may result in life-threatening hematologic and gastroin- 
testinal toxicity.» High-dose methotrexate (>0.5 g/m’) followed by 
leucovorin rescue is used to treat patients with high-grade lymphoma, 
osteosarcoma, and ALL. 


Dihydrofolate 
reductase 


In ALL, dose adjustment of methotrexate to maintain a specific 
area under the concentration x time (C x T) curve improves treatment 
outcome." Patients receiving high-dose methotrexate can be rescued 
from drug toxicity by administering small doses of N-10-formylte- 
trahydrofolate (leucovorin), which replenishes the intracellular pool 
of reduced folates. Leucovorin is administered intravenously or orally 
in doses of 10 to 15 mg/m? at 6-hour intervals, starting 6 to 24 hours 


dUMP 
FH, ———————————_> Methylene FH, Thymidilate synthase 


~~ 


Purine ring synthesis: 


GAR transformylase 


PG PG 


AICAR transformylase 


dTMP 


dTTP 


dCTP DNA 
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Figure 22-2. Mechanism of methotrexate action. Sites of enzyme inhibition by methotrexate and its polyglutamates (PG). AICAR, aminoimidazole- 
carboxamide ribonucleotide; (UMP, deoxyuridine monophosphate; FH., dihydrofolate; FH, tetrahydrofolate; GAR, glycine amide ribonucleotide. 
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after the infusion of methotrexate, and continuing until plasma con- 
centrations of the drug fall below 1 uM. In patients receiving high-dose 
methotrexate, drug levels are routinely assayed 24 to 48 hours after dos- 
ing to determine the rate of drug elimination and the safety of discontin- 
uing leucovorin. Both methotrexate and its hydroxylated metabolite are 
organic acids, which, like uric acid, are much more soluble in alkaline 
urine. In patients receiving such therapy, renal toxicity may result from 
intrarenal precipitation of the parent drug or its 7-OH metabolite, and 
is generally the primary cause of decreased drug clearance and over- 
whelming toxicity. Renal dysfunction can be prevented by alkalinizing 
the urine to pH 7 with intravenous sodium bicarbonate prior to and 
during therapy. Patients should be given intensive hydration, as well. 
If drug concentrations in plasma exceed 1 uM at 48 hours after high- 
dose therapy, leucovorin should be continued at higher doses of 50 to 
100 mg/m? every 6 hours until methotrexate concentrations fall below 
0.1 uM. The higher doses of leucovorin are necessary to compete with 
methotrexate for transport and polyglutamation. In cases of extreme 
renal failure, with stable drug levels in the 10 uM range, leucovorin 
will not be effective. In this setting, continuous flow hemodialysis may 
provide a sustained reduction in drug levels. An alternative effective 
measure in this circumstance is the administration of glucarpidase, a 
commercially available bacterial enzyme that instantly degrades anti- 
folates” and prevents further toxicity. 


Adverse Effects 

The dose-limiting toxicities of methotrexate are myelosuppression and 
gastrointestinal toxicity. Toxic doses of methotrexate can induce throm- 
bocytopenia and/or leukopenia, although leukopenia is more common. 
An early indication of methotrexate toxicity to the gastrointestinal tract 
is oral mucositis, whereas more severe toxicity may be manifested as 
diarrhea and gastrointestinal bleeding. Less-common toxic effects of 
methotrexate are skin rash (10 percent), pneumonitis, and chemical 
hepatitis. Transaminase elevations are frequently seen after high-dose 
methotrexate but rapidly return to normal in most patients, and with- 
out sequelae, but low-dose chronic administration, as employed to 
treat psoriasis or rheumatoid arthritis, may lead to portal fibrosis and 
cirrhosis. 

Methotrexate, given intrathecally in doses of 12 mg every 4 days 
for children older than age 3 years and for adults, is used to prevent or 
treat meningeal leukemia and lymphoma. Dose adjustment is required 
for children younger than age 3 years, and should be made according 
to established protocols. Because the drug distributes poorly into the 
ventricular system after spinal injection, patients with active meningeal 
leukemia are frequently treated through an indwelling ventricular res- 
ervoir. Toxicities caused by intrathecal administration of methotrexate 
include acute arachnoiditis with nuchal rigidity and headache, as well as 
more chronic CNS toxicities, such as dementia, motor deficits, seizures, 
and coma.** Rarely, these neurotoxicities develop hours after intrathe- 
cal drug administration, but more commonly they occur in the days or 
weeks after initiation of intrathecal treatment, and are most often seen 
in patients with active meningeal leukemia. Leucovorin is ineffective in 
reversing or preventing these toxicities. Patients with such signs should 
undergo evaluation to rule out progressive CNS tumor, and if malig- 
nancy is not found, intrathecal cytarabine should be used for further 
therapy. 

Methotrexate and 6-mercaptopurine (6-MP) are synergistic in 
their inhibition of purine biosynthesis. L-Asparaginase, an inhibitor of 
protein synthesis, blocks cells from entering DNA synthesis and antag- 
onizes the effects of methotrexate, when used before the antifolate. The 
two drugs are not used concurrently. 

Nonsteroidal antiinflammatory drugs, which diminish renal 
blood flow, may reduce methotrexate clearance, as may nephrotoxic 


antibiotics and platinum derivatives, and these or other renal toxins 
should be avoided in patients during high-dose methotrexate. 


CYTARABINE (CYTOSINE ARABINOSIDE, 
ARABINOSYL CYTOSINE, ARA-C) 


Ara-C is an antimetabolite analogue of cytidine, differing in the con- 
figuration at the substituent on C’ position of the sugar, in which the 
C,’-hydroxyl group is cis-oriented relative to the C,’-N-glycosyl bond, 
in contrast to the trans configuration of the ribose nucleoside. Ara-C is 
a mainstay in the induction of remission in patients with acute myelog- 
enous leukemia (AML). 

High doses (1 to 3 g/m?) of intravenous ara-C given at 12-hour 
intervals for 6 to 12 doses are more effective alone or in a combination 
with anthracyclines than conventional doses (100 to 150 mg/m? q12h) 
in consolidation therapy of AML, and they confer particular benefit in 
patients with cytogenetic abnormalities (t[8:21], inv[16], t[9:16], and 
del[16]) related to the core binding factor that regulates hematopoie- 
sis.” Other subsets of leukemia may have increased sensitivity to ara-C. 
ALL patients with mixed lineage leukemia (MLL) gene translocations 
have upregulation of the human equilibrative nucleoside transporter 
(hENT) and have a greater sensitivity to ara-C.*° AML patients with 
K-RAS gene mutations seem to derive greater benefit from high-dose 
ara-C than do patients with wild-type K-RAS in their tumors.” 


Mechanism of Action 

Ara-C is converted to the nucleoside triphosphate, cytarabine triphos- 
phate (ara-CTP) intracellularly. The first step is catalyzed by deoxycy- 
tidine kinase (dCK); polymorphisms of the dCK gene may affect the 
rate of activation, and ultimately response.** Ara-CTP is an inhibitor of 
DNA polymerase and is also incorporated into DNA, where it termi- 
nates strand elongation.” If repair is unsuccessful, apoptosis is initiated. 
Ara-C and its mononucleotide are deaminated and inactivated by two 
intracellular enzymes, cytidine deaminase and deoxycytidylate deami- 
nase, respectively. 

Acquired ara-C resistance in experimental leukemias consistently 
results from the loss of dCK.* Other changes implicated in experimen- 
tal tumors include decreased drug uptake because of decreased expres- 
sion of the equilibrative nucleoside transporter, increased deamination, 
increased pool size of competitive deoxycytidine triphosphate, and 
inhibition of the apoptotic pathway. Some of these changes, particularly 
loss of dCK activity, have been reported in studies of human leukemia, 
but these results have not been confirmed in definitive trials.“ 


Clinical Pharmacology 

Ara-C is administered intravenously either as a bolus injection or, more 
commonly, as a continuous infusion. It is not orally bioavailable because 
of its degradation by cytidine deaminase, which is present in the gastro- 
intestinal epithelium and liver. Two standard schedules of administra- 
tion are used: (1) rapid infusion of 100 mg/m? every 12 hours for 7 days; 
or (2) continuous infusion of 100 to 200 mg/m? per day for up to 7 days. 
Ara-C distributes rapidly throughout total-body water and is eliminated 
from plasma with a biologic half-life of 7 to 20 minutes. Most of the dose 
is excreted as arabinosyluracil (ara-U), an inactive metabolite, which is 
formed in plasma, the liver, granulocytes, and other tissues. Inhibition 
of ara-C deamination by ara-U may be responsible for the prolongation 
of the biologic half-life of the drug as larger doses are administered.” 
Single-bolus injections and short infusions (30 minutes to 1 hour dura- 
tion) at doses as high as 5 g/m? produce little myelotoxicity because of 
the drug’s rapid clearance, whereas continuous intravenous infusion of 
only 1 g/m? over 48 hours produces severe marrow toxicity. High-dose 
ara-C (3 g/m? q12h for 3 days on days 1, 3, and 5), is routinely used 
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for consolidation therapy of AML, but lower doses of 1 gm/m?° or less 
should be used in patients older than 60 years to avoid CNS toxicity. 
Unlike most drugs, a relatively high concentration of ara-C is achieved 
in the cerebrospinal fluid after intravenous administration, and may 
approach 50 percent of the corresponding plasma concentration. 

Ara-C is also used intrathecally to treat meningeal leukemia. Doses 
of 50 to 70 mg in adults are usually employed and afford cerebrospinal 
fluid levels of the drug near 1 mM, which decline with a half-life of 2 
hours. Ara-C (50 mg given every 2 weeks) has been impregnated into a 
gel matrix, in a formulation called DepoCyt, for sustained release into 
the cerebrospinal fluid, thus avoiding the need for repeated spinal taps. 
Initial clinical results in spinal lymphomatous meningitis indicate that 
it has efficacy equal to that of methotrexate.“ 


Adverse Effects 

The dose-limiting toxicity for conventional dosing regimens of intra- 
venous ara-C, 100 to 150 mg/m? per day for 5 to 10 days, is myelosup- 
pression. Nausea and vomiting also occur at these doses, the severity of 
which increases markedly when higher doses are employed, although 
repeated administration of the drug results in some tolerance. The nadir 
of the white count and platelet count occurs at about days 7 to 10 after 
the last dose of drug. Cerebellar, gastrointestinal, and liver toxicity, as 
well as conjunctivitis have also been observed when high-dose regimens 
are used. Hepatotoxicity ranges from abnormalities in serum transam- 
inase levels to frank jaundice. The severity of these effects increases as 
the duration of therapy is prolonged; however, toxic effects rapidly sub- 
side upon discontinuation of treatment. Pulmonary infiltrates as a result 
of noncardiogenic pulmonary edema, and occasionally associated with 
severe pulmonary dysfunction, occur in leukemic patients receiving 
ara-C, as do gastrointestinal ulcerations with bleeding and infrequently 
perforation. Ara-C treatment is also reported to predispose to Strepto- 
coccus viridans pneumonia.“ 

In patients older than 60 years of age, and in patients with renal 
dysfunction, intravenous high-dose ara-C (3 g/m? every 12 hours, days 
1, 3, and 5, for six doses) causes a high incidence of cerebellar toxicity, 
manifested as ataxia and slurred speech. Confusion and dementia 
may supervene, leading to a fatal outcome. Cerebellar toxicity is more 
frequent in patients with abnormal renal function because of slowed 
elimination of ara-U, with consequent inhibition of ara-C deamination. 
Intrathecal ara-C is usually well tolerated, but neurologic side effects 
have been reported (seizures, alterations in mental status). 


GEMCITABINE 


Although primarily used for solid tumors, gemcitabine, a 2’-2’-difluoro 
analogue of deoxycytidine, has significant activity against Hodgkin lym- 
phoma. Its mechanism of action is similar to ara-C, in that, as a triphos- 
phate, it competes with deoxycytidine triphosphate for incorporation 
into the elongating DNA strand, where it terminates DNA synthesis. 
It is also self-potentiating in that at a second site of action, it inhib- 
its ribonucleotide reductase and thereby reduces competitive pools of 
deoxycytidine triphosphate (dCTP). It achieves higher nucleotide levels 
in tumor cells than does ara-CTP, and has a longer intracellular half- 
life. Its clinical pharmacokinetics are determined primarily by its rapid 
deamination by cytidine deaminase, yielding a short plasma half-life 
(t,,,) of 15 to 30 minutes. Standard schedules use 1000 mg/m? infused 
over 30 minutes, and produced peak drug concentrations of 20-60 yM 
in plasma. Longer infusion times may produce higher intracellular tri- 
phosphate concentrations, but the benefit is uncertain.” 

Resistance in solid tumors arises from low expression of hENT, 
increased expression of ribonucleotide reductase, and low levels of the 
initial activating enzyme, dCK. Gemcitabine is an extremely potent 


radiosensitizer and should not be used concurrently with radiation 
therapy except in clinical trials. 

Toxicities are acute myelosuppression, mild hepatic enzyme ele- 
vations, uncommonly a reversible pneumonitis, and with prolonged 
usage, a progressive hemolytic uremic syndrome with capillary leak, 
leading to pleural effusions, ascites, and renal failure.” 


5-AZACYTIDINE AND 
5-AZA-2’-DEOXYCYTIDINE 


Both 5-azacytidine and decitabine (5-aza-2’-deoxycytidine), its closely 
related deoxy analogue, exhibit cytotoxic activity and also induce differ- 
entiation of malignant cells at low doses. The latter action results from 
their incorporation into DNA and their covalent inactivation of DNA 
methyltransferase. The resulting inhibition of methylation of cyto- 
sine bases in DNA leads to enhanced transcription of otherwise silent 
genes.** The differentiating effects of 5-azacytidine are the basis for the 
induction of fetal hemoglobin synthesis in patients with sickle cell ane- 
mia and thalassemia” and its approved use in low-dose therapy of mye- 
lodysplastic syndromes (MDS). The usual doses of 5-azacytidine are 75 
mg/m? subcutaneously or intravenously per day for 7 days, repeated 
every 28 days, whereas decitabine is used in doses of 20 mg intrave- 
nously every day for 5 days every 4 weeks. Responses become apparent 
in myelodysplasia after two to five courses. 

5-Azacytidine and decitabine are rapidly deaminated to chemically 
unstable uridine metabolites that immediately degrade into inactive 
products. Pharmacologic activity results from phosphorylation of the 
parent compound by cytidine kinase (for 5-azacytidine) or dCK (for 
decitabine), with subsequent conversion to a triphosphate nucleotide 
that becomes incorporated into DNA. The primary clinical toxicities 
of both 5-azacytidine and decitabine“ include reversible myelosup- 
pression, nausea and vomiting with higher doses, hepatic dysfunction, 
myalgia, and fever and rash. Resistance likely results from defects in 
drug activation or alternative mechanisms for gene silencing, such as 
histone methylation or acetylation. 


PURINE ANALOGUES 


Purine analogues (Fig. 22-3) occupy an important role in maintenance 
for childhood ALL, and in the past decade newer analogues have shown 
remarkable activity in chronic leukemias and small cell lymphomas. 
With methotrexate, 6-MP is a critical component in the maintenance 
phase of curative therapy of childhood ALL. Other purine analogues 
include azathioprine, a prodrug of 6-MP and potent immunosuppres- 
sive agent; allopurinol, an inhibitor of xanthine oxidase, useful in the 
prevention of uric acid nephropathy; 2-chlorodeoxyadenosine, effective 
in the treatment of hairy cell leukemia and other lymphoid malignan- 
cies; 6-thioguanine (6-TG), an infrequently used antileukemic agent; 
and fludarabine phosphate (2-fluoroara-adenosine monophosphate), 
an effective agent for chronic lymphocytic leukemia (CLL) and follic- 
ular lymphomas, and for suppression of graft-versus-host disease in 
transplantation. A new purine analogue, nelarabine, is an ara-guanine 
prodrug, with strong activity against T-cell diseases, including lympho- 
blastic leukemias and lymphomas.” The basis for this T-cell sensitivity 
appears to be the resistance of arabinosylguanine (ara-G) to degrada- 
tion by the catabolic enzyme, purine nucleoside phosphorylase. High 
levels of arabinosylguanine triphosphate (ara-GTP) accumulate in 
T-cell neoplasms, leading to Fas ligand-mediated apoptosis. The most 
recent addition, clofarabine, also an adenosine analogue, has notable 
activity against childhood ALL and adult AML. Deoxycoformycin, a 
potent inhibitor of adenosine deaminase, is also effective in the treat- 
ment of T-cell malignancies and hairy cell leukemia. 
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Figure 22-3. Purine analogues. 


Mechanism of Action of 6-Thiopurines 

Both 6-MP and 6-TG have a thiol group substituted for the 6-hydroxy 
group of hypoxanthine or guanine, respectively, and are converted to 
nucleotides by hypoxanthine guanine phosphoribosyltransferase. They 
block synthesis of purines. The nucleotides of both 6-MP and 6-TG are 
incorporated into DNA, where they become methylated and are rec- 
ognized by the mismatch repair system. Attempts to correct miscod- 
ing lead to strand breaks and apoptosis.*' Cell death correlates with the 
extent of their incorporation into DNA. 6-MP has the added effect of 
inhibiting de novo purine synthesis through the action of its metabolite, 
methyl-thioinosine monophosphate.” 

In experimental tumor cells, resistance to 6-MP is most commonly 
caused by decreased activity of hypoxanthine guanine phosphoribosyl- 
transferase (HGPRT), by increased efflux by the transporter MRP-4, 
and by the absence of an effective mismatch repair process. Resistance 
in human leukemia is poorly understood, but is linked to HGPRT defi- 
ciency. Patients differ in their rates of metabolic clearance of 6-MP 
and in their ability to efflux 6-thiopurines from cells. Rapid systemic 
clearance of the drug, as mediated by methylation of the thiol group 
by 5-thiopurine-methyltransferase (TPMT),” is associated with a high 
leukemia recurrence rate in ALL maintenance therapy. Low levels of red 
blood cell thiopurine nucleotides correlate with a high level of activ- 
ity of TPMT (more often found in patients of African descent) and a 
high risk of clinical relapse in patients with ALL,“ whereas decreased 
expression of TPMT, resulting from an inherited polymorphism in the 
number of tandem repeats in the 5’ promoter region, is associated with 
increased drug toxicity. A commercial test for enzyme polymorphism, 
based on red cell enzyme activity or thioguanine nucleotide content, is 
available. A second polymorphism of significance involves the cellular 
efflux protein, MRP-4; an inactive variant is associated with high 6-TG 
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nucleotide concentrations in cells, and may be responsible for great sen- 
sitivity of Japanese patients to 6-thiopurines, as the variant occurs in 
18 percent of the Japanese population.” A polymorphism affecting the 
inosine triphosphate pyrophosphorylase enzyme (rs41320251) respon- 
sible for degrading a thiopurine nucleotide intermediate is associated 
with increased methyl-mercaptopurine nucleotides and a high inci- 
dence of febrile neutropenia in children with ALL.* 

Methotrexate and 6-MP are highly synergistic, possibly because 
methotrexate blocks the de novo synthesis of purines, elevates phospho- 
ribosyl pyrophosphate (PRPP), and enhances the activation of 6-MP. 
6-MP blocks warfarin anticoagulation in some patients, leading to a 
requirement for higher doses of warfarin in patients receiving chronic 
6-MP therapy for immunosuppression. 


Clinical Pharmacology of 6-Thiopurines 

Both 6-TG and 6-MP are given orally at doses of 50 to 100 mg/m? per 
day. Oral absorption of 6-MP is erratic, as only 16 to 50 percent of an 
oral dose is systemically available.” Food and antibiotics may decrease 
absorption. Both 6-MP and 6-TG are inactivated by metabolism, and 
have half-lives of approximately 1 to 1.5 hour in plasma. Peak plasma 
levels of 6-MP occur 2 hours after administration and reach 1 to 2 uM. 
During 6-TG treatment, 6-TG nucleotides accumulate to much higher 
levels in leukemic cells, as compared to 6-MP. Inactive 6-thiomethyl 
nucleotides are almost 30-fold higher after 6-MP, than after 6-TG.* 
6-MP is inactivated by metabolism to 6-thiouric acid, a reaction cata- 
lyzed by xanthine oxidase. Allopurinol inhibits the metabolic inactiva- 
tion of 6-MP, but not of 6-TG. Therefore, it is generally recommended 
that dosages of orally administered 6-MP be reduced by 75 percent in 
patients receiving allopurinol. 6-TG is inactivated primarily by S-meth- 
ylation, followed by oxidation and desulfuration, but a second pathway, 


Part V: Therapeutic Principles 


mediated by guanase and xanthine oxidase, contributes to clearance. 
Dose reduction is not necessary when 6-TG and allopurinol are admin- 
istered together. 


Adverse Effects of 6-Thiopurines 
Both 6-TG and 6-MP are myelotoxic, producing nadirs of white blood 
cells and platelets at 7 to 10 days after treatment. Moderate nausea 
and vomiting may also be observed. Patients may experience mild but 
rapidly reversible hepatotoxicity after treatment with either compound. 
Cirrhosis has occurred in some children with leukemia who are receiv- 
ing long-term therapy with 6-MP. TPMT, which inactivates 6-thiopu- 
rines, occurs in several polymorphic forms that fail to metabolize the 
analogues. Approximately one person in 10 of the white population is 
heterozygous for ineffective polymorphic forms of the enzyme and will 
have significantly greater myelosuppression, whereas one patient in 300 
is homozygous for the inactive forms, accumulates high concentrations 
of thioguanine nucleotides in both tumor and normal cells, and is at risk 
for overwhelming toxicity, even with greatly reduced doses of 6-MP.” 
Other toxicities may include hypersensitivity reactions (fever, 
rash), interstitial pneumonitis; pancreatitis; opportunistic infection, 
and an increased incidence of AML in patients receiving chronic immu- 
nosuppressive treatment with 6-MP. 


FLUDARABINE PHOSPHATE 


Originally synthesized as a deamination-resistant analogue of ade- 
nosine, fludarabine phosphate contains two important substitutions: a 
fluorine attached to the purine ring, which renders the drug resistant 
to deamination, and an arabinose sugar in place of deoxyribose, which 
leads to its pharmacologic activity as an inhibitor of DNA synthesis 
and ribonucleotide reductase. It has outstanding activity in CLL." It is 
strongly immunosuppressive, like the other purine analogues, and is 
frequently used for this purpose in nonmyeloablative allogeneic mar- 
row transplantation® and in the treatment of autoimmune diseases. 

Activation of fludarabine phosphate requires removal of the phos- 
phate group in plasma to allow cellular uptake by nucleoside transport- 
ers, and then intracellular rephosphorylation. Fludarabine is activated 
to the monophosphate level by dCK. The triphosphate inhibits DNA 
polymerase and becomes incorporated into both DNA and RNA.® Its 
mechanism of cytotoxicity results from DNA chain termination and 
induction of apoptosis, although it also inhibits ribonucleotide reduc- 
tase (RNR), a self-potentiating activity that decreases intracellular 
deoxyadenosine triphosphate (dATP) and increases fludarabine incor- 
poration into DNA.“ Its triphosphate has a long intracellular half-life of 
15 hours in CLL cells. Resistance has been ascribed to decreased active 
uptake, a deficiency of dCK, increased efflux, or increased RNR. 

The drug is available in the United States as an intravenous prepa- 
ration, and for oral use. It has 60 to 80 percent bioavailability. Because it 
is resistant to adenosine deaminase, fludarabine is eliminated primarily 
by renal excretion (60 percent), with a terminal half-life of 10 hours. 
For patients treated with fludarabine, the standard intravenous dose is 
25 mg/m? daily for 5 days, whereas the approved oral dose is 40 mg/m? 
daily for 5 days. In patients with renal impairment, a 20 percent dose 
reduction for a CrCl of 17 to 40 mL/min/m?, and a 40 percent dose 
reduction for a CrCl less than 17 mL/min/m?’ yields an area under the 
curve approximately equal to that seen in patients with normal renal 
function receiving full doses of fludarabine. 

When administered at these doses, fludarabine causes only moder- 
ate myelosuppression. In CLL patients, its antileukemic effect will lead 
to a progressive improvement in marrow function over a period of two 
to three cycles of treatment, with a median time to disease progression of 
31 months. However, the drug also exerts cytotoxic effects against both 


B and T lymphocytes, lowering CD4 T-cell counts to 150 to 200 cells/uL 
and predisposing patients to opportunistic infections. In patients with a 
large tumor burden, rapid tumor lysis may rarely lead to hyperuricemia, 
renal failure, and hypocalcemia (tumor lysis syndrome). Thus, patients 
should be well hydrated and their urine alkalinized prior to beginning 
therapy. The primary acute toxicity is reversible myelosuppression. 
Peripheral sensory and motor neuropathy may occur during standard- 
dose therapy; autoimmune phenomena, including prolonged hypothy- 
roidism, neutropenia and hemolytic anemia with both warm and cold 
antibodies, have been reported. Approximately 10 percent of CLL 
patients receiving fludarabine may develop a hypersensitivity syndrome 
of pulmonary infiltrates, hypoxemia, and fever, responsive to glucocor- 
ticoids.” Myelodysplasia and acute leukemias, with chromosome 7p 
deletions, have been reported as infrequent late complications.” 


CLADRIBINE (2-CHLORODEOXYADENOSINE, 
2-CDA) 


The extreme sensitivity of normal and malignant lymphocytes to deam- 
ination-resistant purine analogues is further exemplified by the potent 
activity of cladribine in hairy cell leukemia, CLL, and low-grade lym- 
phomas.” A single course of cladribine, typically 0.09 mg/kg per day for 
7 days by continuous intravenous infusion, induces complete response in 
80 percent of patients with hairy cell leukemia. Administration by sub- 
cutaneous injection or by 2-hour intravenous infusion daily for 5 days to 
the same total dose achieves similar results. The drug has much the same 
intracellular fate as fludarabine, undergoing phosphorylation by dCK 
and further conversion to a triphosphate that becomes incorporated into 
DNA. The triphosphate of cladribine has a long intracellular half-life 
of 9.7 hours in CLL cells isolated from patients treated with the drug.” 
The triphosphate has multiple metabolic effects, disrupting oxidative 
phosphorylation in mitochondria, inhibiting RNR and depleting nico- 
tinamide adenine dinucleotide levels in tumor cells. All of these actions 
may explain the drug’s toxicity to slowly dividing lymphoid malignancies 
such as hairy cell leukemia and CLL. The actual mechanisms by which 
cladribine induces DNA strand breaks are not completely understood. 
However, similar to fludarabine, it inhibits DNA chain extension and 
daughter strand synthesis.” Furthermore, the drug’s inhibition of RNR 
lowers levels of the competitive dATP. The cumulative effects of cladrib- 
ine induce apoptosis (programmed cell death). 

Cladribine is eliminated primarily (>50 percent) by renal excre- 
tion, with a terminal plasma half-life of 7 hours. In a patient with renal 
failure, continuous flow hemodialysis effectively cleared the drug and 
prevented serious myelosuppression.” Cladribine retains effectiveness 
in at least a fraction of hairy cell leukemia patients resistant to deoxy- 
coformycin or fludarabine, although clinical experience with sequential 
use of these drugs is limited. Toxicities of cladribine include tran- 
sient myelosuppression, fever, tumor lysis syndrome, and occasional 
opportunistic infections possibly related to immunosuppression. The 
development of cumulative thrombocytopenia during treatment with 
repeated courses of the drug may limit its use. Resistance develops in 
experimental tumors through decreased uptake, loss of the activating 
enzyme dCK, increased RNR activity, increased efflux,” or by induction 
of 5’-nucleotidase activity. 


CLOFARABINE 
(2-CHLORO-2’-FLUORO-ARABINOSYLADENINE) 


This analogue has halogen substitutions on both the purine ring and 
arabinose sugar, resulting in a ready uptake and activation, to a highly 
stable intracellular triphosphate (half-life of 24 hours), which termi- 
nates DNA synthesis, inhibits RNR, and induces apoptosis. The usual 
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adult dose is 52 mg/m” given as a 2-hour infusion daily for 5 days. Clo- 
farabine has a plasma half-life of 6.5 hours. The primary route of clear- 
ance is through renal excretion, and dose adjustment according to CrCl 
is recommended for patients with abnormal renal function. 

Toxicities are myelosuppression; uncommonly, fever, hypotension, 
and pulmonary edema, suggestive of capillary leak caused by cytokine 
release; hepatic transaminitis; hypokalemia; and hypophosphatemia. As 
a single agent, the drug is well tolerated as second-line treatment for 
AML patients with remission rates of 30 percent.”® 


NELARABINE 
(6-METHOX Y-ARABINOSYLGUANINE) 


A guanine nucleoside analogue, nelarabine has useful activity as a sec- 
ondary agent for T-cell lymphoblastic lymphoma and acute T-cell leu- 
kemias. Its mode of action is similar to the other purine analogues, in 
that it becomes incorporated into DNA and terminates DNA synthe- 
sis. Its selective action for T cells may relate to the ability of T cells to 
activate purine nucleosides and the lack of susceptibility of this drug to 
purine nucleoside phosphorylase, a degradative reaction. 

Usual doses are an intravenous 2-hour infusion of 1500 mg/m? 
for adults on days 1, 3, and 5, and a lower dose of 650 mg/m? per day 
for 5 days for children. The drug is rapidly demethylated by adenosine 
deaminase after administration, yielding the ara-G, which is cleared by 
hydrolysis and has a longer plasma half-life of 3 hours. ara-G is con- 
verted intracellularly to its triphosphate” which becomes incorporated 
into DNA. The primary toxicities are myelosuppression and abnormal 
liver function tests, but the drug may cause a spectrum of neurologic 
abnormalities, including seizures, delirium, somnolence, and the Guil- 
lain-Barré syndrome of ascending paralysis. 


PENTOSTATIN (2’-DEOXYCOFORMYCIN) 


Pentostatin contains a unique seven-carbon primary ring system that 
closely resembles the transition-state intermediate of the adenosine 
deaminase reaction. As such, pentostatin is a potent inhibitor of the 
enzyme, leading to accumulation of intracellular adenosine and deox- 
yadenosine nucleotides. In addition, the triphosphate of pentostatin is 
incorporated into DNA. The imbalance in purine nucleotide pools pro- 
duced by pentostatin probably accounts for its cytotoxicity. 

Although initial trials of pentostatin demonstrated striking renal 
and neurologic toxicities at doses of 10 mg/m? intravenously per day 
or greater, lower doses (4 mg/m? biweekly) are extremely effective in 
inducing pathologically confirmed complete responses in hairy cell leu- 
kemia. At this lower dose, severe depletion of normal T cells occurs and 
may predispose to opportunistic infection.” The optimal dose may be 
lower than 4 mg/m? biweekly. The drug is eliminated entirely by renal 
excretion, necessitating proportional dose reduction in patients with 
reduced CrCl. 


RIBONUCLEOTIDE REDUCTASE INHIBITOR: 
HYDROXYUREA 


Hydroxyurea inhibits RNR, the enzyme that converts ribonucleotide 
diphosphates to deoxyribonucleotides. It chelates iron, an essential 
cofactor in the RNR reaction. In malignant disease, hydroxyurea is 
most commonly used for treating polycythemia vera, essential throm- 
bocythemia, and the chronic phase of CML and to lower the myeloblast 
count in patients presenting with AML or blastic crisis of CML. It has 
also become the standard agent for preventing painful crisis and reduc- 
ing hospitalization in patients with sickle cell disease and in thalassemia 
patients with hemoglobin (Hgb) C/SS. Its antisickling activity results 


from induction of Hgb F through its activation of a specific promoter 
for the y-globin gene. It may also exert antisickling activity and decrease 
occlusion of small vessels through its generation of nitric oxide, a 
vasodilator, and through decreased expression of adhesion molecules 
such as L-selectin, on neutrophils.” Resistance occurs in experimen- 
tal tumors as a consequence of amplification of the catalytic subunit of 
RNR or through mutations in RNR that lower affinity for the enzyme. 


Clinical Pharmacology 

Hydroxyurea is well absorbed orally, even when large doses such as 
50 to 75 mg/kg orally are given for rapid lowering of the white blood 
cell count. In chronic therapy of myeloproliferative neoplasm, starting 
doses of 15 mg/kg orally are adjusted upward or downward based on 
neutrophil counts. In managing patients with sickle cell disease, neu- 
trophils should be maintained above 2000 per mL.® Hydroxyurea may 
also be given intravenously to rapidly lower the white blood cell count 
in patients with extreme leukemic leukocytosis or thrombocytosis. Peak 
plasma levels following oral administration are achieved at about 1 hour 
and decline with a half-life of 3 to 4 hours thereafter. Renal excretion is 
the major route of drug elimination, and doses should be decreased in 
proportion to the deficit in CrCl. 


Adverse Effects 

The major toxicities of hydroxyurea are leukopenia and the induction 
of megaloblastic changes. Nausea, drug fever, pneumonitis, macu- 
lopapular skin rash, and painful leg ulcers have been observed with this 
drug, although it is generally well tolerated. Hydroxyurea, like ara-C, 
is an S-phase-specific agent. Accordingly, single large doses cause lit- 
tle toxicity other than myelosuppression. The nadir of the leukocyte 
count occurs 3 to 5 days after a single dose of drug, and the leukocyte 
count recovers rapidly. It is a potent teratogen and should not be used 
in women of childbearing age. Its potential to cause leukemic transfor- 
mation is uncertain, but small cases series suggest this may occur in 
patients with a myeloproliferative neoplasm.*! 


@ ANTITUBULINS 
VINCA ALKALOIDS 


Vinblastine and vincristine are commonly used in the treatment of 
hematologic neoplasms: vinblastine because of its excellent activity in 
the treatment of Hodgkin lymphoma and vincristine in lymphomas and 
childhood leukemia. Both drugs have activity in solid-tumor therapy, 
particularly in treating childhood sarcomas (vincristine), and testicular 
cancer (vinblastine). 


Mechanism of Action 

The vinca alkaloids exert their cytotoxic action by their binding to tubu- 
lin, a structural protein found in the cytoplasm of cells. Microtubules, 
assembled through polymerization of tubulin dimers, form the spindle 
along which the chromosomes migrate during mitosis. Microtubules 
are an important structural component of neuronal axons. Binding of 
the vinca alkaloids to tubulin leads to inhibition of formation of the 
mitotic spindle,” arresting cells in metaphase and inducing apoptosis. 
Resistance to the vinca alkaloids may be acquired through the expres- 
sion of the MDR efflux pump. Alternatively, resistant cells may contain 
mutant tubulin with decreased avidity of vinca binding. The clinical 
importance of these resistance mechanisms, however, is uncertain. 


Clinical Pharmacology 
Vincristine and vinblastine are both administered by the intravenous 
route. The average single dose of vincristine is 1.4 mg/m? and that of 
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vinblastine 8 to 9 mg/m’. Sequential doses of the drugs are usually 
given at 1- or 2-week intervals. These doses provide peak plasma drug 
concentrations of approximately 1 uM. The plasma pharmacokinetics 
of both vinca analogues are characterized by a very rapid initial dis- 
position phase followed by a slow terminal phase of decay, with half- 
lives of 20 to 85 hours. Almost 70 percent of a dose of vincristine is 
metabolized by the liver and excreted in the feces. Cytochrome P450 
(CYP)-mediated metabolism is also the major route of inactivation of 
vinblastine, producing a variety of inactive metabolic produced in the 
liver are excreted in the bile. Inducers of CYP3A4, such as phenylhydan- 
toin, enhance clearance, while inhibitors delay clearance and increase 
toxicity. The dose of vincristine or vinblastine should be reduced in 
patients with hepatic impairment. Although specific guidelines for dose 
reduction have not been developed, a 50 percent decrease in dose is 
recommended for patients presenting with a bilirubin level of 1.5 to 3 
mg/dL and a 75 percent reduction for levels greater than 3 mg/dL. Dose 
reduction is not necessary for patients with impaired renal function, as 
very little intact drug is excreted in urine. 


Adverse Effects 

The dose-limiting side effect of vincristine is neurotoxicity, which usu- 
ally occurs when the total dose received exceeds 6 mg/m’. The initial 
signs of neurotoxicity are paresthesia of the fingers and lower extrem- 
ities and loss of deep tendon reflexes. Continued administration may 
lead to profound loss of motor strength, such as weakness of dorsiflex- 
ion of the foot and extension of the wrists. Elderly patients are partic- 
ularly susceptible to such toxicities. Occasionally, cranial nerve palsies 
may lead to vocal cord paralysis or diplopia, and severe jaw pain may 
result from vincristine administration. At high doses of vincristine (>3 
mg total single dose), autonomic neuropathy may cause obstipation and 
paralytic ileus. Sensory changes and reflex abnormalities slowly improve 
when the drug is discontinued; motor impairment improves less rapidly 
and may be irreversible. Inappropriate antidiuretic hormone release 
resulting in symptomatic dilutional hyponatremia has been ascribed to 
vincristine. 

While marrow suppression is not common with vincristine admin- 
istration, myelosuppression may be noted in patients with impaired 
marrow function as a consequence of prior treatment with other drugs. 
Platelet counts are relatively unaffected. 

The primary toxicity of vinblastine is leukopenia. The white count 
reaches a nadir at day 7 and reverses rapidly thereafter. Mucositis may 
result from higher doses (>8 mg/m”) of vinblastine or when it is used in 
combination with other cytotoxic drugs. Neurotoxicity is rare, but ileus 
can occur at high doses. 

Both drugs cause severe pain and local toxicity if extravasated. 
Neither drug should ever be given intrathecally. Vincristine adminis- 
tered inadvertently into the cerebrospinal fluid causes acute neurologic 
dysfunction, coma, and death. Attempts at replacement of the cerebral 
spinal fluid with an electrolyte solution, Ringer lactate, supplemented 
with 15 ml/L of fresh-frozen plasma, have been reported to avert a fatal 
outcome, but do not prevent severe neurologic sequelae.“ 


TAXANES 


The taxanes, paclitaxel, docetaxel, and Abraxane, are a second class of 
antimitotic compounds that differ in mechanism and toxicity profile 
from the vinca alkaloids that are primarily used in patients with solid 
tumors. Paclitaxel was purified from an extract of the bark of Taxus bre- 
vifolia, whereas docetaxel is a closely related semisynthetic derivative. 
Abraxane is paclitaxel embedded in an albumin microparticle. The tax- 
anes bind to the B-tubulin subunit of microtubules and promote the 
polymerization of microtubules, leading to disordered mitotic spindle 


formation and a block in the progression through mitosis.* They induce 
apoptosis in tumor cells irrespective of the p53 status of the cells and kill 
cells at 10 nM concentrations or less in cell culture in a time-dependent 
manner.* In experimental settings, resistance is related to increased 
drug efflux, mutations in B-tubulin, or increased expression of anti- 
apoptotic proteins such as survivin,” or of the mitosis-related aurora 
kinase." 

The taxanes are subject to MDR mediated by the mdr and mrp 
genes, as well as to 6-tubulin mutations. Because they are highly insolu- 
ble in aqueous solution, paclitaxel and docetaxel are formulated in lipid- 
based solvents that cause occasional hypersensitivity reactions. Thus, 
paclitaxel is given after pretreatment with antihistamines (cimetidine, 
diphenhydramine), and dexamethasone. Both drugs are cleared pri- 
marily by hepatic CYP metabolism, although by different isoenzymes 
(paclitaxel predominantly by CYP2B6 and docetaxel by CYP3A4) with 
terminal plasma half-lives of 10 to 13 hours. Their metabolism is stim- 
ulated by phenytoin and other CYP-inducing drugs and inhibited by 
ketoconazole. Their major toxicities, aside from hypersensitivity, are a 
sharp but brief leukopenia, milder thrombocytopenia, and mucositis. 
High-dose or repeated cycles of the taxanes cause a sensory and motor 
peripheral neuropathy that is reversible with drug discontinuation. 
Occasional patients have experienced atrial conduction block or atrial 
or ventricular arrhythmias after paclitaxel administration, and the com- 
bination of paclitaxel with doxorubicin may produce a greater incidence 
of congestive heart failure than seen with doxorubicin alone.” A syn- 
drome of progressive fluid retention and peripheral edema occurs in 
patients receiving multiple cycles of docetaxel and can be at least par- 
tially prevented by pretreatment with glucocorticoids.” 

The taxanes have not found a valuable role in the treatment of 
hematologic malignancy. However, a number of analogues and new 
formulations are under development. Abraxane, consisting of paclitaxel 
bound to albumen microparticles, does not require a lipid solvent, is 
virtually free of hypersensitivity as a side effect, and enters cells by a 
separate albumen-mediated transporter. It is approved for treatment 
of relapsed breast cancer and pancreatic cancer. Cabazitaxel, approved 
for prostate cancer, is a new analogue with decreased susceptibility to 
MDR. An entirely new class of natural products, the epothilones, have 
a similar mechanism of action, are less susceptible to MDR, and have 
activity against breast cancer.”! 


@TOPOISOMERASE INHIBITORS 
CAMPTOTHECINS 


This group of compounds includes synthetic derivatives of 20 (S)-camp- 
tothecin, a naturally product from the Camptotheca acuminata tree. The 
camptothecins interact with a unique target, topoisomerase I, stabilizing 
the enzymes complex with DNA and preventing the resealing of DNA 
single-strand breaks induced by the enzyme. Resistance arises through 
mutation, deletion, or decreased expression of the topoisomerase I gene. 
The primary agents in clinical use are irinotecan, which is approved for 
treatment of colon cancer, and topotecan, approved for second-line 
treatment of ovarian cancer and small cell lung cancer. Irinotecan, most 
commonly administered intravenously at a dose of 125 mg/m? once 
each week for 4 weeks every 42 days, has shown promise against lym- 
phomas in phase II trials performed in Japan.” Response rates of 42 
percent in previously treated patients with non-Hodgkin lymphoma, 
and of 38 percent in patients with refractory or relapsed adult T-cell 
leukemia-lymphoma, remain to be confirmed. Topotecan has remis- 
sion-inducing activity in patients with myelodysplasia and chronic 
myelomonocytic leukemia, both as a single agent (1.5 mg/m? per day 
for 5 days) and in combination with ara-C.°* Objective responses have 
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also been observed in phase I clinical trials in patients with AML.” 
Irinotecan and topotecan differ substantially in their profile of toxicities 
and pharmacokinetic behavior. Irinotecan is a water-soluble prodrug 
that is converted to the active species, SN-38, by carboxyl esterase- 
mediated cleavage. Irinotecan and SN-38 are both eliminated by glu- 
curonidation and biliary excretion. Therefore, irinotecan must be used 
with caution and at lower doses in patients with Gilbert disease (and 
lacking glucuronyl transferase 1A1) or in those with hepatic dysfunc- 
tion.” In contrast to the hepatic extraction and excretion of irinotecan, 
approximately two-thirds of the dose of topotecan is eliminated by renal 
excretion, with the remainder being cleared by biliary excretion. Dose 
adjustment proportional to CrCl is indicated in patients with renal fail- 
ure.” Topotecan toxicity consists mainly of myelosuppression and, to a 
lesser degree, mucositis, whereas irinotecan causes a profound diarrhea, 
which is responsive to loperamide, and a more modest myelosuppres- 
sion. The maximum tolerated dose of topotecan for the 5-day schedule 
of 30-minute intravenous infusions/day is 4.5 mg/m? per day in patients 
with leukemia.” This is considerably greater than the approved dose for 
solid tumors, and gastrointestinal side effects, such as mucositis and 
diarrhea, become dose-limiting at these higher doses. 


ANTHRACYCLINE ANTIBIOTICS 


The anthracyclines are a unique class of natural products that inhibit 
topoisomerase II (Topo II), an enzyme important in DNA strand pas- 
sage allowing the untangling of DNA prior to replication or repair. Dox- 
orubicin, daunorubicin, idarubicin, and epirubicin are closely related 
in structure, each possessing a rigid planar core to which is linked a 
daunosamine sugar. The molecules differ in side-chain substitutions 
attached to the anthracycline ring system, and exhibit different spectra 
of antitumor activity and toxicity. Mitoxantrone, a closely related, nong- 
lycosidic anthracenedione, has very similar pharmacologic properties to 
those of the anthracyclines. The anthracyclines are produced by a Strep- 
tomyces species, whereas mitoxantrone is a synthetic compound. Doxo- 
rubicin (Adriamycin) has broad activity against solid and hematologic 
malignancies. It is an important component of the standard multidrug 
regimens used to treat Hodgkin lymphoma (doxorubicin, bleomycin, 
vinblastine, and dacarbazine [ABVD]) and aggressive non-Hodgkin 
lymphoma (cyclophosphamide, doxorubicin, vincristine, and pred- 
nisone). Daunorubicin and idarubicin are used almost exclusively in 
combination with ara-C for the treatment of AML, whereas epirubicin 
is primarily effective against solid tumors. Mitoxantrone is employed for 
the treatment of AML and breast cancer, and as an immunosuppressive 
for patients with multiple sclerosis. Liposome-encapsulated doxoru- 
bicin (Doxil) and daunorubicin derivatives are approved for treatment 
of solid tumors; they provide a more prolonged, lower peak concen- 
tration of drug, and have decreased cardiac toxicity. The daunorubicin 
liposome is of interest in treating AML.” A novel anthracycline, pixan- 
trone, which has lesser cardiotoxicity, has received conditional approval 
in Europe for refractory non-Hodgkin B-cell lymphoma." 


Mechanism of Action 

Anthracyclines target the replication and structural integrity of DNA. 
Their primary mechanism of toxicity stems from their interaction 
with Topo II, an enzyme that creates DNA strand breaks and promotes 
strand passage through those breaks. Strand passage is essential in 
untangling DNA in preparation for replication and repair. Once the 
strand passage and unwinding is complete, Topo II reseals the broken 
DNA strands. The anthracyclines inhibit the resealing step by forming a 
complex with Topo II and the broken DNA strand to which the enzyme 
is linked. Accumulation of strand breaks activates apoptosis. The planar 
molecular structure of these drugs promotes their intercalation between 


opposing strands of the DNA helix and may contribute to the specific- 
ity of sites of DNA breakage. In addition to their inhibition of Topo II, 
anthracyclines generate free radicals by virtue of the oxidation-reduc- 
tion cycling of their quinone group, an action catalyzed by the binding 
of Fe*. Free radical generation is thought to be responsible for their 
cardiac toxicity. 

The importance of the presence of Topo II in determining response 
to anthracyclines is best illustrated by the greater benefit of anthracy- 
cline-based breast cancer treatment in patients with amplification of 
the target enzyme on chromosome 17, near the HER2 gene with which 
it coamplifies.™ Anthracycline-containing regimens are particularly 
effective in HER2-amplified breast cancers.'” 

Anthracyclines enter cells through a passive transport process. 
Their lipophilic structure allows them to achieve high intracellular con- 
centrations. Anthracyclines are pumped out of the cell by a series of 
ATP-dependent transporters, including the P-glycoprotein MDR trans- 
porter, the breast cancer resistance protein transporter (BCRP) and 
related efflux pumps.'' Other mechanisms for anthracycline resistance 
include decreased Topo II activity or Topo II mutations in the enzyme 
that inhibit drug binding, as well as defects in apoptosis or impaired 
checkpoint recognition of DNA strand breaks. 


Clinical Pharmacology 

Daunorubicin and idarubicin are readily converted to active hydroxyl 
metabolites, whereas doxorubicin produces limited amounts of alco- 
hol metabolite. The alcohols of daunorubicin and doxorubicin are less 
active as antitumor agents, but do possess cardiotoxic activity. 

All anthracyclines are eliminated by the formation of inactive met- 
abolic products (aglycons, side-chain-modified products, glucuronides, 
sulphates, and oxidative metabolite) in the liver. Only a minor fraction 
of the dose of any of the anthracyclines is excreted in the urine as the 
parent drug or alcohol metabolite. The pharmacokinetics of the clini- 
cally useful anthracyclines are predominantly influenced by their termi- 
nal disposition phase, which exceeds 24 hours. Although prolongation 
of the half-life of doxorubicin has been reported in studies of patients 
with compromised liver function, no clear correlations of liver function 
with toxicity have been established. However, in patients with elevated 
serum bilirubin levels, initial doses of doxorubicin and daunorubicin 
should be reduced by 50 percent, and adjust there after according to 
tolerance. Idarubicin, the only anthracycline amenable to oral admin- 
istration, has a bioavailability of 20 percent for the parent drug and 40 
percent for parent drug plus idarubicinol, the primary active metabo- 
lite. Idarubicinol has a very prolonged biologic half-life, ranging from 
50 to 60 hours, and is likely responsible for the antitumor activity of this 
drug. In contrast to the metabolites of doxorubicin and daunorubicin, 
idarubicinol is eliminated primarily by renal excretion. No dose adjust- 
ment for hepatic dysfunction is indicated. 

Mitoxantrone has a long terminal half-life of 23 to 42 hours. Only 
a minor fraction of unchanged drug is excreted in the urine (<10 per- 
cent) or stool (<20 percent). The majority of the drug is metabolized or 
bound to tissues. Patients with impaired hepatic function may have a 
more prolonged elimination of mitoxantrone. 

The usual dose of doxorubicin when administered as a single agent 
by bolus intravenous injection is 45 to 75 mg/m? every 3 to 4 weeks, 
depending on the tumor treated and the drug combination. Less car- 
diac toxicity may result from schedules that avoid high peak plasma 
concentrations, such as weekly doses (15 to 25 mg/m’) or continuous 
intravenous infusion over 48 to 96 hours, as in the EPOCH (etoposide, 
prednisone, vincristine, cyclophosphamide, and doxorubicin) regi- 
men.’ When given in combination with other myelotoxic agents such 
as cyclophosphamide, the dose of doxorubicin is usually decreased 
because of overlapping marrow toxicity. Daunorubicin has been used as 
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the anthracycline of choice in the treatment of AML. To minimize the 
cardiotoxic effects of daunorubicin, in standard “3+7” therapy in AML 
the daunorubicin dosage (45 to 60 mg/m? for adults <60 years) is given 
daily for 3 days to avoid high peak concentrations, although larger doses 
(90 mg/m?/day), may produce higher complete remission rates. In the 
elderly, a lower dose of 30 mg/m’ daily for 3 days is typically used in 
combination therapy. 


Adverse Effects 

Myelosuppression is the primary acute toxicity of this class of drugs, 
with a nadir occurring 7 to 10 days after single-dose administration and 
recovery by 2 weeks. Mitoxantrone produces less nausea and vomiting 
than does either daunorubicin or doxorubicin. Doxorubicin may cause 
mucositis, especially when used in maximally tolerated divided doses 
given over 2 to 3 days or when used in combination with other drugs 
that cause mucositis. Anthracyclines can also cause radiation recall 
in previously irradiated tissues, especially when the drug is adminis- 
tered just prior to or in the weeks following irradiation. Alopecia often 
occurs. Extravasation of these drugs can result in tissue necrosis so they 
should be administered through an indwelling central venous cathe- 
ter. Dexrazoxane injected subcutaneously, lessens tissue damage after 
extravasation." Patients receiving doxorubicin should also be warned 
that their urine may turn red. 

Cardiotoxicity is the major late toxic effect of anthracyclines.’ 
Cardiotoxicity most likely results from free radical formation catalyzed 
by the anthracyclines quinone moiety, although cardiac Topo IIb (not 
the major topoisomerase involved in DNA replication) may play a role 
in mediating this effect. Iron as a reduction-oxidation (redox) cofactor 
contributes to toxicity, as it accumulates in mitochondria during treat- 
ment. Cardiac proteins, including the cardiac myosin-binding pro- 
tein C, show evidence of alkylation and degradation after anthracycline 
treatment.” 

Clinically, anthracycline-induced cardiotoxicity presents after 
repeated cycles of treatment. Rarely, acute effects are manifest as 
arrhythmias, conduction abnormalities, or a “pericarditis-myocarditis 
syndrome.’ The more common long-term consequence is congestive 
heart failure (CHF), which can develop during or several months after 
treatment. Studies in breast cancer have demonstrated a 0.5 to 1 per- 
cent risk of cardiomyopathy in patients treated with adjuvant anthra- 
cyclines.! The risk is higher in patients receiving trastuzumab or 
paclitaxel in combination with doxorubicin. 

The risk of anthracycline-induced cardiotoxicity increases with 
total dose, but is difficult to estimate for any individual patient. In 
patients with normal cardiac function prior to treatment, the subse- 
quent rate of doxorubicin-induced CHF reaches less than 1 percent at 
total doses of 400 mg/m’, but climbs steeply thereafter to 7 to 20 percent 
at total doses of 550 mg/m’.!” The threshold for cardiotoxicity varies 
among the different anthracyclines. For example, the inflection thresh- 
old for daunorubicin (600 to 700 mg/m?) is significantly higher than 
for doxorubicin (400 mg/m?). However, it should be remembered that 
these thresholds are based on population studies, and for any individual 
patient the risk is impossible to predict. The clinician must pay close 
attention to symptoms of CHE, such as dyspnea, cough, orthopnea, and 
weight gain or ankle edema, throughout a course of treatment and irre- 
spective of total dose. 

Besides the cumulative dose of anthracycline, other risk factors for 
anthracycline-induced cardiomyopathy include mediastinal (mantle) 
radiation, preexisting heart disease, and patient age, the risk being high- 
est in children younger than the age of 4 years. Children who receive 
greater than 300 mg/m? have a significant risk of having decreased myo- 
cardial contractility, decreased ventricular dimension, and an increased 
incidence of cardiac events (such as conduction defects, myocardial 


infarction, and CHF) in their adult years. The incidence of may be 
decreased by coadministering dexrazoxane, an iron chelator, during 
chemotherapy." It is recommended that the total doxorubicin dose 
be limited to 300 mg/m’ in children. In addition, children treated with 
anthracyclines should have long-term cardiology followup. "° 

Ejection fraction measurements have been helpful in detecting a 
decline in myocardial function, a sign of impending myocardial failure. 
Ejection fraction measurements, usually by multigated acquisition scan 
(MUGA), should be performed to verify normal cardiac function prior 
to starting anthracycline-based chemotherapy, and should be repeated 
at the earliest clinical sign of cardiac dysfunction, and before every two 
cycles of treatment when the total dose of doxorubicin exceeds 300 mg/ 
m’. Anthracyclines should be discontinued if the ejection fraction falls 
below 40 percent, or if the ejection fraction drops a total of 20 percent 
from pretreatment levels. 

As cardiotoxicity of anthracyclines results from the generation of 
free radicals by an anthracycline-iron complex, dexrazoxane, an iron 
chelator, decreases free radical formation in vitro and decreases the 
risk of cardiotoxicity in children receiving treatment for ALL, and in 
adults with metastatic breast cancer. Fortunately, dexrazoxane does 
not cause any apparent diminution of antitumor activity. Adding dex- 
razoxane to an anthracycline-based regimen represents an alternative 
to discontinuing anthracyclines in patients who are approaching total- 
dose thresholds of drug, but who still require treatment. Two trials have 
shown a higher rate of secondary leukemia and MDS in patients receiv- 
ing doxorubicin and dexrazoxane.''"'” In adult patients, dexrazoxane 
should be added only in patients who have received a total dose of at 
least 300 mg/m? doxorubicin or 540 mg/m? epirubicin. 

Treatment with Topo II inhibitors, including anthracyclines, 
mitoxantrone, and the epipodophyllotoxins (see “Epipodophyllotoxins” 
below), increases the risk of AML. AML typically develops 6 months 
to 5 years after exposure to the Topo II inhibitor.” This heightened 
risk derives from the increased DNA double-strand breaks generated 
by the Topo II inhibitor. These double-stranded DNA breaks can give 
rise to balanced chromosomal translocations involving the MLL or 
PML genes.'"' Anthracyclines and mitoxantrone have affinity for spe- 
cific DNA sequences and cause translocations at specific hot spots in 
the genome, including a 6-base pair breakpoint region in the PML gene 
causing the 15;17 translocation, the 11q23 translocation involving the 
MLL gene, and the 11;20 translocation involving the NUP98 gene." 


EPIPODOPHYLLOTOXINS 


Two semisynthetic derivatives of podophyllotoxin, VP-16 (etoposide) 
and VM-26 (teniposide), inhibit Topo II and have significant clinical 
activity in hematologic malignancies. Etoposide has been incorporated 
into combination therapy regimens for Hodgkin lymphoma, large cell 
non-Hodgkin lymphomas, leukemias, and various solid tumors, and is a 
frequent component of high-dose chemotherapy regimens. Teniposide 
has limited value in clinical oncology. Its use is generally restricted to 
childhood acute leukemia, where it appears to be synergistic with ara- 
C. These compounds induce double-stranded breaks in DNA through 
their sequence-specific binding to DNA in complex with Topo I." 
One mechanism of resistance is increased expression of the MDR drug 
exporter.'' A second mechanism results from decreased Topo II activity 
or mutation of the enzyme, resulting in decreased drug binding. "47 


Clinical Pharmacology 

Etoposide is administered in doses of 100 to 120 mg/m? per day for 
3 days, either consecutively or every other day. Approximately 30 to 
40 percent of an intravenous dose of etoposide is excreted intact in 
the urine, while the remainder is cleared by hepatic glucuronidation 
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or demethylation; thus, doses of etoposide require modification for 
patients with compromised renal or hepatic function." The plasma 
half-life of etoposide is 15 hours. The clinical activity of etoposide is 
highly schedule dependent. Single conventional doses are essentially 
without antitumor effect as compared to consecutive daily doses for 3 to 
5 days. The pharmacokinetics of teniposide are very similar to those of 
etoposide, with a terminal plasma half-life of 20 to 48 hours. However, 
little parent drug appears intact in the urine, and dose modification for 
patients with renal dysfunction is unnecessary. 


Adverse Effects 

When administered intravenously, both etoposide and teniposide 
should be infused over a 30-minute period to avoid hypotensive epi- 
sodes. The major toxicity of both drugs is leukopenia, which is rapidly 
reversible; thrombocytopenia is less common. Nausea and vomiting 
often follow etoposide administration. Alopecia may occur with both 
drugs. Other toxicities, such as fever, mild elevation of liver function 
tests, and peripheral neuropathy, are relatively uncommon. Because the 
major toxicity of etoposide is limited to the marrow, this drug is a valu- 
able component of high-dose regimens used with marrow transplanta- 
tion. In high-dose etoposide protocols (1.5 g/m? or greater given over 
3 to 5 days) oropharyngeal mucositis becomes a prominent toxicity. 
Less-frequent high-dose toxicities include hepatocellular damage and, 
rarely, anaphylactic-like symptoms, probably related to the formulation 
vehicle. Secondary AML associated with translocation at 11q23 or the 
PML gene may follow etoposide treatment in children with ALL'” and 
in adults with solid tumors.'° 


@ AGENTS ACTIVE THROUGHOUT 
THE CELL CYCLE 


THE ALKYLATING DRUGS 


These drugs are important in the treatment of hematopoietic malig- 
nancies either as single agents or as components of standard- or high- 
dose regimens. Their role as treatment for both acute and chronic 
hematologic malignancies results from their unique mechanism of 
cell killing and their lack of cell-cycle specificity. They may eradicate 
noncycling cells that escape cycle-active components of the treat- 
ment. Although these agents share the common property of forming 
covalent bonds with electron-rich sites on DNA (oxygen and nitro- 
gen substituents), they exhibit important differences in their intrinsic 
reactivity, route of cellular uptake, favored sites of alkylation on DNA 
bases, and the specific mechanism of DNA repair that determines cell 
survival. These differences are borne out in experimental settings, 
where cross-resistance to alkylating agents is incomplete. Thus, pro- 
tocols employing multiple alkylators, particularly in high-dose regi- 
mens, have a rational basis.’! Alkylating agents differ as well in their 
patterns of toxicity. The majority of these drugs cause myelosuppres- 
sion and mucositis as their primary acute toxicities, as well as delayed 
pulmonary fibrosis and late secondary leukemias. These secondary 
leukemias often arise after a period of myelodysplasia, are usually 
highly drug resistant AML, and carry defects in chromosomes 5 or 7. 
Busulfan, bischloroethylnitrosourea (BCNU), or cyclophosphamide 
are most likely to cause vascular endothelial damage (hepatic venooc- 
clusive disease) when used in high doses. However, these same drugs 
are often used in high-dose regimens, as they cause less mucositis than 
other alkylating agents. 4-Hydroperoxycyclophosphamide, an acti- 
vated analogue of cyclophosphamide, appears to spare marrow stem 
cells relative to tumor cells and has been used for in vitro purging of 
marrow in autologous transplantation.'” 


Although platinum analogues are not true alkylating agents in that 
they form metal adducts rather than carbon adducts with DNA, RNA, 
and protein, their range of toxicities and mechanisms of resistance have 
much in common with the classical alkylators. They have few indica- 
tions in hematologic malignancy, aside from carboplatin and its role 
in high-dose chemotherapy for lymphomas. Their DNA adducts are 
subject to repair by nucleotide excision repair and double-strand break 
repair, processes dependent on functional p53 activity." Polymorphisms 
of the repair pathways, especially the mismatch repair process, may 
be associated with drug resistance,’ whereas errors in double-strand 
break repair (as found in BRCA1- and BRCA2-solid tumors), may create 
sensitivity to platinating drugs. 


Mechanism of Action 

All alkylating agents (Fig. 22-4) have in common the generation of 
highly reactive carbonium intermediates that attack electron-rich sites 
on DNA, such as the N-7, O-2, and O-6 positions of guanine and the 
N-1, N-3, and N-7 positions of adenine. For many of these agents, the 
alkylating group must undergo a preliminary activation reaction medi- 
ated either by chemical rearrangement of the molecule, as in the case 
of nitrogen mustard and the nitrosoureas, or by metabolic activation 
followed by chemical rearrangement, as for cyclophosphamide, ifosfa- 
mide, and procarbazine. Most alkylating agents have two reactive sites, 
usually two chloroethyl groups, enabling them to form intrastrand and, 
less frequently, interstrand crosslinks. 

A second class of alkylating drugs, exemplified by busulfan, 
dimethyltriazenoimidazole carboxamide (DTIC) and the closely related 
temozolomide, and procarbazine, produce only single-strand alkyla- 
tion but may be highly carcinogenic, as, for example, procarbazine. In 
general, all the commonly used alkylating drugs, including cyclophos- 
phamide, ifosfamide, melphalan, chlorambucil, and the methylating 
drugs, produce the same spectrum of myelosuppressive, carcinogenic, 
and genotoxic actions, and depend on an intact mismatch repair system 
to recognize their adducts and initiate apoptosis. 

Experimental systems have elucidated the mechanisms of resis- 
tance to alkylating agents." Some mechanisms are specific for certain 
alkylating agents (e.g., impaired uptake of nitrogen mustard as a conse- 
quence of an alteration in the membrane carrier for choline, or deletion 
of the amino acid carrier used by melphalan), whereas others appear 
to be less specific (e.g., drug inactivation associated with an increase in 
intracellular sulfhydryl compounds, and enhanced nucleotide-excision 
repair of DNA adducts). The primary resistance mechanisms for vari- 
ous alkylating drugs, as documented in experimental tumors, include 
increased degradation by aldehyde dehydrogenase (specifically for 
cyclophosphamide)’; increased conjugation of the reactive interme- 
diates with glutathione or glutathione transferase (all chloroethylating 
agents and platinum analogues); increased repair of the O-6 guanine 
alkyl lesions by a specific alkyl transferase (nitrosoureas, procarba- 
zine, temozolomide, and dacarbazine)!”’; increased nucleotide excision 
repair (all platinum derivatives and chloroethylating agents, except 
possibly nitrosoureas); decreased uptake (melphalan, nitrogen mus- 
tard); decreased ability to recognize DNA damage because of defective 
mismatch repair, especially the loss of the MLH6 component'* (most 
alkylating agents and platinum derivatives); and defective recognition 
of DNA alkylation and strand breaks and initiation of apoptosis (p53 
loss-of- function mutants), which affects all alkylators. The basis of alky- 
lating agent resistance in the clinic is still incompletely understood. 


Clinical Pharmacology 

In general, the alkylating agents and their reactive intermediates have 
short residence times in the systemic circulation and within cells. They 
are eliminated predominantly by hydrolysis of the reactive site, by 
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Figure 22-4. Mechanism of action of alkylating 
agents attacking a purine base in DNA. (Reproduced 
with permission from Brunton L, Chabner B, and Knollman 
B: Goodman & Gilman's The Pharmacological Basis of 
Therapeutics, 12th ed. New York, NY: McGraw-Hill; 2011.) 
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chemical or biochemical conjugation to the sulfhydryl groups of gluta- 
thione or proteins, or by oxidative metabolism in the case of ifosfamide 
and cyclophosphamide. Therefore, dose reduction is not required in 
patients with diminished renal or hepatic function. 

A few of the drugs require enzymatic activation. Cyclophos- 
phamide and ifosfamide are closely related molecules that undergo 
hepatic CYP-mediated activation. Their active metabolites include a 
highly labile phosphoramide mustard and a second toxic metabolite, 
acrolein, which is excreted in the urine.'’” To counteract toxicity of 
acrolein to kidneys and bladder, mercaptoethane sulfonate (mesna) 
is administered simultaneously in equivalent doses to the alkylator. 
Procarbazine and DTIC require metabolic activation by hepatic CYP 
isoenzymes, whereas temozolomide, a structural congener of DTIC, 
spontaneously activates to a methylating intermediate, and has become 
the preferred drug for treating glioblastomas. 

Nitrogen mustard is a highly reactive compound in its parent 
form, and thus can be administered topically for treatment of skin can- 
cers and cutaneous lymphoma. It is a potent vesicant, and care must 
be taken in the mixing and administering the drug. It is still a pre- 
ferred component of combination therapy in conjunction with vincris- 
tine (Oncovin), procarbazine and prednisone (MOPP) for childhood 
Hodgkin lymphoma. Extravasation may lead to severe tissue injury. The 
second-generation alkylating agents, which include cyclophosphamide, 
melphalan, busulfan, and chlorambucil, are more chemically stable and 
absorbed reasonably well when given orally. 

The newest alkylating drug, bendamustine, is approved for both 
CLL and relapsed lymphomas, and consists of a purine base with a 
bis-chloroethyl side chain. In experimental systems it is only partially 
cross-resistant with other alkylators, and produces a bulky DNA adduct 
that is slowly removed by base excision repair. It strongly induces p53 
phosphorylation and apoptosis, as well as cell necrosis, a distinct cell 


death response." Bendamustine metabolism produces two minor toxic 
metabolites: hydroxylation of its 4 position and N-demethylation. The 
bulk of parent drug is eliminated through its reactivity with sulfhydryls 
and adduct formation. The drug displays much the same pattern of tox- 
icity of other alkylating drugs, with perhaps less myelosuppression. 

Carboplatin, often used in high-dose therapy of lymphomas, is pri- 
marily excreted by the kidneys. Its dosing is based on renal function, 
aiming at a specific area under the curve of 5 to 7, according to the 
formula: 


Dose (mg/m?) = Area under the curve x (glomerular 
filtration rate + 25) 


Adverse Effects of Alkylating Agents 
Marrow toxicity, which is cumulative and a function of total dose, is 
the most important acute toxic effect of alkylators. Nitrosoureas pro- 
duce a characteristic delayed myelosuppression that reaches a nadir 
4 to 6 weeks after administration. Busulfan, like the nitrosoureas, 
depletes stem cells and can cause profound marrow hypoplasia or 
permanent aplasia. The dose-limiting toxicity of DTIC is nausea and 
vomiting rather than marrow suppression. Carboplatin causes an acute 
thrombocytopenia, as well as a more chronic sensory neuropathy. 
Other common toxicities include denudation of the gastrointesti- 
nal epithelium, pneumonitis, cardiac, and endothelial damage, which 
become evident during high-dose therapy. Virtually every organ sys- 
tem may be damaged by alkylating agents. Because alkylating agents 
react with DNA, mutations and secondary leukemias are major long- 
term effects of these agents. This hazard appears to be related to the 
total dose administered. The monofunctional methylating agents (e.g., 
procarbazine) are especially potent in this regard. All alkylating agents, 
but particularly busulfan and the nitrosoureas, may produce pulmonary 


fibrosis. The nitrosoureas also cause nephrotoxicity, particularly after 
total doses of 1200 mg/m’? BCNU, whereas cyclophosphamide and 
ifosfamide cause chronic bladder toxicity, hemorrhage, and, in rare 
cases, bladder carcinomas. Urinary toxicity of the latter two agents is 
prevented by coadministration of mesna, a sulfhydryl that detoxifies 
acrolein at acid pH. 


High-Dose Alkylating Agent Therapy 

The development of hematopoietic cell transplantation has made it 
possible to administer doses of chemotherapy that would otherwise 
produce life-threatening aplasia. To be of benefit, however, high- 
dose therapy must employ agents that have a relatively steep dose- 
response relationship. The drugs used must not have lethal extramed- 
ullary toxicity at high doses. Among the classes of cytotoxics, alkylators 
have a particularly favorable linear relationship between dose and cyto- 
toxicity in experimental tumor systems. Extramedullary organ toxicities 
are infrequent until doses are increased manyfold, making them ideal 
candidates for high-dose regimens. Depending on the agent and the 
toxicity profile, doses may only be escalated by as little as twofold as 
seen with cisplatin because of renal toxicity, or to as high as 18-fold 
in the case of thiotepa (Table 22-3).''"'°” However, when agents are 
combined into a high-dose regimen, overlapping extramedullary 
toxicities of the agents must be considered so as to avoid serious organ 
compromise (Table 22-4).'°*" Overlapping extramedullary toxicities 
(particularly the risk of pulmonary or hepatic dysfunction or second- 
ary leukemia) cannot be completely avoided, but rational drug selection 
can minimize the dose reductions of the individual agents, compared to 
their single-agent maximum tolerated dose (MTD), while at the same 
time ensuring safety of the combination regimen. This is illustrated in 


TABLE 22-3. Dose-Limiting Extramedullary Toxicities of 


Single-Agent Chemotherapy 


Maximum Increase Over 
Tolerated Standard Major 
Drug Dose (mg/m?)* Doset Toxicities* 
Cyclophos- 7000 7.0 Cardiac 
phamide 
Ifosfamide 16,000 27 Renal, CNS 
Thiotepa’ 1005 18.0 GI, CNS 
Melphalan’ 180 5.6 GI 
Busulfan’ 640 9.0 GI, hepatic 
BCNU5 1050 53 Lung, hepatic 
Cisplatin 200 2.0 Renal, 
neuropathy 
Carboplatin’ 2000 5.0 Hepatic, renal 
Etoposide 3000 6.0 GI 
Cytarabine 3000 10-30 Neurologic, 
mucositis 


BCNU, bischloroethyl nitrosourea; GI, gastrointestinal. 


“Independent of hematopoietic toxicity. Dose may be given over 
multiple days. 


tFold increase. This is an approximation because standard doses may 
vary. 


*All drugs listed in this table cause vascular endothelial damage and 
venoocclusive disease, as well as late secondary leukemias. 


SWith stem cell support. 
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Table 22-4, which shows the fraction of the single-agent MTD that 
can be administered in combination with other drugs. As might be 
expected, this fraction is quite variable depending on the drug combi- 
nations, with the average fractional MTD used in combination ranging 
from 0.5 to 1. Depending on the regimen, significant gastrointestinal, 
pulmonary, hepatic, and/or renal toxicities are encountered and become 
dose limiting. For these reasons, high-dose regimens are safest in 
patients who are younger (<70 years) and who have had minimal prior 
chemotherapy and radiation therapy. 


@ AGENTS OF DIVERSE MECHANISMS 
BLEOMYCIN 


Bleomycin is a mixture of cytotoxic peptides produced by the fungus 
Streptomyces verticillis.'* Because it has antitumor activity with minimal 
marrow toxicity, it is commonly used as part of combination regimens 
(such as ABVD) to treat Hodgkin lymphoma and with cisplatin and 
vinblastine to treat germ cell tumors. Bleomycin acts by causing both 
single- and double-strand breaks in DNA. These breaks form as a con- 
sequence of a bleomycin-Fe (II) complex that binds to DNA and under- 
goes redox cycling with molecular oxygen. The drug’s reactive complex 
abstracts a proton from deoxyribose, leading to cleavage of the sugar at 
the 3’-carbon.'“ In experimental tumors, resistance to bleomycin has 
been attributed to increased tumor cell concentrations of an aminohy- 
drolase that cleaves and inactivates the drug.’ Some resistant cell lines 
exhibit enhanced capacity to repair strand breaks, and in others, resis- 
tance results from decreased drug accumulation. Additional factors, 
such as increased free radical detoxification, may also influence toxicity. 
The tumor specificity of bleomycin, its severe cutaneous and pulmonary 
toxicity, and its lack of toxicity to marrow and the gastrointestinal tract 
may be a result of widely differing levels of metal ions and bleomycin 
hydrolase, the detoxifying enzyme, in these tissues. A polymorphism in 
the hydrolase gene, identified by SNP A1450G, may confer resistance to 
the drug as the result of its enhanced hydrolase activity.'*° Cell killing 
occurs throughout the cell cycle. 


Clinical Pharmacology 

Bleomycin may be administered intravenously or intramuscularly in 
doses of 10 to 20 U/m’ per week to cumulative doses of 250 U for sys- 
temic therapy, as well as intrapleurally or intraperitoneally for control 
of malignant effusions. The half-life of drug elimination from plasma 
is estimated to be 2 to 3 hours. After a single intravenous injection, 
more than half the dose is excreted, unchanged, in the urine within 24 
hours.” Bleomycin elimination may be markedly impaired in patients 
with poor renal function; such patients are at risk of overwhelming skin 
and lung toxicity. Dose reduction by 50 percent should be considered in 
patients with a CrCl in the range of 30 to 80 mL/min, and drug should 
be withheld in the present of CrCl less than 30 mL/min. 


Adverse Effects 

Bleomycin has minimal effects on normal marrow; however, in patients 
given other myelosuppressive drugs or who are recovering from mar- 
row toxicity from these agents, additional mild myelosuppression may 
be observed. The primary toxicities that result from bleomycin are pul- 
monary fibrosis and skin changes. In experimental settings, the drug 
activates the Hedgehog pathway and induces the secretion of numerous 
cytokines, including interleukin (IL)-6, tumor necrosis factor-æ and 
transforming growth factor-B, by alveolar macrophages and inflam- 
matory cells, leading to collagen deposition.“* The risk of pulmonary 
toxicity is related to the cumulative dose administered, increasing to 
10 percent in patients given more than 450 mg. Risk is also greater in 
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TABLE 22-4. Toxicities and Doses of High-Dose Regimens Administered with Stem Cell Support 


Regimen Dose (mg/m?) Fraction of MTD* Major Toxicities Tumor Targets Reference 
Cyclophosphamide 6000 0.86 Gl, cardiac Breast 135 
Thiotepa 500 0.5 

Carboplatin 800 0.4 

Cyclophosphamide 6000 0.86 Lung, Gl Lymphomas 136 
BCNU 300 0.29 

Etoposide 750 0.25 

Busulfan 640 1.0 Lung, GI, hepatic Lymphoma 137 
Cyclophosphamide 8000 1.0 

Ifosfamide 16,000 1.0 Renal, hepatic, Gl Lymphomas 138 
Carboplatin 1800 0.9 

Etoposide 1500 0.5 

Cyclophosphamide 5625 0.8 Cardiac, hepatic, renal Breast 139 
BCNU 600 0.57 

Cisplatin 164 0.82 


BCNU, bischloroethylnitrosourea; GI, gastrointestinal; MTD, maximum tolerated dose. 


*This is the fraction of the single-agent MTD (see Table 22-3, Col. 2). 


patients older than age 60 years,'” in patients with underlying lung dis- 
ease, in patients receiving bleomycin who are given high oxygen con- 
centrations, and in patients who have had previous radiotherapy to the 
lungs. Single intravenous doses of 25 mg/m? or more predispose to this 
toxic effect. Symptoms of pulmonary toxicity include cough and dys- 
pnea. Chest radiographs show nonspecific infiltrates, especially in the 
lower lobes. Chest computed tomography changes may show extensive 
infiltrates, fibrosis in later stages of evolution, atelectasis, or cavitation. 
Positron emission tomography scans are strongly positive. Open-lung 
biopsy may be required to distinguish bleomycin pulmonary toxicity 
from infection or malignant disease. Pathologic findings of bleomycin 
toxicity include an inflammatory alveolar infiltrate with edema, pulmo- 
nary hyaline formation, and squamous metaplasia of the alveolar lining 
cells. These changes progress to intraalveolar and interstitial fibrosis 
over a period of months. Patients with bleomycin lung toxicity have a 
measurable decrease in carbon monoxide diffusing capacity, a test of 
possible value in predicting potential pulmonary toxicity.’ Because 
there is no specific therapy for patients with bleomycin lung toxicity, 
close attention should be paid to early pulmonary symptoms and radio- 
graphic changes. In patients with bleomycin pulmonary toxicity, some 
improvement may be seen on discontinuation of the drug, but the pul- 
monary fibrosis is usually not reversible. Glucocorticoids may decrease 
inflammation, but are of no proven benefit once fibrosis has occurred. 
O, supplementation must be avoided, as it promotes the oxidative injury 
to pulmonary tissue. 

The dermatologic toxicity of bleomycin is also dose related. Ery- 
thema, hyperpigmentation, hyperkeratosis, and even ulceration may 
occur when the drug is given in conventional daily doses for longer 
than 2 to 3 weeks. Areas of skin pressure, especially of the hands, fin- 
gers, and joints, are initially affected, and Raynaud phenomenon may 
become apparent in the distal digits. Nail changes and alopecia may also 
occur with continued use of the drug. In combination regimens (e.g., 
ABVD) where bleomycin is used intermittently, skin toxicity is rarely a 
dose-limiting problem. 

Fever and malaise after injection are common symptoms and may 
be alleviated by acetaminophen. Hypersensitivity reactions have also 
been observed. Idiosyncratic cardiovascular collapse has been rarely 
noted. A 1- or 2-mg test dose administered to such susceptible patients 


may result in hypotension, tachycardia, pulmonary insufficiency, or 
anaphylactoid reactions within 30 to 60 minutes. Their occurrence pre- 
cludes further treatment with bleomycin. 


L-ASPARAGINASE 


The enzyme L-asparaginase is used clinically in the treatment of lym- 
phoid malignancies, particularly in poor-risk B-cell ALL, T-cell ALL, 
natural killer (NK)-cell leukemia, and in high-grade lymphomas. 


Mechanism of Action 

The cells causing these lymphoid malignancies require exogenous 
L-asparagine for growth; they obtain this amino acid from the systemic 
pool of amino acids generated by the liver. The enzyme L-asparagi- 
nase, which catalyzes the hydrolysis of asparagine to aspartic acid and 
ammonia, rapidly depletes L-asparagine from plasma and induces an 
asparagine deficiency in lymphoid malignant cells. Resistant tumors 
are able to respond by induction of asparagine synthetase,'' thereby 
restoring intracellular pools of asparagine. For reasons not well under- 
stood, hyperdiploid ALL cells are particularly sensitive to L-asparagi- 
nase, whereas cells containing the BCR-ABL translocation are more 
resistant.’ 

Three L-asparaginase preparations are available in the United 
States. The product purified from Escherichia coli is employed as a 
first-line agent, while a second preparation (pegaspargase), derived 
by attachment of polyethylene glycol to the E. coli enzyme, is used for 
first-time therapy and for patients hypersensitive to the unmodified 
enzyme. A third preparation, purified from Erwinia chrysanthemi, can 
be obtained from the National Cancer Institute of the United States 
for patients hypersensitive to the E. coli enzyme or to pegaspargase. 
The various preparations differ in their pharmacokinetics, immuno- 
genicity, and recommended doses. The E. coli enzyme is usually given 
in doses of 6000 to 10,000 IU intramuscularly every third day for 3 to 
4 weeks, although much higher doses (25,000 IU once weekly) may be 
more effective in ALL treatment. Levels are maintained continuously 
above 0.2 IU/mL plasma, leading to total abolition of asparagine in the 
systemic circulation. The E. coli enzyme has an elimination half-life of 
14 to 24 hours. Monomethoxypolyethylene glycol (PEG) conjugated to 


the E. coli enzyme reduces its immunogenicity and extends its half-life 
to 6 days. Pegaspargase is used in patients hypersensitive to the unmod- 
ified enzyme, in doses of 2500 IU/m? intramuscularly every 2 weeks. 
Single doses deplete L-asparagine from plasma for 2 to 3 weeks. Some 
patients develop hypersensitive to both preparations of E. coli enzyme, 
particularly if first exposed to the unmodified enzyme; they may be 
treated with enzyme from Erwinia, which has a low incidence of hyper- 
sensitivity and approximately equal catalytic activity to the E. coli prepa- 
ration, but a more rapid clearance.'** Consequently, the Erwinia enzyme 
must be used in higher doses. 


Adverse Effects 

Reactions to the first dose are uncommon, but after two or more doses of 
the unmodified enzyme, hypersensitivity may develop in up to 20 per- 
cent of patients, varying from urticarial reactions to hypotension, laryn- 
gospasm, and cardiac arrest. Skin testing to predict allergic reactions is 
helpful in some, but not all, cases, and should be performed to confirm a 
clinical suspicion of hypersensitivity. Hypersensitive patients may have 
antibodies to L-asparaginase in their plasma. More than half the patients 
with such circulating antibodies will not display an overt allergic reac- 
tion to the drug, but these patients may have more rapid disappearance 
of drug from plasma and an inadequate clearance of asparagine from 
plasma and cells, leading to therapeutic failure. Patients who are treated 
with L-asparaginase should be observed carefully for several hours 
after dosing, and epinephrine should be available in case anaphylactic 
reactions occur. Anaphylaxis is less likely when E. coli L-asparaginase 
is given intramuscularly than when it is administered intravenously. 
Pegaspargase has much reduced immunogenicity and hypersensitivity 
reactions are uncommon. However, up to 20 percent of patients pre- 
viously exposed to unmodified L-asparaginase will develop allergy to 
subsequent pegaspargase, with undetectable enzyme levels in plasma, 
and an additional 8 percent will have silent inactivation of the enzyme. 
The other major toxic effects of L-asparaginase are a consequence of 
the ability of this drug to inhibit protein synthesis in normal tissues. 
Inhibition of protein synthesis in the liver will result in hypoalbumine- 
mia, a decrease in clotting factors, a decrease in serum lipoproteins, 
and a marked increase in plasma triglycerides. Inhibition of insulin 
production may lead to hyperglycemia. The clotting abnormalities that 
are regularly observed as a consequence of L-asparaginase treatment 
include initial decreases in the anticoagulant factors antithrombin III, 
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protein C, and protein S, leading to either arterial or venous thrombo- 
sis in occasional patients, and a predilection to thrombosis of cortical 
sinus vessels.'** With more prolonged therapy, bleeding sequelae may 
result from inhibition of the synthesis of procoagulant proteins such as 
fibrinogen and factors II, VII, IX, and X. Consequently, monitoring of 
coagulation factors is recommended. High doses of L-asparaginase may 
cause cerebral dysfunction that manifests as confusion, stupor, seizures, 
or coma, and cortical sinus thrombosis has been documented by mag- 
netic resonance imaging scan in such patients.'** Clinical thromboem- 
bolic episodes may occur in up to 35 percent of children with ALL.'” 
These events are mostly asymptomatic thrombi associated with central 
venous catheters; less frequently, cortical sinus and atrial thrombi may 
occur. Altered mental status may also result from hyperammonemia 
and diabetic ketoacidosis.’** Preexisting clotting abnormalities, such as 
antiphospholipid antibodies or factor V Leiden deficiency, may predis- 
pose to thromboembolic complications.’ 

Acute nonhemorrhagic pancreatitis occurs as a complication of 
L-asparaginase treatment, especially in patients who have extreme 
elevations of plasma triglycerides (>2 g/dL).' Because L-asparagi- 
nase manifests little toxicity in marrow or gastrointestinal mucosa, 
it has been used in combination with other drugs that do have such 
toxicities. 


@ IMMUNOMODULATORY DRUGS 


THALIDOMIDE, LENALIDOMIDE, AND 
POMALIDOMIDE 


Thalidomide (a-phthalimidoglutarimide; Fig. 22-5), approved in 1953 
as a sedative, was withdrawn shortly thereafter because of its teratogenic- 
ity. It causes dysmelia (i.e., stunted limb growth) when used during early 
pregnancy. However, it has since reemerged as an important antibacte- 
rial and antitumor agent, with clear effectiveness against leprosy and 
myeloma, especially when combined with other agents.’ Its analogues, 
lenalidomide and pomalidomide (see Fig. 22-5), have proven to be less 
toxic, and more effective for treating relapsed and refractory patients 
with myeloma. Lenalidomide is highly active in first-line combination 
therapy with dexamethasone, and also with bortezomib'® for myeloma, 
as well as being approved for the treatment of myelodysplasia in patients 
with the 5q- variant of this syndrome. The newest immunomodulatory 


Figure 22-5. Thalidomide, lenalidomide and pomalido- 
mide. (Reproduced with permission from Brunton L, Chabner 
B, and Knollman B: Goodman & Gilman's The Pharmacologi- 
cal Basis of Therapeutics, 12th ed. New York, NY: McGraw-Hill; 
2011.) 
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drug (IMiD), pomalidomide, is approved for patients refractory to 
lenalidomide and bortezomib.'* 

The mechanism of action of thalidomide and analogues is incom- 
pletely understood, as the compounds have a number of different 
actions, including a prominent antiangiogenic effect against tumors,'’“ 
immune modulation, and inhibition of cytokine secretion. They inhibit 
neovascularization in the mouse cornea, block proliferation of endo- 
thelial cells in culture,!® and inhibit secretions of vascular endothelial 
growth factor and other angiogenic cytokines.“ Thalidomide potently 
stimulates phosphorylation of the CD28 costimulatory molecule.’” 
This effect can lead to enhancement of T-cell function and activation 
of signaling pathways. Thalidomide has inhibitory effects on cytokine 
secretion, lowering levels of tumor necrosis factor-a and y-interferon in 
leprosy patients. In addition it enhances NK-cell numbers and function, 
suppresses T-regulatory cells, and stimulates cytolytic T-cell function. 
It downregulates interferon regulatory factor 4 (IRF4), a myeloma sur- 
vival factor. Although lenalidomide and pomalidomide have not been 
studied as extensively as thalidomide preclinically, they have the same 
spectrum of biologic actions but with greater potency. 

An additional IMiD site of action related to degradation of key 
proteins has been identified. The IMiDs interact with cereblon, a protein 
that forms a complex with ubiquitin E3, and thereby promote the deg- 
radation of myc protein and other transcription factors. This effect on 
E3 and cereblon binding partners has been implicated in the teratogenic 
effects and antitumor activity of the IMiD compounds.'* 


Clinical Pharmacology of Thalidomide and Its Congeners 
Thalidomide consists of two enantiomers that rapidly interconvert 
in solution and biologic fluids. Its two imide bonds are unstable and 
undergo hydrolysis in solution. The poorly soluble drug undergoes slow 
and somewhat variable oral absorption with peak levels achieved in 2.9 
to 4.3 hours’®'” after oral doses ranging from 50 to 400 mg. There is no 
evidence for induction of metabolism on a daily dosing regimen. Drug 
concentrations in plasma decay with a half-life of 5 to 7 hours, the major 
pathways for elimination including spontaneous hydrolysis of the imide 
esters, and further CYP-mediated metabolism by the liver. At high doses 
of 1200 mg, the rate of clearance of drug from plasma decreases. Less than 
1 percent of the drug is excreted unchanged in the urine. No dose adjust- 
ment is required for renal dysfunction, although its propensity for causing 
neuropathy may aggravate any underlying neuropathy secondary to prior 
exposures, renal failure or amyloidosis, making dose reduction prudent, 
especially when used in combination with other agents. 

Lenalidomide is well absorbed orally in doses up to 400 mg, and 
usually given in doses up to 25 mg daily; it exhibits a plasma half-life 
of 3 hours. Approximately 70 percent of administered drug is excreted 
unchanged by the renal route, the remainder appearing in the feces 
unchanged. Dose adjustments are therefore recommended for patients 
in moderate (10 mg/day for CrCl of 30 to 50 mL/min) or severe (10 mg 
every other day for CrCl <30 mL/min) renal failure. For those on dial- 
ysis, the recommended dose is 5 mg once daily, with the same day dose 
given following dialysis. 

Pomalidomide is given orally in doses of up to 4 mg per day. It has 
a long plasma half-life of 7.5 hours in myeloma patients, and is elimi- 
nated by CYP1A2 and CYP3A4 hydroxylation in the liver with minimal 
renal clearance. Inducers or inhibitors of CYP3A4 metabolism (prom- 
inently antibiotics and HIV drugs) and inhibitors of the MDR1 efflux 
transporter (natural products and targeted cancer therapies) should be 
used in combination with pomalidomide with caution." 


Clinical Use 
Thalidomide has been evaluated against a number of human malig- 
nancies, with occasional responses in brain tumors, renal cell cancer, 


hepatoma, and Kaposi sarcoma. It has established value in treating 
myeloma refractory to first-line chemotherapy, as well as in newly diag- 
nosed patients.'”!” In responding patients, all aspects of the disease, 
including marrow infiltration with tumor cells, anemia, and perfor- 
mance status, improved with therapy. Thalidomide has synergistic mye- 
loma-inhibiting activity with glucocorticoids, interferon-a, bortezomib, 
and cytotoxic agents. However, lenalidomide, which has less-prominent 
side effects and probably greater efficacy, has replaced thalidomide in 
first-line regimens for myeloma. Pomalidomide is reserved for patients 
refractory to lenalidomide and bortezomib, and retains impressive 
activity in this setting. 

Thalidomide is generally well tolerated in oral doses of 50 to 1200 
mg daily, although higher doses are more challenging. In treating mye- 
loma, a 1-month trial is usually sufficient to observe a decline in para- 
protein and an improvement in symptoms, with doses typically used 
ranging from 50 to 200 mg/daily. Doses can be escalated up to 200 mg 
every 2 weeks until dose-limiting toxicity is reached at 600 to 800 mg/ 
day, but these higher doses are rarely used. Patients older than age 65 
years are less tolerant of side effects, particularly sedation, constipation, 
fatigue, and peripheral sensory neuropathy, and receive a median dose 
of at most 400 mg/day, with lower doses (e.g., 100 mg/day) being prefer- 
able,’ whereas younger patients may tolerate up to a median of at most 
800 mg/day, although again lower doses (e.g., 200 mg/day) are prefer- 
able. With extended treatment at doses below 400 mg/day, the periph- 
eral sensory neuropathy may become bothersome, but usually improves 
with dose reduction or drug discontinuation. To avoid undue sedation, 
the drug is given either in divided doses, morning and evening, or as 
a single evening dose. Other side effects include rash, dizziness and 
orthostatic hypotension, neutropenia, mood changes or depression, 
and nausea. Hypersensitivity and bradycardia also have been reported. 
Rarely patients may develop an interstitial pneumonitis or fulminant 
hepatic failure. 

Trials of thalidomide in combination with cytotoxic drugs or bio- 
logics originally disclosed some unexpected toxicities.’ Thalidomide 
in combination with doxorubicin or with prednisone is associated with 
an increased incidence of thromboembolism, a complication that can 
be prevented by concurrent treatment with low-molecular-weight hep- 
arin or aspirin.‘ Because of its teratogenicity, patients of childbearing 
age should take precautions to prevent pregnancy while on therapy. 
In trials of thalidomide and interferon against renal cell carcinoma, in 
which high doses of interferon (9 million IU subcutaneously three times 
per week) were used, four of 13 patients developed complex partial sei- 
zures and visual disturbances.” Two of 19 patients on thalidomide with 
low-dose interferon (1.5 to 3 million IU three times weekly) developed 
complex partial seizures in a trial against melanoma. 

In the United States, thalidomide and its analogues are approved 
for use under a special risk evaluation and mitigation strategy (REMS), 
with restricted pharmacy access and a special consent form, to assure 
that pregnant women are not given these agents. 

The analogue, lenalidomide, with significant activity against mye- 
loma, causes much less sedation, constipation, and neurotoxicity, but 
prominent myelosuppression in 20 percent of patients. It is proving to 
be highly effective in remission induction with bortezomib and predni- 
sone or with prednisone alone. Used in oral doses of up to 25 mg/day 
for 21 of 28 days, it is dramatically effective in normalizing hematologic 
parameters in the subset of patients with myelodysplasia who have a 
5q- deletion on cytogenetics. A gene expression profile characteristic 
of lenalidomide responders has been reported.” Lenalidomide pro- 
duces dramatic tumor swelling (tumor flare reaction) and tumor lysis in 
patients with CLL, a potentially fatal complication, even in patients with 
disease refractory to conventional agents. In CLL, it is equally effective 
in patients with poor prognostic cytogenetics (chromosomes 11 and 
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17 deletions). It must be started in low doses (beginning at 2.5 to 5 mg/ 
day and escalating thereafter) to avoid tumor flare reaction and renal 
failure.” It has rarely been associated with severe hepatic and renal 
toxicity. 

Like thalidomide, lenalidomide in combination with anthracy- 
clines or glucocorticoids causes a 15 percent incidence of thrombotic 
events, and in these combinations should be administered with low-mo- 
lecular-weight heparin, although prospective trials of anticoagulation 
are lacking.'*° 

Pomalidomide’s prominent toxicity is neutropenia in 50 to 60 per- 
cent of patients, and thrombocytopenia in 25 percent. It has little sedat- 
ing effects and causes neuropathy in 10 percent or fewer subjects. It is 
highly active in relapsed, refractory myeloma and particularly in com- 
bination with various agents, including dexamethasone and proteasome 
inhibitors, such as bortezomib and carfilzomib. Rare toxicities include 
thromboembolism (3 percent) and isolated cases of hepatic failure.!® 


@ DIFFERENTIATING AGENTS 


Certain chemical agents have the ability to cause terminal differentia- 
tion (maturation) of malignant cells. The most prominent among 
these are members of the vitamin A family (carotenes and retinoids), 
vitamin D and its analogues, phenylacetic acid, various cytotoxic agents 
used in low concentrations (such as hydroxyurea), inhibitors of DNA 
methylation such as 5-azacytidine and 5-aza-2’-deoxycytidine or decit- 
abine, and inhibitors of histone deacetylase, exemplified by vorinostat, 
depsipeptide, and various benzamides.'* In addition, biologic agents 
such as the interferons and interleukins induce terminal differentiation 
of both malignant and normal cells, but the role of terminal differenti- 
ation in the anticancer action of these drugs in humans is uncertain, as 
they have multiple biologic effects. 


RETINOIDS 


As the first effective terminal differentiating agent in cancer therapy, 
ATRA induces complete responses in a high percentage of patients with 
APL, and has become a standard member of the combination regimen 
for treatment and cure of this disease. ATRA acts through binding 
to a nuclear receptor formed by the heterodimerization of the retin- 
oic acid receptor-@ (RAR«) and its partner, the retinoid X receptor. In 
APL, an abnormal fusion protein, composed of portions of the RARa 
and a unique transcription factor (the PML gene product), results from 
the characteristic 15;17 chromosomal translocation found in this dis- 
ease.’ The fusion protein has a lower affinity for retinoids than does 
the wild-type molecule. High concentrations of retinoids are required 
to displace a corepressor bound to the protein, and activate key differen- 
tiation factors such as CCAAT/enhancer binding protein (C/EBP) and 
PU.1.'% The fusion protein forms a variety of homo- and heterodimers 
that regulate genes and increase leukemic stem cell renewal, and sup- 
press apoptosis and DNA repair, further contributing to progression of 
leukemia. In experimental settings, resistance to ATRA differentiating 
activity results from mutation or loss of retinoid binding in the PML- 
RARa fusion gene, indicating that the fusion gene product plays a role 
in retinoid responsiveness, and sensitivity can be restored by transfec- 
tion of a functional RARa« gene.'*” 

ATRA is administered to APL patients in oral doses of 25 to 45 mg/ 
m? per day until complete remission is achieved and reaches peak serum 
levels of 300 ng/mL 1 to 2 hours after administration." It is also used in 
remission maintenance, with 6-MP, methotrexate, or ara-C. The parent 
drug disappears from serum with a half-life of less than 1 hour during 
the initial course of treatment, but its rate of clearance greatly acceler- 
ates with continued treatment, a factor that may contribute to resistance 


to ATRA therapy. Induction of CYP26Al-mediated metabolism is 
suspected to underlie this accelerated clearance, and may account for 
the high rate of disease recurrence if ATRA is used as a single agent.’ 
The primary toxicities of ATRA resemble those of other retinoids and 
vitamin A, specifically dry skin, cheilitis, mild and reversible hepatic 
dysfunction, bone tenderness and hyperostosis on radiography, hyper- 
calcemia, hyperlipidemia, and occasional cases of pseudotumor cerebri. 
Imidazole antifungals block the degradation of ATRA and may lead to 
hypercalcemia and renal failure. In addition, approximately 15 percent 
of patients with APL, particularly those with an initial leukemic cell 
count greater than 5000/uL, develop a syndrome of hyperleukocytosis, 
fever, altered mental status, pleural and pericardial effusions, and respi- 
ratory failure (the “retinoic acid syndrome”). Hyperleukocytosis and 
leukocyte adherence to small vessels results from a rapid increase in the 
number of mature leukemic cells in the blood and from the increased 
expression of integrins on the leukemic cell surface and secretion of 
cytokines in response to ATRA. In patients with white blood cell counts 
above 20 x 10° cells/wL, pleural and pericardial effusions and periph- 
eral edema develop rapidly, and respiratory distress, cardiac failure, and 
renal insufficiency may lead to death. Anecdotal reports indicate that 
high-dose glucocorticoids reverse this syndrome, which is mediated 
by leukocyte adhesion and clogging of small vessels and/or by cytok- 
ine release.’*! The early introduction of cytotoxic chemotherapy during 
remission induction, and the use of dexamethasone sodium phosphate 
(10 mg twice daily for 3 or more days in patients with initial leukemic 
counts of greater than 5000 cells/L), drastically lower the incidence of 
the syndrome and improve the safety of ATRA therapy. 


ARSENIC TRIOXIDE 


In the 1930s, arsenic was used to treat CML and other malignancies with 
little effect. Based on further clinical trials of arsenic trioxide (As,O,) in 
Harbin, China, in 1992, it resurfaced as an impressively effective treat- 
ment for relapsed APL, and appears to also be active against myeloma 
and myelodysplasia.'”’ Its mechanism of action probably stems from its 
ability to promote free radical production.” It inhibits the detoxification 
of free radicals and inactivates glutathione, an important radical scaven- 
ger.'*4 It promotes degradation of the PML-RARa fusion protein, and 
upregulates p53 and proapoptotic proteins. The cumulative effect is to 
induce maturation and promote apoptosis in APL cells. In addition, it 
has antiangiogenic effects. The sum of these actions is potent antitumor 
activity in some but not all tumor cells. In APL patients refractory to 
ATRA and conventional chemotherapy, it produces strikingly durable 
complete responses, and is therefore under study as a part of primary 
treatment regimens for this disease. 

Patients are treated with a 2-hour intravenous infusion of 
0.15 mg/kg day for up to 60 days, or until marrow remission is achieved, 
with further consolidation therapy beginning 3 weeks after remission. 
Remissions appear in 2 to 3 months with evidence of leukemic cell dif- 
ferentiation and a progressive blood leukocytosis after 2 weeks of ther- 
apy.'”° Side effects of arsenic trioxide in APL may include hyperglycemia, 
elevated liver enzymes, and hypokalemia, none of which require discon- 
tinuation of therapy. Occasional patients complain of fatigue, dysesthe- 
sias, and lightheadedness. A pulmonary distress syndrome, similar to 
that encountered with APL cell maturation after ATRA therapy, occurs 
in approximately 10 percent of patients, and is managed with glucocor- 
ticoids, oxygen, and temporary withholding of arsenic trioxide. Arsenic 
trioxide prolongs the cardiac QT interval, and uncommonly produces 
atrial or ventricular arrhythmias; it is important to maintain serum 
potassium at normal concentrations during arsenic trioxide therapy, 
and to avoid use of other drugs that prolong the QT interval, such as 
macrolide antibiotics, methadone, or quinidine. 
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Torsade de pointes occurs infrequently during arsenic trioxide 
treatment, but requires immediate treatment with intravenous magne- 
sium sulfate, potassium repletion, and defibrillation if the arrhythmia 
and hemodynamic instability persist.'°” 

A maximum plasma concentration of 5.5 to 7.3 uM was achieved 
in the initial studies from China, and small amounts of drug and the 
methylated metabolite are eliminated in the urine, the rest remaining 
in tissues.’ 


@ EPIGENETIC AGENTS 
DEMETHYLATING AGENTS 


DNA methyltransferases (DNMTs) regulate transcription by meth- 
ylating CpG promoter regions of DNA and thereby silencing gene 
expression. Mutations associated with AML, including isocitrate dehy- 
drogenase 1 and 2 (IDH1 and IDH2) mutations, TET2, and mutations 
that activate DNMT, result in increased DNA methylation. Hyper- 
methylation blocks differentiation and drives cellular proliferation. 
Two DNA demethylating agents, azacitidine and decitabine, have been 
approved for treatment of MDS. Both drugs become incorporated into 
DNA, substituting for cytosine bases, and form a suicide covalent bond 
with DNMT. The two drugs differ in their activation pathways and in 
their effects on nucleic acid methylation. Decitabine is phosphorylated 
by dCK whereas azacitidine is activated by cytidine kinase. Decitabine 
nucleotide is incorporated only into DNA, while azacitidine is found 
in both RNA and DNA. The clinical response to these drugs has not 
been correlated with either global changes in DNA methylation or with 
methylation of specific genes. Indeed, while traditional thinking has 
taught that DNA methylation invariably leads to gene silencing, newer 
studies have demonstrated that many actively transcribed genes have 
high levels of DNA methylation and that the tissue context and specific 
patterns of methylated DNA may play an important role in determining 
transcriptional activity.” 

Azacitidine received FDA approval for therapy of MDS on the 
basis of reported improvement in Hgb, white cells, or platelets, delayed 
progression to AML, improved quality of life, and improved overall sur- 
vival.” In a more recent four-arm phase III trial in higher-risk MDS 
patients, azacitidine was compared with best supportive care, low-dose 
ara-C, or induction chemotherapy with anthracycline and ara-C. The 
median overall survival was 24.5 months in the azacitidine arm com- 
pared with 15 months for the other arms.” 

Decitabine was approved on the basis of a 30 percent overall hema- 
tologic response rate in MDS patients.” For those with intermediate- 
or high-risk disease, time to AML or death was significantly delayed, 
but there is no improvement as yet in overall survival with this drug.” 
While the two agents have not been compared head to head in MDS, a 
meta-analysis showed a significant overall survival benefit versus sup- 
portive care only for azacitidine.™ A retrospective review found no 
significant difference in efficacy between the two compounds except in 
patients older than 65 years of age, for whom azacitidine resulted in 
improved survival and a more favorable toxicity profile. 

Both agents increase HgbF levels in sickle cell anemia and thalas- 
semia, and reduce symptomatic episodes, but have been superseded by 
hydroxyurea for this indication. 

Azacitidine is approved for parenteral or subcutaneous adminis- 
tration at 75 mg/m/’/day for 7 days every 28 days, a regimen that has 
been shown to result in maximal DNA hypomethylation. A daily- 
times-five regimen appears to have similar efficacy.” The median num- 
ber of cycles needed for response is three, but 80 percent of responses 
occurred before the sixth cycle.” An oral formulation is currently 
being developed and has demonstrated activity in MDS and chronic 


myelomonocytic leukemia. The decitabine dose resulting in optimal 
hypomethylation is 20 mg/m? intravenously daily for 5 days every 4 
weeks,” although alternative schedules employing lower doses have 
been used. Dose adjustment and delays in repeat cycles may become 
necessary because of myelosuppression. 

The primary clinical toxicities of both drugs include reversible mye- 
losuppression, nausea and vomiting with higher doses, hepatic dysfunc- 
tion, myalgias, fever, and rash. Both compounds are rapidly deaminated 
and converted to a chemically unstable azauridine or aza-deoxyuridine 
metabolite that immediately degrades into inactive products.*” 

A significant portion of patients with MDS does not respond to 
demethylating agents, and all will ultimately relapse. Azacitidine is ini- 
tially phosphorylated by a different kinase (uridine-cytidine kinase) and 
so may benefit patients unresponsive to azacytidine.*” 

Clinical trials of azacytosine nucleosides with histone deacetylase 
(HDAC) inhibitors have demonstrated promising results in phase I tri- 
als in MDS and AML.” Second-generation hypomethylating agents 
are currently in clinical trials and hold the promise of more convenient 
dosing schedules and improved toxicity profiles.” 


HISTONE DEACETYLASE INHIBITORS 


Histone acetylation is an important determinant of gene expression and 
is regulated by the addition and removal of acetyl groups from lysine 
amino acid residues on histones. The removal of acetyl groups facilitates 
chromatin compaction thereby decreasing gene expression and is medi- 
ated by HDACs. The four classes of HDACs are differentially expressed. 
HDACs 1 to 3 are overexpressed in many cancer types. Overexpression 
of these HDACs is associated with repression of tumor suppressor and 
DNA repair genes, and confers a poor prognosis.”**° HDAC inhibitors 
reverse these changes. They maintain chromatin acetylation and decom- 
paction and promote expression of tumor-suppressor genes, thereby 
inducing terminal differentiation and apoptosis of tumor cells. Inter- 
estingly, HDACs may paradoxically play a role as tumor suppressors as 
well, as knockout models in mice exhibit spontaneous tumorigenesis 
through a p53-mediated mechanism.*!°?!! HDACs deacetylate multi- 
ple nonhistone proteins, including p53 and members of the DNA repair 
complex, but these actions have uncertain significance. 

Three HDAC inhibitors are approved for clinical use: vorinostat 
and romidepsin. Vorinostat is a hydroxamic acid derivative, whereas 
romidepsin is a natural product produced by Chromobacterium vio- 
laceum. Both HDAC inhibitors block the zinc-dependent enzymatic 
activity of these HDACs and work predominantly against class 1 
HDACs (HDACs 1 to 3).?" In lymphoma cells, romidepsin was able to 
overcome the prosurvival effects of BCL-2 whereas vorinostat was not. 

HDAC inhibitors are active in cutaneous T-cell lymphoma. Pabi- 
nostat was recently approved, in combination with bortezomib and dex- 
amethasone, for relapsed multiple myeloma. Romidepsin is useful against 
peripheral T-cell lymphoma. FDA approval of vorinostat was based upon 
an overall partial response rate of 30 percent and a median response dura- 
tion of 168 days in patients with cutaneous T-cell lymphoma who had 
progressed on at least two prior regimens.’’* Romidepsin was approved 
for use in cutaneous T-cell lymphoma as well after clinical trials demon- 
strated an overall response rate of 34 percent, including 7 percent com- 
plete responses in previously treated patients.’ 

Romidepsin is approved for use in patients with who have received 
at least one prior therapy.” In these patients it achieved objective 
response rates of up to 38 percent. The median progression free survival 
for the 15 percent of patients in complete remission was 29 months.7!>?!6 

Vorinostat is administered orally at 400 mg/day. It is predominantly 
cleared by glucuronidation and side change oxidation by cytochrome 
metabolism, and should be dose reduced to 300 mg/day for mild and 


Chapter 22: Pharmacology and Toxicity of Antineoplastic Drugs 


moderate hepatic impairment. It is contraindicated in patients with 
severe hepatic impairment.’” It has a plasma half-life of 2 hours, although 
histones remain hyperacetylated for many hours. Renal elimination does 
not play a major role in the drug's clearance.” Romidepsin is admin- 
istered as a 4-hour intravenous infusion of 14 mg/m? on days 1, 8, and 
15 of a 28-day treatment cycle. A dose reduction to 10 mg/m? is possi- 
ble in patients who experience high-grade toxicities.” Romidepsin is 
metabolized primarily by CYP3A4 and by glucuronidation, and is rapidly 
cleared with a short half-life of approximately 3.5 hours. Asian patients 
with the 2B57 genotype of uridine diphosphate (UDP)-glucurony]l trans- 
ferase may experience delayed clearance and increased toxicity. 

Both HDACsare generally well tolerated. The most common adverse 
events for vorinostat are diarrhea, fatigue, nausea, and anorexia, and lab- 
oratory abnormalities including, hyperglycemia, thrombocytopenia, and 
proteinuria.’ For romidepsin, nausea, vomiting, infection, fatigue, and 
myelosuppression were the primary toxicities.” Significant QTc prolon- 
gation and T-wave flattening but the electrocardiogram (ECG) changes 
were not associated with clinical cardiotoxicity. Still, it is important to 
ensure electrolyte levels are normalized prior to and throughout therapy. 

Multiple newer HDACs have been extensively tested in clinical 
trials, although none has proven superior to vorinostat or romidepsin. 
One new agent, panobinostat, has demonstrated promising results in 
phase II trials against cutaneous T-cell lymphoma, Hodgkin lymphoma, 
and Waldenström macroglobulinemia.”” 


FUTURE EPIGENETIC TARGETS 


Isocitrate Dehydrogenase 2 Inhibitors 

Isocitrate dehydrogenase (IDH) is a metabolic enzyme that converts 
isocitrate to a-ketoglutarate (wKG) (Fig. 22-6), a cofactor in dioxyge- 
nase reaction that precedes demethylation of histones and the DNA. 
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Figure 22-6. Isocitrate dehydrogenase (IDH) mutations produce 
2-hydroxyglutarate (2HG), an inhibitor of demethylation reactions. 
The R-isomer of 2HG activates FGLN] gene encoded enzymes, prolyl 
hydroxylases, which, in turn, activate the ubiquitination and degrada- 
tion of hypoxia inducible factors (HIFs). (Reproduced with permission from 
Schulze A, Harris AL: How cancer metabolism is tuned for proliferation and 
vulnerable to disruption. Nature 491(7424):364-373, 2012.) 


Certain cancers, including subsets of AML, gliomas, intrahe- 
patic cholangiosarcomas, breast and lung cancers, and central chon- 
drosarcomas harbor IDH1/2 mutations that confer a gain of function. 
These mutated enzymes (commonly mutated at arginine 132 of IDH1 
or arginine 170 of IDH2) convert aKG to the oncometabolite (R)-2- 
hydroxyglutarate (2HG). High concentrations of 2HG inhibit histone 
and DNA demethylation by competing with the dioxygenase function 
of the TET family of enzymes and Jumonji-C domain (JMJC) family of 
histone lysine demethylases. The result of IDH mutations is hypermeth- 
ylation of both DNA and histones and a block in differentiation.” IDH1 
or IDH2 mutations are present in 25 percent of AML where they confer 
a favorable prognosis. At the same time, IDH mutations in MDS and 
other myeloproliferative neoplasms may place patients at an increased 
risk for transformation to AML.” High levels of 2HG are measurable 
in plasma and urine in patients with IDH mutations, and may serve as a 
sensitive measure of treatment response and may reflect the presence of 
minimal residual disease.*” 2HG in IDH mutant solid tumors may also 
be imaged by magnetic resonance imaging (MRI) spectroscopy. 

Small molecule inhibitors of IDH mutant enzymes have been 
identified. One such inhibitor binds at the dimer interface in an allosteric 
fashion and exhibits uncompetitive inhibition of mutant IDH2, with 
great specificity for mutant IDH2 as compared to the wild-type enzyme. 
Mutant AML cells cultured ex vivo in the presence of these inhibitors 
undergo differentiation.” 

An oral formulation of the mutant IDH2 inhibitor has shown 
promising remission-inducing activity in its initial clinical trial.” 


DOT1L Inhibitors 

Histone methylation also plays a role in transcriptional regulation. 
Histone methylation leads to exposure of DNA promoter sites, with 
effects on gene expression. DOTIL, a histone methyltransferase, 
catalyzes the hypermethylation of specific lysine residues on histone 
H3 (H3K79), and thereby regulates RNA polymerase II-mediated tran- 
scriptional elongation. In leukemias characterized by translocations 
involving the MLL gene, fusion proteins are created that recruit DOT1L 
to transcription factor (HOXA9 and MEIS1) promoter sites, resulting 
in leukemogenesis. MLL translocations are seen in 5 to 10 percent of 
acute leukemias of lymphoid, myeloid, or mixed/indeterminate lineages 
and are especially common in infant acute leukemias and secondary 
AML induced by Topo II inhibitors." An aminonucleoside DOTIL 
inhibitor has entered clinical trials. It occupies the S-adenosyl-L-methi- 
onine (SAMe) binding pocket of DOT1L and induces conformational 
changes, thereby contributing to high-affinity binding and specificity of 
the inhibitor. 

Preclinical data demonstrate nanomolar antiproliferative activity 
specific for MLL-rearranged cell lines, and in a rat xenograft model of 
MLL-rearranged leukemia, addition of the inhibitor led to complete 
tumor regression. Based upon these preclinical data, the DOT 1L inhib- 
itor has recently entered clinical trials in relapsed/refractory patients 
with leukemia involving the translocation of the MLL gene at 11q23 
(NCT01684150).”” 


Enhancer of Zest Homologue 2 Inhibitors 

Enhancer of zest homologue 2 (EZH2) is the catalytic subunit of the 
polycomb repressive complex 2 (PRC2), and methylates lysine K-27 
on histone H3 as well as other nonhistone targets. Monoallelic point 
mutations in EZH2 lead to increased catalytic activity and hyperdim- 
ethylation or hypertrimethylation of H3K27 with concomitant tran- 
scriptional repression of DNA-damage response pathways in germinal 
center diffuse large B-cell lymphoma and follicular lymphoma.” The 
Y641 residue is most commonly mutated with up to 22 percent of ger- 
minal center diffuse large B-cell lymphoma and 10 percent of follicular 
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lymphoma harboring the mutation.” Interestingly, loss-of-function 
mutations of EZH2 in myeloid malignancies confer a worse prognosis, 
suggesting that EZH2 may act either as an oncogene or as a tumor sup- 
pressor depending on context and site of mutation. 

EZH2 inhibitors have been identified through high-throughput 
biochemical assays using mutant EZH2 with the PRC2 complex and 
histone substrates. Preclinical data demonstrate increased EZH2 inhibitor 
selectivity for cell lines carrying activating EZH2 mutations. In mouse 
models with subcutaneous xenografts of diffuse large B-cell lymphoma 
cell lines harboring EZH2 activating mutations, marked tumor regres- 
sion was observed. Based upon these results, EZH2 inhibitors are now 
in early phase 1 and phase 2 clinical trials in patients with relapsed and 
refractory diffuse large B-cell lymphoma with EZH2 mutations. 


Bromodomain and Extraterminal Inhibitors 
The class of bromodomain and extraterminal (BET) family of proteins 
couple histone acetylation with transcriptional activation by recogniz- 
ing acetylated lysine residues in histones and recruiting members of 
the pTEF-b complex to promoters.”° BET proteins also interact with 
nonhistone acetylated proteins including p53. BET inhibitors selectively 
bind to the high conserved bromodomains of the BET proteins thereby 
inhibiting their ability to bind acetylated lysine residues within histones. 
Preclinical data? with BET inhibitors demonstrate activity in both 
myeloma and AML, particularly in cell lines containing MLL fusion 
proteins or mutant NPM1c+. BET inhibitors induce early cell-cycle 
arrest and apoptosis via inhibition of c-MYC and other downstream 
targets.” Survival benefits have also been seen in MLL mouse mod- 
els. HDAC and BET inhibitors act synergistically by maintaining both 
histone lysine residues and p53 in an acetylated state thereby inducing 
greater reliance on BET mediated transcription.” Based upon these 
results the first BET inhibitors have entered early phase clinical trials.” 


@SMALL MOLECULES WITH SPECIAL 
MOLECULAR TARGETS 


BCR-ABL TYROSINE KINASE INHIBITORS 


The era of targeted cancer therapy was pioneered in the treatment of 
CML with imatinib mesylate. This carefully designed compound is an 
inhibitor of ABL tyrosine kinase activity and particularly efficacious 
against the mutant ABL characteristic of the BCR-ABL fusion protein. 
This protein is a result of the translocation t(9;22)(q24,q11.2), also known 
as Philadelphia chromosome, a transforming genetic event, which pro- 
duces growth factor independent proliferation and sensitizes affected 
leukemic cells to inhibition with imatinib and other tyrosine kinase 
inhibitors (TKIs).’*° Imatinib was selected for clinical study by scientists 
at Ciba-Geigy (later Novartis) based on a high-throughput screen for 
kinase inhibition and was the first drug of this class approved in 2001 
for the treatment of CML based on the large phase III International 
Randomized Study of Interferon and STI571 (IRIS) trial, which showed 
induction of durable remissions in a large proportion of patients.”!”” 
Since then the three additional second-generation agents dasatinib, 
nilotinib and bosutinib, as well as the third-generation TKI pona- 
tinib, have been approved for imatinib-refractory or intolerant patients 
(Table 22-5). Another non-TKI agent, omacetaxine is approved for 
patients with resistance or intolerance to two or more TKIs.”** 


Mechanism of Action 

Imatinib, nilotinib, dasatinib, bosutinib, and ponatinib (Fig. 22-7) are 
all inhibitors of the BCR-ABL kinase, as well as the c-KIT kinase” and 
the platelet-derived growth factor receptor (PDGFR) kinase. The c-KIT 


kinase is the target for imatinib in the treatment of gastrointestinal stro- 
mal tumors,” while activating mutations of PDGFR are the target of 
inhibition in the treatment of hypereosinophilia syndrome,”** chronic 
myelomonocytic leukemia,” MDS with PDGFR rearrangement’ ^ 
and dermatofibrosarcoma protuberans.” Dasatinib and ponatinib also 
inhibit the Src family kinases, an important secondary target in CML.” 
Dasatinib (inhibiting growth by concentration 50 percent [IC,,] = 
<1 nM), nilotinib (IC,, = <20 nM), bosutinib (IC,, = <1 nM), and 
ponatinib (IC,, = <1 nM and 10 nM for T315I) are more potent inhib- 
itors of BCR-ABL compared to imatinib (IC,, = 100 nM). Crystallo- 
graphic and mutagenesis studies indicate that imatinib and nilotinib 
bind to a segment of the BCR-ABL tyrosine kinase domain that fixes 
the enzyme in a closed or inactive state, in which the protein is unable 
to bind its substrate, ATP? The contact points between imatinib 
and the enzyme become sites of mutations in drug-resistant leukemic 
cells, preventing tight binding of the drug and locking the enzyme in its 
active configuration, in which it has access to substrate. Nilotinib has 
been modified to overcome a number of resistance mutations to ima- 
tinib.°4!78-* Dasatinib is unique in that it is able to bind BCR-ABL 
in both the active and inactive configuration, which may be one of the 
mechanisms that allows it to overcome resistance.”” Importantly, pona- 
tinib is the only agent with significant activity against the most common 
resistance mutation T315I, a gatekeeper mutation that prevents other 
TKIs from binding to the ATP binding site of BCR-ABL.*° 


Clinical Pharmacology 

The BCR-ABL kinase inhibitors are all well absorbed by the oral route 
and subject to clearance by hepatic CYP3A4 metabolism. The absorp- 
tion of dasatinib and ponatinib is pH-dependent and may be affected 
by the use of H, blockers and proton pump inhibitors. The absorption 
of bosutinib may be impaired by concomitant magnesium intake. The 
bioavailability of nilotinib is increased if taken with meals and therefore 
should be taken on an empty stomach. Clearance of imatinib is delayed 
in patients with renal dysfunction, apparently as a result of decreased 
P450 activity in the presence of renal failure. Limited data indicate that 
imatinib penetrates poorly into the cerebrospinal fluid, achieving con- 
centrations of 1 percent of simultaneous drug levels in the systemic cir- 
culation.” There are no data about the penetration of other BCR-ABL 
inhibitors in the cerebral spinal fluid. 

All FDA-approved BCR-ABL inhibitors are more than 94 percent 
protein bound, largely by æ -acid glycoprotein, a binding protein pres- 
ent in higher concentrations in humans than in mice.” Thus, therapeu- 
tic studies in mice may overpredict drug activity. a,-Acid glycoprotein 
concentrations vary over a fourfold range in human subjects, and total 
drug concentrations in plasma appear to be a function of a,-acid glyco- 
protein levels. Drugs that compete for binding sites with a,-acid glyco- 
protein, such as clindamycin, displace imatinib mesylate from binding 
to a,-acid glycoprotein and, in mice, increase the concentration of drug 
found in cells. 

There is significant variability among different BCR-ABL inhibitors 
with regard to their bioavailability. Imatinib has the highest bioavail- 
ability (98 percent), followed by bosutinib (23 to 64 percent), nilotinib 
(50 percent), and dasatinib (14 to 34 percent), while the bioavailability 
is unknown for ponatinib. 

Despite their unparalleled benefit in the treatment of patients with 
CML and other malignancies, resistance to TKIs represent a major 
limitation. Although there are multiple mechanisms of resistance, one 
can divide resistance to TKIs into two general categories: primary resis- 
tance, which refers to a de novo lack of response to a drug, and second- 
ary (acquired) resistance, in which resistance to a drug emerges after 
a period of drug response. The most important and most frequently 
found resistance mechanisms to TKIs are point mutations in three 
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TABLE 22-5. Tyrosine Kinase Inhibitors in Treatment of Chronic Myelogenous Leukemia 


Unique Mechanism Drug 
Targets Pharmacokinetics ofClearance Half-Life Dosing Interactions Toxicity 
Imatinib | BCR-ABL, c-Kit, 98 percent Hepatic; 18hours Once daily at CYP3A4 inducers Dose-related fluid 
platelet-de- bioavailability; dose adjust- 400-800 mg (dexamethasone, retention, heart 
rived growth transport via OCT-1 ments for phenytoin, car- failure, hepatotox- 
factor receptor severe bamazepine, etc.) icity, nausea and 
(PDGFR) hepatic CYP3A4 inhibi- vomiting, diarrhea, 
and renal tors (aprepitant, abdominal pain, 
impairment clarithromycin, skin reactions, 
itraconazole, etc.) ™yelosuppression 
Dasatinib BCR-ABL, c-Kit, pH-dependent Hepatic 3-5 hours Once daily CYP3A4 inducers Fluid retention 
PDGFR, Src absorption at 100 mg or (dexamethasone, (>20%) including 
family kinases twice daily at phenytoin, car- pleural and pericar- 
70 mg bamazepine, etc.) dial effusions, heart 
CYP3A4 inhibi- failure, hepatotox- 
tors (aprepitant, icity, nausea and 
clarithromycin, vomiting, diarrhea, 
itraconazole, etc.) abdominal pain, 
> skin reactions, mye- 
Antacids, H, losuppression, QT 
blockers, proton Prolongation (in 
pump inhibitors Vitra), hypocalcemia, 
hypophosphatemia 
Nilotinib BCR-ABL, c-Kit, Increased bioavail- Hepatic 17hours Twice dailyat CYP3A4inducers Fluid retention, heart 
PDGFR ability if taken with 400 mg (dexamethasone, failure, hepatotox- 
food phenytoin, car- icity, nausea and 
bamazepine, etc.) vomiting, diarrhea, 
CYP3A4 inhibi- abdominal pain, skin 
tors (aprepitant,  "eactions, myelosup- 
clarithromycin, pression, QT prolon- 
itraconazole, etc.) gone a 
ypophosphatemia, 
Drugs that elevated serum lipase 
prolong the QT and amylase 
interval 
Bosutinib BCR-ABL,SRC, Absorption maybe Hepatic; 22hours Once daily at CYP3A4 inducers Myelosuppression, 
LYN, HCK affected by magne- dose adjust- 500-600 mg (dexamethasone, skin reactions, 
sium intake ments for phenytoin, car- QT prolongation, 
severe bamazepine, etc.) Fluid retention, 
hepatic CYP3A4 inhibi- diarrhea, hypoph- 
and renal tors (aprepitant, Osphatemia, hyper-/ 
impairment clarithromycin, hypomagnesemia 
itraconazole, etc.) 
Antacids, H, 
blockers, proton 
pump inhibitors 
Ponatinib BCR-ABL pH-dependent Hepatic 24hours Once daily at CYP3A4 inducers Arterial thrombo- 
(including absorption 30-45 mg (dexamethasone, sis, hepatotoxicity, 
T3151), VEGFR, phenytoin, car- gastrointestinal 
PDGFR, FGFR, bamazepine, etc.) perforation, wound 
SRC, KIT, RET, CYP3A4 inhibi- healing complica- 
TIE-2, FLT-3 tions, hemorrhage, 


tors (aprepitant, 
clarithromycin, 
itraconazole, etc.) 
Ponatinib is 

an inhibitor 

of ABCG2 and 
P-glycoprotein 


myelosuppression, 
cardiac arrhythmias, 
pancreatitis 
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Figure 22-7. BCR-ABL tyrosine kinase inhibitors. 


different segments of the kinase domain leading to inability of the drug 
to effectively inhibit the BCR-ABL kinase activity.” The most common 
mutations associated with clinical resistance affect amino acids 255 and 
315, both of which serve as contact points; these mutations confer high- 
level resistance to imatinib and nilotinib. There is variable efficacy of 
different BCR-ABL inhibitors to particular resistance mutations. For 
example, dasatinib can bind to both the active and inactive conforma- 
tion and can overcome resistance to substitution at 255 but not 315.74250 
Nilotinib has good activity against most resistance mutations, but lacks 
activity against substitutions at 255 and 315. Of all approved TKIs, 
ponatinib is the only agent with activity against the gatekeeper mutation 
T315L Ina phase II trial of heavily pretreated patients with Philadelphia 
chromosome positive leukemias, including those who failed dasatinib 
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or nilotinib and with T315I mutations, ponatinib produced major cyto- 
genetic responses in more than half of the patients.” 

Mutations also affect the phosphate-binding region and the “acti- 
vation loop” of the domain with varying degrees of associated resis- 
tance. Some mutations, such as at amino acids 351 and 355, confer low 
levels of resistance to imatinib, while these tumor cells remaining sen- 
sitive to higher imatinib doses and also sensitive to both nilotinib and 
dasatinib.*'**' This may explain the clinical response of some resistant 
patients to dose escalation of imatinib. 

Some kinase mutations known to cause drug resistance may be 
present at low allelic frequencies prior to initiation of therapy. Malig- 
nant cells carrying these mutations may grow out under the pressure 
of drug and are therefore detected at higher rates after drug exposure. 
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This observation was made particularly in patients with Philadelphia 
chromosome-positive ALL or with CML progressing to blastic cri- 
sis *53 and strongly supports the hypothesis that drug-resistant cells 
arise through spontaneous mutation, and are further selected by drug 
exposure. 

The site of the resistance mutation has predictive and prognostic 
implications. Among CML patients, mutations are detectable in some 
patients receiving imatinib, including one-third of those undergo- 
ing treatment in the accelerated phase and in late (longer than 4 years 
from diagnosis) chronic phase CML.’ Most patients with mutations 
demonstrate clinical resistance at the time a mutation is detected, or 
shortly thereafter. Prior to the development of second generation TKIs, 
mutations involving the phosphate binding loop were associated with 
rapid disease progression and death within a median of 4.5 months. The 
availability of highly active second- and third-generation TKIs that are 
effective against all known kinase mutations resulted in improved dis- 
ease control and overall survival in these patients.*">+** As first-line 
agents, nilotinib and dasatinib are similarly effective, demonstrating 
high rates of progression free survival and overall survival. The choice of 
a second-line TKI depends on disease and patient characteristics as well 
as the side-effect profile of the different agents. For example, currently, 
there is no alternative to ponatinib for CML with T3151 mutation. 
In patients with targeted CHF or pleural effusions, dasatinib should 
be avoided given high rate of pleural effusions in up to 35 percent of 
patients. These patients should be given nilotinib or bosutinib instead. 
In patients with severe diabetes or a history of pancreatitis, one should 
avoid nilotinib and choose another second-generation TKI when pos- 
sible. Patients who fail two or more TKIs, including those with T315I 
mutation, may also respond to omacetaxine mepesuccinate, a cytotoxic 
natural product that was FDA approved.*® 

In addition to kinase mutation, amplification of the wild-type 
kinase gene, leading to overexpression of the enzyme, has been iden- 
tified in tumor samples from a few patients with resistance to treat- 
ment.” The MDR gene, which codes for a drug efflux protein, confers 
resistance to imatinib experimentally’; thus far this mechanism has 
not been implicated in clinical resistance. In addition to efflux mecha- 
nisms, influx mechanisms may also play an important role. Recent stud- 
ies indicate that imatinib but not nilotinib or dasatinib is taken into cells 
via the organic cation transporter-1 (OCT1) and that downregulation of 
this pathway may confer resistance.” 

Not all resistance is explained by kinase amplification or muta- 
tion, or by pharmacokinetic factors. There is a growing awareness of the 
appearance of mutant Philadelphia chromosome-negative clones carry- 
ing the karyotype of myelodysplastic cells in patients receiving imatinib 
for CML, and a few cases of progression to MDS and AML have been 
reported.*"*! Ongoing research into novel agents for resistant CML 
includes evaluation of HDAC inhibitors, heat shock protein inhibitors, 
and targeted therapies of alternative pathways. 


Adverse Effects 

Imatinib, dasatinib, nilotinib, and bosutinib have modest toxicity. All 
cause low levels of gastrointestinal distress, including nausea and vom- 
iting. Significant diarrhea occurs more frequently with use of imatinib 
and bosutinib. All can promote fluid retention resulting in peripheral 
edema and pleural effusions, with dasatinib causing significantly more 
edema than the other drugs of this class.*?* Although all agents cause 
rashes, imatinib and bosutinib tend to promote more-severe (grades III/ 
IV) rashes in up to one-third of patients. Mild elevation of transami- 
nases is seen with all BCR-ABL inhibitors, but more-severe elevation 
with bosutinib. Bilirubinemia is a rather uncommon adverse effect but 
it is frequently observed with use of nilotinib. Dasatinib and nilotinib 
cause a prolongation of the QT interval that is not seen in patients 


receiving other TKIs. Other nonhematologic adverse effects include 
hypophosphatemia (primarily dasatinib and nilotinib), muscle pain, 
pancreatitis, and weight gain (particularly imatinib). All agents can 
induce neutropenia, anemia and thrombocytopenia that can require 
transfusion support, dose reduction, or discontinuation. Most nonhe- 
matologic adverse reactions are self-limited and respond to dose adjust- 
ments. After the adverse events have resolved, many times the drug may 
be retitrated back to initial dosing. Ponatinib poses a clearly increased 
risk of arterial thrombosis, and should be used with caution in patients 
with a history of myocardial infarction, angina, stroke, or peripheral 
arterial disease. 


JANUS KINASE INHIBITORS 


Myeloproliferative neoplasms (MPNs) are a group of heterogeneous 
clonal hematopoietic stem cell disorders that include CML and “BCR- 
ABL-negative” MPNs polycythemia vera (PV), essential thrombo- 
cythemia (ET), and primary myelofibrosis (PMF). A phenotypic 
characteristic of these disease is the accumulation of mature-appearing 
myeloid cells. The majority of patients with BCR-ABL-negative MPNs 
carry a mutation in the Janus-type tyrosine kinase (JAK) gene, the most 
common being JAKY*!7",7-*°7 Family members of the JAKs include 
JAK1 to JAK3 and TYK. Physiologically, JAK are necessary for intra- 
cellular signal transduction of receptors that have no intrinsic tyrosine 
kinase activity, such as receptors for erythropoietin (EPO), thrombo- 
poietin (TPO), and granulocyte-macrophage colony-stimulating factor 
(GM-CSF). Upon ligand binding to the receptor, JAK autophospho- 
rylation leads to binding of signal transducer and activator of transcrip- 
tion (STAT), which dimerizes with another STAT protein, translocates 
into the nucleus, and promotes transcription of STAT-responsive genes, 
which are involved in the control of cell proliferation, apoptosis, and 
cell differentiation.” The substitution mutation JAK2V°!”* is the most 
common gain-of-function alteration and occurs in 65 to 97 percent of 
cases in PV, 23 to 57 percent of cases in ET, and 34 to 57 percent of cases 
in PME”! Expression of this mutation results in ligand independent 
growth or increased sensitivity to the cytokine/growth factor. 

In 2011 the FDA approved the first specific JAK inhibitor ruxoli- 
tinib (Jakafi) for the treatment of PMF, PV, and ET. This approval was 
the consequence of two phase III trials: Controlled Myelofibrosis Study 
with Oral JAK Inhibitor Treatment (COMFORT)-I trial that investi- 
gated the activity of ruxolitinib (15 mg or 20 mg orally twice daily) ver- 
sus placebo in 309 patients with PMF, PV, or ET, and the COMFORT-II 
trial that assessed ruxolitinib versus best available therapy in 219 
patients with PMF, PV, or ET.?°°7 In the COMFORT-I trial, ruxolitinib 
produced greater than 35 percent spleen volume reduction (primary 
outcome) in 42 percent of patients at 24 weeks, improved symptom 
control, and overall survival compared to the placebo group. In the 
COMFORT-II trial 28 percent versus 0 percent of patients had greater 
than 35 percent spleen volume reduction, as well as superior reduction 
of disease-related symptoms, functionality and quality of life with mod- 
est toxicities compared to best available treatment (mostly hydroxyurea 
and glucocorticoids). 


Mechanism of Action 

Ruxolitinib inhibits all JAK kinases independent of their mutational sta- 
tus and to similar degree independent from the disease subtype. There 
is variable activity against JAK1 (IC,, = 1 nM), JAK2 (IC,, = 7.2 nM), 
TYK2 (IC,, = 9.3 nM), and JAK3 (IC,, = 98 nM), respectively. Molecular 
dynamics simulations suggest that ruxolitinib targets the ATP-binding 
site of the kinase in its active conformation.” Administration of ruxoli- 
tinib results in decreased expression of STAT responsive genes. 
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Clinical Pharmacology 

Ruxolitinib is orally administered, rapidly absorbed, and with a high 
bioavailability of at least 95 percent. It undergoes CYP3A4-dependent 
metabolism and is primarily eliminated in urine. The elimination half- 
life is approximately 3 hours. High-throughput in vitro screens identi- 
fied mutations that confer primary resistance to ruxolitinib, including 
the gatekeeper mutation M929I.*” 


Adverse Effects 

Most nonhematologic adverse effects are relatively infrequent and mild 
in nature. These include, but are not limited to, diarrhea, nausea, periph- 
eral edema, nasopharyngitis, pyrexia, arthralgia, cough, and dyspnea. 
Ruxolitinib can cause anemia and thrombocytopenia that may require 
transfusions. However, toxicity can be ameliorated with dose reduction 
or treatment interruptions and only a very small portion of patients had 
to discontinue the drug. The rate of higher-grade neutropenia was low 
(~7 percent). 


IBRUTINIB 


CLL is a slowly progressive, indolent hematologic malignancy of mature 
B lymphocytes.” For decades, alkylating agents were the mainstay 
for treatment of CLL, with modest benefit for survival. The addition 
of rituximab, an antibody directed against CD20 on B lymphocytes, 
improves survival in CLL patients.” However, subsets of patients 
with particular deletion, such as 17p13.1, have poor response to this 
treatment. Furthermore, none of the available therapies are curative.” 
Although no common driver mutation is found in CLL, Bruton tyrosine 
kinase (BTK), a downstream mediator of the B-cell receptor, appears 
to be critical for B-cell activation, proliferation, and survival. A selec- 
tive BTK inhibitor, ibrutinib, was developed and proved highly active 
in high-risk relapsed CLL. It achieved a high rate of overall (88 percent) 
and progression-free survival (75 percent) at 26 months of followup.’” 
In a subsequent phase III trial including 391 patients with previously 
treated CLL, ibrutinib was compared to ofatumumab (an anti-CD20 
antibody approved for relapsed CLL). Ibrutinib achieved a superior 
overall response rate, progression-free and overall survival.’ Based 
on these findings, ibrutinib was granted accelerated approval by the 
FDA for this indication. It has also been approved for the treatment of 
patients with mantle cell lymphoma. 


Mechanism of Action 

Ibrutinib irreversibly inhibits the BTK active site by forming a covalent 
bond with a cysteine residue. Inhibition of the BTK results in disrup- 
tion of activation of multiple downstream pathways important for B-cell 
activation, proliferation, and adhesion. 


Clinical Pharmacology 

Ibrutinib is orally administered once daily. The bioavailability has not 
been established. The half-life is 4 to 6 hours. Ibrutinib is metabolized 
in the liver primarily by CYP3A4 and only minimally cleared intact in 
urine (1 percent). No dose adjustments are required for liver or renal 
dysfunction. Dose adjustment may be necessary for patients who have 
more than grade 3 hematologic of nonhematologic adverse effect. Using 
whole exome sequencing, distinct resistance mutations were identified 
in six patients.” In five patients, a cysteine-to-serine mutation (C481S) 
at the binding site of BTK was found. Interestingly, the resulting pro- 
tein remains sensitive to ibrutinib; however, inhibition in this case is 
reversible. Three other mutations (L845F, R665W, and S707Y) found in 
two patients involving a downstream target of BTK, phospholipase y2 


(PLCy2). Currently, it is unclear whether dose escalation may overcome 
these resistance mechanisms. 


Adverse Effects 

The vast majority of adverse effects to ibrutinib are mild in nature. 
Almost half of the patients experience diarrhea, and approximately one- 
third of patients develop upper respiratory infections, cough, or fatigue. 
Other adverse effects include nausea, vomiting, constipation, pyrexia, 
rashes, edema, hypertension, and headaches. Approximately 15 percent 
of patients developed grades 3 to 4 neutropenia, dose reduction allowed 
continuation of the drug.” 


PROTEAOSOME INHIBITORS 


Bortezomib and Carfilzomib 

This class of agents targets the ubiquitin-proteasome pathway, the com- 
plex regulatory system whereby normal and malignant cells eliminate 
potentially toxic misfolded proteins and control the intracellular levels 
of important regulatory proteins.*” The importance of this pathway and 
its substrates in diverse aspects of the pathophysiology of human tumors 
creates opportunities for therapeutic interventions. The multimeric 20S 
core particle of the proteasome exhibits three distinct proteolytic activ- 
ities, namely chymotryptic, tryptic, and post-glutamyl peptide hydro- 
lytic-like activities. Both bortezomib (previously known as PS-341) 
and carfilzomib (Fig. 22-8) inhibit the chymotryptic-like activity by 
binding to the $5 subunit of the 20S core. Bortezomib, a boronic dipep- 
tide, is a reversible inhibitor of the chymotryptic-like activity, while 
carfilzomib, an epoxyketone, forms with the 85 subunit an irreversible 
adduct through two covalent bonds.” Bortezomib has potent clinical 
activity against myeloma’”~*” and other plasma cell dyscrasias, includ- 
ing amyloidosis” and Waldenström macroglobulinemia,™ and is also 
active in mantle cell lymphoma.***’*? Bortezomib induces complex 
molecular sequelae, such as decreased levels of antiapoptotic molecules 
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Figure 22-8. Bortezomib and carfilzomib. 


(including nuclear factor [NF]-«B, caspase inhibitors, and Bcl-2 fam- 
ily members).***’*” The composite outcome of these events is an irre- 
versible commitment of myeloma cells to apoptosis, as well as the 
sensitization of myeloma cells to diverse established agents (e.g., alky- 
lator% anthracyclines,” and thalidomide derivatives) or inves- 
tigational agents such as HDAC inhibitors’. As a result, bortezomib 
has been a key component of diverse antimyeloma combination regi- 
mens.” However, patients eventually develop resistance to bortezomib 
or experience sensory peripheral neuropathy,” the main dose-limiting 
toxicity for this drug. Carfilzomib and other second-generation protea- 
some inhibitors were thus developed to circumvent these limitations. In 
2012, carfilzomib received FDA accelerated approval for the treatment 
of myeloma patients relapsed and refractory to bortezomib and at least 
one thalidomide derivative.” The observation that carfilzomib can be 
active in some bortezomib-refractory cases has been attributed to the 
fact that new proteasomes must be synthesized to fully restore protea- 
some capacity in cells treated with this irreversible inhibitor. However, 
the reversible-versus-irreversible nature of a proteasome inhibitor may 
not be the only determinant of its clinical activity; for example, another 
second-generation proteasome inhibitor in clinical trials, MLN2238, 
and its clinically administered prodrug, ixazomib (MLN9708), exhibit 
preclinical’? and clinical activity in bortezomib-resistant cells, despite 
reversible binding to $5.7 

Despite the important role of the proteasome for normal cells, 
the administration of bortezomib and carfilzomib is associated with a 
clinically meaningful therapeutic window, likely because the clinically 
achievable levels of these agents do not completely shut down the chy- 
motrypsin-like activity’ of the proteasome and also spare its other 
proteolytic (trypsin-like and caspase-like)** activities. Consequently, 
there is only modest (<40 percent) decrease in the overall rate of protein 
degradation in either normal or tumor cells. Although normal cells can 
recover from this degree of perturbation, malignant plasma cells may 
not, because their available active proteasome particles (“proteasome 
capacity”) are apparently close to their functional saturation by the 
increased quantities of unassembled or misfolded proteins (“proteasome 


Chapter 22: Pharmacology and Toxicity of Antineoplastic Drugs 


load”), such as immunoglobulins.” It is not yet determined, if this con- 
cept also applies to mantle cell lymphoma. 

The safety profile of both bortezomib and carfilzomib includes 
thrombocytopenia, possibly reflecting a requirement for constitutive 
proteasome activity in platelets to degrade the apoptosis regulator, 
Bax, and preserve their normal life span.” Unlike bortezomib, carfil- 
zomib does not cause peripheral neuropathy, but cardiopulmonary side 
effects (e.g., dyspnea, hypoxemia, pulmonary hypertension) and serum 
creatinine elevations have been reported.” These differences may be 
explained by reports that bortezomib, but not carfilzomib, also inhibits 
the neuroprotective molecule, Htra2/Omi,”’ and blocks a number of 
serum proteases, including cathepsin G and cathepsin A, which may 
contribute to renal injury.™-?; inhibition of proteases may contribute 
to renal injury.°’ The mechanistic basis for cardiopulmonary adverse 
events with proteasome inhibition remains under investigation. 

The clinical activity of bortezomib and carfilzomib, as well as the 
promising early studies with additional second-generation proteasome 
inhibitors, has validated the notion that pathways for intracellular regu- 
lation of protein homeostasis represent an important therapeutic target 
for plasma cell dyscrasias, mantle cell lymphoma, and potentially other 
neoplasias. 


@ THERAPEUTIC MONOCLONAL 
ANTIBODIES 


Monoclonal antibodies are an important class of agents for the treat- 
ment of hematologic malignancies. As a group, lymphoid cells express a 
variety of antigens that are attractive targets for monoclonal-based ther- 
apy, as shown in Table 22-6. Development of monoclonal antibodies 
against specific targets has been largely accomplished by the empiric 
method of immunizing mice against human tumor cells and screening 
the hybridomas for antibodies of interest. Because murine antibodies 
have a short half-life and induce a human antimouse antibody immune 
response, they are partially or fully humanized when used as therapeutic 


TABLE 22-6. Dose and Toxicity of FDA-Approved Monoclonal Antibody-Based Drugs 


Drug Mechanism Dose and Schedule Major Toxicity 

Rituximab Antibody-dependent cytotox- 375 mg/m? infusion weekly x 4 as single agent, Infusion related; late-onset 
icity, complement activation, 375 mg/m? infusion in combination with neutropenia 
induction of apoptosis chemotherapy 

Ofatumumab Antibody-dependent cellular 8 weekly followed by 4 monthly infusions during a Infusion related; late-onset 


cytotoxicity, complement- 


dependent cytotoxicity 12 = 2000 mg 


24-week period (dose 1 = 300 mg; doses 2 to 


neutropenia 


Direct cell death and anti- 
body-dependent cellular 
cytotoxicity 


Obinutuzumab 


100 mg infusion on cycle 1 day 1,900 mg on 
day 2; 1000 mg on days 8 and 15 of cycle 1 and 
subsequently 1000 mg on day 1 of cycles 


Infusion reactions, 
neutropenia 


2 through 6 in combination with chlorambucil 


Alemtuzumab Complement activation, 
antibody-dependent 
cytotoxicity, possible 


induction of apoptosis 


Escalation 3, 10, 30 mg infusion TIW followed by 
30 mg TIW for 4 to 12 weeks 


Infusion-related toxicity with 
fever, rash, and dyspnea; T-cell 
depletion with increased 
infections 


Brentuximab 
vedotin 


Antibody drug conjugate 
comprising an anti-CD 30 
monoclonal antibody linked to 
mono-methylauristatin E 


1.8 mg/kg infusion every 3 weeks 


Peripheral neuropathy, 
neutropenia 


Y-ibritumomab 
tiuxetan 


Targeted radiotherapy 


0.4 mCi/kg infusion 


Hematologic toxicity, 
myelodysplasia 
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reagents. Presently, several monoclonal antibodies have received FDA 
approval for non-Hodgkin lymphoma and CLL, including rituximab 
and alemtuzumab. Although several mechanism(s) of action have been 
described for monoclonal antibodies, including direct induction of 
apoptosis, antibody-dependent cellular cytotoxicity (ADCC), and com- 
plement-dependent cytotoxicity, the clinically important mechanisms 
for most antibodies remain uncertain.” 

Monoclonal antibodies may also be engineered to combine the 
antibody with a toxin (immunotoxin) or a radioactive isotope (radioim- 
munoconjugates), or to contain a second specificity (bispecific anti- 
bodies).**-*°” For example, it is possible to conjugate an antibody with 
specificity to B-cell lymphomas with an antibody against CD3, which 
binds to and activates normal T cells, so as to enhance T-cell-mediated 
lysis of the lymphoma cell. One such example of a bispecific antibody 
blinatumomab contains anti-CD3 and anti-CD19 specificity. Monoclo- 
nal antibodies raised against the immunoglobulin idiotype on a B-cell 
lymphoma represent another therapeutic strategy, which was first 
reported in 1982 by Miller and associates.*”* 


NAKED MONOCLONAL ANTIBODIES 


Rituximab 

Rituximab, the first monoclonal to receive FDA approval, is a chime- 
ric antibody containing the human immunoglobulin G, and « constant 
regions with murine variable regions. Rituximab targets the B-cell anti- 
gen CD20 expressed on the surface of normal B cells and on more than 
90 percent of B-cell neoplasms, and is present from the pre-B-cell stage 
through terminal differentiation to plasma cells.*” To date, the biologic 
functions of CD20 remain uncertain, although incubation of B cells 
with anti-CD20 antibody has variable effects on cell-cycle progression, 
depending on the monoclonal antibody type.*!°*!! Monoclonal antibody 
binding to CD20 generates transmembrane signals that produce a num- 
ber of events including autophosphorylation and activation of serine/ 
tyrosine protein kinases, and induction of c-myc oncogene expression 
and major histocompatibility complex class II molecules.*!? CD20 pro- 
motes transmembrane Ca** conductance through its possible function 
as a Ca?* channel.3”” These studies demonstrate the importance of CD20 
in B-cell regulation, but do not in themselves indicate how ligation of 
the receptor produces cell death independent of ADCC or complement- 
mediated pathways. 

Rituximab was initially approved as a single agent for relapsed 
indolent lymphomas, but it has shown activity in a wide variety of clin- 
ical settings. It is approved in combination with chemotherapy for the 
initial treatment of follicular and diffuse large B cell lymphoma.**3!4 
Rituximab has also been shown to be effective in combination with 
chemotherapy for CLL and indolent B-cell non-Hodgkin lymphomas 
including mantle cell lymphoma, Waldenström macroglobulinemia, 
and marginal lymphomas.’ It is used in combination with salvage che- 
motherapy for many indolent and aggressive B-cell non-Hodgkin lym- 
phomas even after prior rituximab treatment.’ The use of maintenance 
rituximab has gained increased acceptance based the demonstration of 
delayed time to progression and improved overall survival in the relapse 
setting.2°°8 

Rituximab is given by intravenous infusion both as a single agent 
and in combination with chemotherapy at a dose of 375 mg/m’. As a 
single agent it is given weekly for 4 weeks with maintenance dosing 
every 3 to 6 months. It has a half-life of approximately 22 days.*”” Given 
the risk of infusional reactions, pretreatment with antihistamines, acet- 
aminophen, and glucocorticoids have become standard. During the first 
administration, the rate must be increased slowly to prevent infusional 
reactions. Infusions are started at 50 mg/h and in the absence of infu- 
sion reactions the rate can be increased in 50 mg/h increments every 30 


minutes to a maximum rate of 400 mg/h. On subsequent infusion in the 
absence of reactions, infusions may start at 100 mg/h and increased in 
100 mg/h increments every 30 minutes to a maximum rate of 400 mg/h. 
Patients with a high degree of circulating tumor cells are at increased 
risk for tumor lysis syndrome and are given a reduced dose of 50 mg/m? 
on day 1 of treatment in addition to standard tumor lysis prophylaxis. 
The remainder of the dose can then be given on day 3. 

Resistance to rituximab may occur by down regulation of CD20, 
impaired ADCC, decreased complement activation, limited effects on 
signaling and induction of apoptosis, and inadequate blood levels.***”° 
Studies in relapsed indolent B-cell non-Hodgkin lymphoma have shown 
a correlation between higher mean serum rituximab levels and clinical 
responses,” suggesting that dose escalation may be a way to overcome 
rituximab resistance. Also polymorphisms in two of the receptors for 
the antibody Fc region responsible for complement activation, FcyRIIIa, 
and FcyRIIa may predict the clinical response to rituximab monother- 
apy in patients with follicular lymphoma but not in CLL. 

Rituximab has a several known toxicities including infusional reac- 
tions which can be life-threatening. Most are usually mild and include 
fever, chills, throat itching, urticaria, and mild hypotension, all of which 
can respond to decreased infusion rates and antihistamines. There are 
reports of severe mucocutaneous skin reactions including Stevens- 
Johnson syndrome. Reactivation of hepatitis B virus also has been 
reported and it is recommended that patients be screened for hepatitis 
B prior to initiation of therapy. There also are case reports of progres- 
sive multifocal leukoencephalopathy caused by the John Cunningham 
virus and resulting in death.” Hypogammaglobulinemia and delayed 
neutropenia may occur from 1 to 5 months after administration with 
resultant serious infections.*”°°”” 


Ofatumumab 

Ofatumumab is a fully human immunoglobulin G, kappa (IgG,x), 
monoclonal antibody which targets a unique epitope on the CD20 anti- 
gen found on the surface of normal and malignant pre-B and mature 
B cells. Ofatumumab offers many potential advantages over rituximab. 
It has an increased affinity for CD20 compared to rituximab.” In vitro 
experiments have shown it is superior to rituximab in ability to induce 
cell lysis.” Ofatumumab and rituximab both show similar antibody-de- 
pendent cellular cytotoxicity, but ofatumumab displays increased com- 
plement dependent cytotoxicity.” In addition, ofatumumab is a fully 
human monoclonal antibody with a low incidence of human-antihu- 
man antibody formation.*” 

Ofatumumab has been approved for use in patients with CLL 
refractory to fludarabine and alemtuzumab. In a phase II trial, 138 
patients received eight weekly infusions of ofatumumab followed by 
four monthly infusions during a 24-week period (dose 1 = 300 mg; 
doses 2 to 12 = 2000 mg). The overall response rate was 58 percent with 
median progression-free survival of approximately 14 months.**' No 
dose-limiting effects were observed in the phases I/II studies of ofatu- 
mumab. Most common adverse reactions (>10 percent) were infusion 
reactions, neutropenia, pneumonia, pyrexia, cough, diarrhea, anemia, 
fatigue, dyspnea, rash, nausea, bronchitis, and upper respiratory tract 
infections. Similar to rituximab above, ofatumumab is being investi- 
gated in combination with chemotherapy for both indolent and aggres- 
sive B cell non-Hodgkin lymphoma. 


Obinutuzumab 

Obinutuzumab is a third naked monoclonal antibody that targets the 
CD20 antigen. It differs from rituximab in that it is a glycoengineered 
type 2 antibody that, in preclinical studies, showed improved efficacy 
by inducing direct cell death and by enhanced ADCC.*” Obinutu- 
zumab was recently approved in combination with chlorambucil of 
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the treatment of patients with previously untreated CLL. This approval 
was based on a phase III, 781-person trial with three arms comparing 
single-agent chlorambucil versus chlorambucil plus rituximab versus 
chlorambucil plus obinutuzumab.* A main feature of this trial was 
that it enrolled mainly older patients (median age: 73 years) with mul- 
tiple medical comorbidities representative of the majority of patients 
diagnosed with CLL. The median progression-free survival was greatly 
improved in obinutuzumab plus chlorambucil arm at 26.7 months ver- 
sus 11.1 months with chlorambucil alone and 16.3 months with rituxi- 
mab plus chlorambucil. Obinutuzumab is similar to other monoclonal 
antibodies associated with infusion reactions. The first dose was split 
over 2 days with the patient receiving 100 mg intravenously on cycle 
1 day 1 and 900 mg on day 2. Patients then received 1000 mg on days 
8 and 15 of cycle 1 and subsequently 1000 mg on days 1 of cycles 2 
through 6. Patients concurrently received chlorambucil orally at a dose 
of 0.5 mg/kg on days 1 and 15 of each cycle. This combination was, 
in general, well tolerated. There was a slightly increased risk of grade 
3 neutropenia (33 vs. 28 percent) compared to the rituximab control 
group, but no increased risk of infection (12 vs. 14 percent). Other com- 
mon toxicities included infusion reactions, anemia, thrombocytopenia, 
and leukopenia. 


Alemtuzumab 

Alemtuzumab is a humanized monoclonal antibody targeted against 
the CD52 antigen present on the surface of normal neutrophils and 
lymphocytes as well as most B- and T-cell lymphomas.*** CD52 is 
expressed at reasonable levels and does not modulate with antibody 
binding, making it a good target for unconjugated monoclonal antibod- 
ies. Mechanistically, alemtuzumab can induce tumor cell death through 
ADCC and complement dependent cytotoxicity.” Clinical activity 
has been demonstrated in CLL, including in patients with purine ana- 
logue refractory disease.****” In refractory CLL, overall response rates 
are approximately 38 percent with complete responses of 6 percent 
in multiple series. Response rates in patients with untreated CLL are 
higher (overall response rates of 83 percent and complete responses 
of 24 percent).**° The most concerning side effects are acute infusion 
reactions and depletion of normal neutrophils and T cells. Opportu- 
nistic infections are a serious consequence, particularly in patients who 


Antibody-dependent 
cellular cytotoxicity 
(ADCC) 


Complement-dependent 
cytotoxicity (CDC) 


Effector cells: | 


e Daratumumab 
e SAR650984 


Apoptosis/growth 


have received purine analogues.™®* Patients should receive antibiotic 
prophylaxis against Pneumocystis carinii and herpes virus during treat- 
ment. Serious infections with cytomegalovirus are seen and monitoring 
is recommended. Alemtuzumab in combination with chemotherapy 
has been explored in the treatment of T-cell lymphomas but trials were 
limited by significant infectious complications.** 


Elotuzumab, Daratumumab, and Others 

A number of naked antibodies have been developed for the therapeutic 
targeting of myeloma. Mechanistically, this approach depends on the 
recruitment of ADCC, complement-dependent cytotoxicity, and apopto- 
sis, as well as growth arrest via the selected targeting of signaling path- 
ways (Fig. 22-9). Targets include surface molecules as well as signaling 
molecules (‘Table 22-7). Of these antibodies, one of the most promising 
is elotuzumab, which specifically targets CS1 (also known as SLAMF7) 
through which its mechanism of action includes the enhancement of NK- 
cell activation directly via SLAME7 and indirectly by CD16, as well as 
the targeted killing of SLAMF7-expressing myeloma cells by ADCC.*°*#! 
Combinatorial strategies for this particular approach have been especially 
promising, including regimens with lenalidomide and dexamethasone 
where high qualities of response and impressive progression-free survival 
have been seen.*"! 

Separately, daratumumab as a first-in-class monoclonal anti- 
body that effectively targets CD38 has shown particularly encouraging 
activity as both a monotherapy and in combination.*” Similarly, the 
CD38-targeting monoclonal antibody SAR650984 has shown impres- 
sive activity, validating this as an appropriate target as well as further 
supporting the therapeutic potential of this class of antibodies. 
Combination studies are ongoing and the outlook for the rational devel- 
opment of several monoclonal antibody combinations in myeloma now 
looks very promising. 


IMMUNOTOXINS 


Immunotoxins combine immune proteins such as antibodies, anti- 
body Fab fragments, or interleukins and toxins such as ricin A chain or 
Pseudomonas exotoxin. These molecules have the advantage of the high 
specificity of the protein for its receptor or antigen, and its ability to 


Figure 22-9. Monoclonal-based therapeutic 
targeting of myeloma. MAb, monoclonal antibody. 
(Adapted with permission from Tai YT, Anderson KC: 
Antibody-based therapies in multiple myeloma, Bone 


arrest Marrow Res 2011.) 


via targeting 
signaling pathways 
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TABLE 22 


- Monoclonal Antibodies in Myeloma 


Target mAb Stage of Development 
Surface molecules 
CS1/SLAMF7 Elotuzumab Phase 2/3 
CD38 Daratumumab Phase 1/2/3 
SAR650984 Phase 1/2 
MOR202 Phase 1/2 
CD74 Milatuzumab Phase 1/2 
CD40 Dacetuzumab Phase 1 
CD56 Lorvotuzumab Phase 1 
mertansine 
CD138 BT062 Phase 1 
Signaling molecules 
IL-6 Siltuximab Phase 3 
RANKL Denosumab Phase 3 
B cell activating Tabalumab Phase 2/3 
factor (BAFF) 
VEGF Bevacizumab Phase 2 
DKK1 BHQ880 Phase 2 


Data from Richardson et al. et al. IMW 2013 (Abstract P-214), poster 
presentation. 


Plesner et al. ASH 2013 (Abstract 1987), poster presentation. 
Martin et al. ASH 2013 (Abstract 284), oral presentation. 
http://www.clinicaltrials.gov/ct2/show/NCT00421525 
http://www.clinicaltrials.gov/ct2/show/NCT000797 16 
http://www.clinicaltrials.gov/ct2/show/NCT00346255 
http://www.clinicaltrials.gov/ct2/show/NCT01001442 
Wong et al. ASH 2013 (Abstract 505), oral presentation. 
Hageman et al. Ann Pharmacother 2013;47:1069-74. 


internalize once bound to its receptor, together with the potency of the 
toxin molecule. Two agents, denileukin diftitox (which combines IL-2 
and the catalytically active fragment of diphtheria toxin) with activity 
in non-Hodgkin lymphoma and gemtuzumab ozogamicin (composed 
of an antibody that recognizes CD33 linked to a potent chemical toxin, 
calicheamicin) with activity in AML, show a proof of principle but have 
been removed from the market.” Brentuximab vedotin is currently 
the only approved antibody drug conjugate for hematologic malignan- 
cies but several others are in development. 


Brentuximab Vedotin 

Brentuximab vedotin is an antibody drug conjugate comprising an 
anti-CD30 monoclonal antibody conjugated by a protease-cleavable 
linker to the potent antimicrotubule agent monomethylauristatin E. 
When brentuximab vedotin binds to CD30-expressing cells, it is inter- 
nalized with proteolytic cleavage of the linker resulting in release of 
monomethylauristatin E, disrupting the microtubule network within 
the cell, and subsequently inducing cell-cycle arrest and apoptotic death 
of the cells.’ It is approved for the treatment of Hodgkin lymphoma 
after the failure of an autologous stem cell transplant or after the fail- 
ure of at least two prior multiagent chemotherapy regimens in patients 
who were not candidates for transplantation. It is also approved for the 
treatment of patients with systemic anaplastic large cell lymphoma after 
the failure of at least one prior multiagent chemotherapy regimen. In a 
study of refractory Hodgkin lymphoma, brentuximab vedotin had an 


impressive overall response rate of 75 percent and a complete remission 
rate of 34 percent with 96 percent of patients having some improvement 
in their disease. The median progression-free survival for all patients 
was 5.6 months but notably the median duration of response for those 
achieving a complete remission was 20.5 months. In refractory anaplas- 
tic large cell lymphoma, a similarly impressive overall response rate of 
86 percent was seen with 57 percent of patients achieving a complete 
remission and 97 percent of patients having a reduction in tumor vol- 
ume.*” The overall duration of response was 12.6 months and those in a 
complete remission experiencing a duration of response of 13.2 months. 
Dosing is at 1.8 mg/kg as an intravenous infusion every 3 weeks. Dose 
reductions to 1.2 mg/kg are recommended for patients with hepatic or 
severe renal impairment. The main toxicity is cumulative peripheral 
neuropathy reported in up to 54 percent of the patients in the above 
trials. Patients experiencing new or worsening peripheral neuropathy 
may require a delay, dose reduction, or discontinuation of brentuximab 
vedotin. Other common toxicities include neutropenia, thrombocy- 
topenia, fatigue, and nausea. 


RADIOIMMUNOCONJUGATES 


Radioimmunoconjugates provide monoclonal antibody targeted deliv- 
ery of radioactive particles to tumor cells. Iodine-131 isa commonly 
used radioisotope because it is readily available, relatively inexpensive, 
and easily conjugated to a monoclonal antibody. The 6-emitter °°Y has 
emerged as an attractive alternative to ''l, based on its higher energy 
and longer path length, which may be more effective in tumors with 
larger diameters. It also has a short half-life and remains conjugated, 
even after endocytosis, providing a safer profile for outpatient use. Clin- 
ically, radioimmunoconjugates were developed with murine monoclo- 
nal antibodies against CD20 conjugated with '*' (tositumomab) or Y 
(ibritumomab tiuxetan). Response rates in relapsed lymphoma of 65 to 
80 percent were achieved.****”** Both drugs were well tolerated with 
most toxicity attributable to marrow suppression; however, there have 
been worrisome reports of secondary leukemias. Collaboration between 
treating physicians and nuclear medicine departments is required for 
administration. '*'I tositumomab is no longer available, but ”Y ibritu- 
momab tiuxetan remains in clinical use and is being investigated as a 
consolidation therapy and as conditioning prior to hematopoietic cell 
transplant. 
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CHAPTER 23 
HEMATOPOIETIC CELL 
TRANSPLANTATION 


Andrew R. Rezvani, Robert Lowsky, and Robert S. Negrin 


Over the past 60 years, the field of hematopoietic cell transplantation (HCT) 
has evolved from experimental animal models of marrow transplantation to 
curative therapy for tens of thousands of people yearly who are affected by 
a wide variety of marrow failure states, myeloid and lymphoid malignancies, 
immune deficiencies, and inborn errors of metabolism. Advances in transplan- 
tation immune biology combined with improvements in supportive care have 
made this evolution possible and have ushered in the modern era of HCT. This 
chapter discusses the biologic principles and clinical applications of HCT along 
with its future applications. Selected results demonstrating important princi- 
ples are highlighted. 


Acronyms and Abbreviations: ALL, acute lymphoblastic leukemia; ALK+, 
anaplastic lymphoma kinase—positive; AML, acute myeloid leukemia; APC, antigen- 
presenting cells; ASBMT, American Society for Blood & Marrow Transplantation; ATG, 
antithymocyte globulin; BCNU, 1,3-bis(2-choloroethyl)-1-nitrosurea; BEAM, BCNU, 
etoposide, cytarabine, and melphalan; BMT-CTN, Blood & Marrow Transplant Clinical 
Trials Network; BU, busulfan; CIBMTR, Center for International Blood and Marrow 
Transplant Research; CLL, chronic lymphocytic leukemia; CML, chronic myelogenous 
leukemia; CMV, cytomegalovirus; CR, complete remission; CR1, first complete remis- 
sion; CT, computed tomography; CXCL12, extracellular-matrix-bound stromal cell- 
derived factor-1; CXCR4, chemokine-related receptor 4; CY, cyclophosphamide; DAH, 
diffuse alveolar hemorrhage; DLI, donor lymphocyte infusion; EBMT, European Soci- 
ety for Blood and Marrow Transplantation; ECP, extracorporeal photopheresis; FDG, 
18-fluorodeoxyglucose; FLU, fludarabine; G-CSF, granulocyte colony-stimulating fac- 
tor; Gl, gastrointestinal; GM-CSF, granulocyte-monocyte colony-stimulating factor; 
GVHD, graft-versus-host disease; GVT, graft-versus-tumor; HCT, hematopoietic cell 
transplantation; HCT-Cl, HCT-specific Comorbidity Index; HL, Hodgkin lymphoma; 
HLA, human leukocyte antigen; HSC, hematopoietic stem cell; HSV, herpes simplex 
virus; IFN, interferon; Ig, immunoglobulin; IL, interleukin; IPS, idiopathic pneumonia 
syndrome; KTLS, c-kit*, Thy-1.1", lineage marker”, and Sca-1*; MDS, myelodysplas- 
tic syndrome; MHC, major histocompatibility complex; MMF, mycophenolate mofetil; 
MSC, mesenchymal stromal cell; MTX, methotrexate; NHL, non-Hodgkin lymphoma; 
NIH, National Institutes of Health; NK, natural killer; NMDP, National Marrow Donor 
Program; PAM, Pretransplant Assessment of Mortality; PBPC, peripheral blood pro- 
genitor cell; PCA, patient-controlled anesthesia; PCR, polymerase chain reaction; 
PET, positron emission tomography; Ph, Philadelphia chromosome; PSGL-1, P-selec- 
tin glycoprotein ligand-1; PTLD, posttransplantation lymphoproliferative disorder; 
RIC, reduced-intensity conditioning; SCID, severe combined immunodeficiency; SOS, 
sinusoidal obstruction syndrome; SRL, sirolimus; TAC, tacrolimus; TBI, total-body irra- 
diation; Th, T-cell helper; TKI, tyrosine kinase inhibitor; TLI, total lymphoid irradiation; 
TNF, tumor necrosis factor; TPN, total parenteral nutrition; ihe regulatory T cell; TRM, 
transplant-related mortality; UCB, umbilical cord blood; VCAM, vascular cell adhesion 
molecule; VOD, venoocclusive disease; VZV, varicella-zoster virus. 


@ HISTORY 


The successful clinical application of hematopoietic cell transplan- 
tation (HCT) required a century of key developmental discoveries 
(Table 23-1). Between 1868 and 1906, European and American inves- 
tigators established that marrow cells were the source of blood cell pro- 
duction. In 1939, the first documented human marrow transplant was 
performed in a patient with gold-induced marrow aplasia.' The patient 
was infused intravenously with marrow from a brother with an identical 
ABO blood type. The transplant was not successful, and the patient died 
5 days after the marrow infusion. 

In 1922, a Danish investigator modified radiation injury in guinea 
pigs by shielding their femora against radiation, preventing the typi- 
cal radiation-induced thrombocytopenia and hemorrhage.’ This work 
went essentially unnoticed for more than 2 decades. The period of 1949 
to 1954 was marked by a political climate concerned with the threat of 
continued atomic warfare, which stimulated support for experiments 
studying the effects of irradiation and led to the development of the field 
of organ and marrow transplantation. Jacobson and colleagues found 
that mice could survive an otherwise lethal irradiation exposure if the 
spleen (a hematopoietic organ in the mouse) was protected by lead foil. 
Soon afterward, Lorenz and colleagues showed that lethally irradiated 
mice and guinea pigs were protected by the administration of synge- 
neic marrow after irradiation, thereby demonstrating the therapeu- 
tic efficacy of allogeneic and xenogeneic marrow suspensions.* These 
investigators and others considered that chemicals and/or components 
from the shielded spleen or infused marrow stimulated endogenous 
hematopoietic cell recovery after total-body irradiation (TBI).*” In 
1954, Barnes and Loutit showed that if mice were immunized against 
marrow cells from mice of another strain and then lethally irradiated, 
no protection was observed by the injection of marrow cells from the 
strain to which they were immunized. However, if nonimmunized mice 
were lethally irradiated and injected with the same marrow cells, nor- 
mal protection was seen and all mice survived more than 60 days. This 
experiment supported the cellular hypothesis of hematopoiesis and was 
the first to consider that hematopoietic recovery resulted from cellular 
repopulation and not from humoral factors.* 

In 1956, Barnes and associates described the treatment of murine 
leukemia by supralethal irradiation and marrow grafting.” Researchers 
pointed out that irradiation alone would not kill all leukemia cells, but 
that residual leukemia cells might be eliminated by transplanted cells 
through immunologic mechanisms, and the term adoptive immune 
therapy was coined. Their publication stimulated tremendous interest, 
and the period from 1956 to 1959 was characterized by an increasing 
appreciation of the potential application of marrow grafting to treat 
individuals exposed to lethal irradiation and to treat human leukemia. 
Thomas and colleagues began clinical studies in patients with terminal 
leukemias, and in 1957 described six patients treated with irradiation 
and intravenous infusion of marrow from healthy donors.'® Only two 
patients developed transient detectable donor hematopoietic engraft- 
ment, and none of the six survived beyond 100 days from the cell infu- 
sion. In 1959, Thomas and associates described a patient with terminal 
leukemia who received total body irradiation (TBI) and an intrave- 
nous infusion of marrow from an identical twin.!! The patient showed 
prompt hematopoietic recovery and disappearance of the leukemia for 4 
months, confirming for the first time that lethal irradiation followed by 
compatible marrow could have an antileukemic effect and restore nor- 
mal marrow function. In the same year, Mathé and associates reported 
the infusion of marrow into six patients exposed to potentially lethal 
irradiation in a reactor accident in Belgrade, Serbia.” Five patients 
survived, yet there was no clear evidence of donor hematopoietic 
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TABLE 23-1. Key Historical Periods in Hematopoietic 
Cell Transplantation 


Years Event 

1868-1906 Discovery that marrow was the source of the 
various blood cell types 

1896-1900 Discovery of ABO system making blood transfu- 
sions possible 

1939 First documented clinical marrow transplant 

1949-1954 Development of preclinical models of marrow 
and organ transplantation 

1956-1959 Early efforts of marrow grafting to treat human 
diseases 

1960-1965 Development of the hierarchical stem/progeni- 
tor cell model of hematopoiesis 

1960s Period of pessimism for the clinical application 
of marrow grafting for the treatment of human 
diseases 

1968-1969 First successful allogeneic HCT in patients with 
SCID 

1975 First successful series of allogeneic HCT for 
leukemia 

1978 First successful series of autologous HCT for 
leukemia 

1988 Isolation of the murine HSC 

1990 Nobel Prize in Physiology or Medicine awarded 
to Dr. E.D. Thomas 

2008 More than 700,000 patients worldwide trans- 


planted, more than 125,000 have survived 
5 years or beyond after transplantation 


HCT, hematopoietic cell transplantation; HSC, hematopoietic stem 
cell; SCID, severe combined immunodeficiency. 


engraftment and thus no firm agreement over the contribution of mar- 
row transplantation to patient recovery. 

The first attempts at autologous marrow transplantation appeared 
during this time as well. In 1958, Kurnick and colleagues described two 
patients with metastatic cancer whose marrow was collected and stored 
by freezing.” Following intensive radiation therapy, the marrow was 
thawed and infused intravenously. One patient died from transplan- 
tation complications, while the other showed hematopoietic recovery 
after a prolonged period of pancytopenia. In Philadelphia, an autolo- 
gous marrow transplant was carried out after high-dose nitrogen mus- 
tard conditioning in a patient with malignant lymphoma who lived for 
more than 30 years after transplantation, the majority of that time in 
complete remission."* 

Despite the many successful preclinical models of marrow trans- 
plantation and the predictive value of in vitro histocompatibility testing, 
the period of 1960 to 1967 was marked by increasing pessimism about 
allogeneic marrow grafting in humans. In a published compendium of 
203 human allogeneic marrow grafts carried out throughout the 1950s 
and 1960s, none were considered successful." The first positive results 
came from studies of children with severe combined immunodeficiency 
(SCID). In 1968, Gatti and colleagues performed the first successful 
allogeneic marrow HCT in a child with SCID." The lymphoid elements 
of the donor graft corrected the immunodeficiency, and two similar 


cases were reported shortly thereafter.'”"* These patients remained alive 
and well 25 years later.” 

These successes stimulated a resurgence of enthusiasm for mar- 
row transplantation, and by 1975 strikingly improved results were 
published by the Seattle team.” These investigators reported the out- 
comes of 37 patients with aplastic anemia and 73 patients with leu- 
kemia who had reached an advanced stage of their disease before 
transplantation. This study stressed the importance of histocompat- 
ibility and proper preparation of the patient before transplantation, 
detailed the technique of marrow transplantation, emphasized the role 
of posttransplant immunosuppression and supportive care, and raised 
the possibility of using unrelated donors. This report ushered in the 
modern era of allogeneic HCT. In 1977 and 1980, the first successful 
HCT procedures from unrelated marrow donors were reported.”™?? 
At the end of 1978, the first series of successful autologous HCT for 
lymphoma were reported.” In 1990, the Nobel Prize in Physiology 
or Medicine was awarded to E. Donnall Thomas in recognition of 
his pioneering work in the field of marrow transplantation. By 2013, 
more than 700,000 patients worldwide had undergone transplantation 
during the previous 3 decades and more than 19,000 transplants were 
being performed annually.” 


@STEM CELL MODEL OF 
HEMATOPOIESIS 


At the single-cell level, stem cells self-renew and give rise to progeny 
that differentiate into functional cells carrying out specific functions 
(Chap. 18). Progenitor cells can be multipotent, oligopotent, or unipo- 
tent, but lack self-renewal capabilities. Hematopoietic stem cells (HSCs) 
are cells that give rise to more HSCs and form all elements of the blood. 
HSCs are entirely responsible for the development, maintenance, and 
regeneration of blood-forming tissues for life, and are the most impor- 
tant, if not the only, cells required for successful engraftment in hemato- 
poietic transplantations.” In the adult mouse marrow, all HSC activity 
is contained in a population marked by the composite phenotype of 
c-kit’, Thy-1.1°, lineage marker”, and Sca-1* (designated KTLS).’”8 
When transplanted at the single-cell level into irradiated mice, KTLS 
HSCs gave rise to lifelong hematopoiesis, including a steady state of 
thousands of HSCs with more than 10’ blood cells produced daily in the 
mouse.” In humans, the combination of positive selection for CD34, 
Thy-1, and negative selection for lineage markers identified a homolo- 
gous HSC population.” 

Following the success in rodent models, purified populations of 
human HSCs were tested in three separate clinical trials of patients 
with myeloma, non-Hodgkin lymphoma (NHL), and metastatic breast 
cancer." The goal of these trials was to purify HSC and thereby reduce 
the risk of occult malignant cells contaminating the autografts. These 
trials presented technical challenges primarily because of the rarity of 
HSC in marrow and granulocyte colony-stimulating factor (G-CSF)- 
mobilized blood. However, adequate numbers of HSC could be isolated 
that were tumor-free in the majority of patients. The times to neutrophil 
and platelet recovery following purified HSC infusion were comparable 
to those seen with unmanipulated marrow, but T-cell recovery (espe- 
cially that of CD4+ T cells) was delayed by up to 6 months in almost 
all patients. A number of patients developed unusual infections (e.g., 
severe cases of influenza, respiratory syncytial virus, cytomegalovirus 
[CMV] and Pneumocystis pneumonia), thus raising concern over “pure” 
HSCs as the sole source of hematopoietic reconstitution in clinical 
transplantation. Although these studies were not powered to detect an 
impact of purified HSCs on relapse or overall survival, these outcomes 
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appeared favorable compared to historical controls.** Cotransplantation 
of antigen-specific mature T cells is being investigated as an approach to 
address the T-cell-specific immunodeficiency seen in patients receiving 
purified HSC autografts.” 


@ TRAFFICKING AND HOMING OF 
HEMATOPOIETIC STEM CELLS 


The ability of HSCs to migrate from marrow to blood and back has been 
conserved throughout evolution. Although the biologic role and phys- 
iologic significance of constitutive HSC circulation remains unclear, 
this capacity to traffic leads to hematopoietic cell reconstitution and is 
essential for the success of HCT in the treatment of hematologic and 
nonhematologic diseases. 

The restoration of adequate hematopoiesis after transplantation 
requires a series of balanced interactions between the infused HSCs and 
the complex supporting marrow microenvironment (Chap. 5). Initially, 
infused HSCs must adhere to the marrow endothelium with sufficient 
strength to overcome the shear forces of blood flow.** Adhesion and 
arrest of HSCs are mediated primarily by the selectin ligand P-selectin 
glycoprotein ligand-1 (PSGL-1) and by the hematopoietic cell L- and 
E-selectin ligands, which interact principally with endothelial E-selectin.”** 
Other HSC surface adhesion molecules that mediate adherence to the 
marrow endothelium include members of the integrin superfamily, 
principally very late antigen-4, integrin #487 and lymphocyte function 
antigen-1, that interact with endothelial immunoglobulin (Ig) super- 
family receptors (e.g., vascular cell adhesion molecule [VCAM]-1), and 
the hyaluronate receptor CD44. HSCs that are null for the f integrins 
cannot migrate to their marrow niche even though they proliferate and 
differentiate in the fetal liver.“ Following firm adherence, the transen- 
dothelial movement and intraparenchymal homing to hematopoietic 
niches within the inner endosteal surface of the bone are predominantly 
regulated by a gradient of extracellular-matrix-bound stromal cell-derived 
factor-1 (also known as CXCL12).” Mice deficient in CXCR4 develop fetal 
liver hematopoiesis but die prenatally as a consequence of the lack of mar- 
row hematopoiesis.” The requirement for CXCR4 expression on HSCs for 
homing and engraftment is well-documented,* and has led to the devel- 
opment of CXCR4 antagonists such as plerixafor, which help mobilize 
marrow stem cells for clinical use.“ 

Following successful homing, the initial adhesion of HSC within 
the hematopoietic niche appears to be regulated at least in part by 
annexin II.“ The marrow niche is a complex biologic unit that includes 
potentially self-renewing mesenchymal stromal cells (MSCs), regula- 
tory T cells (T.,,), and cells with the defined phenotype of parathyroid- 
hormone-receptor-bearing osteoblasts.“ MSCs promote engraftment 
when cotransplanted with HSCs.“ Osteoblasts, possibly in conjunction 
with sinusoidal endothelial cells, also appear to play a pivotal role in the 
regulation of HSC engraftment by producing a number of molecules, 
such as annexin II, VCAM-1, intercellular adhesion molecule-1, CD44, 
CD 164, and osteopontin, which promote engraftment.“ Stimulation of 
osteoblasts with parathyroid hormone results in expansion and mobili- 
zation of the HSC pool in animals,” although a clinical trial in human 
cord-blood recipients did not demonstrate a benefit. In addition to 
the regulators of HSC adhesion and homing, the function of HSCs is 
further regulated by intrinsic genetic programs for quiescence, self-re- 
newal, proliferation, differentiation, and apoptosis that are dependent 
on communication with a network of interacting cells in the marrow 
microenvironment, including various T-cell subpopulations, adipocytes, 
and fibroblasts. Given the complexity of HSC trafficking and control, it 
is surprising that clinical HCT has a relatively low rate of graft failure. 


@ SOURCES OF HEMATOPOIETIC CELLS 


In humans, HSCs for transplantation can be collected from several 
sources, including directly from the marrow; from the blood after 
mobilization; and from umbilical cord blood (UCB) obtained at the 
time of delivery. 


MARROW 


Marrow has historically been the traditional source of HSCs for allo- 
geneic and autologous transplantation. Marrow for transplantation is 
typically aspirated by repeated placement of large-bore needles into 
both sides of the posterior iliac crest, generally involving 50 to 100 aspi- 
rations per side, with the patient under regional or general anesthesia. 
The lowest cell dose which ensures stable long-term engraftment has 
not been defined with certainty; typical collections contain at least 2 x 
10° total nucleated marrow cells per kg of recipient body weight. Cur- 
rent guidelines indicate that collection of up to 20 mL/kg of donor body 
weight is considered safe. 

Marrow harvesting is considered a very safe procedure, and 
serious side effects are rare. A review of almost 10,000 healthy adult 
volunteer unrelated donors by the National Marrow Donor Program 
(NMDP) found that the risk of serious adverse events was 2.38 percent, 
most of which were mechanical or anesthesia-related and self-limited. 
Unexpected, life-threatening, or chronic complications occurred in 
0.99 percent of donors.” Evaluation of pediatric marrow donor safety 
is more limited, but a safety review of 453 pediatric donors by the Euro- 
pean Group for Blood & Marrow Transplantation (EBMT) found no 
serious adverse events; pain was the most common complaint but lasted 
a median of only 1 day after donation. A survey of pediatric transplan- 
tation hematologists confirmed that 90 percent of centers were willing 
to perform a marrow harvest on children, even on those younger than 
6 months old." 


BLOOD 


HSCs are normally present in the blood at very low levels. However, 
a number of different stimuli, including chemotherapy, hematopoi- 
etic growth factors, and inhibitors of certain chemokine receptors, 
result in the mobilization of HSC from marrow to blood. Once mobi- 
lized, HSC can be collected by apheresis; this product has been termed 
“peripheral blood progenitor cells (PBPCs)” to differentiate it from 
“blood stem cells; a term that should be reserved for instances where 
the HSC population itself has been isolated. Agents used to mobilize 
HSCs include G-CSF, granulocyte-monocyte colony-stimulating factor 
(GM-CSF), interleukin (IL)-3, thrombopoietin, and the CXCR4 antag- 
onist plerixafor.4*°°% 

Autologous PBPCs are most commonly mobilized with G-CSF, 
with or without additional chemotherapy. In contrast, PBPCs for allo- 
geneic HCT are typically mobilized with G-CSF alone, so as to avoid 
exposing healthy donors to chemotherapy. PBPC mobilization and 
collection is very safe; a review of nearly 7000 healthy unrelated PBPC 
donors performed by the NMDP found that the rate of serious adverse 
events was 0.56 percent, making PBPC donation significantly safer than 
marrow donation.” The most common side effect of PBPC mobilization 
and collection is bone pain as a result of G-CSF administration. More 
serious side effects, such as splenic rupture or intracranial hemorrhage, 
have been described in case reports but are extremely rare.***? 

Theoretical concern exists about the potential of short-term 
growth factor therapy to increase the risk of leukemia in normal donors. 
However, long-term followup of healthy adult PBPC donors has shown 
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no late effects of G-CSF administration or donation—in particular, 
no increased risk of cancer, autoimmune disease, or stroke.” Detailed 
white cell subset analysis by fluorescent-activated cell sorting of healthy 
donors at 1 year after donation shows no changes in B, T, and natural 
killer (NK) cells or monocytes and neutrophils compared with analysis 
before G-CSF administration.” 

The adequacy of PBPC products is generally measured through 
the absolute number of CD34+ cells per kg of recipient body weight. 
Most laboratories measure CD34+ cell content by fluorescent-activated 
cell sorting. A threshold of greater than 2 x 10° CD34+ cells/kg is often 
considered the minimum acceptable dose for PBPC products, although 
successful engraftment can occur with lower doses.” Platelet recovery 
appears most impacted by low PBPC CD34+ cell dose. Higher CD34+ 
cell doses are associated with more rapid engraftment, and thus a dose 
of equal to or greater than 4 x 10° CD34+ cells/kg is considered opti- 
mal.“ The impact of very high CD34+ cells doses in allogeneic HCT 
is somewhat unclear; some studies have associated doses greater than 
8 x 10° CD34+ cells/kg with a higher risk of extensive chronic graft- 
versus-host disease (GVHD) in matched-related-donor HCT, although 
this association was not confirmed in unrelated-donor allogeneic HCT. 
Because there is no evidence of benefit for CD34+ cell doses greater than 
8 x 10%/kg in allogeneic HCT, this threshold is sometimes, although not 
universally, used as a maximum." 

Although inadequate mobilization of healthy donors is rare, 
patients with malignancies undergoing mobilization for autologous 
HCT often have difficulty collecting adequate numbers of CD34+ cells 
because of marrow damage from previous chemotherapy or radiation 
therapy. Approximately 10 to 20 percent of patients preparing for autol- 
ogous HCT do not mobilize sufficient numbers of CD34+ cells using 
G-CSF alone or in combination with chemotherapy. Unfortunately, it has 
proven difficult to identify these individuals prospectively. For patients 
with NHL, Hodgkin lymphoma (HL), and myeloma who fail mobiliza- 
tion with G-CSF alone, the majority proceed to collect a transplantable 
dose of CD34+ cells (>2 x 10° cells/kg) when remobilized with plerixa- 
for plus G-CSF.® Studies of allogeneic HCT using plerixafor-mobilized 
grafts have also confirmed prompt and stable donor cell engraftment.® 
Animal models suggest that plerixafor-mobilized PBPCs have a dif- 
ferent phenotype and cytokine profile than G-CSF—mobilized PBPCs 
and may be associated with a higher risk of acute GVHD; however, the 
relevance of these findings to human allogeneic HCT is unclear. For 
patients who are thought to be at high risk of poor mobilization, strate- 
gies include the upfront use of plerixafor and/or chemotherapy to sup- 
plement G-CSF mobilization, as well as large-volume leukapheresis.® 
In 2014, the American Society for Blood & Marrow Transplantation 
(ASBMT) published guidelines on the mobilization and collection of 
PBPCs for autologous and allogeneic HCT.*! 

There is some evidence that circadian activity in the hypothalamus 
regulates the cyclic release of HSCs by altering the expression of CXCL12 
in the marrow microenvironment, with the peak time for HSC release in 
humans in the evening.® Preliminary clinical data suggest that CD34+ 
yield is higher in donors collected in the later afternoon compared to 
the morning, and more abundant PBPC collections were reported from 
healthy donors when apheresis was performed at 8:00 PM as opposed 
to 8:00 AM.“ Efforts to exploit this circadian rhythm dependence to 
increase HSC yield in PBPC products have thus far been inconclusive.” 


Mobilized Peripheral Blood Progenitor Cells versus Marrow 

In the setting of autologous HCT, the superiority of PBPCs over marrow 
as a stem-cell source is clear. Randomized trials have shown that PBPC 
autografts in this setting are associated with more rapid engraftment, 
better quality of life, and lower costs compared to marrow autografts.” 


On the basis of these and other results, most transplantation centers use 
mobilized PBPCs for autologous HCT and have adopted a minimum 
CD34+ cell of 2 x 10° CD34+ cells/kg." 

In the allogeneic setting, the situation is considerably more com- 
plex. PBPC grafts contain approximately 10-fold more T cells com- 
pared to marrow grafts, leading to concern over a potentially increased 
incidence and severity of GVHD. At the same time, G-CSF can induce 
functional immune tolerance in healthy individuals, and T cells from 
G-CSF-mobilized PBPC grafts show a predominantly immune-tolerant 
profile with upregulation of genes related to T-cell helper type 2 (Th2) 
and De cells, and downregulation of genes associated with Th1 cells, 
cytotoxicity, antigen presentation, and GVHD.” 

A number of randomized clinical trials have compared PBPC and 
marrow grafts in the setting of allogeneic HCT.”” These studies have 
consistently reported similar or better overall and disease-free survival 
with PBPCs compared to marrow allografts. Most, although not all, 
of these randomized trials found a higher risk of chronic GVHD with 
PBPCs compared to marrow allografts, and one reported a longer dura- 
tion of immunosuppression in patients receiving a PBPC graft.” PBPC 
allografts were also associated with faster engraftment and a lower risk 
of graft failure. Systematic reviews and meta-analyses have similarly 
reached varying conclusions.”~’* A 2014 systematic review performed by 
the Cochrane Library found that overall survival was similar with PBPC 
and marrow allografts, and that PBPC allografts were associated with 
faster engraftment but also a higher incidence of chronic GVHD. The 
effects of stem cell source on relapse and on acute GVHD were unclear.” 

Currently, the choice between PBPCs and marrow allografts is gen- 
erally individualized and depends on patient, donor, and institutional 
considerations. Patients with advanced or high-risk hematologic malig- 
nancies may preferentially be given PBPC grafts to reduce their risk 
of relapse, a strategy with some support in the literature.” Conversely, 
patients with standard-risk malignancies are often given marrow allografts 
to reduce their risk of chronic GVHD. Likewise, patients transplanted for 
nonmalignant diseases such as aplastic anemia are typically given marrow 
allografts to reduce their risk of chronic GVHD, as they derive no benefit 
from T-cell-mediated graft-versus-malignancy effects. In settings where 
the risk of GVHD is particularly high—for example, with human leuko- 
cyte antigen (HLA)-mismatched unrelated donors—many institutions 
prefer to use marrow allografts to mitigate this risk. For patients receiving 
reduced-intensity conditioning (RIC), most centers use PBPC allografts 
exclusively, as engraftment in this setting is largely dependent on the pres- 
ence of donor T cells in the allograft. Donor factors also play a role in the 
choice of allograft product, as some donors may specifically decline either 
marrow donation or PBPC mobilization and collection. Finally, with the 
recent predominance of PBPCasa graft source, institutional resources for 
and expertise in marrow collection have decreased, sometimes limiting 
the availability of marrow allograft products. 


ALTERNATIVE SOURCES OF HEMATOPOIETIC 
STEM CELLS 


One of the most significant advances in allogeneic HCT in the past 
10 years is the increasing experience with alternative donors for 
patients who lack HLA-identical siblings or suitably HLA-matched 
unrelated donors. Each full sibling has a 25 percent chance of being 
HLA-identical with another, so the likelihood of finding an HLA-iden- 
tical sibling donor is proportionate to the number of siblings available. 
HLA-matched unrelated donors can be identified for approximately 
75 percent of patients of northern European ancestry, but the odds of 
finding a suitable unrelated donor are much lower for patients who 
belong to ethnic groups that are underrepresented in donor registries, 
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those of mixed ethnicity, and those with uncommon HLA haplotypes. 
As a result, a substantial fraction of patients who would benefit from 
allogeneic HCT lack “conventional” related or unrelated donors. For 
such patients, there are two widely used alternative sources of HSC for 
allogeneic HCT: UCB and HLA-haploidentical family members. 


Umbilical Cord Blood 

UCB, collected from the umbilical vessels in the placenta at the time 
of delivery, is a rich source of HSCs. Because these cells are immuno- 
logically naive, it is feasible to cross major histocompatibility barriers, 
thus extending the donor pool to individuals for whom finding suit- 
ably HLA-matched adult donors can be difficult or impossible.” The 
first successful allogeneic HCT using UCB, in a child with Fanconi ane- 
mia, was reported by Gluckman and colleagues in 1989." Since then, 
hundreds of thousands of UCB units have been collected and stored; 
searchable registries have been established to facilitate identification 
of suitable UCB units for transplantation; and more than 20,000 allo- 
geneic HCTs have been performed using UCB.* Cord blood units are 
fully HLA-typed before cryopreservation, and thus suitable units can be 
rapidly identified (as compared to unrelated-donor searches, which can 
take 2 to 6 months to complete). 

Most UCB units are HLA-typed as HLA-A and HLA-B using 
low-resolution (serologic) methods, and as HLA-DRB1 using high- 
resolution (molecular) methods. UCB units matched at equal to or 
greater than 4/6 HLA loci are generally considered suitable for use, 
although UCB units matched at 5/6 or 6/6 HLA loci should be used 
if available because they are associated with lower transplant-related 
mortality.** The role of HLA matching between UCB units in dou- 
ble UCB transplantation remains somewhat unclear, and unit-to-unit 
HLA matching does not appear to impact long-term engraftment rates 
or GVHD incidence. *° 

A major limitation has been the relatively small number of HSC 
available in cord blood units relative to the size of the average adult 
recipient.” As a result, most UCB transplants in adults use two UCB 
units rather than one. The minimum acceptable cell doses for single-unit 
UCB transplantation are generally set at equal to or greater than 2.5 x 10’ 
total nucleated cells or equal to or greater than 2 x 10° CD34+ cells/kg 
of recipient weight." It is difficult to locate units meeting these criteria 
for average-sized adult recipients, and thus most adult UCB transplants 
are performed using two UCB units. With double UCB transplantation, 
transient mixed donor chimerism from the two units is often observed, 
but ultimately one UCB unit dominates, eradicates the other unit, and 
is responsible for establishment of long-term hematopoiesis.** Despite 
extensive investigation, the factors determining which unit becomes 
dominant remain somewhat unclear,” although CD8+ T-cell responses 
against the nonengrafting unit have been implicated.” For recipients 
with a single suitably sized UCB unit, single-unit UCB transplantation 
is preferable to double UCB transplantation, because of better platelet 
recovery and a lower risk of GVHD.® For the majority of adult recipi- 
ents, who lack a suitable single UCB unit, double UCB transplantation is 
typically used and produces equivalent overall survival.” For children, 
a single UCB unit appears superior to double UCB transplantation. A 
major area of active research in UCB transplantation is the expansion of 
HSC or other hematopoietic progenitor cells in UCB products, with the 
goal of improving engraftment rates, shortening the period of preen- 
graftment neutropenia, and reducing the need for double-unit UCB 
transplantation. Several approaches have been described in the litera- 
ture, including Notch-mediated or prostaglandin-mediated expansion 
of progenitor cells and ex vivo mesenchymal cell coculture.’ 

Recipients of UCB allografts have a higher risk of opportunistic 
infections—particularly viral infection or reactivation—compared to 


recipients of PBPC or marrow allografts. Presumably the immunologic 
naiveté of UCB, which allows its use across HLA barriers, also contrib- 
utes to impaired antiviral immunity and immune reconstitution after 
allogeneic HCT.” CD8+ T-cell recovery is significantly delayed after 
UCB compared to marrow allotransplantation (median time to reach 
>0.25 x 10° CD8+ T cells/L, 7.7 months vs. 2.8 months, respectively), 
whereas CD4+ T cell and NK cell recovery is similar with these two 
graft sources.” A novel syndrome of cord colitis has been described 
in UCB recipients and tentatively linked to Bradyrhizobium enterica, a 
newly identified bacterium,” although other groups have questioned 
the existence of a distinct cord colitis syndrome and instead attributed 
the findings in question to conventional GVHD.*” 


Human Leukocyte Antigen—Haploidentical Donors 

Virtually all patients have HLA-haploidentical family members— 
including any parent, any child, and some siblings—available as donors. 
Haploidentical related donor HCT has been evaluated for more than 
2 decades as an alternative source of HSCs. However, as a result of the 
substantial HLA disparity involved, early attempts at haploidentical 
HCT were associated with severe GVHD in T-cell-replete transplants 
and with graft rejection in T-cell-depleted transplants.''"! Extensive ex 
vivo depletion of CD3+ and CD19+ lymphocytes, coupled with mega- 
dose CD34+ cells and antithymocyte globulin, can successfully over- 
come the barriers to engraftment.” The extensive T-cell depletion used 
in these protocols to prevent GVHD would also be expected to result 
in weak or no graft-versus-malignancy effects. Yet despite the lack of 
T-cell-mediated alloreactivity and the unfavorable prognostic features 
at the time of transplantation, relapse rates with this approach remained 
at 18 to 30 percent in patients with acute leukemia transplanted in first 
complete remission (CR1).'!° The low rate of relapse was attributed 
to a strong antitumor effect mediated by donor NK cell alloreactivity. 
Transplantation from NK-cell-alloreactive donors was associated with 
a significantly lower leukemia relapse rate and improved overall sur- 
vival, leading some authorities to recommend selection of haploidenti- 
cal donors based on NK cell alloreactivity.'°' However, this approach to 
haploidentical HCT remains hampered by prolonged immune reconsti- 
tution and a high risk of serious infection." 

More recently, the group at Johns Hopkins has pioneered the use 
of posttransplantation cyclophosphamide (CY) as GVHD prophy- 
laxis in T-cell-replete haploidentical HCT. In this approach, unma- 
nipulated marrow from an HLA-haploidentical donor is infused after 
nonmyeloablative conditioning. A period of 48 to 72 hours elapses 
after infusion, during which alloreactive donor T-cell clones become 
activated and proliferate. CY is then administered on days +3 and +4 
after allogeneic HCT, preferentially eradicating the activated alloreac- 
tive donor T-cell clones while leaving other, nonalloreactive clones rel- 
atively untouched.” This approach has been remarkably well-tolerated 
and results in very low rates of GVHD and transplant-related mortality 
(TRM). Additionally, because this approach avoids indiscriminate 
T-cell depletion, immune reconstitution is relatively robust, and the typ- 
ical complications of T-cell-depleted allotransplantation (such as post- 
transplantation lymphoproliferative disorder [PTLD]) are not seen. 
The major limitation of this approach is a relatively high rate of relapse, 
perhaps driven by the eradication of the alloreactive donor T-cell clones 
which would mediate graft-versus-tumor (GVT) effects along with 
those mediating GVHD." 

Retrospective studies have examined the question of selecting 
the optimal HLA-haploidentical donor when several such donors are 
available. Early evidence suggested that lower TRM was seen with HLA- 
haploidentical sibling donors compared to parental donors, while 
maternal donors were associated with less chronic GVHD and better 
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overall survival than paternal donors.'!" In contrast, a 2014 paper 
reporting outcomes of HLA-haploidentical HCT in China found less 
GVHD and better overall survival with paternal compared to maternal 
donors." As with previous studies, haploidentical siblings (particularly 
those disparate for noninherited maternal antigens) were associated 
with the best outcomes. There is some preclinical evidence that exposure 
to noninherited maternal antigens through breastfeeding may reduce 
the risk of GVHD in maternal-donor haploidentical HCT,” and thus 
the disparate clinical results with maternal donors may be explained in 
part by variations in demographic patterns of breastfeeding. In view of 
the conflicting state of the existing literature, there is no universal stan- 
dard approach to selecting an HLA-haploidentical donor; the decision 
is often guided by donor availability and health status, although the lit- 
erature arguably contains weak support to prefer HLA-haploidentical 
siblings over parents, and mothers over fathers, as donors. 


Comparison of Alternative Donor Options 

Although both UCB and HLA-haploidentical HCT have been estab- 
lished as feasible and effective options for patients lacking conven- 
tional donors, the optimal alternative-donor source remains unclear. 
Given the lack of robust comparative data, the choice between UCB 
and haploidentical HCT is often guided by institutional experience, 
comfort level, and research priorities. To address the relative merits of 
these approaches, the United States Blood & Marrow Transplant Clin- 
ical Trials Network (BMT-CTN) conducted parallel multicenter phase 
II clinical trials of RIC followed by either UCB or haploidentical HCT 
(the latter using T-cell-replete marrow as a graft source and posttrans- 
plantation CY as GVHD prophylaxis). These trials reported similar 
overall and disease-free survival at 1 year with the two approaches. °° 
UCB transplantation was associated with a higher risk of GVHD and 
nonrelapse mortality, while haploidentical HCT was associated with a 
higher risk of relapse. Based on these results, the BMT-CTN is currently 
conducting a national, multicenter phase III clinical trial randomizing 
participants between UCB and haploidentical HCT. In addition to clin- 
ical outcomes, this trial is designed to measure quality-of-life and cost 
differences between the two alternative-donor approaches in a compre- 
hensive effort to clarify their relative advantages and disadvantages. 


@ CONCEPTS OF CURATIVE THERAPY 


AUTOLOGOUS HEMATOPOIETIC CELL 
TRANSPLANTATION 


The relationship between the dose of chemoradiotherapy administered 
and the number of tumor cells killed has been extensively studied in 
vitro and in preclinical animal models, and forms the rationale for 
myeloablative autologous HCT. For chemosensitive tumors (includ- 
ing most hematologic malignancies), a steeply rising dose-response 
curve is observed. The curative potential of autologous HCT is, there- 
fore, derived from high-dose chemotherapy or chemoradiotherapy 
administered as transplant conditioning to enhance tumor cell kill and 
overcome drug resistance. This level of dose escalation is possible in 
autologous HCT because dose-limiting toxicities to the hematopoietic 
system are circumvented by the infusion of autologous HSCs, which 
rebuild hematopoiesis after high-dose conditioning. 

Autologous HCT is associated with relatively low TRM. The use of 
mobilized PBPCs rather than marrow as a graft source has decreased 
the duration of neutropenia, and when combined with improved sup- 
portive care and patient selection has reduced the TRM associated with 
autologous HCT from approximately 8 to 10 percent in historical stud- 
ies to 1 to 3 percent at most centers. In addition, the reduced risks and 


faster engraftment times seen with PBPC have enabled many centers to 
pursue outpatient autologous HCT, further easing the logistical burden 
on patients as well as treatment costs. 


Tumor Contamination in the Autograft 
A consistent concern in autologous HCT is the possibility that resid- 
ual tumor cells may contaminate the HSC product and contribute to 
relapse. The relative contributions of autograft contamination and resid- 
ual disease in the patient are difficult, if not impossible, to distinguish. 
Several investigators have approached this question by marking the 
HSC product at the time of harvest and then assaying for the marker 
gene in malignant cells at the time of subsequent relapse. Studies using 
this approach have been performed in patients with leukemia, lym- 
phoma, and myeloma, and have reached conflicting conclusions about 
the contribution of autograft contamination to relapse.!!*"!5 

A number of ex vivo and in vivo purging strategies have been inves- 
tigated in autologous HCT. These include administration of rituximab 
before autologous HSC collection in patients with CD20+ malignancies; 
ex vivo positive selection for CD34+ cells; chemotherapy-based purging 
using CY derivatives; and purging via oncolytic viruses." Single-arm 
or uncontrolled studies have suggested a possible benefit in some of 
these instances, but there is little or no evidence from randomized clin- 
ical trials at present to support the efficacy of autograft purging, and its 
use remains investigational. One of the few randomized clinical trials 
in the field concluded that in vivo purging with rituximab administered 
before autologous HSC collection was as effective, and likely safer, than 
ex vivo CD34+ selection.’ Another randomized clinical trial found 
that CD34+ selection significantly reduced autograft contamination 
with myeloma cells, but did not improve clinical outcomes.” Purging 
strategies carry some potential for harm, as they deplete the autograft 
of mature T cells and increase the risk of infectious complications, par- 
ticularly CMV or other viral reactivation, after autologous HCT. ">! At 
present, given the lack of convincing evidence of clinical benefit, purg- 
ing strategies are not widely used and most centers collect and infuse 
unmanipulated autologous HSC (although these cells are often mobi- 
lized with a regimen containing chemoimmunotherapy, which arguably 
represents a form of in vivo purging). Because relapse remains a major 
concern after autologous HCT, ongoing research is focused on identi- 
fying more efficient and clinically effective means of autograft purging. 


ALLOGENEIC HEMATOPOIETIC CELL 
TRANSPLANTATION 


Allogeneic HCT is a considerably more complicated procedure than 
autologous HCT. It involves more pretransplantation preparation, poses 
a greater risk of complications to the patient, is associated with a signifi- 
cantly higher rate of TRM, and requires at least temporary postgrafting 
immunosuppression to enable engraftment and prevent GVHD. The 
decision to pursue allogeneic HCT is based on diagnosis, prognosis, and 
remission status, as well as the availability of an appropriate donor and 
the psychosocial resources of the patient to cope with the demands of 
the process. Decisions about eligibility for allogeneic HCT are typically 
made on a center-by-center and case-by-case basis, with inherent ele- 
ments of subjectivity and patient and physician judgment. 

A major obstacle to successful allogeneic HCT is the immune 
competence of the recipient. The potential to reject infused donor cells 
is mediated predominantly through regimen-resistant host T and NK 
cells. Strategies to reduce host immunity and promote donor hemato- 
poietic cell engraftment include pretransplantation conditioning (most 
often chemotherapy and/or radiation) and postgrafting immunosup- 
pressive medications. Donor T cells in the allograft play a key role in 
hematopoietic engraftment, and depletion of T lymphocytes from the 
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allograft before transplantation is associated with a substantial increase 
in the occurrence of graft rejection.” With modern conditioning 
regimens, rates of allograft rejection are low (typically <5 percent) for 
patients who have received previous chemotherapy, which weakens 
their immune response to the allograft. In contrast, graft rejection in 
seen more often in patients who have not received cytotoxic chemo- 
therapy before allogeneic HCT (for instance, some patients with mye- 
loproliferative neoplasms) or those with nonmalignant diseases such as 
aplastic anemia, thalassemia, or sickle cell disease, who are often highly 
sensitized against donor antigens by virtue of being heavily transfused 
before allogeneic HCT. 


Graft-Versus-Tumor Effects 

The dominant mechanism of cancer eradication following allogeneic 
HCT is the immunologic recognition and destruction of residual host 
tumor cells by donor-derived immune cells. This phenomenon, termed 
the GVT effect, has been conclusively demonstrated and represents one 
of the most significant biologic findings of the past half-century, with 
implications well beyond the transplantation setting. The existence of 
GVT effects is supported by the following lines of evidence: 


e Tumor relapse is lower after allogeneic than after syngeneic HCT: The 
appreciation of alloreactive GVT effects stemmed from the observa- 
tion that recipients of genotypically identical (syngeneic) grafts had 
significantly higher rates of disease relapse than did patients who 
received grafts from HLA-identical siblings. 7 

e Tumor relapse is higher in recipients of T-cell-depleted grafts: Further 
support for the allogeneic GVT effect came from studies of T-cell 
depletion of the graft.” T-cell depletion was performed in the expec- 
tation that it would reduce the risk of GVHD. However, the later 
observation that these patients had a much higher risk of disease 
recurrence as well as graft rejection was unanticipated. These results 
linked GVHD with GVT effects, and supported the concept that 
patients who developed some degree of alloreactivity, as manifested 
by clinically apparent GVHD, had a reduced risk of disease relapse. 

e Donor lymphocyte infusions can induce remission: Perhaps the most 
definitive evidence for the existence of GVT effects came from the 
application of donor lymphocyte infusions (DLIs). In the early 
1990s, Kolb and others demonstrated that patients with relapsed 
malignancies after allogeneic HCT could, in some cases, be returned 
to complete remission by the simple infusion of donor-derived lym- 
phocytes.’*°"'* With increasing experience, it became clear that some 
diseases (such as chronic myelogenous leukemia [CML]) respond 
very well to DLI whereas others (for instance, acute lymphoblastic 
leukemia [ALL]) are much less responsive. Long-term followup of 
patients successfully treated with DLIs revealed that responders had 
remarkably durable remissions and excellent outcomes.'* These 
observations definitively established the GVT effect as a biologic 
entity capable of controlling an otherwise lethal condition such as 
leukemia. 


Targets and Effector Cells in Graft-Versus-Tumor Reactions 

The biology of the GVT effect remains incompletely understood. A 
number of immunologic targets recognized by donor immune effec- 
tor cells have been proposed, including alloantigens (such as major or 
minor histocompatibility antigens depending upon donor-recipient 
genetic differences), lineage-specific antigens, and malignancy-specific 
antigens such as products of chromosomal translocations. Donor T cells 
clearly play a key role in GVT, and there is emerging evidence that NK 
cells are also responsible for tumor cell control, especially in the set- 
ting of T-cell-depleted HLA-haploidentical HCT. Humoral immunity 
has also been implicated as playing a role in the GVT effect.’ Based 


on preclinical models, the common effector cells that could potentially 
mediate a clinical GVT effect include (1) CD8+ cytotoxic T lympho- 
cytes that recognize tumor-associated antigens in context of class I 
major histocompatibility complex (MHC) antigens; (2) CD4+ T cells 
that recognize tumor-associated antigens in context of class I MHC 
antigens and mediate their effects via Th1 cytokines such as interferon 
(IFN)-y and IL-2, upregulating expression of class I MHC antigens and 
promoting expansion and activation of CD8+ cytotoxic T lymphocytes; 
and (3) NK cells that recognize stress ligands and cells lacking MHC 
expression. -1# The impact of NK cells seems especially pronounced in 
HLA-haploidentical or mismatched allotransplantation.'*!” 

A major question continues to be whether the subset of T cells that 
induce GVHD is the same population of T cells responsible for the GVT 
effect. One of the central aims of research in allogeneic HCT is to sep- 
arate the beneficial GVT effects from deleterious GVHD. Clinical evi- 
dence suggests that, in principle, the two should be separable, as some 
patients experience an apparent GVT effect in the absence of apparent 
GVHD." Although numerous approaches have succeeded in separat- 
ing GVT effects from GVHD in preclinical and animal models, none 
of these approaches have yet been translated successfully to widespread 
clinical use. One approach supported by preclinical models involves the 
use of Teg” and recent studies in the HLA-haploidentical setting are 
supportive of this concept. "5*6 


@ TRANSPLANT PREPARATIVE REGIMENS 


The transplant preparative regimens used in HCT must accomplish 
two goals. Because the majority of autologous and allogeneic HCT are 
performed in individuals with cancer, these regimens were designed, 
at least initially, to maximize tumor cytoreduction and disease eradi- 
cation. In the case of allogeneic HCT, the regimen must be sufficiently 
immunosuppressive to overcome host rejection of the graft. In autol- 
ogous HCT, where efficacy depends on exploiting the dose-response 
curve, high-dose conditioning regimens are universally used. In con- 
trast, in allogeneic HCT much or all of the clinical benefit derives from 
donor alloimmunity, enabling the use of RIC designed to facilitate 
donor engraftment with minimal toxicity. 


TOTAL-BODY IRRADIATION 


TBI has been a primary component of many autologous and alloge- 
neic HCT preparative regimens since the inception of the field. TBI has 
excellent activity against a variety of hematolymphoid malignancies, has 
pronounced immunosuppressive properties, and is able to treat sanc- 
tuary sites like the testicles and the central nervous system. Aside from 
one very early study of high-dose TBI alone, most preparative regimens 
combine TBI with cytotoxic agents such as CY. Dose-finding studies 
suggest that higher TBI doses are associated with a lower risk of relapse 
with dose escalation as high as 15.75 Gy, but doses above 12 Gy are asso- 
ciated with higher risks of GVHD and TRM, which offset the reduced 
risk of relapse.” Currently, most high-dose TBI-based conditioning 
regimens use a dose between 12 and 13.2 Gy. Long-term concerns with 
TBI-based regimens include the development of cataracts and hypothy- 
roidism, impairment of growth and development in children, and sec- 
ondary malignancies.'#*"'° 

Hyperfractionated TBI, in which relatively small dose fractions are 
given two to three times a day over a few days, minimizes leukemia 
regrowth and reduces lung and gastrointestinal toxicity, allowing higher 
TBI doses to be administered safely. Several clinical studies confirm 
decreased overall lung toxicity with fractionation.'*’'* Excellent results 
are also reported with the combination of fractionated TBI and VP-16 
(etoposide), particularly promising results in patients with ALL.'*!* 
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An alternate form of irradiation is radioimmunotherapy, which 
involves the use of antibodies to deliver locally acting radionucleotides 
to targeted sites. In theory, this strategy could provide excellent targeted 
antitumor effects without increased systemic toxicity. Clinical trials 
incorporating anti-CD45 monoclonal antibodies conjugated to radio- 
active iodine (1°'1) or yttrium (Y) show promising early results in both 
the autologous and the allogeneic setting. One approach to further 
improving the targeting of radiation is the use of a-particle emitters. 
Alpha particles have a very short effective range but carry immense 
kinetic energy, making them an attractive option to maximize malig- 
nant cell killing while minimizing bystander damage. Preclinical studies 
using bismuth-213 (’Bi) and astatine-211 (?"'At) have demonstrated 
efficacy,’'” and this approach is currently being translated into clin- 
ical trials. 


CHEMOTHERAPY-ONLY REGIMENS 


Autologous 

Patients with NHL or HL have often received prior intensive local radio- 
therapy, often to the mediastinum, which results in a high incidence 
of fatal interstitial pneumonitis following TBI.'® Therefore, non-TBI- 
containing conditioning regimens were developed. The choices of 
drugs include agents that can be significantly dose-escalated and have 
improved tumor cell killing at higher doses, yet have nonoverlapping 
toxicities; for example, a common preparative regimen for autologous 
HCT in lymphoma includes 1,3-bis(2-choloroethyl)-1-nitrosurea (car- 
mustine or bis-chloroethylnitrosourea [BCNU]), VP-16, and CY.“ 
The dose-limiting non-hematologic toxicity of BCNU affects the lungs; 
VP-16 affects the liver; and CY, the heart. Consequently, using these 
drugs below the maximally tolerated doses results in relatively low 
regimen-related toxicity but maximizes tumor cell kill to overcome 
drug resistance. Many other chemotherapy-only regimens have been 
developed for autologous HCT according to similar principles, includ- 
ing BCNU, etoposide, cytarabine, and melphalan (BEAM) (for lympho- 
mas) and high-dose melphalan (for myeloma). 


Allogeneic 

A variety of chemotherapy-only conditioning regimens have been 
developed for allogeneic HCT. The most widely used combines oral 
busulfan (BU), at a total dose of 16 mg/kg given over 4 days, with CY at 
a total dose of 120 mg/kg given intravenously over 2 days (referred to as 
BU/CY).'®'% A randomized comparison between fractionated TBI plus 
CY (TBI/CY) and BU/CY in patients transplanted for CML demon- 
strated that the BU/CY regimen was better tolerated, but there was no 
significant difference in overall or event-free survival, TRM, or GVHD 
incidence.’ The development of intravenous BU further improved 
the availability and tolerability of this regimen, although steady-state 
plasma concentrations remain variable after intravenous BU and thera- 
peutic drug monitoring arguably remains necessary.'*'® Interestingly, 
pretreatment with BU may deplete hepatic glutathione and thus poten- 
tiate the toxicity of CY.'”’”! Reversing the sequence of conditioning 
agents (from BU/CY to CY/BU) has been studied as a means of reduc- 
ing regimen-related toxicity, and this alteration to the regimen has been 
associated with reduced exposure to toxic CY metabolites and a lower 
risk of hepatotoxicity.” 

Other high-dose chemotherapy-only conditioning regimens remain 
in use on an institution-, disease-, and patient-specific basis. The most 
common modification to BU/CY is the substitution of fludarabine 
(FLU) for CY (BU/FLU). This regimen has been proposed to avoid the 
hepatotoxicity of CY and to reduce regimen-related toxicity compared 
to BU/CY. However, two recent randomized clinical trials comparing 
BU/CY and BU/FLU have found increased risks of graft rejection and 


pneumonitis, as well as decreased overall and disease-free survival, with 
BU/FLU, raising the concern that this regimen is inferior to BU/CY.'7"* 


REDUCED-INTENSITY TRANSPLANTATION 


The demonstration that immune-mediated mechanisms are critical in 
eradicating malignancy after allotransplant challenged the rationale for 
relatively toxic full-dose conditioning. A number of reduced-intensity 
regimens have been developed which have lower regimen-related toxic- 
ity but are sufficiently immunosuppressive to allow full donor engraft- 
ment, shifting the responsibility for tumor eradication largely or entirely 
to immunologic GVT effects. The development of RIC is one of the 
most transformative advances in the field of allogeneic HCT in the past 
several decades, as it has allowed the expansion of eligibility for alloge- 
neic HCT to older and less medically fit patients who would otherwise 
be ineligible for high-dose conditioning. Additionally, patients with rel- 
atively indolent disease may not require the immediate cytoreductive 
capacity of an aggressive preparative regimen and may be particularly 
suitable candidates for transplantation using RIC. These regimens are 
also useful in patients with nonmalignant diseases where the goal is 
strictly the establishment of donor hematopoiesis; examples include 
genetic disorders, autoimmune diseases, and the induction of tolerance 
in combined solid-organ and same-donor marrow transplantation. 

A variety of RIC regimens with differing dose intensities have 
been developed. One significant regimen came from detailed studies in 
a canine model using a backbone of low-dose 2 Gy TBI followed by 
postgrafting immunosuppression with mycophenolate mofetil (MMF) 
and cyclosporine (CSP).'”° This work was translated to patients with 
a variety of malignancies and resulted in reliable donor engraftment 
with the addition of intravenous FLU 90 mg/m’. This reduced-in- 
tensity regimen has been used successfully in more than 1000 patients 
with a wide variety of malignancies, especially in older patients and 
those with more indolent diseases such as follicular NHL or chronic 
lymphocytic leukemia (CLL).!””"!” Another commonly used RIC regi- 
men consists of intravenous FLU (between 90 and 150 mg/m?) and CY 
(between 900 and 2,000 mg/m”).'® This regimen, combined with ritux- 
imab or ”Y ibritumomab tiuxetan, has produced excellent long-term 
disease-free survival in patients with indolent lymphoma." A third 
common reduced-intensity regimen was developed in a rodent model 
using fractionated low-dose total lymphoid irradiation (TLI) combined 
with depletive T-cell antibodies (antithymocyte serum), which showed 
that recipients were protected from GVHD induction by donor-derived 
T cells.” Rodents conditioned with this approach did not develop lethal 
acute GVHD despite the infusion of megadoses of donor T lymphocytes. 
TLI and antithymocyte serum altered residual host T-cell subsets to favor 
regulatory NK/T cells which suppress GVHD by polarizing the infused 
donor T cells toward secretion of noninflammatory cytokines such 
as IL-4, and by promoting expansion of donor CD4+CD25+FoxP3+ 
Teg > This approach was successfully translated to clinical transplanta- 
tion; patients conditioned with TLI and antithymocyte globulin (ATG) 
developed sustained donor-derived hematopoiesis with very low inci- 
dences of acute GVHD and TRM.'** The relative merits of RIC versus 
high-dose conditioning continue to be studied; a national multicenter 
prospective randomized trial comparing high-dose to RIC in patients 
with acute myeloid leukemia (AML) or myelodysplastic syndrome 
(MDS) is ongoing under the auspices of the BMT-CTN. 


Mixed Chimerism Following Reduced-Intensity Conditioning 
A feature common to all RIC protocols is the incomplete eradication, 
at least initially, of host hematopoietic elements. As a consequence, a 
significant percentage of patients have mixed donor-recipient chimer- 
ism for months after transplantation before fully converting, if ever, to 


complete donor type. Most reports suggest that persistent mixed chi- 
merism is a significant risk factor for disease relapse.'*"*° Interventions 
such as withdrawal of immunosuppressive medications, CD34-selected 
donor cell boost, and DLI have been used to convert mixed chimerism 
to complete donor type, although these interventions are not without 
risk and can precipitate GVHD. A significant percentage of patients 
who received alemtuzumab-containing conditioning regimens required 
DLI to promote donor engraftment and protect against immune- 
mediated graft rejection, but the risk of developing post-DLI GVHD 
was significant.'*” Mixed chimerism is not unique to RIC; prior to the 
addition of ATG, almost 60 percent of patients who received high-dose 
conditioning and allogeneic HCT for severe aplastic anemia had mixed 
chimerism, of whom two-thirds eventually converted to complete donor 
hematopoiesis while the remainder experienced late graft failure.'** 
Persistent mixed chimerism may have a role in allogeneic trans- 
plantation for noncancer patients. In organ transplantation, tolerance, 
defined as immunosuppressive drug withdrawal without graft rejection, 
was achieved in kidney transplant recipients who received the same 
donor marrow when sustained mixed chimerism was established, and 
not in recipients who experienced donor hematopoietic graft loss.’ 


@ EVALUATION AND SELECTION OF 
CANDIDATES FOR TRANSPLANTATION 


Most transplantation candidates are referred by hematologists or oncol- 
ogists to the tertiary center where HCT will be performed. Patients 
considered for transplantation require in-depth evaluation and coun- 
seling by experienced transplantation physicians, nurses, and social 
workers. A detailed review of initial diagnostic studies, previous drug 
and radiation treatments, and responses to these interventions, as well 
as a psychosocial assessment of the patient and their caregivers, are of 
the utmost importance. Table 23-2 highlights the issues and topics that 
should be addressed during counseling meetings with transplantation 
candidates and their caregivers.’ Important factors which consistently 
impact outcomes following HCT include, but are not limited to, dis- 
ease status at transplantation, type and compatibility of donor, recipient 
age, and comorbid medical conditions. Early referral for transplantation 
consultation is critical, particularly if allogeneic HCT is under consider- 
ation, because of the time required to identify a suitable donor. 


DISEASE STATUS AT THE TIME OF 
TRANSPLANTATION 


Disease status at the time of transplantation is perhaps the most pow- 
erful predictor of long-term disease-free survival following allogeneic 
and autologous HCT. Early studies of allogeneic HCT were performed 
using predominantly patients with refractory and progressive disease.’ 
Although a small percentage of these patients were salvaged, transplan- 
tation was unsuccessful in the majority of patients due to progressive 
malignancy. Patients with acute leukemias transplanted in complete 
remission (CR) have substantially better outcomes compared to those 
transplanted with active disease.” Even very minimal amounts of 
residual disease are associated with significantly higher relapse risk 
in patients undergoing allogeneic HCT for AML, regardless of condi- 
tioning intensity,” underscoring the importance of disease status at 
transplant as a prognostic factor. Likewise, disease status as determined 
by positron emission tomography (PET) prior to transplant is an impor- 
tant predictor of progression-free survival for patients with diffuse large 
B-cell lymphoma and HL undergoing autologous HCT.'*'* These sce- 
narios highlight a truism: patients who have advanced poorly controlled 
disease at the start of transplant conditioning have significantly inferior 
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TABLE 23-2. Topics Addressed During Counseling 


Meetings with Transplant Candidate and Care Provider 


|. Rationale for why transplantation is a therapeutic option 

ll. How the transplantation is performed 
Autologous 
Allogeneic—choice for full-dose versus RIC 

Ill. Source of cells 
Marrow versus blood versus other source 

IV. Risks of procedure 

V. Graft failure and graft rejection 

VI. Risk of GVHD 
Acute and chronic forms, compatibility of graft 
Likelihood for long-term immune suppression medication 

VII. Nonrelapse mortality at 100 days and 1 year 

VIII. Risks of relapse 

IX. Timing of transplant 

X. Projected result 

XI. Requirement for dedicated care provider 

XII. Other 
Financial implications 
Durable power of attorney 
Banking of sperm, in vitro fertilized eggs 
Duration of stay near the transplantation center 
Return to home and work 
Sexual activity 
Quality-of-life issues 
Habits such as smoking, alcohol, and drug addiction 


GVHD, graft-versus-host disease; RIC, reduced-intensity conditioning. 


outcomes compared to patients transplanted earlier in the course of 
their disease and to those who have achieved good, albeit temporary, 
control of their disease. On the other hand, attempts to salvage patients 
with advanced disease who have failed multiple therapies are rarely 
successful, and transplantation is often best considered early in the 
course of therapy. These discussions are complex, as earlier transplan- 
tation, especially allogeneic, carries significant risks to the patient. A 
number of other disease-specific considerations are important in deter- 
mining the appropriate timing for transplantation, including the pres- 
ence and/or persistence of cytogenetic and molecular abnormalities, 
the immune phenotype, and evidence of extramedullary or extranodal 
disease. Advanced genetic characterization of leukemia and lymphoma 
may provide improved insight into cohorts of patients for which HCT 
should be performed earlier in the course of disease. 


AGE 


Historically, older age was a significant barrier to allogeneic HCT, since 
older patients suffered severe and often prohibitive toxicity after high- 
dose conditioning regimens.”” However, the impact of older age is mit- 
igated by the increasing use of RIC for allogeneic HCT.” High-dose 
conditioning and allogeneic HCT is generally reserved for patients 60 
years of age or younger, whereas allotransplantation with RIC has been 
performed successfully in patients into their eighth decade of life. Most 
centers in the United States do not have a stringent age cutoff for alloge- 
neic HCT, although careful screening for comorbid medical conditions, 
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such as heart, lung, kidney, and liver disease, is particularly important 
in older patients, and allotransplantation in patients 70 years of age and 
older remains somewhat controversial. Existing data suggest that allo- 
geneic HCT can be safely performed in selected patients age 60 to 75 
years, with a 5-year overall survival of 35 percent.” Some investiga- 
tors have proposed that age is a poor and imprecise prognostic marker, 
and instead advocate the use of comorbidity assessment and scoring to 
determine eligibility for allogeneic HCT.* However, caution is war- 
ranted since this approach has not been prospectively validated; retro- 
spective cohort studies necessarily suffer severely from patient selection 
bias, as they include only those older patients who were deemed appro- 
priate candidates to proceed to allogeneic HCT. Outcomes for this 
selected group of older patients cannot be generalized to the population 
of older adults as a whole. 

In contrast to allogeneic HCT, autologous HCT relies on high-dose 
conditioning for its antitumor efficacy. Thus, there is no way to reduce 
conditioning intensity without sacrificing some degree of efficacy. As 
a result, age limitations are often stricter for autologous HCT than for 
allogeneic HCT, as candidates for the former must be able to tolerate 
intensive, high-dose chemotherapy. It is unusual for autologous HCT to 
be offered to patients older than 75 years of age.°° 


COMORBID MEDICAL CONDITIONS 


Comorbid medical conditions have a significant impact on trans- 
plantation outcomes. Routine screening of heart and lung function to 
detect occult abnormalities is of critical importance, especially in older 
patients. Evaluation of liver and kidney function, as well as exposure to 
potential pathogens such as CMV, hepatitides B and C, herpes viruses, 
and HIV are routine and should be performed in all patients. Another 
major factor is the nutritional status of the patient, as extremes such as 
cachexia or obesity require special considerations and adversely impact 
TRM.207:208 

Several scoring instruments have been devised to allow quantifi- 
cation and comparison of pretransplantation comorbidities. The most 
widely used of these are the EBMT Risk Score,” the Pretransplant 
Assessment of Mortality (PAM) score,’ and the HCT-specific Comor- 
bidity Index (HCT-CI; later modified to incorporate age).*?"' A num- 
ber of efforts have been made to validate, revise, or combine these scores 
in diverse populations, with variable success.’!*?'® Several caveats are 
important when considering quantitative scoring of pretransplantation 
comorbidities. First, because these scoring instruments were derived 
from retrospective cohorts of patients, they suffer from an inescapable 
selection bias, as only patients who were deemed fit for transplantation 
were included in their derivation. This selection bias limits the ability 
to generalize their use to unselected patient populations. Second, trans- 
plantation outcomes have not remained stable over time; instead, TRM 
has steadily decreased over time with the availability of better support- 
ive care and other refinements.!”?!® Thus, it is conceivable that the rel- 
ative impacts of specific comorbidities on transplantation outcomes are 
not fixed, but may vary over time. Efforts are currently underway to 
prospectively validate these comorbidity scoring instruments. 

Every effort should be made to encourage potential patients to 
maintain good health practices, including discontinuation of alcohol 
use, tobacco smoking, and illicit drug use (if applicable). Centers vary in 
their approach to abstinence, but it is common to require that patients 
cease all tobacco use permanently as a condition of proceeding to 
autologous or, especially, allogeneic HCT. The risk of pulmonary com- 
plications from chemotherapy (e.g., BCNU) or from chronic GVHD 
involving the lung is potentiated by smoking, as is the risk of second- 
ary cancers of the lung and other organs. A special situation deserv- 
ing consideration is the use of marijuana, which is increasingly legal, 


available, and widely used by cancer patients to combat chemother- 
apy-related nausea and anorexia. Anecdotally, an increasing number 
of patients referred for transplantation consultation are actively using 
marijuana to control these symptoms during their pretransplantation 
chemotherapy. Cases of severe or fatal pulmonary aspergillosis from 
inhaled spores have been reported in immunosuppressed patients using 
marijuana.”*’” Transplant center policies regarding medical marijuana 
use and abstinence have lagged behind the rapidly changing legal status 
of marijuana in the United States, creating a challenge in assessing and 
counseling patients. 


@ DISEASES TREATED WITH 
TRANSPLANTATION 


Numerous malignant and nonmalignant hematologic disorders, as well 
as selected solid tumors, may be treated with HCT. The results obtained 
with transplantation are reviewed in detail in the disease-specific chap- 
ters of this book, and are discussed only briefly here. 

In general terms, autologous HCT is recommended for patients 
whose malignancy exhibits chemosensitivity to conventional dose ther- 
apy and does not extensively involve the marrow; included are most 
lymphomas, germ cell tumors, and other selected pediatric tumors. In 
these instances, tumor eradication is a result of dose escalation of cyto- 
toxic therapy in the conditioning regimen, and the autograft serves as 
hematopoietic cell rescue. In contrast, allogeneic transplantation is gen- 
erally pursued for hematologic malignancies and disorders that primar- 
ily originate in the marrow, such as acute and chronic leukemias, aplastic 
anemia, MDSs, and myeloproliferative neoplasms. For some diseases 
with extensive marrow involvement, such as the low-grade lympho- 
mas and myeloma, the decision to pursue autologous versus allogeneic 
HCT is more complex. In these settings, allogeneic transplantation has 
generally been more successful in controlling disease recurrence and 
reducing relapse risk. However, the associated risks, including GVHD 
and prolonged immunosuppression, result in a higher TRM compared 
to autologous HCT. Thus, the decision to pursue an allogeneic or autol- 
ogous HCT for patients with these diseases depends on the combination 
of patient characteristics such as comorbidities and age, availability of 
a suitable donor, disease-specific characteristics, and often patient pref- 
erence. For some hematologic conditions, such as MDSs, myeloprolif- 
erative neoplasms, and aplastic anemia, only allogeneic transplants are 
generally appropriate. 

In addition, patients with selected solid tumors, such as testicular 
cancer, neuroblastoma, and other pediatric tumors, have had successful 
outcomes with autologous HCT.” -+ Extensive studies in women with 
breast and ovarian carcinoma, and more limited studies in patients with 
renal cell carcinoma and small cell lung cancer, have failed to demon- 
strate a role for HCT.*6 Outside of the investigational setting, there 
are no currently accepted indications for allogeneic HCT to treat non- 
hematologic solid tumors. 

A variety of congenital and acquired nonmalignant disorders can 
be successfully treated with HCT. The most well-established nonmalig- 
nant indication is for allogeneic HCT in patients with severe aplastic 
anemia, where outstanding results have been achieved, particularly for 
younger patients with HLA-matched sibling donors, where long-term 
disease-free survival rates of 88 to 100 percent have been reported.””*8 
Hematopoietic cell transplantation for patients with clinically signifi- 
cant hemoglobin disorders, such as thalassemia major, has been very 
successful, especially in patients without significant liver disease.” 
Likewise, allogeneic HCT is considered a treatment option for young 
patients with severe forms of sickle cell disease.”'’*? Guidelines for 
patient selection and management of patients with thalassemia or sickle 
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cell disease were published in 2014 by EBMT.’* In patients with hemo- 
globin disorders, transplantation serves as a form of gene therapy, using 
allogeneic hematopoietic cells as vectors for genes essential for normal 
hematopoiesis. Eventually the vector may well be autologous stem cells 
transformed by the insertion of normal genes.” 

For patients with SCID syndrome and other congenital immuno- 
deficiencies, allogeneic HCT remains the treatment of choice.**”** The 
role of allogeneic HCT for patients with storage diseases, a diverse group 
of disorders that typically involve a single gene defect in a lysosomal 
hydrolytic enzyme or peroxisomal function, is evolving and it appears 
that subsets of mucopolysaccharidoses derive the most benefit.” 


SELECTED RESULTS OF HEMATOPOIETIC 
CELL TRANSPLANTATION 


A comprehensive discussion of transplantation outcomes is beyond the 
scope of this chapter; please refer to other disease-focused chapters of this 
text for more complete information. A brief overview of transplantation- 
related outcomes in a number of diseases is presented here. 


Acute Myeloid Leukemia 

Allogeneic HCT has a major role in the management of patients with 
AML. For patients in CR1, the decision to proceed to allogeneic HCT as 
opposed to chemotherapy-based consolidation is predicated on prog- 
nostic markers and donor availability, as well as patient preference. For 
patients beyond CR1, allogeneic HCT often offers the only potentially 
curative treatment option. 

First Complete Remission A question of significant practical 
importance is how best to treat a younger AML patient who achieves 
a CRI following induction chemotherapy. Several large prospective tri- 
als have been conducted using so-called genetic randomization: that is, 
patients in CR1 with an HLA-identical sibling received allogeneic HCT, 
while those without an HLA-identical sibling received chemother- 
apy-based consolidation or autologous HCT.” Two meta-analyses 
have focused on the comparative outcomes of allogeneic HCT versus 
chemotherapy, both of which found that allogeneic HCT in CR1 yielded 
better overall and disease-free survival for patients with intermedi- 
ate- and poor-risk cytogenetics, but not for those with favorable-risk 
cytogenetics.™°"! For patients with poor-risk cytogenetics, there is lit- 
tle dispute that allogeneic HCT is the preferred postremission therapy 
for medically fit patients with available donors. Conversely, patients 
younger than 60 years of age with favorable-risk cytogenetics who 
promptly achieve CR1 with induction chemotherapy are generally not 
considered for allogeneic HCT, and instead should receive chemother- 
apy-based consolidation. For younger patients with intermediate-risk 
cytogenetics, allogeneic HCT in CR1 from an HLA-identical sibling 
donor is the best available postremission therapy, but its advantage over 
other approaches is not as substantial as in the setting of poor-risk cyto- 
genetics. One caveat is that the studies demonstrating the superiority 
of allogeneic HCT were performed using genetic randomization, and 
thus the results are, strictly speaking, only applicable to patients with 
HLA-identical sibling donors. That said, single-center and registry data 
suggest that outcomes with HLA-matched unrelated donor allotrans- 
plantation for AML in CRI are similar to those with HLA-identical 
sibling donors,”*** so it is reasonable to extrapolate the results of the 
genetic-randomization studies to patients with HLA-matched unrelated 
donors. 

Patients older than 60 years of age typically have substantially 
higher relapse rates with chemotherapy alone (60 to 80+ percent)?" 
and have poorer outcomes than younger patients with equivalent cyto- 
genetics, suggesting that older adults may benefit from allogeneic HCT 


in CRI. There are no prospective, genetically randomized trials in older 
adults with AML comparing allogeneic HCT to chemotherapy in CRI, 
but retrospective comparisons suggest that allogeneic HCT can reduce 
relapse risk and improve outcomes in this demographic.*** The deci- 
sion to proceed to allogeneic HCT in older adults is often based less on 
disease risk factors and more on medical comorbidities and the esti- 
mated risk of TRM, which may be prohibitive. 

In the genomic era of AML risk stratification, patients with inter- 
mediate-risk disease are often categorized based on the results of molec- 
ular testing for mutations of FLT3, NPM1, and CEBPA. Patients with 
intermediate-risk cytogenetics and biallelic CEBPA mutations or NPM1 
mutations in the absence of FLT3 mutations have good-risk disease 
and are often not considered for allogeneic HCT in CR1. In contrast, 
patients with internal tandem duplications in FLT3 have poorer prog- 
noses and are often considered for allogeneic HCT in CRI. 

Detailed guidelines have been published by the European Leu- 
kemiaNet AML Working Party to guide the use of allogeneic HCT in 
AML patients in CR.” Based on existing data, many experts would 
recommend allogeneic HCT for all medically fit patients younger than 
60 years old with AML in CRI1 except for those with favorable-risk dis- 
ease (including those with intermediate-risk cytogenetics and favorable 
molecular markers) who achieve CR1 with their first cycle of induction 
and have no evidence of minimal residual disease. For all other younger 
CR1 patients—including those with intermediate-risk cytogenetics and 
negative molecular markers, and those in any cytogenetic risk group 
who do not promptly achieve CR with induction or who have minimal 
residual disease—allogeneic HCT should be strongly considered as the 
best postremission option.” For older adults with AML in CRI, allo- 
geneic HCT should be considered for all medically fit patients except 
those with favorable-risk disease, although there are fewer data to sup- 
port this recommendation and medical comorbidities play an increas- 
ingly important role in decision making as patients age. 

The role of consolidation chemotherapy before allotransplantation 
in patients in CR1 is unclear. Many transplant physicians recommend 
at least 1 to 2 cycles of consolidation, especially for patients slated to 
receive RIC, in order to maximize pretransplantation cytoreduction. 
However, two recent retrospective studies have questioned the benefit 
of consolidation chemotherapy, and instead favored moving forward 
to allogeneic HCT as soon as a suitable donor is available.” Con- 
solidation chemotherapy is to maintain remission during prolonged 
donor searches, but its benefit is less clear in patients who have a donor 
identified. 

Aml Beyond First Complete Remission For patients with AML 
who relapse after attaining a CRI, allogeneic HCT is the treatment of 
choice. While no prospective randomized trials have compared alloge- 
neic HCT to salvage chemotherapy alone in this setting, retrospective 
data strongly support the use of allogeneic HCT." Autologous HCT 
has been used historically in patients who lacked suitable allogeneic 
donors,” but with the advent of improved alternative-donor options the 
use of autologous HCT for AML has become rare except in developing 
countries without the capability to perform allogeneic HCT. Patients with 
AML beyond CR1 who lack suitably HLA-matched donors are candi- 
dates for HLA-haploidentical or UCB allotransplantation, as retrospec- 
tive studies have associated these approaches with equivalent overall and 
disease-free survival compared to allotransplantation from conven- 
tional donor sources.’ 

The likelihood of long-term survival is very low in AML patients 
whose disease fails to achieve CR1 following induction therapy 
(primary induction failure) and in those whose disease is chemorefrac- 
tory at relapse. Allogeneic HCT with myeloablative conditioning has 
been reported to cure approximately 19 to 30 percent of such patients 
in retrospective analyses. >? These retrospective reports undoubtedly 
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suffer from substantial selection bias; presumably patients with relapsed 
or refractory AML were not transplanted indiscriminately, but only if 
their physicians felt they had an above-average chance of responding. 
These success rates are therefore very unlikely to pertain to the over- 
all population of adults with relapsed or refractory AML. Attempts 
have been made to construct prognostic tools to identify the subset of 
patients most likely to benefit from allogeneic HCT,” and some author- 
ities have argued that allogeneic HCT is underused in this population.“ 
Currently there is no single standard of care for treatment of patients 
with AML in refractory relapse or primary induction failure; reason- 
able options include additional salvage chemotherapy to induce remis- 
sion; enrollment on a clinical trial; allogeneic HCT (in carefully selected 
patients); and palliative care, and the optimal choice must be individu- 
alized based on patient characteristics and donor availability. 


Acute Lymphoblastic Leukemia 

Allogeneic HCT is widely used in adult patients with ALL, especially 
those patients with high-risk features (most often defined as white blood 
cell count at diagnosis >30,000 [or >100,000 in T-cell ALL], adverse 
cytogenetics, progenitor B-cell immunophenotype, age >60 years, or 
failure to achieve CR within 4 weeks of induction chemotherapy).””* 
Patients with none of these features are considered to have standard-risk 
disease; there is no clear “favorable-risk” population in adult ALL. While 
the advisability of allogeneic HCT is uncontroversial as postremission 
therapy for adults with high-risk ALL, it is also the treatment of choice 
for eligible adults with standard-risk ALL in CRI. Several large geneti- 
cally randomized prospective trials have demonstrated a survival bene- 
fit for allogeneic HCT in CR1 for adults with standard-risk ALL.*”?° A 
2013 meta-analysis confirmed the benefit of upfront allogeneic HCT for 
adults 35 years of age or younger; for older adults, the benefit was more 
difficult to demonstrate owing to increasing TRM.” As with all geneti- 
cally randomized clinical trial data, these findings apply only to patients 
with HLA-identical sibling donors, strictly speaking, although many 
authorities extrapolate the observed benefit to HLA-matched unrelated 
donors and possibly even alternative donors on the basis of generally 
equivalent outcomes. 

On the basis of existing data, we believe that myeloablative allo- 
geneic HCT is the optimal therapy for all eligible adults with ALL in 
CR1 and available HLA-identical sibling donors—a recommendation 
supported by a recent Cochrane Library systematic review.’ Alloge- 
neic HCT is likely also the optimal therapy for those with HLA-matched 
unrelated donors, although this recommendation relies more on extrap- 
olation from data in the HLA-identical sibling setting. The decision 
to proceed with alternative-donor allogeneic HCT in a patient with 
standard-risk ALL in CR1 is less clear-cut and depends on patient pref- 
erence and institutional comfort level. In any case, we believe that all 
adults with ALL should be referred for transplantation consultation early 
in their course to assist in determining the optimal treatment approach. 

Conditioning-regimen intensity appears to play a major role in the 
success of allogeneic HCT for ALL. Results with nonmyeloablative allo- 
geneic HCT for Philadelphia chromosome-negative (Ph-) ALL beyond 
CR1 have been poor, with virtually no survivors.” For older adults with 
Ph- ALL who are not candidates for intensive conditioning, the optimal 
approach remains unclear, particularly for those beyond CR1. 

Philadelphia Chromosome-Positive Acute Lymphoblastic 
Leukemia The postremission management of patients with Phila- 
delphia chromosome-positive (Ph+) ALL deserves special attention. 
Historically, Ph+ ALL carried a very poor prognosis with conventional 
chemotherapy, and this chromosomal abnormality was considered a 
high-risk feature. High-dose TBI-based conditioning and allotrans- 
plant has historically been the standard of care for postremission ther- 
apy of Ph+ ALL in adults, and resulted in 10-year overall survivals of 


54 percent and 29 percent for patients transplanted in CR1 and beyond 
CRI, respectively, in the pre-tyrosine kinase inhibitor (TKI) era.*” 

The development of TKIs targeting bcr/abl has markedly improved 
the prognosis of Ph+ ALL. With the incorporation of TKI therapy into 
pretransplant induction and posttransplant maintenance, Ph+ ALL now 
carries one of the best prognoses of all forms of adult ALL, even with 
nonmyeloablative conditioning.**'’* Most authorities continue to rec- 
ommend allogeneic HCT as postremission therapy for adults with ALL 
in the TKI era. The pediatric literature suggests that it may be safe to 
forgo allotransplantation in favor of TKI-based chemotherapy alone in 
Ph+ ALL,” but these data cannot be extrapolated to the adult setting 
because of the very different clinical behavior of adult versus pediatric 
ALL. For adults with Ph+ ALL who are not candidates for allotrans- 
plantation, TKI-containing chemotherapy regimens coupled with close 
monitoring of minimal residual disease may be an alternative, but this 
approach has not been tested in clinical trials. 


Myeloma 
Autologous HCT is not curative in myeloma, but a number of random- 
ized clinical trials have demonstrated prolongation of event-free survival 
by a median of approximately 1 year when single or double autologous 
HCT is incorporated into the treatment program.” Some of these 
trials also reported improved overall survival with autologous HCT. In 
addition, early autologous HCT is associated with an improved quality 
of life in patients with myeloma, likely because it is associated with a 
shorter period of chemotherapy.” However, these studies were per- 
formed before the introduction of modern highly active antimyeloma 
therapies such as thalidomide, lenalidomide, and bortezomib. In 2014, 
results were published from a randomized trial comparing upfront 
tandem autologous HCT to lenalidomide-based maintenance therapy 
after induction with lenalidomide and dexamethasone.” Patients ran- 
domized to upfront autologous HCT had significantly improved 4-year 
overall survival compared to those randomized to the nontransplant 
arm (81.6 percent vs. 65.3 percent, p = 0.02; Fig. 23-1). Patients ran- 
domized to the nontransplantation arm remained eligible for autolo- 
gous HCT at the time of myeloma progression, but only 62.8 percent 
actually received autologous HCT, suggesting that delayed autologous 
HCT is not feasible for many patients as a result of rapid clinical dete- 
rioration following relapse. These results support the continued role 
of upfront autologous HCT as the standard of care for medically fit 
patients with myeloma in the modern era, although several caveats 
apply. First, the maintenance regimen in the nontransplantation arm 
consisted of low-dose melphalan in combination with lenalidomide and 
dexamethasone, and it is unclear whether these findings can be gener- 
alized to other, more commonly used maintenance regimens. Second, 
patients randomized to upfront autologous HCT received planned tan- 
dem autologous HCT with intravenous melphalan 200 mg/m? condi- 
tioning for each transplant. This approach is relatively uncommon, as 
tandem autologous HCT has fallen out of favor based on evidence that 
it does not improve overall survival.” In current practice, second autol- 
ogous HCT is usually reserved for patients who fail to achieve at least 
a very good partial remission after first autologous HCT,” and is often 
performed using a lower dose of intravenous melphalan (140 mg/m”) 
as conditioning. As a result, it is unclear whether the benefit observed 
in this trial extends to the setting of single autologous HCT. Nonethe- 
less, upfront autologous HCT continues to be widely used in myeloma, 
and the recent trial adds support for this approach, particularly since 
nearly 40 percent of patients intended to undergo transplantation never 
received the intervention. 

Allogeneic HCT remains the only therapy thought to be poten- 
tially curative in myeloma, and has been widely studied, most often as 
part of a tandem autologous/allogeneic double-transplant approach. 
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Figure 23-1. Results from a prospective randomized clinical trial comparing upfront autologous hematopoietic cell transplantation to mainte- 
nance therapy in myeloma.’ Panel A shows progression-free survival and 5-year overall survival from the time of diagnosis. Panel B shows progres- 
sion-free survival and 4-year overall survival from the start of consolidation therapy. Panel C shows progression-free survival and 3-year overall survival 
from the start of maintenance or no maintenance. Cl, confidence interval; MPR, melphalan,prednisone, and lenalidomide. (Reproduced with permission 
from Palumbo A, Cavallo F, Gay F et al: Autologous transplantation and maintenance therapy in multiple myeloma. N Engl J Med 4;371(10):895—905, 2014.) 
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Comparisons of tandem autologous/autologous versus tandem autol- 
ogous/RIC allogeneic HCT have yielded conflicting results. Improved 
overall survival with allotransplantation was seen in an Italian random- 
ized study of 162 patients and in long-term followup of the EBMT-N- 
MAM2000 trial involving 257 patients,””°” although the relapse rate 
remained high at 60 percent even after allografting.”” In contrast, three 
other large randomized trials failed to demonstrate an overall sur- 
vival advantage with allografting.””*” The largest trial addressing this 
question was completed by the BMT-CTN and enrolled 710 myeloma 
patients randomized between auto-auto and auto-allo approaches.’ 
This trial found no benefit in overall or progression-free survival with 
allografting. These results, along with a 2013 meta-analysis of random- 
ized trials which similarly found no benefit to allotransplantation,”” 
have led to a loss of enthusiasm for allogeneic HCT in myeloma. Some 
authors have argued that survival improvements with allogeneic HCT 
require longer followup.’ Nonetheless, given existing data, allogeneic 
HCT in myeloma is typically reserved for younger patients with very 
high-risk disease or those who have failed autologous HCT, and is ide- 
ally performed in the context of a clinical trial. 


Non-Hodgkin Lymphoma and Hodgkin Lymphoma 
Patients with chemosensitive aggressive and highly aggressive lympho- 
mas beyond CR1 have an improved overall survival with high-dose 
therapy followed by autologous HCT compared to best-of-care salvage 
chemotherapy.”****! The benefit of autologous HCT appears restricted to 
patients with chemosensitive disease. Patients with negative 18-fluoro- 
deoxyglucose (FDG)-PET imaging prior to transplantation have signifi- 
cantly better outcomes than patients with residual FDG-avid disease at 
the time of transplant.'*”**”* Historically, autologous HCT produced 
long-term disease-free survival in approximately 50 percent of patients 
with chemosensitive relapsed lymphoma.” More recent studies have 
paradoxically demonstrated poorer cure rates (approximately 20 
percent) with autologous HCT for relapsed B-cell NHL in the rituximab 
era.” One possibility is that rituximab-containing first-line chemother- 
apy is successful in curing a greater number of patients, but also selects 
for patients with particularly resistant disease in the setting of relapse. 
Autologous HCT is sometimes used as consolidation for high-risk 
lymphomas in CRI, especially in mantle cell lymphoma, where autolo- 
gous HCT in CR1 has been shown to extend progression-free survival 
in a phase III randomized trial.” Autologous HCT in mantle cell lym- 
phoma is most effective when performed early in the disease course,”*””** 
and thus eligible patients with mantle cell lymphoma should be referred 
for transplant consultation during their induction course to discuss the 
risks and benefits of consolidative autologous HCT. Outside the setting 
of mantle cell lymphoma, there are few B-cell lymphomas where data 
clearly support consolidative autologous HCT in CRI. Nevertheless, 
patients with so-called “double-hit” lymphomas (those mutated at both 
c-MYC and either bcl-2 or bcl-6) are viewed as particularly high-risk 
and sometimes treated with autologous HCT in CR1. However, two 
recent studies have questioned the need for this approach; in both, 
patients with double-hit lymphomas who achieved PET-negative CR 
with induction therapy had excellent overall survival (75 to 83 percent), 
and autologous HCT in CR1 was not considered beneficial.” Autol- 
ogous HCT is also often advocated as consolidation for patients with 
T-cell lymphomas in CR1, with the exception of anaplastic lymphoma 
kinase-positive (ALK+) large cell lymphoma. Definitive data support- 
ing this practice are not available, but this approach appears reasonable 
in view of the very high relapse rate associated with these lymphomas. 
Allogeneic HCT is highly active and potentially curative for NHL, 
particularly indolent NHL. Excellent disease-free survival has been 
reported with both early and late allogeneic HCT in indolent NHL, 
even in heavily pretreated patients and those with active disease at 


allotransplantation.’”'*' The optimal timing of allogeneic HCT in indo- 
lent NHL remains to be determined, particularly as indolent NHL can 
often be treated effectively with conventional chemotherapy for years or 
even decades. For more aggressive relapsed NHL or for relapsed HL after 
failed autografting, allogeneic HCT remains the only potentially curative 
salvage option. However, with these more aggressive malignancies, it is 
essential that patients be chemoresponsive and, ideally, in a PET-negative 
CR in order to proceed to allotransplantation, as otherwise relapse is 
nearly universal before GVT effects can become established.””!* 


@ COMPLICATIONS OF HEMATOPOIETIC 
CELL TRANSPLANTATION 


Table 23-3 lists the complications associated with HCT; the most com- 
mon are discussed below. The first 100 days following transplantation 
are the time of greatest risk for recipients of autologous and allogeneic 
HCT. Care by physicians skilled in the management of patients under- 
going these procedures is of critical importance. 


GRAFT FAILURE 


Graft failure is defined as the lack of donor hematopoietic cell engraft- 
ment following autologous and allogeneic HCT. Criteria are predomi- 
nantly operational, and graft failure is divided into primary (early) and 
secondary (late) phases. The consequences of graft failure are signifi- 
cant, and include high risks of death from infection, hemorrhage, or 
relapsed malignancy. 


Primary (Early) and Secondary (Late) Graft Failure 
Myeloid engraftment has commonly been defined as the first of three 
consecutive days on which the absolute neutrophil count exceeds 
5 x 10°/L. Myeloid engraftment typically occurs within 21 days of the 
graft infusion, irrespective of graft source. Platelet recovery is more vari- 
ably defined, often as the first day of a platelet count of at least 20, 50, or 
100 x 10°/L, sustained without transfusion for 7 days. Platelet recovery 
may be substantially delayed compared with myeloid recovery, particu- 
larly with lower CD34+ cell doses or UCB allografts. A hemoglobin level 
of at least 8 g/dL without transfusion support is an accepted threshold 
for red cell engraftment. These criteria were derived from the predict- 
able kinetics seen after myeloablative conditioning. With RIC, many 
patients never develop severe cytopenias, and thus engraftment in these 
settings is usually defined, at least in part, by assessment of donor chi- 
merism in the blood or marrow. In these settings, graft loss is typically 
defined by donor chimerism of less than 5 percent in blood CD3+ cells. 
Primary graft failure is defined as failure to achieve these threshold 
counts or donor chimerism levels at any point beyond day +28. Iso- 
lated cytopenias does not necessarily herald graft failure, as they may be 
transitory phenomena related to infection, medications, lineage-specific 
immune-mediated cytopenias, or GVHD. Secondary (late) graft failure 
occurs in patients who initially meet criteria for engraftment but sub- 
sequently lose graft function in at least two cell lines. Late graft fail- 
ure is more often associated with allogeneic HCT than with autologous 
transplantation; possible causes include graft rejection related to resid- 
ual host immunity, persistent or progressive malignancy, low donor cell 
yield, medication side effects, infection, or GVHD. 


Graft Rejection and Poor Graft Function 

Graft rejection is a subset of primary or secondary graft failure caused 
by immune-mediated rejection of donor cells by residual host effector 
cells. A diagnosis of graft rejection requires analysis of blood or mar- 
row for donor hematopoietic chimerism; graft rejection is defined as 


TABLE 23-3. Complications of Hematopoietic Cell 
Transplantation 


Vascular access complications 
Graft failure 
Blood group incompatibilities and hemolytic complications 
Acute GVHD 
Chronic GVHD 
Infectious complications 
Bacterial infections 
Fungal infections 
Cytomegalovirus infection 
Herpes simplex virus infections 
Varicella-zoster virus infections 
Epstein-Barr virus infections 
Adenovirus, respiratory viruses, HHV-6, -7, -8, and other viruses 
Gastrointestinal complications 
Mucosal ulceration/bleeding 
Nutritional support 
Hepatic complications 
Sinusoidal obstructive syndrome 
Hepatitis: infectious versus noninfectious 
Lung injury 
Interstitial pneumonitis: infectious versus noninfectious 
Diffuse alveolar hemorrhage 
Engraftment syndrome 
Bronchiolitis obliterans 
Kidney and bladder complications 
Endocrine complications 
Drug-drug interactions 
Growth and development 
Late onset nonmalignant complications 


Osteoporosis/osteopenia, avascular necrosis, dental prob- 
lems, cataracts, chronic fatigue, psychosocial effects, and 
rehabilitation 


Secondary malignancies 
Neurologic complications 


Infectious, transplant conditioning and immune suppression 
medication toxicities 


GVHD, graft-versus-host disease; HHV, human herpes virus subtypes. 


the inability to detect a meaningful percentage (usually >5 percent) of 
donor hematopoietic elements. In contrast, poor graft function describes 
the failure to achieve adequate blood counts following allogeneic HCT 
in the presence of substantive donor hematopoietic cell chimerism. 


Graft Failure Following Reduced-Intensity Conditioning 

Allogeneic HCT following RIC is associated with incomplete eradica- 
tion of host hematopoiesis. As a consequence, a significant percentage 
of patients have mixed donor/host hematopoietic chimerism for sev- 
eral months after transplantation before converting to complete donor 
type. Primary engraftment following reduced-intensity allogeneic 
HCT is defined by neutrophil, platelet, and hemoglobin count recovery 
as outlined above as well as stable donor T-cell chimerism. As described 
above, graft failure is said to have occurred when blood donor T-cell 
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chimerism is less than 5 percent at any point after reduced-intensity 
allogeneic HCT. Donor T-cell chimerism levels greater than 5 percent 
but less than 95 percent are generally termed “mixed chimerism,” while 
full donor chimerism is defined by blood donor T-cell chimerism of 
95 percent or greater. 


Incidence of Graft Failure 

The incidence of graft failure varies widely in published reports. To esti- 
mate the incidence of graft failure following autologous HCT, consider 
that in most centers the TRM associated with autologous HCT is less 
than 5 percent, of which only a small subset can be attributed to graft 
failure. Another surrogate marker for estimating the incidence of graft 
failure following autologous HCT is the requirement for hematopoietic 
cell rescue using a backup autograft product. A study of 300 patients 
who underwent autologous HCT revealed that 4.7 percent required 
their backup product.” Thus, it is reasonable to estimate that the inci- 
dence of graft failure following autologous HCT is somewhere between 
1 and 5 percent. 

Graft failure following allogeneic HCT is more complex, because of 
confounding factors such as histocompatibility, ABO matching, graft- 
versus-host and host-versus-graft reactions, and the use of postgrafting 
immunosuppression. The overall incidence of graft failure after alloge- 
neic HCT is approximately 5 to 6 percent.” In general, graft failure is 
uncommon after high-dose conditioning and in patients who are heav- 
ily pretreated with cytotoxic chemotherapy before coming to allogeneic 
HCT. Even in the myeloablative setting, though, the incidence of graft 
failure varies with conditioning regimen, as illustrated in a randomized 
trial where graft failure occurred in zero of 64 (0 percent) of patients 
receiving BU/CY but in five of 62 (8 percent) of patients receiving BU/ 
FLU.’ The risk of graft rejection is highest in patients who are heavily 
presensitized or who have autoimmunity directed at hematopoietic cells 
(as in aplastic anemia), those who receive low CD34+ cell doses,” 
and those with diseases such as myelofibrosis where the marrow micro- 
environment is significantly perturbed. 

The consequences of graft failure, and its optimal treatment, 
depend in large part upon the likelihood of autologous hematopoietic 
recovery. In patients who have received high-dose conditioning, autolo- 
gous marrow recovery is likely to be severely delayed if not absent, and 
graft failure is associated with high mortality rates as a consequence of 
prolonged cytopenias. Second-salvage allogeneic HCT has been used 
successfully to treat graft failure in this setting; reported outcomes vary 
from dismal to encouraging,”””* and likely depend substantially on 
patient selection. There is no consensus on whether to use the same 
or a different donor for salvage allogeneic HCT for graft rejection, and 
the decision often depends on donor availability. The time needed to 
identify and collect a second allograft product are often prohibitive for 
patients with graft rejection and pancytopenia, and thus readily avail- 
able HSC sources such as UCB and HLA-haploidentical family mem- 
bers have sometimes been used. 

For patients with graft failure after RIC, autologous hematopoietic 
recovery is more likely. For these patients, the optimal strategy often 
involves withdrawing postgrafting immunosuppression and awaiting 
autologous count recovery. However, for patients with malignant dis- 
ease, the risk of relapse is substantially elevated in the setting of graft 
failure,” presumably as a result of a loss of GVT effects. 


REGIMEN-RELATED ORGAN TOXICITIES 


‘The severity of organ toxicities associated with HCT is a function of the 
intensity of conditioning therapy, the amount of prior therapy received, 
patient comorbidities before transplantation, and posttransplantation 
factors such as immunosuppressive medication and antimicrobial agents. 
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Mucositis 


Mucositis occurs in more than 90 percent of patients receiving high- 
dose regimens and is often regarded as the most difficult issue from the 
patient's perspective.” Current management is supportive and includes 
frequent rinsing with saline solutions and antimicrobials, cryotherapy, 
pain control (often with continuous intravenous infusions of opioids), 
and parenteral nutrition when needed. Improvement typically occurs 
within 10 to 21 days of transplantation, around the time of engraftment. 
Fully ablative regimens, TBI-based conditioning, and the administra- 
tion of posttransplantation methotrexate (MTX) for GVHD preven- 
tion are associated with more severe mucositis.” Severe mucositis may 
result in significant tissue edema, upper airway obstruction, and/or 
aspiration pneumonitis, although fortunately these complications are 
rare. Regimen-related gastroenteritis results in nausea, vomiting, and 
diarrhea, which may persist for weeks after the transplant. Breaches in 
the mucosal lining predispose to bacterial translocation from the gastro- 
intestinal tract, with increased risk of bacteremia and sepsis. Palifermin 
(keratinocyte growth factor) can reduce patient-controlled anesthesia 
(PCA) and total parenteral nutrition (TPN) usage because of mucositis, 
predominantly in patients receiving TBI-based conditioning, but at a 
cost of $5500 to $14,000 per day.*” Initial hopes that this agent would 
prevent GVHD after allogeneic HCT have not been realized,” and 
the benefits of palifermin appear limited to ameliorating mucositis. 


Sinusoidal Obstructive Syndrome 

Sinusoidal obstructive syndrome (SOS) is a clinical syndrome of 
regimen-related hepatotoxicity characterized by tender hepatomeg- 
aly, fluid retention, weight gain, and elevated serum bilirubin follow- 
ing autologous or allogeneic HCT. This syndrome was formerly called 
venoocclusive disease (VOD), but this term is no longer used as it inac- 
curately describes the underlying pathobiology: the liver injury is ini- 
tiated by damage to hepatic sinusoidal epithelium, and obstruction of 
hepatic venules is not essential to the development of the syndrome.*” 
The incidence of SOS varies significantly with the intensity of condi- 
tioning and with the stringency of diagnostic criteria, from less than 10 
percent to as high as 30 to 40 percent. CY is a key culprit in the develop- 
ment of SOS, and large interpatient variability in CY metabolism may 
account for the syndrome’s unpredictability.” Other contributing 
factors include the preadministration of BU in the BU/CY regimen, 
which potentiates CY hepatotoxicity'”; preexisting hepatic fibrosis, as 
in patients with cirrhosis or with hepatic extramedullary hematopoie- 
sis as in myelofibrosis**; and pretreatment with higher doses of gemtu- 
zumab ozogamicin.*”*"° The incidence of SOS appears to be decreasing 
over time,*" likely a result of the prevalence of RIC regimens and the 
prophylactic use of ursodiol, which prevents SOS and other forms of 
hepatic injury during allogeneic HCT." 

SOS is generally is classified as mild (clinically apparent yet resolves 
without treatment), moderate (requiring diuretics and pain medication 
for abdominal discomfort yet completely resolves before day +100), or 
severe (not resolving before day +100 or death).*”* Severe SOS has a ten- 
dency to progress to multiorgan failure and is associated with a mor- 
tality rate of greater than 80 percent.’ Therapy for SOS is supportive 
and includes management of sodium and water balance with diuretics, 
preservation of renal blood flow, and paracentesis for ascites associated 
with significant discomfort or pulmonary compromise. Patients with a 
poor prognosis can be recognized early after SOS onset by steep rises in 
serum bilirubin, body weight, and other liver enzymes; hepatic venous 
pressure measurement greater than 20 torr; development of portal vein 
thrombosis; and multiorgan failure requiring mechanical ventilation or 
renal dialysis.*!° 

‘There are few satisfactory therapies for severe SOS; the most com- 
monly used is intravenous defibrotide, a mixture of single-stranded 


porcine oligodeoxyribonucleotides which induces antithrombotic and 
fibrinolytic effects in preclinical models.*'” Its mechanism of action 
against SOS remains unknown. A randomized phase II dose-finding 
trial involving 149 patients with severe SOS reported day +100 survival 
of 42 percent with few adverse events, and a dose of 25 mg/kg/day was 
selected for ongoing randomized phase III trials.” However, defib- 
rotide is not yet approved by the FDA and remains available only on an 
investigational or compassionate-use basis in the United States. 


Pulmonary Complications 

Noncardiogenic and noninfectious diffuse lung injury, also referred to 
as idiopathic pneumonia syndrome (IPS), remains a significant prob- 
lem following autologous or allogeneic HCT, occurring in 10 to 15 
percent of transplant recipients.’ Risk factors for idiopathic IPS 
include high-dose conditioning, TBI, GVHD, older recipient age, prior 
history of cigarette smoking, prior thoracic/mediastinal irradiation, 
and abnormal gas exchange as measured by pretransplant pulmonary 
function testing.”° Preclinical models suggest that donor T cells play a 
key role in the development of IPS, indicating that it may be a form of 
graft-versus-host reaction.*” In a small subset of patients, diffuse alve- 
olar hemorrhage (DAH) develops, characterized by progressive short- 
ness of breath, cough, and hypoxemia. Classically, DAH is defined by 
the demonstration of progressively bloodier aliquots in bronchoalveolar 
lavage fluid. Mortality from this complication is high (often >75 per- 
cent) despite aggressive treatment. Another subset of patients with IPS 
develop periengraftment respiratory distress without a bloody bron- 
choalveolar lavage. In the autologous setting, the IPS often responds 
promptly to glucocorticoids, whereas in the allogeneic setting response 
rates are lower, indicating that perhaps some cases may be complicated 
by GVHD. 

The management of suspected IPS begins with bronchoscopy to 
rule out infectious etiologies and to evaluate for DAH. Care is sup- 
portive and aimed at maximizing respiratory function and preventing 
volume overload or multiorgan failure. Patients are typically treated 
with high-dose glucocorticoids (methylprednisolone at 2 mg/kg/day or 
higher), along with broad-spectrum antimicrobials and intensive sup- 
portive care. Retrospective studies have suggested that tumor necrosis 
factor (TNF) blockade with etanercept may be effective as an adjunct to 
high-dose glucocorticoids,*' but a prospective randomized study failed 
to find an additive benefit,” and thus etanercept cannot be routinely 
recommended at this time. Patients with IPS who progress to require 
mechanical ventilation have a very poor prognosis, and a frank discus- 
sion of the goals of care is indicated in this setting, particularly in the 
presence of multiorgan failure.** 

Lung inflammation following the administration of BCNU is 
a separate form of noninfectious lung injury seen in HCT recipients 
who receive this agent as part of their conditioning regimens. BCNU- 
induced pneumonitis is often characterized by a nonproductive cough 
with increasing dyspnea and bilateral pulmonary infiltrates on chest 
radiography, with or without fevers, and often occurs 1 to 2 months after 
transplantation.** Pulmonary function tests reveal a restrictive pattern 
of lung injury and a decrease in diffusing capacity compared to pre- 
transplant values. Prompt treatment with glucocorticoids reduces mor- 
tality and morbidity and is crucial to a successful outcome. If untreated 
or recognized late, significant pulmonary fibrosis may develop. 


INFECTIONS 


Susceptibility to infection is a significant challenge in the clinical man- 
agement of transplant recipients. The essential principles are preven- 
tion, judicious monitoring, and expeditious treatment of all bacterial, 
fungal, and viral infections. These basic principles are widely accepted, 
yet the day-to-day strategy for implementing them varies widely among 
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transplant physicians and centers. Two universally important measures 
for reducing infections in immunocompromised transplant recipients 
are effective handwashing policies and a strategy for preventing trans- 
mission of respiratory viruses, including metapneumovirus, respiratory 
syncytial virus, parainfluenza, and influenza. 

The duration of neutropenia and severity of oral and gastroin- 
testinal mucosal damage from the conditioning regimen are risk fac- 
tors for infection before neutrophil recovery has occurred. Following 
neutrophil recovery, deficiencies of B- and T-cell-mediated immunity 
persist and increase susceptibility to opportunistic infections. Immune 
recovery following autologous HCT is relatively rapid compared to 
after allogeneic transplantation. Most autologous transplant recipients 
recover T-cell immunity specific for herpes viruses, including CMV, by 
3 months after transplantation.** The degree and duration of immuno- 
deficiency following allogeneic HCT are influenced, in part, by the type 
of immunosuppressive therapy and severity of GVHD. Chronic GVHD 
is associated with chronic B- and T-cell immune deficiencies that may 
persist for years, and Ig production and reticuloendothelial function 
may also be impaired.*”**”* 


Bacterial Infections 

Bacterial infections are common during the period of immediate neu- 
tropenia that follows the preparative transplantation regimen, and can 
be caused by both Gram-positive and Gram-negative organisms.*” The 
increased risk of bacterial infections is not only caused by neutropenia, 
but also from loss of epithelial integrity from regimen-related injury, 
bacterial translocation, and the presence of indwelling intravenous 
catheters. Some centers institute preventive measures in addition to 
rigorous hand washing, such as gowning and masking, although there 
is little evidence that these actions reduce infection risk. Removal of 
venous catheters is sometimes required for patients who do not respond 
promptly to treatment. Chapter 24 reviews specific strategies and regi- 
mens for treating bacterial infections in neutropenic patients. 

Patients who require ongoing immunosuppressive therapy for 
the control of chronic GVHD are at risk for recurrent bacteremia with 
encapsulated bacteria and sinopulmonary infections. Preventive strate- 
gies differ from institution to institution, although some form of anti- 
biotic prophylaxis is often used in these patients. Infrequent bacterial 
pathogens which should also be considered, especially in the presence 
of pulmonary infiltrates or nodules, are Legionella, Nocardia, Mycobac- 
terium tuberculosis, and atypical mycobacteria. 


Fungal Infections 
Fungal infections are serious and potentially fatal complications follow- 
ing HCT, and are seen most commonly in allogeneic HCT recipients as 
a result of the requirement for postgrafting immunosuppressive med- 
ication. The incidence of fungal infection varies considerably among 
transplantation centers because of a variety of factors, including geo- 
graphic location, nearby construction, and prophylactic regimens. 
Candida and Aspergillus are the most common fungal pathogens; how- 
ever, other organisms can also cause life-threatening infections. Chapter 
24 discusses the treatment and prophylaxis of fungal infections. 
Fluconazole prophylaxis decreases the incidence of invasive and 
superficial Candida albicans infections and may decrease the 100-day 
mortality in allogeneic HCT recipients.**° Fluconazole has limited activ- 
ity against Candida krusei, Torulopsis glabrata, and Aspergillus species, 
and some centers reported an increased incidence of resistant Can- 
dida infections in patients receiving prophylactic fluconazole.**! More 
aggressive prophylaxis with mold-active agents such as voriconazole or 
itraconazole can prevent invasive mold infections, including aspergillo- 
sis, but these agents are associated with a higher risk of adverse events 
and no clear benefit to mortality. 


Viral Infections 

Infection with herpesviruses can cause significant morbidity and mor- 
tality in HCT recipients. Most infections are a result of viral reactiva- 
tion and follow a relatively predictable temporal pattern in the absence 
of prophylaxis: Herpes simplex virus (HSV) causes clinically apparent 
disease at approximately 2 to 3 weeks after HCT, CMV disease usually 
occurs during the second to third month, and varicella-zoster virus 
(VZV) recurrences present at a median of 5 months after HCT. 

CMV is an important viral pathogen in HCT recipients. Infection 
occurs from reactivation of latent virus or is newly acquired from the 
donor graft or blood transfusions. Reactivation is a common problem 
in allogeneic HCT, but is relatively rare after autologous HCT except 
in the setting of CD34+ selection and T-cell depletion.'” Before effec- 
tive prevention strategies were introduced, CMV infection developed in 
70 percent of CMV-seropositive transplant recipients and 32 percent of 
CMV-seronegative recipients and was a frequent cause of TRM.’ Cur- 
rently, all allogeneic HCT recipients at risk for CMV infection (those 
who are CMV-seropositive or who have a CMV-seropositive donor) 
require monitoring with preemptive therapy for CMV reactivation; 
this approach has markedly reduced the risk of progression to frank 
CMV disease such as enteritis or pneumonitis.” Prophylactic antiviral 
therapy against CMV is used by some centers, particularly in high-risk 
situations such as UCB recipients. More commonly, allogeneic HCT 
recipients are monitored with plasma CMV polymerase chain reaction 
(PCR) assays at least weekly through at least day +100 after HCT, and 
are treated preemptively if these studies yield values which exceed insti- 
tutionally established thresholds.” The preemptive approach avoids the 
toxicity of universal antiviral prophylaxis, reduces the risk of acquired 
antiviral resistance, and limits overtreatment of CMV while prevent- 
ing development of tissue disease. However, CMV tissue disease such 
as enteritis or pneumonitis can, rarely, develop despite negative plasma 
CMV PCR, and CMV enteritis or pneumonitis cannot be definitively 
ruled out by blood tests alone. 

Prophylaxis with acyclovir or, more potently, valacyclovir can 
reduce the risk of CMV reactivation after allogeneic HCT, but does not 
obviate the need for CMV surveillance.” Intravenous ganciclovir is 
typically the first-line treatment for CMV reactivation or tissue disease, 
although oral valganciclovir may be equally effective as preemptive 
therapy. The most common adverse effect of these antiviral drugs 
is myelosuppression, which often requires growth-factor support. Intra- 
venous foscarnet is as effective as ganciclovir in CMV prevention and 
treatment,™ and does not cause myelosuppression. However, foscarnet 
is nephrotoxic and requires cumbersome pre- and posthydration, and 
is thus most often used as second-line therapy in patients who cannot 
tolerate ganciclovir because of myelosuppression. Patients with CMV 
reactivation are typically treated with an induction dose of anti-CMV 
therapy (ganciclovir, valganciclovir, or foscarnet) for at least 2 weeks, 
followed by maintenance antiviral therapy until CMV assays are per- 
sistently negative. It is not uncommon for patients to experience addi- 
tional late reactivations after antiviral therapy is discontinued, and these 
patients require ongoing monitoring beyond day +100. 

Investigational approaches to CMV prevention and treatment 
include CMX-001, an oral prodrug that is converted to cidofovir intra- 
cellularly and lacks renal toxicity. A placebo-controlled randomized 
trial of CMX-001 as CMV prophylaxis in allogeneic HCT found that 
this agent reduced the incidence of CMV activation from 37 percent 
to 10 percent.*” Diarrhea was the most common adverse effect; myelo- 
suppression and nephrotoxicity were not observed. Letermovir, a novel 
terminase inhibitor, has also shown efficacy in preventing CMV reac- 
tivation in allogeneic HCT in randomized, placebo-controlled clinical 
trials. Maribavir, another antiviral agent with a novel mechanism of 
action, was effective in preventing CMV in a randomized dose-finding 
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study,™ but failed to demonstrate a benefit in a randomized phase III 
clinical trial. Donor-derived CMV-specific cytotoxic lymphocytes 
have also been used investigationally with some success.* 

HSV and VZV are two other members of the herpesvirus family 
that cause significant morbidity in the posttransplantation setting. These 
viruses share the characteristics of latency, reactivation, and neurotro- 
pism. Virtually all HSV disease occurring after HCT is a result of reac- 
tivation, and the serologic status of the transplant recipient determines 
the risk for disease and the requirement for prophylaxis. Oral mucositis, 
cutaneous infections, esophagitis, genital herpes, and pneumonia are 
the most common clinical manifestations. Acyclovir is highly effective 
for the prevention and treatment of HSV and should be administered 
to all HSV-seropositive transplant recipients, beginning before or dur- 
ing conditioning. Acyclovir prophylaxis is often continued for at least 
1 year after HCT (or longer if patients remain on immunosuppressive 
therapy), as this approach reduces the risk of late HSV recurrence.*” 
Acyclovir is well tolerated immediately after transplantation with no 
effect on the recovery of neutrophil counts. Valacyclovir is an acceptable 
alternative. Patients do not require concomitant acyclovir prophylaxis 
while receiving maribavir, foscarnet, valganciclovir, ganciclovir, or cido- 
fovir for treatment of another virus, because these agents have adequate 
anti-HSV activity. Acyclovir resistance is rare in HSV and can be treated 
using foscarnet.* 

Recurrent VZV disease can occur after both allogeneic and autol- 
ogous HCT. The initial manifestations of recurrence are localized in 
approximately half of patients. Treatment with acyclovir within 24 to 48 
hours of the onset of herpes zoster prevents dissemination and shortens 
the course of cutaneous disease. The failure of VZV infections to resolve 
quickly or their recurrence shortly after acyclovir therapy is discontinued 
is usually a function of the limited host immune response and is gener- 
ally not a result of acyclovir resistance. For the rare cases of acyclovir- 
resistant VZV, foscarnet is the most commonly used alternate therapy.*® 
Acyclovir, given for at least 1 year after HCT, is highly effective in pre- 
venting VZV recurrence.*” Pilot studies of vaccination with live attenu- 
ated VZV in allogeneic HCT recipients suggest that this approach is safe 
and effective in selected patients (median of 4 years posttransplantation, 
off systemic immunosuppression, blood CD4+ cell count >200/pL),’°° 
but larger studies are required before vaccination can be widely recom- 
mended. Heat-inactivated VZV vaccination has also been reported as 
efficacious in recipients of autologous HCT.’ 


ACUTE GRAFT-VERSUS-HOST DISEASE 


Acute GVHD remains one of the most serious and challenging com- 
plications of allogeneic HCT. The requirements for the development of 
acute GVHD were described more than 40 years ago: the graft must con- 
tain immunologically competent cells, the recipient must express tissue 
antigens not found in the donor, and the recipient must be immunolog- 
ically suppressed such that an effective response against transplanted 
cells cannot occur.** HLA disparities are potent triggers of GVHD, but 
in the setting of HLA-matched donor/recipient pairs GVHD is medi- 
ated by minor histocompatibility antigen disparities which provoke a 
donor T-cell response.” There are two primary classes of MHC anti- 
gens in humans: HLA class I antigens have a broad distribution and are 
expressed on nearly all cells, whereas HLA class II antigen expression 
is restricted to macrophages, dendritic cells, B cells, and activated T 
cells. Minor histocompatibility antigens are endogenous cellular pro- 
teins which are subject to significant genetic polymorphism and are 
presented to donor T cells as small peptides bound in the grooves of 
the major histocompatibility antigens.” Some minor histocompat- 
ibility antigens associated with GVHD include CD31, HA-1, and the 
male-specific DBY gene.*°***’ There are likely hundreds if not thousands 


of minor histocompatibility antigens relevant to allogeneic HCT, of 
which only a handful have been identified to date. Efforts are underway 
to utilize genome-wide association studies to broaden our knowledge of 
these determinants of GVT effects and GVHD.** 

The most important risk factor for the development of acute 
GVHD is the degree of HLA disparity between donor and recipient. 
The increased incidence of acute GVHD with fully HLA-matched unre- 
lated donors compared to HLA-identical sibling donors is likely related 
to increased disparity in minor histocompatibility antigens or unrec- 
ognized disparities in the phenotypically matched major histocompat- 
ibility loci.** Other risk factors for acute GVHD development include 
conditioning intensity, use of TBI, and possibly graft source (although 
the effect of graft source on acute GVHD incidence is not consistently 
observed). 

Classically, acute GVHD was defined temporally by its occurrence 
before day +100 after allogeneic HCT. With RIC, acute GVHD can 
occur beyond day +100, and the distinction between acute and chronic 
GVHD is now based on organ involvement and histology rather than 
time of onset.*” Acute GVHD affects the skin, gastrointestinal (GI) 
tract, and liver (although liver involvement is increasingly rare, for 
reasons which are not entirely clear).”!* The overall incidence of acute 
GVHD after allogeneic HCT is 40 to 60 percent,*” although the inci- 
dence may vary widely in specific settings depending on conditioning 
regimen, HLA matching, and graft source. 

Skin involvement manifests as a rash, which may be localized and 
maculopapular or diffusely erythematous with bullae and desquama- 
tion in very severe cases. Definitive diagnosis requires skin biopsy and 
interpretation by an experienced pathologist.**' However, skin biop- 
sies are often inconclusive, and the diagnosis is often made on clinical 
grounds in patients with a skin rash consistent with acute GVHD aris- 
ing during the appropriate timeframe after allogeneic HCT. Decision 
analysis supports the concept that the diagnosis of skin GVHD can be 
made clinically and does not require skin biopsy in patients with a pre- 
test likelihood of acute GVHD of 30 percent or greater (the majority of 
allogeneic HCT recipients).*? 

GI manifestations of acute GVHD can affect the upper GI tract 
(presenting as nausea, emesis, anorexia, and weight loss), the lower 
GI tract (presenting as diarrhea with or without abdominal cramping 
and hematochezia), or both. Upper-GI involvement with acute GVHD 
is likely underdiagnosed, since the symptoms may be mild and post- 
transplant anorexia and nausea are often nonspecific and multifacto- 
rial. Diagnosis requires upper endoscopy and endoscopic biopsy, with 
interpretation by an experienced pathologist. The diagnosis of upper-GI 
acute GVHD is clinically important, because this syndrome often 
responds dramatically to even low-dose treatment and, if left untreated, 
can cause significant nutritional compromise. 

Lower-GI involvement with acute GVHD is a more serious and 
feared complication of allogeneic HCT. These patients present with sub- 
stantial diarrhea, often several liters per day, accompanied by pain and 
bleeding. The diarrhea of acute GVHD is secretory, related to epithelial 
injury, and typically persists around the clock. Abdominal computed 
tomography (CT) findings, particularly bowel-wall thickening, are 
common in acute GVHD,*® but CT findings alone are insufficient for 
diagnosis. Patients with suspected lower-GI GVHD should undergo 
endoscopic evaluation and biopsy as soon as feasible, although in the 
setting of myeloablative conditioning it is often difficult to differentiate 
regimen-related GI injury from acute GVHD endoscopically or histo- 
logically before day +20. Flexible sigmoidoscopy is viewed as a suffi- 
cient diagnostic test in most cases,**® and is far easier to perform than 
full colonoscopy as it does not require an aggressive preparatory regi- 
men. Visual inspection of the gut mucosa is often sufficient to advance 
a diagnosis of acute GVHD and initiate treatment, particularly if 
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the endoscopist has experience in evaluating allogeneic HCT recipi- 
ents, but biopsies remain essential to rule out CMV enteritis and other 
etiologies.’ Mucosal denudation is a particularly concerning endo- 
scopic finding,*® and is associated with a grim prognosis. 

Hepatic GVHD presents with abnormal liver function tests, most 
commonly elevated bilirubin and alkaline phosphatase. Liver biopsy is 
required for definitive diagnosis, but is rarely performed because of the 
low pretest likelihood of hepatic GVHD in the modern era and because 
of procedural risk. When biopsies are performed, the most common 
finding associated with hepatic GVHD is bile-duct injury and loss 
resulting in cholestasis.” Numerous other etiologies can cause abnor- 
mal liver function tests in allogeneic HCT recipients, including SOS, 
viral hepatitis, regimen-related hepatotoxicity, and medication-related 
hepatotoxicity (particularly with triazoles and CSP). Hepatic GVHD is 
relatively uncommon except in the setting of severe multisystem acute 
GVHD. 


Pathophysiology 

The current model of acute GVHD requires three steps. In step 1, the 
transplantation conditioning regimen damages host tissue, leading to 
increased secretion of inflammatory cytokines such as TNF-a and IL-1. 
These cytokines enhance alloreactivity of donor T cells by upregulating 
the expression of major and minor host tissue histocompatibility anti- 
gens and also affect other molecules on host antigen-presenting cells 
(APCs). Regimen-related damage to the GI tract results in leakage of 
endotoxins such as lipopolysaccharides into the systemic circulation, 
where they serve as additional inflammatory stimuli.’ In step 2, resting 
donor T cells become activated in secondary lymphoid organs by host 
or donor APCs, which present alloantigens to the T-cell receptor in the 
context of MHC. Costimulatory signals are required for full T-cell acti- 
vation. Donor T-cell activation is characterized by cellular proliferation 
and predominance of Th1 cells and the secretion of IL-2 and IFN-y. 
In step 3, cellular effectors mediate tissue injury and destruction in the 
target organs, resulting in the clinical manifestations of acute GVHD. 
This step involves the continued release of inflammatory cytokines that 
direct specific antihost donor-derived T cells to migrate to the target 
tissues of acute GVHD, namely, skin, liver, and gut. Neutrophils and 
mononuclear phagocytes contribute to local tissue injury by amplifying 
the proinflammatory response. 


Prevention 

Without some form of GVHD prophylaxis, virtually all patients under- 
going allogeneic HCT would develop severe or fatal acute GVHD. 
Immunosuppressive drugs are the mainstay of acute GVHD prevention, 
and all patients undergoing allogeneic HCT with a T-cell-replete graft 
require prophylaxis. On the basis of randomized clinical trials pub- 
lished in the 1980s, the most commonly used regimen in myeloablative 
allogeneic HCT is the combination of a calcineurin inhibitor (CSP or 
tacrolimus [TAC]) with a short course of MTX, generally given on days 
+1, +3, +6, and +11 after allotransplantation.**° The addition of pred- 
nisone to this backbone paradoxically increased the risk of acute GVHD 
in a randomized clinical trial, and thus glucocorticoids are rarely used 
for GVHD prophylaxis.*” Two randomized studies demonstrated that 
TAC was superior to CSP in preventing acute GVHD after myeloabla- 
tive allogeneic HCT,*’*” and thus TAC has largely supplanted CSP in 
this setting. A recent randomized clinical trial conducted by the BMT- 
CTN compared TAC/sirolimus (TAC/SRL) to the standard TAC/MTX 
regimen as GVHD prophylaxis after myeloablative allogeneic HCT. The 
primary endpoint (day +114 survival free of acute GVHD grades II to 
IV) was not significantly different in the two arms, nor were overall or 
progression-free survival.” The toxicity profiles of the two regimens 


differed somewhat, but did not impact TRM. Interestingly, there was a 
strong trend toward a higher incidence of chronic GVHD in the SRL- 
containing arm (53 percent vs. 45 percent, p = 0.06). 

Donor T-cell depletion has been explored as a means of GVHD 
prevention, using either mechanical ex vivo T-cell depletion or in 
vivo T-cell depletion in the form of ATG or alemtuzumab. T-cell- 
depletion strategies have generally been successful in reducing GVHD, 
but in many instances the reduction in donor T cells contributes to an 
increased incidence of graft rejection, infection, and relapse which may 
negate the advantage of GVHD prevention. A recent randomized clin- 
ical trial of ATG versus placebo added to standard CSP/MTX GVHD 
prophylaxis reported lower rates of acute and chronic GVHD in the 
ATG arm, although TRM and overall survival were not improved.*” 
Longer followup from this study confirmed a significantly lower rate of 
chronic GVHD in the ATG arm (45 percent vs. 12 percent, p <0.0001).3” 
However, ATG was associated with an increased risk of PTLD, a compli- 
cation that is virtually nonexistent after T-cell-replete allogeneic HCT. 
In fact, there were 4 deaths from PTLD in the ATG arm (versus none in 
the placebo arm). Perhaps as a result, the study did not show improve- 
ments in TRM or overall survival with ATG. A subsequent randomized 
clinical trial aimed at replicating and extending these results with ATG 
has been completed in the United States. 

In the setting of reduced-intensity allotransplantation, a number of 
immunosuppressive regimens have been used, the most common being 
CSP plus MME’"* Posttransplant CY has demonstrated impressive 
efficacy in the setting of HLA-haploidentical HCT, and has been stud- 
ied in the setting of HLA-matched allotransplantation as well.*”*°”° The 
combination of TLI and ATG is associated with very low rates of acute 
and chronic GVHD even with standard CSP/MMF postgrafting immu- 
nosuppression,'**'* suggesting that protective conditioning can play a 
significant role in GVHD prevention. 

Several laboratories have reported that naive (CD62L+) T cells 
induce experimental acute GVHD, whereas effector memory (CD62L-) 
T cells do not.”””! Based on this insight, depletion of naive donor T 
cells has been investigated as a means of preventing acute GVHD in 
humans.*” Murine models of marrow transplantation show that simul- 
taneous infusions of T,,, limited the proliferation and clonal expansion 
of activated donor T cells and protected against acute GVHD develop- 
ment in murine models. Pilot studies of Teg infusions in humans have 
demonstrated safety and some efficacy in preventing GVHD,/'45146380 
although larger trials are required to confirm these preliminary find- 
ings. Importantly, relapse rates did not appear to be increased by the 
addition of Teg consistent with murine models. 144146 

Another investigational avenue in GVHD prevention involves 
inhibition of lymphocyte trafficking through CCR5 blockade. A 
recent trial combining the CCR5 antagonist maraviroc with standard 
GVHD prophylaxis demonstrated low rates of acute GVHD, partic- 
ularly GI GVHD.**' The BMT-CTN is currently conducting a three- 
arm randomized clinical trial comparing novel approaches to GVHD 
prophylaxis: posttransplant CY; maraviroc; and bortezomib-based 
immunosuppression. 


Treatment 

The standard first-line therapy for acute GVHD requiring systemic 
treatment is methylprednisolone or prednisone, at a dose of 1 to 2 mg/ 
kg/day with subsequent tapering once disease activity resolves. Higher 
doses of methylprednisolone (10 mg/kg per day) do not prevent evo- 
lution to grades III to IV acute GVHD or improve survival.** Patients 
with acute GVHD grade II or less can be safely treated with a starting 
dose of 1 mg/kg/day of methylprednisolone, an approach that reduces 
overall glucocorticoid exposure and toxicity.**’ Complete resolution of 
acute GVHD is reported in less than 50 percent of patients after first-line 
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treatment with glucocorticoids, and the likelihood for long-term sur- 
vival is low among individuals who develop glucocorticoid-refractory 
acute GVHD. Various approaches, including third-party mesenchy- 
mal stem cells, MMF, and TNF blockade, have been combined with glu- 
cocorticoids in upfront treatment of acute GVHD, but none has proven 
superior to glucocorticoids alone.***°*° 

There is no standard second-line therapy for patients with glu- 
cocorticoid-refractory acute GVHD. Practices vary widely, although 
groups such as the ASBMT have published guidelines in an effort to 
codify and standardize treatment.’ Even though many agents have 
been used in this setting, none has proven superior or even reliably 
effective. Options include enrollment on a clinical trial, treatment with 
a second-line agent of choice, and palliative care. Agents that have been 
studied include daclizumab, SRL, MMF, ABX-CBL (a CD147-specific 
monoclonal antibody), anti-TNF agents, visilizumab, ruxolitinib,****° 
and ATG, among others. In the absence of comparative clinical trial 
data, the choice of second-line agent is often guided by institutional 
experience, physician preference, and side-effect profiles. Outcomes 
with second-line therapy remain poor, and novel treatments for gluco- 
corticoid-refractory acute GVHD are needed. 


CHRONIC GRAFT-VERSUS-HOST DISEASE 


Chronic GVHD is the major determinant of quality of life in long- 
term survivors of allogeneic HCT. Despite its impact, however, it 
remains poorly understood and treatment options remain limited and 
largely empiric. Historically, any form of GVHD occurring beyond day 
+100 after allogeneic HCT was defined as chronic GVHD. However, 
with an increasing appreciation of the biologic differences between 
acute and chronic GVHD and the recognition that late acute GVHD 
occurs beyond day +100 with RIC, chronic GVHD was redefined on 
the basis of pathognomonic clinical and histologic criteria by a National 
Institutes of Health (NIH) consensus conference in 2005.*° The NIH 
consensus criteria include global and organ-specific scoring to evaluate 
the severity of chronic GVHD, and these staging tools have been vali- 
dated to correlate with clinical severity and outcomes.*””*”* The Center 
for International Blood and Marrow Transplant Research (CIBMTR) 
has also developed a chronic GVHD risk-stratification algorithm that 
identifies age, donor-recipient gender mismatch, serum bilirubin, plate- 
let count, donor type, and performance status, among other factors, as 
predictors of outcome in patients with chronic GVHD. The presence 
of chronic GVHD is consistently associated with more potent GVT 
effects and a lower risk of posttransplantation relapse,” although the 
negative impact of chronic GVHD on TRM may outweigh the benefit 
against relapse." 

In contrast to acute GVHD, which is limited to the skin, gut, and 
liver, chronic GVHD has diverse manifestations which can affect nearly 
any organ system and which overlap considerably with those of autoim- 
mune disorders such as scleroderma, lichen planus, Sjögren syndrome, 
and dermatomyositis. The most common clinical features of chronic 
GVHD include lichenoid skin lesions that may progress to generalized 
scleroderma, keratoconjunctivitis sicca, lichenoid oral lesions, esoph- 
ageal and vaginal strictures, intestinal abnormalities, chronic liver 
disease, and bronchiolitis obliterans. Comprehensive assessment of 
chronic GVHD requires a detailed history and physical examination, 
but can be performed in the clinic in less than 20 minutes.*** Instruc- 
tional videos and training tools demonstrating clinical assessment of 
chronic GVHD are available.*” 

The pathophysiology of chronic GVHD remains poorly under- 
stood. In contrast to acute GVHD, where there is a track record of 
translation from relevant animal models to humans, existing murine 
models of chronic GVHD suffer from serious shortcomings,” limiting 


the understanding of its pathobiology and restricting the study of novel 
therapies. Efforts continue to develop more relevant murine models,*” 
although translational success remains elusive. 

Although chronic GVHD is frequently preceded by acute GVHD, 
progress in reducing the incidence of acute GVHD has generally not 
translated into a reduction in the incidence of chronic GVHD. If any- 
thing, the incidence of chronic GVHD is likely increasing, as a result of 
the increasing use of PBPC as a graft source and the increasing at-risk 
pool of long-term survivors of allogeneic HCT. The only approaches 
proven to prevent chronic GVHD are the use of marrow as a graft 
source rather than PBPC,” and the use of ex vivo or in vivo T-cell deple- 
tion (which carries increased risks of infection, PTLD, and relapse).°7” 
It has been suggested that posttransplant CY may prevent chronic 
GVHD, as low rates have been reported in single-arm studies,*”**” but 
this comparison is confounded by graft source (predominantly marrow 
in trials of posttransplant CY) and requires confirmation in randomized 
clinical trials. Recipient statin use has been associated with a signifi- 
cantly reduced risk of chronic GVHD, but a higher risk of relapse, in 
patients receiving CSP-based GVHD prophylaxis regimens." Rituxi- 
mab has been studied as a prophylactic agent because of the demon- 
strated role of B cells in the genesis of chronic GVHD. Results have been 
mixed; a clinical trial performed at Stanford University demonstrated 
that rituximab potently abrogated B-cell alloimmunity, but did not lead 
to a statistically significant reduction in chronic GVHD incidence.*” A 
nonrandomized study from the Dana-Farber Cancer Institute reported 
that rituximab decreased glucocorticoid-requiring chronic GVHD (but 
not overall chronic GVHD incidence) in comparison with a concurrent 
control cohort,“ a finding which requires confirmation in randomized 
clinical trials. 

Despite decades of investigation of novel therapies, the standard 
of care for initial systemic treatment of chronic GVHD remains pred- 
nisone 1 mg/kg/day, with or without a calcineurin inhibitor.** Numer- 
ous investigational agents have demonstrated promise in uncontrolled 
phase II clinical trials. However, these agents have uniformly proven 
disappointing when subjected to randomized phase III studies. At least 
six large randomized trials conducted over the past 20 years testing 
various alternate regimens, including azathioprine, thalidomide, MMF, 
and hydroxychloroquine, have failed to demonstrate the efficacy of any 
novel regimen for treatment of established chronic GV HD.45-#0 

Patients with chronic GVHD typically require prolonged courses 
of immunosuppressive therapy. The median time to discontinuation 
of all systemic immunosuppression in patients with chronic GVHD 
resolution is approximately 2 years.*'' Approximately half of patients 
with chronic GVHD will fail to respond to glucocorticoids and require 
second-line therapy.*” As with acute GVHD, there is no single standard 
of care for glucocorticoid-refractory chronic GVHD, and enrollment on 
a clinical trial should be strongly considered. Treatment choice depends 
on patient and physician preference, side-effect profile, and institutional 
priorities, as there are no data to guide a more systematic approach. 
Typical second-line agents include extracorporeal photopheresis (ECP), 
SRL, thalidomide, pentostatin, rituximab, and imatinib, among oth- 
ers.*? ECP is logistically cumbersome but can be effective and causes 
relatively few adverse effects*!; this approach is currently being studied 
in a randomized clinical trial conducted by the BMT-CTN. Low-dose 
IL-2 has been reported to facilitate T,,, expansion and homeostasis in a 
small single-center study of patients with chronic GVHD,***” although 
the degree of T__ expansion was not significantly associated with clinical 
response.** Nonetheless, therapies targeting Tegs are under active inves- 
tigation in the treatment of chronic GVHD, as is the Bruton tyrosine 
kinase inhibitor ibrutinib."° More effective prevention and treat- 
ment of chronic GVHD remains a crucial research need in allogeneic 
HCT. 
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RELAPSED MALIGNANCY AFTER HCT 


Relapse following autologous or allogeneic HCT is an ominous clinical 
event. Every effort should be made to verify relapse pathologically, as it 
is common for patients to have residual radiographic abnormalities fol- 
lowing transplantation, especially in patients with lymphoma. Patients 
with myeloma have gradual reductions in biochemical markers of dis- 
ease which may take several months after autologous HCT to reach 
maximal response. Following RIC, the allogeneic GVT effect may take 
weeks to months to result in tumor eradication, and it may be difficult 
to distinguish persistent yet slowly regressing disease from slowly pro- 
gressive disease, particularly with indolent NHL or CLL. 


Relapse after Autologous Hematopoietic Cell Transplantation 
Disease relapse remains the most common cause of treatment failure 
after autologous HCT. Relapse often occurs at sites of previous disease, 
suggesting that residual disease within the patient rather than autograft 
contamination is responsible.’ Additional cytotoxic chemotherapy 
alone is highly unlikely to be curative in patients relapsing after autol- 
ogous HCT, as the disease has already survived supralethal doses of 
chemotherapy. Treatment options for patients with relapse after autol- 
ogous HCT include irradiation, immunomodulators, and/or targeted 
therapies. For selected patients, salvage allogeneic HCT may be feasible 
using RIC. Strategies to reduce the risk of relapse in high-risk patients 
undergoing autologous HCT include consolidative involved-field radio- 
therapy, antitumor vaccination,“ maintenance therapy with targeted 
agents,**"*”° and planned tandem allogeneic HCT." 


Relapse after Allogeneic Hematopoietic Cell Transplantation 
Treatment of disease relapse following allogeneic HCT is generally 
unsuccessful. In particular, patients with high-risk malignancies and 
early relapse (<100 days after allogeneic HCT) have a dismal progno- 
sis, with 2-year overall survival of less than 5 percent.” Salvage che- 
motherapy can result in disease responses, but they are unlikely to be 
durable. Performing a second myeloablative transplantation procedure 
has largely been unsuccessful because of excessive toxicity and TRM 
of greater than 50 percent. More recently, selected patients have been 
treated with a second allogeneic HCT using RIC. Treatment-related tox- 
icity with this approach is not prohibitive and successful disease eradi- 
cation has been reported, although relapse remains the major cause of 
death.’ There is no consensus on whether to use the same donor or 
a different donor for second-salvage allogeneic HCT in the setting of 
relapse. More importantly, the majority of patients with relapse after 
allogeneic HCT are ineligible for second allotransplant because their 
diseases cannot be adequately controlled or cytoreduced. Experimental 
therapies with chimeric antigen receptor-bearing autologous T cells or 
other investigational approaches warrant consideration in these cases. 
In our view, palliative care is a reasonable option, particularly in the 
setting of early or chemorefractory relapse after allogeneic HCT, and 
should be presented to patients. 

In the setting of retained donor T-cell chimerism, posttransplan- 
tation relapse has sometimes been treated by rapidly tapering immu- 
nosuppressive medications to stimulate a GVT effect. Although this 
approach is occasionally successful in patients with indolent malignan- 
cies such as low-grade NHL or CLL, it is rarely effective against more 
aggressive diseases such as acute leukemias, and carries a high risk of 
precipitating severe GVHD. 

In patients who are off immunosuppression without evidence of 
GVHD at the time of relapse, DLI has been used to augment GVT. The 
mechanism by which DLI works is unclear; it may normalize the T-cell 
repertoire or reverse so-called T-cell “exhaustion.’**** Historically, the 
best outcomes for DLI have been reported for CML, although TKIs have 


supplanted DLI for the most part in this setting.*”° DLI alone is typi- 
cally insufficient to control aggressive hematologic malignancies,” and 
thus patients are often treated with reinduction chemotherapy or other 
cytoreduction before receiving DLI as consolidation. 

The major potential adverse effects of DLI are GVHD and marrow 
aplasia. The risk of GVHD after DLI is at least 20 percent and likely as 
high as 50 to 70 percent.***” Marrow aplasia typically occurs in the 
setting of residual host hematopoiesis; when host HSC are eradicated by 
DLI, there may be too few donor HSC to support hematopoietic recov- 
ery and prolonged aplasia (>6 weeks) can ensue.“ Thus, chimerism 
should be evaluated before DLI, and DLI should be used with caution in 
patients with significant residual host hematopoiesis. There are limited 
data on the optimal cell dose of DLI. In a retrospective analysis, doses 
greater than 1 x 10° CD3+ cells/kg were associated with a high risk of 
GVHD (55 percent) without a corresponding benefit in disease control, 
while doses of 1 x 10’ CD3+ cells/kg or less were associated with the 
lowest rates of GVHD (21 percent).** Modifications of DLI, including 
selection of CD8+ effector lymphocytes or production of cytokine- 
induced killer cells,“ are under investigation to improve the safety and 
efficacy of this approach. 


@ FUTURE DIRECTIONS 


In recent years, research in HCT has helped to establish alternative- 
donor allotransplantation, improve outcomes through better support- 
ive care,’ and expand transplant eligibility to previously ineligible 
populations using RIC,”” among other advancements. Current research 
directions in HCT are diverse; two avenues among many are briefly 
summarized here. 

‘The past several years have seen an explosion of research inter- 
est in the microbiome and the role of host/microbiome interaction in 
regulating immunity. The relevance of this field to allogeneic HCT is 
immediately obvious, as the gut and skin are key targets of GVHD. 
Preclinical evidence suggests that gut microbiota play a critical role 
in the development of GI GVHD.**'*” In humans, preliminary evi- 
dence links changes in the microbiome to respiratory complications,“ 
GI GVHD,*”** bacteremia," and mortality after allogeneic HCT.** 
While our understanding of these interactions is still in its infancy and 
the clinical implications of these findings remain unclear, studies are 
underway revisiting older strategies, such as total gut decontamination, 
as well as more modern efforts to tailor the microbiome to optimize 
transplant outcomes. *7 

Allogeneic HCT is also under investigation as a platform to pro- 
mote tolerance of solid-organ allografts. Solid-organ transplants typi- 
cally require lifelong immunosuppression to maintain graft function, 
but investigators in the 1990s noted that renal allotransplantation could 
be accomplished without immunosuppressive therapy in recipients of 
allogeneic HCT, provided that the kidney allograft was obtained from 
the original marrow donor.****” The development of reduced-intensity 
regimens has spurred research in this field, as these regimens are less 
toxic and often produce mixed rather than complete donor chimer- 
ism—a desirable characteristic in this setting since mixed chimerism 
reduces the risk of GVHD. 

Investigators at Northwestern University described a cohort of 
15 HLA-mismatched living-donor kidney transplant recipients given 
RIC and an infusion of donor marrow enriched with facilitator cells. Six 
of the 15 patients developed sustained chimerism and were completely 
withdrawn from immunosuppressive medication without renal allograft 
rejection.“ Investigators in Boston reported that four of 10 HLA-hap- 
lotype matched living-donor kidney transplant recipients were able to 
discontinue immunosuppression for up to 11.4 years without subsequent 
graft dysfunction after establishment of transient mixed chimerism.*” 


Part V: Therapeutic Principles 


Stanford investigators used TLI-ATG conditioning in 16 living-donor 
kidney transplant recipients from HLA-matched siblings treated with 
infusion of CD34-selected hematopoietic progenitor cells and a defined 
dose of T cells. Fifteen patients developed multilineage mixed chimer- 
ism without GVHD, and eight were withdrawn from antirejection medi- 
cations without subsequent rejection episodes. Four additional chimeric 
patients were in the midst of drug withdrawal, and only four patients 
were not withdrawn because of the return of the underlying disease or 
rejection episodes.!®* Case reports have also described the use of allo- 
geneic HCT as a tolerance-induction platform in lung transplantation.“ 
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CHAPTER 24 
TREATMENT OF 
INFECTIONS IN THE 
IMMUNOCOMPROMISED 
HOST 


Lisa Beutler and Jennifer Babik 


Infection is a major cause of morbidity and mortality in patients with severe 
inherited or acquired neutropenia or aplastic anemia, qualitative disorders of 
neutrophils, and, notably, those persons receiving chemotherapy for treat- 
ment of hematologic neoplasms. Severe neutropenia and monocytopenia 
often result from the combined effects of replacement of marrow with malig- 
nant cells and superimposed intense chemotherapy. The severity and duration 
of the neutropenia determine the risk of infection. Bacterial infections may 
result in rapid clinical deterioration and even death. Fungal, viral, and parasitic 
infections also may result in potentially lethal complications during or after 
chemotherapy. This chapter considers methods of diagnosis of bacterial, fun- 
gal, viral, and protozoal infection and describes treatment regimens. Because 
prevention of infection during periods of neutropenia should reduce morbidity 
and improve outcome, attention is focused on prophylaxis against bacterial, 
parasitic, viral, and/or fungal infections. 


@ RISK FACTORS AND INFECTING 
ORGANISMS 


SEVERITY OF NEUTROPENIA 


Bacterial, fungal, viral, and parasitic organisms may cause infection in 
neutropenic patients.’ Bacterial infections are the most frequent and 
usually the most serious. The risk for bacterial infection increases when 
the neutrophil count falls to less than 0.5 x 10°/L and becomes espe- 
cially pronounced at neutrophil counts less than 0.1 x 10°/L.! The rate of 
decline and duration of neutropenia are important in determining the 
risk of bacterial infection. Disruption of mucosal barriers, especially in 
the oral cavity, esophagus, and bowel, further favors the development of 
infection by providing portals of entry. 


Acronyms and Abbreviations: CMV, cytomegalovirus; CT, computed tomogra- 
phy; ESBL, extended-spectrum f-lactamase; |g, immunoglobulin; IVIG, intravenous 
immunoglobulin; LFT, liver function test; MRSA, methicillin-resistant Staphylococcus 
aureus; PCP, Pneumocystis jiroveci pneumonia; RSV, respiratory syncytial virus; VRE, 
vancomycin-resistant Enterococcus. 


BACTERIAL PATHOGENS 


Historically, Gram-negative bacilli have been the most commonly iso- 
lated pathogens. These organisms include Klebsiella, Escherichia coli, 
Pseudomonas, and Proteus. These bacteria are responsible for a variety 
of infections, including pneumonia, soft-tissue infections, perirectal 
infections, and bacteremia. Urinary tract infections are less frequent 
unless a urinary catheter is present or urinary tract obstruction has 
developed. Meningitis is uncommon. 

At present, roughly half of all documented infections in neutro- 
penic patients are caused by Gram-positive pathogens. This likely results 
from the popularity of semipermanent venous catheters and from the 
use of prophylactic regimens that are active against Gram-negative 
rods. Staphylococcal species and Enterococcus are now the pathogens 
most frequently isolated from neutropenic patients.? Several reports 
document the increasing frequency of viridans group streptococci 
as a major pathogen in neutropenic patients, especially in those receiv- 
ing a hematopoietic stem cell transplant, perhaps because these patients 
have a higher incidence of mucositis.’ Among infections caused by both 
Gram-negative and Gram-positive organisms, antibiotic resistance is a 
growing problem and is discussed under “Bacterial Infections” below. 
Anaerobic infections are less common unless periodontal or gastroin- 
testinal pathology coexists. 

Patients with Hodgkin lymphoma, other lymphomas, or chronic 
lymphocytic leukemia primarily suffer from impaired cell-mediated 
immunity and diminished antibody production.* Consequently, the 
spectrum of infections in these patients differs from that found in neu- 
tropenic patients. Bacterial infections, when they occur, tend to result 
from encapsulated organisms such as Pneumococcus or Haemophilus. 
Listeria and Nocardia infections also are seen more frequently in this 
group of patients.° 


FUNGAL PATHOGENS 


Fungal infections are common during periods of prolonged neutrope- 
nia and in patients with lymphomas or chronic lymphocytic leukemia 
who have impaired cell-mediated immunity. Candida species are most 
frequently isolated. Historically, Candida albicans had been the most 
common isolate; however, in recent years the number of non-albicans 
Candida infections has increased, partly as a consequence of wide- 
spread prophylaxis against C. albicans.° The gastrointestinal tract serves 
as a reservoir for Candida, and erosive esophagitis may develop. Can- 
dida may also enter the bloodstream via indwelling catheters. 

Aspergillus and fungi that cause mucormycosis also may cause 
invasive disease. The use of mold-active prophylaxis may be associated 
with an increased incidence of mucormycosis.’ These organisms tend to 
colonize and infect the sinuses and bronchopulmonary tree. 

Infections with Cryptococcus, Aspergillus, Coccidioides, Histo- 
plasma, and Candida are more common in patients with leukemia or 
lymphoma who require chronic glucocorticoid treatment. Coccidioides 
and Histoplasma are endemic mycoses. Coccidioides is endemic in 
the southwestern United States, in particular in Arizona and the San 
Joaquin Valley in California. Histoplasma is endemic in the Ohio and 
Mississippi River Valleys. Emerging fungal infections with organisms 
such as Scedosporium have become more common with increased use 
of mold-active prophylaxis.* 

Pneumocystis jiroveci is a ubiquitous, endogenous fungus that may 
cause pneumonia in neutropenic patients and in those with defective 
cell-mediated immunity. 


VIRAL PATHOGENS 


Viral infections are especially frequent in patients with impaired 
cell-mediated immunity. Among viruses that cause infections in 
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immunocompromised hosts, herpes simplex, varicella zoster, cytomeg- 
alovirus (CMV), and adenoviruses are the most important. Cutaneous 
lesions and mucositis often are caused by herpes simplex. Herpes zoster 
infections may be especially severe and have a propensity for dissemi- 
nation. Left untreated, primary varicella infections are associated with 
a high mortality rate. CMV may cause febrile illnesses associated with 
pneumonia, hepatitis, and/or gastrointestinal tract ulcerations. Respira- 
tory syncytial virus (RSV) and influenza virus are important pathogens 
causing respiratory illness in stem cell transplant recipients in the win- 
ter months.’ Virus-associated hemorrhagic cystitis caused by BK virus 
and adenovirus is common among hematopoietic stem cell transplant 
recipients." 


MYCOBACTERIAL PATHOGENS 


The association between lymphoid malignancies and tuberculosis, par- 
ticularly among patients born outside the United States, has been recog- 
nized for more than a century. It threatens to become a more frequent, 
serious problem with the resurgence of tuberculosis and the increased 
prevalence of drug-resistant strains.'’'* Nontuberculous mycobacterial 
infections are common in HIV-positive patients, but are less common 
in patients receiving chemotherapy." 


@ RECOGNITION AND DIAGNOSIS OF 
INFECTION 


The development of an infection in a neutropenic patient may be 
accompanied by dramatic clinical manifestations or by none at all. 
Any fever that develops is very suggestive of infection. However, hypo- 
thermia, declining mental status, myalgia, or lethargy also may indicate 
infection in these patients. The usual local signs of infection, such as 
pus formation, may be absent or delayed because they are mediated by 
neutrophils.” 

A careful physical examination should be performed when such a 
change in condition is observed. Special attention should be paid to the 
mouth and teeth for evidence of thrush, ulcerations, or periodontal dis- 
ease. The skin should be examined in detail. Innocuous-appearing skin 
lesions may be septic emboli or evidence of disseminated fungal infec- 
tion. Ordinarily trivial injuries inflicted by venipuncture or intravenous 
catheters may become infected and result in sepsis. An increased inci- 
dence of perianal and perirectal infection is observed in neutropenic 
patients. Examination of the rectum and perineum may provide a 
clue to the source of fever in patients without other clinical findings. 
Although such examinations should not be performed unnecessarily on 
an immunocompromised patient, rectal or pelvic examination should 
not be deferred when searching for a cause of fever. 

Chest radiographic films should be obtained initially and may 
need to be repeated, although this practice has been questioned in 
patients without respiratory complaints.'* Chest computed tomography 
(CT) may reveal lesions not detected on routine radiograms.”” Addi- 
tional imaging should be guided by clinical presentation. 

Blood cultures should be collected prior to initiation of antibiotic 
therapy, and periodically thereafter if fever persists. If an indwelling 
venous catheter is present, a blood culture as well as cultures from each 
lumen of the catheter should be obtained for bacterial and fungal patho- 
gens. Differential time to positivity of central and peripheral cultures 
may be helpful in diagnosing catheter-associated infections.'* Sending 
two or three cultures improves the likelihood of recovering fastidious 
organisms. If differential time to positivity cannot be performed, poten- 
tially infected intravenous lines should be cultured upon removal. 

Other cultures should be obtained based on presenting symp- 
toms and risk factors. Urine cultures should be sent in patients with 


an indwelling urinary catheter, those whose urinalysis is suspicious 
for infection, and those who have urinary symptoms. Sputum cultures 
may be helpful in patients with respiratory symptoms or findings on 
chest radiographs, but must be interpreted with caution, because the 
results may reflect the flora colonizing the oropharynx rather than the 
pathogens infecting the lung. Pulmonary fungal and viral infections, 
which may be difficult to document using conventional culture tech- 
niques, may be diagnosed by polymerase chain reaction and antigen 
detection sent from nasal washes or bronchoalveolar lavage samples." 
Skin lesions of a suspicious nature should be biopsied and cultured. 
Stool should be cultured as well as examined for ova and parasites, and 
Clostridium difficile in patients with diarrhea. In some patients, testing 
for rotavirus, norovirus, and adenovirus also may be appropriate. 

Patients with findings on chest CT that are consistent with pneu- 
monia who do not respond to initial therapy and in whom initial micro- 
biologic testing is negative may benefit from transbronchial biopsy or 
CT-guided biopsy of affected tissue.” 


@TREATMENT AND PREVENTION 


INITIAL TREATMENT 


Bacterial Infections 

Many different regimens have been evaluated and found to be acceptable 
for empiric therapy in febrile patients with neutropenia. Current rec- 
ommendations support single-drug therapy with an antipseudomonal 
B-lactam as initial empiric therapy in febrile neutropenic patients.” 
Piperacillin-tazobactam,” imipenem,” meropenem,” cefepime,” and 
ceftazidime” have each been studied as a single agent. These drugs are 
active against most of the virulent pathogens infecting neutropenic 
patients. Doripenem, another carbapenem with antipseudomonal 
activity has not been studied in a prospective randomized control trial 
in febrile neutropenia. Ertapenem, a carbapenem that is attractive for its 
daily dosing schedule, lacks activity against pseudomonas and should 
not be used as empiric therapy.” Differences in institutional sensitivity 
patterns should guide initial antibiotic selection, which should subse- 
quently be tailored to culture results. 

Although Gram-negative coverage with a single agent is associated 
with improved outcomes,” among patients who are unstable or in whom 
antibiotic resistance is suspected, it is reasonable to add a second anti- 
biotic active against Gram-negative organisms. Aminoglycosides may 
provide synergy against Gram-negative bacilli and further broaden the 
spectrum of antimicrobial activity, but they increase the risk of neph- 
rotoxicity. No good evidence supports the simultaneous use of two 
$-lactam drugs. Fluoroquinolones in conjunction with another antibiotic 
are effective in patients who have not received quinolone prophylaxis.” 

Patients with catheters, patients presenting with sepsis, patients 
with evidence of skin or soft-tissue infection, and other high-risk 
patients should be treated empirically for Gram-positive infections with 
vancomycin. Among patients without these risk factors, Gram-positive 
coverage should be added if fever persists for more than 3 to 5 days after 
Gram-negative treatment is initiated.” 

The emergence of multidrug-resistant organisms has influenced 
the approach to empiric therapy. Approximately 60 percent of the 
hospital-acquired strains of Staphylococcus aureus now are methicil- 
lin-resistant S. aureus (MRSA), as are a growing number of community 
-acquired strains.*! Vancomycin, quinupristin/dalfopristin,®” linezolid,” 
daptomycin,™ ceftaroline,* and tigecycline* are active against MRSA. 
However, it should be noted that daptomycin should not be used in 
pneumonia because of inactivation by surfactant. Tigecycline should 
be avoided in bloodstream infections because of inadequate serum lev- 
els, and the drug now carries a black box warning because of increased 
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mortality seen with this agent. Dalbavancin, a second-generation gly- 
copeptide that can be administered once per week, has been approved 
for treatment of MRSA skin and soft-tissue infections.” Ceftobiprole is 
a broad-spectrum cephalosporin that is also active against MRSA, but is 
not yet approved in the United States.** 

The emergence of vancomycin-resistant S. aureus strains may limit 
the use of vancomycin in the treatment of S. aureus infections in the 
future, although, fortunately, these isolates are currently quite rare.” 
Toxicities of anti- MRSA agents as well as a comprehensive list of anti- 
biotics with activity against MRSA still in development are reviewed in 
Ref. 40. Linezolid is a commonly used alternative to vancomycin, but 
causes thrombocytopenia and therefore must be used with caution in 
patients who are receiving chemotherapy.“ Daptomycin is a good alter- 
native to vancomycin for bloodstream infections. 

Vancomycin-resistant Enterococcus (VRE) is being isolated with 
increasing frequency and presents a major challenge, particularly 
among neutropenic patients.“ Cefepime and ceftazidime lack activ- 
ity against enterococcus. Linezolid,“ daptomycin,* and quinupristin/ 
dalfopristin,” are the best agents currently available for treatment of 
serious VRE infections. Tigecycline also has activity against VRE,” but 
should not be used in bloodstream infections because of inadequate 
serum levels. Quinupristin/dalfopristin is not active against Enterococ- 
cus faecalis. The minimum inhibitory concentration of the organism 
should be checked before initiating daptomycin because VRE isolates 
can have daptomycin resistance, even in the absence of prior daptomy- 
cin usage.*° 

Drug resistance among Gram-negative pathogens is also of great 
clinical concern in neutropenic patients. As a result of the rising prev- 
alence of multidrug resistant Gram-negative organisms, older drugs, 
such as colistin, have been reintroduced into practice.” Enteric patho- 
gens, particularly Klebsiella and E. coli which produce extended-spec- 
trum f-lactamases are a large and growing clinical problem. In up to 
25 percent of cases of Gram-negative rod bacteremia in neutropenic 
patients, cultures ultimately grow extended-spectrum f-lactamase 
(ESBL)-producing pathogens.** These organisms are resistant to all 
cephalosporins and exhibit varying and unpredictable degrees of sen- 
sitivity to aminoglycosides and quinolones. The carbapenems (imi- 
penem, meropenem, doripenem, ertapenem) are active against these 
pathogens. Carbapenemase-producing organisms, currently relatively 
rare, may become an important clinical problem in the future. Data 
regarding treatment of infections caused by carbapenemase-producing 
organisms are limited to retrospective and noncontrolled, nonrandom- 
ized prospective studies but suggest that combination therapy with a 
carbapenem plus colistin, aminoglycoside, or tigecycline may be more 
effective than monotherapy.” 


Fungal Infections 

Systemic fungal infections are relatively common in neutropenic 
patients, and empiric antifungal therapy should be considered in febrile 
patients if empiric antibiotic therapy is not effective within 5 to 7 days.” 
Historically, amphotericin B deoxycholate had been the drug of choice 
for the majority of fungal infections that develop in neutropenic hosts, 
although its position has been largely supplanted by the introduction of 
liposomal formulations of amphotericin in most centers, newer azole 
drugs, and echinocandins.**? 

There are three lipid-associated formulations of amphotericin cur- 
rently available in the United States. AmBisome (liposomal amphotericin 
B); Abelcet (amphotericin B lipid complex); and Amphotec/Amphocil 
(amphotericin B colloidal dispersion). These three agents are not inter- 
changeable. These formulations, particularly AmBisome, are less neph- 
rotoxic, and appear to be at least as efficacious as nonlipid formulations. 
Infusion-related symptoms are not consistently less common with these 


preparations, but are generally manageable. Serum creatinine, potas- 
sium, and magnesium levels should be monitored closely while giving 
these medications. Amphotericin products remain the first-line agent in 
treatment of mucormycosis, although they are frequently used in com- 
bination with echinocandins.* 

Although there are limited data to support its efficacy, it is com- 
mon practice to give intravenous fluids prior to and sometimes after 
amphotericin infusion to mitigate nephrotoxicity.°° Fever and chills 
associated with administration of amphotericin may be treated or 
prevented with diphenhydramine hydrochloride, acetaminophen, or 
hydrocortisone.” 

Fluconazole, an azole drug that can be administered orally or 
intravenously, is approved for treatment of C. albicans, Cryptococcus 
neoformans, and Coccidioides immitis. It is less active against non-albi- 
cans Candida species and is completely inactive against Candida krusei. 
It also lacks activity against Aspergillus.” 

In contrast to fluconazole, itraconazole has modest activity against 
Aspergillus. It is less active than voriconazole but may have a role in 
milder infections or when voriconazole is not tolerated.” 

Voriconazole is another azole drug, which is also available in 
intravenous and oral formulations. A large study concluded that vori- 
conazole is as effective as liposomal amphotericin B as empiric therapy 
for neutropenic patients who are febrile, but these results are controver- 
sial.*** Oral voriconazole may be a good alternative to the intravenous 
formulation in neutropenic patients with uncomplicated persistent 
fever.“ It is the first-line therapy against Aspergillus.” Side effects of 
voriconazole, which may limit its use in some patients, include visual 
abnormalities, hallucinations, and liver function test (LFT) abnormal- 
ities. Recent data suggest that voriconazole use in transplant recipients 
is associated with an increased rate of nonmelanoma skin cancers. The 
mechanism by which this occurs is currently unknown.® Neurologic 
side effects may be related to blood levels of the drug, which vary widely 
depending upon a large number of factors including CYP2C19 geno- 
type. There is mounting evidence that therapeutic drug monitoring 
improves safety and efficacy of voriconazole in the treatment of invasive 
fungal infections.*° 

Posaconazole is the newest approved azole. It is now available in 
intravenous and oral formulations. Its primary use has been prophy- 
lactic; however, it has shown promise as salvage therapy for invasive 
aspergillosis. Unlike the older triazoles, posaconazole is active against 
many species that cause mucormycosis, and it has been used success- 
fully when other therapy has failed; however, there is no clinical trial 
data available at this time.” 

Isavuconazole is an investigational broad-spectrum azole available 
in oral and intravenous formulations. It is currently in phase III trials 
comparing it to voriconazole for treatment of Aspergillus. It also has 
some activity against species that cause mucormycosis.® 

The echinocandins, which include caspofungin, micafungin, and 
anidulafungin, are a class of intravenous drugs that has activity against 
a wide variety of Candida species as well as Aspergillus. They are gen- 
erally well tolerated, and may become especially important as the 
prevalence of non-albicans Candida infections rises.” Currently, only 
caspofungin is approved for first-line empirical use in febrile neutro- 
penia.” Caspofungin is also the only echinocandin approved as salvage 
therapy for aspergillosis; however, mounting evidences suggests that 
micafungin is also effective in the treatment of invasive Aspergillus 
infections.” The echinocandins may have synergy with other antifungal 
agents against Aspergillus species and in treating mucormycosis.*”? A 
randomized controlled trial evaluating echinocandins as part of combi- 
nation therapy in Aspergillus treatment has been performed and results 
are expected soon. Anidulafungin, the newest approved echinocandin, 
has shown excellent efficacy in the treatment of candidiasis.” 
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P. jiroveci pneumonia may be treated with trimethoprim-sul- 
famethoxazole. Pentamidine or primaquine-clindamycin should be used 
for moderate to severe infections in patients who are allergic to or oth- 
erwise intolerant of trimethoprim-sulfamethoxazole, although data for 
alternative regimens is much more robust in the HIV-positive patient 
population.” Other alternative regimens include dapsone-trimethoprim 
and atovaquone, although these are best used for mild PCP. Glucocorti- 
coids are commonly given as adjunctive treatment in severe PCP, though 
the data for this among non-HIV-infected patients are conflicting.” 

Empiric therapy with antifungal agents is currently the standard of 
care in high-risk neutropenic patients with persistent fever. However, 
preemptive antifungal treatment is being evaluated as a possible alter- 
native to empiric therapy in select patients. With preemptive strategies, 
microbiologic, molecular, and radiologic monitoring is used to detect 
early evidence of invasive fungal infections and prompt initiation of 
therapy.” Data from studies comparing empiric therapy with preemp- 
tive strategies are mixed.”-” Surveillance with fungal cell wall compo- 
nents 1,3-8-D-glucan® and galactomannan*' in the blood plays a role in 
preemptive therapy. Real-time polymerase chain reaction of fungal gene 
products is another technique that appears to have high sensitivity and 
specificity for detecting candidemia, although it will require standard- 
ization before widespread use is possible. 

Although currently not as large a problem as drug-resistant bac- 
teria, the development of drug-resistant fungal organisms is a poten- 
tial clinical threat. Prophylactic use of antifungals likely contributes to 
breakthrough infection with innately resistant species." Cross-resis- 
tance within and between classes of antifungals is another potentially 
important problem, which is deserving of clinical study.™ 


Viral Infections 

A limited number of options are available for treatment of viral infec- 
tions. Acyclovir is active against herpes simplex and, at higher doses, 
against varicella zoster. Other agents, such as famciclovir and valacyclo- 
vir, are as effective in treating herpes simplex and zoster infections, and 
may be administered less frequently, but are not available for intrave- 
nous administration." 

Ganciclovir, valganciclovir, and foscarnet have efficacy in treat- 
ment of CMV disease and are also active against herpes simplex.“ They 
are most effective when they are used early in the course of the infection. 
Hence, frequent screening for CMV and early preemptive treatment in 
high-risk patients, such as transplant recipients, may allow for improved 
outcomes.” Ganciclovir or valganciclovir is usually the first-line therapy 
against CMV, but results in marrow suppression in a significant per- 
centage of patients who receive them. Foscarnet, a second-line agent, 
may be complicated by azotemia and electrolyte abnormalities. 

Ribavirin plus an adjunctive immunomodulator such as RSV 
immunoglobulin (Ig) or intravenous immunoglobulin (IVIG) are used 
to treat RSV pneumonia in immunocompromised patients. Ribavirin 
can also be used to treat RSV upper respiratory tract infections, and 
may prevent spread to the lower respiratory tract as well as decrease 
mortality; however, prospective studies are needed.** The optimal route 
of ribavirin administration (oral versus inhaled) is not yet known. Osel- 
tamivir or zanamivir should be used if influenza A is suspected.” 


Mycobacterial Infections 
Rates of Mycobacterium tuberculosis infection are high among patients 
with hematologic malignancy worldwide, and tuberculosis should be 
ruled out in neutropenic patients with lung infiltrates who have tuber- 
culosis risk factors. First-line therapy for tuberculosis includes rifam- 
pin, isoniazid, pyrazinamide, and ethambutol.” 

Infections with multidrug-resistant tuberculosis, defined as 
microbes resistant to rifampin and isoniazid, are difficult to treat and 


are associated with poor prognoses. The prevalence of multidrug-resis- 
tant tuberculosis varies tremendously by country.” Drugs used to treat 
multidrug-resistant tuberculosis include fluoroquinolones, amikacin, 
capreomycin, and kanamycin. Extensively drug-resistant M. tuberculo- 
sis, which is defined as being resistant to rifampin, isoniazid, fluoro- 
quinolones, and at least one injectable second-line agent, is a potentially 
a huge clinical problem.” 

Although relatively uncommon, nontuberculous mycobacterial 
infections also occur in patients with hematologic malignancy. Myco- 
bacterium avium-intracellulare complex is treated with clarithromycin, 
rifabutin, and ethambutol. Treatment of infections with rapidly growing 
mycobacteria is complicated and should be guided by an infectious dis- 
ease specialist.” 

Table 24-1 lists the drugs used as empiric therapy in neutropenic 
patients. 


ADJUSTING THERAPY 


Adjustment or modification of the initial antimicrobial regimen may be 
necessary for several reasons. Results of cultures may suggest another 
regimen would be more active or less toxic. All cultures may remain 
negative while the patient fails to respond to the regimen. Fever may 
recur following an initial response to therapy, raising the possibility of 
a second infection. 

Adjusting therapy based on a culture report usually is straight- 
forward, but the other two situations may pose dilemmas. In these cir- 
cumstances, resistant organisms or noninfectious causes of fever, such 
as drug fever or recurrence of malignancy, must be considered. Repeat 
cultures and careful clinical reappraisal may prove helpful. 


DURATION OF THERAPY 


Antibiotic therapy for a specific infection is commonly continued for 
a defined minimum period of time and until the granulocyte count 
reaches 0.5 x 10°/L. Although this strategy reduces the number of 
relapsing infections, it may increase the risk of superinfection and 
antibiotic toxicity. In low-risk patients whose fever resolves without a 
documented source of infection, empiric intravenous therapy can usu- 
ally be stopped and replaced by an oral regimen until counts recover. 
Alternatively, there is some evidence that returning to a prophylactic 
regimen in select patients before the absolute neutrophil count reaches 
0.5 x 10°/L is also a reasonable approach.” If antibiotics are discontin- 
ued or deescalated, close observation is required, and therapy should be 
reinstituted at any suggestion of recurrent infection. 


FEVER FOLLOWING RECOVERY FROM 
CHEMOTHERAPY 


Fevers occasionally persist or even begin after the granulocyte count has 
returned to normal levels. Drug fever and engraftment syndrome are 
considerations in this setting, although a deep-seated infection must be 
excluded.” Hepatosplenic candidiasis is one important consideration in 
these patients, although its incidence has likely decreased in the setting 
of widespread antifungal prophylaxis discussed under “Fungal Infec- 
tions” below.” Elevated serum alkaline phosphatase levels and the pres- 
ence of multiple “punched-out” lesions in the liver on CT are common 
findings with hepatic involvement. Blood cultures are frequently nega- 
tive so biopsy may be required to establish a microbiologic diagnosis.” 
Hepatosplenic candidiasis requires prolonged therapy. Several regimens 
have been proposed, including fluconazole,” caspofungin,” and liposo- 
mal amphotericin B,” but there are no randomized trial data. Persistent 
symptoms despite treatment may be a result of immune reconstitution 
inflammatory syndrome and may be relieved by adjuvant treatment 
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TABLE 24-1. Coverage and Side Effects of Drugs Used as Empiric Therapy 


Drug Category Drug Brand Name Activity Toxicity 
Antipseudomonal Piperacillin- Zosyn Methicillin-sensitive Staphylococcus, Hypokalemia, antiplatelet effect 
penicillins tazobactam Streptococcus, Enterococcus faecalis, 
anaerobes, Pseudomonas aeruginosa, enteric 
Gram-negative rods 
Antipseudomonal Ceftazidime Fortaz P. aeruginosa, enteric Gram-negative rods, 
cephalosporins methicillin-sensitive Staphylococcus* 
Cefepime Maxipime P. aeruginosa, enteric Gram-negative rods, Cefepime-induced neurotoxicity 
methicillin-sensitive Staphylococcus 
Aminoglycosides Amikacin Amikin Enteric Gram-negative rods, P. aeruginosa Nephrotoxicity, ototoxicity 
Tobramycin Nebcin 
Gentamicin Garamycin 
Glycopeptide Vancomycin Vancocin Staphylococcus (including MRSA), Ototoxicity, red-man syndrome 
Streptococcus, E. faecalis, Corynebacterium with rapid infusion 
Carbapenem Imipenem Primaxin Gram-negative rods, Pseudomonas aerug- Nausea, seizures (imipenem) 
Meropenem Merrem inosa (except for ertapenem), methicillin- 
sensitive Staphylococcus, Streptococci, 
Ertapenem Invanz Enterococcus (imipenem), anaerobes 
Doripenem Doribax 
Monobactam Aztreonam Azactam Gram-negative rods, P. aeruginosa 
Sulfonamides Trimethoprim- Bactrim; Pneumocystis jiroveci, some Gram-negative Sulfa allergy, increased creatinine, 
sulfamethoxazole Septra rods, Staphylococcus, Nocardia nausea, rash 
Fluoroquinolones Ciprofloxacin Cipro Gram-negative rods, P. aeruginosa, viridans Nausea. Rare Achilles tendon 
streptococci rupture 
Levofloxacin Levaquin Gram-negative rods, P. aeruginosa, viridans 
streptococci 
Nucleosides Acyclovir Zovirax HSV, VZV Crystalluria 
Valacyclovir Valtrex HSV, VZV 
Famciclovir Famvir HSV, VZV 
Ganciclovir Cytovene CMV Marrow suppression 
Valganciclovir Valcyte CMV Marrow suppression 
Phosphonoformate Foscarnet Foscavir CMV Renal failure, electrolyte 
abnormalities 
Polyene antifungals Amphotericin B Fungizone Candida, Aspergillus, other fungi including Fever, chills, nausea, vomit- 
mucormycosis ing, renal failure hypokalemia, 
hypomagnesemia 
Ampho-B lipid Abelcet Candida, Aspergillus, other fungi including Fever, chills, nausea, vomiting, 
complex mucormycosis increased creatinine 
Ampho-B cho- Amphotec Candida, Aspergillus, other fungi including Fever, chills, nausea, vomiting, 
lesteryl sulfate mucormycosis increased creatinine 
complex 
Liposomal AmBisome Candida, Aspergillus, other fungi including Fever, chills, nausea, vomiting, 
ampho-B mucormycosis increased creatinine 
Azole Fluconazole Diflucan Candida, Cryptococcus, Coccidioides immitis LFT abnormality 
Itraconazole Sporonox Candida, Aspergillus, Histoplasma CHF; drug-drug interactions 
Voriconazole Vfend Aspergillus, Coccidioides, Histoplasma Loss of vision with intravenous 
prep 
Posaconazole Noxafil Aspergillus, Coccidioides, Histoplasma, Nausea, diarrhea, LFT 
mucormycosis abnormality 


(continued) 
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Drug Category Drug Brand Name Activity 


TABLE 24-1. Coverage and Side Effects of Drugs Used as Empiric Therapy (Continued) 


Toxicity 


Echinocandin Caspofungin Cancidas 


Aspergillus, Candida, mucormycosis* 


Micafungin Mycamine Aspergillus, Candida, mucormycosis* 
Anidulafungin Eraxis Aspergillus, Candida, mucormycosis* 
Oxazolidinone Linezolid Zyvox Staphylococci (including MRSA), Enterococ- Thrombocytopenia, anemia, 
cus (including VRE), streptococci small risk of serotonin syndrome 
with concomitant SSRIs, mito- 
chondrial side effects with pro- 
longed use 
Lipopeptide Daptomycin Cubicin Staphylococci (including MRSA), Enterococ- Creatinine kinase elevation 


cus (including VRE), streptococci 


Ampho-B, amphotericin B; CHF, congestive heart failure; CMV, cytomegalovirus; HSV, herpes simplex virus; LFT, liver function test; SSRI, selective 
serotonin reuptake inhibitor; VRE, vancomycin-resistant Enterococcus; VZV, varicella-zoster virus. 


*Ceftazidime has less activity than cefepime against methicillin-sensitive Staphylococcus aureus and viridans streptococci. 
tLevofloxacin has more reliable activity against viridans streptococci than ciprofloxacin. 
*Echinocandins are commonly used in combination with amphotericin in the treatment of mucormycosis, but are not used as monotherapy. 


with glucocorticoids.’ Cure is difficult to achieve regardless of the reg- 
imen used and mortality is high.!” 

Indwelling catheter infections are another important consider- 
ation in persistent fever after hematologic recovery. Diagnosing catheter 
infections remains a major challenge, and the use of catheter-sparing 
diagnostic techniques should be considered, as the need to remove cath- 
eters is patient and organism dependent. Coagulase-negative Staphylo- 
coccus spp. are most commonly isolated and are generally amenable 
to catheter-sparing treatment. If the catheter is to be retained, a 10- to 
14-day course of antibiotics is recommended." If a tunnel infection is 
present, successful therapy is less likely without catheter removal. 

Gram-negative,'” S. aureus,’ and fungal’® infections of the cath- 
eter usually necessitate its removal. This may be followed, if necessary, 
by insertion of a new catheter at a different site once blood cultures 
have cleared. Antibiotic therapy for at least 14 days is recommended. 
Chlorhexidine and silver-impregnated central venous catheters may 
prevent bloodstream infections in neutropenic patients." Catheter 
infections and their management are reviewed in detail elsewhere.'” 


OUTPATIENT THERAPY 


Twenty years ago, treatment of the febrile neutropenic patient outside 
of the hospital would have been unthinkable. Economic pressures, cou- 
pled with the widespread availability of home infusion services and 
more potent oral antibiotics, have made outpatient therapy an option 
for some of these patients.'” 

Outcomes among patients with neutropenic fever treated as outpa- 
tients seem to be comparable to those observed in hospitalized patients, 
provided the patients are selected properly and appropriate monitoring 
can be ensured. Suitable candidates for home therapy include patients 
who are expected to have a short duration of neutropenia and who have 
few comorbidities.'*! Individuals who remain febrile, who require 
multiple antibiotics, or who are unreliable are not candidates for home 
therapy. Rigorous family education is crucial for a successful outcome. 


PREVENTION OF INFECTIONS 


Bacterial Infections 

In view of the high mortality rate associated with infections in neutro- 
penic patients, preventive measures remain a priority. Careful attention 
to sterile technique and personal hygiene is of the utmost importance 


in the prevention of bacterial infection during neutropenia. Instrumen- 
tation should be avoided whenever possible. Intravenous access sites 
should be carefully maintained. In addition, systemic antibiotics are 
currently widely used as prophylaxis against Gram-negative infections 
in neutropenic patients. 

The use of prophylactic antibiotics reduces the number of 
Gram-negative infections and all-cause mortality in high-risk patients 
who are expected to have prolonged, severe neutropenia and is rec- 
ommended in these patients." By contrast, the use of antibiotic pro- 
phylaxis in lower-risk patients expected to have a shorter duration of 
neutropenia is of much less certain benefit, and is not recommended 
in most cases.'!’ Several studies show a reduction in mortality in high- 
risk patients given prophylactic antibiotics, but the contribution of this 
practice to the emergence of drug-resistant pathogens must be taken 
into account when deciding whether to employ it." Furthermore, 
although the agents used for this purpose are generally safe, the risk 
of drug toxicity must also be taken into consideration. Adverse events 
associated with antibiotic prophylaxis include drug fever, rash, and 
worsening of cytopenias. Infection with C. difficile is a potentially seri- 
ous risk of prophylaxis." Incidence of C. difficile infection is high in 
stem cell transplant recipients, and patients who receive high-risk anti- 
biotics including fluoroquinolones more frequently acquire infection 
with this organism.’ This potential complication deserves strong con- 
sideration, as drug-resistant, hypervirulent strains of this organism have 
become more prevalent over the last several years.” 

The fluoroquinolones, particularly ciprofloxacin and levoflox- 
acin, have received considerable attention for their ability to prevent 
Gram-negative infections in neutropenic patients.” Ciprofloxacin has 
more activity against Pseudomonas, whereas levofloxacin is more active 
against Gram-positive organisms. Unfortunately, indiscriminate use of 
these agents in the community, as well as prophylactic use, has led to 
a greatly increased prevalence of quinolone-resistant Gram-negative 
organisms. Up to 85 percent of Gram-negative isolates from patients with 
febrile neutropenia are resistant to quinolones,” and quinolone prophy- 
laxis has resulted in an increased incidence of quinolone-resistant viri- 
dans streptococci.''* Prophylactic use also eliminates these agents from 
therapeutic use in the same patient." For these reasons, some centers 
abandoned the use of prophylactic quinolones in certain patients.'?°' 
These studies consistently showed a decrease in fluoroquinolone resis- 
tance in isolates from neutropenic patients. While some studies have 
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failed to show an increase in the incidence of bacteremia with discon- 
tinuation of prophylaxis,'” in at least two cases, institutional cessation of 
quinolone prophylaxis resulted in an increased incidence of bacteremia 
caused by Gram-negative organisms, which was reversed by reinstitution 
of fluoroquinolone prophylaxis.'?""”? In summary, there is, at present, a 
clear role for quinolone prophylaxis in some patients. However, because 
of increasing resistance to these drugs, it is important to continuously 
monitor their efficacy and discourage their unnecessary use. 

The use of granulocyte-macrophage colony-stimulating factor and 
granulocyte colony-stimulating factor to raise the absolute neutrophil 
count has been shown to decrease the incidence of fever in patients on 
high risk chemotherapy regimens, elderly patients, and patients with 
certain comorbid conditions.'*!** However, there is no definitive evi- 
dence that prophylaxis with these agents reduces infection-related mor- 
tality or overall survival.!* 

Low-bacteria diets are often recommended to patients expected to 
experience neutropenia, but their effectiveness at preventing infection 
has not been shown." Similarly, the efficacy of reverse isolation, though 
often employed asa prophylactic measure, has not been demonstrated.'”” 


Viral Infections 

Acyclovir and its prodrug valacyclovir are effective at preventing recur- 
rent herpes simplex infections in patients receiving chemotherapy.’ 
Long-term treatment with acyclovir also prevents reactivation of vari- 
cella-zoster virus in hematopoietic stem cell transplant recipients,” as 
well as in patients undergoing chemotherapy for multiple myeloma." 
Varicella-zoster immunoglobulin is recommended as postexposure 
prophylaxis for high-risk, nonimmune patients.'*! 

Hematopoietic stem cell transplant recipients have a high risk of 
CMV infection. Patients at particular risk include those who are seroposi- 
tive before transplantation, seronegative patients who receive transplants 
from seropositive donors, and those who receive highly immunosup- 
pressive conditioning regimens prior to transplantation." The use of 
CMV seronegative blood components can markedly decrease the trans- 
mission of CMV to seronegative patients; leukocyte reduction similarly 
prevents transmission.'** Ganciclovir," oral valganciclovir,'** and CMV 
immune globulin infusions have been used to prevent CMV infection 
in transplant recipients. Ganciclovir and valganciclovir frequently cause 
myelosuppression, which may complicate the management of neutro- 
penic patients on these medications.” In addition, the emergence of 
CMV antiviral resistance has been reported in association with preven- 
tive treatment.” CMV prophylaxis among patients receiving conven- 
tional chemotherapy has not been as widely studied, but currently there 
is no evidence supporting its use in this population.’ Many centers take 
a preemptive approach, screening patients regularly for CMV viremia 
and initiating therapy only when CMV is detected. Prophylactic immu- 
notherapy may have benefit in patients unable to tolerate the potential 
myelotoxicity of antiviral therapy.“ Recent randomized controlled 
trials have suggested that novel anti-CMV agents letermovir and brin- 
cidofovir may be effective at preventing CMV replication in stem cell 
transplant recipients." 

Immunizations with killed vaccines such as influenza are recom- 
mended. Live-attenuated vaccines, such as measles and zoster, should 
be avoided during immunosuppression.'* 


Fungal Infections 

The high mortality rate of invasive fungal infections in neutropenic 
patients makes their prevention extremely important. Antifungal pro- 
phylaxis in these patients has been studied for more than 2 decades, 
yet there is still a great deal of controversy surrounding its efficacy.“ 
Studies on prevention of fungal infections in neutropenic patients are 
difficult to evaluate. Results of the various studies have been conflicting, 


partly because different definitions and outcomes were applied, differ- 
ent doses of antifungal agents were administered, and the numbers of 
study patients have often been small. 

As with antibacterial prophylaxis, the clearest benefit of antifun- 
gal prophylaxis is seen in patients expected to have severe, prolonged 
neutropenia, particularly allogeneic transplant recipients. Antifun- 
gal prophylaxis is not indicated in patients who are undergoing che- 
motherapy with low levels of myelotoxicity.” When deciding whether 
to treat prophylactically, drug toxicity must be taken into account. In 
addition, prophylactic use of antifungal agents may select for more 
resistant strains of fungus and lead to breakthrough infection with 
organisms inherently resistant to the agent used for prophylaxis. For 
example, certain prophylactic regimens active against Candida may 
actually increase the incidence of Aspergillus infections.'* The ability 
of antifungal agents to prevent systemic infection in high-risk patients 
has been shown in several studies, but their ability to reduce all-cause 
mortality has not been definitively established.’ 

Several azole drugs have been studied as prophylactic agents. A 
number of studies document a statistically significant reduction in 
superficial and invasive fungal infections when fluconazole is used 
prophylactically.” However, breakthrough infection with Aspergillus, 
Candida glabrata, and Candida krusei have occurred with fluconazole 
prophylaxis.” Itraconazole and voriconazole' have a broader spectrum 
of activity, are more effective at preventing Aspergillus infection, and are 
generally well tolerated.’ Prophylaxis with posaconazole is associated 
with a reduced risk of Aspergillus infection, and a trend toward lower 
mortality. 5° 

Echinocandins have become popular antifungal prophylactic 
agents. Caspofungin has been shown to be as effective as itraconazole 
in preventing Aspergillus and Candida infections.’ Micafungin was 
shown to be superior to fluconazole at preventing systemic fungal infec- 
tions in hematopoietic stem cell transplant recipients.'*’ Anidulafungin, 
the newest echinocandin, remains to be studied as a prophylactic agent. 

P. jiroveci pneumonia can be prevented with trimethoprim-sul- 
famethoxazole.'** Dapsone and atovaquone have each been used as a 
second-line prophylactic agent in hematopoietic stem cell transplant 
recipients, and in some cases may be preferred based on the risk of mar- 
row suppression from trimethoprim-sulfamethoxazole.'**'* Although 
P jiroveci is a ubiquitous organism, institutional variability in the inci- 
dence of infection is observed; therefore, the need for prophylaxis varies. 


@ INFECTIONS IN HEMATOPOIETIC STEM 
CELL TRANSPLANTATION RECIPIENTS 


Patients receiving hematopoietic stem cell transplants are at risk for the 
same infections occurring in patients rendered neutropenic by chemo- 
therapy. Graft-versus-host disease and the immunosuppressive agents 
used to treat it result in a particularly high incidence of infection in this 
group of patients. CMV and varicella zoster virus, are especially trou- 
blesome. Infection in stem cell transplant patients has been reviewed" 
and is discussed in Chap. 23. 
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CHAPTER 25 
ANTITHROMBOTIC THERAPY 


Gregory C. Connolly and Charles W. Francis 


Antithrombotic drugs are among the most commonly used drugs in medi- 
cine and are generally separated into anticoagulants, fibrinolytic agents, and 
platelet inhibitors based on their primary mechanism of action. For many 
decades, warfarin, which acts by inhibiting vitamin K action, was the only 
oral anticoagulant available. Vitamin K antagonists have a prolonged effect, 
unpredictable pharmacokinetics, and require monitoring, but warfarin was 
widely used for prevention and treatment. The introduction of novel targeted 
oral anticoagulants has changed the landscape of anticoagulation. Rivarox- 
aban, apixaban, and edoxaban are novel oral inhibitors of factor Xa, whereas 
dabigatran is an orally available inhibitor of thrombin. Unfractionated heparin 
and the low-molecular-weight heparins are the most commonly used rap- 
idly acting parenteral anticoagulants; they inhibit activated serine proteases 
through antithrombin. One synthetic agent in this class, fondaparinux, is spe- 
cific for inhibition of factor Xa, and is effective for prevention and treatment of 
venous thromboembolism. Several parenteral direct thrombin inhibitors have 
excellent anticoagulant action and offer an alternative to heparins. A num- 
ber of fibrinolytic agents are available, all of which convert plasminogen to 
plasmin to accelerate clot lysis. Differences among them include their degree 
of fibrin specificity, half-life, and antigenicity. Antiplatelet agents play an 
important role in prevention and treatment of arterial thrombosis. Aspirin is 
a cyclooxgenase-1 inhibitor that is effective and widely used in the preven- 
tion of stroke and myocardial infarction. Drugs that modulate cyclic adenosine 
monophosphate levels include dipyridamole, pentoxifylline, and cilostazol, 
and are primarily used in treatment of peripheral vascular disease. Adenosine 
diphosphate receptor blockers such as ticlopidine, clopidogrel, and prasugrel 
are effective in treatment of coronary and peripheral arterial disease. Exam- 
ples of inhibitors of fibrinogen interaction with a,,B, are abciximab, tirofiban, 
and eptifibatide. These drugs are highly effective in treatment of patients with 
acute coronary syndromes. 


Acronyms and Abbreviations: ACT, activated clotting time; ADP, adenosine 
diphosphate; aPTT, activated partial thromboplastin time; cAMP, cyclic adenosine 
monophosphate; COX, cyclooxygenase; CYP, cytochrome P450; DVT, deep vein 
thrombosis; FFP, fresh-frozen plasma; Gla, y-carboxyglutamic acid; HIT, hep- 
arin-induced thrombocytopenia; INR, international normalized ratio; ISI, inter- 
national sensitivity index; LMWH, low-molecular-weight heparin; MI, myocardial 
infarction; NSAID, nonsteroidal antiinflammatory drug; PE, pulmonary embolism; 
PG, prostaglandin; PaL, prostacyclin; PRP, platelet-rich plasma; PT, prothrombin 
time; TNK, tenecteplase; t-PA, tissue-type plasminogen activator; VTE, venous 
thromboembolism. 


Antithrombotic agents are highly effective and are among the 
most commonly used drugs in medicine because thrombotic diseases 
are the leading cause of mortality and morbidity in Western countries. 
Antithrombotic agents are characterized separately as anticoagulants, 
antiplatelet agents, or fibrinolytic drugs, depending on their primary 
mechanism, although there is overlap in their activities and clinical 
indications (Table 25-1). Their greatest use is in prevention of thrombo- 
sis in patients at high risk, but they also have important applications for 
treating acute thrombosis. For many agents, the risk-to-benefit ratio is 
narrow, with the result that bleeding complications occur, and bleeding 
is the most common adverse effect. Consequently, the clinician should 
carefully weigh the risks and benefits for each patient when selecting 
treatment. Generally, these drugs do not cause bleeding by themselves; 
instead, they exacerbate preexisting bleeding or predispose to bleed- 
ing from pathologic lesions that may be found in the gastrointestinal 
or genitourinary tracts or central nervous system. A careful review of 
comorbid conditions that may increase bleeding risk is important when 
deciding on therapy. 

Anticoagulant therapy acts to decrease fibrin formation by inhib- 
iting the formation and action of thrombin, and its most common uses 
are in preventing systemic embolization in patients with atrial fibril- 
lation and for secondary prevention of venous thromboembolism. 
Anticoagulant therapy is sometimes monitored using coagulation test- 
ing because of marked biologic variation in effect with some agents. 
Antiplatelet agents act to inhibit platelet function, and their primary 
uses are in preventing thrombotic complications of cerebrovascular 
and coronary artery disease. They also have a role in treatment of acute 
myocardial infarction and some effect in preventing venous thrombosis. 
Fibrinolytic agents accelerate lysis of thrombi by increasing conversion 
of plasminogen to plasmin, and are primarily used in the acute manage- 
ment of myocardial infarction, in clearing occluded catheters and also 
in selected patients with stroke or venous thromboembolism. Fibrino- 
lytic therapy is associated with a higher risk of bleeding complications 
than treatment with either anticoagulants or antiplatelet agents. Treat- 
ment of acute thrombosis often involves combinations of agents with 
multiple actions for maximum effect. 

Antithrombotic therapy has changed considerably with the 
introduction of several novel target-specific oral anticoagulants. 
These drugs offer more predictable pharmacokinetics and fewer drug 
interactions than warfarin, thus eliminating the need for frequent 
monitoring. These agents have been studied in numerous phase HI 
randomized clinical trials that have compared these agents to stan- 
dard anticoagulation therapies. In most cases, the new anticoagulants 
are equivalent to conventional anticoagulation in reducing throm- 
botic events, while in many cases they are associated with lower rates 
of major bleeding complications. 


@ VITAMIN K ANTAGONISTS 


The development of vitamin K antagonists as oral anticoagulants began 
in the 1920s with investigation of a hemorrhagic disease in cattle, the 
cause of which was eventually traced to ingestion of moldy hay leading 
to hypoprothrombinemia.' A coumarin that inhibited vitamin K was 
purified and eventually introduced into clinical practice in the 1940s. 
Several coumarin derivatives with differing pharmacologic properties 
are now available as anticoagulants worldwide, and are collectively 
referred to as vitamin K antagonists, but warfarin is nearly universally 
used in North America. These agents are widely used to prevent or treat 
common thrombotic diseases and represent the most commonly used 
oral anticoagulant currently available.? 
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TABLE 25-1. Types and Function of Antithrombotic 


Agents 


Anticoagulants—decrease fibrin formation by inhibiting 
thrombin or thrombin formation 


Agents 
Oral—warfarin and other vitamin K antagonists, dabigatran 
(direct thrombin inhibitor) and oral direct X, inhibitors (rivarox- 
aban, apixaban, edoxaban) 
Parenteral—heparin, low-molecular-weight heparins, 
fondaparinux, direct thrombin inhibitors (argatroban, desirudin, 
bivalirudin) 
Antiplatelet agents—inhibit platelet function 
Agents 
Aspirin, clopidogrel, prasugrel, dipyridamole, abciximab, eptifi- 
batide, tirofiban, vorapaxar 
Fibrinolytic agents—plasminogen activators and accelerate clot 
lysis 
Agents 
Streptokinase, urokinase, alteplase, reteplase, tenecteplase 


PHARMACOLOGY 


The coumarins are competitive inhibitors of vitamin K. They inhibit 
y-carboxylation reactions required for synthesis of several coagula- 
tion proteins, including factors II, VII, IX, and X, as well as proteins C 
and S, which are involved in inhibitory regulation of hemostasis. The 
synthesis of these proteins requires a posttranslational modification of 
several glutamic acid residues, converting them to y-carboxylated glu- 
tamic acid (Gla), which is required for proper membrane interaction 
and biologic activity (Chap. 115).** The carboxylation reaction requires 
reduced vitamin K, which is converted to vitamin K epoxide in the 
reaction. Vitamin K epoxide subsequently undergoes reduction by an 
enzyme that is inhibited by warfarin.*’ Therefore, treatment with war- 
farin causes reduced y-carboxylation, leading to synthesis of molecules 
with impaired activity.® =! 

Warfarin preparations consist of a racemic mixture of S and R 
enantiomers in approximately equal proportion in an oral formula- 
tion with high bioavailability. Warfarin is water soluble and rapidly 
absorbed after oral administration, reaching a peak concentration 
after 60 to 90 minutes. An intravenous preparation is also available for 
patients who cannot take oral medications or who have malabsorption. 
It is tightly bound to plasma proteins with a half-life of 35 to 45 hours, 
with only the free, nonbound form having biologic activity. Warfarin is 
metabolized through the cytochrome P450 (CYP) system, the activity of 
which is influenced by environmental factors and also by genetic poly- 
morphisms that alter the structure of common enzymes. Other vitamin 
K antagonists have similar activities but exhibit differences in absorp- 
tion and elimination. 

Because warfarin is a vitamin K antagonist, its action is influenced 
by the vitamin K content of the diet. Naturally occurring vitamin K is 
found in a variety of vegetables, and changes in diet can affect the vita- 
min K availability and warfarin effect." This may be seen particularly in 
patients receiving warfarin who are on strict weight-reduction diets or 
in those with little oral intake because of illness. Also, diarrhea can affect 
vitamin K availability, as can administration of broad-spectrum anti- 
biotics leading to marked warfarin sensitivity in hospitalized patients. 
Ingestion of vitamin K in dietary supplements or vitamins also affects 
sensitivity to warfarin. Liver disease can increase sensitivity to warfa- 
rin because of impaired synthesis of coagulation factors, and hyper- or 


TABLE 25-2. Effect of Drugs on Warfarin Response 


POTENTIATE EFFECT 


a-Methyldopa 
Acetaminophen 


Indomethacin 


Isoniazid 


Acetohexamide 


Mefenamic acid 


Allopurinol 


Methimazole 


Androgenic and anabolic 
steroids 


Methotrexate 


Antibiotics that disrupt 
intestinal flora (tetracyclines, 
streptomycin, erythromycin, 
kanamycin, nalidixic acid, 
neomycin) 


Methylphenidate 
Nalidixic acid 


Nortriptyline 


Oxyphenbutazone 


Cephaloridine 


p-Aminosalicylic acid 


Chloral hydrate 


Paromomycin 


Chloramphenicol 


Phenylbutazone 


Chlorpromazine 


Phenyramidol 


Chlorpropamide Phenytoin 
Cimetidine Propylthiouracil 
Clofibrate Quinidine 
Diazoxide Salicylate 
Disulfiram Sulfinpyrazone 


Ethacrynic acid 


Sulfonamides 


Glucagon Thyroid hormone 
Guanethidine Tolbutamide 
DEPRESS EFFECT 

Antipyrine Glutethimide 
Azathioprine Griseofulvin 
Barbiturates Haloperidol 
Carbamazepine Phenobarbital 
Digitalis Prednisone 
Ethanol Rifampin 
Ethchlorvynol Vitamin K 


hypometabolic states may also alter sensitivity. Hereditary resistance to 
warfarin has been described and related to specific mutations in vita- 
min K epoxide reductase.” Many drug interactions can influence the 
pharmacodynamics of warfarin by altering synthesis or clearance of 
vitamin K-dependent coagulation factors or interfering with warfarin 
metabolism, and patients should be advised to consult their physician 
or pharmacist about effects on anticoagulation when changing drug 
therapy or starting new medications (Table 25—2).!' Other commonly 
used drugs affecting hemostasis, such as aspirin, nonsteroidal antiin- 
flammatory agents, heparins, and other anticoagulants can add to the 
antihemostatic effects of warfarin and can lead to bleeding. 


ADMINISTRATION AND MONITORING 


The anticoagulant effect of warfarin is the result of decreased levels of 
vitamin K-dependent coagulation factors, and their concentration rep- 
resents a balance of synthesis and metabolism. Warfarin administration 


impairs synthesis, and levels of vitamin K-dependent factors fall in rela- 
tion to their metabolism. This is short for factor VII, with a half-life of 
approximately 5 hours, but longer for factors X and IX (t,,, = 24 hours) 
and longest for factor II (prothrombin) with a half-life of approximately 
72 hours. The desired anticoagulant effect results from a balanced 
reduction of all factors and requires several days to achieve. Imbalances 
in reduction of coagulation factors may occur during initiation of ther- 
apy as factor VII level falls rapidly, whereas others, especially factor II, 
decline more slowly. The initial rapid fall in factor VII level may lead 
to an early elevation in the prothrombin time (PT) expressed as inter- 
national normalized ratio (INR) without reflecting the desired antico- 
agulant effect. Because protein C is a natural inhibitor of coagulation 
with a short half-life (approximately 8 hours), its level may fall rapidly, 
theoretically inducing a procoagulant state during initiation of therapy. 

As a result of the delayed anticoagulant effect of warfarin, ther- 
apy is initiated with a rapidly acting agent, such as heparin or low- 
molecular-weight heparin (LMWH), if immediate anticoagulation is 
needed. For example, patients with venous thromboembolism are typ- 
ically given heparin or an LMWH for rapid effect, and warfarin is also 
administered within the first 24 hours. After a period of 5 or more days, 
the necessary anticoagulant effect of warfarin is achieved, and the par- 
enteral anticoagulant can be stopped. Anticoagulation is initiated with 
a dose close to the expected daily maintenance requirement, which is 
usually between 5 and 10 mg." There is, however, great variability 
in the doses required, and smaller amounts should be used for frail, 
elderly, or poorly nourished patients, or those with an increased bleed- 
ing risk. In patients with a low level of protein C or protein S as a result 
of an inherited deficiency, initiation of warfarin therapy without con- 
comitant heparin or other immediately acting anticoagulant can lead to 
very low levels of these natural anticoagulants with ensuing thrombosis 
such as skin necrosis. 

The anticoagulant effect of the vitamin K antagonists is monitored 
using the PT, which is sensitive to decreases in vitamin K-dependent 
factors and is progressively lengthened as the vitamin K-dependent 
factors reach lower levels. A critical component of the PT is the throm- 
boplastin reagent that is used. Variability in thromboplastin composi- 
tion leads to variation in results. The widespread introduction of the 
INR has improved standardization of results.'° Manufacturers deter- 
mine the potency of thromboplastins by measuring the international 
sensitivity index (ISI), and this is used as a correction factor for the 
responsiveness of the thromboplastin in the PT. The INR represents 
the ratio of the patient PT to control PT corrected by the ISI. By this 
method, INR values obtained in different laboratories can be reliably 
compared for therapeutic monitoring. 

During initiation of therapy, the INR is checked every 2 to 3 days 
for 1 to 2 weeks until a stable therapeutic effect is achieved. The tar- 
get INR for most indications is 2.5 with a desirable therapeutic range 
from 2 to 3. A higher INR is recommended for patients with mechanical 
heart valve replacement and for those who failed anticoagulant therapy 
despite well-documented INR values in the 2 to 3 range. During chronic 
therapy, the INR should be monitored regularly, depending on stability 
of the response, and minor dose adjustments are frequently needed. A 
recent randomized trial in patients on chronic warfarin therapy with 
a stable dose for 6 months demonstrated that INR monitoring every 
12 weeks was noninferior to monitoring every 4 weeks with regards to 
time in therapeutic range (74.1 vs. 71.6 percent). Monitoring can also 
be performed using portable instruments that are suitable for home 
use, enabling selected patients to learn to modify their warfarin doses 
in response to their INR value.’ A nonblinded randomized study com- 
pared home monitoring to INR monitoring in a specialized coagulation 
clinic in a cohort of patients on chronic warfarin and capable of conduct- 
ing home monitoring.” In this trial, rates of the primary composite end 
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point (thrombosis, major bleeding or death) were equivalent, but home 
monitoring was associated with significant improvement in patient 
satisfaction, quality of life and time in therapeutic range. Specialized 
clinics devoted to monitoring warfarin typically achieve better results 
in maintaining patients within the therapeutic range, resulting in fewer 
bleeding complications.” Problems with keeping patients within the 
therapeutic range often result from failure of compliance, changes in 
diet, medication or alcohol intake, or intercurrent illnesses. 

Warfarin sensitivity is affected by polymorphisms in CYP and vita- 
min K epoxide reductase complex (VKORC), and pharmacogenomics 
may become important in dosing. The clearance of warfarin is the result 
of hepatic metabolism and CYP2C9 is the most important enzyme 
mediating its clearance.” A number of polymorphisms have been iden- 
tified, but the most important are CYP2C9*2 and CYP2C9*3, which are 
found in approximately 11 percent and 7 percent of patients and result 
in reductions of enzymatic activity of approximately 30 percent and 
80 percent, respectively.*-*> This reduced metabolic clearance leads to 
increased drug levels and an increased anticoagulant effect. VKORC1 
converts oxidized vitamin K to the active reduced form as required 
for posttranslational carboxylation. VKORC1 is the target of warfarin, 
which functions as a competitive inhibitor. Numerous coding polymor- 
phisms have been identified that can affect the response to warfarin.”*”” 
Common haplotypes can be separated into low-dose (A) and high-dose 
(B) groups with different sensitivities to warfarin. 

Evidence is clear that polymorphisms in either CYP2C9 or 
VKORCI1 affect warfarin sensitivity. Retrospective studies have shown 
that patients with at least one variant allele have an increased risk of 
INRs over the desired range and the variant groups also require more 
time to achieve stable dosing compared to patient with wild type 
allele.” Additional prospective observational studies indicate that 
CYP2C9 and VKORC1 genotype affect warfarin sensitivity.’ Sev- 
eral prospective studies have incorporated genotyping for CYP2C9 
and VKORCI1 into algorithms that typically include clinical variables 
such as age, gender, and drug interactions in an attempt to use genetic 
information to improve warfarin dosing. The results of these trials 
are conflicting possibly as a consequence of different trial design and 
patient populations. Incorporation of CYP2C9 and VKORC1 polymor- 
phisms into a dosing algorithm in one randomized study more accu- 
rately predicted warfarin dose and reduced dose modifications, but did 
not improve time in therapeutic range.” Another randomized study 
compared dosing based on genotype and clinical variables to clinical 
variable alone in almost 1000 patients starting warfarin. This showed 
no difference in time in therapeutic range, bleeding, or thromboembo- 
lism.** Genotype-based dosing resulted in significantly decreased time 
in the therapeutic range for black patients in this study suggesting such 
an approach is detrimental for this subgroup. A third study conducted 
in Europe reported a significant improvement in time in therapeutic 
range (67.4 vs. 60.3 percent), episodes of excessive anticoagulation 
(INR >4), and median time to reach a therapeutic INR (21 vs. 29 days) 
with genotype-based dosing.* A similarly designed study by the same 
European group in patients starting acenocoumarol or phenprocoumon 
showed no improvement in these same measures with genotype based 
dosing.” Further research is needed before genetic testing becomes part 
of standard care for patients receiving warfarin. 


COMPLICATIONS 


The most serious and common complication of warfarin is bleeding, 
and its risk is related primarily to patient characteristics, the degree 
of the anticoagulation, and the duration of therapy. The rate of major 
bleeding with 3 to 6 months of warfarin treatment in recent clinical tri- 
als of patients with venous thromboembolism was 1.2 to 2.2 percent.’ 
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TABLE 25-3. HAS-BLED Score for Predicting Bleeding Risk 


on Coumadin 


Variable Points 

Hypertension (uncontrolled, systolic 1 point 

>160 torr) 

Abnormal renal or liver function 1 point each, max 2 
points 

Stroke (prior history) 1 point 

Bleeding history of predisposition 1 point 

Labile INR (<60% time in therapeutic 1 point 

range) 

Elderly (>65 years old) 1 point 


Drugs/alcohol use (nonsteroidal 
antiinflammatory drugs, aspirin, anti- 
platelet agents) 


1 point for each, max 2 
points 


INR, international normalized ratio. 


Bleeding rate: 0 points = 0.8%, 1 point = 1.3%, 2 points = 2.2%, 
23 points = 7.8% 


Several risk models have been developed to predict bleeding risk in 
patients on warfarin. The HAS-BLED score was derived and validated 
in a prospective cohort of more than 6000 patients on warfarin for atrial 
fibrillation (Table 25-3).® Variables in this model include hypertension, 
abnormal renal or liver function, stroke, prior bleeding complications, 
labile INR, age older than 65 years, and drug or alcohol abuse. The 
intensity of anticoagulation as reflected by the INR is the most impor- 
tant predictor of bleeding risk, which is low in the therapeutic range 
but increases as the INR prolongs further. The cumulative risk of bleed- 
ing increases with a longer duration of treatment, whereas the absolute 
risk is greatest early, possibly caused by pathologic lesions present at the 
time therapy is started. 

A rare complication of warfarin therapy is skin necrosis, which 
if it occurs usually presents early in the course of anticoagulation.” 
Thrombosis in dermal and subdermal venules is the underlying cause, 
and this may be caused by disproportionately rapid reduction in pro- 
teins C and S. Skin necrosis typically begins with burning and tingling 
at the affected site, which usually involves a region with a large amount 
of subcutaneous tissue, such as the breast, buttock, or thigh. Painful 
hemorrhagic full-thickness skin infarction may develop, and frequently 
will require skin grafting. Other complications from warfarin are rare. 
Occasional patients report alopecia; hypersensitivity reactions are rare 
and are almost uniformly caused by the dye used in the pill rather than 
by the warfarin itself. 

Warfarin use in patients with heparin-induced thrombocytopenia 
(HIT) may be complicated by limb gangrene caused by occlusive venous 
thrombosis; this effect is likely a result of a combination of inadequate 
parenteral anticoagulant effect and reduced levels of protein C, in con- 
cert with relatively preserved levels of factors II and X that are seen early 
after the initiation of warfarin administration.” This complication high- 
lights the need for parenteral anticoagulants to be continued in patients 
with HIT until the coagulopathy has largely resolved, as indicated by a 
return of the platelet count to normal or near normal levels. 

Oral anticoagulation should be avoided in pregnancy because 
warfarin crosses the placenta, and exposure during organogenesis in 
the first trimester can lead to fetal embryopathy with significant cra- 
nial bone malformations.” Anticoagulation during pregnancy increases 
bleeding complications, especially later in pregnancy. Warfarin may be 


considered during the second trimester, but heparin or an LMWH is a 
preferable alternative in most situations. Vitamin K antagonists are safe 
during lactation.“ 


REVERSAL OF ANTICOAGULATION 


Anticoagulation must be reversed for episodes of bleeding, surgery, 
trauma, or overdosage. Appropriate interventions for patients with 
excessively prolonged INRs without bleeding include holding warfa- 
rin doses, administering low doses of vitamin K (0.5 to 1.0 mg), and 
increasing the frequency of monitoring (Table 25-4).* Serious bleeding 
and major warfarin overdosage requires factor replacement and larger 
vitamin K doses that may need to be given intravenously. Four-factor 
concentrates have been developed and tested for reversal of warfarin. 
A large, open-label, prospective phase IIIB noninferiority study in 
nonsurgical patients on warfarin requiring reversal for major bleed- 
ing compared fresh-frozen plasma (FFP) to four-factor prothrombin 
complex concentrate (PCC) (factors II, VII, IX, X, protein C, and pro- 
tein S).*° Four-factor PCC was as effective in achieving hemostasis as 
plasma (72.4 percent with four-factor PCC vs. 65.4 percent with plasma; 
absolute difference, 7.1 percent [95 percent confidence interval, —5.8 to 
19.9]) and superior to FFP with regards to INR correction within 
0.5 hours of infusion (62.2 percent receiving four-factor PCC vs. 9.6 
percent receiving FFP; absolute difference, 52.6 percent [95 percent 
confidence interval, 39.4 to 65.9]). The rate of adverse events, such as 
death and thromboembolism, was similar between groups. 
Anticoagulated patients who need invasive procedures represent 
management problems, and decisions about periprocedural anticoag- 
ulation should be based on balancing the risk of thromboembolism 
with that of bleeding from the procedure. Evidence-based guidelines 
for bridging therapy are available,* and the topic has been reviewed.” 
The goal is to reduce the intensity of anticoagulation during and imme- 
diately after surgery, while avoiding thromboembolism caused by the 
underlying disease. Generally, the risk of recurrence is greatest in the 
period shortly after an episode of acute thrombosis and declines pro- 
gressively over time. If possible, elective surgery and other invasive 


TABLE 25-4. Reversing Warfarin Therapy 


Indication Action 

INR <6 Lower the dose, consider withholding 1 or 
more doses 
Recheck in 3-7 days 

INR 6-10 Lower the dose and withhold 1-3 doses 
Consider administering vitamin K, 1-2 mg 
orally 
Recheck INR in 24-48 hours 

INR >10 Withhold doses until INR in desired range 


and cause of elevation ascertained 


Give vitamin K, 2-4 mg orally 
Recheck INR in 24 hours 


Administer four-factor prothrombin 
complex concentrate if available for rapid 
reversal. If four-factor prothrombin com- 
plex concentrate not available administer 
fresh-frozen plasma. Also give 5-10 mg 
vitamin K intravenously 


Serious bleeding 
and major overdose 


INR, international normalized ratio. 


procedures associated with a high bleeding risk should be postponed 
during the first several months following acute thrombosis. The bleed- 
ing risk is usually highest during surgery and decreases rapidly to base- 
line after approximately 7 to 10 days. Most surgery can be done with a 
minimal bleeding risk in patients receiving warfarin and an INR of 1.5 
or less. A recent cohort study of 1496 patients on chronic anticoagu- 
lation undergoing periprocedural bridging therapy showed that bleed- 
ing occurred in 5.1 percent of patients, and risk factors for bleeding 
included mitral mechanical valve, active cancer, prior bleeding history, 
and reinitiation of anticoagulation within 24 hours of procedure. A 
randomized study of anticoagulated patients undergoing defibrillator 
placement showed that bridging therapy was associated with a signifi- 
cant increase in device-pocket hematoma (16 percent vs. 3.5 percent) 
without a reducing thromboembolic complications.” Patients at mod- 
erate or high risk of thrombotic recurrence should receive heparin or 
LMWH “bridging therapy” when their INR becomes subtherapeutic. 
Postprocedural bridging therapy should be undertaken only in patients 
in whom the risks of this therapy (principally bleeding) are less than the 
perceived benefits (a reduced risk of thromboembolism). 


@ HEPARIN 


PHARMACOLOGY 


Heparin (and the related LMWHs) is the most widely used, rapidly 
acting, parenteral anticoagulant. Heparin is a heterogeneous mixture 
of sulfated glycosaminoglycan molecules with varying chain lengths 
(molecular mass [Mr] 5000 to 30,000 daltons). Heparin has no direct 
anticoagulant effect, but serves to activate plasma antithrombin (AT), 
a serine protease inhibitor. Only about one-third of heparin molecules 
contain the necessary unique pentasaccharide sequence required to 
interact with AT and thus display anticoagulant activity.” AT inhibits 
thrombin, factor Xa, and other coagulation serine proteases in a reaction 
that is slow by itself, but is accelerated approximately 1000-fold in the 
presence of heparin." To inhibit thrombin, heparin binds to both the 
active enzyme and AT, forming a ternary complex. The inhibition of 
factor Xa, however, occurs through binding to heparin-AT complex 
without the requirement for heparin binding directly also to factor Xa. 
The requirement for a ternary heparin-AT-thrombin complex requires 
heparin molecules with 19 or more saccharide units, whereas smaller 
heparin molecules are effective in promoting factor Xa inactivation. 
Thrombin and factor Xa are relatively protected from inhibition by 
the heparin-AT complex when they are surface immobilized within 
thrombi or on cells. 


ADMINISTRATION AND MONITORING 


Heparin is not absorbed after oral ingestion, so must be given either 
subcutaneously or intravenously. The pharmacokinetics of unfraction- 
ated heparin is complex, a result of extensive protein binding, with a 
dose-dependent half-life in the range of 1 to 2.5 hours.** A common 
protocol uses an initial intravenous bolus of 5000 units or 75 U/kg, fol- 
lowed by a maintenance infusion of 1250 to 1660 U/h or 18 U/kg per 
hour. The anticoagulant effect is immediate, but laboratory monitoring 
is needed because of the variability in response among patients. Mon- 
itoring is most convenient with the activated partial thromboplastin 
time (aPTT), which is sensitive to plasma heparin concentrations of 0.1 
U/mL or higher. Because different reagents and measuring systems have 
differing sensitivities to heparin, it is recommended that the therapeu- 
tic range be established for each laboratory by calibrating the aPTT to 
a plasma heparin concentration of 0.2 to 0.4 units by protamine sul- 
fate titration, or 0.3 to 0.7 U/mL using an anti-factor Xa assay.** The 
usual aPTT range for heparin therapy is between 1.5 and 2.5 times the 
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mean of the normal range. Clinically useful nomograms are available 
for adjusting the heparin dose using either fixed- or weight-based dos- 
ing.”Alternatively, monitoring can be performed using anti-Xa levels, 
which is a useful approach when the aPTT is unreliable, as in patients 
with baseline prolongation of the aPTT as a consequence of express- 
ing a lupus anticoagulant. Rapid achievement of a therapeutic level, as 
assessed by the aPTT or anti-Xa level, is important in ensuring an ade- 
quate anticoagulant effect. 

Some patients fail to display an adequately prolonged aPTT fol- 
lowing treatment with unfractionated heparin, despite apparently ade- 
quate or even supratherapeutic doses of the drug. This phenomenon 
is termed heparin resistance and is usually caused by an acute-phase 
response that results in high levels of procoagulant proteins, including 
factor VIII. The antithrombotic effect of heparin correlates best with 
plasma heparin levels, which may be adequate in these circumstances 
despite a subtherapeutic aPTT.*° For patients who require heparin doses 
of greater than 35,000 U/day to increase the aPTT into the therapeutic 
range, consideration should be given to using heparin levels determined 
by an anti-Xa assay. Substitution of LMWH for unfractionated heparin 
is another consideration. Although AT deficiency may cause heparin 
resistance, most AT-deficient patients can be adequately anticoagulated 
with heparin in usual doses. No monitoring is recommended when low 
doses of heparin are used for prophylaxis of venous thromboembolic 
disease, although minimal prolongation of the aPTT may occur. Care 
is required in very light weight and frail elderly who may be anticoagu- 
lated with usual “prophylactic” doses of unfractionated heparin; aPTT 
monitoring might be considered in such patients. 

A large study demonstrated that patients with acute venous throm- 
boembolism can be safely treated with fixed, weight-adjusted heparin 
doses without aPTT monitoring.” In this study, 708 patients were allo- 
cated randomly to receive either unfractionated heparin with a subcu- 
taneous bolus dose of 333 U/kg followed by a twice-daily dose of 250 
U/kg, or LMWH over 3 months of follow up. Recurrent venous throm- 
boembolism occurred in 13 patients who were allocated to unfraction- 
ated heparin and in 12 who were allocated to LMWH. Major bleeding 
occurred in four and five patients, respectively. This study calls into 
question the need for routine aPTT monitoring of therapeutic dose, 
weight-adjusted unfractionated heparin and warrants validation. 


REVERSAL 


Heparin has a short half-life, and its anticoagulant effect disappears sev- 
eral hours after discontinuation of an intravenous infusion. Therefore, 
stopping the infusion and local measures are usually adequate to control 
bleeding. However, in major or life-threatening bleeding, the anticoag- 
ulant effect can be neutralized with protamine sulfate, which is a basic 
polypeptide that binds tightly to the acidic heparin molecule. The usual 
dose of protamine required is 1 mg to neutralize 100 units of heparin. 
The dose to be administered is based on the amount of heparin remain- 
ing in the circulation. Protamine is routinely used to neutralize heparin 
after cardiopulmonary bypass using standard formulas and activated 
clotting time monitoring. 


ADVERSE EFFECTS 


The most frequent complication of heparin administration is bleeding, 
which is related to the dose and intensity of treatment, as well as to 
patient characteristics. HIT is an immune-mediated platelet consump- 
tion caused by an antibody directed against a complex of heparin and 
platelet factor 4 (Chap. 118). Despite thrombocytopenia, HIT is more 
commonly associated with thrombotic complications than bleeding, 
and it occurs in approximately 3 percent of patients, depending on the 
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type of heparin, the dose and route of administration, and the indication 
for heparin anticoagulation (e.g., more common in “surgical patients” 
than in “medical patients”). The “4T’ score is a clinical prediction tool 
with good negative predictive value.” Platelet counts should be moni- 
tored during treatment and heparin discontinued if thrombocytopenia 
occurs, and an alternative anticoagulant that does not interact with the 
heparin-platelet factor 4 complexes should be administered. Vitamin K 
antagonists should be given only after the platelet count has risen to 
greater than 150,000/uL. Long-term heparin therapy can also cause 
osteoporosis, and radiographic evidence of bone loss occurs in approx- 
imately 15 percent of women who receive prolonged treatment during 
pregnancy, with symptomatic vertebrae fractures in approximately 2 
percent. The bone loss may resolve after heparin is discontinued. 


LOW-MOLECULAR-WEIGHT HEPARIN 


Limitations of unfractionated heparin led to studies correlating struc- 
tural and functional relationships of heparin, and this eventually 
resulted in the development of LMWHs, several of which are available. 
LMWH preparations are produced by treating heparin chemically or 
enzymatically to decrease the size of the polysaccharide chains, yielding 
products with restricted molecular weight distributions with a mean 
of approximately 4000 to 5000 daltons.” Like heparin, LMWHs exert 
antithrombotic effects through interaction with AT. In the presence of 
LMWH, AT inactivates factor Xa in the same way as unfractionated 
heparin, but it is less able to inactivate thrombin because the shorter 
polysaccharide length does not allow formation of the necessary ternary 
complex. Consequently, LMWHs have a greater proportion of anti- 
factor Xa than AT activity. 

LMWHs also have different pharmacokinetic properties than 
unfractionated heparin.“ Following subcutaneous administration, 
LMWHs are nearly completely absorbed, a clear benefit over unfrac- 
tionated heparin, which exhibits variable and dose-dependent absorp- 
tion. LMWHs also exhibit less binding to plasma proteins and cells 
than unfractionated heparin, resulting in more predictable blood levels 
and anticoagulant effects. LMWHs have a longer plasma half-life than 
unfractionated heparins, allowing once- or twice-daily subcutaneous 
administration. 

LMWHs have significant renal clearance, and high levels can 
accumulate in patients with renal insufficiency. Care must be taken in 
dosing LMWHs in patients with reduced renal function as bleeding 
risks are increased, and monitoring with anti-factor Xa levels may be 
needed. Similarly, monitoring may be necessary to achieve appropriate 
levels in very obese patients, although weight-based dosing probably 
achieves better anticoagulation. Protamine sulfate does not completely 
reverse the anticoagulant effect of LMWH but is partially effective and 
can be useful in patients with serious hemorrhage.“ Several LMWH 
preparations are available and approved for both prophylaxis and treat- 
ment of venous and arterial thrombotic diseases. Each preparation dif- 
fers slightly and is pharmacologically unique, although the agents are 
likely similarly effective for the treatment and prevention of venous 
thrombosis. 

Similar to unfractionated heparin, the most common adverse 
effect is bleeding, which occurs at approximately the same frequency 
and severity when used in similar patient groups for the same indica- 
tion. HIT is much less common than with unfractionated heparin,” 
occurring only in 0.3 to 0.45 percent of patients. However, cross-reac- 
tivity of the antibody occurs, and LMWH is not an acceptable choice for 
continued anticoagulation in patients with HIT induced by treatment 
with unfractionated heparin. Animal studies suggest that osteoporosis 
may be less common with LMWH, and this is reported by several small 
clinical trials.“ 


@ CHOICE OF HEPARIN OR LOW- 
MOLECULAR-WEIGHT HEPARIN 


The factors governing the choice of heparin or LMWH concern effec- 
tiveness, safety, convenience, and cost. For treatment of venous throm- 
boembolic disease, the safety and efficacy of heparin and LMWH are 
comparable. A meta-analysis of 14 studies comparing unfractionated 
heparin to LMWH in 4754 patients showed that LMWH-treated 
patients had less recurrent venous thromboembolic complications (4.3 
percent vs. 5.6 percent, odds ratio [OR] 0.76, 95 percent confidence 
interval 0.57 to 1.01) and fewer major bleeding events (1.3 percent vs. 2.1 
percent, OR 0.6, 95 percent confidence interval 0.39 to 0.93). LMWH 
also offers better convenience because subcutaneous administration 
permits outpatient treatment. However, LMWHs may be difficult to use 
in patients with renal insufficiency because of decreased clearance, and 
intravenous heparin may offer advantages in such patients. LMWHs are 
incompletely reversed by protamine sulfate, making them more difficult 
to use for cardiac bypass surgery. Unfractionated heparin may be pref- 
erable in patients who require an invasive procedure on an urgent basis 
because of its shorter half-life. LMWHs may offer some advantages for 
patients with acute coronary syndromes. 


DANAPAROID 


Danaparoid is a mixture of glycosaminoglycans and is composed of 
approximately 84 percent heparan sulfate, 12 percent dermatan sulfate, 
and 4 percent chondroitin sulfate. It is an AT-dependent anticoagulant 
with predominant anti-factor Xa activity. The plasma half-life is approx- 
imately 24 hours with predominant renal clearance. Danaparoid is not 
reversed by protamine sulfate. Danaparoid differs structurally from 
heparin and it has been used successfully to treat patients with HIT. 
Although there is in vitro cross-reactivity of 10 to 20 percent of hepa- 
rin antibodies with danaparoid, this is of uncertain clinical relevance. 
Danaparoid is administered subcutaneously, and levels may be mon- 
itored with anti-factor Xa assays performed using a danaparoid stan- 
dard curve. At the time of writing danaparoid has not been approved in 
the United States, and availability elsewhere was limited. 


FONDAPARINUX 


Fondaparinux is a unique heparin-like anticoagulant with highly selec- 
tive AT-dependent anti-factor Xa activity.” It is a completely synthetic 
pentasaccharide whose structure is based on the heparin sequence 
that interacts with AT. It binds reversibly and with high affinity to AT, 
resulting in a conformational change that renders it effective in inhib- 
iting factor Xa, but because of its small size, does not inhibit thrombin. 
Whereas unfractionated heparin and all LMWHs are derived from ani- 
mal sources, fondaparinux is synthesized in a structurally homogenous 
form containing no animal products. Consequently, fondaparinux does 
not induce allergic responses. Because it inhibits factor Xa but has no 
direct action on thrombin, its mechanism of action depends on reduc- 
ing thrombin generation. 

Pharmacologic studies show that maximum plasma levels are 
reached approximately 2 hours after subcutaneous administration with 
an elimination half-life of approximately 17 hours independent of the 
dose.® Bioavailability is nearly complete after subcutaneous or intrave- 
nous administration. There is a low intra- and intersubject variability 
with little accumulation after multiple daily doses. Because elimination 
is primarily renal and the agent is excreted unchanged in the urine, 
fondaparinux is contraindicated in patients with severe renal impair- 
ment. Fondaparinux plasma levels can be measured with the anti-factor 
Xa assay, but there is no effect on other coagulation assays including the 
activated clotting time (ACT), aPTT, or thrombin clotting time. 


Clinical studies have evaluated the use of fondaparinux in several 
conditions, and it is approved by the FDA for prevention of venous 
thromboembolism (VTE) in patients undergoing major orthopedic 
surgery or with hip fracture, prophylaxis after abdominal surgery, and 
treatment of deep venous thrombosis (DVT) or pulmonary embolism 
(PE). For prophylaxis it is administered subcutaneously in a dose of 2.5 
mg once daily, whereas a weight-adjusted dose is used for treatment 
of VTE. The principal adverse effect is bleeding, and its frequency and 
severity have been comparable to those observed with LMWH. Elevated 
levels may occur in patients with renal insufficiency, and caution should 
be exercised in using fondaparinux in patients with renal compromise. 
Fondaparinux is a good choice for an anticoagulant in patients with 
HIT as there is no cross-reactivity. 


BIVALIRUDIN 


Bivalirudin, a direct thrombin inhibitor, is a recombinant protein based 
on the structure of hirudin, is composed of a dodecapeptide analogue 
of the carboxyterminal region of hirudin linked by a four-glycine res- 
idue to a structure directed to the active site of thrombin.” Pharmacok- 
inetic studies show that plasma clearance is rapid (4.6 mL/min/kg) in 
patients with normal renal function with a volume of distribution of 
0.2 L/kg and elimination half-life of approximately 30 minutes.** There 
is dose-dependent prolongation of the ACT and aPTT that correlates 
with plasma concentrations. the drug is eliminated by both renal and 
hepatic clearance, and consequently, dose modification is recommended 
for patients with moderate-to-severe functional liver or kidney disease. 

Bivalirudin is effective when used with aspirin in patients with 
unstable angina or postinfarction angina undergoing angioplasty, and 
it is approved for this use.® It is also approved for patients with HIT 
undergoing percutaneous coronary intervention. In some clinical tri- 
als, bivalirudin also shows efficacy in preventing restenosis after cor- 
onary angioplasty, as an adjunct to streptokinase in acute myocardial 
infarction, and in preventing venous thrombosis after orthopedic sur- 
gery and in patients with HIT. However, these indications have not been 
approved by the FDA. The most common adverse effect is bleeding, and 
no specific antidote is available. The infusion should be discontinued in 
patients with bleeding complications and blood levels monitored with 
the aPTT or other coagulation parameters. Antibivalirudin antibodies 
have not been detected following therapy. 


ARGATROBAN 


Argatroban is a small-molecule arginine derivative that reversibly and 
directly inhibits thrombin by binding to the active catalytic site of the 
enzyme with a K, of 3.9 x 10 mol/L. Because of its small size, arga- 
troban is an effective inhibitor of thrombin, both bound to surfaces and 
in solution.” The anticoagulant effect can be assessed with either the 
aPTT or ACT, and both correlate with plasma concentrations of the 
drug. Argatroban is approximately 50 percent protein bound and has 
a volume of distribution of 0.2 L/kg and an elimination half-life of 39 
to 51 minutes.” Metabolism is primarily hepatic, and the clearance and 
half-life are prolonged in patients with hepatic functional abnormalities 
requiring dose reduction. Renal function has less effect on argatroban 
pharmacokinetics. 

Argatroban is approved for treatment and prophylaxis of HIT 
and for percutaneous interventions in patients with HIT. It also shows 
some benefit in patients with thrombotic stroke in clinical trials. For 
treatment of HIT, argatroban is administered at 2 mcg/kg per hour and 
adjusted to maintain the aPTT at 1.5 to 3 times baseline. For patients 
with HIT who are undergoing percutaneous coronary interventions, the 
drug is administered as a bolus of 350 mcg/kg followed by a continuous 
infusion of 15 to 400 mcg/kg per minute for a target ACT of 300 to 450 
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seconds. As with other direct thrombin inhibitors, the main side effect is 
bleeding, and no specific agent is available to reverse its action. The anti- 
coagulant effect may be prolonged in patients with hepatic impairment. 
If overdosage or excess bleeding occurs, the infusion should be discon- 
tinued and the aPTT and other coagulation parameters monitored. 

The transition from argatroban to warfarin in patients requiring 
long-term anticoagulation is complicated because argatroban has a sig- 
nificant effect on both the PT and the aPTT. In patients transitioning to 
warfarin an INR should be measured; if it is greater than 4.0, the arga- 
troban should be stopped for several hours and the INR remeasured. 
If the INR is still greater than 2.0, the argatroban can be discontinued; 
if it is less than 2.0, the argatroban should be reinstituted and the same 
procedure followed on the next day. 


LEPIRUDIN 


Lepirudin is closely related to hirudin, a natural anticoagulant found in 
the salivary glands of the leech. The half-life is 1 to 3 hours in normal 
volunteers with predominantly renal catabolism, but it may be as long as 
2 days in dialysis-dependent patients.” Lepirudin prolongs the aPTT in 
a concentration-dependent manner.” The manufacturer discontinued 
marketing of this product and it is no longer available. 


DABIGATRAN ETEXILATE 


Dabigatran etexilate, one of the novel oral anticoagulants, is a direct 
thrombin inhibitor prodrug with a bioavailability of approximately 
6 percent after oral administration. The absorbed drug is rapidly con- 
verted by esterases to dabigatran. Peak levels occur 1 to 2 hours after an 
oral dose; the half-life is approximately 12 hours. Dabigatran does not 
require a cofactor and reversibly inhibits the active site of thrombin. 
Dabigatran does not interfere with drugs that are metabolized by 
the CYP enzyme system and it produces a predictable anticoagulant 
response, which allows therapy without the need for monitoring.” 
Dabigatran prolongs several coagulation assays. The PT, aPTT, and ACT 
lack sensitivity for therapeutic drug levels, while the dilute thrombin 
time and ecarin clotting time appear to correlate well across a broad 
range of drug levels.“ None of these tests have been shown to predict 
clinical outcomes such as thrombosis or bleeding. 

The major side effect of dabigatran is hemorrhage. No specific 
antidote is currently available, although such antidotes are in develop- 
ment.” Consequently, bleeding complications are managed symptom- 
atically. Although not well studied, there are published case reports 
showing that dialysis or hemoperfusion likely removes this compound 
from the circulation.” In animal models the administration of various 
coagulation factor concentrates or recombinant activated factor VII 
(factor VIa) improved prolonged bleeding times, although these agents 
did not cause correlative changes in anticoagulation tests.” 

Dabigatran etexilate, and the other novel oral anticoagulants, are 
effective in various clinical settings (Table 25-5). Dabigatran is now FDA 
approved for management of VTE and prevention of stroke and systemic 
embolism in nonvalvular atrial fibrillation. In the RE-LY trial, patients 
with nonvalvular atrial fibrillation and a risk of stroke were randomized 
to dabigatran etexilate (110 mg BID or 150 mg BID) or dose-adjusted 
warfarin.” In this noninferiority trial, rates of stroke or systemic embo- 
lism were 1.69 percent per year with warfarin, 1.53 percent per year with 
dabigatran etexilate 110 mg (relative risk [RR] 0.91, p<0.001 for nonin- 
feriority) and 1.11 percent per year with dabigatran etexilate 150 mg (RR 
0.66, p<0.001 for superiority). The rates of major bleeding in the RE-LY 
trial were similar between higher dose dabigatran and warfarin, but sig- 
nificantly lower for low-dose dabigatran compared to warfarin. The rate 
of intracranial bleeding was lower for both doses of dabigatran com- 
pared to warfarin. The RE-COVER trial was a randomized double-blind 
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TABLE 25-5. Studies with Novel Targeted Oral Anticoagulants 


Anticoagulant Indication Study Efficacy Safety 
Dabigatran Nonvalvular REYE Dabigatran (150 mg BID dose) superior to Similar rates of major bleeding and 
atrial fibrillation warfarin at stroke reduction lower rates of intracranial bleeding 
with dabigatran 
VTE RECOVER?” Dabigatran (150 mg BID dose) noninferior Similar rates of major bleeding and 
to warfarin for prevention of recurrent VTE decreased rates of total bleeding 
events with dabigatran 
Mechanical RE-ALIGN® Trial stopped early because of increased rates of thrombosis and bleeding in 


Rivaroxaban 


heart valves 


patients receiving dabigatran 


Hip arthroplasty 


RE-NOVATE"?® 


Dabigatran (220 mg once daily or 150 mg 
once daily for 28-35 days) were noninferior 
to enoxaparin (40 mg once daily for 28-35 
days) at prevention of total VTE or death 


Major bleeding occurred in 1.4% of 
the dabigatran group and 0.9% of the 
enoxaparin group (p = 0.40) 


Hip arthroplasty RE-NOVATEII"*' Dabigatran (220 mg once daily for 28-35 Major bleeding rates were similar 
days) was noninferior to enoxaparin (40mg (1.4% vs. 0.9%) 
once daily for 28-35 days) at prevention of 
total VTE or death (7.7% vs. 8.8%). Major VTE 
plus death was less common in dabigatran 
group (2.2% vs. 4.2%) 
Knee RE-MODEL'” Dabigatran (220 mg once daily or 150 mg The incidence of major bleeding did 
arthroplasty once daily for 6-10 days) were noninferior not differ between the three groups 
to enoxaparin (40 mg once daily for 6-10 
days) at prevention of total VTE or death 
Nonvalvular ROCKET-AF®? Rivaroxaban noninferior to warfarin at Similar rates of overall bleeding, but 


atrial fibrillation 


stroke reduction 


significantly fewer intracranial bleeds 
with rivaroxaban (0.5% vs. 0.7%) 


Acute coronary 


ATLAS ACS"? 


Rivaroxaban (2.5 or 5 mg BID) significantly 


Rivaroxaban increased the rates of 


syndrome reduced the combined end point of cardio- major bleeding (2.1% vs. 0.6%) and 
vascular death, MI or stroke compared to intracranial hemorrhage (0.6% vs. 0.2%) 
placebo without a significant increase in fatal 
bleeding (0.3% vs. 0.2%) 
PE EINSTEIN-PE*? Rivaroxaban was noninferior to warfarin for Similar overall bleeding rates but 
treatment of acute PE significantly fewer major bleeds with 
rivaroxaban (1.1% vs. 2.1%) 
DVT EINSTEIN-DVT?8 Rivaroxaban was noninferior to warfarin for Similar bleeding rates 


treatment of acute DVT 


Hip arthroplasty RECORD1™ Extended duration rivaroxaban (10 mg daily Similar rates of major bleeding 
31-39 days) was superior to Lovenox (40mg (0.3% vs. 0.1%) 
daily 31-39 days) for prevention of major 
VTE (0.2% vs. 2.0%) 
Hip arthroplasty RECORD2™ Extended duration rivaroxaban (10 mg daily Similar rates of bleeding (5.5% vs. 
31-39 days) was superior to short duration 6.6%) 
Lovenox (40 mg daily 10-14 days) at pre- 
vention of any DVT, nonfatal PE or death 
(2.0% vs. 9.3%) 
Knee RECORD3® Short duration rivaroxaban (10 mg daily Similar rates of major bleeding 
arthroplasty 10-14 days) was superior to short duration (0.5% vs. 0.6%) 
Lovenox (40 mg daily 10-14 days) at pre- 
vention of any DVT, nonfatal PE or death 
(9.2% vs. 18.9%) 
VTE prophylaxis MAGELLAN® The rate of any proximal DVT or symp- The composite of major or clinically 
in medically ill tomatic VTE with extended duration riva- relevant nonmajor bleeding occurred 
patients roxaban (10 mg daily for 31-39 days) was more often in patients receiving 


noninferior at 10 days (2.7% vs. 2.7%) and 
superior at 35 days (4.4% vs. 5.7%) when 
compared to standard prophylaxis (Lovenox 
40 mg daily for 10-14 days) 


extended duration rivaroxaban at day 
10 (2.8% vs. 1.2%) and at day 35 (4.1% 
vs. 1.7%) 


(Continued) 


TABLE 25-5. Studies with Novel Targeted Oral Anticoagulants (Continued) 
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Anticoagulant Indication Study Efficacy Safety 
Apixaban Nonvalvular ARISTOTLE”? Apixaban was superior to warfarin for stroke Significantly fewer major bleeds with 
atrial fibrillation prevention (1.3% vs. 1.6%) apixaban (2.1% vs. 3.1%) 
Nonvalvular AVERROES* Apixaban superior to aspirin for stroke pre- Similar bleeding rates with apixaban 
atrial fibrillation vention (1.6% vs. 3.7%) and aspirin 
not suitable for 
warfarin 
Acute coronary APPRAISE-2'*° The trial was terminated prematurely because of an increase in major bleeding 
syndrome events without a reduction in cardiovascular ischemic events 
VTE AMPLIFY” Apixaban was noninferior to warfarin for Significantly fewer major bleeding 
treatment of acute VTE events with apixaban (0.6% vs. 1.8%) 
VTE extended AMPLIFY-EXT% Apixaban was superior to placebo for pre- = Apixaban was not associated with 
treatment vention of recurrent VTE (1.7% vs. 8.8%) increased major bleeding 
Knee ADVANCE1% Apixaban (2.5 mg BID for 10-14 days) did Apixaban was associated with sig- 
arthroplasty not meet prespecified criteria for noninfe- nificantly fewer major and clinically 
riority in prevention of the composite end relevant nonmajor bleeding events 
point including any DVT, nonfatal PE and (2.9% vs. 4.3%) 
death when compared to Lovenox (30 mg 
BID for 10-14 days) 
Knee ADVANCE2°° Apixaban (2.5 mg BID for 10-14 days) was Similar rates of major and clinically 
arthroplasty superior to Lovenox (40 mg once daily relevant nonmajor bleeding events 
10-14 days) for prevention of the composite (4% vs. 5%) 
endpoint including any DVT, nonfatal PE 
and death (15% vs. 24%) 
Hip arthroplasty ADVANCE3°” Apixaban (2.5 mg BID for 35 days) was supe- Similar rates of major and clinically 
rior to Lovenox (40 mg once daily 35 days) relevant nonmajor bleeding events 
for prevention of the composite endpoint (4.8% vs. 5.0%) 
including any DVT, nonfatal PE and death 
(1.4% vs. 3.9%) 
VTE prophylaxis ADOPT'® The rate of any DVT, symptomatic PE, or Major bleeding was significantly 
in medically ill death at 60 days with extended duration more common in patients receiving 
patients apixaban (2.5 mg BID for 30 days) was not apixaban (0.5% vs. 0.2%) 
superior to standard duration Lovenox 
(40 mg once daily 6-14 days) (2.7% vs. 3.1%) 
Edoxaban Nonvalvular ENGAGE-AF"! Edoxaban was noninferior to warfarin for Significantly fewer major bleeding 


atrial fibrillation 


stroke prevention 


events with edoxaban (1.6% vs. 3.4%) 


VTE 


HOKUSAI-VTE' 


Edoxaban noninferior to warfarin for treat- 
ment of acute VTE 


Significantly fewer overall bleeding 
events with edoxaban (8.2% vs. 10.3%) 


DVT, deep vein thrombosis; MI, myocardial infarction; PE, pulmonary embolism; VTE, venous thromboembolism. 


noninferiority trial comparing dabigatran etexilate (150 mg BID) to 
dose-adjusted warfarin in patients with acute VTE who received initial 
parenteral anticoagulation for a median of 9 days.” The rates of recurrent 
VTE were similar (2.4 vs. 2.1 percent, P<0.001 for noninferiority). In a 
meta-analysis of three large randomized trials, dabigatran was as effec- 
tive as LMWH for prevention of VTE and VTE-related mortality after 
hip and knee replacement, and had a similar bleeding risk.” Dabigatran 
does not appear to be safe or effective in prevention of thromboembolic 
complications following heart valve replacement. The RE-ALIGN study 
randomized patients to dabigatran or warfarin following valve replace- 
ment and was terminated early because of excess thrombotic and bleed- 
ing complications in dabigatran-treated patients.” 


RIVAROXABAN 


Rivaroxaban is a direct factor Xa inhibitor that is administered orally 
and produces its anticoagulant effect through reversible binding with 


factor Xa. Rivaroxaban can inhibit both free and thrombus-associated 
factor Xa. Like dabigatran, it is dependent on renal excretion, and bioac- 
cumulation may occur in patients with renal insufficiency. 

Rivaroxaban produces its peak anticoagulant effect within 4 hours 
of oral administration and has a terminal elimination half-life of 5.7 to 
9.2 hours. PT is more accurate than the aPTT in measuring rivarox- 
aban effects; however, the sensitivity varies by specific reagent and is 
not good at lower therapeutic drug levels.*’ A rivaroxaban calibrated 
anti-Xa assay appears to be the most accurate test as it correlates well 
with drug level across a broad therapeutic range.” 

Rivaroxaban is effective in a number of clinical settings. In the 
EINSTEIN-PE® and EINSTEIN-DVT* randomized clinical trials treat- 
ment with rivaroxaban (15 mg BID for 3 weeks followed by 20 mg once 
daily) was noninferior to standard anticoagulation (LMWH followed 
by warfarin) in preventing recurrent thrombosis in patients with acute 
VTE. In a large randomized trial of patients with nonvalvular atrial 
fibrillation, rivaroxaban was noninferior to warfarin for prevention of 
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stroke or systemic embolism.* Prophylactic rivaroxaban (10 mg once 
daily) significantly reduced rates of postoperative VTE compared to the 
LMWH Lovenox (40 mg once daily) following hip arthroplasty (1.1 
percent vs, 3.7 percent, p<0.001)™ and knee arthroplasty (9.6 percent 
vs. 18.9 percent),** and in hospitalized acutely medically ill patients was 
noninferior to Lovenox for standard 10-day thromboprohylaxis.*° 

The principal side effect of rivaroxaban therapy is bleeding. In a 
pooled analysis of the EINSTEIN studies, major bleeding was less com- 
mon in patients receiving rivaroxaban compared to standard antico- 
agulation (1.0 percent vs. 1.7 percent, p = 0.002), and this includes a 
significant reduction in intracranial bleeding.” In another meta-analysis 
of phase III trials comparing rivaroxaban to standard anticoagulation, 
rivaroxaban was associated with a reduced risk of fatal bleeding compli- 
cations.** There is no antidote for the anticoagulant effect of rivaroxaban. 
Prothrombin complex concentrates partially reverse prolonged coagula- 
tion times in healthy volunteers receiving rivaroxaban,® and PCC and 
recombinant activated factor VIIa improved bleeding times after rivarox- 
aban treatment in animal studies.” However, these agents have not been 
proven effective in managing rivaroxaban treated patients with bleeding 
complications. 


APIXABAN 


Apixaban is an orally administered direct inhibitor of factor Xa which is 
metabolized primarily by the hepatic cytochrome CYP3A4 enzyme. The 
onset of action and half-life are 3 hours and 12 hours respectively, and 
approximately 25 percent is excreted by the kidney. Apixaban affects 
standard anticoagulation assays less than rivaroxaban, and the effect is 
variable for different reagents within an assay group. In general the PT 
is more sensitive than aPTT, and chromogenic apixaban specific anti-Xa 
assays display the most accurate linear correlation across a therapeutic 
dose range.” There is no antidote for reversal of apixaban. In animal 
studies recombinant activated factor VIIa but not PCCs reduced bleed- 
ing times in apixaban-treated animals.” 

Apixaban, like rivaroxaban and dabigatran, has been studied in 
several clinical settings. Two large phase III randomized clinical tri- 
als with slightly different designs led to the approval of apixaban for 
management of nonvalvular atrial fibrillation. In the ARISTOTLE 
trial, patients with nonvalvular atrial fibrillation and a risk for stroke 
were randomized to apixaban (5 mg BID) or dose-adjusted warfarin. 
Apixaban was superior to warfarin in reducing the rate of embolic or 
hemorrhagic stroke and systemic embolism (1.27 percent vs. 1.6 per- 
cent per year, p = 0.01), and fewer patients experienced major bleeding 
complications (2.13 percent vs. 3.09 percent, p<0.001).°? The AVER- 
ROES trial was terminated early because of a clear reduction in stroke 
and systemic embolism in patients with nonvalvular atrial fibrillation 
deemed unsuitable or unwilling to take vitamin K antagonists random- 
ized to apixaban versus aspirin (1.6 percent vs. 3.7 percent, p<0.001).”* 
Interestingly, there was no difference in major bleeding or intracranial 
bleeding between apixaban and aspirin. Apixaban (10 mg BID for 7 
days then 5 mg BID) has also been shown to be noninferior to standard 
anticoagulation (LMWH then dose-adjusted warfarin) in initial man- 
agement of acute VTE,” and effective for secondary VTE prevention 
in patients treated for an extended time following acute VTE.” Major 
bleeding rates were significantly lower with apixaban compared to stan- 
dard anticoagulation in the initial period after acute VTE (0.6 percent 
vs. 1.8 percent, p<0.001), and rates of major bleeding were equivalent 
in patients receiving extended thromboprophylactic dosing of apix- 
aban compared to placebo (0.1 percent in the 5-mg apixaban group, 
0.2 percent in the 2.5-mg apixaban group, 0.5 percent in the placebo 
group). Prophylactic apixaban (2.5 mg BID) is better than Lovenox (40 
mg daily) at preventing postoperative VTE following hip replacement.” 


Following total knee replacement apixaban did not meet prespecified 
noninferiority criteria in ADVANCE-1, where VTE rates were similar 
in patients receiving apixaban (2.5 mg BID) and twice daily Lovenox 
(30 mg BID) (9.0 percent vs. 8.8 percent),* however in ADVANCE-2 
apixaban was proven to be noninferior to once daily Lovenox in pre- 
vention of postoperative VTE following knee replacement.” 


EDOXABAN 


Edoxaban is a direct oral factor Xa inhibitor with peak onset approxi- 
mately 1 to 2 hours after administration and a half-life of approximately 
8 hours.'” Like other direct Xa inhibitors, edoxaban is renally excreted. 
Multiple coagulation tests can be affected by edoxaban, but partial 
thromboplastin time (PTT) and anti-Xa assay show the best correlation 
with drug levels. 

Edoxaban is effective in management of atrial fibrillation and acute 
venous thromboembolism, and in the prevention of VTE following hip 
or knee arthroplasty. In the ENGAGE AF-TIMI trial, the annualized 
rate of stroke or systemic embolism in patients with nonvalvular atrial 
fibrillation and moderate to high risk of thrombosis was 1.50 percent 
with warfarin, 1.18 percent with high-dose edoxaban (P<0.001 for non- 
inferiority), and 1.61 percent with low-dose edoxaban (P = 0.005 for 
noninferiority). Edoxaban-treated patients experienced significantly 
fewer major bleeding events (3.43 percent with warfarin vs. 2.75 percent 
with high-dose edoxaban and 1.61 percent with low-dose edoxaban). In 
the Hokusai-VTE study, edoxaban was noninferior to warfarin in pre- 
venting recurrent VTE in patients with acute PE or DVT (3.2 percent vs. 
3.4 percent), and bleeding complications were reduced in the edoxaban 
treated group (8.5 percent vs. 10.3 percent).'” 


@ FIBRINOLYTIC THERAPY 


Fibrinolytic therapy is administered by infusing high doses of a plas- 
minogen activator to accelerate the conversion of plasminogen to the 
active fibrinolytic enzyme plasmin, which proteolytically degrades 
fibrin (Chap. 135). The specific biochemical and pharmacologic proper- 
ties of different agents are important determinants of the administration 
regimen, the efficacy of clot lysis, and the nature of adverse effects. For 
example, some fibrinolytic drugs are bacterial products that are anti- 
genic and can cause allergic responses, whereas others are recombinant 
human proteins. Some agents activate plasminogen prominently, both 
in blood and at the clot surface, and induce a systemic fibrinolytic state 
in addition to accelerating clot lysis. In contrast, the activity of other 
agents is more specifically limited to the clot surface with fewer sys- 
temic effects. Fibrinolytic therapy is used for treatment of both venous 
and arterial thrombosis and represents standard treatment for many 
patients presenting with acute myocardial infarction because it accel- 
erates reperfusion, decreases mortality, and reduces morbidity (Chap. 
135). Thrombolytic therapy has also become standard for many patients 
presenting with thrombosis of peripheral arteries, bypass grafts, and 
catheters.’ It is used for treatment of selected patients with thrombotic 
stroke. Fibrinolytic therapy improves outcome in selected patients with 
large pulmonary emboli (Chap. 135). 


STREPTOKINASE 


Streptokinase was the first plasminogen activator used clinically. It is 
derived from B-hemolytic streptococci and has a unique indirect mech- 
anism of action. By itself, streptokinase has no enzymatic activity, but 
it combines with plasminogen to form an equimolar streptokinase- 
plasminogen complex that can then convert other plasminogen mole- 
cules to plasmin. Additionally, the streptokinase-plasminogen complex 
can undergo proteolytic cleavage itself, resulting in activation. When 


administered in therapeutic doses, streptokinase is an effective throm- 
bolytic agent. The streptokinase-plasmin(ogen) complex can bind 
to fibrin through the “kringle” domains of plasmin and activate clot- 
bound plasminogen to accelerate clot lysis (Chap. 135), but can also act 
on plasminogen in the blood to produce plasmin, giving rise to systemic 
proteolysis termed the lytic state. This results in consumption of plas- 
minogen and «,-antiplasmin, degradation of fibrinogen, factor V, and 
factor VIII, proteolysis of platelet membrane proteins by plasmin, and 
platelet activation. Streptokinase has a rapid plasma clearance with a 
half-life of approximately 20 minutes, but the duration of the proteolytic 
effect is more prolonged.'™ 

Streptokinase can be used to treat either venous or arterial throm- 
bosis. Higher doses given over a shorter time are typically used for 
arterial disease. For either venous or arterial thrombosis, a sufficient 
dose must be administered to overcome circulating neutralizing anti- 
bodies, which are common because of the frequency of streptococcal 
infections in the population. Occasionally, individuals have a high titer 
of antibodies that neutralize this amount of streptokinase, resulting in 
resistance. Streptokinase is antigenic, and high-titer antibodies develop 
1 to 2 weeks after use, precluding retreatment until the titer declines. 
High titers can also cause febrile or hypotensive reactions. The first 
large study to demonstrate the utility of coronary reperfusion employed 
streptokinase.’ Although not widely used in North America, streptok- 
inase is still extensively used given its low cost, widespread availability, 
and familiarity. 


TISSUE-TYPE PLASMINOGEN ACTIVATOR 
AND RECOMBINANT TISSUE PLASMINOGEN 
ACTIVATOR (ALTEPLASE) 


Tissue-type plasminogen activator (t-PA) is a naturally occurring plas- 
minogen activator that is structurally and immunologically distinct 
from urokinase. t-PA is synthesized by endothelial cells as a single-chain 
polypeptide and was originally produced from cell culture for phar- 
macologic use, but is now synthesized by recombinant techniques 
(alteplase). t-PA directly converts plasminogen to plasmin in a reaction 
that is accelerated several-hundred-fold in the presence of fibrin. In the 
absence of fibrin, t-PA has much less activity, and this property accounts 
for the relative “fibrin specificity” of t-PA observed physiologically. 
However, when administered pharmacologically in a high dose, signifi- 
cant proteolysis of plasma fibrinogen often occurs, but this is typically 
less prominent than observed with treatment using either streptokinase 
or urokinase. The half-life of t-PA following intravenous administra- 
tion is approximately 5 minutes, which requires a constant infusion to 
maintain therapeutic plasma levels. t-PA is not antigenic because it is a 
physiologic enzyme.'™ 

t-PA has been evaluated in treatment of VTE, myocardial infarc- 
tion, stroke, catheter thrombosis, and peripheral arterial occlusion. In 
patients with PE, a regimen of 100 mg intravenously over 2 hours results 
in a high rate of clot lysis and hemodynamic improvement. t-PA has 
been evaluated in many large studies for acute myocardial infarction 
and administration results in improved mortality and morbidity. t-PA 
has also been evaluated in treatment of stroke and results in significant 
benefit in highly selected patients who are treated within hours of symp- 
tom onset (Chap. 135). In the CaVenT study, use of alteplase in cathe- 
ter-directed thrombolysis of ileofemoral DVT resulted in an 18 percent 
reduction in postthrombotic syndrome. 


RETEPLASE 


Recombinant technology has been used to engineer many t-PA mutants 
in an attempt to improve pharmacologic properties. The structural 
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modifications in reteplase include removal of the finger, kringle 1, and 
EGF (epidermal growth factor) receptor domains. These changes result 
in enhanced fibrin specificity and a significantly longer half-life of 15 
minutes compared to 4 minutes with t-PA, so it can be administered 
as an intravenous bolus rather than a continuous infusion. Its mode 
of administration (two 10-U IV boluses given over 2 minutes, 30 min- 
utes apart) make it particularly useful for prehospital administration in 
remote areas, or areas with limited access to primary percutaneous cor- 
onary interventions.'” 


TENECTEPLASE 


Tenecteplase (TNK) is another bioengineered variant of t-PA with a lon- 
ger half-life, increased resistance to inactivation by plasminogen activa- 
tor inhibitor-1, and improved fibrin specificity. Advantages include a 
longer half-life, greater fibrin specificity, ease and rapidity of adminis- 
tration, and similar clinical efficacy as t-PA for treatment of acute myo- 
cardial infarction. It has a half-life of more than 30 minutes and can 
be administered as a single IV bolus. Large studies in patients with ST 
elevation myocardial infarction have shown it to be equivalently effec- 
tive as other t-PA derivatives." The PEITHO study examined the use of 
heparin with TNK or placebo in hemodynamically stable patients with 
large pulmonary emboli associated with right ventricular dysfunction. 
Thrombolysis resulted in a reduction in the primary end point of death 
or hemodynamic decompensation at 7 days following randomization 
(6 percent vs. 3 percent). The administration of thrombolytic agents 
was associated with increased bleeding complications, which was more 
prominent in elderly patients. 


@ ANTIPLATELET DRUGS 


Platelets play an important role in hemostasis and thrombosis and 
inhibitors of platelet function are important therapeutic agents (Chap. 
134). Platelets adhere to exposed subendothelium, become activated, 
release contents of their dense and « granules, and form aggregates. 
Additional platelets from the circulating blood are then recruited by 
adenosine diphosphate (ADP), which is released from dense granules, 
and also by thromboxane A, synthesized by activated platelets in the 
aggregate. Simultaneous with the initial platelet adhesion and aggrega- 
tion, thrombin generation is initiated. The activated platelet phospho- 
lipid membrane is an effective surface for binding of coagulation factors 
to enhance the rate of thrombin generation. As thrombin is formed 
it activates additional platelets and also cleaves fibrinopeptides from 
fibrinogen to form fibrin in and around the platelet plug, consolidating 
it. The role of platelets in initiating thrombosis is greater in the arterial 
circulation than in the venous circulation because higher shear forces 
present in arteries activate platelets. Consequently, antiplatelet drugs are 
more effective in arterial than in venous thrombosis. Table 25-6 sum- 
marizes the types of drug, their use in clinical settings, their mechanism 
of action, and their dosages. 


CYCLOOXYGENASE-1 INHIBITORS 


Cyclooxygenase (COX)-1 is an enzyme that is present in most cells. It 
converts arachidonic acid released from membrane phospholipids by 
phospholipase A, or phospholipase C and diacylglycerol to prostaglan- 
din (PG) G, (Chap. 112). A peroxidase converts PGG, to PGH,, which 
is then converted by thromboxane synthase in platelets to thrombox- 
ane A,. Thromboxane A, is a potent activator of platelets. In endothelial 
cells, PGH, is converted to prostacyclin, a potent inhibitor of platelet 
function, through an increase in intraplatelet cyclic adenosine mono- 
phosphate (cAMP). 
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TABLE 25-6. Antiplatelet Agents by Mechanism of Action 


and Clinical Use 


Agent and Indications Dosages 


Cyclooxygenase inhibitors 


Aspirin Coronary and cere- 


brovascular disease 


75-650 mg daily 


VTE secondary 
prevention 


Agents that increase cAMP 


Dipyridamole Coronary, cere- 75-100 mg QID 
brovascular, periph- 
eral arterial disease 
Pentoxifylline Peripheral arterial 400 mg BID 
disease 
Cilostazol Peripheral arterial 100 mg BID 
disease 
ADP receptor blockers 
Ticlopidine Cerebrovascular 250 mg BID 
disease 
Clopidogrel Coronary, cer- 75 mg daily, loading 
ebrovascular dose 300 mg 
disease,PCl 
Prasugrel ACS, PCI 10 mg daily, 60-mg 
loading dose 
Ticagrelor ACS 90 mg BID, 180-mg 
loading dose 
ADP mimetic 
Cangrelor Not approved in 


United States at 
time of this writing 


abb; inhibitors 


Abciximab ACS, PCI 0.25 mg/kg, then 


10 mcg/kg/min 
ACS 180 mcg/kg, 
then 2 mcg/kg/min 
PCI 180 mcg/kg, 
then 2 mcg/kg/min 
with 180 mcg/kg at 
10 min 


Eptifibatide ACS, PCI 


Tirofiban ACS, PCI 0.4 mcg/kg/min x 
30 min, then 


0.1 mcg/kg/min 


Thrombin receptor blocker 


Vorapaxar Coronary disease, 
peripheral arterial 


disease 


2.08 mg daily 


ACS, acute coronary syndrome; ADP, adenosine diphosphate; cAMP, 
cyclic adenosine monophosphate; PCI, percutaneous coronary inter- 
vention; VTE, venous thromboembolism. 


Aspirin (acetylsalicylic acid) was recognized as an inhibitor of 
platelet function in the 1960s, although the mechanism of its action was 
unknown at that time. It prolonged the bleeding time in normal sub- 
jects slightly, although usually not out of the normal range, and its effect 


lasted for several days. It was demonstrated that acetylation of COX 
is important in platelet inhibition by aspirin. Because platelets cannot 
synthesize new COX, irreversible enzyme inhibition by aspirin means 
that inhibition persists for the life span of the platelet. Most cells have 
two forms of COX, known as COX-1 and COX-2. COX-1 is synthesized 
constitutively, whereas COX-2 is only synthesized under stress condi- 
tions. Both COX-1 and COX-2 are inhibited by aspirin and most non- 
steroidal antiinflammatory drugs (NSAIDs), with aspirin acetylating 
both forms. The nonaspirin COX inhibitors are reversible inhibitors, so 
they are active only while in the circulation. It was thought initially that 
only COX-1 is found in platelets, but COX-2 has been detected in plate- 
lets and its effect is particularly apparent when there was a rapid platelet 
turnover. Because COX-1 is the major COX in platelets, COX-2-specific 
inhibitors have minimal effect on platelet function. 

Aspirin and several of the commonly used NSAIDs (e.g., 
indomethacin, ibuprofen, and naproxen) have similar in vitro effects on 
platelet function. Platelet aggregometry demonstrates that the second 
wave of aggregation induced by ADP or epinephrine in citrated plate- 
let-rich plasma (PRP) is abolished after aspirin ingestion and that aggre- 
gation induced by low concentrations of collagen is markedly decreased. 
Arachidonic acid-induced aggregation is abolished after aspirin inges- 
tion. Additionally, secretion of dense granule components (ADP, ATP, 
and serotonin) and of a-granule proteins by ADP, epinephrine, col- 
lagen, and arachidonic acid is inhibited in PRP after aspirin ingestion 
or with addition of indomethacin to PRP. Because of these in vitro 
effects of aspirin, the drug has been used extensively as an inhibitor of 
platelet function in vivo, with beneficial effects in primary and second- 
ary prevention and in treatment of myocardial infarction (Chap. 135). 
Aspirin is also beneficial in stroke prevention with carotid artery dis- 
ease and embolic stroke, although anticoagulation with warfarin or its 
analogues is generally more effective than aspirin in embolic stroke in 
most patients with a cardiac embolic source.” Aspirin is less often used 
to prevent venous thrombosis, although two recent large randomized 
studies showed significant benefit for secondary prevention of recurrent 
VTE compared to placebo." Other drugs that inhibit COX-1 are not 
used to prevent either arterial or venous thrombosis. 

A daily dose of 81 to 325 mg is recommended for most indications, 
as lower-dose aspirin appears as effective and may be associated with a 
lower risk of gastrointestinal bleeding than higher doses.'!*'" Broadly, 
aspirin is currently recommended for primary and secondary preven- 
tion of a wide variety of atherosclerotic outcomes including stroke, 
myocardial infarction, and peripheral vascular disease. 


DRUGS THAT MODULATE CYCLIC ADENOSINE 
MONOPHOSPHATE LEVELS 


cAMP in platelets is formed from ATP by the action of adenylate cyclase 
and degraded by cAMP phosphodiesterase, and basal levels of cAMP 
in platelets are low. Elevated levels of intraplatelet cAMP are induced 
by inhibition of cAMP phosphodiesterase, or by stimulation of adeny- 
late cyclase activity, resulting in inhibition of platelet activation through 
several pathways: (1) modulation of phosphorylation of specific pro- 
teins; (2) inhibition of several steps in metabolism of phosphoinositol 
phosphates; and (3) lowering of intracellular Ca**, and accumulation of 
Ca™ by platelet microsomes. Agents that inhibit the cAMP phosphodi- 
esterase include theophylline, papaverine, and dipyridamole, as well as 
pentoxifylline and cilostazol. Several prostaglandins stimulate adeny- 
late cyclase, including PGE, PGD, and PGI, (prostacyclin). Drugs that 
elevate cAMP levels are dipyridamole, pentoxifylline, and cilostazol. 
Dipyridamole can be used alone or in combination with aspirin. A 
very large study of dipyridamole in combination with low-dose aspirin 
(25 mg) found the combination equivalently effective to clopidogrel for 


the secondary prevention of noncardioembolic stroke.''* Recent system- 
atic reviews have also suggested that the combination of dipyridamole 
and aspirin is superior to aspirin alone for the prevention of cerebrovas- 
cular events." 

The other two phosphodiesterase inhibitors (pentoxifylline and 
cilostazol) are used primarily in patients with peripheral vascular dis- 
ease. In addition to their inhibitory effect on platelets they may exert a 
beneficial effect on blood rheology and the microcirculation by increas- 
ing red cell deformability, thereby reducing blood viscosity. Cilostazol 
increases vascular endothelial growth factor levels, which may lead to 
an increase in collateral circulation. It has been shown to reduce risk 
of stroke in Asian populations,''*' and increases walking distance in 
patients with peripheral vascular disease." Pentoxifylline inhibits vas- 
cular smooth-muscle cell proliferation and collagen synthesis, which 
may enhance vasodilation. Pentoxifylline probably is an effective treat- 
ment for ulcers associated with peripheral vascular disease; however, it 
is only modestly effective for treatment of peripheral vascular disease. 


ADENOSINE DIPHOSPHATE RECEPTOR 
BLOCKERS 


The third class of platelet inhibitors is the ADP receptor blockers, which 
include thienopyridines (ticlopidine, clopidogrel, and prasugrel) and 
nonthienopyridines (ticagrelor and cangrelor). There are three ADP 
receptors on platelet membranes (Chap. 112), with the thienopyridines 
inhibiting one of them, the P2Y12 receptor. The inhibition of binding 
of ADP to the P2Y12 receptor results in inhibition of adenylate cyclase. 

Ticlopidine was available for clinical use before clopidogrel. The 
Canadian American Ticlopidine Study was a randomized, placebo- 
controlled, double-blind study showing a 30 percent risk reduction for 
recurrent cardiovascular events with ticlopidine.''* A review of four tri- 
als of ticlopidine plus aspirin versus oral anticoagulants for coronary 
stenting showed benefit to the combination in terms of reduced risk 
of nonfatal myocardial infarction and revascularization at 30 days, 
combined negative events (mortality, myocardial infarction, revas- 
cularization at 30 days), and major bleeding, but increased the risk of 
thrombocytopenia and neutropenia.'” 

In clinical practice fear of toxicity has largely led ticlopidine to be 
abandoned in favor of clopidogrel. In a direct comparison of ticlopidine 
and clopidogrel in patients undergoing coronary stenting (CLASSICS 
trial), clopidogrel was associated with a significantly lower rate of major 
adverse events (4.6 percent vs. 9.1 percent).'”° The first clinical trial of 
clopidogrel was the Clopidogrel Versus Aspirin in Patients at Risk of 
Ischemic Events (CAPRIE) trial, a large randomized, blinded trial of 
clopidogrel versus aspirin in 19,000 patients at risk of ischemic events. "°! 
Patients were enrolled after recent myocardial infarction (MI) or stroke, 
or if they had symptomatic peripheral arterial disease. The primary 
outcome was the occurrence of ischemic stroke, MI, or vascular death. 
With a mean followup of 1.91 years, there was a relative risk reduction 
of 8.7 percent in the clopidogrel group (p = 0.043). No major differ- 
ences were noted in terms of safety. Clopidogrel is also used in acute 
coronary syndromes, based on studies like the Clopidogrel in Unsta- 
ble Angina to Prevent Recurrent Events (CURE) study, which showed 
a significant reduction in the combined end point of cardiovascular 
death, nonfatal MI, or stroke with clopidogrel and aspirin versus aspirin 
alone.” Several studies have demonstrated the effectiveness of clopi- 
dogrel in patients undergoing percutaneous coronary intervention, and 
a recent meta-analysis of several large studies showed that clopidogrel 
treatment prior to intervention is associated with decreased incidence 
of major cardiac events (MI, stroke, urgent revascularization) compared 
to treatment after intervention.” The degree of platelet inhibition after 
clopidogrel therapy varies. Larger loading doses of clopidogrel appear to 
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reduce variability in response; the safety and efficacy of such doses are 
being compared in ongoing studies.'* 

Prasugrel is a “third-generation” P2Y12 blocking agent. Unlike 
clopidogrel it can be converted to its active metabolite via esterases pres- 
ent in either the liver or the gut. Like clopidogrel it irreversibly blocks 
the P2Y12 receptor.’ Evidence for the use of prasugrel comes predom- 
inately from one large study of prasugrel compared with clopidogrel. 
This study randomized 13,608 patients with moderate-to-high-risk 
acute coronary syndromes and who were scheduled to undergo per- 
cutaneous coronary intervention to receive prasugrel (a 60-mg loading 
dose and a 10-mg daily maintenance dose) or clopidogrel (a 300-mg load- 
ing dose and a 75-mg daily maintenance dose) for up to 15 months.’” 
Although prasugrel significantly reduced death from cardiovascular 
causes, nonfatal MI, and nonfatal stroke, it significantly increased all 
forms of bleeding, including major and fatal hemorrhage. 

Ticagrelor is a member of the cyclopentyltriazolopyrimidines 
chemical class, a group of agents that reversibly inhibit the P2Y 12 plate- 
let receptor. Ticagrelor does not require hepatic activation and has a 
more rapid onset of action than clopidogrel. The PLATO trial was a 
large phase III randomized study comparing ticagrelor and aspirin (180 
mg loading dose followed by 90 mg twice daily) to clopidogrel (300 
to 600 mg dose followed by 75 mg daily) and aspirin for treatment of 
acute coronary syndrome.’ Patients receiving ticagrelor experienced 
the composite primary end point (death from vascular causes, MI, or 
stroke) less often than patients receiving clopidogrel (9.8 percent vs. 
11.7 percent, hazard ratio [HR] 0.84) without a significant difference in 
the rates of major bleeding (11.6 percent vs. 11.2 percent). 

Cangrelor, the first parenteral ADP receptor blocker, is not cur- 
rently available for clinical use, but has been tested in three large ran- 
domized clinical trials of patients undergoing intracoronary stent 
implantation procedures. Advantages of this agent include parenteral 
administration, very rapid onset, and short half-life. The CHAMPION 
studies (PLATFORM,’”’ PCI,” and PHOENIX”) compared cangrelor 
to clopidogrel or placebo in patients undergoing coronary interven- 
tions. Although only the PHOENIX trial showed a significant reduction 
(4.7 percent vs. 5.9 percent) in the 48-hour composite end point (death, 
MI, ischemia-driven revascularization, or stent thrombosis), in a pooled 
analysis of patient level data from the three CHAMPION trials cangrelor 
use was associated with a significant reduction in the primary efficacy 
end point compared to control (3.8 percent vs. 4.7 percent, OR 0.81).'° 


a „B, BLOCKERS 


Fibrinogen binds specifically and saturably to the surface of activated 
platelets, and the a,,8, complex is the fibrinogen receptor. This com- 
plex mediates platelet aggregation induced by all physiologic agonists. 
Fibrinogen binds only to the activated conformation of the receptor 
& „p, Monoclonal antibodies have been developed against «,,,8, com- 
plex on resting or activated platelets, which prevent aggregation by 
blocking ligand binding. Abciximab, is the Fab’, fragment of a chimeric 
mouse-human antibody. Initial human pharmacodynamic studies were 
performed in patients with unstable angina and in patients undergoing 
high-risk coronary angioplasty, and dose-related inhibition of platelet 
function was found. No spontaneous bleeding was observed, despite 
prolongation of the template bleeding time. Because of the mouse com- 
ponent of abciximab, it may induce antimouse antibodies, preventing 
repeated use in patients. 

The first large clinical trial of abciximab was the Evaluation of c7E3 
for the Prevention of Ischemic Complications (EPIC) trial," published 
in 1994, in which the drug was used in patients with high-risk coro- 
nary angioplasty. Abciximab reduced ischemic events after angioplasty 
when given together with heparin and aspirin, but it also increased the 
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risk of bleeding. Subsequent studies of patients undergoing percutane- 
ous coronary intervention, the Evaluation in PTCA to Improve Long- 
term Outcome with Abciximab GP IIb/IIIa («,,,8,) Blockade (EPILOG) 
study™ and EPISTENT trial,” demonstrated efficacy in both low-risk 
and high-risk patients without any increase in major bleeding. Abcix- 
imab has also been tested in patients with acute ischemic stroke, but 
resulted in significant increase intracranial hemorrhage without any 
clinical efficacy so it has not been further pursued for this clinical 
indication.'** 

Other types of inhibitors of fibrinogen binding to platelets have 
also been developed. Those in clinical use are eptifibatide, a cyclic 
heptapeptide based on a rattlesnake venom peptide, and tirofiban, a 
nonpeptide derivative of tyrosine. Pharmacokinetic and pharmacody- 
namic studies in animals and humans showed a rapid onset of action, 
short plasma half-life, and rapid reversibility of action. The pharmaco- 
dynamics of eptifibatide are substantially altered by anticoagulants that 
chelate calcium, and pharmacokinetic modeling suggests that optimal 
dosing is obtained by giving a second bolus 10 minutes after the first 
bolus. Eptifibatide is not immunogenic. 

The first major clinical trial of eptifibatide was the Integrilin to 
Minimize Platelet Aggregation and Coronary Thrombosis (IMPACT) II 
trial in patients undergoing any kind of coronary intervention.’ There 
was a highly significant reduction in the composite end point of death, 
MI, coronary artery bypass grafting, repeat urgent or emergent coronary 
intervention, or stent placement for abrupt closure at 24 hours with both 
eptifibatide dosing arms. There was no increase in major bleeding. The 
effect was no longer significant at 30 days on intention-to-treat analysis. 

Animal studies with tirofiban were performed in dogs. Dose- 
dependent inhibition of ex vivo platelet aggregation was achieved, with 
rapid reversibility at the end of the infusion. Electrically induced cor- 
onary artery thrombosis was markedly reduced by tirofiban infusion, 
without significant extension of the bleeding time. Pharmacokinetic and 
pharmacodynamic studies in humans showed that tirofiban provided a 
well-tolerated reversible means of inhibiting platelet function. Bleed- 
ing time was prolonged, and ADP-induced aggregation was blocked by 
at least 80 percent in normal volunteers. The plasma half-life was 1.6 
hours. ADP- and collagen-induced platelet aggregation in normal vol- 
unteers returned to 55 percent and 89 percent of baseline, respectively, 
by 3 hours after the end of infusion. Similar results were found in a 
dose-ranging study in patients undergoing coronary angioplasty. Based 
on these results tirofiban has been extensively studied as an adjunct 
to therapies for patients with, or at risk of, acute coronary syndromes. 
Clinical results for patients treated with tirofiban have been reviewed.” 


THROMBIN RECEPTOR BLOCKERS 


Platelet activation occurs through a variety of cell surface receptors 
including the thrombin receptor, a potent platelet activator mediated 
by its binding to and cleaving the protease-activated receptor (PAR)- 
1. Vorapaxar is an irreversible PAR-1 thrombin receptor antagonist, 
which has been studied in two large phase HI randomized studies. In 
the TRACER study 12,944 patients with non-ST elevation acute cor- 
onary syndromes were randomized to vorapaxar or placebo plus stan- 
dard care." Vorapaxar use was associated with a significant reduction 
in death from cardiovascular causes (14.7 percent vs. 16.4 percent), 
but was also associated with a significant increase in major bleeding 
events, including intracranial hemorrhage (1.1 percent vs. 0.2 percent). 
The TRA 2P-TIMI 50 study randomized 26,449 patients with prior MI, 
stroke, or peripheral artery disease to vorapaxar versus placebo.'* This 
phase III study also demonstrated clinical efficacy with a reduction in 
death from cardiovascular cause (11.2 percent vs. 12.4 percent), but it 
was at the expense of increased major bleeding complications. Efforts 
are underway to identify subgroups that may have the greatest net 


benefit from vorapaxar. Atopaxar is a low-molecular-weight inhibitor of 
PAR-1, which has been studied in phase II trials of patients with acute 
coronary syndrome or high-risk coronary artery disease.” These 
studies showed an increase in minimal bleeding events (16.4 percent vs. 
4.5 percent) but no difference in clinically significant bleeding. 
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CHAPTER 26 
IMMUNE CELL THERAPY 


Carolina Berger and Stanley R. Riddell 


T cells represent an important component of the host response to patho- 
gens and tumors. Adoptive T-cell therapy, in which T cells are isolated or 
engineered to be specific for molecules expressed on diseased cells and 
administered to patients, has shown efficacy in infections and malignancy. 
Clinical applications of T-cell therapy have been facilitated by identification 
of target antigens expressed by viruses and tumors, improvement in strate- 
gies for the isolation and genetic engineering of antigen-specific T cells with 
intrinsic qualities that enable their persistence in vivo, and recognition that 
transferring T cells into a lymphopenic environment improves the efficiency 
of cell transfer and treatment efficacy. Insights into the obstacles to routinely 
achieving an effective antitumor response either by T-cell therapy or vacci- 
nation have been derived from careful analysis of clinical trials, and further 
development of immune cell therapy combined with interventions that 
target specific regulatory or inhibitory pathways that are present in tumor 
microenvironments and impede effective immunity represent promising 
areas for future applications. 


Acronyms and Abbreviations: ALL, acute lymphatic leukemia; BCMA, B-cell 
maturation antigen; CAR, chimeric antigen receptor; cDNA, complemen- 
tary DNA; CDR3, complementarity determining region 3; CEA, carcinoem- 
bryonic antigen; CLL, chronic lymphatic leukemia; CMV, cytomegalovirus; 
CRS, cytokine release syndrome; CTL, cytotoxic T lymphocyte; DLI, donor 
lymphocyte infusion; E, early viral protein; EBV, Epstein-Barr virus; EGFR, 
epidermal growth factor receptor; ERBB2IP, erbb2 interacting protein; 
GD2, disialoganglioside; GVHD, graft-versus-host disease; GVL, graft- 
versus-leukemia; HHV-6, human herpes virus-6; HLA, human leukocyte 
antigen; HSCT, hematopoietic stem cell transplantation; HSV, herpes sim- 
plex virus; HSV-TK, herpes simplex virus thymidine kinase; iCasp9, inducible 
caspase-9; IE, immediate early viral protein; IFN-y, interferon-y; IL, interleu- 
kin; LICAM, L1-cell adhesion molecule; LCL, lymphoblastoid cell line; LPD, 
lymphoproliferative disease; mAbs, monoclonal antibodies; mHAgs, minor 
histocompatibility antigens; MHC, major histocompatibility complex; PBMC, 
peripheral blood mononuclear cell; PD-1 receptor, programmed death-1 
receptor; PML-RARa, promyelocytic leukemia—retinoic acid receptor a pro- 
tein; scFV, single-chain variable fragment; SNP single nucleotide polymor- 
phism; Iry central memory T cell; TCR, T-cell receptor; Us effector T cell; T 
effector memory T cell; Th, T helper; TIL, tumor-infiltrating lymphocyte; T 
regulatory T cell; T., T memory stem cell; WT-1, Wilms tumor antigen-1. 
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@ ADOPTIVE CELLULAR THERAPY 
OF VIRAL DISEASES 


Two broad subsets of antigen-specific T cells cooperate to terminate 
acute viral infections and control reactivation of latent viruses. CD8+ 
cytotoxic T lymphocytes (CTLs) recognize viral peptides presented by 
major histocompatibility complex (MHC) class I molecules and lyse 
infected cells, and produce inflammatory cytokines. CD4+ T-helper 
(Th) cells recognize viral peptides presented by class II MHC molecules 
and produce cytokines that amplify T-cell responses and promote B-cell 
proliferation and antibody production. A deficiency of CD8+ and CD4+ 
Th cells occurs after allogeneic hematopoietic stem cell transplantation 
(HSCT) as a consequence of the administration of intensive chemora- 
diotherapy, anti-T-cell monoclonal antibodies (mAbs), and/or immu- 
nosuppressive drugs, and these patients are at risk for life-threatening 
viral infections.'* Clinical trials have shown that adoptive T-cell ther- 
apy has antiviral activity against cytomegalovirus (CMV), Epstein-Barr 
virus (EBV), and adenovirus infection in immunocompromised alloge- 
neic HSCT recipients.°” 


T-CELL THERAPY OF CYTOMEGALOVIRUS 
INFECTION 


The first application of adoptive T-cell therapy with antigen-specific T 
cells in humans was to treat CMV infection after allogeneic HSCT. CMV 
is a DNA virus that infects hematopoietic progenitors, monocytes, and 
endothelial cells.* To evade complete elimination by host immunity, 
CMV encodes proteins that interfere with antigen presentation in cells 
that contain replicating virus, and establishes latency.? Normal CMV+ 
individuals maintain high levels of CD8+ and CD4+ T cells that are 
specific for CMV antigens, and these responses are essential to control 
infection. ®-? CMV frequently reactivates in individuals with a T-cell 
immunodeficiency, such as after allogeneic HSCT and solid-organ 
transplantation, and contributes to morbidity and mortality. Lympho- 
cytopenia and a deficiency of functional CMV-specific T cells persist for 
several months in many HSCT recipients, including cord blood trans- 
plant recipients, and CMV reactivation is frequent. ^" Antiviral drugs 
are used to suppress CMV,'*"* but often provide only temporary control 
of reactivation, and restoration of immune function is essential to con- 
tain CMV infection.'*!°?! 


Target Antigens for Cytomegalovirus-Specific T Cells 

Studies of the specificity of CMV-specific T cells isolated from immu- 
nocompetent CMV seropositive individuals identified antigens to tar- 
get in T-cell therapy.” A majority of CD8+ CTLs elicited by in vitro 
stimulation with autologous CMV-infected cells recognize virion pro- 
teins, including the pp65 and pp150 matrix proteins that are introduced 
into the cytoplasm of cells immediately following viral entry and pro- 
cessed and presented for T-cell recognition. Although virion proteins 
are important targets for CD8+ T cells, stimulation of peripheral blood 
mononuclear cells (PBMCs) from normal CMV+ donors with panels of 
CMV peptides, or with cells infected with a CMV strain in which the 
immune evasion genes had been deleted, identified significant CD8+ 
T-cell responses to intermediate-early (IE) or early (E) viral proteins.'°" 
IE and E are not efficiently presented to T cells in vitro by cells rep- 
licating wild-type CMV, but evidence from animal models suggests 
that IE-specific T cells recognize cells that are reactivating CMV from 
latency.” Thus, reconstitution of responses both to virion and IE or E 
antigens may be necessary to restore control of both the latent and rep- 
licating pools of virus in immune-deficient hosts.” 


Part V: Therapeutic Principles 


CD4+ Th cells are required for optimal CD8+ CTL responses and 
may eliminate CMV-infected cells that express class II MHC in vivo. 
Studies using recombinant CMV proteins or peptide panels have identi- 
fied CD4+ T-cell responses to pp65, IE-1, glycoprotein B, and the major 
capsid protein (UL86) in normal CMV+ individuals.'°**5 


Techniques for Adoptive Transfer and Tracking 
of Cytomegalovirus-Specific T Cells 
The application of T-cell therapy for CMV in allogeneic HSCT recipients 
required the development of approaches to reliably isolate CMV- specific 
T cells from the stem cell donor, and to remove potentially alloreactive 
T cells that could cause graft-versus-host disease (GVHD). The first clin- 
ical trial of T-cell therapy employed CD8+ CMV-specific T-cell clones 
that were isolated and expanded by in vitro culture of donor lympho- 
cytes with autologous CMV-infected fibroblasts.”* The donor-derived 
T-cell clones were screened to exclude alloreactivity with noninfected 
recipient cells prior to adoptive transfer, to minimize the risk of caus- 
ing serious GVHD. In a phase I study, 14 allogeneic HSCT recipients 
received four escalating weekly intravenous doses (3.3 x 10’ to 1 x 10°/ 
m?) of CD8+ CMV-specific CTL clones as prophylaxis for CMV disease. 
The treatment did not cause toxicity or exacerbate GVHD, CMV-specific 
cytolytic activity was increased after therapy to levels equivalent to those 
in the donor, and transferred CTLs persisted for more than 12 weeks.’ 
None of the 14 patients developed CMV viremia or disease, which in 
the absence of antiviral drug therapy was expected to occur in approxi- 
mately 50 percent or 40 percent of these patients, respectively.” 

The results of the initial trials with CMV-specific T-cell clones 
suggested this approach can provide an alternative to antiviral drugs 


Isolation of 
antigen-specific 
T-cell clones 


for controlling CMV infection after HSCT. However, the isolation 
and propagation of antigen-specific T-cell clones requires specific 
expertise and is time-consuming. Culture methods for enrichment 
of polyclonal CMV-specific T cells circumvent prolonged ex vivo 
manipulation and T-cell expansion and enabled broader application 
of this approach (Fig. 26-1).”*” Clinical trials with polyclonal CD4+ 
and/or CD8+ T-cell lines generated by short-term culture confirmed 
the efficacy of adoptive therapy for CMV and suggested that low cell 
doses (as low as 10°/kg) of polyclonal T cells can be therapeutically 
effective.**3°- 

Akey requirement for T-cell therapy for rapidly progressing and/or 
life-threatening CMV infections is to further reduce the time needed to 
generate the CMV-specific T cells for adoptive transfer and to improve 
the feasibility of this approach (see Fig. 26-1). Techniques have been 
developed for rapidly isolating antigen-specific T cells directly from the 
blood using conventional human leukocyte antigen (HLA) multimers 
or reversible streptamers that are comprised of soluble HLA molecules 
folded with the viral cognate peptide and bind T cells based on T-cell 
receptor (TCR) specificity. Alternatively, mAbs and immunomag- 
netic bead-selection strategies have been developed to capture T cells 
that produce interferon (IFN)-y or have upregulated activation mark- 
ers in response to antigen stimulation.*” A pilot study in 18 patients 
showed that CMV-specific T cells (mean cell dose 2.1 x 10*/kg) isolated 
by IFN-y capture techniques and transferred after brief ex vivo culture 
had a clinical effect.® CMV-specific T cells were also purified from 
the blood of HSCT donors using HLA-peptide tetramers or reversible 
streptamers, transferred directly to the patients at low cell doses, and 
mediated antiviral activity.” 
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Figure 26-1. Scheme for adoptive T-cell therapy with antigen-specific T cells. Antigen-specific T cells can be isolated by in vitro culture, expanded 
in long- or short-term culture, and then transferred in large numbers to patients. Alternatively, antigen-specific T cells can be isolated using direct 
methods and transferred immediately to the patient at low numbers. Patients are monitored after each cell infusion for toxicity, T-cell persistence, 


and efficacy. 


Transferred T cells must persist as functional memory T cells and 
migrate to sites of virus replication to be effective. Therefore, it was 
essential to verify the presence of the transferred T cells in the blood 
based on functional or structural properties. In the initial studies of 
adoptive therapy with CD8+ CMV-specific T-cell clones, assays of cyto- 
lytic activity provided an indirect semiquantitative functional measure 
for the presence of the transferred immune effectors.” New approaches 
that use flow cytometric analysis of blood samples have been devel- 
oped, such as staining with HLA multimers or intracellular staining, to 
detect cytokines produced after antigen stimulation. These techniques 
are being employed to enumerate and analyze the function of cells on a 
single-cell level.'’** The unique DNA sequences of the rearranged TCR 
Va or Vf genes have also been used to evaluate survival of transferred T 
cells in the first trial of CMV-specific T-cell therapy.” Quantitative real- 
time polymerase chain reaction with TCR-specific primers that flank 
the unique complementarity determining region 3 (CDR3) sequence 
can provide precise quantitation of transferred T cells in blood samples. 
Advances in high-throughput sequencing and computational analysis 
of the TCR sequences have now enabled much more sensitive analy- 
sis and sequencing of the CDR3 and detection of unique sequences in 
transferred T cells.°°#!*” 


Selection of Defined Subsets of Cytomegalovirus-Specific 
T cells for Adoptive Therapy 

The pool of memory T cells contains both CD45RO+CD62L+ cen- 
tral memory (Tou) and CD62L- effector memory (Tpu) subsets that 
differ in phenotype, function, and migration. Studies in animal 
models have revealed profound differences in the ability of adop- 
tively transferred T cells from distinct subsets to persist in vivo and 
revert to the memory pool. The transfer of effector cells derived from 
CD8+CD62L+ Tų or a rare subset of CD62L+ cells termed memory 
stem cells (T.,,,) that share cell-surface markers of both naive T cell 
(T,) and Tom cells, displayed superior survival in vivo, and/or medi- 
ated superior antitumor activity compared with more differentiated 
Tir Studies in mice provide increasing evidence for a progressive 
differentiation model of T-cell subsets. Fate mapping studies and sin- 
gle-cell transfer experiments show that naive T cells differentiate into 
memory and effector subsets (Fig. 26-2), and demonstrated that the 
stem cell-like properties of self-renewal and differentiation are pres- 
ent in CD62L+ Toy cells. It is uncertain whether the intermediate 
phenotype T,,,,, has self-renewal capability or represents a cell that is of 
sufficient frequency to be reliably isolated for immunotherapy. Never- 
theless, these findings suggest that selecting less differentiated memory 
subsets as a starting population for clinical adoptive T-cell therapy can 
allow very low numbers of T cells to be effective, and this concept has 
been validated in animal models and patients with CMV infection.” 
Given the considerable potential of this approach, methods are now 
being developed for clinically applicable serial selection strategies for 
human Tų subsets.** 
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T-CELL THERAPY OF EPSTEIN-BARR 
VIRUS INFECTION 


EBV is a ubiquitous y-herpesvirus (Chap. 82) that persists in immuno- 
competent hosts lifelong without causing disease. Some latently infected 
B cells express only the EBNA-1 protein, which has glycine-alanine 
repeats that inhibit its translation and processing for presentation to 
CD8+ T cells.” Infected B cells may activate the latency III program 
of viral genes that includes EBNA-1, EBNA-2, EBNA-3A, EBNA-3B, 
EBNA-3C, LMP-1, LMP-2A, and LMP-2B, and induces cell prolifera- 
tion.” In normal hosts, both the CD8+ CTL and CD4+ Th cell response 
to EBV infection is mainly directed against lytic viral proteins and the 
EBNA-3A, -3B, and -3C latency proteins.” The CD4+ Th cell response 
may also contribute to eliminating class II MHC+ EBV-infected cells in 
vivo and EBV-specific CD8+ and CD4+ T cells cooperate to prevent 
the outgrowth of EBV+ B cells in immunocompetent hosts. Thus, 
tumors comprised of proliferating EBV + B cells can arise in individuals 
with a T-cell deficiency, such as solid-organ or HSCT patients receiv- 
ing intense immunosuppression, especially if T-cell depletion is used as 
part of the conditioning regimen." Historically, patients with EBV- 
induced lymphoproliferative disease (EBV-LPD) had a grave prognosis, 
responding poorly to antiviral drugs or chemotherapy, although early 
detection of EBV reactivation and treatment with mAbs specific for 
CD20 have improved outcomes.® Ultimately, restoration of EBV-specific 
T cells is necessary for control of the virus. 


Techniques for Isolation and Adoptive Transfer 

of Epstein-Barr Virus—Specific T Cells 

The efficacy of T-cell therapy for EBV-LPD was first demonstrated in a 
study in which a low dose of unselected donor lymphocytes was admin- 
istered to five patients with EBV-LPD after T-cell-depleted allogeneic 
HSCT. Complete resolution of EBV-LPD was achieved in all patients,“ 
but this was complicated by GVHD and two patients developed a 
fatal respiratory failure, demonstrating the importance of select- 
ing EBV-specific T cells for therapy.“ The adoptive transfer of donor 
EBV-specific T-cell lines derived by in vitro culture with EBV-trans- 
formed lymphoblastoid cell lines (LCLs) was effective in 2 of 3 HSCT 
recipients with established EBV-LPD without causing GVHD.® One 
patient had progressive LPD with a mutation in the EBNA-3B gene 
that eliminated the region encoding the epitopes targeted by the CTL 
line.“ To diminish the probability of escape variants, subsequent studies 
administered donor EBV-specific T-cell lines prophylactically to a cohort 
of patients at risk for EBV-LPD after T-cell-depleted allogeneic HSCT.” 
No GVHD was observed, and there were no cases of LPD, although this 
was expected to occur in 14 percent of the patients.” A 9-year followup 
report summarized the results in a total of 114 HSCT recipients, 101 
of which safely received prophylactic infusions of EBV-specific CT Ls.* 
None of the 101 patients progressed to EBV-LPD and 11 of 13 patients 
with LPD achieved sustained complete remissions.® Thus, transfer of 
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EBV-specific T cells safely reconstituted immunity, mediated antiviral 
activity, and protected the majority of patients from EBV-LPD. 


MULTISPECIFIC T-CELL THERAPY OF VIRAL 
INFECTIONS 


Severe infections with a broad array of viruses remain a serious problem 
for immunocompromised patients.*>”® In addition to CMV and EBV, 
infections with adenovirus, BK virus, human herpes virus-6 (HHV-6), 
herpes simplex virus (HSV), and/or varicella-zoster virus can pose a 
serious problem. Antiviral drugs may benefit a subset of patients, but 
the effects are often limited and accompanied by toxicities.” There is 
inferential evidence that restoration of T-cell immunity is also criti- 
cal for protection against these infections, suggesting that multivirus- 
specific T-cell products would have greater utility.” EBV-LCLs that 
had been transfected with a recombinant adenovirus that encoded 
CMVpp65 were used to stimulate donor-derived PBMC and simultane- 
ously expand T cells specific for adenovirus, CMV, and EBV.” The 
infusion of such multispecific T cells into HSCT recipients augmented 
T-cell responses to all three viruses and promoted virus clearance. These 
initial reports of adoptive T-cell therapy with “broad-spectrum” T cells 
to treat the multiplicity of distinct viral infections that may complicate 
the clinical outcome of HSCT are encouraging. Studies have further 
extended this work and demonstrated the feasibility and clinical utility 
of rapidly generated T-cell lines that recognize 12 immunogenic anti- 
gens from five viruses, including CMV, EBV, adenovirus, BK virus, and 
HHV-6. Adoptive transfer of these T cells to 11 allogeneic transplant 
recipients produced a greater than 90 percent sustained virologic and 
clinical response.” 


@ ADOPTIVE CELLULAR THERAPY 
OF MALIGNANCY 


There is evidence from murine models that the host immune system 
has a dynamic relationship with a developing tumor and can recognize, 
control, and even eliminate cancer.” Immunogenic proteins in human 
tumors have now been identified by screening of tumor complementary 
DNA (cDNA) libraries with tumor-specific T cells isolated from the 
blood or tumor environment,’ or by screening of patient sera for anti- 
body responses to tumor-associated proteins.” Distinct categories of 
tumor antigens have been uncovered, and several are being investigated 
as targets for T-cell therapy or vaccination (Table 26-1). However, the 
clinical translation of adoptive T-cell therapy and other immunothera- 
peutic modalities for human cancers has proven to be more challeng- 
ing than for opportunistic viral infections. This reflects many issues, 
including the difficulty isolating highly avid tumor-specific T cells 
from cancer patients, and evasion mechanisms that tumors employ to 
avoid immune elimination including the local recruitment of regula- 
tory T cells (T o) or myeloid-derived suppressor cells, loss of antigen or 
HLA expression, and expression or secretion of inhibitory molecules or 
cytokines.** Additionally, a problem distinct from the results of T-cell 
therapy for viruses is that transferred tumor-reactive T cells persisted 
only transiently in most early clinical trials, even if high-dose interleu- 
kin (IL)-2 was given to support their survival." 

The development of immune cell therapy for malignancy has 
focused on melanoma because target antigens have been identified 
and this tumor has responded to nonspecific immune therapy with 
IL-2, and on amplifying the graft-versus-leukemia (GVL) effect after 
allogeneic HSCT because of the evidence that donor T cells mediate 
tumor eradication in this setting.” The ability to engineer T cells 
to have tumor specificity by introducing TCR genes that recognize 


TABLE 26-1. Categories of Tumor Antigens 


A. Classes of antigens for MHC-restricted T cells 


Antigens arising from mutations or gene rearrangements (e.g., 
CDK-4, BCR/ABL) 


Tissue-specific differentiation antigens (e.g., Tyrosinase, gp 100) 
Cancer-testes antigens (e.g., MAGE-1, NY-ESO-1) 

Nonmutated overexpressed self-proteins (e.g., Her2/neu, WT-1) 
Oncofetal antigens (e.g., CEA) 


Viral proteins in virus associated malignancies (e.g., HPV E6 and 
E7, EBV LMP-1) 


B. Classes of tumor cell surface molecules for chimeric antigen 
receptor-modified T cells 


e B-cell differentiation molecules (e.g.,CD19, CD20, CD22) 

e Myeloid differentiation molecules (e.g.,CD123) 

+ Adhesion molecules (e.g., CD44v6, GD2, L1 CAM, mesothelin) 
+ Oncofetal antigens (e.g., ROR1) 

+ Signaling molecules (e.g., Her-2) 

+ Hypoxia induced (e.g., CAIX) 


tumor-associated antigens,” or chimeric antigen receptor (CAR) 
genes that encodes a single chain mAb domain linked to the CD3¢ 
chain of the TCR, and confers recognition of a tumor-associated, cell- 
surface molecule, is facilitating the broader application of T-cell ther- 
apy for both human hematologic malignancies and common epithelial 
cancers.°**” 


CELLULAR THERAPY OF MELANOMA 


Early studies demonstrated that the adoptive transfer of autolo- 
gous polyclonal tumor-infiltrating lymphocytes (TILs), isolated and 
expanded from resected melanoma specimens, combined with the 
administration of high-dose IL-2 resulted in a 31 percent response 
rate in patients with advanced melanoma.” Most of the responses 
were transient, but these results validated the potential to eradicate a 
human solid tumor with immunotherapy. These results also encour- 
aged efforts to define the antigens recognized by TILs in responding 
patients, and to refine the approaches to augmenting T-cell responses 
to tumor antigens. 


Target Antigens for Melanoma-Specific T Cells 

Melanoma has served as a model for the discovery of human tumor anti- 
gens because T cells specific for melanoma cells can often be detected 
in the blood or the tumor microenvironment. A landmark in cancer 
immunotherapy was the identification by cDNA expression cloning of 
MAGE-1, which is a member of the cancer-testes antigen class of tumor 
associated antigens.” Several additional shared tumor/self-melanocyte 
differentiation antigens recognized by CD8+ and/or CD4+ T cells have 
been discovered, including differentiation proteins that function in nor- 
mal melanocyte physiology such as tyrosinase, gp100, and MART-1, 
and other cancer testis antigens such as NY-ESO-1.”*°?! Melanosome 
antigens are also expressed in normal tissues (skin, retina), and toxicity 
because of autoimmunity is a concern. Mutated proteins that arise as 
a consequence of the genetic instability of tumors are being identified 
as critical targets of immune recognition, and these offer the greatest 
promise for selectively targeting tumor cells without recognition of nor- 
mal cells.’ 


Techniques for Isolation and Adoptive Transfer of 
Melanoma-Specific T Cells 

The adoptive transfer of tumor-specific T-cell clones or oligoclonal pop- 
ulations of T cells expanded ex vivo can, in principle, allow control over 
the magnitude and function of the tumor-reactive T-cell response in 
the patient. If the tumor is easily accessible, tumor-reactive T cells can 
sometimes be isolated directly from the tumor biopsies by culture in 
high-dose IL-2. Melanoma-reactive T cells can also be isolated using 
autologous dendritic cells pulsed with synthetic peptide antigen, but 
this approach can enrich low-avidity T cells that have a limited capacity 
to persist and function in vivo.' 

Initial clinical trials of T-cell therapy for melanoma employed 
CD8+ T-cell clones specific for MART-1 or gp100; or clonal or polyclonal 
melanoma-reactive T cells derived and expanded from TILs.**1"! The 
transferred T-cell clones given with low-dose IL-2 mediated transient 
antitumor activity in some patients with advanced disease, but did not 
persist for long term.“ The response rate was higher in patients treated 
with polyclonal TILs and high-dose IL-2.’ T-cell persistence was highly 
variable and only rarely sustained despite the infusion of large T-cell 
numbers (up to 10'').**'" The inability of T cells to persist in vivo could 
reflect an inadequate antigen-specific CD4+ Th response, terminal dif- 
ferentiation of T cells during expansion, activation-induced T-cell death 
at the tumor site, or cell death as a consequence of IL-2 withdrawal.**! 

A major advance in the field was the demonstration that the 
transferred human T-cell persistence and therapeutic efficacy could 
be improved by pretreatment of the patient with a lymphodepleting 
regimen containing cyclophosphamide and fludarabine.'’”’* In these 
studies, high-dose IL-2 was administered daily after TIL transfer until 
toxicity required it be discontinued. A subset of the patients achieved 
prolonged high-level engraftment of one or a few tumor-reactive CD8+ 
T-cell clonotypes present in the infused polyclonal T-cell product.!”-1!° 
In a followup analysis of a large cohort of patients, the overall and com- 
plete response rates were approximately 50 percent and 20 percent, 
respectively." The antitumor activity correlated with the persis- 
tence of high levels of transferred tumor-reactive CD8+ T cells. Several 
mechanisms make the lymphopenic environment favorable for T-cell 
transfer, including less competition for homeostatic cytokines such as 
IL-15 and IL-7 that promote lymphocyte survival, ">"! and the elim- 
ination of CD4+CD25+ Teg cells."* Studies in murine models have 
confirmed that severe lymphodepletion can be exploited to improve the 
antitumor efficacy of the transferred T cells." The addition of 2 Gy or 
12 Gy of total-body irradiation to the lymphodepleting treatment with 
cyclophosphamide and fludarabine before TIL transfer increased the 
response rate to 52 percent and 72 percent, respectively. The results 
of TIL therapy in a metastatic tumor that is unresponsive to conven- 
tional therapy were achieved with moderate toxicity, demonstrating the 
encouraging potential of this therapy. 

Studies of the mechanisms of tumor eradication in melanoma 
are providing insights for treatment of other cancers with T-cell ther- 
apy. Exome sequencing of melanoma has shown that the frequency of 
mutational events is high,'*''”” and detailed analysis of the specificity 
of TILs showed that in addition to T cells specific for shared tumor/ 
self-melanocyte differentiation antigens," such mutated gene prod- 
ucts encoded neoepitopes that were often targets of immune recogni- 
tion. >81 The identification of neoepitope T cells in nonmelanoma 
cancers is of considerable interest because mutations in other tumors 
may be similarly targeted. In one example, TIL therapy was used to 
successfully treat a patient with metastatic cholangiocarcinoma.’” 
Whole-exome sequencing of the tumor identified a mutation within the 
erbb2 interacting protein (ERBB2IP) that was recognized by a subset of 
CD4+ T cells in the TIL product. Treatment with a greater than 95 per- 
cent pure population of mutation-reactive T cells resulted in dramatic 


Chapter 26: Immune Cell Therapy 


and durable tumor regression in this patient.” These results illustrate 
the potential of patient specific T-cell therapy targeting immunogenic 
mutations present in their tumor and highlight the need to apply 
advanced genomic technologies to the discovery of targets for immune 
therapy in cancer. 10820 

Collectively, significant progress has been made in cellular ther- 
apy for melanoma, but additional studies are necessary to define the 
optimal and safest regimens for adoptive therapy with tumor-reactive 
T cells. Advances in our understanding of the role of individual cytok- 
ines in T-cell survival in vitro and in vivo, or the regulation of T-cell 
activation and homeostasis will provide new opportunities for improv- 
ing the persistence of in vitro expanded T cells after transfer, perhaps 
obviating use of toxic chemoradiotherapy to deplete lymphocytes 
before T-cell infusions. Most of the initial efforts have focused on the 
CD8+ T-cell response to tumor antigens, but newer data highlights the 
potential of tumor-specific CD4+ T cells. Combining T-cell therapy 
with targeted depletion of Tig checkpoint inhibitors, and vaccines is 
also under investigation, and may help overcome mechanisms by which 
tumors evade elimination by limiting the quantity and quality of the 
host response. 


CELLULAR THERAPY OF LEUKEMIA 


Allogeneic donor T cells contained in or derived from the stem cell 
graft can mount a GVL effect that can contribute to the eradication 
of hematologic cancers, including leukemia.” This is underscored by 
studies on the antitumor effects of infusions of unselected donor lym- 
phocytes (DLI) given to patients who relapse after allogeneic HSCT. 
DLI can have potent antitumor effects in patients with relapsed chronic 
myeloid leukemia, but has been less effective in acute leukemias, and 
often complicated by the development of acute and chronic GVHD.” 
The identification of leukemia-associated antigens that can be targeted 
to selectively promote a GVL effect without causing GVHD remains an 
important goal.” 


Target Antigens for Leukemia-Specific T Cells 

GVHD and GVLeffects usually coexist, but a GVL effect can be observed 
after HSCT in the absence of GVHD.” Thus, it is presumed there are 
antigens that are expressed by leukemia cells that can be targeted by 
allogeneic T cells. Several categories of such antigens have been identi- 
fied. These include (1) minor histocompatibility antigens (mHAgs) that 
are selectively expressed in hematopoietic cells including leukemic cells, 
(2) tumor-specific proteins resulting from chromosome translocations 
or mutations, and (3) normal proteins that are overexpressed in leu- 
kemic cells. Proteins in the latter two classes could be targets both in 
the transplantation and nontransplantation setting, whereas mHAgs are 
only relevant after allogeneic HSCT. 


Minor Histocompatibility Antigens 

The increased potency of the GVL effect after allogeneic HSCT compared 
with syngeneic HSCT emphasizes the importance of disparity in major 
HLA and mHAgs for immune-mediated eradication of malignancy.” 
Class I and class II molecules on recipient T cells display mHAgs, which 
are peptides derived from proteins that differ between the donor and 
recipient as a result of genetic polymorphism.”'? In murine models, 
the adoptive transfer of T cells specific for a single mHAg eradicated 
leukemia without causing GVHD.™ In humans, donor T cells reac- 
tive with recipient mHAgs can be isolated after transplantation from 
most allogeneic HSCT recipients.’ Analysis of the specificity of such 
T-cell clones shows that many mHAgs are expressed preferentially in 
hematopoietic cells, including leukemic blasts, and might permit the 
separation of GVL from GVHD.” mHAg-specific CD8+ CTLs prevent 
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engraftment of human leukemia in nonobese diabetic/severe combined 
immunodeficiency mice, providing evidence that the leukemic stem cell 
can be recognized by allogeneic T cells." 

Most mHAgs result from nonsynonymous single nucleotide poly- 
morphisms (SNPs) in the coding sequence of donor and recipient genes 
that alter the HLA binding or TCR contact of HLA-bound peptides. 
There are several million SNPs with an allele frequency of greater than 
5 percent in the human genome, including approximately 50,000 SNPs 
that lead to amino acid changes in proteins." Identification of the poly- 
morphic genes that encode mHAgs is facilitated by the data on genetic 
variation from the human HapMap project, which has enabled the use 
of whole-genome association analysis for mHAg discovery in addition 
to conventional techniques for antigen discovery.” Identifying the 
subset of mHAgs that will be the most useful to target to augment the 
GVL effect requires consideration of several factors, including the allele 
frequency of the mHAg encoding gene, the HLA restricting allele that 
presents the mHAg, and the expression and presentation of the mHAg 
in leukemia cells and nonhematopoietic tissues.” Most mHAg discov- 
ery efforts have focused on CD8+ T cells, but CD4+ T cells are likely 
to play a key role either as direct effector cells in the GVL response, or to 
support the function and persistence of CD8+ T cells, and efforts to 
define class II MHC-restricted mHAgs remain an important area of 
investigation. 

Autosome-encoded mHAgs that could be targets for therapy of 
leukemia after allogeneic HSCT include HA-1 and HA-2, which are 
encoded by KIAA0023 and MY0O1G, respectively, and presented by 
HLA-A2; peptides encoded by BCL2A1, which encodes two mHAgs 
presented by HLA-A24 and HLA-B44, respectively; LRH-1, encoded 
by the P2X5 gene and presented by HLA-B7; SP110, which is derived 
by a novel peptide-splicing mechanism and presented by HLA-A3; and 
PANE-1, which is presented by HLA-A3 and selectively expressed on 
B-lymphoid malignancies.'**!” Additionally, the HLA-A2-restricted 
and hematopoietic-specific mHAg UTA2-1 has been described." 
Direct evidence for a role of these mHAgs in the GVL effect is pro- 
vided by studies using HLA-A/peptide tetramers to detect expansion of 
mHAg-reactive T cells in patients who responded to treatment with DLI 
for treatment of relapse following transplantation.'*""" 

There is also evidence for a role of Y-chromosome-encoded mHAgs 
in the GVL effect. Male recipients of allogeneic HSCT from female 
donors have a higher risk of GVHD but exhibit a lower risk of leuke- 
mia relapse than do other donor/recipient gender combinations, even 
after controlling for GVHD. Several H-Y antigens are ubiquitously 
expressed in tissues, providing an explanation for the increased GVHD. 
Identifying mHAgs encoded by the Y chromosome that are selectively 
expressed on leukemia cells has been more challenging. A UTY epitope 
presented by HLA-B8 is preferentially presented in hematopoietic cells 
including acute myeloid leukemia, but the gene is expressed in other 
tissues and it is not clear if targeting this antigen could avoid GVHD.™ 


Leukemia-Associated Proteins 

Leukemia-associated proteins that could be targets for cellular therapy 
have been identified.'”’ These include mutated proteins, such as p21/ 
Ras, or the products of chromosome translocations, such as BCR/ABL, 
and the promyelocytic leukemia-retinoic acid receptor « protein (PML- 
RARa), which can provide unique peptides that represent potential 
tumor-specific targets. "6 Nonpolymorphic proteins, such as protein- 
ase 3, Wilms tumor antigen-1 (WT-1), or cyclin Al, which are overex- 
pressed in some leukemias or the leukemic stem cells, also represent 
potential targets for T-cell therapy." T cells specific for WT-1, which 
is expressed at high levels in myeloid leukemias but at low levels in nor- 
mal hematopoietic cells, have been isolated from normal donors by in 
vitro stimulation of PBMCs with synthetic peptides." WT-1-specific 


CTL selectively lysed leukemic blasts and prevented engraftment of 
leukemia in immunodeficient mice, suggesting that these T cells may 
mediate an antileukemic effect without affecting normal hematopoie- 
sis in vivo. “®! Recent work has identified WT-1-specific T cells after 
HLA-identical sibling HSCT and correlated these cells with a GVL 
effect. In a recent pilot trial, 11 high-risk leukemia patients received 
infusions of WT-1-specific T cells.’ In four of these patients, the 
infused T cells were generated in the presence of IL-21, which mod- 
ulates the differentiation of T cells in culture. The transferred T cells 
exhibited evidence of leukemic activity, and CTL that were generated 
with IL-21 had superior antileukemic activity and survived long-term 
as memory T cells.'*° Additional study in a larger number of patients is 
needed, but these results offer a potential safe and effective treatment for 
patients with limited treatment options. 


GENETIC RETARGETING OF T CELLS 


Extending cellular therapy to patients from whom tumor-reactive T 
cells cannot be isolated and to other malignancies can be accomplished 
by using gene transfer approaches to retarget patient T cells to recog- 
nize tumor antigens (Fig. 26-3). Two approaches that have already been 
translated to the clinic are discussed below. The first is the use of retrovi- 
ral or lentiviral vectors to transfer of TCR a- and $-chain genes isolated 
from tumor-reactive T cells into T cells obtained from the patient, and 
the second is the expression of non-MHC-restricted synthetic CARs 
that target a tumor cell-surface molecule. 


Genetic Retargeting of T Cells with T-Cell Receptor Genes 

Antigen specificity is conferred by the TCR, therefore the transfer of 
TCR a- and f-chain genes from a T cell of defined specificity into any 
T cell, will transfer antigen recognition. This strategy can impart spec- 
ificity to viral antigens, tumor-associated antigens, or mHAgs,*>47"48 
and can confer potent tumor recognition. However, TCRs are MHC- 
restricted and a given TCR construct can only be used to treat patients 
with tumors expressing the target molecule and also express the MHC 
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Figure 26-3. Engineering tumor-reactive T cells by insertion of genes 
that encode tumor-specific T-cell receptors (TCRs) or chimeric antigen 
receptors (CARs). After isolation of T cells from the desired T-cell subset, 
the tumor targeting receptor is introduced in the T cells by gene trans- 
fer, and the engineered redirected T cells are expanded for reinfusion to 
the patient. 


restricting allele. Moreover, it can be difficult to achieve the same surface 
level of TCR expression in transduced T cells as observed in the parental 
T-cell clone from which the TCR genes were isolated. This problem was 
apparent in the first clinical trial in which MART-1 TCR-engineered T 
cells were used to treat melanoma and the low TCR expression likely 
contributed in part to the limited antitumor activity of the TCR-modified 
T cells.’ Another problem is that the TCR transfer endows T cells 
with additional rearranged TCR chains, leading to T cells that could 
potentially express four different TCR molecules on the cell surface: the 
natural endogenous TCR, the exogenously introduced TCR, and two 
mixed heterodimers consisting of endogenous and exogenous TCR 
chains. Such mismatched TCRs could result in potentially deleteri- 
ous self-reactive specificities.’ This problem can be mitigated by the 
introduction of cysteine residues into the extracellular constant region 
of the introduced « and f TCR chains to provide for disulfide bond for- 
mation’*+'» or by using murine constant domains in place of the human 
constant regions, both of which promote preferential pairing of the 
introduced chains. More recently, strategies to knock out or silence the 
endogenous TCR have been developed.'**' These modifications pro- 
vide for more stable pairing during assembly and export, and better 
competition for limiting components of the TCR complex. 

Strategies to enhance the potency of the TCR, such as by enhancing 
TCR affinity, may increase the risk of toxicity, particularly if self-antigens 
are targeted.'*”"'® In a clinical trial, autologous T cells were modified 
to express optimized high-affinity MART-1 or gp100 TCR transgenes 
and transferred to 36 melanoma patients. Nine of the patients exhibited 
clinical antitumor responses, but “on-target” toxicities to normal mela- 
nocytes in the skin, eye, and ear that required local glucocorticoid treat- 
ment were observed in a significant fraction of patients that received 
the high-avidity TCR.’ In a separate trial, autologous T cells modified 
to express a high-affinity TCR specific for the carcinoembryonic anti- 
gen (CEA) were transferred to three patients with colorectal cancer. The 
serum CEA levels decreased in all three patients and there was some 
regression of metastatic disease. However, the clinical trial was closed 
early when all three patients developed severe colitis, putatively from 
recognition of normal epithelial cells that express CEA."*' Toxicity was 
also observed in a study in which nine cancer patients were treated 
with autologous T cells modified to express an anti-MAGE-A3 TCR. 
Five patients experienced cancer regression, but three patients experi- 
enced serious and/or fatal neurologic toxicity. This occurred because 
of previously unrecognized expression of MAGE-A12, which encodes 
the identical epitope, in the human brain that resulted in neuronal cell 
destruction.'® Additional safety concerns of targeting MAGE-A3 using 
an affinity-enhanced TCR construct were identified after an unex- 
pected fatal cardiac toxicity. Detailed analysis showed cross-reactivity 
of the engineered MAGE-A3 TCR-modified T cells with a titin-derived 
peptide.!>*!° 

Such serious “on-target and off-target” toxicities of TCR gene 
transfer suggested that targeting antigens with restricted expression on 
tumor cells such as mutant epitopes or cancer testes antigens is pref- 
erable. NY-ESO-1 is expressed in many human cancers, but not in 
normal tissues, except testis. A TCR specific for an HLA-A2-restricted 
NY-ESO-1 epitope was used for the treatment of melanoma and syno- 
vial sarcoma." Toxicity was not observed, and encouraging results 
showed that the TCR-engineered T cells mediated objective responses 
in four of six patients with synovial cell carcinoma and five of 11 mela- 
noma patients. 


Genetic Retargeting of T Cells with Chimeric Antigen 
Receptors 

A notable advance in T-cell therapy has been the development of CARs 
that link recognition domains of antibodies to molecules involved in 
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Figure 26-4. Structure of a chimeric antigen receptor (CAR). The CAR 
is typically composed of a recognition module that is fused in tandem 
to nonsignaling extracellular and transmembrane domains and intracel- 
lular signaling elements. The recognition module, spacer domain, and 
signaling modules of the CAR can be modified to optimize tumor cell 
recognition and T-cell function. 


signaling T-cell effector function.**°*'°' CARs typically consist of 
a single-chain variable fragment (scFV) derived from the V,, and V, 
sequences of a mAb specific for a tumor cell-surface molecule, fused 
to a trans-membrane domain, as well as the CD3¢-signaling domain 
alone, or in combination with one or more costimulatory signaling 
modules, such as CD28,4-1BB, OX40, or CD27 (Fig. 26-4).94961618° 
CARs can be introduced into T cells by gene transfer to target surface 
molecules expressed on tumors. Unlike conventional TCRs, CARs are 
not MHC-restricted and have the advantage that a single construct can 
be used to treat all patients expressing the tumor antigen. 

A large number of CARs targeting a variety of molecules expressed 
on hematologic malignancies have been developed.” Examples for 
candidate targets for the treatment of hematologic malignancies include 
CD19, CD20,’ and the orphan tyrosine kinase receptor ROR1'??? 
expressed on B-cell lymphomas and leukemias; Lewis Y,'”? CD44v6,'" 
CD33 and/or CD123 expressed on acute myeloid leukemia’6®175-177; 
and NKG2D ligands'® or the B-cell maturation antigen (BCMA)’” 
expressed on myeloma. 

Efficient methods for T-cell activation, gene transfer, and expan- 
sion of T cells for therapy have been developed and the results of pilot 
clinical trials of T cells modified to express CARs specific for CD19, 
CD20, ERBB2, the disialoganglioside GD2, and mesothelin have been 
reported and provided evidence of in vivo antitumor activity.'*°1%” 
However, serious toxicity has also been observed including a fatal toxic- 
ity shortly after infusion of a single high dose of ERBB2-specific CAR-T 
cells that contained both CD28 and 4-1BB costimulatory domains, and 
was attributed to cytokine release and recognition of normal lung epi- 
thelium that expresses low amounts of ERBB2.'** Toxicity to normal tis- 
sues was also observed in patients receiving CAIX CAR-engineered T 
cells for the treatment of metastatic renal cell carcinoma.'*”'”° 

The most encouraging results with CAR-T cells have been obtained 
targeting the B-cell lineage-restricted CD19 molecule that is expressed 
on B-cell leukemias and lymphomas. Dramatic and durable remissions 
in patients with chronic lymphatic leukemia (CLL) and acute lymphatic 
leukemia (ALL) have been reported after infusion of autologous T cells 
transduced with CD19-specific CARs that contained either a CD28 
or a 4-1BB costimulatory domain.'*?!**9! In these studies, infused 
T cells were shown to expand in vivo, induce tumor lysis and a defi- 
ciency of normal CD19+ B cells, and persist long-term in some patients. 
The complete response rate appears to be higher in patients with ALL 
than those with CLL or lymphoma for reasons that have not been elu- 
cidated. Tumor regression is often associated with a cytokine release 
syndrome (CRS) initiated by activation of CAR-T cells in vivo, associ- 
ated with elevated levels of IFN-y, IL-6, and tumor necrosis factor, and 
resulting in high fever, hypotension, and neurologic abnormalities.'**""? 
CRS is more severe in patients with high tumor burden and can require 
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intensive supportive care, and treatment with glucocorticoids and/or 
anti IL-6 receptor antibodies. CAR-T cells often do not persist long 
term, although prolonged B-cell aplasia has been observed in a subset 
of patients. 

The finding that durable responses can be achieved in some 
patients with advanced B-cell malignancies illustrates the potency of 
CAR-T cells, and suggests that future work to define optimal design of 
the CD19 CAR constructs and to identify the optimal subset(s) of T 
cells to modify may further improve outcomes, particularly in CLL and 
lymphoma where response rates and durability are lower. The demon- 
stration of the superior engraftment properties of effector T (T,,) cells 
derived from T y would suggest that selection or enrichment of Toy 
prior to gene insertion may provide a superior T-cell product for adop- 
tive therapy.’ This hypothesis is being examined prospectively in 
clinical trials of CAR-T-cell therapy. Moreover, integrating T-cell ther- 
apy earlier after diagnosis or after autologous HSCT, in which marked 
tumor cytoreduction can be achieved by intensive conditioning, may 
further improve outcome and reduce the toxicity resulting from CAR- 
mediated tumor lysis. 

CAR-modified T cells also may have applications in the treatment 
of solid tumors. Candidate surface molecules on solid tumors that are 
being actively pursued as targets include GD2,'** mesothelin,'*” L1-cell 
adhesion molecule (L1ICAM),** ROR1,'”'7! prostate stem cell antigen,” 
folate receptor,’"° and the fibroblast activation protein.'” Significant 
antitumor activity without toxicity has been reported in patients with 
neuroblastoma treated with T cells modified with a first-generation 
GD2 CAR."** The persistence of the transferred cells was relatively short 
in that study, however, perhaps owing to the lack of costimulation in 
the CAR. GD2 is expressed on normal peripheral nerves, and on-target 
toxicity from a sustained T-cell response will need to be monitored if 
more potent CARs are being examined. Suitable animal models for 
preclinical toxicity studies are urgently needed and are being devel- 
oped.'”"' It will also be important to address the multiple evasion 
mechanisms that tumors employ to avoid immune elimination.” For 
example, the programmed death-1 (PD-1) receptor is a negative regula- 
tor of T; mechanisms that limits immune responses against cancer, and 
the combination of checkpoint blockade and T-cell therapy is of future 
interest.” 


Suicide Genes for Conditional Ablation 

The results of clinical trials of T-cell therapy have revealed toxicity to 
normal tissues in some patients. The introduction of a suicide gene into 
the T cells that could be activated if toxicity occurred has long been 
the subject of research. The HSV-thymidine kinase (HSV-TK) gene 
has been used in gene therapy trials in the clinic and was effective in 
reversing GVHD after DLI.” However, the viral thymidine kinase is 
immunogenic and can result in premature elimination of transferred T 
cells that do not cause toxicity.” Novel suicide genes based on induc- 
ing conditional cell death through activation of CD95 (Fas) or caspases 
using a chemical dimerizer such as AP1903 to activate an engineered 
chimeric human CD95 or caspase transgene product may circumvent 
the problem of immunogenicity." Recently, 10 patients undergo- 
ing haploidentical HSCT for relapsed acute leukemia were treated with 
donor T cells modified to express an inducible caspase9 gene (iCasp9). 
The iCasp9 T cells engrafted and conferred protection against infectious 
diseases. A subset of the patients developed GVHD. A single dose of the 
dimerizing drug, given to those patients who developed GVHD ablated 
more than 90 percent of the iCasp9-modified T cells rapidly and elim- 
inated the GVHD without recurrence or adverse events.” A trun- 
cated epidermal growth factor receptor (EGFR) marker/suicide gene 
that could be targeted in vivo using a clinical grade anti-EGFR antibody 


(Erbitux) has been developed, but its efficacy for ablating transferred T 
cells in patients has not been established. 


@ FUTURE DIRECTIONS IN T-CELL 
THERAPY 


The field of adoptive T-cell therapy is now emerging as a viable and 
effective therapeutic approach for treating human infections and cancer. 
Advances in the understanding of cell intrinsic properties of T-cell sub- 
sets, discovery of target antigens that distinguish tumor cells from nor- 
mal cells, and improvements in the methodology for introducing genes 
into T cells have combined to make it feasible to treat patients with cer- 
tain malignancies using highly effective T-cell products. Several chal- 
lenges remain. For most common human tumors, target antigens have 
not yet been defined, and tumor heterogeneity and other mechanisms 
that tumors use to evade T-cell recognition represent barriers to effec- 
tive therapy. Thus, additional research to identify and validate a larger 
number of target molecules for TCR- and CAR-recognition is essential 
to broaden therapeutic applications, and improve efficacy. Combination 
therapies with T cells and checkpoint inhibitors are promising for over- 
coming local and systemic evasion mechanisms that limit antitumor 
immunity. Finally, it would be ideal if expression of the tumor targeting 
receptors or the survival of transferred T cells were under regulatory 
control by small molecules that could be administered to the patient to 
reduce toxicity. 
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CHAPTER 27 
VACCINE THERAPY 


Katayoun Rezvani and Jeffrey J. Molldrem* 


Vaccines are biologic substances that are designed to stimulate the host 
immune system to elicit a neutralizing response against clinically relevant 
targets, including pathogens and tumors. Active immunotherapy with vac- 
cines has been extremely effective as prevention against infectious pathogens. 
However, effective vaccine therapy of chronic infectious diseases or cancer, 
in the therapeutic setting, remains a promising but largely unrealized goal. 
Hematologic malignancies are an excellent model system for vaccine thera- 
pies, in part because of accessibility to the hematopoietic and lymphatic space 
and susceptibility to immune effector mechanisms and availability of tumor 
cells for mechanistic studies. 


@ ADVANTAGES OF CANCER 
VACCINE THERAPY 


Immunity elicited by therapeutic cancer vaccines offers several advan- 
tages over passive immunotherapy using monoclonal antibodies. In 
active immune therapy, all components of the effector immune response 
are host derived without murine or xenogeneic components that could 
cause indirect toxicity. The lack of foreign components also allows the 
host response to be sustained. Also, if the vaccine contains more than 
a single determinant of the target antigen, the immune response could 
be broad in scope, recognizing more than a single epitope in the antigen 
(polyclonal). This feature might be of particular importance for cancer 
immunotherapy, as mutation of individual peptide epitopes is a possi- 
ble mechanism of immune evasion by tumors. In addition to inducing 
antibodies, which can recognize intact proteins on the surface of tumor 
cells, vaccines activate T cells that can recognize peptide fragments 
derived from proteins that may be endogenously processed and pre- 
sented on the surface of tumor cells. Such T cells have various effector 
mechanisms capable of neutralizing tumor cells, including lysis of the 
tumor cell by cell-to-cell contact and the local production of cytokines 
that might directly neutralize tumor cells (e.g., interferon-y). 


Acronyms and Abbreviations: cDNA, complementary DNA; CTLA-4, cytotoxic 
T-lymphocyte antigen-4; GM-CSF, granulocyte-monocyte colony-stimulating factor; 
HLA, human leukocyte antigen; IL, interleukin; KLH, keyhole limpet hemocyanin; 
PD-1, programmed cell death protein-1; PD-L, programmed death ligand. 


“This chapter was written by Sattva S. Neelpu and Larry W. Kwak in the eighth 
edition and portions of that text have been retained. 


@ COMPONENTS OF THERAPEUTIC 
CANCER VACCINES 


Most therapeutic cancer vaccines that are being tested in clinical tri- 
als have at least three components: antigenic material derived from 
the tumor, a carrier, and an adjuvant. The antigenic material is usually 
a protein or peptide derived from the tumor that is either uniquely 
expressed or is overexpressed in the tumor, compared with normal 
tissues. A unique tumor antigen or the overexpression of the antigen to 
prevent the tumor is necessary to prevent the induction of an unwanted 
autoimmune response against normal tissues following vaccination. 
The carrier is necessary for delivery of the tumor antigen to antigen- 
presenting cells, such as dendritic cells, so as to induce the immune 
response against the tumor antigen. The third component of a cancer 
vaccine, the adjuvant, is usually a cytokine or other nonspecific immune 
stimulant to facilitate an enhanced immune response against the tumor 
antigen. 


ANTIGEN DISCOVERY 


Both conventional and novel technologies used to define cancer- 
associated antigens, such as serologic analysis by recombinant expres- 
sion cloning (SEREX), serial analysis of gene expression (SAGE), screen- 
ing tumor complementary DNA (cDNA) libraries with tumor-reactive 
T cells, and characterization of peptides eluted from tumor-derived 
human leukocyte antigen (HLA) molecules, have resulted in a rapidly 
growing list of candidate tumor antigens for various hematologic malig- 
nancies (Table 27-1). The majority of these candidate antigens have 
been identified since 1998. Furthermore, the application of genomic 
and proteomic techniques, combined with the feasibility of isolating 
sufficient quantities of clonogenic tumor cells from individual patients, 
should identify additional targets that are differentially expressed in 
tumors as compared with normal tissues. 

Desirable characteristics for candidate target antigens for immune 
therapy include antigens that are selectively or aberrantly expressed by 
the tumor or that are required to maintain the malignant cell phenotype 
or cell survival. Even though the adaptive immune response is com- 
prised of both humoral and cellular components, most efforts at tumor 
vaccination have focused on eliciting T-cell responses because of their 
central role in regulating and mediating the overall adaptive response 
(Chap. 76). Host T-cell recognition of such antigens requires that they 
are naturally processed and presented by tumor cells into peptides that 
bind host HLA molecules. Optimally, the candidate antigen should 
contain both CD4+ and CD8+ T-cell epitopes. Antigens recognized 
by humoral immune responses must be expressed on the tumor cell 
surface, and the relevant epitopes must be accessible to antibody mol- 
ecules. Immunogenic tumor antigens should provoke a strong effector 
response and not induce tolerance. 

Vaccine therapy does not necessarily require a completely defined 
tumor antigen. Vaccines can consist of whole tumor cells or subcellu- 
lar components containing putative antigens. For example, autologous 
tumor cells engineered to overexpress cytokines such as granulocyte- 
macrophage colony-stimulating factor (GM-CSF), or activated 
ex vivo by CD40 receptor engagement,’ can be effective at inducing 
tumor-specific T cells with as yet undefined antigen specificity. Simi- 
larly, transfer of the gene encoding CD40-ligand into chronic lym- 
phocytic leukemia cells induced CD4+ and CD8+ T-cell responses in 
human patients." Vaccination with membrane proteins extracted from 
tumor cells and incorporated into liposomes along with interleukin 
(IL)-2 is another strategy that is in clinical testing.” 
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TABLE 27-1. Examples of Candidate Human Tumor 
Antigens for Hematologic Cancers 


Antigen Reference 
Minor histocompatibility 1 
antigens (HA-1, HA-2) 

Proteinase-3 2 
Wilms tumor antigen-1 

B-cell receptor (immunoglobulin 4 
idiotype) 

Anaplastic lymphoma kinase 

Sperm protein 17 

Sperm protein associated with the 

nucleus on X chromosome (SPAN-X) 

CML-66 8 
Survivin 9 
HM1.24 10 
Immature laminin receptor protein 11 
BCR-ABL fusion protein 12 
Aurora kinase 13 
Fibromodulin 14 


VACCINE DELIVERY 


Effective delivery of the target antigen to the immune system is critical 
for the successful induction of immunity. For most tumor antigens, this 
is a daunting challenge, as most antigens (with the exception of viral 
antigens associated with cancers) are weakly immunogenic, self, or 
tissue-differentiation antigens. 

Many vaccine-delivery strategies use dendritic cells. These key 
antigen-presenting cells are principally responsible for initiating a host 
immune response.” The cells, represented in minute quantities, have 
the powerful capacity to take up antigens, and once activated, to present 
processed peptides to T cells. Accordingly, optimizing the delivery of 
tumor antigens to specialized antigen-presenting cells is critical. Such 
efforts have included isolation of dendritic cells from blood, followed 
by physical loading with protein or peptide antigens, or introducing the 
genes for candidate antigens by transfection with cDNA or messenger 
RNA, or by fusion with whole tumor cells. Loaded dendritic cells have 
been administered to patients as vaccines.” 

An alternative strategy is to target the delivery of antigens to den- 
dritic cells in vivo. Traditional approaches focused on attempts to make the 
antigen look foreign to the host immune system; for example, by chemi- 
cal linkage to larger, highly immunogenic proteins (carriers) or incorpo- 
ration into liposomes. Rational approaches to increase the efficiency of 
antigen delivery to dendritic cells have included genetic fusion of the gene 
encoding the antigen to one encoding biologically active molecules that 
has the ability to target cell-surface receptors on antigen-presenting cells. 
Such targeting molecules have included cytokines, chemokines, antibody 
Fc or Fab fragments, transferrin, CD40, and mannose, which serve as lig- 
ands for specific receptors on antigen-presenting cells.” Such molecular 
vaccines can be administered as naked DNA or as fusion proteins. Other 
promising approaches to target dendritic cells in vivo are represented by 
recombinant viral or bacterial vectors or virus-like particles.” 


IMMUNOSTIMULANTS TO ENHANCE 
VACCINE EFFICACY 


Traditionally, immunologic adjuvants, described by the late Charles 
Janeway as “immunology’s dirty little secret? such as alum and oil- 
in-water emulsions (e.g., incomplete Freund adjuvant), provide a physical 
depot for slow release of antigen. Adjuvants also serve as general immune 
stimulants by providing a danger signal to activate antigen-presenting 
cells. This feature describes classical adjuvant components, such as bacte- 
rial cell wall extracts, as well as unmethylated CpG DNA sequences, which 
deliver maturation signals to dendritic cells through toll-like receptors 
(Chap. 20).” The incorporation of either recombinant cytokines or their 
genes into vaccine formulations may increase vaccine potency by broadly 
enhancing the function of either antigen-presenting cells or T cells. 
Consequently, cytokines, such as interferon-y, IL-2, and IL-15, may be 
useful as components of vaccines.” Such cytokines also can help direct 
the type of immune response elicited. For example, IL-12 elicits primar- 
ily T-helper (Th) type 1 cell responses, whereas the inclusion of IL-4 
or IL-10 generally induces predominantly Th2 cell responses (Chap. 
76). Some cytokines, such as GM-CSF, which can induce dendritic cell 
differentiation, can also function as an adjuvant by recruiting antigen- 
presenting cells to local vaccination sites.” 


@ CLINICAL TRIAL DESIGN 


Cancer vaccine trials might not fit into the paradigm developed for 
chemotherapeutic agents, which have direct effects on tumor and nor- 
mal host cells. For example, studies in heavily pretreated patients with 
terminal disease might be inappropriate for vaccines, which generally 
require an intact host immune system. For this reason, even safety can- 
not be evaluated completely in patients who cannot make an immune 
response, because any toxicity will likely be indirect, resulting from 
the immune response elicited. In addition, animal models show that 
the immune system may be more effective at clearing minimal resid- 
ual disease than at clearing advanced tumor cell burdens. Accord- 
ingly, several late-stage clinical trials of cancer vaccines are testing this 
approach in the setting of clinical remission, after primary surgery or 
chemotherapy. 

Although conventional clinical trials generally test one exper- 
imental agent at a time, vaccine formulations may contain several 
components. The simultaneous optimization of multiple variables (e.g., 
vaccine and adjuvant dose and schedule, and routes of administration) 
in a single clinical study often requires the application of novel, more 
flexible clinical trial design.” 


ASSAYS OF VACCINE EFFICACY 


The development of surrogate measures of vaccine efficacy has potential 
value for answering the scientific question of whether it is even possi- 
ble to vaccinate human patients against a candidate antigen. Traditional 
assays of immune response, including simple lymphoproliferation and 
cytotoxicity assays, requiring prolonged periods of prior stimulation, 
are being replaced by quantitative assays that can measure effector func- 
tion of T cells directly sampled from blood (e.g., enzyme-linked immu- 
nospot assay) and by sensitive tetramer binding assays (Table 27—2).” In 
some cases, tetramer-binding assays have been combined with intracel- 
lular cytokine production to provide both quantitative and functional 
analyses of antigen-specific T cells.” An important aim of clinical trials 
is to determine which, if any, of these measures of immune response are 
valid surrogates for vaccine efficacy. 


TABLE 27-2. Monitoring of Human Immune Responses 


Type of Response 
CD4+T cells 


Representative Assay 


Cytokine induction 
Cytokine ELISPOT (IFN-y) 


Intracellular cytokine 


Proliferation 


CD8+T cells Cytotoxicity 


Limiting dilution analysis 


Tetramer 

Cytokine ELISPOT (IFN-y) 
Intracellular cytokine 
ELISA 

Flow cytometry 

ELISPOT 

Microarray 

Cytokine mRNA by RT-PCR 
T-cell spectratyping 


Antibody 


Multiple 


ELISA, enzyme-linked immunoabsorbent assay; ELISPOT, enzyme- 
linked immunospot assay; IFN, interferon; mRNA, messenger RNA; 
RT-PCR, reverse transcriptase polymerase chain reaction. 


CLINICAL TRIALS OF PEPTIDE VACCINATION 
IN MYELOID LEUKEMIAS 


Peptide vaccines derived from primary granule proteins, including 
proteinase 3, the Wilms tumor 1 protein (WT1), and the fusion sequence of 
the BCR-ABL protein of chronic myelogenous leukemia, show promising 
results in early trials of patients with myeloid leukemias.” Both WT 1 and 
PRI vaccines (a 9 amino acid peptide derived from proteinase 3) induce 
peptide-specific cytotoxic CD8+ T cells, which are associated with a fall 
in WTI expression, and have induced complete and partial remissions in 
patients with myeloid leukemia who have relapsed. Other vaccines, such 
as BCR-ABL peptides and heat-shock protein 70 peptide complexes, have 
also been administered to patients with chronic myelogenous leukemia 
on conventional treatment with imatinib or interferon-a. Vaccination 
was associated with a reduction in BCR-ABL transcripts and cytogenetic 
or molecular responses in some patients.’ These preliminary trials show 
that peptide vaccines that target patients with myeloid malignancies are 
safe and can induce responses in a subset of patients. 


B-CELL ANTIGEN-RECEPTOR VACCINES AS 
SCIENTIFIC PROOF OF PRINCIPLE 


B cells are clonally restricted to express surface immunoglobulin recep- 
tors that have unique epitopes present in the antibody variable region 
termed idiotypes (Chap. 75). Idiotypes expressed by B-cell malig- 
nancies are clonally distributed and thus can serve as tumor-specific 
target antigen for specific immunotherapy. Idiotypes were initially val- 
idated as tumor-rejection antigens in mouse models of myeloma and 
lymphoma,*” and the first clinical trial testing this approach in human 
patients with lymphoma was reported in 1992.**34 Customized idiotype 
proteins were isolated by heterohybridoma fusion, conjugated chem- 
ically to keyhole limpet hemocyanin (KLH), which functioned as a 
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Figure 27-1. Granulocyte-monocyte colony-stimulating factor 
(GM-CSF) enhances lymphoma vaccine potency. Mice were vacci- 
nated subcutaneously with idiotype keyhole limpet hemocyanin (KLH) 
protein, together with or without various doses of GM-CSF and chal- 
lenged with a lethal dose of syngeneic lymphoma cells. The use of 
10,000 units of GM-CSF plus idiotype KLH conjugate on days 1 to 4 
(closed dots) resulted in a significantly longer survival after tumor chal- 
lenge than did idiotype KLH conjugate vaccination alone. 


carrier, and emulsified in a simple oil-in-water emulsion. These vaccines 
elicited predominantly antibody responses. 

Subsequently, guided by additional data from murine lymphoma 
models (Fig. 27-1), recombinant GM-CSF protein was substituted as 
the immunologic adjuvant. Soluble GM-CSE, initially mixed with the 
vaccine and then administered for three additional daily doses sub- 
cutaneously as close as possible to the original site of immunization, 
significantly enhanced vaccine potency, consistent with previous gene 
therapy studies.” The cellular mechanism of this effect required CD8+ 
and CD4+ T cells.” 

A phase II study was designed to test these vaccines in the setting 
of minimal residual disease, defined as first remission after chemother- 
apy in follicular lymphoma patients.’ Previously untreated patients first 
received treatment with uniform chemotherapy to achieve complete 
remission. After a 6-month break to allow for immune reconstitution, 
idiotype proteins conjugated with KLH plus GM-CSF vaccines were 
administered in five monthly doses. Surrogate assays for vaccine effi- 
cacy were developed that used autologous lymphoma cells as targets for 
both B- and T-cell responses. In 19 patients (86 percent), vaccination 
elicited CD8+ cytotoxic T-lymphocyte cells reactive with the lymphoma 
cell (Fig. 27-2). More than half of the patients remain in continuous first 
complete remission, even after a median followup of more than 7 years. 
A randomized, controlled phase III trial testing this vaccine formula- 
tion in follicular lymphoma patients in first remission was reported 
to improve disease-free survival as compared with controls, suggest- 
ing that therapeutic cancer vaccines could induce meaningful clinical 
benefit in cancer patients.” 


IMPEDIMENTS TO VACCINE THERAPY 


Despite the success of the idiotype vaccine phase III trial in follicular 
lymphoma, most other phase III trials of cancer vaccines have been dis- 
appointing and objective clinical response rates have been low. Potential 
reasons for the failure despite the high immunogenicity of vaccines* 
may be categorized into factors affecting the afferent or priming phase 
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Figure 27-2. T-cell-mediated lysis of human autologous lymphoma 
cells after vaccination with idiotype keyhole limpet hemocyanin (KLH) 
protein plus granulocyte-monocyte colony-stimulating factor (GM-CSF). 
Representative results are shown from six individual patients, desig- 
nated by unique patient number (UPN). (Adapted with permission from 
Bendandi M, Gocke CD, Kobrin CB, et al: Complete molecular remissions 
induced by patient-specific vaccination plus granulocyte-monocyte colony- 
stimulating factor against lymphoma. Nat Med 5(10):1171-1177, 1999.) 


of the immune response and factors influencing the efferent or effector 
phase of the immune response. For instance, during the afferent phase 
of the immune response, it is possible that the magnitude of the T-cell 
response or the avidity of the induced T-cells was not high enough fol- 
lowing vaccination. During the effector phase of the immune response, 
it is possible that the antitumor T-cells may not have trafficked to the 
tumor site or, if they trafficked, they may not have been able to over- 
come newly recognized immunosuppressive mechanisms present in 
the tumor microenvironment. Several immunosuppressive mech- 
anisms were shown to impair the function of tumor-specific effector 
T cells in the tumor microenvironment in several animal models and 
in some human cancers.” Important negative regulatory pathways 
that inhibit T-cell function include extrinsic suppression by regula- 
tory T-cells; direct inhibition through inhibitory ligands such as cyto- 
toxic T-lymphocyte antigen-4 (CTLA-4), programmed death-ligand 
(PD-L) 1, PD-L2, and B7-H4; soluble factors such as transforming 
growth factor p and IL-10; and metabolic dysregulation of essential 
amino acids such as tryptophan.” Therapeutic monoclonal antibodies 
such as ipilimumab and pembrolizumab that block the immune check- 
point pathways mediated by CTLA-4 and programmed cell death pro- 
tein-1 (PD-1), respectively, prevent downregulation of T-cell responses 
and enhance anti-tumor immunity” and are effective in the treatment 
of nonhematopoietic tumors. Such immune checkpoint inhibitors offer 
a novel therapeutic approach that might be highly relevant for hemato- 
poietic tumors. 


@ FUTURE DIRECTIONS 


Advances in understanding of immune tolerance and tumor-induced 
immunosuppression have now provided several novel agents to aug- 
ment both the afferent and efferent phases of the immune responses 
in combination strategies with therapeutic vaccines. It is, therefore, an 
appropriate time to consider the best way in which leukemia vaccines 
might be incorporated into the overall treatment strategy for that cancer. 


One strategy is to vaccinate patients after chemotherapy, when a state 
of minimal residual disease has been achieved. Moreover, lymphope- 
nia induced by chemotherapy can also enhance antitumor immunity by 
promoting expansion of vaccine-induced effector T cells and minimiz- 
ing tumor-induced immune suppression.” In this setting, the profound 
lymphopenia from chemotherapy results in release of cytokines, such as 
IL-15, providing a powerful proliferative drive to lymphocytes, which 
could be exploited to increase specific lymphocyte responses to the 
vaccine. Moreover, this strategy can eradicate cells that suppress antitu- 
mor responses such as regulatory T cells, and may overcome inherent 
defects in T-cell signaling, processing, or presentation.* In addition, 
the afferent phase of the immune response could be enhanced by using 
more potent vaccines with novel adjuvants such as toll-like receptor 
ligands, or by vaccinating donors of transplant recipients who have a 
healthy immune system as opposed to patients who may be immuno- 
compromised either from the cancer or from therapy.“ Alternatively, 
vaccines could be used in combination with agents that inhibit immu- 
nosuppressive mechanisms, such as immune checkpoint receptors/lig- 
ands” and/or deplete regulatory T cells, to augment the afferent and/ 
or effector phase of the immune response. The use of these agents in 
combination with therapeutic cancer vaccines may lead to enhanced 
antitumor immunity and improved clinical outcome. 
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CHAPTER 28 
THERAPEUTIC APHERESIS: 
INDICATIONS, EFFICACY, 
AND COMPLICATIONS 


Robert Weinstein 


Therapeutic apheresis refers to several blood processing methods that are used 
in the treatment of diverse clinical conditions. In most cases, the disorders so 
treated are characterized by a specific qualitative or quantitative abnormality 
of the blood. In hematologic practice, apheresis procedures are used to mit- 
igate hyperviscosity in monoclonal protein disorders or remove pathologic 
autoantibodies and replete important plasma proteins. Red cell apheresis is 
used to improve the ratio of normal to abnormal red cells in hemoglobinopa- 
thies and protozoan disease, and to remove excess red cells, red cell-associated 
toxins, or excess iron from the body. Leukocyte apheresis is used to reduce the 
circulating blast count in acute leukemias with hyperleukocytosis and plate- 
let apheresis is used to lower a very elevated platelet count in patients with 
myeloproliferative neoplasms. Photopheresis is used in the treatment of cuta- 
neous T-cell lymphoma and chronic graft-versus-host disease. Adverse effects 
of apheresis with current technologies are typically mild and, usually, do not 
prevent completion of therapy. 


@ DEFINITION AND HISTORY 


The term apheresis emerged in 1914 when John J. Abel, of the Johns 
Hopkins University Pharmacological Laboratory, demonstrated how 
large quantities of plasma could be removed from dogs by a process 
he called “plasmapheresis” (from the Greek apairesos or Roman apha- 
eresis, meaning take away by force).' The treatment, by manual plas- 
mapheresis, of hyperviscosity syndrome in patients with Waldenstrom 
macroglobulinemia during the 1950s supported the concept that a 
disease state causally related to a substance in the plasma can be effec- 
tively treated by removal of plasma.*’ Today, a number of automated 
apheresis, or blood processing, techniques are used in the treatment of 
a growing list of clinical disorders. The American Society for Apheresis 


Abbreviations and Acronyms: ADAMTS-13, von Willebrand factor cleaving 
metalloprotease; ARDS, acute respiratory distress syndrome; ASFA, 
American Society for Apheresis; CDC, United States Centers for Disease 
Control and Prevention; ECP, extracorporeal photochemotherapy; FCR, frac- 
tion of cells remaining; GRADE, Grading of Recommendations Assessment, 
Development and Evaluation; HUS, hemolytic uremic syndrome; MHC, major 
histocompatibility complex; 8-MOP, 8-methoxypsoralen; PUVA, psoralen 
plus ultraviolet A; TPE, therapeutic plasma exchange; TTP, thrombotic throm- 
bocytopenic purpura; UVA, ultraviolet A light; VR, volume of red blood cells 
to be removed. 


(ASFA) categorizes the indications for apheresis (Table 28-1) accord- 
ing to where apheresis fits into the management strategy for the condi- 
tion under consideration.* In addition, ASFA evaluates the individual 
indications (clinical entities) and issues recommendations regarding 
the use of apheresis in their treatment according to the GRADE (Grad- 
ing of Recommendations Assessment, Development and Evaluation) 
system.** Table 28-2 lists the covered indications most relevant to the 
practice of hematology. This chapter considers the various apheresis 
approaches to hematologic disorders. 


@ THERAPEUTIC PLASMA EXCHANGE 


Therapeutic plasma exchange (TPE) is the most commonly performed 
therapeutic apheresis procedure in the United States and Medicare 
claims for TPE have doubled over the past 10 years.° The term plasma- 
pheresis refers to the removal of plasma from the circulation by manual 
or automated methods; the term plasma exchange refers to a therapeutic 
procedure in which plasmapheresis is combined with replacement of 
the removed plasma by a substitute colloid fluid, most commonly a mix- 
ture of 5 percent human serum albumin and 0.9 percent saline.*” The 
efficient extraction of the plasma from whole blood, and its replacement 
with a substitute colloid fluid, is predicated on the hypothesis that the 
plasma substance targeted for removal (usually an immunoglobulin or 
other large molecule) does not escape to the extracellular space dur- 
ing the time it takes to perform the plasma exchange procedure.’ This 
hypothesis underlies the “one compartment model” that forms the basis 
for our understanding of the physiology of plasma exchange and the 
depletion of plasma constituents (Fig. 28-1). 

If the “one compartment model” applies, then the intravascular 
mass of a substance to be removed is a function of its concentration in 
the plasma (y) and the patient’s plasma volume. Its clearance from the 
plasma by plasmapheresis depends on the fraction of that plasma vol- 
ume that is removed per unit of time during the exchange. The fraction 
of the targeted substance remaining in the intravascular space at any 
time (t) during the exchange procedure can be expressed as 


Y, = Yoe* 

where y, is the concentration of targeted substance remaining in the 
intravascular space at time t, y, is the concentration of targeted substance 
at the start of the procedure (time zero), e is the natural logarithm base 
(a constant valued at approximately 2.718282) and x represents multiples 
of the patients plasma volume processed by time t. Figure 28-2 is a plot 
based on this formula that generates an asymptotic curve that predicts 
the disappearance of the intravascular target substance as a function of 
plasma volumes processed (i.e., multiples of the patient’s plasma volume). 
The curve is initially steep, and the processing of one plasma volume 
removes approximately two-thirds of the substance of interest. Process- 
ing of another half plasma volume lowers the remaining substance of 
interest to approximately 22 percent of its initial level in the blood. But 
the curve then rapidly flattens, with much less removal of the substance 
of interest per volume of plasma processed. Thus the “sweet spot” for 
plasma exchange procedures is the processing of between 1.0 and 
1.5 plasma volumes.’ The “one compartment model” is particularly rel- 
evant to the removal of large molecules, such as immunoglobulins, that 
have a predictable rate of synthesis and volume of distribution within 
the intravascular space. Smaller molecules, that are synthesized and/or 
metabolized in a less-predictable fashion, or are distributed within total 
body water, are less predictably removed according to the model.’ 

As shown in Table 28-2, most indications for plasma exchange 
in hematologic disorders are weakly recommended based on low- 
quality evidence. These indications are reviewed in detail elsewhere.*” 
The discussion herein is restricted to situations where plasma exchange 
has an important impact on hematologic practice. 
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TABLE 28-1. Indication Categories for Therapeutic 


Apheresis According to the American Society for Apheresis 


Category Definition of Category 

l Apheresis is an accepted first-line therapy for these 
disorders. 

Il Apheresis is an accepted second-line therapy for 
these disorders. 

Ill Individualize decision making. The optimal role of 
apheresis has not been conclusively determined in 
these disorders. 

IV Published evidence indicates that apheresis is 


ineffective or harmful in these disorders. Seek 
institutional review board approval if apheresis is 
planned. 


Adapted with permission from Schwartz J, Winters JL, Padmanabhan 
A: et al: Guidelines on the use of therapeutic apheresis in clinical 
practice-evidence-based approach from the Writing Committee 
of the American Society for Apheresis: the sixth special issue. J Clin 
Apher 28(3):145-284, 2013. 


HYPERVISCOSITY INMONOCLONAL 
GAMMOPATHIES 


Hyperviscosity syndrome in the monoclonal gammopathies (Chaps. 106, 
107, and 109) is caused by impaired blood flow from an increase in vis- 
cosity of blood as a result of immunoglobulin-red cell interactions.'°"” 
It is most common in Waldenström macroglobulinemia because of the 
highly red-cell-aggregating properties of immunoglobulin (Ig) M and, 
less often, in IgG or IgA myeloma. = Symptoms typically emerge when 
serum viscosity rises above 4.0 relative viscosity units (normal being 1.4 
to 1.8). Although the relevant variable is blood viscosity, the mea- 
surement of serum viscosity is relatively simple and can be used as an 
indicator of risk of symptomatic hyperviscosity. Specific symptoms may 
include headache, dizziness, vertigo, nystagmus, hearing loss, visual 
impairment, somnolence or coma and seizures. In addition, conges- 
tive heart failure, impaired respiration, coagulation abnormalities, ane- 
mia or peripheral neuropathy may be seen.” Plasma exchange rapidly 
relieves symptoms of hyperviscosity by lowering the plasma content of 
the responsible paraprotein.**'°"” 

The relationship between monoclonal protein level and serum vis- 
cosity is nonlinear, therefore a relatively small (20 percent) decrease in 
plasma protein can affect a major change in viscosity.” This is note- 
worthy in that whereas the removal of plasma proteins during plasma 
exchange from patients without monoclonal proteinemia closely fol- 
lows the predictions of the “one compartment model” (i.e., y= yera 
removal of plasma proteins from patients with monoclonal proteinemia 
deviates from the model by as much as 50 percent (i.e., y, = y,e°™).'8 
The difference likely relates to the underestimated expansion in plasma 
volume that occurs in monoclonal proteinemias.” But despite this 
compromised removal of plasma protein, the nonlinear relationship 
between serum monoclonal protein level and serum viscosity results in 
plasma exchange remaining highly effective in alleviating clinical man- 
ifestations of hyperviscosity."® 


OTHER PLASMA PROTEIN-ASSOCIATED 
CONDITIONS 


Cryoglobulinemia 
Cryoglobulins are immunoglobulins or complexes of immunoglob- 
ulins that reversibly precipitate when exposed to temperatures below 


37°C. They can be isolated monoclonal immunoglobulins (type I), a 
mixture of immunoglobulins including a monoclonal component that 
exhibits antibody activity toward polyclonal IgG (type II) or mixed 
polyclonal immunoglobulins of one or more classes (type III). Whereas 
type I cryoglobulinemia is largely associated with lymphoproliferative 
disorders, and type II with chronic infections or autoimmune disor- 
ders, type II is almost always associated with infection with hepatitis 
C. Clinical sequelae may include purpura, arthralgia and arthritis, Ray- 
naud phenomenon, peripheral sensory or sensorimotor neuropathy, 
nephropathy, skin ulcers, or widespread vasculitis.” The removal of cryo- 
globulins by plasma exchange can be effective in treating the renal, vaso- 
motor, vasculitic, and neurologic manifestations of cryoglobulinemia,”™* 
but medical treatment of the underlying disorder with which the cryoglob- 
ulinemia is associated is also necessary for a persistent good result. 


Myeloma Cast Nephropathy 

Myeloma cast nephropathy (“myeloma kidney”) results from combina- 
tion of free light chains with Tamm-Horsfall mucoprotein in the distal 
nephron and the resultant precipitation of obstructing casts.” A number 
of early case reports and small clinical trials suggested that combining 
plasma exchange with chemotherapy improved the likelihood of recov- 
ering renal function in patients with myeloma and renal failure.***° The 
largest trial to date (104 participants) was unable to demonstrate a dif- 
ference in primary outcome based on the composite measure of death, 
dialysis dependence, or glomerular filtration rate below 30 mL/min/1.73 m? 
at 6 months.*' The effectiveness and rapidity of modern chemother- 
apy may have subsumed a salutary effect of plasma exchange.” Plasma 
exchange is not currently considered to be part of first-line treatment 
for myeloma with cast nephropathy, but may be a reasonable option 
when renal function does not rapidly improve with chemotherapy.* 


THROMBOTIC MICROANGIOPATHIES 


Idiopathic Thrombotic Thrombocytopenic Purpura 

Idiopathic thrombotic thrombocytopenic purpura (TTP) is a medical 
emergency that presents with microangiopathic hemolytic anemia and 
thrombocytopenia (Chap. 132). It is typically characterized by central 
nervous system, cardiac, renal, or other organ impairment as a result 
of microvascular obstruction by aggregates of platelets and von Wille- 
brand factor.**** It results from inadequate processing of ultralarge 
von Willebrand factor multimers by the enzyme ADAMTS-13.*°”* In 
acquired, idiopathic TTP, this enzymatic defect is caused by an autoan- 
tibody inhibitor of ADAMTS-13 that results in severe deficiency of the 
enzyme.*** An inherited, relapsing form of TTP results from mutations 
in the ADAMTS-13 gene.” TPE, using human plasma as the colloid 
exchange fluid, is the only therapy for TTP that has been demonstrated 
highly effective in a randomized clinical trial.** It has improved the 
survival rate of TTP from approximately 20 percent to upward of 
90 percent, but with a relapse rate over 30 percent.’ TPE should be ini- 
tiated for a patient who presents with unexplained microangiopathic 
hemolytic anemia and thrombocytopenia while awaiting the result of 
an assay for ADAMTS-13 level and activity.” Of note, hemolytic ure- 
mic syndrome (HUS), a thrombotic microangiopathy with acute olig- 
uric or anuric renal failure, is rarely associated with severe deficiency of 
ADAMTS-13. Shiga toxin-associated HUS does not respond to TPE; 
atypical HUS (i.e., with defects in regulation of the complement system) 
has shown only limited responses to TPE and is more appropriately 
treated with eculizumab.” 


Drug-Associated Thrombotic Microangiopathy 

Several drugs are implicated in thrombotic microangiopathies and a 
TTP-like syndrome (see Table 28-2). The two most common drugs 
reported to the FDA as associated with TTP are the antiplatelet 
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TABLE 28-2. Indications for Apheresis in Hematology: Indication Category Assignments and Recommendation 


Grades 
Grade? of 

Clinical Disorder Apheresis Procedure* Indication Category Recommendation 
Amyloidosis, systemic AE IV 2C 
Aplastic anemia or pure red cell aplasia TPE lll 2C 
Autoimmune hemolytic anemia (warm) RE ll 2C 
Babesiosis, severe RBC exchange l 1C 
Babesiosis, high-risk population Il 2€ 
Catastrophic antiphospholipid syndrome TPE Il 26 
Coagulation factor inhibitor 

Alloantibody TRE IV 2C 

Alloantibody IA ll 2B 

Autoantibody 1AE lll 2@ 

Autoantibody IA lll IC 
Cold agglutinin disease TPE II 2€ 
Cryoglobulinemia MRE l 2A 

IA Il 2B 

Cutaneous T-cell lymphoma; mycosis fungoides; Sézary ECP l 1B 
syndrome (erythrodermic) 
Erythrocytosis Erythrocytapheresis 

Primary (polycythemia vera) l 1B 

Secondary lll 1C 
Graft-versus-host disease, skin ECP 

Chronic Il 1B 

Acute ll 1C 
Graft-versus-host disease, nonskin (acute/chronic) lll 2C 
Hemopoietic stem cell transplant, ABO incompatible 

Major incompatibility, marrow TRE ll 1B 

Major incompatibility, apheresis TRE ll 2B 

Minor incompatibility, apheresis RBC exchange ll 2C 
Hemolytic uremic syndrome TPE 

Atypical 

Complement gene mutations Il 2C 

Factor H antibodies l 2€ 

MCP mutations IV 1C 
Infection-associated 

Shiga toxin associated IV 1€ 

Str. pneumonia-associated IIl 2C 
Heparin-induced thrombocytopenia MRE 

Precardiopulmonary bypass lll 2@ 

Thrombosis Hl 26 
Hereditary hemochromatosis Erythrocytapheresis l 1B 
Hyperleukocytosis (acute leukemia) Leukocytapheresis 

Leukostasis l 1B 

Prophylaxis Ill AC 
Hyperviscosity in monoclonal gammopathies TPE 

Symptomatic l 1B 

Prophylaxis for rituximab l IE 


(Continued) 
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TABLE 28-2. Indications for Apheresis in Hematology: Indication Category Assignments and Recommendation 


Grades (Continued) 


Grade* of 
Clinical Disorder Apheresis Procedure* Indication Category* Recommendation 
Immune thrombocytopenia (refractory) MRE IV 2C 
IA lll AC 
Myeloma cast nephropathy TPE II 2B 
Posttransfusion purpura TPE IIl 2€ 
Sickle cell disease RBC exchange 
Acute stroke | iG 
Acute chest syndrome II iE 
Multiorgan failure Ill 2C 
Preoperative management Ill 2A 
Priapism Ill 2C 
Sequestration syndrome (spleen, liver, cholestasis) [l 2G 
Stroke prophylaxis II 1C 
Vasoocclusive pain lll 2C 
Thrombocytosis Thrombocytapheresis 
Symptomatic Il 2C 
Prophylaxis (or secondary) Ill 2C 
Thrombotic microangiopathy TPE 
Hemopoietic stem cell transplant-related Ill 2C 
Drug associated | 1B 
Ticlopidine Ill 2B 
Clopidogrel Ill 26 
Calcineurin inhibitors IV AC 
Gemcitabine IV 26 
Quinine l 1A 


Thrombotic thrombocytopenic purpura 


*Apheresis procedures: ECP, extracorporeal photochemotherapy (photopheresis); IA, immunoadsorption apheresis; MCP, monocyte chemoat- 
tractant protein; Str., streptococcal. TPE, therapeutic plasma exchange. NOTE: Leukocytapheresis, erythrocytapheresis, thrombocytapheresis 
refer to removal of white cells, red cells or platelets respectively by apheresis. RBC (red blood cell) exchange refers to apheresis removal of red 
blood cells and simultaneous replacement of removed red cells with donor red blood cells. 


tIndication categories: see Table 28-1 for definitions. 


*Grade of recommendation: 1 = strong recommendation (i.e., “we recommend”); 2 = weak recommendation (i.e.,“we suggest”). A = recommenda- 
tion based on high-quality published evidence; B = based on moderate-quality published evidence; C = based on low-quality published evidence. 
Adapted with permission from Schwartz J, Winters JL, Padmanabhan A: et al: Guidelines on the use of therapeutic apheresis in clinical 
practice-evidence-based approach from the Writing Committee of the American Society for Apheresis: the sixth special issue. J Clin Apher 28(3): 
145-284, 2013. 


Figure 28-1. Illustration of the “one compartment model” depict- 
© A ing the interaction between intra- and extravascular compartments as 
0 Lymphatic return relates to plasma exchange. A soluble substance enters the intravascu- 


lar compartment at synthetic rate (S) and is removed at its fraction cat- 
abolic rate (FCR). Movement of the substance of interest between the 
intravascular and (larger) extravascular compartment takes place by the 
Š - mechanisms shown. The plasma exchange procedure only removes 

& al. A, soluble substances directly from the intravascular compartment. S, FCR, 
and the intracompartmental movement of soluble substances are in a 
balanced steady state and proceed much more slowly than the rate of 
plasma extraction by the apheresis instrument. Thus, for the purpose 
of the plasma exchange procedure, the intravascular compartment 
Transmembrane can be considered to be an isolated system which can be depleted of 

flow soluble substances by exchanging the plasma for a replacement fluid. 


Plasma exchange 
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Figure 28-2. Depletion of soluble substances from the intravascular 
compartment by plasma exchange according to the One Compart- 
ment Model. With each incremental volume of plasma removed (and 
replaced) from the intravascular compartment, a fixed proportion of 
the remaining intravascular content of a soluble substance of interest is 
removed. The processing of 1.0 plasma volume depletes the intravascu- 
lar substance of interest by approximately two thirds. Processing of the 
next half plasma volume furthers the depletion to almost 80 percent. 


thienopyridine derivatives ticlopidine and clopidogrel.“ Autoanti- 
bodies to ADAMTS-13 are seen in ticlopidine-associated TTP, and 
the contribution of TPE to the survivability of ticlopidine-associated 
TTP is similar to what is seen in acquired idiopathic TTP." Patients 
with clopidogrel-associated TTP do not appear to benefit from plasma 
exchange.“ 


ADVERSE EFFECTS OF THERAPEUTIC 
PLASMA EXCHANGE 


Two large studies identified adverse effects in 40 percent of patients 
but only 12 percent of plasma exchange procedures and in 49 percent 
of patients but only 17 percent of plasma exchange procedures, respec- 
tively.*** This indicates that although a plurality of patients may experi- 
ence an adverse effect during a course of plasma exchange, they will not 
necessarily experience them in every procedure during the prescribed 
course. In both studies, most adverse effects were classified as mild or 
moderate and did not prevent the successful completion of the pro- 
cedure. The majority of adverse effects consisted of muscle cramps or 
paresthesias, transient hypotension, mild nausea, or, in patients receiv- 
ing plasma as the colloid exchange fluid, fever, chills or urticaria. Muscle 
cramps, paresthesias, and mild nausea can be attributed to hypocalcemic 
toxicity that occurs when plasma ionized calcium decreases as a result 
of the rapid infusion of calcium-free pharmaceutical albumin and, in 
part, to the use of calcium chelating agents as anticoagulants in plasma 
exchange procedures.*** A large national survey reported similar find- 
ings but with a lower rate of adverse effects during plasma exchange 
(3.3 percent of procedures without plasma as the colloid replacement 
fluid, 7.8 percent of procedures with plasma as the colloid replacement 
fluid) because adverse effects that did not compromise the completion of 
the procedure were not included.“ Very few adverse effects are seen as 
caused by complications of peripheral venous access”; however, adverse 
effects of central venous access placement, although relatively rare, can 
be severe.” 


@RED CELL APHERESIS 


Red cell exchange refers to the removal of a patient's red cells in exchange 
for donor red cells. When red cells are removed for therapeutic pur- 
poses, but not replaced with donor red cells, the process is referred to as 
erythrocytapheresis. Red cell exchange is employed in settings where a 
clinical disorder is caused by an abnormality (inherited or acquired) of 
the patient’s red blood cells, and erythrocytapheresis may be employed 
in situations characterized by an untoward elevation in circulating red 
cell volume or in iron-overload states. 


RED CELL EXCHANGE 


Therapeutic red cell exchange can be performed manually (ie., 
“exchange transfusion”) or by apheresis using automated programma- 
ble blood-processing equipment.*-*' This discussion focuses on auto- 
mated red cell exchange. The programming functions of automated 
apheresis instruments are used to determine the parameters of red cell 
exchange procedures. Data that include the patient’s gender, height, 
and weight are used to calculate the patient's total blood volume.” 
Also programmed into the machine are the patient’s starting hema- 
tocrit, the desired ending hematocrit, the average hematocrit of the 
replacement red cell units, and the desired fluid balance (typically 100 
percent). The desired fraction of the patient’s own red cells remaining 
in the circulation at the end of the procedure (fraction of cells remain- 
ing [FCR]) is also programmed into the instrument. The instrument's 
computer can thus determine how many units of red cells are to be 
used to obtain the desired hematocrit and FCR. The desired FCR is 
calculated based on the therapeutic end point targets of the red cell 
exchange procedure? >: 


FCR (as %) = 100 


starting hematocrit desired end point parameter ) 
x 


desired ending hematocrit starting parametre 


where the specified starting and end point parameters may be the per- 
cent hemoglobin S, the percent parasitized red cells counted on the 
blood film, etc. 


Red Cell Exchange in Sickle Cell Disease 
Chapter 49 discusses sickle cell anemia and related abnormalities in 
greater detail. 

In general, clinical studies of the role of transfusion therapy in 
sickle cell disease have focused mostly on simple transfusion or manual 
exchange transfusion (reviewed in Ref. 56). Manual versus automated 
red cell exchange have not been directly compared in a clinical trial, 
although automated red cell exchange can be completed more efficiently 
and quickly than manual exchange transfusion.® Automated red cell 
exchange mitigates the accumulation of iron while maintaining a low 
level of hemoglobin S in patients receiving chronic treatment and, thus, 
has entered into routine use where available.”-° Manual or automated 
red cell exchange can be initiated using isotonic saline, rather than 
packed red cells, as the replacement fluid during the early part of the 
procedure in order to maximize the removal of hemoglobin S-containing 
red cells and avoid the gratuitous removal of normal red cells.*7°* As 
shown in Table 28-2, red cell exchange is indicated as first-line therapy 
in acute vasoocclusive stroke, and may be used in acute chest syndrome 
refractory to standard management or in prophylaxis (primary or sec- 
ondary) for vasoocclusive stroke.” In the latter two instances, red cell 
exchange may not be superior to simple transfusion.**' In addition, 
red cell exchange may not be superior to simple transfusion, as needed, 
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in the management of acute multiorgan failure syndrome, preparation 
for general anesthesia, complications of pregnancy, or frequent pain 
episodes.**°° 


Red Cell Exchange in Protozoan Disease 
Chapter 53 discusses infections with microorganisms in greater detail. 

Malaria The World Health Organization has suggested that 
exchange transfusion be considered for nonimmune (i.e., not previously 
exposed) patients with falciparum malaria who have any of the follow- 
ing characteristics: greater than 30 percent parasitemia in the absence of 
clinical complications, greater than 10 percent parasitemia in the pres- 
ence of severe” disease, greater than 10 percent parasitemia and failure 
to respond to optimal chemotherapy after 12 to 24 hours, or greater than 
10 percent parasitemia and poor prognostic factors (elderly, late-stage 
parasites [schizonts] in the blood). The Centers for Disease Control 
and Prevention (CDC) previously recommended strong consideration of 
exchange transfusion or red cell exchange in severely affected patients.“ 
Subsequently, the CDC has rescinded this recommendation based on 
a literature review and an analysis of the U.S. national malaria surveil- 
lance system (patients reported 1985 to 2010) that found no evidence for 
efficacy of exchange transfusion as adjunctive therapy in severe malaria 
when rapidly acting antimalarials (specifically artemisinins) were avail- 
able.® It is not certain whether the emergence of artemisinin-resistant 
Plasmodium falciparum will affect their position.* 

Babesiosis Infection with intraerythrocytic protozoan Babesia 
microti is most commonly acquired through the bite of the tick Ixo- 
des scapularis and presents with clinical manifestations that range from 
asymptomatic infection or influenza-like illness to organ failure and 
death. Complications may include acute respiratory distress syndrome 
(ARDS), disseminated intravascular coagulopathy, renal failure, or 
hemolytic anemia. Immunocompromised, elderly, or asplenic individ- 
uals are most at risk for severe manifestations.”’! Between 2009 and 
2013 babesiosis was the most frequent cause of transfusion-transmitted 
infectious death reported to the FDA.” In the United States, the occur- 
rence of babesiosis in Connecticut, Massachusetts, Minnesota, New Jersey, 
New York, Rhode Island, and Wisconsin accounted for 97 percent of 
1124 cases of babesiosis reported to the CDC in 2011.” Because the par- 
asite is completely intraerythrocytic, and, despite the lack of clinical tri- 
als, observational evidence indicates that the parasite can be efficiently 
removed using automated red cell exchange.*” Red cell exchange is 
recommended? for patients with severe manifestations, high parasite 
burdens (>10 percent) or who are at high risk. 


Miscellaneous Uses of Red Cell Exchange 

Red cell exchange has been successfully used, in conjunction with Rh 
immunoglobulin, to prevent Rh sensitization of an Rh-negative woman 
who received emergency transfusion with Rh-positive red blood cells.” 
The macrolide immunosuppressant tacrolimus is highly erythrocyte-bound 
and overdoses are not responsive to plasma exchange,” but can be miti- 
gated using red cell exchange.” Red cell exchange can successfully treat 
refractory methemoglobinemia in patients with glucose-6-phosphate 
dehydrogenase deficiency or after ingestion of strong oxidants.” 


RED BLOOD CELL DEPLETION 
(ERYTHROCYTAPHERESIS) 


Although therapeutic phlebotomy is a mainstay of management of 
polycythemia vera and hereditary hemochromatosis,” ** ASFA now 
considers these clinical entities to be category I (first-line) indications 
for automated erythrocytapheresis.* The role of automated erythrocy- 
tapheresis in secondary erythrocytosis is less certain, but it may be 


useful when circumstances require isovolemic procedures.™ The vol- 
ume of red cells to be removed (VR) during an automated erythrocy- 
tapheresis procedure in order to achieve a desired hematocrit can be 
calculated as*: 


_ (starting hematocrit-desired hematocrit) 


79 
x [blood volume (ml/kg)] x [body weight (kg)] 


VR 


This formula also estimates the volume of replacement fluid (colloid or 
crystalloid) needed to maintain isovolemic fluid balance. 


Polycythemia Vera 
Chapter 84 provides a more detailed discussion. 

A retrospective case series described 69 patients with polycythe- 
mia vera who underwent 206 isovolemic erythrocytapheresis proce- 
dures using 4 percent albumin as replacement fluid.**** Hematocrit was 
reduced from 56.8 + 5.6 percent to 41.9 + 6.6 percent after removal of 
1410 + 418 mL of red blood cells with a hematocrit of 79.7 + 9.3 percent. 
Close followup data were provided for a subset of 21 patients whose 
hematocrits were reduced from 58 + 5.7 percent to 41.5 + 4.9 percent by 
a single erythrocytapheresis procedure and were maintained at less than 
50 percent for a median of 6 months.” The durability of response to a 
single procedure was associated with a median 70 percent inhibition 
of in vitro erythropoietin-independent burst-forming unit-erythroid 
(BFU-E) growth that the authors attributed to iron removal during the 
apheresis procedure.* This claim has not been confirmed. Automated 
erythrocytapheresis may be useful in polycythemia vera for the rapid 
induction of hematocrit lowering, followed by maintenance therapeutic 
phlebotomy, for emergent isovolemic hematocrit lowering in patients 
with acute thrombotic or microvascular complications, or to avoid 
perioperative thrombohemorrhagic complications in a patient with an 
uncontrolled hematocrit who requires urgent surgery.*°* 


Hereditary Hemochromatosis 
Chapter 43 provides a more detailed discussion. 

Early observational studies from Europe*””' suggested that auto- 
mated erythrocytapheresis could deplete iron from patients with 
hereditary hemochromatosis more efficiently and quickly than could 
conventional therapeutic phlebotomy. A prospective, randomized 
trial from the Netherlands involving 38 patients with newly diagnosed 
C282Y-homozygous hemochromatosis compared automated erythro- 
cytapheresis to conventional therapeutic phlebotomy.” Study subjects 
were evenly randomized to either treatment arm. The primary out- 
come measure was the number of procedures needed to reach a serum 
ferritin target of 50 mcg/L or less. This was reached in a mean (range) 
of nine (4 to 20) procedures over 19.6 (7 to 37) weeks in the erythrocy- 
tapheresis arm and 27 (11 to 58) procedures over 33.7 (12 to 79) weeks 
in the phlebotomy arm. Erythrocytapheresis removed 427 (294 to 545) 
mg of iron with each procedure compared to 205 (136 to 230) mg with 
each phlebotomy. Secondary outcomes were total duration of treat- 
ment, side effects, change in iron status and liver function, quality of 
life (related to health) and costs. Adverse effects, including hypocalce- 
mia, vasovagal syncope, and mild dizziness, occurred in 3 of 19 patients 
in the erythrocytapheresis group and in 5 of 19 patients in the phlebot- 
omy group. The 3.5-fold higher cost of performing erythrocytapheresis 
versus therapeutic phlebotomy was fully counterbalanced by greater 
time off from work and lost productivity among the phlebotomy group. 
The investigators were careful to point out that the cost structure of 
apheresis treatments versus phlebotomy in the Netherlands may not 
apply to other countries. 
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ADVERSE EFFECTS OF RED CELL EXCHANGE 
AND ERYTHROCYTAPHERESIS 


Red cell exchange conveys risks related to red cell transfusion including 
febrile, allergic and hemolytic transfusion reactions, acute lung injury, 
vasovagal reactions, and transfusion-transmitted disease. Hypocalce- 
mic toxicity resulting from the use of citrate-based anticoagulants in the 
apheresis circuit and in the red cell replacement units may also occur. 
Erythrocytapheresis conveys similar risks but not the risks associated 
with red cell transfusions.* 


@ THERAPEUTIC LEUKOCYTAPHERESIS 


ASFA has designated hyperleukocytosis (white blood cell count 
>100,000/uL in acute myeloid leukemias [Chaps. 83 and 88], white cell 
count >400,000/uL in acute lymphoblastic leukemia [Chap. 91] with 
leukostasis as a category I indication for therapeutic leukocytapher- 
esis. Asymptomatic hyperleukocytosis is designated a category 
III indication, reflecting limited and conflicting published evidence 
regarding the utility of leukocytapheresis as prophylaxis.* Hyperleu- 
kocytosis, which occurs in 5 to 13 percent of newly presenting cases 
of adult acute myelogenous leukemia and 12 to 25 percent of pediatric 
acute myelogenous leukemia is a risk factor for early mortality, often 
from leukostasis and pulmonary and/or central nervous system hem- 
orrhage.”**” The processing of 1.5 to 2.0 blood volumes, using crys- 
talloid or colloid fluids to maintain fluid balance, with or without a 
sedimentation agent such as 6 percent hydroxyethyl starch to enhance 
separation of white cells from red cells, can reduce the circulating white 
cell count by upward of 60 percent,** but without a clear effect on the 
rate of early mortality in patients with acute myeloid leukemia and 
hyperleukocytosis with or without leukostasis.””'” In any case, leuko- 
cytapheresis is not undertaken without initiating measures to mitigate 
the risk of tumor lysis syndrome, including intravenous hydration, 
lowering of plasma uric acid using allopurinol or urate oxidase, and, 
if urate oxidase is not used, intravenous sodium bicarbonate to alka- 
linize the urine. Leukapheresis would ordinarily not be considered 
primary therapy in patients who present with high blast counts but 
without symptoms of leukostasis*'” 


@ THERAPEUTIC 
THROMBOCYTAPHERESIS 


Thrombocytapheresis refers to the selective removal of platelets from a 
patient, for therapeutic purposes using a blood processing (apheresis) 
device. ASFA lists symptomatic thrombocytosis in patients with mye- 
loproliferative neoplasms (Chaps. 83 and 85) as a category II indica- 
tion for thrombocytapheresis.* Thrombocytapheresis for prophylaxis 
in asymptomatic patients or to lower the platelet count in cases of 
secondary or reactive thrombocytosis’ is listed as a category III (see 
Table 28-1) indication because the available data do not firmly estab- 
lish a role for thrombocytapheresis in these circumstances and decision 
making should be highly individualized. Secondary thrombocytosis 
per se does not convey a risk of thromboembolic morbidity absent 
confounding factors such as malignancy or major surgery.'°"! Rapid 
lowering of an elevated platelet count, using apheresis and/or chemo- 
therapy, is indicated for patients with myeloproliferative neoplasms who 
present with clinical syndromes of thrombocytosis with microvascular 
thrombosis such as digital or cerebral ischemia.’ Several case series 
and case reports have reported successful, rapid lowering of the plate- 
let count in symptomatic patients in whom chemotherapy was either 
not an immediate option or was judged to have an insufficiently rapid 


effect. Procedures in which 1.5 to 2.0 blood volumes are processed, 
and crystalloid replacement fluids are used to manage fluid balance, can 
lower the platelet count by 30 to 60 percent"®®!!2113; however, throm- 
bocytapheresis without concomitant chemotherapy is ordinarily not 
a practical means for controlling the platelet count beyond the acute 
setting. Weekly thrombocytapheresis, beginning in the fifth gestational 
week, has been used in the management of a high-risk pregnant patient 
with essential thrombocythemia." Thrombocytapheresis has been 
reported as effective acute therapy in the case of a patient with immune 
thrombocytopenic purpura, treated with romiplostim, who developed 
platelet counts as high as 2 x 10°/uL and acute neurologic symptoms in 
the days following splenectomy,''* and can be used to prepare acutely 
symptomatic patients with poorly controlled severe thrombocytosis for 
cardiovascular surgery.’ 


@ EXTRACORPOREAL 
PHOTOCHEMOTHERAPY 
(PHOTOPHERESIS) 


Extracorporeal photochemotherapy (ECP) is a treatment process in 
which a patient’s mononuclear white blood cells are manipulated out- 
side of the body such that their reinfusion into the patient results in 
down regulation of cytotoxic T-cell activity.""° This procedure involves 
collection of circulating mononuclear cells by centrifugal apheresis, 
exposing them to 8-methyoxypsoralen (8-MOP, a photoactivating 
agent) and then to ultraviolet A light (UVA), and then reinfusing the 
treated cells into the patient.°° ECP was originally approved for Medi- 
care reimbursement in 1998 for palliative treatment of skin manifesta- 
tions of cutaneous T-cell lymphoma (Chap. 103) unresponsive to other 
therapy and was further found “reasonable and necessary” for treatment 
of acute cardiac allograft rejection and chronic graft-versus-host disease 
(Chap. 23) unresponsive to standard treatments in 2006.'”” It was devel- 
oped based on an earlier treatment called PUVA (psoralen plus ultravi- 
olet A) in which a patient would take an oral dose of 8-MOP and then 
stand in a UVA light box thus exposing affected skin to treatment. With 
ECP, only the white cells collected by apheresis are exposed to 8- MOP 
and UVA, thus only approximately 0.25 percent of the oral dose equiv- 
alent of 8-MOP is used.” The precise mechanism of action of ECP is 
still under investigation, but likely involves a process of immunomod- 
ulation." UVA-activated 8-MOP intercalates within nuclear DNA of 
normal and malignant T lymphocytes and causes the treated T cells, 
but not treated monocytes, to undergo apoptosis by 24 hours after treat- 
ment.'!*!° Immunologic consequences of phagocytosis of reinfused 
apoptotic cells include induction of major histocompatibility complex 
(MHC) class I-restricted CD8+ cytotoxic T lymphocytes through the anti- 
gen-presenting activity of human dendritic cells and the elaboration by 
monocytes and macrophages of immunosuppressive cytokines includ- 
ing interleukin (IL)-10 and IL-1 receptor antagonist.) Furthermore, 
ECP results in an increase in CD83+, CD86+ plasmacytoid (DC2) den- 
dritic cells with a concordant diminution in CD80+, CD123+ mono- 
cytoid (DC1) dendritic cells. The DC2 cells stimulate T-helper type 2 
(Th2) cells to secrete inhibitory cytokines (e.g., IL-4, IL-10, IL-13) while 
inhibiting stimulation of T-helper type 1 (Th1) cells that secrete proin- 
flammatory cytokines (e.g., IL-2, interferon-y) and thus inhibiting Th1- 
mediated alloreactivity.'”? ECP also appears to result in an increase in a 
population of circulating CD4+, CD25+, CD69- CTLA-4+ regulatory 
T cells (Tro) that are immunosuppressive and are involved in trans- 
plant tolerance.’ Such induced immunologic responses to ECP are pre- 
sumed to explain observed clinical benefit in diverse conditions such 
as cutaneous T-cell lymphoma, chronic graft-versus-host disease, and 
cardiac transplant rejection. 16 


Part V: Therapeutic Principles 


ADVERSE EFFECTS OF EXTRACORPOREAL 
PHOTOCHEMOTHERAPY 


Adverse effects are largely related to volume shifts that result in hypoten- 
sion, which can be managed by pausing the procedure and/or adminis- 
tering fluids. Transient fevers to 38°C to 39°C have been observed 6 to 
8 hours after reinfusion of the treated mononuclear cells. 
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CHAPTER 29 
GENE THERAPY FOR 
HEMATOLOGIC DISEASES 


Hua Fung and Stanton Gerson 


The term gene therapy describes treatment resulting from expression of a 
transferred gene (or transgene) in diseased or other cells by engineered 
vectors. Once within the cell, the transgene can direct synthesis of a therapeu- 
tic protein that can complement a genetic deficiency or confer upon the cell a 
desired phenotype or function. Many clinical trials have involved gene therapy 
for patients with various gene-deficient hematologic diseases, such as severe 
combined immunodeficiency, hemophilia, Wiskott-Aldrich syndrome, chronic 
granulomatous disease, aplastic anemia, hemoglobinopathies, HIV infection, 
and leukemia. Results from some clinical trials indicate that gene therapy 
can cure or improve many inherited or acquired hematologic disorders. This 
chapter reviews the basic principles of gene transfer and the results of selected 
preclinical and clinical studies. 


@ DEFINITION AND HISTORY 


Gene therapy is a promising treatment for several inherited or acquired 
hematologic disorders. Gene therapy involves the introduction of 
a functional gene to replace a mutated gene or a therapeutic gene to 
provide a missing or defective protein to the organism. In some cases, 
the patient's blood cells are removed and special, targeted cells such 
as hematopoietic stem cells (HSCs) are selected for engineering. The 
therapeutic genes are introduced into a vector and delivered into the 
targeted cells. These targeted, gene-modified cells are reinfused back 
into the patient. Because this method modifies cells outside the patient’s 
body, it is called ex vivo gene therapy (Fig. 29-1A). By contrast in vivo 
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gene therapy describes the therapeutic gene-containing vectors being 
directly injected into the patient (Fig. 29-1B). In the in vivo case, the 
gene is expressed, producing a therapeutic protein for treatment. The- 
oretically, if the gene-modified cells are long-lived and able to expand 
inside the body, a single gene therapy can be sufficient to provide a life- 
long therapeutic effect. Current gene therapy technologies have reached 
the point that many types of single-gene hematologic deficiency diseases 
can be permanently corrected, for example, X-linked severe combined 
immunodeficiency (X-SCID) and adenosine deaminase deficiency 
severe combined immunodeficiency (ADA-SCID). 

Gene therapy has improved significantly in effectiveness since 
the mid-1980s when the first experiment using stem cell gene transfer 
was successful. Scientists initially encountered several serious obsta- 
cles. First, there was difficulty in delivering a modified gene into HSCs 
because of their lack of cell-surface receptors and their quiescent state.’ 
Second, early X-SCID gene therapy was interrupted because 20 percent 
of patients developed a T-cell type of leukemia within 3 to 6 years after 
therapy. This event was caused by gene therapy-related viral vector inser- 
tional mutagenesis; the vector contained powerful enhancer elements 
within its long terminal repeats (LTRs) that inserted close to, and acti- 
vated the LMO2 protooncogene.’ Over 3 decades, these problems have 
been (for the most part) resolved. With an array of cytokine stimula- 
tion cocktails to improve HSC receptivity to engineering, and improved 
lentiviral vectors, the HSC transduction rate in humans can reach 
80 to 100 percent.** In addition, myeloablative conditioning regimens 
(e.g., busulfan, melphalan and 1,3-bis-[2-chloroethyl]-1-nitrosourea 
[BCNU; aka carmustine]) that decrease the number of endogenous 
stem cells prior to infusion of the engineered HSCs has proven to be an 
effective method to increase engraftment rates (average: 1 to 2 copies 
of gene marking/cell).** High-level stem cell engraftment is a critical 
factor for the gene therapy of chronic granulomatous disease, X-linked 
adrenoleukodystrophy (X-ALD) and metachromatic leukodystrophy.*° 
Moreover, newer, safer self-inactivating (SIN) viral vectors have been 
developed in which viral LTR enhancers are completely removed. Using 
these newer vectors, no patient has developed therapy-related malig- 
nancy in several clinical trials, some of which have followed patients 
for as long as 8 years.** Gene therapy is no longer a hypothetical form 
of therapy; some trials have achieved clinical correction for as long as 
12 years. Gene therapy has, thus, undergone a renaissance. This chapter 
discusses two critical technical factors in gene therapy: targeted cells 
and delivered vectors; briefly reviews the gene therapy of several com- 
mon hematopoietic genetic deficient diseases; and describes new strate- 
gies of in vivo selection and insertion site-targeted gene therapy. 


@ GENE THERAPY TARGETED CELLS 
HEMATOPOIETIC STEM CELLS 


HSCs are the cell of choice for many gene therapy applications for several 
reasons. First, many blood cell disorders originate at the stem cell level 
and, therefore, gene-corrected HSCs are the best candidate for replace- 
ment. Second, HSCs are a long-lived and self-renewing population and 
may reduce or eliminate the need for repeated administration of gene 
therapy. HSCs are readily obtained in the blood, marrow, or umbilical 
cord blood. They are also easily selected and manipulated in the labora- 
tory and can be returned to patients relatively easily. Third, engineered 
HSCs are able to correct defects in all hematopoietic lineages. Fourth, 
HSCs migrate to several tissues in the body—primarily the marrow, but 
also the liver, spleen, and lymph nodes. These may be strategic locations 
for localized delivery of therapeutic agents for disorders unrelated to the 
hematopoietic system, such as for patients with liver diseases. 
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Figure 29-1. A. Ex vivo gene therapy involves 4 steps: 1. Obtain patient's blood (HSCs or T cells); 2. transduce the cells in the laboratory by engi- 
neering the virus that contains a transgene; 3. infuse the transduced cells into the patient; and 4. the infused transduced cells produce therapeutic 
proteins. B. /n vivo gene therapy is done by directly injecting viral particles into the patient. 


T LYMPHOCYTES 


The use of hematopoietic progenitor or precursor cells for gene ther- 
apy theoretically would require repeat application. However, for some 
inherited and acquired diseases involving T cells (e.g., severe combined 
immunodeficiency [SCID] and AIDS), the use of T-cell precursors is 
capable of long-term correction of the T-cell deficiency. The underlying 
mechanism is still not clear, but some types of T cells, such as memory 
T cells, are long-lived. The memory T-cell compartment has three sub- 
sets: T-memory stem cells, central memory T cells, and effector mem- 
ory T cells.” Memory T cells and central memory T cells can expand to 
large numbers of effector T cells when activated. T-cell gene therapy is 
effective in some forms of cancer therapy. Long-term effects could be 
related to memory T stem cells. For example, T effector cells can directly 
eradicate malignant cells. However, cancer cells are often “invisible” to 
T cells. For this reason, modified T cells have been created by adding 
a chimeric antigen receptors (CARs) expressing gene, engineering the 
T cells to recognize cancer-specific antigens such as CD19 on chronic 
lymphocytic leukemia (CLL) cells.*° Once the CAR-modified T cells are 
transfused into the patient, they can attack and eradicate the targeted 
malignant cells. In clinical trials, anti-CD19 CAR T cells profoundly 
decreased the level of cancer cells in three patients with end-stage CLL.*” 

An advantage of using gene-modified T cells is that the procedure 
does not disturb the otherwise normal hematopoietic system. However, 
this is also a limitation of using T cells in gene therapy. For example, 
when using T cells to correct X-SCID, although T cells recover to near 
normal levels, the other affected cell types (e.g., B cells, natural killer 
[NK] cells) are not corrected. In this approach, the patient would require 
immunoglobulin replacement and the NK cell deficiency would persist. 
A study compared the outcomes of several clinical trials of HIV therapy 
comparing CD4+ T-cell treatment to HSC-based treatment. These trials 
found that overall, the results from HSCs were better than that of CD4+ 
T cells.!° One reason offered for this result is that without stimulation, 
T cells proliferate at a very low rate, estimated at approximately one divi- 
sion every 3.5 years for naive T cells, and one division every 22 weeks 
for memory T cells.” 


@ GENE THERAPY VECTORS 


The majority of gene therapy studies thus far have employed viral 
vectors, because of their high efficiency of transgene delivery into the 
human nucleus. For a long-term effect, genome-integrating retroviral/ 
lentiviral vectors have been employed. However, DNA integration caus- 
ing critical gene mutagenesis has raised concern about long-term safety. 
This concern has led to the development of persisting but nonintegrat- 
ing viral vectors. 


NON-GENOME-INTEGRATING VIRAL VECTORS 


Adenoviral Vector 

Adenoviral vectors do not integrate into the genome, but are highly 
effective in gene therapy because of their ability to efficiently trans- 
duce both dividing and nondividing cells, and to persist relatively well 
in long-lived targeted cells. Adenoviral vectors also have capacity to 
hold large segments of DNA (e.g., 7.5 kbp); they are easily manipulated 
with recombinant DNA techniques and have the ability to produce 
high titers.’2! However, adenoviral vector infection enlists a variety of 
humoral and cellular immune responses." Therefore, adenoviral vector 
therapy may result in acute toxicity and autoimmunity, and which clears 
transgene-expressing cells, reducing the efficacy of therapy." Of inter- 
est, this autoimmunity can be targeting to adenovirus-infected cancer 
cells, and thus used as an oncolytic agent.’ 


ADENO-ASSOCIATED VIRAL VECTORS 


The adeno-associated viral vector (AAV) has the abilities to infect 
both nondividing and dividing cells and to persist without vector 
integration.'*'” Upon entering host cells, wild-type AAV DNA becomes 
episomal or integrates into the genome; in contrast, current, modified 
AAV vectors are designed to lose their integrating ability.'"* AAV can 
carry a transgene up to 4.7 kbp. The AAV genome is single-stranded 
DNA and vector preparations are composed of a mixture of vector par- 
ticles having one of the two strands of the virus. Upon transduction, the 
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required annealing of the two strands delays gene expression. This lim- 
itation can be overcome by using a self-complementary design in which 
the two strands of the transgene are on a single hairpin genome in an 
inverted orientation, which allows quick assembly into a transcription 
unit following transduction.” 


GENOME-INTEGRATING VIRAL VECTORS 


Retroviral Vectors 

A feature of retroviral vectors is that they have the ability to stably 
incorporate their viral DNA into the host genome, which can result 
in long-term expression of the transgene. Most retroviral vectors are 
y-retroviral or lentiviral vectors. Lentiviral vectors are usually HIV-1 
based, or may also contain elements of simian immunodeficiency virus, 
and have at least three advantages over y-retroviral vectors; first, the len- 
tiviral vector preintegration complex is able to cross the nuclear mem- 
brane in host cells even in the absence of mitosis and, therefore, is able 
to transduce nondividing cells, such as HSCs.” Second, the lentiviral 
vector preintegration complex is more stable and persists longer, which 
improves the likelihood of integration.” Third, y-retroviral vectors 
prefer to integrate near gene transcription start sites, such as the CpG 
islands and conserved noncoding sequences and conserved transcrip- 
tional factor binding sites, whereas lentiviral vectors are more evenly 
distributed, reducing the likelihood of driving the expression of a dele- 
terious gene(s).” Lentiviral vectors have thus emerged as an important 
advance for gene therapy in the hematologic disorders. 


@ GENE THERAPY FOR HEMATOLOGIC 
DISEASES 


X-LINKED SEVERE COMBINED 
IMMUNODEFICIENCY 


X-SCID is a single-gene-deficient disease caused by mutations in the 
gene of the interleukin-2 receptor, yIL2RG (Chap. 80).” Lack of func- 
tional yIL2RG results in a lack of T and NK cells and poorly functional 
B cells. X-SCID is a fatal disease, and without medical interventions, 
patients often die within the first 2 years of life.” During 1999 to 2006, 
20 X-SCID children were treated in two gene therapy trials.” Because 
patients lacked an human leukocyte antigen (HLA)-identical donor, 
precluding stem cell transplantation as a curative therapy, all 20 patients 
were given a single y-retroviral vector-mediated gene therapy in which 
a wild-type yIL2RG gene was delivered into patients’ T cells. From 
5 to 12 years of observation after the gene transfer procedure, 17 of the 
20 treated participants are alive and display nearly full correction of the 
T-cell deficiency by genetically modified T cells.” 


ADENOSINE DEAMINASE DEFICIENCY SEVERE 
COMBINED IMMUNODEFICIENCY 


Adenosine deaminase (ADA) deficiency is an autosomal-recessive 
inherited disorder caused by mutation of ADA gene on chromosome 20 
(Chap. 80). ADA deficiency leads to inhibition of DNA synthesis, which 
is particularly toxic to lymphocytes because they are some of the most 
mitotically active cells. This condition ultimately causes SCID. ADA- 
SCID is almost always fatal by 2 years of age. Gene therapy with a nor- 
mal ADA gene expressed in autologous HSC is a potentially curative 
treatment. However, early attempts at gene therapy did not shown 
any clinical benefit. In the late 1990s, when improved retroviral vec- 
tor and preinfusion chemotherapy conditioning were instituted, 
success occurred. Since 2000, 40 patients have been treated in Italy, 


Great Britain, and the United States.?°?* In these studies HSCs were 
transduced with a y-retroviral vector encoding the ADA enzyme. 
Low-intensity conditioning with either busulfan or melphalan was used 
to increase engraftment of stem cells. In some patients the corrected 
ADA gene can be detected in blood mononuclear cells for more than 9 
years, and the ADA enzyme remains at a normal level.” 


WISKOTT-ALDRICH SYNDROME 


Wiskott-Aldrich syndrome (WAS) is the result of a mutation in the gene 
encoding the WAS protein (WASp).”* The gene is located on the short 
arm of the X chromosome and WAS is an X-linked recessive genetic 
disorder. WASP activates actin polymerization in almost all blood cells. 
Hereditary deficiency in WASP is associated with microthrombocy- 
topenia, recurrent infections, eczema, high incidence of autoimmunity 
and hematopoietic malignancy (lymphoma or leukemia).” In 2010, 
three patients in Italy were administered a lentiviral vector engineered 
to express WASp following busulfan conditioning. All three WAS 
patients showed excellent multilineage engraftment with an average of 
0.4 to 0.9 correct gene copy per genome persisting to 30 months. Symp- 
toms of WAS improved substantially. Pretreatment eczema resolved 
between 6 and 12 months after therapy. The frequency and severity of 
infections progressively decreased, and cytomegalovirus replication was 
controlled, allowing withdrawal of antiinfectious prophylaxis in two 
patients. Improvement of platelet count resulted in discontinuation of 
platelet transfusions.’ 


LEUKODYSTROPHIES, X-LINKED 
ADRENOLEUKODYSTROPHY, AND 
METACHROMATIC LEUKODYSTROPHY 


There are two major leukodystrophies, X-ALD and metachromatic 
leukodystrophy (MLD); both have been successfully treated with gene 
therapy.** X-ALD is a severe genetic demyelinating disease caused by 
mutations in the ABCD1 gene on the X chromosome that encodes the 
adrenoleukodystrophy (ALD) protein, an adenosine triphosphate bind- 
ing cassette transporter. ALD deficiency leads to the accumulation of 
very-long-chain fatty acids and progressive demyelination in the cen- 
tral nervous system. In 2009, two French children were reported to 
have autologous HSC gene therapy with a lentiviral vector encoding 
wild-type ABCD1.° The patients were given myeloablative regimen 
conditioning with cyclophosphamide and busulfan. ALD protein was 
expressed in 23 and 25 percent of blood mononuclear cells in the two 
patients. Over 3 years of followup, corrected ABCD1 was found in 
7 to 14 percent of granulocytes, monocytes, and T and B lymphocytes. 
Cerebral demyelination was arrested.° 

MLD is an autosomal recessive disorder caused by mutations in 
ARSA gene in chromosome 22 that encodes arylsulfatase A (ARSA). 
Deficiency in ARSA leads to sulfatide accumulation, eventually destroy- 
ing the myelin sheath of the nervous system. In 2013, three children 
with the disease received autologous HSC gene therapy with a lentivi- 
ral vector encoding wild-type ARSA.* After myeloablative conditioning 
with busulfan, engraftment was excellent with 45 to 80 percent gene 
marking levels. ARSA activity was restored to above normal values 
in the hematopoietic lineages and the cerebrospinal fluid.‘ There was 
a clear therapeutic benefit. In X-ALD and MLD gene therapies, cor- 
rected cells did not have an obvious selective advantage. However, in 
both cases the gene marking levels were high (>10 percent) for as long 
as 2 years.** These results indicate that successful gene therapy can be 
achieved with very high viral transduction rates, even absent a trans- 
duced cell selection mechanism. 
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Figure 29-2. Inducible caspase-9 protein (iCasp9) suicide gene therapy system. A fusion protein contains a mutated FK506 protein linked to the 
modified caspase 9 (deleted for activation and recruitment domains). The prodrug AP1903 interacts with the FK506 domain and triggers the fusion 
protein dimerization, which activates caspase-9. Activated caspase-9 initiates the cell caspase cascade (caspases 3 and 7) and induces cell death by 


apoptosis. 


Avoiding Graft-versus-Host Disease 

Gene therapy can lead to graft-versus-host disease (GVHD), especially 
after an allogeneic stem cell transplantation. To prevent GVHD, a suicide 
gene is introduced in the transferred cells; in the event of GVHD, a pro- 
drug is given to activate the suicide gene to kill the transduced cell. This 
“safety mechanism” can also guard against uncontrolled proliferation 
of targeted cells. Traditionally, the suicide gene is herpes simplex virus 
thymidine kinase (HSV-TK), which can be made “suicidal” in the pres- 
ence of ganciclovir (GCV). Once GCV is phosphorylated by HSV-TK, it 
turns to a nucleotide analogue that inhibits DNA synthesis and kills the 
cell.® Another new suicide gene system was developed by an inducible 
caspase-9 protein (iCasp9), which activates the mitochondrial apoptotic 
pathway. Its use is based on caspase-9 dimerization to an active form. 
The catalytic domain of caspase-9 is fused to a modified FK506-bind- 
ing domain that can be homodimerized by a chemical inducer, such as 
AP1903 (Fig. 29-2). Ina clinical trial, four patients who had undergone 
stem cell transplantation for relapsed acute leukemia were treated with 
the modified T cells. A single dose of AP1903 was given when GVHD 
developed, which eliminated more than 90 percent of the modified T 
cells within 30 minutes and eliminated the clinical signs of GVHD.” 
In comparison to HSV-TK, iCasp9 offers several advantages. It induces 
cell death faster, does not rely on cell proliferation, which makes it ideal 
for cancer stem cell killing; and, because caspase-9 is downstream of the 
mitochondria, the sensitivity of cells to its activation should be inde- 
pendent of the antiapoptotic BCL-2 family of proteins, which is often 
upregulated in hematologic malignancies. 


HUMAN IMMUNODEFICIENCY 


VIRAL INFECTION 


The HIV infects helper T cells, such as CD4+ T cells, macrophages, 
and dendritic cells. The infection kills CD4+ T cells and cripples cell- 
mediated immunity (Chap. 81). Without treatment, average survival 


time after infection with HIV is estimated to be 9 to 11 years. In 2007, 
a gene therapy trial demonstrated that AIDS can be cured. A patient 
with an HIV infection and acute myeloid leukemia was given allogenic 
stem cell transplantation from a selected donor, whose two copies of 
the chemokine (C-C motif) receptor 5 gene (CCR5) were lost because 
of mutations.” CCR5 is the major cellular coreceptor used by HIV to 
infect CD4+ T cells. The patient has since remained off anti-HIV drugs 
for 7 years. This case generated enormous interest in gene therapy 
approaches to cure HIV by blocking CCRS5 expression. One of the most 
promising methods is to create loss of function mutations of CCR5 with 
zinc-finger nucleases (ZFNs). ZFNs are artificial restriction enzymes 
generated by fusing zinc fingers to a nonspecific double-strand DNA 
cleavage protein, a truncated Foxl.* A zinc finger can be engineered 
to a target 18 to 24 bp sequences in CCR5 DNA. ZFNs can repeatedly 
cut the DNA at a targeted site and eventually mutate CCR5 when repair 
errors occur. In a 12-patient clinical trial, the patient’s CD4+ T cells were 
infected ex vivo with a ZFN-expressing adenoviral vector to disrupt 
CCRS5.** The modified cells were then reintroduced. CD4 T cells lack- 
ing CCR5 are resistant to HIV infection. Ultimately, the CCR5-mutated 
cells replace those vulnerable CCR5 wild-type cells. The infusion imme- 
diately increased the circulating CD4+ T cell count from a median of 
488 x 10°/L to 1517 x 10°/L in the first week. The modified cells were 
also found in T-cell-rich gut-associated lymphoid tissues. Patients were 
off antiviral drugs for 84 days during which time the circulating CD4+ 
T cells dropped while viral load spiked. Antiviral treatment had to be 
reinstituted.** The CCR5-mutated CD4+ T-cell count remained stable 
even during the drug-off period, consistent with their resistance to 
HIV killing. However, CCR5-mutated CD4+ T cells apparently did not 
expand quickly, which may explain why in this trial the modified cell 
infusion alone was insufficient to control the HIV infection. Another 
trial used a lentiviral anti-HIV small interfering RNA (siRNA) expres- 
sion vector to modify HSCs.” Although long-term (18 months) expres- 
sion of siRNA in multiple blood cell lineages was observed, modified 
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cell levels were less than 0.4 percent. The fact that both modified HSCs 
and T cells failed to repopulate indicated that the in vivo selection of 
modified HIV-resistant cells may be weak or the modified T cells do 
not have a proliferative reaction to HIV infection. In both cases, the 
engraftment rate was very poor (T cell <10 percent and HSC <0.2 per- 
cent), which could indicate that the modified cells do not have a suffi- 
cient starting number for repopulation. New trials are underway with 
an improved lentiviral vector, engraftment protocols and a methylgua- 
nine DNA methyltransferase (MGMT) in vivo selection mechanism.” 
The cure for HIV by gene therapy has shown promise, but some clinical 
obstacles have to be overcome to achieve success. 


DISORDERS OF HEMOGLOBIN 


Thalassemia and sickle cell disease represent the most common 
single-gene defect diseases worldwide (Chaps. 48 and 49). B-Thalas- 
semia is caused by a mutation in the 6-globin gene, resulting in reduced 
adult hemoglobin A (HgbA) and severe anemia.” Therefore, gene 
therapy is used to express a normal f-globin gene. Many efforts have 
been made to use stem cell gene therapy. However, success has been 
very limited.” Although a weak survival advantage for corrected red 
cells at an early mature stage was observed, the in vivo selection alone 
appears insufficient to achieve a sustained correction.* It is predicated 
that it would require 20 percent of the primitive hematopoietic cells to 
be genetically modified, and the gene expressed at near normal levels in 
those cells, to achieve a definitive therapeutic benefit. Even higher levels 
of corrected cells (approximately 100 percent) might be required to cure 
the disease.” The first successful clinical trial was reported in 2007.” An 
18-year-old patient with severe B-thalassemia dependent on monthly 
red cell transfusion since age 3 years, received HSC lentiviral B-globin 
gene therapy. The viral transduction rate was approximately 30 percent. 
The patient continued receiving transfusions for 16 months after the 
transplantation, at that point the therapeutic HgbA was sufficient and 
maintained at a sufficient level until 33 months (Fig. 29-3). During the 
final 21 months, 100 percent of HgbA was from modified cells and the 
patient was transfusion-free. However, the therapy effect was later found 
to be from a dominant clone (>60 percent of all viral insertion sites in 
nucleated blood cells at 24 months), in which the viral insertion causes 
transcriptional activation of HMGAZ2 in erythroid cells.” Nevertheless, 
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the patient remained with a good quality life with a stable Hgb of 9 to 
10 g/dL, transfusion-free, and cancer-free for up to 7 years. The dom- 
inant clone might indicate a strong in vivo selection, however, the level 
of gene modified cells in this patient has been never greater than 21 per- 
cent, and the highest level noted in blood was 10.9 percent and in ery- 
throblasts was 3.3 percent, which is below that predicted. The dominant 
clone remained stable over time. However, HMGA2 overexpression was 
detected in erythroid cells, which could enhance in vivo selection and 
proliferation of the corrected cells. Nevertheless, this is but a single case; 
whether the in vivo selection of the dominate clone had a significant role 
is not clear. More trials are needed. 


HEMOPHILIA 


Hemophilia is an X-linked single-gene defect, of which 70 percent 
of affected patients display inheritance and 30 percent develop from 
de novo somatic mutations (Chap. 124). There are two major forms 
of hemophilia: hemophilia A, caused by loss-of-function mutations 
of the gene encoding clotting factor VIII (FVIII), and hemophilia B, 
the result of mutations in the gene encoding clotting factor IX (FIX). 
Hemophilia A accounts for 80 percent of patients and hemophilia B 
for 20 percent.“ The absence of either FVIII or FIX severely impairs 
the ability to generate thrombin and, subsequently, fibrin, leading to 
spontaneous bleeding when the factor levels fall below approximately 
5 percent of normal. Theoretically, gene therapy using a lentiviral vector 
that permanently expresses a normal FVIII or FIX gene in the patient 
could cure either disease. However, after 2 decades of intense research, 
gene therapy has been very difficult. FVIII and FIX are produced in 
hepatocytes, not in derivatives of HSCs.” Therefore, hemophilia is not 
a circumstance for HSC-based gene therapy. The emerging approach 
to gene therapy for hemophilia is by using in vivo gene therapy (see 
Fig. 29-1). In this approach, viral particles are injected into a patient's 
vein, muscle, hepatic artery, or omentum.” Initially, five clinical trials 
with retroviral, adenoviral, or AAV vectors failed to achieve long-term 
expression of the coagulation factor and no measurable clinical benefit 
was observed.” However, a trial by a British-American team reported 
in 2011 showed exceptional results." This group focused on hemophilia 
B. The FIX gene, unlike the FVIII gene, is small and easy to insert into 
an AAV vector, and 1 to 2 percent of the normal blood levels of FIX 
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Figure 29-3. A typical successful gene therapy outcome. In this case a B-thalassemia patient was given a lentiviral vector that contains a HgbA™”2 
transgene. After infusion of modified HSCs 16 months (red arrow), HgbA'®”° (red) completely replaced HgbA (blue) that was from prior transfusions. 
At this point, the patient had become transfusion-independent. (Adapted with permission from Cavazzana-Calvo M, Payen E, Negre O, et al: Transfusion 
independence and HMGA2 activation after gene therapy of human B-thalassaemia. Nature 16;467(7313):3 18-322, 2010.) 
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is sufficient to markedly reduce the bleeding risk. A new improved 
AAV vector (AAV8) was used. This vector has a self-complementary 
genome to improve transduction efficiency, and was designed to pro- 
duce fivefold higher levels of capsid protein to reduce a potential cyto- 
toxic T-cell response and increase liver tropism. The AAV vector is not 
genome-integrating and maintains itself as an intracellular episome. Its 
gene expression in growing cells is transient because episomes may be 
lost with each cell division. But in quiescent tissues the AAV vector is 
capable of mediating long-term gene expression as episomal chroma- 
tin.“ A single intravenous infusion of the vector was given to six adult 
male hemophilia B patients who had been treated with recombinant FIX 
for many years. No notable acute or chronic toxicities were observed. 
All six patients displayed stable FIX expression at 2 to 11 percent of 
normal blood levels for 3 years. Four of these patients discontinued 
recombinant FIX treatment and remained free of spontaneous hemor- 
rhage.'**5 The same research team is attempting a similar approach for 
hemophilia A gene therapy; however, FVIII gene expression has been 
inefficient. One reason is gene size. The FVIII coding sequence is 7 kb, 
which far exceeds the normal packaging capacity of AAV vectors. By 
modifying the B domain, the FVIII size was reduced to a 5.2-kb AAV 
expression cassette, which is more efficiently packaged. Also, a hybrid 
liver-specific promoter was introduced into the vector. The resulting 
new AAV vector has shown high (15 percent of normal) FVII expres- 
sion for 20 to 45 weeks in four macaques.*° This AAV vector will be used 
in a trial of hemophilia A gene therapy in the near future. 


FANCONI ANEMIA 


Fanconi anemia (FA) is caused by mutations in Fanconi genes, which 
encode the DNA repair proteins that form a function complex 
(Chap. 35). FA cells are hypersensitive to DNA crosslinking agents.“ 
Sixteen Fanconi genes have been described. A defect in one of them will 
lead to FA. The disease is characterized by a high risk of developing mar- 
row failure and later myelodysplasia, acute leukemia, or cancers of other 
tissues.” More than half of patients with FA are the result of FANCA 
gene mutations; therefore current gene therapy has focused on FANCA 
insufficiency. Gene therapy for FA is particularly challenging because of 
the low numbers of HSCs in the stage of marrow failure, and FA cells 
are extremely sensitive to DNA damage when exposed to myelosuppres- 
sive drugs used to condition the patient for stem cell transplantation. 
In a rare case, two identical twins had inherited FANCA mutations but 
with normal DNA repair in their blood stem cells. Functional FANCA 
in blood cells was found to be restored by a spontaneous intrauter- 
ine self-correcting somatic mutation in a single HSC. The fact that a 
single HSC was sufficient to restore a fully normal blood system indi- 
cates that FANCA gene therapy may require transduction of only a few 
HSCs.** 

In 2011, an international working group was established to facil- 
itate the development of gene therapy for FA.” The initial protocol 
included delivery of a normal FANCA gene by a third-generation len- 
tiviral vector into HSC and increasing HSC number by in vitro HSC 
expansion using a combination of HOXB4 and DELTA-1 proteins.” 


GENE THERAPY FOR CANCER 


Gene therapy for cancer has been widely exploited. A review was pub- 
lished detailing the new developments in this field.*' This chapter has 
described a few significant new approaches. 

One of the most creative new approaches to cancer-targeted gene 
therapy is the use of CAR for CLL, in which patient’s T cells were mod- 
ified to target their own cancers (Chap. 92).”* Another strategy is to 


enhance conventional chemotherapy by protecting the marrow cells 
through gene transfer. Chemotherapy has a limited therapeutic win- 
dow because of its severe toxic effect on marrow cells, and its leuke- 
mogenic potential. Because the lethal effect of chemotherapy is mainly 
DNA damage, especially methylating O°-guanine, to overcome the side 
effects, a strong chemoresistant DNA repair gene, a mutant (P140K) of 
MGMT was introduced into brain tumor patients’ autologous HSC by 
a y-retroviral vector, thus the patient’s transduced marrow progenitor 
cells could be protected by the modified MGMT, permitting them to 
tolerate more cycles of chemotherapy. A phase I clinical trial demon- 
strated that intensification of chemotherapy was feasible, and there was 
an improvement in therapy outcome and patient survival in these small 
studies." A similar result was also observed in a recent clinical trial 
with a lentiviral vector (reported at the ASH meeting 2014). 


@ NEW TECHNOLOGIES USED IN 
GENE THERAPY 


IN VIVO SELECTION AND 
O°-METHYLGUANINE-DNA 
METHYLTRANSFERASE SELECTIVE METHOD 


Whether stem cell gene therapy can cure a disease is dependent on the 
functionality of the gene-corrected cell. In the early successful gene 
therapy trials for X-SCID and ADA-SCID, a low (0.1 to 1.0 percent) 
engraftment rate was sufficient for long-term gene correction, and the 
single most important factor was that the transgene conferred a selec- 
tive survival advantage on the transgene-bearing cell.” In contrast, a 
main reason for poor responses in other gene therapy trials has been 
that the gene-corrected cells have no, or only a weak selective advantage, 
such that the gene-transduced cell levels are insufficient to provide a 
clinical meaningful benefit. Therefore, in vivo selection is a key element 
in the success of clinical gene therapy. 

The gene-corrected cells in the majority of hematologic genetic dis- 
eases have no in vivo selection advantage.” To overcome this problem, 
a second, selectable gene can be used to be coexpressed with the gene 
that corrected the defect. The second gene turns the cells into selectable 
cells.’ The selectable gene can be cloned into a vector along with cor- 
recting gene driven by a single or separate promoter. Experiments have 
identified several selectable genes including multidrug resistance pro- 
tein, dihydrofolate reductase, and MGMT.” MGMT shows the most 
promising results in large animal and humans trials. MGMT encodes 
a DNA repair enzyme O%-alkyguanine-DNA-alky-transferase, which 
confers resistance to the cytotoxicity of chemotherapy, such as BCNU 
and temozolomide (TMZ).*! A MGMT mutant, P140K-MGMT, has at 
least a 50-fold stronger effect on drug resistance resistance.” P140K- 
MGMT-expressed cells can be exposed to BCNU and TMZ selection 
pressure (Fig. 29-4). Clinical trials have demonstrated that P140K- 
MGMT protects the gene-modified cells from TMZ-induced toxicity.” 
This strategy has also been used in a mouse model of HIV gene therapy.** 

Successful gene therapy with satisfactory gene marking levels 
(approximately 30 percent) are dependent on three factors: a high 
HSC transduction rate, a high engraftment rate, and in vivo selection.” 
Other trials indicate that if there are excellent transduction rates (80 to 
90 percent) and excellent engraftment rates (gene copy marking/genome 
>0.5), these two factors can be sufficient to achieve a sustained gene 
correction, even without an in vivo selection mechanism.* Nevertheless, 
if there is a low transduction rate and low engraftment rate, MGMT- 
mediated in vivo selection will be a very valuable tool to improve the 
likelihood of successful gene therapy. 
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OVERCOMING GENOTOXICITY BY 
TARGETED-INSERTION GENE THERAPY 


To achieve sustained gene correction, some gene therapy approaches 
have used integrated vectors such as y-retroviral or lentiviral vectors. 
Gene therapy for X-SCID,** WAS,” and chronic granulomatous dis- 
ease (CGD)* has found that y-retroviral insertion in the vicinity of 
protooncogenes is associated with the development of lymphoprolif- 
erative and myeloproliferative neoplasms. Improved lentiviral vectors 
have added safety features, such as no preference for integration near 
promoters, removal of viral promoter-enhancers, and self-inactivation. 
However, even with these new features, lentiviral vector-induced clonal 
dominance in human‘ and murine leukemia have been reported.” 
DNA insertion is the most important factor to determine whether a 
therapy-related cancer will occur, especially as 80 to 90 percent of len- 
tiviral vector insertions are within gene regions.*! Gene therapy with 


A double strand break is generated ata 
targeted site by a targeted nuclease 
(zinc finger nuclease). 


Chapter 29: Gene Therapy for Hematologic Diseases 


@ granulocytes 
© lymphocytes 


Figure 29-4. An example of P140K-MGMT (O%methyl- 
guanine-DNA methyltransferase) in vivo selection. Studies 
in a monkey. The P140K-MGMT-modified cells continued 
to increase after each chemotherapy administration (selec- 
tive pressures). BCNU, 1,3-bis-(2-chloroethyl)-1-nitrosourea; 
TMZ, temozolomide. (Adapted with permission from Beard 
BC, Trobridge GD, Ironside C, et al: Efficient and stable MGMT- 
mediated selection of long-term repopulating stem cells in 
nonhuman primates. J Clin Invest 120(7):2345-2354, 2010.) 


© Un-modified cell 
@ Modified cell 


viral vector insertion, in which the insertion site is uncontrollable, 
raises the risk of a secondary clonal disease. The FDA has not approved 
a single-gene therapy in the United States, largely because of the risk of 
uncontrollable insertional mutagenesis. 

One way to reduce this risk is to select preferred sites of DNA 
insertion. Gene-targeting and gene-editing technologies could make 
this possible. Gene editing describes insertion of DNA at a desired 
location.” It starts with artificially engineered nucleases, such as ZFNs, 
which can create a double-stranded break (DSB) at a targeted DNA 
sequence anywhere in the human genome. The DSBs is repaired by 
homologous recombination (HR) repair or nonhomologous end- 
joining repair. The ZFNs can be cotransfected with another plasmid 
(donor DNA plasmid), in which a desired DNA sequence, such as a 
transgene has been inserted within a sequence that is homologous to the 
flanking sequences of the DSB. When this DNA sequence is used as a tem- 
plate by HR, it would result in insertion at a targeted location (Fig. 29-5). 


J Patient's genomic DNA 
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The generated double strand break is 
repaired by homologous recombination 
repair using donor DNA as a template. 
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Figure 29-5. Targeted transgene insertion. A targeted nuclease, such as zinc finger nuclease first generates a double-strand break (DSB). Thereafter, 
the DSB is repaired by homologous recombination repair using donor DNA with a transgene inserted within two homologous arms. When repair is 
finished, the transgene is inserted at the targeted site. 


Part V: Therapeutic Principles 


Using ZEN, a DNA (up to 9.6 kb)® can be inserted precisely into a 
selected location of the human genome. There are several known “safe 
harbors” in the human genome. For example, the PPPIR12C gene on 
chromosome 19 (AAVS1 locus) is frequently integrated by an AAV and 
such an AAV-based integration is not associated with any subsequent 
pathologic events.” Several genes have been inserted into the AAVS1 
site in human cells, including stem cells, using ZFN gene-targeting 


methods. 


°°. The gene correction rate of gene editing is still very low 


(approximately 1 percent). Fortunately, gene targeting is a fast-growing 
field. Many new technologies have developed in recent years. The tran- 
scription activator-like effector nuclease (TALEN)* and the clustered, 
regularly interspaced, short palindromic repeats (CRISPR)® technology 
show promise. Both TALEN and CRISPR are much easier and faster 
to use than the ZFN approach. These new gene-targeted technologies 
together may solve the retroviral insertion mutagenesis safety problems. 
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CHAPTER 30 

REGENERATIVE 

MEDICINE: MULTIPOTENTIAL 
CELL THERAPY FOR TISSUE 
REPAIR 


Jakub Tolar, Mark J Osborn, Randy Daughters, Anannya Banga, and 
John Wagner 


SUMMARY 


Regenerative medicine is a complex and rapidly advancing field that holds 
tremendous promise in treating, and even curing, many diseases. The under- 
standing and control of tissue repair is one of the most urgent challenges in 
medicine today. Regenerative medicine seeks to either recruit the patient's 
reparative cells or to replace the malfunctioning tissue altogether to restore 
the deficient organ to adequate function. The common link among all types 
of regenerative therapies is the stem cell, which gives all tissues the capacity 
to regenerate. The mechanisms underlying the ability of a progenitor cell to 
differentiate have been challenging to elucidate, with recent experimentation 
focused on editing the genome itself. It has been even more difficult to deter- 
mine how a differentiated cell can be instructed to revert to an immature state 
and undergo a re-specification to another differentiated cellular phenotype 
or an asymmetrical division to generate more immature cells. Our ability to 
modify genomes, harness stem cells, and transplant autologous or allogeneic 
tissues has transformed biomedical inquiry and offers hope to patients with 
diseases spanning all organ systems, including cardiac, lung, central nervous 
system, and liver and pancreatic diseases. 


Acronyms and Abbreviations: ALS, amyotrophic lateral sclerosis; AMI, 
acute myocardial infarction; ATI or ATII, alveolar epithelial cells type | or Il; 
BASCs, bronchiolar alveolar stem cells; BDNF, bone-derived neurotrophic 
factor; BM-derived, marrow-derived; CAR, chimeric antigen receptor; CDCs, 
cardiac-derived stem cells; COPD, chronic obstructive pulmonary disease; 
CRISPRs, clustered regularly interspaced short palindromic repeats; dmP- 
GE,,16,16-dimethyl-prostaglandin E; DPSCs, dental pulp stem cells; DSB, 
double-strand break; EC, embryonic carcinoma; ESCs, embryonic stem cells; 
EPCs, epithelial progenitor cells; FAH, fumarylacetoacetate hydrolase; GVHD, 
graft-versus-host disease; HCT, hematopoietic cell transplantation; hESC, 
human embryonic stem cell; HR, homologous recombination; IDLV, 
integrase-deficient lentiviral; iPSCs, induced pluripotent stem cells; MN, 
meganuclease; MNCs, mononuclear cells; MSCs, mesenchymal stromal/stem 
cells; NHEJ, nonhomologous end-joining; NSC, neural stem cell; OPCs, oli- 
godendrocyte progenitor cells; OT, off target; PD, Parkinson disease; SCID-X1, 
X-linked severe combined immunodeficiency; SCNT, somatic cell nuclear 
transfer; TALEN, transcription activator-like effector nuclease; TCR, T-cell 
receptor; TGF-B,, transforming growth factor-B,; UBCs, umbilical cord blood 
cells; VEGF, vascular endothelial growth factor; ZFN, zinc finger nuclease. 


@ INTRODUCTION 


Regenerative medicine is a concept that evolved from knowledge in 
genome regulation and modification, from understanding of embryonic 
development and “stemness” of cells, and from 50 years of experience 
in human transplant biology. Therefore, a narrow view of any of these 
disciplines is not sufficient for illuminating the mechanisms of action 
underlying the already accomplished successes and for guiding the 
potential of novel basic biology discoveries into clinically meaningful 
regenerative medicine (Fig. 30-1). 

Accordingly, this chapter spans major organ systems (marrow, 
liver, pancreas, brain, and spinal cord) to demonstrate their connec- 
tivity and shared biologic responses deployed at the times of acute and 
chronic injury. Furthermore, the goals of regenerative therapies are 
different than those of commonly used drugs. Medications are typi- 
cally aimed at amelioration of symptoms, while regenerative medicine 
seeks to either recruit the patient’s reparative cells or to replace the mal- 
functioning tissue altogether to restore the deficient organ to adequate 
function. 

Regenerative medicine harnesses the body’s own repair mecha- 
nisms to replace, restore, or regenerate damaged or malfunctioning cells 
and tissues in conditions as diverse as diabetes, heart disease, spinal cord 
injury, and types of blindness. Some regenerative medicine therapies are 
already in use, for example using unrelated hematopoietic cell trans- 
plant to regenerate a patient’s immune system after their marrow has 
been destroyed by chemotherapy or radiation. There are some therapies 
that are in the early stages of clinical trials, for example using a patient's 
cells seeded onto a biomesh scaffolding to grow a new trachea, ear, or 
nose. Some therapies are on the cusp of progressing into clinical trials, 
such as differentiating human embryonic stem cells into beta cells that 
could produce insulin in diabetic patients. And some therapies, such as 
growing new lungs from patient cells and repairing a spinal cord injury 
with a cellular bridge, remain tantalizingly out of reach. 

The zygote has the ability to give rise to a complete organism. Any 
cellular genome in the organism has the ability to code for any protein 
in the body. Although we know this, the mechanisms underlying the 
ability of a progenitor cell to differentiate have been challenging to elu- 
cidate. For the earliest critical steps in this long and complex process, 
we must look at developmental biology. Nuclear transfers in amphibians 
done by Briggs, King, and Gurdon’ established that bidirectionality of 
cellular fate determination is possible. It was, established by McGrath 
and Solter that this process is driven by a multitude of factors of such 
temporal and spatial complexity that it would make reprogramming of 
mammalian cells by nuclear transfer impossible.*° Recent experimen- 
tation has focused on editing the genome itself, finding success in both 
mouse and human DNA models. Much work remains to bring this tech- 
nology into human therapies, but in the foreseeable future, cells and 
organisms will no longer be seen as being given sealed orders at birth, 
but rather the instructions contained in their developmental program 
can be thought of as “software” that can be rewritten and used to repro- 
gram the genomic “hardware” of a cell. 

It has been even more difficult to imagine and later define the 
possibility that a differentiated cell could be instructed to revert to an 
immature state and undergo a respecification to another differenti- 
ated cellular phenotype or an asymmetrical division to generate more 
immature cells. Yamanaka’s experimental proof reduced this perceived 
complexity to a four-factor recipe sufficient to restore skin fibroblasts to 
induced pluripotent stem cells (iPSCs).°”* 

This chapter gives a broad overview of the state of regenerative 
medicine as it stands today, a complex and rapidly advancing field that 
holds tremendous promise in treating, and even curing, many of the 
disorders that cause pain and suffering. 
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Figure 30-1. The three-body problem of regenerative medicine. The three factors—cell, genome, and patient—influence each other in complex 
and sometimes unexpected ways. These three separate scientific foci of regenerative medicine must be developed in the context of one another to 


have meaningful impact. 


@ MULTIPOTENTIAL CELLS 
EMBRYONIC STEM CELLS 


Four to 5 days after fertilization, an egg becomes a blastocyst, a ball of 
approximately 100 to 150 cells. A small group of inner cells within the 
blastocyst are pluripotent and have the potential to replicate indefinitely 
and to become any of the differentiated types of tissue in the body. These 
pluripotent cells are called embryonic stem cells (ESCs). ESCs have the 
dual ability to self-renew (copy themselves) and differentiate (produce 
more specialized types of cells of the body). 

ESCs were first isolated from mice when embryonic carcinoma 
(EC) cells’ were shown to proliferate indefinitely like stem cells and 
were used to generate a chimeric mouse. Further development of the 
culture conditions for EC cells that used feeder (supporting) cells, 
along with discovery of cell-surface antigens, like SSEA-1 and F-9 anti- 
gen on EC cells, led to the isolation of the first ESCs from a mouse 
embryo in 1981." In 1995, Thomson isolated ESC lines from a non- 
human primate," followed by the first successful isolation of human 
embryonic stem cell (hESC) lines in 1998.” The use of human ESCs in 
research, however, has been severely limited because of the social and 
religious concerns that the blastocyst is destroyed when the ESC lines 
are generated. 

hESC lines can be cultured on feeder cells where they divide 
infinitely. They can also be grown without feeder cells, where they 
develop into clusters known as embryoid bodies. Using cells from a 
human blastocyst in clinical therapy has been difficult, so the 2006 dis- 
covery by Yamanaka and Takahashi that pluripotent stem cells could 


be created from skin cells‘ revolutionized the stem cell research. Their 
pioneering work showed that inducing skin cells with four genes (Oct4, 
SOX2, KIf4, and c-Myc) would generate pluripotent embryonic stem- 
like cells in vitro. These cells, known as iPSCs, have the basic properties 
of hESCs while being derived from somatic cells rather than blastocysts. 

An alternative approach for obtaining pluripotent stem cells is 
somatic cell nuclear transfer (SCNT)." In this process, the nucleus of 
an adult human cell is placed in an egg cell that has had its nucleus 
removed. As this cell divides it can be a source of pluripotent stem cells. 
A recent study verified that the SCNT pluripotent stem cells are more 
similar to ESCs than are iPSCs.'* Although much research remains to be 
done, SCNT pluripotent stem cells appear to have potential in regener- 
ative medicine. 

‘There are many disorders and defects that arise from errors in the 
complex process of embryonic development. Research over the past 
decade advanced our understanding of the critical steps in the embry- 
onic development of mice; however, information about the embryonic 
development of humans remains limited. Although there is overlap with 
what has been learned from studying mouse embryos, human embry- 
onic growth is different and unique. However, by growing hESCs in the 
laboratory the multitude of regulatory factors that control the differ- 
ent stages of cell, tissue, and organ system development can be studied 
and can also provide insights into how our adult tissues are maintained 
and repaired and allows identification of the causes of birth defects by 
discovering what interferes with the normal path of cell fate acquisi- 
tion. The hESCs are also used to produce laboratory disease models in 
specialized cells like nerve, heart, or beta cells and can also be used for 
development of new drug therapies. 
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Despite the much-anticipated potential of hESCs to differentiate 
and replace malfunctioning cells in the body, progress toward clinical 
use has been hindered by the possibility of teratoma formation or the 
immune rejection of the allogeneic transplanted cells and production 
issues. 


INDUCED PLURIPOTENT STEM CELLS 


Generation of iPSCs has connected several previous observations into a 
coherent outline. For example, the ability of transcription factor MyoD 
to change fibroblasts to myoblasts'® and of transcription factor Anten- 
napedia to change development of antennae into legs in Drosophilla,'* 
uncovered potential of a differentiated cell to assume an alternative cell 
fate as a result of defined, externally provided signals. 

The understanding of induced pluripotency has become more 
refined as additional reprogramming factors are identified,” the critical 
role of epigenetic regulation is uncovered," and with the dynamics of 
iPSC generation (from initially random event to deterministic process) 
more fully developed.” 

The reprogramming technology applied to human cells iPSCs 
allows for modeling various, typically genetic, disorders.*! Further- 
more, organoid cultures derived from the patients themselves allow for 
high throughput drug testing that would be impossible without the sup- 
ply of differentiated cells from patient-specific iPSCs. 

The first preclinical example of iPSC technology conceptually 
applied to human disease has been amelioration of the sickle cell ane- 
mia phenotype in a murine model.” At the time of this writing, the first 
iPSC-based clinical trial opened in Japan for individuals with exudative 
age-related macular degeneration.” 

New knowledge derived from the rapidly expanding iPSC field has 
also reenergized the technology of direct reprogramming, whereby one 
differentiated cellular phenotype (such as a dermal fibroblast) can be 
induced to convert into another somatic cell (such as a neuron) without 
the intermediate iPSC stage. In contrast to the expandable iPSC-based 
generation of differentiated cells, the process of direct reprogramming 
makes it more challenging to produce the large numbers of cells needed 
for therapeutic intervention. 

An example of this strategy has been in vivo trans-differentiation 
of exocrine pancreatic cells or biliary epithelial cells into insulin- 
producing endocrine cells in rodent models.*” A conceptually different 
concept to solve the same clinical challenge has been blastocyst com- 
plementation whereby rat iPSCs were injected into blastocysts that had 
been derived from mice deficient in pancreatic organogenesis, which 
resulted in the development of a functional rat pancreas in mice.” In 
addition to reducing the cell numbers needed to create a physiologically 
meaningful effect, the efficacy of both strategies may be enhanced by 
targeting them into a permissive cellular niche. 


HEMATOPOIETIC STEM CELLS 


The earliest advances with clinical potential will most likely arise from 
understanding reprogramming in hematopoietic stem cells. Not only 
was hematopoietic cell transplantation the first stem cell therapy, devel- 
oped close to half a century ago, but reports of using defined factors to 
turn committed blood progenitor cells into transplantable hematopoi- 
etic cells”?! suggest that robust generation of clinical-grade, patient-specific 
autologous grafts for transplantation is possible. 

Equally important has been combination of pluripotentiality of 
ESCs and iPSCs with their commitment to specific lineages, such as 
hemogenic differentiation program. Derivation of hematopoietic stem 
cells from murine ESC and their genetic correction has been used in 
murine severe combined immune deficiency”; similarly in a model 


of sickle cell anemia, hematopoietic stem cells derived from 
gene-corrected murine iPSCs” have established preclinical proof- 
of-concept for combined gene correction and stem cell engineering. 
Furthermore, insights from murine embryogenesis were applied to in 
vitro induction of mesoderm and ESC differentiation to blood cells via 
coculture with feeder cells or generation of embryoid bodies. These 
seemingly straightforward concepts, however, have proven challenging 
to mimic in human ESCs and iPSCs. Despite many attempts, current 
technology appears to lead only to low hematopoietic chimerism after 
transplantation of hematopoietic stem cells derived from pluripotent 
human cells.*°*! An alternative to generation of transplantable human 
hematopoietic stem cells is direct conversion of fibroblasts to hemato- 
poietic stem cells without the iPSC intermediate. This is done by using 
forced expression of OCT4” and differentiation of human pluripotent 
progenitor cells by forced expression of GATA-1, ETV2, and TAL-1 into 
hemoendothelial cells.’ 

The replacement of hematopoiesis by marrow transplantation is 
the prototype of regenerative medicine. While the initial experimen- 
tation with marrow transfers on both sides of the Atlantic was almost 
immediately recognized as a pioneering effort in hematology, it was 
only later understood as a turning point in the larger field of regenera- 
tive medicine. The critical evidence was the ability of a relatively small 
number of donor cells to repopulate the host and reconstitute its full 
lymphohematopoietic system. Although initially applied to leukemia 
and lymphoma therapy in an effort to replace the malignant lympho- 
hematopoiesis with a healthy wild-type system, it later became clear 
that the immune elimination of the tumor (graft-versus-leukemia, 
graft-versus-lymphoma) is the dominant mechanism behind successful 
therapy in many cases. 

This remarkable regenerative capacity of hematopoietic stem cells 
established marrow, and later cord blood, transplantation as the blue- 
print for other stem cell therapies. 


MESENCHYMAL STROMAL CELLS 


Originally defined by how they were identified—they adhered to the 
surface of a culture dish**—marrow-derived mesenchymal stromal/ 
stem cells (MSCs) were then identified as key support cells in the cellu- 
lar niche. Evidence from different sources (e.g., marrow, umbilical cord 
blood, and adipose tissue) suggests that MSCs have different functions 
in various organs (e.g., as pericytes in adventitia of blood vessels, or as 
supporting cells in marrow periosteal and endovascular hematopoietic 
niches).**-*” In addition to this developmental heterogeneity, cultured 
MSCs display various levels of “stemness,” and the cellular products 
used in therapeutic applications may be more a cell culture artifact 
than a counterpart to physiologic functionally integrated MSCs. This 
is not necessarily a disadvantage, as the culture process enables both 
amplification of cell numbers and defined release criteria for clinical 
use. 

The most striking application of MSCs in medicine to date relies not 
on the regenerative capacity of MSCs alone but on the immunosuppres- 
sive potential of MSC cultures in the setting of severe graft-versus-host 
disease (GVHD),** a serious complication of allogeneic hematopoi- 
etic cell transplantation (HCT).*! The treatment options for individuals 
with glucocorticoid-resistant severe GVHD have been inadequate, and 
mortality in this subgroup remains high. In a paradigm-changing study, 
it was demonstrated that culture-expanded MSCs can ameliorate severe 
GVHD.**” The induction and maintenance of MSC-driven regulation 
of immune and inflammatory reactions” has made it possible to assess 
their role in autoimmune and inflammatory disorders such as Crohn 
disease, arthritis, diabetes, organ rejection, and bridge therapy before 
solid-organ transplantation.“ 
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The regenerative potential of MSCs has long been sought as a tool to 
rebuild and replace tissues damaged by acute or chronic injury whereby 
injected cultured MSCs activate endogenous repair mechanisms and 
disappear in the process.” In this capacity, MSCs in preclinical models 
have been shown to alleviate ischemic injury in the heart, brain, and 
kidneys; toxic insults to lung and liver; and degenerative damage to 
joints; and it is possible that in some settings allogeneic MSCs may be 
even more effective than autologous MSCs. 

Lastly, MSCs are relatively easy to gene-modify and thus can be 
used as cellular vectors for delivering gene therapeutic agents in both 
inborn genetic disorders and acquired conditions, such as in antican- 
cer therapy or for trophic factor support after surgery. 


@ REGENERATIVE MEDICINE 
CARDIAC REPAIR 


Cardiovascular disease is a leading cause of death in the world, leading 
to an estimated 17 million deaths per year.” As life expectancy in the 
developed world rises, so too do risk factors associated with chronic 
heart disease. It is estimated that there are approximately 800,000 new 
cases of acute myocardial infarction (AMI)*° annually. Heart failure 
occurs when there is significant deprivation of oxygen to cardiac tissue, 
which results in decreased cardiac output and function as a result of loss 
of cardiomyocytes, scar formation, and tissue remodeling.” Identifying 
ways to regenerate or repair heart tissue will be key to developing effec- 
tive treatment options for heart failure. 

Since the mid-1990s, scientists have been investigating the poten- 
tial of adult progenitor cells for use in heart regeneration. These early 
studies were triggered by the discovery that certain adult tissue-specific 
stem cells could be differentiated in vitro to become cardiac-like cells.” 
This discovery led to many preclinical studies that assessed the ability 
of adult stem cells to repair or enhance cardiac function after various 
types of injury. 

The cells reported to differentiate in vitro to cardiac-like cells in vivo 
are satellite cells, which are undifferentiated skeletal muscle myoblasts,” 
which led to studies using autologous skeletal myoblasts surgically 
implanted into the heart muscle.” Although these cells survived for short 
periods of time, they retained their intrinsic contractile properties and 
did not fully integrate into the cardiac tissue, which led to arrhythmias 
and gave little long-term significant benefit in overall heart function. 

Some marrow-derived cell populations (lin-; c-kit+) were capable 
of differentiating to myocytes expressing cardiomyocyte markers such 
as Nkx2.5, Gata4, and MEF.” These marrow-derived cells were shown 
to survive in infarcted hearts and were capable of differentiating into 
smooth muscle and endothelial cells but not cardiomyocytes in vivo. 
Additional studies demonstrated that other marrow-derived progenitor 
cell populations (endothelial progenitors, angioblasts, or CD34+ cells) 
were able to contribute to angiogenesis and neovascularization of the 
infarcted myocardium.” This differed from more immature marrow 
progenitor populations, called side-population cells (Lin— c-kit+ Sca- 
1+), that not only contribute to neovascularization but also regenerate 
myocardium.” These marrow-derived side-population cells homed to 
the border zone of infarction and resulted in improved left ventricu- 
lar function.** The cardiac regeneration capacity of the marrow-derived 
progenitor cells facilitated large-scale clinical studies using heteroge- 
neous populations of bone mononuclear cells (MNCs), also called epi- 
thelial progenitor cells (EPCs), for cardiac repair in patients with AMI 
or ischemic cardiomyopathy." These studies showed only moderate 
improvements, and therefore led to further refinement of the selection 
criteria for marrow-derived cells (CD34+/CD133+) and changes in the 
route of administration (intracoronary injection) in the Regeneration 


by Intracoronary Infusion of Selected Population of Stem Cells in Acute 
Myocardial Infarction (REGENT) study, which still only showed mod- 
est success. 

The moderate success of marrow-derived MNCs spurred the 
investigation of other populations of adult progenitor cells, as well as 
new routes of administration. The investigations led to the discovery 
of MSCs, as well as endogenous cardiac-derived stem cells, that could 
differentiate into cardiomyocytes and endothelial cells in animal mod- 
els. These findings led to clinical studies comparing marrow-derived 
MNCs versus the new MSCs used for intracoronary injection into 
patients with ischemic cardiomyopathy.“ These tests showed signifi- 
cant improvement in left ventricle ejection fraction in response to MSC 
treatment. 

To date, the clinical success of cell therapy approaches for cardiac 
regeneration has been mixed. This is in contrast to the promising early 
preclinical studies that showed significant improvement in many differ- 
ent measures of cardiac function. This difference has been attributed to 
the differences between rodent cardiac injury models and human clini- 
cal pathology, the cell population administration route, the origin of the 
cell populations, and the limited number of cells injected. 

ESCs, because of their pluripotency and unlimited ability to pro- 
liferate, have been the subject of extensive preclinical investigation for 
many tissues, particularly cardiac tissue repair. However, there has 
been less enthusiasm for hESC-derived cardiomyocytes for human cell 
therapy because their allogeneic nature requires concomitant immu- 
nosuppressive therapy and because ethical issues surround their deri- 
vation. Despite these challenges, clinical studies have begun to collect 
ESCs for cardiac differentiation with the intent of being used in a trial 
for AMI patients. However, as about any somatic cell can be used to 
generate embryonic stem-like iPSCs,” with the capability to differen- 
tiate into cardiomyocytes, endothelial cells, and smooth muscle cells. 
Initial preclinical studies of murine iPSC-derived cardiomyocytes, 
injected into ischemic myocardium, led to rejection of transplanted 
cells by immune reaction as well as continuous proliferation that led 
to teratoma formation.” Although iPSCs are attractive for their alloge- 
neic potential they have potential disadvantages for human cell therapy 
based on their oncogenic nature, epigenetic memory, and maintenance 
of potency for other cells types. 

Growing tissues in vitro for use in regenerative therapies has been 
investigated as another delivery method of cells for heart repair. This 
tissue engineering approach involves seeding cells onto scaffolds and 
growing them for later engraftment or for the generation of whole 
organs.” In these systems, cells are transplanted with the scaffolding to 
the cardiac wall, which provides structural support and a better micro- 
environment for the migration of cells into the damaged myocardium.”! 

A common theme in most preclinical and clinical cell therapy-based 
studies is the demonstration of improvements in cardiac function that is 
not correlated to number of cells injected or their longevity after admin- 
istration. This observation has led investigators to speculate that trans- 
planted cells improve cardiac function through paracrine rather than 
structural effects. This model suggests that observed improvements in 
myocardial regeneration or vasculogenesis are a result of transplanted 
cells secreting molecules that are known to improve cardiovascular 
function after injury.” The effects of paracrine factors include decreased 
inflammation, increased angiogenesis, induction of proliferation of car- 
diomyocytes or protection of existing ones, and activation of endoge- 
nous stem cells.” Ischemic hearts subjected to secreted factors showed 
an increase in the expression of genes involved in cardiogenesis and a 
downregulation of cell-death markers, effects that contribute to survival 
of ischemic cardiomyocytes.” The advantage of the paracrine model is 
the potential for the commercial development of paracrine factors that 
have proven potential for cardiac repair. 
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LUNG REPAIR 


The prevalence of lung diseases, like the chronic obstructive pulmonary 
diseases (COPDs) that include asthma and emphysema, has increased 
dramatically over the last 50 years. Lung disease is expected to become 
the third leading cause of disease-related death in the world by 2020. 
New therapeutic approaches from regenerative medicine are being 
developed ranging from stem cell therapies to bioengineering of entire 
tissues of the respiratory system for transplantation. These approaches 
are based on initial observations that endothelial progenitor cells and 
mesenchymal stem cells can differentiate in vitro to cells expressing lung 
epithelial markers and contribute to mature functional bioengineered 
tissues. 

Throughout the pulmonary tract there exist many different niche 
environments containing distinct epithelial cell types that contribute to 
the complexity of the lung. Identification of a true endogenous stem 
cell population that is responsible for maintaining lung tissue under 
steady state and injury has been challenging and has been a source of 
controversy.” Evidence from rodent models and human lungs suggests 
that the adult endogenous airway, alveolar epithelial cells, lung stroma, 
and pulmonary vasculature all contain putative stem cell populations 
that can repair damaged tissue.”*” These studies suggest the lung has 
a regional hierarchy of stem and progenitor cells that are specific for 
proximal versus distal airways as well as alveoli. 

Identifying endogenous lung stem cells is complex because many 
different subpopulations of basal epithelial cells exhibit restricted pat- 
terns or roles in self-renewal for steady-state maintenance or after 
injury.”*” In the distal airway, putative progenitor cells have been iden- 
tified in the neuroepithelial body,® bronchoalveolar duct junction," by 
specific markers of self-renewing lung epithelial cells,***’ and by func- 
tion as bronchiolar alveolar stem cells (BASCs). This is in contrast to 
alveolar epithelial repair thought to be regulated by type 2 alveolar epi- 
thelial cells (ATII) because they have been shown to be precursors to 
type 1 (ATI) cells.***° Identification of regionally specific stem cell pop- 
ulations is further complicated by the demonstration that isolated distal 
airway progenitors (BASCs, CK5+/p63+) can differentiate into ATII 
and ATI cells.***” Regardless, all of these cells show unique functions in 
repair after injury, reside in different locations in the distal airway and 
alveolar epithelium, and play different roles as endogenous lung epithe- 
lial progenitors. 

Many preclinical studies have shown that EPCs can increase func- 
tion in pulmonary lung injury models.**”° This improvement in func- 
tion could be because of contributions to structure, paracrine effects, 
modulation of immune responses, or a combination of these.” EPCs 
have also been demonstrated to preferentially home to sites of injury 
in the lung after systemic administration”; consequently, autologous 
EPCs have been used clinically in pulmonary hypertension patients 
and showed improved cardiopulmonary outcomes.” 

Marrow MSCs are known for their immunomodulatory effects in 
a wide range of diseases.” The beneficial effect of MSCs results from 
secretion of soluble mediators and microsomal particles that influence 
lung progenitor cells directly or indirectly through mediation of inflam- 
matory cells that subsequently promote repair.” Both preclinical and 
clinical studies have shown efficacy in either systemic or intratracheal 
administration of MSCs in acute lung injury models, asthma, COPD, 
and a host of other inflammation-related lung injuries or diseases.” 
Although different studies have shown varying degrees of efficacy, there 
are still significant gaps in our understanding of the mechanisms of 
MSC action on ameliorating disease symptoms and of the specific sub- 
type of MSCs used. This is important, as studies have demonstrated that 
certain MSCs can have negative effects in some lung disease models, 
such as pulmonary fibrosis.” 


Although there has been significant preclinical investigation into 
using EPC and MSC therapy approaches to lung repair, clinical studies 
have been slow to develop. However, there are a growing number of 
clinical trials in development focused on using MSCs for chronic lung 
diseases where preclinical data show the most promise. The most recent 
is the PROCHYMAL phase II trial looking at systemic administration 
of marrow MSCs for moderate to severe COPD,'” which showed the 
safety of using MSCs and also preliminary evidence for decrease in 
markers of inflammation. 


BRAIN AND SPINAL CORD REPAIR 


Stem cell-based therapy is rapidly developing as a way to improve out- 
comes following brain and spinal cord injury or disease. The human 
CNS is composed of more than 100 billion nerve cells connected in a 
complex network that must work seamlessly throughout our lives. Con- 
ditions affecting the CNS—such as stroke, brain, spinal cord injury, and 
neurodegenerative diseases—affect millions of people worldwide. Chal- 
lenges for therapeutic intervention include the complex pathology of 
these conditions, as well as the specialized anatomical structures of the 
CNS that prevent easy access from systemic administration of therapies 
(e.g., the blood-brain barrier). 

As with other areas of regenerative medicine, much effort has been 
spent on the identification of cell types with the best potential for CNS 
repair. Although it was initially thought that the adult CNS did not 
contain progenitor cells for repair, it is now recognized that the human 
CNS does retain an endogenous neural stem cell (NSC) population that 
retains some capacity for repair, although only in select regions and of 
a limited nature. Isolated adult and fetal NSCs can be expanded and 
differentiated into neurons, astrocytes, and oligodendrocytes, the three 
main CNS cell types. Adult NSCs are retained throughout life, and are 
found in the striatal subventricular zone and the dentate gyrus of the 
hippocampus. In preclinical studies, endogenous NSCs have shown 
to provide the most significant improvement in functional recovery 
in rodent stroke models. Isolated human fetal NSCs (CD133+),!° 
are currently being investigated in a number of clinical studies. "+° In 
addition, multiple NSC-based cell therapy trials are being conducted to 
determine the safety and efficacy in patients with amyotrophic lateral 
sclerosis (ALS, sometimes called Lou Gehrig disease). ®* Although all 
trials to date have confirmed the safety of using these cells, any benefit 
from them has yet to be reported. 

Although other adult stem cell types (endothelial progenitor cells, 
umbilical cord blood cells [UBCs], dental pulp stem cells [DPSCs]) have 
been investigated preclinically, only MSCs have been shown to have the 
same level of efficacy as NSCs. Marrow-derived MSCs have been the 
primary focus of preclinical and clinical studies because of their rela- 
tive abundance and potential for autologous cell transplantation. +080 
Administration of MSCs, regardless of route, have been shown to 
improve outcome measures in rodent models of injury and disease.'%!!° 
Based on these findings, there have been a number of early phase clin- 
ical trials initiated to study the effects of MSC transplantation follow- 
ing CNS injury''’” or disease.’ In both cases, MSCs have been 
shown to be both safe and a feasible approach. Although not designed 
to test efficacy, many trials have observed improvements in functional 
outcomes." 

From studies of the efficacy of adult stem cells for therapy in pre- 
clinical models of CNS injury or disease over the past 20 years, there 
is strong evidence that transplanted adult stem cells can migrate to the 
site of injury and promote functional improvement. The mechanism of 
action, however, remains controversial.!!6 There is speculation that the 
benefits of cell-based therapy arise from multiple factors. From the host 
of preclinical studies on MSCs for treatment of stroke, improvements in 
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function have been attributed to increased angiogenesis, neurogenesis, 
prosurvival signals, and mitigation of immune responses." These 
mechanisms are potentially mediated by various soluble factors that 
act through a paracrine mechanism secreted by transplanted stem cells 
that benefit the local environment. Many of these secreted factors have 
begun to be identified and are well-known mediators of neurogenesis 
(bone-derived neurotrophic factor [BDNF]), angiogenesis (vascular 
endothelial growth factor [VEGF]), and immune regulation (trans- 
forming growth factor-B, [TGF-B,])."'7"” 

The use of pluripotent cell types (ESCs, iPSCs) holds significant 
potential as a therapeutic approach for CNS repair. Clinical application 
of ESCs/iPSCs is limited because of the inability to isolate pure differ- 
entiated populations of neuronal cell types.” Despite this limitation, 
considerable progress has been made in preclinical studies for remy- 
elination following spinal cord injury.” These studies and others 
have demonstrated that ESCs/iPSCs can be differentiated to oligoden- 
drocyte progenitor cells (OPCs), migrate within the spinal cord, and 
produce myelin. Again, the efficacy and mechanism of recovery remain 
controversial.'**"'”” In 2010, the Geron Company began recruitment of 
patients for a phase I clinical trial for treatment of spinal cord injury 
with ESC-derived OPCs. Despite significant enthusiasm from the 
patient population, and report of no adverse events on a small cohort 
of treated patients (n = 4), significant methodologic’* and economic 
obstacles forced the early discontinuation of the trial. 


LIVER AND PANCREAS REPAIR 


The liver is an essential organ that coordinates glycogen storage, drug 
detoxification, production of various serum proteins, and secretion of 
bile, which plays a critical role in food digestion and metabolism. It is 
interspersed with small microscopic canals known as canaliculi through 
which the bile drains to the gall bladder. The numerous bile canaliculi 
join together into many larger bile ducts, which join to become a 
branched structure that forms the common hepatic duct. The part of 
the common hepatic duct that is outside the liver is called the extra 
hepatic bile duct, which joins the cystic duct from the gall bladder to 
form the common bile duct and connect to the exocrine pancreas. This 
whole branched structure forms the biliary tree.” Liver, biliary tree, 
and pancreas originate from the anterior definitive endoderm and have 
been found to share stem cell populations during the early stages of 
development.’ 

The normal liver has extraordinary potential to regenerate fol- 
lowing partial removal of the liver or liver injury. The hepatocytes and 
cholangiocytes (biliary epithelial cells) are normally quiescent, but in 
response to liver injury, these cells proliferate and contribute to regen- 
eration.’*! Average liver turnover is maintained by differentiation and 
proliferation of parenchymal or nonparenchymal cells. However, in 
chronic liver disease, when the liver cannot be repaired by self- 
duplication of existing hepatocytes, small bipotential progenitor cells 
are activated that have the ability to differentiate into either hepatocytes 
or cholangiocytes.'* Severe injury in alcoholic liver disease has been 
found to stimulate increased proliferation of hepatic stem/progenitor 
cells in humans” and oval cells in rodents.'** Some experiments have 
suggested that stem progenitor cells are not only activated in the injured 
liver, but that the normal adult human liver contains a large number of 
liver progenitor cells that may contribute to liver homeostasis. 

Liver transplantation is currently the only option in acute liver fail- 
ure. Two small clinical trials conducted with hepatocyte transplantation 
resulted in limited restored enzyme function in one patient, but it was 
not enough for survival and the patient eventually needed a liver trans- 
plant.’* It remains unknown if hepatocytes can contribute to long-term 
rescue in patients. Additionally, hepatocytes are difficult to produce in 


clinically sufficient numbers, as they lose their viability and function 
when cultured in vitro. 

Transplanted human ESC/iPSC-derived mature hepatocytes can 
express liver-specific enzymes such as albumin, antitrypsin, and cyto- 
chrome P450, which can improve liver function.“°'’ Furthermore, 
a functional liver organ bud generated from iPSCs was found to be 
engrafted and integrated within the host organism, even including 
development of blood vessels. When iPSCs are injected into the 
blastocysts of fumarylacetoacetate hydrolase (FAH)-deficient mice, 
iPSC-derived hepatocytes can repopulate the damaged liver efficiently 
and restore liver function.'” 

The liver and pancreas both harbor a niche of stem cells, collec- 
tively known as the hepatic stem/progenitor cells.''" The fetal biliary 
tree, arising from the ductal plate cells during development and con- 
sisting of the intrahepatic and extrahepatic ducts, has been shown to 
harbor a rich source of stem/progenitor cells. These stem/progenitor 
cells are quite distinctive from hepatoblasts, which contribute toward 
the hepatocytes or cholangiocytes during development.'’* These stem/ 
progenitor cells present in the biliary tree differ from hepatoblasts by 
their ability to self-renew and differentiate into hepatocytes, cholan- 
giocytes, or pancreatic islets, depending on the microenvironment. 
Sox9 expression is detected throughout the pancreatic ducts, intra- 
and extrahepatic ducts, and in the intestinal crypt connected through 
the major duodenal papilla, forming a contiguous Sox9+ zone.'**'** 
Remarkably, when an adenovirus contacting three pancreatic transcrip- 
tion factors (Pdx1, Ngn3, and MafA) was delivered into the liver, it was 
able to reprogram the Sox9+ population of cells within the bile ducts into 
functional insulin-secreting, beta-like cells.” When both Ad-PNM and a 
peroxisome proliferator-activated receptor (PPAR) agonist, WY 14643, 
were given in animals, it resulted in injury to the liver, led to an increase 
in the cell division rate of Sox9+ cells lining bile ducts, and contrib- 
uted toward making more insulin-positive beta cells." In an injured 
liver, the Wnt signaling pathway is activated, which stimulates discreet 
subsets of progenitor cell populations, which, in turn, engage in liver 
regeneration.’ Isolation of stem/progenitor cell populations based on 
their surface markers like Lgr5 or EPCAM has identified the possibility 
of differentiating them toward a hepatocyte- or beta-like cell fate." 

The pancreas plays an important role in digestion, as well as in 
maintaining blood glucose homeostasis. It is composed of ducts, with 
the main duct (pancreatic duct) running the length of the pancreas. The 
pancreatic duct merges with the bile duct to form the major duodenal 
ampulla, which drains the pancreatic fluid into the first portion of the 
small intestine, the duodenum. The pancreas is composed of exocrine 
and endocrine parts. The exocrine component plays an integral part in 
digestion. The endocrine component contains the islets of Langerhans 
that produce and secrete hormones into the bloodstream. The pancre- 
atic hormones, insulin and glucagon, work together to maintain proper 
sugar levels in the blood. 

Diabetes mellitus is a metabolic syndrome caused by having an 
insufficient number of insulin-producing beta cells. In type 1 diabetes, 
beta cells are destroyed by the body’s own immune system. In type 2 
diabetes, although the pancreas has functioning beta cells, insulin resis- 
tance causes the liver to release too much sugar into the bloodstream, 
and the beta cells cannot secrete enough insulin to maintain normal 
glucose homeostasis. The American Diabetes Association estimated in 
2012 that approximately 9.3 percent of the United States population is 
living with diabetes.’ Beta-cell therapy holds promise for treating 
type 1 diabetes by replenishing beta cells in the body; however, donor 
pancreases are in short supply and the demand for transplantable beta 
cells cannot be met. 

In addition, beta-like cells have been successfully generated 
from hESCs and iPSCs using overexpression of transcription factors, 
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chemicals, or growth factors.’ Current protocols for differentiation 
of pluripotent stem cells to beta cells follow a five-stage procedure that 
recapitulates the embryonic stages of development.’*! Only the first four 
stages have been carried out successfully in vitro. The fifth stage—which 
involves maturation to glucose-responsive, insulin-secreting beta cells 
and other islet cells—until recently could only be carried out by implan- 
tation in vivo.’ A long-awaited directed differentiation of insulin- 
producing cells from hESCs has been accomplished; this fully defined 
ex vivo technology is immediately relevant." 

Also nonendocrine cells within the pancreas have been found to 
transdifferentiate or reprogram to a beta cell fate upon their being 
induced with the three-pancreatic-gene cocktail (Pdxl, Ngn3, and 
MafA). Another source for adult cell reprogramming to beta cells has 
been described from glucagon-producing alpha cells. A study showed 
that overexpression of Pax4 (a gene responsible for specifying endo- 
crine fate) in the alpha cells was able to force them to become beta-like 
cells.’ In another study, it was observed that near-complete ablation 
of beta cells forced regeneration of beta cells from former alpha cells.’ 
However such in vivo studies have not been established in humans or 
other primates. 


@ GENE EDITED MULTIPOTENTIAL CELLS 


The ability to correct defective cells or give them enhanced properties 
(e.g., antitumor effects) represents a novel approach to transplantation 
medicine and sets the stage for individualized therapies. Two options 
exist for this strategy: provision of functional copies of a gene deliv- 
ered by a viral or nonviral gene transfer system or in situ correction 
of the disease-causing sequence. Several major studies have used clin- 
ically employed viral transgenesis of hematopoietic stem cells (HSCs). 
In 2010, a y-retroviral vector was used to deliver the complementary 
DNA for the IL2RG gene to CD34+ progenitors from patients with 
X-linked severe combined immunodeficiency (SCID-X1). Normaliza- 
tion of the immune system occurred in most patients; however, four 
patients developed acute T-cell leukemia from promiscuous LMO2 
oncogene activation by the viral vector. To mitigate the potential for 
viral elements to dysregulate endogenous gene expression, investiga- 
tors have used self-inactivating lentiviral vectors for the gene therapy 
of X-linked adrenoleukodystrophy,'” metachromatic leukodystrophy,'* 
and Wiskott-Aldrich syndrome,’ in gene therapy trials using hemato- 
poietic progenitors. 

Despite this, the integrating nature of viral vectors, with a prefer- 
ence for transcriptionally active areas, makes more precise gene target- 
ing a highly desirable goal. Such precision can be achieved with genome 
editing nucleases that are rationally designed and with engineered pro- 
teins that have the unifying characteristic of recognizing and contacting 
a unique sequence of DNA. Most studies have tethered these proteins to 
nuclease domains or used their inherent ability to cut DNA. Once the 
DNA is broken, two predominant repair pathways have been used for 
therapeutic genome engineering: nonhomologous end-joining (NHEJ) 
and homologous recombination (HR). NHEJ is an error-prone path- 
way that, in the absence of a donor template, repairs the DNA break 
in a way that can cause small insertions or deletions (“indels”) that can 
permanently disrupt coding DNA sequences. Gene repair relies on the 
error-free HR pathway. In gene repair, the inclusion of an exogenous 
single- or double-stranded DNA donor template that contains homol- 
ogous sequences to the target site avoids disruption. In response to a 
double-strand break (DSB), the donor template acts as the template 
for repair and allows for the precise and permanent insertion of user- 
defined sequences at the target locus. Both repair pathways can be used 
therapeutically. The major candidates employed for DNA cleavage are 
the meganucleases (MNs), zinc finger nucleases (ZFNs), transcription 


activator-like effector nucleases (TALENs), and clustered regularly 
interspaced short palindromic repeats (CRISPRs)/Cas9 system. 

Each class of reagent has been used for stem and progenitor cell 
genome modification with ZFNS, which is, to date, the first to enter clin- 
ical application. Human ESC engineering with ZFNs was first used to 
target the HUES-3 and HUES-1 cell lines with ZFNs designed for inac- 
tivation of the CCR5 gene, a coreceptor for HIV entry to a cell.’ ZFNs 
and a donor sequence containing green fluorescent protein (GFP) were 
introduced into exon 3 of the CCR5 gene and approximately 5 percent 
rates of targeted integration were observed. Importantly, the cells main- 
tained their pluripotency and ability to self-renew.'® This study estab- 
lished a precedent for inserting genes of interest into a specified spot in 
the ESC genome via HR. Others extended this to allow for gene addition, 
a placement of an inducible expression cassette at the so-called safe har- 
bor locus AAVS1. Using ZFNs for the first exon of the PPP1R12C gene 
on chromosome 19, a “standalone” expression cassette was introduced 
containing a promoter, puromycin gene, and a polyadenylation signal 
(or gene trap targeting vector) containing a splice acceptor-2A-puromy- 
cin gene that relied on proper targeting and splicing with the first exon 
of the PPP1R12C gene." As such, gene targeting at the AAV locus allows 
for placement of a gene with a promoter that drives the desired level 
of expression or is controlled by the native PPP1R12C promoter that 
is constitutively active.’ In another study, employing the safe harbor 
strategy did not appear to alter the pluripotent nature of ESCs.'*""'® The 
ability to modify genes in pluripotent target cells is important to disease 
modeling in vitro, which has become a new foundation for the accel- 
eration of translational research. Although these studies established the 
ability to modify ESCs at a site-specific and “safe harbor” locus, wide- 
spread use is limited by the relatively small number of approved ESC 
lines and the even smaller number of disease-specific ones. 

As an elegant solution to address the potential paucity of disease- 
specific stem cells and to remove the potential for variability between 
stem cell lines, ZFNs have been used to generate isogenic control and 
Parkinson disease (PD) cell lines.’ This work centered on engineering 
the A53T or E46K PD mutations into disease-free ESCs or repair- 
ing the mutation in PD patient-derived iPSCs.'* In this way they miti- 
gated the effects of the numerous genetic differences and modifiers that 
exist between individuals and ESC and iPSC clones. 

Toward realizing the therapeutic potential of stem cells, investi- 
gators derived a fibroblast cell line from a humanized mouse model of 
sickle cell anemia; reprogrammed these cells into iPSCs; performed 
gene correction using a plasmid donor; differentiated the cells into 
hematopoietic progenitor cells; and transplanted them into sickle cell 
mice to reconstitute normal erythropoiesis.” Proof of principle for a 
similar strategy using human cells was demonstrated using ZFNs to 
correct the sickle cell mutation in iPSCs that were subsequently differ- 
entiated into cells of the erythroid lineage. Numerous studies using 
ZFNs, TALENs, and CRISPR/Cas9 have shown the ability to correct 
disease-causing mutations in iPSCs or in primary cells that are subse- 
quently differentiated into iPSCs. A major limitation for these strategies 
for hematologic disorders is the poor and/or absent ability of iPSCs to 
form from true blood progenitors ex vivo that are capable of reconstitut- 
ing a functional circulatory system. However, the most streamlined path 
to translational use is likely to be direct modification of a patients own 
HSCs. To date only two reports document the ability to mediate HR 
in HSCs. In 2007, maximal rates of 0.11 percent gene targeting at the 
CCRS locus utilizing ZFNs and a donor containing GFP or a puromy- 
cin resistance gene were reached.'’® Subsequently, optimized conditions 
involving ZFNs delivered as mRNA and the donor construct delivered 
on an integrase-deficient lentiviral (IDLV) cassette were used to cor- 
rect the IL2RG gene from an individual with SCID-X1 and observed 
multilineage repopulation in transplanted mice.’ This specialized 
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delivery methodology in conjunction with the use of the StemRegenin 
1 aryl hydrocarbon receptor antagonist’ and/or 16,16-dimethyl- 
prostaglandin E, (dmPGE,)'*!® allowed for HR in HSCs that normally 
preferentially employ NHEJ. These data provide a strong platform for 
first-in-human studies. 

The NHEJ arm of DNA repair also holds potential for therapeu- 
tic use. A promising avenue of investigation to use NHEJ to perma- 
nently disrupt genes has been employed clinically in T cells from HIV 
patients.'”” However, because of the ability of HIV to infect non-T-cell 
subsets,'”' studies have also investigated CCR5 disruption in a preclin- 
ical humanized mouse model and showed that the modified cells are 
resistant to HIV-1 infection.'””’” These data are especially relevant due 
to the recent treatment of patients using HCT of grafts with homozy- 
gous CCR5A32 mutations that disrupt cellular entry of the HIV parti- 
cles.!” This treatment protocol was initiated for an individual with HIV/ 
AIDS who developed acute myeloid leukemia (the “Berlin patient”) in 
an attempt to cure both the malignancy and the HIV infection. 45 
Because of the paucity of CCR5A32/CCR5A32 donors, ZFN-modified 
HSCs are thought to be an ideal strategy for widespread implemen- 
tation of this regimen. However, a 2013 evaluation of this individual 
showed reinfection, possibly with an HIV strain different from the 
initial one, indicating that CCR5 loss alone may not result in full HIV 
resistance. The CXCR4 receptor is a coreceptor for HIV cellular entry, 
and a significant number of HIV patients harbor the CXCR4-using HIV 
strain.” A recent combinatorial ZFN approach has been investigated in 
the laboratory using CXCR4 and CCR5 adenoviral-borne ZFNs, with a 
demonstrated ability to remove both HIV coreceptors simultaneously 
in human T cells.” A potential clinical limitation of this approach is 
the fact that CXCR4 is a critical homing molecule for HSCs” and its 
disruption may perturb normal HSC homeostasis. 

A joint approach using nuclease-induced gene disruption with chi- 
meric antigen receptor (CAR) expression has mitigated the potential 
for cell-mediated alloreactivity and maximized the antitumor cellular 
effects. When the T-cell receptor (TCR) a and f chains were disrupted 
and paired with a Wilms tumor CAR, a potent tumoricidal activity 
without GVHD resulted.’* A therapeutic success employing T cells 
transduced with a CD19-specific CAR have been achieved in patients 
with chronic lymphoid leukemia.'” Scientists have extended these find- 
ings to include CAR expression with TCR-a disruption via ZFNs.'*° 
Future improvements to this technology will include more tumor- 
specific antigen recognition and/or temporizing CAR expression in 
order to minimize B-cell aplasia and tumor lysis syndrome.'” 

Their blood lineage plasticity and their expansive clinical appli- 
cation makes HSCs a desirable cell type for genome engineering with 
designer nucleases; however, their limited ability to form extrahemato- 
poietic tissue limits their wide use in comprehensive disease modeling 
and in regenerative medicine outside the lymphohematopoietic system. 
ESCs and iPSCs are powerful tools for filling this void and performing 
nuclease genome modification of multilineage stem cells. Collectively, 
the convergence of stem cell technology and precision genome engi- 
neering holds tremendous potential to increase the therapeutic benefit 
of cell-based therapies while minimizing allogeneic transplant-associated 
risks. Crucial to the realization of their clinical potential will be rigorous 
safety assessments for each platform. 

Both nucleases and pluripotent stem cells have potentially delete- 
rious aspects that could limit their effectiveness. For pluripotent stem 
cells this relates to the presence or accumulation of genetic and epige- 
netic modifications prior to or during reprogramming. Both ESCs and 
iPSCs are subject to these modifications in vitro, which may manifest 
in the same line or even within the same culture vessel during propaga- 
tion.'*' Aneuploidy has been reported in iPSCs, their parental cellular 
precursors, and ESCs. Studies by the International Stem Cell Initiative 


suggest that karyotypic abnormalities may occur in as many as one of 
every three cell lines." Trisomy 12 is the most common abnormality in 
human ESCs and iPSCs, and chromosome 17 trisomy occurs frequently 
in murine ESCs,"**18° 

By definition, engineered nucleases are designed to recognize a 
specific DNA sequence; however, they may also exhibit off-target (OT) 
effects due to overlapping or low-complexity sequence recognition 
between the primary target and the OT site. Unbiased genome-level 
screens are a powerful way to assess putative OT sites, and ZFN, TALEN, 
and CRISPR/Cas9 have shown excellent safety profiles to date'*+'*; 
however, this high-resolution methodology will need to be performed 
for each gene target candidate. In summary, engineered nucleases allow 
for unparalleled specificity and flexibility that complement the attrib- 
utes of progenitor cells. The ability to precisely manipulate the genome 
will support individualized ex vivo therapies and will allow for more 
uniform disease modeling in vitro. 
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CHAPTER 31 
STRUCTURE AND 
COMPOSITION OF THE 
ERYTHROCYTE 


Narla Mohandas* 


SUMMARY 


Collectively, the erythroid progenitors, terminally differentiating erythroblasts 
(precursors), and adult red cells are termed the erythron to reinforce the idea 
that they function as an organ. The widely dispersed cells comprising this organ 
arise from pluripotential hematopoietic stem cells. Following commitment to 
the erythroid lineage (unipotential progenitor), further maturation gives rise 
to the erythroid progenitors, burst-forming unit—erythroid and, subsequently, 
colony-forming unit—erythroid (CFU-E), that can be identified by their devel- 
opment into representative clonal colonies of red cells in vitro. The CFU-E then 
undergoes terminal differentiation, progressing through four to five morpho- 
logic stages, each having characteristic light microscopic and ultrastructural 
features. During terminal erythroid differentiation there is an increasing 
amount of hemoglobin synthesis accompanied by nuclear chromatin conden- 
sation and at the final stage of differentiation there is nuclear extrusion to gen- 
erate an anucleate polychromatophilic macrocyte (reticulocyte with supravital 
staining). The human polychromatophilic macrocyte (reticulocyte) matures 
over 2 to 3 days, first in the marrow and then in circulation into the discoid 
erythrocyte. During reticulocyte maturation, cytoplasmic inclusions including 
residual mitochondria and ribosomes are degraded and the reticulocyte loses 
surface area to achieve the mean cell volume and surface area of a discoidal 
erythrocyte. Mature erythrocytes are approximately 7 to 8 um in diameter and 
undergo extensive deformation to pass through 3-ym diameter capillaries 
and the 1-um wide and 0.5-ym thick endothelial slits in the red pulp of the 
spleen. The ability of the red cell to undergo extensive reversible deformation 
is essential for both its function and its survival. Red cell deformability is a 
function of its geometry, the viscosity of the cytoplasm, largely determined by 
the concentration of hemoglobin. Decreased deformability is a feature of red 


Acronyms and Abbreviations: BFU-E, burst-forming unit—erythroid; CFU-E, 
colony-forming unit—erythroid; cP, centipoise; DIC, disseminated intravascu- 
lar coagulation; EMP, erythroblast macrophage protein; ICAM-4, intercellular 
adhesion molecule-4; IL, interleukin; MCH, mean cell hemoglobin content; 
MCHC, mean corpuscular hemoglobin concentration; MCV, mean cell vol- 
ume; MDS, myelodysplastic syndrome; SA:V, surface area-to-volume ratio; 
TTP, thrombotic thrombocytopenic purpura. 


“This chapter contains text written for previous editions of this book by Brian 
Bull, Paul Herrmann, and Ernest Beutler. 


cells in various pathological states. The erythrocyte is unique among eukaryotic 
cells in that its principal physical structure is its cell membrane, which encloses 
a concentrated hemoglobin solution. Thus, all of the structural properties of 
this cell are in one way or another linked to the cell membrane. In contrast to 
other cells, the erythrocyte has no cytoplasmic structures or organelles. Only, 
red cells and platelets do not have a nucleus. 


@ERYTHRON 


The mass of circulating erythrocytes constitutes an organ responsible 
for the transport of oxygen to tissues and the removal of carbon diox- 
ide from tissues for exhalation. Collectively, the progenitors, precursors, 
and adult red cells make up an organ termed the erythron, which arises 
from pluripotent hematopoietic stem cells. Following commitment to 
the erythroid lineage, unipotential progenitors mature into the ery- 
throid progenitors, the burst-forming unit-erythroid (BFU-E) and, 
subsequently, the colony-forming unit-erythroid (CFU-E), which then 
undergoes further maturation to generate anucleate polychromatophilic 
macrocytes (reticulocytes on supravital staining). The BFU-E and 
CFU-E are identified by their development into morphologically iden- 
tifiable clonal colonies of red cells in vitro. The reticulocyte further 
matures, first in the marrow for 2 to 3 days and, subsequently, in the 
circulation for approximately 1 day, to generate discoid erythrocytes.'® 
The proerythroblast, the first morphologically recognizable erythroid 
precursor cell in the marrow undergoes four to five mitoses prior to 
maturation to an orthochromatic erythroblast, which then undergoes 
nuclear extrusion. A feature of erythropoiesis is that following each cell 
division the daughter cells advance in their state of maturation as com- 
pared to the parent cell and, ultimately, become functional as mature 
erythrocytes.‘ In this process, they acquire the human blood group 
antigens, transport proteins, and all components of the erythrocyte 
membrane.** 

In the adult stage of development, the total number of circulating 
erythrocytes is in a steady state, unless perturbed by a pathologic or envi- 
ronmental insult. This effect is not so during growth of the individual 
in utero, particularly in the early stages of embryonic development and 
also during neonatal development as the total blood volume increases 
markedly. Consequently, erythrocyte production in the embryo and 
fetus differs markedly from that in the adult. 


THE EARLIEST ERYTHRON 


In the very early stages of human growth and development, there are 
two forms of erythroid differentiation: primitive and definitive.”"° 
Chapters 5 and 7 provide detailed descriptions of embryonic and fetal 
hematopoiesis. The primitive erythron supplies the embryo with oxygen 
during the phase of rapid growth before the definitive form of matura- 
tion has had a chance to develop and seed an appropriate niche. The 
hallmark of this primitive erythron is the release of nucleated erythroid 
precursors containing embryonic hemoglobin. Although primitive in 
the sense that the cells contain nuclei when released into the circulation, 
this form of maturation differs from avian and reptilian erythropoiesis 
in that the nucleus is eventually expelled from the mammalian cells as 
they circulate. The transient presence of a nucleus in the cells of the cir- 
culating primitive erythron can decrease the efficiency of gas exchange 
in the lungs and microvasculature because the nucleus prevents the red 
cell from behaving as a fluid droplet.'' The definitive stage of matura- 
tion makes its appearance around week 5 of embryogenesis when mul- 
tipotential stem cells develop and seed the liver which maintains the 
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erythron for most of fetal life. In later fetal life, skeletal development 
provides marrow niches to which erythropoiesis relocates being sus- 
tained in the form of erythroblastic islands, a central macrophage with 
circumferential layers of developing erythroid cells.’? The definitive 
stage of erythroid maturation predominates during the remainder of 
fetal development and is the only type of erythroid maturation present 
through childhood and adult life. All of normal human erythropoiesis 
occurs in the marrow in the form of erythroblastic islands." 


ERYTHROID PROGENITORS 


Burst-Forming Unit-Erythroid 

The earliest identifiable progenitor committed to the erythroid lineage 
is the BFU-E (see Chap. 32, Fig. 32-1). A BFU-E is defined in vitro by 
its ability to create a “burst” on semisolid medium—that is, a colony 
consisting of several hundred to thousands of cells by 10 to 14 days of 
growth, during which time smaller satellite clusters of cells form around 
a larger central group of erythroid cells, giving rise to the designation of a 
“burst.” The generation of BFU-E from hematopoietic stem cells requires 
interleukin (IL)-3, stem cell factor, and erythropoietin for differentiation, 
proliferation, prevention of apoptosis, and maturation (Chap. 18). 


Colony-Forming Unit-Erythroid 

As erythroid maturation progresses, a later progenitor, the CFU-E, 
derived from the BFU-E, can be defined in vitro. The CFU-E is depen- 
dent on erythropoietin for its development and can undergo only a few 
cell divisions.*'* Thus, the CFU-E forms a smaller colony of morpho- 
logically recognizable erythroid cells in 5 to 7 days (see Chap. 32, Fig. 
32-1). Adhesion between erythroid cells and macrophages occurs at the 
CFU-E stage of maturation. 

Using cell-surface markers, IL-3 receptor, CD34, and CD36, highly 
purified populations of BFU-E and CFU-E can be isolated from human 
marrow. Gene expression profiling show distinctive changes in gene 
expression profiles in hematopoietic stem cells, BFU-E, and CFU-E.5 
Some of the marrow failure syndromes are the result of defects in differ- 
entiation of stem cells into erythroid progenitors. 


ERYTHROBLASTIC ISLAND 


The anatomical unit of erythropoiesis in the normal adult is the ery- 
throblastic island or islet.'*°!” The erythroblastic island consists of 
a centrally located macrophages surrounded by maturing terminally 


differentiating erythroid cells (Fig. 31-1A). A number of binding pro- 
teins are implicated in the cell-cell adhesions important to this process. 
These include «p, integrin, erythroblast macrophage protein (EMP), 
and intercellular adhesion molecule-4 (ICAM-4) on the erythroblasts 
and vascular cell adhesion molecule (VCAM-1), EMP, a, integrin on 
macrophages." Additional macrophage receptors include CD69 (sialo- 
adhesin) and CD163, but the counterreceptors for these on erythrob- 
lasts remains to be defined." Phase-contrast microcinematography 
reveals that the macrophage is far from passive or immobile. Evidence 
suggests that either the erythroblastic islands migrate or that erythroid 
precursors move from island to island, as islands near sinusoids are 
composed of more mature erythroblasts while islands more distant 
from the sinusoids are composed of proerythroblasts.'* The macro- 
phage’s pseudopodium-like cytoplasmic extensions move rapidly over 
cell surfaces of the surrounding wreath of erythroblasts. On phase con- 
trast micrographs, the central macrophage of the erythroblastic island 
appears sponge-like, with surface invaginations in which the erythrob- 
lasts lie (Fig. 31-1B). As the erythroblast matures, it moves along a 
cytoplasmic extension of the macrophage away from the main body. 
When the erythroblast is sufficiently mature for nuclear expulsion, the 
erythroblast makes contact with an endothelial cell, passes through a 
pore in the cytoplasm of the endothelial cell and enters the circulation 
as a polychromatophilic macrocyte (reticulocyte).’*! The nucleus is 
ejected prior to egress from the marrow, phagocytized, and degraded 
by marrow macrophages.” In addition to the unique cytologic features 
described above, the macrophage of the erythroblastic island is also 
molecularly distinct as demonstrated by a unique immunophenotypic 
signature.” In addition, the macrophage of the erythroblastic island 
appears to play a stimulatory role in erythropoiesis independent of ery- 
thropoietin. The anemia of chronic inflammation and of the myelodys- 
plastic syndrome (MDS) may result, at least in part, from inadequate 
stimulation of erythropoiesis by these macrophages (Chap. 5). 

Despite the central role of erythroid islands in erythropoiesis in 
vivo, morphologically normal development of erythroid cells can be 
recapitulated in vitro without these structures as long as developing 
cells are provided with supraphysiologic concentrations of appropriate 
cytokines and growth factors. Such growth, however, occurs at a much 
slower rate than that observed in vivo, when erythroblasts form ery- 
throblastic islands.” The erythroblastic island is a fragile structure. It 
is usually disrupted in the process of obtaining a marrow specimen by 
needle aspiration but can be seem in marrow biopsies. 
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Figure 31-1. Erythroblastic island. A. Erythroblastic island as seen in Wright-Giemsa-stained marrow. Note central macrophage surrounded by a 
cohort of attached erythroblasts. B. Erythroblastic island in the living state examined by phase-contrast microscopy. The macrophage shows dynamic 
movement in relation to its surrounding erythroblasts. (A, reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


Macrophages in erythroblastic islands not only affect erythroid 
differentiation and/or proliferation, but also perform other functions, 
including rapid phagocytosis (<10 min) of extruded nuclei as a result 
of exposure of phosphatidylserine on the surface of the membrane sur- 
rounding the nucleus.” This phagocytosis is the reason for the inability 
to find extruded nuclei in marrow aspirates in spite of the fact that 2 
million nuclei are extruded every second during steady-state erythro- 
poiesis. A protective macrophage function linked to efficient phago- 
cytosis has been described. In normal mice, DNase II in macrophages 
degrades the ingested nuclear DNA but in DNase II knockout mice the 
inability to degrade DNA results in macrophage toxicity with resultant 
decrease in number of marrow macrophages and in conjunction with 
severe anemia.” Macrophages can play both positive and negative regu- 
latory roles in human erythropoiesis but the mechanistic basis for these 
regulatory processes are not completely understood.'*** These processes 
may play a role in the ineffective erythropoiesis in disorders such as 
MDS, thalassemia, and malarial anemia. 

Another potentially important role originally proposed for the 
central macrophage is direct transfer of iron to developing erythroblasts 
mediated by ferritin exchange between macrophages and erythroblasts 
(Chap. 42). Although this is an interesting concept, there is no defini- 
tive evidence for this exchange. 


ERYTHROID PROGENITORS AND PRECURSORS 


Early Progenitors 
A “progenitor” in the hematopoietic system is defined as a marrow cell 
that is a derivative of the pluripotent hematopoietic stem cell through 
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the process of differentiation and is antecedent to a “precursor” cell, 
the latter being identifiable by light microscopy by its morphologic 
characteristics (see Chap. 83, Fig. 83-2). In erythropoiesis, the ear- 
liest precursor is the proerythroblast. Erythroid progenitor cells are 
identified as marrow cells capable of forming erythroid colonies in 
semisolid medium in vitro under conditions in which the appropriate 
growth factors are present. Progenitor cells also may be identified by 
characteristic profiles of surface CD antigens using flow cytometry. 
Numerically, erythroid progenitors, BFU-E and CFU-E represent only 
a minute proportion of human marrow cells. BFU-E range from 
300 to 1700 x 10° mononuclear cells and CFU-E range from 1500 to 
5000 x 10° mononuclear cells.* In vitro cultures using CD34+ cells 
from blood, cord blood, and marrow as the starting material have 
identified the critical cytokines required for erythroid differentiation 
and maturation and enabled the identification and isolation of pure 
cohorts of erythroid progenitors and erythroblasts at all stages of ter- 
minal erythroid maturation.*° 


Precursors 
Figure 31-2 shows the sequence of precursors as seen in marrow films. 
Figure 31-3 shows the marrow precursors as isolated by flow cytometry. 
Proerythroblasts On stained films, the proerythroblast appears as 
a large cell, irregularly rounded or slightly oval. The nucleus occupies 
approximately 80 percent of the cell area and contains fine chroma- 
tin delicately distributed in small clumps. One or several well-defined 
nucleoli are present. The high concentration of polyribosomes gives 
the cytoplasm of these cells its characteristic intense basophilia. At 
very high magnification, ferritin molecules are seen dispersed singly 
throughout the cytoplasm and lining the clathrin-coated pits on the cell 
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Figure 31-2. Human erythrocyte precursors. Light microscopic appearance. Marrow films stained with Wright stain. There are five stages of ery- 
throblast development recognizable by light microscopy. A. Proerythroblasts. Two are present in this field. They are the largest red cell precursor, with 
a fine nuclear chromatin pattern, nucleoli, basophilic cytoplasm, and often a clear area at the site of the Golgi apparatus. B. Basophilic erythroblast. 
The cell is smaller than the proerythroblast, the nuclear chromatin is slightly more condensed and cytoplasm is basophilic. C. Polychromatophilic 
erythroblasts. The cell is smaller on average than its precursors. The nuclear chromatin is more condensed with a checkerboard pattern develop- 
ing. Nucleoli are not apparent, usually. The cytoplasm is gray, reflecting the staining modulation induced by hemoglobin synthesis, which adds 
cytoplasmic content that takes an eosinophilic stain, admixed with the residual basophilia of the fading protein synthetic apparatus. D. Orthochro- 
mic normoblast. Smaller on average than its precursor, increased condensation of nuclear chromatin, with homogeneous cytoplasmic coloration 
approaching that of a red cell. E. Late orthochromatic erythroblasts (asterisks). The orthochromatic erythroblast to the right is undergoing apparent 
enucleation. The other three mononuclear cells are lymphocytes. A degenerating four-lobed neutrophil is also present. (Reproduced with permission 


from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


Figure 31-3. Human erythroblast precursors as isolated by cell flow cytometry. Images of populations of human erythroblast precursors at stages 
of erythroid maturation when sorted from human marrow by flow cytometry. A and B. Proerythroblasts and early basophilic erythroblasts; (C) poly- 


chromatic erythroblasts; and (D) orthochromatic erythroblasts. 


membrane (see Figs. 31-2 and 31-4) Diffuse cytoplasmic density on 
sections stained for peroxidase indicates hemoglobin is already present. 
Dispersed glycogen particles are present in the cytoplasm. 

Basophilic Erythroblasts Basophilic erythroblasts are smaller 
than proerythroblasts. The nucleus occupies three-fourths of the cell 
area and is composed of characteristic dark violet heterochroma- 
tin interspersed with pink-staining clumps of euchromatin linked 
by irregular strands. The whole arrangement often resembles wheel 


Figure 31-4. Proerythroblast. Phase-contrast micrograph (inset) of 
a proerythroblast showing the immature nucleus with nucleoli and 
finely dispersed nuclear chromatin. The centrosome (juxtanuclear clear 
zone) is apparent with its dense accumulation of mitochondria. Electron 
microscopic section of the proerythroblast shows nucleoli (n) in contact 
with the nuclear membrane. Chromatin is finely dispersed and forms 
small aggregates in the fixed nuclear membrane. The perinuclear canal 
is narrow but well defined. Polyribosome groups, many in helical config- 
uration, are dispersed throughout the cytoplasm. The Golgi apparatus 
(g) is well developed, and regions of endoplasmic reticulum (arrows) are 
seen. 


spokes or a clock face. The cytoplasm stains deep blue, leaving a perinu- 
clear halo that expands into a juxtanuclear clear zone around the Golgi 
apparatus. Cytoplasmic basophilia at this stage results from the contin- 
ued presence of polyribosomes (see Figs. 31-2 and 31-5). 
Polychromatophilic Erythroblasts Following the mitotic divi- 
sion of the basophilic erythroblast, the cytoplasm changes from deep 
blue to gray, as hemoglobin dilutes the polyribosome content. Cells at 
this stage are smaller than basophilic erythroblasts. The nucleus occu- 
pies less than half of the cell area. The heterochromatin is located in 
well-defined clumps spaced regularly about the nucleus, producing a 


Figure 31-5. Basophilic erythroblast. Phase-contrast photomicro- 
graph (inset) shows increased clumping of the nuclear chromatin and 
further rounding of the cell, with aggregation of the mitochondria and 
centrosome into the regions of nuclear indentation. Electron micro- 
scopic section shows clumping of the nuclear chromatin, nuclear pores 
(p), organization of the nucleoli, increased density of polyribosomes (pr), 
well-developed Golgi apparatus (g), and a decrease in smooth endo- 
plasmic reticulum. 
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Figure 31-6. Polychromatophilic erythroblast. Phase-contrast micro- 
graph (inset) demonstrates diminished size of this cell compared with 
its precursor. Further clumping of nuclear chromatin gives the nucleus 
a checkerboard appearance. The centrosome is condensed, and a peri- 
nuclear halo has developed. Electron microscopic section demonstrates 
relative reduction of the density of polyribosomes and dilution by the 
moderately osmiophilic hemoglobin in the cytoplasm. Nuclear chro- 
matin shows a marked increase in clumping, and nuclear pores (P) are 
enlarged. 


checkerboard pattern. The nucleolus is lost, but the perinuclear halo 
persists.” It is at this point that erythroblasts lose their mitotic poten- 
tial. Electron microscopy of the polychromatophilic erythroblast reveals 
increased aggregation of nuclear heterochromatin.” Active ferritin 
transport across the cell membrane is always evident, and siderosomes 
along with dispersed ferritin molecules can be identified within the 
cytoplasm (see Figs. 31-2 and 31-6). 

Orthochromic (syn. Orthochromatic) Erythroblasts After the 
final mitotic division of the erythropoietic series, the concentration of 
hemoglobin increases within the erythroblast. Under the light micro- 
scope, the nucleus appears almost completely dense and featureless. 
It is measurably decreased in size. This cell is the smallest of the ery- 
throblastic series. The nucleus occupies approximately one-fourth of 
the cell area and is eccentric. Cell movement can be appreciated under 
the phase-contrast microscope. Round projections appear suddenly in 
different parts of the cell periphery and are just as quickly retracted.” 
The movements probably are made in preparation for ejection of the 
nucleus. The cell ultrastructure is characterized by irregular borders, 
reflecting its motile state. The heterochromatin forms large masses. 
Mitochondria are reduced in number and size (see Figs. 31-2, 31-7, 
and 31-8). 

Normal Sideroblasts All normal erythroblasts are sideroblasts 
in that they contain iron in structures called siderosomes, as evident by 
transmission electron microscopy. These structures are essential for the 
transfer of iron for heme (hemoglobin) synthesis. By light microscopy, 
under the usual conditions of Prussian blue staining for iron, a minor- 
ity of normal erythroblasts (approximately 15 to 20 percent) can be 
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Figure 31-7. Orthochromic erythroblast. Phase-contrast appearance 
of this cell in the living state (inset) shows the irregular borders indica- 
tive of its characteristic motility, the eccentric nucleus making contact 
with the plasmalemma, further pyknosis of the nuclear chromatin, and 
condensation of the centrosome. Electron microscopic section shows 
further dilution of polyribosomes, some of which appear to be disin- 
tegrating into monoribosomes, by the increasing hemoglobin. The 
number of mitochondria is decreased, and some mitochondria are 
degenerating. Nuclear chromatin is clumped into large masses, and a 
perinuclear canal (pnc) is seen. 


identified as containing siderosomes and those that can be so identified 
have very few (one to four) small Prussian blue-positive granules. 

Pathologic Sideroblasts A heterogeneous group of erythro- 
cyte disorders is accompanied by ineffective erythropoiesis, abnormal 
erythroblast morphology and hyperferremia. These disorders include 
acquired megaloblastic anemia (Chap. 41), congenital dyserythropoietic 
anemias (Chap. 39), thalassemias (Chap. 48), the inherited and acquired 
sideroblastic anemias, pyridoxine-responsive anemia, alcohol-induced 
sideroblastic anemia, and lead intoxication (Chaps. 52 and 59). Some 
of these conditions are characterized by the presence of pathologic 
sideroblasts. Pathologic sideroblasts are of two types. One type is an 
erythroblast that has an increase in number and size of Prussian blue- 
stained siderotic granules throughout the cytoplasm. Another type is 
the erythroblast that shows iron-containing granules that are arranged 
in an arc or a complete ring around the nucleus (Fig. 31-8). These 
pathologic sideroblasts are referred to as ring or ringed sideroblasts.*”’ 
Electron microscopic studies show that granules in ringed sideroblasts 
are iron-loaded mitochondria. In cells with iron-loaded mitochondria, 
many ferritin molecules are deposited between adjacent erythroblast 
membranes. 


RETICULOCYTE 
Birth 


Prior to enucleation at the late orthochromatic erythroblasts stage, 
intermediate filaments and the marginal band of microtubules disap- 
pear. Enucleation is a highly dynamic process that involves coordinated 


Figure 31-8. Pathologic sideroblast is an erythroblast characterized 
by the presence of mitochondrial deposits of iron-containing ferrugi- 
nous micelles (arrows) between the cristae. 


action of multiple mechanisms.” Tubulin and actin become concen- 
trated at the point where the nucleus will exit. These changes, accom- 
panied by microtubular rearrangements and actin polymerization, play 
a role in nuclear expulsion. Expulsion of the nucleus in vitro is not an 
instantaneous phenomenon; it requires a period of 6 to 8 minutes. The 
process begins with several vigorous contractions around the midpor- 
tion of the cell, followed by a division of the cell into unequal portions. 
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The smaller portion consists of the expelled nucleus surrounded by a 
thin ring of hemoglobin and plasma membrane (Fig. 31-9). In vivo, 
expulsion of the nucleus may occur while the erythroblast is still part 
of an erythroblastic island or the nucleus may be lost during passage 
through the wall of a marrow sinus as the nucleus, which cannot tra- 
verse the small opening, remains in the marrow. The outer leaflet of 
the bilaminar membrane surrounding the expelled nucleus is high in 
phosphatidylserine, a signal for macrophage ingestion (Fig. 31-10).” It 
is not clear what fraction of the expelled nuclei is ingested by the mac- 
rophage of the erythroblastic island or by other macrophages resident in 
marrow. Two hypotheses have been proposed to explain how the retic- 
ulocyte exits the marrow.'’' The reticulocyte may actively traverse the 
sinus epithelium to enter the lumen. More likely, however, the reticulo- 
cyte may be driven across by a pressure differential because it appears 
incapable of directed amoeboid motion. The precise mechanism is yet 
to be defined. 


Maturation 

Following nuclear extrusion, the reticulocyte retains mitochondria, 
small numbers of ribosomes, the centriole, and remnants of the Golgi 
apparatus. It contains no endoplasmic reticulum. Supravital staining 
with brilliant cresyl blue or new methylene blue produces aggregates 
of ribosomes, mitochondria, and other cytoplasmic organelles. These 
aggregates stain deep blue and, arranged in reticular strands, give the 
reticulocyte its name. Maturation of the reticulocyte requires 48 to 
72 hours. During this period, approximately 20 percent of the membrane 
surface area is lost and cell volume decreases by 10 to 15 percent and the 
final assembly of the membrane skeleton is completed.*!** Living retic- 
ulocytes observed by phase-contrast microscopy are irregularly shaped 
cells with a characteristically puckered exterior and a motile membrane. 
Examined by electron microscopy, reticulocytes are irregularly shaped 
and contain many remnant organelles. The organelles, small smooth 
vesicles, and an occasional centriole are grouped in the region of the cell 
where the nucleus is expelled. In “young” reticulocytes, the vast major- 
ity of ribosomes dispersed throughout the cytoplasm are in the form of 
polyribosomes. As protein synthesis diminishes during maturation, the 
polyribosomes gradually transform into monoribosomes. During retic- 
ulocyte maturation there is significant remodeling of the membrane, 
including loss of membrane proteins that include transferrin receptors, 
Na-K adenosine triphosphatase (ATPase), and adhesion molecules, as 
well as loss of tubulin and cytoplasmic actin. During the remodeling 
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Figure 31-9. Morphology of cells during reticulocyte maturation. A. Orthochromatic erythroblast extruding its nucleus. B. Multilobular, motile 
reticulocyte generated following nuclear extrusion. C. The cup-shaped, nonmotile reticulocyte at a later stage of maturation. D. Mature discoid red cell. 


Figure 31-10. Orthochromic erythroblast ejecting its nucleus. A thin 
rim of cytoplasm surrounds the nucleus. In the cytoplasm, a single cen- 
triole (c) is partially encircled by some Golgi saccules. 


process the membrane becomes more elastic and acquires increased 
membrane mechanical stability.” 


Macroreticulocytes 

“Stress” reticulocytes are released into the circulation during an intense 
erythropoietin response to acute anemia or experimentally in response 
to large doses of exogenously administered erythropoietin.* These cells 
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may be twice the normal volume, with a corresponding increase in mean 
cell hemoglobin (MCH) content. Whether the increase results from one 
less mitotic division during maturation or from some other process such 
as changes in cell cycle is not clear. It is interesting to note that mice 
do not have the ability to produce stress reticulocytes with increased 
mean cell volume (MCV) and MCH. In contrast, even under moderate 
erythropoietic stress, some reticulocytes in the marrow pool shift to the 
circulating pool. These “shift” reticulocytes with normal MCH contain 
a higher-than-normal RNA content and now can be quantified. Quan- 
tification is commonly performed by applying a fluorescent stain to tag 
RNA and then dividing reticulocytes into high-, medium-, and low-fluo- 
rescence categories using a fluorescence-sensitive flow cytometer. The 
“stress” reticulocytes of the older literature likely fall in the high- and 
medium-fluorescence categories. Unfortunately, at present little atten- 
tion is being paid to discriminate stress and shift reticulocytes. 


Pathology of the Reticulocyte 

The reticulocyte may show pathologic alterations in size or staining 
properties. The reticulocyte may contain inclusions visible by light 
microscopy or identifiable only on ultrastructural analysis. Most patho- 
logic inclusions usually attributed to erythrocytes are actually found 
within reticulocytes and are nuclear or cytoplasmic remnants derived 
from late-stage erythroblasts. In splenectomized patients, they may also 
be found in mature erythrocytes. 


RED CELL INCLUSIONS 


See Fig. 31-11 for images of red cell inclusions. 


Howell-Jolly Bodies 

Howell-Jolly bodies are small nuclear remnants that have the color of a 
pyknotic nucleus on Wright-stained films and give a positive Feulgen 
reaction for DNA.” They are spherically shaped, randomly distributed 


Figure 31-11. Red cell inclusions. Blood films. A. Red cells with Howell-Jolly bodies (arrows) postsplenectomy. The crisp circular border, dark blue 
color, and peripheral location are characteristic. B. Basophilic stippling. These basophilic inclusions may be fine or coarse. In this case, the cell contains 
coarse stippling seen in lead poisoning (arrow). C. Siderocyte. These cells contain purple granules when stained with Wright stain (Pappenheimer 
bodies). Compared to basophilic stippling, siderotic granules are usually fewer in number and sometimes clustered. These Prussian blue-stained cells 
confirm that the granules contain iron (blue reaction product). Arrow points to two siderocytes. D. Cabot ring. Rare red cell inclusion (arrow). See 
text for further description. E. Heinz bodies. These cells from a patient with glucose-6-phosphate dehydrogenase deficiency were incubated with a 
supravital dye, which stains the denatured globin precipitates. F. Red cells from a patient with hemoglobin H disease (a-thalassemia). The hemoglobin 
precipitates are stained with brilliant cresyl blue. (Reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 
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in the red cell and usually no larger than 0.5 um in diameter. Howell- 
Jolly bodies may be numerous, although generally only one is present. 
In pathologic situations, they appear to represent chromosomes that 
have separated from the mitotic spindle during abnormal mitosis, and 
contain a high proportion of centromeric material along with het- 
erochromatin. More commonly, during normal maturation they arise 
from nuclear fragmentation or incomplete expulsion of the nucleus. 
Howell-Jolly bodies are pitted from the reticulocytes during their tran- 
sit through the interendothelial slits of the splenic sinus. They are char- 
acteristically present in the blood of splenectomized persons and in 
patients suffering from megaloblastic anemia, and hyposplenic states. 


Pocked (or Pitted) Red Cells 

When viewed by interference-phase microscopy, pocked red cells appear 
to have surface membrane “pits” or craters.” The vesicles or indenta- 
tions characterizing these cells represent autophagic vacuoles adjacent to 
the cell membrane. The vacuoles appear to be instrumental in disposal of 
cellular debris as the erythrocyte passes through the microcirculation of 
the spleen. Within 1 week following splenectomy, pocked red cell counts 
begin to rise, reaching a plateau at 2 to 3 months. Pocked red blood cell 
counts sometimes are used as a surrogate test for splenic function. 


Cabot Rings 

The ring-like or figure-of-eight structures sometimes seen in meg- 
aloblastic anemia within reticulocytes and in an occasional, heavily 
stippled, late-intermediate megaloblast are designated Cabot rings.“ 
Their composition is nuclear. Some investigators have suggested that 
Cabot rings originate from spindle material that was mishandled during 
abnormal mitosis. Others have found no indication of DNA or spindle 
filaments but have shown the rings are associated with adherent granu- 
lar material containing arginine-rich histone and nonhemoglobin iron. 


Basophilic Stippling 

Basophilic stippling consists of granulations of variable size and num- 
ber that stain deep blue with Wright stain. Electron microscopic studies 
have shown that punctate basophilia represents aggregated ribosomes.” 
Clumps form during the course of drying and postvital staining of 
the cells, much as “reticulum” in reticulocytes precipitates from ribo- 
somes during supravital staining. The clumped ribosomes may include 
degenerating mitochondria and siderosomes. In conditions such as lead 
intoxication (Chap. 52), pyrimidine 5’-nucleotidase deficiency (Chap. 
47), and thalassemia (Chap. 48), the altered reticulocyte ribosomes have 
a greater propensity to aggregate. As a result, basophilic granulation 
appears larger and is referred to as coarse basophilic stippling. 


Heinz Bodies 

Heinz bodies are composed of denatured proteins, primarily hemoglo- 
bin, that form in red cells as a result of chemical insult; in hereditary 
defects of the hexose monophosphate shunt; in the thalassemias (Chap. 
48); and in unstable hemoglobin syndromes (Chap. 49).**Heinz bodies 
are not seen on ordinary Wright- or Giemsa-stained blood films. Heinz 
bodies are readily visible in red cells stained supravitally with brilliant 
cresyl blue or crystal violet and are eliminated as red cells traverse the 
endothelial slits of the splenic sinus. 


Hemoglobin H Inclusions 

Hemoglobin H is composed of f, tetramers, indicating that 6 chains 
are present in excess as a result of impaired a-chain production (Chap. 
48). Exposure to redox dyes such as brilliant cresyl blue, methylene 
blue, or new methylene blue, results in denaturation and precipitation 
of abnormal hemoglobin. Brilliant cresyl blue causes the formation 
of a large number of small membrane-bound inclusions, giving the 


cell a characteristic “golf ball-like” appearance when viewed by light 
microscopy. Methylene blue and new methylene blue generate a smaller 
number of variably sized membrane-bound and floating inclusions. 
These changes are seen most frequently in a-thalassemia but also can 
be found in patients with unstable hemoglobin (Chap. 49) and in rare 
patients with primary myelofibrosis who develop acquired hemoglobin 
H disease. 


Siderosomes and Pappenheimer Bodies 

Normal or pathologic red cells in blood containing siderosomes (“iron 
bodies”) usually are reticulocytes. The iron granulations are larger and 
more numerous in the pathologic state (Chap. 59). Electron microscopy 
shows that many of these bodies are mitochondria containing ferrug- 
inous micelles rather than the ferritin aggregates characterizing nor- 
mal siderocytes.”” Siderosomes usually are found in the cell periphery, 
whereas basophilic stippling tends to be distributed homogeneously 
throughout the cell. Pappenheimer bodies are siderosomes that stain 
with Wright stain. Electron microscopy of Pappenheimer bodies shows 
that the iron often is contained within a lysosome, as confirmed by the 
presence of acid phosphatase. Siderosomes may contain degenerating 
mitochondria, ribosomes, and other cellular remnants. 


STRUCTURE AND SHAPE OF ERYTHROCYTES 


The normal resting shape of the erythrocyte is a biconcave disc (Fig. 
31-12). Variations in the shape and dimensions of the red cell are useful 


Figure 31-12. Scanning electron micrographs of distinct red cell 
morphologies. Discoid normal red cells (top left panel). Elliptocytes and 
fragmented red cells (top right panel). Oxygenated sickle red cells (middle 
left panel) and deoxygenated sickle red cells (middle right panel). Stoma- 
tocytic red cells (bottom left panel). Acanthocyte (bottom right panel). 


in the differential diagnosis of anemias. Normal human red cells have 
a diameter of 7 to 8 um, and the diameter decreases slightly with cell 
age. The size decrease likely results from loss of membrane surface area 
during erythrocyte life span by spleen-facilitated vesiculation. The cells 
have an average volume of approximately 90 fL and a surface area of 
approximately 140 um.’ The membrane is present in sufficient excess to 
allow the cell to swell to a sphere of approximately 150 fL or to deform so 
as to enter a capillary with a diameter of 2.8 wm. The normal erythrocyte 
stains reddish-brown with Wright-stained blood films and pink with 
Giemsa stain. The central third of the cell appears relatively pale com- 
pared with the periphery, reflecting its biconcave shape. Many artifacts 
can be produced in the preparation of the blood film. They may result 
from contamination of the glass slide or coverslip with traces of fat, deter- 
gent, or other impurities. Friction and surface tension involved in the 
preparation of the blood film produce fragmentation, “doughnut cells” 
or anulocytes, and crescent-shaped cells. Observed under the phase- 
contrast or interference microscope, the red cell shows a characteristic 
internal scintillation known as red cell flicker.“ The scintillation results 
from thermally excited undulations of the red cell membrane. Frequency 
analysis of the surface undulations has provided an estimate of the mem- 
brane curvature elastic constant and of changes in this constant resulting 
from alcohol, cholesterol loading, and exposure to cross-linking agents. 


RED CELL SHAPE AND SURVIVAL IN 
CIRCULATION 


The red cell spends most of its circulatory life within the capillary chan- 
nels of the microcirculation. During its 100- to 120-day life span, the 
red cell travels approximately 250 km and loses approximately 15 to 20 
percent of its cell surface area. The long survival of the red cell is at 
least partially a result of the unique capacity of its membrane to “tank 
tread”—that is, to rotate around the red cell contents and thereby facil- 
itate more efficient oxygen delivery. The physical arrangement of mem- 
brane skeletal proteins in a uniform shell of highly folded hexagonal 
spectrin lattice permits this unusual behavior." The arrangement also 
is responsible for the characteristic biconcave shape of the resting cell. 
Red cells must also be able to withstand large shear forces and must be 
able to undergo extensive reversible deformation during transit through 
the microvasculature and in transiting from the splenic red cell pulp 
back into circulation. The resiliency and fluidity of the membrane to 
deformation is regulated by the spectrin-based membrane skeleton.” 
A deficiency in the amount of spectrin or the presence of mutant spec- 
trin in the submembrane skeleton results in abnormally shaped cells in 
hereditary spherocytosis, elliptocytosis, and pyropoikilocytosis (Chap. 
46).” In regions of circulatory standstill or very slow flow, red cells 
travel in aggregates of two to 12 cells, forming rouleaux. Within large 
vessels, increased shear forces disrupt this aggregation. 


RED CELL COMPOSITION 


The erythrocyte is a complex cell. The membrane is composed of lipids 
and proteins, and the interior of the cell contains metabolic machinery 
designed to sustain the cell through its 120-day life span and maintain 
the integrity of hemoglobin function. Each component of red blood cells 
may be expressed as a function of red cell volume, grams of hemoglo- 
bin, or square centimeters of cell surface. These expressions are usually 
interchangeable, but under certain circumstances each may have spe- 
cific advantages. However, because disease may produce changes in the 
average red cell size, hemoglobin content, or surface area, the use of any 
of these measurements individually may, at times, be misleading. For 
convenience and uniformity, data in the accompanying tables (‘Tables 
31-1 through 31-6) are expressed in terms of cell constituent per mil- 
liliter of red cell and per gram of hemoglobin. In many instances, this 
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TABLE 31-1. Human Erythrocyte Protein and Water 
Content 


Component mg/mL RBC Reference(s) 
Water TPN SEIAS) 71 

Total protein 371 71 
Nonhemoglobin 9.2 Ml; 0 
protein 

Insoluble stroma 6.3 72 

protein 

Enzyme proteins 29 72 

Extensive study by 73,74 


proteomic methods 


process required recalculation of published data. These recalculations 
assume a hematocrit value of 45 percent and 33 g of hemoglobin per 
deciliter of red cells. To obtain concentration per gram of hemoglobin, 
the concentration per milliliter red blood cell can be multiplied by 3.03. 
The tables list only some of the most commonly referred to constituents 
of the erythrocyte. The reference on which each value is based is the first 
number presented in the last column of each table. Where applicable, 
additional confirmatory references are given. In some instances, only 
the percentage of the total of the type of constituent present is given. 
Chapter 46 discusses the detailed protein composition of the red cell 
membrane and its various protein constituents. 


ERYTHROCYTE DEFORMABILITY 


During its 120-day life span, the erythrocyte must undergo extensive 
passive deformation and must be mechanically stable to resist fragmen- 
tation and cellular deformability is an important determinant of red cell 
survival in the circulation. Red cell deformability is influenced by three 


TABLE 31-2. Human Erythrocyte Phospholipids 


Lipid Amount Reference 

Total phospholipids 2.98 + 0.20 mg/ 75 
mL RBC 

Cephalin 1.17 (0.38-1.91) 75 
mg/mL RBC 

Ethanolamine 29% of total 75 

phosphoglyceride phospholipid 

Mean plasmalogen 67% of eth- 75 

content anolamine 
phosphoglyceride 

Serine 10% of total 75 

phosphoglyceride phospholipid 

Mean plasmalogen 8% of serine 75 

content phosphoglyceride 

Lecithin 0.32 (0.03-0.95) 76 
mg/mL 

Sphingomyelin 0.12-1.13 mg/mL 76 

Lysolecithin 1.82% of total 77 


phospholipids 


Note: Some results are given as mean + standard deviation. 
RBC, red blood cell. 


TABLE 31-3. Human Erythrocyte Coenzyme and Vitamins 
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TABLE 31-4. Nucleotides 


Compound umol/mL RBC Reference Compound umol/mL RBC Reference(s) 
Ascorbic acid 0.02892 + 0.00431 78 Adenosine 0.021 + 0.003 88-91 
Choline free Trace 79 fing Ne Mee ne 
Cocarboxylase 0.00021 80 Adenosine diphosphate 0.216 + 0.036 88-91 
Coenzyme A 0.0027 81 Adenosine triphosphate 1.35 + 0.035 90-94 
Nicwunicncia 0.105 82 Cyclic adenosine 0.015 + 0.0024 95 
monophosphate 
Pantothenic acid 0.001 + 0.00028 83 
eee Cyclic guanosine 0.013 + 0.0042 95 
Pyridoxal phosphate 20001076 + 20010 84 monophosphate 
Pyridoxal 110010°° + 3e010°° 84 Guanosine diphosphate 0.018 + 0.005 90 
a B; 300010-6 + 8 0010°° 84 Guanosine triphosphate 0.052 0.012 89, 90 
aldehydes 
y Inosine monophosphate 0.031 + 0.005 90-92 
Pyridoxamine 80010 + 8 10 84 EY ; : 
phosphate Nicotinamide adenine 96, 97 
dinucleotide 
4-Pyridoxic acid 4001078 + 4 0010 84 
Reduced 0.0018 + 0.001 96, 97 
Riboflavin 0.00059 + 0.00021 85 
- A Oxidized 0.049 + 0.006 
Flavin adenine 0.000398 + 0.000042 86 
dinucleotide Nicotinamide adenine 96, 97 
— dinucleotide phosphate 
Thiamine 0.00027 87 
Reduced 0.032 + 0.002 
Note: Some results are given as mean + standard deviation. @uicized 0.0014 + 0.0011 
RBC, red blood cell. rane 
aia S-adenosylmethionine 0.005 98 
Total nucleotide 1.534 + 0.033 99 
distinct cellular components: (1) cell shape or cell geometry, which Uridine diphosphoglucose 0.031 + 0.005 90, 100 


determines the ratio of cell surface area to cell volume (SA:V); higher 
values of SA:V facilitate deformation; (2) cytoplasmic viscosity, which 
is primarily regulated by the mean corpuscular hemoglobin concen- 
tration (MCHC) and is therefore influenced by alterations in cell vol- 
ume; and (3) membrane deformability and mechanical stability, which 
are regulated by multiple membrane properties, which include elastic 
shear modulus, bending modulus, and yield stress.”-" Either directly 
or indirectly, membrane components and their organization play an 
important role in regulating each of the factors that influence cellular 
deformability. 

The biconcave disc shape of the normal red cell creates an advan- 
tageous SA:V relationship, allowing the red cell to undergo marked 
deformation while maintaining a constant surface area. The normal 
human adult red cell has a volume of 90 fL and a surface area of 140 wm.’ 
If the red cell were a sphere of identical volume, it would have a surface 
area of only 98 um.’ Thus, the discoid shape provides approximately 40 
um? of excess surface area, or an extra 43 percent, that enables the red 
cell to undergo extensive deformation. Most deformations occurring in 
vivo and in vitro involve no increase in surface area. This is important 
because the normal red cell can undergo large linear extensions of up 
to 230 percent of its original dimension while maintaining its surface 
area, but an increase of even 3 to 4 percent in surface area results in cell 
lysis. Either membrane loss, leading to a reduction in surface area, or 
an increase in cell water content, leading to an increase in cell volume, 
will create a more spherical shape with less redundant surface area. 
This loss of surface area redundancy results in reduced cellular deform- 
ability, compromised red cell function, and diminished survival as a 
result of splenic sequestration of spherocytic red cells. A 17-percent 
reduction in surface area results in rapid removal of red cells by the 
human spleen.* 

Cytoplasmic viscosity, another regulatory component of red cell 
deformability, is largely determined by the MCHC, which is determined 


Uridine diphosphate 0.018 100 
N-acetyl glucosamine 


Note: Some results are given as mean + standard deviation. 
RBC, red blood cell. 


in large part by cell water content. As the hemoglobin concentration 
rises from 27 to 35 g/dL (the normal range for red blood cells), the vis- 
cosity of hemoglobin solution increases from 5 to 15 centipoise (cP), 
5 to 15 times that of water. At these levels, the contribution of cytoplas- 
mic viscosity to cellular deformability is negligible. However, viscosity 
increases exponentially at hemoglobin concentrations greater than 37 g/ 
dL, reaching 45 cP at 40 g/dL, 170 cP at 45 g/dL, and 650 cP at 50 g/dL. 
At these levels, cytoplasmic viscosity may become the primary determi- 
nant of cellular deformability. Thus, cellular dehydration, usually caused 
by the failure of normal volume homeostasis mechanisms, can severely 
impair cellular deformability and thus decrease optimal oxygen delivery 
by impairing the ability of red cells to undergo rapid deformation nec- 
essary for passage through the microvasculature. As examples, cellular 
dehydration reduces red cell deformability in hereditary xerocytosis, 
sickle cell anemia, hemoglobin CC, and $-thalassemia.*°”* However, 
changes in cellular dehydration by itself have little influence on red cell 
survival. 

The property of membrane deformability determines the extent of 
membrane deformation that can be induced by a defined level of applied 
force. The more deformable the membrane, the less the force required 
for the cell to pass through the capillaries and other narrow openings, 
such as fenestrations in the splenic cords. The property of membrane 
mechanical stability is defined as the maximum extent of deformation 
that a membrane can undergo, beyond which it cannot completely 


TABLE 31-5. Human Erythrocyte Carbohydrates, Organic 
Acids, and Metabolites 


Compound umol/mL RBC Reference(s) 

Dihydroxyacetone 0.0094 + 0.0028 88 

phosphate 

2,3-Diphosphoglycerate 4.171 + 0.636 88, 94 

Fructose 0.000354 + 101 
0.0000191 

Fructose 6-phosphate 0.0093 + 0.002 88, 91, 94, 102 

Fructose 3-phosphate 0.013 + 0.001 103, 104 

Fructose 2,6-diphosphate* 48+ 13 105 

Fructose 1,6-diphosphate 0.0019 + 0.0006 88, 91, 94, 102 

Glucuronic acid Trace 106 

Glucose In equilibrium with 107, 108 
plasma 

Glucose 6-phosphate 0.0278 + 0.0075 88, 91,94, 102 

Glucose 1,6-diphosphate 0.18-0.30 91,109 

Glyceraldehyde Not detectable 88 

3-phosphate 

Lactic acid 0.932 + 0.211 72,88, 110 

Mannose 1,6-diphosphate 0.150 109 

Octulose 1,8-diphosphate Trace 111 

Pyruvate 0.0533 + 0.0215 88 

3-Phosphoglycerate 0.0449 + 0.0051 88, 94 

2-Phosphoglycerate 0.0073 + 0.0025 88, 94 

Phosphoenol pyruvate 0.0122 + 0.0022 88 

Ribonucleic acid 1.355 mg 112 

Ribose 1,5-diphosphate <0.02 113,114 

Ribulose 5-phosphate Trace 115 

Sedoheptulose Trace 115 

7-phosphate 

Sedoheptulose Trace 116 

diphosphate 

Sialic acid 0.825 + 0.028 113 

Sorbitol Sill] ae 5.3} 101, 103 

Sorbitol 3-phosphate 0.013 + 0.001 104 


*Values are given in picomoles. 
Note: Some results are given as mean + standard deviation. 
RBC, red blood cell. 


recover its initial shape. This is the point at which the membrane fails. 
Normal membrane stability allows human red cells to circulate for 
100 to 120 days without fragmenting, while decreased stability leads 
to cell fragmentation under normal circulating stresses. Both mem- 
brane deformability and membrane mechanical stability are regulated 
by structural organization of membrane proteins.** While decreased 
membrane deformability can reduce effective tissue oxygen delivery it 
appears to have little effect on red cell survival since Southeast Asian 
ovalocytes with marked reductions in membrane deformability have 
near-normal red cell survival. Loss of membrane mechanical stability 
leading to membrane fragmentation and consequent reduction in SA:V 
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TABLE 31-6. Human Erythrocyte Electrolytes 


Electrolyte pumol/mL RBC Reference 
Aluminum 0.0026 117 
Bromide 0.1225 ISAT 
Calcium 0.0089 + 0.0030 119-121 
Chloride 78 1197122 
Chromium 0.0004 123 
Cobalt 0.0002 119, 124 
Copper 0.018 123, 125, 126 
Fluoride 0.0131 127 
lodine, 0.0013 128 
protein-bound 
Lead 0.0082 ly, 112, 125, 122) 
Magnesium 3.06 123, 130-132 
Manganese 0.0034 Wy, 1333) 
Nickel 0.0009 123 
Phosphorus (acid 
soluble): 
Total P 13.2 134 
Inorganic P 0.466 134 
Lipid P 3.840 135 
Unidentified P 0.955 134 
Potassium 102.4 + 3.9 130, 136-140 
Rubidium 0.054 119 
Silicon 0.036-0.060* 141 
Silver Trace 117 
Sodium 6.2+0.8 136-138 
Sulfur 0.0044 142 
Tin 0.0022 ily 
Zinc 0.153 123, 143, 144 


*Obtained by subtracting plasma concentration from whole-blood 
concentration. 


Note: Some results are given as mean + standard deviation. 
RBC, red blood cell. 


ratio on the other hand compromises red cell survival as in hemolytic 
hereditary elliptocytosis.” 


RED CELL SENESCENCE 


The reticulocyte loses membrane as it matures into a discocyte and 
membrane loss by vesiculation continues throughout the erythrocyte 
life span. The notion that erythrocyte aging is synonymous with mem- 
brane loss, increasing MCHC, and decreasing deformability largely 
results from studies on density-separated cells and the equating of dense 
cells with aged cells (Chap. 33). Although it is clear that loss of mem- 
brane surface area and decreased cell volume is a feature of normal red 
cell senescence and that cell density increases with cell age, there is no 
direct relationship between cell age and cell density since there is a large 
heterogeneity in cell densities of reticulocytes as they enter circulation. 
What is clear is that the densest 1 percent of circulating red cells are 
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TABLE 31-7. Nomenclature of Red Cell Shapes and Associated Disease States 


Terminology (Greek 
Meaning) 


Old Terms, Synonyms 


Description 


Micrograph 


Associated Disease States 


Discocyte (disc) 


Biconcave disc 


Biconcave disc form of RBC 


Echinocyte (I-III) (sea 
urchin) 


“Burr cell,’ crenated cell, 


“berry cell” 


Spiculated RBC with short, equally 
spaced projections over entire sur- 
face; progressing from the “crenated 
disc” (echinocyte I) to the cren- 

ated sphere (echinocyte IV—not 
shown) with nearly complete loss of 
spicules 


’ 


ejale 


Uremia, liver disease 
Low-potassium red cells 


Immediately posttransfusion 
with aged or metabolically 
depleted blood 


Carcinoma of stomach and 
bleeding peptic ulcers 


Acanthocyte (spike) 


“Spur cell’ acanthoid 
cell, acanthrocyte 


Irregularly spiculated RBC with 
projections of varying length and 
position 


Abetalipoproteinemia 
Alcoholic liver disease 
Postsplenectomy state 
Malabsorptive states 


Stomatocyte (I-III) 
(mouth) 


Mouth cell, cup 
form, mushroom 
cap, uniconcave disc, 
microspherocyte 


Bowled-shaped RBC with single 
concavity; progressing from shallow 
bowl (I) to near sphere with small 
dimple (seen as mouth-shaped 
form in peripheral film) 


Hereditary spherocytosis 
Hereditary stomatocytosis 


Alcoholism, cirrhosis, obstruc- 
tive liver disease 


Erythrocyte sodium-pump 
defect 


Spherostomatocyte 
(sphere) 


Spherocyte, prelytic 


sphere, microspherocyte 


Spherical RBC with dense hemo- 
globin content; scanning electron 
microscopy shows a persistent min- 
imal dimple 


BGO E 


Hereditary spherocytosis (cells 
actually spherostomatocytes) 


Immune hemolytic anemia 
Posttransfusion 

Heinz body hemolytic anemia 
Water-dilution hemolysis 
Fragmentation hemolysis 


Schizocyte (cut) 


Schistocyte, helmet cell, 


fragmented cell 


Split RBC, often showing half-disc 
shape with two or three pointed 
extremities; may be small, irregular 
fragment 


\ 


Microangiopathic hemolytic 
anemia (TTP, DIC, vasculitis, 
glomerulonephritis, renal graft 
rejection) 


Carcinomatosis 


Heart-valve hemolysis (pros- 
thetic or pathologic valves) 


Severe burns 


March hemoglobinuria 


Elliptocyte (oval) 


Ovalocyte 


Oval to elongated ellipsoid RBC 
(with polarization of hemoglobin) 


\ 


Hereditary elliptocytosis 
Thalassemia 

Iron deficiency 
Myelophthisic anemias 
Megaloblastic anemias 


(Continued) 


TABLE 31-7. Nomenclature of Red Cell Shapes and Associated Disease States (Continued) 


Terminology (Greek 


Meaning) Old Terms, Synonyms Description 
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Micrograph Associated Disease States 


Drepanocyte (sickle) Sickle cell RBC containing polymerized hemo- Sickle cell disorders (SS, S trait, 
globin S; showing varying shapes SC, SD, S thalassemia, etc.) 
from bipolar, spiculated forms to Fos (2 
holly-leaf and irregularly spiculated eludes) aun CHeran 
forms Hemoglobin Memphis/S 
Codocyte (bell) Target cell Bell-shaped RBC that assumes a tar- Obstructive liver disease 


get shape on dried films of blood 


Hemoglobinopathies (S, C) 
Thalassemia 

Iron deficiency 
Postsplenectomy state 


Lecithin cholesterol acetyltrans- 
ferase deficiency 


Dacryocyte (tear) Teardrop cell 


RBC with a single elongated or 
pointed extremity 


Primary myelofibrosis 


Myelophthisic anemias 
Thalassemia 


Leptocyte (thin) Thin cell, wafer cell 


periphery 


Thin, flat RBC with hemoglobin at 


Thalassemia 


Obstructive liver disease (+ iron 
deficiency) 


Keratocyte (horn) Horn cell 


RBC with spicules resulting from 
ruptured vacuole; cell appears half- 
moon shaped or spindle shaped 


DIC or vascular prosthesis 


O00 Mic 


DIC, disseminated intravascular coagulation; RBC, red blood cell; TTP, thrombotic thrombocytopenic purpura. 


the most aged—they have the highest levels of glycated hemoglobin 
(HbA,,), a very good marker of cell age. The loss of membrane surface 
area of the senescent red cells appears to be a result of membrane oxida- 
tion-induced band 3 clustering and consequent membrane vesiculation 
and the resultant critical decrease in SA:V ratio leads to their removal 
from circulation?” 


PATHOPHYSIOLOGY OF ERYTHROCYTE 
SHAPES 


Chapter 46 discusses erythrocytes in greater detail. 
See Table 31-7 and Fig. 31-13 for scanning and blood film appear- 
ance of pathologically shaped red cells. 


Spherocytes and Stomatocytes 

Spherocytes (Chap. 46) represent red cells, with the most decreased 
SA:V ratio seen in hereditary spherocytosis, immune hemolytic ane- 
mia, stored blood, Heinz body hemolytic anemia, and caused by cell 
fragmentation.’ Stomatocytes are seen in hereditary stomatocytosis, 
as well as in hereditary spherocytosis, alcoholism, cirrhosis, obstructive 
liver disease, and erythrocyte sodium pump defects. Red cells sen- 
sitized with antibodies, complement, or immune complexes lose cho- 
lesterol and surface area. As a result, they are less deformable and more 
osmotically fragile. Heinz body formation leads to membrane depletion 


by fragmentation, with spherocyte formation. A spherogenic mecha- 
nism common to Heinz body hemolytic anemias and immune hemo- 
lysis is partial phagocytosis of portions of the cell containing aggregates 
of denatured hemoglobin and portions of the sensitized membrane, 
respectively. 

Stomatocytosis appear to be an intermediate form in the gener- 
ation of spherocytosis with varying extents of decreased SA:V ratio 
as a result of loss of membrane surface area or increased cell vol- 
ume. Stomatocytosis is a feature of hereditary hydrocytosis caused 
by increased cell volume and consequent decrease in SA:V ratio. A 
spectrum of abnormal cells varying from normal discocytes to stoma- 
tocytes, spherostomatocytes, and dense microspherocytes is seen in 
hereditary spherocytosis. 


Elliptocytes 

Elliptocytes are seen in hereditary elliptocytosis (Chap. 46) as well as in 
thalassemia (Chap. 48), iron deficiency (Chap. 43), and megaloblastic 
anemia (Chap. 41).” In blood films of normal subjects, elliptical or oval 
cells usually constitute less than 1 percent of the erythrocytes. In various 
pathologic situations, with or without anemia (thalassemia trait, folate, 
and iron deficiency), the number of elliptocytes can increase to 10 per- 
cent. Exceptionally, as in dyserythropoiesis, the proportion can be as 
high as 50 percent. In hereditary elliptocytosis, the number of elliptical 
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Figure 31-13. A. Normal blood. Arrow points to a normochromic-normocytic discocyte. B. Stomatocytes. The double arrow points to the two 
morphologic types of stomatocyte: upper cell with a slit-shaped pale area and lower cell with a small central circular pale area. C. Echinocytes. 
The field has several such cells. The arrow points to one example with evenly distributed, blunt, short, circumferentially positioned, projections. 
D. Acanthocytes. The arrow points to one example with a few spike-shaped projections, unevenly distributed and of varying lengths. E. Soherocytes. 
Small, circular, densely-staining (hyperchromic) cells which, when fully developed, show no central pallor. F. Schizocytes (schistocytes, helmet cells, 
fragmented red cells). These microcytic cell fragments may assume varied shapes. The arrow points to a triangular shape, but two others of different 
shape are also present in the field. Despite being damaged and very small, they frequently maintain a biconcave appearance as witnessed by their 
central pallor. G. Sickle cells (Drepanocytes). Numerous sickle cells are shown. Two are in the classic shape of the blade on the agricultural sickle 
(arrow). Many red cells that have undergone the transformation to a “sickle” cell take the slightly less extreme form of elliptical cells with a very nar- 
row diameter with condensed hemoglobin in the center (para-crystallization). About eight such cells are in the field. H. Elliptocytes and ovalocytes. 
The lower arrow points to an elliptocyte (cigar-shaped). The upper arrow points to an ovalocyte (football-shaped). Because both forms may be seen 
together in a case of inherited disease (same gene mutation resulting in both shapes), as shown here, it has been proposed that all such shapes be 
called elliptocytes with a Roman numeral to designate the severity of the shape change toward the elliptical, that is, elliptocytes |, Il, and Ill. I. Target 
cells (Codocytes). The arrow points to one characteristic example among several in the field. The hemoglobin concentration corralled by membrane 
recurvature in the center of the cell gives it the appearance of an archery target. J. Tear-drop-shaped cells (Dacryocytes). Three dacryocytes are in this 
field. One example is indicated by the arrow. K. Horn cell (Keratocyte). Several examples are in the field. The arrow points to a typical such cell with 
two sharp projections. (Reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


erythrocytes varies greatly, from 1 to 98 percent. Qualitative and quan- 
titative anomalies of spectrin and protein 4.1, the major proteins of the 
membrane skeleton, are associated with hereditary elliptocytosis.°™ 
Severe hemolytic anemia is seen only in the homozygous or compound 
heterozygotes form of the disease (hereditary pyropoikilocytosis) where 
extensive cell fragmentation produces pyropoikilocytes with marked 
decreases in SA:V ratio. 


Acanthocytes 

The acanthocyte (Chap. 46) is irregularly shaped, with two to 10 hemi- 
spherically tipped spicules of variable length and diameter. The bases of 
the spicules on the acanthocyte are of varying girth, unlike the spicules 
on echinocytes, which have remarkably uniform dimensions. Acantho- 
cytes are seen in neuroacanthocytosis and in abetalipoproteinemia.® 
The lack of anemia in these conditions suggests that these cells have 
near normal life span in circulation. 


Target Cells (Codocytes) 

A relative excess of membrane surface area or decreased cell volume 
leading to increased SA:V ratio results in target cells.“ Target cells may 
be seen in obstructive liver disease, hemoglobinopathies (S and C), 
thalassemia, iron deficiency, postsplenectomy, and lecithin cholesterol 
acetyltransferase deficiency. In patients with obstructive liver disease, 
lecithin cholesterol acetyltransferase activity is depressed. This increases 
the cholesterol-to-phospholipid ratio and produces an absolute increase 
in the surface area of the red cell membrane. In contrast, membrane 
excess is only relative in patients with iron-deficiency anemia and tha- 
lassemia because of the reduced cell volume. In contrast to spherocytes 
which exhibit increased osmotic fragility, target red cells are osmotically 
resistant. 


Sickle Cells (Drepanocytes) 

The sickle cell (Chap. 49) displays a characteristic variation of form on 
stained blood films. The fusiform cell in the crescent shape with two 
pointed extremities is encountered most commonly in deoxygenated 
blood samples as a result of polymerization of sickle hemoglobin. If 
sickle cell formation is observed by phase-contrast microscopy, the 
earliest change with deoxygenation is loss of flicker, followed by slight 
deformation at the discocyte border with displacement of the hemo- 
globin to one region of the cell. The cell then elongates and becomes 
rigid as a result of polymerization of hemoglobin S. Upon reoxygena- 
tion, the sickle cell resumes the discocyte form and, in so doing, loses 
membrane by microspherulation and fragmentation during retraction 
of long spicules.” Evidence suggests that the more typical sickle-shaped 
cells form under slow deoxygenation. With each sickling-unsickling 
cycle, membrane damage accumulates resulting in the formation of 
irreversibly sickled cells (ISCs). These cells are incapable of rever- 
sion to the biconcave disc shape, even when fully oxygenated. They have 
an increased hemoglobin concentration, increased cation permeability, 
decreased potassium, and increased sodium. 


Fragmented Cells (Schistocytes) 

Schistocytes (Chap. 51) are seen in microangiopathic hemolytic ane- 
mias (thrombotic thrombocytopenic purpura [TTP], disseminated 
intravascular coagulation [DIC], vasculitis, glomerulonephritis, renal 
graft rejection), carcinomatosis, heart valve hemolysis (prosthetic or 
pathologic valves), severe burns, and march hemoglobinuria (Chap. 
51). Fibrin strands in damaged blood vessels can be arrayed so that 
they sieve the passing red cells. If a passing red cell folds over or other- 
wise attaches to the strand, the bloodstream pulls on the arrested cell, 
stretches it, and eventually fragments it.” The spleen rapidly removes 
the schistocytes with a low relative SA:V ratio; the remainder may cir- 
culate for many days. 
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CHAPTER 32 
ERYTHROPOIESIS 


Josef T. Prchal and Perumal Thiagarajan 


Production of red cells or erythropoiesis, is a tightly regulated process by which 
hematopoietic stem cells differentiate into erythroid progenitors and then 
mature into red cells. Erythropoiesis generates approximately 2 x 10" new 
erythrocytes to replace the 2 x 10" red cells (approximately 1 percent of the 
total red cell mass) removed from the circulation each day. Red cell production 
increases several fold after blood loss or hemolysis. When one of the progeny 
of the multipotential hematopoietic stem becomes committed to the erythroid 
lineage, this early erythroid progenitor undergoes a series of divisions and 
concurrent maturation that eventually result in morphologically recognizable 
erythroblasts. After expulsion of the nucleus, a macrocyte (polychromatophilic 
when stained by Wright stain, or a reticulocyte if stained with new methylene 
blue) leaves the marrow. During the first 24 hours in the circulation, reticu- 
locytes lose their residual organelles (mitochondria and ribosomes) through 
an autophagic process and undergoes reconditioning of the membrane to 
become mature red blood cells with a morphology ofa biconcave disc. Erythro- 
poiesis is controlled by transcription factors and cytokines, the principal ones 
being GATA 1 and erythropoietin (EPO), which influence the rate of lineage 
commitment, proliferation, apoptosis, differentiation, and number of divisions 
from the earliest progenitor to late erythroblasts. The number of red cells 
produced varies in response to tissue oxygenation that determines the level of 


Acronyms and Abbreviations: BCL11A, a critical switching factor for silencing 
y-globin; Bcl-x,, an antiapoptotic factor, BFU-E, burst-forming units—erythroid; CBP, 
a coactivator of a transcription factor; CFU-E, colony-forming units-erythroid; CFU- 
Ec-Kit, growth factor receptor also a protooncogene; CIS, a signal transduction pro- 
tein that downregulates activity of erythropoietin receptor; CPM, counts per minute; 
EKLF, erythroid Kruppel-like factor; Emp, erythroblast-macrophage protein; EPO, 
erythropoietin; EPOR, EPO receptor; FOG, “friend of GATA,” a GATA-1 interacting pro- 
tein; Gas6, growth arrest-specific 6; GATA-1, transcription factor; HCP, hematopoietic 
cell phosphatase; Hct, hematocrit; HIF, hypoxia-inducible transcription factor; ICSH, 
International Committee on Standardization in Hematology; JAK2, a tyrosine kinase 
that interacts with erythropoietin receptor; KAP1, KRAB-associated protein-1 is a 
transcriptional cofactor; KRAB-ZFP, one of the 400 human zinc finger protein-based 
transcription factors; mDia2, a protein that regulates actin and focal adhesion 
dynamics; miRNAs, microRNAs are small noncoding RNA molecules; NFE-2, a tran- 
scription factor, one of the principal regulator of hematopoiesis; Nix, a protein that is 
expressed during erythropoiesis and regulates mitochondrial apoptosis (autophagy); 
0S-9, osteosarcoma protein 9; PU.1, a transcription factor; RACK1, receptor of acti- 
vated protein kinase C; RCM, red cell mass; SCL/TAL1, stem cell leukemia/T-cell acute 
lymphoblastic leukemia 1 factor; SOCS3, a signal transduction protein (also known as 
CIS3) that downregulates activity of erythropoietin receptor; VHL, von Hippel-Lindau 
protein. 


the transcription factors, hypoxia-inducible factors (HIF), HIF-1 and HIF-2, the 
principal regulators of the response to hypoxia. HIFs modulate erythropoiesis 
by regulation of EPO production, by direct EPO-independent mechanism(s) 
and facilitating iron availability. 


@HISTORY 


Erythrocytes evolved largely for the purpose of transporting oxygen 
to tissues. Thus, the size of the red cell mass and the rate of red cell 
production must be closely related to supply and demand for oxygen 
in the tissues. Toward the end of the 19th century, French mountain- 
eers and physiologists established that a low tissue tension of oxygen 
stimulates red cell production.' In 1906, Paul Carnot, a professor at 
the Sorbonne, and Mademoiselle DeFlandre, his associate, suggested 
that hypoxia generates a humoral factor capable of stimulating red cell 
production.” Based on questionable experimental data, an influential 
biochemist Friederich Miescher* erroneously proposed that marrow 
hypoxia directly stimulates red cell production. Finally, in 1950, in an 
ingenious study on parabiotic rats, Kurt Reissmann* provided evidence 
for the existence of an indirect humoral mechanism. This work, and 
work of Erslev and colleagues** who demonstrated that the plasma 
from anemic rabbits and primates contains an erythrocyte-stimulating 
factor, provided a strong basis for an existence of the factor appropri- 
ately named erythropoietin (EPO). In 1957, Jacobson and coworkers’ 
reported that EPO was produced by the kidney, a finding that raised 
the possibility that EPO isolated in adequate amounts might be of ther- 
apeutic benefit to uremic patients. After EPO cloning and production 
of recombinant EPO in therapeutic quantities, EPO has proved to have 
not only indications for therapy of anemia, but also has extraerythroid 
effects that are yet to be fully elucidated, such as its effect on cell growth. 
Widespread use of EPO for the treatment of anemia has surpassed orig- 
inal expectations. 


@ PHYLOGENY OF RED CELL 
PRODUCTION 


HEMOGLOBIN AND RED CELLS 


Hemoglobin is present in the most primitive animal forms, such as 
Paramecium and Tetrahymena. Some crustaceans, such as Daphnia, are 
capable of developing an oxygen transport system without circulating 
red cells.* One interesting exception is an Antarctic ice fish (Chaeno- 
cephalus aceratus) lacking hemoglobin.” These ice fish compensate 
for the absence of hemoglobin by their unusual nitric oxide metabo- 
lism.’*” They have very large hearts and unusually large diameter capil- 
laries. This permits a large volume of blood to circulate at high flow rate 
and at low vascular pressure because of decreased peripheral resistance. 
This permits their survival in the very high oxygen content of Antarctic 
waters.” 

An erythroid cell that can synthesize, carry, and protect hemo- 
globin from oxidation was found only with the development of a cir- 
culatory system. Circulating nucleated erythrocytes first appear in the 
worms of the phylum Nemertina and in the sessile marine creatures of 
the phylum Phoronida. Erythropoiesis in these primitive invertebrates 
takes place near or on the peritoneal surface, derived from endothe- 
lial cells.’ Nonnucleated red cells are observed for the first time in the 
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more advanced phylum Annelida. However, the evolutionary advantage 
derived from enucleation appears to be slight. Nucleated red cells are 
observed in more advanced animals, such as reptiles and birds.'* All 
mammalian erythrocytes are nonnucleated and in most species are disc 
shaped, but are oval in some species.'* Enucleation decreases the work- 
load of heart as it reduces one third of the cell weight. 

In nonmammalian species, the spleen is the fundamental erythro- 
poietic organ. However, in some fish, the kidneys also are involved in 
red cell production.'*!” In vertebrates, an evolutionary shift occurred 
from the spleen to the liver and from the liver to the bones cavities." 
The homeostatic regulation of blood or hemoglobin production has 
been studied in Daphnia,’ where a balance exists between oxygen need 
and hemoglobin production. In higher animals, this relationship is 
maintained by adjusting red cell production. Studies of birds,” fish,” 
and mammals”! indicate that red cell production is controlled by EPO, 
which is capable of adjusting red cell production to the demands for 
oxygen in the tissues. EPO of mammals has considerable biologic simi- 
larity and genetic homology.” 


@ ONTOGENY OF RED CELL PRODUCTION 
EMBRYONIC AND FETAL ERYTHROPOIESIS 


The environment within the bone apparently is optimal for cellular 
proliferation and maturation. However, bone cavities do not develop 
until the fifth fetal month. Other, presumably less favorable, sites are 
responsible for red cell production during early embryonic life (Chap. 
7). In the human, large nucleated blood cells are first formed in the yolk 
sac,” and some enucleate.** They cluster in blood islands that become 
enveloped by endothelial cells forming the vascular plexus of the yolk 
sac.” This is referred to as primitive erythropoiesis, and is contrasted 
with definitive erythropoiesis, which occurs in the fetal liver and in the 
marrow. During the second gestational month, erythropoiesis moves 
to fetal liver, wherein smaller, but still macrocytic, nonnucleated cells 
are produced.”*”’ At birth, the hepatic phase of blood cell production 


ceases, and erythropoiesis moves to the marrow (Chaps. 7 and 48 pro- 
vide details of developmental switching of embryonic, fetal, and adult 
globin expression). 

During the neonatal period, the volume of available marrow 
space is almost the same as the total volume of hematopoietic cells and 
marrow vasculature.” This process continues for a few years until the 
growth of bones and bone cavities exceeds the growth of hematopoi- 
etic mass. However, whenever the demand on erythropoiesis increases 
(blood loss, hypoxia, ineffective erythropoiesis, or hemolysis), the lack 
of reserve space in neonates and small children reactivates extramedul- 
lary erythropoiesis in the liver and spleen.” In adults, expansion of mar- 
row space continues, and the amount of fatty tissue gradually increases 
in all bone cavities. Because of the abundant marrow space, compen- 
satory reactivation of extramedullary sites rarely occurs in later life. 
Extramedullary hematopoiesis during adult years indicates pathologic 
rather than compensatory blood formation, such as seen in primary 
myelofibrosis (Chap. 86) wherein the stem cells have abnormal inter- 
action with the extracellular matrix.” During fetal life, EPO production 
is primarily hepatic.*' At birth, a gradual switch to renal production of 
EPO occurs. In the adult, the kidney is responsible for approximately 
85 percent of total production.*>* 


@ CELLULAR COMPONENTS OF 
ERYTHROPOIESIS 


PROGENITOR CELLS 


Our ability to evaluate early erythropoiesis rests on functional assays 
of hematopoietic progenitors. The developmentally earliest progenitor 
committed to the erythroid lineage is the burst-forming unit-erythroid 
(BFU-E). It was initially termed a burst because it contains cells still 
capable of migration. These cells form smaller clusters around a larger 
central colony, giving the appearance of a sunburst with satellite colo- 
nies (Fig. 32-1). However, all the cells in the colony and its satellites are 
derived from a single BFU-E and, thus, are clonal. BFU-E takes longer 


Figure 32-1. Burst-forming unit-erythroid (BFU-E) and colony-forming unit-erythroid (CFU-E). Erythroid colony growth in methylcellulose medium 
in presence of erythropoietin. Normal human marrow. The colonies are stained for hemoglobin. A. BFU-E. This colony grows from a single marrow 
erythroid progenitor cell (BFU-E). It was photographed at 14 days in culture. The BFU-E is a differentiated cell, committed to the erythroid lineage. 
The BFU-E is a more primitive progenitor in the erythroid maturation pathway than the CFU-E. The colony it forms is large, compared to the CFU-E, 
has spreading margins, and often satellite colonies. B. CFU-E. This colony was photographed at day 7 in culture. The CFU-E originates from a more 
mature single progenitor cell than the BFU-E. The CFU-E is smaller and grows typically in a tight, dense colony, compared to the BFU-E. The sequence 
established in the erythroid lineage is BFU-E, CFU-E, erythrocyte precursors (proerythroblast, etc). (Reproduced with permission from Lichtman’s Atlas 


of Hematology, www.accessmedicine.com.) 


than more mature erythroid progenitors to form a colony of erythrob- 
lasts (10 to 14 days) and form a large colony approximately 2000 to 
3000 cells. BFU-E express low levels of EPO receptors (EPORs). BFU-E 
mature into colony-forming unit-erythroid (CFU-E), the more mature 
erythroid progenitor. A CFU-E is identified through more differentiated 
erythroid progenitor that in vitro form smaller colonies (50 to 200 cells) 
that mature in 3 to 5 days with EPOR density and EPO dependency 
increase gradually as progenitor cells mature, culminating at the level of 
the CFU-E.*#° BFU-E and CFU-E cannot be identified by microscopy 
(Chap. 31), but they can be studied in vitro by their ability to gener- 
ate microscopically recognizable hemoglobinized precursors (i.e., ery- 
throblasts) by so-called clonogenic assays on semisolid media. 


PRECURSOR CELLS 


In contrast, cells that constitute the latter stages of erythropoiesis can be 
identified by light microscopy (Chap. 31). The earliest morphologically 
recognizable erythroid precursor in the adult marrow is the pronor- 
moblast. Pronormoblasts are conspicuously large and they have large 
uncondensed nuclei and deep basophilic cytoplasm as a result of the 
presence of numerous RNA-containing polyribosomes. Pronormoblast 
has a volume of 900 fL, 10 times the volume of the mature red blood cell. 
With each successive division, the precursor cells give rise to daughter 
cells of half their volume. Furthermore, with each division there is an 
increase in hemoglobin synthesis and condensation of nucleus. Thus, 
when the pronormoblasts divide to become basophilic normoblasts, 
the daughter cells have less blue cytoplasm because of hemoglobin 
synthesis and also a greater condensation of the nucleus. When the 
basophilic normoblasts divide further, they give rise to mature cells 
with more cytoplasmic hemoglobin that is stainable with both acid and 
basic dyes resulting in muddy-colored cytoplasm. These cells are called 
polychromatophilic normoblasts. The offspring of polychromatophilic 
normoblasts are called orthochromic normoblasts. Their nuclear chro- 
matin is completely condensed and cytoplasm is pink from complete 
hemoglobinization. These cells do not divide further. Following extru- 
sion of the nucleus, the enucleated cells derived from orthochromic 
orthochromatic erythroblasts are termed reticulocytes, named after the 
cytoplasmic remnants of the endoplasmic reticulum and the persistence 
of a few mitochondria and strings of ribosomes seen when stained with 
supravital dyes. Reticulocytes remain in the marrow for 48 to 72 hours 
before being released to the blood. The reticulocytes have an irregular 
polylobated shape and various membrane-bound organelles.** In the 
blood, immature erythrocytes (reticulocytes) undergo further matura- 
tion with the removal of vestiges of organelles and reconditioning of the 
membrane to become mature red blood cells with the morphology of a 
biconcave disk.” 

The number of erythroid precursor cells determines to a great 
extent the number of red cells produced. The proerythroblasts also 
contain EPORs that, in the presence of higher than normal levels of 
EPO, may accelerate their entry into their first mitotic division. This 
process may lead to a shortened marrow transit time of erythrob- 
lasts** and result in release of still immature erythrocytes (polychro- 
matophilic macrocytes), so-called stress reticulocytes (Fig. 32—2).* 
Creation of a normal sized and shaped red cells, devoid of organelles, 
is the end result of an orderly transformation of a proerythroblast with 
a large nucleus and a volume of approximately 900 fL to a hemoglo- 
binized anucleate disc-shaped cell with a volume of approximately 
90 fL. Although cytoplasmic maturation is continuous, the inter- 
posed mitotic divisions cause a stepwise reduction in cytoplasmic 
and nuclear volumes, enabling recognition of proerythroblasts, ery- 
throblasts, and polychromatophilic macrocytes (reticulocytes) with 
light microscopy (Chap. 31). Direct measurements of the number of 
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marrow erythroblasts and reticulocytes have shown approximately 
50 erythroblasts and approximately 124 reticulocytes for each proery- 
throblast (Table 32-1).*°*! This distribution conforms to the number 
of cells in a theoretic erythroid pyramid (Table 32-1, Fig. 32-3). In 
the pyramid, each erythroblast undergoes five mitotic divisions over 
5 days before the orthochromatic erythroblast loses its nucleus and 
as an immature erythrocyte enters a 2- to 3-day period of matura- 
tion before its release from the marrow. ‘The size and shape of these 
erythroid pyramids undoubtedly vary, but such variations play a role 
in the physiologic control of red cell production. When production 
is suppressed, as in low EPO as seen in anemia of chronic renal dis- 
ease, the distribution of erythroblasts appears normal, with no mor- 
phologic or ferrokinetic evidence of ineffective erythropoiesis but the 
number of erythroid progenitors is decreased.** When production is 
increased, as in severe hemolytic anemia, the pyramid of erythroid 
precursors also appear normal, with no evidence of additional mitotic 
divisions but the number of erythroid progenitors is increased. Conse- 
quently, the rate of red cell production largely depends on the number 
of erythroid progenitors formed. 

As the erythroblast matures, its synthetic activities increase 
rapidly, producing all proteins characteristic of mature red blood cells, 
particularly globin. Eventually 95 percent of all protein in the red cell is 
hemoglobin, almost all hemoglobin A (a,f,) in adults, with only small 
amounts of hemoglobin F (a,y,) and hemoglobin A, (a,6,). Hemoglo- 
bin F is unequally distributed and is present only in some erythrocytes, 
designated as F cells (Chaps. 48 and 49). 

EPOR density declines sharply on early erythroblasts, and EPORs 
are absent from the more mature erythroblast forms while the number 
of receptors for transferrin increases, reflecting the increased demands 
for iron for heme synthesis. 


ERYTHROBLAST ENUCLEATION 


The microenvironment may be important for proliferation and matu- 
ration of erythroblasts. However, in situ secreted or circulating growth 
factors and cytokines appear to be less important for precursor cells 
than for progenitor cells. Intercellular adhesion molecules secure the 
structural integrity of the marrow, and fibronectin is of special impor- 
tance for erythroblasts.” Loss of fibronectin receptors heralds the 
translocation of polychromatophilic macrocytes (reticulocytes) into 
blood, but some newly emerging erythrocytes remain sticky even after 
release and are temporarily sequestered by the spleen (Chap. 6). Because 
erythroid colonies developed in vitro consist principally of nucleated 
red cells, enucleation may primarily be induced by marrow stromal cells 
(Chaps. 5 and 31). 

The extrusion of the spent pyknotic nuclei at terminal erythroid 
maturation is unique to mammals. This process results in the forma- 
tion of pliable biconcave disc from rigid spheroidal cells. Enucleation 
decreases workload of the heart as it reduces one-third of the ery- 
throcyte weight. The retinoblastoma protein and its effector, E2f-2, are 
critical for erythroid cells to exit the cell cycle for enucleation to take 
place.*? During terminal differentiation, the plasma membrane forms 
an envelope around the nucleus, followed by the formation of the con- 
tractile actin ring on the plasma membrane to move the nucleus for 
disposal.“ Rac guanosine triphosphatases (GTPases) and their effec- 
tor mDia2 are required for the contractile actin ring movement in the 
release of the nucleus.* After separation from the cell, the expelled 
nucleus displays phosphatidylserine and is recognized and engulfed 
by macrophages.** Emp, an erythroblast-macrophage protein initially 
identified as a mediator of erythroblast-macrophage interactions, 
also plays a role in the enucleation.” Emp associates with F-actin, an 
interaction important for the normal distribution of F-actin in both 
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Figure 32-2. Stress reticulocytes. A. Blood film. Hemolytic anemia. The polychromatophilic macrocyte with puckering evident by the clover- 
leaf-shaped clear areas (folds) is a characteristic stress erythrocyte, so named because they are prematurely released from the marrow by high levels 
of erythropoietin, usually as a result of a hemolytic anemia. They are large, intensely polychromatophilic, and often have evidence of excess surface 
area as evident by folds. B. Phase-contrast microscopy of the blood cells in suspension from a case of hemolytic anemia. The arrows point to two 
macrocytes with puckered (folded) surfaces, characteristic of stress reticulocytes. C. A scanning electron micrograph of a stress reticulocyte. Note the 
markedly increased surface area to volume relationship for a red cell. D. Scanning electron micrograph of a marrow sinus of a mouse. L denotes the 
sinus lumen. The asterisk is the edge of the endothelial lining of the sinus, torn in preparation for microscopy. The arrow points to two anucleate red 
cells folded amidst the reticular cell extensions that make up the stroma of marrow. Note the severe folding of reticulocytes in situ. Note similarity 
between folds of the cell to the scanning image in (C). Just below the asterisk is an enucleated red cell (reticulocyte) half in the hematopoietic space 
and half in the lumen, presumptively in egress. Note the surface folding required when traversing the narrow pore in endothelium. E. A marrow sinus 
with an anucleate red cell emerging into the lumen. Note the folding required to negotiate the narrow pore through which the cell is exiting. (Chapter 
3 provides details of erythrocyte egress.) (Reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


erythroblasts and macrophages. Emp null mice do not extrude their 
nuclei from erythroid cells. Thus, Emp appears to be required for 
erythroblast enucleation.* 

Microscopic determination of marrow cellularity and proportion 
of erythroblasts permits semiquantitative evaluation of erythropoiesis. 


TABLE 32-1. Erythroid Pools 


Cell Number x 10° per kg/Body Weight 


Theoretic Model 
Cell Type Observed* (Fig. 31-3) 
Proerythroblasts 1 1 
Erythroblasts 49 58 
Marrow reticulocytes 82 64 
Blood reticulocytes 31 32 
Mature red cells 3300 3800 


Data from Donohue DM, Reiff RH, Hanson ML, et al.: Quantitative 
measurement of the erythrocytic and granulocytic cells of the mar- 
row and blood. J Clin Invest 37(11):1571-1576, 1958 and Finch CA, 
Harker LA and Cook JD: Kinetics of the formed elements of human 
blood. Blood 50(4):699-707, 1977. 


However, the presence of ineffective erythropoiesis in disease states, 
such as iron deficiency, anemia of chronic disease, megaloblastic ane- 
mias, and thalassemias, makes the morphologic approach misleading 
(Chaps. 37, 41, 42, and 48). Red cell production can be accurately esti- 
mated by ferrokinetic studies using ”Fe. Similarly, the amount of the 
final product of erythropoiesis, the red cell mass, can also be accurately 
measured. Unfortunately, the ever-increasing regulation of even minute 
amounts of radioisotopes used in vivo makes these methods available in 
only a few specialized centers. 

Chapters 7, 30, 47, and 48 discuss developmental control of ery- 
thropoiesis, differential use of enzyme and globin genes, and the crucial 
differences between embryonic yolk sac and fetal/adult definite erythro- 
poiesis. This chapter focuses mainly on adult erythropoiesis. 


REGULATION OF ERYTHROPOIESIS 


Erythropoiesis is a tightly regulated system, but the details are still 
not fully elucidated. Much remains to be learned from uncovering the 
molecular basis of many congenital and acquired mutations that dis- 
rupt the control of erythropoiesis. Two competing hypothesis have been 
proposed to explain the differentiation of the hematopoietic progenitors 
cells toward erythroid lineage. 
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Figure 32-3. Theoretical model of proliferation of erythroid- 
committed marrow cells, including their most important receptors. 
BFU-E, burst-forming units—erythroid; CFU-E, colony-forming units- 
erythroid; EPO, erythropoietin; GM-CSF, granulocyte-macrophage col- 
ony-stimulating factor; IL, interleukin. 


DETERMINISTIC MODEL OF LINEAGE 
COMMITMENT 


According to the deterministic model of lineage commitment, specific 
extracellular signals, such as cytokines, play an instructive role in lin- 
eage specification. 

Multipotential progenitors (Chap. 18) and erythroid unipotential 
progenitors, the BFU-E, require stem cell factor, interleukin-3, gran- 
ulocyte-macrophage colony-stimulating factor, and/or thrombopoietin 
for growth and survival (Fig. 32-4). 


STOCHASTIC MODEL OF ERYTHROID 
DIFFERENTIATION 


In contrast, the stochastic model proposes that spontaneous formation 
ofa set of transcription factors, independently of extrinsic signals, medi- 
ates lineage commitment. These transcription factors activate a unique 
set of genes for a particular lineage and repress the action of alternative 
transcription factors and cytokines play only a permissive role. Most 
of evidence based on gene targeting studies and in vitro culture studies 
support the stochastic model of differentiation. Several transcription 
factors, such as GATA-1, FOGI, erythroid Kruppel-like factor (EKLF), 
PU.1, and SCL/TAL1 (stem cell leukemia/T-cell acute lymphoblastic 
leukemia 1 factor) have been characterized that are involved in ery- 
throid differentiation. 

The GATA family of zinc-finger transcription factors was first 
identified as the nuclear factors that bind to the GATA sequence in the 
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Figure 32-4. A. Cytokine influence on hematopoiesis. CFU-GEMM, 
colony-forming unit-growing granulocyte, erythrocyte, megakaryo- 
cyte, and macrophage precursors; G-CSF, granulocyte colony-stimulat- 
ing factor; IL3, interleukin-3; SCF, stem cell factor; TPO, thrombopoietin. 
B. Regulation of erythropoiesis by hypoxia. HIF-1 hypoxia inducible 
factor-1; VEGF, vascular endothelial growth factor 1. 


enhancer region of the globin genes.“° GATA-1 protein is expressed 
during erythroid differentiation, with highest expression in CFU-Es 
and pronormoblasts. GATA-1 promotes erythroid differentiation by 
activating several erythroid-specific genes and represses transcription 
of Kit receptor and GATA-2. GATA-1 deficient mice die at embryonic 
day 10.5 with severe anemia from maturation arrest at the stage of pro- 
normoblasts.*! In vitro, GATA-1 null the embryonic stem cells fail to 
mature beyond pronormoblast and undergo apoptosis. GATA-1 and 
its cofactor CBP are essential for the formation of an erythroid-specific 
histone acetylation pattern of histones at the active globin genes and 
the B-globin locus control region.” GATA-1, along with EPO, induces 
expression of the antiapoptotic protein Bcl-x,” and interacts with mul- 
tiple proteins, including FOG-1 and PU.1,*4 and FOG-1 acts as a cofac- 
tor for GATA-1.°° GATA-1 interaction with PU.1 appears to counteract 
erythropoiesis by inducing differentiation of pluripotent stem cell to 
myeloid and B lymphopoiesis and inhibition of erythropoiesis.**°*°” 
Whereas PU.1 absence appears to be required for completion of termi- 
nal erythroid differentiation, low levels of PU.1 expression are essential 
for fetal erythropoiesis and for proper augmentation of adult erythro- 
poiesis at times of stress.°* 


Friends of GATA 
FOG-1, a member of friend of GATA family of zinc finger proteins, act 
as cofactors for GATA-1. It was first identified in a yeast two-hybrid 
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screen for GATA-1 interacting proteins.” It binds to the amino zinc fin- 
ger of GATA-1. FOG-1-/— mice die during embryonic days 10.5 to 11.5 
from severe anemia with arrest in erythroid maturation at a stage simi- 
lar to that observed in the GATA-1- mice.” FOG-1 physically interacts 
with GATA-1 to augment or inhibit its transcriptional activity depend- 
ing on the promoter context. 

GATA-2 was initially cloned as a GATA motif-binding factor is 
present in all erythroid cells; and, targeted deletion of GATA-2 resulted 
in embryonic lethality at day 10.5 from ablation of blood cell develop- 
ment.® GATA-1 and GATA-2 directly regulate GATA-2 transcription 
in a reciprocal fashion during erythroid differentiation.°“ GATA-2 
autoregulates its transcription by binding to its own regulatory elements 
in the promoter region. This autoregulation is abolished by the displace- 
ment of GATA-2 by GATA-1 (GATA-2/GATA-1 switch), an interaction 
facilitated by FOG-1. Chromatin immunoprecipitation studies indicate 
that FOG-1 facilitates occupancy by GATA-1 at selected cis-regulatory 
chromatin elements. Double knockout of GATA-1 and GATA-2 results 
in embryonic lethality with complete absence of primitive erythropoie- 
sis.“ The severity of this phenotype compared to either single GATA-1 
or GATA-2 knockout suggests overlapping functions of these two tran- 
scription factors in primitive erythropoiesis. 


Kruppel-like Factor 

EKLEF is a zinc finger protein identified by subtractive hybridization 
of the mRNA of erythroid cells with common messages in a myeloid 
cell line.® It interacts with CACCC sequence in the f-globin pro- 
moter, where it modifies chromatin structure permitting 6-globin gene 
transcription. EKLF-deficient mice die at embryonic day 14.5 to 15 
from severe anemia from defective definitive erythropoiesis. There 
is a marked decrease in 6-globin mRNA and protein levels in EKLF- 
deficient erythroid cells. Large amounts of iron accumulate in the 
reticuloendothelial system of EKLF-deficient mice, consistent with an 
ineffective erythropoiesis. 


STEM CELL LEUKEMIA/T-CELL ACUTE 
LYMPHOBLASTIC LEUKEMIA 1 


SCL/TAL1 is a member of basic helix-loop-helix transcription fac- 
tors essential for maturation of the erythroid and megakaryocytic 
lineages.” Knockout of SCL/TAL1 leads to failure of hematopoiesis. 
Selective rescue of SCL/TALI null embryonic stem cells under the con- 
trol of stem cell enhancer revealed differentiation blocks in erythroid 
and megakaryocytic maturation.” Conditional knockout studies have 
revealed that erythroid and megakaryocytic precursors do not develop 
in the marrow of mice upon deletion of SCL/TAL1.” Heterodimeriza- 
tion of SCL with other transcription factors, such as E2A, is a prerequi- 
site for its functions.” 

BCL11A, a transcription factor initially identified in lymphoid cells, 
regulates erythroid differentiation, especially in switching from fetal to 
adult hemoglobin.” Fetal hemoglobin (HbF) levels decline after birth and 
are then replaced by adult hemoglobin A. The molecular mechanisms 
responsible for this switch are not completely known. Genome-wide 
association findings have provided a major breakthrough in understand- 
ing this phenomenon.” There is an inverse correlation between BCL11A 
and HbF expression in erythroid cells. BCL11A occupies several discrete 
sites in the 6-globin gene cluster and likely plays an important role in 
hemoglobin switching during erythroid differentiation. 


GROWTH ARREST-SPECIFIC 6 PROTEIN 


Growth arrest-specific 6 (Gas6) protein is a secreted vitamin K-dependent 
protein that interacts with cell membranes and leads to intracellular 


signaling (via its receptor tyrosine kinases). Gas6 receptors are expressed 
in hematopoietic tissue, megakaryocytes, myelomonocytic precursors, 
and marrow stromal cells. Gas6 amplifies the erythropoietic response 
to EPO using a mouse model of Gas6 knockout.” Gas6 is known to 
downregulate the expression of inflammatory cytokines such as tumor 
necrosis factor-a by macrophages.” 

Figure 32-5 outlines the interrogation of the molecular mecha- 
nisms that regulate lineage-specific differentiation and commitment 
reveals the existence of separate megakaryocytic/erythroid progenitors 
versus both myeloid and lymphoid lineages.” 


ERYTHROPOIETIN, OXYGEN SENSING, AND 
HYPOXIA-INDUCIBLE FACTOR 
Erythropoietin 


The principal hormone regulating erythropoiesis is EPO, which is pro- 
duced principally in the kidney.’ Erythroid progenitors express their 
own EPO.” Different levels of kidney-produced EPO are optimal for 
various stages of erythroid maturation.” Purification of EPO provided 
a partial protein sequence that led to cloning of the gene and permitted 
mass production of the recombinant protein.” EPO and its recombi- 
nant form are heavily glycosylated «-globulins with a molecular mass 
of 34,000 daltons and a specific activity of approximately 200,000 IU/ 
mg.”° Sixty percent of the molecular weight of the recombinant protein 
is contributed by amino acids; the remaining 40 percent is composed 
of carbohydrate. Using molecular probes for EPO, mRNA enabled the 
localization of the synthesis of EPO to renal cortical interstitial cells**” 
of endothelial or fibroblastic lineage. The cells appear to function in an 
all-or-none fashion, with the overall production of mRNA dependent 
on the number of cells activated.® 

Certain 5’ sequences located 6000 to 12,000 bp upstream also affect 
EPO gene transcription.“ These sequences are not hypoxia sensitive but 
appear necessary for tissue and cellular specificity.“ Hepatic production 
is contributed primarily by hepatocytes but is a much less important 
source than is the kidney.* During fetal life, however, hepatic EPO pro- 
duction is of major importance for red cell production (Chap. 7).5%*” 
EPO production is regulated exclusively at the level of its transcription 
by hypoxia at the transcription level. The transcriptional activation 
of the EPO gene is controlled by a specific sequence located in the 3’ 
flanking region termed hypoxia-responsive element.’ The core of the 
enhancer is constituted by the sequence CACGTGCT and mutations in 
this core sequence abolish hypoxia responsiveness. 

EPO is not stored; it is secreted immediately.** Circulating 
recombinant EPO and presumably native EPO have a half-life (T,,.) of 
4 to 12 hours, with a volume of distribution slightly larger than that of 
the plasma volume.” EPO is degraded after it binds to EPOR (see “Ery- 
thropoietin Receptor” below).” 


Erythropoietin Receptor 

Interaction of EPO with its receptor EPOR results in (1) stimulation 
of erythroid cell division, (2) erythroid differentiation by induction 
of erythroid-specific protein expression, and (3) prevention of ery- 
throid progenitor apoptosis.” Earlier models of this interaction were 
based on the ligand (EPO)-induced homodimerization of EPOR. In 
reality, EPOR is a preformed homodimer that undergoes a major con- 
formational change upon binding,” which initiates the EPO-specific 
erythroid signal transduction cascade (Fig. 32-6). The cytoplasmic 
portion of EPOR contains a positive regulatory domain that inter- 
acts with Janus kinase 2 (JAK2).* Immediately after EPO binding, 
JAK2 cross-phosphorylates the EPOR itself, and other proteins such 
as STATS (signal transducer and activator of transcription 5), thus 
initiating a cascade of erythroid-specific signaling.** JAK2/STATS 
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Figure 32-5. Schematic outline of emerging hierarchy of hematopoiesis outlining a separate progenitor for erythroid/megakaryocytic lineage (MEP). 
RUNX-1, Scl1/Tal1, Lmot, MilTel, PU-1, GATA-1, GATA-2, gf-1,C/EBPa, FOG1, EKLF, Ikaros, E2A, EBF, PAX-5, BCL 11A, NOTCH, TCF-1 are transcription factors. 
CLP, common lymphoid progenitor; CMP, common myeloid progenitor; GMP, granulocyte/macrophage progenitor; LT-HSC, long-term hematopoietic 
stem cell; MEP, megakaryocyte/erythroid progenitor; RBCs, red blood cells; ST-HSC, short-term hematopoietic stem cell. (Reproduced with permission 
from Orkin SH1, Zon LI: Hematopoiesis: an evolving paradigm for stem cell biology. Cell 22;132(4):63 1-644, 2008.) 


signaling plays an essential role in ERO-EPOR-mediated regulation 
of erythropoiesis (see Fig. 32-6).” Deficiency of EPO-EPOR is lethal 
by abrogating fetal liver erythropoiesis (but not the “primitive” yolk sac 
erythropoiesis). However, in these EPO or EPOR knockout mice, differ- 
entiation of pluripotential stem cells to BFU-E occurs, but not the sub- 
sequent erythroid differentiation. This occurrence demonstrates the 
crucial role of EPO in terminal erythroid maturation.***” The C-ter- 
minal cytoplasmic portion of EPOR also possesses a domain essential 
for prevention of apoptosis (see Fig. 32-6) by inducing expression of 
Bcl-x, via phosphoinositide 3’-kinase (PI3K).°* However, the cytoplas- 
mic portion of EPOR also contains a negative regulatory domain” that 
interacts with hematopoietic cell phosphatase (HCP, also known as 
SHP1) and down-modulates signal transduction.’ Once recruited by 
EPOR tyrosine (Y)429, HCP attaches to the cytoplasmic EPOR domain 
and dephosphorylates JAK2. Inactivation of the HCP binding site leads 
to prolonged phosphorylation of JAK2/STATS5.!"! CIS3 (also known 
as SOCS3), another negative regulator of erythropoiesis, binds to the 
cytoplasmic portion of the EPOR Y401 and suppresses EPO-dependent 
JAK2/STATS signaling." Thus, deletion of the distal C-terminal 
cytoplasmic portion of EPOR results in a truncated EPOR, abolishes 


negative regulatory elements, and results in increased proliferation of 
erythroid progenitor cells. Gain-of-function mutations resulting from 
deletion of the negative regulatory domain of the EPOR gene (Chap. 
57) have been demonstrated in a small proportion of individuals with 
primary familial and congenital polycythemia, but are rarely found 
in erythroleukemia'”; however, the rearranged EPOR has also been 
identified in a subtype of high-risk B-progenitor acute lymphoblastic 
leukemia.'° 

Because the activation signal after EPO binding to its receptor 
is rapidly downregulated and EPO briskly disappears after binding to 
EPOR, EPO-EPOR internalization is one mechanism of downregula- 
tion of EPO signaling.” After EPO binds to the receptor, ERO-EPOR 
complexes are ubiquinated, rapidly internalized, and targeted for degra- 
dation. This process involves two proteolytic systems, the proteosomes 
that remove part of the intracellular domain of EPOR at the cell sur- 
face and the lysosomes that degrade the ERO-EPOR complex in the 
cytoplasm.'” 

Another incompletely understood mechanism of erythropoiesis 
regulation is the presence of several EPOR isoforms, some of which may 
have an inhibitory function on erythropoiesis. 108-10 
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EPOR signaling 


Figure 32-6. Outline of erythropoietin—-erythropoietin receptor 
(EPO-EPOR) signaling. Activation of Janus kinase 2 (JAK2) and signal 
transducer and activator of transcription 5 (STATS) represents erythro- 
poiesis-promoting signals. Interaction of CIS, a signal transduction 
protein that downregulates activity of erythropoietin receptor, and 
hematopoietic cell phosphatase (HCP) inhibit erythropoiesis. Phosphat- 
idylinositide 3’-kinase (PI3K) activation of Bcl-x, inhibits apoptosis of ery- 
throid progenitors. 


Nonerythroid Effect of Erythropoietin Signaling 

Soon after the erythroid effects of recombinant EPO were described, 
nonerythroid effects were identified.''' Some of these effects are ben- 
eficial, including roles in neural, cardiovascular, and retinal tissues, 
and in immune function and in tissue repair. It has been claimed that 
the hormone also exerts beneficial effects on athletic performance and 
improved neurocognition, but these are not convincingly substanti- 
ated. The effects of EPO in nonerythroid tissues are the result of EPO 
binding to EPOR, and, as in erythroid cells, the ERO-EPOR interac- 
tion initiates a signal transduction process that regulates the survival, 
growth and differentiation of the involved tissue.” EPO and EPOR 


O,-dependent 
pathway [03] | 


Transcriptional 
regulation 


play a physiologic role in many nonerythroid cells including endothe- 
lial cells, megakaryocytes, and cells of the brain, heart, uterus, breast, 
and testis. However, in some tissues (e.g., brain, heart, and kidney) the 
signaling mechanism may be different because EPO can interact with 
EPOR and CD131 heterodimers. "45 

Detrimental EPO effects include a poorly understood increased 
cancer mortality,”*''®'” increased blood pressure, and thrombosis." 


Hypoxia-Inducible Factors 

Under normal conditions, EPO production is mediated by decreased 
oxygen saturation of hemoglobin, that is, hypoxemia.” Hypoxia is an 
important factor in development, energy metabolism, vasculogene- 
sis, iron metabolism, tumor promotion and is the principal regulator 
of erythropoiesis. The response to hypoxia is controlled by transcrip- 
tional factors termed hypoxia-inducible factors (HIFs).''*"!? Adaptive 
physiologic responses to hypoxia serve to (1) increase O, delivery to 
cells, (2) allow cells to survive under reduced O, by activating glycol- 
ysis, and (3) reduce the formation of reactive oxygen species.” HIFs 
are heterodimeric transcription factors composed of a highly-regulated 
« subunit and a constitutively expressed £ subunit that belongs to the 
basic helix-loop-helix containing the PER-ARNT-SIM (PAS)-domain 
family of transcription factors. The first HIF to be discovered, HIF-1, is 
induced in hypoxic cells and binds to a cis-acting nucleotide sequence 
of hypoxia-controlled genes referred to as the hypoxia-responsive 
element, first identified in the 3’-flanking region of the human EPO 
gene.'? Two other HIF homologues, HIF-2 and HIF-3, have been iden- 
tified. HIF-2 has more limited tissue expression than HIF-1 but it is 
the principal regulator of EPO expression."!*!'° Many hypoxia-inducible 
genes are directly regulated by HIF-1. Approximately 3 percent of all 
genes expressed in endothelial tissue are HIF-1 regulated.” The half- 
life of HIF-1a in the cell is minutes under normoxic conditions. HIF-1 
and HIF-2 « subunits are rapidly degraded by the von Hippel-Lindau 
(VHL) protein-ubiquitin-proteasome pathway.'” The targeting and 
subsequent polyubiquitination of HIF a subunits requires VHL, iron, 
O, and proline hydroxylase activity, and this complex constitutes the 
oxygen sensor (Fig. 32-7).1?41? 


Figure 32-7. Schematic outline of regulation 
of HIF-2 and HIF-2a subunits by hypoxic and 
nonhypoxic pathways. HIF, hypoxia-inducible 
factor; HSP90, heat shock protein 90; PHDs, 
proline hydroxylases; p300 and CBP, cofactors 
of hypoxia response transcription with HIF-1; 
RACK1, receptor of activated protein kinase C; 
ub, ubiquitin residues; VHL, von Hippel-Lindau 
protein. 
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This degradation of HIFs « subunits is initiated by a posttransla- 
tional hydroxylation event at residue proline 564 (P564) that is medi- 
ated by one of several iron-containing proline hydroxylases (PHDs). 
The hydroxylation of HIFs « subunits facilitates binding to the VHL 
protein and subsequent ubiquitination and proteasomal degradation. 
Osteosarcoma protein 9 (OS-9) binds to both HIF-1la and PHD2 and 
is required for efficient prolyl hydroxylation.'’”° Under hypoxic condi- 
tions, HIF-1 and HIF-2 « proteins are not degraded and are translocated 
to the cell nucleus where they dimerize with HIF-B to form the HIF 
heterodimer that activates transcription through binding to specific 
hypoxia-responsive elements on target genes. Another regulatory step 
involves O,-dependent asparaginy]-hydroxylation of asparagine (N) 803 
in HIF-1a that requires the enzyme HIF-3, also known as FIH-1 (factor 
inhibiting HIF-1). Hydroxylation of N803 during normoxia blocks the 
binding of transcription factors p300 and CBP to HIF-1, resulting in 
inhibition of HIF-1-mediated gene transcription. Under hypoxic con- 
ditions, HIF « subunits are not hydroxylated. The unmodified protein 
escapes VHL-binding, ubiquitination, and degradation (see Fig. 32-7). 
When N803 of HIF-1a is not asparaginyl-hydroxylated, p300 and CBP 
can bind to the HIF-1 heterodimer, allowing transcriptional activation 
of HIF-1 target genes. 

HIF-2 Transcription Factor HIF-la and HIF-2a exhibit a high 
degree sequence homology but have differing mRNA expression pat- 
terns: HIF-la is expressed ubiquitously, whereas HIF-2a expression 
is restricted to certain tissues.''*'”” The kidney is the main site of EPO 
production (ie., renal interstitial cells), and HIF-2 and, to a lesser 
degree, HIF-1 are the principal regulator of EPO transcription in the 
kidney.''*”7 In other tissues, such as brain’ and liver” (which generates 
approximately 15 percent of circulating EPO), EPO gene transcription 
is HIF-2-dependent.'’” The discovery of an iron-responsive element 
in the 5’ untranslated region of HIF-2a reveals a novel regulatory link 
between iron availability and HIF-2« expression!” that may also influ- 
ence control of erythropoiesis. The importance of HIF-2a in regulation 
of EPO gene was demonstrated by a gain-of-function HIF-2a mutation 
causing erythrocytosis.!° 

Hypoxia-Independent Regulation of Hypoxia-Inducible Factor 
While O,-dependent regulation of the HIF-la subunit is mediated 
by prolyl hydroxylases, VHL protein, and the proteasomal complex, 
hypoxia-independent regulation of HIF-1a has been uncovered. This 
novel mechanism involves the receptor of activated protein kinase C 
(RACK1) as a HIF-1a-interacting protein that promotes prolyl hydroxylase/ 
VHL-independent proteasomal degradation of HIF-la. RACK1 com- 
petes with heat shock protein 90 (HSP90) for binding to the PAS-A 
domain of HIF- 1a. HIF-1a degradation is abolished by loss-of-function 
RACK1. RACK] binds to the proteasomal subunit, elongin-C, and pro- 
motes ubiquitination of HIF-1a (see Fig. 32-7). Therefore, RACK] and 
HSP90 are the essential components of an O,/PHD/VHL-independent 
mechanism for regulating HIF-1a.'*! 

The rapid degradation of HIF is complex and tightly regulated, and 
mutations affecting the genes that encode the regulatory factors may 
underlie some of the unexplained congenital polycythemias. 

This complex (Chaps. 34 and 57) constitutes the oxygen sensor 
(see Fig. 32-7) 12412513 


INSULIN-LIKE GROWTH FACTOR-1, RENIN- 
ANGIOTENSIN SYSTEM, AND HEMATOPOIESIS 


Although in vitro studies of erythropoiesis have provided crucial infor- 
mation about the regulation of erythropoiesis, many experiments were 
performed in the presence of serum and serum-component proteins 
capable of stimulating and inhibiting erythropoiesis.'*'** Using serum- 
free conditions, insulin-like growth factor-1 (IGF-1) can partially 
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substitute for EPO in BFU-E cultures. Furthermore, anephric, nonane- 
mic patients with no detectable EPO have elevated levels of IGF-1.'° 


@ REMOVAL OF ERYTHROCYTE 
ORGANELLES 


NIX-DEPENDENT CLEARANCE OF 
MITOCHONDRIA BY AUTOPHAGY 


During terminal erythroid differentiation, erythroid cells discard all 
their internal organelles including mitochondria. Autophagy has been 
suggested to play an important role in this process based on early 
morphologic studies.’*°'” This is confirmed by studies using chemical 
inhibitors of autophagy and small interfering ribonucleic acid (siRNA) 
knockdown of essential autophagy associated genes."®! At the initial 
stage of autophagy, a double-membrane structure is formed to seques- 
ter cytoplasmic components in autophagosomes. Autophagosomes 
then fuse with lysosomes and become autophagolysosomes to degrade 
the sequestered components. Mice deficient in a bcl-2 family member, 
Nix, a protein that is expressed during erythropoiesis and regulates 
mitochondrial apoptosis (autophagy), display defects in the clearance 
of mitochondria. Interestingly, the formation of autophagosomes in 
reticulocytes is normal in the absence of Nix, suggesting that Nix is not 
required for the initiation of autophagy or the formation of autopha- 
gosomes. Instead, mitochondria remain clustered outside of autopha- 
gosomes in Nix—/— reticulocytes.’ This indicates that Nix is required 
for the sequestration of mitochondria by autophagosomes. Another 
study using virally transformed Nix—/— erythroid cells also reported 
defective inclusion of mitochondria by autophagosomes.' Therefore, 
Nix deficiency leads to a specific defect in mitochondrial removal 
without causing a general block in autophagy or erythroid maturation. 
Nix-—/— reticulocytes are defective in the loss of mitochondrial mem- 
brane potential during in vitro maturation.'* 


DOWNREGULATION OF CELL SURFACE 
PROTEINS AND OTHER ORGANELLES 


During erythroid maturation, reticulocytes release small vesicles con- 
taining cellular proteins. These vehicles are exosomes that are involved 
in the clearance of cell-surface proteins, such as acetyl cholinesterase, 
CD71 transferrin receptor and integrin a p 1? The enrichment of 
these surface molecules in exosomes suggests that the exosomal path- 
way plays a major role in the clearance of these surface molecules. Other 
cellular components, such as lysosomes, endoplasmic reticulum, Golgi 
apparatus, ribosomes, and RNA, are also cleared during erythroid mat- 
uration. The precise mechanisms for the removal of these components 
are unclear. In Nix-deficient mice, the loss of CD71 and ribosomes are 
normal during erythroid maturation, suggesting that exosomal path- 
ways play a major role in the clearance of CD71 or ribosomes.’ 


@ MICRORNAS IN ERYTHROPOIESIS 


MicroRNAs (miRNAs) are small 18- to 22-nucleotide noncoding RNAs 
that regulate gene expression by inhibiting protein translation or by 
destabilizing target mRNAs; they are important regulators of hemato- 
poiesis. The role of miRNAs in regulation of erythropoiesis is being 
actively defined. Some miRNAs are mainly expressed in early stages of 
erythropoiesis, others in late stages, and some have biphasic expression 
during erythroid differentiation. Some appear to have erythroid spe- 
cific expression." The critical role of miRNAs and their relationship to 
the essential transcription factors regulating erythropoiesis is outlined 
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by the report that the pivotal transcription factors for erythropoiesis, 
GATA-1 and NFE-2, directly regulate and control differentiation via 
miRNA-199b-5p. This miRNA then targets c-Kit, an important recep- 
tor on early erythroid cells. Some miRNAs likely play a role in the 
commitment to erythroid versus megakaryocytic differentiation. Thus, 
miRNA-18a was reported to be upregulated during erythropoiesis 
and downregulated during megakaryopoiesis, while miRNA-145 was 
upregulated in megakaryopoiesis and downregulated in erythropoie- 
sis. Their mRNA targets and their functional significance are being 
defined.'** LIN28B and its targeted let-7 have regulated expression 
during the fetal-to-adult erythroid cell transition.“ Another impor- 
tant erythroid development and function is regulated by miRNA-351. 
A complex regulatory transcriptional repressor system controlling 
heterochromatin formation exists composed of KRAB-ZFP-mediated 
repression that include cofactor KAP1 (KRAB-associated protein-1). 
Deletion of KAP1 in mice upregulates miRNA-351 and several other 
microRNAs, which then downregulate Nix and mitochondrial autoph- 
agy (see “Neocytolysis” in Chap. 33), resulting in expansion of mito- 
chondria in erythroid progenitors and severe hypoproliferative anemia 
phenotype.'” 


@ MEASUREMENTS OF RED CELL MASS 


The red cell mass is maintained and regulated by the kidney and mar- 
row, which, under steady-state conditions, precisely replaces cells lost 
by senescence. Red cell mass defines pathogenesis of anemia and poly- 
cythemia. The kinetics of red cell production and destruction helps 
establish their pathogenesis. A number of tests have been developed to 
measure the three main components of red cell kinetics: red cell mass, 
rate of red cell production, and rate of red cell destruction. Some of 
these tests are simple but indirect and only semiquantitative, such as 
hematocrit, reticulocyte count, haptoglobin, lactic dehydrogenase, and 
unconjugated bilirubin concentration. Examination of the marrow 
allows assessment of total cellularity and relative erythroid contribution 
but is limited in that the kinetics of cell production cannot be inferred 
from a single static image, obtained from a very small fraction of the 
whole marrow. These tests are very useful in the aggregate but can be 
supplemented by more complex but direct quantitation; however, most 
require use of radioisotopes. 


HEMATOCRIT 


Packed red cell volume is commonly referred as the hematocrit (Hct). 
It is measured as the percentage of the volume of whole blood that is 
made up by red blood cells. Historically, it was measured by centrifu- 
gation but modern counters measure Hct indirectly based on red cell 
count and the mean red cell volume (MCV). Total-body Hct is the vol- 
ume of red cells in the body divided by the total blood volume. Blood 
Hct is the simplest and most widely used test for estimating the size 
of red cell mass. In most anemic patients, blood Hct gives an excellent 
approximation of total red cell mass and a functional estimation of the 
oxygen-carrying capacity and whole-blood viscosity. Its main drawback 
is that it is an indirect measure that is influenced by changes in plasma 
volume and may not reflect the size of the red cell mass in dehydrated 
patients. Dehydration usually is clinically apparent and in most cases 
can be taken into account when evaluating the significance of a specific 
Hct determination. Only direct measurement of red cell mass can dif- 
ferentiate between relative and absolute polycythemia. However, when 
the Hct is greater than 60 percent, almost all patients have an increase 
in total red cell mass.'* The extent of the increase cannot be estimated 
accurately from a Hct measurement alone (Fig. 32-8). 
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Figure 32-8. Iron clearance and iron utilization in normal sub- 


jects, patients with decreased effective red cell production (erythroid 
hypoplasia), and patients with ineffective red cell production. CPM, 
counts per minute; RBC, red blood cell. 


RED CELL MASS AND PLASMA VOLUME 


A more direct and accurate estimate of the size of the red cell mass is 
obtained from labeling a known volume of red cells and determining 
the dilution of this label in blood. Radioactive iron is an excellent label 
of red cells because it is biosynthetically incorporated into hemoglo- 
bin in vivo. In experimental animals, radioactive iron can be given to 
a donor animal and the donor’s cells transfused into the animal whose 
red cell volume is being assessed. However, the radiation exposure to 
the donor and the hazards of transfusing allogeneic cells preclude its 
use in humans. Thus, almost all current clinical methods use labeling of 
autologous red cells in vitro by any one of a number of isotopes or bio- 
tin (Chap. 33). If studies must be performed in radiation-sensitive indi- 
viduals, such as pregnant women, red cell labeling can be performed 
by nonradioactive chromium-123 or by biotin, which is detected with 
streptavidin coupled to a fluorochrome. Among the isotopes avail- 
able, chromium-51 (*'Cr) is the most widely used label, although tech- 
netium-99m (Tc) is convenient and accurate. Chromium in the 
form of the chromate ion (CrO,)) readily enters the red cell and binds to 
globin chains. Excess isotope in the incubation mixture can be removed 
by washing or by using ascorbic acid to reduce the chromate ion to a 
nonpermeant chromic ion. Approximately 15 minutes after injection 
of a known amount of labeled cells, a sample of blood is obtained; its 
volume, Hct, and radioactivity are determined; and the total red cell 
volume is calculated from the equation: 


CPM of isotype injected 


Red cell mass (mL) = 
CPM of red cells in sample 


where CPM = counts per minute. Sampling time is generally 15 min- 
utes. Chromium also labels white cells; thus, one should centrifuge and 
remove the buffy coat before labeling if the white cell count is elevated 
(>25 x 10°/L). 

No theoretical objection exists to measuring the red cell mass 
using labeled cells. It is independent of the Hct of the blood used to 
measure radioactivity, and replicate determination can be made with 
a coefficient of variation of approximately 1.5 percent.” The principal 
problem lies in reporting the measured red cell mass. The total red cell 
mass can be expressed as a volume related to body surface (mL/m’) or 
as a volume related to body weight (mL/kg). A committee of the Inter- 
national Committee on Standardization in Hematology (ICSH) has 


extensively examined existing data and concluded that the most repro- 
ducible expressions of red cell mass are related to body surface area esti- 
mated from height and weight’*!: 


RCM „ae, = (1486 x S) — 285 RCM penas = (822 x S) + (1.06 x Age) 


Females 


where RCM = red cell mass, S = body surface area in square meters, 
and Age = age in years. The calculated values, +25 percent, included 98 
percent of the measured male values and 99 percent of the measured 
female values." 

Despite the ICSH recommendation, the most common method is 
to report red cell mass values in terms of milliliters per kilogram. How- 
ever, this method of expression gives erroneously low values in obese 
individuals because fat is hypovascular. A better method might be to 
express the red cell mass in terms of lean weight. In general, lean weight 
is 20 percent less than actual weight in normal males and 25 percent less 
in normal females. However, estimation of lean weight in obese indi- 
viduals is inaccurate. From a practical point of view, RCM probably is 
best reported in terms of actual weight, with mental adjustments made 
based on body configuration. In general, the RCM of normal females 
ranges from 23 to 29 mL/kg of body weight and of normal males ranges 
from 26 to 32 mL/kg of body weight.’ 


PLASMA LABELS 


RCM also can be estimated from plasma volume. Radioactive iodine 
(T) is used to label albumin and measure its distribution volume.'? 
Other radioactive isotopes of iodine other than °™Ic have been 
used, but '*I has virtually supplanted all other plasma labels. Albu- 
min labeled with radioactive iodine is commercially available, and 
a known amount is injected intravenously. Several blood samples 
are obtained within the first 15 minutes and centrifuged. CPM per 
milliliter of plasma is measured, plotted on semilogarithmic paper, 
and extrapolated to zero time. This procedure is necessary because, 
in contradistinction to labeled red cells, labeled albumin is removed 
gradually, beginning immediately after injection. Plasma volume is 
calculated according to the equation: 


CPM of labeled albumin injected 
CPM mL plasma at 0 hour 


Plasma volume (mL) = 


The continuous exchange of intravascular with extravascular albu- 
min is the major problem encountered when plasma volume is mea- 
sured with labeled albumin. Even with extrapolation to 0 hour, plasma 
volume is somewhat larger than that measured with a strictly intravas- 
cular protein such as fibrinogen.'** Consequently, if measurement of the 
plasma volume is used to calculate the size of the total red cell mass, it 
is a less-reliable measure than determining red cell mass directly with 
tagged red cells. This inaccuracy is further augmented by the fact that 
the venous Hct used to calculate red cell mass from measured plasma 
volume does not reflect accurately the distribution of plasma and red 
cells in the body. However, from a practical point of view, the results 
of estimating RCM from plasma volume are surprisingly accurate and 
have been advocated based on simplicity and low cost." 


@TOTAL-BODY HEMATOCRIT 


When total RCM is measured with labeled red cells, the value is approx- 
imately 10 percent lower than that calculated from plasma volume and 
the Hct of blood. In fact, the mean Hct of blood in all of the vessels 
(total-body Hct) clearly is somewhat lower than the Hct measured from 
blood obtained from large vessels; these differences are a result of vary- 
ing proportions of plasma in different size vessels. 
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Generally, the ratio of total-body Hct as estimated by direct mea- 
surements of red cell volume and plasma volume to the large-vessel Hct 
ranges from 0.89 to 0.92." Consequently, when using the determined 
plasma volume to calculate RCM and total blood volume, a correction 
factor is necessary, and a value of 0.90 is generally used: 


Hct x plasma volume x 0.90 
100 — Het 


Corrected red cell mass = 


Recommended procedures for determination and evaluation of 
blood volume are outlined by the ICSH."°° 


@ MEASUREMENTS OF RED CELL 
PRODUCTION 


Under normal circumstances, most human red cells produced in the 
marrow live, or have the potential to live, a normal life span. Under 
certain conditions, however, a fraction of red cell production is ineffec- 
tive; with destruction of nonviable red cells either within the marrow or 
shortly after the cells reach the blood.* 


EFFECTIVE RED CELL PRODUCTION 


Effective erythropoiesis is most simply estimated by determining the 
reticulocyte count. Most modern automated counters measure reticu- 
locytes by nucleic acid binding dyes such as thiazole orange using flow 
cytometry. These are fast reliable assays. This count usually is expressed 
as the percentage of red cells that are reticulocytes, but it also can be 
expressed as the total number of circulating reticulocytes per unit of 
blood (absolute reticulocyte count and corrected reticulocyte counts; 
equation 1 below). 

Equation 1 


% reticulocytes x red cell count 
100 


Absolute reticulocyte count = 


A simple clinical method to estimate effective erythropoiesis uses 
the reticulocyte count to calculate the reticulocyte index (see equation 
2 below). This measurement depends on several assumptions: (1) the 
human red cell life span is approximately 100 days (actually approxi- 
mately 115); (2) the life span is finite and, thus, the oldest 1 of 100 or 
1 percent of red cells is removed (and replaced) each day; (3) the retic- 
ulocyte is identifiable as such in the blood for 1 day using supravital 
stain; and (4) the reticulocyte count of 1 percent in a person with a nor- 
mal Hct represents normal red cell production and thus “1” is the basal 
reticulocyte index. 

In anemic patients, two calculations are needed to measure the 
reticulocyte index and compare it to the normal of 1 in the basal state. 
To correct the reticulocyte percentage for the lower red cell count in 
anemic subjects, the reticulocyte percent is multiplied by the ratio of 
the patient’s Hct over the normal mean Hct, providing a corrected retic- 
ulocyte percent. 

Conversion of the reticulocyte count (see equation 1 above) to the 
reticulocyte index (equation 2 below) is achieved by taking into account 
the estimated life span of reticulocytes. The life span of reticulocytes in 
blood in a normal individual is approximately 1 day. However, when red 
cell production is increased under conditions of erythropoietic stress, 
for example, in severe anemia, reticulocytes are released prematurely 
and circulate as reticulocytes for 2 to 4 days, except in situations with 
low EPO levels, as in renal insufficiency. These appear as polychro- 
matophilic erythrocytes on Wright-stained blood film and are called 
stress or shift reticulocytes. 
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Equation 2 


corrected reticulocyte % 


Reticulocyte index = 
correction factor (usually 2) 


Accordingly, the corrected reticulocyte percent may give an erro- 
neous impression of the actual rate of daily red cell production. To take 
this situation into account when estimating the rate of red cell pro- 
duction in anemic patients with high reticulocyte counts, dividing the 
corrected reticulocyte percent by a factor may provide a more accurate 
estimate of red cell production.’ For simplicity, an average factor of 
2 often is used; however, the factor depends on the degree of anemia: 
1.5 in mild cases, 2.5 in moderate cases, and 3.0 in severe cases. 

An example follows: A patient with autoimmune hemolytic ane- 
mia has a Hct of 10 and reticulocyte count of 70 percent. The marrow 
cannot increase production by 70-fold. To measure the approximate 
true increase, we calculate the reticulocyte index as follows: corrected 
reticulocyte percent = 70 x 10/45 = 15, and the reticulocyte index = 
15/3= 5 x basal. Thus, marrow erythroid production in response to 
this severe anemia has increased fivefold, a plausible response to this 
severity of hemolytic anemia. 


INEFFECTIVE RED CELL PRODUCTION 


Ineffective erythropoiesis is suspected when the reticulocyte count is 
normal or only slightly increased despite erythroid hyperplasia of the 
marrow. Ineffective erythropoiesis was first recognized as an entity 
from the study of isotope incorporation into fecal urobilin following 
administration of labeled glycine, a precursor of heme.” Two peaks 
were observed: an early peak at 3 to 5 days and a late peak at 100 to 120 
days. One of the sources of the early labeled peak was suggested to be the 
hemoglobin of red cells that had never completed their development, 
having been destroyed either in the marrow or shortly after reaching 
the blood. Subsequent studies revealed that in certain disorders, such 
as pernicious anemia, thalassemia, and sideroblastic anemia, ineffective 
erythropoiesis is a major component of total erythropoiesis. This compo- 
nent can be quantitated by measuring “N-labeled glycine incorporation 
into the early bilirubin peaks” or ferrokinetics.** Calculated from biliru- 
bin peaks and turnover, ineffective erythropoiesis under normal condi- 
tions amounts to approximately 4 to 12 percent of total erythropoiesis. 
Using ferrokinetic methods, ineffective erythropoiesis is calculated as 
the difference between total plasma iron turnover and erythrocyte iron 
turnover plus storage iron turnover (see “Ferrokinetics”). The values 
estimated from such studies in normal subjects are higher, ranging from 
14 to 34 percent.** However, the results, both high and low, probably are 
misleading because none of the methods actually measures cell death, 
only the turnover of heme and iron. It is possible that little premature 
death of cells occurs in normal subjects, but much of the early release 
of bilirubin and iron is derived from the rim of hemoglobin extruded 
during enucleation of erythroblasts (Chap. 31). 


TOTAL ERYTHROPOIESIS 


Total erythropoiesis, which is the sum of effective and ineffective red 
cell production, can be estimated from a marrow examination. Films 
or sections from marrow aspirates and biopsies are first examined for 
relative content of fat and hematopoietic tissue. This examination gives 
an estimate of overall hematopoietic activity within the marrow space. 
A differential count then is performed, determining the ratio between 
granulocytic and erythroid precursors (M:E ratio). In a normal adult, 
the ratio is approximately 3:1 to 5:1. The ratio can be used to estimate 
whether erythropoiesis is normal, increased, or decreased (Chap. 3). 


The ratio is only an approximation of total erythroid activity because 
the ratio can be altered by changing the myeloid and erythroid compo- 
nents, and an aspirate or biopsy of a small segment of the marrow may 
not always reflect total marrow activity. These assumptions are valid as 
long as the marrow reflects the steady-state, if the marrow is recovering 
from aplasia, or is developing aplasia, it will not accurately reflect out- 
put of mature red cells. However, when used in conjunction with deter- 
mination of red blood cell count and reticulocyte count, under most 
circumstances the ratio provides qualitative information about the rate 
and effectiveness of red blood cell production. A more accurate quan- 
titation of total erythropoiesis can be made by measuring the rate of 
production of red cells (ferrokinetics) or, in steady-state conditions, the 
rate of destruction of red cells (red cell life span, bilirubin production, 
carbon monoxide excretion). 


FERROKINETICS 


In 1950, Huff and associates'* described a method for measuring the 
rate of red cell production utilizing a simple model of iron metabolism 
(Fig. 32-9; Chap. 42). In this method, radioactive iron is complexed to 
transferrin in vitro and injected intravenously. Alternatively, *Fe can be 
injected directly intravenously as the gluconate without preincubation 
with the patient’s own plasma, providing enough unbound transferrin is 
available, because binding is almost instantaneous. The rate of clearance 
of the transferrin-bound iron from the plasma (”Fe plasma T ,,) and the 
subsequent uptake in the red cells are measured. From these two values 
and from determinations of plasma iron concentration and plasma vol- 
ume, the rate of formation of red cells can be calculated.** 

The initial clearance of iron is exponential, and sampling during 
this period can be used to calculate T> In normal individuals, initial 
clearance averages approximately 90 minutes. Initial clearance is shorter 
in patients with hyperplasia of the erythropoietic tissue and longer in 
patients with marrow hypoplasia (see Fig. 32-9). However, the clear- 
ance rate is not a direct measurement of erythropoietic activity because 
it depends on the size of the pool of unlabeled, circulating iron. Con- 
sequently, calculation of the plasma iron turnover rate must include 
the plasma iron concentration. Clearance is expressed in milligrams of 
iron. The point of reference can be hemoglobin mass, blood volume, 
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Figure 32-9. Single dynamic pool model of iron metabolism. Radio- 
active iron injected into the plasma iron pool is cleared from the plasma 
as a single exponential, and approximately 80 percent is incorporated 
into circulating blood cells. 


or weight, but a commonly used expression is micrograms of iron per 
deciliters of whole blood per day: 


Plasma iron turnover rate (mg iron/dL blood/24 h) 


plasma iron (mg dL) x (100 - Hct) 
7 T,,. (min) x 100 


Under normal conditions, radioactive iron is incorporated into 
newly formed red cells after a few days and reaches a maximum approx- 
imately 10 to 14 days after injection (see Fig. 32-9). Normal utilization 
is 70 to 90 percent on day 10 to 14, a value that is so high that further 
increases have little significance. However, decreased utilization is an 
important finding and suggests immature red cells are destroyed in 
the marrow before they are released to the circulation (ineffective ery- 
thropoiesis) or that serum iron is diverted to nonerythropoietic tissues 
(marrow hypoplasia). The shape of the red cell utilization curve also is 
important. An early and steep rise (rapid marrow transit time) suggests 
a high EPO level. Finally, an early rise in utilization with a subsequent 
fall off suggests hemolysis. 

When calculating utilization, the blood volume must be known: 


Red cell iron utilization (%) 


CPM of | mL blood x blood volume x 100 
7 CPM of *’ Fe injected 


Using the plasma iron clearance and utilization of iron, the red 
cell turnover in milligrams per dL blood for 24-hours is calculated as 
follows: 

Red cell iron turnover (mg iron/dL blood/24 h) = plasma iron 
turnover x maximal red cell iron utilization 

The normal value of red cell iron turnover is 0.30 to 0.70 mg/dL 
blood per 24 hours.” This range fits very well with a crude estimation of 
the iron used for maintaining the red cell mass in 1 dL of blood or 45 mL 
of packed red cells. The daily red cell production must equal the daily 
red cell destruction (45 mL/120 = 0.38 mL), assuming a red cell life span 
of 120 days. Because 1 mL of packed red cells contains approximately 1 
mg of iron, a daily plasma iron turnover of 0.38 mg is needed by 1 dL of 
blood to maintain homeostasis. 

Calculating red cell iron turnover has provided useful infor- 
mation about the total volume and effectiveness of erythroid tissue 
(Table 32-2). However, an elevated serum iron concentration gives 


TABLE 32-2. Plasma Radioactive Iron Clearance and Red 


Blood Cell Uptake 


Red Blood Cell 
Condition Plasma *FET, , Uptake (%) 
Normal 90 min 80-90 
Increased Rapid (10-40 min) 80-90 
erythropoiesis 
Hemolytic anemia Rapid 20-90* 
Ineffective Normal to rapid 10-30 
erythropoiesis 
Iron-deficiency Normal to rapid 100 
anemia 
Decreased Slow (=180 min) 0-20 


erythropoiesis 


*Variability a result of variability in intensity of hemolysis and size of 
iron stores. 
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erroneous impressions of the state of erythropoiesis. Moreover, more 
prolonged sampling of plasma following an intravenous injection of 
*°Fe has shown that clearance is not a single exponential, but must 
be represented by several exponential components.” This finding 
has led to the introduction of more complex models of iron kinet- 
ics with a single pool of plasma iron exchanging with a number of 
extravascular erythroid and nonerythroid pools. Careful analysis of 
such models has generated computer-supported methods calculating 
the degree and effectiveness of erythroid activity.' Although possi- 
bly more accurate than the conventional method of calculating iron 
turnover, the models appear to be too cumbersome for clinical use. 
Moreover, even these sophisticated methods may not give an accu- 
rate account of the state of erythropoiesis. Despite a constant rate of 
red cell production, the plasma iron turnover was found to increase 
with increasing plasma iron and transferrin saturation. This finding 
was first thought to result from increased nonerythroid iron uptake 
and led to the introduction of various correction factors in the calcu- 
lation of red cell iron turnover. However, the iron in plasma is pres- 
ent in two pools, a diferric and a monoferric transferrin pool (Chap. 
42), and the erythroid and nonerythroid receptors have a four times 
greater avidity for diferric transferrin than for monoferric transferrin. 
Consequently, total plasma iron turnover depends on the degree of 
saturation and does not necessarily reflect the number of transferrin 
receptors, presumably a critical measure of erythropoietic capacity.’* 
To measure the number of transferrin receptors, adjusting the plasma 
iron turnover equations for both nonerythroid uptake and degree of 
transferrin saturation and expressing the plasma turnover in terms of 
transferrin rather than iron have been proposed.'® Normal erythroid 
uptake of transferrin is 60 + 12 umol/L of blood per day, a value that 
has appropriately decreased and increased in patients with hypoplastic 
and hyperplastic marrow. 
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CHAPTER 33 
ERYTHROCYTE TURNOVER 


Perumal Thiagarajan and Josef Prchal 


The survival of red cells in the circulation can be measured in a variety of ways: 
(1) by labeling with radioactive isotopes, particularly chromium-51 (°'Cr), 
and assessing the disappearance of the radioactive tag from the circulation 
over time; (2) by labeling the erythrocytes with biotin or a fluorescent dye 
and measuring this marker over time; (3) by determining the disappearance 
of transfused antigen-matched allogeneic erythrocytes using immunologic 
markers; and (4) by measuring the excretion of carbon monoxide, a product 
of heme catabolism. 

Such studies show that normal human red cells have a finite life span aver- 
aging 120 days, with very little random destruction. The mitochondrial and 
ribosomal removal highlighting maturation of the reticulocyte is accompanied 
by increasing cell density, but after a few days of intravascular life span there 
is little further increase in density or other changes in the physical property 
of the red cells. Thus, cell density is not a good marker for aged red cells. This 
has made the senescent changes in the red cell that mark it for destruction 
difficult to study. Candidates for such changes include changes in membrane 
band 3 and exposure of phosphatidylserine on the membrane, which may be 
of major importance. 


@RED CELL LIFE SPAN 


Normal human red blood cells have a life span of approximately 120 days, 
after which they are engulfed by macrophages. This is an extremely 
efficient process as macrophages phagocytose approximately 5 million 
erythrocytes every second without a significant release of hemoglobin 
into the circulation. The precise molecular mechanism by which mac- 
rophages recognize senescent red blood cells for phagocytosis remains 
largely unknown. As red blood cells age, several physiologic changes 
occur that may serve as signals for recognition by macrophages.'* These 
include a decrease in the activity of enzymes,’ a progressive decrease 
of ATP content,’ a loss of lipid asymmetry with exposure of phosphat- 
idylserine,’ an accumulation of lipid peroxidation products,° a desialy- 
lation of membrane glycoprotein,’ an exposure of cryptic senescent 
antigens,* aggregation of band 3 protein (Chap. 46), a decrease in 
deformability as the result of increased oxidative stress,” and an increase 


Acronyms and Abbreviations: ADP adenosine diphosphate; AMP, adenosine 
monophosphate; BNIP3L, an hypoxic regulated gene that facilitates mito- 
chondrial autophagy; G third component of complement; "C, radioac- 
tive carbon; CD44, cell differentiation antigen; CO, carbon monoxide; “Cr, 
chromium-50; *'Cr, chromium-51; DFP, diisopropylfluorophosphate; *Fe or 
Fe, radioactive iron; G6PD, glucose-6-phosphate dehydrogenase; HO, heme 
oxygenase; Ig, immunoglobulin; '"In, indium-111; ®N, nitrogen; PK, pyru- 
vate kinase; ”"Tc, technetium-99m. 


in cell surface-bound immunoglobulins and complement components 
(Chap. 54).''”? All of these changes have been investigated as signals for 
recognition by the macrophages. 


MEASUREMENT OF RED CELL DESTRUCTION 


The original method for the measurement of the red cell life span con- 
sisted in the transfusion of cells that were compatible but identifiable 
immunologically—the Ashby technique; type O red cells were infused 
into individuals with type A or B cells. The differential agglutination 
technique used anti-A or anti-B antiserum to measure the life span of 
type O red cells that were transfused to type A or type B recipients and 
the recipients’ own cells were removed using anti-A or anti-B serum." 
During World War II and shortly after, this method was used extensively, 
but in recent years, because of the hazards associated with the admin- 
istration of allogeneic erythrocytes, it has been completely replaced by 
techniques based on labeling of autologous blood. Furthermore, this 
method could not be applied to autologous red cells. 

In 1946, Shemin and Rittenberg demonstrated that the incorpora- 
tion of nitrogen ('°N)-labeled glycine into heme could be used to mea- 
sure the life span of the red cells." Since then a number of other isotopic 
methods have been developed. These can be divided into three groups: 
(1) those that label a cohort of cells, (2) those that label cells randomly, 
and (3) those that use indirect measurements such as the rate of produc- 
tion of red cells or the rate of heme breakdown. The first two method- 
ologic approaches yield information about the nature of the shortening 
of the red cell life span, age-dependent or random. The methodology 
yields only mean life span. 


COHORT METHODS 


Cohort methods depend on the biosynthetic incorporation of the 
label into the developing red cells. In these methods, a group of cells 
of approximately the same age is labeled. The labels used are glycine- 
containing labeled '°N," radioactive carbon ('C),"° or radioactive iron 
(either “Fe or *Fe).'*'* The main disadvantage of cohort labeling is the 
need for prolonged periods of sampling, especially if the life span is only 
moderately reduced (Fig. 33-1). In addition, radioiron from destroyed 
red cells may be reused, making it difficult to interpret results. Further- 
more, the increasing restrictions on use of radiochemicals has drasti- 
cally decreased availability of these two previously widely used nuclear 
medicine tests. 

A simple double-labeling technique that allows nonradioactive 
cohort labeling was described using two distinct labeling steps separated 
by a defined time interval. Cells are subsequently evaluated by the rela- 
tive proportions of these labels. The initial labeling step uses biotin that 
binds to all circulating cells (the red blood cells accounting for most of 
the label) the second administered labeling substance at later time digox- 
igenin then distinguishes erythrocyte subpopulation of known age.” 


RANDOM-LABEL METHODS 


The random-label methods are the Ashby differential agglutination 
technique,’ which uses an immunologic marker, and or the use of var- 
ious red cell labels such as chromium-50 (°°Cr), chromium-51 (5Cr), 
or chromium-53 (Cr), diisopropylfluorophosphate (DFP) labeled 
with phosphorus-32 (?P),” “C,” or “C cyanate,” a lipophilic dye, 
or biotin.**” 


Chromium-51 Method 

By far the most commonly used radioactive isotope for the measurement 
of the red cell life span is *'Cr. As the chromate ion penetrates the red cell 
membrane it binds to the f and y chains of globin. Unfortunately, these 
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Figure 33-1. Red cell life span measured by cohort labeling or ran- 
dom labeling. When red cells are labeled randomly with chromium-51 
C'Cr) there is a daily 1 percent elution that needs to be corrected for in 
the calculation of total red cell life span. 


bonds are not covalent and there is a continuous elution of the isotope, 
varying from 0.5 to 2.9 percent per day.” DFP, on the other hand, is 
irreversibly bound to red cell cholinesterase. There is some elution of 
unbound DFP during the first 2 to 3 days of study, but after that, DFP dis- 
appearance closely matches red cell destruction.’**! Nevertheless, because 
sample preparation is somewhat complicated, this label is not commonly 
used. 

The life span is estimated by measuring the survival of randomly 
labeled red cells. Immediately following transfusion, the labeled red 
cells equilibrate with unlabeled red blood cells (RBCs). This takes nor- 
mally approximately 5 minutes,” but may be longer in patients with 
splenomegaly. Following equilibration, the cells that have been dam- 
aged by the labeling process will be removed from the circulation dur- 
ing the next 24 hours. RBCs that survive this period will usually have 
their expected long-term survival.” 

To accurately calculate red cell life span using a random label 
method requires steady-state conditions or that correction can be made 
for concurrent blood loss or blood transfusion. Fortunately, it is usually 
possible to gain an accurate estimate of red cell half-life by sampling 
three times a week for 1 to 2 weeks. 

In the normal human the red cell, life span is finite with an average 
of approximately 120 days, with very little random destruction, that is, 
loss irrespective of cell age (0.06 to 0.4 percent per day). In some mam- 
malian species the amount of random destruction is much greater." 
The survival curve of randomly labeled human red cells should conse- 
quently be nearly linear from day 0 to day 120, with a half-life of 60 days. 
When *'Cr is used as the label, approximately 1 percent of label elutes 
per day and the survival curve becomes exponential with a half-life of 
approximately 30 days (see Fig. 33-1). For clinical use, the red cell life 
span is usually expressed as chromium half-life (T,,) and compared to 
the normal value for the method of 30 days. 

Because merely expressing the red cell life span measured by chro- 
mium as chromium T,,, will not give information as to the character 
of destruction, senescence versus random, it has been recommended 
that in addition a correction factor for chromium elution be used and 
the data recorded using linear coordinates.* If the data lie on a straight 
line, the destruction is by senescence and the life span can be calculated 
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as twice the half-life. If the data indicate exponential disappearance 
and it is necessary to use a semilogarithmic paper in order to depict 
the data on a straight line, the destruction is random and the life span is 
1.44 times the half-life. One objection to this method is that the degree 
of chromium elution is not a constant but varies from day to day and is 
influenced by various disease states.” Furthermore, the best fit of data is 
rarely linear or exponential, but somewhere between. Although computer- 
assisted methods can resolve ambiguities, the inherent biologic and 
technical variations in measuring red cell life span are such that it is 
better to rely on chromium T,„ with intuitive adjustments based on 
clinical findings. 


Biotin Method 

A nonradioactive label has also been developed to label the RBCs in 
humans by covalent attachment of biotin to red cell membrane proteins 
and enumerating the survival by flow cytometry.” Biotin labeling esti- 
mates RBC survival comparable to that obtained with a concurrent *'Cr 
label for both normal volunteers and patients with sickle-cell disease. 
In addition to being a nonradioactive probe, biotin labeling has other 
advantages. The transfused cells can be isolated from the patients on 
avidin substrates for further characterization. Biotin labeling has been 
used to demonstrate that sickle cells without fetal hemoglobin have a 
shorter in vivo survival compared to those with fetal hemoglobin,” and 
has been also instrumental in showing a role for phosphatidylserine 
exposure in the clearance of sickle cells.* 


INDIRECT METHODS 


There are two approaches to the calculation of the red cell life span by 
indirect methods: from a measurement of the rate of production of red 
cells using radioactive iron and from a measurement of the rate of break- 
down of heme to bilirubin,” that is, the release of carbon monoxide 
from catabolized heme. Both of these compounds are derived almost 
exclusively from catabolized hemoglobin and measurements of their rate 
of production have provided useful information about the red cell life 
span. There are too many variables that affect the serum bilirubin level 
to make it a reliable, quantitative measurement of red cell destruction. 
The measurement of carbon monoxide (CO) production was formerly 
very tedious, requiring elaborate rebreathing apparatus. With the devel- 
opment of newer technologies,’ measuring CO levels has become 
more practical. An advantage of the measurement of blood CO as an 
indication of the rate of red cell destruction is that it gives the rate of 
destruction at a single point in time. An instrument by CoSense (Cap- 
nia Inc., Palo Alto, CA) obtained FDA 510(k) clearance in December 
2013 and provides a substitute for the previous Natus end-tidal breath 
analyzer (Natus Medical, San Carlos, CA) that had not been available 
for about a decade. CoSense is compact and portable, and uses a sterile 
one-time-use single nasal cannula for quantifying end-tidal breath for 
CO quantification and also samples ambient CO, which is subtracted 
from the value in exhaled breath and is suitable for use in neonates. This 
device also counts the breath rate, analyzes CO in individual breaths, and 
provides CO measurements in parts per million in a matter of minutes. 


@IN SITU LOCALIZATION OF RED CELL 
PRODUCTION AND DESTRUCTION 


As part of routine erythrokinetic studies both radioactive iron and 
radioactive chromium may be used to localize red cell production and 
red cell destruction. This is accomplished by positioning probes for 
external counting over the sacrum, liver, spleen, and heart and measur- 
ing the distribution of radioactivity in the body.* 
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Figure 33-2. Tissue distribution of °°Fe in normal subjects, hyper- 
splenic patients, and anemic patients with ineffective and effective 
erythropoiesis. The radioactivity is expressed on the ordinate as a ratio 
relative to the radioactivity measured in the same organ 15 minutes 
after the intravenous administration of the isotope. (Redrawn with 
permission from Hillman RS and Finch CA: Erythropoiesis: Normal and 
abnormal. Semin Hematol (4):327-336, 1967.) 


In a normal subject, *Fe injected intravenously is cleared rap- 
idly from the plasma, and within 24 hours approximately 85 percent 
of the radioactivity can be accounted for in the marrow. The liver and 
the spleen divide the remaining 15 percent. Over the next 10 days the 
marrow radioactivity decreases gradually as a result of the release into 
circulating blood of red cells labeled with radioactive hemoglobin. Pat- 
terns showing different uptake and distribution of the radioactive iron 
have been found for various hematologic disorders.* In hypersplenism, 
the trapping and destruction of iron-labeled cells in the spleen increases 
splenic radioactivity rapidly, and in patients with erythroid hypopla- 
sia the distribution of radioactive iron between liver and marrow is 
reversed (Fig. 33-2). 


IMAGING MACROPHAGES IN THE MARROW, 
LIVER, AND SPLEEN 


More effective methods demonstrating in situ erythropoiesis involve 
imaging the macrophages in the marrow, liver, and spleen with a 
technetium-99m (°™Tc) sulfur colloid or indium-111 (""In).* Although 
these isotopes label primarily the monocyte-macrophage system, their 
uptake is similar to that of *°Fe and they can be used as surrogate mark- 
ers to estimate the distribution of erythroid tissue. 
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SURFACE COUNTING FOR CHROMIUM-51 


Surface counting for *'Cr-labeled red cells provides a characteristic 
organ distribution of radioactivity and has been used to demonstrate 
the degree of red cell sequestration and destruction in an enlarged 
spleen (see Fig. 33-2).*° This approach has been used to predict the 
results of elective splenectomy, but the utility of this method has been 
challenged.” The in situ localization of red cell sequestration or destruc- 
tion can also be determined by following the tissue distribution of 
*Fe-labeled red cells, especially if the red cell life span is very short. 


SENESCENCE OF NORMAL ERYTHROCYTES 


Methodologic Considerations 

Labeling a cohort of human erythrocytes with *Fe and centrifuging the 
cells in a density gradient demonstrates that reticulocytes and young red 
cells are less dense than mature red cells.“ However, at the end of the 
life span of the labeled cohort, radioactivity is fairly evenly distributed 
throughout red cells of all densities, with only a slight tendency of the 
radioactivity to be concentrated in the more dense cells. Unfortunately, 
many studies of the properties of senescent cells in the past have been 
based upon the characteristics of the most dense fraction of erythro- 
cytes, using various fractionating techniques. In fact, the most dense 
fraction of red cells is only slightly enriched with old erythrocytes.*°*! 
A combination of density separation and elutriation seemed to provide 
results superior to density separation alone using hemoglobin A į con- 
tent as a marker, but the degree of enrichment with older cells has not 
been documented using actual old red cells as separated by biotinyla- 
tion or by the mouse hypertransfusion technique.” 

There are two animal models and one human disease model that 
provide cells that are truly aged. In mice, in vivo aged cells have been 
produced by serially transfusing mice, maintaining polycythemia to 
suppress virtually all erythropoiesis.” In other species, particularly the 
rabbit, red cells have been labeled with traces of biotin, which allows 
them to be recovered from the circulation.* The human model is tran- 
sient erythroblastopenia of childhood (Chaps. 36 and 55), a disorder 
in which there is cessation of all erythropoiesis for several months; 
however, the density and deformability of the aged cells in erythroblas- 
topenia of childhood is normal.” The use of the latter model has been 
criticized because this disorder is not fully understood and the red cells 
in the circulation may not be entirely normal.** However, the results that 
have been obtained are consistent with those obtained in animal models 
and are probably reliable (see “Properties of Aged Cells” below). 


PROPERTIES OF AGED CELLS 


Although the activities of a large number of enzymes, including hex- 
okinase, glucose-6-phosphate dehydrogenase (G6PD), and pyruvate 
kinase (PK), are higher in reticulocytes than in mature erythrocytes, 
the activities of these enzymes do not normally continue to decline dur- 
ing the aging of the erythrocyte.**°° Pyrimidine-5’-nucleotidase*”** and 
adenosine monophosphate (AMP)-deaminase®*' appear to be excep- 
tions to this rule in that there is continuing decline of enzyme activity 
throughout the life span of the red cell. The decrease in the activity of 
these enzymes is not linear with age but exponential.* This stability of 
many of the red cell enzymes during the aging of normal erythrocytes 
contrasts to the circumstances that are brought about by mutations 
in enzymes such as G6PD and PK, where instability of the abnormal 
enzyme leads to accelerated decay in the amount of enzyme protein, 
a factor that surely plays an important role in the ultimate demise of 
the cell (Chap. 47). Fluorescent sorting of blood type NN erythro- 
cytes transfused into humans shows that the most dense fractions are 
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only minimally enriched with old cells,” and biotinylated aged cells 
of rabbits have been found to have only a modestly decreased surface 
area, volume, cell water, and density, and therefore slightly decreased 
deformability} 

As they circulate red cells lose a substantial portion of their mem- 
brane and hemoglobin in the form of vesicles (reviewed in Ref. 64). The 
loss of membrane material in hemoglobin vesicles may play a role in the 
aging process.® In normal blood, a small number of red cell vesicles, 
approximately 190/uL blood, can be harvested. During storage of RBCs, 
the aggregates of vesicles are formed and may contribute to acute lung 
injury by interacting with neutrophils.® 


MECHANISM OF DESTRUCTION OF 
NORMAL, AGED CELLS 


Several different mechanisms of senescent red cell destruction have been 
proposed. Determining the actual mechanism(s) is especially difficult 
because the cells that are marked for removal are bound to be present 
at very low concentrations or not at all in the circulating blood—they 
have been removed. Many of the earlier data are predicated upon the 
isolation of dense cells and the consideration that they are “old”; we now 
recognize that they are not (see “Methodologic Considerations” above). 
Moreover, it is likely that there is more than one mechanism that serves 
to remove effete red cells from the circulation; there is no known muta- 
tion that lengthens red cell life span. 


Band 3 Clustering Models 

It has been proposed that an altered membrane band 3 serves as a recep- 
tor for antibodies directed against a neoantigen, designated senescent- 
cell antigen, and that possibly after-binding complement marks the 
senescent cell for destruction. It is not known how clustering of band 
3 occurs in vivo and recent work suggests peroxidation of cytoplasmic 
aspect of band 3 results in carbonylation. Methemoglobin binds to the 
cytoplasmic peroxidized domain of band 3 and induces cluster forma- 
tion.” But much, if not all, of the evidence for these models depends 
upon the assumption that dense cells are old, and the uptake of cells 
by monocytes as a surrogate for their being marked for destruction.“ 
However, immunoglobulin levels on aged, biotinylated rabbit cells 
are not increased,” and the fact that red cell life span has never been 
demonstrated to be prolonged in agammaglobulinemic patients casts 
serious doubt upon the concept that immunoglobulins mediate removal 
of senescent red cells. 


Phosphatidylserine Exposure Models 

In RBCs, as in most other cells, the anionic phospholipid phosphati- 
dylserine is present exclusively in the inner cytoplasmic leaflet of the 
membrane bilayer.” The exposure of phosphatidylserine on the outer 
leaflet of the cell membrane is one of the signals that allows macro- 
phages to recognize apoptotic cells. It is likely that this is, indeed, at 
least one of the signals by which macrophages recognize senescent ery- 
throcytes.*”'” Data from a biotinylated rabbit erythrocyte model sug- 
gests that the average time during which phosphatidylserine is exposed 
is only 0.3 to 0.5 days, so that few cells with increased exposure of 
the phospholipid are in the circulation at any time.” An increase of 
phosphatidylserine exposure has also been documented in humans 
descending from high altitudes.” The exposure of phosphatidylser- 
ine on the outer leaflet of the cell membrane is one of the signals. A 
proposed model for the destruction of newly formed cells was that 
endothelial cells might respond to changes in circulating erythropoi- 
etin by influencing the interaction of phagocytes with young red cells, 
targeting the cells by surface adhesion molecules.” A study in mice, 
using somewhat different methods, suggested that phosphatidylserine 


exposure is greatest in young erythrocytes, and does not increase with 
aging.” It is not yet clear whether phosphatidylserine exposure is the 
only or even the primary signal that indicates that a cell has reached the 
end of its life span, but it is the only major difference between senescent 
and nonsenescent erythrocytes that has been documented clearly.” 

Several proteins were described that bind to phosphatidylserine- 
expressing apoptotic cells including lactadherin,” gas-6,” Del-1,” and 
several complement components.” These proteins act as opsonins in 
promoting the clearance of phosphatidylserine-expressing cells by 
macrophages. Angiogenic endothelial cells also express several integrin 
associated with phagocytosis in macrophages and can engulf phosphat- 
idylserine expressing “aged” erythrocytes and may play a role in clear- 
ance of senescent cells.*° 

Eryptosis is defined as cell shrinkage and exposure of phosphat- 
idylserine caused by entry of calcium ions followed by activation of 
a scramblase, an enzyme capable of randomizing the distribution of 
phospholipid in both membrane bilayers.” It may contribute to red cell 
clearance in diseased states,*! but its role in senescence associated clear- 
ance is not clear.” 

Another model that has been proposed is based upon a slight 
increase in green autofluorescence, believed to represent the result of oxi- 
dative damage, which has been observed in aging murine erythrocytes. 
Interaction of erythrocyte cell surface antigen CD44 with hyaluronic 
acid may play a role in the clearance of aged erythrocytes from the circu- 
lation, but such clearance seems limited to primates, and a patient with 
CD44 deficiency manifested congenital dyserythropoietic anemia. 


@ NEOCYTOLYSIS 


Hypoxia increases RBCs by enhancing hypoxia-inducible factors (HIFs). 
Upon return to normoxia, the secondary polycythemia is overcorrected, 
as the accumulated, newly formed RBCs undergo preferential destruc- 
tion, a process termed neocytolysis; however, its mechanism is unclear.” 
Neocytolysis was originally observed during space travel at zero grav- 
ity wherein the mechanism is even less clear. It has been suggested that 
on return to normoxia, there is excessive generation of reactive oxygen 
species from increased mitochondrial mass correlating with decreased 
hypoxia controlled gene BNIP3L transcripts, as BNIP3L mediates 
removal of reticulocyte mitochondria accompanied by reduced catalase 
activity.” Rapid changes in hematocrit in human newborns also suggest 
that neocytolysis also occurs after birth when a hypoxic fetus is poly- 
cythemic at birth, but the neonate rapidly overcorrects its increased red 
cell mass and becomes anemic in first 2 weeks of life.***° 


@ MECHANISMS OF DESTRUCTION 


“Senescence of Normal Erythrocytes,” above, enumerated some mecha- 
nisms that may be involved in normally terminating the life of the effete 
erythrocyte. It has sometimes been assumed that the mechanisms by 
which red cells are destroyed prematurely in disease states reflect these 
normal mechanisms. Although there may well be some overlap, the 
mechanisms of red cell destruction in disease states are likely differ- 
ent. The assumption that the mechanisms that bring around hemolytic 
anemia represent premature aging of the erythrocyte is no more logical 
than to suggest that an animal’s death through pneumonia, renal failure, 
or cancer represents premature aging. 


INTRAVASCULAR DESTRUCTION 


If the red cell membrane is breached in the circulation the red cell is 
destroyed. This mode of erythrocyte demise occurs at a low frequency, 
but may be the predominant mode of destruction in some hemolytic 


disorders, for example, ABO-incompatible transfusions (Chap. 138) 
and paroxysmal nocturnal hemoglobinuria (Chap. 40), where the sur- 
face complement complex creates pores in the red cell membrane, and 
in cardiac valve hemolysis (Chap. 51) and microangiopathic hemolytic 
anemia (Chaps. 51 and 132), where the shear stress may be so strong as 
to break open the membrane. 


EXTRAVASCULAR DESTRUCTION 


Most commonly, the life of the red cell comes to an end when it is 
ingested by a macrophage. Clearly, signals that allow the macrophage to 
distinguish the younger normal red cell from a damaged or senescent 
cell must exist. Such signals may consist of decreased deformability and/ 
or altered surface properties. 


Decreased Deformability 

The red cell does not circulate as the biconcave disc customarily 
observed under the microscope. Instead, it is normally greatly distorted 
by the shear stresses in the circulation and such distortion is an abso- 
lute requirement for the red cell to be able to negotiate the narrow slits 
that separate the splenic pulp from the sinuses (Chaps. 6 and 56). The 
deformability of the erythrocyte can be measured clinically using the 
ektacytometer, an instrument that displays the diffraction pattern of 
a red cell suspension under shear stress.”™! The red cell membrane, a 
lipid bilayer, bends readily but has very little capacity to stretch. Thus, 
deformability is largely a function of the excess red cell membrane 
intrinsic to the biconcave disc shape of the cell, membrane composition, 
and to some extent, of the viscosity of the hemoglobin solution within 
the cell. As the red cell loses membrane it assumes a spherical shape 
and loses its ability to deform. Hereditary spherocytosis and hereditary 
elliptocytosis are prototypic of hemolytic anemias in which decreased 
deformability as a result of a decreased surface-to-volume ratio plays a 
key role in red cell destruction (Chap. 46). However, loss of membrane 
plays a role in many types of pathologic hemolysis, including autoim- 
mune hemolytic anemia (Chap. 54). In sickle cell disease and hemoglo- 
bin C disease (Chap. 49), the internal viscosity of the cell is increased. 
Loss of water from the red cell, as may occur when the membrane is 
damaged and leaks potassium as in hereditary xerocytosis (Chap. 46), 
also markedly impairs the deformability of the cell. 


Altered Surface Properties 

The surface of the red cell membrane can be altered by binding of anti- 
bodies to surface antigens, by binding of complement components, and 
by chemical alterations, particularly oxidation of membrane compo- 
nents. Immunoglobulin (Ig) G-coated red cells” and red cells coated by 
the third component of complement (C,)*** are bound by Fc receptors 
on macrophages and undergo partial phagocytosis. This results in the 
formation of a spherocyte. 

In vitro oxidation of red cells with phenylhydrazine or adenosine 
diphosphate (ADP) plus iron causes clustering of band 3 protein in the 
membrane. Although the physiologic significance of this is far from 
clear, it has been suggested that the clustered protein serves as a recog- 
nition site for the binding of IgG.” Oxidative damage to the membrane 
may play a role in the removal of sickle cells (Chap. 49) and thalassemic 
cells from the circulation (Chap. 48). 


@ FATE OF DESTROYED RED CELLS 


INTRAVASCULAR DESTRUCTION 


Hemoglobin 
When red cells are destroyed in the vascular compartment the hemo- 
globin escaping into the plasma is bound to haptoglobin. A dimeric 
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glycoprotein, each molecule of haptoglobin can bind two hemoglobin 
dimers. The binding of hemoglobin not only protects against its poten- 
tial toxicity, it also triggers the second step of the scavenging process, 
that is, recognition by macrophage receptor CD163, and subsequent 
clearance of the entire complex by receptor-mediated endocytosis.” 
CD163 belongs to the scavenger receptor cysteine-rich family of pro- 
teins and the haptoglobin-hemoglobin complex is cleared from the 
plasma with a T,,, of 10 to 30 minutes. The heme of the hemoglobin is 
converted to iron and biliverdin by heme oxygenase and the biliverdin is 
further catabolized to bilirubin. CO is released (see “Indirect Methods, 
above, on measuring red cell life span) in the course of cleavage of heme 
by heme oxygenase.” 


Haptoglobin 

Free haptoglobin, in contrast to the hemoglobin-haptoglobin complex, 
has a T,„ of 5 days, and when large amounts of the rapidly turned over 
haptoglobin-hemoglobin complex are formed, the haptoglobin con- 
tent of the plasma is depleted. The haptoglobin content of the plasma is 
diminished not only in the plasma of patients undergoing frank intra- 
vascular hemolysis, but also from the plasma of patients who, like those 
with sickle cell disease, have accelerated red cell destruction occurring 
primarily within macrophages. Presumably there is either enough intra- 
vascular hemolysis in such hemolytic disorders to lower the plasma 
haptoglobin level or sufficient leakage from the phagocytic cells into the 
plasma to bind to haptoglobin. Thus the measurement of plasma hap- 
toglobin levels has usefulness in diagnosing the presence of hemolysis, 
although it cannot, as previously suggested, serve to clearly distinguish 
extravascular from intravascular hemolysis. 


Heme 

Free heme that is released into the circulation is bound in a 1:1 ratio to 
the plasma glycoprotein hemopexin,” which is cleared from the plasma 
with a T,,, of 7 to 8 hours.” The heme-hemopexin complex is taken 
up by a low-density lipoprotein-related receptor, CD91. Figure 33-3 
illustrates the parallel functions of hemopexin and haptoglobin. When 
the capacity of hemopexin to bind heme is saturated, excess heme may 
bind to albumin to form methemalbumin.'” Excess heme is toxic to 
cells because of the ability of heme to catalyze the so-called Fenton reac- 
tion, generating hydroxyl radicals, a highly reactive oxygen species. To 
avoid the phenomenon and complement the negative feedback regu- 
lation of heme synthesis, the expression of heme oxygenase (HO)-1 is 
induced in response to an increased level of heme, which subsequently 
results in the degradation of excess heme not bound to proteins. In con- 
trast to HO-1, HO-2 is constitutively expressed and participates in the 
regulation of a basal heme level. 


EXTRAVASCULAR DESTRUCTION 


Red cells that are engulfed by phagocytic cells are degraded within lys- 
osomes into lipids, protein, and heme. The proteins and lipids are repro- 
cessed in their respective catabolic pathways and the heme is cleaved by 
a microsomal HO.! HO catalyzes the oxygen-dependent degradation 
of heme to biliverdin with the release of CO and “free” iron. Biliverdin 
is converted into bilirubin by biliverdin reductase a (BVRa), which is 
expressed ubiquitously in all tissues under basal conditions with high 
levels in macrophages in the spleen and liver." The overall reduction of 
biliverdin to bilirubin is very efficient, and under physiologic circum- 
stances, the concentration of serum biliverdin is low. 


Bilirubin Excretion 
Regardless of the site of destruction of hemoglobin, one of the final 
products is bilirubin. Bilirubin is very insoluble and transported in 
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Figure 33-3. Overview of the receptor pathways for endocytosis of 
extracellular heme and hemoglobin in complex with hemopexin and 
haptoglobin, respectively. LRP/CD91 and CD163 represent two pathways 
for uptake of extracellular heme incorporated in hemopexin-heme and 
haptoglobin-hemoglobin. Both receptors are highly expressed in phago- 
cytic macrophages, which are known to metabolize heme into bilirubin, 
Fe, and CO. In addition to the expression in macrophages, LRP/CD91 is 
highly expressed in several other cell types including hepatocytes, neu- 
rons, and syncytiotrophoblasts. (Reproduced with permission from Hvidberg 
V, Maniecki MB, Jacobsen C, et al.: Identification of the receptor scavenging 
hemopexin-heme complexes. Blood 106(7):2572-2579, 2005.) 


plasma bound to albumin. Unconjugated bilirubin is taken up into 
hepatocytes by transporters of the organic anion-transporting poly- 
peptide (OATP) family, followed by conjugation with glucuronic acid 
in the microsomes, and ATP-dependent transport into bile. This efflux 
across the canalicular membrane is mediated by multidrug resistance 
protein 2, which has high affinity for monoglucuronosy] bilirubin and 
bisglucuronosy] bilirubin.’ In the gastrointestinal tract the bilirubin is 
converted to urobilinogens by bacterial reduction. A small fraction of 
urobilinogen is reabsorbed and excreted into the urine. Thus, the fecal 
and urinary urobilinogen excretion have been used as an indicator of 
the rate of hemolysis, but are only uncommonly used for this purpose in 
modern practice because the collections are cumbersome and because 
alternative degradative pathways detract severely from the accuracy of 
the estimates of the rate of heme catabolism. 
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CHAPTER 34 

CLINICAL MANIFESTATIONS 
AND CLASSIFICATION OF 
ERYTHROCYTE DISORDERS 


Josef T. Prchal 


Anemias are characterized by a decrease and polycythemias by an increase 
of the red cell mass. In most clinical situations, changes in red cell mass are 
inferred from the hemoglobin concentration or hematocrit. Some red cell dis- 
orders are associated with compensated hemolysis without or with only slight 
anemia. Their clinical manifestations are evident not by the effects of anemia 
but by changes associated with catabolism of hemoglobin such as an increase 
in serum bilirubin and, if sustained, cholelithiasis, decreased haptoglobin, and 
usually chronic reticulocytosis. Some red cells disorders are only showcased by 
morphologic abnormalities as exemplified by hereditary elliptocytosis unac- 
companied by hemolysis or anemia. 

The anemias have their principal effect by decreasing the oxygen-carrying 
capacity of blood and their severity is best considered in terms of blood hemo- 
globin concentration. Anemia may cause symptoms because of tissue hypoxia 
(e.g., fatigue, dyspnea on exertion). Some manifestations are also caused by 
compensatory attempts to ameliorate hypoxia (e.g., hyperventilation, tachy- 
cardia, and increased cardiac output). These manifestations are a function of 
the severity and rapidity of onset of the anemia. Tissue hypoxia sensing is 
ubiquitous and is signaled by an increased level of hypoxia-inducible tran- 
scription factors (HIFs)-1 and -2. HIFs upregulate transcription of many genes, 
in addition to the principal erythropoietic factor erythropoietin (EPO), that are 
involved in erythropoiesis, but also in angiogenesis, energy metabolism, and 
iron balance. The classification of anemia should take into account new kinetic 
and molecular findings. 

The polycythemias (erythrocytoses) are best expressed in terms of the 
packed red cell volume (hematocrit), as their clinical manifestations are pri- 
marily related to the expanded red cell mass and resulting increased viscosity 
of blood, and other specific features related to the pathophysiology stemming 
from a molecular causative defect (e.g., thrombosis in polycythemia vera, 
cyanosis in congenital methemoglobinemia). The polycythemias may be pri- 
mary, caused by somatic or germline mutation(s) dysregulating expansion of 


Acronyms and Abbreviations: EGLN1, a gene encoding PHD2 protein; EPAS1, 
a gene encoding hypoxia-inducible factor-2a; EPO, erythropoietin; EPOR, 
erythropoietin receptor; HIF, hypoxia-inducible factor; MCHC, mean cor- 
puscular hemoglobin concentration; MCV, mean corpuscular volume; PFCP, 
primary familial and congenital polycythemia; PHD2, prolyl hydroxylase 
domain-containing protein 2; VHL, a gene encoding von Hippel-Lindau 
tumor suppressor. 


erythroid progenitors and, thus, red cell production, e.g., clonal expansion of 
a multipotential hematopoietic cell (polycythemia vera) or gain-of-function 
mutations of the EPO receptor (EPOR) on red cell progenitors—or secondary, 
caused by increased levels of circulating erythropoiesis-stimulating factors, 
usually EPO, as a result of tissue hypoxia (e.g., chronic pulmonary disease, 
high oxygen-affinity hemoglobin mutants, cobalt poisoning). Some poly- 
cythemias have hypersensitive erythroid progenitors, as well as increased 
levels of EPO, and thus share features of both primary and secondary poly- 
cythemia; these include Chuvash polycythemia and some other congenital 
disorders of hypoxia sensing. Persons with relative (spurious) polycythemia 
have an increased hematocrit as a result of a decreased plasma volume but a 
normal red cell mass. 


@® ANEMIA 


PATHOPHYSIOLOGY AND MANIFESTATIONS 


Effects on Oxygen Transport 

The clinical manifestations of anemia are a function of the degree of 
tissue hypoxia and the etiology and pathogenesis of the specific anemia 
(e.g., splenomegaly characteristic of hereditary spherocytosis, neuro- 
logic degeneration, or gastric atrophy of pernicious anemia). Decreased 
oxygen-carrying capacity mobilizes compensatory mechanisms 
designed to prevent or ameliorate tissue hypoxia. Red cells also trans- 
port carbon dioxide from tissues to the lungs and help distribute nitric 
oxide throughout the body (Chap. 50), but transport of these gases does 
not appear to be dependent on the concentration of red cells in the 
blood and is normal in anemic patients. Tissue hypoxia occurs when 
the pressure of oxygen in the capillaries is too low to provide cells with 
enough oxygen for cell metabolic needs. In an average person, the 
red cell mass must provide the total body tissues with approximately 
250 mL/min of oxygen to support life. The oxygen-carrying capacity 
of normal blood is 1.34 mL per gram of hemoglobin (approximately 
200 mL/L of normal blood) and cardiac output is approximately 
5000 mL/min; thus, 1000 mL/min of oxygen is available at the tis- 
sue level. Extraction of one-fourth of this amount reduces the oxygen 
tension of 100 torr in the arterial end of the capillary to 40 torr in the 
venous end. This partial extraction ensures the presence of sufficient 
diffusion pressure throughout the capillaries to provide all cells with 
enough oxygen for the cells metabolic needs (Fig. 34-1). In anemia, 
extraction of the same amount of oxygen leads to greater hemoglobin 
desaturation and lower oxygen tension at the venous end of the capil- 
lary. The resulting hypoxia in the immediate vicinity initiates a number 
of compensatory, and frequently symptomatic, adjustments in the sup- 
ply of blood and oxygen. 

Hypoxia-Inducible Transcription Factors Hypoxia-inducible 
transcription factor (HIF)-1 and its homologue with tissue-restricted 
expression, HIF-2, play a central role in the body’s response to hypoxia 
(Chaps. 32 and 57). HIF-1 was first identified as a factor regulating the 
transcriptional activity of the erythropoietin (EPO) gene (Chap. 32).! 
The essential role of this transcriptional factor in global regulation of 
protection against hypoxia soon became clear. Its actions include respi- 
ratory control, transcriptional regulation of glycolytic enzyme genes, 
angiogenesis, and energy metabolism.** The prediction that degrada- 
tion of the hypoxia-regulated subunit of HIF-1 (HIF-1q) is controlled 
by an enzyme sensitive to the presence or absence of oxygen’ proved to 
be prescient. Thus, HIF’s downregulation is mediated by two principal 
negative regulators: von Hippel-Lindau tumor suppressor (VHL) and 
prolyl hydroxylase domain-containing protein 2 (PHD2). Chapter 32 
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describes the current knowledge of hypoxia sensing in greater detail; 
however, it is now clear that HIF-2, not HIF-1, is the major regulator 
of EPO production (Chap. 32). Tissue-specific factors are responsible 
for tissue-specific mobilization of the compensatory mechanisms listed 
below that permit survival under hypoxic conditions. Figure 34-2 out- 
lines the regulation of some physiologic processes by hypoxia. 

Decreased Oxygen Consumption Energy metabolism at the 
optimal oxygen supply is sustained by energy-efficient oxidative phos- 
phorylation. In hypoxia, energy is produced by less-efficient glycolysis 
accomplished by upregulation of transcription of glycolytic enzyme 
genes‘ and increased glucose transport, a process known as the Pasteur 
effect. The Pasteur effect and its exception in the metabolism observed 
in malignant tissue, referred to as the Warburg effect, are both explained 
at the molecular level by changes in HIF-1 levels.*** 

Decreased Oxygen Affinity Efficient increase in tissue oxygen 
delivery is accomplished by decreasing the affinity of hemoglobin for 
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oxygen (right-shifted hemoglobin oxygen dissociation curve). This 
action permits increased oxygen extraction from the same amount of 
hemoglobin (Chap. 49).° Acutely, a very small shiftin pH producesa large 
effect on the dissociation curve because of the Bohr effect (described by 
Danish physician Christian Bohr in 1904: “hemoglobin’s oxygen bind- 
ing affinity is inversely related both to acidity and to the concentration 
of carbon dioxide”). In chronic anemia, increased oxygen tissue deliv- 
ery is accomplished by increased amounts of 2,3-bisphosphoglycerate 
(Chap. 47). The increased synthesis of 2,3-bisphosphoglycerate in 
anemia is accomplished by increasing the intracellular pH of red cells 
(Chap. 47) by respiratory alkalosis resulting from increased respiration. 
This effect is clearly demonstrated in individuals with high-altitude 
hypoxemia." 

Increased Tissue Perfusion The effect of decreased oxygen- 
carrying capacity on the tissue tension of oxygen can be compensated 
acutely by increasing tissue perfusion locally via changing vasomotor 
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Figure 34-3. Relationship between hematocrit and total blood volume 
in normal individuals and in patients with anemia and polycythemia. 
(Reproduced with permission from Huber H, Lewis SM and Szur L. The 
Influence of Anaemia, Polycythaemia and Splenomegaly on the Relationship 
between Venous Haematocrit and Red-Cell Volume. Br J Haematol 
10:567-575,1964.) 


activity and, in the long run, by enhanced tissue angiogenesis.’ Because 
in chronic anemia the blood volume is not changed (Fig. 34—3),” 
increased tissue perfusion is organ selective, accomplished by shunting 
the blood from nonvital donor-tissue areas to oxygen-sensitive essential 
recipient organs. In acute anemia, the major donor areas for redistribu- 
tion of blood are the mesenteric and iliac beds.” In chronic anemia in 
humans, the donor areas are the cutaneous tissue’ and the kidneys. 
Vasoconstriction and oxygen deprivation in the skin cause the charac- 
teristic pallor of anemia. In the kidneys, the oxygen supply under nor- 
mal conditions exceeds oxygen demands. The arteriovenous oxygen 
difference in the kidney is as low as 1.4 mL/dL (compared with the myo- 
cardium, where the difference can be as high as 20 mL/dL), indicating 
that even a severe reduction in kidney blood perfusion can be tolerated. 
Nevertheless, enough renal hypoxia must be present to activate HIF-2 
and stimulate increased EPO production and erythropoiesis (Chap. 32). 
The effect on renal excretory mechanisms is slight because the reduc- 
tion in renal blood flow is offset by a high plasmacrit. Even in severe 
anemia in which renal blood flow is reduced by almost 50 percent, the 
total renal plasma flow is only moderately reduced. Thus, organs with 
the most pressing need for oxygen, such as the myocardium and brain, 
are largely unimpeded by a moderate reduction in oxygen-carrying 
capacity, whereas in other tissues severe anemia leads to tissue hypoxia, 
with some tissue-specific consequences such as retinal hemorrhages.’ 


Increased Cardiac Output 
Increased cardiac output is a metabolically expensive compensatory 
device.” It decreases the fraction of oxygen that must be extracted 
during each circulation, thereby maintaining higher oxygen pressure. 
Because the viscosity of blood in anemia is decreased and selective vas- 
cular dilatation decreases peripheral resistance, high cardiac output can 
be maintained without any increase in blood pressure.'* In an otherwise 
healthy person, a measurable increase in resting cardiac output does not 
occur until hemoglobin concentration is less than 7 g/dL, and clinical 
signs of cardiac hyperactivity usually are not present until hemoglobin 
concentration reaches even lower levels. 

Signs of cardiac hyperactivity include tachycardia, increased 
arterial and capillary pulsation, and hemodynamic “flow” murmurs.” 
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Murmurs usually are heard during systole. Murmurs and bruits 
have been described in many regions, such as over the jugular vein, 
the closed eye, and the parietal region of the skull, and may be sensed by 
the patient as roaring in the ears (tinnitus), especially at night. They disap- 
pear promptly after the hemoglobin concentration is restored to normal.” 
The myocardium tolerates a prolonged period of sustained hyperactiv- 
ity. However, angina pectoris and high-output failure may supervene if 
anemia is so severe that it exceeds myocardial oxygen demands or if the 
patient has coronary artery disease. Cardiomegaly, pulmonary conges- 
tion, ascites, and edema have been observed, and they require prompt 
treatment with oxygen and transfusion of packed red cells. 


Increased Pulmonary Function 

Significant anemia leads to a compensatory increase in respiratory rate 
that decreases the oxygen gradient from ambient air to alveolar air and 
increases the amount of oxygen available to oxygenate a greater than 
normal cardiac output. Consequently, exertional dyspnea and orthopnea 
are characteristic clinical manifestations of moderate to severe anemia. °”? 


Increased Red Cell Production 

The most appropriate response to anemia is a compensatory increase 
of red cell production, which may increase about twofold to threefold 
acutely and fourfold to sixfold chronically, and 10-fold in the most 
extreme case. The increase is mediated by increased production of EPO. 
The rate of EPO synthesis is inversely and logarithmically related to 
hemoglobin concentration (Chap. 32). EPO concentration can increase 
from approximately 10 mU/mL at normal hemoglobin concentrations 
to 10,000 mU/mL in severe anemia (Fig. 34—4).***4 The change in EPO 
levels ensures that red cell production increases in response to hemolytic 
and other anemias or subacute blood loss. If the former is mild, the ane- 
mia may be compensated and, if iron is available, the blood loss will be 
repaired after it ceases. Augmented erythroid activity expands marrow 
space, which, if intense, can cause sternal tenderness and diffuse bone 
pains. The proportion and number of reticulocytes increase. Because 
erythroid transit time through the marrow is shortened, “stress retic- 
ulocytes” have increased cell volume and surface area (see Chap. 32, 
Fig. 32-2). They develop characteristic surface folds as a result of the 
increased surface-area-to-volume ratio that can be identified in the 
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Figure 34-4, Erythropoietin (EPO) levels in plasma of normal individ- 
uals and patients with anemia uncomplicated by renal or inflammatory 
disease. The lower limit of accuracy of the EPO assay is 3 mU/mL and is 
indicated by the dashed line. m, Anemias; 4, normals; Hgb, hemoglobin. 
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blood film. Nucleated red cells may be observed in the blood in severe 
anemia.” 

Administration of human recombinant EPO augments or replaces 
endogenous synthesis. In pharmacologic amounts, the effect on hemo- 
globin concentration is most noticeable if endogenous production is 
subnormal as a result of renal failure or systemic illnesses (Chap. 37). 
In severe anemia where endogenous EPO production (providing pro- 
duction is not impaired) has already increased red cell production 
maximally, administration of EPO rarely helps, and the patients require 
transfusion.” 


Uncorrected Tissue Hypoxia 

A certain residual degree of tissue hypoxia remains despite mobilization 
of compensatory mechanisms. Hypoxia is essential for initiation of ade- 
quate cardiovascular and erythropoietic compensation mechanisms, 
but severe tissue hypoxia can cause the following symptoms: dyspnea 
on exertion or even at rest; angina; intermittent claudication; muscle 
cramps, typically at night; headache; light-headedness; and fatigue. A 
number of diffuse gastrointestinal symptoms are associated with anemia 
(e.g., abdominal cramps, nausea), but whether the symptoms should be 
attributed to tissue hypoxia, compensatory redistribution of blood, or 
the underlying cause of anemia is uncertain. 


CLASSIFICATION 


Based on determination of the red cell mass, anemia can be classified 
as either relative or absolute. Relative anemia is characterized by a nor- 
mal total red cell mass in an increased plasma volume, resulting in a 
dilution anemia, a disturbance in plasma volume regulation. However, 
dilution anemia is of clinical and differential diagnostic importance for 
the hematologist. 

Classification of the absolute anemias with decreased red cell mass 
is difficult because the classification has to consider kinetic, morpho- 
logic, and pathophysiologic interacting criteria. Anemia of acute hem- 
orrhage is not a diagnostic problem and is usually a genitourinary or 
gastrointestinal matter, not a hematologic consideration. Initially, all 
anemias should be divided into anemias caused by decreased pro- 
duction and anemias caused by increased destruction of red cells. The 
differentiation is based largely on the reticulocyte count. Subsequent 
diagnostic breakdown can be based on either morphologic or patho- 
physiologic criteria. 

Morphologic classification subdivides anemia into (1) macrocytic 
anemia, (2) normocytic anemia, and (3) microcytic hypochromic ane- 
mia. The main advantages of this classification are that the classifica- 
tion is simple, is based on readily available red cell indices, for example, 
mean corpuscular volume (MCV) and mean corpuscular hemoglo- 
bin concentration (MCHC), and forces the physician to consider the 
most important types of curable anemia: vitamin B folic acid, and 
iron-deficiency anemias. Such practical considerations have led to wide 
acceptance of this classification. 

Pathophysiologic classification (Table 34-1) is best suited for 
relating disease processes to potential treatment. In addition, anemia 
resulting from vitamin or iron-deficiency states occurs in a significant 
proportion of patients with normal red cell indices. 

This chapter presents a classification based on our present con- 
cepts of normal red cell production and red cell destruction. Figure 
34-5 outlines the cascade of proliferation, differentiation, and matura- 
tion underlying the transformation of a multipotential stem cell, first to 
erythroid progenitor cells, then to erythroid precursor cells, and finally 
to mature red cells. Each of these steps can become impaired and cause 
anemia. Therapeutic intervention depends on identifying the defec- 
tive step and instituting the specific therapy. The limitation of such a 


classification is that, in most anemias, the pathogenesis involves several 
steps. For example, a decreased rate of production most often results in 
production of defective red cells with a shortened life span. Thus, the 
outline provided is a conceptual guide to our present understanding of 
the processes underlying the production and destruction of red cells. 


@ POLYCYTHEMIA (ERYTHROCYTOSIS) 
PATHOPHYSIOLOGY 


The production and presence of an increased number of red cells are 
associated with general and specific effects generated by changes in 
blood viscosity and blood volume. 

The viscosity of blood increases logarithmically with an increase 
in hematocrit (Fig. 34-6). At hematocrits above the normal range, the 
increase in blood viscosity impairs blood flow and increases cardiac 
workload. The resulting decrease in blood flow reduces the transport of 
oxygen, with average optimal values at hematocrit readings between 40 
and 45 percent.” In a study of red cells from a number of animal spe- 
cies, the optimal value of oxygen transport corresponded closely to their 
normal hematocrits, which may explain the evolutionary determina- 
tion of optimal hematocrit levels.” However, before concluding that 
polycythemia always is a suboptimal condition, consider that it may be 
inappropriate to correlate viscosity readings, derived from blood tested 
in a rigid glass viscometer (Ostwald) or even in a cone-plate viscometer, 
with those in flowing blood through tiny distensible vessels in vivo.” 
First, the flow through these narrow channels is rapid (high shear rate), 
which in a nonnewtonian fluid such as blood causes a marked decrease 
in viscosity. Second, blood flowing through narrow channels in vivo is 
axial, with a central core of packed red cells sliding over a peripheral 
layer of lubricating low-viscosity plasma. Finally, and most impor- 
tantly, absolute polycythemia is not normovolemic but is accompanied 
by increased blood volume, which, in turn, enlarges the vascular bed 
and decreases peripheral resistance. Because blood pressure remains 
stable, the increased blood volume must be associated with increased 
cardiac output and increased oxygen transport (cardiac output times 
hemoglobin concentration). Using measurements of cardiac output 
in dogs” and tissue oxygen tension in rats and mice,” construction of 
curves (Fig. 34-7) that relate oxygen transport to hematocrit in nor- 
movolemic and hypervolemic states is possible. These curves show that 
hypervolemia per se increases oxygen transport and that the optimum 
oxygen transport in these conditions occurs at higher hematocrit val- 
ues than in normovolemic states. Consequently, despite the increased 
viscosity, a moderate increase in hematocrit is beneficial. The same may 
not be true of a more pronounced increase in hematocrit. Observations 
in humans” and experimental animals” indicate that high viscosity 
causes reduced blood flow to most tissues and may be responsible for 
the cerebral and cardiovascular impairment experienced occasionally 
by high-altitude dwellers,” patients with severe polycythemia,” and 
athletes self-administering overdoses of EPO (Chap. 57). 


MANIFESTATIONS 


The rate of red cell production is increased in true polycythemias, but 
changes in erythroid marrow cellularity can be difficult to assess by 
microscopy means, although the marrow is hypercellular in a typical 
patient with polycythemia vera. Under normal conditions, the rate of 
red cell production is adjusted to maintain the red cell mass at approx- 
imately 30 mL per kilogram of body weight. Because the life span of 
red cells in polycythemia is normal, a doubling of the daily rate of red 
cell production is adequate to maintain a polycythemic red cell mass of 
60 mL/kg. Consequently, the morphology and volume of the marrow 
are only moderately altered in polycythemia compared with the changes 


TABLE 34-1. Classification of Anemia 


E 


|. Absolute anemia (decreased red cell volume) 
A. Decreased red cell production 
1. Acquired 
a. Pluripotential hematopoietic stem cell failure 
(1) Autoimmune (Aplastic anemia) (Chap. 35) 
(a) Radiation-induced 


(b) Drugs and chemicals (chloramphenicol, 
benzene, etc.) 


(c) Viruses (non-A-G hepatitis, Epstein-Barr 
virus, etc.) 


(d) Idiopathic 


(2) Anemia of leukemia and of myelodysplastic syn- 
dromes (Chaps. 87, 88, and 91) 


(3) Anemia associated with marrow infiltration (Chap. 45) 
(4) Postchemotherapy (Chap. 22) 
b. Erythroid progenitor cell failure 


(1) Pure red cell aplasia (parvovirus B19 infection, 
drugs, associated with thymoma, autoantibodies, 
etc. [Chap. 36]) 


(2) Endocrine disorders (Chap. 38) 


(3) Acquired sideroblastic anemia (drugs, copper defi- 
ciency, etc. [Chaps. 59 and 871) 


c. Functional impairment of erythroid and other progeni- 
tors from nutritional and other causes 


(1) Megaloblastic anemias (Chap. 41) 
(a) Vitamin B,, deficiency 
(b) Folate deficiency 


(c) Acute megaloblastic anemia because of nitrous 
oxide (N,O) 


(d) Drug-induced megaloblastic anemia (peme- 
trexed, methotrexate, phenytoin toxicity, etc.) 


(2) lron-deficiency anemia (Chap. 42) 


(3) Anemia resulting from other nutritional deficiencies 
(Chap. 44) 


(4) Anemia of chronic disease and inflammation 
(Chap. 37) 


(5) Anemia of renal failure (Chap. 37) 


(6) Anemia caused by chemical agents (lead toxicity 
[Chap. 52]) 


(7) Acquired thalassemias (seen in some clonal 
hematopoietic disorders [Chaps. 48 and 83]) 


(8) Erythropoietin antibodies (Chap. 36) 
2. Hereditary 

a. Pluripotential hematopoietic stem cell failure (Chap. 35) 
(1) Fanconi anemia 
(2) Shwachman syndrome 
(3) Dyskeratosis congenita 

b. Erythroid progenitor cell failure 
(1) Diamond-Blackfan syndrome (Chap. 35) 
(2) Congenital dyserythropoietic syndromes (Chap. 39) 


Chapter 34: Clinical Manifestations and Classification of Erythrocyte Disorders 


Functional impairment of erythroid and other progeni- 
tors from nutritional and other causes 


(1) Megaloblastic anemias (Chap. 41) 


(a) Selective malabsorption of vitamin B,, 
(Imerslund-Grasbeck disease) 


(b) Congenital intrinsic factor deficiency 
(c) Transcobalamin II deficiency 


(d) Inborn errors of cobalamin metabolism (meth- 
ylmalonic aciduria, homocystinuria, etc.) 


(e) Inborn errors of folate metabolism (congenital 
folate malabsorption, dihydrofolate deficiency, 
methyltransferase deficiency, etc.) 


(2) Inborn purine and pyrimidine metabolism defects 
(Lesch-Nyhan syndrome, hereditary orotic aciduria, 
etc.) 


(3) Disorders of iron metabolism (Chap. 42) 
(a) Hereditary atransferrinemia 


(b) Hypochromic anemia caused by divalent metal 
transporter (DMT)-1 mutation 


(4) Hereditary sideroblastic anemia (Chap. 59) 
(5) Thalassemias (Chap. 48) 


B. Increased red cell destruction 


1. Acquired 


a. Mechanical 


(1) Macroangiopathic (march hemoglobinuria, artifi- 
cial heart valves [Chap. 51]) 


(2) Microangiopathic (disseminated intravascular 
coagulation [DIC]; thrombotic thrombocytopenic 
purpura [TTP]; vasculitis [Chaps. 51, 122, and 129]) 


(3) Parasites and microorganisms (malaria, bartonellosis, 
babesiosis, Clostridium perfringens, etc. [Chap. 53]) 


. Antibody mediated 


(1) Warm-type autoimmune hemolytic anemia (Chap. 54) 


(2) Cryopathic syndromes (cold agglutinin disease, 
paroxysmal cold hemoglobinuria, cryoglobuline- 
mia [Chap. 54]) 


(3) Transfusion reactions (immediate and delayed 
[Chaps. 54 and 136]) 


. Hypersplenism (Chap. 56) 


d. Red cell membrane disorders (Chap. 46) 


f. 


(1) Spur cell hemolysis 


(2) Acquired acanthocytosis and acquired stomatocy- 
tosis, etc. 


. Chemical injury and complex chemicals (arsenic, cop- 


per, chlorate, spider, scorpion, and snake venoms, etc. 
[Chap. 52]) 


Physical injury (heat, oxygen, radiation [Chap. 52]) 


2. Hereditary 


a. Hemoglobinopathies (Chap. 49) 


(1) Sickle cell disease 
(2) Unstable hemoglobins 


(Continued) 
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TABLE 34-1. Classification of Anemia (Continued) 
b. Red cell membrane disorders (Chap. 46) 


(1) Cytoskeletal membrane disorders (hereditary 
spherocytosis, elliptocytosis, pyropoikilocytosis) 


(2) Lipid membrane disorders (hereditary abetalipo- 
proteinemia, hereditary stomatocytosis, etc.) 


(3) Membrane disorders associated with abnormali- 
ties of erythrocyte antigens (McLeod syndrome, Rh 
deficiency syndromes, etc.) 


(4) Membrane disorders associated with abnormal 
transport (hereditary xerocytosis) 


c. Red cell enzyme defects (pyruvate kinase, 5’ nucleo- 
tidase, glucose-6-phosphate dehydrogenase deficien- 
cies, other red cell enzyme disorders [Chap. 47]) 


d. Porphyrias (congenital erythropoietic and hepatoery- 
thropoietic porphyrias, rarely congenital erythropoi- 
etic protoporphyria [Chap. 58]) 


C. Blood loss and blood redistribution 
1. Acute blood loss 
2. Splenic sequestration crisis (Chap. 56) 
Il. Relative (increased plasma volume) 
A. Macroglobulinemia (Chap. 109) 
B. Pregnancy (Chap. 8) 
C. Athletes (Chap. 33) 
D. Postflight astronauts (Chap. 33) 


observed in some types of hemolytic anemia, in which the rate of red 
cell production can be four to six times normal. In erythrocytosis, the 
number of red cells destroyed daily merely causes a slight increase in 
bilirubin levels. The presence of secondary gout and splenomegaly are 
usually signs of a myeloproliferative neoplasm rather than of erythrocy- 
tosis alone. Although considerable homology exists between EPO and 
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Figure 34-5. Outline of the process of differentiation, proliferation, 
and maturation underlying the production and destruction of red 
blood cells. Multipotential stem cells responding to a number of growth 
factors, including granulocyte-monocyte colony-stimulating factors 
(GM-CSF), interleukin 3 (IL-3), insulin growth factor 1 (IGF-1), thrombo- 
poietin (TPO), and stem cell factor (SCF), differentiate to progenitor cells 
committed to erythroid development. Progenitor cells, burst-forming 
unit-erythroid (BFU-E), and colony-forming unit-erythroid (CFU-E) pro- 
liferate under the control of erythropoietin (EPO) and finally differentiate 
to precursor cells (erythroblasts). In the presence of adequate amounts 
of nutrients, such as vitamin B, folic acid, and iron, precursor cells prolif- 
erate and mature into nucleated red cells, reticulocytes, and mature red 
blood cells. After an average 120-day life span, these cells are destroyed. 


thrombopoietin,* there is no evidence that the two molecules crossre- 
act at the level of their respective receptors.” EPO-driven erythrocytosis 
is generally not associated with increased platelet production. 

The increased viscosity and expansion of vascular space are 
responsible for many of the signs and symptoms of polycythemia. The 
characteristic rubor in patients with polycythemia vera is caused by 
excessive deoxygenation of blood flowing sluggishly through dilated 
cutaneous vessels. Nonspecific symptoms such as headaches, dizziness, 
tinnitus, and a reported feeling of fullness of the face and head probably 
are caused by a combination of increased viscosity and vascular dilata- 
tion. In extreme polycythemia and some specific types of polycythemia 
(e.g., methemoglobinemia; Chap. 50), cyanosis can result from greater 
than 4 g/dL of deoxygenated hemoglobin (accomplished more easily at 
higher hemoglobin concentrations [see “blue bloaters” and “pink puff- 
ers” in Chap. 57]) or greater than 1.5 g/dL of methemoglobin. 
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Figure 34-6. Viscosity of heparinized normal human blood related to 
hematocrit (Hct). Viscosity is measured with an Ostwald viscosimeter at 
37°C and expressed in relation to viscosity of saline solution. Oxygen 
transport is computed from Hct and O, flow (1/viscosity) and is recorded 
in arbitrary units. 
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TABLE 34-2. Classification of Polycythemia 


|. Absolute (true) polycythemia (increased red cell volume) 
(Chap. 56) 


A. Primary polycythemia 
1. Acquired 
a. Polycythemia vera (Chap. 84) 
2. Hereditary (Chap. 57) 
a. Primary familial and congenital polycythemia (PFCP) 
(1) Erythropoietin receptor mutations 
(2) Unknown gene mutations 
B. Secondary polycythemia 
1. Acquired (Chap. 57) 
a. Hypoxemia 
(1) Chronic lung disease 
(2) Sleep apnea 
(3) Right-to-left cardiac shunts 
(4) High altitude 
(5) Smoking 
b. Carboxyhemoglobinemia (Chap. 50) 
(1) Smoking 
(2) Carbon monoxide poisoning 
c. Autonomous erythropoietin production (Chap. 57) 
(1) Hepatocellular carcinoma 
(2) Renal cell carcinoma 
(3) Cerebellar hemangioblastoma 
(4) Pheochromocytoma 


(6) Meningioma 


) 
) 
) 
(5) Parathyroid carcinoma 
) 
(7) Uterine leiomyoma 
) 


(8) Polycystic kidney disease 


d. Exogenous erythropoietin (EPO) administration (“EPO 
doping”) (Chap. 57) 


e. Complex or uncertain etiology 


(1) Postrenal transplant (probable abnormal angioten- 
sin Il signaling) (Chap. 57) 


(2) Androgen/anabolic steroids (Chap. 57) 
2. Hereditary 
a. High-oxygen affinity hemoglobins (Chap. 49) 
b. 2,3-Bisphosphoglycerate deficiency (Chap. 47) 


c. Congenital methemoglobinemias (recessive, i.e., cyto- 
chrome b5 reductase deficiency, dominant globin 
mutations [Chaps. 49 and 57]) 


C. Disorders of hypoxia sensing (Chap. 57) 


1. Proven or suspected congenital disorders of hypoxia 
sensing 


a. Chuvash polycythemia 


b. High erythropoietin polycythemias caused by muta- 
tions of von Hippel-Lindau gene other than Chuvash 
mutation 


c. HIF2a (EPAS7) mutations 
d. PHD2 (EGLN7) mutations 


Il. Relative (spurious) polycythemia (normal red cell volume) 
(Chap. 57) 


A. Dehydration 

B. Diuretics 

C. Smoking 

D. Gaisb6ck syndrome 


Hemorrhage from the nose or stomach in patients with normal 
platelets and coagulation proteins can be attributed to capillary disten- 
tion; however, circulatory stagnation causing ischemia and necrosis may 
contribute. Thrombosis are common in polycythemia vera, but are not 
seen at similar frequencies in other types of polycythemias (Chaps. 57 
and 84). Coronary blood flow is decreased in polycythemia,” so the risk 
of coronary thrombosis in patients with a high hematocrit is assumed 
to be increased; however, statistical analyses have yielded equivocal 
evidence of such a relationship.****? Polycythemia reportedly does 
not pose a risk in surgical patients.” Although cerebral blood flow is 
materially reduced in patients with moderately elevated hematocrit,***" 
such reductions may have little practical significance. In polycythemia 
vera, however, it has been advocated that normalization of red cell mass 
should be accomplished before surgery; again, firm data supporting this 
practice are lacking (Chap. 84). 


CLASSIFICATION 


Polycythemia, or erythrocytosis, is a condition in which the hematocrit 
percentage is above the upper limits of normal: greater than 51 percent 
in men and greater than 48 percent in women. Polycythemia can be 
classified as: (1) relative, in which the red cell mass is normal but the 


plasma volume is decreased, or (2) absolute, in which the red cell mass 
is increased above normal (Chap. 57). Table 34-2 outlines the poly- 
cythemic states. 

Differentiation of absolute from relative polycythemia can be dif- 
ficult at hematocrits of less than 60 percent. Designation of a measured 
red cell mass as normal is imprecise because the red cell mass depends 
on the patient’s age, sex, weight, height, and body frame, and because 
only increases above the mean of greater than 25 percent are considered 
abnormal. 


Primary Polycythemias 

Primary or secondary polycythemias are caused by either acquired 
(polycythemia vera) or inherited mutations (such as gain-of-function 
erythropoietin receptor [EPOR] causing primary familial and congeni- 
tal polycythemia [PFCP]) expressed within hematopoietic progenitors, 
leading to increased production of red cells. 


Secondary Polycythemias 

Secondary polycythemias are caused by augmentation of erythropoiesis 
by circulating stimulatory factors such as EPO (polycythemia of high 
altitude), cobalt, or insulin-like growth factor 1 (Chap. 57). 
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Figure 34-7. Oxygen transport at various hematocrit levels in nor- 
movolemia, mild hypervolemia, and severe hypervolemia. Oxygen 
transport is estimated by multiplying hematocrit (Hct) by cardiac out- 
put. (1) Optimal oxygen transport for normovolemic subjects is at a 
hematocrit of approximately 45 percent, with a progressive increase in 
optimal hematocrit as blood volume increases. (2) Suboptimal hemat- 
ocrit in a hypervolemic person (anemia of pregnancy) may be associ- 
ated with higher oxygen transport than in a normovolemic person with 
normal hematocrit. (3) High hematocrit without an increase in blood 
volume may be associated with an absolute reduction in oxygen trans- 
port and tissue hypoxia. (4) Only high hematocrit coupled with high 
blood volume enhances oxygen transport to the tissues. (Data from 
Murray JF, Gold P and Johnson BL, Jr. The circulatory effects of hematocrit 
variations in normovolemic and hypervolemic dogs. J Clin Invest. 42:1150-9, 
1963 and Thorling EB and Erslev AJ. The “tissue” tension of oxygen and its 
relation to hematocrit and erythropoiesis. Blood 31(3):332-343, 1968.) 


Disorders of Hypoxia Sensing 

Polycythemias from VHL Gene Mutation Chuvash polycythemia and 
some other disorders of hypoxia sensing, including several recessively 
inherited mutations of the VHL gene, have elevated or inappropriately 
normal EPO levels in relation to elevated hematocrit. This phenotype 
is different from other, more common VHL mutations encompassing 
VHL tumor predisposition syndrome, wherein dominantly inherited 
germline VHL mutations precede the acquired somatic mutations 
that eventually result in tumor genesis (hemangioblastoma, renal cell 
carcinoma, pheochromocytoma, pancreatic endocrine tumors, and 
endolymphatic sac tumors). Following the description of Chuvash 
polycythemia, other homozygous and compound heterozygous inher- 
ited VHL mutations causing polycythemia, but not tumors, have been 
described (Chap. 57). Some patients with tumor predisposition VHL 
syndrome also develop acquired polycythemia as a consequence of EPO 
production in tumor tissue.” 

Clinically, Chuvash polycythemia patients are prone to develop 
thrombosis, they have elevated pulmonary pressure and have increased 
mortality independent of the increase in hematocrit.” 

Polycythemias from HIF2a and PHD2 Mutations Dominantly 
inherited gain-of-function HIF2a (encoded by EPAS1) gene muta- 
tions have elevated or inappropriately normal EPO levels in relation 
to elevated hematocrits. All reported polycythemic heterozygotes for 


loss-of-function PHD2 variants (encoded by EGLN1 gene) have normal 
EPO levels. 

Because of the rarity of HIF2a and PHD2 mutations, their non- 
erythroid phenotype is not well defined; however, some HIF2a muta- 
tions, possibly associated with genetic mosaicism, are associated with 
congenital polycythemia and later development of pheochromocytoma/ 
paraganglioma and somatistatinoma tumors. In these instances, in most 
patients, the HIF2a mutation is present in the tumors, which frequently 
recur, but not in leukocytes.*** 
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CHAPTER 35 
APLASTIC ANEMIA: 
ACQUIRED AND INHERITED 


George B. Segel and Marshall A. Lichtman 


Acquired aplastic anemia is a clinical syndrome in which there is a deficiency 
of red cells, neutrophils, monocytes, and platelets in the blood, and fatty 
replacement of the marrow with a near absence of hematopoietic precursor 
cells. Reticulocytopenia is a constant feature. Neutropenia, monocytopenia, 
and thrombocytopenia, when severe, are life-threatening because of the risk 
of infection and bleeding, complicated by severe anemia. Most cases occur 
without an evident precipitating cause and are caused by autoreactive cyto- 
toxic T lymphocytes that suppress or destroy primitive CD34+ multipotential 
hematopoietic cells. The disorder also can occur after (1) prolonged high-dose 
exposure to certain toxic chemicals (e.g., benzene), (2) after specific viral 
infections (e.g., Epstein-Barr virus), (3) as an idiosyncratic response to cer- 
tain pharmaceuticals (e.g., ticlopidine, chloramphenicol), (4) as a feature of 
a connective tissue or autoimmune disorder (e.g., lupus erythematosus), or, 
(5) rarely, in association with pregnancy. The final common pathway may 
be through cytotoxic T-cell autoreactivity, whether idiopathic or associated 
with an inciting agent since they all respond in a similar fashion to immu- 
nosuppressive therapy. The differential diagnosis of acquired aplastic anemia 
includes a hypoplastic marrow that can accompany paroxysmal nocturnal 
hemoglobinuria or hypoplastic oligoblastic (myelodysplastic syndrome) or 
polyblastic myelogenous leukemia. Allogeneic hematopoietic stem cell trans- 
plantation is curative in approximately 80 percent of younger patients with 
high-resolution human leukocyte antigen—matched sibling donors, although 
the posttransplant period may be complicated by severe graft-versus-host 
disease. The disease may be significantly ameliorated or occasionally cured by 
immunotherapy, especially a regimen coupling antithymocyte globulin with 
cyclosporine. However, after successful treatment with immunosuppressive 
agents, the disease may relapse or evolve into a clonal myeloid disorder, such 
as paroxysmal nocturnal hemoglobinuria, a clonal cytopenia, or oligoblastic 


Acronyms and Abbreviations: A, adenine; ALG, antilymphocyte globu- 
lin; ALL, acute lymphocytic leukemia; AML, acute myelogenous leukemia; 
ATG, antithymocyte globulin; ATR, ataxia-telangiectasia mutated and 
rad3-related kinase; BFU-E, erythroid burst-forming units; CD, cluster of 
differentiation; CFU-GM, colony-forming unit—granulocyte-macrophage; 
CMV, cytomegalovirus; EBV, Epstein-Barr virus; G, guanine; G-CSF, granu- 
locyte colony-stimulating factor; HHV, human herpes virus; HLA, human 
leukocyte antigen; IL, interleukin; MRI, magnetic resonance imaging; PCP, 
pentachlorophenol; PNH, paroxysmal nocturnal hemoglobinuria; SCF, stem 
cell factor; T, thymine; TERC, telomerase RNA component; TERT, telomerase 
reverse transcriptase; TNF, tumor necrosis factor; TNT, trinitrotoluene; TPO, 
thrombopoietin. 


or polyblastic myelogenous leukemia. Several uncommon inherited disorders, 
including Fanconi anemia, Shwachman-Diamond syndrome, dyskeratosis con- 
genita and others have as a primary manifestation aplastic hematopoiesis. 


@ ACQUIRED APLASTIC ANEMIA 
DEFINITION AND HISTORY 


Aplastic anemia is a clinical syndrome that results from a marked dimi- 
nution of marrow blood cell production. The decrease in hematopoiesis 
results in reticulocytopenia, anemia, granulocytopenia, monocytope- 
nia, and thrombocytopenia. The diagnosis usually requires the presence 
of pancytopenia with a neutrophil count fewer than 1500/uL (1.5 x 
10°/L), a platelet count fewer than 50,000/uL (50 x 10°/L), a hemoglobin 
concentration less than 10 g/dL (100 g/L), and an absolute reticulocyte 
count fewer than 40,000/uL (40 x 10°/L), accompanied by a hypocel- 
lular marrow without abnormal or malignant cells or fibrosis.' For the 
purpose of therapeutic decision making, comparative clinical trials, and 
international sharing of data, the disease has been stratified into mod- 
erately severe, severe, and very severe acquired aplastic anemia based 
on the blood counts (especially the neutrophil count) and the degree 
of marrow hypocellularity (Table 35-1). Most cases of aplastic anemia 
are acquired; fewer cases are the result of an inherited disorder, such 
as Fanconi anemia, Shwachman-Diamond syndrome, and others (see 
“Hereditary Aplastic Anemia” below). 

Aplastic anemia was first recognized by Paul Ehrlich in 1888. He 
described a young, pregnant woman who died of severe anemia and 
neutropenia. Thrombocytopenia was difficult to measure and the role 
of blood dust (platelets) was controversial at that time. Autopsy exami- 
nation revealed a fatty marrow with essentially no hematopoiesis. The 
name aplastic anemia was subsequently applied to this disease by Chauf- 
fard, a French hematologist, in 1904,? and although an anachronistic 
term because the morbidity is the result of pancytopenia, especially 
neutropenia and thrombocytopenia, the designation is entrenched in 
medical usage. For the next 40 years, many conditions that caused pan- 
cytopenia were confused with aplastic anemia based on incomplete or 
inadequate histologic study of the patient's marrow.’ The development of 
improved instruments for percutaneous marrow biopsy in the last half 
of the 20th century improved diagnostic precision. In 1972, Thomas and 
his colleagues established that marrow transplantation from a histocom- 
patible sibling donor could cure the disease.° The disease initially was 
thought to result from an atrophy or chemical injury of primitive mar- 
row hematopoietic cells. The unexpected recovery of marrow recipients 
who were given immunosuppressive conditioning therapy but who did 
not engraft with donor stem cells raised the possibility that the disease 
may not be intrinsic to primitive hematopoietic cells but the result of 
a suppression of hematopoietic cells by immune cells, notably T lym- 
phocytes.® The requirement to treat the recipient of a marrow transplant 
from an identical twin with immunosuppressive conditioning therapy 
for optimal results of transplant, buttressed this concept.’ This suppo- 
sition was confirmed by a clinical trial that established antilymphocyte 
globulin (ALG) capable of ameliorating the disease in the majority of 
patients.” Since that time, compelling evidence for a cellular autoimmune 
mechanism has accumulated (see “Etiology and Pathogenesis” below). 


EPIDEMIOLOGY 


The International Aplastic Anemia and Agranulocytosis Study and 
a French study found the incidence of acquired aplastic anemia to be 
approximately 2 per 1,000,000 persons per year.’ This annual incidence 
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TABLE 35-1. Degree of Severity of Acquired Aplastic Anemia 


Diagnostic Reticulocyte Neutrophil 
Categories Hemoglobin Concentration Count Platelet Count Marrow Biopsy Comments 
Moderately <100 g/L <40 x 10°/L <1.5 x 109/L <50 x 10°/L Marked decrease of At the time of diag- 
severe hematopoietic cells. nosis at least 2 of 3 
blood counts should 
meet these criteria. 
Severe <90 g/L <30.0 x 10°/L <0.5 x 109/L <30.0 x 10°/L Marked decrease or Search for a histo- 
absence of hemato- compatible sibling 
poietic cells. should be made if 
age permits. 
Very severe <80 g/L <20.0 x 10°/L <0.2 x 10°/L <20.0 x 10°/L Marked decrease or Search for a histo- 


absence of hemato- 
poietic cells. 


compatible sibling 
should be made if 


age permits. 


note: These values are approximations and must be considered in the context of an individual patient's situation. (In some clinical trials, the 
blood count thresholds for moderately severe aplastic anemia are higher, e.g., platelet count <100 x 10°/L and absolute reticulocyte count 
<60,000 x 10°/L.) The marrow biopsy may contain the usual number of lymphocytes and plasma cells; “hot spots,’ focal areas of erythroid cells, 
may be seen. No fibrosis, abnormal cells, or malignant cells should be evident in the marrow. Dysmorphic features of blood or marrow cells are 
not features of acquired aplastic anemia. Ethnic differences in the lower limit of the absolute neutrophil count should be considered (Chap. 64). 


has been confirmed in studies in Spain (Barcelona),’° Brazil (State of 
Parana),'' and Canada (British Columbia). The highest frequency of 
aplastic anemia occurs in persons between the ages of 15 and 25 years; 
a second peak occurs between the ages of 65 and 69.' Aplastic anemia 
is more prevalent in the Far East where the incidence is approximately 
7 per 1,000,000 in parts of China,” approximately 4 per 1,000,000 in sec- 
tions of Thailand,“ approximately 5 per 1,000,000 in areas of Malaysia," 
and approximately 7 per 1,000,000 among children of Asian descent 
living in Canada.” The explanation for a twofold or greater incidence 
in the Orient compared to the Occident may be multifactorial,“ but 
a predisposition gene or genes is a likely component.’*”” Studies have 
not established the use of chloramphenicol in Asia as a cause. Poorly 
regulated exposure of workers to benzene is a factor,'* but the attribut- 
able risk from benzene and other toxic exposures does not explain the 
magnitude of the difference in the incidence in Asia compared to that 
in Europe and South America.!® A relationship to impure water use 
in Thailand has led to speculation of an infectious etiology, although 
no agent, including seronegative hepatitis, a known association with 
the onset of acquired aplastic anemia," has been identified. Seroneg- 
ative viral hepatitis is a forerunner of approximately 7 percent of cases 
of acquired aplastic anemia.'”!° The male-to-female incidence ratio of 
aplastic anemia in most studies is approximately one.” 


ETIOLOGY AND PATHOGENESIS 


Table 35-2 lists the conditions associated with aplastic anemia. 

The final common pathway to the clinical disease is a decrease in 
blood cell formation in the marrow. The number of marrow CD34+ 
cells (multipotential hematopoietic progenitors) and their derivative 
colony-forming unit-granulocyte-macrophage (CFU-GM) and burst- 
forming unit-erythroid (BFU-E) are reduced markedly in patients with 
aplastic anemia.””” Long-term culture-initiating cells, an in vitro sur- 
rogate assay for hematopoietic stem cells, also are reduced to approxi- 
mately 1 percent of normal values.” Potential mechanisms responsible 
for acquired marrow cell failure include (1) cellular or humoral immune 
suppression of the marrow multipotential cells, (2) progressive erosion 
of chromosome telomeres, (3) direct toxicity to hematopoietic multipo- 
tential or stem cells, (4) a defect in the stromal microenvironment of the 
marrow required for hematopoietic cell development, and (5) impaired 


TABLE 35-2. Etiologic Classification of Aplastic Anemia 
ACQUIRED 


Autoimmune 


Drugs 
See Table 35-3 
Toxins 
Benzene 
Chlorinated hydrocarbons 
Organophosphates 
Viruses 
Epstein-Barr virus 
Non-A, -B, -C, -D, -E, or -G hepatitis virus 
Human immunodeficiency virus (HIV) 
Paroxysmal nocturnal hemoglobinuria 
Autoimmune/connective tissue disorders 
Eosinophilic fasciitis 
Immune thyroid disease (Graves disease, Hashimoto thyroiditis) 
Rheumatoid arthritis 
Systemic lupus erythematosus 
Thymoma 
Pregnancy 
latrogenic 
Radiation 
Cytotoxic drug therapy 
INHERITED 


Fanconi anemia 


Dyskeratosis congenita 
Shwachman-Diamond syndrome 


Other rare syndromes (see Table 35-9) 


production or release of essential multilineage hematopoietic growth 
factors. There is little experimental evidence for a stromal microenvi- 
ronmental defect or a deficit of critical hematopoietic growth factors or 
their receptors. Telomerase mutations with consequent telomere short- 
ening may be involved in as many as 40 percent of patients.” A suscep- 
tibility to the development of aplastic anemia is present in persons with 
certain human leukocyte antigen (HLA) types, such as HLA-DR15.” 
Deficiencies in telomere repair could predispose to aplastic anemia 
by affecting the size of the multipotential hematopoietic cell compart- 
ment and by decreasing the multipotential cell’s response to marrow 
injury, and could play a role in the evolution of aplastic anemia to a 
clonal myeloid disease by contributing to genomic instability.” Reduced 
hematopoiesis in most cases of aplastic anemia results from cytotoxic 
T-cell-mediated immune suppression of very early CD34+ hematopoi- 
etic multipotential progenitor or stem cells.” A small fraction of cases 
is initiated by a toxic exposure, drug exposure, or viral infection, and in 
these cases the pathogenesis also may relate to autoimmunity as there 
is evidence of immune dysfunction in seronegative hepatitis, after ben- 
zene exposure, and many such patients respond to anti-T-cell therapy.” 


Autoreactive Cytotoxic T Lymphocytes 

In vitro and clinical observations have resulted in the identification of 
a cytotoxic T-cell-mediated attack on multipotential hematopoietic 
cells in the CD34+ cellular compartment as the basis for most cases of 
acquired aplastic anemia.” Cellular immune injury to the marrow after 
drug-, viral-, or toxin-initiated marrow aplasia could result from the 
induction of neoantigens that provoke a secondary T-cell-mediated attack 
on hematopoietic cells. This mechanism could explain the response to 
immunosuppressive treatment in cases that follow exposure to an exoge- 
nous agent. Spontaneous or mitogen-induced increases in mononuclear 
cell production of interferon-y,”*”’ interleukin (IL)-2,” and tumor necrosis 
factor-a (TNF-a)***! occur. These factors are inhibitory to hematopoietic 
cell development. Elevated serum levels of interferon-y are present in 30 
percent of patients with aplastic anemia, and interferon-y expression 
has been detected in the marrow of most patients with acquired aplastic 
anemia.” Addition of antibodies to interferon-y enhances in vitro col- 
ony growth of marrow cells from affected patients.** Long-term marrow 
cultures manipulated to elaborate exaggerated amounts of interferon-y, 
markedly reduced the frequency of long-term culture-initiating cells.” 
These observations indicate that acquired aplastic anemia is the result 
of cellular immune-induced apoptosis of primitive CD34+ multipoten- 
tial hematopoietic progenitors, mediated by cytotoxic T lymphocytes, in 
part, through the expression of T-helper type 1 (Th1) inhibitory cytok- 
ines, interferon-y, and TNF-a (Fig. 35-1).** The secretion of interfer- 
on-y is a result of the upregulation of the regulatory transcription factor 
T-bet, and apoptosis of CD34+ cells is, in part, mediated through 
a FAS-dependent pathway.” Because HLA-DR2 is more prevalent 
in patients with aplastic anemia, antigen recognition may be a factor 
in those patients. A variety of other potential factors have been found in 
some patients, including nucleotide polymorphisms in cytokine genes, 
overexpression of perforin in marrow cells, and decreased expression 
of SLAM-associated protein (SAP), a modulator protein that inhibits 
interferon-y secretion.” 

A decrease in regulatory T cells (CD4+CD25+FoxP3+) con- 
tributes to the expansion of an autoreactive CD8+CD28- T-cell 
population, which induces apoptosis of autologous hematopoietic 
multipotential hematopoietic cells.**** T-regulatory cells are a compo- 
nent of the immune system that suppress immune responses of other 
cells. They provide a “stop” for immune reactions that have achieved 
their purpose. They also play a role in preventing autoimmune reac- 
tions (Chap. 76). One mouse model of immune-related marrow fail- 
ure, induced by infusion of parental lymph node cells into F1 hybrid 
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recipients, caused a fatal aplastic anemia. The aplasia could be prevented 
by immunotherapy or with monoclonal antibodies to interferon-y and 
TNF-a.” Another mouse model of aplastic anemia induced by the 
infusion of lymph node cells histoincompatible for the minor H anti- 
gen, H60, resulted from the expansion of H60-specific CD8 T cells in 
recipient mice. The result was severe marrow aplasia. The effect of the 
CD8 T cells could be abrogated by either immunosuppressive agents 
or administration of CD4+CD25+ regulatory T cells,” providing addi- 
tional experimental evidence for the role of regulatory T cells in the 
prevention of aplastic anemia. 

Several putative target antigens on affected hematopoietic cells 
have been identified. Autoantibodies to one putative antigen, kinectin, 
have been found in patients with aplastic anemia. T cells, responsive 
to kinectin-derived peptides, suppress granulocyte-monocyte colony 
growth in vitro. However, in these studies cytotoxic T lymphocytes 
with that specificity were not isolated from patients.“ Thus, the puta- 
tive antigen(s) that is the target of the autoreactive T cells has not been 
identified. 


Telomere Shortening 

A relationship between acquired aplastic anemia and hereditary aplastic 
anemia (Fanconi anemia or dyskeratosis congenita) in some patients has 
been suggested because the defects in telomerase and telomere repair, 
characteristic of Fanconi anemia and dyskeratosis congenita are shared 
in some adult patients with aplastic anemia, but in these cases there is no 
family history of such a disorder and no phenotypic abnormalities that 
characterize the hereditary disorders (see “Fanconi Anemia” and “Dys- 
keratosis Congenita” below). Telomeres shorten physiologically with 
age as telomerase becomes less active. T-cell-mediated acquired aplas- 
tic anemia is associated with telomere shortening which could reflect 
an inherited defect in telomerase or a senescent erosion of activity. The 
telomerase mechanism consists of a telomerase reverse transcriptase 
(TERT); an RNA template for TERT, the telomerase RNA component 
(TERC), and other stabilizing proteins.*'*" Cells with shortened telo- 
meres normally undergo apoptosis unless DNA repair mechanisms 
are impaired allowing the development of aneuploidy and neoplastic 
transformation. 


Drugs 

Chloramphenicol is the most notorious drug documented to cause 
aplastic anemia. Although this drug is directly myelosuppressive at 
very high dose because of its effect on mitochondrial DNA, the occur- 
rence of aplastic anemia appears to be idiosyncratic, perhaps related to 
an inherited sensitivity to the nitroso-containing toxic intermediates.” 
This sensitivity may produce immunologic marrow suppression, as a 
substantial proportion of affected patients respond to treatment with 
immunosuppressive therapy.* The risk of developing aplastic anemia 
in patients treated with chloramphenicol is approximately 1 in 20,000, 
or 25 times that of the general population.“ Although its use as an anti- 
biotic has been largely abandoned in industrialized countries, global 
reports of fatal aplastic anemia continue to appear with topical or sys- 
temic use of the drug. 

Epidemiologic evidence established that quinacrine (Atabrine) 
increased the risk of aplastic anemia.“ This drug was administered to 
all U.S. troops in the South Pacific and Asiatic theaters of operations as 
prophylaxis for malaria during 1943 and 1944. The incidence of aplastic 
anemia was 7 to 28 cases per 1,000,000 personnel per year in the pro- 
phylaxis zones, whereas untreated soldiers had 1 to 2 cases per 1,000,000 
personnel per year. The aplasia occurred during administration of the 
offending agent and was preceded by a characteristic rash in nearly half 
the cases. Many other drugs have been reported to increase the risk of 
aplastic anemia, but owing to incomplete reporting of information and 
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Figure 35-1. Immune pathogenesis of apoptosis of CD34 multipotential hematopoietic cells in acquired aplastic anemia. Antigens are presented 
toT lymphocytes by antigen-presenting cells (APCs). This triggers T cells to activate and proliferate. T-bet, a transcription factor, binds to the interfer- 
on-y (IFN-y) promoter region and induces gene expression. SLAM-associated protein (SAP) binds to Fyn and modulates the signaling lymphocyte acti- 
vation molecule (SLAM) activity on IFN-y expression, diminishing gene transcription. Patients with aplastic anemia show constitutive T-bet expression 
and low SAP levels. IFN-y and tumor necrosis factor-a (TNF-a) upregulate both the T cell's cellular receptors and the Fas receptor. Increased production 
of interleukin-2 leads to polyclonal expansion of T cells. Activation of the Fas receptor by the Fas ligand leads to apoptosis of target cells. Some effects 
of IFN-y are mediated through interferon regulatory factor 1 (IRF-1), which inhibits the transcription of cellular genes and entry into the cell cycle. 
IFN-y is a potent inducer of many cellular genes, including inducible nitric oxide synthase (NOS), and production of the toxic gas, nitric oxide (NO), 
may further diffuse the toxic effects. These events ultimately lead to reduced cell cycling and cell death by apoptosis. (Reproduced with permission from 


Young NS, Calado RT, Scheinberg P: Current concepts in the pathophysiology and treatment of aplastic anemia. Blood 108(8):2509-25 19, 2006.) 


the infrequency of the association, the spectrum of drug-induced aplas- 
tic anemia may not be fully appreciated. Table 35-3 is a partial list of 
drugs that have been implicated.*°™ 

Many of these drugs are known to also induce selective cytopenias, 
such as agranulocytosis, which usually are reversible after discontinua- 
tion of the offending agent. These reversible reactions are not correlated 
with the risk of aplastic anemia, casting doubt on the effectiveness of rou- 
tine monitoring of blood counts as a strategy to avoid aplastic anemia. 

Because aplastic anemia is a rare event with drug use, it may 
occur because of an underlying metabolic or immunologic predispo- 
sition (gene polymorphism) in susceptible individuals. In the case of 
phenylbutazone-associated marrow aplasia, there is delayed oxidation 
and clearance of a related compound, acetanilide, as compared to either 
normal controls or those with aplastic anemia from other causes. This 
finding suggests excess accumulation of the drug as a potential mech- 
anism for the aplasia. In some cases, drug interactions or synergy may 
be required to induce marrow aplasia. Cimetidine, a histamine H,- 
receptor antagonist, is occasionally implicated in the onset of cytopenias 
and aplastic anemia, perhaps owing to a direct effect on early hemato- 
poietic progenitor cells.” This drug accentuates the marrow-suppressive 


effects of the chemotherapy drug carmustine.* In several instances, it 
has been reported as a possible cause of marrow aplasia when given with 
chloramphenicol. 

There appears to be little difference in the age distribution, gen- 
der, response to immunotherapy, marrow transplantation, or survival, 
whether or not a drug exposure preceded the onset of the marrow aplasia. 


Toxic Chemicals 
Benzene was the first chemical linked to aplastic anemia, based on stud- 
ies in factory workers before the 20th century.*”’ Benzene is used as a 
solvent and is employed in the manufacture of chemicals, drugs, dyes, 
and explosives. It has been a vital chemical in the manufacture of rub- 
ber and leather goods and has been used widely in the shoe industry, 
leading to an increased risk for aplastic anemia (and acute myelogenous 
leukemia) in workers exposed to a poorly regulated environment.” In 
studies in China, aplastic anemia among workers was sixfold higher 
than in the general population.'* 

The U.S. Occupational Safety and Health Administration has low- 
ered the permissible atmospheric exposure limit of benzene to 1 part 
per million (ppm) (8-hour time-weighted average) and short-term 
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TABLE 35-3. Drugs Associated with Aplastic Anemia 


astic Anemia: Acquired and Inherited 


Category High Risk Intermediate Ris 


k Low Risk 


Analgesic 
Antiarrhythmic 


Phenacetin, aspirin, salicylamide 


Quinidine, tocainide 


Antiarthritic Gold salts 


Colchicine 


Anticonvulsant Carbamazepine, 


hydantoins, felba 


Ethosuximide, phenacemide, primidone, trimethadione, 


mate sodium valproate 


Antihistamine 


Chlorpheniramine, pyrilamine, tripelennamine 


Antihypertensive 


Penicillamine, 
phenylbutazone, 
oxyphenbutazon 


Antiinflammatory 


Captopril, methyldopa 


Diclofenac, ibuprofen, indomethacin, naproxen, sulindac 


e 


Antimicrobial 


Antibacterial Chloramphenicol 


Dapsone, methicillin, penicillin, streptomycin, -lactam 
antibiotics 


Antifungal 


Amphotericin, flucytosine 


Antiprotozoal Quinacrine 


Chloroquine, mepacrine, pyrimethamine 


Antineoplastic drugs 


Alkylating agent Busulfan, cyclophos- 
phamide, melphalan, 


nitrogen mustard 


Antimetabolite Fluorouracil, mercapto- 


purine, methotrexate 


Daunorubicin, doxoru- 
bicin, mitoxantrone 


Cytotoxic antibiotic 


Antiplatelet 


Ticlopidine 


Antithyroid 


Carbimazole, methimazole, methylthiouracil, potassium 
perchlorate, propylthiouracil, sodium thiocyanate 


Sedative and tranquilizer 


Chlordiazepoxide, chlorpromazine (and other phe- 
nothiazines), lithium, meprobamate, methyprylon 


Sulfa derivative Sulfonamides 


Antibacterial 


Numerous sulfonamides 


Diuretic Acetazolamide 


Chlorothiazide, furosemide 


Hypoglycemic 


Chlorpropamide, tolbutamide 


Miscellaneous 


Allopurinol, interferon, pentoxifylline, penicillamine 


note: Drugs that invariably cause marrow aplasia with high doses are termed high risk; drugs with 30 or more reported cases are listed as mod- 


erate risk; others are less often associated with aplastic anemia (low risk). 


source: This list was compiled from the AMA Registry, publications of the International Agranulocytosis and Aplastic Anemia Study,4”*' and 


other reviews and studies.*°°?*4 An additional comprehensive source for p 
ulocytosis and Aplastic Anemia, Oxford, UK: Oxford University Press, 1991. 


exposure to 5 ppm (15-minute time-weighted average). The National 
Institute for Occupational Safety and Health recommends limits of 
exposure of 0.1 ppm as the 8-hour weighted average and 1 ppm for 
15-minute short-term exposure. Previous to that regulatory change, 
the frequency of aplastic anemia in workers exposed to greater than 
100 ppm benzene was approximately 1 in 100 workers, which decreased 
to 1 in 1000 workers at 10 to 20 ppm exposure.” 

Organochlorine and organophosphate pesticide compounds have 
been suspected in the onset of aplastic anemia®*' and several studies 
have indicated an increased relative risk, especially for agricultural 
exposures!!!6°63 and household!" exposures. These relationships 
are suspect because dose-disease relationships and other important 


otentially offending drugs can be found in The Drug Etiology of Agran- 


factors have not been delineated, and several studies have not found 
an association with environmental exposures." DDT (dichlorod- 
iphenyltrichloroethane), lindane, and chlordane are insecticides that 
also have been associated with cases of aplastic anemia.'**! Occasional 
cases still occur following heavy exposure at industrial plants or after its 
use as a pesticide.® Lindane is metabolized in part to pentachlorophe- 
nol (PCP), another potentially toxic chlorinated hydrocarbon that is 
manufactured for use as a wood preservative. Cases of aplastic anemia 
and related blood disorders have been attributed to PCP over the past 
25 years.°»® Prolonged exposures to petroleum distillates in the form of 
Stoddard solvent” and acute exposure to toluene through the practice 
of glue sniffing®® also have been reported to cause marrow aplasia. 
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Trinitrotoluene (TNT), an explosive used extensively during World 
Wars I and II, is absorbed readily by inhalation and through the skin.” 
Fatal cases of aplastic anemia were observed in munitions workers 
exposed to TNT in Great Britain”! from 1940 to 1946. In most cases, 
these conclusions have not been derived from specific studies but from 
accumulation of case reports or from patient histories, making conclu- 
sions provisional, although the argument for minimizing exposures to 
potential toxins is logical in any case. 


Viruses 

Non-A, -B, -C, -D, -E, -G Hepatitis Virus A relationship between hepati- 
tis and the subsequent development of aplastic anemia has been the sub- 
ject of a number of case reports, and this association was emphasized by 
two major reviews in the 1970s.” In the aggregate, these reports sum- 
marized findings in more than 200 cases. In many instances, the hepa- 
titis was improving or had resolved when the aplastic anemia was noted 
4 to 12 weeks later. Approximately 10 percent of cases occurred more 
than 1 year after the initial diagnosis of hepatitis. Most patients were 
young (ages 18 to 20 years); two-thirds were male, and their survival was 
short (10 weeks). Although hepatitides A and B have been implicated in 
aplastic anemia in a small number of cases, most cases are related to 
non-A, non-B, non-C hepatitis.”“’* Severe aplastic anemia developed in 
9 of 31 patients who underwent liver transplantation for non-A, non- 
B, non-C hepatitis, but in none of 1463 patients transplanted for other 
indications.” Several lines of evidence indicate there is no causal asso- 
ciation with hepatitis C virus, suggesting that an unknown viral agent 
is involved.'*”*” Hepatitis virus B or C can be a secondary infection, 
if carefully screened blood products are not used for transfusion. In 
15 patients with posthepatitic aplastic anemia, no evidence was found 
for hepatitis A, B, C, D, E, or G, transfusion-transmitted virus, or par- 
vovirus B19.*° Several reports suggest a relationship of parvovirus B19 
to aplastic anemia,®™™ whereas others have not.” This relationship has 
not been established (Chap. 36). The effect of seronegative hepatitis may 
be mediated through an autoimmune T-cell effect because of evidence 
of T-cell activation and cytokine elaboration.” These patients also have 
a similar response to combined immunotherapy as do those with idio- 
pathic aplastic anemia*** (see “Treatment: Combination Immunother- 
apy” below). 

Epstein-Barr Virus Epstein-Barr virus (EBV) has been implicated 
in the pathogenesis of aplastic anemia.*** The onset usually occurs 
within 4 to 6 weeks of infection. In some cases, infectious mononucle- 
osis is subclinical, with a finding of reactive lymphocytes in the blood 
film and serologic results consistent with a recent infection (Chap. 82). 
EBV has been detected in marrow cells, but it is uncertain whether 
marrow aplasia results from a direct effect or an immunologic response 
by the host. Patients have recovered following therapy with antithymo- 
cyte globulin.** 

Other Viruses HIV infection frequently is associated with varying 
degrees of cytopenia. The marrow is often cellular, but occasional cases of 
aplastic anemia have been noted.*-®° Marrow hypoplasia may result from 
viral suppression and from the drugs used to control viral replication in 
this disorder. Human herpes virus (HHV)-6 has caused severe marrow 
aplasia subsequent to marrow transplantation for other disorders.” 


Autoimmune Diseases 

The incidence of severe aplastic anemia was sevenfold greater than 
expected in patients with rheumatoid arthritis.” It is uncertain whether 
the aplastic anemia is related directly to rheumatoid arthritis or to the 
various drugs used to treat the condition (gold salts, p-penicillamine, 
and nonsteroidal antiinflammatory agents). Occasional cases of aplastic 
anemia are seen in conjunction with systemic lupus erythematosus.” In 
vitro studies found either the presence of an antibody” or suppressor 


cell’ directed against hematopoietic progenitor cells. Patients have 
recovered after plasmapheresis,” glucocorticoids,” or cyclophosphamide 
therapy,” which is compatible with an immune etiology. 

Eosinophilic fasciitis, an uncommon connective tissue disorder 
with painful swelling and induration of the skin and subcutaneous tis- 
sue, has been associated with aplastic anemia.” Although it may be 
antibody-mediated in some cases, it has been largely unresponsive to 
therapy.’ Nevertheless, (1) stem cell transplantation, (2) immunosup- 
pressive therapy using cyclosporine, (3) immunosuppressive therapy 
using antithymocyte globulin (ATG), or (4) immunosuppressive ther- 
apy with ATG and cyclosporine has cured or significantly ameliorated 
the disease in a few patients.*°”” 

Severe aplastic anemia also has been reported coincident with 
immune thyroid disease (Graves disease)*" and the aplasia has been 
reversed with treatment of the hyperthyroidism. Aplastic anemia has 
occurred in association with thymoma.'°-!* Autoimmune renal disease 
and aplastic anemia have occurred concurrently. The underlying rela- 
tionship may be the role of cytotoxic T lymphocytes in the pathogenesis 
of several autoimmune diseases and in aplastic anemia.'” 


Pregnancy 

‘There are a number of reports of pregnancy-associated aplastic anemia, 
but the relationship between the two conditions is not always clear.'!°1!5 
In some patients, preexisting aplastic anemia is exacerbated with preg- 
nancy, only to improve following termination of the pregnancy." In 
other cases, the aplasia develops during pregnancy with recurrences dur- 
ing subsequent pregnancies.''’"”” Termination of pregnancy or delivery 
may improve the marrow function, but the disease may progress to a fatal 
outcome even after delivery.'°'? Therapy may include elective termina- 
tion of early pregnancy, supportive care, immunosuppressive therapy, or 
marrow transplantation after delivery. Pregnancy in women previously 
treated with immunosuppression for aplastic anemia can result in the 
birth of a normal newborn." In this latter study of 36 pregnancies, 
22 were uncomplicated, 7 were complicated by a relapse of the marrow 
aplasia, and 5 without marrow aplasia required red cell transfusion during 
delivery." One death occurred from cerebral thrombosis in a patient 
with paroxysmal nocturnal hemoglobinuria (PNH) and marrow aplasia. 


latrogenic Causes 

Although marrow toxicity from cytotoxic chemotherapy or radiation 
produces direct damage to stem cells and more mature cells, resulting 
in marrow aplasia, most patients with acquired aplastic anemia cannot 
relate an exposure that would be responsible for marrow damage. 

Chronic exposure to low doses of radiation or use of spinal radi- 
ation for ankylosing spondylitis is associated with an increased, but 
delayed, risk of developing aplastic anemia and acute leukemia.''*'” 
Patients who were given thorium dioxide (Thorotrast) as an intrave- 
nous contrast medium suffered numerous late complications, including 
malignant liver tumors, acute leukemia, and aplastic anemia.'!* Chronic 
radium poisoning with osteitis of the jaw, osteogenic sarcoma, and 
aplastic anemia was seen in workers who painted watch dials with lumi- 
nous paint when they moistened the brushes orally.” 

Acute exposures to large doses of radiation are associated with the 
development of marrow aplasia and a gastrointestinal syndrome.” 
Total-body exposure to between 1 and 2.5 Gy leads to gastrointesti- 
nal symptoms and depression of leukocyte counts, but most patients 
recover. A dose of 4.5 Gy leads to death in half the individuals (LD,,) 
owing to marrow failure. Higher doses in the range of 10 Gy are univer- 
sally fatal unless the patient receives extensive supportive care followed 
by marrow transplantation. Aplastic anemia associated with nuclear 
accidents was seen after the disaster that occurred at the Chernobyl 
nuclear power station in the Ukraine in 1986.'” 


Antineoplastic drugs such as alkylating agents, antimetabolites, 
and certain cytotoxic antibiotics have the potential for producing mar- 
row aplasia. In general, this is transient, is an extension of their phar- 
macologic action, and resolves within several weeks of completing 
chemotherapy. Although unusual, severe marrow aplasia can follow use 
of the alkylating agent, busulfan, and may persist indefinitely. Patients 
may develop marrow aplasia 2 to 5 years after discontinuation of alky- 
lating agent therapy. These cases often evolve into hypoplastic myelo- 
dysplastic syndromes. 


Stromal Microenvironment and Growth Factors 

Short-term clonal assays for marrow stromal cells have shown variable 
defects in stromal cell function in patients with aplastic anemia. Serum 
levels of stem cell factor (SCF) have been either moderately low or nor- 
mal in several studies of aplastic anemia.'?*'* Although SCF augments 
the growth of hematopoietic colonies from aplastic anemia patient’s 
marrows, its use in patients has not led to clinical remissions. Another 
early acting growth factor, FLT-3 ligand, is 30- to 100-fold elevated in 
the serum of patients with aplastic anemia, although the pathobiologic 
effect of this change is unclear." Fibroblasts grown from patients with 
severe aplastic anemia have subnormal cytokine production. However, 
serum levels of granulocyte colony-stimulating factor, erythropoietin,!”” 
and thrombopoietin (TPO)* are usually high. Synthesis of IL-1, an 
early stimulator of hematopoiesis, is decreased in mononuclear cells 
from patients with aplastic anemia.'” Studies of the microenvironment 
have shown relatively normal stromal cell proliferation and growth fac- 
tor production.” These findings, coupled with the limited response of 
patients with aplastic anemia to growth factors, suggest that cytokine 
deficiency is not the etiologic problem in most cases. The most compel- 
ling argument is that most patients transplanted for aplastic anemia are 
cured with allogeneic donor stem cells and autologous stroma.'*! 

A rare exception to the negligible pathogenetic role of hematopoi- 
etic growth factors in the etiology of aplastic anemia is the homozygous 
or mixed heterozygous mutation of the TPO receptor gene, MPL, which 
can cause amegakaryocytic thrombocytopenia that evolves, later, into 
aplastic anemia (Chap. 117). Furthermore, eltrombopag, a TPO recep- 
tor agonist, can stimulate mono, or in some patients, bilineage or tri- 
lineage recovery of blood counts that may be sustained off therapy (see 
“Treatment: Cytokines” below). 


CLINICAL FEATURES 


The onset of symptoms of aplastic anemia may be gradual with pallor, 
weakness, dyspnea, and fatigue as a result of the anemia. Dependent 
petechiae, bruising, epistaxis, vaginal bleeding, and unexpected bleed- 
ing at other sites secondary to thrombocytopenia are frequent present- 
ing signs of the underlying marrow disorder. Rarely, it may be more 
dramatic with fever, chills, and pharyngitis or other sites of infection 
resulting from severe neutropenia and monocytopenia. Physical exami- 
nation generally is unrevealing except for evidence of anemia (e.g., 
conjunctival and cutaneous pallor, resting tachycardia) or cutaneous 
bleeding (e.g., ecchymoses and petechiae), gingival bleeding and intra- 
oral purpura. Lymphadenopathy and splenomegaly are not features of 
aplastic anemia; such findings suggest an alternative diagnosis such as a 
clonal myeloid or lymphoid disease. 


LABORATORY FEATURES 
Blood Findings 


Patients with aplastic anemia have varying degrees of pancytopenia. 
Anemia is associated with a low reticulocyte index. The reticulocyte 
count is usually less than 1 percent and may be zero despite the high lev- 
els of erythropoietin. Absolute reticulocyte counts are usually fewer than 
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40,000/uL (40 x 10°/L). Macrocytes may be present in the blood film 
and the mean cell volume (MCV) increased. The absolute neutrophil 
and monocyte count are low. An absolute neutrophil count fewer than 
500/uL (0.5 x 10°/L) along with a platelet count fewer than 30,000/uL 
(30 x 10°/L) is indicative of severe disease, and a neutrophil count below 
200/uL (0.2 x 10°/L) denotes very severe disease (see Table 35-1). Lym- 
phocyte production is thought to be normal, but patients may have 
mild lymphopenia. Platelets function normally. Significant qualitative 
changes of red cell, leukocyte, or platelet morphology on the blood film 
are not features of classical acquired aplastic anemia. On occasion, only 
one cell line is depressed initially, which may lead to an early diagnosis 
of pure red cell aplasia or amegakaryocytic thrombocytopenia. In such 
patients, other cell lines will fail shortly thereafter (days to weeks) and 
permit a definitive diagnosis. Table 35-4 is a plan for the initial labora- 
tory investigation. 


Plasma Findings 

The plasma contains high levels of hematopoietic growth factors, 
including erythropoietin, TPO, and myeloid colony-stimulating factors. 
Growth factor levels need not be measured, however, for clinical care. 
Plasma iron values are usually high, and *Fe clearance is prolonged, 
with decreased incorporation into red cells. 


Marrow Findings 

Morphology The marrow aspirate typically contains numerous spic- 
ules with empty, fat-filled spaces, and relatively few hematopoietic 
cells. Lymphocytes, plasma cells, macrophages, and mast cells may be 
present. On occasion, occasional spicules are cellular or even hyper- 
cellular (“hot spots”), but megakaryocytes usually are reduced. These 
focal areas of residual hematopoiesis do not appear to be of prognostic 
significance. Residual granulocytic cells generally appear normal, but 
it is not unusual to see mild macronormoblastic erythropoiesis, pre- 
sumably as a result of the high levels of erythropoietin. Marrow biopsy 
is essential to confirm the overall hypocellularity (Fig. 35-2), as a poor 


TABLE 35-4. Approach to Diagnosis 
History and Physical Examination 


Complete blood counts, reticulocyte count, and examination of 
the blood film 


Marrow aspiration and biopsy 


Marrow cell cytogenetics to evaluate clonal myeloid disease 


DNA stability test as a marker of Fanconi anemia 


Immunophenotyping of red and white cells, especially for CD55, 
CD59 to exclude PNH 


Direct and indirect antiglobulin (Coombs) test to rule out 
immune cytopenia 


Serum lactate dehydrogenase (LDH) and uric acid, which if 
increased may reflect neoplastic cell turnover 


Liver function tests to assess evidence of any recent viral 
hepatitis 


Screening tests for hepatitis viruses A, B, and C 


Screening tests for EBV, cytomegalovirus (CMV), and HIV 


Serum B,, and red cell folic acid levels to rule out cryptic meg- 
aloblastic pancytopenia 


Serum iron, iron-binding capacity, and ferritin as a baseline prior 
to chronic transfusion therapy 
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Figure 35-2. Marrow biopsy in aplastic anemia. A. A normal marrow biopsy section of a young adult. B. The marrow biopsy section of a young 
adult with very severe aplastic anemia. The specimen is devoid of hematopoietic cells and contains only scattered lymphocytes and stromal cells. The 
hematopoietic space is replaced by reticular cells (pre-adipocytic fibroblasts) converted to adipocytes. 


yield of spicules and cells occurs in marrow aspirates in other disorders, 
especially if fibrosis is present. 

In severe aplastic anemia, as defined by the International Aplastic 
Anemia Study Group, less than 25 percent cellularity or less than 50 percent 
cellularity with less than 30 percent hematopoietic cells is seen in the 
marrow. 

Progenitor Cell Growth In vitro CFU-GM and BFU-E colony 
assays reveal a marked reduction in progenitor cells. 

Cytogenetic and Genetic Studies Cytogenetic analysis may be 
difficult to perform owing to low cellularity; thus, multiple aspirates may 
be required to provide sufficient cells for study. The results are normal in 
aplastic anemia. Clonal cytogenetic abnormalities in otherwise appar- 
ent aplastic anemia is indicative of an underlying hypoplastic clonal 
myeloid disease.’ The move to newer techniques such as microarray- 
based comparative genomic hybridization (CGH) permits detection 
of aneuploidies, deletions, duplications, and/or amplifications of any 
locus represented on an array. In addition, microarray-based CGH 
is an effective tool for the detection of submicroscopic chromosomal 
abnormalities. This approach would increase the sensitivity to detect 
chromosome abnormalities in very hypocellular marrow samples, 
compared to standard G-banding, despite dilution of scant hematopoi- 
etic cells with nonhematopoietic stromal cells (e.g., fibroblasts). Next- 
generation sequencing of targeted exons has uncovered 32 mutationsasso- 
ciated with myeloid malignancies. These mutations occurred in nearly 
20 percent (29 of 150 patients) of cases of aplastic anemia. These muta- 
tions include the genes ASXL1, DNMT3A, and BCOR, which are con- 
sidered driver mutations in myelodysplastic syndrome and acute 
myelogenous leukemia. Seventeen of the 29 patients with one of these 
three mutations evolved to overt myelodysplasia.** 

Imaging Studies Magnetic resonance imaging (MRI) can be 
used to distinguish between marrow fat and hematopoietic cells." This 
approach may be a more useful overall estimate of marrow hematopoi- 
etic cell density than morphologic techniques and may help differentiate 
hypoplastic myelogenous leukemia from aplastic anemia.'* 


DIFFERENTIAL DIAGNOSIS 


Any disease that can present with pancytopenia may mimic aplastic 
anemia if only the blood counts are considered. Measurement of the 
reticulocyte count and an examination of the blood film and marrow 
biopsy are essential early steps to arrive at a diagnosis. A reticulocyte 


percentage of 0.5 percent to zero is strongly indicative of aplastic ery- 
thropoiesis, and when coupled with leukopenia and thrombocytopenia, 
points to aplastic anemia. Absence of qualitative abnormalities of cells 
on the blood film and a markedly hypocellular marrow are characteris- 
tic of acquired aplastic anemia. The disorders most commonly confused 
with severe aplastic anemia include the approximately 5 to 10 percent of 
patients with myelodysplastic syndromes who present with a hypoplas- 
tic rather than a hypercellular marrow. Myelodysplasia should be con- 
sidered if there is abnormal blood film morphology consistent with 
myelodysplasia (e.g., poikilocytosis, basophilic stippling, neutrophils 
with hypogranulation or the pseudo-Pelger-Htiet anomaly). Marrow 
erythroid precursors in myelodysplasia may have dysmorphic features. 
Pathologic sideroblasts are inconsistent with aplastic anemia and a 
frequent feature of myelodysplasia. Granulocyte precursors may have 
reduced or abnormal granulation. Megakaryocytes may have abnormal 
nuclear lobulation (e.g., unilobular micromegakaryocytes; Chap. 87). 
If clonal cytogenetic abnormalities are found, a clonal myeloid disor- 
der, especially myelodysplastic syndrome or hypocellular myelogenous 
leukemia is likely. MRI studies of bone may be useful in differentiat- 
ing severe aplastic anemia from clonal myeloid syndromes. The former 
gives a fatty signal and the latter a diffuse cellular pattern. 

A hypocellular marrow frequently is associated with PNH. 
PNH is characterized by an acquired mutation in the PIG-A gene 
that encodes an enzyme that is required to synthesize mannolipids. 
The gene mutation prevents the synthesis of the glycosylphosphati- 
dylinositol anchor precursor. This moiety anchors several proteins, 
including inhibitors of the complement pathway to blood cell mem- 
branes, and its absence accounts for the complement-mediated hemo- 
lysis in PNH. As many as 50 percent of patients with otherwise typical 
aplastic anemia have evidence of glycosylphosphatidylinositol mol- 
ecule defects and diminished phosphatidylinositol-anchored protein 
on leukocytes and red cells as judged by flow cytometry, analogous 
to that seen in PNH.™* The decrease or absence of these membrane 
proteins may make the PNH clone of cells resistant to the acquired 
immune attack on normal marrow components, or the phosphatidyli- 
nositol-anchored protein(s) on normal cells provides an epitope that 
initiates an aberrant T-cell attack, leaving the PNH clone relatively 
resistant (Chap. 40). 

Occasionally, apparent aplastic anemia may be the prodrome to 
childhood’® or, less commonly, adult'** acute lymphoblastic leukemia. 
Sometimes, careful examination of marrow cells by light microscopy 


or flow cytometry will uncover a population of leukemic lymphoblasts. 
In other cases, the acute leukemia may appear later. Hairy-cell leuke- 
mia, Hodgkin disease, or another lymphoma subtype, rarely, may be 
preceded by a period of marrow hypoplasia. Immunophenotyping 
of marrow and blood cells by flow cytometry for CD25 may uncover 
the presence of hairy cells. Other clinical features may be distinctive 
(Chap. 93). Organomegaly such as lymphadenopathy, hepatomegaly, 
or splenomegaly are inconsistent with the atrophic (hypoproliferative) 
features of aplastic anemia. Large granular lymphocytic leukemia has 
also been associated with aplastic anemia. Rare cases of typical acquired 
aplastic anemia have been followed by t(9;22)-positive acute lympho- 
cytic leukemia (ALL) or chronic myelogenous leukemia (CML).'*° 


RELATIONSHIP AMONG APLASTIC 

ANEMIA, PAROXYSMAL NOCTURNAL 
HEMOGLOBINURIA, AND CLONAL MYELOID 
DISEASES 


In addition to the diagnostic difficulties occasionally presented by 
patients with hypoplastic myelodysplastic syndromes, hypoplastic 
acute myelogenous leukemia (AML), or PNH with hypocellular mar- 
rows, there may be a more fundamental relationship among these 
three diseases and aplastic anemia. The development of clonal cytoge- 
netic abnormalities such as monosomy 7 or trisomy 8 in a patient with 
aplastic anemia portends the evolution of a myelodysplastic syndrome 
or acute leukemia. Occasionally, these cytogenetic markers have been 
transient, and in cases with disappearance of monosomy 7, hematologic 
improvement has occurred as well.'*”” Persistent monosomy 7 carries a 
poor prognosis as compared to trisomy 8.1% 

As many as 20 percent of patients with aplastic anemia have a 
5-year probability of developing myelodysplasia.'” If one excludes 
any transformation to a clonal myeloid disorder that occurs up to 
6 months after treatment to avoid misdiagnosis among the hypoplastic 
clonal myeloid diseases, the frequency of a clonal disorder was nearly 
15 times greater in patients treated with immunosuppression as com- 
pared to those treated with marrow transplantation after 39 months of 
observation." This finding suggests either that immune suppression by 
anti-T-cell therapy enhances the evolution of a neoplastic clone or that 
it does not suppress the intrinsic tendency of aplastic anemia to evolve 
to a clonal disease, but provides the increased longevity of the patient 
required to express that potential. The latter interpretation is more likely 
as patients successfully treated solely with androgens develop clonal dis- 
ease as frequently as those treated with immunosuppression.""' Trans- 
plantation may reduce the potential to clonal evolution in patients with 
aplastic anemia by reestablishing robust lymphohematopoiesis. 

Telomere shortening also may play a pathogenetic role in the 
evolution of aplastic anemia into myelodysplasia. Patients with aplas- 
tic anemia have shorter telomere lengths than matched controls, and 
patients with aplastic anemia with persistent cytopenias had greater 
telomere shortening over time than matched controls. Three of five 
patients with telomere lengths less than 5 kb developed clonal cytoge- 
netic changes, whereas patients with longer telomeres did not develop 
such diseases.” 

The findings of mutated genes considered driver mutations in mye- 
lodysplastic syndrome or AML (see “Marrow Findings: Cytogenetic and 
Genetic Studies” earlier) in nearly 20 percent of a population of patients 
with clinical aplastic anemia indicates that clonal hematopoiesis may 
develop or be present surreptitiously. The precise relationships to the 
aplastic anemia lesion is uncertain but could be caused the outgrowth 
of a clone of cells in the background of severally suppressed polyclonal 
hematopoietic stem cells. These findings were more common in patients 
with a long duration of disease and with shorter telomeres. 


Chapter 35: Aplastic Anemia: Acquired and Inherited 


The relationship of PNH to aplastic anemia remains enigmatic. 
Because hematopoietic stem cells lacking the phosphatidylinositol- 
anchored proteins are present in many or all normal persons in very 
small numbers,'® it is not surprising that more than 50 percent of 
patients with aplastic anemia may have a PNH cell population as 
detected by immunophenotyping.’™ The probability of patients with 
aplastic anemia developing a clinical syndrome consistent with PNH is 
10 to 20 percent, and this is not a consequence of immunosuppressive 
treatment.'*” Patients also may present with the hemolytic anemia of 
PNH and later develop progressive marrow failure so that any pathoge- 
netic explanation should consider both types of development of aplastic 
marrows in PNH. The PIG-A mutation may confer either a prolifera- 
tive or survival advantage to PNH cells.'“*"* A survival advantage could 
result if the anchor protein or one of its ligands served as an epitope 
for the T-lymphocyte cytotoxicity, which induces the marrow aplasia. 
In this case, the presenting event could either reflect cytopenias or the 
sensitivity of red cells to complement lysis and hemolysis, depending on 
the intrinsic proliferative potential of the PNH clone. 

Within our current state of knowledge, aplastic anemia is an 
autoimmune process, and any residual hematopoiesis is presumably 
polyclonal. This is a critical distinction from hypoplastic leukemia and 
PNH, which are clonal (neoplastic) diseases. The environment of the 
aplastic marrow, however, may favor the eventual evolution of a mutant 
(malignant) clone, especially if immunotherapy is used, whereas 
hematopoietic stem cell transplantation may either ablate threatening 
minor clones or establish more robust hematopoiesis, an environment 
less conducive to clonal evolution. 


TREATMENT 
Approach to Therapy 


Severe anemia, bleeding from thrombocytopenia, and, uncommonly 
at the time of diagnosis, infection secondary to granulocytopenia 
and monocytopenia require prompt attention to remove potential 
life-threatening conditions and improve patient comfort (Table 35-5). 
More specific treatment of the marrow aplasia involves two principal 
options: (1) syngeneic or allogeneic hematopoietic stem cell transplan- 
tation or (2) combination immunosuppressive therapy with ATG and 
cyclosporine. The selection of the specific mode of treatment depends 


TABLE 35-5. Initial Management of Aplastic Anemia 


Discontinue any potential offending drug and use an alternative 
class of agents if essential. 


Anemia: transfusion of leukocyte-depleted, irradiated red cells 
as required for very severe anemia. 

Very severe thrombocytopenia or thrombocytopenic bleed- 
ing: consider ¢-aminocaproic acid; transfusion of platelets as 
required. 


Severe neutropenia; use infection precautions. 


Fever (suspected infection): microbial cultures; broad-spectrum 
antibiotics if specific organism not identified, granulocyte 
colony-stimulating factor (G-CSF) in dire cases. If child or small 
adult with profound infection (e.g., Gram-negative bacteria, fun- 
gus, persistent positive blood cultures) can consider neutrophil 
transfusion from a G-CSF pretreated donor. 


Immediate assessment for allogeneic stem cell transplantation: 
Histocompatibility testing of patient, parents, and siblings. 
Search databases for unrelated donor, if appropriate. 
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on several factors, including the patient’s age and condition and the 
availability of a suitable allele-level HLA-matched hematopoietic 
stem cell donor. In general, transplantation is the preferred treatment 
for children and most otherwise healthy younger adults. Early histo- 
compatibility testing of siblings is of particular importance because it 
establishes whether there is an optimal donor available to the patient 
for transplantation. The preferred stem cell source is a histocompatible 
sibling matched at the HLA-A, -B, -C, and -DR loci. 


Supportive Care 

The Use of Blood Products Although it has been recommended that 
red cell and platelet transfusions be used sparingly in potential trans- 
plant recipients to minimize sensitization to histocompatibility anti- 
gens, this has become less important since ATG and cyclophosphamide 
have been used as the preparative regimen for transplantation in aplas- 
tic anemia, as their use has markedly reduced the problem of graft 
rejection.'*° 

Cytomegalovirus (CMV)-reduced risk red cells and platelets 
should be given to a potential transplant recipient to minimize prob- 
lems with CMV infections after transplantation. Once a patient is 
shown to be CMV-positive, this restriction is no longer necessary. Leu- 
kocyte-depletion filters or CMV serotesting are equivalent methods of 
decreasing the risk of transmitting CMV. 

Red Cell Transfusion Packed red cells to alleviate symptoms of 
anemia usually are indicated at hemoglobin values below 8 g/dL (80 g/L), 
unless comorbid medical conditions require a higher hemoglobin con- 
centration. These products should be leukocyte-depleted to lessen leu- 
kocyte and platelet sensitization and to reduce subsequent transfusion 
reactions and radiated to reduce the potential for a transfusion-related 
graft-versus-host reaction. It is important not to transfuse patients with 
red cells (or platelets) from family members if transplantation within 
the family is remotely possible, as this approach may sensitize patients 
to minor histocompatibility antigens, increasing the risk of graft rejec- 
tion after marrow transplantation. Following a marrow transplant, or in 
those individuals in whom transplantation is not a consideration, family 
members may be ideal donors for platelet products. Because each unit 
of red cells adds approximately 200 mg of iron to the total body iron, 
over the long-term transfusion-induced iron overload may occur. This 
is not a major problem in patients who respond to transplantation or 
immunosuppressive therapy, but it is an issue in nonresponders who 
require continued transfusion support. In the latter case, consideration 
should be given to iron-chelation therapy. Newer oral agents make this 
procedure easier to effect (Chap. 48). 

Platelet Transfusion It is important to assess the risk of bleed- 
ing in each patient. Most patients tolerate platelet counts of 10,000/uL 
(10 x 10°/L) without undue bruising or bleeding, unless a systemic infec- 
tion is present or vascular integrity is impaired."*"” A traumatic injury 
or surgery requires transfusion to greater than 50,000/uL or greater 
than 100,000/uL, respectively. Administration of e-aminocaproic acid, 
50 mg/kg per dose every 4 hours orally or intravenously, may reduce the 
bleeding tendency.’ Pooled random-donor platelets may be used until 
sensitization ensues, although it is preferable to use single-donor plate- 
lets from the onset to minimize sensitization to HLA or platelet anti- 
gens. Subsequently, single-donor apheresis products or HLA-matched 
platelets may be required. 

Platelet refractoriness is a major problem with long-term transfu- 
sion support.'*! This may occur transiently, with fever or infection, or 
as a chronic problem secondary to HLA sensitization. In the past, this 
occurred in approximately 50 percent of patients after 8 to 10 weeks 
of transfusion support. Filtration of blood and platelet concentrates to 
remove leukocytes reduces this problem to approximately 15 percent 
of patients receiving chronic transfusions.'*!! Patient’s should also get 


ABO- identical platelets because this enhances platelet survival and fur- 
ther decreases refractoriness to platelet transfusion. Single-donor HLA- 
matched apheresis-harvested platelets may be necessary in previously 
pregnant or transfused patients who are already allosensitized or who 
so become after treatment with leukoreduced platelets. The frequency 
of either of these events is less than 10 percent. Chapter 139 discusses 
approaches to chronic platelet transfusion. 

Management of Neutropenia Neutropenic precautions should 
be applied to hospitalized patients with a severe depression of the neu- 
trophil count. The level of neutrophils requiring precautions is fewer 
than 500/uL (0.5 x 10°/L). One approach is to use private rooms, with 
requirements for face masks and handwashing with antiseptic soap. 
Unwashed fresh fruits and vegetables should be avoided as they are 
sources of bacterial contamination. It is uncommon for patients with 
aplastic anemia to present with a significant infection. When patients 
with aplastic anemia become febrile, cultures should be obtained from 
the throat, sputum (if any), blood, urine, stool, and any suspicious 
lesions. Broad-spectrum bactericidal antibiotics should be initiated 
promptly, without awaiting culture results. The choice of antibiotics 
depends on the prevalence of organisms and their antibiotic sensitiv- 
ity in the local setting. Organisms of concern usually include Staphy- 
lococcus aureus (notably methicillin-and oxacillin-resistant strains), 
Staphylococcus epidermidis (in patients with venous access devices), 
and Gram-negative organisms. Patients with persistent culture-negative 
fevers should be considered for antifungal treatment (Chap. 24). 

In the past, leukocyte transfusions were used on a daily basis to 
reduce the short-term mortality from infections. It was unusual to 
detect more than 100 to 200 neutrophils per microliter for more than 
a few hours after transfusion. The yield of neutrophils can be increased 
by administering granulocyte colony-stimulating factor (G-CSF) to the 
donor,” but most physicians avoid using white cell products because 
present-day antibiotics are usually sufficient to treat a patient for an epi- 
sode of sepsis. Notable exceptions include documented invasive asper- 
gillosis unresponsive to amphotericin (particularly in the posttransplant 
setting), infections with organisms resistant to all known antibiotics, 
and when blood cultures remain positive in spite of antibiotic treat- 
ment. Leukocyte transfusion is more effective in children and adults 
with smaller body size, as transfused leukocytes have a smaller distri- 
bution space, which results in higher blood and tissue concentrations. 


Specific Treatment 

Hematopoietic Stem Cell Transplantation Prompt therapy usually is 
indicated for patients with severe aplastic anemia. The major curative 
approach is hematopoietic stem cell transplantation from a histocom- 
patible sibling." Chapter 23 describes this treatment modality. Only 
20 to 30 percent of patients in the United States have compatible sib- 
ling donors (related to average family size). In the unusual case of an 
identical twin donor, conditioning is required to obliterate the immune 
disease in the recipient, but it can be limited to cyclophosphamide. In 
this setting, an 80 to 90 percent survival is expected. Marrow stem cells 
seem to perform better than blood stem cells when used as a source for 
patients with aplastic anemia, although this is under continued study. 
The results of transplantation are best in patients younger than age 20 
years (80 to 90 percent long-term survival) but decrease every decade 
of increasing age thereafter. Posttransplant mortality is increased and 
survival decreased with increasing age (Fig. 35-3). In patients older 
than age 40 years, survival in matched sibling transplant is reduced to 
approximately 50 percent.'* There are still uncertainties about the opti- 
mal conditioning program in younger and older patients. ATG, cyclo- 
phosphamide, total-body radiation, fludarabine, and alemtuzumab are 
among the agents being studied.'**!* Alemtuzumab (Campath)- 
containing regimens appear to improve outcome by decreasing the 
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Figure 35-3. Allogeneic hematopoietic stem cell transplantation is 
the principal treatment for young patients with severe aplastic anemia 
and available HLA-matched sibling donor. Among the 2763 patients 
receiving HLA-matched sibling donor hematopoietic stem cell trans- 
plantation for severe aplastic anemia (SAA) between 2001 and 2011, 
the 3-year probabilities of survival were 88% + 1% for those younger 
than 20 years and 76% + 1% for those 20 years of age or older. Among 
the 1407 recipients of unrelated donor hematopoietic stem cell trans- 
plantation, the corresponding probabilities of survival were 70% + 2% 
and 63% + 2%. (Reproduced with permission from MC Pasquini, Z Wang: 
Current use and outcome of hematopoietic stem cell transplantation: 
CIBMTR Summary Slides, 2013. Available at: http.//www.cibmtr.org.) 


frequency of chronic graft-versus-host disease, which could make it 
useful in older patients." 

The longer the delay between diagnosis and transplantation, the 
less likely is a salutary outcome, probably as a result of a greater number 
of transfusions and a higher likelihood of pretransplantation infection. 
Acute and chronic graft-versus-host disease are serious complications, 
and therapy to prevent or ameliorate them is a standard part of post- 
transplantation treatment.'**'” Transplantations have been performed 
using stem cells from partially matched siblings or unrelated, histocom- 
patible donors recruited through the National Marrow Donor Program 
or similar organizations in other countries.’ Umbilical cord blood is 
an alternative source of stem cells from unrelated donors (or, rarely, sib- 
lings) for transplantation in children, but the results are optimal with 
matched sibling transplantation. Alternatively, the use of high-resolu- 
tion, HLA typing of a matched, unrelated donor markedly improves 
the prognosis for transplantation.'® High-resolution DNA matching at 
HLA-A, -B, -C, and -DRB1 (8 of 8 alleles) is considered the lowest level 
of matching consistent with the highest level of survival. If there is an 
HLA mismatch at one or more loci, especially HLA-A or -DRB1, the 
outcome is compromised,' and immunosuppression with combined 
therapy may be preferred initially, depending on patient age, CMV sta- 
tus, and disease severity. Older patients have a much lower favorable 
response with alternative, non-matched-sibling, donor transplanta- 
tions. The use of hematopoietic stem cell transplantation can be con- 
sidered for patients who do not respond or who no longer respond to 
immunotherapy.” If the patient in question is a candidate for stem cell 
transplantation based on all relevant factors, transplantation could be 
considered at any age for a patient with a syngeneic donor; transplan- 
tation could be considered as a first-choice therapy up to age 50 years 
for a patient with an HLA allele-level matched sibling donor; and trans- 
plantation could be considered a first-choice therapy if an allele-level 
HLA-matched unrelated donor is available for patients younger than 
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age 20 years.!* These guidelines are subject to the unique or special cir- 
cumstances of an individual case. For example, if patients with aplastic 
anemia undergo gene sequencing and a mutation known to be a driver 
mutation for myelodysplasia or AML is found, allogeneic hematopoietic 
stem cell transplantation may prove to be a preferred approach. 


Components of Anti-T-Lymphocyte (Immunosuppressive) 
Therapy 

Antilymphocyte Serum and Antithymocyte Globulin ATG and ALG 
act principally by reducing cytotoxic T cells. This involves ATG-induced 
apoptosis through both FAS and TNF pathways.'*' Cathepsin B also 
plays a role in T-cell cytotoxicity at clinical concentrations of ATG, but 
may involve an independent apoptosis pathway.” ATG and ALG also 
release hematopoietic growth factors from T cells.'' Horse and rabbit 
ATG are licensed in the United States. Skin tests against horse serum 
should be performed prior to administration.'® If positive, the patient 
may be desensitized. ATG therapy is given daily for 4 to 10 days with 
doses of 15 to 40 mg/kg. Fever and chills are common during the first 
day of treatment. Concomitant treatment with glucocorticoids, such 
as methylprednisolone or dexamethasone lessens the reaction to ATG. 
Several studies have compared equine to rabbit ATG in the immuno- 
therapy of aplastic anemia, contemporaneously or using historical com- 
parisons. The consensus is that equine ATG is superior to rabbit and, if 
available, is recommended as the first line of therapy (Table 35-6).166-174 
Nevertheless, rabbit ATG is effective and should be considered if equine 
ATG does not result in a satisfactory outcome (Fig. 35-4). 

ATG treatment may accelerate platelet destruction, reduce the 
absolute neutrophil count, and cause a positive direct antiglobu- 
lin (Coombs) test. This effect may lead to an increase in transfusion 
requirements during the 4- to 10-day treatment interval. Serum sick- 
ness, characterized by spiking fevers, skin rashes, and arthralgias, occurs 
commonly 7 to 10 days from the first dose. The clinical manifestations 
of serum sickness can be diminished by increasing the glucocorticoid 
dose from day 10 to day 17 after treatment. Approximately one-third 
of patients no longer require transfusion support after treatment with 
ATG alone. 7-177 

Of 358 patients responding to immunosuppressive therapy, prin- 
cipally ATG alone, 74 (21 percent) relapsed after a mean of 2.1 years. 
The actuarial incidence of relapse was 35 percent at 10 years.'”* Similar 
results were observed when 227 patients were treated with immunosup- 
pression, primarily ATG alone.'” The actuarial survival at 15 years was 
38 percent following immunosuppression.'”* However, a combination of 
immunosuppressive agents provides more effective therapy than ATG 
alone (see “Combination Immunotherapy” below). 

Twenty-eight (22 percent) of 129 patients treated with ALG devel- 
oped myelodysplasia, leukemia, PNH, or combined disorders.'*° This 
tendency to relapse and to develop clonal hematologic disorders was 
reviewed by the European Cooperative Group for Bone Marrow Trans- 
plantation in 468 patients, most of whom received ATG." The risk of 
a hematologic complication increased continuously and reached 57 
percent at 8 years after immunosuppressive therapy. A further survey 
found 42 (5 percent) malignancies in 860 patients treated with immu- 
nosuppression, whereas only 9 (1 percent) malignancies were seen in 
748 patients who received marrow transplants. '®? 

There are no predictors that augur the risk of clonal evolution in 
an individual patient, although shorter telomere length at diagnosis and 
poorer prognosis are associated.'*° 

Cyclosporine Administration of cyclosporine, a cyclic poly- 
peptide that inhibits IL-2 production by T lymphocytes and pre- 
vents expansion of cytotoxic T cells in response to IL-2, is another 
approach to immunotherapy. After the initial report of its ability to 
induce remission in 1984,'** several groups have used cyclosporine as 
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Year of Age Range Percent Percent Percent 
Report Agents Used No. Pts (years) Response Survival Relapse Comments Citation 
2013 H-ATG + CYA 46 14-75 48 @ (NR) 84@5years 23@3years H-ATG 174 
+GM-CSF 53 15-66 51 @ (NR) 83 @5years 27@3years &RATG 
R-ATG +CYA equivalent 
2012 R-ATG + CYA + 24 19-81 64 @3 70@5years 28 @ 5 years 170 
G-CSF + glucoc months 
2012 R-ATG + CYA 46 2-15 85 @ 1 year ? 2? Pediatricage 172 
2012 R-ATG + CYA 35 17-75 60 @6 68 @ 27 NR H-ATG better 173 
months than R-ATG* 
2011 H-ATG + CYA 60 3743 68 @6 96 @ 3 years NR H-ATG better 169 
R-ATG + CYA 60 3143 months 76 @ 3 years than R-ATG 
37 @6 
months 
2011 R-ATG + CYA + 20 19-80 50@1years 65@3years NR ?R-ATG simi- 171 
glucoc lar to H-ATG* 
2010 H-ATG 42 1-66 59 @6 78 @2years NR H-ATG better 167 
R-ATG 29 4-63 months 55 @ 2 years than R-ATG 
34@6 
months 
2009 R-ATG + CYA + 13 20-83 92 @ ly NR 30@18 ?R-ATG 168 
G-CSF months better than 
H-ATG* 
2006 H-ATG +CYA 30 2-71 73 @ (NR) 80@5years NR H-ATG better 166 
+GM-CSF+EPO 32 71 53 @ (NR) 66@5years NR than R-ATG 


R-ATG +CYA 
+GM-CSF +EPO 


CYA, cyclosporine; EPO, erythropoietin; Glucoc, glucocorticoids; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-monocyte, 
colony-stimulating factor; H-ATG, horse antithymocyte globulin; No., number; NR, not reported; Pts, patients; R-ATG, rabbit antithymocyte 


globulin. 
*Based on prior studies of H-ATG. 


either (1) primary treatment,'**'** (2) in patients refractory to ATG or 
glucocorticoids,'**"! (3) in combination with G-CSFs,'*!? or (4) in 
varying combinations with other modes of therapy.'** Cyclosporine is 
administered orally at 10 to 12 mg/kg per day for at least 4 to 6 months. 
Dosage adjustments may be required to maintain trough blood levels 
of 200 to 400 ng/mL. Renal impairment is common and may require 
increased hydration or dose adjustments to keep creatinine values 
below 2 mg/dL. Cyclosporine also may cause moderate hypertension, 
a variety of neurologic manifestations, and other side effects. Several 
drug classes interact with cyclosporine to either increase (e.g., some 
antibiotics and antifungals) or decrease (e.g., some anticonvulsants) 
blood levels. Responses usually are seen by 3 months and may range 
from achieving transfusion independence to complete remission. 
Approximately 25 percent of patients respond to this agent when used 
alone, but the response rate has ranged from 0 to 80 percent in various 
reports." 

Although immunosuppression with ALG or ATG has been used 
the longest and has a seemingly better response rate, there are certain 
advantages to cyclosporine. This drug does not require hospitaliza- 
tion or use of a central venous catheter. Fewer platelet transfusions are 
required during the first few weeks of therapy compared to treatment 
with ALG or ATG. A French cooperative trial showed equal effec- 
tiveness of cyclosporine compared to ATG plus prednisone.” In this 


crossover study of newly diagnosed patients, survival of approximately 
65 percent was observed 12 months after diagnosis. 

Combination Immunotherapy Combination treatment of 
severe aplastic anemia usually includes, for example, ATG, 40 mg/kg 
per day, for 4 days; cyclosporine, 10 to 12 mg/kg per day, for 6 months 
and methylprednisolone, 1 mg/kg per day, for 2 weeks. The dose of 
cyclosporine is adjusted to maintain a trough level of 200 to 400 ng/ 
mL. Prophylaxis for Pneumocystis carinii with daily trimethoprim- 
sulfamethoxazole or with monthly pentamidine inhalations should 
be considered for these patients as they receive immunosuppressive 
therapy. 

The addition of cyclosporine to the combination of ALG and glu- 
cocorticoids improves response rates to approximately 70 percent of 
patients (Table 35-7). G-CSF added to the combined immunosup- 
pressive therapy does not increase response rate or survival.” Response 
is usually defined as a significant improvement in red cells, white cells, 
and platelets to eliminate risk of infection and bleeding and the require- 
ment for red cell transfusions. 

The 5-year survival after completion of combination immuno- 
suppressive therapy may approximate that after stem cell transplan- 
tation.” Forty-eight children treated between 1983 and 1992 had a 
10-year survival of approximately 75 percent for marrow transplanta- 
tion and approximately 75 percent for combined immunosuppressive 
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TABLE 35-7. Response to Immunotherapy in Patients with Severe Aplastic Anemia 


Significant Relapse 
Year of Principal No. Pts (Age- Response Survival at at 5 Years 
Publication DrugsUsed range, years) No. (%) 5/10 Years (%) (Cum%) Comments Reference 
2011 ATG+CYA 95(7-80) 63(66) 76*/NR 334 Fewer early infections with G-CSF; 223 
ATG+CY- 97(2-81) 71 (73) 78*/NR 32* no difference in response or 
A+G-CSF survival 
2008 ATG + CYA 77 (<18) 57 (74) 83/80 25 8.5% evolved to clonal myeloid 197 
disease 
2007 ATG + CYA 44 (NR) 31 (70) NR/88 NR All cases were associated with 198 
hepatitis 
2007 ATG + CYA 47 (19-75) 31 (66) 80/NR 45 No late clonal diseases at 5 years 199 
2007 ATG +CYA+ 48 (19-74) 37 (77) 90/NR 15 No late clonal diseases at 5 years 199 
G-CSF 
2006 ATG + CYA 47 (8-71) 37 (79) 80/75 NR No late clonal diseases at 10 years 166 
2006 ATG + CYA 30 (5-68) 22 (73) 80/75 NR One patient developed clonal mye- 166 
+ G-CSF + loid disease 
rhuEPO 


ATG, antithymocyte globulin; Cum%, cumulative percent; CYA, cyclosporine; G-CSF, granulocyte colony-stimulating factor; No. Pts, number of 
patients; NR, not reported; rhuEPO, recombinant human erythropoietin. 
*At 6 years posttreatment. 
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therapy, although there were only half the number of severely affected 
patients in the immunosuppressive therapy group.” Thus, immuno- 
suppression may be preferable for patients who are older than 30 years 
of age and in those who may experience a delay in finding a suitable 
donor. Marrow transplants are, however, curative for aplastic anemia, 
whereas more frequent sequelae have been found after immunosup- 
pressive therapy,” notably a substantial rate of evolution to a myel- 
odysplastic syndrome or AML. 

A National Institutes of Health protocol was designed to increase 
immune tolerance by specific deletion of activated T lymphocytes that 
target primitive hematopoietic progenitor cells.” Concurrent adminis- 
tration of cyclosporine with ATG may diminish the ATG effect so that 
in this program cyclosporine is introduced at a later time. The addi- 
tion of new immunosuppressive agents, such as mycophenolate mofetil, 
rapamycin, or monoclonal antibodies, to the IL-2 receptor may be more 
effective in decreasing cytotoxic T cells, sparing the targeted hemato- 
poietic stem cells. 

For the 30 to 40 percent of patients who relapse after immunother- 
apy, retreatment with ATG and cyclosporine is effective in 50 to 60 per- 
cent of them.” Alternatively, alemtuzumab, a monoclonal anti-CD52 
antibody that targets that antigen on T lymphocytes, has been an effec- 
tive immunosuppressive agent in relapsed and in refractory patients, 
and it may be administered with cyclosporine.?”-” 

High-Dose Glucocorticoid Treatment Marrow recovery can 
occur after very high doses of glucocorticoids.” Methylprednisolone 
in the range of 500 to 1000 mg daily for 3 to 14 days has been successful, 
but the side effects, which include marked hyperglycemia and glyco- 
suria, electrolyte disturbances, gastric irritation, psychosis, increased 
infections, and aseptic necrosis of the hips, can be severe. Glucocorti- 
coids at lower doses commonly are used only as a component of combi- 
nation therapy for aplastic anemia to ameliorate the toxic effects of ATG 
and in providing additional lymphocyte suppression. 

High-Dose Cyclophosphamide Therapy High-dose cyclophos- 
phamide has been used as a form of immunosuppression.”” Although it 
would seem inappropriate to administer high doses of chemotherapy to 
patients with severe marrow aplasia, this approach was based on obser- 
vations of autologous recovery after preparative therapy for allogeneic trans- 
plants not followed by a transplantation.‘ In an early study, 10 patients 
who received cyclophosphamide at 45 mg/kg per day intravenously 
for 4 days with or without cyclosporine for an additional 100 days had 
gradual neutrophil and platelet recovery over 3 months. Seven patients 
responded completely and remained in remission 11 years after treat- 
ment. High-dose cyclophosphamide treatment may spare hematopoi- 
etic stem cells, which have high levels of aldehyde dehydrogenase and are 
relatively resistant to cyclophosphamide.”**" Thus, cyclophosphamide 
in this situation may be more immunosuppressive than myelotoxic. The 
mostextensive trial ofhigh-dose cyclophosphamide resulted in 65 percent 
of patients responding completely at 50 months.” However, the role 
of this regimen as initial therapy is not clear because of early toxicity 
that may exceed that of the ATG and cyclosporine combination.”* The 
probability of a durable remission may be superior, but there are insuf- 
ficient data (comparative clinical trials) to conclude whether high-dose 
cyclophosphamide provides better long-term results than ATG and 
cyclosporine. The latter approach is favored at this time. 

Rituximab A case report of the successful use of the anti-CD20 
humanized mouse antibody rituximab has provided preliminary evi- 
dence for its potential effectiveness in treating aplastic anemia.” 
Clinical trials have not examined its efficacy compared to standard 
immunotherapy (ATG and cyclosporine), in patients refractory to stan- 
dard therapy, or as a third drug in an immunotherapy regimen. Whether 
B lymphocytes play a role in the pathogenesis of T-cell-mediated aplastic 
anemia has not been defined, so rituximab does not appear to have a 


theoretical rationale for use at this time. However, a singular case of 
antibody-mediated aplastic anemia responded to rituximab, and the 
autoantibodies became undetectable.” 

Androgens Randomized trials have not shown efficacy when 
androgens were used as primary therapy for severe aplastic anemia.”°””! 
Androgens stimulate the production of erythropoietin, and their 
metabolites stimulate erythropoiesis when added to marrow cultures in 
vitro. High doses of androgens were beneficial in some patients with 
moderately severe aplasia.” Series of patients were reported in which 
survival seemed improved as compared with historical controls, but 
this could have resulted from improved supportive care.'! Masculiniza- 
tion and other androgen side effects can be severe, especially in female 
patients. Long-term survivors after androgen therapy have essentially 
the same progression to clonal hematologic disorders as patients treated 
with immunosuppressive agents.'"! These agents have been replaced by 
immunosuppression or allogeneic hematopoietic stem cell transplanta- 
tion as a principal approach to treatment. 

Cytokines Despite their effectiveness in accelerating recovery 
from chemotherapy, these agents have been far less effective in achiev- 
ing long-term benefits in patients with severe aplastic anemia. Daily 
treatment with G-CSF?” has improved marrow cellularity and increased 
neutrophil counts approximately 1.5- to 10-fold. Unfortunately, in 
nearly all patients, the blood counts return to baseline within several 
days of cessation of therapy. Although occasional patients show evi- 
dence of trilineage marrow recovery with long-term therapy, the vast 
majority do not respond. Therapy with myeloid growth factors is proba- 
bly best reserved for episodes of severe infection or as a preventive mea- 
sure prior to dental work or other procedures that would compromise 
mucosal barriers in patients who have not responded to stem cell trans- 
plant or immunotherapy. G-CSF in a dose of 5 mcg/kg by subcutaneous 
injection is easiest to administer and seems to be associated with the 
fewest side effects. The drug can be given daily or fewer times per week 
depending on the response. Newer pegylated preparations have a longer 
effect and usually are administered at less frequent, every-other-week 
intervals. The SAA Working Party of the European Group for Blood 
and Marrow Transplant reported that G-CSF added to ATG and cyclo- 
sporine reduces infection early in treatment, but does not affect survival 
or length of remission.” Generally, prophylactic use of growth factors 
is not warranted. 

IL-1, a potent stimulator of marrow stromal cell production of 
other cytokines, and IL-3 have been ineffective in small numbers of 
patients so treated with severe aplastic anemia.”*?” These disappointing 
results with cytokines are not unexpected, as previous work has found 
high serum levels of growth factors in patients with aplastic anemia. 
Moreover, the majority of patients have suppression of very primitive 
progenitors, which may be unresponsive to individual factors that act 
on more mature progenitor cells. 

An exception to the poor response to cytokines is the use of eltrom- 
bopag, a TPO receptor agonist that binds to the transmembrane region 
of the TPO receptor and stimulates the Janus kinase (JAK)-signal trans- 
ducer and activator of transcription (STAT) and mitogen-activated pro- 
tein (MAP) kinase pathways. TPO may expand stem cell numbers and 
promote DNA repair.” Use of this agent in 43 patients with acquired 
aplastic anemia who did not respond to immunotherapy resulted in 
improved hematopoiesis and cell counts in 17 (40 percent) with several 
having improved bi- or trilineage hematopoiesis and cell counts. Five 
patients had near normalization of all blood counts and had therapy 
stopped after 9 to 37 months with maintenance of their blood counts 
for 1 to 13 months of observation.” Although many did not normal- 
ize their counts, several became red cell and platelet transfusion inde- 
pendent. Eight patients developed new cytogenetic abnormalities (5 of 
8 patients developed —7 or del[7]), but none had progressed to AML. 


Splenectomy Removal of the spleen does not increase hemato- 
poiesis but may increase neutrophil and platelet counts two- to threefold 
and improve survival of transfused red cells or platelets in highly sen- 
sitized individuals. The surgical morbidity and mortality in patients 
with few platelets and white cells makes this a questionable therapeutic 
procedure. Because there are more successful methods of therapy that 
attack the fundamental problem, this approach is not recommended. 

Other Therapy High doses of intravenous y-globulin have been 
given to small numbers of patients with severe aplastic anemia??? 
because of its success in treating certain cases of antibody-mediated 
pure red cell aplasia. Some improvement was noted in 4 of 6 patients 
treated. Another treatment that is occasionally successful is lymphocy- 
tapheresis to deplete T cells.” Agents that target other T-cell func- 
tions, such as alefacept, a CD2-directed leukocyte function antigen-3 
(LEA-3)/Fc fusion protein that consists of the extracellular CD2-binding 
portion of the human LFA-3 linked to the Fc (hinge, CH2 and CH3 
domains) portion of human immunoglobulin (Ig) G, are being tested as 
immunosuppressive drugs in acquired aplastic anemia.” 


Course and Prognosis 

At diagnosis, the prognosis is largely related to the absolute neutrophil 
and platelet count. The absolute neutrophil count is the most impor- 
tant prognostic feature, with a count of fewer than 500/uL (0.5 x 10°/L) 
considered severe aplastic anemia and a count of fewer than 200/uL 
(0.2 x 10°/L) very severe aplastic anemia, the latter associated with a 
poor response to immunotherapy and usually a dire prognosis, if early 
successful allogeneic transplant is not available. In the past, the progno- 
sis appeared worse when the disease followed hepatitis.” But, more 
comprehensive results with immunosuppression’!° or hematopoietic 
stem cell transplantation” show an equivalent response to that seen 
with idiopathic or drug-induced cases. 

Before marrow transplantation and immunosuppressive ther- 
apy, more than 25 percent of the patients with severe aplastic anemia 
died within 4 months of diagnosis; half succumbed within 1 year.” 
Marrow transplantation is curative for approximately 80 to 90 percent 
of patients younger than 20 years of age, approximately 70 percent if 
between the ages of 20 and 40 years, and approximately 50 percent if 
older than age 40 years.'*”*° Unfortunately, as many as 40 percent of 
transplant survivors suffer the deleterious consequences of chronic 
graft-versus-host disease,’ and the risk of subsequent cancer can be 
as high as 10 percent in older patients or after immunotherapy prior to 
hematopoietic stem cell transplantation.” The best outcomes occur 
in those patients who have an allele-based HLA-matched sibling; have 
not been exposed to immunosuppressive therapy prior to transplanta- 
tion; have not been exposed and sensitized to blood cell products; have 
had a marrow rather than a blood stem cell donor product; and have not 
been subjected to high-dose radiation in the conditioning regimen for 
transplantation. 15741243244 

Combination immunosuppressive therapy with ATG and cyclo- 
sporine leads to a marked improvement in approximately 70 percent 
of the patients; a higher initial absolute reticulocyte and lymphocyte 
counts are predictive of the response to therapy. Although some 
patients regain normal blood counts, many continue with moderate 
anemia or thrombocytopenia. In as many as 40 percent of patients 
initially responding to immunosuppressive therapy, their disease may 
relapse or progress to PNH, a myelodysplastic syndrome, or AML over 
10 years of observation.''**?!*?!° Moreover, the beneficial effects of 
immunotherapy are often lost 10 years after treatment. In 168 trans- 
planted patients the actuarial survival at 15 years was 69 percent, and in 
227 patients receiving immunosuppressive therapy it was 38 percent." 
The long-term survival in pediatric patients younger than age 18 years 
appears better, with approximately one-third relapsing at 10 years.” 
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Treatment with high-dose cyclophosphamide produces early 
results similar to that seen with the combination of ATG and cyclospo- 
rine. However, cyclophosphamide has greater early toxicity and 
slower hematologic recovery, but may generate more durable remis- 
sions. Its use has been too limited to reach a firm conclusion on its rel- 


ative merits and it is rarely used as the first choice of immunotherapy. 


@ HEREDITARY APLASTIC ANEMIA 


FANCONI ANEMIA 


Definition and History 

Fanconi anemia is the most common form of constitutional aplas- 
tic anemia and was initially described in three brothers by Fanconi in 
1927.** It is inherited as an autosomal recessive condition that results 
from defects in genes that modulate the stability of DNA. 


Epidemiology 

Fanconi anemia is an uncommon disorder and is estimated to be pres- 
ent in 1 in 1 million individuals. It is far more frequent in Afrikaners of 
European descent.*” This unusually high frequency has been attributed 
to a founder effect. 


Etiology and Pathogenesis 
Sixteen complementation groups, defined by somatic cell hybridization, 
are associated with the development of Fanconi anemia (FA).75!5? A 
complementation group is a genetic subgroup. Identifying a comple- 
mentation group requires adding a gene to the genome of a cell to cor- 
rect (complement) the genetic defect. This procedure can be done by 
cell fusion studies. After fusing two cells together, thereby joining their 
genetic material, one can test the cells for the genetic defect. In the case 
of Fanconi anemia, this would be with the diepoxybutane test. In this 
test, diepoxybutane results in chromosome fragmentation in the cells of 
patients with Fanconi anemia. Hybrids in which the hypersensitivity to 
diepoxybutane is corrected (complemented) can be assumed to result 
from the fusion of cells from different genetic subgroups (complemen- 
tation groups), whereas hybrids that still show the sensitivity are the 
result of fusion of cells from the same subgroup. Because one can deter- 
mine the complementation group without knowing the gene involved, 
this approach is the first step in understanding the genetic basis of a 
disease. Once the genes are known, one does not need to use cell fusion 
studies; rather, retroviral vectors can be used to insert corrected genes 
into the cells. 

The complementation groups have been designated FANCA, B, C, 
D1, D2, E, EG, I, J, L, M, N, O, PB and Q. Table 35-8 lists the gene muta- 
tions corresponding to these complementation groups, and Fig. 35-5 
summarizes the functions of the known Fanconi anemia proteins.*” 
The great majority of patients have mutations of FANCA, FANCC, or 
FANCG.** It has been proposed that the A and C gene products, which 
are cytoplasmic proteins, form an “FA core complex” with the prod- 
ucts of genes B, E, F, G, L, and M, which are adaptors or phosphoryla- 
tors.**’** The complex translocates to the nucleus, where it is required 
for the ubiquitination of FANCD2 and protects the cell from DNA 
crosslinking and participates in DNA repair (Fig. 35-6). DNA dam- 
age initiates activation of the FA/BRCA pathway and ubiquitination of 
FANCD2, which is targeted to the altered DNA and facilitates repair 
by interacting with DNA repair proteins, BRCA1, FANCD1/BRCA2, 
FANCN/PALB2, and RADS1. In the presence of a mutant gene prod- 
uct, the normal protective and repair functions are disturbed leading 
to damaging effects in sensitive tissues, including hematopoietic cells. 
The genetic damage appears related to the adverse effects of reactive 
oxygen radicals, such as superoxide and hydrogen peroxide as well as 
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TABLE 35-8. Gene Mutations Found in Fanconi Anemia 


Gene Chromosome Location % of Patients Inheritance Protein Function 

FANCA 16q24.3 ~65* AR FA core complex 

FANCB Xp22.31 rare XLR FA core complex 

FANCC 9q22.3 ~10 AR FA core complex 

FANCDI (BRCA2) 13q12.3 rare AR RAD51 recruitment 

FANCD2 3p25.3 rare AR Monoubiquitinated protein 

FANCE 6p21.3 ~10 AR FA core complex 

FANCF 11p15 rare AR FA core complex 

FANCG (XRCC9) 9p13 ~10 AR FA core complex 

FANCI (KIAA 1794) 15q25-26 rare AR Monoubiquitination of FANCD2 

FANCJ (BACH1/BRIP1) 17q22.3 rare AR 5’ to 3’ DNA helicase/ATPase 

FANCL (PHF9/POG) 2q16.1 rare AR FA core complex, E3 ubiquitin ligase 

FANCM (Hef) 14q21.3 rare AR FA core complex, ATPase/translocase, DNA 
helicase motifs 

FANCN (PALB2) 16q12.1 rare AR Regulation of BRCA2 localization 

FANCO(RAD51C/RAD51L2) 17q25.1 Rare AR Homologous combination In DNA repair 

FANCP (SLX4/BTBD12/ 16p13.3 Rare AR SLX4 endonuclease subunit 

KIAA) 

FANCQ (XPF/ERCC4) 16p13.12 Rare AR DNA-repair endonuclease XPF 


AR, autosomal recessive; ATPase, adenosine triphosphatase; FA, Fanconi anemia; XLR, X-linked recessive. 


*There are more than 100 mutant FANCA alleles, approximately 40 percent of which are large intragenic deletions. This table was made using 
material from references 251 to 256. 


aldehydes produced by normal cellular metabolism.” In addition to The generation of reactive oxygen radicals and aldehydes, the 
the genetic defects leading to DNA instability and an inability to repair defective mechanisms of DNA repair, the hypersensitivity to cytokines 
DNA, TNF-a and -y are overexpressed in the marrow of Fanconi ane- such as TNF-a, and the age-related shortening of DNA-protective telo- 
mia patients.” The excess TNF-a may play a role in the suppression of meres produce a marked predisposition to clonal evolution and neopla- 
erythropoiesis in these patients. sia in Fanconi anemia patients (see “Therapy and Course” below). 


FA DNA repair pathway Other functions in DNA repair 


FANCA FA core complex. FANCG/XRCC9 | Homologous recombination. 
FANCB Monoubiqutinates FANCD2 They form a complex with 
FANCC FANCD2 and FANCI FANCD1/BRCA2 | XRCC3. 
FANCE in response to DNA , 
FANCF damage FANCM | Interacts with BLM 
FANCG/XRCC9 i 
FANCP/SLX4 Interacts with MUS81/EME1 and 
FANCLIPOG SLX1. Holliday junction resolvase 
FANCM 5 
Telomere maintenance 
FANCD2 FA core complex substrates. FANCQ/XPF | NER and some HR transactions. 
FANCI Monoubiqutinated FANCD2 
is required for incisions, FANCD1/BRCA2 | DBS repair. 
TLS and HR FANCJ/BRIP1 
FANCN/PALB2 
FANCP/SLX4 Nuclease complex. CIV 
i eae FANCO/RAD51C 
FANCQ/XPF Required for incision(s) at the : 
site of crosslinked DNA FANCJ/BRIP1 | G quadruplet resolution. 
FANCD1/BRCA2 | Homolgous recombination. i 
FANCJ/BRIP1 BRCA/RAD51-mediated Other functions 
FANCN/PALB2 | repair. FANCC | Modulates PKR, STAT1, Hsp70 
FANCO/RAD51C 
FANCC Interact with REDOX factors 
FANCG 
FANCL | Polyubiquitinates B—catenin 


Figure 35-5. Summary of the interactions of the Fanconi Anemia proteins. The primary function of this group of proteins is the repair of crosslinked 
DNA and to maintain genomic stability (as shown on the left side of the figure). The Fanconi anemia DNA repair pathway includes a core complex for 
monoubiquitination of other components (substrates, FANCD2 and FANCI), as well as a nuclease complex and a complex for homologous recombination 
DNA repair. A number of these Fanconi anemia proteins also participate in other DNA repair functions such as telomere maintenance and interaction 
with redox proteins as shown in the right side of the figure. (Reproduced with permission from Garaycoechea JI and Patel KJ Why does the bone marrow fail in 
Fanconi Anemia? Blood 123(1):26-34, 2014.) 
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Clinical Features 

Growth retardation, resulting in short stature, and skeletal anomalies 
are common. Absent, misshapen, or supernumerary thumbs and dys- 
plastic radii occur in half the patients. Hip and vertebral abnormalities 
also may occur. Septal heart defects, eye abnormalities, and absent, mis- 
shapen, or fused kidneys may be present. Females may have aplasia of 
the uterus and vagina, absent ovaries, infertility and late menarche and 
early menopause and males may have hypospermia. Thus, hypogonad- 
ism may be evident. Learning disability is frequent, and microcephaly 
and mental retardation may be a feature. The skin may be generally 
hyperpigmented or may have areas of abnormal skin pigmentation 
referred to as café-au-lait spots, which are flat, light brown, and from 
1 to 12 centimeters in diameter. Hepatosplenomegaly is not a feature of 
the disease. Some patients have no or minor phenotypic abnormalities 
and may be diagnosed as a result of the onset of marrow failure or a 
cancer involving any of many sites as late as the fifth decade of life. 

The onset of marrow failure is gradual and usually is evident dur- 
ing the last half of the first decade of life. The manifestations of anemia, 
including weakness, fatigue, and dyspnea on exertion, and of throm- 
bocytopenia with epistaxis, purpura, or other unexpected bleeding, 
are the principal findings. Hematologic and visceral manifestations are 
combined eventually in more than a third of patients, but some may 
have cytopenias and inconspicuous somatic changes, whereas others 
may have somatic anomalies with no or a nominal disorder of blood 
cell formation for months or years. Some who carry the gene may be 
virtually unaffected.*”**' In a review of the more than 1300 patients 
in the literature, 100 patients, or fewer than 7 percent, without anoma- 
lies were identified by chromosome breakage studies (see “Laboratory 
Features” below) because of affected siblings.” In the past, children in 
Fanconi families with an onset of aplastic anemia without congenital 
somatic abnormalities were thought to have a different disorder termed 
Estren-Dameshek syndrome.’” However, these children, whose lympho- 
cytes show sensitivity to diepoxybutane, are considered to have Fanconi 
anemia without skeletal abnormalities. 


Laboratory Features 

Blood counts and marrow cellularity are often normal until 5 to 10 years 
of age, when pancytopenia develops over an extended interval. Macro- 
cytosis with anisocytosis and poikilocytosis may be present before any 
cytopenia occurs. Thrombocytopenia may precede the development of 
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Figure 35-6. Representation of the “FA/BRCA pathway.” Fol- 
lowing DNA damage when a replication fork encounters a DNA 
crosslink, ATR (ataxia telangiectasia and rad3-related protein) 
is activated. This leads to the activation of the Fanconi anemia 
(FA) pathway, as well as cell-cycle checkpoint activation via the 
ATM (ataxia telangiectasia mutated) protein. Activation of the FA 
pathway leads to the formation of the “FA core complex" (con- 
sisting of the FA proteins A, B, C, E, F, G, L, and M). This activated 
FA core complex leads to the monoubiquitination of FANCD2 
(FANCD2-Ub) and FANCI (I-Ub). The |-Ub/FANCD2-Ub complex is 
then targeted to the chromatin containing the crosslink where 
it interacts with BRCA2 and possibly other DNA repair proteins 
(e.g, RADS1, J, N) leading to the repair of the DNA damage. 
Proteins mutated in the different FA subtypes are shown in 
yellow. (Reproduced with permission from Dokal I, Vulliamy T: Inher- 
ited aplastic anaemias/bone marrow failure syndromes. Blood Rev 
22(3):141-153, 2008.) 


granulocytopenia and anemia. The marrow becomes hypocellular, and 
in vitro colony assays reveal a decrease in CFU-GM and BFU-E.” 

Random chromatid breaks are present in myeloid cells, lympho- 
cytes, and chorionic villus biopsy samples. This chromosome damage 
is intensified after exposure to DNA crosslinking agents such as mito- 
mycin C or diepoxybutane. The hypersensitivity of the chromosomes 
of marrow cells or lymphocytes to the latter agent is used as a diag- 
nostic test for this condition. Cell-cycle progression is prolonged at the 
G2-to-M transition, and the cells are more susceptible to oxygen toxic- 
ity when cultured in vitro. It is important to test the lymphocytes from 
pediatric patients with aplastic anemia for sensitivity to diepoxybutane, 
because therapy for Fanconi anemia differs from that used for acquired 
aplastic anemia. 

In the near future, clinical laboratories will be able to genotype sus- 
pected patients. Determining the specific gene mutation responsible in 
a patient (see Table 35-8) is important because it confirms the diagno- 
sis, identifies the genotype linked to BRCA2 that may predispose to a 
cancer (e.g., breast, ovary), and permits carrier detection.’ 


Differential Diagnosis 

The differential diagnosis of Fanconi anemia includes other causes 
of aplastic anemia, particularly those familial syndromes associated 
with skeletal anomalies and other dysmorphic features. Other familial 
types of aplastic anemia have been reported with or without associated 
anomalies. In those instances in which no sensitivity to DNA damaging 
agents is observed, the syndrome does not represent Fanconi anemia. 
Several uncommon syndromes of this type are described below and are 
tabulated in Table 35-9. 


Therapy and Course 

Most patients with Fanconi anemia do not respond to ATG or cyclo- 
sporine but do improve with androgen preparations, often for as long 
as several years. Cytokines may provide some improvement in blood 
counts, but their effect may wane. Studies in a mouse model also suggest 
that cytokine effects may not be sustained.” The cumulative median 
survival is approximately 20 years from progressive marrow failure, 
conversion to myelodysplastic syndrome, AML (approximately 10 per- 
cent of patients), or the development of a variety of other cancers, such 
as those involving the genitourinary system, digestive system (especially 
liver), or head and neck.’ Multiple cancers in an individual patient 
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TABLE 35-9. Other Rare Inherited Syndromes Associated with Aplastic Anemia 


Disorder Findings Inheritance Mutated Gene References 
Ataxia-pancytopenia Cerebellar atrophy and ataxia; aplastic pancytopenia; AD Unknown 315-317 
(myelocerebellar + monosomy 7; increased risk of AML 
disorder) 
Congenital amegakaryo- Thrombocytopenia; absent or markedly decreased AR (compound MPL 305-307 
cytic thrombocytopenia marrow megakaryocytes; hemorrhagic propensity; heterozygotes) 
elevated thrombopoietin; propensity to progress to 
aplastic pancytopenia; propensity to evolve to clonal 
myeloid disease 
DNA ligase IV deficiency Pre- and postnatal growth delay; dysmorphic facies; AR (compound LIG4 314, 318, 319 
aplastic pancytopenia heterozygotes) 
Dubowitz syndrome Intrauterine and postpartum growth failure; short AR Unknown 3207321 
stature; microcephaly; mental retardation; distinct 
dysmorphic facies; aplastic pancytopenia; increased 
risk of AML and ALL 
Nijmegen breakage Microcephaly; dystrophic facies; short stature; immu- AR NBS1 3227323 
syndrome nodeficiency; radiation sensitivity; aplastic pancy- 
topenia; predisposition to lymphoid malignancy 
Reticular dysgenesis Lymphopenia; anemia and neutropenia; corrected XLR Unknown 308, 309 
(type of severe immuno- by hematopoietic stem cell transplantation 
deficiency syndrome) 
Seckel syndrome Intrauterine and post- partum growth failure; AR ATR (and 310-314 
microcephaly; characteristic dysmorphic facies (bird- RAD3-related 
headed profile); aplastic pancytopenia; ? increased gene); PCNT 
risk of AML 
WT syndrome Radial/ulnar abnormalities; aplastic pancytopenia; AD Unknown 324 


increased risk of AML 


AD, autosomal dominant; ALL, acute lymphocytic leukemia; AML, acute myelogenous leukemia; AR, autosomal recessive; XLR, X-linked recessive. 


note: The listed clinical findings in each syndrome are not comprehensive. The designated clinical findings may not be present in all cases of the 
syndrome. Isolated cases of familial aplastic anemia with or without associated anomalies that are not consistent with Fanconi anemia or other 


defined syndromes have been reported.”2” 


also occur. Cancers may occur as late as the fifth decade of life and pre- 
cede the diagnosis of Fanconi anemia in 25 percent of patients.” The 
presence of a clonal cytogenetic abnormality or marrow morphology 
consistent with myelodysplasia markedly reduces the 5-year survival.*” 
Allogeneic hematopoietic stem cell transplantation is curative for the 
marrow manifestations of Fanconi anemia.” A marked reduction 
in dosage of the marrow-conditioning regimen of cyclophosphamide 
and radiation is necessary owing to the undue sensitivity of the tissues 
to DNA-damaging exposures. The risk of cancer is so high that, where 
practical, surveillance should be used; for example, frequent pelvic 
exams in females, hepatic ultrasonography to detect adenomas, and 
careful oropharyngeal examinations. Therapy of cancer in patients with 
Fanconi anemia needs to consider the marked sensitivity of their cells to 
DNA cross-linking agents and radiotherapy. 

Normal complementary DNA has been transferred into cells from 
patients with restoration of resistance to DNA damaging agents.””””! 
Difficulties in this approach include the paucity of stem cells in 
these patients, as well as the potential toxicity of the gene transfer 
methodology. 


DYSKERATOSIS CONGENITA 


Definition 

This inherited disorder is characterized by cutaneous and mucous 
membrane abnormalities, progressive marrow insufficiency, and a pre- 
disposition to malignant transformation. It is much more common in 


males than in females, and occurs in approximately 1 per 1,000,000 
population.”>!?” 


Pathogenesis 

Dyskeratosis usually is inherited as a recessive X-chromosome-linked 
disorder although rare cases can have autosomal dominant or auto- 
somal recessive inheritance (Table 35-10). The disease is a reflection 
of telomere complex dysfunction,”*’” and it results from defective 
telomerase activity resulting from mutations in the telomerase-related 
genes (Fig. 35-7).?”*?782” The telomerase complex maintains the length 
of telomeres, which are nucleotide tandem repeat structures resid- 
ing at the termini of eukaryotic chromosomes (e.g., 5’-T TAGGG-3’). 
Telomerase restores the guanine (G)-rich telomere repeats that are 
lost as a result of end-processing during normal cell division. Com- 
bined with protein, located at the ends of chromosomes, they maintain 
chromosome integrity by preventing end-to-end chromosome fusion, 
preventing chromosome degradation, and preventing chromosome 
instability. In dyskeratosis congenita, the telomeres are markedly short- 
ened resulting in genomic instability and cell (including marrow cell) 
apoptosis, and the underlying gene defects may alter Box H/ACA small 
nucleolar RNAs, such as the telomerase RNA component, TERC, that 
is central to telomere maintenance.” Rapidly proliferating cells are at 
highest risk for dysfunction. Mutations of the DKC1 gene are respon- 
sible for the X-linked recessive form. DKCI encodes dyskerin, which 
is a conserved multifunctional protein component of the telomerase 
complex. Mutations of the TERT, TERC, and TINF2 genes are the 
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TABLE 35-10. Gene Mutations in Dyskeratosis Congenita 


Gene Chromosome Location % of Patients Inheritance Protein Function 

DKC1 Xq28 30 XLR Essential part of snoRNPs and telomerase 

TERC 3q26 5-10 AD RNA 3’ end processing and stability 

TERT 5p15.33 5-10 AD, AR Reverse transcriptase component of telomerase 

NOP10 (NOLA3) 15q14-q15 <1 AR RNA binding 

TINF2 14q11.2 15 AD ? Binds to TRF1 to regulate telomere length 

CTC1 17p13.1 Rare AR Telomere maintenance component 

NHP2 (NOLA2) 5q35.3 <1 AR RNA binding protein; associates with NOP10 
and DKC1 

WRAP53 (TCAB1, WDR79) 17p13.1 Rare AR Trafficking of telomerase 

RTEL1 (NHL) 20q13.33 Rare AD, AR Regulator of telomere elongation helicase 1 

C16orF57 (USB1) 16q21 2 AR Unknown; Patient telomeres were normal 
length 

ATR 3q 5-10 AD hTR is the RNA component of telomerase 


AD, autosomal dominant; AR, autosomal recessive; XLR, X-linked recessive. 
note: Table prepared from data in references 251, 254, 273, 276 to 279 and OMIM (Online Mendelian Inheritance in Man). Percent of patients is 


approximate because of continuing identification of mutations. 


principal abnormalities in the autosomal dominant form. TERC is the 
RNA component of the telomerase reverse transcriptase that TERT, the 
reverse transcriptase, uses to synthesize the 6-bp repeats on the 3’ end 
of telomeric DNA. Mutations of TINF2 have been described in patients 
with dyskeratosis congenital.” TINF2 is a component of the shelterin 
complex, which prevents end-to-end telomere fusion.” It also permits 
the distinction of telomeres from sites of DNA damage, preventing their 
inappropriate processing. Recessive mutations in NHP2 and in NOP10, 
which encode parts of small ribonucleoprotein components associated 
with the telomerase complex, also have been described in association 
with dyskeratosis.*'* Homozygous recessive mutations in the TERT 
gene produce a severe variant of dyskeratosis, referred to as the Hoy- 
eraal-Hreidarsson syndrome.”” 


Clinical Findings 

The cutaneous findings usually appear after 5 years of age and include 
reticulated, tan to gray, hyperpigmented and hypopigmented cutaneous 
macules; alopecia of scalp, eyelashes, and eyebrows; adermatoglyphia 


TERT: heterozygous 
mutations in AA, a 
disease resembling 
AD-DC and PF 


Homozygous 
mutations in clas: 


AR-DC and AR- and X-linked HH 


GAR1 


NOP10: homozygous 
mutation in AR-DC 


TERC: heterozygous 


mutations in AD-DG, AA, ciation with different disease categories). Telomerase is an 
MDS, PNH, and PF 


Dyskerin: hemizygous 
mutations in X-linked DC TERT, TERC, and dyskerin. Dyskerin, GAR1, NHP2, and NOP10 


(loss of dermal ridges on fingers and toes); hyperkeratosis of palms 
and soles; mucosal leukoplakia in 75 percent of patients; and dystro- 
phic nails in more than 85 percent of patients.*!?”’’? Other mucosal 
sites, such as conjunctiva, lacrimal duct, esophagus, urethra, vagina, 
and anus, can be involved, sometimes with stenosis leading to dyspha- 
gia or dysuria. Pulmonary vascular involvement occurs in a significant 
minority of affected children. Aplastic anemia usually develops in late 
childhood or early adulthood and is evident in the classical blood and 
marrow findings described under acquired aplastic anemia. Female car- 
riers of X-linked dyskeratosis congenital may have slight abnormalities 
such as a dystrophic nail, a single area of hypopigmentation, or slight 
leukoplakia.” The clinical manifestations exhibit disease anticipation, 
occurring earlier in subsequent generations, and this appears related to 
earlier shortening of the telomeres.” 


Diagnosis 
‘The diagnosis results from the combination of phenotypic findings and 
blood cell deficiencies. Genetic analysis for telomerase complex gene 


Figure 35-7. Representation of the interaction between 
dyskerin and the other molecules (GAR1, NHP2, NOP10, 
ERC, and TERT) of the telomerase complex (and their asso- 


4 


RNA-protein complex because TERC is an RNA molecule 
that is never translated. The other molecules (dyskerin, GAR1, 
HP2, NOP10, and TERT) are proteins. The minimal active 
telomerase enzyme is composed of two molecules each of 


are important for the stability of the telomerase complex. 


AA, aplastic anemia; AD-DC, autosomal dominant dysker- 
The dyskerin complex: atosis congenita; AR-DC, autosomal recessive dyskeratosis 
also involved in 


processing ribosomal ¢ IMO 
and small nuclear RNAs sis; PNH, paroxysmal nocturnal hemoglobinuria; X-linked 


congenita; AR-HH, autosomal recessive Hoyeraal-Hreidars- 
son syndrome; MDS, myelodysplasia; PF, pulmonary fibro- 


DC, X-linked dyskeratosis congenita; X-linked HH, X-linked 
Hoyeraal-Hreidarsson syndrome. (Reproduced with permis- 
sion from Dokal |, Vulliamy T: Inherited aplastic anaemias/bone 
marrow failure syndromes. Blood Rev 22(3):141-153, 2008.) 
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mutations should be used to confirm the clinical conclusion. Shortened 
telomere length in leukocytes also can be assessed by flow cytometric 
fluorescence in situ hybridization studies.” 


Management 

Stem cell hematopoietic transplantation has had inconsistent results 
because of frequent and severe posttransplantation complications.” 
Nonmyeloablative transplantation might improve results.” Trans- 
plantation might improve the cytopenias, but not the abnormalities of 
other organs or the frequency of secondary nonhematopoietic cancer. 


Course and Prognosis 

The incidence of squamous cell carcinoma of mucosal sites is increased 
and the squamous cell carcinoma often originates in sites of leukopla- 
kia in the skin, gastrointestinal, or genitourinary tracts.” These carci- 
nomas usually develop between the ages of 20 and 30 years. Mortality 
from neutropenic infection or thrombocytopenic hemorrhage occurs 
in about two-thirds of patients with aplastic anemia. Median survival is 
approximately 30 years. 


SHWACHMAN-DIAMOND SYNDROME 


Definition 

This disease is an uncommon inherited disorder that is estimated to 
occur once in every 75,000 births,” manifesting exocrine pancreatic 
insufficiency with secondary steatorrhea, blood cell deficiencies, and 
skeletal abnormalities. It was first described in 1964.2122 


Pathogenesis 

Shwachman-Diamond syndrome results from mutations in the SBDS 
gene on chromosome 7q11, which induces accelerated cellular apopto- 
sis via the FAS pathway.”? The resulting hyperproliferation may account 
for the abnormal telomere shortening that has been documented in the 
leukocytes in this condition.” The pathogenetic mechanism that (1) 
prevents development of pancreatic acinar cells, (2) results in abnor- 
mal bone morphogenesis, and (3) causes marrow impairment of blood 
cell production is not understood. SBDS knockdown in experimental 
animals affects expression of genes involved in brain, bone, and mar- 
row development, and may be the result of the genes role in RNA 
processing.” The SBDS gene promotes the release of eukaryotic ini- 
tiation factor 6 from the pre-60s ribosome.” This action is necessary 
for the formation of a mature 80s functional ribosome and production 
of appropriate ribosome joining. The mutations in SBDS also result in 
abnormalities in neutrophil motility and chemotaxis, but pus formation 
in vivo seems adequate. 


Clinical Findings 

Pancreatic insufficiency, steatorrhea, and neutropenia are present in 
most patients at the time of diagnosis.” Pallor may reflect anemia 
and easy bruising; epistaxis or bleeding from other sites reflect throm- 
bocytopenia. Neutropenia occurs in approximately 95 percent, anemia 
in approximately 50 percent, and thrombocytopenia in approximately 
35 percent of patients.” Thus, a substantial plurality of patients has 
bicytopenia or tricytopenia with an hypoplastic marrow. Fetal hemo- 
globin levels are elevated in approximately 75 percent of the patients, 
perhaps secondary to erythroid hypoplasia. Cytogenetic abnormalities 
involving chromosomes 7 and 20 have been described in marrow cells. 
Nutritional inadequacies related to intestinal malabsorption result in a 
failure to thrive. Short stature is characteristic. Skeletal abnormalities 
are present in most patients, notably osteopenia, but also syndactyly, 
supernumerary metatarsals, coax vera deformity, and dental enamel 
defects and caries. Hepatic dysfunction as evidenced by elevated serum 


aminotransaminase is seen in most young patients and appears to 
resolve with age.” Delayed puberty is common. The neutropenia and 
chemotactic abnormality may result in recurrent infections, including 
sinusitis, otitis, pneumonia, osteomyelitis, and others. Pancreatic cell 
lipase production improves with age, and as many as half the patients 
may have improvement in lipid absorption in the small bowel with time. 


Diagnosis 

The diagnosis is based on the clinical findings of failure to thrive, steat- 
orrhea, and neutropenia. Pancreatic insufficiency can be established 
by low serum trypsinogen in patients younger than 3 years of age. The 
marrow may be initially normal, but develops evidence of marrow fail- 
ure and sometimes cytogenetic abnormalities, particularly of chromo- 
some 7, as the child ages. The age of expression of clonal hematopoiesis 
(e.g., myelodysplastic syndrome or AML) is variable.” The SBDS gene 
mutation is present in 90 percent of patients with Shwachman-Dia- 
mond syndrome.*” The remaining 10 percent have the clinical features 
of the syndrome, but the gene defects have not been defined. 


Management 

Supportive care, particularly with supplemental pancreatic enzymes, to 
provide proper nutrition, and appropriate and prompt treatment of bac- 
terial infections with antibiotics is important. Many agents, including 
G-CSF glucocorticoids, pancreatic extract, vitamins, have been tried to 
improve the neutropenia with unpredictable results. Some agents have 
potential risks, such as G-CSF fostering clonal evolution and glucocor- 
ticoids fostering immunodeficiency. Severe hematopoietic dysfunction 
and cytopenias can be corrected with allogeneic hematopoietic stem cell 
transplantation.” 


Course and Prognosis 

Death from overwhelming sepsis is common. These patients, especially 
males, have a significant risk of progression to a myelodysplastic syn- 
drome or AML.”*°?°? Cytogenetic abnormalities are common, and 
telomeres are shortened,™ as in other marrow failure syndromes. Sur- 
vival is a function of the severity of the cytopenias. If the cytopenias are 
mild, survival is not uncommon into the fourth or fifth decade of life. It 
is not clear whether Shwachman-Diamond syndrome is associated with 
an increased incidence of solid tumors. 


OTHER INHERITED APLASTIC ANEMIAS 


Several other rare syndromes are associated with aplastic pancytope- 
nia, and these are described in Table 35-9. Congenital (hereditary) 
amegakaryocytic thrombocytopenia (CAMT) results from mutations 
in the TPO receptor gene, MPL.*%*” The affected children can be 
divided into two groups: CAMT I with mutations leading to complete 
loss of function of the TPO receptor, resulting in more severe thrombo- 
cytopenia and a rapid progression to pancytopenia (aplastic anemia), 
and CAMT II, resulting from a variety of missense mutations, in which 
affected children have an increase in platelet count above 50 x 10°/L with 
time and much slower progression to and sometimes less-severe pancy- 
topenia. Reticular dysgenesis results from a pluripotential stem cell 
defect as both lymphoid and granulocytic progenitors are affected.” 
It is a rare autosomal recessive disorder caused by mutations in the 
adenylate kinase 2 gene (AK2) and characterized by bilateral sensori- 
neural deafness, severe combined immunodeficiency, and agranulocy- 
tosis, which subjects infants to severe, often, life-threatening infections. 
The Seckel syndrome results from mutations in the ATR gene, and 
marrow cells exhibit heightened sister chromatid exchange.**™ The 
ataxia-telangiectasia mutated and rad3-related (ATR) kinase mediates 
cellular responses to DNA damage and replication stress. Most of the 
eight syndromes delineated in Table 35-9 can be treated by marrow 


transplantation, but this step, if successful, does not correct somatic 
abnormalities, only the hematopoietic and immunologic defect. The 
restoration of robust lymphohematopoiesis by transplantation may 
decrease their propensity to undergo clonal evolution to a clonal mye- 
loid or, in some cases, lymphoid disorder. 
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CHAPTER 36 
PURE RED CELL APLASIA 


Neal S. Young 


Pure red cell aplasia is the diagnosis applied to isolated anemia secondary 
to failure of erythropoiesis. Cardinal findings are a low hemoglobin level 
combined with reticulocytopenia and absent or extremely infrequent mar- 
row erythroid precursor. Historical names for pure red cell aplasia include 
erythroblast hypoplasia, erythroblastopenia, red cell agenesis, hypoplastic ane- 
mia, and aregenerative anemia. Aplastic anemia confers the same meaning, 
of course, but is applied to pancytopenia and an empty marrow (Chap. 35). 
Pure red cell aplasia was first separated from aplastic anemia by Kaznelson 
in 1922. The association of red cell aplasia and thymoma interested physi- 
cians in the 1930s and ultimately led to laboratory studies linking pure red 
cell aplasia to immune mechanisms, including the early identification of 
antierythroid precursor cell antibodies by Krantz and later characterization 
of T cells that inhibited erythropoiesis. Red cell aplasia as an acute and life- 
threatening complication of sickle cell disease and other hemolytic anemias was 
recognized in the 1940s, presaging the role of a specific virus in the etiology of 
both acute and chronic erythropoietic failure. Despite its infrequency, pure red 
cell aplasia has been a subject of much laboratory research because of its link 
to an immune mechanism of erythropoietic failure and as a manifestation of 
parvovirus B19 infection and viral destruction of red cell progenitors. However, 
because of its infrequency, pure red cell aplasia has not been the subject of large 
or controlled clinical trials; as a result, therapeutic recommendations are based 
on single cases or small series. Table 36—1 lists a practical classification of pure 
red cell aplasia. 


@ INHERITED PURE RED CELL APLASIA 
(DIAMOND-BLACKFAN ANEMIA) 


DEFINITION AND HISTORY 


Anemia in infancy and early childhood associated with absent reticu- 
locytes in the blood and erythroid precursor cells in the marrow was 
described by Joseph! in 1936 as a “failure of erythropoiesis” and by 
Diamond and Blackfan? in 1938 as “congenital hypoplastic anemia.” 


Acronyms and Abbreviations: B19, primate erythroparvovirus 1; BFU-E, burst- 
forming unit—erythroid; CD20, a cluster of differentiation molecule expressed on 
the surface of all mature B cells; CFU-E, colony-forming unit—erythroid; CLL, chronic 
lymphocytic leukemia; FA, Fanconi anemia; GATA7 gene, globin transcription factor 
1; HLA, human leukocyte antigen; |g, immunoglobulin; IL, interleukin; LGL, large 
granular lymphocytic leukemia; RPS74 and RPS79 genes, ribosomal protein $14 and 
$19 genes; STAT3 gene, signal transducer and activator of transcription 3 gene; T cell, 
thymus-derived lymphocyte. 


Gasser’ first reported a response of a patient to glucocorticoids in 1951, 
and Diamond and associates* presented a series of treated patients. 
Genetic linkage studies have identified etiologic mutations in ribosomal 
protein genes.*° Hundreds of cases have been reported, and many 
excellent reviews have been published.” Although Joseph was the first 
to describe the disorder, the anemia invariably is referred to as either 
Blackfan-Diamond or Diamond-Blackfan anemia. 


ETIOLOGY AND PATHOGENESIS 


An annual incidence of 5 cases per 1 million livebirths has been esti- 
mated from registry data." Well-characterized pedigrees are consistent 
with an autosomal dominant or, less often, recessive inheritance pat- 
tern. Sporadic cases are seen most frequently. Retrospective studies may 
reveal subtle hematologic or biochemical lesions, or an abnormal gene, 
in an affected parent or another relative without clinical anemia." 

Recent genetic studies have led to the characterization of 
Diamond-Blackfan anemia as a disease of ribosomal biogenesis.*7'>4 
Linkage analyses of several dozen European families mapped to a site on 
chromosome 19q13' and the finding of a translocation in one individ- 
ual allowed cloning of the ribosomal protein S19 (RPS19) gene, which 
encodes a protein involved in ribosome assembly.*° Most mutations 
are whole gene deletions, translocations or truncations; this pattern 
suggests a mechanism of haploinsufficiency, and RPS19 behaves as a 
dominant gene.'* (Disruption of both copies of the gene in the mouse 
prevents implantation.) RPS19 mutations occur in approximately 25 
percent of patients with inherited red cell aplasia'*'*; and mutations sub- 
sequently have been identified in multiple other ribosomal biogenesis 
genes (RPS10, RPS26 particularly) in other cases.'*'°?° More recently, a 
globin transcription factor 1 (GATA1) gene mutation was identified in a 
Diamond-Blackfan kindred, implicating a signal transduction pathway 
of erythroid differentiation as also causative of the syndrome.” Experi- 
ments have implicated RPS14 in one of the myelodysplastic syndromes 
characterized by loss of 5q.” 

Precisely how defects in ribosomal protein genes cause consti- 
tutional red cell aplasia is uncertain. Historically, Diamond-Blackfan 
anemia has been characterized by diminished erythroid progenitor cell 
numbers (colony forming unit-erythroid [CFU-E] and burst-forming 
unit-erythroid [BFU-E]).*™ In cell culture, early, erythropoietin- 
independent erythropoiesis is relatively normal; the major defect is in 
the late stage of erythropoietin-dependent erythroid cell expansion and 
maturation.” A defect in late erythroid differentiation is compatible 
with the classic findings of macrocytosis and increased hemoglobin F 
expression in inherited red cell aplasia. Granulopoiesis in the colony- 
forming unit-granulocyte-macrophage assay and the earlier hemato- 
poietic progenitors as measured in vitro by long-term culture-initiating 
cell assay (an assay for an early multipotential hematopoietic progeni- 
tor) frequently are abnormal, but to a lesser degree than are CFU-E and 
BFU-E.” In a zebrafish model, deficiency of rps19 in early embryogen- 
esis caused a decrease in erythrocytes and also physical anomalies.” In 
tissue culture experiments, silencing of RPS19 profoundly affects ery- 
thropoietic differentiation and, to lesser degrees, myelopoiesis.*”” Both 
in vivo and in vitro models have implicated accumulation in the cell 
of free ribosomal proteins, which modulates the inhibitory activity of 
regulators of tumor protein p53, leading to p53 stabilization and apop- 
tosis.” The specificity of this molecular defect for the erythroid pathway 
may be a result of the extreme requirement of red cell progenitors and 
precursors for ribosome biogenesis. 

Despite responsiveness of patients to glucocorticoids, there is lit- 
tle evidence of an immune mechanism, cellular or humoral, underlying 
inherited red cell aplasia. 


Part VI: The Erythrocyte 


CLINICAL FEATURES 


Approximately one-third of patients are diagnosed at birth or within 
a few weeks of delivery, and almost all are identified within the first 
year of life.’ Considerable variations are noted with regard to sever- 
ity of phenotype, ranging from hydrops fetalis**** to presentation in 
adulthood, when diagnosis is inferred from associated physical anom- 
alies.*** No sex predominance exists. Increased rates of prematurity in 
patients and of miscarriages in families have been inferred from col- 
lected cases.” Symptoms of anemia in early childhood include pallor, 
apathy, poor appetite, and “failure to thrive.” Physical anomalies occur 
in about a third of cases; most frequent is craniofacial dysmorphism, 
the classic appearance described by Cathie* is “tow-colored hair, snub 
nose, wide set eyes, thick upper lips, and an intelligent expression.” Mal- 
formations of the thumbs and short stature are frequent, followed by 
abnormalities of the urogenital system, web neck, and skeletal and car- 
diac defects.'!7*” These physical anomalies are less prevalent than the 
abnormalities seen in Fanconi anemia (FA). 


LABORATORY FEATURES 


The degree of anemia is highly variable at diagnosis. Erythrocytes may 
be macrocytic or normocytic. Reticulocytopenia is profound. The mar- 
row, which usually is devoid of red blood cell precursors, may show 
small numbers of megaloblastoid early erythroid cells with apparent 
“maturation arrest.” Platelets are normal or elevated. Leukocytes may be 
normal or slightly decreased at presentation. Neutrophils often decline 
with age, and in adult survivors neutropenia occasionally is severe 
enough to predispose to fatal infection.” 

Erythrocyte adenosine deaminase level is elevated in approxi- 
mately 75 percent of patients but also may be increased in other aregen- 
erative anemias of childhood.” Serum erythropoietin level, serum iron 
level, and total iron-binding capacity are high. Ferritin level increases as 
patients receive multiple transfusions and develop iron overload if they 
are not treated with chelation therapy. 


DIFFERENTIAL DIAGNOSIS 


The characteristic triad consists of the clinical diagnostic features of ane- 
mia, reticulocytopenia, and a paucity or absence of erythroid precur- 
sors in the marrow. These findings may be supplemented by increased 
activity of red cell adenosine deaminase and ribosomal gene mutation 
analysis. FA can be excluded by cytogenetic analyses under clastogenic 
stress and determination of FA gene mutations (Chap. 35). Transient 
erythroblastopenia of childhood, which unusually occurs in the first 
year of life, is established by spontaneous recovery. When presentation 
occurs at older ages, the distinction between inherited and acquired 
aplastic anemia can be difficult“: family history, physical anomalies, and 
characteristic cytogenetic enzymatic, or genetic findings implicate and 
indicate an inherited disorder. 


THERAPY, COURSE, AND PROGNOSIS 


Untreated inherited pure red cell aplasia is fatal; death results from severe 
anemia and congestive heart failure. Transfusions, glucocorticoids, and 
allogeneic stem cell transplantation are of proven efficacy.”*' Predictors 
of glucocorticoid administration in glucocorticoid responsive patients 
include older age at presentation, a family history, and a normal platelet 
count. Younger age at presentation and premature birth correlate with 
continued red cell transfusion dependence.” Supportive care consists 
of red cell transfusions. To avoid transfusional hemosiderosis, chelation 
with desferrioxamine should be initiated early (Chap. 43). Injury to vis- 
ceral organs from iron overload has been a major cause of death in the 
past. 


Red cell transfusions should be leukocyte depleted to avoid allo- 
immunization (see Chap. 138). Erythrocytes are administered with the 
goal of eliminating symptoms and permitting normal growth and sex- 
ual development, usually achieved by maintaining hemoglobin levels 
between 7 and 9 g/dL (70 to 90 g/L). 

Glucocorticoids are effective in many patients. Although the 
mechanism of action of glucocorticoids in this disease is not under- 
stood, their toxicities are substantial, and a response is not predictable. 
Once the diagnosis is established, prednisone is administered orally at 2 
mg/kg daily in three or four divided doses.’ A reticulocyte response 
is seen in the majority of patients 1 to 4 weeks later, followed by a rise in 
hemoglobin level. Once the hemoglobin level reaches 9 to 10 g/dL (90 to 
100 g/L), very slow reduction of the glucocorticoid dose is undertaken 
by decreasing the number of daily doses. When a single daily dose is 
achieved, an alternate-day schedule is adopted. In general, severe ane- 
mia can be avoided with continued glucocorticoid administration. The 
maintenance dose may be low (1 to 2 mg/day). Some patients may toler- 
ate complete withdrawal of prednisone, but relapse is frequent and most 
responders become glucocorticoid dependent. A variety of patterns 
of response have been described, ranging from prompt recovery and 
apparent cure to refractoriness after a long period of responsiveness.” 
Conversely, a second trial of glucocorticoids years after an apparent 
therapeutic failure may be successful. In a series of 76 patients followed 
for many years, 59 were treated with prednisone; 31 initially responded, 
and two of the 25 who initially failed later responded. Glucocorticoid 
responsiveness is strongly associated with better survival, and patients 
who require low doses of prednisone, or those few who spontaneously 
remit, may have normal life expectancies. Long-term use of high-dose 
prednisone results in significant toxicity, including some combination 
of growth retardation, cushingoid facies, buffalo hump, osteoporosis, 
aseptic necrosis of the hip and fractures, diabetes, hypertension, and 
cataracts. Red cell transfusions with iron chelation may be preferable to 
such an outcome. 

Allogeneic stem cell marrow transplantation, when successful, is 
curative (Chap. 23), but the procedure has not been widely applied to 
children responding to medical measures. The median life expectancy 
of patients requiring transfusions and iron chelation is 30 to 40 years. 
A less-favorable outcome is related to poor compliance and cardiac 
and hepatic disease from iron overload.“ Because of the morbidity and 
mortality associated with allogeneic stem cell transplant, most patients 
have been transplanted late in their disease course, after large numbers 
of transfusions, accumulation of heavy iron loads, and alloimmuniza- 
tion. Despite the poor predictive factors, 15 of 19 patients of the first 
published series of cases survived 5 months to many years posttrans- 
plant.” Comparable survival rates have been reported from European” 
and Japanese registries.** Stem cell transplantation from unrelated stem 
cell donors or use of cord blood stem cells*”*’ has been less successful. 
Recurrent red cell aplasia despite full engraftment was reported in one 
child after transplantation.” 

Other therapies have not gained wide acceptance despite prom- 
ising pilot studies, including interleukin-3 (IL-3),*! high-dose methyl- 
prednisolone,” cyclosporine and other immunosuppressive agents,” 
and prolactin induction by metoclopropamide.* Leucine, which is 
effective in animal models," is in clinical trials. 

With better survival, the risk of late development of leukemia has 
become apparent.'** Four of 76 patients followed at Children’s Hospital 
in Boston died of acute myelogenous leukemia, with a calculated rela- 
tive risk of greater than 200 times expected.“ 

Gene transfer in vitro has functionally corrected cells defective in 
RSP19,” and in animal models corrected cells show improved erythro- 
poiesis and a survival advantage in vivo™ offering the possibility of gene 
therapy. 


@TRANSIENT APLASTIC CRISIS AND 
TRANSIENT ERYTHROBLASTOPENIA 
OF CHILDHOOD 


DEFINITION AND HISTORY 


Temporary failure of erythropoiesis is clinically identical to pure red cell 
aplasia except for spontaneous resolution of symptoms and of the labo- 
ratory findings of normocytic and normochromic anemia and marrow 
erythroid hypoplasia, usually over the course of a few weeks. Erythro- 
cyte production is halted: (1) by acute primate erythroparvovirus 1 (B19 
parvovirus) infection, typically in the context of underlying hemolytic 
disease (called transient aplastic crisis); (2) in normal children, usually 
after an infection by another [unknown] childhood virus (transient ery- 
throblastopenia of childhood); or (3) as a transient reaction to a drug. 

An anemic crisis was described in the 1940s first by Lyngar® and 
then by Owren,” Gasser,’ and Dameshek and Bloom" in kindreds with 
hereditary spherocytosis. Several children within a family suffered 
anemic crises and exhibited low, rather than the usually high, reticu- 
locyte numbers. Transient aplastic crisis also was noted as a complica- 
tion of sickle cell disease.°**? Marrow examination showed decrease or 
absence of erythroid precursor cells, and often giant erythroblasts." 
An infectious etiology was suspected from the history of a preceding 
febrile illness in families and its simultaneous occurrence in siblings. 
After the serendipitous discovery of B19 parvovirus in a normal blood 
donor, Pattison and colleagues screened large numbers of stored sera for 
evidence of recent infection. Immunoglobulin (Ig) M antibody or viral 
antigen was found in the blood of Jamaican children in London, all of 
whom had transient aplastic crisis of sickle cell disease.“ B19 parvovirus 
later was established as the agent also responsible for fifth disease.® In 
the large cohort of sickle cell patients in Jamaica reported by Serjeant 
and colleagues,” virtually all episodes of transient aplastic crisis could 
be linked to B19 parvovirus. In retrospect, red cell aplasias blamed on 
kwashiorkor, vitamin deficiency, bacterial infections, and chemical 
exposures likely represented parvovirus infection. 

Gasser’ described erythroblastopenia in normal children who ulti- 
mately recovered®; the disease was recognized as an entity by Wranne® 
in the 1970s. Transient erythroblastopenia of childhood has an unclear 
etiology but may represent a postviral immune-mediated syndrome. The 
syndrome is rare and may be declining in incidence.” 


ETIOLOGY AND PATHOGENESIS 


B19 parvovirus, a small DNA virus, commonly infects humans. Most 
of the adult population has IgG antibodies specific to B19.® The virus is 


Chapter 36: Pure Red Cell Aplasia 


tropic for erythroid progenitor cells,” mainly because of their P antigen 
or globoside, the receptor for entry of B19 into the cell’ (Fig. 36-1). 
Infection lyses the target cell and abrogates erythropoiesis in vitro and in 
vivo. Reticulocytopenia probably accompanies B19 parvovirus infection 
in all infected persons.” Anemia only manifests if red cell survival is 
decreased. Infection ordinarily is terminated by production of neutraliz- 
ing antibodies to the virus (when such antibodies are absent, persistence 
of the virus produces chronic pure red cell aplasia). B19 parvovirus may 
appear in epidemics of fifth disease in the normal population and of 
transient aplastic crisis, for example, in hematology clinics specializing 
in sickle cell disease.”*” In fifth disease, IgM antibody is present in the 
blood, and virus levels are either low or are not detectable. Symptoms and 
signs of a typical “slapped cheek” cutaneous eruption and arthralgia or 
arthritis are secondary to antibody-virus immune complex deposition. 

In contrast, in transient aplastic crisis, high concentrations of virus 
are present in the circulation, and patients do not develop fifth disease. 
In children with sickle cell disease, the incidence of B19 parvovirus 
infection was estimated at approximately 11 percent, and 75 percent of 
patients were infected by age 20 years.” In this setting, parvovirus infec- 
tion was associated with transient aplastic crisis, a higher frequency of 
fever, pain, acute chest syndrome, and acute splenic sequestration syn- 
drome.” As in normal individuals, parvovirus infection can be asymp- 
tomatic in sickle cell disease.” 

The origins of transient erythroblastopenia of childhood are 
poorly understood. An apparent viral prodrome is typical,” and tem- 
poral and seasonal clustering of cases may occur.” *' With rare excep- 
tion, B19 parvovirus is not the etiology,“ and no other virus has been 
consistently implicated.” Erythroid colony numbers (Chap. 32) usually 
are low.” An immune pathophysiology has been inferred from in vitro 
experiments in which IgG from sera of patients inhibited erythropoie- 
sis** in the majority of cases.” Cell-mediated mechanisms also may play 
a causal role. In one report, T-cell depletion led to a dramatic increase 
in CFU-E formation.* A possible relationship between transient ery- 
throblastopenia of childhood and inherited red cell aplasia has been 
suggested by the clustering of polymorphic alleles in familial transient 
erythroblastopenia.” 

The same drugs implicated in chronic pure red cell aplasia apply to 
transient erythropoietic failure.” Laboratory investigations of red cell 
aplasia secondary to diphenylhydantoin” and rifampicin” are consis- 
tent with a hapten mechanism, in which serum antibody affects ery- 
throid progenitor cells only in the presence of drug. 


CLINICAL FEATURES 


Transient aplastic crisis typically occurs in younger patients who are 
chronically anemic as a result of hereditary spherocytosis, sickle cell 


Figure 36-1. A and B. Giant early erythroblast precursors in the marrow aspirate of a patient with chronic pure red cell aplasia secondary to per- 
sistent B19 parvovirus infection. Note the nuclear inclusions (darker nuclear shading) representing parvovirus infection. C. Marrow biopsy section. 
The arrows point to binucleate erythroid precursor cell with nuclear inclusions representing parvovirus infection. (Reproduced with permission from 


Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


Part VI: The Erythrocyte 


disease, or another hemolytic anemia. The decrease in erythropoiesis 
results in more evident pallor, fatigue on exertion or at rest, lassitude, 
and dyspnea on exertion. Gastrointestinal complaints or headache may 
be associated.” Parvovirus infection can unmask previously undiag- 
nosed underlying hemolytic anemia. Physical examination may reveal 
signs of anemia, such as pallor, tachycardia, and a flow murmur. No rash 
or joint swelling is seen. Elevated serum bilirubin or overt icterus may 
be a clue to underlying hemolysis. 

Transient erythroblastopenia of childhood presents as an acute 
anemia in a previously well child. The syndrome has an estimated inci- 
dence rate of 4 to 5 cases per 1 million children.**** Transient erythrob- 
lastopenia is a frequent diagnosis in children with severe anemia,” 
and is the most common cause of acquired red cell aplasia in pediatric 
patients.”*** Most patients are 1 to 3 years old,” but transient erythrob- 
lastopenia of childhood can occur in the first year of life and through 
adolescence. Rare complications include seizures and transient neuro- 
logic abnormalities.” 


LABORATORY EVALUATION 


In both syndromes, anemia is the hallmark, and hemoglobin levels may 
be markedly depressed. Reticulocytes usually are absent from the blood, 
and erythroid precursor cells are not present or markedly decreased in 
the marrow. Red cell indices are normal. White blood cell and platelet 
counts are normal or elevated. Occasionally, neutropenia and thrombo- 
cytopenia of mild or moderate degree are present (especially if splenic 
function is intact, as in hereditary spherocytosis and in transient ery- 
throblastopenia of childhood).” If the episode is brief and diagnosed 
during marrow recovery, patients may present with reticulocytosis, and 
nucleated red blood cells may be seen on the blood film. 


DIFFERENTIAL DIAGNOSIS 


The reticulocyte count readily distinguishes the cause of increasing ane- 
mia in a patient with hemolytic disease as transient aplastic crisis. The 
most important differential diagnosis for transient erythroblastopenia 
of childhood is inherited pure red cell aplasia. For the former, the age at 
presentation is older, the patient usually has no family history (but tran- 
sient erythroblastopenia of childhood may be familial and can occur 
simultaneously in siblings), physical anomalies are absent, and the 
syndrome resolves spontaneously. 

In transient erythroblastopenia of childhood (in contrast to inher- 
ited red cell aplasia), erythrocyte adenosine deaminase levels are nor- 
mal, and red cells do not show “stress” patterns of fetal hemoglobin and 
i antigen (red cell antigen expressed primarily on feral erythrocytes) 
expression. The patient’s medical history, the red cell indices, and appro- 
priate serum assays should allow prompt exclusion of more common 
causes of anemia in children, such as iron deficiency or other nutritional 
deficiencies. When transient erythroblastopenia is associated with neu- 
tropenia, acute lymphoblastic leukemia and aplastic anemia may be 
suspected: marrow examination clarifies the diagnosis.’ A record of 
current medications, more important in adults, may provide the basis 
for a tentative diagnosis of drug-induced rather than idiopathic disease. 


THERAPY, COURSE, AND PROGNOSIS 


Transient aplastic crisis resolves as neutralizing antibodies to B19 par- 
vovirus are made, usually within 1 to 2 weeks of infection. Ensuing 
reticulocytosis may be brisk, and the hemoglobin may transiently rise 
to higher-than-normal values. White cell and platelet numbers may 
“rebound, and some bone pain from marrow expansion may be present. 
Severe anemia may require transfusion of red blood cells (Chap. 138). 
No established role for administration of immunoglobulin exists. 


Transient erythroblastopenia of childhood typically terminates 
after a few weeks, but anemia may persist occasionally for months.” 
Transfusions may be required during that interval. Overtreatment of a 
self-limited illness and misdiagnosis of a more serious disease are to be 
avoided. 

For drug-associated transient failure of erythropoiesis, the sus- 
pected offending drug is discontinued and the diagnosis established 
from subsequent clinical improvement. 


@ ACQUIRED PURE RED CELL APLASIA 
DEFINITION AND HISTORY 


Acquired pure red cell aplasia is an uncommon cause of anemia 
that occurs principally in older adults. The blood counts and mar- 
row appearance are indistinguishable from the picture of Diamond- 
Blackfan anemia, that is, anemia, severe reticulocytopenia, and absent 
marrow erythroid precursor cells. The nosologic origins of acquired 
pure red cell aplasia are obscure. Early descriptions are intermixed 
with those of aplastic anemia (in retrospect, a poor term for general- 
ized marrow failure). Kaznelson™ is credited with the first case report 
in 1922. Early distinction of the two syndromes was stimulated by the 
relationship of red cell aplasia to thymoma. Although red cell aplasia 
shares with aplastic anemia an immune pathophysiology and respon- 
siveness to immunosuppressive therapies, the absence of involvement 
of neutrophils, monocytes, and platelets makes the diagnostic distinc- 
tion evident. Many of the diverse clinical associations (Table 36-1) are 
consistent with an immune-mediated pathophysiology. The mechanism 


TABLE 36-1. Classification of Pure Red Cell Aplasia 


Fetal red cell aplasia (nonimmune hydrops fetalis) 
Parvovirus B19 in utero 
Inherited (Diamond-Blackfan anemia) 
RPS19 and other RPS mutations 
Acquired 
Transient pure red cell aplasia 


Acute B19 parvovirus infection in hemolytic disease (transient 
aplastic crisis; ~100% of cases) 


Transient erythroblastopenia of childhood 
Chronic pure red cell aplasia 
Idiopathic 
Large granular lymphocytic leukemia 
Chronic lymphocytic leukemia 
Clonal myeloid diseases (especially 5gq-syndrome) 


Persistent B19 parvovirus infection in immunodeficient host 
(~15% of cases) 


Thymoma 

Collagen vascular diseases 
Post-stem cell transplantation 
Anti-ABO antibodies 

Drug induced 
Antierythropoietin antibodies 


Pregnancy 


of red cell failure is best understood for T cell-mediated autoimmune 
destruction and persistent B19 parvovirus infection. 


ETIOLOGY AND PATHOGENESIS 


Immune-Mediated Erythropoietic Failure 

Clinical and laboratory evidence supports both antibody and cellular 
mechanisms of inhibition of erythropoiesis. Red cell aplasia is associ- 
ated with autoimmune diseases, such as rheumatoid arthritis, systemic 
lupus erythematosus, myasthenia gravis, autoimmune hemolytic ane- 
mia, acquired hypoimmunoglobulinemia, autoimmune polyglandular 
syndrome, and especially thymoma, and with lymphoproliferative pro- 
cesses, such as chronic lymphocytic leukemia (CLL) and Hodgkin dis- 
ease, in which immune dysregulation is common. Serum inhibitors can 
be detected in the laboratory. Krantz and colleagues showed that immu- 
noglobulin fractions from the patient’s blood inhibited heme synthesis 
and red cell progenitor assays in vitro.” Antibodies that inhibit BFU-E 
and CFU-E colony formation are present frequently in patients with 
red cell aplasia. A pathophysiologic role can be inferred, first from the 
response of patients to specific treatments directed at antibodies, such 
as plasmapheresis and a monoclonal antibody to a cluster of differentia- 
tion molecule expressed on the surface of all mature B cells, CD20, and 
second from decreased or absent plasma antibody in recovered patients. 
Antibodies may be involved in the red cell aplasia of pregnancy.’ 

Autoantibodies to erythropoietin rarely have caused this dis- 
ease.'°*!” More frequently, red cell aplasia secondary to antibodies is 
elicited by administration of recombinant erythropoietin to patients 
undergoing renal dialysis." Anemia can be profound, and some 
patients remain transfusion dependent despite discontinuation of hor- 
mone therapy. Glycosylation of recombinant erythropoietin is different 
from the native molecule, but antibodies are directed against conforma- 
tional epitopes of the protein and not to the sugar moieties. Erythropoi- 
etin immunogenicity associates with human leukocyte antigen (HLA) 
specificities.’ The second example of antibodies of known specificity 
causing red cell aplasia occurs after hematopoietic stem cell transplanta- 
tion using donors mismatched at a major ABO locus, which can lead to 
delayed donor erythroid engraftment or late erythropoietic failure."*""* 
In most instances, however, the target antigen(s) responsible for this 
outcome is(are) not known. 

Suppression of erythropoiesis by T cells may be more common 
than antibody inhibition as a mechanism of erythropoietic failure.'” 
Suggestive clinical observations include the frequent association of red 
cell aplasia with CLL (Chap. 92) in approximately 6 percent of cases’”®; 
CLL is also associated with autoimmune hemolytic anemia and idio- 
pathic thrombocytopenic purpura”! and with large granular lympho- 
cytic leukemia (LGL; Chap. 94) in approximately 7 percent of cases.'” In 
a series of 47 red cell aplasia patients, four had CLL and nine had LGL.” 
More sensitive flow cytometric and molecular methods may detect 
clonal T-cell expansion in patients with normal numbers of circulating 
lymphocytes.’ An attractive molecular mechanism underlying CD8 
cell expansion is signal transducer and activator of transcription 3 gene 
mutations (STAT3), leading to constitutive activation of a clone of cyto- 
toxic T cells, which is relatively frequent in patients with large granular 
lymphocytosis’*° and has been described in patients with pure red cell 
aplasia.” Functionally, lymphocytes from patients with idiopathic 
pure red cell aplasia™™-"? or red cell aplasia associated with CLL, 
LGL,'*"'” thymoma," other lymphoid malignancies,’ Epstein- 
Barr virus infection,'*! and human T-cell leukemia virus 1 infection!” 
suppressed erythropoiesis in colony assays. Several mechanisms of 
cell killing have been suggested. >! When effector cells show histo- 
compatibility locus A class I-restricted killing, recognition of a spe- 
cific antigen peptide is implied by a T cell with an a T-cell receptor. 
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In one man with red cell aplasia and LGL, erythropoiesis was inhibited 
by non-MHC (major histocompatibility) antigen-restricted yd T cells 
that lysed CFU-E. T cells downregulated class I histocompatibility anti- 
gens and thus were unable to engage the natural killer cell’s inhibitory 
receptors.” 


Persistent B19 Parvovirus Infection 

B19 parvovirus specifically infects and is toxic to erythroid progenitor 
cells. Parvovirus infection normally is terminated within 1 to 2 weeks 
of infection by the humoral immune response. Linear neutralizing 
epitopes are localized to a relatively small region of the capsid protein.” 
In the absence of an effective antibody response, infection persists and 
causes pure red cell aplasia. Erythropoietic failure may be the only 
evidence of parvoviral infection. Persistence of B19 parvovirus infection 
may occur in the setting of immunodeficiency (Chap. 80), most com- 
monly caused by chemotherapeutic and immunosuppressive drugs,'*° 
human immunodeficiency virus 1 infection,“ and occasionally with 
Nezelof syndrome’s subtle immunologic abnormalities." Parvovirus at 
one time may have accounted for approximately 15 percent of severe 
anemia in patients with AIDS,'” but highly effective antiretroviral drug 
regimens have reduced its role. Persistent B19 parvovirus infection 
can occur in the fetus exposed during the midtrimester of pregnancy 
(Chap. 55). The infection can cause hydrops fetalis as a result of viral 
cytotoxicity for erythroid progenitors in the fetal liver and death of the 
newborn as a result of severe anemia and congestive heart failure. In 
rare instances, parvovirus-infected or hydropic infants rescued by red 
cell transfusion show congenital red cell aplasia or dyserythropoietic 
anemia.” 


Intrinsic Cellular Defects Leading to Failed Red Blood Cell 
Production 

Red cell aplasia can be the first or the major manifestation of myelodys- 
plasia. Discrete genetic defects can lead to failure of erythropoiesis. 
Activating point mutations in N-RAS, an oncogene in the RAS family 
occur in some cases of myelodysplastic syndrome.'**!** Mutant N-RAS 
in vitro can induce a proliferative defect in erythroid progenitor cells.'*° 
Loss of the RPS14 gene in 5q- deletions leads to red cell aplasia in this 
myelodysplastic syndrome.” In vitro colony formation may distin- 
guish such intrinsic cellular defects from immune mediated marrow 
failure, with higher BFU-E numbers predicting response to immuno- 
suppressive therapies." 


Medications 

Idiosyncratic drug reactions account for a far smaller proportion of red 
cell aplasia than of agranulocytosis (Chap. 65). Case reports have impli- 
cated various agents, such as diphenylhydantoin, sulfa and sulfonamide 
drugs, azathioprine, allopurinol, isoniazid, procainamide, ticlopidine, 
ribavirin, and penicillamine. Causality is impossible to assign from case 
reports; with nonsteroidal antiinflammatory drugs, gold, and colchic- 
ine, the underlying rheumatic syndrome may be the etiologic link. 


CLINICAL FEATURES 


Symptomatic anemia in the older patient may manifest as pallor, 
fatigue, lassitude, pulsatile tinnitus, and anginal chest pain (Chap. 34). 
Iatrogenic Cushing syndrome and the physical stigmata of secondary 
hemochromatosis are seen in patients after prolonged glucocorticoid 
administration and long-term red cell transfusion therapy. Concomi- 
tant diseases include CLL and lymphomas, collagen vascular disorders, 
myasthenia gravis, especially in the setting of thymoma, and some 
cancers. Red cell aplasia also occurs with pregnancy. Persistent B19 
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parvovirus infection should be suspected in the anemic cancer patient 
after stem cell transplantation, in patients treated with immunosup- 
pressive drugs, in patients with AIDS, and in patients with a family or 
personal history suggestive of inherited immune disorder. Other viral 
infections have been implicated in pure red cell aplasia, including infec- 
tious mononucleosis and an unknown agent in seronegative hepatitis. 


LABORATORY FEATURES 


Anemia is either normocytic or macrocytic, reticulocytopenia is pro- 
found, and white cell and platelet counts are generally normal. The 
marrow shows absent or very few erythroid precursor cells, but nor- 
mal granulopoiesis and megakaryocytopoiesis. Iron saturation and 
ferritin level frequently are elevated and rise further after repeated red 
cell transfusions. Erythroid colony assays may predict responsiveness 
to immunosuppressive treatment. The presence of marrow or blood 
BFU-E and CFU-E correlates with hematologic improvement, 10158159 
but these tests may not be generally available. 

Thymomas are frequently associated with autoimmune disease, 
myasthenia gravis most prominently and occasionally with marrow fail- 
ure syndromes.'® In pure red cell aplasia, a thymoma should be sought 
by chest imaging, including computed tomographic scan. The associ- 
ation of thymoma and pure red cell aplasia has been emphasized but 
is uncommon: thymoma in only two of 37 red cell aplasia patients,’ 
and only two instances of red cell aplasia in a series of 29 thymoma 
patients.'” The thymomas usually are encapsulated and have a spindle 
cell histology. In one series, 10 of 56 cases were considered malignant 
because of their locally infiltrating character'®; therefore, the tumors 
should be surgically excised, if feasible. 

CLL should be evident based on elevated lymphocyte count and 
immunophenotyping for monoclonality. LGL (Chap. 94), which fre- 
quently underlies red cell aplasia, may be more subtle. It’s diagnosis 
requires careful examination of the blood film for typical lymphocytic 
forms, flow cytometry for cell surface markers characteristic of natural 
killer and cytotoxic lymphocytes, and demonstration of monoclonal 
T-cell proliferation by molecular studies. 

Persistent parvovirus infection can be difficult to diagnose. Giant 
pronormoblasts scattered on the marrow film are the most character- 
istic of the condition (see Fig. 36-1), but such typical cells may not be 
observed. Marrow morphologies that are dysplastic or suggestive of leu- 
kemia also have been described. Serum antibodies specific to the virus 
are absent or only IgM is positive. Parvovirus DNA should be present 
in high concentrations in the blood and readily detected by molecular 
techniques. 


DIFFERENTIAL DIAGNOSIS 


Distinction between inherited and acquired red cell aplasia may be 
impossible in the younger patient. Rarely, pure red cell aplasia is diffi- 
cult to distinguish from more generalized marrow failure if other blood 
counts are borderline. A dysmorphic marrow smear and abnormal 
chromosomes point to myelodysplasia as responsible for isolated ane- 
mia and reticulocytopenia. B19 parvovirus infection should always be 
suspected and searched for in any immunosuppressed individual who is 
anemic because the infection can be treated. 


THERAPY, COURSE, AND PROGNOSIS 


Treatment 

Transfusion Therapy As with inherited red cell aplasia, transfusions 
and iron chelation are basic to management.’ In an adult, 1 unit of 
packed erythrocytes per week can replace marrow erythropoiesis, which 


for convenience usually is transfused as 2 units every 2 weeks. The goal 
of preventing symptoms of anemia is achievable in most patients if the 
nadir hemoglobin is greater than 7 g/dL (70 g/L). A goal greater than 
9 g/dL (90 g/L) may be preferable in patients with cardiac or pulmonary 
disease and in older patients. Even refractory pure red cell aplasia is 
consistent with a prolonged and perhaps even normal life expectancy, 
and iron-chelation therapy can be initiated based on the ferritin level 
(Chap. 43). 

Immunosuppression Immunosuppressive agents are used to 
treat disease of suspected immune origin. Response is likely in the 
majority of patients, but sequential treatment with a variety of agents 
often is required. Some patients, however, remain refractory to treat- 
ment.!!®164-16 Typically, oral prednisone 1 to 2 mg/kg/day is given first, 
and about half of patients improve. A 1- to 2-month trial can be asso- 
ciated with significant toxicity and evidence of Cushing syndrome. 
Higher response rates have been cited for cyclosporine, and some 
investigators advocate using this drug first.”™®-11 Cytotoxic agents, 
especially azathioprine and cyclophosphamide,'” can be beneficial 
but are not first-choice because of their mutagenic and leukemogenic 
properties. These drugs may be preferred for red cell aplasia associated 
with LGL, in which cytoreduction is required.'*'! Acquired pure 
red cell aplasia often responds to antithymocyte globulin.°!*!”> More 
specific monoclonal antibodies have less toxicity than does antilym- 
phocyte globulin, and can be administered without hospitalization.’ 
Daclizumab, a monoclonal antibody directed against the IL-2 receptor, 
is effective in approximately 40 percent of patients.'” Success has been 
reported also using rituximab (anti-CD20 monoclonal antibody)!’ 
and alemtuzumab (anti-CD52).'*'"'*° Some patients with resistant dis- 
ease respond to fludarabine and cladribine.'*'*° Plasmapheresis'**'*” 
has produced long-lasting improvement in a few patients, presumably 
by removing pathogenic antibodies.'*° The absence of randomized trials 
and even case series of adequate sample size makes the extrapolation of 
case reports to quantitative estimates of response problematic for many 
of these therapies.’ 

A thymoma should be excised to prevent local spread of a malig- 
nant tumor, but thymectomy does not necessarily improve marrow 
function.'* Red cell aplasia can follow thymectomy. Cyclosporine 
appears the most effective drug to treat pure red cell aplasia associated 
with thymoma." Red cell aplasia is rarely an indication for stem cell 
transplantation because the anemia usually can be managed with less 
drastic approaches. Unresponsive patients have been cured by infusion 
of allogeneic stem cells after cyclophosphamide conditioning. 

Other Therapies Despite early favorable case reports, androgens, 
erythropoietin, and splenectomy are not routinely used to treat pure red 
cell aplasia. 

Immunoglobulin for Persistent B19 Parvovirus Infection Per- 
sistent parvovirus infection results from the inability of the host to 
mount an effective humoral immune response. It can be effectively 
treated in almost all cases by administration of commercial immuno- 
globulin,”"'”* an excellent source of neutralizing antibodies present in a 
large proportion of the normal population. Infusion of immunoglobulin 
at 0.4 g/kg/day for 5 to 10 days should produce brisk reticulocytosis and 
restore a hemoglobin level appropriate for the patient. A single course 
may be adequate to cure longstanding red cell aplasia resulting from an 
underlying inherited immunodeficiency syndrome,’” but patients with 
AIDS may not show complete clearance of parvovirus from the circu- 
lation and may relapse, requiring retreatment” or maintenance immu- 
noglobulin injections (Fig. 36-2). Patients suffering from persistent 
B19 parvovirus infection do not have typical manifestations of a viral 
infection, such as fever. In these patients, immunoglobulin infusions 
can induce fifth disease symptoms of variable severity, including cuta- 
neous eruptions and arthritis. Older case reports of red cell aplasia 
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responsive to immunoglobulin infusions likely represent treatment of 
patients with previously unrecognized parvovirus infection. 
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200 Figure 36-2. Diagram of the clinical course of a 
HIV-1—infected patient with red cell aplasia caused 
by B19 persistent parvovirus.” Note the increase of 
he reticulocyte count (open circles) to the first infu- 
sion of immunoglobulin (lg) G (hatched bar) and the 
subsequent decline in parvovirus titers. Thereafter, 
he reticulocyte count and the hemoglobin (Hgb) 
concentration (closed circles) decrease, reflecting 
he return of the anemia. A second IgG treatment 
increases the reticulocyte count and Hgb concen- 
tration and decreases the parvovirus titers. PRBC, 
packed red blood cells. 
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CHAPTER 37 
ANEMIA OF CHRONIC 
DISEASE 


Tomas Ganz 


Most patients suffering from chronic infection, chronic inflammation, or some 
with various malignancies develop a mild to moderate anemia. This anemia, 
designated anemia of chronic disease or anemia of chronic inflammation, is 
characterized by a low serum iron level, a low to normal transferrin level, and 
a high to normal ferritin level. The anemia is caused by the direct and indi- 
rect inhibitory effects of inflammatory cytokines on erythrocyte production. 
Among the cytokines, interleukin-6 has a central role, acting by increasing 
hepatocyte production of the iron-regulatory hormone hepcidin. Hepcidin 
then blocks the release of iron from macrophages and hepatocytes, causing 
the characteristic hypoferremia associated with this anemia, and limiting the 
availability of iron to the developing erythrocytes. Effective treatment of the 
underlying disease restores normal erythropoiesis. When this is not possible, 
and treatment is necessary, therapeutic trials have revealed that the anemia is 
often responsive to pharmacologic doses of erythropoietin. 

Anemia of chronic kidney disease presents similarly to anemia of inflam- 
mation but because the kidneys are the predominant site of erythropoietin 
production, the pathogenesis of this anemia is frequently dominated by rel- 
ative erythropoietin deficiency, where erythropoietin concentrations in serum 
are lower than expected for the severity of anemia. Systemic inflammation 
from underlying renal disease, or induced by dialysis treatments and their 
complications, contributes to pathogenesis in a manner similar to anemia of 
inflammation. Circulating hepcidin concentrations may also rise because of its 
decreased renal clearance. Suppressive effects of uremia on erythropoiesis and 
blood losses from hemodialysis may contribute to anemia in end-stage renal 
disease. A combination of erythropoiesis—stimulating agents and intravenous 
iron is usually effective in reversing anemia but overtreatment may worsen 
overall outcomes. 


@ DEFINITION AND HISTORY 


The term anemia of chronic disease (ACD) or anemia of chronic disor- 
ders refers to mild to moderately severe anemia (hemoglobin [Hgb] 7 
to 12 g/dL) associated with chronic infections and inflammatory disor- 
ders and some malignancies.' The newer name, anemia of inflammation 


Acronyms and Abbreviations: ACD, anemia of chronic disease; Al, anemia of 
inflammation; CKD, chronic kidney disease; CPG, clinical practice guideline; CRP, 
Creactive protein; EPO, erythropoietin; ESA, erythropoiesis-stimulating agent; IDA, 
iron-deficiency anemia; IL, Interleukin; KDIGO, The Kidney Disease Improving Global 
Outcomes; sTfR, soluble transferrin receptor; TfR, transferring receptor; TNF, tumor 
necrosis factor. 


(AJ), is not only more reflective of the pathophysiology of ACD but also 
includes anemia of critical illness,’ a condition that presents similarly to 
ACD but develops within days of the onset of illness. An anemia similar 
to Al is seen in some older individuals in the absence of an identifiable 


chronic disease; this condition is sometimes referred to as unexplained 
anemia of elderlies or anemia of aging (Chap. 9). 

AI is characterized by inadequate erythrocyte production in the 
setting of low serum iron and low iron-binding capacity (i.e., low trans- 
ferrin) despite preserved or even increased macrophage iron stores in 
the marrow. The erythrocytes are usually normocytic and normochro- 
mic but can be mildly hypochromic and microcytic. Anemia of criti- 
cal illness? can develop acutely (within days) in intensive care settings 
where the effects of infection or inflammation are exacerbated by 
disease-related or iatrogenic blood loss or red cell destruction, which by 
themselves are not sufficiently severe to cause anemia. Anemia of aging? 
is diagnosed in the older when a normocytic normochromic anemia 
with low serum iron and preserved iron stores develops without an iden- 
tified underlying disease. Older patients in this defined subset typically 
have an elevated sedimentation rate and/or elevated C-reactive protein 
(CRP), a high plasma interleukin (IL)-6 concentration, and frailty. 

Anemia of chronic kidney disease (CKD) usually develops as 
chronic renal disease progresses and generally becomes more severe 
with decreasing creatinine clearance (Fig. 37-1). The anemia presents 
similarly to AI but because the kidney is the main site of erythropoietin 
(EPO) production in adults, the progressive destruction and fibrosis of 
the kidneys causes relative EPO deficiency, which frequently dominates 
the pathogenesis of this anemia. Patients with polycystic kidney dis- 
ease are often at least partially spared of the anemia, whereas patients 
with bilateral nephrectomy are particularly severely affected by EPO 
deficiency. Systemic inflammation, true iron deficiency and decreased 
clearance of hepcidin are common consequences of the underlying dis- 
ease and dialysis treatments, and one or more of these factors frequently 
worsen anemia or diminish the response to EPO therapy. 

Physicians have known about the pale appearance of patients with 
chronic infections for hundreds of years. In 19th-century Europe, tuber- 
culosis was the major killer and the pallor associated with this disease 
was romanticized in the art literature of the time. The first measure- 
ments of red cell mass revealed the association between inflammation 
and anemia. Discussing “the alterations in the condition of the Blood 
in Inflammation” in Section 372 of the 1859 edition of the Principles 
of Human Physiology, William B. Carpenter* described this connection 
between inflammation and anemia (author’s parentheses): “With this 
increase in the proportion of fibrin and colorless corpuscles (leuko- 
cytes), separately or in combination, there is a diminution of the pro- 
portion of the red corpuscles, albumen and the salts of the blood? In 
1961, 100 years later, Maxwell Wintrobe, in the fifth edition of Clini- 
cal Hematology,’ used the term “simple chronic anemia’ for the nor- 
mocytic anemia associated with the majority of infections and chronic 
systemic diseases. He described anemia associated with inflammation 
as a common subtype. Wintrobe proposed “profound alterations in iron 
and porphyrin metabolism” as the likely cause, and referred to his own 
experiments that showed a decrease in erythrocyte survival of only 27 
percent, which “could easily be met by increased erythropoiesis if the 
bone marrow functional capacity were not impaired.” Despite advances 
in our understanding of the pathophysiology of this very common form 
of anemia, our knowledge is incomplete. 

Anemia of CKD became a common problem in the 1960s when 
hemodialysis became widely available and allowed prolonged survival 
of patients with end-stage renal failure. Anemia of CKD was usually 
severe enough to limit activities of daily living and was treated by blood 
transfusions until the late 1980s when recombinant EPO became widely 
available, and alleviated the most severe forms of this anemia. 
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Figure 37-1. Relationship between hematocrit (Hct) and creatinine 
clearance in patients with CKD. Anemia worsens with decreasing 
creatinine clearance. (Reproduced with permission from Radtke HW, 
Claussner A, Erbes PM, et al: Serum erythropoietin concentration in chronic 
renal failure: relationship to degree of anemia and excretory renal function. 
Blood 54(4):877-884, 1979.) 


@ EPIDEMIOLOGY 


The high prevalence of infectious diseases worldwide and the high prev- 
alence of inflammatory and malignant disorders in industrialized coun- 
tries would suggest that AI is the second or third most common form 
of anemia after iron-deficiency anemia (IDA) and possibly thalassemia.° 
Although the prevalence of iron deficiency in the industrialized coun- 
tries is now rapidly decreasing,®’ AI is expected to increase as the popula- 
tion ages. Table 37-1 lists the most common diseases associated with AI. 

Although anemia can develop early in the progression of CKD, it 
generally worsens as the kidneys fail. Accordingly, the prevalence of 
patients with anemia of CKD worldwide is influenced by the availability 
of life-sustaining dialysis therapies. It is estimated that there are cur- 
rently approximately 600,000 patients with end-stage renal disease in 
the United States, and approximately 100,000 new patients each year," 
the majority of whom are anemic or receive treatment for anemia.’ 
Additional patients with milder anemia of CKD are found among the 
estimated 6.7 percent of the U.S. population (or approximately 20 mil- 
lion) identified as having likely CKD (estimated glomerular filtration 
rate [eGFR] <60 mL/min/1.73 m°) in the 2007-2010 National Health 
and Nutritional Examination Surveys (NHANES) study." 


TABLE 37-1. Common Conditions Associated with 
Anemia of Inflammation 


Diseases Associated with Anemia of 


Category Inflammation 


AIDS/HIV, tuberculosis, malaria (con- 
tributory), osteomyelitis, chronic 
abscesses, sepsis 


Infection 


Rheumatoid arthritis, other rheuma- 
tologic disorders, inflammatory bowel 
diseases, systemic inflammatory 
response syndrome 


Inflammation 


Malignancy Carcinomas, multiple myeloma, 


lymphomas 


Cytokine dysregulation Anemia of aging 


@ ETIOLOGY AND PATHOGENESIS 


In the chronic setting, AI predominantly results from the body’s inabil- 
ity to increase erythrocyte production to compensate for relatively small 
decrements in erythrocyte survival (reviewed in Ref. 1). In the steady 
state, erythrocyte production is sufficiently high so that the resulting 
anemia is mild to moderate. The anemia associated with acute critical 
illness has the same pathogenesis as other forms of AI but it devel- 
ops more rapidly perhaps because of the more extensive erythrocyte 
destruction and intensive diagnostic phlebotomy common in this set- 
ting. The key questions about the pathogenesis of AI, still only partially 
answered, are: (1) What accounts for the inability of the AI marrow to 
increase erythropoiesis? and (2) How is this deficit connected to the 
characteristic hypoferremia and sequestration of iron in macrophages 
and hepatocytes? Anemia of CKD is similar to AI but the underly- 
ing renal pathology also impairs the ability of the kidneys to produce 
enough EPO leading to insufficient compensatory erythropoiesis. 


RED CELL DESTRUCTION 


Human studies indicate that transfused AI erythrocytes have a normal 
life span in normal recipients but transfused normal erythrocytes have a 
decreased life span in AI recipients.’ This finding suggests that increased 
erythrocyte destruction is caused by the activation of hosts factors such 
as macrophages that prematurely remove aging erythrocytes from the 
bloodstream. The explanation is consistent with the predominance of 
young erythrocytes in AI. Whether extrinsic factors, such as bacterial 
toxins and medications, or host-derived antibodies or complement con- 
tribute to this process is unknown. 


SUPPRESSIVE EFFECTS OF INFLAMMATION ON 
ERYTHROPOIETIC PRECURSORS 


Some cytokines, chiefly tumor necrosis factor (TNF)-a, IL-1, and the 
interferons, exert a suppressive effect on erythroid colony formation.” 
Interferon-y overproduction suppresses erythropoiesis in a mouse 
model” by reducing erythrocyte life span and decreasing erythropoiesis 
without any evidence of iron restriction. It is not known to what extent 
and under what conditions these mechanisms contribute to human AI. 


INADEQUATE ERYTHROPOIETIN SECRETION 
AND RESISTANCE TO ERYTHROPOIETIN 


The normal response to increased destruction of erythrocytes is tran- 
sient anemia followed by an increase in EPO production and subsequent 
compensatory increase in erythropoiesis. One proposed explanation 
for the inadequate marrow response in AI is less EPO production than 
expected based on other types of anemia. Studies of patients with rheu- 
matoid arthritis and AI indicated that EPO levels are increased but less 
so than in IDA." The findings were similar in patients with anemias 
associated with solid tumors or hematologic malignancies.”””! However, 
these comparisons did not take into account the potentiating effect of 
iron deficiency on hypoxia sensing (Chaps. 32 and 42).” This effect 
could increase EPO production in IDA above that in other types of 
anemia, and make EPO production in AI appear low in comparison. 
In support of the EPO suppression hypothesis are experiments with 
EPO-producing cell lines indicate that production of the hormone is 
inhibited by inflammatory cytokines including TNF-a and IL-1. The 
inhibition is mediated by the effects of the transcription factor GATA-1 
on the EPO gene promoter, and the suppression of EPO production 
can be reversed by a GATA inhibitor.” Moreover, both baseline and 
hypoxia-induced EPO gene expression is suppressed in rats treated with 


bacterial lipopolysaccharide or IL-1f to mimic a septic state.* However, 
suppression of EPO production is not the major mechanism of AI. If 
it were, administration of relatively small amounts of EPO should be 
sufficient to reverse the AI. 


In contrast, relative EPO deficiency is often a major contributor 
to anemia of CKD. Most destructive diseases affecting the kidneys also 
decrease the release of EPO.’ In the kidney, interstitial fibroblasts of 
neural crest origin™” are probably the main source of EPO, but the 
identity of EPO-producing cells in the kidney remains controversial, 
mostly because the basal production of EPO is very low and ultrasen- 
sitive methods are required to detect the source of the hormone. In 
response to anemia or hypoxia, the number of renal cells producing EPO 
increases. In advanced CKD, the kidneys undergo end-stage fibrosis, 
during which these fibroblasts may transdifferentiate into myofibrob- 
lasts and lose their ability to produce appropriate amounts of EPO in 
response to hypoxia.**’” However, these or other renal cells can be acti- 
vated to increase their EPO output by the administration of therapeu- 
tic prolyl-hydroxylase inhibitors” (Chap. 32), as indicated by the lower 
stimulated EPO production by anephric patients compared to those 
with end-stage renal disease and retained kidneys. Studies in animal 
models indicate that the impairment of EPO production in end-stage 
kidneys may be reversible and could be therapeutically restored.*°”” 

Inflammation is also a strong contributor to the pathogenesis of 
anemia of CKD. Patients who had renal disease with inflammation, as 
measured by increased serum CRP greater than 20 mg/L, required on 
the average 80 percent higher doses of EPO than patients with simple 
primary EPO deficiency from renal disease.” In another study, patients 
with CRP greater than 50 mg/L reached lower concentrations of Hgb 
than patients with CRP less than 50 mg/L, despite higher doses of 
erythropoiesis-stimulating agents.” Inflammation thus induces a state 
of relative resistance to EPO, contributing to the pathogenesis of anemia 
of CKD. 


ERYTHROPOIESIS RESTRICTION AS A RESULT 
OF IRON UNAVAILABILITY 


Interleukin-6, Hepcidin, and Hypoferremia 

Hypoferremia, one of the defining features of AI, develops within hours 
of the onset of inflammation.’ Although previous studies of cytokine 
mediators of hypoferremia of inflammation were inconclusive, subse- 
quent work”! indicates that the response is dependent on IL-6 which 
induces the iron-regulatory hormone, hepcidin.” Unlike wild-type 
mice, mice deficient in either hepcidin*® or IL-6™ do not become hypo- 
ferremic during turpentine-induced inflammation. In human hepato- 
cyte cell cultures, IL-6 is a potent and direct inducer of hepcidin and 
neither IL-1 nor TNF-a share this activity. The central role of IL-6 is 
further indicated by the observation that IL-6-deficient mice do not 
acutely induce hepcidin in response to turpentine inflammation. Infu- 
sion of IL-6 into human volunteers induces hepcidin release within 
hours and causes concomitant hypoferremia.* The IL-6-hepcidin axis 
now appears to be responsible for the induction of hypoferremia during 
inflammation. However, these studies do not exclude the potential con- 
tribution of other cytokines, including activin B and interferon-y,'*”* to 
AI in human diseases or more complex mouse models. In support of 
multiple pathways of AI in a mouse model of inflammation, either the 
ablation of hepcidin or the ablation of IL-6 ameliorated the anemia, but 
neither restored normal Hgb concentration.*”** 


Serum Iron Concentration Is Dependent on Iron Released 
from Macrophages and Hepatocytes 

In the steady state, almost all of the approximately 20 to 25 mg of 
iron that daily enters the plasma iron/transferrin pool comes from 
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macrophage recycling of senescent erythrocytes and from hepatocyte 
iron stores; only approximately 1 to 2 mg come from dietary iron. Only 
approximately 2 to 4 mg of iron is bound to transferrin but the entire 
daily iron flow transits through this compartment; thus, the iron in this 
pool turns over every few hours. During inflammation the release of 
iron from macrophages and probably also from liver stores is markedly 
inhibited.” * Studies in transgenic mice lacking hepcidin and mice 
overexpressing hepcidin indicate that the peptide is a negative regula- 
tor of iron release from macrophages and of intestinal iron uptake.**”” 
During inflammation, IL-6 induces hepcidin production, which in turn 
inhibits iron release from macrophages (and probably from hepatoc- 
ytes), leading to hypoferremia (Fig. 37-2). Hepcidin acts by binding 
to cell membrane-associated ferroportin molecules that are the only 
conduits for iron export, and inducing ferroportin internalization and 
degradation.** As hepcidin concentrations increase, less and less ferro- 
portin is available for iron export and the iron release into plasma from 
macrophages, hepatocytes, and enterocytes decreases. 


Erythropoiesis in Anemia of Inflammation Is Limited by Iron 

As an intermediate step during the synthesis of heme, iron becomes 
incorporated into protoporphyrin IX. Zinc is an alternative protopor- 
phyrin ligand. In iron deficiency, increased amounts of zinc are incorpo- 
rated into protoporphyrin. In AI, zinc protoporphyrin is also increased.” 
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Figure 37-2. Diagram ofthe effect of inflammation on iron concentra- 
tions in plasma. Arrows labeled “Hepcidin’ indicate control points where 
hepcidin inhibits iron flow into the plasma transferrin compartment. 
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Insufficient iron reaches the sites of heme synthesis in developing ery- 
throcytes, leading to the substitution of zinc. Moreover, the number of 
sideroblasts, nucleated erythrocyte precursors that stain for iron with 
Prussian blue, is decreased in AI.' A further indication of the limiting 
role of iron in patients with AI but no evidence of iron deficiency is 
that coadministration of parenteral iron can resolve the resistance 
of AI to EPO.***! Attempts to treat AI with iron alone generally have 
been less successful, as iron became rapidly trapped in the macrophage 
compartment.» 

In the context of anemia of CKD, increased zinc protoporphyrin 
and decreased reticulocyte Hgb is also characteristic of functional iron 
deficiency during intense bursts of erythropoiesis stimulated by phar- 
macologic doses of EPO derivatives." 


Inhibition of Intestinal Absorption of Iron and Other Factors 
Leading to Systemic Iron Deficiency 
In longstanding AI, erythrocytes can become hypochromic and micro- 
cytic, partly because progressive depletion of iron stores worsens the 
iron restriction. Intestinal absorption of iron is inhibited *’ during 
inflammation by an IL-6 and hepcidin-mediated mechanism.*? Only 
1 to 2 mg of the daily iron needed for erythropoiesis comes from the diet 
and most adults have 400 to 2000 mg of iron stores (Chap. 42); therefore, 
a considerable amount of time is needed to deplete the stored iron. True 
iron deficiency can eventually develop in chronic inflammatory dis- 
eases, especially in children who have smaller iron stores and an addi- 
tional requirement for iron because of body growth, or in conditions 
where IL-6 levels are particularly high, such as systemic-onset juvenile 
chronic arthritis. The anemia in these children was accompanied by 
an appropriate EPO increase, but was unresponsive to oral iron replace- 
ment. The anemia was corrected, at least partially, by parenteral iron. 
In anemia of CKD, several additional factors may contribute to 
true iron deficiency, including the blockade of intestinal iron absorption 
by higher hepcidin concentrations from its decreased renal clearance 
and the blood losses from hemodialysis, phlebotomy for laboratory 
studies, and occult gastrointestinal bleeding. 


Summary of Pathogenesis 

AI is primarily the result of slightly decreased red cell survival and of 
macrophage iron sequestration leading to iron-restricted erythropoie- 
sis. Depending on the underlying disease, the condition is compounded 
by inadequate EPO production, suppressive effect of inflammation on 
erythropoietic precursors, or depletion of iron stores. Anemia of CKD is 
dominated by the effects of relative EPO insufficiency but inflammation 
and blood loss also contribute to its pathogenesis. 


@ CLINICAL FEATURES 


The clinical manifestations of AI and anemia of CKD are usually 
obscured by the signs and symptoms of the underlying disease. Mod- 
erate anemia (Hgb <10 g/dL) can exacerbate the symptoms of preex- 
isting ischemic heart disease or respiratory disease, or contribute to 
fatigue and exertional intolerance. More severe untreated anemia seen 
mainly with CKD may cause extreme fatigue, dyspnea on exertion, and 
high-output congestive heart failure. The diagnosis is based on clinical 
features found in conjunction with typical laboratory abnormalities. 


@ LABORATORY FEATURES 


The erythrocytes in AI and anemia of CKD are usually normocytic and 
normochromic but, with increasing severity or duration, can sometimes 
become hypochromic and eventually microcytic.' The absolute reticu- 
locyte count is normal or slightly elevated. 


HYPOFERREMIA AND INCREASED SERUM 
TRANSFERRIN 


Hypoferremia, a decrease in serum iron concentration, is a defining fea- 
ture of AI and, in the absence of iron therapy, is also commonly seen 
in anemia of CKD. It develops within hours of the onset of infection 
or severe inflammation. The concentration of the iron-binding protein, 
transferrin (measured as total iron binding capacity), is moderately 
decreased in AI, unlike in IDA in which transferrin concentration is 
increased. The decrease in transferrin concentrations develops more 
slowly than the decrease in serum iron levels because of the longer half- 
life of transferrin (8 to 12 days) compared to the turnover of plasma 
iron (approximately 90 minutes). 


INCREASED SERUM FERRITIN 


Serum ferritin concentrations, which reflect iron stores and inflamma- 
tion, are increased in AI but decreased in iron deficiency. Thus, serum 
ferritin is useful in differential diagnosis in patients with low serum 
iron concentrations.® Depleted iron stores in patients with coexisting 
inflammation may result in intermediate ferritin levels (Table 37-2 
and Fig. 37-3) because ferritin is an acute-phase protein and inflam- 
matory cytokines increase ferritin synthesis. In this situation, iron 
deficiency should be suspected if ferritin concentrations are less than 
60 mcg/L. Soluble transferrin receptor (sTfR) levels (Table 37-2) 
increase with increased demand of the erythroid marrow for iron but 
inflammation may have a direct suppressive effect on sTfR. As a result, 
sTER is increased in iron deficiency but, unlike ferritin, it is unchanged 
or decreased during infection or inflammation. Although these prop- 
erties should make sTfR a useful diagnostic parameter alone or in com- 
bination with ferritin,” the use of sTfR in practice has been hampered 
by inadequate standardization and inconsistent reports of its clinical 
utility. Another promising marker that may differentiate AI from sys- 
temic iron deficiency is serum hepcidin, as very low serum hepcidin 
levels in the setting of hypoferremia are diagnostic of systemic iron defi- 
ciency. However, the assays have not yet been standardized and the clin- 
ical utility of hepcidin measurements in differential diagnosis of anemia 
has not yet been tested in large heterogeneous patient populations. 

Low serum ferritin concentrations are indicative of iron deficiency 
in anemia of CKD but normal or even high ferritin concentrations 
do not preclude a clinical response (increased Hgb) after parenteral 
iron therapy. In these settings, high ferritin levels may largely reflect 
inflammation, and augmented iron supply may be needed to overcome 
“functional iron deficiency,’ that is, to provide sufficient iron supply 
for pulsatile erythropoiesis stimulated by intermittently administered 
pharmacologic doses of EPO or its derivatives.” 


MARROW IRON STAIN 


Marrow aspiration or biopsy is rarely required for the diagnosis of AI. 
In general, the marrow is normal, unless the underlying disease alters 
the picture. The most important information obtained from marrow 
examination is the content and distribution of iron. Iron in a marrow 
preparation can be found as storage iron in the cytoplasm of macro- 
phages or as functional iron in nucleated red cells. In normal indi- 
viduals, a few Prussian blue-staining particles can be found inside or 
adjacent to many macrophages. Approximately one-third of nucleated 
red cells contain one to four blue inclusion bodies and such cells are 
called sideroblasts. Both sideroblasts and macrophage iron are absent 
in iron deficiency. In contrast, sideroblasts are decreased or absent but 
macrophage iron is increased in AI. The increase in storage iron in 
association with a decreased level of circulating iron and a decreased 
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TABLE 37-2. Laboratory Studies of Iron Metabolism in lron-Deficiency Anemia and Anemia of Inflammation 


IDA (n = 48) Al (n = 58) COMBI (n = 17) 
Hemoglobin, g/L 93 + 16 (96) 102 + 12 (103) 88 + 20 (90) 
MCV, fL 75 975) 90 + 7 (91) 78 + 9 (79) 
Iron, umol/L (10-40) 8+11 (4) 10 + 6 (9) 6+ 3 (6) 
Transferrin, g/L (2.1-3.4 m, 3.3 + 0.4 (3.3) 1.9+0.5 (1.8) 2.6 + 0.6 (2.4) 
2.0-3.1 f) 
Transferrin saturation, % TESST) 23} ae 113} (1) 12+7 (8) 
Ferritin, ug/L (15-306 m, 5-103 f) 21+55(11) 342 + 385 (195) 87 + 167 (23) 
TfR, mg/L (0.85-3.05) 6.2 + 3.5 (5.0) 1.8 + 0.6 (1.8) 5.1 + 2.0 (4.7) 
TfR/log ferritin 6.8 + 6.5 (5.4) 0.8 + 0.3 (0.8) 3.8 = 1.9 (3.2) 


f, Females; m, males; TfR, transferrin receptor. 


Diagnosis was defined by marrow iron stain and appropriate coexisting disease. Patients with a combination of no stainable marrow iron and 
either coexisting disease or elevated CRP were classified as “COMBI.” Normal ranges for this laboratory for males (m) and females (f) are indi- 


cated. Measurements are presented as mean + SD (median). 


Modified with permission from Punnonen K, Irjala K, Rajamaki A: Serum transferrin receptor and its ratio to serum ferritin in the diagnosis of iron 


deficiency. Blood 89(3):1052-1057, 1997. 


number of sideroblasts is characteristic of AI. Although marrow stain 
could be considered the gold standard for differential diagnosis of AI 
and iron deficiency, the discomfort to the patient associated this proce- 
dure, reports of variability in interpretation” and the wide availability 
of the serum ferritin assay have decreased the use of marrow stain in 
this setting. 
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Figure 37-3. Distribution of serum ferritin measurements in patients 
with iron-deficiency anemia (IDA), anemia of chronic disease (ACD = 
anemia of inflammation [Al]) and combined IDA and ACD (COMBI). 
The horizontal lines indicate lower normal values for healthy men and 
women. (Reproduced with permission from Punnonen K, Irjala K, Rajamaki 
A: Serum Transferrin Receptor and Its Ratio to Serum Ferritin in the Diagnosis 
of Iron Deficiency. Blood 89(3):1052-1057, 1997.) 


@ DIFFERENTIAL DIAGNOSIS 


Most patients with chronic infections, inflammatory diseases, or neo- 
plastic disorders are anemic. The diagnosis of AI should only be made if 
the anemia is mild to moderate, the serum iron and iron-binding capac- 
ity are low, and the serum ferritin is elevated. Anemia of CKD is rare in 
mild renal disease but common and often severe in end-stage renal dis- 
ease. Underlying diseases, comorbidities, and their treatments can cause 
many types of anemia, so other potential causes should be considered. 


1. Drug-induced marrow suppression or drug-induced hemolysis can 
complicate infections, inflammatory disorders, CKDs, and cancer. 
When the marrow is suppressed by cytotoxic drugs or idiopathic 
toxic reaction, serum iron tends to be high and reticulocyte count 
low. In hemolysis, reticulocyte counts, haptoglobin, bilirubin, and 
lactate dehydrogenase often are elevated. 

2. Chronic blood loss depletes iron stores and decreases serum iron 
and serum ferritin but increases transferrin (Chap. 43). When AI 
and chronic blood loss coexist, serum ferritin usually indicates the 
predominant disorder, although the level can increase as a result 
of inflammation itself. Chronic blood loss from hemodialysis or 
occult gastrointestinal bleeding is common in anemia of CKD and 
its lowering effect on ferritin may be masked by coexisting inflam- 
mation. Testing stool for occult blood and looking for other sources 
of overlooked blood loss, including phlebotomy, urinary loss and 
menorrhagia, often identify the source of bleeding. Once this issue is 
addressed, a successful trial of iron repletion confirms the diagnosis 
of iron deficiency complicating AI or anemia of CKD. 

3. Endocrine disorders, including hypothyroidism and hyperthyroid- 
ism, testicular failure, and diabetes mellitus, can be associated with 
a chronic normocytic, normochromic anemia (Chap. 38). Unless 
inflammation or associated iron deficiency is present, serum iron 
should be normal in these disorders. 

4. Anemia resulting from metastatic invasion of the marrow by tumors 
can be the presenting symptom of malignancy. The anemia can 
develop in the setting of a previous diagnosis of carcinoma or 
lymphoma and by itself is accompanied by normal or increased 
serum iron (Chap. 45). It often develops in the setting of preexist- 
ing malignancy-related AI. The blood film often is abnormal, with 
poikilocytes, teardrop-shaped red cells, normoblasts, or immature 


Modality Indications Typical Setting Risks and Side Effects Specific Benefits 
Transfusion e Cardiac ischemia e Hgb <10 g/dL e Infections e Rapid correction of 
e Lack of response to e Chest pain and electro- + Volume overload anemia 
other modalities cardiogram changes + Transfusion reaction 
Erythropoietin + Fatigue, exertional e Hgb <10 g/dL e Response takes several e Usually well tolerated, 
intolerance - Anemia symptoms weeks relatively safe 


Balance against 
side effects in Hgb 
10-12 g/dL 


Rare red cell aplasia 
with some forms of 
erythropoietin'” 


May worsen outcome in 
some cancers! 


Increased thromboembolic 
events72- 8296109 


e Expensive 
Iron (oral or e Coexisting iron e Suspected or docu- e Gastrointestinal side effects + Inexpensive, relatively 
parenteral)?! deficiency mented iron deficiency (oral) safe 


Resistance to erythro- 
poietin (investigational) 


Systemic and local reactions 
(parenteral) 


May decrease resistance to 
infections?®103-19 


myeloid cells. Direct marrow examination is necessary to establish 
the diagnosis. 

5. Thalassemia minor is a common cause of mild anemia in many parts 
of the world. It can be confused with AI (Chap. 48). Microcytosis 
is a life-long condition and usually is more severe in this group of 
disorders than in AI. 

6. Dilutional anemia is seen in pregnancy and in patients with severely 
increased plasma protein levels as a result of multiple myeloma or 
macroglobulinemia (Chap. 109). 


@ THERAPY, COURSE, AND PROGNOSIS 


Anemia that presents in the setting of infection, inflammation, or malig- 
nancy requires sufficient diagnostic studies to rule out reversible and 
potentially more threatening causes, such as occult hemorrhage; iron, 
vitamin B,,, and folate deficiencies; hemolysis; and drug reaction. If the 
anemia can be designated as AI after such studies, effective treatment of 
the underlying disease resolves the anemia. If treatment of the under- 
lying disease is not effective and the patient has symptoms or medical 
complications attributable to anemia, one or more of the available ane- 
mia-specific treatment modalities should be considered (Table 37-3). 
These recommendations are also applicable to anemia of CKD where, 
for most patients, only renal transplantation can reverse the underlying 
pathology. However, although anemia generally resolves or improves 
after renal transplantation, 30 to 40 percent patients continue to be ane- 
mic, mainly because of pathologic changes in the transplanted kidney 
and adverse effects of immunosuppressive drugs.”"”* 

Specific therapy for AI and anemia of CKD employs erythrocyte 
transfusions, erythropoiesis-stimulating agents (ESAs) and intravenous 
iron (see Table 37-3). Transfusion of erythrocytes is used to correct AI 
or anemia of CKD when anemia is moderate to severe and the patient 
is acutely symptomatic. Because treatment with ESAs often effectively 
treats chronic anemia but may increase the risk of thromboembolic 
events,” guidelines have been proposed for appropriate use of these 
agents. The widespread adjunctive use of intravenous iron with ESAs 
may increase their effectiveness and reduce the required doses but 


evidence to date has not resulted in a consensus on specific indications 
for intravenous iron or its optimal dosing.” 


THERAPY FOR ANEMIA OF INFLAMMATION 


EPO therapy for the treatment of AI has been tested in the setting of 
various cancers,**** multiple myeloma and other hematologic malignan- 
cies,”!*°*” rheumatoid arthritis,” and inflammatory bowel diseases.”*? 
In most reports, more than 50 percent of the patients experienced Hgb 
increases greater than 2 g/dL. Guidelines for the use of EPO in anemia 
associated with hematologic and nonhematologic malignancy were pub- 
lished in 2002% and updated in 2007% and again in 2010.°° Because of 
shared pathogenesis between anemia of cancer and AI, and the absence 
of more specific recommendations, these form a reasonable guide for 
the EPO treatment of AI. The guidelines (used and quoted or para- 
phrased here with permission) recommend treating patients with Hgb 
less than 10 g/dL when necessary to avoid red blood cell transfusions, 
and after discussion of the patient's preferences between transfusion and 
EPO treatment. Furthermore, the FDA recommends that dosing should 
be “titrated for each patient to achieve and maintain the lowest hemo- 
globin level sufficient to avoid the need for blood transfusion.” Because 
of reports of increased risk of thromboembolism in patients receiving 
these agents, clinicians should carefully weigh the risks of thromboem- 
bolism in patients for whom ESAs are prescribed. An optimal target 
Hgb concentration cannot be definitively determined from the available 
literature. Modification to reduce the ESA dose is appropriate when Hgb 
reaches a level sufficient to avoid transfusion or the increase exceeds 1 g/ 
dL in any 2-week period to avoid excessive ESA exposure. The FDA-ap- 
proved starting dose of epoetin is 150 U/kg three times a week or 40,000 
U weekly subcutaneously. The FDA-approved starting dose of darbepo- 
etin is 2.25 mcg/kg weekly or 500 mcg every 3 weeks subcutaneously. 
Alternative starting doses or dosing schedules have shown no consistent 
difference in effectiveness on outcomes, including transfusion and Hgb 
response, although they may be considered to improve convenience. 
Dose escalation should follow FDA-approved labeling; no convincing 
evidence exists to suggest differences in dose escalation schedules are 
associated with different effectiveness. Continuing the ESA treatment 


beyond 6 to 8 weeks in the absence of response (e.g., <1 to 2 g/dL rise 
in Hgb), does not appear to be beneficial and EPO therapy should be 
discontinued. The most recent specific guidelines for dose reduction 
are contained in the FDA-approved package insert. Baseline and peri- 
odic monitoring of iron, total iron-binding capacity, transferrin satu- 
ration, or ferritin levels and instituting iron repletion when indicated 
may be valuable in limiting the need for EPO, maximizing symptom- 
atic improvement for patients, and determining the reason for failure to 
respond adequately to EPO. 


THERAPY FOR ANEMIA OF CHRONIC KIDNEY 
DISEASE 


The most current recommendations are The Kidney Disease Improv- 
ing Global Outcomes (KDIGO) clinical practice guideline (CPG) for 
anemia in CKD,” based upon systematic literature searches last con- 
ducted in October 2010 and supplemented with additional evidence 
through March 2012. For adult patients, these guidelines recommend 
that a newly anemic patient with CKD should have laboratory studies 
to rule out vitamin B,, and folate deficiencies (Chap. 41), and a thera- 
peutic trial of IV iron if their transferrin saturation is equal to or less 
than 30 percent and ferritin is equal to or less than 500 ng/mL. After 
the guidelines were published, the recommendation for a trial of IV 
iron received some support from a randomized trial showing that IV 
iron therapy delays or reduces the need for other anemia management 
including ESAs.” However, the entry criteria for this trial were more 
restrictive than those in the guidelines. The guidelines go on to recom- 
mend that individualized therapy with ESAs may be started when Hgb 
concentrations fall below 10 g/dL and are adjusted to maintain Hgb not 
exceeding 11.5 g/dL unless the patient perceives an increased quality of 
life at higher Hgb levels (not exceeding 13 g/dL) and is willing to accept 
increased risks. 


ADJUNCTIVE USE OF INTRAVENOUS IRON 
WITH ERYTHROPOIETIN 


This use of IV iron is an empiric therapeutic strategy based on the idea 
that iron becomes limiting when marrow production of erythrocytes 
is pharmacologically stimulated. In some cases occult iron deficiency 
coexists with AI. In other situations, limited iron stores may become 
depleted when EPO is initiated.” In hemodialysis patients with high 
ferritin, low transferrin saturation (less than 25 percent), and above 
average EPO requirements, iron supplementation of EPO treatment 
with a 1-g loading course of intravenous ferric gluconate was shown to 
lead to a small increase in Hgb and decreased dosage of EPO. It is 
not yet certain whether this strategy is applicable to other AI settings. 
Pending additional studies, the coadministration of iron with EPO in 
AI in the absence of demonstrated iron deficiency remains investiga- 
tional.“ Because of its ability to decrease the use of ESAs, the use of 
IV iron is now common practice in CKD patients on hemodialysis, 
without a clear consensus about the indications and potential risks of 
this strategy.” Concerns exist that iron supplementation in AI or CKD 
may increase susceptibility to infections, ™™!” but epidemiologic studies 
have not come to consistent conclusions on this risk.**!°*!* The use of 
high bolus doses of iron in patients with intravenous catheters!” may be 
associated with increased infections. 
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CHAPTER 38 
ERYTHROPOIETIC EFFECTS 
OF ENDOCRINE DISORDERS 


Xylina T. Gregg 


Anemia is the most common hematopoietic abnormality in endocrine disor- 
ders and may be the first manifestation of an endocrine disorder. Polycythe- 
mia/erythrocytosis is less common, but occurs in certain endocrine disorders. 
The pathophysiologic basis of the anemia is often multifactorial, but a direct 
influence of hormones on erythropoiesis in some instances may contribute to 
anemia. A decreased plasma volume in some of these disorders may mask the 
severity of anemia. It has been proposed that anemia in endocrine-deficiency 
states may be physiologic to adjust for decreased oxygen requirements. Some 
endocrine disorders are associated with an impaired response to the therapeu- 
tic use of erythropoietin. 


@THYROID DYSFUNCTION 
HYPOTHYROIDISM 


Anemia is a well-recognized complication of thyroidectomy and other 
causes of hypothyroidism and may also occur in subclinical hypothy- 
roidism.' In a retrospective review, anemia defined as a hemoglobin less 
than 13 g/dL in men and less than 12 g/dL in women was present in 57 
percent of patients with hypothyroidism.’ The anemia in hypothyroidism 
has been described variably as normocytic, macrocytic, or microcytic? 
coexisting deficiencies of iron, vitamin B,,, and folate may explain some 
of this heterogeneity. In a study of approximately 60 anemic patients with 
untreated primary hypothyroidism, 10 percent had a macrocytic ane- 
mia, all of whom had vitamin B, deficiency, 43 percent had a microcytic 
anemia and iron deficiency, and the remainder had a normocytic ane- 
mia.* However, even when these deficiencies have been excluded, some 
hypothyroid patients have a macrocytic anemia.’ In addition, although 
most hypothyroid patients have a significant reduction in their red cell 
mass, anemia is not always evident from hemoglobin and hematocrit 
values owing to a concomitant reduction of plasma volume.*” 

Hypothyroidism may contribute to the development of iron defi- 
ciency (Chap. 43) due to associated menorrhagia, although this asso- 
ciation is less common than previously thought.* Because thyroid 
hormone may augment iron absorption,” iron deficiency in hypothy- 
roidism may also be caused by impaired iron absorption, either directly 
from a lack of thyroid hormone or an associated achlorhydria.'"* Con- 
versely, iron deficiency impairs thyroid hormone synthesis by reducing 
the activity of heme-dependent thyroid peroxidase." In patients with 
coexisting iron-deficiency anemia and subclinical hypothyroidism, the 
anemia often does not adequately respond to oral iron therapy. Com- 
bined treatment with oral iron and levothyroxine results in superior 
improvement in hemoglobin and ferritin levels compared with levothy- 
roxine alone in these patients. 1*5 

Although the macrocytosis seen in hypothyroid patients may be 
due to deficiencies of vitamin B ,*° or folate‘ (Chap. 41), hypothyroidism 


also causes macrocytosis that resolves with thyroxine treatment.* The 
mean corpuscular volume of hypothyroid patients with low vitamin B,, 
levels is similar to those with uncomplicated hypothyroidism, so this is 
not a sensitive means of identifying patients with hypothyroidism com- 
plicated by B,, deficiency.’ Although there is an established association 
of hypothyroidism and pernicious anemia,'”'* the underlying mecha- 
nism is unclear. In one analysis of 116 hypothyroid patients, 40 percent 
had low serum vitamin B, levels.” Although the mean hemoglobin was 
slightly lower in the vitamin B „-deficient group (11.9 g/L vs. 12.4 g/L), 
the mean corpuscular volume and prevalence of antithyroid antibodies 
did not differ between the two groups.” 

However, even when iron deficiency, vitamin B, deficiency, and 
other confounding causes of anemia have been excluded, anemia can 
be a direct consequence of thyroid hormone deficiency.™® Dogs sub- 
jected to thyroidectomy have a normocytic, normochromic anemia that 
is associated with reticulocytopenia and marrow erythroid hypoplasia.” 
In hypothyroid humans and thyroidectomized animals, the red cell life 
span is normal, and results of ferrokinetic studies are compatible with 
hypoproliferative erythropoiesis.””' Administration of thyroid hor- 
mones increases the rate of red cell production in experimental 
animals,” whereas thyroidectomy decreases red cell production.” 
Because thyroid hormones affect the cellular needs for oxygen, these 
responses are compatible with an appropriate physiologic adjustment. 
Evidence of a direct effect of thyroid hormones on erythropoiesis exists. 
Some in vitro studies show that triiodothyronine, thyroxine, and nonca- 
lorigenic resin triiodothyronine all potentiate the effect of erythropoi- 
etin on erythroid colony formation.* Thyroid hormones also increase 
hypoxia-induced production of erythropoietin in the rat kidney and a 
human hepatoma cell line.” However, other in vitro studies show an 
inhibitory effect of triiodothyronine on erythroid colony formation, 
particularly in combination with all-trans retinoic acid.” 

Hypothyroidism may also affect the response to erythropoietin 
therapy. After adjusting for other variables, the mean monthly erythro- 
poietin dose required to maintain a target hemoglobin level in hemo- 
dialysis patients was significantly higher in hypothyroid compared with 
euthyroid patients.” 

Improvement in the hemoglobin concentration in response to 
thyroid hormone therapy is seen over a several-month period.* White 
blood cell and platelet counts usually are unaffected in hypothyroidism. 
However, pancytopenia in association with marrow hypoplasia has been 
reported in a patient with myxedema coma; the hematologic abnormali- 
ties in this patient resolved with thyroid hormone replacement.” 


HYPERTHYROIDISM 


Although thyroid hormone administration increases red cell production 
in animals,” humans with hyperthyroidism generally do not have ery- 
throcytosis. Anemia is present in 10 to 25 percent of these patients.*” 
This finding may be the result of increased plasma volume’; however, 
decreased red cell survival and ineffective erythropoiesis™ also have 
been described. Antithyroid treatment ameliorates the anemia.*’*? A 
patient with autoimmune hemolytic anemia and hyperthyroidism has 
been described; the hemolysis in this patient abated with treatment of 
the hyperthyroidism.” Pancytopenia rarely occurs but also may respond 
to treatment of hyperthyroidism.**” 


@ ADRENAL GLAND DISORDERS 
ADRENOCORTICAL INSUFFICIENCY 


A normocytic normochromic anemia may be seen in primary adrenal 
insufficiency (Addison disease),'*** but the anemia may also be masked 
by the concomitant reduction in plasma volume that is common in 
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this disease.** In a series of patients with Addison disease, some patients 
with normal hemoglobin levels developed transient anemia after ini- 
tiation of hormone replacement therapy, presumably secondary to an 
increased plasma volume.** 

In experimental animals, adrenalectomy causes a mild anemia that 
responds to glucocorticoids.” However, the pathophysiologic basis of 
the anemia and any influence of adrenal cortical hormones on erythro- 
poiesis are not well defined. 

Pernicious anemia occurs in patients with autoimmune adrenal 
insufficiency, but is seen primarily in patients with type I polyglandular 
autoimmune syndrome, whose other manifestations include mucocu- 
taneous candidiasis and hypoparathyroidism.*” Anemia as a result of 
primary erythropoietin deficiency was reported in one patient with this 
syndrome.” 


CUSHING DISEASE AND ALDOSTERONISM 


Glucocorticoids interact with erythropoietin in vitro to enhance ery- 
throid colony proliferation.” Glucocorticoid receptors, activated by 
their cognate ligand, initiate Janus kinase 2 phosphorylation-mediated 
cytoplasmic signal transduction, which may stimulate erythropoiesis by 
a mechanism shared with erythropoietin (Chaps. 32 and 57). Erythro- 
cytosis has been reported in Cushing syndrome,“ primary aldostero- 
nism,“ and Bartter syndrome.“ 

However, a study of 63 women and 17 men with Cushing disease 
found that although the hemoglobin levels in the females were evenly 
distributed over the normal range, the hemoglobin levels were in the 
lowest quartile in 14 of the 17 men, and 3 of these 14 were anemic.** 
The reduced hemoglobin levels in the male patients correlated with a 
low testosterone level and slowly improved after treatment of Cushing 
disease. 


CONGENITAL ADRENAL HYPERPLASIA 


The most common cause of congenital adrenal hyperplasia is 
21-hydroxylase deficiency, which impairs conversion of 
17-hydroxyprogesterone to 11-deoxycortisol.” Patients with the “classic 
form” present during the neonatal period with adrenal insufficiency, but 
others have a late onset presentation with findings of androgen excess. 
Erythrocytosis, likely a consequence of increased androgen levels, has 
been reported in patients with congenital adrenal hyperplasia result- 
ing from 21-hydroxylase deficiency,“ and erythrocytosis has also been 
described as the presenting manifestation of this disease.” 


PHEOCHROMOCYTOMA 


Pheochromocytomas and the closely related tumor, paraganglioma, are 
rarely associated with erythrocytosis. This finding is believed to be a 
result of autonomous erythropoietin production by the tumor,” often 
mediated by von Hippel-Lindau mutations that cause or contribute to 
pheochromocytoma development (Chaps. 32 and 57). 

However, several individuals with congenital polycythemia have 
developed recurrent pheochromocytomas, paragangliomas, and some- 
times somatostatinomas.*'’ Their tumors are heterozygous for a het- 
erogeneous gain-of-function mutation of hypoxia-inducible factor-2a 
gene and erythropoietin transcript is present in tumor tissues (Chaps. 
32 and 57). However, these mutations are generally not found in non- 
tumor tissues, so the etiology of the association of these tumors with 
polycythemia is unknown.*)? 

A syndrome of congenital polycythemia associated with a muta- 
tion in the proline hydroxylase type 2 gene and recurrent paraganglio- 
mas has also been described in a single family." 


@GONADAL HORMONES 
ANDROGENS 


Sexually mature males have higher hemoglobin levels than prepubertal 
males, older males, and females.™ This difference is attributed to andro- 
gen production. Testosterone levels directly correlated with hemoglo- 
bin levels in a community population of males 30 to 94 years of age.” 
Another study of males 70 to 81 years of age also found a correlation 
between hemoglobin and testosterone levels, but when individuals 
with hemoglobin less than 13 g/dL and/or a testosterone level less than 
8 nmol/L were excluded, the association was no longer significant.*° 
Orchiectomy results in a median decrease in hemoglobin concentra- 
tion of 1.2 g/dL.” “Medical” castration with combined androgen 
blockade by gonadotropin-releasing agonists and antiandrogens also 
causes anemia.” 

The erythropoietic effects of androgens have been widely exploited 
for the treatment of various anemias, especially before the development 
of recombinant erythropoietin. Testosterone therapy in hypogonadal 
men increased the mean hematocrit from 38.0 percent to 43.1 percent within 
3 months.” Two meta-analyses found that erythrocytosis (defined as a 
hematocrit greater than 50 or 52 percent) was greater than three times 
more likely to occur in a testosterone-treated group compared to pla- 
cebo.®! Erythrocytosis was reported in a woman treated for breast 
cancer with an aromatase inhibitor, which prevents the conversion of 
androstenedione and testosterone to estrogen.” 

The mechanism of androgen action appears to be complex, with 
evidence for stimulation of erythropoietin secretion® and a direct effect 
on the marrow.” Androgen receptors have been identified in the mar- 
row cells of human males and females. However, the cells expressing 
the receptors included stromal cells, endothelial cells, macrophages, and 
myeloid precursors, but not erythroid cells, thus the pathophysiologic 
significance of this association is unclear. Testosterone administration 
is associated with an increase in erythropoietin levels and a decrease 
in hepcidin levels.” Although erythropoietin levels declined with con- 
tinued testosterone administration, they remained inappropriately high 
despite improved hemoglobin levels, suggesting a new setpoint.“ 


ESTROGENS 


Data regarding the role of estrogens is conflicting. Administration of 
large doses of estrogen led to a moderately severe anemia in rats. 
However, hematopoietic stem cells express estrogen receptor-a and 
estrogen signaling via this receptor promotes hematopoietic stem cell 
self-renewal and stimulates erythropoiesis.® 


@ PITUITARY GLAND DISORDERS 
PITUITARY INSUFFICIENCY 


The most common cause of pituitary insufficiency is pituitary tumors 
or consequences of their therapy.” Other etiologies include hypotha- 
lamic tumors or dysfunction, sarcoidosis or other infiltrative diseases, 
pituitary hemorrhage or infarct, genetic causes, and idiopathic pituitary 
failure. Regardless of the cause, hypopituitarism results in a moderately 
severe normochromic normocytic anemia, with an average hemoglobin 
level of 10 g/dL.” Anemia and erythroid hypoplasia have also been 
described in hypophysectomized animals.” 

In rats, removal of the posterior lobe of the pituitary, which secretes 
vasopressin and oxytocin, does not result in anemia.” Thus, the anemia 
of hypopituitarism presumably results from the absence of the ante- 
rior lobe hormones, adrenocorticotropic hormone, thyroid-stimulating 
hormone, follicle-stimulating hormone, luteinizing hormone, growth 


hormone, and prolactin, although the exact role of each of these hor- 
mones in the pathogenesis of anemia is unknown. The resulting defi- 
ciencies of thyroid hormones, adrenal hormones, and androgens are 
likely the major contributors to anemia. Combined adrenalectomy and 
thyroidectomy in animals results in an anemia that is similar but not 
identical to that seen after hypophysectomy.” A correlation between low 
testosterone levels and anemia has been observed in human males with 


hypopituitarism resulting from nonfunctioning pituitary adenomas.” 

Red cell survival is normal in hypopituitarism, but the marrow 
is hypoplastic. The results of ferrokinetic studies are consistent with 
decreased erythropoiesis.’ In addition to anemia, leukopenia and even 
pancytopenia can occur.” Replacement therapy with a combination 
of thyroid, adrenal, and gonadal hormones usually effectively corrects 
anemia and other cytopenias.”” Erythropoietin therapy also was effec- 
tive in one case of postoperative hypopituitarism refractory to hormone 
replacement therapy.” 


OTHER PITUITARY HORMONES 


Growth Hormone 

Growth hormone stimulates erythropoietin-induced erythropoiesis in 
vitro, ™® and children with isolated growth hormone deficiency become 
anemic." Growth hormone replacement therapy in both children and 
adults with growth hormone deficiency increases hemoglobin levels.*** 


Prolactin 

There is limited information about the influence of prolactin. Prolactin 
administration in mice increased the number of erythroid and mye- 
loid progenitor cells and partially corrected anemia induced by azi- 
dothymidine.* Metoclopramide, which stimulates prolactin secretion, 
improved hemoglobin levels or reduced transfusions in three of nine 
patients with Diamond-Blackfan anemia.** The prolactin receptor can 
substitute for the erythropoietin receptor in in vitro studies of erythroid 
differentiation.’ 

However, macroprolactinomas have not been associated with ery- 
throcytosis, but with anemia, likely the result of a concomitant decrease 
in testosterone levels.® In a retrospective review of 26 males with pro- 
lactinomas, a mild anemia was present in one-third, all of whom had a 
macroprolactinoma.” Hemoglobin levels did not correlate with serum 
prolactin levels, but did correlate with the presence of hypogonadism.” 


Gonadotropins 
Pituitary adenomas that secrete gonadotropins are rare, but have been 
associated with erythrocytosis, likely due to testosterone excess.” 


@ HYPERPARATHYROIDISM 


Anemia not attributable to other causes is present in 3 to 5 percent of 
patients with primary hyperparathyroidism; these patients usually have 
severe hyperparathyroidism.”’? The anemia is normochromic and 
normocytic and resolves or improves after parathyroidectomy.””* The 
cause of the anemia is unknown; marrow fibrosis is present in some 
but not all patients.*** Although there is no correlation with marrow 
fibrosis and the duration of hyperparathyroidism, the presence of mar- 
row fibrosis may positively correlate with improvement in anemia after 
parathyroidectomy.” 

Although anemia in patients with renal failure is multifactorial, 
secondary hyperparathyroidism may contribute to refractoriness to 
erythropoietin therapy. Parathyroidectomy or medical treatment of 
hyperparathyroidism may improve anemia and decrease requirements 
for exogenous erythropoietin therapy.” 
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CHAPTER 39 

THE CONGENITAL 
DYSERYTHROPOIETIC 
ANEMIAS 


Achille lolascon* 


The congenital dyserythropoietic anemias (CDAs) are a heterogeneous group 
of rare disorders characterized by anemia, the presence of erythroid hyper- 
plasia with multinuclear erythroid precursors in the marrow, ineffective 
erythropoiesis and secondary iron overload. Only the erythroid series shows 
significant abnormalities, with rare exceptions. Patients have been classi- 
fied as types |, Il, and Ill, but several patients appearing with these general 
characteristics do not fit into any of the three groups. CDA types | and II are 
inherited as autosomal recessive disorders, and type III disease is inherited as 
an autosomal dominant disorder. Type | disease is caused by mutations of the 
CDAN1 gene. Codanin-1, the gene product, is a cell-cycle-regulated protein of 
currently unknown function. In codanin-negative cases, C750RF47 mutations 
can cause type | CDA. Type Il CDA is also known as hereditary erythroblastic 
multinuclearity with a positive acidified serum test, or by its acronym HEMPAS. 
The vast majority of CDA type Il cases are caused by mutations of the SEC23B 
gene. This gene encodes the cytoplasmic COPII (coat protein) component 


Acronyms and Abbreviations: AE1, band 3 anion transport protein; Arf6, 
adenosine diphosphate (ADP)-ribosylation factor 6; Asf1a, a protein that is a 
member of the H3/H4 family of histone chaperones; C150RF41, gene encod- 
ing a protein with two predicted helix-turn-helix domains of unknown func- 
tion; CDA, congenital dyserythropoietic anemia; CDAN7 gene, codanin-1; COP 
cytoplasmic coat protein; COX4/2, gene encoding cytochrome c oxidase sub- 
unit IV isoform; E2F1, transcription factor 1; ER, endoplasmic reticulum; G6PD, 
glucose-6-phosphate dehydrogenase; GATA1, hematopoietic transcription 
factor; GDF15, growth differentiation factor 15; HEMPAS, hereditary erythrob- 
lastic multinuclearity associated with a positive acidified serum test; HJV, 
hemojuvelin gene; HLA, human leukocyte antigens; HS, hereditary spherocy- 
tosis; KIF23, mitotic kinesin-like protein 1; LPIN2 (18p11.31), encoding lipin 
2; KLF1, a hematopoietic transcription factor; MCV, mean cell volume; MKD, 
mevalonate kinase deficiency; MKLP7, gene encoding mitotic kinesin-like pro- 
tein 1; SAR7B, a gene encoding a small guanosine triphosphatase (GTPase) 
protein; SDS-PAGE, sodium dodecylsulfate polyacrylamide gel electropho- 
resis; UGT1A1, bilirubin uridine diphosphate (UDP)-glucuronosyltransferase 
TA1 gene. 


“Dr. Jean Delaunay wrote this chapter in the 8th edition of this text- 
book. Some of the material from the 8th edition has been retained. Dr. 
Roberta Russo collaborated in the preparation of this manuscript. 


SEC23B, which is involved in the secretory pathway of eukaryotic cells. CDA 
type III disease is rarer than the other two forms and its erythroid production 
failure is accompanied by a tendency for the development of retinal angioid 
streaks and of myeloma in the long term. It is caused by K/F23 mutations, a 
gene encoding mitotic kinesin-like protein 1, which plays a critical role in 
cytokinesis. There is no specific treatment for these disorders. Management 
includes red cell transfusion, removal of excess body iron by chelation therapy 
or judicious phlebotomy, splenectomy, and allogeneic hematopoietic stem cell 
transplantation. Only in severe forms of type | CDA does interferon-a decrease 
transfusion needs. 


@ DEFINITION AND HISTORY 


The term congenital dyserythropoietic anemia (CDA), coined by Heimpel 
and Wendt,' applies to a group of rare hereditary refractory anemias 
characterized by ineffective erythropoiesis, erythroid hyperplasia, 
abnormal morphology of erythroid precursors, and secondary accumu- 
lation of tissue iron. 

Dyserythropoiesis is a result of derangement of the multistep pro- 
cess of normal erythroid maturation caused by a maturation arrest at 
early and late polychromatic erythroblasts and a consequent reduction 
of daily red cell production (Fig. 39-1A). Depending on the degree of 
the cellular defect, variable degrees of anemia can result. 

Dyserythropoiesis can be considered a subtype of marrow failure 
syndromes characterized by monolineage involvement and abnor- 
malities in erythroid precursor cells (see Fig. 39-1B). Microscopic 
morphologic characterization defines the heterogeneity of these syn- 
dromes (Fig. 39-2). Indeed, the appearance of abnormal morphology 
of erythroid progenitors can be from other hereditary defects (such 
as thalassemias) and acquired causes (rapid regeneration of marrow, 
myelodysplasia, etc.), but these are usually readily apparent from the 
history, blood examination, and laboratory tests in the former and 
multilineage involvement and the absence of prevalent multinuclear- 
ity in the latter. Furthermore, the term congenital could be confusing, 
as the clinical appearance of hereditary dyserythropoietic anemias can 
be present during different ages. In addition, it is an archaic residual 
of older nomenclature and should be replaced by “hereditary” as it 
has been in diseases such as congenital spherocytosis (now hereditary 
spherocytosis). 

Anemia is usually first noted in infancy or childhood. The life 
span of circulating erythrocytes is moderately reduced, and the dom- 
inant factor in pathogenesis is a large component of ineffective ery- 
thropoiesis (intramedullary cell death as a result of precursor cell 
apoptosis) resulting in anemia of variable severity, normal or slightly 
elevated reticulocytes, moderate increase in indirect bilirubin, low 
haptoglobin, and, typically, a gradual increase in ferritin levels. Sple- 
nomegaly is common. Congenital dyserythropoietic anemias have 
been classified into three types—types I, II, and HI. In addition, a 
number of cases that do not fit clearly into any of these three catego- 
ries have been described.’ 


@ EPIDEMIOLOGY 


The prevalence of CDAs is likely higher than reported as a result of their 
clinical heterogeneity and diagnostic difficulties, as demonstrated by the 
fact that the correct diagnosis is often delayed into adulthood. 

Merging of information from European registries suggests that 
the prevalence of CDA I and CDA II in Europe is approximately 
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Figure 39-1. Differential diagnosis of congenital dyserythropoietic anemias (CDAs) among marrow failure syndromes. A. Erythroid maturation 
arrest can occur at several stages and can result in different marrow failure syndromes. CDA marrow is characterized by erythroid hyperplasia because 
the maturation arrest occurs later in these patients. B. Flow diagram for differential diagnosis of CDA subtypes based on clinical, morphologic, bio- 
chemical, and molecular findings. AA, aplastic anemia; BFU-E, burst-forming unit-erythroid; BM, marrow; BMF, marrow failure; CEP, congenital ery- 
thropoietic porphyria; CFU-E, colony-forming unit-erythroid; DBA, Diamond-Blackfan anemia; DKC, dyskeratosis congenita; EM, electron microscopy; 
ER, endoplasmic reticulum; FA, Fanconi anemia; HPFH, hereditary persistence of fetal hemoglobin; MDS, myelodysplastic syndromes; PNH, paroxys- 
mal nocturnal hemoglobinuria; RBC, red blood cell; WB, western blotting; XLTDA, X-linked thrombocytopenia with dyserythropoietic anemia; XLTT, 


X-linked thrombocytopenia with B-thalassemia. 


0.24 and 0.71 cases/million, respectively, whereas CDA III is even less 
common.** In 2011, 712 cases from 614 families were included in the 
German CDA Registry, whereas in the Italian CDA registry 206 cases 
from 183 families were enrolled. In the literature, 169 cases from 143 
families with CDA I and 454 cases from 356 families with CDA II 
worldwide have been recorded. Hence, CDA I is approximately one- 
third as frequent as CDA II. Most reported families were from Western 
European and Middle Eastern countries, but single cases have been also 
reported in the United States, India, Japan, and China. 

The wide variation of incidence of CDA in Europe could be owing 
to genetic factors and also to the existence of reference centers for the 
diagnosis of CDA. However, molecular studies have established, at least 
for CDA type II, the presence of a founder effect in Europeans for the 
two most common mutations of the SEC23B gene.*° 


@ CONGENITAL DYSERYTHROPOIETIC 
ANEMIA, TYPE I 


CLINICAL FEATURES 


CDA Lis inherited as an autosomal recessive disorder. It can manifest 
in any year of pediatric age, but may not be diagnosed until adult- 
hood. There is a continuous spectrum between moderate and severe 
forms; more severe presentations are predictably diagnosed at earlier 
ages.” 

Anemia, usually macrocytic, is typically moderate and associated 
with intermittent jaundice, splenomegaly, and, sometimes, hepatomeg- 
aly. Hemoglobin values fluctuate around 9 to 10 g/dL. The patient usu- 
ally does not require transfusion.” 
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Figure 39-2. Marrow morphologic fea- 
tures of congenital dyserythropoietic anemia 
(CDA) erythroblasts. A. Marrow light micros- 
copy of CDA patients almost always shows 
erythroid hyperplasia (inset 1). However, spe- 
cific morphologic abnormalities in erythroid 
ecursor cells are used as hallmarks for 


p 
discerning different types of CDAs. The pres- 


OQ 


nce of internuclear chromatin bridging is a 
mark of CDA type | (inset 2), whereas the pres- 
ence of bi- or multinucleated late erythroid 
precursors is the discriminating feature of 
CDA type Il (inset 3). Giant multinucleated 
erythroblasts (Inset 4) and multinucleate ery- 
throblasts (Inset 5) are typical features of CDA 


types Ill and IV, respectively. B. Marrow elec- 
tron microscopy of CDA | erythroblasts show 
a typical Swiss cheese-heterochromatin pat- 
tern in the nucleus (inset 1), whereas CDA 
type Il erythroid precursors display the char- 
acteristic double plasma membrane (inset 
2). CDA type IV has nonspecific features, 
shared among different CDA types, such 
as marked heterochromatin, invagination 
of nuclear membrane, intranuclear precipi- 
tated material, and nuclear blebbing (inset 3). 


Patients diagnosed in the neonatal period often have hepatomegaly 
and jaundice, and may have exhibited intrauterine growth retardation. 
Spleen size increases with age. Cholelithiasis is a common complication, 
and jaundice may be aggravated by the coinheritance of A[TA] TAA 
polymorphism in the promoter of the UGT1A1 gene, the main cause of 
Gilbert syndrome." 

The disease is occasionally associated with a variety of dysmor- 
phologic features (4 to 14 percent of affected individuals), the most 
common of which involves the bones of the hand and the foot (syndac- 
tyly, hypoplasia of one or several phalanges, presence of supplementary 
metatarsal bones, and clubfoot) (Fig. 39-3). Small stature, almond- 
shaped blue eyes, hypertelorism, micrognathism, and other abnormali- 
ties may also be present. 


LABORATORY FEATURES 


Anemia is a common finding, usually in the range of 8 to 10 g/dL of 
hemoglobin. The blood film usually exhibits macrocytosis (mean cell 
volume [MCV] of approximately 90 to 100 fL), marked poikilocytosis, 
and occasional nucleated erythrocytes, elliptocytes, and basophilic stip- 
pling. The reticulocyte count is inappropriately low for the degree of 
anemia.’° The marrow has intense erythroid hyperplasia. Binucleate 
polychromatic erythroblasts are evident at a frequency of approximately 
3 to 7 percent. A highly specific feature is the presence of chromatin 
bridges linking two nuclei in more or less incompletely separated poly- 
chromatic erythroblasts with 0.6 to 2.8 strands per 100 erythroblasts 
(see Fig. 39-2A).’ Ultrastructural abnormalities consist of a spongy 
(“Swiss cheese”) appearance in the nucleus of up to 60 percent of early 
and late polychromatic erythroblasts. Nuclei exhibit areas of electro- 
lucency within electron-dense heterochromatin and contain nuclear 
membrane-lined cytoplasmic intrusions, occasionally with retained 
cytoplasmic organelles (see Fig. 39-2B).>"' 


GENETICS 


The most frequent mutated gene in CDA I patients, CDAN1 (chro- 
mosome 15q15.1-15.3), spans 15 kb and is composed of 28 exons." 
The encoded protein, codanin-1, contains 1227 amino acids and it is 
ubiquitously expressed. Codanin-1 is a cell-cycle-regulated protein. The 
proximal CDANI gene-promoter region appears to be a direct target 
of transcription factor E2F1, and high levels of codanin-1 are observed 
in the DNA synthesis (S) phase of the cell mitotic cycle.'* At mitosis, 
codanin-1 undergoes phosphorylation and it is excluded from con- 
densed chromosomes. Moreover, codanin-1 binds to Asfla, a protein 
involved in chromatin structure dynamics by its role in nucleosome 
assembly and disassembly.'® 

More than 30 unique mutations have been found in the CDANI 
gene, and affected subjects are either homozygotes or compound het- 
erozygotes for the mutation(s) they carry. A genotype-phenotype 
correlation has not been established. A homozygous patient for null- 
type mutations has not been described, suggesting that an absence 
of codanin-1 is lethal. Indeed, CDA I knockout mice embryos die in 
utero at 6.5 days before erythropoiesis onset, presumably as a result of 
the critical role of this protein in developmental processes other than 
erythropoiesis.” In approximately 20 percent of families with the CDA I 
phenotype, CDAN1 mutations were not found.'* One founder mutation, 
R1042W, was observed in Bedouins.”*"” 

A new CDA I causative gene, CISORF41, has been identified in 
three unrelated pedigrees of Middle Eastern and Southeast Asian ori- 
gin by whole-genome sequencing.” The cellular role of the restriction 
endonuclease encoded by the C1S5ORF41 gene is unknown. This protein 
interacts with Asflb, the paralogue of Asfla, which may support the 
hypothesis that the primary defect in CDA I is confined to DNA repli- 
cation and chromatin assembly. 

In the erythroid lineage during normal maturation, cell divi- 
sion ceases at the polychromatophilic erythroblast stage and cell size 
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is progressively reduced.” Cell mitotic cycle defects in mice result in 
S-phase arrest, ineffective erythropoiesis, and macrocytosis.” Based on 
the probable involvement of CDA I mutated genes in DNA replication 
and chromatin assembly, it can be speculated that CDA I pathogenesis 
may involve disruption of the intrinsic connection between cell cycle 
dynamics and erythroid maturation. 

Knowledge of the molecular defects in CDA patients permits 
detection of carriers for prenatal diagnosis. 


TREATMENT, COURSE, AND PROGNOSIS 


Severe forms of CDA I may present with hydrops fetalis.* Pulmonary 
hypertension was reported in three Bedouin newborns with CDA 
1% Iron overload as a result of transfusion, hemosiderosis, and/or 
enhanced iron absorption characteristic of inefficient erythropoie- 
sis is the main concern as patients age. Monitoring for iron overload 
is required; the following assessments are recommended: (1) annual 
measurement of serum ferritin concentration, and (2) myocardial T2* 
magnetic resonance imaging (MRI) and hepatic R2* MRI starting in 
adolescence (Chap. 43). Inappropriately low serum hepcidin levels 
could account for iron overload. High levels of s-hemojuvelin (HJV) 
in patients affected with CDA I, compared with controls, have been doc- 
umented.” Hepcidin-to-ferritin ratio was negatively correlated with 
s-HJV, suggesting that s-HJV may suppress hepcidin.** Rare patients 
develop retinal angioid streaks.” 

Fertility in patients is not affected. However, fetal anemia during 
pregnancy in affected women is associated with some morbidity. In 
some cases, intrauterine transfusions are warranted by the severity of 
anemia as judged by fetal blood sampling.” 

Transfusions should be avoided whenever possible because of the 
risk of iron overload. When anemia is mild and does not require trans- 
fusion, small-volume regular phlebotomies may be used to decrease 


Figure 39-3. Foot dysmorphol- 
ogy in congenital dyserythropoietic 
anemia (CDA) type I. Left: Photo- 
graph showing hypoplastic nails, a 
broad first toe, hypoplastic third toe, 
and brachysyndactyly of the fourth 
and the fifth toes. Right: Radiograph 
showing a duplication of the fourth 
metatarsal bone (both bones being 
hypoplastic), a duplication of the 
fourth proximal phalanx, a single 
middle phalanx for the fourth and 
fifth toe, and the absence of the 
fourth distal phalanx. (Reproduced 
with permission from Tamary H, 
Dgany O, Proust A, et al: Clinical and 
molecular variability in congenital 
dyserythropoietic anemia type |. Br J 
Haematol 730(4):628-634, 2005.) 


body iron. Iron chelation or phlebotomies should be instituted when 
ferritin levels exceed 500 to 1000 mg/L. Iron chelation may be required 
for iron overload in those patients who cannot tolerate iron depletion by 
phlebotomies. Splenectomy is usually not beneficial.2? Cholecystectomy 
for cholelithiasis is commonly performed. 

Interferon-a was once used in a child with hepatitis C and CDA I; it 
was associated with an increase in hemoglobin level. A 9-year followup 
showed that the treatment remained effective and, on repeated liver 
biopsies, iron overload was normalized. In this case, the effective dose 
of interferon-a was 2 million units twice a week. Pegylated interferon 
could be used as well, at a dose of 30 mcg/wk.”* The mechanism behind 
this response is unknown. Allogeneic hematopoietic stem cell trans- 
plantation was successful in several transfusion-dependent children.” 


@ CONGENITAL DYSERYTHROPOIETIC 
ANEMIA, TYPE Il 


CLINICAL AND LABORATORY FEATURES 


CDA II is an autosomal, recessively inherited condition in which the 
severity of anemia varies from mild to severe and in which approxi- 
mately 7 percent of cases are transfusion-dependent.*****' This disor- 
der becomes variably manifest in infancy, childhood, or adolescence. 
Very few cases are characterized by clinical manifestations during 
intrauterine life, but hydrops fetalis caused by severe anemia has been 
reported.” More commonly, anemia is mild and, in several cases, 
diagnosis has been based on the appearance of complications (mainly 
iron overload) during adulthood.”* 

Erythrocytes of CDA II patients lyse in acidified serum (Ham test; 
Chap. 40) because of a naturally occurring immunoglobulin M class 
antibody that recognizes an antigen present on CDA II red cells but 


which is absent on normal cells. Thus, the acronym HEMPAS (hemo- 
lytic anemia with a positive acidified serum test) is commonly used as 
a synonym for CDA II. The technical difficulty of this test, and the fact 
that cross-testing of more than 30 normal sera is needed to obtain a 
reliable result, has undermined its usefulness.** 

The clinical picture of CDA II includes hemolytic anemia with mar- 
row erythroid expansion, commonly with splenomegaly, hepatomegaly, 
intermittent jaundice, and cholelithiasis.***' The blood film exhibits 
moderate to marked anisocytosis and anisochromia and a number of 
spherocytes. This, along with the patient’s clinical appearance, may 
lead to confusion of CDA II with hereditary spherocytosis (HS; 
Chap. 46). However, typically in HS, the reticulocyte count in com- 
parison to hemoglobin level is higher and the serum transferrin recep- 
tor level is lower. Moreover, the majority of HS cases are inherited as 
autosomal dominant and, thus, a parent is likely to have findings of 
spherocytosis on blood examination, whereas CDA II is invariably an 
autosomal recessive condition. Despite these differentiating features, 
CDA II is at times only diagnosed after the failure of splenectomy to 
normalize anemia when performed for suspected HS. In the marrow, 
10 to 30 percent of intermediate and late erythroblasts have two or more 
nuclei or lobulated nuclei (see Fig. 39-2A). Karyorrhexis (fragmenta- 
tion of the nucleus) is common. Gaucher-like cells may develop as a 
result of phagocytosis of erythroblasts by macrophages. Ringed side- 
roblasts are present in severe forms.” Electron microscopy shows struc- 
tures that have been misnamed as “double membrane” (see Fig. 39-28). 
These are cisternae of the endoplasmic reticulum (ER) that run along 
the red cell plasma membrane inner surface, and which contain ER-spe- 
cific proteins, as shown by immunochemistry labeling.” Sodium dode- 
cylsulfate polyacrylamide gel electrophoresis (SDS-PAGE), followed by 
immunoblots, reveals the presence of calreticulin, glucose-regulated 
protein 78, and disulfide isomerase; these are specific for the ER and are 
not detected in normal individuals.* 

The diagnostic hallmark of CDA II is analysis of erythrocyte mem- 
brane proteins by SDS-PAGE identifying narrower band size and faster 
migration of erythrocyte anion transporters (AE1 or band 3) and band 
4.5 proteins.***” Increased destruction of red blood cells in CDA II 
is associated with hypoglycosylation of AE1, which causes clustering 
of this protein on the red cell surface and contributes to erythrocyte 
destruction in the spleen.” Rare patients have been reported without 
this characteristic SDS-PAGE pattern; it is recommended that these 
should be classified as CDA I-like conditions. 


GENETICS 


Pathognomonic hypoglycosylation of AE1 protein is the outcome of the 
expression of the mutated gene SEC23B.” 

Sequencing analysis in 33 patients from 28 unrelated families 
showed heterogeneous mutations in the SEC23B gene, either in com- 
pound heterozygous or homozygous states.?**? An in vitro model of 
gene silencing demonstrated that suppression of SEC23B expression 
recapitulates the cellular defects in SEC23B-silenced cells.” Knockdown 
of zebrafish SEC23B also leads to aberrant erythrocyte development.” 

SEC23B is a cytoplasmic coat protein (COP) II component 
involved in the secretory pathway of eukaryotic cells. COPII is a mul- 
tisubunit complex essential for transport of correctly folded proteins 
from the ER toward the Golgi apparatus.“ This pathway is critical for 
membrane homeostasis, localization of proteins within cells and secre- 
tion of extracellular factors.“ 

CDA II belongs to COPU-related human genetic disorders.” 
Alterations in SARIB, a paralogue of SEC23B, are identified as the cause 
of chylomicron retention disease (Anderson disease), while a specific 
mutation in the SEC23A gene causes craniolenticulosutural dysplasia 
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(Boyadjiev-Jabs syndrome). The specificity of the CDA II phenotype 
seems to be determined by tissue-specific expression of SEC23B versus 
SEC23A during erythroid differentiation.” Alternatively, this specific- 
ity could be explained by the presence of tissue-specific proteins (such 
as band 3 in red blood cells) which might require high levels and full 
function of a specific COPII component to be correctly transported.” 

So far, more than 60 different causative mutations have been 
described worldwide.** A genotype-phenotype correlation seems to 
exist. Particularly, compound heterozygosity for missense and non- 
sense mutations tends to produce more severe clinical presentations 
than homozygosity or compound heterozygosity for two missense 
mutations. Homozygosity or compound heterozygosity for two non- 
sense mutations has not been reported, suggesting it may be lethal.*° 
Sec23b-deficient mice (Sec23b gt/gt) have been generated and are born 
without anemia but die shortly after birth, with degeneration of secre- 
tory organs, including the pancreas and salivary glands.” 

The disparate phenotypes in mouse and human could result from 
residual SEC23B function associated with the hypomorphic mutations 
observed in humans, or, alternatively, might be explained by species- 
specific functional differences.* 


TREATMENT, COURSE, AND PROGNOSIS 


The clinical course of this condition is quite heterogeneous. Treatment 
approaches depend on age, severity of phenotype and comorbidity. 
Most patients have only mild or moderate anemia and do not require 
medical intervention. Approximately 10 percent of neonates need at 
least one erythrocyte transfusion, and some remain transfusion-depen- 
dent.**! In most adolescents and adults, transfusional needs are limited 
to aplastic crises, pregnancy, coexistent infections, or major operations. 

The more common, moderate forms may only be diagnosed 
in adult life because of iron overload (Chap. 43) that is consistently 
observed even in the absence of transfusions.”*” Patients with severe 
forms of CDA II may be transfusion-dependent. In some cases, severe 
phenotypes could be the result of additional genetic abnormalities, such 
as coinheritance of glucose-6-phosphate dehydrogenase (G6PD) defi- 
ciency or thalassemic trait.*° 

The iron overload is associated with high levels of growth differ- 
entiation factor 15 (GDF15).°! However, GDF15 concentrations are sig- 
nificantly lower in CDA II compared to CDA I patients, despite a similar 
degree of iron overload in both patient groups. It can be speculated that 
additional signals may determine hepatic hepcidin expression and the 
degree of iron overload in CDA II! 

Ferritin levels should be controlled at least annually, even in 
patients with only mild anemia. Achievement of normal ferritin con- 
centrations is desirable. Iron chelation should be instituted when 
ferritin level exceeds 500 to 1000 cg/L (Chap. 43). If phlebotomies are 
tolerated, this is the preferred treatment. In instances where the patient 
cannot tolerate phlebotomy, chelating agents may be used. 

Cholelithiasis and splenomegaly are common complications. 
Coinheritance of the UGT1A (TA)7/(TA)7 genotype could account 
for the increased rate of gallstones.** Cholelithiasis, which is frequent 
in all types of CDA, may require cholecystectomy; decision making 
should follow therapy guidelines for cholelithiasis.* Splenectomy is not 
universally recommended for CDA II or CDA I; individual decisions 
should be influenced by transfusion dependency and the presence of 
a massively enlarged spleen. Generally accepted criteria for splenec- 
tomy have not been defined. Splenectomy leads to a moderate, sus- 
tained increase in hemoglobin concentrations and decrease of serum 
bilirubin levels, but it does not prevent iron overload, and hemoglo- 
bin levels postsplenectomy generally do not reach normal values.** In 
non-transfusion-dependent patients, it is advisable to follow the guide- 
lines for mild cases of HS.** 


Part VI: The Erythrocyte 


Allogeneic marrow transplantation from an human leukocyte 
antigen (HLA)-identical sibling has been successful in transfusion- 
dependent children with very severe CDA II and in one adult with CDA 
II and f-thalassemia trait.??35556 


@ CONGENITAL DYSERYTHROPOIETIC 
ANEMIA, TYPE Ill 


CLINICAL AND LABORATORY FINDINGS 


Type III is the least-common form of CDA. This condition, which is 
dominantly inherited, was initially coined “hereditary benign erythro- 
cytosis.” One dominantly inherited form was reported as early as 1951 
in a woman and her three children, in whom 16.0 to 22.7 percent of 
hematopoietic stem cell erythroblasts were multinucleated. Giant-size 
erythrocytes were present in the blood. 

Most of our knowledge about CDA III stems from a large family 
from the province of Vasterbotten in northern Sweden.” The diagnosis 
was made in the adults and older children. The spleen was not palpable, 
nor was iron overload recorded. The large size of this family made it 
possible to map the responsible gene to 15q22-25.** In addition, a num- 
ber of sporadic cases of CDA III have been reported.” 

In another case, a number of stillbirths, including at least one 
stillborn with hydrops fetalis, were noted in an Indian family in which 
the mother, who initially required transfusions, became transfu- 
sion-independent after splenectomy.” 

Blood films from these patients show macrocytes, occasional 
extremely large forms (gigantocytes), and poikilocytes. Patients are 
generally asymptomatic, with no or moderate anemia, mild jaundice, 
and, commonly, cholelithiasis. The reticulocyte count is typically less 
than 3 percent.*”*! Marrow shows marked erythroid hyperplasia, with 
large multinucleate erythroblasts with large, lobulated nuclei, and giant 
multinucleate erythroblasts with up to 12 nuclei (see Fig. 39-2A). On 
electron microscopy, clefts within heterochromatin, autophagic vacu- 
oles, iron-laden mitochondria, and myelin figures in the cytoplasm have 
been reported.” 


GENETICS 


The causative mutation was found to be 2747C>G (P916R) in the KIF23 
gene.® The same mutation was also found in CDA III patients from 
an American family without any known relation to the Swedish kin- 
dred.® KIF23 encodes a kinesin-superfamily molecule, mitotic kinesin- 
like protein 1 (MKLP1), a mitotic protein essential for cytokinesis.” 
MKLP1 interacts with Arf6 (adenosine diphosphate (ADP)-ribosy- 
lation factor 6), ultimately forming an extended f-sheet that interacts 
with the membrane surface at the cleavage furrow. The Arf6é-MKLP1 
complex plays a crucial role in cytokinesis by connecting the microtu- 
bule bundle and membranes at the cleavage plane.“ Knockdown of Arf6 
results in binucleated and multinucleated cells, a hallmark of CDA III 
erythroblasts.“ In knockdown and rescue experiments with in vitro cell 
lines, cytokinesis failure and binucleated cells were seen more frequently 
with the P916R mutant than wild-type GFP-MKLP1, indicating that the 
P916R mutation impairs the function of MKLP1 in cytokinesis. 


COURSE AND PROGNOSIS 


In spite of an apparently benign course, CDA III is prone to various 
long-term complications, including intravascular hemolysis, increased 
risk of myeloma and other monoclonal gammapathies,” and develop- 
ment of angioid streaks. 


@ OTHER CONGENITAL 
DYSERYTHROPOIETIC ANEMIAS 


A number of cases of CDA that do not have specific features of types I, 
IL, or, to some extent, II disease have been reported.” Classification 
has been proposed based largely on cell morphology.” In addition, sev- 
eral genes have been associated with CDA variants, including mutations 
in the GATAI and KLF1 genes, which are critical for development of 
specific blood cell lineages (outlined in Table 39-1).°-7*” 

Alterations in the erythroid hematopoietic transcription factor 
KLF1 gene are associated with CDA type IV,” characterized by severe 
hemolytic anemia, elevated fetal hemoglobin, and deficiency of ery- 
throid proteins CD44 and aquaporin 1 (see Table 39-1).” 

Additionally, syndromes have been described in which CDA 
accounts only for one feature of a syndrome phenotype (see Table 39-1). 
For instance, Majeed syndrome, is comprised of chronic recurrent mul- 
tifocal osteomyelitis, inflammatory dermatosis, and CDA. The respon- 
sible gene is LPIN2 (18p11.31), encoding lipin 2, an ER-phosphatidate 
phosphatase.” Additionally, dyserythropoiesis associated with exo- 
crine pancreatic insufficiency and calvarial hyperostosis resulting from 
COX4I2 gene mutations has been described in two Arab families.*° 
Mevalonate kinase deficiency (MKD) resulting from a missense muta- 
tion in the MVK gene and showing morphologic marrow cell abnormal- 
ities similar to CDA II has also been reported." 


@ DIFFERENTIAL DIAGNOSIS 


Congenital dyserythropoietic anemias may be confused with thalas- 
semias and other hemolytic anemias. Marked anisocytosis, including a 


TABLE 39-1. A Classification Frame for Atypical Congenital 


Dyserythropoietic Anemias 


Group Main Features 

IV Transfusion-dependent anemia 
Pronounced normoblastic erythroid hyperplasia with a 
slight to moderate increase in the nonspecific dysery- 
thropoietic erythroblasts with irregular or karyorrhectic 
nuclei 
No precipitated protein within erythroblasts 

V Near-normal hemoglobin with normal or slightly 
increased mean corpuscular volume 
Predominantly unconjugated hyperbilirubinemia 
Marked normoblastic/slightly megaloblastic 
hyperplasia 
Little or no erythroid dysplasia 

VI Normal or near-normal hemoglobin with marked 
macrocytosis 
Erythroid hyperplasia with cobalamin- and folate- 
independent florid megaloblastic erythropoiesis 

Vil Severe transfusion-dependent anemia 


Severe normoblastic erythroid hyperplasia with irregu- 
lar nuclear shapes in many erythroblasts 


Intraerythroblastic inclusions that resemble precipi- 
tated globin but do not contain globin 


Data from Wickramasinghe SN and Wood WG: Advances in the 
understanding of the congenital dyserythropoietic anaemias. Br J 
Haematol 131(4):431-446, 2005. 


normomacrocytic component, and low or moderate reticulocyte count 
out of keeping with the degree of anemia will point to a diagnosis of 
CDA. Indeed, CDAs are a subtype of marrow failure syndromes char- 
acterized by ineffective erythropoiesis and heterogeneous, type-specific 
morphologic abnormalities in erythroid precursor cells (see Fig. 39-1). 
Thus, marrow examination is essential if family history is unrevealing. 
The marrow, if needed, is quite different than in other types of hemolytic 
anemia or the thalassemias as multinuclearity of erythroblasts is not a 
feature of the latter two types of anemia. 
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CHAPTER 40 
PAROXYSMAL NOCTURNAL 
HEMOGLOBINURIA 


Charles J. Parker 


In contrast to all other intrinsic abnormalities of the erythrocyte, paroxysmal 
nocturnal hemoglobinuria (PNH) is an acquired, not an inherited, disorder. 
PNH arises as a consequence of somatic mutation, involving one or more 
hematopoietic stem cells, of PIGA, a gene located on the X chromosome that 
is required for synthesis of the glycosylphosphatidylinositol (GPI) moiety that 
anchors some proteins to the cell surface. Consequently, all GPl-anchored 
proteins (GPI-APs) that are normally expressed are deficient on the mutant 
hematopoietic stem cells and their progeny. The complement-mediated intra- 
vascular hemolytic anemia and the resulting hemoglobinuria that are the 
clinical hallmarks of PNH are a consequence of deficiency of the GPl-anchored 
complement regulatory proteins, CD55 and CD59. Although PNH is a neoplas- 
tic (clonal) disease, it is not a malignant disease in that there is no exagger- 
ated proliferation of neoplastic cells and replacement of marrow or spread to 
other tissues, and the extent to which the mutant clones expand varies greatly 
among patients. Thus, the blood cells of patients with PNH are a mosaic of 
phenotypically normal and abnormal cells. The size of the mutant clone is an 
important determinant of the clinical manifestations of the disease, which 
include hemolysis, thrombophilia, and, in many patients, pancytopenia as a 
result of marrow failure. The diagnosis of PNH is confirmed using flow cytom- 
etry to detect and quantify the percentage of blood erythrocytes and leuko- 
cytes (i. e., neutrophils and monocytes) that lack GPI-APs measured as intensity 
of CD55 and CD59 on the cell surface. The intravascular hemolysis of PNH 
can be controlled with eculizumab, a humanized monoclonal antibody that 
blocks formation of the cytolytic membrane attack complex of complement. 


Acronyms and Abbreviations: APC, alternative pathway of complement; 
CD55, an antigen encoding DAF; CD59, an antigen encoding MAC-inhibitory 
protein; DAF, decay-accelerating factor; GPI, glycosylphosphatidylinositol; 
GPI-APs, glycosylphosphatidylinositol-anchored proteins; GVHD, graft- 
versus-host disease; HLA, human leukocyte antigen; INR, international 
normalized ratio of prothrombin assay data; LDH, lactate dehydrogenase; 
MAC, membrane attack complex of complement; MDS, myelodysplastic 
syndrome; MIRL, membrane inhibitor of reactive lysis; PIGA, phosphati- 
dylinositol glycan class A; PMN, polymorphonuclear cell; PNH, paroxysmal 
nocturnal hemoglobinuria; PNH-sc, subclinical PNH; RA, refractory anemia; 
RAEB, refractory anemia with excess of blasts; RAEB-t, refractory anemia 
with excess of blasts in transformation; RA-PNH+, RA with a population of 
PNH cells; RA-PNH—, RA without a population of PNH cells; RARS, refractory 
anemia with ringed sideroblasts; RBCs, red blood cells; RCMD, refractory 
cytopenias with multilineage dysplasia; WHO, World Health Organization. 


Although treatment with eculizumab favorably modifies the natural history 
of PNH, it has no effect on the underlying disease process (i.e., the PIGA-mu- 
tant hematopoietic stem cell clone). The P/GA-mutant mutant clone can be 
eradicated and normal hematopoiesis restored by allogeneic hematopoietic 
stem cell transplantation, but the relatively benign natural history of PNH in 
patients treated with eculizumab has tempered enthusiasm for transplanta- 
tion because of concerns about subjecting patients to the risk of treatment-re- 
lated morbidity. 


@ DEFINITION AND HISTORY 


Although commonly regarded as a type of hemolytic anemia, parox- 
ysmal nocturnal hemoglobinuria (PNH) is properly categorized as 
a hematopoietic stem cell disorder. PNH arises as a result of clonal 
expansion of one or several hematopoietic stem cells that have acquired 
a somatic mutation of the X-chromosome gene PIGA (phosphatidyli- 
nositol glycan class A). As a consequence of mutant PIGA, any progeny 
of affected stem cells (erythrocytes, granulocytes, monocytes, platelets, 
and lymphocytes) are deficient in all glycosylphosphatidylinositol-an- 
chored proteins (GPI-APs) that are normally expressed on hematopoi- 
etic cells. The clinical manifestations of PNH are hemolytic anemia, 
thrombophilia, and marrow failure, but only the hemolytic anemia is 
unequivocally a consequence of somatic mutation of PIGA. It is not a 
malignant neoplasm in the classical sense of uncontrolled proliferation 
of cells, spread to tissues other than marrow, or spatial replacement of 
hematopoiesis. Its effects can be lethal and it can uncommonly undergo 
clonal evolution to acute myelogenous leukemia. 

Comprehensive, scholarly reviews of the history of PNH have been 
published.'* The first published clinical description of PNH is attrib- 
uted to William Gull in 1866, but he failed to distinguish definitively 
PNH from paroxysmal cold hemoglobinuria. Paul Strübing, in 1882, 
clearly recognized PNH as a distinct entity and undertook prescient 
experiments designed to test his hypothesis that the nocturnal hemo- 
globinuria was a consequence of acidification of plasma that occurred 
when carbon dioxide and lactic acid accumulated because of slowing of 
respiration during sleep. In 1911, A.A. Hijmans van den Berg demon- 
strated that the hemolysis of PNH is caused by a defect in the red cell 
rather than by the presence of an abnormal plasma factor (as is the case 
with paroxysmal cold hemoglobinuria; Chap. 54). Thomas Hale Ham 
is credited with discovering, in the late 1930s, that complement medi- 
ates the hemolysis of PNH erythrocytes, although it was not until the 
alternative pathway of complement was identified and characterized in 
the mid-1950s by Louis Pillemer that the basis of Ham’s original obser- 
vations became apparent. Ham developed the acidified serum lysis test 
(Ham test) that, along with the sucrose lysis test (sugar water test) of 
Robert Hartmann and David Jenkins, was used as the standard diag- 
nostic test for PNH until being supplanted in the early 1990s by flow 
cytometry. Both Hartmann and William Crosby brought attention to 
the important role that thrombosis (particularly the Budd-Chiari syn- 
drome) plays in the natural history of PNH, and John Dacie and his 
student and colleague S.M. Lewis were the first to systematically charac- 
terize the relationship between PNH and marrow failure. 


@ EPIDEMIOLOGY 


The prevalence of PNH is not known with certainty. Prevalence esti- 
mates are influenced by bias in study design and results differ consid- 
erably, in large part, because of the heterogeneous nature of the disease. 
The blood of patients with PNH is a mosaic of normal and abnormal 
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cells, and the extent of the mosaicism varies widely among patients 
(see “Phenotypic Mosaicism is Characteristic of Paroxysmal Nocturnal 
Hemoglobinuria” below). Patients with small PNH clones have few or 
no symptoms related to hemolysis. Thus an argument can be made that 
asymptomatic patients with small clones do not have clinically signifi- 
cant PNH and should be excluded from prevalence estimates. Others, 
however, may argue that any patient with flow cytometric evidence of 
a population of GPI-AP-deficient cells, regardless of clone size, has 
PNH and should be included in prevalence estimates. Well-designed, 
rigorous studies of prevalence that address the issue of disease het- 
erogeneity are needed, but, by any definition, PNH is a rare disease. 
The prevalence of clinically significant PNH (i.e., classic PNH) plus 
patients with relatively large clones that arise in the setting of another 
marrow failure syndrome, (see “Clinical Features” and Table 40-2 
below) is likely in the order of less than 1 case per 200,000 population, 
easily fulfilling criteria (<1 case per 50,000 population) for classifica- 
tion as an ultraorphan disease." There is a close association between 
PNH and aplastic anemia, and environmental factors, drugs, and tox- 
ins, that cause aplastic anemia, concordantly increase the risk of devel- 
oping PNH. Although PNH is reported in all age groups, the peak 
incidence is in the third and fourth decades of life, similar to that of 
aplastic anemia (Chap. 35). PNH is an acquired disorder, and there is 
no known inherited risk for developing the disease. A number of cases 
have been reported in which only one of a pair of identical twins was 
affected. 


@ ETIOLOGY AND PATHOGENESIS 


COMPLEMENT AND PAROXYSMAL 
NOCTURNAL HEMOGLOBINURIA 


The chronic intravascular hemolysis that is the hallmark clinical man- 
ifestation of PNH is mediated by the alternative pathway of comple- 
ment (APC) (Fig. 40-1).° The APC is a component of innate immunity 
(Chap. 20).’ This ancient system evolved to protect the host against 
invasion by pathogenic microorganisms. Unlike the classical pathway 
of complement that is part of the system of acquired immunity and 
requires antibody for initiation of activation, the APC is in a state of 
continuous activation, armed at all times to protect the host (Chap. 19 
provides a detailed review of the complement system). The APC cas- 
cade can be divided into two functional components: the amplification 
C3 and C5 convertases and the membrane attack complex (MAC). The 
C3 and C5 convertases (Fig. 40-1, top panel) are enzymatic complexes 
that initiate and amplify the activity of the APC. Generation of C5b 
by enzymatic cleavage of C5 by the APC C5 convertase activates the 
terminal pathway of complement that results ultimately in assembly of 
the cytolytic MAC. 

Because the APC is primed for attack at all times, elaborate mech- 
anisms for self-recognition and for protection of the host against 
APC-mediated injury have evolved. Both fluid-phase and mem- 
brane-bound proteins are involved in these processes. Normal human 
erythrocytes are protected against APC-mediated cytolysis primarily 
by decay-accelerating factor (DAF, CD55)*!° and membrane inhibitor 
of reactive lysis (MIRL, CD59)."' These proteins act at different steps in 
the complement cascade (see Fig. 40-1, top panel). CD55 regulates the 
formation and stability of the C3 and C5 convertases, whereas CD59 
blocks the formation of the MAC. Deficiency of CD55 and CD59 on 
the erythrocytes of PNH is the pathophysiologic basis of the Coombs- 
negative, intravascular hemolysis that is the clinical hallmark of the 
disease (see Fig. 40-1, bottom panel). But why are PNH erythrocytes 
deficient in the two complement regulatory proteins? 
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Figure 40-1. Complement-mediated lysis of paroxysmal nocturnal 
hemoglobinuria (PNH) erythrocytes. Upper panel. The hemolytic anemia 
of PNH is Coombs test-negative because the process is mediated by the 
antibody-independent alternative pathway of complement (APC). The 
C3 convertase of the APC consists of activated C3 (C3b), activated factor 
B (Bb, the enzymatic subunit of the complex), and factor P (a protein 
hat stabilizes the complex, formally called properdin). The C5 convertase 
has the same components as the C3 convertase except that two C3b 
molecules are required to bind and position C5 for cleavage by activated 
factor B (Bb). C3a and C5a are bioactive peptides that are generated by 
cleavage of C3 and C5, respectively, by their specific activation conver- 
ases. The C3 and C5 convertases greatly amplify complement activa- 
ion by cleaving multiple substrate molecules. The membrane attack 
complex (MAC) consists of activated C5 (C5b), C6, C7, C8, and multiple 
molecules of C9 (C9 ). The MAC is the cytolytic unit of the complement 
system. The glycosylphosphatidylinositol (GPI)-anchored complement 
regulatory protein CD55 restricts formation and stability of both the C3 
and the C5 amplification convertases by destabilizing the interaction 
between activated factor B (Bb) and C3b (indicated by the blue arrow), 
whereas GPl-anchored CD59 blocks formation of the MAC by inhibiting 
the binding of C9 to the C5b-8 complex (indicated by the brown arrow). 
Inhibition of MAC formation by the humanized monoclonal anti-C5 
antibody eculizumab (indicated by the red arrow) ameliorates the intra- 
vascular hemolysis of PNH. Lower panel. Normal erythrocytes (left) are 
protected against complement-mediated lysis primarily by CD55 (blue 
circles) and CD59 (green circles). Deficiency of these GPl-anchored com- 
plement regulatory proteins results in APC activation on PNH erythro- 
cytes (right). Because of deficiency of CD55 and CD59, the complement 
cascade activates on the cell surface. Consequently, MACs form pores 
in the red cell membrane resulting in colloid osmotic lysis and release 
of hemoglobin (red circles) and other contents of the red cell including 
lactate dehydrogenase (LDH) into the intravascular space. RBC, red blood 
cell. (Modified with permission from Parker CJ: The pathophysiology of par- 
oxysmal nocturnal hemoglobinuria. Exp Hematol 35(4):523-533, 2007.) 


THE MOLECULAR PATHOGENESIS AND 
GENETIC BASIS OF PAROXYSMAL NOCTURNAL 
HEMOGLOBINURIA 


PNH is a consequence of clonal expansion of one or more hematopoi- 
etic stem cells with mutant PIGA(located on Xp22.1).” The protein 
product of PIGA is a glycosyl transferase”?! that is an obligate con- 
stituent of a complex biochemical pathway required for synthesis of 
the glycosylphosphatidylinositol (GPI) moiety that anchors individual 
proteins belonging to diverse functional groups to the cell surface 
(Fig. 40-2). As a result of mutant PIGA, progeny of the affected stem 
cells are deficient in all GPI-APs. Although more than 20 GPI-APs 
are expressed by hematopoietic cells, it is deficiency on red blood cells 
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PNH defect 
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(RBCs) of the two GPI-anchored complement regulatory proteins, 
CD55 and CD59, that underlies the hemolytic anemia of PNH.” RBCs 
lacking CD55 and CD59 undergo spontaneous intravascular hemolysis 
as a consequence of unregulated activation of the APC (see Fig. 40-1, 
bottom panel). Thus, the hallmark clinical manifestation of PNH (intra- 
vascular hemolysis and the resultant hemoglobinuria) occurs because 
the two proteins that regulate complement on erythrocytes happen to 
be GPI-anchored. 

Hypothetically, the PNH phenotype would result from inactivation 
of any of the more than 25 genes involved in synthesis of the GPI-an- 
chor (see Fig. 40-2), but, with one exception,'* somatic mutation of no 
gene involved in GPI-AP synthesis other than PIGA has been reported 
in patients with PNH. This phenomenon is accounted for by the fact 
that, of the genes involved in the GPI-anchor synthesis pathway, only 
PIGA is located on the X-chromosome. Therefore, somatic mutation 
of only one allele is required for expression of the phenotype as males 
have one X-chromosome and, as a consequence of X-inactivation dur- 
ing embryogenesis, females have only one functional X-chromosome 
in somatic tissues (Chap. 10). On the other hand, mutation of two alle- 
les would be required for inactivation of any of the autosomal genes 
involved in the GPI-anchor synthesis pathway.'* 

Cells with PIGA mutations do not appear to have a proliferative 
advantage in vitro or in hybrid animal models made with PIGA knock- 
outs.” They have been found to be relatively resistant to apoptosis in 
some studies,” ” but not in others.””° Thus, the basis of clonal selection 
and clonal expansion of PIGA mutant stem cells in patients with PNH 
remains largely enigmatic’ although a number of hypotheses have been 
proposed (reviewed in Ref. 17). 


PHENOTYPIC MOSAICISM IS CHARACTERISTIC 
OF PAROXYSMAL NOCTURNAL 
HEMOGLOBINURIA 


The blood of patients with PNH is a mosaic of normal and abnormal 
cells (Fig. 40-3). Although PNH is a clonal disease, the extent to which 
the PIGA-mutant clone expands varies widely among patients.” As an 
example, in some cases, greater than 90 percent of the blood cells may 
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Transmembrane protein Figure 40-2. The molecular and genetic basis of par- 


oxysmal nocturnal hemoglobinuria (PNH). There are two 
types of anchoring mechanisms for plasma membrane 
proteins: transmembrane and glycosylphosphatidylinosi- 
tol (GPI). Transmembrane proteins are anchored into the 
lipid bilayer of the cell by a short series (approximately 
25 amino acids) of hydrophobic residues (blue rectangle). 
Transmembrane proteins typically have a short cytoplas- 
mic tail that usually has signaling properties (red rectan- 
gle). The ectoplasmic portion of the protein is illustrated by 
the series of gray-blue squares. The GPl-anchored protein 
(AP) consists of the following components: phosphati- 
dylinositol (inositol is represented by the blue hexagon 
labeled | and phosphate is represented by the red oval); 
glucosamine (GLCN, yellow circle); three mannose (Man, 
green circles); ethanolamine phosphate (EtN, blue square 
with attached phosphate represented by the red oval); the 
protein entity (blue circle). The lipid component (indicated 
by the series of diagonal lines within the lipid bilayer) is 
usually 1-alkyl,2-acylglycerol for mammalian GPI-APs. PNH 
cells are deficient in all GPI-APs because somatic mutation 
of the X-chromosome gene PIGA disrupts the first step in 
the biosynthetic pathway (transfer of the nucleotide sugar 
UDP-GIcNAc [uridine diphosphate—-N-acetylglucosamine] 
to GIcNAc-PI [phosphatidylinositol]) indicated by the 
arrow. 


be derived from the PIGA-mutant clone, whereas in others, less than 10 
percent of the blood cells may be GPI-AP deficient. This unique feature 
(variability in extent of mosaicism) is clinically relevant because patients 
with relatively small PNH clones have minimal or no symptoms and 
require no PNH-specific treatment, whereas those with large clones are 
often debilitated by the consequences of chronic complement-medi- 
ated intravascular hemolysis and respond dramatically to complement 
inhibitory therapy. 

Another remarkable feature of PNH is phenotypic mosaicism (see 
Fig. 40-3A) based on PIGA genotype” (see Fig. 40-3B) that determines 
the degree of GPI-AP deficiency.” PNH III cells are completely deficient 
in GPI-APs, PNH II cells are partially (approximately 90 percent) defi- 
cient and PNH I cells express GPI-APs at normal density (putatively, 
these cells are progeny of residual normal stem cells; see Fig. 40-3A). 
Phenotype varies among patients (Fig. 40-4). Some patients have only 
type I and type III cells (the most common phenotype), some have type 
I, type IL, and type III (the second most common phenotype), and some 
patients have only type I and type II cells (the least-common pheno- 
type). Furthermore, the contribution of each phenotype to the compo- 
sition of the blood varies. Phenotypic mosaicism is clinically important 
because PNH II cells are relatively resistant to spontaneous hemolysis, 
and patients with a high percentage of type II cells have a relatively 
benign clinical course with respect to hemolysis (Fig. 40-4). 

The anemia of PNH is multifactorial as an element of marrow fail- 
ure is present in all patients, although the degree of marrow dysfunc- 
tion is variable.” In some patients, PNH arises in the setting of aplastic 
anemia. In this case, marrow failure is the dominant cause of anemia. 
In other patients with PNH, evidence of marrow dysfunction may be 
subtle (e.g., an inappropriately low reticulocyte count) with the degree 
of anemia being determined primarily by the rate of hemolysis that is, 
in turn, determined by PNH clone size. 


@ CLINICAL FEATURES 


The primary clinical manifestations of PNH are hemolysis, thrombosis, 
and marrow failure.” Constitutional symptoms (fatigue, lethargy, mal- 
aise, asthenia) dominate the history, with nocturnal hemoglobinuria 
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TABLE 40-1. Recommendation for Screening Patients for 


Paroxysmal Nocturnal Hemoglobinuria* 


History of episodic hemoglobinuria 


Evidence of nonspherocytic, Coombs-negative intravascular 
hemolysis (must have high serum lactate dehydrogenase) 


Patients with aplastic anemia (screen at diagnosis and once yearly 
even in the absence of intravascular hemolysis) 


Patients with refractory anemia or refractory cytopenias with mul- 
tilineage dysplasia variants of myelodysplastic syndromet 


Patients with venous thrombosis involving unusual sites (usually 
have evidence of intravascular hemolysis) 


+ Budd-Chiari syndrome 

e Other intraabdominal sites 
e Cerebral veins 

e Dermal veins 


“Screening by flow cytometric analysis of glycosylphosphatidylinos- 
itol-anchored proteins on red blood cells and polymorphonuclear 
cells. 

‘There is no indication for screening patients with other myelodys- 
plastic syndrome classifications. 


being a presenting symptom in only approximately 25 percent of 
patients.” Direct questioning frequently elicits a history of episodic dys- 
phagia and odynophagia, abdominal pain, and male impotence. Venous 
thrombosis, often occurring at unusual sites (Budd-Chiari syndrome, 
mesenteric, dermal, or cerebral veins), may complicate PNH. Arterial 
thrombosis is less common. 


@ LABORATORY FEATURES 


PNH should be suspected in all patients with nonspherocytic, 
Coombs-negative intravascular hemolysis (Table 40-1). 

Although the clinical manifestations of PNH depend in large 
part on the size of the PIGA-mutant clone, the extent of the associate 
marrow failure also contributes significantly to disease manifestations. 
Thus, PNH is not a binary process and based on clinical features, mar- 
row characteristics, and the size of the mutant clone as determined by 
the percentage of GPI-AP-deficient polymorphonuclear cells (PMNs), 
the International PNH Interest Group recognizes three disease subcat- 
egories (Table 40-2). 

Reticulocytosis reflects the response to hemolysis, although the 
reticulocyte count may be lower than expected for the degree of anemia 
because of underlying marrow failure (see Table 40-1). Serum lactate 
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Figure 40-4. Clinical manifestations of paroxysmal nocturnal hemo- 
globinuria (PNH) are determined by clone size and erythrocyte pheno- 
type. Mock flow cytometry histograms of erythrocytes from hypothetical 
patients with PNH stained with anti-CD59 are illustrated. Both the pro- 
portion and type of abnormal erythrocytes vary greatly among patients 
with PNH and these characteristics are important determinants of clini- 
cal manifestations. In general, patients with a high percentage of type III 
erythrocytes have clinically apparent hemolysis (A). If the erythrocytes 
are partially deficient in glycosylphosphatidylinositol-anchored protein 
(PNH II cells), hemolysis may be modest even if the percentage of the 
affected cells is high (B). A patient may have a diagnosis of PNH, but 
if the proportion of type Ill cells is low, only biochemical evidence of 
hemolysis may be observed (C). (Modified with permission from Parker 
CG, Omine M, Richards S, et al: Diagnosis and management of paroxysmal 
nocturnal hemoglobinuria. Blood 106(12):3699-3709, 2005.) 


dehydrogenase (LDH) concentration is always abnormally high in 
patients with clinically significant hemolysis and serves as an important 
surrogate marker for estimating and following the rate of intravascular 
hemolysis. A close association exists between PNH and aplastic ane- 
mia, and to a lesser extent between PNH and low-risk myelodysplastic 
syndromes (MDSs) (Chaps. 35 and 87 and see “Paroxysmal Nocturnal 
Hemoglobinuria and Marrow Failure” below). By using high-sensitiv- 
ity flow cytometry, approximately 50 percent of patients with aplastic 


Figure 40-3. Phenotypic mosaicism is a characteristic feature of paroxysmal nocturnal hemoglobinuria (PNH). A. The blood of patients with PNH 
is a mosaic of phenotypically normal and abnormal cells. In some patients, erythrocytes that are partially deficient in glycosylphosphatidyli- 
nositol-anchored proteins (GPI-APs) (called PNH Il) are present in the blood along with cells that are completely deficient (PNH Ill) and cells that are 
phenotypically normal (PNH 1). In the case illustrated, erythrocytes from a patient with PNH (PNH, upper panels) and from a healthy volunteer (NL, lower 
panels) were stained with fluorescently labeled antibodies (anti-CD55, left panels; CD59, right panels) and analyzed by flow cytometry. B. PIGA genotype 
determines PNH phenotype. The PNH Il phenotype is a consequence of PIGA mutation that partially inactivates enzyme function (red circles), whereas 
any PIGA mutation that causes complete loss of enzyme function generates the PNH III phenotype (green, yellow, and blue circles). PNH | cells, have wild- 
type PIGA and are the progeny of normal residual hematopoietic stem cells. In a single individual, multiple discrete PIGA mutations can be identified, 
accounting for the phenotypic mosaicism based on GPI-AP expression. DAF, decay-accelerating factor; MIRL, membrane inhibitor of reactive lysis. 
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TABLE 40-2. Classification of Paroxysmal Nocturnal Hemoglobinuria* 


Rate of Intravascular Benefit from 
Category Hemolysis* Marrow Flow Cytometry Eculizumab 
Classic Florid (macroscopic hemo- Cellular marrow with erythroid Large population (>50%) of Yes 


globinuria is frequent or 
persistent) 


hyperplasia and normal or 
near-normal morphology* 


GPI-AP—deficient PMNs‘ 


PNH in the setting of 
another marrow fail- 
ure syndrome® 


Mild to moderate (macro- 
scopic hemoglobinuria is 
intermittent or absent) 


Evidence of a concomitant mar- 
row failure syndrome® 


Although variable, the per- 
centage of GPI-AP deficient 
PMNs‘is usually relatively 
small (<30%) 


Dependent on the 
size of the PNH 
clone 


No clinical or biochemical 
evidence of intravascular 
hemolysis 


Subclinical 


Evidence of a concomitant mar- 
row failure syndrome? 


Small (<1%) population No 
of GPI-AP-deficient PMNs 
detected by high-resolution 

flow cytometry 


GPI-AP, glycosylphosphatidylinositol-anchored protein; MDS, myelodysplastic syndrome; PMN, polymorphonuclear cell; PNH, paroxysmal noc- 


turnal hemoglobinuria; RBC, red blood cell. 


“Based on recommendations of the International PNH Interest Group.” 


‘Based on macroscopic hemoglobinuria, serum lactate dehydrogenase concentration, and reticulocyte count. 


*Karyotypic abnormalities are uncommon. 


Aplastic anemia and refractory anemia/MDS are the most commonly associated marrow failure syndromes. 
‘Analysis of PMNs is more informative than analysis of RBCs because of selective destruction GPI-AP—deficient RBCs. 


anemia and 15 percent of patients with low-risk MDS have been found 
to have a detectable population of GPI-AP-deficient erythrocytes and 
granulocytes.*°*? In approximately 80 percent of these cases, the pro- 
portion of GPI-AP deficient cells is <1.0 percent of the total. These 
patients with very small populations of GPI-AP-deficient erythrocytes 
have no clinical or biochemical evidence of hemolysis and are desig- 
nated as subclinical PNH (PNH-sc; see Table 40-2). Varying degrees 
of leukopenia, thrombocytopenia, and relative reticulocytopenia reflect 
the extent of marrow insufficiency (see “Paroxysmal Nocturnal Hemo- 
globinuria and Marrow Failure” below). 

Once suspected, diagnosing PNH is straightforward as deficiency 
of GPI-APs on blood cells is readily demonstrated by flow cytometry 
(Fig. 40-5). Although they have much biologic and historic impor- 
tance, the acidified serum lysis test (Ham test) and the sucrose lysis test 
(sugar water test) have largely been abandoned as diagnostic assays 
because they are both less sensitive and less quantitative than flow 
cytometry. Flow cytometric analysis of both RBCs and PMNs is war- 
ranted, as clone size will be underestimated if only RBCs are examined 
because GPI-AP-deficient red cells are selectively destroyed by com- 
plement. Recent transfusion will also affect the estimate of clone size, 
if only RBCs are analyzed, but delineation of PNH phenotypes (i.e., the 
percentage of types I, II, and III cells) requires flow cytometric analysis 
of the erythrocyte population. 

In addition to flow cytometric analysis, the basic initial evaluation 
of a patient with PNH should include complete blood count to assess 
the effects of the disease on production of leukocytes and platelets, 
as well as on erythrocytes (Table 40-3). In patients with classic PNH, 
the leukocyte and platelet counts are usually normal or nearly normal, 
whereas leukopenia, thrombocytopenia, or both invariably accompany 
PNH/aplastic anemia and PNH/MDS. The reticulocyte count is needed 
to assess the ongoing capacity of the marrow to respond to the ane- 
mia. Although the reticulocyte count is elevated in patients with classic 
PNH, as noted above, it may be inappropriately low for the degree of 
anemia, reflecting underlying relative insufficiency of hematopoiesis 
that is characteristic of the disease. The reticulocyte count is decreased 
in patients with PNH with concomitant aplastic anemia or low-risk MDS. 


Serum LDH is always markedly elevated in classic PNH. The degree 
of serum LDH elevation is variable in patients with PNH/aplastic 
anemia and PNH/MDS, depending on the size of the PNH clone (see 
Table 40-2). By definition, patients with PNH-sc have neither clinical 
nor biochemical evidence of hemolysis (see Table 40-2). Patients with 
classic PNH are often iron deficient as a result of chronic iron loss in 
the form of hemoglobinuria and hemosiderinuria (Chap. 43). Marrow 
aspirate and biopsy are needed to distinguish classic PNH from PNH 
in the setting of another marrow abnormality. Nonrandom cytogenetic 
abnormalities are rare in PNH.” 


@ DIFFERENTIAL DIAGNOSIS 


PAROXYSMAL NOCTURNAL HEMOGLOBINURIA 
AND MARROW FAILURE 


Although the marrow of patients with classic PNH appears relatively 
normal morphologically (see Table 40-2), numerous in vitro studies 
have shown that the growth characteristics of marrow-derived stem cells 
are aberrant.”!°*” Moreover, when stem cells are sorted into GPI- AP— 
and GPI-AP+ populations, compared to the GPI-AP+ population, 
the growth characteristics of the GPI-AP— population more closely 
approach those of normal control cells.” One plausible explanation for 
this observation is that the GPI-AP- cells are relatively protected from 
the pathophysiologic process that mediates the marrow injury, thereby 
providing a basis for natural selection of the PIGA mutant clone. In this 
view of PNH, outgrowth of the PIGA mutant clone is seen as an example 
of Darwinian evolution occurring within the microenvironment of the 
marrow. Although appealing, definitive experimental support for this 
hypothesis is lacking. 

A close association exists between PNH and aplastic anemia and 
to alesser extent between PNH and low-risk MDSs. By using high-reso- 
lution flow cytometry,” approximately 50 to 60 percent of patients with 
aplastic anemia and 15 to 20 percent of patients with low-risk MDS 
have been found to have a detectable population of GPI-AP-deficient 
erythrocytes and granulocytes.*°*!*** In approximately 90 percent of 
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Figure 40-5. Diagnosis of paroxysmal nocturnal hemoglobinuria (PNH) by flow cytometry. Erythrocytes (RBCs) and neutrophils (PMNs) from a 
healthy volunteer and a patient with PNH were analyzed by flow cytometry using anti-glycophorin A (top row, vertical axis) to identify RBCs and 
anti-CD11b (bottom row, vertical axis) to identify PMNs. Glycosylphosphatidylinositol-anchored protein (GPI-AP) expression was detected using a 
combination of anti-CD55 and anti-CD59 (top and bottom rows, horizontal axis). PNH cells are deficient in both CD55 and CD59 (upper left quadrant of 
each histogram). The percentage of GPI-AP—deficient (PNH) cells is shown for each sample. 


TABLE 40-3. Basic Evaluation for Paroxysmal Nocturnal 
Hemoglobinuria 


Flow cytometric evidence of a population of erythrocytes and 
granulocytes partially or completely deficient in multiple glycosyl- 
phosphatidylinositol-anchored proteins (GPI-APs)* 

Complete blood count, reticulocyte count, serum concentration 
of lactate dehydrogenase, bilirubin (fractionated) and haptoglobin, 
determination of iron stores 


Marrow aspirate, biopsy, and cytogenetics* 


“Paroxysmal nocturnal hemoglobinuria (PNH) clone size is deter- 
mined by the percentage of GPI-AP-deficient polymorphonuclear 
cells. 


‘The most important surrogate marker for intravascular hemolysis. 


*Marrow aspirate and biopsy are used to distinguish classic PNH from 
PNH in the setting of another marrow failure syndrome. Nonrandom 
karyotypic abnormalities are rare in PNH. 


these cases, the proportion of GPI-AP-deficient blood neutrophils is 
less than 25 percent of the total.” Those patients with very small popu- 
lations of GPI-AP-deficient erythrocytes (designated PNH-sc) have no 
clinical or biochemical evidence of hemolysis and require no specific 
treatment for PNH (see Table 40-2). 

Studies have investigated the natural history of PNH clones in the 
setting of marrow failure.’ The threshold that separates PNH-sc from 
clinical PNH is reached when the neutrophil clone size is in the range 
of 20 to 25 percent with a corresponding GPI-AP-deficient erythrocyte 
population of 3 to 5 percent. Longitudinal studies indicate that clonal 
expansion occurs in 15 to 50 percent of cases.***°*! In 10 to 25 percent 
of cases the clone disappears, and in 25 to 60 percent of cases the clone 
size persists unchanged.****' Available evidence indicates that patients 
who present with PNH-sc do not progress to clinical PNH.“ Among 
patients who present with clinical PNH in the setting of marrow fail- 
ure, treatment for complications of PNH (eculizumab for hemolysis or 
anticoagulation for thrombosis) is required in approximately 50 percent 
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of cases.*' There is no evidence that treatment with immunosuppressive 
therapy influences clonal expansion either positively or negatively. 

‘The basis of the relationship between PNH and aplastic anemia is 
speculative. The vast majority of patients with PNH have some evidence 
of marrow failure (e.g., thrombocytopenia, leukopenia, or both) during 
the course of their disease.” Therefore, marrow injury may play a 
central role in the development of PNH by providing the conditions 
that favor the growth/survival of PIGA-mutant, GPI-AP-deficient stem 
cells. Finding a population of GPI-AP-deficient erythrocytes in patients 
with aplastic anemia is clinically relevant, as these patients have a par- 
ticularly high probability of responding to immunosuppressive therapy, 
and the onset of the response appears to be more rapid compared to 
patients with aplastic anemia without a population of GPI-AP-deficient 
erythrocytes.*)>* 

The presence of PNH cells has also been observed in patients with 
MDS.*°3°5 Notably, the association between PNH and MDS appears 
to be confined to low-risk categories of MDS, particularly the refrac- 
tory anemia (RA) variant. Using high-sensitivity flow cytometry in 
which equal to or greater than 0.003 percent GPI-AP-deficient RBCs or 
PMNs was classified as abnormal, Wang and colleagues reported that 21 
of 119 (18 percent) patients with RA MDS had a population of PNH cells, 
whereas GPI-AP-deficient cells were not detected in patients with RA 
with ringed sideroblast (RARS), RA with excess of blasts (RAEB), or RA 
with excess of blasts in transformation (RAEB-t). Compared to patients 
with RA without a population of PNH cells (RA-PNH-), patients with 
RA with a population of PNH cells (RA-PNH+) had a distinct clinical 
profile characterized by the following features: (1) less-pronounced mor- 
phologic abnormalities of blood cells; (2) more severe thrombocytope- 
nia; (3) lower rates of karyotypic abnormalities; (4) higher incidence 
of HLA-DR15; (5) lower rate of progression to acute leukemia; and (6) 
higher probability of response to cyclosporine therapy. 

That a population of PNH cells is associated only with low-risk 
MDS was confirmed in a North American study of 137 patients classified 
by World Health Organization (WHO) criteria.” The study found 
a population of PNH cells in 1 of 5 (20 percent) patients with 5q- 
syndrome, in 6 of 17 (35 percent) patients with RA, and in 2 of 37 (5 
percent) patients with refractory cytopenias with multilineage dysplasia 
(RCMD), whereas no patient with RARS (0 of 9), RCMD-ringed side- 
roblasts (0 of 6), RAEB (0 of 26), MDS unspecified (0 of 10), myelodys- 
plastic/myeloproliferative disease (0 of 10), primary myelofibrosis (0 of 
5), chronic myelomonocytic leukemia (0 of 5), or acute myeloid leukemia 
(0 of 6) had a detectable population of GPI-AP-deficient blood cells.” 

When combined with evidence of polyclonal hematopoiesis (based 
on the pattern of X-chromosome inactivation in female patients), the 
presence of a population of PNH cells in patients with MDS predicts a 
relatively benign clinical course and a high probability of response to 
immunosuppressive therapy in patients.” A relatively good response to 
immunosuppressive therapy for patients with MDS and aplastic anemia 
was also predicted by expression of HLA-DR15 in studies of both North 
American and Japanese patients.“ Together, these observations pro- 
vide compelling indirect evidence that aplastic anemia and a subgroup 
of low-risk MDS are immune-mediated diseases and that the immune 
pathophysiologic process provides the selection pressure that favors the 
outgrowth of PIGA mutant, GPI-AP-deficient stem cells. 


@THERAPY 
ECULIZUMAB 


The complement-mediated intravascular hemolysis of PNH can be 
inhibited by blocking formation of the terminal complement pathway 
generated MAC, the cytolytic component of the complement system 


(see Fig. 40-1). The MAC consists of complement components C5b, 
C6, C7, C8, and multiple molecules of C9. Eculizumab (Soliris) is a 
humanized monoclonal antibody that binds to complement C5, pre- 
venting its activation to C5b and thereby inhibiting MAC formation 
(see Fig. 40-1).* In 2007, eculizumab was approved by both the FDA 
and the European Union Commission (now the European Medicines 
Agency) for treatment of the hemolysis of PNH. Treatment with ecu- 
lizumab reduces transfusion requirements, ameliorates the anemia of 
PNH, and markedly improves quality of life by resolving the debili- 
tating constitutional symptoms (fatigue, lethargy, asthenia) associated 
with chronic complement-mediated intravascular hemolysis.” Follow- 
ing treatment, serum LDH concentration returns to normal, but mild 
to moderate anemia and reticulocytosis usually persist, likely the result 
of ongoing extravascular hemolysis mediated by opsonization of PNH 
erythrocytes by activated complement C3, as eculizumab does not block 
the activity of the APC C3 convertase (see Fig. 40-1).*!* In some cases, 
extravascular hemolysis is sufficiently severe so as to require therapy.” 

Thromboembolic events are the major cause of morbidity and 
mortality in PNH,” and eculizumab appears to ameliorate the throm- 
bophilia of PNH, although the studies that support that conclusion had 
suboptimal design. 

Eculizumab is given by intravenous infusion on a biweekly sched- 
ule following an initial loading period consisting of five weekly treat- 
ments. In general, the drug is well tolerated; however, patients with 
congenital deficiency of complement C5 have an increased risk of 
infection with Neisseria species. For this reason, patients treated with 
eculizumab (which blocks the function of C5; see Fig. 40-1) are at risk 
for meningococcal septicemia. All patients must be inoculated with a 
meningococcal vaccine 2 weeks before starting therapy, but the vaccine 
is not 100 percent protective. Whether prophylactic antibiotic therapy 
aimed at preventing meningococcal infection is justified for a patient 
receiving eculizumab remains to be determined. Despite the fact that 
the percentage of GPI-AP-deficient erythrocytes increases during 
treatment with eculizumab,* there have been no reports of catastrophic 
hemolytic crises in the relatively few PNH patients who have discontin- 
ued treatment with eculizumab.*”* 

Eculizumab is expensive (approximately $400,000/year in the 
United States), and it has no effect on either the underlying stem cell 
abnormality or the associated marrow failure. Consequently, treatment 
must continue indefinitely and leukopenia, thrombocytopenia, and 
reticulocytopenia, if present, persist. 


OTHER TREATMENT FOR PAROXYSMAL 
NOCTURNAL HEMOGLOBINURIA 


Other than eculizumab, there is no specific treatment for PNH, and 
for patients who are not being treated with eculizumab, management 
is largely supportive (reviewed in Ref. 28). Although hemolysis is ame- 
liorated in some patients by treatment with glucocorticoids or andro- 
gens, the use of steroids in the management of patients with PNH is 
controversial.” The main value of glucocorticoids may be in attenuating 
acute hemolytic exacerbations. Under these circumstances, brief pulses 
of prednisone may reduce the severity and duration of the crisis. The 
value of glucocorticoids in treating chronic hemolysis is limited by tox- 
icity, and the harm that can accrue from long-term use cannot be over- 
emphasized. An every-other-day schedule may attenuate some of the 
adverse effects of chronic glucocorticoid use,” but patients may note 
worsening of symptoms on the off day. 

Androgen therapy, either alone or in combination with gluco- 
corticoids, has been used successfully to treat the anemia of PNH.*”** 
As with glucocorticoids, the mechanism by which androgenic steroids 
ameliorate the anemia of PNH is not fully understood, although the 


rapid onset of action is consistent with complement inhibition.” Poten- 
tial complications of androgen therapy include liver toxicity, prostatic 
hypertrophy, and virilizing effects. The toxicity profile is more favor- 
able for attenuated synthetic androgens such as danazol, making long- 
term use of this drug a reasonable management option in responding 
patients. A starting dose of 400 mg twice a day is recommended, but 
a lower dose (100 to 400 mg/day) may be adequate to control chronic 
hemolysis.” 

Patients with PNH frequently become iron deficient as a result 
of both hemoglobinuria and hemosiderinuria.*”** Clinically impor- 
tant iron loss from hemosiderinuria can occur (Chap. 43), even in 
the absence of gross hemoglobinuria. Replacement is often associated 
with exacerbation of hemolysis, regardless of the route of administra- 
tion.*”** Compared with parenteral replacement, oral administration of 
iron may be accompanied by less-severe hemolytic exacerbations, but 
urinary iron loss may be so great that repletion may not be achieved.” 
Concern for inducing a hemolytic exacerbation should not deter iron 
repletion.” If a hemolytic exacerbation occurs in the setting of iron 
repletion, the episode can be controlled by treatment with glucocorti- 
coids or androgens or by suppression of erythropoiesis by transfusion. 
There is no concern about iron-replacement therapy inducing a hemo- 
lytic exacerbation in patients being treated with eculizumab as hemoly- 
sis is inhibited by the drug. 

Because the hemolysis is a consequence of a defect intrinsic to 
patient's erythrocytes, the anemia of PNH responds to red cell trans- 
fusion. Concerns about inducing a hemolytic exacerbation as a con- 
sequence of infusion of small amounts of donor plasma that may be 
included in red cell preparations appear unwarranted. However, 
hemofiltration is recommended to prevent transfusion reaction aris- 
ing from the interaction between donor leukocytes and recipient anti- 
bodies. Iatrogenic hemochromatosis from chronic transfusion may 
be delayed in patients with PNH as a result of iron loss from hemo- 
globinuria/hemosiderinuria,” but iron overload remains a concern in 
patients who require chronic transfusion when the anemia is primarily 
a consequence of marrow failure rather than intravascular hemolysis. 

Supplemental folate (1 mg/day) is recommended to compensate 
for increased use (Chap. 41) associated with heightened erythropoiesis 
that is a consequence of ongoing hemolysis.” 

The role of splenectomy in the management of patients with PNH 
has not been investigated systematically. Reports of amelioration of 
hemolysis and improvement in cytopenias following splenectomy are 
anecdotal. Concerns about lack of proven efficacy and the potential for 
postoperative complications, particularly thrombosis, have led some to 
argue that splenectomy has no role in the management of PNH.” 


ALLOGENEIC HEMATOPOIETIC STEM CELL 
TRANSPLANTATION 


Prior to the availability of eculizumab, the primary indications for 
transplantation were marrow failure, recurrent, life-threatening throm- 
bosis, and uncontrollable hemolysis (Table 40-4).¥ The latter process 
can be eliminated by treatment with eculizumab and the thrombophilia 
of PNH may also respond to inhibition of intravascular hemolysis by 
eculizumab.**® Nonetheless, transplantation is the only curative ther- 
apy for PNH, and the availability of molecularly defined, matched, 
unrelated donors, less-toxic conditioning regimens, reduction in trans- 
plantation-related morbidity and mortality, and improvements in post- 
transplantation supportive care make this option a viable alternative 
to medical management. Studies (see “Course and Prognosis” below) 
indicate a normal survival for patients with PNH treated with eculi- 
zumab, making the decision of whether to recommend medical man- 
agement or hematopoietic stem cell transplant particularly complex.” 
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TABLE 40-4. Hematopoietic Stem Cell Transplantation for 


Paroxysmal Nocturnal Hemoglobinuria 


Indications for transplantation 

e Marrow failure—approach to management depends primarily 
on the underlying marrow abnormality (e.g., aplastic anemia) 
but the treatment regimen must be sufficient to eradicate the 
paroxysmal nocturnal hemoglobinuria (PNH) clone 

e Major complications of PNH 

e Refractory, transfusion-dependent hemolytic anemia* 

e Recurrent, life-threatening, thromboembolic complications* 

Conditioning regimens and donors 

e Ablative and reduced intensity conditioning regimens have 
been successful 


e For transplantations involving syngeneic twins, an ablative 
regimen is recommended? 


+ Matched unrelated donor transplantations have been successful 
but experience is limited 


Outcomes 


e There are no PNH-specific adverse events. Severe, acute graft- 
versus-host disease occurs in approximately 33% of patients 
and the incidence of chronic graft-versus-host disease is roughly 
35% 

e Overall survival for unselected PNH patients who undergo trans- 
plantation using an human leukocyte antigen (HLA)-matched 
sibling donor is in the range of 50-60% 


“Treatment with eculizumab controls the intravascular hemolysis of 
PNH. Mild to moderate extravascular hemolytic anemia persists in 
most patients with PNH treated with eculizumab, likely as a conse- 
quence of opsonization of erythrocytes by activation and degrada- 
tion products of complement C3. 

*Eculizumab may ameliorate the thrombophilia of PNH. 


*Absence of graft-versus-host effect may render nonablative approaches 
inadequate. 


An understanding of the unique pathobiology of PNH and the input 
of physicians experienced in transplantation and medical management 
of PNH are essential to develop an appropriate management plan for 
transplantation-eligible patients.” 

For patients who are receiving transplantation for marrow failure, 
the focus of management is on the etiology of the marrow failure (see 
Table 40-4). For patients with aplastic anemia and a small PNH clone 
who undergo matched sibling donor allotransplantation, the condi- 
tioning regimen of antithymocyte globulin and cyclophosphamide 
coupled with graft-versus-host effects appear sufficient to eradicate the 
PNH clone.’ However, in the unusual situation in which the patient 
has a syngeneic twin, a more intense conditioning regimen is required, 
as graft-versus-PNH effect does not contribute to clonal eradication in 
this circumstance.” In the event that a patient with low-risk MDS with 
a PNH clone requires allotransplantation, the conditioning regimen 
(marrow ablative or reduced intensity) in combination with graft-ver- 
sus-tumor effects usually is sufficient to eradicate the PNH clone. 

Transplantation for classic PNH is aimed at eradicating the PNH 
clone, and both marrow ablative ® and reduced-intensity®” con- 
ditioning regimens are effective, although experience with the lat- 
ter is more limited. Successful outcomes have been reported using 
matched, unrelated donors, as well as matched, sibling donors.** 
There are no PNH-specific adverse events associated with transplanta- 
tion; severe, acute graft-versus-host disease (GVHD) occurs in more 
than one-third of the patients and the incidence of chronic GVHD is 
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approximately 35 percent. Overall survival for unselected PNH patients 
who undergo transplantation using an human leukocyte antigen (HLA)- 
matched sibling donor is in the range of 50 to 60 percent.*® 


MANAGEMENT OF THE THROMBOPHILIA 
OF PAROXYSMAL NOCTURNAL 
HEMOGLOBINURIA 


Thromboembolic complications are the leading cause of morbidity and 
mortality in PNH.® Prophylaxis against thromboembolic events in 
patients with PNH is an issue of active debate.” Current estimates of 
risk are based on retrospective analysis,*””’* but risk appears to correlate 
with size of the PNH clone (based on flow cytometric determination of 
the percentage of GPI-AP-deficient PMNs), leading to the recommen- 
dation that patients with greater than 50 to 60 percent GPI-AP-deficient 
PMNs be offered prophylactic anticoagulation.””' Treatment with war- 
farin with a goal international normalized ratio (INR) of between 2.0 and 
3.0 is recommended for patients with PNH who require chronic antico- 
agulation either for treatment of a thromboembolic event or for prophy- 
laxis. There are no empiric data to guide the use of low-molecular-weight 
heparin or novel oral anticoagulants in these settings, but their use can 
be considered in patients with adequate renal function who fail warfarin 
or in patients have difficulty maintaining a consistent therapeutic INR. 

Although arterial thrombosis may be observed," thromboembolic 
events in patients with PNH usually involve the venous system. Acute 
thrombotic events require anticoagulation with heparin. Systemic 
thrombolytic therapy,” or thrombolytic therapy delivered via canal- 
ization directly to the affected site,” should be strongly considered in 
patients with acute onset of Budd-Chiari syndrome. 

Thrombocytopenia often complicates PNH, and this issue should 
be addressed when formulating an anticoagulation management plan. 
Thrombocytopenia is a relative contraindication to anticoagulation, 
and transfusions should be given to maintain the platelet count in a safe 
range rather than withholding therapy.” Patients with PNH who expe- 
rience a thromboembolic event should be anticoagulated indefinitely. 
Recurrent, life-threatening thrombosis merits consideration of mar- 
row transplantation, but such patients are at high-risk for transplanta- 
tion-related adverse events (see Table 40-4).*! 

Eculizumab reduces the risk of thromboembolic complications.™ 
For patients being treated with eculizumab who have no prior history of 
thromboembolic complications, prophylactic anticoagulation may not 
be necessary. 


PREGNANCY AND PAROXYSMAL NOCTURNAL 
HEMOGLOBINURIA 


Women with PNH can have serious morbidity and increased mortality 
during pregnancy.” Because of concerns about fetal/maternal risks 
from exposure to potentially toxic therapy, anticoagulation and trans- 
fusion have been the mainstay of management. Eculizumab has been 
assigned to pregnancy category C (risk cannot be ruled out) by the FDA. 
There are no controlled studies of the use of eculizumab in human preg- 
nancy; however, anecdotal reports and small series have identified no 
significant adverse effects when eculizumab is used during pregnancy, 
including early in gestation and, in one case, from the time of concep- 
tion.*™> Nonetheless, until more is known about the safety of eculi- 
zumab in pregnancy, it seems prudent to restricted use of the drug to 
the third trimester and then only for patients who are at high-risk for 
thrombosis and who have no acceptable therapeutic alternatives. 
Moderate to severe thrombocytopenia may complicate the 
pregnancy, and clinically significant bleeding in this setting necessi- 
tates platelet transfusion. The incidence of clinically apparent venous 


thromboembolism during pregnancy in women with PNH is approxi- 
mately 10 percent,” and these events are associated with a high risk of 
mortality.” Similar to nonpregnant patients with PNH, cerebral and 
hepatic veins are commonly involved sites of thrombosis. Thrombolytic 
therapy should be considered for those with Budd-Chiari syndrome. 

The role of prophylactic anticoagulation for pregnant women with 
PNH has not been studied prospectively; however, because of the sig- 
nificant morbidity and mortality associated with thromboembolism in 
this setting, prophylaxis is recommended. Coumadin is contraindicated 
because of teratogenic potential in the first trimester and hemorrhagic 
risks later in gestation (Chap. 8). Anticoagulation with heparin should 
begin immediately once the pregnancy is documented. Low-molecular- 
weight heparin has a hypothetical advantage over unfractionated hep- 
arin because of a lower incidence of drug-induced thrombocytopenia 
and less osteopenia (Chap. 118). Careful monitoring of the platelet 
count is required because thrombocytopenia may worsen during the 
period of anticoagulation. Anticoagulation can be discontinued briefly 
around the time of delivery. However, it should be restarted as soon as is 
feasible and continued for at least 6 weeks into the postpartum period, 
as thrombosis during the puerperium is a major concern.” Most 
deliveries can be accomplished vaginally, although premature delivery 
may be necessary. Despite the many concerns surrounding PNH and 
pregnancy, successful outcomes appear to be the rule rather than the 
exception”; however, management is complicated and should involve 
the combined efforts of a knowledgeable hematologist and an obstetri- 
cian experienced in dealing with high-risk pregnancies.” 


PEDIATRIC PAROXYSMAL NOCTURNAL 
HEMOGLOBINURIA 


PNH can occur in the young (approximately 10 percent of patients are 
younger than age 21 years at the time of diagnosis). A retrospective 
analysis of 26 cases, underscored the many similarities between child- 
hood and adult PNH.* Signs and symptoms of hemolysis, marrow 
failure, and thrombosis dominate the clinical picture, although gross 
hemoglobinuria as a presenting symptom may be less common in young 
patients. A generally good response to immunosuppressive therapy was 
observed," but based on poor long-term survival, hematopoietic cell 
transplantation is the recommended treatment for childhood PNH. 
One study® confirmed the common presentation of marrow failure in 
11 children with PNH, and reported that five patients eventually under- 
went hematopoietic cell transplant (three matched unrelated donors and 
two matched family donors), of whom four were long-term survivors. In 
another study of 12 young patients over an 18-year period, 10 presented 
with evidence of marrow failure and only one with hemoglobinuria.” 
There were six children with thrombosis and five with myelodysplastic 
features, indicating that the clinical presentation may be more similar to 
adult PNH than previously recognized. The safety and effectiveness of 
eculizumab in pediatric patients below the age of 18 years has not been 
established, however, there are anecdotal reports of its use in pediatric 
patients with PNH.® Although eculizumab is not approved for PNH 
patients younger than age 18 years, approval will likely be sought once 
pharmacodynamic and pharmacokinetic characteristics of the drug are 
defined for the pediatric/adolescent population.’ The availability of 
eculizumab for pediatric PNH may be particularly advantageous as a 
bridge prior to implementation of more definitive therapy. 


@ COURSE AND PROGNOSIS 


The clinical course of PNH is enormously variable. In rare instances, the 
patient may succumb to this disease within a few months of the first onset 
of symptoms. Most patients experience a chronic course in which the 


severity of the disease waxes and wanes as the normal cells and the PNH 
clone alternately appear to gain ascendancy. Rarely, the abnormal clone 
disappears altogether, and the patient appears to be cured. Transforma- 
tion to acute leukemia is uncommon (in the range of 1 percent). In some 
instances, but not in others, leukemic blasts are GPI-A P-deficient.“° 

As with so many other diseases, initial reports on PNH tended 
to emphasize the more severely affected patients, so the prognosis was 
generally deemed to be very grave. As physicians developed a higher 
index of suspicion concerning this disorder, and as simplified meth- 
ods for diagnosis became available, milder cases were diagnosed with 
a better long-term outlook. Nonetheless, even today, the disease must 
be considered a very serious one. The most common lethal event is a 
thrombotic episode such as the Budd-Chiari syndrome,” but the 
various complications of pancytopenia also may lead to death,” and in 
a few patients, the terminal process is development of acute leukemia.“ 
In a study of 220 patients with PNH followed for up to 46 years in the 
preeculizumab era, the Kaplan-Meier survival estimate was 65 percent 
at 10 years and 48 percent at 15 years after diagnosis.* In another pree- 
culizumab era study of 80 consecutive patients the outlook was simi- 
lar: the median survival after diagnosis was 10 years, with 28 percent 
of patients surviving for 25 years.” Eight-year cumulative incidence 
rates of the main complications of pancytopenia, thrombosis, and MDS 
were 15 percent, 28 percent, and 5 percent, respectively. Poor survival 
was associated with age older than 55 years at the time of diagnosis, the 
occurrence of thrombosis as a complication, evolution to pancytopenia, 
MDS or acute leukemia, and thrombocytopenia at diagnosis. The prog- 
nosis of patients in whom aplastic anemia antedated PNH was better 
than in those in whom it did not.* 

In addition to symptomatic benefit, treatment with eculizumab 
appears to influence the natural history of PNH. In a retrospective 
study of the clinical history of 79 patients with classic PNH or PNH/ 
marrow failure treated with eculizumab, the median age at diagnosis 
was 37 years (range: 12 to 79 years) and the median age at the time 
of initiation of treatment with eculizumab was 46 years (range: 14 to 
84 years). The mean duration of treatment with eculizumab was 39 
months (range: 1 to 98 months). Based on flow cytometric analysis of 
blood neutrophils, the average clone size among the treated patients was 
96.4 percent (range: 41.8 to 100 percent). Twenty-four patients (30 percent) 
had a history of a marrow failure syndrome at the time of diagnosis 
(23 with aplastic anemia and one with MDS). Thrombotic episodes 
were reported in 27 percent of patients prior to starting eculizumab 
(including 12 cases of Budd-Chiari syndrome, four cases of mesenteric 
vein thrombosis, three cases of cerebral vein thrombosis). The investi- 
gators found that treatment with eculizumab reduced the mean yearly 
transfusion requirement from 19.3 units to 5.0 units. Of 61 patients 
who had been on eculizumab for more than 1 year, 40 (66 percent) 
became transfusion-independent. Thrombosis was observed in two 
patients while on eculizumab. No thrombotic events were reported in 
21 patients who discontinue prophylactic anticoagulation after starting 
treatment with eculizumab. 

Survival of the 79 patients treated with eculizumab was the same 
as that of a group of age- and sex-matched controls from the general 
population. Two eculizumab patients developed documented meningo- 
coccal infection with Neisseria meningitidis serogroup B, and thereafter, 
a program of antibiotic prophylaxis was instituted by the investigators. 

A multicenter study involving 195 patients followed for 66 months 
largely confirmed these findings.*° 

Together, these results demonstrate that treatment with eculizumab 
alters the natural history of PNH both by reducing or eliminating trans- 
fusion requirements through inhibition of intravascular hemolysis and 
by virtually eradicating thromboembolic complications. Eculizumab 
treatment may also reduce disease related mortality although the extent 


Chapter 40: Paroxysmal Nocturnal Hemoglobinuria 


to which the drug enhances survival cannot be accurately determined 
from these studies as the experimental design did not include a ran- 
domized control group of patients. Eculizumab does not appear to 
affect either the marrow failure component of the disease or the clonal 
hematopoiesis that underlies disease pathophysiology. Although PNH 
is a clonal disease, it is not a malignant disease, as previously discussed, 
and it is this characteristic of PNH that allows for successful long-term 
symptomatic management in the absence of a treatment strategy aimed 
at eradicating the PIGA mutant hematopoietic stem cells. 
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CHAPTER 41 
FOLATE, COBALAMIN, AND 
MEGALOBLASTIC ANEMIAS 


Ralph Green 


Deficiency of either folate or cobalamin (vitamin B) leads to macrocytic ane- 
mia with or without other cytopenias as a result of megaloblastic hematopoie- 
sis, a manifestation of defective DNA synthesis. Folate in its tetrahydro form 
is a transporter of one-carbon fragments, which it can carry at any of three 
oxidation levels: methanol, formaldehyde, or formic acid. The oxidation levels 
of the folate-bound one-carbon fragments can be altered by oxidation and 
reduction reactions that require nicotinamide adenine dinucleotide phosphate 
in its oxidized (NADP) or reduced (NADPH) form. The primary source of the 
folate-bound one-carbon fragments is serine, which is converted to glycine 
as its terminal carbon is transferred to folate. The one-carbon fragments are 
used for biosynthesis of purines, thymidine, and methionine. During biosyn- 
thesis of purines and methionine, free folate is released in its tetrahydro form. 
During biosynthesis of thymidine, tetrahydrofolate is oxidized to the dihydro 
form and must again be fully reduced by dihydrofolate reductase to continue 
functioning in one-carbon metabolism. Methotrexate acts as an anticancer 
agent because it is an exceedingly powerful inhibitor of dihydrofolate reduc- 
tase, thereby interdicting the generation of reduced folate. 

In the cell, folates are conjugated by the addition of a chain of seven or 
eight glutamic acid residues. These residues enable the retention of folates in 
the cell. When folates are absorbed from the intestine, a process that occurs 
chiefly in the duodenum and proximal jejunum, all but one of the glutamates 
is removed by the enzyme glutamate carboxypeptidase II (folate hydrolase). 
Resulting monoglutamate forms are then taken up by one of two folate- 
specific transporters located on the apical brush border small bowel epithe- 
lium, the reduced folate carrier or the proton-coupled folate transporter. Blood 
folates are taken up by cells, mainly in the form of methyltetrahydrofolate 
monoglutamate. The newly absorbed folates are rapidly reglutamylated in 
the cell by the enzyme folyl-polyglutamyl synthase (FPGS). If glutamylation 


Acronyms and Abbreviations: AdoCbl, adenosylcobalamin; AICAR, 5-amino-4- 
imidazole carboxamide ribotide; ATPase, adenosine triphosphatase; AZT, azidothy- 
midine; CnCbl, cyanocobalamin; CoA, coenzyme A; CUB, cubilin; CUBAM, the binary 
ileal cubilin receptor complex consisting of cubilin and amnionless; dTMP, deoxythy- 
midine monophosphate; dU, deoxyuridine; dUMP, deoxyuridine monophosphate; 
FH, tetrahydrofolate; FPGS, folylpoly-y-glutamyl synthase; [H]Thd, [H]thymidine; 
HC, haptocorrin; HCl, hydrochloric acid; IM, intramuscular; LDH, lactate dehydroge- 
nase; MCV, mean corpuscular volume; MeCbl, methylcobalamin; MRI, magnetic res- 
onance imaging; MTHFR, methylenetetrahydrofolate reductase; NADP, nicotinamide 
adenine dinucleotide phosphate; NADPH, nicotinamide adenine dinucleotide phos- 
phate (reduced form); N0, nitrous oxide; OHCbl, hydroxocobalamin; PA, pernicious 
anemia; PteGlu, pteroylglutamic acid (folic acid); SAH, S-adenosylhomocysteine; 
SAMe, 5-adenosylmethionine; TC, transcobalamin. 


is prevented, the folates cannot be retained in the cell, resulting in an intracel- 
lular folate deficiency. 

Cobalamin is required for two reactions: intramitochondrial conversion of 
methylmalonyl coenzyme A (CoA), a product of catabolism of branched-chain 
amino acids, and ketogenic amino acids to succinyl CoA, a Krebs cycle inter- 
mediate and cytosolic conversion of homocysteine to methionine, a reaction 
in which the methyl group of methyltetrahydrofolate is donated to the sul- 
fur atom of homocysteine. In cobalamin deficiency, methyltetrahydrofolate 
accumulates because, for practical purposes, donation of the methyl group 
to homocysteine is the only method of generating free tetrahydrofolate from 
methyltetrahydrofolate. Free tetrahydrofolate is an excellent substrate for 
FPGS; methyltetrahydrofolate is a poor substrate. Consequently, much of the 
methyltetrahydrofolate taken up by a cobalamin-deficient cell leaks out of the 
cell before it can be polyglutamylated. The megaloblastic anemia of cobalamin 
deficiency results from an intracellular folate deficiency that arises because of 
the cell's limited ability to polyglutamylate methyltetrahydrofolate. 

Absorption of cobalamin is a highly complex process. Upon arriving in 
the stomach, cobalamin is taken up by haptocorrin (HC) binder (also called R 
binder or cobalophilin), a glycoprotein found in virtually all secretions. When 
the cobalamin HC complex enters the duodenum, the HC is digested and 
the cobalamin is released into the intestinal lumen, where it is taken up by 
intrinsic factor, a glycoprotein secreted by the gastric parietal cells. The cobal- 
amin-intrinsic factor complex is absorbed by cells in the ileum through recep- 
tor-mediated endocytosis, involving cubilin and other proteins. The cobalamin 
is released within lysosomes and transported to the blood where it circulates 
bound to transcobalamin (TC), which delivers its cargo of cobalamin to cells 
throughout the body. Folate (vitamin B) and cobalamin (vitamin B) play key 
roles in the metabolic machinery of proliferating cells. 

Megaloblastic anemia most commonly results from folate or cobalamin 
(vitamin BA) deficiency. Folate deficiency often was nutritional in origin. It 
may be seen in alcoholics, the elderly, the poor, but also is seen in patients 
on hyperalimentation, with hemolytic anemia, or hemodialysis. In the many 
countries that now practice folic acid fortification of the diet, such as the 
United States and Canada, the prevalence of folate deficiency has been dra- 
matically reduced and nutritional folate deficiency has been virtually elimi- 
nated. In pregnancy, even a mild folate deficiency may be associated with 
defects in neural tube closure in the fetus, so pregnant women should always 
receive folate supplements. The incidence of neural tube defects has fallen 
considerably in North America since the introduction of folic acid fortification. 
Diagnosis of folate deficiency is based on measurements of folate in serum, 
which furnishes information about the current level of folate, and in red cells, 
which provide data on aggregate folate status over the preceding period dur- 
ing which those red cells were produced. Nutritional folate deficiency is treated 
with folic acid by mouth. 

Folate deficiency as a result of malabsorption occurs in tropical and non- 
tropical sprue. Folate deficiency as a result of tropical sprue is treated with 
folate supplements and antibiotics. In nontropical sprue, the treatment is 
folate plus a gluten-free diet. 

The most common cause of clinically apparent cobalamin deficiency is per- 
nicious anemia (PA), a condition in which the portion of gastric mucosa that 
contains the parietal cells is destroyed through an autoimmune mechanism. 
The parietal cells secrete intrinsic factor, which is essential for physiologic 
cobalamin absorption. Without intrinsic factor, a state of cobalamin deficiency 
develops over the course of years. Cobalamin deficiency leads not only to meg- 
aloblastic anemia but also to a demyelinating disease that manifests itself 
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as peripheral neuropathy, spastic paralysis with ataxia (so-called combined 
system disease of the spinal cord), dementia, psychosis, or some combina- 
tion of these features. “Subtle” cobalamin deficiency, which may manifest as 
neurologic symptoms without anemia, appears to be relatively widespread 
among the elderly. The incidence of gastric cancer is increased by a factor of 
two to three in patients with PA. Other causes of cobalamin deficiency are gas- 
tric resection; stasis of the small intestinal contents as a result of blind loops, 
strictures, or hypomotility; and disease or resection of the terminal ileum, the 
site of vitamin B, —intrinsic factor complex absorption. Individuals on a vegan 
diet can become cobalamin deficient. Cobalamin deficiency is diagnosed by 
measuring the level of either total or TC-bound vitamin in the blood or by 
measuring serum methylmalonic acid, which accumulates in the bloodstream 
in patients with cobalamin deficiency. The cause of cobalamin deficiency was 
determined by the Schilling test, a measure of cobalamin absorption, but the 
test is obsolete and no replacement is currently available. In patients with 
nutritional megaloblastic anemia, folate or cobalamin deficiency as the cause 
of the anemia must be determined. If a patient with cobalamin deficiency is 
treated with folic acid, the anemia may be corrected but the neurologic abnor- 
malities persist, progress or may be aggravated. Patients with cobalamin defi- 
ciency usually are treated with parenteral cobalamin but large doses of oral 
cobalamin may be used. 

Megaloblastic anemia can develop as an acute disorder with rapid devel- 
opment of leukopenia and/or thrombocytopenia. Nitrous oxide anesthesia or 
abuse is responsible for some cases of acute megaloblastic anemia. The ane- 
mia is rarely also seen in patients with a marginal folate status in intensive 
care units or severe hemolytic anemia through increased folate demand for 
augmented erythropoiesis. The condition resembles an immune cytopenia 
but can be ruled out by examining the marrow, which exhibits a floridly meg- 
aloblastic picture. 

Other causes of megaloblastic anemia include drugs (e.g., hydroxyurea, 
nucleoside analogues) and certain inborn errors of metabolism. Of the 
inherited conditions, TC deficiency is singled out because it causes a severe 
megaloblastic anemia in infants who respond completely to high-dose cobal- 
amin. Irreversible neurologic complications supervene if the deficiency is not 
detected in time. Megaloblastic-like morphologic features of varying degree 
are seen in the myelodysplastic syndromes, and in acute leukemia of the ery- 
throleukemia type. Megaloblastic anemia seen in association with refractory 
anemia with excess sideroblasts occasionally responds to very high doses of 
pyridoxine. 


@FOLATE 


Folate and cobalamin (vitamin B,,) play key roles in the metabolism of 
all cells, particularly proliferating cells. 


CHEMISTRY 


The group of compounds referred to as folates consists of folic acid and 
its various derivatives. Folic acid (pteroylglutamic acid) is composed of 
a pteridine moeity, a p-aminobenzoate residue, and an L-glutamic acid 
residue (Fig. 41-1A). The first two together are called pteroic acid.' In 
nature, folates occur largely as conjugates in which multiple glutamic 
acids are linked by peptide bonds involving their y-carboxyl groups 
(Fig. 41-1B). Additionally, the naturally occurring polyglutamated 
folates are reduced in the 5, 6, 7, and 8 positions of the pteridine 
ring (as described below, Fig. 41-1B). Conjugates are named accord- 
ing to the length of the glutamate chain (e.g., pteroylmonoglutamate, 


pteroyldiglutamate, pteroylhexaglutamate). Therapeutic folic acid (pte- 
roylglutamic acid, abbreviated PteGlu, or F) has one glutamic acid and 
the pteridine ring is not reduced. 

To form a functional compound, folate must be reduced to tetrahy- 
drofolate (FH ; see Fig. 41-1B). In this reduction, dihydrofolate (FH,) is 
an intermediate. A single enzyme, FH, reductase, catalyzes both F>FH, 
and FH, >FH, 

The folate family consists largely of FH, derivatives bearing a one- 
carbon substituent (symbolized as FH,-C). The varieties of FH,-C differ 
with regard to the identity of the one-carbon unit and the site of its 
attachment to FH,. Figure 41-2 shows one-carbon substituents of bio- 
chemical significance and their major interconversions. 

These substituents are attached to FH F through N,N", or both 
(see Fig. 41-2). Specific enzymes interconvert these various FH, deriv- 
atives through oxidations that require nicotinamide adenine dinucleo- 
tide phosphate (NADP) and reductions that utilize the reduced form of 
NADP, NADPH.’ 

Reduced derivatives of folic acid usually are sensitive to air oxida- 
tion. An important exception is N°-formyl FH, also called citrovorum 
factor, leucovorin, or folinic acid, which, because of its stability, is the 
form preferred for clinical use. 


NUTRITION 


Sources 

Folic acid comes from many sources. The richest vegetable sources are 
asparagus, broccoli, endive, spinach, lettuce, and lima beans. Each veg- 
etable contains more than 1 mg of folate per 100 g dry weight. The best 
fruit sources are oranges, lemons, bananas, strawberries, and melons. 
Folates also are abundant in liver, kidney, yeast, mushrooms, and pea- 
nuts. Since the advent of folic acid fortification of the food supply, the 
median daily intake of folate from an average American diet is estimated 
to be 350 mcg.* Foods are readily depleted of folate by excessive cook- 
ing, especially with large amounts of water, discarded before ingestion. 


Daily Requirements 

In the normal adult, the minimum daily requirement for folic acid 
is approximately 50 mcg. The average diet contains many times this 
amount, but some of the folate may be unavailable. Accordingly, the 
officially recommended dietary allowance of food folate for an adult is 
0.4 mg.’ This figure is derived through considerations of the nutrient 
requirements to satisfy the needs of 97 to 98 percent of healthy indi- 
viduals and the relative differences in absorption and bioavailability 
between dietary folate and the more bioavailable synthetic folic acid. 
One microgram of food folate is the dietary equivalent of 0.6 mcg folic 
acid added to food. The body is thought to contain approximately 5 mg 
of folate.* When folate intake is reduced to 5 mcg/day, megaloblastic 
anemia develops in approximately 4 months. 

Folic acid requirements increase in hemolytic anemia, leukemia, 
and other malignant diseases, in alcoholism‘ and during growth; in 
pregnancy and during lactation requirements increase threefold to six- 
fold.’ Adequate folate supplies are particularly important in pregnant 
and lactating women, in whom the recommended daily allowance is 
increased to 600 and 500 mcg/day, respectively, to meet requirements.* 


METABOLISM 


Folate-Dependent Enzymes 

FH, is an intermediate in reactions involving the transfer of one-carbon 

units from a donor to an acceptor. Table 41-1 summarizes the metabolic 

systems of animal tissues known to require folic acid coenzymes. 
One-carbon units enter the folate pool principally via the serine 

hydroxymethyltransferase (SHMT) reaction which requires pyridoxal 
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phosphate as a cofactor.’ There are both cytoplasmic (SHMT1) and 
mitochondrial (SHMT2) isoforms of SHMT which impart a state of 
functional redundancy for this important enzyme, which is the primary 
source of one-carbon units for purine and pyrimidine biosynthesis. The 
cytoplasmic form can undergo sumoylation during S-phase, allowing 
nuclear localization. 


Serine + FH, > glycine + N’,N'°-methylene FH‘ + H,O 


Among the several one-carbon transfers mediated by folic acid, the 
transfer that appears to be the most important clinically is the methyla- 
tion of deoxyuridylate to thymidylate, catalyzed by the enzyme thymi- 
dylate synthase.*'°"' This reaction is an essential step in the synthesis of 
DNA (Fig. 41-3). In carrying out this reaction, N°,N'°-methylene FH, 
simultaneously transfers and reduces a one-carbon group, itself serving 
as the hydrogen donor for the reduction.” The reaction generates FH,, 
which must be reduced again to FH, by FH, reductase and NADPH 
before it can again be utilized as a coenzyme: 


dUMP + N°,N'°-methylene FH = 
FH, + dTMP FH, + NADPH + H* —> FH, + NADP* 


where dUMP = deoxyuridine monophosphate; dTMP = deoxythymi- 
dine monophosphate; and NADP = nicotinamide adenine dinucleotide 
phosphate. Limitation of thymidylate synthesis in folic acid deficiency 
causes incorporation of uracil instead of thymine into DNA.” 

A key enzyme, methylenetetrahydrofolate reductase (MTHFR) 
regulates the distribution of reduced folates by controlling the rate of 
NADPH-mediated conversion of N*,N'-methylene FH , to N-meth- 
yltetrahydrofolate. Because N°,N'°-methylene FH, is the obligate 
one-carbon donor for thymidylate synthesis, its conversion to N-meth- 
yltetrahydrofolate serves as a brake on DNA synthesis and repair, 
while diverting more folate to the methionine synthase reaction (see 


Fig. 41-2). The activity of MTHFR therefore serves as a checkpoint for 
intracellular folate trafficking and distribution, and thus becomes more 
critical in states of folate depletion. 

A polymorphic form of MTHFR, MTHFR 677C~T, is of some 
clinical importance. The mutation results in a thermolabile form of the 
enzyme with a higher K „ (Michaelis-Menten dissociation constant) 
for its methylene-FH, substrate. Retardation of the folate methylation 
cycle makes more methylene-FH, available for thymidylate synthesis 
(Fig. 41-4), and also affects the levels of homocysteine, an amino acid 
whose rate of production depends on both folate and cobalamin. 

Folate deficiency diminishes purine biosynthesis by slowing (1) the 
folate-dependent formylation of glycinamide ribotide to N-formylglyci- 
namide ribotide, the reaction that places the C-8 in the purine ring, and 
(2) the folate-dependent conversion of 5-amino-4-imidazole carbox- 
amide ribotide (AICAR) to 5-formamido-4-imidazole carboxy-amide 
ribotide, the reaction that places the C-2 in the purine ring." Additional 
reactions dependent on biopterin, a nonfolate pteridine derivative, that 
are of potential metabolic importance are hydroxylation of phenyla- 
lanine to tyrosine, oxidation of long-chain alkyl ethers of glycerol to fatty 
acid, hydroxylation of tryptophan to 6-hydroxytryptophan (a precursor 
of serotonin), 17a-hydroxylation of progesterone," and production of 
nitric oxide.'® Tetrahydrofolic acid is weakly active in some of these sys- 
tems in vitro”; whether it plays any such role in vivo is unknown. 


Significance of Folylpolyglutamates 

Intracellular folates exist primarily as polyglutamate conjugates.'* 
Approximately 75 percent of the folate in human erythrocytes and 
leukocytes is polyglutamylated. Plasma folate consists largely of the 
monoglutamate N°-methyltetrahydrofolate and is transported into the cells 
in this form.” Inside the cells, the polyglutamate chain is sequentially 
built up by an ATP-dependent folylpoly-y-glutamyl synthase (FPGS).” 
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Figure 41-2. Derivatives of tetrahydrofolic acid 
(FH,), their interconversions, and the metabolic 
pathways in which they participate. One-carbon 
substituents are shown in blue. 
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TABLE 41-1. Metabolic Systems Requiring Folic Acid 


Coenzymes in Animal Cells 


System 


Related Transformations of Folic Acid 
Coenzymes 


Serine > glycine 


Serine + tetrahydrofolate (FH,) > 
N°,N'°-methylene FH, + glycine 


Thymidylate synthesis 


Deoxyuridylate (AUMP) + N3,N'°-meth- 
ylene FH, — FH, + thymidylate (dTMP) 


Histidine catabolism 


Formiminoglutamate + FH, > N5- 
formimino FH, + glutamate 


Methionine synthesis 


Homocysteine + \°-methyltetrahydro- 
folate —> FH, + methionine 


Purine synthesis 


Purine synthesis 


Glycinamide ribotide + N'°-formyl FH, 
— FH, + formylglycinamide ribotide 


5-Amino-4-imidazole carboxamide 
ribotide + N'°-formyl FH, > FH, + 
5-formamido-4-imidazolecarboxamide 
ribotide 


The activity of human FPGS depends strongly on the form of the folate 
substrate, declining in the order FH, > N’°-formyl FH, > N°-methylte- 
trahydrofolate, toward which the enzyme is almost inert.” In humans, 
conjugated folates carry on average seven to eight glutamyl residues.” 
Intracellular folylmonoglutamates leak out of the cells at a fairly rapid 
rate whereas polyglutamates do not, presumably because of the highly 
charged polyglutamate tail.“ Therefore, attachment of the polyglutamate 
chain is essential for retaining folates within cells. Folylpolyglutamates 
are superior to monoglutamates as substrates for folate-dependent 
enzyme reactions." 


PHYSIOLOGY 


Intestinal Absorption 

The duodenum and proximal jejunum is the principal site of folate 
absorption. Absorption of a dose of either monoglutamate or polyglu- 
tamate forms of folate begins within minutes. Peak plasma levels are 
reached in 1 to 2 hours. Because only folylmonoglutamate appears in 
plasma, all folylpolyglutamates must first be hydrolyzed by the enzyme 
glutamate carboxypeptidase II (folate hydrolase)* during absorption 
across the intestine. This enzyme (previously referred to as “conju- 
gase”) is located on the brush-border membrane and plays an impor- 
tant role in the intestinal absorption of folate.” Folylpolyglutamate is 
hydrolyzed at the brush-border of the intestinal cell (Fig. 41-5). Folate 
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Figure 41-3. Pathways of deoxynucleotide and 
DNA synthesis. 
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Figure 41-4. \°-methyltetrahydrofolate-homocysteine methyltrans- 
ferase reaction. 
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Figure 41-5. Digestion and absorption of folate polyglutamate 
by the intestine. The polyglutamate (in this case, PteGlu,) is hydro- 
lyzed in the intestinal lumen or at the brush-border. The resulting pte- 
roylglutamate (PteGlu) is transported into the intestinal cell, where 
it is reduced and methylated, appearing in the circulation chiefly as 
Nb-methyltetrahydrofolate. 


DNA 


hydrolase purified from human jejunum catalyzes the Zn?*-depen- 
dent deconjugation of folate polyglutamates ranging from PteGlu, to 
at least PteGlu..”* It is an exopeptidase that successively removes single 
glutamate residues from the end of the polyglutamate chain, ultimately 
yielding the folylmonoglutamate. The monoglutamate forms are then 
taken up by one of two folate-specific transporters located on the apical 
brush-border, the reduced folate carrier (RFC) or the proton-coupled 
folate transporter (PCFT).” Although RFC has a pH optimum of 7.4, 
PCFT is a high-affinity folate transporter that uses a proton-coupled 
system to facilitate folate absorption and shows maximum transport 
activity at a low pH.” This property is consistent with the observation 
that cancer cells retain a high affinity for the new-generation antifolate 
pemetrexed. Defects in the PCFT are the underlying cause of hereditary 
folate malabsorption.” 

Folate hydrolases also are found outside the intestine. For exam- 
ple, human plasma contains sufficient hydrolase activity to convert 
polyglutamates containing more than three glutamyl residues to 
monoglutamates. Other y-glutamyl hydrolases appear to be lysosomal 
carboxypeptidases*! that are not involved in absorption of folates from 
the intestine but that play a role in the release of folate from storage sites 
in the liver and kidney.” 

Folate monoglutamates are actively transported across the intes- 
tinal epithelium by PCFT-mediated transport (K, = 1 to 2 uM) that is 
independent of Na+, K*, and transmembrane potential.” The mecha- 
nism uses the pH gradient between the jejunal lumen (pH ~6) and the 
interior of the epithelial cell to drive folate into the cell against a concen- 
tration gradient.* Passive transport also may occur.™ In the intestinal 
cell, the absorbed folate monoglutamates are reduced if necessary, and 
then converted to N°-methyltetrahydrofolate (some N'°-formyl FH, also 
is made) and transported into the bloodstream without further change.” 

Folate undergoes an enterohepatic cycle in which it is first secreted 
against a concentration gradient into the bile, appearing there chiefly 
as N°-methyltetrahydrofolate monoglutamate, and then is reabsorbed 
from the small intestine.” Bile contains approximately two to 10 
times the folate concentration of normal serum, with biliary excretion 
accounting for up to 0.1 mg of folate per day. This quantity is sufficiently 
large that interruption of the enterohepatic cycle by biliary diversion 
causes serum folate levels to fall by more than 50 percent in less than 1 
day.” The enterohepatic cycle has been proposed to redistribute folate 
between hepatic stores and peripheral tissues according to the state of 
the exogenous folate supplies.’ 
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METABOLISM 


Tritiated folylmonoglutamate (*H-F) administered intravenously is 
almost completely removed from the bloodstream in a few minutes.” 
Uptake involves two classes of folate-binding proteins”: high-affin- 
ity folate receptors*' that concentrate folate in intracellular vesicles and 
a membrane folate transporter that transports folate from the vesicles 
into the cytosol. The high-affinity receptors, which are attached to the 
outer surface of the cell membrane by glycosyl-phosphatidylinositol 
linkages and lack an intracytoplasmic portion,” bind very tightly (K, 
[distribution coefficient] in the nanomolar range) to most physiologic 
folate monoglutamates,” particularly N°-methyltetrahydrofolate, the 
major circulating folate.“ The folate receptors exist in various isoforms 
(of which « and f are the most important). Folate receptor-a, despite 
its missing cytoplasmic extension, is effective in mediating endocyto- 
sis.“ Their very high affinity enables the receptors to take up N°-meth- 
yltetrahydrofolate from the plasma, even at its ambient concentration of 
approximately 10 nM. The membrane folate transporter is a probenecid- 
inhibitable organic anion carrier that, among other functions, car- 
ries reduced folates and methotrexate in and out of the cytoplasm.” Its 
K, for folate is in the micromolar range. Once internalized, the folates 
are retained by the cells partly through polyglutamylation® as well as 
through tight association with a set of intracellular folate-binding pro- 
teins.” Three of these proteins are enzymes involved in methyl group 
metabolism: sarcosine dehydrogenase and dimethylglycine dehydroge- 
nase (mitochondrial) and glycine N-methyl transferase (cytosolic). 
Why these enzymes bind folate so avidly or whether this binding 
affects overall methyl group metabolism is unknown, although glycine 
N-methyl transferase is speculated to regulate methyl group metabo- 
lism by controlling the tissue concentration of S-adenosylhomocysteine 
(SAH), one of its reaction products and a potent inhibitor of most 
methyltransferases. 

Folates have been found in all body tissues that have been ana- 
lyzed. The principal form of the vitamin in tissues and in blood appears 
to be the N°-methyl form.* The total folate pool turns over very slowly." 
Degradation accounts for a portion of this turnover. p-Aminoben- 
zoylglutamate has been identified as a breakdown product. The fate of 
the pteridine moiety is unknown. 


FOLATE-BINDING PROTEINS OF SERUM AND 
MILK 


The soluble folate-binding proteins of serum and milk are high-affinity 
folate receptors that are released from cell membranes by proteolysis.” 
These proteins can be detected in approximately 15 percent of nor- 
mal individuals and are found at increased levels in some pregnant 
women, women taking oral contraceptives, folate-deficient alcoholics 
(but not patients with cobalamin deficiency),** and patients with ure- 
mia, hepatic cirrhosis, and chronic myelogenous leukemia.” In normal 
subjects, the proteins are approximately two-thirds saturated and have 
a total folate-binding capacity of approximately 175 pg/mL of serum.*° 
The proteins may not be detected in some subjects because of complete 
saturation of the proteins with endogenous unlabeled folate.” Serum 
folate-binding protein has an Mr of 40,000 and prefers oxidized to 
reduced folates.” 

Folate-binding proteins have been found in milk and in normal 
granulocytes." Folate bound to the milk folate binder in suckling ani- 
mals is absorbed chiefly in the ileum” rather than the jejunum, the 
principal site of absorption of free folate. The milk folate binder, a gly- 
coprotein, also promotes folate transport into the liver via the asialo- 
glycoprotein receptor.” The milk folate binder is speculated to protect 
an infant’s folate supply by preventing bacteria from sequestering the 
vitamin away from the intestinal absorptive surface. The folate-binding 


protein in granulocytes has been localized to the specific granules, from 
which it is released when the granulocytes are stimulated. 


EXCRETION 


Folates are both resorbed and secreted by the kidney. Resorption is 
accomplished by a membrane-bound high-affinity folate receptor (K 
for N°-methyltetrahydrofolate = 0.4 nM) located in the brush-borders 
of the proximal tubules.” Filtered folate may thus be returned to the 
bloodstream. There is resorption of most, but not all, of the filtered 
folate. 

In humans, intact folates and their cleavage products are excreted 
by the kidney at a rate of 2 to 5 mcg/day.” A small percentage of paren- 
terally administered labeled folate is recoverable in the feces and mainly 
represents unreabsorbed folate from the enterohepatic cycle.” 


ASSAY OF SERUM FOLATE 


Folates are measured by chemiluminescent methods using various 
folate binders. These assays are identical in principle to the radioligand 
binding assays that they have replaced. 


@ COBALAMIN 


CHEMISTRY 


Structure and Nomenclature 
The cobalamin molecule has two major portions: a porphyrin-like 
near-planar macrocycle known as corrin, and a nucleotide that lies 
almost perpendicular to the corrin ring (Fig. 41-6). The corrin moi- 
ety contains four reduced pyrrole rings that bind a central cobalt 
atom whose two remaining coordination positions are occupied by a 
5,6-dimethylbenzimidazolyl (5,6-DMB) group, below the ring and vari- 
ous ligands (in this case, —N in the form of CN) above the ring. 

Compounds containing the corrin ring are known as corrinoids. 
The cobalamins are corrinoids whose nucleotide contains 5,6-DMB. 
Two connections exist between the corrin and the nucleotide: (1) a 
bond between the nucleotide phosphate and a side chain in ring D, and 
(2) a bond between cobalt and a nitrogen atom of benzimidazole. Figure 
41-7 summarizes the numbering and ring designations of the corrin 
system. 

The term vitamin B, is sometimes used as a generic term for the 
cobalamins. The term probably is best reserved, however, as an alterna- 
tive name for cyanocobalamin, the usual therapeutic form of cobalamin. 
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Figure 41-6. A. Structure of cyanocobalamin (CnCbl; vitamin B.,). B. 
Partial structure of CnChbl showing the relationship between the corrin 
ring and the nucleotide. 
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Figure 41-7. Corrin ring showing ring designations and standard 
numbering of the atoms. 


Four cobalamins are important in animal cell metabolism. Two are 
cyanocobalamin (CnCbl; vitamin B,,) and hydroxocobalamin (OHCbl) 
or aquocobalamin (HOH Cbl). The other two cobalamins are alkyl 
derivatives that are synthesized from OHCbl and serve as coenzymes. 
In one, adenosylcobalamin (AdoCbl), a 5’-deoxyadenosyl replaces OH 
as the cobalt ligand above the ring (Fig. 41—8).® In the second, meth- 
ylcobalamin (MeCbl), the upper ligand is a methyl group. MeCbl is the 
major form of cobalamin in human blood plasma. 
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Figure 41-8. Adenosylcobalamin (AdoCbl). R = CH,CONH,; R’ = 
CH,CH,CONH,, 
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NUTRITION 


Sources 

Cobalamin is synthesized only by certain microorganisms; animals ulti- 
mately depend on microbial synthesis for their cobalamin supply. Foods 
that contain cobalamin are of animal origin: meat, liver, seafood, and 
dairy products. Cobalamin has not been found in plants. 


Daily Requirements 
The average daily diet in Western countries contains 5 to 30 mcg of 
cobalamin, of which 1 to 5 mcg is absorbed.” Less than 250 ng appears 
in the urine; the unabsorbed remainder appears in the feces. Total body 
content is 2 to 5 mg in an adult, with approximately 1 mg in the liver. 
The kidneys also are rich in cobalamin.® Relative to the daily require- 
ment, body reserves of cobalamin are much larger than those of folate. 
Cobalamin has a daily rate of obligatory loss of approximately 0.1 
percent of the total-body pool, irrespective of the pool size. For this 
reason, a deficiency state does not develop for several years after cessa- 
tion of cobalamin intake. The officially recommended dietary allowance 
(RDA) for adults is 2.4 mcg’; growth, hypermetabolic states, and preg- 
nancy increase daily requirements. The RDA for children ages 1 to 13 
years is 0.9 to 1.8 mcg. Because of insufficient data, no RDA has been 
established for infants. Instead, adequate intakes of 0.4 mcg for age 0 to 
6 months and 0.5 mcg for age 7 to 12 months have been estimated. 


ROLE IN METABOLISM 


‘The only two recognized cobalamin-dependent enzymes in human cells 
are AdoCbl-dependent methylmalonyl CoA (coenzyme A) mutase and 
MeCbl-dependent methyltetrahydrofolate-homocysteine methyltransferase. 


Methylmalony! Coenzyme A Mutase 
Methylmalonyl CoA mutase is a mitochondrial enzyme that partic- 
ipates in the disposal of the propionate formed during breakdown of 
valine, isoleucine, and odd-carbon fatty acids. The enzyme is a homod- 
imer of a 78-kDa subunit that is encoded by a gene on chromosome 6.” 
In the reaction catalyzed by methylmalonyl CoA mutase, methylmalo- 
nyl CoA, which is produced during catabolism of propionate,” is con- 
verted to succinyl CoA, a Krebs cycle intermediate. In the course of this 
reaction, a hydrogen on the methyl carbon of the substrate exchanges 
places with the —COSCOoA group (Fig. 41-9). 

The coenzyme serves as an intermediate hydrogen carrier, accept- 
ing the hydrogen from the substrate in the initial phase of the reaction 
and returning it to the product after migration of —COSCoA. 


N°-Methyltetrahydrofolate-Homocysteine Methyltransferase 
MeCbl participates in cobalamin-dependent synthesis of methionine 
from homocysteine by the enzyme N°-methyltetrahydrofolate-homo- 
cysteine methyltransferase. S-adenosylmethionine (SAMe) and a 
second enzyme, methionine synthase reductase are required for meth- 
yltransferase activity.” The reductase converts the oxidized cobalt to 
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Figure 41-9. Methylmalonyl coenzyme A (CoA) mutase reaction. 
AdoCbl, adenosylcobalamin. 
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the readily alkalizable Co*, which then accepts a methyl group from 
SAMe, a powerful biologic methylating agent, thereby restoring activ- 
ity of the methyltransferase. In humans, this pathway also serves as a 
mechanism critical for converting N°-methyltetrahydrofolate to FH, 
required for synthesis of polyglutamates as well as other important 
one-carbon adducts of folate. The demethylation of N°-methyltetrahy- 
drofolate is a prerequisite for attachment of the polyglutamate chain to 
newly acquired folate, which is largely taken up by the cell in the form 
of N°-methyltetrahydrofolate monoglutamate.™ Nitrous oxide (N,O) 
impairs the methyltransferase by oxidizing cob(I)alamin (a catalytic 
intermediate in the methyltransferase reaction) to cob(I])alamin. This 
reaction depletes MeCbl and produces a cobalamin deficiency-like 
state. 


Nonenzymatic Metabolism 

Because cobalamin has the capacity to bind cyanide, it may participate 
in detoxification of cyanide. Tobacco and certain foods (fruits, beans, 
tubers, and nuts) contain cyanide in the form of thiocyanate. Although 
the evidence is inconclusive, cobalamin is believed to play a role in neu- 
tralizing cyanide taken in via these substances.™ 


FOLATE-COBALAMIN RELATIONSHIP 


In both folate deficiency and cobalamin deficiency, the megaloblastic 
anemias are fully corrected by treatment with the appropriate vita- 
min. The megaloblastic anemia of cobalamin deficiency also is vari- 
ably corrected by folic acid supplementation even if no cobalamin is 
given, although the remission may be partial and only temporary. Con- 
versely, the anemia of folate deficiency is generally not helped at all by 
cobalamin although partial responses to high doses of cobalamin have 
been reported in some patients with folate deficiency.” These clinical 
observations indicate that the megaloblastic anemia in cobalamin defi- 
ciency actually results from an abnormality in folate metabolism.” The 
observation that urinary excretion of formiminoglutamic acid (FIGlu) 
and AICAR, normally regarded as a sign of folate deficiency, is seen 
occasionally in pure cobalamin deficiency” provides further evidence 
that folate metabolism is deranged by cobalamin deficiency. Two expla- 
nations have been proposed to account for the folate responsiveness 
of cobalamin-deficient megaloblastic anemia: (1) the methylfolate trap 
hypothesis, which is accepted by the majority of authorities, and (2) the 
formate starvation hypothesis (Fig. 41-10). 
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Figure 41-10. Methods by which cobalamin deficiency decreases intrace 
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METHYLFOLATE TRAP HYPOTHESIS 


The methylfolate trap hypothesis” is based on the fact that the folate- 
requiring enzyme N°-methyltetrahydrofolate-homocysteine meth- 
yltransferase is also dependent on cobalamin. The hypothesis states 
that in cobalamin deficiency tissue folates are gradually diverted into 
the N°-methyltetrahydrofolate pool because of slowing of the meth- 
yltransferase reaction,” the only route out of that pool for folate. As 
N°-methyltetrahydrofolate levels increase, the levels of other forms of 
folate decline, with a consequent fall in the rates of reactions in which 
those forms participate. In particular, because the MTHER reaction is 
irreversible, methylene-FH , becomes depleted, the synthesis of dTMP is 
slowed, and megaloblastic anemia ensues. 

In its simplest form, the hypothesis predicts that in cobalamin defi- 
ciency tissue levels of N°-methyltetrahydrofolate are abnormally high 
and those of other forms of folate are abnormally low. Although serum 
N°-methyltetrahydrofolate levels are frequently elevated in cobala- 
min deficiency,” tissue folate levels, predominantly polyglutamates, 
decline.” The decreased level appears to be related to the substrate 
specificity of the folate-conjugating enzyme. This enzyme works very 
poorly with N*-methyltetrahydrofolate; therefore, it is unable to carry 
out normal y-glutamylation of newly internalized N°-methyltetrahydro- 
folate monoglutamate in cobalamin-deficient cells because the freshly 
acquired folate cannot be converted into a suitable substrate (i.e., free 
FH, or formyl FH,). Thus, although sequestration of tissue folates in 
an expanded N°-methyltetrahydrofolate pool may account for some of 
the effects of the blockade in methyltransferase activity, the major prob- 
lem seems to be a failure to convert newly acquired folate into a form 
that can be retained by the cell. The upshot is development of tissue 
folate deficiency as the unconjugated folate leaks out (see Fig. 41-10). 
The whole process is aggravated by a drop in tissue levels of SAMe as 
the methionine supply is curtailed because of the diminished activity of 
the methyltransferase.” SAMe, which is necessary for methyltransferase 
activity, is also a powerful inhibitor of N°,N'°-methylene FH, reductase 
MTHFR,” the enzyme responsible for production of N°-methyltetrahy- 
drofolate. The relief of this inhibition as SAMe levels fall accelerates the 
flow of folates toward N°-methyltetrahydrofolate, further aggravating 
the metabolic imbalance resulting from impairment in methyltransfer- 
ase activity. 

This problem could be overcome if N*-methyltetrahydro- 
folate were converted into a substrate for the conjugating enzyme by 
another route. In theory, this could be accomplished by reversal of 
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the N°,N’°-methylene FH, reductase reaction. For practical purposes, 
however, the N°,N’°-methylene FH, reductase reaction is irreversible in 
vivo.*! 


FORMATE STARVATION HYPOTHESIS 


This hypothesis holds that formate starvation is the basis for folate- 
responsive megaloblastic anemia of cobalamin deficiency.” This theory 
is based on the diminished capacity of cobalamin-deficient lympho- 
blasts to incorporate formaldehyde into purine and methionine” and 
on experiments showing that N*-formyl FH, is more effective than FH, 
at correcting some of the abnormalities in folate metabolism seen in 
cobalamin deficiency. The hypothesis states that with the decrease in 
methionine production in cobalamin-deficient conditions, the gener- 
ation of formate is depressed (because normally the methyl group of 
excess methionine is rapidly oxidized to formate), leading to a decline 
in the production of N°-formyl FH, 


INTESTINAL ABSORPTION 


Intrinsic Factor 

Intrinsic factor is one of a number of binding proteins in which cobal- 
amin is ensconced as it makes its way through the body (‘Table 41-2). 
Intrinsic factor is needed for the absorption of cobalamins taken orally 
at physiologic dosage levels. Human intrinsic factor is a glycoprotein 
(Mr approximately 44,000) encoded by a gene on chromosome 11.*° It 
has binding sites for cobalamin and a specific ileal receptor, the former 
situated near the carboxy-terminus and the latter near the aminoter- 
minus of the intrinsic factor molecule.** Binding to cobalamin is very 
tight, and involves the 5,6- DMB lower axial ligand of the molecule. This 
specificity allows for the exclusion of other noncobalamin corrinoids 
during the tightly regulated absorptive process.“ The entrapment of the 
vitamin alters the conformation of intrinsic factor, producing a more 
compact form that is resistant to proteolytic digestion. 

In humans, intrinsic factor is synthesized and secreted by the pari- 
etal cells of the cardiac and fundic mucosa.” Secretion of intrinsic fac- 
tor usually parallels that of hydrochloric acid (HCI). It is enhanced by 
the presence of food in the stomach, vagal stimulation, histamine, and 
gastrin. Gastric juice also contains other cobalamin-binding glycopro- 
teins.** These proteins were known as the R proteins because of their 
rapid electrophoretic mobility compared with intrinsic factor. Elucida- 
tion of the primary protein structure of the R proteins reveals that they 
belong to the same family of isoproteins as the plasma haptocorrin (HC) 
binder (previously known as transcobalamins I and III). These HC-like 
proteins are produced mainly by the salivary glands. 


Absorption of Cobalamin: Cubilin 
Cobalamins in foods are liberated in the stomach by peptic digestion.” 
They are then bound not to intrinsic factor but to the HC-like protein 


TABLE 41-2. Cobalamin-Binding Proteins 


Protein Source Function 


Intrinsic factor Gastric parietal cells | Promotes absorp- 
tion uptake of 


cobalamin by ileum 


Transcobalamin Probably all cells Promotes uptake of 


cobalamin by cells 


Haptocorrin Exocrine glands, 


phagocytes 


Helps dispose of 
cobalamin ana- 
logues (?) 
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because cobalamin binds much more tightly to HC than to intrin- 
sic factor at the acid pH of the stomach.” Upon entering the duode- 
num, cobalamin is released from the cobalamin-HC protein complex 
through digestion by pancreatic proteases, which in normal subjects 
act by selectively degrading HC and the cobalamin—-HC complex while 
sparing intrinsic factor.” Only at this point can cobalamin bind to 
intrinsic factor to form the intrinsic factor-cobalamin complex. 

The intrinsic factor-cobalamin complex, which is very resistant 
to digestion,” traverses the intestine until it reaches the intrinsic factor 
receptor, cubilin,” a 460-kDa peripheral membrane glycoprotein located 
in the microvillus pits of the ileal mucosa brush-border. Cubilin forms 
part of a multifunctional epithelial receptor complex also found in the 
yolk sac and renal proximal tubule cells.” In the kidney, it appears to 
serve a role in the overall body economy through tubular reabsorption 
of cobalamin,™ but the function of the cubilin receptor complex in the 
kidney and other polarized epithelial surfaces extends beyond cobala- 
min. The ileal cubilin receptor complex consists of two proteins, cubi- 
lin (CUB) and amnionless (AMN), the product of two distinct genes, 
CUB and AMN. Both proteins, which together have been designated 
the “CUBAM complex,” colocalize in the endocytic compartment and 
are required for the process of assimilation of cobalamin,” AMN serv- 
ing as a chaperon for endosomal targeting. Mutations affecting either 
of the two proteins disrupt the normal process of the intestinal phase 
of cobalamin absorption. In addition to the tightly embracing compo- 
nents of the CUBAM complex, a distinct large multifunctional protein, 
megalin, which belongs to the low-density lipoprotein family,” also 
participates in the conformational changes that accompany internaliza- 
tion. The concentration of the CUBAM complex rises progressively to 
a maximum near the terminal ileum.” A specific site on the intrinsic 
factor molecule avidly attaches to the receptor in a binding reaction that 
requires a pH of 5.4 or greater and Ca” (or other divalent cations) but 
no energy.” 

The intrinsic factor-cobalamin receptor complex is taken into 
the ileal mucosal cells over 30 to 60 minutes by endocytosis,” where 
the vitamin is processed and released into the portal blood over many 
hours. The receptors recycle to the microvillus surface to shuttle another 
load of intrinsic factor-cobalamin complex.” That this process has a 
limited capacity is evident from estimates of the maximum amount of 
cobalamin that can be absorbed from a single dose via this physiologic 
pathway. Defects in the genes that regulate the complex mechanism 
of ileal absorption are implicated in autosomal recessive megaloblastic 
anemia (MGA1), caused by intestinal malabsorption of cobalamin (see 
“Selective Malabsorption of Cobalamin, Autosomal Recessive Meg- 
aloblastic Anemia, Imerslund-Grasbeck Disease” below). 

During its sojourn in the ileal enterocyte, the vitamin first appears 
in the lysosomes, but by 4 hours most of the vitamin is located in the 
cytosol.’ During absorption, the entire intrinsic factor-cobalamin 
complex appears to be taken into the cell, where the cobalamin is 
released while the intrinsic factor is degraded.” 

Cobalamin from a small oral dose (10 to 20 mcg) starts to appear 
in the blood after 3 to 4 hours, and the vitamin reaches a peak level in 
6 to 12 hours. In the portal blood, the cobalamin is complexed with a 
cobalamin-transporting protein known as transcobalamin (TC) previ- 
ously known as TC II.'* There is evidence that cobalamin leaves the 
enterocyte through a portal that is part of the ABC drug transport sys- 
tem, ABCCI1 (also known as the multidrug resistance proteinl [MRP1]) 
located on the basolateral surface of the intestinal epithelium, as well as 
other polar cells and nonpolar cells (macrophages).'* The cobalamin- 
TC complex is now believed to be formed as it exits the ileal enterocyte, 
one of a variety of cells that synthesize TC, including the neighboring 
vascular endothelial cells in the submucosa.’ Large oral doses (1 mg) 
of cobalamin are absorbed inefficiently (1 to 2 percent of an oral dose) 


Part VI: The Erythrocyte 


OH 
Coenzyme i 
synthetase 
y +®-O-© 
Cyanocobalamin : ATP 2 n Adenosylcobalamin + Tripolyphosphate 


or 
hydroxycobalamin 


Figure 41-11. Biosynthesis of adenosylcobalamin (AdoCbl). 


by simple diffusion that is not mediated by intrinsic factor.” In these 
instances, the vitamin appears in blood within minutes, again as the 
cobalamin-TC complex. 

Like the folates, the cobalamins undergo appreciable enterohepatic 
recycling. In humans, between 0.5 and 9 mcg/day of cobalamin is 
secreted into the bile, where it is bound to HC.’ After entering the 
intestine, the cobalamin-HC complexes of biliary origin are treated 
exactly like those delivered from the stomach. The cobalamin is released 
by digestion of the HC by pancreatic proteases, and then is taken up by 
intrinsic factor and reabsorbed. From 65 to 75 percent of biliary cobala- 
min is estimated to be reabsorbed by this mechanism.’ Because of the 
size of the cobalamin storage pool and the existence of this enterohe- 
patic circulation, a very long time—as long as 20 years—is required for 
a clinically significant cobalamin deficiency to develop from a diet pro- 
viding insufficient cobalamin (e.g., a strictly vegetarian diet). Patients 
who are unable to absorb the vitamin, however, become clinically defi- 
cient in only 3 to 6 years because the absorption of both biliary and 
dietary cobalamin are interdicted."” 


COBALAMIN IN THE CELL: TRANSCOBALAMIN 
Uptake of Cobalamin By Cells 


TC is the plasma protein that mediates the transport of cobalamin into 
the tissues.'"’ A B-globulin protein with a calculated molecular weight 
of 45,538 from the deduced amino acid sequence,'’”’? TC binds cobal- 
amin with exceedingly high affinity (K, = 10" M)."* Unlike intrinsic 
factor, whose binding is highly specific for cobalamins, TC shows some 
promiscuity and also can bind certain corrins that are chemically related 
to the cobalamins but have no function in mammalian systems and are 
known as cobalamin “analogues”! TC is synthesized by many types of 
cells, including enterocytes, hepatocytes, endothelial cells, mononuclear 
phagocytes, fibroblasts, and hematopoietic precursors in the marrow.“ 
Although circulating TC carries only a minor fraction of the cobalamin 
in the plasma, it is the protein on which cobalamin absorbed through 
the intestine and is transported into the portal blood as the preformed 
cobalamin-TC complex. It also is the protein with which cobalamin 
given parenterally associates almost immediately." These cobalamin- 
TC complexes are transported into the tissues within minutes of appear- 
ing in the bloodstream.'” The transport process begins with binding 
of the cobalamin-TC complex to a specific membrane receptor that is 
present on a wide variety of cells.'"* The protein and gene encoding the 
TC receptor has been purified from placental membranes and charac- 
terized." Designated as CD320, the receptor belongs to the low-density 


(AdoCbl) 


lipoprotein receptor family and its internalization involves megalin. The 
receptor-bound complex is internalized by receptor-mediated endo- 
cytosis and delivered to a lysosome, where the TC is digested and the 
cobalamin is freed. 1%?! 


Formation of Adenosylcobalamin and Methylcobalamin 

To become metabolically active, CnCbl and OHCbl must first be con- 
verted to AdoCbl and MeCbl, the coenzymatically active cobalamins. 
The conversion is accomplished by reduction and alkylation. CnCbl and 
OHCDI are first reduced to the Co** form [cob(IDalamin] by NADPH- 
and NADH (nicotinamide adenine dinucleotide phosphate)-dependent 
reductases that are present in mitochondria and microsomes.’ CN- 
and OH- are displaced from the metal during reduction. Some of the 
cob(I])alamin is reduced further in the mitochondria to the intensely 
nucleophilic Co* form [cob(Ialamin]. This is then alkylated by ATP 
to form AdoCbl in a reaction in which the 5’-deoxyadenosyl moiety 
of ATP is transferred to the cobalamin and the three phosphates of 
ATP are released as inorganic triphosphate (Fig. 41-11). The rest of the 
cobalamin binds to cytosolic N°-methyltetrahydrofolate-homocysteine 
methyltransferase, where it is converted to MeCbl. The several steps 
involved in the conversion of cobalamin to its coenzymatically active 
forms are regulated by genes that play a critical role in the processing 
of the vitamin. There are a number of inherited metabolic errors that 
correspond to one or more of these specific steps and that result in char- 
acteristic syndromes affecting aspects of cobalamin metabolism that are 
discussed later in this chapter. 


PLASMA HAPTOCORRIN (TRANSCOBALAMINS 
| AND Ill; “R” PROTEINS) 


The HCs (previously known as R proteins) are a group of immunolog- 
ically related proteins of apparent Mr approximately 60,000, consisting 
of a single polypeptide species variably substituted with oligosaccha- 
rides that terminate with different quantities of sialic acid.” They are 
found in milk, plasma, saliva, gastric juice, and numerous other body 
fluids. They appear to be synthesized by mucosal cells of the organs that 
secrete them’ and by phagocytes.'*° Although the HCs bind cobala- 
min, they lack intrinsic factor activity, that is, they are unable to pro- 
mote the intestinal absorption of the vitamin. 

Plasma HC carries most (70 to 90 percent) of the circulating cobal- 
amin. It contains nine potential glycosylation sites!” and is encoded by a 
gene on chromosome 11, the same chromosome that carries the intrin- 
sic factor gene.'”” In contrast to TC, HC clearance from the plasma is 


very slow (half-life [T,,]: 9 to 10 days).'* The asialoglycoprotein recep- 
tor carries the cobalamin-HC complexes into the hepatocytes, where 
they are chiefly eliminated. The complexes are degraded, and their load 
of cobalamins is excreted in the bile.'%!”? HC binds its ligands more 
tightly than does either intrinsic factor or TC. Furthermore, HC is less 
restrictive than either intrinsic factor or TC with respect to ligand spec- 
ificity; it avidly takes up corrinoids of widely varying structure.'*? The 
ligand-binding properties of HC and its mode of clearance by the liver 
suggest that HC helps clear the system of nonphysiologic cobalamin 
analogues that may have been acquired or may have arisen through deg- 
radation of cobalamin.'*"!” As the liver metabolizes analogue-HC com- 
plexes, it secretes the analogues into the bile. Because these analogues 
are bound poorly by intrinsic factor,!” they are poorly reabsorbed from 
the intestine and are eliminated in the feces. The precise role of HC is 
unknown, although it may play a role in the body economy of cobala- 
min by facilitating excretion of cobalamin analogues while conserving 
cobalamin through enterohepatic recycling. Additionally, it has been 
proposed that HC may serve an antimicrobial role. 


ASSAY OF SERUM COBALAMIN AND THE 
TRANSCOBALAMINS 


As with folate, cobalamin is usually measured with automated compet- 
itive displacement assays using intrinsic factor as a cobalamin-binding 
protein. The misleading results previously provided by competitive 
ligand displacement assays were explained by the discovery in serum 
and tissue of a class of cobalamin analogues that are detected by the 
radioisotope assay when HC-type proteins and not intrinsic factor were 
used as the binding protein.’*’ Current assays use intrinsic factor as the 
binder and give more reliable values for serum cobalamin. The chem- 
ical nature and biologic significance of the analogues are unknown,“ 
but recent evidence suggests that they may arise in the gastrointestinal 
tract. 314132 

TC and HC are present in plasma in trace quantities (approx- 
imately 7 and 20 mcg/L, respectively). In fasting plasma, at least 70 
percent of the circulating cobalamin is bound to HC.'* TC binds only 
10 to 25 percent of the total plasma cobalamin,'** but provides the 
majority (approximately 75 percent) of the total unsaturated cobala- 
min-binding capacity of plasma. Table 41-3 lists alterations in unsat- 
urated cobalamin-binding capacity and in HC and TC levels in various 
disease states. In recent years, assays have been developed that mea- 
sure the fraction of the plasma cobalamin that is bound to TC. This 
component, known as holotranscobalamin (holoTC), shows improved 
specificity compared with the standard cobalamin assay for identifying 
true cobalamin deficiency, although the assays appear to be generally 
comparable with respect to sensitivity. "= 


@ MEGALOBLASTIC ANEMIAS 
DEFINITION 


Megaloblastic anemias are disorders caused by impaired DNA synthe- 
sis. The presence of megaloblastic cells is the morphologic hallmark of 
this group of anemias. Megaloblastic red cell precursors are larger than 
normal and have more cytoplasm relative to the size of the nucleus. Pro- 
megaloblasts show a blue granule-free cytoplasm and a fine “salt and 
pepper” granular chromatin that contrasts with the ground-glass tex- 
ture of its normal counterpart. As the cell differentiates, the chromatin 
condenses more slowly than normal into darker aggregates that coa- 
lesce, but do not fuse homogeneously, giving the nucleus a characteristic 
fenestrated appearance. Continuing maturation of the cytoplasm as it 
acquires hemoglobin contrasts with the immature-looking nucleus—a 
feature termed nuclear-cytoplasmic asynchrony. 
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TABLE 41-3. Levels and Binding Capacity of Cobala- 


min-Binding Proteins in Disease 
Binder 
Increased HC (TCI, R protein) 


Disease 


Myeloproliferative disorders 
Polycythemia vera 
Myelofibrosis 


Benign neutrophilia 


Chronic myelocytic leukemia 


Hepatoma (occasionally) 


Metastatic cancer 


Increased TC Myeloproliferative disorders 


Liver disease 


Inflammatory disorders 


Gaucher disease 
Anti-TC antibodies 


Unsaturated cobalamin binders 


Increased Transient neutropenia 
Elevated HC 
Decreased Liver disease 


Elevated serum cobalamin 


Data from Lawler S, Roberts P Hoffbrand A: Chromosome studies in 
megaloblastic anaemia before and after treatment. Scand J Haematol 
8(4):309-320, 1971. 


Megaloblastic granulocyte precursors are also larger than nor- 
mal and show nuclear-cytoplasmic asynchrony. A characteristic cell is 
the giant metamyelocyte, which has a large horseshoe-shaped nucleus, 
sometimes irregularly shaped, containing ragged open chromatin. 

Megaloblastic megakaryocytes may be abnormally large and poly- 
lobated, with deficient granulation of the cytoplasm. In severe meg- 
aloblastosis, the nucleus may show detached lobes. Further details are 
provided in “Laboratory Features” below and in Figs. 41-12 and 41-13. 


ETIOLOGY AND PATHOGENESIS 


Table 41-4 lists the causes of megaloblastic anemia. By far the most com- 
mon causes worldwide are folate deficiency and cobalamin deficiency. 
There has, however, been a marked reduction in the prevalence of folate 
deficiency in North America and a growing number of other countries 
that have implemented folic acid fortification of the food supply. 

Megaloblastic cells have much more cytoplasm and RNA than do 
their normal counterparts, but they have a relatively normal amount 
of DNA," suggesting that cytoplasmic constituents (RNA and protein) 
are synthesized faster than is DNA. Evidence that maturation is retarded 
in megaloblastic precursors supports this conclusion. DNA synthesis 
is impaired," and migration of the DNA replication fork and the join- 
ing of DNA fragments synthesized from the lagging strand (Okazaki 
fragments) are delayed,” and the S-phase is prolonged.'*° 

Slowing of DNA replication in the megaloblastic anemias of folate 
and cobalamin deficiency appears to arise from failure of the folate- 
dependent conversion of (UMP to dTMP. Because of this failure, deox- 
yuridine triphosphate (dUTP) levels become abundant and because 
DNA polymerase is promiscuous with respect to its substrate specificity, 
allows dUTP to become incorporated into the DNA of folate-deficient 
cells in place of deoxythymidine triphosphate (dTTP). DNA exci- 
sion-repair mechanisms to repair the DNA by replacing uridine with 
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Figure 41-12. A. Pernicious anemia. Blood film. Note the striking oval macrocytes, wide variation in red cell size, and poikilocytes. Despite the 
anisocytosis and microcytes, the mean red cell volume is usually elevated, as in this case (mean corpuscular volume [MCV] = 121 fL). B. Marrow pre- 
cursors in pernicious anemia. Note very large size of erythroblasts (megaloblasts) and asynchronous maturation. Cell on right is a polychromatophilic 
megaloblast with an immature nucleus for that stage of maturation. Cell on /eft is an orthochromatic megaloblast with a lobulated immature nucleus. 
An orthochromatic megaloblast with a condensed nucleus is between and above those two cells. C and D. Two examples of hypersegmented neu- 
trophils characteristic of megaloblastic anemia. The morphology of blood and marrow cells in folate-deficient and vitamin B -deficient patients is 
identical. The extent of the morphologic changes in each case is related to the severity of the vitamin deficiency. (Reproduced with permission from 


Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


thymidine fail for the same reason that uridine triphosphate was incor- 
porated into the DNA in the first place. The result is a repetitive itera- 
tion of flawed DNA repair that ultimately leads to DNA strand breaks, 
fragmentation, and apoptotic cell death.'” 

Addition of deoxyuridine (dU) to marrow cells in culture nor- 
mally decreases the incorporation of tritiated thymidine into DNA, 
because the dU is converted via (UMP—dTMP to unlabeled dTTP, 
which competes with the tritiated thymidine. In megaloblastic cells, this 
effect of added dU is greatly diminished. This finding is consistent with 
impairment in the dLUMP—dTMP reaction in the megaloblastic cells 
and was the basis for the now defunct dU suppression test. The failed 
excision-repair model following dUTP misincorporation into DNA 
also explains the chromosome breaks and other abnormalities that 
occur in megaloblastic cells." 


CLINICAL FEATURES 


All megaloblastic anemias share certain general clinical features. Because 
the anemia develops slowly, with opportunity for cardiopulmonary 


and intraerythrocytic compensatory changes,’ it produces few symp- 
toms until the hematocrit is severely depressed. Symptoms, when 
they appear, are those of anemia: weakness, palpitation, fatigue, light- 
headedness, and shortness of breath. The blending of severe pallor and 
slight jaundice caused by a combination of intramedullary and extravas- 
cular hemolysis produce a characteristic lemon-yellow skin. Leukocyte 
and platelet counts may be low, but rarely cause clinical problems. 
Details of the clinical manifestations are given in the sections on the 
specific forms of megaloblastic anemia later in this chapter. 


LABORATORY FEATURES 


Blood Cells 

All cell lines are affected. Erythrocytes vary markedly in size and shape, 
often are large and oval, and in severe cases can show basophilic stip- 
pling and nuclear remnants (Cabot rings and Howell-Jolly bodies). Ery- 
throid activity in the marrow is enhanced, although the megaloblastic 
cells usually die before they are released, accounting for the reduced 
reticulocyte count. The more severe the anemia, the more pronounced 
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Figure 41-13. Marrow films. Megaloblastic anemia. Patient with pernicious anemia (vitamin B,, deficiency). A. Basophilic megaloblasts. Large cell 
size, very characteristic nuclear chromatin pattern with exaggerated proportion of euchromatin. B. Polychromatophilic megaloblast. Very large cell 
size for maturational stage. Large nuclear size and abnormally large proportion of euchromatin without appropriate nuclear condensation at this 
stage of maturation. Adjacent lymphocyte. C. Polychromatophilic megaloblast with small nuclear fragment. Arrow indicates giant band neutrophil. 
At lower left is orthochromatic megaloblast with multiple nuclear fragments. D. Oblique arrow indicates promegaloblast. Horizontal arrow indicates 
giant band neutrophil. To the left of and below the asterisk are four orthochromatic megaloblasts—large cell size for maturational stage: two with 
delayed nuclear condensation and two with condensed nuclei with abnormal nuclear margins showing small or large budding nuclei. To the right of 
the asterisk are two giant band neutrophils. On the right at midfield is a plasma cell below which is a lymphocyte. (Reproduced with permission from 


Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


the morphologic changes in the red cells. When the hematocrit is less 
than 20 percent, erythroblasts with megaloblastic nuclei, including an 
occasional promegaloblast, may appear in the blood. The anemia is 
macrocytic (mean corpuscular volume [MCV] is 100 to 150 fL or more), 
although coexisting iron deficiency, thalassemia trait,” or inflamma- 
tion can prevent macrocytosis.'™ Slight macrocytosis may be the earliest 
sign of megaloblastic anemia. Because of the progressive nature of grad- 
ual replacement of normocytic red cells with the macrocytic progeny of 
a megaloblastic marrow, the earliest observable change in red cell indi- 
ces is an increase in the red cell distribution width (RDW), reflecting an 
increase in anisocytosis. 

Neutrophil nuclei often have more than the usual three to five 
lobes (see Fig. 41-12).'* Typically, more than 5 percent of the neu- 
trophils have five lobes. Cells may contain six or more lobes, a mor- 
phology rarely seen in normal neutrophils but not pathognomonic of 
megaloblastic hematopoiesis. In nutritional megaloblastic anemias 
caused by folate deficiency, hypersegmented neutrophils are an early 
sign of megaloblastosis* and persist in the blood for many days after 
treatment.’ Neutrophil hypersegmentation was not found to be a sen- 
sitive test for mild cobalamin deficiency.’ Cytogenetic studies are non- 
specific and show chromosomes that are elongated and broken. Specific 
therapy corrects these abnormalities, usually within 2 days, although 
some abnormalities do not disappear for months.'*""*’ Platelets are often 


reduced in number and slightly smaller than normal with a wider vari- 
ation in size (increased platelet distribution width [PDW]).’°* The mor- 
phologic features of megaloblastic anemia may be grossly exaggerated 
in patients who have been splenectomized or lack a functional spleen 
as occurs in celiac disease or sickle cell anemia. Numerous circulating 
megaloblasts and bizarre red cell morphology may be present.’” 


Marrow 

Aspirated marrow is cellular and shows striking megaloblastic changes, 
especially in the erythroid series with well-hemoglobinized erythrob- 
lasts containing nuclei that possess less-mature, more-open nuclear 
chromatin than their normal counterparts. There is a preponderance 
of earlier basophilic erythroblasts over more mature forms which gives 
the overall impression of a maturation arrest (see Fig. 41-13). Siderob- 
lasts are increased in number and contain increased numbers of iron 
granules. The ratio of myeloid to erythroid precursors falls to 1:1 or 
lower, and granulocyte reserves may be decreased. In severe cases, pro- 
megaloblasts containing an unusually large number of mitotic figures 
are plentiful. Macrophage iron content often is increased. Megaloblas- 
tic features in the granulocytic series is also usually present with giant 
forms and large horseshoe-shaped nuclei. Occasionally megakaryocytes 
with hyperlobated nuclei are present. 
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TABLE 41-4. Causes of Megaloblastic Anemias 


|. Folate Deficiency 
A. Decreased intake 
1. Poor nutrition 
Old age, poverty, alcoholism 
Hyperalimentation 
Hemodialysis 
Premature infants 
Spinal cord injury 
Children on synthetic diets 
Goat's milk anemia 
B. Impaired absorption 
1. Nontropical sprue 
2. Tropical sprue 
3. Other disease of the small intestine 
C. Increased requirements 
1. Pregnancy 
2. Increased cell turnover 
3. Chronic hemolytic anemia 
4. Exfoliative dermatitis 
ll. Cobalamin Deficiency 
A. Impaired absorption 
1. Gastric causes 
a. Pernicious anemia 
b. Gastrectomy 
c. Zollinger-Ellison syndrome 
2. Intestinal causes 
a. Ileal resection or disease 
b. Blind loop syndrome 
c. Fish tapeworm 
3. Pancreatic insufficiency 
B. Decreased intake 
1. Vegans 
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Ill. Acute Megaloblastic Anemia 
A. Nitrous oxide exposure 
B. Severe illness with 
1. Extensive transfusion 
2. Dialysis 
3. Total parenteral nutrition 
IV. Drugs 
. Dihydrofolate reductase inhibitors 
. Antimetabolites 
. Inhibitors of deoxynucleotide synthesis 
. Anticonvulsants 
Oral contraceptives 


Others, such as long-term exposure to weak folate antago- 
nists (e.g., trimethoprim or low-dose methotrexate) 


V. Inborn Errors 
A. Cobalamin deficiency 
1. Imerslund-Grasbeck disease 
2. Congenital deficiency of intrinsic factor 
3. Transcobalamin deficiency 
B. Errors of cobalamin metabolism 


1. “Cobalamin mutant” syndromes with homocystinuria 
and/or methylmalonic acidemia 


C. Errors of folate metabolism 
1. Congenital folate malabsorption 
2. Dihydrofolate reductase deficiency 


3. N°-methyltetrahydrofolate homocysteine- 
methyltransferase deficiency 


D. Other errors 
1. Hereditary orotic aciduria 
2. Lesch-Nyhan syndrome 
3. Thiamine-responsive megaloblastic anemia 
Unexplained 
A. Congenital dyserythropoietic anemia 
B. Refractory megaloblastic anemia 
C. Erythroleukemia 
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Vi. 


Coexisting Microcytic Anemia 
Many features of megaloblastic anemia may be masked when meg- 
aloblastic anemia is combined with a microcytic anemia.’ The anemia 
can be normocytic or even microcytic, whereas the blood film may show 
both microcytes and macroovalocytes (a “dimorphic anemia’). The 
marrow may contain “intermediate” megaloblasts'® that are smaller and 
look less “megaloblastic” than usual. In this kind of mixed anemia, the 
microcytic component usually is iron-deficiency anemia,“ but it may 
be thalassemia minor’ or the anemia of chronic disease. Even meg- 
aloblastic anemia masked by a severe microcytic anemia usually shows 
hypersegmented neutrophils in the blood and giant metamyelocytes and 
bands in the marrow. Neutrophil myeloperoxidase levels are high.'! 
Less commonly, the megaloblastic component of a mixed iron- 
deficiency anemia can be overlooked, and the patient may be treated 
only with iron. In this situation, the anemia may respond only partly 
to therapy, and megaloblastic features become more conspicuous as 
iron stores fill. The masking of macrocytosis in these situations may 


be responsible for delay or difficulty in diagnosis of pernicious ane- 
mia, particularly in certain geographic areas and ethnic groups where 
there is a high incidence of thalassemia and microcytic hemoglobinop- 
athies.’**'*'® There are several situations that favor the coexistence of a 
megaloblastic state with iron deficiency. Both folate and iron deficiency 
occur in celiac disease,‘ and cobalamin and iron deficiency both com- 
plicate gastric reduction surgery for morbid obesity.’ Furthermore, 
Helicobacter pylori infection is associated with gastric atrophy that can 
result first in iron deficiency and later lead to cobalamin malabsorption 
and perhaps even predispose to pernicious anemia.'°°'” 


Incomplete Megaloblastic Anemia 

If a patient with a full-blown megaloblastic anemia receives cobalamin 
or folate before marrow aspiration, the anemia persists but the meg- 
aloblastic changes may be obscured. Attenuated megaloblastic changes 
also are seen in patients with early megaloblastic anemia, in patients 
with coexisting infection, or in patients after transfusion. 


Megaloblastic Anemia Misdiagnosed as Acute Leukemia 
Occasionally, very severe megaloblastic anemia produces marrow mor- 
phology so bizarre as to be mistaken for acute leukemia. In some cases, 
the erythroid series does not mature, and the megaloblastic pronor- 
moblast dominates the marrow with prominent mitotic figures and dys- 
morphic forms, raising the possibility of erythroid leukemia. 


Megaloblastic Changes in Other Cells 

In most forms of megaloblastic anemia, cytologic abnormalities resem- 
bling megaloblastosis may appear in other proliferating cells. Epithe- 
lial cells from the mouth, stomach, small intestine, and cervix uteri 
may look megaloblastic, appearing larger than their normal counter- 
parts and containing atypical immature-looking nuclei. Distinguishing 
these “megaloblastic” changes from the changes of malignancy may be 
difficult. +6 


Chemical Changes in Body Fluids 

Plasma bilirubin, iron, and ferritin levels are increased.!® Serum lac- 
tate dehydrogenase-1 (LDH-1) and LDH-2, both found in red cells, are 
markedly elevated as a result of rapid intramedullary erythroblast turn- 
over and increase with the severity of the anemia.'” In megaloblastic 
anemia LDH-1 is greater than LDH-2, whereas in other anemias LDH-2 
is greater than LDH-1.'7' Serum muramidase (lysozyme) levels are 
high,’” whereas serum glutamic oxaloacetic transaminase (aspartate 
transaminase [AST]) is normal.'” Erythropoietin levels rise, but less 
than in other anemias of similar severity.'* Surprisingly, the elevated 
erythropoietin levels fall sharply within 1 day of beginning treatment, 
an interval too short either to have been mediated by the hematocrit or 
to affect it. 


Cytokinetics 
Megaloblastic anemia is associated with two pathophysiologic abnor- 
malities: ineffective erythropoiesis and hemolysis. Ineffective erythro- 
poiesis increases the red cell precursor to reticulocyte ratio, plasma iron 
turnover,'” LDH-1 and LDH-2 levels,'”' and “early labeled” bilirubin. 6 
Both intramedullary and extramedullary hemolysis occurs in meg- 
aloblastic anemia, with red cell life span decreased by 30 to 50 percent.” 
Increased serum muramidase in megaloblastic anemia can be 
caused by increased granulocyte turnover,” possibly induced by disin- 
tegration of granulocyte precursors in the marrow (ineffective granulo- 
poiesis). In cobalamin deficiency, platelet production is only 10 percent 
of that expected from the megakaryocyte mass,” perhaps reflecting 
ineffective thrombopoiesis. Platelets in severe cobalamin deficiency are 
functionally abnormal.'” 


FOLIC ACID DEFICIENCY 


Etiology and Pathogenesis 
Folate deficiency is caused by (1) dietary deficiency, (2) impaired 
absorption, and (3) increased requirements or losses (see Table 41-4). 
Decreased Intake Caused by Poor Nutrition Prior to the mid- 
1990s, inadequate dietary intake was the major cause of folate defi- 
ciency. However, in the era of folic acid fortification, the prevalence of 
folate deficiency has fallen dramatically. In the United States, the prev- 
alence of low plasma folate has dropped from 22 to 1.7 percent of the 
population.'®° Because folate reserves are limited, deficiency develops 
rapidly in malnourished persons, typically the old, the poor, and the 
alcoholic. Folate deficiency can also occur during hyperalimentation’® 
and subclinical folate deficiency has been reported in subtotal gastrec- 
tomy. Folate deficiency can occur in premature infants, especially 
with infection, diarrhea, or hemolytic anemia’; in children on a syn- 
thetic diet because of inborn errors'™; and in infants raised on goat’s 
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milk, which is poor in available folate.'"* Destruction of folate through 
excessive cooking can aggravate folate deficiency. 

In alcoholic cirrhosis, megaloblastic anemia usually is caused by 
folate deficiency.'*° Alcohol may acutely depress serum folate, even if 
folate stores are replete,” and accelerates the development of meg- 
aloblastic anemia in persons with early folate deficiency.'** Alcohol 
causes acute marrow suppression, decreases in reticulocyte, platelet, 
and granulocyte levels’; reversible vacuolation of erythroid and mye- 
loid precursors; and dysfunction of granulocytes. These changes 
occur even if large doses of folate are given with the alcohol.” 

Decreased Intake Caused by Impaired Absorption Nontropi- 
cal Sprue Nontropical sprue (celiac disease in children) is related to 
ingestion of wheat gluten.” Pathologically, nontropical sprue shows 
atrophy and chronic inflammation of the small intestinal mucosa that 
is most severe proximally. Findings include weight loss; glossitis (typi- 
cal of folate deficiency); other signs of a generalized vitamin deficiency; 
diarrhea; and passage of light-colored, bulky stools with a particularly 
foul odor caused by steatorrhea. Iron deficiency, hypocalcemia, osteo- 
porosis, and osteomalacia may occur. 

Folate malabsorption occurs in most patients with this disor- 
der. Serum folate levels are low,’ and megaloblastic anemia occurs 
frequently. 

Tropical Sprue Tropical sprue is endemic in the West Indies, 
southern India, parts of Southern Africa, and Southeast Asia. It can 
be acquired by travelers to those regions and persists for many years 
after the travelers return.” Tropical sprue is rapidly corrected by folate 
therapy, even though folate deficiency does not cause the disease. The 
precise etiology of tropical sprue is unknown, although the response of 
the disease to antibiotics suggests infection. 

Clinically and pathologically, tropical sprue is like nontropi- 
cal sprue, except that tropical sprue is more severe in the distal small 
intestine.” Therefore, tropical sprue eventually also leads to cobalamin 
deficiency’ and should be strongly considered as a cause of cobala- 
min deficiency in former residents of the tropics, even though they have 
been away from the tropics for 20 years or more. Folate malabsorption 
may occur,'” possibly because the diseased intestine fails to deconjugate 
folate polyglutamates.*” Consequently, megaloblastic anemia is very 
common in patients with this disease,” and may result from both folate 
and cobalamin deficiency. 

Other Intestinal Disorders Malabsorption of folic acid com- 
monly occurs in regional enteritis,” after extensive resections of the 
small intestine,” and in conditions such as lymphomatous or leukemic 
infiltration of the small intestine,” Whipple disease,*” scleroderma and 
amyloidosis,“ and diabetes mellitus.” Systemic bacterial infections 
impair folate absorption.” 

Increased Folate Requirements in Pregnancy During preg- 
nancy (Chap. 8),” folate requirements increase five- to 10-fold because 
of transfer of folate to the growing fetus,” which draws down mater- 
nal folate stores even in the face of severe maternal folate deficiency.” 
Further increases in requirements may result from the presence of 
multiple fetuses, a poor diet, infection, coexisting hemolytic anemia, 
or anticonvulsant medication. Lactation aggravates folate deficiency.” 
Consequently, folate deficiency is very common in pregnancy and is the 
major cause of the megaloblastic anemia of pregnancy,”” particularly in 
developing countries.” 

Folate deficiency is difficult to diagnose in pregnancy because the 
signs of deficiency are obscured by the normal hematologic changes of 
pregnancy. During pregnancy, a physiologic “anemia” develops because 
of increased plasma volume that is only partly offset by an accompa- 
nying increase in red cell mass. Hemoglobin levels may fall to 10 g/dL. 
The anemia is associated with a physiologic macrocytosis; MCV may 
increase to 120 fL, although the average at term is 104 fL.” Serum 


Part VI: The Erythrocyte 


and red cell folate levels fall steadily during pregnancy, even in well- 
nourished women who are not taking a folic acid supplement.”"* Con- 
versely, hypersegmented neutrophils, usually a reliable clue to early 
megaloblastic anemia, are inconspicuous in early megaloblastic anemia 
of pregnancy." 

Increased Cell Turnover Because of increased marrow cell turn- 
over, the folate requirement rises sharply in chronic hemolytic anemia.”'® 
During bouts of acute hemolysis that can occur in these anemias, the 
marrow may become megaloblastic within days. 

Folic acid deficiency may arise in chronic exfoliative dermatitis, 
in which folate losses of 5 to 20 mcg/day may occur.” Patients with 
psoriasis who are treated with methotrexate have an added reason for 
developing signs of folate deficiency. Pretreating such patients with 
folate may prevent these signs without impairing the therapeutic effect 
of methotrexate.” During hemodialysis, folate is lost in the dialysis 
fluid.?'* 


Clinical Features 

The clinical picture of folate deficiency includes all the general manifes- 
tations of megaloblastic anemia plus the following specific features: (1) 
a history and laboratory studies indicating folate deficiency, (2) absence 
of the neurologic signs of cobalamin deficiency (see “Cobalamin Defi- 
ciency” below), and (3) a full response to physiologic doses of folate. 


Laboratory Features 

The earliest specific indicator of folate deficiency is a low serum or 
plasma folate. Raised plasma levels of homocysteine may precede the 
lowering of plasma folate. However, elevated homocysteine has poor 
specificity as there are several causes of a raised plasma homocysteine.”” 
Plasma folate follows folate intake closely, so an isolated low serum 
folate (less than approximately 3 ng/mL) may simply indicate a drop in 
folate intake over the preceding few days.° Similarly, a low plasma folate, 
except in malabsorption, rises quickly on refeeding. 

A better indicator of the tissue folate status is the red cell folate, 
which remains relatively unchanged while a red cell is circulating and 
thus reflects folate status over the preceding 2 to 3 months. Red cell 
folate usually is quite low in folate-deficient megaloblastic anemia. How- 
ever, red cell folate also is low in more than 50 percent of patients with 
cobalamin-deficient megaloblastic anemia” owing to the poor reten- 
tion of methyltetrahydrofolate monoglutamate within the cells; conse- 
quently, red cell folate cannot be used to distinguish between folate and 
cobalamin deficiencies. Conversely, red cell folate may be normal in the 
megaloblastic state that occurs, often with little accompanying anemia, 
in rapidly developing folate deficiency (see “Acute Megaloblastic Ane- 
mia” below). 

The dU suppression test has been used in research on pathoge- 
netic mechanisms in megaloblastic states. It adds little to the clinical 
evaluation of a megaloblastic anemia. The test is further discussed in 
“Deoxyuridine Suppression” below. 
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Differential Diagnosis 
Macrocytosis without megaloblastic anemia occurs in alcoholism, liver 
disease, hypothyroidism, aplastic anemia, certain forms of myelodyspla- 
sia, pregnancy, and any condition associated with reticulocytosis (e.g., 
autoimmune hemolytic anemia). Macrocytosis has also been reported 
among smokers.” However, MCV rarely exceeds 110 fL in these condi- 
tions, whereas in folate deficiency, uncomplicated by causes of microcy- 
tosis, the MCV is usually over 110 fL. 

A full hematologic response to physiologic doses of folate (i.e., 
200 mcg daily) distinguishes folate deficiency from cobalamin defi- 
ciency, in which a response occurs only at pharmacologic doses of folate 
(e.g., 5 mg daily). This is not recommended as a diagnostic test because 


neurologic problems may develop in cobalamin-deficient patients 
treated with folate alone. High doses of cobalamin may produce a par- 
tial response in folate deficiency.” 

The diagnosis of nontropical sprue rests on (1) the demonstration 
of malabsorption, (2) noninvasive serologic testing including detection 
of antibodies to gliadin, endomysium, tissue transglutaminase, and 
deamidated gliadin,” (3) a jejunal biopsy showing villus atrophy, and 
(4) the response to a gluten-free diet. In 80 percent of patients, a gluten- 
free diet gradually reverses the functional disorder by correcting folate 
malabsorption.” 


Nonhematologic Effects of Folate Deficiency 

The hematologic problems associated with folate deficiency have been 
recognized for decades. However, folate deficiency has been associated 
with a number of serious disorders not involving the hematopoietic sys- 
tem. Moreover, these disorders occur at folate levels usually regarded 
as low normal. They include developmental, neurologic, cardiovascular, 
and neoplasic diseases.” 


Abnormalities of Neural Tube Closure 
A close association exists between mild folate deficiency and congenital 
anomalies of the fetus, most notably defects in neural tube closure, but 
also abnormalities involving the heart, urinary tract, limbs, and other 
sites.” A portion of the neural tube closure defects appear to be asso- 
ciated with antibodies against folate receptors that may be overcome by 
higher folate intake.” Mutations and polymorphisms affecting enzymes 
of folate metabolism, especially the common 677C-T polymorphism 
of the MTHFR gene (also designated as MTHFR 677C-T),”* also pre- 
dispose to congenital anomalies. As noted above, this polymorphism 
results in diminished conversion of its substrate methylene FH, to 
methyltetrahydrofolate, supporting the view that it is the role of folate in 
methylation through methionine synthesis (see Table 41-1) that is crit- 
ical in embryonic development. Folic acid fortification programs, which 
were mandated in the United States and Canada in the mid-1990s, have 
been highly successful as a public health measure in reducing the inci- 
dence of neural tube defect births by between 20 and 50 percent.”°?° 

Cobalamin also plays a significant role as a risk factor for neural 
tube defects. Levels of TC in normal pregnant women correlate with 
their likelihood of bearing an infant with a defect in neural tube clo- 
sure. Patients in the lowest quintile of TC concentration are five times 
more likely to give birth to a defective infant as patients in the highest 
quintile.**! Evidence indicates that in populations exposed to folic acid 
fortification, there is an approximately threefold increase in the risk 
of neural tube defects in offspring of mothers in the lowest quartile of 
TC? 

Several poorly defined neuropsychiatric abnormalities that respond 
to folate therapy have been reported in patients with folate deficiency. 
The most convincing associations are with depressive illness.” 


Vascular Disease 

Even a mildly elevated homocysteine level is a major independent risk 
factor for atherosclerosis and venous thrombosis, possibly because of 
an effect on the vascular endothelium.” In folate deficiency, homo- 
cysteine levels may rise considerably, resulting in varying degrees of 
hyperhomocysteinemia. This is true also in cobalamin and pyridoxine 
deficiencies; consequently, the notion of seeking to ameliorate hyper- 
homocysteinemia and thus diminish the risk of cardiovascular disease 
has seemed appealing. However, the effect of lowering homocysteine 
levels by the use of folate, cobalamin, and pyridoxine supplements, on 
the risk of recurrent vascular disease is unclear. Although there is some 
evidence that such supplements reduce risk,*** contradictory evidence 
suggests that supplement use may actually increase the risk of in-stent 


coronary restenosis” or other adverse cardiovascular outcome.*” On 


the other hand, an accelerated rate of decrease in stroke mortality has 
been observed in the United States and Canada that coincided with the 
introduction of folic acid fortification in these countries.” The dispa- 
rate designs of these studies makes it difficult to draw firm conclusions 
regarding the question of whether lowering of plasma homocysteine in 
subjects at risk for cardiovascular disease has any ameliorative or dele- 
terious effect on outcome. In a meta-analysis of eight randomized trials 
involving over 37,000 individuals, the authors concluded that supple- 
mentation with folic acid in various combinations with vitamin B,, and 
vitamin B, for periods of up to 7.3 years, despite an overall reduction of 
plasma homocysteine of 22 percent and 25 percent in folic acid fortified 
and non-fortified populations, respectively, there were no significant 
effects on cardiovascular events, overall cancer, or mortality.” Critical 
factors might relate to several considerations including the preexisting 
degree of vascular damage in relation to the time of the intervention and 
the form and dosage of administered vitamins. 

Another potential link between folate deficiency and morbidity risk 
that relates to hyperhomocysteinemia is the association between ele- 
vated homocysteine levels and incident dementia or cognitive impair- 
ment without dementia, independent of the vascular complications 
of hyperhomocysteinemia.“°*! The MTHFR polymorphism MTHFR 
677C—T leads to increased homocysteine levels in subjects with low 
folate or cobalamin levels,” although controversy exists as to whether 
MTHFR 677C—>T contributes to an increased incidence of vascular dis- 
ease. Like folate, cobalamin seems to be important in decreasing the risk 
of vascular disease.’ A 1561C—T polymorphism in the gene for glu- 
tamate carboxypeptidase-II increases serum folate and decreases serum 
homocysteine in the homozygote, possibly protecting against vascular 
disease.” 


HELLP Syndrome 

Severe folate deficiency reportedly mimics the hemolysis, elevated 
liver enzymes, low platelets (HELLP) syndrome (preeclampsia with 
liver swelling and abnormal liver function studies in pregnant women; 
Chap. 8). In these patients, the diagnosis of severe folate deficiency 
can be made based on the presence of anemia and a megaloblastic blood 
film and marrow. Serum and red cell folate, serum cobalamin, homo- 
cysteine, and methylmalonic acid levels all should be assayed before 
treatment is started. The patient should immediately be given high 
doses of folate plus cobalamin, the latter in case the megaloblastic ane- 
mia actually results from cobalamin deficiency, a possibility rendered 
more likely in folic acid-fortified populations. A major goal of treatment 
is preventing preterm delivery of the fetus. 


Colon Cancer 

A large study of nurses in the United States indicated that supplementa- 
tion with more than 400 mcg of folic acid per day reduces the incidence 
of colon cancer by 31 percent.” Furthermore, individuals who are 
homozygous for the 677C->T MTHFR mutation also have a decreased 
incidence for colon cancer compared with 677C—T heterozygotes and 
normal controls.” Other evidence points to possible deleterious effect 
of folic acid on colon cancer incidence. Although only circumstantial, a 
recent epidemiologic study reported that after several successive years 
of a declining incidence of colorectal cancer in the United States and 
Canada, there was a significant increase in the rate in both countries 
that coincided with and followed the introduction of folic acid fortifi- 
cation.*” These apparently contradictory observations may be reconcil- 
able because of the several roles of folate on cellular proliferation and 
repair as well as on the stage of tumorigenesis.” Because folate is criti- 
cal for de novo thymidine synthesis, it plays an important part in DNA 
repair, thus correcting mutations and DNA strand breaks that could 
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potentially initiate cancer. On the other hand, the growth of established 
neoplastic clones might be accelerated by additional folate, allowing 
more rapid tumor progression. The situation is rendered even more 
complex if the potential role of folate in epigenetic regulation of gene 
expression is considered. Folate is necessary for synthesis of the univer- 
sal methyl donor, SAMe, which is required for both cytosine and histone 
methylation. In this pathway, too, the role of folate theoretically may be 
cancer promoting or cancer protective, depending on whether onco- 
genes or tumor-suppressor genes are silenced by methylation of CpG 
islands in DNA or by conformational changes in chromatin resulting 
from histone methylation. The question of a possible effect of increased 
folate intake through the use of folic acid supplements on overall and 
site-specific cancer incidence was recently examined in a meta-analysis 
of 50,000 individuals. The authors concluded that there was no substan- 
tial increase or decrease in incidence over a 5-year period of folic acid 
supplement use.”*! 


Therapy, Course, and Prognosis 

Folate, usually in the form of folic acid, 1 to 5 mg/day, is given orally, 
although 1 mg usually is sufficient. At this dose, anemia usually is cor- 
rected even in patients with malabsorption. A parenteral preparation 
containing 5 mg/mL of folate also is available. 

Treatment for tropical sprue consists of the usual doses of folate, 
plus cobalamin if indicated. To prevent relapse, treatment should be 
maintained for at least 2 years. Broad-spectrum antibiotics are helpful 
adjuncts, although antibiotics alone fail to correct the condition. 

Pregnant women must be given at least 400 mcg of folate per day. 
As to the possibility of overlooking cobalamin deficiency resulting from 
folate administration, although pernicious anemia (PA) in women of 
childbearing age is rare in whites, this is not the case among persons of 
African and Hispanic descent.” In pregnant women at risk for cobal- 
amin deficiency (e.g., vegans or patients with malabsorption), the risk of 
an associated cobalamin deficiency is easily prevented with vitamin B, 
1 mg given parenterally every 3 months during the pregnancy. 

Therapeutic doses of folate partially and temporarily correct the 
hematologic abnormalities in cobalamin deficiency, but the neurologic 
manifestations can progress, with disastrous results.” Therefore, both 
folate status and cobalamin status must be evaluated early in the workup 
of a megaloblastic anemia. If treatment is urgent and the nature of the 
deficiency is unclear, both folate and cobalamin can be given after suit- 
able specimens have been obtained for assay. 

Patients who receive low-dose methotrexate therapy as an immu- 
nosuppressant may develop side effects, the worst of which is hepato- 
toxicity. The incidence of side effects, including hepatotoxicity, has been 
correlated with reduced folate levels.” Administration of folic or folinic 
acid can prevent or greatly diminish the major side effects without 
reducing the therapeutic effect of low-dose methotrexate. Coadminis- 
tration of folic acid together with vitamin B,, also reduces side-effects 
without adversely affecting the therapeutic efficacy of the newer multi- 
targeted antifolate drug, pemetrexed.” 
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COBALAMIN DEFICIENCY 
Etiology and Pathogenesis 


There are several causes and varying degrees of severity of cobalamin 
depletion and deficiency. From the hematologic standpoint, it is con- 
venient to divide the causes of B,, deficiency into those that frequently 
lead to megaloblastic anemia and those that usually do not.” 

Table 41-4 lists disorders that lead to cobalamin deficiency. 

Decreased Uptake Caused by Impaired Absorption Cobal- 
amin deficiency most often results from defective absorption, most 
commonly PA, a condition characterized by failure of gastric intrinsic 
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factor production. Many other causes of defective cobalamin absorp- 
tion involve mainly the stomach, or small intestine and to lesser extent, 
the pancreas. 

Gastric Disorders in Pernicious Anemia PA is a disease of insid- 
ious onset that generally begins in middle age or later (usually after age 
40 years).™ In this condition, intrinsic factor secretion fails because of 
gastric mucosal atrophy. PA is an autoimmune disease. The gastric atro- 
phy of PA probably results from immune destruction of the acid- and 
pepsin-secreting portion of the gastric mucosa. The term pernicious 
anemia sometimes is used as a synonym for cobalamin deficiency, but 
it should be reserved for the condition resulting from defective secre- 
tion of intrinsic factor by an atrophic gastric mucosa caused by an auto- 
immune process primarily directed against the parietal cells and their 
products. 

In patients with PA, antibodies occur that recognize the H*/ 
K*-adenosine triphosphatase (ATPase), which resides in the secretory 
membrane of the parietal cell and is responsible for acidifying the stom- 
ach contents. These antiparietal cell antibodies occur in approximately 
60 percent of patients with simple atrophic gastritis and in 90 percent 
of patients with PA, but in only 5 percent of a random 30- to 60-year- 
old population.” Antiparietal cell antibodies also occur in a significant 
percentage of patients with thyroid disease.”*! Conversely, patients with 
PA have a higher than expected incidence of antibodies against thyroid 
epithelium, lymphocytes, and renal collecting duct cells.*” 

Antiparietal cell antibodies are not thought to be responsible for 
the pathogenesis of PA. Rather, studies in mice suggest the gastric atro- 
phy in PA is caused by CD4+ T cells whose receptors recognize the 
H*/K*t-ATPase. Thus, thymectomized BALB/c mice develop an auto- 
immune atrophic gastritis similar to that seen in PA patients. CD4+ T 
cells from these mice produce atrophic gastritis when injected into nude 
mice.” 

Antibodies to intrinsic factor (“type I; or “blocking,” antibodies) 
or the intrinsic factor-cobalamin (Cbl) complex (“type IL” or “binding? 
antibodies) are highly specific to PA patients. Blocking antibodies, 
which prevent formation of the intrinsic factor-Cbl complex, are found 
in up to 70 percent of PA sera.” Binding antibodies, which prevent the 
intrinsic factor-Cbl complex from binding to its ileal receptors, are found 
in about half the sera that contain blocking antibody. Some findings in 
humans support the idea that T cells are responsible for the gastric atro- 
phy in PA. First, lymphocytes from patients with PA are hyperrespon- 
sive to gastric antigens.” Second, the incidence of PA is higher than 
expected in patients with agammaglobulinemia, even though their sera 
contain none of the antibodies typical of PA.”** 

Other Autoimmune Diseases The coexistence of several other 
autoimmune diseases and PA is further evidence that PA is an auto- 
immune disease. Antiparietal cell antibodies and PA are unexpectedly 
frequent in patients with other autoimmune diseases,” including 
autoimmune thyroid disorders (thyrotoxicosis, hypothyroidism, and 
Hashimoto thyroiditis), type I diabetes mellitus, hypoparathyroid- 
ism,” Addison disease, postpartum hypophysitis,”” vitiligo,” acquired 
agammaglobulinemia,”® infertile female patients younger than age 40 
years,’” and hypospermia and infertility in males.*”°” Infertility may, 
however, relate to impairment of DNA synthesis in gonadal cells rather 
than to an autoimmune mechanism. 

Inherited Predisposition to Pernicious Anemia Predisposition 
to PA can be inherited. The disease is associated with human leukocyte 
antigen types A2, A3, B7, and B12,” and with blood group A.’ PA 
and antiparietal cell antibodies occur more frequently than expected in 
the families of PA patients.” In one study, gastric atrophy was found 
in more than 30 percent of the relatives of patients with PA; of these 
relatives, 65 percent had antiparietal cell antibodies and 22 percent 
had antiintrinsic factor antibodies.” PA occurs relatively frequently 


in northern Europeans (especially Scandinavians)’ as well as Afri- 
cans,!*8° but is uncommon in Asians. In Americans of African descent, 
the disease tends to begin early, occurs with high frequency in women, 
and often is severe.’ **4 

Stomach and Intestine in Pernicious Anemia Gastric mani- 
festations of PA include achlorhydria, acquired intrinsic factor defi- 
ciency previously demonstrable by the Schilling test, and an increased 
incidence of certain malignancies. There is an approximately twofold 
increase in the incidence of gastric cancer, similar increases in the inci- 
dence of certain hematologic malignancies, and an increase in the inci- 
dence of gastric carcinoid.” Achlorhydria may precede by many years 
the loss of intrinsic factor secretion and the development of PA.**! The 
absence of achlorhydria excludes the diagnosis of PA. H. pylori, a micro- 
organism that infects the gastric mucosa, is a major cause of gastritis 
and peptic ulcers. Evidence is conflicting regarding the role of H. pylori 
in PA. In two studies, cultures of gastric biopsies showed a very low 
incidence of H. pylori infection in PA patients. One study reported 
that anti-H. pylori antibodies were found in only a small fraction of the 
sera from these patients. The other study reported that these antibodies 
were present in most of the PA sera, indicating that most of the patients 
described in the study had been infected previously. Whether H. pylori 
participates in the pathogenesis of PA is an open question. An intriguing 
hypothesis has been advanced that chronic infection with H. pylori may 
be responsible for triggering an autoimmune reaction directed against 
the host H*/K*-ATPase protein as a result of molecular mimicry." 

Fasting plasma gastrin levels are high in most patients with PA, 
whereas somatostatin levels are low.’ In biopsies from PA stomachs, 
however, fundal gastrin and somatostatin levels were high, correlating 
with increases in argyrophilic cells in the basal crypts; antral gastrin and 
somatostatin were normal. Gastrin levels are high in simple achlorhy- 
dria without PA.**° 

The stomach shows characteristic histologic abnormalities in PA 
(Fig. 41-14). The mucosa of the cardia and fundus is atrophic, containing 
few chief (i.e., pepsin-secreting) or parietal cells. The withered mucosa 
is infiltrated with lymphocytes’ and plasma cells. In contrast, the antral 
and pyloric mucosa are normal. Gastric atrophy is partly reversible by 
glucocorticoid treatment, with some regeneration and return of intrin- 
sic factor secretion, further evidence for the autoimmune nature of 
PA.**’ Clinical response to administration of glucocorticoids or adreno- 
corticotropic hormone in patients with neurologic disease may reflect 
temporary amelioration of underlying and undiagnosed PA.’ 

Megaloblastic changes reversible by cobalamin are seen in the 
gastrointestinal epithelium. Cells recovered by lavage are large’ and 
show atypical nuclei resembling early malignant change.” Small intes- 
tinal biopsy shows decreased mitoses in crypts, shortening of villi, 
megaloblastic changes in epithelial cells, and infiltration in the lam- 
ina propria.” These changes may account for the malabsorption of 
D-xylose and carotene observed in PA.” 

Recognizing PA may be difficult. PA combines the general features 
of megaloblastic anemia and features specific for cobalamin deficiency 
with unique clinical features related to its (probable) autoimmune eti- 
ology and gastric pathology. The disease is easily missed because of its 
(1) insidious onset, (2) tendency to be masked by the use of multivi- 
tamin preparations containing folic acid,’ and (3) many atypical pre- 
sentations,”” including its presentation as a neurologic disease without 
hematologic findings,” and its tendency to be overlooked in patients 
with another autoimmune disease. 

Antiparietal cell and antiintrinsic factor antibodies are rarely mea- 
sured, even though antiintrinsic factor antibodies in particular could be 
of considerable diagnostic value.”' In the absence of a reliable method 
to assess vitamin B,, absorption, following the Schilling test becom- 
ing obsolete, measurement of antiintrinsic factor antibodies in serum 
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Figure 41-14. Gastric histology in pernicious anemia. (Left) Normal 
fundus. The thick mucosa is packed with gastric glands composed 
mostly of chief cells and parietal cells. The mucus-secreting cells are 
concentrated in the necks of the glands. (Right) Fundus in pernicious 
anemia. Gastric glands in the atrophic mucosa are sparse and consist 
mainly of mucus-secreting cells. The mucosa is densely infiltrated by 
lymphocytes. 


represents the only available method to confirm a diagnosis of PA. Anti- 
intrinsic factor antibody is highly specific for PA (although its sensitiv- 
ity is only modest); its presence in a megaloblastic anemia makes the 
diagnosis of PA almost certain. 

Gastrectomy Syndromes Gastric surgery often leads to anemia. 
Iron-deficiency anemia is most common, but cobalamin deficiency with 
megaloblastic anemia can occur. After total gastrectomy, cobalamin 
deficiency develops within 5 or 6 years because the operation removes 
the source of intrinsic factor.” The delay between surgery and the onset 
of cobalamin deficiency reflects the time needed to exhaust cobalamin 
stores after cobalamin absorption ceases. This may occur more rap- 
idly because of abrogation of the enterohepatic reabsorption of biliary 
cobalamin. 

After partial gastrectomy, few patients show frank cobalamin defi- 
ciency, but approximately 5 percent have intermediate megaloblastosis, 
approximately 25 to 50 percent have low serum cobalamin levels, and 
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many have varying degrees of decreased cobalamin absorption.” Ach- 
lorhydria not present before surgery often develops some years after 
gastrectomy. Postgastrectomy patients with low serum cobalamin levels 
usually have low serum iron levels,”” in contrast to the high iron levels 
otherwise typical of cobalamin deficiency. 

Cobalamin deficiency after partial gastrectomy can be caused 
by mucosal atrophy in the unresected remnant of the stomach’ or, 
if a gastrojejunostomy was performed, by bacterial overgrowth in the 
afferent loop (see “Competing Intestinal Flora and Fauna: ‘Blind Loop 
Syndrome” below). A surgical procedure that has gained popularity 
for the treatment of morbid obesity is gastric reduction surgery. This 
procedure results in multiple deficiencies of micronutrients including 
cobalamin.” 

Of the various causes of cobalamin malabsorption described, those 
that most often lead to megaloblastic anemia include PA, total or partial 
gastrectomy, intestinal blind loop syndrome, fish tapeworm, ileal resec- 
tion, regional enteritis (Crohn disease) and tropical sprue.“ In addition, 
several of the inherited disorders affecting cobalamin absorption and 
metabolism, such as congenital intrinsic factor deficiency, selective 
cobalamin malabsorption and congenital TC deficiency can also result 
in megaloblastic anemia. 

Zollinger-Ellison Syndrome In Zollinger-Ellison syndrome, a 
gastrin-producing tumor, usually in the pancreas, stimulates the gastric 
mucosa to secrete immense amounts of HCI. The major clinical problem 
is a severe ulcer diathesis. Malabsorption of cobalamin occurs when the 
vast quantities of HCl secreted by the overactive gastric mucosa cannot 
be completely neutralized by the pancreatic secretions. The resulting 
acidification of the duodenal contents prevents transfer of Cbl from HC 
binder to intrinsic factor and also inactivates pancreatic proteases.*” 

Intestinal Diseases Because the terminal ileum is the site for 
physiologic cobalamin absorption, a number of intestinal disorders 
can lead to cobalamin deficiency, including (1) extensive resection of 
the ileam™; (2) inflammatory bowel disease or regional ileitis or other 
disease affecting the ileum (e.g., lymphoma, radiation damage*™); (3) 
cobalamin malabsorption associated with hypothyroidism,*” or certain 
drugs*™; (4) the effects of cobalamin deficiency itself; and (5) sprue, 
either tropical or, less often, nontropical.'** In each of these disorders, 
administration of exogenous intrinsic factor, as was carried out in the 
Schilling test, would fail to correct subnormal cobalamin absorption. 

Competing Intestinal Flora and Fauna: “Blind Loop Syndrome” 
The blind loop syndrome is a state of cobalamin malabsorption with 
megaloblastic anemia caused by intestinal stasis from anatomic lesions 
(strictures, diverticula, anastomoses, surgical blind loops) or impaired 
motility (scleroderma, amyloid).™ Serum cobalamin is low, but intrin- 
sic factor secretion is normal. Cobalamin malabsorption is not cor- 
rected by exogenous intrinsic factor but may be corrected by antibiotic 
treatment. The defect in cobalamin absorption is caused by colonization 
of the diseased small intestine by bacteria that take up ingested cobal- 
amin before it can be absorbed from the intestine.*” Steatorrhea is also 
seen in the blind loop syndrome. 

Another cause of cobalamin deficiency is infestation with the fish 
tapeworm Diphyllobothrium latum. Prevalence is highest near the Baltic 
Sea, Canada, and Alaska, where raw or undercooked fish is consumed. 
Cobalamin deficiency results from competition between the worm 
and the host for ingested cobalamin.** The clinical picture of D. latum 
infestation ranges from no symptoms to a full-blown megaloblastic ane- 
mia with neurologic changes. The infestation is diagnosed by finding 
tapeworm ova in the feces. 

Acquired Immunodeficiency Syndrome A substantial number 
of patients with AIDS have low serum cobalamin levels with associated 
evidence of cobalamin malabsorption. In addition, individuals testing 
seropositive for HIV infection may also have low serum cobalamin and 
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evidence of cobalamin malabsorption.*” The cause of the malabsorp- 
tion may be intestinal or gastric or a combination of both.®!® >! 

Pancreatic Disease Some degree of cobalamin malabsorption has 
been demonstrated in 50 to 70 percent of patients with exocrine pan- 
creatic insufficiency.’ Cobalamin malabsorption in pancreatic insuf- 
ficiency is caused by a deficiency in pancreatic proteases, resulting in a 
partial failure to destroy HC-Cbl complexes whose destruction is a pre- 
requisite for the transfer of cobalamin to intrinsic factor." Pancreatic 
insufficiency rarely causes clinically significant cobalamin deficiency.’ 

Dietary Cobalamin Deficiency Dietary cobalamin deficiency was 
previously considered very unusual and restricted largely to complete 
vegetarians who also do not consume dairy products and eggs (veg- 
ans).*!° Low serum cobalamin levels occur in 50 to 60 percent of individ- 
uals in this group. The onset of cobalamin deficiency in vegans is slower 
than in conditions associated with cobalamin malabsorption. Thus it 
may take 10 to 20 years for an individual consuming a vegan diet to man- 
ifest features of cobalamin deficiency.*"* This is because the enterohepatic 
pathway for biliary cobalamin absorption remains intact, thus conserv- 
ing body cobalamin stores. Breastfed infants of vegan mothers also 
may develop cobalamin deficiency.*'” Cobalamin deficiency in vegans 
presents with mild megaloblastic anemia, glossitis, and neurologic dis- 
turbances. In addition to vegans, however, there is mounting evidence of 
cobalamin inadequacy in children and young adults in developing coun- 
tries that cannot be explained on the basis of cobalamin malabsorption, 
and has therefore been attributed to inadequate dietary intake.*"* 

Cobalamin deficiency may occur in severe general malnutrition. A 
megaloblastic anemia not related to cobalamin deficiency may accom- 
pany kwashiorkor or marasmus.*”” 


Neurologic Effects of Cobalamin Deficiency 

Previously, the neurologic abnormalities of cobalamin deficiency were 
attributed to disordered metabolism of myelin lipids caused by an 
impaired methylmalonyl CoA mutase reaction.” Similar neurologic 
abnormalities do not, however, occur in patients with inherited methyl- 
malonyl CoA mutase deficiency.**! Authentic combined system dis- 
ease has occurred in a patient with nutritional folate deficiency’? and 
in a patient with MTHFR deficiency.” The latter reports suggest the 
neurologic lesions of cobalamin deficiency result from deranged methyl 
group metabolism. Animal studies support this hypothesis. Neuro- 
logic disorders closely resembling combined system disease develop 
in cobalamin-deficient fruit bats,”* pigs, and monkeys.** The devel- 
opment of these disorders is prevented by methionine, which is pro- 
duced in a cobalamin-dependent reaction and is the precursor of the 
biologic methylating reagent SAMe. A finding that further supports a 
methylation defect is that brains from cobalamin-deficient pigs contain 
increased levels of SAH,*” a powerful methylation inhibitor produced 
in SAMe-dependent methylation reactions: 


SAMe + RH > SAH + RCH, 


where RH is any unmethylated compound and RCH, is its methylated 
form. Against the methylation defect hypothesis is the finding that 
cobalamin deficiency had no effect on SAMe, SAH, or methylation of 
phospholipids or myelin basic protein?” in the brains of fruit bats. 


CLINICAL FEATURES 


The more typical clinical picture of cobalamin deficiency includes the 
nonspecific manifestations of megaloblastosis, such as anemia, throm- 
bocytopenia, neutropenia, smooth tongue, cardiomyopathy, pale yel- 
low skin and/or weight loss, plus specific features caused by the lack 
of cobalamin, chiefly neurologic abnormalities. Disturbances in either 
or both cellular and hormonal immune functions have been reported 


Figure 41-15. Degeneration of spinal cord in combined system dis- 
ease. (Reproduced with permission from JW Harris, RW Kellermeyer: The Red 
Cell: Production, Metabolism, Destruction: Normal and Abnormal, rev ed. 
Harvard University Press, Cambridge, 1970.) 


in cobalamin deficiency.”® Cobalamin deficiency may also contrib- 
ute to the risk of vascular disease through elevation of homocysteine 
levels. Other disease associations with cobalamin deficiency have been 
described. These include a possible increase in breast cancer risk in 
premenopausal women*” and in osteoporosis.**!**? Because cobalamin 
reserves are large, years may pass between the cessation of cobalamin 
absorption and the appearance of deficiency symptoms. 


Neurologic Abnormalities 

Cobalamin deficiency causes a neurologic syndrome that is particularly 
dangerous because the syndrome can develop in isolation,*’ with no 
megaloblastic anemia to suggest a lack of cobalamin,”*** and because 
the syndrome cannot be reversed by treatment when it is sufficiently far 
advanced. The syndrome usually begins with paresthesias in feet and 
fingers as a result of early peripheral neuropathy and disturbances of 
vibratory sense and proprioception. The earliest signs, which precede 
other neurologic findings by months, are loss of position sense in the 
second toe and loss of vibration sense for a 256-Hz but not a 128-Hz tun- 
ing fork.**° Left untreated, the neurologic disorder progresses to spastic 
ataxia resulting from demyelination of the dorsal and lateral columns of 
the spinal cord, so-called combined system disease (Fig. 41-15).*°° 

The peripheral nerves, the spinal cord, and the brain are affected by 
cobalamin deficiency. Somnolence and perversion of taste, smell, and 
vision with occasional optic atrophy are accompanied by slow waves on 
the electroencephalogram. A dementia mimicking Alzheimer disease 
can develop.*” There is recent evidence linking low cobalamin status 
with brain volume loss and cerebral white matter lesions.***°° Psycho- 
logical derangements, including psychotic depression and paranoid 
schizophrenia, can occur.” Frank psychosis in cobalamin deficiency 
has been given the sobriquet megaloblastic madness.**" 

The neurologic lesions of cobalamin deficiency can be detected 
by magnetic resonance imaging (MRI). Demyelination appears as 
T2-weighted hyperintensity of the white matter.” MRI is particularly 
useful for confirming the diagnosis of a neurologic disorder result- 
ing from cobalamin deficiency. MRI also has been used to follow the 
progress of neurologic abnormalities during treatment of cobalamin- 
deficient patients.*” 


Subtle Cobalamin Deficiency 

Some observations suggest the existence of a large group of patients 
who are hematologically normal, with a normal hematocrit and MCV, 
but who have cobalamin-responsive neuropsychiatric disease.” 


Neuropsychiatric findings include peripheral neuropathy, gait distur- 
bance, memory loss, and psychiatric symptoms, often with abnormal 
evoked potentials. Serum cobalamin may be normal, borderline, or low, 
but tissue cobalamin deficiency is suggested by consistently high levels 
of serum methylmalonic acid and/or homocysteine. Most of the neuro- 
psychiatric abnormalities appear to respond to cobalamin therapy. 


LABORATORY FEATURES 


Plasma or Serum Cobalamin Levels 

Plasma or serum cobalamin is low in most but not all patients with 
cobalamin deficiency.” Cobalamin levels are usually normal in cobala- 
min deficiency resulting from exposure to nitrous oxide, TC deficiency, 
and inborn errors of cobalamin metabolism. Levels also may be normal 
in cobalamin-deficient patients with high HC levels resulting from mye- 
loproliferative diseases. Conversely, plasma cobalamin levels may be low 
in the presence of normal tissue cobalamins in vegetarians, in subjects 
taking megadoses of ascorbic acid,™ in pregnancy (25 percent), in the 
presence of HC deficiency,**** and in megaloblastic anemia result- 
ing from folate deficiency (30 percent).””” Plasma folate may be high 
in cobalamin deficiency because of retardation in conversion of meth- 
yltetrahydrofolate, which is the predominant form in plasma. Patients 
deficient in both cobalamin and folate may show normal serum folate 
levels. 


Plasma or Serum Holotranscobalamin 

The fraction of the cobalamin in plasma that is bound to TC consti- 
tutes only 10 to 30 percent of the total plasma cobalamin. Even so, it is 
this fraction that is functionally important and also better reflects the 
integrity of the cobalamin absorptive status of an individual. "346347 
The major fraction of plasma cobalamin bound to HC is considered 
functionally inert and is therefore less relevant for the consideration of 
cobalamin status. Consequently, and with the development of assays to 
measure the TC-bound fraction of the plasma cobalamin, an increasing 
body of evidence has accumulated to support the usefulness of TC-as- 
sociated cobalamin (holo T C).64137-140, 346 


Methylmalonic Acid 

Except when caused by an inborn error, methylmalonic aciduria is a 
reliable indicator of cobalamin deficiency.** Normal subjects excrete 
only traces of methylmalonate (0 to 3.4 mg/day). In cobalamin defi- 
ciency, urine methylmalonate usually is elevated.*” Cobalamin therapy 
restores excretion to normal in a few days. Another possible advantage 
of measurement of urine rather than plasma methylmalonic acid is that 
in conditions of impaired renal function, when plasma methylmalonic 
acid may give misleadingly elevated levels, measurement of the metab- 
olite in urine when correlated with creatinine obviates this problem.*” 


Serum or Plasma Methylmalonic Acid and Homocysteine 

Elevated plasma or serum methylmalonic acid and homocysteine lev- 
els are indicators of tissue cobalamin deficiency. Their levels are high in 
more than 90 percent of cobalamin-deficient patients and rise before 
plasma cobalamin falls to subnormal levels.” Elevated plasma meth- 
ylmalonic acid and/or elevated homocysteine are both indicators of 
cobalamin deficiency in patients without a congenital disorder in their 
metabolism. Of the two, methylmalonic acid measurement is both more 
sensitive and more specific, and elevated methylmalonic acid will per- 
sist for several days, even after cobalamin treatment is instituted. Unlike 
homocysteine levels that rise in folate and pyridoxine deficiencies, as 
well as in hypothyroidism, methylmalonic acid elevation is seen only in 
cobalamin deficiency.”!” In renal diseases however, both homocysteine 
and methylmalonate, acid levels are frequently elevated. Additionally, 
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intestinal bacteria synthesize propionate, a precursor of methylmalo- 
nate, and in conditions of bacterial overgrowth, microbially derived 
methylmalonic acid may contribute to elevations in plasma methyl- 
malonic acid.**!*** Although measurement of these metabolites may be 
used for population screening for evidence of cobalamin deficiency, the 
finding of an isolated elevation of plasma methylmalonate cannot be 
taken as a priori evidence of clinically attributable cobalamin deficiency, 
absent any demonstration of a therapeutic response to the administra- 
tion of cobalamin.* 353 

Spinal fluid methylmalonic acid levels are markedly elevated in 
cobalamin deficiency.** 


Assays of Cobalamin Absorption and Intrinsic Factor 

Despite its numerous shortcomings the previous “gold standard” for 
assessment of cobalamin absorption was the Schilling test. The Schil- 
ling test assessed cobalamin absorption by measuring urinary radio- 
activity after an oral dose of radioactive cobalamin. The test could be 
performed even after cobalamin deficiency had been corrected. The test 
consisted of administering a physiologic dose of radiolabeled Co-CnCbl 
by mouth followed 2 hours later by injection of a large “flushing” dose 
of unlabeled CnCbl and determination and radioactivity in a 24-hour 
collection of urine. Subjects with normal absorption excreted 7 per- 
cent or more of the radioactivity in the urine. Subjects with subnor- 
mal urinary excretion would have the test repeated with addition of an 
animal-derived intrinsic factor to determine whether the malabsorp- 
tion could be corrected.** The use of the Schilling test has dropped to 
a point of obsolescence as a consequence of reduced availability of the 
test components, cost, radioactive waste disposal, and concern about 
the use of animal-derived tissues for human use, which were required 
for the intrinsic factor administered in the second part of the test.“ 
Replacements for the Schilling test are currently under development. 
One approach uses measurement of the change in holoTC following 
oral administration of non-radiolabeled cobalamin.****”*** A different 
approach involves the use of accelerator mass spectrometry and micro- 
bially produced “C at attomolar concentrations.*” In this approach, "C 
is measured in blood at the time of peak appearance 6 to 8 hours follow- 
ing the dose. Both methods show promise but have not been approved 
or validated for routine clinical use. 


Deoxyuridine Suppression Test 

The dU suppression test is based on the finding that unlabeled dU can 
suppress the uptake of [*H]thymidine ([*H]Thd) into the DNA of cul- 
tured lymphocytes or marrow cells through dilution of the label in the 
thymidine pool.** This occurs when the thymidylate synthase reaction 
is functionally intact, which requires adequate quantities of both folate 
and cobalamin. 

‘The dU suppression test is chiefly a research tool. It can help diag- 
nose certain special clinical problems,** but these problems also can be 
diagnosed using other laboratory tests, therapeutic trials with vitamins 
or iron, or watchful waiting. Furthermore, in more than 40 years of use, 
the test has not moved from the research laboratory into the clinic. The 
dU suppression test seems unlikely to enjoy more widespread clinical 
use in the future. 


THERAPY, COURSE, AND PROGNOSIS 


Treatment of cobalamin deficiency consists of parenteral CnCbl (vita- 
min B,,) or OHCbl to replace daily losses and refill storage pools, which 
normally contain 2 to 5 mg of cobalamin.*” Toxicity is highly unusual, 
and there is no defined upper limit.? Doses exceeding 100 mcg saturate 
the cobalamin-binding proteins (TC and HC), and the excess is lost in 
the urine. A typical treatment schedule consists of 1000 mcg cobalamin 
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intramuscular (IM) daily for 2 weeks, then weekly until the hematoc- 
rit is normal, and then monthly for life. For neurologic manifestations, 
1000 mcg every 2 weeks for 6 months is recommended. Higher doses 
are given for certain inherited disorders (e.g., TC deficiency). Transfu- 
sion occasionally is required when the hematocrit is less than 15 per- 
cent or the patient is debilitated, infected, or in heart failure. In such 
instances, packed cells should be given slowly to avoid pulmonary 
edema. Infections can impair the response to cobalamin and must be 
treated vigorously. 


Response to Treatment and Therapeutic Trial 
Following parenteral administration of cobalamin to deficient patients, 
elevated plasma bilirubin, iron, and LDH levels fall rapidly (Fig. 
41-16). Decreasing plasma iron turnover and fecal urobilinogen 
reflect cessation of ineffective erythropoiesis. Within 12 hours, the mar- 
row begins to change from megaloblastic to normoblastic, a process that 
is complete in 2 to 3 days. Consequently, morphologic diagnosis may be 
difficult after treatment is initiated. Reticulocytosis begins on days 3 to 
5 and peaks on days 4 to 10.**' The new red cells come from new nor- 
moblasts, not from the old megaloblasts, most of which die before leav- 
ing the marrow.'* Blood hemoglobin concentration becomes normal 
within 1 to 2 months. If normal values are not achieved by 2 months, 
another cause of anemia should be sought. 

Other changes include the following: (1) prompt and dramatic 
improvement in the sense of well-being; (2) normalization of leuko- 
cyte and platelet counts, although neutrophil hypersegmentation may 
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Figure 41-16. Effect of cyanocobalamin on reticulocyte count, 
serum iron, serum bilirubin, stool urobilinogen, and plasma iron turn- 
over. (Adapted with permission from Coleman D, Donohue D, Finch C, 
et al: Erythrokinetics in pernicious anemia. Blood 11(9):807-820, 1956.) 


persist for 10 to 14 days; (3) rise in serum cobalamin and folate. Cobal- 
amin deficiency does not respond to a physiologic dose of folate (100 to 
400 mcg/day), although this dose produces a maximal response in folate 
deficiency. Larger doses of folate (5 to 15 mg/day) can produce a reticu- 
locytosis and partially or temporarily correct the anemia in cobalamin 
deficiency. To avoid the risk of masking an underlying cobalamin defi- 
ciency by inducing a hematologic remission in response to folate, doses 
in excess of 1 mg folic acid daily should be shunned until an underlying 
cobalamin deficiency has been ruled out. 


Special Circumstances 

After Gastrectomy Cobalamin should always be given after total gas- 
trectomy. Cobalamin administration is not necessary after partial gas- 
trectomy, but patients need to be watched for megaloblastic anemia, 
bearing in mind that this anemia can be masked by postgastrectomy 
iron deficiency???” 

Blind Loop Syndrome The anemia of the blind loop syndrome 
can be treated by parenteral cobalamin therapy. It also responds after 
approximately 1 week to oral broad-spectrum antibiotics (cephalexin 
monohydrate [Keflex] 250 mg QID plus metronidazole 250 mg TID for 
10 days),** and cobalamin absorption is restored. Successful surgical 
correction of an anatomic lesion also cures the syndrome. 

Fish Tapeworm Treatment consists of a single oral dose of a 
50 mg/kg of niclosamide or a dose of 5 to 10 mg/kg of praziquantel. 


Rekindled Use of Oral Cobalamin 

Much interest has been kindled’ regarding the possibility of treating 
cobalamin deficiency with oral cobalamin as had been proposed previ- 
ously.** Oral cobalamin can be used not only for treatment of dietary 
cobalamin deficiency that occurs in vegans and in patients with very 
severe general malnutrition, but also for patients with food cobalamin 
malabsorption®™ and for patients with PA, provided the patients are fol- 
lowed carefully.*” In patients lacking intrinsic factor, approximately 1 
percent of an oral dose of the vitamin crosses the intestinal epithelium 
by mass action. Therefore, 1000 to 2000 mcg/day of oral cobalamin sup- 
plies most PA patients with their daily cobalamin requirement with- 
out the need for injections and their accompanying pain and expense. 
Cobalamin should be given by mouth to patients with dietary cobala- 
min deficiency and patients (e.g., hemophiliacs, the frail elderly) who 
cannot take IM injections. 


ACUTE MEGALOBLASTIC ANEMIA 


Megaloblastic anemia usually is a chronic condition that requires weeks 
or months to develop, but a potentially fatal megaloblastic state result- 
ing from acute tissue folate or cobalamin deficiency can arise over the 
course of only a few days. Patients with acute megaloblastic anemia 
present with rapidly developing thrombocytopenia and/or leukopenia 
and counts that sometimes fall to very low levels, but little change in red 
cell levels unless another cause of anemia is present. The discrepancy 
between platelet and leukocyte counts on the one hand and red cells 
on the other hand is a reflection of the much longer red cell life span. 
The clinical picture can suggest an immune cytopenia. The diagnosis 
is made from the marrow aspirate, which is floridly megaloblastic, and 
confirmed by the rapid response to appropriate replacement therapy. 
The most common cause of acute megaloblastic anemia is nitrous 
oxide (N,O) anesthesia.*°* NO rapidly destroys MeCbl,*® leading to a 
megaloblastic state. AdoCbl eventually is lost, SAMe and total folate 
levels decline, and the proportion of folate in the form of N°-methyl- 
tetrahydrofolate increases.*” Clinical findings develop quickly. Grossly 
megaloblastic changes are seen in the marrow after 12 to 24 hours.*”! 
Hypersegmented neutrophils do not appear until 5 days after expo- 
sure but then persist for several days.*” The effects of N,O disappear 


spontaneously after a few days; disappearance can be hastened by folinic 
acid or cobalamin.*” Fatalities resulting from N,O-induced megaloblas- 
tosis have occurred in tetanus patients given N,O for weeks.*** Long- 
term recreational use of N,O has led to a neurologic disorder similar to 
combined system disease.*” 

Acute megaloblastic anemia occurs in other clinical settings. A 
rapidly developing megaloblastic state with acute thrombocytopenia 


has occurred in seriously ill patients, often in intensive care units.’ 


Especially at risk are patients who are transfused extensively at sur- 
gery,‘ those on dialysis or total parenteral nutrition, and those receiv- 
ing weak folate antagonists such as trimethoprim. Morphologic clues to 
the diagnosis (e.g., hypersegmented neutrophils) often are absent from 
the blood film. Both red cell folate and serum cobalamin levels may be 
normal, but the marrow is always megaloblastic. A rapid response to 
therapeutic doses of parenteral folate (5 mg/day) and cobalamin (1 mg) 
is the rule. 


MEGALOBLASTIC ANEMIA CAUSED BY DRUGS 


Table 41-5 lists the drugs that cause megaloblastic anemia. Aminopterin 
and methotrexate are almost structurally identical to folic acid. After 
they enter cells via the folate carrier” and acquire a polyglutamate 
chain,*” they act as very powerful inhibitors of FH, reductase.*” By 
blocking the FH,—FH, reaction and perhaps inhibiting other enzymes 
of folate metabolism, they effect the rapid withdrawal of folates from 
the one-carbon fragment carrier pool, causing a fall in nucleotide (espe- 
cially thymidine) biosynthesis that leads to a major derangement in 
DNA replication (Chaps. 10 and 22).** 

Toxic effects include necrotic mouth lesions; ulcerations of the 
esophagus, small intestine, and colon, with abdominal pain, vomiting, 
and diarrhea; megaloblastic anemia; alopecia; and hyperpigmentation. 
The drug is excreted by the kidney, so effects and toxicity are prolonged 
and enhanced if renal function is impaired. Toxicity caused by these 
folate antagonists is treated with folinic acid (N*-formyl FH,). Folic acid 
itself is useless in this setting because the blocked reductase cannot con- 
vert folate to the active tetrahydro form. Folinic acid is already in the 
tetrahydro form, so folinic acid is effective despite reductase blockade. 
The usual dose of folinic acid is 3 to 6 mg/day IM. Larger doses are 
given in chemotherapy protocols that use folinic acid to rescue patients 
deliberately treated with otherwise fatal doses of methotrexate. Folinic 
acid was used intrathecally in a patient in whom a large overdose of 
methotrexate was accidentally delivered into the subarachnoid space.**! 

Zidovudine (azidothymidine [AZT]) is used for HIV infections 
(AIDS; Chap. 81).** Its principal toxic effect is severe megaloblastic 
anemia. Anemia or neutropenia produced by zidovudine limits use of 
this drug.” 

HIV infection itself suppresses hematopoiesis, leading to pancy- 
topenia with myelodysplastic features (Chaps. 81 and 87). The blood 
film shows vacuolated monocytes. Megaloblastosis in HIV infection 
may result from folate or cobalamin deficiency or AZT or trimeth- 
oprim toxicity. 

Hydroxyurea is used at high doses to treat chronic myelogenous 
leukemia, polycythemia vera, and essential thrombocythemia, and at 
lower doses to treat psoriasis, rheumatoid arthritis, and sickle cell dis- 
ease (Chap. 22). It inhibits conversion of ribonucleotides to deoxyribo- 
nucleotides.*** Marked megaloblastic changes are routinely found in the 
marrow 1 to 2 days after initiating hydroxyurea therapy. These changes 
are rapidly reversed after the drug is withdrawn. Megaloblastosis as a 
result of N,O is discussed in “Acute Megaloblastic Anemia” above. 

Long-term use of omeprazole and presumably other H*/K*-AT- 
Pase inhibitors is associated with reduced serum cobalamin levels, 
presumably because of the ability of these drugs to inhibit parietal cell 
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function.**° Reduced serum cobalamin levels are not a problem when 
these drugs are used for short intervals.**” 

Pemetrexed is an antifolate approved for use in mesothelioma. It 
also has been used for treatment of non-small cell lung cancer. Like 
other antifolate agents, pemetrexed can result in a megaloblastic ane- 
mia that is treated with cobalamin and folate. Coadministration of the 
drug with cobalamin and folate also reduces toxicity. Trimethoprim is a 
FH, reductase inhibitor that is designed to act on microbial rather than 
the mammalian enzyme. Still, in patients with borderline folate status, 
trimethoprim can precipitate a state of folate deficiency. 


MEGALOBLASTIC ANEMIA IN CHILDHOOD 


Megaloblastic anemia in childhood is usually the result of genetic dis- 
orders affecting either the cobalamin binding proteins or the enzymes 
concerned with intracellular trafficking of cobalamin or its conversion 
to coenzymatically active forms. Several recent reviews have dealt com- 
prehensively with this topic?! 


Defects Involving Cobalamin-Binding Proteins 

Several genetic mutations and polymorphisms exist that affect the key 
binding proteins for cobalamin. Their effects range from being clinically 
benign to causing severe cobalamin deficiency with megaloblastic ane- 
mia and neurologic complications usually manifesting in infancy or early 
childhood, occasionally in adolescence or early adulthood. In general, 
the mutations and deletions affecting the encoded proteins cause serious 
health consequences whereas the polymorphic variants may be totally 
inconspicuous or result only in a modified likelihood of disease risk. 

Cobalamin malabsorption occurs in four childhood conditions 
associated with a genetic component: (1) cobalamin malabsorption in 
the presence of normal intrinsic factor secretion, (2) congenital abnor- 
mality of intrinsic factor, (3) TC deficiency, and (4) true PA of child- 
hood. The management of cobalamin deficiency in childhood has been 
comprehensively reviewed.*” 

Selective Malabsorption of Cobalamin, Autosomal Recessive 
Megaloblastic Anemia, Imerslund-Grasbeck Disease Imerslund- 
Gräsbeck disease?” is an inherited failure of transport of the intrinsic 
factor-Cbl complex by the ileum, usually accompanied by proteinuria, 
mostly of albumin.*” It may be the most common cause of cobalamin 
deficiency in infancy in some populations.’ Cobalamin deficiency usu- 
ally is seen before age 2 years, but may appear earlier or later. Cobalamin 
malabsorption is not corrected by addition of intrinsic factor. Endoge- 
nous intrinsic factor and HCl secretion, TC and HC levels, and gastric and 
intestinal histology are all normal. Intrinsic factor antibodies are absent. 
Intrinsic factor—Cbl receptors are present in some but not all patients. The 
molecular defect responsible for this disease has been elucidated. For the 
ileal phase of cobalamin absorption, two genes code distinct proteins that 
form part of the cobalamin-IF receptor (cobalamin-intrinsic factor recep- 
tor) complex. The first, which codes for the protein CUBN, is affected by 
several mutations described in Finnish patients with MGA1.°**” The sec- 
ond, affecting the protein AMN results in a milder MGA1 phenotype and 
is found in Norwegian patients.” Again, several mutations in the gene 
coding for the AMN protein have been described.” Patients are treated 
with IM cobalamin. The anemia is corrected, but proteinuria persists. 

Congenital Intrinsic Factor Deficiency Congenital intrinsic fac- 
tor deficiency is an autosomal recessive disease in which parietal cells 
fail to produce functionally normal intrinsic factor.** Patients pres- 
ent with irritability and megaloblastic anemia when cobalamin stores 
(<25 mcg at birth) are exhausted. The disease usually presents at age 
6 to 24 months. HCI secretion and gastric histology are normal, pro- 
teinuria is not present, and antiintrinsic factor antibodies are absent.*” 
Abnormal cobalamin absorption is corrected by oral intrinsic factor. 
Treatment consists of standard doses of IM cobalamin. 
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TABLE 41-5. Drugs That Cause Megaloblastic Anemia 


Agents Comments Reference 

ANTIFOLATES 

Methotrexate Very potent inhibitor of dihydrofolate reductase 425 

Aminopterin Treat overdose with folinic acid 380 

Pyrimethamine Much weaker than methotrexate and aminopterin 

Trimethoprim Treat with folinic acid or by withdrawing the drug 426, 427 

Sulfasalazine Can cause acute megaloblastic anemia in susceptible patients, especially those with 428 
low folate stores 

Chlorguanide (Proguanil) 429 

Triamterene Use of folate and cobalamin during pemetrexed treatment reduces toxicity 

Pemetrexed (Alimta) 430 

PURINE ANALOGUES 

6-Mercaptopurine Megaloblastosis precedes hypoplasia, usually mild 431 

6-Thioguanine Responds to folinic acid but not folate 432 

Azathioprine 433 

Acyclovir Megaloblastosis at high doses 434 

PYRIMIDINE ANALOGUES 

5-Fluorouracil Mild megaloblastosis 435 

Floxuridine (5-fluorodeoxyuridine) 435 

6-Azauridine Blocks uridine monophosphate production by inhibiting orotidylic decarboxylase; 436 
occasional megaloblastosis with orotic acid and orotidine in urine 

Zidovudine (AZT) Severe megaloblastic anemia is the major side effect 383 

RIBONUCLEOTIDE REDUCTASE INHIBITORS 

Hydroxyurea Marked megaloblastosis within 1-2 days of starting therapy; quickly reversed by 437 
withdrawing drug 

Cytarabine (cytosine arabinoside) Early megaloblastosis is routine 438 

ANTICONVULSANTS 

Phenytoin (diphenylhydantoin) Occasional megaloblastosis, associated with low folate levels; responds to high-dose 439-441 
folate (1-5 mg/day); how anticonvulsants cause low folate is not understood, but 
may be related to a drug-induced rise in cytochrome P450 

Phenobarbital 439 

Primidone 439 

Carbamazepine 442 

OTHER DRUGS THAT DEPRESS FOLATES 

Oral contraceptives Occasional megaloblastosis; sometimes dysplasia of uterine cervix, corrected with 443 
folate 

Glutethimide 

Cycloserine 

H*/K*-ATPASE INHIBITORS 

Omeprazole Long-term use causes decreased serum cobalamin levels 386 

Lansoprazole 

MISCELLANEOUS 

NO See “Acute Megaloblastic Anemia’ in text 368 

p-Aminosalicylic acid Causes cobalamin malabsorption with occasional mild megaloblastic anemia 444 

Metformin 445 

Phenformin Causes cobalamin malabsorption but not anemia 

Colchicine 446 

Neomycin 447 

Arsenic Causes myelodysplastic hematopoiesis, sometimes with megaloblastic changes 448 


Transcobalamin Deficiency TC deficiency is an autosomal 
recessive disorder causing a flagrant megaloblastic anemia that gen- 
erally presents in early infancy.” The disease is dangerously deceptive 
because it results from a very severe deficiency of tissue cobalamin, 
usually with serum cobalamin levels in the normal range because most 
of the plasma cobalamin is bound to HC resulting in a misleading test 
result if reliance is placed simply on serum cobalamin measurement. 
Undiagnosed TC deficiency causes irreversible CNS damage.*” Patients 
are healthy at birth but over the next few weeks develop signs and symp- 
toms of cobalamin deficiency, such as rapidly progressive pancytopenia, 
mouth ulcers, vomiting, and diarrhea. Recurrent bacterial infections 
may occur.*” Neurologic findings are not prominent in the early stages 
of the disease.*” 

Serum folate and cobalamin are normal (the latter because most 
cobalamin is carried by HC). Homocysteine and/or methylmalonic acid 
levels are elevated in the plasma.” The marrow is megaloblastic and the 
cobalamin absorption is usually but not always abnormal and is not cor- 
rected by intrinsic factor.*” The diagnosis is made by measuring plasma 
TC. Prenatal diagnosis is possible. Serum should be obtained prior 
to treatment because TC levels in normal individuals drop sharply after 
cobalamin is given. TC deficiency is treated with cobalamin doses suffi- 
ciently large to force enough vitamin into the cells to allow normal func- 
tion. Initial therapy can consist of oral CnCbl or OHCb1 500 to 1000 mcg 
twice a week, or IM OHCbl 1000 mcg/week. Blood counts and symp- 
toms should be monitored and doses adjusted upward if necessary. 

Several single nucleotide polymorphisms in the TC gene have 
been described and the allele frequency of the most common form (776 
C>G) is high in certain populations.“"'“* HoloTC levels are lower and 
methylmalonate levels are higher in individuals homozygous for the G 
allele,“ suggesting that this genotype may be associated with less- 
favorable cobalamin status.” 

Haptocorrin Deficiency Congenital deficiency is not associated 
with clinically manifested cobalamin deficiency, although the plasma 
or serum cobalamin levels are well below normal,’ and this is how 
the condition is recognized. The absence of morbidity in these patients 
indicates that HCs are not essential for health. 

True Juvenile Pernicious Anemia True PA, with gastric atrophy 
and a defect in intrinsic factor secretion, is exceedingly rare in child- 
hood.“ Patients usually present in their teens with cobalamin defi- 
ciency. Serum antiintrinsic factor antibodies usually are present.” The 
diagnosis and treatment are the same as for PA in adults. 


INBORN ERRORS OF COBALAMIN 
METABOLISM 


Cobalamin is converted to AdoCbl and MeCbl by a complex series of 
transformations involving several steps.” Eight disorders affecting 
this cobalamin transformation pathway have been described, one for 
each of the steps. Because the molecular causes of these disorders have 
not yet been fully characterized, the disorders themselves are not named 
for a defective protein but instead are designated by sequential capi- 
tal letters preceded by a cbl prefix. The disorders can be grouped into 
three broad clinical syndromes based on the abnormal metabolites in 
the patient’s urine (Table 41-6). These disorders are usually discovered 
during investigation of infants with unexplained developmental delay, 
acidosis, anemia, or unexplained neurologic difficulties. Typically they 
have normal plasma cobalamin levels. 


Methylmalonic Aciduria Only (cbIA, cbIB, and cbIH) 

In cblA and cblB, AdoCbl production is impaired but MeCbl produc- 
tion is normal. This may result either from an abnormal methylmalonyl 
CoA mutase (designated muto or mut-) or from a defect in activation 
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TABLE 41-6. Cobalamin Mutant Class Sy 
Methylmalonic 


Megaloblastic 


Syndrome Aciduria Homocystinuria Anemia 
cblA, cbIB, + - - 

cblH 

cbIE, cbIC  -— 

cbIC, cbID, + ae 

cblF 


or production of its cofactor, AdoCbl. The cblH variant appears to rep- 
resent an interallelic variant of cblA.*” Patients present in infancy with 
acidosis because they cannot catabolize methylmalonic acid. Symptoms 
include lethargy and failure to thrive, vomiting, and neurologic prob- 
lems. Mental retardation is not prominent, and megaloblastic anemia 
is absent. Most patients respond to 1000 mcg/day of OHCbl or CnCbl, 
although muto and mut- patients are unresponsive. 


Homocystinuria Only (Cble and Cblg) 

In these disorders, N°-methyltetrahydrofolate-homocysteine meth- 
yltransferase is defective and lacks the capacity to produce MeCbl.*%° 
In patients with cblG, methionine synthase is missing or defective.“ 
cblE results from failure to reactivate methionine synthase that was 
inactivated by oxidation of its bound cobalamin.** Patients present in 
infancy with vomiting, mental retardation, and megaloblastic anemia. 
They have marked homocystinuria and hyperhomocysteinemia without 
methylmalonic aciduria or methylmalonic acidemia. They respond well 
to CnCbl 1000 mcg/day or 1000 mcg/week. Infants diagnosed prena- 
tally and treated from birth usually show normal development. On rare 
occasions, this disorder may first become apparent in adult life. 


Methylmalonic Aciduria and Homocystinuria (Cblc, Cbld, and 
Cblf) 

In these disorders, the defect in Cbl transformation affects AdoCbl 
and MeCbl, probably because reduction of cobalt from Co** to Co* is 
defective. These patients have both hyperhomocysteinemia and meth- 
ylmalonic acidemia. The age at initial presentation ranges from early 
infancy to adolescence. In addition to lethargy and failure to thrive, 
affected infants present with serious neurologic difficulties. Older 
patients present with psychological problems, progressive dementia, 
and motor signs and symptoms. cblC disease is the most common of 
the cobalamin inborn errors. In cblF the defect lies in an inability to 
release cobalamin from lysosomes.*” Megaloblastic anemia occurs 
in about half the cases. Patients respond partially to 1000 mcg/day of 
OHCbl or CnCbl. 

A tentative diagnosis of a cobalamin mutation can be made by 
demonstrating methylmalonic aciduria and/or homocystinuria in a 
patient with the clinical findings described above in “Methylmalonic 
Aciduria Only” or “Homocystinuria Only,’ respectively. Establishing 
a diagnosis requires a specialized laboratory equipped to do cultured 
fibroblast complementation studies.’ In a patient suspected of having 
a cobalamin mutation, treatment should be started pending the test 
results because early high-dose cobalamin treatment is risk-free and 
may reduce the chance of damage to the CNS. Fetuses with these dis- 
eases have been successfully treated in utero with very large doses of 
CnCbl given parenterally to the mother.“ 


INBORN ERRORS OF FOLATE METABOLISM 


Megaloblastic anemia in infancy has been described in three inherited 
disorders of folate metabolism.*°*8*! 
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Hereditary Folate Malabsorption 

Hereditary folate malabsorption is a rare inherited disorder in which 
patients cannot absorb folate from the gastrointestinal tract or trans- 
port it across the choroid plexus and into the cerebrospinal fluid.” 
The molecular basis for this disorder is caused by abnormalities in the 
PCFT.” Patients present with severe megaloblastic anemia, seizures, 
mental retardation, and other CNS findings.“ Folate levels are low in 
the serum and nil in the cerebrospinal fluid. Folate given parenterally 
has corrected the anemia and seizures in some patients but has had no 
effect on other CNS symptoms or on the cerebrospinal fluid folate level. 
Treatment with daily folinic acid by injection maintains the spinal fluid 
level and can lead to normal development.**” 


Dihydrofolate Reductase Deficiency 

Dihydrofolate reductase deficiency may present isolated megaloblastic 
anemia within days or weeks after birth. The anemia responds to folinic 
acid but not to folic acid.‘ 


N®-Methyltetrahydrofolate-Homocysteine Methyltransferase 
Deficiency 

Decreased methyltransferase activity was described in a liver biopsy 
from a child with megaloblastic anemia and mental retardation. The 
anemia failed to respond to folate, cobalamin, or pyridoxal phosphate.“ 
The phenotype of this disorder resembles the inborn errors of cobal- 
amin metabolism affecting the methionine synthesis reaction and has 
not been well characterized as a distinct entity at the molecular level. 


Methylene Tetrahydrofolate Reductase Deficiency 

In this rare autosomal recessive disorder there is a severe hyperhomo- 
cysteinemia and homocystinuria with low plasma methionine. Patients 
have neurologic and vascular complications but no megaloblastic 
anemia or methylmalonic aciduria.**” The polymorphic variations in 
MTHFR have been discussed earlier as well as their influence on dis- 
ease susceptibility and the influence of the enzyme on the distribution 
of major folate species toward either methylation or DNA synthetic 
pathways. 


OTHER INBORN ERRORS 


Hereditary Orotic Aciduria 

Hereditary orotic aciduria is an autosomal recessive disorder of pyrim- 
idine metabolism“ characterized by megaloblastic anemia, growth 
impairment, and excretion of orotic acid in the urine. Cobalamin and 
folate levels are normal. 


Lesch-Nyhan Syndrome 

The Lesch-Nyhan syndrome is an X-linked disorder of purine metabo- 
lism characterized by hyperuricemia, hyperuricosuria, and a neurologic 
disease with self-mutilation. It is caused by a hypoxanthine-guanine 
phosphoribosyltransferase deficiency. One patient described had meg- 
aloblastic anemia.*"® 


Thiamine-Responsive Megaloblastic Anemia 

Seven children with severe megaloblastic anemia, sensorineural deaf- 
ness, and diabetes mellitus, all beginning in infancy, have been reported. 
The anemia responded to thiamine (25 to 100 mg/day). The marrow 
was reported as myelodysplastic in two patients with the disorder.*”” 
The gene for this puzzling disorder has been mapped to the long arm 
of chromosome 1, and the underlying biochemical defect is caused by 
reduced nucleic acid production through impairment of the thiamine 
dependent pentose cycle enzyme transketolase that results in cell-cycle 
arrest and the megaloblastic phenotype.** This condition is also dis- 
cussed in Chap. 44. 


OTHER CAUSES OF MEGALOBLASTIC ANEMIA 


Congenital Dyserythropoietic Anemia 

The congenital dyserythropoietic anemias are lifelong anemias. They 
often are mild, showing dysplastic changes affecting the red cell line 
only, most typically multinuclearity of the normoblasts. They appear to 
result from defects in glycosylation of polylactosaminoglycans linked 
to membrane proteins and ceramides.*" Of the three types, two (type I 
usually“? and type III occasionally“) show megaloblastic red cell pre- 
cursors (Chap. 39). 


Refractory Megaloblastic Anemia 

Refractory megaloblastic anemia is regarded as a manifestation of some 
sideroblastic anemias (Chap. 59) and myelodysplastic disorders (Chap. 
87).’” The megaloblastic changes are atypical. Dysplastic features are 
confined to the erythroid series. Giant metamyelocytes and bands are 
absent from the marrow. A few patients with refractory megaloblastic 
anemia respond to pharmacologic doses of pyridoxine (200 mg/day), 
perhaps because of an effect on serine transformylase, which requires 
both pyridoxine and folate. 


Acute Erythroid Leukemia 

In acute erythroid leukemia, a variety of acute myelogenous leukemia 
(Chap. 89)** nucleated red cells appear on the blood film, there is usu- 
ally marked anisocytosis and anisochromia, and macrocytes are usually 
present. The marrow shows pronounced erythroid hyperplasia involv- 
ing very bizarre looking megaloblast-like red cell precursors, often con- 
taining multiple nuclei or nuclear fragments (see Chap. 88, Fig. 88-1) 
together with increased numbers of blasts. The megaloblastoid ery- 
throid precursors frequently appear vacuolated. 

Consideration of the rarer causes of megaloblastic anemia is 
important when the common and correctable causes resulting from 
folate or cobalamin deficiencies have been excluded. This is particularly 
important in the pediatric age group, but also in patients who are refrac- 
tory to treatment with either folate or cobalamin. 
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CHAPTER 42 
IRON METABOLISM 


Tomas Ganz 


Iron is a component of nearly all living organisms. It plays an important met- 
abolic role, particularly in electron transfer reactions. Most of the iron in the 
human body is incorporated into the hemoglobin of circulating red cells, which 
contain approximately 1 mg of iron per 1 mL of packed cells. Smaller amounts 
of iron are present in myoglobin and in many enzymes. Iron is stored within 
cells inside ferritin and circulates in plasma bound to transferrin. Because lit- 
tle iron is lost from the body under normal circumstances, the iron content 
of the body is controlled by modulating dietary iron absorption. Iron absorp- 
tion increases in the presence of iron deficiency and it decreases when there 
is iron overload. The absorption of inorganic iron involves a ferrireductase 
and a divalent iron transporter, DMT-1, on the gastrointestinal luminal api- 
cal membranes of enterocytes, and ferroportin and hephaestin, located on 
the basolateral enterocyte membranes, in contact with blood. In contrast to 
elemental iron, heme iron is absorbed by a distinct pathway, which is still not 
well understood. 

Systemic iron homeostasis is orchestrated by the hepatic peptide hor- 
mone hepcidin, which regulates plasma iron concentrations, the absorption 


Iron is a key element in the metabolism of nearly all living organisms. 
Iron is a component of heme, which is the active site of electron trans- 
port in cytochromes and cytochrome oxidase involved in mitochondrial 
energy generation. The heme moiety of hemoglobin and myoglobin 
binds O, providing the means to transfer O, from the lungs to tissues 
and to store it. Heme is also the active site of peroxidases that protect 
cells from oxidative injury by reducing peroxides to water or generate 
microbicidal hypochlorite in granulocytes. DNA synthesis requires the 
enzyme ribonucleotide reductase to convert ribonucleotides to deoxyri- 
bonucleotides. Neither bacteria nor nucleated cells proliferate when the 
supply of iron is insufficient. 


Acronyms and Abbreviations: ABCB10, ATP-binding cassette (ABC) trans- 
porter in the inner membrane of mitochondria; ALA synthase, aminolevulinic 
acid synthase; BMP, bone morphogenetic protein; dcytb, duodenal cytochrome 
b; DMT, divalent metal transporter; GDF15, growth differentiation factor 15; HFE, 
human hemochromatosis protein; HRG1, heme transporter; IL, interleukin; 
IRE, iron-responsive element; IRP, iron-regulatory protein; NADPH, nicotinamide 
adenine dinucleotide phosphate; Nramp1, natural resistance-associated macro- 
phage protein one; STEAP3, six-transmembrane epithelial antigen of prostate 3; 
TAR, transferrin receptor. 


In the previous edition, this chapter was written by Ernest Beutler and portions 
of that chapter have been retained. 


of dietary iron, and the release of iron from macrophages involved in iron 
recycling and storage and from hepatocytes that store iron. The cellular iron 
exporter ferroportin serves as the receptor for hepcidin and is destroyed when 
the complex is formed. This impairs transport from intestinal mucosal cells, 
from macrophages and from hepatocytes into the plasma, and lowers iron 
absorption and release from stores. Hepcidin decreases plasma iron levels by 
causing iron to be sequestered within cells, predominantly in macrophages or 
enterocytes, the latter of which are then shed along with their absorbed iron. 
Once ferric iron enters the plasma, itis bound by transferrin, which, after form- 
ing a complex with the transferrin receptor, transports the metal into cells. The 
transferrin receptor is internalized together with bound transferrin and iron, 
and the iron is released inside the cell into an acidified vacuole. The transferrin 
receptor then recycles to the cell surface. 

Cellular iron homeostasis is largely achieved through posttranscriptional 
regulation of key proteins involved in iron transport, storage and utiliza- 
tion. The synthesis of these proteins is regulated by binding of one of the 
iron-regulatory proteins (IRPs) to iron-responsive elements (IREs) located 
within stem loop structures of the corresponding messenger ribonucleic acids 
(mRNAs). IRP-1 is cytoplasmic aconitase that binds to the IRE when it is not 
complexed with iron and does not bind when iron is present; IRP-2, a closely 
related protein, is destabilized by the presence of iron. When IRPs bind to IREs 
at the 5’ end of the mRNA, they prevent translation; when they bind at the 3” 
end, they stabilize the mRNA. 


@ DISTRIBUTION OF IRON IN THE 
AVERAGE PERSON 


Table 42-1 summarizes the most important iron compartments. 


HEMOGLOBIN 


Hemoglobin, which is 0.34 percent iron by weight, contains approxi- 
mately 2 g of body iron in men and 1.5 g in women. One mL of packed 
erythrocytes contains approximately 1 mg of iron. Because the life span 
of human erythrocytes is approximately 120 days, every day 1/120 of 
the iron in hemoglobin is recycled by macrophages and returned to the 
plasma, from where it is largely delivered to marrow erythroblasts for 
incorporation into newly synthesized hemoglobin. 


STORAGE COMPARTMENT 


Iron is stored either as ferritin or as hemosiderin. The former is 
water-soluble; the latter is water-insoluble. The protein ferritin is com- 
posed of 24 similar or identical subunits arranged as 12 dimers forming 
a dodecahedron that approximates a hollow sphere with a cavity capa- 
ble of storing up to 4500 Fe atoms as hydrous ferric oxide polymers.'* 
The ferritin subunits are of H (heavy) or L (light) type. H subunits have 
ferroxidase activity, thereby enabling ferritin to take up or release iron 
quite rapidly. Ferritin that is rich in H subunits takes up iron more read- 
ily, but retains it less avidly than does ferritin composed predominantly 
of L subunits. Much of the storage iron in liver and spleen is in ferritin 
containing mostly L subunits. 

Ferritin is found in virtually all cells of the body and also in tis- 
sue fluids. In plasma ferritin is present in minute concentrations. It is 
glycosylated and largely composed of L subunits. Except under con- 
ditions of inflammation, the plasma (serum) ferritin concentration 
usually correlates with total-body iron stores, making measurement 


Part VI: The Erythrocyte 


TABLE 42-1. Iron Compartments in the Average Person* 


lron Content Total Body Iron 


Compartment (mg) (%) 
Hemoglobin iron 2000 67 
Storage iron (ferritin, 1000 27 
hemosiderin) 

Myoglobin iron 130 35 
Labile pool 80 22 
Other tissue iron 8 0.2 
Transport iron 3 0.08 


*These values represent estimates for an “average” person, that is, 
70 kg (154 Ib) in weight and 177 cm (70 inches) in height. The values 
are derived from data in several sources. 


of serum ferritin levels important in the diagnosis of disorders of iron 
metabolism. 

The size of the iron storage compartment is quite variable. Nor- 
mally, in adult men, it amounts to 800 to 2000 mg; in adult women, 
it is a few hundred milligrams. The mobilization of storage iron from 
ferritin involves the reduction of Fe** to Fe”, its release from the core 
crystal and its diffusion out of the apoferritin shell. As it passes from 
cytosol to plasma, it must be reoxidized to Fe**, either by hephaestin 
or ceruloplasmin in the cell membrane or by ceruloplasmin in plasma, 
before it binds to transferrin. Alternatively, iron may be released from 
ferritin by autophagy followed by lysosomal degradation.* 

Hemosiderin is found predominantly in macrophages. Microscop- 
ically, in unstained tissue sections or marrow films it appears as clumps 
or granules of golden refractile pigment. Under pathologic conditions, 
it may accumulate in large quantities in almost every tissue of the body. 
Hemosiderin is chemically similar to the iron core of ferritin and may 
be derived from ferritins whose protein shells have been digested in 
lysosomes. 


MYOGLOBIN 


Myoglobin is structurally similar to hemoglobin, but it is monomeric 
rather than tetrameric: Each myoglobin molecule consists of a heme 
group nearly surrounded by polypeptide loops of the 154 amino acid 
protein. It is present in small amounts in all skeletal and cardiac muscle 
cells, where it may serve as an oxygen reservoir to protect against cellu- 
lar injury during periods of oxygen deprivation and may scavenge nitric 
oxide and reactive oxygen species.* 


LABILE IRON POOL 


‘The existence of a cellular labile iron pool was postulated from studies 
of the rate of clearance of injected Fe from plasma. Iron leaves the 
plasma and enters the interstitial and intracellular fluid compartments 
for a brief time before it is incorporated into heme or storage com- 
pounds. Some of the iron reenters plasma, causing a biphasic curve of 
*Fe clearance 1 to 2 days after injection. The change in slope defines the 
size of the labile pool, normally 80 to 90 mg of iron. It is now sometimes 
considered to be equivalent to the chelatable iron pool.* 


TISSUE IRON COMPARTMENT 


Tissue iron (exclusive of hemoglobin, ferritin, hemosiderin, myoglobin, 
and the labile compartment) normally amounts to 6 to 8 mg. This includes 
cytochromes and other iron-containing enzymes. Although a small com- 
partment, it is an extremely vital one and is sensitive to iron deficiency.”* 


TRANSPORT COMPARTMENT 


From the standpoint of its total iron content, normally about 3 mg, the 
transport compartment of plasma is the smallest but the most active of 
the iron compartments: Its iron, almost entirely carried by transferrin, 
normally turns over at least 10 times each day. This is the common path- 
way for interchange of iron between compartments. 


Transferrin 

Transferrin is a dumbbell-shaped glycoprotein with a Mr of approx- 
imately 80 kDa where each of the two globular domains contains a 
binding cleft for Fe**.°'' Normally, approximately one-third of the 
transferrin iron-binding sites are occupied by iron. Human plasma 
normally contains approximately 25 to 45 uM (200 to 360 mg/dL) 
transferrin, capable of binding 50 to 90 uM iron but carrying only 10 
to 30 uM (50 to 180 mcg/dL) iron. Apotransferrin (transferrin devoid 
of iron) is synthesized by hepatocytes and by cells of the monocyte- 
macrophage system. 1>" 


@ DIETARY IRON 
CONTENT 


Average American adult men and women ingest 9 to 10 mg and 12 to 
14 mg of iron daily, respectively." The amount of iron absorbed by a 
normal adult male need only balance the small amount that is excreted, 
mostly in the stool, approximately 1 mg/day." More iron is needed 
during growth periods or after blood loss. In women, iron absorbed 
must be sufficient to replace that lost through menstruation or diverted 
to the fetus or milk during and after pregnancy. Table 42-2 shows the 
age- and gender-specific recommended dietary allowances for iron."® 


BIOAVAILABILITY 


In meat-eaters in Western countries, heme from hemoglobin and myo- 
globin normally comprises approximately 15 percent of dietary iron but 
is much more efficiently absorbed than nonheme iron, and promotes 
the absorption of nonheme iron.” The absorption of nonheme dietary 
iron is strongly affected by iron-binding components of food. Oxalates, 
phytates, and phosphates complex with iron and retard its absorption, 
whereas simple reducing substances, such as hydroquinone, ascorbate, 
lactate, pyruvate, succinate, fructose, cysteine, and sorbitol, increase 
iron absorption.’* Iron-fortified cereals are major sources of iron in 
countries where fortification is practiced, but cooking in iron pots 
may also provide important exogenous iron.” Gastric acid secretion, 


TABLE 42-2. Recommended Dietary Allowances (RDAs) 


for lron'® 

Age Male Female Pregnancy Lactation 
Birth to 6 months 0.27 mg* 0.27 mg* 

7-12 months 11mg 11mg 

1-3 years 7 mg 7 mg 

4-8 years 10 mg 10 mg 

9-13 years 8 mg 8 mg 

14-18 years 11mg 15mg 27mg 10 mg 
19-50 years 8 mg 18mg 27 mg 9 mg 
51+ years 8 mg 8 mg 


*Adequate intake (Al). 


the transit time, and mucus secretion all play roles in iron absorption. 
Red wine, contrary to popular belief, inhibits iron absorption, probably 
because of the presence of polyphenols.” In mice, alcohol suppresses 
the response of hepcidin to iron,” and this may contribute to iron load- 
ing that is seen in some alcoholic subjects. 


@IRON ABSORPTION 


Iron normally enters the body through the gastrointestinal tract, 
mostly through the enterocytes of the duodenum. The amount of iron 
absorbed is normally tightly regulated according to body needs. Active 
erythropoiesis and/or iron deficiency increase absorption; iron over- 
load and systemic inflammation decrease absorption. Nevertheless, the 
amount of iron absorbed increases with the administered dose even 
though the percentage absorbed decreases (Fig. 42-1). Accidental or 
deliberate ingestion of large doses of medicinal iron can therefore cause 
iron intoxication. 


MECHANISM OF TRANSPORT ACROSS THE 
INTESTINAL MUCOSA 


Heme Iron 

Understanding the mechanism of iron absorption has been made more 
difficult by the fact that the pathways for the uptake of inorganic iron 
and of heme by enterocytes are different but seem to merge within the 
intestinal cell where heme is converted to inorganic iron. How much 
heme (if any) is exported intact by enterocytes and bound by plasma 
heme-binding protein hemopexin is not clear, but hemopexin knockout 
mice show minor retention of iron in duodenal enterocytes without any 
effect on systemic iron homeostasis,” arguing against a major contribu- 
tion from this mechanism, at least in mice. Efforts to identify the apical 
heme import mechanism in enterocytes have not yet been definitive.” 


Ferriclron 
Following the reduction of ferric iron to ferrous iron, in part by duode- 
nal cytochrome b (dcytb) reductase,” ferrous iron is transported into 
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Figure 42-1. The relationship between oral iron dosage and amount 
of iron absorbed in humans. When the logarithm of the dose is plotted 
against the logarithm of the amount of iron absorbed, a rectilinear rela- 
tionship is observed. Thus, at all levels, the greater the dose of iron, the 
more is absorbed, although the percent of the dose that is absorbed 
progressively declines. (Reproduced with permission from Mackenzie B, 
Garrick MD: Iron Imports. Il. Iron uptake at the apical membrane in the intes- 
tine. Am J Physiol Gastrointest Liver Physiol 289(6):G981-G986, 2005.) 
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the intestinal villus cell by the divalent metal transporter (DMT)-1.%*” 
How iron transits within the enterocytes is not yet known. Basolateral 
export of ferrous iron is mediated by ferroportin’*** in association with 
hephaestin” and plasma ceruloplasmin” to oxidize iron to the ferric 
state. Ferric iron is taken up by plasma apotransferrin. Figure 42-2 illus- 
trates some of the steps that are thought to regulate iron transport across 
the mucosal cell. 


IRON RECYCLING 
Role of the Monocyte—Macrophage System 


In humans, the destruction and production of erythrocytes generates 
most of the iron flux in and out of plasma (20 to 25 mg/day recycled in 
adults compared to 1 to 2 mg/day absorbed). Iron from other cell types 
is likely also recycled, but this source contributes little to iron flux and 
has not been studied. Destruction of aged erythrocytes and hemoglo- 
bin degradation occur within macrophages (Chap. 32). This proceeds 
at a rate sufficient to release approximately 20 percent of the hemoglo- 
bin iron from the cell to the plasma compartment within a few hours. 
Approximately 80 percent of this iron is rapidly reincorporated into 
hemoglobin. Thus, 20 to 70 percent of the hemoglobin iron of nonviable 
erythrocytes reappears in circulating red cells in 12 days. The remainder 
of the iron enters the storage pool as ferritin or hemosiderin and then 
turns over very slowly. In normal subjects, approximately 40 percent of 
this iron remains in storage after 140 days. When there is an increased 
iron demand for hemoglobin synthesis, however, storage iron may be 
mobilized more rapidly.*' Conversely, in the presence of infection or 
another inflammatory process (e.g., ulcerative colitis or malignancy), 
iron is more slowly reused in hemoglobin synthesis and is associated 
with anemia (Chap. 37). 


Erythrophagocytosis 

As human erythrocytes age during their average 120-day life span, they 
shrink, stiffen, and their membranes accumulate markers of senes- 
cence.** These changes eventually trigger phagocytosis by splenic or 
hepatic sinusoidal macrophages. Macrophages also take up the prod- 
ucts of intravascular hemolysis, including hemoglobin (bound by hap- 
toglobin) and heme (bound by hemopexin), using specific endocytic 
receptors for the complexes.” The vesicles involved in phagocytosis 
and endocytosis must fuse with lysosomes to digest cellular materi- 
als or protein complexes and to free heme from hemoglobin. The 
membrane complex of nicotinamide adenine dinucleotide phosphate 
(NADPH) cytochrome c reductase, heme oxygenase 1, and biliverdin 
reductase releases ferrous iron from heme and simultaneously protects 
erythrophagocytosing macrophages from heme-induced toxicity.** The 
subcellular location of the conversion of heme to iron is not known 
with certainty. Heme oxygenase 1 is mostly located in the endoplas- 
mic reticulum in erythrophagocytic macrophages” with the catalytic 
face in the cytosol, and little, if any, heme oxygenase in the phagosomal 
membrane. Moreover, the phagosomal membrane is enriched in the 
heme transporter HRG1,* and macrophage heme has a signaling role 
in inducing various proteins involved in macrophage iron metabolism, 
indicating that it may leave the phagosome, and the heme oxygenase-1- 
mediated release of iron may occur in the cytoplasm. However, the 
ferrous iron transporter Nramp1, and perhaps DMT-1, may also partic- 
ipate in subcellular iron transport.” Ultimately, depending on systemic 
iron requirements, the released ferrous iron is either exported to plasma 
via ferroportin” or trapped in macrophage cytoplasmic ferritin. By a 
mechanism potentially important at the low oxygen tensions found in 
some tissues, plasma ceruloplasmin** catalyzes the conversion of fer- 
rous to ferric iron, the form of iron loaded to plasma transferrin for 
systemic distribution. 
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SYSTEMIC IRON HOMEOSTASIS 


The mechanism by which body iron content is regulated by the modula- 
tion of iron absorption has been a subject of intense interest for the past 
65 years. It has now become clear that intestinal iron absorption, plasma 
iron concentrations, and tissue distribution of iron are subject to endo- 
crine regulation similar to that of other simple nutrients, for example, 
glucose or calcium, albeit in a somewhat more complex fashion. 


Hepcidin and Ferroportin 

Hepcidin, a 25-amino-acid peptide hormone with 4 disulfide bonds,” 
is produced predominantly by hepatocytes and plays a central role in 
systemic iron homeostasis. Hepcidin regulates plasma iron concentra- 
tions by controlling the absorption of iron by the intestinal epithelial 
enterocytes and its release from iron-recycling macrophages and hepa- 
tocytes involved in iron storage. The structural similarity of hepcidin 
and a class of antimicrobial peptides termed defensins suggests that the 
hormone evolved from the latter to modulate iron homeostasis as a 
mechanism of body defense against microorganisms. Overexpression of 
hepcidin results in marked iron-deficiency anemia in mice“ and a refrac- 
tory anemia resembling the anemia of chronic inflammation in humans,” 
and injection of synthetic hepcidin rapidly lowers plasma iron concen- 
trations.*? As many microorganisms are dependent on plasma iron for 
survival in the circulation, hepcidin can exert host defense. In fact, 
patients with iron overload and high plasma iron levels are susceptible to 
such infections, such as with Yersinia enterocolitica (Chap. 43). 

Hepcidin exerts its iron-regulatory effect by binding to ferroportin, 
a transmembrane iron-export protein expressed on enterocytes, macro- 
phages, and hepatocytes. Once hepcidin has bound to ferroportin, the 
ferroportin is internalized and undergoes proteolysis.*°*' With mem- 
brane ferroportin depleted, iron cannot be exported from the entero- 
cyte, the macrophage or the hepatocyte into the plasma (Fig. 42-3). This 
results in decreased iron absorption from the gastrointestinal tract and 
a fall in the plasma iron concentration. Hepcidin production is stimu- 
lated by inflammatory cytokines such as interleukin (IL)-6,* and the 
overproduction of hepcidin is one of the factors in the pathogenesis of 
the anemia of chronic inflammation (Chap. 37). 

The regulation of hepcidin production seems to be entirely tran- 
scriptional. In humans and laboratory rodents, hepcidin mRNA and 
plasma hepcidin levels increase in parallel with iron-loading and 
inflammatory stimuli,***°° and are decreased by erythropoietic activity” 
and iron deficiency.” 


Figure 42-2. Schematic of iron uptake from the intes- 
tine and transfer to the plasma by an intestinal villus cell. 
Nonheme dietary iron includes Fe(II) and Fe(lll) salts and 
organic complexes. Fe** is reduced to Fe?* by ascorbic acid 
and apical membrane ferrireductases that include duode- 
nal cytochrome b (dcytb). The acid microclimate at the 
brush-border provides an H* electrochemical potential 
gradient to drive transport of Fe* via the divalent metal- 
ion transporter (DMT-1) into the enterocyte. DMT-1 may 
also contribute to the absorption of other nutritionally 
important metal ions (e.g, Mn?*). Heme can be taken up 
by endocytosis, and Fe’* is liberated within the endo- 
some/lysosome, but the molecular identity of proteins 
involved, including heme carrier protein 1 (HCP1), is yet to 
be elucidated. Basolateral export of Fe? may be mediated 
by ferroportin in association with hephaestin. Fe Tf, difer- 
ric transferrin; HO, heme oxygenase. (Data from Smith MD, 
Pannacciulli IM: Absorption of inorganic iron from graded 
doses: its significance in relation to iron absorption tests and 
mucosal block theory. Br J Haematol 4(4):428-434, 1958.) 


Regulation of Hepcidin by Iron 

Both elevated plasma iron concentrations and increased liver stores are 
sensed in the intact organism and regulate hepcidin transcription," 
but the relevant mechanisms are only partially understood. For rea- 
sons that are not understood, involving perhaps the complex interac- 
tions of hepatocytes with other liver cells, isolated hepatocytes do not 
show consistently increased hepcidin synthesis after iron treatment, 
although small effects were observed when the cells were freshly har- 
vested from mice.® Important clues are provided by hereditary disor- 
ders in which hepcidin transcription is dysregulated. As indicated in 
Table 42-3, impairment of the function of several genes is associated 
with iron overload in humans and in experimental animals. In addi- 
tion to genes that encode the hormone hepcidin itself and its receptor, 
ferroportin, or encode proteins primarily involved in iron transport, 
there are a number of genes whose products are likely to function in 
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Figure 42-3. Regulation of iron flows into plasma by hepcidin. Fer- 
roportin is the only known transporter that exports iron from cells to 
plasma (and extracellular fluid). Hepcidin induces ferroportin endo- 
cytosis and proteolysis and thereby controls the transfer of iron to 
plasma from all its major sources: iron-absorbing duodenal enterocytes, 
iron-storing hepatocytes, and iron-recycling macrophages. 


TABLE 42-3. Proteins That Play a Role in Iron Homeostasis in Humans or in Animal Models 
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Proteins That Affect Effect of Deficiency or Referencesto References to 
Iron Homeostasis Mutation Human Data Murine Data Comments 
HFE Parenchymal Feincreased 94 95, 96 Most patients with hereditary hemochromatosis 
are homozygous for the 845 A->G (C282Y) muta- 
tion of this gene. In signaling pathway to hepcidin 
Ferroportin (SLC40A1, Macrophage Fe increased 97 98 Autosomal dominant, hepcidin receptor, cellular 
SLC11A3) (loss of function) iron exporter 
Parenchymal Feincreased 99, 100 101 Autosomal dominant 
(resistance to hepcidin) 
B,-Microglobulin Parenchymal Fe increased Unknown 102, 103 Facilitates transport of HFE to membrane 
Transferrin Parenchymal Feincreased 104-106 107, 108 Plasma iron transporter, holotransferrin concentra- 
tions regulate hepcidin 
Transferrin receptor-1 Lethal; increased CNS Fe Unknown 109 Mediates cellular iron uptake, essential for erythro- 
poiesis, may be involved in signaling for hepcidin 
regulation 
Transferrin receptor-2 Parenchymal Fe increased 84,110 111 Signaling for hepcidin regulation 
Hephaestin Fe deficiency Unknown 29 Sex-linked gene; deletion of exons is cause of sla 
mouse 
Ceruloplasmin Fe increased 112 42 Brain iron accumulation and neurologic disease 
Ferritin H chain Fe increased 113 Unknown Dominant IRE mutation 
Duodenal cyto- Unknown Unknown 23 Mild iron restriction under erythropoietic stress 
chrome b (dcytb) 
Nramp1 (SLC11A1) Alters iron distribution in Unknown 39 Deficiency increases susceptibility to infection in 
macrophages mice 
Nramp2 (DMT-1) Hypochromic microcytic 114,115 116, 117 Anemia is ameliorated by erythropoietin therapy in 
anemia and hepatic humans; same naturally occurring mutations found 
siderosis in people; Fe in the mk mouse and the Belgrade rat 
deficiency in rodents 
Hepcidin Parenchymal Fe Increased 118 46,119 The hormone-regulating iron absorption, plasma 
iron concentration, and systemic distribution 
Hemojuvelin Parenchymal Feincreased 65 120, 121 Signaling for hepcidin regulation 
Tmprss6 Fe deficiency 49 70, 72 Signaling for hepcidin regulation, membrane pro- 
tease, cleaves hemojuvelin 
BMP6 Parenchymal Fe increased Unknown 122, 1233 Necessary for iron regulation in mice 
BMP receptor subunit Parenchymal Fe increased Unknown 124 Necessary for iron regulation in mice 
SMAD4 in the liver Parenchymal Fe increased Unknown 125 In signaling pathway for hepcidin regulation 
Neogenin Parenchymal Fe increased Unknown 126, 127 Necessary for hepcidin regulation 


BMP, bone morphogenetic protein; HFE, human hemochromatosis protein; IRE, iron-responsive element. 


iron sensing, signal transduction and transcriptional regulation. These 
include human hemochromatosis protein (HFE), transferrin recep- 
tor-2, bone morphogenetic proteins (BMPs), BMP receptor and its 
signaling pathway, and hemojuvelin, all of which encode proteins that 
normally stimulate hepcidin transcription to prevent iron overload. 
In the best-supported model, hepcidin transcription is regulated in 
an iron-dependent manner by the BMP pathway. Complexes of HFE, 
transferrin receptor-1, and transferrin receptor-2 may be involved in 
sensing the concentration of iron-transferrin and interact in as yet 
unknown manner with the BMP receptor to stimulate the transcription 
of hepcidin.*-“! Hemojuvelin, whose autosomal recessive mutations 
cause a very severe form of hereditary hemochromatosis, serves as a 
coreceptor for the BMPs. A soluble fragment of hemojuvelin acts as 
an inhibitor of the interaction of BMP with the receptor, but it is not 


clear whether it has a physiologic regulatory role.” Regulation of hep- 
cidin transcription itself is complex, involving the formation of a com- 
plex of liver-specific and response-specific transcription factors bound 
to a distal BMP-RE2/bZIP/HNF4a/COUP region and to the proximal 
BMP-RE1/STAT region of the hepcidin promoter, possibly by physical 
association of the two regions.” A pathway that inhibits the transcrip- 
tion of hepcidin exists as well. Tmprss6 (also called matriptase 2) is a 
membrane serine protease that inhibits hepcidin transcription, likely 
by proteolysis of hemojuvelin.””! This function was discovered when 
random mutagenesis in mice produced an iron-deficient animal with 
mutagenized Tmprss6.” Subsequently, humans with mutations of the 
Tmprss6 orthologue were shown to manifest iron-refractory iron-defi- 
ciency anemia that does not respond to oral iron and only partially to 
parenteral iron therapy.” 
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Regulation of Hepcidin by Erythropoiesis 

Intestinal iron absorption is increased severalfold after hemorrhage 
or erythropoietin administration, and is chronically increased in 
patients with ineffective erythropoiesis but not in aplastic anemia.” 
These observations led to the hypothesis that the marrow generates an 
“erythroid regulator” that modulates intestinal iron absorption. Later 
studies in mouse models* provided evidence that the erythroid reg- 
ulator is a marrow-derived suppressor of hepcidin. Erythroferrone is 
an erythropoietin-induced erythroblast-secreted glycoprotein that acts 
on hepatocytes to suppress their hepcidin production and is required 
for rapid suppression of hepcidin after hemorrhage or erythropoietin 
administration.” It also contributes to hepcidin suppression and iron 
overload in murine models of B-thalassemia intermedia. Growth dif- 
ferentiation factor 15 (GDF15), a member of the BMP family, may also 
contribute to pathologic hepcidin suppression in anemias with ineffec- 
tive erythropoiesis.” 


Regulation of Hepcidin by Inflammation 

Within hours after the onset of systemic infection, plasma iron concen- 
tration decreases. The response is thought to contribute to host defense, 
particularly against microbes with high dependence on environmental 
iron.” This response, hypoferremia of inflammation, is also triggered 
by noninfectious causes of acute and chronic inflammation. Hypofer- 
remia of inflammation is mediated by cytokine-induced increase in 
plasma hepcidin concentrations™ causing hepcidin-induced sequestra- 
tion of iron in macrophages. The main human cytokine responsible for 
hepcidin induction is IL-6? acting via the JAK2-STAT3 pathway,’”-” 
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but other cytokines including activin B may also contribute.** Chronic 
inflammation impairs iron supply to erythropoiesis and combines with 
other effects of inflammation to cause anemia of inflammation (anemia 
of chronic disease, see Chap. 37). 


@TRANSPORT OF IRON 


Once an atom of iron enters the blood plasma from dietary iron absorp- 
tion, it is virtually trapped in the body (Fig. 42-4) and cycles almost 
endlessly from the plasma to the developing erythroblast (where it is 
used in hemoglobin synthesis), thence into the circulating blood for 
approximately 4 months, and then to macrophages. Here it is removed 
from heme by heme oxygenase and released back into the plasma to 
repeat the cycle. 

The major function of the transport protein transferrin is to move 
iron from wherever it enters the plasma (intestinal villi, splenic and 
hepatic sinusoids) to the erythroblasts of the marrow and to other sites 
of use. 


ENDOCYTOSIS OF TRANSFERRIN 


Diferric (holo)transferrin binds to the transferrin receptor (TfR)-1 on 
the cell surface and the holotransferrin-TfR1 complex forms clusters 
in pits on the cell membrane.*! The complex is then internalized by 
endocytosis (Fig. 42-5). Within the cytosol the holotransferrin-TfR1 
complex is in a clathrin-coated vesicle. The vesicles fuse with endoso- 
mes and become acidified to pH 5 which releases iron from transferrin. 
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Figure 42-4. The iron cycle in humans. Iron is tightly conserved in a nearly closed system in which each iron atom cycles repeatedly from plasma 
and extracellular fluid (“plasma”) to the marrow, where it is incorporated into hemoglobin. Then it moves into the blood within erythrocytes and 
circulates for 4 months. It then travels to phagocytes of the mononuclear phagocyte system (“splenic and other macrophages"), where senescent 
erythrocytes are engulfed and destroyed, hemoglobin is digested, and iron is released to plasma, where the cycle continues. With each cycle, a small 
proportion of iron is transferred to storage sites, where it is incorporated into ferritin or hemosiderin, a small proportion of storage iron is released 
to plasma, a small proportion is lost in urine, sweat, feces, or blood, and an equivalent small amount of iron is absorbed from the intestinal tract. In 
addition, a small proportion (approximately 10 percent) of newly formed erythrocytes normally is destroyed within the marrow and its iron released, 
bypassing the circulating blood part of the cycle (ineffective erythropoiesis). The numbers indicate the approximate amount of iron (in mg) in various 
compartments and fluxes of iron (mg/day) that enter and leave each of these iron compartments in healthy adults who do not have bleeding or 


other blood disorders. 
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Figure 42-5. The transferrin cycle. Holotransferrin (Fe**,-Tf) binds to 
ransferrin receptors (TfR1) on the cell surface. The complexes localize 
o clathrin-coated pits, which invaginate to initiate endocytosis. Spe- 
cialized endosomes form, and become acidified through the action of 
a proton pump. Acidification leads to protein conformational changes 
hat release iron from transferrin. STEAP3 (six-transmembrane epithe- 
lial antigen of prostate 3) reduces ferric iron to ferrous iron, enabling 
iron transport out of the endosomes through the activity of the diva- 
ent metal transporter-1 protein (DMT-1). Subsequently, apotransferrin 
Apo-Tf) and the transferrin receptor both return to the cell surface, 
where they dissociate at neutral pH. Both proteins participate in further 
rounds of iron delivery. In nonerythroid cells, iron is stored as ferritin and 
hemosiderin. (Reproduced with permission from McKie AT: A ferrireductase 
fills the gap in the transferrin cycle. Nat Genet 37(11):1159-1160, 2005.) 


Iron-depleted (apo)transferrin and TfR1 remain complexed as they 
return to the cell membrane, where at neutral pH, apotransferrin sepa- 
rates from its receptor and is released to the interstitial fluid to reenter 
plasma and take up more iron. 

The TfR is a protein consisting of two subunits that are linked by 
disulfide bonds.’ Its aminoterminus is on the cytoplasmic side of the 
membrane, and its carboxyl-terminus is on the outer surface. Because 
of the role of TfR1 in the binding and endocytosis of diferric transfer- 
rin, control of TfR1 biosynthesis is a major mechanism for regulation of 
iron metabolism. Synthesis of TfR1 is induced by iron deficiency. Iron 
inhibits TfR1 synthesis by destabilizing TfR1 mRNA by a mechanism 
that involves the iron-responsive element (IRE)/iron-regulatory protein 
(IRP) regulatory system (Fig. 42-6).*? TFRI binds to HFE,“ using a 
binding site that overlaps that of holotransferrin. According to a current 
model of iron sensing, high concentrations of holotransferrin would 
therefore displace HFE from its complex with TfR1, leaving HFE to sig- 
nal to the BMP receptor complex to increase hepcidin transcription. 
This model is supported by studies in which the expression of HFE or 
its binding site on TfR1 are manipulated.*' 

A second TfR, TfR2, also endocytic for holotransferrin, is not 
thought to be involved in delivering iron to cells but its hepatic expres- 
sion is necessary for normal hepcidin expression and regulation.™ TfR2 
influences the BMP complex and its signaling pathway to regulate hep- 
cidin transcription but the molecular mechanism of this effect is not 
yet understood. TfR2 is also expressed in erythroid precursors where 
it interacts with the erythropoietin receptor and negatively modulates 
erythropoiesis, perhaps putting a brake on erythrocyte production dur- 
ing iron deficiency.® 
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INTRACELLULAR IRON HOMEOSTASIS 


Each cell must regulate its iron uptake and subcellular distribution, 
both to assure adequate iron for a multitude of cellular enzymes and 
to prevent excessive iron accumulation that could be injurious or deny 
adequate iron to other cells. Accordingly, the synthesis of key cellular 
proteins involved in iron transport, storage, and use is regulated post- 
transcriptionally by cellular iron concentrations.”*? The mRNA for 
each of these proteins contains one or several IREs. If the IRE is located 
at the 5’ end of the mRNA, it serves to regulate translation; 3’ IREs 
regulate the stability of the mRNA. Each IRE consists of a stem and 
loop structure, in which the loop is the nucleotide sequence CAGUG 
(Fig. 42-7). IRE/IRP-regulated mRNAs include those encoding fer- 
ritin, TfR1, aminolevulinic acid (ALA) synthase, transferrin, aconitase, 
DMT-1, and ferroportin. The ferritin mRNA has, as its IRE, a single 
stem-loop structure in the 5’ (upstream) region. In contrast to the fer- 
ritin IRE, there are as many as five stems-loops in the 3’ untranslated 
portion of TfR mRNA. The IREs are targeted by specific RNA-binding 
proteins, IRPs. IRP-1 is cytoplasmic aconitase with four iron-sulfur 
clusters and the ability to bind iron, which is required for its aconitase 
activity; IRP-2 is highly homologous to IRP-1 but differs by the presence of 
a 73-amino-acid insertion in the N-terminus and a lack of aconitase 
activity. In the absence of iron, IRP-1 binds to IREs, but in its presence 
becomes a cytoplasmic aconitase and does not bind IREs. IRP-2 (as well 
as, to some extent, IRP-1) undergoes ubiquitination and proteasomal 
degradation in the presence of iron.***” The effect of binding of IRPs to 
5’ IREs is to inhibit protein translation; the effect of binding of IRPs to 
3’ IREs is to increase the stability of the mRNA and thus to enhance the 
synthesis of the gene product. Figure 42-6 illustrates these relationships 
for the regulation of synthesis of ferritin and TfR. The net effect of the 
IRE/IRP system is to balance cellular iron uptake with storage, use, and 
in some cell types, export of iron. 


IRON IN THE ERYTHROBLAST 


Once within the developing erythroblast, iron must be transported to 
mitochondria to be incorporated into heme, or taken up by ferritin 
within siderosomes. Within the vesicle, STEAP3 (six-transmembrane 
epithelial antigen of prostate 3) effects the reduction of ferric (Fe**) to 
ferrous (Fe**) iron, and another protein, DMT-1 (the same transporter 
as in intestinal iron absorption), transports Fe** into the cytosol, where 
it is taken up by mitochondria by a complex of mitoferrin-1, ABCB10 
(ATP-binding cassette [ABC] transporter in the inner membrane of 
mitochondria) and ferrochelatase for heme synthesis.** Physical inter- 
action between mitochondria and endosomes (“kiss and run”) may also 
be required.” 


Mitochondrial Iron 

Mitochondria, working together with cellular cytoplasm, supply each 
cell with heme. Although heme synthesis is important for all cells, ery- 
throblasts synthesize much more heme than any other cell type. The 
final steps of heme synthesis take place in mitochondria, where iron 
is inserted into protoporphyrin by the enzyme ferrochelatase. When 
heme synthesis is impaired, as in lead poisoning or in the sideroblastic 
anemias (Chap. 59), the mitochondria accumulates excessive amounts 
of amorphous iron aggregates. The mitochondria can then be stained 
by the Prussian blue reaction and are seen by light microscopy as a 
ring of large blue siderotic granules encircling the erythroblast nucleus 
(ringed sideroblast). In normal, iron-replete marrow, (much smaller) 
siderotic granules are also demonstrable, scattered in the cytoplasm 
of about one-third of erythroblasts. These normal siderotic granules 
are ferritin aggregates located in lysosomal organelles designated 
siderosomes.” Erythroblasts containing these siderotic granules, 
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Figure 42-6. The regulation of iron metabolism at the 
cytoplasmic mRNA level by interaction of iron-regulatory 
protein (IRP)-1 and the iron-responsive elements (IREs) 
o apoferritin MRNA (A) and transferrin receptor (TfR) 
mRNA (B). When the cytoplasmic iron concentration 
is low (left side of illustration), IRP-1 binds to the IREs of 
both mRNAs. This represses the translation of apofer- 
ritin mRNA, where the IRE is at the 5’ end of the mRNA, 
hereby reducing the amount of apoferritin formed. It 
stabilizes and increases the translation of TfR mRNA 
where the IRE is at the 3’ end of the mRNA, thereby 
increasing the amount of TfR formed. Conversely, when 
here is an abundance of iron in the cytoplasm (right 
side of illustration), IRP-1 is displaced from both species 
of mRNA. This results in derepression of apoferritin syn- 
hesis and destabilization and degradation of TfR MRNA. 
(Reproduced with permission from Rouault T, Klausner R: 
Regulation of iron metabolism in eukaryotes. Curr Top Cell 
Regul 35:1-19, 1997.) 
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sideroblasts, normally represent 20 to 50 percent of the erythrocyte 
precursors of the marrow and as visualized by light microscopy. In iron 
deficiency and in the anemia that accompanies chronic disorders, side- 
roblasts almost disappear from the marrow. Conversely, in some states 
of iron overload, they may become more numerous and contain exces- 
sive numbers of granules, some of which may be considerably larger 
than normal. 


Mitochondrial Ferritin 

Ring sideroblasts contain a ferritin isoform, mitochondrial ferritin 
(Chap. 59), which is a product of an intronless, IRE-lacking, ferritin 
gene on chromosome 5q23.1 that is specifically targeted to mitochon- 
dria by a 60-amino-acid-leader sequence.*”" Mitochondrial ferritin lacks 
IRE and, thus, is not subject to iron-dependent translational control. Its 
function appears to be to reduce the labile iron pool and decrease the 
level of reactive oxygen species. Mitochondrial ferritin has limited tis- 
sue expression and is found in high concentrations in the mitochondria 


Endonuclease 
cleavage site 


increased ferritin synthesis 


IRE, unoccupied, rendering 
mRNA susceptible to 
an endonuclease 


of normal testes and in the sideroblasts of patients with sideroblastic 
anemia (Chap. 59).” 


@ IRON EXCRETION 


The body conserves iron with remarkable efficiency. Most iron loss 
occurs by way of desquamated intestinal cells in the feces and it nor- 
mally amounts to approximately 1 mg/day,'>*? less than one-thousandth 
of total-body iron. Exfoliation of skin and dermal appendages and per- 
spiration result in much smaller losses. Even in tropical climates, the 
loss of iron in sweat is minimal.” Very small amounts of iron are lost 
in the urine. Lactation may cause excretion of approximately 1 mg iron 
daily, thus doubling the overall rate of iron loss. Blood loss by normal 
menstruation contributes to negative iron balance. 

Although total daily iron loss is normally approximately 1 mg 
for males," it averages approximately 2 mg for menstruating women. 


G U 

A G 

Cc Cc 

AU 

AU 

CG 

UG 

UA 

om: 

Gi 

Ui 

CG 

CG 

U : 

UA 

UA 

GC 

GC 

GC 
5 CGUCG GGCG3 
1 1 
-186 -143 


Figure 42-7. The stem-loop structure that is the iron-responsive ele- 
ment of apoferritin mRNA. (Reproduced with permission from Hentze MW, 
Caughman SW, Casey JL, et al: A model for the structure and functions of 
iron-responsive elements. Gene 72(1-2):201-208, 1988.) 


Persons with marked iron overload, as in hemochromatosis, may lose 
as much as 4 mg of iron daily, probably because of the shedding of iron- 
laden cells, principally macrophages. 
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CHAPTER 43 
IRON DEFICIENCY AND 
OVERLOAD 


Tomas Ganz 


Iron deficiency and iron-deficiency anemia are common nutritional and hema- 
tologic disorders. In infants and young children, iron deficiency is most com- 
monly caused by insufficient dietary iron. Rarely, it can result from mutations 
in TMPRSS6, a gene encoding a membrane protease that serves normally as a 
transcriptional suppressor of the primary negative regulator of iron absorption, 
hepcidin. In young women, iron deficiency is most often the result of blood 
loss in menstruation or as a result of blood loss during pregnancy, childbirth, 
and lactation. In older adults, bleeding is often the cause of iron deficiency, 
and may originate from the gastrointestinal tract, as from hemorrhoids, peptic 
ulcer, hiatus hernia, colon cancer, or angiodysplasia; from the genitourinary 
tract; from uterine leiomyomas or carcinoma, or a renal tumor; or from the pul- 
monary tree, through chronic hemoptysis caused by infection or malignancy, or 
asa result of idiopathic pulmonary hemosiderosis. Iron deficiency in infants can 
result in impairment of growth and intellectual development. The hematologic 
features of iron deficiency are nonspecific and too often confused with other 
causes of microcytic anemia such as thalassemias, chronic inflammation, and 
renal neoplasms. A low serum ferritin concentration is a good indicator of iron 
deficiency, but ferritin levels are increased by inflammation and can be partic- 
ularly high in cancer, macrophage activation syndromes, hepatitis, or chronic 
kidney disease, which may mask the detection of iron deficiency coexisting 
with the anemia of chronic inflammation. The plasma iron is decreased and the 
iron-binding capacity increased in severe iron deficiency, but these alterations 
are not uniformly present in mild iron deficiency, and low plasma iron levels are 
also characteristic of the anemia of inflammation. Other laboratory tests that 
are useful include assays for serum transferrin receptor, reticulocyte hemoglo- 
bin content, percent hypochromic erythrocytes and erythrocyte zinc protopor- 
phyrin. Diagnosis of iron deficiency, particularly in an adult, obliges the clinician 
to determine the site and cause of blood loss, and to rectify it whenever pos- 
sible. Ferrous salts, in doses of 100 to 200 mg of elemental iron daily, are the 
initial treatment in most patients with iron deficiency. Enteric-coated and pro- 
longed-release preparations should be avoided. Complete correction of anemia 
is expected in 8 to 12 weeks, depending on patient's age. If this response is not 
achieved, the patient and the diagnosis require reevaluation. Administration 


Acronyms and Abbreviations: BMP, bone morphogenetic protein; cDNA, 
complementary DNA; DMT, divalent metal transporter; HFE, high iron (high 
Fe)—a mutated protein associated with common hereditary hemochroma- 
tosis; HLA, human leukocyte antigen; IL, interleukin; IRE, iron-responsive 
element; IRP, iron-regulatory protein; MCV, mean corpuscular volume; MRI, 
magnetic resonance imaging; RDA, recommended daily allowance; RDW, 
red cell distribution width; TfR, transferrin receptor; TIBC, total iron-binding 
capacity; UIBC, unsaturated iron-binding capacity. 


of iron should be continued for 12 months after correction of anemia, or for as 
long as bleeding continues. Parenteral iron is used in patients who need more 
iron than can be delivered by the oral route, patients who do not tolerate oral 
iron salts, patients with gastrointestinal disease or following certain forms of 
bariatric surgery, noncompliant patients, and patients undergoing renal dialy- 
sis. All current parenteral iron preparations are much less likely to cause serious 
adverse events than was the case for high-molecular-weight iron dextran used 
in the past. 

At the opposite end of the iron disorder spectrum, iron storage disease 
(hemochromatosis) can be the result of mutations of genes that are involved 
in regulation of iron homeostasis or transport, including the genes encoding 
HFE, transferrin receptor 2, ferroportin, hemojuvelin, and hepcidin. Because 
iron is not substantially excreted, iron overload commonly results from chronic 
erythrocyte transfusions for those anemias that are not caused by blood loss 
or iron deficiency. 

Alternatively, iron overload resembling hereditary hemochromatosis can 
be the result of hyperabsorption of iron induced by ineffective erythropoiesis, 
including in B-thalassemias, dyserythropoietic anemias, pyruvate kinase 
deficiency, congenital dyserythropoietic anemias and some sideroblastic 
anemias. Here iron overload can develop even in the absence of erythrocyte 
transfusions or the (ill-advised) administration of medicinal iron, but is further 
aggravated by these events. 

The diagnosis of systemic iron overload depends, in large part, upon 
increased serum ferritin levels accompanied by increased transferrin satura- 
tion, which tend to reflect increased iron stores. However, ferritin levels are 
also increased in patients with chronic inflammation or neoplasia or with the 
hyperferritinemia cataract syndrome, a disorder caused by mutations in the 
iron-responsive element of the ferritin light chain. The transferrin saturation 
is usually increased in patients with hereditary hemochromatosis even when 
the ferritin level is normal. 

Many subjects with genetic hemochromatosis never develop organ 
dysfunction, those who do, their clinically significant hemochromatosis is 
characterized by cirrhosis of the liver, darkening of the skin, diabetes, car- 
diomyopathies, and possibly by arthropathies. Iron deposition is primarily in 
hepatocytes, with macrophages and intestinal mucosal cells being relatively 
iron poor. The most common causes of genetic hemochromatosis are muta- 
tions of the HFE gene. Two common mutations are involved: the c.854G—A 
((282Y) and c.187C—>G (H63D) substitutions. Increased transferrin satu- 
ration values, serum ferritin levels, and iron stores were found in a majority 
of homozygotes for the C282Y mutation and in many compound heterozy- 
gotes for (282Y/H63D or rarely in homozygotes for H63D. However, clinical 
manifestations even among homozygotes for the (282Y mutation are rare, in 
contrast to biochemical and/or histologic manifestations of the increased iron 
levels, which are common. Only a few percent of (282Y homozygous patients 
develop clinically significant disease, and cofactors including male gender and 
alcohol intake potentiate disease development. Juvenile hemochromatosis, an 
earlier onset and more severe type of hemochromatosis with high penetrance 
is the result of mutations of the hemojuvelin or the hepcidin gene. Ferroportin 
mutations produced two types of autosomal dominant iron overload. In one 
of these, the iron is deposited chiefly in macrophages; the other is similar to 
classical hereditary hemochromatosis with iron deposition in hepatocytes and 
other parenchymal cells. 

Iron can be removed from patients with hereditary hemochromatosis by 
serial phlebotomy, but in patients with iron-loading anemias iron chelation 
therapy with either parenteral desferrioxamine infusions or the oral chelators 
deferiprone or deferasirox is required. 
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@ IRON DEFICIENCY 
DEFINITION AND HISTORY 


Iron deficiency is the state in which the content of iron in the body is 
less than normal. Iron depletion is the earliest stage of iron deficiency, in 
which storage iron is decreased or absent but serum iron concentration, 
transferrin saturation, and blood hemoglobin levels are normal. 
Iron deficiency without anemia is a somewhat more advanced stage of 
iron deficiency, characterized by absent storage iron, usually low serum 
iron concentration and transferrin saturation, but without frank anemia. 
Iron-deficiency anemia, the most advanced stage of iron deficiency, is 
characterized by absent iron stores, low serum iron concentration, low 
transferrin saturation, and low blood hemoglobin concentration. 

Chlorosis, or “green sickness,’ was well known to European phy- 
sicians after the middle of the 16th century. In France, by the middle 
of the 17th century, iron salts and other remedies (including, oddly 
enough, phlebotomy) were used in its treatment. Not long thereafter, 
iron was recommended by Sydenham as a specific remedy for chlorosis. 
For the 100 years preceding 1930, iron was used in the treatment of 
chlorosis, often in ineffective doses, although the mechanism of action 
of iron and the appropriateness of its use were highly controversial. By 
the beginning of the 20th century, it had been established that chlorosis 
was characterized by a decrease in the iron content of the blood and by 
the presence of hypochromic erythrocytes, but it was not until the clas- 
sic 1932 studies by Heath, Strauss, and Castle! that it was shown that the 
response of anemia to iron was stoichiometrically related to the amount 
of iron given and that chlorosis was, indeed, iron deficiency. The history 
of iron deficiency has been reviewed in greater detail elsewhere.” 


EPIDEMIOLOGY 


Iron-deficiency anemia is the most common anemia worldwide, and 
is especially prevalent in women and children in regions where meat 
intake is low, food is not fortified with iron, and malaria, intestinal 
infections, and parasitic worms are common.** Women with frequent 
pregnancies may be particularly susceptible. In the United States, iron 
deficiency is most common in children 1 to 4 years old and in adoles- 
cent, reproductive age, or pregnant women.’ 


ETIOLOGY AND PATHOGENESIS 
Etiology 


Iron deficiency may occur as a result of chronic blood loss, diversion 
of iron to fetal and infant erythropoiesis during pregnancy and lacta- 
tion, inadequate dietary iron intake, malabsorption of iron, intravascular 
hemolysis with hemoglobinuria, diversion of iron to nonhematopoietic 
tissues like the lung, genetic factors, or a combination of these factors. 
Of these, gastrointestinal or menstrual blood loss are the most common. 
As discussed in Chap. 42, the average adult male has approximately 1000 
mg of iron in stores, but on average, women have less than half of this 
amount. The average daily dietary intake of iron is 10 to 12 mg, but much 
of this is not absorbed, even when absorption is maximal. Blood loss 
of each milliliter of packed erythrocytes represents 1 mg of iron. Thus 
chronic daily blood loss greater than 5 mL of erythrocytes will deplete 
iron reserves over weeks to months, and even if bleeding stops com- 
pletely, the repletion of lost iron, including the restoration of iron stores 
(around 1000 mg in the average adult man), will take many months. 


Blood Loss 

Gastrointestinal Blood Loss In men and in postmenopausal women, 
iron deficiency is most commonly caused by chronic bleeding from the 
gastrointestinal tract. Table 43-1 lists the causes of such blood loss. 


TABLE 43-1. Sources of Blood Loss 
ALIMENTARY TRACT 
Esophagus 


Varices 


Stomach and duodenum 


Ulcer 

Hiatus hernia 

Gastritis 

Carcinoma 

Varices 

Angiodysplasia 
Hemangioma 
Leiomyoma (Ménétrier disease) 
Mucosal hypertrophy 
Hypergastrinemia 
Antral vascular ectasia 
“Watermelon stomach” 


Small intestine 
Vascular ectasia 
Tumors 
Ulceration 
Meckel’s diverticulum 


Colon and anorectal 


Hemorrhoids 
Carcinoma 
Polyp 
Diverticulum 
Ulcerative colitis 
Angiodysplasia 
Hemangioma 
Telangiectasia 
Amebiasis 
BILIARY TRACT 
Intrahepatic bleeding 
Carcinoma 
Cholelithiasis 
Trauma 
Ruptured aneurysm 
Aberrant pancreas 
GENITOURINARY TRACT 
Menorrhagia 
Uterine fibroids 
Endometriosis 
Carcinoma 
Vascular abnormalities 
RESPIRATORY TRACT 
Epistaxis 
Carcinoma 
Infections 
Telangiectases 
Idiopathic pulmonary hemosiderosis 


After history and physical examination rule out an obvious bleeding 
source in the genitourinary or respiratory tracts, evaluation of the gas- 
trointestinal tract!” is necessary because of the potential that the patho- 
logic process causing the blood loss is life-threatening. In the adult, the 
most common causes are peptic ulcer, erosion in a hiatal hernia, gastri- 
tis (including that caused by alcohol or aspirin ingestion), hemorrhoids, 
vascular anomalies (such as angiodysplasia), and neoplasms. 

Gastritis, Varices, Ulcers, and Inflammation Gastritis as a result 
of drug ingestion is a common cause of bleeding. Aspirin, indometha- 
cin, ibuprofen, and other nonsteroidal antiinflammatory drugs cause 
gastritis, but may also cause bleeding by inducing gastric or duodenal 
ulcers, or lesions in the small intestine!! and even the colon. Gastri- 
tis caused by alcohol ingestion” can also cause significant blood loss. 
Chronic blood loss is often the cause of anemia in rheumatoid arthritis 
(perhaps because of the use of nonsteroidal antiinflammatory medica- 
tions) and in inflammatory bowel disease. 

Chronic blood loss from esophageal or gastric varices can lead 
to iron-deficiency anemia. Hemorrhoidal bleeding may lead to severe 
iron-deficiency anemia. Chronic blood loss may result from diffuse 
gastric mucosal hypertrophy (Ménétrier disease). Peptic ulcers of the 
stomach or duodenum are common causes of iron deficiency, and an 
association between infection with Helicobacter pylori and iron-deficiency 
anemia has been documented in numerous studies.'* Some of these 
iron-deficient patients who are infected with H. pylori do not respond 
to oral iron alone, but do respond to eradication of H. pylori.'° 

Gastric ulceration and bleeding can also occur in disorders of 
hypergastrinemia, as in Zollinger-Ellison syndrome and pseudo-Zoll- 
inger-Ellison syndrome. Although concerns were raised that long-term 
medical therapy of these disorders with proton pump inhibitors would 
also cause iron deficiency by raising gastric pH and making iron less 
soluble, this does not seem to be the case.'° Anemia that follows subtotal 
gastrectomy is usually attributed to reduced absorption of dietary iron 
(see “Malabsorption of Iron” below), but occult intermittent gastroin- 
testinal bleeding from gastrointestinal lesions may also be a contribu- 
tory factor, and requires endoscopic evaluation.’ 

Diaphragmatic Hernia Diaphragmatic (hiatal) hernia is often 
associated with gastrointestinal bleeding.” The frequency of anemia 
ranges from 8 to 38 percent. Bleeding is much more likely to occur in 
patients with paraesophageal or large hernias than in those with sliding 
or small hernias. Mucosal changes cannot always be demonstrated by 
esophagoscopy or gastroscopy in patients who have had blood loss from 
hiatus hernia. However, a linear gastric erosion, also called a “Cameron 
ulcer; commonly occurs on the crests of mucosal folds at the level of the 
diaphragm, and appears to be the site of bleeding.” 

Intestinal Parasitism Hookworms are a major cause of gastroin- 
testinal blood loss in many parts of the world.” 

Vascular Anomalies The lesions of angiodysplasia may occur 
in any part of the gastrointestinal tract.” These tiny vascular anom- 
alies may be the cause of significant blood loss. Endoscopy is usually 
required for diagnosis, and often needs to be repeated as bleeding can 
be intermittent. Gastric antral vascular ectasia™ exhibits a characteristic 
endoscopic appearance (“watermelon stomach”), and is another cause 
of blood loss. Hemorrhage into the biliary tract is a rare cause of chronic 
iron-deficiency anemia.” 

Tortuous, dilated sublingual venous structures, the cherry heman- 
giomas commonly seen in the elderly, and the spider telangiectases of 
chronic liver disease are usually easily distinguished from the lesions of 
hereditary hemorrhagic telangiectasia. Bleeding from intestinal telangiec- 
tases has also been observed in scleroderma” and in Turner syndrome,” 
as a manifestation of bleeding from abnormal blood vessels. Cutaneous 
hemangiomas (blue rubber bleb nevus) may be associated with hemor- 
rhage from intestinal hemangiomas.” 
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In hereditary hemorrhagic telangiectasia (Chap. 122), character- 
istic lesions commonly occur on fingertips, nasal septum, tongue, lips, 
margins (helices) of ears, oral and pharyngeal mucosa, palms and soles, 
and other epithelial and cutaneous surfaces throughout the body. Those 
lesions that occur in the gastrointestinal tract are particularly likely to 
bleed and to cause iron deficiency. 

Meckel Diverticulum Meckel diverticulum is a very common 
abnormality representing a vestigial remnant of the omphalomesenteric 
duct. In children, bleeding from this structure accounts for a small pro- 
portion of cases of iron-deficiency anemia.” 

Genitourinary Tract Heavy menstrual bleeding” is a very com- 
mon cause of iron deficiency. The amount of blood lost with menstrua- 
tion™ varies markedly from one woman to another and is often difficult 
to evaluate by questioning the patient. The average menstrual blood loss 
is approximately 40 mL per cycle. Blood loss exceeds 80 mL (equivalent 
to approximately 30 mg of iron) per cycle in only 10 percent of women. 
The volume of blood lost in the course of one menstrual cycle may be 
as high as 495 mL in apparently healthy, nonanemic women who do not 
regard their menstrual flow to be excessive. The amount of menstrual 
blood lost does not seem to vary markedly from one cycle to another 
for any given individual. Oral contraceptives reduce menstrual blood 
loss, but the use of an intrauterine coil for contraception increases men- 
strual blood loss, especially during the first year of use. Because the daily 
dietary intake is usually between 10 and 12 mg of iron and only a few 
milligrams of this can be absorbed, iron balance in many menstruating 
women is precarious. 

Excessive bleeding may be caused by uterine fibroids and malig- 
nant neoplasms. Neoplasms, stones, or inflammatory disease of the kid- 
ney, ureter, or bladder may cause enough chronic blood loss to produce 
iron deficiency. 

In the absence of hematuria, urinary iron losses as high as 1 mg/day 
have been reported in rare patients with nephrotic syndrome, some of 
whom had hypoferremia and hypochromic anemia.” We found only 
one report of a patient in whom abnormally high urinary iron loss may 
have caused anemia without proteinuria or hematuria. 

Bleeding Disorders Hemostatic defects, particularly those related 
to abnormal platelet function or number may lead to gastrointestinal 
bleeding, although unless the thrombocytopenia or platelet dysfunction 
is severe, gastrointestinal bleeding usually signifies an abnormality in 
the gastrointestinal tract. Gastrointestinal bleeding is common in von 
Willebrand disease (Chap. 126), but often because of coexistent peptic 
ulcer disease. Polycythemia vera is typically associated with iron defi- 
ciency as a result either of spontaneous gastrointestinal hemorrhage 
that commonly occurs in this disorder, or phlebotomy therapy, or both 
(Chap. 84). 

When a patient with a disorder of hemostasis suffers from gastro- 
intestinal bleeding, one must consider the possibility that the bleeding 
may not be caused by a hemostatic defect alone, but that an anatomic 
lesion of the gastrointestinal tract may also be present. 

Nosocomial (latrogenic) Anemia Iatrogenic anemia is particu- 
larly prevalent in intensive care units* where repetitive blood sampling 
may result in removal of 40 to 70 mL of blood daily, and this iatrogenic 
phlebotomy can result in iron-deficiency anemia. 

The use of extracorporeal dialysis for treatment of chronic renal 
disease may cause iron deficiency,” often superimposed upon the ane- 
mia of chronic renal disease (Chap. 37). Patients treated with chronic 
hemodialysis experience multiple sources of blood loss with the dialysis 
equipment is a major cause, along with gastrointestinal bleeding, blood 
sampling and bleeding related to vascular access. 

Anemia Incident to Blood Donation Each whole-blood dona- 
tion removes approximately 200 mg of iron from the body. Lesser 
amounts of iron are removed in the course of donating platelets or 


Part VI: The Erythrocyte 


leukocytes. Potential donors are screened in blood banks, so that those 
with frank anemia are not phlebotomized. Yet, by the time they are 
excluded from donation, some blood donors are iron depleted?” and 
may readily develop iron-deficiency anemia with relatively small addi- 
tional blood loss. 

Factitious Anemia Factitious anemia as a result of self-inflicted 
bleeding may present a formidable diagnostic and therapeutic prob- 
lem. This rare condition has also been called, in literary allusion to a 
fictitious character, “Lasthénie de Ferjol syndrome” (in Barbey d’Aure- 
villy’s gloomy novel, Une Histoire Sans Nom), or part of Munchausen 
syndrome (based on the Rudolf Raspe book, The Surprising Adventures 
of Baron Münchausen). Most patients are women, and are often 
employed in a medical setting. There is often a history of numerous 
blood transfusions. The anemia is chronic and may be severe. The site of 
induced blood loss is obscure. Hence, patients are subjected to numer- 
ous radiographic and endoscopic examinations, usually to no avail. 
The patients are usually refractory to medical advice and therapy. The 
patients may be depressed and suicidal; some also suffer anorexia ner- 
vosa. Psychiatric care is needed, but often is unsuccessful. Rarely, the 
outcome of self-bleeding may be fatal.” 

Cow’s Milk Anemia Ingestion of whole cows milk may induce 
protein-losing enteropathy and gastrointestinal bleeding in infants,*“* 
probably on the basis of hypersensitivity or allergy. In four such cases 
observed endoscopically, erosive gastritis or gastroduodenitis was 
demonstrated as the probable source of bleeding. At least during the 
first year of life, children should not be given whole bovine milk, either 
raw or pasteurized. More protracted heating, as in preparation of infant 
formulas, eliminates this problem. Intrinsic lesions of the gastrointes- 
tinal tract, such as those listed above, may cause bleeding in infants, as 
well as in older children. 

Respiratory Tract Persistent recurrent hemoptysis may lead to 
iron-deficiency anemia. It may be a result of congenital anomalies of the 
respiratory tract, endobronchial vascular anomalies, chronic infections, 
neoplasms, or valvular heart disease. Severe iron-deficiency anemia is a 
manifestation of idiopathic pulmonary hemosiderosis* and of Good- 
pasture syndrome (progressive glomerulonephritis with intrapulmo- 
nary hemorrhage). In some of these disorders, hemoptysis may not be 
observed, but sufficient amounts of blood-laden sputum may be swal- 
lowed to result in positive tests for occult blood in the stools. Iron defi- 
ciency occurs in a large proportion of patients with cystic fibrosis,“ 
and occurs even in the absence of hemoptysis, suggesting that inflam- 
matory inhibition of dietary iron absorption and iron loss in purulent 
sputum could contribute to the deficiency. 


Pregnancy and Parturition 

Although physiologic decrease in hemoglobin concentration is an 
expected consequence of hemodilution associated with pregnancy, true 
iron deficiency frequently results in more severe anemia. In pregnancy, 
the average iron loss resulting from diversion of iron to the fetus, blood 
loss at delivery (equivalent to an average of 150 to 200 mg of iron), and 
lactation is altogether approximately 900 mg; in terms of iron content, 
this is equivalent to the loss of more than 2 L of blood. Approximately 30 
mg of iron may be expended monthly in lactation. Because most women 
begin pregnancy with low iron reserves, these additional demands 
frequently result in iron-deficiency anemia. Iron depletion has been 
reported in some 85 to 100 percent of pregnant women. Iron-deficient 
mothers are likely to have smaller babies. The incidence of anemia and 
iron deficiency is lower in women who take oral iron supplementation, 
daily or intermittently.*°! In regions with endemic malaria, iron sup- 
plementation may increase the risk of malaria and some recommend 
that it be combined with malarial prophylaxis.” Most experts agree that 
oral iron supplementation during pregnancy is desirable despite side 


effects. Increasing safety and convenience of parenteral iron therapy 
may lead to reevaluation of its role in the prevention and treatment of 
iron-deficiency anemia of pregnancy.” 


Dietary Iron Deficiency 

In infants, iron deficiency is most often a result of the use of unsupple- 
mented milk diets, which contain an inadequate amount of iron. Dur- 
ing the first year of life, the full-term infant requires approximately 160 
mg and the premature infant approximately 240 mg of iron to meet the 
needs of an expanding red cell mass. Approximately 50 mg of this need 
is fulfilled by the destruction of erythrocytes that occurs physiologically 
during the first week of life (Chaps. 7 and 33); the rest must come from 
the diet. Milk products are very poor sources of iron, and prolonged 
breast- or bottle-feeding of infants frequently leads to iron-deficiency 
anemia unless iron supplementation is implemented. This is especially 
true of premature infants. The European Society for Pediatric Gas- 
troenterology, Hepatology, and Nutrition (ESPGHAN) Committee on 
Nutrition urges that all infant formulas be iron-fortified®™; in North 
America, the use of iron-fortified formula is now generally accepted, 
but there is controversy about the appropriate level of fortification.” 
In older children, an iron-poor diet may also contribute to the devel- 
opment of iron-deficiency anemia, particularly during rapid growth 
periods. 

Infants and young women are usually in precarious iron balance, 
their iron intake being less than 80 percent of the recommended daily 
allowance (RDA).® Fortification of bread and cereals with ferrous sul- 
fate or metallic iron is commonplace. This practice was suspended in 
Sweden because of concern for the possibility of increasing iron storage 
in patients with the hemochromatosis genotype, resulting in increased 
incidence of iron-deficiency anemia.” 

The scant iron supply of the American diet places young women 
and children at particular risk of negative iron balance. Because the 
adult male needs to absorb only approximately 1 mg iron daily from his 
diet to maintain normal iron balance, iron deficiency in older men is 
very rarely caused by insufficient dietary intake alone. 


Malabsorption of Iron 
Gastric secretion of hydrochloric acid is often reduced in iron defi- 
ciency.” Histamine-fast achlorhydria has been found in as many as 43 
percent of patients with iron deficiency. Gastric function may improve 
after correction of the iron deficiency, so that iron deficiency may be 
both a cause and a result of impairment of gastric iron secretion. How- 
ever, in persons older than the age of 30 years, the achlorhydria is usu- 
ally irreversible. Furthermore, when atrophic gastritis coexists with iron 
deficiency, no improvement in gastric secretory function has followed 
iron therapy. Autoimmune gastritis, which is often associated with H. 
pylori infection," may play an important role in both iron-deficiency 
anemia and, in later life, in the development of pernicious anemia. 
Intestinal malabsorption of iron is quite an uncommon cause of 
iron deficiency except after gastrointestinal surgery and in malabsorp- 
tion syndromes. Ten to 34 percent of patients who have undergone 
subtotal gastric resection develop iron-deficiency anemia years later. 
Many such patients have impaired absorption of food iron, caused in 
part by more rapid gastrojejunal transit and in part by partially digested 
food bypassing some of the duodenum as a result of the location of the 
anastomosis. Fortunately, medicinal iron is well absorbed in post-partial 
gastrectomy patients. Moreover, gastrointestinal blood loss may also 
play an important role in anemia following gastric resection (see “Gas- 
trointestinal Blood Loss” earlier). In malabsorption syndromes, absorp- 
tion of iron may be so limited that iron-deficiency anemia develops over 
a period of years. Celiac disease, whether overt or occult, may be asso- 
ciated with iron-deficiency anemia. 14155960 


Intravascular Hemolysis and Hemoglobinuria 

Iron-deficiency anemia may occur in paroxysmal nocturnal hemo- 
globinuria (Chap. 40) and in hemolysis resulting from mechanical 
erythrocyte trauma from intracardiac myxomas, valvular prostheses 
(particularly if malfunctioning), or patches (Chaps. 33 and 51). In these 
disorders, up to 10 mg/day of iron is lost in the urine as hemosiderin 
and ferritin in desquamated tubular cells and as hemoglobin dimers, an 
amount sufficient to cause systemic iron deficiency.°"? 

Iron deficiency occurs frequently in athletes engaged in a variety 
of sports (Chaps. 33 and 51), especially female athletes. There may be 
mild anemia. Increased intravascular hemolysis, presumably with some 
renal loss of iron, may play a role, but gastrointestinal blood loss has also 
been demonstrated in persons engaged in strenuous athletic pursuits. 
Hemoglobinuria and hemosiderinuria are also seen in competitive and 
recreational runners, that is, march hemoglobinuria (Chaps. 33 and 51). 
Strenuous exercise also elicits a rise in serum interleukin (IL)-6 and 
hepcidin, and this could decrease dietary iron absorption.® 

Women soldiers undergoing basic training experience iron deple- 
tion as determined by serum ferritin measurements, and this can be 
partially reversed by iron supplementation.” The etiology may be simi- 
lar to the iron deficiency seen in athletes. 


Genetic Factors 

Based on twin studies,® genetic factors play a role in iron deficiency. 
Mutations in multiple genes, including HFE and transferrin, show weak 
associations with iron stores but only mutations of the membrane ser- 
ine protease Tmprss6® have been identified in genome-wide association 
studies as genetic factors that cause or predispose to iron deficiency. The 
genetic syndrome of iron-refractory iron deficiency anemia is mediated 
by inappropriately increased hepcidin as a result of homozygous or 
compound heterozygous mutations in Tmprss6.°® Increased hepcidin 
diminishes iron absorption and causes inappropriate retention of avail- 
able iron in splenic macrophages and Kupffer cells. 


PATHOGENESIS 


As iron deficiency develops, different compartments are depleted in iron 
in an overlapping sequence, as illustrated schematically in Fig. 43-1. 


lron-Containing Proteins 

As the body becomes depleted of iron, changes occur in many tissues. 
Hemosiderin and ferritin virtually disappear from marrow and other 
storage sites. Hemoglobin synthesis in the marrow decreases, first as 
a result of fewer erythroblasts,” but eventually also per erythroblast if 
iron deficiency becomes more severe, resulting in hemoglobin-deficient 
erythrocytes. The concentration of many other iron-containing proteins 
is affected, often in an organ-specific manner.” Studies in laboratory 
animals on defined iron-deficient diets are most informative about this 
process, because human iron deficiency is often confounded by other 
forms of malnutrition. In such models of severe (pure) iron deficiency, 
skeletal muscle myoglobin is mildly depleted but cardiac myoglobin is 
not. Cytochromes and other mitochondrial ferroproteins are depleted 
but selectively so. Since these classical studies were performed, it has 
become apparent that the synthesis of many ferroproteins is regulated 
in an iron-dependent manner, mainly via the iron-responsive element 
(IRE)/iron-regulatory protein (IRP) system (Chap. 42). The changes in 
iron-containing proteins may thus be adaptive,” to allow the survival of 
the organism until more iron becomes available. 


Muscular Function and Exercise Tolerance 
Decrements in high-intensity exercise performance can be detected 
even during nonanemic iron deficiency,* and worsen with increasing 
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Figure 43-1. Stages in the development of iron deficiency. Early iron 
deficiency (iron depletion) is usually not accompanied by any abnormali- 
ties in blood; at this stage, serum iron concentration is occasionally below 
normal values and storage iron is markedly depleted. As iron deficiency 
progresses, development of anemia precedes appearance of morpho- 
logic changes in blood, although some cells may be smaller and paler than 
normal; serum iron concentration is usually low at this time, but it may be 
normal. With advanced iron depletion, classic changes of hypochromic, 
microcytic, hypoferremic anemia become manifest. (Reproduced with 
permission from Lichtman's Atlas of Hematology, www.accessmedicine.com,) 


anemia.” The limitation of high-level exercise by oxygen delivery, and, 
therefore, hemoglobin content of blood, is well known, and has given 
rise to surreptitious blood doping and erythropoietin abuse by some 
athletes. The impairment of performance during nonanemic iron defi- 
ciency consists of decreased spontaneous activity (seen in humans and 
in animal models) and decreased ventilatory threshold, that is, the point 
at which ventilation starts increasing more rapidly than oxygen con- 
sumption.” Other deficits that have been reported include decreased 
endurance and increased muscle fatigue. The biochemical basis of the 
deficits associated with nonanemic iron deficiency is not well under- 
stood but is attributed to the depletion of iron-containing mitochon- 
drial proteins that are involved in energy metabolism.” The condition is 
reversible with iron supplementation. 


Neurologic Changes 

Iron deficiency is associated with both developmental abnormalities in 
children and with restless leg syndrome in adults, but in neither case 
has iron deficiency been established as the primary cause.’”*” The sub- 
stantia nigra is a particularly iron-rich region of the brain and contains 
dopaminergic neurons that are suspected of involvement in restless leg 
syndrome. In mouse models of iron deficiency, iron depletion of the sub- 
stantia nigra is highly strain-dependent,” suggesting that iron deficiency 
and as yet incompletely characterized genetic variations may cooperate 
in the pathogenesis of restless leg syndrome by allowing the depletion of 
iron from susceptible brain regions involved in dopaminergic signaling.” 


Host Defense and Inflammation 

In multiple publications, iron deficiency has been reported to impair 
various immune functions, but the effects appear minor and incon- 
sistent.” Perhaps surprisingly, the evidence for a narrowly protective 
and proinflammatory effect of iron deficiency appears stronger. Iron 
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deficiency decreases the risk and severity of malaria,’ and iron sup- 
plementation may have the opposite effect, especially when not targeted 
to patients with iron deficiency.” The mechanism of this effect is of 
great interest but not yet well understood.* There are some indications 
that iron deficiency may have a proinflammatory effect. In a mouse 
model, iron deficiency potentiated the systemic effect of lipopolysac- 
charide in a hepcidin-dependent manner," and in a mouse model of 
asthma, iron deficiency promoted allergic inflammation." 


Growth and Metabolism 

Iron-deficient children have been reported to suffer from growth retar- 
dation but it is difficult to isolate the effect of iron deficiency from other 
nutritional and environmental causes of stunting. Two comprehensive 
analyses of randomized controlled trials did not detect an effect on 
growth of iron supplementation alone.***” Decreased thermoregulation 
in response to cold exposure is seen in both humans and laboratory 
models. It has been attributed to the conflicting effects on blood flow 
of decreased oxygen content of blood and need to minimize heat loss, as 
well as the effect of iron deficiency on thyroid function. 


Histologic Findings 
Severe iron deficiency may lead to histologic changes in various organs. 
‘The rapidly proliferating cells of the upper part of the alimentary tract 
seem particularly susceptible to the effect of iron deficiency. There may 
be atrophy of the mucosa of the tongue and esophagus,” stomach,” and 
small intestine.” The epithelium of the lateral margins of the tongue is 
reduced in thickness despite increase in the progenitor compartment. 
This thinning presumably reflects accelerated exfoliation of epithelial 
cells. Buccal mucosa has shown thinning and keratinization of epi- 
thelium and increased mitotic activity.” However, light microscopic 
and electron microscopic examination of exfoliated oral mucosal cells 
showed no aberrations in morphology of nuclei or cytoplasm of the 
cells of patients with iron-deficiency anemia.” In iron-deficiency ane- 
mia resulting from idiopathic pulmonary hemosiderosis, characteristic 
pathologic changes are found in the lungs, including intense deposition 
of iron in the littoral cells of the alveoli and interstitial fibrosis.“ 
Widening of diploic spaces of bones, particularly those of the 
skull and hands,’*** may be a consequence of chronic iron deficiency 
beginning in infancy. In the skull, this is of the same character as in tha- 
lassemia, except that in B-thalassemia major there is maxillary hyper- 
trophy, whereas in severe iron-deficiency anemia maxillary growth and 
pneumatization are normal. 


CLINICAL FEATURES 


Clinical Manifestations of Anemia 

The anemia in iron-deficient patients can be very severe, with blood 
hemoglobin levels as low as less than 4 g/dL being encountered in some 
patients. Severe iron-deficiency anemia is associated with all of the 
various symptoms of anemia, resulting from hypoxia and the body’s 
response to hypoxia, as described in Chap. 32. Thus, tachycardia with 
palpitations and pounding in the ears, headache, light-headedness, and 
even angina pectoris, may all occur in patients who are severely anemic. 


Clinical Manifestations That May Be Unrelated to Anemia 
The clinical features of iron deficiency encompass nonhematologic effects 
and symptoms caused by the anemia itself. A number of controlled stud- 
ies show that various manifestations of iron deficiency can occur in indi- 
viduals whose hemoglobin is within the accepted normal range. 
Decreased Work Performance Objective measurements of work 
performance and studies using O, consumption as an index of work per- 
formance have given contradictory results, but a comprehensive review 
led to the conclusion that severe iron-deficiency anemia (hemoglobin 


<8 g/dL) and mild iron deficiency anemia (hemoglobin between 8 and 
12 g/dL) led to decreased work performance, primarily as estimated by 
peak oxygen consumption (VO,max) measurements, but the evidence 
that nonanemic iron deficiency had such an effect was less convincing.” 
However, in athletes with low ferritin levels but normal hemoglobin lev- 
els, iron-supplemented subjects showed an increased VO,max without 
a change in their red cell mass, and in other studies nonanemic subjects 
treated with iron showed improved performance and/or VO,max.® 

Infant and Childhood Development It has been proposed that 
iron deficiency in infants and children is associated with poor attention 
span, poor response to sensory stimuli, and retarded behavioral and 
developmental achievement even in the absence of anemia. The causality 
of these associations is confounded by other coexisting nutritional def- 
icits and socioeconomic deprivation, so reversibility by iron supple- 
mentation would be important in establishing causality. However, in 
systematic meta-analyses, iron supplementation had weak or no effects 
on these deficits.®®100-102 

Hyperactivity Syndromes It has been speculated that there is a 
relationship between restless legs syndrome, Tourette syndrome, and 
attention deficit hyperactivity disorder and that iron deficiency con- 
tributes to their pathophysiology. Restless legs syndrome, a common 
nocturnal problem, especially in the elderly, is associated with iron 
deficiency and is reported to improve on iron therapy, but the bene- 
ficial effects are inconsistent and not well predicted by blood ferritin 
or transferrin saturation.”*'*'™ In children there may be a relationship 
between iron deficiency and attention deficit hyperactivity disorder, but 
the association is inconsistent." 

Other Neurologic Symptoms Breath holding in children, head- 
aches, and paresthesias have been attributed to iron deficiency but 
there are no controlled studies to support these impressions. Anecdotal 
reports of intracranial hypertension with papilledema are buttressed by 
apparent response to iron therapy.'*'” Stroke in children and in adults, 
possibly triggered by thrombocytosis, is associated with iron-deficiency 
anemia.!!0"1"4 

Oral and Nasopharyngeal Symptoms Burning of the tongue has 
also been described anecdotally in many accounts of iron deficiency, 
and although this symptom has been observed to diminish with treat- 
ment, no controlled studies have been performed. The tongue symp- 
toms could be a result of concurrent pyridoxine deficiency. Although 
iron deficiency has been proposed as a cause of atrophic rhinitis, the 
evidence for this is weak. 

Dysphagia In the laryngopharynx, mucosal atrophy may lead to 
web formation in the postcricoid region, thereby giving rise to dys- 
phagia (Paterson-Kelly also known as Plummer-Vinson syndrome). 
If these alterations are of long duration, they may lead to pharyngeal 
carcinoma. Although it has been generally thought that these changes 
are secondary to longstanding iron deficiency, this mechanism is not 
universally accepted. The frequency of the condition is considered to 
have decreased considerably, and it is remarkably rare in many parts of 
the world where iron deficiency is common. 

Pica The craving to eat unusual substances, for example, dirt, clay, 
ice, laundry starch, salt, cardboard, and hair, is a well-documented 
manifestation of iron deficiency and is usually cured promptly by iron 
therapy.''°1” 

Hair Loss Although the association of hair loss with iron defi- 
ciency is controversial,” low ferritin levels were a risk factor for hair 
loss in a large multivariate analysis." Remarkably, hair loss sparing the 
face (“mask mouse”) is a sign of iron deficiency in mice.'” 


Physical Findings 
The physical findings in iron-deficiency anemia include pallor, glossi- 
tis (smooth, red tongue), stomatitis, and angular cheilitis. Koilonychia 


(spoon nails), once a common finding, is now encountered rarely. Reti- 
nal hemorrhages and exudates may be seen in severely anemic patients 
(e.g., hemoglobin concentration of <5 g/dL). Splenomegaly has occa- 
sionally been attributed to iron-deficiency anemia, but when it occurs, 
it is probably from other causes. 


LABORATORY FEATURES 


In severe, uncomplicated iron-deficiency anemia, the erythrocytes are 
hypochromic and microcytic; the plasma iron concentration is dimin- 
ished; the iron-binding capacity is increased; the serum ferritin con- 
centration is low; the serum transferrin receptor (TfR) and erythrocyte 
zinc protoporphyrin concentrations are increased; and the marrow is 
depleted of stainable iron. However, the classic combination of labora- 
tory findings occurs consistently only when iron-deficiency anemia is 
far advanced, when there are no complicating factors such as infection 
or malignant neoplasms, and when there has not been previous therapy 
with transfusions or parenteral iron. 


Blood Cells 

Erythrocytes Anisocytosis is the earliest recognizable morphologic 
change of erythrocytes in iron-deficiency anemia (Fig. 43-2). The 
anisocytosis is typically accompanied by mild ovalocytosis. As the iron 
deficiency worsens, a mild normochromic, normocytic anemia often 
develops. With further progression, hemoglobin concentration, ery- 
throcyte count, mean corpuscular volume (MCV), and mean erythro- 
cyte hemoglobin content all decline together. "+! As the indices change 
the erythrocytes appear microcytic and hypochromic on stained blood 
films. Target cells may sometimes be present. Elongated hypochromic 
elliptocytes may be seen, in which the long sides are nearly parallel. 
Such cells have been called “pencil cells, although they more nearly 
resemble cigars in shape. The red cell indices are consistently abnormal 
in adults only when iron-deficiency anemia is moderate or severe (e.g., 
in males with hemoglobin concentrations <12 g/dL or in women with 
hemoglobin concentrations <10 g/dL) (Fig. 43-3). The distribution of 
erythrocyte volume (e.g., red cell distribution width [RDW]) is usually 
increased in established iron-deficiency anemia. The RDW is reported 
often as the coefficient of variation (in percent) of erythrocyte volume 
(see “Differential Diagnosis” below). 

Leukocytes Leukopenia has been found in some patients with 
iron-deficiency anemia, but the overall distribution of leukocyte counts 
in iron-deficient patients seems to be approximately normal. 

Platelets Both thrombocytopenia’® and, more commonly, 
thrombocytosis'”” have been associated with iron deficiency. Platelet 
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abnormalities correct with iron therapy. Thrombotic complications of 
iron deficiency have been reported but are very rare.’ The etiology 
of either abnormality is not known. Low-iron-diet-induced iron-de- 
ficiency anemia developed in a rat model within 2 weeks, and this 
was accompanied by sustained 50 percent increase in platelet count 
with increased platelet size but without significant changes in known 
megakaryocyte growth factors (thrombopoietin, IL-6 or IL-11). It has 
been suggested that high erythropoietin levels may stimulate thrombo- 
poietin receptors because the two hematopoietic factors are structurally 
related, but this does not seem to be the case.'” 

Reticulocytes Reticulocyte count is often mildly increased, a 
finding consistent with the increased erythroid activity of the marrow 
(see “Marrow” below). 


Marrow 

Because most of the iron in the body is normally in erythrocytes, and 
iron is not excreted, decrease in erythrocyte mass generally results in 
increased storage iron. Iron-deficiency anemia is the exception, as iron 
stores are depleted before the red cell mass is compromised. Thus, evalua- 
tion of iron stores should be a sensitive and usually reliable means for the 
differentiation between iron-deficiency anemia and all other anemias. 
Decreased or absent hemosiderin in the marrow is characteristic of iron 
deficiency, and is readily evaluated after staining by the simple Prussian 
blue method. Stored iron in the macrophages of the marrow can be seen 
in marrow spicules in marrow sections, or in marrow aspirate films. Iron 
granules, normally found in the cytoplasm of approximately 30 percent 
of erythroblasts, become rare but may not be entirely absent. 

Evaluation of the amount of iron in marrow macrophages has long 
been considered the “gold standard” for the diagnosis of iron deficiency. 
There are, however, technical barriers to the accurate histochemical 
determination of marrow iron. First, an invasive procedure, marrow 
aspiration, is required. Second, the differentiation of iron within mac- 
rophages from artifacts takes experience and skill. In one study only 
74 of 108 cases had been accurately reported.'*' Moreover, misleading 
results may be obtained in patients who have been transfused or who 
have been treated with parenteral iron.'” The marrow of such patients 
may contain normal, or even increased, quantities of stainable iron 
in the face of typical iron-responsive iron-deficiency anemia. In such 
patients, iron that is seen on marrow examination is not readily avail- 
able for erythropoiesis. As serum markers of iron deficiency became 
widely available, the reasons for the primacy of marrow iron estimation 
have been questioned.” 


c 


Figure 43-2. Variability in morphologic diagnosis of iron-deficiency anemia from blood film. As in all deficiency states leading to anemia, the blood 
film morphology and blood cell changes are a function of the severity of the deficiency. A. Normal blood film. Normocytic-normochromic red cells 
with normal shape. B. Mild iron deficiency. Serum iron, ferritin, and transferring saturation were consistent with mild iron deficiency. Cannot discern if 
mean red cell size has decreased. There may be a few red cells that have larger central pallor, but that is arguable. A few cells have oval or elliptical shape. 
C. Severe iron deficiency. Serum iron, ferritin, and transferring saturation were consistent with severe iron deficiency. Note obvious increase in overtly 
hypochromic cells and higher frequency of microcytes. (Reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 
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Figure 43-3. Erythrocyte indices in iron-deficiency anemia of 
adults; data obtained with Coulter Counter, Model S. Normal ranges 
of indices observed in approximately 500 healthy adults using the 
same instrument are indicated by shading. The dashed line in the top 
panel indicates the more widely accepted lower normal limit of mean 
corpuscular hemoglobin concentrations (MCHCs) stated in this text. 
(Top) Correlation between venous blood hemoglobin concentration 
and MCHC. More than half of 62 patients with iron-deficiency ane- 
mia had MCHC values clearly in the normal range. (Bottom) Correla- 
ion between venous blood hemoglobin concentrations and mean 
corpuscular volume (MCV). Nearly 70 percent of cases exhibited dis- 
inct microcytosis. Thus when indices are determined by automated 
cell-counting methods, the MCV is much more sensitive than is the 
CHC in detecting changes of iron deficiency. However, at least 
30 percent of cases of iron-deficiency anemia will be misdiagnosed if 
physicians rely on the erythrocyte indices. (Data from Klee GG: Decision 
Rules for Accelerated Hematology Laboratory Investigation: Thesis, 
University of Minnesota.) 


Serum Iron Concentration 

The serum iron concentration is usually low in untreated iron-defi- 
ciency anemia, but may rarely be normal.’**"**!* Iron in blood plasma 
turns over every few hours and constitutes less than 0.1 percent of total 
body iron in adults, so iron concentrations are readily perturbed by 
transient changes in iron supply or demand. Physiologically, the serum 


iron concentration has a diurnal rhythm; it decreases in late afternoon 
and evening, reaching a nadir near 9 pM and increases to its maximum 
between 7 and 10 am. This effect is rarely of sufficient magnitude to 
influence diagnosis.” Serum iron levels decrease at about the time of 
menstrual bleeding" regardless of whether the bleeding is physio- 
logic or induced by withdrawal of contraceptive hormonal preparations. 

Importantly, the serum iron concentration is reduced in the presence 
of either acute or chronic inflammatory processes™ or malignancy” 
and following acute myocardial infarction." The serum iron concen- 
tration under these circumstances may be decreased sufficiently to sug- 
gest iron deficiency. Conversely, during chemotherapy of malignancy, 
the serum iron concentration may be quite elevated, as cytotoxic effects 
of the drugs on erythroblasts inhibit erythropoiesis and related iron 
uptake by erythroblasts. This effect is observed from the third to the 
seventh day after inception of chemotherapy of a variety of tumors.'* 

Normal or high concentrations of serum iron are commonly 
observed even in patients with iron-deficiency anemia if such patients 
receive iron medication before blood is drawn for these measurements. 
Even multivitamin preparations, which commonly contain approxi- 
mately 18 mg of elemental iron per tablet, can result in this effect. Oral 
iron medication should be withheld for 24 hours before blood samples 
are obtained. Parenteral injection of iron dextran may result in a very 
high serum iron concentration (e.g., 500 to 1000 mcg/dL), at least with 
some methods,’ for several weeks. The elevation of serum iron lev- 
els after infusion of sodium ferric gluconate or iron sucrose is of much 
shorter duration.'® 


lron-Binding Capacity and Transferrin Saturation 

The iron-binding capacity is a measure of the amount of transferrin in 
circulating blood. Normally, there is enough transferrin present in 100 
mL serum to bind 4.4 to 8.0 umol (250 to 450 mcg) of iron; because 
the normal serum iron concentration is approximately 1.8 wmol/dL 
(100 mcg/dL), transferrin may be found to be approximately one-third 
saturated with iron. The unsaturated or latent iron-binding capacity 
(UIBC) is easily measured with radioactive iron or by spectrophotometric 
techniques. The sum of the UIBC and the plasma iron represents total 
iron-binding capacity (TIBC). TIBC can also be measured directly. 
In iron-deficiency anemia, UIBC and TIBC are often increased and 
serum iron concentrations are decreased so that transferrin satura- 
tion of 15 percent or less is usually found. Because transferrin concen- 
tration and TIBC are decreased during inflammation, a normal value 
for transferrin saturation often accompanies a low serum iron concen- 
tration in the anemia of chronic inflammation. 


Serum Ferritin 

Serum ferritin, secreted mainly by macrophages'* and hepatocytes, 
contains relatively little iron, yet serum ferritin concentration empiri- 
cally correlates with total-body iron stores,” for reasons that are still 
obscure. Serum ferritin concentrations of 10 mcg/L or less are charac- 
teristic of iron-deficiency anemia. In iron deficiency without anemia, 
serum ferritin concentration is typically in the range of 10 to 20 mcg/L. 
An increase in serum ferritin concentration occurs in inflammatory 
disorders, such as rheumatoid arthritis, in chronic renal disease, and in 
malignancies.’ When one of these conditions coexists with iron defi- 
ciency, as they often do, the serum ferritin concentration is commonly 
in the normal range; interpretation of results of this assay then becomes 
difficult. In patients with rheumatoid arthritis who are anemic, some 
suggest that concomitant iron deficiency may be suspected when the 
serum ferritin concentration is less than 60 mcg/L,'” but such empiric 
guidelines are unlikely to apply to the full spectrum of severity of inflam- 
mation. Increased serum ferritin concentrations are also characteristic 


146 


of some malignancies, as well as of acute and chronic liver disease and 
chronic renal failure. In Gaucher disease, juvenile rheumatoid 
arthritis, and various macrophage activation syndromes, and in ferro- 
portin disease characterized by massive iron loading of macrophages, 
the serum ferritin concentration is commonly in the range of thousands 


of mcg/L and may mask iron deficiency.'**7* 


Erythrocyte Zinc Protoporphyrin 

Erythrocyte protoporphyrin, principally zinc protoporphyrin, is 
increased in disorders of heme synthesis, including iron deficiency, lead 
poisoning, and sideroblastic anemias, as well as other conditions.'°*'*! 
This assay analyzes the fluorescence of erythrocytes and uses small 
blood samples. It is quite sensitive in the diagnosis of iron deficiency 
and practical for large-scale screening programs designed to identify 
children with either iron deficiency or lead poisoning.*" It does not 
differentiate between iron deficiency and anemia that accompanies 
inflammatory or malignant processes.'” 


Serum Transferrin Receptor 

The role of TfR in transporting transferrin iron into cells is described 
in Chap. 42 section “Transport of Iron’. The circulating receptor is a 
truncated form of the cellular receptor, lacking the transmembrane 
and cytoplasmic domains of the cellular receptor. It circulates bound 
to transferrin. Sensitive immunologic methods can detect approxi- 
mately 5 mg/L of receptor in serum. The levels of circulating TfR mir- 
ror the amount of cellular receptor, and therefore are proportional to 
the number of erythroblasts expressing the receptor. Because recep- 
tor synthesis is greatly increased when cells lack iron, the amount of 
the circulating receptor increases in iron deficiency.’*'“ In anemia 
of inflammation, the synthesis of the TfR is suppressed by cytokines 
and this negates the opposing stimulatory effect of iron restriction, 
resulting in a lower serum TfR concentration than in pure iron defi- 
ciency.'® This test for iron deficiency has gradually come into clinical 
use, but the methodology has not yet been standardized, making lab- 
oratory-to-laboratory comparisons difficult. A method for performing 
reproducible assays for the soluble TfR has been standardized.'® Like 
the serum ferritin and serum iron, serum TfR assay results may be 
confounded by poorly understood variations in patients with malig- 
nancies; in patients in whom the serum TfR concentration is reduced; 
and in patients with asymptomatic malaria or thalassemia trait,'°'%* 
in whom, in the absence of iron deficiency, it is increased. The ratio 
of serum TfR to serum ferritin seems to be a useful but not infallible 
reflection of body iron stores. Moreover, several studies show that 
the soluble transferrin index calculated as a ratio of the serum TfR/log 
ferritin (TfR-F Index) may be superior to other means for detection of 
iron deficiency.” °- 


Reticulocyte Hemoglobin Content and Other 

Novel Erythrocyte Indices 

Some automated hematology instruments offer a method for diagnosis 
of iron deficiency using an assay of hemoglobin content within reticu- 
locytes. This parameter is an indicator of iron restriction of hemoglobin 
synthesis during 3 to 4 days prior to the test.'”!”4 Percent hypochromic 
erythrocytes offers a longer term assessment of iron restriction during 
the preceding few months. 75 


DIFFERENTIAL DIAGNOSIS 


Iron-deficiency anemia is characterized by many abnormal laboratory 
features. Because none of these are unique, a small deviation from 
normal will detect most cases of iron deficiency (high sensitivity), but 
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Figure 43-4. Two receiver operator curves. As the specificity increases 
the sensitivity decreases. The receiver-operator properties of serum fer- 
ritin are far from ideal. When the specificity is high (to the /eft on the 
abscissa) the sensitivity is low; only when the specificity is low is the sen- 
sitivity adequate. The curve that would be obtained with a nearly ideal 
test for iron deficiency gives high specificity and high sensitivity. In the 
curve shown, a cutoff value could be found that allows one to identify 
75 percent of patients with iron deficiency with a specificity of greater 
than 90 percent. Unfortunately, no such test exists. 


also falsely identify non-iron-deficient subjects as being iron deficient 
(low specificity). On the other hand, a large deviation from normal will 
exclude most nondeficient patients (high specificity), but miss many 
iron-deficient subjects (low sensitivity). This tradeoff is shown graph- 
ically in so-called receiver operator characteristic curves. These curves 
are constructed by plotting the sensitivity against the false-positive rate 
(1 — specificity) at various values of the analyte. Figure 43-4 shows 
receiver operator characteristic curve for some tests for iron deficiency. 
The situation is complicated in the case of iron deficiency by the fact 
that the diagnostic problem faced by the physician is not one of differ- 
entiating a patient with iron-deficiency anemia from a normal person, 
but rather from a patient who has an anemia with a different etiology. 
It is partly for this reason that a simple algorithm for the diagnosis of 
iron deficiency does not exist. In a severely anemic patient, microcy- 
tosis would have very high specificity and high sensitivity compared 
to normal, but compared to a patient with thalassemia the specificity 
would be very low. Similarly, a low serum ferritin level is an excellent 
test in the general population, but it has relatively little value in patients 
with chronic renal disease. Another problem that is inherent in evalu- 
ating diagnostic tests for iron deficiency is the standard that is applied 
to decide who is iron deficient and who is not. Marrow iron has served 
as one “gold standard” but has limitations, as discussed earlier (see 
“Marrow” earlier). Alternatively, the response to iron therapy serves 
as a powerful indicator of whose anemia is actually a result of a defi- 
ciency of iron. Here, too, there are limitations, in that some iron-defi- 
cient patients may fail to respond adequately because of factors such as 
infection. Lacking an absolute test for iron deficiency, the ability of the 
physician to use judgment relevant to the particular patient’s circum- 
stances is of paramount importance. 

The forms of anemia that must be distinguished from iron-defi- 
ciency anemia most frequently include those of thalassemia minor, 
chronic inflammatory disease, malignancy, chronic liver disease, and 
chronic renal disease. It is the microcytic anemias that are most likely 
to be confused with iron deficiency. These include other conditions in 
which hemoglobin synthesis is impaired,'” including thalassemias and 
thalassemia traits, drug- or toxin-induced impairments of heme synthe- 
sis, sideroblastic anemias (Chap. 59), and very rare defects in the deliv- 
ery of iron to erythrocytes or erythrocyte iron uptake and utilization 
(Table 43-2). 
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TABLE 43-2. Microcytic Disorders Other Than Iron 
Deficiency 


Mechanisms Diseases 


Impaired globin chain synthesis 
or highly unstable hemoglobin 


B-Thalassemia or trait, a-thalas- 
semia minima or minor, hemo- 
globin H, hemoglobin E or trait, 
combinations of above 


Drugs or toxins that inhibit 
heme synthesis 


Lead, isoniazid, pyrazinamide, 
sirolimus 


Disorders that impair heme syn-  sideroblastic anemias, ery- 
thesis directly or by decreased thropoietic porphyrias, 

iron delivery to erythroblasts, or atransferrinemia,*°’ aceruloplas- 
decreased uptake or utilization = minemia,?** DMT-1 mutations,” 
of iron by erythroblasts STEAP3 deficiency’ 


DMT, divalent metal transporter; STEAP3, six-transmembrane epithe- 
lial antigen of prostate 3. 


Thalassemia Minor 
In many parts of the world, and in many communities of North America, 
the frequency of -thalassemia minor is second only to that of iron 
deficiency as a cause of hypochromic microcytic anemia (Chap. 48). 
In African Americans, homozygosity for a-thalassemia-2, that is the 
state in which only single a-globin gene is present on each chromo- 
some, is a common cause of microcytosis. Approximately 3 percent of 
African Americans are homozygous for «-thalassemia-2. The condition 
is associated with only a very modest lowering of the blood hemoglo- 
bin level.” Heterozygotes may also have microcytosis, although usu- 
ally they are hematologically normal. Among persons of Mediterranean 
ancestry both a- and f-thalassemia are very prevalent, particularly 
the latter. Among Asians, particularly in those from Southeast Asia, 
$-thalassemia minor, a-thalassemia minor, and hemoglobin E trait, all 
occur frequently. All are characterized by microcytosis, and none can 
be distinguished reliably from the others on the basis of erythrocyte 
morphology or erythrocyte indices alone. In each of these conditions 
there may be only mild to moderate microcytosis without any other 
distinctive changes. However, in the majority of patients with æ- or 
$-thalassemia minor, hemoglobin Lepore trait, and hemoglobin E trait, 
the erythrocyte count is greater than 5 x 10”/L (5,000,000/uL), despite 
low hemoglobin concentration.'’*'” Homozygous hemoglobin E is also 
characterized by marked hypochromia, microcytosis, abundant target 
cells, and elevated erythrocyte count, but usually not by more than min- 
imal anemia (Chap. 49).1”8 

In contrast to the findings in these hemoglobinopathies, ery- 
throcyte counts of 5 x 10'%/L (5,000,000/uL) or higher are relatively 
uncommon among adults with iron-deficiency anemia.'*” However, 
erythrocytosis may be seen in children with iron-deficiency anemia or 
in polycythemia vera patients who have become iron deficient following 
hemorrhage or therapeutic phlebotomy. Consequently, while the mean 
MCV is almost always reduced in a- or $-thalassemia minor and in 
homozygous hemoglobin E, with values of 60 to 70 fL being the rule, 
values this low are seen only in severe iron-deficiency anemia. In hemo- 
globin Lepore trait and hemoglobin E trait, only minimal microcytosis 
is observed.'*"”'*! Algorithmic rules based on red cell counts, MCV 
or RDW are not sufficiently reliable for distinguishing iron deficiency 
from thalassemia in populations with high prevalence of iron deficiency 
compared to thalassemias. 

Mild reticulocytosis, polychromatophilia, and basophilic stippling are 
more likely to be encountered in $-thalassemia minor, 6f-thalassemia 


minor, and hemoglobin Lepore trait than in iron-deficiency anemia, but 
may be absent in these disorders. The serum iron concentration is 
usually normal or increased in thalassemic syndromes and is usually 
low in iron-deficiency anemia. Similarly, examination of marrow iron 
stores helps to differentiate these disorders. The presence of $-thalas- 
semia trait is substantiated by the demonstration of increased propor- 
tions of hemoglobin A, and F, or by the presence on electrophoresis 
of hemoglobin H or Lepore (Chap. 48). At present, the diagnosis of 
«-thalassemia minor is usually made on the basis of exclusion of other 
causes of microcytosis, but it can be confirmed by direct demonstra- 
tion of mutations in a-globin genes by DNA-based techniques. 

Iron deficiency may mask concurrent thalassemia. The amounts 
of both hemoglobin A, and hemoglobin H are diminished dispropor- 
tionately to the reduction in hemoglobin A in the presence of iron defi- 
ciency” (Chap. 46); however, usually the hemoglobin A, level remains 
above the normal range. 


Anemia of Inflammation (Anemia of Chronic Disease) 

The anemia of inflammation (Chap. 37) is usually normochromic and 
normocytic, but hypochromic microcytic anemia occurs in 20 to 30 
percent of patients with chronic infections or malignancies.’ Thus 
these disorders cannot be distinguished from iron-deficiency anemia 
by examination of the blood film. Furthermore, the serum iron concen- 
tration is usually decreased in these disorders,” sometimes severely. In 
uncomplicated iron deficiency, the TIBC is usually increased, whereas 
in inflammatory and neoplastic diseases it is commonly decreased, but 
there is considerable overlap among TIBC values of normal subjects, 
those with iron-deficiency anemia, and those with chronic inflamma- 
tory diseases. 

Transferrin saturation may be normal in iron-deficiency ane- 
mia, and, conversely, low saturation is sometimes observed in chronic 
inflammation. However, circulating soluble TfRs increase in iron 
deficiency but not in the anemia of inflammation.'’” The serum fer- 
ritin level is usually diminished in iron deficiency, but it is generally 
increased in chronic inflammatory and neoplastic disorders.” Mea- 
surement of the ratio of soluble TfR to ferritin has been found to be 
useful in distinguishing the anemia of chronic inflammation from that 
of iron deficiency,'” but meta-analysis of the relevant clinical stud- 
ies suggested that the ratio may not be better than soluble TfR assay 
alone at discriminating between iron deficiency anemia and anemia of 
inflammation.’ Examination of the marrow for stainable iron is inva- 
sive and requires skilled reading but may be helpful in an occasional 
patient. Iron staining of marrow macrophages is greatly decreased in 
amount or absent in iron deficiency anemia and normal or increased 
in the other disorders. Low serum hepcidin concentrations are charac- 
teristic of iron deficiency and high serum hepcidin indicates anemia of 
inflammation, but this assay is not yet clinically available and its clini- 
cal value is unknown. As would be expected from the inhibitory effect 
of hepcidin on the absorption of iron, high hepcidin levels predict a 
poor response to oral iron therapy™ and low incorporation of dietary 
iron into erythrocytes.'* 


Anemia of Chronic Liver Disease 

The erythrocytes in the blood film from patients with chronic liver 
disease may be normochromic and normocytic, macrocytic, or 
hypochromic. Target cells are frequently present in large numbers. 
Because the blood film in iron-deficiency anemia may also display 
these features, differential diagnosis must be based on other observa- 
tions. Low serum ferritin levels are useful in detecting iron deficiency 
in the setting of cirrhosis,'** but normal or even increased serum fer- 
ritin does not exclude iron deficiency, especially in the presence of 
active liver injury.'*°1*” 


Anemia of Chronic Renal Disease 


Iron deficiency is frequent in patients with chronic renal disease (Chap. 
37). Iron-deficiency anemia is particularly difficult to diagnose in 
patients with chronic renal disease (Chap. 37) where iron delivery to the 
marrow is inadequate because of coexisting inflammation and because 
of increased demands from pulsatile erythropoiesis as a result of ery- 
thropoiesis-stimulating agents. Because the problem is fairly common, 
and perhaps because of interest in identifying those patients who can 
benefit from iron therapy and decreasing their use of erythropoiesis- 
stimulating agents, a large number of studies have been done to deter- 
mine the best way to diagnose iron deficiency in patients undergoing 
extracorporeal dialysis. The diagnostic problem is further complicated 
by the common occurrence of “functional iron deficiency,’ that is, a 
state in which iron stores are adequate but iron delivery to the marrow is 
insufficient to meet the increased kinetic requirements of erythropoie- 
sis stimulated by intermittent use of erythropoietin and related agents. 
If response to intravenous iron therapy is used to diagnose iron defi- 
ciency, even many patients with abnormally high ferritins will be iron 
deficient." High serum ferritins do not preclude a response to IV 
iron, not even in patients with chronic kidney disease who are not on 
hemodialysis.” Although measurements of reticulocyte hemoglobin 
and percent of hypochromic erythrocytes show promise as markers of 
response to iron therapy, there is insufficient evidence that any individ- 
ual biomarker or combination of biomarkers can reliably predict the 
response to iron treatment in chronic kidney disease.” 


Anemia of Hemolytic Disease 

Hemolytic disease can usually be distinguished from iron-deficiency 
anemia on the basis of the blood film. The marked polychromatophilia, 
spherocytosis, schistocytes, Heinz bodies, basophilic stippling, and 
other morphologic features characteristic of various types of hemolysis 
usually are not seen in iron-deficiency anemia. Furthermore, reticulo- 
cytosis is usually marked in hemolytic disorders but minimal or absent 
in iron-deficiency anemia. However, there are some outstanding excep- 
tions to these generally valid principles. 

In unstable hemoglobin disorders, such as hemoglobin H disease 
or hemoglobin Köln disease, erythrocytic hypochromia may be pro- 
nounced. In these disorders, there is moderate reticulocytosis, which 
helps to differentiate them from iron-deficiency anemia. The serum iron 
concentration is normal or increased. Chapter 49 discusses the detec- 
tion of unstable hemoglobins. 

When there is chronic intravascular hemolysis, erythrocytes in the 
blood film may display marked morphologic abnormalities, such as burr 
cells and schizocytes. Yet because of loss of iron in the urine, iron defi- 
ciency may be the dominant cause of the resulting anemia. Evaluation of 
iron content in marrow aspirates or measurement of serum iron concen- 
tration and TIBC may clarify the diagnosis in this form of anemia. 


Hypoplastic and Aplastic Anemia 

In their early phases, these disorders cannot reliably be differentiated 
from mild iron-deficiency anemia on the basis of erythrocyte morphol- 
ogy alone (Chap. 35). The reticulocyte count is generally less than 0.5 
percent in hypoplastic or aplastic anemia. The presence of neutrope- 
nia and thrombocytopenia suggests a diagnosis of aplastic anemia, but 
mild neutropenia may also occur in iron-deficiency anemia. The serum 
iron concentration is usually increased in aplastic anemia; and the per- 
centage transferrin saturation is then elevated. Marrow aspiration may 
produce scant material for cytologic study, and marrow biopsy may be 
necessary. An iron stain usually reveals increased amounts of hemosid- 
erin in aplastic or hypoplastic anemia. However, if chronic bleeding has 
occurred, for example, as a consequence of thrombocytopenia, iron 
stores may be depleted. 
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Sideroblastic Anemia 

In this heterogeneous group of disorders (Chap. 59), the blood findings 
often simulate those of iron-deficiency anemia. Reticulocytosis is usu- 
ally absent, and the serum iron concentration and serum ferritin is gen- 
erally normal or increased. Marrow examination shows characteristic 
ring sideroblasts and increased amounts of stainable iron. 


Congenital Dyserythropoietic Anemia 

In the rare congenital dyserythropoietic anemias (Chap. 39), erythro- 
cyte morphologic abnormalities may resemble those of iron deficiency 
or thalassemia (Chap. 48). In general, in congenital dyserythropoietic 
anemias, poikilocytosis is very striking and occurs with less reduction 
in MCV than in iron deficiency or thalassemias. Often, however, such 
cases are believed to be thalassemic until the marrow is examined. 


Megaloblastic Anemia 

In pernicious anemia and other types of megaloblastic anemia (Chap. 41), 
the blood film usually shows changes sufficiently distinctive that there is 
little difficulty in differential diagnosis. One potential source of error is 
the change in serum iron concentration that occurs after therapy. In the 
patient with pernicious anemia or folic acid deficiency, early after start- 
ing treatment, the serum iron concentration decreases markedly as iron 
is used rapidly for hemoglobin synthesis.’ Thus the finding of a low 
serum iron concentration in such circumstances should not be taken 
as evidence of iron deficiency. Iron-deficiency anemia and anemia as a 
consequence of folic acid or vitamin B,, deficiency may coexist. During 
the course of treatment, with the rapid increase in the number of red 
cells, the typical manifestations of severe iron deficiency may develop. 
The mixture of microcytic-hypochromic and normocytic-normochro- 
mic cells has been called dimorphic anemia (see “Coexisting Microcytic 
Anemia” in Chap. 41). 


Anemia of Hypothyroidism 

The anemia of severe hypothyroidism (myxedema; Chap. 38) is usually 
normochromic and normocytic and may be accompanied by mild-to- 
moderate depression of serum iron concentration. Marrow examina- 
tion may be required to determine whether iron deficiency is present, 
especially as iron deficiency often complicates myxedema because of 
menorrhagia, which is common in this disorder. 


Therapeutic Trial 

In the final analysis, the response to iron therapy is the proof of correct- 
ness of diagnosis of iron-deficiency anemia. Furthermore, some phy- 
sicians or patients may not have access to all the techniques described 
for diagnosis of iron-deficiency anemia. In this event, the patient's 
response to therapy may become a primary diagnostic measure. Iron 
administration in such a therapeutic trial is usually by the oral route, 
but intravenous iron can be used if there is evidence or strong suspicion 
of coexisting inflammation, iron malabsorption, or intolerance of oral 
iron preparations. A therapeutic trial under any circumstances should 
be followed carefully. If the cause of anemia is iron deficiency, adequate 
iron therapy should result in reticulocytosis with a peak occurring after 
1 to 2 weeks of therapy, although if anemia is mild, the reticulocyte 
response may be minimal. A significant increase in the hemoglobin 
concentration of the blood should be evident 3 to 4 weeks later, and 
the hemoglobin concentration should attain a normal value within 2 
to 4 months. Unless there is evidence of continued substantial blood 
loss, the absence of response to oral or, when appropriate, parenteral 
iron must be taken as evidence that iron deficiency is not the cause of 
anemia. Iron therapy should be discontinued and another cause for the 
anemia sought. 
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Special Studies to Delineate the Cause of Iron Deficiency 

The physician who establishes a diagnosis of iron deficiency resulting 
from blood loss has the obligation to determine the site and cause of 
hemorrhage. Examination for fecal occult blood is particularly helpful 
in determining what additional studies should be carried out. Speci- 
mens should be examined on at least 3 days, because bleeding may be 
intermittent. Occasionally, it is helpful to label the patient’s erythrocytes 
with chromium-51 (*'Cr) sodium chromate and to determine quantita- 
tively the amount of blood lost daily. When there is reason to believe that 
bleeding is from the gastrointestinal tract, roentgenographic and other 
imaging studies and endoscopic investigation are indicated. The other 
imaging studies often include gastroscopy, esophagoscopy, colonoscopy, 
and capsule endoscopy, and, rarely, angiography or scintigraphic stud- 
ies. Numerous clinical studies indicate that intensive investigation of 
patients, particularly men and postmenopausal women, reveals unex- 
pected bleeding lesions, many of which are curable or treatable." H. 
pylori infection should be sought, particularly in patients who are iron 
deficient but who do not seem to respond to therapy." An iron stain 
of sputum may reveal hemosiderin-laden macrophages when there is 
intrapulmonary bleeding. 


THERAPY 


Once it has been established that a patient is deficient in iron, replace- 
ment therapy should be instituted. Iron may be administered orally, 
as simple iron salts; parenterally, as an iron-carbohydrate complex; or, 
very rarely, as a blood transfusion. In general, the oral route is preferred, 
but the intravenous route is increasingly used because of the improved 
safety and convenience of new parenteral iron preparations. In most 
patients, iron-deficiency anemia is a disorder of long duration and slow 
progression, and restoration of normal hemoglobin is not urgent unless 
the patient suffers from acute cardiac problems, in which case blood 
transfusion is appropriate. There is usually time to wait for normal 
mechanisms of erythropoiesis to respond to the body’s needs and for 
gradual adjustment of the cardiovascular system to reexpansion of the 
total circulating erythrocyte volume. 


Oral Iron Therapy 

Dietary Therapy The patient should be encouraged to eat a diversi- 
fied diet supplying all nutritional requirements. Nonetheless, it must 
be emphasized that neither meat nor any other dietary article contains 
enough iron to be useful therapeutically. Meat contains small amounts 
of myoglobin and hemoglobin and insignificant amounts of iron in 
other proteins. Although heme iron is better absorbed than inorganic 
iron, the quantity of heme iron in meat is actually quite small. In fact, an 
average (3-ounce) serving of steak provides only about 3 mg of iron, that 
is, the equivalent of only 3 mL of packed erythrocytes. Provision of suf- 
ficient dietary iron to permit a maximal rate or recovery from iron-defi- 
ciency anemia might require a daily intake of at least 10 pounds of steak. 
For these and other reasons, medicinal iron is much superior to dietary 
iron in the therapy of iron deficiency. 

Iron Preparations The pharmaceutical market is glutted with iron 
preparations in nearly every conceivable form; each promoted to appeal 
to physician or patient for one reason or another. The following simple 
principles may help the physician to find a way through this chaos. 


1. Each dose of an inorganic iron preparation for an adult should con- 
tain between 30 and 100 mg of elemental iron. Doses of this magni- 
tude cause unpleasant side effects relatively infrequently.’* Smaller 
doses have been popular in the past, but these may result in a slower 
recovery of the patient or no recovery at all. 

2. The iron should be readily released in acidic or neutral gastric juice 
or duodenal juice (usually pH 5 to 6), because maximal absorption 


occurs when iron is presented to the duodenal mucosa. Enteric- 
coated and prolonged-release preparations dissolve slowly in any 
of these fluids. Thus with such preparations the iron that eventually 
is released may be presented to a portion of the intestinal mucosa 
in which absorption is least efficient. Some patients who have been 
treated unsuccessfully with enteric-coated or prolonged-release 
iron preparations respond promptly to the administration of non- 
enteric-coated ferrous salts. 

3. The iron, once released, should be readily absorbed. Iron is absorbed 
in the ferrous form; consequently, only ferrous salts should be used. 

4. Side effects should be infrequent. This seems not to be a particular 
problem for any of the common commercially available iron com- 
pounds. Despite the claims of pharmaceutical companies, there is no 
convincing evidence that any one effective preparation is superior in 
this respect to any other. 

5. Inexpensive iron preparations can be as effective as the more costly 
ones. The use of preparations containing several therapeutic agents 
is unnecessary and may increase side effects. Physicians should be 
aware that if ferrous sulfate is prescribed generically, the choice of 
preparation is left to the pharmacist who may dispense enteric- 
coated tablets. It is advisable to specify “nonenteric” or to prescribe 
by brand name a product that is not enteric-coated. Although sub- 
stances such as ascorbic acid, succinate, and fructose enhance iron 
absorption, the gain is offset to a large extent by the increase in fre- 
quency of side effects, cost of therapy, or both. There is no convincing 
evidence to support the use of chelated forms of iron or of iron in 
combination with wetting agents. 


Dosage For therapy of iron deficiency in adults, the dosage should 
be sufficient to provide between 150 and 200 mg elemental iron daily. 
The iron may be taken orally in three or four doses 1 hour before meals. 
Infants may be given 6 mg/kg’? daily in divided doses for therapy, or a 
daily dose of 12.5 mg daily for prophylaxis of iron deficiency 

Side Effects Mild gastrointestinal side effects occur occasionally in 
the form of nausea, heartburn, constipation, or changes in the stool con- 
sistency. A metallic taste may be experienced. The majority of patients 
tolerate the usual therapeutic doses of iron without the least side effect. 
However, there is no doubt that some patients, perhaps 10 to 20 percent, 
experience symptoms that may be ascribed to the iron preparation and 
may be dose-dependent. In such cases, reduction of the frequency of 
administration to 1 tablet a day for a few days may alleviate the symp- 
toms; later, the patient may be able to tolerate treatment in full dosage. 
It might also be useful to change to another iron preparation, especially 
one with a different external appearance. 

Carbonyl] iron has been proposed as an alternative to iron salts, 
on the assertion that it can be given in large doses with minimal side 
effects. This substance is actually metallic iron powder, with a parti- 
cle size less than 5 um. Because it is insoluble, it is not absorbed until 
converted to the ionic form. The bioavailability of carbonyl iron has 
been estimated to be approximately 70 percent of that of an equivalent 
amount of ferrous sulfate." Oral doses as high as 600 mg three times 
daily did not produce toxic effects." 

Widespread iron supplementation in regions where malaria 
and gastrointestinal infections are highly endemic is associated with 
increased malaria transmission and childhood mortality, presumably 
from increased infections.” Although there is not yet a consensus on 
optimal strategy in such settings, it seems reasonable to target iron sup- 
plementation to children who are iron-deficient. 

Acute Iron Poisoning Acute iron poisoning is usually a conse- 
quence of the accidental ingestion by infants or small children of iron- 
containing medications intended for use by adults. Any potent oral 
preparation may cause acute iron poisoning, and this serious disor- 
der remains a problem, despite public awareness campaigns and safer 


packaging of medications.'* In the United States, there were nearly 
30,000 reported incidents in 2008. The earliest manifestation of iron 
poisoning is vomiting, usually within 1 hour of the ingestion. There 
may be hematemesis or melena. Restlessness, hypotension, tachypnea, 
and cyanosis may develop soon thereafter, and may be followed within 
a few hours by coma and death but fatal outcomes are now extremely 
rare. Usually, medical aid is sought early and, with proper treatment, 
most iron-poisoned children survive. The initial treatment is prompt 
evacuation of the stomach. In the home, this may be induced by dig- 
ital stimulation of the pharyngeal gag reflex. If the patient arrives in 
the emergency room within minutes of ingestion, gastric intubation 
and lavage should be performed promptly. Whole-bowel irrigation” is 
currently recommended to for all heavy metal intoxications. Supportive 
measures should be used as needed for shock or for metabolic acidosis 
should these develop. IV desferrioxamine is the agent of choice for specific 
therapy of hyperferremia, at a maximum rate of 15 mg/kg per hour for 
1 hour, then lowered to 125 mg/hour. Improvement often appears several 
hours to a few days after onset of iron poisoning. Children who survive 
for 3 or 4 days usually recover without sequelae. However, gastric stric- 
tures and fibrosis or intestinal stenosis may occur as late complications. 


Parenteral Iron Therapy 
Indications As parenteral iron preparations have become safer and eas- 
ier to administer, the use of parenteral iron is increasing. Established 
indications for the use of parenteral rather than oral iron include mal- 
absorption, either because of systemic inflammation or gastrointestinal 
pathology, intolerance to iron taken orally, iron need in excess of an 
amount that can be absorbed in the intestine, and noncompliance. Par- 
enteral iron administration has an erythropoietin-sparing effect in ane- 
mic patients on long-term hemodialysis for chronic renal disease.*>!°? 
Because of systemic inflammation and possibly other factors, these 
patients do not appear to respond adequately to oral iron therapy. 
Calculating Dosage The amount of iron that needs to be given 
is readily estimated by noting that 1 mL of red cells contains approxi- 
mately 1 mg of iron. However, various formulas have been used for esti- 
mating total dose required for treatment. Because total blood volume 
is approximately 65 mL/kg and the iron content of hemoglobin is 0.34 
percent by weight, the simplest formula for estimating the total dose 
required for correction of anemia only is as follows: 


The dose of iron (mg) = Whole-blood hemoglobin deficit (g/dL) 
x Body weight (Ib) 


Assuming normal mean hemoglobin concentration of 16 g/dL, a 
male weighing 170 pounds, whose hemoglobin concentration is 7 g/dL, 
would require 170 x (16 — 7) = 1530 mg iron to correct this anemia. To 
this should be added a sufficient quantity of iron to replete iron stores, 
approximately 1000 mg for men and approximately 600 mg for women. 
Thus a 170-pound male with a hemoglobin concentration of 7 g/dL 
should receive 2530 mg iron. 

Parenteral Iron Preparations Because iron salts are highly toxic 
when given parenterally, all iron preparations consist of colloidal 
(nanoparticulate) complex of iron with carbohydrates. To make the 
iron bioavailable for erythropoiesis and other biologic processes, the 
iron complexes must be ingested by macrophages and digested so that 
the administered iron can be gradually delivered to plasma transferrin. 
Currently available preparations include iron sucrose, low-molecu- 
lar-weight iron dextran, ferric gluconate, ferumoxytol, ferric carboxy- 
maltose, and iron isomaltoside. High-molecular-weight dextran was 
associated with anaphylactoid adverse events compared to the other 
preparations and should therefore be avoided.” The remaining prepara- 
tions are safe and serious adverse events are extremely rare.” Although 
the recommended methods of administration, including the use of test 
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dosing, the amount of iron per infusion, and infusion rates differ among 
the preparations, these are not based on comparative studies. Currently 
available data indicate that the preparations do not significantly differ 
in safety or efficacy. Premedication to prevent allergic responses was 
commonly used with the older preparations but it is neither needed nor 
known to be effective with the newer formulations, and may introduce 
side effects of its own. 


COURSE AND PROGNOSIS 


Course 

If therapy is adequate, the correction of iron-deficiency anemia is usu- 
ally gratifying. Symptoms such as headache, fatigue, pica, paresthesia, 
and burning sensation of the oropharyngeal mucosa may abate within a 
few days. In the blood, the reticulocyte count begins to increase after a 
few days, usually reaches a maximum at approximately 7 to 12 days, and 
thereafter decreases. When anemia is mild, little or no reticulocytosis 
may be observed. Little change in hemoglobin concentration or hema- 
tocrit value is to be expected for the first 2 weeks, but then the anemia 
is corrected rapidly. The hemoglobin concentration in the blood may 
be halfway back to normal after 4 to 5 weeks of therapy. By the end of 2 
months of therapy, and often much sooner, the hemoglobin concentra- 
tion should have reached a normal level. 

When iron-deficiency anemia does not resolve with oral iron treat- 
ment, careful inquiry into the nature, duration, and regularity of iron 
therapy may reveal a reason for the failure of therapy and permit a grati- 
fying response to be elicited with adequate therapy. Other questions that 
should be asked in evaluation of such a case are these: (1) Has bleeding 
been controlled? (2) Has the patient been on iron therapy long enough 
to show a response? (3) Has the dose of iron been adequate? (4) Are 
there other factors—inflammatory disease, neoplastic disease, hepatic 
or renal disease, prior gastrointestinal surgery, concomitant deficiencies 
(vitamin B,., folic acid, thyroid)—that might retard response? Prom- 
inent among these are H. pylori infection, autoimmune gastritis, and 
celiac disease. (5) Is the diagnosis of iron deficiency correct? 

Intravenous iron should be effective in patients with established iron 
deficiency who fail to respond to oral iron after several weeks. Contin- 
ued loss of blood or, rarely, the genetic disorder iron-refractory iron-defi- 
ciency anemia," may account for incomplete response to IV iron. 


Prognosis 

When the cause of the iron deficiency is a benign disorder, the prognosis 
is excellent, provided bleeding is controlled or can be compensated for 
by continual iron therapy. If there is a benign cause of recurrent bleeding 
that is corrected, such as hiatal hernia, menorrhagia, or hereditary hem- 
orrhagic telangiectasia, oral iron therapy may be continued indefinitely; 
if the bleeding is especially brisk, supplementation with parenterally 
administered iron or, rarely, with transfusion may be needed. Contin- 
uous iron administration may also be required in patients with iron 
deficiency secondary to intravascular hemolysis with hemoglobinuria. 


@ IRON STORAGE DISEASE 
DEFINITION AND HISTORY 


The terms iron storage disease and hemochromatosis are used to desig- 
nate an increase of tissue iron resulting in a disease state; hemosiderosis 
denotes an increase of tissue iron stores with or without tissue damage. 
Classically hemochromatosis has been characterized by bronzing of the 
skin, cirrhosis, and diabetes, and was once called bronzed diabetes. Since 
the 1970s, usage of the term hemochromatosis has expanded well beyond 
its original meaning. This diagnosis is now commonly applied to per- 
sons who have increased body iron as suggested by increased serum 
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TABLE 43-3. Classification of Hemochromatosis 


|. Hereditary Hemochromatosis 
A. Classical hemochromatosis (HFE hemochromatosis) (type 1) 
B. Juvenile hemochromatosis (type 2) 
1. Abnormality in hemojuvelin 
2. Abnormality of hepcidin 
C. Transferrin receptor-2 deficiency (type 3) 
D. Ferroportin abnormalities (type 4) 
1. Gain of function (systemic iron overload) 
2. Loss of function (macrophage iron overload) 
E. Ferritin H-chain iron-responsive element mutation 
F. African iron overload 
ll. Secondary Hemochromatosis 


ferritin levels, and even to those who merely have the hemochromatosis 
HFE genotype, regardless of the level of their iron stores. 

Hemochromatosis may be divided into genetic forms and acquired 
forms. The former have sometimes been designated as primary and 
the latter as secondary forms. The disorder once designated idiopathic 
hemochromatosis and now as hereditary hemochromatosis usually is 
applied to the common genetic form of the disorder, found principally 
in those of northern European ancestry, and as a result of mutations in 
the HFE gene (type I hemochromatosis). In the United States, this is 
by far the most common form of the disease. Juvenile hemochromatosis 
from hemojuvelin and hepcidin mutations (type 2), hemochromatosis 
as a result of TfR-2 mutations (type 3), hemochromatosis caused by fer- 
roportin mutations (type 4), and African iron overload are much less 
common. Table 43-3 classifies hereditary hemochromatosis. Secondary 
hemochromatosis occurs in patients who receive multiple blood transfu- 
sions, and in patients with ineffective erythropoiesis, even when they do 
not receive transfusions. 

Systemic iron overload and hepatic iron accumulation similar to 
hemochromatosis are also characteristic of atransferrinemia”**” and of 
human divalent metal transporter (DMT)-1 mutations.” A fetal and 
neonatal disorder termed neonatal hemochromatosis is characterized by 
hepatic and extrahepatic iron deposition and fulminant hepatitis caused 
by maternal immune response to fetal antigens.*” 

Iron accumulation in localized sites, particularly the brain, occurs in 
disorders other than hemochromatosis. Increased quantities of brain iron 
are characteristic of a ceruloplasminemia, and are found in Alzheimer 
disease, parkinsonism, Friedreich ataxia, Hallervorden-Spatz syndrome, 
and multiple system atrophy. Because none of these are primarily hema- 
tologic disorders, and because the role of iron deposition in the pathology 
of the disorders is uncertain, they are not discussed further here. 

Hemochromatosis was first described by Trousseau in 1865. The 
massive accumulation of iron that occurred in this disease was recog- 
nized as its hallmark. The ingenious development of serial phlebotomy 
as treatment for the disease suggested by Finch in 1949, and imple- 
mented on a larger scale in 1952,” made it clear that iron accumulation 
was the most important pathogenetic factor. Alcohol consumption and 
other environmental factors were also commonly found in patients with 
hemochromatosis.” The existence of a long-suspected hereditary factor 
was firmly established when the disease was shown tightly linked to the 
human leukocyte antigen (HLA locus). Surprisingly, the gene proved to 
be HFE (initially named HLA-H), one of the many HLA-like genes on 
chromosome 6.7”? 

The identification of the HFE gene made it possible, for the first 
time, to assess accurately the gene frequency and penetrance of the 


HFE mutations. This brought about a fusion of the apparently contrast- 
ing views of genetic and environmental causes. The penetrance of the 
homozygous state is so low that it could be considered an essential risk 
factor that required other genetic or environmental factors for disease 
development.” 


EPIDEMIOLOGY 


The prevalence of mutations of the HFE gene is very high. The most 
significant of these is the c.845 A>G (C282Y) mutation, and with a 
gene frequency of approximately 0.07 in the northern European pop- 
ulation, approximately 5 in 1000 northern Europeans are homozygous 
for the mutation. The C282Y and S65C mutations are almost entirely 
confined to individuals with European ancestry. The H63D mutation is 
more widespread geographically, but is also most common in Europe- 
ans. Within Europe the highest gene frequencies of the C282Y mutation 
are encountered in the southern British Isles and in northern France 
but other northern Europeans, including Scandinavians, also have high 
gene frequencies, consistent with Celtic or possibly Viking origin of the 
mutation.’ 

Although earlier studies attributed nonspecific symptoms in patients 
to hemochromatosis, large controlled series have shown that most such 
symptoms are not present in homozygotes for the C282Y mutation at a 
higher frequency than in controls,- or a borderline increase, at most, 
invariably in groups of patients who were aware of their diagnosis when 
answering questions about symptoms. These findings are consistent with 
the very low prevalence of hemochromatosis reported in autopsy series 
and in hospital surveys. The prevalence of symptomatic clinical hemo- 
chromatosis in northern European populations is probably only approx- 
imately 5 in 100,000 individuals. If patients with abnormal liver function 
tests and/or fibrosis on liver biopsy are included, the number of affected 
may be severalfold higher.’!***! The factors that determine whether a 
patient with the C282Y homozygous genotype develops disease are not 
well understood. The patient’s sex is clearly a modifying factor, with more 
severe manifestations observed in males, as pregnancy and menstrual 
losses tend to ameliorate the disease in women. Other genetic factors 
that might interact with the C282Y homozygous genotype in produc- 
ing clinically significant iron storage disease have been sought, but not 
found, except rare instances in which coinheritance of mutations of the 
hepcidin gene may be responsible. An increased proportion of severely 
affected patients have a large alcohol intake.” 

The widespread perception that classical hereditary hemochro- 
matosis frequently led to clinical disease resulted in enthusiasm for 
population-based screening. However, the cost-to-benefit analysis used 
was based upon the assumptions that life-threatening disease manifes- 
tations will occur in 43 percent of males and in 28 percent of females, 
estimates that were based upon the prevalence of disease in patients, 
most of whom had been diagnosed clinically with hemochromatosis. 
With the realization that the clinical penetrance is much lower, interest 
in screening the general population for hemochromatosis has largely 
disappeared. 

The prevalence of other forms of hemochromatosis, including 
juvenile hemochromatosis, hemochromatosis as a result of ferroportin 
deficiency, and atransferrinemia, is much lower than that the prevalence 
of classical hereditary hemochromatosis. These forms of hemochroma- 
tosis are very rare. 


ETIOLOGY AND PATHOGENESIS 


Toxicity of Iron 
In living organisms, iron associates with proteins to function in oxygen 
storage and transport and in various metabolic reactions as an electron 


donor or electron acceptor. The capacity to catalyze oxidation-reduction 
reactions appears to cause iron-mediated cellular and tissue injury. One 
of the pathways that is considered to be of greatest importance is the 
Haber- Weiss reaction: 


Fe* + H,O, > Fe** + OH- + HO'O, + Fe** > O, + Fe** 
The sum of these two reactions is the Fenton reaction: 
O, + H,O, > O, + OH + HO- 


The hydroxyl radical (HO-) has been implicated in producing 
damage to polysaccharides, DNA, and enzymes, and in causing lipid per- 
oxidation.” Although there is no direct evidence that hydroxyl radical 
generation is the main pathway of tissue damage in hemochromatosis, 
this common conjecture seems reasonable. Demonstrating a dam- 
aging effect of iron alone on experimental animals has been difficult. 
Although in mouse models of genetic, parenteral, or dietary iron over- 
load subtle biochemical defects have been documented, frank cirrhotic 
changes have not been found. In gerbils, parenteral iron overload causes 
hepatic necrosis, fibrosis, and nodular regeneration, as well as cardiac 
damage.” In rats, iron alone does not cause fibrosis, and alcohol alone 
causes only minor liver abnormalities. However, administration of both 
excess iron and alcohol results in fibrosis.””° These findings in rats are 
quite consistent with the strong association that has been demonstrated 
to exist between alcohol ingestion and cirrhosis in patients with the 
hemochromatosis genotype. In a number of species, including birds, 
rhinoceros, tapir, fruit bats, and others, iron overload has been observed 
in zoos or other restricted settings, particularly after a diet other than 
the animal's native diet is fed. 

Iron is stored in ferritin in the cytoplasm of all cells. The multiple 
isoferritins found in human tissues are composed of variable proportions 
of two subunits: L-ferritin (light) and H-ferritin (heavy).”’ Because free 
iron is potentially harmful to the cell, it is sequestered and detoxified 
to the less-soluble ferric form by ferroxidase activity; H-ferritin exerts 
most of its ferroxidase activity in the cytosol. The mitochondrial fer- 
ritin, expressed in the mitochondrial matrix, also has potent ferroxidase 
activity and is markedly upregulated in sideroblastic anemias. 


Causes of Iron Overload 

Because body iron content is maintained by regulating absorption, 
excess body iron can accumulate only when absorption is increased 
above iron requirements, or when iron is injected into the body, either 
in the form of medicinal iron or as transfused erythrocytes. 

Excessive lron Absorption A variety of mutations are known to 
cause increased iron absorption in experimental animals and in man 
(see Table 43-3 for a summary). Mutations in the genes encoding HFE, 
hemojuvelin, TfR-2, ferroportin, and hepcidin are all associated with 
iron overload. The common pathway that causes hyperabsorption of 
iron is deficiency of hepcidin which allows excessive activity of the iron 
exporter ferroportin in the duodenum and in macrophages of the retic- 
uloendothelial system. Normally, hepcidin is upregulated when body 
iron increases. However, this response is blunted or absent in either 
Hfe-, TfR-2-, or Hjv-deficient mice,” or in the human disease,” >! all 
of which exhibit disproportionately low hepcidin levels for the degree 
of iron overload. Although the biochemistry of their interactions is not 
known, there is increasing evidence that HFE, TfR-2, and hemojuvelin 
are part of the signaling pathway that regulates hepcidin expression. In 
autosomal dominant hereditary hemochromatosis (class 4), ferroportin 
mutations interfere with binding of hepcidin to ferroportin*””® or with 
the resulting ferroportin endocytosis. 

Ineffective Erythropoiesis Anemias with ineffective erythropoie- 
sis commonly cause systemic iron overload with damage to the liver, 
heart and the endocrine system. Iron storage disease is particularly 
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common in disorders such as $-thalassemia, hereditary dyserythro- 
poietic anemia, and pyruvate kinase deficiency. The amount of body 
iron may greatly exceed the quantity that can be accounted for through 
blood transfusion, and iron overload is common even in patients who 
are rarely or never transfused. 

The iron overload commonly observed in B-thalassemia interme- 
dia and major patients likely results, at least in part, from suppression of 
the iron-regulatory hormone hepcidin by erythroid factors secreted by 
massively proliferating erythropoietin-stimulated erythroblasts. Candi- 
date erythroid suppressors of hepcidin include growth differentiation 
factor 15 (GDF15)** and erythroferrone.*** GDF15 overexpression was 
also observed in congenital dyserythropoietic anemia.”°*” 

Transfusion or Iron Therapy Iron overload can be iatrogenic in 
origin. Because erythrocytes contain 1 mg of iron per milliliter, trans- 
fusion of 450 mL of whole blood or of 200 mL of red cells adds 200 mg 
of total iron to the body, iron that will not be excreted. Thus, a patient 
who receives 2 units of blood monthly for an anemia that is not a result 
of blood loss will accumulate 4.8 g of iron per year. If the need for trans- 
fusion is occasioned by a disorder in which ineffective erythropoiesis 
plays a prominent role, the accumulation of iron is even greater. Thalas- 
semia is such a circumstance, and iron overload is the most important 
cause of death in patients with this disorder (Chap. 48). 

The homeostatic mechanisms of the body are such that the inap- 
propriate administration of iron by the oral route is very unlikely to 
produce clinically significant iron overload. Of the few cases that have 
been described, all but one were documented before the cloning of the 
HFE gene, raising the possibility that the patients had genetic hemo- 
chromatosis that was accelerated by excess iron intake. Documented 
iron overload after iron injection is even less common and has not been 
accompanied by demonstrable tissue damage. 


Pathology 

Affected tissues and organs exhibit a deep brown color. Histologic 
examination reveals prominent hemosiderin deposition in many tissues 
and organs. 

Liver The liver is often enlarged. After cirrhosis has developed, the 
organ becomes granular or coarsely nodular. In the liver of patients with 
classical hemochromatosis, TfR-2 mutations, and in juvenile hemochro- 
matosis, hemosiderin is found primarily in hepatocytes. Kupffer cells are 
relatively spared. Prior to the development of cirrhosis, the hemosiderin 
accumulates primarily in periportal hepatocytes and is less toward the 
central veins. The iron of cirrhotic livers is mostly in the periphery of 
regenerative nodules. Fibrosis begins periportally, then fibrous septa 
traverse the lobules. Usually, the distortion of the architecture is not as 
severe or as uniform as in alcoholic cirrhosis. The cirrhosis of hemo- 
chromatosis usually has a micronodular appearance. Iron in bile duct 
epithelium has sometimes been considered a specific marker for hemo- 
chromatosis, but is not reliable. The amount of iron in the liver is always 
greatly increased. This is apparent on inspection of sections stained for 
iron with the Prussian blue reaction, and can be quantitated on liver 
biopsy specimens. An iron concentration of more than 300 ymol/g dry 
weight (or about 50 umol/g wet weight) is considered strong evidence 
for hemochromatosis when factors such as transfusions are eliminated 
as the cause. 

In the original description of African iron overload, the liver 
pathology was deemed to be indistinguishable from that of classical 
hemochromatosis, but in newer studies”* it seems that only some of 
the affected patients manifest iron storage, primarily in the hepatocytes; 
some have storage primarily in Kupffer cells. In the case of patients with 
ferroportin mutations that prevent transport of iron, storage of iron 
takes place mostly in the Kupffer cells, and fibrosis seems to be absent; 
ferroportin mutations that prevent interaction with hepcidin, on the 
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other hand, are associated with hepatocytes iron overload, as is seen in 
classical hemochromatosis.” 

Heart Iron accumulates more slowly in the myocardium than in 
the liver, but the heart is more sensitive to its toxic effects. Myocardial 
damage is seen when iron loading is rapid, for example, in $-thalassemic 
patients dying of transfusional iron overload in their 20s and 30s*° 
prior to effective chelation therapy, and in juvenile hemochromatosis 
patients who usually present with iron-induced cardiomyopathy and 
endocrinopathy rather than liver failure.’ The myocardium is thick- 
ened and the heart is often enlarged; arrhythmias and myocardial fail- 
ure follows. Accumulation of cardiac iron is the leading cause of death 
in transfused patients with B-thalassemia major. Patients with transfu- 
sion-dependent anemias, such as congenital dyserythropoietic anemia 
and Diamond-Blackfan syndrome, also develop iron overload-induced 
cardiomyopathy. In transfused patients with myelodysplastic syn- 
dromes, transfusion threshold guidelines of 75 units of blood was sug- 
gested as a risk factor of cardiac iron overload but this is not based on 
firm data. Direct cardiac iron measurement using magnetic resonance 
imaging predicts cardiac complications and can stratify the risk of sub- 
sequent cardiac dysfunction.*” This technique measures the half-life, 
T2*, of cardiac muscle darkening (with respect to echo time) produced 
by magnetically active stored cardiac iron. 

Marrow The quantity of iron in the marrow of patients with classi- 
cal hereditary hemochromatosis is only modestly increased, if increased 
at all. The iron is characteristically distributed into small, equal-size 
granules, and these are located in endothelial lining cells rather than 
in macrophages. Indeed, in classical hereditary hemochromatosis, both 
macrophages’ and intestinal mucosal cells are iron-poor relative to the 
overall iron burden. 


Genetics 

Genetic factors play an important role in the etiology of iron storage 
disease. This is true not only in the primary forms of the disorder, but 
also in secondary hemochromatosis, where genetic disorders of ery- 
thropoiesis are the most common causes. The genetics of these disor- 
ders, including the thalassemias, dyserythropoietic anemias, and red 
cell enzymopathies, are described in Chaps. 39, 47, and 48. Mutations of 
several genes that play an important role in iron homeostasis have been 
found to lead to iron storage disease.” 

HFE Mutations The most common cause of hereditary hemochro- 
matosis is a mutation of the HFE gene. This HLA-like gene resides on 
chromosome 6. Three polymorphic mutations have been identified. 
These are located at nucleotides 187,193, and 845 of the cDNA (com- 
plementary DNA) and at the protein level encode the H63D, S65C, and 
C282Y mutations, respectively. The phenotypic severity of these muta- 
tions on iron homeostasis is manifested in the following order: C282Y 
> H63D > S65C. Hereditary hemochromatosis is essentially an autoso- 
mal recessive disorder. Approximately two-thirds of homozygotes for 
the C282Y and a slightly lower percentage of compound heterozygotes 
for the C282Y and H63D mutations manifest increased serum transfer- 
rin saturations and serum ferritin levels. Individuals heterozygous for 
either the C282Y or the H63D mutation have, on the average, signifi- 
cantly higher transferrin saturations and serum ferritin levels than do 
wild-type homozygotes. However, the magnitude of this increase is very 
low. For example, the average transferrin saturation of men with the 
wild-type genotype is 26.69 percent and heterozygotes for the C282Y 
mutation have a transferrin saturation averaging 30.63 percent. The 
effect of the H63D mutation is even less, and that of the S65C mutation 
barely perceptible. 

In spite of the minimal effect of the heterozygous state for HFE 
mutations on iron homeostasis, a number of investigators have pro- 
posed that heterozygotes are at increased risk for a variety of disorders. 


What has not been taken into account in the studies is that the HFE 
gene is in close proximity to (and therefore likely to be coinherited with) 
many immune-response genes on chromosome 6; consequently, it is not 
possible to distinguish the minor effects that HFE mutations may have 
on iron homeostasis from variation in the immune response. 

HAMP (Hepcidin) Mutations Mutations of hepcidin are rare, and 
are associated with severe juvenile hemochromatosis.” 

SCL40A1 (Ferroportin) Mutations Mutations of the gene encod- 
ing ferroportin cause an autosomal dominant iron storage disease of 
two types. Gain-of-function mutations, for example the C326S muta- 
tion, interfere with hepcidin binding to ferroportin or with the resulting 
ferroportin endocytosis, so that mutant ferroportin molecules continue 
exporting iron from enterocytes and macrophages to plasma even in 
the face of high hepcidin levels*” that normally cause ferroportin endo- 
cytosis and proteolysis. A mouse model of this condition shows that a 
heterozygous mutation is sufficient to cause severe iron overload but 
that homozygosity for this mutation is even more severe.” Loss-of- 
function mutations are more common and include ferroportin muta- 
tions that do not allow ferroportin protein to localize to the cell surface, 
or prevent transport of iron. Here storage of iron takes place mostly 
in the Kupffer cells and splenic macrophages, and cirrhosis does not 
occur. It is not clear why these act in a dominant manner, nor why all of 
the reported mutations encode amino acid substitutions and none are 
completely destructive (frameshift or stop codons).'**** An attractive 
explanation is that these mutations act ina dominant-negative manner, 
but this mechanism has not yet been supported by convincing biochem- 
ical data. A common polymorphism c.744G>T (Gln284His) shows an 
association with African iron overload,***”” but is clearly not present 
in all patients who manifest this syndrome. 

TfR-2 Mutations Mutations of TfR-2 cause an autosomal recessive 
disorder that is indistinguishable clinically from the common HFE- 
related form of hereditary hemochromatosis, ?°25!-233 

Hemojuvelin Mutations Several different mutations of a gene des- 
ignated as HFE2 and as HJV cause juvenile hemochromatosis.??™?54-258 
Hemojuvelin belongs to the class of glycosylphosphatidylinositol- 
anchored repulsive-guidance molecules, and may act as a coreceptor for 
bone morphogenetic proteins (BMPs). BMP receptor is now known to 
be a key regulator of hepcidin transcription.” 

DMT-1 Human Mutations DMT-1 human mutations are all asso- 
ciated with hepatic hemosiderosis*”?***® and most are associated with 
abnormal liver function tests in addition to microcytic hypochromic 
anemia. This is in contrast to mice and rats with DMT-1 mutations, as 
these DMT-1-deficient rodents are iron deficient. This is likely because 
humans, unlike rodents, can also absorb heme-containing iron, at least 
to a small degree in a DMT-1 independent manner while the DMT-1 
dependent iron utilization by erythroblasts is severely impaired in both 
humans and rodents. 


Animal Models 

Naturally Occurring Models 

When kept in zoos or other nonnative habitats, a number of animal 
species, such as myna birds, the toco toucan, Salers cattle, lemurs, and 
the browsing rhinoceros, are iron-loaded. Rhinoceroses may represent 
an interesting paradigm for iron storage in captive species. Although 
the browsing rhinoceros species are iron loaded, grazing species are not, 
even when kept under similar conditions. It seems likely that because 
iron is not readily available in the leaves and twigs eaten by the browsing 
species, these species have evolved to more efficiently take up iron from 
their diet—more efficiently than needed when fed a zoo diet. Molecular 
comparisons of iron-regulatory genes in browser versus grazer rhinoc- 
eroses identified some promising candidates, but the ultimate cause of 
the differences in iron handling has not yet been established.” 


Models Produced by Iron Loading Numerous efforts have been 
made to create models of hemochromatosis by loading laboratory ani- 
mals with iron, either by the oral or parenteral route. A few of these 
appear to simulate the human disease in one respect or another. For 
example, the iron-loaded gerbil’ *® develops heart disease, features of 
which resemble the human disease. Such models have been used for the 


study of potential chelating agents. 

Targeted Disruption Models Targeted disruption of most of the 
genes associated with human iron disorders has been achieved. Included 
are HFE, TfR-2,? ferroportin,’” hemojuvelin,” and hepcidin.”® 
The targeted disruption of several genes, including those encoding BMP- 
6,°°?” or the components of the BMP receptor,” caused iron overload 
in mice, but the equivalent human diseases have not yet been found. 


CLINICAL FEATURES 
HFE-Related (Type 1) Hereditary Hemochromatosis 


Onset The clinical features of the most common form of hereditary 
hemochromatosis are cirrhosis of the liver, darkening of the skin, car- 
diomyopathies, and diabetes. These features are only seen in the fully 
penetrant form of the disease and may depend on additional cofactors 
such as alcohol consumption. In contrast to the juvenile form of the 
disease, in which onset is usually in the second or third decade of life, 
classical hereditary hemochromatosis associated with mutations of the 
HFE gene generally is diagnosed in the fifth or six decade of life. 

General Symptomatology Many symptoms are attributed to 
hereditary hemochromatosis, including abdominal pain, weakness, 
lethargy, fatigue, loss of libido, impotence, and arthropathies. How- 
ever, all of these symptoms are common in an aging population, and 
epidemiologic studies show that none of them are more common in 
patients with the HFE hemochromatosis, even those with the biochem- 
ical phenotype, than they are in the general population. 

Arthropathies The arthropathy of patients with hemochromato- 
sis has characteristic features.”'*’’!’” It is said to tend to begin at the 
small joints of the hands, especially the second and third metacarpal 
joints, and that in some cases episodes of acute synovitis may occur, as 
in calcium pyrophosphate dehydrate deposition arthropathy (pseudo- 
gout; chondrocalcinosis). Radiologically, the arthropathy resembles that 
of osteoarthritis with joint space loss, subchondral cysts, sclerosis, and 
osteophytosis. The features that have been considered distinctive include 
the joint distribution, the presence of shape osteophytes emerging from 
the radial sides of the metacarpal distal epiphysis, and the presence of 
radiolucent zones in the subchondral area of the femoral head. It is gen- 
erally recognized that arthritis does not respond to phlebotomy therapy. 
The possibility that this type of arthritis depends on linkage of HFE to 
other HLA genes is made less likely by the occurrence of similar arthri- 
tis in juvenile hemochromatosis,”’ which is genetically independent of 
the HLA locus. Hip arthritis at an early age was also noted in a family 
with hepcidin-resistant ferroportin mutation and iron overload.*® 

Liver Patients with hepatic iron overload are at a greatly increased 
risk of developing a hepatocellular carcinoma, especially when cirrho- 
sis is present.””* Occasional patients with hereditary hemochromatosis 
have been reported to develop hepatocellular carcinoma even in the 
absence of cirrhosis suggesting that iron overload could be directly 
carcinogenic, 


Porphyria Cutanea Tarda 

Porphyria cutanea tarda is a disease that is well known to be associated 
with mild iron overload and that responds to phlebotomy treatment 
(Chap. 58). Numerous studies document that the prevalence of patients 
with this disorder who also have mutations of the HFE gene is consid- 
erably increased.” 
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Juvenile Hemochromatosis 

‘The penetrance of the rare juvenile form of the disease seems to be high 
and cardiomyopathies and endocrine deficiencies are the major clinical 
features.’’° Joint manifestations were found to be relatively common in 
patients with juvenile hemochromatosis.*” 


African Iron Overload 

It is not clear to what extent African iron overload is symptomatic. 
Among the Bantu, where the disorder was originally described, there 
are many complicating factors, including malnutrition and high alcohol 
intake. Among African Americans various associated disorders have 
been noted, but a cause-and-effect relationship is not clear. 


Secondary Hemochromatosis 

The clinical findings in patients with hemochromatosis secondary 
to blood transfusion and/or disorders of erythropoiesis are, in gen- 
eral, indistinguishable from those found in patients with the primary 
hemochromatosis.” 


LABORATORY FEATURES 


The main laboratory features of hereditary hemochromatosis are an 
abnormally high transferrin saturation, and increased serum ferritin 
level. Five to 10 percent of patients with classical HFE hemochroma- 
tosis manifest increased liver enzyme levels in the serum. In secondary 
hemochromatosis, anemia and other manifestations of the underly- 
ing disorder are found. Macrocytosis of the erythrocytes is a common 
feature; this finding seems unrelated to liver disease and its cause is 
unknown. 


Differential Diagnosis 

A large number of methods have been introduced that allow the amount 
of storage iron to be estimated.””* The suspicion that a patient may have 
primary hemochromatosis is generally raised by an increased serum 
transferrin saturation, particularly when it is found together with an 
elevated serum ferritin level. Increased transferrin saturation com- 
monly occurs in patients with chronic liver disease who have no muta- 
tions in the HFE gene.”” Ferritin is an acute phase protein and levels are 
elevated in a variety of disorders. Particularly high levels are encoun- 
tered in patients with macrophage activation syndromes, loss-of-func- 
tion ferroportin mutations, acute hepatitis, Gaucher disease, in some 
malignancies, and in patients with the hyperferritinemia-cataract syn- 
drome.” The latter disorder is an uncommon autosomal dominant 
defect in which a mutation in the 5’ IRE of the ferritin light chain pre- 
vents binding of the IRPs, resulting in unrestrained constitutive produc- 
tion of the ferritin chains. 

Many clinicians have considered a liver biopsy the “gold standard” 
for the diagnosis of iron overload. The material obtained at biopsy not 
only provides the opportunity to assess the histopathology of the liver 
of the patient, but also to quantitate the amount of nonheme iron in 
the specimen. Dividing the iron content by the patient's age provides 
an iron index; a value greater than 2 implies the presence of hemochro- 
matosis. Although in some situations liver biopsy may provide useful 
information, it is an invasive procedure that, although low-risk, is no 
longer required for the diagnosis of hemochromatosis. Enthusiasm for 
subjecting every patient with potential hemochromatosis to liver biopsy 
has diminished with the ready availability of genetic analysis. Moreover, 
a simple way to determine whether a patient is iron overloaded is to 
institute a program of phlebotomies. This is an essentially harmless way 
to determine how much storage iron the body contains. Magnetic res- 
onance imaging (MRI) is also capable of detecting and reliably quan- 
tifying the amount of iron in the liver.” For detection of cardiac iron 
overload, T2* MRI?” is a superior diagnostic approach. 
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THERAPY 


The treatment of hemochromatosis consists of removing the accumu- 
lated iron. In the case of patients who are able to mount an erythropoi- 
etic response to phlebotomy, removal of blood is generally the treatment 
of choice. When the patient has marked impairment of erythropoiesis, 
as in thalassemia and dyserythropoietic anemia, it is necessary to employ 
chelating agents to remove iron, although occasionally serial phlebot- 
omy will stimulate sufficient erythropoiesis to make it a viable therapy. 


Phlebotomy 
Each milliliter of packed red cells contains approximately 1 mg of iron. 
Thus, the removal of 500 mL of blood with a hematocrit of 40 percent 
removes approximately 200 mg of iron. As the red cell mass is restored 
to its prephlebotomy size, iron is mobilized from the stores. When the 
stores have been exhausted the signs of iron deficiency develop, and 
this is the end point of the initial part of the phlebotomy program. The 
patient is then followed and a schedule of maintenance phlebotomies is 
established with the frequency of phlebotomies tailored to maintain the 
serum ferritin level, the best indicator of body stores, below 100 ng/mL. 
The actual volume of blood removed at each phlebotomy depends 
on the patient’s size. Most average-size patients tolerate removal of 
500 mL, but patients who weigh 50 kg or less are better treated by the 
removal of correspondingly smaller volumes of blood. Many patients 
may complain of symptoms following the first few phlebotomies. Better 
compliance is achieved if such symptoms are minimized by performing 
phlebotomies only every 14 days initially, increasing the frequency to 
weekly phlebotomies once the patient has become accustomed to the 
procedure and the activity of the marrow has been stimulated so as to 
replace the lost erythrocytes rapidly. The hematocrit or hemoglobin and 
the MCV of the red cells should be measured before each phlebotomy 
is undertaken. If there has been a substantial decrease in the hematocrit 
or hemoglobin, the phlebotomy should be deferred. The MCV may rise 
early in the treatment program, but as iron deficiency develops it will 
fall, signaling that the end point has been reached or is near. The trans- 
ferrin saturation and serum ferritin level should be measured every 2 or 
3 months. When the transferrin saturation is less than 10 percent and 
the serum ferritin less than 10 ng/mL, phlebotomy should be discontin- 
ued and the patient monitored every 4 to 8 weeks. When the serum fer- 
ritin is in the 50 to 100 ng/mL range, the maintenance phase should be 
initiated. Some patients may require phlebotomies monthly to maintain 
a normal ferritin value, whereas others may only require two or three 
phlebotomies per year. 


Chelation Therapy 

Chelation therapy instituted in a timely manner can decrease the poten- 
tial morbidity caused by iron overload and prolong the life of patients 
with hereditary chronic iron-loading disorders such as B-thalassemia 
major or intermedia. It also has a place in the management of some 
patients with acquired marrow dysplasias provided that the prognosis 
of the underlying disorder, and the patient’s psychological state, justifies 
the somewhat cumbersome implementation of parenteral chelation. As 
oral chelating agents become more readily available, the application of 
chelation therapy to myelodysplastic states may broaden. 


Desferrioxamine 

Desferrioxamine is a naturally occurring iron-chelating compound 
elaborated by the microorganism Streptomyces pilosus, having evolved 
to enable the microbe to obtain iron from its environment. One mole- 
cule of this chelator binds one atom of iron. Its molecular weight is 560 
daltons. The iron complex is excreted into the urine and feces. Urine 
iron is derived primarily from red cells broken down by macrophages, 
whereas fecal iron is believed to be from iron chelated in the liver.” 


Desferrioxamine is poorly absorbed from the gastrointestinal tract 
and must therefore be given parenterally, either by the subcutaneous 
or intravenous route. Rapid intravenous or intramuscular injection 
results in the relatively little iron mobilization; instead, it is necessary 
to administer desferrioxamine by slow intravenous or subcutaneous 
infusion over a period of 8 to 10 hours. Increasing doses of desferriox- 
amine result in increased iron excretion, and the usual recommended 
dose is 30 to 50 mL/kg.” Vitamin C (up to 200 mg daily) may be 
given to enhance iron excretion. The amount of iron excreted will vary 
from patient to patient and depends to a large extent on the iron bur- 
den. Because the treatment is cumbersome and costly, one should be 
reasonably certain that sufficient good is being accomplished to justify 
the effort. This can be achieved by measuring urine output of iron after 
a test desferrioxamine infusion, bearing in mind that urinary excretion 
may account for only one-third of the iron excreted, fecal excretion 
accounting for the rest. 

Desferrioxamine is usually well tolerated. Minor local reactions, 
such as local pruritus, induration, or pain at the site of infusion, are not 
uncommon. Large doses are associated with hearing loss, night blind- 
ness and other visual abnormalities, growth retardation, and skeletal 
changes. At very high doses occasional cases of kidney and lung abnor- 
malities have been reported.*” Approximately 20 percent of patients on 
desferrioxamine alone will continue to have cardiac iron overload. 


Oral Chelating Agents 
The inconvenience and high cost of administration with desferrioxam- 
ine has stimulated an intensive search for safe, orally active chelating 
agents. Deferiprone (L-1) is an orally effective bidentate chelating agent; 
three molecules of deferiprone bind one iron atom. Its molecular weight 
is only 139 daltons and it is excreted almost entirely in the urine. The 
usual dose is 75 mg/kg per day divided into three doses. Deferiprone 
administration is associated with a number of toxic effects, including 
gastrointestinal disturbances, arthropathy, transient increases in the 
serum levels of liver enzymes, and zinc deficiency. The main concern 
has centered on the propensity of the drug to produce neutropenia 
and agranulocytosis. The latter complication occurs in approximately 
1 percent of patients. It appears to be idiosyncratic, is more common in 
females, and appears to be reversible. Neutropenia with a granulocyte 
level between 0.5 and 1.5 x 10°/L (500 and 1500/uL) occurs in an addi- 
tional 5 percent of patients. Treatment should be stopped at the first sign 
of a fall in the leukocyte count.” It has been suggested that deferiprone 
may be more effective in removing iron from the heart and desferriox- 
amine more effective with respect to liver iron accumulations.’ Pre- 
liminary investigations suggest that a combination of desferrioxamine 
and deferiprone may be more effective than either alone. It has been 
proposed that deferiprone enters cells and removes their iron and then 
passes the iron to desferrioxamine.** The combination may be partic- 
ularly useful in patients with heart failure from iron overload where it 
may decrease mortality, and in patients with endocrinopathies.’*° 
Deferasirox (ICL670 or Exjade), a tridented triazole component, 
is a newer oral iron-chelating agent with a long plasma half-life. At a 
dose of 30 mg/kg per day, it was found as efficient as desferrioxamine 
and is generally well tolerated. It has been recommended for patients 
who are noncompliant with desferrioxamine, and like deferiprone, 
may be effective at removing cardiac iron. Its main toxicity is renal and 
hepatic, but it may also cause gastrointestinal hemorrhage.’ Combina- 
tion therapy with the two oral chelators is still experimental. 


COURSE AND PROGNOSIS 


The outlook in this disease has changed to one in which the life span of 
patients with hemochromatosis is normal or nearly so. This is largely 
a result of the change in the definition of the disorder. In the early 


20th century, the diagnosis was reserved for the rare patient with full- 
blown bronzed diabetes. Today, the diagnosis is applied to any person 
found to be homozygous for the C282Y mutation, or, indeed, anyone 
with an increased transferrin saturation and elevated serum ferritin 


level. In reality, patients with a diagnosis of hemochromatosis based on 
genetic and/or biochemical criteria have a normal life span. This is not 
to suggest that patients do not die of hereditary hemochromatosis; it 
is simply that the penetrance of the disorder as detected on genetic or 
biochemical bases is so low that the few deaths that do occur cannot be 
detected even in very sizable series. 

For those patients with classical hereditary hemochromatosis who 
are clinically affected, it is likely that removal of iron by phlebotomy 
prevents further complications and prolongs life span. Although con- 
trolled studies of the effect of phlebotomy are not ethically feasible, 
serial observations in patients undergoing phlebotomy suggest that cir- 
rhosis is either stabilized or may, at least in some patients, improve. The 
course of untreated juvenile hemochromatosis seems much less benign. 
Cardiac deaths seem to be particularly common,” and in a few cases 
cardiac transplantation has been performed successfully, but there are 
insufficient data concerning this rare disorder to allow one to provide 
more precise information about the outlook. 

Institution of iron chelation has greatly improved outcomes in 
$-thalassemia major and similar disorders, but the prognosis is grim 
when iron chelation is not performed (Chap. 48). Death is most fre- 
quently a result of cardiac failure but this complication is preventable 
with modern chelation regimens. 
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CHAPTER 44 

ANEMIA RESULTING FROM 
OTHER NUTRITIONAL 
DEFICIENCIES 


Ralph Green 


SUMMARY 


The anemia that results from deficiencies of vitamin B folic acid (Chap. 41) 
or iron (Chap. 43) are, in general, clearly defined and are relatively common. 
In contrast, characteristics of anemia that may occur with deficiencies of the 
other vitamins and minerals are poorly defined and relatively rare in humans. 
When present, they usually exist not as isolated deficiencies of one vitamin or 
one mineral, but rather, as a combination of deficiencies resulting from malnu- 
trition or malabsorption. In this context, it is difficult to deduce which abnor- 
malities are the result of which deficiency. Studies in experimental animals 
may not accurately reflect the role of micronutrients in humans. Accordingly, 
our knowledge of the effects of many micronutrients on hematopoiesis is 
fragmentary and based on clinical observations and interpretations that may 
be flawed. Inborn metabolic errors that affect single micronutrient pathways 
may shed light on specific effects of those micronutrients on hematopoiesis. 
Daily requirements of some micronutrients are available at: http://www.nal. 
usda.gov/fnic/dga/rda.pdf, and levels normally found in serum, red cells, and 
leukocytes are shown in lable 44-1. 


@VITAMIN-DEFICIENCY ANEMIAS 
VITAMIN A DEFICIENCY 


Chronic deprivation of vitamin A results in anemia similar to that 
observed in iron deficiency.'* Mean corpuscular volume (MCV) and 
mean corpuscular hemoglobin concentration (MCHC) are reduced. 
Anisocytosis and poikilocytosis may be present, and serum iron levels 
are low. Unlike iron-deficiency anemia, but similar to anemia of chronic 
disease, iron stores in the liver and marrow are increased, serum trans- 
ferrin concentration usually is normal or decreased, and administration 
of medicinal iron does not correct the anemia. However, there is some 
evidence to suggest that vitamin A deficiency may result in impaired 
iron absorption or utilization’ and this may be mediated through effects 
on the expression of genes involved in the regulation of intestinal iron 
absorption.® The suggestion that vitamin A may facilitate iron absorp- 
tion’ was not confirmed.’ Supplementation with vitamin A alone may 
ameliorate the anemia, although coadministration of vitamin A and 
iron resulted in a better response than with either nutrient alone.’ 


Acronyms and Abbreviations: MCHC, mean corpuscular hemoglobin concentra- 
tion; MCV, mean corpuscular volume; RDW, red cell distribution width; ly triiodothy- 


ronine; T, thyroxine, 


Surveys conducted in developing countries suggest that vitamin A 
deficiency represents a public health problem among infants, school- 
children and women of childbearing age.'®!' The prevalence of vitamin 
A deficiency closely coincides with the prevalence of iron deficiency in 
this demographic setting. However, there is no known causal relation- 
ship between the two nutrients beyond both occurring in a setting of 
generalized malnutrition. Although vitamin A deficiency is recognized 
to occur in the United States, the relationship between it and anemia is 
not known. 


DEFICIENCIES OF MEMBERS OF THE 
VITAMIN B GROUP 


Isolated nutritional deficiencies of members of the vitamin B group, 
with the exception of folic acid and vitamin B,,, are very uncommon 
in humans. Evidence linking isolated nutritional deficiencies of pyri- 
doxine, riboflavin, pantothenic acid, and niacin to anemia in patients is 
inconclusive. In animals, experimentally induced deficiency states are 
more commonly associated with hematologic abnormalities. 


Vitamin B , Deficiency 

Vitamin B, includes pyridoxal, pyridoxine, and pyridoxamine. These 
components are converted to pyridoxal 5-phosphate, which acts as a 
coenzyme in decarboxylation and transamination of amino acids and 
synthesis of aminolevulinic acid, the porphyrin precursor (Chap. 58). 
Vitamin B, deficiency induced in infants is associated with a hypochro- 
mic microcytic anemia. A malnourished patient with a hypochro- 
mic anemia who failed to respond to iron therapy but subsequently 
responded to administration of vitamin B, has been described." In 
some anemic pregnant women who did not respond to iron supplemen- 
tation alone, vitamin B, administration resulted in subsequent improve- 
ment in hemoglobin level." Occasionally, patients receiving therapy 
with antituberculosis agents, such as isoniazid, which interfere with 
vitamin B, metabolism, develop a microcytic anemia that can be cor- 
rected with large doses of pyridoxine." Pyridoxine is usually prescribed 
with isoniazid to prevent such an effect. Some patients with siderob- 
lastic anemias (Chap. 59) respond to administration of large doses of 
pyridoxine, but these patients are not deficient in this vitamin. A review 
of more than 200 patients with acquired sideroblastic anemia reported 
that fewer than 7 percent showed greater than 1.5 g/dL improvement 
in hemoglobin concentration with pyridoxine treatment.'® Pyridoxine 
is involved in many metabolic processes. Derangements in these path- 
ways, sometimes involving anemia, are usually the result of inborn 
errors affecting the pathways of vitamin B, metabolism and specific 
pyridoxal phosphate-dependent enzymes or inborn errors that lead to 
accumulation of small molecules that react with pyridoxal phosphate 
and inactivate it.” Other acquired conditions that may influence pyr- 
idoxine metabolism include drugs that react with pyridoxal phosphate 
or affect metabolism, malabsorptive states such as celiac disease, and 
renal dialysis which leads to increased loss of vitamin B, vitamers from 
the circulation as these vitamers are bound to plasma albumin."* 


Riboflavin Deficiency 

Riboflavin deficiency results in a decrease in red cell glutathione reduc- 
tase activity because this enzyme requires flavin adenine dinucleotide 
for activation. Glutathione reductase deficiency, induced by riboflavin 
deficiency, is not associated with hemolytic anemia or increased suscep- 
tibility to oxidant-induced injury (Chap. 47).'? Human volunteers main- 
tained on a semisynthetic riboflavin-deficient diet and fed the riboflavin 
antagonist, galactoflavin, developed pure red cell aplasia.” Vacuolated 
erythroid precursors are evident prior to the development of aplasia. 
This anemia is reversed specifically by administration of riboflavin. It 
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TABLE 44 


- Blood Vitamin and Mineral Levels (Adult Values) 


Vitamin or Mineral Serum Level Plasma Level Red Cell Level White Cell Level 
Copper 11-24 umol/L 14-24 umol/L 

Folate 7-45 nmol/L >320 nmol/L 

Riboflavin (B,) 110-640 nmol/L 265-1350 nmol/L 

Vitamin A 1-3 umol/L 

Vitamin B; 20-122 nmol/L 

Vitamin C 25-85 pmol/L 11-30 attomol/cell 
Vitamin E 12-40 umol/L 

Selenium 1200-2000 nmol/L 

Zinc 11-18 umol/L 


Data from Burtis CA and Ashwood EF: Tietz Textbook of Clinical Chemistry, 3rd ed. Philadelphia, PA: WB Saunders,1999. 


has been suggested that riboflavin deficiency causes anemia,” possibly 
by interfering with iron release from ferritin.” Although the relation- 
ship between dietary riboflavin deficiency and anemia is not clear, inad- 
equate riboflavin intake increased the risk of anemia in Chinese adults 
and was associated with a high probability of anemia when iron intake 
was low.'® Thus, poor riboflavin status may interfere with iron handling 
and contribute to the etiology of anemia when iron intake is low. There 
is also some evidence to suggest that riboflavin may exert its effects sec- 
ondarily on other nutrients, such as folate and cobalamin.” 


Pantothenic Acid Deficiency 
Pantothenic acid deficiency, when artificially induced in humans, is not 
associated with anemia.” 


Niacin Deficiency 

Pellagra (niacin deficiency) is associated with anemia, which responds 
to treatment with niacin.” However, it is not clear whether the anemia 
is a direct or indirect effect of niacin deficiency. 


Thiamine Deficiency 

Megaloblastic anemia, responsive to thiamine, occurs in a childhood 
syndrome in association with diabetes and sensorineural deafness. 
There is usually profound anemia, megaloblastic changes with or 
without ringed sideroblasts in the marrow, and occasionally thrombo- 
cytopenia.** Most cases have been reported in patients of Middle and 
Far Eastern descent. The underlying defect in this condition is in the 
high-affinity thiamine transporter, which primarily affects synthesis of 
nucleic acid ribose via the nonoxidative branch of the pentose cycle.” 
This decrease in ribose synthesis is a consequence of the thiamine- 
dependent pentose-cycle enzyme transketolase. Reduced nucleic acid 
production through impaired transketolase catalysis appears to be the 
underlying biochemical disturbance that likely induces cell-cycle arrest 
or apoptosis in marrow cells and leads to thiamine-responsive meg- 
aloblastic anemia syndrome in these patients, which responds to life- 
long administration of oral thiamine (25 to 100 mg/day). The SLC19A2 
gene on chromosome 1q23.3 is implicated in all cases of thiamine- 
responsive megaloblastic anemia.” The folate carriers and thiamine 
transporters evolved from the same family of solute carriers.” 


VITAMIN C (ASCORBIC ACID) DEFICIENCY 


Although approximately 80 percent of patients with scurvy” are anemic, 
attempts to induce anemia in human volunteers by severely restricting 


dietary ascorbic acid have been unsuccessful. Anemia observed in 
subjects with scurvy is not simply the result of a deficiency of ascorbic 
acid, but rather a result of bleeding or deficiency of folic acid.” Human 
subjects with scurvy and megaloblastic anemia fail to correct their ane- 
mia with vitamin C administration if they are maintained on a folic 
acid-deficient diet. When folic acid is given to these patients in a dose 
of 50 mcg/day orally, a prompt hematologic response is observed.*! 

Ascorbic acid, in common with other compounds that contribute 
to cellular reducing potential, participates in maintenance of dihydro- 
folate reductase in its reduced, or active, form. Impaired dihydrofolate 
reductase activity results in an inability to form tetrahydrofolic acid, the 
metabolically active form of folic acid (Chap. 41). Patients with scurvy 
and megaloblastic anemia excrete 10-formylfolic acid as the major 
urinary folate metabolite. Following ascorbic acid therapy, 5-meth- 
yltetrahydrofolic acid becomes the major urinary folate metabolite. 
This observation has led to the suggestion that ascorbic acid prevents 
the irreversible oxidation of methyltetrahydrofolic acid to formylfolic 
acid.” Failure to synthesize tetrahydrofolic acid or protect it from oxi- 
dation ultimately results in megaloblastic anemia. Under these circum- 
stances, ascorbic acid therapy produces a hematologic response only if 
enough folic acid is present to interact with the ascorbic acid.” Dietary 
iron deficiency in children often occurs in association with dietary 
ascorbic acid deficiency. Iron balance may be compromised by ascorbic 
acid deficiency because this vitamin serves to facilitate intestinal iron 
absorption by maintaining iron in a more soluble reduced or ferrous 
(Fe**) state. Patients with scurvy, particularly children, may require 
both iron and vitamin C to correct hypochromic microcytic anemia.* 
Vitamin C affects the oxidoreduction involved in compartmental iron 
release and may stimulate iron mobilization from endosomes, as well as 
transferrin-dependent iron uptake. Scurvy itself may cause iron defi- 
ciency as a consequence of external bleeding. In patients with iron 
overload from repeated blood transfusions, the level of vitamin C in 
leukocytes is often decreased because of rapid conversion of ascorbate 
to oxalate.” Deferoxamine (desferrioxamine)-induced iron excretion is 
diminished when stores of vitamin C are reduced, but excretion returns 
to expected values with vitamin C supplementation.***” Large doses of 
ascorbic acid may be harmful in patients with iron overload and should 
be given only after an infusion of deferoxamine mesylate (Desferal) has 
been initiated (Chap. 43). The presence of scurvy in patients with iron 
overload may protect them from tissue damage.* In scorbutic guinea 
pigs and Bantu subjects with nutritional vitamin C deficiency and 
dietary hemosiderosis, iron accumulates in the monocyte-macrophage 
system rather than in the parenchymal cells of the liver.*° 


VITAMIN E DEFICIENCY 


Vitamin E, a-tocopherol, is a fat-soluble vitamin that appears to be an 
antioxidant in humans. It is not an essential cofactor in any recognized 
reactions. Nutritional deficiency of vitamin E in humans is extremely 
uncommon because of the widespread occurrence of a-tocopherol in 
food. The daily requirement of d-a-tocopherol for adults ranges from 
5 to 7 mg, but this requirement varies with the polyunsaturated fatty 
acid content of the diet and the content of peroxidizable lipids in tis- 
sues. Hematologic manifestations of vitamin E deficiency in humans are 
limited to the neonatal period and to pathologic states associated with 
chronic fat malabsorption. 

Low-birthweight infants are born with low serum and tissue con- 
centrations of vitamin E. When these infants are fed a diet unusually 
rich in polyunsaturated fatty acids and inadequate in vitamin E, hemo- 
lytic anemia frequently develops by 4 to 6 weeks of age, particularly if 
iron is also present in the diet.“ This anemia often is associated with 
morphologic alterations of the erythrocytes, thrombocytosis, and 
edema of the dorsum of the feet and pretibial area.’ Treatment with 
vitamin E produces a prompt increase in hemoglobin level, a decrease 
in the elevated reticulocyte count, normalization of red cell life span, 
and disappearance of thrombocytosis and edema. Modifications of 
infant formulas have all but eliminated vitamin E deficiency in preterm 
infants.“ 

Vitamin E deficiency is common in patients with cystic fibrosis 
who are not receiving daily supplements of a water-soluble form of the 
vitamin.” Red cell life span in such patients is shortened to an aver- 
age chromium-51 (*!Cr) half-life of 19 days (normal: approximately 30 
days). Severe anemia may be present.“ After vitamin E therapy, red cell 
half-life increases to 27.5 days.” 

Pharmacologic doses of vitamin E have been employed with 
apparent success in the absence of vitamin deficiency to compensate 
for genetic defects that limit erythrocyte defense against oxidant injury. 
Chronic administration of oral vitamin E 400 to 800 U/day lengthened 
red cell life span in some,” but not all,® studies of patients with hered- 
itary hemolytic anemias associated with glutathione synthetase defi- 
ciency or glucose-6-phosphate dehydrogenase deficiency. 

Administration of vitamin E (450 U/day for 6 to 36 weeks) to 
patients with sickle cell anemia significantly reduced the number of 
irreversibly sickled erythrocytes.* Adult patients with sickle cell anemia 
have been reported to have significantly lower serum tocopherol val- 
ues compared with normal controls,** and in children with sickle cell 
anemia, those with vitamin E deficiency have significantly more irre- 
versibly sickled cells than did children without vitamin E deficiency.” 


@ TRACE METAL DEFICIENCY 
COPPER DEFICIENCY 


Copper is present in a number of metalloproteins. Cytochrome c oxi- 
dase, dopamine f-hydroxylase, urate oxidase, tyrosine and lysyl oxi- 
dase, ascorbic acid oxidase, and superoxide dismutase (erythrocuprein) 
are cuproenzymes. More than 90 percent of copper in the blood is car- 
ried bound to ceruloplasmin, an a,-globulin with ferroxidase activity. 
Copper is required for absorption and utilization of iron. Copper, in 
the form of hephaestin,™ converts iron to the ferric (Fe**) state for its 
transport by transferrin. 

Copper deficiency has been described in malnourished children,” 
and in both infants and adults receiving parenteral alimentation.*~* 
There is increasing recognition of copper deficiency associated with 
anemia occurring as a complication following gastric resection or 
bariatric gastric reduction surgery.” Copper deficiency is characterized 
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by anemia, often macrocytic, that is unresponsive to iron therapy; 
hypoferremia; neutropenia; and, usually, the presence of vacuolated 
erythroid and granulocytic precursors in marrow.*”-® The mechanism 
of neutropenia remains unknown, but there is some evidence that cop- 
per deficiency results in inhibition of differentiation and self-renewal 
of CD34(+) hematopoietic progenitor cells." Iron-containing plasma 
cells, a decrease in granulocyte precursors and ring sideroblasts have 
also been reported.” Consequently, copper deficiency should enter 
the differential diagnosis in patients with features of myelodysplastic 
syndrome, particularly if there is a history of previous gastric surgery 
(Chap. 87). 

Copper deficiency should be considered in the differential diagno- 
sis of a patient with anemia and associated myeloneuropathy suspected 
of having cobalamin deficiency with subacute combined degeneration 
of the spinal cord; neurologic findings, most commonly the result of 
myeloneuropathy, are frequently present. 

Radiologic abnormalities generally are present in infants and 
young children with copper deficiency. These abnormalities include 
osteoporosis, flaring of the anterior ribs with spontaneous rib fractures, 
cupping and flaring of long-bone metaphyses with spur formation and 
submetaphyseal fractures, and epiphyseal separation. These changes are 
frequently misinterpreted as signs of scurvy. 

Copper deficiency with resultant microcytic anemia can be pro- 
duced by chronic ingestion of massive quantities of zinc. This has been 
reported in patients using excessive quantities of zinc-containing dental 
fixatives.°° Dietary zinc in large doses leads to copper deficiency by 
impairing copper absorption.*”® 

The diagnosis of copper deficiency can be established by demon- 
strating a low serum ceruloplasmin or serum copper level, but the cop- 
per level is thought to be more reliable because ceruloplasmin behaves 
as an acute-phase protein. Adequate normal values for the first 2 to 3 
months of life are not well defined and normally are lower than the lev- 
els observed later in life. Despite these limitations, a serum copper level 
less than 70 mcg/dL (11 mol/L) or ceruloplasmin level less than 15 mg/ 
dL after age 1 or 2 months can be regarded as evidence of copper defi- 
ciency. In later infancy, childhood, and adulthood, serum copper values 
should normally exceed 70 mcg/dL. Low serum copper values may be 
observed in hypoproteinemic states, such as exudative enteropathies 
and nephrosis, and Wilson disease. In these circumstances, a diagno- 
sis of copper deficiency cannot be established by serum measurements 
alone but requires analysis of liver copper content or clinical response 
after a therapeutic trial of copper supplementation. 

Copper-deficiency anemia and neutropenia are quickly corrected 
by administration of copper. Treatment of copper-deficient infants 
consists of administration of approximately 2.5 mg of copper (approx- 
imately 80 mcg/kg per day) oral supplementation as a copper sulfate 
solution.” Intravenous bolus injection of copper chloride also has been 
used.” 


ZINC DEFICIENCY 


Zinc is required for a large number of zinc metalloenzymes, zinc- 
activated enzymes, and “zinc finger” transcription factors. Zinc defi- 
ciency occurs in a variety of pathologic states in humans, including 
hemolytic anemias such as thalassemia” and sickle cell anemia.” Zinc 
deficiency with or without an associated copper deficiency has been 
described in a patient receiving intensive desferrioxamine therapy” and 
in patients with decreased renal reabsorption of trace minerals.” 

Although human zinc deficiency may produce growth retarda- 
tion, impaired wound healing, impaired taste perception, immunologic 
abnormalities, and acrodermatitis enteropathica, at present there is no 
evidence that isolated zinc deficiency produces anemia. 
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SELENIUM DEFICIENCY 


Selenium deficiency occurs in patients who live in areas where the sele- 
nium content of the soil is very low” and has been observed in patients 
receiving total parenteral nutrition.”’° Although this results in a strik- 
ing decrease in the level of red cell glutathione peroxidase, there do not 
appear to be any adverse hematologic consequences. 

An examination of the relationship between serum selenium and 
hematologic indices found that low serum selenium was independently 
associated with anemia among older men and women in the United 
States.” A similar association has been reported in adolescent girls liv- 
ing in rural Vietnam.” 


@ ANEMIA OF STARVATION 


Studies conducted during World War II among prisoners of war and 
conscientious objectors demonstrated that semistarvation for 24 weeks 
can result in a mild to moderate normocytic normochromic ane- 
mia.” Marrow cellularity is usually reduced and is accompanied by a 
decreased erythroid-to-myeloid ratio. Measurements of red cell volume 
and plasma volume suggest that dilution is a major factor responsible 
for a reduction in hemoglobin concentration. 

In persons subjected to complete starvation, either for experimen- 
tal purposes or treatment of severe obesity, anemia was not observed 
during the first 2 to 9 weeks of fasting.® Starvation for 9 to 17 weeks 
produced a decrease in hemoglobin and marrow hypocellularity.” 
Resumption of a normal diet was accompanied by reticulocytosis and 
the disappearance of anemia. It has been suggested that the anemia 
of starvation is a response to a hypometabolic state with its attendant 
decrease in oxygen requirements.” 


@ ANEMIA OF PROTEIN DEFICIENCY 
(KWASHIORKOR) 


Even strict vegetarians do not seem to develop hematologic problems 
related to the absence of animal proteins.*? Vegans may, however, 
develop vitamin B,, deficiency." The anemia in this situation is caused 
by cobalamin insufficiency rather than animal protein insufficiency, and 
results from the natural occurrence of cobalamin exclusively in foods of 
animal origin. Kwashiorkor is largely a disease of the underdeveloped 
world, but occasionally is seen even among the children of educated and 
well-to-do parents when the children are fed an inappropriate diet.***° 
In infants and children with protein-calorie malnutrition, hemo- 
globin concentration may fall to 8 g/dL of blood,***’ but some children 
with kwashiorkor have normal hemoglobin levels, probably because of 
a decreased plasma volume. The anemia is normocytic and normochro- 
mic, but the size and shape of red cells on blood film vary considerably. 
White blood cells and platelets are usually normal. Marrow is cellular 
or slightly hypocellular, with a reduced erythroid-to-myeloid ratio. Ery- 
throblastopenia, reticulocytopenia, and marrow containing a few giant 
pronormoblasts may be found, particularly if the child has an infection. 
With treatment of the infection, erythroid precursors may appear in the 
marrow, and reticulocyte count may rise. When nutrition is improved 
by giving high-protein diets (powdered milk or essential amino acids), 
reticulocytosis, a slight fall in hematocrit because of hemodilution, and 
then rises in hemoglobin level occurs. Improvement is very slow, how- 
ever, and during the third or fourth week, when patients are clinically 
improved and serum protein levels are approaching normal, another 
episode of erythroid marrow aplasia may develop. This relapse is not 
associated with infection, does not respond to antibiotics, and does not 
remit spontaneously. It may respond to either riboflavin or prednisone. 


An abrupt fall in hemoglobin following protein feeding may be an 
ominous harbinger of an adverse and even fatal outcome and prompt 
transfusion to restore hemoglobin may be life-saving.” It has been sug- 
gested that erythroblastic aplasia may be a manifestation of riboflavin 
deficiency." 

Although plasma volume is reduced to a variable degree in chil- 
dren with kwashiorkor, total circulating red cell volume decreases in 
proportion to a decrease in lean body mass as protein deprivation 
reduces metabolic demands. During repletion, an increase in plasma 
volume may occur before an increase in red cell volume, and anemia 
may seem to become more severe despite reticulocytosis. In a report 
from Turkey of patients with protein-energy malnutrition, the major 
cause of anemia was identified as associated with either iron deficiency 
or defective utilization of iron.” 

From study of anemia of protein deficiency in rats, it was deduced 
that oxygen consumption and, therefore, erythropoietin production 
are reduced.” Other studies confirmed this observation but related the 
reduction to calorie deprivation with associated decrease in blood levels 
of triiodothyronine (T,) and thyroxine (T,). As a result, erythropoie- 
sis decreases and reticulocyte count falls. Plasma iron turnover and red 
cell uptake of radioactive iron are markedly reduced, and red cell vol- 
ume gradually declines.” Protein deficiency also produces a maturation 
block at the erythroblast level and slight decrease in the erythropoietin- 
sensitive progenitor cell pool.” If exogenous erythropoietin is provided, 
normal erythropoiesis is restored despite protein depletion,” an obser- 
vation that explains the successful use of starved rats in a bioassay for 
erythropoietin. 

Anemia seen in anorexia nervosa shows some features that resem- 
ble protein energy malnutrition. Anemia and leukopenia are found in 
approximately one-third of patients, and 50 percent of these show mar- 
row atrophy with gelatinous transformation of the marrow stroma.” 


@ ALCOHOLISM 


Chronic alcohol ingestion is often associated with anemia. This anemia 
may result from nutritional deficiencies, chronic gastrointestinal bleed- 
ing, hepatic dysfunction, or direct toxic effects of alcohol on erythro- 
poiesis. Quite commonly, all these factors work in concert to produce 
anemia. Pyridoxal phosphate and folate deficiency are common in alco- 
holics.** Alcohol affects not only red cells, as described here, but also 
platelet production (Chap. 113).°*°* 

Macrocytosis is common in chronic alcoholics” and is often asso- 
ciated with megaloblastic anemia. Among hospitalized malnourished 
alcoholics, it is the most common type of anemia, occurring alone or 
in combination with ringed sideroblasts in approximately 40 percent 
of patients.” In contrast, megaloblastic anemia is rarely observed in 
nonhospitalized chronic alcoholics or relatively well-nourished sub- 
jects admitted to the hospital for alcohol withdrawal.’ Anemia, when 
associated with megaloblastic marrow changes in alcoholics, almost 
always results from folate deficiency. Iron deficiency often is associated 
with folate deficiency in alcoholics.’ In patients with both nutritional 
deficiencies, the blood film is “dimorphic,” with macrocytes, hyperseg- 
mented neutrophils, and hypochromic microcytes. This is also the case 
when folate deficiency coexists with a sideroblastic process.’ Conse- 
quently, the MCV may be normal but, because of marked anisopoiki- 
locytosis, the red cell distribution width (RDW) is elevated.“ Although 
liver disease is frequently present in alcoholics with megaloblastic ane- 
mia, it is not responsible for the folate deficiency. Megaloblastic anemia 
occurs almost exclusively in alcoholics who have been eating poorly. It 
is seen more commonly in heavy drinkers of wine and whiskey, which 
contain little or no folate, than in drinkers of beer, which is a rich source 
of the vitamin. 


In addition to folate deficiency, chronic alcoholics frequently 
demonstrate multiple other micronutrient deficiencies, including thia- 
mine, pyridoxine, and vitamin A, which aggravate the risk of anemia. 
Although decreased dietary folate intake appears to be a necessary fac- 
tor in the etiology of the megaloblastic anemia, ethanol itself interferes 
with folate metabolism (Chap. 41).!°!% 

Macrocytosis, however, does not always indicate the presence 
of megaloblastic anemia,” reticulocytosis secondary to hemolysis or 
bleeding, or liver disease. So-called macrocytosis of alcoholism is found 
in as many as 96 percent of alcoholics. In these patients, the macrocy- 
tosis usually is mild, with MCV in the range of 100 to 110 fL, and ane- 
mia is usually absent. In the blood film, macrocytes are typically round 
rather than oval and neutrophil hypersegmentation is not present. The 
macrocytosis persists until the patient abstains from alcohol. Even then, 
MCV does not become completely normal for a period of 2 to 4 months 
in view of the life span of erythrocytes. 

Alcohol ingestion for 5 to 7 days produces vacuolization of early 
red cell precursors, and formation of vacuoles can be observed in in 
vitro marrow cell cultures.”' These changes disappear promptly when 
alcohol ingestion is discontinued. Vacuolization with a similar appear- 
ance occurs in subjects who are fed a phenylalanine-deficient diet, 
patients treated with chloramphenicol or pyrazinamide, patients in 
hyperosmolar coma, and individuals deficient in copper or riboflavin. 

Two relatively uncommon hematologic complications of alcohol- 
ism are Zieve syndrome,'”*'” consisting of alcohol-induced liver disease, 
often hyperlipidemia, jaundice, and transient spherocytic hemolytic 
anemia; and spur cell hemolytic anemia, associated with severe 
alcohol-induced liver disease often requiring hepatic transplantation for 
resolution.'* Chapter 45 discusses these syndromes. 
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CHAPTER 45 
ANEMIA ASSOCIATED WITH 
MARROW INFILTRATION 


Vishnu VB Reddy and Josef T. Prchal 


Myelophthisic anemia is caused by marrow infiltration, typically by metastatic 
cancer, and by any nonhematopoietic conditions, for example, granulomatous 
inflammation or fibrosis. It can present with an overt leukoerythroblastic 
picture or with only a few teardrop-shaped red cells on a blood film. These 
changes may represent an early spread of the tumor (or other nonhematopoi- 
etic tissue) to the marrow or may indicate massive replacement of the marrow 
space. The diagnosis can be made by standard marrow biopsy. Radioisotope 
scanning and magnetic resonance imaging, although not very sensitive, can 
be helpful in locating the biopsy site and can also help in estimating the per- 
centage of involvement of the marrow space. 


@ DEFINITION AND HISTORY 


Myelophthisic anemia is the term that has been used to describe diverse 
pathologic processes, including Fanconi anemia,' but currently refers 
to anemia resulting from the presence of spotty to massive marrow 
infiltration with abnormal cells or tissue components. Strictly speak- 
ing, the blasts of acute leukemia, plasma cells of myeloma, and cells of 
lymphoma, chronic leukemia, and myeloproliferative neoplasms fit this 
definition. However, the term myelophthisic anemia’ is best reserved for 
marrow replacement by nonhematologic tumors and nonhematopoietic 
tissue. Minimal to moderate involvement usually does not cause symp- 
toms or hematologic changes. Such infiltration is clinically significant, 
however, because in patients with an established diagnosis of cancer, it 
indicates metastatic dissemination of the tumor and usually an advanced 
stage. Although extensive infiltration may lead to anemia or even pan- 
cytopenia, anemia can be frequently accompanied by an elevated leu- 
kocyte count, often with immature myeloid cells in the blood. Platelets 
can be increased, decreased, or normal (megakaryocytic fragments 
are seen occasionally in the blood film). The findings accompanied by 
teardrop-shaped red cells (dacrocytes), prematurely released nucleated 
red cells, and immature myeloid cells is referred to as leukoerythroblastic 
reaction (Chaps. 2, 31, and 86), which generally reflects marrow replace- 
ment by tumor or extramedullary hematopoiesis. 


@ ETIOLOGY AND PATHOGENESIS 


Tumor metastasis results from the complex interactions between the 
tumor cells and the surrounding microenvironment. Invasion is the 


Acronyms and Abbreviations: MRI, magnetic resonance imaging; °"Tc, a radio- 
isotope of technetium; °™Tc sestamibi, a radioisotope of technetium attached to the 
sestamibi molecule. 


primary process of metastasis and occurs often as a result of loss of 
E-cadherin. E-cadherin is a calcium-dependent cell adhesion molecule 
that likely plays a role in intercellular adhesion and inhibition of inva- 
sion by neoplastic cells. The loss of E-cadherin can be caused by many 
mechanisms, including mutations and gene silencing.* Dysregulation of 
calcium influx pathways through stromal interaction molecule (STIM) 
and calcium-permeable transient receptor potential (TRP) also plays a 
role in tumor invasive and metastatic behavior.* Many members of the 
family of matrix metalloproteinases can also participate in the process 
of tumor cell invasion. Stromal cells, such as tumor-associated macro- 
phages, and growth factors secreted by them, such as fibroblast growth 
factor, are also known to promote tumor spread.° 

Table 45-1 lists the most common causes of extensive cellu- 
lar infiltration of marrow. In myelofibrotic disorders of both primary 
and secondary origin, the fibrosis/osteosclerosis-restricts the available 
marrow space and disrupts marrow architecture (Chap. 86). The dis- 
ruption may cause cytopenias with production of deformed red cells, 
especially poikilocytes and teardrop-shaped cells, and premature 
release of erythroblasts, myelocytes, and giant platelets. The leukocyte 
count also may be elevated. Similar abnormalities following marrow 
replacement by calcium oxalate crystals have been reported.* Anemia 
seen in metastatic cancer most frequently results from cytokine release 
leading to anemia of chronic inflammation (Chap. 37), iron deficiency 
as a result of gastrointestinal or uterine bleeding (Chap. 42), or other 
nutritional deficiencies (Chaps. 41 and 44). However, marrow replace- 
ment causing a myelophthisic anemia as the sole cause of anemia also 
occurs. The marrow microenvironment is susceptible to implantation 
of bloodborne malignant cells. Almost all cancers can metastasize to 
the marrow,’”"' but the most common are cancers of the lung, breast, 
and prostate. Metastatic foci in the marrow can be found in 20 to 30 
percent of patients with small cell carcinoma of the lung at the time of 
diagnosis, and in more than 50 percent of patients at autopsy.'”'? Overt 
leukoerythroblastic blood picture is less common, and its absence is not 
a reliable indicator that the marrow is not involved. 

The characteristic abnormalities observed in patients with myelo- 
phthisic anemia may result partly from an attempt for compensatory 
extramedullary blood formation that generally reflects extramedul- 
lary hematopoiesis predominantly from the spleen. A similar picture 
can be seen when the marrow is replaced by numerous granulomas, '*+'5 
for example, sarcoidosis, disseminated tuberculosis, fungal infections, 
or by macrophages containing indigestible lipids, as in Gaucher and 
Niemann-Pick diseases (Chap. 72)" and in macrophage activation syn- 
drome (MAS). 

Marrow necrosis can be an underlying cause of myelophthisic 
anemia. The morphologic picture, best observed in hematoxylin-and- 
eosin-stained biopsy of marrow, consists of cell debris and occasional 
necrotic cells in an eosinophilic amorphus background (Fig. 45-1).!” 
Marrow necrosis is generally considered to be very uncommon, 
accounting for less than 1 percent of marrow biopsies. Metastatic 
tumors, acute lymphoblastic leukemia (children), and septicemia are 
generally the underlying cause,'”'* but sickle cell disease’?! and arsenic 
therapy in acute promyelocytic leukemia are other causes.” Necrotic 
foci range from small to very extensive (<5 to 90 percent of the biopsy 
volume). Extensive necrosis often results in inability to perform flow 
cytometry/molecular analysis satisfactorily. A repeat biopsy at a differ- 
ent site may be needed. 34 

Because myelophthisic anemia is so uncommon, only a few rig- 
orous studies of the pathogenesis of anemia in this entity have been 
conducted. In vitro study of hematopoietic progenitors reveals only a 
moderate decrease of their proportion and proliferative capacity.” Sim- 
ilar reports of erythropoiesis quantitation by ferrokinetic studies reveal 
only a moderate defect (Chap. 32). The following confounding factors 
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TABLE 45-1. Causes of Marrow Infiltration 


|. Fibroblasts and collagen 


A. Primary myelofibrosis (PMF) 


B. Fibrosis associated with other myeloproliferative neo- 
plasms (MPNs) 


C. Fibrosis of hairy cell leukemia 

D. Metastatic tumors (e.g., breast carcinoma) 

E. Sarcoidosis'*’° 

F. Secondary myelofibrosis with pulmonary hypertension 
ll. Other noncellular material 

A. Oxalosis® 


lll. Tumor cells 


A. Carcinomas (breast, lung, prostate, kidney, 
thyroid and neuroblastoma)’*"' 


B. Sarcoma’? 


IV. Granulomas™* 
A. Sarcoidosis 
B. Fungal infections 
C. Miliary tuberculosis 


V. Macrophages 
A. Gaucher disease 
B. Niemann-Pick disease"® 
C. Macrophage activation syndrome (MAS)***° 


VI. Marrow necrosis 
A. Sickle cell anemia’? 
B. Solid tumor metastasis" 
C. Septicemia'® 
D. Acute lymphoblastic leukemia 
E. Arsenic therapy” 


VII. Failure of osteoclast development 
A. Osteopetrosis*© 


contribute to anemia: elevated hepcidin (Chap. 37) and other factors, 
including hematopoiesis-inhibiting cytokines released from tumor cells 
(Chap. 37) and iron (Chap. 42) and folate and cobalamin (Chap. 41) 
deficiencies. When they are excluded, the finding discussed above sug- 
gests that only massive marrow replacement leads to anemia. 


@ CLINICAL FEATURES 


Symptoms and signs associated with infiltrative marrow disorders usu- 
ally are related to the underlying disease. Other symptoms, such as 
fatigue, often from upregulated cytokines, may also contribute to ane- 
mia itself. Some patients are asymptomatic, and the incidental discovery 
of cytopenias and leukoerythroblastic blood morphology leads to diag- 
nosis of an underlying disorder 


@ LABORATORY FEATURES 
BLOOD 


The anemia usually is mild to moderate, but it can be severe. White 
cell and platelet counts may vary, but the most characteristic feature is 
the morphologic appearance of red cells on the blood film. These cells 
may show anisocytosis and poikilocytosis, but the presence of teardrop 
forms and nucleated red cells is particularly suggestive of marrow infil- 
tration (Chap. 31; Fig. 45-2). The combination of nucleated red cells 
and immature myeloid precursors constitutes the leukoerythroblastic 
picture that is characteristic of marrow infiltration and extramedullary 
hematopoiesis. The presence of cancer cells on the blood film occurs 
occasionally and always indicates marrow invasion (Fig. 45-3). 


MARROW 


Marrow biopsy is the most reliable procedure used to diagnose 
marrow- infiltrative disease and should be performed in all patients 
with suspected metastatic carcinoma or hematologic features of mye- 
lophthisic anemia. Marrow aspiration**** does not provide a reliable 
yield of tumor cells and is particularly difficult in primary or second- 
ary myelofibrosis. The inability to aspirate marrow (dry tap) leads to 
a high degree of suspicion of marrow replacement and accompany- 
ing myelofibrosis. Because the diagnostic marrow yield from biopsies 
depends on the amount of tissue examined, bilateral posterior iliac crest 
marrow biopsies may be necessary. In patients with metastatic cancer 


Figure 45-1. Marrow necrosis. A. Low-magnification view of the biopsy showing mostly necrosis (pink area) and focally preserved tumor to the left 
(blue area). B. Higher-magnification view of necrosis with loss of cellular details, granular eosinophilic/pink cell debris. 


A Canon 
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Figure 45-2. Leukoerythroblastosis. A. Blood film containing several nucleated red blood cells (RBCs), few circulating blasts, and RBCs showing 
severe anisopoikilocytosis. B. Corresponding marrow biopsy with reticulin fibrosis (3+) and intrasinusoidal megakaryocytes (black arrows). 


involving the marrow, the blood CD34-positive cell count can be up to 
50 times higher than in patients with metastatic cancer without marrow 
involvement.” 


ISOTOPE AND IMAGING PROCEDURES 


Technetium-99m (Ic) sestamibi uptake reliably identifies marrow 
infiltration by Gaucher cells. Sestamibi is a pharmaceutical agent used 
in nuclear medicine imaging. Magnetic resonance imaging (MRI) is 
also helpful for defining the severity of marrow replacement and is 
being used with increasing frequency. This imaging approach is espe- 
cially useful for following resolution of marrow infiltration in patients 
with type 1 Gaucher disease who are treated with enzyme-replacement 
therapy.**°! An isotopic bone scan or MRI study showing focal accu- 
mulation of radioactive tracers can be helpful in locating a suitable site 
for biopsy, ™”? but a negative study of the area does not exclude the pos- 
sibility of marrow involvement. On MRI, marrow necrosis characteristi- 
cally has an extensive, diffuse, geographic pattern of signal abnormality 
consisting of a central area of variable signal intensity surrounded by a 
distinct peripheral enhancing rim.” 


@ DIFFERENTIAL DIAGNOSIS 


The cause of a leukoerythroblastic blood picture is known to occur in a 
patient with metastatic cancer or overt hematologic malignancy. In the 
absence of a likely cause after clinical evaluation, the initial approach 
to diagnosis is the marrow biopsy. Although it is not a very sensitive 


technique, with the help of immunocytochemistry and flow cytome- 
try for tumor-specific antigens, its diagnostic sensitivity and specific- 
ity increases. MRI or isotopic scanning before the marrow may aid in 
locating the site of the biopsy. Hematologic disorders causing marrow 
fibrosis, notably primary myelofibrosis, may mimic a myelophthisic dis- 
order, but the distinctions are usually evident. For example, the patient 
with primary myelofibrosis invariably has splenic enlargement and 
the patient with metastatic cancer nearly always does not (Chap. 91). 
If the myelophthisis is the result of a storage disease or other infiltra- 
tive cause, the appropriate chemical tests, as well as marrow biopsy, are 
helpful in diagnosis. Nucleated red cells and leukocytosis can be seen in 
acute conditions, including overwhelming sepsis, acute severe hypoxia, 
postcardiac arrest, and chronic conditions such as thalassemia major, 
congestive heart failure, and severe hemolytic anemia. 


@ THERAPY, COURSE, AND PROGNOSIS 


The goal of treatment is managing the underlying disease. Patients with 
marrow infiltration caused by cancer should be treated appropriately; 
however, in some instances the presence of marrow infiltration may 
not adversely affect the outcome. If treatment is successful, not only 
the malignant cells but also the reactive fibrosis surrounding metastatic 
foci may completely disappear. In hormone-refractory prostate cancer, 
the presence of a leukoerythroblastic picture does not seem to influ- 
ence survival.** However, in most patients with cancers metastatic to the 
marrow, only short-term survival is a rule. 


Figure 45-3. Metastatic tumor in the marrow. A. Marrow packed with melanoma cells and displacing normal marrow elements. Tumor cells have 
characteristic large nuclei with prominent pink nucleoli. B. S100 immunohistochemical stain highlights melanoma infiltrates in the marrow. 
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CHAPTER 46 
ERYTHROCYTE MEMBRANE 
DISORDERS 


Theresa L. Coetzer 


The human erythrocyte membrane consists of a lipid bilayer containing trans- 
membrane proteins and an underlying membrane skeleton, which is attached 
to the bilayer by linker protein complexes. The membrane is critical in main- 
taining the unique biconcave disk shape of the erythrocyte and enabling it 
to withstand the circulatory shear stress. The integrity of the membrane is 
ensured by vertical interactions between the skeleton and the transmem- 
brane proteins, as well as by horizontal interactions between skeletal proteins. 
Inherited defects of membrane proteins compromise these interactions and 
alter the shape and deformability of the cells, which ultimately results in their 
premature destruction and hemolytic anemia. The disorders are typically auto- 
somal dominant and exhibit significant clinical, laboratory, biochemical, and 
genetic heterogeneity. 

Hereditary spherocytosis is a common condition characterized by spheri- 
cally shaped erythrocytes on the blood film, reticulocytosis, and splenomeg- 
aly. The underlying defect is a deficiency of one of the membrane proteins, 
including ankyrin, band 3, a-spectrin, B-spectrin, or protein 4.2. This weak- 
ens the vertical membrane interactions, resulting in loss of membrane and 
surface area. Spherocytes have diminished deformability, which predisposes 
them to entrapment and destruction in the spleen. Hereditary elliptocytosis is 
characterized by the presence of elliptical erythrocytes on the blood film. The 
principal abnormality affects horizontal membrane protein interactions and 
typically involves a-spectrin, B-spectrin, protein 4.1R, or glycophorin C. The 
membrane skeleton is destabilized and unable to maintain the biconcave disk 
shape, which manifests as an elliptical distortion of the cells in the circulation. 


Acronyms and Abbreviations: AE1, anion exchanger-1; a, a-spectrin low- 
expression Lyon; a'™®*, q-spectrin low-expression Prague; AGLI, acidified glycerol 
lysis test; ANK, ankyrin; AQP1, aquaporin-1; BCSH, British Committee for Standards 
in Haematology; BPG, 2,3-bisphosphoglycerate; CDAII, congenital dyserythropoi- 
etic anemia type Il; EMA, eosin 5’-maleimide; 4.1R, erythrocyte isoform of protein 
4.1; GLT, glycerol lysis test; GLUT-1, glucose transporter-1; GP, glycophorin; GP-A, 
-B, -C, -D, -E, various members of glycophorin family; GSSG, oxidized glutathione; 
HARP, hypobetalipoproteinemia, acanthocytosis, retinitis pigmentosa, and pallidal 
degeneration syndrome; HE, hereditary elliptocytosis; HPP hereditary pyropoiki- 
locytosis; HS, hereditary spherocytosis; HSt, hereditary stomatocytosis; MAGUK, 
membrane-associated guanylate kinase; MARCKS, myristoylated alanine-rich C 
kinase substrate; MCHC, mean corpuscular hemoglobin concentration; MCV, mean 
corpuscular volume; OF, osmotic fragility; PKAN, pantothenate kinase-associated 
neurodegeneration; RhAG, Rh-associated glycoprotein; SAO, southeast Asian ovalo- 
cytosis; SDS-PAGE, sodium dodecylsulfate polyacrylamide gel electrophoresis; UGT1, 
uridine diphosphate glucuronosyltransferase 1. 


Hereditary pyropoikilocytosis is a rare, severe hemolytic anemia characterized 
by markedly abnormal erythrocyte morphology caused by defective spectrin. 
Southeast Asian ovalocytosis is largely asymptomatic and is caused by a defect 
in band 3. The blood film shows large oval red cells with a transverse ridge 
across the central area. Acanthocytosis is typified by contracted, dense erythro- 
cytes with irregular projections, which may be seen in patients with severe 
liver disease, abetalipoproteinemia, various neurologic disorders, certain aber- 
rant red cell antigens, and postsplenectomy. Stomatocytosis is a rare group of 
inherited disorders associated with abnormal membrane permeability and red 
cell cation content, which either cause overhydration or dehydration of the 
cells. 


The erythrocyte membrane plays a critical role in the function and 
structure of the red cell. It is a key determinant of the unique biconcave 
disk shape and provides the cell with a finely tuned combination of flex- 
ibility and durability. These properties enable the erythrocyte to with- 
stand the circulatory shear pressure and allow it to undergo extensive 
and repeated distortion while negotiating the microvasculature and the 
spleen, thus ensuring survival during its average 120-day life span. The 
red cell membrane maintains a nonreactive surface so that erythrocytes 
do not adhere to the endothelium or aggregate and occlude capillar- 
ies. It provides a barrier with selective permeability, which retains vital 
components inside the cell and permits the efflux of metabolic waste. 
To facilitate the transfer of carbon dioxide and to maintain pH homeo- 
stasis, the membrane exchanges chloride and bicarbonate anions, and 
it also actively controls the cation and water content of the erythrocyte. 
The membrane sequesters reducing agents required to prevent oxida- 
tive damage to hemoglobin and other cellular components, and it plays 
a role in regulating metabolism by reversibly binding and inactivating 
selected glycolytic enzymes. 

Abnormalities of the erythrocyte membrane alter the shape of 
the cell and compromise its integrity and ability to survive the rigors 
of circulation, which leads to premature destruction and hemolysis. 
Erythrocyte membrane disorders comprise an important group of 
hereditary hemolytic anemias, which are classified according to the 
altered red cell morphology and include hereditary spherocytosis (HS), 
hereditary elliptocytosis (HE) and related disorders, and the hereditary 
stomatocytosis (HSt) syndromes. This chapter summarizes our current 
understanding of the erythrocyte membrane in normal cells followed 
by a discussion of the underlying molecular defects and their role in 
the pathophysiology and clinical manifestations of these disorders. The 
main emphasis is on spherocytosis and elliptocytosis, the two most 
common and best characterized diseases. 


@ OVERVIEW OF THE ERYTHROCYTE 
MEMBRANE 


The erythrocyte membrane is the most studied plasma membrane and 
serves as a paradigm for all cellular membranes. Mature erythrocytes 
are readily accessible; they contain no intracellular organelles, which 
facilitates the isolation of pure erythrocyte membranes; and “experi- 
ments of nature” resulting in abnormal erythrocyte morphology have 
provided unique opportunities to investigate the function of membrane 
components. These studies have revealed the primary structure and sev- 
eral important functions of the red cell membrane. Ongoing research, 
using the latest molecular technologies, continues to yield important 
insights into our understanding of membrane structure-function rela- 
tionships, as well as genotype-phenotype correlations. 
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Figure 46-1. Schematic model of the human erythrocyte membrane. The molecular assembly of the major proteins is indicated. Vertical interac- 
tions are perpendicular to the plane of the membrane and are represented by the ankyrin and junctional protein complexes that connect the mem- 
brane spectrin skeleton to the integral proteins embedded in the lipid bilayer. Horizontal interactions occur parallel to the plane of the membrane and 
involve spectrin tetramers and protein 4.1R. The proteins and lipids are not drawn to scale. b3, Band 3; GPA/GPC, glycophorin A/C; GLUT-1, glucose 


transporter-1. 


The erythrocyte membrane is a complex structure consisting of a 
relatively fluid lipid bilayer stabilized by an underlying two-dimensional 
membrane skeleton, which maintains the integrity of the biconcave disk 
shape of the erythrocyte (Fig. 46-1). The skeleton provides the cell with 
the strength and flexibility to deform rapidly and repeatedly and thus 
endure the shear stress encountered in the tiny capillaries of the micro- 
circulation and in the spleen. The lipid bilayer separates the erythrocyte 
cytoplasm from the external plasma environment and contains phos- 
pholipids and cholesterol, as well as integral transmembrane proteins, 
which are tethered to the skeleton by interactions with linker proteins. 


@ COMPONENTS OF THE ERYTHROCYTE 
MEMBRANE 


MEMBRANE LIPIDS 


The lipid bilayer comprises approximately 50 percent of the mem- 
brane mass and contains unesterified cholesterol and phospholipids in 
approximately equal amounts, with small amounts of glycolipids and 
phosphoinositides (Chap. 31).'* Mature erythrocytes are unable to 
synthesize fatty acids, phospholipids, or cholesterol de novo, and they 
depend on lipid exchange and limited phospholipid repair.’ 

Cholesterol regulates the fluidity of the membrane and is present in 
both leaflets, whereas the phospholipids are asymmetrically distributed. 
The choline phospholipids, phosphatidylcholine and sphingomyelin, 
are predominantly located in the outer leaflet and play a role in plasma 
lipid exchange and renewal of membrane phospholipids. Glycolipids 
carry several important red cell antigens, including A, B, H, and P, and 
are only found in the external leaflet with their carbohydrate moieties 
extending into the plasma. The aminophospholipids, phosphatidylser- 
ine and phosphatidylethanolamine, as well as phosphatidylinositol are 
located in the inner leaflet of the lipid bilayer. 


This asymmetric distribution of phospholipids is maintained by 
a dynamic process involving flippase and floppase enzymes, which 
translocate the aminophospholipids to the inner and outer leaflets, 
respectively.*> A scramblase mediates bidirectional movement of phos- 
pholipids down their concentration gradient.° Asymmetry of the phos- 
pholipids is important for the survival of the erythrocyte since exposure 
of phosphatidylserine on the outside surface of the cell, as found in sickle 
cell disease and thalassemia, has several deleterious consequences. It 
activates the coagulation cascade and may contribute to thromboses*; it 
facilitates adhesion to the vascular endothelium; it provides a recogni- 
tion signal for macrophages to phagocytose these cells; and it decreases 
the interaction of skeletal proteins with the bilayer, which destabilizes 
the membrane. 

Lipid rafts have been identified in erythrocytes.” They form 
detergent-resistant membrane microdomains, enriched in cholesterol 
and sphingolipids, and are associated with several proteins, including 
stomatin and flotillin-1 and -2. These rafts play a role in signaling and 
invasion of malaria parasites.* 


MEMBRANE PROTEINS 


Pioneering studies resolved the major proteins of the red cell membrane 
by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) and numbers from 1 to 8 were assigned to each protein starting 
with the largest protein, which migrated the slowest (Chap. 31).’ Sub- 
sequent research revealed minor bands between the major proteins and 
these were designated with decimals. Analysis of the individual proteins 
led to the renaming of some of them, such as band 1 and 2, which are 
now known as a- and f-spectrin, respectively. Technologic advances 
have enabled an in-depth analysis of the erythrocyte proteome by mass 
spectrometry, revealing a total of 340 membrane proteins. Table 46-1 
summarizes the properties of the major components. 
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TABLE 46-1. Major Red Cell Membrane Proteins 


Copies Percent- Involvement 
per Cell age of Gene Chromosomal Amino Gene No.of in Hemolytic 
Band Protein Mr (gel) Mr(calc) (x10%) Total? Symbol Localization Acids Size (kb) Exons Anemias 
1 a-Spectrin 240 280 240 16 SPTA1 1q22-q23 2429 80 52 HE, HS, HPP 
2 B-Spectrin 220 246 240 14 SPTB 14q23-q24.2 2137 >100 32 HE, HS, HPP 
2l Ankyrin? 210 206 120 4.5 ANK1 8p11.2 1881 >100 40 HS 
29) a-Adducin‘ 103 81 30 2 ADDA 4p16.3 WM) 85 16 N 
219) B-Adducin‘ 97 80 30 2 ADDB 2p13-2p14 726 ~100 7 N 
3 Anion 90-100 102 1200 BU EPB3 17q21-qter 911 17 20 HS, SAO, HAc 
exchanger-1 
4.1 Protein 4.1 80 66 200 5 EL11 1p33-p34.2 588° >100 23 HE 
4.2 Protein 4.2 72 77 200 5 EB42 15q15-q21 691 20 13 HS 
4.9 Dematin® 48+52 43 40f 1 EPB49 8p21.1 383 = = N 
49 p55° 55 53 80 - MPP1 Xq28 466 - - N 
5 B-Actin 43 42 400-500 5.5 ACTB 7pter-q22 375 >4 6 N 
5 Tropomodulin 43 41 30 - TMOD 9q22 359 - - N 
6 G3PD9 35 S7 500 3.59 GAPD 12p13.31- 335 5 9 N 
p13.1 
7 Stomatin 31 32 = 25 EPB72 9q33-9q34 288 12 7 HSt 
Wf Tropomyosin 27+29 28 80 1 TPM3 1q31 259 = = N 
PAS-1 Glycophorin 36 = 500- 85 GYPA 4q28-q31 131 >40 7 HE 
AS 1000 
PAS-2 eoit 32 14 50-100 4 GYPC 2q14-q21 128 14 4 HE 
PAS-3 Glycophonin 20 = 100-300 10 GYPB 4q28-q31 72 >30 5 N 
ec 23 - 20 1 GYPD 2q14-q21 107 14 4 N 
Saas - - - - GYPE 4q28-q31 59 >30 4 N 


—, Information not available; G3PD, glyceraldehyde 3-phosphate dehydrogenase; HAc, hereditary acanthocytosis; HE, hereditary elliptocyto- 
sis; HPP, hereditary pyropoikilocytosis; HS, hereditary spherocytosis; HSt, hereditary stomatocytosis; N, no hematologic abnormalities reported; 
SAO, southeast Asian ovalocytosis. 


aQuantitation based on scanning of sodium dodecylsulfate polyacrylamide gel electrophoresis of red cell membranes prepared from healthy 
blood donors. For glycophorins, values indicate the fraction of periodic acid-Schiff-positive material. 


Bands 2.1, 2.2, 2.3, and 2.6 are protein isoforms of erythroid ankyrin, at least some of which are produced by alternative splicing of ankyrin 
messenger RNA. 


‘Because adducin comigrates with band 3, no numerical band designation is available. 


Numerous erythroid and nonerythroid isoforms of protein 4.1 produced by alternative splicing have been described. Values correspond to 
the major erythroid protein 4.1 isoform. 


*Both dematin and p55 migrate within the 4.9 band. 

‘Forty thousand dematin trimers are present in one red cell. 
Variable amounts of band 6 are detected in red cell membranes. 
"Detectable on periodic acid-Schiff-stained gels only. 
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The membrane proteins are classified as either integral or periph- 
eral based on the ease with which they can be removed from whole red 
cell membrane preparations in the laboratory. Integral or transmem- 
brane proteins are embedded in the lipid bilayer by hydrophobic inter- 
actions and require detergents to extract them. They often protrude 
from the bilayer and extend into the plasma and/or the interior of the 
erythrocyte and these structural features correlate with their functions 
as transport proteins, receptors, signaling molecules, and carriers of red 
cell antigens. 

Peripheral proteins constitute the membrane skeleton and are 
loosely attached to the cytoplasmic face of the lipid bilayer and can be 
extracted by high or low salt concentrations or by high pH. Attachment 
is mediated indirectly by covalent or noncovalent interactions with the 
cytoplasmic domains of the transmembrane proteins, as well as by direct 
interactions with the inner leaflet of the lipid bilayer. These associations 
are dynamic and the affinity of binding is regulated by post-translational 
modifications of the proteins, including phosphorylation, methylation, 
glycosylation, or lipid modification (myristoylation, palmitoylation, or 
farnesylation). Peripheral proteins typically function either as structural 
proteins and form part of the membrane skeleton or they serve as linker 
proteins attaching the skeleton to the bilayer. 

Many erythrocyte proteins belong to superfamilies and have 
homologues in nonerythroid cells that are structurally related but are 
encoded by different genes. This genetic diversity explains why the clini- 
cal expression of most (but not all) red cell membrane protein mutations 
is confined to the erythroid lineage. Several proteins exist in different 
isoforms, created by tissue- and developmental stage-specific alterna- 
tive splicing or by the use of alternative initiation codons or promoters. 
Many of the membrane proteins are large, multifunctional proteins and 
therefore the position of a mutation determines the functional abnor- 
mality and clinical phenotype. 


Integral Membrane Proteins 

The most abundant and important transmembrane proteins are band 3, 
which is the anion exchanger (AE1) of the erythrocyte, and the glyco- 
phorins (GPs). 

Band 3 The red cell contains approximately 1.2 million copies 
of AE1, a multifunctional and major integral membrane protein (see 
Table 46-1). It has a molecular mass of 102 kDa, but migrates as a dif- 
fuse band on sodium dodecylsulfate (SDS) gels as a result of hetero- 
geneous N-glycosylation. The 911-amino-acid protein consists of two 
functional domains; an N-terminal 43-kDa cytoplasmic domain and 
a 52-kDa transmembrane channel, including a short 33-amino-acid 
C-terminal cytoplasmic tail" (Fig. 46-2). The anion exchange domain 
encompasses 13 « helical transmembrane segments and one nonhelical 
segment all connected by hydrophilic loops." The short cytoplasmic 
tail binds carbonic anhydrase II to form a metabolon with the trans- 
membrane domain, enabling the exchange of HCO, and CI anions, 
which is a critical function of the red cell. The extracellular surface of 
the transmembrane domain of band 3 carries several antigens, includ- 
ing Diego, I/i, and Wright blood groups. 

The N-terminal phosphorylated cytoplasmic domain serves as a 
major hub for protein-protein interactions, which perform key functions 
(see Figs. 46-1 and 46-2)."° It regulates metabolic pathways by sequester- 
ing key glycolytic enzymes such as glyceraldehyde-3-phosphate dehydro- 
genase, phosphoglycerate kinase and aldolase, which are inactive when 
bound. Phosphorylation at tyrosine 8 prevents binding, which liberates 
the active enzymes." The cytoplasmic domain interacts with hemoglobin 
and hemichromes and plays a role in red cell aging”; it associates with 
several peripheral membrane proteins, including the erythrocyte iso- 
form of protein (4.1R),'*" protein 4.2,” and adducin,”! as well as phos- 
phatases and kinases. This domain also serves as the major attachment 


Carbonic 
anhydrase 


Cytoplasmic protein binding domain: 


Ankyrin, adducin, 4.1R, 4.2 
Glycolytic enzymes 
Hemoglobin, hemichromes 


Figure 46-2. Schematic model of human erythrocyte band 3. The N 
and C terminal regions of the protein extend into the cytoplasm and 
provide binding sites for several red cell proteins and enzymes. The 
transmembrane domain forms an anion exchange channel and consists 
of 13 ahelical segments embedded in the lipid bilayer and one nonheli- 
cal segment. Asparagine 642 is linked to complex carbohydrates, which 
protrude on the exterior of the red cell. Tyrosine 8 is phosphorylated. 
The domains are not drawn to scale. 


site of the membrane to the underlying skeleton through its interaction 
with ankyrin, which binds to spectrin (see Figs. 46-1 and 46-2). 

Band 3 associates with other transmembrane proteins to form 
macromolecular complexes (see Fig. 46-1).* This includes the major 
GP, GPA,” and the Rh protein complex, consisting of Rh-associated 
glycoprotein (RhAG), Rh, CD47, LW, and GPB (Chap. 136).™ In addi- 
tion, band 3 participates in the protein 4.1-based junctional complex of 
proteins." 

Band 3 is encoded by the SLC4A1 gene, which produces differ- 
ent tissue-specific isoforms. ™™ The erythroid isoform is controlled by 
a promoter upstream of exon 1, whereas transcription of the kidney 
isoform is initiated from a promoter in intron 3, resulting in a protein 
lacking the first N-terminal 65 amino acids. 

Glycophorins GPs are integral membrane glycoproteins com- 
posed of an extracellular hydrophilic N-terminal domain, a single a- 
helical membrane-spanning domain, and a C-terminal cytoplasmic tail. 
GPA, GPB, and GPE are homologous and are encoded by closely linked 
genes that arose by duplication of the ancestral GPA gene.” GPC and 
GPD are encoded by the same gene but make use of alternate initiation 
codons.” 

GPs have very high sialic acid content and are responsible for 
most of the external negative charge of red cells, which prevents the 
adherence of cells to each other and the vascular endothelium. The GPs 
carry a large number of blood group antigens, including MN, SsU, Mil- 
tenberger, En(a-), MX, and Gerbich (Chap. 136). They also function as 
receptors for Plasmodium falciparum, the most virulent malaria para- 
site. Within the lipid bilayer of the membrane, GPA interacts with band 


3 as part of a macromolecular complex, and may serve as a chaperone 
for band 3 targeting to the membrane.” GPC associates with protein 
4.1R and p55, thereby providing an additional contact site between the 
membrane and the skeleton (see Fig. 46-1).! These interactions play a 
role in stabilizing the membrane. 

Other Integral Membrane Proteins The Rh-RhAG group of 
proteins is part of a macromolecular band 3 complex, which stabilizes 
the membrane. RhAG belongs to the ammonium transporter family of 
proteins, but its function is controversial. Numerous other proteins are 
embedded in the lipid bilayer, many of which are implicated in clini- 
cal immunohematology and membrane disorders, such as the XK, Kell, 
Kidd, Duffy, and Lutheran glycoproteins (see Fig. 46-1).'''? Additional 
integral membrane proteins include ion pumps and channels, such as 
stomatin, aquaporin, glucose transporter (GLUT-1), and various cation 
and anion transporters. 


Peripheral Membrane Proteins 

Underlying the lipid bilayer is the peripheral membrane skeleton, an 
interlocking network of structural proteins, which plays a critical role in 
maintaining the shape and integrity of the red cell. The major proteins 
of the erythrocyte membrane skeleton are spectrin, actin, proteins 4.1R, 
4.2, 4.9, p55, and the adducins, which interact in a horizontal plane. 


œ B-Helix 
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Linker proteins mediate the vertical attachment of the skeleton to inte- 
gral membrane proteins in the lipid bilayer (see Fig. 46-1). The primary 
connecting protein is ankyrin, which links spectrin to the cytoplasmic 
domain of band 3, as well as to the Rh-RhAG complex. Protein 4.1R 
provides an additional link with GPC and band 3. 

Spectrin Spectrin is the major constituent of the erythrocyte 
membrane skeleton and is present at approximately 240,000 molecules 
per cell.” It is a multifunctional protein composed of two homologous 
but structurally distinct subunits, a and p, encoded by separate genes, 
which may have evolved from duplication of a single ancestral gene” 
(see Table 46-1 and Fig. 46-3). Both a- and B-spectrin contain tandem 
homologous spectrin repeats that are approximately 106 amino acids 
long and are folded into three antiparallel helices, A, B, and C. Each 
repeat is connected to the adjacent repeat by short ordered a-helical 
linkers (Fig. 46-3).*'* Erythrocyte a-spectrin is a 280-kDa protein 
comprising 20 complete repeats, an N-terminal partial repeat, a cen- 
tral SH3 domain, and a C-terminal calcium-binding EF hand. The f- 
spectrin subunit is a 246-kDa polypeptide consisting of 16 complete 
repeats, an N-terminal actin binding domain, a partial repeat near the 
C-terminus, and a nonhomologous phosphorylated C-terminus. Mild 
trypsin treatment of spectrin cleaves the two subunits into distinct struc- 
tural domains: aI-V and fI-IV. The triple helical structure of the spectrin 
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Figure 46-3. Schematic model of human erythrocyte a- and B-spectrin. The proteins consist of multiple homologous spectrin repeats of approxi- 
mately 106 amino acids numbered from the N-terminal. Each repeat is composed of three a helices. Nonhomologous regions include an SH3 domain 
and calcium-binding EF hands in a-spectrin, a protein 4.1R binding domain, and a C-terminal phosphorylated tail in B-spectrin. The nucleation site 
indicates the initial region of interaction between a and 8 monomers to form an antiparallel heterodimer. Spectrin heterodimer self association into 
tetramers involves helix C of the a0 partial repeat of a-spectrin and helices A and B of the partial 617 repeat of B-spectrin to form a complete triple 
helical repeat. Ankyrin binds to repeats 14 and 15 of 6-spectrin. Limited tryptic digestion of spectrin cleaves the proteins into discrete al-V and BI-IV 


domains. 
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repeats renders the molecule highly flexible and enables it to extend and 
condense reversibly, which provides the red cell with elasticity and dura- 
bility to withstand the shear stress encountered in the circulation. 

The core structure of the erythrocyte skeleton consists of spectrin 
heterotetramers, which are strong but flexible filaments. Tetramers are 
assembled from the monomers in a series of events. For initial heterod- 
imer formation, the a- and #-spectrin chains align in an antiparallel 
fashion and interact with high affinity through long-range electrostatic 
interactions at a nucleation site, comprising repeats «20-21 and $1-2.¥ 
This triggers the association of the remaining repeats in the two subun- 
its in a zipper-like fashion. Repeats at the N-terminus of a-spectrin (al 
domain) and the C-terminus of $-spectrin ($I domain) are the regions 
involved in heterodimer self-association to form tetramers. Partial 
repeat 617 consists of two helices (A and B) which interact with the 
single helix C of partial repeat a0 to form a complete triple helical repeat 
(see Fig. 46-3). The interface of this tetramerization site is dominated 
by hydrophobic contacts supplemented by electrostatic interactions.™ 
Phosphorylation of the C-terminal region of B-spectrin beyond the 
self-association site decreases the mechanical stability of the membrane. 

At the opposite tail end of the spectrin tetramers, the N terminus of 
$-spectrin binds to short F-actin filaments, which is potentiated by 4.1R, 
to form the core of a junctional complex,” which links six tetramers 
together into a hexagonal skeletal network (Fig. 46-4).** The C-terminal 


Figure 46-4. Electron micrograph of the human erythrocyte mem- 
brane skeleton. Membrane lipids and transmembrane proteins have 
been removed and the skeletons were extended during preparation 
and negative staining to reveal the structure. A. Low-magnification 
image reveals an ordered network of proteins. B and C. High-magnifi- 
cation image and schematic of the hexagonal lattice showing spectrin 
tetramers (Sp4) and hexamers (Sp6) or double tetramers (2Sp4). Junc- 
tional complexes contain actin filaments and protein 4.1R. Globular 
ankyrin molecules are bound to spectrin tetramers. (Reproduced with 
permission from Liu SC et al: Visualisation of the hexagonal lattice in the 
erythrocyte membrane skeleton. J Cell Biol 104(3):527-536, 1987.) 
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Figure 46-5. Schematic of human erythrocyte ankyrin. The N-ter- 
minal domain consists of 24 ANK repeats, which bind to band 3 and 
the Rh-RhAg complex. The central domain attaches to spectrin. The 
C-terminal domain varies in different isoforms of ankyrin, which are pro- 
duced by alternative splicing of the gene. This domain also contains a 
conserved death domain of unknown function. 


EF hand of a-spectrin enhances this spectrin-actin-4.1R interaction.” 
Numerous other proteins participate in the junctional complex, includ- 
ing adducin, protein 4.9, p55, tropomodulin and tropomyosin (see Fig. 
46-1).'° Protein 4.1R binds to GPC and band 3, which serves as a sec- 
ondary attachment site of the skeleton to integral membrane proteins. 
The main interaction tethering the skeleton to the lipid bilayer is accom- 
plished by ankyrin, which links 6-spectrin to band 3 (see Fig. 46-1). The 
ankyrin binding site is a flexible pocket formed by repeats 14 and 15 of 
$-spectrin near the C-terminal end of the molecule.**” Spectrin also 
interacts with phosphatidylserine on the inner leaflet of the lipid bilayer. 

Nonrepeat sequences in spectrin provide the recognition sites for 
binding to modifiers, including kinases and calmodulin. The functions 
of spectrin are to maintain the biconcave disk shape of the red cell, reg- 
ulate the lateral mobility of integral membrane proteins, and provide 
structural support for the lipid bilayer. 

Ankyrin Erythrocyte ankyrin is encoded by the ANK1 gene, which 
contains three separate tissue-specific promoters and first exons that are 
spliced to a common exon 2.*° The 206-kDa protein is a versatile bind- 
ing partner and has three functional domains: an N-terminal 89-kDa 
membrane-binding domain, that contains sites for band 3 and other 
ligands; a central 62-kDa spectrin-binding domain, and a C-terminal 
55-kDa regulatory domain that is responsible for the different iso- 
forms of the protein, which influence ankyrin-protein interactions 
(Fig. 46-5). 

The membrane-binding domain contains 24 tandem ankyrin 
(ANK) repeats, which are stacked into a superhelical array that is coiled 
into a solenoid. This structure behaves like a reversible spring, which 
may contribute to the elasticity of the membrane.” Each 33-amino- 
acid ANK repeat is highly conserved and forms an L-shaped struc- 
ture composed of two antiparallel æ helices separated by a f} hairpin.*! 
The ANK repeats are connected by unstructured loops and provide an 
interface for numerous protein-protein interactions. Erythrocyte ANK 
repeats specifically bind to band 3 and the Rh-RhAG macromolecular 
complex." 

The spectrin-binding domain contains a small unique subdomain 
termed ZU5-ANK, which has a f-strand core with several surface loops 
and binds to 6-spectrin through hydrophobic and electrostatic inter- 
actions.” The regulatory domain contains a highly conserved death 
domain of unknown function in the red cell. The C-terminal section of 
the regulatory domain varies in the different isoforms of ankyrin, pro- 
teins 2.1 to 2.6, which are created by alternative splicing* and which 
exhibit different binding affinities for band 3 and spectrin. Phospho- 
rylation of ankyrin reduces binding to band 3 and spectrin tetramers. 

Protein 4.1R The gene encoding protein 4.1 produces diverse 
isoforms in different tissues and different developmental stages. This 
diversity is accomplished by the use of alternate first exons under the 
control of different promoters, and alternate initiation codons. This 
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Figure 46-6. Schematic of human erythrocyte protein 4.1R. The pro- 
tein consists of four domains, with the 30-kDa and the 10-kDa domains 
involved in binding to other red cell membrane proteins. The C-terminal 
domain has an asparagine residue at position 502 in isoform 4.1a, which 
is deamidated in older red cells to form aspartic acid and isoform 4.1b. 


transcriptional regulation is coupled to complex pre-mRNA splicing 
events.“ The erythrocyte isoform, 4.1R, is produced from the down- 
stream initiation codon and contains exon 16, which encodes an essen- 
tial part of the spectrin-actin binding domain. 

Protein 4.1R is a globular phosphoprotein that contains four 
structural and functional domains of 30 kDa, 16 kDa, 10 kDa, and 22 
to 24 kDa (Fig. 46-6). The N-terminal 30-kDa domain is responsible 
for binding to the cytoplasmic domains of band 3 and GPC, as well as 
to p55, thereby linking the skeleton to the lipid bilayer.” The 10-kDa 
domain enhances the interaction between spectrin and actin in the 
junctional complex, which connects spectrin tetramers to each other. 
The functions of the other two domains are not characterized. Phospho- 
rylation of 4.1R inhibits spectrin-actin-4.1R complex formation and 
also decreases binding to band 3. Protein 4.1R binds weakly to phos- 
phatidylserine in the lipid bilayer. 

Two forms of 4.1R, a and b, are present in red cells, with protein 
4.1b predominating in young erythrocytes. The difference between the 
two isoforms relates to the gradual deamidation of asparagine 502 to 
aspartic acid in a nonenzymatic, age-dependent manner, which influ- 
ences the mobility of the protein on SDS gels.*° 

Protein 4.2 Protein 4.2 is a member of the transglutaminase family 
of proteins,” but it has no enzyme activity as it lacks the critical triad 
of residues that form the active transglutaminase site. The exact role of 
protein 4.2 has not been elucidated, but it stabilizes the link between 
the skeleton and the lipid bilayer. Protein 4.2 interacts with several pro- 
teins, including the cytoplasmic domain of band 3, and this binding site 
has been identified as a hairpin region toward the center of the protein 
4.2 molecule.” Interactions with the ANK repeats in the membrane- 
binding domain of ankyrin” and CD47, a component of the Rh com- 
plex, have been documented.” In vitro binding studies have revealed 
an association of protein 4.2 with 4.1R and spectrin. Protein 4.2 binds 
calcium adjacent to the spectrin-binding loop suggesting that calcium 
may regulate this interaction. The protein undergoes posttranslational 
palmitoylation and myristoylation, which suggests an interaction with 
the lipid bilayer.“ 

p55 This molecule is a phosphoprotein member of the mem- 
brane-associated guanylate kinase (MAGUK) family of proteins.“ In 
the red cell it is found as part of a ternary complex with GPC and 4.1R 
and it strengthens the link between the skeleton and the bilayer.” p55 
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contains five domains, including an N-terminal PDZ domain, which 
binds to GPC; an SH3 domain; a central HOOK domain interacting 
with the 30-kDa domain of 4.1R; a region with tyrosine phosphoryla- 
tion sites; and a C-terminal guanylate kinase domain (Fig. 46-7).* The 
protein is extensively palmitoylated, reflecting an interaction with the 
membrane bilayer. 

Adducin Adducin, a calcium/calmodulin-binding phosphopro- 
tein located at the spectrin-actin junctional complex, is composed of af 
adducin heterodimers, which are structurally similar proteins encoded 
by separate genes. Adducins contain a 39-kDa globular head region, a 
small neck region of 9 kDa implicated in oligomerization to form af, 
heterotetramers, and a 30-kDa cytoplasmic tail with a myristoylated 
alanine-rich C kinase substrate (MARCKS) phosphorylation domain at 
the C terminus (Fig. 46-8). The adducin tails cap actin filaments and 
promote interaction of spectrin and actin.” They also bind band 3 and 
the GLUT-1, and thus form part of the macromolecular junctional com- 
plex linking the spectrin skeleton to the lipid bilayer (see Fig. 46-1).?»°° 
The function of adducin is regulated by calcium-dependent calmod- 
ulin binding and differential phosphorylation. A primary deficiency 
of adducin in human disease has not been described; however, mice 
with targeted inactivation of a- or $-adducin suffer from compensated 
spherocytic anemia, suggesting that the adducin mutations may be can- 
didates for recessively inherited hemolytic anemia.*! 

Actin and Actin-Binding Proteins The erythrocyte contains 
B-type actin assembled into short F-actin protofilaments of 14 to 16 
monomers. The length of the filaments is regulated by a “molecular 
ruler” of two rod-shaped tropomyosin molecules, which are bound 
along the filament, as well as by two tropomodulin molecules, which 
cap the filaments at the pointed ends. At the barbed end actin is 
capped by an adducin heterodimer. Dematin or protein 4.9 is a trimeric 
phosphoprotein, which bundles the actin filaments,” but also acts as a 
linker molecule by binding to the transmembrane GLUT-1.”"*” 


@ MEMBRANE ORGANIZATION 


The structure of the erythrocyte membrane is determined by multiple 
protein-protein interactions between (1) integral membrane proteins 
within the lipid bilayer, (2) peripheral proteins in the skeleton, and (3) 
linker proteins, which tether the skeleton to the transmembrane pro- 
teins (see Fig. 46-1). Protein-lipid interactions within the bilayer or 
between the anionic phospholipids and the underlying membrane skel- 
eton also play a role in cohesion of the membrane components. By using 
the cytoplasmic domains of embedded proteins as attachment points, 
the membrane skeleton not only affixes itself to the lipid bilayer but also 
influences the topology of the transmembrane proteins and constrains 
their lateral and rotational mobility. 

The membrane skeleton resembles a lattice-like network, with 
approximately 60 percent of the lipid bilayer directly laminated to the 
underlying skeleton. Electron microscopy of stretched membrane 
skeletons indicate that the individual proteins can be visualized as a 
highly ordered meshwork of hexagons (see Fig. 46-4).*° The corners 
of each hexagon consist of a globular macromolecular junctional com- 
plex of proteins, including 4.1R and actin, which interact with spectrin 


Figure 46-7. Schematic of human erythrocyte 
p55. The protein is part of the membrane-associated 
guanylate kinase family and the kinase domain is 
close to the C terminus. Adjacent is a tyrosine phos- 
phorylation zone. The central HOOK domain binds 
protein 4.1R. 
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Figure 46-8. Schematic of human erythrocyte 
adducin. The domain structure for a and B adducin is 
similar. The neck domain is responsible for oligomer- 
ization and the tail represents the major binding 
site for other red cell membrane proteins. MARCKS, 
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tetramers, as well as tropomyosin, tropomodulin, adducin, dema- 
tin, and p55.'°!° Spectrin tetramers form the arms of the hexagons, 
cross-bridging individual junctional complexes. These horizontal pro- 
tein interactions are important in the maintenance of the structural 
integrity of the cell, accounting for the high tensile strength of the ery- 
throcyte (see Fig. 46-1). 

The spectrin/actin skeleton is anchored to the phospholipid bilayer 
by two major membrane protein complexes: (1) an ankyrin complex 
that contains transmembrane proteins, band 3, GPA, Rh, and RhAG 
complex proteins, as well as peripheral proteins ankyrin, protein 4.2, 
and several glycolytic enzymes, and (2) a distal junctional complex that 
contains the membrane-spanning proteins band 3, GPC, GLUT-1, Rh, 
Kell, and XK proteins, in addition to peripheral proteins 4.1R, actin, 
tropomyosin, tropomodulin, adducin, dematin, and p55. These vertical 
protein-protein interactions are critical in the stabilization of the lipid 
bilayer, preventing loss of microvesicles from the cells (see Fig. 46-1). 

The avidity of these horizontal and vertical interactions is mod- 
ulated by posttranslational modifications of the participating proteins, 
especially phosphorylation. The erythrocyte contains multiple protein 
kinases and phosphatases that constantly phosphorylate and dephos- 
phorylate specific serine, threonine, and tyrosine residues on band 3, 
§-spectrin, ankyrin, 4.1R, adducin, and dematin, in a dynamic manner, 
thereby tightly regulating the structural properties of the membrane. 
Additionally, membrane protein associations are also influenced by a 
variety of intracellular factors, including calcium, calmodulin, phos- 
phoinositides, and polyanions such as 2,3-bisphosphoglycerate (BPG). 
Red cell membrane proteins are also subject to a variety of other post- 
translational modifications, including myristoylation, palmitoylation, 
glycosylation, methylation, deamidation, oxidation, and limited proteo- 
lytic cleavage, but the functional effects of these alterations are generally 
not known. 


@ CELLULAR DEFORMABILITY AND 
MEMBRANE STABILITY 


In performing its primary function of oxygen delivery to the tissues, the 
erythrocyte has to repeatedly negotiate tiny capillaries in the microvas- 
culature, as well as narrow slits in the spleen, which are much smaller 
than the diameter of the cell. Consequently, it has to undergo extensive 
distortion and deformation without fragmentation or loss of integrity, 
and this property of deformability is critical for survival during its aver- 
age 120-day life span. The structure of the red cell membrane endows 
the cell with unique material properties, which makes it highly flexible, 
yet incredibly resilient, and enables a very rapid response to circulatory 
shear stress. 

Elegant biophysical studies have identified three features that reg- 
ulate the deformability of the cell: (1) the biconcave disk shape, which 
reflects the cell surface-area-to-volume ratio; (2) the viscoelastic prop- 
erties of the membrane, which depend on the structural and functional 


myristoylated alanine-rich C kinase substrate. 


integrity of the membrane skeleton; and (3) the cytoplasmic viscosity, 
which is determined primarily by intracellular haemoglobin.* 

The unique biconcave disk shape of the erythrocyte provides a high 
ratio of surface area to cellular volume and this excess of membrane is 
critical for survival of the cell. It enables the red cell to stretch and dis- 
tort when it passes through the microcirculation and protects it from 
destruction. To maintain the shape of the cell and to prevent loss of 
membrane microvesicles, the lipid bilayer and the skeleton have to be in 
direct contact with each other. The cohesion between the two sections of 
the membrane depends on protein-protein interactions between trans- 
membrane proteins and peripheral proteins in the vertical plane of the 
membrane. These contacts are represented by the two macromolecu- 
lar complexes (ankyrin-band 3 complex and the junctional complex) 
anchoring the skeleton to the integral proteins. To prevent fragmenta- 
tion of the membrane and loss of the biconcave disk shape, the struc- 
tural integrity of the membrane skeleton is critical. In this regard, the 
horizontal interactions of the peripheral proteins of the junctional 
complex, mainly 4.1R and actin, which link the tail ends of the spectrin 
tetramers together, is a major determinant of membrane stability. Spec- 
trin heterodimer self-association, which links the head regions of the 
spectrin tetramers, is also of paramount importance. 

The viscoelastic properties of the membrane are intrinsic features 
of the spectrin skeleton. The enormous distortion imposed on the cell 
during passage through the microvasculature is accommodated by the 
dynamic dissociation of spectrin tetramers into dimers, and subse- 
quent reassociation to restore the original shape once the shear stress is 
removed.” The lattice structure of the skeleton facilitates this flexibility, 
as the individual hexagons are either in a compact configuration, with 
the junctional complexes close to each other and the spectrin tetram- 
ers coiled between them, or in an extended configuration, which allows 
large unidirectional deformation without disruption of the skeleton (see 
Fig. 46-4). The structure of the spectrin repeats also play a major role 
in the elasticity of the skeleton. Each triple helical repeat behaves partly 
as an independently folding unit and has a different thermal stability." 
Cysteine labeling studies indicated that shear stress forced the unfold- 
ing of the least stable repeats.” These studies highlight the flexibility of 
the spectrin repeats and support the concept that their unfolding and 
refolding contributes to the deformability of the membrane. In addi- 
tion, the elasticity of the ANK repeats may also facilitate the dynamic 
changes in the membrane during circulatory shear stress.” 

Red cell viscosity is largely determined by the concentration 
of intracellular hemoglobin, which is tightly regulated to minimize 
cytoplasmic viscous dissipation during cellular deformation. As the 
mean cell hemoglobin concentration rises above 37 g/dL, the viscosity 
increases exponentially, and this compromises the deformability of the 
cell under increased circulatory shear stress.* The hemoglobin concen- 
tration is critically dependent on red cell volume, which is primarily 
determined by the total cation content of the cell. Numerous membrane 
pumps and ion channels regulate the transport of sodium and potas- 
sium across the membrane (Fig. 46-9). 


Na-K 
pump 


Chapter 46: Erythrocyte Membrane Disorders 


Na-K-2Cl 


Na-H 
Exchange 


anaf 2x 


D Cotransporter 
2Cl ffres 


nf [na 


CI/HCO3 : 
-> | Anion exchanger 
CI/HCO3 band 3 


Aquaporin 1 


al | 


Gardos 
channel 


K-Cl 
Cotransporter 


Ca Pump 


Figure 46-9. Principal ion transport and ion exchange channels and passive permeability pathways of the human erythrocyte. 


@ MEMBRANE PERMEABILITY 


The red cell membrane displays selective permeability to cations and 
anions and it maintains a high potassium, low sodium, and very low 
calcium content within the cell. Ion transport pathways in the red cell 
membrane (see Fig. 46-9) include energy-driven membrane pumps, 
gradient-driven systems, and various channels. Several transport mecha- 
nisms exist for cations, including two energy-driven pumps." The sodium 
pump is a Na*K* adenosine triphosphatase (ATPase) that extrudes three 
sodium ions in exchange for two potassium ions entering the red cell. 
Calcium is pumped out of the cell by a calmodulin-activated Ca** ATPase, 
which protects the cell from deleterious effects of calcium, such as echino- 
cytosis (Chap. 31), membrane vesiculation, calpain activation, membrane 
proteolysis, and cellular dehydration. The Ca’*-activated K* channel, 
also called the Gardos channel, causes selective loss of K* in response 
to increased intracellular Ca**. The Na*K* gradient established by the 
sodium pump is used by several passive, gradient-driven systems to 
move ions across the red cell membrane. The systems include the K*Cl 
cotransporter, the Na*K*2CI cotransporter, and the Na*H* exchanger. 

Chloride and bicarbonate anions are readily exchanged through 
band 3. The red cell is highly permeable to water, which is transported 
by aquaporin-1 (AQP1),” and glucose is taken up by the glucose trans- 
porter. The membrane also contains an ATP-driven oxidized gluta- 
thione (GSSG) transporter and amino acid transport systems.** Larger 
charged molecules, such as ATP, do not cross the membrane. 


@ RED CELL MEMBRANE DISORDERS 


Hemolytic anemias resulting from defects in the erythrocyte mem- 
brane comprise an important group of hereditary anemias. The disor- 
ders are characterized by altered red cell morphology, which is reflected 
in the nomenclature of HS, HE, hereditary pyropoikilocytosis (HPP) 
and southeast Asian ovalocytosis (SAO), which are the most common 
disorders in this group. Protein studies have identified the underly- 
ing membrane abnormalities and advances in molecular biology have 


enabled further characterization of these disorders and, in many cases, 
identification of the causative mutations. These molecular analyses have 
provided additional information on the pathogenesis of these disorders 
and important insights into the structure-function relationships of ery- 
throcyte membrane proteins. 

As predicted in 1984 by Jiri Palek“ and confirmed by subsequent 
studies, protein defects that compromise vertical interactions between 
the membrane skeleton and the lipid bilayer result in destabilization of 
the bilayer, loss of membrane microvesicles and spherocyte formation; 
whereas mutations affecting horizontal protein interactions within the 
membrane skeletal network disrupt the skeleton resulting in defective 
shape recovery and elliptocytes (Table 46-2). Red cell membrane dis- 
orders exhibit significant heterogeneity in their clinical, morphologic, 
laboratory and molecular characteristics. 


HEREDITARY SPHEROCYTOSIS 


Definition and History 

Hereditary spherocytosis is characterized by the presence of osmotically 
fragile spherical red blood cells on the blood film (Fig. 46-10B). The 
disorder was first described in 1871 as microcythemia in a case history 
by two Belgian physicians.” 


Epidemiology 

HS occurs in all racial and ethnic groups. It is the most common inher- 
ited hemolytic anemia in individuals of northern European ancestry, 
affecting approximately 1 in 2000 individuals in North America and 
Europe.” It is also common in Japan and in Africans from southern 
Africa. Males and females are affected equally. 


Etiology and Pathogenesis 

The hallmark of HS erythrocytes is loss of membrane surface area rela- 
tive to intracellular volume, which accounts for the spherical shape and 
loss of central pallor of the cell (Figs 46-10B and 46-11C). Spherocytes 
exhibit decreased deformability and are thus selectively retained, dam- 
aged and ultimately destroyed in the spleen, which causes the hemolysis 
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TABLE 46-2. Erythrocyte Membrane Protein Defects in 
Inherited Disorders of Red Cell Shape 


Protein Disorder Comment 
Ankyrin HS Most common cause of typical 
dominant HS 
Band 3 HS, SAO, NIHF, “Pincered” HS spherocytes seen 
HAc on blood film presplenectomy; 
SAO results from 9-amino-acid 
deletion 
B-Spectrin HS, HE, HPP, “Acanthocytic” spherocytes seen 
NIHF on blood film presplenectomy; 
location of mutation in B-spectrin 
determines clinical phenotype 
a-Spectrin HS, HE, HPP, Location of mutation in a-spectrin 
NIHF determines clinical phenotype; 


a-spectrin mutations most com- 
mon cause of typical HE 


Protein 4.2 HS Primarily found in Japanese 


patients 


Protein 4.1 HE Found in certain European and 


Arab populations 


GPC HE Concomitant protein 4.1 
deficiency is basis of HE in 


GPC defects 


GPC, glycophorin C; HAc, hereditary acanthocytosis; HE, hereditary 
elliptocytosis; HPP, hereditary pyropoikilocytosis; HS, hereditary 
spherocytosis; NIHF, nonimmune hydrops fetalis; SAO, southeast 
Asian ovalocytosis. 
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experienced by HS patients. The HS red cell membrane is destabilized 
by a deficiency of critical membrane proteins, including spectrin, 
ankyrin, band 3 and protein 4.2, which decreases the vertical interac- 
tions between the skeleton and the bilayer, resulting in the release of 
microvesicles and loss of surface area (Fig. 46-12). It is hypothesized 
that two mechanisms underlie the membrane loss: (1) in cells with spec- 
trin/ankyrin deficiency, sections of the lipid bilayer and band 3 are not 
in contact with the skeleton, which will increase the lateral and rota- 
tional mobility of band 3, allowing lipid microvesicles containing band 
3 to be generated, and (2) in cells with decreased amounts of band 3/ 
protein 4.2, the stabilizing effect of the transmembrane section of band 
3 on the lipid bilayer is lost, facilitating the formation of band 3-free 
microvesicles.” 


Red Cell Membrane Protein Defects 

Analysis of HS red cell membrane proteins by several research groups 
has revealed quantitative abnormalities of spectrin, ankyrin, band 3, 
and protein 4.2 in 70 to 90 percent of the cases. This spectrum of 
defects is found worldwide in all the HS cohorts that have been stud- 
ied; however, the relative frequency of each defect varies with the geo- 
graphical area and ethnic group. In the United States, parts of Europe, 
and in Korea, the most common defect is ankyrin deficiency (30 to 60 
percent),°*° whereas it is relatively uncommon elsewhere in the world 
(<15 percent). In other parts of Europe™®” and in South Africa (unpub- 
lished), band 3 deficiency is the main defect. In Japan, almost half of the 
HS cases are caused by a decreased amount of protein 4.2, and in Korea 
and South Africa, this defect is the second most common, but in other 
populations it is rare (<6 percent).**° The underlying gene mutations 
have not been investigated in all HS subjects, but the limited research 
that has been conducted on the defective genes has identified more than 
140 different mutations, which are often unique to a family. 
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Figure 46-10. Blood films from patients with erythrocyte membrane disorders. A. Normal blood film. B. HS with dense spherocytes. C. SAO 
with large ovalocytes exhibiting a transverse ridge. D. HE with elongated elliptocytes and some poikilocytes. E. HSt with cup-shaped stomatocytes. 
F. Hereditary abetalipoproteinemia with acanthocytes. (Reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 
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Figure 46-11. Scanning electron micrographs of erythrocytes with abnormal morphology due to membrane defects. A. Normal discocyte. 
B. Echinocyte. C. Spherocyte. D. Stomatocytes. E. Ovalocytes. F. Elliptocytes. G. Acanthocytes. (Reproduced with permission from Lichtman’s Atlas of 
Hematology, www.accessmedicine.com.) 


Ankyrin Concomitant ankyrin and spectrin deficiency was first Different types of ankyrin mutations have been identified through- 
described in two patients with severe atypical HS and the primary out the gene, indicating that there are several mechanisms that ultimately 
defect was identified as an ankyrin abnormality. Subsequent DNA result in a decreased amount of ankyrin in the membrane. Interestingly, 
analysis of the ANKI gene in patients with typical HS identified sev- the majority of these mutations are frameshift and nonsense mutations 
eral mutations,” and numerous other studies have shown that ankyrin/ that either result in unstable transcripts that are destroyed by nonsense- 
spectrin deficiency is a common cause of HS. Ankyrin binds to spectrin mediated mRNA decay or else produce a truncated defective ankyrin 
with high affinity and attaches it to the membrane, which stabilizes the molecule.“ More than 50 mutations have been documented and they 
molecule. Because ankyrin is present in limiting amounts, a deficiency are typically family-specific, although a few recurrent mutations have 
of ankyrin causes an equivalent loss of spectrin. been described®” and 15 to 20 percent of mutations are de novo.® 
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Figure 46-12. Pathobiology of hereditary spherocytosis (HS). The primary defect in HS is a deficiency of one of the membrane proteins, which 
destabilizes the lipid bilayer and leads to a loss of membrane in the form of microvesicles. This reduces the surface area of the cell and leads to sphero- 
cyte formation. Red cells with a deficiency of spectrin or ankyrin produce microvesicles containing band 3, whereas a reduced amount of band 3 or 
protein 4.1R gives rise to band 3-free microvesicles. Soherocytes have decreased deformability and are trapped in the spleen where the membrane 
is further damaged by splenic conditioning, which ultimately results in hemolysis. 
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Missense mutations have been documented in all the ankyrin domains 
and are thought to disrupt normal ankyrin-protein interactions. A few 
splicing mutations have been identified, including a mutation in intron 
16, which created a new splice acceptor site and a complex pattern of 
aberrant splicing.” Both parents were heterozygous for this mutation 
and the proband was homozygous, indicating that homozygosity for an 
ankyrin mutation is compatible with life. 

Mutations in the erythroid-specific promoter of the ANK1 gene are 
common in recessive HS. A dinucleotide deletion impairs the binding 
of a transcription factor complex, which leads to a reduced number of 
ankyrin transcripts.” Point mutations in a barrier insulator element of 
the promoter also decrease transcription of the gene.” 

Cytogenetic studies have identified a few ankyrin-deficient HS 
patients with a contiguous gene syndrome that includes deletion of the 
ankyrin gene locus at 8p11.2. These patients additionally suffer from 
dysmorphic features, psychomotor retardation, and hypogonadism.” 

Band 3 A subset of HS patients present with a band 3 deficiency, 
typically accompanied by a secondary decrease in protein 4.2, a result 
of the reduction in protein 4.2 binding sites in the cytoplasmic domain 
of band 3. The extent of band 3 deficiency in heterozygous patients 
ranges between 20 and 50 percent, depending on the severity of the 
mutation, and the compensatory effect of the in trans normal allele. 
Mushroom-shaped “pincered” cells are commonly seen on the blood 
film of HS patients with a band 3 abnormality. 

More than 55 underlying mutations have been described; they 
are variable and occur throughout the band 3 gene.'** Null mutations 
are typically family-specific and are caused by frameshift or nonsense 
mutations, or, in a few cases, by abnormal splicing, all of which result 
in truncated nonfunctional proteins or unstable transcripts that are 
not translated into protein. Missense mutations are common and often 
occur in several kindred. Highly conserved arginine residues at the 
internal boundaries of the transmembrane segments of the protein (see 
Fig. 46-2) are frequently mutated, including residues 490, 518, 760, 808, 
and 870.%°’> The mutations probably interfere with the cotranslational 
insertion of band 3 into the endoplasmic reticulum and ultimately into 
the red cell membrane. Short in-frame insertions or deletions have been 
documented and presumably also impair insertion of the mutant pro- 
tein into the lipid bilayer. 

Mutations in the cytoplasmic domain of band 3 impact on the 
interaction of band 3 with proteins in the membrane skeleton, or may 
alter the conformation of the protein rendering it unstable and prone to 
degradation prior to insertion into the membrane. Some cytoplasmic 
mutations, such as band 3 Cape Town and band 3 Mondega, are silent 
in the heterozygous state, but exacerbate the clinical presentation when 
inherited in trans to another mutation.”°” 

Spectrin Erythrocytes from HS patients with defects in spectrin 
or ankyrin are deficient in spectrin. The degree of deficiency correlates 
with the severity of hemolysis, the response to splenectomy and the 
ability to withstand mechanical shear stress.” Visualization of the 
membrane skeleton of these red cells revealed a decreased density of 
the spectrin filaments connecting the junctional complexes.® The caus- 
ative mutations occur in either a- or B-spectrin genes. 

a-Spectrin Defects in «-spectrin are rare and are associated with 
severe recessive HS. During erythropoiesis a-spectrin is synthesized 
in a two- to fourfold excess over B-spectrin and heterozygotes thus 
still produce sufficient a-spectrin to form heterodimers with all the £- 
spectrin molecules, which will not result in spectrin deficiency. The 
defect will only be manifested in individuals who are homozygous 
or doubly heterozygous for mutations in «-spectrin. The mechanism 
underlying spectrin deficiency has not been fully elucidated, but a low- 
expression allele or a polymorphism inherited in trans to a causative 
null mutation plays a role. An example of a low-expression allele is 


a'#PRA (low-expression Prague), which produces less than 20 percent of 
the normal amount of a-spectrin transcripts as a result of a splicing and 
mRNA processing defect, but does not cause any symptoms even in the 
homozygous state. However, in combination with another mutation on 
the other a-spectrin allele, which produces a nonfunctional truncated 
protein, it causes severe spectrin deficiency and anemia.’ A polymor- 
phic missense mutation in the aI] domain in spectrin Bug Hill has 
been identified in several patients with spectrin-deficient, recessive HS 
who carry another uncharacterized a-spectrin gene defect that causes 
the disease.” Extensive analysis of the w-spectrin gene in a proband 
with severe nondominant HS revealed a partial maternal isodisomy 
of chromosome 1, resulting in homozygosity of the 1q23 region con- 
taining the maternal SPTA1 gene, which carried an R891X nonsense 
mutation. Uniparental disomy therefore unmasked a recessive muta- 
tion in the mother, which caused severe clinical symptoms in the 
child. 

B-Spectrin The production of B-spectrin polypeptides is the lim- 
iting factor in spectrin heterodimer formation and one mutant allele is 
sufficient to cause spectrin deficiency in autosomal dominant HS. The 
blood films of these patients typically show a subpopulation of spiculated 
cells (acanthocytes and echinocytes) in addition to spherocytes.® Muta- 
tions in $-spectrin are found throughout the gene and are mainly null 
mutations caused by frameshift, nonsense, splicing, and initiator codon 
defects, which silence the mutant allele. With a few exceptions the 
mutations are all kindred-specific. Truncated B-spectrin chains have also 
been described and are caused by frameshift mutations, in-frame dele- 
tions, or exon skipping. These mutations lead to, for example, reduced 
synthesis of an unstable protein,” or they impair the interaction with 
ankyrin and thereby the insertion of spectrin into the membrane.* A few 
missense mutations have been identified, including B-spectrin““™™", 
which is caused by a mutation in the 4.1R/actin-binding domain of the 
protein.” The mutant protein is unstable and does not bind to 4.1R, and 
thus it only interacts weakly with actin, which may explain why these 
red cells are deficient in spectrin.*” 

Protein 4.2 Protein 4.2 deficiency is common in Japanese patients 
with recessively inherited HS who exhibit almost a complete absence of 
the protein.® Defects in this protein also occur in whites and other pop- 
ulation groups, and 13 mutations have been described in the 4.2 gene 
of individual kindred, including missense mutations and in-frame dele- 
tion and insertion of nucleotides. Nonsense, frameshift, and splicing 
defects result in premature termination of translation and these mutant 
truncated proteins are not detected on the membrane, indicating that 
they are unstable and presumably degraded.” Amino acids 306 to 320 
are highly conserved and five of the known mutations (three missense 
and two nonsense) occur in this region, which is adjacent to the hairpin 
that binds to band 3 in the predicted tertiary structure of protein 4.2." 
The only recurrent and most common mutation, protein 4.2 Nippon, 
is caused by a point mutation that affects mRNA processing.” Patients 
are either homozygous for this mutation or heterozygous for a second 
mutation on the other allele.” Mutations have also been identified in 
individual patients with recessive HS from Europe, Tunisia, and Paki- 
stan. South African kindred with autosomal dominant HS from a defi- 
ciency of protein 4.2 have been noted, but the underlying mutations 
have not been investigated. 


Secondary Membrane Defects 
The decreased membrane surface area in hereditary spherocytes 
involves a symmetrical loss of each species of membrane lipid. The rel- 
ative proportions of cholesterol and phospholipids are therefore normal 
and the asymmetrical distribution of phospholipids is maintained. 

HS red cells exhibit increased cation permeability, presumably 
secondary to the underlying membrane defect.” The excessive sodium 


influx activates the Na*-K* ATPase cation pump, which increases ATP 
turnover and glycolysis. Spherocytes are dehydrated, especially cells 
obtained from the splenic pulp, but the underlying mechanism has not 
been clearly defined. The acidic environment of the spleen and oxida- 
tive damage by splenic macrophages increase the activity of the K*Cl 
cotransporter, which may play a role in dehydration. The hyperactive 
Na*-K* ATPase pump may also contribute as three sodium ions are 
extruded in exchange for two potassium ions, and this loss of monova- 
lent cations is accompanied by the loss of water. Dehydration may also 
be related to loss of surface area. 


Molecular Determinants of Clinical Severity 
Affected individuals of the same kindred typically experience similar 
degrees of hemolysis. However, in some families the clinical expres- 
sion is variable and this may be influenced by several factors. Low- 
expression alleles decrease transcription of the gene or influence the 
expression or incorporation of the protein into the membrane, but there 
is no phenotypic effect in the heterozygous state because the normal 
allele compensates for the deleterious effect. However, when inherited 
with a mutant allele that causes HS, it exacerbates the clinical expres- 
sion of the disease. Examples of low-expression alleles that influence 
HS include band 3 Genas, band 3 Mondego, and two a-spectrin alleles, 
qH and QLEPRA 77,81,91-94 

Variable penetrance of the defective gene, a de novo mutation or 
a mild form of recessively inherited HS may also influence the clini- 
cal severity. Double heterozygosity for two mild band 3 mutations can 
have an additive effect” and rare cases caused by homozygous defects 
in band 3 result in severe transfusion-dependent hemolytic anemia 
or fetal death.”'*>°* Coinheritance of other hematologic disorders or 
Gilbert syndrome, caused by homozygosity for a polymorphism in the 
promoter of the uridine diphosphate-glucuronosyltransferase (UGT 1) 
gene, can also alter the clinical symptoms. 6*7 


Role of the Spleen 
The spleen plays a secondary but important role in the pathophysiology 
of HS. Spherocytes are retained and ultimately destroyed in the spleen 
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and this is the primary cause of the chronic hemolysis experienced by 
HS patients (see Fig. 46-12). The reduced deformability of spherocytes 
impedes their passage through the interendothelial slits separating the 
splenic cords of the red pulp from the splenic sinuses. The decrease in 
red cell deformability is primarily related to a loss of surface area and, to 
a lesser extent, to an increase in internal viscosity as a result of mild cel- 
lular dehydration. Ex vivo experiments using perfused human spleens 
and red cells treated with lysophosphatidylcholine to induce spherocy- 
tosis revealed that the degree of splenic retention correlated with the 
reduction in the surface-area-to-volume ratio.” 

The spleen is a metabolically hostile environment with a decreased 
pH, low concentrations of glucose and ATP, and increased oxidants, all 
of which are detrimental to the red cell. Spherocytes are “conditioned” 
during erythrostasis in the spleen and become more osmotically fragile 
and increasingly spherocytic.'° Exposure to macrophages in the spleen 
eventually leads to erythrophagocytosis and destruction. 


Inheritance 

In approximately 75 percent of HS patients, inheritance is autosomal 
dominant. In the remaining patients, the disorder may be autosomal 
recessive or result from de novo mutations, which is relatively com- 
mon. >! Mutations in a-spectrin or protein 4.2 are often associated 
with recessive HS. 


Clinical Features 

The clinical manifestations of HS vary widely. The typical clinical pic- 
ture combines evidence of hemolysis (anemia, jaundice, reticulocytosis, 
gallstones, splenomegaly) with spherocytosis (spherocytes on the blood 
film and increased osmotic fragility) and a positive family history. Mild, 
moderate, and severe forms of HS have been defined according to dif- 
ferences in hemoglobin, bilirubin, and reticulocyte counts (Table 46-3), 
which can be correlated with the degree of compensation for hemolysis. 
Initial assessment of a patient with suspected HS should include a fam- 
ily history and questions about history of anemia, jaundice, gallstones, 
and splenectomy. Physical examination should seek signs such as scleral 
icterus, jaundice, and splenomegaly. 


TABLE 46-3. Classification of Hereditary Spherocytosis 


Moderate Moderately Severe Severe 
Laboratory Findings HS Trait or Carrier Mild Spherocytosis Spherocytosis Spherocytosis* Spherocytosis* 
Hemoglobin (g/dL) Normal 11-15 8-12 6-8 <6 
Reticulocytes (%) 1-2 3-8 +8 210 210 
Bilirubin (mg/dL) 0-1 1-2 a 2 2-3 >3 
Spectrin content 100 80-100 50-80 40-80° 20-50 
(% of normal)* 
Blood film Normal Mild spherocytosis Spherocytosis Spherocytosis Spherocytosis and 

poikilocytosis 

Osmotic fragility 
Fresh blood Normal Normal or slightly Distinctly increased Distinctly increased Distinctly increased 


increased 


Incubated blood Slightly increased Distinctly increased Distinctly increased Distinctly increased Markedly increased 


*Values in untransfused patients. 

‘By definition, patients with severe spherocytosis are transfusion-dependent. Values were obtained immediately prior to transfusion. 
*Normal: 245 + 27 x 10 spectrin dimers per erythrocyte. 

SSpectrin content is variable in this group of patients, presumably reflecting heterogeneity of the underlying pathophysiology. 


Adapted with permission from Eber SW, Armbrust R, Schröter W: Variable clinical severity of hereditary spherocytosis: Relation to erythrocytic 
spectrin concentration, osmotic fragility, and autohemolysis. J Pediatr 1990 Sep;117(3):409-416. 
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Typical Hereditary Spherocytosis Approximately 60 to 70 per- 
cent of HS patients have moderate disease, which typically presents in 
infancy or childhood but may present at any age. In children, anemia is 
the most frequent finding (50 percent of cases), followed by splenomeg- 
aly, jaundice, or a positive family history.’ No comparable data exist 
for adults. Hemolysis may be incompletely compensated with mild to 
moderate anemia (see Table 46-3). The moderate anemia may often be 
asymptomatic; however, fatigue and mild pallor or both may be pres- 
ent. Jaundice may be intermittent and is seen in about half of patients, 
usually in association with viral infections. When present, jaundice is 
acholuric, characterized by unconjugated hyperbilirubinemia without 
detectable bilirubinuria. Palpable splenomegaly is evident in most (>75 
percent) older children and adults. Typically the spleen is modestly 
enlarged (2 to 6 cm below the costal margin), but it may be massive. 
No proven correlation exists between the spleen size and the severity of 
HS. However, given the pathophysiology and response of the disease to 
splenectomy, such a correlation probably exists. 

Mild Hereditary Spherocytosis Approximately 20 to 30 percent 
of HS patients have mild disease with “compensated hemolysis,” that 
is, red blood cell production and destruction are balanced, and the 
hemoglobin concentration of the blood is normal (see Table 46-3). 
The life span of spherocytes is decreased, but patients adequately com- 
pensate for hemolysis with increased marrow erythropoiesis. These 
patients are usually asymptomatic. Splenomegaly is mild, reticulocyte 
counts are generally less than 6 percent, and spherocytes on the blood 
film may be minimal, which complicates the diagnosis. Many of these 
individuals escape detection until adulthood when they are being eval- 
uated for unrelated disorders or when complications related to ane- 
mia or chronic hemolysis occur. Hemolysis may become severe with 
illnesses that further increase splenomegaly, such as infectious mono- 
nucleosis, or may be exacerbated by other factors, such as pregnancy 
or sustained, vigorous exercise. Because of the asymptomatic course 
of HS in these patients, diagnosis of HS should be considered during 
evaluation of incidentally noted splenomegaly, gallstones at a young 
age, or anemia resulting from parvovirus B19 infection or other viral 
infections. 

Moderately Severe and Severe Hereditary Spherocytosis 
Approximately 5 to 10 percent of HS patients have moderately severe 
disease, as evidenced by indicators of anemia that are more pronounced 
than in typical moderate HS, and an intermittent requirement for trans- 
fusions (see Table 46-3). This category includes patients with dominant 
and recessive HS. A small number (<5 percent) of patients have severe 
disease with life-threatening anemia and are transfusion-dependent. 
They almost always have recessive HS. Most have severe spectrin defi- 
ciency, which is thought to result from a defect in a-spectrin,®” but 
defects in ankyrin or band 3 have also been identified.” Patients with 
severe HS often have irregularly contoured or budding spherocytes 
or bizarre poikilocytes in addition to typical spherocytes and micro- 
spherocytes on the blood film. Added to the risks of recurrent trans- 
fusions, patients often suffer from hemolytic and aplastic crises and 
may develop complications of severe uncompensated anemia, including 
growth retardation, delayed sexual maturation, and aspects of thalas- 
semic facies. 

Asymptomatic Carriers Parents of patients with recessive HS are 
clinically asymptomatic and do not have anemia, splenomegaly, hyper- 
bilirubinemia, or spherocytosis on the blood films. However, most have 
subtle laboratory signs of HS (see Table 46-3), including slight reticulo- 
cytosis, diminished haptoglobin levels, and slightly elevated incubated 
osmotic fragility, particularly the 100 percent red cell lysis point, which 
occurs at a higher sodium chloride concentration in carriers compared 
to normal subjects." The acidified glycerol lysis test may also be useful 


to detect carriers. In North America and parts of Europe, approximately 
1 percent of the population is estimated to be silent carriers.” 


Pregnancy and Hereditary Spherocytosis 

Most patients do well during pregnancy™ although anemia may be 
exacerbated by plasma volume expansion and increased hemolysis. A 
few patients are symptomatic only during pregnancy. Transfusions are 
rarely required. 


Hereditary Spherocytosis in the Neonate 

Jaundice is the most common finding in neonates with HS, present in 
approximately 90 percent of cases. It may be accentuated by coinher- 
itance of Gilbert syndrome, caused by homozygosity for a polymor- 
phism in the promoter of the UGT1 gene (Chaps. 33 and 47).°*°”"* Less 
than half of infants are anemic and severe anemia is rare. A few cases 
of hydrops fetalis from homozygosity or compound heterozygosity for 
band 3 or spectrin defects have been reported.?™105106 


Complications 

Gallbladder Disease Chronic hemolysis leads to formation of biliru- 
binate gallstones, the most frequently reported complication in up to half 
of HS patients. Coinheritance of Gilbert syndrome markedly increases 
the risk of gallstone formation. Although gallstones have been detected 
in children, they mainly occur in adolescents and young adults.’**° 
Routine management should include interval ultrasonography to detect 
gallstones because many patients with cholelithiasis and HS are asymp- 
tomatic. Interval ultrasonography allows prompt diagnosis and treat- 
ment and prevents complications of symptomatic biliary tract disease, 
including biliary obstruction, cholecystitis, and cholangitis. 

Hemolytic, Aplastic and Megaloblastic Crises Hemolytic crises 
are the most common and are usually associated with viral illnesses and 
typically occur in childhood.” They are generally mild and charac- 
terized by jaundice, splenomegaly, anemia and reticulocytosis. Medical 
intervention is seldom necessary. During rare severe hemolytic crises, 
red cell transfusion may be required. 

Aplastic crises following virally induced marrow suppression are 
uncommon but may result in severe anemia requiring hospitalization 
and transfusion with serious complications, including congestive heart 
failure or even death." The most common etiologic agent in these 
cases is parvovirus B19 (Chap. 36). The virus selectively infects erythro- 
poietic progenitor cells and inhibits their growth leading to the charac- 
teristic finding of a low number of reticulocytes despite severe anemia. 
Aplastic crises usually last for 10 to 14 days and may bring asymptom- 
atic, undiagnosed HS patients with compensated hemolysis to medical 
attention.® 

Megaloblastic crises may occur in HS patients with increased 
folate demands, such as pregnant patients, growing children, or patients 
recovering from an aplastic crisis. This complication can be prevented 
with appropriate folate supplementation. 

Other Complications Leg ulcers, chronic dermatitis on the legs 
and gout are rare manifestations of HS, which usually heal rapidly after 
splenectomy. In severe cases, skeletal abnormalities resulting from 
expansion of the marrow can occur. Extramedullary hematopoiesis 
can lead to tumors, particularly along the thoracic and lumbar spine 
or in the kidney hila, in nonsplenectomized patients with mild to mod- 
erate HS.}®® Postsplenectomy, the masses involute and undergo fatty 
metamorphosis. 

HS has been suggested to predispose patients to hematologic 
malignancies, including myeloproliferative disorders, particularly mye- 
loma, but cause and effect have not been proven. Thrombosis has been 
reported in several HS patients, usually postsplenectomy. Untreated HS 


may aggravate other underlying diseases, such as congestive heart dis- 
ease and hemochromatosis.'*” 


Nonerythroid Manifestations 

Clinical manifestations are confined to the erythroid lineage in the 
majority of patients with HS, but a few exceptions have been observed. 
Several HS kindred have been reported with cosegregating nonery- 
throid manifestations, particularly neuromuscular abnormalities 
including cardiomyopathy, slowly progressive spinocerebellar degener- 
ative disease, spinal cord dysfunction, and movement disorders. Ery- 
throcyte ankyrin and $-spectrin are also expressed in muscle, brain, and 
spinal cord, which raises the possibility that these HS patients suffer 
from defects of one of these proteins.” 

An isoform of band 3 is expressed in the kidney and heterozygous 
defects of band 3 have been described in patients with inherited distal 
renal tubular acidosis and normal erythrocytes. This finding is in con- 
trast to most patients with heterozygous mutations of band 3, who have 
normal renal acidification and abnormal erythrocytes. Kindred with HS 
and renal acidification defects resulting from band 3 mRNA process- 
ing mutations, band 3?" and band 3°™?!"*, have been described. 108 
Homozygosity for band 3°", a V488M missense mutation, resulted 
in the absence of band 3 and renal tubular acidosis in a severely affected 
HS infant.” 


Laboratory Features 
Laboratory findings in HS are variable, which correlate with the hetero- 
geneous clinical presentation. 

Blood Film Erythrocyte morphology in HS is not uniform. Typ- 
ical HS patients have blood films with easily identifiable spherocytes 
lacking central pallor (see Fig. 46-10B and 46-11C). Patients with mild 
HS may present with only a few spherocytes, and at the other end of 
the spectrum, severely affected patients exhibit numerous dense micro- 
spherocytes and bizarre erythrocyte morphology with anisocytosis 
and poikilocytosis. Blood films from patients with band 3 defects often 
exhibit “pincered” or mushroom-shaped red cells, whereas spherocytic 
acanthocytes are associated with 6-spectrin mutations. When examin- 
ing blood from a patient with suspected spherocytosis, a high-quality 
film with the erythrocytes properly separated and some cells with cen- 
tral pallor in the field of examination are important because spherocytes 
can be an artifact. 

Erythrocyte Indices Most patients have mild to moderate ane- 
mia with hemoglobin in the 9 to 12 g/dL range (see Table 46-3). Mean 
corpuscular hemoglobin concentration (MCHC) is increased (>36 g/ 
dL) because of relative cellular dehydration in approximately half of 
patients, but all HS patients have some dehydrated cells. Some auto- 
mated hematology analyzers measure the hemoglobin concentration of 
individual red cells and a demonstration of a population of hyperdense 
erythrocytes can be useful as a screening test for HS, especially when 
combined with an increased red cell distribution width. Mean corpus- 
cular volume (MCV) is usually normal except in cases of severe HS, 
when MCV is slightly decreased. 

Markers of Hemolysis Other laboratory features of HS are markers 
of ongoing hemolysis. Reticulocytosis, variably increased lactate dehydro- 
genase, increased urinary and fecal urobilinogen, unconjugated hyper- 
bilirubinemia, and decreased serum haptoglobin reflect hemolysis and 
increased erythropoiesis (Chaps. 32 and 33). The reticulocyte count may 
appear to be elevated disproportionately relative to the degree of anemia. 

Erythrocyte Fragility Tests Spherocytes have a decreased surface 
area relative to cell volume and this renders them osmotically fragile. 
Several laboratory tests exploit this characteristic and are used to diag- 
nose HS. The most common osmotic fragility (OF) test measures lysis 
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of red cells, either from freshly drawn blood or after incubation of the 
sample at 37°C for 24 hours, in a range of hypotonic concentrations 
of sodium chloride. Spherocytes typically swell and burst much more 
readily than normal biconcave disk-shaped red cells. Other tests based 
on the same principle measure the rate and extent of cell lysis in buff- 
ered glycerol solutions and include the glycerol lysis test (GLT) and the 
acidified glycerol lysis test (AGLT). These tests, however, have relatively 
poor sensitivity and do not detect all cases of mild HS or those with 
small numbers of spherocytes, including patients who had recent blood 
transfusions.**”! These tests may also be unreliable and give normal 
results in the presence of iron deficiency, obstructive jaundice, or dur- 
ing the recovery phase of an aplastic crisis.* In addition, these tests do 
not differentiate HS from other disorders with secondary spherocytosis, 
such as the autoimmune hemolytic anemias (Chap. 54). 

Other fragility tests include the cryohemolysis test, based on the 
sensitivity of HS red cells to cooling at 0°C in hypertonic conditions, 
and the autohemolysis test, but these tests also do not detect all cases 
of HS.” The reduced surface area of spherocytes can be measured by 
osmotic gradient ektacytometry, but the highly specialized equipment 
required for this procedure is only available in a few research-oriented 
laboratories. 

Eosin 5’-Maleimide Flow Cytometry Test Eosin 5’-maleimide 
(EMA) is a fluorescent dye that binds to the transmembrane proteins, 
band 3, Rh protein, Rh glycoprotein, and CD47." Patients with HS 
exhibit decreased fluorescence compared to controls, irrespective of 
the underlying defective membrane protein, although not all patients 
with HS are detected. In addition, lower fluorescence values are also 
observed in patients with HE, HPP, some red cell enzymopathies, and 
other abnormalities of band 3, such as congenital dyserythropoietic 
anemia type II (CDAII; Chap. 39). The sensitivity and specificity of the 
test vary, depending on the cutoff value of the fluorescence, which dif- 
fers between laboratories, 101-13 

Molecular Diagnostics Because HS can be caused by mutations in 
several different genes and because there are very few common muta- 
tions, a simple DNA test to diagnose HS is not feasible. Initial analysis 
of the red cell membrane proteins by quantitative SDS-PAGE is required 
to identify the underlying defective protein. The sensitivity of this test 
varies between laboratories and different patient populations, but typi- 
cally an abnormality is defined in 75 to 93 percent of cases.” Patients 
with clinically identified HS and normal SDS-PAGE results may have 
a slight decrease of 10 to 15 percent in one of the membrane proteins, 
which may be missed by the densitometric analysis, or they may have an 
abnormality in a protein that is currently not quantified and not linked 
to HS, for example, adducin. 

Knowledge of the defective protein facilitates subsequent DNA/ 
RNA investigations to characterize the gene defect, although this 
approach is challenging as the genes causing HS are large and contain 
many exons. Polymorphisms may be used to identify reduced expres- 
sion from one allele or loss of heterozygosity because of a null mutation. 
In families with variable clinical expression of HS, a molecular investi- 
gation into low-expression alleles and other modifying genes is useful. 
A molecular diagnosis is informative in patients with atypical features; 
severe disease; unclear or recessive inheritance; de novo mutations; or 
undiagnosed hemolytic anemia. Identification of silent carriers and pre- 
natal diagnosis also require molecular testing. 


Differential Diagnosis 

Clinical features and family history should accompany an initial labora- 
tory investigation comprising a complete blood count with a blood film, 
reticulocyte count, direct antiglobulin test (Coombs test), and serum 
bilirubin. Other causes of anemia should be excluded, particularly 


Part VI: The Erythrocyte 


autoimmune hemolytic anemia, CDAII and HSt. Further diagnostic 
tests (discussed in “Laboratory Features” earlier), are not standardized 
as reflected by a European survey of 25 centers." A consistent find- 
ing was that all the laboratories used at least two tests to make a final 
diagnosis, as none of the currently available methods have 100 percent 
sensitivity. The EMA test was most commonly used. Recent guidelines 
from the British Committee for Standards in Haematology (BCSH)'" 
advocate the use of the EMA test or cryohemolysis, but OF is not rec- 
ommended for routine use. 

In neonates, ABO incompatibility should be considered, but its dif- 
ferentiation from HS becomes clear several months after birth. Other 
causes of spherocytic hemolytic anemia, such as autoimmune hemoly- 
sis, clostridial sepsis, transfusion reactions, severe burns, and bites from 
snakes, spiders, bees, and wasps (Chaps. 52 to 54), should be viewed in the 
appropriate clinical context. Occasional spherocytes are seen in patients 
with a large spleen (e.g., in cirrhosis or myelofibrosis) or in patients with 
microangiopathic anemias (Chap. 51), but differentiation of these condi- 
tions from HS does not usually present diagnostic difficulties. 

HS may be obscured in disorders that increase the surface-to- 
volume ratio of erythrocytes, such as obstructive jaundice, iron defi- 
ciency (Chap. 43), $-thalassemia trait, or hemoglobin SC disease 
(Chaps. 48 and 49), and vitamin B, or folate deficiency (Chap. 41). 


Therapy and Prognosis 

Splenectomy Splenic sequestration is the primary determinant of ery- 
throcyte survival in HS patients. Thus, splenectomy cures or alleviates 
the anemia in the overwhelming majority of patients, reducing or elim- 
inating the need for red cell transfusions, which has obvious implica- 
tions for future iron overload and hemochromatosis-related end-organ 
damage. The incidence of cholelithiasis is decreased. Postsplenectomy, 
spherocytosis, and altered OF persist, but the “tail” of the OF curve, 
created by conditioning of a subpopulation of spherocytes by the spleen, 
disappears. Erythrocyte life span nearly normalizes, and reticulocyte 
counts fall to normal or near-normal levels. Changes typical of the 
postsplenectomy state, including Howell-Jolly bodies, target cells, Pap- 
penheimer bodies (siderocytes), and acanthocytes (Chaps. 2 and 31), 
become evident on the blood film. Postsplenectomy, patients with the 
most severe forms of HS still suffer from shortened erythrocyte survival 
and hemolysis, but their clinical improvement is striking.” 

Complications of Splenectomy Early complications of splenec- 
tomy include local infection, thrombotic complications and in partic- 
ular hepatic and mesenteric thrombosis, bleeding, and pancreatitis, 
presumably resulting from injury to the tail of the pancreas incurred 
during spleen removal. In general, the morbidity of splenectomy for HS 
is lower than the morbidity of other hematologic disorders. Chapters 5 
and 6 discuss the complications of splenectomy. 

Indications for Splenectomy In the past, splenectomy, which has 
a low operative mortality, was considered routine in HS patients. How- 
ever, the risk of overwhelming postsplenectomy infection and the emer- 
gence of penicillin-resistant pneumococci have led to reevaluation of 
the role of splenectomy in the treatment of HS." Considering the risks 
and benefits, a reasonable approach is to splenectomize all patients with 
transfusion-dependent severe spherocytosis and all patients suffering 
from significant signs or symptoms of anemia, including growth failure, 
skeletal changes, leg ulcers, and extramedullary hematopoietic tumors. 
Other candidates for splenectomy are older HS patients suffering from 
vascular compromise of vital organs. 

Whether patients with moderate HS and compensated, asymp- 
tomatic anemia should undergo splenectomy is controversial. Patients 
with mild HS and compensated hemolysis can be followed and referred 
for splenectomy if clinically indicated. Treatment of patients with mild 


to moderate HS and gallstones is debatable, particularly because new 
treatments for cholelithiasis, including laparoscopic cholecystectomy, 
and endoscopic sphincterotomy, lower the risk of this complication. 
If such patients have symptomatic gallstones, a combined cholecystec- 
tomy and splenectomy can be performed, particularly if acute chole- 
cystitis or biliary obstruction has occurred. No evidence indicates any 
benefit to performing cholecystectomy and splenectomy separately, as 
performed in the past. 

Because the risk of postsplenectomy sepsis is very high during 
infancy and early childhood, splenectomy should be delayed until age 
5 to 9 years if possible and to at least 3 years if feasible, even if chronic 
transfusions are required in the interim. No evidence indicates further 
delay is useful. In fact, further delay may be harmful because the risk 
of cholelithiasis increases dramatically in children older than 10 years. 

When splenectomy is warranted, laparoscopic splenectomy has 
become the method of choice in centers with surgeons experienced in 
the technique.'” If desired, the procedure can be combined with lap- 
aroscopic cholecystectomy. Laparoscopic splenectomy results in less 
postoperative discomfort, a quicker return to preoperative diet and 
activities, shorter hospitalization, decreased costs, and smaller scars. 
The risk of bleeding increases during the operation and approximately 
10 percent of laparoscopic operations (for all causes) must be converted 
to standard splenectomies. Even very large spleens (>600 g) can be 
removed laparoscopically because the spleen is placed in a large bag, 
diced, and eliminated via suction catheters. 

Partial splenectomy via laparotomy has been advocated for infants 
and young children with significant anemia associated with erythrocyte 
membrane disorders.” The goal of this procedure is to allow for pallia- 
tion of hemolysis and anemia while maintaining some residual splenic 
immune function. Long-term followup data for this procedure have 
been variable. 

Prior to splenectomy, patients should be immunized with vaccines 
against pneumococcus, Haemophilus influenzae type B, and meningo- 
coccus, preferably several weeks preoperatively. Use of prophylactic 
antibiotics postsplenectomy for prevention of pneumococcal sepsis is 
controversial. Prophylactic antibiotics (penicillin V 125 mg orally twice 
daily for patients younger than 7 years or 250 mg orally twice daily for 
those older than 7 years, including adults) have been recommended for at 
least 5 years postsplenectomy by some and for life by others. The optimal 
duration of prophylactic antibiotic therapy postsplenectomy is unknown. 
Presplenectomy and, in severe cases, postsplenectomy, HS patients 
should take folic acid (1 mg/day orally) to prevent folate deficiency. 

Splenectomy Failure Splenectomy failure is uncommon. Failure 
may result from an accessory spleen missed during splenectomy, from 
development of splenunculi as a consequence of autotransplantation of 
splenic tissue during surgery, or from another intrinsic red cell defect, 
such as pyruvate kinase deficiency (Chap. 47). Accessory spleens occur 
in 15 to 40 percent of patients and must always be sought. Recurrence of 
hemolytic anemia years or even decades following splenectomy should 
raise suspicion of an accessory spleen particularly if Howell-Jolly bodies 
are no longer found on blood film (Chaps. 2 and 31). Definitive confir- 
mation of ectopic splenic tissue can be achieved by a radiocolloid liver- 
spleen scan or a scan using *!Cr-labeled, heat-damaged red cells. 


Genetic Counseling 

After a patient is diagnosed with HS, family members should be exam- 
ined for the presence of HS. A history, physical examination for sple- 
nomegaly, complete blood count, examination of the blood film for 
spherocytes, and a reticulocyte count should be obtained for parents, 
children, and siblings, if available. 


HEREDITARY ELLIPTOCYTOSIS AND 
PYROPOIKILOCYTOSIS 


Definition and History 

HE is characterized by the presence of elliptical or oval erythrocytes on 
the blood films of affected individuals (Figs. 46-10D and 46-11F). In 
1904, Dresbach, a physiologist at Ohio State University in Columbus, 
Ohio, published the first description of elliptical red blood cells in one of 
his students, noticed during a laboratory exercise in which the students 
were examining their own blood.'” The report elicited controversy 
because the student died soon thereafter, leading to speculation that he 
had actually suffered from pernicious anemia. The demonstration of 
elliptocytosis in three generations of one family established the hered- 
itary nature of this disorder.’ A related disorder, HPP is a rare disease 
first described in 1975 in children with severe neonatal anemia with 
abnormal poikilocytic red cell morphology reminiscent of that seen in 
patients suffering from severe burns (Fig. 46-13). The erythrocytes 
from these patients exhibited increased thermal sensitivity. 


Epidemiology and Inheritance 

HE has a worldwide distribution but the true incidence is unknown 
because the disease is heterogeneous and many patients are asymptom- 
atic. In the United States, the incidence is estimated to be 1 in 2000 to 
4000 individuals.'*!” HE occurs in all racial groups but is more preva- 
lent in individuals of West African descent, possibly because elliptocytes 
may confer some resistance to malaria.'*!** HPP is typically found in 
patients of African origin, but it has also been diagnosed in subjects of 
European and Arabic descent. 125126 


Etiology and Pathogenesis 
The primary abnormality in HE and HPP erythrocytes is defective 
horizontal interactions between components of the membrane skele- 
ton, which weakens the skeleton and compromises its ability to main- 
tain the biconcave disk shape of the red cell during circulatory shear 
stress. Investigations of erythrocyte membrane proteins in these disor- 
ders have identified abnormalities in a- and $-spectrin, protein 4.1, and 
GPC.'” The most common defects occur in spectrin, the main struc- 
tural protein of the erythrocyte membrane skeleton, and they impair the 
ability of spectrin dimers to self-associate into tetramers and oligomers, 
thereby disrupting the skeletal lattice.” Abnormalities in 4.1R diminish 
the interaction between the tail ends of spectrin tetramers in the junc- 
tional complex and thus destabilize the skeleton. Deficiency of GPC/ 
GPD is associated with reduced levels of 4.1R, which presumably is 
responsible for the elliptocytosis. 

When the integrity of the skeleton is compromised, the capac- 
ity of the erythrocyte to undergo flow-induced deformation and 
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rearrangement of the skeleton is reduced. Disruption of the dynamic 
dissociation and reassociation of spectrin tetramers causes mechanical 
instability of the membrane, which precludes the recovery of the normal 
biconcave disk shape of the cell after prolonged and repeated unidirec- 
tional axial distortion in the microcirculation.” HE reticulocytes have 
a normal shape when released into the circulation but the mature red 
cells become progressively more elliptical as they age and ultimately the 
abnormal shape becomes permanent.'*’” As the severity of the defect 
increases, poikilocytes are formed and the cells become prone to frag- 
mentation. HPP patients exhibit a combination of horizontal (impaired 
spectrin tetramer formation) and vertical (spectrin deficiency) defects, 
with the latter causing microspherocytes and exacerbating the hemo- 
lytic anemia. "®!?? 


Red Cell Membrane Protein Defects 

Spectrin Mutations that affect spectrin heterodimer self-association 
are found in the majority of HE patients and in all patients with HPP. 
This functional defect results in an increased percentage of spectrin 
dimers relative to tetramers,'*? which is reflected on a structural level by 
an abnormal tryptic digest pattern of the protein, whereby the normal 
peptide is decreased with a concomitant increase in an abnormal pep- 
tide of lower molecular weight. Most of the defects affect the 80-kDa 
al domain of «-spectrin and of the nine structural variants the most 
common are Spat, Spa’, and Spa'/#6° 50,128 

More than 50 mutations have been identified in either æ- or B-spec- 
trin genes. The majority of the mutations are missense mutations that 
substitute highly conserved amino acids or those in close proximity. The 
abnormal amino acids typically have a different charge, or in the case of 
glycine or proline substitutions, they disrupt the helical structure of the 
spectrin repeats, which alter the interactions between a and £ subunits. 
Interestingly, mutations in a-spectrin primarily occur in helix C of the 
repeats, which highlights the importance of this helix in the triple heli- 
cal bundle (see Fig. 46-3). Several mechanisms have been identified by 
which the mutations impair spectrin tetramer formation. 

Spat mutations are mostly missense mutations found at the 
self-association site, which consists of helix C of the a0 partial spectrin 
repeat that interacts with helices B and C of f-spectrin partial repeat 
17 to form a complete triple helical bundle. In vitro studies on mis- 
sense mutations in a0 revealed that the mutant peptides were stable 
folded structures, similar to wild type, but their binding affinities to fp- 
spectrin peptides were variable. This suggested that their effect on 
tetramer formation was exerted through defective molecular recognition 
and disruption of protein-protein interactions at the contact site, rather 
than an altered structure.’*' These findings contrasted with mutations 
in the $17 repeat of 6-spectrin, which perturbed the structural confor- 
mation of this partial repeat and the adjacent B16 repeat." Codon 28 


Figure 46-13. Blood films from a patient 
with HPP. A. Pre-splenectomy. B. Post- 
splenectomy. Note the prominent micro- 
poikilocytosis, microspherocytosis, and 
fragmentation especially after splenectomy. 
(Reproduced with permission from Lichtman's 
Atlas of Hematology, www.accessmedicine. 
com.) 
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in helix C of «0 has been identified as a mutation “hotspot” since four 
different point mutations occur in this position, resulting in different 
amino acid substitutions, and the mutations have also been found in sev- 
eral unrelated kindred.'* Arginine 28 is a highly conserved amino acid 
and any changes in this position are typically associated with severe HE 
or HPP. An interesting case of HE Spa'”* involving an intragenic 
crossover in the a-spectrin gene and uniparental disomy, together with 
an underlying R34P mutation, was recently described in a Utah family.’”° 

Spa'’* defects are also caused by mutations in f-spectrin, which 
presumably expose the al domain of spectrin to increased tryptic diges- 
tion. These abnormalities are all located in partial repeat 17. Missense 
mutations are found in both helices A and B of the $17 repeat, but some 
in helix A are particularly severe, including spectrin’™*"*, spectrin@#"™", 
and spectrin®“", which cause severe fetal or neonatal anemia and non- 
immune hydrops fetalis when inherited in the homozygous state. 105106135 
Frame-shift mutations and splicing defects predominate in helix B, result- 
ing in truncated spectrin molecules lacking the self-association site." 

Spa“ is a mild defect, even in the homozygous state, because of a 
duplication of leucine 154 in helix C of the a1 repeat.!” It is very com- 
mon in blacks from West and Central Africa, as well as Arabs in North 
Africa, suggesting genetic selection, possibly by protecting carriers 
against P. falciparum malaria.'*!>' 

Spal or 58 mutations are distal from the self-association site 
and usually occur close to the helical linker regions between individ- 
ual repeats and often involve the substitution of an amino acid with a 
proline residue, which is a helix breaker. ">"? In vitro studies on Q471P 
between repeats 4 and 5 of a-spectrin showed that the mutation uncou- 
pled the repeats and caused cooperative unfolding, which abolished the 
stabilizing influence of the helical linker on adjacent repeats.'** Because 
$-spectrin has fewer repeats than a-spectrin, the alignment of the het- 
erodimers places a4 and a5 in contact with 616 and £17, suggesting 
that unfolding of the mutant spectrin repeats interferes with the self- 
association site and prevents tetramer formation.’ The L260P muta- 
tion is in a similar position to Q471P, but is between repeats a2 and a3 
of spectrin. When heterodimers are aligned, repeats «03 are not in con- 
tact with B-spectrin and they represent an open dimer configuration, 
which facilitates tetramer formation. Open dimers are in equilibrium 
with closed dimers whereby «0 to a3 are folded onto £16 and $17 of 
the same dimer, thus preventing bivalent tetramer formation.’ In vitro 
experiments on the L260P mutation revealed a conformational change, 
which stabilized the mutant spectrin in the closed dimer configuration 
and reduced tetramer assembly.'*° 

Mutations in the all domain of spectrin implicated in HE are 
rare. Spectrin* “" is caused by a single point mutation in intron 19 of 
a-spectrin,'*"'” which creates complex splicing events that ultimately 
impair the function of both a- and f-spectrin, resulting in decreased 
binding to ankyrin, defective spectrin self-association and spectrin defi- 
ciency.'*' These membrane abnormalities have profound effects on red 
blood cell morphology and survival, manifesting as severe HE. 

Protein 4.1R Defects in the erythrocyte isoform of protein 4.1 
associated with HE are relatively common in some Arab and Euro- 
pean populations.” Heterozygotes exhibit partial deficiency of 4.1R, 
manifesting as mild or asymptomatic HE, whereas homozygotes lack 
4.1R and p55, have a reduced content of GPC, and present with severe 
HE. These red blood cells are mechanically unstable and fragment at 
moderate shear stress, but the stability can be restored by reconstitut- 
ing the deficient red cells with 4.1R or the 4.1R spectrin—actin binding 
domain.'* The 4.1R null erythrocytes demonstrate decreased invasion 
and growth of P. falciparum parasites in vitro.” 

Mutations in the 4.1R gene often affect the erythroid-specific 
initiation codon, which abolishes transcription, or else they tend to 
cluster in the spectrin-actin binding domain where exon deletions or 


duplications result in mutant proteins that are smaller or larger than 
normal.’” 

Glycophorin C GPC and GPD carry the Gerbich antigens and rare 
patients with the Leach phenotype are Gerbich-negative and lack both 
GPs. The underlying mutations are either a 7-kb deletion of genomic 
DNA or a frameshift mutation.'** Heterozygous carriers are asymptom- 
atic, with normal red blood cell morphology, whereas homozygous sub- 
jects exhibit elliptocytes on the blood film and present with mild HE, 
presumably as a result of the concomitant partial deficiency of 4.1R.°"5 


Molecular Determinants of Clinical Severity 

HE patients exhibit marked clinical heterogeneity ranging from asymp- 
tomatic carrier to severe, transfusion-dependent anemia. In patients 
with spectrin heterodimer self-association defects, the resultant increase 
in spectrin dimers and concomitant decrease in spectrin tetramers, 
weakens the membrane skeleton and facilitates the formation of ellipto- 
cytes under circulatory shear stress. The most important determinants 
of the severity of hemolysis in these patients are the percentage of spec- 
trin dimers and the spectrin content of the membrane skeleton. These 
parameters are influenced by the degree of dysfunction of the mutant 
spectrin, and the gene dose (heterozygote versus homozygote or com- 
pound heterozygote). Genotype-phenotype correlations indicate that 
the order of clinical severity of aI domain defects is Spa™* > Spa!/#*-5% 
> Spa’ and it depends on the position of the mutations within the 
proteins, as well as the type of mutation. Defects in the spectrin dimer 
self-association contact site leading to Spa'’”* mutants are the most 
severe!” and, for example, codon 28 mutations, which affect a highly 
conserved and critical arginine residue, are generally associated with 
phenotypically severe HE or HPP.'* A more distal mutation such as the 
duplication of leucine 154, which causes Spa’, is phenotypically very 
mild, even in the homozygous state.'*” Proline or glycine helix-breaking 
mutations resulting in Spa'°°"* are more severe even though they are 
further away from the self-association site. 

The clinical expression of HE often varies within the same kin- 
dred, despite all the affected individuals carrying the same causative 
mutation. This heterogeneity is a result of the inheritance of modifier 
alleles or additional defects. The low-expression a'*'” is the most com- 
mon polymorphism affecting spectrin content and clinical severity. The 
allele is characterized by an L1857V amino acid substitution, and partial 
skipping of exon 46 in 50 percent of the a-spectrin mRNA.” The six 
amino acids encoded by exon 46 are essential for spectrin heterodimer 
assembly and therefore Spa™™ results in a reduced amount of spectrin, 
as monomers are rapidly degraded. The Spa'*™ allele is clinically 
silent, even when homozygous, because a-spectrin is normally synthe- 
sized in three- to fourfold excess.” Inheritance of Spa™™ in cis to an 
elliptocytogenic a-spectrin mutation ameliorates symptoms, whereas 
inheritance in trans causes a relative increase in the mutant spectrin and 
therefore exacerbates the disease.” 

Coinheritance of other molecular defects also plays a role in mod- 
ifying the clinical expression. HPP patients are very severely affected 
because they are homozygous or doubly heterozygous for spectrin 
self-association mutations and are also deficient in spectrin.’ Several 
molecular mechanisms have been identified that underlie the spectrin 
deficiency, including an RNA processing defect’; reduced «-spectrin 
mRNA and protein synthesis’; abnormal splicing resulting in a pre- 
mature stop codon’; and degradation of «-spectrin.'” A recent study 
revealed the complexity of genotype-phenotype interactions in two 
large Utah families of northern European descent in whom a novel 
R34P mutation in a-spectrin was associated with three morphologic 
phenotypes.’ This heterogeneity was caused by an intricate interplay 
and coinheritance of other factors, including Spa™™™ in trans, reduced 
transcription from the a-spectrin gene and intragenic crossover.” 


In neonates the clinical severity of HE can be affected by the weak 
binding of BPG to fetal hemoglobin leading to an increase in free BPG, 
which, in turn, destabilizes the spectrin-actin-protein 4.1 interac- 
tion.’ Finally, hemolytic anemia can be exacerbated by several acquired 
conditions, including those that alter microcirculatory stress to the 
cells. 


Inheritance 

HE is typically inherited as an autosomal dominant disorder. De novo 
mutations are rare.’ The severity of clinical symptoms is highly vari- 
able reflecting heterogeneous molecular abnormalities, as well as the 
coinheritance of other genetic defects or polymorphisms that modify 
disease expression. A strong genetic relationship exists between HE and 
HPP, and parents or siblings of patients with HPP often have typical HE. 


Clinical Features 

The clinical presentation of HE is heterogeneous, ranging from asymp- 
tomatic carriers to patients with severe, life-threatening anemia. The 
overwhelming majority of patients with HE are asymptomatic and are 
diagnosed incidentally during testing for unrelated conditions. HPP 
patients present in infancy or early childhood with a very severe hemo- 
lytic anemia. 

Asymptomatic carriers who possess the same molecular defect 
as an affected HE relative but who have normal or near-normal blood 
films have been identified. The erythrocyte life span is normal, and the 
patients are not anemic. Asymptomatic HE patients may experience 
hemolysis in association with infections, hypersplenism, vitamin B, 
deficiency, or microangiopathic hemolysis, such as disseminated intra- 
vascular coagulation or thrombotic thrombocytopenic purpura. In the 
latter two conditions, increased hemolysis may result from microcircu- 
latory damage superimposed on the underlying mechanical instability 
of red cells. 

HE patients with chronic hemolysis experience moderate to severe 
hemolytic anemia with elliptocytes and poikilocytes on the blood film. 
Red cell life span is decreased and patients may develop complications 
of chronic hemolysis, such as gallbladder disease. In some kindreds, 
the hemolytic HE has been transmitted through several generations. In 
other kindreds, not all HE subjects have chronic hemolysis; some have 
only mild hemolysis, presumably because another genetic factor mod- 
ifies disease expression. The blood films of the most severe HE patients 
with chronic hemolysis exhibit elliptocytes, poikilocytes, fragments and 
small microspherocytes, reminiscent of HPP. 

HPP represents a subtype of common HE, as evidenced by the 
coexistence of HE and HPP in the same family and the presence of the 
same molecular defects of spectrin. HE relatives are heterozygous 
for an elliptocytogenic spectrin mutation, whereas HPP patients are 
homozygous or doubly heterozygous and are also partially deficient in 
spectrin. S 

Hereditary Elliptocytosis and Pyropoikilocytosis in Infancy 
Clinical symptoms of elliptocytosis are uncommon in the neonatal 
period. Typically, elliptocytes do not appear on the blood film until the 
patient is 4 to 6 months old. Occasionally, severe forms of HE pres- 
ent in the neonatal period with severe, hemolytic anemia with marked 
poikilocytosis and jaundice. These patients may require red cell trans- 
fusion, phototherapy, or exchange transfusion. Usually, even in severely 
affected patients, the hemolysis abates between 9 and 12 months of age, 
and the patient progresses to typical HE with mild anemia. Infrequently, 
patients remain transfusion dependent beyond the first year of life and 
require early splenectomy. In cases of suspected neonatal HE or HPP, 
review of family history and analysis of blood films from the parents 
usually are of greater diagnostic benefit than other available studies. 
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A few cases of hydrops fetalis accompanied by fetal or early 
neonatal death as a result of unusually severe forms of HE have been 
described.’ A severely affected hydropic infant salvaged by intrauterine 
transfusions (Chap. 55) and early exchange transfusion has remained 
transfusion dependent for more than 2 years. 


Laboratory Features 

The hallmark of HE is the presence of cigar-shaped elliptocytes on 
blood films (Figs. 46-10D and 46-11F). These normochromic, normo- 
cytic elliptocytes may number from a few to 100 percent. The degree of 
hemolysis does not correlate with the number of elliptocytes present. 
Spherocytes, stomatocytes, and fragmented cells may be seen. Osmotic 
fragility is abnormal in severe HE and in HPP. The reticulocyte count 
generally is less than 5 percent but may be higher when hemolysis is 
severe. Other laboratory findings in HE are similar to those of other 
hemolytic anemias and are nonspecific markers of increased erythro- 
cyte production and destruction. For example, increased serum biliru- 
bin, increased urinary urobilinogen, and decreased serum haptoglobin 
reflect increased erythrocyte destruction. 

HPP blood films exhibit similar features to severe HE, but in addi- 
tion, they reveal extreme poikilocytosis, some bizarre-shaped cells with 
fragmentation or budding and often only very few or no elliptocytes 
(Fig. 46-13). Microspherocytosis is common and MCV is usually low, 
ranging between 50 to 70 fL. Pyknocytes are prominent on blood films 
of neonates with HPP. The thermal instability of erythrocytes, originally 
reported as diagnostic of HPP, is not unique to this disorder because it 
is also commonly found in HE erythrocytes. 

Specialized testing has been used in difficult cases or cases requir- 
ing a molecular diagnosis. Tests on isolated membrane proteins include 
analysis and quantitation of the proteins by SDS-PAGE; extraction 
of spectrin from the membranes to evaluate the spectrin-dimer-to- 
tetramer ratio on nondenaturing gels, as well as limited tryptic digestion 
of spectrin followed by SDS-PAGE or two-dimensional gel electropho- 
resis to identify the defective domain. Ektacytometry may be used to 
measure membrane stability and deformability. Genomic DNA and/or 
complementary DNA analyses are used to determine the underlying 
mutation. 


Differential Diagnosis 

Elliptocytes may be seen in association with several disorders, includ- 
ing megaloblastic anemias, hypochromic microcytic anemias (iron- 
deficiency anemia and thalassemia), myelodysplastic syndromes, and 
myelofibrosis. In these conditions, elliptocytosis is acquired and gener- 
ally represents less than one-quarter of red cells seen on the blood film. 
History and additional laboratory testing usually clarify the diagnosis of 
these disorders. Pseudoelliptocytosis is an artifact of blood film prepa- 
ration and these cells are found only in certain areas of the film, usually 
near its tail. The long axes of pseudoelliptocytes are parallel, whereas the 
axes of true elliptocytes are distributed randomly. 


Therapy and Prognosis 
Therapy is rarely needed in patients with HE. In rare cases, occasional 
red blood cell transfusions may be required. In cases of severe HE and 
HPP, splenectomy has been palliative, as the spleen is the site of ery- 
throcyte sequestration and destruction. The same indications for sple- 
nectomy in HS can be applied to patients with symptomatic HE or HPP. 
Postsplenectomy, patients with HE or HPP exhibit increased hematoc- 
rit, decreased reticulocyte counts, and improved clinical symptoms. 
Patients should be followed for signs of decompensation during 
acute illnesses, characterized by acute decrease of hematocrit from 
nonspecific suppression of erythropoiesis by a concurrent acute event. 
HE and particularly HPP patients are at increased risk for parvovirus 


Part VI: The Erythrocyte 


infection generally requiring short-lasting transfusion support (Chap. 
36). Interval ultrasonography to detect gallstones should be per- 
formed. Patients with significant hemolysis should receive daily folate 
supplementation. 


SOUTHEAST ASIAN OVALOCYTOSIS 


SAO, also known as Melanesian elliptocytosis or stomatocytic ellipto- 
cytosis, is widespread in certain ethnic groups of Malaysia, Papua New 
Guinea, the Philippines, and Indonesia,'* but is also common in the 
Cape Coloured population in South Africa. It is characterized by the 
presence of large oval red cells, many of which contain one or two trans- 
verse ridges or a longitudinal slit (Figs. 46-10C and 46-11E). 

SAO erythrocytes are rigid and hyperstable because ofa structurally 
and functionally abnormal band 3. SAO band 3 binds tightly to ankyrin, 
forms oligomers, exhibits restricted lateral and rotational mobility! 
and is unable to transport anions.'*” The underlying molecular abnor- 
mality is an in-frame deletion of 27 bp in the band 3 gene resulting in 
the loss of amino acids 400 to 408 located at the boundary of the cyto- 
plasmic and membrane domains of band 3.'* The defective SLC4A1 
allele also carries a linked band 3°"P"s polymorphism, L56E. 

SAO is a dominantly inherited trait and homozygosity is postu- 
lated to be lethal during embryonic development.'” A recent case of 
homozygous SAO has been described where the fetus was kept alive by 
two intrauterine transfusions and since birth he has been on a monthly 
transfusion program.‘ Distal renal tubular acidosis was diagnosed at 
3 months asa result of the inability of the SAO band 3 to transport anions. 

A remarkable feature of SAO erythrocytes is their resistance to 
infection by several species of malaria parasites. This has been demon- 
strated by numerous in vitro studies, as well as in vivo evidence indicat- 
ing that SAO provides protection against severe malaria and cerebral 
malaria.'*'*! Epidemiologic data and the increased prevalence of SAO 
in populations challenged by malaria suggest a selective advantage of 
the gene.” Numerous factors have been implicated in the protective 
effect, but the precise mechanism of malaria resistance of SAO red cells 
has not been fully elucidated. 

Clinically, the presence on the blood film of at least 20 percent 
ovalocytic red cells, some containing a central slit or a transverse ridge, 
and the notable absence of clinical and laboratory evidence of hemolysis 
are highly suggestive of SAO. Rapid genetic diagnosis can be made by 
amplifying the defective region of the band 3 gene and demonstrating 
heterozygosity for the SAO allele containing the 27 bp deletion. 


ACANTHOCYTOSIS 


Spiculated red cells are classified into two types: acanthocytes and echino- 
cytes. Acanthocytes are contracted, dense cells with irregular projections 
from the red cell surface that vary in width and length (Figs. 46-10F and 
46-11G). Echinocytes have small, uniform projections spread evenly over 
the circumference of the red cell (Fig. 46-11B). Diagnostically, the dis- 
tinction is not critical, and disorders of spiculated red cells are generally 
classified together. Normal adults may have up to 3 percent spiculated 
erythrocytes, but care should be taken when preparing and examining the 
blood film, because spiculated cells, particularly echinocytes, are common 
artifacts of blood film preparation and blood storage. 
Acanthocytes/echinocytes are found in various inherited disor- 
ders and acquired conditions. Spiculated cells can occur transiently in 
several instances, such as after transfusion with stored blood, ingestion 
of alcohol and certain drugs, exposure to ionizing radiation or certain 
venoms, and during hemodialysis.’ Spiculated cells are commonly 
seen on the blood films of patients with functional or actual splenec- 
tomy, severe liver disease, severe uremia, abetalipoproteinemia, certain 
inherited neurologic disorders and abnormalities of the Kell blood 


group. Occasionally acanthocytes and/or echinocytes may be pres- 
ent in patients with glycolytic enzyme defects, myelodysplasia, hypo- 
thyroidism, anorexia nervosa, vitamin E deficiency, and in premature 
infants.” Individuals with suppressed expression of Lu* and Lu’, the 
major antigens of the Lutheran blood group system, may also exhibit 
acanthocytes."? 

The molecular mechanisms whereby acanthocytes are generated 
have not been fully elucidated. However, alterations in band 3 have 
emerged as a pivotal causative factor. The abnormal red cell membrane 
lipid composition and altered lipid distribution between the inner and 
outer leaflets of the bilayer are only found in some, but not all, of these 
disorders, implying that they may play a secondary role.’ 


ACANTHOCYTOSIS IN SEVERE LIVER DISEASE 


Definition 

The anemia in patients with liver disease is often called “spur cell ane- 
mia’ because of the projections on the red cells. Although only a small 
number of patients with end-stage liver disease acquire spur cell ane- 
mia, these individuals typically account for the majority of cases of 
acanthocytosis seen in clinical practice. 


Etiology and Pathogenesis 
The anemia in patients with liver disease is of complex etiology. Com- 
mon causes include blood loss, iron or folate deficiency, hypersplenism, 
and marrow suppression from alcohol, malnutrition, hepatitis infec- 
tion, or other factors. Acquired abnormalities of the red cell membrane 
may contribute to the anemia in some patients. '® 

In vivo acanthocyte formation in spur cell anemia is a two-step 
process involving accumulation of free (nonesterified) cholesterol in 
the red cell membrane and remodeling of abnormally shaped red cells 
by the spleen.'*'® The diseased liver of the patient produces abnormal 
lipoproteins with excess cholesterol, which is acquired by circulating 
erythrocytes, increasing their cholesterol content. The cholesterol pref- 
erentially partitions into the outer leaflet, increasing the surface area 
to volume ratio and forming scalloped edges. In the spleen, membrane 
fragments are lost and the cells develop the characteristic projections 
of acanthocytes. Cholesterol interacts with band 3 and changes its 
conformation, which may affect the membrane skeleton and reduce 
the deformability of the cell,’* causing it to be trapped and eventually 
destroyed in the narrow sinusoids of the spleen. 


Clinical Features 

Spur cell anemia is characterized by rapidly progressive hemolytic 
anemia with large numbers of acanthocytes on the blood film. Sple- 
nomegaly and jaundice become more prominent and are accompanied 
by severe ascites, bleeding diatheses, and hepatic encephalopathy. Spur 
cell anemia is most common in patients with alcoholic liver disease, 
but similar clinical syndromes have been described in association with 
advanced metastatic liver disease, cardiac cirrhosis, Wilson disease, ful- 
minant hepatitis, and infantile cholestatic liver disease.’ 


Laboratory Features 

Most patients have moderate anemia with a hematocrit of 20 to 30 per- 
cent, marked indirect hyperbilirubinemia, and laboratory evidence of 
severe hepatocellular disease. Blood films reveal significant acanthocy- 
tosis and in some patients, echinocytes, target cells and microsphero- 
cytes, many with very fine spicules, are visible (see Fig. 46-13). 


Differential Diagnosis 
Spur cell hemolytic anemia should be distinguished from other hemo- 
lytic syndromes associated with liver disease, including congestive 


splenomegaly, in which patients exhibit chronic, mild hemolysis and 
occasional spherocytes, and patients with transient hemolytic episodes. 


Therapy, Course, and Prognosis 

The anemia of spur cell anemia usually is not a significant clinical prob- 
lem, but it can aggravate pre-existing anemia resulting from, for exam- 
ple, gastrointestinal bleeding, to the point that erythrocyte transfusion 
is required. The life span of spur cells is markedly decreased because of 
splenic sequestration, and, as expected, hemolysis abates after splenec- 
tomy. However, splenectomy is a dangerous and potentially fatal proce- 
dure in these critically ill patients and is generally not recommended. 


NEUROACANTHOCYTOSIS 


The term neuroacanthocytosis describes a heterogeneous group of 
rare disorders with variable clinical phenotypes and inheritance. The 
common features are a degeneration of neurons and abnormal acan- 
thocytic erythrocyte morphology. These syndromes may be divided 
into: (1) lipoprotein abnormalities, which cause peripheral neuropathy, 
such as abetalipoproteinemia and hypobetalipoproteinemia, (2) neu- 
ral degeneration of the basal ganglia resulting in movement disorders 
with normal lipoproteins, such as chorea-acanthocytosis and McLeod 
syndrome, and (3) movement abnormalities in which acanthocytes are 
occasionally seen, such as Huntington disease-like 2 (HDL2) and pan- 
tothenate kinase-associated neurodegeneration (PKAN). 


Abetalipoproteinemia 

Definition Abetalipoproteinemia or Bassen-Kornzweig syndrome is a 
rare autosomal recessive disorder characterized by progressive ataxic 
neurologic disease, dietary fat malabsorption, retinitis pigmentosa, and 
acanthocytosis found in people of diverse ethnic backgrounds.'“ 

Etiology and Pathogenesis This disorder is caused by a fail- 
ure to synthesize or secrete lipoproteins containing products of the 
apolipoprotein B (apoB) gene and this leads to changes in the plasma 
lipid profile.’ The primary molecular defect is a lack of the microso- 
mal triglyceride transfer protein, which performs an essential step in 
apoB-containing lipoprotein synthesis. The relative distribution of 
erythrocyte membrane phospholipids is altered and the phosphatidyl- 
choline content is decreased with a corresponding increase in sphin- 
gomyelin. The excess sphingomyelin is preferentially confined to the 
outer leaflet of the membrane bilayer, where it presumably causes an 
expansion of this layer and modifies the conformation of band 3, which 
contributes to the irregularities in cell surface contour.” Red cell pre- 
cursors and reticulocytes have a normal shape and acanthocytosis only 
becomes apparent as the red cells mature in the circulation, worsening 
with increasing red cell age.’ 

Clinical Features The disorder manifests in the first month of life 
by steatorrhea. Atypical retinitis pigmentosa, which often results in 
blindness, and progressive neurologic abnormalities characterized by 
ataxia and intention tremors develop between 5 and 10 years of age and 
progress to death in the second or third decade. 66 

Laboratory Features Patients usually have mild anemia with 
normal red cell indices and normal or slightly increased reticulocyte 
counts.'* Acanthocytosis is prominent, ranging from approximately 50 
to 90 percent of red cells. Despite the red cell lipid abnormalities, the 
hemolysis is mild and the spleen is normal in patients with abetalipo- 
proteinemia, in contrast to spur cell anemia. There is marked vitamin E 
deficiency (Chap. 44), which is thought to be a primary stimulus for the 
neuropathy. Coagulopathy may be observed." 

Differential Diagnosis The related disorders hypobetalipopro- 
teinemia, normotriglyceridemic abetalipoproteinemia, and chylo- 
micron retention disease are associated with partial production of 
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apoB-containing lipoproteins or with secretion of lipoproteins contain- 
ing truncated forms of apoB. Patients with these disorders may experi- 
ence neurologic disease and acanthocytosis, depending on the severity 
of the underlying defect. 

Therapy, Course, and Prognosis Treatment includes dietary 
restriction of triglycerides and supplementation with high doses of vita- 
mins A, K, D, and E.“ Chronic administration of vitamin E can delay 
or prevent the neurologic symptoms. 


Chorea-Acanthocytosis Syndrome 

Chorea-acanthocytosis is a rare autosomal recessive movement disor- 
der characterized by atrophy of the basal ganglia and progressive neu- 
rodegenerative disease with onset in adolescence or adult life. In some 
patients, acanthocytosis may precede the onset of neurologic symptoms. 
The lipoproteins are normal. 

Molecular studies have identified approximately 100 mutations 
in the VPS13A gene, which codes for chorein, a protein ubiquitously 
expressed in the brain and also found in mature red cells.’*"'” It is a 
member of a conserved protein family involved in trafficking of mem- 
brane proteins between cellular compartments, but its role in red cells 
and the pathogenesis of the disorder and acanthocytes is unknown. The 
mutations result in the absence or markedly reduced levels of chorein 
and founder mutations have been identified in Japanese and French- 
Canadian families.” 

Patients are not anemic, and red cell survival is only slightly 
decreased. Plasma and erythrocyte membrane lipids, as well as mem- 
brane protein composition and content, are normal, but electron 
microscopy studies revealed structural abnormalities in the skeleton 
and an uneven distribution of intra-~membrane particles. Red cell mem- 
brane fluidity is decreased. Increased serine-threonine and tyrosine 
phosphorylation of band 3, B-spectrin, and $-adducin has been doc- 
umented.’”' In particular, abnormal activation of Lyn kinase results in 
increased tyrosine phosphorylation of band 3, which alters the associa- 
tion of band 3 with 6-adducin and the junctional complex of the skele- 
ton." This may lead to localized disruption of the skeleton-membrane 
interaction, facilitating the formation of protrusions. In one chorea- 
acanthocytosis kindred a point mutation near the C terminus of band 3 
has been identified, which may influence the interaction of band 3 with 
the skeleton.'” 


McLeod Syndrome 

The McLeod phenotype is a rare X-linked defect of the Kell blood group 
system, whereby cells react poorly with Kell antisera. The XK protein 
is an integral membrane transport channel protein that is covalently 
linked to the Kell antigen by disulphide bonds, and mutations in the 
XK gene cause a deficiency of the XK protein. Male hemizygotes 
who lack XK have up to 85 percent acanthocytes on the blood film with 
mild, compensated hemolysis and develop late-onset multisystem myo- 
pathy or chorea known as the McLeod syndrome. Female heterozygous 
carriers may have occasional acanthocytes as a result of mosaicism in 
X chromosome inactivation. Large deletions involving not only the XK 
locus at Xp21.1, but also contiguous genes, result in the McLeod syn- 
drome being associated with other diseases, such as chronic granulo- 
matous disease of childhood, retinitis pigmentosa, Duchenne muscular 
dystrophy, and ornithine transcarbamylase deficiency. 

Red cell membrane protein and lipid composition are normal, but 
the distribution of intramembrane particles is altered and increased 
phosphorylation of membrane proteins, notably band 3, has been 
noted, which again implicates band 3 as a key player in the generation 
of acanthocytes. 
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Other Neuroacanthocytosis Syndromes 

The HDL2 disorder is caused by expanded CGT/CAG trinucleotide 
repeat mutations in the junctophilin-3 gene, which encodes a protein 
involved in junctional membrane structures and calcium regulation.” 
The disease is autosomal dominant and presents with late-onset cho- 
rea, parkinsonism, and progressive cognitive defects. Acanthocytes are 
present in some patients. In one unusual kindred autosomal dominant 
inheritance of chorea-acanthocytosis with polyglutamine neuronal 
inclusions was described in association with HDL2. Proteolysis of 
band 3 was also noted, which could contribute to the altered red cell 
morphology. "%7? 

Acanthocytes have been noted in some patients with PKAN (for- 
merly known as Hallervorden-Spatz syndrome) with features of dys- 
tonia, dysarthria, and rigidity in childhood, and in HARP syndrome 
(hypobetalipoproteinemia, acanthocytosis, retinitis pigmentosa and 
pallidal degeneration). Both conditions are caused by mutations in pan- 
tothenate kinase 2, which is involved in synthesis of coenzyme A and 
phospholipids. 167170174 


Differential Diagnosis of Neuroacanthocytosis with Normal 
Lipoproteins 

Chorea-acanthocytosis, McLeod syndrome, HDL2, and pantothenate 
kinase disorders present with overlapping neurologic symptoms and 


clinical phenotypes and also resemble Huntington disease, which ren- 
ders the clinical diagnosis difficult. Identification of the underlying gene 
defects and the availability of molecular tests have markedly improved 
the diagnostic accuracy. This also provides insight into the underlying 
pathogenesis and suggests that the affected proteins, which are all linked 
to membrane structure, may participate in a common pathway that ulti- 
mately causes degeneration of the basal ganglia. 


HEREDITARY STOMATOCYTOSIS SYNDROMES 


The intracellular concentration of the monovalent cations, Na* and K*, 
contribute to erythrocyte volume homeostasis. A net increase in these 
cations causes water to enter the cells resulting in overhydrated cells or 
stomatocytes, whereas a net loss dehydrates the cells and forms xero- 
cytes. Disorders of red cell cation permeability are very rare conditions 
that are inherited in an autosomal dominant fashion with marked clini- 
cal and biochemical heterogeneity (Table 46-4). 

Stomatocytes are cup-shaped red cells characterized by a cen- 
tral hemoglobin-free area (Figs. 46-10E and 46-11D). The molecular 
mechanism of stomatocyte formation has not been elucidated, but sev- 
eral theories have been postulated. The lipid bilayer hypothesis predicts 
that agents or abnormalities that expand the inner leaflet will tend to 
form stomatocytes.'”° Other theories relegate lipids to a secondary role 


TABLE 46-4. Heterogeneity of the Hereditary Stomatocytosis Syndromes 


Stomatocytosis (Hydrocytosis) 


Intermediate Syndromes 


Xerocytosis with 


Severe Stomatocytic High Phosphati- 

Hemolysis Mild Hemolysis Cryohydrocytosis Xerocytosis dylcholine Xerocytosis 
Hemolysis Severe Mild-moderate Moderate Mild Moderate Moderate 
Anemia Severe Mild-moderate Mild-moderate None Mild Moderate 
Blood film Stomatocytes Stomatocytes Stomatocytes Stomatocytes Targets Targets, 

echinocytes 

MCV (80-100 fL)* 110-150 95-130 90-105 91-98 84-92 100-110 
MCHC (32-36%) 24-30 26-29 34-40 33-39 34-38 34-38 
Unincubated Markedly Increased Normal Decreased Markedly Markedly 
osmotic fragility increased decreased decreased 
RBC Nai ta 60-100 30-60 40-50 10-20 10-15 10-20 
REEK a 20-55 40-85 55-65 75-85 75-90 60-80 
RBC Nat+K+°5-110 110-140 115-145 100-105 87-103 93-99 75-90 
Phosphatidylcho- Normal + Increased Normal Normal Increased Normal 
line content 
Cold No No Yes No No ? 
autohemolysis 
Effect of Good Good Fair ? ? ? Poor 
splenectomy* 
Inheritance Autosomal domi- Autosomal Autosomal Autosomal Autosomal Autosomal 

nant?, autosomal dominant dominant dominant dominant dominant 


recessive 


MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; RBC, red blood cell. 
“Values in parentheses are the normal range. 
‘Values for sodium, potassium, and sodium + potassium are mEq/L RBC. 

*Splenectomy may be contraindicated in these syndromes; see text for details. 
Reproduced with permission from Nathan DG, Orkin SH, Oski FA: Hematology of Infancy and Childhood, 5th edition. Philadelphia, PA: Saunders/ 


Elsevier; 1998. 


and propose that membrane proteins, specifically band 3, play a major 
role in regulating the structure of the red cell.’ Band 3 tetramers are 
attached to the spectrin skeleton and different configurations of band 3 
that either face inward or outward can influence the topography of the 
skeleton and the shape of the cell. 


HEREDITARY XEROCYTOSIS 


Definition 

Hereditary xerocytosis, also known as dehydrated HSt, is the most com- 
mon form of the cation permeability defects. It isan autosomal dominant 
hemolytic anemia characterized by an efflux of K* and red cell dehy- 
dration. Hereditary xerocytosis is part of a pleiotropic syndrome and 
patients may also exhibit pseudohyperkalemia and perinatal edema. 


Etiology and Pathogenesis 

The underlying membrane permeability defect is complex and involves 
a net loss of potassium from the red cells that is not accompanied by a 
proportional gain of sodium. Consequently, the net intracellular cat- 
ion content and cell water content are decreased. In some cases, ery- 
throcytes exhibit an increase in phosphatidylcholine and reduced BPG 
content." 

The genetic locus for this disorder was mapped to 16q23-q24.'” 
Subsequent refinement of the locus and exome sequencing of several 
large unrelated multigenerational kindred identified numerous missense 
mutations in the gene encoding the PIEZO] protein.'”*’” Cosegregation 
of some of the mutations in families with multiple disease phenotypes 
suggested a correlation between PIEZO and perinatal edema.'* PIEZO 
proteins were recently identified as mechanosensory molecules that 
form part of stretch-activated cation channels. The PIEZO1 protein is 
present in red cell membranes and two PIEZO1 mutations, R2456H and 
R2488Q, were demonstrated to regulate a mechanosensitive transduc- 
tion channel, leading to increased cation transport in erythrocytes. "7% 


Clinical Features 

Patients may present with symptoms of compensated hemolytic ane- 
mia, including jaundice, splenomegaly, and gallstones. Some patients 
may also exhibit pseudohyperkalemia and perinatal edema and even 
hydrops fetalis.'*!”” Variable penetrance is present in this disorder, with 
significant disparity in clinical symptoms between affected individuals 
in the same kindred. Patients display a strong tendency to iron overload 
(Chap. 43).!75 


Laboratory Features 

The hematologic picture is that of mild to moderate compensated hemo- 
lytic anemia (see Table 46-4) with an elevated reticulocyte count. The 
K* content is decreased and the Na* content is increased, but the total 
monovalent cation content is reduced. The MCHC is increased reflect- 
ing cellular dehydration and the MCV is frequently mildly increased.’ 
Erythrocytes are resistant to osmotic lysis and the bell-shaped curve 
obtained by osmotic gradient ektacytometry is shifted to the left. Stoma- 
tocytes are not a prominent feature on blood films, but some target cells 
and spiculated cells are seen. In some of the cells, hemoglobin is concen- 
trated (“puddled”) in discrete areas on the cell periphery. 


Therapy, Course, and Prognosis 

Most patients experience only mild anemia and therapy is not required. 
The patients should receive folate supplementation and be monitored 
for complications of hemolysis. Splenectomy does not significantly 
improve the anemia, which suggests that xerocytes are detected and 
eliminated in other areas of the reticuloendothelial system. Because of 
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a markedly high risk of hypercoagulability and life-threatening throm- 
botic episodes after splenectomy, the procedure is contraindicated." 


HEREDITARY STOMATOCYTOSIS/ 
HYDROCYTOSIS 


Definition and History 

Hereditary stomatocytosis, also known as hereditary hydrocytosis 
or overhydrated stomatocytosis, is characterized by a marked passive 
sodium leak, which causes red cell overhydration and macrocytosis. 
It is an autosomal dominantly inherited hemolytic anemia. The syn- 
drome was first described in a girl with dominantly inherited hemolytic 
anemia whose blood film contained stomatocytes.!® The hallmarks of 
abnormal cation transport and overhydration of the red cells were dis- 
covered subsequently.'* 


Etiology and Pathogenesis 

The red cell membrane of stomatocytes has enhanced permeability 
toward monovalent cations, especially sodium ions. This marked pas- 
sive sodium leak into the cell represents the principal lesion in this 
disorder. The Na*-K*-ATPase pump, which normally maintains low 
intracellular sodium and high potassium concentrations, is stimulated 
but this increase in active transport, coupled to enhanced glycolysis to 
provide ATP, is insufficient to overcome the leak. 175182 

The overhydrated red cells of some patients lack stomatin, a 
31-kDa integral membrane protein, but no gene mutations have been 
found implying that the absence of the protein is a secondary phenom- 
enon.’*'” Stomatin interacts with GLUT-1 and converts it to a dehy- 
droascorbic acid transporter, suggesting that it might be beneficial to 
inhibit this interaction in stomatocytes, because they require additional 
glucose for their increased ATP needs.” 

In some stomatocytosis patients, missense mutations causing 
amino acid substitutions of conserved residues in the transmembrane 
domain of the RhAG protein, a component of the band 3-Rh-RhAG 
multiprotein complex in the membrane, have been described.’ RhAG 
is a transport protein that may function as a gas and/or ammonium 
channel through pore-like structures. The mutations are thought to 
widen the pores allowing cations to leak through the membrane. A de 
novo missense mutation in the transmembrane domain of band 3 has 
been described in one patient with stomatocytosis associated with dys- 
erythropoiesis.'** This changed the transport function of band 3 from 
an anion exchanger to a cation channel. The tyrosine phosphorylation 
profile of the stomatocyte membranes revealed increased phosphoryla- 
tion of band 3 and stomatin, as a result of enhanced activity of the Syk 
and Lyn tyrosine kinases, suggesting that phospho-signaling pathways 
involved in cell volume regulation may be perturbed.'* 


Clinical Features 

Moderate to severe anemia is present. Jaundice and splenomegaly are 
common, as are complications of chronic hemolysis, such as cholelith- 
iasis. Patients exhibit a tendency for iron overload, independent of 
transfusion status or splenectomy. No other organ system abnormalities 
have been noted.’*'” A dyserythropoietic phenotype was noted in one 
patient with mild anemia." 


Laboratory Features 

The blood film reveals striking stomatocytosis and up to 50 percent of 
red cells may have abnormal morphology (Figs. 46-10E and 46-11D). 
In addition to the anemia, red cell indices show decreased MCHC and 
marked macrocytosis, as reflected by an elevated MCV, which can reach 
150 fL in some severely affected patients (see Table 46-4). The K* con- 
tent is decreased and the Na* content is markedly increased, leading 
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to elevated total monovalent cation content. The OF of stomatocytes is 
markedly increased because many of the swollen red cells approach their 
critical hemolytic volume, which causes a shift of the osmotic gradient 
ektacytometer curve to the right. Red cell deformability is decreased. 


Therapy, Course, and Prognosis 

The majority of hydrocytosis patients suffer from significant lifelong 
anemia. They should be monitored for complications of hemolysis, such 
as cholelithiasis and parvovirus infection, and should receive folate 
supplementation. The outcome of splenectomy has been variable, but 
typically it has been beneficial and improved the hemolytic anemia 
in severely affected patients." This is expected because stomatocytes 
expend large amounts of ATP to pump cations in an attempt to avoid 
osmotic lysis and are, therefore, vulnerable in the metabolically chal- 
lenging environment of the spleen. However, splenectomy should be 
carefully considered in patients with this disorder, since they are at high 
risk of developing hypercoagulability after splenectomy, leading to cata- 
strophic thrombotic episodes." 


CRYOHYDROCYTOSIS 


The clinical phenotype and biochemical features of some patients 
with stomatocytes are intermediate between the extremes of heredi- 
tary hydrocytosis and hereditary xerocytosis. One of these disorders is 
cryohydrocytosis in which the mild cation leak is markedly enhanced 
at low temperatures. It is a very rare condition associated with mild 
to moderate hemolytic anemia and splenectomy appears to be benefi- 
cial.'”> Missense mutations have been found in the transmembrane sec- 
tion of band 3 that cluster between membrane span eight and the last 
two membrane-spanning domains.'**"'** In vitro studies indicated that 
the mutant proteins have lost their anion exchange capability and are 
converted to a nonselective cation channel.'7'8%18” 

Two cases of cryohydrocytosis and stomatin deficiency have been 
described with mutations in GLUT-1, which abolish the glucose trans- 
port function of the protein and create a cation leak.'** 


OTHER STOMATOCYTIC DISORDERS 


Rh-deficiency syndrome designates rare individuals who either lack all 
Rh antigens (Rh „„) or exhibit markedly reduced (Rh,,) Rh antigen 
expression. Rh antigens are carried on RhCE and RhD proteins that 
associate with RhAG and enable the formation of the Rh multiprotein 
complex in the red cell membrane. The Rh complex is either absent or 
markedly reduced in patients with Rh deficiency syndrome and they 
present with mild to moderate hemolytic anemia. Stomatocytes and 
occasional spherocytes are seen on the blood film and the cells have cat- 
ion transport abnormalities, which cause dehydration. Hemolytic ane- 
mia is improved by splenectomy.'*!% Chapter 136 reviews the structure, 
localization, and functions of the Rh antigens. 

Familial deficiency of high-density lipoproteins is a rare condition 
that leads to accumulation of cholesteryl esters in many tissues, result- 
ing in clinical findings of large orange tonsils and hepatosplenomegaly. 
Hematologic manifestations include moderately severe hemolytic ane- 
mia with stomatocytosis. Red cell membrane lipid analyses revealed a 
low cholesterol content and a relative increase in phosphatidylcholine at 
the expense of sphingomyelin.” 


ACQUIRED STOMATOCYTOSIS 


Normal individuals have up to 3 percent stomatocytes on blood films. 
Acquired stomatocytosis is common in alcoholics particularly those 
with acute alcoholism. Vinca alkaloids, such as vincristine and vinblas- 
tine, may induce hemolysis with increased sodium permeability and 


stomatocytosis at the doses used for chemotherapy of leukemias and 
lymphomas." Transient stomatocytosis has been observed in long dis- 
tance runners immediately after a race. The molecular basis of acquired 
stomatocytosis is unknown." 
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CHAPTER 47 
ERYTHROCYTE ENZYME 
DISORDERS 


Wouter W. van Solinge and Richard van Wijk 


Red cells possess active metabolic machinery that provides energy to pump 
ions against electrochemical gradients, to maintain red cell shape, to keep 
hemoglobin iron in the reduced form, and to maintain enzyme and hemo- 
globin sulfhydryl groups. The main source of metabolic energy comes from 
glucose. Glucose is metabolized through the glycolytic pathway and through 
the hexose monophosphate shunt. Glycolysis catabolizes glucose to pyruvate 
and lactate, which represent the end products of glucose metabolism in the 
erythrocyte, because it lacks the mitochondria required for further oxidation 
of pyruvate. Adenosine diphosphate (ADP) is phosphorylated to ATP and 
nicotinamide adenine dinucleotide (NAD)* is reduced to NADH in glycoly- 
sis. 2,3-Bisphosphoglycerate, an important regulator of the oxygen affinity 
of hemoglobin, is generated during glycolysis. The hexose monophosphate 
shunt oxidizes glucose-6-phosphate, reducing NADP* to reduced nicotinamide 
adenine dinucleotide phosphate (NADPH). In addition to glucose, the red cell 
has the capacity to utilize some other sugars and nucleosides as a source of 
energy. The red cell lacks the capacity for de novo purine synthesis, but has 
a salvage pathway that permits synthesis of purine nucleotides from purine 
bases. The red cell contains high concentrations of glutathione, which is main- 
tained almost entirely in the reduced state by NADPH through the catalytic 
activity of glutathione reductase. Glutathione is synthesized from glycine, 
cysteine, and glutamic acid in a two-step process that requires ATP as a source 
of energy. Catalase and glutathione peroxidase serve to protect the red cell 


Acronyms and Abbreviations: ADA, adenosine deaminase; ADP, adenosine diphos- 
phate; AK, adenylate kinase; AP-1, a transcription factor; 2,3-BPG, 2,3-bisphospho- 
glycerate; BPGM, bisphosphoglycerate mutase enzyme; CDP, cytidine diphosphate; 
2,3-DPG, 2,3-diphosphoglycerate; EMP, Embden-Meyerhof direct glycolytic path- 
way; FAD, flavin adenine dinucleotide; G6PD, glucose-6-phosphate dehydrogenase; 
GAPDH, glyceraldehyde phosphate dehydrogenase; GCL, glutamate cysteine ligase; 
GLUTI, glucose transporter 1; GPI, glucose phosphate isomerase; GR, glutathione 
reductase; GS, glutathione synthetase; GSH, reduced glutathione; GSSG, oxidized 
glutathione; HFE, the gene associated with hereditary hemochromatosis; HK, hexok- 
inase; KLF1, key erythroid transcription factor; LDH, lactate dehydrogenase; miRNA, 
microRNA; MRP1, multidrug resistance protein 1; NAD, nicotinamide adenine dinu- 
cleotide; NADPH, nicotinamide adenine dinucleotide phosphate (reduced form); 
nt, nucleotide; P5’N1, pyrimidine-5’-nucleotidase-1; PFK, phosphofructose kinase; 
PFKM, gene encoding muscle subunit of PFK; PGK, phosphoglycerate kinase; PK, 
pyruvate kinase; PKLR, gene encoding PK enzyme activity in red cells and liver; SNP, 
single nucleotide polymorphism; SOD1, superoxide dismutase type 1; TPI, triose- 
phosphate isomerase; WHO, World Health Organization. 


from oxidative damage. The maturation of reticulocytes into erythrocytes is 
associated with a rapid decrease in the activity of several enzymes. However, 
the decrease in activities of other enzymes occurs much more slowly or not at 
all with aging. 

Erythrocyte enzyme deficiencies may lead to hemolytic anemia; expression 
of the defect in other cell lines may lead to pathologic changes such as neu- 
romuscular abnormalities. Glucose-6-phosphate dehydrogenase (G6PD) defi- 
ciency is the most common erythrocyte enzyme defect. In some populations, 
more than 20 percent of people may be affected by this enzyme deficiency. In 
the common polymorphic forms, such as G6PD A—, G6PD Mediterranean, or 
G6PD Canton, hemolysis occurs only during the stress imposed by infection or 
administration of “oxidative” drugs, and in some individuals upon ingestion of 
fava beans. Neonatal icterus, which appears largely with the interaction with 
an independent defect in bilirubin conjugation, is the clinically most serious 
complication of G6PD deficiency. Patients with uncommon, functionally very 
severe, genetic variants of G6PD experience chronic hemolysis, a disorder des- 
ignated hereditary nonspherocytic hemolytic anemia. 

Hereditary nonspherocytic hemolytic anemia (HNSHA) also occurs as 
a consequence of other enzyme deficiencies, the most common of which is 
pyruvate kinase (PK) deficiency. Glucose phosphate isomerase (GPI), triose- 
phosphate isomerase (TPI), and pyrimidine 5’-nucleotidase (P5’N) deficiency 
are included among the relatively rare causes of hereditary nonspherocytic 
hemolytic anemia. In the case of some deficiencies, notably those of gluta- 
thione synthetase (GS), TPI, and phosphoglycerate kinase (PGK), the defect is 
expressed throughout the body, and neurologic and other defects may be a 
prominent part of the clinical syndrome. 

Diagnosis is best achieved by determining red cell enzyme activity either 
with a quantitative assay or a screening test. Except for the basophilic stippling 
of erythrocytes that is characteristic, but not specific, of pyrimidine 5’-nucleo- 
tidase deficiency, red cell morphology is of little or no help in differentiating 
one red cell enzyme deficiency from another. A variety of molecular lesions 
have been defined in most of these enzyme deficiencies. Confirmation of the 
diagnosis by DNA analysis is recommended: it is necessary for genetic counsel- 
ing and is helpful in recommendations for treatment, as patients with some 
enzyme deficiencies (e.g., GPI deficiency) tend to respond favorably to sple- 
nectomy whereas others do not (e.g., G6PD deficiency). Some of the defects, 
such as PK and GPI deficiencies, are transmitted as autosomal recessive disor- 
ders, whereas G6PD and PGK deficiencies are X linked. 


@ DEFINITION AND HISTORY 


Deficiencies in the activities of a number of erythrocyte enzymes may 
lead to shortening of the red cell life span. Glucose-6-phosphate dehy- 
drogenase (G6PD) deficiency was the first of these to be recognized and 
is the most common. 

The recognition of G6PD deficiency was the result of investigations 
of the hemolytic effect of the antimalarial drug primaquine, carried out 
in the 1950s and described in detail elsewhere.’ These early studies 
defined G6PD deficiency as a hereditary sex-linked enzyme deficiency 
that affected primarily the erythrocytes, older cells being more severely 
affected than newly formed ones because of age-dependent decline of 
mutant enzyme activity. They showed that this enzyme deficiency was 
very prevalent in individuals of African, Mediterranean, and Asian 
ethnic origins, but that it could be found in virtually any population. 
The common (polymorphic) forms of G6PD deficiency were found 
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to be associated with anemia only under conditions of stress, such 
as the administration of oxidative drugs, infection, and the neonatal 
period. 

Chronic hemolysis in the absence of a stress occurs in uncommon, 
functionally severe forms of G6PD deficiency and in patients with a 
variety of other red cell enzyme deficiencies. Such patients suffer from 
hereditary nonspherocytic hemolytic anemia. Although patients fitting 
the description of hereditary nonspherocytic hemolytic anemia had 
been documented earlier, the designation was first introduced by Crosby 
in 1950.* Dacie and colleagues’ subsequently reported several families 
in which affected members manifested hemolytic anemia from an early 
age and in whom the osmotic fragility of the red cells was normal. The 
latter finding was the main feature that distinguished this disorder from 
hereditary spherocytosis. Thus, defined essentially by exclusion as a 
hereditary hemolytic anemia that is not hereditary spherocytosis (or 
without any other major aberration of red cell morphology), it is not 
at all surprising that hereditary nonspherocytic hemolytic anemia has 
proven to be extremely heterogeneous both in etiology and in clinical 
manifestations. Sometimes this disorder is also designated congenital 
nonspherocytic hemolytic anemia, but the name hereditary hemolytic 
anemia is more accurate and is therefore preferable. Although hered- 
itary ovalocytosis, pyropoikilocytosis, and stomatocytosis (Chap. 46), 
and even thalassemia major and sickle cell disease (Chaps. 48 and 49), 
are hereditary hemolytic anemias that are also nonspherocytic, they are 
not included in this category. 

Although a deficiency of G6PD was found to be responsible for 
hemolysis in a few patients with hereditary nonspherocytic hemolytic 
anemia, in the overwhelming majority of cases the cause remained 
obscure. In 1954, Selwyn and Dacie‘ studied autohemolysis (spontane- 
ous lysis of red cells after sterile incubation for 24 to 48 hours at 37°C) 
in four patients with hereditary nonspherocytic hemolytic anemia and 
found that in two of them lysis was only slightly increased and was pre- 
vented by glucose; these patients were designated as type 1, whereas the 
others, in whom glucose failed to correct autohemolysis, were classi- 
fied as type 2. Autohemolysis of the erythrocytes of type 2 patients was 
modified by the addition of ATP. However, ATP does not penetrate the 
red cell membrane and instead, its modifying influence was nonspecific 
exerted chiefly by virtue of its effect on the osmolarity and pH of the 
suspending solution. These findings suggested to DeGruchy and asso- 
ciates’ that patients with type 2 autohemolysis suffered from a defect in 
ATP generation. This proposal, born of a misunderstanding of red cell 
biochemistry, turned out to be correct, as one of the major causes of 
hereditary nonspherocytic hemolytic anemia proved to be a deficiency 
of the ATP-generating enzyme pyruvate kinase (PK).* PK deficiency 
was the first of a large number of enzyme defects that have been shown 
to account for this heterogeneous syndrome. 


@ EPIDEMIOLOGY 


The most common red cell enzyme abnormality is deficiency of 
G6PD. Its prevalence among white populations ranges from less than 
1 in 1000 among northern European populations to 50 percent of the 
males among Kurdish Jews. The lowest frequencies of G6PD deficiency 
are found in both North and South America (<1 percent), and high- 
est rates are predicted across the tropical belt of sub-Saharan Africa 
(15 to 30 percent; Fig. 47-1). The distribution across Asia and Asia 
Pacific is generally heterogeneous, ranging from virtually absent to rel- 
atively high.*!° Although many of the highest frequencies are predicted 
from sub-Saharan African countries, the very high population densities 
across Asia infers that the overall population burden is largely focused 
here. The overall allele frequency of G6PD deficiency across all malaria 


endemic countries is predicted to be 8 percent. This corresponds to 220 
million affected males and an even greater number of females, although 
some heterozygous females for this X-chromosome-encoded gene do 
not have enough deficient erythrocytes to become prone to significant 
hemolysis.’ Details on the distribution of G6PD deficiency among vari- 
ous population groups is presented elsewhere. °=? 

The high frequency of G6PD-deficient genes in many populations 
implies that G6PD deficiency confers a selective advantage. The sug- 
gestion that resistance to malaria accounts for the high frequency of 
G6PD deficiency paralleling the worldwide distribution of malaria is 
supported by the sheer diversity of variants in the G6PD gene. Many of 
these are found at polymorphic frequencies in genetically isolated pop- 
ulations, suggesting independent selection of each variant." Impor- 
tant supporting evidence was obtained from studies in heterozygotes for 
G6PD A- that showed a higher degree of infestation of G6PD-sufficient 
cells than of G6PD-deficient cells. Deficient cells infested with malaria 
parasites may be phagocytosed more efficiently than normal cells." 
Which G6PD genotypes confer protection from malarial infection is the 
subject of debate.'*'* The majority of studies conclude that G6PD defi- 
ciency in hemizygous males, and probably also homozygous females, 
confers significant protection against malarial infection. The nature of 
protection from the mosaic state of G6PD deficiency in heterozygous 
females remains to be established.'*!° 

It has been suggested that a higher prevalence of G6PD deficiency 
in individuals with sickle cell disease than in the general African popu- 
lation reflects a favorable effect of the enzyme deficiency on the clinical 
course of the sickling disorders.” However, studies aimed at investi- 
gating the effects of G6PD deficiency on the clinical manifestations of 
sickle cell disease have produced conflicting results. Some studies found 
no evidence for any such effect,”’”” whereas others reported on lower 
hemoglobin levels in patients with both disorders, either accompanied” 
or not™ by signs of increased hemolysis. 

PK deficiency is the most common cause of hereditary nonsphero- 
cytic hemolytic anemia. Based on large-scale mutation analysis, it has 
been estimated that the population prevalence of PK deficiency among 
whites is approximately 50 cases per 1 million population.” Estimates of 
frequencies of other deficiency alleles, such as those for adenylate kinase, 
diphosphoglycerate mutase, enolase, triosephosphate isomerase (TPI), 
and phosphoglycerate kinase (PGK), have been made on large num- 
bers of cord bloods.” A particularly high incidence of heterozygous TPI 
deficiency (>4 percent) in Americans of African descent is supported 
by family studies.” Because this is not reflected in a correspondingly 
high birth incidence, the allele might be lethal in the homozygous state. 

In addition to the common G6PD mutations, there are mutations 
in other enzymes that are repeatedly encountered in the population. In 
PK, the c.1529G>A, p.(Arg510GIn) mutation is the most common muta- 
tion in the United States,”* and in northern and central Europe”; the 
c.1456C>T, p.(Arg486Trp) mutation is prevalent in southern Europe,” 
and the c.1468C>T, (p.Arg490Trp) mutation in Asia.*' Similarly, the 
c.315G>C, p.(Glul04Asp) mutation is recurrently encountered in TPI.’ 
In phosphofructose kinase (PFK) deficiency, one-third of the reported 
patients are of Jewish origin, and in this population, an intronic splice 
site mutation, c.237+1G>A, and a single base-pair deletion, c.2003delC, 
are among the most frequently encountered mutations.” In a number 
of these instances, the existence of each mutation in the context of the 
same haplotype implies that there has been a founder effect, that is, 
the mutation occurred only once, and all individuals now carrying it 
are descendants of the person who sustained the original mutation. The 
expansion of the mutation could represent a selective advantage for het- 
erozygotes, but also may result from random factors or from a selective 
advantage provided by one or more tightly linked genes. 
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Figure 47-1. Estimated prevalence of glucose-6-phosphate dehydrogenase (G6PD) deficiency. A. National-level allele frequencies. B. National-level 
population estimates of G6PD-deficient (G6PDd) males. (Reproduced with permission from Howes RE, Piel FB, Patil AP et al: G6PD deficiency prevalence and 
estimates of affected populations in malaria endemic countries: a geostatistical model-based map. PLoS Med 2012;9(11):e1001339.) 


@ ETIOLOGY AND PATHOGENESIS 
RED CELL METABOLISM 


Although the binding, transport, and delivery of oxygen do not require 
the expenditure of metabolic energy by the red cell, a source of energy 
is required if the red cell is to perform its function efficiently and to 
survive in the circulation for its full life span of approximately 120 days. 
This energy is needed to maintain (1) the iron of hemoglobin in the 
divalent form; (2) the high potassium and low calcium and sodium lev- 
els within the cell against a gradient imposed by the high plasma cal- 
cium and sodium and low plasma potassium levels; (3) the sulfhydryl 
groups of red cell enzymes, hemoglobin, and membranes in the active, 
reduced form; and (4) the biconcave shape of the cell. If the red cell is 
deprived of a source of energy, it becomes sodium and calcium logged 
and potassium depleted, and the red cell shape changes from a flexible 
biconcave disk. Such a cell is quickly removed from the circulation by 
the filtering action of the spleen and the monocyte-macrophage sys- 
tem. Even if it survived, such an energy-deprived cell would gradually 
turn brown as hemoglobin is oxidized to methemoglobin by the very 


high concentrations of oxygen within the erythrocyte and would then 
be unable to perform its function of transporting oxygen and carbon 
dioxide. 

The process of extracting energy from a substrate, such as glucose, 
and of utilizing this energy is carried out by a large number of enzymes 
(Table 47-1). Because the red cell loses its nucleus before it enters the 
circulation and most of its RNA within 1 or 2 days of its release into 
the circulation, it does not have the capacity to synthesize new proteins 
to replace those that may become degraded during its life span. The 
enzymes present in the red cells were formed largely by the nucleated 
cell in the marrow and, to a lesser extent, the reticulocyte. 


Glucose Metabolism 

Glucose is the normal energy source of the red cell. It is metabolized by 
the erythrocyte along two major routes: the glycolytic pathway and the 
hexose monophosphate shunt. The steps in these pathways are essen- 
tially the same as those found in other tissues and in other organisms, 
including even relatively simple ones such as Escherichia coli and yeast. 
Unlike most other cells, however, the red cell lacks mitochondria and 
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TABLE 47-1. Activities of Some Red Cell Enzymes 


Activity at 37°C IU/g 


Enzyme Hgb (mean + SD) 
Acetylcholinesterase 36.93 + 3.83 
Adenosine deaminase 1.11 + 0.23 
Adenylate kinase 258293 
Aldolase 3.19 + 0.86 
Bisphosphoglyceromutase 4.78 + 0.65 
Catalase 153,117 + 2390 
Enolase 5.39 + 0.83 
Galactokinase 0.0291 + 0.004 
Galactose-4-epimerase 0.231 + 0.061 
Glucose phosphate isomerase 60.8 + 11.0 
Glucose-6-phosphate dehydrogenase 8.34 + 1.59 
y-Glutamylcysteine synthetase 1.05 + 0.19 
Glutathione peroxidase* 30.82 + 4.65 
Glutathione reductase without FAD FSi 1.09 
Glutathione reductase with FAD 10.4 + 1.50 
Glutathione-S-transferase 6.66 + 1.81 
Glutathione synthetase 0.34 + 0.06 
Glyceraldehyde phosphate 226 + 41.9 
dehydrogenase 

Hexokinase 1.78 + 0.38 
Lactate dehydrogenase 200 + 26.5 
Monophosphoglyceromutase SI 32 SS 
NADH-methemoglobin reductase 19.2 + 3.85(30°) 
NADPH diaphorase 2.26 + 0.16 
Nucleoside phosphorylase Bye) a= SY 
Phosphofructokinase MOLEBI 
Phosphoglucomutase 5.50 + 0.62 
Phosphoglycerate kinase 320 + 36.1 
Phosphoglycolate phosphatase 1.23 + 0.10 
Phosphomannose isomerase 0.054 + 0.026 
Pyrimidine 5’-nucleotidase 0.138 + 0.018 
Pyruvate kinase 15:0 199) 
6-Phosphogluconate dehydrogenase 8.78 + 0.78 
6-Phosphogluconolactonase 50.6 +5.9 
Ribosephosphate isomerase 200 
Superoxide dismutase 2225 + 303 
Transaldolase 1.21 + 0.24 
Transketolase 0.725 + 0.17 
Triose phosphate isomerase A ili] ae SOW 


FAD, flavin adenine dinucleotide; NADH, reduced form of nicotin- 
amide adenine dinucleotide; NADPH, nicotinamide adenine dinucle- 


otide phosphate. 


“For United States and European subjects. 


hence a citric acid cycle. Only the reticulocytes maintain some capac- 
ity for the breakdown of pyruvate to CO,, with the attendant highly 
efficient production of ATP. The mature red cell extracts energy from 
glucose almost solely by anaerobic glycolysis. Before glucose can be 
metabolized by the red cell, it must pass through the membrane. Trans- 
port into the interior of the cell is facilitated by glucose transporter 1 
receptor GLUT1, and perhaps regulated by the abundantly expressed 
membrane protein stomatin; however, the function of this protein is 
not fully defined.* In humans, and other mammals that have lost the 
ability to synthesize ascorbic acid from glucose, GLUT] also facilitates 
transport of L-dehydroascorbic acid.** The red cell membrane contains 
insulin receptors, but the transport of glucose into red cells is indepen- 
dent of insulin. 

Pathways of Glucose Metabolism Direct glycolytic pathway. 
In the Embden-Meyerhof direct glycolytic pathway (EMP; Fig. 47-2), 
glucose is catabolized anaerobically to pyruvate or lactate. Although 
2 moles of high-energy phosphate in the form of ATP are used in pre- 
paring glucose for its further metabolism, up to 4 moles of adenosine 
diphosphate (ADP) may be phosphorylated to ATP during the metab- 
olism of each mole of glucose, giving a net yield of 2 moles of ATP per 
mole of glucose metabolized. The rate of glucose utilization is limited 
largely by the hexokinase and PFK reactions. Both of the enzymes cata- 
lyzing these reactions have a relatively high pH optimum and have very 
little activity at pH levels lower than 7. For this reason, red cell glycolysis 
is very pH sensitive, being stimulated by a rise in pH. However, at higher 
than physiologic pH levels, the stimulation of hexokinase and phos- 
phofructokinase activity merely results in the accumulation of fructose 
diphosphate and triosephosphates, because the availability of nicotin- 
amide adenine dinucleotide (NAD)* for the glyceraldehyde phosphate 
dehydrogenase (GAPDH) reaction becomes a limiting factor. 

Branching of the metabolic stream after the formation of 1,3- 
bisphosphoglycerate (1,3-BPG) provides the red cell with flexibility in 
regard to the amount of ATP formed in the metabolism of each mole 
of glucose. 1,3-BPG may be metabolized to 2,3-bisphosphoglycerate 
(2,3-BPG), also known as 2,3-diphosphoglycerate (2,3-DPG), thus 
“wasting” the high-energy phosphate bond in position 1 of the glyc- 
erate. Removing the phosphate group at position 2 by bisphospho- 
glycerate phosphatase results in the formation of 3-phosphoglycerate. 
Both reactions in this unique glycolytic bypass, known as the Rapoport- 
Luebering shunt, are catalyzed by the erythroid-specific multifunctional 
enzyme bisphosphoglycerate mutase.” In mammalian erythrocytes, a 
separate 2,3-BPG phosphatase activity has been ascribed to multiple 
inositol polyphosphate phosphatase.** In contrast to bisphosphoglyc- 
erate mutase, multiple inositol polyphosphate phosphatase-1 is able to 
remove the phosphate at position 3, thereby bypassing the formation 
of 3-phosphoglycerate. The precise functional significance of multiple 
inositol polyphosphate phosphatase-1 for human red cell physiology 
and regulation of 2,3-BPG levels remains to be established. 

3-Phosphoglycerate may also be formed directly from 1,3-BPG 
through the PGK step, resulting in phosphorylation of 1 mole of ADP 
to ATP. Although metabolism of glucose through the 2,3-BPG step 
occurs without any net gain of high-energy phosphate bonds in the 
form of ATP, metabolism through the PGK step results in the forma- 
tion of two such bonds per mole of glucose metabolized. This portion 
of the direct glycolytic pathway has been called the energy clutch. Reg- 
ulation of metabolism at this branch point determines not only the rate 
of ADP phosphorylation to ATP but also the concentration of 2,3-BPG, 
an important regulator of the oxygen affinity of hemoglobin (Chaps. 49 
and 57). The concentration of 2,3-BPG depends on the balance between 
its rate of formation and degradation by bisphosphoglycerate mutase. 
Hydrogen ions inhibit the bisphosphoglycerate mutase reaction and 
stimulate the phosphatase reaction. Thus, red cell 2,3-BPG levels are 
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Figure 47-2. Glucose metabolism of the erythrocyte. The details of the hexose monophosphate pathway are shown in Fig. 47-3. 


exquisitely sensitive to pH: a rise in pH causes a rise in 2,3-BPG levels, 
whereas acidosis results in 2,3-BPG depletion. It may be that the ratio of 
oxyhemoglobin to deoxyhemoglobin also influences 2,3-BPG synthesis 
by virtue of the fact that only deoxyhemoglobin binds this compound, 
thus affecting the concentration of free 2,3-BPG that is available for feed- 
back inhibition of the enzymes that lead to its formation. However, the 
available evidence suggests that the pH is the primary controlling factor. 

Metabolism of glucose by way of the EMP may also yield reducing 
energy in the form of the reduced form of NAD (NADH). The reduction 
of NAD* to NADH occurs in the GAPDH step. If NADH is reoxidized 


in reducing methemoglobin to hemoglobin, the end product of glucose 
metabolism is pyruvate. If NADH is not reoxidized by methemoglobin, 
however, pyruvate is reduced in the lactate dehydrogenase (LDH) step, 
forming lactate as the final end product of glucose metabolism. The lac- 
tate or pyruvate formed is transported from the red cell and is metab- 
olized elsewhere in the body. Thus, the erythrocyte has a flexible EMP 
that can adjust the amount of ADP phosphorylated per mole of glucose 
according to the requirement of the cell. 

The regulation of red cell glycolytic metabolism is very complex. 
Products of some reactions may stimulate others. For example, the PK 
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reaction is exquisitely sensitive to fructose 1,6-diphosphate, the prod- 
uct of PFK. Conversely, other metabolic products may serve as strong 
enzyme inhibitors. In addition, there is increasing evidence that glyco- 
lytic enzymes assemble into enzyme complexes to the interior of the red 
cell membrane.” The assembly of these complexes seems to be regulated 
by the oxygen status of hemoglobin and the phosphorylation status of 
band 3, suggesting they play a direct role in the regulation of oxygen- 
dependent changes in glycolytic and pentose shunt fluxes.” 

Notably, a number of glycolytic enzymes show additional func- 
tional activities. For instance, in addition to its role in glycolysis, glu- 
cosephosphate isomerase also functions as a neuroleukin or autocrine 
motility factor. Another example is enolase, that has been reported to 
also function as plasminogen receptor.“ The additional functional 
activities of these “moonlighting” enzymes could contribute to the com- 
plexity of the phenotype of the associated disorder. 

Hexose Monophosphate Shunt Not all the glucose metabolized 
by the red cell passes through the direct glycolytic pathway. A direct 
oxidative pathway of metabolism, the hexose monophosphate shunt, 
also functions. In this pathway, glucose-6-phosphate is oxidized at 
position 1, yielding carbon dioxide. In the process of glucose oxida- 
tion, NADP* is reduced to NADPH (reduced NAD phosphate). The 
pentose phosphate formed when glucose is decarboxylated undergoes 
a series of molecular rearrangements, eventuating in the formation of a 
triose, glyceraldehyde-3-phosphate, and a hexose, fructose-6-phosphate 
(Fig. 47-3). These are normal intermediates in anaerobic glycolysis and 
thus can rejoin that metabolic stream. Because the glucose phosphate 
isomerase reaction is freely reversible, allowing fructose-6-phosphate 
to be converted to glucose-6-phosphate, recycling through the hexose 
monophosphate pathway is also possible. Unlike the anaerobic glyco- 
lytic pathway, the hexose monophosphate pathway does not generate 
any high-energy phosphate bonds. Its primary function appears to be 
the formation of NADPH, and, indeed, the amount of glucose passing 
through this pathway appears to be regulated by the amount of NADP* 
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Figure 47-3. Hexose monophosphate pathway of the erythrocyte: 
(1) glucose-6-phosphate dehydrogenase, (2) glutathione reductase, (3) 
phosphogluconate dehydrogenase, (4) ribulose-phosphate epimerase, 
(5) ribosephosphate isomerase, (6) transketolase, and (7) transaldolase. 


that has been made available by the oxidation of NADPH. NADPH 
appears to function primarily as a substrate for the reduction of 
glutathione-containing disulfides in the erythrocyte through mediation 
of the enzyme glutathione reductase, which catalyzes the conversion 
of oxidized glutathione (GSSG) to reduced glutathione (GSH) and the 
reduction of mixed disulfides of hemoglobin and GSH.” 

Enzymes of Glucose Metabolism 

Hexokinase Hexokinase catalyzes the phosphorylation of glucose 
in position 6 by ATP. It thus serves as the first step in the utilization of 
glucose, whether by the anaerobic or the hexose monophosphate path- 
way. Mannose or fructose may also serve as a substrate for this enzyme. 
Hexokinase is the glycolytic enzyme with the lowest activity. Reticulo- 
cytes have much higher levels of hexokinase activity than do mature red 
cells.“ 

Hexokinase has an absolute requirement for magnesium. It is 
strongly inhibited by its product, glucose-6-phosphate, and is released 
from this inhibition by the inorganic phosphate ion*“* and by high 
concentrations of glucose.” Inorganic phosphate enhances the rate of 
glucose utilization by red cells. This effect is not exerted through hexoki- 
nase but through stimulation of the PFK reaction, resulting in a lowered 
glucose-6-phosphate concentration within the cell and thus releasing 
hexokinase from inhibition.*® GSSG*” and other disulfides, as well as 
2,3-BPG,” inhibit hexokinase. The determination of the structures 
of the human and rat hexokinase isozymes have provided substantial 
insight into ligand-binding sites and subsequent modes of interaction 
of these ligands.*'* 

‘The two major fractions of red cell hexokinase (HK) have been des- 
ignated HK, and HK, the latter fraction being unique to erythrocytes 
and particularly to reticulocytes.” Both red cell isozymes are monomers 
and produced from the hexokinase I gene (HK1),** with an apparent 
molecular weight of 112 kDa.* The HK1 gene is localized on chromo- 
some 10q22 and spans more than 100 kb. It contains 29 exons,***” which, 
by tissue-specific transcription, generate multiple transcripts by alter- 
native use of the 5’ exons.” Erythroid-specific transcriptional control 
results in a unique red blood cell-specific mRNA that differs from HK, 
transcripts at the 5’ end. Consequently, HK, lacks the porin-binding 
domain that mediates HK, binding to mitochondria.” A single nucle- 
otide polymorphism (SNP) in the first intron of HK, was found to be 
strongly associated with reduced hemoglobin and hematocrit levels in 
the European population.” HK deficiency is a rare cause of hereditary 
nonspherocytic hemolytic anemia. 

Glucose Phosphate Isomerase Glucose phosphate isomerase 
(GPI) catalyzes the interconversion of glucose-6-phosphate and 
fructose-6-phosphate, the second step of the EMP. The crystal structure 
of human GPI has been resolved. The enzyme is a homodimer, com- 
posed of two subunits of 63 kDa each. The enzyme’ active site is com- 
posed of polypeptide chains from both subunits, making the dimeric 
form essential for catalytic activity.“ Residues that are not in direct con- 
tact with the reacting substrate molecule have also been implicated as 
important for catalytic function of GPI.° The gene encoding GPI (GPI) 
is located on chromosome 19q13.1 and consists of 18 exons, spanning 
at least 50 kb, with a complementary DNA (cDNA) of 1.9 kb in length. 
GPI deficiency is one of the relatively more common causes of heredi- 
tary nonspherocytic hemolytic anemia. 

Phosphofructokinase PFK catalyzes the rate-limiting phospho- 
rylation of fructose-6-phosphate by ATP to fructose-1,6-diphosphate. 
Under intracellular conditions this reaction is nearly irreversible. There- 
fore PFK is an important regulator of glycolytic flux. The enzyme has a 
molecular mass of around 340 kDa. Red cell phosphofructokinase exists 
as five different homo- or heterotetramers comprised of muscle (M) and 
liver (L) subunits. Each tetramer displays unique properties with respect 
to catalytic function and regulation. The enzyme requires magnesium 


for activity. PFK activity is tightly controlled and subject to regulation 
by many metabolic effectors. Among the most important activators 
are ADP, cyclic adenosine monophosphate (cAMP), and fructose-2,6- 
diphosphate, whereas PFK is inhibited by its substrate ATP, citrate, and 
lactate.“*®° These metabolic effectors exert their effects probably by sta- 
bilizing either the minimally active dimeric and fully active tetrameric 
form of PFK.“ PFK activity is also regulated by its binding to calm- 
odulin,®” and association of the enzyme with the red cell membrane“; 
in particular, binding to band 3®” and actin’! appears to inhibit and 
stimulate PFK activity, respectively. 

A preliminary crystallographic analysis of dimeric wild-type 
human muscle PFK has been presented.” The gene encoding the 85-kDa 
M subunit (PFKM) is located on chromosome 12q13.3 and spans 30 kb. 
It contains 27 exons and at least three promoter regions.” The 80-kDa 
L-subunit encoding gene (PFKL) is located on chromosome 21q22.3; 
it contains 22 exons and spans more than 28 kb.” Deficiency of PFK 
is associated with mild hemolytic anemia and with type VII glycogen 
storage disease (Tarui disease).” 

Aldolase Aldolase reversibly cleaves fructose-1,6-diphosphate into 
two trioses. The “upper” half of the fructose-1,6-diphosphate molecule 
becomes dihydroxyacetone phosphate and the “lower” half becomes 
glyceraldehyde-3-phosphate. Aldolase is a 159-kDa homotetrameric 
enzyme comprised of subunits of 40 kDa each.” Three distinct isoen- 
zymes have been identified: aldolase A, B, and C. The 364-amino-acids- 
long aldolase A subunits are primarily expressed in erythrocytes and 
muscle cells.” The structure of human aldolase A is known.” Red cell 
aldolase binds to F-actin” and the N-terminal part of band 3,® which 
inhibits its activity.” The gene for aldolase A (ALDOA) is located on 
chromosome 16q22-24. It spans 7.5 kb and consists of 12 exons. Several 
transcription-initiation sites were identified and ALDOA pre-mRNA is 
spliced in a tissue-specific manner.*' Aldolase deficiency is a very rare 
cause of hereditary nonspherocytic hemolytic anemia. 

Triosephosphate Isomerase TPI is the enzyme of the anaerobic 
glycolytic pathway that has the highest activity. Its metabolic role is to 
catalyze interconversion of the two trioses formed by the action of aldo- 
lase: dihydroxyacetone phosphate and glyceraldehyde-3-phosphate.” 
Although equilibrium is in favor of dihydroxyacetone phosphate, 
glyceraldehyde-3-phosphate undergoes continued oxidation through 
the action of GAPDH and is thus removed from the equilibrium. TPI 
is a dimer consisting of two identical 27-kDa subunits of 248 amino 
acids.** Several crystal structures have been resolved.***° These show 
that the active site is at the dimer interface and a number of critical res- 
idues have been identified. Several water molecules, some of which are 
highly conserved, are an integral part of the dimer interface. There are 
no isoenzymes known, but three distinct electrophoretic forms can be 
distinguished as a result of posttranslational modifications.*° Red blood 
cell TPI activity is not red-cell-age dependent. TPI is transcribed from 
a single gene (TPI1), located on chromosome 12p13. The gene spans 3.5 
kb and contains 7 exons. Three processed pseudogenes have been iden- 
tified.” A deficiency of TPI causes hereditary nonspherocytic hemolytic 
anemia and a severe neuromuscular disorder. 

Glyceraldehyde Phosphate Dehydrogenase GAPDH performs 
the dual functions of oxidizing and phosphorylating glyceraldehyde-3- 
phosphate, producing 1,3-BPG. In the process, NAD* is reduced to 
NADH. This enzyme is closely associated with the red cell membrane* 
where it binds to the N-terminal part of band 3.” Membrane binding 
influences the activity of GAPDH® thereby possibly regulating gly- 
colytic flux.” Human red blood cell GAPDH has been purified. It is a 
homotetramer of approximately 150 kDa, composed of 36-kDa sub- 
units, and shows an absolute specificity for NAD*.” One of the many 
nonglycolytic functions of GAPDH*' may include its function as a 
transferrin receptor.” The crystal structure of human liver GAPDH 
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reveals a homotetramer, each subunit of which is bound to a NAD* 
molecule.” Deficiency of GAPDH seems a rare occurrence without 
functional consequences.” 

Phosphoglycerate Kinase PGK effects the transfer to ADP of the 
high-energy phosphate from the 1-carbon of 1,3- diphosphoglycerate 
(1,3-DPG) to form ATP. The reaction is readily reversible and can be 
bypassed by the Rapoport-Luebering shunt. The isoenzyme PGK-1 
is ubiquitously expressed in all somatic cells and is a 48-kDa mono- 
meric enzyme of 417 amino acids.” Expression of isozyme PGK-2 
has been found in testis.” PGK is composed of two domains. The N- 
terminal domain binds 3-phosphoglycerate and 1,3-DPG, whereas 
ADP and ATP bind to the C-terminal domain. For catalysis to occur, 
the protein needs to undergo a large conformational change (“hinge 
bending”).”” The gene encoding PGK (PGK-1) is located on the long 
arm of the X-chromosome (Xq13), spans 23 kb, and is composed of 11 
exons. Nonfunctional pseudogenes have been located on chromosome 
19 and the X-chromosome.” Deficiency of PGK is a rare cause of non- 
spherocytic hemolytic anemia, often associated with neuromuscular 
abnormalities. 

Bisphosphoglycerate Mutase The same protein molecule is 
responsible for both bisphosphoglycerate mutase and bisphosphoglyc- 
erate phosphatase activities in the erythrocyte.*" This enzyme is par- 
ticularly important because it regulates the concentration of 2,3-BPG 
of erythrocytes. In its role as a bisphosphoglyceromutase, the enzyme 
competes with PGK for 1,3-BPG as a substrate. It changes 1,3-BPG to 
2,3-BPG, thereby dissipating the energy of the high-energy acylphos- 
phate bond.’ It is inhibited by its product 2,3-BPG and by inorganic 
phosphate, and it is activated by 2-phosphoglycerate and by increased 
pH levels. It requires 3-phosphoglycerate for activity. In its role as bis- 
phosphoglycerate phosphatase it catalyzes the removal of the phosphate 
group from carbon 2 of 2,3-BPG.'" It is inhibited by its product 3- 
phosphoglycerate and by sulfhydryl reagents. It is most active at a 
slightly acid pH and is strongly stimulated by bisulfite and phospho- 
glycolate. Phosphoglycolate, the most potent activator of phosphatase 
activity, is present in erythrocytes at very low concentrations,’ but the 
source of this substance in red cells is unknown. *!™ Phosphoglycolate 
phosphatase, the enzyme that hydrolyzes phosphoglycolate, has also 
been identified in erythrocytes.” 

Bisphosphoglycerate mutase is a homodimer, with 30-kDa subun- 
its consisting of 258 amino acids. The crystal structure of human bis- 
phosphoglycerate mutase has been determined, providing a rationale 
for the specific residues that are crucial for synthase, mutase, and phos- 
phatase activity." The gene for bisphosphoglycerate mutase (BPGM) 
has been mapped to chromosome 7q31-34 and it consists of 3 exons, 
spanning more than 22 kb. 

A deficiency of bisphosphoglycerate mutase results in a marked 
decrease in red cell 2,3-BPG levels. The consequent left shift of the oxy- 
gen dissociation curve leads to erythrocytosis/polycythemia (Chap. 57). 

Phosphoglycerate Mutase An equilibrium is established between 
3-phosphoglycerate and 2-phosphoglycerate by phosphoglycerate 
mutase.” 2,3-BPG acts as an essential cofactor for the transforma- 
tion. Red blood cell phosphoglycerate mutase is a heterodimer con- 
sisting of M and B subunits, encoded by separate genes.'” Only one 
well-characterized patient with partial red blood cell monophospho- 
glycerate mutase deficiency has been described who was homozygous 
for a p.Met230Ile amino acid change in the B subunit.'’? The mutant 
enzyme was unstable and thus had a short half-life." Unexpectedly, 
all glycolytic intermediates were decreased, possibly because of lactate 
accumulation." The exact clinical consequences of this red blood cell 
enzymopathy remain to be established. 

Enolase Enolase is a homodimeric enzyme that establishes an 
equilibrium between 2-phosphoglycerate and phosphoenolpyruvate. 
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The reaction is facilitated by the presence of metal ions." Aside from 
its enzymatic function in the glycolytic pathway, a-enolase (ENO1) has 
been implicated in numerous diseases, including metastatic cancer, 
autoimmune disorders, ischemia, and bacterial infection.’ The gene 
for enolase (ENO1) is located on chromosome 1p36.23. Enolase defi- 
ciency is extremely rare. Although it has been reported in association 
with hereditary nonspherocytic hemolytic anemia,'>''® a clear cause- 
and-effect relationship has not yet been firmly established. 

Pyruvate Kinase The transfer of phosphate from phosphoenolpy- 
ruvate to ADP, forming ATP and pyruvate, is catalyzed by the allosteric 
enzyme PK. This is the second energy-yielding step of glycolysis. Four 
PK isoenzymes are present in mammalian tissues: PK-M1 (in skele- 
tal muscle), PK-M2 (in leukocytes, kidney, adipose tissue, and lungs), 
PK-L (in liver), and PK-R (in red blood cells). The four PK isoenzymes 
are products of only two genes (PKLR and PKM2). The PK-M1 and 
PK-M2 enzymes are formed from the PKM2 gene by alternative splic- 
ing. PK-L (the liver enzyme) and PK-R (the erythrocyte enzyme) 
are products of the PKLR gene, transcribed from two different, tissue- 
specific promoters.''*'”” There is evidence that other, yet unknown, reg- 
ulatory elements are involved in PKLR gene expression.” PKLR con- 
sists of 12 exons and spans more than 10 kb. Exon 2, but not exon 1, is 
present in the processed liver transcript; in the red cell enzyme exon 1, 
but not exon 2, is represented.’ The red blood cell-specific mRNA is 
2 kb in length and codes for a full-length 63-kDa PK-R subunit of 574 
amino acids.’”! Red blood cell PK is a heterotetramer comprised of two 
62- to 63-kDa and two 57- to 58-kDa subunits, the latter resulting from 
limited proteolytic cleavage of the full-length subunit." Each subunit 
of PK-R contains an N domain, A domain, B domain, and C domain 
(Fig. 47-4).”* Domain A is the most highly conserved, whereas the B 
and C domains are more variable.’”° The functional role of the N domain 
is unknown, but it may play a role in enzyme regulation.’*!” The active 
site of PK lies in a cleft between the A domain and the flexible B domain. 
The C domain contains the binding site for fructose-1,6-diphosphate. 


Both intra- and intersubunit interactions are considered to be key deter- 
minants of the allosteric response, which involves switching of the PK 
tetramer from the low-affinity T state to the high-affinity R state.!?8-132 
Red cell PK manifests sigmoid kinetics with respect to phosphoenolpy- 
ruvate in the absence of fructose-1,6-diphosphate. Hyperbolic kinetics 
are observed in the presence of even minute amounts of fructose-1,6- 
diphosphate,'*'* so that at low concentrations of phosphoenolpyru- 
vate the enzyme activity is greatly increased by fructose diphosphate. 
PK deficiency is the most common cause of hereditary nonspherocytic 
hemolytic anemia. 

Lactate Dehydrogenase LDH catalyzes the reversible reduction 
of pyruvate to lactate by NADH, the last step in the EMP. The enzyme 
is composed of H (heart) and M (muscle) subunits. In red cells, the 
predominant subunit is H. Hereditary absence of the H subunit seems 
to be a benign condition, usually without clinical manifestations, "+ 
although one case with hemolysis has been reported." Absence of 
the M subunit has been reported as well,” and was unaccompanied 
by hematologic manifestations. Judging from the origin of the reports, 
LDH deficiency appears to be most common in Japan, where popula- 
tion surveys show a gene frequency of approximately 0.05 for each defi- 
ciency, and several mutations have been identified." 

Glucose-6-Phosphate Dehydrogenase G6PD is the most exten- 
sively studied erythrocyte enzyme. It catalyzes the oxidation of glucose-6- 
phosphate to 6-phosphogluconolactone, which is rapidly hydrolyzed to 
6-phosphogluconic acid, in the first step of the hexose monophosphate 
pathway. NADP* is reduced to NADPH in this reaction, generating 1 
mole of NADPH. In the erythrocyte, the hexose monophosphate path- 
way is the only source of NADPH, which is crucial in maintaining high 
cellular levels of GSH to protect the cell from oxidative stress-induced 
damage. 

The G6PD monomer is composed of 515 amino acids with a calcu- 
lated molecular weight of approximately 59 kDa.'” Aggregation of these 
inactive monomers into catalytically active dimers and higher forms 


Figure 47-4. Ribbon representation of 
he human erythrocyte pyruvate kinase 
etramer. The substrate phosphoglycolate 
and fructose-1,6-diphosphate are shown 
in ball-and-stick representation, and col- 
ored yellow and gray, respectively. Metal 
ions in the active site are shown as blue 
potassium) and pink (manganese) spheres. 
ndividual subunits are colored lime, cyan, 
violet, and orange. 


requires the presence of NADP* (Fig. 47-5). Hence, NADP* is bound 
to the enzyme both as a structural component, in the subunit interface, 
and as one of the substrates of the reaction. -1 Under physiologic con- 
ditions, the active human enzyme exists in a dimer-tetramer equilib- 
rium. Lowering the pH causes a shift toward the tetrameric form. "#1144145 

G6PD is strongly inhibited by physiologic amounts of NADPH“ 
and, to a lesser extent, by physiologic concentrations of ATP.” It has 
much higher enzyme-activity in reticulocytes than in mature red cells, 
especially for the mutant forms of the enzyme.**'** This may complicate 
diagnosing G6PD deficiency in patients with high reticulocyte counts 
following a hemolytic episode (see “Laboratory Features” below). 

The three-dimensional model of the crystal structure of human 
G6PD shows that the G6PD monomer is built up by two domains, a 
N-terminal domain and a large f + æ domain with an antiparallel nine- 
stranded sheet. The extensive interface between the two monomers is 
of crucial importance for enzymatic stability and activity.'* The fully 
conserved amino acids 198 to 205 (Arg-Ile- Asp- His-Tyr-Leu-Gly-Lys) 
are essential for substrate binding and catalysis. 14149-151 

The G6PD gene is located on the X-chromosome (Xq28). It spans 
18 kb, and consists of 13 exons of which exon 1 is noncoding. Methy- 
lation of certain cytidines at the 3’ end is believed to have a regulatory 
function.!"55 The 3’-UTR (untranslated region) also harbors putative 
microRNA (miRNA) target sites, which potentially could have a func- 
tional effect on the downregulation of G6PD mRNA, thereby affecting 
the stability of G6PD mRNA and translation, or the miRNA regulation 
process.'** G6PD deficiency is one of the world’s most common hered- 
itary disorders. Many mutations and variants have been reported and 
studied, !2:55-16 

Phosphogluconolactonase Although 6-phosphogluconolactone 
is the direct product of the oxidation of glucose-6-phosphate by G6PD 
and hydrolyzes spontaneously at a physiologic pH, enzymatic hydrolysis 
is much more rapid and is required for normal metabolic flow through 
the stimulated hexose monophosphate pathway.'*'! Partial deficiency 
of the enzyme has been observed’® and is probably benign.’ 

Phosphogluconate Dehydrogenase Phosphogluconate dehy- 
drogenase catalyzes the oxidation of phosphogluconate to ribulose-5- 
phosphate and CO, and the reduction of NADP* to NADPH. Variability 
of electrophoretic mobility of the enzyme is common in humans and in 
several animal species.’ Deficiency of the enzyme has been observed 
only rarely and appears to be essentially innocuous or possibly associ- 
ated with mild hemolysis.'%'* 

Ribosephosphate Isomerase Ribosephosphate isomerase catalyzes 
the interconversion of ribulose-5-phosphate and ribose-5-phosphate. 
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Deficiency of the enzyme has been described as one of the rarest human 
disorders.'” It manifests with progressive leukoencephalopathy and 
neuropathy. No dysfunction of red cells was reported." 

Ribulose-Phosphate Epimerase Ribulose-phosphate epimerase 
converts ribulose-5-phosphate to xylulose-5-phosphate. The exact 
activity of this enzyme in human hemolysates has not been reported but 
seems to be less than that of ribosephosphate isomerase. 

Transketolase ‘Transketolase effects the transfer of two carbon 
atoms from xylulose-5-phosphate to ribose-5-phosphate, resulting in 
the formation of the 7-carbon sugar sedoheptulose-7-phosphate and the 
3-carbon sugar glyceraldehyde-3-phosphate.'’"'”? It can also catalyze 
the reaction between xylulose-5-phosphate and erythrose-4-phosphate, 
producing fructose-6-phosphate and glyceraldehyde-3-phosphate. Thi- 
amine pyrophosphate is a coenzyme for transketolase, and the activity 
of erythrocyte transketolase is used as an index of the adequacy of thi- 
amine nutrition.’ 

Transaldolase ‘The conversion of seduhepulose-7-phosphate and 
glyceraldehyde-3-phosphate into erythrose-4-phosphate and fruc- 
tose-6-phosphate is catalyzed by transaldolase.’” This is another one in 
the series of molecular rearrangements that leads in the conversion of the 
5-carbon sugar formed in the phosphogluconate dehydrogenase step to 
metabolic intermediates of the EMP. Transaldolase deficiency was first 
reported in 2001 as a new inborn error of the pentose phosphate path- 
way.'”° To date, 23 patients from 13 families have been described.'””'” 
It is a pleiotropic metabolic disorder, and patients present in the neona- 
tal or antenatal period with dysmorphic features, hepatosplenomegaly, 
abnormal liver function, cardiac defects, thrombocytopenia, bleeding 
tendencies, and anemia. The latter appears to be hemolytic in nature, 
possibly because of decreased levels of NADPH.!'*° 

.-Hexonate Dehydrogenase Red cells contain L-hexonate dehy- 
drogenase, an enzyme that has the capacity to reduce aldoses such as 
glucose, galactose, or glyceraldehyde to their corresponding polyol (ie., 
glucose to sorbitol, galactose to dulcitol, and glyceraldehyde to glyc- 
erol). NADPH serves as a hydrogen donor for this reaction.'*’ Aldose 
reductase is another enzyme that can catalyze this reaction. It is pres- 
ent in red cells,'*’ and increased levels have been implicated in diabetic 
complications, such as retinopathy'*’ and autonomic neuropathy.'** 


Utilization of Substrates Other Than Glucose as Energy 
Sources 

The red cell has the capacity to use several other substrates in addition to 
glucose as a source of energy. Among these are adenosine, inosine, fruc- 
tose, mannose, galactose, dihydroxyacetone, and lactate.'* Although in 


Figure 47-5. Adimerofhuman glucose-6- 
phosphate dehydrogenase. Subunits A and 
B are colored red and blue. Structural nico- 
tinamide adenine dinucleotide phosphate 
(NADP*) molecules are drawn in ball-and- 
stick mode and colored dark blue. 
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the circulation red cells normally rely on glucose as their energy source, 
the use of other substrates, particularly during blood storage (Chap. 
138) and in certain experimental situations, is of interest. 

Glutathione Metabolism of the Erythrocyte The red cell con- 
tains a high concentration of the sulfhydryl-containing tripeptide GSH. 
It serves a major role in antioxidant defense, detoxification, and main- 
tenance of thiol status. Reported concentrations range between 0.4 and 
3.0 mM, with a terminal half-life (T’,,,) of approximately 4 days.'*” The 
wide interindividual range suggests that GSH levels are, at least in part, 
genetically determined.'* In its role of defense against oxidative stress 
GSH is oxidized to glutathione disulfide (GSSG), which can be reverted 
back to GSH by mediation of glutathione reductase. In addition GSSG 
can be transported out of the cell. 

Glutathione biosynthesis occurs in two ATP-dependent steps: 


Glutamate + Cysteine + ATP — y-Glutamylcysteine + ADP + Pi 
y-Glutamylcysteine + Glycine + ATP — GSH + ADP + Pi 


The first step is rate limiting and catalyzed by glutamate cysteine 
ligase (GCL) (y-glutamylcysteine synthetase). Feedback inhibition of 
GCL by GSH is commonly considered a key regulatory step in GSH 
homeostasis, but other pathways are likely to play a role in maintaining 
GSH levels. GCL is a heterodimer composed of a catalytic 73-kDa 
catalytic subunit (GCLC) and a 31-kDa modifier subunit (GCLM).!"! 
An intersubunit disulfide bond has been implicated in stabilization and 
catalytic efficiency of the heterodimer, acting as a cellular redox switch 
to couple enzyme activity, and consequently GSH levels, with the reduc- 
tion-oxidation (redox) state of the cell.’ An alternative model sug- 
gests that increased levels of oxidative stress induce the formation of 
high activity heterodimer complexes from low activity monomeric and 
holoenzyme forms of the enzyme.'** GCL subunits are encoded by sep- 
arate genes, located on chromosome 6p12 (GCLC) and 1p22.1 (GCLM), 
respectively. GCLC contains 16 exons, encoding for the 637-amino- 
acids catalytic subunit, whereas GCLM contains 7 exons that encode the 
274 amino acids of the modifier subunit. A trinucleotide repeat poly- 
morphism in the 5’-UTR affects GCLC gene expression and is associ- 
ated with alterations in GCL activity and GSH levels.” GCL deficiency 
is a very rare cause of hemolytic anemia. 

The second step in GSH synthesis is irreversible and mediated by 
glutathione synthetase (GS). This enzyme is a homodimer composed 
of 52-kDa subunits, and the crystal structure of human GS has been 
resolved.” There is one gene coding for GS. This 23-kb gene (GSS) is 
located on chromosome 20q11.2 and contains 13 exons, of which the 
first is noncoding, that code for the 474-amino-acids-long protein. Defi- 
ciency of GS is the most common disorder of GSH synthesis and is asso- 
ciated with hemolytic anemia. 

One important function of GSH in the erythrocyte is the detoxifi- 
cation of low levels of hydrogen peroxide that may form spontaneously 
or as a result of drug administration. Hydrogen peroxide is reduced 
to water through mediation of the enzyme glutathione peroxidase,” 
thereby oxidizing GSH to GSSG (see Fig. 47-7). Several glutathione 
peroxidases exist but only type 1 appears to be expressed in red blood 
cells.’ Glutathione peroxidase is a selenium-containing’” tetrameric 
enzyme consisting of 21-kDa subunits. A polymorphism affecting the 
activity of this enzyme, which is most common in persons of Medi- 
terranean descent,” has been described. The consequent decreases in 
enzyme activity are without clinical effect.” In agreement with this, 
complete loss of glutathione peroxidase activity in mice was found to be 
without any consequences, even at high levels of oxidative stress, thus 
suggesting that glutathione peroxidase is of minor significance for red 
cell function.” 

GSH also functions in maintaining integrity of the erythrocyte 
by reducing sulfhydryl groups of membrane proteins,” and glycolytic 


enzymes, for example, PK.” In the process of reducing peroxides or 
oxidized protein sulfhydryl groups, GSH is converted to GSSG, or may 
form mixed disulfides. Thus, for instance, GSSG has the capacity to 
inhibit red cell HK,” although greater than physiologic levels may be 
needed for this effect. It may also complex with hemoglobin A to form 
hemoglobin A,.””” 

Glutathione reductase (GR) provides an efficient mechanism 
for the reduction of GSSG to regenerate GSH, and thus maintain- 
ing high intracellular levels of GSH. A mitochondrial and a cytoplas- 
mic isozyme are both produced from the same mRNA, most likely by 
alternative initiation of translation.” GR is a homodimer, linked by a 
disulfide bridge. Each 56-kDa subunit contains four domains, of which 
domains 1 and 2 bind FAD (flavin adenine dinucleotide) and NADPH, 
respectively, with domain 4 constituting the interface.” The protein 
is encoded by the GR gene, located on chromosome 8p21.1. GR spans 
50 kb, contains 13 exons, and encodes a 522-amino-acids-long protein. 
GR is a flavin enzyme, and either NADPH or NADH may serve as a 
hydrogen donor.” In the intact cell, only the NADPH system appears 
to function.’ The same enzyme system appears to have the capacity to 
reduce mixed disulfides of GSH and proteins.” The activity of red cell GR 
is strongly influenced by the riboflavin content of the diet,’” and its activ- 
ity is used as a biomarker for riboflavin status.’ Correction of partial GR 
deficiency by riboflavin administration has been reported to ameliorate 
hemolysis in a case of unstable hemoglobin.” Hereditary deficiency of 
GR is a very rare disorder and associated with hemolytic anemia. 

Red cells also contain thioltransferase that can catalyze GSH- 
dependent reduction of some disulfides.*'5?' 

Oxidized glutathione is actively extruded from the erythro- 
cyte.?!”2!8 GSSG efflux is likely an important regulator of GSH turnover 
in red blood cells.””” The system consists of at least two GSSG-acti- 
vated adenosine triphosphatases (ATPases) that serve as an enzymatic 
basis for this transport process.” In addition to transporting GSSG, 
the system appears to have the capacity to transport thioether conju- 
gates of GSH and electrophiles formed by the action of glutathione-S- 
transferase.”’’” Preliminary evidence indicates that multidrug 
resistance protein 1 (MRP1) may be the exporter protein of both 
glutathione-S conjugates and GSSG.'*” Erythrocytes contain gluta- 
thione-S-transferases rho, sigma, and theta.”*”* Glutathione-S-trans- 
ferase catalyzes the formation of a thioether bond between GSH and 
a variety of xenobiotics. The role of glutathione-S-transferase in the 
erythrocyte has not been established. It may be that it serves to cleanse 
the blood of xenobiotics to which the red cell membrane is permeable. 
Glutathione-S-transferase could conjugate such substances to glutathi- 
one, and the detoxified product of conjugation would be transported 
out of the red cell for subsequent disposal. The enzyme has the capacity 
to reversibly bind heme, and a possible role in heme transport has been 
postulated.” Deficiency of this enzyme is associated with hemolytic 
anemia, but a cause-and-effect relationship has not been established.” 

Other Antioxidant Enzymes Superoxide radicals that are formed 
are converted to hydrogen peroxide by the action of the copper- 
containing enzyme superoxide dismutase (SOD).*” Red blood cells 
contain SOD type 1 (SOD1). Mutations in SOD1 are associated with 
the dominant disorder familial amyotrophic lateral sclerosis.” Patients 
display no hematologic phenotype. In agreement with this, studies on 
SOD1-deficient mice have shown that a 50 percent reduced SOD activity 
in red cells is probably sufficient to exert its protective effects.’ SOD1 
null mice are viable, but show elevated levels of oxidative stress that 
causes regenerative anemia and triggers autoantibody production.”” 

Hydrogen peroxide can be also decomposed to water and oxygen 
by catalase and peroxiredoxin. Both enzymes are abundantly present 
in the red blood cell, suggesting an important role in the cell’s oxida- 
tive defense. Nevertheless, acatalasemia, or catalase deficiency, is a 


rare benign condition without hematologic consequences. It has been 
suggested, though, that it may act as a complicating factor in age and 
diseases such as diabetes’ and oxidative stress-related conditions.” 


Deficiencies of peroxiredoxin 2, the major red cell peroxiredoxin,”* 
have not been reported in humans. Peroxiredoxin 2 null mice, how- 
ever, develop severe hemolytic anemia with Heinz body formation,” 
and show signs of abnormal erythropoiesis.” Based on mouse models, 
it has been postulated that glutathione peroxidase, catalase, and perox- 
iredoxin each have distinct roles in the scavenging of hydrogen peroxide 
and antioxidative defense.” 


Nucleotide Metabolism of the Erythrocyte 

Approximately 97 percent of the total nucleotide content of the mature 
red blood cell consists of interconvertible adenosine phosphates (Chap. 
31). Less than 3 percent of total nucleotides are guanosine phosphates. 
ATP is the most abundant adenosine phosphate (comprising roughly 84 
percent of total adenosine ribonucleotides), whereas ADP (14 percent) 
and adenosine monophosphate (AMP, 1 percent) are present in con- 
siderably lower amounts. The interconversion of adenine nucleotides is 
modulated by adenylate kinase (AK): 


Mg” + ATP + AMP — Mg” + ADP + ADP 


By catalyzing the reversible phosphoryl transfer among ATP, ADP, 
and AMP, AK contributes to cellular adenine nucleotide homeostasis. 
Red cells contain the AK1 isozyme, which is present in the cytosol as 
a monomeric enzyme composed of 194 amino acids. The recombinant 
purified enzyme has a molecular mass of approximately 22 kDa.’ The 
AKI gene is localized on chromosome 9q34.1, and consists of 7 exons of 
which exon 1 is noncoding. AK activity depends on the presence of Mg”. 

ATP serves as a cofactor in a number of reactions, such as the 
phosphorylation steps mediated by HK and PFK in glycolysis, the syn- 
thesis of GSH, and ATPase-dependent function of membrane pumps. 
Therefore, ATP is crucial in maintenance of the red cell’s structure and 
function. Because the mature red cell is unable to synthesize adenosine 
phosphates from precursor molecules, it relies on salvage pathways to 
preserve adenosine ribonucleotides. This is of particular importance for 
AMP because this adenosine ribonucleotide is at risk of being lost from 
the adenine pool by dephosphorylation to adenosine and, subsequent, 
irreversible deamination to inosine by the enzyme adenosine deami- 
nase (ADA). ADA thus plays a regulatory role in the concentration 
of adenosine ribonucleotides in the red cell. The gene encoding ADA 
(ADA) is located on chromosome 20q13.12. It comprises 12 exons that 
encode a 363-amino-acid protein. 

Deficiency of AK and hyperactivity of ADA are both very rare 
causes of hereditary nonspherocytic hemolytic anemia. 

Additional enzymes of purine metabolism are also present in the 
red cell. Although disorders of these enzymes are associated with a 
number of metabolic diseases, their function does not appear to be rel- 
evant for the red blood cell as these disorders are without hematologic 
consequences.” 

Pyrimidine-5’-Nucleotidase-1 Pyrimidine ribonucleotides are 
found only in trace amounts in the mature red blood cell. They are lost 
from the cell together with the degradation of ribosomes and RNA 
during reticulocyte maturation. Pyrimidine-5’-nucleotidase-1 (P5’N1) 
mediates this loss by catalyzing the dephosphorylation of pyrimidine 
nucleoside monophosphates into the corresponding nucleosides (cyti- 
dine and uridine), which are freely diffusible across the membrane.” 
P5’N1 is specific for pyrimidine nucleotides and does not use purine 
nucleotides as substrate.“ The enzyme requires Mg” for it activity, and 
is inhibited by a number of heavy metals, including Pb’*.** Like other 
red blood cell enzymes, P5’N1 activity is much higher in reticulocytes. 
The enzyme declines in activity during red cell aging.*° P5’N1 also has 
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phosphotransferase properties, suggesting an additional role of this 
enzyme in nucleotide metabolism.”” The crystal structure of mouse 
P5’N1 has been published, providing a framework for understanding 
the kinetics of both nucleotidase and phosphotransferase activities of 
human P5’N1.*8 

P5’N1 is encoded by the NT5C3A gene on chromosome 7p14.3. 
It comprises 11 exons, and produces three distinct mRNAs by alterna- 
tive splicing. Red cell P5’N1 is translated from the mRNA lacking exons 
2 and R. It is a 286-amino-acids-long monomeric protein with an 
apparent molecular weight of 34 kDa.” 

A second P5’N is present in red blood cells, the activity of which is 
generally measured together with that of P5’N1. This enzyme (P5’N2) 
is encoded by a separate gene, shows little homology to P5’N1, and is 
not strictly pyrimidine-specific. It is unable to compensate for deficient 
function of P5’N1.*7*5! P5’N1 deficiency is one of the most common 
causes of hereditary nonspherocytic hemolytic anemia. 

Human red blood cells have been found to express low NAD syn- 
thesis activity, mediated by nicotinamide mononucleotide adenylyl- 
transferase.” It appears that the predominant isozyme in red blood 
cells is nicotinamide mononucleotide adenylyltransferase-3. Human 
dysfunction of this enzyme has not been reported but the deficiency in 
mice blocks glycolysis at the GAPDH step and is associated with hemo- 
lytic anemia.*™* 


@ GENETICS 


The great majority of red cell enzyme deficiencies that cause hemolytic 
anemia are hereditary. Most are inherited as autosomal recessive disorders, 
but G6PD deficiency and PGK deficiency are X-chromosome-linked. The 
vast majority of the genes encoding for the red cell enzymes have been 
identified, making the molecular diagnosis of hereditary red cell enzyme 
deficiency possible. Occasionally, acquired forms of enzyme deficiencies, 
particularly PK deficiency, have been encountered, usually in patients 
with hematologic neoplasia.*°” 


ENZYME DEFICIENCIES—BIOCHEMICAL 
GENETICS AND MOLECULAR BIOLOGY 


Table 47-2 lists the erythrocyte enzyme deficiencies shown to cause 
hemolytic disease. Other red cell enzyme deficiencies (Table 47-3) do 
not appear to cause hemolysis or other functional abnormality of the 
erythrocyte.” For example, acatalasemia, the state in which there is 
a virtually total absence of red cell catalase, is devoid of hematologic 
manifestations.” Similarly, red cells without acetylcholinesterase sur- 
vive normally in most cases.” 

The lack of clinical manifestations is not always clearcut. In some 
instances, hemolytic anemia is reported in some individuals with a 
given deficiency but not in others. For example, most subjects with 
LDH deficiency have no anemia, but cases with hemolysis have been 
reported.'*° Such ambiguity could result from differences in environ- 
mental and genetic factors or from bias of ascertainment. Erythro- 
cyte enzyme assays are usually performed on patients with hemolytic 
anemia. Thus, a benign enzyme defect may be thought, mistakenly, to 
cause hemolysis because it is found in a patient with hemolytic ane- 
mia caused by an unrelated and undetected defect. Deficiencies of 
PGK, GS, or AK are usually associated with hereditary nonspherocytic 
hemolytic anemia, but cases have been reported in which these defi- 
ciencies were unassociated with any hematologic manifestations.**?® 
At times it has been suggested that moderate decreases in the activity 
of glutathione peroxidase causes hemolytic anemia, but the best avail- 
able evidence indicates that this enzyme is not ordinarily rate limiting 
in erythrocyte metabolism and not associated with hemolytic anemia.” 
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TABLE 47-2. Red Cell Enzyme Abnormalities Leading to Hemolytic Disease 


Diagnosis (Reference) 


Red Cell Response to Approximate 
Enzyme Clinical Features Inheritance Morphology Screening Test Assay Splenectomy’ Frequency* 
Hexokinase HNSHA AR Unremarkable — 580 Ft Rare 
Glucose HNSHA; neurologic AR Unremarkable 580 580 +++ Unusual 
phosphate abnormalities 
isomerase 
Phosphofruc- HNSHA and/or AR Unremarkable — 580 0 Rare 
tokinase muscle glycogen 
storage disease 
Aldolase HNSHA and mild AR Unremarkable — 580 ? Very rare 
liver glycogen 
storage; myopathy, 
mental retardation 
Triose- HNSHA and severe AR Unremarkable 580 580 ? Rare 
phosphate neuromuscular 
isomerase disease 
Phosphoglyc- | HNSHA;myoglobi- SL Unremarkable — 580 ear Rare 
erate kinase nuria neuromuscu- 
lar disorder 
Pyruvate HNSHA AR Usually unre- 580 580 ++ Unusual 
kinase markable; 
occasionally 
contracted 
echinocytes 
Glucose-6- HNSHA; drug- or SIL Usually unre- 580 580 £ Very common 
phosphate infection-induced markable; 
dehydrogenase hemolysis; favism rarely "bite 
cells" 
Glutathione Drug-sensitive AR Unremarkable 580 580 ? Very rare 
reductase hemolytic anemia 
and favism 
Glutamate HNSHA; drug- or AR Unremarkable 644 645 g Very rare 
cysteine infection-induced 
synthetase hemolysis; neuro- 
logic abnormalities 
Glutathione HNSHA; drug- or AR Usually 644 645 0 Rare 
synthetase infection-induced unremarkable 
hemolysis; neuro- 
logic defect and 
5-oxoprolinuria in 
some cases 
Pyrimidine HNSHA; mental AR Prominent 646 647 0 Unusual 
5’-nucleotidase retardation in some stippling 
cases 
Adenylate HNSHA AR Unremarkable — 580 ? Rare 
kinase 
Adenosine HNSHA AD Unremarkable — 580 P Very rare 
deaminase 
(increased 
activity) 


AD, autosomal dominant; AR, autosomal recessive; HNSHA, hereditary nonspherocytic hemolytic anemia; SL, sex-linked; —, not applicable. 
*On a scale of 0 to 4+, where 4+ is a complete response. In many cases, data are meager. 
tVery common if incidence is >5 percent. Unusual if >100 cases reported. Rare if 10 to 100 cases reported. Very rare if <10 cases reported. 


*Recent reports. 


TABLE 47-3. Red Cell Enzyme Abnormalities Not Leading to Hemolytic Disease 
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Diagnosis Estimated 
Enzyme Clinical Features Inheritance Reference Assay Frequency“ Reference 
6-Phosphogluconate dehydroge- None AR 580 Unusual 166-168 
nase (complete deficiency) 
6-Phosphogluconolactonase Probably none AD 648 Unusual 163 
(partial defect) 
6-ALA dehydrase None AD 649 
Acetylcholinesterase None AR 580 Very rare 260 
Adenine phosphoribosyl Kidney stones AR 650 Rare 651 
transferase 
Adenosine deaminase (decreased Immunodeficiency AR 580 Rare 652 
activity) 
AMP deaminase None AR 653 Unusual 654 
Bisphosphoglycerate mutase Erythrocytosis AR 580 Very rare 377, 380 
Carbonic anhydrase | None AR 655 Rare 656 
Carbonic anhydrase Il Osteoporosis AR Rare 657 
Catalase Oral ulcers in some AR 580 Rare 658 
types 
Cytochrome-b,-reductase Methemoglob- AR 580 Unusual 659 
inemia; mental 
retardation 
Enolase HNSHA? AD? 580 Rare WIS, Ve 
Galactokinase Cataracts AR 580 Rare 660 
Galactose-1-P-uridyltransferase Cataracts; mental AR 580 Rare 661 
retardation; liver 
disease 
Glutathione peroxidase (partial None AR and AD®? 580 Very common 580, 662 
deficiency) 
Glutathione reductase (partial None Usually not 580 Very common 662, 663 
deficiency) inherited®” 
Glutathione-S-transferase HNSHA ? 580 Very rare 228 
Glyceraldehyde-3-phosphate None AD 580 Unusual 94 
dehydrogenase (partial defect) 
Glyoxalase | None AR Rare 664 
Hypoxanthine-guanine phosphori- _Lesch-Nyhan syn- SJL 665 Rare 666 
bosyl transferase (HGPRT) drome (neurologic 
symptoms and gout) 
Inosine triphosphatase None AR 656 Rare 667 
Lactate dehydrogenase None AR 580 Rare 135 
NADPH diaphorase None AR 580 Rare 668 
Phosphoglucomutase None AR 580 Rare 669 
Transaldolase Liver disease, AR 670 Rare 175 
thrombocytopenia, 
HNSHA? 
Uroporphyrinogen 1 synthase Porphyria AD 671 Unusual (com- 672 


mon in selected 


populations) 


AD, autosomal dominant; ALA, aminolevulinic acid; AMP, adenosine monophosphate; AR, autosomal recessive; HNSHA, hereditary nonsphero- 
cytic hemolytic anemia; NADPH, nicotinamide adenine dinucleotide phosphate (reduced form); SL, sex-linked. 


*Very common if incidence is >5 percent, common if 1 to 5 percent, unusual if 0.01 to 1 percent, rare if <0.01 percent. 


Part VI: The Erythrocyte 


Table 47-3 includes deficiencies that may cause hemolytic anemia but 
for which a cause-and-effect relationship has not been clearly estab- 
lished, such as those of phosphogluconolactonase,'®* enolase," and 
glutathione-S-transferase.** 

Patients with unstable hemoglobins (Chap. 49) may present with 
the clinical picture of hereditary nonspherocytic hemolytic anemia. 
Hemolytic anemia resulting from abnormalities in the lipid composi- 
tion of the red cell membrane, particularly increased phosphatidyl cho- 
line, occurs rarely (Chap. 46). 


Glucose-6-Phosphate Dehydrogenase 

The “normal” or wild-type enzyme is designated as G6PD B. Many vari- 
ants of G6PD have been detected all over the world, associated with a 
wide range of biochemical characteristics and phenotypes. Accordingly, 
five classes of G6PD variants can be distinguished based on enzymatic 
activity and clinical manifestations (Table 47-4).?® Before it became 
possible to characterize G6PD variants at the DNA level, they were dis- 
tinguished from each other on the basis of biochemical characteristics, 
such as electrophoretic mobility, K „ for NADP and glucose-6-P, ability 
to use substrate analogues, pH activity profile, and thermal stability. To 
facilitate comparison of variants characterized in different laboratories, 
international standards for the methodology were established.’ In the 
case of the common G6PD A- and G6PD Mediterranean mutations, the 
abnormal enzyme may be synthesized at normal or near-normal rates 
but has decreased stability in vivo.” The amount of enzyme antigen in 
the red cells declines concurrently with enzyme activity.” This suggests 
that the mutant protein in these variants is rendered unusually sensitive 
to proteolysis in the environment of the erythrocyte.” Other mutations 
also result in the formation of enzyme molecules with decreased enzyme 
activity’ and with altered kinetic properties,”” some of which may ren- 
der them functionally inadequate.’* By far the majority of mutations 
(85 percent) are missense mutations causing the substitution of a single 
amino acid.'** More severe mutations such as frameshift and nonsense 
mutations have not been found, indicating that some residual activity is 
required for survival. In agreement with this, targeted deletion of G6PD 
in the mouse causes embryonic lethality.” 

Detailed biochemical and genetic characteristics of some 400 puta- 
tively distinct G6PD variants and more than 200 different mutations 
have been tabulated.'*' Table 47-4 lists common G6PD variants that 
have reached polymorphic frequencies in certain populations. 

African Variants Among persons of African descent, a mutant 
enzyme G6PD A+, with normal activity is polymorphic. It migrates 
electrophoretically more rapidly than the normal B enzyme, has sub- 
stitution of Asn to Asp at codon 126, resulting from nucleotide change 
c.376A>G."" G6PD A- is the principal deficient variant found among 
people of African origin. The red cells contain only 5 to 15 percent of the 
normal amount of enzyme activity; however because of the instability of 
the enzyme, the age-dependent decline of the activity renders old red 
cells severely deficient and susceptible to hemolysis. These two electro- 
phoretically rapid variants are common in African populations have in 
common a nucleotide substitution at cDNA nucleotide 376 that pro- 
duces the amino acid substitution responsible for the rapid electropho- 
retic mobility. Most samples with G6PD A- manifest an additional in cis 
G>A mutation at cDNA nucleotide 202 (c.202G>A; p.Val68Met), which 
accounts for its in vivo instability.” Less commonly, the additional 
mutation is at a different site (c.680G>T or c.968T>C).?” Thus G6PD 
A- arose in an individual who already had the G6PD A+ mutation. 
However, the ancestral human sequence has been deduced to be that 
of G6PD B, both by showing that this is the sequence of the chimpan- 
zee,” our nearest relative, and by analysis of linkage dysequilibrium.”” 
Although it has been suggested that only the interaction of p. Val68Met 
and p.Asn126Asp invariably results in G6PD A- deficiency,’ the 


c.202G>A mutation has been found in a patient to cause deficiency 
without the presence of the mutation at cDNA nucleotide (nt) 376.7“ 

Variants in the Mediterranean Region Among white popula- 
tions, G6PD deficiency is most common in Mediterranean countries. 
The most common enzyme variant in this region is G6PD Mediterra- 
nean.””””” The enzyme activity of the red cells of individuals who have 
inherited this abnormal gene is barely detectable. Other variants are 
also prevalent in the Mediterranean region, including G6PD A- and 
G6PD Seattle (see Table 47-4). 

Variants in Asia A great many different variants have been 
described in Asian populations. Some of these proved to be identical 
at a molecular level (e.g., G6PD Gifu-like, Canton, Agrigento-like, 
and Taiwan-Hakka all have the same mutation at cDNA nt 1376 [see 
Table 47-4]). DNA analysis shows that more than 100 different muta- 
tions are found in various Asian populations.'°?” 

Variants Producing Hereditary Nonspherocytic Hemolytic 
Anemia Some mutations of G6PD result in chronic hemolysis with- 
out, but exacerbated by, precipitating causes. These variants are class I 
mutants (World Health Organization [WHO] class 1). From a func- 
tional point of view, these mutations are more severe than the more 
commonly occurring polymorphic forms of the enzyme, such as G6PD 
Mediterranean and G6PD A-. On a molecular level, such variants are 
often caused by mutations located in exons 10 and 11, encoding the sub- 
unit interface, or affect residues that bind the structural NADP mole- 
cule.'**'°* There are, however, exceptions to this rule.*?”**' The clinical 
severity of these variants can be quite variable.**” 

G6PD deficiency has also been encountered in the rat, dog,’ 
mouse,” and horse.’ G6PD deficiency in mice has been rescued by 
stable in vivo expression of the human G6PD gene in hematopoietic tis- 
sues by a gene transfer approach.””'*° 


Pyruvate Kinase 

PK deficiency is the second most common enzyme disorder in glycoly- 
sis and the most common cause of nonspherocytic hemolytic anemia.”*” 
Like G6PD deficiency, the disease is genetically heterogeneous, with 
different mutations causing different kinetic changes in the enzyme 
that is formed. There are even cases in which the activity of PK as mea- 
sured in vitro is higher than normal, but a kinetically abnormal enzyme 
is responsible for the occurrence of hemolytic anemia.** Kinetic char- 
acterization and analysis of PK mutants is considerably more complex 
than analysis of G6PD mutants. Most PK-deficient patients are com- 
pound heterozygous for two different (missense) mutations, rather than 
homozygous for one. Assuming that stable mutant monomers are syn- 
thesized, up to seven different tetrameric forms of PK may be present 
in compound heterozygous individuals, each with distinct structural 
and kinetic properties. This complicates genotype-to-phenotype cor- 
relations in these individuals as it is difficult to infer which mutation 
is primarily responsible for deficient enzyme function and the clinical 
phenotype.” More than 230 mutations in the PKLR gene encoding 
the red cell PK have been identified. Seventy percent of these mutations 
are missense mutations affecting conserved residues in structurally and 
functionally important domains of PK. There appears to be no direct 
relationship between the nature and location of the substituted amino 
acid and the type of molecular perturbation.’ Hence, the nature of the 
mutation has relatively little predictive value with respect to the severity 
of the clinical course and the phenotypic expression of identical muta- 
tions can be strikingly different in patients.”**! 

Apart from decreased red blood cell survival ineffective erythro- 
poiesis because of increased numbers of apoptotic cells is implicated as 
one of the pathophysiologic features of PK deficiency.*”””? In particular, 
glycolytic inhibition by mutation of PKLR has been suggested to aug- 
ment oxidative stress, leading to proapoptotic gene expression.” 


TABLE 47-4. Major Polymorphic G6PD Variants 
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Nucleotide Amino Acid 
Variant Substitution Substitution WHO Class* Distribution Reference 
Gaohe c.95A>G p.(His32Arg) Il Chinese 673 
Honiara c.99A>G p.(Ile33Met) l Solomon Islands 674 
c.1360C>T p.(Arg454Cys) 
Orissa c.131C>G p.(Ala44Gly) Ill India, Italy 675, 676 
Aures c.143T>C p.(Ile48Thr) Hl Algeria, Tunisia 677,678 
Metaponto c.172G>A p.(Asp58Asn) Il Italy 679 
A- c.202G>A p.(Val68Met) IIl Africa 277 
c.376A>G p.(Asn126Asp) 
Namoru c.208T>C p.(Tyr70His) II Vanuatu Archipelago 680 
Ube-Konan c.241C>T p.(Arg81Cys) III Japan, Italy 676, 681 
A+ c.376A>G p.(Asn126Asp) I-IV Africa, 272 
Mediterranean 
Vanua Lava c.383T>C p.(Leu128Pro) Il Southwestern Pacific 680 
Quing Yan c.392G>T p.(Gly131Val) III China 682 
Mahidol c.487G>A p.(Gly163Ser) IIl Southeast Asia 683 
Santamaria c.542A>T p.(Asp181Val) Il Costa Rica, Italy 684, 685 
c.376A>G p.(Asn126Asp) 
Mediterranean, Dallas, c.563C>T p.(Ser188Phe) II Mediterranean 277, 686 
Panama, Sassari 
Coimbra E592 CH p.(Arg198Cys) II India, Portugal 687 
A- c.680G>T p.(Arg227Leu) lll Africa 274 
c.376A>G p.(Asn126Asp) 
Seattle, Lodi, Modena, p.(Asp282His) Ill United States, Italy 688-690 
Ferrara II, Athens-like 
Montalbano c.854G>A p.(Arg285His) Ill Italy 691 
Viangchan, Jammu c.871G>A p.(Val291 Met) ll China 692, 693 
Kalyan, Kerala, Jamnaga, c.949G>A p.(Glu317Lys) ll India 694, 695 
Rohini 
A-, Betica, Selma, c.968T>C p.(Leu323Pro) Ill Africa, Spain 274 
Guantanamo c.376A>G p.(Asn126Asp) 
Chatham c.1003G>A p.(Ala335Thr) ll Italy, Asia, Africa 27m 
Chinese-5 c.1024C>T p.(Leu342Phe) Il China 682 
lerapetra c.1057C>T p.(Pro353Ser) Il Greece 696 
Cassano c.1347G>C p.(GIn449His) II Italy, Greece 697, 698 
Union, Maewo, Chinese-2, c.1360C>T p.(Arg454Cys) II Italy, Spain, China, 697, 699, 700 
Kalo Japan 
Canton, Taiwan-Hakka, c.1376G>T p.(Arg459Leu) II Japan, Italy 701, 702 
Gifu-like, Agrigento-like 
Cosenza c.1376G>C p.(Arg459Pro) II Italy 697 
Kaiping, Anant, Dhon, c.1388G>A p.(Arg463His) Il China 700, 702 


Sapporo-like, Wosera 


tClass 1, severely deficient, associated with nonspherocytic hemolytic anemia; class 2, severe deficiency (1 to 10 percent residual activity), asso- 
ciated with acute hemolytic anemia; class 3, moderate deficiency (10 to 60 percent residual activity); class 4, not deficient (60 to 150 percent 
activity); class 5, increased activity (>150 percent). 


Adapted from PJ Mason, JM Bautista, F Gilsanz’? and A Minucci, K Moradkhani, MJ Hwang, et al.16° 


Data from Mason, P. J., Bautista, J. M., and Gilsanz, F. G6PD deficiency: The genotype-phenotype association. Blood reviews. 21: 267-283, 2007 
and Minucci, A., Moradkhani, K., Hwang, M. J., et al. Glucose-6-phosphate dehydrogenase (G6PD) mutations database: Review of the “old” and 
update of the new mutations. Blood cells, molecules & diseases 48: 154-165, 2012. 
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PK deficiency may be also caused by mutations not directly involv- 
ing the PKLR gene as demonstrated by a deficiency of PK being one of 
the key features of severe congenital hemolytic anemia caused by muta- 
tions in the key erythroid transcription factor KLF1.?* 

There is evidence that PK deficiency provides protection against 
infection and replication of Plasmodium falciparum in human erythro- 
cytes,”™ an effect possibly mediated by reduced ATP levels in PK- 
deficient red blood cells.” This suggests that PK deficiency may confer 
a protective advantage against malaria in human populations in areas 
where this disease is endemic. In agreement with this, population stud- 
ies on sub-Saharan African populations indicate that malaria is acting 
as a selective force in the PKLR genomic region.”*-* 

PK deficiency has also been recognized in mice, dogs, and multiple 
breeds of domestic cats.™ In all these animals, the deficiency causes 
severe anemia and marked reticulocytosis, closely resembling human 
PK deficiency. Basenji dogs with PK deficiency completely lack PKLR 
enzymatic activity and, instead, only the PK-M2 isozyme is expressed in 
their red blood cells.*” A unique feature of PK deficiency in dogs is the 
progressive development of myelofibrosis and osteosclerosis. Marrow 
fibrosis may occur in response to damage caused by iron overload,*” 
although factors associated with marked erythropoiesis have also been 
proposed to play a role.” Gene therapy approaches have been employed 
to cure PK deficiency in dogs.’ PK-deficient mice show delayed switch- 
ing from PK-M2 to PK-R, resulting in delayed onset of the hemolytic 
anemia.™ PK deficiency in mice has been rescued by expression of the 
human PK-R isozyme in murine hematopoietic stem cells.*””* 


Other Enzyme Deficiencies 

Hexokinase Deficiency Nineteen families with HK deficiency have 
been described as of the time of this writing*” *" and only four patients 
have been characterized at the molecular level." Two of these 
patients were homozygous, either for a highly conserved substitution in 
the enzyme’s active site** or a lethal out-of-frame deletion of exons 5 to 
8 of HK1.*"° In one patient a regulatory mutation was identified in the 
putative erythroid-specific promoter. In vitro, this mutation disrupted 
binding of the AP-1 transcription factor complex, leading to strongly 
decreased gene expression.*"! 

In mice, a mutation designated downeast anemia causes severe 
hemolytic anemia with extensive tissue iron deposition and marked 
reticulocytosis, representing a mouse model of generalized HK 
deficiency.’ 

Glucosephosphate Isomerase Deficiency Glucosephosphate 
isomerase deficiency is second to PK deficiency in frequency, with 
respect to glycolytic enzymopathies. To date, approximately 55 families 
with glucosephosphate isomerase deficiency have been described world- 
wide.’ Most of these patients are compound heterozygous for muta- 
tions that partially inactivate the enzyme. Most of the 31 GPI mutations 
reported to date are missense mutations. Mapping of these mutations to 
the crystal structure of the human enzyme and recombinant expression 
of genetic variants has provided considerable insight in the molecular 
mechanisms causing hemolytic anemia in this disorder.**!*” The major- 
ity of the mutations disrupt key interactions that contribute directly or 
indirectly to the architecture of the enzyme’s active site.” In rare cases, 
GPI deficiency also affects nonerythroid tissues, causing severe neuro- 
muscular symptoms and granulocyte dysfunction.***”* The finding that 
GPI also functions as a neuroleukin,” an autocrine motility factor,™ a 
nerve growth factor,**! and a differentiation and maturation mediator??? 
has led to the hypothesis that the mutation-dependent loss of cytokine 
function of GPI could account for the neuromuscular symptoms.** An 
alternative explanation involves disturbed glycerolipid biosynthesis in 
GPI deficiency, which could have significant effects on membrane for- 
mation, membrane function, and axonal migration.” 


Homozygous GPI-deficient mice exhibit hematologic features 
resembling that of the human enzymopathies. In addition, other tissues 
are also affected, indicating a reduced glycolytic capability of the whole 
organism.” Complete loss of GPI in mice is embryonically lethal.*” 

Phosphofructokinase Deficiency Because red cells contain 
both PFK M and L subunits, mutations affecting either gene (PFKM or 
PFKL) will lead to a partially reduced red cell enzyme activity in PFK 
deficiency. Mutations in the PFKM gene cause PFKM deficiency or gly- 
cogen storage disease VII (Tarui disease).*** The disease is characterized 
predominantly by mild to severe myopathy, in particular exercise intol- 
erance, cramps, and myoglobinuria. The associated hemolysis is usu- 
ally mild but may be absent. As of this writing, there has been only one 
reported case in which an unstable L subunit was identified. This patient 
exhibited no signs of myopathy or hemolysis.” Approximately 100 cases 
of PFK deficiency have been reported as of this writing, and 23 mutant 
PFKM alleles are reported. Approximately half of the reported muta- 
tions are missense mutations, the remaining mutations mostly affect 
splicing. Intriguingly, PFK-deficient Ashkenazi Jews share two common 
mutations: a G>A base change affecting the donor splice site of intron 
5 (c.237+1G>A) and a single base deletion in exon 2 (c.2003delC).**°” 
The mode of action by which missense mutations cause disease is largely 
unknown.22340-347 

PFK deficiency in dogs*”' is characterized by the association of 
hemolytic crises with strenuous exercise.** Pfkm null mice show exer- 
cise intolerance, reduced life span, and progressive cardiac hypertrophy, 
suggesting that Tarui disease should be considered as a complex sys- 
temic disorder rather than a muscle glycogenosis.*?*°° 

Aldolase Deficiency At the time of this writing, only six patients 
with red cell aldolase deficiency had been described, four of whom were 
characterized at the DNA level. All displayed moderate chronic hemo- 
lytic anemia, either by itself’ or accompanied by myopathy,***** rhab- 
domyolysis,** psychomotor retardation,*” or mental retardation.” 

Triosephosphate Isomerase Deficiency TPI deficiency is char- 
acterized by hemolytic anemia, often accompanied by neonatal hyper- 
bilirubinemia requiring exchange transfusion. In addition, patients 
display progressive neurologic dysfunction, increased susceptibility to 
infection, and cardiomyopathy.’ Most affected individuals die before 
the age of 6 years, but there are remarkable exceptions.” TPI deficiency 
is the most severe disorder of glycolysis. Key in the pathophysiology 
of the severe neuromuscular disease is the formation of toxic protein 
aggregates: accumulation of the substrate dihydroxyacetone phosphate 
results in elevated levels of the toxic methylglyoxal, leading to the for- 
mation of terminal glycation of proteins, whereas mutation-induced 
changes in the quaternary structure of TPI lead to the formation of an 
aggregation-prone protein.’ Therefore, it has been suggested that 
TPI deficiency represents a conformational rather than a metabolic 
disease.’ 

Approximately 40 patients and 19 different mutations have been 
reported in TPI deficiency.******* The most common mutation is the 
p.(Glu104Asp) amino acid change which is detected in approximately 
80 percent of patients, all descendants from a common ancestor.*™ Stud- 
ies on recombinant mutant TPI show that the p.(Glul104Asp) does not 
affect catalysis. Instead, the mutation disrupts a conserved network of 
buried water molecules, which prevents efficient formation of the active 
TPI dimer, causing its dissociation in inactive monomers.* 

TPI-null mice die at an early stage of development.** Hemolytic 
anemia characterizes the only viable mouse model of TPI deficiency.** 
Studies on a Drosophila model recapitulating the neurologic phenotype 
of TPI deficiency*” suggests that loss of an isomerase-independent 
function of TPI underlies the neuropathogenesis in TPI deficiency.** 

Phosphoglycerate Kinase Deficiency PGK deficiency is one 
of the relatively uncommon causes of hereditary nonspherocytic 


hemolytic anemia. Mutations in the X chromosome-linked gene may 
cause mild to severe chronic hemolysis, neurologic dysfunction, and 
myopathy.*® Approximately 40 patients with PGK deficiency have been 
reported.**”? Most patients manifest either hemolytic anemia in com- 
bination with neurologic symptoms, including mental retardation, sei- 
zures, progressive decline of motor function, and developmental delay, 
or isolated myopathy.*”°” The combination of all clinical manifesta- 
tions is a rare event, described in only 2 families.*”*’”* Splenectomy has 
been reported to be beneficial but does not correct the hemolytic pro- 
cess.*4136 Marrow transplantation has been performed to prevent the 
manifestation of severe neurologic symptoms.” 

Twenty-two unique mutations have been identified.*”°*”’ Most 
of these mutations (80 percent) are missense mutations. Most of the 
encoded amino acid changes heavily affect the protein’s thermal sta- 
bility and to a different extent catalytic efficiency.*”'*” In an attempt 
to correlate the genotype to the phenotype, it was found that amino 
acid changes grossly impairing protein stability but moderately affect- 
ing kinetic properties were associated mostly with hemolytic anemia 
and neurological symptoms. Mutations perturbing both catalysis and 
heat stability were associated with myopathy alone, whereas muta- 
tions faintly affecting molecular properties of PGK correlated with a 
wide range of clinical symptoms.*” Yet, the precise reason for the dif- 
ferent clinical manifestations of mutations of the same gene remains 
unknown, suggesting the involvement of yet unknown alternate func- 
tion of this enzyme, environmental, metabolic, genetic and/or epige- 
netic factors.*””°”° 

Bisphosphoglycerate Mutase Deficiency Bisphosphoglycerate 
mutase deficiency is a very rare disorder. Only three affected families 
have been characterized. Bisphosphoglycerate mutase deficiency appears 
to be inherited as an autosomal recessive disorder. However, some het- 
erozygous relatives have had a borderline high hemoglobin concen- 
tration,” and in one single affected patient only one mutation was 
identified.*” Erythrocytosis was the predominant feature of the clinically 
normal probands, likely resulting from reduced 2,3-BPG levels* and, 
consequently, the increased oxygen affinity of hemoglobin (Chap. 57). 

Glutamate Cysteine Ligase Deficiency GCL deficiency is associ- 
ated with mild hereditary nonspherocytic hemolytic anemia that may be 
fully compensated. Drug- and infection-induced hemolytic crises may 
occur as a consequence of strongly reduced GSH levels. As of this writ- 
ing, eight cases of GCL deficiency had been described, belonging to six 
unrelated families.*'** In approximately half of the patients with GCL 
deficiency, the hemolytic anemia was accompanied by impaired neuro- 
logical function.** Six patients have been characterized at the molecular 
level and five different mutations have been reported.***** In all these 
cases, the causative mutation affected the catalytic subunit of GCL. The 
clinically observed mutations have been mapped to a homology model 
of the human enzyme, based on the crystal structure of GCL of Sacchar- 
omyces cerevisiae, thus explaining the molecular basis of GSH depletion 
as a result of GCL deficiency." Complementary expression studies in 
mice showed that these GCL mutations impair glutathione produc- 
tion by reducing the activity of the catalytic subunit of GCL. Addition 
of the modifier subunit was able to largely restore enzymatic activity, 
thereby underscoring the critical role of GCLM. Complete deficiency 
of GCLC has shown to be lethal in mice,**°*?! whereas GCLM-null 
mice are viable and show no overt phenotype despite strongly reduced 
GSH levels, including a reduction of more than 90 percent in red blood 
cells.*? Upon exposure to oxidative stress, however, red blood cells from 
such mice undergo massive hemolysis with fatal outcome.’ 

Glutathione Synthetase Deficiency GS deficiency is the most 
common abnormality of red cell glutathione metabolism. Three dis- 
tinct clinical forms of GS deficiency can be distinguished,’ most likely 
reflecting different mutations or epigenetic modifications in the GS 
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gene.*”° Patients with mild GS deficiency display mild hemolytic anemia 
as their only symptom. In contrast, patients with a moderate deficiency 
usually present in the neonatal period with metabolic acidosis, 5- 
oxoprolinuria, and mild to moderate hemolytic anemia. In addition to 
these symptoms, patients with the third and most severe type develop 
progressive neurologic symptoms such as psychomotor retardation, 
mental retardation, seizures, ataxia, and spasticity. 5-Oxoprolinuria 
results from accumulation of y-glutamylcysteine because of decreased 
feedback inhibition of GCL by the decreased levels of GSH.” Impor- 
tantly, 5-oxoprolinuria may have other causes.”® Experiments in rats 
show that acute administration of 5-oxoproline induces oxidative dam- 
age in the brain, a mechanism that may be involved in the neurologic 
symptoms of severe GS deficiency.*” 

The diagnosis of GS deficiency has been established in more than 
70 patients from 50 families,°°°"*"'“ of whom approximately 25 per- 
cent died in childhood.” Thirty-two mutations are identified as being 
associated with GS deficiency. Based on the nature of the mutation, and 
taking into account GS activity and GSH levels it seems possible to pre- 
dict a mild versus a more severe phenotype.” The structural effects of a 
number of missense mutations have been determined.'” 

A long-term followup study showed that early diagnosis, correc- 
tion of acidosis, and early supplementation with antioxidants vitamins 
Cand E improve survival and long-term outcome.*” For these reasons it 
has been argued that GS deficiency should be included in the newborn 
screening program." 

Complete deficiency of GS has shown to be lethal in mice, whereas 
heterozygous animals survive with no distinct phenotype.“ 

Glutathione Reductase Deficiency Only two families with 
hereditary GR deficiency have been described and characterized.“ 
The complete absence of GR in the red cells of members of one fam- 
ily was associated with only rare episodes of hemolysis, possibly caused 
by fava beans. GR deficiency was caused by homozygosity for a large 
genomic deletion. GR deficiency in the other family was caused by com- 
pound heterozygosity for a nonsense mutation, and a missense mutation 
affecting a highly conserved residue. GR in red cells was undetectable, 
but some residual activity was found in the patient’s leucocytes.“ 

In vitro studies on members of one of the GR deficiency families 
has provided experimental evidence that GR deficiency may protect 
from malarial infection by enhancing phagocytosis of ring-infected red 
blood cells.*°° 

Adenylate Kinase Deficiency AK deficiency has been reported 
in 12 unrelated families and 7 different mutations have been identi- 
fied.?”407-42 Tn all but one case,”**" the deficiency was associated with 
moderate to severe hemolytic anemia. In some of the patients, men- 
tal retardation and psychomotor impairment was also observed.*!*44 
Studies on a number of recombinant proteins revealed strongly altered 
catalytic properties or protein stability resulting from mutation.™' In 
contrast, patient’s cells sometimes displayed considerable residual enzy- 
matic activity. The activation of expression of other isozymes, that is, 
AK2 and AK3, has been proposed as one of the factors contributing to 
this apparent discrepancy.*” 

Adenosine Deaminase Hyperactivity An increased activity of 
ADA is associated with hereditary nonspherocytic hemolytic anemia. 
It is the only red cell enzyme disorder that is inherited in an autoso- 
mal dominant disorder.“ Adenosine deaminase hyperactivity results in 
depletion of red cell ATP.*'**"° Few cases with a 30- to 70-fold increase in 
activity have been described. The molecular mechanism of this disorder 
has not been identified but the markedly increased amounts of ADA 
mRNA in affected individuals indicate that the red blood cell-specific 
overexpression occurs at the mRNA level,” causing an overproduction 
of a structurally normal enzyme.“ ADA hyperactivity probably results 
from a cis-acting mutation in the vicinity of the ADA gene.“ 
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Figure 47-6. Prominent basophilic stippling in  pyrimidine-5S’- 
nucleotidase-1 (P5’N1) deficiency. 


For reasons that are not understood, milder elevations of red cell 
ADA activity (two- to sixfold) are also increased in most, but not all, 
patients with Diamond-Blackfan anemia.'** Deficiency of ADA is asso- 
ciated with severe combined immunodeficiency (Chap. 80). In this 
disorder, large quantities of deoxyadenine nucleotides, not normally 
present in erythrocytes, accumulate. 

Pyrimidine 5’-Nucleotidase Deficiency Pyrimidine 5’-nucle- 
otidase deficiency is the most frequent disorder of red cell nucleo- 
tide metabolism and a relatively common cause of mild-to-moderate 
hemolytic anemia.’”*”* More than 100 patients have been reported, 
but because of the relatively mild phenotype many patients may 
remain undetected. Deficient enzyme function leads to the accumu- 
lation of pyrimidine nucleotides. This results in prominent stippling 
on the blood film, the hallmark of this disorder (Fig. 47-6). Hence, 
P5’N1 deficiency is the only red cell enzyme deficiency in which red 
cell morphology is helpful in establishing the diagnosis. The precise 
mechanism leading to premature destruction of P5’N1-deficient red 
cells is unknown. Some proposed pathophysiologic mechanisms have 
related the accumulation of pyrimidine nucleotide to alterations of 
the red cell membrane due to increased levels of cytidine diphosphate 
(CDP)-choline and CDP-ethanolamide,’” decreased pentose phosphate 
shunt activity,*”* chelation of Mg” ions that serves as a cofactor for 
a number of enzymes,’” decreased phosphoribosyl pyrophosphate syn- 
thetase activity,*“” increased activity of pyrimidine nucleoside mono- 
phosphate kinase,*’ increased levels of GSH,*' and competition with 
reactions that require ADP or ATP.*” However, clear cause-and-effect 
relationships have not been established. 

As of this writing, 27 different mutations have been reported in 
NT5C3A in association with P5’N1 deficiency.°**4 Most patients 
were found to be homozygous for a specific mutation. The majority 
of mutations concern frameshift or nonsense mutations, deletions, or 
mutations that affect splicing. Functional analysis of reported missense 
mutations was studied using recombinant mutant proteins. These ren- 
dered contrasting results between the substantial changes in kinetic 
behavior and thermostability and the actual residual enzymatic activity 
in patient’s red cells, probably due to compensation by upregulation of 
other nucleotidases.** Of interest is the observation that none of the 


reported missense mutations affect residues of the catalytic site, suggest- 
ing that the reduced catalytic efficiency and/or instability result from 
secondary effects related to conformational changes.” 

Acquired deficiency of P5’N1 may result from lead poisoning. 
Structural studies have shown that Pb** specifically binds within the 
active site, in a different position than Mg” but with much higher affin- 
ity.” Because simultaneous binding of Mg” and Pb” is not possible, 
Pb* outcompetes Mg”, thereby preventing this essential cofactor from 
binding, thus abolishing catalytic activity. P5’N1 activity is also inhib- 
ited in B-thalassemia and related disorders that result in excess «-globin 
chains, such as hemoglobin E, probably from oxidative damage induced 
by excess a-globin chains. #647 


MECHANISM OF HEMOLYSIS 


G6PD Deficiency 

The life span of G6PD-deficient red cells is shortened under many cir- 
cumstances, particularly during drug administration and infection. The 
exact reason for this is not known. 


Drug-Induced Hemolysis 

Drug-induced hemolysis in G6PD-deficient cells is generally accompa- 
nied by the formation of Heinz bodies, particles of denatured hemo- 
globin, and stromal protein (Chap. 49), formed only in the presence of 
oxygen.*** Together with the inability to protect their GSH against drug 
challenge, this suggests that a major component of the hemolytic pro- 
cess is the inability of G6PD-deficient cells to protect sulfhydryl groups 
against oxidative damage.” The mechanism by which Heinz bodies are 
formed and become attached to red cell stroma has been the subject 
of considerable investigation and speculation. Exposure of red cells to 
certain drugs results in the formation of low levels of hydrogen peroxide 
as the drug interacts with hemoglobin.*” In addition, some drugs may 
form free radicals that oxidize GSH without the formation of peroxide 
as an intermediate.” The formation of free radicals of GSH through 
the action of peroxide or by the direct action of drugs may be followed 
either by oxidation of GSH to the disulfide form (GSSG) or complex- 
ing of the glutathione with hemoglobin to form a mixed disulfide. 
Such mixed disulfides are believed to form initially with the sulfhydryl 
group of the 6-93 position of 6-globin.“' The mixed disulfide of GSH 
and hemoglobin is probably unstable and undergoes conformational 
changes exposing interior sulfhydryl groups to oxidation and mixed 
disulfide formation. Globin chain separation into free æ and f chains 
also occurs.“ Once such oxidation has occurred, hemoglobin is dena- 
tured irreversibly and will precipitate as Heinz bodies. Normal red cells 
can defend themselves to a considerable extent against such changes by 
reducing GSSG to GSH and by reducing the mixed disulfides of GSH 
and hemoglobin through the GR reaction. However, the reduction of 
these disulfide bonds requires a source of NADPH. Because G6PD-defi- 
cient red cells are unable to reduce NADP* to NADPH at a normal rate, 
they are unable to reduce hydrogen peroxide or the mixed disulfides 
of hemoglobin and GSH. Moreover, because catalase contains tightly 
bound NADPH’ that is required for activity, the lack of freely available 
NADPH generation may, in addition, impede disposal of hydrogen per- 
oxide by the catalase-dependent pathway.** When such cells are chal- 
lenged by drugs, they form Heinz bodies more readily than do normal 
cells. Cells containing Heinz bodies encounter difficulty in traversing 
the splenic pulp“ and are eliminated relatively rapidly from the circu- 
lation. Figure 47-7 summarizes a plausible scenario of the metabolic 
events that leads to red cell damage and eventually destruction. How- 
ever, it has been shown that in mice, targeted disruption of the gene 
encoding glutathione peroxidase has little effect on oxidation of hemo- 
globin of murine red cells challenged with peroxides.’ In addition, 
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Figure 47-7. Reactions through which hydrogen peroxide is gen- 
erated and detoxified in the erythrocyte. In glucose-6-phosphate 
dehydrogenase (G6PD) deficiency and related disorders, inadequate 
generation of nicotinamide adenine dinucleotide phosphate (reduced 
form) (NADPH) results in accumulation of GSSG and probably of hydro- 
gen peroxide (H,O). The accumulation of these substances leads to 
hemoglobin denaturation, Heinz body formation, and, consequently, 
to decreased red cell survival. GR, glutathione reductase; GSH, reduced 
glutathione; GSH-Px, glutathione peroxidase; GSSG, glutathione disul- 
fide (oxidized glutathione); HbO,, oxyhemoglobin; NADP, nicotinamide 
adenine dinucleotide phosphate; Sup Dismut, superoxide dismutase. 


catalase-null mice show negligible antioxidant function of catalase in 
oxidant injury.“° If such murine models reflect the situation in man, 
then different pathways requiring GSH, such as the thioredoxin, and/or 
peroxiredoxin reactions, may be important. 6447 

The formation of methemoglobin frequently accompanies the 
administration of drugs that have the capacity to produce hemolysis of 
G6PD-deficient cells.“ The heme groups of methemoglobin become 
detached from the globin more readily than do the heme groups of oxy- 
hemoglobin.” It is not clear whether methemoglobin formation plays 
an important role in the oxidative degradation of hemoglobin to Heinz 
bodies or whether formation of methemoglobin is merely an incidental 
side effect of oxidative drugs.*°*" 


Infection-Induced Hemolysis 

The mechanism of hemolysis induced by infection or occurring sponta- 
neously in G6PD-deficient subjects is not well understood. The genera- 
tion of hydrogen peroxide by phagocytizing leukocytes may play a role 
in this type of hemolytic reaction.*” 


Favism 

Substances capable of destroying red cell GSH have been isolated from 
fava beans,‘ but scientific evidence that these components (i.e., divicine 
and isouramil) are indeed responsible for hemolysis is lacking. Favism 
occurs only in G6PD-deficient subjects, but not all individuals in a 
particular family may be sensitive to the hemolytic effect of the beans. 
Nonetheless, some tendency toward familial occurrence has suggested 
that an additional genetic factor may be important.“ The observation 
of increased excretion of glucaric acid** led to the suggestion that a 
defect in glucuronide formation might be present. Specific genotypes 
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of the acid phosphatase gene have been attributed to a decrease in the 
f isoforms of this tyrosine phosphatase and, consequently, low GSH 
levels.“ Immunologic factors do not seem to play a role in favism.*°° 
Increased levels of red cell calcium*’** and consequent “cross- 
bonding” of membranes may occur. Other membrane alterations that 
have been described are oxidation and clustering of membrane proteins, 
hemichrome binding to the internal face of the membrane, destabiliza- 


tion of the membrane, and the release of microvesicles.? 4 


Icterus Neonatorum 

G6PD-deficient neonates are at increased risk of developing severe ict- 
erus neonatorum. The icterus is frequently unaccompanied by changes 
in hematologic indices reflective of a hemolytic process.***® The rea- 
son for this discrepancy is unclear. Icterus probably results principally 
from inadequate processing of bilirubin by the immature liver of G6PD- 
deficient infants. The demonstrated increase in carboxyhemoglobin 
levels, indicative of increased heme catabolism, suggests, however, that 
shortening of red cell life span also plays a role.“ A predisposing factor 
for severe jaundice in G6PD deficiency is mutation of the uridine diphos- 
phoglucuronate glucuronosyltransferase-1 gene (UGT1A1) promoter,*” 
or, in Asia, the c.211G>A coding mutation.** In adults, these mutations 
are associated with Gilbert syndrome. The limited data available on liver 
G6PD in deficient adults*® suggest that a considerable degree of defi- 
ciency may be present. If such a deficiency also is present in infants, it 
may play a role in impairing the borderline ability of infant livers with 
the UGT1A1 promoter defect to catabolize bilirubin, in particular when 
a hemolytic process is set off because of contact with environmental fac- 
tors, for example, neocytolysis (Chap. 33) certain drugs, naphthalene 
containing mothballs, etc. However, it is becoming apparent that modu- 
lation of bilirubin metabolism and serum bilirubin levels is under com- 
plex genetic control,” and coexpressing of mutations in other genes, for 
example, SLCO1B3,*' may contribute further to the bilirubin produc- 
tion-conjugation imbalance in G6PD-deficient individuals.*” 


Deficiencies of Other Enzymes of the Hexose Monophosphate 
Shunt and of Glutathione Metabolism 

Deficiencies of glutamate cysteine synthetase, GS, and GR are associ- 
ated with a decrease in red cell GSH levels. The generally mild hemolysis 
that occurs in these disorders probably has a pathogenesis similar to the 
hemolysis that occurs in G6PD deficiency. Other defects of the hexose 
monophosphate shunt and associated metabolic pathways are not asso- 
ciated with hemolysis (see Table 47-3). 


Other Enzyme Deficiencies 

How deficiencies of enzymes other than those of the hexose mono- 
phosphate pathway result in shortening of red cell life-span remains 
unknown, although it has been the object of much experimental work 
and of speculation. It is often believed that ATP depletion is a common 
pathway in producing damage to the cell leading to its destruction,*”* but 
the evidence that this is the case is not always compelling.** Neverthe- 
less, it seems reasonable to assume that a red cell, deprived of a source 
of energy becomes sodium and calcium logged and potassium depleted, 
and the red cell shape changes from a flexible biconcave disk. Such a 
cell is quickly removed from the circulation by the filtering action of the 
spleen and the monocyte-macrophage system. Even if it survived, such 
an energy-deprived cell would gradually turn brown as hemoglobin is 
oxidized to methemoglobin by the very high concentrations of oxygen 
within the erythrocyte. Calcium has been proposed to play a central 
role. In particular, malfunction of ATP-dependent calcium transporters 
could lead to increased intracellular calcium levels that could affect red 
cell membrane proteins (i.e., protein 4.1), the lipid bilayer, volume regu- 
lation, metabolism, and redox state preservation, consequently leading 
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to proteolysis, oxidation, irreversible cellular shrinkage, phosphatidyl 
exposure and premature clearance.“ In agreement with this, PFK defi- 
ciency has been shown to result in increased calcium levels, accompa- 
nied by volume loss and metabolic dysregulation. “4477 

It is possible that, at least in some cases, alteration of the levels of 
red cell intermediate metabolites interferes with synthesis of cell com- 
ponents in early stages of development of the cell. In agreement with 
this, the lack of pyruvate has been implicated in the ineffective matura- 
tion of erythroid progenitors in PK-deficient mice.*” 


CLINICAL FEATURES 


COMMON FORMS OF GLUCOSE-6-PHOSPHATE 
DEHYDROGENASE DEFICIENCY 


Individuals who inherit the common (polymorphic) forms of G6PD 
deficiency, such as G6PD A- or G6PD Mediterranean, usually have no 
clinical manifestations. The major clinical consequence of G6PD defi- 
ciency is hemolytic anemia in adults and neonatal icterus in infants. 
Usually the anemia is episodic, but some of the unusual variants of G6PD 
may cause nonspherocytic congenital hemolytic disease (see “Variants 
Producing Hereditary Nonspherocytic Hemolytic Anemia” above). In 
general, hemolysis is associated with stress, most notably drug admin- 
istration, infection, and, in certain individuals, exposure to fava beans. 


Drug-Induced Hemolytic Anemia 

Table 47-5 is an evidence-based**” list of drugs and other chemicals 
that are predicted to precipitate hemolytic reactions in G6PD-deficient 
individuals, and drugs that are innocuous when given in normal doses, 


TABLE 47-5. Drugs That Can Trigger Hemolysis in 


G6PD-Deficient Individuals 


Predictable 
Category of Drug Hemolysis Possible Hemolysis 
Antimalarials Dapsone Chloroquine 

Primaquine Quinine 

Methylene blue 
Analgesics/ Phenazopyridine Aspirin (high doses) 
Antipyretic 

Paracetamol 


(Acetaminophen) 


Antibacterials Cotrimoxazole Sulfasalazine 


Sulfadiazine 


Quinolones (includ- 
ing nalidixic acid, 
ciprofloxacin, 
ofloxacin) 


Nitrofurantoin 


Other Rasburicase Chloramphenicol 


Toluidine blue Isoniazid 


Ascorbic acid 


Glibenclamide 
Vitamin K 


Isosorbide dinitrate 


Reproduced with pemission from Luzzatto L, Seneca E: G6PD defi- 
ciency: A classic example of pharmacogenetics with on-going clinical 
implications. Br J Haematol 164(4):469-480, 2014. 


but may be hemolytic when given in excessive doses. A case in point is 
ascorbic acid, which does not cause hemolytic anemia in normal doses 
but which can produce severe, even fatal, hemolysis at doses of 80 g 
or more intravenously.“ Some drugs, such as chloramphenicol, may 
induce mild hemolysis in a person with severe, Mediterranean-type 
G6PD deficiency, but not in those with the milder A- or Canton*® 
types of deficiency. Furthermore, there appears, to be a difference in the 
severity of the reaction to the same drug of different individuals with 
the same G6PD variant. For example, red cells from a single G6PD- 
deficient individual were hemolyzed in the circulation of some recip- 
ients who were given thiazolsulfone, but their survival was normal in 
the circulation of others.** Sulfamethoxazole, which was clearly hemo- 
lytic in experimental studies, does not appear to be a common cause of 
hemolysis in a clinical setting.“ Undoubtedly, individual differences in 
the metabolism and excretion of drugs influence the extent to which 
G6PD-deficient red cells are destroyed. +8738 

Several animal models have been developed to serve as a screening 
platform for the determination of hemolytic toxicity of pharmacologic 
agents in G6PD deficiency.“ 

Typically, an episode of drug-induced hemolysis in G6PD-deficient 
individuals begins 1 to 3 days after drug administration is initiated.”° 
Heinz bodies appear in the red cells, and the hemoglobin concentration 
begins to decline rapidly.** As hemolysis progresses, Heinz bodies dis- 
appear from the circulation, presumably as they or the erythrocytes that 
contain them are removed by the spleen. In severe cases, abdominal or 
back pain may occur. The urine may turn dark or even black. Within 4 
to 6 days, there is generally an increase in the reticulocyte count, except 
in instances in which the patient has received the offending drug for 
treatment of an active infection as infection depresses erythropoiesis 
(Chap. 37). Because of the tendency of infections and certain other 
stressful situations to precipitate hemolysis in G6PD-deficient individ- 
uals, many drugs have been incorrectly implicated as a cause. Other 
drugs, such as aspirin, have appeared on many lists of proscribed 
medications because very large doses could slightly reduce the red cell 
life span. It is important to recognize that such drugs do not produce 
clinically significant hemolytic anemia. Advising patients not to ingest 
these drugs may not only deprive patients of potentially helpful med- 
ications, but will also weaken their confidence in the advice that they 
have received. Most G6PD-deficient patients, after all, have taken aspi- 
rin without untoward effect and are likely to distrust an advisor who 
counsels them that the ingestion of aspirin will have catastrophic effects. 

In the A- type of G6PD deficiency, the hemolytic anemia is 
self-limited because the young red cells produced in response to 
hemolysis have nearly normal G6PD levels and are relatively resistant to 
hemolysis.“ The hemoglobin level may return to normal even while the 
same dose of drug that initially precipitated hemolysis is administered. 
In contrast, hemolysis is not self-limited in the more severe types such 
as Mediterranean deficiency.“ 


Hemolytic Anemia Occurring During Infection 

Anemia often develops rather suddenly in G6PD-deficient individuals 
within a few days of onset of a febrile illness. The anemia is usually rel- 
atively mild, with a decline in the hemoglobin concentration of 3 or 
4 g/dL. Hemolysis has been noted particularly in patients suffering from 
hepatitides A and B, cytomegalovirus, and pneumonia, and in those 
with typhoid fever.*’“” The fulminating form of the disease occurs par- 
ticularly frequently among G6PD-deficient patients who are infected 
with Rocky Mountain spotted fever. Jaundice is not a prominent part 
of the clinical picture, except where hemolysis occurs in association 
with infectious hepatitis.” In that case, it can be quite intense. Pre- 
sumably because of the effect of the infection, reticulocytosis is usually 
absent, and recovery from the anemia is generally delayed until after the 


active infection has abated. In rare cases, G6PD deficiency may present 


as transient aplastic crisis caused by viral infection. 


Favism 

Favism is potentially one of the gravest clinical consequences of G6PD 
deficiency. It occurs much more commonly in children than in adults, 
and occurs almost exclusively in persons who have inherited variants 
of G6PD that cause severe deficiency (most frequently associated with 
the Mediterranean variant), but rarely has the disorder been noted in 
patients with G6PD A-.* The onset of hemolysis may be quite sud- 
den, having been reported to occur within the first hours after exposure 
to fava beans. More commonly, the onset is gradual, hemolysis being 
noticed 1 to 2 days after ingestion of the beans.™ The urine becomes 
red or quite dark, and in severe cases shock may develop within a short 
time. Care should be taken to avoid acute renal failure. The oxidative 
stress causes membrane changes in erythrocytes, leading to extravascu- 
lar hemolysis (in addition to the intravascular destruction).* Sometimes 
the patient or parent does not realize that fava beans have been ingested, 
as they may be incorporated into foods such as Yew Dow, eaten by the 
Chinese,*” or falafel, eaten in the Middle East. Occasionally ingestion of 
other foodstuffs, such as unripe peaches” or a spiced Nigerian barbe- 
cued meat known as red suya,* has been reported to precipitate hemo- 
lysis. The toxic constituents of the fava beans are transmitted into the 
milk of breastfeeding mothers, putting affected babies at risk.°!° 


Neonatal Icterus 

Although serious, the clinical consequences of drug-induced hemolysis, 
favism, or chronic hemolytic anemia are usually not devastating, and 
death from favism is a very rare event. The most serious consequence 
of G6PD deficiency is icterus neonatorum.** G6PD-deficient neonates 
are an estimated three to four times more at risk for hyperbilirubinemia 
and phototherapy than G6PD-adequate neonates,’ depending on 
population groups and geographic area.*’” Jaundice commences in the 
immediate perinatal period, and is usually evident by 1 to 4 days of age, 
similar to physiologic jaundice, but is seen at a later time than in blood 
group alloimmunization.* The jaundice may be quite severe and, if 
untreated, may result in kernicterus. Reports indicate an overrepresen- 
tation of G6PD deficiency among cases of kernicterus relative to the 
frequency of in the background population, also in countries with a low 
overall frequency of G6PD deficiency.’ Thus, G6PD deficiency is a pre- 
ventable cause of mental retardation,***'° and this aspect of the disor- 
der has considerable public health significance. Neonatal screening for 
G6PD deficiency has been associated with a decrease in the number of 
cases of kernicterus.*” 


Nonspherocytic Hemolytic Anemia 

As described, the anemia in G6PD deficiency is usually episodic and 
acute, but some sporadic variants of G6PD may cause nonspherocytic 
congenital hemolytic disease, exacerbated by oxidative stress. Affected 
individuals have a history of severe neonatal jaundice, and features of 
chronic hemolysis (see “Variants Producing Hereditary Nonspherocytic 
Hemolytic Anemia” above). The hemolysis is mainly extravascular. 


Effects on Other Tissues 

In the common variants of G6PD, such as G6PD A- and Mediterra- 
nean, and even in most of the severely deficient variants, there is usually 
no demonstrated defect in leukocyte number or function.*'” However, 
there have been reports of isolated instances of leukocyte dysfunction 
associated with rare, severely deficient variants of G6PD.?80281518-522 
Patients with G6PD deficiency do not have a bleeding tendency, and 
studies of platelet function have yielded conflicting results.” Occa- 
sionally, cataracts have been observed in patients with variants of G6PD 
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that produce nonspherocytic hemolytic anemia,” or in neonatal 


patients.°*** The incidence of senile cataracts may be increased in G6PD 
deficiency,” but this remains controversial.*!°* Small studies from 
the Middle East are suggestive that decreased G6PD activity may pre- 
dispose to the development of diabetes.>**"** 

A number of studies reported on acute rhabdomyolysis in patients 
with G6PD deficiency, suggesting that this condition could predispose 
to muscle damage,’ probably through the depletion of NADPH.™! 
Others however, have demonstrated that G6PD-deficient individuals 
can participate in various physical activities, even high-intensity mus- 
cle damaging activities*” without a negative impact on muscle function 
and redox status.**°* 

Although claims have been made that an association exists 
between various kinds of G6PD deficiency and cancer,’ the relation- 
ship between G6PD status and cancer is not clear as epidemiologic stud- 
ies have not demonstrated any difference in risk for cancers between 
G6PD-deficient and normal patients.” Some role for G6PD in car- 
cinogenesis may be conceivable, though, given the finding that muta- 
tion of p53 abolishes the direct binding of this major tumor-suppressor 
gene to G6PD, thereby enhancing hexose monophosphate shunt flux 
and tumor cell biosynthesis.” 

Population studies are needed to better elucidate the postulated 
effects of G6PD deficiency on the development of cardiovascular 
disease.””**! 


ENZYME DEFICIENCIES OTHER THAN 
GLUCOSE-6-PHOSPHATE DEHYDROGENASE 


Most patients with hereditary nonspherocytic hemolytic anemia man- 
ifest only the usual clinical signs and symptoms of chronic hemolysis. 
The degree of anemia in this group of disorders varies widely. In some 
cases of very severe PK deficiency, scarcely any deficient cells survive 
in the circulation, and only transfused cells are found or steady-state 
hemoglobin levels as low as 5 g/dL are encountered. Other patients with 
hereditary nonspherocytic hemolytic anemia may manifest compen- 
sated hemolysis with a normal steady-state hemoglobin concentration. 
Chronic jaundice is a common finding, and splenomegaly is often pres- 
ent. Gallstones are common. As in other forms of chronic hemolytic 
anemia, ankle ulcers may be present." Pregnancy has been thought 
to precipitate hemolysis in patients with PK deficiency, perhaps even in 
heterozygotes.***°** In PK deficiency, the increased 2,3-BPG levels may 
ameliorate the anemia by lowering the oxygen-affinity of hemoglobin. 
Some PK-deficient patients present with hydrops fetalis.**” 

In the case of some enzyme defects, characteristic nonhematologic 
systemic manifestations may be present, and these may be the only sign 
of the enzyme deficiency. For example, patients with PFK deficiency 
may have type VII muscle glycogen storage disease. In some patients 
with this defect, hemolysis is present without muscle manifestations, 
but in others both muscle abnormalities and hemolysis occur." Glu- 
tathione synthetase deficiency may be associated with 5-oxoprolinuria 
and neuromuscular disturbances, and such abnormalities may occur 
either with’ or without hematologic abnormalities.” On the other 
hand, some patients with GS deficiency manifest only the hematologic 
abnormalities.*” Spinocerebellar degeneration was documented in the 
first case of glutamate cysteine synthetase described,’ but was not 
present in subsequently investigated patients.” Patients with TPI 
deficiency nearly always manifest serious neuromuscular disease, and 
most of the patients who inherit this abnormality die in the first decade 
of life,*°*' but there are exceptions, as only one of two brothers with 
the same genotype manifested neurologic disease (see “Genetic Mod- 
ifiers of the Phenotypes” below).°°° Neurologic symptoms have also 
been noted in patients with deficiencies of glucosephosphate isomerase 


Part VI: The Erythrocyte 


and PGK.**°* Myoglobinuria has been encountered in patients with 
PGK,”*'*® aldolase,** and G6PD deficiency.” Table 47-2 summarizes 
the clinical features of enzyme deficiencies causing nonspherocytic 
hemolytic anemia. 


GENETIC MODIFIERS OF THE PHENOTYPES 


The clinical phenotype of both acute and chronic hemolysis can be 
modified by coinherited (although unrelated) other defects of the red 
cells. Combined deficiencies of, for example, GPI and G6PD,™ of PK 
and band 3,°*° of PK and a-thalassemia,*’ and of PK and G6PD°*” 
have been documented. 

The inheritance of polymorphic UGT1A1 promoter alleles exacer- 
bates the icterus both in neonates and in adults with G6PD deficiency 
(see also “Mechanism of Hemolysis” above).’”* Overt iron overload and 
iron-related morbidity in PK deficiency has been attributed to coin- 
heritance of mutations in HFE, the gene associated with hereditary 
hemochromatosis.*”! 

A striking example of complex interplay defining the differences 
between the genotype and the phenotype was described in a Hungar- 
ian family with TPI deficiency. Two adult germline-identical compound 
heterozygous brothers displayed strikingly different phenotypes. Both 
had the same severe decrease in TPI activity and congenital hemolytic 
anemia, but only one suffered from severe neurologic disorder. Studies 
aimed at the pathogenesis of this differing phenotype indicated func- 
tional differences between the two brothers in lipid environment of 
the red cell membrane proteins influencing the enzyme activities,°” as 
well as differences in TPI1 mRNA expression, and protein expression 
levels of prolyl oligopeptidase, the activity decrease of which has been 
reported in well-characterized neurodegenerative diseases.” 

The variety of clinical features associated with the various enzy- 
mopathies, regardless of the underlying molecular mechanism, do 
unequivocally demonstrate that the phenotype of hereditary red blood 
cell enzymopathies, is not solely dependent on the molecular properties 
of mutant proteins but rather reflects a complex interplay between phys- 
iologic, environmental, and other (genetic) factors. Putative phenotypic 
modifiers include differences in genetic background, concomitant 
functional polymorphisms of other glycolytic enzymes (many enzymes 
are regulated by their product or other metabolites), posttranslational 
modification, ineffective erythropoiesis, and different splenic function. 
As an example, persistent expression of the PK-M2 isozyme has been 
reported in the red blood cells of patients (and animals) with severe 
PK deficiency.”*” The survival of these patients, though not in all cases 
may be enabled by this compensatory increase in PK activity.” 


@ LABORATORY FEATURES 


Varying degrees of anemia and reticulocytosis are the main hemato- 
logic laboratory features of patients with hereditary nonspherocytic 
hemolytic anemia. Heinz bodies often are found in the erythrocytes 
of G6PD-deficient patients undergoing drug-induced hemolysis. In 
the absence of hemolysis, the light-microscopic morphology of G6PD- 
deficient red cells appears to be normal. Differences in the texture of 
the membrane of the cells have, however, been observed under elec- 
tron microscopy.” When a hemolytic drug is administered to a G6PD- 
deficient patient, Heinz bodies (Chap. 31) develop in the erythrocytes 
immediately preceding and in the early phases of the hemolytic episode. 
If the hemolytic anemia is very severe, spherocytosis and red cell frag- 
mentation may be seen in the stained film. Despite the fact that “bite 
cells” may be noted in the blood of a G6PD-deficient patient under- 
going drug-induced hemolysis, the association with G6PD deficiency 
is doubtful because such cells are usually lacking in acute hemolytic 


states of patients with common G6PD variants or in G6PD-deficient 
patients with chronic hemolysis. Moreover, “bite cells” have been noted 
in G6PD-replete patients.57°°”” 

The presence of small, densely staining cells has often been noted 
in the blood films of patients with hereditary nonspherocytic hemolytic 
anemia with defects other than G6PD deficiency. Particularly when 
manifesting an echinocytic appearance, such cells have been thought to 
be common in PK deficiency. In one reported case,” spectacular num- 
bers of such cells were observed. However, cells of this type are seen 
in many blood films both from patients with other glycolytic enzyme 
deficiencies and from those with other disorders and it is hazardous to 
attempt to make an enzymatic diagnosis on the basis of such findings. 
Basophilic stippling of the erythrocytes is prominent in most patients 
with pyrimidine 5’-nucleotidase deficiency but is on itself an unspecific 
finding, and may not be apparent in blood that has been collected in eth- 
ylenediaminetetraacetic acid anticoagulant. Leukopenia occasionally is 
observed in patients with hereditary nonspherocytic hemolytic anemia, 
possibly secondary to splenic enlargement. Other laboratory stigmata 
of increased hemolysis may include increased levels of serum biliru- 
bin, decreased haptoglobin levels, and increased serum LDH activity 
(Chap. 33). Reticulocytosis is frequently observed, which may result in 
increased mean corpuscular volume of erythrocytes. In PK deficiency, 
splenectomy increases reticulocyte counts even further because in 
particular the younger PK-deficient red blood cells are preferentially 
sequestered by the spleen.” Also in P5’N1 deficiency reticulocytes tend 
to be higher in splenectomized patients compared to non-splenecto- 
mized patients.“ 

Diagnosis of red cell enzyme deficiencies usually depends on the 
demonstration of decreased enzyme activity either through a quantita- 
tive assay or a screening test.*°°* Assay of most of the enzymes gen- 
erally is carried out by measuring the rate of reduction or oxidation of 
nicotinamide adenine nucleotides in an ultraviolet spectrophotometer, 
and a number of screening tests that depend upon the development or 
loss of fluorescence have been devised.™ 

However, difficulties arise when the patient has been transfused so 
that the blood drawn represents a mixture of the patient’s own cells and 
those obtained from the blood bank. Under the circumstances, DNA 
analysis may prove invaluable, because the DNA is extracted from blood 
leukocytes and transfused leukocytes do not persist in the circulation. 
Alternatively, density fractionation has been applied to isolate fractions 
of patient’s red cells, in which an enzyme deficiency can be detected.**° 

Although detection of G6PD deficiency in the healthy, fully 
affected (hemizygous) male can be achieved readily through either 
assay or screening tests, difficulties arise when a patient with G6PD defi- 
ciency of the A- type has undergone a hemolytic episode. As the older, 
more enzyme-deficient cells are removed from the circulation and 
are replaced by young cells, the level of the enzyme begins to increase 
toward normal. Under such circumstances, suspicion that the patient 
may be G6PD deficient should be raised by the fact that enzyme activity 
is not increased, even though the reticulocytes count is elevated.*°** It 
is helpful to perform DNA mutational analyses, carry out family studies, 
or to wait until the circulating red cells have aged sufficiently to betray 
their lack of enzyme. 

Even greater difficulties are encountered in attempting to diagnose 
heterozygotes for G6PD deficiency.’ Because the gene is X linked, a 
population of normal red cells coexists with the deficient cells. This 
may mask the enzyme deficiency when screening tests are used. Even 
enzyme assays carried out on erythrocytes of heterozygous females fre- 
quently may be in the normal range. Here DNA mutational analyses and 
histochemical methods that depend upon individual red cell enzyme 
activity may be useful.*®® In addition, the ascorbate cyanide test," in 
which screening is carried out on a whole-cell population rather than 


on a lysate, may be more sensitive than the other screening procedures. 
Prenatal diagnosis of G6PD deficiency is also possible using DNA 
mutational analyses approach. 

Testing for red cells enzyme deficiencies is best done in specialized 
laboratories. Specimens can be shipped by mail to reference laborato- 
ries. As a rule, whole-blood specimens are suitable and can best be sent 
at 4°C as some enzymes, notably PFK, are relatively unstable. Blood 
from a healthy volunteer should be shipped with the patient sample to 
serve as a shipping control. Exceptions are assays for phosphorylated 
sugar intermediates, 2,3-BPG, and nucleotide intermediates, which are 
unstable in freshly drawn blood and require immediate deproteiniza- 
tion in perchloric acid. 

Several aspects should be kept in mind when interpreting test 
results. First, care must be taken to remove leukocytes and platelets in 
assays such as for PK, as these cells contain PK activity, obscuring a defi- 
ciency in the red cells. Second, one should be aware of the already men- 
tioned red cell age dependency of, for example, PK, HK, and G6PD. The 
measurement of these enzymes simultaneously can give an idea about 
red cell age and relative deficiencies. If patients received blood transfu- 
sions, interpreting results from red cell enzyme assays is generally not 
possible because the presence of donor erythrocytes will obscure any 
deficiencies. Some mutant enzymes also display a normal activity in 
vitro, whereas in vivo severe hemolysis can occur, reflecting the differ- 
ences between optimal circumstances in vitro and the in vivo cellular 
environment. More sophisticated assays to measure, for example, heat 
instability and kinetics, have to be used in those cases. Interpretation 
can be particularly challenging in newborn patients given the differ- 
ences in red cell energy metabolism and enzymatic activities between 
adults and newborn infants.” Molecular diagnosis is now available 
for all red cell enzyme deficiencies. 


@ DIFFERENTIAL DIAGNOSIS 


Drug-induced hemolytic anemia resulting from G6PD deficiency 
is similar in its clinical features and in certain laboratory features, to 
drug-induced hemolytic anemia associated with unstable hemoglo- 
bins (Chap. 49). Other enzyme defects affecting the pentose-phosphate 
shunt, such as a deficiency of GS, also may mimic G6PD deficiency. 
The diagnosis of hemoglobinopathies can be excluded by performing 
a stability test,°” hemoglobin electrophoresis or DNA sequence analy- 
sis. These are normal in G6PD deficiency. Some of the screening tests, 
particularly the ascorbate cyanide test,’ may give positive results in the 
above-named disorders, but a G6PD assay or the fluorescent screen- 
ing test will be positive only in G6PD deficiency. In addition, defects 
of the erythrocyte membrane should be excluded (Chap. 46), but these 
cytoskeletal and other membrane defects are generally associated with 
characteristic morphologic abnormalities, that makes them easy to dif- 
ferentiate from hemolysis because of enzyme defects. 

Physicians often attempt to establish the cause of hereditary non- 
spherocytic hemolytic anemia on the basis of the appearance of red cells 
on a blood film. In reality, red cell morphology is helpful only in the 
diagnosis of pyrimidine 5’-nucleotidase deficiency because of the char- 
acteristic stippling of the red cells that is observed in that disorder. The 
appearance of Heinz bodies suggests the possible presence of an unsta- 
ble hemoglobin, or defective GSH metabolism. They are more likely to 
be present after splenectomy. 

Because the laboratory diagnosis of these disorders may entail 
considerable expenditure of time and effort, it is prudent to perform 
the simplest tests for the most common causes of hereditary non- 
spherocytic hemolytic anemia first. Accordingly, it is useful to carry 
out screening tests? for G6PD and PK activity and an isopropanol 
stability test to detect an unstable hemoglobin (Chap. 49). If prominent 
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stippling of erythrocytes is present, examination of the ultraviolet spec- 
trum of a perchloric acid extract of the erythrocytes, reflecting the ratio 
between pyrimidine and purine nucleotide content, may help to estab- 
lish the diagnosis of pyrimidine 5’-nucleotidase deficiency.” Beyond 
these relatively simple procedures it is probably rarely useful to pick and 
choose individual enzyme assays on the basis of family history or clin- 
ical manifestations. Rather, it is usually appropriate to submit a blood 
sample to a reference laboratory that has the capability of performing 
all the enzyme assays listed in Table 47-3. Preferably, the suspicion of a 
specific enzyme disorder causing hereditary nonspherocytic hemolytic 
anemia is confirmed by DNA sequence analysis. This also enables pre- 
natal diagnosis which has already been achieved for some of enzymatic 
defects.*”-°” 

Notably, in an estimated 70 percent of cases of suspected hered- 
itary nonspherocytic hemolytic anemia no enzymatic abnormal- 
ity is found. Current promising approaches such as red cell 
proteome analysis“? and/or the use of next-generation sequencing 
technologies* may aid in a better and more comprehensive under- 
standing of the etiology of this disorder. 


@THERAPY 


GLUCOSE-6-PHOSPHATE DEHYDROGENASE 
DEFICIENCY 


G6PD-deficient individuals should avoid drugs that are predicted to 
induce hemolytic episodes (see Table 47-5). However, it is important 
to realize that such patients are able to tolerate most drugs. Unfortu- 
nately, in the past, a number of case reports incorrectly suggested that 
some drugs had hemolytic potential that subsequently were shown to 
be safe (see Table 47-5, possible hemolysis). Although it is possible that 
some of these may be hemolytic in some patients or under some cir- 
cumstances, this is unlikely, and G6PD-deficient patients should not be 
deprived of the possible benefit of these drugs. 

If hemolysis occurs as a result of drug ingestion or infection, par- 
ticularly in the milder A- type of deficiency, transfusion usually is not 
required. If, however, the rate of hemolysis is very rapid, as may occur, 
for example, in favism, transfusions of packed cells may be useful. Good 
urine flow should be maintained in patients with hemoglobinuria to 
avert renal damage. Infants with neonatal jaundice resulting from 
G6PD deficiency may require phototherapy or exchange transfusion; in 
areas in which G6PD deficiency is prevalent, care must be taken not 
to give G6PD-deficient blood to such newborns.** A single dose of 
Sn-mesoporphyrin, a potent inhibitor of heme oxygenase, has been 
advocated to eliminate the need for phototherapy.® Patients with hered- 
itary nonspherocytic hemolytic anemia resulting from G6PD deficiency 
usually do not require any therapy. Splenectomy is often ineffective, 
although some improvement has been reported in a number of cases 
following removal of the spleen.***°'* In most cases, the anemia is not 
very severe, but in some instances frequent transfusions have been nec- 
essary.®'”°!8 The antioxidant properties of vitamin E have been tested in 
G6PD-deficient subjects, and a slight but statistically significant reduc- 
tion in hemolysis was observed." These results could not be con- 
firmed in other studies.” It has been suggested that desferrioxamine 
decreases hemolysis.*** Inhibition of histone acetylation by histone 
deacetylase inhibitors has been shown to increase G6PD gene transcrip- 
tion in erythroid progenitor cells and restore G6PD deficiency. 


OTHER ENZYME DEFICIENCIES 


Most patients with hereditary nonspherocytic hemolytic anemia sec- 
ondary to red cell enzymopathies do not require therapy, other than 
blood transfusion during hemolytic periods, if the anemia needs 
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clinically to be corrected. There are patients with PK deficiency who 
need to be transfused continually. Chronic transfusion therapy usu- 
ally requires iron chelation if of sufficient iron load. Patients with TPI 
deficiency generally die as children, not because of the severity of the 
anemia but because of the severe neuromuscular effects of the enzyme 
deficiency. It has been proposed that the exogenous replacement of TPI 
might be useful for the treatment of this deficiency,°” but no clinical 
trials have been carried out. PK deficiency” and PGK deficiency*” have 
been treated successfully by stem cell transplantation, but this is still 
only very rarely done. Studies are underway to improve gene therapy in 
PK deficiency.*°**°73" In PK deficiency, erythroid cells have been treated 
ex vivo with glycolytic intermediates to correct for metabolic dysfunc- 
tion.®* Preliminary evidence indicates that small molecule activation of 
mutant PK may be able to restore glycolytic pathway activity and nor- 
malize red cell metabolism in PK deficiency.*” The jaundice of glucose- 
phosphate isomerase deficiency has been treated by the administration 
of phenobarbital.” 

The principal decision that the physician must make regarding 
patients with hereditary nonspherocytic hemolytic anemia is whether 
or not they require a splenectomy. This decision is not made easily as 
the response is unpredictable, and some patients who fail to respond 
may develop serious thrombotic complications, resulting thrombocy- 
tosis is often exaggerated when splenectomy does not ameliorate the 
hemolysis. The recommendation that is made should be based upon the 
following considerations: (1) severity of the disease, (2) family history 
of response to splenectomy, (3) the underlying defect, and (4) perhaps 
the need for cholecystectomy. Because it is unusual to obtain more than 
a partial response to splenectomy, this procedure should probably be 
reserved for patients whose quality of life is impaired by their anemia. 
The operation needs to be particularly considered for patients who need 
frequent transfusion and for those who require gallbladder surgery, 
in which splenectomy might be carried out as part of the same proce- 
dure. The best guide to the likely efficacy of splenectomy is probably 
the response to splenectomy of other affected family members. Unfor- 
tunately, such information is only occasionally available. The physician 
must therefore rely upon the experience of other patients with heredi- 
tary nonspherocytic hemolytic anemia of similar etiology to serve as a 
guide. However, even as the large group of patients with hereditary non- 
spherocytic hemolytic anemia represents a heterogeneous population, 
so individuals with a single enzymatic lesion, such as PK deficiency, 
are heterogeneous. Each family is likely to be afflicted with a distinct 
mutant enzyme, and the various mutants may differ both with respect 
to clinical manifestations and with respect to response to splenectomy. 
Some of the available information regarding response to splenectomy 
of patients with hereditary nonspherocytic hemolytic anemia has been 
reviewed and is summarized in Table 47-2. 

Glucocorticoids are of no known value in this group of disorders. 
Folic acid is often given, as in other patients with increased marrow 
activity, but without proven hematologic benefit. In the absence of 
iron deficiency, iron is contraindicated. Iron overload is a complication 
in this group of disorders, particularly in connection with PK deficie 
ncy,”**971631632 even in nontransfused patients. The iron overload is 
probably multifactorial (Chap. 43), involving chronic hemolysis, inef- 
fective erythropoiesis, splenectomy, coinheritance of hereditary hemo- 
chromatosis gene (HFE) mutations, growth differentiation factor-15, 
and hepcidin levels.°71°**° 


@ COURSE AND PROGNOSIS 


Hemolytic episodes in the A- type of deficiency are usually self-limited, 
even if drug administration is continued. This is not the case in the more 
severe Mediterranean type of deficiency. In patients with hereditary 


nonspherocytic hemolytic anemia resulting from G6PD deficiency, gall- 
stones may occur.®” During periods of infections or drug administra- 
tion, anemia may increase in severity. Otherwise, the hemoglobin level 
of affected subjects remains relatively stable. 

Nearly all patients with drug- or infection-induced hemolysis 
recover uneventfully. Favism must be considered, by comparison, a rel- 
atively dangerous disease. The most serious complication of G6PD defi- 
ciency is neonatal icterus. If not recognized early and properly treated, 
it can lead to kernicterus (see “Clinical Features” above). 

In one large population study, a decreasing incidence of G6PD defi- 
ciency was noted with increasing age of the population,®* but no such 
change was observed in another.” Although age stratification might rep- 
resent evidence of a shorter life span for individuals with the A- defi- 
ciency, other factors are more likely explanations. Examination of the 
health records of more than 65,000 U.S. Veterans Administration males 
failed to reveal any higher frequency of any illness in G6PD-deficient 
compared to nondeficient subjects.*” Furthermore, it appears that there 
are no indications that G6PD-deficient individuals should systemat- 
ically be excluded from serving as blood donors, or hematopoietic 
stem cell donor.“ In view of the benign nature of the common types of 
G6PD deficiency, community-based population screening is not recom- 
mended. However, screening for G6PD deficiency of all patients admit- 
ted to the hospital may be useful in anticipating hemolytic reactions and 
in understanding them if they occur; however, this recommendation has 
not been submitted to rigorous analysis and is controversial because of 
low likelihood of any preventable hemolysis. This is particularly prudent 
if a drug such as dapsone or rasburicase, known to cause hemolysis in 
G6PD-deficient individuals, is to be given.“* Study of family members 
of patients with this X chromosome-linked enzyme deficiency can be 
helpful in providing appropriate counseling to affected individuals. 

The diagnosis of hereditary nonspherocytic hemolytic anemia has 
been made as late as the seventh decade,”” and the disease can be fatal 
in the first few years of life. TPI deficiency appears to have the worst 
prognosis of all of the known defects that cause this disorder. With few 
exceptions, patients with this deficiency have died by the fifth or sixth 
year of life, usually of cardiopulmonary failure. PK deficiency, too, can 
be fatal in early childhood; the PK mutation prevalent among the Amish 
of Pennsylvania produces particularly severe disease.’ Unless the 
affected homozygous children have their spleens removed, the disor- 
der is commonly lethal. In PK deficiency, compound heterozygotes and 
homozygotes can suffer of major side effects as a result of the chronic 
hemolysis and the burden of repeated transfusions and iron chelation. 
In general, however, hereditary nonspherocytic hemolytic anemia is a 
relatively mild disease and most affected individuals lead a relatively 
normal life, apparently without much compromise of life span. 
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CHAPTER 48 

THE THALASSEMIAS: 
DISORDERS OF GLOBIN 
SYNTHESIS 


David J. Weatherall 


The thalassemias are the commonest monogenic diseases in man. They occur 
at a high gene frequency throughout the Mediterranean populations, the 
Middle East, the Indian subcontinent, and Myanmar, and in a line stretching 
from southern China through Thailand and the Malay peninsula into the island 
populations of the Pacific. They are also seen commonly in countries in which 
there has been immigration from these high-frequency populations. 

There are two main classes of thalassemias, a and £, in which the a- and 
B-globin genes are involved, and rarer forms caused by abnormalities of other 
globin genes. Some extremely rare congenital and acquired thalassemia that 
have intact globin genes are caused by either mutations of nonglobin genes or 
factors yet to be elucidated. All thalassemias have in common an imbalanced 
rate of production of the globin chains of adult hemoglobin, excess a chains in 
B-thalassemia and excess B chains in a-thalassemia. Several hundred differ- 
ent mutations at the a- and B-globin loci have been defined as the cause of 
the reduced or absent output of a or $ chains. The high frequency and genetic 
diversity of the thalassemias is related to past or present heterozygote resis- 
tance to malaria. 

The pathophysiology of the thalassemias can be traced to the delete- 
rious effects of the globin-chain subunits that are produced in excess. In B- 
thalassemia, excess a chains cause damage to the red cell precursors and red 


Acronyms and Abbreviations: AATAAA, the polyadenylation signal site; ATR-16, 
a-thalassemia chromosome 16-linked mental retardation syndrome; ATR-X, a- 
thalassemia X-linked mental retardation syndrome; BCL11A, B-cell lymphoma/leu- 
kemia oncogene important for y- to B-globin switching; CAP site, a DNA site located 
in or near a promoter; DNase |, an enzyme used to detect DNA-protein interaction; 
GATA-1, a transcription factor essential for productive erythropoiesis; HPFH, hered- 
itary persistence of fetal hemoglobin; HS, hypersensitive site to DNase | treatment; 
IVS, intervening sequence of a gene (i.e., an intron); KLF1, erythroid Kruppel-like 
factor; LCR, locus control region; MCS, multispecies conserved sequences; NFE-2, 
“nuclear factor, erythroid 2” is a transcription factor essential for productive erythro- 
poiesis; PHD region, known as plant homeodomain is a DNA region with zinc finger 
motif commonly deleted in ATR-X a-thalassemia; RFLP, restriction fragment length 
polymorphism; TATA box, a DNA sequence (cis-regulatory element) found in the pro- 
moter region of genes. 


cells and lead to profound anemia. This causes expansion of the ineffective 
marrow, with severe effects on development, bone formation, and growth. 
The major cause of morbidity and mortality is the effect of iron deposition in 
the endocrine organs, liver, and heart, which results from increased intesti- 
nal absorption and the effects of blood transfusion. The pathophysiology of 
the a-thalassemias is different because the excess 8 chains that result from 
defective a-chain production form £, molecules, or hemoglobin H, which is 
soluble and does not precipitate in the marrow. However, it is unstable and 
precipitates in older red cells. Hence, the anemia of a-thalassemia is hemolytic 
rather than dyserythropoietic. 

The clinical pictures of a- and B-thalassemia vary widely, and knowledge is 
gradually being amassed about some of the genetic and environmental factors 
that modify these phenotypes. 

Because the carrier states for the thalassemias can be identified and 
affected fetuses can be diagnosed by DNA analysis after the ninth to tenth 
week of gestation, these conditions are widely amenable to prenatal diag- 
nosis. Currently, marrow transplantation is the only way in which they can 
be cured. Symptomatic management is based on regular blood transfusion, 
iron chelation therapy, and the judicious use of splenectomy. Experimental 
approaches to their management include the stimulation of fetal hemoglobin 
synthesis and attempts at somatic cell gene therapy. 


@ DEFINITIONS AND HISTORY 


In 1925, Cooley and Lee! first described a form of severe anemia that 
occurred early in life and was associated with splenomegaly and bone 
changes. In 1932, George H. Whipple and William L. Bradford’ pub- 
lished a comprehensive account of the pathologic findings in this dis- 
ease. Whipple coined the phrase thalassic anemia* and condensed it to 
thalassemia, from 0alaooa (“the sea”), because early patients were all of 
Mediterranean background. The true genetic character of the disorder 
became fully appreciated after 1940. The disease described by Cooley 
and Lee is the homozygous state of an autosomal gene for which the 
heterozygous state is associated with much milder hematologic changes. 
‘The severe homozygous condition became known as thalassemia major. 
The heterozygous states, thalassemia trait, were designated according to 
their severity as thalassemia minor or minima.>*’ Later, the term thalas- 
semia intermedia was used to describe disorders that were milder than 
the major form but more severe than the traits. 

Thalassemia is not a single disease but a group of disorders, each 
resulting from an inherited abnormality of globin production.’ The 
conditions form part of the spectrum of diseases known collectively as 
the hemoglobinopathies, which can be classified broadly into two types. 
The first subdivision consists of conditions, such as sickle cell anemia, 
that result from an inherited structural alteration in one of the globin 
chains. Although such abnormal hemoglobins may be synthesized less 
efficiently or broken down more rapidly than normal adult hemoglobin, 
the associated clinical abnormalities result from the physical properties 
of the abnormal hemoglobin (Chap. 49). The second major subdivi- 
sion of the hemoglobinopathies, the thalassemias, consists of inherited 
defects in the rate of synthesis of one or more of the globin chains. The 
result is imbalanced globin chain production, ineffective erythropoiesis, 
hemolysis, and a variable degree of anemia. 

Several monographs describe the historical aspects of thalassemia 
in greater detail.>’ 
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TABLE 48-1. Thalassemias and Related Disorders 


a-Thalassemia 


a 
at 
Deletion (-a) 
Nondeletion (a) 
B-Thalassemia 
B 
B + 
Normal hemoglobin A, 
Dominant 
Unlinked to B-globin genes 
6B-Thalassemia 
(66)* 
(6B)° 
Cy 6B)° 
y-Thalassemia 
6-Thalassemia 
6° 
ot 
ey6B-Thalassemia 
Hereditary Persistence of Fetal Hemoglobin 
Deletion 
(6B)°, (y 6B)? 
Nondeletion 
Linked to B-globin genes 
Sy Bia Ay Bi 
Unlinked to -globin genes 


DIFFERENT FORMS OF THALASSEMIA 


Thalassemia can be defined as a condition in which a reduced rate of 
synthesis of one or more of the globin chains leads to imbalanced glo- 
bin-chain synthesis, defective hemoglobin production, and damage to 
the red cells or their precursors from the effects of the globin subunits 
that are produced in relative excess.” Table 48-1 summarizes the main 
varieties of thalassemia that have been defined with certainty. 

The f-thalassemias are divided into two main varieties. In one 
form, °-thalassemia, there is no -chain production. In the other form, 
$*-thalassemia, there is a partial deficiency of B-chain production. The 
hallmark of the common forms of B-thalassemia is an elevated level of 
hemoglobin A, in heterozygotes. In a less-common class of f-thalas- 
semias, heterozygotes have normal hemoglobin A, levels. Other rare 
forms include varieties of $-thalassemia intermedia that are inherited 
in a dominant fashion, that is, heterozygotes are severely affected, and 
there is a variety in which the genetic determinants are not linked to the 
B-globin gene cluster.” 

The 6$-thalassemias are heterogeneous. In some cases, no 6 or 
B chains are synthesized. Originally, these disorders were classified 
according to the structure of the hemoglobin F produced, that is, 
Sy4y(5B)°- and °y(6B)°-thalassemia. This classification is illogical. The 


conditions are best described by the globin chains that are defectively 
synthesized, that is, simply (6f)*-, (68)°-, and (“ydB)°-thalassemia.”"° In 
the (6$)*-thalassemias, an abnormal hemoglobin is produced that has 
normal « chains combined with non-a chains consisting of the N-ter- 
minal residues of the 6 chain fused to the C-terminal residues of the £ 
chain. These fusion variants, called the Lepore hemoglobins, show struc- 
tural heterogeneity. 

The ô-thalassemias™™ are characterized by reduced output of ô 
chains and hence reduced hemoglobin A, levels in heterozygotes and an 
absence of hemoglobin A, in homozygotes. They are of no clinical sig- 
nificance except that, when inherited with 6-thalassemia trait, the level 
of hemoglobin A, is reduced to the normal range. 

A disorder characterized by defective ¢-, y-, 6-, and f-chain 
synthesis has been defined at the clinical and molecular level.”'® The 
homozygous state for this condition, eydf-thalassemia, presumably 
is not compatible with fetal survival. It has been observed only in 
heterozygotes. 

Hereditary persistence of fetal hemoglobin (HPFH) is a heteroge- 
neous condition characterized by persistent fetal hemoglobin.”*"® It is 
classified into deletion and nondeletion forms. The deletion forms of 
HPFH can be classified, like 66-thalassemia, as (66)° HPFH and then 
subdivided according to the particular population in which this occurs 
and its associated molecular defect. In effect, the deletion forms of HPFH 
are very similar to B-thalassemia except for more efficient y-chain syn- 
thesis and, therefore, less chain imbalance and a milder phenotype. The 
homozygous state is associated with mild thalassemic changes. In fact, 
the B-thalassemias and deletion forms of HPFH form a clinical contin- 
uum. The nondeletion forms of HPFH also are heterogeneous. In some 
cases, they are associated with mutations that involve the B-globin gene 
cluster and in which there is 6-chain synthesis cis to the HPFH determi- 
nant. These conditions are subdivided into “yB* HPFH and “y$* HPFH. 
Again, they often are subclassified according to the population in which 
they occur, for example, Greek HPFH, British HPFH, and so on. Finally, 
a heterogeneous group of HPFH determinants is associated with very 
low levels of persistent fetal hemoglobin, the genetic loci of which, at 
least in some cases, are not linked to the 6-globin gene cluster. 

Because « chains are present in both fetal and adult hemoglobins, 
a deficiency of a-chain production affects hemoglobin synthesis in 
fetal and in adult life. A reduced rate of a-chain synthesis in fetal life 
results in an excess of y chains, which form y, tetramers, or hemoglo- 
bin Bart’s. In adult life, a deficiency of a chains results in an excess of f 
chains, which form f „ tetramers, or hemoglobin H. Because there are 
two a-globin genes per haploid genome, the genetics of a-thalassemia 
is more complicated than that of $-thalassemia. There are two main 
groups of a-thalassemia determinants.” First, in the a°-thalassemias 
(formerly called a-thalassemia 1), no @ chains are produced from an 
affected chromosome; that is, both linked a-globin genes are inacti- 
vated. Second, in the «*-thalassemias (formerly called a-thalassemia 2), 
the output of one of the linked pair of a-globin genes is defective. The 
«*-thalassemias are subdivided into deletion and nondeletion types. 
Both the a°-thalassemias and deletion and nondeletion forms of a*-tha- 
lassemia are extremely heterogeneous at the molecular level. There are 
two major clinical phenotypes of a-thalassemia: the hemoglobin Bart’s 
hydrops syndrome, which usually reflects the homozygous state for 
a°-thalassemia, and hemoglobin H disease, which usually results from 
the compound heterozygous state for «°- and a*-thalassemia. 

Because the structural hemoglobin variants and the thalassemias 
occur at a high frequency in some populations, the two types of genetic 
defect can be found in the same individual. The different genetic variet- 
ies of thalassemia and their combinations with the genes for abnormal 
hemoglobins produce a series of disorders known collectively as the 
thalassemia syndromes.’ 
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IVS 1-6T3C 
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Figure 48-1. World distribution of B-thalassermia. 


@ EPIDEMIOLOGY AND POPULATION 
GENETICS 


The £-thalassemias are distributed widely in Mediterranean popu- 
lations, the Middle East, parts of India and Pakistan, and throughout 
Southeast Asia (Fig. 48-1).7""? The disease is common in Tajikistan, 
Turkmenistan, Kyrgyzstan, and the People’s Republic of China. Because 
of the extensive migration from areas of high gene frequency such as 
the Mediterranean region (e.g., Italy, Greece), Africa, and Asia to the 
Americas, the æ- and $-thalassemia genes and clinical disease are rela- 
tively common, especially in North, but also South, America. The 6-tha- 
lassemias are rare in Africa, except for isolated pockets in West Africa, 
notably Liberia, and in parts of North Africa. However, B-thalassemia 
occurs sporadically in all racial groups and has been observed in the 
homozygous state in persons of pure Anglo-Saxon heritage. Thus, a 
patient's racial background does not preclude the diagnosis. 

The df-thalassemias have been observed sporadically in many 
racial groups, although no high-frequency populations have been 
defined. Similarly, the hemoglobin Lepore syndromes have been found 
in many populations, but, with the possible exceptions of central Italy, 
Western Europe, and parts of Spain and Portugal, these disorders have 
not been found to occur at a high frequency in any particular region. 

The a-thalassemias occur widely throughout Africa, the Mediter- 
ranean countries, the Middle East, and Southeast Asia (Fig. 48-2). 
The «°-thalassemias are found most commonly in Mediterranean and 
Oriental populations, but are extremely rare in African and Middle 
Eastern populations. However, the deletion forms of «*-thalassemia 
occur at a high frequency throughout West Africa, the Mediterranean, 
the Middle East, and Southeast Asia. In United States, approximately 30 
percent of Americans of African descent carry the gene a*-thalassemia. 
Up to 80 percent of the population of some parts of Papua New Guinea 
are carriers for the deletion form of a*-thalassemia. How common the 
nondeletion forms of «*-thalassemia are in any particular populations 


is uncertain, but they have been reported quite frequently in some of 
the Mediterranean island populations and in the Middle Eastern and 
Southeast Asian populations. Because the hemoglobin Bart’s hydrops 
syndrome and hemoglobin H disease require the action of an «°-thalas- 
semia determinant, these disorders are found at a high frequency only 
in Southeast Asia and in parts of the Mediterranean region. The a-chain 
termination mutants, such as hemoglobin Constant Spring, seem to be 
particularly common in Southeast Asia. Approximately 4 percent of the 
population in Thailand are carriers. 

In 1949, J.B.S. Haldane” suggested that thalassemia had reached its 
high frequency in tropical regions because heterozygotes are protected 
against malaria." Although many population studies have tested this 
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Figure 48-2. World distribution of at- (hatched areas) and a°_ 
thalassemia (shaded areas). 


Part VI: The Erythrocyte 


hypothesis, elucidation of some of the extremely complex population 
genetics underlying polymorphic systems such as the thalassemias has 
been possible only with the advent of recombinant DNA technology. 

In each of the high-frequency areas for the B-thalassemias, a few 
common mutations and varying numbers of rare mutations are seen 
(see Fig. 48-1). Furthermore, in each of these regions the pattern of 
mutations is different, usually found in the context of different haplo- 
types in the associated $-globin gene cluster.'’’*"> Similar observations 
have been made in the a-thalassemias (see Fig. 48-2).”!! These studies 
suggest the thalassemias arose independently in different populations 
and then achieved their high frequency by selection. Although some 
movement of the thalassemia genes may have resulted from drift, inde- 
pendent mutation and selection undoubtedly provide the overall basis 
for their world distribution. Early studies in Sardinia, showing that 
$-thalassemia is less common in the mountainous regions where malar- 
ial transmission is low, supported Haldane’s suggestion that $-thalas- 
semia reached its high frequency because of protection against malarial 
infections.’* For many years these data remained the only convincing 
evidence for a protective effect. However, later studies using malaria 
endemicity data and globin-gene mapping showed a clear altitude-re- 
lated effect on the frequency of a-thalassemia in Papua New Guinea. 
In addition, a sharp cline (a gradual change of species phenotype over 
a geographical area) in the frequency of «-thalassemia has been found 
in the region stretching south from Papua New Guinea through the 
island populations of Melanesia to New Caledonia. This is mirrored by 
a similar gradient in the distribution of malaria.” The effect of drift and 
founder effect in these island populations has been largely excluded by 
showing that other DNA polymorphisms have a random distribution 
through the region, with no evidence of a cline similar to that charac- 
terizing the distribution of «-thalassemia and malaria. 

Firm evidence for protection of individuals with mild forms of 
«*-thalassemia against Plasmodium falciparum malaria has been pro- 
vided. In a case-control study performed in Papua New Guinea, the 
homozygous state for a*-thalassemia offered approximately 60 percent 
protection against hospital admittance because of serious complications 
of malaria, notably coma or profound anemia.'* Similar levels of pro- 
tection by a-thalassemia against P. falciparum malaria have been found 
in several different African populations. However, it is becoming clear 
that there are complex genetic epistatic interactions between protective 
polymorphisms of this kind. For example, although a-thalassemia and 
the sickle cell trait both offer strong protection against P falciparum 
malaria, in those who inherit both traits, the protection is canceled 
out and they are fully susceptible to the disease.” Interactions of this 
type will have an important effect on the gene frequency of protective 
polymorphisms in countries in which more than one exists in the same 
population. 

There is growing evidence that both immune and cellular mecha- 
nisms may underlie these protective effects of different red cell polymor- 
phisms against malarial infection. Followup studies of cohorts of babies 
with a-thalassemia suggest that, in the first year of life, they are more 
prone to Plasmodium vivax and P. falciparum malaria. Because there is 
evidence for cross-immunization between these two species, it is possi- 
ble that this effect induces early immunization that may result in babies 
with a-thalassemia being more resistant to P. falciparum malaria later in 
life.” At the cellular level there is no evidence that a-thalassemia has any 
effect on the rates of parasite invasion and growth in red cells. However, 
parasitized a-thalassemic red cells are more susceptible to phagocyto- 
sis in vitro, and are less able than normal cells to form rosettes, an in 
vitro phenomena whereby uninfected cells bind to infected cells that is 
strongly associated with severity of infection, and express low levels of 
complement receptor 1, which is required for rosette formation.” These 
highly complex immune and cellular interactions are discussed in detail 


in reviews.'**** Although there are less data of this kind available for 
the B-thalassemias, there is strong indirect evidence that their high fre- 
quency has also been maintained by protection against P. falciparum 
malaria. 


@ ETIOLOGY AND PATHOGENESIS 


GENETIC CONTROL AND SYNTHESIS OF 
HEMOGLOBIN 


The structure and ontogeny of the hemoglobins are reviewed in Chaps. 
7 and 49, respectively. Only those aspects with particular relevance to 
the thalassemia problem are discussed here. 

Human adult hemoglobin is a heterogeneous mixture of proteins 
consisting of the major component hemoglobin A and the minor com- 
ponent hemoglobin A,, which constitutes approximately 2.5 percent of 
the total. In intrauterine life, the main hemoglobin is hemoglobin F. The 
structure of these hemoglobins is similar. Each consists of two sepa- 
rate pairs of identical globin chains. Except for some of the embryonic 
hemoglobins (see below), all normal human hemoglobins have one pair 
of a chains. In hemoglobin A, the a chains are combined with £ chains 
(a,8,), in hemoglobin A, with ô chains (a,6,), and in hemoglobin F with 
y chains (a,y,). 

Human hemoglobin shows further heterogeneity, particularly in 
fetal life, and this has important implications for understanding the 
thalassemias and for approaches to their prenatal diagnosis. Hemo- 
globin F is a mixture of molecular species with the formulas æy," 
and a,y,'°*", The y chains containing glycine at position 136 are desig- 
nated °y chains. The y chains containing alanine are called “y chains. At 
birth, the ratio of molecules containing y chains to those containing ^y 
chains is approximately 3:1. The ratio varies widely in the trace amounts 
of hemoglobin F present in normal adults. 

Before week 8 of intrauterine life, three embryonic hemoglobins— 
Gower 1 (¢¢,), Gower 2 (a,¢,), and Portland (€, y,)—are present. The ¢ 
and e chains are the embryonic counterparts of the adult a and f and y 
and 6 chains, respectively. -Chain synthesis persists beyond the embry- 
onic stage of development in some of the a-thalassemias. Persistent 
-chain production has not been found in any of the thalassemia syn- 
dromes. During fetal development, an orderly switch from é- to a-chain 
and from g- to y-chain production occurs, followed by £- and 6-chain 
production after birth. 

Figure 48-3 shows the different human hemoglobins and the 
arrangements of the «-gene cluster on chromosome 16 and the 6-gene 
cluster on chromosome 11. 


Globin Gene Clusters 

Although some individual variability exists, the a-gene cluster usually 
contains one functional gene and two a genes, designated a, and «.. It 
also contains four pseudogenes: yé,, ya, ya, and 0,.”° These four pseu- 
dogenes are remarkably conserved among different species. Although it 
appears to be expressed early in fetal life, its function is unknown. It 
likely does not produce a viable globin chain. Each a gene is located in a 
region of homology approximately 4 kb long, interrupted by two small 
nonhomologous regions.” The homologous regions are believed to 
result from gene duplication, and the nonhomologous segments are 
believed to arise subsequently by insertion of DNA into the noncoding 
regions around one of the two genes. The exons of the two a-globin 
genes have identical sequences. The first intron in each gene is identical. 
The second intron of «, is nine bases longer and differs by three bases 
from that in the a, gene.”””? Despite their high degree of homology, the 
sequences of the two a-globin genes diverge in their 3’ untranslated 
regions 13 bases beyond the TAA stop codon. These differences provide 
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1 kb Figure 48-3. Genetic control of human 
hemoglobin (Hgb). The main globin gene 
clusters are located on chromosomes 11 
and 16. At each stage of development, 
different genes in these clusters are acti- 
vated or repressed. The different globin 
chains directed by individual genes are 
synthesized independently and combine 


in random fashion as indicated by the 


arrows. 
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an opportunity to assess the relative output of the genes, an important 
part of the analysis of the æ-thalassemias.™" Production of a, messen- 
ger RNA appears to exceed that of a, by a factor of 1.5 to 3. yë, and €, 
genes also are highly homologous. The introns are much larger than 
those of a-globin genes. In contrast to the latter, IVS-1 is larger than 
IVS-2. In each ¿ gene, IVS-1 contains several copies of a simple repeated 
14-bp sequence that is similar to sequences located between the two & 
genes and near the human insulin gene. The coding sequence of the first 
exon of wé, contains three base changes, one of which gives rise to a 
premature stop codon, thus making yé, an inactive pseudogene. 

The regions separating and surrounding the a-like structural genes 
have been analyzed in detail. Of particular relevance to thalassemia is 
the polymorphic nature of this gene cluster.” The cluster contains five 
hypervariable regions: one downstream from the a, gene, one between 
the and yé genes, one in the first intron of both the & and yë genes, and 
one 5’ to the cluster. These regions consist of varying numbers of tan- 
dem repeats of nucleotide sequences. Taken together with single-base 
restriction fragment length polymorphisms (RFLPs), the variability of 
the a-globin gene cluster reaches a heterozygosity level of approximately 
0.95. Thus, each parental a-globin gene cluster can be identified in the 
majority of persons. This heterogeneity has important implications for 
tracing the history of the thalassemia mutations. 

Figure 48-3 shows the arrangement of the B-globin gene cluster 
on the short arm of chromosome 11. Each of the individual genes and 
their flanking regions have been sequenced.**** Like the a, and a, gene 
pairs, the °y and 4y genes share a similar sequence. In fact, the y and 
^y genes on one chromosome are identical in the region 5’ to the center 
of the large intron yet show some divergence 3’ to that position. At the 
boundary between the conserved and divergent regions, a block of sim- 
ple sequence may be a “hot spot” for initiation of recombination events 
that lead to unidirectional gene conversion. 

Like the a-globin genes, the B-gene cluster contains a series of 
single-point RFLPs, although in this case no hypervariable regions have 
been identified.” The arrangement of RFLPs, or haplotypes, in the 
B-globin gene cluster falls into two domains. The 5’ side of the £ gene, 
spanning approximately 32 kb from the e gene to the 3’ end of the yf 
gene, contains three common patterns of RFLPs. The region encom- 
passing about 18 kb to the 3’ side of the B-globin gene also contains 
three common patterns in different populations. Between these regions 
is a sequence of about 11 kb in which there is randomization of the 5’ 
and 3’ domains; hence, a relatively higher frequency of recombination 
can occur.” The $-globin gene haplotypes are similar in most popula- 
tions but differ markedly in individuals of African origin. These findings 
suggest the haplotype arrangements were laid down very early during 
evolution. The findings are consistent with data obtained from mito- 
chondrial DNA polymorphisms pointing to the early emergence of a 
relatively small population from Africa with subsequent divergence into 


other racial groups.” Again, they are extremely useful for analyzing the 
population genetics and history of the thalassemia mutations. 

The regions flanking the coding regions of the globin genes contain 
a number of conserved sequences essential for their expression.” The 
first conserved sequence is the TATA box, which serves accurately to 
locate the site of transcription initiation at the CAP site, usually about 
30 bases downstream. It also appears to influence the rate of transcrip- 
tion. In addition, two so-called upstream promoter elements are pres- 
ent. A second conserved sequence, the CCAAT box, is located 70 or 
80 bp upstream. The third conserved sequence, the CACCC homology 
box, is located further 5’, approximately 80 to 100 bp from the CAP site. 
It can be either inverted or duplicated. These promoter sequences also 
are required for optimal transcription. Mutations in this region of the 
B-globin gene cause its defective expression and these findings provide 
the foundation for understating regulation of other human genes. The 
globin genes also have conserved sequences in their 3’ flanking regions, 
notably AATAAA, which is the polyadenylation signal site. 

Regulation of Globin Gene Clusters Figure 48-4 summarizes the 
mechanism of globin gene expression. The primary transcript isa mRNA 
precursor containing both intron and exon sequences. During its stay in 


Gene 


amma 3’ MRNA Precursor 


5 —— 


5’ CAP AAAA-A Pra of introns 
y AAAA-A Splicing of exons 
Nucleus Processed mRNA 
Cytoplasm | 
o” 
W- AAAA-A Translation 
UAA 
~ 
acid Growing 
chain 
Finished 
chain 


Figure 48-4. Expression of a human globin gene. 
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the nucleus, it undergoes a good deal of processing that entails capping 
the 5’ end and polyadenylation of the 3’ end, both of which probably 
serve to stabilize the transcript (Chap. 10). The intervening sequences 
are removed from the mRNA precursor in a complex two-stage process 
that relies on certain critical sequences at the intron-exon junctions. 

The method by which globin gene clusters are regulated is impor- 
tant to understanding the pathogenesis of the thalassemias. Many 
details remain to be determined, but studies performed over the last few 
years have provided at least an outline of some of the major mechanisms 
of globin gene regulation.”°“°-” 

Most of the DNA within cells that is not involved in gene tran- 
scription is packaged into a compact form that is inaccessible to 
transcription factors and RNA polymerase. Transcriptional activity 
is characterized by a major change in the structure of the chromatin 
surrounding a particular gene. These alterations in chromatin struc- 
ture can be identified by enhanced sensitivity to exogenous nucleases. 
Erythroid lineage-specific nuclease-hypersensitive sites are found at 
several locations in the 6-globin gene cluster, which vary during dif- 
ferent stages of development. In fetal life, these sites are associated with 
the promoter regions of all four globin genes. In adult erythroid cells, 
the sites associated with the y genes are absent. The methylation state 
of the genes plays an important role in their ability to be expressed. In 
human and other animal tissues, the globin genes are extensively meth- 
ylated in nonerythroid organs and are relatively undermethylated in 
hematopoietic tissues. Changes in chromatin configuration around the 
globin genes at different stages of development are reflected by altera- 
tions in their methylation state. 

In addition to the promoter elements, several other important 
regulatory sequences have been identified in the globin gene clusters. 
For example, several enhancer sequences thought to be involved with 
tissue-specific expression have been identified. Their sequences are 
similar to the upstream activating sequences of the promoter elements. 
Both consist of a number of “modules, or motifs, that contain bind- 
ing sites for transcriptional activators or repressors. The enhancer 
sequences are thought to act by coming into spatial apposition with the 
promoter sequences to increase the efficiency of transcription of partic- 
ular genes. It now is clear that transcriptional regulatory proteins may 
bind to both the promoter region of a gene and to the enhancer. Some of 
these transcriptional proteins, GATA-1 and NFE-2, for example, appear 
to be largely restricted to hematopoietic tissues.“ These proteins may 
bring the promoter and the enhancer into close physical proximity, per- 
mitting transcription factors bound to the enhancer to interact with the 
transcriptional complex that forms near the TATA box. At least some 
of these hematopoietic gene transcription factors likely will be develop- 
mental-stage specific. 

Another set of erythroid-specific nuclease-hypersensitive sites is 
located upstream from the embryonic globin genes in both the a- and 
B-gene clusters. These sites mark the regions of particularly important 
control elements. In the case of the B-globin gene cluster, the region 
is marked by five hypersensitive sites to DNase I treatment (HS) (an 
enzyme used to detect DNA-protein interaction).® The most 5’ site 
(HS5) does not show tissue specificity. HS1 through HS4, which together 
form the locus control region (LCR), are largely erythroid-specific. Each 
of the regions of the LCR contains a variety of binding sites for erythroid 
transcription factors. The precise function of the LCR is not known, but 
it is undoubtedly required to establish a transcriptionally active domain 
spanning the entire globin gene cluster. The «-globin gene cluster also 
has a major regulatory element of this kind, in this case HS40.“ This 
forms part of four highly conserved noncoding sequences, or multispe- 
cies conserved sequences (MCSs), called MSC-R1-R4; of these elements 
only MSC-R2, that is HS40, is essential for a-globin gene expression. 
Although deletions of this region inactivate the entire a-globin gene 


cluster, its action must be fundamentally different from that of the 
B-globin LCR because the chromatin structure of the a-gene cluster is 
in an open conformation in all tissues. 

Some forms of thalassemia result from deletions involving these 
regulatory regions. In addition, the phenotypic effects of deletions of 
these gene clusters are strongly positional, which may reflect the relative 
distance of particular genes from the LCR and HS40. 


Developmental Changes in Globin Gene Expression 

One particularly important aspect of human globin genes is regulation 
of the switch from fetal to adult hemoglobin. Because many of the tha- 
lassemias and related disorders of the B-globin gene cluster are asso- 
ciated with persistent y-chain synthesis, a full understanding of their 
pathophysiology must include an explanation for this important phe- 
nomenon, which plays a considerable role in modifying their pheno- 
typic expression. 

The complex topic of hemoglobin switching has been the subject 
of several extensive reviews.” $-Globin synthesis commences early 
during fetal life, at approximately 8 to 10 weeks’ gestation. 6-Globin 
synthesis continues at a low level, approximately 10 percent of the 
total non-a-globin chain production, up to approximately 36 weeks 
gestation, after which it is considerably augmented. At the same time, 
y-globin chain synthesis starts to decline so that, at birth, approximately 
equal amounts of y- and $-globin chains are produced. Over the first 
year of life, y-chain synthesis gradually declines. By the end of the 
first year, y-chain synthesis amounts to less than 1 percent of the total 
non-«-globin chain output. In adults the small amount of hemoglobin 
F is confined to an erythrocyte population called F cells. 

How this series of developmental switches is regulated is not clear. 
The process is not organ specific but is synchronized throughout the 
developing hematopoietic tissues. Although environmental factors may 
be involved, the bulk of experimental evidence suggests some form of 
“time clock” is built into the hematopoietic stem cell. At the chromo- 
somal level, regulation appears to occur in a complex manner involv- 
ing both developmental stage-specific trans-activating factors and the 
relative proximity of the different genes of the B-globin gene cluster to 
LCR. Some of the elements involved in the stage-specific regulation of 
human globin genes have been identified. KLF1 (erythroid Kruppel- 
like factor), a developmental stage-enriched protein, activates human 
$-globin gene expression and is involved in human y- to 6-globin gene 
switching.’ More recently BCL11A and MYB have also been identified 
as being involved in this process.” 

Fetal hemoglobin synthesis can be reactivated at low levels in 
states of hematopoietic stress and at higher levels in certain hematologic 
malignancies, notably juvenile myeloid leukemia. However, high levels 
of hemoglobin F production are seen consistently in adult life only in 
the hemoglobinopathies. 


@ MOLECULAR BASIS OF THE 
THALASSEMIAS 


Once cloning and sequencing of globin genes from patients with many 
different forms of thalassemia were possible, the wide spectrum of muta- 
tions underlying these conditions became clear. A picture of remarkable 
heterogeneity has emerged. For more extensive coverage of this topic, 
the reader is referred to several monographs and reviews, ”®!044-46 


B-THALASSEMIA 


B-thalassemia is extremely heterogeneous at the molecular level.’ 
More than 200 different mutations have been found in association 
with the f-thalassemia phenotype.’ Broadly, they fall into deletions 


TABLE 48-2. Molecular Pathology of the B-Thalassemias 


B°- or B* -Thalassemia 


Transcription 
Deletions 
Insertions 
Promoter 
5’-UTR 
Processing of mRNA 
Junctional 
Consensus splicing sequences 
Cryptic splice sites in introns 
Cryptic splice sites in exons 
Poly (A) addition site 
Translation 
Initiation 
Nonsense 
Frameshift 
Posttranslational stability 
Unstable B-chain variants 
Normal hemoglobin A, B-thalassemia 
B-Thalassemia and 6-thalassemia, cis or trans 
“Silent” B-thalassemia 
Some promoter mutations 
CAP +1, CAP +3, ete. 
5’ UTR 
Some splice mutations 
Dominant B-thalassemia 
Mainly point mutations or rearrangements in exon 3 


Other unstable variants 


UTR, untranslated region. 
note: A full list of mutations is given in Refs. 7 and 45. 


of the B-globin gene and nondeletional mutations that may affect the 
transcription, processing, or translation of B-globin messenger (Table 
48-2 and Fig. 48-5). Each major population group has a different set 
of -thalassemia mutations, usually consisting of two or three muta- 
tions forming the bulk and large numbers of rare mutations. Because of 
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this distribution pattern, only approximately 20 alleles account for the 
majority of all 6-thalassemia determinants (see Fig. 48-1). 


Gene Deletions 

At least 17 different deletions affecting only the f genes have been 
described. With one exception, the deletions are rare and appear to be 
isolated, single events. The 619-bp deletion at the 3’ end of the B gene 
is more common," but even that is restricted to the Sind and Gujarati 
populations of Pakistan and India, where it accounts for approxi- 
mately 50 percent of B-thalassemia alleles.“ The Indian 619-bp deletion 
removes the 3’ end of the £ gene but leaves the 5’ end intact. Many of 
the other deletions remove the 5’ end of the gene and leave the 6 gene 
intact.” Homozygotes for these deletions have f°-thalassemia. Het- 
erozygotes for the Indian deletion have increased hemoglobin A, and 
F levels identical to those seen in heterozygotes for the other common 
forms of B-thalassemia. Heterozygotes for the other deletions all have 
unusually high hemoglobin A, levels.” Increased 6-chain production 
results from increased ô-gene transcription in cis to the deletion, pos- 
sibly as a result of reduced competition from the deleted 5’ B gene for 
transcription factors. 


Other Transcriptional Mutations 

Several different base substitutions involve the conserved sequences 
upstream from the f-globin gene.’ In every case, the phenotype is 
B*-thalassemia, although considerable variability exists in the clinical 
severity associated with different mutations of this type. Several muta- 
tions, at positions -88 and -87 relative to the mRNA CAP site, for 
example,***> are close to the CCAAT box, whereas others lie within the 
TATA box homology.**? 

Some mutations upstream from the B-globin gene are associated 
with even more subtle alterations in phenotype. For example, a C>T 
substitution at position -101, which involves one of the upstream 
promoter elements, is associated with “silent” B-thalassemia, that is, a 
completely normal (“silent”) phenotype that can be identified only by 
its interaction with more severe forms of $-thalassemia in compound 
heterozygotes.” A single example of an A>C substitution at the CAP 
site (+1) was described in an Asian Indian who, despite being homozy- 
gous for the mutation, appeared to have the phenotype of the f-thalas- 
semia trait. 

Upstream regulatory mutations confirm the importance of the role 
of conserved sequences in this region as regulators of the transcription 
of the B-globin genes and provide the basis for some of the mildest 
forms of $-thalassemia, particularly those in African populations, and 
for some varieties of “silent” 6-thalassemia. 


RNA-Processing Mutations 

One surprise about f-thalassemia has been the remarkable diversity of 
the single-base mutations that can interfere with the intranuclear pro- 
cessing of mRNA. 


Figure 48-5. Classes of mutations 
that underlie B-thalassemia. C, CAP site; 
FS, frameshift; |, initiation site; NS, non- 
sense mutation; POLY A, polyA addition 
site mutation; PR, promoter; SPL, splicing 
mutation. For a complete list see ref. 304. 
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Figure 48-6. Activation of cryptic splice sites in 
exon 1 as the cause of B*-thalassemia, hemoglo- 
bin E, and hemoglobin Knossos. The similarities 
between the 5’ splice region of intron 1 and the 
cryptic splice region in exon 1 are shown in capitals. 
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The boundaries of exons and introns are marked by invari- 
ant dinucleotides, GT at the 5’ (donor) and AG at the 3’ (receptor) 
sites. Single-base changes that involve either of these splice junctions 
totally abolish normal RNA splicing and result in the $°-thalassemia 
phenotype.”* °° 

Highly conserved sequences involved in mRNA processing sur- 
round the invariant dinucleotides at the splice junctions. Different 
varieties of B-thalassemia involve single-base substitutions within the 
consensus sequence of the IVS-1 donor site.™*®-° These mutations are 
particularly interesting because of the remarkable variability in their 
associated phenotypes. For example, substitution of the G in position 
5 of IVS-1 by C or T results in severe $*-thalassemia.* On the other 
hand, a T>C change at position 6, found commonly in the Mediterra- 
nean region,” results in a very mild form of $*-thalassemia. The G->C 
change at position 5 has also been found in Melanesia and appears to 
be the most common cause of $-thalassemia in Papua New Guinea.” 

RNA processing is affected by mutations that create new splice sites 
within either introns or exons. Again, these lesions are remarkably vari- 
able in their phenotypic effect, depending on the degree to which the 
new site is utilized compared with the normal splice site. For example, 
the G>A substitution at position 110 of IVS-1, which is one of the most 
common forms of $-thalassemia in the Mediterranean region, leads to 
only approximately 10 percent splicing at the normal site and hence 
results in a severe 6*-thalassemia phenotype.” Similarly, a mutation 
that produces a new acceptor site at position 116 in IVS-1 results in 
little or no 6-globin mRNA production and the f°-thalassemia pheno- 
type.” Several mutations that generate new donor sites within IVS-2 of 
the B-globin gene have been described. 

Another mechanism for abnormal splicing is activation of donor 
sites within exons (Fig. 48-6). For example, within exon 1 is a cryptic 
donor site in the region of codons 24 through 27. This site contains a GT 
dinucleotide. An adjacent substitution that alters the site so that it more 
closely resembles the consensus donor splice site results in its activation, 
even though the normal site is active. Several mutations in this region 
can activate this site so that it is utilized during RNA processing, with 
the production of abnormal mRNAs.’*” Three of the substitutions— 
A>G in codon 19, G>A in codon 26, and G>T in codon 27—result in 
reduced production of B-globin mRNA and an amino acid substitution 
so that the mRNA that is spliced normally is translated into protein. 
The abnormal hemoglobins produced are hemoglobins Malay, E, and 
Knossos, respectively, all of which are associated with a B-thalassemia 
phenotype, presumably as a result of reduced overall output of normal 
mRNA (Fig. 48-6). A variety of other cryptic splice mutations within 
introns and exons have been described.“ 

Another class of processing mutations involves the polyadeny- 
lation signal site AAUAAA in the 3’ untranslated region of B-globin 


CAGGTAAGT 


mRNA.”*! For example, a T>C substitution in this sequence leads to 
only one-tenth the normal amount of 6-globin mRNA and hence the 
severe $*-thalassemia phenotype.” 


Mutations Causing Abnormal Translation of Messenger RNA 
Base substitutions that change an amino acid codon into a chain ter- 
mination codon, that is, nonsense mutations, prevent translation of the 
mRNA and result in $°-thalassemia. Many substitutions of this type 
have been described.’“* For example, a codon 17 mutation is common 
in Southeast Asia,***? and a codon 39 mutation occurs at a high fre- 
quency in the Mediterranean region.***° 

The insertion or deletion of one, two, or four nucleotides in the 
coding region of the 6-globin gene disrupts the normal reading frame 
and results, upon translation of the mRNA, in the addition of anomalous 
amino acids until a termination codon is reached in the new reading 
frame. Several frameshift mutations of this type have been described.” 
Two mutations—the insertion of one nucleotide between codons 8 and 
9 and a deletion of four nucleotides in codons 41 and 42—are common 
in Asian Indians.® The latter deletions are found frequently in different 
populations in Southeast Asia.* 

An unusual f*-thalassemia was described in a patient from the 
Czech Republic in whom a full-length L1 transposon was inserted into 
the second intron of -globin, creating a $*-thalassemia phenotype by 
an undefined molecular mechanism.** 


Dominantly Inherited B-Thalassemia 

Families in which a picture indistinguishable from moderately severe 
B-thalassemia has segregated in mendelian dominant fashion have been 
reported sporadically.*”** Because this condition often is characterized 
by the presence of inclusion bodies in the red cell precursors, it has 
been called inclusion body f-thalassemia. However, because all severe 
forms of $-thalassemia have inclusions in the red cell precursors, the 
term dominantly inherited B-thalassemia is preferred.” Sequence anal- 
ysis has shown that these conditions are heterogeneous at the molecular 
level, but that many involve mutations of exon 3 of the B-globin gene. 
The mutations include frameshifts, premature chain termination muta- 
tions, and complex rearrangements that lead to synthesis of truncated 
or elongated and highly unstable B-globin gene products.”®- The most 
common mutation of this type is a GAA>TAA change at codon 121 that 
leads to synthesis of a truncated 6-globin chain. Although an abnormal 
B-chain product from loci affected by mutations of this type is unusual, 
many of these conditions are designated as hemoglobin variants. 

The reason why mutations occurring in exons 1 and 2 produce the 
classic form of recessive B-thalassemia whereas the bulk of the domi- 
nant thalassemias result from mutations in exon 3 has become clearer. 
In the former case, very little abnormal B-globin mRNA is found in the 


cytoplasm of the red cell precursors, whereas exon 3 mutations are asso- 
ciated with full-length but abnormal mRNA accumulation. The different 
phenotypes of these premature termination codons have been suggested 
to reflect a phenomenon called nonsense-mediated RNA decay, a sur- 
veillance system to prevent transport of mRNA coding for truncated 
peptides. Presumably this process is active in the case of exon 1 or 2 
mutations, in which affected mRNAs are degraded, but is not active in 
the case of exon 3 mutations.” *” A complete list of the mutations that 
underlie the dominant $-thalassemias is given in reference 44. 


Unstable B-Globin Variants 

Some f-globin chain variants are highly unstable but are capable of 
forming a viable tetramer. The resulting unstable hemoglobins may pre- 
cipitate in the red cell precursors or in the blood, giving rise to a spec- 
trum of conditions ranging from dominantly inherited -thalassemia to 
a hemolytic anemia similar to the anemia associated with other unstable 
hemoglobins. The first unstable hemoglobin to be described was hemo- 
globin Indianapolis.” Its structure was characterized by DNA analysis 
performed on stored autopsy material; however, the original description 
proved to be incorrect.” 


Silent B-Thalassemia 

A number of extremely mild £-thalassemia alleles are either silent or 
almost unidentifiable in heterozygotes (see Table 48-2). Some alleles 
are in the region of the promoter boxes of the 6-globin gene, but others 
involve the CAP sites or the 5’ or 3’ untranslated regions.” These alleles 
usually are identified by finding a form of $-thalassemia intermedia in 
which one parent has a typical thalassemia trait and the other parent 
appears to be normal but, in fact, is a carrier of one of the mild 6-tha- 
lassemia alleles. 


B-Thalassemia Mutations Unlinked to the B-Globin Gene 
Cluster 

Several family studies suggest the existence of mutations that result in 
the $-thalassemia phenotype but do not segregate with the B-globin 
genes'”; however, their molecular basis has not been determined. Fur- 
ther evidence for the existence of novel mutations of this type can be 
found in reference 7. 


Variant Forms of B-Thalassemia 

In several forms of 6-thalassemia, the hemoglobin A, level is normal 
in heterozygotes. Some cases result from “silent” 6-thalassemia alleles, 
whereas others reflect the coinheritance of f- and 6-thalassemia.’ 


6B-THALASSEMIA 


The 6f-thalassemias are classified into the (5f)*- and (6f)°-thalassemias 
(Table 48-3). The (6f)°-thalassemias are further divided into (6f)°-tha- 
lassemia, in which both the ô- and f-globin genes are deleted, and 
(4y6f)°-thalassemia, in which the °y, ô, and f genes are deleted. Because 
many different deletion forms of 5$-thalassemia have been described, 
they are further classified according to the country in which they were 
first identified (Table 48-3). 


(5B)°- and (*y6B)°-Thalassemia 

Nearly all these conditions result from deletions involving varying 
lengths of the 6-globin gene cluster. Many different varieties have been 
described in different populations (see Table 48-3), although their het- 
erozygous and homozygous phenotypes are very similar.’ Rare forms of 
these conditions result from more complex gene rearrangements. For 
example, one form of (“ydf)°-thalassemia, found in Indian populations, 
does not result from a simple linear deletion but rather from a complex 


Chapter 48: The Thalassemias: Disorders of Globin Synthesis 


TABLE 48-3. 6-Thalassemias 


(6B)*-Thalassemia 
Hgb Lepore thalassemia 
Hgb Lepore Washington-Boston 
Hgb Lepore Hollandia 
Hgb Lepore Baltimore 
Phenocopies of (68)*-thalassemia 
Sardinian 6B-thalassemia 
Corfu 6B-thalassemia 
Chinese 6B-thalassemia 
B-Thalassemia with 6-thalassemia 
(65B)°-Thalassemia 
Sicilian 
Indian 
Japanese 
Spanish 
Black 
Eastern European 
Macedonian 
Turkish 
Laotian 
Thai 
(4y5B)°-Thalassemia 
Indian 
German 
Cantonese 
Turkish 
Malay 2 
Belgian 
Black 
Chinese 
Yunnanese 
Thai 
Italian 


Hgb, hemoglobin. 


note: Details of the molecular pathology of these conditions are given 
in Refs. 7 and 45. 


rearrangement with two deletions, one affecting the “y gene and the 
other the ô and f genes. The intervening region is intact but inverted.'” 
Figure 48-7 illustrates some of these conditions. 


(5B)*-Thalassemia 

The (5f)*-thalassemias usually are associated with the production of 
structural hemoglobin variants called Lepore. Hemoglobin Lepore 
contains normal « chains and non-a chains that consist of the first 50 
to 80 amino acid residues of the 6 chains and the last 60 to 90 residues 
of the normal C-terminal amino acid sequence of the f} chains. Thus, 


Part VI: The Erythrocyte 


40 -30 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 Ko 
Gy A 
iý YY yw 3 g t t 
% HgbF in > > > > > < 
B-Thalassemia heterozygotes 
Small deletions 0.2-6.9 
1 Turkish 1.9-2.0 
2 Filipino 1.0-9.1 
3 UK Asian 3.2-4.7 
4 Dutch 4-11 
5 Australian 2.5-7.2 
6 Southern Italian 9.0 
6BFusion 
7 Hgb Lepore 0.5-6.5 
5-Thalassemia 
8 Corfu 1.1-2.8 
yBFusion 
9 Hgb Kenya 5-10 
& Ay (5B)° Thalassemia 
10 Mediterranean 5.9-19.0 
11 SE Asian 9.9-20.0 
12 E European 13.0-24.0 
13 Black 25.0* 
14 Macedonian/Turkish 4.213.5 
15 Indian 16.6 
16 Spanish 5.0-13.0 
17 Japanese 7.0-8.0 > 
SAy5B)° Thalassemia 
18 Black 4.0-16.5 
19 Chinese 9.3-23.0 
20 Belgian 14.2-23.0 
21 Indian 9.7-18.1 
22 Yunnanese 9.3-16.7 
23 Malaysian 2 
24 German 9.9-12.5 
25 Turkish 10.0-13.5 
26 SE Asian 17.2-22.9 
27 Italian ? 
Gy^y(8p)° HPFH 
28 Black 18.6-31.0 
29 Ghanaian 22.4-26.6 
30 Indian 17.0-25.0 
31 Italian 1 14.0-30.0 
32 Italian 2 16.0-20.0 
33 Vietnamese/SEA 14.1-26.6 
(e&Ay6B)° Thalassemia 
34 Anglo-Saxon 
35 Dutch 
36 English < 
37 Scottish-Irish < 
38 Hispanic — 
39 Mexican, < 
Canadian, Yugoslavian 
Figure 48-7. Some deletions responsible for the B- and ôß-thalassemias and hereditary persistence of fetal hemoglobin. For a complete list see 


reference 304. 


the Lepore non-a chain is a 6-fusion chain. Several different varieties 
of hemoglobin Lepore have been described—Washington-Boston, Bal- 
timore, and Hollandia—in which the transition from ô to f sequences 
occurs at different points.’ The fusion chains probably arose by nonho- 
mologous crossing over between part of the ô locus on one chromosome 
and part of the f} locus on the complementary chromosome (Fig. 48-8). 
This event results from misalignment of chromosome pairing during 
meiosis so that a d-chain gene pairs with a B-chain gene instead of with 
its homologous partner.’ Figure 48-8 shows such a mechanism should 
give rise to two abnormal chromosomes: the first, the Lepore chromo- 
some, will have no normal 6 or £ loci but simply a ôf fusion gene. Oppo- 
site the homologous pairs of chromosomes should be an anti-Lepore 
(86) fusion gene and normal ô and £ loci. A variety of anti-Lepore-like 
hemoglobins have been discovered, including hemoglobins Miyada, 
P-Congo, Lincoln Park, and P-Nilotic.’” All the hemoglobin Lepore dis- 
orders are characterized by a severe form of 6f-thalassemia. The output 
of the y-globin genes on the chromosome with the ôf fusion gene is 
not increased sufficiently to compensate for the low output of the 68 
fusion product. The reduced rate of production of the ôf fusion chains 


of hemoglobin Lepore presumably reflects the fact that its genetic deter- 
minant has the 6 gene promoter region, which is structurally different 
from the 6-globin gene promoter and is associated with a reduced rate 
of transcription of its gene product. 


6B-Thalassemia-Like Disorders Resulting from Two 
Mutations in the B-Globin Gene Cluster 

A heterogeneous group of nondeletion df$-thalassemias has been 
described, most resulting from two mutations in the eydh-globin gene 
cluster (see Table 48-3). Strictly speaking, they are not all 5f-thalas- 
semias, but they often appear in the literature under this title because 
their phenotypes resemble the deletion forms of (5f)°-thalassemia. In 
the Sardinian form of 5f-thalassemia, the B-globin gene has the com- 
mon Mediterranean codon 39 nonsense mutation that leads to an 
absence of $-globin synthesis. The relatively high expression of the ^y 
gene in cis gives this condition the 5$-thalassemia phenotype because 
of a point mutation at position -196 upstream from the “y gene (see 
“Hereditary Persistence of Fetal Hemoglobin” below). The phenotypic 
picture, in which heterozygotes have 15 to 20 percent hemoglobin F and 
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normal hemoglobin A, levels, is identical to that of 6f-thalassemia.'” 


Another condition having the B-thalassemia phenotype, with greater 
than 20 percent hemoglobin F in heterozygotes, has been described in 
a Chinese patient in whom defective 6-globin chain synthesis appears 
to result from an A>G change in the ATA sequence in the promoter 
region of the 6-globin gene.'* The increased y-chain synthesis, which 
appears to involve both °y and “y cis to this mutation, remains unex- 
plained. A disorder originally called 6f-thalassemia has been described 
in the Corfu population. The condition results from two mutations 
in the B-globin gene cluster: first, a 7201-bp deletion that starts in the 
6-globin gene, IVS-2, position 818 to 822, and extends upstream to a 
5’ breakpoint located 1719 to 1722 bp 3’ to the yß-gene termination 
codon; and second, a G>A mutation at position 5 in the donor site con- 
sensus region of IVS-1 of the 6-globin gene. The output from this chro- 
mosome consists of relatively high levels of y chains with very low levels 
of $ chains. The condition resembles 5$-thalassemia in the homozygous 
state, with almost 100 percent hemoglobin F, traces of hemoglobin A, 
but no hemoglobin A,. Heterozygotes have only slightly elevated hemo- 
globin F levels, with a phenotype similar to “normal A,f-thalassemia.” 


ey6B-THALASSEMIA 


These rare conditions} result from long deletions that begin 


upstream from the B-gene complex 55 kb or more 5’ to the £ gene and 
terminate within the cluster (see Fig. 48-7). In two cases, designated 
Dutch''*""! and English,” the deletions leave the B-globin gene intact, 
but no £-chain production occurs even though the gene is expressed in 
heterologous systems. 

The molecular basis for inactivation of the B-globin gene cis to 
these deletions was clarified by the discovery of the LCR approximately 
50 kb upstream from the eyôß-globin gene cluster (see “Genetic Control 
and Synthesis of Hemoglobin” above). Removal of this critical regula- 
tory region seems to completely inactivate the downstream globin gene 
complex. The Hispanic form of eydB-thalassemia'” results from a dele- 
tion that includes most of the LCR, including four of the five DNase-1- 
hypersensitive sites. These lesions appear to close down the chromatin 
domain that usually is open in erythroid tissues and delay replication 
of the 6-globin genes in the cell cycle. Thus, although they are rare, the 
lesions have been of considerable importance because analysis of the 


Dutch deletion first pointed to the possibility of a major control region 
upstream from the f-like-globin gene cluster and ultimately led to the 
discovery of the 6-globin LCR. 


HEREDITARY PERSISTENCE OF FETAL 
HEMOGLOBIN 


This heterogeneous group of conditions produces phenotypes very 
similar to those of the 6B-thalassemias, except that defective B-chain 
production appears to be almost, but in some forms not completely, 
compensated by persistent y-chain production. These conditions are 
best classified into deletion and nondeletion forms (Table 48-4). In the 
past, the conditions were classified into pancellular and heterocellular 
varieties, depending on the intercellular distribution of fetal hemoglo- 
bin. However, this subdivision now appears to bear little relevance to 
their molecular basis and probably relates more to the particular level of 
fetal hemoglobin and how its cellular distribution is determined.’ 

The deletion forms of HPFH are heterogeneous (see Fig. 48-7). 
The two African varieties result from extensive deletions of similar 
length (<70 kb) but with staggered ends, differing phenotypically only 
in the proportions of °y and “y chains produced." Another type of 
HPFH results from misalignment during crossing over between the 
ày- and B-globin genes, resulting in production of “yf fusion genes (see 
Fig. 48-8) that combine with a chains to form the hemoglobin variant 
called hemoglobin Kenya." Hemoglobin Kenya is associated with an 
increased output of hemoglobin F although at a lower level than in the 
deletion forms of HPFH. A theory that adequately explains the phe- 
notypic differences between df-thalassemia and the deletion forms of 
HPFH has not been developed.’ 

The nondeletion determinants of HPFH can be classified into those 
that map within the 6-globin gene cluster and those that segregate inde- 
pendently. The former are subdivided into °yf* and “y* varieties, indi- 
cating persistent y- or “y-chain synthesis in association with B-globin 
production directed by the £ gene cis (on the same chromosome) to the 
HPFH determinant. Analysis of the overexpressed y genes revealed in 
each case a single-base substitution in the region immediately upstream 
from the transcription start site.” Clustering of these substitutions 
and lack of similar changes in normal y genes suggest they are respon- 
sible for persistent hemoglobin F production (Fig. 48-9). This region 
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TABLE 48-4. Hereditary Persistence of Fetal Hemoglobin 


Deletion (Pancellular’) 
(6B) 
Black (HPFH 1) 
Ghanaian (HPFH 2) 
Indian (HPFH 3) 
Italian (HPFH 4 and 5) 
Vietnamese (HPFH 6) 
Sy (^y B)* (Hgb Kenya) 
Nondeletion 
Linked to -globin gene cluster (pancellular’) 
Sy B 
Black Sy-202 C—>G 
Tunisian Sy-200+C 
Black/Sardinian y-175 T—>C 
Japanese Sy-114 C>T 
Australian Sy-114 C>G 
Ay Bt 
Greek/Sardinian/Black 4y-117 G>A 
British “y-198 T>C 
Black “y-202 CT 
Italian/Chinese 4y-196 C3>T 
Brazilian “y-195 C>G 
Black “y-175 T>C 
Black “y-114 to -102 (del) 
Georgia “y-114 C>T 
yep 
Linked to B-globin gene cluster (heterocellular’) 
Atlanta 
Czech 
Seattle 
Others (including some cases of °y-158 TC) 
Unlinked to B-globin gene cluster (heterocellular’) 
Chromosome 6 
Others 


Hgb, hemoglobin; HPFH, hereditary persistence of fetal hemoglobin. 
*The intercellular distribution of Hgb F is not always reported, and 
some inconsistencies are present within groups. Complete details are 
given in Ref. 7. 


of DNA likely is involved in binding of trans-acting proteins involved 
in the normal developmental repression of y-gene expression, either by 
decreasing the affinity for an inhibitory factor normally present in adult 
life or by increasing the affinity for a factor promoting gene expression. 
The most common of these conditions are Greek “yB* HPFH and a 
form of “y8* HPFH, which has been found in several different African 
populations. If the upstream point mutations associated with persistent 
y-chain production occur on the same chromosome as f-globin genes 


that carry 6°-thalassemia mutations, the clinical phenotype is converted 
from HPFH to 6f-thalassemia, albeit with different hemoglobin A, 
levels. 

In some cases, other nondeletional forms of HPFH have been 
related to small structural changes in the B-globin gene cluster (see 
Table 48-4). Although strictly speaking not a true form of HPFH, 
because even in homozygotes it may not be associated with increased 
hemoglobin F levels, the T>C polymorphism at position -158 to the 
Sy-globin gene! might be associated with an increased output of hemo- 
globin F under conditions of erythropoietic stress. 

Other forms of HPFH are characterized by the persistence of low 
levels of fetal hemoglobin production distributed in a heterocellular 
manner. In all populations studied, a small proportion of individuals 
have an increased amount of hemoglobin F and F cells, that is, red 
cells that can be detected when blood films are treated with antibod- 
ies against hemoglobin F. Although this condition originally was called 
the Swiss form of HPFH because it was first recognized in Swiss army 
recruits,’ it is observed in every racial group. Using a variety of genetic 
approaches, it has become clear that a number of genes may be involved 
in the generation of heterocellular HPFH, including loci at Xp22.2- 
p22.3,6q23,8q, and 2p15'*"""8; the latter linkage has been identified as 
the oncogene BCL11A. The mechanism whereby these different loci 
affect the level of F cells in normal individuals and increase their lev- 
els in conditions like thalassemia and sickle cell anemia remain to be 
determined, but their coinheritance with these conditions may have an 
extremely beneficial effect of their associated phenotypes.'” 


6-THALASSEMIA 


Several point mutations and deletions that reduce 5-globin synthesis 
have been described. They are summarized in reference 7. 


a-THALASSEMIA 


Table 48-5 summarizes the different classes of a-thalassemia mutations. 
The a-globin gene haplotype can be written aa, indicating the a, and 
a, genes, respectively. A normal individual has the genotype aa/aa. A 
deletion involving one (-a) or both (- -) æ genes can be further clas- 
sified based on its size, written as a superscript; thus, -a*’ indicates a 
deletion of 3.7 kb including one a gene. When the sizes of the deletions 
are not established, a superscript describing their geographic or fam- 
ily origin is useful; thus, - - “*? describes a deletion of both a genes 
first identified in individuals of Mediterranean origin. In thalassemia 
haplotypes in which both genes are intact, that is, nondeletion lesions, 
the nomenclature o\?a is given, with the superscript ND indicating 
the gene is thalassemic. However, when the precise molecular defect 
is known, as in hemoglobin Constant Spring, for example, a\?« can be 
replaced by the more informative aa. The molecular pathology and 
population genetics of the a-thalassemias have been the subject of sev- 
eral extensive reviews.”41458013! 


a’-Thalassemia 

Many deletions that involve both « genes, and therefore abolish a-chain 
production from the affected chromosome, have been described 
(Fig. 48-10). Several of the 3’ breakpoints fall within a 6- to 8-kb region 
at the 3’ end of the a-globin complex, suggesting this represents a break- 
point cluster region with a high level of recombination.” In at least five 
of the deletions, the 5’ breakpoints also appear to cluster. This gives rise 
to a situation in which the 5’ breakpoints are located approximately the 
same distance apart and in the same order along a chromosome as their 
respective 3’ breakpoints. It is possible that such staggered deletions 
arise from illegitimate recombination events that delete an integral num- 
ber of chromatin loops as they pass through their nuclear attachment 
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Figure 48-9. Some upstream point 
mutations associated with hereditary per- 
sistence of fetal hemoglobin. 
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points during replication. This mechanism has also been suggested to 
underlie some of the deletion forms of HPFH. One of these deletions 
(- -“¥?) involves a more complex rearrangement that introduces a new 
piece of DNA bridging the two breakpoints in the a-gene cluster. This 
new sequence originates upstream from the « cluster and appears to 


TABLE 48-5. Classes of Mutations That Cause 
a-Thalassemia 


a°-Thalassemia 
Deletions involving both a-globin genes 
Deletions downstream from a, gene 
Truncations of telomeric region of 16p 
Deletions of HS40 region 
a*-Thalassemia 
Deletions involving a, or a, genes 
Point mutations involving a, or a, genes 
mRNA processing 
Splice site 
Poly(A) signal 
mRNA translation 
Initiation 
Nonsense, frameshift 
Termination 
Posttranslational 
Unstable a-globin variants 
a-Thalassemia Mental Retardation 
ATR-16 
Deletions or telomeric truncations of 16p 
Translocations 
ATR-X 
Mutations of ATR-X 
Deletions 
Splice site 
Missense 


Nonsense 


note: Complete lists of individual mutations are found in Refs. 7, 10, 
and 51. 


have been replicated into the junction in a manner suggesting that the 
upstream segment of DNA also lies at the base of a replication loop. 
At least some of these deletions seem to have arisen by recombination 
events between Alu repeat sequences. 

Several other mechanisms for the generation of a°-thalassemia 
have been identified. In one case of unusual genetic interest, a long 
(>18 kb) deletion that removes the a, gene and the region downstream 
was identified in which the a, gene remains intact but is completely inac- 
tivated, giving the a°-thalassemia phenotype. Although the inactive a, 
gene retains all its local and remote cis-regulatory elements, its expres- 
sion is completely silenced and its CpG island is completely methylated 
as a result of transcription of antisense RNA expressed from a locus that 
had been juxtaposed to the a, gene because of the large deletion. In 
some cases, this condition results from a terminal truncation of the short 
arm of chromosome 16 to a site 50 kb distal to the a-globin genes.'* 
It is interesting that the telomeric consensus sequence (TTAGGGG)n 
has been added directly to the site of the break. Because this mutation 
is stably inherited, telomeric DNA alone appears sufficient to stabilize 
the broken chromosome end. This observation raises the possibility that 
other genetic diseases result from chromosomal truncations. 

Several deletions have been identified that appear to downregu- 
late a-globin genes by removing the a-globin LCR (HS40).7°"* In each 
case, the a-globin genes are left intact, although in one the 3’ breakpoint 
is found between the ë and yë genes, thus removing the ë gene. These 
deletions appear to completely inactivate the a-globin gene complex, 
just as deletions of the B-globin LCR inactivate the entire B-gene com- 
plex. Such deletions have not been observed in the homozygous state, 
presumably because they would be lethal. 


a*-Thalassemia Gene Deletions 
The most common forms of a‘-thalassemia (-a*’ and -a*?) involve 
deletion of one or the other of the duplicated a-globin genes (see 
Figs. 48-10 and 48-11). 

Each « gene is located within a region of homology approximately 
4 kb long, interrupted by two nonhomologous regions. The homolo- 
gous regions are believed to have resulted from an ancient duplication 
event and to have subsequently subdivided, presumably by insertions 
and deletions, to give three homologous subsegments referred to as 
X, Y, and Z (see Fig. 48-11). The duplicated Z boxes are 3.7 kb apart, 
and the X boxes are 4.2 kb apart. Misalignment and reciprocal crossover 
between these segments at meiosis can give rise to chromosomes with 
either single (-«) or triplicated (aaa) a-globin genes. Such an occur- 
rence between homologous Z boxes deletes 3.7 kb of DNA (rightward 
deletion). A similar crossover between the two X blocks deletes 4.2 kb of 
DNA (leftward deletion -a**).!°* The corresponding triplicated a-gene 
arrangements are referred to as awa*™*’ and g™i=+2,13%-141 More detailed 
analysis of these crossover events indicates they occur more commonly 
in the Z box. At least three different -a*’ deletions have been found, 
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Figure 48-10. Some deletions of the a-globin gene cluster responsible for a°-thalassemia. Deletions: MC, initials of patient; CAL, initials of patient; 
THAI, Thai; FIL, Filipino; Cl, Conway Islands; BRIT, United Kingdom; SA, South Africa; MED, Mediterranean; SEA, Southeast Asian; SPAN, Spanish. The top 
line indicates the size of the region in kilobases (K). The second line shows the different genes that constitute the a-globin gene cluster, HS40, the 
major regulatory region of the cluster, and the position of other genes in the region. The lines in blue represent the size of the deletions that have 
been described in a°-thalassemia, while those in red below them on the right-hand side of the figure show some of the deletions that have now been 
reported in different forms of a*-thalassemia. The lines in yellow on the left side of the figure represent some of the deletions that have been reported 
upstream from the a-globin gene cluster, which, because they remove the major regulatory region, result in the phenotype of a®-thalassemia. For a 
more detailed list of these deletions and references to those marked in this diagram, see references 45 and 304. 


yor 


Figure 48-11. Mechanisms for production of the common deletion 
forms of at-thalassemia. A. Normal a-globin gene cluster showing the 
homology boxes X, Y, and Z. B. Rightward crossover through the Z 
bones, giving rise to the 3.7-kb deletion and a chromosome with three 
a-globin genes. C. Leftward crossover through the Z boxes, giving rise 
to a 4.2-kb deletion and a chromosome containing three a genes. 


depending on exactly where the crossover occurred.” These deletions 
are designated -a*71, -a?’", and -a*’"", respectively. Other, rarer dele- 
tions of a single « gene have been observed.’ 


Nondeletion a-Thalassemia 
Because expression of the a, gene is two to three times greater than 
expression of the a, gene, the finding that most of the nondeletion 
mutants discovered to date affect predominantly a, gene expression 
is not surprising. Presumably this is ascertainment bias because of the 
greater phenotypic effect of these lesions. It also is possible that defec- 
tive expression of the a, gene has come under greater selective pressure. 

Like the B-thalassemia mutations, a-thalassemia mutations’ can be 
classified according to the level of gene expression they affect (see Table 
48-5). Several processing mutations have been identified. For example, 
a pentanucleotide deletion includes the 5’ splice site of IVS-1 of the 
a,-globin gene. This mutation involves the invariant GT donor splic- 
ing sequence and thus completely inactivates the a, gene. A second 
mutant of this type, found commonly in the Middle East, involves the 
poly-A addition signal site (AATAAA>AATAAG) and downregulates 
the a, gene by interfering with 3’ end processing.'*'* 

A second group of nondeletion a-thalassemias results from muta- 
tions that interfere with translation of mRNA.’ Several mutations involve 
the initiation codon.“ In one case, for example, the initiation codon 


Hgb Seal Rock Hgb Pakse 2 Hgb A 
A(Glu) (Tyr) UUA(Leu) UGA 
GAA UAU (terminate) 


UAG 


AAA CAA UCA 
(Lys) (Gln) (Ser) 
Hgb Icaria Hgb CS Hgb Koya Dora 


Figure 48-12. Point mutations in the a-globin gene termination 
codon. Hgb, hemoglobin; Hgb CS, hemoglobin Constant Spring; 


is inactivated by a TC transition." In another case, efficiency of ini- 
tiation is reduced by a dinucleotide deletion in the consensus sequence 
around the start signal. Five mutations that affect termination of 
translation and give rise to elongated a chains have been identified: 
hemoglobins Constant Spring, Icaria, Koya Dora, Seal Rock, and Pakse.” 
Each mutation specifically changes the termination codon TAA so that 
an amino acid is inserted instead of the chain terminating (Fig. 48-12). 
This process is followed by read-through of mRNA that is not nor- 
mally translated until another “in-phase” stop codon is reached. Thus, 
each of these variants has an elongated «æ chain. The “read-through” of 
«-globin mRNA that usually is not utilized likely reduces its stability. '*° 
Several nonsense mutations occur, for example, one in exon 3 of the a,- 
globin gene.'*! Finally, several mutations occur that cause a-thalassemia 
by producing highly unstable a-globin chains, including hemoglobins 
Quong Sze,’ Suan Doc,'* Petah Tikvah,'’™ and Evanston." A complete 
list of nondeletion a-thalassemia alleles is given in reference 45. 


Interactions of a-Thalassemia Haplotypes 

Many «a-thalassemia haplotypes have been described, and potentially 
more than 500 interactions are possible!’ These phenotypes result in 
four broad categories: (1) normal, (2) conditions characterized by mild 
hematologic changes but no clinical abnormality, (3) hemoglobin H dis- 
ease, and (4) hemoglobin Bart’s hydrops fetalis syndrome. The heterozy- 
gous states for deletion or nondeletion forms of a‘-thalassemia either 
cause extremely mild hematologic abnormalities or are completely 
silent. In populations where a-thalassemia is common, the homozygous 
state for «*-thalassemia (-a/-«) can produce a hematologic phenotype 
identical to that of the heterozygous state for a°-thalassemia (- -/aa), 
that is, mild anemia with reduced mean cell hemoglobin and mean cell 
volume values. 

Hemoglobin H disease usually results from the compound hete- 
rozygous state for «°-thalassemia and either deletion or non-deletion 
a*-thalassemia. It occurs most frequently in Southeast Asia (- -™^/-a°7) 
and the Mediterranean region (usually - -“"?/-a?”). 

The hemoglobin Bart's hydrops fetalis syndrome usually results from 
the homozygous state for a°-thalassemia, most commonly - -S*4/— —SF4 
or - —M2D/— —MED, A few infants with this syndrome who synthesized 
very low levels of « chains at birth have been reported. Gene-mapping 
studies suggest these cases result from interaction of «-thalassemia 
with nondeletion mutations (aP). 


Unusual Forms of a-Thalassemia 
Some unusual forms of «-thalassemia are completely unrelated to the 
common forms of the disease that occur in tropical populations. These 
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conditions, which can occur in any racial groups, include a-thalassemia 
associated with mental retardation or leukemia. Their importance lies 
with the diagnostic problems they may present and, more importantly, 
the light that elucidation of the a-thalassemia pathology may shed on 
broader disease mechanisms. 


Molecular Pathology of the a-Thalassemia Mental 
Retardation Syndrome 

The first descriptions of noninherited forms of «-thalassemia associ- 
ated with mental retardation suggested the lesions involving the a-glo- 
bin gene locus were acquired in the paternal germ cells and that their 
molecular pathology might help elucidate the associated developmental 
changes.'** Two separate syndromes of this type now are evident. In one 
group of patients, long deletions involve the a-globin gene cluster and 
remove at least 1 Mb.'’ This condition can arise in several ways, includ- 
ing unbalanced translocation involving chromosome 16, truncation of 
the tip of chromosome 16, and loss of the a-globin gene cluster and 
parts of its flanking regions by other mechanisms. These findings local- 
ize a region of approximately 1.7 Mb in band 16p13.3 proximal to the 
«-globin genes as being causative of mental handicap.” 

The second group is characterized by defective a-globin synthe- 
sis associated with severe mental retardation and a relatively homoge- 
neous pattern of dysmorphology.'* Extensive structural studies have 
shown no abnormalities of the a-globin genes. These chromosomes 
direct the synthesis of normal amounts of «-globin in mouse erythro- 
leukemia cells, suggesting that a-thalassemia results from deficiency of 
a trans-activating factor involved in regulation of the a-globin genes. 
This condition is encoded by a locus on the short arm of the X chro- 
mosome.'” ATR-X, the gene involved, is a DNA helicase with many fea- 
tures of a DNA-binding protein. Many different mutations of this gene 
have been identified in different families with the ATR-X (a-thalassemia 
X-linked mental retardation) syndrome." Studies have identified a 
plant homeodomain (PHD) region and an adenosine triphosphatase 
(ATPase)/helicase domain.'*! Because patients with ATR-X syndrome 
show defective methylation of recombinant DNA arrays and related 
defects, this condition likely is one of a growing list of disorders that 
result from disordered chromatin remodeling.''* 


a-Thalassemia and Myelodysplasia 

The hematologic findings of hemoglobin H disease or mild a-thalas- 
semia occasionally are observed in elderly patients with myeloid leu- 
kemia or the myelodysplastic syndrome. Earlier studies suggested 
this finding resulted from an acquired defect of «-globin synthesis in 
which the a-globin genes were completely inactivated in the neoplastic 
hemopoietic cell line.’ The molecular basis for this observation now is 
known to reside in a variety of different mutations involving ATR-X.4"® 
The relationship of these somatic mutations of ATR-X to the neoplas- 
tic transformation remains to be determined. The molecular defect of 
other cases of acquired a-thalassemia, such as that seen in variable com- 
bined immunodeficiency,'® also remains to be defined. 


@ PATHOPHYSIOLOGY 


Almost all the pathophysiologic features of the thalassemias can be 
related to a primary imbalance of globin-chain synthesis. This phe- 
nomenon makes the thalassemias fundamentally different from all the 
other genetic and acquired disorders of hemoglobin production and, to 
a large extent, explains their extreme severity in the homozygous and 
compound heterozygous states (Fig. 48-13). 

The anemia of $-thalassemia has three major components. First, 
and most important, is ineffective erythropoiesis with intramedul- 
lary destruction of a variable proportion of the developing red cell 
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Figure 48-13. Pathophysiology of 6-thalassemia. HgbF, hemoglobin 
F; RBC, red blood cell. 


precursors. Second is hemolysis resulting from destruction of mature 
red cells containing «-chain inclusions. Third are the hypochromic and 
microcytic red cells that result from the overall reduction in hemoglo- 
bin synthesis. 

Because the primary defect in $-thalassemia involves f-chain 
production, synthesis of hemoglobins F and A, should be unaffected. 
Fetal hemoglobin production in utero is normal. The clinical manifes- 
tations of thalassemia appear only when the neonatal switch from y- to 
B-chain production occurs. However, fetal hemoglobin synthesis per- 
sists beyond the neonatal period in nearly all forms of B-thalassemia 
(see “Persistent Fetal Hemoglobin Production and Cellular Heteroge- 
neity” below). B-Thalassemia heterozygotes have an elevated level of 
hemoglobin A,. The elevated level appears to reflect not only a relative 
decrease in hemoglobin A as a result of defective B-chain synthesis but 
also an absolute increase in the output of ô chains both cis and trans to 
the mutant B-globin gene.’ 

Because « chains are shared by hemoglobins F, A, and A, there is 
no increase in hemoglobin F in the a-thalassemias. The excess y and f 
chains formed as a result of defective a-chain production produce sol- 
uble homotetramers (see “Mechanisms and Consequences of Erythroid 
Precursor Damage and Red Cell Damage” below). Hence there is less 
ineffective erythropoiesis than in B-thalassemia and the major cause of 
anemia is hemolysis and poorly hemoglobinized red cells. 


IMBALANCED GLOBIN-CHAIN SYNTHESIS 


Measurements of in vitro globin-chain synthesis in the blood or marrow 
of patients with different types of thalassemia’ and family studies 
that allow examination of the action of thalassemia genes in patients 


who also inherited a- or 6-globin structural variants”? provide a clear 
picture of the action of the thalassemia determinants. In homozygous 
$-thalassemia, -globin synthesis is either absent or markedly reduced. 
The result is excessive production of a-globin chains. a-Globin chains 
are incapable of forming a viable hemoglobin tetramer, so the chains 
precipitate in red cell precursors. The resulting inclusion bodies can be 
demonstrated by both light and electron microscopy.'’” In the mar- 
row, precipitation can be seen in the earliest hemoglobinized precursors 
and throughout the erythroid maturation pathway.'”! These large inclu- 
sions are responsible for intramedullary destruction of red cell precur- 
sors and hence for the ineffective erythropoiesis characterizing all the 
$-thalassemias. A large proportion of the developing erythroblasts are 
destroyed within the marrow in severe cases." Any red cells that are 
released are prematurely destroyed by mechanisms that are considered 
below in “Mechanisms and Consequences of Erythroid Precursor and 
Red Cell Damage.’ 6-Thalassemia heterozygotes also have imbalanced 
globin-chain synthesis, but the magnitude of a-chain excess is much 
less and presumably can be resolved by the proteolytic enzymes of the 
red cell precursors.'” Notwithstanding, a mild degree of ineffective ery- 
thropoiesis occurs. 

Although there is marked globin-chain imbalance in the severe 
«-thalassemias,”!’ the excess y and £ chains form homotetramers that 
do not precipitate in the red cell precursors to the same extent as excess 
« chains in $-thalassemia. Hence the pathophysiology of anemia is fun- 
damentally different between the two conditions. 


MECHANISMS AND CONSEQUENCES OF 
ERYTHROID PRECURSOR AND RED CELL 
DAMAGE 


Damage to the red cell membrane by the globin-chain precipitation 
process occurs by two major routes: generation of hemichromes (Chap. 
49) from excess « chains with subsequent structural damage to the red 
cell membrane, and similar damage mediated through the degradation 
products of excess œ chains.”'”*'”6 The degradation products of free 
a chains—globin, heme, hemin (oxidized heme), and free iron—also 
play a role in damaging red cell membranes. Excess globin chains bind 
to different membrane proteins and alter their structure and function. 
Excess iron, by generating oxygen free radicals, damages several red cell 
membrane components (including lipids and protein) and intracellular 
organelles. Heme and its products can catalyze the formation of a vari- 
ety of reactive oxygen species that can damage the red cell membrane. 
These changes are reflected in an increased rate of apoptosis of red cell 
precursors.” The red cells are rigid and underhydrated, leak potassium, 
and have increased levels of calcium and low, unstable levels of ATP. 
Damage to the red cells can also be mediated by the presence of rigid 
inclusion bodies during passage of the red cells through the spleen. 

The consequences of excess non-a-chain production in the a-tha- 
lassemias are quite different. Because a chains are shared by both fetal 
and adult hemoglobin (Chaps. 6 and 48), defective a-chain production 
is manifest in both fetal and adult life. In the fetus, it leads to excess 
y-chain production; in the adult, it leads to an excess of fp chains. Excess 
y chains form y, homotetramers or hemoglobin Bart’s'”; excess 6 chains 
form f, homotetramers or hemoglobin H.'” The fact that y and f chains 
form homotetramers is the reason for the fundamental difference in the 
pathophysiology of «- and $-thalassemia. Because y, and f, tetramers 
are soluble, they do not precipitate to any significant degree in the mar- 
row, and therefore the a-thalassemias are not characterized by severe 
ineffective erythropoiesis. However, p, tetramers precipitate as red cells 
age, with the formation of inclusion bodies. Thus, the anemia of the 
more severe forms of a-thalassemia in the adult results from a shortened 


survival of red cells consequent to their damage in the microvasculature 
of the spleen as a result of the presence of the inclusions. In addition, 
because of the defect in hemoglobin synthesis, the cells are hypochro- 
mic and microcytic. Hemoglobin Bart’s is more stable than hemoglobin 
H and does not form large inclusions. 

Although, as is the case in B-thalassemia, excess globin chains 
cause damage to the red cell membrane, the mechanisms are different 
in the two forms of the disease. As described in “Etiology and Pathogen- 
esis” above, in 6-thalassemia, excess a chains result in mechanical insta- 
bility and oxidative damage to a variety of membrane proteins, notably 
protein 4.1. However, in «-thalassemia, the membranes are hyperstable, 
and no evidence of oxidation or dysfunction of this protein is present. 
Furthermore, the state of red cell hydration is different in a-thalassemia. 
Accumulation of excess f chains results in increased hydration. These 
differences in the pathophysiology of membrane damage between a- 
and f-thalassemia are discussed in detail in references 7 and 174 to 176. 

Another factor exacerbates the tissue hypoxia of the anemia of the 
«-thalassemias. Both hemoglobin Bart’s and hemoglobin H show no 
heme-heme interaction and have almost hyperbolic oxygen dissocia- 
tion curves with very high oxygen affinities. Thus, they are not able to 
liberate oxygen at physiologic tissue tensions; in effect, they are useless 
as oxygen carriers.’ 

As a consequence, infants with high levels of hemoglobin Bart’s 
have severe intrauterine hypoxia. This is the major basis for the clini- 
cal picture of homozygous a°-thalassemia, which results in the stillbirth 
of hydropic infants late in pregnancy or at term. Oxygen deprivation 
is reflected by the grossly hydropic state of the infant, presumably as 
a result of increased capillary permeability, and by severe erythrob- 
lastosis. Deficient fetal oxygenation probably is responsible for the 
enormously hypertrophied placentas and possibly for the associated 
developmental abnormalities that occur with the severe forms of intra- 
uterine a-thalassemia.’ 


PERSISTENT FETAL HEMOGLOBIN 
PRODUCTION AND CELLULAR 
HETEROGENEITY 


Children with severe thalassemia have an increased level of hemoglobin 
F that persists into childhood and later.” In the B°-thalassemias, hemo- 
globin F is the only hemoglobin produced, except for small amounts 
of hemoglobin A,. Examination of the blood using staining methods 
specific for hemoglobin F shows that it is heterogeneously distributed 
among the red cells.” Persistent hemoglobin F production is not a major 
feature of the more severe forms of a-thalassemia. 

The mechanism of persistent y-chain synthesis in the thalassemias 
is incompletely understood. Normal adults have small quantities of 
hemoglobin F that are heterogeneously distributed among the red cells. 
Cells with demonstrable hemoglobin F are called F cells. One impor- 
tant mechanism for high hemoglobin F levels in the blood of patients 
with $-thalassemia is cell selection.”!**' The major cause of ineffec- 
tive erythropoiesis and shortened red cell survival in B-thalassemia is 
the deleterious effect of excess æ chains on erythroid maturation in the 
marrow and on the survival of red cells in the blood. Therefore, red cell 
precursors that produce y chains are at a selective advantage. Excess a 
chains combine with y chains to produce hemoglobin F; therefore, the 
magnitude of a-chain precipitation is less. Differential centrifugation 
experiments'*'"'® and in vivo labeling studies'*’ have shown that pop- 
ulations of red cells with relatively large amounts of hemoglobin F are 
more efficiently produced and survive longer in the blood. The blood 
of patients with homozygous $-thalassemia shows remarkable cellular 
heterogeneity with respect to red cell survival, such as populations of 
cells containing predominantly hemoglobin A that are destroyed very 
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rapidly in the spleen and elsewhere, cells with a much longer survival 
that contain relatively more hemoglobin F, and populations of interme- 
diate age and hemoglobin constitution.”'” 

Although cell selection is probably the main reason for the 
increased levels of hemoglobin F in the red cells in B-thalassemia, 
other mechanisms may also be involved. In any form of “stress erythro- 
poiesis; that is, rapid erythroid proliferation, there is a tendency for a 
relative increase in y-chain production. Furthermore, as discussed in 
“Hereditary Persistence of Fetal Hemoglobin” above, several genes or 
chromosomal locations have been defined in which polymorphisms are 
involved in the increased basal production of y chains and a relative 
increase in the number of F cells in the blood. The interaction of these 
different loci appear to be responsible for high levels of hemoglobin F 
production in $-thalassemia and sickle cell anemia with the production 
of milder phenotypes.'?>'*!** However, biosynthesis studies indicate 
that marrow expansion and the selective survival of F-cell precursors 
and their progeny are the major factors in hemoglobin F production in 
hemoglobin E/f-thalassemia.’* 

Because a reciprocal relation exists between y- and 6-chain syn- 
thesis, the red cells of B-thalassemia homozygotes containing large 
amounts of hemoglobin F have relatively low hemoglobin A, levels.’ 
Thus, the measured percent hemoglobin A, in these individuals is the 
average of a very heterogeneous cell population. This finding probably 
accounts for the extreme variability in hemoglobin A, levels found in 
homozygotes for this disorder. A further consequence of the persistence 
of hemoglobin F in B-thalassemia is the high oxygen affinity of the red 
cells. 


CONSEQUENCES OF COMPENSATORY 
MECHANISMS FOR THE ANEMIA OF 
THALASSEMIA 


The profound anemia of homozygous f-thalassemia and the relatively 
high oxygen affinity of hemoglobin F combine to cause severe tissue 
hypoxia. Because of the high oxygen affinity of hemoglobins Barts and 
H, a similar defect in tissue oxygenation occurs in the more severe 
forms of a-thalassemia. The major adaptive response to hypoxia is 
increased erythropoietin production. It has been found that in severely 
anemic children with hemoglobin E -thalassemia, age and hemoglobin 
levels are independent variables in erythropoietin response and that for 
a given hemoglobin level there is a relatively high erythropoietin in very 
young children.'* These observations provide an explanation for the 
rather unstable phenotype of many intermediate forms of B-thalassemia 
during early childhood. The major effect of these very high levels of ery- 
thropoietin production is expansion of the dyserythropoietic marrow. 
The results are deformities of the skull and face and porosity of the long 
bones.’ Extramedullary hematopoietic tumors may develop in extreme 
cases. Apart from the production of severe skeletal deformities, mar- 
row expansion may cause pathologic fractures and sinus and middle ear 
infection as a result of ineffective drainage. 

Another important effect of the enormous expansion of the mar- 
row mass is the diversion of calories required for normal development 
to the ineffective red cell precursors. Thus, patients severely affected by 
thalassemia show poor development and wasting. The massive turnover 
of erythroid precursors may result in secondary hyperuricemia and 
gout and severe folate deficiency. 

The effects of gross intrauterine hypoxia in homozygous a°- 
thalassemia have been described. In the symptomatic forms of a- 
thalassemia (e.g., hemoglobin H disease) that are compatible with 
survival into adult life, bone changes and other consequences of erythroid 
expansion are seen, although less commonly than in B-thalassemia. 


Part VI: The Erythrocyte 


SPLENOMEGALY: DILUTIONAL ANEMIA 


Constant exposure of the spleen to red cells with inclusions consisting 
of precipitated globin chains gives rise to the phenomenon of “work 
hypertrophy.” Progressive splenomegaly occurs in both «- and $-thalas- 
semia and may worsen the anemia.” A large spleen acts as a sump for 
red cells, sequestering a considerable proportion of the red cell mass. 
Furthermore, splenomegaly may cause plasma volume expansion, a 
complication that can be exacerbated by massive expansion of the ery- 
throid marrow. The combination of pooling of the red cells in the spleen 
and plasma volume expansion can exacerbate the anemia in both a- and 
§-thalassemia. 


ABNORMAL IRON METABOLISM 


B-Thalassemia homozygotes that are anemic manifest increased intes- 
tinal iron absorption that is related to the degree of expansion of the 
red cell precursor population. Iron absorption is decreased by blood 
transfusion.” Increased absorption causes a steady accumulation of 
iron, first in the Kupffer cells of the liver and the macrophages of the 
spleen and later in the parenchymal cells of the liver. Most patients 
homozygous for B-thalassemia require regular blood transfusion; thus, 
transfusional siderosis adds to the iron accumulation. Iron accumu- 
lates in the endocrine glands,”"® particularly in the parathyroids, pitu- 
itary, pancreas, skin leading to increased pigmentation, liver, and, most 
important, in the myocardium.” Iron accumulation in the myocar- 
dium leads to death by involving the conducting tissues or by causing 
intractable cardiac failure. Other consequences of iron loading include 
diabetes, hypoparathyroidism, hypothyroidism, and abnormalities of 
hypothalamic-pituitary function leading to growth retardation and 
hypogonadism.”'** Recent work on the mechanisms of hepcidin down- 
regulation in association with marrow hypertrophy provides a much 
better understanding of the mechanisms of iron loading in diseases like 
thalassemia and may provide new therapeutic options for the future 
(Chap. 43 and Ref. 188). 

Accurate information is available regarding the levels of body 
iron, as reflected by hepatic iron, at which patients are at risk for seri- 
ous complications of iron overload.” These studies, which extrapolate 
data obtained from patients with genetic hemochromatosis, suggest that 
patients with hepatic iron levels of approximately 80 umol of iron per 
gram of liver, wet weight (~15 mg of iron per gram of liver, dry weight), 
are at increased risk for hepatic disease and endocrine organ damage. 
Patients with higher body iron burdens are at particular risk for cardiac 
disease and early death (Chap. 43). 

Disordered iron metabolism is less common in the adult forms of 
a-thalassemia. The milder degree of anemia, fewer transfusions, and the 
less marked erythroid expansion of the marrow are likely explanations. 

The mechanisms whereby iron, and in particular non-transferrin- 
bound iron mediate tissue damage, and recent evidence about the cen- 
tral role of hepcidin in the abnormal regulation of iron absorption in 
disorders like thalassemia are discussed in Chap. 42. 


INFECTION 


All forms of severe thalassemia appear to be associated with an increased 
susceptibility to bacterial infection.’ The reason is not known. The rel- 
atively high serum iron levels may favor bacterial growth. Another 
possible mechanism is blockade of the monocyte-macrophage system 
as a result of the increased rate of destruction of red cells. No consis- 
tent defects in white cell or immune function have been reported, and 
high serum iron levels as an important factor remain to be unequiv- 
ocally demonstrated. The one exception is infection with Yersinia 
enterocolitica, a normally nonvirulent pathogen that can produce its 


own siderophore and hence can thrive in iron excess. Transfusion- 
dependent patients with thalassemia are at particular risk for blood- 
borne infections including hepatitis B, hepatitis C, HIV/AIDS, and, in 
some parts of the world, malaria. 


COAGULATION DEFECTS 


The increasing knowledge about the potential hypercoagulable state 
in some forms of thalassemia has been reviewed in detail. 74161% Evi- 
dence indicates that patients, particularly after splenectomy and with 
high platelet counts, may develop progressive pulmonary arterial dis- 
ease as a result of platelet aggregation in the pulmonary circulation. 
Furthermore, using thalassemic red cells as a source of phospholipids, 
enhanced thrombin generation has been demonstrated in a prothrom- 
binase assay. The procoagulant effect of thalassemia cells appears to 
result from increased expression of anionic phospholipids on the red 
cell surface (Chap. 33). Normally, neutral or negatively charged phos- 
pholipids are confined to the inner leaflet of the red cell membrane, an 
effect that is mediated by the action of aminophospholipid translocase, 
an enzyme sometimes known as flippase. In effect, this enzyme flips 
aminophospholipids that are diffused to the outer leaflet back to the 
inner leaflet (Chaps. 31 and 46). The current belief is that these amin- 
ophospholipids in thalassemic red cells are moved to the outer leaflet, 
thus providing a surface on which coagulation can be activated. Other 
nonspecific changes in the coagulation pathway and its antagonists have 
been observed in patients with different forms of thalassemia. 

There is increasing evidence that, as in the case of sickle cell anemia 
(Chap. 49), the hemolytic component of the anemia of B-thalassemia 
is associated with the release of hemoglobin and arginase resulting in 
impaired nitric oxide availability and endothelial dysfunction with pro- 
gressive pulmonary hypertension.'*! There may be other contributions 
to this complication including increased coagulability and local struc- 
tural damage to the lungs relating to excess iron deposition. 


CLINICAL HETEROGENEITY 


The pathophysiologic mechanisms described above provide the basis 
for the remarkably diverse clinical findings in the thalassemia syn- 
dromes.”"”” All the manifestations of $-thalassemia can be related 
to excess a-chain production. Thus, any mechanism that reduces the 
excess of æ chains should reduce the clinical severity of the disease. Sev- 
eral elegant “experiments of nature” have shown that this reasoning is 
true and, incidentally, have confirmed that globin-chain imbalance is 
the major factor determining the severity of the thalassemias. 

Coinheritance of w-thalassemia can reduce the severity of the more 
severe forms of $-thalassemia.'**'”* The effect is much more marked in 
individuals who are homozygotes or compound heterozygotes for dif- 
ferent forms of $*-thalassemia. B°-Thalassemia homozygotes who have 
inherited w-thalassemia seem to be protected little, if at all. 

Severe f-thalassemia can be modified by the coinheritance of 
genetic determinants for enhanced production of y chains. Several 
determinants may be involved. For example, inheritance of a particular 
RFLP haplotype in the region 5’ to the 6-globin gene may be an impor- 
tant factor. °% This particular B-globin gene haplotype is associated 
with a single base change, C>T, at position -158 relative to the °y-globin 
gene, an alteration that creates a cleavage site for the restriction enzyme 
Xmnl.!! An excess of individuals homozygous for T (XmnI+ +) 
with the phenotype of thalassemia intermedia exist compared with 
thalassemia major in different populations.’ "°° Whether this poly- 
morphism is the only factor that increases hemoglobin F production 
in these cases is not absolutely clear. As discussed under “Hereditary 
Persistence of Fetal Hemoglobin” above, it is now clear that there are 


loci on chromosomes 2, 6, and 8, and possibly the X chromosome, at 
which polymorphisms are involved in the elevation of fetal hemoglobin 
synthesis and that their coinheritance may significantly modify the phe- 
notype of different forms of B-thalassemia. 

Some mutations that cause f-thalassemia are associated with a 
mild phenotype because they result in only modest reduction of B-chain 
production.” For example, mutations at positions -29 and -88 are 
associated with mild $*-thalassemia in Africans. Similarly, particu- 
larly mild phenotypes are commonly found with a base substitution at 
position 6 in IVS-1 and at position -87 in the 5’-flanking region of the 
B-globin gene in Mediterranean populations. The homozygous state 
for the IVS-1 position 6 mutation usually produces an extremely mild 
form of $-thalassemia. When these “mild” mutations are coinherited 
with more-severe $-thalassemia determinants, the compound hete- 
rozygous states are characterized by a more severe form of thalassemia 
intermedia. Other forms of thalassemia intermedia are associated with 
the homozygous state for 5$-thalassemia, the various interactions of p- 
thalassemia with 5$-thalassemia, and heterozygous $-thalassemia of the 
severe variety or in association with triplicated a-gene loci.”"°'* These 
complex interactions are the subject of several extensive reviews. 1°- 

These mechanisms for the phenotypic variability of the B-thalas- 
semias represent only the beginning of our understanding of the genetic 
diversity of these conditions. Hence, defining a series of genetic modifi- 
ers that act at different levels is useful.’ Primary modifiers represent the 
diversity of mutations at the B-globin gene locus. Secondary modifiers 
are those, such as a-thalassemia and increased hemoglobin F produc- 
tion, that directly modify the relative degree of the imbalanced globin 
chain output. However, an increasing number of tertiary modifiers, 
that is, genetic diversity, have an important effect on the complications 
of the disease. These include loci involved in iron, bone, and bilirubin 
metabolism and in determining resistance of susceptibility to infec- 
tion. Furthermore, phenotypic diversity may reflect different degrees of 
adaptation to anemia and the effect of the environment. These complex 
issues have been reviewed” and are illustrated in Fig. 48-14. Several 
extensive reviews of the pathophysiology of the intermediate forms of 
$-thalassemia in different populations are available. 1° 

The a-thalassemias, particularly hemoglobin H disease, show 
considerable clinical diversity. Some of this variability can be related to 
particular genotypes,” but the reasons for the heterogeneity of these 
disorders is not clear. 


@ CLINICAL FEATURES 
B- AND 6B-THALASSEMIAS 


The most clinically severe form of B-thalassemia is thalassemia major. 
A milder clinical picture, characterized by a later onset and either no 
transfusion requirement or at least fewer transfusions than are required 
to treat the major form of the illnesses, is designated -thalassemia 
intermedia. B-Thalassemia minor is the term used to describe the het- 
erozygous carrier state for 6-thalassemia. More extensive accounts of 
the clinical features of these conditions are given in two monographs.” 


B-THALASSEMIA MAJOR 


The homozygous or compound heterozygous state for 6-thalassemia, 
thalassemia major, produces the clinical picture first described by Coo- 
ley and Lee’ in 1925. Affected infants are well at birth. Anemia usually 
develops during the first few months of life and becomes progressively 
more severe. The infants fail to thrive and may have feeding problems, 
bouts of fever, diarrhea, and other gastrointestinal symptoms. The 
majority of infants who develop transfusion-dependent homozygous 
B-thalassemia present with these symptoms within the first year of life. 
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Figure 48-14. Different levels of modification of the B-thalassemia 
phenotype. COL, various genes involved in collagen metabolism; 
CO-selection, indicates variable selection of genes involved in suscep- 
tibility to infection along with different thalassemia genes; HFE, gene 
for hereditary hemochromatosis; Hgb F, hemoglobin F; ICAM, inter- 
cellular adhesion molecule; OR, estrogen receptor; TNF, tumor necro- 
sis factor; UGT1A1, uridine diphosphate-glucuronyltransferase; VDR, 
vitamin D receptor. (Adapted with permission from Weatherall DJ: 
Phenotype-genotype relationships in monogenic disease: lessons from the 
thalassaemias. Nat Rev Genet 2(4):245-255, 2001.) 


A later onset suggests the condition will develop into one of the inter- 
mediate forms of $-thalassemia (see “Pathophysiology” above). 

The course of the disease in childhood depends almost entirely on 
whether the child is maintained on an adequate transfusion program.”° 
The classic textbook picture of Cooley anemia describes the disease as 
it was seen before these children could be maintained with relatively 
normal hemoglobin levels by regular blood transfusions. If adequate 
transfusion is possible, children grow and develop normally and have 
no abnormal physical signs. Few of the complications of the disorder 
occur during childhood. The disease presents a problem only when 
the effects of iron loading resulting from ineffective erythropoiesis and 
from repeated blood transfusions become apparent at the end of the first 
decade. Children who are treated with an adequate iron chelation regi- 
men develop normally, although some of them remain short in height. 

An inadequately transfused child develops the typical features of 
Cooley anemia. Growth is stunted. With bossing of the skull and over- 
growth of the maxillary region, the face gradually assumes a “mon- 
goloid” appearance. These changes are associated with a characteristic 
radiologic appearance of the skull, long bones, and hands (Fig. 48-15). 
The diploe widens, with a “hair on end” or “sun ray” appearance and a 
lacy trabeculation of the long bones and phalanges. Gross skeletal defor- 
mities can occur. The liver and spleen are enlarged, and the pigmenta- 
tion of the skin increases. Many features of a hypermetabolic state, as 
evidence by fever, wasting, and hyperuricemia, may develop. 

The clinical course is characterized by severe anemia with frequent 
complications. These children are particularly prone to infection, which 


Figure 48-15. Radiologic appearances of the hands in homozygous 
B-thalassemia. The scattered lucent areas in the bones of the fingers 
reflect the marked expansion of marrow in distal areas. 


is a common cause of death. Spontaneous fractures occur commonly 
as a result of the expansion of the marrow cavities with thinning of the 
long bones and skull. Maxillary deformities often lead to dental prob- 
lems from malocclusion. Formation of massive deposits of extramed- 
ullary hematopoietic tissue may cause neurologic complications. With 
the gross splenomegaly that may occur, secondary thrombocytopenia 
and leukopenia frequently develop, leading to a further tendency to 
infection and bleeding. Splenectomy is frequently performed to reduce 
transfusion frequency and severe thrombocytopenia; however, pos- 
tsplenectomy infections are particularly common.’ Bleeding tendency 
may be seen in the absence of thrombocytopenia. Epistaxis is partic- 
ularly common. These hemostatic problems are associated with poor 
liver function in some cases. Chronic leg ulceration may occur but is 
more common in thalassemia intermedia. 

Children who have grown and developed normally throughout 
the first 10 years of life as a result of regular blood transfusion begin 
to develop the symptoms of iron loading as they enter puberty, par- 
ticularly if they have not received adequate iron chelation.”” The first 
indication of iron loading usually is the absence of the pubertal growth 
spurt and failure of the menarche. Over the succeeding years, a variety 
of endocrine disturbances may develop, particularly diabetes mellitus, 
hypogonadotrophic hypogonadism, and growth hormone deficiency. 
Hypothyroidism and adrenal insufficiency also occur but are less com- 
mon.” Toward the end of the second decade, cardiac complications 
arise, and death usually occurs in the second or third decade as a result 
of cardiac siderosis.’ Cardiac siderosis may cause an acute cardiac 
death with arrhythmia, or intractable cardiac failure. Both of these com- 
plications can be precipitated by intercurrent infection. 

Even the adequately transfused child who has received chelation 
therapy may suffer a number of complications. Bloodborne infection, 
notably with hepatitis B or C,®™ HIV,” or malaria, is extremely 
common in some populations, although the frequency is decreasing 
with the use of widespread blood-donor screening programs. Delayed 
puberty and growth retardation are common and probably reflect hypo- 
gonadotrophic hypogonadism and damage to the pituitary gland.’ 


Osteoporosis is being recognized increasingly and may, at least in part, 
be a reflection of hypogonadism." 


B-THALASSEMIA INTERMEDIA 


The clinical phenotype of patients designated as having thalassemia 
intermedia is more severe than the usual asymptomatic thalassemia 
trait but milder than transfusion-dependent thalassemia major.”!°?” 
The syndrome encompasses disorders with a wide spectrum of disabil- 
ity. At the severe end, patients present with anemia later than patients 
with the transfusion-dependent forms of homozygous f-thalassemia 
and are just able to maintain a hemoglobin level of approximately 6 g/ 
dL without transfusion. However, their growth and development are 
retarded. The patients become seriously disabled, with marked skeletal 
deformities, arthritis, and bone pain; progressive splenomegaly; growth 
retardation; and chronic ulcerations above the ankles. At the other end 
of the spectrum, patients remain completely asymptomatic until adult 
life and are transfusion independent, with hemoglobin levels as high as 
10 to 12 g/dL. All varieties of intermediate severity are observed. Some 
patients become disabled simply from the effects of hypersplenism. 
Intensive studies of the molecular pathology of this condition have pro- 
vided some guidelines about genotype-phenotype relationships that are 
useful for genetic counseling (‘Table 48-6). 

Overall, the clinical features of the intermediate forms of f- 
thalassemia are similar to the features of 6-thalassemia major. At the 
severe end of the spectrum, particularly in cases of growth retardation, 
patients should be treated with regular transfusion. However, a num- 
ber of important complications, including progressive hypersplenism, 
occur in patients with milder forms. Clinically significant iron loading 


TABLE 48-6. Genotypes of Patients with B-Thalassemia 
Intermedia 


Mild forms of -thalassemia 
Homozygosity for mild B*-thalassemia alleles 
Compound heterozygosity for two mild 6*-thalassemia alleles 


Compound heterozygosity for a “silent” or mild and more-se- 
vere B-thalassemia allele 


Inheritance of a- and B-thalassemia 


B*-Thalassemia with a°-thalassemia (- -/aa) or a*-thalassemia 
(-a/aa or -a/-a) 


B*-Thalassemia with genotype of Hgb H disease (- — /-a) 
B-Thalassemia with elevated y-chain synthesis 
Homozygous £-thalassemia with heterocellular HPFH 


Homozygous -thalassemia with homozygous Sy 158 T>C 
change (some cases) 


Compound heterozygosity for B-thalassemia and deletion 
forms of HPFH 


Compound heterozygosity for B-thalassemia and B-chain variants 
Hgb E/B-thalassemia 
Other interactions with rare B-chain variants 


Heterozygous B-thalassemia with triplicated or quadruplicated 
a-chain genes (aaa or aaaa) 


Dominant forms of B-thalassemia 
Interactions of B- and (58)*- or (6B)°-thalassemia 


Hgb, hemoglobin; HPFH, hereditary persistence of fetal hemoglobin. 


as a result of increased absorption is seen even in patients with infre- 
quent transfusions (Chap. 43). Iron overload results in frequent diabetes 
and endocrine disturbances, typically by fourth decade of life. A high 
incidence of pigment gallstones, skeletal deformities, bone and joint 
disease, leg ulcers, and thrombotic tendency, particularly after splenec- 
tomy, is observed.’ 

Hematologists should be aware that in patients heterozygous for 
rare forms of $-thalassemia, a phenotype of thalassemia intermedia 
that results in the clinical constellation of autosomal dominant thalas- 
semia (discussed in “Pathophysiology” above) is encountered on rare 
occasions. 


B-THALASSEMIA MINOR 


The heterozygous state for 6-thalassemia is usually identified during 
family studies of patients with more severe forms of $-thalassemia, 
population surveys, or, most frequently, by the chance finding of the 
characteristic hematologic changes during a routine study. There is 
an extensive literature on this condition,’ some of which suggests that 
affected individuals may have symptoms of anemia and, not infre- 
quently, splenomegaly, while other studies suggest that the condition 
is completely symptomless and palpable splenomegaly does not occur. 
Surprisingly, none of these studies have been controlled. A controlled 
study reported that individuals with the -thalassemia trait suffer from 
fatigue and other symptoms indistinguishable from those with mild 
anemias from other causes. There was no difference in the frequency of 
palpable splenomegaly between the thalassemic and control groups.” 
The trait not infrequently causes a moderately severe anemia of preg- 
nancy, in some cases requiring transfusion. Some $-thalassemia carri- 
ers have increased iron stores, although this is most often a result of 
inappropriate iron therapy based on a misdiagnosis. In countries where 
there is a relatively high frequency of genetic determinants for hemo- 
chromatosis, the possibility of their coinheritance should be borne in 
mind if a patient with 6-thalassemia trait with an unusually high plasma 
iron or serum ferritin level is encountered. 


a-THALASSEMIAS 
Hemoglobin Bart's Hydrops Fetalis Syndrome 


This disorder is a frequent cause of stillbirth in Southeast Asia. Infants 
either are stillborn between 34 and 40 weeks’ gestation or are born 
alive but die within the first few hours.” Pallor, edema, and hepato- 
splenomegaly are seen. The clinical picture resembles hydrops fetalis 
as a result of Rh blood group incompatibility. Massive extramedullary 
hemopoiesis and enlargement of the placenta are noted at autopsy. A 
variety of congenital anomalies have been observed. 

The rescue of a few infants with this syndrome by prena- 
tal detection and exchange transfusion has been reported. These 
babies have grown and developed normally, although they are blood 
transfusion—dependent.?”?* 

This condition is associated with a high incidence of maternal tox- 
emia of pregnancy and difficulties at the time of delivery because of the 
massive placenta.” The reason for placental hypertrophy is unknown, 
although severe intrauterine hypoxia is suspected because a similar phe- 
nomenon is observed in hydrops infants with Rh incompatibility. 


Hemoglobin H Disease 

Hemoglobin H disease was described independently in the United States 
and in Greece in 1956.%”?!° The clinical findings are variable. A few 
patients are affected almost as severely as patients with -thalassemia 
major, but most patients have a much milder course.” Lifelong anemia 
with variable splenomegaly occurs; bone changes are unusual. 
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As discussed earlier in “Etiology and Pathogenesis,” a few attempts 
have been made to correlate the genotype with the phenotype of hemo- 
globin H disease. In general, as expected, patients with a nondeletion 
form of a-thalassemia affecting the predominant a, gene interacting 
with an a°-thalassemia determinant oX?a/— —, or a ors'springg’/— —, for 
example, have higher hemoglobin H levels, a greater degree of ane- 


mia, and a more severe clinical course than patients with the - -/-a 
212-215 


genotype.” 
Milder Forms of a-Thalassemia 

Because two a-globin genes exist per haploid genome, a wide spectrum 
of different conditions with overlapping phenotypes result from their 
various interactions.’ The carrier states for the deletion and nondeletion 
forms of a-thalassemia, -a/aa and a’? a/aa, are symptomless. Similarly, 
the homozygous states for the deletion forms of a*-thalassemia, -a/-«, 
and the heterozygous state for a°-thalassemia, - —/aa, are symptomless, 
although they are associated with mild anemia and red cell changes. 
On the other hand, the homozygous states for the nondeletion forms 
of a-thalassemia, aX? a/a%?a, are associated with an extremely diverse 
series of phenotypes. As mentioned in “Interactions of a-Thalassemia 
Haplotypes” above in “Etiology and Pathogenesis, they sometimes 
result in the clinical picture of hemoglobin H disease. In other patients, 
they are associated with only mild hypochromic anemia.’ The homozy- 
gous states for the chain termination mutants, notably hemoglobin 
Constant Spring, constitute a special case because they produce a par- 
ticularly characteristic phenotype. In this case, moderate hemolytic ane- 
mia with splenomegaly are seen.’7!°7!” 


a-Thalassemia and Mental Retardation 

The clinical phenotype of these conditions is heterogeneous. In cases 
associated with chromosomal deletion (tip of chromosome 16; ATR-16 
[a-thalassemia chromosome 16-linked mental retardation syndrome]), 
the clinical defects vary with the extent of chromosomal defect; only 
a-thalassemia and mental retardation are constant.!*” To some extent 
this clinical variation is related to the length of the associated deletions; 
those which extend for 2000 kb involve the genes that are involved in 
tuberous sclerosis and polycystic kidney disease. In these cases the lat- 
ter dominate the clinical picture, but there mental retardation and a- 
thalassemia are also associated. 

The clinical phenotype in the second group of these disorders, 
which are caused by mutations of ATR-X, includes skeletal abnormali- 
ties, dysmorphic face, neonatal hypotonus, genital abnormalities, and a 
variety of less-constant features, in addition to mental retardation and 
a-thalassemia.'** 


ey6B-Thalassemia 

The clinical picture varies with the stage of development.’ Neonates may 
be significantly anemic and require transfusions. In contrast, children 
and adults with this condition are asymptomatic. They have the clinical 
and laboratory picture of heterozygous $-thalassemia, with the excep- 
tion of a normal hemoglobin A, level. The reason for this discrepancy of 
developmental differences of the clinical phenotype has not been iden- 
tified. The homozygous state is assumed to be lethal. 


@ LABORATORY FEATURES 
B-THALASSEMIA MAJOR 


Hemoglobin levels at presentation may range from 2 to 3 g/dL or even 
lower.’ The red cells show marked anisopoikilocytosis, with hypochro- 
mia, target cell formation, and a variable degree of basophilic stippling 
(Fig. 48-16). The appearance of the blood film varies, depending on 
whether the spleen is intact. In nonsplenectomized patients, large 
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Figure 48-16. Blood films in B-thalassemia. A. B-Thalassemia minor. Anisocytosis, poikilocytosis, hypochromia. Occasional spherocytes and stoma- 
tocytes. B. Scanning electron micrograph of cells in (A) showing more detail of the poikilocytes. Note the knizocyte (pinch-bottle cell) at the lower 
right. C. B-Thalassemia major. Marked anisocytosis with many microcytes. Marked poikilocytosis. Anisochromia. Nucleated red cell on the right. Small 
lymphocyte on the left. (Reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


poikilocytes are common. After splenectomy, large, flat macrocytes and 
small, deformed microcytes are frequently seen. The reticulocyte count 
is moderately elevated, and nucleated red cells nearly always are present 
in the blood. These red cell forms may reach very high levels after sple- 
nectomy. The white cell and platelet counts are slightly elevated unless 
secondary hypersplenism occurs. Staining of the blood with methyl vio- 
let, particularly in splenectomized subjects, reveals stippling or ragged 
inclusion bodies in the red cells.’ These inclusions can nearly always 
be found in the red cell precursors in the marrow. The marrow usu- 
ally shows erythroid hyperplasia with morphologic abnormalities of the 
erythroblasts, such as striking basophilic stippling and increased iron 
deposition. Iron kinetic studies indicate markedly ineffective erythro- 
poiesis, and red cell survival usually is shortened. Populations of cells 
with very short survival and longer-lived populations of cells are seen. 
The latter contain relatively more fetal hemoglobin. An increased level 
of fetal hemoglobin, ranging from less than 10 percent to greater than 
90 percent, is characteristic of homozygous $-thalassemia. No hemo- 
globin A is produced in °-thalassemia. The fetal hemoglobin is het- 
erogeneously distributed among the red cells. Hemoglobin A, levels 
in homozygous $-thalassemia may be low, normal, or high. However, 
expressed as a proportion of hemoglobin A, the hemoglobin A, level 
almost invariably is elevated. Differential centrifugation studies indicate 
some heterogeneity of hemoglobin F and A, distribution among thalas- 
semic red cells, but their level in whole blood gives little indication of 
their total rates of synthesis. 

In vitro hemoglobin synthesis studies using marrow or blood show 
a marked degree of globin-chain imbalance. Marked excess of a-chain 


over f- and y-chain production is always observed. Other aspects of the 
laboratory findings in this condition, including red cell survival, iron 
absorption, ferrokinetics, erythrokinetics, and the consequences of iron 
loading, were discussed earlier (see “Etiology and Pathogenesis” above). 

The examination of siblings, parents, and children can be very 
important in confirming the diagnosis by finding the abnormalities in 
other family members, and the examining physician should make every 
effort to obtain a complete blood count in family members. With the 
exception of higher hemoglobin levels, the hematological changes in 
$-thalassemia intermedia are similar to those in $-thalassemia major 
(Fig. 48-17). 


B-THALASSEMIA MINOR 


Hemoglobin values of patients with B-thalassemia minor usually range 
from 9 to 11 g/dL. The most consistent finding is small, poorly hemo- 
globinized red cells (see Fig. 48-16), resulting in mean cell hemoglobin 
(MCH) values of 20 to 22 pg and mean corpuscular volume (MCV) 
values of 50 to 70 fL. The red cell count is usually normal or elevated 
and the hemoglobin and hematocrit is usually slightly below normal; 
however, the red cell indices are particularly useful in screening for het- 
erozygous carriers of thalassemia in population surveys. The marrow 
in heterozygous $-thalassemia shows slight erythroid hyperplasia with 
rare red cell inclusions. Megaloblastic transformation as a result of folic 
acid deficiency occurs occasionally, particularly during pregnancy. A 
mild degree of ineffective erythropoiesis is noted, but red cell survival 
is normal or nearly normal. The hemoglobin A, level is increased to 


Figure 48-17. A. Thalassemia intermedia. Blood films. Marked anisocytosis, poikilocytosis with elliptical, oval, tear-drop-shaped, and fragmented 
red cells. Target cells. B. Postsplenectomy. Morphology similar to that in (A) but with a nucleated red cell, coarsely stippled cell in center of field, 
and large and numerous platelets, indicative of the changes superimposed by splenectomy. (Reproduced with permission from Lichtman's Atlas of 


Hematology, www.accessmedicine.com.) 


3.5 to 7.0 percent. The level of fetal hemoglobin is elevated in approxi- 
mately 50 percent of cases, usually to 1 to 3 percent and rarely to greater 
than 5 percent. 


a-THALASSEMIAS 


Hemoglobin Bart's Hydrops Fetalis Syndrome 

In infants with the hydrops fetalis syndrome, the blood film shows 
severe thalassemic changes with many nucleated red cells. The hemo- 
globin consists mainly of hemoglobin Barts, with approximately 10 
to 20 percent hemoglobin Portland. Usually no hemoglobin A or F is 
present, although rare cases that seem to result from interaction of a°- 
thalassemia with a severe nondeletion form of a*-thalassemia show 
small amounts of hemoglobin A. 


Hemoglobin H Disease 

The blood film shows hypochromia and anisopoikilocytosis. The retic- 
ulocyte count usually is approximately 5 percent. Incubation of the 
red cells with brilliant cresyl blue results in ragged inclusion bodies in 
almost all cells. These bodies form because of precipitation of hemoglo- 
bin H in vitro as a result of redox action of the dye. After splenectomy, 
large, single Heinz bodies are observed in some cells (Fig. 48-18). These 
bodies are formed by in vitro precipitation of the unstable hemoglobin 
H molecule and are seen only after splenectomy. Hemoglobin H con- 
stitutes between 5 and 40 percent of the total hemoglobin. Traces of 
hemoglobin Bart’s may be present, and the hemoglobin A, level usually 
is slightly subnormal. 
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a°-Thalassemia and a*-Thalassemia Traits 

The a°-thalassemia trait is characterized by the presence of 5 to 15 per- 
cent hemoglobin Bart’s at birth.” This hemoglobin disappears during 
maturation and is not replaced by a similar amount of hemoglobin H. 
An occasional cell with hemoglobin H inclusion bodies may appear 
after incubation with brilliant cresyl blue. This phenomenon is often 
used as a diagnostic test for the a-thalassemia trait. However, the test 
is difficult to standardize and requires much experience to be useful. In 
adult life, the red cells of heterozygotes have morphologic changes of 
heterozygous thalassemia with low MCH and MCV values. The elec- 
trophoretic pattern is normal. Globin-synthesis studies show a deficit 
of a-chain production, with an a-chain-to-$-chain production ratio of 
approximately 0.7. 

The a*-thalassemia trait (—a/aa) is characterized by a mild reduc- 
tion in MCH and MCV values although in some cases there are normal 
values, 1 to 2 percent of hemoglobin Bart’s at birth in some but not all 
cases, and a slightly reduced a-chain-to-$-chain production ratio of 
approximately 0.8; thus, this genotype often is referred to as silent car- 
rier. Extensive studies comparing the level of hemoglobin Bart’s at birth 
with a DNA analyses demonstrated that there is no detectable hemoglo- 
bin Bart's in a significant number of newborns who are heterozygous for 
a‘-thalassemia.”'*?!? Globin gene synthetic ratios can be distinguished 
from normal only by studying relatively large numbers of samples and 
comparing the mean a-to-f ratio with that of normal control subjects. 
This approach is not reliable for diagnosing individual cases of the 
a*-thalassemia trait, and, unfortunately, no reliable method of diagnosis 
is available except for DNA analysis. 


Figure 48-18. Hemoglobin H disease (a-thalassemia). Blood films. A. Note hypochromic red cells, anisocytosis, target cells, poikilocytes, includ- 
ing tear-drop-shaped red cells. B. Wet preparation stained with crystal violet. Inclusions in red cells (Heinz bodies) usually attached to membrane. 
C. Postsplenectomy. Note reduction in poikilocytes and frequency of target cells, a change consistent with hemoglobin H disease and enhanced by 
postsplenectomy effects. A nucleated red cell is in this field, reflecting an increase in their prevalence in the blood after splenectomy. D. Blood incu- 
bated for 90 minutes with brilliant cresyl blue. Numerous hemoglobin H intracellular precipitates (precipitates of excess B-globin chains). The frequent 
crenation is an artifact of the incubation conditions. (Reproduced with permission from Lichtman's Atlas of Hematology, www.accessmedicine.com.) 


Part VI: The Erythrocyte 


Homozygous State for Nondeletion Types of a-Thalassemia 
The homozygous state for nondeletion forms of a-thalassemia involv- 
ing the dominant (a,) globin gene causes a more severe deficit of 
a chains than do the deletion forms of a*-thalassemia. In some cases, 
the homozygous state produces hemoglobin H disease. 

The homozygous state for hemoglobin Constant Spring or other 
chain-termination mutations is associated with moderately severe 
hemolytic anemia in which, for reasons not explained, no hemoglo- 
bin H is present but small amounts of hemoglobin Bart’s persist into 
adult life. The homozygous states for the other nondeletion forms of a*- 
thalassemia are associated with hemoglobin H disease. In the homozy- 
gous state for hemoglobin Constant Spring, the blood picture shows 
mild thalassemic changes with normal-size red cells.” The hemo- 
globin consists of approximately 5 to 6 percent hemoglobin Constant 
Spring, normal hemoglobin A, levels, and trace amounts of hemoglobin 
Bart’s. The remainder is hemoglobin A. 

The heterozygous state for hemoglobin Constant Spring shows no 
hematologic abnormality. The hemoglobin pattern is normal except for 
the presence of approximately 0.5 percent hemoglobin Constant Spring. 
The latter can be observed on alkaline starch-gel electrophoresis as a 
faint band migrating between hemoglobin A, and the origin. It is best 
seen on heavily loaded starch gels and is easily missed if other electro- 
phoretic techniques are used (Fig. 48-19). In the newborn, usually 1 to 
3 percent hemoglobin Bart’s is present in the cord blood. 


Homozygous State for Deletion Forms of a*-Thalassemia 

The homozygous state for deletion forms of a*-thalassemia is charac- 
terized by a thalassemic blood picture with 5 to 10 percent hemoglobin 
Bart’s at birth and hematologic findings similar to those in a°-thalas- 
semia heterozygotes in adult life. In general, the -a*? deletion is associ- 
ated with a more severe phenotype than is the -a°7 deletion.’ 


DIFFERENTIAL DIAGNOSIS 


The clinical and hematologic findings in homozygous f-thalassemia 
and hemoglobin H disease are so characteristic that the diagnosis usu- 
ally is not difficult. Figure 48-20 shows a simple flowchart for laboratory 
investigations of a suspected case. 

In early childhood, distinguishing the thalassemias from the 
congenital sideroblastic anemias may be difficult, but the marrow 
appearances in the latter are quite characteristic. Because of the high 
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Figure 48-19. Hemoglobin (Hgb) Constant Spring. Starch gel electro- 
phoresis of 1,2, normal adult; 3,4, compound heterozygotes for hemo- 
globin Constant Spring and a®-thalassemia with hemoglobin H disease; 
5, normal adult; and 6, compound heterozygote for a®-thalassemia and 
hemoglobin Constant Spring. 


hemoglobin F levels encountered in juvenile chronic myelogenous leu- 
kemia, this disorder may superficially resemble $-thalassemia. How- 
ever, the finding of primitive cells in the marrow, the absence of elevated 
hemoglobin A, levels on hemoglobin electrophoresis, the decrease in 
carbonic anhydrase in juvenile chronic myelogenous leukemia, and 
characteristic in vitro responses of myeloid progenitors in vitro to gran- 
ulocyte-monocyte colony-stimulating factor (Chap. 87) readily differ- 
entiate this disorder from f-thalassemia. 


LESS-COMMON FORMS OF THALASSEMIA 
(5B)°-Thalassemia 


The homozygous state for df-thalassemia is clinically milder than 
Cooley anemia and is one form of thalassemia intermedia.” ? Only 
hemoglobin F is present; hemoglobins A and A, are not produced. Het- 
erozygous 66-thalassemia is hematologically similar to 6-thalassemia 
minor.’ The fetal hemoglobin level is higher (range: 5 to 20 percent), 
and the hemoglobin A, value is normal or slightly reduced. As in £- 
thalassemia, the fetal hemoglobin is heterogeneously distributed among 
the red cells, thus distinguishing this disorder from HPFH (Fig. 48-21). 

Heterozygosity for both B-thalassemia and 5$-thalassemia results 
is a condition clinically similar to but milder than Cooley anemia. The 
hemoglobin consists largely of hemoglobin F, with a small amount 
of hemoglobin A,. This finding is seen because the associated £- 
thalassemia gene has usually been the f° variety. 5$-Thalassemia has 
also been observed in individuals heterozygous for hemoglobin S or C.” 


(5B)*-Thalassemia and Hemoglobin Lepore Disorders 

The hemoglobin Lepore disorders have been described in the homozy- 
gous state and in the heterozygous state, either alone or in association 
with £- or dB-thalassemia, hemoglobin S, or hemoglobin C.”””” In the 
homozygous state, approximately 20 percent of the hemoglobin is of 
the Lepore type and 80 percent is fetal hemoglobin. Hemoglobins A 
and A, are absent. The clinical picture is variable. Some cases are iden- 
tical to transfusion-dependent homozygous $-thalassemia; others are 
associated with the clinical picture of thalassemia intermedia. In the 
heterozygous state, the findings are similar to those of $-thalassemia 
minor. The hemoglobin consists of approximately 10 percent hemoglo- 
bin Lepore, with a reduced level of hemoglobin A, and a slight but con- 
sistent increase in fetal hemoglobin level. The Lepore hemoglobins have 
been found sporadically in most racial groups. In the majority of cases, 
chemical analysis has shown that these hemoglobins are identical to 
hemoglobin Lepore Washington-Boston. Hemoglobin Lepore Hollan- 
dia and Lepore Baltimore have been observed in only a few patients.” 


HEREDITARY PERSISTENCE OF FETAL 


HEMOGLOBIN 


The current knowledge about the molecular pathology of HPFH was 
described earlier in “Etiology and Pathogenesis.” Table 48-4 summa- 
rizes the currently accepted classification and nomenclature of this 
complex group of conditions. The different forms of HPFH are of very 
little clinical importance except that they may interact with thalassemia 
or the structural hemoglobin variants. 


(ôb)? Hereditary Persistence of Fetal Hemoglobin 

Homozygotes for (ô$)? HPFH have 100 percent hemoglobin F. Their 
blood shows mild thalassemic changes, with reduced MCH and MCV 
values very similar to those observed in heterozygous $-thalassemia. 
Similarly, they have imbalanced globin chain production, with ratios 
in the range of those observed in $-thalassemia heterozygotes.” Het- 
erozygotes have approximately 20 to 30 percent hemoglobin F slightly 
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Figure 48-20. Flowchart showing an 
approach to diagnosis of the thalassemia syn- 
dromes. Hgb, hemoglobin; MCH, mean cell 
hemoglobin; MCV, mean corpuscular volume; 
RBC, red blood cell count. 
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reduced hemoglobin A, values, and completely normal blood pictures. 
Thus, this condition appears to be an extremely well-compensated 
form of 6$-thalassemia in which the output of y chains almost but not 
entirely compensates for the complete absence of f and ô chains. The 
different molecular forms of this condition show no difference in phe- 
notype except in the proportion of y chains. The African forms of (5f)° 
HPFH have been found in association with hemoglobins S and C or 
with 6-thalassemia (Chap. 49). These compound heterozygous states are 
associated with little clinical disability.’ 


Nondeletion Types of Hereditary Persistence of Fetal 
Hemoglobin 

Many nondeletion forms of HPFH associated with point mutations 
upstream from the y-globin genes have been described (see Table 48-4). 
Sy B* HPFH has been found in the heterozygous and compound hete- 
rozygous states with 6-globin chain variants in African populations. No 
associated clinical or hematologic findings have been reported. Com- 
pound heterozygotes for Sy B* HPFH and hemoglobins S or C produce 
45 percent of the abnormal hemoglobin, approximately 30 percent 
hemoglobin A, and approximately 20 percent hemoglobin F containing 
only Sy chains.” 

The most common form of nondeletion HPFH is “y f* HPFH, 
which is found in Greeks.””*” In the homozygous state, no clinical or 
hematologic abnormalities are noted. The hemoglobin findings are char- 
acterized by approximately 25 percent fetal hemoglobin and reduced 
hemoglobin A, levels of approximately 0.8 percent.” Heterozygotes, 
who also are hematologically normal, have 10 to 15 percent hemoglobin 
F almost all of the “y variety. Compound heterozygotes with $-thalas- 
semia have high hemoglobin F levels and a clinical picture that is only 
slightly more severe than the f-thalassemia trait. 

In the British form of “y B* HPFH*! heterozygotes have approx- 
imately 5 to 12 percent hemoglobin F, whereas homozygotes have 
approximately 20 percent. No associated hematologic abnormalities 
are seen, although surprisingly in this form of nondeletion HPFH the 
hemoglobin F seems to be unevenly distributed among the red cells. 

A heterogeneous group of conditions is associated with persistent 
production of small amounts of hemoglobin F in adult life. They are 


categorized under the general heading of heterocellular HPFH. Their 
clinical importance is that, when they are coinherited with different 
forms of B-thalassemia, they may lead to greater output of hemoglobin 
F and, hence, to a milder phenotype. This type of interaction should 
be suspected when one parent of a patient with 6-thalassemia interme- 
dia has an unusually high level of hemoglobin F for the B-thalassemia 
trait. Similarly, unaffected lateral relatives or other family members with 
slightly elevated hemoglobin F levels may be found. 


B-THALASSEMIA ASSOCIATED WITH £-CHAIN 
STRUCTURAL HEMOGLOBIN VARIANTS 


The most clinically important associations of $-thalassemia with £ 
structural hemoglobin variants are sickle cell thalassemia, hemoglobin 
C thalassemia, and hemoglobin E thalassemia (Chap. 49). In addition, 
many interactions of B-thalassemia with rare structural variants have 
been reported.” 

Sickle cell thalassemia’*’* occurs in parts of Africa and in the 
Mediterranean, particularly Greece and Italy. It also has been observed 
in the Middle East and parts of India. The clinical consequences of car- 
rying one gene for hemoglobin S and one gene for 6-thalassemia depend 
entirely on the type of 6-thalassemia mutation. The interaction between 
the sickle cell gene and f°-thalassemia is characterized by a clinical dis- 
order that is very similar to sickle cell anemia. Similarly, the interac- 
tion of the sickle cell gene with the more severe forms of B*-thalassemia 
associated with marked reduction in B-globin synthesis yields a similar 
clinical phenotype. On the other hand, the interaction of the sickle cell 
gene with very mild forms of f*-thalassemia may be quite innocuous.** 
The latter disorder is characterized by mild anemia associated with 
splenomegaly and a hemoglobin composition of approximately 60 to 70 
percent hemoglobin S, 25 percent hemoglobin A, and an elevated level 
of hemoglobin A In all these interactions, one parent shows the sickle 
cell trait, and the other parent shows the -thalassemia trait. 

Hemoglobin C thalassemia is a mild hemolytic disorder associated 
with splenomegaly.’*° Again, the hemoglobin pattern varies depend- 
ing on whether the thalassemia gene is the 6* or p° type. This relatively 
innocuous condition has been recorded mainly in North Africa, but 
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Figure 48-21. Acid elution preparations of blood films from (A) 
d6-thalassemia, (B) hereditary persistence of fetal hemoglobin, and (C) 
artificial mixture of fetal and adult red cells. The dark cells contain hemo- 
globin F. Hemoglobin F is resistant to acid elution. 


it also is found in West Africa. It is characterized by a mild hemolytic 
anemia and splenomegaly with a blood picture showing the numerous 
target cells characteristic of all the hemoglobin C disorders. 
Hemoglobin E thalassemia, which occurs at a high frequency in 
the eastern half of the Indian subcontinent and throughout Southeast 


Asia, is one of the most important hemoglobinopathies in the world 
population.”*'°***"° As mentioned earlier in “Etiology and Pathogene- 
sis? hemoglobin E is synthesized at a reduced rate and hence produces 
the clinical phenotype of a mild form of B-thalassemia. Hence, when 
hemoglobin E is inherited with 6-thalassemia—and most often this is 
a p°- or severe B*-thalassemia mutation in Southeast Asia and India—a 
marked deficit of B-chain production results, with the clinical picture 
of severe $-thalassemia. Hemoglobin E thalassemia shows a remark- 
able variability in clinical expression,**** ranging from a mild form 
of thalassemia intermedia to a transfusion-dependent condition clin- 
ically indistinguishable from homozygous f-thalassemia. The reasons 
for this variability of expression are not understood, although some of 
the factors involved are identical to those that modify other forms of 
B-thalassemia.”*?*”° 

In more-severe cases of hemoglobin E thalassemia, severe anemia 
with growth retardation, leg ulcers, bone deformity, marked tendency to 
infection, iron loading, and variable splenomegaly and hypersplenism 
are seen. Large tumor masses composed of extramedullary erythropoi- 
etic tissue may cause a variety of compression syndromes, including a 
clinical picture that closely mimics a cerebral tumor. Another curious 
picture that seems to be restricted to splenectomized patients is an oblit- 
erative occlusion of the pulmonary vasculature that is believed to result 
from an extremely high platelet count.™! 

The clinical course and complications in transfusion-dependent 
patients are similar to those observed in homozygous f-thalassemia. 
In the milder forms, the main complications are progressive hyper- 
splenism, organ damage as a result of progressive iron loading from 
an increased rate of absorption, extramedullary erythropoietic tumor 
masses, bone disease, and infection. The blood picture shows a typical 
thalassemic pattern. The hemoglobin consists of E, F, and A,. Usually 
no hemoglobin A is present because the B°-thalassemias are particularly 
common in the parts of the world where hemoglobin E is found. 

Newer studies emphasize the complex interactions between 
genetic factors,” differences in adaptation to anemia, particularly in 
early life (see “Pathophysiology” above), and the environment, notably 
proneness to malarial infection, that underlie the widely differing and 
unstable phenotypes of patients with hemoglobin E $-thalassemia.”**”” 


B-THALASSEMIA WITH NORMAL HEMOGLOBIN 
A, LEVEL 


Rare forms of $-thalassemia are seen in which heterozygotes have nor- 
mal hemoglobin A, levels. Their main clinical importance is that they 
can be confused with the more severe forms of a-thalassemia in the 
heterozygous state and therefore may cause difficulties in genetic coun- 
seling and prenatal diagnosis. Based on hematologic studies, two main 
classes of “normal hemoglobin A, B-thalassemia’—sometimes called 
types 1 and 2—are seen.” Type 1 is the “silent” form of B-thalassemia. 
Type 2 is heterogeneous, with many cases representing the compound 
heterozygous state for $-thalassemia and 6-thalassemia. 

“Silent” B-thalassemia’** is characterized by no hematologic 
changes in heterozygotes. Several mild forms of 6-thalassemia that 
underlie this phenotype are described (see Refs. 44 and 45). Although 
this condition can be partly identified by demonstrating a mild degree 
of globin-chain imbalance, with a-to-B synthesis ratios of approxi- 
mately 1.5:1, it can only be diagnosed with certainty by DNA analysis. 
Compound heterozygotes for this condition and f°-thalassemia have a 
mild form of $-thalassemia intermedia. 

Normal hemoglobin A, $-thalassemia type 2 in heterozygotes is 
indistinguishable from typical 6-thalassemia with elevated hemoglobin 
A, levels.” The homozygous state has not been described. The com- 
pound heterozygous state for this gene and for $-thalassemia with 


raised hemoglobin A, levels is characterized by a clinical picture of 
severe transfusion-dependent $-thalassemia. Family data obtained in 
Italy and Sardinia suggest this condition represents the compound het- 
erozygous state for both B-thalassemia and 5-thalassemia.*“** Most of 
the 5-thalassemias have been observed trans to B-thalassemia. However, 
the form of 6-thalassemia resulting from loss of an A in codon 59 occurs 
on the same chromosome as the hemoglobin Knossos mutation, which 
is associated with a mild form of B-thalassemia.” This finding explains 
the normal level of hemoglobin A, associated with this condition, which 
is the most common form of normal hemoglobin A, $-thalassemia in 
the Mediterranean region. 

Several other conditions, mentioned earlier in this chapter in “Eti- 
ology and Pathogenesis,” are associated with a phenotype that is indis- 
tinguishable from normal A, B-thalassemia. These conditions include 
the heterozygous states for the Corfu form of 66-thalassemia and 
ey6B-thalassemia. 


OTHER UNUSUAL FORMS OF B-THALASSEMIA 


The clinical features of the dominant B-thalassemias resemble the fea- 
tures of thalassemia intermedia.’ Moderate anemia and splenomegaly 
are seen, with a blood picture showing thalassemic red cell changes. 
The marrow shows erythroid hyperplasia with well-marked inclusion 
bodies in the red cell precursors. The latter may be seen in the blood 
after splenectomy. Hemoglobin analysis shows hemoglobins A and A, 
are present, and the hemoglobin F level is not usually elevated much 
higher than that seen in $-thalassemia trait. Hemoglobin A, levels are 
always raised. 

Other unusual varieties of B-thalassemia include those categorized 
by unusually high hemoglobin F or A, levels. Most of these conditions 
result from deletions involving the 6-globin gene and its promoter 
region. For example, the so-called Dutch?” form of $-thalassemia is 
associated with unusually high hemoglobin F levels in heterozygotes and 
high hemoglobin A, levels. Several other conditions of this type, which 
result from different-size deletions, have been reported (see Ref. 7). 


6°-THALASSEMIA 


6°-Thalassemia causes a complete absence of hemoglobin A, in homozy- 
gotes and a reduced hemoglobin A, level in heterozygotes.” It is of no 
clinical significance except for its effect of reducing hemoglobin A, lev- 
els in B-thalassemia heterozygotes. 


ey6B-THALASSEMIA 


This heterogeneous condition has been observed only in the hete- 
rozygous state in a few families.”'*'® It is characterized by neonatal 
hemolysis and, in adult life, by the hematologic picture of heterozygous 
B-thalassemia with normal hemoglobin A, levels. 


a-THALASSEMIA IN ASSOCIATION WITH 
a- AND B-CHAIN HEMOGLOBIN VARIANTS 


Several a-globin structural variants are caused by single amino acid 
substitutions at a-chain loci on chromosomes that carry only a single 
«-chain gene. Individuals who inherit variants of this type and an a°- 
thalassemia determinant have a form of hemoglobin H disease in which 
the hemoglobin consists of the a-chain variant hemoglobin and hemo- 
globin H. Well-documented examples include hemoglobin QH disease 
(- -/-«°®),*4°5° hemoglobin G Philadelphia H disease (- -/—-a®),?5!? 
and hemoglobin Hasharon H disease (- -/-a"*).*°? Many examples of 
the coexistence of the homozygous or heterozygous states for B-chain 
hemoglobin variants and different -thalassemia determinants have 
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been reported.”””” Particularly well-characterized disorders include the 
various interactions of «°- and a*-thalassemia with hemoglobin E’** 
and hemoglobin S (Chap. 49).***?°> Carriers for these hemoglobin vari- 
ants who also have the a°- or a*-thalassemia traits have thalassemic 
red cell indices and unusually low levels of the abnormal hemoglo- 
bin. Individuals with sickle cell anemia who have a-thalassemia show 
thalassemic red cell changes, more persistent splenomegaly, and lower 
hemoglobin F values than do patients without the thalassemia genes. 


@ THERAPY, COURSE, AND PROGNOSIS 


The only forms of treatment available for thalassemic children are reg- 
ular blood transfusions, iron chelation therapy in an attempt to prevent 
iron overload, judicious use of splenectomy in cases complicated by 
hypersplenism, and a good standard of general pediatric care.”””°° Mar- 
row transplantation has an important role in selected cases (Chap. 23). 


TRANSFUSION 


Children with B-thalassemia who are maintained at a hemoglobin level 
of 9.5 to 14.0 g/dL grow and develop normally. They do not develop 
the distressing skeletal complications of thalassemia.” Maintaining a 
lower hemoglobin level than this range without any deleterious effects 
on development and with the added advantage of reducing the level 
of iron loading may be possible. This regimen maintains a mean pre- 
transfusion level that does not exceed 9.5 g/dL.’ A transfusion pro- 
gram should not be started too early, and it should be initiated only 
when the hemoglobin level is too low to be compatible with normal 
development. If transfusion is started too soon, thalassemia intermedia 
may be missed, and the child may be transfused unnecessarily. Usually 
blood transfusions are given every 4 weeks on an outpatient basis. To 
avoid transfusion reactions, washed, filtered, or frozen red cells should 
be used so that the majority of the white cells and plasma-protein com- 
ponents are removed (Chap. 138). 


IRON CHELATION 


Every child who is maintained on a high-transfusion regimen ulti- 
mately develops iron overload and dies of siderosis of the myocardium. 
Therefore, such children must be started on a program of iron chelation 
within the first 2 to 3 years of life.” Deferoxamine (desferrioxamine) 
was the first chelating agent of proven long-term value for treatment 
of thalassemia. It is best administered by an 8- to 12-hour overnight 
pump-driven infusion in the subcutaneous tissues of the anterior 
abdominal wall.”®?° Chelation therapy should commence by the time 
the serum ferritin level reaches approximately 1000 mcg/dL. In practice, 
this level usually is seen after the 12th to 15th transfusion. To prevent 
toxicity, infants must not be overchelated when the iron burden is still 
low. The initial dose usually is 20 mg/kg 5 nights per week, with 100 
mg of oral vitamin C (200 mg in older children and adults) on the day 
of infusion, after the infusion has been initiated. Some evidence and 
widespread opinion indicate ascorbate precipitates myocardiopathy in 
these patients if it is given before deferoxamine infusion is started." 
In patients who are heavily iron loaded, particularly those patients with 
cardiac or endocrine complications, the body iron stores can be effec- 
tively lowered by continuous intravenous infusion of deferoxamine at 
a dose of up to 50 mg/kg body weight. The procedure usually entails 
insertion of an intravenous delivery system. 

Extensive experience with the use of deferoxamine and its toxic 
effects has been reported.’ No serious complications occur other than 
local erythema and painful subcutaneous nodules at the site of infu- 
sions and extremely rare severe allergic reactions. These reactions can 
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be controlled, at least in part, by including 5 to 10 mg hydrocortisone 
in the infusion. Probably of greatest concern is neurosensory toxic- 
ity, which has been documented in up to 30 percent of cases. Toxicity 
causes high-frequency hearing loss that may become symptomatic.” 
In a few cases, the toxicity did not respond to discontinuation of the 
drug, and permanent hearing loss resulted. Ocular toxicity has been 
reported.*” Symptoms include visual failure, night and color blindness, 
and field loss. Reversal of symptoms after discontinuation of the drug 
has been reported. Deferoxamine may cause bone changes and growth 
retardation, sometimes associated with bone pain. Body measurements 
characteristically show a reduced crown-pubis-to-pubis-heel ratio.*™ 
These changes may be associated with radiologic abnormalities of the 
vertebral column. These complications can be prevented by exercising 
extreme care in monitoring patients receiving long-term deferoxamine 
therapy. Young children or individuals from whom most of the iron has 
been removed by chelation are at particularly high risk. Formal audi- 
ometry and ophthalmologic examinations at 6-month intervals are 
recommended. 

Because of the practical difficulties of a nightly subcutaneous 
infusion of deferoxamine there has been an intensive search for effec- 
tive oral chelating drugs. Two of these agents are currently available, 
deferiprone (Ferriprox, L1) and deferasirox. The extensive literature on 
these agents has been reviewed.”***" Deferiprone is administered at a 
dosage of 75 mg/kg in three daily doses. Unfortunately there have been 
limited numbers of long-term trials comparing its efficacy with deferox- 
amine, but overall it appears to be less effective than deferoxamine at 
maintaining safe body iron levels. Its administration is accompanied by 
a number of complications, the most important of which is neutrope- 
nia and, in some cases, agranulocytosis with some fatalities. Hence it 
is recommended that patients receiving this agent have a weekly white 
cell count. It also causes arthritis which varies in severity and between 
different ethnic groups. However, by virtue of its membrane-crossing 
capacity it has been suggested that it may be more effective in remov- 
ing cardiac iron (Chap. 43). Unfortunately, to date, all the studies that 
suggest that it may reduce the frequency of cardiac complications in 
transfusion-dependent thalassemics have been retrospective and there 
are no long-term controlled data available. It is currently suggested that 
it should be used in combination with desferrioxamine, particularly for 
its cardiac-iron sparing effect; again, long-term prospective data are 
required. 

The initial studies of deferasirox were promising” and suggested 
that this agent in doses of 5 or 10 mg/kg per day, or higher in those 
who are heavily iron-loaded, was as effective as desferrioxamine in con- 
taining adequate hepatic iron levels. Preliminary clinical studies also 
showed that this agent may be effective for removing excess cardiac 
iron. Recent followup data have confirmed these early observations.” 
The most frequent adverse reactions to deferasirox included gastroin- 
testinal disturbances, transient rashes, and a nonprogressive increase in 
serum creatinine. It is still too early to be sure about the overall effec- 
tiveness of this agent, however, or to assess its long-term safety. 

Because of the extremely well-documented data showing long- 
term survival of patients adequately treated with deferoxamine,’*?” 
this agent is still recommended as a first-line choice for management 
of transfusion-dependent thalassemia. However, particularly in view of 
problems of compliance and the promising trial results of deferasirox, 
this drug is also being used increasingly as a first line form of treatment. 
Further long-term follow up data regarding its efficacy are still required 
however. 

Careful monitoring of the degree of iron accumulation during 
chelation therapy is absolutely vital. The simplest approach, partic- 
ularly in countries where most sophisticated technology is not avail- 
able, is a regular estimation of the serum ferritin level, which should be 


maintained at less than 1500 mcg/L. The value of hepatic iron concentra- 
tion assessment was discussed earlier in “Abnormal Iron Metabolism” 
Newer noninvasive approaches to assessing body iron burden have been 
developed. There is now strong evidence that, with adequate calibra- 
tion, the measurement and mapping of liver iron concentrations using 
magnetic resonance imaging (MRI) is an extremely effective approach 
for the regular assessment of the effectiveness of chelation therapy.” 
Similarly, there have been advances in the noninvasive estimation of 
myocardial iron using T2* MRI. Evidence obtained using this approach 
suggests that there may be a variable correlation between hepatic and 
cardiac iron concentrations.*” Clearly functional cardiologic studies 
should be combined with assessment of cardiac iron levels, particularly 
the ejection fraction, pulmonary artery pressure, and other parameters 
of cardiac activity. The true value of these new approaches to assessing 
myocardial iron levels and function still require further study by pro- 
spective controlled trials. 

Increasing evidence indicates children maintained at a high hemo- 
globin level do not develop hypersplenism.’ However, enlargement of 
the spleen with increased transfusion requirements occurs commonly 
in patients maintained at a lower hemoglobin level. Splenectomy should 
be performed if transfusion requirements increase dramatically or pain 
develops because of the size of the spleen. Because of the risk of over- 
whelming pneumococcal infections, splenectomy should not be per- 
formed in children younger than age 5 years. Patients should receive 
a pneumococcal vaccine prior to the procedure. They then should be 
placed on prophylactic oral penicillin after the operation. Haemophilus 
influenzae type B and meningococcal vaccines also are recommended. 

Children with severe thalassemia are still prone to other infec- 
tions. Presentation with abdominal pain, diarrhea, and vomiting should 
always suggest an infection with a member of the Yersinia class of bacte- 
ria. Empirical treatment should start immediately with either an amino- 
glycoside or a cotrimoxazole. Transfusion-transmitted virus infection 
is common in some populations. All chronically transfused patients 
should be tested annually for hepatitis C, hepatitis B, and HIV. Patients 
with serologic evidence of chronic active hepatitis should be considered 
for treatment. 

As mentioned earlier in “Abnormal Iron Metabolism, subtle 
endocrine deficiencies are increasingly recognized, particularly those 
associated with growth retardation and hypogonadism. These patients 
require expert endocrinologic assessment and replacement therapy 
when appropriate. 


STEM CELL TRANSPLANTATION 


By 1997, more than 1000 marrow transplants had been performed at 
three centers in Italy.?”*-?” Based on this experience and on later data,’ 
the prognosis evidently depended on the adequacy of iron chelation up 
to the time of transplantation. Hence, patients were divided into three 
classes: class I patients had a history of adequate iron chelation and nei- 
ther liver fibrosis nor hepatomegaly; class II patients had one or two 
of these characteristics; and class III patients had all three character- 
istics. Among children in class I who had undergone transplantation 
early in the course of the disease, disease-free survival was assessed at 
90 to 93 percent at 5 years, with a 4 percent risk of mortality related 
to the procedure. For class II patients, the intermediate-risk group, the 
survival and disease-free survival rates were 86 percent and 82 percent, 
respectively. For class HI, the high-risk group, the survival and disease- 
free survival rates were 62 percent and 51 percent, respectively. Apart 
from the immediate complications of severe infection in the posttrans- 
plantation period, most of the problems were related to development 
of acute or chronic graft-versus-host disease. The overall frequency of 
mild to severe grades ranges from 27 to 30 percent.” Modification of 


preparative drug regimens has reduced the frequency of drug toxicity. 
The occurrence of mixed chimerism may be a risk factor for graft-ver- 
sus-host disease. No case of hematologic malignancy has been observed 
in the longest followup of patients between 15 and 20 years after trans- 
plantation. Recent experience has fully confirmed these pioneering 


studies?’ and suggests that patients without matched donors could ben- 


efit from haploidentical mother-to-child transplantation. The current 
status of blood stem cell therapy is discussed further in Chap. 23. 


GENERAL CARE 


Management of thalassemia requires a high standard of general pediat- 
ric care. Infection should be treated early. If the diet is deficient in folate, 
supplements should be given. Supplementation probably is unneces- 
sary in children maintained on a high-transfusion regimen. Particular 
attention should be paid to the ear, nose, and throat because of chronic 
sinus infection and middle-ear diseases resulting from bone deformity 
of the skull. Similarly, regular dental surveillance is essential because 
poorly transfused thalassemic children have a variety of deformities of 
the maxilla and poorly developed teeth. In the later stages of the illness, 
when iron loading becomes the major feature, endocrine replacement 
therapy may be necessary. Symptomatic treatment for metabolic bone 
disease and cardiac failure also may be needed. 


THERAPIES OF SPECIAL TYPES OF 
THALASSEMIA 


Hemoglobin H disease usually requires no specific therapy, although 
splenectomy may be of value in cases associated with severe anemia and 
splenomegaly.””"” Because splenectomy may be followed by a higher 
incidence of thromboembolic disease than occurs in splenectomized 
children with B-thalassemia,’ the spleen should be removed only in 
cases of extreme anemia and splenomegaly. Oxidant drugs should not 
be given to patients with hemoglobin H disease. The management of 
symptomatic sickle cell thalassemia follows the lines described for sickle 
cell anemia (Chap. 49). 

Thalassemia intermedia presents a particularly complex therapeu- 
tic problem. Whether a child with a steady-state hemoglobin level of 
6 to 7 g/dL should be transfused is difficult to determine with certainty. 
Probably the best compromise is to watch such children very closely 
during the first years of life. If they grow and develop normally and no 
signs of bone changes are evident, they should be maintained without 
transfusion. If, however, their early growth pattern is retarded or their 
activity is limited because of their anemia, they should be placed on 
a regular transfusion regimen. If hypersplenism plays a role in their 
anemia as the children grow older, splenectomy should be performed. 
Because many of these patients have significant iron loading from the 
gastrointestinal tract, regular estimations of serum iron and ferritin 
should be obtained and chelation therapy instituted when appropriate. 


EXPERIMENTAL APPROACHES TO TREATMENT 


Two main experimental approaches are being pursued in the search for 
more effective therapy of the thalassemias: (1) reactivation or augmen- 
tation of fetal hemoglobin production and (2) somatic gene therapy. 
The main rationale for employing agents that have been used in 
attempts to increase hemoglobin F production is based on the obser- 
vation that patients recovering from cytotoxic drug therapy or during 
other periods of erythroid expansion may reactivate hemoglobin F syn- 
thesis. In addition, the observation that butyrate analogues might have 
a stimulating effect on hemoglobin F production has led to a number 
of studies of their potential for management of thalassemia. A number 
of clinical trials have been performed.” *’ Agents that have been used 
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include various cytotoxic drugs, erythropoietin, and several different 
butyrate analogues. Overall, these agents, used alone or in combination, 
have produced some small effects on fetal hemoglobin production, but 
the results of these trials have been disappointing. Some notable excep- 
tions were seen, however, particularly several cases of homozygosity 
or compound heterozygosity for hemoglobin Lepore in which use of 
either a combination of sodium phenylbutyrate and hydroxyurea or 
hydroxyurea alone produced a spectacular rise in hemoglobin F pro- 
duction. In the case of two homozygotes for hemoglobin Lepore, the 
necessity for further transfusion was eliminated.’ This finding raises 
the intriguing possibility that certain mutations, possibly deletions of 
the 6-globin gene cluster, are more susceptible to this type of approach. 
Recent progress in searching for genetic targets for modifying fetal 
hemoglobin synthesis has been reviewed recently.” 

The other experimental approach involves somatic gene therapy. 
Currently, the therapy is mainly directed at gene transfer into potential 
hematopoietic stem cells using retroviral vectors.” Other approaches 
also are being taken, including attempts at the restoration of normal 
splicing in cases of splicing mutations’™ and use of trans-splicing 
ribozymes to correct $-globin gene transcripts.** However, studies 
using murine models with recombinant lentiviral vectors suggest that 
sustained, high-level globin gene expression may be possible, at least 
in this experimental system.” There continues to be slow progress 
toward somatic-cell gene therapy as applied to the hemoglobin disor- 
ders,’ with at least one apparent success and future plans for several 
clinical trials. 


@PROGNOSIS 


The prognosis for patients with severe forms of $-thalassemia who 
are adequately treated by transfusion and chelation has improved dra- 
matically over the years. Three large studies investigated the influence 
of effective long-term desferrioxamine use on the development of car- 
diac disease.” In one study, patients who had maintained sustained 
reduction of body iron, as estimated by a serum ferritin level less than 
2500 mcg/L over 12 years of followup, had an estimated cardiac disease- 
free survival rate of 91 percent. This finding is in contrast to patients in 
whom most determinations of serum ferritin level exceeded this value, 
in whom the estimated cardiac disease-free survival rate was less than 20 
percent. In a second study, the relationship between survival and total- 
body iron burden was measured directly using hepatic storage iron val- 
ues. Patients who had maintained hepatic iron concentrations of at least 
15 mg of iron per gram of liver, dry weight, had a 32 percent probability 
of survival to age 25 years. No cardiac disease developed in patients who 
maintained hepatic iron levels below this threshold. These and other stud- 
ies provide unequivocal evidence that adequate transfusion and chelation 
are associated with longevity and good quality of life. On the other hand, 
poor compliance or unavailability of chelating agents still are associated 
with a poor prospect of survival much beyond the second decade. 


@ PREVENTION 


In parts of the world where the incidence of thalassemia is high, the dis- 
ease places an immense economic burden on society. For example, if all 
the thalassemic children born in Cyprus were treated by regular blood 
transfusions and iron-chelating therapy, it was estimated that within 15 
years the total medical budget of the island would be required to treat 
this single disease.” Clearly, this approach was not feasible, so consid- 
erable effort was directed toward developing programs for prevention of 
the different forms of thalassemia. 

The goal of prevention can be achieved in two ways. The first is pro- 
spective genetic counseling, that is, screening total populations while 
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the children still are at school and warning carriers about the potential 
risks of marriage to another carrier. Few data are available about the 
value of programs of this type; a pilot study in Greece was unsuccess- 
ful.” Because it is believed this approach will not be successful in many 
populations, considerable effort has been directed toward developing 
prenatal diagnosis programs. 

Prenatal diagnosis for prevention of thalassemia entails screen- 
ing mothers at the first prenatal visit, screening the father in cases in 
which the mother is a thalassemia carrier, and offering the couple the 
possibility of prenatal diagnosis and termination of pregnancy if both 
mother and father are carriers of a gene for a severe form of thalassemia. 
Currently, these programs are devoted mainly to prenatal diagnosis of 
the severe transfusion-dependent forms of homozygous f* or 6°-thalas- 
semia. Considerable experience has also been gained in prenatal diag- 
nosis of mothers at risk for having a fetus with the hemoglobin Bart 
hydrops syndrome, considering the distress caused by a long and diffi- 
cult pregnancy and the obstetric problems resulting from the birth of a 
hydropic infant with a massive placenta. 

The first efforts at prenatal detection of B-thalassemia used fetal 
blood sampling and globin-chain synthesis analysis carried out at 
approximately week 18 of pregnancy. Despite the technical difficulties 
involved, the method was applied successfully in many countries and 
resulted in a reduced birth rate of infants with 6-thalassemia.””” The tech- 
nique is associated with a low maternal morbidity rate, a fetal mortality 
rate of approximately 3 to 4 percent, and an error rate of 1 to 2 percent. 
Its main disadvantage is that it must be carried out relatively late in preg- 
nancy. For this reason, efforts turned to first trimester prenatal diagnosis. 

DNA technology has enabled diagnosis of important hemoglobin 
disorders in utero by fetal DNA analysis. Although analysis can be car- 
ried out on DNA derived from amniotic fluid, the approach has draw- 
backs because, again, it must be done relatively late in pregnancy, and often 
amniotic fluid cells must be grown in culture to obtain a sufficient amount 
of DNA.” However, DNA can be obtained as early as week 9 of pregnancy 
by chorionic villus sampling. Although the safety of this technique remains 
to be fully evaluated and limb reduction deformities may occur when the 
procedure is carried out very early in pregnancy (9 or 10 weeks), chorionic 
villus sampling has become the major method for prenatal diagnosis of the 
thalassemias based on subsequent experience with the technique.” 

Remarkable advances in DNA technology have provided a vari- 
ety of methods for the direct identification of mutations in fetal DNA” 
Even in families with extremely rare mutations, rapid DNA sequencing 
technology allows a diagnosis to be made very rapidly. The error rate 
using these different approaches varies, mainly depending on the expe- 
rience of the particular laboratory; low rates, less than 1 percent, are 
reported from most centers. Potential sources of error include maternal 
contamination of fetal DNA and nonpaternity. 

The application of this new technology has caused a major 
reduction in the birth rate of infants with thalassemia throughout 
the Mediterranean region and the Middle East, and in parts of the 
Indian subcontinent and Southeast Asia. Several approaches continue 
to be explored in an attempt to avoid the use of invasive procedures 
like chorion villous sampling. A variety of methods are being used to 
harvest fetal DNA from fetal cells in maternal blood or from maternal 
plasma””*”” and there are increasing numbers of attempts at preimplan- 
tation diagnosis of thalassemias.***' There is every expectation that 
some of these approaches will reach the clinic in the near future.*” 


THALASSEMIA AS A GLOBAL HEALTH 
PROBLEM 


The remarkable advances in the diagnosis, prevention, and treatment of 
the thalassemias described in this chapter are only relevant to the richer 


countries of the world. In many developing countries in which there is 
avery high frequency of thalassemia, there are very limited facilities for 
their diagnosis and management. Because many of these countries are 
going through the epidemiologic transition, which involves improve- 
ments in nutrition, cleaner water supplies, and better public health ser- 
vices, babies with serious forms of thalassemia who previously would 
have died of infection or profound anemia are now surviving to present 
for treatment. 

Approaches to the better control and management of the thalas- 
semias in developing countries have been reviewed.***™ They include 
the development of partnerships between centers in the developed and 
developing countries for training workers in this field, and, once these 
partnerships are developed, for the further evolution of partnerships 
between those developing countries where there is knowledge and 
expertise of the field with those where no knowledge or facilities exist. 
Without organizations along these lines, the thalassemias will con- 
tinue to cause the premature death of hundreds of thousands of infants 
worldwide. 


REFERENCES 


1. Cooley TB, Lee P: A series of cases of splenomegaly in children with anemia and pecu- 
liar bone changes. Trans Am Pediatr Soc 37:29, 1925. 
2. Whipple GH, Bradford WL: Racial or familial anemia of children associated with fun- 
damental disturbances of bone and pigment metabolism (Cooley von Jaksch). Am J Dis 
Child 44:336, 1932. 
3. Whipple CH, Bradford WL: Mediterranean disease—Thalassemia (erythroblastic 
anemia of Cooley): Associated pigment abnormalities simulating hemochromatosis. J 
Pediatr 9:279, 1936. 
4. Weatherall DJ: Toward an understanding of the molecular biology of some common 
inherited anemias: The story of thalassemia, in Blood, Pure and Eloquent, edited by 
Wintrobe MM, p 373. McGraw-Hill, New York, 1980. 
5. Weatherall DJ: Thalassaemia: The Biography. Oxford University Press, Oxford, 2010. 
. Chernoff AI: The distribution of the thalassemia gene: A historical review. Blood 14:899, 
1959. 

7. Weatherall DJ, Clegg JB: The Thalassaemia Syndromes, 4th ed. Blackwell, Oxford, 2001. 

. Ingram VM, Stretton AOW: Genetic basis of the thalassemia diseases. Nature 184:1903, 
1959. 

. Steinberg MH, Forget BG, Higgs DR, Weatherall DJ: Disorders of Hemoglobin, 2nd ed. 
Cambridge University Press, Cambridge, UK, 2009. 

10. Weatherall DJ, Clegg JB, Higgs DR, Wood WG: The hemoglobinopathies, in The Met- 
abolic and Molecular Bases of Inherited Disease, 8th ed, edited by Scriver CR, Beauder 
AL, Sly WS, Valle D, p 4571. McGraw-Hill, New York, 2001. 

11. Weatherall DJ, Clegg JB: Inherited haemoglobin disorders: An increasing global health 
problem. Bull World Health Organ 79:704, 2001. 

12. Christianson A, Howson CP, Modell B: March of Dimes Global Report on Birth Defects. 
March of Dimes Birth Defects Foundation, New York, 2006. 

13. Haldane JBS: The rate of mutation of human genes. Hereditas 35(Suppl):267, 1949. 

14. Orkin SH, Kazazian HH: The mutation and polymorphism of the human $-globin gene 
and its surrounding DNA. Annu Rev Genet 18:131, 1984. 

15. Orkin SH, Antonarakis SE, Kazazian HH: Polymorphisms and molecular pathology of 
the human f-globin gene. Prog Hematol 13:49, 1983. 

16. Siniscalco M, Bernini L, Filippi G, et al: Population genetics of haemoglobin variants, 


an 


o0 


\o 


thalassemia and glucose-6-phosphate dehydrogenase deficiency, with particular refer- 
ence to malaria hypothesis. Bull World Health Organ 34:379, 1966. 

17. Flint J, Hill AVS, Bowden DK, et al: High frequencies of æ thalassemia are the result of 
natural selection by malaria. Nature 321:744, 1986. 

18. Allen SJ, O'Donnell A, Alexander NDE, et al: a*-Thalassemia protects children against 
disease due to malaria and other infections. Proc Natl Acad Sci U S A 94:14836, 1997. 

19. Williams TN: Red blood cell defects and malaria. Mol Biochem Parasitol 149:121, 2006. 

20. Williams TN, Mwangi TW, Wambua S, et al: Negative epistasis between the malar- 
ia-protective effects of alpha*-thalassemia and the sickle cell trait. Nat Genet 37:1253, 
2005. 

21. Williams TN, Maitland K, Bennett S, et al: High incidence of malaria in a-thalassemic 
children. Nature 383:522, 1996. 

22. Cockburn IA, Mackinnon MJ, O’Donnell A, et al: A human complement receptor 1 
polymorphism that reduces Plasmodium falciparum rosetting confers protection 
against severe malaria. Proc Natl Acad Sci U S A 101:272, 2004. 

23. Weatherall DJ: Genetic variation and susceptibility to infection: The red cell and 
malaria. Br J Haematol 141:276, 2008. 

24. Williams TN, Weatherall DJ: World distribution, population genetics, and health bur- 
den of the hemoglobinopathies. Cold Spring Harb Perspect Med 2:a011692, 2012. 

25. Orkin SH: The duplicated human « globin genes lie close together in cellular DNA. Proc 
Natl Acad Sci U S A 75:5950, 1978. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39, 


40. 


41. 
42. 


43. 


44. 


45. 
46. 


48. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


Lauer J, Shen C-KJ, Maniatis T: The chromosomal arrangement of human a-like globin 
genes: Sequence homology and a-globin gene deletions. Cell 20:119, 1980. 

Liebhaber SA, Goossens N, Kan YW: Homology and concerted evolution at the a, and 
a, loci of human a-globin. Nature 290:26, 1981. 

Liebhaber SA, Goossens MJ, Kan YW: Cloning and complete nucleotide sequence of 
human 5’-a-globin gene. Proc Natl Acad Sci U S A 77:7054, 1980. 

Proudfoot NJ, Maniatis T: The structure of a human a-globin pseudo-gene and its rela- 
tionship to w-globin duplication. Cell 21:537, 1980. 

Liebhaber SA, Kan YW: Differentiation of the mRNA transcripts originating from the 
a- and a -globin loci in normals and a-thalassemics. J Clin Invest 68:439, 1981. 

Orkin SH, Goff SC: The duplicated human a-globin genes: Their relative expression as 
measured by RNA analysis. Cell 24:345, 1981. 

Higgs DR, Wainscoat JS, Flint J, et al: Analysis of the human « globin gene cluster 
reveals a highly informative genetic locus. Proc Natl Acad Sci U S A 83:5156, 1986. 
Fritsch EF, Lawn RM, Maniatis T: Molecular cloning and characterization of the human 
B-like globin gene cluster. Cell 19:959, 1980. 

Spritz RA, DeRiel JK, Forget BG, Weissman SM: Complete nucleotide sequence of the 
human 6-globin gene. Cell 21:639, 1980. 

Baralle FE, Shoulders CC, Proudfoot NJ: The primary structure of the human e globin 
gene. Cell 21:621, 1980. 

Slightom JL, Blechl AE, Smithies O: Human G gamma- and A gamma-globin genes: 
Complete nucleotide sequences suggest that DNA can be exchanged between these 
duplicated genes. Cell 21:627, 1980. 

Jeffrey AJ: DNA sequences in the G gamma-, A gamma-, delta- and beta-globin genes 
of man. Cell 18:1, 1979. 

Antonarakis SE, Boehm CD, Giardina PVJ, Kazazian HH: Nonrandom association of 
polymorphic restriction sites in the B-globin gene complex. Proc Natl Acad Sci US A 
79:137, 1982. 

Wainscoat JS, Hill AVV, Boyce A, et al: Evolutionary relationships of human popula- 
tions from an analysis of nuclear DNA polymorphisms. Nature 319:491, 1982. 
Katsumura KR, DeVilbiss AW, Pope NJ, et al: Transcriptional mechanisms underlying 
hemoglobin synthesis. Cold Spring Harb Perspect Med 3:a015412, 2013. 

Higgs DR, Weatherall DJ: The alpha thalassaemias. Cell Mol Life Sci 66:1154, 2008. 
Sankaran VG, Orkin SH: The switch from fetal to adult hemoglobin. Cold Spring Harb 
Perspect Med 3:a011643, 2013. 

Donze D, Townes TM, Bieker JJ: Role of erythroid Kruppel-like factor in human 
gamma- to beta-globin gene switching. J Biol Chem 270:1955, 1995. 

Thein SL, Wood WG: The molecular basis of f thalassemia, 5f thalassemia, and hered- 
itary persistence of fetal hemoglobin, in Disorders of Hemoglobin, 2nd ed, edited by 
Steinberg MH, Forget BG, Higgs DR, Weatherall DJ, p 323. Cambridge University 
Press, Cambridge, UK, 2009. 

Higgs DR: The alpha thalassemias. Cold Spring Harb Perspect Med 2:a011718, 2012. 
Giardine B, van Baal S, Kaimakis P, et al: HbVar database of human hemoglobin vari- 
ants and thalassemia mutations: 2007 Update. Hum Mutat 28:206, 2007. 

Orkin SH, Old JM, Weatherall DJ, Nathan DG: Partial deletion of beta-globin gene DNA 
in certain patients with beta 0-thalassemia. Proc Natl Acad Sci U S A 76:2400, 1979. 
Thein SL, Old JM, Wainscoat JS, Weatherall DJ: Population and genetic studies suggest 
a single origin for the Indian deletion beta thalassaemia. Br J Haematol 57:271, 1984. 
Anand R, Boehm CD, Kazazian HH, Vanin EF: Molecular characterization of a beta 
zero-thalassemia resulting from a 1.4 kilobase deletion. Blood 72:636, 1988. 

Padanilam BJ, Felice AE, Huisman TH]: Partial deletion of the 5° beta-globin gene 
region causes beta zero-thalassemia in members of an American black family. Blood 
64:941, 1984. 

Popovich BW, Rosenblatt DS, Kendall AG, Nishioka Y: Molecular characterization of an 
atypical beta-thalassemia caused by a large deletion in the 5’ beta-globin gene region. 
Am J Hum Genet 39:797, 1986. 

Diaz-Chico JC, Yang KG, Kutlar A, et al: An approximately 300 bp deletion involving 
part of the 5’ beta-globin gene region is observed in members of a Turkish family with 
beta-thalassemia. Blood 70:583, 1987. 

Aulehla-Scholz C, Spiegelberg R, Horst J: A beta-thalassemia mutant caused by a 300- 
bp deletion in the human beta-globin gene. Hum Genet 81:298, 1989. 

Orkin SH, Antonarakis SE, Kazazian HH: Base substitution at position -88 in a 
beta-thalassemic globin gene. Further evidence for the role of the distal promoter ele- 
ment ACACCC. J Biol Chem 259:8679, 1984. 

Orkin SH, Kazazian HH, Antonarakis SE, et al: Linkage of beta-thalassemia mutations 
and beta-globin gene polymorphisms with DNA polymorphisms in human globin gene 
cluster. Nature 296:267, 1982. 

Poncz M, Ballantine M, Solowiejczyk D, et al: beta-Thalassemia in a Kurdish Jew. J Biol 
Chem 257:5994, 1983. 
Orkin SH, Sexton JP, Cheng TC, et al: TATA box transcription mutation in beta- 
thalassemia. Nucleic Acids Res 11:4827, 1983. 
Antonarakis SE, Irkin SH, Cheng TC, et al: beta-Thalassemia in American Blacks: 
Novel mutations in the “TATA” box and an acceptor splice site. Proc Natl Acad Sci US 
A 81:1154, 1984. 

Surrey S, Delgrosso K, Malladi P, Schwartz E: Functional analysis of a beta-globin gene 
containing a TATA box mutation from a Kurdish Jew with beta-thalassemia. J Biol 
Chem 260:6507, 1985. 

Gonzalez-Redondo JH, Stoming TA, Kutlar A, et al: A C>T substitution at nt -101 ina 
conserved DNA sequence of the promoter region of the beta-globin gene is associated 
with “silent” beta-thalassemia. Blood 73:1705, 1989. 


Chapter 48: The Thalassemias: Disorders of Globin Synthesis 


6l. 
62. 
63. 


64. 


65. 
66. 
67. 


68. 
69. 
70. 


71, 


72. 


73. 
74. 
75. 


76. 


77. 


78. 
79. 


80. 
81. 
82. 
83. 
84. 
85. 


86. 
87. 
88. 


89. 
90. 
91. 


92. 


93. 


Wong C, Dowling CE, Saiki RK, et al: Characterization of beta-thalassemia mutations 
using direct genomic sequencing of amplified single copy DNA. Nature 330:384, 1987. 
Treisman R, Orkin SH, Maniatis T: Specific transcription and RNA splicing defects in 
five cloned beta-thalassemia genes. Nature 302:591, 1983. 

Kazazian HH, Orkin SH, Antonarakis SE, et al: Molecular characterization of seven 
beta-thalassaemia mutations in Asian Indians. EMBO J 3:593, 1984. 

Padanilam BJ, Huisman THJ: The beta zero-thalassemia in an American Black family 
is due to a single nucleotide substitution in the acceptor splice junction of the second 
intervening sequence. Am J Hematol 22:259, 1986. 

Atweh GF, Anagnou NP, Shearin J, et al: beta-Thalassemia resulting from a single nucle- 
otide substitution in an acceptor splice site. Nucleic Acids Res 13:777, 1985. 

Orkin SH, Sexton JP, Goff SC, Kazazian HH: Inactivation of an acceptor splice site by a 
short deletion in beta-thalassemia. J Biol Chem 258:7249, 1983. 

Atweh GF Wong C, Reed R, et al: A new mutation in IVS-1 of the human beta globin 
gene causing beta thalassemia due to abnormal splicing. Blood 70:148, 1987. 

Cheng T, Orkin SH, Antonarakis SE, et al: beta-Thalassemia in Chinese: Use of in 
vivo RNA analysis and oligonucleotide hybridization in systematic characterization of 
molecular defects. Proc Natl Acad Sci U S A 81:2821, 1984. 

Gonzalez-Redondo JH, Stoming TA, Lanclos KD, et al: Clinical and genetic hetero- 
geneity in Black patients with homozygous beta-thalassemia from the southeastern 
United States. Blood 72:1007, 1988. 

Tamagnini GP, Lopes MC, Castanheira ME, et al: Beta + thalassaemia—Portuguese 
type: Clinical, haematological and molecular studies of a newly defined form of beta 
thalassaemia. Br J Haematol 54:189, 1983. 

Hill AVS, Bowden DK, O’Shaughnessy DE, et al: beta-Thalassemia in Melanesia: Asso- 
ciation with malaria and characterization of a common variant. Blood 72:9, 1988. 
Spritz RA, Jagadeeswaran P, Choudary PV, et al: Base substitution in an intervening 
sequence of a beta+-thalassemic human globin gene. Proc Natl Acad Sci U S A 78:2455, 
1981. 

Busslinger M, Moschonas N, Flavell RA: Beta + thalassemia: Aberrant splicing results 
from a single point mutation in an intron. Cell 27:289, 1981. 

Metherall JE, Collins RS, Pan J, et al: Beta zero thalassaemia caused by a base substitu- 
tion that creates an alternative splice acceptor site in an intron. EMBO J 5:2551, 1986. 
Orkin SH, Kazazian HH Jr, Antonarakis SE,, et al: Abnormal RNA processing due to the 
exon mutation of beta E-globin gene. Nature 300:768, 1982. 

Goldsmith ME, Humphries RK, Ley T, et al: “Silent” nucleotide substitution in 
beta+-thalassemia globin gene activates splice site in coding sequence RNA. Proc Natl 
Acad Sci U S A 88:2318, 1983. 

Orkin SH, Antonarakis SE, Loukopoulos D: Abnormal processing of beta Knossos 
RNA. Blood 64:311, 1984. 

Yang KG, Kutlar F, George E, et al: Molecular characterization of beta-globin gene 
mutations in Malay patients with Hb E-beta-thalassaemia major. Br J Haematol 72:73, 
1989. 

Orkin SH, Cheng TC, Antonarakis SE, Kazazian HH Jr: Thalassaemia due to a mutation 
in the cleavage-polyadenylation signal of the human beta-globin gene. EMBO J 4:453, 
1985. 

Jankovic L, Efremov GD, Petkov G, et al: Three novel mutations leading to beta thalas- 
semia. Blood 74:226, 1989. 

Rund D, Filon D, Rachmilewitz EA, et al: Molecular analysis of beta-thalassemia in 
Kurdish Jews: Novel mutations and expression studies. Blood 74:821, 1989. 

Chang JC, Kan YW: beta-Thalassemia: A nonsense mutation in man. Proc Natl Acad Sci 
US A 76:2886, 1979. 

Kazazian HH, Dowling CE, Waber PG, et al: The spectrum of beta-thalassemia genes in 
China and Southeast Asia. Blood 68:964, 1986. 

Trecartin RF Liebhaber SA, Chang JC, et al: Beta zero thalassemia in Sardinia is caused 
by a nonsense mutation. J Clin Invest 68:1012, 1981. 

Rosatelli C, Leoni GB, Tuveri T, et al: Beta thalassaemia mutations in Sardinians: Impli- 
cations for prenatal diagnosis. J Med Genet 24:97, 1987. 

Kimberland ML, Divoky V, Prchal J, et al: Full-length human L1 insertions retain the 
capacity for high frequency retrotransposition in cultured cells. Hum Mol Genet 8:1557, 
1999, 

Weatherall DJ, Clegg JB, Knox-Macaulay HHM, et al: A genetically determined disor- 
der with features both of thalassaemia and congenital dyserythropoietic anaemia. Br J 
Haematol 24:681, 1973. 

Stamatoyannopoulos G, Woodson R, Papayannopoulou T, et al: Inclusion-body 
beta-thalassemia trait: A form of beta thalassemia producing clinical manifestations in 
simple heterozygotes. N Engl J Med 290:939, 1974. 

Thein SL: Dominant beta thalassaemia: Molecular basis and pathophysiology. Br J Hae- 
matol 80:273,1992. 

Thein SL, Hesketh C, Taylor P, et al: Molecular basis for dominantly inherited inclusion 
body beta thalassemia. Proc Natl Acad Sci U S A 87:3924, 1990. 

Beris RP, Miescher PA, Diaz-Chico JC, et al: Inclusion body beta-thalassemia trait in 
a Swiss family is caused by an abnormal hemoglobin (Geneva) with an altered and 
extended beta chain carboxy-terminus due to a modification in codon 114. Blood 
72:801, 1988. 

Kazazian HH, Dowling CE, Hurwitz RL, et al: Thalassemia mutations in exon 3 of the 
beta-globin gene often cause a dominant form of thalassemia and show no predilection 
for malarial-endemic regions of the world. Am J Hum Genet 45:A242, 1989. 

Fei YJ, Stoming TA, Kutlar A, et al: One form of inclusion body beta thalassemia is due 
toa GAA—TAA mutation at codon 121 of the beta chain. Blood 73:1075, 1989. 


94 


95. 
96 


97. 


98, 


Part VI: The Erythrocyte 


. Kazazian HH, Orkin SH, Boehm CD, et al: Characterization of a spontaneous mutation 
to a beta-thalassemia allele. Am J Hum Genet 38:860, 1986. 

. Sachs AB: Messenger RNA degradation in eukaryotes. Cell 74:413, 1993. 

. Thermann R, Neu-Yilik J, Deters A, et al: Binary specification of nonsense codons by 
splicing and cytoplasmic translation. EMBO J 17:3484, 1998. 

. Thein SL: Is it dominantly inherited beta thalassaemia or just a beta-chain variant that 
is highly unstable? Br J Haematol 107:12, 1999. 

. Adams JG, Steinberg MH, Boxer LA, et al: The structure of hemoglobin Indianapolis 
[(betal12(G14) arginine]: An unstable variant detectable only by isotopic labeling. J 
Biol Chem 254:3489, 1979. 


99. Coleman MB, Steinberg MH, Adams JG 3rd: Hemoglobin Terre Haute arginine beta 


127. 


107. 


09. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


106. A posthumous correction to the original structure of hemoglobin Indianapolis. 
Blood 76:57, 1990. 

. Thein SL, Wood WG, Wickramasinghe SN, Galvin MC: Beta-thalassemia unlinked to 
the beta-globin gene in an English family. Blood 82:961, 1993. 

. Jones RW, Old JM, Trent RJ, et al: Major rearrangement in the human beta-globin gene 
cluster. Nature 291:39, 1981. 

. Baglioni C: The fusion of two peptide chains in hemoglobin Lepore and its interpreta- 
tion as a genetic deletion. Proc Natl Acad Sci U S A 48:1880, 1962. 

. Ottolenghi S, Giglioni B, Pulazzini A, et al: Sardinian delta beta zero-thalassemia: a 
further example of a C to T substitution at position -196 of the A gamma globin gene 
promoter. Blood 69:1058, 1987. 

. Atweh GF, Zhu XX, Brickner HE, et al: The beta-globin gene on the Chinese delta 
beta-thalassemia chromosome carries a promoter mutation. Blood 70:1480, 1987. 

. Wainscoat JS, Thein SL, Wood WG, et al: A novel deletion in the beta globin gene com- 
plex. Ann N Y Acad Sci 445:20, 1985. 

. Kulozik A, Yarwood N, Jones RW: The Corfu delta beta zero thalassemia: A small deletion 

acts at a distance to selectively abolish beta globin gene expression. Blood 71:457, 1988. 

Fritsch EF, Lawn RM, Maniatis T: Characterization of deletions which affect the expres- 

sion of fetal globin genes in man. Nature 279:598, 1979. 

. Orkin SH, Goff SC, Nathan DG: Heterogeneity of DNA deletion in gamma delta 

beta-thalassemia. J Clin Invest 67:878, 1981. 

Pirastu M, Kan YW, Lin CC, et al: Hemolytic disease of the newborn caused by a new 

deletion of the entire beta-globin cluster. J Clin Invest 72:602, 1983. 

. Fearon ER, Kazazian HH Jr, Waber PG, et al: The entire beta-globin gene cluster is 
deleted in a form of gamma delta beta-thalassemia. Blood 61:1269, 1983. 

. Van der Ploeg LH, Konings A, Oort M, et al: gamma-beta-Thalassaemia studies show- 
ing that deletion of the gamma- and delta-genes influences beta-globin gene expression 
in man. Nature 283:637, 1980. 

. Curtin P, Pirastu M, Kan YW, et al: A distant gene deletion affects beta-globin gene 
function in an gamma delta beta-thalassemia. J Clin Invest 76:1554, 1985. 

. Driscoll MC, Dobkin CS, Alter BP: Gamma delta beta-thalassemia due to a de novo 
mutation deleting the 5’ beta-globin gene activation-region hypersensitive sites. Proc 
Natl Acad Sci U S A 86:7480, 1989. 

. Tuan D, Feingold E, Newman M, et al: Different 3’ end points of deletions causing delta 
beta-thalassemia and hereditary persistence of fetal hemoglobin: Implications for the 
control of gamma-globin gene expression in man. Proc Natl Acad Sci U S A 80:6937, 1983. 

. Kendall AG, Ojwang PJ, Schroeder WA, Huisman TH: Hemoglobin Kenya, the product 
of a gamma-beta fusion gene: Studies of the family. Am J Hum Genet 25:548, 1973. 

. Smith DH, Clegg JB, Weatherall DJ, Gilles HM: Hereditary persistence of foetal haemo- 
globin associated with a gamma beta fusion variant, haemoglobin Kenya. Nat New Biol 
246:184, 1973. 

. Collins FS, Stoeckert CJ, Serjeant GR, et al: G gamma beta+ hereditary persistence of 
fetal hemoglobin: Cosmid cloning and identification of a specific mutation 5’ to the G 
gamma gene. Proc Natl Acad Sci U S A 81:4894, 1984. 

. Giglioni B, Casini C, Mantovani R, et al: A molecular study of a family with Greek 
hereditary persistence of fetal hemoglobin and beta-thalassemia. EMBO J 3:2641, 1984. 

. Gelinas R, Endlich B, Pfeiffer C, et al: G to A substitution in the distal CCAAT box of 

the A gamma-globin gene in Greek hereditary persistence of fetal haemoglobin. Nature 

313:323, 1985. 

Tate VE, Wood WG, Weatherall DJ: The British form of hereditary persistence of fetal 

hemoglobin results from a single base mutation adjacent to an S1 hypersensitive site 5’ 

to the A gamma globin gene. Blood 68:1389, 1986. 

Gilman JG, Huisman TH: DNA sequence variation associated with elevated fetal G 

gamma globin production. Blood 66:783, 1985. 

Marti HR: Normale und Abnormale Menschliche Haemoglobin. Springer-Verlag, Berlin, 

1963. 

Dover GJ, Smith KD, Chang YC, et al: Fetal hemoglobin levels in sickle cell disease and 

normal individuals are partially controlled by an X-linked gene located at Xp22.2. Blood 

80:816, 1992. 

Craig JE, Rochette J, Fisher CA, et al: Dissecting the loci controlling fetal haemoglobin 

production on chromosomes 11p and 6q by the regressive approach. Nat Genet 12:58, 

1996. 

Garner C, Silver N, Best S, et al: Quantitative trait loci on chromosome 8q influences 

the switch from fetal to adult hemoglobin. Blood 104:2184, 2004. 

Menzel S, Garner C, Gut I, et al: A QTL influencing F cell production maps to a gene 

encoding a zinc-finger protein on chromosome 2p15. Nat Genet 39:1197, 2007. 

Uda M, Galanello R, Sanna S, et al: Genome-wide association study shows BCL11A 

associated with persistent fetal hemoglobin and amelioration of the phenotype of 

beta-thalassemia. Proc Natl Acad Sci U S A 105:1620, 2008. 


128. 


129. 


130. 


131. 


132. 


133. 


134. 


135. 


136. 


137. 


138. 


139. 


140. 


141. 


142. 


143. 


144. 


145. 


146. 


148. 


148. 


149. 


150. 


151. 


152. 


153. 


154. 


155. 


156. 


157. 


158. 


159. 


160. 


161. 


Menzel S, Thein SL: Genetic architecture of hemoglobin F control. Curr Opin Hematol 
16:179, 2009. 

Wood WG, Weatherall DJ, Clegg JB: Interaction of heterocellular hereditary persistence of 
foetal haemoglobin with beta thalassaemia and sickle cell anaemia. Nature 264:248, 1976. 
Gibbons RJ, Wada T: ATRX and X-linked (alpha)-thalassemia mental retardation 
syndrome, in Inborn Errors of Development, edited by Epstein CJ, Erickson RP, Wyn- 
shaw-Boris A, p 748. Oxford University Press, Oxford, 2004. 

Gibbons RJ, Wada T, Fisher CA, et al: Mutations in the chromatin-associated protein 
ATRX. Hum Mutat 29:796, 2008. 

Nicholls RD, Fischel-Ghodsian N, Higgs DR: Recombination at the human alpha- 
globin gene cluster: Sequence features and topological constraints. Cell 49:369, 1987. 
Barbour VM, Tufarelli C, Sharpe JA, et al: Alpha-thalassemia resulting from a negative 
chromosomal position effect. Blood 96:800, 2000. 

Tufarelli C, Stanley JA, Garrick D, et al: Transcription of antisense RNA leading to gene 
silencing and methylation as a novel cause of human genetic disease. Nat Genet 34:157, 2003. 
Wilkie AOM, Lamb J, Harris PC, et al: A truncated human chromosome 16 associ- 
ated with alpha thalassaemia is stabilized by addition of telomeric repeat (TTAGGG). 
Nature 346:868, 1990. 

Hatton CS, Wilkie AO, Drysdale HC, et al: Alpha-thalassemia caused by a large (62 kb) 
deletion upstream of the human alpha globin gene cluster. Blood 76:221, 1990. 
Liebhaber SA, Griese E-U, Cash FE, et al: Inactivation of human alpha-globin gene 
expression by a de novo deletion located upstream of the alpha-globin gene cluster. Proc 
Natl Acad Sci U S A 81:9431, 1990. 

Embury SH, Miller JA, Dozy AM, et al: Two different molecular organizations account 
for the single alpha-globin gene of the alpha-thalassemia-2 genotype. J Clin Invest 
66:1319, 1980. 

Higgs DR, Old JM, Pressley L, et al: A novel alpha-globin gene arrangement in man. 
Nature 284:632, 1980. 

Goossens M, Dozy AM, Embury SH, et al: Triplicated alpha-globin loci in humans. 
Proc Natl Acad Sci U S A 77:518, 1980. 

Trent RJ, Higgs DR, Clegg JB, Weatherall DJ: A new triplicated alpha-globin gene 
arrangement in man. Br J Haematol 49:149, 1981. 

Higgs DR, Hill AVS, Bowden DK, Weatherall DJ: Independent recombination events 
between duplicated human alpha globin genes: Implications for their concerted evolu- 
tion. Nucleic Acids Res 12:6965, 1984. 

Orkin SH, Goff SC, Hechtman RL: Mutation in an intervening sequence splice junction 
in man. Proc Natl Acad Sci U S A 78:5041, 1981. 

Higgs DR, Goodbourn SE, Lamb J, et al: Alpha-thalassaemia caused by a polyadenyla- 
tion signal mutation. Nature 306:398, 1983. 

Thein SL, Wallace RB, Pressley L, et al: The polyadenylation site mutation in the alpha- 
globin gene cluster. Blood 71:313, 1988. 

Pirastu M, Saglio G, Chang JC, et al: Initiation codon mutation as a cause of alpha 
thalassemia. J Biol Chem 259:12315, 1984. 

Olivieri NF, Chang LS, Poon AO, et al: An alpha-globin gene initiation codon mutation 
in a black family with HbH disease. Blood 70:729, 1987. 

Paglietti E, Galanello R, Moi P, et al: Molecular pathology of haemoglobin H disease in 
Sardinians. Br J Haematol 63:485, 1986. 

Morlé F, Lopez B, Henni T, Godet J: alpha-Thalassaemia associated with the deletion of 
two nucleotides at position -2 and -3 preceding the AUG codon. EMBO J 4:1245, 1985. 
Weatherall DJ, Clegg JB: The alpha-chain-termination mutants and their relationship to 
the alpha-thalassaemias. Philos Trans R Soc London B Biol Sci 271:411, 1975. 

Liebhaber SA, Coleman MB, Adams JG 3rd, et al: Molecular basis for nondeletion 
alpha-thalassemia in American blacks. Alpha 2(116GAG—UAG). J Clin Invest 80:154, 1987. 
Liebhaber SA, Kan YW: A Thalassemia caused by an unstable alpha-globin mutant. J 
Clin Invest 71:461, 1983. 

Sanguansermsri T, Matragoon S, Changloah L, Flatz G: Hemoglobin Suan-Dok (alpha 2 
109 (G16) Leu replaced by Arg beta 2): An unstable variant associated with alpha-tha- 
lassemia. Hemoglobin 3:161, 1979. 

Honig GR, Shamsuddin M, Zaizov R, et al: Hemoglobin Petah Tikva (alpha 110 ala 
replaced by asp): A new unstable variant with alpha-thalassemia-like expression. Blood 
57:705, 1981. 

Honig GR, Shamsuddin M, Vida LN, et al: Hemoglobin Evanston (alpha 14 Trp—Arg). 
An unstable alpha-chain variant expressed as alpha-thalassemia. J Clin Invest 73:1740, 
1984. 

Weatherall DJ, Higgs DR, Bunch C, et al: Hemoglobin H disease and mental retarda- 
tion: A new syndrome or a remarkable coincidence? N Engl J Med 305:607, 1981. 
Wilkie AO, Buckle VJ, Harris PC, et al: Clinical features and molecular analysis of the 
alpha thalassemia/mental retardation syndromes: I. Cases due to deletions involving 
chromosome band 16p13.3. Am J Hum Genet 46:1112, 1990. 

Wilkie AO, Zeitlin HC, Lindenbaum RH, et al: Clinical features and molecular analysis 
of the alpha-thalassemia/mental retardation syndromes: II. Cases without detectable 
abnormality of the alpha globin complex. Am J Hum Genet 46:1127, 1990. 

Gibbons RJ, Suthers GK, Wilkie AO, et al: X-linked alpha-thalassemia/mental retar- 
dation (ATR-X) syndrome: Localization to Xq12-21.31 by X-inactivation and linkage 
analysis. Am J Hum Genet 51:1136, 1992. 

Gibbons RJ, Picketts DJ, Villard L, Higgs DR: Mutations in a putative global transcrip- 
tional regulator cause X-linked mental retardation with alpha-thalassemia (ATR-X syn- 
drome). Cell 80:837, 1995. 

Gibbons RJ, Bachoo S, Picketts DJ, et al: Mutations in transcriptional regulator ATRX 
establish the functional significance of a PHD-like domain. Nat Genet 17:146, 1997. 


162. 


163. 


164. 


165. 


166. 


167. 


168. 


169. 


170. 


171. 


172. 


173. 


174. 


175. 
176. 


77. 


178. 


179. 


180. 


181. 


182. 


183. 


184. 


185. 


186. 


187. 


188. 


189. 


190. 


191. 


192. 


193. 


194. 


195. 


196. 


197. 


Ausié J, Levin DB, De Amorim GV, et al: Syndromes of disordered chromatin remodel- 
ing. Clin Genet 64:83, 2003. 

Gibbons RJ, McDowell TL, Raman S, et al: Mutations in ATRX, encoding a SWI/ 
SNF-like protein, cause diverse changes in the pattern of DNA methylation. Nat Genet 
24:368, 2000. 

Weatherall DJ, Old J, Longley J, et al: Acquired haemoglobin H disease in leukaemia: 
Pathophysiology and molecular basis. Br J Haematol 38:305, 1978. 

Gibbons RJ: alpha-Thalassemia, mental retardation, and myelodysplastic syndrome. 
Cold Spring Harb Perspect Med 2:a011759, 2012. 

Belickova M, Schroeder HW, Guan YL, et al: Clonal hematopoiesis and acquired thalas- 
semia in common variable immunodeficiency. Mol Med 1:56, 1995. 

Weatherall DJ, Clegg JB, Naughton MA: Globin synthesis in thalassemia: An in vitro 
study. Nature 208:1061, 1965. 

Weatherall DJ, Clegg JB, Na-Nakorn S, Wasi P: The pattern of disordered haemoglobin 
synthesis in homozygous and heterozygous beta-thalassaemia. Br J Haematol 16:251, 
1969. 

Fessas P: Inclusions of hemoglobin in erythroblasts and erythrocytes of thalassemia. 
Blood 21:21, 1963. 

Wickramasinghe SN, Hughes M: Some features of bone marrow macrophages in 
patients with beta-thalassaemia. Br J Haematol 38:23, 1978. 

Yataganas X, Fessas P: The pattern of hemoglobin precipitation in thalassemia and its 
significance. Ann N Y Acad Sci 165:270, 1969. 

Finch CA, Deubelbeiss K, Cook JD, et al: Ferrokinetics in man. Medicine (Baltimore) 
49:17, 1970. 

Chalavelakis G, Clegg JB, Weatherall DJ: Imbalanced globin chain synthesis in hete- 
rozygous beta-thalassemic bone marrow. Proc Natl Acad Sci U S A 72:3853, 1975. 
Rund D, Rachmilewitz E: Advances in the pathophysiology and treatment of thalas- 
semia. Crit Rev Oncol Hematol 20:237, 1995. 

Schrier SL: Pathobiology of thalassemic erythrocytes. Curr Opin Hematol 4:75, 1997. 
Fibach E, Rachmilewitz E: The role of oxidative stress in hemolytic anemia. Curr Mol 
Med 8:609, 2008. 

Yuan J, Angelucci E, Lucarelli G, et al: Accelerated programmed cell death (apoptosis) 
in erythroid precursors of patients with severe beta-thalassemia (Cooley’s anemia). 
Blood 82:374, 1993. 

Ager JAM, Lehmann H: Observations in some “fast” haemoglobins: K, J, N, and “Bart's.” 
Br Med J 1:929, 1958. 

Rigas DA, Kohler RD, Osgood EE: New hemoglobin possessing a higher electropho- 
retic mobility than normal adult hemoglobin. Science 121:372, 1955. 

Gabuzda TG, Nathan DG, Gardner FH: The turnover of hemoglobins A, F, and A(2) in 
the peripheral blood of three patients with thalassemia. J Clin Invest 42:1678, 1963. 
Loukopoulos D, Fessas P: The distribution of hemoglobin types in thalassemic erythro- 
cyte. J Clin Invest 44:231, 1965. 

Nathan DG, Gunn RB: Thalassemia: The consequences of unbalanced hemoglobin syn- 
thesis. Am J Med 41:815, 1966. 

Rees DC, Porter JB, Clegg JB, Weatherall DJ: Why are hemoglobin F levels increased in 
HbE/beta thalassemia? Blood 94:3199, 1999. 

Thein SL, Weatherall DJ: A non-deletion hereditary persistence of fetal hemoglobin 
(HPFH) determinant not linked to the B-globin gene complex, in Hemoglobin Switch- 
ing, Part B: Cellular and Molecular Mechanisms, edited by Stamatoyannopoulos G, 
Nienhuis AW, p 97. Alan R. Liss, New York, 1989. 

O'Donnell A, Premawardhena A, Arambepola M, et al: Age-related changes in adapta- 
tion to severe anemia in childhood in developing countries. Proc Natl Acad Sci US A 
104:9440, 2007. 

Multicentre study on prevalence of endocrine complications in thalassemia major. 
Italian Working Group on Endocrine Complications in Non-endocrine Diseases. Clin 
Endocrinol (Oxf) 42:581, 1995. 

Wood JC, Enriquez C, Ghugre N, et al: Physiology and pathophysiology of iron cardio- 
myopathy in thalassemia. Ann N Y Acad Sci 1054:386, 2005. 

Ganz T, Nemeth E: Iron metabolism: Interactions with normal and disordered erythro- 
poiesis. Cold Spring Harb Perspect Med 2:a011668, 2012. 

Olivieri NF Brittenham GM: Iron-chelating therapy and the treatment of thalassemia. 
Blood 89:739, 1997. 

Singer ST, Ataga KI: Hypercoagulability in sickle cell disease and beta-thalassemia. 
Curr Mol Med 8:639, 2008. 

Morris CR, Kuypers FA, Kato GJ, et al: Hemolysis-associated pulmonary hypertension 
in thalassemia. Ann N Y Acad Sci 1054:481, 2005. 

Weatherall DJ: Phenotype-genotype relationships in monogenic disease: Lessons from 
the thalassaemias. Nat Rev Genet 2:245, 2001. 

Weatherall DJ, Pressley L, Wood WG, et al: The molecular basis for mild forms of 
homozygous beta thalassaemia. Lancet 1:527, 1981. 

Wainscoat JS, Old JM, Weatherall DJ, Orkin SH: The molecular basis for the clinical 
diversity of beta thalassaemia in Cypriots. Lancet 1:1235, 1983. 

Labie D, Pagnier J, Lapoumeroulie C, et al: Common haplotype dependency of high G 
gamma-globin gene expression and high Hb F levels in beta-thalassemia and sickle cell 
anemia patients. Proc Natl Acad Sci U S A 82:2111, 1985. 

hein SL, Sampietro M, Old JM, et al: Association of thalassaemia intermedia with a 
beta-globin gene haplotype. Br J Haematol 65:370, 1987. 

hein SL, Hesketh C, Wallace RB, Weatherall DJ: The molecular basis of thalassaemia 
major and thalassaemia intermedia in Asian Indians: Application to prenatal diagnosis. 
Br J Haematol 70:225, 1988. 


Chapter 48: The Thalassemias: Disorders of Globin Synthesis 


198. 


199, 


200. 
201. 


202. 


203. 


204. 


205. 


206. 


207. 
208. 
209. 
210. 
211. 
212. 
213. 


214. 
215. 


216. 
217. 
218. 
219. 


220. 


221. 
222. 


223. 
224. 


225. 
226. 
227. 


228. 
229. 


230. 


231. 


232. 


233. 


Ho PJ, Hall GW, Luo LY, et al: Beta thalassaemia intermedia: Is it possible to predict 
phenotype from genotype? Br J Haematol 100:70, 1998. 

Rund D, Oron-Karni V, Filon D, et al: Genetic analysis of beta-thalassemia intermedia 
in Israel: Diversity of mechanisms and unpredictability of phenotype. Am J Hematol 
54:16, 1997. 

Rund D, Fucharoen S: Genetic modifiers in hemoglobinopathies. Curr Mol Med 8:600, 
2008. 

Wonke B, Hoffbrand AV, Bouloux P, et al: New approaches to the management of hep- 
atitis and endocrine disorders in Cooley’s anemia. Ann N Y Acad Sci 850:232, 1998. 
Girot R, Lefrére JJ, Schettini F, et al: HIV infection and AIDS in thalassemia, in Thalas- 
semia 1990: 5th Annual Meeting of the COOLEY-CARE Group, edited by Rebulla P, Fessas 
P, p 69. Centro Trasfusionale Ospedale Maggiore Policlinico Dio Milano, Athens, 1991. 
Choudhury NV, Dubey ML, Jolly JG, et al: Post-transfusion malaria in thalassaemia 
patients. Blut 61:314, 1990. 

Chatterjee R, Katz M, Cox TF, Porter JB: Prospective study of the hypothalamic-pitu- 
itary axis in thalassaemic patients who developed secondary amenorrhoea. Clin Endo- 
crinol (Oxf) 39:287, 1993. 

Premawardhena A, Arambepola M, Katugaha N, et al: Is the beta thalassaemia trait of 
clinical importance? Br J Haematol 141:407, 2008. 

Liang ST, Wong VCW, So WWK, et al: Homozygous alpha-thalassaemia: Clinical 
presentation, diagnosis and management: A review of 46 cases. Br J Obstet Gynaecol 
92:680, 1985. 

Beaudry MA, Ferguson Dj, Pearse K, et al: Survival of a hydropic infant with homozy- 
gous alpha-thalassemia-1. J Pediatr 108:713, 1986. 

Bianchi DW, Beyer EC, Stark AR, et al: Normal long-term survival with alpha thalas- 
semia. J Pediatr 108:716, 1986. 

Gouttas A, Fessas P, Tsevrenis H, Xefteri E: Description dune nouvelle variete d’anemie 
hemolytique congenitale. Sang 26:911, 1955. 

Rigas DA, Koler RD, Osgood EE: Hemoglobin H: Clinical, laboratory, and genetic stud- 
ies of a family with a previously undescribed hemoglobin. J Lab Clin Med 48:51, 1956. 
Wasi P: Hemoglobinopathies in southeast Asia, in Distribution and Evolution of the 
Hemoglobin and Globin Loci, edited by Bowman JE, p 179. Elsevier, New York, 1983. 
Kattamis C, Tzotzos S, Kanavakis F, et al: Correlation of clinical phenotype to genotype 
in haemoglobin H disease. Lancet 1:442, 1988. 

Galanello R, Pirastu M, Melis MA, et al: Phenotype-genotype correlation in haemoglo- 
bin H disease in childhood. J Med Genet 20:425, 1983. 

Fucharoen S, Winichagoon P, Pootrakul P, et al: Differences between two types of Hb H 
disease, alpha-thalassemia 1/alpha-thalassemia 2 and alpha-thalassemia 1/Hb constant 
spring. Birth Defects Orig Artic Ser 23:309, 1988. 

Styles L, Foote DH, Kleman KM, et al: Hemoglobin H-Constant Spring disease: An 
under recognized, severe form of alpha thalassemia. Int J Pediatr Hematol Oncol 4:69, 
1977. 

Lie-Injo LE, Ganesan J, Clegg JB, Weatherall DJ: Homozygous state for Hb Constant 
Spring (slow-moving Hb X components). Blood 43:251, 1974. 

Derry S, Wood WG, Pippard MJ, et al: Hematologic and biosynthetic studies in 
homozygous hemoglobin Constant Spring. J Clin Invest 73:1673, 1984. 

Higgs DR, Pressley L, Clegg JB, et al: Detection of alpha thalassaemia in Negro infants. 
Br J Haematol 46:39, 1980. 

Higgs DR, Lamb J, Aldridge BE, et al: Inadequacy of Hb Bart’s as an indicator of 
alpha-thalassaemia. Br J Haematol 48:177, 1982. 

Silvestroni E, Bianco I, Reitano G: Three cases of homozygous delta beta-thalassemia 
(or microcythemia) with high haemoglobin F in a Sicilian family. Acta Haematol 
40:220, 1968. 

Ramot BN, Ben-Bassat I, Gafni D, Zaanoon R: A family with three delta beta-thalas- 
semia homozygotes. Blood 35:158, 1970. 

Tsistrakis GA, Amarantos SP, Konkouris LL: Homozygous beta delta-thalassaemia. 
Acta Haematol 51:185, 1974. 

Efremov GD: Hemoglobins Lepore and anti-Lepore. Hemoglobin 2:197, 1978. 
Charache S, Clegg JB, Weatherall DJ: The Negro variety of hereditary persistence of 
fetal haemoglobin is a mild form of thalassaemia. Br J Haematol 34:527, 1976. 
Huisman TH, Miller A, Schroeder WA: A G gamma type of hereditary persistence of 
fetal hemoglobin with beta chain production in cis. Am J Hum Genet 27:765, 1975. 
Higgs DR, Clegg JB, Wood WG, Weatherall DJ: G gamma beta + type of hereditary 
persistence of fetal haemoglobin in association with Hb C. J Med Genet 16:288, 1979. 
Fessas P, Stamatoyannopoulos G: Hereditary persistence of fetal hemoglobin in Greece: 
A study and a comparison. Blood 24:223, 1964. 

Sofroniadou K, Wood WG, Nute PE, Stamatoyannopoulos G: Globin chain synthesis 
in Greek type (A gamma) of hereditary persistence of fetal haemoglobin. Br J Haematol 
29:137, 1975. 

Clegg JB, Metaxatou-Mavromati A, Kattamis C, et al: Occurrence of G gamma Hb F in 
Greek HPFH: Analysis of heterozygotes and compound heterozygotes with beta thalas- 
saemia. Br J Haematol 43:521, 1979. 

Camaschella C, Oggiano L, Sampietro M, et al: The homozygous state of G to A-117A 
gamma hereditary persistence of fetal hemoglobin. Blood 73:1999, 1989. 

Weatherall DJ, Cartner R, Clegg JB, et al: A form of hereditary persistence of fetal hae- 
moglobin characterized by uneven cellular distribution of haemoglobin F and the pro- 
duction of haemoglobins A and A2 in homozygotes. Br J Haematol 29:205, 1975. 
Silvestroni E, Bianco I: La Malattia Microdrepanocitica. Il Pensiero Scientifico, Rome, 
1955. 

Serjeant GR: Sickle Cell Disease, 3rd ed. Oxford University Press, New York, 2001. 


234. 


235. 


236. 


237. 


238. 


239. 


240. 


241. 


242. 


243. 


244. 


245. 


246. 


248. 


248. 


249. 


250. 


251. 


252. 


253. 


254. 


255. 


256. 


257. 


258. 


259. 


260. 


261. 
262. 


263. 


264. 


265. 
266. 


267. 


268. 


Part VI: The Erythrocyte 


Fucharoen S, Winichagoon P: Hemoglobinopathies in southeast Asia: Molecular biol- 
ogy and clinical medicine. Hemoglobin 21:299, 1997. 

Agarwal S, Gulati R, Singh K: Hemoglobin E-beta thalassemia in Uttar Pradesh. Indian 
Pediatr 34:287, 1997. 

Khanh NC, Thu LT, Truc DB, et al: Beta-thalassemia/haemoglobin E disease in Viet- 
nam. J Trop Pediatr 36:43, 1990. 

De Silva S, Fisher CA; Members of the Sri Lanka Thalassaemia Study, et al: Thalas- 
saemia in Sri Lanka: Implications for the future health burden of Asian populations. 
Lancet 355:786, 2000. 

Olivieri NF, Muraca GM, O’Donnell A, et al: Studies in haemoglobin E beta-thalas- 
saemia. Br J Haematol 141:388, 2008. 

Premawardhena A, Fisher CA, Olivieri NF, et al: Haemoglobin E beta thalassaemia in 
Sri Lanka. Lancet 366:1467, 2005. 

Fisher CA, Premawardhena A, De Silva S, et al: The molecular basis for the thalas- 
saemias in Sri Lanka. Br J Haematol 121:1, 2003. 

Sonakul D, Suwanagool P, Sirivaidyapong P, Fucharoen S: Distribution of pulmonary 
thromboembolic lesions in thalassemic patients, in Thalassemia: Pathophysiology and 
Management, Part A, edited by Fucharoen S, Rowley PT, Paul NW, p 375. Alan R. Liss, 
New York, 1988. 

Kattamis C, Metaxotou-Mavromati A, Wood WG, et al: The heterogeneity of normal 
Hb A2-beta thalassaemia in Greece. Br J Haematol 42: 109, 1979. 

Schwartz E: The silent carrier of beta thalassemia. N Engl J Med 281:1327, 1969. 
Bianco I, Graziani B, Carboni C: Genetic patterns in thalassemia inter-media (constitu- 
tional microcytic anemia): Familial, hematologic and biosynthetic studies. Hum Hered 
27:257, 1977. 

Pirastu M, Ristaldi MS, Loudianos G, et al: Molecular analysis of atypical beta-thalas- 
semia heterozygotes. Ann N Y Acad Sci 612:90, 1990. 

Olds RJ, Sura T, Jackson B, et al: A novel delta 0 mutation in cis with Hb Knossos: A 
study of different interactions in three Egyptian families. Br J Haematol 78:430, 1991. 
Schokker RC, Went LN, Bok J: A new genetic variant of beta-thalassaemia. Nature 
209:44, 1966. 

Ohta Y, Yamaoka K, Sumida I, et al: Homozygous delta-thalassemia first discovered in 
Japanese family with hereditary persistence of fetal hemoglobin. Blood 37:706, 1971. 
Vella F, Wells RMC, Ager JAM: A haemoglobinopathy involving haemoglobin H and a 
new (Q) haemoglobin. Br J Haematol 1:752, 1958. 

Lie-Injo LE, Pillay RP, Thuraisingham V: Further cases of Hb-Q-H disease (Hb Q-al- 
pha-thalassemia). Blood 28:830, 1966. 

Milner PF, Huisman TH]: Studies on the proportion and synthesis of haemoglobin G 
Philadelphia in red cells of heterozygotes, a homozygote, and a heterozygote for both 
haemoglobin G and alpha thalassaemia. Br J Haematol 34:207, 1976. 

Rieder RF, Woodbury DH, Rucknagel DL: The interaction of alpha-thalassaemia and 
haemoglobin G Philadelphia. Br J Haematol 32:159, 1976. 

Pich P, Saglio G, Camaschella C, et al: Interaction between Hb Hasharon and alpha 
thalassemia: An approach to the problem of the number of human alpha loci. Blood 
51:339, 1978. 
Higgs DR, Aldridge BE, Lamb J, et al: The interaction of alpha-thalassemia and 
homozygous sickle cell disease. N Engl J Med 306:1441, 1982. 

Embury SH, Dozy AM, Miller J, et al: Concurrent sickle-cell anemia and alpha-thalas- 
semia. N Engl J Med 306:270, 1982. 

Olivieri N, Weatherall DJ: Clinical aspects of } thalassemia and related disorders, 
in Disorders of Hemoglobin, 2nd ed, edited by Steinberg MH, Forget BG, Higgs DR, 
Weatherall DJ, p 357. Cambridge University Press, Cambridge, UK, 2009. 

Cazzola M, Borgna-Pignatti C, Locatelli F, et al: A moderate transfusion regimen may 
reduce iron loading in beta-thalassemia major without producing excessive expansion 
of erythropoiesis. Transfusion 37:135, 1997. 

Propper RD, Cooper B, Rufo RR, et al: Continuous subcutaneous administration of 
deferoxamine in patients with iron overload. N Engl J Med 297:418, 1977. 

Pippard MJ, Callender ST, Letsky EA, Weatherall DJ: Prevention of iron loading in 
transfusion-dependent thalassaemia. Lancet 1:1178, 1978. 

Pippard MJ, Callender ST, Weatherall DJ: Intensive iron-chelation therapy with desfer- 
rioxamine in iron loading patients. Clin Sci Mol Med 54:99, 1978. 

Nienhuis AW: Safety of intensive chelation therapy. N Engl J Med 296:114, 1977. 
Olivieri NF, Bunic JR, Chew E, et al: Visual and auditory neurotoxicity in patients 
receiving subcutaneous deferoxamine infusions. N Engl J Med 314:869, 1986. 

Porter JB, Jawson MS, Huehns ER, et al: Desferrioxamine ototoxicity: Evaluation of risk 
factors in thalassaemia patients and guidelines for safe dosage. Br J Haematol 73:403, 
1989. 

Olivieri NE, Basran RK, Talbot AL, et al: Abnormal growth in thalassemia major asso- 
ciated with deferoxamine-induced destruction of spinal cartilage and compromise of 
sitting height. Blood 86:482a, 1995. 

Porter JB: Practical management of iron overload. Br J Haematol 115:239, 2001. 
Nisbet-Brown E, Olivieri NF, Giardina PJ, et al: Effectiveness and safety of ICL670 in 
iron-loaded patients with thalassaemia: A randomized, double-blind, placebo-con- 
trolled dose-escalation trial. Lancet 361:1597, 2003. 

Olivieri NF, Brittenham GM: Management of the thalassemias. Cold Spring Harb Per- 
spect Med 3:a011767, 2013. 

Olivieri NF, Nathan DG, MacMillan JH, et al: Survival in medically treated patients 
with homozygous beta-thalassemia. N Engl J Med 331:574, 1994. 


269. 


270. 


271. 


272. 


273. 


274. 


275. 


276. 


277. 


278. 


279. 


280. 


281. 


282. 


283. 


284. 


285. 


286. 


287. 


288. 


289. 


290. 


291. 


292. 


293. 


294. 


295. 


296. 


297. 


298. 


299. 


300. 


301. 


302. 


303. 


304. 


Brittenham GM, Griffith PM, Nienhuis AW, et al: Efficacy of deferoxamine in prevent- 
ing complications of iron overload in patients with thalassemia major. N Engl J Med 
331:567, 1994. 

Borgna-Pignatti C, Rugolotto S, De Stefano P, et al: Survival and complications in 
patients with thalassemia major treated with transfusion and deferoxamine. Haemato- 
logica 89:1187, 2004. 

St Pierre TG, Clark PR, Chua-Anusorn W: Measurement and mapping of liver iron 
concentrations using magnetic resonance imaging. Ann N Y Acad Sci 1054:379, 2005. 
Pennell DJ: T2* magnetic resonance and myocardial iron in thalassemia. Ann N Y Acad 
Sci 1054:373, 2005. 

Lucarelli G, Giardini C, Baronciani D: Bone marrow transplantation in beta-thalas- 
semia. Semin Hematol 32:297, 1995. 

Lucarelli G, Giardini C, Baronciani D: Bone marrow transplantation in thalassemia. 
Semin Hematol 32:297, Review, 1995. 

Di Bartolomeo P, Di Girolamo G, Olioso P, et al: The Pescara experience of allogenic bone 
marrow transplantation in thalassemia. Bone Marrow Transplant 19(Suppl 2):48, 1997. 
Argiolu F, Sanna MA, Addari MC, et al: Bone marrow transplantation in thalassemia: 
The experience of Cagliari. Bone Marrow Transplant 19(Suppl 2):65, 1997. 

Gaziev D, Polchi P, Galimberti M, et al: Graft-versus-host disease following bone mar- 
row transplantation for thalassemia: An analysis of incidence and risk factors. Trans- 
plantation 63:854, 1997. 

Lucarelli G, Isgro A, Sodani P, Gaziev J: Hematopoietic stem cell transplantation in 
thalassemia and sickle cell anemia. Cold Spring Harb Perspect Med 2:a011825, 2012. 
Olivieri NF, Weatherall DJ: The therapeutic reactivation of fetal haemoglobin. Hum Mol 
Genet 7:1655, 1998. 

Swank RA, Stamatoyannopoulos G: Fetal gene reactivation. Curr Opin Genet Dev 8:366, 
1998. 

Weatherall DJ: Pharmacological treatment of monogenic disease. Pharmacogenomics J 
3:264, 2003. 

Quek L, Thein SL: Molecular therapies in beta-thalassaemia. Br J Haematol 136:353, 
2007. 

Olivieri NF, Rees DC, Ginder GD, et al: Treatment of thalassaemia major with phenyl- 
butyrate and hydroxyurea. Lancet 350:491, 1997. 

Sadelain M: Genetic treatment of the haemoglobinopathies: Recombinations and new 
combinations. Br J Haematol 98:248, 1997. 

Dominski Z, Kole R: Restoration of correct splicing in thalassemic pre-mRNA by anti- 
sense oligonucleotides. Proc Natl Acad Sci U S A 90:8673, 1993. 

Lan N, Howrey RP, Lee S-W, et al: Ribozyme-mediated repair of sickle beta-globin 
mRNAs in erythrocyte precursors. Science 280:1593, 1998. 

Rivella S, Sadelain M: Therapeutic globin gene delivery using lentiviral vectors. Curr 
Opin Mol Ther 4:505, 2002. 

Persons DA, Nienhuis AW: Gene therapy for the hemoglobin disorders. Curr Hematol 
Rep 2:348, 2003. 

Nienhuis AW, Persons DA: Development of gene therapy for thalassemia. Cold Spring 
Harb Perspect Med 2:a011833, 2012. 

WHO Working Group: Hereditary anemias: Genetic basis, clinical features, diagnosis 
and treatment. Bull World Health Organ 60:543, 1982. 

Stamatoyannopoulos G: Problems of screening and counseling in the hemoglobinopa- 
thies, in Proceedings of the IV International Conference on Birth Defects, p 268. Exerpta 
Medica, Vienna, 1974. 
Alter BP: Antenatal diagnosis: Summary of results. Ann N Y Acad Sci 612:237, 1990. 
Kazazian HH, Phillips JAI, Boehm CD, et al: Prenatal diagnosis of beta-thalassemia 
by amniocentesis: Linkage analysis of multiple polymorphic restriction endonuclease 
sites. Blood 56:926, 1980. 
Old JM, Ward RH, Petrou M, et al: First trimester diagnosis for haemoglobinopathies: 
Three cases. Lancet 2:1413, 1982. 
Old JM, Fitches A, Heath C, et al: First trimester fetal diagnosis for haemoglobinopa- 
thies: Report on 200 cases. Lancet 2:763, 1986. 
Cao A, Galanello R, Rosatelli MC: Prenatal diagnosis and screening of the haemoglo- 
binopathies. Clin Haematol 11:215, 1998. 

Modell B, Petrou M, Layton M, et al: Audit of prenatal diagnosis for haemoglobin dis- 
orders in the United Kingdom: The first 20 years. BMJ 315:779, 1997. 

Cheung MC, Goldberg JD, Kan YW: Prenatal diagnosis of sickle cell anemia and thalas- 
semia by analysis of fetal cells in maternal blood. Nat Genet 14:264, 1996. 

Hung EC, Chiu RW, Lo YM: Detection of circulating fetal nucleic acids: A review of 
methods and applications. J Clin Pathol 62:308, 2009. 

Kuliev A, Rechitsky S, Verlinsky O, et al: Preimplantation diagnosis of thalassemias. J 
Assist Reprod Genet 15:219, 1998. 
Kuliev A, Rechitsky S, Verlinsky O, et al: Birth of healthy children after preimplantation 
diagnosis of thalassemia. J Assist Reprod Genet 16:201, 1999. 

Cao A, Kan YW: The prevention of thalassemia. Cold Spring Harb Perspect Med 
3:a011775, 2013. 
Weatherall DJ, Akinyanju O, Fucharoen S, et al: Inherited disorders of hemoglobin, 
in Disease Control Priorities in Developing Countries, 2nd ed, edited by Jamison DT, 
Breman JG, Measham AR, Alleyne G, Claeson M, Evans DB, Jha P, Mills A, Musgrove 
P, p 663. Oxford University Press and the World Bank, New York, 2006. 

A database of human hemoglobin variants and thalassemias. http://globin.bx.psu.edu/ 
hbvar/ 


CHAPTER 49 

DISORDERS OF 
HEMOGLOBIN STRUCTURE: 
SICKLE CELL ANEMIA AND 
RELATED ABNORMALITIES 


Kavita Natrajan and Abdullah Kutlar 


Hemoglobinopathies are the most common inherited red cell disorders world- 
wide. Among these disorders, sickle cell syndromes and thalassemias consti- 
tute a major public health problem. A glutamic acid to valine substitution at the 
sixth amino acid of the -globin chain of human hemoglobin (HbA) results in 
formation of sickle hemoglobin (HbS). Sickle cell disease results from homozy- 
gosity for this mutation, or from a compound heterozygosity for sickle hemo- 
globin and B-thalassemia or another -globin variant such as HbC, HbD, HbE, or 
HbO,» The sickle mutation renders the hemoglobin molecule insoluble upon 
deoxygenation; thus red blood cells containing deoxy HbS polymer are rigid 
and have impaired rheologic properties. The downstream effects of the sick- 
ling process include: membrane changes leading to potassium loss and cellular 
dehydration, interaction of sickle hemoglobin with microvascular endothe- 
lium, neutrophils, and monocytes, hemolysis, nitric oxide depletion, release of 
inflammatory proteins and activation of coagulation. These processes lead to a 
hemolytic anemia, an inflammatory state, painful vasoocclusive episodes, and 
damage to multiple organ systems with a resultant shortened life expectancy. 


Acronyms and Abbreviations: ACS, acute chest syndrome; ADMA, asymmetric 
dimethylarginine; AHSCT, allogeneic hematopoietic stem cell transplantation; BMP, 
bone morphogenic protein; 2,3-BPG, 2,3-bisphosphoglycerate; (0, carbon dioxide; 
CSSCD, Cooperative Study of Sickle Cell Disease; eNOS, endothelial nitric oxide syn- 
thase; Hb, hemoglobin; HbAS, sickle cell trait; HbF, fetal hemoglobin; HbS, sickle 
hemoglobin; HbSC, sickle cell—HbC disease; HIF, hypoxia-inducible factor; HLA 
human leukocyte antigen; HPLC, high-performance liquid chromatography; IL, 
interleukin; iNKT cells, invariant natural killer T cells; K*, potassium; LDH, lactate 
dehydrogenase; MCHC, mean cell hemoglobin concentration; MCV, mean corpuscu- 
lar volume; MPs, microparticles; MRI, magnetic resonance imaging; NO, nitric oxide; 
NT-pro-BNP, N-terminal pro—brain natriuretic peptide; 0, oxygen; P, „ point at which 
hemoglobin is one-half saturated with oxygen; PCV7, pneumococcal polyvalent 
conjugate 7; PH, pulmonary hypertension; PIGF, placenta growth factor; P partial 
pressure of oxygen; R state, relaxed oxy; SCD, sickle cell disease; SCT, stem cell trans- 
plantation; sPLA., secretory phospholipase A,; STOP, Stroke Prevention Trial in Sickle 
Cell Disease; T state, tense, deoxy; TCD, transcranial Doppler; TF, tissue factor; TGF-B, 
transforming growth factor-beta; TNF-a, tumor necrosis factor-alpha; UDP, uridine 
diphosphate; UGT1A1, UDP glucuronosyltransferase 1 family; VOE, vasoocclusive epi- 
sode; VTE, venous thromboembolism. 


There is considerable heterogeneity in the severity of the disease; the best known 
modifier of the disease is an elevated level of fetal hemoglobin (HbF), which 
exerts a potent antisickling effect. Concomitant a-thalassemia is also a modifier, 
which leads to a decrease in hemolysis. There is an interest in nonglobin genetic 
modifiers of sickle cell disease. Over the past 3 decades, advances in supportive 
care and implementation of disease-modifying therapies, such as anti—y to 
B-globin switching therapies, which result in increased HbF and less HbS syn- 
thesis, and have led to an increase in life expectancy. Hydroxyurea has emerged 
as an effective disease-modifying agent that has been approved by the FDA for 
use in adults with sickle cell disease. Although its main mechanism of action 
is to enhance HbF production, other effects such as a decrease in neutrophils, 
platelets, and decreased expression of adhesion molecules contribute to its 
efficacy. Novel antiswitching agents, most notably, DNA methyltransferase 1 
inhibitors (5’-azacytidine and decitabine) and histone deacetylase inhibitors 
(butyrate derivatives and others) are now in clinical trials. Evolving thera- 
pies include antiadhesive therapies to prevent interaction of sickle cells with 
microvascular endothelium, antiinflammatory approaches, and modulation of 
hemoglobin—oxygen affinity to prevent sickling. To date, the only curative ther- 
apy remains allogeneic hematopoietic stem cell transplantation. 

Sickle trait, the heterozygous state for sickle hemoglobin, affects approxi- 
mately 8 percent of Americans of African descent, and with rare exceptions is 
asymptomatic. HbC is associated with target cells and spherocytes in the blood 
film and splenomegaly. HbD disease is essentially asymptomatic. HbE is very 
common in Southeast Asia, and because of large population movements from 
this area, it has become a prevalent hemoglobinopathy in other regions of the 
world. HbE is a thalassemic variant and its coinheritance with B°-thalassemia 
mutations can result in severe transfusion-dependent thalassemia major. 
Unstable hemoglobin variants appear as rare, sporadic cases and are charac- 
terized by a Heinz body hemolytic anemia. Variants that alter the oxygen affin- 
ity of the Hb molecule lead to erythrocytosis (high oxygen affinity variants) or 
anemia (low oxygen affinity variants) and are rare causes of these syndromes. 


@THE STRUCTURE AND FUNCTION OF 
NORMAL HEMOGLOBIN 


The red protein hemoglobin (Hb) serves to transport oxygen from the 
lungs to the tissues and carbon dioxide (CO,) from the tissues to the 
lungs. Hb also binds the physiologically important nitric oxide (NO) 
molecule. The protein has evolved to perform its gas transport functions 
in a highly efficient manner. The oxygen affinity of Hb permits nearly 
complete saturation with oxygen in the lungs, as well as efficient oxy- 
gen unloading in the tissues because of its sigmoid oxygen dissociation 
curve. This curve results from the fact that Hb is a four-subunit, allosteric 
molecule; its conformation, and hence the oxygen affinity, changes as 
each successive molecule of oxygen is bound. Hb also plays an important 
role in acid-base balance: deoxyhemoglobin binds protons and oxyhe- 
moglobin releases protons. Regulation of the oxygen dissociation curve 
to meet the needs of the body is remarkable. Hypoxic tissues become 
acidotic acutely, and the protons released produce a shift in the oxygen 
dissociation curve that enables more oxygen to be delivered to the tissue. 
However, longer-term acidosis or alkalosis (as occurs at high altitudes) 
is counteracted by modulation of red cell 2,3-bisphosphoglycerate 
(2,3-BPG), serving to decrease hemoglobin-oxygen affinity (Chap. 47). 

Normal mammalian Hbs contain two pairs of related polypeptide 
chains: one chain of each pair is a or a-like and the other is non-a ($, y, 


Part VI: The Erythrocyte 


or ô). The «-chains of all human Hbs encountered after early embryo- 
genesis are the same. The non-a chains include the $-chain of normal 
adult Hb (@,B.), the y-chain of fetal Hb (a,y,), and the d-chain of the 
minor adult Hb (HbA, [a,6,]), which accounts for 2.5 percent of the Hb 
of normal adults. Chapter 48 discusses the regulation of production of 
the globin chains. 

Certain residues in the amino acid sequence of each polypeptide 
chain appear to be critical to stability and function. Such residues are 
usually the same (invariant) in «or f chains. The NH,-terminal valines of 
the £ chains are important in 2,3-BPG interactions. The C-terminal res- 
idues are important in the salt bridges that characterize the unliganded 


molecules. Areas of contact between chains and between heme and glo- 
bin tend to contain invariant residues. The non-« ($, y, 6, or £) chains 
are all 146 amino acids in length. The y-chain of fetal Hb (HbF) differs 
from the B-chain by 39 residues. The y genes are duplicated: one codes 
for glycine (°y) and the other for alanine (y)’ at residue 136, giving rise 
to two kinds of y chains. In addition, a common polymorphism, the 
substitution of threonine for isoleucine, is frequently found at residue 
75 of the “y-chain. 

Approximately 75 percent of the amino acids in a and f chains are 
in a helical arrangement. All Hbs studied have a similar helical content 
(Fig. 49-1A). Eight helical areas, lettered A to H, occur in the f chains. 


Figure 49-1. A. Representation of the structure of B 
chains. Arrows indicate sites of substitutions in a number 
of unstable hemoglobins. B. The hemoglobin molecule, as 
deduced from x-ray diffraction studies, shown from above. 
The molecule is composed of four subunits: two identical a 
chains (light blocks) and two identical 6 chains (dark blocks). 
2,3-BPG binds to the two chains in the deoxyhemoglobin 
molecule. C. Schematic of rotation of a,b, dimer relative 
to a,B, in quaternary structure change from deoxyhemo- 
globin (solid lines) to carboxyhemoglobin (dashed lines). 
(Modified from Baldwin J, Chothia C: Haemoglobin: The struc- 
tural changes related to ligand binding and its allosteric mech- 
anism. J Mol Biol 129(2):175-220, 1979.) 
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Hb nomenclature specifies that amino acids within helices are desig- 
nated by the amino acid number and the helix letter, whereas amino 
acids between helices bear the number of the amino acid and the letters 
of the two helices. Thus, residue EF3 is the third residue of the segment 
connecting the E and F helices, whereas residue F8 is the eighth resi- 
due of the F helix. Alignment according to helical designation makes 
homology evident: Residue F8 is the proximal heme linked histidine, 
and the histidine on the distal side of the heme is E7. 

Figure 49-1B show the tertiary structure of the « and £ chains. The 
prosthetic group of Hb is heme (ferroprotoporphyrin IX); Fig. 49-2A 
shows its structure. The heme group is located in a crevice between the 
E and F helices in each chain (Fig. 49-28). The highly polar propionate 
side chains of the heme are on the surface of the molecule and are ion- 
ized at physiologic pH. The rest of the heme is inside the molecule, sur- 
rounded by nonpolar residues except for two histidines. The iron atom 
is linked by a coordinate bond to the imidazole nitrogen (N) of histidine 
F8. The E7 distal histidine, on the other side of the heme plane, is not 
bonded to the iron atom, but is very close to the ligand-binding site. 

The sigmoid oxygen dissociation curve is a function of the change 
of the conformation of the molecule from the liganded to the unliganded 
state (Table 49-1). In the deoxy state, the Hb tetramer is held together 
by intersubunit salt bonds (Fig. 49-3) and intersubunit hydrophobic 
contacts (see Fig. 49-1B), in addition to a certain number of hydrogen 
bonds. In deoxyhemoglobin, 2,3-BPG is situated in the central cavity 
between the two f chains (see Fig. 49-1B). The change in conformation 
of the Hb molecule is brought about by a complex, coordinated series 
of changes in the structure of the molecule as heme binds oxygen. The 
oxygen dissociation curve can be linearized by a transformation known 
as the Hill plot: 


log[y/(1 - y)] = log K+n log Po, 


TABLE 49-1. Nomenclature of Hemoglobin Quaternary 
Structures 


Liganded (Oxygen Bound) Unliganded (Reduced) 
Oxy Deoxy 

R-state T-state 

Relaxed Tense 

High affinity Low affinity 
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Figure 49-2. A. Structure of heme (ferro- 
protoporphyrin 1X). B. Heme group and its 
environment in the unliganded a-chain. Only 
selected side chains are shown; the heme 
4-propionate is omitted. (Reproduced from 
Gelin BR, Lee AW, Karplus M: Hemoglobin tertiary 
2 structural change on ligand binding. J Mol Biol 
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where K is an empiric overall constant without physicochemical basis. 
The slope n is taken as a convenient measure of cooperativity. Values of 
n in noninteracting Hbs that exhibit hyperbolic, not sigmoid, oxygen 
dissociation curves (e.g., myoglobin) are approximately 1. In a normal 
tetrameric Hb with four oxygen-reactive sites, the maximum value for n 
is 4.0; however, n values of 2.7 to 3.0 are found in normal Hb. 

The point at which the Hb is one-half saturated with oxygen (P,,) 
is the usual measurement of oxygen affinity. It depends upon pH (the 
Bohr effect), temperature, and 2,3-BPG concentration. In common 
practice, P,, is standardized at 37°C and pH 7.20. P., of freshly drawn 
blood is approximately 26.7 torr under standard conditions, but the 
partial pressure of oxygen (P,,,) of Hb from which 2,3-BPG has been 
removed is only approximately 13 torr. Although fetal and newborn 
red cells have 2,3-BPG levels similar to those of adults, their oxygen 
dissociation curve is left shifted (increased oxygen affinity) with a P., 
of approximately 23 torr because HbF does not react as strongly with 
2,3-BPG as does HbA. 


_NH3*——H10 a, Lys 
coo- ~“ COO-— A4 oy Asp 
~*NH3t——NAI o4 Val 
HC3 a Arg í 
cl 
Guat----- COO” —H9 a, Asp 
COO----NH3*+——C5 o4 Lys 
HC3 Bp His 


FGI B. Asp — COO- --- *“Im* 
CD2 $, Glu——COO-- --Guat— FG4 a, Arg |@H5 HIS* 


Figure 49-3. Salt bridges in deoxyhemoglobin (* = ionizable group 
less protonated at pH 9.0 than at pH 7.0). These groups account for 60% 
of the alkaline Bohr effect. The remainder is due to aH5 His. (Data from 
Perutz MF, Wilkinson AJ, Paoli M, et al: The stereochemical mechanism of the 
cooperative effects in hemoglobin revisited, Annu Rev Biophys Biomol Struct 
1998;27:1-34.) 
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@ NOMENCLATURE OF ABNORMAL 
HEMOGLOBINS 


Following the molecular characterization of HbS by Ingram and col- 
leagues in 1956, there has been a rapid and exponential increase in 
the number of variant or “abnormal” Hbs.' This number now exceeds 
1000. A detailed description of variant Hbs, their chemical and func- 
tional properties, and population distribution can be found on the Glo- 
bin Gene Server website (http://globin.cse.psu.edu/). Initially, newly 
described variants were designated by letters of the alphabet (e.g., HbC, 
HbD, HbE, HbJ). When the letters of the alphabet were exhausted, 
the practice of naming the variant Hbs after the geographic location 
where they were first described was adapted (e.g., sl Hb, cn)" Vari- 
ants with electrophoretic or functional properties similar to previously 
described abnormal Hbs were designated with the letter and the geo- 
graphic location (e.g., HDD panjat HDE ao HbM,,, de pary). SOME alpha- 
betic designations were also used to indicate electrophoretic properties 
of certain variants; for example, there are a number of HbDs (Dania? 
Dia Diadan): Al of these variants share the electrophoretic properties 
of HbS-like mobility on alkaline (cellulose acetate) electrophoresis, 
whereas they move with HbA at acidic pH (citrate agar electrophoresis). 
Similarly, HbEs have HbC-like mobility on alkaline electrophoresis and 
move with HbA on citrate agar electrophoresis. 

The vast majority of Hb variants arise as a result of single nucleo- 
tide mutations, leading to an amino acid change in either a-, B-, ô-, or 
y-globin subunits of the Hb tetramer resulting in variants of HbA (a or £), 
HbA2 (6), or HbF (y). Other mechanisms include small deletions or 
insertions, elongated chains, and fusions (for a detailed description of 
Hb variants and associated clinical syndromes, see “Other Abnormal 
Hemoglobins” below. 

The coinheritance of HbS with some other variant Hbs or f-tha- 
lassemia mutations results in a number of sickling syndromes. In the 
United States, the most common sickling disorder is homozygous 
HbS (HbSS, sickle cell anemia), which is now commonly referred to 
as sickle cell disease (SCD). This is followed by sickle cell-HbC disease 
(HbSC), sickle cell-B*-thalassemia (HbS-f*-thalassemia), and sickle 
cell-$°-thalassemia (HbS-f°-thalassemia). Other rarer forms include 
HDS D, unja HbSO er ADS, spore and HbSE diseases. Coinheritance of a 
large number of $-chain variants with HbS does not result in a symp- 
tomatic sickling disorder; rather, they are clinically and hematologically 
indistinguishable from sickle cell trait (HbAS). 

HbC is found in 17 to 28 percent of West Africans, particularly east 
of the Niger River in the vicinity of North Ghana. The selective factors 
that account for this high prevalence are unknown at present, but HbC 
probably confers some resistance to infection with malaria. The prev- 
alence of HbC among Americans of African descent is 2 to 3 percent. 
Sporadic cases also have been reported in other populations, including 
Italians and Afrikaners. 

AbD, av? which is now recognized to be identical with HbD,,, higas 
because both have the structure a p,121 Glu>Gln, also interacts with 
HbS in forming aggregates in the deoxy conformation. HbD has been 
found in many parts of the world, including Africa, northern Europe, 
and India. 

HbE is so prevalent that it may be the most common abnormal 
Hb or second in prevalence only to HbS. HbE is found principally in 
Burma, Thailand, Laos, Cambodia, Malaysia, and Indonesia. In some 
areas, HbE is found with a carrier rate of 30 percent. On the other hand, 
it is not prevalent among Chinese. Studies of restriction length poly- 
morphisms in the B-globin cluster indicate the HbE mutation has arisen 
several times independently. It, too, probably confers some resistance to 
infection with malaria. 


@ SICKLE CELL DISEASE 
DEFINITION AND HISTORY 


The first case of SCD, reported in 1910, was that of a dental student from 
Grenada, Walter Clement-Noel, studying in Chicago. Dr. James Her- 
rick and his intern, Dr. Ernest Irons, were in charge of Mr. Noel's care 
between 1904 and 1907, during which time he had several bouts of fever 
and cough and a history of leg ulcers, jaundice, and exercise intolerance. 
Herrick and Irons made astute clinical observations and prepared blood 
films and photomicrographs of nucleated red blood cells and of red cells 
having a “slender sickle shape” (Fig. 49-4).? During the next decade, 
two more cases of this unusual anemia were reported. In 1915, Cook 
and Meyer raised the question of a genetic basis for the disorder based 
on the family history of the third reported case. In 1917, Victor Emmel 
used in vitro culture to show that sickle red cells represented a physi- 
cal alteration of morphologically normally appearing red cells and were 
not released from the marrow as sickle cells.* He also demonstrated 
that morphologically normal red cells of the father of a patient became 
sickle shaped after in vitro culture. Vernon Mason, who reported the 
fourth case in 1922, coined the term sickle cell anemia after observing 
the similarities between all the cases reported up to that time. In 1923, 
Sydenstricker and Huck noted “latent-sicklers” among relatives of the 
diagnosed patients, confirming and expanding on Emmel’s finding. In 
1927, Hahn and Gillespie showed that sickling was related to low oxy- 
gen tension and low pH. In 1933, Diggs distinguished the difference of 
symptomatic cases called sickle cell anemia, from asymptomatic cases 
that were termed sickle cell trait, and he found that approximately 8 per- 
cent of Americans of African descent had the sickle cell trait.* 
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Figure 49-4. Peculiar elongated and sickle-shaped red cells from the 
first report of sickle cell anemia with depiction of sickle cells. (Reproduced 
with permission from Herrick JB: Peculiar elongated and sickle-shaped red 
corpuscles in a case of severe anemia. Arch Intern Med 6:517, 1910.) 


Irving Sherman, while a medical student at Johns Hopkins, showed 
that sickled red cells were birefringent under a polarizing microscope 
and that this finding was reversible with oxygenation of the cells. This 
observation ultimately led Linus Pauling to study sickle Hb after being 
advised of this property of sickle cell by William Castle, a noted research 
hematologist. Indeed, in 1949, Pauling and his colleagues demon- 
strated electrophoretic differences between Hbs from normal, sickle 
cell trait, and sickle cell anemia subjects and hypothesized that there 
must be chemical differences, thus establishing sickle cell anemia as the 
first molecular disease described. In the late 1950s, Hunt and Ingram 
sequenced the globin peptide and linked the abnormality to a change 
in the amino acid composition of the 6-globin chain (replacement of 
glutamic acid by valine at residue 6). In 1977, Marotta and coworkers 
showed that the corresponding change in codon 6 of the -globin gene 
was GAG>GTG. The discovery of a variant fragment in HbS versus 
HbA during restriction endonuclease mapping of amniotic fluid cells 
by Y. W. Kan paved the way for antenatal diagnosis of SCD and opened 
the way for modern genetics using recombinant DNA technology.* 

The history of sickle cell anemia serves as an inspiring reminder 
of the power of clinical and laboratory observations, and in an era of 
mechanistic basic science research, serves to highlight the importance 
of bedside to bench and bench to bedside research integration.*° 


EPIDEMIOLOGY 


The observation that sickle cell trait may have a survival advantage 
against some environmental factors was first suggested by Dr. Alan 
Raper in East Africa in 1949. Drs. Mackey and Vivarelli suggested that 
the environmental influence might be malaria. It was subsequently 
noted that blood from sickle cell trait persons contained less malarial 
parasites and that the sickle trait conferred some protection against 
malaria in early childhood. Data suggest that sickle trait is maximally 
protective against severe malaria as opposed to asymptomatic para- 
sitemia or mild disease. The mechanism of such a protection has been 
the matter of much debate. Plausible mechanisms include selective sick- 
ling of parasitized red blood cells, resulting in more effective removal 
by the monocyte-macrophage system, and inhibitory effect on parasite 
growth by increased red cell potassium loss, decreased red cell pH, and 
increased endothelial adherence of parasitized sickle red cells. 

Thus, the prevalence of sickle cell anemia closely mirrors the 
worldwide distribution of falciparum malaria; however, as a result of 
migration of peoples to the industrialized Western countries, SCD has 
become more prevalent in areas where malaria is not endemic. 

The World Health Organization estimated in 2006 that 5 percent of 
the world population carries a gene for a hemoglobinopathy. Sickle cell 
anemia is highly prevalent in sub-Saharan and equatorial Africa with 
lesser but significant prevalence in the Middle East, India, and the Med- 
iterranean region. Incidence of SCD in sub-Saharan African countries 
ranges between 1 and 2 percent, which translates into approximately 
500,000 cases per year. In the Jamaican cohort study, newborn screening 
in 100,000 consecutive vaginal deliveries resulted in the finding of sickle 
cell trait in 10 percent of newborns.” 

In the United States, the Centers for Disease Control and Preven- 
tion estimates that sickle cell anemia is present in 1 in 500 livebirths 
among Americans of African descent; 1 in 12 American of African 
descent have the trait, and approximately 100,000 Americans largely of 
African descent live with the disease. In Americans of Hispanic descent, 
the rate of SCD is 1 in 36,000 livebirths. Accurate population statistics 
of SCD are difficult to obtain in the United States because of a lack of 
standardized data collection and central reporting.” 

As of 2002, in the United States, more than one billion dollars 
are spent per year on hospitalizations for SCD.” Data from a single 
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state Medicaid program estimated a lifetime cost of care of $500,000 
per patient with SCD. In this patient population, cost increased with 
increasing age, including cost of non-SCD health issues. The majority of 
the costs were for inpatient healthcare utilization." 

Previously, speculation existed as to whether the sickle mutation 
arose once and gained worldwide distribution or whether the mutation 
had arisen independently in different regions of the world. The non- 
random association of restriction endonuclease polymorphisms in the 
B-globin cluster define the B-globin haplotype. The $-globin gene clus- 
ter yields five distinct haplotypes associated with sickle cell mutations 
(Chap. 9).'*!” Four of the five patterns occur in Africa and are desig- 
nated as the Senegal, Benin, Bantu, and Cameroon haplotypes, whereas 
the fifth arose on the Indian subcontinent.’* These findings indicate that 
the sickle mutation arose independently at five different times. 


PATHOPHYSIOLOGY 


The sine qua non of sickle cell anemia is a Glu>Val substitution in the 
sixth amino acid of the $-globin gene. However, the pathophysiologic 
processes that result in the clinical phenotype extend beyond the red 
cell (Fig. 49-5). There is marked clinical heterogeneity from one patient 
to another and in the same patient over time. The heterogeneity for 
the same genotypic abnormality therefore implies that a multitude of 
other factors must contribute to the pathology of sickle cell anemia. The 
pathology is now far removed from the simplistic theory of hypoxia-in- 
duced microvascular occlusion. Sickle cell anemia is a chronic inflam- 
matory state punctuated by acute increase in inflammation wherein the 
endothelium, neutrophils and monocytes, platelets, coagulation path- 
ways, several plasma proteins, adhesion molecules, and derangements 
in NO metabolism interact in concert with the abnormality in Hb poly- 
merization described several decades ago (Fig. 49-6). Abnormal ade- 
nosine signaling and activation of invariant natural killer T (iNKT) cells 
have been implicated in disease pathophysiology. Added to that are the 
complex differences in tissue-specific vascular beds and differences in 
various parts of the vasculature in the same organ. Also, variation in 
several genes other than the -globin gene that modify the milieu in 
which organ damage occurs may play a role. 

The pathophysiology of sickle cell anemia is described in separate 
sections; however, because no single, dominant pathway explains the 
multitude of manifestations, no single therapeutic modality serves to 
abrogate all of the pathology. Most experiments are in isolation in ani- 
mal models or relatively simplistic experimental conditions with few in 
vivo studies in humans and thus do not replicate the complexity of this 
disorder. 


Hemoglobin Polymerization 

Aggregation of deoxy HbS molecules into polymers occurs when aggre- 
gates reach a thermodynamically critical size. This process is termed 
homogenous nucleation, and the smallest aggregate formed that favors 
polymer growth is called the critical nucleus.’ Addition of sub- 
sequent deoxy HbS molecules to already formed polymers is termed 
heterogenous nucleation, which results in polymer branching. Polymer 
growth is, therefore, an exponential process wherein there is a delay 
time between presence of deoxy HbS molecules and polymer forma- 
tion. This delay time is inversely proportional to the concentration of 
HbS molecules. Polymer formation alters the rheologic properties of the 
red cell. 

The quaternary structure of oxy HbS cannot maintain axial and 
lateral hydrophobic contacts unlike that in the deoxygenated state, thus 
explaining the unsickling phenomenon upon reoxygenation.” The 
sickling process that is initially reversible with oxygenation of deoxy 
HbS eventually leads to the formation of sickle-shaped red cells that 
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Figure 49-5. Schema summarizing the pathophysiology of sickle cell anemia. K+, potassium; NO, nitric oxide; PS, phosphatidylserine; RBC, red 
blood cell; ROS, reactive oxygen species; TF, tissue factor; WBC, white blood cell; XO, xanthine oxidase. 


fail to return to their normal discoid shape with oxygenation because of 
membrane damage imparted by repeated cycles of sickling and unsick- 
ling in the circulation. These cells are then termed irreversibly sickled 
cells. The rate and extent of polymerization is dependent on several fac- 
tors, including intracellular Hb concentration, presence of Hbs other 
than HbS, blood oxygen saturation, pH, temperature, and 2,3-BPG 
levels.” Microvascular occlusion by sickle red cells containing polymers 
is favored by prolonged transit times through the microcirculation, 
rapid deoxygenation and increased numbers of dense sickle red cells 
that contain polymers even at oxygen saturation levels found in the arte- 
rial circulation.” Arguments against HbS polymerization as the major 
determinant of sickle cell pathophysiology include lack of clinically sig- 
nificant events despite constant sickling of red cells, the association of 
neutrophilia with vasoocclusive episodes (VOEs), and clinical features 
that imply macrovascular rather than microvascular perturbation, for 
example, large-vessel stroke.” 


Cellular Dehydration 

Membrane injury in HbSS red cells results in impaired cation homeo- 
stasis with decreased ability to maintain intracellular potassium con- 
centrations. The calcium-activated potassium (K*) channel (Gardos 
channel), potassium-chloride cotransport channel, and a sickling-in- 
duced nonselective cation leak pathway have been implicated in sickle 
red cell dehydration. The net result is loss of intracellular potassium 
and water resulting in cellular dehydration.*** This change effectively 
increases the red cell Hb concentration, favoring sickling. 


Hemolysis and Nitric Oxide Scavenging 

NO is a key component of the vascular endothelium that has vasodila- 
tory, antiinflammatory, and antiplatelet properties.® NO is a soluble 
gas synthesized from L-arginine by endothelial nitric oxide synthase 
(eNOS).*" Red cell L-arginase released as a consequence of sickle red 
cell hemolysis converts arginine to ornithine, thereby limiting L-argin- 
ine availability for NO synthesis. Decreased NO production because 
of elevated levels of endogenous nitric oxide synthase (NOS) inhibi- 
tors, especially asymmetric dimethylarginine (ADMA) and reduced 
L-arginine, have been documented in SCD especially during VOE.*-* 
Reduced plasma arginine levels and elevated ADMA levels also result 
in NOS coupling causing production of reactive oxygen species rather 
than NO.“ Chronic hemolysis with release of plasma free Hb results in 
scavenging of NO with consequent endothelial dysfunction, which may 
favor sickle cell adherence.” 


Abnormal Cell Adhesiveness 

Seminal work by several groups showed that sickle red cells adhere to 
stimulated endothelium unlike their normal counterparts.*’* Newly 
released red cells, called reticulocytes, express high levels of adhesion 
molecules, integrin «f, and CD36, and are more adherent than dense 
sickle red cells.” Increased endothelial reticulocyte adhesion as com- 
pared to dense red cell adhesion is thought to be secondary to deform- 
able red cells adhering to the endothelium behind which the dense red 
cells are trapped, leading to microvascular occlusion.” Other molecules 
involved in sickle red cell-endothelium interactions include vascular 


Figure 49-6. Electron micrograph of negatively stained fiber of HgS 
and the structure deduced by three-dimensional image reconstruction. 
The reconstructed fiber is presented as ball models, with each ball rep- 
resenting a HgS tetramer. The models are presented as the outer sheath 
(left), the inner core (center), and a combination of both inner and outer 
filaments (right). (Reproduced with permission from the University of Texas 
Medical Branch.) 


cell adhesion molecule (VCAM)-1, integrin a.,8,, P-selectin, P-selectin 
glycoprotein ligand (PSGL)-1, E-selectin, Lutheran blood group anti- 
gen, and thrombospondin.*® The site of adhesion is purported to be 
the postcapillary venule at which site sickle red cells appear to interact 
with white cells adherent to the endothelium rather than engaging the 
endothelium directly.*! 

Neutrophilia is an adverse prognostic factor in sickle cell anemia. 
Because of their larger size, adherent leukocytes cause a greater decrease 
in vessel caliber than red cells. Diapedesis occurs in postcapillary venules, 
a site of vasoocclusion in sickle cell anemia.*"*""° Neutrophil integrin 
a,,8, microdomains capture sickle red cells causing vascular occlusion 
in sickle cell mouse models. Monocytes are also highly activated in 
sickle cell anemia, and they promote increased endothelial activation by 
increased production of tumor necrosis factor (TNF)-a and interleukin 
(IL)-1f.° Expression of leukocyte adhesion molecules, L-selectin, and 
integrin æa „f, are associated with a severe clinical phenotype.*'™ 


Inflammation and Chronic Vasculopathy 

Sickle cell anemia is characterized by chronic leukocytosis, abnormal 
activation of neutrophils and monocytes, and an increase in several 
proinflammatory mediators including TNF-a, IL-6, and IL-1. Several 
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adhesion molecules are upregulated, including VCAM, selectins, inte- 
grins, the acute phase reactants C-reactive protein, secretory phospho- 
lipase A, (sPLA,), and coagulation factors are activated.“ Placenta 
growth factor (PIGF) released from erythrocytes activates monocytes 
to produce inflammatory cytokines and upregulates endothelin-1 sig- 
naling via the endothelin B receptor. Endothelin-1 is a potent vasocon- 
strictor and upregulation is associated with adverse outcomes in SCD. 
Placental growth factor has independently been shown to be correlated 
with disease severity as well.’”””* Hemin has been demonstrated to acti- 
vate PIGF in mice via the erythroid Kruppel-like factor; consequently, 
PIGF may play an important role in the pathophysiology of iron over- 
load as well.” It is an open question whether inflammation is caused by 
abnormally adhesive red cells to the vascular endothelium or whether 
inflammation causes abnormal red cell adhesiveness. It is likely both 
occur, given that red cell adhesiveness incites endothelial activity, and 
infection-induced inflammation precipitates clinically significant vas- 
cular events in patients. 

The vascular beds in sickle cell anemia display changes akin to 
atherosclerotic vascular disease: large vessel intimal hyperplasia and 
smooth muscle proliferation.*”*' However, the characteristic lipid laden 
plaques of atherosclerotic vascular disease are not present. 


Ischemia—Reperfusion Injury 

Akin to other disease states, such as myocardial infarction, resolution of 
vasoocclusion results in reperfusion injury characterized by increased 
oxygen free radical formation via activation of xanthine oxidase, gener- 
ation of oxidant stress, lipid peroxidation, upregulation of cellular adhe- 
sion molecules, and nuclear factor-«B, a key player in the inflammatory 
process. ***} iNKT cells propagate the inflammatory cascade in ischemia 
reperfusion injury and are increased and activated in patients with SCD. 
Agonists to adenosine 2A receptor (A,,R) on iNKT cells downregulate 
their activation and attenuate inflammation in mouse models of SCD. 


Activation of the Coagulation System 

The initiator of coagulation, tissue factor (TF), is elevated in patients 
with sickle cell anemia.**”****” Microparticles (MPs) expressing TF 
derived from monocytes, macrophages, neutrophils and endothelial 
cells have been described in SCD.***”*** Conflicting results exist in the 
literature on the presence and contribution of TF bearing MPs. There 
is a lack of correlation between TF bearing MPs and procoagulant 
activity in SCD. Erythrocyte and platelet MPs are TF-negative and are 
the major component of MPs in SCD. Activation of the intrinsic path- 
way of coagulation by TF-negative, red cell, and platelet MPs through 
a phosphatidylserine-dependent mechanism appears to be the major 
contributor of MP-dependent coagulation activation in SCD. Perivas- 
cular TF interaction with plasma coagulation factors made possible 
by increased vascular permeability and phosphatidylserine exposure 
on the surface of red cells secondary to repeated cycles of sickling pro- 
vide an impetus for the coagulation process. Heightened thrombin 
generation, platelet activation, and decreased protein C and S levels 
favor a procoagulant state.°*' Increased plasma levels of D-dimers, 
thrombin-antithrombin complexes, prothrombin fragment 1.2, and 
plasmin-antiplasmin complexes are indicative of increased thrombin- 
mediated coagulation with subsequent fibrinolysis.” Plasma from sickle 
cell patients contains increased ultralarge von Willebrand factor mul- 
timers as a result of increased endothelial cell secretion and impaired 
cleavage by ADAMTS13 (a disintegrin and metalloprotease with a 
thrombospondin type 1 motif member 13).” 


Adenosine Signaling 
Cellular stress leads to the degradation of adenine nucleotides, resulting 
in the generation of adenosine. Adenosine homeostasis is maintained 
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by two enzymes: adenosine kinase, which phosphorylates adenosine to 
adenosine monophosphate and adenosine deaminase, which converts 
adenosine to inosine. Adenosine signals through four different recep- 
tors that have differing functions. Signaling via the A, „R expressed on 
most leukocyte and platelets results in an antiinflammatory effect; how- 
ever, signaling via the A,,R was shown to cause priapism in SCD mice 
via hypoxia-inducible factor (HIF)-1-mediated decrease of phosphodi- 
esterase 5. Signaling via A,R also leads to increased 2,3-BPG in red cells 
causing decreased oxygen binding affinity of Hb, which promotes sick- 
ling. Pegylated adenosine deaminase treatment of sickle mice resulted 
in decreased hemolysis and hypoxia reoxygenation injury.***° 


SICKLE CELL TRAIT 


Inheritance of only one HbS allele is termed sickle cell trait (HbAS). An 
estimated 300 million people carry the trait worldwide.” The percent- 
age of HbA is always higher (~60 percent) than HbS (~40 percent) in 
sickle cell trait. 

HbAS is considered a generally asymptomatic state with HbA in 
the cell preventing sickling except in the most unusual circumstances. 
HbAS cells sickle at O, tension of approximately 15 torr.” 

Plasma myeloperoxidase and red cell sickling have been reported to 
increase during exercise with fluid restriction in HbAS subjects.” Plasma 
levels of VCAM-1 are higher in HbAS subjects and remain elevated fol- 
lowing exercise compared to normal controls or HbAS with concomitant 
«-thalassemia, which is suggestive of subtle microcirculatory dysfunc- 
tion in this population.” Skeletal muscle capillary structures are different 
in HbAS subjects compared to controls. There is a 30-fold increased risk 
of sudden death in black army recruits with HbAS.' Although con- 
troversial, in 2009 the National Collegiate Athletic Association recom- 
mended mandatory testing for HbAS for all its student athletes. ° 

Renal abnormalities are among the most common manifestations 
of HbAS. Anoxia, hyperosmolarity, and low pH of the renal medulla 
predisposes to sickling. Microscopic or gross hematuria from renal 
papillary necrosis is usually painless. Renal neoplasm or stones should 
be excluded in those with persistent gross hematuria. Isosthenuria may 
be seen in and may contribute to exercise induced rhabdomyolysis and 
sudden death.’ Renal medullary carcinoma is a rare but serious com- 
plication of HbAS. Risk of urinary tract infection is higher in females 
with HbAS, especially during pregnancy. End-stage renal disease occurs 
at an earlier age for HbAS patients with polycystic kidney disease and 
HbAS may contribute to erythropoietin resistance.’ 

Splenic infarction occurs under extreme environmental conditions 
in persons with HbAS; most resolve spontaneously. +: Caution and 
immediate intervention is also warranted in those HbAS individuals 
who develop traumatic hyphema.'” The risk of venous thromboembo- 
lism is increased twofold in HbAS subjects compared to those without 
the trait. The risk appears to be greater for pulmonary embolism than 
for deep vein thrombosis.'°"'* HbAS patients do not have increased 
perioperative morbidity or mortality. The life span of patients with 
HbAS is normal.” 


LABORATORY FEATURES 


Sickle cell anemia is characterized by a laboratory profile of evidence of 
hemolytic anemia with increases in lactate dehydrogenase (LDH), indi- 
rect bilirubin, reticulocyte count, and a decrease in serum haptoglobin. 
Anemia is usually normochromic, normocytic with a steady-state Hb 
level between 5 and 11 g/dL.™® The red cell density is increased with a 
normal mean cell Hb concentration (MCHC). Serum erythropoietin 
level is decreased relative to the degree of anemia.'"° Elevated neutrophil 
and platelet levels are observed even in asymptomatic patients reflective 
of persistent low-grade inflammation.'!"!% 


Plasma tocopherol and zinc levels are low.''*""* Serum ferritin is 
increased, especially in iron overloaded patients. Elevated brain natri- 
uretic peptide is seen in patients with pulmonary hypertension (PH) 
and congestive heart failure. Morphologically, classic sickle red cells 
are seen on blood film examination, and the marrow shows erythroid 
hyperplasia. 

Sickle cell anemia can be accurately diagnosed with 
high-performance liquid chromatography (HPLC) and isoelectric 
focusing.” Rapid methods, such as solubility testing and sickling 
of red cells using sodium metabisulfite, are less-reliable tests.'"* Poly- 
merase chain reaction is the method of choice for prenatal diagnosis.'” 
No HbA is found in patients with HbSS, HbSC, or HbSf° diseases. Vary- 
ing amounts of HbA (depending on the severity of the -thalassemia 
mutation) are found in HbS-f*-thalassemia subjects. 


COURSE AND PROGNOSIS 


Mortality from SCD in the United States has declined since 1968, coin- 
ciding with the introduction of pneumococcal polyvalent conjugate 7 
(PVC7) vaccine. Comparison of mortality rates between 1979 to 1998 
and 1999 to 2009 showed a 61 percent decrease in infants, 67 percent 
in children ages 1 to 4 years, and 35 percent decrease in children ages 5 
to 19 years. Transition from pediatric to adult medical care showed an 
increased mortality trend with similar rises in rates during the decades 
of comparison.'” Average life expectancy of patients with HbSS disease 
in the United States is 42 and 48 years for males and females, respec- 
tively.” In Jamaica, the population has a median survival of 53 years 
and 58 years for men and women, respectively, with 44 percent of indi- 
viduals born prior to 1943 still living as of 2009.” As the sickle cell 
population ages, causes of death change from an infectious etiology to 
those related to end-organ damage, such as renal failure. 


CLINICAL FEATURES AND MANAGEMENT 


The reader is referred to the National Institutes of Health, National 
Heart, Lung and Blood Institute’s guidelines from 2002 for an exten- 
sive review on the topic; revised guidelines were released in the fall of 
2014 at http://www.nhlbi.nih.gov/health-pro/guidelines/sickle-cell-dis- 
ease-guidelines/.!* General approaches to SCD management and pain 
management are described separately (Table 49-2). 


Sickle Cell Crises 

The typical course for a sickle cell patient is that of periods of relatively 
normal functioning despite chronic anemia and ongoing vasoocclusion, 
punctuated by periods of increased pain, and serial changes in various 
laboratory parameters that is termed “a sickle cell crisis.” Crises have 
typically been classified as VOEs, aplastic crises, sequestration crises, 
and hyperhemolytic crises. 

Vasoocclusive Crises The hallmark of SCD is the VOE. It is the 
most common clinical manifestation but occurs with varying frequency 
in different individuals. It results from increasing vasoocclusion caus- 
ing tissue hypoxia, which manifests as pain. Vasoocclusion may affect 
any tissue, but patients typically have pain in the chest, lower back, and 
extremities. Abdominal pain may mimic acute abdomen from other 
causes. Different patients display different patterns of painful sites 
during a VOE, but each patient’s recurrences usually mimic the same 
pattern of pain. Fever is often present, even in the absence of infec- 
tion. Episodes may be precipitated by dehydration, infection, and cold 
weather although in about most cases no precipitating factor is found.’* 

Figure 49-7 illustrates the phases of VOEs.'° Crises requir- 
ing readmission within 1 week occur in approximately 20 percent of 
patients after hospital discharge.'* 


TABLE 49-2. Pathophysiologic Mechanisms and Potential 


Therapeutic Targets in Sickle Cell Disease 


Pathophysiology/ 
Complication Therapeutic Interventions 
Sickle hemoglobin (HbS) Fetal hemoglobin (HbF) 


polymerization induction 


Cellular dehydration Gardos channel inhibition 


Potassium-chloride cotransport 
channel inhibition 


Adhesion to endothelium 


Red blood cell Antiselectin 
Antiintegrin 
White blood cell Antiselectin 
Intravenous immunoglobulin 
Hydroxyurea (HU) 
Inflammation Nuclear factor-xB inhibition 


Immunomodulatory drugs 
HU 
Statins 


NO donor (NO, HU, 
tetrahydrobiopterin) 


Nitric oxide (NO) scavenging 


Phosphodiesterase 5 inhibition 
Modulation of hemolysis 


Coagulation Tissue factor inhibition 
Antiplatelet therapy 


Anticoagulation 


Hyposplenism/infection Penicillin prophylaxis 


Ischemia-reperfusion Xanthine oxidase inhibition 


Myeloperoxidase inhibition 


Iron overload Chelation 


The characterization of crisis phases has implications for clinical 
research, especially in pain management, wherein interventions early in 
the course of a crisis could result in better outcomes for patients. 

Aplastic Crises Aplastic crises in sickle cell anemia result when 
there is a marked reduction in red cell production in the face of ongoing 
hemolysis, causing an acute, severe drop in Hb level. The characteristic 
laboratory finding is a reticulocyte count less than 1 percent. The most 
common causative agent is parvovirus B19, which attaches to the P anti- 
gen receptor on erythroid progenitor cells, causing a temporary arrest in 
red cell production (Chap. 36). Recurrent aplastic crises by parvovirus 
B19 are rare because of the development of protective antibodies. Other 
rare complications associated with parvovirus B19 include acute splenic 
and/or hepatic sequestration, acute chest syndrome, marrow necrosis, 
and renal dysfunction. Patients usually recover within 2 weeks; how- 
ever, those with severe symptomatic anemia need red cell transfusion. 
Siblings of SCD patients with parvovirus infections should be moni- 
tored closely for aplastic crisis given high secondary attack rates (>50 
percent). Patients need to be isolated from pregnant individuals given 
increased risk of hydrops fetalis with parvovirus B19 infection.” 

Sequestration Crises This type of crisis is characterized by 
sudden, massive pooling of red cells, typically in the spleen and less 
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commonly in the liver.'”” Splenic sequestration is typically seen in chil- 
dren (younger than 5 years of age) prior to autoinfarction of the spleen, 
but can be seen in adults with HbSC disease or HbS--thalassemia with 
persisting splenomegaly." A minor sequestration episode is usually 
accompanied by a Hb of more than 7 g/dL, and a major episode usually 
is one in which the Hb is less than 7 g/dL or the Hb has decreased by 3 
g/dL from baseline." 

Acute splenic and hepatic sequestration crises can present with 
rapidly enlarging spleen or liver, pain, hypoxemia, and hypovolemic 
shock. Treatment consists of red cell transfusion. Transfusion carries 
the risk of hyperviscosity when the sequestration crisis resolves and 
the sequestered red cells are returned to the general circulation. Splenic 
sequestration crisis has a high rate of recurrence, especially in children. 
Splenectomy to prevent recurrence is debated in very young children. 
Some report chronic red cell exchange transfusion as a means of delay- 
ing splenectomy until the child is older while others did not see any 
benefit to this treatment. Patients younger than 2 years of age can be 
placed on chronic transfusion until they are older, at which time sple- 
nectomy should be considered. Splenectomy is recommended after the 
first episode of life-threatening splenic sequestration crisis or chronic 
hypersplenism. Partial splenectomy and emergency splenectomy during 
a crisis is not recommended. Parental education is important for early 
recognition of the problem so they can seek medical care promptly.” 

Hyperhemolytic Crisis The term hyperhemolytic crisis is used 
to describe the occurrence of episodes of accelerated rates of hemo- 
lysis characterized by decreased blood Hb, increasing reticulocytes, 
and other markers of hemolysis (hyperbilirubinemia, increased LDH). 
Hyperhemolysis can occur during resolution of a VOE, at which time 
irreversibly sickled and dense red cells are rapidly destroyed, as well as 
from an acute or delayed hemolytic transfusion reactions.'*°"” 


Pain Control 

Patients with SCD have acute pain, chronic pain, or both. As a symp- 
tom, pain is often underrated in its intensity and undertreated by care- 
givers, especially inexperienced physicians. Patients are often perceived 
as drug-seekers or drug addicts, when in fact less than 10 percent of 
patients are addicted, a number comparable to other disease states. 
Unsatisfactory relief of pain drives patients to behaviors that appear to 
healthcare givers as signs of addiction—a state termed pseudoaddiction. 
A study comparing sickle cell anemia patients who use the emergency 
department frequently or infrequently found significant impairment in 
quality of life and increased markers of disease severity in those who 
use the emergency department frequently, dispelling the myth that 
frequent emergency department use indicates narcotic-addicted indi- 
viduals when, in fact, they may have more severe disease.*!**"'*” The 
landmark Pain in Sickle Cell Epidemiology Study revealed that adult SCD 
patients have pain at home approximately 55 percent of the time, which 
contrasts sharply to pain studies in children, who report at-home pain 
approximately 9 percent of the time.'**!” 

Acute pain is managed with opioids, nonsteroidal antiinflamma- 
tory drugs, acetaminophen, or a combination of these medications. 
Immediate pain assessment and frequent reassessment with appropri- 
ate application of medications until pain relief is obtained is important. 
For adults and children weighing more than 50 kg, morphine can be 
started at a dose of 0.1 to 0.15 mg/kg. The hydromorphone dose should 
be 0.015 to 0.020 mg/kg intravenously. These are recommended doses 
for opioid-naive patients and are at the lower end of the dosing range. 
123.140141 The use of meperidine has declined because of neurologic side 
effects, especially in patients with renal failure, who are at risk for the 
serotonin syndrome in conjunction with use of other medications.'-!4 
However, the use of morphine is not benign and concerns of increased 
association of acute chest syndrome, dysphoria, and neuroexcitatory 
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Changes during the progression of 
the painful crisis 


Crisis day 


Figure 49-7. A typical profile of the events that develop during the evolution of a severe sickle cell painful crisis in an adult in the absence of over 
infection or other complications. Such events are usually treated in the hospital with an average stay of 9 to 11 days. Pain becomes most severe 
by day 3 of the crisis and starts decreasing by day 6 or 7. The Roman numerals refer to the phase of the crisis: | indicates prodromal phase; Il, initial 
phase; Ill, established phase; and IV, resolving phase. Dots on the x-axis indicate the time when changes became apparent; and dots on the y-axis, 
the relative value of change compared with the steady state indicated by the horizontal dashed line. Arrows indicate the time when certain clinica 
signs and symptoms may become apparent. Values shown are those reported at least twice by different investigators; values that were anecdotal, 
unconfirmed, or that were not reported to occur on a specific day of the crisis are not shown. CPK, creatinine phosphokinase; CRP, C-reactive protein; 
ESR, erythrocyte sedimentation rate; HDW, hemoglobin distribution width; ISC, irreversibly sickled cells; LDH, lactate dehydrogenase; RBC DI, red cel 


Ballas 1995, 1992 
Akinola et al, 1992 
Beyer et al, 1999 
Jacob et al, 2005 


deformability index; RDW, red cell distribution width; SAA, serum amyloid A. (Reproduced with permission from SK Ballas, K Gupta, PAdams-Graves: Sickle 


cell pain: A critical reappraisal. Blood 120(18):3647-3656, 2012.) 


side effects have been raised.” Prior use of opioid therapy should be 
taken into consideration when deciding initial opioid doses as patients 
may be tolerant and require higher doses. Caution should be exercised 
with nonsteroidal antiinflammatory drugs and acetaminophen if there 
is renal or hepatic dysfunction. Patients with acute pain are better man- 
aged in a setting dedicated to sickle cell patients.’ A multidisciplinary 
approach is needed for pain management, especially if chronic pain is 
present."*!” Opioid side effects should be anticipated and managed. 
Antidepressants, anticonvulsants, and clonidine can be used for neu- 
ropathic pain. Occasionally, severe, unrelenting pain may require red 
cell transfusion to decrease sickle Hb below 30 percent in the blood. 
There is a paucity of data regarding optimal management of pain 
in SCD. A randomized trial of optimizing patient controlled analgesia 
strategy was closed because of poor accrual.” A trial looking at NO 
inhalation for treatment of VOE did not show improvement in pain.!°° 


Pulmonary Manifestations 

Acute Chest Syndrome The acute chest syndrome (ACS) is a con- 
stellation of signs and symptoms in patients with SCD that includes 
a new infiltrate on chest radiograph defined by alveolar consolidation 


but not atelectasis, chest pain, fever, tachypnea, wheezing, or cough, 
and hypoxia (Fig. 49-8).'*' However, respiratory findings on clinical 
examination in the absence of radiographic findings should trigger high 
suspicion for ACS and warrants close monitoring. ACS is the leading 
cause of mortality in patients with SCD." Etiology varies depending 
on age, with viral and bacterial infections dominating in the pediatric 
age group and fat embolization resulting from marrow necrosis during 
VOE dominating in adults.’*'*? Important pathogens include Chlamy- 
dia pneumoniae, Mycoplasma pneumoniae, Streptococcus pneumoniae, 
Staphylococcus aureus, parvovirus B19, respiratory syncytial virus, and 
influenza. Regardless of the triggering factor, the pathogenesis of ACS 
involves increased intrapulmonary sickling, intrapulmonary inflamma- 
tion with increased microvascular permeability, and alveolar consolida- 
tion. ACS can rapidly evolve with bilateral infiltrates and consolidation 
leading to acute respiratory failure requiring intubation and ventilatory 
assistance. 

Independent risk factors for respiratory failure are age older than 
20 years, platelet count less than 20 x 10°/L, multilobar lung involve- 
ment, and a history of cardiac disease.'** Thrombocytopenia is an inde- 
pendent predictor of neurologic complications during hospitalization 
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Figure 49-8. Anteroposterior view of chest radiograph depicting 
bilateral, patchy, lung infiltrates in a 30-year-old female with sickle cell 
disease and evolving acute chest syndrome. 


for ACS, which was seen in 22 percent of adult patients in the National 
Acute Chest Syndrome study.’ 

The treatment of ACS includes oxygenation, incentive spirome- 
try, adequate pain control to avoid chest splinting, antimicrobial ther- 
apy that always covers atypical bacteria and influenza when indicated, 
avoidance of overhydration, use of bronchodilators, and red cell trans- 
fusion to decrease intrapulmonary sickling.'**!*" The use of gluco- 
corticoids may attenuate the course of ACS; however, its use is not well 
established and readmission rates for VOE after ACS resolution are 
increased.!* sPLA, has been recognized as a predictor of ACS; however, 
a clinical trial investigating early transfusion based on sPLA, elevation 
closed because of poor accrual. Hydroxyurea therapy should be offered 
to all patients with a history of ACS because it reduces the incidence by 
50 percent in adults and 73 percent in children.’ 

Pulmonary Hypertension PH, defined by a resting mean pulmo- 
nary arterial pressure of 25 torr or higher on right-heart catheterization, 
is seen in 6 to 11 percent of SCD patients. An elevated tricuspid regur- 
gitant velocity of 2.5 m/s has a positive predictive value of 25 percent for 
PH in SCD and is seen in one-third of these patients. PH, as defined by 
right-heart catheterization, elevated tricuspid regurgitant jet velocity of 
2.5 m/s or higher, and a serum N-terminal pro-brain natriuretic pep- 
tide (NT-pro-BNP) level of 160 pg/mL or higher, confers an increased 
mortality risk.'° 

Abnormalities in NO metabolism, hemolysis, and inflammation 
contribute to the pathophysiology of PH.’ Parenchymal lung disease 
from repeated episodes of ACS and thromboembolism are other causal 
factors. 

Clinical symptoms of PH include fatigue, dizziness, and dyspnea 
on exertion, chest pain, and syncope. These may be unrecognized as 
being related to PH, as PH is often undiagnosed in patients with SCD. 

PH should be treated following guidelines set for the treatment of 
primary PH unrelated to SCD. Two trials looking at bosentan (endo- 
thelin receptor antagonist) in SCD patients closed because of sponsor 
withdrawal. A trial of sildenafil was halted early because of increased 
incidence of VOE. Patients who have venous thromboembolism in 
the setting of PH should be considered for indefinite anticoagulation. 
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Hydroxyurea should be offered to all patients with any of the risk factors 
for increased mortality described above.’ 

Asthma, Abnormal Pulmonary Function Tests, and Airway 
Hyperreactivity. Asthma is a common comorbidity with high- 
er-than-average prevalence in patients with SCD and is associated with 
increased risk of ACS, VOE, stroke, and mortality. Airway hyperreac- 
tivity as evidenced by a positive bronchodilator response on pulmonary 
function testing, irrespective of baseline function, and in response to cold 
air or methacholine challenge, is seen in approximately two-thirds of 
SCD patients. Inflammation, hypoxemia, and increased oxidative stress 
associated with asthma may contribute to the vasculopathy of SCD.'° 

Pulmonary function tests collected as part of the Cooperative Study 
of Sickle Cell Disease (CSSCD) revealed abnormalities in 90 percent of 
the 310 patients, with the majority having restrictive lung disease 

Asthma treatment follows general treatment guidelines as in the 
non-SCD populations. 64165 


Cardiac Manifestations 

Anemia in SCD results in an elevated cardiac output secondary to 
an increased stroke volume with minimal increase in heart rate.'°'” 
Clinical manifestations of a hyperdynamic circulation include a force- 
ful precordial apical impulse, systolic and diastolic flow murmurs, and 
tachycardia that may increase during periods of increased hemody- 
namic stress. Diastolic left ventricular dysfunction may begin in early 
childhood and is an independent risk factor for death, with even greater 
risk of mortality in those having PH. Left ventricular hypertrophy is 
common and progressive with age; left ventricular dysfunction is a late 
event. Myocardial infarction is an underrecognized problem in SCD. 
Epicardial coronary artery disease is rare; microvascular ischemia is 
likely causative. Sudden cardiac death has been reported in 40 percent of 
patients in an autopsy series.’*"'” Previously sudden cardiac death was 
ascribed to narcotic overdose; currently, it is thought to be secondary 
to cardiopulmonary causes in the majority of cases. QTc prolongation, 
atrial and ventricular arrhythmias, nonspecific ST-T wave changes are 
common in SCD patients. Patients presenting with chest pain should 
have a thorough evaluation to rule out cardiac disease. Cardiac mag- 
netic resonance may be a good modality to image microvascular flow 
and quantitate cardiac iron overload.’’"'” Blood pressure in patients 
with SCD is significantly lower than age-, sex-, and race-matched con- 
trols, partly secondary to anemia.'”’ Relative hypertension is associated 
with end-organ damage. Diuretics may be used, keeping in mind that 
SCD patients have obligate hyposthenuria and are prone to dehydra- 
tion, which can precipitate a VOE. 


Central Nervous System 
Originally thought to be a small vessel disease, stroke in SCD is a mac- 
rovascular phenomenon with devastating consequences that affects 
approximately 11 percent of patients younger than 20 years of age.!”*!” 
Risk is highest in the first decade of life followed by a second smaller 
peak after age 29 years. Ischemic stroke is most common in children 
and older adults, whereas hemorrhagic stroke predominates in the third 
decade of life." Recurrent stroke is most common in the first 2 years 
following the primary event.” Silent infarcts, defined as an increased 
T2 signal abnormality on magnetic resonance imaging (MRI), begins 
in infancy and has a cumulative incidence of 37 percent by age 14 years. 
They occur in watershed areas of the brain, are not predicted by abnor- 
mal transcranial Doppler (TCD) velocity, and may progress despite 
chronic transfusion. !® There is evidence of neurocognitive decline in 
asymptomatic adults despite having normal brain imaging that is attrib- 
uted to anemia and hypoxemia." 

Cerebral blood flow is significantly increased in SCD because 
of chronic anemia and hypoxemia, but does not increase further in 
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response to increased hypoxic stress, thereby predisposing to ische- 
mia.'*''® Stenosis of large vessels, especially of the circle of Willis, 
without the classic atherosclerotic plaque occurs in conjunction with 
a multitude of other factors, including chronic hemolysis, deranged 
NO metabolism and impaired vascular autoregulation, and can lead to 
stroke.'” Rare causes of cerebral vascular disease include fat emboliza- 
tion and venous sinus thrombosis. Moyamoya type fragile collaterals 
have been reported in more than one-fifth of patients with prior stroke, 
possibly leading to hemorrhagic stroke in later life.!**-!"* 

Risk factors for ischemic stroke include transient ischemic attack, 
recent or recurrent ACS, nocturnal hypoxemia, silent infarcts, hyper- 
tension, elevated lactic dehydrogenase, and leukocytosis, whereas ane- 
mia, neutrophilia, the use of glucocorticoids, and recent transfusion 
are independent risk factors for hemorrhagic stroke, especially in chil- 
dren.'”*"*?-1> Sickle cell genotypes other than HbSS carry a lower risk, as 
do patients with HbS-a-thalassemia.'*!°°'"” The best predictor of stroke 
risk, however, is an increased blood flow velocity in major intracranial 
arteries on TCD ultrasonography.” Blood flow velocities less than 170 
cm/s are considered normal. Velocities between 170 and 200 cm/s are 
termed conditional, and velocities of greater than 200 cm/s are consid- 
ered high and are associated with a 10-fold increase in ischemic stroke 
in children 2 to 16 years of age. 

There is an increased frequency of stroke among siblings of patients 
with SCD than would be expected by chance alone, raising the possibil- 
ity of other modifier genes contributing to stroke risk.'** The TNF (-308) 
G/A promoter polymorphism is associated with increased large-vessel 
stroke risk as is the IL-4—-receptor gene 503 S/P variant, although it did 
not reach statistical significance. The clinical features of stroke in SCD 
encompass the classic findings of stroke in other disorders, including, 
but not limited to, hemiparesis, seizures, coma, paresthesias, headaches, 
and cranial nerve palsies. Neurocognitive deficits in IQ, memory, lan- 
guage, and executive function have been demonstrated.'**'° 

Imaging approaches for acute stroke are the same as those for non 
-SCD patients and includes MRI and magnetic resonance angiography. 

Prevention of Primary Stroke Based on the results from the 
Stroke Prevention in Sickle Cell Disease (STOP) Study, it is recom- 
mended that asymptomatic children with HbSS disease older than two 
years of age should be screened for stroke risk using TCD.'”” Those with 
high TCD velocities should be offered a chronic red cell transfusion 
program for primary stroke prevention. Repeat TCD screenings should 
be done every 3 to 12 months even in patients who have normal or con- 
ditional baseline velocities, because they can evolve into a higher-risk 
category. Despite obstacles to TCD screening, clinical practice changes 
based on the STOP study translated into declining stroke rates since 
1991 „199200 

Prevention of Secondary Stroke Patients with SCD who present 
with a stroke and are not on chronic transfusion should be placed on 
a transfusion program to prevent secondary strokes. Exchange trans- 
fusion may be preferable to periodic red cell transfusion, not only to 
avoid iron overload, but also to further reduce stroke risk. In a retro- 
spective study, children who received periodic transfusion had a five- 
fold higher relative risk of a recurrent stroke compared to those on an 
exchange transfusion regimen.” Despite chronic transfusions, patients 
may have a recurrent stroke, especially in patients with HbS greater 
than 30 percent.’ Hydroxyurea was shown to decrease high and con- 
ditional TCD velocities in more than 90 percent of patients studied.” 
However, a randomized trial comparing transfusions with iron chela- 
tion to hydroxyurea with phlebotomy showed a 10 percent stroke rate 
in the hydroxyurea arm, thus establishing transfusion as the preferred 
preventive strategy." 

Anticoagulation therapy has not been studied in patients with SCD 
and, therefore, no recommendations can be made. Treatment guidelines 


for intracranial hemorrhage are as those for non-SCD-related intracra- 
nial hemorrhage; role of transfusion is less clear in SCD especially when 
cause of intracranial hemorrhage is unclear. Patients with moyamoya 
disease who have a particularly poor outcome may benefit from revas- 
cularization using encephaloduroarteriosyangiosis.”°°° 


Genitourinary Systems 

Renal Failure Sickling of HbSS erythrocytes in the hypoxic, acidic, and 
hypertonic environment of the renal medulla, oxidative stress, increase 
in prostaglandins and endothelin-1 in the kidney, and abnormalities of 
the renin angiotensin system contribute to the pathophysiology of renal 
disease in SCD.” The incidence of renal failure varies between 4 and 20 
percent.” Dehydration is the most common cause of acute renal fail- 
ure in SCD. Isosthenuria is highly prevalent in SCD, may increase the risk 
of dehydration, and is irreversible.” Glomerular hypertrophy, focal and 
segmental glomerular sclerosis, and hemosiderin deposition in proximal 
renal tubular epithelium have been described; however, no single lesion 
is pathognomonic of sickle cell nephropathy. Cystatin C is an accurate 
marker of glomerular filtration and therefore is preferable to serum cre- 
atinine in estimating renal function.”’*’'* Glomerular hyperfiltration, 
microalbuminuria, and macroalbuminuria occur sequentially in SCD 
patients starting in infancy and increasing in frequency with age.!?!°!75 
Incidence of microalbuminuria is greater than 60 percent in those over 
age 35 years.”!’ End-stage renal disease requiring dialysis carries a poor 
prognosis and is associated with a median survival of 4 years.” 

Angiotensin-converting enzyme inhibitors decrease proteinuria 
and hyperfiltration in SCD; however, large-scale studies are needed to 
characterize the magnitude of the benefit. Treatment of renal disease 
follows principles used for non-SCD kidney pathology and includes 
effective blood pressure control, avoidance of nephrotoxic agents, and 
treatment of urinary tract infection. A relative decrease in serum ery- 
thropoietin levels, proportionate to the degree of anemia is observed; 
however, erythropoietin treatment, with its resultant increase in Hb may 
cause an increase in VOEs because of an increase in blood viscosity.” 

Renal tubular acidosis type IV, secondary to decreased potassium 
and hydrogen ion in the distal tubule can cause disproportionate acido- 
sis and hyperkalemia in patients with declining renal function.” 

Hematuria is discussed in the section on sickle cell trait. 

Priapism Priapism is prevalent in at least 35 percent of male 
patients with SCD with devastating psychological consequences; true 
prevalence may be higher as it is often underreported." The mean 
age of episodes is 15 years and two-thirds of patients have “stutter- 
ing priapism” a term used for episodes that last less than 3 hours.” 
Derangements in NO metabolism and adenosine signaling are thought 
to be the major contributors to priapism in SCD.” Greater than 95 per- 
cent of priapism is the “low-flow” type resulting from ischemia, is pain- 
ful, and is a medical emergency.” 

Aspiration of the corpus cavernosa followed by epinephrine injec- 
tions, exchange transfusion, and « and f agonists have all been used, 
but data regarding efficacy are sparse. «-Agonists, etilefrine 50 mg, and 
ephedrine 15 to 30 mg per day, seem to reduce the incidence of stut- 
tering priapism.” Hormonal therapies, including antiandrogens and 
luteinizing hormone-releasing hormone, reduce nocturnal erections 
but are associated with loss of libido.” Transfusion therapy has resulted 
in neurologic sequelae termed “the ASPEN syndrome” (Association of 
Sickle Cell Disease, Priapism, Exchange Transfusion) and is thought 
to be secondary to hyperviscosity; care, therefore, must be taken not 
to increase the hematocrit beyond 30 percent. In recalcitrant cases, 
a shunt is performed but results in permanent impotence.” A penile 
prosthesis is used to ameliorate sexual dysfunction. 

Nocturnal Enuresis Nocturnal enuresis is prevalent in 25 to 33 
percent of the pediatric sickle cell population, which is higher compared 


to that of age-matched controls.”*”* It tends to decrease with age but 
is still prevalent in adults. Social and environmental factors, decreased 
functional bladder capacity, and decreased arousal during sleep appear 
to be contributing factors. 


Musculoskeletal System 

VOE is commonly manifested by marrow infarction causing mus- 
culoskeletal pain, swelling at involved sites, fever, and leukocytosis. 
Marrow hypercellularity is thought to predispose to this phenomenon 
by causing a decrease in local blood flow and oxygenation. 

Dactylitis Dactylitis is a painful swelling of digits of the hands 
and feet (“hand-foot syndrome”). It occurs early in infancy as hemato- 
poietic marrow is still present in these bones at this age. Most episodes 
resolve within in 2 weeks.” Epiphyseal infarction can result in joint 
pain and swelling mimicking septic arthritis. Use of hydroxyurea in the 
BABY HUG trial resulted in significant reduction of rate of dactylitis.’" 

Osteomyelitis, Septic Arthritis, and Bone Infarction Impaired 
cellular and humoral immunity together with infarction of bone con- 
tribute to this complication with an estimated prevalence of 12 percent. 
Atypical serotypes of Salmonella, S. aureus, and Gram-negative bacilli 
are the principal infectious offenders. No single lab or imaging test 
reliably differentiates osteomyelitis from infarction.””?””'** Culture 
results may be nondiagnostic as patients usually receive antibiotics on 
presentation with fever; therefore, the presence of leukocytes in bone 
and joint aspirates should evoke a high suspicion for osteomyelitis.’ 
Septic arthritis tends to occur in joints involved with avascular necrosis, 
also seen following hip arthroplasty. Multiple joints may be involved. 
An elevated C-reactive protein should raise suspicion for septic arthri- 
tis and prompt intervention with appropriate antibiotics as needed to 
prevent joint deterioration and collapse.” Vertebral body infarctions 
with subsequent collapse causes the classic “fish mouth” appearance of 
vertebrae on radiographs of the spine. 

Osteopenia and Osteoporosis Osteopenia and osteoporosis are 
prevalent (30 to 80 percent) in patients with sickle cell anemia, with a 
predilection for the lumbar spine. Presence of avascular necrosis with 
local bone remodeling may lead to false-negative results on a bone 
mineral density test at the femoral neck.'*° Fractures of the long bones 
are commonly underdiagnosed and self-reported rates of fractures in 
young adults with SCD are high. Etiology of osteoporosis is multifac- 
torial with hypogonadism, hypothyroidism, nutritional deficiencies, 
and iron overload interfering with osteoblast function being the major 
causes. 7673238 More than 50 percent of patients are vitamin D deficient 
with the majority (>80 percent) having less-than-optimal levels. High 
doses of vitamin D supplementation have resulted in improvement in 
chronic pain and higher levels of physical activity.*” 

Avascular Necrosis Vasoocclusion resulting in infarction of 
articular surfaces of long bone occurs most commonly in the femur 
followed by the humerus. It was previously thought to occur with 
increased frequency in HbSC disease as opposed to patients with HbSS. 
However, with increased longevity of HbSS patients, its prevalence is 
greater in patients with HbSS.°*” As per the CSSCD estimates, 50 
percent of patients by age 33 years will have avascular necrosis of the 
femoral head (Fig. 49-9). The presence of concurrent deletional æ- 
thalassemia (-a*”) and a history of frequent VOEs are classic risk factors 
for avascular necrosis. Other risk factors include male gender, higher 
Hb concentration, low fetal Hb, and vitamin D deficiency. 624 Poly- 
morphisms in BMP6, ANNEXIN A, and KLOTHO genes are associated 
with avascular necrosis.** 

Patients present with chronic joint pain with progressive decrease 
in range of motion of affected joints. Multiple joints are commonly 
involved.™* The vast majority of untreated patients will progress to fem- 
oral head collapse within 5 years.” 
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Figure 49-9. Avascular necrosis of the right hip in a 31-year-old 
female with sickle cell disease depicting a patchy lucency and sclerosis 
and irregular contour of the femoral head and loss of the joint space. 


Avascular necrosis has been treated with a number of modali- 
ties including core decompression, osteotomy, bone grafting, surface 
arthroplasty, and joint replacement. Two randomized trials in avascu- 
lar necrosis compared core decompression and physical therapy ver- 
sus physical therapy alone and did not show a difference in outcome 
between the two arms; however, followup was short, a significant 
number of stage II hip joints were included in one study, and sample 
size was limited.” In our experience, core decompression is a useful 
option in early stage avascular necrosis. Several studies associate total 
hip replacement in SCD with a higher rate of orthopedic and medical 
complications. However, other studies show a lower rate of orthopedic 
complications. Structural bone diseases in SCD make joint replacement 
challenging. Hydroxyurea and chronic transfusion therapy have 
not been shown to reduce the risk of avascular necrosis. 


Leg Ulcers 
Leg ulcers occur in 2 to 40 percent of cases with SCD and varies geo- 
graphically with the highest rate being reported in Jamaica.'** In the 
United States, leg ulcers are seen in 4 to 6 percent of patients with SCD 
and are most common in patients older than 10 years of age.” They 
occur on the lower extremities, especially on the malleoli, and cause 
chronic pain and disability. Venous stasis is a predisposing factor while 
coinheritance of a-thalassemia appears to have a protective effect. The 
relationship between hydroxyurea use and increased occurrence of leg 
ulcers is controversial.” Polymorphisms in KLOTHO, TEK, and sev- 
eral other genes in the transforming growth factor (TGF)-6 and bone 
morphogenic protein (BMP) pathways are associated with leg ulcers. 
Once established, ulcers are recalcitrant and significantly impair quality 
of life.”°° 

Treatment of leg ulcers is largely empiric. Leg elevation, bed rest 
when practical and feasible, wet-to-dry dressings, gentle debridement, 
Unna boots, and treatment of infection and topical or systemic antibiot- 
ics are commonly used. The peptide encoding integrin-interaction site 
of many extracellular matrix proteins (RGD peptide) enhanced healing 
of the ulcers in preliminary studies, but, unfortunately, it never came to 
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clinical practice because of nonmedical reasons.” Increases in HbF and 
transfusions occasionally hasten healing of leg ulcers.” 


Hepatobiliary Complications 

Chronic liver abnormalities in SCD are frequent and of different etiolo- 
gies that include vasoocclusion, transfusional iron overload, pigmented 
gallstones with bile duct obstruction, acute or chronic cholecystitis, 
viral hepatitis, and cholestasis.” Common clinical manifestations 
include right upper quadrant pain, fever, hepatomegaly, nausea, and 
vomiting. Bilirubin levels from chronic hemolysis are usually not above 
6 mg/dL, with a majority of it being the indirect fraction.’ Because 
some degree of aspartate transaminase elevation is seen with hemolysis, 
alanine transaminase elevation is a more accurate marker of liver injury. 

Vasoocclusion involving the hepatic sinusoids was seen in 39 per- 
cent of patients in one study, while previous reports of vasoocclusion 
involving the liver, termed acute sickle hepatic crisis, has been reported 
in 10 percent of patients. The differing prevalence is the result of varying 
criteria used to include biochemical and clinical abnormalities.*” Acute 
hepatic sequestration crisis characterized by a rapidly enlarging, tender 
liver and hypovolemia is akin to splenic sequestration but much rarer. 
It requires prompt treatment with red cell transfusion. Severe intrahe- 
patic cholestasis with serum bilirubin levels as high as 100 mg/dL is 
a catastrophic situation needing exchange transfusion for resolution; 
synthetic liver function is lost as characterized by low serum albumin 
and coagulation protein abnormalities; renal impairment may occur. 
A more benign form of cholestasis has been described, which resolves 
with conservative measure.” 

Chronic hemolysis results in an increased burden on the heme cat- 
abolic pathway leading to increased unconjugated bilirubin and forma- 
tion of pigmented gallstones. The incidence of gallstones increases with 
age, with a reported prevalence of 50 percent at 22 years of age.*®-*”! The 
number of uridine diphosphate (UDP) glucuronosyltransferase 1 family 
(UGT1A1) promoter (TA) repeats (the polymorphism associated with 
Gilbert syndrome) is strongly associated with increased incidence of gall- 
stones and bilirubin levels while coinherited a-thalassemia (Chap. 48) 
decreases bilirubin levels in patients with SCD.?” Laparoscopic chole- 
cystectomy is recommended in symptomatic patients with cholelithiasis. 
The treatment of asymptomatic patients with positive findings on abdom- 
inal ultrasonography is more controversial. In the Jamaican cohort study, 
only 7 percent of patients with positive ultrasonograms had symptoms 
suggestive of biliary tract disease and needed a cholecystectomy. How- 
ever, patients in the United States appear to be more symptomatic, with 
the majority of gallbladders removed after only a positive ultrasonogram 
have pathologic evidence of cholecystitis.*” Asymptomatic patients with 
negative screening ultrasonograms should be observed; however, timing 
and frequency of screening has not been standardized. 


Ophthalmic Complications 
The microvasculature of the retina with relative hypoxemia facili- 
tates “sickling” akin to several other vascular beds. Microcirculatory 
obstruction occurs followed by neovascularization and arteriovenous 
aneurysms. Hemorrhage, scarring, and retinal detachment leading to 
blindness are the sequelae. Changes occur at the periphery, thereby 
sparing central vision at earlier stages. The term sickle cell retinopathy 
encompasses nonproliferative and proliferative changes. 

Nonproliferative changes include “salmon-patch” hemorrhages, 
peripheral retinal lesions termed “black sunbursts,’ and iridescent spots, 
whereas neovascularization is characteristic of proliferative changes, 
giving a pattern of vascular lesions resembling a marine invertebrate 
and is termed as “sea fans??? 

Increased levels of plasma and intraocular vascular endothe- 
lial growth factor have been documented in proliferative sickle cell 


retinopathy, as have angiopoietin-1 and -2 and von Willebrand fac- 
tor. Pigment epithelium derived factor, an angiogenesis inhibitor, is 
increased as well, especially in nonviable “sea fans??”*?”° 

Proliferative sickle cell retinopathy may differ from other prolifer- 
ative retinopathies in that spontaneous regression of neovascularization 
can occur in up to 60 percent of cases.”””’* The Jamaican cohort study 
reported an annual incidence of 0.5 cases per 100 HbSS subjects versus 
2.5 cases per 100 HbSC subjects. Prevalence was greater in HbSC sub- 
jects as well, with a 43 percent rate in the third decade versus 14 percent 
for those with HbSS. However, there was a 32 percent incidence of spon- 
taneous regression. Irreversible visual loss occurred only in 2 percent 
of HbSC subjects up to 26 years of age observed at time of the study.”” 

Central retinal artery occlusion is rare in HbSS disease.” Con- 
junctival vascularity is decreased in SCD patients compared to controls 
with further decreased vascularity and decreased conjunctival red cell 
velocities during vasoocclusion.**”** 

An orbital compression syndrome characterized by fever, head- 
ache, orbital swelling, and visual impairment secondary to optic nerve 
dysfunction can occur in SCD. Orbital marrow infarction is a common 
cause.”** 

All patients with sickle hemoglobinopathies should have a yearly 
ophthalmology examination beginning in childhood. The examination 
should be carried out by an ophthalmologist and should include slit- 
lamp examination of the anterior chamber and detailed retinal visual- 
ization including a fluorescein angiography in addition to visual acuity. 

The evaluation and treatment of proliferative sickle retinopathy is 
complicated by the fact that spontaneous regression may occur. Laser 
photocoagulation remains the most commonly performed proce- 
dure for this finding. Traumatic hyphema needs urgent optical refer- 
ral because increased sickle red cells can cause obstruction of outflow 
channels, resulting in acute glaucoma. This vascular obstruction may 
cause decrease in retinal and optic nerve perfusion causing further 
visual problems. Unresolved vitreous hemorrhage and retinal detach- 
ment may need surgical intervention. Exchange transfusion to keep 
HbA at more than 50 percent is recommended. Central retinal artery 
occlusion needs urgent exchange transfusion and an ophthalmology 
consultation.”””***” Orbital compression syndrome is treated with glu- 
cocorticoids with the addition of antibiotics if concomitant infection 
cannot be ruled out.'”° 


Splenic Complications 

Functional asplenia defined as impaired mononuclear phagocyte sys- 
tem functions in the spleen occurs in 86 percent of infants with SCD. 
It is defined by the presence of Howell-Jolly bodies and absence of ””Tc 
(99m-technetium) splenic uptake, even in the presence of a palpable 
spleen. Slow blood flow in the red pulp of the spleen sets the stage for 
increased red cell sickling. Repeated splenic infarctions lead to “autosple- 
nectomy.’ As a consequence, patients are prone to microbial infections, 
especially with encapsulated microorganisms such as S. pneumoniae, 
Haemophilus influenzae, and Neisseria meningitidis. Hypertransfusion 
early in childhood, prior to age 7 years, may lead to reversal of func- 
tional asplenia. Marrow transplantation and hydroxyurea have resulted 
in reversal of functional asplenia in some older subjects. Splenic seques- 
tration occurs in young children.” 


Management during Pregnancy 

Differing morbidity and mortality rates have been reported in pregnant 
women with SCD, some of which is attributed to geographic location 
and access to healthcare. Although the CSSCD data showed low rates 
of pregnancy loss and mortality, other studies have shown an increased 
mortality of 10 to 100 orders of magnitude greater as compared to non 
-SCD patients.***?" Preterm delivery occurs in 30 to 50 percent of SCD 


patients and two-thirds will have infants with birth weights less than the 
50th percentile.” There is an increased frequency of VOEs reported 
during pregnancy. In a study looking at pregnancy outcomes in SCD 
patients compared to non-SCD patients with comorbidities, patients 
with SCD displayed a significantly increased incidence of venous 
thromboembolism (VTE), nonhemorrhagic obstetric shock (defined 
as pulmonary thromboembolism, amniotic fluid embolism, acute uter- 
ine inversion, and sepsis), and infection, despite being significantly 
younger.” Other studies have shown similar findings, especially the 
fivefold increased risk of VTE in this population.°>°7?"8 

Given increased risk of preeclampsia and eclampsia, patients 
should have close monitoring of blood pressure and proteinuria after 20 
weeks of gestation. Fetal nonstress and umbilical artery Doppler stud- 
ies should be undertaken after 28 weeks to identify patients who might 
benefit from early delivery. Studies examining prophylactic red cell 
transfusions in pregnancy have shown mixed results. Patients should be 
transfused to a Hb concentration of less than 6 g/dL, because abnormal 
fetal oxygenation and death have been reported below this Hb level in 
non-SCD populations. Otherwise, patients should be transfused based 
on guidelines for the nonpregnant patient with SCD. Based on data 
from animal models and small reports of spontaneous abortion or fetal 
death, the use of hydroxyurea is not recommended during pregnancy 
and breastfeeding.” Hydroxyurea may decrease spermatogenesis 
and therefore male patients may need to stop the drug temporarily 
when their partners are trying to conceive. Narcotics administered for 
relief of pain have not been shown to cause fetal harm, but babies of 
mothers exposed to narcotics during pregnancy should be monitored 
for the neonatal abstinence syndrome.” 

Despite increased concern for VTE, given insufficient data, contra- 
ception advice is similar as for women without SCD.™ 


Management of and Prevention of Infection 

Patients with SCD are predisposed to infections for a variety of reasons, 
including functional asplenia and defective neutrophil responses.*”** 
The magnitude of this problem was highlighted in 1971 in a landmark 
paper by E. Barrett-Connor.* Functional asplenia results in suscepti- 
bility to encapsulated microorganisms, particularly to S. pneumoniae, 
especially in children younger than 5 years of age. The CSSCD data 
reported an eight-per-100-patient-years rate of invasive bacterial infec- 
tion in children younger than 3 years of age.*”” 

Given the high incidence of infection, especially in childhood, 
infection prevention and rapid diagnosis of established infections is of 
paramount importance.*** The pneumococcal vaccine (PCV7) can be 
administered in infancy with effective immunologic response prior to 
2 years of age; the American Academy of Pediatrics recommends it be 
administered at ages 2, 4, 6, 8, and 12 to 15 months. The PCV7 vaccine 
decreases invasive pneumococcal disease by as much as 80 to 90 per- 
cent.*” The pneumococcal polysaccharide vaccine, PPV23, covers more 
serotypes but is not immunogenic prior to 24 months and response lasts 
for 3 years. The first dose is recommended at 24 months with additional 
doses 3 to 5 years later.”*!"*"* Nonvaccine covered strains of S. pneumo- 
niae are emerging as important pathogens; therefore, prompt referral of 
patients with suspected infection to a healthcare facility is important.** 

Oral penicillin prophylaxis is recommended at a dose of 125 mg 
twice a day for children between 0 and 3 years of age and at 250 mg 
twice a day for children between 3 and 5 years of age.’ Penicillin pro- 
phylaxis beyond 5 years is recommended only for patients with recur- 
rent pneumococcal infections or who have had surgical splenectomy. 
Patients allergic to penicillin are offered erythromycin. 

The meningococcal vaccine covers most invasive isolates of 
N. meningitidis and is recommended by the American Academy of 
Pediatrics.*'7 Standard pediatric immunizations protecting against 
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H. influenzae and hepatitis B virus should be given. Influenza virus vac- 
cine should be given annually because viral respiratory infection favors 
invasive bacterial infection. 

Parents and caregivers of children should be educated to rec- 
ognize infections and to seek medical attention early. Diagnosis of 
established infections varies by site and offending agent. For invasive 
pneumococcal disease, ceftriaxone remains the drug of choice despite 
concerns of immune-mediated hemolysis. Infections seen classically in 
SCD patients include salmonella osteomyelitis and penumonia caused 
by atypical bacteria like Chlamydia and M. pneumoniae, which need to 
be treated with the appropriate antibiotics. 

The spectrum of infectious complications in adults may be differ- 
ent. One study reported data on blood infections in adults.*” Pneumo- 
coccal infections were rare. S. aureus was the predominant organism. 
Patients with S. aureus had a predilection for bone-joint infection. Those 
with indwelling venous catheters and a severe disease course appeared 
to have a high risk for bloodstream infections. 

Although the sickle trait confers resistance to malaria, protection 
is not complete and severe disease and deaths from malaria have been 
reported in SCD patients. Malaria chemoprophylaxis is recommended 
for all patients living in or traveling to endemic regions.*!*?!° 


Management during Anesthesia and Surgery 

Patients with SCD should have careful monitoring of Hb concentration, 
hydration, oxygen, and metabolic studies in the perioperative period. 
Acute chest syndrome and VOE occur with higher frequency in the 
perioperative period. Increased age is associated with increased com- 
plications.*° >” Transfusion to keep Hb levels approximately 10 g/dL is 
recommended. Although a prior randomized trial showed no benefit 
in decreasing SCD-related complications between patients transfused 
aggressively to a mean HbS of less than 30 percent versus those trans- 
fused to a total Hb of 10 g/dL with mean HbS percent of 59, more recent 
data show reduction in clinically important events, especially serious 
complications, in the preoperative transfused group prior to low and 
moderate risk surgery.” Care should be taken to avoid transfu- 
sion-induced hyperviscosity. 


MODIFIERS OF DISEASE SEVERITY 


Some patients have a mild course with few problems related to SCD, and 
survive into the sixth or seventh decade. In contrast, some patients have 
a difficult course with multiple complications, frequent hospitalizations, 
severe organ damage, and a significantly shortened life expectancy.” 
Inheritance of a-thalassemia trait and a high HbF are two factors that 
ameliorate many complications of SCD. Genome-wide association stud- 
ies revealed three major loci associated with HbF levels: The $-globin 
locus on chromosome 11, an intergenic region between HBSIL and MYB 
genes on chromosome 6, and the BCL11 gene on chromosome 2.**° 
Repression of BCL11A results in increased y-globin gene expression and, 
consequently, in increased HbF The exact mechanism of how BCL11A 
silences y-globin expression is unclear; its expression seems to be con- 
trolled by an erythroid specific transcription factor, KLF1 with decreased 
expression of BCL11A upon knockdown of KLF1 gene transcript.” 

Inheritance of a-thalassemia and HbF level do not account for all 
of the clinical diversity of SCD. The completion of the human genome 
project has provided the impetus to study polymorphisms in candidate 
genes as potential modifiers of disease severity. Association of poly- 
morphisms in candidate genes and different features of SCD such as 
stroke,*?*-*° ACS,**! bilirubin levels and cholelithiasis,” avascular 
necrosis,” priapism,*** and leg ulcers,” as well as HbF levels,*”*” and 
HbF response to hydroxyurea,** have been studied in different groups 
of patients. 
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Polymorphisms in the TGF-B-BMP pathway, a ubiquitous signal- 
ing pathway that is involved in many cellular processes and pathways, 
have emerged as recurrent findings in many of these studies. Some of 
the associations have functional consequences; the association of biliru- 
bin levels in polymorphisms in the UGTIAI gene promoter is such an 
example. The 7TA repeat in the promoter leads to a decreased activity 
of this enzyme and hence a decrease in glucuronidation of bilirubin. 
Thus, the association of this polymorphism with higher bilirubin levels 
can be understood. On the other hand, the mechanisms by which poly- 
morphisms in the ubiquitous TGF-B-BMP pathway are associated with 
various complications of SCD are unknown, and thus a causal relation- 
ship cannot yet be established. Functional studies of these variants and 
genomewide association studies are expected to provide a better insight 
into genetic modulation of the phenotype of SCD. 


GENERAL MANAGEMENT OF SICKLE CELL 
DISEASE 


Pharmacotherapeutics to Increase Fetal Hemoglobin Levels 
The observation that HbF results in ameliorating the phenotype of SCD 
led to research focused on HbF modulation as a therapy for SCD. The 
y-chains of HbF are excluded from the deoxy HbS polymer; thus the 
presence of HbF in sickle red cells exerts a potent antisickling effect. 
This effect has also been supported by clinical observations; the man- 
ifestations of SCD do not become apparent in the first few months of 
life until the switch from y-chain production to B-chain production is 
almost complete in the postnatal period. Additionally, the phenotypes 
of some compound heterozygous states with HbS and other inherited 
globin disorders that lead to increased expression of HbF in the adult 
life (66-thalassemias, hereditary persistence of HbF) are very mild 
(Chap. 47). In fact, compound heterozygotes for HbS and deletional 
hereditary persistence of HbF, in which there is continued high levels 
of HbF expression (30 to 35 percent) uniformly distributed in all red 
cells (pancellular), are clinically asymptomatic and hematologically 
normal. In the late 1970s, further evidence in support of the amelio- 
rating effect of high HbF came from the observation of Saudi Arabian 
sickle cell anemia patients who had few, if any, symptoms of SCD, had 
mild anemia, and were not diagnosed until adult age.™ These individ- 
uals had HbF levels in the 20 to 25 percent range as opposed to the 
African patients or American patients of African descent, the majority 
of whom had HbF levels of approximately 5 percent. Similar patients 
were reported from India, and this genetic propensity for high HbF 
production in SCD patients was linked to a unique $-globin gene clus- 
ter haplotype (Saudi Arabian-Indian) that is distinct from those found 
in Africa. These observations paved the way for intense investigations 
on the cellular and molecular mechanisms of the fetal to adult (y to £) 
switch during the perinatal period and the search for “antiswitching” 
agents, agents that would facilitate retaining elevated HbF levels. The 
observation that there is a transient increase in HbF production dur- 
ing recovery from marrow aplasia or suppression provided the ratio- 
nale for the use of myelosuppressive agents as antiswitching therapy 
(Table 49-3). Antiswitching indicates a mechanism to prevent the 
switch from y-globin chains to B-globin chains. 

Hydroxyurea Although many myelosuppressive agents have 
been studied in primates and some have been used in a small number of 
patients, only one of these, hydroxyurea, has been used, starting in the 
early 1980s, in large-scale clinical trials. This is largely attributable to its 
excellent oral bioavailability, relatively short half-life (important from 
the standpoint of rapid reversibility of toxicity), no evidence that its use 
leads to an increase in cancer prevalence, and few side effects. 

Hydroxyurea is the only FDA-approved agent for the treatment of 
SCD. It is a ribonucleotide reductase inhibitor and is S-phase specific 


TABLE 49-3. Antiswitching Therapies 
Drug 


Mechanism 


Hydroxyurea Myelosuppression 
Antiinflammatory 
Nitric oxide donor 


Increased cyclic guanosine 
monophosphate 


Decitabine DNA methyltransferase 1 inhibi- 


tion, i.e., hypomethylation 


5’-Azacitidine DNA methyltransferase 1 inhibi- 


tion, i.e., hypomethylation 


Butyrate derivatives Histone deacetylase inhibition 


Histone deacetylase inhibitors Histone deacetylase inhibition 


Immunomodulatory drugs P38 mitogen-activated protein 


kinase pathway 


in the cell cycle. The mechanism by which hydroxyurea increases HbF 
synthesis is not fully understood; it has been postulated that the myelo- 
suppressive effect leads to the recruitment of early erythroid progenitors 
that have retained their fetal (y) globin synthesis capability, giving rise 
to the production of red cells with a higher HbF content. Some studies 
show that hydroxyurea acts as a NO donor and increases HbF synthe- 
sis via the cyclic guanosine monophosphate (cGMP) pathway.™ Others 
suggest it works by reducing the neutrophil count, thereby reducing the 
contributions of neutrophils to the abnormal vascular adhesion of sickle 
red cells. It has several other actions that explain its efficacy in SCD 
other than increasing HbF. These include decrease in platelets and retic- 
ulocytes, improvement in red cell hydration, and a decrease in red cell 
adhesiveness to the vascular endothelium (Fig. 49-10).*4** 

In the landmark Multicenter Study of Hydroxyurea, hydroxyurea 
was shown to decrease frequency of painful crises, ACS, hospitaliza- 
tions, and blood transfusions. Followup showed a 40 percent decrease 
in mortality in patients randomized to the drug.'* Hydroxyurea is 
recommended in patients with three or more VOEs or history of ACS. 
It can be started at a dose of 15 mg/kg given as a single daily dose and 
escalated by 5 mg/kg per day every 8 weeks until toxicity or a maximum 
dose of 35 mg/kg is reached. Maximum tolerated dose is defined as the 
dose that targets an absolute neutrophil count of 2 to 4 x 10°/L and 
absolute reticulocyte count 100 to 200 x 10°/L.*8°>! Periodic monitoring 
of blood cell counts and serum chemistries, especially in the first year 
of treatment is important. Maximal effect on HbF may not be seen until 
6 to 12 months of therapy is completed. The dose should be decreased 
in renal failure. Although not proven to have teratogenic or leukemo- 
genic potential in SCD patients, it is recommended that it not be used in 
pregnant or breastfeeding patients. Concerns about detrimental effect 
on spermatogenesis have also been raised based on studies in mice.*”** 

Patients receiving hydroxyurea who die while on treatment are 
likely to be older when therapy is initiated, more anemic, likely to have 
Bantu or Cameron f-globin gene haplotypes, and have impaired renal 
function. 

Several studies have now been published on the use of hydroxyurea 
in infants and children. Therapy can begin between 6 and 9 months of 
age, is safe and well tolerated with improved growth rates, preserves 
organ function, and the additional benefits as seen in adults, 161951356357 

Other Fetal Hemoglobin-Inducing Agents Although significant 
advances have been made in understanding the basic mechanism(s) of 
the perinatal switch from y- to 6-globin synthesis, this knowledge is 
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Figure 49-10. Blood film from SCD patients: effect of hydroxyurea therapy. A. Blood film before therapy. Note frequent sickled cells. B. Marked 
decrease in sickle cells with therapy. (Reproduced with permission from Dr. Scott Drury and Dr. Elizabeth Manaloor, Department of Pathology, Medical 


College of Georgia.) 


far from complete. Certain epigenetic mechanisms (histone deacetyla- 
tion and DNA methylation) are involved in the silencing of the y-globin 
genes postnatally. This has led to the use of agents that target the two 
common epigenetic silencing mechanisms: histone deacetylase inhibi- 
tors and DNA methyltransferase 1 inhibitors. 

The histone deacetylase inhibitors that have been most widely used 
in early phase small clinical trials in SCD and in some patients with 
$-thalassemia are butyrate derivatives (arginine butyrate, sodium phe- 
nyl butyrate, isobutyramide). Arginine butyrate has to be administered 
by IV infusion; earlier studies suggested that continuous daily infusions 
of arginine butyrate were not very effective in leading to a sustained 
increase in HbF? Later, it was shown that daily continuous infusion 
induced tachyphylaxis and hence the failure to cause a sustained HbF 
response. An intermittent schedule of administration (4 days, given 
every 4 weeks) was efficacious in increasing HbF.** Although orally 
administered sodium phenyl butyrate was effective in increasing HbF, 
the daily doses required for maintaining a HbF response required the 
administration of a large number of tablets and was impractical. A 
phase II trial studying the efficacy of oral 2,2-dimethylbutyrate sodium 
salt (HQK1001) did not show significant increase in HbF and was asso- 
ciated with a trend for increased VOE.* 

The two DNA methyltransferase inhibitors with antiswitching 
activity are 5’-azacytidine and decitabine. Both of these agents are mye- 
losuppressive when used in higher doses; however, at low doses, they 
are potent inhibitors of DNA methyltransferase 1 and have been shown 
to increase HbF synthesis in baboons and in patients with SCD.**'°® 
Unlike 5’-azacytidine, which incorporates into both DNA and RNA, 
decitabine incorporates only in DNA and is believed to have a better 
genotoxicity profile. It has been effective in increasing HbF and amelio- 
rating the disease severity in patients with SCD who have been refrac- 
tory to hydroxyurea.*® 

Immunomodulatory agents (thalidomide and derivatives) increase 
HbF synthesis in erythroid colonies from SCD patients.*” Pomalido- 
mide augments HDF in sickle cell mice.” Data from use in sickle cell 
patients is awaited. The finding that the KLF-1-BCL1la axis is the 
major factor in the switch from £- to y-globin has made these factors 
attractive targets for therapy; however, to date, no effective means of 
targeting these transcription factors has been developed. 


Allogeneic Hematopoietic Stem Cell Transplantation 

Because SCD is an inherited defect in the hematopoietic stem cell, stem 
cell transplantation (SCT) is an attractive option to permanently cure 
the disease rather than managing its sequelae piecemeal. However, the 


tremendous phenotypic variability that characterizes the disorder com- 
bined with lack of an accurate predictive model to foretell which patients 
are likely to have a catastrophic disease course, make selecting patients 
for allogeneic hematopoietic stem cell transplantation (AHSCT) chal- 
lenging. AHSCT should be done in patients who are likely to have a 
severe disease course, but should be instituted early, prior to end-organ 
damage. The risk-to-benefit ratio of the morbidity and mortality asso- 
ciated with AHSCT has to be weighed against the disease severity of a 
nonmalignant hematologic disorder. 

AHSCT is an underused treatment modality in SCD even in eligi- 
ble patients secondary to lack of donor availability and socioeconomic 
factors.*”' Human leukocyte antigen (HLA)-matched sibling donor 
transplant with myeloablative conditioning represents the most com- 
mon transplant type in SCD. Cerebrovascular disease, recurrent ACS, 
and frequent VOEs despite adequate hydroxyurea therapy are the most 
common indications for SCT. Data from approximately 1200 patients 
worldwide show an overall survival of 95 percent; early or late allog- 
raft failure resulting in disease recurrence occurs in 10 to 15 percent of 
patients.*”"°” The most common myeloablative regimen used is busul- 
fan, cyclophosphamide, and antithymocyte globulin; the addition of 
antithymocyte globulin resulted in a significant reduction in allograft 
rejection. Transplant-related mortality ranges between 2 and 8 per- 
cent.*” Acute graft-versus-host disease occurs in approximately 10 to 
15 percent of patients, whereas chronic graft-versus-host disease has 
been reported in 12 to 20 percent of patients. Most series have used 
cyclosporine alone or in combination with methotrexate for graft-ver- 
sus-host disease prophylaxis (Chap. 21). 

Risk of increased incidence of neurologic complications following 
transplantation has been ameliorated with the use of prophylactic anti- 
convulsants, strict control of arterial hypertension, correction of hypo- 
magnesemia, and maintenance of Hb greater than 10 g/dL and platelets 
greater than 50 x 10°/L. Long-term toxicity still remains a concern, 
especially in relation to growth, reproduction, and secondary malig- 
nancies. Followup data on AHSCT in children between 1991 and 2000 
show significant gonadal toxicity and infertility, especially in females.*” 

AHSCT in adults is problematic given toxicity of the condition- 
ing regimen. In an attempt to address this issue, reduced-intensity 
conditioning has been used but has resulted in an increased rate of 
graft failure. A small cohort of patients who received blood stem cells 
from HLA-matched siblings and used low-dose total-body radiation 
plus alemtuzumab as the conditioning regimen followed by sirolimus 
for graft-versus-host disease prophylaxis had stable engraftment at 30 
months of followup.*” 
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Cord blood and HLA haploidentical transplantation have been 
used in a small number of patients with SCD, but graft failure remains 
a significant issue.*7!775°76 


Transfusion 

Red cell transfusions are used frequently in SCD on an acute or chronic 
basis. The rationale for transfusion in SCD is twofold. Besides increas- 
ing Hb concentration, thereby increasing the oxygen-carrying capacity 
of the blood, transfusion also decreases the percentage of circulating 
HbS-containing red cells. Hb level alone should not constitute an indi- 
cation to transfusion as patients adapt to their level, making it impor- 
tant to know the patient’s baseline Hb concentration. It is also important 
to calculate whether the reticulocyte count, a measure of marrow red 
cell production, is adequate or not. 

Indications for red cell transfusion include symptomatic anemia, 
ACS, stroke, aplastic and sequestration crises, other major organ dam- 
age secondary to vasoocclusion, and occurrence of unrelenting pri- 
apism. Transfusion is also required prior to major surgery or surgery 
involving critical organs. The best-established indication for chronic 
transfusion is stroke and an abnormal TCD velocity. Patients with other 
chronic or recurrent events are sometimes placed on chronic transfu- 
sion as well. Inappropriate indications for transfusion include chronic 
steady-state anemia, uncomplicated VOE, pregnancy, minor surgeries, 
infection, and avascular necrosis.*” 

Simple red cell or exchange transfusion can be used.” Simple 
transfusion is easier to perform and is generally associated with fewer 
complications. Exchange transfusion, however, has the advantage of not 
raising total Hb, and thereby blood viscosity, while decreasing percent- 
age of circulating sickle cells because sickle cell patients transport less 
oxygen to their tissues beyond a hematocrit of 30 percent as a result 
of increased blood viscosity.*”**' Exchange transfusion has also the 
advantage of not causing iron overload. 

Alloimmunization occurs in 20 to 50 percent of transfused SCD 
patients.****** In the United States, the majority of blood donors are 
of European descent, and the majority of SCD patients are of African 
descent (Chaps. 136 and 138). This results in blood group antigenic dis- 
parity, and antibodies to E, C, K, Jkb, S, and Fyb antigens are common. 
Age at first transfusion, total number of transfusions, transfusion in the 
context of inflammation, and influence of immunoregulatory genes may 
affect the rate and extent of alloimmunization.*“ Extended antigen phe- 
notyping (Kell, Duffy, Kidd, Lewis, Lutheran, P, and M&S) in addition 
to the usual ABO and D antigens (Chaps. 136 and 138) and leukodeple- 
tion of blood products are recommended.**********° Delayed hemolytic 
transfusion reaction complicates 4 to 11 percent*® of transfusions in 
SCD and may present as a painful crises. It typically occurs a week after 
transfusion and is caused by alloantibodies to non-ABO antigens. It can 
cause the Hb to fall lower than the prior pretransfusion Hb and can 
be associated with a depressed reticulocyte count and autoantibodies. 
Alloantibody mediated hemolysis will present as a rapid decrease in the 
percent of HbA as opposed to HbS. A failure to demonstrate a new allo- 
antibody posttransfusion should not exclude the diagnosis of delayed 
hemolytic transfusion reaction (Chaps. 136 and 138). Patients should 
be transfused only if symptomatic under such circumstances as further 
transfusion can exacerbate the problem. 

Iron overload and its attendant complications and infection trans- 
mission are the other major complications of transfusion. 


Iron Overload 

Iron overload (Chap. 43) in SCD is similar to other chronically trans- 
fused populations.'®**”**8 The multicenter study of the iron overload 
research group showed that transfused sickle cell patients had increased 


morbidity and mortality when compared to transfused thalassemic 
patients and nontransfused SCD patients.*” 

Diagnosing significant iron overload accurately and early can be 
difficult. Serum ferritin is an easy, widely employed method, but is unre- 
liable in SCD as it is an acute phase reactant. Its measurement can result 
in over- or underestimation and is poorly correlated to liver iron con- 
tent.” A serum ferritin value of greater than 1000 mg/mL in the steady- 
state has been used as an indication of iron overload. Liver iron content 
is the current accepted standard and a value of 7.7 mg/g dry weight 
is used as indication for treatment.*®! However, noninvasive methods 
of assessment of iron overload, like superconducting quantum interfer- 
ence device (SQUID) or MRI T2* (Chap. 43), are becoming standard. 
Transfusion of 120 mL of red blood cells/kg of body weight can also be 
used as a chelation trigger.**” 

Iron chelation (Chap. 43) was typically carried out with desferri- 
oxamine at a dose of 25 to 40 mg/kg per day given over 8 hours sub- 
cutaneously.* Desferrioxamine can reverse cardiac iron overload. A 
once-daily oral iron chelator, deferasirox, is now approved and available 
for use in the United States. It is a tridentate ligand that binds iron with a 
high affinity in a 2:1 ratio. It has a half-life of 8 to 16 hours and is metab- 
olized by glucuronidation and excreted in the feces. In an open-label 
phase II trial of deferasirox versus desferrioxamine in a 2:1 random- 
ization, safety and tolerability were established. Nausea and vomiting, 
abdominal pain, rash, reversible increase in liver function tests, and 
stable increases in serum creatinine were reported. Rare cases of ana- 
phylaxis occurring mostly in the first month of starting treatment have 
also been reported. Postmarketing reports suggest an increased inci- 
dence of renal failure, and caution is to be exercised in a patient pop- 
ulation where renal insufficiency may not be readily appreciated prior 
to starting treatment. Postmarketing experience has also reported cases 
of fatal hepatotoxicity and agranulocytosis. Auditory and ophthalmic 
side effects occur in less than 1 percent of patients; however, annual eye 
and auditory examinations are recommended for deferasirox as they are 
for desferrioxamine. The recommended daily dose is 20 mg/kg body 
weight; this dose may be adjusted every 3 to 5 months in increments of 
5 to 10 mg/kg if the therapeutic goal is not achieved, although the total 
dose should not exceed 40 mg/kg. Safety in combination with other iron 
chelators has not been established.” Deferiprone is not available in the 
United States but has been used in other parts of the world. It is orally 
administered and is considered a better chelator of cardiac iron because 
of its ability to cross cell membranes.” Although iron chelation in SCD 
follows the general guidelines of iron chelation in other iron overloaded 
populations, rigorous studies of its effects on morbidity and mortality 
in SCD are lacking.****° 


Evolving Therapies 

Given the complex pathophysiology of SCD, numerous therapies tar- 
geting different pathways have been tried to ameliorate disease manifes- 
tations. Many drugs have failed to show efficacy, especially in phase II/ 
III trials, because of failure to choose appropriate end points or because 
they were too narrowly focused. Table 49-4 is a comprehensive list of 
trials and their outcomes. A few of the novel and promising studies are 
with immunomodulatory agents (thalidomide/pomalidomide), E- and 
P-selectin inhibitors, iNKT agonists, and Aes-103, and all are in trials 
as of this writing. 


@ OTHER ABNORMAL HEMOGLOBINS 


The number of Hb variants discovered to the time of writing this chap- 
ter totals 1187. The vast majority of these variants are benign, without 
any significant clinical or hematologic problems, but are of interest to 
geneticists and biochemists (http://globin.cse.psu.edu). Most of the 


TABLE 49-4. Novel Therapies for Sickle Cell Disease 
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Mechanism of Pathway T argeted Number 
Drug Action in SCD Trial Phase/Type Enrolled Outcomes Ref. 
GMI1070 E-selectin Abnormal cell l 15 Decrease in coagulation, 412 
inhibitor adhesiveness leukocyte, and endothelial 
cell activation 
Aes-103 Allosteric modi- RBC sickling, mem- _ I/lla 18 Decrease in pain and 
fier of Hb brane stabilization markers of RBC sickling 
under shear stress 
Regadenoson iNKT A,A receptor Inflammation l 27 Safety demonstrated; iNKT 413,414 
agonist cells inhibited 
Omega-3 Reduction in oxi- Abnormal cell RCT 140 Decreased VOE, anemia, 415 
fatty acid dative injury adhesiveness and blood transfusion in 
supplemented group 
Arginine Increased NO NO signaling RCT 38 Decreased parenteral opi- 416 
production oids use and pain scores 
Magnesium Increased cellular Cellular RCT 106 No difference on LOS, pain 417 
sulfate hydration dehydration scores, or analgesia use 
Prasugrel P2Y12 ADP recep- Platelet activation II 62 Pain rate and intensity 418 
tor antagonist decreased in interven- 
tion; platelet activation 
biomarkers decreased 
Eptifibatide Platelet a,b, Platelet activation RCT 13 Safe but no difference in 419 
inhibitor VOE resolution 
Senicapoc Gardos channel Cellular Ill 144 Increased hemoglobin 420 
inhibitor dehydration and hematocrit and 
decreased erythrocytes 
and reticulocytes 
Poloxamer 188 Amphipathic Tissue oxygenation III 255 Safe and well tolerated 421 
copolymer and demonstrated crisis 
resolution in a percentage 
of patients (greater in chil- 
dren than adults) 
TRF-1101 P-selectin Abnormal cell ll 5 Safe and increased 422 
inhibitor adhesiveness microvascular blood flow 


ADP, adenosine diphosphate; Hb, hemoglobin; iNKT, invariant natural killer T cell; LOS, length of stay; NO, nitric oxide; RBC, red blood cell; 
RCT, randomized controlled trial; SCD, sickle cell disease; VOE, vasoocclusive episode. 


Hb variants are missense mutations in the globin genes (a, p, y, or ô) 
resulting from single nucleotide substitutions. Other uncommon mech- 
anisms include deletion or insertion of one or more nucleotides altering 
the reading frame and fusion of globin genes with deletion of intergenic 
DNA sequences (yf fusion in Hb,.,.,, and of fusion in Hb, or)» Muta- 
tions of the termination codon leading to the production of elongated 
globin chains. 

Hb variants that significantly alter the structure, stability, syn- 
thesis, or function of the molecule have hematologic and/or clini- 
cal consequences. These can be classified in certain categories (Table 
49-5). HbS and HbC are two examples of mutations on the surface 
of the Hb molecule that alter both the charge and the physical/chem- 
ical properties of the molecule with polymer formation in the case of 
deoxyhemoglobin S and crystallization in HbC with profound effects 
on the function, morphology, rheology, and life span of the red cells. 
Several mechanisms account for the pathogenesis of unstable Hb vari- 
ants. The common mechanism involves the precipitation of the unstable 
Hb molecule within the red cell with attachment to the inner layer of 
the red cell membrane (“Heinz body” formation); red cells containing 


membrane-attached Heinz bodies (see Chap. 31, Fig. 31-11) have 
impaired deformability and filterability leading to their premature 
destruction (congenital Heinz body hemolytic anemia). Mutations in 
certain residues alter the oxygen affinity of the Hb molecule; a stabili- 
zation of the R (relaxed, oxy) state will result in high O, affinity variants 
and erythrocytosis. Conversely, a stabilization of the T (tense, deoxy) 
configuration will result in a variant with low O, affinity with enhanced 
unloading of O, to the tissues with resultant cyanosis and anemia in 
certain cases (because of the suppression of the O, sensing pathway) 
(Chaps. 32 and 50). Mutations of the heme binding site, particularly 
those affecting the conserved proximal (F8) and distal (E7) histidine 
residues, lead to the oxidation of the iron atom in heme from ferrous 
(Fe) to ferric (Fe**) state with resultant methemoglobinemia (M Hbs) 
and cyanosis (Chap. 50). A group of mutations alter both the structure 
and the synthetic rate of the globin chain leading to a “thalassemic” phe- 
notype (Chap. 48). These include fusion Hbs (e.g., HDb aporo where the 5’ 
ô-globin sequences are fused to 3’ -globin sequences with deletion of 
the intergenic DNA; this puts the dB-fusion gene under the transcrip- 
tional control of the inefficient 6-globin promoter with low expression 
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TABLE 49-5. Clinically Significant Hemoglobin Variants 


|. Altered physical/chemical properties 


A. HbS (deoxyhemoglobin S polymerization): sickle 
syndromes 


B. HbC (crystallization): hemolytic anemia; microcytosis 
Il. Unstable hemoglobin variants: 
A. Congenital Heinz body hemolytic anemia (N = 135) 
Ill. Variants with altered oxygen affinity 
A. High-affinity variants: erythrocytosis (N = 92) 
B. Low-affinity variants: anemia, cyanosis 
IV. M hemoglobins 
A. Methemoglobinemia, cyanosis (N = 9) 
V. Variants causing a thalassemic phenotype (N = 50) 
A. -Thalassemia 
1. Hb, epore (6B) fusion (N = 3) 
2. Aberrant RNA processing (HbE, Hb 
3. Hyperunstable globins (Hb 
B. a-Thalassemia 
1. Chain termination mutants (Hb 
2. Hyperunstable variants (Hb 
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of the fusion globin (hence the thalassemic phenotype), mutations that 
cause both a missense mutation and create an aberrant splice site (such 
as HbE, Hb,,,.,.» and Hb yaa)» and “hyperunstable” globins where the 
nascent globin chains are highly unstable, undergo rapid proteolytic 
degradation, and result in a reduction in the affected globin. 

Except for the commonly occurring variants (HbS, HbC, HbE, 
and HbD,,, Aade) very few abnormal Hbs have been observed in the 
homozygous state. Variant Hbs are usually found in the heterozygous 
state. Although y-chain variants are expressed in fetal life and their level 
gradually decreases as the y-globin to -globin (fetal to adult) switch 
progresses during the postnatal period, f- and a-chain variants are 
expressed throughout life. 6-Globin variants are expressed at very low 
levels and can be detected only after the switch to adult globin synthe- 
sis is complete. Because a-globin chains are present in all of the Hbs 
expressed after the embryonic stage (HbF-a,y,; HbA-« f „ and HbA,- 
«,0,), a-chain variants are associated with the production of variant 
HbF (a,*y,) and HbA, (a,*6,) as well. In heterozygous states, B-chain 
variants constitute 40 to 50 percent of the Hb in red cells; it should, 
however, be kept in mind that certain factors affect the amount of vari- 
ant f chains in carriers. These factors include the stability of the variant, 
the surface charge of the variant 6-chain, and the presence of concom- 
itant æ- or B-thalassemia (Chap. 48). The more unstable the variant, 
the lower the quantity. Surface charge of the variant also plays a role 
in determining the quantity in red cells; this is because the formation 
of the wB-dimers (a f, and «f, contacts) is the critical first step in Hb 
tetramer formation, and this step is primarily driven by electrostatic 
interactions between « and £ chains. The a-globin chains have a rela- 
tively positive surface charge, they interact more readily with relatively 
negatively charged $-globin variants to form afp dimers. This is reflected 
in the higher percentage of negatively charged B-globin variants such as 
HbN animore (295Lys>Glu), which is found in approximately 50 percent 
in heterozygotes compared to B-globin variants with a positive surface 
charge, HbS ($6GluVal) or HbC (86Glu+Lys) whose quantity in the 


heterozygote is 40 to 45 percent. In the presence of «-thalassemia, neg- 
atively charged B-globin variants compete more favorably for the avail- 
able a-chains; this phenomenon is reflected in even lower percentages 
of HbS and HbC in heterozygous carriers of these variants in the pres- 
ence of common deletional forms of a-thalassemia (HbS of 30 to 35 
percent in individuals with heterozygous a*-thalassemia, -a/aa; and 25 
to 30 percent in homozygous «*-thalassemia, -æ/-g).”® Conversely, 
the amount of a 6-globin variant will increase if there is a B-thalassemia 
allele in trans; the percentage of the variant will be inversely propor- 
tional to the output of the 6-thalassemia allele; thus, the higher the vari- 
ant the lower the output of the $*-thalassemia allele. In the case of a 
B°-thalassemia allele in trans, the variant will amount to greater than 
90 percent or more of the Hb in red cells, with HbA, and HbF consti- 
tuting the remainder. The quantity of «-globin variants is also variable, 
depending on the a-globin gene involved, and the presence of concom- 
itant a- or B-thalassemia. Because there are normally four a-globin loci 
(aa/ax) and the upstream 5’ a-globin gene (a,) is expressed at a higher 
level, some of the variation in the level of a-globin variants depends on 
which a-globin gene carries the mutation; «,-globin mutations are usu- 
ally present at 20 to 25 percent of the total Hb, whereas 3’ downstream 
a,-globin variants are expressed at a lower level (15 to 20 percent). 
Concomitant a-thalassemia results in a higher level of expression of 
«-globin variants. Observations on the different levels of expression of 
the common «-globin variant, HbG,, detphia (468Asn>Lys), is a case in 
point.’ Although this variant is found in approximately 25 percent of 
Northern Italians, its percentages in Americans of African descent can 
be either 33 or approximately 50 percent. This is clearly related to the 
different genotypes found in these two distinct populations: In northern 
Italy and Sardinia, the genotype is aSa/aa, with an expression level of 
approximately 30 percent, whereas in Americans of African descent, the 
HBG philadepnia MUtation is commonly found on a hybrid a,a, gene asso- 
ciated with the common 3.7 kb at+-thalassemia deletion (—a°/aa) with 
approximately 33 percent expression. When there is an a*-thalassemia 
deletion in trans (-a°/-a genotype), as expected, the level of HbG, ia a 
phia Will be approximately 50 percent. Coinheritance of a-chain variants 
with B-thalassemia results in the increase of the a-chain variant. 


HEMOGLOBIN C DISEASE 


Definition and History 

HbC was the second Hb variant described after HbS.” Homozygous 
HbC was described by Spaet and colleagues*” and Ranney and col- 
leagues.“ HbC trait is found in 2 percent of Americans of African 
descent, and approximately one in 6000 have homozygous HbC.*” 
Coinheritance of HbC with HbS results in HbSC disease, which is the 
second most common form of SCD in the United States. There are also 
rare cases of HbC-f*-thalassemia and HbC-f°-thalassemia. HbC is 
thought to have originated in Central West Africa and in parts of West 
Africa, where the prevalence of HbC can reach 12.5 percent. The HbC 
gene was found on three distinct 6-globin cluster haplotypes, termed 
CI, CII, and CIII; the most common is CI, accounting for 70 percent or 
more of HbC studied.“ 


Etiology and Pathogenesis 

HbC is the result of aGAG>AAG transition in codon 6 of the B-globin 
gene, which changes the amino acid residue at this position from gluta- 
mic acid to lysine (GluLys). The resultant positively charged Hb vari- 
ant can easily be distinguished from HbA and HbS by electrophoresis 
and chromatography, including high-performance liquid chromatogra- 
phy. HbC does not differ from HbA in its solubility; however, purified 
solutions of HbC form tetragonal crystals in high-molarity phosphate 
buffer. The Hb in red cells from homozygous HbC individuals also 
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Figure 49-11. Blood cell morphology in patients with structural hemoglobinopathies. A. Blood film. Hemoglobin (Hb) SS disease with characteris- 
tic sickle-shaped cells and extreme elliptocytes with dense central Hb staining. Both shapes are characteristic of sickled cells. Occasional target cells. 
B. Phase-contrast microscopy of wet preparation. Note the three sickled cells with terminal fine-pointed projections as a result of tactoid formation 
and occasional target cells. C. HbSC disease. Blood film. Note the high frequency of target cells characteristic of HbC and the small dense, irregular, 
contracted cells reflective of their content of HbS. D. HbCC disease. Blood film. Characteristic combination of numerous target cells and a population 
of dense (hyperchromatic) microspherocytes. Of the nonspherocytic cells, virtually all are target cells. E. HbCC disease postsplenectomy. Blood film. 
Note the rod-like inclusions in two cells as a result of HbC paracrystallization. These cells are virtually all removed in patients with spleens. F. HbCC 
disease postsplenectomy. Phase-contrast microscopy of wet preparation. Note the HbC crystalline rod in a cell. G. HoDD disease. Blood film. Note Fre- 
quent target cells admixed with population of small spherocytes, poikilocytes, and tiny red cell fragments. H. HbEE disease. Blood film. Hypochromia, 
anisocytosis, and target cells. I. HbE thalassemia. Blood film. Marked anisocytosis (primarily microcytes) and poikilocytosis. Hypochromia. (Reproduced 


with permission from Lichtman’'s Atlas of Hematology, www.accessmedicine. 


form crystals when incubated with hypertonic saline; HbC crystals are 
also observed in vivo, particularly in the red cells of splenectomized 
HbCC patients (Fig. 49-11F). Crystal-containing HbCC red cells have 
impaired deformability and filterability. HbCC red cells have a propen- 
sity for potassium (K*) loss, which is followed by water loss; unlike in 
sickle red cells, this K* leak does not appear to be mediated through 
either the potassium chloride cotransport or the calcium ion activated 
K* efflux (Gardos) channel; it is thought to be a volume-stimulated K* 
efflux.” The consequence of this K* loss is dehydrated, often sphero- 
cytic, red cells with increased MCHC, and decreased osmotic fragility. 
These changes result in impaired rheologic properties of HbCC red 
cells; their life span is reduced to 40 days. 


Clinical Features 

Mild to moderate splenomegaly is a common feature of homozygous 
HbC. Like many other chronic hemolytic states, cholelithiasis may be 
present. HbCC individuals do not suffer from vasoocclusion or epi- 
sodic pain. Occasionally, abdominal pain may be present and can be a 
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result of splenomegaly and/or cholelithiasis. Pregnancy does not pose 
an increased risk to women with HbCC. Life expectancy of HbCC 
individuals is comparable to non-HbC Americans of African descent. 
In a recent single-institution study, splenomegaly and cholelithiasis 
occurred in approximately 2.5 percent of patients younger than 8 years 
of age, but it was far more common (71 percent) in individuals older 
than 8 years of age.“ 


Laboratory Features 

HbCC individuals have a mild to moderate hemolytic anemia. Hb is 
usually in the 10 to 11 g/dL range. There is associated reticulocytosis 
usually in the 3 to 4 percent range. There usually is mild microcytosis 
(mean corpuscular volume [MCV] 70 to 75 fL) and, often, an elevated 
MCHC. The blood film is characteristic, showing an abundance of tar- 
get cells, microspherocytes, and HbC red cell crystals, especially in sple- 
nectomized patients (see Fig. 49-11). Indirect bilirubin may be mildly 
elevated. White cell and platelet counts are normal in the absence of 
hypersplenism. 
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Differential Diagnosis 

Differential diagnosis is usually achieved by Hb electrophoresis. HbC 
moves to a cathodic position, comigrating with HbA,, HbE, and HbO i 
on alkaline pH (cellulose acetate) electrophoresis. The distinction from 
these Hbs can be made by electrophoresis on citrate agar in acid pH where 
HbE and HbA, comigrate with HbA; HbO, „ has a HbS-like mobility, and 
HbC has a unique migration pattern. Alternatively, newer diagnostic meth- 
ods can be used; these include isoelectric focusing, where HbC can readily 
be distinguished from other Hbs with similar mobility on cellulose acetate 
electrophoresis. In cation exchange HPLC and capillary electrophoresis, 
HbC has a distinct elution pattern and can be distinguished from HbE and 
HbO, „„ these latter methods also have the advantage of separating and 
quantifying HbA, in HbC homozygotes and in HbC trait. This confers the 
advantage of readily differentiating between HbCC and rare cases of HbC- 
f°-thalassemia (where HbA, is significantly higher, ~5 percent). 


Therapy 

The vast majority of HbCC individuals do not require any therapeu- 
tic intervention. Cholecystectomy may be required in individuals who 
have symptomatic gallstones. Few patients with HbCC develop hyper- 
splenism with a reduction in white cell and platelet counts, and occa- 
sionally worsening of anemia. In such instances, splenectomy should 
be considered. Another indication for splenectomy is pain associated 
with an enlarged spleen. It is important to apply the usual precautions 
in patients considered for splenectomy (appropriate vaccinations, pro- 
phylactic antibiotic use, and delaying splenectomy in young children). 
Folic acid supplementation, as usually done in many chronic hemolytic 
states, is of no proven value. 


HEMOGLOBIN DISEASE 


Definition and History 

HbE ($26Glu>Lys) was the fourth abnormal Hb described.” It is 
most commonly found in Southeast Asia; in some areas (in the bor- 
der between Thailand, Laos, and Cambodia, the so-called HbE triangle) 
the reported gene frequency may reach as high as 0.50.*° This high fre- 
quency is thought to be from a protective effect against malaria. HbE is 
also found in other malaria-endemic areas such as Bangladesh, India, 
and Madagascar. HbE now has a wide distribution as a result of the 
large population movements from Southeast and South Asia to Western 
Europe and North America, and may now be the most common Hb 
variant worldwide. 


Etiology and Pathogenesis 

The GAG>AAG mutation in codon 26 of the B-globin gene not only 
leads to a missense mutation (Glu>Lys) at this position, but also acti- 
vates a cryptic donor splice site at the boundary of exon 1 and intron 1 
by increasing the sequence similarity of this site to a consensus splice 
sequence. The resultant aberrant splicing through this alternate site leads 
to a decrease in the correctly spliced messenger RNA and hence a f*-tha- 
lassemic phenotype. This is reflected in the fact that heterozygotes for 
HbE have 25 to 30 percent of the variant; in the presence of concomitant 
a-thalassemia, this quantity decreases even further. The coinheritance of 
HbE with a host of other globin mutants (a-thalassemia, $-thalassemia, 
other Hb variants), which are also common in the populations where 
HbE is prevalent, results in a wide spectrum of hemoglobinopathies 
with varying degrees of severity (HbE disorders or HbE syndromes). 
The most significant of these is HbE-$-thalassemia syndromes. HbE has 
also been reported in combination with HbS (HbSE disease). 


Clinical Features 
Individuals with homozygous HbE are asymptomatic. Most patients do 
not have hepatosplenomegaly or jaundice. They are usually diagnosed 


during screening programs or family studies of individuals with severe 
HbE disorders, or on routine evaluation of a blood film with significant 
microcytosis without anemia. HbE-f-thalassemia is a rather hetero- 
geneous group of disorders varying from a mild thalassemia interme- 
dia like phenotype to severe transfusion dependent thalassemia major 
(Chap. 48). Part of this heterogeneity results from the type of coinher- 
ited B-thalassemia mutation. Patients who are compound heterozygotes 
for HbE and one of the mild $*-thalassemia mutations (such as the 
mild promoter mutation, -28A+G) have a mild to moderate anemia, 
whereas patients with compound heterozygosity for HbE and one of 
the more severe $*-thalassemia mutations (such as IVS I nucleotide 5 
or IVS II nucleotide 654 mutations) do have a more severe phenotype 
with severe anemia and transfusion dependency. There is also a large 
heterogeneity among patients with HbE-°-thalassemia; these patients 
do not produce any HbA and have only HbE and varying amounts of 
HbF. Known factors that influence the phenotype include the ability 
to produce HbF and the presence of concomitant «-thalassemia. Indi- 
viduals who have the propensity to synthesize significant amounts of 
HDF (such as those who have the Xmn I C>T mutation in the °y-globin 
promoter) are able to ameliorate the globin chain imbalance and thus 
have a milder phenotype. Concomitant «-thalassemia also mitigates the 
course of the disease by decreasing globin chain imbalance. In some 
cases, there may be nonglobin modifiers that impact on the phenotype. 
Patients with severe forms of HbE-f°-thalassemia have clinical features 
very similar to B-thalassemia major; they develop complications such 
as hypersplenism, iron overload, increased susceptibility to infections, 
thromboembolic complications, and heart failure, and have a shortened 
life expectancy. Splenectomized HbE--thalassemia patients have 
more pronounced intravascular hemolysis, markers of endothelia cell 
activation, and activation of coagulation with increased levels of cell 
free Hb, sE-selectin, sP-selectin, high-sensitivity C-reactive protein, 
and thrombin-antithrombin complex compared to nonsplenectomized 
patients.“ 


Laboratory Features 

HbE-trait individuals have a borderline microcytosis (MCV in the 
lower 80s) but are not anemic. Homozygotes for HbE are usually only 
borderline or mildly anemic (Hb 11 to 13 g/dL), but they are microcytic 
(MCV ~70 fL). Blood film shows target cells, hypochromia, and micro- 
cytosis (see Fig. 49-11H). Osmotic fragility of the red cells is decreased. 
Hb electrophoresis shows greater than 90 percent HbE and 5 to 10 per- 
cent HbF. Certain chromatography techniques that can separate HbE 
from HbA, reveal elevated levels of HbA,. Patients with mild forms of 
HbE-f*-thalassemia (Chap. 48) have Hb levels in the 9.0 to 9.5 g/dL 
range, whereas those with severe HbE-f*-thalassemia are more severely 
anemic (Hb 6.5 to 8.0 g/dL). Individuals with HbE-f°-thalassemia have 
varying degrees of anemia, depending on their ability to produce HbF; 
these patients have HbE in the 40 to 60 percent range, with the remain- 
der being HbE Patients with higher HbF values are less anemic. 


Therapy 

HbE homozygotes do not require any therapy. Patients with severe 
HbE-°-thalassemia are similar to thalassemia intermedia or major; 
most of the latter patients should be on a chronic transfusion regimen 
aiming at Hb levels of approximately 10 g/dL; iron chelation should be 
a part of standard therapy. Splenectomy should be considered when 
hypersplenism develops. Patients with a thalassemia intermedia-like 
phenotype may require sporadic transfusions. Hydroxyurea can increase 
HbF levels and decrease ineffective erythropoiesis in HbE-f-thalas- 
semia.“ AHSCT (including umbilical cord blood-derived stem cells in 
one patient) has also been used in HbE-f-thalassemia. 


Course and Prognosis 

The prognosis is dependent upon the clinical phenotype. Patients with 
milder phenotypes tend to do well. Severe HbE-f-thalassemia patients 
require chronic red cell transfusion and iron-chelation therapy; this 
places a great burden on the economies of countries where this disease 
is prevalent. AHSCT, although potentially curative, will not be available 
for the vast majority of these patients. Prenatal diagnosis and neona- 
tal screening should be an important part of the strategies to decrease 
the disease burden and improve care. Long-term use of hydroxyurea 
and other novel HbF-inducing agents as modifiers of disease (histone 
deacetylase inhibitors and DNA methyltransferase 1 inhibitors) can be 
an important addition to therapy. 


HEMOGLOBIN D DISEASE 


HbD was the third Hb variant identified.” The substitution in HbD is a 
glutamic acid to glutamine at the 121st amino acid of the 6-globin chain 
(8121Glu>Gln). HbD has an S-like mobility on alkaline electrophoresis, 
but comigrates with HbA on acid pH. Subsequently, a number of other 
Hb variants with the same electrophoretic properties were discovered 
and named HbD (HbD,,, imi HbD emais etc.). The most common HbD 
is HbD, os Angeles (8121Glu>Gln), the originally discovered HbD, which is 
identical to HbD panja It is most commonly found in Punjab, India where 
2 to 3 percent of the population have the HbD gene. Subsequently, it has 
also been found in a number of other populations including Europeans 
of Mediterranean region, and Americans of African descent.“ 

HbD heterozygotes are asymptomatic, are not anemic, and have 
normal red cell indices. Homozygotes for HbD, ,. Angeles are asymptom- 
atic and are hematologically normal with normal red cell indices. Blood 
films may show target cells (see Fig. 49-11G). Osmotic fragility may be 
decreased. Compound heterozygotes for HbD,,,.. Angeles and a B?-thalas- 
semia mutation have mild microcytic anemia and show minimal hemo- 
lysis. Coinheritance of HbD,,,. Anges With HbS results in a severe SCD 
phenotype not different from homozygous HbS. 

HBD, ,. Angeles Should be distinguished from HbS. This can be done 
by a combination of routine alkaline and acid Hb electrophoretic 
methods. Techniques such as isoelectric focusing, HPLC, and capillary 
electrophoresis readily provide this distinction. Such methods allow 
accurate diagnosis of SCD from compound heterozygosity for HbS and 
HbD 


Los Angeles’ 


UNSTABLE HEMOGLOBINS 


Unstable Hbs form an important group of clinically significant Hb vari- 
ants. Several different mechanisms lead to the generation of unstable 
variants, which result in a congenital hemolytic anemia with inclusion 
bodies in red cells (Heinz bodies), hence the term congenital Heinz body 
hemolytic anemia. 


Definition and History 

Cathie reported a 10-month-old child with hemolytic anemia, jaundice, 
and splenomegaly in 1952.1! Splenectomy did not result in improve- 
ment. The patient’s red cells had large Heinz bodies (Chap. 31). Similar 
cases were reported from around the world, and the observation that 
these cases were characterized by the precipitation of their hemolysate 
upon exposure to heat, suggested a Hb abnormality as the cause. Sub- 
sequently, nearly all of similar cases were found to have a variant Hb, 
and Cathie’s case was found to have Hb-Bristol (867Val>Asp). To date, 
146 unstable variants have been reported; the vast majority is sporadic 
cases reported only once. Few have been observed repeatedly in differ- 
ent populations. 
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Etiology and Pathogenesis 

Several different mechanisms lead to the instability of the globin mol- 
ecule with precipitation in the red cell leading to hemolysis. These are 
summarized below. 

Substitutions Near the Heme Pocket Heme is inserted into a 
hydrophobic pocket in each globin molecule where it is in contact with 
a number of invariant nonpolar amino acid residues (see Fig. 49-2). 
Substitution of these invariant nonpolar residues will decrease the sta- 
bility of heme-globin association and ultimately lead to the instability 
of the globin moiety. Hb, „ (863His>Arg), Hb; (898Val>Met), and 
Hb,,, smersmitn (242Phe>Ser) are examples of this group. 

Disruption of Secondary Structure (a-Helix) The secondary 
structure of globin chains is 75 percent in the conformation of an a 
helix (see Fig. 49-1). Proline residues cannot participate in an a helical 
conformation. Thus, the substitution of a proline residue for any other 
amino acid except for the first three residues of an « helix will disrupt 
the secondary structure and lead to the disruption and precipitation of 
the mutant globin chain. 

Mutations in a,B, Interface The first step in the assembly of the 
Hb tetramer is the formation of an afp dimer. This structure is stabilized 
by a secondary structure that exposes the charged amino acids (gluta- 
mic acid, aspartic acid, lysine, and arginine) on the surface of the mol- 
ecule in contact with water and stabilizes the interior of the molecule 
(a $ interface) with hydrophobic interactions. Substitution of a charged 
(polar) residue for a nonpolar amino acid involved in «f, contact will 
disrupt and destabilize this dimer formation and lead to the precipita- 
tion of the Hb molecule. 

Amino Acid Deletions Deletion of one or more amino acid resi- 
dues is expected to disrupt the secondary structure of the globin chains 
and may lead to instability of the mutant chain. Mutant globins with 
deletion of one or more residues have been reported. Examples of this 
type include Hb, sigen (86 or B7Glu>0), Hb (891-950), and Hb 
(B23Val->0). 

Elongated Globin Chains Some variants result from either a 
mutation in the termination codon or a frameshift leading to the syn- 
thesis of longer than normal globin chains. These variants tend to be 
unstable because of the presence of a nonfunctional fragment. Examples 
include Hbo anson and Hb,,,. 

Whatever the underlying mechanism may be, unstable Hb vari- 
ants precipitate within developing red cell precursors forming hemi- 
chromes (intermediate substances in Hb denaturation) and ultimately 
aggregates that attach to the inner layer of red cell membrane (Heinz 
bodies). Heinz bodies can be visualized with supravital stains, such as 
brilliant cresyl blue. Red cells with Heinz bodies have impaired rheo- 
logic properties (deformability and filterability) and are trapped in the 
splenic circulation (Chaps. 6, 34, and 56) with pitting of the membrane 
attached bodies. Hemolysis ultimately ensues. The degree of hemolysis 
is proportionate to the quantity and the instability of the variant. 


Leiden Gun Hill Frei- 


burg 


Clinical Features 

Patients with unstable Hb variants have varying degrees of hemolytic 
anemia. This can range from a compensated, asymptomatic hemolytic 
state to severe, life-threatening hemolysis. Generally, hemolytic ane- 
mia is mild to moderate and does not require therapeutic intervention. 
Typically, hemolysis is exacerbated by increased oxidant stress such as 
infections and the use of oxidant drugs. Patients may have jaundice and 
splenomegaly. As is the case with other chronic hemolytic states, gall- 
stones may develop. Hypersplenism can be a problem in some cases. 
Many unstable Hb variants that are associated with mild, compensated 
hemolysis are diagnosed fortuitously or during population screening 
for hemoglobinopathies. Unstable variants are inherited in a mende- 
lian pattern; they usually manifest in the heterozygous state. There are 
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instances of de novo mutations without evidence of the variant in par- 
ents of an affected individual. Many of the 146 known unstable variants 
are found in a single individual or in a limited number of instances. 
However, some unstable variants like Hb, „ (898Val>Met) and Hb, icn 
(867His>Arg) have been found in many populations around the world. 


Laboratory Features 

Patients with unstable Hb variants may have varying degrees of anemia. 
Generally, the anemia is mild and does not require therapeutic inter- 
vention. However, exacerbation of anemia during exposure to oxidant 
stress (such as infections and the use of oxidant drugs) is a common 
feature. Features of a hemolytic state (reticulocytosis, indirect hyper- 
bilirubinemia, elevated LDH, decreased or undetectable haptoglobin) 
are present. Red cell morphology shows polychromasia, anisocytosis, 
poikilocytosis, and occasionally basophilic stippling. A typical feature 
of this disorder is the presence of Heinz bodies, best visualized with 
supravital staining with brilliant cresyl blue as membrane attached 
inclusion bodies in red cells. Hb electrophoresis reveals the presence 
of an additional abnormal Hb band. The quantity of the variant Hb is 
variable and inversely proportional to the degree of instability of the 
abnormal Hb (e.g., the more unstable the variant, the less the quantity). 
More accurate quantification can be achieved with cation exchange or 
reversed phase HPLC. The presence of an unstable variant in the hemo- 
lysate can be demonstrated by simple tests of stability. The most com- 
monly used tests are heat denaturation and isopropanol precipitation. 
The heat denaturation test is more cumbersome and time consuming 
and is seldom used in practice. The isopropanol precipitation test is a 
simple screening test for unstable variants and involves the incubation 
of the hemolysate with a 17 percent solution of isopropanol; hemoly- 
sates containing unstable Hb variants will form a precipitate, whereas a 
normal hemolysate will remain clear. 


HEMOGLOBINS WITH ALTERED 
OXYGEN AFFINITY 


M Hbs result from mutations around the heme pocket that disrupt the 
hydrophobic nature of this structure with resultant oxidation of the iron 
in the heme moiety from ferrous (Fe**) to ferric (Fe**) state and cause 
methemoglobinemia (Chap. 50). Mutations in certain critical areas of 
the globin molecule alter the affinity of the globin for oxygen. In general, 
mutations that stabilize the molecule in the T state lead to low O,-affin- 
ity variants, which can clinically manifest as cyanosis or mild anemia. 
Mutations that stabilize the R state or destabilize the T state result in 
high O,-affinity variants. These variants will cause secondary polycythe- 
mia (Chap. 57). The mutations that affect the ligand binding affinity of 
the Hb molecule are mostly in the æ $, interface. Rarely, mutations in 
the æ f interface lead to altered O, affinity. Another mechanism in the 
generation of high O, affinity mutants involves mutations that alter the 
binding of 2,3-BPG. 
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CHAPTER 50 
METHEMOGLOBINEMIA 
AND OTHER 
DYSHEMOGLOBINEMIAS 


Archana M. Agarwal and Josef T. Prchal 


SUMMARY 


Normal hemoglobin can be oxidized to methemoglobin. Methemoglobinemia 
occurs because of either increased production of oxidized hemoglobin from 
exposure to environmental agents or diminished reduction of oxidized hemo- 
globin because of underlying germline mutations. Cyanosis is virtually invari- 
ant in patients with methemoglobinemia. Hemoglobin can also bind carbon 
monoxide and nitric oxide, resulting in the formation of carboxyhemoglobin 
and nitrosohemoglobin. Sulfhemoglobinemia occurs because of increased 
production secondary to occupational exposure to sulphur compounds or 
exposure to oxidant medications. These modified hemoglobins are known as 
dyshemoglobins. Depending upon the severity and individual predisposition, 
presence of dyshemoglobins can result in varying degree of clinical manifesta- 
tions. Prompt diagnosis is the key to effective and timely treatment. 


@ METHEMOGLOBINEMIA 
DEFINITION AND HISTORY 


A bluish discoloration of the skin and mucous membrane, designated 
cyanosis, has been recognized since antiquity as a manifestation of lung 
or heart disease; however, in methemoglobinemia and sulfhemoglob- 
inemia, it has a different molecular basis than in hemoglobin oxygen 
desaturation. Cyanosis resulting from drug administration has also 
been recognized since before 1890.’ Toxic methemoglobinemia occurs 
when various drugs or toxic substances either oxidize hemoglobin (Hb) 
directly in the circulation or facilitate its oxidation by molecular oxygen. 

In 1912, Sloss and Wybauw’ reported a case of a patient with 
idiopathic methemoglobinemia. Later Hitzenberger’ suggested that a 
hereditary form of methemoglobinemia might exist and, subsequently, 


Acronyms and Abbreviations: AOP2, antioxidant protein 2; 2,3-BPG, 2,3- 
bisphosphoglycerate; cGMP, cyclic guanosine monophosphate; CO, carbon monox- 
ide; COHb, carboxyhemoglobin; GSH, reduced glutathione; N,0,, dinitrogen trioxide; 
NADH, nicotinamide adenine dinucleotide (reduced form); NADPH, reduced nicotin- 
amide adenine dinucleotide phosphate; NO, nitric oxide; NOS, nitric oxide synthase; 
P. the partial pressure of oxygen at which 50 percent of the blood hemoglobin is 
saturated with oxygen; RBC, red blood cells; SNO-Hb, S-nitrosohemoglobin; SpCO, 
arterial carboxyhemoglobin concentration; SpMet, arterial methemoglobin concen- 


tration; Sp0,, arterial oxygen saturation. 


numerous such cases were reported.* In 1948, Hörlein and Weber® 
described a family in which eight members over four generations had 
cyanosis. The absorption spectrum of methemoglobin was abnormal 
and they demonstrated that the defect must reside in the globin por- 
tion of the molecule. Subsequently, Singer‘ proposed that such abnor- 
mal hemoglobins be given the designation hemoglobin M. The cause 
of another form of methemoglobinemia that occurs independently of 
drug administration and without the existence of any abnormality of 
the globin portion of hemoglobin was first explained by Gibson,’ who 
clearly pointed to the site of the enzyme defect, nicotinamide adenine 
dinucleotide (reduced form) (NADH) diaphorase, also designated as 
methemoglobin reductase, and now known as cytochrome b, reductase. 
More than 50 years after Gibson's insightful studies, the genetic disorder 
that he had predicted was verified at the DNA level.’ 

The existence of abnormal hemoglobins that cause cyanosis 
through quite another mechanism was first recognized in 1968 with the 
description of hemoglobin Kansas.’ Here the cyanosis resulted not from 
methemoglobin, as occurs in hemoglobin M, but rather from an abnor- 
mally low oxygen affinity of the mutant hemoglobin. Thus, at normal 
oxygen tensions, a large amount of deoxygenated hemoglobin is present 
in the blood of affected patients. 


EPIDEMIOLOGY 


Methemoglobinemia occurring as a result of cytochrome b, reductase 
deficiency is more common among Native Americans, both in Alaska 
and in the continental United States, and among the Evenk people of 
Yakutia of Russian Siberia than in other ethnic groups.'*'? Methemo- 
globinemia resulting from hemoglobin M is inherited and sporadic. The 
occurrence of methemoglobinemia due to toxic chemicals is acquired, 
transient, and is also sporadic. 


ETIOLOGY AND PATHOGENESIS 


Methemoglobinemia decreases the oxygen-carrying capacity of blood 
because the oxidized iron cannot reversibly bind oxygen. Moreover, 
when one or more iron atoms have been oxidized, the conformation 
of hemoglobin is changed so as to increase the oxygen affinity of the 
remaining ferrous heme groups. In this way methemoglobinemia exerts 
a dual effect in impairing the supply of oxygen to tissues." 


Toxic Methemoglobinemia 
Hemoglobin is continuously oxidized in vivo from the ferrous to the 
ferric state. The rate of such oxidation is accelerated by many drugs and 
toxic chemicals, including sulfonamides, lidocaine and other aniline 
derivatives, and nitrites. A vast number of chemical substances may 
cause methemoglobinemia.'*!° Table 50-1 lists some of the agents that 
are responsible for clinically significant methemoglobinemia in clinical 
practice. 

The most common offenders include benzocaine and lidocaine. 
In some cases, the patients have been unaware that they have been 
ingesting one of the drugs known to produce methemoglobinemia; 
dapsone is apparently used in some “street drugs”? Nitrates and the 
nitrites contaminating water supplies or used as preservatives in foods 
are also common offending agents.” -° 
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Cytochrome b, Reductase Deficiency 

Cytochrome b, reductase, also known as NADH diaphorase, catalyzes a 
step in the major pathway for methemoglobin reduction. This enzyme 
reduces cytochrome b,, using NADH as a hydrogen donor. The reduced 
cytochrome b, reduces, in turn, methemoglobin to hemoglobin. A 
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TABLE 50-1. Some Drugs That Cause 
Methemoglobinemia 


Phenazopyridine (Pyridium)'*" 


Sulfamethoxazole'’® 
Dapsone??'67188 
Aniline®®*? 
Paraquat/monolinuron'®"7! 
Nitrate??-2481 
Nitroglycerin'®”? 
Amyl nitrite”? 
Isobutyl nitrite'”* 
Sodium nitrite??* 
Benzocaine -17 
Prilocaine!’®'®° 
Methylene blue®” 


Chloramine™?8! 


steady-state methemoglobin level is achieved when the rate of methe- 
moglobin formation equals the rate of methemoglobin reduction either 
through the cytochrome b, reductase or through a relatively minor aux- 
iliary mechanism such as direct chemical reduction by ascorbate and 
reduced glutathione. A reduced nicotinamide adenine dinucleotide 
phosphate (NADPH)-linked enzyme, NADPH diaphorase, does not 
play a role in methemoglobin reduction except when a linking dye such 
as methylene blue is supplied (see “Therapy, Course, and Prognosis” 
below). A marked diminution in the activity of cytochrome b5 reduc- 
tase will result in the accumulation of the brown pigment in circulating 
erythrocytes. 

A balance to methemoglobin formation is antioxidant protein 
2 (AOP2), which is present in high concentrations in human and 
mouse red cells (Chap. 47). This member of the peroxiredoxin pro- 
tein family binds to hemoglobin and prevents both spontaneous and 
oxidant-induced methemoglobin formation.*' Mutations of this gene 
or its acquired deficiency are theoretical candidates responsible for 
congenital and acquired methemoglobinemia. Cyanosis resulting from 
abnormal hemoglobins (both hemoglobin M and low-oxygen affinity 
hemoglobins) is inherited as an autosomal dominant disorder. In con- 
trast, hereditary methemoglobinemia resulting from cytochrome b, 
reductase deficiency is inherited in an autosomal recessive fashion. 

Many mutations of cytochrome b5 reductase that cause methe- 
moglobinemia have been identified at the nucleotide level, and the 
functional effect of some of these have been deduced from the struc- 
ture of the enzyme.**** Although most of the mutants have been found 
in persons of European descent, five unique mutations were found in 
Chinese,” at least three in Thais,” two in Americans of African descent,’ 
and one in an Asian Indian.” In addition, a common polymorphism 
(allele frequency = 0.023) has been identified in Americans of African 
descent; it does not appear to impair the activity of the enzyme.** Most 
of the patients with cytochrome b, reductase deficiency merely have 
methemoglobinemia and the enzyme deficiency is limited to the red 
cells, and these have been classified as having type I disease. In type II 
cytochrome b, reductase deficiency, which represents 10 to 15 percent 
of cases of enzyme deficient congenital methemoglobinemia, cyto- 
chrome b5 reductase is decreased in all cells. In addition to cyanosis, 
severe developmental abnormalities can occur; most affected infants die 


in the first year of life.” Patients with this form of disease are afflicted, 
in addition to methemoglobinemia, with a progressive encephalopathy 
and mental retardation. The finding that fatty acid elongation is defective 
in the platelets and leukocytes of such patients“ provides a clue to the 
type of defect that could occur in the central nervous system, where fatty 
acid elongation plays an important role in myelination. Rare patients 
with deficiency of cytochrome b5 reductase in nonerythroid cells do not 
suffer any neurologic disorder, and it has been suggested that they be 
designated as having type III disease; however, existence of such an 
entity has been challenged and type III disease likely does not exist.” 


Heterozygosity for Cytochrome b, Reductase Deficiency 
Heterozygotes for cytochrome b, reductase deficiency are not usually 
clinically methemoglobinemic or cyanotic. However, under the stress 
of administration of drugs that normally induce only slight, clinically 
unimportant, methemoglobinemia, such persons have been reported to 
become severely cyanotic because of methemoglobinemia.* Although 
in this report the affected patients were Ashkenazi Jews, the prevalence 
of cytochrome b5 reductase deficiency in 500 unselected Jewish subjects 
was found to be low.“ In addition, predisposition to acute toxic methe- 
moglobinemia in heterozygous subjects for cytochrome b5 reductase 
deficiency seems to be quite uncommon.” 

Animal models of cytochrome b5 reductase deficiency have been 
described in dogs, cats, and horses.***” 


Infant Susceptibility 

A combination of both increased hemoglobin oxidation and decreased 
methemoglobin reduction also may occur. Because the activity of cyto- 
chrome b5 reductase is normally low in newborn infants,“ they are par- 
ticularly susceptible to the development of methemoglobinemia. ‘Thus, 
serious degrees of methemoglobinemia have been observed in infants 
as a result of toxic materials, such as aniline dyes used on diapers,” and 
the ingestion of nitrate-contaminated water*” and even of beets. Bac- 
terial action in the intestinal tract may reduce nitrates to nitrites, which, 
in turn, cause methemoglobinemia. In rural areas, fatal methemoglobi- 
nuria in infants caused by drinking water from wells contaminated with 
nitrates still occurs.” 

Inhaled nitric oxide (NO) is approved for treatment of infants with 
pulmonary hypertension because of its vasodilatory effect on pulmo- 
nary vessels. During the binding and release of NO from hemoglobin, 
methemoglobin is formed at a higher rate. In one study of 81 premature 
and 82 term infants, methemoglobin was above 5 percent in preterm 
infants and between 2.5 and 5 percent in 16 infants.” 

Methemoglobinemia occurring in acidotic infants with diarrhea is 
a syndrome that may have a fatal outcome. Such infants have normal 
red cell cytochrome b5 reductase activity, and the mechanism by which 
methemoglobinemia occurs is unknown. However, the syndrome 
seems most common when soy formula is being fed™ and breastfeeding 
appears to protect against this.*' 


Cytochrome b5 Deficiency 

Rarely, the defect leading to methemoglobinemia may not be in the 
cytochrome b5 reductase that transfers hydrogen to the cytochrome b5, 
but rather to a deficiency in the cytochrome b5 itself." 


Hemoglobin M 

The molecular mechanisms by which hemoglobin binds oxygen and 
releases it are discussed in Chap. 49. Heme is held in a hydrophobic “heme 
pocket” between the E and F a-helices of each of the four globin chains. 
The iron atom in the heme forms four bonds with the pyrrole nitrogen 
atoms of the porphyrin ring and a fifth covalent bond with the imidazole 
nitrogen of a histidine residue in the nearby F a-helix (Fig. 50-1).* 


Figure 50-1. Diagrammatic representation of the heme group 
inserted into the heme pocket. A, Proximal histidine; B, distal histidine. 
A. In the deoxygenated form the larger ferrous atom lies out of the 
place of the porphyrin ring. B. In the oxygenated form the now smaller 
“ferric-like” atom can slip into the plane of the porphyrin ring. As a 
result, the proximal histidine, and helix F into which it is incorporated, 
are displaced. (Reproduced with permission from Lehmann H, 
Huntsman RG: Man's Haemoglobins. Philadelphia PA: Lippincott Williams & 
Wilkins; 1974.) 


TABLE 50-2. Properties of Hemoglobins M 
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This histidine, residue 87 in the a chain and 92 in the f chain, is desig- 
nated as the proximal histidine. On the opposite side of the porphyrin 
ring the iron atom lies adjacent to another histidine residue to which, 
however, it is not covalently bonded. This distal histidine occupies posi- 
tion 58 in the a chain and position 63 in the 6 chain. Under normal 
circumstances oxygen is occasionally discharged from the heme pocket 
as a superoxide anion, removing an electron from the iron and leaving 
it in the ferric state. The enzymatic machinery of the red cell efficiently 
reduces the iron to the divalent form, converting the methemoglobin to 
hemoglobin (Chap. 47). 

In most of the hemoglobins M, tyrosine has been substituted for 
either the proximal or the distal histidine. Tyrosine can form an iron- 
phenolate complex that resists reduction to the divalent state by the 
normal metabolic systems of the erythrocyte. Four hemoglobins M are 
a consequence of substitution of tyrosine for histidine in the proximal 
and distal sites of the æ and f chains. As Table 50-2 shows, these four 
hemoglobins M have been designated by the geographic names of their 
discovery, Boston, Saskatoon, Iwate, and Hyde Park. 

Analogous His—Tyr substitutions in the y chain of fetal hemoglo- 
bin have also been documented and have been designated hemoglobin 
i and FM por Ripley’ a 

Another hemoglobin M, HbM,,,,,...,,... is formed by substitution of 
glutamic acid for valine in the 67th residue of the £ chain. The glutamic 
acid side chain points toward the heme group and its y-carboxyl group 
interacts with the iron atom, stabilizing it in the ferric state. 

It is rare for methemoglobinemia to occur as a result of hemoglo- 
binopathies other than hemoglobins M, but Hb „ie (828 Leu—Met) is 
such a hemoglobin. Producing hemolysis only with drug administra- 
tion, this unstable hemoglobin is characterized clinically by chronic 
methemoglobinemia.” 


Amino Acid 


Oxygen Dissociation and Other 


Hemoglobin Substitution Properties Clinical Effect Reference 

HM, oston a58 (E7)HisTyr Very low O, affinity, almost nonex- Cyanosis resulting from formation of 182 
istent heme-heme interaction, no methemoglobin 
Bohr effect 

HOM seson B63 (E7)His—>Tyr Increased O, affinity, reduced heme- Cyanosis resulting from methemoglobin for- 182,183 
heme interaction, normal Bohr mation, mild hemolytic anemia exacerbated 
effect, slightly unstable by ingestion of sulfonamides 

HDM wate a87 (F8)His—Tyr Low O, affinity, negligible heme- Cyanosis resulting from formation of 182,184 

(HbMKankakee, heme interaction, no Bohr effect methemoglobin 

HbMOldenburg, 

HbMSendai) 

HbM,, 46 on B92 (F8)HisTyr Increased O, affinity, reduced heme Cyanosis resulting from formation of methe- 79 
interaction, normal Bohr effect, moglobin, mild hemolytic anemia 
slightly unstable 

Hb M(hyde 

Dali) uinie 2) 

HBM skita 

EDM teewiers B67 (E11)Val—>Glu Low O, affinity, reduced heme-heme Cyanosis resulting from methemoglobin 185 
interaction, normal Bohr effect, formation 
slightly unstable 

HbFM,..,, Sy63His—Tyr Low O, affinity, increased Bohr Cyanosis at birth 57 
effect, methemoglobinemia 

HBR Me nie) Sy92His—Tyr Slightly increased O, affinity Cyanosis at birth 186 


Part VI: The Erythrocyte 


CLINICAL FEATURES 


Drug Ingestion 

Methemoglobinemia may be chronic or acute and acquired or con- 
genital. Acquired severe acute methemoglobinemia, usually the conse- 
quence of drug ingestion or toxic exposure, can produce symptoms of 
anemia, since methemoglobin lacks the capacity to transport oxygen. 
Symptoms may include shortness of breath, palpitations, and vascu- 
lar collapse. Chemicals that induce methemoglobinemia are often also 
capable of causing hemolysis, and a combination of hemolytic anemia 
and methemoglobinemia may occur. Chronic methemoglobinemia, 
whether a result of exposure to drugs or toxins or of hereditary causes, 
is usually asymptomatic. Cyanosis, even if present, may not be discern- 
able in persons with very dark skin coloration.” In instances when the 
methemoglobin levels are chronically very high (>20 percent of the total 
pigment), mild erythrocytosis may be noted (Chap. 57). 


M Hemoglobins 

Patients with hemoglobin M also manifest cyanosis. In the case of 
a-globin variants, the dusky color of the infants will be noted at birth, 
but the clinical manifestations of B-globin variants become apparent 
only after 6 chains have largely replaced the fetal y chains at 6 to 9 
months of age. In spite of the impaired hemoglobin function, no cardio- 
pulmonary symptoms are observed and there is no clubbing. In the case 
of HbM, sraton ANG HbM pde paro Hemolytic anemia with jaundice may be 
present. The hemolytic state may be exacerbated by administration of 
sulfonamides. 


Cytochrome b5 Reductase Deficiency 

Hereditary methemoglobinemia resulting from cytochrome b5 reduc- 
tase deficiency may, as noted above, be associated with mental retar- 
dation, failure to thrive and early death. In one case, skeletal anomalies 
were documented as well.” 


LABORATORY FEATURES 


Toxic Methemoglobinemia 

In toxic methemoglobinemia, an elevated level of methemoglobin is 
found, but the activity of cytochrome b5 reductase is normal. Methe- 
moglobin levels are best measured using the change of absorbance of 
methemoglobin at 630 nm that occurs when cyanide is added, convert- 
ing the methemoglobin to cyanmethemoglobin, a principle used in the 
Evelyn—Malloy method. Errors in diagnosis are frequently made 
when automated instruments designed to estimate levels of reduced 
hemoglobin, oxygenated hemoglobin, methemoglobin, and carboxyhe- 
moglobin (COHb) are used. Most automated instruments do not prop- 
erly make this distinction. 

The clinical incidence of methemoglobinemia can be overesti- 
mated by cooximeter measurements compared to the more specific 
Evelyn—Malloy method.” Evelyn-Malloy method involves direct spec- 
trophotometric analysis and should be used when methemoglobinemia 
is suspected. This is achieved by lysing the blood in a slightly acid buffer 
and measuring the optical density at 630 nm before and after adding a 
small amount of neutralized cyanide. The absorption of methemoglobin 
at this wavelength disappears when it is converted to cyanmethemoglo- 
bin. Although this method was described in 1938,° it remains the most 
accurate technique for the estimation of methemoglobin in the blood. 
Details of its performance can be found in an earlier edition of this text™ 
and elsewhere. 

An eight-wavelength pulse oximeter, Masimo Rad-57 (Rainbow-SET 
Rad-57 Pulse CO-Oximeter, Masimo Inc, Irvine, CA), has been 
approved by the FDA for the measurement of both COHb and 


methemoglobin. The Rad-57 uses eight wavelengths of light instead of 
the usual two and is thereby able to measure more than two species of 
human hemoglobin.® In addition to the usual SpO, value, the Rad-57 
displays SpCO and SpMet, which are the pulse oximeter’s estimates of 
COHb and methemoglobin concentrations, respectively. In a study on 
healthy human volunteers in whom controlled levels of methemoglobin 
and COHb were induced, the Rad-57 measured COHb with an uncer- 
tainty of +2 percent within the range of 0 to 15 percent and measured 
methemoglobin with an uncertainty of 0.5 percent within the range of 0 
to 12 percent,” the usefulness of this instrument has been verified also 
by other studies.””! 


Cytochrome b5 Reductase Deficiency 

In hereditary methemoglobinemia resulting from cytochrome b5 reduc- 
tase deficiency, between 8 and 40 percent of the hemoglobin is in the 
form of methemoglobin. The blood may have a chocolate-brown color 
and cyanosis is present. Cytochrome b5 reductase activity is best mea- 
sured using ferricyanide as a receptor, measuring the rate of oxidation 
of NADH.” The residual level of enzyme activity is usually less than 
20 percent of normal in patients with methemoglobinemia resulting 
from deficiency of this enzyme. An immunoassay has been described,” 
but such an assay would not detect mutants in which enzyme mole- 
cules with impaired catalytic activity are present. For unknown reasons, 
glutathione reductase activity (Chap. 47) is usually also diminished.” 


Cytochrome b5 Deficiency 
Cytochrome b5 assays may be useful if cytochrome b5 reductase activity 
is normal, and the presence of hemoglobin M is ruled out.” 


M Hemoglobins 

Optical Spectrum Figure 50-2 illustrates the spectrum of normal 
methemoglobin A at pH 7.0.” Hemoglobins M may be differentiated 
from methemoglobin formed from hemoglobin A by its absorption 
spectrum in the range of 450 to 750 nm. Because only some 20 to 
35 percent of the total hemoglobin will ordinarily be the hemoglobin M, 
the mixed spectra of methemoglobin A and the hemoglobin M may be 
difficult to interpret. Therefore, it is preferable to perform these spectral 
studies on purified hemoglobin M isolated by electrophoretic or chro- 
matographic means.” 

Electrophoresis All hemoglobin M samples should be converted 
to methemoglobin so that any difference found in electrophoresis will 
be the result of the amino acid substitution and not the different charge 
of the iron atom. Electrophoresis at pH 7.1 is most useful for separation 
of hemoglobins M because the imidazole groups of histidine have a net 
positive charge at this pH, while at higher pH levels the histidines and 
the substituting tyrosines are both neutral. 

Other Biochemical Methods The hemoglobins M differ in their 
reactivity to cyanide and to azide ions.” This property may help to iden- 
tify the subunit affected, as the iron-phenolate bonds are stronger in the 
a-chain variants than in the B-chain variants. However, definitive iden- 
tification of the variant requires peptide or DNA analysis. Hemoglo- 
bins that cause cyanosis because of a diminished oxygen affinity may be 
detected by determining the oxygen dissociation curve of blood, being 
certain that the 2,3-bisphosphoglycerate (2,3-BPG) level is normal, 
or by estimating the oxygen dissociation curve of hemoglobin, which 
has been stripped of 2,3-BPG by extensive dialysis against an appro- 
priate buffer. Many of the hemoglobins with decreased oxygen affinity 
are unstable (Chap. 49) and will precipitate in the isopropanol stabil- 
ity test. In many laboratories, it may be easier to analyze the coding 
sequence of the globin chains at the DNA level than to attempt to deter- 
mine the properties of the hemoglobin.” 


Optical density 
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Figure 50-2. Absorption spectra at pH 7.0. A, Methemoglobin A; B, 
methemoglobin Mss; G methemoglobin M.,., 44, D mMethemoglo- 
bin A fluoride complex. For purposes of comparison, all the optical 
densities have been made equal to 0.61 at 500 nm. (Reproduced with 
permission from Gerald PS, George P: Second spectroscopically abnormal 
methemoglobin associated with hereditary cyanosis. Science 1959 Feb 
13;129(3346):393-394.) 


TREATMENT AND COURSE 


Toxic Methemoglobinemia 

Acute toxic methemoglobinemia may represent a serious medical emer- 
gency. Because of the loss of oxygen-carrying capacity of the blood and 
the left shift in the oxygen dissociation curve that occurs when methe- 
moglobin is present in high concentrations,® acute methemoglob- 
inemia may be life-threatening when the level of the pigment exceeds 
one-third of the total circulating hemoglobin. Levels of methemoglobin 
exceeding 50 percent of the total pigment may be associated with vascu- 
lar collapse, coma, and death,*'*” but recovery was documented in one 
patient with a level as high as 81.5 percent of the total pigment.® 

Methylene blue“ is an effective treatment for patients with methe- 
moglobinemia because NADPH formed in the hexose monophosphate 
pathway can rapidly reduce this dye to leukomethylene blue in a reac- 
tion catalyzed by NADPH diaphorase (Chap. 47). Leukomethylene blue, 
in turn, nonenzymatically reduces methemoglobin to hemoglobin.*® An 
exception to the efficacy of this treatment exists in those patients who 
are glucose-6-phosphate dehydrogenase deficient (Chap. 47). In these 
subjects, methylene blue would not only fail to give the desired effect 
on methemoglobin levels, but might compound the patient's difficulty 
by inducing an acute hemolytic episode% or increasing the level of 
methemoglobin.” 

In patients with acute toxic methemoglobinemia who are symp- 
tomatic or whose methemoglobin level is rising rapidly, the intravenous 
administration of 1 or 2 mg methylene blue per kilogram body weight 
over a period of 5 minutes is the preferred treatment because of its 
very rapid action. Use of excessive amounts of methylene blue should 
be avoided; the administration of repeated doses of 2 mg methylene 
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blue per kilogram body weight has produced acute hemolysis even in 
patients with normal glucose-6-phosphate dehydrogenase levels.” 

The response to treatment is so rapid, with marked lowering or 
normalization of methemoglobin levels within an hour or two, that no 
other treatment is usually needed, but the patient should be observed 
carefully because continued absorption of a toxic substance from the 
gastrointestinal tract may cause recurrence of the methemoglobinemia. 
In patients who are in shock, blood transfusion may be helpful. Cimeti- 
dine, used as a selective inhibitor of N-hydroxylation, may decrease the 
methemoglobinemia produced by dapsone in patients with dermatitis 
herpetiformis.” 


Hereditary Methemoglobinemia 

The course of hereditary methemoglobinemia is generally benign 
(although not in type II cytochrome b5 reductase deficiency), but 
patients with this disorder should be shielded from exposure to aniline 
derivatives, nitrites, and other agents that may, even in normal persons, 
induce methemoglobinemia. 

Hereditary methemoglobinemia resulting from cytochrome b5 
reductase deficiency is readily treated by the administration of ascor- 
bic acid, 300 to 600 mg orally daily divided into three or four doses. 
Although intravenously administered methylene blue is very effective 
in correcting this type of methemoglobinemia, it is not suitable for the 
long-term therapy that needs to be given if the state is to be treated at 
all. Riboflavin administration seems to benefit some patients” but not 
others.” 

The iron phenolate complex that exists in the hemoglobins M pre- 
vents the reduction of ferric to ferrous iron. For this reason, the methe- 
moglobinemia does not respond to administration of ascorbic acid or 
of methylene blue. No effective treatment exists for the cyanosis that is 
present in patients with abnormal hemoglobins with reduced oxygen 


affinity. 


@SULFHEMOGLOBIN 
DEFINITION AND HISTORY 


Sulfhemoglobinemia refers to the presence in the blood of hemoglobin 
derivatives that are defined by their characteristic absorption of light 
at 620 nm, even in the presence of cyanide. Sulfhemoglobin derives its 
name from the fact that it can be produced in vitro from the action of 
hydrogen sulfide on hemoglobin” and that the feeding of dogs with ele- 
mental sulfur has been associated with sulfhemoglobinemia.” 


ETIOLOGY AND PATHOGENESIS 


Sulfhemoglobin may contain one excess sulfur atom. The sulfur atom 
appears to be bound to a B-pyrrole carbon atom at the periphery of the 
porphyrin ring.” Sulfhemoglobinemia has been associated with the 
ingestion of various drugs, particularly sulfonamides, phenacetin, ace- 
tanilid, and phenazopyridine.®** It also occurs independently of drug 
use, and has been thought to be related to chronic constipation or to 
purging.” Some patients with sulfhemoglobinemia or a past history of 
this disorder appear to have increased levels of red blood cell reduced 
glutathione (GSH). The reason for this and its relationship to sulfhe- 
moglobinemia are not clearly understood, but it may be of significance 
that some of the types of drugs that are associated with sulfhemoglob- 
inemia cause an elevation of red cell GSH levels, probably by activating 
the enzyme glutathione synthase” or by increasing intracellular gluta- 
mate levels.’ 

Evidence for the occurrence of hereditary sulfhemoglobinemia is 
not convincing,’ and it is likely that the single family reported rep- 
resents a hemoglobin M hemoglobinopathy. 
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CLINICAL FEATURES 


Sulfhemoglobinemia is characterized by cyanosis. Drugs that cause 
sulfhemoglobinemia often have the capacity to produce accelerated red 
cell destruction as well. Thus, mild hemolysis is sometimes observed in 
patients with sulfhemoglobinemia. 


LABORATORY FEATURES 


Sulfhemoglobin is detected in the lysate of blood treated with ferricya- 
nide, cyanide, and ammonia by comparing the optical density at 620 nm 
with that at 540 nm. 


TREATMENT AND COURSE 


Sulfhemoglobinemia is almost always a benign disorder. Unlike methe- 
moglobin, sulfhemoglobin does not produce a left shift in the oxygen 
dissociation curve; instead, it decreases the affinity of hemoglobin for 
oxygen.” The disorder tends to recur in the same persons after exposure 
to drugs but does not generally appear to affect their overall health. Unlike 
methemoglobin, sulfhemoglobin cannot be converted to hemoglobin. 
Thus, once sulfhemoglobinemia occurs, it will persist until the erythro- 
cytes carrying the abnormal pigment reach the end of their life span. 


@ LOW-OXYGEN-AFFINITY 
HEMOGLOBINS: A CAUSE OF CYANOSIS 


ETIOLOGY AND PATHOGENESIS 


In some hemoglobin variants, the deoxy conformation of the hemo- 
globin molecule is favored because the angle of the heme is altered 
from that found normally in deoxyhemoglobin. Such changes occur in 
HD yy mameramith? Orro LD poring? and HD peterborough’ In other instances, the 
quaternary conformation is changed by mutations involving the af, 
contact (Hb Hb , and Hb ). Table 50-3 summarizes the 


Kansas? Titusville’ Yoshizuka 


properties of abnormal hemoglobins associated with low oxygen affinity. 


CLINICAL FEATURES 


In response to the improved tissue oxygen supply brought about by a 
right-shifted oxygen dissociation curve, the “oxygen sensor” of the body 
decreases the output of erythropoietin." As a result, the steady-state 
level of hemoglobin is diminished; mild anemia and cyanosis are char- 
acteristics of patients with hemoglobins with a decreased oxygen affinity. 


LABORATORY FEATURES 


The affinity of hemoglobin with oxygen is expressed as P,., which is the 
partial pressure of oxygen at which 50 percent of the blood hemoglo- 
bin is saturated with oxygen. The venous P,, can be measured directly 
using a cooximeter, which is no longer easily available in either routine 


or reference laboratories. A mathematical formula has been developed 
that can be used to calculate P,, reliably from a venous blood sample. "° 
Calculating P., using this formula requires the following venous gas 
parameters: partial pressure of oxygen (venous), venous pH, and venous 
oxygen saturation, and uses an antilog mathematical function that many 
clinicians find difficult to use for calculation. An electronic version (in 
Microsoft Excel) of this mathematical formula is available for rapid cal- 
culation of P., from venous blood gases.’ The P., of a healthy person 
with normal hemoglobin is 26 + 1.3 torr. An abnormally low P,,, reflects 
an increased affinity of hemoglobin for oxygen and vice versa, and is 
especially useful for detecting those high affinity hemoglobin mutants 
associated with polycythemia (Chaps. 49 and 57). 


DIFFERENTIAL DIAGNOSIS 


Cyanosis resulting from methemoglobinemia or sulfhemoglobinemia 
should be differentiated from cyanosis resulting from cardiac or pul- 
monary disease, particularly when right-to-left shunting is present. In 
the latter instances, the arterial oxygen tension will be low, whereas in 
methemoglobinemia and sulfhemoglobinemia it should be normal. 
One should be certain, however, that the oxygen tension was measured 
directly and not deduced from the percent saturation of hemoglobin. 
Blood from a patient with cyanosis because of arterial oxygen desatura- 
tion promptly becomes bright red upon being shaken with air. In addi- 
tion, these causes of cyanosis are readily differentiated by carrying out 
quantitative blood methemoglobin and sulfhemoglobin levels. Because 
of the potential lethal nature of high levels of methemoglobin and 
because prompt treatment may be life-saving, a high index of suspicion 
is important. A patient with cyanosis whose arterial blood is brown with 
an SpO, that is found to be normal on blood gas examination is likely 
to have methemoglobinemia. One should not rely on the readings of a 
standard pulse oximeter, as false readings may be obtained in the pres- 
ence of methemoglobin. Rapid examination of a blood sample using an 
automatic analyzer, such as a cooximeter, is the first step in confirming 
the diagnosis. Treatment should not be delayed, but, as pointed out in 
“Laboratory Features” above, direct spectrophotometric analysis should 
be carried out on the pretreatment sample as soon as possible to distin- 
guish between methemoglobinemia and sulfhemoglobinemia. 

A family history, as well as any information as to whether it is 
acquired or congenital, is helpful in differentiating hereditary methe- 
moglobinemia as a result of cytochrome b5 reductase deficiency from 
hemoglobin M disease. The former has a recessive mode of inheritance, 
the latter a dominant mode. Thus, cyanosis in successive generations 
suggests the presence of hemoglobin M; normal parents but possibly 
affected siblings implies the presence of cytochrome b5 reductase. Con- 
sanguinity is more common in cytochrome b5 reductase deficiency. 
In cytochrome b5 reductase deficiency, incubation of the blood with 
small amounts of methylene blue will result in rapid reduction of the 
methemoglobin; in hemoglobin M disease, such reduction does not 
take place. The absorption spectra of methemoglobin and its derivatives 


TABLE 50-3. Some Abnormal Hemoglobins Associated with Low Oxygen Affinity 


Amino Acid Oxygen Dissociation and 
Hemoglobin Substitution Other Properties Clinical Effect Reference 
beeen B70 (E14) Decreased O, affinity normal Mild chronic anemia associated with reduced uri- 104 
Ala—>Asp heme-heme interaction nary erythropoietin; physiologic adaptation to more 
efficient oxygen release to tissues 
Hb ere B102 (G4) Very low O, affinity, low heme- Cyanosis resulting from deoxyhemoglobin, mild 187 
Asn->Thr heme interaction, dissociates anemia 


into dimers in ligand form 


are normal in cytochrome b5 reductase deficiency; they are abnormal 
in hemoglobin M disease. In the case of toxic methemoglobinemia, cya- 
nosis is generally of relatively recent origin, and a history of exposure 
to drug or toxin may usually be obtained; in hereditary methemoglob- 
inemia, a history of lifelong cyanosis may usually be elicited. 


@ OTHER DYSHEMOGLOBINS 


CARBON MONOXIDE AND 
CARBOXYHEMOGLOBIN 


Carbon monoxide (CO) is a toxic, odorless, colorless, and tasteless gas. 
It can be unknowingly inhaled to dangerous levels with serious clinical 
implications when present in high concentration in the atmosphere.'” 


Epidemiology 
Acute CO intoxication is one of the most common causes of morbidity 
from poisoning in the United States. In the United States, CO poison- 
ing results in approximately 50,000 emergency department visits per 
year," and approximately 500 accidental deaths as a result of CO 
poisoning occur annually, with the number of intentional CO-related 
deaths being five to 10 times higher.'*' Primary sources of CO are 
home appliances, and the majority of exposures occur during the fall 
and winter months and during weather-related disasters.'?' During 
warmer months, boating activities are another source of exposure." The 
death rate is highest among the elderly and can be attributed to delayed 
diagnosis because symptoms often resemble those of associated comor- 
bidities.""'° The exhaust produced by the typical home-use 5.5-kW 
generator contains as much CO as that of six idling automobiles."” 
Chronic CO intoxication is commonly caused by cigarette smok- 
ing, which can increase the COHb level up to 15 percent. Houses with 
defective heating exhaust systems and vehicles that leak CO into the 
passenger compartment, either because of mechanical failure or driv- 
ing with the rear hatch-door open, are the second most common cause 
of chronic CO exposure. Occupations that involve a high risk for 
CO intoxication include garage work with improper ventilation, toll 
booth attendants, tunnel workers, fire fighters, and workers exposed 
to paint remover, aerosol propellant, or organic solvents containing 
dichloromethane." 


Etiology and Pathogenesis 
CO binds with high affinity to heme and with lesser affinities to myoglo- 
bin and cytochromes at the iron core, a site it shares with O; u3 

At equilibrium in physiologic conditions, CO affinity for hemo- 
globin is approximately 240 times greater than that of O,. This very 
high equilibrium constant is the result of reaction kinetics. Contrary to 
popular belief, CO reacts more slowly than O, with the heme of hemo- 
globin. Once CO is bound to heme, its “off” rate is only 0.015 mol/L 
per second in contrast to 35 mol/L per second for O, "° This extraor- 
dinarily slow-release process produces a very high affinity constant of 
CO for heme and a life-threatening danger for individuals exposed to 
high levels of CO. Once two molecules of CO are bound to hemoglobin, 
the hemoglobin switches to the relaxed (R) state, which increases the 
affinity of hemoglobin for oxygen. As a consequence of this phenom- 
enon, called the Darling-Roughton effect,® the hemoglobin O, affinity 
increases in parallel with increasing CO levels, making tissue delivery of 
oxygen more difficult. 

In the absence of environmental CO, the blood of adults contains 
approximately 1 to 2 percent COHb. This represents approximately 
80 percent of the total body CO, the remainder probably sequestered 
in myoglobin and other heme binding proteins. This CO is endoge- 
nously produced,” originating from the degradation of heme by the 
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rate-limiting heme oxygenase-cytochrome P450 complex, which pro- 
duces CO and biliverdin. Caloric restriction, dehydration, infancy, 
and the genetic variations reported in Japanese and Native Americans 
generate higher endogenous levels of CO. Hemolytic anemia (Chap. 
33), hematomas, and infection tend to increase CO production up to 
threefold. Fetuses and newborns have double the normal adult levels 
of COHb. Drugs such as diphenylhydantoin and phenobarbital, by 
inducing the cytochrome P450 complex, increase CO production. Nor- 
mal adult level of COHb is less than 2 percent. Hemolysis can produce 
COHb levels of more than 2 percent. Levels more than 3 percent must 
have an exogenous origin, except for rare conditions as occur in carriers 
of abnormal hemoglobins such as Hb, „i The affinity of Hb, i for CO 
is approximately 65 times that of normal hemoglobin.’ 

Pregnant women and fetuses are particularly at risk’” because they 
already have higher levels of COHb. CO readily crosses the placenta, 
and the half-life of CO in the fetus is as much as five times longer than it 
is in the mother.” The O, affinity of fetal hemoglobin (HbF) is shifted to 
the left'**’* owing to its lack of 2,3-BPG binding, making the Darling- 
Roughton effect particularly pernicious. This is one of the reasons why 
cigarette smoking during pregnancy is hazardous to the fetus. 


Zurich 


Clinical and Laboratory Features 

CO poisoning is a clinical diagnosis that is confirmed by laboratory 
testing. Signs and symptoms consistent with CO poisoning in certain 
circumstances should raise the suspicion of CO intoxication. A higher 
index of suspicion should attend the simultaneous presentation of mul- 
tiple patients from the same family or housing complex. The eight-wave- 
length pulse oximeter, Masimo Rad-57 (see paragraphs on “Laboratory 
features” of methemoglobinemia.) has been reported to be accurate in 
measuring COHb concentration in normal healthy volunteers,” as well 
as in emergency room patients.'”° 

Acute intoxication with CO rapidly affects the central and periph- 
eral nervous systems and cardiopulmonary functions. Cerebral edema 
is common, as is impairment of the peripheral nervous system. CO 
induces increased capillary permeability in the lungs, resulting in acute 
pulmonary edema. Cardiac arrhythmias, generalized hypoxemia, and 
respiratory failure are the common causes of CO-related death. In 
survivors, considerable neuropsychological deficits might remain. In 
a prospective longitudinal study, approximately 45 percent of patients 
with CO poisoning had cognitive sequelae 6 weeks after poisoning.” 
Acute CO intoxication in children'’” sometimes has unique symptoma- 
tology resembling gastroenteritis. Surviving children are more likely to 
have severe sequelae such as leukoencephalopathy and severe myocar- 
dial ischemia." 

Chronic intoxication in adults might result in irritability, nausea, 
lethargy, headaches, and sometimes a flu-like condition. Higher COHb 
levels produce somnolence, palpitations, cardiomegaly, and hyperten- 
sion, and could contribute to atherosclerosis. Chronic CO poisoning can 
produce erythrocytosis, the magnitude of which varies with the level of 
COHb. By increasing red cell production, chronic CO poisoning can 
mask the mild anemia of acquired or congenital hemolytic disorders. 


Therapy, Course, and Prognosis 

The most important step in the treatment for CO poisoning is prompt 
removal of patients from the source of CO, followed by administering 
100 percent supplemental O, via a tight-fitting mask. The serum elimi- 
nation half-life of CO is 5 hours when breathing room air and 30 min- 
utes with O, therapy (100 percent O, at 3 atmospheres).'” 

For mild to moderate cases of CO poisoning, which more often 
happen with chronic intoxication, removing the patient from the source 
of environmental CO is usually curative. If the COHb level is high, 
breathing 100 percent O, will increase the rate of CO removal. 
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In severe cases of CO poisoning, which more often occur with 
acute intoxication, after identification and removal of the source of 
CO, 100 percent O, should be administered, with cardiac monitoring. 
Endotracheal intubation should be done in any patient with impaired 
mental status, and other interventions should be dictated by the 
symptomatology. 

Because of conflicting evidence, there is no absolute indication 
for the use of hyperbaric O, treatment for patients with CO poisoning. 
Hyperbaric O, might be indicated in patients who have obvious neuro- 
logic abnormalities, cardiac dysfunction, persistent symptoms despite 
normobaric O, or metabolic acidosis.'*! Hyperbaric O, has complica- 
tions of its own, such as bronchial irritation and pulmonary edema, and 
should be reserved for exceptional cases of CO intoxication. Locations 
of hyperbaric chambers throughout the world and in the United States 
can be found at the Undersea and Hyperbaric Medical Society website 
(http://www.uhms.org) under “chamber directory.” 

Pregnant women exposed to CO are at particularly high risk. 
CO poisoning is especially dangerous to the fetus because CO readily 
crosses the placenta and the half-life of CO in the fetus is as much as 
five times longer than it is in the mother. For these reasons, treatment 
with hyperbaric O, should be carried out during pregnancy when the 
COHb levels exceed 15 percent. In a limited number of studies done 
on pregnant patients, hyperbaric O, does not seem to adversely affect 
the fetus." 


NITRIC OXIDE AND NITRIC OXIDE 
HEMOGLOBINS 
Physiology and Chemistry 


NO, a soluble gas, is continuously synthesized in endothelial cells by 
isoforms of the NO synthase (NOS) enzyme. A functional NOS trans- 
fers electrons from NADPH to its heme center, where L-arginine is oxi- 
dized to L-citrulline and NO." Vasodilation is caused by diffusion of 
NO into the smooth muscle cells, wherein NO binds avidly to the heme 
of soluble guanylyl cyclase, producing cyclic guanosine monophosphate 


Figure 50-3. S-nitrosohemoglobin (SNO-Hb) 
and hypoxic vasodilation. (Reproduced with 
permission from Parker C: SNO-HB a Snow 
Job? The Hematologist: ASH News and Reports. 
6:12;2009.) 
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(cGMP), which activates cGMP-dependent protein kinases and ulti- 
mately produces smooth muscle relaxation.” 

Blood NO levels are set by the balance between the production 
of NO by NOS and the binding or scavenging of NO by the heme 
groups of erythrocyte hemoglobin. The half-life of NO in whole blood 
is extremely short, estimated to be 1.8 milliseconds." The short half-life 
of NO greatly limits its diffusional distance in blood and only maintains 
NO as a paracrine vasoregulator.'**'*” This does not explain how hemo- 
globin is capable of transducing NO bioactivity far from its location of 
formation. 

Interaction of the red blood cells with NO is a complex phenome- 
non (Fig. 50-3). Two models have been proposed: (1) The first model, 
an S-nitrosohemoglobin (SNO-Hb)-dependent mechanism, proposes 
that NO binds to heme when the hemoglobin is in the T state (deox- 
ygenated). In the oxygenated state, NO gets transferred from heme 
to a cysteine residue on the globin portion of hemoglobin, forming 
SNO-Hb.'**!” Nitric oxide is transported by red blood cells from the 
lungs to hypoxic tissues in a protected form as SNO-Hb, and is deliv- 
ered in the hypoxic microvasculature at the same time as oxygen, cou- 
pling hemoglobin deoxygenation to vasodilation. (2) The second model 
is of deoxyhemoglobin-mediated nitrite reduction to NO.” In the 
blood, deoxygenated hemoglobin functions as the predominant nitrite 
reductase.'*! Deoxygenated hemoglobin reacts with nitrite to form NO 
and methemoglobin and causes vasodilation along the physiological 
oxygen gradient. Although this reaction is experimentally associated 
with NO generation, kinetic analysis suggests that NO should not be 
able to escape inactivation in the erythrocyte.’ This inactivation or 
scavenging of NO is avoided by the formation of an intermediate species, 
that is, dinitrogen trioxide (N,O,). Products of the nitrite-hemoglobin 
reaction generate N,O, via a novel reaction of NO and nitrite-bound 
methemoglobin.” N,O, diffuses out of the red cell, later forms NO, and 
affects vasodilation and/or forms nitrosothiols (Fig. 50-4). According 
to this paradigm, nitrite, previously thought to be an inert end prod- 
uct of endogenous NO metabolism, is the main stable NO reservoir in 
blood and tissues.'“+! Nitrite is formed during normoxic conditions 


MetHb + NOs <> MetHb — NO3 
MetHb — NO7 <> Hb + NO2 
Hb -NO$+NO —> Hb+N,O, 


and then is reduced to NO and N,O, along the physiologic oxygen and 
pH gradient by the heme globins.'" 

Cell free hemoglobin and red cell microparticles formed during 
hemolytic conditions and long storage of red blood cells (RBCs) lead to 
NO scavenging 1000 times faster than regular RBCs and to insufficient 
NO bioavailability.'“° Stored RBCs are also stored in acidic solution that 
also leads to a decrease in SNO-Hb levels. This has been further sub- 
stantiated by the fact that renitrosylated RBCs lead to improved oxy- 
gen delivery in animal models.” This could explain the morbidity and 
mortality associated with stored RBCs. Moreover, underlying recipient 
endothelial dysfunction, for example, obesity or hypertension, can also 
induce increased RBC membrane damage in transfused blood, leading 
to increased microparticle formation and increased NO scavenging.'“*'? 


Pathophysiology and Potential Therapeutic Applications 
Nitric oxide was long considered highly toxic. Exogenous administra- 
tion of NO by inhalation activates cytosolic guanylate cyclase, increas- 
ing intracellular levels of cGMP, and resulting in relaxation of the 
smooth muscles in the pulmonary arteries. 

Based on this observation, inhaled NO (iNO) has been used to 
manage the acute pulmonary hypertension seen in adult respiratory 
distress syndrome, sickle cell disease, and primary or secondary pul- 
monary hypertension. Even though NO lowers the pulmonary artery 
pressure and improves oxygenation in acute respiratory distress syn- 
drome in both adults and children, it has not consistently resulted in an 
improvement in mortality. 

At present, prolonged administration of iNO is not considered 
as first-line therapy for pulmonary artery hypertension and instead is 
used only for vasoreactivity testing in these patients.’ iNO has benefi- 
cial effects in animal models, as well as in preliminary human trials of 
acute vasoocclusive crisis and chest syndrome associated with sickle cell 
disease. "!-153 Some animal data suggest beneficial effects of iNO therapy 
in the setting of ischemia-reperfusion injury (lung, heart, and intes- 
tine).!** However, iNO is also associated with multiple side effects, such 
as methemoglobinemia,’® left-heart failure," renal insufficiency,” and 
a “rebound” increase in pulmonary artery pressure upon discontinua- 
tion of iNO that may result in cardiovascular collapse.’ 

Direct repletion of S-nitrosothiol in the lung and blood has the 
potential to avoid toxicities related to iNO. In a porcine model of acute 
lung injury, inhaled ethyl nitrite, but not iNO, efficiently repleted lung 
SNO-Hb, lowered pulmonary vascular resistance, improved oxygena- 
tion dose-dependently, and had a protective effect against a decline in 
cardiac output. 

In humans, newborns with persistent pulmonary hypertension 
showed improved oxygenation and hemodynamics following ethyl 
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Figure 50-4. Hemoglobin deoxygenation (purple) 
occurs in capillaries. Nitrite reacts with deoxyHb that is 
oxidized to MetHb and NO. The NO binds to hemes of 
deoxyHb, and also undergoes dioxygenation to form 
nitrate and MetHb from oxyHb. MetHb binds nitrite to 
form an adduct with some Fe(ll)-NO,, that is, Hb-NO. 
This species reacts quickly with NO to form N,O,, which 
can diffuse out of the red cell forming NO and effect- 
ing vasodilation and/or forming nitrosothiols (SNOs). 
(Reproduced with permission from Basu S, et al: Catalytic 
generation of N203 by the concerted nitrite reductase and 
anhydrase activity of hemoglobin, Nature Chemical Biology 
2007 Dec;3(12):785-794.) 


nitrite inhalation.’ Use of cell free hemoglobin is associated with vaso- 
constriction and subsequent development of hypertension. Increased 
vascular resistance and vasoconstriction has been shown to be medi- 
ated mainly by the scavenging of NO because of the high affinity of free 
hemoglobin for NO." 
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CHAPTER 51 
FRAGMENTATION 
HEMOLYTIC ANEMIA 


Kelty R. Baker and Joel Moake 


Erythrocyte fragmentation and hemolysis occur when red cells are forced at 
high shear stress through partial vascular occlusions or over abnormal vas- 
cular surfaces. “Split” red cells, or schistocytes, are prominent on blood films 
under these conditions, and considerable quantities of lactate dehydroge- 
nase are released into the blood from traumatized red cells. In the high-flow 
(high-shear) microvascular (arteriolar/capillary) or arterial circulation, par- 
tial vascular obstructions are caused by platelet aggregates in the systemic 
microvasculature during episodes of thrombotic thrombocytopenic purpura by 
platelet-fibrin thrombi in the renal microvasculature in the hemolytic uremic 
syndrome; and by malfunction of a cardiac prosthetic valve in valve-related 
hemolysis. Less-extensive red cell fragmentation, hemolysis, and schistocyto- 
sis occur under conditions of more moderate vascular occlusion or endothe- 
lial surface abnormalities, sometimes under conditions of lower shear stress. 
These latter entities include excessive platelet aggregation, fibrin polymer 
formation, and secondary fibrinolysis in the arterial or venous microcircula- 
tion (disseminated intravascular coagulation); in the placental vasculature 
in preeclampsia/eclampsia and the syndrome of hemolysis, elevated liver 
enzymes and low platelets (HELLP) in march hemoglobinuria; and in giant 
cavernous hemangiomas (the Kasabach-Merritt phenomenon). 


@PREECLAMPSIA/ECLAMPSIA AND 
HELLP SYNDROME 


DEFINITION AND HISTORY 


A life-threatening condition of pregnancy denoted by eclampsia, hemoly- 
sis, and thrombocytopenia was first noted in the German literature by Sta- 
hnke in 1922.’ Subsequently, Pritchard and coworkers described three cases 
in English and suggested that an immunologic process might account for 
both the preeclampsia or eclampsia and the hematologic abnormalities.’ 


Acronyms and Abbreviations: ADAMTS13, a disintegrin and metalloproteinase 
with thrombospondin domain 13; ALT, alanine transaminase; aPTT, activated partial 
thromboplastin time; AST, aspartic acid transaminase; AT, antithrombin; DIC, dis- 
seminated intravascular coagulation; HELLP, hemolysis, elevated liver enzymes, and 
low platelet count; LDH, lactate dehydrogenase; MAHA, microangiopathic hemolytic 
anemia; NO, nitrous oxide; PGF, placental growth factor; PGI, prostaglandin l; PT, 
prothrombin time; PTT, partial thromboplastin time; sEng, soluble endoglin; sFlt-1, 
soluble form of fms-like tyrosine kinase 1; sVEGFR-1, soluble vascular endothelial 
growth factor receptor-1; TGF-B, transforming growth factor-B; TTP, thrombotic 
thrombocytopenic purpura; VEGF, vascular endothelial growth factor; VWF, von 
Willebrand factor. 


Although initially known as edema-proteinuria-hypertension gestosis 
type B,’ a catchier phrase, HELLP syndrome (H for hemolysis, EL for ele- 
vated liver function tests, and LP for low platelet counts), was later applied 
by Louis Weinstein in 1982.4 


EPIDEMIOLOGY 


HELLP syndrome occurs in approximately 0.5 percent of pregnan- 
cies overall, in 4 to 12 percent of those complicated by preeclampsia 
(hypertension + proteinuria), and in 30 to 50 percent of those compli- 
cated by eclampsia (hypertension + proteinuria + seizures); however, 
approximately 15 percent of patients ultimately diagnosed with HELLP 
syndrome present with neither hypertension nor proteinuria.‘ Two- 
thirds of HELLP patients are diagnosed antepartum, usually between 
27 and 37 weeks. The remaining one-third are diagnosed in the post- 
partum period, from a few to 48 hours following delivery (occasion- 
ally as long as 6 days).”* Risk factors for HELLP syndrome include 
European ancestry, multiparity, older maternal age (older than age 
34 years), and a personal or familial history of the disorder.’ Although 
the presence of homozygosity for the 677 (C>T) polymorphism of the 
methylenetetrahydrofolate reductase gene may be a modest risk fac- 
tor for the development of preeclampsia, this weak association does 
not exist for HELLP syndrome.’ Whether or not the factor V Leiden 
or prothrombin 20210 gene mutations are risk factors for HELLP syn- 
drome remains controversial. -!? 


ETIOLOGY AND PATHOGENESIS 


A developing embryo must acquire a supply of maternal blood to 
survive. During a normal pregnancy, the first wave of trophoblastic 
invasion into the decidua occurs at 10 to 12 days. This is followed by 
a second wave at 16 to 22 weeks, when these specialized placental epi- 
thelial cells replace the endothelium of the uterine spiral arteries and 
intercalate within the muscular tunica, increasing the vessels’ diame- 
ters and decreasing their resistance. As a result, the spiral arteries are 
remodeled into unique hybrid vessels composed of fetal and maternal 
cells, and the vasculature is converted into a high-flow-low-resistance 
system resistant to vasoconstrictors circulating in the maternal blood.” 
In a preeclamptic pregnancy, the second wave fails to penetrate ade- 
quately the spiral arteries of the uterus, perhaps as a result of reduced 
placental expression of syncytin and subsequent altered cell fusion pro- 
cesses during placentogenesis.'* The resultant poorly perfused, hypoxic 
placenta then releases the extracellular domain (soluble) form of fms- 
like tyrosine kinase 1 (sFLT-1), also known as soluble vascular endo- 
thelial growth factor receptor-1 (sVEGF receptor-1, or sVEGFR-1). 
sVEGFR-1 functions as an antiangiogenic protein because it binds to 
vascular endothelial growth factor (VEGF) and placental growth factor 
(PGF), and prevents their interaction with endothelial cell receptors. 
The result is glomerular endothelial cell and placental dysfunction.'*-!” 
Direct and indirect sequelae include increased vascular tone, hyper- 
tension, proteinuria, enhanced platelet activation and aggregation, and 
decreased levels of the vasodilators prostaglandin I, (PGI,) and nitrous 
oxide (NO).°"” Concurrent activation of the coagulation cascade results 
in platelet-fibrin deposition in the capillaries, multiorgan microvascu- 
lar injury, microangiopathic hemolytic anemia, elevated liver enzymes 
because of hepatic necrosis, and thrombocytopenia because of periph- 
eral consumption of platelets.° 

Another antiangiogenic molecule, a soluble form of endog- 
lin (sEng), also increases in patient serum during early and severe 
preeclampsia.'* Endoglin is part of the transforming growth factor-6 
(TGF-f) complex, and is expressed on vascular endothelial cells and syn- 
cytiotrophoblasts. The shed extracellular domain of endoglin, sEng, is 
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capable of binding to and inactivating the proangiogenic growth factors, 
TGF-8, and TGF-f,. The presence of elevated serum levels of both 
sFLT-1 (sVEGFR-1) and sEng may be associated with the progression 
of preeclampsia to HELLP.'”"* 


CLINICAL FEATURES 


Ninety percent of patients with HELLP syndrome present with malaise 
and right upper quadrant or epigastric pain. Between 45 and 86 percent 
have nausea or vomiting, 55 to 67 percent have edema, 31 to 50 percent 
have headache, and a smaller percentage complain of visual changes. 
Fever is not typically seen. Although hypertension is found in 85 per- 
cent of affected patients, 15 percent of those with HELLP syndrome do 
not develop either hypertension or proteinuria.° 


LABORATORY FEATURES 


There is no consensus regarding the laboratory criteria necessary to 
diagnose HELLP syndrome, so clinical judgment in conjunction with 
judicious interpretation of a variety of laboratory tests constitute the 
diagnostic standard. In 54 to 86 percent of patients, the blood film has 
schistocytes, helmet cells, and burr cells consistent with microangio- 
pathic hemolytic anemia. Reticulocytosis can be present. Low hapto- 
globin levels are both sensitive (83 percent) and specific (96 percent) 
for confirming the presence of hemolysis, and return to normal within 
24 to 30 hours postpartum.‘ 

Lactate dehydrogenase (LDH) levels are usually above normal. 
The ratio of LDH-5 (an isoenzyme found specifically in the liver) to 
total LDH is elevated in proportion to the severity of HELLP. The high 
LDH seen in HELLP is most likely the result, principally, of liver dam- 
age rather than hemolysis. Serum levels of aspartic acid transaminase 
(AST) and alanine transaminase (ALT) can be more than 100 times 
normal, whereas alkaline phosphatase values are typically only about 
twice normal and total bilirubin ranges between 1.2 and 5.0 mg/dL. 
Liver enzymes usually return to normal within 3 to 5 days postpartum.‘ 

The degree of thrombocytopenia has been used in a classifica- 
tion system to predict maternal morbidity and mortality, the rapidity 
of postpartum recovery, the risk of disease recurrence, and perinatal 
outcome. This Mississippi triple-class system places those patients with 
platelet counts less than 50 x 10°/L in class 1 (approximately 13 per- 
cent incidence of bleeding); those with platelet counts between 50 and 
100 x 10°/L in class 2 (approximately 8 percent incidence of bleeding); 
and those with a platelet count greater than 100 x 10°/L in class 3 (no 
increased bleeding risk). Patients with class 1 HELLP syndrome suffer 
the highest incidence of perinatal morbidity and mortality, and have 
the most protracted recovery periods postpartum." There is a direct 
correlation between the extent of thrombocytopenia and measurements 
of liver function,” but the same cannot be said for the severity of asso- 
ciated hepatic histopathologic changes.”' If a marrow aspiration and 
biopsy are performed, abundant megakaryocytes are found consistent 
with a consumptive thrombocytopenia causing reduction of the normal 
platelet life span of approximately 10 days to 3 to 5 days.” The platelet 
count nadir occurs 23 to 29 hours postpartum, with subsequent nor- 
malization within 6 to 11 days.’ 

The prothrombin time (PT) and activated partial thromboplastin 
time (aPTT) are usually within normal limits, although one report cited 
a prolonged aPTT in 50 percent of patients.” Although low fibrinogen 
levels are inconsistently found, other measures of increased coagulation 
and secondary fibrinolysis may be present. These include decreased pro- 
tein C and antithrombin III (AT III) levels, and increased D-dimer and 
thrombin-AT III values. von Willebrand factor (VWF) antigen levels 
increase in proportion to the severity of the disease, reflecting the extent 


of endothelial damage; however, no unusually large VWF multimers are 
present in plasma” and ADAMTS13 (a disintegrin and metallopro- 
teinase with thrombospondin domains-13) levels are within a broad 
normal range (ADAMTS13 normally declines moderately during preg- 
nancy).**”> This is in contrast to the severe deficiency of ADAMTS13 
in familial and autoantibody-mediated types of thrombotic thrombo- 
cytopenic purpura (TTP). Unlike TTP, the thrombi found in organs 
involved in the HELLP syndrome contain increased amounts of fibrin 
and low levels of VWF.” 

In patients with severe liver involvement, hepatic ultrasonogra- 
phy shows large, irregular, well-demarcated (or “geographical”) areas of 
increased echogenicity.” Liver biopsy shows periportal or focal necro- 
sis, platelet-fibrin deposits in the sinusoids, and vascular microthrombi. 
As the disease progresses, large areas of necrosis can coalesce and dis- 
sect into the liver capsule. This produces a subcapsular hematoma and 
the risk of hepatic rupture. 


DIFFERENTIAL DIAGNOSIS 


Other complications of pregnancy that can be confused with HELLP 
include TTP” and the hemolytic uremic syndrome, sepsis, dissemi- 
nated intravascular coagulation (DIC), connective tissue disease, anti- 
phospholipid antibody syndrome, and acute fatty liver of pregnancy. 
This latter entity is also seen in the last trimester or postpartum and 
presents with thrombocytopenia and right upper quadrant pain, but 
the levels of AST and ALT only rise to 1 to 5 times normal and the PT 
and partial thromboplastin time (PTT) are both prolonged. Oil-red-O 
staining of liver biopsies demonstrates fat in the cytoplasm of centri- 
lobular hepatocytes, and routine stains show inflammation and patchy 
hepatocellular necrosis as a result of the HELLP syndrome. Because it 
causes right upper quadrant pain and nausea, HELLP has also been 
misdiagnosed as viral hepatitis, biliary colic, esophageal reflux, chole- 
cystitis, and gastric cancer. Conversely, other conditions misdiagnosed 
as HELLP syndrome include cardiomyopathy, dissecting aortic aneu- 
rysm, acute cocaine intoxication, essential hypertension and renal dis- 
ease, and alcoholic liver disease.'” 


THERAPY 


Supportive care of HELLP includes intravenous administration of mag- 
nesium sulfate to control hypertension and prevent eclamptic seizures, 
management of fluids and electrolytes, judicious transfusion of blood 
products, stimulation of fetal lung maturation with beclomethasone, 
and delivery of the fetus as soon as possible.” Indications for delivery 
include a severe disease presentation, maternal DIC, fetal distress, and 
a gestational age greater than 32 weeks with evidence of lung maturity.‘ 
Cesarean section under general anesthesia is used in 60 to 97 percent 
of cases, but vaginal delivery after induction can be attempted if the 
fetus is older than 32 weeks of age and the mother’s cervical anatomy is 
favorable. Postpartum curettage is helpful in lowering the mean arterial 
pressure and increasing the urine output and platelet count. Transfu- 
sion therapy with packed red cells, platelets, or fresh-frozen plasma is 
indicated in cases complicated by severe anemia or bleeding because of 
coagulopathy. 

Although previously thought to be beneficial based upon the 
results of observational studies and small randomized trials, the use 
of dexamethasone has fallen out of favor after large randomized trials 
found that it didn’t reduce the duration of hospitalization, amount of 
blood products transfused, maternal complications, or time to normal- 
ization of laboratory abnormalities.” 

Plasma exchange cannot arrest or reverse HELLP syndrome when 
used antepartum, but may minimize hemorrhage and morbidity when 


used peripartum. It can also be tried postpartum in the 5 percent of 
patients who fail to improve within 72 to 96 hours of delivery. These 
women are more likely to be younger than 20 years of age or nullipa- 
rous.” Whether or not plasma exchange can effectively lower circulating 
levels of sVEGF and/or sEng is not known. Liver transplantation may 
be necessary in occasional patients with HELLP complicated by large 
hematomas or total hepatic necrosis. It is not yet known if replacement 
with some (possibly modified) form of VEGF and/or TGF-f may have 
future therapeutic use in preeclampsia or HELLP. A single case report 
describes the successful use of eculizumab to prolong by 17 days a preg- 
nancy affected by severe HELLP, without associated maternal or fetal 
morbidity or mortality.” 


COURSE AND PROGNOSIS 


Most patients stabilize within 24 to 48 hours following delivery; how- 
ever, maternal death still occurs in 3 to 5 percent even with best sup- 
portive care. Mortality rates as high as 25 percent were reported prior 
to 1980. Events leading to maternal death include cerebral hemorrhage, 
cardiopulmonary arrest, DIC, adult respiratory distress syndrome, 
and hypoxic ischemic encephalopathy.’ Other complications include 
infection, placenta abruptio, postpartum hemorrhage, intraabdomi- 
nal bleeding, and subcapsular liver hematomas with resultant rupture 
(a fatal event in 50 percent of those in whom it occurs).° The latter 
patients complain of right-sided shoulder pain and are found to be in 
shock with ascites or pleural effusions. The hematoma is usually present 
in the anterior superior portion of the right lobe of the liver." If the liver 
remains intact when discovered, abdominal palpation, seizures, and 
emesis should be avoided or prevented. Emergency surgery is required 
for hepatic artery embolization or ligation, hepatic lobectomy, or even 
liver transplantation in patients with total hepatic necrosis.*” 

Renal complications of HELLP include acute renal failure, hypona- 
tremia, and nephrogenic diabetes insipidus as a result of impaired 
hepatic metabolism of vasopressinase and resultant “resistance to vaso- 
pressin” (antidiuretic hormone). Pulmonary complications of HELLP 
include of pleural effusions, pulmonary edema, and adult respiratory 
distress syndrome. Neurologic sequelae of HELLP not mentioned above 
include retinal detachment, postictal cortical blindness, and hypoglyce- 
mic coma.*! 

Fetal morbidity and mortality are between 9 and 24 percent.° Com- 
plications arise as a result of prematurity, placental abruption, and intra- 
uterine asphyxia. Intrauterine growth retardation is seen in 39 percent 
of infants. One-third of all babies born to mothers with HELLP have 
thrombocytopenia, but intraventricular hemorrhage is seen in only 
4 percent of thrombocytopenic infants.” 

HELLP syndrome complicates 2 to 5 percent of all pregnancies,” 
and can recur in as many as 27 percent of those affected during sub- 
sequent pregnancies.“ Other hypertensive disorders of pregnancy 
(preeclampsia or pregnancy-induced hypertension) are also relatively 
common in future pregnancies (27 percent of second and subsequent 
pregnancies).** Women who recover from preeclampsia/HELLP may 
also be more likely to develop subsequent hypertension and cardiovas- 
cular disorders, possibly because of some persistent abnormal balance 
between proangiogenic and antiangiogenic factors." 


@ DISSEMINATED MALIGNANCY 
DEFINITION AND HISTORY 


The association between widespread malignancy and hemolytic ane- 
mia associated with pathologic changes in small blood vessels was first 
noted by Brain and colleagues in 1962.” 
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EPIDEMIOLOGY 


Cancer-associated microangiopathic hemolytic anemia (MAHA) has 
been described in a wide variety of malignancies (Table 51-1). MAHA 
is more likely to be associated with metastatic malignant disease than 
with localized cancers or benign tumors. Approximately 80 percent 
of the tumors are mucinous adenocarcinomas of either the stomach 
(55 percent), breast (13 percent), or lung (10 percent). The median age 
at diagnosis is 50 years, with a slight male predominance.” 


ETIOLOGY AND PATHOGENESIS 


MAHA as a result of malignancy can be caused by either of two dis- 
tinct mechanisms: (1) DIC with intravascular occlusions (often partial) 
of small vessels by platelet-fibrin thrombi; or (2) intravascular tumor 
emboli.**** In the first mechanism,’ intravascular activation of coagula- 
tion may occur from excessive exposure of tissue factor on phagocytes, 
activated endothelial cells, or tumor cells. Alternatively, a protease in 
the mucin secreted by adenocarcinomas may directly activate factor X.” 
Subsequent activation of coagulation factors, thrombin generation, 
fibrin polymer deposition, and platelet aggregation result in the for- 
mation of intravascular platelet-fibrin thrombi, and the shearing of red 
cells attempting to maneuver past the partial platelet-fibrin occlusions 
in the high-flow microvasculature. Also, circulating carcinoma mucins 
may interact with leukocyte L-selectin and platelet P-selectin, causing 
the rapid generation of platelet-rich microthrombi.” In the second 
mechanism,’ intravascular tumor emboli partially occlude small ves- 
sels, mechanically or chemically disrupt the endothelium and promote 
platelet adherence to exposed subendothelium, coagulation activa- 
tion and fibrin polymer formation, intimal hyperplasia, and vascular 
hypertrophy.*°°”"8 


TABLE 51-1. Cancers Associated with Microangiopathic 


Hemolytic Anemia 
Gastric (55%)?”"° 

Breast (13%)!?° 

Lung (10%)? 

Other Adenocarcinomas 


Unknown primary 
Prostate” 
Colon*® 
Gallbladder 
Pancreas 
Ovary 
Other Malignancies 
Hemangiopericytoma*® 
Hepatoma 
Melanoma 
Small cell cancer of the lung’? 
Testicular cancer 
Squamous cell cancer of the oropharynx 
Thymoma 
Erythroleukemia'®" 
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LABORATORY FEATURES 


Patients with cancer-associated DIC/MAHA present with moderate-to- 
severe anemia. The blood film reveals schistocytes (accounting for 
approximately 5 to 21 percent of the red cells), burr cells, microsphero- 
cytes, reticulocytes/polychromasia, and nucleated red cells.** Although 
the reticulocyte count can be high, it is an unreliable measure of hemo- 
lysis because extensive replacement of the marrow by metastatic tumor 
(Chap. 45) may prevent the reticulocytosis expected with MAHA. Other 
indicators of hemolysis that could be more reliable include increased 
levels of serum unconjugated bilirubin and LDH, the presence of plasma 
hemoglobin, and elevated urine urobilinogen and hemoglobinuria (as 
aß dimers).” Absent or low levels of haptoglobin may also be found; 
however, haptoglobin is an acute-phase reactant that may be increased 
in malignancy.” The direct antiglobulin test is negative.°”*! 

Additional findings in MAHA include thrombocytopenia, with 
mean platelet counts of approximately 50 x 10°/L (range: 3 to 225 x 
10°/L),*” caused by a shortened platelet life span without demonstra- 
ble sequestration of platelets in the liver or spleen. Some patients with 
malignant tumors, however, may have preexisting thrombocytosis, and 
so superimposed MAHA may reduce the platelet count only toward 
“normal” values.** A normal-to-high white cell count with immature 
myeloid precursors may also be seen.” Leukoerythroblastosis 
caused by marrow invasion (Chap. 45), along with MAHA, is highly 
suggestive of metastatic malignancy.** Marrow aspiration and biopsy 
will demonstrate erythroid hyperplasia, normal-to-high numbers of 
megakaryocytes, and (in 55 percent of patients) cancer cells.*! 

Additional laboratory evidence of DIC has been reported in 
approximately 50 percent of patients with MAHA secondary to malig- 
nancy. Findings include reduced levels of fibrinogen (mean: 177 g/dL; 
range: 8 to 490 mg/dL), increased levels of D-dimers (or fibrin deg- 
radation products), and prolonged prothrombin and thrombin 
times.” In the early phase of DIC, aPTTs may be shortened (e.g., to 
<23 seconds). It is not known if shortened aPTT values reflect the 
presence of activated coagulation factors in the plasma, consumption of 
coagulation inhibitor proteins faster than their production by hepatic 
cells (e.g., protein C, protein S, AT, tissue factor pathway inhibitor), or 
the presence in plasma of a cysteine protease capable of directly acti- 
vating factor X.” Cancer-related DIC has been reported to be associ- 
ated with a deficiency of the VWF-cleaving protease, ADAMTS13.*° 
Although this was disputed by some investigators,” ADAMTS13 levels 
gradually decrease in DIC patients with poor survival rates,“ perhaps 
as a result of ADAMTS13 consumption onto the long VWF multimeric 
strings released from cytokine-stimulated endothelial cells.” 


DIFFERENTIAL DIAGNOSIS 


The most common cause of anemia in malignancy is anemia of chronic 
disease (Chap. 37). Other diagnostic considerations include blood loss, 
myelophthisis as a result of disease metastatic to the marrow (Chap. 45), 
DIC/MAHA (Chap. 129), and autoimmune hemolytic anemia (Chap. 54). 
The latter is more often found with lymphoproliferative disease (Chap. 
95) but is occasionally seen with carcinoma of the stomach, colon, breast, 
and cervix." The treatment of cancer can also induce anemia by causing 
myelosuppression, oxidative hemolysis (doxorubicin, pentostatin), auto- 
immune hemolysis (cisplatin, chlorambucil, cyclophosphamide, melpha- 
lan, teniposide, methotrexate), or thrombotic microangiopathic anemia 
(mitomycin C, cisplatin, gemcitabine, and targeted cancer agents”). 


THERAPY 


Heparin, glucocorticoids, dipyridamole, indomethacin, and e-aminocaproic 
acid have all been tried without success for malignancy-associated DIC/ 
MAHA. Plasma infusion and platelet transfusions, sometimes with 


additional cryoprecipitate containing fibrinogen, may be useful during 
bleeding episodes associated with prolonged PT and aPTT, low fibrino- 
gen levels, and thrombocytopenia. Control of the underlying metastatic 
malignancy, if achievable, has been beneficial.*! 


COURSE AND PROGNOSIS 


MAHA caused by cancer is usually a preterminal event. Life expectancy 
following diagnosis is 2 to 150 days, with a mean of 21 days.*”"8 


@ HEART VALVE HEMOLYSIS 
DEFINITION AND HISTORY 


Anemia arising after cardiac valve replacement was first described in 
1954,” soon after corrective valvular surgery became possible. This ane- 
mia was subsequently shown to be caused by erythrocyte shearing and 
fragmentation as the red cells traversed the turbulent flow through or 
around the prosthetic valve.” Since then, prevention of irreversible red 
cell injury has been a goal when designing new prostheses; as a result, 
the incidence of significant valve-associated hemolysis has declined 
from 5 to 15 percent in the 1960s and 1970s°'” to less than 1 percent 
with newer-generation prostheses.” However, compensated hemo- 
lysis can occur with any type of valve prosthesis and can be detected 
in almost every patient when assayed using appropriate methods.6+6+65 
Additionally, intravascular hemolysis can be seen following mitral valve 
repair“ and in unoperated patients with native valvular disease“ and 
hypertrophic obstructive cardiomyopathy.” 


EPIDEMIOLOGY 


A variety of factors can increase the chance of valvular hemolysis: the 
presence of central or paravalvular regurgitation,® placement of small 
valve prostheses with resultant high transvalvular pressure gradients,” 
and regurgitation because of bioprosthetic valve failure, seen especially 
once the valve is more than 10 to 15 years old.® Patients with ball-and- 
cage valves,“ bileaflet valves versus tilting disk valves, mechanical 
valve prostheses versus xenograft tissue prostheses,” and double-valve 
as compared to single-valve replacement,” are more likely to experi- 
ence clinically significant hemolysis. Some studies have found no dif- 
ference in the degree of hemolysis when comparing aortic and mitral 
valve prostheses, whereas others have found that the aortic location 
is associated with slightly greater hemolysis than the mitral location.” 


ETIOLOGY AND PATHOGENESIS 


Valve-related hemolysis occurs when red cells are exposed to the shear- 
ing stresses created by turbulent blood flow through and around a valve 
prosthesis, impaction against foreign surfaces or cardiac structures such 
as the wall of the atrial appendage,® or large pressure fluctuations between 
cardiac chambers. A transvalvular pressure gradient of more than 50 torr 
can generate shearing forces exceeding 4000 dynes/cm’, more than the 
3000 dynes/cm? usually needed to cause red cell fragmentation.” In a 
study looking at malfunctioning mitral valve prostheses, sophisticated 
computer modeling using transesophageal echocardiography demon- 
strated a maximal shear value of 6000 dynes/cm’ when the regurgitant jet 
was divided by a solid structure such as a loose suture or dehisced annu- 
loplasty ring. A maximal shear rate of 4500 dynes/cm? was found when 
the regurgitant jet was suddenly decelerated by a solid structure like the 
left atrial appendage, or when the blood was regurgitated through a small 
orifice (<2 mm in diameter) such as a leaflet perforation or a paravalvular 
leak. Lack of endothelialization of the prosthetic ring may contribute 
to the severity of hemolysis following valve repair or replacement, but 
it is unclear if this is primary or secondary to the high-velocity jet of 
blood preventing fibrous incorporation of the prosthetic materials.*” 
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Figure 51-1. Two cases of fragmentation hemolytic anemia as a result of heart valve hemolysis. The red cell shape abnormalities are varied and 
characteristic of fragmentation hemolysis, although they are not specific for the cause. (Reproduced with permission from Lichtman’s Atlas of Hematology, 


www.accessmedicine.com.) 


Similarly, lack of endothelialization of the Teflon patch can result in clin- 
ically significant hemolysis necessitating reoperation following repair of 
a ventricular septal defect.” These sorts of surface interactions appear to 
be more important at lower shear-stress values (<1500 dynes/cm’) when 
the amount of hemolysis depends more directly on the area of the con- 
tact surface and the time of exposure.” Additionally, excessive wear of 
the cloth that covers caged-ball prostheses, such as the Starr-Edwards 
valve, can cause ballooning of the material into the blood jet, with resul- 
tant turbulence and hemolysis.” A modified Blalock-Taussig shunt also 
has been reported to cause hemolytic anemia.” 


CLINICAL FEATURES 


Patients with valve-induced hemolysis can present with symptoms 
caused by anemia or congestive heart failure, pallor, icterus, and dark 
urine (described variously as red, brown, or black). Urine excreted dur- 
ing periods of physical activity may be darker than that excreted at rest. 
Similarly, hemolysis can be exacerbated by supraventricular tachycar- 
dia or other tachyarrhythmias and regress once normal sinus rhythm 
is restored.*! Anecdotally, some patients with severe valve hemolysis 
complain of chest pain subsequently proven to be caused by esophageal 
spasm, and one can speculate that the culprit is NO depletion such as 
that reported in paroxysmal nocturnal hemoglobinuria.” 


LABORATORY FEATURES 


Helpful laboratory studies include review of the blood film, which 
will reveal moderate poikilocytosis, schistocytosis, and polychromasia 


(Fig. 51-1). The red cells are usually normochromic and normocytic 
but can occasionally be hypochromic and microcytic as a result of long- 
standing urinary iron loss® and increased erythropoiesis caused by 
ongoing hemolysis.” The reticulocyte count, urine hemosiderin, plasma 
hemoglobin, and serum levels of total and indirect bilirubin, and LDH 
can be elevated, whereas the serum haptoglobin will be depressed. 
Both the number of schistocytes in the blood‘ and the elevation of 
LDH“ correlate with the severity of hemolysis. Hemoglobinuria is 
usually seen only in those with particularly severe hemolysis and high 
LDH levels. There is no correlation between the severity of hemolysis 
and bilirubin levels, however, and whether the reticulocyte count is 
helpful in assessing the severity of hemolysis is controversial.“ The 
aforementioned laboratory tests can be used as a means to determine 
the degree of hemolysis and to help guide management (Table 51-2). 

Red cell labeling studies demonstrate that erythrocyte life span is 
markedly shortened to between 6 and 9 days.”**° Measurement of ery- 
throcyte creatine, a relatively simple but not yet widely available assay, 
can be performed in lieu of red cell labeling studies. Young erythrocytes 
contain much higher levels of creatine than older cells. Thus, an increase 
in erythrocyte creatine represents shortened red cell survival and is sig- 
nificantly correlated with total peak flow velocity across the valve and 
the severity of any associated hemolysis.* When performed, marrow 
aspiration will be remarkable for erythroid hyperplasia.” As a result 
of hemosiderin deposition, magnetic resonance imaging of the kidneys 
will reveal reduced signal intensity of the renal cortex compared with 
the medulla on T1- and T2-weighted images, both with and without 
gadolinium enhancement.** 


TABLE 51-2. Severity of Prosthetic Valve Hemolysis 


Mild Moderate Severe 
Hemosider inuria Present Present Marked 
Hemoglobinuria Absent Absent Absent 
Schistocytosis <1% >1% >>1% 
Reticulocytosis <5% >5% >>5% 
Haptoglobin Decreased Absent Absent 
LDH <500 U/L >500 U/L >>500 U/L 


LDH, lactate dehydrogenase. 


Data from Eyster E, Rothchild J, Mychajliw O: Chronic intravascular hemolysis after aortic valve replacement, Circulation 1971 Oct;44(4):657-665. 
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DIFFERENTIAL DIAGNOSIS 


Factors that can promote valve-associated hemolysis or worsen the 
resultant anemia include iron deficiency (Chap. 43), because anemia 
increases cardiac output and shear stress and iron-poor red cells are 
more fragile than normal; folate deficiency (Chap. 41) arising from 
increased erythropoiesis; anemia of chronic disease because of endo- 
carditis; anticoagulant-induced gastrointestinal hemorrhage (Chaps. 37, 
133, and 134); and increased cardiac output as a consequence of stren- 
uous physical exertion.” 


THERAPY 


Appropriate therapy for hemolytic anemia arising from valvular dys- 
function consists of iron and folate replacement (if deficient) and surgical 
repair or replacement of the malfunctioning prosthesis (if indicated).*” 
Poor surgical candidates with perivalvular leaks may benefit from per- 
cutaneous closure with an Amplatzer occluder device.** Adjunctive 
measures to be tried include B-blockade to slow the velocity of the circu- 
lation,” erythropoietin therapy to stimulate erythropoiesis further,” and 
pentoxifylline therapy to increase the deformability of red cells.” 

Although some authors have not found the use of pentoxifylline 
to be beneficial,” several case reports have described amelioration of 
valve-related hemolysis and resultant decreased need for red cell trans- 
fusion in patients receiving pentoxifylline.” A prospective study 
of 40 individuals with double (mitral and aortic) valve replacements 
randomized patients to receive either no treatment or pentoxifylline 
400 mg orally three times daily for 120 days. The group who received pen- 
toxifylline had significantly higher hemoglobin and haptoglobin levels, 
and significantly lower LDH, total and indirect bilirubin, and corrected 
reticulocyte levels, after 4 months of treatment. Of the nine patients with 
severe hemolysis (LDH >1500 U/L), six individuals had amelioration 
or complete resolution of their disease, while three patients’ hemolysis 
persisted unchecked, suggesting that pentoxifylline therapy is beneficial 
in more than 60 percent of those with valve-related hemolysis.” 

Between 15 and 30 percent of patients will develop black pig- 
ment gallstones following valve surgery, the majority occurring within 
6 months of the procedure. Whether this is a result of acute hemolysis 
associated with use of the heart-lung machine” or chronic hemolysis 
because of the valve replacement itself**” is uncertain; however, therapy 
with ursodeoxycholic acid 600 mg daily beginning 1 week before sur- 
gery significantly decreases the incidence of gallstone formation from 
approximately 29 percent in those who were left untreated to approxi- 
mately 8 percent (P <0.01).1° 


COURSE AND PROGNOSIS 


Evidence of hemolysis can be seen within days or weeks™”** following 
valve surgery. If reoperation is required, reported mortality rates range 
between 0 and 6 percent,*'" and hemolytic anemia can occasionally 
recurs" 


@ OTHER CAUSES OF NONIMMUNE 
HEMOLYSIS 


MARCH HEMOGLOBINURIA 


In 1881, Fleischer described a German soldier in whom hemoglobi- 
nuria was brought on by marching. Although usually reported in 
young males, no doubt explained by their more frequent participation 
in severe and prolonged exertion, it can also be seen in women. t The 
presenting complaint is passage of dark urine immediately following 


physical exertion in the upright position, occasionally accompanied by 
nausea, abdominal cramps, aching in the back or legs, a “stitch in the 
side,’ or a burning feeling in the soles of the feet. Physical examination is 
usually unrevealing, although hepatosplenomegaly and transient jaun- 
dice have been rarely reported. 

Davidson proved definitively in 1969 that march hemoglobinuria 
is caused by red cell trauma within the vessels of the soles of the feet, 
and its severity is influenced by the hardness of the running surface, 
the distance run, the heaviness of the athlete's stride, and the protective 
adequacy of his footwear.'® In addition, he showed that the condition 
could be prevented by using padded insoles, a finding later substanti- 
ated by other authors.'°*'"” Hemoglobinuria has also been seen follow- 
ing other types of trauma in activities as diverse as repetitive slapping of 
the forehead,’ karate exercises,'” basketball followed by congo drum 
playing," and kendo (a Japanese martial art where heavily padded 
combatants strike each other repeatedly with bamboo swords). +% 

Because the estimated quantity of blood hemolyzed in an average 
paroxysm is only 6 to 40 mL, anemia is uncommon and if present is 
usually mild’; however repeated episodes can cause iron deficiency, 
which may lead to or accentuate anemia (Chap. 43). Morphologic evi- 
dence of red cell damage is not seen, although one patient was found 
to have poikilocytes and occasional “four-leaf clover” cells after exer- 
cise. Renal damage is also not commonly seen, but cases of acute 
tubular necrosis and resultant acute renal insufficiency have been 
described." 


KASABACH-MERRITT PHENOMENON 


First described in 1940," the Kasabach-Merritt phenomenon is a syn- 
drome that usually develops in early childhood, and is characterized 
by thrombocytopenia, MAHA, consumptive coagulopathy, and hypo- 
fibrinogenemia caused by an enlarging kaposiform hemangioendo- 
thelioma or tufted angioma.” Kaposiform hemangioendotheliomas 
are highly aggressive, vascular tumors that occur equally in males and 
females, and show little tendency to resolve spontaneously. They can be 
locally invasive but have never been reported to metastasize." Com- 
plications can include hemothorax or pericardial effusion.''*'” It is 
postulated that endothelial cell abnormalities and vascular stasis lead 
to activation of platelets and the coagulation cascade within the tumor’s 
vessels, with subsequent depletion of both platelets and clotting factors. 
Microangiopathic hemolytic anemia results from mechanical trauma 
sustained by the erythrocytes traversing the tumor’s abnormal, partially 
thrombosed vascular channels.!”° 

Although numerous therapies are used, the mortality rate of 
Kasabach-Merritt phenomenon can be as high as 30 percent.'! Even 
though surgical resection is always followed by normalization of hema- 
tologic parameters, many lesions are too large to be resected with- 
out severe disfigurement. Other treatments include glucocorticoids, 
interferon-a, antifibrinolytic agents, and the antiplatelet agents ticlo- 
pidine and aspirin, low-molecular-weight heparin, embolization, 
radiation, laser therapy, and chemotherapy using vincristine, cyclo- 
phosphamide, actinomycin D, or methotrexate. 1171181201222 


MISCELLANEOUS 


Microangiopathic hemolytic anemia has also been seen in malig- 
nant systemic hypertension, pulmonary hypertension, giant cavern- 
ous hemangiomas of the liver,’ and various vasculitides, including 
Wegener granulomatosis'’?*!*° and giant cell arteritis.” Osmotically 
induced hemolysis has occurred when distilled water is used as an irri- 
gant during transurethral resection of the prostate.’ 
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CHAPTER 52 
ERYTHROCYTE DISORDERS 
AS A RESULT OF CHEMICAL 
AND PHYSICAL AGENTS 


Paul C. Herrmann 


SUMMARY 


Erythrocyte disorders from physical or chemical agents occur via such processes 
as red cell volume expansion within hypotonic solutions, erythrocyte mem- 
brane damage from biotoxins, damage to the spectrin skeleton from insults 
such as heat, and eryptosis associated with oxidizing agents such as oxygen, 
arsine gas, and chlorates. Erythrocyte damage also can be induced by other 
agents that lack well defined mechanisms of action (see Table 52-1). These 
processes include erythrocyte damage caused by lead, copper, and radiation, 
as well as neocytolysis, a phenomenon once thought unique to microgravity, 
but subsequently observed in individuals demonstrating altitude induced 
polycythemia upon transition to normoxic conditions. 


@ MECHANISTICALLY DESCRIBED 
ERYTHROCYTE DAMAGE 


Chemical and physical agents causing erythrocyte disorders within the 
context of enzyme deficiency, unstable hemoglobins, cell fragmentation or 
immune dysfunction are discussed in Chaps. 46 to 51 and 54. The present 
chapter deals with drugs, toxins, and other physical agents that can cause 
red cell disorders, which are not discussed elsewhere within this text. 


ERYTHROCYTE VOLUME EXPANSION AND 
HYPOTONIC LYSIS 


When large amounts of distilled water gain access to the systemic cir- 
culation, either by intravenous injection or when used as an irrigating 
solution during surgery, hemolysis will occur.' Severe hemolysis may 
also result from water inhalation in near-drowning.’ Occasionally 
self-induced hypotonic lysis secondary to water intoxication from poly- 
dipsia in the setting of psychiatric illness or hazing rituals occurs.’ In all 
cases, hemolysis follows expansion of the erythrocyte volume, transi- 
tion to a spherical shape and ultimately cell rupture.* 


DAMAGE TO THE RED BLOOD CELL MEMBRANE 


Bee*® and wasp’® stings, as well as contact with caterpillar bristle from 
Lonomia obliqua,” are associated with severe hemolysis. In addition, 


Abbreviations and Acronyms: AsH,, arsenic hydride (arsine gas); EDTA, ethylen- 
ediaminetetraacetic acid; G6PD, glucose-6-phosphate dehydrogenase; NADPH, 
reduced nicotinamide adenine dinucleotide phosphate. 


spider and scorpion bites occasionally are followed by hemolytic ane- 
mia and hemoglobinuria.'"'® The spiders usually responsible are 
Loxosceles laeta and Loxosceles recluse. In such cases, sphingomyelinase 
D is one of the causative toxins. The venom preferentially hydrolyzes 
band 3 of the red cell membrane protein.” Band 3 has dual functions 
of ion exchange and anchoring of the cell membrane to the underlying 
cellular skeleton.'* It appears disruption of the structural role is respon- 
sible for cell lysis. 

One of the most intriguing mechanisms of membrane damage 
is that induced by a class of pore-forming cytotoxins, usually from 
Bacillus cereus.” Toxins using similar mechanisms of hemolysis are 
found in marine organisms including jelly fish (Chironex fleckeri),” sea 
cucumbers (Cucumaria echinata), and sea anemones (Stichodactyla 
helianthus).” X-ray crystallography reveals these toxins to be composed 
of proteins that associate to span the erythrocyte membrane forming an 
ion permeable pore.” Aged cells appear preferentially damaged. 

Additional discussion of hemolysis associated with microorganism- 
produced toxins, including Clostridium-induced spherocytosis and 
massive hemolysis, is found in Chap. 53. 


DAMAGE TO SKELETAL OR STRUCTURAL 
PROTEINS 


Gross hemoglobinemia was observed in 11 of 40 patients with second- 
and third-degree burns involving 15 to 65 percent of body surface area.” 
Within the first 24 hours following a burn, hemolytic anemia results 
from the direct effect of heat on circulating erythrocytes. Blood heated 
to temperatures above 49°C demonstrates morphologically similar 
damage (Fig. 52-1A), consistent with increased osmotic and mechani- 
cal fragility.2*?° 

In addition to acute damage, heat decreases erythrocyte resilience. 
A normal erythrocyte in liquid behaves physically as a drop of fluid 
because the flexible membrane allows the surface of the cell to rotate 
around the intracellular contents.” These fluid-like properties couple 
collisional energy between the erythrocyte membrane and the viscous 
hemoglobin solution within the cell, allowing dissipation of collisional 
energy through the entire cell and ultimately protecting the cell mem- 
brane. When heated, the spectrin comprising the erythrocyte skeleton 
melts, and upon cooling becomes rigid. This rigidity prevents collisional 
energy dissipation, making such cells particularly susceptible to mem- 
brane damage.” The ensuing damage to the erythrocyte membrane 
structure results in splenic sequestration and cell removal.” 


OXIDANT DAMAGE 


Although oxygen is a powerful oxidizing agent, quantum mechanical 
properties of the oxygen molecule prevent spontaneous oxidation of 
biologic membranes.” When bound to hemoglobin, oxygen has sig- 
nificantly different quantum mechanical properties and occasionally, an 
exceptionally reactive superoxide molecule escapes.” It is estimated that 
2 to 3 percent of total hemoglobin would be oxidized daily in the absence 
of enzyme systems to protect against escaped superoxide.*)” Although 
the hemolysis that occurs when these systems are overwhelmed is 
dealt with in Chap. 47, a few additional examples are briefly described 
below. Hemolysis following oxidation is thought to occur via eryptosis 
(Chap. 33). In addition to oxidative stress, osmotic shock and certain 
toxic ions, including gold and aluminum, may act through eryptosis.**** 


Oxygen Gas and Ozone 

Hemolytic anemia can occur when ambient oxygen (O,) concentration 
is increased markedly.” Hyperbaric oxygenation has been associated 
with acute hemolysis.** Ozone (O,), which has been widely used in 


Figure 52-1. A. Blood film prepared at admission from a patient who had suffered severe burn injury involving a large percentage of the body 
surface. Note the presence of normal erythrocytes (apparently from vessels not exposed to heat damage) along with populations of normocytic 
and microcytic spherocytes. In addition, there are numerous red cell fragments, some smaller than platelets. B. Blood film prepared from a patient 
exposed to arsenic hydride. Note the very pale red cells resulting from partial hemoglobin loss secondary to membrane damage. An extreme exam- 
ple, represented by the virtual ghost thinly rimmed with scant residual hemoglobin, can be found in the upper left-hand corner. C. Wilson disease. 
In this image from a patient with Wilson disease, there are numerous visible sequelae of oxidative damage caused by excess copper. The striking 
microspherocytosis indicates damage to the membrane. Damage to hemoglobin is demonstrated by the Heinz bodies projecting from red cells 
(asterisks show two examples). The horizontal arrow points to one of several spherocytes. The vertical arrow points to a macrocyte (reticulocyte). An 
occasional cell shows damage to both membrane and hemoglobin. The presence of echinocytes (oblique arrows show two examples) suggests that 
the liver is also affected. (A & B, reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com. C, used with permission of 


Barbara J. Bain, Imperial College, London, UK.) 


some countries for a variety of therapeutic purposes, had no apparent 
effect in vivo on red cell enzymes and intermediates at the 30 mcg/mL 
concentration commonly infused, but did produce some in vitro hemo- 
lysis at that concentration.” 


Arsenic Hydride 

Arsenic exposure is a major cause of anemia in regions with high envi- 
ronmental concentration. Examples include Bangladesh's tainted water 
supply, and areas of China where arsenic laden coal is used.** Arsine gas 
(arsenic hydride, AsH,) is the most erythrotoxic form of arsenic and 
inhalation of arsine gas is a well-recognized cause of hemolytic anemia 
(see Fig. 52-1B).” Arsine is formed during many industrial processes, 
including the reaction of hydrogen with available arsenic compounds in 
metallurgic processes. The arsenic is usually a contaminant, so contact 
with arsenic compounds may not be apparent from the patient's history. 
The mechanism of erythrocyte damage occurs via oxidation of sulfhydryl 
groups in the erythrocyte membrane and associated cytoskeleton,” 
and decreased levels of reduced glutathione in erythrocytes exposed to 
AsH, are observed." 


Chlorates and Chloramines 

Sodium and potassium chlorate are oxidative drugs that produce methe- 
moglobinemia, Heinz bodies, and hemolytic anemia.“ Although it has 
been presumed that the mechanism of hemolysis is similar to that resulting 
from other oxidative drugs, enigmatically, no cases have been observed in 
patients deficient in glucose-6-phosphate dehydrogenase (G6PD). Hemo- 
lytic anemia with Heinz body formation has also occurred in patients 
undergoing dialysis when the water contained a substantial amount of 
chloramines. Oxidative damage to the red cells of these patients was 
demonstrated by the presence of Heinz bodies, a positive ascorbate-cya- 
nide test, and methemoglobinemia.**”” 


Formaldehyde 

Leaching of formaldehyde from plastic used in water filters employed 
for hemodialysis is also a cause of hemolytic anemia. The low level of 
formaldehyde in the contaminated water does not result in a fixative 
effect, but instead induces metabolic changes within the red cells.* 


@ CHEMICAL AND PHYSICAL AGENTS 
NOT DEFINITIVELY DESCRIBED 
MECHANISTICALLY 


A variety of chemical and physical agents cause erythrocyte disorders 
through unknown or not well-characterized mechanisms. There are 
isolated reports of hemolytic anemia occurring after the administra- 
tion of a variety of chemical substances, some of which are listed in 
Table 52-1. What follows is a collection of miscellaneous erythrocyte 
damaging agents and processes for which the mechanisms are still 
largely undefined or disputed. 


NEOCYTOLYSIS 


Astronauts experience significant anemia after space flight even in the 
P 8 P 8 
presence of normal or elevated ambient oxygen concentration.” The 


TABLE 52-1. Drugs and Chemicals That Have Been 


Reported to Cause Hemolytic Anemia Secondary to 
Erythrocyte Damage 


Chemicals Drugs 

Aniline® Amyl nitrite 
Apiol®” Mephenesin” 
Dichlorprop (herbicide)®* Methylene blue” 


Formaldehyde* Omeprazole” 


Hydroxylamines® Pentachlorophenol® 


Lysol” Phenazopyridine (Pyridium)? 


Mineral spirits” Salicylazosulfapyridine 


(Azulfidine)! 


Tacrolimus" 


Nitrobenzene” 


Resorcin®? 


mechanism of this anemia remains elusive with intriguing observations 
of altered erythropoietin levels and radiolabeling studies of astronaut 
erythrocytes suggesting selective hemolysis of young erythrocytes less 
than 12 days old.* In addition to space flight, neocytolysis has been 
invoked to explain the anemia resulting when high-altitude dwellers 
relocate to sea level.*” 


LEAD 


Lead poisoning (plumbism) has been recognized since antiquity. The 
ingestion of beverages containing lead leached from highly soluble lead 
based glazes or earthenware containers has been blamed for the decline 
and fall of the Roman aristocracy and is still an occasional cause of lead 
intoxication." The distillation of alcohol in leaded flasks is another rare 
cause of plumbism, although the practice was prohibited in 1723 by 
the Massachusetts Bay Colony after it was noticed that consumption of 
rum so distilled resulted in abdominal pain known as the “dry gripes.”*! 
Among the earliest published descriptions of lead poisoning is a letter 
written in 1786 by Benjamin Franklin.” 

Lead intoxication in children generally results from ingestion of 
flaking lead paint or chewing lead-painted articles. Lead poisoning 
tends to be more severe in iron-deficient children, as a relatively close 
relationship exists between blood lead levels and hematocrit.” In adults, 
lead poisoning primarily occurs as the result of inhalation of lead com- 
pounds from industrial processes such as battery manufacture, or 
ingestion of food having leached lead from pottery or dishes.***” Lead 
poisoning from restoring tapestries and producing ceramics also has 
been noted.**? 

Generally, the erythrocyte disorder associated with lead intoxication 
in vivo is thought to be a result of interference with normal production 
of erythrocytes. There is direct evidence that lead inhibits red blood cell 
(RBC) 5’ nucleotidase and results in basophilic stippling and hemolysis 
indistinguishable from the morphologic changes observed with inherited 
deficiency of this enzyme. The other lead-poisoning—associated morpho- 
logic changes are observed when chronic lead exposure is associated with 
sideroblastic anemia, but are not observed in acute lead poisoning." In 
addition, modest shortening of red cell life span is a relatively constant 
feature of lead intoxication.*® The literature describes a number of tan- 
talizing observations and proposed mechanisms. For instance, in vitro 
treatment of red cells with lead produces membrane damage and inhi- 
bition of activity of the hexose monophosphate shunt.“ Lead interferes 
with the erythrocyte cation pump,“ possibly by inhibiting membrane 
adenosine triphosphatase.” Free radical and Fenton type chemistry 
around the iron atoms of hemoglobin have also been described.” 

Microscopic examination of the blood provides the key diagnostic 
clue to lead poisoning. Complete observations of the acute hematologic 
changes, including erythrocyte distortion, occurring after the intrave- 
nous injection of lead in an attempt to treat malignant disease were first 
published in 1928.” Lead induces normocytic and slightly hypochromic 
erythrocytes, with the hypochromia possibly resulting from coexisting 
iron deficiency.” Basophilic stippling of the erythrocytes may be fine 
or coarse, and the number of granules seen in each cell may be quite 
variable. Blood collected in heparin may most reliably demonstrate 
basophilic stippling, as storage of red blood cells in ethylenediaminete- 
traacetic acid (EDTA) is associated with the disappearance of stippling.” 
Young polychromatophilic cells are most likely to be stippled. Electron 
microscopic studies have demonstrated that the basophilic granules 
represent abnormally aggregated ribosomes.” Ringed sideroblasts are 
frequently found in the marrow (Chaps. 32 and 59). Iron-laden mito- 
chondria are present, but do not appear to contribute to the basophilic 
stippling that is observed on light microscopy.” 


Chapter 52: Erythrocyte Disorders as a Result of Chemical and Physical Agents 


COPPER 


Erythrocyte damage has resulted from ingestion of copper sulfate in 
suicide attempts and from copper accumulation when hemodialysis 
fluid is contaminated by copper pipes.”*’”> Hemolysis in Wilson disease 
has been attributed to the elevated plasma copper levels characteris- 
tic of that disorder.” Spherocytic anemia with a hematocrit below 
25 percent may be the presenting symptom (see Fig. 52-1C).” The 
pathogenesis may be related to oxidation of intracellular glutathione, 
hemoglobin, and the reduced nicotinamide adenine dinucleotide phos- 
phate (NADPH), along with inhibition of G6PD by copper.*° However, 
the amount of copper required to inhibit G6PD is large. Copper in 
much lower concentrations inhibits pyruvate kinase, hexokinase, phos- 
phogluconate dehydrogenase, phosphofructokinase, and phosphoglyc- 
erate kinase, suggesting a global metabolic insult." Plasma exchange 
successfully prevents hemolytic anemia in Wilson disease. 


RADIATION 


Although decreased red cell survival is part of the complex series of 
events occurring after administration of large doses of total body radi- 
ation, erythrocytes appear to be very resistant to the direct effects of 
radiation.*** Shortened red cell survival after radiation is likely related 
to red cell loss through internal bleeding and various secondary events 
such as infection. 
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CHAPTER 53 
HEMOLYTIC ANEMIA 
RESULTING FROM 
INFECTIONS WITH 
MICROORGANISMS 


Marshall A. Lichtman 


Hemolytic anemia is a prominent part of the clinical presentation of patients 
infected with organisms such as the Plasmodium sp., Babesia, and Bartonella, 
which directly invade the erythrocyte. Malaria is the most common cause of 
hemolytic anemia on a worldwide basis, and much has been learned about 
how the parasite enters the erythrocyte and the mechanism of anemia. Falci- 
parum malaria, in particular, can cause severe and sometimes fatal hemolysis 
(blackwater fever). Other organisms cause hemolytic anemia by producing a 
hemolysin (e.g., Clostridium perfringens), by stimulating an immune response 
(e.g., Mycoplasma pneumoniae), by enhancing macrophage recognition and 
hemophagocytosis, or by as yet unknown mechanisms. The many different 
infections that have been associated with hemolytic anemia are tabulated and 
references to the original studies provided. 


Shortening of erythrocyte life span occurs commonly in the course of 
inflammatory and infectious diseases. This effect may occur particularly 
in patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency 
(Chap. 47), splenomegaly (Chap. 56), and in the microvascular frag- 
mentation syndrome (Chaps. 51 and 132). In some infections, however, 
rapid destruction of erythrocytes represents a prominent part of the 
overall clinical picture (Table 53-1).'“° This chapter deals only with the 
latter states. 

Several distinct mechanisms may lead to hemolysis during infec- 
tions.” These include direct invasion of or injury to the erythrocytes 
by the infecting organism, as in malaria, babesiosis, and bartonello- 
sis; elaboration of hemolytic toxins, as by Clostridium perfringens; and 
development of antibodies, either autoantibodies against red cell anti- 
gens or deposition of microbial antigens or immune complexes on ery- 
throcytes, which result in hemolytic anemia.” 


Acronyms and Abbreviations: CR1, complement receptor 1; EBA, erythrocyte- 
binding antigen; G6PD, glucose-6-phosphate dehydrogenase; ICAM, intercellular 
adhesion molecule; PfEMP, Plasmodium falciparum erythrocyte membrane protein; 
RSP-2, ring surface protein 2; VCAM, vascular cell adhesion molecule. 


@ MALARIA 
EPIDEMIOLOGY 


Known since antiquity, malaria is the world’s most common cause of 
hemolytic anemia.” Human malaria is caused by one of five species of a 
protozoan, Plasmodium. In 2012, an estimated 207 million episodes of 
malaria occurred worldwide, resulting in approximately 627,000 deaths, 
mainly children in sub-Saharan Africa." Severe malaria anemia is most 
commonly seen in young children and pregnant women.” 

Malaria transmission depends on geography, rainfall patterns, and 
the breeding sites of the Anopheles mosquito, the specific vector. Some 
regions have conditions that make malaria common throughout the 
year, so-called endemic areas, whereas in other places there are seasonal 
peaks, usually the rainy season when mosquito breeding is enhanced. 
Persons in Africa, Asia, the Middle East, and parts of Europe may be at 
risk. Travelers to such places are at high risk because of lack of immu- 
nity and because when they return home, the diagnosis might not be 
considered promptly. Malaria may also be transmitted by blood trans- 
fusion or organ donation from an infected donor. 


LIFE CYCLE 


Sporozoites enter the circulation while the female Anopheles mosquito 
takes a blood meal. They invade and multiply in hepatocytes. The lat- 
ter cells rupture when engorged and release merozoites that invade the 
red cell. In the red cell, the merozoites also cycle through these stages: 
trophozoites (ring-forms), which then can convert to schizonts. Mature 
schizonts burst the red cells and release merozoites that invade other red 
cells. The bursting and release coincides with the abrupt rises in temper- 
ature and related signs and symptoms seen in malaria. A small fraction 
of merozoites in red cells convert to male and female gametocytes that 
are ingested when the mosquito bites. In the mosquito, they fuse and 
form an oocyst that divides asexually into numerous sporozoites. The 
sporozoites migrate to the mosquito’ salivary glands from where they 
reenter a victims blood upon the next bite, initiating a malarial infec- 
tion. Plasmodium vivax and Plasmodium ovale can persist in the liver 
in a dormant stage (hypnozoites) and produce relapses months or years 
later. 


ALTERATIONS IN THE INFECTED RED CELL 


After the host is bitten by an infected female Anopheles mosquito, the 
sporozoites invade the liver and possibly other internal organs in the 
asymptomatic tissue stage of malaria. Merozoites, emerging at first from 
the tissues and later from previously parasitized red cells, use specialized 
invasion proteins such as the erythrocyte binding-like (EBA) and retic- 
ulocyte homology (RH) protein families, which bind to receptors on the 
erythrocyte surface, including glycophorins A/B/C, CR1 (CD35), and 
basigin (CD147).°**° A complex series of events eventuates in invasion 
of the interior of the red cell by the parasite.” Having entered the ery- 
throcyte, the parasite grows intracellularly, nourished by the cell’s con- 
tents, and modifies the host cell by exporting hundreds of proteins into 
the cytoplasm, some of which are inserted into the red cell membrane.*° 

Erythrocytes infected with Plasmodium falciparum develop sur- 
face knobs” that contain receptors, especially the P falciparum ery- 
throcyte membrane protein-1 (PfEMP-1), for endothelial proteins. 
All parasites bind to CD36 antigen (platelet glycoprotein IV) and 
thrombospondin found on endothelial surfaces, whereas some bind 
to the intercellular adhesion molecule-1 (ICAM-1), and a few bind 
to the vascular cell adhesion molecule (VCAM)**® and mediate the 
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TABLE 53-1. Organisms Causing Hemolytic Anemia 


Aspergillus’ 

Bacillus anthracis? 

Babesia microti and Babesia divergens? 
Bartonella bacilliformis*’ 
Campylobacter jejuni®’ 

Clostridium perfringens(Welchii)®° 
Coxsackievirus'® 

Cytomegalovirus" 

Diplococcus pneumoniae’? 
Epstein-Barr virus'>'4 

Escherichia coli'*'® 123 

Fusobacterium necrophorum”” 
Haemophilus influenzae’??? 

Hepatitis A'*7° 

Hepatitis B'°?! 

Hepatitis C?? 

Herpes simplex virus!’ 

Human immunodeficiency virus***° (Chap. 81) 
Influenza A virus?”° 

Leishmania donovani” 


Leptospira interrogans serovar ballum and/or Leptospira kirschneri 
serovar butembo”’ 


Mumps virus?! 
Mycobacterium tuberculosis’??? 
Mycoplasma pneumoniae 
Neisseria intracellularis' 
Parvovirus B19 
Plasmodium falciparum” 
Plasmodium malariae” 
Plasmodium vivax% 
Rubella virus?”® 

Rubeola virus’? 
Salmonella’? 
Shigella 
Streptococcus- 
Toxoplasma’? 
Trypanosoma brucei*® 
Varicella virus! 

Vibrio cholerae’? 


Yersinia enterocolitica*® 


adherence of parasitized cells to endothelium. Activated endothelium 
secretes strands of ultralarge von Willebrand factor, which bind plate- 
lets, allowing PfEMP-1 to interact with platelet CD36 and this provides 
an additional means of cytoadherence.® Rosetting of parasitized cells 
with unparasitized cells also occurs through a mechanism mediated by 


complement receptor-1 (CR1) on uninfected erythrocytes.“ One of the 
membrane proteins of P. falciparum binds specifically to the spectrin 
on the inner surface of the red cell membrane.* The anemia of falci- 
parum malaria is characteristically normocytic-normochromic ane- 
mia with a paucity of reticulocytes (see “Pathogenesis of the Anemia” 
below). If microcytosis is present, the concomitant presence of a- or 
B-thalassemia or iron deficiency should be considered.“ A large num- 
ber of genetic polymorphisms that interfere with invasion of erythro- 
cytes by parasites and their proliferation have developed in areas where 
malaria has been a leading cause of death for many generations.“ 
These include G6PD deficiency, Southeast Asian ovalocytosis, CR1 defi- 
ciency, the thalassemias, sickle cell anemia (Chaps. 46 to 48), and other 
hemoglobinopathies. 


PLASMODIUM SPECIES AND SEVERITY OF 
ANEMIA 


There are five plasmodial species that cause human malaria: P fal- 
ciparum, P. vivax, Plasmodium malariae, P. ovale and Plasmodium 
knowlesi. The first two cause the most cases worldwide and are prin- 
cipally associated with hemolytic anemia. P. vivax invades only young 
red cells, whereas P. falciparum attacks both young and old cells. Thus, 
anemia tends to be more severe in the latter form of malaria and is the 
most deadly type.” 


PATHOGENESIS OF THE ANEMIA 


Hemolytic Mechanisms 

Destruction of parasitized red cells appears to occur largely in the spleen, 
and splenomegaly typically is present in chronic malarial infection. The 
“pitting” of parasites from infected erythrocytes may also occur in the 
spleen.” The degree of parasitemia, in part, determines the destruction 
of infected erythrocytes. Low rates of red cell parasitemia may have little 
effect on the development of anemia, whereas high rates, for example, 
10 percent, may have very significant effects.” The degree to which ane- 
mia develops often seems to be disproportionate to the number of cells 
infected with the parasite. It is estimated that 10 times the number of 
uninfected red cells are removed for each infected red cell, dramatically 
magnifying the hemolytic rate. Osmotic fragility is increased in nonpar- 
asitized cells, as well as in cells containing plasmodia.” The erythrocyte 
cation permeability is altered in monkeys with malaria.” Hemin accu- 
mulation facilitates hemolytic cell loss via a process of programmed cell 
death, referred to as eryptosis. This suicidal death pathway is mediated 
by increased cell calcium, increased annexin-V binding, and ceramide 
formation.” Oxidative damage to red cell lipids occurs” and there is 
an abnormality in the phosphorylation of membranes of parasitized red 
cells.” P. falciparum-infected red cells have a highly irregular surface 
produced by the intracellular growth of the plasmodium, but nonpar- 
asitized cells often have similar surface defects.” Activation of hepato- 
splenic macrophages enhance red cell clearance supported by red cell 
surface changes in both parasitized and unparasitized cells that foster 
recognition and erythrophagocytosis by macrophages. Both marked 
loss of red cell deformability and deposition of immunoglobulin G and 
complement (C3d), sometimes resulting in a positive direct antiglobu- 
lin reaction, may enhance red cell removal by macrophages.” Para- 
site products are part of the immune complexes on the red cell surface. 
The P. falciparum ring surface protein 2 (RSP-2) mediates adhesion of 
infected red cells to endothelial cells and is deposited on uninfected 
cells, undoubtedly providing a mechanism for removal of these cells by 
mediating complement-dependent phagocytosis. Splenomegaly fur- 
ther enhances red cell removal from the circulation. 


Decrease in Erythropoiesis 

P. falciparum also decreases the erythropoietin response, resulting in 
less erythropoiesis than expected for the degree of anemia, reticulocy- 
topenia, and coincidentally striking dyserythropoiesis with stippling, 
cytoplasmic vacuolization, nuclear fragmentation and multinuclearity. 
The inhibition of the erythroid response (anemia of chronic disease) is 
secondary to release of the cytokines interferon-y and tumor necrosis 
factor-a, and the interleukin-10-to-tumor-necrosis-factor ratio, which 
when low correlates with severe malarial anemia in children (Chap. 37). 


BLACKWATER FEVER 


The fever associated with malaria, accompanied by rigors, headache, 
abdominal pain, nausea and vomiting, and extreme fatigue, is charac- 
teristically cyclic, varying in frequency according to the malaria type. 
Although classic periodicity is often absent, febrile paroxysms of P. 
vivax malaria tend to occur every 48 hours; those of P. malariae infec- 
tion occur each 72 hours; and those of P. falciparum malaria, daily. 
In the latter cases, the periodicity is the result the synchronization of 
schizogony with schizont rupture occurring at regular intervals. It is 
schizont rupture that accounts for the fever and associated symptoms. 
Falciparum malaria is occasionally associated with particularly severe 
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hemolysis, hemoglobinemia, hemoglobinuria, and the passage of dark, 
almost black, urine. This disorder, also called blackwater fever, is no lon- 
ger common. At one time it was seen frequently among Europeans in 
Africa and in India, usually after quinine was given to treat malaria. The 
event seems to be related to the intermittent use of antimalarials.’ 


DIAGNOSTIC METHODS 


Diagnosis of malaria depends upon demonstration of the parasites on 
the blood film, or the presence of antigenic parasite proteins using rapid 
detection tests (RDTs).* Alternative techniques involve polymerase 
chain reaction (PCR) to demonstrate the appropriate DNA sequences 
in the blood**™ or the use of automated hematology analyzers to iden- 
tify parasites as part of a routine complete blood count (CBC) investi- 
gation. The morphologic differentiation of P. falciparum from other 
forms of malaria, principally P vivax, is clinically important as P. fal- 
ciparum infection may constitute a clinical emergency. If more than 
5 percent of the red cells infected contain parasites, the infection is 
almost certainly with P. falciparum. In an infection with this organism, 
rings are practically the only form of parasite evident on the blood film. 
The finding of two or more rings within the same red cells is regarded 
as pathognomonic of P. falciparum (Fig. 53-1A and B). In nonimmune 
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Figure 53-1. A. Blood film from a patient with malaria caused by Plasmodium falciparum. Several red cells contain ring forms. Note red cell with 
double ring form in center of the field, characteristic of P falciparum infection. Note the ring form with double dots at the left edge of figure, sug- 
gestive of P falciparum infection. Note also high rate of parasitemia (~10 percent of red cells in this field) characteristic of P falciparum infection. 
B. Blood film from a patient with malaria caused by Plasmodium vivax. Note mature schizont. C. Blood film from a patient with Babesia microti infec- 
tion. The heavy parasitemia is characteristic of babesiosis (approximately two-thirds of red cells infected). D. Blood film from a patient with Clostridium 
perfringens septicemia. Few red cells evident as a result of intense erythrolysis. Neutrophil with two bacilli (C. perfringens). (Reproduced with permission 


from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 
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patients, examination of the blood film for malarial parasites should be 
made for at least 3 days after onset of symptoms because parasitemia 
may not reach detectable levels for several days. 


TREATMENT 


Early treatment is important. The spread of antimalarial therapy has 
resulted in major problems with drug resistance. Eradication of blood 
forms can be achieved with individual agents or combinations of anti- 
malarials. Artemisinins are the most effective agents for P. falciparum. 
Numerous studies are in progress to determine the best single agent or 
combination of agents to be used in the treatment of malaria in different 
regions.*° Many such drugs are capable of producing severe hemolysis in 
patients with G6PD deficiency, which is relevant in areas with endemic 
malaria (Chap. 47).*” 


PREVENTION 


An initial test of a P falciparum sporozoite vaccine, administered intra- 
venously in five doses, has shown efficacy in a small number of exper- 
imental subjects. The immunologic responses were closely correlated 
with vaccine dose. Although a very important step forward, the prac- 
tical limitations of five intravenous doses will have to be circumvented 
for extensive application to susceptible populations.** Another vaccine, 
RTS,S, is the first candidate to be tested in phase 3 clinical trials, but the 
preliminary results have been disappointing. Protection against clini- 
cal malaria in infants ranged between 30 and 50 percent and the effect 
waned after several months.** 


COURSE AND PROGNOSIS 


When acute, unusually severe hemolysis occurs in the course of falci- 
parum malaria (blackwater fever), the physician should be certain that 
a hemolytic drug is not being administered to a G6PD-deficient indi- 
vidual. Transfusions may be needed with severe hemolysis, and if renal 
failure occurs, extracorporeal dialysis may be required. With early insti- 
tution of therapy the prognosis in malaria is excellent. However, when 
treatment is delayed or the strain is resistant to the administered agent, 
P. falciparum malaria may follow a rapid, fatal course. 


@BARTONELLOSIS (OROYA FEVER) 
EPIDEMIOLOGY 


In 1885, Daniel A. Carrion, a medical student, inoculated himself with 
blood obtained from a verrucous node of the skin of a patient with ver- 
ruca peruviana. He developed a fatal hemolytic anemia with the charac- 
teristics of Oroya fever, a disease that had first been observed some years 
earlier among workers in a railroad construction project near the city 
of Oroya in the Peruvian Andes. This fatal self-experiment established 
the identity of the verrucosa form and the hemolytic phase of human 
bartonellosis, an infection that now bears the name Carrión disease.” 
Human bartonellosis is transmitted by the sandfly. 


PATHOGENESIS 


After a sandfly bite, the red blood cells become infected with Barto- 
nella bacilliformis. It is believed that the organism does not grow within 
the red cell, but rather adheres to its exterior surface: When infected 
red cells are washed with citrated plasma, free organisms are found 
but the red cells are not hemolyzed. In hanging-drop cultures, masses 
of organisms are clearly seen outside the erythrocytes, while the cells 
themselves are intact. The osmotic fragility of the red cells is normal.’ 
They are rapidly removed from the circulation, apparently both by liver 


and spleen. Normal red cells transfused into patients with bartonello- 
sis meet a similar fate.* A 130-kDa Bartonella protein that causes ery- 
throcytes to acquire trenches, indentations, and invaginations has been 
purified from culture broths and has been called deformin.” In addi- 
tion, two B. bacilliformis genes, designated ialA and ialB, predicted to 
encode polypeptides of 170 amino acids (20.1 kDa) and of 186 amino 
acids (19.9 kDa), respectively, greatly enhance the ability of Escherichia 
coli to invade erythrocytes.” 


CLINICAL FINDINGS 


As demonstrated by Carrión’s experiment, bartonellosis has two clinical 
stages. The acute hemolytic anemia, Oroya fever, represents the early, 
invasive stage of a chronic granulomatous disorder, the late stage of 
which is designated verruca peruviana. Most patients manifest no clin- 
ical symptoms during the Oroya fever phase, but when anemia does 
occur, its onset is dramatic. Red counts as low as 750,000/uL (0.750 
x 10"°/L) have been documented.” In addition to symptoms of anemia, 
patients manifest thirst, anorexia, sweating, and generalized lymph- 
adenopathy. Spleen and liver enlargement are unusual. Large numbers 
of nucleated red cells appear in the blood film, and reticulocytosis is 
often striking. The white cell count is variable. Diagnosis is established 
by demonstrating the presence of the organism B. bacilliformis on the 
erythrocytes. Giemsa-stained blood films reveal red-violet rods varying 
in length from 1 to 3 wm and in width from 0.25 to 0.2 um. Although 
molecular methods for diagnosis of Bartonella species are available,” in 
a person with the clinical picture, the examination of the blood film can 
be accomplished and therapy initiated, rapidly. 


TREATMENT AND COURSE 


Oroya fever responds well to treatment with penicillin, streptomy- 
cin, chloramphenicol, and the tetracyclines. The mortality rate among 
untreated patients is very high, but those who do survive undergo a sud- 
den transitional period in which the Bartonellae change from an elon- 
gated to a coccoid form, the number of parasitized cells decreases, and 
the red cell count increases. Lymphocytosis and improved neutrophil 
count are observed with disappearance of the fever and abatement 
of other symptoms. The second stage of Bartonella infection, verruca 
peruviana, is a nonhematologic disorder characterized by an eruption 
over the face and extremities developing into bleeding warty tumors. 

Other species of Bartonella cause human febrile infections such 
as “cat-scratch fever; or “trench fever? or can infect individuals with 
acquired immunodeficiency disease, but these disorders are not ordi- 
narily associated with severe hemolytic anemia.**°° 


@BABESIOSIS 
EPIDEMIOLOGY 


Babesiae are intraerythrocytic protozoas known as piroplasms. They are 
transmitted by ticks that may infect many species of wild and domes- 
tic animals. Humans occasionally become infected with Babesia microti 
(North America) or Babesia divergens (Europe), species that normally 
parasitize rodents, and, deer, elk, and cattle, respectively.” Other 
Babesia-like piroplasms, such as Babesia WA 1, first isolated from a patient 
in the state of Washington, and Babesia MO1, isolated in Missouri, may 
also produce human disease.” Once thought to be rare, babesiosis is 
being recognized with increasing frequency.” The disease is usually 
tickborne in humans, but has also been transmitted by transfusion. 0-1% 
Cases of babesiosis, mostly caused by B. microti but also by Babesia WA1 
species, have been transmitted by transfusion of blood from asymp- 
tomatic infected blood donors. The risk of transfusion-transmitted 


babesiosis is higher than generally appreciated and represents a threat to 
the blood supply in endemic areas. Presumably because of the distribu- 
tion of the vector in the United States, the disease is most common in the 
northeastern coastal and Great Lakes regions where it became known 
as “Nantucket fever,’ but has also been encountered in the Midwest.!” 
Infections with B. divergens usually occur in splenectomized patients, 
but this is not the case with B. microti infections.’ 


CLINICAL FINDINGS 


The symptoms are prompted by reproduction of the organisms in 
the red cell and subsequent cell lysis. The clinical expression is broad, 
reflecting the degree of parasitemia. The incubation period ranges from 
1 week to 3 months but usually is about 3 weeks. The disease gener- 
ally has a gradual onset with malaise, anorexia, and fatigue, followed by 
fever (sometimes as high as 40°C), chills, sweats, and muscle and joint 
pains. The onset, occasionally, may be fulminant. Hepatic and splenic 
enlargement may be evident." 

A moderate degree of hemolytic anemia is usually present; on 
occasion it has been sufficiently severe to cause hypotension,'” and 
transfusion has occasionally been required.” The hemolysis may last a 
few days, but in asplenic, elderly, or otherwise immunocompromised 
patients, it can go on for months. Elevation in serum transaminases, 
lactic dehydrogenase, unconjugated bilirubin, and alkaline phosphatase 
correlates with the severity of the parasitemia. Thrombocytopenia and 
leukopenia may occur, which may be the result of inflammatory cytok- 
ine release.’ 


DIAGNOSIS 


The history may indicate exposure to a tick-infested area, recent blood trans- 
fusion, or asplenia. Parasites can be seen in the red cells in Giemsa-stained 
thin blood films. They appear as darkly stained ring forms with light 
blue cytoplasm. Merozoites may also be visible. Infrequently, the clas- 
sical Maltese cross tetrad can be found. This intraerythrocytic struc- 
ture consists of four daughter cells of Babesia connected by cytoplasmic 
bridges, resembling a Maltese cross. The parasitemia can be very high, 
affecting more than 75 percent of red cells (see Fig. 53-1C).'°* Immun- 
ofluorescent tests for antibodies to Babesia are available and PCR-based 
diagnostic tests are the test of choice for confirmation of an active infec- 
tion in an individual bearing antibodies to Babesia and for following the 
response to therapy. 

The onset of fever and hemolytic anemia after transfusion should 
lead to the consideration of babesiosis. 


TREATMENT AND COURSE 


Most mild B. microti infections respond without treatment. The infec- 
tion has responded to drug therapy with clindamycin and quinine, ° 
but failure to respond to antibiotics has also been encountered. The 
two-drug combination can increase rate of clearance of parasites, but 
they have consequential side effects. A combination of atovaquone and 
azithromycin has also been proposed as treatment.”*!!! Whole-blood 
or red cell exchange can result in marked improvement in recalcitrant 
cases, 1081 


COINFECTION 


In endemic areas two or more parasites may coinfect an individual by 
a tick bite. B. microti and Borrelia burgdorferi (Lyme disease) may both 
enter the human circulation as a result of the Ixodes tick bite, as can 
several other parasites (e.g., human granulocytic ehrlichiosis). Initial 
signs and symptoms may be similar. Successful early treatment for Lyme 
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disease may leave a residual B. microti infection because antibiotic ther- 
apy for the former will not eradicate the latter. "°° 


@ CLOSTRIDIUM PERFRINGENS 
SEPTICEMIA 


EPIDEMIOLOGY 


C. perfringens (formerly Clostridium welchii) sepsis is most likely to 
occur in patients who have undergone septic abortion. It has also been 
observed following acute cholecystitis," as a result of an intrahepatic 
abscess,” and, rarely, after amniocentesis (amnionitis).'"? 


PATHOGENESIS 


C. perfringens are Gram-positive, encapsulated, spore-forming, anaer- 
obic bacilli. The organism causes gas gangrene in soft tissues. The 
« toxin of C. perfringens is a lecithinase C that reacts with lipoprotein 
complexes at cell surfaces, liberating potent hemolytic substances, lys- 
olecithins. This toxin is the agent that causes intravascular hemolysis 
and its subsequent effects. It has also been suggested that erythrocyte 
membrane proteolysis plays an important role in hemolysis.’ 


CLINICAL FEATURES 


Severe, often fatal hemolysis occurs in patients with C. perfringens septi- 
cemia. Striking hemoglobinemia and hemoglobinuria occur. The serum 
may become a brilliant red, and the urine is a dark-brown mahogany 
color. The lysis of red cells (decreasing packed red cell volume) and the 
high plasma hemoglobin can produce a marked dissociation between 
the blood hemoglobin and hematocrit level. For example, hematocrits 
approaching zero with blood hemoglobins as high as 8 g/dL can occur. 
Dehemoglobinized red cells (“ghosts”) may be evident on the blood film 
(see Fig. 53-1D). Microspherocytes are prominent (Chap. 46), and both 
leukocytosis with a left shift and thrombocytopenia are often present. 
Acute renal and hepatic failure usually develops, and the prognosis is 
grave; more than half of the patients die, even with appropriate treat- 
ment (Chap. 129).815 


THERAPY AND COURSE 


Therapy consists of antibiotic therapy, fluid support, red cell transfu- 
sion, and where appropriate surgical debridement.'® The infection is 
often of abrupt onset and overwhelming, and the profundity of the 
hemolysis and secondary organ damage (e.g., renal) results in a high 
mortality rate. 


@ OTHER INFECTIONS 


A variety of other infections occasionally have been associated with 
hemolytic anemia. The mechanisms involved vary. Some organisms, 
among them such common pathogens as Haemophilus influenzae, E. 
coli, and Salmonella species, can produce red cell agglutination in vitro, 
but it is not known whether this phenomenon is important in initiating 
in vivo hemolysis." Bacteria may also produce destruction of red cells 
indirectly when bacterial polysaccharides are adsorbed onto erythro- 
cytes. Action of an antibody directed against the antigen-coated cells 
results in their agglutination’'’ or in complement-mediated lysis.” The 
unmasking of T-type antigens by bacteria renders the cell polyaggluti- 
nable. This may be a rare cause of hemolysis occurring in the course of 
bacterial infections." 

Many different types of microorganisms may play a role in pre- 
cipitating autoimmune hemolytic disease (Chap. 54). In one study of 
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234 patients, 55 were found to have an antecedent bacterial infection, 
18 of these exhibiting an “unequivocal etiologic relationship” of infec- 
tion to anemia. However, the principal evidence for such a relation- 
ship was a temporal one. A number of viral agents, including measles, 
cytomegalovirus, varicella, herpes simplex, influenzas A and B, Epstein- 
Barr, human immunodeficiency virus” (Chap. 82), and coxsackiev- 
irus have also been associated with immune hemolytic disease.’*"! 
Various mechanisms have been postulated, including absorption of 
immune complexes and complement, cross-reacting antigen, and a true 
autoimmune state with possible loss of tolerance secondary to the infec- 
tious organism. Histopathologic and sometimes virologic evidence of 
infection with cytomegalovirus has been reported in a high percentage 
of children with lymphadenopathy and hemolytic anemia." A positive 
antiglobulin reaction was demonstrated in some of these patients, and 
it has been suggested that some cases of “idiopathic autoimmune hemo- 
lytic anemia” are in reality caused by cytomegalovirus infection.'” 

The high cold agglutinin titer that sometimes develops in the 
course of Mycoplasma pneumoniae pneumonia (Chap. 54) may occa- 
sionally result in hemolytic anemia’*’ or compensated hemolysis, 
although most patients with high cold agglutinin titers do not become 
anemic. The red cells of a number of patients with kala azar were found 
to be agglutinated with anticomplement and anti-non-y-globulin 
serum.” Both splenic and hepatic sequestration of red cells appears to 
occur in this disease.” 

Microangiopathic hemolytic anemia is discussed in detail in 
Chaps. 51 and 129. This disorder may be triggered by a variety of infec- 
tions, some of which are caused by well-characterized organisms such 
as Shiga toxin-producing Escherichia coli, Shigella dysenteriae type 1,” 
Campylobacter,’ and Aspergillus.’ 


REFERENCES 


1. Robboy SJ, Salisbury K, Ragsdale B, et al: Mechanism of Aspergillus-induced microan- 
giopathic hemolytic anemia. Arch Intern Med 128:790, 1971. 

2. Freedman A, Afonja O, Chang MW, et al: Cutaneous anthrax associated with microan- 
giopathic hemolytic anemia and coagulopathy in a 7-month-old infant. JAMA 287:869, 
2002. 

3. Pruthi RK, Marshall WE, Wiltsie JC, Persing DH: Human babesiosis. Mayo Clin Proc 
70:853, 1995. 

4. Reynafarje C, Ramos J: The hemolytic anemia of human bartonellosis. Blood 17:562, 
1961. 

5. Ricketts WE: Bartonella bacilliformis anemia (Oroya fever). A study of thirty cases. 
Blood 3:1025, 1948. 

5a. Schultz MG. A history of Bartonellosis (Carrién’s disease). Am J Trop Med Hygiene 
17:503, 1968. 

6. Smith MA, Shah NR, Lobel JS, Hamilton W: Methemoglobinemia and hemolytic ane- 
mia associated with Campylobacter jejuni enteritis. Am J Pediatr Hematol Oncol 10:35, 
1988. 

7. Damani NN, Humphrey CA, Bell B: Haemolytic anaemia in Campylobacter enteritis. J 
Infect 26:109, 1993. 

8. Rogstad B, Ritland S, Lunde S, Hagen AG: Clostridium perfringens septicemia with mas- 
sive hemolysis. Infection 21:54, 1993. 

9. Kreidl KO, Green GR, Wren SM: Intravascular hemolysis from a Clostridium perfrin- 
gens liver abscess. J Am Coll Surg 194:387, 2002. 

10. Pirofsky B: Infectious disease and autoimmune hemolytic anemia, in Autoimmuniza- 
tion and the Autoimmune Hemolytic Anemias, p 147. Waverly Press, Baltimore, 1969. 

11. van Spronsen DJ, Breed WP: Cytomegalovirus-induced thrombocytopenia and haemo- 
lysis in an immunocompetent adult. Br J Haematol 92:218, 1996. 

12. Dacie JV: Secondary or symptomatic hemolytic anemias, in The Haemolytic Anaemias, 
Part III, edited by JV Dacie, p 908. Grune & Stratton, New York, 1967. 

13. Tonkin AM, Mond HG, Alford FP, Hurley TH: Severe acute haemolytic anaemia com- 
plicating infectious mononucleosis. Med J Aust 2:1048, 1973. 

14. Whitelaw F Brook MG, Kennedy N, Weir WR: Haemolytic anaemia complicating 
Epstein-Barr virus infection. Br J Clin Pract 49:212, 1995. 

15. Ludwig K, Ruder H, Bitzan M, et al: Outbreak of Escherichia coli 0157: H7 infection in 
a large family. Eur J Clin Microbiol Infect Dis 16:238, 1997. 

16. Pennings CM, Seitz RC, Karch H, Lenard HG: Haemolytic anaemia in association with 
Escherichia coli 0157 infection in two sisters. Eur J Pediatr 153:656, 1994. 

17. Chand DH, Brady RC, Bissler JJ: Hemolytic uremic syndrome in an adolescent with 
Fusobacterium necrophorum bacteremia. Am J Kidney Dis 37:E22, 2001. 


18. 


19: 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27, 


28. 


29, 


30. 


31. 


32. 


33. 


34. 


35. 


36. 
37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


si, 


52, 
53. 


Gundersen SG, Bjoerneklett A, Bruun JN: Severe erythroblastopenia and hemolytic 
anemia during a hepatitis A infection. Scand J Infect Dis 21:225, 1989. 

Kanematsu T, Nomura T, Higashi K, Ito M: Hemolytic anemia in association with viral 
hepatitis. Nippon Rinsho 54:2539, 1996. 

Urganci N, Akyildiz B, Yildirmak Y, Ozbay G: A case of autoimmune hepatitis and 
autoimmune hemolytic anemia following hepatitis A infection. Turk J Gastroenterol 
14:204, 2003. 

Gurgey A, Yuce A, Ozbek N, Kocak N: Acute hemolysis in association with hepatitis B 
infection in a child with beta-thalassemia trait. Turk J Pediatr 36:259, 1994. 

Etienne A, Gayet S, Vidal F, et al: Severe hemolytic anemia due to cold agglutinin com- 
plicating untreated chronic hepatitis C: Efficacy and safety of anti-CD20 (rituximab) 
treatment. Am J Hematol 75:243, 2004. 

Shurin SB, Anderson P, Zollinger J, Rathbun RK: Pathophysiology of hemolysis in 
infections with Haemophilus influenzae type B. J Clin Invest 77:1340, 1986. 

Rheingold SR, Burnham JM, Rutstein R, Manno CS: HIV infection presenting as severe 
autoimmune hemolytic anemia with disseminated intravascular coagulation in an 
infant. J Pediatr Hematol Oncol 26:9, 2004. 

Koduri PR, Singa P, Nikolinakos P: Autoimmune hemolytic anemia in patients infected 
with human immunodeficiency virus-1. Am J Hematol 70:174, 2002. 

Saif MW: HIV-associated autoimmune hemolytic anemia: An update. AIDS Patient 
Care STDS 15:217, 2001. 

Watanabe T: Hemolytic uremic syndrome associated with influenza A virus infection. 
Nephron 89:359, 2001. 

Asaka M, Ishikawa I, Nakazawa T, et al: Hemolytic uremic syndrome associated with 
influenza A virus infection in an adult renal allograft recipient: Case report and review 
of the literature. Nephron 84:258, 2000. 

Trowbridge AA, Green JB III, Bonnett JD, et al: Hemolytic anemia associated with lep- 
tospirosis. Morphologic and lipid studies. Am J Clin Pathol 76:493, 1981. 

Woodruff AW, Topley E, Knight R, Downie CGB: The anaemia of kala azar. Br J Haema- 
tol 22:319, 1972. 

Ozen S, Damarguc I, Besbas N, et al: A case of mumps associated with acute hemolytic 
crisis resulting in hemoglobinuria and acute renal failure. J Med 25:255, 1994. 

Kuo PH, Yang PC, Kuo SS, Luh KT: Severe immune hemolytic anemia in disseminated 
tuberculosis with response to antituberculosis therapy. Chest 119:1961, 2001. 

Fiala M, Myhre BA, Chinh LT, et al: Pathogenesis of anemia associated with Mycop- 
lasma pneumoniae. Acta Haematol 51:297, 1974. 

Chambers LA, Rauck AM: Acute transient hemolytic anemia with a positive Don- 
ath-Landsteiner test following parvovirus B19 infection. J Pediatr Hematol Oncol 
18:178, 1996. 

Weatherall DJ, Miller LH, Baruch DI, et al: Malaria and the red cell. Hematology Am Soc 
Hematol Educ Program 35, 2002. 

White NJ: The treatment of malaria. N Engl J Med 335:800, 1996. 

Moriuchi H, Yamasaki S, Mori K, et al: A rubella epidemic in Sasebo, Japan in 1987, 
with various complications. Acta Paediatr Jpn 32:67, 1990. 

Yoneda S, Yoshikawa M, Yamane Y, et al: A case of rubella complicated by hemolytic 
anemia. Kansenshogaku Zasshi 74:724, 2000. 

Albagali A, Ghuloom A, Al Arrayed A, et al: Hemolytic uremic syndrome in associa- 
tion with typhoid fever. Am J Kidney Dis 41:709, 2003. 

Houdouin V, Doit C, Mariani P, et al: A pediatric cluster of Shigella dysenteriae serotype 
1 diarrhea with hemolytic uremic syndrome in 2 families from France. Clin Infect Dis 
38:e96, 2004. 

Kavaliotis J, Karyda S, Konstantoula T, et al: Shigellosis of childhood in northern 
Greece: Epidemiological, clinical and laboratory data of hospitalized patients during 
the period 1971-1996. Scand J Infect Dis 32:207, 2000. 

Shepherd AB, Palmer AL, Bigler SA, Baliga R: Hemolytic uremic syndrome associated 
with group A beta-hemolytic streptococcus. Pediatr Nephrol 18:949, 2003. 

Apilanez UM, Areses TR, Ruiz Benito MA, et al: Hemolytic uremic syndrome second- 
ary to Streptococcus pneumoniae pulmonary infection. An Esp Pediatr 57:378, 2002. 
Reynolds E, Espinoza M, Monckeberg G, Graf J: Hemolytic-uremic syndrome and 
Streptococcus pneumoniae. Rev Med Chil 130:677, 2002. 

Brandt J, Wong C, Mihm S, et al: Invasive pneumococcal disease and hemolytic uremic 
syndrome. Pediatrics 110:371, 2002. 

Wéry M, Mulumba PM, Lambert PH, Kazyumba L: Hematologic manifestations, 
diagnosis, and immunopathology of African trypanosomiasis. Semin Hematol 19:83, 
1982. 

Papalia MA, Schwarer AP: Paroxysmal cold haemoglobinuria in an adult with chicken 
pox. Br J Haematol 109:328, 2000. 

Von Knorring J, Pettersson T: Haemolytic anaemia complicating Yersinia enterocolitica 
infection. Report of a case. Scand J Haematol 9:149, 1972. 

Berkowitz FE: Hemolysis and infection: Categories and mechanisms of their interrela- 
tionship. Rev Infect Dis 13:1151, 1991. 

Seitz RC, Buschermohle G, Dubberke G, et al: The acute infection-associated hemolytic 
anemia of childhood: Immunofluorescent detection of microbial antigens altering the 
erythrocyte membrane. Ann Hematol 67:191, 1993. 

World Health Organization: World Malaria Report 2013. Available at http://www.who. 
int/malaria/publications/world_malaria_report_2013/en/ (last accessed 23 January 
2015). 

Greenwood BM: The epidemiology of malaria. Ann Trop Med Parasitol 91:763, 1997. 
Miller LH, Ackerman HC, Su X, Wellems TE: Malaria biology and disease pathogene- 
sis: Insights for new treatments. Nature 19:156, 2013. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


6l. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


74. 


75. 


76. 


Tik 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


Tham WH, Healer, J Cowman A: Erythrocyte and reticulocyte binding-like proteins of 
Plasmodium falciparum. Trends Parasitol 28:23, 2012. 

Crosnier C, Bustamante LY, Bartholdson SJ, et al: Basigin is a receptor essential for 
erythrocyte invasion by Plasmodium falciparum. Nature 480:534, 2011. 

Goldberg D, Cowman A: Moving in and renovating: Exporting proteins from Plas- 
modium into host erythrocytes. Nat Rev Microbiol 8:617, 2010. 

Nakamura K, Hasler T, Morehead K, et al: Plasmodium falciparum-infected erythrocyte 
receptor(s) for CD36 and thrombospondin are restricted to knobs on the erythrocyte 
surface. J Histochem Cytochem 40:1419, 1992. 

Newbold C, Warn P, Black G, et al: Receptor-specific adhesion and clinical disease in 
Plasmodium falciparum. Am J Trop Med Hyg 57:389, 1997. 

Baruch DI, Ma XC, Singh HB, et al: Identification of a region of PfEMP1 that mediates 
adherence of Plasmodium falciparum infected erythrocytes to CD36: Conserved func- 
tion with variant sequence. Blood 90:3766, 1997. 

Sherman IW, Eda S, Winograd E: Cytoadherence and sequestration in Plasmodium fal- 
ciparum: Defining the ties that bind. Microbes Infect 5:897, 2003. 

Udomsangpetch R, Taylor BJ, Looareesuwan S, et al: Receptor specificity of clinical 
Plasmodium falciparum isolates: Nonadherence to cell-bound E-selectin and vascular 
cell adhesion molecule-1. Blood 88:2754, 1996. 

McCormick CJ, Craig A, Roberts D, et al: Intercellular adhesion molecule-1 and CD36 
synergize to mediate adherence of Plasmodium falciparum-infected erythrocytes to cul- 
tured human microvascular endothelial cells. J Clin Invest 100:2521, 1997. 

Bridges DJ, Bunn J, van Mourik JA, et al: Rapid activation of endothelial cells enables 
Plasmodium falciparum adhesion to platelet-decorated von Willebrand factor strings. 
Blood 115:1472, 2010. 

Cockburn IA, MacKinnon MJ, O’Donnell A, et al: A human complement receptor 
1 polymorphism that reduces Plasmodium falciparum rosetting confers protection 
against severe malaria. Proc Natl Acad Sci US A 101:272, 2004. 

Herrera S, Rudin W, Herrera M, et al: A conserved region of the MSP-1 surface protein 
of Plasmodium falciparum contains a recognition sequence for erythrocyte spectrin. 
EMBO J 12:1607, 1993. 

Lamikanra AA, Brown D, Potocnik A, et al: Malarial anemia: Of mice and men. Blood 
110:18, 2007. 

Mombo LE, Ntoumi F, Bisseye C, et al: Human genetic polymorphisms and asymptom- 
atic Plasmodium falciparum malaria in Gabonese school-children. Am J Trop Med Hyg 
68:186, 2003. 

Clegg JB, Weatherall DJ: Thalassemia and malaria: New insights into an old problem. 
Proc Assoc Am Physicians 111:278, 1999. 

Zimmerman PA, Patel SS, Maier AG, et al: Erythrocyte polymorphisms and malaria 
parasite invasion in Papua New Guinea. Trends Parasitol 19:250, 2003. 

Angus BJ, Chotivanich K, Udomsangpetch R, White NJ: In vivo removal of malaria 
parasites from red blood cells without their destruction in acute falciparum malaria. 
Blood 90:2037, 1997. 

Jakeman GN, Saul A, Hogarth WL, Collins WE: Anaemia of acute malaria infections 
in non-immune patients primarily results from destruction of uninfected erythrocytes. 
Parasitology 119(Pt 2):127, 1999. 

George JN, Wicker DJ, Fogel BJ, et al: Erythrocytic abnormalities in experimental 
malaria. Proc Soc Exp Biol Med 124:1086, 1967. 

Overman RR: Reversible cellular permeability alterations in disease. In vivo studies on 
sodium, potassium and chloride concentrations in erythrocytes of the malarious mon- 
key. Am J Physiol 152:113, 1948. 

Gatidis S, Féller M, Lang F: Hemin-induced suicidal erythrocyte death. Ann Hematol 
88:721, 2009. 

Clark IA, Hunt NH: Evidence for reactive oxygen intermediates causing hemolysis and 
parasite death in malaria. Infect Immun 39:1, 1983. 

Stocker R, Cowden WB, Tellan RL, et al: Lipids from Plasmodium vinckei-infected ery- 
throcytes and their susceptibility to oxidative damage. Lipids 22:51, 1987. 

Yuthavong Y, Limpaiboon T: The relationship of phosphorylation of membrane pro- 
teins with the osmotic fragility and filterability of Plasmodium berghei-infected mouse 
erythrocytes. Biochim Biophys Acta 929:278, 1987. 

Balcerzak SP, Arnold JD, Martin DC: Anatomy of red cell damage by Plasmodium falci- 
parum in man. Blood 40:98, 1972. 

Jenkins NE, Chakravorty SJ, Urban BC, et al: The effect of Plasmodium falciparum infection 
on expression of monocyte surface molecules. Trans R Soc Trop Med Hyg 100:1007, 2006. 
Helegbe GK, Goka BQ, Kurtzhals JA, et al: Complement activation in Ghanaian chil- 
dren with severe Plasmodium falciparum malaria. Malar J 6:165, 2007. 

Price R, van Vugt M, Phaipun L, et al: Adverse effects in patients with acute falciparum 
malaria treated with artemisinin derivatives. Am J Trop Med Hyg 60:547, 1999. 
Mouatcho JC, Goldring JP. Malaria rapid diagnostic tests: Challenges and prospects. J 
Med Microbiol 62(Pt 10):1491, 2013. 

Weiss JB: DNA probes and PCR for diagnosis of parasitic infections. Clin Microbiol Rev 
8:113, 1995. 

Mangold KA, Manson RU, Koay ES, et al: Real time PCR for detection and identifica- 
tion of Plasmodium spp. J Clin Microbiol 43: 2435, 2005. 

Campuzano-Zuluaga G, Hanscheid T, Grobusch MP. Automated haematology analysis 
to diagnose malaria. Malar J 9:346, 2010. 

Flannery EL, Chatterjee AK, Winzeler EA. Antimalarial drug discovery—Approaches 
and progress towards new medicines. Nat Rev Microbiol 11:849, 2013. 

Beutler E, Duparc S; G6PD Deficiency Working Group: Glucose-6-phosphate dehydro- 
genase deficiency and antimalarial drug development. Am J Trop Med Hyg 77:779, 2007. 


Chapter 53: Hemolytic Anemia Resulting from Infections with Microorganisms 


88. 
88a. 
89. 
90. 


91. 


92. 


93. 
94. 


95. 
96. 
97. 


98. 
99. 


100. 
101. 
102. 
103. 
104. 
105. 


106. 


107. 
108. 
109. 
110. 
111. 
112. 
113. 


114. 


115. 
116. 
117 
118. 
119. 
120. 
121. 
122. 
123. 


124. 


Seder RA, Chang LJ, Enama ME, et al: Protection against malaria by intravenous 
immunization with a nonreplicating sporozoite vaccine. Science 341:1359, 2013. 

Riley EM, Stewart VA. Immune mechanisms in malaria: New insights in vaccine devel- 
opment. Nat Med 19:168, 2013. 

Aldana L: Bacteriologia de la enfermedad de carrion. Cron Med 46:235, 1929. 

Xu YH, Lu ZY, Ihler GM: Purification of deformin, an extracellular protein synthesized 
by Bartonella bacilliformis which causes deformation of erythrocyte membranes. Bio- 
chim Biophys Acta 1234:173, 1995. 

Mitchell SJ, Minnick MF: Characterization of a two-gene locus from Bartonella bacilli- 
formis associated with the ability to invade human erythrocytes. Infect Immun 63:1552, 
1995. 

Weinman D: Human Bartonella infection and African sleeping sickness. Bull N Y Acad 
Med 22:647, 1946. 

Garcia-Esteban C, Gil H, Rodriguez-Vargas M, et al: Molecular method for Bartonella 
species identification in clinical and environmental samples. J Clin Microbiol 46:776, 
2008. 

Dalton MJ, Robinson LE, Cooper J, et al: Use of Bartonella antigens for serologic diag- 
nosis of cat-scratch disease at a national referral center. Arch Intern Med 155:1670, 
1995. 

Eremeeva ME, Gerns HL, Lydy SL, et al: Bacteremia, fever, and splenomegaly caused by 
a newly recognized Bartonella species. N Engl J Med 356:2381, 2007. 

Koehler JE, Sanchez MA, Tye S, et al: Prevalence of Bartonella infection among human 
immunodeficiency virus-infected patients with fever. Clin Infect Dis 37:559, 2003. 
Reubush TK II, Cassaday PB, Marsh HJ, et al: Human babesiosis on Nantucket Island. 
Ann Intern Med 86:6, 1977. 

Krause PJ: Babesiosis. Med Clin North Am 86:361, 2002. 

Krause PJ, McKay K, Gadbaw J, et al: Increasing health burden of human babesiosis in 
endemic sites. Am J Trop Med Hyg 68:431, 2003. 

Herwaldt BL, McGovern PC, Gerwel MP, et al: Endemic babesiosis in another eastern 
state: New Jersey. Emerg Infect Dis 9:184, 2003. 

Jacoby GA, Hunt JV, Kosinski KS, et al: Treatment of transfusion-transmitted babesiosis 
by exchange transfusion. N Engl J Med 303:1098, 1980. 

Smith RP, Evans AT, Popovsky M, et al: Transfusion-acquired babesiosis and failure of 
antibiotic treatment. JAMA 256:2726, 1986. 

Herwaldt BL, Kjemtrup AM, Conrad PA, et al: Transfusion-transmitted babesiosis 
in Washington State: First reported case caused by a WA1-type parasite. J Infect Dis 
175:1259, 1997. 

Nelson R: Blood on demand. Am Herit Invent Technol 19:24, 2004. 

Dobroszycki J, Herwaldt BL, Boctor F et al: A cluster of transfusion-associated babesi- 
osis cases traced to a single asymptomatic donor. JAMA 281:927, 1999. 

Kjemtrup AM, Lee B, Fritz CL, et al: Investigation of transfusion transmission of a 
WA\1-type babesial parasite to a premature infant in California. Transfusion 42:1482, 
2002. 

Steketee RW, Eckman MR, Burgess EC, et al: Babesiosis in Wisconsin. A new focus of 
disease transmission. JAMA 253:2675, 1985. 

Homer MJ, Aguilar-Delfin I, Telford SR 3rd, et al: Babesiosis. Clin Microbiol Rev 13:451, 
2000. 

Cheng D, Yakobi-Shvilli R, Fernandez J: Life-threatening hypotension from babesiosis 
hemolysis. Am J Emerg Med 20:367, 2002. 

Wittner M, Rowin KS, Tanowitz HB, et al: Successful chemotherapy of transfusion 
babesiosis. Ann Intern Med 96:601, 1982. 

Weiss LM: Babesiosis in humans: A treatment review. Expert Opin Pharmacother 
3:1109, 2002. 

Clancy MT, OBriain S: Fatal Clostridium welchii septicaemia following acute cholecys- 
titis. Br J Surg 62:518, 1975. 

Hamoda H, Chamberlain PF: Clostridium welchii infection following amniocentesis: A 
case report and review of the literature. Prenat Diagn 22:783, 2002. 

Simpkins H, Kahlenberg A, Rosenberg A, et al: Structural and compositional changes 
in the red cell membrane during Clostridium welchii infection. Br J Haematol 21:173, 
1971. 

Mahn HE, Dantuono LM: Postabortal septicotoxemia due to Clostridium welchii. Am J 
Obstet Gynecol 70:604, 1955. 

Moustoukas NM, Nichols RL, Voros D: Clostridial sepsis: Unusual clinical presenta- 
tions. South Med J 78:440, 1985. 

Neter E: Bacterial hemagglutination and hemolysis. Bacteriol Rev 20:166, 1956. 
Ceppellini R, De Gregorio M: Crisi emolitica in animali batterio-immuni transfusi con 
sangue omologo sensibilizzato in vitro mediante lantigene batterico specifico. Boll Ist 
Sieroter Milan 32:445, 1953. 

Dausset J, Moullec J, Bernard J: Acquired hemolytic anemia with polyagglutinability of 
red blood cells due to a new factor. Blood 14:1079, 1959. 

Klein PJ, Vierbuchen M, Roth B, et al: Hemolytic anemia in infections caused by 
neuraminidase-producing bacteria. Verh Dtsch Ges Pathol 67:415, 1983. 

McGinniss MH, Macher AM, Rook AH, Alter HJ: Red cell autoantibodies in patients 
with acquired immune deficiency syndrome. Transfusion 26:405, 1986. 

Zuelzer WW, Stulberg CS, Page RH, et al: The Emily Cooley lecture. Etiology and 
pathogenesis of acquired hemolytic anemia. Transfusion 6:438, 1966. 

Walker CL, Applegate JA, Black RE. Haemolytic-uraemic syndrome as a sequela of 
diarrhoeal disease. J Health Popul Nutr 30:257, 2012. 

Dickgiesser A: Campylobacter infection and the hemolytic-uremic syndrome. Immun 
Infekt 11:71, 1983. 


This page intentionally left blank 


CHAPTER 54 

HEMOLYTIC ANEMIA 
RESULTING FROM IMMUNE 
INJURY 


Charles H. Packman 


SUMMARY 


Autoimmune hemolytic anemia (AHA) is characterized by shortened red 
blood cell (RBC) survival and the presence of autoantibodies directed against 
autologous RBCs. Demonstration of antibody and/or complement on RBC 
membranes, usually by a positive direct antiglobulin test (DAT, also referred 
to as the Coombs test) is essential for diagnosis. Most patients with AHA 
(80 percent) exhibit warm-reactive antibodies of the immunoglobulin (Ig) 
G isotype on their red cells. Most of the remainder of patients exhibit cold- 
reactive autoantibodies. Two types of cold-reactive autoantibodies to RBCs are 
recognized: cold agglutinins and cold hemolysins. Cold agglutinins are gen- 
erally of IgM isotype, whereas cold hemolysins usually are of IgG isotype. The 
DAT may detect IgG, proteolytic fragments of complement (mainly C3), or both 
on the RBCs of patients with warm-antibody AHA. In cold-antibody AHA, only 
complement is detected because the antibody dissociates from the RBCs dur- 
ing washing of the cells. About half of patients with AHA have no underlying 
associated disease; these cases are termed primary or idiopathic. Secondary 
cases are associated with underlying autoimmune, malignant, or infectious 
diseases or with ingestion of certain drugs. 

Although most patients do not require transfusion of RBCs, transfusion 
should not be withheld from those with symptomatic anemia. In warm- 
antibody AHA, rituximab and glucocorticoids are effective in slowing the 
rate of hemolysis. Splenectomy is indicated for patients who are refractory 
to medical therapy or who require an unacceptably high maintenance dose 
or prolonged administration of glucocorticoids. Intravenous immunoglobulin 
may provide short-term control of hemolysis. Immunosuppressive drugs and 
danazol have been used successfully in refractory cases. In cold agglutinin- and 
cold hemolysin-mediated hemolysis, keeping the patient warm and treating 
underlying lymphoproliferative disorders usually are effective. Rituximab has 
been effective in about half of cases of cold AHA. Drug-induced immune hemo- 
lytic anemia usually is ameliorated by discontinuation of the offending drug. 


Acronyms and Abbreviations: AHA, autoimmune hemolytic anemia; CLL, chronic 
lymphocytic leukemia; DAF, decay-accelerating factor; DAT, direct antiglobulin test; 
HLA, human leukocyte antigen; HRF, homologous restriction factor; HS, hereditary 
spherocytosis; IAT, indirect antiglobulin test; Ig, immunoglobulin; IGHV, immuno- 
globulin heavy chain variable region; PNH, paroxysmal nocturnal hemoglobinuria; 
RBC, red blood cell; SLE, systemic lupus erythematosus. 


@ DEFINITION AND HISTORY 


The two main features of immune red blood cell (RBC) injury are (1) 
shortened RBC survival in vivo and (2) evidence of host antibodies 
reactive with autologous RBCs, most frequently demonstrated by a 
positive direct antiglobulin test (DAT), also known as the Coombs test. 
Most cases in adults are mediated by warm-reactive autoantibodies. A 
smaller proportion of patients exhibit cold-reactive autoantibodies or 
drug-related antibodies. 

By the early 20th century, reticulocytes, spherocytes, and osmotic 
fragility of RBCs had been described. Clinicians could diagnose hemo- 
lytic anemia, but the distinction between congenital and acquired forms 
was imprecise. Some clinicians even doubted the existence of acquired 
hemolytic anemia.' The sera of some patients with hemolytic ane- 
mia directly agglutinated saline suspensions of normal or autologous 
human RBCs. These serum factors, later shown to be specific antibod- 
ies (largely of the immunoglobulin [Ig] M class), were termed direct or 
saline agglutinins. In a smaller proportion of cases, the patients’ sera 
could mediate lysis of the test RBCs in the presence of fresh serum as a 
complement source. The heat-stable factors (antibodies) necessary for 
in vitro complement-mediated lysis were called hemolysins. However, in 
the majority of cases of hemolytic anemia, neither direct agglutinins nor 
hemolysins could be demonstrated. In 1945, Coombs and colleagues? 
reported that RBCs coated with nonagglutinating Rh antibodies (now 
known to be of the IgG isotype) could be agglutinated by rabbit anti- 
serum to human y-globulin. That is, the rabbit antiglobulin serum 
crosslinked IgG antibody-coated RBCs to produce visible agglutina- 
tion. Addition of rabbit antiglobulin serum to a suspension of washed 
RBCs isolated from patients with suspected acquired hemolytic anemia 
produced agglutination in many cases, including those patients lacking 
saline agglutinins or hemolysins. RBCs from patients with congenital 
hemolytic anemia did not agglutinate.** This procedure now is termed 
the direct antiglobulin (Coombs) test. Subsequent studies established that 
positive direct antiglobulin reactions in autoimmune hemolytic anemia 
(AHA) are attributable to coating of the RBCs with immunoglobulins 
(mainly IgG) and/or complement proteins. When the RBCs are coated 
chiefly with complement proteins, a positive DAT depends upon the 
presence of anticomplement (principally anti-C3) in the antiglobulin 
reagent. In warm-antibody AHA, the autoantibodies, chiefly of IgG iso- 
type, bind optimally to RBCs at 37°C. Warm antibodies may or may not 
activate complement binding to RBCs. 

Cryopathic hemolytic syndromes are caused by autoantibodies 
that bind RBCs optimally at temperatures less than 37°C and usually 
less than 31°C. Two major types of “cold antibody” may produce AHA. 
Cold agglutinins, which directly agglutinate RBCs, mediate cold agglu- 
tinin disease. The Donath-Landsteiner autoantibody, which is not an 
agglutinin but a potent hemolysin, mediates paroxysmal cold hemoglo- 
binuria. In both cryopathic syndromes, the complement system plays 
a major role in RBC injury (Chap. 19); as such, much greater poten- 
tial exists for direct intravascular hemolysis than in warm-antibody- 
mediated AHA. 

Cold agglutinins were first described by Landsteiner’ in 1903. 
However, recognition of the connection among cold agglutinins, 
hemolytic anemia, and Raynaud-like peripheral vascular phenomena 
evolved slowly. In 1918, Clough and Richter‘ detected cold agglutin- 
ins in a patient with pneumonia. In 1925 and 1926, Iwai and MeiSai”* 
reported two patients with cold agglutinins and Raynaud phenomenon 
and showed that flow of blood through capillary tubes in vitro or in 
superficial capillaries in vivo was impeded at low temperatures. During 
the late 1940s and early 1950s, the observations of many investigators 
gradually established the pathogenic importance of cold agglutinins in 
RBC injury. Schubothe’ introduced the term cold agglutinin disease in 
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1953 and clearly distinguished the disorder from other acquired hemo- 
lytic syndromes. 

In current usage, cold agglutinin disease pertains to patients with 
chronic AHA in which the autoantibody directly agglutinates human 
RBCs at temperatures below body temperature, maximally at 0 to 5°C. 
Fixation of complement to a patient’s RBCs by cold agglutinins in vivo 
occurs at higher temperatures but generally less than 37°C. Cold agglu- 
tinins typically are IgM, although occasionally they may be immu- 
noglobulins of other isotypes. The cold agglutinins in chronic cold 
agglutinin disease generally are monoclonal. Most cold agglutinins have 
specificity for oligosaccharide antigens (I or i) of the RBC (see “Origin 
of Cold Agglutinins” below). 

Donath and Landsteiner first described the cold hemolysin that 
bears their name in 1904. The Donath-Landsteiner antibody is respon- 
sible for complement-mediated hemolysis in paroxysmal cold hemo- 
globinuria, a rare form of AHA in adults. The disorder is characterized 
by recurrent episodes of massive hemolysis following cold exposure." 
A related form of hemolytic anemia occurs much more commonly in 
children (or young adults) as an acute, self-limited hemolytic process 
following several types of viral syndromes." The disease was recog- 
nized during the latter half of the 19th century, when the disease was 
more common because of its association with congenital or tertiary 
syphilis. With the advent of effective therapy for syphilis, this cause of 
paroxysmal cold hemoglobinuria has almost disappeared. Now, recur- 
rent paroxysmal cold hemoglobinuria occurs very rarely in a chronic 
idiopathic form.'*"' An increasing proportion of Donath-Landsteiner 
autoantibody-mediated hemolytic anemias occurs as a single post- 
viral episode in children, without recurrent attacks (paroxysms). The 
prognosis for such cases is excellent. Thus, rather than paroxysmal cold 
hemoglobinuria, a proposed term for this latter entity is Donath-Land- 
steiner hemolytic anemia.'*"* 

The first example of drug-related immune blood cell destruction 
was Ackroyd’s description of sedormid purpura in 1949." In 1953, Snap- 
per and coworkers”? described a case of immune hemolysis and pancy- 
topenia in a patient treated with mephenytoin (Mesantoin). Hemolysis 
ceased upon withdrawal of the drug. In 1956, Harris’? reported what 
are now classic studies of a patient who developed immune hemolytic 
anemia during a second course of stibophen administered for treatment 
of schistosomiasis. Since then, many drugs have been implicated in the 
production of positive DATs and accelerated RBC destruction. 


CLASSIFICATION 


Warm-Reactive versus Cold-Reactive Red Cell Antibody 

AHA can be classified in two complementary ways (Table 54-1). The 
majority of cases (80 to 90 percent in adults) are mediated by warm- 
reactive autoantibodies" or antibodies displaying optimal reactivity 
with human RBCs at 37°C. A smaller proportion of cases is attribut- 
able to cold-reactive autoantibodies exhibiting greater affinity for RBCs 
at temperatures less than 37°C. The distinction is important, not only 
because of differences in the pathophysiology of RBC injury but also 
in the therapeutic approaches required. An even smaller proportion of 
patients with AHA exhibit both cold-reactive and warm-reactive auto- 
antibodies,*"” which apparently recognize different antigens on the 
RBC membrane.” RBC destruction is generally more severe in mixed 
cases. 


Absence or Presence of an Associated Disease 

Classification of AHA based on the presence or absence of underlying 
diseases also is useful (see Table 54-1). When no recognizable underly- 
ing disease is present, the AHA is termed primary or idiopathic. When 
AHA appears to be a manifestation or complication of an underlying 


TABLE 54-1. Classification of Hemolytic Anemia as a 
Result of Immune Injury 


|. Warm-Autoantibody Type: Autoantibody Maximally Active at 
Body Temperature (37°C) 
A. Primary or idiopathic warm autoimmune hemolytic anemia 
(AHA) 


B. Secondary warm AHA 


1. Associated with lymphoproliferative disorders 
(e.g., Hodgkin lymphoma) 


2. Associated with the rheumatic disorders, particularly 
systemic lupus erythematosus (SLE) 


3. Associated with certain nonlymphoid neoplasms 
(e.g., ovarian tumors) 


4. Associated with certain chronic inflammatory diseases 
(e.g., ulcerative colitis) 


5. Associated with ingestion of certain drugs 
(e.g., a-methyldopa) 


Il. Cold-Autoantibody Type: Autoantibody Optimally Active at 
Temperatures <37°C 


A. Mediated by cold agglutinins 


1. Idiopathic (primary) chronic cold agglutinin dis- 
ease (usually associated with clonal B-lymphocyte 
proliferation) 


2. Secondary cold agglutinin hemolytic anemia 


a. Postinfectious (e.g., Mycoplasma pneumoniae or 
infectious mononucleosis) 


b. Associated with malignant B-cell lymphoproliferative 
disorder 


B. Mediated by cold hemolysins 


1. Idiopathic (primary) paroxysmal cold hemoglobinuria 
(very rare) 


2. Secondary 


a. Donath-Landsteiner hemolytic anemia, usually 
associated with an acute viral syndrome in children 
(relatively common) 


b. Congenital or tertiary syphilis in adults (very rare) 

Ill. Mixed Cold and Warm Autoantibodies 

A. Primary or idiopathic mixed AHA 

B. Secondary mixed AHA 

1. Associated with the rheumatic disorders, particularly SLE 

IV. Drug-lmmune Hemolytic Anemia 

A. Hapten or drug adsorption mechanism 

B. Ternary (immune) complex mechanism 

C. True autoantibody mechanism 


disorder, the term secondary AHA is applied. Lymphocytic malignan- 
cies, particularly chronic lymphocytic leukemia (CLL) and lymphomas, 
account for approximately half of all secondary AHA cases and for the 
majority of AHA cases mediated by cold agglutinins.” Systemic lupus 
erythematosus (SLE) and other autoimmune diseases account for a lesser 
but considerable proportion of secondary AHA cases. A large propor- 
tion of patients with mixed cold and warm autoantibodies have SLE.) 
Infectious mononucleosis and Mycoplasma pneumoniae occasionally 
are associated with cryopathic AHA. Despite the frequent occurrence of 
immune thrombocytopenia and positive DATs in patients infected with 
HIV, AHA is relatively rare in these patients.” Table 54-1 lists other 
associated diseases that are less-commonly reported. The etiologic and 


pathogenic significance of these associations is poorly understood, but 
most of the associated diseases involve components of the immune sys- 
tem, either by neoplasia or by aberrant immunopathologic responses. 


Drug-Mediated Cases 

Certain drugs also mediate immune injury to RBCs, and three general 
mechanisms are recognized (see Table 54-1 and Fig. 54-1). This classi- 
fication is based on the effector mechanism of RBC injury, because the 
induction mechanism for formation of drug-related RBC antibodies is 
unknown. Two of the mechanisms, hapten-drug adsorption and ternary 
complex formation, involve drug-dependent antibodies. In the third 
mechanism, the drugs in question appear to induce formation of true 
autoantibodies capable of reacting with human RBCs in the absence 
of the inciting drug. These types of drug-mediated immune injury to 
RBCs often are referred to collectively as drug-immune hemolytic ane- 
mia to distinguish them from de novo AHA. Distinguishing among the 
mechanisms is not always possible, and some cases involve a combina- 
tion of mechanisms. In addition, drug-related non-immunologic pro- 
tein adsorption by RBCs may result in a positive DAT without actual 
RBC injury. This phenomenon should be distinguished from the three 
forms of drug-immune RBC injury. Table 54-2 lists drugs documented 
to cause either immune injury or a positive DAT. 


@ EPIDEMIOLOGY 


The annual incidence of warm-antibody AHA is 1 per 75,000 to 80,000 
population."' Estimates of the frequency of primary (idiopathic) AHA 
vary from 20 to 80 percent of all types of AHA, depending on the refer- 
ral patterns of the reporting center. "%8 In general, AHA is considered 
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secondary (1) when AHA and the underlying disease occur together 
with greater frequency than can be accounted for by chance alone; (2) 
when the AHA reverses simultaneously with correction of the associ- 
ated disease; or (3) when AHA and the associated disease are related 
by evidence of immunologic aberration." Using these criteria, the fre- 
quency of primary warm-antibody AHA probably is closer to 50 percent 
of all cases. Careful followup of patients with primary AHA is essential, 
because hemolytic anemia may be the presenting finding in a patient 
who subsequently develops overt evidence of an underlying disorder. 
For example, in one series, 18 of 107 patients with AHA developed a 
malignant lymphoproliferative disorder at a median of 26.5 months 
after diagnosis of the AHA." 

Warm-antibody AHA has been diagnosed in people of all ages, 
from infants to the elderly. The majority of patients are older than 40 
years of age, with peak incidence around the seventh decade. This age 
distribution probably reflects, in part, the increased frequency of lym- 
phoproliferative malignancies in the elderly, resulting in an age-related 
increase in the frequency of secondary AHA. Although multiple cases 
are occasionally observed in families," most cases of primary AHA 
arise sporadically. Development of AHA does not have an apparent 
association with any particular human leukocyte antigen (HLA) haplo- 
type or other genetic factor. 

Cold agglutinin disease is less common than warm-antibody 
AHA, with a prevalence of approximately 14 per 1 million population,” 
accounting for only 10 to 20 percent of all cases of AHA. Women 
are affected more commonly than men.'"' No genetic or racial factors 
are known to contribute to the pathogenesis of this disease. 

Secondary cold agglutinin disease is seen most commonly in 
adolescents or young adults as a self-limited process associated with 


Figure 54-1. Effector mechanisms by which drugs mediate a positive direct antiglobulin test. Relationships of drug, antibody-combining site, and 
red blood cell membrane protein are shown. Panels A, B, and C show only a single immunoglobulin Fab region (bearing one combining site). A. 


Drug adsorption/hapten mechanism. The drug (W) binds avidly to an unknown red blood cell membrane protein in vivo. Antidrug antibody (usually 
immunoglobulin [lg] G) binds to the protein-bound drug. The membrane protein is not known to be part of the epitope recognized by the antidrug 
antibody. The direct antiglobulin test (with anti-IgG) detects IgG antidrug antibody on the patient's circulating (drug-coated) red blood cells. The 
indirect antiglobulin test detects antibody in the patient's serum only when the test red blood cells have been previously coated with the drug by 
incubation in vitro. B. Ternary complex mechanism. Drug binds loosely or in undetectable amounts to red blood cell membrane. However, in the 
presence of appropriate antidrug antibody, a stable trimolecular (ternary) complex is formed by drug, red blood cell membrane protein, and antibody. 
n general, the antibody-combining site (Fab) recognizes both drug and membrane protein components but binds only weakly to either drug or 
protein unless both are present in the reaction mixture. In this mechanism, the direct antiglobulin test typically detects only red blood cell-bound 
complement components (e.g., C3 fragments) that are bound covalently and in large number to the patient's red blood cells in vivo. The antibody 
itself escapes detection, possibly because of its low concentration but also because washing of the red cells (in the antiglobulin test procedure) 


apparently dissociates antibody and drug from the cells, leaving only the covalently bound C3 fragments. The indirect antiglobulin test also detects 
complement proteins on the test red blood cells when both antibody (patient serum) and a complement source (fresh patient serum or fresh normal 
serum) are present in the reaction mixture together with the drug. C. Autoantibody induction. Some drug-induced antibodies can bind avidly to red 
blood cell membrane proteins (usually Rh proteins) in the absence of the inducing drug and are indistinguishable from the autoantibodies of patients 
with autoimmune hemolytic anemia. The direct antiglobulin test detects the IgG antibody on the patient's red blood cells. The indirect antiglobulin 
test usually detects antibody in the serum of patients with active hemolysis. D. Drug-induced nonimmunologic protein adsorption. Certain drugs 
cause plasma proteins to attach nonspecifically to the red blood cell membrane. The direct antiglobulin test detects nonspecifically bound IgG and 
complement components. If special antiglobulin reagents are used, other plasma proteins, such as transferrin (TF), albumin (Alb), and fibrinogen 
(Fibr), also may be detected. In contrast to the other mechanisms of drug-induced red blood cell injury, this mechanism does not shorten red blood 


cell survival in vivo. 


TABLE 54-2. Association between Drugs and Positive Direct Antiglobulin Tests 


Drug Reference Drug Reference 
HAPTEN OR DRUG ADSORPTION MECHANISM 

Penicillins 28-34 Tolbutamide 44,45 
Cephalosporins 35-39 Cianidanol 46 
Tetracycline 40, 41 Hydrocortisone 47 
6-Mercaptopurine 42 Oxaliplatin 48 
Carbromal 43 Cimetidine 49 
TERNARY COMPLEX MECHANISM 

Stibophen 19 Cephalosporins 37-39, 64 
Quinine 50 Diethylstilbestrol 65 
Quinidine 51,52 Amphotericin B 66 
Chlorpropamide 53, 54 Doxepin 67 
Metformin 55 Diclofenac 68, 69 
Rifampicin 56 Etodolac 70 
Antazoline 57 Hydrocortisone 47 
Thiopental 58 Oxaliplatin 48 
Tolmetin 59 Pemetrexed 7l 
Probenecid 60 Cimetidine 49 
Nomifensine 61-63 lomeprol 72 
AUTOANTIBODY MECHANISM 

Cephalosporins 39 Latamoxef 84 
Tolmetin 59 Glafenine 84 
Nomifensine 61 Procainamide 85 
a-Methyldopa 73-76 Diclofenac 69, 86 
L-dopa 78-81 Pentostatin 87 
Mefenamic acid 82, 83 Fludarabine 88, 89 
Teniposide 84 Cladribine 90 
Oxaliplatin 48 Efalizumab 91 
Cianidanol 46 Lenalidomide 92 
NONIMMUNOLOGIC PROTEIN ADSORPTION 

Cephalosporins 93, 94 

Oxaliplatin 48 

Carboplatin 48 

Cisplatin 48,95 

UNCERTAIN MECHANISM OF IMMUNE INJURY 

Mesantoin 18 Erythromycin 106 
Phenacetin 50 5-fluorouracil 107 
Insecticides 96 Nalidixic Acid 108 
Chlorpromazine 97 Sulindac 109 
Melphalan 98 Omeprazole 110 
Isoniazid 99 Temafloxacin 1 
p-Aminosalicylic acid 100 Carboplatin m2 
Acetaminophen 101 Efavirenz 113 
Thiazides 102 Etoricoxib 114 
Streptomycin 103 Levofloxacin 115 
Ibuprofen 104 Pueraria (Chinese herb) 116 
Triamterene 105 Cabergoline dy 


The drugs listed above are those which, in the author's opinion, have been documented to cause a positive direct antiglobulin test, with or 
without immune injury. Other drugs, omitted from this list, have been alleged to cause immune injury but laboratory confirmation is lacking. 
New drugs will be added to this list in the future. When an association between a drug and hemolysis is suspected, it is important to evaluate 
for an immune etiology and to document the mechanism, by referral to a reference laboratory if necessary. 


M. pneumoniae infections or infectious mononucleosis and, rarely, in 
children with chickenpox. The term also has been used to describe a 
chronic disorder occurring in older patients with known malignant 
lymphoproliferative diseases. On the other hand, idiopathic (primary) 
chronic cold agglutinin disease has its peak incidence after age 50 years. 
This disorder, with its characteristic monoclonal IgM cold agglutinins, 
may be considered a special form of monoclonal gammopathy (Chap. 
106). Nearly all of these patients exhibit clonal B lymphocyte prolifer- 
ation. As with other “essential” or idiopathic monoclonal gammopa- 
thies, some patients in this group gradually develop features of a B-cell 
lymphoproliferative disorder resembling Waldenström macroglobuline- 
mia, CLL, or a B-cell lymphoma. Thus, the distinction between primary 
and secondary types of chronic cold agglutinin disease is not absolute. 

Although the majority of patients with mycoplasma pneumonia 
have significant cold agglutinin titers, they only infrequently develop 
clinical hemolytic anemia.'*'!?° However, subclinical RBC injury may 
occur. In M. pneumoniae infections, weakly positive direct antiglobulin 
reactions and/or mild reticulocytosis are often noted in the absence of 
anemia in a substantial number of cases.'* Cold agglutinins occur in 
more than 60 percent of patients with infectious mononucleosis, but 
again, hemolytic anemia is rare. 17-1 

Medical centers that receive many referrals report that parox- 
ysmal cold hemoglobinuria constitutes 2 to 5 percent of all cases of 
AHA." Among children, however, Donath-Landsteiner hemolytic 
anemia accounted for 32.4 percent of 68 immune hemolytic syn- 
dromes diagnosed over a 4-year period.'* Commonly, the diagnosis is 
missed because of lack of physician awareness or failure to perform the 
proper serologic studies (see “Serologic Features” below).™ Thus, the 
true incidence may be higher. Although familial occurrence has been 
reported, no racial or genetic risk factors are known." As noted, most 
childhood cases follow either specific viral infections or upper respira- 
tory infections of undefined etiology. °° 

Older series report that drug-induced immune hemolytic ane- 
mia accounts for 12 to 18 percent of immune hemolytic anemias." The 
disorder is much less common now that a-methyldopa and megaunit 
doses of penicillin rarely are used. The current incidence of drug- 
induced immune hemolytic anemia is estimated at 1 per 1 million 
population, approximately 88 percent of which result from the second- 
and third-generation cephalosporins, cefotetan, and ceftriaxone.*”'* 
Fludarabine has replaced «-methyldopa as the most common cause of 
drug-induced autoantibodies.® 


@ ETIOLOGY AND PATHOGENESIS 


ETIOLOGY 


Warm-Antibody Autoimmune Hemolytic Anemia 
The etiology of AHA is unknown. In warm-antibody AHA, the auto- 
antibodies that mediate RBC destruction are predominantly (but not 
exclusively) IgG globulins possessing relatively high binding affinity for 
human RBCs at 37°C. As a result, the major share of plasma autoanti- 
body is bound to the patient’s circulating RBCs. Eluates prepared from 
the patient’s washed, autoantibody-coated RBCs constitute an impor- 
tant source of purified autoantibody for investigation of specificity, 
immunoglobulin structure, or other properties. In addition, sera from 
patients with warm AHA often are used in blood banks for crossmatch- 
ing and for general screening of antibody specificity. The quantity of 
such autoantibody in serum may be low and in some cases may not 
reflect the full spectrum of anti-RBC specificity revealed in concur- 
rently prepared RBC eluates.’ 

In patients with primary AHA, erythrocyte autoantibodies are 
the only recognizable immunologic aberration. Furthermore, the 
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autoantibodies of any one patient often are specific for only a single 
RBC membrane protein (see “Serologic Features” below). The narrow 
spectrum of autoreactivity suggests the mechanism underlying AHA 
development in such patients is not secondary to a generalized defect in 
immune regulation. Rather, these patients may develop warm-antibody 
AHA through an aberrant immune response to a self-antigen or to an 
immunogen that mimics a self-antigen. 

In patients with secondary AHA, the disease may be associated 
with a fundamental disturbance in the immune system, for example, 
when in the setting of lymphoma, CLL, SLE, primary agammaglobu- 
linemia (common variable immunodeficiency), or hyper-IgM immu- 
nodeficiency syndrome. In these settings, warm-antibody AHA most 
likely arises through an underlying defect in immune regulation, 
although the contribution of an aberrant immune response to self- 
antigen cannot be excluded. AHA seems especially frequent in patients 
with low-grade lymphoma or CLL treated with fludarabine 8% 
or 2-chlorodeoxyadenosine (cladribine).°° The T-lymphocytopenia 
induced by these drugs may exacerbate the preexisting tendency of 
patients to form autoantibodies. 

A long-recognized but poorly understood phenomenon, the 
development of AHA or a positive DAT following RBC transfusion, has 
received renewed interest lately. Although generally transient, the 
positive DAT may persist for up to 300 days in some transfusion recip- 
ients, long after any transfused RBCs have disappeared.'**'** It is not 
clear whether this represents true autoimmunity or some other mecha- 
nism, for example, microchimerism resulting from temporary engraft- 
ment of passenger memory lymphocytes from the RBC donor.'” 

A still unexplained observation is that certain drugs, such as 
«-methyldopa, can induce warm-reacting IgG anti-RBC autoantibod- 
ies in otherwise normal persons. The autoantibodies induced by a- 
methyldopa have Rh-related serologic and immunochemical’** spec- 
ificity similar to that of autoantibodies arising in many patients with 
“spontaneous” AHA. A critical difference is that the drug-associated 
autoantibodies subside when the drug is discontinued, suggesting that 
(1) the latent potential to form this type of anti-RBC autoantibody is 
present in many immunologically normal individuals, and (2) the 
steps required to generate such autoantibodies do not necessarily cre- 
ate a sustained autoimmune state. On the other hand, maintenance of 
chronic idiopathic AHA may be either secondary to a continuing (but 
unknown) stimulus or induced by a short stimulus to which the patient 
continues to respond. 

Normal subjects sometimes have a positive DAT when they vol- 
unteer to donate blood.'*”'** The positive DAT in these normal donors 
often results from warm-reacting IgG autoantibodies, similar in sero- 
logic specificity™ and in IgG subclass’ to the autoantibodies occurring 
in AHA. Although many of these donors remain DAT-positive without 
developing overt hemolytic anemia, a few have been documented to 
develop AHA." The prevalence of positive DATs in normal blood 
donors is approximately 1 in 10,000 donors.'*”'” Because blood dona- 
tion per se likely does not contribute to an increased risk of developing 
autoantibodies, the 1 in 10,000 proportion likely is the approximate 
frequency of positive DATs in the entire population. A proportion of 
patients who present with clinically overt primary AHA may come from 
a subset of asymptomatic individuals who are DAT-positive, but this 
notion is not established. 

Several concepts have been developed to explain immunologic 
tolerance to self-antigens.'* Relevant to warm-antibody AHA, 
membrane-bound antigens expressed in a multivalent array at high 
concentration may induce tolerance by effecting clonal deletion of auto- 
reactive B cells.“ Both the Rh-related and the non-Rh types of RBC 
antigens targeted by AHA autoantibodies (see “Serologic Features” 
below) are expressed normally by human fetal erythrocytes, as early as 
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10 to 12 weeks of life.“ However, because new B cells develop daily 
in the marrow throughout life and because B cells may somatically 
mutate their Ig receptors, self-tolerance in the B cell compartment is 
never assured. Analogy to observations in NZB (New Zealand black) 
mice'*'"” suggests the peritoneal cavity is a privileged compartment 
that shelters autoreactive B cells from host RBCs, allowing them to 
escape deletion, later to produce anti-RBC autoantibodies with appro- 
priate T-cell help. The strong predominance of IgG antibodies in AHA 
suggests B-cell isotype switching, which is consistent with the idea of 
an antigen-driven process. Moreover, because T-cell help is necessary 
for inducing B-cell isotype switching, the pathway(s) to autoantibody 
induction in AHA also may involve an abnormal or unique mode of 
antigen presentation to T cells.’ 


Origin of Cold Agglutinins 

A high proportion of monoclonal IgM cold agglutinins with either 
anti-I or anti-i specificity have heavy-chain variable regions encoded 
by IGHV4-34 (immunoglobulin heavy chain variable region), for- 
merly designated IGHV4.21.'%!' IGHV4-34 encodes a distinct 
idiotype identified by the rat monoclonal antibody 9G4. This idiotype 
is expressed both by the cold agglutinins themselves and on the sur- 
face immunoglobulin of B cells synthesizing cold agglutinins or related 
immunoglobulins possessing IGHV4-34 sequences.” Using the 9G4 
monoclonal antibody as a probe, this idiotype was found not only in a 
very high proportion of circulating B cells and marrow lymphoplasma- 
cytoid cells of patients with lymphoma-associated chronic cold aggluti- 
nin disease, but also in a smaller proportion of B cells in the blood and 
lymphoid tissues of normal adult donors and in the spleens of 15-week 
human fetuses.’* These data suggest B cells expressing the IGHV4-34 
gene (or a closely related sequence) are present throughout ontogeny. 
Therefore, chronic cold agglutinin disease may represent a marked, 
unregulated expansion of a subset (clone) of such B cells. 

Light-chain V-region gene use in anti-I cold agglutinins is highly 
selective. A strong bias toward use of the x III variable region subgroup 
(Vx-II) is observed." Light-chain selection among anti-i cold agglu- 
tinins, however, is much more variable and includes the A type.'°° 

Observations that pathologic cold agglutinins are synthesized with 
distinct and highly selected V-region sequences must be viewed against 
the background of two other subsequent observations. First, IGHV 4-34 
or related IGHV genes also may encode the heavy-chain variable regions 
of other types of antibodies, such as rheumatoid factor autoantibodies 
and alloantibodies to a variety of blood group antigens, including poly- 
peptide determinants such as Rh.*™ Second, normal human antibodies 
to an exogenous carbohydrate antigen, Haemophilus influenzae type b 
capsular polysaccharide, also are encoded by a restricted set of IGHV 
genes!” and Ig light-chain V genes.” Thus, regulation of Ig gene use for 
production of anti-I or anti-i cold agglutinins may not differ fundamen- 
tally from normal antibody formation to other carbohydrate antigens. 

In the setting of B-cell lymphoma or Waldenström macroglob- 
ulinemia, cold agglutinins may be produced by the malignant clone 
itself. Two patients with lymphoma and monoclonal cold agglutinin 
were identified as having a karyotypically abnormal B-cell clone that 
produced a cold agglutinin identical to that found in their sera.**' Tri- 
somy 3 has been the most frequently observed karyotypic abnormality 
in patients with non-Hodgkin lymphoma and cold agglutinins.’**' 

Normal human sera generally have naturally occurring polyclonal 
cold agglutinins in low titer (usually 1/64 or less). Otherwise healthy 
persons may develop elevated titers of cold agglutinins specific for I/i 
antigens during certain infections (e.g., M. pneumoniae, Epstein-Barr 
virus, cytomegalovirus). In contrast to other forms of cold agglutinin 
disease, hyperproduction of these postinfectious cold agglutinins is 
transient. Some evidence indicates postinfectious cold agglutinins may 


be less clonally restricted than those occurring in chronic cold aggluti- 
nin disease,“ but this finding is not universal.’ Whether IGHV4-34 
also encodes most heavy-chain variable regions of all naturally occur- 
ring or postinfectious cold agglutinins remains to be determined. 

The increased production of cold agglutinins in response to infec- 
tion with M. pneumoniae may be secondary to the fact that the oligosac- 
charide antigens of the I/i type serve as specific Mycoplasma receptors.'* 
This process may lead to altered antigen presentation involving a com- 
plex between a self-antigen (I/i) and a non-self-antigen (Mycoplasma). 
Alternatively, the anti-i cold agglutinins may arise as a consequence 
of polyclonal B cell activation, as occurs in infectious mononucleosis 
(Chap. 82). 

The mechanism(s) whereby dissimilar infectious agents (e.g., spi- 
rochetes and several types of virus) induce the immune system to pro- 
duce Donath-Landsteiner antibodies with specificity for the human P 
blood group antigen (see “Serologic Features” below) is not known. 


PATHOGENESIS 
Pathogenic Effects of Warm Antibodies 


Warm autoantibodies to RBCs in AHA are pathogenic. In contrast to 
autologous RBCs, labeled RBCs lacking the antigen targeted by the 
autoantibodies may survive normally in patients with warm-antibody 
AHA.!°!%!65 Furthermore, transplacental passage of IgG anti-RBC auto- 
antibodies from a mother with AHA to the fetus can induce intrauterine 
or neonatal hemolytic anemia.'® Finally, despite notable exceptions and 
differences related to IgG subclass of the autoantibody, in general, an 
inverse relationship between the quantity of RBC-bound IgG antibody 
and RBC survival is noted in serial studies performed on animals and 
patients. "%1? 

In warm-antibody AHA, the patients RBCs typically are coated 
with IgG autoantibodies with or without complement proteins. 
Autoantibody-coated RBCs are trapped by macrophages in the Billroth 
cords of the spleen and, to a lesser extent, by Kupffer cells in the liver 
(Chap. 68).164157168170-174 The process leads to generation of spherocytes 
and fragmentation and ingestion of antibody-coated RBCs.'%!’° The 
macrophage has surface receptors for the Fc region of IgG, with pref- 
erence for the IgG, and IgG, subclasses'””””* and surface receptors for 
opsonic fragments of C3 (C3b and C3bi) and C4b.'”"'*' When present 
together on the RBC surface, IgG and C3b/C3bi appear to act coop- 
eratively as opsonins to enhance trapping and phagocytosis. !7%171180-184 
Although RBC sequestration in warm-antibody AHA occurs primarily 
in the spleen,’*!”""” very large quantities of RBC-bound IgG'*”"**' or 
the concurrent presence of C3b on the RBCs!!!” may favor trapping 
in the liver. 

Interaction of a trapped RBC with splenic macrophages may result 
in phagocytosis of the entire cell. More commonly, a type of partial 
phagocytosis results in spherocyte formation. As RBCs adhere to mac- 
rophages via the Fc receptors, portions of RBC membrane are internal- 
ized by the macrophage. Because membrane is lost in excess of contents, 
the noningested portion of the RBC assumes a spherical shape, the 
shape with the lowest ratio of surface area to volume. "516185 Spherical 
RBCs are more rigid and less deformable than normal RBCs. As such, 
spherical RBCs are fragmented further and eventually destroyed in 
future passages through the spleen. Spherocytosis is a consistent and 
diagnostically important hallmark of AHA,’ and the degree of sphero- 
cytosis correlates well with the severity of hemolysis.” 

Direct complement-mediated hemolysis with hemoglobinuria is 
unusual in warm-antibody AHA, even though many warm autoanti- 
bodies fix complement. The failure of C3b-coated RBCs to be hemo- 
lyzed by the terminal complement cascade (C5-C9) has been attributed, 
at least in part, to the ability of complement regulatory proteins (factors 


I and H) in plasma and C3b receptors on the RBC surface to alter the 
hemolytic function of cell-bound C3b and C4b.'*” Glycosylphosphat- 
idylinositol-linked erythrocyte membrane proteins, such as decay- 
accelerating factor (DAF; CD55) and homologous restriction factor 
(HRF; CD59), may limit the action of autologous complement on auto- 
antibody-coated RBCs.'**'° DAF inhibits the formation and function 
of cell-bound C3-converting enzyme, thus, indirectly limiting forma- 
tion of C5-converting enzyme. HRF, on the other hand, impedes C9 
binding and formation of the C5b-9 membrane attack complex.’ 

Cytotoxic activities of macrophages and lymphocytes also may play 
a role in the destruction of RBCs in warm-antibody AHA. Monocytes 
can lyse IgG-coated RBCs in vitro independently of phagocytosis.'?""”” 
Cell-bound complement is neither necessary nor sufficient for such 
cytotoxicity, but bound C3b/C3d can potentiate the effects of IgG.'” In 
one study, cytotoxicity, but not phagocytosis, was inhibited by hydro- 
cortisone in vitro.” Lymphocytes also can lyse IgG antibody-coated 
RBCs in vitro. The relative contribution of antibody-dependent 
monocyte- and lymphocyte-mediated cytotoxicity to RBC destruction 
in patients with warm-antibody AHA is not known. 


Pathogenic Effects of Cold Agglutinins and Hemolysins 

Most cold agglutinins are unable to agglutinate RBCs at temperatures 
higher than 30°C. The highest temperature at which these antibodies 
cause detectable agglutination is termed the thermal amplitude. The 
value varies considerably among patients. Generally, patients with cold 
agglutinins with higher thermal amplitudes have a greater risk for cold 
agglutinin disease.’ For example, active hemolytic anemia has been 
observed in patients with cold agglutinins of modest titer (e.g., 1:256) 
and high thermal amplitudes.” 

The pathogenicity of a cold agglutinin depends upon its ability to 
bind host RBCs and to activate complement.'°"**!*”'* This process is 
called complement fixation. Although in vitro agglutination of the RBCs 
may be maximal at 0 to 5°C, complement fixation by these antibodies 
may occur optimally at 20 to 25°C and may be significant at even higher 
physiologic temperatures.'*'°*!*” Agglutination is not required for the 
process. The great preponderance of cold agglutinin molecules are IgM 
pentamers, but small numbers of IgM hexamers with cold agglutinin 
activity are found in patients with cold agglutinin disease. Hexamers 
fix complement and lyse RBCs more efficiently than do pentamers, sug- 
gesting that hexameric IgM plays a role in the pathogenesis of hemolysis 
in these patients. "° 

Cold agglutinins may bind to RBCs in superficial vessels of the 
extremities, where the temperature generally ranges between 28 and 
31°C, depending upon ambient temperature.” Cold agglutinins of high 
thermal amplitude may cause RBCs to aggregate at this temperature, 
thereby impeding RBC flow and producing acrocyanosis. In addition, 
the RBC-bound cold agglutinin may activate complement via the classic 
pathway. Once activated complement proteins are deposited onto the 
RBC surface, the cold agglutinin need not remain bound to the RBCs 
for hemolysis to occur. Instead, the cold agglutinin may dissociate from 
the RBCs at the higher temperatures in the body core and again be capa- 
ble of binding other RBCs at the lower temperatures in the superficial 
vessels. As a result, patients with cold agglutinins of high thermal ampli- 
tude tend toward a sustained hemolytic process and acrocyanosis.”” 
In contrast, patients with antibodies of lower thermal amplitude require 
significant chilling to initiate complement-mediated injury of RBCs. 
This sequence may result in a burst of hemolysis with hemoglobinuria.” 
Combinations of these clinical patterns also occur. Cold agglutinins of 
the IgA isotype, an isotype that does not fix complement, may cause 
acrocyanosis but not hemolysis.” Thus, the relative degree of hemolysis 
or impeded RBC flow is influenced significantly by the properties and 
quantity of the cold agglutinins in a given patient. 
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Complement fixation by cold agglutinins may affect RBC injury by 
two major mechanisms: (1) direct lysis and (2) opsonization for hepatic 
and splenic macrophages. Both mechanisms probably operate to vary- 
ing degrees in any patient. Direct lysis requires propagation of the full 
C1 to C9 sequence on the RBC membrane. If this process occurs to a 
significant degree, the patient may experience intravascular hemolysis 
leading to hemoglobinemia and hemoglobinuria. Intravascular hemoly- 
sis of this severity is relatively rare because phosphatidylinositol-linked 
RBC membrane proteins (DAF and HRF) protect against injury by 
autologous complement components. Thus, the complement sequence 
on many RBCs is completed only through the early steps, leaving 
opsonic fragments of C3 (C3b/C3bi) and C4 (C4b) on the cell surface. 
The fragments provide only a weak stimulus for phagocytosis by mono- 
cytes in vitro.!**? However, activated macrophages may ingest C3b- 
coated particles avidly.*™ Accordingly, RBCs heavily coated with C3b 
(and/or C3bi) may be removed from the circulation by macrophages 
either in the liver or, to a lesser extent, the spleen. 972052% The trapped 
RBCs may be ingested entirely or released back into the circulation as 
spherocytes after losing plasma membrane. 

In vivo studies of the fate of *'Cr-labeled C3b-coated RBCs'7019770508 
indicate many of the erythrocytes trapped in the liver or spleen gradually 
may reenter the circulation. The released cells generally are coated with 
the opsonically inactive C3 fragment C3dg. Conversion of cell-bound 
C3b or C3bi to C3dg results from the action of the naturally occurring 
complement inhibitor factor I in concert with factor H or CRI recep- 
tors.'*' The surviving C3dg-coated RBCs circulate with a near-normal 
life span!’ and are resistant to further uptake of cold agglutinins 
or complement.'*”?°7°” However, C3dg-coated RBCs also may react in 
vitro with anticomplement (anti-C3) serum in the DAT. In fact, most of 
the antiglobulin-positive RBCs of patients with cold agglutinin disease 
are coated with C3dg. 

In paroxysmal cold hemoglobinuria, the mechanism of hemolysis 
probably parallels in vitro events (see “Serologic Features” below). Dur- 
ing severe chilling, blood flowing through skin capillaries is exposed to 
low temperatures. The Donath-Landsteiner antibody and early acting 
complement components presumably bind to RBCs at the lowered tem- 
peratures. Upon return of the cells to 37°C in the central circulation, 
the cells are lysed by propagation of the terminal complement sequence 
through C9. The Donath-Landsteiner antibody itself dissociates from 
the RBCs at 37°C. Erythrocyte membrane proteins that restrict C5b-9 
assembly (e.g., HRFs) may be less effective in controlling Donath- 
Landsteiner antibody-initiated complement activation than that initi- 
ated by cold agglutinins. 


Pathogenesis of Drug-Mediated Immune Injury 

Table 54-3 summarizes the three mechanisms of drug-mediated 
immune injury to RBCs. Drugs also may mediate protein adsorption 
to RBCs by nonimmune mechanisms, but RBC injury does not occur. 

Hapten or Drug Adsorption Mechanism This mechanism applies 
to drugs that can bind firmly to proteins, including RBC membrane pro- 
teins. The classic setting is very-high-dose penicillin therapy, which 
is encountered less commonly today than in previous decades. 

Most individuals who receive penicillin develop IgM antibodies 
directed against the benzylpenicilloyl determinant of penicillin, but this 
antibody plays no role in penicillin-related immune injury to RBCs. The 
antibody responsible for hemolytic anemia is of the IgG class, occurs 
less frequently than the IgM antibody, and may be directed against the 
benzylpenicilloyl,*! or, more commonly, nonbenzylpenicilloyl determi- 
nants.’ Other manifestations of penicillin sensitivity usually are not 
present. 

All patients receiving high doses of penicillin develop substan- 
tial coating of RBCs with penicillin. The penicillin coating itself is not 
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TABLE 54-3. Major Mechanisms of Drug-Related Hemolytic Anemia and Positive Direct Antiglobulin Tests 


Hapten/Drug Nonimmunologic 

Adsorption Ternary Complex Formation Autoantibody Binding Protein Adsorption 
Prototype drug Penicillin Quinidine a-Methyldopa Cephalothin 
Role of drug Binds to red cell Forms ternary complex with Induces formation of Possibly alters red cell 

membrane antibody and red cellmem- antibody to native red cell membrane 

brane component antigen 
Drug affinity to cell Strong Weak None demonstrated to Strong 
intact red cell but binding 
to membranes reported 

Antibody to drug Present Present Absent Absent 
Antibody class Immunoglobulin IgM or IgG IgG None 
predominating (Ig) G 
Proteins detected by direct 1gG, rarely Complement IgG, rarely complement Multiple plasma proteins 
antiglobulin test complement 
Dose of drug associated High Low High High 
with positive antiglobulin 
test 
Presence of drug required Yes (coating test red Yes (added to test medium) No Yes (added to test 
for indirect antiglobulin test cells) medium) 
Mechanism of red cell Splenic sequestra- Direct lysis by complement Splenic sequestration None 


destruction tion of IgG-coated 


red cells 


plus splenic-hepatic clear- 
ance of C3b-coated red cells 


injurious. If the penicillin dose is very high (10 to 30 x 10° units per day, 
or less in the setting of renal failure) and promotes cell coating, and if 
the patient has an IgG antipenicillin antibody, the antibody binds to the 
RBC-bound penicillin molecules and the DAT with anti-IgG becomes 
positive (see Fig. 54-1A).325128 Antibodies eluted from patients’ 
RBCs or present in their sera react in the indirect antiglobulin test (IAT) 
only against penicillin-coated RBCs. This step is critical in distinguish- 
ing these drug-dependent antibodies from true autoantibodies. 

Not all patients receiving high-dose penicillin develop a positive 
DAT reaction or hemolytic anemia because only a small proportion of 
such individuals produce the requisite antibody. Destruction of RBCs 
coated with penicillin and IgG antipenicillin antibody occurs mainly 
through sequestration by splenic macrophages.*’” In some patients 
with penicillin-induced immune hemolytic anemia, blood monocytes 
and presumably splenic macrophages may lyse the IgG-coated RBCs 
without phagocytosis.*'? Hemolytic anemia resulting from penicillin 
typically occurs only after the patient has received the drug for 7 to 10 
days and ceases a few days to 2 weeks after the patient discontinues tak- 
ing the drug. 

Low-molecular-weight substances, such as drugs, generally are 
not immunogenic in their own right. Induction of antidrug antibody is 
thought to require firm chemical coupling of the drug (as a hapten) to 
a protein carrier. In the case of penicillin, the carrier protein involved 
in antibody induction need not be the same as the erythrocyte mem- 
brane protein to which penicillin is coupled in the effector phase, that is, 
when the IgG antipenicillin antibodies bind to penicillin-coated RBCs. 
In contrast to evidence on the ternary complex mechanism, no evidence 
indicates the drug-dependent antibodies responsible for RBC injury in 
this hapten/drug adsorption mechanism also recognize native erythro- 
cyte membrane structures. 

Cephalosporins have antigenic cross-reactivity with penicillin?!’ 
and bind firmly to RBC membranes, as do semisynthetic penicil- 
lins.” Hemolytic anemia similar to that seen with penicillin has been 
ascribed to cephalosporins**” and some semisynthetic penicillins.**** 


Tetracycline“! and tolbutamide“ also may cause hemolysis by this 
mechanism. Carbromal causes positive IgG antiglobulin reactions by 
a similar mechanism,* but hemolytic anemia has not been described. 

Ternary Complex Mechanism: Drug-Antibody-Target Cell 
Interaction Many drugs can induce immune injury not only of RBCs 
but also of platelets or granulocytes by a process that differs in several 
ways from the mechanism of hapten/drug adsorption (see Table 54-3). 
First, drugs in this group (see Table 54-2) exhibit only weak direct bind- 
ing to blood cell membranes. Second, a relatively small dose of drug is 
capable of triggering destruction of blood cells. Third, cellular injury 
appears to be mediated chiefly by complement activation at the cell 
surface. The cytopathic process induced by such drugs previously has 
been termed the innocent bystander or immune complex mechanism. 
The terminology reflected the prevailing notion that, in vivo, drug- 
antibody complexes formed first (immune complexes) and then became 
secondarily bound to target blood cells as “innocent bystanders,” either 
nonspecifically or possibly via membrane receptors (e.g., Fey receptors 
on platelets or C3b receptors on red cells), with the potential for subse- 
quent activation of complement by bound complexes. 

The “immune complex” and “innocent bystander” terminology 
now seems less appropriate because of models developed from research 
on analogous drug-dependent platelet injury”’*”'® (Chap. 117) and a 
series of relevant serologic observations on drug-mediated immune 
hemolytic anemia. These studies suggest blood cell injury is mediated 
by a cooperative interaction among three reactants to generate a ternary 
complex (see Fig. 54-1B) involving (1) the drug (or drug metabolite in 
some cases), (2) a drug-binding membrane site on the target cell, and 
(3) antibody. For example, several patients possessed drug-dependent 
antibodies that exhibited specificity for RBCs bearing defined alloanti- 
gens such as those of the Rh, Kell, or Kidd blood groups. That is, even 
in the presence of drug, the antibodies were selectively nonreactive 
with human RBCs lacking the alloantigen in question.****?!7?!° In each 
case, high-affinity drug binding to cell membrane could not be demon- 
strated. The drug-dependent antibody is thought to bind, through its 


Fab domain, to a compound neoantigen consisting of loosely bound 
drug and a blood group antigen intrinsic to the red cell membrane. 
Elegant studies on quinidine- or quinine-induced immune thrombocy- 
topenia have demonstrated the IgG antibodies implicated in this disor- 
der bind through their Fab domains, not by their Fc domains to platelet 
Fcy receptors.”°”7! 

The data elucidate how one patient with quinidine sensitivity may 
have selective destruction of platelets and another may have selective 
destruction of RBCs. This process occurs because the pathogenic anti- 
body recognizes the drug only in combination with a particular mem- 
brane structure of the RBC (e.g., a known alloantigen) or of the platelet 
(e.g., a domain of the glycoprotein Ib complex). Therefore, at least in 
these cases, the target cell does not appear to be purely an innocent 
bystander. Binding of the drug itself to the target cell membrane is weak 
until the attachment of the antibody to both drug and cell membrane 
is stabilized. Yet the binding of the antibody is drug dependent. Such a 
three-reactant interdependent “troika” is unique to this mechanism of 
immune cytopenia. 

The foregoing discussion depicting drugs as creating a “self + 
non-self” neoantigen on the target cell applies to the effector phase 
as opposed to the induction phase of the process. However, the same 
drug-binding membrane protein appears to be involved in forming the 
immunogen that induces the antibody, as evidenced by drug-dependent 
antibodies exhibiting selective reactivity with defined red cell alloanti- 
gens (carrier specificity).°***?'”*! How this process is accomplished in 
the absence of evidence for strong, covalent binding of the drugs in this 
group to a host membrane protein remains to be elucidated. 

RBC destruction by this mechanism may occur intravascularly 
after completion of the whole complement sequence, resulting in 
hemoglobinemia and hemoglobinuria. Some destruction of intact C3b- 
coated RBCs may be mediated by splenic and liver sequestration via the 
C3b/C3bi receptors on macrophages. The DAT is positive usually only 
with anticomplement reagents, but exceptions occur. Sometimes, how- 
ever, the drug-dependent antibody itself can be detected on the RBCs 
if the offending drug (or its metabolites) is included in all steps of the 
antiglobulin test, including washing.” 

Autoantibody Mechanism A variety of drugs induce the forma- 
tion of autoantibodies reactive with autologous (or homologous) RBCs 
in the absence of the instigating drug (see Tables 54-2 and 54-3). The 
most studied drug in this category has been a-methyldopa, an antihy- 
pertensive agent that no longer is commonly used.”-’° Levodopa and 
several unrelated drugs also have been implicated.” ** Patients 
with CLL treated with pentostatin,” fludarabine," or cladribine” are 
particularly predisposed to autoimmune hemolysis, which usually is 
severe and sometimes fatal. 

Positive DAT reactions (with anti-IgG reagents) in patients taking 
«-methyldopa vary in frequency from 8 to 36 percent. Patients taking 
higher doses of the drug develop positive reactions with greater fre- 
quency.”*”*”° A lag period of 3 to 6 months exists between the start of 
therapy and development of a positive antiglobulin test. The delay is not 
shortened when the drug is administered to patients who previously 
had positive antiglobulin tests while taking a-methyldopa.” 

In contrast to the frequent observation of positive antiglobu- 
lin reactions, less than 1 percent of patients taking a-methyldopa 
exhibit hemolytic anemia.” Development of hemolytic anemia does 
not depend on drug dose. The hemolysis usually is mild to moderate 
and occurs chiefly by splenic sequestration of IgG-coated RBCs. a- 
Methyldopa has been proposed to suppress splenic macrophage func- 
tion in some patients, and normal survival of antibody-coated RBCs in 
such patients may be related, in part, to this effect of the drug.” 

The DAT reaction usually is positive only for IgG." Occasionally, 
weak anticomplement reactions also are encountered." Patients with 
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immune hemolytic anemia resulting from a-methyldopa therapy typ- 
ically exhibit strongly positive DAT reactions and serum antibody, evi- 
denced by the IAT reaction." Antibodies in the serum or eluted from 
RBC membranes react optimally at 37°C with unaltered autologous or 
homologous RBCs in the absence of drug (see Fig. 54-1C).7*754 Fre- 
quently the autoantibodies are reactive with determinants of the Rh 
complex,”’*’*4 and at least some appear to target the same 34-kDa 
Rh-related polypeptide targeted by the autoantibodies in many cases 
of “spontaneously arising” AHA. Thus, distinguishing these drug-in- 
duced antibodies from similar warm-reacting autoantibodies in idio- 
pathic AHA currently is not possible. 

The mechanism by which a drug induces formation of an autoan- 
tibody is unknown. Radiolabeled a-methyldopa does not react directly 
with the membranes of intact human RBCs.” However, both a-meth- 
yldopa and levodopa reportedly bind to isolated RBC membranes. 
Binding of the drug to membranes of intact RBCs is inhibited by RBC 
superoxide dismutase and probably by hemoglobin.” Although not 
formally demonstrated, these drugs probably bind to membrane anti- 
gens of cells that are relatively hemoglobin free, for example, cells at the 
early proerythroblast stage or RBC stroma. In any case, the resulting 
altered membrane antigens then may induce autoantibodies. The con- 
cept that a drug-membrane compound neoantigen could lead to pro- 
duction of an autoantibody is supported by studies of patients receiving 
drugs unrelated to a-methyldopa. Patients simultaneously developed a 
drug-dependent antibody and an autoantibody, both of which showed 
specificity for the same RBC alloantigen. Another hypothesis is that 
«-methyldopa interacts with human T lymphocytes, resulting in loss of 
suppressor cell function.” Subsequent studies, however, have failed to 
demonstrate any evidence for such a mechanism.” 

Patients with CLL treated with the purine analogues fludara- 
bine*???*° or cladribine” may develop AHA. Risk factors for hemolysis 
include previous therapy with a purine analogue, high 8,-microglobulin, 
a positive DAT prior to therapy, and hypogammaglobulinemia. Purine 
analogues are potent suppressors of T lymphocytes. These drugs may 
accelerate the preexisting T-cell immune suppression that normally 
occurs during progression of CLL, exacerbating the underlying ten- 
dency to autoimmunity in CLL. However, the degree of depletion 
of T-cell subsets is similar in patients who develop hemolysis and in 
patients who do not. 

Nonimmunologic Protein Adsorption Less than 5 percent of 
patients receiving cephalosporin antibiotics develop positive antiglob- 
ulin reactions" as a result of nonspecific adsorption of plasma proteins 
to their RBC membranes.”***”" This process may occur within 1 to 
2 days after the drug is instituted. Multiple plasma proteins, including 
immunoglobulins, complement, albumin, fibrinogen, and others, may 
be detected on RBC membranes in such cases.**** Hemolytic ane- 
mia resulting from this mechanism has not been reported. The clinical 
importance of this phenomenon is its potential to complicate cross- 
match procedures unless the drug history is considered. Cephalospo- 
rin antibiotics also may induce RBC injury by the hapten mechanism, 
by the ternary complex mechanism, and by the autoantibody mecha- 
nism. The latter reactions are more serious but apparently occur less 
frequently than nonimmunologic protein adsorption. 


@ CLINICAL FEATURES 


WARM-ANTIBODY AUTOIMMUNE HEMOLYTIC 
ANEMIA 


Presenting complaints of warm-antibody AHA usually are referable to 
the anemia itself, although occasionally jaundice is the immediate cause 
for the patient to seek medical advice. Symptom onset usually is slow 
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and insidious over several months, but occasionally a patient has sud- 
den onset of symptoms of severe anemia and jaundice over a period of a 
few days. In secondary AHA, the symptoms and signs of the underlying 
disease may overshadow the hemolytic anemia and associated features. 

In idiopathic AHA with only mild anemia, results of physical 
examination may be normal. Even patients with relatively severe hemo- 
lytic anemia may have only modest splenomegaly. However, in very 
severe cases, particularly those of acute onset, patients may present with 
fever, pallor, jaundice, hepatosplenomegaly, hyperpnea, tachycardia, 
angina, or heart failure. 

Clinical warm-antibody AHA may be aggravated or first become 
apparent during pregnancy.'®’***** Most cases are mild, however, and 
the prognosis for the fetus is generally good, provided the mother is 
treated early.** 


COLD-ANTIBODY AUTOIMMUNE HEMOLYTIC 
ANEMIA 


Most patients with cold agglutinin hemolytic anemia have chronic 
hemolytic anemia with or without jaundice. In other patients, the prin- 
cipal feature is episodic, acute hemolysis with hemoglobinuria induced 
by chilling (see discussion of thermal amplitude in “Pathogenic Effects 
of Cold Agglutinins and Hemolysins” above). Combinations of these 
clinical features may occur. Acrocyanosis and other cold-mediated 
vasoocclusive phenomena affecting the fingers, toes, nose, and ears are 
associated with sludging of RBCs in the cutaneous microvasculature. 
Skin ulceration and necrosis are distinctly unusual. Hemolysis occur- 
ring in M. pneumoniae infections is acute in onset, typically appearing 
as the patient is recovering from pneumonia and coincident with peak 
titers of cold agglutinins. The hemolysis is self-limited, lasting 1 to 3 
weeks.'' Hemolytic anemia in infectious mononucleosis develops either 
at the onset of symptoms or within the first 3 weeks of illness." 

Other physical findings are variable, depending upon the presence 
of an underlying disease. Splenomegaly, a characteristic finding in lym- 
phoproliferative diseases or infectious mononucleosis, may be observed 
in idiopathic cold agglutinin disease. 

In paroxysmal cold hemoglobinuria, constitutional symptoms are 
prominent during a paroxysm. A few minutes to several hours after cold 
exposure, the patient develops aching pains in the back or legs, abdomi- 
nal cramps, and perhaps headaches. Chills and fever usually follow. The 
first urine passed after onset of symptoms typically contains hemoglo- 
bin. The constitutional symptoms and hemoglobinuria generally last a 
few hours. Raynaud phenomenon and cold urticaria sometimes occur 
during an attack; jaundice may follow. 


DRUG-INDUCED IMMUNE HEMOLYTIC ANEMIA 


A careful history of drug exposure should be obtained from all patients 
with hemolytic anemia and/or a positive DAT. As in idiopathic AHA, 
the clinical picture in drug-induced immune hemolytic anemia is quite 
variable. The severity of symptoms largely depends upon the rate of 
hemolysis. In general, patients with hapten/drug adsorption (e.g., pen- 
icillin) and autoimmune (e.g., a-methyldopa) types of drug-induced 
hemolytic anemia exhibit mild to moderate hemolysis, with insidious 
onset of symptoms developing over a period of days to weeks. In con- 
trast, the ternary complex mechanism (e.g., cephalosporins or quini- 
dine) often causes sudden, severe hemolysis with hemoglobinuria. In 
the latter setting, hemolysis can occur after only one dose of the drug in 
a patient previously exposed to the drug. Acute renal failure may accom- 
pany severe hemolysis by the ternary complex mechanism.?®56586263:86 
Several reports indicate that second- and third-generation cephalo- 
sporins may cause severe, even fatal, hemolysis by the ternary complex 
mechanism.*” °° 


@ LABORATORY FEATURES 
GENERAL FEATURES 


By definition, patients with AHA present with anemia, the sever- 
ity of which ranges from life-threatening to very mild. Patients with 
warm-antibody AHA may present with hematocrit levels less than 10 
percent or may have compensated hemolytic anemia and a near-normal 
hematocrit. For the latter patients, the predominant laboratory features 
are an increased reticulocyte count and a positive DAT. Occasionally, 
the patient has leukopenia and neutropenia. Platelet counts typ- 
ically are normal. Rarely, severe immune thrombocytopenia is asso- 
ciated with warm-antibody AHA. This constellation is termed Evans 
syndrome.’ In this syndrome, the RBC and platelet antibodies are 
apparently distinct.?*” 

Patients with classic chronic cold agglutinin disease exhibit mild to 
moderate, fairly stable anemia, with hematocrit levels only occasionally 
as low as 15 to 20 percent. In contrast, patients with paroxysmal cold 
hemoglobinuria have hematocrit levels that decrease rapidly during a 
paroxysm. During a paroxysm, leukopenia is noted early, followed by 
leukocytosis. Complement titers frequently are depressed because of 
consumption of complement proteins during hemolysis. 

In drug-induced immune hemolytic anemia of the hapten/drug 
adsorption and true autoantibody types, the hematologic findings are 
similar to those described for spontaneously occurring warm-antibody 
AHA. Most patients exhibit anemia and reticulocytosis. Leukopenia 
and thrombocytopenia may be noted in cases of ternary complex- 
mediated hemolysis. 

Evaluation of the blood film can reveal several features related to 
all types of AHA (Fig. 54-2). Polychromasia indicates a reticulocyto- 
sis, reflecting an increased rate of reticulocyte egress from the marrow. 
Spherocytes are seen in patients with moderate to severe hemolytic 
anemia. If hereditary spherocytosis can be excluded, this finding sug- 
gests an immune hemolytic process. RBC fragments, nucleated RBCs, 
and occasionally erythrophagocytosis by monocytes may be seen in 
severe cases (Fig. 54-2). Most patients have mild leukocytosis and neu- 
trophilia. Additionally, patients with cold-antibody AHA may exhibit 
RBC autoagglutination in the blood film and in chilled anticoagulated 
blood (Fig. 54-3). 

The reticulocyte count usually is elevated. Nevertheless, early in 
the course of the disease, more than one-third of all patients may have 
transient reticulocytopenia despite a normal or hyperplastic erythroid 
marrow.” The mechanism is unknown, but autoantibodies reactive 
against antigens on reticulocytes are speculated to lead to their selec- 
tive destruction.2” One unusual patient with warm-antibody AHA, 
reticulocytopenia, and marrow erythroid aplasia had a serum autoanti- 
body that inhibited erythroid colony formation in vitro.” The aplastic 
crisis remitted after the serum IgG level was lowered by immunoad- 
sorption. Reticulocytopenia also may be seen in patients with marrow 
function compromised by an underlying disease, parvovirus infection, 
toxic chemicals, or nutritional deficiency. Marrow examination usually 
reveals erythroid hyperplasia and may provide evidence of an underly- 
ing lymphoproliferative disorder. 

Hyperbilirubinemia (chiefly unconjugated) is highly suggestive of 
hemolytic anemia, although its absence does not exclude the diagnosis. 
Total bilirubin is only modestly increased (up to 5 mg/dL) and, with rare 
exceptions, the conjugated (direct) fraction constitutes less than 15 per- 
cent of the total. Urinary urobilinogen is increased regularly, but bile is 
not detected in the urine unless serum conjugated bilirubin is increased. 
Usually, serum haptoglobin levels are low, and lactate dehydrogenase 
levels are elevated. Hemoglobinuria is encountered in rare patients with 
warm-antibody AHA and hyperacute hemolysis, more commonly in 
patients with cold agglutinin disease, and characteristically in patients 
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Figure 54-2. A. Blood film. Autoimmune hemolytic anemia. Moderately severe. Note high frequency of microspherocytes (small hyperchromatic 
RBCs) and the high frequency of macrocytes (putative reticulocytes). B. Blood film. Autoimmune hemolytic anemia. Severe. Note the low density of 
red cells on the film (profound anemia), high frequency of microspherocytes (hyperchromatic), and the large red cells (putative reticulocytes). Note 
the two nucleated RBCs and the Howell-Jolly body (nuclear remnant) in the macrocyte. Nucleated RBCs and Howell-Jolly bodies may be seen in auto- 
immune hemolytic anemia with severe hemolysis or after splenectomy. C. Blood film. Autoimmune hemolytic anemia. Severe. Monocyte engulfing 
two red cells (erythrophagocytosis). Note frequent microspherocytes and scant red cell density. D. Reticulocyte preparation. Autoimmune hemolytic 
anemia. Note high frequency of reticulocytes, the large cells with precipitated ribosomes. Remaining cells are microspherocytes. (Reproduced with 


permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


with paroxysmal cold hemoglobinuria and with drug-induced immune 
hemolytic anemia mediated by the ternary complex mechanism. 


Direct Antiglobulin Test Pattern 

Diagnosis of AHA or drug-induced immune hemolytic anemia requires 
demonstration of immunoglobulin and/or complement bound to the 
patient's RBCs. As a screening procedure, use of a “broad-spectrum” 


antiglobulin (Coombs) reagent—that is, one that contains antibodies 
directed against human immunoglobulin and complement compo- 
nents (principally C3)—is customary. If agglutination is noted with 
a broad-spectrum reagent, antisera reacting selectively with IgG (the 
“gamma” Coombs) or with C3 (the “nongamma” Coombs) are used to 
define the specific pattern of RBC sensitization. Monospecific antisera 
to IgM or IgA also have been used in selected cases. 


Figure 54-3. Blood films. A. Cold-reactive (IgM) antibody. Red cell agglutination at room temperature. B. Same blood examined at 37°C. Note 
marked reduction in agglutination. (Reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


Part VI: The Erythrocyte 


TABLE 54-4. Major Reaction Patterns of the Direct 


Antiglobulin Test and Associated Types of Immune Injury 


Reaction Pattern Type of Immune Injury 


Immunoblobulin 
(Ig) G alone 


Warm-antibody autoimmune hemolytic 
anemia 


Drug-immune hemolytic anemia: hapten 
drug adsorption type or autoantibody 
type 

Warm-antibody autoimmune hemolytic 
anemia with subthreshold IgG deposition 
Cold-agglutinin disease 

Paroxysmal cold hemoglobinuria 


Drug-immune hemolytic anemia: ternary 
complex type 


Complement alone 


IgG plus Warm-antibody autoimmune hemolytic 
complement anemia 
Drug-immune hemolytic anemia: autoanti- 
body type (rare) 


Three possible major patterns of direct antiglobulin reaction in 
AHA and drug-induced immune hemolytic anemia exist: (1) RBCs 
coated with only IgG, (2) RBCs coated with IgG and complement 
components, and (3) RBCs coated with complement components 
without detectable immunoglobulin.'*"°* In patterns 2 and 3, 
the complement components most readily detected are C3 fragments 
(mainly C3dg). Each pattern is associated with accelerated RBC 
destruction. Positive antiglobulin reactions with anti-IgA or anti-IgM 
are encountered less commonly, often in association with bound IgG 
and/or complement.*°*5! Table 54-4 summarizes the diagnostic sig- 
nificance of each of these major patterns (see “Serologic Features” 
below). 


SEROLOGIC FEATURES 


Warm-Antibody Autoimmune Hemolytic Anemia 

Free versus Bound Autoantibody The autoantibody molecules in 
patients with warm-antibody AHA exist in a reversible, dynamic equi- 
librium between RBCs and plasma.” In addition to the major por- 
tion of autoantibody bound to the patient’s RBCs (detected by the DAT), 
“free” autoantibody may be detected in the plasma or serum of these 
patients by the IAT. In the LAT, the patient’s serum or plasma is incu- 
bated with normal donor erythrocytes at the appropriate temperature 
(in this case, 37°C). The cells are washed, suspended in saline solution, 
and then tested for agglutination by antiglobulin serum. The presence 
of unbound autoantibody in plasma depends upon the total amount of 
antibody being produced and the binding affinity of the antibody for 
RBC antigens. In general, patients whose RBCs are heavily coated with 
IgG more likely exhibit plasma autoantibody. Protease-modified RBCs 
are more sensitive than native RBCs in detecting plasma autoantibody, 
but such data must be interpreted with caution, because alloantibod- 
ies, naturally occurring antibodies to cryptic antigens, and other serum 
components may interact with enzyme-modified RBCs. Patients with 
a positive IAT as a result of a warm-reactive autoantibody should also 
have a positive DAT. A patient with a serum anti-RBC antibody (posi- 
tive IAT) and a negative DAT probably does not have an autoimmune 
process but rather an alloantibody stimulated by prior transfusion or 
pregnancy. 


Quantity, Affinity, and 
Autoantibody 

Direct Antiglobulin Test-Negative Autoimmune Hemolytic Anemia 
Figure 54-4 relates the intensity of the direct antiglobulin reaction, 
using specific anti-IgG serum, to the number of IgG molecules bound 
per RBC. The latter was determined by a sensitive antibody-consump- 
tion method. A trace-positive antiglobulin reaction (read macro- 
scopically) detects 300 to 400 molecules of IgG per cell.” In another 
laboratory, a trace-positive antiglobulin reaction with anti-C3 was 
obtained with 60 to 115 molecules C3 per cell.’ 

Sometimes patients with warm-antibody AHA and many of its 
hallmarks, for example, anemia, reticulocytosis, spherocytes, elevated 
lactate dehydrogenase (LDH), low or absent haptoglobin, present with a 
negative DAT. There are three principal causes for the negative DAT: IgG 
or complement sensitization below the threshold of detection of com- 
mercial antiglobulin (Coombs) reagents; low affinity IgG sensitization 
with loss of cell-bound antibody during the cell washing steps before 
the direct antiglobulin reaction; sensitization with IgA or IgM antibod- 
ies which many commercial DAT reagents cannot detect because they 
contain only anti-IgG anti-C3. 

More sensitive methods for quantifying RBC-bound IgG allow 
identification of AHA patients having all the usual features of warm- 
antibody AHA but a negative DAT with antiimmunoglobulin and 
anticomplement reagents.***°° In these cases, specialized methods 
(e.g., anti-IgG consumption assays, automated enhanced agglutination 
techniques, enzyme-linked immunoassays, radioimmunoassays, flow 
cytometry) detect very small quantities of cell-bound IgG. In such cases, 
studies with highly concentrated RBC eluates confirm these IgG mole- 
cules are warm-reacting anti-RBC autoantibodies.” Patients generally 
have relatively mild hemolysis and often respond favorably to gluco- 
corticoid therapy. By these specialized methods, subthreshold IgG also 
may be detected in a significant number of patients exhibiting the “com- 
plement alone” pattern of direct antiglobulin reaction in the absence of 
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Figure 54-4. Comparison of direct antiglobulin reactions (with 
anti-immunoglobulin [lg]G serum) with molecules of red blood cell- 
bound IgG determined by a quantitative antibody consumption assay 
(method described by Gilliland and colleagues*). The two assays were 
conducted concurrently on the same blood specimen. The antiglobulin 
reactions were performed manually and read macroscopically. 


drug sensitivity or cold agglutinins. Studies with concentrated RBC elu- 
ates suggest subthreshold quantities of bound IgG antibodies are capa- 
ble of fixing much larger quantities of C3 to the cell membrane.” In 
cases of low-affinity IgG sensitization, detection of IgG bound to RBCs 
may be accomplished by cold washing (0 to 4°C) or by use of low ionic 
strength saline in the wash steps prior to the DAT reaction. Cell Bound 
IgA and IgM may be detected by means of antisera to IgA and IgM. 


DAT-negative AHA has been reviewed extensively elsewhere.” 


Nature of the Autoantibodies and Red Blood Cell Target Anti- 
gens In any series of warm-antibody AHA patients, the correlation 
between the strength of the antiglobulin reaction (IgG molecules per 
RBC) and the rate of RBC destruction is variable. The IgG subclass of 
warm autoantibodies influences the degree to which these antibodies 
shorten RBC survival. IgG, is the most commonly encountered sub- 
class, either alone or in combination with other IgG subclasses. 
IgG, and IgG, autoantibodies appear to be more effective in decreasing 
RBC life span than do those of the IgG, or IgG, subclass.**°?*! 

The difference may result from the greater affinity of macrophage 
Fc receptors for IgG, and IgG,'””'” and the higher complement-fixing 
activity of IgG, or IgG, antibodies relative to the activity of IgG, or IgG, 
antibodies.'” 

Autoantibodies eluted from patients’ RBCs or present in their 
plasma typically bind to all the common types of human RBCs repre- 
sented in test panels used by blood banks and thus might appear to be 
nonspecific. However, the antibodies of any one patient typically recog- 
nize one or more antigenic determinants (epitopes) that are common 
to almost all human RBCs, that is, “public” antigens. These antibodies 
have been useful for evaluating RBC membrane structures and for iden- 
tifying rare RBC phenotypes, namely, RBCs that lack a common blood 
group antigen(s). Nearly half of all AHA patients have autoantibodies 
specific for epitopes on Rh proteins.'01"1°!7% The autoantibodies of 
such patients commonly do not react with human Rh, ,, RBCs, which 
lack expression of the Rh complex. Occasionally, the anti-Rh autoanti- 
bodies have anti-e, anti-E, or anti-c (or, more rarely, anti-D) specificity. 
Patients who have autoantibodies with selective specificity (e.g., anti-e) 
nearly always have other autoantibodies reactive with all human RBCs, 
except Rh, „ Autoantibodies with such specificity are designated collec- 
tively as Rh related.°°** 

The remaining patients with warm-antibody AHA have IgG auto- 
antibodies that are fully reactive with Rh, , RBCs.'°119!?64 The exact 
specificity of the autoantibodies for many of these patients is undefined. 
However, in other instances, autoantibody specificity for serologically 
defined blood group antigens outside the Rh system has been identi- 
fied (using RBCs of appropriate antigen-deficient phenotype) including 
anti-Wr’,'! anti-En’,? anti-LW,?® anti-U,” anti-Ge,?°?® anti-Scl,?® 
or antibodies to Kell blood group antigens.” For ease of reference, the 
entire group of autoantibodies is designated non-Rh related. "6264 

Immunochemical studies indicate the autoantibodies from almost 
any AHA patient react with individual membrane proteins. The major 
target of Rh-related autoantibodies is a 32- to 34-kDa nonglycosylated 
polypeptide lacking on Rh, , RBCs.'*°?’! This polypeptide is similar, if 
not identical, to the polypeptide expressing the Rh(e) alloantigen. Many 
a-methyldopa-induced autoantibodies also react with this polypep- 
tide. Autoantibodies with non-Rh serologic specificity react with the 
band 3 anion transporter'**’” or with both band 3 and glycophorin A.'*° 
The latter autoantibodies may react with an epitope formed through 
the interaction of these two proteins on the RBC membrane.”” It is 
interesting to note that anti-RBC autoantibodies in NZB mice exhibit 
anti-band 3 specificity.’ Furthermore, naturally occurring anti-band 3 
IgG autoantibodies are found in almost all humans.””’”* These autoan- 
tibodies may play a role in the clearance of senescent RBCs by reacting 
with neoantigens formed on these cells by proteolytic alteration’? or 
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aggregation””® of band 3 proteins. Such neoantigens are not found on 


younger RBCs. An important but unanswered question concerns the 
possible relationship between naturally occurring and pathologic anti- 
band 3 autoantibodies. 


Cold-Antibody Hemolytic Anemia 

Cold agglutinins are distinguished by their ability to directly aggluti- 
nate saline-suspended human RBCs at low temperature, maximally at 
0 to 5°C. The reaction is reversible by warming. In chronic cold agglu- 
tinin disease, serum titers are commonly 1:1000 or higher and may 
reach 1:512,000 or more.'! Cold agglutinins are characteristically IgM. 
IgA or IgG cold agglutinins have been reported,’ sometimes in 
combination with IgM.” In mixed warm- and cold-antibody AHA, 
warm-reactive IgG autoantibodies are found in association with IgM 
cold agglutinins.” 

The DAT result is positive with anticomplement reagents. The 
antibody itself, however, is not detected by the DAT because the cold 
agglutinins readily dissociate from the RBCs both in vivo and during the 
washing steps of the standard antiglobulin procedure. In contrast, C4b 
and C3b are covalently bound to target RBCs via thioester linkages. In 
one unusual case, a low-titer IgG cold agglutinin could be detected by 
washing the patient’s RBCs in ice-cold saline solution and performing 
the DAT at 4°C.?”” 

The majority of cold agglutinins are reactive with oligosaccha- 
ride antigens of the I/i system, which are precursors of the ABH and 
Lewis blood group substances.” The I/i determinants are bound 
to erythrocyte membrane glycoprotein (band 3 anion transporter) or 
to glycolipids.” Anti-I and anti-i reportedly bind solubilized RBC 
glycoproteins at 37°C, suggesting the temperature dependence of cold 
agglutination of intact RBCs may be a function of temperature-induced 
conformational effects on the cell surface.” 

I antigens are expressed strongly on adult RBCs but weakly on 
neonatal (cord) RBCs. The converse is true of i antigens, indicating 
I/i antigen expression is developmentally regulated. The differences 
between adult and cord blood RBCs allow evaluation of the serologic 
specificity of cold agglutinins.'°"”” I/i antigens, or structurally related 
analogues, occur in human saliva, milk, amniotic fluid, and hydatid cyst 
fluid,” and are expressed on human lymphocytes, neutrophils, and 
monocytes.” 

Anti-I is the predominant specificity of cold agglutinins in idio- 
pathic cold agglutinin disease, in patients with M. pneumoniae, and in 
some cases of lymphoma. Cold agglutinins with anti-i specificity are 
found in patients with infectious mononucleosis and in some patients 
with lymphoma. A small percentage of cold agglutinin-containing sera 
react equally well with adult and neonatal RBCs. These antibodies rec- 
ognize antigens outside the I/i system, including Pr antigens, consisting 
of carbohydrate epitopes of glycophorins that are inactivated by protease 
treatment” and, less commonly, the M or P blood group antigens.*°*° 
Most cold agglutinins associated with chickenpox exhibit anti-Pr spec- 
ificity. A single case with anti-I specificity has been observed.” Hemo- 
lysis resulting from a cold agglutinin with anti-Pr specificity occurred 
following an allogeneic marrow transplant.” 

In hemolytic anemia associated with infectious mononucleosis, 
the patient's serum may contain IgM anti-i cold agglutinins or cold- 
reactive nonagglutinating IgG anti-i with IgM cold-reactive anti-IgG 
antibodies (“rheumatoid factors”) that may crosslink the IgG-coated 
RBCs to produce agglutination.” 

In paroxysmal cold hemoglobinuria, the direct antiglobulin reac- 
tion usually is positive during and briefly following an acute attack 
because of the coating of surviving RBCs with complement, primarily 
C3dg fragments. The Donath-Landsteiner antibody is responsible for 
complement deposition on the cells; it is a nonagglutinating IgG that 
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binds RBCs only in the cold. It readily dissociates from the RBCs at room 
temperature. In adults subject to recurring episodes in association with 
cold exposure, the DAT result remains negative between attacks. The 
antibody is detected by the biphasic Donath-Landsteiner test, in which 
the patient’s fresh serum is incubated with RBCs initially at 4°C and the 
mixture is then warmed to 37°C." Intense hemolysis occurs. Addition of 
fresh guinea pig serum or ABO-compatible human serum may be nec- 
essary to serve as a source of fresh complement if the patients serum 
has been stored or is complement depleted. Antibody titers rarely exceed 
1:16. The Donath-Landsteiner antibody typically has specificity for the P 
blood group antigen, a glycosphingolipid structure.**! The P antigen also 
occurs on lymphocytes and skin fibroblasts.'° The finding of P antigen on 
skin fibroblasts might be related in some way to the occurrence of cold 
urticaria in paroxysmal cold hemoglobinuria, a phenomenon that may 
be transferred passively by serum to normal skin. Antibody specificities 
for RBC antigens other than the P blood group have been noted.” 


Drug-Induced Immune Hemolytic Anemia 

In the hapten/drug adsorption mechanism of immune injury associ- 
ated with cephalosporins or penicillin, the patient’s drug-coated RBCs 
bind drug-specific IgG antibody and exhibit positive DAT reactions 
with anti-IgG. Rarely, both anti-IgG and anti-C3d antisera produce 
positive DAT reactions. Such cases could have superficial resemblance 
to warm-antibody AHA. The key serologic difference is that, in this 
form of drug-induced immune hemolytic anemia, the antibodies in 
the patient’s serum or eluted from the patients RBCs react only with 
drug-coated RBCs. In contrast, the IgG antibodies in warm-type AHA 
react with unmodified human RBCs and may show preference for cer- 
tain known blood groups (e.g., within the Rh complex). Such serologic 
distinction and the history of exposure to high blood levels of penicillin 
or a cephalosporin should be instructive. 

In hemolysis mediated by the ternary complex mechanism, the 
DAT is positive with anticomplement serum. Immunoglobulins are 
only rarely detectable on the patient's RBCs. This pattern is similar to 
that encountered in AHA mediated by cold agglutinins. Moreover, the 
brisk type of hemolysis in the ternary complex mechanism also is seen 
in certain cases of cold-antibody AHA. In the drug-induced cases, how- 
ever, the cold agglutinin titer and the Donath-Landsteiner test result are 
normal, and demonstration of serum antibody acting on human RBCs 
depends upon the presence of the drug in the test system. Thus, the 
IAT reaction with anticomplement serum may be positive only if the 
incubation mixture permits interaction of (1) normal RBCs; (2) anti- 
drug antibody from the patient's serum; (3) the relevant drug, either 
still in the patient’s serum or added in vitro in appropriate concentra- 
tion; and (4) a source of complement, that is, fresh normal serum or 
the patient's own serum if freshly obtained. A negative result does not 
necessarily absolve the suspected drug because the critical determinant 
may be a metabolite of the drug in question. In some cases, use of urine 
or serum (of the patient or a volunteer taking the drug) as a source of 
drug metabolite has permitted successful demonstration of a drug-de- 
pendent mechanism.°!?!8?”?9! 

In patients with true autoantibodies as a result of a-methyldopa, the 
DAT reaction is strongly positive for IgG, but complement only rarely 
is detected on the patients RBCs. Autoantibody to RBCs is regularly 
present in the serum of patients and mediates a positive IAT reaction 
with unmodified human RBCs, often showing specificity related to the 
Rh complex. No presently available specific serologic test can separate 
idiopathic warm-reacting IgG autoantibodies with Rh-related specifici- 
ties from those induced by a-methyldopa administration. The evidence 
must be circumstantial, with the helpful knowledge that discontinua- 
tion of a-methyldopa, without any form of immunosuppressive therapy, 


consistently permits a slow recovery from anemia and a gradual disap- 
pearance of anti-RBC antibodies. 

Drugs now not known to cause immune RBC injury will be impli- 
cated in the future. In any patient with a clinical picture compatible 
with drug-related immune hemolysis, a reasonable approach is stopping 
any drug that is suspect while serologic studies are being performed. 
The patient should be monitored for improvement in hematocrit level, 
decrease in reticulocytosis, and gradual disappearance of the positive 
DAT. Repeat challenge with the suspected drug may confirm the diag- 
nosis, but this measure is seldom necessary in patient management 
and may be unsafe. Therefore, rechallenge to exclude a drug-induced 
immune hemolytic anemia should be undertaken only for compel- 
ling reasons, such as the need to use the specific drug for the patient’s 
illness. 


@ DIFFERENTIAL DIAGNOSIS 


Several nonautoimmune diseases may result in spherocytic anemia, 
such as hereditary spherocytosis (HS), Zieve syndrome, clostridial sep- 
sis, and the hemolytic anemia preceding Wilson disease. Among the 
hereditary hemolytic anemias, HS can resemble acquired AHA most 
closely because the spherocytic anemia associated with HS may be 
detected first in adulthood (Chap. 46). In addition, splenomegaly may 
be prominent in both HS and AHA. Family studies of patients with HS, 
however, usually can identify other affected individuals. Most impor- 
tant, in hereditary hemolytic anemia the DAT is negative. 

In hemolytic anemia accompanied by a positive DAT, serologic 
characterization of the autoantibody may distinguish warm-antibody 
AHA from cold-reacting autoantibody syndromes. Diagnosis of a 
drug-induced immune hemolytic anemia depends upon a history of 
appropriate drug intake supported by compatible serologic findings. In 
patients who recently received a transfusion, a positive DAT reaction 
may reflect the binding of a newly formed alloantibody to donor RBCs 
in the patient’s circulation (delayed transfusion reaction; Chap. 138). 
This finding could lead to a false impression of an autoimmune process. 

The venom of the brown recluse spider (Loxosceles recluse) may 
cause severe life-threatening hemolysis.*””°? The DAT may be positive 
for IgG and or complement”? and spherocytes and RBC fragments 
are present on the blood film.” The diagnosis should be considered 
when there is history or evidence by physical examination of a spider 
bite. The role of IgG and complement in hemolysis is unclear, but the 
terminal complement inhibitor, eculizumab, inhibits lysis in vitro. To 
date, the clinical use of eculizumab in this population has not been 
reported. 

Recent recipients of allogeneic blood stem cell or solid-organ 
transplantations may develop autoimmune hemolysis.” In the former, 
antibodies are produced by the stem cell graft against RBCs also pro- 
duced by the stem cell graft; that is, both antibodies and RBCs are of 
donor origin. In the case of solid-organ transplantations, the recipient’s 
own lymphocytes make antibody against recipient RBCs. In both situ- 
ations, the autoimmunity is thought to arise from immunosuppressive 
therapy causing delayed reconstitution or dysfunction of T-cell immu- 
nity, leading to development of antibodies autologous to the offended 
immune system. 

Recipients of transplantations may also develop an alloimmune 
hemolytic anemia that mimics warm-antibody AHA. The problem is 
seen in kidney, liver, or hematopoietic stem cell transplantations and 
usually occurs when an organ from a blood group O donor is trans- 
planted into a blood group A or B recipient. B lymphocytes present 
in the donated organ or stem cell product form alloantibodies against 
recipient RBCs.” Patients of blood group O who receive a stem cell 


transplant from a donor of blood group A or B may develop a tran- 
siently positive DAT and hemolysis of RBCs made by the marrow graft 
because of temporary persistence of previously synthesized host anti-A 
or anti-B.*° Furthermore, some group O stem cell transplantation recip- 
ients exhibit mixed hematopoietic chimerism with persistence of host B 
lymphocytes that can make alloantibodies directed against RBCs made 
by the stem cell graft. In these settings, the findings of hemolysis and 
a positive DAT as a result of anti-A and anti-B probably are diagnostic 
of an alloimmune process, because autoantibodies directed against the 
major blood group antigens A and B are extremely rare. 

Other acquired types of hemolytic anemia are less easily confused 
with either warm- or cold-antibody AHA because spherocytes are not 
prominent on the blood film and the DAT is negative. Patients with 
paroxysmal nocturnal hemoglobinuria (PNH) may complain of dark 
urine (hemoglobinuria). This finding is unusual in patients with warm- 
antibody AHA but can occur in patients with the cold-antibody syn- 
dromes. Decreased levels of CD55 and CD59 on blood cells, detected 
by flow analysis, are characteristic of PNH but not AHA (Chap. 40). 
Microangiopathic hemolytic disorders, such as thrombotic thrombocy- 
topenic purpura and hemolytic uremic syndrome, can be distinguished 
from AHA by examining the blood film. In the microangiopathic 
hemolytic diseases, the blood film displays marked RBC fragmentation 
and minimal spherocytosis. In addition, microangiopathic hemolytic 
anemias more frequently are associated with thrombocytopenia than is 
either warm- or cold-antibody AHA. 

The clinical and laboratory features of chronic cold agglutinin dis- 
ease are sufficiently distinctive so that the diagnostic possibilities are 
limited. In general, a high-titer cold agglutinin (>1:512) and a positive 
DAT with anticomplement serum (but not with anti-IgG) are consis- 
tent with cold agglutinin disease. In many instances of drug-induced 
immune hemolytic anemia, the DAT result also is positive only for com- 
plement. The drug history and a low (or absent) cold agglutinin titer, 
however, help to distinguish drug-induced immune hemolytic anemia 
from cold agglutinin disease. If the patient has an elevated cold aggluti- 
nin level and a positive DAT result with both anti-IgG and anti-C3, then 
the patient may have a mixed-type AHA. Warm-antibody AHA, hered- 
itary hemolytic disorders, and PNH should be excluded in cases exhib- 
iting primarily a chronic hemolytic anemia. The pattern of antiglobulin 
reaction, family history, the result of analysis of CD55/CD59 on blood 
cells provide additional help in difficult cases. When the hemolysis is 
episodic, paroxysmal cold hemoglobinuria, march hemoglobinuria, 
and PNH also should be considered. When cold-induced peripheral 
vasoocclusive symptoms are predominant, the differential diagnosis 
should include cryoglobulinemia and Raynaud phenomenon, with or 
without an associated rheumatic disease. Infectious mononucleosis, 
M. pneumoniae infection, and lymphoma can be considered in appro- 
priate clinical settings. 

Paroxysmal cold hemoglobinuria must be distinguished from 
the subset of cases of chronic cold agglutinin disease manifesting epi- 
sodic hemolysis and hemoglobinuria. This distinction is made pri- 
marily in the laboratory. In general, patients with paroxysmal cold 
hemoglobinuria lack high titers of cold agglutinins. Furthermore, the 
Donath-Landsteiner antibody is a potent in vitro hemolysin, in contrast 
to most cold agglutinins, which are weak hemolysins. Warm-antibody 
AHA, march hemoglobinuria, myoglobinuria, and PNH can be distin- 
guished through the history and appropriate laboratory studies. 

Immune hemolysis caused by drugs should be distinguished from 
(1) the warm- or cold-antibody types of idiopathic AHA, (2) congen- 
ital hemolytic anemias such as HS, and (3) drug-mediated hemolysis 
resulting from disorders of red cell metabolism, such as glucose-6- 
phosphate dehydrogenase deficiency. Patients with drug-induced 
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immune hemolytic anemia have a positive DAT that distinguishes this 
group from patients with inherited RBC defects. 


@ THERAPY 


GENERAL 


Transfusion 

The clinical consequences of AHA or drug-induced immune hemo- 
lytic anemia are related to the severity of the anemia and acuity of its 
onset. Many patients develop anemia over a period sufficient to allow 
for cardiovascular compensation and hence do not require RBC trans- 
fusions. However, RBC transfusions may be necessary and should not 
be withheld from a patient with an underlying disease complicating the 
anemia, such as symptomatic coronary artery disease, or a patient who 
rapidly develops severe anemia with signs and/or symptoms of circula- 
tory failure, as in paroxysmal cold hemoglobinuria or ternary complex 
drug-induced immune hemolysis. 

Transfusion of RBCs in immune hemolytic anemia presents two 
difficulties: (1) crossmatching and (2) the short half-life of the trans- 
fused RBCs (Chap. 138). Finding truly serocompatible donor blood is 
nearly always impossible except in rare cases when the autoantibody 
is specific for a defined blood group antigen (see “Serologic Features” 
above). 

It is most important to identify the patients ABO type so as to avoid 
a hemolytic transfusion reaction mediated by anti-A or anti-B. This part 
of the matching process allows for selection of either ABO-identical 
or -compatible blood for transfusion. With respect to compatibility, the 
more difficult technical issue relates to the detection of RBC alloanti- 
bodies which may be masked by the presence of the autoantibody. 

Clinicians often speak of “least incompatible” blood for transfu- 
sion, but this term has lately fallen into disrepute because it lacks a pre- 
cise definition.™™ In fact all units will be serologically incompatible 
but units that are incompatible because of the presence of autoantibody 
are less dangerous to transfuse than those units that are incompatible 
because of an alloantibody. 

Before transfusing an incompatible unit, the patient's serum must 
be tested carefully for an alloantibody that could cause a severe hemo- 
lytic transfusion reaction against donor RBCs, especially in patients with 
a history of pregnancy, abortion or prior transfusion.**°* Patients 
who have been neither pregnant nor transfused with blood products 
are unlikely to harbor an alloantibody. Early consultation between the 
clinician and the blood bank physician is essential. An understanding 
of the basic aspects of blood compatibility testing, coupled with the 
knowledge of a patient's pregnancy and transfusion history allow for 
informed discussion and confident transfusion of mismatched blood if 
the situation demands. 

Once selected, the packed RBCs should be administered slowly 
and in the case of cold hemolysis syndromes should be brought at least 
to room temperature. During the transfusion, the patient should be 
monitored for signs of a hemolytic transfusion reaction (Chap. 138). 
The transfused cells may be destroyed as fast as or perhaps even faster 
than the patient’s own cells. However, the increased oxygen-carrying 
capacity provided by the transfused cells may be sufficient to maintain 
the patient during the acute interval required for other modes of ther- 
apy to become effective. 

For patients with AHA who require chronic transfusion support, 
use of prophylactic antigen-matched donor RBCs for transfusion has 
been proposed as a means of preventing alloimmunization.*” This pro- 
cess is feasible only in institutions with access to a good selection of 
phenotyped RBC units and a reference laboratory.’ 
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THERAPY OF WARM-ANTIBODY AUTOIMMUNE 
HEMOLYTIC ANEMIA 


Glucocorticoids 

Therapy with glucocorticoids has reduced the mortality associated with 
severe idiopathic warm-antibody AHA. Glucocorticoids were first used 
for this disorder more than 60 years ago.*** Glucocorticoids can cause 
dramatic cessation or marked slowing of hemolysis in about two-thirds 
of patients.'°!1733310 Approximately 20 percent of treated patients 
with warm-antibody AHA achieve complete remission. Approximately 
10 percent show minimal or no response to glucocorticoids. The best 
responses are seen in idiopathic cases or in those related to SLE. 

Most patients should be treated with oral prednisone at an initial 
daily dose of 1 to 1.5 mg/kg (e.g., 50 to 100 mg). Critically ill patients 
with rapid hemolysis may receive intravenous methylprednisolone 100 
to 200 mg in divided doses over the first 24 hours. High doses of pred- 
nisone may be required for 10 to 14 days. When the hematocrit sta- 
bilizes or begins to increase, the prednisone dose can be decreased in 
rapid-step dose reductions to approximately 30 mg/day. With continued 
improvement, the prednisone dose can be further decreased at a rate of 
5 mg/day every week, to a dose of 15 to 20 mg/day. These doses should 
be administered for 2 to 3 months after the acute hemolytic episode has 
subsided, after which the patient can be weaned from the drug over 1 
to 2 months or treatment switched to an alternate-day therapy schedule 
(e.g., 20 to 40 mg every other day). Alternate-day therapy reduces glu- 
cocorticoid side effects but should be attempted only after the patient 
has achieved stable remission on daily prednisone in the range of 
15 to 20 mg/day. Therapy should not be stopped until the DAT becomes 
negative. Although many patients achieve full remission of their first 
hemolytic episode, relapses may occur after the glucocorticoids are dis- 
continued. Consequently, patients should be followed for at least several 
years after treatment. A relapse may require repeat glucocorticoid ther- 
apy, splenectomy, or immunosuppression. 

Occasionally, patients who present with only a positive DAT, min- 
imal hemolysis, and stable hematocrit require no treatment. However, 
these patients should be observed for clinical deterioration because the 
rate of RBC destruction may increase spontaneously. 

Glucocorticoids may influence hemolysis in warm-antibody AHA 
by several mechanisms. Earlier investigators noted that hematologic 
improvement was often, but not always, accompanied by reduction in 
the strength of the DAT.” The subsequent observation of a decrease in 
cell-bound and/or free serum autoantibody during stable glucocorti- 
coid-induced remission suggested improved RBC survival following 
treatment with glucocorticoids resulted from a decrease in synthesis of 
anti-RBC autoantibodies.'”*? However, this finding cannot explain why 
glucocorticoid-treated patients often improve within 24 to 72 hours, a 
time much shorter than the half-life of anti-RBC autoantibody. Rather, 
glucocorticoids may suppress RBC sequestration by splenic macropha 
ges.'7117.183311 A quantitative decrease in one of the three known classes 
of Fcy receptors'”""”! has been observed in the blood monocytes of AHA 
patients during glucocorticoid therapy.*” 


Splenectomy 

Nearly one-third of patients with warm-antibody AHA require pred- 
nisone chronically in doses greater than 15 mg/day to maintain an 
acceptable hemoglobin concentration. These patients are candidates for 
laparoscopic splenectomy. 

Splenectomy removes the primary site of RBC trapping. Investiga- 
tions in human’® and animal’ subjects confirm that maintenance of a 
given rate of RBC destruction requires 6 to 10 times more RBC-bound 
IgG in splenectomized subjects than in nonsplenectomized subjects. 


Continuation of hemolysis after splenectomy is partly related to persist- 
ing high levels of autoantibody, favoring RBC destruction in the liver by 
hepatic Kupffer cells. 1671174 

Several investigators noted the amount of RBC-bound autoanti- 
body decreased in AHA patients following splenectomy.!%313 How- 
ever, a significant proportion of patients show no change in cell-bound 
autoantibody following splenectomy. The processes determining the 
rate of autoantibody production are poorly understood. The beneficial 
effect of splenectomy may be related to several factors interacting in 
complex fashion.*" 

A patient’s clinical data constitute the best selection criteria for 
splenectomy. Attempts to select potential responders by “Cr RBC 
sequestration studies have been disappointing.’"°*'> In most cases, a 
reasonable approach is to continue glucocorticoids for 1 to 2 months 
while waiting for a maximal response. However, if no response is noted 
within 3 weeks, the patient’s condition deteriorates, or the anemia is 
very severe, splenectomy should be performed sooner. 

Results of splenectomy are variable. Approximately two-thirds 
of AHA patients have a partial or complete remission following sple- 
nectomy.*”*'* However, the relapse rate is disappointingly high. Many 
patients require further glucocorticoid therapy to maintain acceptable 
hemoglobin levels, although often at a lower dose than required prior to 
splenectomy.'*’***” Alternate-day therapy is preferable to daily therapy 
in these cases if adequate control of the anemia can be achieved. 

The immediate mortality and morbidity from splenectomy depend 
upon the presence of underlying disease and the preoperative clinical 
status but generally are quite low.*'® Following splenectomy, children, 
more than adults, have an increased risk for developing sepsis as a result 
of encapsulated organisms.’ Vaccination against H. influenzae type b 
and pneumococcal and meningococcal organisms is recommended at 
least 2 weeks prior to surgery (Chap. 56).?"* 


Rituximab 

Rituximab is a monoclonal antibody directed against the CD20 antigen 
expressed on B lymphocytes and is used for treatment of B-cell lym- 
phoma. Its use for treatment of AHA is based on the antibody’s ability 
to eliminate B lymphocytes, including, presumably, those making auto- 
antibodies to RBCs. However, the mechanism of action is more com- 
plex than that, as the effect of rituximab can occur very early, before the 
autoantibodies can recede. In fact, sometimes in responding patients, 
autoantibody levels are not significantly affected.*? Opsonized B 
lymphocytes may decoy effector monocytes and macrophages from 
autoantibody complexes and normalize autoreactive T lymphocyte 
responses.*”” 

Rituximab was used initially in refractory AHA either unrespon- 
sive to or relapsed after oral glucocorticoid therapy. In a prospective 
series,”' 13 of 15 children with warm-antibody AHA responded to 
rituximab 375 mg/m? weekly for 2 to 4 weeks, intravenously. Other 
case series support the use of similar doses of rituximab in adults, with 
response rates ranging from 40 to 100 percent.*°*” Another prospec- 
tive study in adults exhibited a 100 percent response using rituximab 
100 mg/m? weekly for 4 weeks along with a short course of oral gluco- 
corticoid as first- or second-line therapy.’ Sustained responses were 
observed at 3 years in more than two-thirds of the cases.** 

A phase 3 randomized controlled trial compared glucocorticoid 
monotherapy versus glucocorticoid and rituximab 375 mg/m’ as first- 
line therapy in patients with warm-antibody AHA.” The complete and 
partial response rates were similar (approximately 50 percent) in the 
two groups at 3 and 6 months. At 12 and 36 months after randomization 
the relapse-free survival was superior for the combination of glucocor- 
ticoids and rituximab. 


Other Immunosuppressive Drugs 

Cytotoxic drugs such as cyclophosphamide, 6-mercaptopurine, aza- 
thioprine, and 6-thioguanine have been given to patients with AHA to 
suppress synthesis of autoantibody. Direct evidence of such an effect is 
lacking. Although immunosuppressive therapy is not universally accepted, 
beneficial responses to immunosuppressive drugs have been observed in 
some patients who did not respond to glucocorticoids." Importantly, 
the majority of patients with warm-antibody AHA respond to glucocor- 
ticoids and/or splenectomy and usually are not candidates for immuno- 
suppressive therapy. At present, immunosuppressive therapy should be 
reserved primarily for patients who do not respond to glucocorticoids, 
rituximab, or splenectomy, or for patients who are poor surgical risks.” 

The most successful approach used high-dose cyclophosphamide 
50 mg/kg ideal body weight per day for 4 consecutive days, intrave- 
nously, with granulocyte colony-stimulating factor support.” Of nine 
patients, eight of whom had warm autoantibodies, all became trans- 
fusion independent. All patients had prolonged severe cytopenias and 
required hospitalization for a median of 21 days. Cyclophosphamide 
may cause severe hemorrhagic cystitis and sodium 2-mercaptoethane- 
sulfonate (mesna) 10 mg/kg was given at 3, 6, and 8 hours following 
each cyclophosphamide dose, to minimize the effect of cyclophos- 
phamide on the bladder. 

For patients who may not tolerate prolonged cytopenias, the drugs 
of choice are cyclophosphamide 60 mg/m? or azathioprine 80 mg/m? 
given daily. If the patient tolerates the drug, continue treatment for up 
to 6 months while waiting for a response. When response occurs, the 
patient can be weaned slowly from the drug. If no response is observed, 
the alternative drug can be tried. Because cyclophosphamide and aza- 
thioprine suppress hematopoiesis, blood counts, including reticulocyte 
count, must be monitored with extra care during therapy. Treatment 
with either agent increases the risk of subsequent neoplasia. 

Patients with refractory AHA have been treated effectively with 
the purine analogue 2-chlorodeoxyadenosine (cladribine)*** and with 
mycophenolate mofetil.” Alemtuzumab was successfully used to 
treat 5 patients with refractory AHA associated with CLL.**! 


Other Therapies 

For patients with chronic compensated hemolysis, treatment with folate 
at 1 mg/day, orally, is recommended to satisfy the increased demands for 
the vitamin because of increased red cell production. Plasma exchange 
or plasmapheresis has been used in patients with warm-antibody AHA. 
Improvement has been reported in a few cases, but use of the method is 
controversial.**”** A patient with life-threatening warm IgG-mediated 
AHA refractory to glucocorticoids and splenectomy exhibited rapid 
clinical improvement following manual whole blood exchange.** A 
patient with severe warm IgM-mediated AHA was successfully treated 
with Cl-esterase inhibitor (Cl-inh) resulting in attenuation of comple- 
ment deposition on RBCs and hemolysis, along with improved recovery 
of transfused RBCs. Another patient with refractory warm IgM- 
mediated AHA responded to rituximab and eculizumab.** Thymec- 
tomy has been reported useful in a few children who were refractory to 
glucocorticoids and splenectomy.” Selective injury to splenic macro- 
phages by administration of vinblastine-loaded, IgG-sensitized platelets 
reportedly was successful in a few patients.**” Several anecdotal reports 
and a case series indicate short-term successful treatment of patients 
with AHA using high-dose intravenous y-globulin.****"" Uncontrolled 
studies indicate danazol, a nonvirilizing androgen, may be useful in 
patients with AHA.**3 Danazol may eliminate the need for splenec- 
tomy when combined with prednisone and may allow for a shorter 
duration of prednisone therapy.* Some patients with ulcerative coli- 
tis and AHA unresponsive to glucocorticoids and splenectomy may 
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respond to colectomy.*“ In patients with AHA associated with an ovar- 
P y. P 


ian dermoid cyst, cyst removal produces remission of the hemolysis.** 


THERAPY OF COLD-ANTIBODY HEMOLYTIC 
ANEMIA 


Keeping the patient warm, particularly the patient’s extremities, is 
moderately effective in providing symptomatic relief. This action may 
be the only measure required in patients with mild chronic hemoly- 
sis. In symptomatic patients, rituximab is effective and well tolerated. 
In two prospective trials, approximately half the patients responded to 
rituximab 375 mg/m? weekly for 4 weeks.*“°*”” Patients who relapsed 
responded to a second course of rituximab at about the same rate. In 
a prospective trial of rituximab and fludarabine, the response rate was 
76 percent, including complete responses in 21 percent with a median 
response duration of 66 months.** In another small study, 60 percent 
of patients responded to low dose rituximab, 100 mg/m’, a rate compa- 
rable to that seen with rituximab 375 mg/m?.*”? Chlorambucil or cyclo- 
phosphamide may be helpful for patients with symptomatic chronic 
cold agglutinin disease.” In patients with lymphoma, treatment 
of the underlying disorder usually results in control of the cold agglu- 
tinin disease. Single patients with refractory cold agglutinin disease 
have exhibited responses to eculizumab*' and bortezomib.’ Results 
of splenectomy’®''** or use of glucocorticoids'" generally have been 
disappointing, although exceptions have been reported,'°'’””””8 par- 
ticularly in atypical cases. Experimental’ and clinical’”® bases exist for 
considering very high doses of glucocorticoids in seriously ill patients. 
RBC transfusions generally are reserved for patients with severe anemia 
of rapid onset who are in danger of cardiorespiratory complications. 
Washed RBCs often are used to avoid replenishing depleted comple- 
ment components and reactivating the hemolytic process. In critically 
ill patients, plasma exchange (with replacement by albumin-containing 
saline solution) may provide transient amelioration of hemolysis.*°°**” 

In patients with cold agglutinin disease secondary to infection, 
spontaneous resolution of the hemolysis is expected in all patients after 
resolution of the infection. RBC transfusion may be required as a tem- 
porizing measure and in severe cases, plasma exchange may be bene- 
ficial. There is little evidence to support the use of glucocorticoids or 
antiviral therapy. 

Most contemporary cases of paroxysmal cold hemoglobinuria are 
self-limited. Acute attacks in both chronic and transient forms of parox- 
ysmal cold hemoglobinuria may be prevented by avoiding cold exposure. 
Glucocorticoid therapy and splenectomy have not been useful. When 
paroxysmal cold hemoglobinuria is associated with syphilis, effective 
treatment of the infection may result in complete remission. Antihis- 
taminic and adrenergic agents may relieve symptoms of cold urticaria. 


THERAPY OF DRUG-INDUCED IMMUNE 
HEMOLYTIC ANEMIA 


Discontinuation of the offending drug often is the only treatment 
needed. This measure is essential and may be lifesaving in patients with 
severe hemolysis mediated by the ternary complex mechanism. 

In the past, high-dose penicillin was not necessarily discontinued 
because of a positive DAT alone. A change in therapy was considered 
mainly in the presence of overt hemolytic anemia. For example, lower- 
ing the penicillin dose and coadministering other antibiotics sometimes 
allowed continuation of the drug, particularly if hemolysis was not 
severe. For other drugs causing only mild hemolysis by the hapten-drug 
adsorption mechanism, in the unlikely event that no alternatives are 
available, a similar approach may be effective. 
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In patients taking a-methyldopa in the absence of hemolysis, a 
positive DAT has not necessarily been an indication for stopping the 
drug. However, given all the choices available, it is prudent to con- 
sider alternative antihypertensive therapy. Because less information on 
the natural history of autoantibodies induced by drugs other than a- 
methyldopa is available, discontinuation of the offending drug is advis- 
able unless no suitable alternative exists. 

Glucocorticoids are generally unnecessary, and their efficacy is 
questionable. However, prednisone is effective in patients with CLL and 
autoimmune hemolysis caused by purine analogues,**® as are cyclospo- 
rine, rituximab, and intravenous immunoglobulin.” For treatment of 
CLL, combination of cyclophosphamide with fludarabine, with or with- 
out rituximab, seems to reduce the frequency of fludarabine-induced 
AHA.» Transfusions should be given in the unusual circumstance of 
severe, life-threatening anemia. Problems with crossmatching, similar 
to those encountered in warm-antibody AHA, may occur in patients 
with a strongly positive IAT, for example, in a-methyldopa-related 
cases. Patients with hemolytic anemia resulting from the hapten/drug 
adsorption mechanism should have a compatible crossmatch because 
the serum antibody reacts only with drug-coated cells. However, if ther- 
apy with the offending drug is still in progress, transfused cells may be 
destroyed at an increased rate as they become coated with drug in vivo. 
Patients with ternary complex-mediated hemolysis will also hemolyze 
transfused RBCs until the offending drug clears from the plasma. 

Several cases of transfusion-associated graft-versus-host disease as 
a result of purine analogues have been reported in CLL patients trans- 
fused for hemolysis.***°° Such patients, who have an immunodefi- 
ciency state secondary to CLL, impairing their ability to eliminate the 
transfused lymphocytes, should receive irradiated blood products. 


@ COURSE AND PROGNOSIS 


Patients with idiopathic warm-antibody AHA have unpredictable clini- 
cal courses characterized by relapses and remissions. No particular fea- 
ture of the illness has been a consistent predictor of outcome. Despite a 
rather high initial rate of response to glucocorticoids and splenectomy, 
the overall mortality rate was significant (up to 46 percent) in several 
older series, but much lower in more recent studies. !%11309360.361 The actu- 
arial survival at 10 years reportedly is 73 percent.*” 

Pulmonary emboli, infection, and cardiovascular collapse are 
causes of death. Thromboembolic episodes in the form of deep vein 
thrombosis or splenic infarcts are relatively common during active 
phases of the disease.*”**! In one series, 8 of 30 patients with AHA 
developed venous thromboembolism; 19 of the patients had antiphos- 
pholipid antibodies, including six of the eight patients with thrombo- 
embolism.*” In another retrospective analysis of 36 exacerbations of 
severe AHA in 28 patients, only six of whom were tested and found 
negative for antiphospholipid antibodies, venous thromboembolism 
occurred in 5 of 15 exacerbations without anticoagulation and in 1 of 
21 with anticoagulation.** The contribution of antiphospholipid anti- 
bodies to morbidity and mortality in AHA is not clear from these data. 
However, it seems prudent to consider prophylactic anticoagulation for 
patients with AHA and antiphospholipid antibodies or other risk fac- 
tors for venous thromboembolism. 

The prognosis in secondary warm-antibody AHA largely depends 
upon the course of the underlying disease. 

In children, warm-antibody AHA frequently follows an acute 
infection or immunization.*?*°* Most of these patients exhibit a 
self-limited course and respond rapidly to glucocorticoids. Those who 
recover from the initial hemolytic episode have a good prognosis and 
are unlikely to relapse, although exceptions are known. Children with 
chronic AHA tend to be older.****® The overall mortality rate is lower 


than in adults, ranging from 4 to 30 percent,*****® with higher mortal- 


ity rates in those with chronic AHA****° and associated autoimmune 
thrombocytopenia (Evans syndrome).**” Evans syndrome was noted 
in 37 percent of children with AHA in one large study, a much higher 
frequency than observed in adults.*® 

Patients with idiopathic cold agglutinin disease often have a rela- 
tively benign course and survive for many years.’"' Occasionally, death 
results from infection or severe anemia or, not uncommonly, from an 
underlying lymphoproliferative process. 

The postinfectious forms of cold agglutinin disease typically are 
self-limited. Recovery generally occurs in a few weeks. A few cases with 
massive hemoglobinuria have been complicated by acute renal failure, 
requiring temporary hemodialysis. 

Postinfectious forms of paroxysmal cold hemoglobinuria termi- 
nate spontaneously within a few days to weeks after onset," although 
the Donath-Landsteiner antibody may persist in low titer for several 
years.” Most patients with chronic idiopathic paroxysmal cold hemo- 
globinuria survive for many years despite occasional paroxysms of 
hemolysis. 

Immune hemolysis in response to drugs usually is mild, and the 
prognosis is good. Occasional episodes of exceptionally severe hemo- 
lysis with renal failure or death have been reported, usually because of 
drugs operating through the ternary complex mechanism or purine 
analogues in patients with CLL.*?°°°8- 97861051 Tn hemolysis resulting 
from ternary complex or hapten/drug adsorption mechanisms, the DAT 
becomes negative shortly after the drug is discontinued, that is, soon 
after the drug clears from the circulation. In addition, the hemolysis 
associated with a-methyldopa-induced autoantibodies ceases promptly 
after drug cessation. However, a positive DAT of gradually diminishing 
intensity may remain for weeks or months. 
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CHAPTER 55 
ALLOIMMUNE HEMOLYTIC 
DISEASE OF THE FETUS 
AND NEWBORN 


Ross M. Fasano, Jeanne E. Hendrickson, and Naomi L. C. Luban 


Alloimmune hemolytic disease of the fetus and newborn is caused by the 
action of transplacentally transmitted maternal immunoglobulin (Ig) G anti- 
bodies on paternally inherited antigens present on fetal red cells but absent 
on the maternal red cells. Maternal IgG antibodies bind to fetal red cells, caus- 
ing hemolysis or suppression of erythropoiesis. As a consequence, anemia, 
extramedullary hematopoiesis, and neonatal hyperbilirubinemia may result, 
with severe cases resulting in fetal loss or neonatal death or disability. Col- 
laboration among maternal—fetal medicine specialists, hematologists, trans- 
fusion medicine physicians, radiologists, and neonatologists has substantially 
reduced perinatal mortality and morbidity resulting from hemolytic disease of 
the fetus and newborn. Antenatal diagnostic methods identify at risk fetuses, 
and assess disease severity in affected fetuses. After birth, phototherapy and 
exchange transfusions prevent serum bilirubin from rising to levels that could 
produce bilirubin encephalopathy and resultant brain damage (kernicterus), 
remove maternal antibody, and replace circulating fetal red blood cells with 
those negative for the implicated antigen(s). Rhlg has successfully prevented 
alloimmune hemolytic disease resulting from rhesus D sensitization in many 
at risk infants, but no prophylactic therapy exists as of this writing to pre- 
vent alloimmune hemolytic disease resulting from other red cell antibodies. 
Advances in immunohematology and molecular biology may offer new ave- 
nues for prevention and treatment in the future. 


Alloimmune hemolytic disease of the fetus and newborn (HDFN) is 
a disorder in which the life span of fetal and/or neonatal red cells is 
shortened as a result of binding of transplacentally transferred mater- 
nal immunoglobulin (Ig) G antibodies on fetal red blood cell (RBC) 
antigens foreign to the mother, inherited by the fetus from the father. 


Acronyms and Abbreviations: AAP, American Academy of Pediatrics; anti-D, 
antibody against D antigen; ccff-DNA, circulating cell-free fetal DNA; DAT, direct 
antiglobulin test; AOD. change in optical density at 450 nm; FFP, fresh-frozen 
plasma; FMH, fetomaternal hemorrhage; HDFN, hemolytic disease of the fetus and 
newborn; HDN, hemolytic disease of the newborn; IAT, indirect antiglobulin test; lg, 
immunoglobulin; IUT, intrauterine transfusion; IVIG, intravenous immunoglobulin 
G; QT-PCR, quantitative polymerase chain reaction; RBC, red blood cell; Rh, rhesus; 
rHuEPO, recombinant human erythropoietin; Rhlg, Rho(D) immunoglobulin; SGA, 
small for gestational age; TBV, total blood volume; TSB, total serum bilirubin; WB, 
whole blood. 


The resulting hemolysis or suppression of erythropoiesis may cause 
fetal and/or neonatal anemia and significant neonatal jaundice. There 
are three main classes of alloimmune HDEN, based on the antigen(s) 
involved: Rh (rhesus), minor red cell antigens (i.e., Kell, Duffy, Kidd 
antigens) and ABO. 

Prior to the development of medical interventions in the 1950s, 
almost half of all newborn infants with Rh HDEN died or were severely 
handicapped. Although the clinical condition was described in new- 
born infants as early as the 1600s, it was only in the 1930s and 1940s that 
the pathophysiology of Rh HDFN was uncovered. In 1932, Diamond 
and colleagues’ recognized that the clinical syndromes of stillbirth with 
unusual erythroblastic activity in the extramedullary sites and blood, 
fetal hydrops, anemia in the newborn, and “icterus gravis neonatorum” 
were closely related and likely had the same pathophysiology in the 
hematopoietic system. In 1938, Ruth Darrow, a pathologist who lost a 
baby to kernicterus, postulated that hemolysis of fetal RBCs was a result 
of maternal antibody produced in response to fetal hemoglobin.? The 
discovery of the Rh factor by Landsteiner and Weiner led to elucidation 
of Rh HDEN by Levine and colleagues who established that erythrob- 
lastosis fetalis was caused by immunization of an Rh-negative mother 
by the red cells from an Rh-positive fetus. Antibodies produced by the 
sensitized mother crossed the placenta in the next pregnancy and coated 
the fetal Rh-positive cells, leading to hemolysis, anemia, hydrops, and 
severe neonatal jaundice. 

Neonatal mortality from Rh HDFN decreased considerably with 
the development of exchange transfusion techniques for correction 
of severe anemia and hyperbilirubinemia.* However, severely affected 
fetuses continued to die in utero before 34 weeks’ gestation. In 1961, 
Liley demonstrated the prognostic value of amniotic fluid spectropho- 
tometry in identifying fetuses at risk and then showed that intrauter- 
ine transfusions (IUTs) could prevent fetal deaths. The most dramatic 
reduction in the incidence of Rh HDEN was achieved in the 1960s and 
1970s with the development of postpartum and antepartum anti-D pro- 
phylaxis to prevent maternal Rh sensitization.® 

Despite these advances, Rh HDEN has not disappeared, and cases 
of hemolytic disease of the newborn resulting from red cell antibod- 
ies directed toward antigens other than the Rh blood group system are 
being increasingly recognized.”""' Furthermore, maternal Rh isoimmu- 
nization and Rh hemolytic disease still occur, particularly in develop- 
ing countries where anti-RhD prophylaxis is not widely available or in 
infants born outside of medical facilities. 


@ EPIDEMIOLOGY 


The epidemiology of HDEN varies in different ethnic and racial groups; 
the frequency of specific blood group alleles in a given population 
determines the probability of blood group incompatibility and maternal 
alloimmunization. Antigen-negative women may have naturally occur- 
ring antibodies to certain red cell antigens (anti-A or anti-B) or may 
develop antibodies as a result of exposure to foreign red cell antigens 
through blood transfusion or by silent fetomaternal hemorrhage during 
pregnancy or at delivery. More than 50 different RBC antigens are asso- 
ciated with maternal alloimmunization’-''¥ and with HDFN of varying 
severity; however, the vast majority of clinically significant maternal 
alloantibodies are within the Rh (D, CE), Kell, Duffy, MNS, and Kidd 
systems (Table 55-1). 

Antenatal screening programs detect antibodies to clinically 
significant Rh or other minor RBC antigens in 0.01 to 0.4 percent of 
pregnant women,™!™! although these numbers vary by country. Approx- 
imately 15 percent of Americans of European descent are RhD-negative, 
compared to 7 percent of Americans of African descent and Hispanics, 
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TABLE 55-1. Blood Group Systems Associated with 


Hemolytic Disease of the Fetus and Newborn 


Blood Group System Antigens 


Rhesus D, CG, E, Ce, f, C,” C,* E,” G, Rh29, Rh32 (RX), 
Rh42, Go?, Hr Be?, Evans, Tar, Sec, JAL, 
STEM 

Kell K, k, K, Kp’, Kp”, Js?, Js? (and others) 

Duffy Fy?, Fy>, Fy3 

Kidd Jke, Jk’, Jk3 

MNS M,N, S, s, U, Mi?, Mt?, Vx, Mur, Hil, Hut, En?, 
(and others) 

Lutheran Lu’, Lu? 

Diego Di?, Di’, Wr 

Others Co?, Co®, Co?, Ge?, JFV, Jones, Kg, Lan, Lsa, 


MAM, PPIPk, Rd (Sc’), Vel, (and others) 


Data from Moise, K.J., Fetal anemia due to non-Rhesus-D red-cell 
alloimmunization. Semin Fetal Neonatal Med, 2008. 13(4): p. 207-14 
and Eder, A.F., Update on HDFN: new information on long-standing 
controversies. /mmunohematology, 2006. 22(4): p. 188-95. 


5 percent of Asian Indians, and 0.3 percent of Chinese people.'*'® 
Despite the success of Rh prophylaxis, anti-D antibodies still constitute 
a large proportion of clinically significant antibodies detected in Europe 
and the United States. When RhD is excluded, non-D Rh antibodies 
(c, C, e, E, etc.) and antibodies belonging to the Kell, Duffy, 
Kidd, and MNS systems, are most frequently involved”"’; Table 55-2 
shows representative estimate of antibodies other than anti-D in women 
referred to a major national Maternal Alloimmunization Program at 
Wexner Medical Center at the Ohio State University. 


TABLE 55-2. Incidence of Maternal Non-D Alloantibodies 


Associated with Hemolytic Disease of the Fetus and 
Newborn at a Major U.S. Referral Center* 


1970-1988 1989-2006 
Alloantibody N (%) N (%) 
Anti-c 49 (16.6) 89 (10.4) 
Anti-C 3 (1.0) 30 (3.5) 
Anti-e 8 (2.7) 8 (0.9) 
Anti-E 77 (26.1) 198 (23.1) 
Anti-Kellt 87 (29.5) 167 (19.5) 
Anti-Fy? 19 (6.4) 61 (7.1) 
Anti-Jk? 1 (0.3) 44 (5.1) 
Anti-M 12 (4.1) 197 (23.0) 
Anti-S 12 (4.1) 1S5) 
Others 27 (9.2) 51 (5.9) 
Total: 295 858 


*The Ohio State University RBC Alloimmunization Program. 
tincidence of Kell alloimmunization has increased in other reports, 
which may be explained by geographic variations in gene frequency 
or transfusion practices. 

Used with permission of Richard W. O’Shaughnessy, Alloimmunization 
Program, Wexner Medical Center at the Ohio State University. 


@ CLINICAL FEATURES OF HEMOLYTIC 
DISEASE OF THE FETUS AND NEWBORN 


OVERVIEW 


Anemia, jaundice, and hepatosplenomegaly are the hallmarks of hemo- 
lytic disease of the newborn (HDN). The clinical spectrum of affected 
infants is highly variable. In Rh HDN, half of the infants have mild dis- 
ease and do not require intervention. One-fourth of affected infants are 
born at term with moderate anemia and develop severe jaundice. In 
the days prior to intrauterine intervention, hydrops developed in utero 
in the remaining one-fourth of infants; half became hydropic prior to 
34 weeks’ gestation. Hydrops recurs in 90 percent of affected pregnan- 
cies, often at an earlier gestation. In Kell HDN, the clinical spectrum of 
hemolytic disease is less predictable, ranging from mild anemia to frank 
hydrops; jaundice may be less severe than that seen in Rh HDEN, given 
the erythroid suppression that anti-Kell alloantibodies may induce. 
Jaundice is the predominant feature of ABO HDN, but anemia and mild 
hepatosplenomegaly may also be seen. Severe fetal anemia and hydrops 
are unusual in ABO hemolytic disease." 


HEMOLYTIC ANEMIA 


Infants with mild HDN may have cord blood hemoglobin concentra- 
tions only slightly lower than the age-related normal range. Hemoglobin 
values usually continue to fall after birth in all affected infants. Hemoly- 
sis continues until all incompatible red cells and/or circulating maternal 
alloantibody are eliminated from the circulation. Physical examination 
in infants having moderate to severe anemia reveals pallor, tachypnea, 
and tachycardia. In cases of severe HDEN, fetal anemia secondary to 
hemolysis results in compensatory extramedullary hematopoiesis in 
the liver, spleen, kidneys, and adrenal glands, and an outpouring of 
immature nucleated RBCs in the fetal circulation due to increased fetal 
plasma erythropoietin levels.'* The marked increase in erythropoiesis 
may be accompanied by down-modulation of platelet and neutrophil 
production.” 

After birth, the quantity of maternal antibodies in the neonatal 
circulation decreases over the next 12 weeks, with a half-life of approx- 
imately 25 days. Infants with moderate to severe hemolytic disease may 
develop significant anemia beyond the immediate neonatal period last- 
ing up to 8 to 12 weeks of life. Delayed anemia is related to continuing 
hemolysis because of persistence of maternal antibodies and a hypore- 
generative component with decreased red cell production from low 
serum concentrations of erythropoietin.” 


NEONATAL JAUNDICE 


Most infants with HDN are not jaundiced at birth because the placenta 
effectively transports most of the lipid-soluble unconjugated fetal biliru- 
bin. Bilirubin concentrations in amniotic fluid reflect bilirubin concen- 
trations in fetal blood and are influenced by fetal blood and amniotic 
fluid albumin concentrations.* The mechanism of entry of bilirubin 
into the amniotic fluid compartment has been debated, but of the five 
possible pathways (excretion through the fetal kidneys, meconium, 
skin, fetal lung secretions, and transmembranous), transmembranous 
appears to be most likely. 

At birth, the newborn infant’s immature liver is incapable of han- 
dling the large bilirubin load that results from the ongoing destruction 
of antibody-coated neonatal red cells, and jaundice usually develops 
during the first day of life, often in the first few hours of life in severely 
affected infants. The jaundice progresses in a cephalopedal direction 
with rising bilirubin levels. In patients with mild disease, the serum 


indirect bilirubin peaks by the fourth or fifth day and then declines 
slowly. Premature infants may have higher levels of serum bilirubin for a 
longer duration because of lower hepatic glucuronyl transferase activity. 
Conjugated hyperbilirubinemia at birth is sometimes noted in infants 
who received multiple IUTs. Babies who received IUTs may still have 
anemia at birth and may still develop significant hyperbilirubinemia in 
the neonatal period.” As discussed later in the section “Postnatal Man- 
agement’, these infants may require intermittent transfusion therapy 
until 2 to 3 months of age due to persistent anemia. 


KERNICTERUS 


An important complication of elevated serum levels of indirect biliru- 
bin in the neonate is the development of bilirubin encephalopathy.” 
This disorder, also termed kernicterus, is caused by bilirubin pigment 
deposition in the basal ganglia and brainstem nuclei, leading to neu- 
ronal necrosis. Acute bilirubin encephalopathy is initially marked by 
lethargy, poor feeding, and hypotonia. With increasing severity, the 
infant develops a high-pitched cry, fever, hypertonia progressing to 
frank opisthotonos, and irregular respiration. The infants then develop 
any or all of the classic sequelae of kernicterus: choreoathetoid cere- 
bral palsy, gaze abnormalities, especially in upward gaze, sensorineural 
hearing loss, and cognitive deficits. The clinical presentation of bilirubin 
encephalopathy in preterm infants may be less distinctive. Abnormal or 
absent brainstem auditory evoked potentials and magnetic resonance 
imaging scans demonstrating the characteristic bilateral lesions of the 
globus pallidus help confirm the clinical diagnosis of kernicterus. 

Infants with HDEN are at higher risk for kernicterus than are 
other infants with the same bilirubin level from other causes.” Heme 
pigments produced during active hemolysis are hypothesized to inhibit 
bilirubin-albumin binding. Alternatively, many conditions that poten- 
tially compromise the blood-brain barrier, such as prematurity, aci- 
dosis, hypoxemia, hypothermia, and hypoglycemia, are present in 
severely affected infants, making them more vulnerable to bilirubin 
encephalopathy. 


OTHER CLINICAL FEATURES 


Extensive extramedullary hemopoiesis in the liver and spleen may cause 
portal and umbilical venous hypertension, leading to ascites, pleu- 
ral effusions, and consequent pulmonary hypoplasia.” Trophoblastic 
hypertrophy and placental edema cause impaired placental function. 
Hypoproteinemia as a result of liver dysfunction leads to generalized 
edema. “Hydrops fetalis” a state of anasarca, is the end result of a com- 
bination of anemia, hypoproteinemia, cardiac failure, elevated venous 
pressures, increased capillary permeability, and impaired lymphatic 
clearance. Hepatosplenomegaly is usually present. Cholestatic liver dis- 
ease, previously believed to be associated with iron overload caused by 
IUTs, has been shown to occur in 13 percent of neonates with HDFN 
independent of previous IUT treatment and type of alloimmunization.” 
Hydropic babies may also have respiratory distress as a result of pul- 
monary hypoplasia, pleural and/or pericardial effusions, or surfactant 
deficiency. 

Although the pathophysiology is not entirely clear, purpura associ- 
ated with thrombocytopenia is sometimes seen in infants with HDFN. 
Thrombocytopenia at birth has been occurs in 26 percent of neonates 
with HDEN, independent of other comorbidities, such as lower gesta- 
tional age at birth, being small for gestational age (SGA), and previous 
IUTs.* Severe fetal thrombocytopenia (platelet count <50 x 10°/L) has 
been reported in 3 percent of all fetal blood samplings and in 23 percent 
of severely RhD alloimmunized hydropic fetuses in one center when 
fetal platelet counts were measured prior to IUT.” In addition, neutro- 
penia is a common feature of HDN and may be prolonged up to a year 
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of life, regardless of severity of HDEN, treatment received, or antibody 
specificity.” 


OBSTETRIC HISTORY 


The course and outcome of prior pregnancies are critically important 
in the initial evaluation of an alloimmunized pregnancy. A history of 
early fetal deaths or hydrops is ominous. In Rh alloimmunization, the 
severity of HDEN typically remains the same or worsens in subsequent 
affected pregnancies. Hydrops recurs in 90 percent of affected pregnan- 
cies, often at an earlier gestation in subsequent pregnancies. Alloimmu- 
nized women who report previous neonatal deaths, neonatal exchange 
transfusions, or IUTs should receive very close fetal surveillance.” Jaun- 
dice as a result of hemolysis often recurs to the same degree of severity 
in subsequent affected siblings. The history of prior blood transfusions 
may be obtained in women sensitized to antigens other than RhD, espe- 
cially if Kell alloimmunization is detected. Establishment of paternity 
for each pregnancy is particularly relevant in both Rh and Kell allo- 
immunization, because the fetus is at risk only if the father is positive 
for the antigen in question. Unlike Rh and other minor alloantibody 
HDEN, ABO HDN may affect the first-born ABO-incompatible infant. 
Although rare, severe ABO HDN may recur in subsequent ABO- 
incompatible pregnancies.** 


DIFFERENTIAL DIAGNOSIS 


Hydrops fetalis may be secondary to a-thalassemia (Chap. 49) cardiac 
anomalies or arrhythmias, fetal genetic or metabolic disorders, intra- 
uterine infections such as syphilis or toxoplasmosis, or any of a mul- 
titude of causes that lead to severe derangements in fetal homeostasis. 
These disorders are classified as nonimmune hydrops and are differen- 
tiated from the etiologies discussed in this chapter by the absence of 
any clinically significant red cell alloantibodies in the mother’s blood. 
Parvovirus B19 infection of the mother at any time during gestation can 
cause nonimmune hydrops, profound fetal anemia, and death. 

Neonatal anemia caused by intrinsic red cell defects such as hered- 
itary spherocytosis (Chap. 46), red cell enzyme deficiencies (Chap. 47), 
and hemoglobinopathies, notably a-thalassemia (Chap. 48) can give a 
similar clinical picture to HDN. The absence of maternal red cell allo- 
antibodies, a negative direct antiglobulin test (DAT) result, and detec- 
tion of the specific defect determining the disorder clarify the diagnosis. 
Disorders of bilirubin metabolism can lead to unconjugated hyperbi- 
lirubinemia; however, they are not associated with anemia. Hepatitis 
or obstructive biliary diseases present with direct hyperbilirubinemia, 
most often after the first week of life. 


@ PATHOPHYSIOLOGY 


There are three main classes of alloimmune HDEN, based on the anti- 
gen(s) involved: (1) Rh, (2) minor red cell antigens (i.e., Kell, Duffy, Kidd 
antigens), and (3) ABO. Factors affecting the risk to the fetus or neonate 
not only include the class of antigens involved, but also the titer (ie., 
4 vs. 32) and class/subclass (i.e., IgM vs. IgG, vs. IgG,) of the antibody, 
the level of antigen expression on fetal RBCs, and the antibody’s ability 
to suppress erythropoiesis (i-e., anti-K).*°° Rh HDEN is discussed first 
because it is archetypal of this condition; however, ABO incompatibility 
is much more common than Rh HDEN. The distinguishing features of 
the three classes of HDEN are highlighted below. 


RHD HEMOLYTIC DISEASE 


The standard nomenclature for designation of one’s blood type is ABO 
and Rh-positive or Rh-negative based on the presence or absence of the 
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RhD antigen. However, the Rh blood system consists of numerous other 
antigens, the most common clinically significant include C, c, E, and e, 
which are encoded on the paired RHCE gene. RhD-positive individuals 
may have one or two copies of RHD gene (heterozygous or homozygous 
RhD-positive, respectively). More than 150 alleles have been defined for 
RHD and more are likely to be revealed as population studies expand.” 
In whites, RhD-negative individuals are homozygous for deletion of the 
RHD gene, which encompasses the whole of RHD and part of each of 
the flanking Rh boxes. The resultant RhD-negative phenotype is char- 
acterized by the absence of the whole RhD protein from the red cell 
membrane; however the RHCE-encoded antigens are present. Only 
18 percent of RhD-negative Americans of African Descent are homozy- 
gous for RHD deletion. The majority (66 percent) of RhD-negative 
Americans of African descent have an inactive RHD gene (RH), while 
15 percent have a hybrid RHD-CE-D gene, neither of which produces 
epitopes of RhD antigen. 

A number of RHD alleles responsible for RhD protein variants 
with altered RhD antigen expression have been classified according 
to their phenotype and molecular variation as partial D, weak D, and 
DEL. Amino acid substitutions located in extracellular domains result 
in different forms of partial D phenotype. Women with partial D phe- 
notypes may develop antibodies against D epitopes absent on their cell 
membranes but present on the fetal RBCs. Amino acid substitutions 
located in the transmembrane or intracellular segments of the RhD 
protein result in a weak D phenotype. The expressed RhD antigen is 
reduced quantitatively but not qualitatively, so carriers are usually not 
susceptible to anti-D immunization. However, some types of weak D 
(weak D type 15, weak D type 4.2 or DAR, and weak D type 7) may 
produce anti-D. DEL is a very weakly expressed D antigen found in 
30 percent of RhD-“negative” blood donors in East Asia. Anti-D anti- 
body molecules recognize the epitopes on the external loops of RhD 
protein (Chap. 136). 

There currently are no requirements in the United States for blood 
banks to test for variant RhD on RhD-negative pregnant mothers. How- 
ever, monoclonal RhD typing sera most commonly used for RhD typing 
do not detect weak D or partial D phenotypes, which results in report- 
ing patients with variant RhD phenotypes as RhD-negative. Therefore, 
pregnant women with variant RhD phenotypes are usually treated with 
anti-D immunoglobulin prophylaxis. 

RhD-negative pregnant women who appear to have both anti-D 
and anti-C, especially if at a similar strengths of reactivity serologically, 
require special consideration. In this instance, if the pregnant woman is 
lacking both RhD and RhC antigens, she is also lacking the RhG anti- 
gen, a combination antigen in the Rh Blood Group System found on 
RBCs containing either RhD or RhC antigens. In these situations, the 
laboratory must determine whether the antibodies are truly anti-D/ 
anti-C rather than an anti-G because a patient who develops anti-C and/ 
or anti-G antibodies but no anti-D should receive anti-D immunoglob- 
ulin prophylaxis.“ 


Fetomaternal Hemorrhage and Anti-D Alloimmunization 

Asymptomatic transplacental passage of fetal red cells occurs in 75 
percent of pregnant women at some time during pregnancy or during 
labor and delivery.“ The incidence of fetomaternal transfusion increases 
with advancing gestation—from 3 percent (first trimester) to 12 percent 
(second trimester) to 45 percent (third trimester) and to 64 percent at 
delivery. The average volume of fetal blood in the maternal circulation 
after delivery is approximately 0.1 mL in most women and less than 1 
mL in 96 percent of women.” Intrapartum fetomaternal hemorrhage of 
more than 30 mL may occur in up to 1 percent of deliveries.“ Massive 
fetomaternal hemorrhage may present with decreased fetal movement 
and sinusoidal heart rhythm (undulating wave form alternating with a 


flat or smooth baseline fetal heart rate); however, it also may be clini- 
cally silent, with no clinical signs differentiating such deliveries from 
those with minimal fetomaternal hemorrhage.“ Fetomaternal trans- 
fusion can also result from obstetric procedures such as chorionic villus 
sampling, amniocentesis, funipuncture, therapeutic abortion, external 
cephalic version, cesarean section, and manual removal of the placenta, 
and from pathologic conditions such as abdominal trauma, spontane- 
ous abortion, or ectopic pregnancy. “5-47 

The presence of RhD-positive red cells in an RhD-negative mother 
initially provokes a weak and slow primary immune response, which 
develops over 4 weeks and consists of transient elevation of IgM anti- 
bodies. Subsequently, approximately 5 to 15 weeks after exposure to the 
RhD-positive red cells, anti-D IgG antibodies capable of crossing the 
placenta are produced. The RhD antigen is the most immunogenic of 
the Rh antigens and, indeed, of all red cell antigens (after ABO).** The 
RhD protein is processed by antigen-processing cells in the spleen and 
lymphoid tissue of D-negative individuals into multiple short allogeneic 
linear peptides, which stimulate helper T cells, which then activate B 
cells to produce IgM and later IgG antibodies. Memory T and B cells 
that are generated following the initial immune response are long lived, 
and exposure to the antigen, even years later, results in an accelerated 
antibody response as a result of rapid proliferation of antigen-specific 
clones. Repeated exposure to RhD-positive fetal RBCs, as in a second 
RhD-positive pregnancy in a sensitized RhD-negative woman, produces 
a brisk secondary immune response marked by rapid production of large 
amounts of anti-D IgG antibody by maternal memory B lymphocytes. 

In the absence of Rho(D) immunoglobulin (RhIg) prophylaxis, 
sensitization occurs in 7 to 16 percent of RhD-negative women at risk, 
within 6 months after delivery of the first RhD-positive ABO-compat- 
ible fetus. The relatively low rate of 16 percent of primary alloimmuni- 
zation in Rh-negative women at risk may be a result of the low volume 
of fetomaternal hemorrhage (FMH) in most women. In fact, as little 
as 0.03 mL of RhD-positive RBCs has been shown to be sufficient to 
immunize some RhD-negative individuals.” 

The potential for immunization of the mother is not only deter- 
mined by the extent of FMH and the presence of fetomaternal blood 
group incompatibility, but also by other factors, such as the frequency 
of fetomaternal transfusion and whether the mother and fetus are ABO 
compatible. As an example, repetitive exposure to minuscule amounts of 
RhD-positive red cells in RhD-negative women who abuse intravenous 
drugs and share needles with RhD-positive partners has been reported 
to lead to severe Rh sensitization.” Fetomaternal ABO incompatibil- 
ity offers some protection against primary Rh immunization because 
incompatible fetal red cells are destroyed rapidly by maternal anti-A 
and anti-B antibodies, reducing maternal exposure to RhD antigenic 
sites. Primary Rh immunization occurs in 2 to 4 percent of women at 
risk after delivery of an ABO-incompatible fetus.” ABO incompatibil- 
ity confers no protection against the secondary immune response once 
sensitization has occurred.” 

Binding of transplacentally transferred maternal anti-D IgG anti- 
bodies to D-antigen sites on the fetal red cell membrane is followed by 
adherence of the coated red cells to the Fcy receptors of macrophages 
with rosette formation, leading to extravascular noncomplement-medi- 
ated phagocytosis and lysis, predominantly in the spleen.” Although Rh 
antigens are found on fetal RBCs as early as week 6 of gestation,” active 
transport of IgG across the placenta is slow until 20 to 24 weeks of ges- 
tation. The severity of fetal anemia is influenced primarily by the anti-D 
IgG concentration, but is also by other factors including: the IgG sub- 
class, the rate of transplacental transfer of maternal IgG, the functional 
maturity of the fetal mononuclear phagocyte system, and the presence 
of maternal human leukocyte antigen (HLA) antibodies and or mater- 
nal-fetal ABO incompatibility.” Although IgG anti-D consists mainly 


of IgG, and IgG, subclasses, the relative contribution of each of these 
subclasses to the severity of HDFN remains controversial.*'*** 


HEMOLYTIC DISEASE CAUSED BY OTHER RED 
CELL ANTIBODIES 


Although antibodies against RhD tend to be the most clinically sig- 
nificant in terms of fetal outcomes, there are many other RBC antigens 
capable of inducing alloantibodies after exposure through transfu- 
sion or pregnancy. Any alloantibody capable of inducing hemolysis or 
suppressing erythropoiesis may be clinically significant to developing 
fetuses. However, the mere presence of antibodies on screening tests 
may not be clinically significant, because of the unique characteristics 
of some antibodies. For example, antibodies to Lewis antigens (Le’, Le’) 
are IgM and do not cross the placenta. Alternatively, Lutheran (Lu’, Lu?) 
and Chido antigens are poorly expressed on fetal and neonatal red cells 
and therefore are not susceptible to destruction by maternal antibodies. 

Case reports may be biased toward more-severe cases, and there 
is considerable variability in the clinical spectrum of disease produced 
by different alloantibodies. With the widespread use of Rhlg, anti-Kell 
has bypassed anti-D as the leading cause of HDFN in some centers.® 
Table 55-1 lists some of the antibodies more commonly associated with 
HDEN."°° Of note, many cases severe enough to require IUT involve 
antibodies to RhD, with or without antibodies to other alloantigens 
being present. Figure 55-1 shows data from 178 pregnancies requiring 
IUT at Wexner Medical Center, Ohio State University. 


Kell 
The Kell blood group system consists of at least 28 discrete antigens, of 
which eight are associated with HDEN. The KEL gene is located on chro- 
mosome 7q34, and Kell antigens are located on the red cell membrane gly- 
coprotein CD238. Kell is unique in that it spans the RBC membrane once; 
it has a short N-terminal domain of 47 amino acids in the cytosol and a 
large C-terminal domain (665 amino acids) outside the membrane. The 
most common of the K antigens, Kell (also known as KEL1), is expressed 
by erythroid progenitor cells and mature erythroid cells by 9 percent 
of people of European ancestry and 1 to 2 percent of people of African 
ancestry; most KEL1-positive individuals are heterozygous.” Alloimmu- 
nization to KEL] can occur through transfusion or through pregnancy.**? 
Given the relatively low prevalence of the KEL1 antigen, the likeli- 
hood of KEL] incompatibility between mother and child is less than that 
of RhD. However, any KEL1-positive fetus being carried by a woman 
alloimmunized to the KEL] antigen is at risk of anemia. Between 2.5 and 
10 percent of alloimmunized pregnancies result in an affected infant, 
with fetal hydrops and severe anemia being common presentations of 


RBC Alloantibodies in 178 Pregnancies Requiring Intrauterine 
Transfusions (from the Ohio State Alloimmunization Committee, 1965-2007) 


Anti-E, 2%  anti-ds®, Anti-Fy4, 1% 


Anti-Kell, 5% 
Anti-c, 6% 


Anti-D, 44% 
Anti-D and other(s), 
42% 


Figure 55-1. RBC alloantibodies in 178 pregnancies requiring intra- 
uterine transfusions during the period 1965 to 2007. (Used with permission 
of Richard W. O'Shaughnessy, Alloimmunization Program, Wexner Medical 
Center at Ohio State University.) 
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Kell HDFN.* In contrast to the hemolysis observed in RhD HDEN, 
the severe fetal anemia observed because of maternal anti-Kell alloan- 
tibodies is largely a result of suppression of erythropoiesis and not to 
hemolysis. Clinical observations of inappropriately low levels of cir- 
culating reticulocytes and normoblasts for the degree of anemia have 
long been noted in affected fetuses, and suppression of erythropoiesis 
has been established by in vitro studies showing that growth of Kell- 
positive erythroid progenitor cells is inhibited by monoclonal IgG and 
IgM anti-Kell antibodies.” Furthermore, anti-Kell antibodies are asso- 
ciated with suppression of megakaryocyte and granulocyte colony- 
forming units with resultant fetal and neonatal thrombocytopenia and 
pancytopenia.*™ As discussed in further detail later in this the section” 
MATERNAL IMMUNOHEMATOLOGIC TESTING’, titers of maternal 
anti-Kell do not necessarily correlate with the severity of fetal anemia 
and thus all maternal anti-Kell alloantibodies must be considered to be 
potentially clinically significant to antigen positive fetuses. 


Other Minor Antigens (Non-D, Non-Kell) 

Many other minor RBC antigens besides D and Kell are immunogenic 
in transfusion and pregnancy settings, with some of these alloantibodies 
having the capacity of being detrimental to developing fetuses. The inci- 
dence and prevalence of other minor antigens contributing to HDFN 
depends in part on the geographical area evaluated, as genetics and local 
transfusion practices impact alloimmunization. Any IgG that can cross 
the placenta is, in theory, capable of binding to cognate antigen on fetal 
RBCs. Antigen copy number, as well as other characteristics of the anti- 
gens/antibodies (potentially including IgG subtype), may impact the 
clinical significance of the alloantibodies. 


ABO HEMOLYTIC DISEASE 


ABO HDN occurs almost exclusively in infants with blood group A or 
B who are born to group O mothers, given that group O mothers have 
naturally occurring antibodies against the A and B antigens that are of 
the IgG class and are thus capable of crossing the placenta. The fetal 
reticuloendothelial system may completely remove RBCs bound with 
IgG, or it may remove portions of the RBCs, resulting in microsphero- 
cytes visible on blood film. (Table 55-3 compares ABO and RhD HDN.) 
Infants with ABO HDN generally have less-severe disease than those 
with Rh incompatibility. Hydrops fetalis caused by ABO alloimmune 
HDN is extremely rare. Although infants affected by ABO incompat- 
ibility may require phototherapy to treat their jaundice, less than 0.1 
percent require exchange transfusion.'”® Unlike Rh disease, ABO HDN 
may affect the firstborn ABO-incompatible infant because anti-A and 
anti-B IgG antibodies are normally present in group O adults. Antenatal 
testing of anti-A and anti-B levels in group O mothers has little value 
in predicting ABO HDN, though the number of fully developed A or B 
antigens on fetal RBCs may impact disease severity. A recurrence rate of 
88 percent has been reported in siblings having the same blood type as 
the affected index baby, with two-thirds of the affected siblings requir- 
ing therapy.* A higher incidence and greater severity of jaundice as a 
result of ABO incompatibility is reported in southeast Asians, Hispan- 
ics, Arabs, and South African and Americans of African descent than in 
whites.'”°°*” This may be partly a result of the extent of development of 
A or B antigen sites on fetal RBCs, as well as of the prevalence of Gilbert 
syndrome in different patient populations.” 


@ ANTENATAL MONITORING 


The evaluation and management of HDEN require close collaboration 
between obstetricians, maternal fetal medicine specialists, radiologists, 
hematologists, transfusion medicine specialists, and neonatologists. 
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TABLE 55-3. Comparison of Rh and ABO Hemolytic 
Disease of the Newborn 


Rh ABO 
Blood groups 
Mother Negative © 
Infant Positive AorB 
Type of antibody IgG, and/or IgG, IgG, 
Clinical aspects 
Occurrence in firstborn 5% 40-50% 
Predictable severity in sub- Usually No 
sequent pregnancies 
Stillbirth and/or hydrops Frequent Rare 
Severe anemia Frequent Rare 
Degree of jaundice +++ +to ++ 
Hepatosplenomegaly ttr + 


Laboratory findings 


Maternal antibodies Always present Usually present 


Direct antiglobulin test d PO 
(infant) 
Microspherocytes = + 
Treatment 
Antenatal measures Yes No 
Exchange transfusion Approx. 2/3 Occasional 
frequency 
Donor blood type Rh-negative, Group O only 
group specific 
when possible 
Incidence of late anemia Common Rare 


Ig, immunoglobulin. 


Figure 55-2 is an algorithm for the clinical management of an alloim- 
munized pregnancy. 


DETERMINATION OF PATERNAL ZYGOSITY 
AND FETAL BLOOD TYPE 


When aclinically significant alloantibody is identified, or if there is a his- 
tory of a previous fetus or neonate affected by HDEN, the next step is to 
determine if the fetus is at risk because the fetus carries the correspond- 
ing antigen. If the father is homozygous for the corresponding antigen, 
the fetus is at definite risk for HDFN. The child of an antigen-negative 
mother and a heterozygous antigen-positive father has a 50 percent 
chance of being antigen-positive and thus being affected by maternal 
alloimmunization. When the father is heterozygous or paternal zygosity 
is unknown, determination of fetal blood type early in pregnancy allows 
early institution of monitoring and therapy in antigen-positive fetuses 
that are at risk and forestalling invasive and potentially risky procedures 
in antigen negative fetuses. 

Paternal zygosity is determined using serology for all common 
blood group antigens implicated in HDFN except for D. Alternatively, 
RBC genotyping can be used when typing for antigen systems where 
serologic reagents are rare or nonexistent. The probable RHD zygos- 
ity in RhD-positive persons may be inferred, but not definitively, from 


serologic phenotyping studies, based on gene frequencies in certain 
populations and the fact that the C/c and E/e antigens are closely linked 
to the RHD locus.'*** Elucidation of the genetic structure of the prev- 
alent RHD locus and haplotypes responsible for RhD-negative pheno- 
types has led to the development of more direct and robust methods 
of determination of RHD zygosity molecularly. RHD zygosity testing 
by quantitative fluorescence polymerase chain reaction (QF-PCR) is 
commercially available and uses RHD (exons 5 and 7) to RHCE (exon 
7) amplification ratios to determine RHD copy number. Although suit- 
able for use in both white and ethnic African individuals, this molecular 
technique has a false-positive rate of 1 percent as a result of rare RHD 
alleles that are not expressed, and a false-negative rate of 1 percent as a 
result of rare partial D alleles (i.e., DBT type 1, type 2) which lack RHD 
exons 5 and 7 but still express RhD epitopes.” 

If paternal heterozygosity is suspected or confirmed, determination 
of fetal blood type is helpful in planning further management. There are 
several sources of fetal tissue for fetal blood group genotyping. These 
include blood obtained by cordocentesis, chorionic villus sampling, 
and cervical tissue obtained by transvaginal lavage; each has risks to the 
fetus and issues related to quality of sample. Cordocentesis, amniocen- 
tesis, and chorionic villus sampling for fetal genetic typing carry a risk 
of FMH with increased risk of augmenting maternal sensitization and of 
fetal loss.*° The advent of noninvasive methods of prenatal diagnosis 
using fetal DNA extracted from maternal plasma as early as the first tri- 
mester of pregnancy has obviated those concerns and has dramatically 
improved the ability to perform molecular testing on fetal tissue.” 

Circulating cell-free fetal DNA (ccff-DNA) in maternal plasma 
can be identified as early as 5 weeks of gestation and is derived from 
apoptotic syncytiotrophoblasts. Fetal DNA used for typing is extracted 
and then evaluated by real-time quantitative polymerase chain reaction 
(QT-PCR). Most protocols amplify three exons or more, which include 
RHD exons 4 to 7 and 10, and detect target Psi (y) pseudogene sequences 
in exon 4 to avoid false-positives when the fetus has RHDy.”” Con- 
firmation of detection of nonmaternal markers is required and can be 
accomplished by testing for the presence of the Y chromosome in male 
fetuses and/or housekeeping genes such as hemoglobin f-chain, f- 
actin, albumin, or chemokine receptor 5. A recent meta-analysis 
reviewed 37 publications describing 44 protocols reporting noninva- 
sive RHD genotyping using fetal DNA obtained from more than 3000 
maternal blood samples; an accuracy rate of 94.8 percent was reported.” 
Very high accuracy rates (>96 percent) have been reported for nonin- 
vasive fetal RHCE genotyping from maternal blood as well.” RHD ccff- 
DNA testing is commercially available, and is being increasingly used in 
the United States, United Kingdom, and Europe.” Although used more 
often in non-U.S. countries than in the United States at the present time, 
ccff-DNA testing may also be used to predict whether infants of alloim- 
munized women carry the cognate minor RBC antigen and are thus at 
risk for HDFN. 


MATERNAL IMMUNOHEMATOLOGIC TESTING 


The dual aims of maternal antenatal testing are to identify women who 
enter pregnancy already alloimmunized, and to identify those who are 
at high risk of becoming alloimmunized during pregnancy. The practice 
guidelines and recommendations for pregnancy-associated immunohe- 
matologic and molecular testing were established in the United States by 
the American Association of Blood Banks.” 

Every obstetrical patient should have samples obtained between 
10 and 16 weeks’ gestation and tested for ABO and RhD type; D typing 
discrepancies must always be investigated and resolved. These maternal 
samples should also be screened for the presence of red cell alloanti- 
bodies. A second sample should be obtained at 28 weeks’ gestation to 
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Figure 55-2. Algorithm for the clinical man- 
agement of an alloimmunized pregnancy. EGA, 
estimated gestational age; MCA, middle cere- 
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of gestation; repeat 
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thereafter 


bral artery; MoM, multiples of median. (Modified 
with permission from Moise KJ Jr: Management of 
rhesus alloimmunization in pregnancy. Obstet 
Gynecol 2008 Jul;112(1):164-176.) 
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confirm the maternal blood type, and to further evaluate the pregnant 
mother for other red cell alloantibodies that may have been evanescent 
or nonexistent earlier in pregnancy. If an unexpected antibody is iden- 
tified anytime during pregnancy, the specificity, titer, and likelihood of 
leading to HDFN must be determined. The indirect antiglobulin test 
(IAT), using reagent red cells expressing C, c, D, E, e, K, k, Fy’, Fy’, Jk’, 
Jk’, S, s, M, N, and Le’, is typically used for maternal antibody screen- 
ing, Blood samples from women with anti-D alloantibodies should be 
tested monthly until 28 weeks’ gestation and every 2 weeks thereafter.” 
Antibody titers are reported as the reciprocal of the highest dilution 
step at which agglutination is observed. A difference of two dilutions is 
considered a significant change. Testing should ideally be performed in 
parallel with previously frozen samples to minimize the possibility that 
changes in the titer result from differences in technique or reagent red 
cell selection.” A critical titer is defined as the titer associated with sig- 
nificant risk of fetal anemia or hydrops, and is the threshold at which the 
fetus will need monitoring. Once the critical titer is reached and a deci- 
sion is made to monitor the fetus by ultrasonography or amniocentesis, 


further antibody titration plays no role in assessment of fetal status. The 
critical titer varies from 8 to 32 in different laboratories in the United 
States.” In the United Kingdom and Europe, the level of anti-D is com- 
pared to an international standard and reported in IU/mL. Anti-D lev- 
els of 4 IU/mL or greater prompt referral to a specialist fetomaternal 
unit for further monitoring; at levels of 4 to 15 IU/mL, there is a poten- 
tial risk of moderate HDFN; levels greater than 15 IU/mL imply a risk 
of severe HDN.” In the Netherlands, anti-Kell titers as low as 2 prompt 
referral to a perinatal center,” and the critical titer is defined as 16 or 
greater.’ When Rhlg has been administered during pregnancy, a posi- 
tive low anti-D antibody titer may be detected (generally 2 to 4). Specific 
laboratory techniques may be used, if required, to distinguish between 
passive RhIg and active alloimmunization to D. 

The significance of titer levels for antibodies other than D has 
not been fully defined. Maternal anti-Kell titers, in particular, cor- 
relate poorly with fetal outcome.” In a review of 156 anti-Kell-positive 
pregnancies over 37 years, McKenna and colleagues found that all 
severely affected fetuses had a titer of at least 32.6 Bowman and 
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colleagues also noted that a titer of 32 or greater was present in 16 of 
17 severely affected pregnancies, but 1 patient with a titer of 1:8 had 
a grossly hydropic fetus at 23 weeks’ gestation.® Some authors recom- 
mend further testing of the fetus if a critical titer of 8 is attained and 
paternal red cell typing is Kell-positive.”* In a case series of women with 
anti-c isoimmunization, a titer of 32 or greater was invariably associated 
with severe fetal or neonatal disease.” 

The imperfect predictive value of serologic tests has led to the 
development of functional cellular assays that measure the ability of 
maternal antibodies to cause red cell destruction, thus providing bet- 
ter noninvasive differentiation of pregnancies at increased risk of fetal 
anemia. In these assays, RBCs sensitized with maternal antibodies are 
incubated with effector cells carrying Fcy receptors, such as lympho- 
cytes or monocytes, to measure cellular interaction, such as binding, 
phagocytosis, or cytotoxic lysis.” Some authors have reported on the 
superiority of the monocyte monolayer assay, the chemiluminescence 
test, and the antibody-dependent cell-mediated cytotoxicity assay, com- 
pared to serologic tests, in predicting severity of HDFN. However, these 
tests are complex, difficult to standardize, and are not widely used in the 
United States. 


FETAL BLOOD SAMPLING 


Fetal blood sampling (also called percutaneous umbilical blood sampling 
or cordocentesis) allows direct measurement of blood indices to specif- 
ically evaluate the degree of severity of fetal hemolytic disease as early 
as 17 to 18 weeks’ gestation.® Indications for fetal blood sampling in 
alloimmunized pregnancies include fetal blood typing, confirmation of 
severe fetal anemia suspected based on elevated peak middle cerebral 
artery Doppler velocities, or ultrasonographic evidence of early or frank 
hydrops Historically, fetal blood samples were obtained when amnio- 
centesis results returned with AOD, (change in optical density at 450 
nm) measurements in Liley zone 3 or in the “intrauterine death zone” in 
the Queenan graph.”°*'’ The procedure is performed under local anes- 
thesia. A 20- to 22-gauge spinal needle is inserted into the umbilical vein 
at the level of cord insertion into the placenta under ultrasonographic 
guidance. Specimens of fetal blood are obtained for direct measurement 
of complete blood count, reticulocyte count, red cell antigen phenotyp- 
ing, DAT, bilirubin, blood gases, and lactate to assess acid-base status. 
Blood should be available for immediate IUT when the procedure is 
being performed for suspected severe fetal anemia. Complications of 
fetal blood sampling include fetal loss, with procedure-related rates 
ranging from 0 to 4.9 percent, umbilical cord bleeding, chorioamnioni- 
tis, and significant risk of FMH with anamnestic maternal sensitization 
or the formation of additional alloantibodies.” ** 


AMNIOTIC FLUID SPECTROPHOTOMETRY 


Amniotic fluid spectrophotometry has been used for the last half cen- 
tury using bilirubin as an indicator to measure fetal hemolysis. Although 
briefly reviewed here for historical perspective, this method has now 
largely been replaced by noninvasive fetal monitoring techniques.”°*** 
Elevations of AOD., by spectrophotometry reflect the concentration 
of amniotic fluid bilirubin, which is derived from the fetus.*' The orig- 
inal Liley chart, from 27 weeks to term, defined three zones: readings 
in zone 3, the upper zone, indicate severe fetal disease with hydrops or 
impending fetal death; readings in zone 1, the lowest zone, indicate mild 
or no hemolytic disease with a 10 percent risk of needing a postnatal 
exchange transfusion; and readings in zone 2 indicate moderate disease. 
The Liley chart was later modified by Queenan to include data from 14 
to 40 weeks gestation and had 4 zones, with the lowest zone represent- 
ing unaffected fetuses and the highest zone associated with increased 
risk of intrauterine death.! 


ULTRASONOGRAPHY 


Ultrasonography is noninvasive, can be performed serially, and can be 
combined with other diagnostic studies to assess the fetal condition, 
estimate the need for further aggressive management, and obtain a bio- 
physical profile of the fetus to determine fetal well-being. As hydrops 
develops in the anemic fetus, a consistent pattern may be noted on 
ultrasonography. Polyhydramnios appears first, followed by placental 
enlargement, hepatomegaly, pericardial effusion, ascites, scalp edema, 
and pleural effusions in succession. Nevertheless, in the absence of overt 
hydrops, ultrasonographic parameters, such as intrahepatic and extra- 
hepatic vein diameters, abdominal and head circumference, head-to-ab- 
dominal-circumference ratio, intraperitoneal volume, splenic size, and 
liver length have not been reliable in distinguishing mild from severe 
fetal anemia.” 

In addition to traditional ultrasonography, measurement of fetal 
cerebral blood flow has become an extremely valuable technique in 
assessing fetal anemia. Decreased viscosity of the blood and increased 
cardiovascular output in the anemic fetus lead to a hyperdynamic circu- 
lation; hypoxia further increases blood flow velocity. Values greater than 
1.5 multiples of the median for gestational age highly correlate with 
moderate or severe fetal anemia (Fig. 55-3). Doppler measurement 
of peak velocity of systolic blood flow in the middle cerebral artery is 
more sensitive and accurate for detecting severe fetal anemia than mea- 
surement of amniotic fluid AOD,,,.*° Measurements may be initiated 
as early as 18 weeks of gestation and repeated at 1- to 2-week intervals 
until 35 weeks’ gestation. After 38 weeks, a higher false-positive rate in 
the detection of fetal anemia necessitates amniocentesis for AOD,,, and 
fetal lung maturity testing if elevated levels are noted.” 
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ANTENATAL MANAGEMENT 


Intrauterine Transfusion 

Prior to the institution of IUTs, many severely affected fetuses died in 
utero or soon after birth. IUT corrects fetal anemia and reduce the risk 
of congestive heart failure and hydrops fetalis. Fetal bilirubin is cleared 
very efficiently by the placenta and the mother, so bilirubin removal 
is not necessary until after birth. Percutaneous intraperitoneal fetal 
transfusion, pioneered by Liley in the 1960s,” has been largely replaced 
by ultrasound-guided direct intravascular transfusion into the umbil- 
ical vein.®® The intravascular technique circumvents the problem of 
erratic and often poor absorption of RBCs from the peritoneal cavity in 
such fetuses. However, intraperitoneal transfusions may be necessary 
when intravascular access is difficult, as in early pregnancy when the 
umbilical vessels are narrow or later when increased fetal size prevents 
access to the umbilical cord.*** The first fetal blood sampling with 
transfusion ideally is performed before hydrops develops. Transfusions 
are given at fetal hematocrit levels of 25 to 30 percent or less, or if the 
fetal hemoglobin is 4 to 6 standard deviations below the mean for gesta- 
tional age. Generally, the hematocrit drops by 1 to 2 percent per day in 
the transfused hydropic fetus. The fall in hematocrit is rapid in fetuses 
with severe hemolytic disease, often necessitating a second transfusion 
within 7 to 14 days. The interval between subsequent transfusions var- 
ies, but may be 21 to 28 days. The nonhydropic fetus can tolerate rapid 
RBC infusions of 5 to 7 mL/min because of the capacitance of the pla- 
centa. The hydropic fetus requires slower transfusion rates and can tol- 
erate only smaller, more frequent transfusions. Very low pretransfusion 
fetal hematocrit levels, rapid large increases in posttransfusion hemat- 
ocrit level, and increases in umbilical venous pressure during IUTs are 
associated with fetal death after transfusion.””*! 
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Figure 55-3. Peak velocity of systolic blood flow in the middle cerebral artery can be measured by ultrasound (A) and compared to multiples of 
the median (MoMs) for the prediction of fetal anemia (B). (A, reproduced with permission from Dukler D, Oepkes D, Seaward G, et al., Noninvasive tests 
to predict fetal anemia: a study comparing Doppler and ultrasound parameters. Am J Obstet Gynecol 2003 May;188(5):1310-1314. B, reproduced with 
permission from Moise KJ Jr, Management of rhesus alloimmunization in pregnancy, Obstet Gynecol 2002 Sep; 100(3):600-1 1.) 


RBCs for IUT are typically crossmatch compatible with the 
mother’s plasma and negative for any identified antibody; they should 
also be irradiated and leukoreduced.””’ Many centers do not use RBCs 
heterozygous for sickle hemoglobin to prevent sickling in the fetus at 
low oxygen tension although direct evidence of its benefit is lacking, and 
5 to 7 days old to maximize circulatory half-life. Obtaining RBCs from a 
rare donor registry may be required in cases of unusual or combination 
antibodies. In this circumstance, frozen, deglycerolized RBCs may be 
the only available product. Some centers use maternal RBCs for IUTs, 
supporting serial maternal donations with iron and folate therapy.” RBC 
transfusion is calculated to increase the fetal hematocrit to between 40 
and 45 percent. The RBCs are often washed free of additive solutions, 
and packed to a hematocrit of 70 to 85 percent in a volume calcula- 
tion based on estimated fetal placental blood volume, fetal hematocrit, 
and hematocrit of donor RBCs. Various normograms and formulas for 
the calculation of donor blood volume have been published.**”* If the 
hematocrit of the donor unit is approximately 75 percent, multiplying 
the estimated fetal weight in grams (estimated by ultrasonography) by a 
factor of 0.02 provides a fairly accurate estimate of the volume of RBCs 
to be transfused to achieve a fetal hematocrit increment of 10 percent.” 

Van Kamp and colleagues estimated procedure-related complica- 
tion rates of 2.9 percent in the absence of hydrops and 3.9 percent in the 
presence of hydrops in a cohort study of 254 fetuses treated with 740 
IUTs in a single center.” The most common problem was transient fetal 
heart rate abnormalities, which occurred in 8 percent of procedures. 
The procedure-related pregnancy loss rate was calculated to be 1.6 per- 
cent per procedure. Fetal distress during or after the procedure may 
result in emergency cesarean section. Cord accidents such as hemor- 
rhage from the puncture site or rupture of the cord are rare. Additional 
alloantibodies may develop in already alloimmunized women under- 
going IUT; in one study, 25 percent (53 of 212) of “responder” women 
treated with IUT formed new alloantibodies, 53 percent of which were 
directed against non-Rh and -K antigens.” 


Delivery 

The decision regarding the appropriate time to deliver the baby is based 
on gestational age, fetal weight and lung maturity, fetal response to the 
IUTs, ease of performing the transfusions, and antenatal ultrasonog- 
raphy and Doppler studies for fetal anemia. Transfusions usually are 
provided up to 35 weeks so as to prolong gestation safely until the risks 
of preterm birth and its attendant complications are minimized, with 
delivery once adequate lung maturity has occurred.”® 


Other Therapies 

In women with severe alloimmunization and with fetal losses or 
hydrops very early in pregnancy, a variety of methods have been used to 
suppress the antibody response and prolong survival of the fetus until 
IUT becomes technically feasible. Use of intravenous immunoglobulin 
(IVIG), serial plasmapheresis, or plasmapheresis combined with IVIG 
have been successful in some cases.*”'!°! [VIG may cause nonspecific 
Fc blockade of the fetal reticuloendothelial system. 


POSTNATAL MANAGEMENT 


Neonatal Monitoring 

A sample of cord blood should be collected from all newborns at the 
time of delivery. However, specific testing of cord blood samples is per- 
formed only if the mother is Rh-negative, if the maternal serum contains 
red cell alloantibodies of potential clinical significance, or if the neonate 
develops signs of hemolytic disease. Tests should include ABO and Rh 
typing and a DAT. Many birth hospitals routinely test cord blood for 
the infant’s blood type and DAT if the mother is O Rh-positive in order 
to predict which infants are at increased risk of hyperbilirubinemia. In 
severe Rh alloimmunization, high titers of maternal antibody may block 
Rh-antigenic sites on the neonatal red cells, leading to false-negative 
Rh typing. Antepartum Rhlg given to the mother may cause a weakly 
positive DAT result in the infant at birth. Contamination of the cord 
blood sample with Wharton jelly during collection can also result in a 
false-positive DAT result. Although the DAT usually is positive in all 
forms of alloimmune HDEN, the test cannot predict reliably the degree 
of clinical severity.” This is especially true for cases resulting from 
ABO sensitization. When fetomaternal ABO incompatibility is present, 
the presence of maternally derived IgG anti-A or anti-B in the infant's 
serum may be demonstrated by the IAT to support the diagnosis of 
ABO hemolytic disease. On the other hand, it is important to bear in 
mind that hemolysis in ABO-incompatible, DAT-negative infants may 
result from hematologic causes other than alloimmunization or from 
red cell membrane defects (Chap. 46).' Elution of maternal antibody 
from the infant's red cells, followed by tests to determine the specificity 
of the antibody in the eluate, may be useful, particularly when several 
antibodies are present in the maternal serum or when the maternal anti- 
body screen is negative.” Infants who received IUTs may have mild or 
moderate anemia with little reticulocytosis. Because most of their cir- 
culating red cells are transfused antigen-negative cells, the DAT may be 
negative, but the IAT will be strongly positive. 


Figure 55-4. Alloimmune hemolytic disease of the newborn. Blood films. A. Infant with ABO blood group alloimmune hemolytic anemia. Note 
the high prevalence of spherocytes and the large polychromatophilic cells, indicative of reticulocytosis. B. Infant with Rh blood group alloimmune 
hemolytic anemia. Note spherocytes, reticulocytes, and the nucleated red cells. The intense erythroblastosis is characteristic of Rh blood group allo- 
immune hemolytic anemia and is less prominent in ABO blood group alloimmune hemolytic anemia. (Reproduced with permission from Lichtman’s 


Atlas of Hematology, www.accessmedicine.com.) 


Cord blood hemoglobin and indirect bilirubin determinations are 
useful in determining disease severity. Most infants with cord hemoglo- 
bin levels within the age-adjusted normal range do not require exchange 
transfusion. Usually, a cord hemoglobin level less than 11 g/dL in a term 
newborn and/or a cord-indirect bilirubin level greater than 4.5 to 5 mg/ 
dL indicate severe hemolysis and often warrant early exchange trans- 
fusion. Early exchange transfusion also may be indicated if the rate of 
rise of bilirubin, measured every 4 to 6 hours, exceeds 0.5 mg/dL per 
hour. The reticulocyte count usually is greater than 6 percent and may 
approach 30 to 40 percent in severe Rh disease. The blood film in Rh 
disease is characterized by increased nucleated RBCs, polychromasia, 
and anisocytosis. Alternatively, the blood film in ABO HDN is marked 
by microspherocytes (Fig. 55-4). Severely affected infants may also have 
thrombocytopenia. Low reticulocyte counts disproportionate to the 
low hematocrit may be noted in Kell-mediated HDN. Severely affected 
infants may have hypoglycemia, secondary to hyperinsulinemia. Arte- 
rial blood gas analysis may reveal metabolic acidosis and/or respiratory 
decompensation, and hypoalbuminemia is often present. 


Immediate Postnatal Management 
Results of antenatal monitoring and obstetric interventions during preg- 
nancy and the history of the outcome of previous pregnancies allow the 
neonatal team to anticipate the needs of the infant born with hemolytic 
disease. In infants with severe hemolytic disease without the benefit of 
IUTs, severe anemia and hydrops are the immediate life-threatening 
concerns and often are accompanied by perinatal asphyxia, surfactant 
deficiency, hypoglycemia, acidosis, and thrombocytopenia. Exchange 
transfusions and phototherapy are the mainstays of treatment. 

Resuscitation and stabilization of hydropic infants is challenging. 
Endotracheal intubation and positive-pressure ventilation with oxygen 
is usually necessary. Drainage of pleural effusions and ascites may be 
required to facilitate gas exchange. Metabolic acidosis and hypoglyce- 
mia require correction. A partial exchange transfusion may initially be 
performed using packed red cells to improve hemoglobin levels and 
oxygenation. A double-volume exchange transfusion is considered only 
after the initial stabilization. 

In a study of 191 infants born alive after IUTs between 1988 and 
1999, the hematocrit at birth ranged from 13 to 51 percent." Endo- 
tracheal ventilation was required more often in babies who had been 


severely hydropic in utero, but the requirements for exchange transfu- 
sion or simple transfusion did not differ between babies who had been 
hydropic in utero and those without evidence of hydrops. Although 
some centers report no difference in the frequency of exchange transfu- 
sions in babies who have had IUTs compared with babies who have not 
had IUTs,'*°° other centers report that infants who received multiple 
IUTs are usually born closer to term and often require less phototherapy 
and fewer exchange transfusions in the neonatal period.**'” Nonethe- 
less, many infants with severe HDFN require additional RBC transfu- 
sions for severe and prolonged hyporegenerative anemia secondary to 
suppression of fetal erythropoiesis.”!*'!°° Approximately three-quarters 
of term and near-term infants who had received IUT for Rh HDFN 
required transfusion within 6 months of age, compared with 26 percent 
of infants with Rh HDEN who had not received an IUT. Thus, careful 
monitoring of the baby and the baby’s lab values are necessary not only 
during the initial hospital course but also after hospital discharge. 


Exchange Transfusion 
Exchange transfusion corrects anemia, removes bilirubin and free 
maternal antibody in the plasma, and replaces the infant’s blood with 
antigen-negative RBCs that should have normal in vivo survival. Neona- 
tal exchange transfusions can be performed by a continuous technique 
(simultaneous withdrawal and replacement) or discontinuous tech- 
nique (alternating withdrawal and replacement). Regardless of the tech- 
nique, the kinetics of exchange are very similar. A double-blood-volume 
exchange replaces approximately 85 percent of the infant's blood vol- 
ume with antigen-negative RBCs; however, the amount of bilirubin or 
maternal alloantibody removed by exchange transfusion is significantly 
less (25 to 45 percent) reflecting the equilibrating tissue-bound plasma 
pool. Infusion of albumin prior to the exchange transfusion may help 
bilirubin binding, thus increasing the amount of bilirubin removed. 
Equilibration of extravascular and intravascular bilirubin, and contin- 
ued breakdown of red cells by persisting maternal antibodies, result in a 
rebound of bilirubin following initial exchange transfusion, sometimes 
requiring repeated exchange transfusions in severe hemolytic disease. 
The ideal volume for an exchange transfusion is twice the infant’s 
blood volume. There is little benefit achieved by exceeding two blood 
volumes because the efficiency of exchange transfusion declines 
exponentially as the procedure continues. The volume needed for 


double-volume exchange depends on the total blood volume (TBV) 
recognizing differences in term and preterm infants: 


e Double-blood-volume exchange volume (term) = 85 mL/kg x 2, or 
170 mL/kg 


e Double-blood-volume exchange volume (preterm) = 100 mL/kg x 2, 
or 200 mL/kg 


To perform the exchange transfusion, aliquots of the reconsti- 
tuted whole blood product are administered while equal amounts of 
the infant’s blood are withdrawn. Careful attention not to exceed 2 mL/ 
kg per minute (continuous) or 5 mL/kg at a time over 3 to 10 minutes 
(discontinuous technique) is required to prevent rapid fluctuations in 
arterial and intracranial pressure. 

The indications for “early” exchange transfusions performed 
within the first 12 hours of life have remained essentially unchanged 
over the last 45 years, with minor modifications. Cord hemoglobin 
levels equal to or less than 11 g/dL, cord bilirubin levels equal to or 
greater than 5.5 mg/dL, and rapidly rising total serum bilirubin (TSB) 
equal to or greater than 0.5 mg/dL per hour despite phototherapy are 
commonly used criteria for early exchange transfusions. Early exchange 
transfusion has the advantage of replacing sensitized RBCs with normal 
RBCs, thereby removing not only bilirubin but also the source of future 
bilirubin. Because bilirubin is distributed in the extracellular fluids, 
efficiency is enhanced by removing sensitized cells early in the process. 
Newborns that have been treated with serial IUTs until term often do 
not require exchange transfusions; however, late anemia is common 
because of IUT-induced erythropoietic suppression, which may last for 
many weeks after delivery.” 

“Late” exchange transfusions are performed when serum biliru- 
bin levels threaten to exceed approximately 20 to 22 mg/dL in term 
infants. The American Academy of Pediatrics (AAP) Subcommittee on 
Hyperbilirubinemia provided revised guidelines for exchange transfu- 
sion in infants 35 or more weeks’ gestation.” In view of the fact that 
bilirubin levels rise steadily from birth and peak at approximately 72 
to 96 hours of age, exchange transfusion should be considered if serum 
bilirubin levels reach 15 mg/dL in an infant of 35 weeks’ gestation or 
17 mg/dL in an infant of 38 weeks’ gestation despite intensive photo- 
therapy. Immediate exchange transfusion is recommended in infants 
showing signs of acute bilirubin encephalopathy, even if bilirubin levels 
are falling.” Conjugated or direct bilirubin values are not subtracted 
from total bilirubin levels when considering levels for exchange trans- 
fusions. Exchange transfusions are performed at lower bilirubin levels 
in premature infants, particularly those with hypoxemia, acidosis, and 
hypothermia, but little data are available to guide intervention in these 
infants. In infants with birth weights of at least 1500 g, exchange trans- 
fusions usually are performed at TSB of 13 to 16 mg/dL but may be con- 
sidered even at levels as low as 8 to 9 mg/dL in sick babies of 24 weeks’ 
gestation.'"' The bilirubin-to-albumin ratio (mg/dL:g/dL), considered 
to be a surrogate measure of free bilirubin, may provide additional data 
in determining the need for exchange transfusion in both term and pre- 
term neonates.'” 

Blood components chosen for the exchange transfusion should be 
ABO and Rh compatible (Rh-negative in Rh HDN), negative for offend- 
ing antibody(ies), and crossmatch compatible with maternal serum. In 
the case of ABO HDN, O RBCs should be chosen for exchange out of 
concern that the more developed A or B antigens on any transfused 
adult donor RBCs may more avidly bind maternal anti-A or anti-B and 
may result in hemolysis. Either reconstituted whole blood (WB) (e.g., 
RBCs plus fresh-frozen plasma [FFP]) or stored WB if available can be 
used for neonatal exchange transfusions. The RBCs are reconstituted 
with AB or compatible plasma to a final hematocrit of 50 to 60 per- 
cent. Fresh (<7 days) RBCs should be used. When fresh RBC units are 


Chapter 55: Alloimmune Hemolytic Disease of the Fetus and Newborn 


unavailable, some centers wash the RBCs and transfuse as soon as pos- 
sible after washing to avoid hyperkalemia. Additionally, the RBC units 
should be leukoreduced, gamma irradiated, and sickle-negative.' 

Potential complications of exchange transfusion include hypoc- 
alcemia, hyperglycemia, hypoglycemia, thrombocytopenia, dilutional 
coagulopathy, neutropenia, disseminated intravascular coagulation, 
umbilical venous and/or arterial thrombosis, necrotizing enterocolitis, 
and infection. Thrombocytopenia and hypocalcemia are reported to be 
the most common complications (incidence ranging from 29 to 47 per- 
cent).''*"!5 Thrombocytopenia results from a dilutional effect of replac- 
ing platelet rich neonatal WB with platelet-deficient reconstituted WB. 
Infants who may be thrombocytopenic from severe HDFN or other 
comorbidities should be monitored closely after an exchange transfu- 
sion as they may require platelet transfusion. Hypocalcemia occurs as 
a result of the citrate load infused, which an immature neonatal liver 
has difficulties metabolizing. In anticipation of hypocalcemia, ionized 
calcium levels should be monitored throughout the exchange transfu- 
sion procedure, and intravenous calcium replacement may be needed in 
sick preterm infants. Furthermore, attempts should be made to correct 
conditions that may potentiate the symptoms of hypocalcemia such as 
alkalosis, hypothermia, hypomagnesemia, and hyperkalemia.''® 

In a retrospective review of exchange transfusions performed in 
two neonatal intensive care units between 1981 and 1995, the risk of 
death or permanent serious sequelae was reported to be as high as 12 
percent in sick infants, compared with less than 1 percent in healthy 
infants. Adverse outcomes were more frequent in exchanges done on 
preterm infants younger than 32 weeks, infants with other significant 
comorbidities, and when umbilical catheters were used rather than 
other means of central venous access.” Another center reported no 
increase in the number of complications and no exchange transfusion- 
related deaths over a 21-year period, even though there was a decline 
in the frequency of exchange transfusions performed over the years." 
Careful clinical judgment is required to balance the potential risk of 
adverse events from exchange transfusion with the risk of bilirubin 
encephalopathy in neonates who are premature, sick, or both. 


Phototherapy 

Phototherapy is the mainstay of treatment for unconjugated hyperbiliru- 
binemia; the objective of treatment is preventing bilirubin neurotoxicity. 
Exposure of bilirubin to light results in structural and configurational 
isomerization of bilirubin to less toxic and less lipophilic products that 
are excreted efficiently without hepatic conjugation. The effectiveness 
of phototherapy is influenced by the wavelength and irradiance of light, 
the surface area of exposed skin, and the duration of exposure. Intensive 
phototherapy involves the use of high levels of irradiance (230 “ W/cm’) 
in the 430- to 490-nm band, delivered to as much of the infant’s surface 
area as possible. Intensive phototherapy effectively reduces bilirubin 
levels and decreases the need for exchange transfusions for hyperbiliru- 
binemia in ABO and Rh HDN."®"”” Early and intensive phototherapy 
should be initiated in infants with moderate or severe hemolysis or in 
infants with rapidly rising bilirubin levels (>0.5 mg/dL per hour). In 
full-term infants (at least 38 weeks’ gestation) with HDEN, intensive 
phototherapy should be initiated if TSB levels are 5 mg/dL or greater at 
birth, 10 mg/dL at 24 hours after birth, or approximately 13 to 15 mg/dL 
at 48 to 72 hours after birth." Phototherapy is recommended at lower 
levels for preterm or sick infants. Therapy often is initiated at TSB less 
than 5 mg/dL in preterm infants with HDEN so as to avoid potentially 
risky exchange transfusions." 


Other Therapies 
A number of small studies have reported on the successful administra- 
tion of high-dose IVIG as an adjuvant treatment to standard therapy 
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for HDN as way to prevent the need for exchange transfusions.'” The 
decreased bilirubin levels in infants treated with IVIG is attributed to 
reduction in hemolysis secondary to blockade of mononuclear phago- 
cyte Fc receptors. A Cochrane meta-analysis of the three largest studies 
demonstrated that IVIG administration (0.5 to 1.0 g/kg) may prevent 
exchange transfusion for many term infants with HDN, which contrib- 
uted to an AAP published recommendation that IVIG be considered in 
Rh HDN when TSB continues to rise despite aggressive phototherapy or 
when the TSB is within 2 to 3 mg/dL of the exchange level.” However, 
a prospective randomized control trial showed that prophylactic IVIG 
(0.75 g/kg) did not decrease the duration of phototherapy, maximum 
bilirubin levels, need for RBC transfusion or for exchange transfusion 
in Rh HDN.” Although, the majority of the infants included in this 
study were treated with IUT, IVIG was not effective at reducing the 
need for exchange transfusion in either the group treated with IUTs or 
those who were not. Thus, there is no universal approach to the use of 
IVIG in patients with HDN; it seems justified as a temporizing measure 
to exchange transfusion in neonates with severe HDN unmodified by 
IUT or neonates with HDN where a previous sibling had suffered from 
severe disease requiring exchange transfusion.” 

Recombinant human erythropoietin (rHuEPO) given subcu- 
taneously at a dose of 200 to 400 U/kg given three times weekly for 
2 weeks is sometimes administered to infants in an effort to reduce or 
prevent transfusion for late-onset anemia from HDN. Some studies 
show its use to decrease the need for postnatal transfusions in infants 
with late hyporegenerative anemia of Rh HDN and in neonates with Kell 
HDN.” Tn one study of 103 patients with Rh HDN, administration 
of 200 U/kg of rHuEPO, three times per week for 6 weeks, reduced the 
number of RBC transfusions to a mean of 1.5, and 55 percent of patients 
did not require any transfusions.’ rHuEPO is more effective in decreas- 
ing future transfusion needs in neonates that never received IUTs sug- 
gesting that IUTs may decrease the neonatal response to rHuEPO.” 
Despite encouraging reports in relatively small numbers of neonates, it 
remains unclear whether rHuEPO, or the longer-acting analogue dar- 
bepoetin, offer a distinct clinical benefit in regard to decreasing donor 
exposures or improvement of morbidity and/or mortality in this popu- 
lation. rHuEPO has been shown to lessen neurologic sequelae in term 
infants with hypoxic ischemic encephalopathy, therefore it may have a 
role as a potential treatment for perinatal brain injury in the future.’ 


@ OUTCOME 


Perinatal survival rates greater than 90 percent have been achieved with 
IUT in nonhydropic fetuses with severe HDFN.**"® The overall survival 
rate for hydropic fetuses is lower (78 to 89 percent) despite [UTs.'°°'"” 
An 11-year study (from 1988 to 1999) which examined 80 fetuses with 
immune-mediated hydrops reported a survival rate for fetuses with 
mild hydrops of 98 percent, and an intrauterine reversal of hydrops 
in 88 percent of the fetuses. The outcome in severe fetal hydrops was 
poor, with reversal of hydrops in 39 percent of cases, and a survival rate 
of 26 percent for fetuses with persistent hydrops. This study under- 
scores the importance of early diagnosis and treatment of fetal anemia, 
before hydrops develops. Implementation of a nationwide first trimester 
screening program for red cell antibodies in the Netherlands in 1998 
was associated with increased referrals for suspected fetal anemia, more 
timely referrals and an increase in perinatal survival in Kell HDFN from 
61 to 100 percent.” 

The neurodevelopmental outcome for infants saved by IUTs has 
generally been good, with almost 90 percent of survivors being free of 
disability, even when they have been profoundly anemic in utero.” 
The LOTUS study evaluated 291 children at a median age of 8.2 years 
(range: 2 to 17 years) to determine the incidence and risk factors for 


neurodevelopmental impairment in children with HDFN treated with 
IUT. The overall incidence of neurodevelopmental impairment was 4.8 
percent with severe developmental delay seen in 3.1 percent of children. 
Cerebral palsy was detected in 2.1 percent and bilateral deafness in 
1 percent of the children. Severe hydrops was identified as a strong 
predictor for neurodevelopmental impairment.’ 

It is estimated that kernicterus, secondary to bilirubin encephal- 
opathy, is associated with at least 10 percent mortality and 70 percent 
long-term morbidity.” Although the preponderance of kernicterus 
cases occur in infants with bilirubin levels higher than 20 mg/dL, it has 
been shown that when treated promptly with phototherapy or exchange 
transfusion, peak bilirubin levels in the range of 25.0 and 29.9 mg/dL 
were not associated with adverse neurodevelopmental outcomes in 
term or near-term infants.!*°!?? However, there was an adverse associa- 
tion with IQ among infants with a positive DAT and a TSB level equal 
to or greater than 25 mg/dL, supporting the AAP recommendations to 
initiate treatment at lower bilirubin levels for jaundiced infants if they 
have a positive DAT.711017 


@ PREVENTION 


Transfusion of blood phenotypically matched for D and for Kell anti- 
gens has been advocated for all premenopausal women to prevent pri- 
mary RBC alloimmunization.”"* Rhlg prophylaxis is very effective when 
administered to women exposed to RhD-positive RBCs either from 
pregnancy or from transfusion; however, once alloimmunization has 
occurred, Rhlg is not effective for preventing or reducing the severity of 
HDEN. Unlike RhD, there are no commercially available immune glob- 
ulin products for prevention of alloimmunization to minor RBC anti- 
gens (including non-D Rh antigens). If a nonpregnant woman is found 
to have a RBC alloantibody, counseling should be provided regarding 
the potential effects of the antibody on future pregnancies. Interventions 
which can be applied but are seldom offered to prevent HDFN in high 
risk maternal-paternal pairs include: artificial insemination with sperm 
from an antigen-negative donor; pre-implantation genetic diagnosis 
selecting for antigen-negative embryos; and surrogate pregnancy.’ 


Rh IMMUNOGLOBULIN 


Use of RhIg is the standard of care for the prevention of maternal D 
immunization. Postpartum administration of Rhlg to all nonsensitized 
Rh-negative women who deliver an Rh-positive infant decreases the 
incidence of Rh isoimmunization from 12 percent to approximately 2 
percent. Further reduction in the incidence of Rh-isoimmunization (to 
0.1 percent) has been achieved by antepartum Rhlg prophylaxis at 28 
weeks’ gestation. This is the current standard recommendation in the 
United States.” In the United Kingdom, routine antenatal anti-D pro- 
phylaxis can be given as two doses of anti-D immunoglobulin of 500 
IU (one at 28 weeks’ and one at 34 weeks’ gestation), as two doses of 
anti-D immunoglobulin of 1000 to 1650 IU (one at 28 weeks’ and one 
at 34 weeks’ gestation), or as a single dose of 1500 IU at 28 weeks’ ges- 
tation.™ Although the efficacy of RhIg is clear, its mechanism of action 
is not. Some of the proposed mechanisms are accelerated clearance and 
destruction of D-positive red cells from the circulation, antibody-medi- 
ated immune suppression, and the production of immunomodulatory 
cytokines." 

Rhlg is prepared from plasma pools of screened, sensitized human 
donors; the plasma is tested using polymerase chain reaction (PCR) and 
serologic methods for all known transfusion transmitted organisms. 
Several steps are taken to further inactivate potential infectious organ- 
isms, including solvent-detergent treatment, ion exchange chromatog- 
raphy, and nanofiltration. There are at least four formulations of Rhlg, 


including two preparations that may be administered intravenously." A 
300 mcg (1500 IU) dose of RhIg affords protection against a fetomater- 
nal transfusion of 15 mL of Rh-positive RBCs or 30 mL of Rh-positive 
WB. However, FMH in excess of 30 mL may occur in women without 
predisposing risk factors.” The blood of all Rh-negative nonimmu- 
nized women should be tested for FMH approximately 1 hour after 
delivery of an Rh-positive baby.*”'” During the antenatal period, testing 
is indicated after 20 weeks’ gestation if clinical circumstances suggest 
the possibility of excessive transplacental hemorrhage (e.g., abdominal 
trauma or abruptio placentae). Screening for FMH can be performed 
by the rosette test, which detects as little as 2.5 mL of WB. If the rosette 
test result is positive, the number of fetal red cells in the maternal circu- 
lation is quantified more accurately by the Kleihauer-Betke test, which 
is based on the resistance of fetal hemoglobin to acid elution, unlike 
adult hemoglobin (Fig. 55-5). False-positive results can be obtained 
in maternal conditions associated with increased fetal hemoglobin, 
such as hereditary persistence of fetal hemoglobin, sickle cell disease, or 
sickle cell trait. Flow cytometric methods are used in some laboratories 
for both screening and quantification of fetal red cells. 

Rhlg should be administered as soon as possible, within 72 hours 
of delivery of an Rh-positive baby. RhIg is thought to be ineffective 
once alloimmunization to RhD antigen has occurred. Rhlg is also indi- 
cated following pregnancy termination, miscarriage, amniocentesis, 
chorionic villus sampling, or other manipulation during pregnancy. A 
smaller 50-mcg dose is adequate if pregnancy is terminated at less than 
12 weeks’ gestation.'” If therapeutic or spontaneous abortion occurs 
after the first trimester, the standard 300-mcg dose is recommended.'” 
If a woman was exposed to more than 30 mL of D-positive blood, the 
dose of RhIg should be calculated to cover the volume of D-positive 
cells to prevent immunization (20 mcg of RhIg for 1 mL of D+ RBCs 
or 2 mL of WB).*”*"" Despite the efficacy of RhIg, RhD alloimmuni- 
zation occurs despite recommended prophylaxis in 0.1 percent of preg- 
nancies, but many cases of preventable Rh alloimmunization continue 
to occur because of failure to seek medical care or because of failure to 
implement immunoprophylaxis protocols. 
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Figure 55-5. Kleihauer-Betke test. Maternal red blood cells appear as 
pale “ghost cells, whereas fetal red blood cells containing hemoglobin F 
are resistant to acid denaturation. Crenated red cells (arrows) are an arti- 
fact of the drying in preparation of the slide. (Reproduced from Lazarchick 
J, American Society of Hematology Image bank 2011-2370.) 
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@ CONCLUSIONS 


HDEN is a clinically significant problem that may potentially affect 
any pregnancy. Although a number of strategies are in place to prevent 
RhD HDEN, few options exist to prevent the development of non-D 
HDEN. Researchers continue to investigate strategies to prevent pri- 
mary maternal RBC alloimmunization to RhD and to non-D antigens, 
as well as strategies to mitigate the dangers of existing maternal RBC 
alloantibodies. Over the past decade, the ability to identify pregnancies/ 
fetuses “at risk” because of maternal RBC alloimmunization has signifi- 
cantly improved. In particular, the use of noninvasive investigations, 
such as evaluation of fetal RBC antigen zygosity by circulating cell free 
fetal DNA testing and the evaluation of fetal anemia by middle cerebral 
artery Doppler ultrasonography, have advanced the care of fetuses at 
risk for HDFN. Through the continued combined efforts of maternal- 
fetal medicine specialists, hematologists, transfusion medicine phy- 
sicians, radiologists, neonatologists, and researchers, in combination 
with advancements in basic science research involving alloimmuniza- 
tion, the care for infants at risk for HDFN, and their mothers, will likely 
continue to improve in the years to come. 
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CHAPTER 56 
HYPERSPLENISM AND 
HYPOSPLENISM 


Jaime Caro and Srikanth Nagalla 


platelet count. The presence of pitted red cells identified by interference- 
contrast microscopy is perhaps the most specific blood finding of hyposplenism, 
followed by Howell-Jolly bodies. The most devastating consequence of hypo- 
splenism is sudden overwhelming sepsis by encapsulated bacteria. Immu- 
nizations and prophylactic antibiotics can decrease the risk of sepsis. A high 
awareness and prompt antibiotic treatment of febrile episodes are warranted. 


The spleen culls aged and abnormal cells from the blood; removes intraery- 
throcytic inclusions through a process called pitting; sequesters approxi- 
mately one-third of the normal intravascular platelet pool; removes bacteria, 
foreign particles, and tumor cells from the blood; and by virtue of the T and 
B lymphocytes and macrophages in the white pulp, plays a role in immune sur- 
veillance and antibody formation. Splenomegaly can occur as a result of vas- 
cular engorgement or cellular infiltration, and itis frequently associated with a 
combination of neutropenia, thrombocytopenia, and anemia. Hypersplenism 
is defined as one or more blood cytopenias in the setting of splenomegaly. 
Hypersplenism can occur with moderate or minimal splenic enlargement as 
a result of exaggerated removal of physically abnormal (e.g., as in hereditary 
spherocytosis) or antibody-coated blood cells (e.g., as in autoimmune hemo- 
lytic anemia). The presence of splenomegaly in a patient with blood cytope- 
nias is useful to narrow the cause of the cytopenias, although the cause of the 
blood cytopenias may not be solely or principally as a result of hypersplenism 
(e.g., as in hairy cell leukemia). Thrombocytopenia in the setting of cirrhosis 
and splenomegaly is the result of pooling in the enlarged spleen and a relative 
decrease in thrombopoietin. The role of the spleen in the anemia and neutro- 
penia associated with cirrhosis with splenomegaly is poorly understood, but 
a relative reduction in erythropoietin levels and decreased marrow myeloid 
progenitor cells have been proposed. Splenectomy has been used in cases of 
severe thrombocytopenia requiring chronic platelet transfusions or leading to 
bleeding. Thrombopoietin receptor agonists are another option in the manage- 
ment of thrombocytopenia, and nonpeptide thrombopoietin receptor agonists 
have been shown to increase platelet counts in patients with thrombocy- 
topenia associated with hepatitis C virus—related cirrhosis and splenomegaly. 
Splenectomy may be justified in the case of massive splenomegaly, infarction, 
or disabling symptoms of pain and compression of neighboring structures. In 
some circumstances, benefit can be achieved by partial destruction of splenic 
tissue by embolization using intraarterial infusion of gel microparticles. Hypo- 
splenism can result from agenesis, atrophy, surgical removal of the spleen, 
or reduction of splenic function by disease. In the latter case, disturbance in 
splenic circulation disrupts the specific architecture required for the spleen’s 
culling, phagocytic, and pitting functions. Hyposplenism may be suspected 
by alterations in red cell morphology, such as target cells or acanthocytes; red 
cell inclusions, specifically Howell-Jolly and Pappenheimer bodies (siderotic 
granules highlighted with polychrome stains); pitted red cells; or an elevated 


Acronyms and Abbreviations: G-CSF, granulocyte colony-stimulating factor; 
|g, immunoglobulin; TPO-RA, thrombopoietin-receptor agonist. 


HISTORY 


The spleen has intrigued physicians and philosophers since ancient 
times' and has been assigned mysterious powers, but its association with 
destruction of blood cells was not elucidated until the turn of the 20th 
century. The exaggerated and unfounded worry about somatic com- 
plaints often reflected by the sense of pain in the spleen (left hypochon- 
drium) led to the term hypochondriac. In 1899, Chauffard proposed that 
increased splenic activity causes hemolysis.” This proposal provided the 
impetus for therapeutic splenectomy, which was performed first in 1910 
by Sutherland and Burghard? in a patient with splenic anemia (hered- 
itary spherocytosis) and subsequently by Kaznelson‘* in a patient with 
essential thrombocytopenia (immune thrombocytopenic purpura) 
in 1916. 


DEFINITION 


Hypersplenism is defined as blood cytopenias in the setting of 
splenomegaly. This is usually accompanied by hyperplasia of the affected 
cell precursors in the marrow. There can be a disproportional decrease 
in the blood platelets, white cells, and red cells, with thrombocytope- 
nia and leukopenia being disproportionate to the anemia as a result of 
hypersplenism. Splenomegaly can occur as a result of elevated splenic 
venous pressures and vascular congestion, histiophagocytic hyperpla- 
sia, other cellular infiltration, or because of the inability of physically 
abnormal red cells, such as sickle cells in infants and children (prior to 
infarction atrophy), or antibody-coated cells, such as in autoimmune 
hemolytic anemia, to navigate the circulation or avoid engulfment by 
the mononuclear phagocyte population of the normal spleen." The blood 
cytopenias are not generally corrected by relief of portal hypertension.” 


ONTOGENY 


The embryonic spleen appears in the first trimester of gestation as a 
multiply lobulated condensation of highly vascular mesenchymal cell 
aggregates interposed in the arterial circulation in the dorsal mesogas- 
trium. The full scope of the molecular basis of splenic organogenesis is 
not known. The HOX11 and WT1 genes are essential for its formation, 
and defects in their expression result in hyposplenia or asplenia.*'° 

The lymphoid compartment, the white pulp, begins its develop- 
ment early in the second trimester of gestation, when mature T cells, 
principally CD4+ lymphocytes, form a continuous layer along the length 
of the vessels (periarteriolar sheaths). CD8+ cells reside in splenic cords 
and a specialized subset of yôT cells home to the pulp (Chap. 6). Immu- 
noglobulin (Ig) D+ and IgG+ B lymphocytes form localized deposits, 
the primary lymph follicles. Secondary follicles arise later in life, after 
exposure to immunologic stimuli, and have a distinctive structure that 
includes a germinal center, a mantle zone, and a marginal zone contain- 
ing IgM+ and IgG+ B lymphocytes. "™? 


Part VI: The Erythrocyte 


STRUCTURE AND FUNCTIONAL 
ORGANIZATION 


The normal adult spleen weighs 135 + 30 g and has a blood flow that is 
approximately 5 percent of the cardiac output. In addition to serving as 
a filter, the spleen plays a role in innate and adaptive immunity and pro- 
tection against microbes. The spleen is composed of white pulp, a mar- 
ginal zone, and red pulp. The spleen’s principal structure is organized 
around an arborizing array of arterioles that branch and narrow until 
they terminate in either (1) the stroma of cords, forming the open circu- 
lation, or (2) the sinusoids, forming the closed circulation of the spleen 
(Chap. 6). The cordal elements include histiocytes, antigen-presenting 
cells, pericytes, fibroblasts, and other cells necessary to maintain the 
discontinuous basal lamina that separates cords from sinusoid lumen." 
Lymphatic tissue is inconspicuous and found in T-cell-rich zones in the 
periarteriolar lymphoid sheaths. 

The arterial vascular tree, which is lined by conventional CD31+ 
and CD34+ endothelial cells, branches into arterioles that terminate 
abruptly in caps of cordal macrophages. Blood cells must pass clusters 
of macrophages to enter the sinusoids.” The sinusoids, the origin of 
the venous circulation, are lined by specialized cells having combined 
phagocytic and endothelial activities and a distinctive CD31+, CD34-, 
CD68+, CD8+ phenotype. A principal function of the spleen is to serve 
as a filter, removing aged or defective red cells and foreign particles 
by macrophages. This function is facilitated by diverting part of the 
splenic blood supply into the red pulp, where the blood slowly perco- 
lates through the nonendothelialized mesh studded with macrophages. 
Abnormal or senescent red cells and pathogens undergo phagocytosis 
by the macrophages. The blood then reenters the circulation through 
narrow slits, measuring 1 to 3 um, in the endothelium of the venous 
sinuses. The bulk of the blood is rapidly channeled through vessels that 
link the arterioles with the venous sinuses. This blood is not filtered or 
modified." 

Approximately one-third of platelets are normally sequestered in 
the spleen." In many animals, such as dogs and horses, the red pulp is 
a reservoir for red cells, and splenic contraction provides the red cell 
volume with a functionally important boost.'® In humans, however, the 
splenic capsule is poorly contractile, and the spleen does not store red 
cells to any significant degree.” Although margination of neutrophils 
occurs in the spleen, it is unclear to what degree it occurs in that site."* 
Granulocyte colony-stimulating factor (G-CSF) administered to cir- 
rhotic patients caused a rise in the blood neutrophil count; thereafter, 
indium scans of the spleen were performed, which did not show signifi- 
cant uptake by white cells.” 

The slow transit of blood through the red pulp permits macro- 
phages to recognize and destroy antibody- or complement-coated red 
cells and microorganisms, and to ingest poorly deformable red cells or 
particles retained mechanically by the narrow exit slits in the venous 
sinuses. The white pulp plays a major role in adaptive immunity. The 
spleen is involved in the phagocytosis of encapsulated bacteria includ- 
ing Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria 
meningitidis. 


PATHOPHYSIOLOGY 


Filtration and elimination of defective cells occur notably in hered- 
itary abnormalities of the red cell membranes, such as spherocytosis, 
elliptocytosis, or stomatocytosis, or with antibody-coated red cells, 
neutrophils, or platelets. In these circumstances, cytopenias of varying 
severity may ensue. The spleen not only removes antibody-coated cells, 
but also produces antibodies, especially antiplatelet antibodies.” Thus, 
the benefits of splenectomy in immune thrombocytopenic purpura 
is a result of both the decreased production of antiplatelet antibodies 


as well as decreased clearance by macrophages of antibody-coated platelets 
through the Fc recognition function of its large macrophage population. 

Splenomegaly increases the proportion of blood channeled 
through the red pulp.” Spleen enlargement may result from expansion 
of the red pulp compartment with increased blood flow; extramedullary 
hematopoiesis, notable in primary myelofibrosis; hyperplasia or neo- 
plasia involving the white pulp, such as in infectious mononucleosis or 
lymphoma; or histiophagocytic hyperplasia. 

The increased size of the filtering bed is more pronounced when 
the splenomegaly is caused by congestion as in portal hypertension than 
when it is caused by cellular infiltration as in leukemias, extramedullary 
hematopoiesis, or amyloidosis. Even in space-occupying disorders such 
as Gaucher disease and primary myelofibrosis, splenomegaly may be 
associated with hypersplenic sequestration of normal cells. 

Splenomegaly increases the vascular surface area and thereby the 
marginated neutrophil pool.'* Platelets are especially likely to be seques- 
tered in an enlarged spleen. However, sequestered white cells and plate- 
lets survive in the spleen and may be available when increased demand 
requires neutrophils or platelets, although their release may be slow.” 

Some patients with anemia and splenomegaly have a relative ery- 
thropoietin deficiency.” In one study of cirrhotic patients, 30 percent 
had a blunted erythropoietin response to anemia.” Dilution of red cells 
in an expanded plasma volume is another commonly cited cause of a 
decreased blood hemoglobin concentration,” although some studies 
do not demonstrate hemodilution.* Iron deficiency associated with 
chronic blood loss, folic acid and vitamin B, deficiency, and increased 
red cell destruction are frequently investigated, although rarely found in 
patients with liver disease.” Red cells are destroyed prematurely in the 
red pulp in the setting of splenomegaly, but only rarely does this explain 
the anemia.” 

Varying amounts of erythrophagocytosis are present, reflecting 
the normal culling of senescent red cells. Erythrophagocytosis increases 
as a result of hemolytic anemia and viral infections, and in alloimmu- 
nized transfusion recipients. Macrophages within the sinusoids con- 
tain red cell fragments. When the process is pronounced, the littoral 
cells become cuboidal and stand out on the basement membrane 
(“hobnails”). Sickle cell disease and red cell membrane disorders such as 
hereditary spherocytosis lead to sequestration of the poorly deformed 
red cells in the cords but little extrasinusoidal erythrophagocytosis is 
seen, in contrast to immune hemolytic anemia where macrophage ery- 
throphagocytosis is prominent." 

The increased blood flow from an enlarged spleen expands the 
splenic and portal veins. A significant increase in portal venous pressure 
may occur when hepatic vessel compliance is decreased, as in cirrhosis 
or myelofibrosis. This process initiates a vicious cycle in which portal 
hypertension contributes to splenomegaly, organ enlargement leads to 
increased arterial blood flow, which, in turn, increases portal pressure. 

Table 56-1 lists causes of splenomegaly, and Table 56-2 lists causes 
of massive splenic enlargement. 


CLINICAL FEATURES 


Slight to moderate enlargement of the spleen usually does not produce 
local symptoms. Even massive splenomegaly can be well tolerated if it 
develops gradually. However, not infrequently, the patient complains of 
a sagging feeling or other types of abdominal discomfort, early satiety 
from gastric encroachment, and trouble sleeping on one side. Pleuritic 
pain in the left upper quadrant or referred to the left shoulder may 
accompany splenic infarcts, which may be recurrent. 

In children with sickle cell anemia or patients with malaria, the 
spleen may become acutely enlarged and painful as a result of a sud- 
den increase in red cell pooling and sequestration. These sequestration 
crises are characterized by sudden aggravation of the anemia. Splenic 


TABLE 56-1. Classification and Most Common Causes of Splenomegaly 


1. Congestive 
a. Right-sided congestive heart failure 


b. Budd-Chiari syndrome (inferior vena 
cava and hepatic vein thrombosis) 


c. Cirrhosis with portal hypertension 

d. Portal or splenic vein thrombosis 
2. Immunologic 

a. Viral infection 


i. Acute HIV infection/chronic 
Infection 


ii. Acute mononucleosis 
iii. Dengue fever 
iv. Rubella (rare except newborns) 


v. Cytomegalovirus (rare except 
newborns) 


vi. Herpes simplex (rare except 
newborns) 


b. Bacterial infection 
i. Subacute bacterial endocarditis 
ii. Brucellosis 
iii. Tularemia 
iv. Melioidosis 
v. Listeriosis 
vi. Plague 
vii. Secondary syphilis 
viii. Relapsing fever 
ix. Psittacosis 
x. Ehrlichiosis 


xi. Rickettsial diseases (scrub 
typhus, Rocky Mountain spotted 
fever, Q fever) 


xii. Tuberculosis 


xiii. Splenic abscess (most common 
organisms are Enterobacteri- 
aceae, Staphylococcus aureus, 
Streptococcus group D, and 
anaerobic organisms as part of 
mixed flora infections) 


c. Fungal infection 
i. Blastomycosis 
ii. Histoplasmosis 
iii. Systemic candidiasis; hepato- 
splenic candidiasis 


d. Parasitic infection 

i. Malaria 

ii. Kala-Azar 

iii. Leishmaniasis 

iv. Schistosomiasis 

v. Babesiosis 

vi. Coccidioidomycosis 

vii. Paracoccidioidomycosis 
viii. Trypanosomiasis (cruzi, brucei) 


ix. Toxoplasmosis (rare except 
newborns) 


x. Echinococcosis 
xi. Cysticercosis 


xii. Visceral larva migrans (Toxo- 
cara infection) 


e. Inflammatory/autoimmune 
i. Systemic lupus erythematosus 
ii. Felty syndrome 
iii. Juvenile rheumatoid arthritis 


iv. Autoimmune lymphoprolifera- 
tive syndrome (ALP syndrome) 


v. Hemophagocytic syndrome 


vi. Common variable 
immunodeficiency 


vii. Splenomegaly caused by gran- 
ulocyte colony-stimulating 
factor administration 


viii. Anti-D immunoglobulin 
administration (RhoGAM) 


3. Secondary to hemolysis 

a. Thalassemia major 

b. Pyruvate kinase deficiency 
c. Hereditary spherocytosis 
d 


. Autoimmune hemolytic anemia 
(uncommon) 


e. Sickle cell disease in early child- 
hood (splenic sequestration) 
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4. Infiltrative 
a. Nonmalignant 


i. Splenic hematoma (splenic cysts are usu- 
ally a late complication of a hematoma) 


ii. Littoral cell angioma 

iii. Disorders of sphingolipid metabolism 
1. Gaucher disease 
2. Niemann-Pick disease 

iv. Cystinosis 

v. Amyloidosis (light chain amyloid [AL] and 
amyloid A protein [AA]) 


vi. Multicentric Castleman disease 
vii. Mastocytosis 
viii. Hypereosinophilic syndrome 
ix. Sarcoidosis 
b. Extramedullary hematopoiesis 
i. Primary myelofibrosis 
ii. Osteopetrosis (childhood) 
iii. Thalassemia major 
c. Malignant 
i. Hematologic 


1. Chronic lymphocytic leukemia (espe- 
cially prolymphocytic variant) 


. Chronic myeloid leukemia 
. Polycythemia vera 

. Hairy cell leukemia 

. Heavy chain disease 

. Hepatosplenic lymphoma 


. Acute leukemia (acute lymphoblastic 
leukemia/acute myeloid leukemia) 


8. Hodgkin lymphoma 

ii. Nonhematologic 
1. Metastatic carcinoma (rare) 

. Neuroblastoma 
. Wilms tumor 
. Leiomyosarcoma 
. Fibrosarcoma 
. Malignant fibrous histiocytoma 
. Kaposi sarcoma 
. Hemangiosarcoma 
. Lymphangiosarcoma 
. Hemangioendothelial sarcoma 
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rupture is uncommon but can occur spontaneously with most causes of 
splenic enlargement or after blunt trauma. Rupture related to the splenic 
enlargement in infectious mononucleosis is a classic example. 

The volume of an enlarged spleen is difficult to assess by palpation 
and percussion. Children and thin patients with low diaphragms may 
have a palpable spleen tip without splenomegaly.” Generally, a palpable 
spleen signifies splenomegaly and is measured by the number of cen- 
timeters the spleen extends below the left costal margin. Splenic size 
is most accurately measured with abdominal ultrasound (Fig. 56-1) or 


computed tomographic scans (Fig. 56-2). Magnetic resonance imaging 
is used primarily to identify cysts, abscesses, and infarcts.” 


SPLENOPTOSIS 


A wandering spleen (splenoptosis) is an uncommon phenomenon in 
which the spleen hangs by a long pedicle of mesentery. The condition 
may present in three ways: (1) an asymptomatic mass in the pelvis, 
(2) intermittent abdominal pain with or without gastrointestinal 
symptoms, or, less often, (3) an acute abdomen resulting from torsion. 
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TABLE 56-2. Causes of Massive Splenomegaly 


1. Myeloproliferative disorders 
a. Primary myelofibrosis 
b. Chronic myeloid leukemia 
2. Lymphomas 
a. Hairy cell leukemia 


b. Chronic lymphocytic leukemia (especially prolymphocytic 
variant) 


3. Infectious 
a. Malaria 
b. Leishmaniasis (kala azar) 
4. Extramedullary hematopoiesis 
a. Thalassemia major 
5. Infiltrative 
a. Gaucher disease 


The diagnosis of splenoptosis may be made coincidentally on an imaging 
study.*! The condition may be accompanied by signs of hypersplenism, 
hyposplenism, and often, when developing slowly, is initially mistaken 
for a pelvic or lower abdominal tumor. 


LABORATORY FEATURES 


The characteristic features of hypersplenism are splenomegaly, blood 
cytopenias, and absence of other causes of cytopenias (e.g., anemia 
caused by bleeding). The blood cell morphology usually is normal, 
although a few spherocytes may result from metabolic conditioning of 
red cells during repeated slow transits through the expanded red pulp. 
Tests, such as epinephrine mobilization, were used in the past to try 
to distinguish sequestration from ineffective cellular production, but 
results are difficult to interpret as epinephrine also releases platelets and 
neutrophils from marginal pools.” 

Thrombocytopenia is a common finding in patients with hepatic 
cirrhosis, portal hypertension, and splenomegaly. In a retrospective 
study, 64 percent of patients with nonalcoholic cirrhosis had thrombo- 
cytopenia.* Other studies have found that approximately one-third of 
patients with cirrhosis develop severe thrombocytopenia or neutrope- 
nia.**> Decompensated liver disease and history of alcohol consump- 
tion are independent risk factors for hypersplenism,** but why some 


patients develop marked blood cytopenias is not clear, although folate 
deficiency is a factor in some instances. The presence of thrombocy- 
topenia or leukopenia in patients with chronic liver disease is associated 
with increased mortality.” 

Ultrasound-guided fine-needle biopsy of the spleen can be use- 
ful in circumstances in which the spleen holds the tissue required for 
diagnosis, such as splenic lymphoma. However, fine-needle aspiration 
is rarely a definitive diagnostic tool but can indicate monoclonality of 
splenic lymphocytes, which is helpful and forces further diagnostic 
evaluation. Aspiration cytology and core biopsy can be obtained with 
relative safety in experienced hands using image-guided fine needles.” 

‘The response to transfusion of blood products, especially platelets, 
may be significantly impaired in patients with massive splenomegaly.” 


THERAPY, COURSE, AND PROGNOSIS 
Total Splenectomy 


Splenectomy is indicated as an emergency procedure after abdominal 
trauma and partial rupture of the spleen. It also may be indicated when 
splenic size or infarcts causes sustained left upper abdominal pain or dis- 
comfort. Splenectomy has been used for the treatment of functionally 
significant blood cytopenias.*” In such circumstances, case reports have 
described dramatic restoration of blood counts to normal levels within 
days to weeks after splenectomy; however, the only controlled trial evalu- 
ating relief of cytopenias showed no improvement. Orthotopic liver trans- 
plant corrects the cytopenias in the majority of patients with cirrhosis.” 
Hereditary spherocytosis, immune thrombocytopenic purpura, 
and immune hemolytic anemia are the most common indications for 
splenectomy. Splenectomy exerts its effect in autoimmune cytopenias 
by improving cell survival and also by decreasing autoantibody pro- 
duction. In thalassemia major, an improvement in the anemia is well 
described after splenectomy. In such cases, splenectomy may improve 
the response to transfusion. Some children with sickle cell anemia may 
benefit from splenectomy if repeated sequestration crises with abdom- 
inal pain occur before autosplenectomy renders the spleen atrophic." 
Splenectomy in patients with a massive spleen size (>1500 g), espe- 
cially in primary myelofibrosis, is accompanied by higher morbidity and 
mortality than is removal of the spleen for immune blood cytopenia.” 
Possible postoperative complications include extensive adhesions with 
collateral blood vessels, hepatic or portal vein thrombosis, injury to the tail 
of the pancreas, operative site infections, and subdiaphragmatic abscesses. 
Laparoscopic splenectomy performed by experienced surgeons for 
suitable hematologic conditions can result in less abdominal trauma 


Figure 56-1. A three-way composite of abdominal computerized tomography. A. Normal spleen size. B. Enlarged spleen. C. Massively enlarged 
spleen at the level of mid-kidney. Normally the spleen would either not be visualized or only a small lower pole would be evident at the level of the 
mid-kidney. (White arrow in each of the three images marks edge of splenic silhouette.) (Used with permission of Deborah Rubens, MD, The University of 


Rochester Medical Center.) 
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Figure 56-2. A two-way composite of ultrasonography examination for spleen size. A. Image of echo indicating normal spleen size with cranial 
to caudal longitudinal dimension of 10.3 cm. B. Image of echo indicating enlarged spleen with cranial to caudal longitudinal dimension of 16.2 cm. 
(White arrow in each image marks edge of splenic silhouette.) The normal spleen is usually less than 13 cm in length but the examiner has to consider 
other dimensions in assessing spleen size (volume). (Used with permission of Deborah Rubens, MD, The University of Rochester Medical Center.) 


and pain, shorter hospital stays, and smaller abdominal scars. An 
advantage of open splenectomy in hematologic conditions such as the 
treatment of immune thrombocytopenic purpura is the increased ease 
of searching assiduously for accessory spleens. 


Partial Splenectomy 

Partial splenectomy has been explored because it may minimize the 
risks of immediate postsplenectomy thrombocytosis and overwhelming 
sepsis that may result from a complete absence of splenic function.“ 
However, the degree of thrombocytosis after splenectomy wanes to 
some degree with time postsplenectomy. Reduction of the splenic vol- 
ume has been performed with ligation of some of the splenic arteries or 
the intraarterial infusion of Gelfoam particles causing embolization.** 
These procedures induce large splenic infarcts and reduce the func- 
tional splenic mass. Arterial embolization can be performed percuta- 
neously or intravascularly, but the patients must be observed closely for 
a number of days to weeks to detect signs of intraabdominal rupture of 
the splenic infarcts. The long-term results of embolization have been 
encouraging.** * Treatment with partial arterial embolization for recur- 
rent thrombocytopenia in children temporarily improved the platelet 
count in approximately 70 percent of patients.” 


Splenic Radiation 

Splenic radiation for treatment of an enlarged spleen is used sparingly. 
The procedure may be associated with severe cytopenias and especially 
thrombocytopenia (abscopal effect). It can be used in patients with an 
absolute contraindication to splenectomy who might benefit symptom- 
atically from reduction of a massively enlarged spleen.” 


Liver Transplantation 

Thrombopoietin synthesis and secretion are impaired in liver failure 
and this is corrected after liver transplantation.*'*? However, thrombo- 
cytopenia may not be corrected after liver transplant if the splenomeg- 
aly persists. 


Thrombopoietin Receptor Agonists 
After thrombopoietin was cloned**** several thrombopoietin mimetic 
drugs have been developed and tested. A phase II study reported that 


the oral thrombopoietin-receptor agonist (TPO-RA) eltrombopag 
increases platelet counts in patients with thrombocytopenia as a result 
of hepatitis C virus-related cirrhosis.” A phase III study done in cir- 
rhotic patients who received eltrombopag for 2 weeks prior to elective 
procedures had to be terminated prematurely because of the increased 
incidence of portal vein thrombosis in the treatment group compared 
to the placebo group. Although 72 percent of the eltrombopag patients 
avoided platelet transfusions compared to 19 percent of the placebo 
group patients, there was no significant difference in the incidence of 
major bleeding." A small study using the TPO-RA romiplostim admin- 
istered subcutaneously in cirrhotic patients demonstrated the useful- 
ness of the drug in reducing platelet transfusions in preparation for an 
elective surgical procedure.” 


Erythropoietin and Granulocyte Colony-Stimulating Factor 
There are minimal data to support the use of erythropoietic or myeloid 
growth factors in patients with splenomegaly and blood cytopenias. 
Patients with cirrhosis who have inappropriately low serum erythropoi- 
etin levels may benefit from treatment with exogenous erythropoietin; 
however, it may increase spleen size. Two reports documented the use of 
erythropoietin before and after liver transplantation to amplify marrow 
erythropoiesis in patients who refused blood transfusions for religious 
reasons.” These reports demonstrated that liver transplantation in the 
setting of advanced cirrhosis can be successfully undertaken without 
the use of blood products. 

A rise in the neutrophil count after G-CSF administration was 
described in patients with cirrhosis and leukopenia. The mean absolute 
neutrophil count increased from 1300 + 200/uL to 4100 + 200/uL fol- 
lowing subcutaneous administration of G-CSF for 7 days. However, 
the clinical benefit of such treatment is not clear. 


@HYPOSPLENISM 
DEFINITION 


Hyposplenism is the designation for decreased splenic function result- 
ing from diseases that impair function or from the absence of splenic 
tissue because of agenesis, atrophy (e.g., autoinfarction of sickle cell 
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TABLE 56-3. Conditions Associated with Hyposplenism 
MISCELLANEOUS 


Surgical splenectomy 

Splenic irradiation 

Sickle hemoglobinopathies 

Congenital agenesis 

Thrombosis of splenic artery or vein 

Normal infants 

GASTROINTESTINAL AND HEPATIC DISEASES 


Celiac disease 


Dermatitis herpetiformis 
Inflammatory bowel disease 
Cirrhosis 

AUTOIMMUNE DISORDERS 
Systemic lupus erythematosus 


Rheumatoid arthritis 

Vasculitis 

Glomerulonephritis 

Hashimoto thyroiditis 

Sarcoidosis 

HEMATOLOGIC AND NEOPLASTIC DISORDERS 
Graft versus host disease 


Essential thrombocytosis 
Chronic lymphocytic leukemia 
Non-Hodgkin lymphoma 
Hodgkin lymphoma 
Amyloidosis 

Advanced breast cancer 
Hemangiosarcoma 
SEPSIS/INFECTIOUS DISEASES 
Malaria 


Disseminated meningococcemia 


disease), or splenectomy. Splenic hypofunction may be associated with 
a normal spleen size. In some cases, engorgement of ingested materials 
impairs the macrophage-dependent functions of the spleen. Impaired 
filtering function may cause a mild thrombocytosis. Functional or 
anatomical asplenia, especially after surgical removal in infants and 
children, increases the risk of an overwhelming bacterial infection. 
Table 56-3 lists conditions associated with hyposplenism. 


CLINICAL FEATURES 


The normal neonate and the elderly adult may have findings sugges- 
tive of impaired splenic function.” These include the presence of 
Howell-Jolly bodies and erythrocyte pits (see “Laboratory Features” 
below). However, the clinical significance of functional hyposplenism 
is uncertain.*'* 

Sickle cell anemia and surgical splenectomy are the most com- 
mon causes of hyposplenism. In sickle cell anemia, hyposplenism may 


be functional in young children with enlarged spleens and disordered 
circulation and may be the result of atrophy after repeated infarcts have 
destroyed splenic tissue in older children and adults. Although the pres- 
ence of an enlarged spleen usually suggests hypersplenism, spleen size is 
not a reliable index of splenic function. Complete splenic replacement 
by cysts, neoplastic tissue, or amyloid is an example of hyposplenic sple- 
nomegaly.™ Acute sequestration crises in children with sickle hemoglo- 
binopathies, and occasionally in patients with malaria, may clog the red 
cell pulp with cellular debris and lead to hyposplenism.*> 

Congenital asplenia may be found in infants with situs inversus 
and other developmental abnormalities.** Autoimmune disorders, such 
as glomerulonephritis,” systemic lupus erythematosus,” and rheuma- 
toid arthritis,” are occasionally associated with laboratory evidence and 
clinical manifestations (overwhelming sepsis with encapsulated bacte- 
ria) of functional hyposplenism. Hyposplenism also occurs in chronic 
graft-versus-host disease,’'” sarcoidosis,” alcoholic liver cirrhosis,”*” 
hepatic amyloidosis,”*’’celiac disease,”*” and inflammatory bowel dis- 
ease.**! The mechanisms for these associations are unknown. 

Splenic replacement by neoplastic cells, as in lymphomas and 
leukemias, usually does not cause hyper- or hyposplenism. Splenic 
irradiation” and vascular obstruction® may also lead to functional 
hyposplenism. 


Overwhelming Sepsis 

Absence of a functional spleen may lead to life-threatening infections 
by removal of an efficient filtering bed in which opsonized organisms 
are engulfed and destroyed by splenic macrophages. The responsible 
organism is typically an encapsulated bacteria, such as S. pneumoniae, 
N. meningitidis, or H. influenzae. Unrestrained in vivo proliferation of 
such microorganisms may cause fatal septicemia.***° The risk is great- 
est among infants whose general immunologic system has not matured 
enough to counteract bacterial infections, although the risk is present 
regardless of the patient’s age. For this reason, splenectomy in children 
should be deferred until 5 years of age, if possible. The risk of sepsis 
varies depending on the reason for the splenectomy. In a child with an 
underlying immune disorder, such as Wiskott-Aldrich syndrome, the 
risk is very high. The infectious risk is higher in children with thalas- 
semia than in those with hereditary spherocytosis and lowest in those 
with splenectomy for splenic trauma. The risk is reduced by the use of 
pneumococcal and H. influenzae vaccines prior to splenectomy and 
prophylactic penicillin therapy.*” 

Because the spleen is a major component of the mononuclear 
phagocyte system and has substantial lymphatic tissue in the white pulp, 
hyposplenism or splenectomy can also reduce antibody synthesis that 
may be beneficial in the management of autoimmune disorders. 


LABORATORY FEATURES 


The reduction or absence of normal splenic function is accompanied 
by a slight to moderate increase in white cell and platelet counts. How- 
ell-Jolly bodies, target cells, Pappenheimer (siderotic) bodies, and occa- 
sional acanthocytes often are present in the blood film, but the finding 
of pitted erythrocytes in wet preparations is the most specific of all the 
blood findings.* Target cells reflecting an increased red cell surface® 
are almost always present in the asplenic state, but only 1 in 100 to 1 
in 1000 red cells is affected. A sensitive indication of hyposplenism is 
the appearance of pits or pocks on the cell surface.” These pits consist 
of submembranous vacuoles and can be seen only in wet preparations 
of red cells using direct interference-contrast microscopy. Intracellu- 
lar vesiculation containing hemoglobin is a normal occurrence during 
aging of the red cell in the circulation. This process is intensified in the 
last half of the erythrocyte life span and leads to a decreased mean cell 


Figure 56-3. Blood film of splenectomized patient showing three red 
cells with Howell-Jolly bodies (nuclear remnants). Note also the cluster 
of acanthocytes and scattered spheroacanthocytes and the target cell. 
These changes are also indicative of postsplenectomy red cell changes. 
(Reproduced with permission from Lichtman's Atlas of Hematology, www. 
accessmedicine.com.) 


hemoglobin level as the vesicles are removed (pitted) by the spleen. 
In asplenic individuals the vesicles are more numerous and enlarge, 
forming vacuoles that are evident by interference-phase microscopy. 
This finding is the most specific evidence of hyposplenism, followed by 
the presence of DNA inclusions in circulating red cells (Howell-Jolly 
bodies; Fig. 56-3). 

Oxidative drugs may produce Heinz bodies even in normal indi- 
viduals, but the spleen effectively removes these red cell inclusions, as 
well as Pappenheimer bodies. Heinz bodies may be observed in supravi- 
tally stained blood films after splenectomy. Nucleated red cells rarely are 
seen on blood films after splenectomy, except in patients with hemolytic 
disorders in whom the number of nucleated red cells may increase dra- 
matically. The reticulocyte count remains within normal values, and the 
life span of red cells is unchanged as other organs take up the function 
of removing senescent erythrocytes. 

Technetium-99m sulfur-colloid particles are used for spleen scan- 
ning, a reliable measure of the capacity of the spleen to clear particulate 
matter from the bloodstream.” 


THERAPY, COURSE, AND PROGNOSIS 


Vaccination against H. influenzae, N. meningitidis, and S. pneumoniae 
is recommended in previously unvaccinated individuals prior to sple- 
nectomy.” Prophylactic immunization has significantly reduced, but 
not eliminated, the risk of overwhelming infection.*”**-* Oral penicillin 
or a macrolide antibiotic as prophylaxis for asplenic patients is recom- 
mended based on publicized guidelines despite problems with compli- 
ance and resistance.***’ Physicians should advise all asplenic patients 
that any febrile episode (>38°C) should be considered an emergency 
requiring immediate medical attention. A febrile asplenic patient must 
have blood and urine cultures drawn, followed by antibiotic treatment. 
Patients should be given written information about asplenia and carry 
a card or medical alert bracelet to alert health professionals of the risk 
of overwhelming infection.**”” Dental work, especially tooth extraction, 
should be preceded by broad-spectrum antibiotics, such as amoxicillin, 
if the patient is not taking prophylactic antibiotics. Patients should be 
educated about risks of travel, including risk of malaria infection or ani- 
mal bites, which could be deadly unless promptly treated.*°”” 
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CHAPTER 57 
PRIMARY AND SECONDARY 
ERYTHROCYTOSES 


Josef T. Prchal 


Increased blood red cell mass can be termed either polycythemia or erythro- 
cytosis; no clear consensus for either term has been achieved. Primary poly- 
cythemias are caused by acquired or inherited mutations causing functional 
changes within hematopoietic stem cells or erythroid progenitors leading 
to an accumulation of red cells. The most common primary polycythemia, 
polycythemia rubra vera, which is a clonal disorder, is discussed in Chap. 84; 
other primary polycythemias, such as those inherited from mutations in the 
erythropoietin receptor or congenital disorders of hypoxia sensing, are dis- 
cussed herein. In contrast, secondary polycythemias are a result of either an 
appropriate or inappropriate increase in the red cell mass, most often as a 
result of augmented levels of erythropoietin; these polycythemias can also be 
either acquired or hereditary. Although the clinical presentations of primary 
and secondary polycythemias may be similar, distinguishing amongst them is 
important for accurate diagnoses and proper management. 

For example, those secondary polycythemic states that represent an appro- 
priate physiologic compensation to tissue hypoxia, should not be treated by 
phlebotomies. An occasional patient may experience hyperviscosity symptoms 
and may benefit from isovolemic reduction of hematocrit. Inappropriate poly- 
cythemias are caused by erythropoietin-secreting tumors, self-administration 
of erythropoiesis-stimulating agents, including androgens, inherited disorders 
of hypoxia sensing, or, rarely, some endocrine disorders (described in Chap. 38). 
Correction of hypoxia, discontinuation of erythropoiesis-stimulating agents or 
resection of erythropoietin-secreting tumors will typically correct the associ- 
ated polycythemia. 


@ DEFINITION AND HISTORY 


The term polycythemia, denoting an increased amount of blood cells, 
has traditionally been applied to those conditions in which the mass 
of erythrocytes is increased. Erythrocytosis is an alternative term that 
has also been applied to circumstances in which the increased red cell 


Acronyms and Abbreviations: BFU-E, burst-forming unit—erythroid; 2,3-BPG, 
2,3-bisphosphoglycerate; COPD, chronic obstructive pulmonary disease; EGLN7, a 
gene encoding for PHD2; EPAS7, a gene encoding for HIF-2a; EPOR, erythropoie- 
tin receptor (protein); HCP, hematopoietic cell phosphatase; HIF, hypoxia-inducible 
factor; HUMARA, human androgen-receptor gene; JAK, Janus-type tyrosine kinase; 
OSA, obstructive sleep apnea; PAI-1, plasminogen activator inhibitor; PFCP, primary 
familial and congenital polycythemia; PHD2, proline hydroxylase 2; STAT, signal 
transducer and activator of transcription; VEGF, vascular endothelial growth factor; 
VHL, von Hippel-Lindau syndrome. 


mass is the singular finding, distinguishing it from polycythemia vera 
in which, classically, there is an increase in red cells, granulocytes, and 
platelets. Although this usage has much to recommend it, no consen- 
sus about terminology has been reached and the term polycythemia is 
used interchangeably with erythrocytosis by many physicians. In some 
instances, time-honored terms such as post-renal transplant erythro- 
cytosis or Chuvash polycythemia will be used. A classification of the 
polycythemias is presented in Chap. 34 in Table 34-2. 


PRIMARY POLYCYTHEMIAS 


Polycythemia vera (Chap. 84) and primary familial and congenital poly- 
cythemia (PFCP) are primary polycythemic disorders, which have ery- 
throid progenitors that are hypersensitive to erythropoietin.'* These are 
caused by somatic (polycythemia vera) or germline (PFCP) mutations 
wherein erythroid progenitors are intrinsically hyperproliferative by 
mechanisms other than the presence of increased levels of erythropoi- 
etin and have, as shown by in vitro assays, an augmented response to 
erythropoietin. Some congenital polycythemias, as best described in 
Chuvash polycythemia, have erythroid progenitors that are hypersensi- 
tive to erythropoietin, but also may have normal or even increased ery- 
thropoietin levels despite the increased red cell volume.** Thus, some of 
these rare inherited polycythemias share features of both primary and 
secondary polycythemias.° 


SECONDARY POLYCYTHEMIAS/ 
ERYTHROCYTOSES 


The term secondary polycythemia, more appropriately secondary 
erythrocytosis, which refers to those conditions in which only erythro- 
cytes are increased in number and volume, describes a group of dis- 
orders characterized by an increased red cell mass brought about by 
enhanced stimulation of red cell production by circulating physiologic 
mediators, most commonly erythropoietin. Secondary polycythemia 
may be subdivided into appropriate polycythemia, that is, responding 
normally to tissue hypoxia such as in pulmonary disease, Eisenmenger 
complex, high-altitude polycythemia and hemoglobins with increased 
affinity for oxygen (Chaps. 49 and 50), and inappropriate polycythemia 
in which erythropoiesis is being stimulated by the aberrant produc- 
tion of erythropoietin, as in erythropoietin-secreting tumors, by high 
levels of insulin growth factor 1, by cobalt toxicity, by self-administra- 
tion of erythropoietin, androgens, or adrenocorticotropic hormone, 
or by other stimulators of erythropoiesis (as in post-renal transplant 
erythrocytosis).’ 

In his important monograph on barometric pressure published in 
1878, Paul Bert showed that physiologic impairment observed at high 
altitude was caused by a reduction in the oxygen content of the air.’ A 
few years earlier, his friend and mentor, Dennis Jourdanet, had observed 
an increase in the number of red corpuscles in blood of the highland- 
ers in Mexico,’ and Bert recognized that such an increase would tend 
to ameliorate the effect of atmospheric hypoxia. However, neither Bert 
nor Jourdanet suspected a cause-and-effect relationship. It was not until 
1890, when Viault'® observed a prompt increase in the number of his 
own red corpuscles after having traveled from Lima, Peru, at sea level, 
to Morococha, at 4570 m (15,000 ft) above sea level, that altitude ery- 
throcytosis was accepted as a compensatory adaptation to hypoxia." At 
about the same time, it was observed that many patients with cyanosis 
were also polycythemic. Both cardiacos negros,” with severe pulmo- 
nary failure and arterial oxygen desaturation, and children with morbus 
caeruleus, or right-to-left shunt through a congenital cardiac malforma- 
tion, were found to have increased red cell counts.” Mechanical or neu- 
rogenic hypoventilation as a cause of cyanosis and polycythemia was 
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first popularized in 1956 with the classic description of the pickwickian 
syndrome by Burwell and colleagues. Polycythemia associated with 
carboxyhemoglobinemia resulting in hypoxemia as a result of smoking 
and with tissue hypoxia because of inherited abnormal hemoglobins 
with high-affinity oxygen binding to hemoglobin was recognized sub- 
sequently (Chaps. 49 and 50).’° Erythrocytosis associated with abnor- 
mal hemoglobins with an increased affinity for oxygen also represents 
an appropriate response to hypoxia first noted by Charache and col- 
leagues" in 1966 when they described hemoglobin Chesapeake. 

Relative erythrocytosis is the term used to depict enhanced red 
cell count or blood hemoglobin values resulting from reduced plasma 
volume, not increased red cell mass. The disorder is, therefore, not a 
true polycythemia and is designated apparent, spurious, or relative poly- 
cythemia. The cause of the reduced plasma volume and hence relative 
erythrocytosis is often known, that is, diuretic use, dehydration from 
excessive sweating, etc. However, there are some patients with mild ery- 
throcytosis in which neither the cause nor the clinical significance is 
clear. In 1905, Gaisbock reported that a number of hypertensive patients 
had plethora and an elevated red cell count but no splenomegaly, a con- 
dition he termed polycythemia hypertonica, sometimes called Gaisbock 
syndrome.'® In 1952, direct measurement of blood volume in patients 
with polycythemia led Lawrence and Berlin to identify a subgroup of 
patients with a normal red cell volume but reduced plasma volume. 
Although some members of this group were hypertensive, the authors 
were more impressed by their tense and anxious behavior and coined 
the term stress polycythemia.” 


@ EPIDEMIOLOGY 


PRIMARY POLYCYTHEMIAS 


Primary Familial and Congenital Polycythemia 

This autosomal dominant disorder (designated PFCP) is uncommon but 
more prevalent than is generally appreciated, as many affected subjects are 
initially misdiagnosed as having polycythemia vera. Its prevalence is sim- 
ilar to congenital polycythemias because of high oxygen-affinity hemo- 
globin mutants, and far more common than 2,3-bisphosphoglycerate 
(2,3-BPG) deficiency."* 


SECONDARY POLYCYTHEMIAS 


Pulmonary Disease with Hypoxia 

In one study of 2524 patients with severe chronic obstructive pul- 
monary disease (COPD), 8.4 percent had a hematocrit higher than 
55 percent. In this study, hematocrit was an independent predictor 
of longer survival, decreased hospital admission rate, and decreased 
cumulative duration of hospitalization.’? In another, smaller study of 
309 subjects with COPD and chronic respiratory failure, 67 percent had 
normal hemoglobin levels, 20 percent had anemia, and 18 percent had 
polycythemia.” 


Obstructive Sleep Apnea 

Although the evidence is largely anecdotal,” secondary polycythemia 
is a widely recognized complication of longstanding obstructive sleep 
apnea (OSA), being found in 5 to 10 percent of those with nocturnal 
apnea and hypopnea.” The published studies remain controversial; in 
a study of 263 patients (189 men and 74 women), patients with severe 
sleep apnea had significantly higher hematocrit values than did patients 
with mild to moderate sleep apnea or nonapneic controls (p <0.01).” 
In contrast, in other studies, there were no significant differences in 
hemoglobin levels or hematocrit between subjects with and without 


OSA.” The total number of hours of hypoxia per day may dictate 
whether the stimulus to erythropoietin production is sufficient to cause 
erythrocytosis. 


Polycythemia Associated with Smoking 
Smoking clearly increases hematocrit in COPD compared to controls of 
comparable pulmonary function. In a study of 2524 patients with severe 
COPD, 10.2 percent of patients reported as current smokers had sig- 
nificantly higher hematocrit values than did ex-smokers or nonsmokers 
of comparable pulmonary impairment of both genders, with p <0.02.” 
Even young male smokers without pulmonary impairment have 
higher hematocrits. In one study, 1169 subjects (age range: 18.6 to 
22.8 years; mean: 19.4 years) were recruited and 25 percent were smokers. 
Predictably, carboxyhemoglobin was much higher in smokers than in 
nonsmokers (r = 0.958, p <0.001) and both hemoglobin and hematocrits 
were also markedly higher in smokers (hemoglobin (p = 0.001), hema- 
tocrit (p = 0.004). 


High Oxygen Affinity and Hemoglobins 

These disorders are reviewed in detail in Chaps. 49 and 50. High oxygen- 
affinity hemoglobins deliver less oxygen to tissues, which is appropri- 
ately compensated by increased erythropoiesis and a higher steady-state 
hemoglobin concentration. While considered rare, high oxygen affinity 
has been found, according to one report, in approximately 20 percent of 
70 unrelated subjects with otherwise idiopathic polycythemia.” 


Polycythemia of Eisenmenger Complex 

Eisenmenger syndrome, characterized by elevated pulmonary vascular 
resistance and right-to-left shunting of blood, is usually accompanied 
by polycythemia.’ Most patients with the syndrome survive for 20 to 
30 years. 


Polycythemia of Endocrine Disorders and from latrogenic or 
Self-Administration of Androgens 

Erythrocytosis has been reported in Cushing syndrome,” primary 
aldosteronism,” and Bartter syndrome (Chap. 38). 

In a prospective trial of testosterone use in older men, erythrocy- 
tosis (defined as a hematocrit greater than 50 or 52 percent) was three 
times more likely to occur in the testosterone-treated group compared 
to placebo.* (Refer to Chap. 38 for more details.) 


Inappropriate Tissue Elaboration of Erythropoietin 

The prevalence of various types of secondary polycythemia is a func- 
tion of underlying causes, such as geographical location of the patient 
or presence of a causative neoplasm. Approximately 1 to 3 percent of 
all patients with pheochromocytoma or paraganglioma have erythro- 
cytosis.** Rare patients with congenital erythrocytosis will develop 
pheochromocytoma or paraganglioma.** Uterine leiomyomas in pre- 
menopausal women are very common, estimated at 20 to 40 percent, 
and the occurrence of erythrocytosis ranges from 0.02 to 0.5 percent of 
cases.” Isolated instances of polycythemia have been attributed to myx- 
oma of the atrium,” hamartoma of the liver,” and focal hyperplasia of 
the liver.** Erythrocytosis and inappropriate secretion of erythropoietin 
may be found in approximately 15 percent of patients with cerebellar 
hemangioma.*””° 


Self-Administration of Erythropoietin 

Athletes have attempted for decades to manipulate their blood to gain 
a competitive advantage either by blood transfusions or erythropoie- 
tin. This evolving, but continuous, problem has been the subject of a 
review."' 


Polycythemia of High Altitude 
Elevation of red cell mass as a response to high altitude hypoxia rep- 
resents an appropriate adjustment to reduced blood oxygen content 
and delivery. The exponentially decreasing atmospheric oxygen pres- 
sure with altitude stimulates the body to accommodate by an increase 
in respiratory rate and volume. Such adaptation is possible only in the 
short-term, because the body may not always be able to adequately 
enhance respiration. Polycythemia is considered to be a universal, uni- 
form adaptation response to hypoxia that arises in normal individuals, 
but when it is exaggerated, in some cases it results in chronic mountain 
sickness with associated symptoms of fatigue, headache, and pulmonary 
hypertension.” 

Altitude above sea level should be used as an independent variable 
for the definition of polycythemia“ and Centers for Disease Control 
data lists the appropriate adjustment values.“ 


Post-Renal Transplant Erythrocytosis 

This syndrome, defined as a persistent elevation of hematocrit at greater 
than 51 percent, is a relatively common condition found in approxi- 
mately 5 to 10 percent of renal allograft recipients.**° Post-renal 
transplant erythrocytosis usually develops within 8 to 24 months after 
transplantation, despite persistently good function of the allograft, and 
resolves spontaneously within 2 years in approximately 25 percent of 
patients.“ Factors that increase the likelihood of its development are 
lack of erythropoietin therapy prior to transplantation, a history of 
smoking, diabetes mellitus, renal artery stenosis, low serum ferritin 
levels, and normal or higher pretransplant erythropoietin levels. Post- 
renal transplant erythrocytosis is also more frequent in patients who are 
not undergoing graft rejection. 


Chuvash Polycythemia 

A Russian hematologist, Lydia A. Polyakova, described polycythemia 
in the Chuvash population (an ethnic isolate in the mid-Volga River 
region of Russia of Turkish descent) in the early 1960s,** and by 1974, 
103 cases from 81 families had been described.** Since then, more cases 
have come to light; hundreds of children and adults suffer from this 
condition, indicating that Chuvash polycythemia is the only known 
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endemic congenital polycythemia in the world.” Outside of Chuvashia, 
Chuvash polycythemia has also been found sporadically in diverse eth- 
nic and racial groups,**! and recently a high prevalence of this disorder 
has also been reported on the Italian island of Ischia.” 


@ ETIOLOGY AND PATHOGENESIS 


PRIMARY POLYCYTHEMIAS 


Primary Familial and Congenital Polycythemia 

In contrast to polycythemia vera, PFCP is caused by germline rather 
than acquired somatic mutations. It is congenital and manifests autoso- 
mal dominant inheritance’ and, not infrequently, sporadic occurrence 
from de novo germline mutations. Like polycythemia vera (Chap. 84), 
it is primary in that the defect changes intrinsic responses of erythroid 
progenitors, and erythropoietin levels are low. 

To date, 12 mutations of the erythropoietin receptor (EPOR) asso- 
ciated with PFCP have been described (Table 57-1). Nine of the 12 
result in truncation of the EPOR cytoplasmic carboxyl terminal, and are 
the only mutations convincingly linked with PFCP. Such truncations 
lead to a loss in the negative regulatory domain of the EPOR (Chaps. 
32 and 34). Three missense EPOR mutations have also been described, 
but these have not been linked to PFCP or any other disease phenotype 
(Table 57-1). 

Erythropoietin-mediated activation of erythropoiesis involves sev- 
eral steps (also see Chap. 32). First, erythropoietin activates its receptor 
by inducing conformational changes of its dimers (Chap. 17). These 
changes lead to initiation of an erythroid-specific cascade of events. 
The first signal is initiated by conformation change-induced activation 
of Janus-type tyrosine kinase 2 (JAK2) and its phosphorylation and 
activation of a transcription factor, signal transducer and activator of 
transcription 5 (STATS), which regulates erythroid-specific genes. This 
“on” signal is negated by dephosphorylation of EPOR by hematopoietic 
cell phosphatase (HCP), also known as SHP1, that is, the “off” signal. 
EPOR truncations lead to a loss of the negative regulatory domain of the 
EPOR, a binding site for HCP, explaining the gain-of-function proper- 
ties of these EPOR mutations (Fig. 57-1). 


TABLE 57-1. Summary of Erythropoietin Receptor Gene Mutations 


Type of Mutation Mutation Structural Defect Association with PFCP Ref. 
Deletion (7bp) Del5985-5991 Frameshift > ter truncation Yes 163, 192 
Duplication (8 bp) 5968-5975 Frameshift > ter truncation Yes 222 
Nonsense G6002 Trp439 > ter truncation Yes 223 
Nonsense 5986 C>T Gln435 > ter truncation Yes 224 
Nonsense 5964C>G Tyr426 > ter truncation Yes 162 
Nonsense 5881C>T Glu399 > ter truncation Yes 225 
Nonsense 5959G>1 Glu425 > ter truncation Yes 226 
Insertion (G) 5974insG Frameshift > ter truncation Yes 227 
Insertion (T) 5967insT Frameshift > ter truncation Yes 228 
Substitution 6148C>T Pro 488 > Ser No 192, 229 
Substitution 6146A>G Asn487 > Ser No 230 
Substitution 2706 A>T Unknown No 226 


Ter, termination codon. 


Data from Kralovics R, Indrak K, Stopka T, et al. Two new EPO receptor mutations: truncated EPO receptors are most frequently associated with 
primary familial and congenital polycythemias. Blood 1997 Sep 1;90(5):2057-2061. 
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Figure 57-1. Left panel: Erythropoietin binding to a normal erythropoietin receptor (EPOR) results in interaction of a protein kinase (JAK) with the 
receptor. The interaction leads to phosphorylation of the receptor and initiates a cascade of signaling that ultimately results in erythroid progenitor 
proliferation and differentiation. This process is self-regulatory. Activated signal transduction molecules, hematopoietic cell phosphatase (HCP) binds 
to the C-terminal of the EPOR, which is a negative regulatory domain. This interaction dephosphorylates the receptor and turns off the signaling 
resulting in cessation of erythroid progenitor proliferation. Right panel: Patients with mutated gain-of-function EPOR gene lack the C-terminal portion 
of the receptor that contains the negative regulatory domain. Erythropoietin binds and the signal transduction pathway is activated by change of 


configuration of erythropo 


etin receptor dimer, but because there is there is no structure for HCP to bind on the activated EPOR dimer, the receptor 


is left in the activated position resulting in unbridled erythroid proliferation and an elevated red cell mass. PO4, phosphate; STAT, signal transducer 


and activator of transcription. 


SECONDARY POLYCYTHEMIAS 


The morbidity of primary polycythemias, such as polycythemia vera 
(Chap. 84), is largely the result of increased activated neutrophils and, 
perhaps, attendant pathologic platelet-endothelial interactions, whereas 
in secondary polycythemias it is presumably related to an increase in 
blood viscosity and, in part, to the resulting increased cardiac work.* 
In most instances, the etiology of morbidity or mortality, such as associ- 
ated with congenital disorders of hypoxia sensing, is largely unknown.™ 
The effect of blood viscosity on oxygen delivery is often oversimplified 
and the emphasis on the hematocrit alone may lead to ill-advised thera- 
peutic interventions. In the normovolemic state, viscosity increases in a 
log-linear fashion as hematocrit increases, and the effect is particularly 
pronounced when the hematocrit rises above 50 percent. The prediction 
is that oxygen delivery decreases as hematocrit rises significantly above 
50, as the greatly increased viscosity reduces blood flow, overshadowing 
the increased oxygen-carrying capacity of blood with a higher concen- 
tration of hemoglobin. However, polycythemia is not a normovolemic 
state, but is accompanied by an increase in blood volume, which, in 
turn, enlarges the vascular bed and decreases peripheral resistance 
(Chap. 34). Thus, hypervolemia can increase oxygen transport, and the 
optimum for oxygen transport occurs at higher hematocrit values than 
in normovolemic states. Consequently, despite the attendant increase 
in viscosity, an increase in hematocrit may generally be of benefit in 
appropriate secondary polycythemias. However, at some point, the high 
viscosity causes an increase in the work of the heart and a reduction 
in blood flow to most tissues and may be responsible for cerebral and 
cardiovascular impairment. 


APPROPRIATE POLYCYTHEMIAS 
High Altitude Polycythemia 


Adaptive adjustments of humans living at high altitude involve a series 
of steps that reduce the steepness of the oxygen gradient between the 
atmosphere and mitochondria (Fig. 57-2). The initial oxygen gra- 
dient between atmospheric and alveolar air can be reduced by an 
increase in respiratory rate and volume. Because dead space and water 


vapor pressure are constant and acclimatized individuals do not ven- 
tilate excessively, the normal sea level gradient of about 60 torr is only 
reduced to approximately 40 torr at 4540 m (14,900 ft) above sea level.” 
Further reduction can be achieved, and at the top of Mount Everest, 
extreme hyperventilation reduces the gradient to less than 10 torr. A 
shift in the oxygen dissociation curve to the right, which represents 
decreased affinity of hemoglobin for oxygen, may be of benefit for 
short-term high-altitude acclimatization,” but its usefulness for chronic 
acclimatization has probably been exaggerated.” In the unacclimatized 
subject exposed acutely to high altitude, hyperventilation alkalosis leads 
initially to a shift of the oxygen dissociation curve to the left, represent- 
ing an increased affinity of hemoglobin for oxygen, further worsening 
already present tissue hypoxia. The alkalosis and the hypoxia will, in 
turn, promote red cell synthesis of 2,3-BPG and cause the oxygen dis- 
sociation curve to shift back to a normal or even right-shifted position 
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Figure 57-2. The oxygen gradient from atmospheric air to the tissues 
in individuals living at sea level (Lima, Peru) and in Morococha, Peru, at 
4540 m (14,900 ft) above sea level, 


(Chap. 49). In chronic acclimatization, blood pH is slightly increased, 
and when this is taken into account, the dissociation curve is shifted 
approximately to normal.** It is unlikely that a shift to the right would be 
to the advantage of high-altitude dwellers, except as a partial compensa- 
tion for respiratory alkalosis.” In addition, a right-shifted curve also has 
a decrease in oxygen loading in the alveolar capillary, minimizing any 
net gain in off-loading. There is a relationship between higher altitude 
and hemoglobin concentration response, best studied among Andean 
highlanders and Europeans in the United States; hemoglobin concen- 
tration is almost 10 percent higher in those Andean highlanders living 
at 5500 m than in those living at 4355 m. Furthermore, native Andean 
high-altitude dwellers have a gradual increase in their hemoglobin 
levels with age® and body weight.” Although it has been postulated 
that high hemoglobin-oxygen affinity in the setting of extremely low 
ambient oxygen may be one such adaptive change, increased hemo- 
globin-oxygen affinity or increased fetal hemoglobin are not adaptive 
phenotypes of Tibetan or Andean highlanders.® 

In a subset of Andean high-altitude native dwellers, namely Que- 
chua and Aymara Indians, polycythemia becomes excessive and often 
results in chronic mountain sickness with its associated constitutional 
symptoms and pulmonary hypertension.” This excessive erythrocy- 
tosis, called Monge disease or chronic mountain sickness,“ is also 
described in Han Chinese living in Tibet® and occurs in whites living 
at high altitudes. 

The polycythemia encountered in high-altitude dwellers is often 
considered to be a universal, uniform adaptation process to hypoxia 
that would arise in all normal individuals. In reality, there is marked 
variability in erythropoietin level and subsequent polycythemic 
response to chronic hypoxia,” suggesting that some of these factors 
may be genetically determined; the same degree of hypoxia induces 
substantial differences in erythropoietin production in response to 
high altitude.”*® Three distinct adaptations to high altitude appear to 
have evolved. Andean highlanders have higher oxygen saturation than 
Tibetans at the same altitudes.” Tibetan mean resting ventilation and 
hypoxic ventilatory response are higher than Andean Aymaras, whereas 
the mean Tibetan hemoglobin concentration is below the Andean 
mean. High levels of nitric oxide (NO) in the exhaled breath of Tibet- 
ans may represent increased physiologic NO. This effect may improve 
oxygen delivery by inducing vasodilation and increasing blood flow 
to tissues, thus making the compensatory increase in red cell volume 
unnecessary.” Another distinct successful pattern of human adaptation 
in high-altitude dwellers that contrasts with both the Andean “classic” 
(arterial hypoxemia with polycythemia) and Tibetan (arterial hypox- 
emia with normal venous hemoglobin concentration) patterns evolved 
in Ethiopia. While Ethiopian high-altitude dwellers have hemoglo- 
bin concentrations that fall in the normal range (15.9 and 15.0 g/dL 
for males and females, respectively), they have a surprisingly, as-yet- 
unexplained high (average of 95.3 percent) oxygen saturation of hemo- 
globin despite their hypoxic environment (reviewed in Ref. 62). Their 
cerebral circulation is increased but is insensitive to hypoxia, unlike 
Peruvian high-altitude dwellers.” Thus, Ethiopian highlanders maintain 
venous hemoglobin concentrations and arterial oxygen saturation within 
the ranges of sea level populations, despite the decrease in ambient oxy- 
gen tension at high altitude.” Tibetans and Ethiopians have lived as 
mountain dwellers much longer than the Quechua or Aymara Indians,” 
suggesting that extreme elevation of red cell mass is a maladaptation that 
Tibetans avoided by evolving a more efficient, or less detrimental, com- 
pensatory mechanism than that which causes Monge disease. 

With rapid advances in genomics (Chap. 11), progress has been 
made in identification of the molecular basis of high-altitude adapta- 
tion; most of these advances have been in our understanding of Tibetan 
adaptation. Several studies reported evidence for positive natural 
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selection in genomic regions in Tibetans; not surprisingly, most are 
haplotypes comprising genes that are components of hypoxia sens- 
ing that are mediated by hypoxia-inducible factors (HIFs) (described 
in Chap. 32). Two of these selected regions include genes that have 
undergone the strongest genetic selection, and are thus likely the most 
beneficial for Tibetan adaptation. These two regions encompass the 
EPAS1 gene, encoding the a subunit of HIF-2, and the EGLN1 gene, 
encoding proline hydroxylase 2 (PHD2). PHD2 is the principal nega- 
tive regulator of both HIF-1 and HIF-2. Both of these haplotypes were 
shown to be associated with differences in hemoglobin concentration 
at high altitude by several independent studies.” Intriguingly, the 
EPAS1 haplotype was previously identified as having the strongest 
Tibetan positive selection and was found to have an unusual haplo- 
type structure that originated by introgression of DNA from Deniso- 
van or Denisovan-related hominins.” Denisovans, a sister group to the 
Neanderthals, branched off from the human lineage perhaps 600,000 
years ago,” and available evidence suggests that Denisovan and Nean- 
derthal hominins contributed to the modern homo sapiens admixture 
before their extinction, likely by interbreeding,” and that these hominin 
species provided genetic variations that helped humans adapt to new 
environments, such as extreme hypoxia associated with high altitude.” 
The first Tibetan adaptation gene mutation identified, which changes 
the encoded PHD? protein within the selected haplotype, is a missense 
variant of the EGLN1 gene, c.12C>G,* that is in near complete link- 
age disequilibrium with a previously reported missense variant, EGL- 
N1:c.380G>C.* Both EGLN1:c.[12C>G; 380G>C] (PHD2>#°?5) are in 
cis; that is, the constituting PHD2™*°’s locus. Analysis of Tibetans and 
related populations suggests that 12C>G started on the 380G>C variant 
that is not Tibetan specific, that PHD2?**“'"S originated from a sin- 
gle individual approximately 8000 years ago,*' and that now greater than 
80 percent of Tibetans carry this PHD2 variant.*' Functional assess- 
ment of homozygous PHD2?*"°” recombinant proteins showed that 
the variant protein has increased hydroxylase activity under hypoxic 
conditions. Furthermore, native homozygous PHD2™5°%S erythroid 
progenitors have blunted erythropoietic responses to hypoxia by both 
erythropoietin-specific and erythropoietin-independent mechanisms." 
Although this is the first identified variant that contributes to the molec- 
ular and cellular basis of Tibetan adaptation to high altitude, there are 
other evolutionarily selected genomic regions, and elucidation of their 
functional impact is, at the time of this writing, unknown. 

Understanding the etiology of polycythemia of high altitude is 
made more complex by a study of inhabitants of the Peruvian mining 
community of Cerro de Pasco (altitude 4280 m) with excessive erythro- 
cytosis (mean hematocrit: 76 percent; range: 66 to 91 percent). About 
half of those individuals with a hematocrit greater than 75 percent had 
toxic serum cobalt levels,” suggesting that other erythropoiesis promot- 
ing factors such as cobalt” can augment hypoxia induction of erythro- 
poietin, causing extreme polycythemias (Chap. 32). Most high-altitude 
dwellers do not have measurable levels or a history of exposure to cobalt 
or other heavy metals. 


Erythrocytosis of Pulmonary Disease 

Degrees of arterial hypoxia comparable to those observed in individ- 
uals at high altitudes are observed in patients with right-to-left shunt- 
ing resulting from cardiac or intrapulmonary shunts or to ventilation 
defects, as in COPD. 

Many patients with COPD with severe cyanosis are not poly- 
cythemic. This has been attributed to infections and inflammation often 
present in the lungs, resulting in anemia of chronic inflammation, and 
to an increase in plasma volume. Why some patients with lung disease 
and congenital heart disease develop polycythemia, while others do not, 
is not entirely clear. 


Part VI: The Erythrocyte 


Erythrocytosis of Eisenmenger Syndrome 

Patients with right-to-left shunting (Eisenmenger syndrome) develop 
a degree of erythrocytosis comparable to that observed with similar 
degrees of desaturation at high altitudes. The hematologic changes 
associated with this syndrome include hyperviscosity caused by ery- 
throcytosis. Erythrocytosis is present in most patients, but excessive 
phlebotomy may cause microcytosis and some have attributed this 
effect to the exacerbation of the symptoms of hyperviscosity.” In view of 
recent understanding of physiology of HIF regulation, it may not be the 
microcytosis, per se, that is detrimental, but the induced iron deficiency 
that inhibits PHD2 and increases HIF, which then directly causes pul- 
monary vasoconstriction and enhanced pulmonary vascular pressure 
(Chaps. 32 and 34). 


Obstructive Sleep Apnea-Induced Syndrome 

In the colorfully named pickwickian syndrome,** polycythemia is 
characterized by its association with extreme obesity and somnolence. 
Today, the more widely studied OSA may not always be associated with 
obesity” but can, if severe, cause arterial hypoxemia, hypercapnia, som- 
nolence, and secondary polycythemia.** 


Smoker's Polycythemia 

Heavy smoking will result in the formation of carboxyhemoglobin, 
which does not transport oxygen (Chap. 50), and causes an increase in 
oxygen affinity of the remaining normal hemoglobin. Carboxyhemo- 
globin increases in relationship to the number of cigarettes or cigars 
smoked each day (Table 57-2). This leads to tissue hypoxia, erythropoi- 
etin production, and stimulation of red cell production.” Smoking may 
also cause a reduction in plasma volume.” Either augmentation of red 
cell mass or shrinkage of plasma volume could easily explain the rise in 
the hematocrit. 


Polycythemia Secondary to High-Affinity Hemoglobins 

Hemoglobins with certain amino acid substitutions manifest an 
increased affinity for oxygen, producing tissue hypoxia and compen- 
satory erythrocytosis (Chap. 49). Mutations affecting amino acids of 
the a,8,-globin chain interface affect normal rotation within molecules 
and impair the rate of deoxygenation. Changes in the carboxyl terminal 
and penultimate amino acids also impair intramolecular motion and 
tend to keep molecules in a high-affinity state. Alterations in the amino 
acids lining the central cavity of hemoglobin destabilize the binding of 
2,3-BPG in this cavity and lead to increased oxygen affinity (Chaps. 47 
and 49). Finally, some heme pocket mutations interfere with deoxygen- 
ation. Most hemoglobins with a mutation involving amino acids in the 


heme pocket are unstable and are associated with hemolytic anemia 
and cyanosis. Inheritance of these disorders is autosomal dominant. 
High-affinity hemoglobins result from mutations in any of three globin 
genes; those from a-globin gene mutations are congenital and life-long. 
B-Globin gene mutations are not apparent at birth but manifest after 
fetal to adult hemoglobin switching at approximately 6 months of life, 
while y-globin gene mutations cause transient increase of hemoglobin 
concentration at birth lasting only about 6 months. 


Polycythemia Secondary to Red Cell Enzyme Deficiencies 
Deficiencies of red cell enzymes in early steps of glycolysis sometimes 
cause a marked decrease in the levels of 2,3-BPG (Chap. 47). Occasion- 
ally, mild polycythemia occurs in patients with methemoglobinemia as 
a result of cytochrome b, reductase (methemoglobin reductase) defi- 
ciency (Chap. 50). 

The same pathophysiology as that seen in high-affinity hemoglo- 
bins is also exhibited in mutations of the 2,3-BPG mutase gene, result- 
ing in low 2,3-BPG. Because these mutations are very rare, with only a 
single family comprehensively studied,” it is not clear if the mode of 
inheritance is recessive or dominant. 

This condition, as well as other high-affinity hemoglobins, can 
only be conclusively confirmed by direct measurement of a hemoglo- 
bin dissociation curve, conveniently expressed as the partial pressure 
of oxygen required to saturate 50 percent of hemoglobin (p500,); when 
equipment for this is not available, p50 can be estimated from pH, pO, 
and hemoglobin oxygen saturation of venous blood.””** 


Chemically Induced Tissue Hypoxia 

A number of chemicals have been suspected of causing histotoxic 
anoxia and secondary polycythemia, but the only chemical with a 
predictable capacity to cause erythrocytosis is cobalt.® Cobalt admin- 
istration increases erythropoietin production by increasing HIFs 
(see Chap. 32).”* 


INAPPROPRIATE POLYCYTHEMIAS 


Congenital Disorders of Hypoxia Sensing 

Chuvash Polycythemia Chuvash polycythemia is the only known 
endemic congenital polycythemia. The condition is caused by an abnor- 
mality in the oxygen-sensing pathway and causes thrombotic and 
hemorrhagic vascular complications that lead to early mortality; sur- 
vival beyond age 65 years is uncommon.“ Inheritance is autosomal 
recessive, and affected patients tend to have normal blood gases, nor- 
mal calculated p50, normal to increased erythropoietin levels, absence 


TABLE 57-2. Blood Oxygen Capacity in Smokers with Polycythemia 


Hemoglobin (Hgb) 


Carboxyhemoglobin 


Affinity Correction 


Subject (g/dL) (COHb) (g/dL) Hgb-COHb (g/dL) (g/dL) Adjusted Hgb (g/dL) 
Healthy male 16 (14-18) 0.16 (0.08-0.25) 15.8 (14-18) 0 16 (14-18) 
nonsmokers 

Male smokers with 20 (17-23) 2 (1-3) 1816-21 1.5 (0.5-2.0) 16.5 (15-19) 


increased Hgb 
concentration 


The male smokers include 10 consecutive subjects studied with elevated hematocrit and no evidence for polycythemia vera. The Hgb available 
for O, binding in blood is the Hgb-COHb. COHb also influences the residual hemoglobin to bind oxygen more tightly, making it less accessible 
to tissues. A correction for this effect has been calculated and is labeled affinity correction. The adjusted hemoglobin indicates the blood concen- 
trations that would be present in the subjects in the absence of excess carbon monoxide. Thus, the blood hemoglobin in this group of smokers 
was increased by 3.5 g/dL on the average (from 16.5 [last column] to 20 [first column) as a result of smoking-induced carboxyhemoglobinemia. 


Data from Marshall A. Lichtman, MD. 
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of genetic linkage to erythropoietin and EPOR loci, and no evidence 
of abnormal hemoglobin.” In a study of five multiplex Chuvash fam- 
ilies with Chuvash polycythemia, a homozygous mutation of the von 
Hippel-Lindau (VHL) gene (598C>T); that is, VHL”, was found in 
all affected individuals. This mutation impairs the interaction of VHL 
protein (pVHL) with both HIF-1a and HIF-2a, thus reducing the rate of 
ubiquitin-mediated destruction of HIF-1a@ and HIF-2a (Chap. 32). Asa 
result, the level of HIF-1 and HIF-2 heterodimers increases and leads to 
the increased expression of target genes, including the erythropoietin 
(EPO), vascular endothelial growth factor (VEGF), and plasminogen 
activator inhibitor genes (PAI-1), among others.*> Figure 57-3 depicts 
the effect of this mutation on hypoxic sensing. The role of circulating 
erythropoietin in the Chuvash polycythemia phenotype is indisput- 
able. However, there must be other factors associated with the Chuvash 
polycythemia VHL mutation that contribute to the polycythemic phe- 
notype, as the erythroid progenitors of Chuvash polycythemia patients 
are hypersensitive in vitro to extrinsic erythropoietin; the mechanism 
of this observation is not fully explained.*° Some, but not all, patients 
with other VHL mutations have erythropoietin hypersensitive erythroid 
colonies”**’; in these patients there is also increased expression of the 
RUNX1 and NFE1 genes, which can stimulate erythropoiesis.‘ 

Despite increased expression of HIF-la, HIF-2a, and VEGF in 
normoxia, Chuvash polycythemia patients do not display a predisposi- 
tion to tumor formation. Imaging studies of 33 Chuvash polycythemia 
patients revealed unsuspected cerebral ischemic lesions in 45 percent, 
but no tumors characteristic of VHL syndrome.” There also, is a high 
prevalence of this disorder on the Italian island of Ischia.” The Chuvash 
VHL®W mutation has also been described in whites in the United States 
and Europe, and in people of Punjabi/Bangladeshi Asian ancestry.’ 
Some patients with congenital polycythemia have proved to be com- 
pound heterozygotes for the VHL’®™ mutation and other VHL muta- 
tions. Additionally, two distantly related Croatians with polycythemia 
are homozygous for VHL™”»P, the first example of a homozygous VHL 
germline mutation other than VHL”®W causing polycythemia, 5®»54101-105 

A small number of cases of congenital polycythemia that appear to 
have a mutation of only one VHL allele confound an obvious pathophys- 
iologic explanation. In a Ukrainian family, two children with polycythe- 
mia were heterozygotes for VHL 376G>T (D126Y), but the father with 
the same mutation was not polycythemic.'* An English polycythemic 
patient was a heterozygote for VHL 598C>T'; but the inheritance 
of the deletion of a VHL allele, or null VHL allele, in a trans position 
was not excluded. Subsequently, two polycythemic VHL heterozygous 
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Figure 57-3. Elongins B, C, and proteins Rbx1, Cul2 E2, and 
NEDD 8 are interacting proteins that facilitate von Hippel-Lindau 
(VHL) function. Interaction of mutated VHL protein with 
HIF-1a. The Chuvash VHL mutation leads to the impaired inter- 
action with HIF-1a, which results in impaired degradation in 
26S proteasome and augmented hypoxia sensing. CP, Chuvash 
polycythemia. 


patients were described in whom a null VHL allele was more rigorously 
excluded'®™!”?; the molecular mechanism of their polycythemic pheno- 
type remains to be elucidated. 

To address the question of whether the VHL 598C>T substitution 
occurred in a single founder or resulted from recurrent mutational 
events, haplotype analysis of eight highly informative single nucle- 
otide polymorphic markers covering 340 kb spanning the VHL gene 
was performed on 101 subjects bearing the VHL 598C>T mutation 
and 447 normal unrelated individuals from Chuvash, Southeast Asian, 
white, Hispanic, and African American ethnic groups.” Polymorphism 
of the VHL locus in normal controls (having a wild VHL 598C allele) 
and subjects bearing Chuvash polycythemia VHL 598T were in strong 
linkage disequilibrium. These studies indicated that, in most individ- 
uals, the VHL 598C>T mutation arose in a single ancestor between 
51,000 and 12,000 years ago. However, this is not the case for a Turkish 
polycythemic family with a VHL 598C>T mutation wherein the VHL 
598C>T mutation occurred independently.'” 

Chuvash polycythemia homozygotes have decreased survival 
because of thrombotic and hemorrhagic complications, mostly in the 
venous circulation,” and thus are under negative selection pressure. 
The high frequency of the mutation in some areas may be the result of 
random factors (“drift”), but it is also possible that propagation of the 
VHL 598C>T mutation is the result of a survival advantage for hete- 
rozygotes. Such an advantage might be related to a subtle improvement 
of iron metabolism, erythropoiesis, embryonic development, energy 
metabolism,'” or some other as yet unknown effect. Indeed, heterozy- 
gotes were shown to be less likely to be anemic compared to control 
subjects.” Another potential protective role of a mildly augmented 
hypoxic response is improved protection against bacterial infections, as 
the hypoxia-mediated response has been reported to be essential for the 
bactericidal action of neutrophils.’ 

Classic von Hippel-Lindau Syndrome VHL syndrome is an auto- 
somal dominant genetic abnormality affecting the posttranslational 
control of HIF-1a.'-'"' The syndrome is characterized by a propensity 
for developing renal cell carcinomas, retinal hemangioblastomas, cere- 
bellar and spinal hemangioblastomas, pancreatic cysts, and pheochro- 
mocytomas. The tumors result from a somatic mutation in addition to 
the germline mutation, that is, loss-of-heterozygosity. Polycythemia is 
not part of VHL syndrome but hemangioblastomas of the central ner- 
vous system, and, less commonly, pheochromocytoma and renal cancer, 
have been associated with polycythemia mediated by paraneoplas- 
tic erythropoietin production." Other patients with VHL syndrome 


also develop acquired polycythemia.”'" The VHL gene codes for 213 
amino acids, and more than 130 germline mutations associated with 
classic VHL syndrome have been identified, virtually all of them 5’ to 
the codon 200 position that is mutated in Chuvash polycythemia.'” 
Figure 57-4 depicts the schematic effect of the Chuvash polycythemia 
mutation in the context of other previously found VHL mutations. 

It is not clear why mutations of a single gene lead to these two 
diverse phenotypes. It has been suggested that quantitative differences 
in loss of activity could explain the variable phenotypes among VHL 
mutations,’ but the VHL gene may also have other functions, possibly 
as a result of interactions with other modifying factors, that can contrib- 
ute to the onset of disease and that await future clarification. Another 
plausible explanation of polycythemia versus cancer predisposition 
syndrome is that almost all polycythemic subjects have germline muta- 
tions of both VHL alleles, whereas those with VHL cancer predisposi- 
tion syndrome have only a single germline mutation and then acquire a 
somatic mutation that is essential for tumor genesis. 

EGLN1 Gene Mutations, Proline Hydroxylase Deficiency 
Another principal negative regulator of HIFs is PHD2 (encoded by the 
EGLN1 gene), which targets the a subunit of HIF for degradation. The 
first loss-of-function mutation of PHD2 (PHD2"*!”8) was identified in a 
family in which heterozygotes had mild or borderline polycythemia.’ 
Since then, 25 additional patients with unexplained polycythemia 
who are heterozygote carriers of different PHD2 mutations have been 
reported.'* Almost all patients with PHD2-associated polycythemia 
have normal erythropoietin levels. Whether the cause of polycythemia 
in this case is haploinsufficiency or a dominant negative effect remains 
to be determined. 

EPAS1 (HIF-2a) Gain-of-Function Mutations Affected patients 
have heterozygous missense mutations in the coding sequence of the 
EPAS1 gene that encodes HIF-2«, and typically have elevated erythro- 
poietin levels."''® There is heterogeneity in these gain-of-function 
HIF-2a mutations, but their existence supports the critical role of HIF- 
2a in controlling the expression of erythropoietin. Some patients with 
EPAS1 mutations, similar to Chuvash polycythemia, have erythropoie- 
tin hypersensitive colonies, thus sharing features of both primary and 
secondary polycythemias.” 

An explanation for the hypersensitivity of erythroid colonies bear- 
ing mutations that augment HIF stabilization remains to be discovered. 


Figure 57-4. von Hippel-Lindau (VHL) gene 
structure and mutation. Three exons of VHL genes 
are depicted encoding for UTR (untranslated por- 
tion of mRNA), and coding sequences (CDs). VHL 
domains £, a, 8 are shown. The relative number of 
reported VHL gene mutations are depicted in verti- 
cal lines. The location of the Chuvash polycythemia 
mutation is depicted by the diamond. 
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It has been proposed that mutated VHL*° protein hinders sup- 
pression of cytokine signaling SOCS1-mediated JAK2 degradation, 
via binding of a negative regulator of erythropoiesis, SOCS1,'" to the 
extreme 3’ coding region of the VHL gene. Other observations are not 
consistent with this proposed mechanism: Another closely positioned 
VHL polycythemia mutation, VHL™”P, is not associated with erythro- 
poietin hypersensitivity,“ while other, more upstream, mutations such 
as VHL""**" are. Furthermore, the hypersensitivity of erythroid colo- 
nies is also seen in some HIF-2a mutations.* Interestingly, in some, but 
not all, of these families, upregulation of NFE2, which enhances ery- 
thropoiesis, has been found.®!!8 

Unexplained Congenital Polycythemias with Elevated or 
Inappropriately Normal Levels of Erythropoietin The majority of 
patients with congenital polycythemias with inappropriately normal 
or elevated erythropoietin levels do not have VHL mutations, EGLN1 
or EPAS1 mutations, hemoglobinopathies, or 2,3-BPG deficiency, 
and the molecular basis of polycythemia in these cases remains to be 
elucidated. Some such families show dominant inheritance,” while 
in others inheritance is recessive, and in some it is sporadic. Lesions 
in genes linked to hypoxia independent regulation of HIF, as well as 
oxygen-dependent gene regulation pathways, are leading candidates for 
mutation screening in polycythemic patients with normal or elevated 
erythropoietin without VHL, EGLNI (proline hydroxylase), or EPAS1 
(HIF-2a) mutations. 


Other Inappropriate Secondary Erythrocytoses 

Renal Polycythemia and Post-Renal Transplant Erythrocytosis 
Absolute erythrocytosis has been observed in a considerable number of 
patients with solitary renal cysts, polycystic renal disease, or hydrone- 
phrosis. In most of these cases, erythropoietin assays on cyst fluid, serum, 
or urine have disclosed the presence of erythropoietin. Patients with 
polycystic disease have a hematocrit value slightly higher than normal 
and definitely higher than would have been expected of patients with 
uremia. In some patients on prolonged dialysis treatment, cystic trans- 
formation occurs in the native kidneys. This acquired cystic disease is 
occasionally associated with marked erythrocytosis.’*! In patients with 
pheochromocytoma or paraganglioma and erythrocytosis, erythropoie- 
tin assays of serum and urine have disclosed higher-than-normal levels, 
and the erythrocytosis is most likely caused by excessive erythropoietin 


secretion by the tumor. This assumption has been supported by the 


presence of erythropoietin mRNA in tumor cells.’ Wilms tumors” 


and paraganglioma™ are also occasionally associated with an erythro- 
cytosis. Many of these cases may have a somatic VHL gene mutation 
that, in combination with a germline mutation of another allele, may 
constitute an unrecognized VHL syndrome. A patient with congenital 
erythrocytosis and recurrent paraganglioma with a PHD2 mutation was 
described. Tumor tissue exhibited a loss of heterozygosity of PHD2 in 
the tumor, suggesting that PHD2 could be a tumor-suppressor gene.” 

Partial obstruction of the renal artery would be expected to cause 
renal tissue hypoxia and a physiologic stimulation of erythropoietin 
production. Nevertheless, it has proved quite difficult to induce erythro- 
cytosis in laboratory animals by placing a Goldblatt clamp on the renal 
arteries.” Only a few of the many patients who have arteriosclerotic 
narrowing of the renal arteries have been reported to be polycythemic.'” 

Post-Renal Transplantation Erythrocytosis Although the full 
molecular basis of post-renal transplant erythrocytosis remains 
unknown, angiotensin II (Chaps. 32 and 34) plays an important role in 
its pathogenesis.” Increased activity of the angiotensin Il-angiotensin 
receptor 1 pathway makes the erythroid progenitors hypersensitive to 
angiotensin II.'5”° Furthermore, angiotensin I can modulate release of 
erythropoiesis stimulatory factors (Chap. 32) including erythropoietin 
and insulin-like growth factor (IGF)-1.'°°'*! Studies of venous effluents 
have determined that the native rather than the transplanted kidneys 
are the source of the inappropriate production of erythropoietin," and 
in some patients, removal of the native kidneys has led to rapid res- 
toration of normal hematocrit values." The condition is rarely seen in 
patients with nonrenal solid-organ allografts. The role of angiotensin II 
in augmenting erythropoiesis was confirmed by anemia in angiotensin- 
converting enzyme-knockout mice. Prior to the late 1990s when the 
use of angiotensin-converting enzyme inhibitors increased as a means 
to reduce proteinuria, the incidence of erythrocytosis in renal trans- 
plant patients was approximately 8 to 10 percent within the first 2 years 
after engraftment. 

Polycythemia with Connective Tissue Tumors Occasionally, 
there is an association of erythrocytosis with large uterine myomas.* 
Usually, the tumor has been huge and extirpation has routinely been fol- 
lowed by a hematologic “cure.” The suggestion that the tumor interferes 
with pulmonary ventilation has not been supported by the normal arte- 
rial blood gas findings in the few patients so studied. Another possible 
mechanism is that the large abdominal mass causes mechanical inter- 
ference with the blood supply to the kidneys, resulting in renal hypoxia 
and erythropoietin production. Inappropriate erythropoietin secretion 
by smooth muscle cells has been demonstrated both in uterine myomas 
and in one case of cutaneous leiomyoma.**"* Rare cases of polycythe- 
mia attributed to a myxoma of the atrium,” hamartoma of the liver,” 
and focal hyperplasia of the liver** have been documented. 

Brain Tumors In adequately studied patients with erythrocytosis 
and cerebellar hemangiomas, arterial blood gas tensions have been nor- 
mal. That the tumors are directly responsible for the polycythemia can 
be surmised from the identification of erythropoietin in cyst fluid and 
stromal cells and from a case in which erythropoietin mRNA was pres- 
ent in the tumor. Although in these cases a mutation of the VHL gene 
was not sought, it is likely that these tumors were a manifestation of an 
underlying VHL syndrome as cerebellar hemangiomas are an integral 
feature of VHL syndrome. 

Hepatoma In 1958, McFadzean and coworkers reported that 
almost 10 percent of patients in Hong Kong with hepatocellular carci- 
noma developed erythrocytosis.'*” Since then, this association has been 
recognized as an important clinical clue in the diagnostic consideration 
of patients with liver disease.” The cause of erythrocytosis is probably 
inappropriate production of erythropoietin by the neoplastic cells.’ 
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Normal hepatocytes, and to a lesser degree nonparenchymal liver cells, 
produce small amounts of erythropoietin, both constitutively and in 
response to hypoxia. 

Congenital Polycythemia and Pheochromocytoma Pheo- 
chromocytomas have been described in association with congenital 
erythrocytosis.'” In a growing number of reports, several individuals 
with congenital polycythemia have developed recurrent pheochromo- 
cytomas, paragangliomas, and sometimes somatistatinomas.'*'"* The 
tumors in these patients are heterozygous for gain-of-function muta- 
tions of the EPAS1 gene (encoding HIF-2«), and an erythropoietin tran- 
script is present in tumor tissues (Chaps. 32 and 57). Even though these 
tumors may be recurrent, they bear the same heterozygous mutations 
of the EPAS1 gene. However, these mutations are generally not found in 
nontumor tissues, so the etiology of the association of these tumors with 
polycythemia is not certain; it is also possible that they may be associ- 
ated with postgonadal genetic mosaicism, wherein the EPAS1 mutation 
predisposes to tumor development.'*'" However, in one family the 
EPAS1 mutation was inherited and also associated with the develop- 
ment of recurrent pheochromocytomas/paragangliomas."!° 

Endocrine Disorders Chapter 38 has additional discussion. 

Aldosterone-producing adenomas,’ Bartter syndrome,’ and 
dermoid cyst of the ovary'** have been described in association with 
erythrocytosis. Erythropoietin levels were found to be elevated in the 
serum and returned to normal after extirpation of the tumors. A num- 
ber of pathogenetic mechanisms have been suggested (Chaps. 32 and 
38), including decreased plasma volume; mechanical interference with 
renal blood supply; hypertensive damage to renal parenchyma; func- 
tional interaction between aldosterone, renin, and erythropoietin; and 
inappropriate secretion of erythropoietin by the tumors. Mild poly- 
cythemia may be present in patients with Cushing syndrome, but its 
pathophysiologic basis is not entirely clear (Chap. 38). 

The erythropoietic effect of androgens is of considerable practi- 
cal importance." For many years, it was assumed that the higher red 
cell count in males was caused by androgens because the hemoglobin 
levels of boys and girls were identical up until the time of puberty. It 
was not until pharmacologic doses of testosterone were administered to 
women with carcinoma of the breast that the full erythropoietic potency 
of androgens was appreciated."* Since then, various androgen prepara- 
tions have been used in the treatment of refractory anemia, occasionally 
causing dramatic erythropoiesis, with hemoglobin values climbing into 
the polycythemic range (Fig. 57-5). 

The mechanism of androgen action on erythropoiesis appears to 
be complex, related both to their capacity to stimulate erythropoietin 
production’ and their capacity to induce differentiation of marrow 
stem cells directly.” These two effects have specific structural require- 
ments. Androgens with the 5a-H configuration stimulate renal and 
extrarenal erythropoietin production, whereas androgens with the 
5B-H configuration enhance the differentiation of stem cells.’ Testos- 
terone administration is associated with an increase in erythropoietin 
levels and a decrease in hepcidin levels.’ Although erythropoietin lev- 
els declined with continued testosterone administration, they remained 
inappropriately high despite improved hemoglobin levels, suggesting a 
new set point.” 

Neonatal Polycythemia Polycythemia at birth is a normal physi- 
ologic response to intrauterine hypoxia and to the high oxygen affinity 
of red cells containing very high proportions of hemoglobin F (Chap. 7). 
It may become excessive and even symptomatic, especially in infants 
of diabetic mothers, or if the clamping of the cord is delayed, permit- 
ting placental blood to boost the blood volume of the infant.'*! Because 
it is difficult to recognize symptoms of hyperviscosity in the neonate, 
many pediatricians perform a partial plasma exchange transfusion if the 
venous hematocrit is above 65 percent at birth.” 
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Figure 57-5. Erythropoietic response to testosterone derivatives in a 
patient with myelofibrosis. Hgb, hemoglobin; Hct, hematocrit. 


One study of 25,000 neonates in Utah’ showed that the average 
hematocrit at birth would be considered “polycythemic” in adults, while 
2 weeks later it has fallen to “anemic” levels. This dramatic decrease of 
red blood cells in neonates during their first days of life likely contrib- 
utes to neonatal jaundice (Chap. 33).'™ 


APPARENT (RELATIVE) POLYCYTHEMIA 


(Refer to section “Secondary Polycythemias/Erythrocytoses” above.) 

Some believe that apparent polycythemia is merely a mild absolute 
polycythemia accentuated by a compensatory reduction in plasma vol- 
ume. Others suggest that it is caused by a primary reduction in plasma 
volume and have associated it with hypertension, obesity, and stress. 
When the red cell mass is documented to be normal, spurious poly- 
cythemia is also an appropriate term. Its clinical significance has also 
been disputed. The high hematocrit with its associated high viscosity 
is believed by some to be a risk factor heralding cerebral and cardiac 
complications, while others believe it is merely a well-tolerated anom- 
aly. Because the designation apparent polycythemia’ is noncommittal, 
it is used here. 

The main clinical associations with apparent polycythemia are obe- 
sity, hypertension, and smoking. In obese patients, the finding of a nor- 
mal red cell volume may be spurious because if the volume is expressed 
in terms of lean body weight, some of these patients would have a 
significant increase in red cell mass. In hypertensive patients, there is 
no adequate explanation for the apparent increase in red cell produc- 
tion or decrease in plasma volume. Sleep apnea (common in patients 
with congestive failure), excessive production of atrial natriuretic fac- 
tor, increased adrenal activation, decreased aldosterone secretion, and 
hypoxic vasoconstriction are all factors that have been invoked,’ '** but 
with uncertainty. Chronic administration of diuretics to treat hyperten- 
sion may be a more likely cause.’ 


@ CLINICAL FEATURES 


PRIMARY POLYCYTHEMIA 


Primary Familial and Congenital Polycythemia 

Although PFCP is uncommon, it is frequently misdiagnosed.’ Unlike 
patients with polycythemia vera, patients with PFCP lack splenomegaly, 
neutrophilia, basophilia, thrombocytosis, and a JAK2 mutation. Unless 
exposed to alkylating agents or radioactive phosphorus, as many have 
been, these patients do not progress to acute leukemia or myelodysplas- 
tic syndrome.” Generally thought to be benign, this condition predis- 
poses patients to severe cardiovascular problems because of chronic 
augmented erythropoietin signaling in all tissues bearing EPOR.’® 
An increased incidence of cardiovascular disease has been observed 
in affected members of PFCP families.’*! Erythrocytosis may be very 
severe, with hemoglobin levels that typically exceed 20 g/dL in men and 
18 g/dL in women. Headaches are commonly present. Hypertension, 
coronary artery disease, and strokes have been reported, but do not 
clearly appear to be related to an elevated hematocrit as they also occur 
in aggressively phlebotomized patients with normal hematocrits,’ and 
are not a constant feature of the disorder.’ 


Chuvash Polycythemia 

The recessive polycythemia that is endemic in the Chuvash Autono- 
mous Republic of the Russian Federation is characterized by elevation 
of the hemoglobin level to a mean of 22.6 with a standard deviation of 
1.4 g/L." Some patients are symptomatic, with headache, fatigue, and 
signs that include clubbing, hemorrhaging, and peptic ulcer. Chuvash 
polycythemia is also associated with thrombosis, relatively low blood 
pressure (also seen in heterozygotes), and varicose veins.*”” As of yet, 
no significant association of thrombosis with elevated hematocrit and 
history of phlebotomies has been found.” A matched cohort study of 96 
patients diagnosed in 1977 (65 spouses and 79 unaffected community 
members of the same age, sex, and village of birth) found that homozy- 
gosity for VHL 598C>T was associated with polycythemia, varicose 
veins, lower blood pressures, elevated serum VEGF and PAI-1 levels, 
and premature mortality related to cerebral vascular events and both 
venous and arterial thromboses.” 

Because Chuvash polycythemia is characterized by a germline 
mutation in the VHL gene, it was expected that homozygotes for this 
mutation may develop certain vascular tumors similar to those associ- 
ated with classic VHL syndrome. However, tumors typical of classic VHL 
syndrome, such as spinocerebellar hemangioblastomas, renal carcino- 
mas and pheochromocytomas/paragangliomas, were not found, indicat- 
ing that increased expression of HIF-la and VEGF is not sufficient for 
tumorigenesis. Benign vertebral body hemangiomas (a distinct entity 
from hemangioblastoma) were found in significantly more patients with 
Chuvash polycythemia compared to controls (55 percent vs. 21 percent). 
Imaging studies of 33 Chuvash polycythemia patients revealed unsus- 
pected cerebral ischemic lesions in 45 percent of patients.” Affected 
patients have elevated systolic pulmonary artery pressures as estimated 
by echocardiography compared to controls, and iron deficiency associ- 
ated with phlebotomy therapy may exacerbate this finding.’*"'” 


Other Congenital Disorders of Hypoxia Sensing 

Because of their only recent discovery and apparent rarity, reliable clin- 
ical information is lacking. However, these disorders, in view of their 
global deregulation of hypoxia sensing, are expected to also have extra- 
erythroid manifestation(s). This author is aware of a yet unpublished 
large family with a gain-of-function EPAS1 gene mutation wherein 
affected members appear to have early onset of strokes and cardiovas- 
cular disease, which are not prevented by control of their erythrocytosis 
by phlebotomies. 


SECONDARY ACQUIRED POLYCYTHEMIA 
High-Altitude Erythrocytosis 


Tolerance to high altitudes varies greatly, but most normal individu- 
als have no discomfort at altitudes of up to 2130 m (7000 ft). Above 
this level, and especially if the ascent is rapid, some manifestations of 
cerebral hypoxia are common. Headaches, sleeplessness, and palpita- 
tions are frequently encountered, and weakness, nausea, vomiting, and 
mental dullness may be present. More-severe manifestations include 
pulmonary and cerebral edema that may lead to death. Cheyne-Stokes 
respiration commonly occurs, especially during sleep. These symptoms 
constitute the syndrome of acute mountain sickness.’ 

Ruddy cyanosis and physiologic emphysema are the two character- 
istic features of some humans living at high altitudes. Venous and cap- 
illary engorgement can be observed readily in the conjunctiva, mucous 
membranes, and skin, and may contribute to the remarkable capacity of 
Tibetan Sherpas to walk barefoot and sleep on ice and snow.'® Asymp- 
tomatic retinal hemorrhages are seen frequently at high altitudes, but 
rarely at altitudes of 3000 m (9000 ft) or less.” Splenomegaly and jaun- 
dice are unusual, although the sustained erythrocytosis is associated with 
an increased fractional rate of red cell destruction and bilirubin genera- 
tion. It has been stated that Monge disease includes low fertility,*°° but 
this may not be universally so. It has been suggested that high-altitude 
native-resident Tibetans exhibit two distinct genotypes for increased 
oxygen affinity of hemoglobin, and that women with genotypes for 
high oxygen saturation have more surviving children’ suggesting 
natural selection on the locus for oxygen saturation of hemoglobin.” 
However, these conclusions have been based not on measurement of 
the hemoglobin-oxygen dissociation curve, but on assumptions based 
on arterial oxygen saturation. In point of fact, when properly mea- 
sured, Tibetans have normal oxygen affinity of hemoglobin when the 
hemoglobin-oxygen dissociation curve is rigorously determined.” 


Erythrocytosis Associated with Pulmonary Disease 

The erythrocytosis associated with smoking is generally asymptomatic. 
There may be an increase in thrombotic events, but this may be from 
smoking rather than erythrocytosis. 

When erythrocytosis is present in patients with COPD, with or 
without smoking, elevated hematocrit is associated with higher survival 
rates than anemic and normocythemic subjects.’?*'” Furthermore, 
moderate erythrocytosis has no adverse effect on vascular function in 
COPD" and is not associated with venous thromboembolism.” 

Large studies of patients with Eisenmenger syndrome” and other 
patients with cyanotic heart disease’ caution against routine phlebot- 
omy for asymptomatic elevation of the hematocrit; in fact, thrombotic 
complications were not observed in these studies. Transgenic mice with 
extreme polycythemia (hematocrit 85 percent) from constitutive overex- 
pression of erythropoietin did not develop the expected thrombotic com- 
plications.” Adults with cyanotic congenital heart disease are at risk of 
having cerebrovascular events. This risk is increased in the presence of 
hypertension, atrial fibrillation, history of phlebotomy, and microcyto- 
sis, the latter condition having the strongest significance (p <0.005). The 
authors of these findings endorsed a more conservative approach toward 
phlebotomy and more aggressive approach toward treating microcytosis 
with iron preparations in adults with cyanotic congenital heart disease. '® 

In a prospective cohort of U.S. Veterans Health Administration 
outpatients with stable COPD (n = 683), polycythemia prevalence was 
low and, unlike anemia, had no association with worsened outcomes. "5 


Renal Polycythemia and Post-Renal Transplant 
Erythrocytosis 

Although most patients with kidney failure are anemic, a fraction (often 
with polycystic kidney disease) display erythrocytosis, which, like the 
post-renal transplant state, can be very severe. Erythrocyte counts 
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may be as high as 8 x 10” cells/L and associated with hypertension and 
congestive failure.'*' At higher hematocrit levels (usually >60 percent), 
thrombotic events may complicate the clinical course.***”"*? Comorbid- 
ities that are associated with or causative of renal failure are frequently 
also factors predisposing to thrombosis, and the risk of erythrocyto- 
sis-associated thrombosis has not been submitted to rigorous multivar- 
iate rigorous statistical analyses. Thus, reports of increased thrombotic 
risks must be viewed with great caution. 


Tumors 
The erythrocytosis that occurs with erythropoietin-secreting tumors 
is generally mild,'** and the predominating clinical manifestations are 
those of the tumor itself. Even moderate elevations to a hematocrit of 
64 percent have been encountered without symptoms referable to the 
polycythemia.” Resection of the erythropoietin-secreting tumor cures 
the associated polycythemia." 

In the syndrome of congenital polycythemia and pheochromocy- 
toma or paraganglioma (see description in “Etiology” earlier) tumor 
resection does not lead to normalization of elevated hematocrit. 


Neonatal Polycythemia 

Of 55 infants with neonatal polycythemia, 47 (85 percent) had signs 
and symptoms attributed to this disorder. These included “feeding 
problems” (21.8 percent), plethora (20 percent), lethargy (14.5 percent), 
cyanosis (14.5 percent), respiratory distress (9.1 percent), jitteriness 
(7.3 percent), and hypotonia (7.3 percent). Other findings included 
hypoglycemia (40 percent) and hyperbilirubinemia (21.8 percent). In a 
larger group of nearly 1000 infants, six had intracranial hemorrhage.’ 


@ LABORATORY FEATURES 


PRIMARY POLYCYTHEMIA 


Primary Familial and Congenital Polycythemia 

Characteristic laboratory findings of PFCP are: (1) increased red blood 
cell mass without increased leukocyte or platelet counts; (2) normal 
hemoglobin-oxygen dissociation curve; (3) invariably low serum ery- 
thropoietin levels; and (4) in vitro hypersensitivity of erythroid progen- 
itors to erythropoietin. PFCP is often misdiagnosed as polycythemia 
vera, although with the advent of a reliable polymerase chain reac- 
tion-based test for the JAK2‘*!* mutation, this should no longer ever 
happen. Whereas leukocytes are typically normal, platelet counts are 
often mildly decreased, presumably by dilution of the normal platelet 
mass by an often-dramatic increase of red cell and whole-blood vol- 
umes. Some patients come to attention because of concurrent medical 
problems that may cause leukocytosis and secondary thrombocytosis, 
falsely suggesting the phenotype of polycythemia vera. 


Chuvash Polycythemia 
Blood profiling in patients with Chuvash polycythemia indicates 
increased hemoglobin and hematocrit and lower white blood cell and 
platelet counts than in controls. Erythropoietin ranges from normal (but 
never close to the lower limits of normal) to elevated, at times exceed- 
ing 10 times the mean normal value. In larger studies, hemoglobin- 
adjusted serum erythropoietin concentrations were approximately 
10-fold higher in VHL 598C>T homozygotes than in controls.*>” 
Affected subjects have lower CD4 counts, elevated levels of both 
proinflammatory and antiinflammatory cytokines, and altered plasma 
thiol levels, with elevated homocysteine and glutathione and low 
cysteine concentrations.'**'**!** Their serum PAI-1 and VEGF lev- 
els are also increased.**>*° Circulating transferrin receptor levels are 
higher in Chuvash polycythemia homozygotes as compared to their 
unaffected relatives and spouses.*5*” Ferritin-adjusted transferrin 
receptor concentrations were approximately threefold higher in VHL 
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598C>T homozygotes than in unaffected participants (p <0.0005), 
which is consistent with upregulation by HIF-1. 

Chuvash polycythemia is a relatively recently described disor- 
der; thus, additional laboratory findings as a result of augmentation of 
hypoxia sensing are expected to be described. 


Other Congenital Polycythemias from Augmented Hypoxia 
Sensing 

At present, a paucity of data precludes any reliable description of other 
congenital polycythemias from augmented hypoxia sensing. Some 
affected subjects have unexpectedly low-normal erythropoietin levels. 


SECONDARY ERYTHROCYTOSIS 


Characteristically, only the number of erythrocytes in the blood is 
increased in secondary erythrocytosis. An increase in the leukocyte 
count and/or splenomegaly may be present as features of the underlying 
disease, for example, pulmonary infection in COPD with cor pulmon- 
ale, or as seen in Monge disease among Andean high-altitude dwellers 
or patients inheriting a high-affinity hemoglobin that is also unstable 
(Chaps. 34 and 49). 

In patients with appropriate erythrocytosis, the underlying defect 
is usually demonstrable. Arterial hypoxia can be demonstrated in most 
cases. Some obese patients who, like Mr. Wardle’s proverbial boy, Joe, 
in The Pickwick Papers by Charles Dickens, are always half asleep, will 
be very much awake when exposed to arterial puncture and ventilatory 
testing, and their apprehensive hyperventilation will result in the dis- 
appearance of all abnormalities in arterial oxygen tension. As soon as 
they return to bed, however, they will go to sleep again and display the 
characteristic somnolent cyanosis. 

In inappropriate erythrocytosis, the laboratory findings will be 
those of the underlying defect. 


@ DIFFERENTIAL DIAGNOSIS 


Also refer to Chaps. 34 and 59, Table 57-3, and Fig. 57-6. 

Distinguishing between polycythemia vera and other polycythemic 
disorders used to be challenging, but discovery of the JAK2Y®™® and 
JAK2 exon 12 mutations has made it, in most instances, straightfor- 
ward. Some of the clinical and laboratory features that can be helpful 
for differential diagnosis are summarized in Chap. 34, Table 34-2, and 
in Fig. 57-6. 


RED CELL MASS DETERMINATION 


Determination of red cell mass is invaluable for differentiation of appar- 
ent (spurious) polycythemia from true polycythemic states. Unfor- 
tunately, determination of the red cell mass is expensive and, when 
performed by the inexperienced, often inaccurate.'® It is not useful in 
distinguishing polycythemia vera from secondary erythrocytoses, the 
differentiation that is usually needed, because it is increased in both 
disorders. Ideally, the red cell mass and plasma volume should be mea- 
sured separately. Unfortunately, the ‘I-labeled albumin necessary to 
measure the plasma volume is often unavailable. Fortunately, in most 
cases, the diagnosis of polycythemia vera and other true polycythemic 
states can be established with confidence without measuring the red cell 
mass. 


ERYTHROID COLONY CULTURES 


In vitro assays of erythroid progenitor cells permit the study of their 
responsiveness to erythropoietin. This can be applied to polycythemia 


TABLE 57-3. VHL Mutations Associated with Congenital 


Polycythemia 


Clinical 
VHL Genotype Ethnicities References Features 
235 C>T/586 C>G White 101 
598 C>T/598 C>T Chuvash, 101, 102, Frequent 
Danish, U.S. 104, 105, thrombotic 
(white), 231 complications 
Bangladeshi, 
Pakistani, 
Russian, 
Turkish 
598 C>T/574 C>T U.S. (white) 104 
598 C>T/562 C>G U.S. (white) 104 
598 C>T/388 G>C U.S. (white) 105 
571 C>G/571 C>G Croatian 104 Failure to 
thrive 
311 G>T/wild-type German (?) 102 
376 G>T/wild-type Ukrainian 105 ?VHL 
syndrome 
598 C>T/wild-type English, 102 
German 
523 A>G/ Portuguese 101 A-T patient 
wild-type 
370 A>G/562 C>G Native PMID: 
American 23772956 
376 G>A/376 G>A Bangladeshi PMID: Fatal pul- 
24729484 monary 
hypertension 
413 C>T/413 C>T Punjabi PMID: 
23538339 


A-T, ataxia-telangiectasia; VHL, von Hippel-Lindau. 


vera and erythroid progenitor burst-forming unit-erythroid (BFU-E) 
growth without added erythropoietin,’ referred to as “endogenous 
erythroid colonies.” Detection of endogenous erythroid colonies in cul- 
tures of marrow or blood used to be the most specific test for polycythe- 
mia vera.™!8%88 In one study, all patients with polycythemia vera, but 
none with secondary or other causes of polycythemia, had endogenous 
erythroid colonies.'® Rare endogenous erythroid colonies may at times 
be observed in PFCP, Chuvash polycythemia, and in a single studied 
subject with the HIF-2a mutation,’ but unlike the endogenous ery- 
throid colonies of polycythemia vera, these are abrogated by pretreat- 
ment with erythropoietin and EPOR-blocking antibodies." 

In experienced hands, endogenous erythroid colonies is a specific 
and sensitive means for detecting polycythemia vera and may be useful 
in diagnosing patients with unusual presentations of polycythemia vera, 
such as Budd-Chiari syndrome’ or isolated thrombocytosis.*” How- 
ever, this test has not been standardized, is expensive and laborious, and 
technical variations make interlaboratory results difficult to compare. 


ERYTHROPOIETIN LEVELS 


All patients with PFCP encountered™ have erythropoietin below nor- 
mal levels or below levels of detection. Thus, a low erythropoietin level 
is not pathognomonic of polycythemia vera, as patients with PFCP have 
as low or even lower erythropoietin levels.'* 
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Diagnostic Algorithm for Polycythemia 


Elevated hemoglobin and red blood cell mass 
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Figure 57-6. Diagnostic algorithm for polycythemia based on erythropoietin (EPO) level. 2,3-BPG, 2,3-bisphosphoglycerate; BFU-E, burst-forming 
unit-erythroid; EPOR, erythropoietin receptor gene; HIF, hypoxia-inducible factor; PHD2, proline hydroxylase 2; VHL, von Hippel-Lindau gene. 


Because polycythemia vera is distinguished by the fact that ery- 
throid cells proliferate even in the absence of substantial levels of erythro- 
poietin, one would expect that at high hematocrit levels the production 
of erythropoietin would be inhibited and serum levels consequently 
reduced. Older erythropoietin assays were too insensitive to detect sub- 
normal levels of erythropoietin, but using improved technology, several 
studies have documented serum erythropoietin levels below the normal 
reference range in patients with polycythemia vera.” Erythropoietin 
levels remain low even after phlebotomy," which increases erythropoi- 
etin levels in normal individuals. Erythropoietin levels in Budd-Chiari 
syndrome may be normal or even increased.™ 

Patients with secondary erythrocytosis usually have normal to ele- 
vated erythropoietin levels, although considerable overlap exists in the 
range of erythropoietin levels between some patients with polycythemia 
vera and those with secondary erythrocytosis.'*” 


CLONALITY IN FEMALE SUBJECTS USING 
ASSAYS EMPLOYING X-CHROMOSOME-BASED 
POLYMORPHISM ASSAYS 


The principal role of the clonality assay is to differentiate polycythe- 
mia vera with an incomplete phenotype or atypical presentation from 
idiopathic, or as-yet undiagnosed erythrocytosis. Polycythemia vera 


results from an acquired mutation in a pluripotential hematopoietic 
stem/progenitor cell. Clonality studies based on the phenomenon of X- 
chromosome inactivation’ show that red cells, granulocytes, platelets, 
monocytes, and B lymphocytes are all part of the clone.” The majority 
of T lymphocytes and natural killer (NK) cells are polyclonal, but a small 
proportion of these cells are also derived from the polycythemia vera clone”; 
this is presumed to be a result of the presence of long-lived normal T cells 
that preceded the development of the clone. Unfortunately, interpretation 
of publications on the applicability of X-chromosome inactivation for 
differential diagnosis of polycythemia vera is hampered by the many 
methodologic and conceptual differences that have drawn conflicting 
conclusions.” Some discrepancies are caused by the fact that two different 
approaches, which are not comparable, are used to distinguish the active 
from the inactive X-chromosome; one approach uses X-chromosome 
differential methylation,” typically using the polymorphic CAG repeat 
in the human androgen-receptor gene (HUMARA),” while the other 
approach uses more biologically sound but more technically demanding 
transcriptional analysis of the active X-chromosome.”** Furthermore, 
the wide range of skewing of the X-chromosome allelic usage that is 
normally present”"' is often misinterpreted as clonality, and the poten- 
tially clonal myeloid cells are not compared to the polyclonal control 
cells of the same origin.” In our study of 56 PV female polycythemia 
vera patients, reticulocytes, platelets, and granulocytes were always 
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clonal, with the exception of a few patients who converted to polyclonal 
hematopoiesis after therapy with interferon-«.*’ While it was previously 
reported that clonality assays based on X-chromosome inactivation are 
not suitable for studies of older women using the HUMARA assay,”!?-7/4 
that was not confirmed by studies using quantitative transcriptional 
analysis of active X-chromosomes.?!*16 


OTHER POLYCYTHEMIAS 


Clinical history is of the utmost importance for the differential diagnosis 
of polycythemic states. Differentiation of an acquired from congenital 
disorder, and distinction between sporadic versus familial occurrence 
of polycythemia, when possible, will streamline the diagnosis. Thus, an 
autosomal dominant disorder is likely a result of polycythemia from 
gain-of-function EPOR, EPAS1 (HIF-2«) or EGLN1 (PHD2) mutations, 
or a high-affinity hemoglobin. Recessively inherited conditions may be 
from VHL gene mutations. Although rare patients with polycythemia 
vera may have a history of other affected family members (Chap. 84), 
polycythemia vera is always an acquired condition. Many familial poly- 
cythemias are the result of yet-to-be-discovered genetic events. 

Patients with a low level of erythropoietin and autosomal domi- 
nant inheritance should have sequence analysis of the EPOR gene. This 
will define the defect in some patients with PFCP; if the polycythemia is 
acquired and present in multiple relatives, a diagnosis of familial clus- 
tering of polycythemia vera should be pursued.”” Patients with second- 
ary erythrocytosis have a genuine increase in the number of circulating 
erythrocytes and the red cell mass. Such patients do not typically have 
increased platelet or leukocyte counts or splenomegaly, which are often 
seen in polycythemia vera. The lack of involvement of other cell lineages 
in hematopoietic proliferation should arouse suspicion that the patient 
may have erythrocytosis other than polycythemia vera. 

However, reactive thrombocytosis, leukocytosis, and splenomeg- 
aly may occasionally also be present in secondary erythrocytosis, which 
then renders the distinction from polycythemia vera more difficult. In 
patients in whom secondary erythrocytosis is caused by lung or car- 
diac disease, clubbing is often present. In some cases, determining the 
arterial oxygen saturation will clarify the diagnosis, but modest arte- 
rial oxygen desaturation may also be present in polycythemia vera.*?!* 
Imaging of the kidneys may reveal a neoplasm or cyst in some patients. 
Determining the hemoglobin oxygen dissociation curve (Chaps. 32, 34, 
50), or estimation of p50 from venous blood” will detect abnormalities 
related to increased oxygen affinity either because of inheritance of a 
high-affinity hemoglobin (Chap. 49), or because of very rare 2,3-BPG 
depletion, as in phosphoglyceromutase deficiency (Chap. 47). The mild 
erythrocytosis associated with hereditary methemoglobinemia (Chap. 
50) is readily diagnosed because of coexistent cyanosis. 

In patients with elevated erythropoietin, or with erythropoietin 
levels inappropriately normal for the degree of hemoglobin elevation, 
analysis of VHL, EGLN1, and EPAS1 genes may be in order; some of 
these patients may have a history of autosomal recessive inheritance and 
have a typical history of congenital polycythemia. It may also be useful 
to determine the carboxyhemoglobin level of the blood if smoker's poly- 
cythemia is suspected. 


SPURIOUS POLYCYTHEMIA 


The erythrocytosis observed in patients with spurious polycythemia 
(apparent polycythemia, stress polycythemia) is the consequence of a 
decrease in plasma volume.’ The observed erythrocytosis does not 
represent a true increase in the red cell mass. Usually, the increase in 
hematocrit is very modest. Such patients do not have an increased white 
blood count, thrombocytosis, splenomegaly, or JAK2 mutation. The 
arterial oxygen saturation is normal. Estimation of the red cell mass 
and plasma volume is required to establishing a diagnosis of spurious 


polycythemia, but it should be recognized that during the natural his- 
tory of patients who develop primary or secondary polycythemia, their 
red cell mass is, at some point, within the normal range while it is rising 
to abnormal values. Because of the significant error rate of red cell mass 
measurement, it is recommended that both red cell mass and plasma 
volume be measured simultaneously. 


@ THERAPY 


POLYCYTHEMIAS OTHER THAN 
POLYCYTHEMIA VERA 


Treatment of patients with post-renal transplant erythrocytosis with 
drugs that suppress the renal-angiotensin system has virtually elimi- 
nated the need for therapeutic phlebotomy. The maximal reduction of 
hemoglobin and hematocrit levels usually manifests by 6 months after 
starting therapy with either the angiotensin-converting enzyme inhib- 
itor, enalapril, or the angiotensin II receptor type 1 blocker, losartan.'”” 
Some patients are exquisitely sensitive and may become severely anemic. 

High-altitude erythrocytosis is also associated with pulmonary 
hypertension, proteinuria, and elevated blood pressure. A prospective 
randomized trial of enalapril reported decreased hemoglobin concen- 
tration, proteinuria and beneficial effects on elevated blood pressure.””” 

When erythrocytosis is secondary to a renal tumor or cyst, pheo- 
chromocytoma, myoma, or brain tumor, removal of the neoplasm usually 
results in disappearance of the erythrocytosis, but in the syndrome of con- 
genital polycythemia with pheochromocytoma caused by EPAS1 muta- 
tions (see above paragraphs) erythrocytosis persist after tumor resection. 

No specific therapy is currently available for polycythemic subjects 
with VHL, EGLN1, or EPAS1 mutations. 

Lowering the hematocrit to a normal or near-normal level by 
phlebotomy is the usual, but empiric, treatment of secondary erythro- 
cytosis,”"?”! but should always be viewed in the context of a particular 
subject.’*!”§ The appropriate level is that at which the patient becomes 
asymptomatic. Although cytotoxic agents are sometimes used for this 
purpose, phlebotomy is preferred, ifindeed needed, because of the leuke- 
mogenic risk of the agents that are used in polycythemia vera. This author 
favors, in most instances, benign neglect, unless specific therapy, such as 
that seen in erythropoietin-secreting tumors or post-renal transplant 
erythrocytosis, is available. One should phlebotomize only those patients 
who are symptomatic from the elevated red cell mass and continue to do 
so cautiously only if symptoms respond promptly to phlebotomy. 


@ COURSE AND PROGNOSIS 


CHUVASH POLYCYTHEMIA 


A study compared 96 patients with Chuvash polycythemia diagnosed 
before 1977 to 65 spouses, and 79 unrelated community members with 
normal hemoglobin concentration, same age, sex, and village of birth; 
the estimated survival to 65 years was 31 percent or less for Chuvash 
polycythemia patients versus 67 percent or greater for spouses and 
community members (p <0.002).” 


OTHER POLYCYTHEMIAS 


The clinical course of secondary erythrocytosis is largely a function 
of the underlying disorder. In patients with PFCP secondary to muta- 
tions of the EPOR gene, coronary artery disease and strokes have been 
reported,’® although not in all series.’° The rarity of patients having 
mutations of the EPOR, VHL, EGLN1, and EPAS1 genes and polycythe- 
mias from globin mutations and or red cell enzyme deficiencies pre- 
cludes any meaningful prognostic evaluation. 
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CHAPTER 58 
THE PORPHYRIAS 


John D. Phillips and Karl E. Anderson 


Porphyrias are diseases that result from derangements of specific enzymes in 
the heme biosynthetic pathway that lead to overproduction and accumulation 
of pathway intermediates and cause neurologic symptoms, photocutaneous 
symptoms or both. Multiple inherited mutations have been identified in all 
the porphyrias. However, porphyria cutanea tarda (PCT), which is caused pri- 
marily by an acquired deficiency of the fifth enzyme in the heme biosynthetic 
pathway, specifically in the liver, is usually not associated with a mutation of 
this enzyme. 

Porphyrias can be classified as either hepatic or erythropoietic, depending 
on the principal site of initial accumulation of excess pathway intermediates. 
Erythropoietic porphyrias are characterized by childhood onset and a generally 
stable clinical course. Hepatic porphyrias almost always develop during adult 
life, and are more variable because of multiple influences of drugs, hormones, 
and nutritional factors on the heme biosynthetic pathway in the liver. 

Porphyrias are also classified as acute or cutaneous. The four acute porphy- 
rias are associated with neurologic manifestations that usually occur as acute 
attacks. 6-Aminolevulinate dehydratase porphyria (ADP) is an autosomal 
recessive disorder caused by a deficiency of the second enzyme in the pathway 
and is the rarest type of porphyria. ADP has been classified as hepatic, but also 
has erythropoietic features. The three other acute porphyrias, namely acute 
intermittent porphyria (AIP), hereditary coproporphyria (HCP), and variegate 
porphyria (VP), are autosomal dominant hepatic porphyrias, and result from 
deficiencies of the third, sixth, and seventh enzymes in the pathway, respec- 
tively. HCP and VP are also classified as cutaneous, because photocutaneous 
lesions may develop, especially in VP. AIP is the most common acute porphyria 
and the second most common porphyria. Disease expression is highly variable 


Acronyms and Abbreviations: ADP 6-aminolevulinate dehydratase deficiency 
porphyria; AIP acute intermittent porphyria; ALA, -aminolevulinic acid; ALAD, 
6-aminolevulinic acid dehydratase; ALAS, 6-aminolevulinic acid synthase; ALAS1, 
6-aminolevulinic acid synthase, housekeeping form; ALAS2, 6-aminolevulinic acid 
synthase, erythroid-specific form; cDNA, complementary DNA to mRNA template; 
CEP, congenital erythropoietic porphyria; CPO, coproporphyrinogen oxidase; CPRE, 
coproporphyrinogen oxidase gene promoter regulatory element; CRIM, cross- 
reactive immunologic material; CYP, cytochrome P450; EC, enzyme commission; 
EPP, erythropoietic protoporphyria; FECH, ferrochelatase; HCP, hereditary copropor- 
phyria; HEP, hepatoerythropoietic porphyria; HFE, hemochromatosis gene; HMB, 
hydroxymethylbilane; IRE, iron-responsive element; IRPs, iron-responsive element 
binding proteins; NRF-1, nuclear regulatory factor 1; PBG, porphobilinogen; PBGD, 
porphobilinogen deaminase; PCT, porphyria cutanea tarda; PGC-1a, peroxisomal 
proliferator-activated cofactor 1a; PPO, protoporphyrinogen oxidase; PXR, pregnane 
X receptor; SCS-BA, p subunit of ATP-specific succinyl coenzyme A synthetase; UROD, 
uroporphyrinogen decarboxylase; UROS, uroporphyrinogen synthase; VP, variegate 
porphyria; XLP X-linked protoporphyria. 


in acute porphyrias, and the great majority of individuals who inherit deficien- 
cies of these enzymes remain latent through all or most of their lives. Attacks 
are produced by factors that increase hepatic heme synthesis, including certain 
drugs, sex steroid hormones and their metabolites and restriction of dietary 
calories and carbohydrate. Treatment of acute porphyrias includes glucose 
loading and hemin infusions, which repress 6-aminolevulinic acid synthase-1, 
the rate-limiting enzyme of the heme biosynthetic pathway in the liver. 

Cutaneous porphyrias are associated with either blistering skin lesions or, 
in erythropoietic protoporphyria (EPP), with acute nonblistering photosensi- 
tivity. Blistering skin manifestations are identical in PCT, HCP, and VP. Similar 
lesions in congenital erythropoietic porphyria (CEP) are much more severe and 
often associated with loss of digits and facial mutilation. CEP results from a 
severe deficiency of the fourth enzyme in the pathway and is inherited in an 
autosomal recessive fashion. Hemolytic anemia is common, and severe cases 
may be transfusion dependent, and may even present in utero with fetal 
hydrops. Hematopoietic stem cell transplantation in early childhood is the 
most effective treatment. 

EPP is the third most common porphyria and the most common in 
children. It is usually caused by a deficiency of the final enzyme in the pathway. 
In most families, inheritance of EPP is best described as autosomal recessive, 
with a severe ferrochelatase mutation inherited from one parent and a low- 
expression variant allele from the other. X-linked protoporphyria (XLP) has 
the same phenotype as EPP, but is caused by gain-of-function mutations of ô- 
aminolevulinic acid synthase-2, which is expressed only in erythroblasts and 
reticulocytes. Protoporphyrin-containing gallstones may develop in EPP and 
XLP. An uncommon but potentially life-threatening complication is protopor- 
phyric hepatopathy, which is a result of the cholestatic effects of protoporphy- 
rin, and may require liver transplantation. Sequential marrow transplantation 
can prevent recurrent hepatopathy in the transplanted liver. 

PCT is an iron-related hepatic porphyria that usually begins in middle or 
late adult life. Activity of hepatic uroporphyrinogen decarboxylase (UROD) is 
reduced in the presence of iron to approximately 20 percent of normal in PCT 
by a uroporphomethene inhibitor probably derived from uroporphyrinogen. 
Multiple susceptibility factors, including use of alcohol, smoking, estrogens, 
hepatitis C and HIV contribute. HFE (hemochromatosis gene) mutations that 
cause excess iron absorption are common in PCT. A minority of patients are 
heterozygous for UROD mutations and are said to have familial PCT. Polyhalo- 
genated aromatic hydrocarbons cause PCT in laboratory animals and occa- 
sionally in humans. PCT responds well to treatment by repeated phlebotomy, 
which reduces hepatic iron, or low-dose hydroxychloroquine or chloroquine, 
which mobilizes accumulated hepatic porphyrins. Hepatoerythropoietic por- 
phyria is the homozygous form of familial PCT, and is usually a severe disorder 
that starts in childhood and resembles CEP clinically. 


@ DEFINITION AND HISTORY 


The porphyrias are a group of metabolic diseases resulting from derange- 
ments, usually of a genetic nature, in the activity of specific enzymes in 
the heme biosynthetic pathway, leading to overproduction and accu- 
mulation of pathway intermediates. Symptoms of these diseases can be 
neurologic, photocutaneous, or both. The intermediates that accumu- 
late include porphyrins and the porphyrin precursors 6-aminolevulinic 
acid (ALA) and porphobilinogen (PBG) and their derivatives. Patterns 
of these substances in plasma, erythrocytes, urine, and feces are char- 
acteristic for each porphyria, and are the basis for screening tests and 
more comprehensive biochemical characterization. 


Part VI: The Erythrocyte 


Porphyrias are classified as either erythropoietic or hepatic, depend- 
ing on the principal site of accumulation of pathway intermediates. 
The erythropoietic porphyrias are congenital erythropoietic porphyria 
(CEP), which is very rare, erythropoietic protoporphyria (EPP), the 
third most common porphyria and the most common in children, and 
X-linked protoporphyria (XLP), which has the same phenotype as EPP 
but is less common. Hepatic porphyrias include the acute porphyrias, 
which cause neurologic symptoms usually in the form of acute attacks, 
and porphyria cutanea tarda (PCT), which is the most common of the 
porphyrias, and causes chronic blistering lesions on sun-exposed areas 
of the skin. The acute porphyrias include ALA dehydratase deficiency 
porphyria (ADP), acute intermittent porphyria (AIP), hereditary copro- 
porphyria (HCP), and variegate porphyria (VP). VP, and less commonly 
HCP, can also cause skin manifestations identical to those in PCT. 

A type of porphyria is associated with loss-of-function muta- 
tions of seven of the eight enzymes in the heme biosynthetic pathway 
(Table 58-1 and Fig. 58-1) PCT is primarily caused by an acquired 
deficiency of the fifth pathway enzyme, with heterozygous mutations 
of that enzyme contributing in some cases. Gain-of-function mutations 
of ALAS2, the erythroid form of the first pathway enzyme, cause XLP, 
whereas loss-of-function mutations of this enzyme cause X-linked side- 
roblastic anemia (Chap. 59). Table 58-2 summarizes the major clinical 
and laboratory features of the porphyrias. 

A case of CEP reported by Schultz in 1874 was the first descrip- 
tion of porphyria in the literature. This case was a 33-year-old man with 
photosensitivity since age 3 months, anemia, splenomegaly, red-wine- 
colored urine as a result of a pigment resembling hematoporphyrin, 


and brown-colored bones at autopsy.'” In 1898, T. McCall Anderson 
described two brothers (ages 23 and 26 years) who most likely had 
CEP, and suffered from hydroa aestivale, with red urine, pruritus and 
blistering of sun-exposed skin, especially in summer, leading to exten- 
sive scarring and mutilation of the ears and nose (see Chap. 58, Fig. 
58-5). Using available methods, their urine was also demonstrated to 
contain a substance related to hematoporphyrin.* In 1889, Stokvis first 
described a case of acute porphyria in an elderly woman who developed 
dark-red urine and later died after taking sulphonal, a drug related to 
the barbiturates.° 

Hans Günther‘ published a monograph on porphyrins in 1911 and 
classified porphyrias into four groups: (1) those that have an acute onset 
without association with drug ingestion, (2) those that are caused by 
sulphonal or trional, (3) hematoporphyria congenita, and (4) chronic 
hematoporphyria. The first two groups correspond to the acute porphy- 
rias, which may present with attacks sometimes related to ingestion of 
certain drugs, the second group to CEP and hepatoerythropoietic por- 
phyria (HEP), and the fourth to PCT. In 1923, Archibald Garrod pro- 
posed the term inborn errors of metabolism for a number of inherited 
metabolic disorders, including the porphyrias.” 

Sachs noted an Ehrlich-positive chromogen that was not uro- 
bilinogen in urine of patients with acute porphyria in 1931. In the 
late1930s, Waldenström noted that excretion of this chromogen was an 
autosomal dominant trait in AIP families, which he identified as PBG in 
1939.* The classification of porphyrias as erythropoietic and hepatic was 
proposed in 1954 by Schmid, Schwartz, and Watson.’ An epidemic of 
hexachlorobenzene-induced PCT in eastern Turkey in 1957" provided 


TABLE 58-1. Human Porphyrias: Specific Enzymes Affected by Mutations, Modes of Inheritance, Classification, and Major 


Types of Clinical Features of Each of the Human Porphyrias 


Porphyria® Affected Enzyme Known Mutations Inheritance Classification Principal Clinical Features 
X-linked protoporphyria  6-Aminolevulinic 4 (gain of X-linked Erythropoietic Nonblistering 
acid (ALA) synthase- function) recessive photosensitivity 
erythroid-specific 
form (ALAS2) 
6-Aminolevulinic acid ALA dehydratase 10 Autosomal Hepatic Neurovisceral 
dehydratase porphyria (ALAD) recessive 
(ADP) 
Acute intermittent por- PBG deaminase 273 Autosomal Hepatic Neurovisceral 
phyria (AIP) (PBGD) dominant 
Congenital erythropoietic Uroporphyrinogen Ill 36 Autosomal Erythropoietic Neurovisceral 
porphyria (CEP) synthase (UROS) recessive 
Porphyria cutanea tarda Uroporphyrinogen 70 (includes HEP) Autosomal Hepatic Blistering photosensitivity 
(PCT) decarboxylase dominant* 
(UROD) 
Hepatoerythropoietic UROD - Autosomal Hepatict Blistering photosensitivity 
porphyria (HEP) recessive 
Hereditary coproporphy- Coproporphyrinogen 42 Autosomal Hepatic Neurovisceral; blister- 
ria (HCP) oxidase (CPO) dominant ing photosensitivity 
(uncommon) 
Variegate porphyria (VP) Protoporphyrinogen 130 Autosomal Hepatic Neurovisceral; blistering 
oxidase (PPO) dominant photosensitivity (common) 
Erythropoietic protopor- Ferrochelatase 90 Autosomal Erythropoietic Nonblistering 
phyria (EPP) (FECH) recessive photosensitivity 


*Porphyrias are listed in the order of the affected enzyme in the heme biosynthetic pathway. 
‘These porphyrias also have erythropoietic features, including increases in erythrocyte zinc protoporphyrin. 
*UROD inhibition in PCT is mostly acquired, but an inherited deficiency of the enzyme predisposes in familial (type 2) disease. 
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Figure 58-1. Enzymes and intermediates in the heme biosynthetic pathway and the type of porphyria associated with a deficiency of each 
enzyme (indicated by Ø). Gain-of-function mutation of the erythroid form of ALA synthase is not shown. ADP, ALA dehydratase porphyria; AIP, acute 
intermittent porphyria; ALA, 6-aminolevulinic acid; ALAD, 6-aminolevulinic acid dehydratase; ALAS, 6-aminolevulinic acid synthase; CEP, congenital 
erythropoietic porphyria; CoA, coenzyme A; CPO, coproporphyrinogen oxidase; EPP, erythropoietic protoporphyria; FECH, ferrochelatase; HCP, heredi- 
tary coproporphyria; PBG, porphobilinogen; PBGD, porphobilinogen deaminase; PCT, porphyria cutanea tarda; PPO, protoporphyrinogen oxidase; SA, 
sideroblastic anemia; UROD, uroporphyrinogen decarboxylase; UROS, uroporphyrinogen Ill synthase; VP, variegate porphyria. 


TABLE 58-2. Biochemical Findings Including Major Increases in Porphyrins and Porphyrin Precursors in the Human 


Porphyrias 


Porphyria Erythrocytes Plasma Urine Stool 

XLP Metal-free and zinc Protoporphyrin (~634 nm)* Protoporphyrin® 
protoporphyrin’ 

ADP Zinc protoporphyrin ALA* ALA, coproporphyrin III j 

AIP Decreased PBGD activity ALA, PBG* (~620 nm, some ALA, PBG, uroporphyrin . 
(most cases)’ cases)! 

CEP Uroporphyrin |; copro- Uroporphyrin |, coproporphy- Uroporphyrin l; coproporphyrin! Coproporphyrin | 
porphyrin | rin | (~620 nm)* 

PCTand HEP Zinc protoporphyrin (in | Uroporphyrin, heptacarboxyl Uroporphyrin, heptacarboxyl Heptacarboxyl porphyrin, 
HEP) porphyrin (~620 nm)* porphyrin isocoproporphyrins 

HCP i +t(~620 nm, some cases)* ALA, PBG, coproporphyrin III Coproporphyrin III 

VP j Protoporphyrin (~628 nm)* ALA, PBG, coproporphyrin Ill Coproporphyrin Ill, 

protoporphyrin 

EPP Metal-free Protoporphyrin (~634 nm)* Protoporphyrin® 

protoporphyrin’ 


ADP, 5-aminolevulinate dehydratase deficiency porphyria; AIP, acute intermittent porphyria; ALA, 6-aminolevulinic acid; CEP, congenital ery- 
thropoietic porphyria; EPP, erythropoietic protoporphyria; HCP, hereditary coproporphyria; HEP, hepatoerythropoietic porphyria; PBG, porpho- 
bilinogen; PCT, porphyria cutanea tarda; VP, variegate porphyria; XLP, X-linked protoporphyria. 


*Porphyrin levels normal or slightly increased. 

*Fluorescence emission peak of diluted plasma at neutral pH. 

*Plasma porphyrins usually normal, but increased when blistering skin lesions develop. 
‘Zinc protoporphyrin <15 percent of total in EPP, but 15 to 50 percent in XLP. 

‘Increase in urine porphyrins (especially coproporphyrin) only with hepatopathy. 
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the foundation for the development of animal models of this disorder 
using halogenated polyaromatic hydrocarbons.'*'’ Strand and cowork- 
ers described the enzyme deficiency in AIP for the first time in 1970," 
and Bonkovsky and coworkers first reported treatment of a porphyria 
patient with hemin in 1971." In the past several decades, the enzymes 
of the heme biosynthetic pathway have been defined in terms of their 
amino acid composition, genomic and complementary DNA (cDNA) 
sequences, and crystal structures. Erythroid-specific and housekeeping 
transcripts have been described for at least four enzymes in the pathway, 
and progress made in understanding the regulation of heme synthesis 
in specific tissues, especially the marrow and liver. Multiple mutations 
have been described in each of the human porphyrias, and some specific 
treatments introduced. 


@ ETIOLOGY AND PATHOGENESIS 
HEME 


Heme (iron protoporphyrin IX; Fig. 58-2) is essential for all cells and 
functions as the prosthetic group of numerous hemoproteins such as 
hemoglobin, myoglobin, respiratory cytochromes, cytochromes P450 
(CYPs), catalase, peroxidase, tryptophan pyrrolase, and nitric oxide 
synthase. Approximately 85 percent of heme is synthesized in the mar- 
row to meet the requirement for hemoglobin formation; the remainder 
is synthesized largely in the liver.’ Most heme synthesized in the liver 
is required for CYPs, which are located primarily in the endoplasmic 
reticulum where they turn over rapidly and oxidize a variety of chemi- 
cals, including drugs, environmental carcinogens, endogenous steroids, 
vitamins, fatty acids, and prostaglandins.” 

The term heme may refer more specifically to ferrous protopor- 
phyrin IX, and is readily oxidized in vitro to hemin, that is, ferric pro- 
toporphyrin IX. Hemin has one residual positive charge and is usually 
isolated as a halide, most commonly as the chloride. In alkaline solution 
the halide is replaced by a hydroxyl ion to form hematin (Fig. 58-3). 
Heme can form further hexacoordinated complexes with nitrogenous 
bases to form a hemochrome or hemochromogen; for example, pyridine 


HEME 


Figure 58-2. Structure of heme. The pyrrole rings are labeled A 
through D, according to the nomenclature of Hans Fischer. 
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Figure 58-3. Forms of iron protoporphyrin IX. The porphyrin macro- 
cycle is represented only by its pyrrole nitrogen atoms. 


hemochromogen is useful for identification and quantification of heme 
and hemoproteins. In medicine, hemin is also a generic term for heme 
preparations used as intravenous therapies for acute porphyrias, such as 
lyophilized hematin and heme arginate. 

The ferrous iron atom (Fe*) in heme has six electron pairs, of 
which four are bound to the pyrrolic nitrogens of the porphyrin mac- 
rocycle, leaving two unoccupied electron pairs, one above and the other 
below the plane of the porphyrin ring. In hemoglobin, one of these pairs 
is coordinated with a histidine residue of the globin chain. The other 
coordination site in deoxyhemoglobin is protected from oxidation by 
the nonpolar environment of surrounding amino acid residues, and is 
available to bind molecular oxygen for transport from the lung to other 
tissues. To reversibly bind oxygen, the iron in hemoglobin must be in 
the ferrous state. Methemoglobin (oxidized hemoglobin) that is gener- 
ated in erythrocytes is continuously reduced to ferrous hemoglobin by 
the reduced form of nicotinamide adenine dinucleotide-cytochrome b, 
reductase-cytochrome b, system (Chap. 50). 


Heme Biosynthesis 
Figure 58-4 shows the enzymatic steps involved in heme biosynthesis in 
eukaryotic cells. The first and last three enzymes are mitochondrial and 
the intermediate four are cytosolic. Erythroid heme synthesis occurs in 
marrow erythroblasts and reticulocytes, which contain mitochondria. 
Circulating erythrocytes lack mitochondria and no longer synthesize 
heme. They contain residual cytosolic enzymes of the heme biosynthetic 
pathway, zinc protoporphyrin and a small amount of metal-free pro- 
toporphyrin. These enzyme activities and protoporphyrin decline dur- 
ing the life span of erythrocytes in the circulation. 

6-Aminolevulinate Synthase (Succinyl Coenzyme A: Glycine 
C-Succinyl Transferase; Enzyme Commission (EC) 2.3.1.37) The first 
enzyme in the heme biosynthetic pathway catalyzes the condensation of 
glycine and succinyl coenzyme A (CoA) to form ALA (see Fig. 58-4, step 
1), and requires pyridoxal 5’-phosphate as a cofactor. 6-Aminolevulinic 
acid synthase (ALAS) in mammalian cells is localized to the mitochon- 
drial matrix.'* The enzyme is synthesized as a precursor protein in the 
cytosol and transported into mitochondria. Two separate ALAS genes 
encode housekeeping (tissue nonspecific) and erythroid-specific forms 
of the enzyme (ALAS1 and ALAS2, respectively). The gene locus for 
human ALASI is at 3p.21, and for ALAS2 it is at Xp11.2.'? The human 
ALAS2 gene encodes a precursor of 587 amino acids, with an Mr of 
64,600 Da. Nucleotide sequences for the ALAS2 and the ALAS1 iso- 
forms are approximately 60 percent similar. No homology is observed 
between the aminoterminal regions, whereas high homology (approx- 
imately 73 percent) is seen after residue 197 of the housekeeping 
form.” The two human ALAS genes appear to have evolved by dupli- 
cation of a common ancestral gene that encoded a primitive catalytic 
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Figure 58-4. The heme biosynthetic pathway. The subcellular distribution of the eight enzymes and their substrates and intermediates are shown; 
enzymes within the light blue shading are located in the mitochondrion, and the others in the cytosol. The substrate positions that are changed are 
shown in blue, bold lines. ALA, 6-aminolevulinic acid; Copro'gen, coproporphyrinogen; HMB, hydroxymethylbilane; PBG, porphobilinogen; Proto'gen, 
protoporphyrinogen; Uro'gen, uroporphyrinogen. a, -CH COOH; p, -CH,-CH,-COOH; m, —CH,; v, -CH=CH,; carbon groups shown in red, carbon 
atom derived from the a-carbon of glycine; *, location of the a-carbon atom from glycine in the pyrrole ring that undergoes reversion. Step 1, ALA 
synthase (ALAS); step 2, ALA dehydratase (ALAD); step 3, PBG deaminase (PBGD); step 4, uro'gen III cosynthase (UROS); step 5, uro'gen decarboxylase 
(UROD); step 6, copro'gen oxidase (CPO); step 7, proto'gen oxidase (PPO); step 8, ferrochelatase (FECH). 


site. Subsequently the DNA sequences were modified to encode gene- 
specific regulatory regions, functioning mostly at the amino termini.” 
The promoter in the human ALAS2 gene contains several puta- 
tive erythroid-specific cis-acting elements including both a GATA-1 
and an NF-E2 binding site.” Both GATA-1 and NF-E2 are erythroid 
transcription factors that also bind other DNA sites, such as the pro- 
moters of the human f-globin, porphobilinogen deaminase (PBGD), 
and uroporphyrinogen synthase (UROS) genes.” Thus, expression of 
ALAS2 is under the regulatory influence of erythroid transcription 
factors such as GATA-1 and is coordinated with expression of other 
genes involved in hemoglobin synthesis. Additionally, ALAS2 mRNA 


contains an iron-responsive element in its 5’-untranslated region,” sim- 
ilar to mRNAs encoding ferritin and the transferrin receptor (Chap. 
42). Gel retardation analysis shows that the iron-responsive element 
in ALAS2 mRNA is functional and suggests that translation of the 
erythroid-specific mRNA is directly linked to the availability of iron, or 
heme, in erythroid cells.” 

In the liver, synthesis of ALAS] is induced by a variety of chemi- 
cals, including drugs and steroids that increase the demand for hepatic 
CYPs. Upstream enhancer elements in the ALAS1 gene and certain 
hepatic CYP genes respond to inducing chemicals and interact with 
the pregnane X receptor (PXR).”” Hemin represses synthesis of ALAS1 
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in liver,” accounting for the beneficial effects of intravenous treatment 
of the acute porphyrias with hemin. At higher concentrations, heme 
induces heme oxygenase, resulting in its enhanced catabolism.” Thus, 
hepatic heme availability is balanced between the rate of synthesis 
controlled primarily by ALAS1 and the rate of degradation controlled 
by heme oxygenase, both of which are regulated by heme at different 
intracellular concentrations. ALAS1 is also upregulated by the perox- 
isomal proliferator-activated cofactor law (PGC-1a),*° a coactivator of 
nuclear receptors and transcription factors. Transcriptional regulation 
of ALAS1 by PGC-1la is mediated by interaction of NRF-1 (nuclear 
regulatory factor 1) and FOXO-1 (a forkhead family member) with the 
ALAS1 promoter.*? When glucose levels are low, transcription of PGC- 
la is upregulated,” in turn increasing ALAS1, which might precipi- 
tate an attack of acute porphyria in an individual with the appropriate 
inherited enzyme deficiency. Thus, upregulation of PGC-1a provides an 
explanation for the induction of acute attacks of porphyria with fasting, 
as well as the therapeutic value of glucose loading. 

Regulation of heme synthesis in erythroid cells is distinct from 
the liver. ALAS2 expression in erythroid cells is increased during ery- 
throid differentiation when heme synthesis is increased.**** Experimen- 
tally, ALAS2 is often upregulated by heme, whereas in liver ALAS1 is 
downregulated by heme. The £ subunit of human ATP-specific succinyl 
CoA synthetase (SCS-BA) associates with human ALAS2 but not with 
ALAS1, and thereby contributes to heme synthesis in the marrow.” 

More than 20 ALAS2 mutations are associated with X-linked 
sideroblastic anemia (Chap. 59); many are in exon 9, which contains 
the binding site for pyridoxal 5’-phosphate (K391), and these cases are 
typically responsive to high doses of pyridoxine. At least one mutant 
enzyme (D190V) in a patient with pyridoxine-refractory X-linked 
sideroblastic anemia,” failed to associate with SCS-BA, whereas other 
ALAS2 mutants did not have this property. The mature D190V mutant 
protein, but not its precursor protein, underwent abnormal processing; 
indicating that appropriate association of SCS-BA and ALAS2 is nec- 
essary for functioning of ALAS2 in mitochondria.” Gain-of-function 
mutations of ALAS2 have been identified in patients with XLP.” 

6-Aminolevulinate Dehydratase (Porphobilinogen Synthase; 
6-Aminolevulinate Hydrolase; EC 4.2.1.24) ALA dehydratase (ALAD) 
is a cytosolic enzyme that catalyzes the condensation of two molecules 
of ALA to form the monopyrrole PBG, with removal of two molecules 
of water (see Fig. 58-4, step 2). The enzyme functions as a homooct- 
amer, and requires intact sulfhydryl groups and zinc for activity. ALAD 
activity is inhibited by sulfhydryl reagents* and by lead, which displaces 
zinc.” In lead poisoning (Chap. 52), erythrocyte ALAD activity is mark- 
edly inhibited, urinary ALA and coproporphyrin excretion increased, 
erythrocyte zinc protoporphyrin elevated, and neurologic symptoms 
resemble those seen in acute porphyrias.*° 4,6-Dioxoheptanoic acid (suc- 
cinylacetone) is a substrate analogue and potent inhibitor of ALAD,**” 
and is a byproduct of the enzyme deficiency in hereditary tyrosinemia 
type I. This substance is found in urine and blood of patients with this 
disease, who may also have increased ALA and symptoms resembling 
acute porphyrias.* 

Human ALAD mRNA has an open-reading frame of 990 bp, 
encoding a protein with an Mr of 36,274.“ Sequences known to be 
essential for enzymatic activity, are those for the active site lysine res- 
idues and for the cysteine- and histidine-rich zinc binding sites. The 
gene for human ALAD is localized to chromosome 9p34.*° 

Studies using ['*C]-ALA have shown that of the two ALA mole- 
cules used as substrate, the ALA molecule contributing the propionic 
acid side is initially bound to the enzyme.** The tertiary structure of the 
yeast ALAD has been solved to 2.3-A resolution, revealing that each 
subunit adopts a triosephosphate isomerase barrel fold with a 39-residue 


N-terminal arm. Pairs of monomers then wrap their arms around each 
other to form compact dimers, and these dimers associate to form a 
422 symmetric octamer.” All eight active sites are on the surface of the 
octamer and possess two lysine residues (210 and 263). The Lys263 res- 
idue forms a Schiff base link to the substrate. The two lysine side chains 
are close to two zinc binding sites. One binding site is formed by three 
cysteine residues; the other involves Cys234 and His142. 

Although there are no tissue-specific ALAD isozymes, the ALAD 
mRNA has two splice variants, a housekeeping (1A) and an erythroid- 
specific (1B) form.* In both humans and mice, the promoter region 
upstream of exon 1B contains GATA-1 sites, providing for significant 
tissue-specific control of these transcripts.“ 

The human enzyme is polymorphic with two common alleles that 
occur in three combinations (1-1, 1-2, and 2-2). The allele 2 sequence 
differs from allele 1 only by a G>C transversion of nucleotide 177 in the 
coding region, resulting in replacement of lysine by asparagine, a more 
electronegative amino acid.** ALAD exists primarily as a homooctamer. 
Mutations associated with ALAD porphyria favor formation of the less 
active hexamer.“ 

Porphobilinogen Deaminase (Hydroxymethylbilane Synthase; 
Porphobilinogen Ammonia-Lyase [Polymerizing], EC 4.3.1.8) The 
fourth enzyme in the heme biosynthetic pathway catalyzes the deam- 
ination and condensation of four molecules of PBG to yield the linear 
tetrapyrrole hydroxymethylbilane (HMB; see Fig. 58-4, step 3).*' PBG 
deaminase was previously known as uroporphyrinogen I synthase, and 
the enzyme activity is commonly measured in the laboratory after con- 
verting HMB to uroporphyrin I. 

This enzyme has a unique cofactor, which is a dipyrromethane 
that binds the pyrrole intermediates at the catalytic site until six pyr- 
roles (including the dipyrrole cofactor) are assembled in a linear fash- 
ion, after which the tetrapyrrole HMB is released.” The apo-deaminase 
generates the dipyrrole cofactor to form the holo-deaminase, and this 
occurs more readily from HMB than from PBG.” High concentrations 
of PBG may inhibit formation of the holo-deaminase. 

The gene encoding human PBG deaminase maps to chromosome 
11q23>11qter,* and consists of 15 exons spread over 10 kb of DNA.” 
Distinct erythroid-specific and housekeeping isoforms are produced 
through alternative splicing of two distinct primary mRNA transcripts 
arising from two promoters.** The housekeeping promoter is upstream 
of exon 1 and is active in all tissues, while the erythroid-specific pro- 
moter, which is upstream of exon 2, is active only in erythroid cells. The 
human housekeeping and erythroid-specific enzymes isoforms contain 
361 and 344 amino acid residues, respectively.” Of the additional 17 res- 
idues at the N-terminal end of the housekeeping form, 11 are encoded 
by exon 1, and 6 bya short segment of exon 3 that immediately precedes 
a methionine codon that initiates translation of the erythroid isoform. 
Erythroid-specific trans-acting factors, such as GATA-1 and NF-E2, 
recognize sequences in the erythroid promoter. A 1320-bp stretch of 
perfect identity is present between the erythroid and the nonerythroid 
PBG deaminase, but with a mismatch in the first exon at their 5’ extrem- 
ities. An additional inframe AUG codon present 51 bp upstream from 
the initiating codon of the erythroid cDNA accounts for the additional 
17 amino acid residues at the N-terminus of the housekeeping isoform. 
Accordingly, a splice site mutation at the last position of exon 1, or a base 
transition in intron 1, in certain patients with AIP results in decreased 
PBG deaminase expression in nonerythroid tissues including the liver, 
but not in erythroid cells, because transcription of the gene in erythroid 
cells starts downstream of the site of the genetic lesion.” 

Uroporphyrinogen III Synthase (Uroporphyrinogen III Cosyn- 
thase; EC 4.2.1.75) UROS, a cytosolic enzyme, catalyzes the formation of 
uroporphyrinogen III from HMB. The process involves an intramolecular 


rearrangement that affects only ring D of the porphyrin macrocycle (see 
Fig. 58-4, step 4).*' In the absence of this enzyme, HMB spontaneously 
forms the ring structure uroporphyrinogen I, which, like the III isomer, 
is a substrate for uroporphyrinogen decarboxylase (UROD). However, 
because coproporphyrinogen I is not a substrate for coproporphyrinogen 
oxidase (CPO) the type I porphyrinogen isomers are not further metabo- 
lized, and only the type III isomers are precursors of heme. 

The UROS cDNA has an open-reading frame of 798 bp, and the 
predicted protein product consists of 263 amino acid residues, with an 
Mr of 28,607 Da.” The amino acid compositions of the hepatic and the 
purified erythrocyte enzyme are essentially identical, and no tissue- 
specific isoforms have been described. 

The interspecies homology for the UROS proteins is below 10 
percent, depending on the number and divergence of the species being 
compared. However, the crystal structures of uroporphyrinogen II syn- 
thase from human and Thermus thermophilus have been solved and are 
very similar. ! The structure supports a mechanism that includes the 
formation of a spirolactam intermediate by positioning the A and D 
rings such that the noncatalytic closure, to form uroporphyrinogen I, 
is not possible.” 

Uroporphyrinogen Decarboxylase (EC 4.1.1.37) UROD is a 
cytosolic enzyme that catalyzes the sequential removal of the four car- 
boxylic groups of the carboxymethyl side chains in uroporphyrinogen 
to yield coproporphyrinogen (see Fig. 58-4, step 5). The four successive 
decarboxylation reactions yield 7-, 6-, 5-, and 4-carboxylated porphy- 
rinogens. Increased amounts of these intermediates can be identified 
as the corresponding oxidized porphyrins in liver, plasma, urine and 
stool in human PCT and in laboratory animal models in which hepatic 
UROD is inhibited. An inhibitor of UROD activity, a partially oxidized 
substrate molecule,” is produced in liver of experimental animals in 
response to halogenated polycyclic aromatic hydrocarbons such as hex- 
achlorobenzene, dioxin, and polychlorinated biphenyls, as well as other 
compounds able to activate the Ah receptor. This porphomethene 
compound is believed to explain UROD inhibition in human PCT.” 
Human UROD is a 42-kDa polypeptide encoded by a single gene con- 
taining 10 exons spread over 3 kb and functions as a homodimer.” The 
gene has been mapped to chromosome 1p34.° 

Although the UROD gene contains two initiation sites, both sites 
are used with the same frequencies in all tissues, and the gene is tran- 
scribed into a single mRNA.“ Recombinant human UROD purified to 
homogeneity has been crystallized, and its crystal structure was deter- 
mined at 1.60-A resolution.” The purified protein is a dimer with a 
dissociation constant of 0.1 uM.” The 40.8-kDa polypeptide forms a 
single domain with a distorted (8/a),-barrel fold, and a distinctive deep 
cleft for the enzyme’s active site is formed by loops at the C-terminal 
ends of the barrel strands. The protein forms a homodimer with one 
active-site cleft per monomer located adjacent to its neighbor in the 
dimer. The structure creates a single extended cleft that is large enough 
to accommodate two substrate molecules in close proximity. Although 
both uroporphyrinogen I and HI are metabolized by UROD, only the 
coproporphyrinogen III isomer is further metabolized to heme.® 

Coproporphyrinogen Oxidase (EC 4.1.1.37) CPO is located on 
the outer surface of the inner mitochondrial membrane in mammalian 
cells. The enzyme catalyzes the removal of the carboxyl group and two 
hydrogens from the propionic groups of pyrrole rings A and B, forming 
vinyl groups at these positions (see Fig. 58-4, step 6). The enzyme is iso- 
mer specific for coproporphyrinogen II, yielding protoporphyrinogen 
IX (see Fig. 58-4, step 6). The gene for human CPO has been assigned 
to chromosome 3q12, spans approximately 14 kb, and consists of seven 
exons and six introns.” cDNA cloning for this enzyme was first reported 
in mouse erythroleukemia cells.” The predicted mouse protein comprises 
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354 amino acid residues (Mr = 40,647 Da), with a putative leader sequence 
of 31 amino acid residues. The result is a mature protein consisting of 323 
amino acid residues (Mr = 37,225 Da).” Potential regulatory elements 
exist in the GC-rich promoter region of the gene, such as six Sp1, four 
GATA-1, one CACCC site, and the CPO gene promoter regulatory element 
(CPRE).” CPRE binds specifically to a CPRE-binding protein, which has a 
leucine-zipper-like structure and serves as a DNA sequence-specific 
transcription factor that regulates gene expression.” Tissue-specific 
expression of CPO is significant. For example, binding proteins to 
the Spl-like element, CPRE and GATA-1, cooperatively function in 
CPO gene expression in erythroid cells. The CPRE-binding protein by 
itself plays a principal role in basal expression of CPO in nonerythroid 
cells.” CPO mRNA increases during erythroid cell differentiation.” 

Newly synthesized human CPO contains a 110-amino-acid N-terminal 
signal peptide,” which is removed during transport into the intermem- 
brane space of mitochondria, yielding a mature protein of 354 amino acid 
residues (Mr = 36,842 Da). A five-base insertional mutation in the middle 
of this presequence has been described in one patient with HCP.” 

Protoporphyrinogen Oxidase (EC 1.3.3.4) The penultimate step 
in heme biosynthesis is the oxidation of protoporphyrinogen IX to pro- 
toporphyrin IX, with removal of six hydrogen atoms. This reaction is 
mediated by the mitochondrial enzyme protoporphyrinogen oxidase 
(PPO; see Fig. 58-4, step 7). Human PPO cDNA has been cloned.”® 
The gene is present as a single copy per haploid genome, at chromo- 
some 1q22.” PPO consists of 477 amino acids with an Mr of 50,800 Da. 
The deduced protein exhibits a high degree of homology over its entire 
length to the amino acid sequence of PPO encoded by the HEMY gene 
of Bacillus subtilis. PPO has been crystallized and the structure shows 
that the enzyme is a homodimer.” Sequences required for import into 
the mitochondria have been identified.” Expression of PPO is upreg- 
ulated, approximately fourfold, in the developing erythron from two 
GATA-1 binding sites located in exon 1.® 

Ferrochelatase (Protoheme-Ferrolyase; EC 4.99.1.1) The final 
step of heme biosynthesis is the insertion of iron into protoporphyrin 
IX. This reaction is catalyzed by the mitochondrial enzyme ferrochela- 
tase (FECH; see Fig. 58-4, step 8). The enzyme uses protoporphyrin IX, 
rather than its reduced form, as substrate, but requires the reduced fer- 
rous form of iron.*' The gene encoding human FECH has been assigned 
to chromosome 18q.* Two FECH mRNA species, approximately 2.5 kb 
and approximately 1.6 kb in size, are derived from the utilization of two 
alternative polyadenylation sites in the mRNA. The human FECH gene 
contains a total of 11 exons and has a minimum size of approximately 
45 kb. A major site of transcription initiation is at an adenine, 89 bp 
upstream from the translation-initiating ATG. The promoter region 
contains a potential binding site for several transcription factors, Sp1, 
NF-E2, and GATA-1, but not a typical TATA or CAAT sequence. The 
transcripts are identical in all tissues examined. 

The crystal structure of B. subtilis FECH has been determined at 
1.9-A resolution. Subsequently the structure of human FECH was 
solved and the location of the substrate binding site determined. The 
enzyme functions as a homodimer and associates with the inside of the 
inner mitochondrial membrane.® The mechanism of catalysis has not 
been identified nor has a function been assigned to the *Fe-’S cluster that 
is present in human FECH. Lead inhibits FECH, and a structure of the 
protein-lead complex has been solved indicating a critical role for the 
pi helix in catalysis.** FECH seems to have a structurally conserved core 
region that is common to the enzyme from bacteria, plants, and mammals. 


Control of Heme Synthesis in the Liver and Erythroid Cells 
Tissue-specific aspects of heme synthesis have been studied mostly 
in erythroid cells and hepatocytes, as the marrow and liver have the 
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greatest requirements for heme. The rate of heme synthesis in the liver 
is largely regulated by ALAS] activity. The synthesis of ALAS], in turn, 
is under feedback control by heme, which regulates ALAS1 at the lev- 
els of transcription, translation, and transfer into mitochondria. Many 
chemicals, hormones, and drugs increase the synthesis of hepatic CYPs, 
which increases the demand for heme and lead to induction of ALAS1. 
In addition, the ALAS1 gene contains upstream enhancer elements that 
are responsive to inducing chemicals and interact with the PXR. There- 
fore, ALAS] and CYPs are subject to direct induction by xenobiotics 
and certain steroids.” Chemical exposures that induce hepatic heme 
oxygenase and accelerate the destruction of hepatic heme, or inhibit 
heme formation, can also induce hepatic ALAS1. 

ALAS2 is not inducible in erythroid cells by drugs that induce 
ALAS1 in hepatocytes.* The synthesis of ALAS2 is uninfluenced, or 
often upregulated, by hemin, at both the transcriptional and the trans- 
lational levels. Hemin treatment of marrow cultures increases erythroid 
colony-forming units,*° whereas hemin treatment of hepatocytes inhib- 
its synthesis of ALAS1 and CYPs. An additional distinct difference in 
these ALAS isoforms is that SCS-BA associates with ALAS2 but not 
with ALASI, suggesting a tissue-specific difference in mitochondrial 
transport of these isoforms. 


@ ERYTHROPOIETIC PORPHYRIAS 


There are two major erythropoietic porphyrias in humans. CEP is 
caused by mutations of the UROS gene. It is one of the least-common 
porphyrias, but is well known as a result of its long history and the 
severe photomutilation of exposed areas such as the face and fingers 
that is a dramatic feature in many cases (Fig. 58-5). EPP, which is caused 
by FECH mutations, is the third most common porphyria, and the most 
common in children, but was not well described until 1965. XLP is 
much less common, has the same phenotype as EPP, but normal FECH 
activity. In 2008, the discovery of gain-of-function mutations in the last 
exon of ALAS2 provided an explanation for the increased level of ery- 
throcyte protoporphyrin seen in this type of protoporphyria.*” Charac- 
teristics in most patients with erythropoietic porphyrias that are distinct 
from the hepatic porphyrias include childhood onset, stable symptoms 
and levels of porphyrins over time, and severity largely determined by 
genotype rather than factors that affect the heme pathway, primarily in 
the liver. Substantial increases in erythrocyte zinc protoporphyrin in 
ADP and homozygous forms of other hepatic porphyrias, such as HEP 
(the homozygous form of familial PCT), AIP, HCP, and VP, suggest that 
an erythropoietic component may be important in these conditions.” 


CONGENITAL ERYTHROPOIETIC PORPHYRIA 


Definition and History 

CEP is caused by a deficiency of UROS (see Fig. 58-4, step 4), is an 
autosomal recessive condition, and is also known as Günther disease. It 
results in accumulation and excretion of isomer I porphyrins, especially 
uroporphyrin I and coproporphyrin I (see Table 58-1 and Fig. 58-1). 
Characteristic manifestations of CEP include chronic, severe photosen- 
sitivity and hemolytic anemia evident in early childhood. Atypical pre- 
sentations include milder disease that resembles PCT, and onset during 
adult life often in association with a myeloproliferative disorder.* Early 
case descriptions of CEP appeared in 1874 and 1898,° and approximately 
130 cases were reported up to 1997. However, some of these patients 
may have had HEP, which has very similar clinical features. Perhaps the 
most well-known patient was Mathias Petry, who survived until age 34, 
and beginning in 1915, worked with the porphyrin chemist Hans Fisher, 
providing samples for early studies of porphyrin chemistry.” 


Figure 58-5. A 23-year-old Scottish fisherman with congenital ery- 
thropoietic porphyria and scarring and mutilation of the face, ears, and 
digits as a consequence of repeated sun exposure. He was described in 
1898 as having red urine containing excess porphyrins and “hydroa aes- 
tivale” because the symptoms, which began at age 3 years, worsened in 
early summer. A 26-year-old brother was similarly affected. (Reproduced 
with permission from Anderson TM: Hydroa aestivale in two brothers, com- 
plicated with the presence of haematoporphyrin in the urine. Br J Dermatol 
10:1, 1898.) 


Pathophysiology 
The uroporphyrinogen III synthase defects in CEP are remarkably het- 
erogeneous at the molecular level, with at least 46 different mutations of 
the UROS gene, and one GATA-1 mutation reported as of this writing.” 
The UROS mutations include deletions, insertions, rearrangements, 
splicing abnormalities, and both missense and nonsense mutations. 
The missense mutations are well distributed throughout the 
gene. Of the 12 single-base substitutions, four (T228M, G225S, A66V, 
A104V) were hotspot mutations, occurring at CpG dinucleotides.” The 
identification of a mutation that altered the penultimate nucleotide in 
exon 4, resulting in an E81D mutation, also produced exon skipping on 
approximately 85 percent of the transcripts from that allele. With the 
exception of V82F all CEP missense mutations occurred in amino acid 
residues that are conserved in both the mouse and the human enzyme. 
Genotype-phenotype correlation in CEP was studied by prokary- 
otic expression of mutant UROS cDNAs. Mean activities of the mutant 
enzymes expressed in Escherichia coli ranged from 0 to 36 percent of 
the activity expressed by the normal cDNA. The majority of the mutant 
cDNAs expressed polypeptides with no enzymatic activity. However, 
V82F, E81D, A66V, A104V, and V99A showed 36, 30, 15, 8, and 6 per- 
cent enzyme activity, respectively, compared with the normal control. 
A66V and V82F were thermodynamically unstable mutants.” Homoal- 
lelism for C73R, the most common mutation, found in five patients, was 
associated clinically with the most severe phenotypes, such as hydrops 
fetalis and transfusion dependency from birth. 


Pathogenesis of the Clinical Findings 

Porphyrins in their oxidized state are reddish, fluorescent, and photo- 
sensitizing, whereas porphyrin precursors and the reduced porphyrin- 
ogens are colorless and nonfluorescent. Most marrow normoblasts in 
CEP display marked fluorescence as a result of porphyrin accumula- 
tion (located principally in the nuclei, probably because of fixation arti- 
fact).? Anemia and the excess production and excretion of porphyrins 
is largely accounted for by ineffective erythropoiesis in the marrow. 
Porphyrin concentrations are also increased in circulating erythrocytes, 
and intravascular hemolysis may result from exposure to light in the 
dermal capillaries, causing erythrocyte damage and lysis or uptake by 
the spleen. Splenomegaly is very common in CEP and is presumed to 
be secondary to the hemolytic process. The excess porphyrins that are 
produced by the marrow or released by hemolysis are transported in 
plasma to the skin, leading to photosensitivity. 


Clinical Features 

Severe cutaneous photosensitivity is noted soon after birth in most cases. 
The disease may be recognized even earlier as a cause of hydrops fetalis. 
Phototherapy for hyperbilirubinemia may cause severe cutaneous burns 
and scarring in newborns with unrecognized CEP. Brown staining of 
the teeth by porphyrins (erythrodontia) is evident when the teeth erupt. 
Blistering and scarring resemble those found in PCT, but are usually 
much more severe, reflecting the much higher plasma porphyrin levels 
observed in CEP. Some cases are relatively mild, and can closely mimic 
PCT. Late-onset cases are often associated with myeloproliferative dis- 
orders, with expansion of a clone of erythroid cells bearing a somatic 
mutation and displaying UROS deficiency.* 

Subepidermal bullous lesions are characteristic, and progress to 
crusted erosions that heal with scarring and areas of hyper- and hypop- 
igmentation. Also common is hypertrichosis, which is sometimes 
severe, and alopecia. Loss of facial features and digits are common and 
result from recurrent blisters, infection, and scarring. Fingers may be 
shortened and tapered as a consequence of scarring and contraction of 
the skin during childhood growth. Erythrodontia, with brown staining 
and red fluorescence of the teeth under long-wave ultraviolet light is 
characteristic, and results from deposition of porphyrins in the develop- 
ing deciduous and permanent teeth in utero. Porphyrins are also depos- 
ited in bone. The skeleton is also affected by expansion of the marrow, 
leading to pathologic fractures, vertebral compression, short stature, 
and osteolytic and sclerotic lesions. Vitamin D deficiency resulting from 
avoiding sunlight might also contribute. 

Anemia may be severe and lead to transfusion dependence in the 
more severe cases. Uncorrected anemia can increase erythropoiesis, 
which, in turn, is a stimulus to porphyrin production by the abnormal 
erythropoietic cells in the marrow. Erythrocytes exhibit polychromasia, 
poikilocytosis, anisocytosis, and basophilic stippling, and reticulocytes 
and nucleated red blood cells are increased.” 


Diagnosis 
CEP may be suspected even before birth if a sibling is known to have 
CEP. However, the family history is often negative. CEP should be sus- 
pected as a cause of hydrops fetalis, as the disease can be diagnosed and 
treated in utero. Aspirated amniotic fluid is dark brown in color and 
contains large amounts of porphyrins. The diagnosis of CEP is often 
made after birth when pink to dark-brown staining of the diapers, with 
red fluorescence under long-wave ultraviolet light, is noted. Cutaneous 
vesicles and bullae on sun-exposed areas may be severe, with scarring. 
Urinary porphyrin excretion is markedly increased, and often in 
the range of 50 to 100 mg/day (normal: up to ~0.3 mg/day). Uroporphy- 
rin I and coproporphyrin I account for most of the increase, although 
the III isomers and hepta-, hexa-, pentacarboxylate porphyrins are 
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also increased. Fecal porphyrins are increased, and are predominantly 
coproporphyrin I. Plasma total porphyrins are markedly increased as 
well, with a pattern of individual porphyrins similar to that in urine. 
Markedly increased erythrocyte porphyrins are predominantly uropor- 
phyrin I and coproporphyrin I, although protoporphyrin IX may pre- 
dominate especially in milder cases. 

CEP must be distinguished by biochemical testing from other 
causes of blistering skin lesions. HEP can present with photosensitivity 
in early childhood. Mild cases of CEP may be misdiagnosed as PCT. 

The diagnosis should be confirmed in all cases by DNA studies, 
which can identify causative mutations in almost all cases. This is espe- 
cially important for genetic counseling and for prenatal diagnosis in 
subsequent pregnancies. Demonstration of a GATA-1 mutation in one 
case, illustrates that on occasion a genetic defect outside the heme bio- 
synthetic pathway can cause CEP.” 


Therapy 

Patients should be advised that to avoid severe scarring and loss of facial 
features and digits it is essential to avoid sunlight, trauma to the skin, 
and infections. Topical sunscreens that block long-wave ultraviolet 
light (ultraviolet A light) and oral treatment with 6-carotene are some- 
what helpful,” but are marginally beneficial in most cases. Erythrocyte 
transfusions are essential in patients with severe anemia.” Transfusions 
to maintain the hematocrit above 35 percent, with an iron chelator to 
avoid iron overload, has been beneficial in some cases.” Hydroxyurea 
to reduce erythropoiesis and porphyrin production may also be con- 
sidered.” Splenectomy has provided short-term benefit. Oral charcoal 
reportedly was quite effective in one patient, and ascorbic acid and 
a-tocopherol improved anemia in another.” Unaffected infants born to 
mothers with CEP may have erythrodontia as a result of exposure to 
maternal porphyrins before birth.” 

Hematopoietic stem cell transplantation is the treatment of choice 
when a suitable donor is available, especially for young patients.’ 
When transplantation is successful, there is marked clinical improve- 
ment and reduction in porphyrin levels, even if these are not completely 
normalized. Gene therapy is being explored using retroviral and lenti- 
viral vectors and hematopoietic stem cells from patients with CEP.'°"' 


ERY THROPOIETIC PROTOPORPHYRIA 


Definition and History 

EPP is caused by a partial deficiency of FECH (see Fig. 58-4, step 8) 
activity, which results in the accumulation of the substrate protopor- 
phyrin in the marrow. XLP has the same phenotype but is much less 
common, and is a result of ALAS2 gain-of-function mutations (ALAS; 
see Fig. 58-1).*” EPP and XLP are characterized by onset of nonblis- 
tering cutaneous photosensitivity in early childhood. EPP is the most 
common porphyria in children and the third most common in adults. 
Reported prevalence varies between 5 and 15 cases per 1 million indi- 
viduals.'°*-!°5 Protoporphyric hepatopathy is a potentially fatal compli- 
cation estimated to occur in less than 5 percent of patients. 


Pathophysiology 

In most families, EPP is best described as an autosomal recessive dis- 
ease, in which a severe FECH mutation is inherited from one parent and 
a low-expression (hypomorphic) FECH allele from the other. More than 
75 different severe mutations, including nonsense, missense, and splice- 
site mutations, and deletions, insertions, and rearrangements have been 
described. Splicing mutations are most common. Recombinant human 
FECH, when engineered to have individual exon skipping for exons 3 
through 11, lacks significant enzyme activity when expressed in E. coli 
and almost all such variants lacked the [?Fe-?S] cluster.!°° 
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EPP was usually described in the past as an autosomal dominant 
disorder, with variable penetrance. However, it was noted that EPP 
patients have only 30 percent or less of normal FECH activity, rather than 
50 percent, which would be expected in an autosomal dominant condi- 
tion. It was then shown that, in addition to a severe FECH mutation, 
a low-expression (hypomorphic) intronic polymorphism (a -23C>T 
transition) is found in the other FECH allele of patients with EPP, which 
is inherited from the other parent. This transition favors the use 
of a cryptic acceptor splice site 63 bases upstream of the normal splice 
site. The aberrantly spliced mRNA contains a premature stop codon and 
is degraded by a nonsense-mediated decay mechanism.’ The result is 
a lower steady-state level of wild-type FECH mRNA. Coinheritance 
of the hypomorphic allele in trans to a loss-of-function mutant allele 
was found in 98 percent of French cases with EPP,” and with a similar 
frequency in South African patients.'> The frequency of the IVS3-48C 
hypomorphic allele is common in the white population, and by itself has 
no phenotype. Its frequency varies widely in different populations and 
relates to the observed differences in the prevalence of EPP. 

Other underlying genetic mechanisms must be considered in newly 
identified EPP families. In a few families, a severe FECH mutation, at 
least one of which must produce some FECH enzyme, is inherited from 
each parent and the hypomorphic allele is not present. Interestingly, 
EPP in such families is sometimes associated with seasonal palmar ker- 
atoderma, unusual neurologic symptoms, less-than-expected increases 
in erythrocyte protoporphyrin and absence of liver dysfunction." 

XLP was first perceived as a variant form of EPP in which FECH 
mutations were absent. After family studies suggested sex-linked inher- 
itance, gain-of-function mutations of ALAS2 (the only heme pathway 
enzyme found on the X chromosome) were discovered.” This is the 
only porphyria caused by mutations of ALAS, the first enzyme in the 
pathway. 

EPP can develop late in life in patients with clonal hematologic dis- 
orders and expansion of a clone of hematopoietic cells with mutations 
of a FECH allele." For example, a patient with a myeloproliferative 
disorder later developed severe EPP because of clonal expansion of a 
cell of erythropoietic lineage with a FECH deletion and the 1VS3-48C/T 
polymorphism, and died of EPP-induced liver disease.“ 


Pathogenesis of the Clinical Findings 

Marrow reticulocytes are thought to be the primary source of the excess 
protoporphyrin in EPP.''*''® Most of the excess erythrocyte protopor- 
phyrin in circulating erythrocytes is found in younger cells as metal- 
free protoporphyrin (i.e., not complexed with zinc), in contrast to other 
conditions associated with increased erythrocyte protoporphyrin con- 
tent. Metal-free protoporphyrin declines much more rapidly with red 
cell age than it does zinc protoporphyrin. "*™6 Metal-free protoporphy- 
rin, but not zinc protoporphyrin, is released from erythrocytes follow- 
ing solar irradiation, which may explain why lead intoxication and iron 
deficiency, which are associated with elevated erythrocyte zinc pro- 
toporphyrin levels, are not associated with photosensitivity.” Excess 
metal-free protoporphyrin enters plasma from reticulocytes, as well as 
from circulating erythrocytes, and is taken up by hepatocytes, excreted 
in bile and feces, and may undergo enterohepatic recirculation. Hepa- 
tocytes may also provide a limited additional source of excess protopor- 
phyrin in this disease. 

Light-excited protoporphyrin in EPP generates free radicals and 
singlet oxygen," which in EPP can lead to peroxidation of lipids” and 
crosslinking of membrane proteins. Skin irradiation in EPP patients 
leads to complement activation and polymorphonuclear chemotaxis, 
which contributes to the development of skin pathology.” Skin histo- 
pathology is not specific but may include thickened capillary walls in 
the papillary dermis surrounded by amorphous hyaline-like deposits, 


immunoglobulin, complement, and periodic acid-Schiff—positive 
mucopolysaccharides.’*! Basement membrane abnormalities are less 
marked than in other forms of porphyria.'” 

Protoporphyric hepatopathy is a feared complication that develops 
in less than 5 percent of patients, and is attributed to the cholestatic 
effects of excess protoporphyrin presented to the liver. This complica- 
tion may begin with chronic abnormalities in liver function tests and 
then progress rapidly as a vicious cycle of increasing protoporphyrin 
levels in plasma and erythrocytes and worsening liver function and pho- 
tosensitivity. Hepatopathy is sometimes precipitated by another cause 
of liver dysfunction such as viral or alcoholic hepatitis. Protoporphyrin 
is cholestatic, and can form crystalline structures in hepatocytes and 
impair mitochondrial function, leading to decreased hepatic bile forma- 
tion and flow.'* Accumulated protoporphyrin may appear as brown 
pigment in hepatocytes, Kupffer cells, and biliary canaliculi, and these 
deposits are doubly refractive with a Maltese cross appearance under 
polarizing microscopy.” DNA microarray studies in explanted livers of 
patients with hepatopathy revealed significant changes in expression of 
several genes involved in wound-healing, organic anion transport, and 
oxidative stress.” 


Clinical Features 

Photosensitivity is present from early childhood in almost all cases. 
Parents may observe that an affected infant cries and develops skin 
swelling and erythema when exposed to sunlight. Although EPP is the 
most common porphyria in children, there is often considerable delay 
in diagnosis. 

Cutaneous photosensitivity in EPP is acute and nonblistering, 
which is distinctly different from the more chronic, blistering skin 
manifestations of the other cutaneous porphyrias. Table 58-3 tabulates 
symptoms in a series of 32 patients with EPP. Skin symptoms are usu- 
ally worse during spring and summer and affect light-exposed areas, 
especially of the face and hands. Characteristically, stinging or burn- 
ing pain develops within 1 hour of sunlight exposure, and if exposure 
continues is followed by erythema and edema—described as solar urti- 
caria, sometimes with petechiae, and less commonly purpura. Blistering 
and crusted lesions are uncommon. Artificial lights may contribute to 
photosensitivity.'”” Patients typically avoid sunlight and may display no 
objective cutaneous signs. Repeated light exposure can lead to chronic 
changes including leathery hyperkeratotic skin especially on the dorsa 
of the hands and finger joints, mild scarring, and separation of the nail 
plate (onycholysis). 


TABLE 58-3. Common Clinical Features of Erythropoietic 


Protoporphyria from a Series of 32 Cases 


Symptoms and Signs Incidence (% of Total) 


Burning 97 
Edema 94 
Itching 88 
Erythema 69 
Scarring 19 
Vesicles 3 

Anemia 27 
Cholelithiasis 12 
Abnormal liver function results 4 


Data from Bloomer J, Wang Y, Singhal A, et al: Molecular studies of 
liver disease in erythropoietic protoporphyria, J Clin Gastroenterol 
2005 Apr;39(4 Suppl 2):5167-S175. 


Mild anemia with microcytosis, hypochromia, reduced iron stores, 
but usually normal serum iron, and serum transferrin receptor-1, is 
a common feature of EPP,!!>!?8!?9-130131 but there is little evidence for 
impaired erythropoiesis or abnormal iron metabolism,” and hemo- 
lysis is absent or very mild." Iron accumulation in erythroblasts and 
ring sideroblasts have been noted in marrow in some patients." Find- 
ings in XLP are similar. Also, iron is proposed to have a role in splicing 
of FECH mRNA, where decreased iron leads to an increase in incor- 
rect splicing of the mRNA.'* Binding of iron-responsive elements bind- 
ing proteins (IRPs) to the 5’-iron-responsive element (IRE) in ALAS2 
mRNA, in low iron conditions, prevents translation of ALAS2 mRNA. 
When iron is supplemented, the IRPs no longer have high affinity for the 
ALAS2 5’-IRE, leading to increased translation, import into the mito- 
chondria, and enhanced production of ALA. "* 

Precipitating factors that are important in the hepatic porphy- 
rias do not appear to play an important role in EPP. Although more 
long-term followup studies are needed, porphyrin levels and symptoms 
typically do not change over time, unless liver dysfunction develops. 
Concurrent iron deficiency or other marrow problems might also lead 
to further increases in porphyrin levels and photosensitivity. Pregnancy 
is reported to lower erythrocyte protoporphyrin levels somewhat and 
increase tolerance to sunlight.” 

Neurovisceral manifestations are absent in uncomplicated EPP. 
Patients with severe protoporphyric hepatopathy may develop a severe 
motor neuropathy similar to that seen in the acute porphyrias.'** Auto- 
somal recessive EPP associated with palmar keratoderma has also been 
associated with unexplained neurologic symptoms." 

Gallstones containing large amounts of protoporphyrin are com- 
mon, and may require cholecystectomy at an unusually early age." Liver 
function and liver protoporphyrin content are usually normal in EPP. 
Protoporphyric hepatopathy, which is the most life-threatening com- 
plication of EPP, results from the cholestatic effects of protoporphyrin 
presented in excess amounts to the liver. It can be the major presenting 
feature of EPP, and may be chronic or progress rapidly to death from 
liver failure. Unnecessary surgery for suspected biliary obstruction can 
be detrimental and should be avoided.'* Operating room lights during 
liver transplantation or other surgery, especially in patients with hepato- 
pathy, can cause marked photosensitivity with extensive burns of the 
skin and peritoneum and photodamage of circulating erythrocytes." 


Diagnosis 

Painful, nonblistering photosensitivity suggests the diagnosis. A sub- 
stantial elevation of erythrocyte protoporphyrin is expected, but is not 
specific, as erythrocyte zinc protoporphyrin is predominantly increased 
in conditions such as homozygous porphyrias (other than most cases 
of CEP), iron deficiency, lead poisoning, anemia of chronic disease,'° 
hemolytic conditions," and many other erythrocyte disorders. A 
unique finding in EPP is increased erythrocyte protoporphyrin with 
a predominance of metal-free rather than zinc protoporphyrin. This 
occurs because FECH, which can utilize metals in addition to iron, 
catalyzes the formation of zinc protoporphyrin, and this activity is 
deficient in EPP. Because FECH is not deficient in XLP, erythrocytes 
contain increased amounts of both zinc and metal-free protoporphyrin, 
although the latter still predominates in most cases. 

Consequently, the diagnosis of EPP requires demonstration of an 
increase in metal-free protoporphyrin in red cells. Amounts of metal- 
free and zinc protoporphyrin in erythrocytes can be measured by etha- 
nol or acetone extraction or high-performance liquid chromatography. 
There is confusion about terminology used by different laboratories. 
For example, the term “free erythrocyte protoporphyrin,’ refers to pro- 
toporphyrin results measured with a hematofluorometer as an indicator 
of lead exposure, but actually refers to zinc protoporphyrin rather than 
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metal-free or total protoporphyrin. At this writing, we are aware of only 
two laboratories in the United States (Mayo Clinic Laboratories and the 
Porphyria Laboratory at the University of Texas Medical Branch), that 
reliably report the amounts of total, metal-free, and zinc protoporphy- 
rin, as is needed for confirmation of a diagnosis of EPP. The proportions 
of metal-free and zinc protoporphyrin can also usually distinguish XLP 
(50 to approximately 85 percent metal-free protoporphyrin) from EPP 
(>85 percent metal-free protoporphyrin). 

The plasma porphyrin concentration is almost always at least 
mildly increased in EPP, but often less than in other cutaneous por- 
phyrias, and may be normal in mild cases. Plasma porphyrins in EPP 
are particularly subject to photodegradation during sample processing 
unless great care is taken to shield the sample from natural or fluores- 
cent light.' For these reasons, measurement of erythrocyte rather than 
plasma porphyrin should be relied upon for diagnosis of EPP and XLP. 

Fecal porphyrins are normal or somewhat increased, and consist 
mostly of protoporphyrin. Urine porphyrins are normal, except after 
hepatopathy develops, which causes increases in urinary coproporphy- 
rin as is typical for other forms of liver diseases. 


Therapy 

Avoidance of the sunlight exposure is important, and often requires 
changes in lifestyle and the working environment. Topical sunscreens 
that absorb ultraviolet A and sunblocks containing zinc oxide or tita- 
nium dioxide may be helpful. Orally administered B-carotene, which 
probably quenches activated oxygen radicals,'**'* may afford some 
protection after 1 to 3 months of therapy, but results are variable. A 
daily dose of 120 to 180 mg or higher is recommended to achieve a 
serum f-carotene level of 600 to 800 mcg/dL.'”” Oral cysteine may also 
quench excited oxygen species and increase tolerance to sunlight in 
EPP." Other treatments that aim to either increase skin pigmentation 
or scavenge activated oxygen species have been reviewed and include 
dihydroxyacetone/Lawsone, vitamin C and narrow-wave ultraviolet B 
phototherapy to increase melanin.'** Afamelanotide, an a-melanocyte- 
stimulating hormone analogue that increases skin melanin, has shown 
benefit in clinical trials.“ 

It is advisable to monitor liver function tests at least yearly, and 
avoid severe caloric restriction and drugs or hormone preparations that 
impair hepatic excretory function.'*'” Because iron deficiency might 
be detrimental by further limiting heme synthesis and increasing pro- 
toporphyrin accumulation, ferritin levels should be followed in EPP 
and XLP patients, keeping in mind that ferritin in the lower part of the 
normal range (especially for women) may indicate depleted iron stores. 
Iron supplementation has been reported to worsen photosensitivity in 
some cases (although increases in protoporphyrin levels were not docu- 
mented) and to correct microcytosis without increasing porphyrin levels 
in others. Therefore, at present iron supplementation in EPP and XLP is 
controversial, and systematic studies are needed. Because patients avoid 
sunlight exposure, vitamin D supplementation is recommended. 

Management of protoporphyric liver disease is difficult. The condi- 
tion may resolve spontaneously especially if another reversible cause of 
liver dysfunction, such as viral hepatitis or alcohol, is contributing. ">° 
Cholestyramine,'**'*"” ursodeoxycholic acid,'*’ vitamin E, red blood 
cell transfusions,'** plasma exchange, and intravenous hemin may be 
given in combination to bridge patients until liver transplantation or 
there is spontaneous improvement.'* Success of liver transplantation 
is comparable to that in other liver diseases, even though protoporphy- 
ric hepatopathy may recur in the new liver, a result of the continued 
erythrocyte protoporphyrin release by the marrow.'** Acute motor neu- 
ropathy has developed in some patients with protoporphyric liver dis- 
ease after transfusion’ or liver transplantation,*! and is sometimes 
reversible." 
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Marrow transplantation can achieve remission in human EPP,’® 
as well in murine models of protoporphyria.'*' Sequential liver and 
marrow transplantation can correct the overproduction of protopor- 
phyrin by the marrow and prevent recurrence of liver disease.'* Prom- 
ising studies in murine models suggest a future role for gene therapy in 
human EPP.'*® 


ACUTE PORPHYRIAS 


The acute porphyrias are comprised of four disorders caused by differ- 
ent enzyme deficiencies, and are distinctive for neurologic symptoms 
that usually occur as acute exacerbations during adult life. Similar 
symptoms occur in lead poisoning, hereditary tyrosinemia type I, and 
in some reported cases of porphyria with dual enzyme deficiencies. 


6-AMINOLEVULINIC ACID DEHYDRATASE 
PORPHYRIA 


Definition and History 

ADP is an autosomal recessive disorder resulting from severe deficiency 
of ALAD activity (see Table 58-1 and Fig. 58-1). This is the rarest of the 
porphyrias, with only six cases documented at the molecular level.**! 


Pathophysiology 

All reported cases were males.'*'°*! Compound heterozygosity for 
two distinct ALAD mutations was documented in five cases (see Fig. 
58-4, step 2).'6”'® Four (three in Germany and one in the United States) 
experienced onset of symptoms in their teens, whereas one Swedish 
case developed severe symptoms in infancy.'® The sixth patient was a 
Belgian male who developed ADP at age 63 years and was found to have 
two inherited base transitions in one allele, and was therefore heterozy- 
gous for ALAD deficiency.'’*' He also developed polycythemia vera 
and his erythrocyte ALAD activity was less than 1 percent of normal, 
while lymphocyte ALAD activity was greater than 20 percent of normal. 
Heterozygous ALAD deficiency was apparently clinically silent in this 
patient until there was expansion of a clone of erythroid cells that car- 
ried the mutant ALAD allele.'® 

Thus ADP is highly heterogeneous at the molecular level, with a 
total of 11 mutant alleles identified in these 6 patients.’ An additional 
mutation was found in a healthy Swedish girl with markedly decreased 
ALAD activity (12% of normal), which was detected by ALAD mea- 
surement during neonatal screening for hereditary tyrosinemia.'” The 
same mutation was found in a U.S. male patient with acute porphyria 
who also had a CPO mutation and an unusual pattern of porphyrin 
precursors and porphyrins reflecting dual enzyme deficiencies.” Thus, 
heterozygous ALAD deficiency may rarely be combined with another 
enzyme deficiency, or may itself cause porphyria if a marrow disorder 
leads to clonal expansion of the mutant ALAD allele. 

Human ALAD consists of eight identical oligomers, each with two 
zinc-binding sites. Lead can bind at least one of these sites and impair 
enzyme activity. Some mutations found in ADP may affect zinc binding, 
or favor assembly of a hexameric enzyme with decreased activity. Thus 
ADP has been described as a conformational disease." 

ADP is classified as one of the hepatic porphyrias because it closely 
resembles the other acute porphyrias. However, the site of overproduc- 
tion of ALA is not established, and the Swedish infant with severe, early 
onset disease did not benefit from liver transplantation. ”? Substantial 
increase in erythrocyte zinc protoporphyrin also suggests an erythroid 
component. The excess urinary coproporphyrin II in ADP may orig- 
inate from metabolism of ALA to porphyrinogens in a tissue other 
than the site of ALA overproduction. Indeed, ALA loading in normal 


subjects was shown to cause substantial coproporphyrinuria.'” The 
pathogenesis of the neurologic symptoms is poorly understood, as in 
other acute porphyrias. 


Clinical Features 

The four adolescent males had intermittent symptoms resembling 
other acute porphyrias, including abdominal pain, vomiting, extrem- 
ity pain, and motor neuropathy, although exacerbating factors were 
less evident.'**!”* Two German cases had initial acute attacks and then 
remained well during 20 years of followup.’” The third German case’ 
and the U.S. case'® had further attacks and were maintained on prophy- 
lactic hemin infusions. The Swedish infant had more severe neurologic 
disease, including failure to thrive, and died after liver transplanta- 
tion.” The 63-year-old man in Belgium, developed an acute motor 
polyneuropathy concurrently with a myeloproliferative disorder.**'!” 


Diagnosis 

A biochemical diagnosis of ADP includes demonstration of markedly 
deficient erythrocyte ALAD activity, marked elevation in urinary ALA 
and coproporphyrin II and erythrocyte zinc protoporphyrin, with little 
or no increase in urinary PBG. Erythrocyte ALAD activity is approx- 
imately half-normal in both parents. Lead poisoning is differentiated 
by increased blood lead and restoration of ALAD activity in vitro by 
reduced glutathione or dithiothreitol.’ Although biochemical mea- 
surements can strongly suggest ADP, the diagnosis must be confirmed 
by DNA studies. 

Patients with hereditary tyrosinemia type I may also have ALAD 
inhibition and increased excretion of ALA. * Dioxoheptanoic acid 
(succinylacetone), a structural analogue of ALA and a potent ALAD 
inhibitor, accumulates as a result of an inherited deficiency of fumary- 
lacetoacetate hydrolase in these patients. The presence of this inhibitor 
can be demonstrated in urine by measuring ALAD activity in normal 
blood after addition of a patient’s urine. ALAD protein is not reduced 
in this disease.'*° 


Therapy 

Because few cases have been documented, treatment recommendations 
are based on limited experience. Hemin was beneficial in the four male 
patients, but there was little or no response to glucose. A long-term pre- 
ventive hemin regimen was effective in two of these patients. The Swed- 
ish infant did not respond to glucose or hemin, and did not improve 
greatly after liver transplantation.”* Whether transplantation would 
benefit less severe cases is unknown. Hemin produced a biochemical 
response but no clinical improvement in the late-onset case in Belgium, 
who had a peripheral neuropathy but no acute attacks.’ 


ACUTE INTERMITTENT PORPHYRIA 


Definition and History 

AIP is an autosomal dominant disorder caused by a partial deficiency 
of PBG deaminase (see Table 58-1 and Fig. 58-1). Symptoms usually 
occur as acute attacks and are neurologic in origin. In most countries 
this is the most common acute porphyria and the second most common 
porphyria. Most individuals who inherit the enzyme deficiency (proba- 
bly more than 90 percent) never develop symptoms, but are at some risk 
to develop symptoms after puberty. The first case of acute porphyria was 
described in 1889 by Stokvis° who noted a relationship of the symptoms 
to the drug sulfonal, which is related to the barbiturates. 

Prevalence of AIP was estimated to be 1 to 2 per 100,000 popu- 
lation in Europe, and 2.4 per 100,000 population in Finland.’ Up 
to 300 PBGD mutations have been described in AIP, with many found 
in only one or a few families.'**'** The disease occurs in all races, but 


clusters as a result of founder effects occur in some countries. A founder 
mutation in northern Sweden is associated with a disease prevalence of 
1 per 1500 population.'* The prevalence of low PBG deaminase activity, 
which includes latent gene carriers of AIP, is as high as 1 per 500 in the 
general population of Finland.'*° Based on DNA studies, the minimal 
prevalence of the AIP-associated genes in France has been calculated to 
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be 1 per 1675 population. 


Pathophysiology 

PBG deaminase is also known as HMB synthase, and formerly as uro- 
porphyrinogen I synthase. PBGD mutations have been classified based 
in part on the presence or absence of cross-reactive immunologic 
material (CRIM), which indicates the presence of inactive enzyme 
protein. Type I mutations are CRIM-negative, with reduction of both 
enzyme activity and protein to approximately 50 percent of normal in 
heterozygotes. Type II mutations are associated with reduced PBGD 
activity only in nonerythroid tissue. These patients with “variant 
AIP” comprise less than 5 percent of AIP patients, and have normal 
erythrocyte PBGD activity and decreased hepatic activity because, 
as explained earlier in the section on hydroxymethylbilane synthase, 
transcription of the gene to form the erythroid-specific enzyme 
starts downstream of the site of the mutation. Type III are CRIM- 
positive mutations that result in decreased activity with structurally 
abnormal enzyme protein.'* 


Pathogenesis of the Clinical Findings 

A partial deficiency of PBGD rarely causes clinical expression of AIP, 
and most individuals who inherit this enzyme deficiency remain healthy 
with normal porphyrin precursor excretion throughout life. Certain 
drugs and hormones that exacerbate AIP can directly induce ALAS” and 
also increase the demand for heme by inducing CYP enzymes, which 
turn over rapidly and use most of the heme synthesized in the liver.” 

When heme synthesis is stimulated, the partial enzyme deficiency 
in AIP apparently impairs heme synthesis sufficiently to compromise 
negative feedback by the regulatory heme pool, which controls synthe- 
sis of the rate-limiting enzyme ALAS1. This leads to marked induction 
of ALAS] and overproduction of ALA, PBG and porphyrins in the liver. 

It is generally accepted, although not proven, that hepatic PBGD 
remains constant at approximately 50 percent of normal activity dur- 
ing exacerbations and remissions of AIP, as in erythrocytes. An early 
report suggested that the enzyme activity is considerably less than half- 
normal in liver during an acute attack," but additional data is lacking. 
It has been suggested that once the disease becomes activated, excess 
PBG may interfere with assembly of the dipyrromethane cofactor for 
this enzyme. 

Clinical improvement and normalization of porphyrin precursor 
excretion after liver transplantation in patients with severe AIP is a 
clear indication that the liver plays an essential role in neuropathic pro- 
cesses in the acute porphyrias.'° Proposed explanations for neurologic 
dysfunction in the acute porphyrias include the following. (1) Heme 
pathway intermediates or products derived from them may be neu- 
rotoxic. This hypothesis is most favored, although the evidence is not 
conclusive. (2) PBG deaminase deficiency in the nervous system tissues 
may limit heme synthesis and formation of important hemoproteins. 
For example, decreased activity of the hemoprotein nitric oxide syn- 
thase might decrease production of nitric oxide and cause vasospasm, 
which might account for some cerebral manifestations of AIP,'°!! and 
possibly compromise intestinal blood flow." However, regulation of 
heme and hemoprotein synthesis in nervous tissue and blood vessels 
is difficult to study, and convincing evidence is lacking. (3) Impaired 
hepatic heme synthesis during an attack may lead to decreased activ- 
ity of hepatic tryptophan pyrrolase, which might increase levels of 
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tryptophan in plasma and brain, leading to increased synthesis of the 
neurotransmitter 5-hydroxytryptamine. 

ALA is increased in a number of disorders with similar neurologic 
manifestations, including all four of the acute porphyrias, lead poison- 
ing, and hereditary tyrosinemia type I, which favors a neuropathic role 
for this porphyrin precursor or perhaps a derivative. ALA can enter cells 
readily and be converted to porphyrins, which, in turn, may have toxic 
potential." ALA is also structurally similar to y-aminobutyric acid and 
can interact with y-aminobutyric acid receptors." However, studies 
of ALA loading have not shown adverse effects. 

Impaired motor function with ataxia develops in mice with PBGD 
deficiency resulting from compound heterozygous or homozygous 
mutations induced by gene targeting.” Induction of hepatic CYPs is 
impaired in these animals and corrected by heme.’ But motor neur- 
opathy can develop even with normal or only slightly increased ALA 
in plasma and urine, suggesting a primary role for heme deficiency in 
porphyric neuropathy in this murine model.'” 

Precipitating Factors Acute attacks are precipitated in some hete- 
rozygotes by various endogenous or exogenous factors that are additive. 
Additional unknown genetic factors are also likely to contribute. Some 
individuals remain susceptible to repeated attacks even after avoidance 
of known precipitants. Many precipitating factors cause induction of 
hepatic ALAS1, which is closely associated with induction of CYPs and 
leads to overproduction of ALA and other pathway intermediates. 

Drugs and Other Exogenous Chemicals Most drugs that are 
harmful in acute porphyrias are known inducers of hepatic CYPs. These 
drugs increase de novo heme synthesis, thereby derepressing hepatic 
ALAS1, and also directly induce this rate-limiting enzyme.” Table 58-4 
identifies some drugs that are known to be harmful or safe. Information 
regarding safety of many drugs in clinical practice is uncertain or lack- 
ing. More extensive drug safety databases are available at the websites 
of the American Porphyria Foundation (www.porphyriafoundation. 
com) and the European Porphyria Initiative (www.porphyria-europe. 
com). These drug classifications are often based on limited evidence 
and may be controversial. Ethanol and other alcohols are inducers of 
hepatic ALAS1 and some CYPs.”” Smoking is known to increase CYPs 
in humans, probably from effects of polycyclic aromatic hydrocar- 
bons, and has been associated with more frequent symptoms of acute 
porphyria.” 

Endocrine Factors Rarity of symptoms before puberty and more 
common clinical expression in women point to hormonal factors as 
important contributors in AIP. Although estrogens are considered 
harmful, it is likely that progesterone is mostly responsible for cyclic 
premenstrual attacks that occur in some women. Progesterone, certain 
metabolites of testosterone, and synthetic progestins are potent induc- 
ers of ALAS]. Thus administration of progestational agents should be 
avoided. Diabetes mellitus is not known to precipitate attacks of por- 
phyria, and has been observed to decrease the frequency of attacks and 
lower porphyrin precursor levels, possibly in relation to high circulating 
glucose levels.” 

Pregnancy Pregnancy is usually well tolerated.” Attacks during 
pregnancy are sometimes a result of harmful drugs or reduced caloric 
intake. Metoclopramide, considered at least by some a contraindicated 
drug, is associated with exacerbation of the disease when used to treat 
hyperemesis gravidarum.” But for reasons that are not clear, some 
women experience attacks during pregnancy even when harmful fac- 
tors are avoided. 

Nutrition Reduced intake of calories and carbohydrate can exac- 
erbate acute porphyrias. This may occur from efforts to lose weight, 
bariatric surgery or from metabolic stress from an illness or sur- 
gery. Under these conditions, upregulation of PGC-la can lead to 
induction of ALAS1, increases in ALA and PBG, and symptoms of 


TABLE 58-4. A Partial List of Drugs Known to Be Unsafe or 


Safe in the Acute Porphyrias 
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Unsafe Safe 
Alcohol Meprobamate’ Acetaminophen 
Barbiturates® (alsomebutamate’, Aspirin 

ee tybamate’) ; 
Carbamazepine VET i Atropine 
Carisoprodol” at a os ide’ Bromides 
Clonazepam (high ut eek 5 Cimetidine 
doses) ay B Erythropoietin** 
Danazol Primidone Gebas 
Diclofenac’ and pos- Progesterone 


sibly other NSAIDs 


and synthetic 
progestins’ 


Glucocorticoids 
Insulin 


Ergots 7 A i i 
Pyrazinamide* Narcotic analgesics 
Estrogens** : oe 
cee ; Pyrazolones (amino- Penicillin and 
thchlorvyno pyrine, antipyrine) derivatives 
Glutethimide Rifampin’ Phenothiazines 
Griseofulvin Succinimides Ranitidine" 
Mephenytoin (ethosuximide, Streptomycin 
methsuximide) f : 
Vigabatrin 
Sulfonamide 
antibiotics* 


Valproic acid* 


NSAIDs, nonsteroidal antiinflammatory drugs. 


*Porphyria is listed as a contraindication, warning, precaution, or 
adverse effect in U.S. labeling for these drugs. 

tAlthough porphyria is listed as a precaution in U.S. labeling, these 
drugs are regarded as safe by other sources. 

*Estrogens are unsafe for porphyria cutanea tarda, but can be can be 
used with caution in the acute porphyrias. 

NOTE: More complete sources, such as the websites of the Ameri- 
can Porphyria Foundation (www.porphyriafoundation.com) and the 
European Porphyria Initiative (www.porphyria-europe.com) should 
be consulted before using drugs not listed here, keeping in mind that 
classifications may not be supported by high-quality evidence. 


acute porphyria, and these effects are reversed by administration of 
carbohydrate.” Starvation, may also induce hepatic heme oxygenase,” 
which may deplete hepatic heme and contribute to ALAS1 induction. 

Stress Various forms of physical or psychological stress may exac- 
erbate acute porphyrias, although the mechanisms are not well defined. 
Medical illnesses, fever, infections, alcoholic excess, and surgery may 
decrease food intake and contribute to induction of hepatic ALAS1 and 
heme oxygenase. Psychological stress may also lead to decreased food 
intake and have other metabolic effects. 


Clinical Features 
Symptoms are almost never seen before puberty, and most commonly 
develop in women in the third or fourth decade of life. Acute attacks 
are life-threatening but rarely fatal if promptly recognized and treated. 
Frequently recurring attacks and chronic symptoms can develop and 
be disabling. Although the most prominent symptoms are a result of 
effects on the nervous system, liver and kidney damage may be impor- 
tant in the long-term. In very rare homozygous cases, severe neurologic 
manifestations are seen early in childhood, and acute attacks are not 
prominent,?®»20 

Symptoms and signs are nonspecific and highly variable. Abdom- 
inal pain is the most common symptom, occurring in 85 to 95 percent 


of cases.?™ It is usually severe, steady, and poorly localized, but may be 
cramping, and is often accompanied by nausea, vomiting, constipa- 
tion, and abdominal distention because of ileus. Pain in the chest and 
extremities are also common. Tachycardia is the most common phys- 
ical sign, occurring in up to 80 percent of acute attacks,?"! and often 
accompanied by hypertension, sweating, tremors, and other effects of 
sympathetic overactivity and excess catecholamine production. There is 
little or no abdominal tenderness, fever, or leukocytosis because inflam- 
mation is not prominent. Bowel sounds are usually decreased, but are 
sometimes increased with diarrhea. The urine is often dark (because of 
porphobilin, a degradation product of PBG) or reddish (because of por- 
phyrins, including uroporphyrin formed nonenzymatically from PBG). 
Urinary hesitancy and dysuria may occur as a consequence of bladder 
dysfunction. Acute mental symptoms may include insomnia, anxiety, 
restlessness, disorientation, paranoia, and hallucinations. 

Paresis because of peripheral motor neuropathy usually occurs 
with prolonged, severe attacks, but is sometimes an early or even initial 
manifestation.””?"* Porphyric neuropathy is primarily motor and results 
from axonal degeneration, which may be followed by demyelinization.* 
Muscle weakness may not be detected until it is quite advanced because 
it usually begins in the proximal muscles of the upper extremities. Pare- 
sis is usually symmetrical, but may be asymmetrical or focal. Course 
tremors, clonus and increased reflexes are sometimes prominent. Mag- 
netic resonance imaging may demonstrate cortical densities resembling 
the posterior reversible encephalopathy syndrome.'” Sensory loss may 
develop, especially in the distal extremities. Cranial nerve involvement 
and cortical blindness have been described. 

Motor neuropathy may progress to respiratory and bulbar paralysis 
and death especially if diagnosis and treatment are delayed and harm- 
ful drugs continued. Death may also result from respiratory arrest or 
cardiac arrhythmia.*'*’> Most attacks treated promptly resolve within 
days or even hours. Advanced neuropathy from a severe attack is poten- 
tially completely reversible, with improvement continuing for up to 1 to 
2 years.” 

Hyponatremia is common during severe attacks and is sometimes 
a result of hypothalamic involvement and the syndrome of inappro- 
priate antidiuretic hormone secretion. However, hyponatremia may 
be accompanied by reductions in blood volume,” indicating that 
increased antidiuretic hormone secretion in this setting is an appropri- 
ate physiologic response.” Hyponatremia may sometimes result from 
gastrointestinal loss, poor intake, and excess renal sodium loss.?'°7!8 A 
possible nephrotoxic effect of ALA may explain renal tubular sodium 
loss and impaired renal function in some patients.’ Other electrolyte 
abnormalities may include hypomagnesemia and hypercalcemia.”” Sei- 
zures may result from hyponatremia or represent a neurologic effect of 
acute porphyria. 

Chronic mental symptoms, such as depression, are difficult to 
attribute to AIP. But chronic pain accompanied by depression devel- 
ops in some patients after frequent exacerbations, and risk for suicide is 
increased. The disease also predisposes to chronic arterial hypertension 
and impaired renal function.***”"! The latter may progress and require 
renal transplantation.” 

Mild abnormalities in serum transaminases are common in AIP. 
More advanced liver disease may develop and the risk of hepatocellular 
carcinoma is greatly increased (60- to 70-fold) in AIP, and is not related 
to specific PBGD mutations. Serum a-fetoprotein was not increased and 
the uninvolved liver was not cirrhotic in most acute porphyria cases 
with liver cancer reported as of this writing. Increased serum thyroxin 
levels because of increased thyroxin-binding globulin occurs in some 
patients with AIP, and occasionally hyperthyroidism and porphyria 
occur together.” Elevated low-density lipoprotein cholesterol is appar- 
ently less commonly observed in this disorder than in the past.” 


Diagnosis 

A high index of suspicion and knowing when to suspect these diseases 
contributes to making an initial diagnosis of acute porphyria. Because the 
disease so often remains latent, there is often no family history of porphy- 
ria. Acute porphyria should be considered in patients with unexplained 
abdominal pain or other characteristic symptoms when initial evalua- 
tion does not suggest another more common explanation, and ruled in 
or out by rapid assessment of urinary PBG, which is both sensitive and 
specific. A substantial increase in PBG, which can be determined rap- 
idly by a commercial kit,” establishes that a patient has either AIP, HCP, 
or VP. Consensus recommendations are that all major medical centers 
should retain the capacity for rapid urinary PBG testing on single-void 
urine specimens, as collection of 24 hour urines and reliance on outside 
laboratories for screening can greatly delay diagnosis and treatment. The 
urine specimen should be saved for later quantitative measurement of 
PBG, ALA, and total porphyrin levels. If PBG is substantially increased, 
samples of plasma, erythrocytes and feces should also be obtained prior 
to treatment with hemin. This approach provides for rapid initial diagno- 
sis of AIP, HCP, and VP, subsequent biochemical differentiation of these 
conditions and diagnosis of ADP. In patients with renal failure, PBG can 
be measured in serum by a specialized laboratory. Figure 58-6 presents a 
diagnostic flow chart for use when acute porphyria is suspected. 

PBG excretion is generally 50 to 200 mg/day (normal range: 0 to 
~4 mg/day) during acute attacks of AIP. Excretion of ALA is usually 
about half that of PBG (expressed as mg/day). Increases in ALA and 
PBG can persist for prolonged periods between attacks, especially in 
AIP. Increases in ALA and PBG are less striking during acute attacks of 
HCP and VP and often decrease more rapidly. 

The diagnosis of an acute attack is largely clinical, and is not based 
on a specific level of ALA or PBG. Levels of ALA and PBG during an 
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acute attack may be increased compared to baseline levels, which fluctu- 
ate considerably and can be difficult to establish between attacks. Intra- 
venous hemin causes dramatic, rapid but often transient decreases in 
these levels. 


Urinary porphyrins are increased in AIP, are predominantly uro- 
porphyrin and account for reddish urine (ALA and PBG are colorless). 
Uroporphyrin can form nonenzymatically from PBG in urine even 
prior to excretion. However, there is evidence that porphyrins in this 
condition are predominantly type HI, which may be formed enzymati- 
cally,” perhaps from ALA transported to tissues other than the liver.’ 
Total fecal porphyrins and plasma porphyrins are normal or slightly 
increased in AIP, and erythrocyte zinc protoporphyrin concentrations 
may be nonspecifically increased. 

Erythrocyte PBGD activity is approximately half-normal in most 
(70 to 80 percent) patients with AIP. However, this measurement is not 
definitive for confirming or excluding the diagnosis. As described ear- 
lier, some PBGD mutations cause the enzyme to be deficient only in 
nonerythroid tissues. Moreover, the ranges of activity for normals and 
AIP are wide and overlapping, and the erythrocyte enzyme is highly 
age-dependent, such that an increase in the proportion of younger 
cells in the circulation can raise the activity into the normal range in 
AIP patients with a concurrent condition such as hemolytic anemia or 
hepatic disease.” A decrease in this enzyme also does not distinguish 
between latent and active disease. For these reasons, and because it does 
not detect other acute porphyrias, erythrocyte PBGD measurement in 
not useful for initial diagnosis of ill patients. 

Once the diagnosis of AIP is established by biochemical methods, 
the underlying PBGD mutation should be identified. This confirms the 
diagnosis and, most importantly, enables reliable and definitive iden- 
tification of other gene carriers by DNA testing. Erythrocyte PBGD 


Clinical suspicion of acute porphyria 


Rapid test for PBG 
(semiquantitative, spot urine) 


PBG level normal 
AIP, HCP, and VP excluded 


Measure PBG and ALA 
(same sample) 


ALA level increased, 
PBG level normal 


Both normal 
Acute porphyrlas 
excluded 


ALA dehydratase 


Differentiate causes of 
ALA dehydratase 
deficiency 


Lead poisoning, 


porphyria confirmed: 


hereditary tyrosinemia type |, 
or other disorder confirmed 


PBG level increased 
Acute porphyria (AIP, HCP, or VP) confirmed 


Measure PBG, ALA, and 
porphyrins (same sample), 


Specific treatment 


plasma and fecal porphyrins, 
erythrocyte PBG deaminase 


Type of acute 


porphyria confirmed 


Consider defining 
mutation so that family 
members can be screened 


begin specific treatment 


Figure 58-6. Recommended laboratory evaluation of patients with concurrent symptoms suggesting an acute porphyria, indicating how the 
diagnosis is established or excluded by biochemical testing and when specific therapy should be initiated. This schema is not applicable to patients 
who were recently treated with hemin or who have recovered from past symptoms suggestive of porphyria. Levels of 6-aminolevulinic acid (ALA) 
and porphobilinogen (PBG) may be less increased in hereditary coproporphyria (HCP) and variegate porphyria (VP) and decrease more quickly with 
recovery than in acute intermittent porphyria (AIP). Mutation detection provides confirmation and greatly facilitates detection of relatives with latent 


porphyria. 
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measurement is useful for screening of asymptomatic family members 
if a known case in the family has low erythrocyte enzyme activity, but 
is less dependable than DNA testing. PBGD deficiency can be docu- 
mented in the fetus by measuring the enzyme activity or by identify- 
ing the maternal or paternal mutation in amniotic fluid cells. However, 
prenatal diagnosis is usually not indicated because the great majority of 
heterozygous carriers of PBGD mutations have a good prognosis. 


Therapy 

Hospitalization is usually required for treatment of attacks, although 
well-characterized patients with frequently recurring attacks that 
respond rapidly to treatment are sometimes managed as outpatients. 
Hospitalization facilitates treatment of severe symptoms, intravenous 
therapies and monitoring of respiration, electrolytes and nutritional 
status. Admission to intensive care is warranted if the vital capacity is 
impaired. Harmful drugs should be discontinued whenever possible. 
Pain, nausea, and vomiting are generally severe and require narcotic 
analgesics, chlorpromazine or another phenothiazine, or ondansetron. 
Low doses of short-acting benzodiazepines are probably safe for anxiety 
and insomnia. B-Adrenergic blocking agents may be useful to control 
tachycardia and hypertension, but may be hazardous in patients with 
hypovolemia or incipient cardiac failure.” Seizures are treated by cor- 
recting hyponatremia, if present. Almost all anticonvulsant drugs have 
at least some potential for exacerbating acute porphyrias. Clonazepam 
may be less harmful than phenytoin, barbiturates, or valproic acid.” 
Bromides, gabapentin, and vigabatrin are safe. 

Carbohydrate Loading Glucose and other carbohydrates repress 
hepatic ALAS1 and reduce porphyrin precursor excretion, but the 
effects are weak compared to those of hemin. Attacks with mild pain and 
without severe manifestations such as paresis and hyponatremia may be 
treated with carbohydrate loading. Oral glucose polymer solutions may 
be given if tolerated. Intravenous treatment with 300 to 500 g of intra- 
venous glucose, usually administered as a 10 percent solution, is recom- 
mended. However, the dilutional effects of a large volume of free water 
may increase risk of hyponatremia. A more complete parenteral nutri- 
tion regimen may be needed if oral or enteral feeding is not possible. 

Intravenous Hemin Hemin is much more potent in reducing 
levels of ALA and PBG compared to glucose. Although controlled 
clinical trials are lacking for all current therapies for acute attacks of 
porphyria, consensus recommendations are that the clinical benefits of 
hemin are superior to other available therapies." Hemin is avail- 
able in the United States as a lyophilized hematin preparation (Panhe- 
matin, Recordati Rare Diseases, Northfield, IL), and was the first drug 
approved under the Orphan Drug Act. Heme arginate (Normosang, 
Orphan Europe, Paris, France), which is a stable preparation of heme 
and arginine, is available in Europe and South Africa.” Hemin, when 
infused intravenously as hematin or heme arginate, becomes bound to 
circulating hemopexin and albumin and is then taken up primarily by 
hepatocytes. It then enters and reconstitutes the regulatory heme pool 
and represses the synthesis of hepatic ALAS1. This results in a dramatic 
reduction in porphyrin precursor excretion. The standard regimen for 
treatment of acute attacks is 3 to 4 mg/kg daily for 4 days. Treatment 
may be extended if a response is not observed within this time. Hemin 
has been administered safely during pregnancy.”?3624a 

Product labeling recommends reconstitution of hematin with ster- 
ile water. But it was subsequently discovered that degradation products 
of hematin begin to form immediately upon reconstitution with water, 
and these are responsible for phlebitis at the site of infusion, which 
occurs frequently and can lead to loss of venous access with repeated 
dosing, and a transient anticoagulant effect. Stabilization of hema- 
tin with 25 percent human albumin can prevent these adverse effects,” 
and is currently recommended.” Uncommon side effects include fever, 


aching, malaise, hemolysis, anaphylaxis, and circulatory collapse." 
Excessive dosing caused reversible acute renal tubular damage in one 
case.?? 

Controlled trials comparing initial treatment with either glu- 
cose or hemin are lacking, except for one randomized, double-blind, 
placebo-controlled trial of heme arginate for acute attacks of porphy- 
ria, which was underpowered (only 12 patients). Although treatment 
with hemin was delayed for 2 days, striking decreases in urinary PBG 
and trends in clinical benefit were noted.” In contrast, a larger uncon- 
trolled study enrolled 22 patients who had 51 acute attacks, and heme 
arginate was initiated within 24 hours of admission in 37 attacks (73 
percent); all patients responded and hospitalization was less than 7 days 
in 90 percent of cases.** Therefore, based on this and numerous other 
uncontrolled clinical studies, it is now recommended that most acute 
attacks of porphyria be treated promptly with intravenous hemin, with- 
out an initial trial of intravenous glucose.***** Response to hemin may 
be delayed or incomplete when there is advanced neurologic damage. 
Subacute or chronic symptoms are unlikely to respond. 

Liver Transplantation Liver transplantation has been highly effec- 
tive in several patients who were disabled by recurrent attacks of AIP.’ 
This may be an option for severely affected patients. 

Other Therapies Cimetidine has been recommended for human 
acute porphyrias based on uncontrolled observations in small num- 
bers of patients.” This drug inhibits hepatic CYPs, and can prevent 
experimental forms of porphyria induced by agents such as allylisopro- 
pylacetamide that undergo activation by these enzymes.’ However, 
these mechanisms are not immediately relevant to inherited porphyrias 
in humans. Therefore, cimetidine cannot be recommended as an alter- 
native to hemin. 

Prevention of Acute Attacks Multiple inciting factors must be 
avoided especially in patients who continue to have repeated attacks. 
Consultation with a dietitian may be useful to identify dietary indis- 
cretions, and to help maintain a well-balanced diet somewhat high in 
carbohydrate (60 to 70 percent of total calories). There is little evidence 
that additional dietary carbohydrate helps further in preventing attacks. 
Iron deficiency, if present, should be corrected. Patients who wish to 
lose excess weight should do so gradually and when they are clinically 
stable. 

Gonadotropin-releasing hormone analogues can prevent repeated 
attacks that are confined to the luteal phase of the menstrual cycle,”** 
but are less effective in patients with attacks partially associated with the 
cycle. If treatment is effective after several months, low-dose estradiol, 
preferably by the transdermal route, or a bisphosphonate may be added 
to prevent bone loss and other side effects, or treatment changed to a 
low-dose oral contraceptive. Hemin administered once or twice weekly 
can prevent frequent, noncyclic attacks of porphyria in some patients.” 

Long-Term Monitoring Patients with acute porphyrias are at risk 
for renal damage and hepatocellular carcinoma. Renal function should 
be monitored, hypertension controlled, and nephrotoxic drugs avoided. 
Current recommendations are that patients with acute porphyrias who 
are older than age 50 years, and especially those with continued eleva- 
tions of ALA and PBG, be screened at least annually by ultrasonogram 
or an alternative imaging method to detect hepatocellular carcinoma at 
an early stage." 


HEREDITARY COPROPORPHYRIA AND 
VARIEGATE PORPHYRIA 

Definition 

These closely related hepatic porphyrias are caused by deficiencies of 


CPO and PPO, the sixth and seventh enzymes of the heme biosynthetic 
pathway. They present with neurovisceral symptoms, as in AIP, or with 


blistering skin lesions identical to those seen in PCT. Cutaneous man- 
ifestations are much more common in VP than in HCP. The enzyme 
deficiency in each is inherited as an autosomal dominant trait with 
variable penetrance (see Table 58-1 and Fig. 58-1). As in AIP, most 
individuals who inherit the trait remain asymptomatic. Both disorders 
are less common and generally less severe than AIP in most countries. 
The incidence of HCP was estimated to be 2 per 1,000,000 population 
in Denmark,” and the incidence of VP in Finland reported at 1.3 per 
100,000 population.**! 

Because of a founder effect, VP is especially common among whites 
of Dutch descent in South Africa, where almost all cases share the same 
PPO mutation (R59W). The incidence of VP in that country was esti- 
mated at 3 per 1000 population.” Very rare cases of homozygous HCP 
and VP are manifested by severe neurologic impairment early in life, 
but not acute attacks, and severe photosensitivity.” 


Pathophysiology 

Like other porphyrias, HCP and VP are heterogeneous at the molecular 
level. At least 43 CPO mutations, mostly missense mutations, have been 
identified in HCP, and 130 PPO mutations in VP (see Table 58-1). 
Clinical expression is variable and onset of neurologic manifestations is 
influenced by the same factors that are important in AIP. 

CPO catalyzes the two-step decarboxylation of coproporphyrin- 
ogen III to yield protoporphyrinogen IX, with intermediate formation 
of harderoporphyrinogen, a tricarboxyl porphyrinogen. A single active 
site carries out both decarboxylations, and most of the harderoporphy- 
rinogen formed is not released before being further decarboxylated 
to protoporphyrinogen IX. However, a variant form of HCP, termed 
harderoporphyria, is a result of CPO mutations that favor premature 
release of harderoporphyrinogen from the enzyme.”*° 


Clinical Features 

Neurovisceral manifestations are identical to those in other acute por- 
phyrias. Although both HCP and VP are generally less severe than AIP, 
attacks may be life-threatening. Blistering skin lesions may be seen, and 
are much more common in VP than in HCP. Factors that contribute 
to attacks, including drugs, hormones, and dietary factors, are also the 
same as in AIP. Oral contraceptives may precipitate cutaneous manifes- 
tations of VP. Risk of chronic hypertension, renal disease, and hepatoc- 
ellular carcinoma are increased, as in AIP. 


Diagnosis 

Urinary PBG is elevated during acute attacks, and usually is the basis 
for diagnosis of these acute porphyrias. However, increases in PBG may 
be less than in AIP, and more transient. Levels of coproporphyrin III 
are markedly increased in urine and feces, whereas in AIP fecal por- 
phyrins are normal or only slightly increased. Fecal porphyrins in HCP 
are almost entirely coproporphyrin III, whereas in VP both copropor- 
phyrin HI and protoporphyrin are approximately equally increased. The 
fecal coproporphyrin III:I ratio is sensitive for diagnosis of HCP, even 
in asymptomatic stages of the disease.” Plasma porphyrin concentra- 
tion is commonly increased in VP, seldom increased in HCP unless 
there are cutaneous manifestations, and are normal or only slightly 
increased in AIP. A characteristic plasma porphyrin fluorescence max- 
imum observed at neutral pH is a very specific marker for VP, and is 
believed to represent protoporphyrin bound covalently to plasma pro- 
teins.” The fluorescence maximum as at approximately 626 nm in VP, 
approximately 634 in EPP, and approximately 620 in other porphyrias. 
This fluorometric method is more effective than examination of fecal 
porphyrins for detecting asymptomatic VP,” and is useful for rapidly 
differentiating VP and PCT. Erythrocyte PBG deaminase activity is nor- 
mal in HCP and VP, and usually deficient in AIP. Assays for CPO and 
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PPO are not widely available. DNA studies are most reliable for identi- 
fying asymptomatic carriers, once the mutation affecting the family is 
identified. 

Harderoporphyria is a variant form of HCP that results from a 
homozygous defect of a structurally altered CPO, such that hardero- 
porphyrinogen is released prematurely from the enzyme. This variant is 
identified by finding a predominance of harderoporphyrin in urine and 
feces. Neonatal hemolytic anemia is a distinctive feature of this condi- 
tion.” Increases in porphyrin precursors and porphyrins may be more 
severe in homozygous HCP and VP, with substantial increases in ery- 
throcyte zinc protoporphyrin. 


Therapy 

The identification and avoidance of precipitating factors is essential. 
Treatment of acute attacks is the same as in AIP. Treatment of the 
phototoxic manifestations is not satisfactory. Although the lesions are 
identical to the blistering skin lesions seen in PCT, there is no response 
in HCP and VP to phlebotomies or low-dose chloroquine or hydroxy- 
chloroquine. Therefore, avoidance of sunlight and use of protective 
clothing is most important. Yearly screening for hepatocellular carci- 
noma by imaging is recommended after age 50 years, especially in indi- 
viduals with persistent increases in porphyrin precursors or porphyrins. 


PORPHYRIA CUTANEA TARDA AND 
HEPATOERYTHROPOIETIC PORPHYRIA 


Definition 

PCT is caused by a deficiency of hepatic UROD activity and is mani- 
fested by the development of chronic, blistering skin lesions on the dor- 
sal aspects of the hands and other sun-exposed areas of skin in middle 
or late life. This iron-related disorder is the most common and readily 
treated form of porphyria (see Table 58-1 and Fig. 58-1). The enzyme 
deficiency develops specifically in the liver as a result of generation of 
a UROD inhibitor in the presence of multiple susceptibility factors. 
The disease has been classified as types 1 to 3, based on the presence or 
absence of heterozygous UROD mutations and other unknown inher- 
ited factors. Patients with familial (type 2) PCT are heterozygous for 
UROD mutations, which are inherited as an autosomal dominant trait 
with low penetrance. HEP is the homozygous (or compound heterozy- 
gous) form of familial (type 2) PCT, which usually presents in child- 
hood and resembles CEP clinically. Rarely, hepatocellular carcinomas 
may secrete porphyrins and simulate PCT; however the enzyme defect 
was not established in such cases.” 

PCT must be differentiated from other porphyrias that cause iden- 
tical blistering skin lesions and from pseudoporphyria (also known as 
pseudo-PCT). The latter is a poorly understood condition that presents 
with lesions that closely resemble PCT, but with plasma porphyrins that 
are not significantly increased. Potentially photosensitizing drugs, such 
as nonsteroidal antiinflammatory agents, are sometimes implicated. 


Pathophysiology 
UROD sequentially decarboxylates uroporphyrinogen (which has eight 
carboxyl side chains) to yield coproporphyrinogen (with four carboxyl 
groups). When hepatic UROD is profoundly inhibited, the substrate 
and the intermediate and final products of the reaction accumulate as 
the oxidized porphyrins in the liver (mostly uroporphyrin and hepta- 
carboxylporphyrin), and then appear in plasma and urine. Photosen- 
sitivity results from activation of porphyrins in the skin by long-wave 
ultraviolet light and generation of reactive oxygen species. 

Hepatic UROD activity is inhibited to less than approximately 20 
percent of normal in all patients with PCT. Types 1, 2, and 3 are not fun- 
damentally different or clinically distinguished from each other. Patients 
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with type 1 or “sporadic” PCT have no UROD mutations and no family 
history of PCT. Approximately 80 percent of patients fall into this cate- 
gory. Type 2 or “familial” PCT comprises approximately 20 percent of 
cases who are heterozygous for UROD mutations; but because the pene- 
trance of this trait is low there are usually no other documented cases in 
the family. In families with type 3, which is rare, more than one member 
has PCT, but there is no UROD mutation; these familial cases presum- 
ably share other inherited or environmental susceptibility factors. 

Although hepatic UROD activity must be reduced to approx- 
imately 20 percent of normal for PCT to be manifest, the amount of 
enzyme protein, when measured immunochemically in liver, remains at 
its genetically determined level, which in type 2 cases is approximately 
50 percent of normal.” Mice heterozygous for mutant UROD alleles 
are much more sensitive to porphyrinogenic stimuli than wild-type 
animals.” In heterozygous mice that display porphyric phenotypes, 
hepatic UROD protein is half normal, but the catalytic activity of the 
enzyme is reduced to approximately 20 percent, suggesting the exis- 
tence of an inhibitor of hepatic UROD.”" 

Although iron does not directly inhibit UROD, there is consider- 
able evidence that PCT is an iron-related disease, with hepatic siderosis 
seen in many cases. This explains why HFE (hemochromatosis gene) 
mutations that lead to increased intestinal iron absorption predispose 
to development of PCT (Chap. 42). Individuals who inherit a UROD 
mutation have approximately 50 percent of normal enzyme activity 
from birth, such that a UROD inhibitor can more readily reduce enzyme 
activity to less than approximately 20 percent of normal. How iron and 
other known or suspected susceptibility factors such as alcohol, smok- 
ing, estrogens, hepatitis C, HIV, hepatic steatosis, and other suspected 
factors contribute to the development of PCT is less-well understood, 
but these may act in part by increasing oxidative stress in hepatocytes. 
A deficiency of ascorbic acid,™ and perhaps other antioxidants,’ may 
play a role in some patients. Smoking may also act by inducing hepatic 
CYPs, including CYP1A2, which is essential for causing uroporphyria 
in rodent models,” and may produce a UROD inhibitor, which has 
been characterized as a uroporphomethene. This substance is a prod- 
uct of partial oxidation of uroporphyrinogen, and is found in the liver 
of mice that are heterozygous for a UROD mutation, homozygous for 
an HFE mutation (C282Y), and develop uroporphyria spontaneously.” 
Other potential mechanisms for lowering of hepatic UROD activity in 
PCT, such as oxidative damage to UROD active site residues, are less 
favored but have not been excluded.” 

At least 70 different UROD mutations have been identified in type 
2 PCT and HEP (see Table 58-1). These reduce UROD activity and 
immunoreactivity to approximately 50 percent of normal in all tissues 
from birth. Most are missense mutations, with each occurring in one or 
a few families. Homozygosity for a null UROD mutation is lethal in early 
neonatal life. Therefore, in HEP at least one of the mutant UROD alleles 
must preserve at least some catalytic activity. Knowledge of the crystal 
structure of UROD allows mapping of specific mutations and predic- 
tion of their impact on enzyme structure and function. Expression stud- 
ies in eukaryotic cells suggest that some mutations may destabilize the 
enzyme protein in a tissue-specific manner.” 


Pathogenesis of the Clinical Findings 

A distinctive feature of PCT is massive accumulation of porphyrins in 
the liver. As a result, fresh hepatic tissue shows strong red fluorescence 
on exposure to long-wave ultraviolet light. Microscopic, birefringent, 
needle-like inclusions are found in lysosomes, and paracrystalline inclu- 
sions in mitochondria. Increased stainable iron is very common. Other 
nonspecific hepatic findings are probably partly a result of the disease 
itself, although the effects of associated factors such as alcohol and 
hepatitis C are difficult to differentiate. Liver histopathology includes 


hepatocyte necrosis, inflammation, increased iron, and increased fat. 
Mild abnormalities in liver function tests, especially serum transami- 
nases and y-glutamyltranspeptidase, are present in almost all cases, but 
cirrhosis is unusual. The risk of hepatocellular carcinoma is increased, 
especially in those with more prolonged disease, cirrhosis, or other risk 
factors such as hepatitis C or alcoholic liver disease.2*-°” 

Excess porphyrins are transported in plasma from the liver. Skin 
histopathology includes subepidermal blistering and deposition of peri- 
odic acid-Schiff-positive material around blood vessels and fine fibrillar 
material in the upper dermis and at the dermoepithelial junction. Immu- 
noglobulin G, other immunoglobulins, and complement are deposited 
around dermal blood vessels and at the dermoepithelial junction. Splits 
in the lamina lucida of the basement membrane lead to formation of 
fluid-containing bullae.” These histologic changes are found in other 
cutaneous porphyrias, as well as pseudoporphyria, and are not diagnos- 
tic for PCT. Activation of the complement system after irradiation has 
been demonstrated in PCT patients both in vivo and in vitro in sera,”” 
and is thought to result from generation of reactive oxygen species. 

Susceptibility Factors PCT is a highly heterogeneous disease, 
with multiple susceptibility factors expected in the individual patient.’” 
Multiple factors are important in familial as well as sporadic PCT, 
because heterozygosity for a UROD mutation is a susceptibility factor 
that does not of itself reduce hepatic enzyme activity sufficiently to 
cause the disease. The environmental, infectious, and inherited factors 
discussed below, none of which is invariably present, are known or sus- 
pected to play an important role. Their prevalence may show consider- 
able geographic variation in PCT patients as well as healthy subjects. 

Alcohol PCT has long been associated with excess alcohol use. 
Alcohol and its metabolites may induce ALAS1 and CYP2E1, gener- 
ate active oxygen species that contribute to oxidative damage, cause 
mitochondrial injury, deplete reduced glutathione and other antioxi- 
dant defenses, increase production of endotoxin, activate Kupffer cells, 
decrease the iron regulatory hormone hepcidin”* and increase iron 
absorption. 

Smoking and Cytochrome P450 Enzymes Smoking is less exten- 
sively studied as a risk factor but is commonly associated with alcohol 
use in PCT.” Smoking may increase oxidative stress in hepatocytes, 
and induces CYP1A2, which is essential to the development of uropor- 
phyria in rodent models. CYP levels have been found to be increased in 
liver in human PCT, but it is not clear which CYP might be important in 
pathogenesis of the human disease. A study of caffeine metabolism did 
not find evidence for increased CYP1A2 activity in vivo in PCT, even 
when smokers and nonsmokers were analyzed separately.” However, a 
more inducible polymorphism of CYP1A2 has been found to be more 
common in PCT than in normal subjects.’ 

Estrogens Estrogen use is very common in women with 
PCT.*"77278 In the past, some men developed the disease after treat- 
ment of prostate cancer with estrogens.” Female rats or males treated 
with estrogens are more susceptible to development of chemically 
induced uroporphyria than untreated males.’” The mechanism is not 
established, although estrogens can generate reactive oxygen species in 
some experimental systems.?° 

Hepatitis C Reported prevalence of hepatitis C in PCT has ranged 
from 21 to 92 percent in various countries, and greatly exceeds the prev- 
alence of this viral infection in healthy subjects, which shows consider- 
able geographic variation. Hepatitis C is associated with excess fat, some 
iron accumulation, mitochondrial dysfunction, and oxidative stress in 
hepatocytes, which may contribute to the development of PCT. Dysregu- 
lation of hepcidin may contribute to iron accumulation in hepatitis C.” 

Human Immunodeficiency Virus PCT is less commonly associ- 
ated with HIV infection than with hepatitis C.’ Occasionally PCT is 
the initial manifestation of this infection. The mechanism is unknown. 


Iron and HFE Mutations Mild to moderate iron overload is found 
in most patients with PCT, and iron deficiency is protective. The impor- 
tance of iron has been confirmed in animal models, such as rodents 
treated with hexachlorobenzene and other halogenated polyaromatic 
hydrocarbons.’ Mice with disruption of one UROD allele (UROD[+/- 
]) and two disrupted HFE alleles (HFE[-/-]) develop uroporphyria 
without administration of exogenous chemicals.’ Prevalence of the 
C282Y mutation of the HFE gene, which is the major cause of hemo- 
chromatosis in whites, is increased in both sporadic and familial PCT, 
and 10 to 20 percent of patients may be C282Y homozygotes (Chap. 
43).° In southern Europe, where the C282Y is less prevalent, the H63D 
mutation is more commonly associated with PCT.” Excess iron may 
contribute to UROD inhibition by providing an oxidative environment 
that is apparently needed for generation of a UROD inhibitor. Hepatic 
hepcidin expression is reduced in hemochromatosis, and is also reduced 
in PCT patients without hemochromatosis genotypes when compared 
to patients without PCT and comparable iron overload, suggesting 
that reduced expression of this peptide is important in causing hepatic 
siderosis in PCT.” 

Antioxidants Substantial reductions in plasma levels of ascorbate 
and carotenoids have been noted in some patients with PCT. Ascor- 
bate deficiency in rodents enhances susceptibility to development or 
uroporphyria, and ascorbate decreases uroporphyrin accumulation 
except in animals treated with large amounts of iron.” 

A large outbreak of PCT occurred during a period of food short- 
age in a population in eastern Turkey in the 1950s from consumption 
of seed wheat treated with the fungicide hexachlorobenzene.'! Smaller 
outbreaks and individual cases have occurred after exposures to 
other chemicals such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, 
dioxin).’** These chemicals were subsequently shown to cause hepatic 
UROD deficiency and biochemical features resembling PCT in labo- 
ratory animals, and many studies that followed have greatly increased 
our understanding of this acquired enzyme deficiency. But such 
exposures are rarely identified in PCT patients in current clinical 
practice. 


Clinical Features 
Disease onset is usually in the fourth or fifth decade of life, and is more 
common in men. Onset may occur earlier in familial (type 2) disease or 
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in cases with the C282Y/C282Y HFE genotype.” Fluid-filled vesicles 
develop most commonly on the backs of the hands (Fig. 58—7A). Skin 
friability is increased and blisters often follow minor trauma. These also 
occur on the forearms, face, ears, neck, legs, and feet. The blisters often 
rupture, crust over, and are prone to infection before healing slowly. 
Milia may precede or follow vesicle formation. Facial hypertrichosis 
and hyperpigmentation are particularly noticed by female patients (Fig. 
58-7B). Severe thickening of affected areas of skin is termed pseudoscle- 
roderma and resembles systemic scleroderma. 

Blistering skin lesions in VP and HCP are identical to those in 
PCT. Those in CEP and HEP resemble PCT but are usually much more 
severe and mutilating. Mild or moderate erythrocytosis is common in 
PCT, and is not well explained. Chronic lung disease from smoking may 
contribute. 

Drugs that exacerbate the acute porphyrias are only occasionally 
reported to play a role in PCT.” PCT may occur with other conditions 
predisposing to iron overload such as myelofibrosis*****” and end-stage 
renal disease,” and with diabetes mellitus” and cutaneous and sys- 
temic lupus erythematosus. PCT associated with end-stage renal dis- 
ease is usually more severe, sometimes with severe mutilation. Lack 
of urinary porphyrin excretion in these patients leads to much higher 
concentrations of porphyrins in plasma, and the excess porphyrins are 
poorly dialyzable.” The disease occasionally develops during preg- 
nancy, perhaps related to effects of estrogen. 

The clinical manifestations of HEP usually resemble CEP, with 
onset of blistering skin lesions, hypertrichosis, scarring, and red urine 
in infancy or childhood. Sclerodermoid skin changes are sometimes 
prominent. Excess porphyrins originate mostly from the liver in this 
condition. Unusually mild cases have been described.” 


Diagnosis 

A diagnosis of PCT is established by finding a substantial elevation of 
porphyrins in urine or plasma, with a predominance of highly carboxylated 
porphyrins (uroporphyrin and hepta-, hexa-, and pentacarboxyl- 
porphyrins); coproporphyrins are also increased. Levels of PBG are 
normal, and urinary ALA is normal or slightly increased. The pattern of 
porphyrins in feces is complex, and includes heptacarboxylporphyrins 
and isocoproporphyrins. The latter are overproduced in the presence of 
UROD deficiency because pentacarboxylporphyrinogen is a substrate 


Figure 58-7. Cutaneous findings in porphyria cutanea tarda include (A) bullous lesions most commonly on the dorsal aspects of the hands and 
fingers, which rupture and crust over, and (B) facial hirsutism most noticeable on the upper cheeks. 
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for CPO, leading to formation of dehydroisocoproporphyrinogen, 
which is excreted in bile and undergoes oxidation by intestinal bacteria 
to isocoproporphyrins.”” 

Measurement of plasma porphyrins and determination of the fluo- 
rescence emission peak at neutral pH is especially useful for screening 
patients with blistering skin lesions. A substantial increase with a peak at 
approximately 620 nm is most commonly caused by PCT, and excludes 
VP and pseudoporphyria, which are the most common conditions that 
mimic PCT clinically.” Plasma porphyrin measurements are essential 
for diagnosis of PCT in patients with advanced renal disease; the ref- 
erence range is higher in patients with renal failure than in normals.” 

Erythrocyte porphyrins are substantially increased in CEP and 
HEP, but are normal or only modestly increased in PCT. Rare cases of 
HCP with blistering lesions are identified by a predominance of copro- 
porphyrin III in urine and especially feces. Familial (type 2) cases are 
identified by half-normal erythrocyte UROD activity or preferably by 
DNA studies to identify a UROD mutation. Erythrocyte UROD activ- 
ity is 5 to 30 percent of normal in HEP, and DNA studies reveal that a 
UROD mutation is inherited from each parent. 

Biochemical findings in HEP resemble PCT, with predominant 
accumulation and excretion of highly carboxylated porphyrins and iso- 
coproporphyrins. However, in contrast to PCT, erythrocyte zinc pro- 
toporphyrin is substantially increased. At least one genotype may be 
associated with predominant excretion of pentacarboxylporphyrin.”" 


Therapy 

Treatment is highly effective but specific in both sporadic and familial 
PCT, and therefore should be initiated only after the diagnosis is well 
established. It is sometimes reasonable to start treatment after PCT is val- 
idated with a plasma porphyrin screen and excludes VP and pseudopor- 
phyria (see “Diagnosis” above). Patients should be questioned and tested 
for all known susceptibility factors, including use of alcohol, tobacco, 
and estrogens, hepatitis C, HIV, HFE mutations, and inherited UROD 
deficiency (erythrocyte UROD activity or, preferably, UROD mutations), 
because their presence influences management. Serum ferritin should be 
measured before starting treatment. Patients are advised to stop drink- 
ing and smoking and to discontinue estrogens. A nutritionally adequate 
intake of ascorbic acid and other nutrients should be assured, but this 
vitamin should not be administered as primary therapy. 

Improvement may occur after removing one or more susceptibility 
factor, but without phlebotomy or low-dose hydroxychloroquine recov- 
ery is unpredictable or slow.** Repeated phlebotomy is the preferred 
treatment at most centers. The original rationale proposed by Ippen 
in 1961 was to decrease the commonly associated mild or moderately 
increased hemoglobin, stimulate erythropoiesis, and perhaps channel 
excess heme pathway intermediates to hemoglobin synthesis.” How- 
ever, the oxidized porphyrins that accumulate in PCT cannot reenter 
the heme biosynthetic pathway and be converted to heme, and it is now 
understood that phlebotomy is effective by reducing body iron stores 
and liver iron content. Treatment with an iron chelator such as desferri- 
oxamine is less efficient than phlebotomies in reducing iron, but may be 
tried when the latter are contraindicated.” 

Approximately 450 mL of blood is removed, usually at 2-week 
intervals. In one series an average of 5.4 phlebotomies was required for 
remission, but many more are needed in some patients with coexist- 
ing hemochromatosis and marked increases in serum ferritin levels. 
Hemoglobin or hematocrit levels are followed as safety (not therapeu- 
tic) targets, to prevent symptomatic anemia. Usually, the hemoglobin 
should not fall below 10 to 11 g/dL, but the baseline value and the age 
and clinical condition of the patient are also considered. The therapeu- 
tic target is a serum ferritin near 15 ng/mL, which is close to the lower 
limit of normal and associated with tissue iron depletion but usually not 


anemia. Additional iron depletion is not beneficial, and causes anemia. 
Treatment is also guided by plasma (or serum) porphyrin levels, which 
are more convenient to measure repeatedly than urine porphyrins, and 
fall more slowly than the serum ferritin. Plasma porphyrins usually 
decline from initial levels of 10 to 25 mcg/dL during treatment, to below 
the upper limit of normal (~1 mcg/dL) within weeks after phlebotomies 
are completed.” New skin lesions are generally decreased at the end of 
treatment, but some may occur for a few weeks after plasma porphyrin 
levels become normal. Severe sclerodermatous changes and liver func- 
tion abnormalities can also improve. 

After a remission, continued phlebotomies are generally not 
needed. However, relapses may occur, especially in patients who resume 
use of alcohol, and are treated by another course of phlebotomies. For 
patients with the C282Y/C282Y or C282Y/H63D HFE genotypes, man- 
agement guidelines for hemochromatosis should be followed. Con- 
tinued phlebotomies as needed to maintain a serum ferritin below 
approximately 50 ng/mL may also be beneficial in patients who have 
experienced recurrences of PCT, although published experience is lim- 
ited. It is also advisable to follow porphyrin levels and reinstitute phle- 
botomies promptly if porphyrin levels begin to rise. Liver imaging and a 
serum «-fetoprotein determination should be repeated as screening for 
hepatocellular carcinoma. After remission, transdermal estrogen can be 
resumed in women, if needed, with little risk for recurrence of PCT.’ 

A low-dose regimen of hydroxychloroquine or chloroquine is also 
effective,” and most appropriate when phlebotomy is contraindi- 
cated or poorly tolerated, if iron overload is not severe. However, this 
treatment is preferred at some centers because it is more convenient 
and much less expensive. These 4-aminoquinoline antimalarials do 
not appear to deplete hepatic iron, and the mechanism for their effect 
in PCT is not fully understood. Full therapeutic doses of these drugs 
exacerbate photosensitivity in PCT, induce fever, malaise, and nausea, 
markedly increase urinary and plasma porphyrins, and increase serum 
transaminases, other liver function tests, and ferritin. This reaction can 
even unmask previously unrecognized PCT.™ Although these adverse 
effects, which are unique to PCT, are followed by complete remission,’ 
they should be avoided by a low-dose treatment regimen (hydroxy- 
chloroquine 100 mg or chloroquine 125 mg—one-half of a standard 
tablet—twice weekly) at least until plasma or urine porphyrins are 
normalized.”"**°'“ However, some patients may respond poorly and 
require later treatment with larger doses, or phlebotomy.*® There is a 
small risk of retinopathy, which may be lower with hydroxychloro- 
quine. A recent prospective study found that time to biochemical 
remission with low-dose hydroxychloroquine was comparable to that 
with phlebotomy.*” In a retrospective study, low-dose chloroquine was 
ineffective in patients homozygous for the C282Y mutation of the HFE 
gene,™ which suggests that the degree of excess hepatic iron may influ- 
ence response to this treatment. 

These 4-aminoquinolines are not effective in other porphyrias, and 
do not mobilize all types of porphyrins from liver and other tissues.*” 
Chloroquine may form complexes with a variety of porphyrins, which 
might promote their mobilization from liver,*°*!! but this does not 
appear to explain the effects in PCT. It was suggested that mobilization 
of hepatic iron may be important,” but serum ferritin concentra- 
tions do not change significantly during treatment. Most likely, these 
drugs colocalize with excess porphyrins in lysosomes and other intra- 
cellular organelles and promote their release by a process that involves 
transient cell damage. 

PCT may improve after treatment of coexisting hepatitis C. How- 
ever, for several reasons PCT should be treated first and hepatitis C 
later in most cases. First, PCT is usually more symptomatic and can 
be treated more quickly and effectively. Second, there is some evidence 
that treatment of hepatitis C may be more effective after iron reduction. 


Third, interferon and ribavirin commonly cause anemia, which usually 
precludes phlebotomy for PCT. Hydroxychloroquine may be an option 
during treatment with interferon and ribavirin, but initial worsening of 
liver function tests, even with a low-dose regimen, may cause concern. 
It is reasonable to consider continuing low-dose hydroxychloroquine 
after PCT is in remission to avoid a reoccurrence of PCT during treat- 
ment of hepatitis C, but there is little experience with this approach. 
Reports that PCT patients are often resistant to treatment of hepatitis 
C,*43'5 contrast with reports of successful treatment, and prospective 
studies are needed. Studies are needed with newer and more effective 
agents for hepatitis C as these become available. 

Treatment of PCT associated with end-stage renal disease is more 
difficult, as phlebotomy is often contraindicated by anemia. Erythro- 
poietin administration can correct anemia, mobilize iron, and support 
phlebotomy in many cases.”®!6317 High-flux hemodialysis may remove 
porphyrins from plasma and provide some benefit.” PCT is not a con- 
traindication to renal transplantation, which is likely to lead to remis- 
sion’ partly because of resumption of endogenous erythropoietin 
production. The level of plasma porphyrins are often especially high in 
these patients, and should be assessed prior to surgery, because there 
may be some risk of skin and peritoneal burns from exposure to oper- 
ating room lights. 

Management of HEP emphasizes avoiding sunlight, as in CEP. Oral 
charcoal was helpful in a severe case associated with dyserythropoiesis.”* 
Phlebotomy has shown little or no benefit. Retrovirus-mediated gene 
transfer can correct porphyria in cell lines from patients with this dis- 
ease, which suggests that gene therapy may be applicable in the future.*”° 
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CHAPTER 59 

POLYCLONAL AND 
HEREDITARY SIDEROBLASTIC 
ANEMIAS 


Prem Ponka and Josef T. Prchal 


Sideroblastic anemias are characterized by the presence of ring sideroblasts in 
the marrow. These cells are erythroid precursors that have accumulated abnor- 
mal amounts of mitochondrial iron. A variety of abnormalities of porphyrin 
metabolism in affected erythroid cells have been documented. Hereditary 
sideroblastic anemias are usually X linked, as the result of mutations in the 
erythroid form of 5-aminolevulinic acid synthase. Inherited autosomal and 
mitochondrial forms are seen, occasionally. Acquired sideroblastic anemias 
can occur as a result of the ingestion of drugs, alcohol, or toxins such as lead 
or zinc, or copper deficiency. Patients with acquired sideroblastic macrocytic 
anemia and variable degrees of thrombocytopenia and leukopenia from 
copper deficiency have been recognized more frequently; the hematologic 
abnormalities typically resolve after copper replacement. Ring sideroblasts 
are also a feature of myelodysplastic neoplasms, and are discussed in Chap. 
87. Some patients with sideroblastic anemia may respond to pharmacologic 
doses of pyridoxine. Iron loading is common in the sideroblastic anemias and 
can be treated by phlebotomy when the anemia is mild or with iron chelators 
(Chap. 43) when it is more severe. 


@ DEFINITION AND HISTORY 


Sideroblastic anemias are a heterogeneous group of disorders that have 
as a common feature the presence of: (1) large numbers of pathologic 
sideroblasts in the marrow, which characteristically display abnormal 
mitochondrial iron accumulation is in a circumnuclear position in 
erythroblasts; these are referred to as ringed sideroblasts; (2) ineffec- 
tive erythropoiesis; (3) increased levels of tissue iron; and (4) varying 
proportions of hypochromic erythrocytes in the blood. They may be 
acquired or hereditary (Table 59-1).'” 

Acquired monoclonal sideroblastic anemia is a neoplastic disease; 
that is, a clonal cytopenia or oligoblastic myelogenous leukemia that 
can progress to acute leukemia. This subject is considered in Chap. 87, 


Acronyms and Abbreviations: ABCB7, ATP-binding cassette; ALA, 5-aminolevulinic 
acid; ALAS2, gene encoding ALA synthase 2; CPO, coproporphyrinogen oxidase; 
FECH, ferrochelatase; Fe-S, iron-sulfur; GLRX5, glutaredoxin 5; MLASA, mitochon- 
drial myopathy and sideroblastic anemia; PUS 7, pseudouridine synthase 1 gene; 
S$LC25A38, mitochondrial carrier family gene; STEAP 3, six-transmembrane epi- 
thelial antigen of prostate 3-ferric reductase; TfR, transferrin receptor; tRNA, transfer 
RNA; XLSA/A, X-linked sideroblastic anemia, associated with ataxia. 


Myeloid Neoplasms, in which ringed sideroblasts are a common phe- 
notypic feature. Acquired polyclonal sideroblastic anemia may also 
develop as a result of the administration of certain drugs, exposure to 
toxins, or coincident to neoplastic or inflammatory disease. Hereditary 
sideroblastic anemias include X-linked, autosomal, and mitochondrial 
entities. Occasionally, a patient with familial disease develops a myelo- 
dysplastic syndrome later,™? but with these rare exceptions, the disor- 
ders are distinct and do not coexist or evolve one from the other. 

Although the perinuclear distribution of siderotic granules 
in the erythroblasts of patients with various types of anemia was 
described in 1947,°* the concept of sideroblastic anemia as a generic 
designation was not generally accepted until the publications of 
Björkman,” Dacie,° Heilmeyer,”* Bernard,’ and Mollin.'® After these 
descriptions of the acquired, “primary adult form of refractory side- 
roblastic anemia,” similarity to the morphologic and erythrokinetic 
changes in hereditary (sex-linked) hypochromic anemia was recog- 
nized. Cooley! described a patient with an anemia with ovalocyto- 
sis who was shortly thereafter shown to have inherited a hereditary 
sex-linked disorder’ that we now know resulted from the mutation 
of erythroid-specific aminolevulinic acid (ALA) synthase, ALAS2." 
Autosomally inherited cases were also described, and prominent 
sideroblastic changes of the marrow were found in Pearson marrow- 
pancreas syndrome (Chap. 36), a disorder that is caused by mutations 
of mitochondrial DNA." Sideroblastic anemia can also be associated 
with a wide variety of diseases,” therapy with antituberculosis drugs,”””” 
and lead intoxication.” In some patients, the anemia responded to 
large doses of pyridoxine and was designated “pyridoxine-responsive 
anemia.’!°?”- These “secondary” acquired disorders were then incor- 
porated into the classification. 


@ EPIDEMIOLOGY 


All of the hereditary forms are rare, and no particular ethnic predilec- 
tion is known. Drug-induced forms occur sporadically among subjects 
taking the drugs listed in Table 59-1. 


@ ETIOLOGY AND PATHOGENESIS 
MORPHOLOGIC ASPECTS: THE SIDEROBLASTS 


Sideroblasts are erythroblasts containing aggregates of non-heme iron 
that appear as one or more Prussian blue-positive granules on light 
microscopy.” The morphology of these cells in normal and abnormal 
states is discussed in detail in Chap. 31. In normal marrow, virtually 
every erythroblast has siderosomes, iron-containing organelles that are 
demonstrable by transmission electron microscopy. Light microscopy of 
Prussian blue-stained marrow aspirates or biopsy sections is a relatively 
insensitive method to identify these structures. One can usually identify 
approximately 25 to 35 percent of erythroblasts with one to three very 
fine Prussian blue-stained granules in the cytoplasm of a well-prepared 
marrow sample. Pathologic sideroblasts may be of two types: erythrob- 
lasts with a marked increase in the number and size of siderotic granules 
in the cytoplasm, compared to normal erythroblasts, or ringed sidero- 
blasts. Ringed sideroblasts are the hallmark of the sideroblastic anemias. 
In contrast to the normal cytoplasmic location of siderotic granules, the 
pathologic sideroblasts in the sideroblastic anemias have large amounts 
of iron deposited as dust- or plaque-like ferruginous micelles between 
the cristae of mitochondria (Fig. 59-1).*" The iron-loaded mitochondria 
are distorted and swollen, their cristae are indistinct, and identification 
of mitochondria may itself be difficult. In humans, the mitochondria 
of the erythroblast are distributed perinuclearly,* which accounts for 
the distinctive “ringed” sideroblast identified by Prussian blue staining 
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TABLE 59-1. Classification of Sideroblastic Anemias 


l. Acquired 


A. Primary sideroblastic anemia (myelodysplastic syndromes) 
(Chap. 88) 


1. Subunit 1 of the mitochondrial cytochrome oxidase**** 
B. Sideroblastic anemia secondary to: 
. Isoniazid??? 
. Pyrazinamide?"2 
. Cycloserine™ 
. Chloramphenicol” 
Ethanol""® 
Lead” 
. Chronic neoplastic disease (Chap. 8) 
8. Zinc-induced copper deficiency! 
ll. Hereditary 
A. X chromosome linked 
B. Autosomal 


1. Defects in the erythroid specific mitochondrial carrier 
family protein SLC25A38*” 


2. Mitochondrial myopathy and sideroblastic anemia (PSU7 
mutations)°71081° 


C. Mitochondrial 
1. Pearson marrow-pancreas syndrome'*'? 


NOUR WN = 


when mitochondrial iron overload is present (Fig. 59-1). The morpho- 
logic features that characterize pathologic sideroblasts in various disor- 
ders have been summarized.” 


PATHOGENESIS 


The pathogenesis of most of the sideroblastic anemias is not well under- 
stood.*** It is not clear whether the basic mechanism by which abnormal 
accumulations of intramitochondrial iron occurs is the same in inher- 
ited and acquired forms of the disease. However, it seems appropriate, 


A 


given the present state of knowledge, to discuss both forms together. 
The pathogenesis of the disorder may be viewed from two standpoints: 
the underlying biochemical lesions and the mechanism(s) of the anemia 
itself. 


Biochemical Lesions and Genetics 

In the search for the biochemical lesions responsible for the develop- 
ment of sideroblastic anemia, attention has been focused upon an intra- 
mitochondrial defect in heme synthesis and on possible disturbances in 
pyridoxine metabolism. 


Defects in Heme Synthesis 

The role of defects in heme biosynthesis have occupied central stage 
since the early studies of Garby and colleagues,” who postulated that 
such a defect might exist; they demonstrated that the level of free ery- 
throcyte protoporphyrin was decreased. Subsequently, a variety of 
abnormalities of the levels of precursors and of their rate of incorpora- 
tion into heme was documented (Chap. 58).***! However, the findings 
have not all been consistent, as levels of free erythrocyte protoporphyrin 
have often been increased, not diminished. The role of mitochondria 
in the etiology of sideroblastic anemia gained further credence when 
mutations of the mitochondrial genome were found in patients with 
Pearson syndrome." 


Hereditary Sideroblastic Anemias 

Shortly after the identification of erythroid-specific ALA synthase 
(ALAS2, the first enzyme in heme synthesis; Fig. 59-2), it became 
apparent that most patients with hereditary X-linked sideroblastic ane- 
mias (XLSAs) had mutations in the ALAS2 gene.**“* However, a pro- 
portion of patients with congenital sideroblastic anemia had autosomal 
recessive inheritance. At least some such patients have a defect in the 
gene encoding the erythroid-specific mitochondrial carrier protein, 
SLC25A38.” This transporter is important for the biosynthesis of heme 
in eukaryotes and it was proposed that this protein may be translocat- 
ing glycine into mitochondria (Fig. 59-2).*” Hence, SLC25A38 defects 
would be expected to generate a phenotype identical to that seen in 
patients with defects in ALAS2. One can speculate that, in erythroid 
cells, a common control mechanism exists that regulates acquisition of 
the two substrates for heme synthesis (iron and glycine). 


Figure 59-1. Marrow films. A. Normal marrow stained with Prussian blue. Note several erythroblasts without apparent siderotic (blue-stained) 
granules. The arrow indicates erythroblast with several very small cytoplasmic blue-stained granules. It is very difficult to see siderosomes in most 
erythroblasts in normal marrow because they are often below the resolution of the light microscope. B. Sideroblastic anemia. Note the florid increase 
in Prussian blue—staining granules in the erythroblasts, most with circumnuclear locations. These are classic examples of ringed sideroblast, which 
are by definition pathologic changes in the red cell precursors. In some cases, cytoplasmic iron granules are also increased in size and number, also a 
pathologic change. (Reproduced with permission from Lichtman's Atlas of Hematology, www.accessmedicine.com.) 
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Figure 59-2. Schematic of iron uptake from transferrin and its delivery to the hemoglobin (Hgb) molecule. Extracellular differi 


by the membrane-bound transferrin receptor (TfR) and internalized via receptor-mediated endocytosis into an endosome. Iron 
ferrin by a decrease in pH (~pH 5.5), reduced by STEAP 3 (six-transmembrane epithelial antigen of prostate 3-ferric reductase 
metal is transported through the endosomal membrane by DMT 1 
ferrochelatase (FECH), the enzyme that inserts Fe’* into protoporphyrin IX (Proto IX), resides on the inner leaflet of the inner mito 
The transport of coproporphyrinogen (Copro’gen) into mitochondria is not fully understood. Neither mechanisms nor the regu 


c transferrin is bound 
is released from trans- 
, following which the 


. In erythroid cells, more than 90 percent of iron must enter mitochondria wherein 


chondrial membrane. 
ation of the transport 


of heme from mitochondria to globin polypeptides are known; however, it has been proposed that a carrier protein, heme binding protein 1 (gene: 


HEBP1), is involved in this process. CPO, coproporphyrinogen oxidase; NAD(P), nicotinamide adenine dinucleotide phosphate; 


AD(P)H reduced form 


of nicotinamide adenine dinucleotide phosphate; PPO, protoporphyrinogen oxidase. (Reproduced with permission from Anderson GJ, McLaren G: Iron 


Physiology and Pathophysiology in Humans. New York, NY: Humana Press; 2012.) 


Hereditary sideroblastic anemia with spinocerebellar degeneration 
with ataxia is a rare X-linked syndrome that appears to be distinct from 
the other forms of sideroblastic anemia.***' It is caused by mutation of 
ATP-binding cassette (ABCB7).**°2°3 

Heteroplasmic point mutations in subunit 1 of the mitochondrial 
cytochrome oxidase have been documented in some patients with side- 
roblastic anemia." 

Rare autosomal forms of inherited sideroblastic anemia have also 
been reported,” including those with a deficiency of uroporphyrin- 
ogen decarboxylase and ferrochelatase (FECH)***!'® enzymes, 
both necessary for the synthesis of heme (Chap. 58). The other 
reported defects of ferrochelatase could result from the inhibitory 
effect of mitochondrial iron overload on enzyme activity." A defect in 
coproporphyrinogen oxidase (CPO) could not be confirmed by direct 
measurement.™ 


An unusual phenotype with of inherited sideroblastic anemia, 
developmental delay with variable neurologic defects and B-cell lym- 
phopenia with hypogammaglobulinemia was reported of yet unknown 
etiology. 


Pyridoxine Metabolism 

A role for pyridoxine has been supported by the demonstration that 
pyridoxine deficiency in animals is a prototype of sideroblastic ane- 
mia.’ Sideroblastic anemia can be induced by drugs that reduce the 
level of pyridoxal phosphate in blood, which decreases the ALAS2 
activity in normoblasts.”**°“° Moreover, certain sideroblastic disorders, 
although not a result of pyridoxine deficiency, are nonetheless respon- 
sive to pharmacologic doses of pyridoxine.“*°*® Pyridoxal phosphate 
is a necessary coenzyme for the initial reaction of protoporphyrin syn- 
thesis, the condensation of glycine and succinyl coenzyme A to form 
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ALA, a reaction mediated by ALA synthetase (Chap. 58). Furthermore, 
pyridoxal phosphate is a factor in the enzymatic conversion of serine to 
glycine (Chap. 41). This reaction generates a form of folate coenzyme 
necessary for the formation of thymidylate, an important step in DNA 
synthesis. Pyridoxal 5’-phosphate, the active form of the coenzyme, 
must itself be enzymatically synthesized from pyridoxine. Deficiencies 
in its biosynthesis have also been invoked as the possible cause of cer- 
tain sideroblastic anemias,”” but direct measurements of pyridoxal 
kinase failed to confirm that the postulated lesion was present.” 


Other Metabolic Defects and Acquired Associations with 
Sideroblastic Anemia of Uncertain Significance 
Increased levels of uroporphyrinogen 1 synthase are commonly 
encountered in patients with sideroblastic anemias.” Alcohol, a com- 
mon cause of secondary sideroblastic anemia, inhibits heme synthesis at 
several steps. Dramatically altered activity ratios of a wide diversity of 
enzymes have been described,’ for example, elevated arginase activity. 
Sideroblastic anemia has been found in a patient with apparent 
antibody-mediated red cell aplasia.” There are alterations in red cell 
antigen patterns frequently with an increase of i and a loss of A, antigens 
(Chap. 136).” Similar findings occur in certain hereditary and acquired 
refractory anemias with cellular marrows but without ringed siderob- 
lasts.” Such dyscrasias are also characterized by ineffective erythropoie- 
sis and, except for the lack of ringed sideroblasts, may in some instances 
be virtually indistinguishable from their sideroblastic counterparts.” 


Pathogenesis of Ring Sideroblast Formation 

Iron accumulation within mitochondria is an unusual pathologic phe- 
nomenon occurring only in erythroblasts of patients with sideroblastic 
anemias and, to a much lesser degree, in cardiomyocytes of patients 
with Friedreich ataxia.” Mitochondrial iron accumulation has not 
been demonstrated in patients with either primary or secondary iron 
overload. The pathophysiology of ring sideroblast formation in patients 
with ALAS2 defects and those resulting from inhibitors of porphyrin 
biosynthesis (see Table 59-1) is likely because of the unique aspects 
of the regulation of iron metabolism and heme synthesis in erythroid 
cells (Chap. 58). These differences can account for the accumulation 
of non-heme iron in erythroid mitochondria of sideroblastic anemia 
patients. In hemoglobin-synthesizing cells, iron is specifically targeted 
toward mitochondria that avidly take up iron even when the synthesis 
of protoporphyrin IX is suppressed (Chap. 58).”* In contrast, non- 
erythroid cells store iron in excess of metabolic needs within ferritin.* 
Hence, erythroid-specific mechanisms and controls are involved in the 
transport of iron into mitochondria in erythroid cells, but the nature of 
these processes, including the role of mitoferrin 1 (Chap. 42); an inner 
mitochondrial membrane protein, which presumably provides Fe** to 
FECH,™ is poorly understood. The transferrin-bound iron is used for 
hemoglobin synthesis” with a high degree of efficiency and is targeted 
into erythroid mitochondria (Chap. 52), and because no intermediate 
for cytoplasmic iron transport has ever been identified in erythroid 
cells, the following hypothesis of intracellular iron trafficking in devel- 
oping red cells has been proposed (see Fig. 59-2 from Chap. 52). This 
model postulates that iron released from transferrin in the endosome 
is passed directly from protein to protein until it reaches FECH, which 
incorporates Fe” into protoporphyrin IX* in the mitochondrion. Such 
a transfer bypasses the cytosol, as the movement of iron between pro- 
teins could be mediated by a direct interaction of the endosome with 
the mitochondrion.” The results of supporting experiments revealed 
that (1) iron, delivered to mitochondria via the transferrin—transferrin 
receptor (TfR) pathway, is unavailable to cytoplasmic chelators*”**; (2) 
transferrin-containing endosomes move to and contact mitochondria 
in erythroid cells; and (3) endosomal movement is required for iron 


delivery to mitochondria (see Fig. 59-2).*” These studies also revealed 
that cytoplasmic iron not bound to transferrin is inefficiently used for 
heme biosynthesis and that the endosome-mitochondrion interaction 
increases chelatable mitochondrial iron.*” 

An important distinction between erythroid and nonerythroid 
cells is the presence of a feedback mechanism in which “uncommitted” 
heme inhibits iron acquisition from transferrin.” Although it is still 
unresolved whether heme inhibits transferrin endocytosis®” or iron 
release from transferrin,” the lack of heme plays an important role in 
mitochondrial iron accumulation. Additionally, non-heme iron, which 
accumulates in erythroid mitochondria, cannot be released from the 
organelle unless it is inserted into heme.” This finding suggests that 
mitochondria can release iron only when the metal is in a proper chem- 
ical form, in this case, inserted into protoporphyrin IX. These consid- 
erations provide framework to the pathogenesis of mitochondrial iron 
accumulation in erythroblasts of patients with sideroblastic anemia 
caused by ALAS2 defects, as well as those caused by agents inhibiting 
porphyrin biosynthesis (see Table 59-1). 

Of considerable interest, in 2014, Fleming and his coworkers” 
demonstrated that mutations in an enhancer element in ALAS2 intron 1, 
which contains a GATA-binding site, cause a clinical phenotype similar 
to patients with XLSA resulting from mutations in the ALAS2 coding 
sequence itself. 

A distinct form of XLSA, that associated with ataxia (XLSA/A), 
was described in several families with putative mutations mapped to 
chromosome region Xq13.” In contrast to ALAS2-linked disease, the 
XLSA/A syndrome is associated with elevated erythrocyte protopor- 
phyrin IX levels. It was demonstrated that mutations of the ABCB7 
gene is responsible for XLSA/A,** and this was confirmed by other 
reports.”** The ABCB7 protein is thought to transfer iron-sulfur (Fe-S) 
clusters from mitochondria to the cytosol (Chap. 42).”°°°' How the 
disruption of Fe-S cluster export might impede heme biosynthesis is, 
however, not clear, but the accumulation of erythrocyte zinc-protopor- 
phyrin IX is found in XLSA/A.**°° Additionally, mouse erythrocytes 
with mutated (E433K) ABCB7 have an increase in zinc-protoporphyrin 
IX-to-heme ratios.” Because the formation of zinc-protoporphyrin IX 
requires FECH, ABCB7 mutations cannot interfere with the activity of 
this enzyme. Instead, the loss of function of ABCB7 may, by a yet-to-be- 
defined mechanism, diminish the availability of reduced iron (the only 
substrate of iron for FECH) required for the assembly of heme from 
protoporphyrin IX. In XLSA, as in ALAS2-associated sideroblastic ane- 
mia, decreased levels of heme likely contribute to the pathogenesis of 
ring sideroblast formation. 

Another type of hereditary hypochromic anemia was described 
in shiraz (sir) zebra fish mutants.” These mutants have a deficiency of 
glutaredoxin 5 (GLRX5) encoded by a gene (GLRX5) whose product 
is required for Fe-S cluster assembly. This study demonstrated that the 
loss of the Fe-S cluster in the iron-regulatory protein 1 (IRP1) blocked 
ALAS2 translation by binding to the iron-responsive element (IRE) 
located in the 5’-untranslated region of ALAS2 mRNA. Subsequently, 
a case of GLRX5 deficiency in an anemic male with iron overload and a 
low number of ringed sideroblasts was reported.” As in zebra fish with 
shiraz mutants, ferritin levels were low and TfR levels were high in the 
patient's cells; this can be explained by increased IRP1 binding to IREs 
in mRNAs of these two proteins. However, erythroblasts from zebra fish 
shiraz mutants were not found to contain iron-loaded mitochondria. 


Primary Acquired Sideroblastic Anemia (Refractory Anemia 
with Ring Sideroblasts—Myelodysplastic Syndrome) 

The pathophysiology of acquired idiopathic sideroblastic anemias 
associated with myelodysplastic syndrome is distinct from the above 
discussed XLSAs. In these patients there is no evidence for a decrease 


in the formation protoporphyrin IX levels; instead, the amount of pro- 
toporphyrin IX is moderately increased.* Impaired iron reduction 
could cause intramitochondrial iron accumulation in patients with 
myelodysplastic syndromes. The ferric reductase, STEAP 3 (six-trans- 
membrane epithelial antigen of prostate 3-ferric reductase), is involved 
in the reduction of Fe** to Fe** in endosomes.'” Based on the model 


of the direct interorganellar transfer of iron (see Fig. 59-2), it can be 
assumed that there is only one reduction step during the path of iron 
from endosomes to FECH. However, the efficient insertion of ferrous 
ions into protoporphyrin IX may still require a reducing environment 
in mitochondria that would be provided by an uninterrupted respira- 
tory chain. This proposal is compatible with the fact that sideroblas- 
tic anemia accompanying Pearson marrow-pancreas syndrome’ is 
caused by deletions of mitochondrial DNA genes, products of these are 
involved in electron transport.'” Indeed, there are at least some myelo- 
dysplasia-associated sideroblastic anemia patients described caused by 
acquired mutations in cytochrome oxidase, encoded by mitochondrial 
DNA.**°*'1° However, a rigorous study failed to find cytochrome oxi- 
dase mutations in 10 patients with myelodysplasia-associated siderob- 
lastic anemia.” Alternatively, these is some evidence that ABCB7 (see 
the above discussion on XLSA/A) could be a possible candidate gene 
for the formation of ringed sideroblasts in refractory anemia with ring 
sideroblasts. 


Mitochondrial Myopathy and Sideroblastic Anemia 
There are some similarities and some dissimilarities between Pearson 
marrow-pancreas syndrome and patients with mitochondrial myop- 
athy and sideroblastic anemia (MLASA).*”'*'™ In both cases, there 
are defects in the mitochondrial electron transport chain, likely creat- 
ing an environment that retards iron access to FECH in the reduced 
form. Both disorders are hereditary, but Pearson syndrome is caused by 
large deletions of mitochondrial DNA, whereas MLASA results from a 
homozygous missense mutation in the genomic DNA of pseudouridine 
synthase 1, encoded by PUS1 gene.’ It has been proposed that deficient 
pseudouridylation of mitochondrial transfer RNAs (tRNAs) explains 
the pathogenesis of MLASA type of sideroblastic anemia. "° 
Mitochondrial Ferritin Mitochondrial ferritin is a ferritin iso- 
form with ferroxidase activity that is expressed only in mitochondria 
(Chap. 42). This protein is encoded by an intronless nuclear gene and 
can store iron within a shell of homopolymers.'’7” Although the func- 
tion and regulation of expression of this protein is not fully understood, 
the induction of mitochondrial ferritin causes the transfer of iron from 
cytosolic ferritin to mitochondrial ferritin. The mitochondrial fer- 
ritin has a very low expression in all tissues except testis." !™!? Although 
mitochondrial ferritin is not expressed in normal erythroblasts, it is 
expressed in ring sideroblasts of patients with sideroblastic anemias," 
caused by ALAS2 defects, as well as those associated with myelodys- 
plastic syndromes. In both, iron is sequestered within mitochondrial 
ferritin.'* Because mitochondrial ferritin has ferroxidase activity, it 
likely protects mitochondria by converting the toxic ferrous iron to fer- 
ric iron that is stored. Further research is needed to explain the mech- 
anism of mitochondrial ferritin induction in erythroblasts of patients 
with sideroblastic anemias, both hereditary and acquired. Whether 
the mitochondrial ferritin also accumulates iron in ring sideroblasts of 
patients with XLSA/A has not yet been studied. 


Mechanism of Anemia 

The dominant factor that determines anemia is ineffective erythropoiesis 
(intramedullary apoptosis); the rate of red cell destruction is usually 
near-normal or only moderately accelerated to levels for which a nor- 
mally functioning marrow can compensate." The half-time of disap- 
pearance of intravenously injected tracer doses of radioactive iron is 
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usually is rapid (25 to 50 minutes; normal mean: 90 to 100 minutes) but 
in some patients may be normal. The plasma iron turnover tends to be 
increased (1.5 to 5.9 mg/dL of blood per day; normal: approximately 
0.30 to 0.70 mg/dL per day), but incorporation of radioactive iron into 
heme and its delivery to the blood as newly synthesized hemoglobin are 
depressed (15 to 30 percent of tracer dose; normal: 70 to 90 percent). 
Red cell survival ranges between 40 and 120 days, indicating some cases 
have moderate or only very slightly shortened red cell life-span, whereas 
in other cases red cell survival is normal. As in other kinds of anemia 
characterized by ineffective erythropoiesis, the fecal stercobilin excreted 
per day may be greater than can be accounted for by the daily catabo- 
lism of circulating hemoglobin. 


@ CLINICAL AND LABORATORY 
FEATURES 


PRIMARY ACQUIRED (CLONAL) 
SIDEROBLASTIC ANEMIA 


The primary acquired sideroblastic anemia is described in Chap. 87. 
Anemia is present in more than 90 percent of patients. Patients may be 
asymptomatic or, if anemia is more severe, have the nonspecific symp- 
toms of anemia including pallor, weakness, loss of a sense of well-being, 
and exertional dyspnea. A small proportion of patients have infections 
related to severe granulocytopenia or hemorrhage related to severe 
thrombocytopenia at the time of diagnosis; however, this variant of 
myelodysplastic syndrome has the lowest probability of symptomatic 
neutropenia, thrombocytopenia, and acute leukemic transformation 
among all myelodysplastic syndromes (Chap. 87). Hepatomegaly or 
splenomegaly occurs also rarely in this type of myelodysplastic syn- 
drome. Iron overloading regularly accompanies this disorder, usually 
in those who have a large requirement for transfusion, and may be the 
cause of death (Chap. 87). 


SECONDARY ACQUIRED SIDEROBLASTIC 
ANEMIA 
Drugs and Alcohol 


The administration of certain drugs and the ingestion of alcohol may 
cause sideroblastic anemia (see Table 59-1). The drugs that are most 
commonly associated with this type of anemia are isonicotinic acid 
hydrazide," pyrazinamide,*’””'” and cycloserine,’”*'” all pyridoxine 
antagonists. Although plasma pyridoxal phosphate levels are often low 
in alcoholic patients, there is no correlation between these levels and the 
appearance of ringed sideroblasts in the marrow. "$ 

Anemia secondary to drugs may be quite severe, even necessi- 
tating transfusion,” but characteristically the anemia improves rap- 
idly when the patient is given pyridoxine and/or when administration 
of the offending drug is discontinued. The red cells are hypochromic, 
and a dimorphic appearance of the erythrocytes in the blood film may 
be notable, that is, two populations of red cells can be distinguished; 
hypochromic and anisocytic, along with normochromic and normo- 
cytic. The reticulocyte count is low or normal.'”’ In rare instances, a 
sideroblastic anemia first observed during the course of drug adminis- 
tration has progressed in the face of discontinuing the putative offend- 
ing drug. In such cases, the patient presumably was suffering from an 
unmasked underlying myelodysplastic neoplasm. 


Copper Deficiency 

In 1974, two patients with sideroblastic anemia, one also with neu- 
tropenia, following extensive bowel surgery and long-term parenteral 
nutrition were described.'”° In 2002, another patient was described who 
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developed progressive macrocytic anemia, thrombocytopenia, and leu- 
kopenia with ringed sideroblasts after gastroduodenal bypass (Billroth 
II procedure). This patient also had optic neuritis and other neurologic 
abnormalities.’"! The hematologic abnormalities, but not neurologic 
defects, resolved fully with copper therapy. Since that time numerous 
similar cases, with and without neurologic abnormalities, have been 
reported." A similar hematologic picture can be seen with zinc- 
induced copper deficiency. "+" 


HEREDITARY SIDEROBLASTIC ANEMIA 


Hereditary sideroblastic anemia is very uncommon. More instances 
of the X-chromosome linked varieties than of apparently autosomally 
inherited cases have been documented.’ The disorder is heteroge- 
neous. The variant with ataxia is characterized by neurologic impair- 
ment and typically mild anemia in males. The neurologic symptoms 
include ataxia, dysmetria, dysdiadochokinesis, dysarthria, and inten- 
tion tremor that are referred to as spinocerebellar syndrome. A mild 
intellectual impairment may be also seen. 

In some of the cases of hereditary iron-loading anemia that are 
cited below, the presence of the sideroblasts in the marrow or the hered- 
itary nature of the disorder is documented, whereas in others it is pre- 
sumed but not clearly documented. 

Anemia is usually apparent during the first few months!” or 
years*”” of life; it may even occur prenatally. However, there are 
patients in whom microcytic anemia first became evident in the eighth 
and ninth decade of life and were found to have a microcytic, pyridox- 
ine response anemia apparently related to inherited mutations of the 
ALAS2 gene." 

Pallor is the most prominent physical finding; splenomegaly may 
be present,'*° but not universally so.**'”” The anemia is characteristically 
microcytic and hypochromic, and prominent dimorphism of the red 
cell population has been noted in carrier females of the sex-linked form 
of the anemia.’*!””"! This has been regarded as evidence of X-inactiva- 
tion affecting the locus responsible for this disorder,””"?"" but it is 
notable that marked dimorphism sometimes is seen in the red cells of 
affected males as well,'*> and in autosomal forms of the disease.'** The 
degree of anisocytosis and poikilocytosis is usually striking. Sometimes 
the anemia can be macrocytic,*! especially in mitochondrial forms of 
the disease. The red cells show marked heterogeneity with respect to 
resistance to osmotic lysis: a flattened curve indicates that cells with both 
increased and decreased resistance to lysis are present.™! The white 
cell count is usually normal or slightly decreased, unless splenectomy 
has been performed. Then it may be greatly elevated.'*° Splenomegaly is 
present in most cases.’ In one family, a platelet function abnormality 
resembling a storage pool defect was noted,'” but this could have been 
an independently inherited disorder. 

Pearson marrow-pancreas syndrome is a refractory sideroblastic 
anemia with vacuolization of marrow precursors and exocrine pan- 
creatic dysfunction (Chap. 36). It is often fatal in infancy or early 
childhood, is characterized by marrow failure with macrocytic siderob- 
lastic anemia, which is typically transfusion dependent. Neutropenia 
and thrombocytopenia may also be present. However, the invariable 
dysfunction of the exocrine pancreas from fibrosis and acinar atrophy 
resulting in chronic malabsorption and diarrhea may, in some affected 
patients, be dominant features of morbidity and mortality of Pearson 
syndrome. Lactic acidosis, caused by a defect in oxidative phosphory- 
lation and other organ dysfunction, including liver impairment, is also 
common. The usual causes of death are bacterial sepsis from neutrope- 
nia, metabolic crisis, and hepatic failure. Most patients die in infancy, 
although there is considerable phenotypic variation, presumably 
depending upon the number of mitochondria affected and their tissue 
distribution. 
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@ TREATMENT 


Many patients with hereditary sideroblastic anemia have some response 
to treatment with pyridoxine in doses of 50 to 200 mg/day, !%127131136139-141 
but failures have also been observed.***” Some patients have responded 
to doses as low as 2.5 mg/day.'*° An additional effect may be achieved 
by the administration of folic acid.” Very rarely, patients have been 
reported to respond to a crude liver extract, and tryptophan may be 
an active principle, enhancing the effect of pyridoxine." Responses 
to pyridoxine may result in an increase in the steady-state hemoglo- 
bin level of the blood or a decrease in the transfusion requirement, but 
normalization of the hemoglobin level does not usually occur and the 
anemia relapses when pyridoxine administration is discontinued. 

Iron overloading regularly accompanies this disorder and may be 
the cause of death (Chap. 43).*' Iron storage may be enhanced when 
any of the mutations of hereditary hemochromatosis are coinherited.'* 
If the anemia is not too severe or if it can be partially corrected by the 
administration of pyridoxine, phlebotomy may be used to diminish the 
iron burden." Otherwise, it may be advisable to attempt to decrease 
the amount of body iron by iron chelation (Chap. 43). 

Marrow transplantation, both ablative'” and nonmyeloblative, 
has been used on rare occasions to treat patients with severe hereditary 
sideroblastic anemia. 
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CHAPTER 60 
STRUCTURE AND 
COMPOSITION OF 
NEUTROPHILS, 
EOSINOPHILS, AND 
BASOPHILS 


C. Wayne Smith 


Early in precursor development in the marrow, cells destined to be leukocytes of 
the granulocytic series—neutrophils, eosinophils, and basophils—synthesize 
proteins and store them as cytoplasmic granules. The synthesis of primary or 
azurophilic granules defines the conversion of the myeloblast, a virtually agran- 
ular, primitive cell that is the earliest granulocyte precursor identifiable by light 
microscopy, into the promyelocyte, which is rich in azurophilic granules. Synthesis 
and accumulation of secondary or specific granules follows. The appearance of 
specific granules marks the progression of the promyelocyte to neutrophilic, 
eosinophilic, or basophilic myelocytes. Thereafter, the cell continues maturation 
into an amitotic cell with a segmented nucleus, capable of chemotaxis, phago- 
cytosis and microbial killing. The mature granulocytes also develop cytoplasmic 
and surface structures that permit them to attach to and penetrate the wall of 
venules. The mature granulocytes enter the blood from the marrow, circulate 
briefly, and move to the tissues to carry out their major function of host defense. 
Blood neutrophils exhibit the capacity for changes in phenotypic characteristics 
and life span depending on the stimulating milieu of cytokines and chemokines. 
Gene expression profiling studies indicate the neutrophil is a transcriptionally 
active cell, responsive to environmental stimuli, and capable of a complex series 
of early and late changes in gene expression. 


Acronyms and Abbreviations: AML1, AML2, AML3, transcription factor for various 
hematologic lineages; (3a, serum complement fragment 3a; C5a, serum complement 
fragment 5a; CBFA1, CBFA2, core-binding factor subunit a-1 or -2; CCR, C-C chemok- 
ine receptor; C/EBPe, regulating factor of gene expression; C(D11b/CD18, Mac-1 or 
integrin a £; ECP, eosinophil cationic protein; EDN, eosinophil-derived neurotoxin; 
FcyRIIIB, receptor IIIB for the Fc region of IgG; GATA-1, lineage-specific transcription 
factor; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macro- 
phage colony-stimulating factor; GRO, growth-regulated protein; IFN, interferon; 
Ig, immunoglobulin; IL, interleukin; IP-10, interferon-y—induced protein 10; JAK2, 
Janus-associated kinase 2; LPS, lipopolysaccharide; MBP, major basic protein; MMP- 
8, metalloproteinase-8, also called collagenase; MMP-9, metalloproteinase-9, also 
called gelatinase B; NADPH, reduced form of nicotinamide adenine dinucleotide 
phosphate; PAF, platelet-activating factor; PMN, polymorphonuclear neutrophil; 
RUNX1, RUNX2, RUNX3, runt-related transcription factor 1, 2, or 3; SNAP, soluble NSF 
(N-ethylmaleimide-sensitive factor) attachment protein; TGF, transforming growth 
factor; TNF, tumor necrosis factor; VAMP, vesicle-associated membrane protein. 


In the normal adult human, the life of granulocytes is spent in three 
environments: marrow, blood, and tissues. Marrow is the site of dif- 
ferentiation of hematopoietic stem cells into granulocyte progenitors 
and of proliferation and terminal maturation (Fig. 60-1). Precursor 
cell proliferation, which consists of approximately five divisions, occurs 
only during the first three stages of maturation (blast, promyelocyte, 
and myelocyte). After the myelocyte stage, the cells are no longer capa- 
ble of mitosis and enter a large marrow storage pool from which they 
are released into the blood where they circulate for a few hours before 
entering tissues. 


@ NEUTROPHILS 


LIGHT MICROSCOPY AND ELECTRON 
MICROSCOPY 
The Myeloblast 


The myeloblast is an immature cell with a large, oval nucleus, sizable 
nucleoli, and few or no granules. As the earliest precursor in the evolu- 
tion of the neutrophil from the colony forming unit, it is an immature 
cell with a large nucleus and multiple nucleoli (Fig. 60-2). The nucle- 
olus is the site of assembly of ribosomal proteins and ribosomal RNA, 
and is a prominent feature of early maturing cells. The scant cytoplasm 
contains reaction product for peroxidase within the rough-surfaced 
endoplasmic reticulum and Golgi cisternae and, sometimes, in early 
developing azurophilic granules. The dense product of the peroxidase 
reaction serves as a marker of azurophilic granules in human marrow 
and blood cells for electron and for light microscopy.'* 


The Promyelocyte 

In the promyelocyte stage, the azurophilic or primary granules, large 
peroxidase-positive granules that stain metachromatically (red- 
dish-purple) with a polychromatic stain such as Wright stain, are formed. 
Figure 60-3 shows that the promyelocyte produces and accumulates a 
large population of peroxidase-positive granules. Most of the granules 
are spherical and have a diameter of 500 nm, but ellipsoid, crystalline 
forms and small granules connected by filaments also are present.> As 
with other secretory cells, peroxidase is present throughout the secre- 
tory apparatus of the promyelocyte, including cisternae of the rough 
endoplasmic reticulum, all Golgi cisternae, some vesicles, and all devel- 
oping granules.’ 


The Neutrophilic Myelocyte 

During the myelocyte stage of maturation, the specific or secondary 
granules, which are peroxidase negative, are formed (see Fig. 60-2). At 
the end of the promyelocyte stage, peroxidase abruptly disappears from 
rough endoplasmic reticulum and Golgi cisternae, and the production 
of azurophilic granules ceases. The myelocyte stage begins with produc- 
tion of peroxidase-negative specific granules.’ 

The only peroxidase-positive elements at this stage are the 
azurophilic granules. The specific granules are formed by the Golgi 
complex. The granules vary in size and shape but typically are spherical 
(approximately 200 nm) or rod shaped (130 x 1000 nm). Figure 60-4 
shows the cell also labeled with immunogold particles to illustrate the 
presence of lactoferrin, a specific granule marker. Approximately three 
cell divisions occur at this stage of maturation. Mitoses can be observed 
(Fig. 60-5), and the two types of granules appear to be distributed to the 
daughter cells in fairly equal numbers. 


Metamyelocyte, Band, and Mature Neutrophil 
The metamyelocyte and band neutrophils are nonproliferating cells that 
precede the development of the mature neutrophil (see Fig. 60-2). 
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Figure 60-1. Diagrammatic representation of neutrophil (polymor- 
phonuclear neutrophil [PMN]) and stages of maturation (see text for 
discussion). Of every 100 nucleated cells in marrow, 0.5 percent are 
myeloblasts, 5 percent are promyelocytes, 12 percent are myelocytes, 
22 percent are metamyelocytes and bands, and 20 percent are matur- 
ing and mature neutrophilic cells, yielding a total of approximately 60 
percent of cells representing developing neutrophils in normal human 
marrow. (Reproduced with permission from Lichtman’s Atlas of Hematology. 
www.accessmedicine.com.) 


The mature, segmented neutrophilic cells contain primary, peroxidase- 
positive granules and specific peroxidase-negative granules in a 1:2 
ratio. The nucleus of the circulating neutrophil is segmented, usually 
into two to four interconnected lobes. The late stages of maturation 
consist of nondividing cells that can be distinguished by their nuclear 
morphology, mixed granule populations, small Golgi regions, and accu- 
mulations of glycogen particles. On average, an electron micrograph of 
a neutrophil displays 200 to 300 granules, and approximately one-third 
are peroxidase-positive (Fig. 60-6). 
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The violet-colored granules seen with light microscopy in mature 
neutrophils on Wright-stained blood films are azurophilic granules 
whose staining characteristics altered during maturation (Fig. 60-7). There- 
fore, with light microscopy, the most reliable method for identifying 
azurophilic granules on blood films is staining the cells for peroxidase. 
The size of most of the peroxidase-negative granules (approximately 200 
nm) is at the limit of resolution of the light microscope. The granules 
cannot be distinguished individually but are responsible for the pink 
background color of neutrophil cytoplasm during and after the myelo- 
cyte stage. 

Peroxidase-negative granules are more numerous than peroxidase- 
positive granules during the myelocyte stage because peroxidase granule 
formation ceases after the promyelocyte stage, the number of oxidase- 
positive granules per cell is reduced by mitoses, and peroxidase-negative gran- 
ules continue to be produced by each myelocyte generation.’ 

The purpose of nuclear segmentation is not known. Fluorescence 
in situ hybridization with chromosome-specific probes has shown that 
chromosomes are randomly distributed among the nuclear lobes. Some 
mature neutrophils in women have drumstick- or club-shaped nuclear 
appendages. These appendages contain the inactivated X chromosome. 
An X-chromosome-specific nucleic acid probe has confirmed the posi- 
tion of the X chromosomes in the drumstick structure of leukocyte 
nuclei by in situ hybridization.’ 


@ NEUTROPHIL GRANULES 


The diversity of neutrophil granules appears to be linked to the timing 
of biosynthesis during myelopoiesis. The hypothesis is that the different 
subsets of granules are the result of differences in the biosynthetic win- 
dows of the various granule proteins during maturation’ and not the 
result of specific sorting between individual granule subsets (Chap. 66). 
The control of biosynthesis is exerted by transcription factors that con- 
trol the expression of the genes for the various granule proteins. Several 
transcription factors identified as important in the timing of granule 
protein synthesis, including the lineage-specific transcription factor 
GATA-1, the lineage-specific transcription factor PU.1, transcription 
factor for various hematologic lineages, AML1 (also known as runt-re- 
lated transcription factor 1 [RUNX1] or core-binding factor subunit 
alpha-2 [CBFA2]), AML2 (also known as RUNX3), and AML3 (also 
known as RUNX2 or CBFA1), and regulating factor of gene expres- 
sion C/EBPe.”° The importance of C/EBPe has been emphasized by the 
recognition of mutations in this protein in patients with the rare syn- 
drome called “specific granule deficiency,” a condition that leads to 
increased susceptibility to bacterial infections. In neutrophils from these 
patients, total cellular content and release of the secondary and tertiary 
granule markers (e.g., lactoferrin, B,, binding protein, and lysozyme) 
are diminished, although levels of primary granule constituents (e.g., 
myeloperoxidase, $-glucuronidase) generally are normal. 

The granular constituents are released from the membrane- 
enclosed granules into phagosomes or transported to the cell surface 
by a process of exocytosis following stimulation of the neutrophil.’ The 
signal cascade following stimulation of specific receptors on the cyto- 
plasmic membrane results in elevated intracellular Ca”, lipid remod- 
eling, and protein kinase activation, which culminate in fusion of 
granules with phagosomes or the cell surface membrane. The process is 
rapid, highly efficient, and involves families of docking proteins related 
to those found in neurons (e.g., vesicle-associated membrane protein 
[VAMP]-2, syntaxin-4, soluble NSF (N-ethylmaleimide-sensitive fac- 
tor)-attachment protein [SNAP]-23)." 

The granule subsets appear to have a significant differential sensi- 
tivity to undergo exocytosis, ranging from secretory vesicles to tertiary, 
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Figure 60-2. Marrow films. A. Myeloblast is the smaller cell to the lower right. It is the first recognizable precursor in the granulocytic series. Rela- 
tively high nuclear-to-cytoplasmic ratio. Note nucleoli and agranular cytoplasm. Promyelocyte in upper left. This cell is the largest granulocyte pre- 
cursor in the marrow. It often has overt nucleoli, usually more cytoplasm, and azurophilic (primary) granules scattered throughout the cytoplasm and 
overlying the nucleus. B. Two very early neutrophilic myelocytes. They are very similar to the promyelocyte in appearance with nucleoli and scattered 
azurophilic granules throughout the cytoplasm. The distinguishing feature is the burst of tan coloring at the site of the Golgi zone, indicating the 
initial synthesis of neutrophilic granules. C. Large cell to the left is an early neutrophilic myelocyte with more neutrophilic granules evident spread- 
ing from the Golgi zone at the hilus of the nucleus. It still has some features of the promyelocyte. The cell beneath the asterisk is a late neutrophilic 
myelocyte. The cell has decreased in size, the nuclear chromatin has condensed. Nucleoli are not evident and the cytoplasm is nearly filled with 
neutrophilic granules. Below the neutrophilic myelocyte is a neutrophilic metamyelocyte, characterized by its reniform nucleus and cytoplasm filled 
with neutrophilic granules. The cell above the large early myelocyte on the left is a band neutrophil. The nucleus has reached the shape of a sausage 
and is about equal in diameter through its length. D. A band neutrophil (left) and a segmented neutrophil (right). Neutrophilic granules, because of 
their small size, are not resolvable by the light microscope and are inferred by the characteristic tan staining quality of the cytoplasm. (Reproduced with 


permission from Lichtman's Atlas of Hematology. www.accessmedicine.com.) 


secondary, and primary granules, with primary granules being most 
resistant. The significance of this differential release is incompletely 
understood, but some aspects are apparent in the functions of the 
constituents within the granules and granular membranes. For exam- 
ple, secretory vesicles and tertiary granules contain receptors, such as 
CD11b/CD18 (adhesion molecule, Mac-1), formyl peptide receptor 
(chemotactic receptor), FcyRIIB (Fc receptor), and gelatinase (metallo- 
proteinase [MMP]-9), which potentially enhance extracellular interac- 
tions of the neutrophil. Primary granules contain microbicidal proteins 
and acid hydrolases, and the acidic environment of the phagolysosome 
creates an optimal pH for these enzymes. 


BIOACTIVE FACTORS IN GRANULES 


Neutrophil granules are particularly rich in factors with antimicrobial 
activity. Some (e.g., myeloperoxidase) function in conjunction with 


the reduced form of nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase, whereas others (e.g., defensins) exhibit activity 
independent of the oxidative burst. Table 60-1 lists the principal con- 
tents of the four granule types in neutrophils: primary (azurophilic), 
secondary (specific), tertiary, and secretory vesicles.'** 


@ EOSINOPHILS 


LIGHT MICROSCOPY OF EOSINOPHILS 

IN MARROW AND BLOOD FILMS 

The earliest morphologically identifiable form of an eosinophilic leuko- 
cyte is as a late myeloblast or early promyelocyte (see Fig. 60-1). This 
cell is approximately 15 wm in diameter and has a large nucleus with 
nucleoli and a few blue or azurophilic granules in intensely basophilic 


Figure 60-3. Electron micrograph of a neutrophilic promyelocyte 
from normal human marrow reacted for peroxidase. This cell is the larg- 
est of the neutrophilic series. It has a sizable, slightly indented nucleus 
with a nucleolus, a prominent Golgi region (G), centriole (ce), and cyto- 
plasm packed with dense peroxidase-positive (p+) azurophilic gran- 
ules of varying shapes and sizes. Peroxidase reaction product is visible 
in less concentrated form within all compartments of the secretory 
apparatus—endoplasmic reticulum (er), perinuclear cisterna (pn), and 
Golgi cisternae (G), and there are peroxidase negative granules (p—). No 
reaction product is apparent in the cytoplasmic matrix or mitochondria. 
(x8000). 


cytoplasm. The later eosinophilic promyelocyte and myelocyte contain 
mostly acidophilic granules. A lineage-committed eosinophil progeni- 
tor has recently been identified that expresses high levels of interleukin 
(IL)-5 receptor a and is negative for myeloperoxidase.” The fully mature 
eosinophilic leukocyte has a bilobed nucleus (see Fig. 60-7), and its 
cytoplasm is filled with large eosinophilic granules whose rims stain for 
peroxidase and Sudan black. Multilobed nuclei, comparable to those of 
neutrophils, are rare. Eosinophils are susceptible to mechanical damage 
during preparation of blood films. 


ELECTRON MICROSCOPY AND 
CYTOCHEMISTRY 


Eosinophils of the promyelocyte and myelocyte stages stain positively 
for peroxidase in all cisternae of the rough-surfaced endoplasmic retic- 
ulum, including transitional elements and the perinuclear cisterna; 


Figure 60-4. Portion of cytoplasm stained for peroxidase to mark 
the azurophil granules and then immunolabeled with gold particles to 
detect lactoferrin. The peroxidase-positive (p+) azurophil granules con- 
tain dense reaction product, whereas the lighter specific granules are 
peroxidase negative. Many of the peroxidase-negative granules (arrows) 
have gold label within their matrix (x70,000). 


clusters of smooth vesicles at the periphery of the Golgi complex; all 
cisternae of the Golgi complex; and all immature- and mature-spe- 
cific granules.*** Mature granules are completely filled with peroxidase 
except in areas occupied by centrally located crystals. 

In the later stages of development, after granule formation has 
ceased, the eosinophils contain few of the organelles associated with 
the synthesis and packaging of secretory proteins. The endoplasmic 
reticulum is sparse or virtually nonexistent. The Golgi complex is small 
and inconspicuous. The cytoplasm of the mature eosinophil (Fig. 60-8) 
primarily contains granules and glycogen. Most of the granules are spe- 
cific granules with crystals, which usually are centrally located. After 
the myelocyte stage, peroxidase can no longer be detected in the endo- 
plasmic reticulum or Golgi elements of the eosinophil by any of the 
enzyme procedures; however, peroxidase can be found in the matrix 
of granules.'°* 


GRANULES 


Contents 

As with neutrophils, eosinophils contain distinct granular organ- 
elles: primary granules, crystalloid granules, small granules and 
secretory vesicles.*° The crystalloid granules (see Fig. 60-8) 


Figure 60-5. Myelocyte from rabbit marrow in the late stage of mito- 
sis. This myelocyte is in telophase. Note that the granules are relatively 
equally distributed to the daughter cells (x15,000). 


are the largest, 0.5 to 0.8 um in diameter, and contain much of 
the granular protein. The proteins packaged in these granules are 
highly basic proteins, with the crystalline core being mostly major 
basic protein (MBP). The granule matrix contains eosinophil 
peroxidase, eosinophil cationic protein (ECP), and eosinophil- 
derived neurotoxin (EDN). The primary granules contain Charcot- 
Leyden crystals. Charcot-Leyden crystals are bipyramidal crystals 
observed in fluids in association with eosinophilic inflammatory 
reactions. They possess lysophospholipase activity and compose 


A 
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Figure 60-6. Mature neutrophil from normal human marrow reacted 
for peroxidase. The cytoplasm is filled with granules of the two basic 
types: (1) the smaller, pale, peroxidase-negative granules (p—) and (2) 
the large, dense, peroxidase-positive granules (p+). The nucleus is con- 
densed and lobulated (n'=n*), the Golgi region (G) is small and without 
any forming granules, the endoplasmic reticulum is scant, and mito- 
chondria (m) are few (x21,000). 


7 to 10 percent of total eosinophil protein.” The ultrastructural 
localization of this protein is in a large, crystal-free granule and 
supports the presence of a distinct primary granule population in 
mature eosinophils.** MBP consists of two homologues and is 
an abundant granular protein, 5 to 10 pg per cell. Mature eosino- 
phils can no longer express this protein so all MBP is stored during 
development.® Eosinophil peroxidase is an abundant heme-con- 
taining protein (approximately 15 pg per cell) that catalyzes the 
peroxidation of halides together with hydrogen peroxide forming 


Figure 60-7. Images of granulocytes in blood films. A. Image shows two neutrophils, two eosinophils with bilobed nuclei, and a single neutrophil. 
B and C. The images are of basophils showing densely stained metachromatic cytoplasmic granules. (Reproduced with permission from Lichtman's 


Atlas of Hematology. www.accessmedicine.com.) 
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TABLE 60-1. Neutrophil Granules 


Membrane 
Granules Markers NADPH Oxidase Receptors Antimicrobial Enzymes Other Factors 
Primary CD63 BPI-protein Elastase Acid mucopoly- 
(azurophilic) saccharide 
CD68 Defensins (HNP Cathepsin G a,-Antitrypsin 


1-4) 


V-type H*-ATPase 


CAP37 


Proteinase 3 


Myeloperoxidase 


a-Mannosidase 


Lysozyme 


B-Glucuronidase 


B-Glycerophos- 
phatase 


Sialidase 


N-Acetyl-B- 
glucosaminidase 


Secondary CD15 gp91phox Formyl peptide R — Lactoferrin Gelatinase B B,-Microglobulin 
(specific) (MMP-9) 
CD66 p22phox CR3 (CD11b/ Lysozyme Histaminase Vitamin B, ,-bind- 
CD18) ing protein 
CD67 Rap1A Fibronectin R hCAP-18 Sialidase Plasminogen 
activator 
CD11b/CD18 Rap2 G-protein Collagenase 
a-subunit (MMP-8) 
Laminin R Heparinase NGAL (lipocalin) 
Thrombospon- 
dinR 
TNFR 
uPAR 
VAMP-2 
Vitronectin R 
Tertiary CD11b/CD18 gp91phox Formyl peptideR Lysozyme Gelatinase B B,-Microglobulin 
(MMP-9) 
V-type H*-ATPase p22phox CR3 (CD11b/ Acetyltransferase Oncostatin M 
CD18) 
Rap1A uPAR Diacylglycerol- 
deacylating 
enzyme 
VAMP-2 
Secretory CD11b/CD18 gp91phox Formyl peptideR CAP37 Proteinase 3 Plasma proteins 
vesicles (e.g., albumin) 
CD10 p22phox CR1 (CD35) 
CD13 Rap1A CR3 (CD11b/ Decay accelerat- 
CD18) ing factor 
CD45 CR4 (CD11¢/ 
CD18) 
CD35 CigR 
CD14 FcyRIIIB (CD16) 


uPAR 


ATPase, adenosine triphosphatase; BPI, bactericidal/permeability-increasing protein; hCAP, human cationic peptide; HNP, human neutrophil 
peptide; MMP-9, metalloproteinase-9; NGAL, neutrophil gelatinase-associated lipocalin; TNF, tumor necrosis factor; uPAR, urokinase plasmino- 
gen activator receptor, VAMP, vesicle-associated membrane protein. 


Data regarding antimicrobial factors from Refs. 15 to 41. Data regarding enzymes from Refs. 42 to 56. 
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Figure 60-8. Human mature eosinophil incubated for peroxidase. 
Reaction product is present only in granules (g). The rough endoplas- 
mic reticulum (er), including the perinuclear cisterna (pn) and the Golgi 
cisternae (Gc), does not contain reaction product. Most of the granules 
(arrow) contain the distinctive crystalline bar (x8000). 


bactericidal hypohalous acids.66% ECP is a bactericidal protein 
exists in two isoforms (ECP-1 and ECP-2) with activity toward hel- 
minthic parasites. EDN shares high sequence homology with ECP 
and is abundant, approximately 10 pg per cell. Other granule-stored 
proteins include several enzymes of potential importance in inflam- 
mation, including acid phosphatase, collagenase (MMP-8), matrix 
metalloproteases, histaminase, catalase, and phospholipase D.°*” 
Chapter 62 discusses the functional aspects of these granular pro- 
teins. In addition, mature eosinophils retain the ability to synthesize 
a diverse array of proteins including cytokines and chemokines,’?”” 
adhesion molecules,‘ receptors for cytokines, complement com- 
ponents, lipid mediators, and immunoglobulins.” -% 


BASOPHILS AND MAST CELLS 


Basophils (see Fig. 60-7) and mast cells were considered to be derived 
from distinct lineages, but recent data indicates a common basophil- 
mast cell progenitor exists from which mast cells exit the marrow as 
immature precursors and terminally differentiate in tissues; basophils 
mature in the marrow before entering the circulation.®-% This com- 
mon progenitor is derived from the granulocyte-monocyte progenitor. 
The granules of the two cell types stain metachromatically but are dis- 
tinct when examined by electron microscopy (Figs. 60-9 and 60-10). 
Identification of basophils in tissue at the light microscopic level is dif- 
ficult without the use of cell specific antibodies.*” Basophils and mast 
cells express the FceR1 receptor. The cells can phagocytose sensitized 
red cells but are less active phagocytes than the other granulocytes. 
They lack significant amounts of antibacterial or lysosomal enzymes. 
Basophils are found in small numbers in blood (0.5 percent) and can be 
seen in tissues in which inflammation resulting from hypersensitivity to 


Figure 60-9. Mature basophil from human blood reacted for peroxi- 
dase. Note the unusually large nucleus (N) and scattered glycogen par- 
ticles (gl). Human basophil granules contain peroxidase, as illustrated 
by their density (as a result of the presence of reaction product) in this 
type of preparation. They usually are spherical, difficult to fix, and may 
be speckled in appearance (arrow) (x17,000). 


Figure 60-10. Portion of a mast cell from human marrow. Note the 
granules are filled with scroll-like (s) and crystal (c) images and are dis- 
tinct from human basophil granules (see Fig. 60-9) in fine structural 
morphology (x50,000). 


proteins, contact allergy, or skin allograft rejection is present. They have 
been shown to be rich sources of IL-4 and IL-13.%°**8* 

Mast cells are normal residents of connective tissue throughout 
the body. Mast cell granules contain various substances, including 
several preformed biologically active substances such as histamine, 
which causes increased vascular permeability; eosinophil che- 
motactic factor of anaphylaxis; and heparin, which has antith- 
rombin activity.” This accounts for the metachromatic staining 
quality of the granules. The generation of anaphylatoxin (C3a, C5a) 
or the interaction of allergen with immunoglobulin (Ig) E recep- 
tors of plasma membrane can stimulate extracellular release of these 
granule contents and of several newly formed substances, such as 
slow-reacting substance of anaphylaxis, a leukotriene that causes 
contraction of human bronchioles and increased vascular perme- 
ability, and platelet-activating factor (PAF), which causes platelet 
aggregation and the subsequent release of serotonin. This phenom- 
enon is called IgE-mediated mast cell degranulation.” Mast cells 
also have been implicated in various diseases that are accompanied 
by neovascularization (Chap. 63). 


@ METABOLISM OF NEUTROPHILS 


CARBOHYDRATE METABOLISM 


Glycolysis 

Glycolytic (Embden-Meyerhof) Pathway The main energy- 
producing pathway in the neutrophil is glycolysis, resulting in the con- 
version of glucose to lactate.” When intact or homogenized leukocytes 
are incubated with glucose uniformly labeled with “C, approximately 
80 percent of the radioactivity is recovered in lactic acid. Glycolysis is 
inhibited by cortisol.**”” In some cases, the conditions under which the 
neutrophils are disrupted have a significant effect on the activities mea- 
sured.” Hexokinase is the rate-limiting enzyme of glycolysis in normal 
neutrophils.” The rate of glycolysis is not altered during phagocytosis,” 
but ATP levels, normally 1.9 nmol/10° cells, fall to 0.8 nmol/10° cells. 
Both the glycogen stores of neutrophils and the glucose of the plasma 
can serve as the source of glucose. Galactose, mannose, and fructose can 
also be metabolized by leukocytes.” Table 60-2 shows the glycolytic and 
other principal enzymes of the neutrophil. 


Hexose Monophosphate Shunt Pathway 

Neutrophils also metabolize glucose by way of the hexose mono- 
phosphate shunt,'°'” thus accounting for some of the oxygen 
consumption of the cells. In resting cells, the amount of glucose 
metabolized via this route amounts to only 2 to 3 percent of the 
total glucose consumed by the cell. -1° The operation of the hexose 
monophosphate shunt, however, is of special importance to the 
neutrophil, because this pathway provides the NADPH needed for 
generation of microbicidal oxidants. 


Glycogen Metabolism 

Neutrophils contain a large quantity of glycogen arising mostly from 
glucose. Little net synthesis from substrates occurs at the triose phos- 
phate level. Glycogen turnover increases when these cells are deprived 
of glucose, especially if they are engaged in phagocytosis, but resyn- 
thesis occurs when adequate glucose is added.?*''! During phago- 
cytosis by glucose-starved cells, glycogen phosphorylase activity 
rises, but phosphorylase kinase and glycogen synthase levels remain 
unchanged.’ Glycogen first appears in myelocytes and increases with 
cell maturation. 
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PROTEIN SYNTHESIS BY MATURE 
NEUTROPHILS 


Mature neutrophils have been classically viewed as terminally differ- 
entiated cells without the ability to synthesize proteins. This view has 
changed as a result of numerous investigations in vitro and in vivo show- 
ing that neutrophils can synthesize numerous proteins (e.g., cytokines, 
chemokines, growth factors, interferons) potentially important to the 
inflammatory process and the regulation of immune reactions. Table 60-3 
lists some of the proteins expressed by mature neutrophils. The data- 
base for these observations has been extensively reviewed,'”' and 
some potentially important concepts are discussed here. As is evident 
from this list, the diversity is impressive, but the extent of production 
of each protein by individual neutrophils is limited when compared to 
mononuclear cells. However, because neutrophils make up the majority 
of infiltrating cells early in an acute inflammatory process, often emi- 
grating in massive numbers, their aggregate synthetic ability may be 
significant to the course of the inflammatory or healing response. In 
vitro, an array of stimuli have been used to induce protein expression, 
including lipopolysaccharide (LPS), cytokines, chemotactic factors, 
adhesive ligands, opsonized particles, and modulatory cytokines such 
as IL-10 and IL-4. 

The signaling pathways leading to new protein synthesis are sub- 
jects of extensive studies and are briefly described here. Granulocyte 
colony-stimulating factor (G-CSF), granulocyte-macrophage colony- 
stimulating factor (GM-CSF), and IL-10 have the ability to activate signal 
transducer and activator of transcription (STAT) proteins in neutrophils. 
Both STAT-1 and STAT-3 and the upstream kinase Janus-associated 
kinase 2 (JAK2) are rapidly tyrosine phosphorylated. >"! Neutrophils 
express nuclear factor «B-1 (NFxB1)/p50, p65/RelA, and c-Rel. Tumor 
necrosis factor-a (TNF-a), IL-1, and IL-15 lead to the rapid loss of 
IxBa and the concomitant nuclear accumulation of NFxB/Rel proteins. 
This pathway is not activated by G-CSE, GM-CSF, IL-8, or IL-10. PU.1 is 
expressed in mature neutrophils and constitutively binds DNA, and the 
AP-1 transcription factor is evident. Several of the inflammatory medi- 
ators produced by mature neutrophils are AP-1 driven (e.g., TNE, IL-1, 
IL-8, intercellular adhesion molecule [ICAM]).® Production of the CXC 
chemokine IL-8 by neutrophils has been extensively studied, and a wide 
range of stimuli can induce its expression.''’ Cytokines such as TNF-a, 
IL-15, IL-18, and GM-CSF; chemotactic factors such as C5a, PAF, and 
leukotriene B 7 (LTB,); particles such as monosodium urate crystals; 
microbial products such as LPS and zymosan; interaction with antibody 
and complement opsonized bacteria and yeasts; and interactions with 
extracellular matrix molecules such as laminin and fibronectin, all have 
been shown to induce synthesis of IL-8 by neutrophils. In most studies, 
release of significant amounts of protein from the neutrophils and syn- 
thesis of mRNA have been demonstrated. Immunocytochemistry and in 
situ hybridization studies have provided evidence of IL-8 production in 
neutrophils infiltrating inflammatory sites. 

Some of the stimuli that induce expression of IL-8 also stimulate 
production by mature neutrophils of other proinflammatory agents, 
such as growth-regulated protein (GRO)-a, TNF-a, IL-1, oncostatin 
M, and C-C chemokines. In addition, neutrophils may produce anti- 
inflammatory agents such as IL-1RA and transforming growth factor 
(TGF)-£, and of interest is the observation that cytokines such as IL-10 
may have some selectivity with regard to induction of antiinflammatory 
factors in neutrophils. Thus, considerable evidence exists for protein 
synthesis capability in neutrophils, but because this field of study is rel- 
atively new, much work remains to define the importance of the various 
proteins to inflammation, immune reactions and healing, the selectiv- 
ity of the conditions, and disease states linked to the synthetic activi- 
ties of neutrophils. In keeping with its critical role in the inflammatory 
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TABLE 60-2. Glycolytic and Related Enzyme Activities in Neutrophils 


Activity at 37°C in Activity at 30°C in Activity at 25°C in Mixed 
Enzyme Neutrophils* Neutrophils* Leukocytes* 
Hexokinase 78 +14 39:6273 — 
Phosphofructokinase 36 +2 — — 
Aldolase TOET 118.7 + 27.4 123 
Glucosephosphate isomerase 4930+716 — = 
Triosephosphate isomerase 7853 + 323 — 2189 
Glyceraldehyde dehydrogenase 3683 + 124 — 242 
Monophosphoglycerate mutase 508 + 35 — — 
Phosphoglycerate kinase 3744 + 197 — 890 
Enolase 136517 — 734 
Pyruvate kinase E i 4125 + 549 976 
Lactate dehydrogenase 1128 +51 2981 + 893 1165 
Glucose-6-phosphate dehydrogenase Siz 2s Wil 596 + 116.6 176 
6-Phosphogluconate dehydrogenase 2875 — — 
Glutathione reductase 63E — — 
Glutathione peroxidase 1753 — = 
Glutamic oxaloacetic transaminase A} ae 7) — 43 
Adenylate kinase 322 163 + 9.9 149 
a-Glycerophosphate dehydrogenase — — 23 
Isocitric dehydrogenase — — 47 
Fructose 1,6-diphosphatase — 0.76 + 0.18 — 
Isocitrate dehydrogenase — 44.1 + 6.4 — 
Citrate synthase — 32.0 + 5.4 — 
Malate dehydrogenase — 482 + 62.6 — 
Transketolase — 0.99 + 0.27 — 
Phosphorylase A — 9.60 + 2.66 — 
Lipoamide dehydrogenase — 297 113:8 — 
Ca?* ATPase — — 28 
Mg% ATPase — — 30 


ATPase, adenosine triphosphatase. 
*IU/mg protein. ‘IU/L. *Calculated as units/10"' leukocytes, assuming a protein content of 7.4 mg/10" leukocytes. 


TABLE 60-3. Proteins Synthesized by Neutrophils 


Cytokines Receptors Chemokines Growth Factors Miscellaneous 
TNF-a IL-1 receptor antagonist (IL-1RA) IL-8 G-CSF Fas ligand 
IL-1B GRO-a M-CSF CD40 
IL-12 TGF-B GRO-B GM-CSF CD83 
IFN-a IP-10 IL-3 CCR6 
IL-6 MIP-1a VEGF GGER2) 
Oncostatin M MIP-1B TGF-B HLA-DR 

MCP-1 


CCR, C-C chemokine receptor; CD, cluster of differentiation; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-monocyte col- 
ony-stimulating factor; GRO, growth-related oncogene; HLA-DR, human leukocyte antigen-D-related; IFN, interferon; IL, interleukin; IP, inter- 
feron-inducible protein; MCP, membrane cofactor protein; M-CSF, monocyte colony-stimulating factor; MIP, macrophage inflammatory protein; 
TGF, transforming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor. 


TABLE 60-4. Neutrophil Adhesion Molecules 


Neutrophil 
Receptor 


L-selectin (CD62L) 


Classification Ligands 


PSGL-1, E-selectin 


Selectin family 


PSGL-1 (CD162) Mucin family E-selectin, P-selectin 
sLe* glycoproteins Various E-selectin 
glycoproteins 

LFA-1 (CD11a/CD18) a B,-Integrin ICAM-1, ICAM-3 

Mac-1 (CD11b/ a,,8,-Integrin ICAM-1, GPlba, 

CD18) factor X, fibrinogen, 
iC3b 

CR4 (CD11¢/CD18) a,,B,-Integrin Fibrinogen, iC3b 

VLA-2 (CD49b/ aß -Integrin Collagen, laminin 

CD29) 

VLA-3 (CD49c/CD29) a,ß,-Integrin Collagen, laminin, 
fibronectin, tenascin 

VLA-4 (CD49d/ a,b -Integrin VCAM-1, fibronectin 

CD29) 

VLA-5 (CD49e/ a,B,-Integrin Fibronectin 

CD29) 

VLA-6 (CD49f/CD29) aß -Integrin Laminin 

VLA-9 a,B,-Integrin VCAM-1, tenascin 

a_B-, (CD51/CD61) B,-Integrin Vitronectin 


GPlba, glycoprotein Iba; ICAM, intercellular adhesion molecule; LFA, 
leukocyte function-associated antigen; PSGL, P-selectin glycoprotein 
ligand; sLe*, sialyl Lewis X; VCAM-1, vascular cell adhesion mole- 
cule-1; VLA, very-late antigen. 


process, the neutrophils movement from blood to tissues requires sur- 
face adhesion molecules (Table 60-4), chemotactic receptors (Table 
60-5), and the requirement to phagocytize microorganisms through 
opsonin receptors (Table 60-6). 


PHENOTYPIC CHANGES 


Phenotypic changes occur in neutrophils under specific conditions." 
Degranulation results in marked changes in surface expression of an 
array of proteins arriving at the surface from the storage pools of gran- 
ules (e.g., CD11b/CD18, CD66, some B,-integrins). These phenomena 
can be seen in degrees in circulating neutrophils. Exposure of neu- 
trophils to activating factors results in surface and functional changes 
as a result of new synthesis (e.g., Fc region of IgG [FcyR]I following 
elevations in interferon [IFN]-y) or shedding (e.g., loss of L-selectin), 
also seen in circulating neutrophils. Cytokines (e.g., IL-15, IL-1, TNF) 
induce de novo synthesis of proteins (as noted in Table 60-1) to various 
degrees in blood neutrophils. Substantial changes occur once the neu- 
trophil leaves the vasculature, increasing its expression of f,-integrins, 
C-C chemokine receptors (CCRs), and protein synthesis. 

Evidence indicates that in response to specific combinations of 
cytokines (e.g., GM-CSF, TNF-a, IFN-y), neutrophils can acquire 
phenotypic and functional characteristics of immature dendritic anti- 
gen-presenting cells." Thus, any consideration of the “composition” of 
neutrophils requires a detailed understanding of the stage of develop- 
ment and the environment to which the neutrophil is exposed in vivo. 
The neutrophil is a remarkably versatile cell. 
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TABLE 60-5. Chemotactic Receptors on Human 


Neutrophils 
Receptor 


Ligands 


Formyl peptide receptor (FPR) 


(high affinity) 


f-met-leu-phe (fMLP), other 


f-met peptides of bacterial 


origin 


Formyl peptide receptor-like 1 
(FPRL-1) (low affinity) 


f-met peptides, LXA,, SAA, HIV 


envelope domains 


C5aR (high affinity) C5a complement fragment 
CXCR1 (high affinity) IL-8 (CXCL8) 
CXCR2 (high affinity) GRO-a (CXCL1), GRO-B (CXCL2), 


ENA-78 (CXCL5) 


CXCR4 in marrow (high affinity) 
CCR2 (induced; high affinity) 


SDF-1a (CXCL12) 
MCP-1 (CCL2) 


CCR6 (induced; high affinity) 


LARC (CCL20), B-defensin 


Platelet-activating factor R (low 


Platelet-activating factor 


and high affinity) 
BLT1 (high affinity) LTB, 
BLT2 (low affinity) LTB,, other eicosanoids 


CCR, C-C chemokine receptor; CXCR, chemokine-related receptor; 
GRO, growth-regulated protein; IL, interleukin; LTB,, leukotriene B; 
MCP, monocyte chemoattractant protein; SDF, stromal cell-derived 


factor. 


TABLE 60-6. Opsonic Receptors on Neutrophils 


Receptor 


Characteristics 


Ligand 


FcyRI (CD64) 


72 kDa, transmem- 
brane, induced by 
IFN-y 


IgG,, high affinity 


FcyRIIA (CD32) 40 kDa, transmem- IgG, > IgG, low 
brane, constitutive, affinity, binds 
A isoform associates polymeric IgG 
with CR3 

FcyRIIIB (CD16) 50 kDa, GPl-linked, IgG,, low affinity, 


constitutive, associ- 
ates with CR3 


binds polymeric IgG 


FcaR (CD89) 60 kDa, transmem- IgA, polymeric 
brane, constitutive — (e.g., sIgA) 
CR1 (CD35) 160-250 kDa, C3b, C4b 
transmembrane, 
constitutive 
CR3 (CD11b/CD18) 165/90 kDa, trans- iC3b 
membrane, het- 
erodimer, storage 
pool in granules 
CR4(CD11c/CD18) 145/90 kDa iC3b 
transmembrane, 


heterodimer 


CR, complement receptor; FcyR, Fc region of IgG; GPI, glycosyl phos- 
phatidylinositol; IFN, interferon; Ig, immunoglobulin; sigA, secretory 
immunoglobulin A. 


Gene expression profiling has provided rich insights into the 
capacity of the mature neutrophil to change in response to envi- 
ronmental stimuli. Following exposure to 10 ng/mL Escherichia coli 
LPS, 307 genes are activated or repressed.'* These changes include 
transcription factors, cytokines, chemokines, interleukins, surface 
antigens, toll-like receptors, and members of immune mediator gene 
families. Major changes in gene expression occur following LPS," 
migration in wounds," activation by phagocytosis,'’” or during the 
processes of apoptosis." These findings indicate that the neutrophil 
is a transcriptionally active cell responsive to environmental stimuli 
and capable of a complex series of both early and late changes in 
gene expression. 


@ OTHER BIOCHEMICAL FEATURES 
OF NEUTROPHILS. 


The neutrophil is particularly rich in glycogen. The concentration of 
this complex polysaccharide has been reported to average 7.36 mg/10° 
cells." The rate of glucose metabolism by neutrophils is affected 
by insulin in diabetics but not in normal subjects.” Inflammatory 
activation of normal neutrophils stimulates glucose uptake. The plasma 
membrane and the membranes of the intracellular organelles are rich 
in lipids. Five percent of the wet weight of neutrophils is lipid, which 
is distributed among various classes, as shown in Table 60-7.1415 The 
rare polyphosphoinositides are of special interest as sources of inositol 
1,4,5-trisphosphate (a calcium-releasing mediator) and diacylglycerol 
(which activates protein kinase C).”* The main glycolipid of neu- 
trophils is lactosylceramide.'* 

The reduced glutathione content of neutrophils is 9.8 nmol/10’ 
cells.’ The protein content of the neutrophil is 74.2 + 3.1 (mean + 1 SE 
[standard error]) mg/10? cells. These proteins include those of the struc- 
tural matrix of the neutrophil; proteins required for its locomotion, che- 
motactic properties, and adhesiveness; and the many granule proteins 
with bactericidal, hydrolytic, and inflammatory functions. Table 60-8 
summarizes the unbound amino acid concentration in neutrophils. 

Table 60-9 summarizes the levels of nucleotides in the neu- 
trophils.'*°'?! Neutrophils contain all the forms of RNA needed for pro- 
tein synthesis.'**'** The DNA content of neutrophils is identical to that 
of all other haploid cells, at 0.7 pg DNA phosphorus per cell.'** 


TABLE 60-7. Lipid Composition of Neutrophils 


Lipid Content (%) 
Phospholipid 35 
Phosphatidylcholine 12 
Phosphatidylethanolamine 12 
Sphingomyelin 6.5 
Phosphatidylserine 1.5 
Phosphatidylinositol 1.5 
Phosphatidic acid 1.5 
Triglyceride 20 
Glycolipid 16 
Cholesterol 10 


Data from DiScipio RG, Schraufstatter | U: The role of the comple- 
ment anaphylatoxins in the recruitment of eosinophils. Int Immuno- 
pharmacol 7:1909, 2007 and Sullivan BM, Locksley RM: Basophils: a 
nonredundant contributor to host immunity. Immunity 30:12, 2009. 
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TABLE 60-8. Unbound Amino Acid Concentrations in 
Leukocytes (Lymphocytes Included) 


Amino Acid umol/kg Water* 
Alanine 2881 + 256 
Arginine <290 
Ergothioneine <300 
Ethanolamine <250 
Glutamic acid 2745 + 251 
Glutamine 2650 + 251 
Histidine 762 +70 
Leucine plus isoleucine 19991195 
Lysine 21114216 
Methionine 391 +54 
O-phosphoethanolamine 2651 + 389 
Ornithine IE ae 1113) 
Phenylalanine 647 + 105 
Proline 862 +79 
Serine plus glycine 13,021 + 1480 
Taurine 28,683 + 2726 
Threonine 2345 + 174 
Tryptophan 222 ae 3) 
Tyrosine 480 + 97 
Valine 1335 ae 132 
*Mean + 1 SD. 


The average folic acid content of the leukocytes of normal subjects 
is 0.1 mcg/mL of packed leukocytes. Approximately 20 percent of the 
folic acid is free and the remainder conjugated. The cocarboxylate con- 
tent of neutrophils is 340 mcg/10" cells," pyridoxal phosphate 0.24 to 
0.38 ng/10° cells, thiamine 67.5 + 4.1 mcg/100 mL,'” ascorbic acid 
16.5 + 5.1 mg/100 mL,” and folate 92 ng/mL.'** 


TABLE 60-9. Nucleotides in Leukocytes (Lymphocytes 


Included) 


Nucleotide nmol/10° Cells 
(Mean + SE) 

NAD (nicotinamide adenine SY) ab 2)(0) 

dinucleotide) 

NADH (reduced form of nicotin- 2S) an 72.33} 

amide adenine dinucleotide) 

NADP (nicotinamide adenine 8+1.5 

dinucleotide phosphate) 

NADPH (reduced form of nico- 24+39 

tinamide adenine dinucleotide 

phosphate) 

ATP 8800 

ADP (adenosine diphosphate) 1600 

AMP (adenosine monophosphate) 6100 
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CHAPTER 61 
PRODUCTION, 
DISTRIBUTION, AND 
FATE OF NEUTROPHILS 


C. Wayne Smith 


Blood neutrophil levels are maintained in a normal steady state by 
hematopoiesis in the marrow, the distribution of neutrophils between 
the marginated pool in the microvasculature and the freely circulating 
pool in the blood, and the rate of egress from blood to tissues. Marrow 
production of neutrophils is regulated by three principal glycoprotein 
hormones, or cytokines: interleukin-3, granulocyte-monocyte colony- 
stimulating factor, and granulocyte colony-stimulating factor (G-CSF), 
but only the genetic elimination of G-CSF has a measurable effect on 
blood neutrophil levels. The latter two cytokines are available as recom- 
binant pharmaceutical products that can be administered therapeutically 
to ameliorate certain causes of neutropenia. Neutrophil interaction with 
endothelium is mediated by selectins, glycoproteins with sugar-bind- 
ing sites that support shear-dependent rolling on endothelium, and by 
integrins on the neutrophil binding to ligands on the endothelial cells, 
permitting firm attachment to endothelium and emigration into tissues. 
Neutrophils have a short life span in blood, with a disappearance half- 
time of approximately 7 hours. The process can be accelerated when 
inflammation is present and highlights the need for a sustained rate of 
production to maintain a normal blood neutrophil count. The pathogen- 
esis of neutropenia is more complex to analyze kinetically than anemia 
or thrombocytopenia because at least four compartments are involved: 
marrow storage pool, circulating pool, marginated pool, and tissue pool. 
The latter is particularly difficult to assay. Measurements can be further 
complicated in the nonsteady state, when dramatic increases in turnover 
rates and distribution among the four principal pools are in disequilib- 
rium, as occurs during acute inflammatory states. 


Acronyms and Abbreviations: 8 -Integrin, a member of family of recep- 
tors that mediate attachment between a cell and the tissues surrounding it; Ca, 
chemotactic fragment of complement component C5; CD, one of the cluster of dif- 
ferentiation antigens; CSF, colony-stimulating factor; DF”P, diisopropyl fluorophos- 
phate; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-monocyte 
colony-stimulating factor; IL, interleukin; L-selectin (and other selectins), a member 
of selectin family of proteins, which are leukocyte cell-adhesion molecules; Mr, rela- 
tive molecular mass; NTR, neutrophil turnover rate; T, ., half-time; TBNP, total blood 
neutrophil pool; TNF-a, tumor necrosis factor-a. 
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@ DEFINITION AND HISTORY 


Neutrophils are produced in the marrow, where they arise from progen- 
itor and precursor cells by a process of cellular proliferation and matu- 
ration. They differentiate from the pluripotential stem cell’” through a 
series of progressively more committed progenitor or colony-forming 
units, including the granulocyte-monocyte colony-forming unit and the 
granulocyte colony-forming unit, which give rise to neutrophils.** The 
early progenitor cells cannot be recognized under the microscope 
but can be identified retrospectively by the type of colony formed in 
culture of marrow cells (Chap. 18). The earliest morphologically recog- 
nizable neutrophil precursor is the myeloblast. From there, the formal 
sequence of precursor development is myeloblast > promyelocyte > 
myelocyte > metamyelocyte > band neutrophil > segmented neu- 
trophil (Chap. 60). The term granulocyte often is loosely used to refer 
to neutrophils but strictly speaking includes eosinophils and basophils. 
Eosinophilic (Chap. 62) and basophilic granulocytes (Chap. 63) develop 
from progenitors in a manner analogous to the neutrophils, although 
commitment to neutrophilic, eosinophilic, or basophilic development 
probably is established at an early progenitor stage, and are dependent 
on the cytokines interleukin (IL)-5 and stem cell factor, respectively. 

The normal human neutrophil production rate is 0.85 to 1.6 x 10° 
cells/kg per day. Mature neutrophils are stored in the marrow before 
they are released into the blood. In the absence of an inflammatory 
focus, they leave the circulation randomly, with a half-disappearance 
time of approximately 7 hours. The cells then enter the tissues and prob- 
ably function for 1 or 2 days before their death or loss into the gastroin- 
testinal tract through mucosal surfaces. 

The marrow has an impressive capacity to produce neutrophils, 
yet it is carefully regulated both at steady state and in times of height- 
ened demand. This chapter outlines current concepts of neutrophil pro- 
duction, distribution, and survival. For detailed data and methods, the 
reader is referred to original articles and reviews on neutropoiesis and 
neutrophil kinetics.” 


@ REGULATION OF NEUTROPHILIC 
GRANULOPOIESIS 


Although the primary cellular manifestation of commitment is the 
expression of receptors for lineage-specific hematopoietic growth fac- 
tors, the “decision” for a stem cell to self-renew is, at least partially, a 
stochastic event.'!* On the other hand, stromal elements, collectively 
referred to as the hematopoietic microenvironment, release short-range 
signals that regulate the process of commitment from multipotential 
stem cell pools. Although many details of hematopoietic stem cell reg- 
ulation (Chap. 18) remain to be elucidated, much is known regarding 
the interaction of hematopoietic cytokines with their receptors and 
actions on the committed granulocyte progenitor cells and their mature 
progeny." -74 


HUMORAL REGULATORS 


The humoral regulators involved in granulopoiesis have been 
defined by in vitro culture systems.” Originally identified by their 
ability to stimulate colony formation from marrow progenitor cells, 
the hemopoietic cytokines were initially termed colony-stimulating 
factors (CSFs) based on this assay system.” With regard to neu- 
trophil production, at least four human CSFs have been defined. 
Granulocyte-monocyte colony-stimulating factor (GM-CSF) is a 


22,000 relative molecular mass (Mr) glycoprotein that stimulates the 
production of neutrophils, monocytes, and eosinophils. Granulocyte 
colony-stimulating factor (G-CSF) has a Mr of 20,000 and stimulates 
exclusively the production of neutrophils. IL-3, or multi-CSF, also 
has a Mr of 20,000 and acts relatively early in hematopoiesis, affect- 
ing pluripotential stem cells. Finally, stem cell factor (also known as 
c-kit ligand or steel factor), with a Mr of 28,000, acts in combination 
with IL-3 and/or GM-CSF to stimulate the proliferation of the early 
hematopoietic progenitor cells, basophils and mast cells. 

In addition to their effects on neutrophil precursors, G-CSF and 
GM-CSF act directly on the neutrophil, enhancing its function. These 
cytokines regulate the production, survival, and functional activity of 
neutrophils.”!*?"*’” In a murine model of severe bacterial infection, 
endothelial cells translate pathogen signals into G-CSF-driven mar- 
row neutrophil production.” The mature neutrophil lacks IL-3 recep- 
tors and thus is not affected by IL-3. In fact, the genetic elimination of 
IL-3 obliterates delayed type hypersensitivity. However, IL-3 receptors 
are present on mature eosinophils and monocytes. IL-3 is produced by 
activated T lymphocytes and thus is expected to have a physiologic role 
in circumstances of cell-mediated immunity. GM-CSF also is produced 
by activated lymphocytes. However, like G-CSF, it also is elaborated by 
mononuclear phagocytes and endothelial and mesenchymal cells when 
these cell types are stimulated by certain cytokines, including IL-1 and 
tumor necrosis factor, or bacterial products, such as endotoxin.” 
Stem cell factor is secreted by a variety of cells, including marrow stro- 
mal cells,’ and affects the development of several kinds of tissues.*?** 

The activities of exogenously administered biosynthetic (recom- 
binant) human G-CSF and GM-CSF in humans are well docu- 
mented.?>?35-37 G-CSF administration rapidly induces neutrophilia, 
whereas GM-CSF causes an increase in neutrophils, eosinophils, and 
monocytes. GM-CSF cannot be detected easily in normal plasma; thus, 
its role as a day-to-day, long-range modulator of neutrophil production 
is uncertain. Mice in which the GM-CSF gene is “knocked out” have 
generally normal hematopoiesis, but show macrophage abnormalities, 
pulmonary alveolar proteinosis, and decreased resistance to microbial 
challenge.” However, G-CSF appears to be a critical regulator of neu- 
trophil development, as giving an animal an antibody to G-CSF leads 
to profound neutropenia.” The G-CSF knockout mouse shows severe 
neutropenia.” Neutropenia that results from a production disturbance, 
such as exposure to cytotoxic drugs, is associated with high circulating 
serum concentrations of G-CSF.“ 


Bone marrow 
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NEUTROPHIL KINETICS 


Methods used to study granulocyte kinetics can be categorized as fol- 
lows: (1) neutrophil depletion or destruction to determine the size and 
rate of mobilization of reserves and the level of compensatory neu- 
trophil production; (2) use of radioactive tracers to study neutrophil 
distribution, production rates, and survival times; (3) mitotic indices of 
marrow granulocytic cells to assess proliferative activity and cell cycle 
times; and (4) induced inflammatory lesions to study cell movement 
into the tissues. Of these categories, the most popular has been the use 
of radioactive tracers. 

Neutrophil production and neutrophil kinetics usually are ana- 
lyzed by describing neutrophil movement through a number of inter- 
connected compartments. These compartments can be arranged into 
three major groups: the marrow, the blood, and the tissue (Fig. 61-1). 
The complexities of analyzing these compartments are covered in sev- 
eral recent reviews. 


The Marrow 

Marrow neutrophils can be divided into the mitotic, or proliferative, 
compartment and the maturation storage compartment. Myeloblasts, 
promyelocytes, and myelocytes are capable of replication and constitute 
the mitotic compartment. Earlier progenitor cells are few in number, 
not morphologically identifiable, and usually neglected in kinetic stud- 
ies. Metamyelocytes, bands, and mature neutrophils, none of which rep- 
licate, constitute the maturation storage compartment. 

The average number of cell divisions from the myeloblast to the 
myelocyte stage in the proliferative compartment has been estimated 
between four and five.” Data obtained using radioactive diisopropyl 
fluorophosphate (DFP) suggest the existence of three divisions at the 
myelocyte stage, but the number of cell divisions at each step may not be 
constant. The major increase in neutrophil number probably occurs at 
the myelocyte level, because the myelocyte pool is at least four times the 
size of the promyelocyte pool. Because of the difficulties in measuring 
human intramarrow neutrophil kinetics, a precise model of the dynam- 
ics of the mitotic compartment is not available. 

‘Table 61-1 lists the estimated sizes of the marrow neutrophil com- 
partments and the transit times and cell-cycle stages of the cells in the 
various compartments. Precise studies have measured a postmitotic 
pool of (5.59 + 0.9) x 10° cells/kg and a mitotic pool (promyelocytes 
and myelocytes) of (2.11 + 0.36) x 10° cells/kg. These studies led to a 


Figure 61-1. Scheme of maturation of neutrophil 
precursor cells. The myeloblast is the first recogniz- 
able precursor of neutrophils. Myeloblasts undergo 
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division and maturation into promyelocytes and 
thereafter into neutrophilic myelocytes after which 
stage mitotic capability is lost. The major compart- 


ments of precursor proliferation and distribution 
are indicated across the top of the figure: marrow, 
blood, and tissues. The marrow precursor compart- 


ment is made up of the proliferating compartment 
(myeloblasts through myelocytes) and the matura- 
tion and storage compartment (metamyelocytes 


to mature polymorphonuclear neutrophils [PMN)). 
Under normal conditions, cells do not return from 


the tissue compartment to the blood or marrow. 
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TABLE 61-1. Marrow Neutrophil Kinetics 


Fraction in Mitosis Fraction in DNA Transit Time 
(Mitotic Index) Synthesis (S Phase) Range (h) Total Cells (x 0°/kg) 
Mitotic compartment 
Myeloblast 0.025 0.85 23 0.14 
Promyelocyte 0.015 0.65 26-78 0.51 
Myelocyte 0.011 0.33 17-126 1.95 
Maturation storage compartment 
Metamyelocyte 8-108 DM 
Band 12-96 3.6 
Polymorphonuclear neutrophil 0-120 215 


calculated normal marrow neutrophil production of 0.85 x 10° cells/ 
kg per day. Radioautographic studies with [H]thymidine support the 
concept of an orderly progression from metamyelocytes to mature 
neutrophils within the maturation storage compartment. These studies 
also suggest a “first in, first out” pattern for cells leaving this compart- 
ment and entering the blood. Several labeling techniques indicate the 
myelocyte-to-blood transit time is 5 to 7 days.'?*° Previous studies with 
DF*”P reported a range from 8 to 14 days.’ During infections, how- 
ever, the myelocyte-to-blood transit time may be as short as 48 hours.” 

Whether the production of neutrophils in the mitotic compart- 
ment exactly equals the neutrophil turnover rate (NTR) is not known 
with certainty. Studies in dogs suggest some immature neutrophils 
die in the marrow (“ineffective granulopoiesis”).” Ineffective gran- 
ulopoiesis has not been shown in normal humans,'** although inef- 
fective granulopoiesis occurs in some pathologic states, including the 
myelodysplastic syndromes,” myelofibrosis, and some of the idiopathic 
neutropenic disorders. At present, however, no convenient means of 
quantitating ineffective granulopoiesis is available. 

On completion of maturation, the neutrophils are stored in the 
marrow and are referred to as the mature neutrophil reserve. The reserve 
contains many more cells than are normally circulating in the blood. 
Table 61-2 lists comparative data on the characteristics of the matura- 
tion storage compartment. Under stress, maturation time may be short- 
ened, divisions may be skipped, and release into the blood may occur 
prematurely. 


The Blood 

Neutrophils leave the marrow storage compartment and enter the 
blood without significant reentry into the marrow. The total blood 
neutrophil pool (TBNP) consists of all the neutrophils in the vascular 
spaces. Some of these neutrophils are free in the circulation (the circu- 
lating pool), while others roll along the endothelium of small vessels or 


are temporarily sequestered in the alveolar capillaries of the lung (the 
marginated pool).°**°* Cells in the two pools are freely exchangeable. 
When neutrophils labeled with DF”P are injected into normal sub- 
jects, approximately half can be accounted for in the circulating pool; 
the remainder enters the marginated pool.>’ Neutrophils shift from the 
marginated to the circulating pool with exercise, epinephrine injection, 
or stress, but eventually the neutrophils leave the blood and enter the 
tissues. Once the neutrophils enter the tissues, they do not normally 
return to the blood. The flow of cells is unidirectional. 

DF*”P-labeled neutrophils disappear from the circulation with a 
half-time (T,,,) of 6.7 hours.”°”** These data are supported by the find- 
ing that more than half of Pelger-Huét cells infused into a normal indi- 
vidual disappeared after 6 to 8 hours.” Data obtained with *'Cr-labeled 
neutrophils give substantially longer half-times.® The exponential dis- 
appearance of cells from the blood suggests the cells leave in a random 
manner. Thus, neutrophils newly released from the marrow are as likely 
to leave the blood as are neutrophils that have been circulating for sev- 
eral hours. Neutrophils also are eliminated by programmed cell death 
and disposed of by the macrophage system.®™61-64 

Direct observations of blood vessels have revealed some degree 
of leukocyte rolling along the endothelium (first observed many years 
ago by Atherton and Born®). Although the observation has been clearly 
confirmed by numerous laboratories in different species of animals, the 
extent to which this phenomenon contributes to the marginated pool of 
neutrophils is uncertain. 

A more compelling concept of the marginated pool is derived 
from investigations of the vascular bed of the lung. A distinctive 
characteristic of this tissue is the complex interconnecting network 
of short capillary segments where the path from arteriole to venule 
crosses several alveolar walls (often more than eight) and often con- 
tains more than 50 capillary segments.*-® Compared to blood in the 
large vessels of most vascular beds, the blood in this complex network 


TABLE 61-2. Comparative Data on Marrow Maturation Storage Compartment 


Size (Cells x 10° kg) Transit Time (Days) Measurement Technique Reference 
6.5-13 4-8 [?H]thymidine, in vitro DF?2P 5 

3-23 8-14 In vivo and in vitro DF??P 45 

5.6 6.6 Fe and neutrophil/erythroid ratio 14 


DF*P, diisopropyl fluorophosphate. 


contains approximately 50-fold more neutrophils and even more lym- 
phocytes and monocytes.” Videomicroscopic study of these vessels 
in animal models has revealed the transit of neutrophils through this 
network required a median time of 26 seconds and mean time of 6.1 
seconds.” In contrast, the transit times of red blood cells ranges from 
1.4 to 4.2 seconds. The increased transit time results primarily from the 
time neutrophils are stopped within this vascular network. The longer 
time required for the neutrophils to pass through this bed apparently 
accounts for their increased concentration. 

Recruitment of neutrophils into the lungs through the alveolar 
capillary network contrasts with the recruitment of neutrophils through 
postcapillary venules at sites of inflammation in a number of important 
ways. The tethering mechanisms required to capture neutrophils from 
flowing blood in larger vessels apparently are not necessary in the alve- 
olar capillary bed. The diameters of spherical neutrophils (6 to 8 um) 
are larger than the diameters of many capillary segments (2 to 15 wm). 
Approximately 50 percent of the capillary segments would require neu- 
trophils to change their shape in order to pass through.”” Given the 
large number of capillary segments through which a neutrophil must 
pass (often more than 50), most neutrophils must change shape during 
transit from arteriole to venule. Morphometric analysis of neutrophils 
in the alveolar capillary beds has revealed significant deviation from 
spherical shape.” Computational models of the capillary bed describ- 
ing flow, hematocrit, pressure gradients, and the effects of deformation 
on the capillary transit times of neutrophils support the concept that 
the structure of the capillary bed and the deformation of neutrophils are 
critical under normal conditions. Thus, the enormous lung vascular bed 
contains a substantial number of neutrophils that can be mobilized into 
the systemic circulation with stimuli such as epinephrine or exercise. 

During inflammation, much of the sequestration and infiltration 
occur through vessels so narrow that physical tapping is sufficient to 
stop the flowing neutrophil.*””°” Binding of mediators such as che- 
motactic factors (e.g., C5a, the chemotactic fragment of complement 
component C5) to neutrophil receptors induces a transient resistance 
of the cells to deformation.” Because neutrophils must deform to 
pass through the capillary bed, leukocyte activation by inflammatory 
mediators could affect further concentration of neutrophils at the alve- 
olar walls. The role of mechanical factors in the initial sequestration 
of neutrophils in the alveolar capillaries is supported by evidence that 
neither L-selectin nor f,-integrins are required.”**** In contrast, both 
selectins and f,-integrins are required for localization of neutrophils in 
postcapillary venules at sites of inflammation. 

The events following the initial sequestration of neutrophils within 
alveolar capillary beds are influenced by adhesion molecules. For exam- 
ple, simple systemic activation of neutrophils by intravenous injection 
of chemotactic factors (e.g., IL-8 or C5a) results in rapid (<1 minute) 
neutropenia with massive sequestration of neutrophils within alveolar 
capillaries. This event is not dependent on L-selectin or £,-integrins, 
but the retention times within this capillary bed are influenced by these 
adhesion molecules.”* Adhesion likely is an interaction of leukocyte 
adhesion molecules and endothelial adhesion molecules. Blockade of 
the adhesive mechanism (e.g., using blocking monoclonal antibodies) 
results in release of neutrophils from the lungs.”******* Mediator-in- 
duced decreases in deformability are temporally correlated with upreg- 
ulation of $,-integrins (e.g., both occurring within approximately 
1 minute of exposure to IL-8). This allows both physical trapping and 
sticking to the vascular wall within the alveolar capillary bed. A simi- 
lar phenomenon occurs in the liver where sequestration is the result of 
physical trapping and liver injury is heavily dependent on adhesion of 
leukocytes through the §,-integrins.® 

Assuming a random loss of neutrophils from the blood, NTR can 
be calculated from T,,, and TBNP: NTR = 0.693 x TBNP/T,,,. In the 
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TABLE 61-3. Definitions and Calculations Relating to 


Blood Neutrophil Kinetics 


Circulating neutrophil pool (CNP) = Blood neutrophil concentration 
x blood volume 


Total blood neutrophil pool (TBNP) = All neutrophils in the circulation 
Marginal neutrophil pool (MNP) = TBNP - CNP 


Blood clearance half-time (T, ,.) = Disappearance time of half 
the labeled neutrophils from 
circulation 


0.693 x TBNP 


Neutrophil turnover rate (NTR) = 
1/2 


steady state, NTR measures the rate of effective neutrophil production. 
Table 61-3 lists the definitions and calculations related to blood neu- 
trophil kinetics. Table 61-4 lists data for normal human blood neu- 
trophil kinetics. The high production rate of neutrophils under normal 
conditions is remarkable, especially given that the rate may increase 
several fold in response to inflammatory stimuli. 

Glucocorticoids increase TBNP by increasing influx from the 
marrow and decreasing efflux from the circulation. Five hours after a 
pharmacologic dose of glucocorticoid, the neutrophil count increases 
by approximately 4000/uL because of release from the marrow, demar- 
gination, and prolongation of T |, to approximately 10 hours.” *? Con- 
sistent with the increase in T p prednisone reduces the accumulation of 
neutrophils at induced sites of skin inflammation.” With alternate-day, 
single-dose prednisone, neutrophil counts and kinetics are normal 24 
hours after administration and during the day off. Endotoxin causes 
a prompt neutropenia as a result of cell margination and sequestra- 
tion, followed in 2 to 4 hours by a rebound neutrophilia as a result 
of cell release from the marrow. The size of the neutrophilic response 
correlates with the functional marrow reserves.” After epinephrine 
administration, a peak leukocytosis occurs in 5 to 10 minutes and rarely 
lasts more than 20 minutes. This finding reflects a shift of cells from the 
marginated to the circulating pool. 


MIGRATION OF NEUTROPHILS INTO TISSUES 


The migration of neutrophils from blood into tissue at sites of inflam- 
mation involves a series of sequential adhesive steps proceeding from 
tethering (rolling adhesion) on endothelium under shear conditions in 


TABLE 61-4. Data for Human Blood Neutrophil Kinetics 


Mean Pool 
Pool Size x 10’ kg 95% Limits 
TBNP 70 14-160 
CNP 31 11-46 
MNP 39 0-85 
Mean Value 95% Limits 
Blood clearanceT,,, 6.7 h 4-10 h 
NTR 63 x 10’ kg/day 50-340 x 107 kg/day 


CNP circulating neutrophil pool; MNP, marginal neutrophil pool; NTR, neu- 


trophil turnover rate; T, re half-time; TBNP, total blood neutrophil pool. 


postcapillary venules.” This model has been investigated in a variety of 
vascular beds” and in vitro with monolayers of endothelial cells in par- 
allel plate flow chambers.” The tethering event in this model depends 
on adhesion molecules in the selectin family, E-selectin and P-selectin 
on the endothelium, L-selectin on the neutrophil, and ligands for the 
selectins expressed on both cell types. These adhesion molecules are 
necessary to efficiently initiate the cascade of adhesive steps ultimately 
leading to firm attachment of the neutrophils to endothelium. The cas- 
cade appears to be necessary for neutrophils to move from blood to 
tissues because the unstimulated neutrophil is not adhesive to endothe- 
lium.°*" The integrins necessary for firm adhesion and cell locomotion 
require stimulation to promote sufficient increases in avidity or affinity 
to support these functions (Chap. 19). 


LIFE SPAN OF NEUTROPHILS 


After emigrating into tissue, the life span of neutrophils can be signifi- 
cantly prolonged (24 to 48 hours). Programmed cell death (apoptosis) 
accounts for significant removal of tissue neutrophils through phagocy- 
tosis by macrophages. The constitutive rate of apoptosis of neutrophils is 
altered by inflammatory cytokines and chemokines. For example, tumor 
necrosis factor-a (TNF-a) accelerates the rate, but endotoxin, G-CSF, 
GM-CSF, IL-15, and IL-3 inhibit the rate of apoptosis. The balance of 
these effects at specific inflammatory sites is poorly understood, but the 
functional life of neutrophils in tissue appears to be controlled by the 
rate of apoptosis. Apoptotic neutrophils lose the ability to release gran- 
ular enzymes in response to external stimuli (see below), and marked 
changes in cell surface proteins occur (e.g., CD16, CD43, CD62L are 
greatly reduced). Although the loss of responsiveness may contribute to 
resolution of the inflammatory process, evidence indicates macrophages 
also are altered by the phagocytosis of apoptotic neutrophils. In con- 
trast to the macrophage response to phagocytosis of microbes, where 
secretion of proinflammatory cytokines (e.g., IL-1) and chemokines 
(e.g., IL-8) is stimulated, phagocytosis of apoptotic neutrophils fails to 
provoke secretion of proinflammatory factors; instead, phagocytosis 
stimulates release of factors that may suppress inflammatory responses 
(e.g., transforming growth factor-B and prostaglandin E,). Macrophage 
recognition of apoptotic neutrophils is partially understood to involve 
the vitronectin receptor « f, and the thrombospondin receptor CD36 
on the macrophage surface. In addition, phosphatidylserine residues on 
the neutrophil are involved. 

Neutrophils are capable of phenotypic changes depending on the 
tissue and cytokine/chemokine milieu at the time of their migration 
into tissue (Chap. 60). Because our understanding of neutrophil physi- 
ology is relatively new, knowing the extent of this phenomenon on neu- 
trophil life span in tissues is not possible at present. 


@ EVALUATION OF ADEQUACY OF 
NEUTROPHIL RESERVES 


WHITE CELL COUNT AND MARROW 
CELLULARITY 


White cell and absolute neutrophil counts are the most widely used 
guides to the status of neutrophil production. They are useful in evalu- 
ating the effects of cytotoxic chemotherapy, although they do not pro- 
vide quantitative information on the rate of neutrophil production or 
destruction, the status of marrow reserves, or the presence of abnormal- 
ities in cell distribution. 

Gauging neutrophil production by the appearance of marrow 
films, clot sections, or biopsies suffers from the limitations of sampling 
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error and relatively poor correlation with kinetics, as measured by other 
techniques.® For example, the morphologic findings in the marrow of a 
“maturation arrest? with little neutrophil development beyond the pro- 
myelocyte or myelocyte stage, does not distinguish between a defect in 
precursor cell maturation and rapid mobilization of postmitotic cells 
from the marrow. Similarly, distinguishing by purely morphologic means 
neutropenic conditions resulting from ineffective neutrophil produc- 
tion from conditions caused by peripheral destruction of neutrophils 
often is difficult. However, despite these limitations, when the absolute 
neutrophil count and marrow cellularity are used together, they provide 
a useful guide in most clinical settings. If the absolute neutrophil count 
is less than 1.0 x 10°/L and multiple marrow aspirations and/or biopsies 
are hypocellular, the patient almost invariably has impaired production 
of marrow neutrophils. Very low neutrophil counts predispose to infec- 
tions by bacteria and certain fungi (e.g., Candida and Aspergillus). Such 
infections become especially troublesome as the neutrophil count falls 
below 0.5 x 10°/L (Chap. 65). Unfortunately, the converse is not true. 
The finding of cellular marrow and neutrophil count >1.0 x 10°/L does 
not mean production is normal. Nevertheless, when marrow cellularity 
and absolute neutrophil count are considered together, they provide the 
most clinically useful assessment of neutrophil production. 


FUNCTIONAL EVALUATION 


Several agents that increase neutrophil numbers in circulation, 
including glucocorticoids, endotoxin, and etiocholanolone, have 
been used to evaluate neutrophil reserves in a clinical setting. These 
agents have been supplanted by recombinant human G-CSF, a 
remarkably nontoxic cytokine that, when given in therapeutic doses 
(5 to 8 mcg/kg), increases the blood neutrophil count by stimulat- 
ing neutrophil production and accelerating neutrophil release from 
the marrow storage compartment (Chap. 65). The increase in neu- 
trophil production results from a threefold increase in the number 
of cell divisions in the mitotic compartment and shortening of the 
maturation time from myelocyte to neutrophil from 4 to 5 days to 
less than 1 day.” Thus, as a byproduct of its therapeutic action, 
G-CSF administration directly tests an individual’s capacity to pro- 
duce neutrophils. This effect of G-CSF makes obsolete most of the 
older methods for evaluating neutrophil compartments. 

G-CSF does not test the distribution of neutrophils between the 
marginated and circulating pools. On the rare occasions when such 
information is desirable, epinephrine stimulation can be used to assess 
the distribution. For this purpose, epinephrine 0.1 mg infused intra- 
venously over 5 minutes has been used, and blood for white counts is 
obtained before and 1, 3, and 5 minutes after completion of the epi- 
nephrine infusion. Normally the neutrophils increase by approximately 
50 percent after epinephrine infusion.“ 
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CHAPTER 62 
EOSINOPHILS AND RELATED 
DISORDERS 


Andrew J. Wardlaw 


Eosinophils continue to be studied intensively, in large part, as a result of their 
potential role in the pathogenesis of asthma. The concept of the eosinophil as 
a cell that has protective effects against helminthic parasite infection, but can 
cause tissue damage when inappropriately activated, remains intact, although 
the evidence for both these roles is circumstantial. Eosinophil production and 
function are profoundly influenced by interleukin (IL)-5; and, thus, eosino- 
philia is associated with diseases characterized by T-helper (Th)2-mediated 
immune responses, including infections by helminthic parasites and extrinsic 
asthma. However, eosinophilia also occurs in diseases not obviously associated 
with Th2 dominance, such as intrinsic asthma, hypereosinophilic syndromes 
(HESs), and inflammatory bowel disease. Thus, IL-5 and other eosinophil 
mediators can be generated in various types of inflammatory response. 

The eosinophil, like other leukocytes, can generate proinflammatory medi- 
ators. Eosinophil-specific granule proteins are toxic for a range of mammalian 
cells and parasitic larvae. Eosinophils, like mast cells, produce sulfidopeptide 
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leukotrienes, as well as other lipid mediators, such as platelet-activating 
factor (PAF). Cytokine production by eosinophils broadens their potential 
functions, for example in wound healing through their generation of trans- 
forming growth factor (TGF)-a. Synthesis of TGF-B may explain the propensity 
of eosinophils to be associated with fibrotic reactions such as endomyocardial 
fibrosis, characteristic of HES, and fibrosing alveolitis. 

Considerable effort has gone into trying to unravel the molecular basis of 
eosinophil tissue recruitment. The selective accumulation of eosinophils is the 
result of a concerted and integrated series of events involving their production 
in the marrow and egress therefrom, adhesion to endothelium, selective che- 
motaxis, and prolonged survival in tissues. These events are controlled, either 
directly or indirectly, by production of IL-4, IL-5, and IL-13. 

The discovery that a proportion of patients with HES have either a clonal 
myeloid neoplasm resulting from an acquired mutation that generates a 
constitutively active, novel tyrosine kinase (FIP1L1-PDGFRa [F/P]) or a T-cell 
lymphoproliferative disease causing a reactive eosinophilia has offered the 
prospect of new and more effective treatments for these conditions, as well as 
giving new insights into the control of eosinophil production. There has long 
been a debate about the extent to which eosinophils cause tissue damage, are 
innocent bystanders, or even help to ameliorate the condition. This is now being 
resolved with data showing that specific reduction in eosinophils using anti— 
IL-5 monoclonal antibody is beneficial in eosinophilic airway disease and HES. 


@ BIOLOGY OF EOSINOPHILS 


EOSINOPHIL MORPHOLOGY AND 
RECEPTOR PHENOTYPE 


Eosinophils are spherical, end-stage, nondividing leukocytes, 
approximately 8 um in diameter derived from the marrow.' In vitro 
granulocyte-monocyte colony-stimulating factor (GM-CSF), inter- 
leukin (IL)-3 and IL-5 stimulate colony growth; additionally, IL-5 
is a critical eosinopoietic factor in vivo involved in late differenti- 
ation.’ The electron microscopic (EM) morphology of the mature 
eosinophil has been well described (Fig. 62-1).** The relatively spe- 
cific features which distinguish the eosinophil from other leuko- 
cytes are the bilobed nucleus, the specific granules with an electron 
dense core, the paucity of mitochondria (approximately 20 per cell) 
and endoplasmic reticulum, and the dense network of cytoplasmic 
tubulovesicular structures or secretory vesicles that contain albu- 
min and cytochrome b,., and are therefore thought to be involved 
in superoxide production. Eosinophils also contain lipid bodies, 
which are the major site of eicosanoid synthesis, primary granules, 
and small granules.’ Small granules are particularly prominent in 
tissue eosinophils and contain arylsulphatase B, acid phosphatase, 
and catalase. They may be derived from specific granules and act 
as a lysosomal compartment since specific granules express lys- 
osome-associated membrane proteins (LAMP) 1 and 2, as well as 
lysosome integral membrane protein (LIMP, CD63) 1.° Eosinophils 
also contain multilaminar bodies that contain transforming growth 
factor (TGF)-a. Eosinophil precursors derived from cord blood can 
be first identified morphologically when specific core containing 
granules appear, although expression of Charcot Leyden crystal 
(CLC) protein and the basic granules proteins can be detected by 
immunohistochemistry or mRNA expression at the promyelocyte 
stage where they are found in the endoplasmic reticulum, Golgi 
apparatus and large round coreless granules, most of which develop 
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into specific granules. Electron microscopy can distinguish acti- 
vated from resting blood eosinophils by the increased number of 
lipid bodies, primary and small granules, secretory vesicles, and 
endoplasmic reticulum. Cytoplasmic crystals of CLC protein may 
also be present. Eosinophils are relatively inefficient phagocytes, 
although they can ingest opsonized zymosan, which gets taken up 
into phagolysosomes formed in part by fusion with specific gran- 
ules. The eosinophil also degranulates onto large opsonized sur- 
faces such as a Sephadex bead or parasitic larvae in a process called 
frustrated phagocytosis. 

The ultrastructure of in vitro activated and tissue-infiltrating eos- 
inophils has suggested three potential mechanisms of degranulation: 
necrosis or cytolytic degranulation, exocytosis or “classical degranulation,” 
and piecemeal degranulation.’ Cytolytic degranulation is associated 
with loss of eosinophil plasma membrane integrity and results in the 
release of clusters of free membrane-bound granules (termed Cfegs). 
This is commonly observed in eosinophilic inflammation and is par- 
ticularly marked in severe disease, such as fatal attacks of asthma in 
which large quantities of basic proteins can be detected in the tissue 
by immunohistochemistry often with relatively few intact eosinophils.* 
Exocytosis or classical degranulation occurs in mast cells and basophils 
after crosslinking of immunoglobulin (Ig) E receptors. It describes a 
process by which granules migrate to the plasma membrane and fuse 
with it leading to the extrusion of membrane free granule contents. 
This phenomenon has been described for eosinophils in the gut, but 
not the airway mucosa. Piecemeal degranulation has been described in 
cord blood derived eosinophils’ and refers to the appearance of empty 
or partially empty granules together with small vesicles in the cytoplasm 
which transport the granule proteins to the cell surface where they are 
released.” These appearances are common in tissue eosinophils in 
asthma and other allergic diseases. 

Many studies have used a mouse model involving ovalbumin 
challenge to generate a lung eosinophilia and increased airway hyper- 
responsiveness (AHR). A striking feature of this model is that lung eos- 
inophils do not have the appearance of having undergone degranulation 
by either cytolysis or piecemeal degranulation." Immunostaining of the 
mouse lung in this model locates all the basic proteins within intact 
eosinophils and bronchoalveolar lavage (BAL) contains no free major 
basic protein (MBP).” This is quite unlike human disease in which the 
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Figure 62-1. Transmission electron micro- 
graph (x10,000) of an eosinophil showing the 
characteristic specific granules with their elec- 
tron dense core and various mediators, receptors 
and granule proteins produced by eosinophils. 
CLC, Charcot-Leyden crystal; ECP eosinophil 
cationic protein; EDN, eosinophil-derived neu- 
rotoxin; EPO, eosinophil peroxidase; GF, growth 
factor; GM-CSF, granulocyte-monocyte colony- 
stimulating growth factor; HETE, hydroxyeico- 
satetraenoic acid; LT, leukotriene; MBP, major 
basic protein; PAF, platelet-activating factor; 
PDGF, platelet-derived growth factor; PG, pros- 
aglandin; PSGL, P-selectin glycoprotein ligand; 
TBX, thromboxane; TGF-B, transforming growth 
factor-G; VEGF, vascular endothelial growth fac- 
or. (Used with permission of Dr. A. Dewar, National 
Heart and Lung Institute.) 
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cell free basic proteins can be readily detected in both tissue and BAL. 
Consistent with this observation, mice in which the gene for eosino- 
phil peroxidase or MBP has been deleted had the same phenotype as 
wild-type mice." However some degranulation may be seen in the air- 
way lumen." Mice were genetically modified using two approaches to 
completely delete eosinophils, one by inserting an eosinophil toxic gene 
into the lineage (PHIL) and one by deleting a high-affinity binding site 
in the GATA-1 promoter." The GATA mice still developed AHR and 
mucus secretion but not airway remodeling, which is consistent with 
evidence for their role in asthma. In contrast, the PHIL mouse did not 
develop AHR and mucus hypersecretion after airway challenge. Two 
other strains of mice, iPHIL and eoCRE, have been developed. iPHIL 
can induce eosinophil cell death at any point in the life of the mouse 
using diphtheria toxin and eoCRE can be used to selectively induce 
gene expression in eosinophils. These flexible “knock-in” strains of mice 
have revealed unexpected complexity in the role of the eosinophil in 
the allergic immune response.” Apoptotic eosinophils are small cells 
with a shrunken nucleus and condensed chromatin but an intact plasma 
membrane. They are readily identifiable in aged cell populations in vitro 
and in cells from the airway lumen such as sputum, but are more dif- 
ficult to identify in tissue. This has led some investigators to argue that 
the majority of airway eosinophils, at least in asthma and rhinitis, are 
removed through luminal entry rather than by undergoing apoptosis 
in tissue.’ 

Like all leukocytes, eosinophils express a large number of mem- 
brane receptors which allow them to interact with the extracellular 
environment (Tables 62-1 and 62-2). These include receptors required 
for locomotion, activation, growth and mediator release. Most of the 
receptors are shared to some extent with other leukocytes but some 
have a degree of specificity in terms of level of expression and function. 
An important feature of tissue eosinophils is that they express a dif- 
ferent pattern of receptors, compared to blood eosinophils, consistent 
with a more activated phenotype. This includes induction of expres- 
sion of CD69, intercellular adhesion molecule (ICAM)-1 and FcyR1 
and increased expression of human leukocyte antigen (HLA)-DR and 
Mac-1. Changes in expression can be induced in vitro by culture with 
cytokines such as IL-5, but also occur to some extent as the result of 
transmigration through endothelium.’ A major difference between eos- 
inophils and neutrophils that has been exploited to purify eosinophils 


TABLE 62-1. Eosinophil Adhesion Receptors 


Ligand 
Receptor Endothelial Matrix Protein 
INTEGRINS 
a,b, (VLA-4) VCAM-1 Fibronectin 
a,b. Laminin 
a,b, MAdCAM-1 Fibronectin 
LFA-1 (a,b) ICAM-1-3 
Mac-1 (a,,B.) ICAM-1 
P150,95 (a,B.) 
ab, VCAM-1 (ICAM-3?) 
SELECTINS AND LIGANDS 
PSGL-1 P-selectin(E-selectin) 
L-Selectin Gly-CAM-1, CD34, 

Podocalyxin 

OTHER 
CD44 Hyaluronate 
ICAM-3 
PECAM PECAM 


ICAM, intercellular cell adhesion molecule; MAdCAM-1, mucosal 
addressin cell adhesion molecule; PECAM: platelet endothelial 
cell adhesion molecule; PSGL-1, P-selectin glycoprotein 1; VCAM-1, 
vascular cell adhesion molecule. 


by immunomagnetic selectin is the expression of CD16 by neutrophils 
but not eosinophils. Another important difference is the expression of 
VLA-4 by eosinophils, but not to any great extent in neutrophils. Sialic 
acid-recognizing animal lectin (Siglec) 8 has been identified as a recep- 
tor expressed only by eosinophils, mast cells, and basophils.'°! Siglecs 
are of the immunoglobulin superfamily. Eosinophils, as well as mono- 
cytes and a subset of dendritic cells, also express Siglec 10.” In contrast, 
neutrophils express Siglec 9.” Siglec 8 is important in triggering eos- 
inophil apoptosis.” Epidermal growth factor-like module containing 
mucin-like hormone receptor 1 (EMR1) is expressed exclusively on 
eosinophils and has the potential to be a therapeutic target for eosino- 
philic disorders.” Eosinophils express both CD48 and its ligand CD244 
(2B4), both members of the IgG superfamily. Crosslinking of CD48 
causes eosinophil degranulation.” Eosinophils also express a number of 
inhibitory receptors including CMRF35-like molecule-1 (CLM-1) that 
negatively regulate eotaxin-induced eosinophil responses.” 


TABLE 62-2. Eosinophil Adhesion Receptors 


Immunoglobulin receptors: Fcy R11 (CD32); Fca R; 


Receptors for mediators: CCR3*; CCR1; PAF-R; LTC4/D4/E4-R; 
LTB4-R; C5aR; C3aR; IL-5R*; IL-3R; IL-4R; 1L-13R; CRTh2 

Receptors induced by cytokine stimulation: Fcy RIII (CD16); Fcy R1 
(CD69); HLA-DR; ICAM-1; CD25; CD4 


Well-expressed miscellaneous receptors: CD9; CD45; CR1; CD154 
(CD40 ligand); CD95 (Fas); Siglec 8*; ERM1*; CLM-1 


*Relatively selectively expressed by eosinophils. 
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EOSINOPHIL PRODUCTION 


Eosinophils are nondividing, end-stage cells that, like other leukocytes, 
differentiate from the hematopoietic stem cell in the marrow. They share 
a progenitor with basophils before further differentiation separates the 
lineages. GATA-1 is a particularly important transcription factor for 
eosinophil development with deletion of the high-affinity binding site 
in GATA-1 resulting in specific loss of the eosinophil lineage.” The F/P 
receptor mutation which is responsible for a myeloproliferative form 
of hypereosinophilic syndrome (HES)/chronic eosinophilic leukemia 
(CEL) works through cEBPa and GATA-2, as well as GATA-1, showing 
that these transcription factors are also important in eosinophil 
development.” Eosinophilopoiesis requires the combined expression of 
MBP and eosinophil peroxidase.*! 

Eosinophils migrate into the blood, where they circulate with 
a half-life of about 18 hours before entering the tissues. Eosinophils 
are primarily tissue-dwelling cells, and it has been estimated that 
there are approximately 100 tissue eosinophils for each eosinophil in 
the blood, although relatively few studies have been performed on eos- 
inophil kinetics and even fewer have compared eosinophil turnover in 
health and disease. However, studies demonstrate that eosinophils can 
be tracked in vivo using radiolabeling and that the kinetics of migra- 
tion through the lung, spleen, and marrow are distinct from that of 
neutrophils. Normal human adult marrow contains approximately 
3 percent eosinophils of which one-third are mature and two-thirds are 
precursors. 

Eosinophilia is often T-cell dependent. Characterization of T-cell- 
derived supernatants led to the characterization of IL-5 and awareness 
of the pivotal role that this cytokine plays in eosinophil development.” 
IL-3 and GM-CSF are also important in eosinophil development. The 
three cytokines bind to receptors that share a common f chain but have 
distinct a chains. IL-5 seems to be a rate-limiting step for eosinophil 
production in that administration of IL-5 either exogenously or through 
transgenic manipulation in mice results in a marked eosinophilia” and 
anti-IL-5 in humans dramatically diminishes the blood eosinophil 
count in asthma.” Increased eosinophilopoiesis as a result of increased 
IL-5 synthesis appears to be a feature of a number of diseases, includ- 
ing parasitic and allergic diseases. For example, pulmonary eosinophilia 
caused by Necator americanus infection in mice is IL-5-dependent*” 
and both the eosinophilia and host defense to filariasis and Trichinella 
spiralis is markedly impaired in IL-5-deficient mice.” In asthma, IL-5 
mRNA can be detected in increased amounts in the airways in asthma.” 
However, IL-5 gene-deleted mice have a baseline eosinophilia and can 
develop pulmonary eosinophilia after infection with paramyxovirus, 
demonstrating that other late differentiation factors such as chemok- 
ine (C-C motif) ligand (CCL)-3 may be involved.“ It is therefore an 
accepted paradigm that a blood and tissue eosinophilia in IgE-mediated 
diseases, such as atopic asthma and helminthic parasite infections, are a 
result of antigen-dependent activation of T-helper (Th)-2 cells leading 
to IL-5 production and increased eosinophilopoiesis and tissue recruit- 
ment of eosinophils. The control of development of Th2 and Th1 cells is 
beyond the scope of this chapter, but may relate to the cytokine milieu 
at the time of sensitization, genetically regulated transcriptional control 
of IL-4, or the route of sensitization and the way in which the antigen is 
presented (Chap. 76).*°*? The HLA haplotype of individuals responsive 
to certain allergens has also been investigated. A degree of restriction 
has been observed, particularly to simple allergens, with, for example, 
the phenotype DR2.2 being overrepresented in individuals atopic to the 
ragweed allergen Amb a V. However, with the majority of allergens, no 
clear pattern has emerged. Although HLA haplotypes may influence 
responses to individual allergens, it is unlikely to provide a universal 
explanation for Th2-type responsiveness. 


Many eosinophilic diseases, including many cases of pulmonary 
eosinophilia, are not associated with atopy and IgE production and 
therefore do not entirely fit with the Th2-driven eosinophilic paradigm. 
Intrinsic asthma is generally assumed to be associated with IL-5- 
producing T cells; however, the evidence for this is limited. One model 
for non-IgE-associated eosinophilic disease is those cases of eosino- 
philic esophagitis caused by a defined food allergen in which there is no 
specific IgE.“ In some of these cases, the patients are patch-test—positive 
to the food allergen concerned, which raises the possibility of a Th2 type 
of type IV cell-mediated immunity, but this is still unexplored. 

There is increasing interest in the role of T regulatory cells (T ṣa) in 
controlling inappropriate immune responses including those associated 
with Th2 cell activation.“ T,,,,, were first identified as mediating some 
aspects of immune tolerance and were then found to play an impor- 
tant role in suppressing immune-mediated inflammatory bowel disease 
in mice. Three types of T,,., cells have been identified: CD4*/CD25* 
cells which require direct contact to mediate their immunosuppressive 
effects, T ppg cells producing TGF-f and Teg cells producing IL-10.*°* 
A current idea is that the increase in allergic disease that is also par- 
alleled by an increase in autoimmune disease is not caused by a Th1 
to Th2 switch, but by a failure to develop Treg responses, which leads 
to enhancement of both Th1 and Th2 immunity." IL-10 producing 
Tagg is of particular interest in the context of pulmonary eosinophilia 
because of evidence that immunotherapy works by inducing expansion 
of an antigen specific IL-10 producing T,,,,, cells.” In addition, regu- 
latory T cells were able to suppress ovalbumin-induced pulmonary 
eosinophilia in mice.” 


EOSINOPHIL HETEROGENEITY 


Blood eosinophils from normal individuals are relatively dense cells that 
can be separated from other leukocytes by density-gradient centrifuge. 
For many years these differences were the basis for the standard method 
of purifying eosinophils. This method has now been largely superseded 
by negative immunomagnetic selection based on the expression of the 
low affinity (Fcy RIII, CD16) IgG receptor by neutrophils but not eos- 
inophils. This latter technique has the advantage of improved purity 
and cell yields as well as enabling purification of eosinophils from indi- 
viduals with low eosinophil counts, A proportion of eosinophils from 
individuals with elevated eosinophil counts are less dense than eosin- 
ophils from normal subjects. So-called hypodense eosinophils appear 
to be vacuolated and contain smaller granules, although in equal num- 
bers to normal-density eosinophils. The mechanism for this heteroge- 
neity is unclear; although a correlation with eosinophil activation has 
been a favored hypothesis, the evidence to support this hypothesis is 
contradictory.” 


EOSINOPHIL TRAFFICKING AND 
TISSUE ACCUMULATION 


Eosinophils are not normally found in tissues other than the gut and the 
appearance of increased numbers of these cells can be a notable feature 
of the pathology of a number of diseases. The normal pattern of gut 
homing of eosinophils is likely to be mediated by CCL-11 (eotaxin 1), 
which is constitutively expressed in the gut, and the integrin «,8, bind- 
ing to mucosal addressin cell adhesion molecule (MAdCAM)-1, which 
is selectively expressed in the intestine.” Type 2 innate lymphoid cells 
are central to this process, constitutively producing IL-5, which gener- 
ates an eosinophilia, and IL-13, which stimulates production of eotaxin. 
Activation of innate lymphoid cell (ILC)-2 was modulated by nutrient 
intake and circadian rhythms, which may explain the circadian cycling 
of blood eosinophils. Although an eosinophilia can accompany a 
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general inflammatory response, as for example in idiopathic pulmo- 
nary fibrosis where increased numbers of eosinophils and neutrophils 
can be seen in the BAL fluid, it often occurs without a marked increase 
in other leukocytes raising the question of the mechanism behind the 
specific tissue accumulation of these picturesque leukocytes. Selective 
eosinophil accumulation occurs as a result of the coordinated effect of 
a number of adhesion, chemotactic and growth/survival orientated sig- 
nals at each stage in the life cycle of the cell. Generally speaking, these 
events are controlled by mediators associated with Th2 cells, in par- 
ticular the cytokines IL-4, IL-5, IL-13, and possibly IL-9.5*°* Another 
group of epithelial derived cytokines—IL-25, IL-33, and thymic stromal 
lymphopoietin (TSLP)—play a key role in the development of eosino- 
philic inflammation through the activation of a newly described class of 
innate immune cells called ILC2.”° 

As well as being crucial for differentiation, IL-5 is also important in 
promoting emigration from the marrow. In particular, it acts as a prim- 
ing factor for specific chemoattractants such as eotaxin. The observa- 
tion that eotaxin decreased adhesion to vascular cell adhesion molecule 
(VCAM)-1 while increasing adhesion to the CD18 ligand bovine serum 
albumin (BSA) may be a mechanism for promoting egress from the 
marrow." Localized inflammatory responses can cause systemic effects 
after allergen challenge in mice in which IL-5-producing cells (both 
T cells and non-T cells), increase in the marrow.” 

Accumulation of leukocytes in tissue is a highly regulated process 
with the aim of being able to respond effectively to noxious insults with- 
out causing an inappropriate inflammatory response. An obligate step in 
the migration of all leukocytes from the systemic circulation into tissue 
is their capture by endothelium as they flow at high shear rates through 
the postcapillary endothelium. A key receptor mediating eosinophil 
capture is P-selectin, whose low-level surface expression is selectively 
induced on endothelium by IL-4 and IL-13. Eosinophils express higher 
levels of P-selectin glycoprotein ligand (PSGL)-1 (the primary receptor 
for P-selectin) than other leukocytes and this results in increased avidity 
for P-selectin compared to neutrophils, especially at the low levels of 
expression induced by Th2 cytokines. Increased expression of PSGL-1 
leading to enhanced recruitment has also been reported in allergic 
disease.“ IL-4 and IL-13 can also induce low levels of VCAM-1 expres- 
sion which can bind eosinophils through very-late antigen (VLA)-4 
and also capture flowing cells albeit at lower shear stresses. VLA-4/ 
VCAM-1 and PSGL-1/P-selectin cooperate as a major endothelial con- 
trol point for selective eosinophil migration. Once captured, eosino- 
phils roll along the surface of the blood vessel until they are activated, 
which allows the CD18 integrins binding to ICAM-1 and ICAM-2 to 
nonselectively promote transmigration. VLA-4/VCAM-1 can also exert 
selective pressure at this stage. In mice, this process is dependent on 
the intracellular RAC-binding protein SWAP-70.” The activation step 
mediated by chemoattractants expressed on the endothelial surface is 
another potential point of eosinophil selection, as shown by the effect 
of exogenously added chemoattractants such as eotaxin, but the identity 
of the endogenous chemoattractant involved and the extent to which it 
is selectively expressed in eosinophilic inflammation remains to be con- 
clusively resolved. Orosomucoid-like 3 (ORMDL3), a molecule that has 
been identified by genetic epidemiology to be associated with asthma, is 
expressed by eosinophils and gene deletion in a mouse model resulted 
in reduced adhesion and recruitment into the lung.” 

Once the eosinophil has transmigrated through the endothelium 
it has to migrate through the basement membrane and into the tissue. 
Chemokines as well as other eosinophil chemoattractants are likely to 
be central to this process (Table 62-3). Many eosinophil-active chemok- 
ines bind to the chemokine receptor (CCR)-3 and deletion of this gene 
severely impairs eosinophil migration into the lung in the mouse asthma 
model. The three specific eosinophil chemokines, eotaxins 1 to 3, appear 


TABLE 62-3. Eosinophil Chemokine Receptors and 
Their Ligands 


Receptor Chemokine 

GERIK CCL3 (Mip-1a); CCL5 (RANTES) 

CCR3 CCL11 (eotaxin 1); CCL24 (eotaxin 2); CCL26 
(eotaxin 3); CCL7, -8, -13 (MCP2-4); CCL5 

CXCR1, -2 CXCL8 (IL-8? 


*Only expressed on eosinophils from some donors. 


‘Only active on in vivo-activated or cytokine-primed eosinophils 
(may be indirect effect via neutrophils). 


to play overlapping roles in eosinophil migration into the lung in mice.” 
However, a potent CCR3 antagonist had no effect on eosinophil migra- 
tion into the airways in human asthma, questioning the physiologic rel- 
evance of the mouse data in human disease.” 

Apoptosis is the universal mechanism by which cells undergo 
cell senescence in a manner that allows them to be efficiently removed 
by macrophages without inducing an inflammatory response. Mor- 
phologic observations have indicated that eosinophil apoptosis is an 
unusual event in tissue and that most eosinophils either die by cytolysis 
or migrate into the lumen where they do become apoptotic.’ A slow rate 
of apoptosis in tissues is consistent with the survival signals delivered 
to eosinophils by the extracellular matrix as part of normal homeosta- 
sis as well as increased production of eosinophil growth factors during 
Th2-mediated inflammation. ”™™? The importance of prolonged survival 
of eosinophils in tissue as a mechanism for selective accumulation has 
been emphasized by studies using anti-IL-5, which effectively inhib- 
its blood and sputum eosinophil numbers but has a much-less-marked 
effect on tissue eosinophils.” Unlike neutrophils, where they prolong 
survival, glucocorticoids directly enhance the rate of eosinophil apop- 
tosis, an effect inhibited by IL-5.” Tumor necrosis factor-related apop- 
tosis-inducing ligand (TRAIL), another family of survival modulating 
mediators related to tumor necrosis factor (TNF)-a, prolongs eosino- 
phil survival, both in vitro and ex vivo, after allergen challenge.” 

The biochemical mechanism by which growth factors mediate 
eosinophil survival is dependent on both new protein synthesis and 
phosphorylation events. The survival effects of IL-5 are dependent on 
activation of the Ras-Raf-MEC pathway and the Jak-2 Stat 1 and Stat 5 
pathways, and involve LYN kinase, which binds to the IL-5Ra chain.” 
The roles of p38 and phosphatidylinositide (PI) 3 kinase are less clear, 
and wortmannin, which blocks PI3 kinase, had no effect on eosino- 
phil apoptosis, although it did inhibit IL-5 enhancement of adhesion 
to fibrinogen. Eosinophils express significant amounts of the proapop- 
totic BAX and the antiapoptotic BCL-xl, but very little Bad or BCL-2. 
As in other cell types, both spontaneous and FAS-induced eosinophil 
apoptosis is associated with the migration of BAX into the mitochon- 
dria. This event led to loss of mitochondrial membrane potential, cyto- 
chrome c release, and activation of downstream caspases. These events 
are all inhibited by IL-5, demonstrating that IL-5 works by blocking 
BAX translocation.”” Inhibition of BAX activation prevents eosino- 
phil apoptosis even in the absence of cytokine. Treatment of eosinophils 
with dexamethasone also leads to loss of mitochondrial permeability.” 
GM-CSF-activated ERK1/2, which phosphorylates BAX at Thr167, 
facilitates interaction with peptidylprolyl isomerase (PIN1). If interac- 
tion with PIN1 is prevented, BAX is activated and translocated to the 
mitochondria, resulting in apoptosis. It appears, therefore, that the eos- 
inophil growth factors exert their antiapoptotic effects through foster- 
ing the PIN1-BAX interaction.® IL-5-mediated eosinophil survival is 
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also regulated by the balance between the signaling through two paired 
immunoglobulin-like receptors, PIR-A and PIR-B, with PIR-B counter- 
acting the proapoptotic effect of PIR-A.*! 

Another potential mechanism involved in eosinophil tissue accu- 
mulation is in situ differentiation from eosinophil precursors. Eosin- 
ophil precursors can be identified in an IL-5Ra*CD34* population in 
blood, increased after allergen challenge and in atopic disease. These 
cells have also been found in asthmatic airways.” 

Of equal importance as endothelial interactions to the kinetics of 
eosinophil migration are the factors controlling the fate of the eosin- 
ophil once it enters the tissue. There are three possible outcomes. The 
eosinophil can remain in the tissue interacting with matrix proteins, 
other leukocytes, or structural cells such as, in the bronchial mucosa, 
the epithelium, airway smooth muscle, mucus glands, and nerves; alter- 
natively, the cell can migrate into the lumen of the gut or airway where it 
is likely to undergo apoptosis and be removed; or it can return to the cir- 
culation via the lymphatics. The length of time that eosinophils remain 
in tissue before migrating into the lumen is unclear as there are virtually 
no studies of the kinetics of eosinophil migration in vivo in humans. 
An anti-IL-5 completely inhibited migration into the lumen, which 
suggests that transepithelial migration is IL-5-dependent. However, it 
only inhibited tissue numbers by at best 50 percent, emphasizing that 
different compartments are controlled by different mechanisms.” In 
the mouse model of asthma, eosinophil migration into the lumen does 
not occur in the MMP-2 gene-deleted mouse, and the lack of migration 
causes the mouse to asphyxiate.*’ As with senescent neutrophils, when 
tissue eosinophils become senescent they start to alter their receptor 
phenotype in a way that inhibits tissue retention and promotes migra- 
tion into the lumen.™ The factors controlling the retention and survival 
of eosinophils in tissue are likely to involve the integration of che- 
moattractant, adhesive, and survival signals delivered by interactions 
with matrix proteins and structural cells. Studies modeling eosinophil 
migration in a tissue context using collagen gels have shown a different 
pattern to standard Boyden chamber assays with a much greater, albeit 
random, migratory response to growth factors than to chemoattractants.*° 
This observation suggests that migration into the lumen requires both a 
growth factor and a chemotactic stimulus. 


ANIMAL MODELS OF EOSINOPHILIC DISEASE 


Animal models, particularly the mouse model of ovalbumin challenge, 
which results in a selective and marked pulmonary eosinophilia, have 
been used extensively to analyze the molecular basis of eosinophil traf- 
ficking and the pathologic consequences of this movement.** The major- 
ity of studies have focused on the role of eosinophilic inflammation in 
asthma.” The combination of transgenic, gene-deletion, and antibody- 
based manipulations in the mouse make this a powerful tool for ana- 
lyzing the biology of eosinophil migration, although the relevance of 
the findings to human disease should be treated with caution. Generally 
speaking, these studies support the concept of eosinophil migration 
as being caused by a series of interlinked and obligate steps with IL-5 
necessary for providing a pool of circulating eosinophils, priming eos- 
inophils for chemotactic responsiveness, and prolonging eosinophil 
survival. IL-4 and IL-13 control adhesion-related events in the endo- 
thelium and enhance the release of eosinophil chemoattractants, partic- 
ularly CCR3-binding chemokines from mesenchymal cells within the 
airway." However, there are a number of other studies that look at other 
aspects of the immune response and as a result challenge this neat con- 
cept, in particular showing potential roles for innate immunity as well 
as other inflammatory mediators.**° Our understanding of the role of 
eosinophils in health and disease, using mouse models of disease, has 
been summarized.” 


EOSINOPHIL FUNCTIONS 


The eosinophil exerts its effects largely through its mediators (see Fig. 62-1). 
These chemicals are either newly generated, as is the case with leukotrienes 
and other lipid mediators, or stored preformed in various compartments 
within the cytoplasm and released when the eosinophil receives a degran- 
ulating stimulus. The eosinophil is relatively biosynthetically inactive and, 
although new protein synthesis does occur, the majority of its protein 
mediators are stored. Although the eosinophil can phagocytose particles 
its interactions with larval forms of helminthic parasites have formed the 
model by which eosinophil function has been described. In this situation, 
the eosinophil adheres tightly to the organism and releases its granule con- 
tents in local, high concentrations onto the surface in a process described 
as frustrated phagocytosis. The paradigm of eosinophil effector function in 
host defense was developed from the observation that the basic granule pro- 
teins, in particular, were highly toxic for larval parasites. This observation 
was extended to include a proinflammatory role in which they were also 
shown to be toxic for bronchial epithelium and, therefore, associated with 
the epithelial desquamation which is a well-established feature of severe 
asthma. Eosinophils are not thought to play a major role in bacterial host 
defense and, indeed, bacterial sepsis causes an eosinopenia; however, eosin- 
ophils can release mitochondrial DNA which has antibacterial properties.”! 
Eosinophils can also release a plethora of cytokines and chemokines 
although many of these are generated in low amounts compared to other 
cells and the extent to which they are important in eosinophil function is 
not clear.” 


Role in Immunoregulation 

Most research into the role of eosinophils has focused on host defense 
against helminthic parasites and as effector cells in asthma. How- 
ever, since 2010 there has been groundbreaking research emphasiz- 
ing a potential homeostatic role for eosinophils in a number of areas, 
including antigen presentation, tissue repair, adipogenesis and glucose 
homeostasis, and B-cell development.” There has been evidence for 
many years that eosinophils can present antigen to T cells, although 
the physiologic relevance of this function in the context of an intact 
dendritic cell antigen-presenting capacity remains uncertain.’ Type 2 
immunity is necessary for the regeneration of skeletal muscle after 
injury. Muscle damage resulted in the rapid recruitment of eosinophils, 
which secretes IL-4 and activates muscle resident stem cells.” Similarly, 
eosinophil-derived IL-4 was necessary for liver regeneration.*® A role 
in adipose tissue and glucose homeostasis was first suggested in 2011 
when it was demonstrated that eosinophils, through the production of 
IL-4, were necessary for the maintenance of adipose tissue associated 
alternatively activated macrophages, which, in turn, were necessary to 
control glucose metabolism and body fat.” This same pathway in con- 
cert with ILC2 cells is involved in the development of cold-induced, 
beige fat, which provides a defense against cold and obesity.” Long- 
lived plasma cells, which survive in specialized niches in the marrow, do 
so as a result of growth factors (APRIL and IL-6) supplied by colocalized 
eosinophils.’ Eosinophils are also important in gut immune homeo- 
stasis, with eosinophil deficiency resulting in a reduction in IgA* plasma 
cells and secreted IgA, as well as defects in the intestinal mucous shield, 
alteration in the gut microbiota, and the formation of CD103* Tr and 
dendritic cells.” B-cell development was also shown to be regulated 
by eosinophils in mice and humans.’ These studies were almost exclu- 
sively undertaken in mice, but they are potentially clinically relevant as 
a number of biologic therapies targeted at the Th2 pathway, including 
specific antieosinophil therapies, are in the late stages of clinical devel- 
opment for asthma and other eosinophilic diseases. So far, these drugs 
appear relatively free of serious adverse effects, so it is possible that the 
relatively modest effects of these drugs on the tissue eosinophilia means 
that the homeostatic role of eosinophils will not be perturbed. 
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Mediator Release 

Eosinophils can release a number of lipid mediators and are one of the 
relatively few sources of suliphidopeptide leukotrienes, although per cell 
they release approximately 10-fold less than mast cells and basophils. 1% 
This is in contrast to neutrophils that produce large amounts of leu- 
kotriene (LT)B,, but little, if any, LTC. LTC, generation by human eosin- 
ophils also occurs after stimulation with opsonized zymosan and beads 
coated with IgG. Eosinophils can also generate substantial quantities 
of 15-HETE (hydroxyeicosatetraenoic acid) via 15-lipoxygenase. Eos- 
inophils also generate platelet-activating factor (PAF) after stimulation 
with either calcium ionophore or IgG-coated beads. Eosinophils can 
also generate mediators of the cyclooxygenase pathway, including pros- 
taglandins E, and E, thromboxane B, (TXB,), and prostaglandin D% 
The principal sites of eicosanoid formation in eosinophils are the lipid 
bodies, which contain large amounts of arachidonic acid and enzymes 
required for eicosanoid synthesis, including 5-lipoxygenase, LTC, syn- 
thase, and cyclooxygenase.’ Eosinophils release significant amounts of 
TGF-£ and TGF-a and this has stimulated interest in a potential role 
in causing airway remodeling. There is evidence that TGF-f released 
by eosinophils can promote the generation of fibromyocytes and anti- 
IL-5 reduced the amount of tenascin in the reticular subepithelial 
membrane. Thickening of this membrane is closely associated with 
eosinophilic airway inflammation, although not with AHR or airflow 
obstruction.’ Vasoactive intestinal peptide (VIP) has been detected in 
eosinophils in granulomas from mice infected with schistosomes and 
the eosinophil contains a number of granule-stored enzymes, whose 
roles in eosinophil function are not clear. These enzymes include acid 
phosphatase, collagenase, arylsulfatase B, histaminase, phospholipase 
D, catalase, nonspecific esterases, vitamin B,,-binding proteins, and 
glycosaminoglycans. Eosinophils can undergo a respiratory burst with 
release of superoxide ion and H,O, in response to stimulation, with 
both particulate stimuli, such as opsonized zymosan, and soluble medi- 
ators, such as leukotriene and phorbolmyrisate acetate. Eosinophils are 
twice as chemoluminescent as neutrophils. 


Eosinophil Granule Proteins 

A specific and important feature of eosinophils is the large amounts of basic 
proteins they contain within their specific granules. These are MBP, eosin- 
ophil cationic protein (ECP), eosinophil peroxidase, and eosinophil derived 
neurotoxin (EDN). MBP has a molecular mass of 13.8 kDa and an isoelec- 
tric point (pI) of 10.9. Its 17 arginine residues account for its alkalinity. It is 
initially synthesized as an acidic proprotein that is stored in the eosinophil 
granule. MBP becomes toxic only after it is released and processed into its 
final form. Purified MBP is cytotoxic for the schistosomula of Schistosoma 
mansoni, and adherence of eosinophils to IgG-coated schistosomula results 
in the secretion of MBP onto the tegument of the larvae, resulting in loss 
of viability." MBP at concentrations as low as 10 mg/mL is toxic for both 
guinea pig and human respiratory epithelial cells, as well as for rat and 
human pneumocytes. The mechanism of action of MBP on epithelial cells is 
mediated through inhibition of adenosine triphosphatase (ATPase) activity. 
MBP and eosinophil peroxidase are strong agonists for platelet activation 
as well as activation of mast cells, basophils, and neutrophils."!! The mecha- 
nisms of action of MBP is likely to be related to its hydrophobicity and strong 
negative charge. Basophils also contain MBP but only approximately 2 per- 
cent that of eosinophils. 

Eosinophil peroxidase is a heme-containing protein that is synthe- 
sized as a single protein and then cleaved into 14- and 58-kDa subunits. 
The molecule shares a 68 percent identity in amino acid sequence 
with human neutrophil myeloperoxidase as well as other peroxidase 
enzymes. The protein is toxic for parasites, respiratory epithelium, and 
pneumocytes, either alone, or (more potently) when combined with 
H,O, and halide, the preferred ion in vivo being bromide. 


ECP is an arginine-rich protein. The complementary DNA (cDNA) 
encodes for a 27-amino-acid leader sequence and a 133-amino-acid 
mature polypeptide with a molecular mass of 15.6 kDa. ECP has 
66 percent amino-acid-sequence homology with EDN and 31 percent 
homology with human pancreatic ribonuclease, but it has low ribonu- 
clease activity compared to EDN. ECP is toxic for helminthic parasites, 
isolated myocardial cells, and guinea pig tracheal epithelium. ECP also 
inhibits lymphocyte proliferation in vitro. Both ECP and EDN produce 
neurotoxicity (the Gordon phenomenon) when injected into the cere- 
brospinal fluid of experimental animals. ECP may damage cells by a col- 
loid osmotic process, as it can induce non-ion-selective pores in both 
cellular and synthetic membranes. 

EDN, also called EPX, is a 16-kDa, glycosylated protein possess- 
ing marked ribonuclease activity. The cDNA predicts a 134-amino-acid, 
mature polypeptide that is identical to human urinary ribonuclease. 
Like ECP, it is a member of a ribonuclease multigene family. EDN 
expression is not restricted to eosinophils, as it is found in mononuclear 
cells and possibly neutrophils. It is also probably secreted by the liver. 
It does not appear to be toxic to parasites or mammalian cells, and its 
only known effect, other than its ribonuclease activity, is neurotoxicity. 

A major constituent of eosinophil is CLC protein, which is a lyso- 
phospholipase. It constitutes up to 10 percent of eosinophil protein and 
is also found in large quantities in basophils. It was thought to possess 
lysophospholipase activity, but this is not the case. It is a member of the 
galactin family (galectin 10).™? Its function is unknown. 


EOSINOPHIL SECRETION AND ACTIVATION 


A striking feature of eosinophil-rich inflammatory reactions is the high 
concentration of granule proteins, often in the presence of relatively 
small numbers of intact eosinophils. Sometimes free granules can be 
seen independent of eosinophils.’ This may occur as part of a cyto- 
lytic nonapoptotic process involving nicotinamide adenine dinucleo- 
tide phosphate oxidase (NADPH) and the formation of extracellular 
DNA traps.''*! Mediator secretion can be triggered physiologically 
by engagement of immunoglobulin Fc receptors, especially after eos- 
inophil activation has been primed with soluble mediators such as PAF, 
IL-5, and GM-CSF. Priming by GM-CSF involves phosphorylation of 
L-plastin and PKCII.''® The eosinophil expresses receptors for IgG, 
IgA, and IgD. The eosinophil also binds IgE, and eosinophils can under- 
take a number of IgE-dependent functions, including killing of schisto- 
somes opsonized with specific IgE. The receptor involved is unclear as 
the accumulated evidence now suggests that eosinophils do not express 
either the low-affinity (FceRII) or high-affinity (FceRI) IgE receptor to 
any degree although they do express high intracellular levels of the a 
chain of FceRI.!” 

Three receptors for IgG have been described: the high-affinity 
receptor FcyR1 (CD64), and two low-affinity receptors FcyRII (CDw32) 
and FcyRII (CD16). CD16 is expressed both as a transmembrane form 
and a form with a phosphatidylinositol anchor, transcribed from two 
distinct genes. Only FcyRII is constitutively expressed by eosinophils 
to any significant degree. A number of eosinophil functions are medi- 
ated via this receptor, including schistosomula killing, phagocytosis, 
secretion of granule proteins, and generation of newly formed, mem- 
brane-derived lipid mediators such as PAF and LTC, After stimulation 
for 2 days in vitro with interferon (IFN)-y, eosinophils express CD16 
and CD64 as well as CD32. Perhaps the most potent stimulus for eosin- 
ophil degranulation is crosslinking of IgA receptors, especially when the 
cells have been primed with growth factors. Consistent with the prefer- 
ence of eosinophils to secrete their mediators onto a large surface, Fc- 
mediated degranulation is enhanced if the eosinophils are adherent to a 
protein-coated surface via integrin «,,,.'"* Eosinophils are particularly 
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effective in generating reactive oxygen species with about 1.7-fold 
greater generation than neutrophils after stimulation with PMA (phor- 
bol myristate acetate), possibly as a result of a 10-fold greater expression 
of the voltage-gated channel Hv1.™° 

The killing of schistosomula opsonized with nonimmune serum 
is presumed to be mediated via the complement receptors, CR1 and 
CR3. Incubation of eosinophils with serum-coated beads results in 
the release of 15 percent of ECP. Similarly, opsonized zymosan inter- 
acts with eosinophils, causing generation of hydrogen peroxide and the 
phagocytosis of the zymosan. Soluble mediators, such as PAF, LTB p and 
5-oxoeicosatetraenoate, can elicit the direct secretion of both granule 
proteins and lipid mediators, although only with highly activated eosin- 
ophils or when used in conjunction with cytochalasin B, which inhibits 
microtubule assembly. Eosinophils release their granule components by 
exocytosis, with individual granules fusing with the plasma membrane. 
This process involves a guanosine triphosphate (GTP)-binding protein 
and is modulated by the intracellular calcium concentration. In com- 
mon with other secretory cells degranulation is controlled by soluble 
N-ethylmaleimide-sensitive factor attachment protein (SNAP) recep- 
tor complex (SNARE) proteins that guide the granules to the cell sur- 
face. Vesicular SNAREs expressed on granules bind to target SNAREs 
expressed on the plasma membrane. The SNARE proteins VAMP 2 and 
VAMP 7 are important in eosinophil secretion from granules and their 
function in eosinophils is regulated by cyclin-dependent kinase 5.1 


@ EOSINOPHILS IN DISEASE 


MEASUREMENT OF EOSINOPHILS 
IN THE BLOOD 


Eosinophils can be enumerated in the blood either by “wet counts” in 
modified Neubauer chambers, differential counts on dried films, or by 
automated cell counting by flow cytometry. Automated counting that 
uses detection of eosinophil peroxidase is the most accurate method, 
followed by counting in a cell chamber. Counting on films is least accu- 
rate because of the tendency for eosinophils to congregate at the mar- 
gins of the slide. Common wet stains for eosinophils include eosin in 
acetone, phloxine, and Kimura stain, which was originally developed 
to stain basophils." Many stains, including May-Grunewald-Giemsa, 
Romanowsky, chromotrope 2R, and Biebrich scarlet, will identify eos- 
inophils in blood films, cytospin preparations, or tissues. 

The eosinophil count should preferentially be evaluated in abso- 
lute numbers rather than as a percentage of white cells, as the latter 
will depend on the total white cell count. The normal eosinophil count 
is generally taken as less than 0.4 x 10°/L, although healthy medical 
students in the United States had a range of 0.015 to 0.65 x 10°/L.!” 
Eosinophil counts are higher in neonates (Chap. 7). Clinical trials of 
anti-Th2 therapies are using a lower cut off in the region of 0.3 x 10°/L 
to identify patients with eosinophilic asthma suggesting that the 
“normal” eosinophil count in people without allergic disease is below 
this level. The eosinophil count varies with age, time of day, exercise 
status, and environmental stimuli, particularly allergen exposure. Blood 
eosinophil counts undergo diurnal variation, being lowest in the morn- 
ing and highest at night. This effect results in a greater than 40 per- 
cent variation and may be related to the reciprocal diurnal variation 
in cortisol levels, which are highest in the morning. The factors that 
control blood eosinophil counts in health are imperfectly understood. 
Concentrations of eosinophil growth factors are likely to be important, 
but other factors may be involved, including an element of genetic con- 
trol.” Normal counts vary by up to 40-fold, and, in populations where 
eosinophilia is common, such as endemically parasitized areas, there 
are marked variations in the blood eosinophil level, independent of 


the degree of infection. This variation is comparable to variations in 
IgE levels. There are no differences between ethnic groups in eosinophil 
counts. 

The eosinophil count in hospitalized patients is less than 0.01 x 
10°/L in only 0.1 percent of patients, and in virtually all patients the eos- 
inopenia can be ascribed to glucocorticoids or to disease activity. Acute 
infection, or treatment with glucocorticoids or adrenaline, decreases 
eosinophil counts. In contrast, B-blockers inhibit adrenaline-induced 
eosinopenia and can cause a rise in the eosinophil count. 

There have been several isolated case reports of patients with 
absent eosinophils in the blood and marrow.™ A rare disorder, eosino- 
phil peroxidase deficiency, may be brought to light by automatic count- 
ing that uses detection of eosinophil peroxidase to count eosinophils. 
Eosinophil peroxidase deficiency does not have any adverse clinical 
consequences. 


CAUSES OF AN EOSINOPHILIA 


An eosinophilia accompanies a discrete number of diseases and a high 
eosinophil count is always a clinically notable observation that requires 
explanation, although this is not always forthcoming.’ The causes of 
eosinophilia can be classified according to the degree and frequency of 
occurrence (‘Table 62-4). Division of eosinophil counts is arbitrary, but 
a mild eosinophilia could be regarded as less than 1.0 x 10°/L, a moder- 
ate elevation as 1.0 to 5.0 x 10°/L, and a high count as greater than 5.0 x 
10°/L. The most common cause of an eosinophilia worldwide is infec- 
tion with helminthic parasites, which can often result in a very high 
eosinophil count. The most common cause of an eosinophilia in indus- 
trialized countries is the atopic allergic diseases, seasonal and perennial 
rhinitis, atopic dermatitis, and asthma. Allergic disease generally results 
in only a mild increase in eosinophil counts. A moderate or high eos- 
inophil count in asthma, especially outside a severe exacerbation, raises 
the possibility of a complication such as eosinophilic granulomatosis 
with polyangiitis (EGPA, formerly Churg-Strauss syndrome), allergic 
fungal airway disease, or eosinophilic pneumonia.” Drug allergy is not 
always straightforward to diagnose as a cause of an eosinophilia and 
less-common causes include Addison disease (although the eosino- 
philia is not usually marked). 


THE ROLE OF EOSINOPHILS 


For years eosinophils were thought to ameliorate inflammatory 
responses, a view that is possibly coming back into vogue as noted above 
(see “Role in Immunoregulation” above); then through the 1980s and 
1990s they were believed to cause tissue damage in some situations. The 
subsequent use of anti-IL-5 and tyrosine kinase inhibitors to inhibit 
eosinophil production has suggested a complex interaction between 
eosinophilic inflammation and target organ damage.'” Eosinophils, 
in part through release of cytokines such as TGF-«, may also have a 
homeostatic role in certain circumstances, such as wound healing and 
mammary gland development.'*!” Eosinophils can certainly cause 
severe tissue damage under certain circumstances. Chronically high 
eosinophil counts from many causes, including drug reactions, parasitic 
infections, eosinophilic leukemia, and HES, are associated with end- 
omyocardial fibrosis. The observation in the mid-1970s that eosinophils 
could kill parasite targets led to the hypothesis that the principal role 
of eosinophils was to counter parasitic infection, although this remains 
a controversial area.'*° Eosinophils in a mouse model had a protective 
effects against fungal growth in the lungs and eosinophils have also 
been demonstrated in mice to protect against lethal respiratory virus 
infection. ®™>!? Eosinophils are therefore associated with a number of 
different types of pathologic and reparative processes ranging from 
the permanent tissue damage seen in HES, the partly reversible tissue 


Part VII: Neutrophils, Eosinophils, Basophils, and Mast Cells 


damage seen in asthma and pulmonary eosinophilia, and tissue repair 
characteristic of wound healing. The factors that determine which role 
the eosinophil adopts are unclear. 


EOSINOPHILS AND ASTHMA 


The relationship between airway inflammation and asthma is complex. 
In particular, there is no close relationship between the severity of eos- 
inophilic airway inflammation and either the severity of symptoms, 
AHR, or abnormalities in forced expiratory volume in 1 second (FEV). 
The potential dissociation between an airway smooth muscle dysfunc- 
tional phenotype, which leads to many of the symptoms and physiologic 
abnormalities in asthma, and an eosinophilic inflammation-predominant 
phenotype more closely associated with severe exacerbations was 
demonstrated in an examination of asthma heterogeneity using cluster 
analysis techniques.'** This dissociation was further illustrated by clin- 
ical trials of mepolizumab, an anti-IL-5 monoclonal antibody (mAb), 
which markedly reduced eosinophils in the blood and sputum but had 
no effect, either on AHR or lung function in patients with mild asthma, 
or on the late response to allergen challenge.” The interpretation of 
this study and others using the anti-IL-5 antibody was complicated 
by the observation that anti-IL-5 only partially decreases the tissue 
eosinophilia.” A dissociation between AHR and eosinophilia has also 
been seen in animal models of allergen challenge. For example, anti- 
VLA-4 mAb was able to block ovalbumin-induced AHR, but not airway 
eosinophilia when given by aerosol to mice.'* Strikingly, in a condition 
called eosinophilic bronchitis in which patients have an eosinophilic air- 
way inflammation but no evidence of asthma (no AHR or variable air- 
flow obstruction), the asthma phenotype correlated with the number of 
mast cells in the airway smooth muscle and the tissue eosinophilia did 
not differ between the asthmatic and eosinophilic bronchitis groups. "° 
Large numbers of eosinophils and mononuclear cells are found in and 
around the bronchi of patients who have died of asthma, and their bron- 
chial tissue contains large amounts of MBP.’ The pathology of asthma 
deaths is at the extreme end of the pathology of asthma exacerbations. 
There is increasing evidence that an airway eosinophilia is closely 
associated with the risk of having severe exacerbations. There is now 
definitive evidence from two studies using mepolizumab that eosino- 
phils are directly causal in the pathogenesis of severe exacerbations of 
asthma. Asthmatics with documented eosinophil airway inflammation 
were treated for up to a year with the drug with the primary outcome 
of a reduction in severe exacerbations in one study and dose of cor- 
ticosteroids in another. Both demonstrated that mepolizumab was an 
effective form of treatment with response correlating with the effect on 
reducing eosinophils.'**'*” These observations were confirmed in phase 
II and HI clinical trials and mepolizumab is now going through the 
licensing procedure for the treatment of asthma.'**'’ Of note, a dose of 
mepolizumab that was suboptimal for suppressing the airway eosino- 
philia was as effective in preventing exacerbations as a higher dose that 
did suppress sputum eosinophils. Both doses effectively suppressed the 
blood eosinophilia, suggesting this is a better biomarker of response. 
The exact mechanism by which mepolizumab prevents exacerbations of 
asthma is therefore not entirely clear, especially as it does not obviously 
suppress eosinophil activation in the airway lumen." 


EOSINOPHILS AND THE SKIN 


A large number of skin conditions are associated with infiltration of 
the skin by eosinophils.’ The normal skin contains few eosinophils, 
so their presence is usually associated with pathology. The commonest 
causes of eosinophilic infiltration of the skin is atopic dermatitis where, 
as with asthma, the relationship to pathogenesis remains contentious. 
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Frequency of Cause 


Usual Degree of 


Disease of Eosinophilia Eosinophilia Comment 

INFECTIONS 

Parasitic disease Common worldwide Moderate to high 

Bacterial Rare Almost invariably causes an eosinopenia 

Mycobacterial Rare Secondary to drug therapy 

Invasive fungal Unusual Apart from allergic responses which are common and 
coccidiomycosis, in which as many as 88% of patients have 
an eosinophilia 

Rickettsial infections Rare 

Yeast Rare Cryptococcus reported as causing cerebrospinal fluid 
eosinophilia 

Viral infections Rare Occasional case reports of an eosinophilia in a variety of viral 
infections, including herpes and HIV infection 

ALLERGIC DISEASES 

Allergic rhinitis Common Mild 


Atopic dermatitis 


Common especially 
children 


Mild to moderate 


Urticaria/angioedema Common Mild Eosinophils seen in skin even with normal count 

Fungal allergy Common Mild to high Immunoglobulin (Ig) E sensitization to thermotolerant colo- 
nizing yeast (e.g., Candida albicans) and molds, e.g., Aspergillus 
fumigatus is a common cause of an eosinophilia 

Asthma Common Mild Syndrome of intrinsic asthma, nasal polyps, and aspirin intoler- 
ance associated with higher-than-usual eosinophil counts 

DRUG REACTIONS 

Many drugs Uncommon Mild to high Antibiotics, nonsteroidal antiinflammatory drug, and antipsy- 
chotics commonest groups; count should return to normal on 
stopping drug 

NEOPLASMS 

Acute eosinophil leukemia Rare High 

Chronic eosinophilic Rare high See text on hypereosinophilic syndrome 

leukemia 

Myeloid leukemia Uncommon Moderate to high Raised eosinophil counts can be seen in chronic myeloid 
leukemia 

Lymphomas Uncommon Moderate Often intense tissue eosinophilia with moderate blood eosino- 
phil count; Hodgkin disease commonest type 

Histiocytosis X Rare Mild Intense tissue eosinophilia in eosinophilic granuloma but blood 
eosinophilia unusual 

Solid tumors Uncommon Mild to high Many different tumors reported 

MUSCULOSKELETAL 

Rheumatoid arthritis Rare Mild to high Occasional case reports. More usually secondary to therapy 

Eosinophilic fasciitis Rare Moderate 

GASTROINTESTINAL 

Eosinophilic gastroenteritis Rare Mild to moderate Characterized by irritable bowel syndrome-like symptoms; 
mucosal biopsies often normal 

Eosinophilic esophagitis Increasingly mild Marked tissue eosinophilia with mild or absent blood 

recognized eosinophilia 

Celiac disease Uncommon Normal Tissue eosinophilia 

Inflammatory bowel disease Eosinophils seen in biopsies in both Crohn and ulcerative colitis, 
but blood eosinophilia unusual 

Allergic gastroenteritis Rare Mild to high Young children 


(continued ) 


TABLE 62-4. Causes of an Eosinophilia (Continued) 


Frequency of Cause 
Disease of Eosinophilia Eosinophilia 


Usual Degree of 
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Comment 


RESPIRATORY TRACT (FOR ASTHMA SEE ALLERGIC DISEASES) 


Eosinophilic granulomatosis Rare Moderate to high Syndrome of eosinophilic vasculitis and asthma 

with polyangiitis 

Chronic eosinophilic Uncommon Mild to high Syndrome of eosinophilia and chest x-ray shadowing 
pneumonia 

Bronchiectasis/cardiac Common Mild Often associated with asthma or allergic fungal airway disease 


failure 


SKIN DISEASES (FOR ATOPIC DERMATITIS SEE ALLERGIC DISEASES) 


Bullous pemphigoid Uncommon Moderate 
Eosinophilic cellulitis Uncommon Moderate to high High eosinophil count distinguishes from bacterial cause 
Skin lymphoma (Sézary syn- Uncommon Moderate 
drome: mycosis fungoides) 
MISCELLANEOUS CAUSES 
Interleukin (IL)-2 therapy Rare Moderate to high For renal cell carcinoma. 
Hypereosinophilic syndrome Rare Moderate to high 
Endomyocardial fibrosis Rare High Secondary to any cause of a high eosinophil count 
Hyper-IgE syndrome Rare Moderate to high Possibly caused by fungal allergy 
Eosinophilia/myalgia and Rare High Two related conditions, one caused by poisoning with con- 
toxic oil syndrome Uncommon Mild to moderate taminated cooking oil in Spain and the other by a batch of 
Graft-vs.-host disease Rare Mild tryptophan 
DOCKS (dedicator of cytoki- Rare May be caused by fungal allergy 
nesis 8) deficiency 
Rare 
Olmsted syndrome 
Rare 
Kimura disease 
Uncommon 


Angiolymphoid hyperplasia 
Addison disease 


The skin is one of the most commonly effected organs in HES with pru- 
ritus being the commonest symptom, although ulceration also occurs." 


EOSINOPHILS AND THE 
GASTROINTESTINAL TRACT 


Eosinophils are present in the normal gastrointestinal tract as a result of 
constitutive expression of eotaxin and MAdCAM1 (mucosal addressin 
cell adhesion molecule-1) the receptor for æ}, which is expressed by 
eosinophils.” A number of diseases are associated with a gastrointestinal 
eosinophilia, including eosinophilic esophagitis, eosinophilic gastroen- 
teritis, and inflammatory bowel disease, although this latter condition 
does not result in a blood eosinophilia." Eosinophilic esophagitis is 
an increasingly recognized condition in both children and adults. It is 
associated with food allergy often in the absence of specific IgE. It is 
another condition characterized by a marked tissue eosinophilia with- 
out a marked blood eosinophil count.'* 


EOSINOPHILS AND PARASITIC DISEASE 


The role of eosinophils in parasitic disease is complex and still incom- 
pletely understood.” Table 62-5 and reference 146 summarize the 
most common helminthic causes of an eosinophilia. Eosinophils have 


been shown in vitro to be able to kill a number of opsonized parasites, 
including newborn larvae of Trichinella spiralis, larvae of Nippostrongylus 
brasiliensis, a gut parasite in the rat, and larvae of Fasciola hepatica, as 
well as shistosomulae of Schistosoma mansoni. In vivo, parasite larvae 
become opsonized with both specific IgG and IgE antibodies and com- 
ponents of the complement cascade such as C3bi, which can promote 
adhesion and activation of eosinophils. Dead larvae of Schistosoma 
haematobium and other parasites have been detected in the skin sur- 
rounded by eosinophils and eosinophil granule products. Adult worms, 
both in vitro and in vivo, appear resistant to eosinophil-mediated dam- 
age. Despite the circumstantial evidence of eosinophils being involved 
in host defense against parasites, there remains doubt about their role. 
A number of experiments have been carried out in animal models of 
helminthic infection using IL-5 gene deletion, IL-5 transgenics, and 
anti-IL-5 antibodies to ablate the tissue eosinophilia. These studies have 
suggested that eosinophils may have a protective role in Strongyloides 
and Filariasis but not in Schistosoma, Nippostrongylus, and Trichuris 
infections. For example, treatment of mice infected with N. brasiliensis 
or S. mansoni with neutralizing anti-IL-5 mAbs abolished the eosino- 
philia without modulating the disease process." In contrast, using dif- 
fusion chambers eosinophils were conclusively shown to be involved 
in killing the larvae of Strongyloides stercoralis.” In Trichinella spiralis 
infections, eosinophils prolonged larval survival during the primary 
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TABLE 62-5. Helminthic Causes of an Eosinophilia 


Parasite Comment 

NEMATODES 

Ascariasis Higher eosinophil counts in children. Larvae migrate from intestine to lungs where they cause Loeffler 
syndrome, a form of pulmonary eosinophilia. 

Toxocara canis Infective eggs are present in feces of puppies and pregnant bitches. Larvae in hosts such as chicken. 
Eosinophilia seen mainly in children younger than 9 years of age. Can migrate to eye and cause blindness. 
Serologic evidence suggests infection not uncommon in industrialized countries. 

Filariasis Common. Invariably result in marked eosinophilia, especially Loa Loa infection. Filariasis causes tropical 
pulmonary eosinophilia as a result of migration of adult worms to the lung, elephantiasis because of the 
involvement of lymphatics (Wuchereria bancrofti and Brugia malayi), and river blindness (Onchocerca volvulus). 
Treatment can result in systemic reaction called Mazzotti reaction, possibly a result of massive eosinophil 
degranulation. 

Ancylostomiasis Hookworm infection. Ancylostoma duodenale and Necator americanus. One of the main causes of eosinophilia 
in patients returning from tropical countries. Counts in region of 2.0 x 10°/L. 

Strongyloidiasis Subclinical infection can persist for longer than 20 years. Stool examinations often negative. Cause of 
eosinophilia in ex-servicemen who spent time in tropics. If strongyloides infection is not considered and these 
patients are given steroids for suspected hypereosinophilic syndrome or as trial of therapy, they can develop 
disseminated disease. 

Trichinosis Caused by ingestion of encysted muscle larvae of Trichinella spiralis. Most prominent eosinophilia seen during 
early stages of infection when larvae migrating into striated muscle via the blood. Fatal cases reported of 
which only 20% were noted to have an eosinophilia. 

Others Other nematodes that can cause eosinophilia include Trichuris trichiura, Capillaria, and Gnathostomiasis. 

The thread worm Enterobius vermicularis occasionally causes an eosinophilia when they invade tissues. 

TREMATODES 


Schistosomiasis (Bilharzia) 


Infection with one of the Schistosoma (blood flukes) — Schistosoma mansoni, Schistosoma haematobium, and 


Schistosoma japonicum—is perhaps the commonest cause of a moderate to high eosinophilia worldwide, with 
200 million people being infected. Infection is nearly always associated with an eosinophilia. 


Fascioliasis Adult worms of Fasciola hepatica reside in the bile ducts, where they are associated with abnormal liver 
function tests and an eosinophilia. 

CESTODES 

Echinococcus Eosinophilia occurs in 25-50% of patients with hydatid disease. 


infection by producing IL-10 which led to a reduction in nitric oxide 
(NO) synthase expression and protected the intracellular larvae from 
NO-mediated killing.'* In contrast, eosinophils were protective for host 
with a secondary infection.’ The mechanism of eosinophilia in para- 
sitic disease is thought to be similar to allergic disease, with a Th2-type 
response mediated by both adaptive Th2 cells and innate lymphoid type 
2 cells to helminthic antigens resulting in increased production of eos- 
inophil growth factors, in particular IL-5.'*° Recruitment of eosinophils 
to the site of parasite infection may involve nematode induced produc- 
tion of LTB, by eosinophils.'*! 


HYPEREOSINOPHILIC SYNDROMES 


Idiopathic Hypereosinophilic Syndrome 

Definition and History Idiopathic hypereosinophilic syndrome 
(iHES) is a rare and potentially fatal disorder first described as a 
distinct entity by Hardy and Anderson in 1968.'* It is defined as 
a persistent eosinophilia of greater than 1.5 x 10° cells/L for more 
than 6 months with no other explanation after comprehensive 
investigation and evidence of end-organ damage.’*’ Patient series 
have consistently shown that the major target organs for tissue dam- 
age are the skin, heart, and nervous system.’ The definition and 


classification of HES is unsatisfactory as conditions such as EGPA, 
eosinophilic pneumonia, eosinophilic gastroenteritis, and other 
more organ-specific conditions are arbitrarily excluded. Attempts 
have been made to create a more comprehensive and less arbitrary 
system although this requires more data on specific etiologies.!°51°° 
The World Health Organization (WHO) takes the view that all 
myeloproliferative variants of HES are malignant conditions. It pre- 
viously classified them under chronic myeloproliferative diseases 
(CMPDs) with CEL/HES as a subcategory. In WHO’s 2008 revision 
they have called CMPD myeloproliferative neoplasms. Where there 
is no defined genotypic abnormality the condition has been termed 
CEL-NOS (not otherwise specified), and where there is a defined 
mutation such as F/P they fall into a new category of their own.'” 

Epidemiology HES is a rare disorder with an estimated preva- 
lence (although there are limited data on this), in the region of one in 
50,000. It occurs sporadically and there appears to be no geographic or 
environmental influences. For unknown reasons the myeloproliferative 
form has a strong male bias. 

Differential Diagnosis The commonest causes are allergic dis- 
ease and in particular allergy to thermotolerant colonizing fungi such as 
Aspergillus fumigatus and Candida albicans, chronic infection with hel- 
mintic parasites (see Table 62-5), severe asthma, chronic eosinophilic 


pneumonia, drug allergy, malignancy, EGPA, and eosinophilic gas- 
troenteritis (which could be regarded as part of the HES spectrum). 

Etiology and Pathogenesis New insights into both the patho- 
physiology and management of HES have been offered by the use of 
anti-IL-5 and the tyrosine kinase inhibitor imatinib mesylate to treat 
the disease. HES appears to be a heterogenous condition with some 
patients having evidence of abnormal T-cell clones, some of which 
overproduce IL-5 and some cases being because of somatic mutations 
leading to constitutively active tyrosine kinases. This finding has led 
to the proposal that there are two broad variants of HES: myeloid and 
lymphoid.'** The myeloid variant has features in common with myelo- 
proliferative neoplasms, including raised serum vitamin B,, and serum 
tryptase, elevated neutrophil alkaline phosphatase score, clonal chro- 
mosomal abnormalities, anemia and thrombocytopenia, splenomeg- 
aly, and circulating blast cells. The cardiac and neurologic involvement 
that is a poor prognostic factor in HES is found mainly, but far from 
exclusively, in this group. A small proportion of these patients go on 
to develop acute eosinophilic or myeloid leukemia (see Chaps. 88 and 
89). Demonstration of eosinophil clonality has been difficult but there 
is compelling evidence that these patients have chromosomal abnor- 
malities leading to constitutive activation of growth factor associated 
tyrosine kinases. In particular, an interstitial deletion on 4q12 result- 
ing in the encoding of a fusion protein consisting of the products of 
the F/P oncogene, which has constitutive tyrosine kinase activity, was 
found in eight of 15 patients with iHES, all of whom responded to 
treatment with the tyrosine kinase inhibitor imatinib.’ This muta- 
tion caused the Ba/F3 cell line to become IL-3-independent and was 
found in the EOL-1 cell line derived from a patient with eosinophilic 
leukemia.’ The presence of this mutation and the response to treat- 
ment with imatinib has been confirmed by other groups and is now 
recognized as the most common clonal abnormality in CEL/myeloid 
HES." Imatinib has also been effective in other patients with iHES 
without this particular mutation.'**' A number of other rare mutated 
tyrosine kinases also cause the condition, including the JAK2 V617F 
point mutation usually associated with polycythemia vera,'® other 
partners for PDGFRa, the PDGFRf gene, and rearrangements in the 
FGFR1 gene at 8p11 in which most patients progress to an aggressive 
leukemia or lymphoma.'*’® Karyotyping can identify these muta- 
tions, except the F/P mutation. The F/P mutation can be identified by 
fluorescence in situ hybridization (FISH) studies (Chap. 89). A num- 
ber of other tyrosine kinase inhibitors with activity against CEL are in 
clinical development.'® Serum tryptase appears to be a good, though 
not perfect, marker of this variant of iHES, suggesting that mast cells 
are also affected by the mutation.'® It is, however, clinically distinct 
from systemic mastocytosis.'” The lymphoid variant of HES clinically 
generally follows a more benign course than m-HES (myeloprolofer- 
ative HES) and there is less sex bias.'* Patients tend to respond well 
to glucocorticoids and do not develop the cardiac fibrosis and other 
severe complications of the disease. The lymphoid variant of HES vari- 
ant is presumed to be a result of the overproduction of eosinophil- 
related growth factors by aberrant T cells. The eosinophils are, therefore, 
normal, unlike the m-HES variant. A number of different patterns of 
T cell abnormality have been found in association with HES the most 
common being a CD3- CD4+ CD5 subset of T cells’! (reviewed 
in Ref. 173). In many cases, these clones secrete increased amounts of 
eosinophil-related cytokines such as IL-5, IL-4, and IL-13. Clonality 
of the phenotypically aberrant T cells has been demonstrated in many 
cases and some progress to frank malignancy. 

Clinical Features HES has a heterogeneous presentation with 
the marked and persistent blood eosinophilia being the obvious hall- 
mark.'**"”*'7 It is a chronic disease that usually presents in the third or 
fourth decade but can present at any age, including (rarely) in childhood. 
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It varies from being relatively asymptomatic to an aggressive disease 
leading to death within a few years if left untreated. The more severe 
complications are generally found in the myeloproliferative variant of 
the disease. HES can present with nonspecific symptoms such as general 
malaise, weight loss, aches and pains, and sweating attacks, or with one 
of the organ-specific features. Cardiac complications are common in the 
myeloproliferative variant of the disease, in particular endomyocardial 
fibrosis, which leads to a restrictive cardiomyopathy and left ventricular 
failure. Mitral incompetence can occur. Thromboembolic complications 
of large and small vessels are common in more severe disease some of 
which originate from endomyocardial clot. Many of the central neuro- 
logic features are embolic in origin. Respiratory symptoms, including 
cough that is (usually) productive of only small amounts of sputum and 
breathlessness, are common. Although airflow obstruction occurs there 
is a limited response to bronchodilators and AHR is often absent. Wheez- 
ing is not a prominent symptom. Pulmonary shadowing including alveo- 
lar infiltration and nodules may be present. Skin symptoms are common, 
particularly pruritus. which is sometimes associated with erythematous 
papules and urticaria. A variant of HES is Gleich syndrome in which 
patients have recurring episodes of angioedema. Eosinophilic cellulitis 
may also be a feature." As well as embolic events, HES can be associated 
with confusion, loss of memory, and ataxia. Peripheral nervous system 
symptoms can include mononeuritis multiplex, sensorimotor neuropa- 
thy, multifocal neuropathy, and radiculopathy. The differential diagnosis 
with EGPA can be difficult and may be semantic.'” Patients can develop 
mucosal ulcerations but as with the renal system, severe complications 
are not usually prominent. 

Laboratory Features Investigations to exclude a reactive cause 
for the eosinophilia need to be undertaken (see “Differential Diagnosis” 
below), if the neoplastic nature of the eosinophilia is not evident. 
Examination of stools for parasites in patients with chronic eosino- 
philia is an insensitive investigation and serology is only available for 
common helminths such as Strongyloides, schistosomiasis, and filar- 
iasis. Empirical treatment with broad-spectrum antihelminths can 
sometimes be justified if there is high clinical suspicion with exposure 
and a high total IgE. Occult fungal allergy is another common cause of 
hypereosinophilia and specific IgE for thermotolerant fungi which can 
colonize the host, such as A. fumigatus, C. albicans, Penicillium chrys- 
ogenum, and Malassezia species, should be routinely undertaken. A 
scheme for stepwise investigation of patients with iHES has been sug- 
gested.” These are mainly aimed at determining if there is evidence of 
clonality, or an abnormal T-cell clone. They include a complete blood 
count with examination of a blood film. Serum immunoglobulins, 
serum vitamin B, and tryptase, examination of a marrow aspirate and 
biopsy, lymphocyte phenotyping and, if available, analysis of cytok- 
ine production, T-cell receptor gene rearrangement, karyotyping and 
analysis of the presence of the F/P fusion protein by reverse transcrip- 
tion polymerase chain reaction or FISH analysis. A chest radiograph, 
spirometry, biochemical profile, troponin, cortisol, echocardiogram 
and abdominal ultrasound should also be considered as well as neu- 
rologic investigations such as electromyography studies, if prior stud- 
ies have not uncovered the explanation for the HES. Depending on 
the major site of organ damage, more detailed organ-specific inves- 
tigations, such as cardiac magnetic resonance imaging, chest com- 
puterized tomography, full lung function tests, and gastrointestinal 
endoscopy, may be required. 

Differential Diagnosis Table 62-4 lists the reactive causes 
of a marked eosinophilia, which causes should be excluded with 
appropriate investigations. Once these causes have been excluded 
the differential diagnosis includes familial eosinophilia, which is 
a rare condition that has been mapped to a region of chromosome 
5q31-q33,'” CEL, eosinophilia secondary to malignancy, EGPA, and 


chronic eosinophilic pneumonia. Some patients also appear to have a 
raised eosinophil count without any evidence of organ damage, a so- 
called benign eosinophilia. 

Treatment The rarity of HES means that there are few clinical tri- 
als and most agents are used on the basis of anecdotal experience, the 


opinion of the HES community or experience with related diseases.’™ 


However, the use of imatinib mesylate for some patients with the myelo- 
proliferative variant and the potential use of anti-IL-5 for T cell-driven 
disease offers new promise to patients with HES.' The mainstay of 
treatment has been glucocorticoids, which in many cases, particularly 
those caused by something other than myeloproliferative disease, are 
effective at controlling both the eosinophil count and the target organ 
damage, albeit at the risk of long-term side effects. In patients with a 
myeloproliferative neoplasm, the eosinophil count is not completely 
controlled with glucocorticoids, although these drugs can still limit 
organ damage. In patients where glucocorticoids are not sufficiently 
effective, hydroxyurea is a useful second-line agent. Other cytotoxic 
drugs, such as vincristine and cyclophosphamide, are less commonly 
used than in the past. Interferon-a has also been used with some suc- 
cess. As discussed above, imatinib mesylate has resulted in remission in 
patients with the F/P mutation, usually at doses well below those used 
in chronic myeloid leukemia and some patients remain in remission 
when the treatment is stopped.'” In the absence of the F/P mutation 
in patients with myeloproliferative features, a trial of imatinib is indi- 
cated as occasionally F/P-negative patients have responded'*”"*! and this 
form of CEL carries a poor prognosis.” Response to imatinib at a dose of 
400 mg a day should be rapid (within several weeks) and result in a return 
of the eosinophil count to within the normal range if the cause of the eos- 
inophilia is an imatinib-responsive tyrosine kinase mutation. Resistance 
to imatinib treatment has emerged in some cases as it does when used for 
chronic myeloid leukemia.'* In one patient who developed resistance an 
alternative PDGFRa inhibitor was effective." Treatment with imatinib 
has caused acute left ventricular failure in some cases and cardiac tropo- 
nin has been suggested to be useful in monitoring response.’ Another 
novel approach to treatment has been the use of anti-IL-5 mAb. This 
approach has resulted in a dramatic response in some patients, even in 
the absence of raised serum IL-5 concentrations.'**'*’ In a double-blind, 
placebo-controlled trial of F/P-negative HES, patients requiring 20 mg 
or more of prednisolone, mepolizumab, a humanized mAb that binds 
IL-5, allowed a reduction below 10 mg of oral prednisone in 84 percent of 
patients, compared to 43 percent given a placebo, without any increase 
in the activity of the HES. 

Course and Prognosis The outlook for patients with HES was 
poor with a series in 1973 reporting a 3-year survival of only 12 per- 
cent with cardiac failure accounting for much of the morbidity.'* In a 
later report, the outlook had improved with a survival of 80 percent at 
5 years.'** 


Toxic Oil Syndrome 

In 1981, more than 20,000 cases of a syndrome manifested by fever, 
cough, dyspnea, leukocytosis, neutrophilia, and an eosinophil count 
greater than 0.75 x 10°/L were reported in Spain.'*? Occasionally, 
the eosinophil count rose above normal only after the onset of 
the pulmonary symptoms. Eosinophil degranulation was seen in the 
effected tissues. Pulmonary infiltrates were evident on x-rays of the 
chest. Pleural effusion was common, and hypoxemia was frequent. 
There were 1500 deaths in the cohort. Approximately half of the 
patients went on to a chronic course that mimicked the eosinophilia- 
myalgia syndrome, with myalgias, eosinophilia, peripheral neuritis, 
scleroderma-like skin lesions, hair loss, and a sicca syndrome. Most 
patients improved from the acute or chronic symptoms and signs, but 
some residual nerve, muscle, or skin damage persisted. Endothelial 
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cell proliferation, mononuclear cell infiltrates around blood vessels 
(vasculitis), and perineural inflammatory infiltrates were identified 
histopathologically. Glucocorticoid therapy may have decreased 
the pulmonary symptomatology. The disease was thought to be a 
response to an unlabeled food oil, aniline-denatured rapeseed oil, 
marketed as pure olive oil. 


Reactive Hypereosinophilia and Neoplasms 

Eosinophilia is associated with a 2.4-fold increase of developing a hema- 
tologic malignancy over 4 years of observation compared with subjects 
with a normal eosinophil count.'” Exaggerated tissue and blood eosin- 
ophilia has been reported in association with a variety of lymphoid and 
solid tumors particularly lymphoma of various types including Hodgkin 
and non-Hodgkin lymphoma, cutaneous T-cell lymphoma, and mar- 
ginal zone lymphoma.” In these cases, the eosinophilia is thought to be 
the result of an increase in IL-5 and other cytokines or chemokines elab- 
orated by the tumor cells. Unlike other types of reactive eosinophilia, 
the blood eosinophil count may not be suppressed by glucocorticoids. 
The eosinophilia may precede the clinical diagnosis of the tumor but 
usually occurs concomitantly. There is evidence that eosinophils slow 
the rate of progression of solid tumors, presumably by being cytotoxic 
to tumor cells with the extent peritumoral eosinophils predicting recur- 
rence of colon cancer although other studies have raised the possibility 
of a tumor promoting role.'”*”* 


Eosinophilic Granulomatosis with Polyangiitis 

Clinical Features EGPA, formerly Churg-Strauss syndrome, is a rare 
disorder of unknown etiology characterized by eosinophilic asthma, 
chronic rhinosinusitis, and small vessel vasculitis. It is one of the three 
antineutrophil cytoplasmic antibodies (ANCA)-associated vasculitides 
(AAV), alongside microscopic polyangiitis (MPA) and granulomatosis 
with polyangiitis (GPA, formerly Wegener disease). Patients with EGPA 
are ANCA positive in approximately 40 percent of cases and gener- 
ally this is of the perinuclear-ANCA antimyeloperoxidase type com- 
pared to GPA which is generally proteinase-3 positive.'** ANCA titers 
do not appear to correlate well with disease activity. Patients who are 
ANCA-positive have a different profile of disease compared to those 
who are ANCA-negative in that vasculitic features are more promi- 
nent and renal disease more common, but there is less cardiac disease, 
although there is considerable overlap. The vasculitic process leads 
to a multisystem presentation commonly affecting the respiratory sys- 
tem, heart, skin, and peripheral nerves, although it can cause damage to 
any organ.” A marked blood eosinophilia is a prominent feature as are 
lethargy, general malaise, and weight loss. Mononeuritis multiplex is a 
particularly characteristic feature that sometimes leads to rapid onset 
of a peripheral neuropathy, which can be permanent, causing consid- 
erable morbidity. Cardiac disease with valvular damage or endomyo- 
carditis is one of the most serious complications. The epidemiology of 
EGPA is not precise, but the point prevalence of new cases is approx- 
imately 1:1,000,000 with an accumulated prevalence of approximately 
1:50,000, with precise numbers depending on the diagnostic criteria 
used. The condition generally presents in middle age and is very rare 
in children. The adult onset in people with preexisting asthma has led 
to speculation that EGPA is the result of an inflammatory stimulus on 
the background of a respiratory eosinophilia leading to systemic eosin- 
ophilic activation.'”° Consistent with this, case-control studies suggest 
a link with various environmental exposures, including farming, silica, 
and solvents, but no single trigger has been identified.” There is no 
obvious gender, geographic, ethnic or socio-economic predilection. 
There are case reports of family clusters, but in most cases there is no 
evidence of an inherited cause. The syndrome is heterogeneous in its 


presentation depending on the main organ affected and the description 
of the disease in case series is influenced by the medical discipline of 
the reporting team. In the past, EGPA carried a poor prognosis with 
a 10 percent 1-year survival, but currently 5-year survival is greater 
than 90 percent. In most cases, patients go into remission with high- 
dose oral glucocorticoids, although guidelines recommend the use of 
other immunosuppressants, such as cyclophosphamide or azathioprine, 
to induce remission where there is evidence of life-threatening organ 
involvement.” Once remission is achieved the patient often requires 
lifelong oral glucocorticoids to maintain remission. Relapse is not 
uncommon and this, together with the adverse effects of medication, 
result in significant morbidity. 

There are no universally accepted criteria for the diagnosis of 
EGPA. The widely used American College of Rheumatology criteria 
were for classification purposes rather than to aid diagnosis. They were 
based on comparing 20 patients with EGPA against 787 control patients 
with other forms of vasculitis." Six criteria were specified (1) asthma 
(2) eosinophilia of greater than 10% (3) mononeuropathy (4) fleeting 
pulmonary shadows (5) paranasal sinus abnormality (6) a biopsy con- 
taining a blood vessel with extravascular eosinophils. Because there was 
no comparison with asthma or other eosinophilic disorders, the crite- 
ria lack specificity. The differential diagnosis of EGPA includes, on the 
one hand, other vasculitic conditions, and on the other hand, severe 
adult-onset eosinophilic asthma and HES. The diagnostic hallmark is 
evidence of an eosinophilic vasculitis with granuloma on biopsy, but in 
many cases it is not possible to obtain tissue and the diagnosis is based 
on clinical assessment. 

Putative Biomarkers Other than the blood eosinophil count 
and ANCA, which is used as a subgrouping biomarker for disease with 
more vasculitic features, there are no biomarkers that are helpful in the 
diagnosis or management of this condition. All patients with suspected 
EGPA should undergo detailed investigations to exclude other causes 
of a hypereosinophilia (>1.5 x 10°/L), to determine the type of vascu- 
litis present, and to assess the extent of organ damage.’* A subset of 
patients with aggressive hypereosinophilic disease have either masto- 
cytosis in which there is a genetic defect in the KIT mast cell growth 
factor receptor or CEL. Both these possibilities need to be excluded 
with genetic testing. To identify novel biomarkers, a retrospective audit 
of patients who had been investigated at a tertiary center for an unex- 
plained eosinophilia were studied. Twenty-nine patients with EGPA, 20 
patients with HES and asthma, 16 patients with HES without asthma, 
and eight normal subjects were compared. An extensive range of cytok- 
ine and chemokine biomarkers were assayed. CCL-17 and soluble IL-2 
receptor were raised but tracked with eosinophilia (demonstrating the 
importance of the eosinophilia control groups), but not with disease 
category.” However, these patients were all ANCA-negative and find- 
ings in ANCA-positive EGPA may differ. 


Eosinophilic Fasciitis 

This rare syndrome may occur at any age in either sex and is character- 
ized by stiffness, pain, and swelling of the arms, forearms, thighs, legs, 
hands, and feet in descending order of frequency. Malaise, fever, weak- 
ness, and weight loss also occur.” Eosinophilia greater than 1 x 10°/L 
is present in most patients, but may be intermittent. A biopsy, usually 
required for the diagnosis, shows inflammation, edema, thickening, and 
fibrosis of the involved fascia. Synovial tissue may show similar changes. 
Aplastic anemia, isolated cytopenias, pernicious anemia, and acute 
myelogenous leukemia have been associated with eosinophilic fasciitis 
and in the late 1980s a series of cases was described in association with 
ingestion of a particular batch of L-tryptophan.” Glucocorticoids are 
the first-line of treatment but other immunosuppressant therapy, such 
as methotrexate, may be required.” 
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Eosinophiluria and Eosinophilorrachia 

The urinary excretion of eosinophils is seen in several inflammatory 
disorders of the kidney but most often in urinary tract infection or acute 
interstitial nephritis.” Hansel stain is superior to Wright stain in iden- 
tifying eosinophils in a stained urinary sediment. Cerebrospinal fluid 
eosinophilia may occur with infection, shunts, and allergic reactions 
involving the meninges.” 
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CHAPTER 63 
BASOPHILS, MAST CELLS, 
AND RELATED DISORDERS 


Stephen J. Galli, Dean D. Metcalfe, 
Daniel A. Arber, and Ann M. Dvorak* 


Basophils and mast cells share biochemical and functional characteristics, 
but they are not identical. In humans, basophils are the least frequent of the 
three granulocytes, typically accounting for less than 0.5 percent of blood leu- 
kocytes. Basophils circulate as mature cells and can be recruited into tissues, 
particularly at sites of immunologic or inflammatory responses, but they ordi- 
narily do not reside in tissues. By contrast, mast cells typically are derived from 
blood precursors that lack many of the characteristic features of the mature 
cells and complete their maturation in the tissues. The mature mast cells can 
reside in tissues for long periods of time. Mast cells are particularly abundant 
near blood vessels and nerves and in connective tissues beneath surfaces that 
are exposed to the external environment, such as the skin, gastrointestinal 
and urogenital tracts, and respiratory system. Tissue mast cell numbers can 
increase at sites of parasite infection or in association with certain chronic 
allergic diseases or other forms of pathology, by recruitment and local matura- 
tion of blood precursors and by proliferation of resident mast cells. 

Mast cells and basophils express the high-affinity receptor for immuno- 
globulin (Ig) E (FceRI) on their surface. Both cell types can be triggered to 
release potent mediators in response to activation via FceRI, for example, when 
their cell-bound IgE recognizes bivalent or multivalent allergens. Accordingly, 
mast cells and basophils have long been regarded as important effector 
cells in asthma, hay fever, and other allergic disorders. The cells’ cytoplasmic 
granule-associated preformed mediators, including histamine and certain 
proteases, their lipid mediators (such as prostaglandin D, and leukotriene C ah 
which are generated upon activation of the cells, and their cytokines, growth 
factors, and chemokines contribute to many of the characteristic signs and 
symptoms of these diseases. However, several lines of evidence indicate mast 
cells and basophils also contribute to protective host responses associated with 


IgE production, especially those directed against parasites. In mice, mast cells 
can enhance innate and acquired (IgE-dependent) defense against animal 
venoms and also can contribute to host defense in innate immune responses 
to certain bacterial infections. Mast cells and basophils also may express pos- 
itive and negative immunoregulatory functions through cytokine production 
and other mechanisms. 

Although a variety of systemic disorders are associated with changes in the 
numbers of blood basophils and many pathologic processes can be associated 
with changes in the numbers of tissue mast cells, patients with primary defi- 
ciencies in basophils appear to be exceedingly rare (if they exist at all). Patients 
with a primary deficiency of tissue mast cells have not been reported. By con- 
trast, neoplastic processes can affect both of the lineages. Increased numbers 
of basophils may be present in association with myeloproliferative neoplasms 
and several forms of myeloid leukemia. Increased numbers of basophils, 
sometimes to levels of 20 to 90 percent of blood leukocytes, occur in virtu- 
ally all patients with chronic myelogenous leukemia. The basophils associated 
with both chronic myelogenous and acute myeloid leukemias are themselves 
part of the neoplastic clone. The management of patients with“ basophilic leu- 
kemia” can be complicated by shock as a result of massive release of histamine 
and other mediators in association with acute cytolysis. 

Disorders of mast cell hyperplasia/neoplasia include solitary mastocy- 
tomas, the pathogenesis of which is uncertain, the spectrum of disorders 
encompassed in the term mastocytosis, in which significantly increased num- 
bers of mast cells occur in the skin and/or other organs, and mast cell leukemia. 
The most common form of mastocytosis, indolent systemic mastocytosis, 
typically presents with urticaria pigmentosa involving the skin, although 
other organs may be involved. Patients with indolent systemic mastocytosis 
have the best prognosis and can expect a normal life span. The prognosis of 
systemic mastocytosis with associated clonal, hematologic non—mast-cell- 
lineage disease depends on the course of the associated disease. Patients 
with aggressive systemic mastocytosis have a guarded prognosis because 
of complications arising from rapid increases in tissue mast cell numbers. 
Patients with mast cell leukemia, who often present with large numbers of 
immature mast cells in the blood at the time of diagnosis, have a fulminant 
and rapidly fatal course. Most adult patients with mastocytosis have gain-of- 
function mutations affecting KIT, which encodes the receptor for the major 
mast cell growth factor stem cell factor (also known as kit ligand and mast cell 
growth factor). Some pediatric patients with mastocytosis reportedly have 
the same Asp816Val gain-of-function KIT mutation observed in most adult 
patients. Some pediatric patients have a dominant inactivating K/T mutation, 
whereas others lack K/T mutations entirely. 


Acronyms and Abbreviations: AML, acute myeloid leukemia; ASM, aggressive 
systemic mastocytosis; CML, chronic myelogenous leukemia; CPA3, carboxypep- 
tidase A3; DEXA, dual-energy x-ray absorptiometry; ET-1, endothelin-1; FceRI, 
high-affinity receptor for IgE; gp120, glycoprotein 120; H&E, hematoxylin and 
eosin; HLA, human leukocyte antigen; IFN-a, interferon a; Ig, immunoglobulin; IL, 
interleukin; ISM, indolent systemic mastocytosis; MCAS, mast cell activation syn- 
drome; MCL, mast cell leukemia; MCP, mast cell-committed progenitor; MCS, mast 


cell sarcoma; MMAS, monoclonal mast cell activation syndrome; mMCP, mouse mast 
cell protease; PUVA, psoralen ultraviolet A; qPCR, quantitative polymerase chain 
reaction; SCF, stem cell factor; SCT, stem cell transplantation; SM-AHNMD, systemic 
mastocytosis with associated clonal hematologic non—mast-cell-lineage disease; 
Th, T-helper; TLR, toll-like receptor; TNF-a, tumor necrosis factor a; UP, urticaria 
pigmentosa; VEGF, vascular endothelial growth factor; VIP, vasoactive intestinal 
polypeptide. 


“Acknowledgment: This work was in part supported by the Division of Intramural Research, NIAID. 


@ DISTINGUISHING FEATURES OF 
BASOPHILS AND MAST CELLS 


BASOPHILS 


Despite certain similarities in biochemistry and function, mammalian 
basophils and mast cells are not identical (Fig. 63-1).'° The distinction 
was appreciated by Paul Ehrlich, who described the histochemical stain- 
ing characteristics of these cells in the late 19th century. Much evidence 
indicates that basophils share a common precursor with other granu- 
locytes and monocytes.'* Basophils have a short life span** and retain 
granulocytic features even after emigrating into tissues (Fig. 63-1C).’ 

The basophil is the least-common granulocyte in human blood, 
with a prevalence of approximately 0.5 to 0.6 percent of total leukocytes 
and approximately 0.3 percent of nucleated marrow cells.* The basoph- 
ils prominent metachromatic cytoplasmic granules allow unmistakable 
identification in Wright-Giemsa-stained films of blood (see Fig. 63-18) 
or marrow, but accurate enumeration requires absolute counting meth- 
ods.” Differential counts of blood films yield valid results only if the 
percentage of basophils is substantially elevated or many thousands of 
leukocytes are counted. 

Interleukin (IL)-3 promotes the production and survival of human 
basophils in vitro*"' and induces basophilia in vivo.” Findings in IL-3 
-/- mice indicate IL-3 is not necessary for the development of normal 
numbers of marrow or blood basophils, but is important for the mar- 
row and blood basophilia associated with certain T-helper (Th) 2 
cell-associated immunologic responses.’*" Basophils also express 
receptors for several other cytokines (Table 63-1).°"° IL-3 and many of 
these other cytokines, including IL-33, can modulate basophil function, 
for example, by inducing mediator release directly and/or by augment- 
ing the cells’ ability to release mediators in response to immunoglobulin 
(Ig) E-dependent challenge.**> 


MAST CELLS 


Mast cells normally reside in the connective tissue, particularly beneath 
epithelial surfaces and around blood vessels, and, in some species, 
in serous cavities.'“'%!7 Mast cells are derived from hematopoietic 
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precursors.'*?! Except for a numerically minor population of mast cells 
residing in the marrow (see Fig. 63-14A),* this lineage completes its pro- 
gram of maturation in other tissues.” Unlike basophils, mast cells 
can be long-lived. At least some mast cells can proliferate in the tissues 
during a variety of inflammatory or reparative processes.''®'” Studies in 
mice, rats, nonhuman primates, and humans indicate many aspects of 
mast cell development are critically regulated by stem cell factor (SCF), 
the ligand for the KIT receptor tyrosine kinase.'””*4 SCF is produced in 
membrane-associated and soluble forms, both of which are biologically 
active (Chap. 18).!”*4 Beside promoting the migration, survival, prolif- 
eration, and maturation of cells in the mast cell lineage, SCF can directly 
promote mast cell mediator release*”**’ and, at even lower concentra- 
tions, can augment mast cell mediator release in response to stimulation 
by IgE and antigen.**”* Abnormalities affecting KIT are involved in the 
pathogenesis of certain types of mastocytosis (see “Disorders Affecting 
Mast Cells” below). Alterations in the production of SCF by fibroblasts 
and other cells may contribute to the changes in mast cell numbers that 
occur during many chronic inflammatory conditions and other patho- 
logic responses. ">? 


MAST CELL AND BASOPHIL HETEROGENEITY 


Variation in the morphologic, biochemical, and/or functional char- 
acteristics of mast cells from different anatomic locations or from the 
same organ or site has been reported in several mammalian species, 
including humans. 6712930 This phenomenon, often referred to as mast 
cell heterogeneity, raises the possibility that mast cells of different phe- 
notype express different functions in health or disease and may exhibit 
different sensitivities to pharmacologic manipulation. At least four 
mechanisms may account for phenotypic variation in mast cell popu- 
lations: (1) factors promoting branching within the mast cell lineage; 
(2) factors influencing differentiation and maturation (within a single 
pathway or, if they occur, within multiple pathways); (3) factors modu- 
lating mast cell function; and (4) factors influencing local concentrations 
of exogenous substances not derived from mast cells but taken up and 
stored in mast cell granules. Of these four mechanisms, experimental 
evidence has been obtained for all but the first.?!*° Basophils can exhibit 


Figure 63-1. A. Mast cell (M) in a Wright-Giemsa-stained marrow aspirate. B. A basophil (B) and lymphocyte (L) in a Wright-Giemsa-stained film 
prepared from the buffy coat of blood from a normal donor. C. Transmission electron micrograph illustrating a mast cell (M) and basophil (B) in the 
ileal submucosa of a patient with Crohn disease. The mast cell is a larger, mononuclear cell with a more complex plasma membrane surface and 
cytoplasmic granules that are smaller and more numerous than those of the basophil. In this section plane, the basophil exhibits two nuclear lobes. 
Several basophil cytoplasmic granules contain whorls of membranes (arrows). Osmium collidine uranyl en bloc processing. (C, reproduced with permission 
from Dvorak AM, Monahan RA, Osage JE, et al: Crohn's disease: Transmission electron microscopic studies. Il. Immunologic inflammatory response. Alterations 
of mast cells, basophils, eosinophils, and the microvasculature. Hum Pathol 77(6):606-619, 1980.) 
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TABLE 63-1. Natural History, Major Mediators, and Surface Membrane Structures of Human Mast Cells and Basophils 


Characteristics Basophils Mast Cells 
NATURAL HISTORY 
Origin of precursor cells Marrow Marrow 
Site of maturation Marrow Connective tissue (a few in marrow) 
Mature cells in circulation Yes (usually <1% of blood leukocytes) No 
Mature cells recruited into tis- Yes (during immunologic, inflammatory No 
sues from circulation responses) 
Mature cells normally residing No (not detectable by microscopy) Yes 


in connective tissues 


Proliferative ability of morpho- 
logically mature cells 


None reported 


Yes (limited; under certain circumstances) 


Life span 


Days (like other granulocytes) 


Weeks to months (according to studies in rodents) 


Major growth factor 


IL-3 


SCE 


MEDIATORS 


Major mediators stored 
preformed in cytoplasmic 
granules 


Histamine, chondroitin sulfates, tryptase,* 
chymase,* carboxypeptidase A,* neutral 
protease with bradykinin-generating activ- 
ity, B-glucuronidase, elastase, cathepsin 
G-like enzyme, major basic protein, Charcot- 
Leyden crystal protein 


Histamine, heparin,* chondroitin sulfates,* chymase,* 
tryptase,* cathepsin G,* carboxypeptidases, major basic 
protein, acid hydrolases, peroxidase, phospholipases 


Major lipid mediators produced 
on appropriate activation 


Leukotriene C, 


Leukotriene B,, prostaglandin D, leukotriene C, 
platelet-activating factor 


Cytokines released on appropri- 
ate activation 


IL-4, IL-6, IL-13, GM-CSF, VEGF-A, leptin 


TNF, TGF-8, IFN-a, VEGF-A-D, IL-6, IL-11, IL-13, IL-16, 
IL-18, GM-CSF, NGF, PDGF (mouse and human mast cells 
can secrete many more; see text) 


Chemokines IL-8 (CXCL-8), MIP-1a (CCL3), Eotaxin (CCL- IL-8 (CXCL-8), I-309 (CCL-1), MCP-1 (CCL2), MIP-1a 
11), MIP-5 (CCL15) (CCL3), MIP-1B (CCL-4), MCP-3 (CCL-7), RANTES (CCL-5), 
Eotaxin (CCL-11) 
SURFACE STRUCTURES 


lg receptors 


FceRI, FcyRIIA, FcyRIIB 


FceRI, FcyRI (after IFNy exposure), FcyRIIA 


Cytokine or growth factor 
receptors for: 


TLRs 


IL-1, IL-2 (CD25), IL-3, IL-4, IL-5, IL-6, IL-8, and 
IL-33; chemokines (CCR1, -2, -3, -5; CXCR1, 

-2, -4); and interferons; SCF (basophils express 
variable numbers of the SCF receptor, Kit) 


TLR-2, -4 (but lack CD14) 


SCF (ligand for Kit), IFN-y, IL-4, IL-5, IL-6, IL-9, and IL-33; 
chemokines (CCR1, -3, -4, -5, -7; CXCR1, -2, -3, -4, -6); 
thrombopoietin receptor (CD110), GM-CSF, NGF 


TUR 22,33, Ah <5, 48}, <7/, 8) 


IFN, interferon; lg, immunoglobulin; IL, interleukin; GM-CSF, granulocyte-macrophage colony-stimulating factor; MCP, monocyte chemotactic 
protein; MIP, macrophage inflammatory protein; NGF, nerve growth factor; PDGF, platelet-derived growth factor; RANTES, regulated on activa- 
tion, normal T-cell expressed, presumed secreted; SCF, stem cell factor; TNF, tumor necrosis factor; TGF, transforming growth factor; TLR, toll-like 
receptor; VEGF, vascular endothelial growth factor. 

*Basophil and mast cell content of these (and perhaps other) mediators vary, for example, in different subjects and tissues; and/or in association 
with certain inflammatory diseases." 

NOTE: Expression of these and other surface structures, including chemokine receptors, and production of individual cytokines and chemok- 
ines, can vary in different in vitro or in vivo derived basophil or mast cell populations. 

Data Modified from Galli SJ, Dvorak AM, Dvorak HF: Basophils and mast cells: morphologic insights into their biology, secretory patterns, and 
function. Prog Allergy 34:1-141, 1984 and Valent P: Immunophenotypic characterization of human basophils and mast cells. Chem /mmunol 
61:34-48, 1995. 


some variation in phenotypic characteristics also, such as immunore- 
activity for tryptase, chymase, and carboxypeptidase A," or levels of 
expression of surface structures, including human leukocyte antigen 
(HLA)-DR, CD32 (FcyRII), and receptors for cytokines.**' Such vari- 
ation in basophil mediator content and/or cell surface phenotype may 
reflect individual differences among different subjects and/or the effects 
of disease processes" or the consequences of immunotherapy.’ 


RELATIONSHIP BETWEEN BASOPHILS 
AND MAST CELLS 


Mature basophils and mast cells differ in morphology, natural his- 
tory, tissue distribution, mediator production, cell-surface phenotype, 
growth factor requirements, and responses to drugs (see Fig. 63-1 and 
Table 63-1).!> Nevertheless, certain similarities of the two cells, taken 


together with evidence indicating that tissue mast cells are derived 
from circulating marrow-derived precursors,'*'* had suggested to some 
investigators that basophils might be circulating precursors of mast 
cells. However, the following evidence strongly favors the view that 
mature basophils represent terminally differentiated granulocytes and 
not circulating mast cell precursors: (1) no evidence has been presented, 
in any species, indicating that mature circulating basophils are capable 
of either mitosis or differentiation into mast cells; (2) rare reports of 
patients with hereditary or acquired abnormalities affecting basophil 
numbers or morphology indicate that eosinophils also may be affected 
in these disorders but not mast cells*™; (3) morphologically identifi- 
able human tissue mast cells can exhibit mitotic activity,” indicating 
that mast cells can replicate independently of a stage resembling that of 
basophils, and (4) in mice, evidence indicates that a mast cell-committed 
progenitor (MCP) present in the marrow is developmentally distinct 
during hematopoiesis from a Sca-1" granulocyte-macrophage progen- 
itor.” Evidence for a committed bipotential precursor of mast cells 
and basophils during hematopoiesis in the mouse has been reported by 
some studies***” but not others."°”°* 


MORPHOLOGY OF BASOPHILS AND MAST CELLS 


Routine histologic methods are poorly suited for demonstrating 
basophils and mast cells. Optimal visualization is achieved in appro- 
priately prepared 1 um sections or by electron microscopy.'” By ultra- 
structure, human basophils are 5 to 7 um in spherical diameter, exhibit 
a segmented or unsegmented nucleus with marked condensation of 
nuclear chromatin, and contain round or oval cytoplasmic granules 
surrounded by a membrane and containing a substructure of dense 
particles, less-dense matrix, and, in some granules, membrane whorls 
and Charcot-Leyden crystals (see Fig. 63-1C).’* A minor population of 
small, uniform granules is characteristically located near the nucleus.” 
The cytoplasm of mature human basophils also contains glycogen par- 
ticles, mitochondria, free ribosomes, and small membrane-bound vesi- 
cles. Lipid bodies are rarely present. Other organelles are inconspicuous. 
In tissue sections, mast cells typically appear as either round or 
elongated cells, usually with a nonsegmented nucleus with moderate 
condensation of nuclear chromatin, and contain prominent cytoplasmic 
granules. Mast cell granules are smaller, more numerous, and generally 
more variable in appearance than in basophils and contain scroll-like 
structures, particles, and crystals, alone or in combination (see Fig. 
63-1C).'” In contrast to the irregularly spaced blunt surface projec- 
tions of basophils, mast cells are covered by uniformly distributed thin 
surface processes. Mast cells also differ from basophils in having many 
more cytoplasmic filaments and lacking cytoplasmic glycogen deposits. 
Human mast cells can contain numerous cytoplasmic lipid bodies. 


BIOCHEMISTRY AND ROLE IN 
IMMUNOGLOBULIN E-ASSOCIATED 
IMMUNE RESPONSES 


Mediators 

The cytoplasmic granules of basophils and mast cells contain proteo- 
glycans, consisting of sulfated glycosaminoglycans covalently linked 
to a protein core.“ These substances can be stained metachromatically 
with basic dyes (see Fig. 63-1A and B). In humans and murine spe- 
cies, individual mast cell populations can contain variable mixtures of 
heparin and chondroitin sulfate proteoglycans.” Although the sul- 
fated glycosaminoglycans of normal human blood basophils have not 
yet been characterized, two studies of the proteoglycans synthesized by 
blood leukocytes (containing 10 to 75 percent basophils) of five patients 
with myeloid leukemia indicate that such cells may produce solely 
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chondroitin sulfates“ or a mixture of chondroitin sulfates (50 to 84 per- 
cent) and heparin (8 to 43 percent). Although the biologic functions of 
basophil and mast cell proteoglycans are not fully understood, in mice, 
heparin is required for normal packaging of certain neutral proteases in 
mast cell cytoplasmic granules.“°* Both human mast cells and basophils 
synthesize and store histamine.’ Basophils represent the source of most 
(if not all) of the histamine present in normal human blood.“ Although 
macrophages,” neutrophils,” and platelets,” as well as basophils,“ can 
produce histamine, mast cells represent the source of virtually all the 
histamine stored in normal tissues in mice, with the notable exceptions 
of the glandular stomach and parts of the central nervous system.“ 

In addition to proteoglycans and histamine, basophils and mast 
cells generate many other products that can influence the course of 
inflammatory processes (see Table 63-1).'*°*! These substances are 
either preformed and granule associated (e.g., histamine, neutral pro- 
teases, proteoglycans) or produced during activation of the cell (e.g., 
prostaglandin D, leukotrienes and other metabolites of arachidonic 
acid, and platelet-activating factor). Appropriately stimulated mouse or 
human mast cells can release the cytokine tumor necrosis factor æ (TNF- 
a),°”°? and many other cytokines, chemokines, and growth factors with 
effects on inflammation, immunity, hematopoiesis, tissue remodeling, 
and many other biologic processes.'*>**! By contrast, the spectrum 
of basophil-derived cytokines appears to be more limited but includes 
IL-4 and IL-13, vascular endothelial growth factor (VEGF)-A,™ certain 
chemokines, and, at least in mice, IL-6, TNF-a, and thymic stromal 
lymphopoietin (TSLP).*°°>*” 


ROLE IN ACUTE REACTIONS 


Basophils and mast cells have specific, high-affinity plasma membrane 
receptors for the Fc region of IgE (FceRI).**°? When IgE antibodies 
bound to FceRI on the basophil or mast cell surface are bridged by 
specific divalent or multivalent antigens, anaphylactic degranulation is 
triggered.” The critical signal in this event is the aggregation of FceRI 
on the plasma membrane.*”** Anaphylactic degranulation involves the 
fusion of plasma membranes with the membranes delimiting individ- 
ual cytoplasmic granules or with groups of granules whose membranes 
have undergone fusion, leading to rapid noncytolytic release of gran- 
ule contents, such as histamine and other preformed mediators. The 
complex sequence of biochemical events associated with anaphylactic 
degranulation, the signaling mechanisms that positively and negatively 
regulate this response, and the rationale for the pharmacologic manipu- 
lation of these processes have been reviewed.” 

The sudden, massive release of mediators from basophils and 
mast cells provokes many of the clinical manifestations of acute imme- 
diate hypersensitivity reactions in disorders such as certain forms 
of bronchial asthma (including fatal asthma, in which basophils can 
be prominent”); urticaria; allergic rhinitis; and anaphylaxis to foods, 
drugs, insect stings, and other antigens. 5*0- Both mast cells and 
basophils can bind IgG antibodies (as well as IgE), and the binding 
of IgG or IgG immune complexes can contribute to the activation of 
these cells (in certain mouse models of anaphylaxis) or, in other cir- 
cumstances, to the downregulation of their activation (e.g., via Fcy 
RIIB).*55-5761-64 Other diverse stimuli, including certain complement 
fragments (anaphylatoxins), neutrophil lysosomal proteins, a variety of 
basic peptides and peptide hormones, components of insect or reptile 
venoms, radiocontrast solutions, cold, calcium ionophores, and certain 
drugs such as narcotics and muscle relaxants, also may initiate rapid 
release of mediators from basophils and/or mast cells, independently 
of IgE.145484954-56 The clinical reactions provoked by these agents can 
closely mimic those of immediate hypersensitivity. Basophils activated 
via FceRI or other mechanisms can exhibit increased surface levels of 


CD63, CD69, and CD203c, and the clinical value of using such find- 
ings to monitor basophil activation in vivo (e.g., in the setting of allergic 
disorders or antigen-specific immunotherapy) is under investigation. 


ROLE IN LATE-PHASE REACTIONS 


Mast cells and basophils also can contribute to late-phase reactions. 
Late-phase reactions occur when antigen challenge is followed, hours 
after initial IgE-dependent mast cell activation, by recurrence of signs 
(e.g., cutaneous edema) and symptoms (e.g., bronchoconstriction).”° 
Much of the morbidity associated with chronic allergic conditions, 
including allergic asthma, is widely believed to reflect the actions of 
leukocytes that are recruited to sites of late-phase reactions.“ Stud- 
ies in mast cell-deficient and mast cell knockin mice (genetically mast 
cell-deficient mice that have been selectively repaired of their mast cell 
deficiency) indicate mast cells are responsible for virtually all of the vas- 
cular permeability changes and leukocyte infiltration associated with 
IgE-dependent cutaneous late-phase reactions” and that TNF-a can, 
importantly, contribute to these responses.® The extent to which mast 
cells (or TNF-a) contribute to late-phase reactions in humans, in which 
such reactions may have components that are either IgE or T-cell depen- 
dent (and in which it has been suggested that certain IgE-dependent 
mechanisms may not involve mast cells), is not yet clear.*° However, 
the lymphocytes, basophils, eosinophils, and other leukocytes that are 
recruited to these reactions likely produce cytokines and other medi- 
ators that regulate further development and, ultimately, resolution of 
these reactions. +5450 


ROLE IN CHRONIC CHANGES ASSOCIATED 
WITH ALLERGIC DISORDERS 


Studies in mice (see “Genetic Approaches for Analyzing Basophil 
and Mast Cell Function” below) indicate that mast cells can contrib- 
ute importantly to many of the features of asthma, as observed in 
certain mouse models of chronic allergic inflammation involving the 
lungs. The features include the development of airway hyperreactivity 
to immunologically nonspecific agonists of bronchoconstriction such 
as methacholine; infiltration of the airways and lung interstitium with 
inflammatory cells, including eosinophils, neutrophils, and T cells; 
increased deposition of collagen in the lungs and hyperplasia and/ 
or hypertrophy of airway smooth muscle; and induction of increased 
numbers of mucus-producing goblet cells in the large airways.” 
Thus, such mouse models indicate mast cells and their products can 
promote the development of much of the pathology and pathophysio- 
logic changes observed in longstanding asthma in humans.” Studies 
in mice indicate that basophils also can enhance the development of 
IgE-dependent chronic inflammation of the skin, even in the absence of 
mast cells or T cells.°°°” 


IMMUNOGLOBULIN E-DEPENDENT 
UPREGULATION OF FceRI EXPRESSION 
AND FceRI-DEPENDENT FUNCTION 


As plasma levels of IgE increase (as often occurs in subjects with 
allergic diseases or parasite infections), levels of FceRI expression on 
the surface of basophils and mast cells also increase.””? Compared 
with cells with low “baseline” levels of FceRI expression, such cells 
can bind more IgE, release mediators in response to lower concen- 
trations of allergens, and produce significantly larger amounts of 
preformed and lipid mediators and cytokines.” Thus, basophils and 
mast cells in subjects with high levels of IgE may have significantly 
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enhanced ability to express IgE-dependent and/or immunoregula- 
tory functions.’”* Exposure of mouse mast cells to certain mono- 
clonal IgE antibodies, in the absence of exposure to the antigen for 
which the IgE is known to have specificity, can enhance the survival 
of the cells and, in some cases, induce the cells to release all three 
classes of mediators (preformed, lipid, cytokines).”* Exposure to IgE 
in the absence of known antigen also can induce enhanced survival 
and cytokine and chemokine release in in vitro derived human mast 
cells.” Although the mechanisms responsible for these intriguing 
findings are not fully understood, some types of IgE antibodies 
appear to induce aggregation of FceRI in the absence of known 
antigen.”’° The clinical implications of these findings, if any, 
remain to be defined. 


ROLES IN T-CELL-DEPENDENT RESPONSES 
NOT INVOLVING IMMUNOGLOBULIN E 


Mast cell activation and/or infiltration of affected tissues with circulating 
basophils can occur during a variety of T-cell-dependent immunologic 
responses in both humans and experimental animals.!5455-57,63,6477-79 
However, despite years of study, the importance of the contributions of 
mast cells or basophils in such settings is not fully understood. In part 
this may reflect differences in the types of mast cell-deficient mice used 
to investigate such responses and/or the strain background of such mice, 
and in part this may reflect differences in the details of the experimental 
models used to probe the roles of mast cells and basophils in these set- 
tings (see “Genetic Approaches for Analyzing Basophil and Mast Cell 
Function” below). In some of the models of T-cell-dependent responses 
tested, authors have concluded that mast cell can either enhance or 
suppress features of the responses, and in some settings evidence has 
been reported that mast cells can enhance the features of relatively weak 
responses and suppress features of strong responses. It also has been 
proposed that mast cells and basophils might have immunomodulatory 
effects on the development or magnitude of certain acquired immune 
responses (e.g., positive effects via mast cell-dependent enhancement of 
dendritic cell migration or activation or negative effects via the produc- 
tion of IL-10 by mast cells).*°°”**’ ° However, some of the findings 
in this area are considered controversial.°*” 


BIOLOGIC FUNCTIONS OF BASOPHILS 
AND MAST CELLS 


Roles in Host Defense 

Parasites Basophils and mast cells may have critical roles in the 
expression of host resistance to certain parasites. Whether basophils, 
mast cells, or both represent major effector cell types in these responses 
appears to vary according to factors such as species of parasite, species 
of host, and site of infection. Thus, in the guinea pig, basophils appear 
to be required for expression of immune resistance to infestation of the 
skin by larval ixodid Amblyomma americanum ticks,””*' whereas expres- 
sion of IgE-dependent immune resistance to the cutaneous infestation 
of larval Haemaphysalis longicornis ticks in mice is dependent on mast 
cells and basophils, and IgE.” Such findings support the notion that 
basophils and mast cells express similar or complementary functions as 
effector cells in host defense against parasites and other agents. 

Bacterial Infections Studies in mast cell-deficient and “mast cell 
knockin mice” (see “Genetic Approaches for Analyzing Basophil and 
Mast Cell Function” below) or in mice that lack TNF-a or certain mast 
cell-associated proteases indicate that mast cells can contribute to “innate” 
host defense against some experimental bacterial infections. 
Depending on the model system tested, the beneficial role of the mast 


cell in such models of “innate immunity” in mice may partly reflect 
complement-dependent, toll-like receptor (TLR) 4-dependent, endo- 
thelin-1-dependent, or neurotensin-dependent activation of mast cells, 
inducing the release of mast cell-derived mediators, which, in turn, can 
contribute to enhanced local recruitment or activation of neutrophils 
and enhanced clearance of bacteria, or which may reduce harmful lev- 
els of TNF-a. Studies in mice indicate mast cells can phagocytose 
bacteria,* and mouse and human mast cells can produce antimicrobial 
peptides (cathelicidin LL-37 in humans).** However, mast cells also 
may contribute to survival during bacterial infection in mice by addi- 
tional mechanisms, such as protease-dependent degradation of endo- 
thelin-1,*°** neurotensin,” and perhaps other endogenous peptides that 
are produced during infections and which contribute to the pathology 
associated with the disorders.® On the other hand, some mast cell func- 
tions that may be expressed during bacterial infections in mice, such as 
the ability of mast cells to degrade IL-6 via dipeptidyl peptidase 1% or 
to produce IL-10 that suppresses host acquired immunity, may have 
detrimental consequences. Thus, mast cells may have complex roles in 
innate immune responses, with some actions promoting host defense 
and survival and others enhancing the pathology associated with the 
response. 


Viral Infections 

Mast cell progenitors’ and basophils” can become infected with 
“M tropic” strains of HIV. Although mature mast cells appear to be 
resistant to such infection, mast cells that matured from infected pro- 
genitors while harboring latent infection exhibited enhanced viral rep- 
lication upon stimulation with ligands for TLR2, TLR4, or TLR9,°!” or 
via an IgE-dependent mechanism.” At least one HIV-derived protein, 
glycoprotein 120 (gp120), can induce mast cell or basophil mediator 
release (histamine and, in basophils, IL-4 and IL-13) by binding to and 
crosslinking cell-surface-bound IgE.” Many patients infected with HIV 
develop high levels of IgE and can exhibit exacerbation of the symptoms 
and signs of their allergic disorders.” However, the clinical significance 
of such findings in HIV-infected patients remains to be determined. 
Many potential secreted products of mast cells or basophils may have 
effects that enhance (or suppress) host responses to a variety of viruses 
or contribute to the pathology associated with the infections.” How- 
ever, the extent to which mast cells contribute to host defense or pathol- 
ogy during viral infections is not clear. 

Venoms The venoms of many animals contain substances that can 
activate mast cells via innate mechanisms and/or can induce specific IgE 
responses to venom components.” Many humans have IgE antibodies 
against components of honeybee or wasp venom, but only a small frac- 
tion of such “venom-sensitized” individuals have a history of anaphy- 
laxis or other serious clinical response to such venoms.” Work in mast 
cell-deficient, mast cell knockin, and mast cell protease-deficient mice 
indicates that mast cells can enhance the resistance of mice to diverse 
animal venoms and/or their toxic components, including the venoms 
of three poisonous snakes,” the honey bee,”*”* the Gila monster,” and 
two species of scorpions,” as well as to sarafotoxin 6b, a major toxin in 
Israeli mole viper snake venom*® and helodermin, a toxin in Gila mon- 
ster venom.” 

Notably, carboxypeptidase A3 (CPA3) or mouse mast cell pro- 
tease (mMCP-4, the functional counterpart in the mouse to human 
chymase) appeared to account for much or all of the protective effects 
against various venoms that were attributable to mast cells.°°°°"*”” CPA3 
and mMCP-4 can degrade both endogenous biologically active pep- 
tides (endothelin-1 [ET-1]**°° and vasoactive intestinal polypeptide 
[VIP], respectively) and similar peptides present in animal venoms 
(sarafotoxin 6b and helodermin, respectively), which are thought to act 
in mammals via the same receptors that bind the similar endogenous 
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peptides. Work in mice deficient in mast cells, IgE, or components of the 
FceRI suggests that mast cells also can contribute to the IgE antibody- 
and FceRI-dependent enhanced resistance to challenge with potentially 
lethal amounts of honeybee venom that is observed in animals after an 
initial exposure to a sublethal amount of that venom.” Indeed, it has 
been hypothesized that the ability to participate in innate and acquired 
immune defenses against components of venoms and other toxins are 
important functions of mast cells and, in the case of acquired immunity, 
of IgE antibodies. 


GENETIC APPROACHES FOR ANALYZING 
BASOPHIL AND MAST CELL FUNCTION 


Factors capable of inducing basophil infiltration, mast cell prolifer- 
ation, and/or basophil or mast cell activation are generated during 
a wide variety of immunologic or pathologic processes, including 
immune responses to parasites. »5304-5155-5777 As a result, speculation 
is considerable that basophils and mast cells express critical roles 
in diverse biologic responses. On the other hand, the precise func- 
tions of basophils and mast cells in most of the biologic responses in 
which the cells have been implicated are obscure. Studies of basophil 
function in guinea pigs*' and mice**-*” have employed antibodies 
to deplete basophils, and such approaches also have been used to 
deplete mast cells in mice’’; however, the antibodies used may also 
influence other cell types.*°°”*” Various mutant or transgenic 
mice that exhibit constitutive or inducible depletion of some or all 
mast cell populations, as well as mast cell-deficient mice that have 
been selectively engrafted with wild-type or genetically altered mast 
cells (so-called mast cell knockin mice), have been used in efforts to 
define and quantify the contributions of mast cells to many different 
biologic responses.***” Transgenic mice also are now available that 
exhibit constitutive or inducible depletion of basophils, or that lack 
certain mast cell-associated products either globally or in selected 
cell populations.*°>->7-*+”? As has been extensively reviewed,*545°7*+76 
the availability of such models has the potential to advance substan- 
tially our understanding of the roles of mast cells and basophils in 
health and disease in mice, including ascertaining the importance of 
strain background on some of the findings. In evaluating the results 
of such studies, one should keep in mind that such genetic mod- 
els can have various advantages and disadvantages, and that even 
very strong evidence that mast cells or basophils have particular 
roles in mice does not prove that the cells have identical functions 
in humans. 

No humans devoid of mast cells have been reported. In addi- 
tion, the clinical findings in the rare patients who express a deficiency 
of basophils are not easy to interpret. One patient with a profound 
basopenia experienced persistent and severe infestation with scabies,” 
a finding that might be viewed as consistent with the role of basophils 
in resisting ectoparasites in humans. However, that patient also had eos- 
inopenia, IgA deficiency, and multiple other clinical problems.” A sec- 
ond basophil-deficient patient had a history of recurrent bacterial and 
viral infections.** However, this patient also had a deficiency of eosin- 
ophils, hypogammaglobulinemia, abnormal suppressor T-cell function 
in vitro, and a thymoma.™* 


@ BLOOD BASOPHIL COUNT 


The normal blood basophil count is difficult to define precisely, but 
several studies place the normal range between approximately 14 to 
20 and 80 to 90/uL (approximately 0.014 to 0.020 and 0.080 to 0.090 
x 10°/L).8-!°! The blood basophil count reportedly varies by age,’ 
gender (in one study™™ but not in another’), and season. 


BASOPHILOPENIA 


Because numbers of blood basophils can be very low even in apparently 
normal individuals,” determining whether examples of basophilope- 
nia reflect pathologic processes as opposed to normal variation can be 
difficult. Nevertheless, reduced numbers of circulating basophils have 
been reported in several disorders (Table 63-2). Basophilopenia has 
been recorded in association with urticaria and anaphylaxis, but 
the extent to which the latter finding represents a loss of metachromatic 
staining of circulating degranulated cells rather than a true decrease in 
the number of cells is undetermined. Basophilopenia occurs in condi- 
tions that also are associated with eosinophilopenia. These conditions 
often are associated with increased secretion of adrenal glucocorti- 
coids.'*1°71°8 Basophil counts may diminish, sometimes markedly, 
during leukocytosis accompanying infection, inflammatory states, 
immunologic reactions, neoplasia, or hemorrhage.'” Basophil counts 
also are diminished in thyrotoxicosis or after pharmacologic admin- 
istration of thyroid hormones. Conversely, basophil counts may be 
increased in myxedema or after ablation of thyroid function.’” A rapid 


TABLE 63-2. Conditions Associated with Alterations in 


Numbers of Blood Basophils 


|. Decreased Numbers (Basopenia) 
A. Hereditary absence of basophils (very rare) 
B. Elevated levels of glucocorticoids 
C. Hyperthyroidism or treatment with thyroid hormones 
D. Ovulation 
E. Hypersensitivity reactions 
1. Urticaria 
2. Anaphylaxis 
3. Drug-induced reactions 
F. Leukocytosis (in association with diverse disorders) 
Il. Increased Numbers (Basophilia) 
A. Allergy or inflammation 
1. Ulcerative colitis 
2. Drug, food, inhalant hypersensitivity 
3. Erythroderma, urticaria 
4. Juvenile rheumatoid arthritis 
B. Endocrinopathy 
1. Diabetes mellitus 
2. Estrogen administration 
3. Hypothyroidism (myxedema) 
C. Infection 
1. Chicken pox 
2. Influenza 
3. Smallpox 
4. Tuberculosis 
D. Iron deficiency 
E. Exposure to ionizing radiation 
F. Neoplasia 
1. “Basophilic leukemia” (see text) 


G. Myeloproliferative neoplasms (especially chronic myeloge- 
nous leukemia; also polycythemia vera, primary myelofibro- 
sis, essential thrombocythemia) 


H. Carcinoma 
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and significant drop in blood basophil levels of up to 50 percent has 
been documented at ovulation.’ A few patients with an apparent total 
lack of basophils have been reported.*?* 

A morphologic abnormality expressed in the majority of eosino- 
phils and basophils but not in other leukocytes or mast cells has been 
described as an autosomal dominant condition affecting four members 
of a family. Cytoplasmic inclusions and crystals in basophils resem- 
bling the May-Hegglin anomaly have occurred in healthy individuals. 


BASOPHILIA 


Table 63-2 lists conditions associated with increased numbers of blood 
basophils (basophilia). 


Inflammatory and Immunologic Responses 

An increased number of basophils is commonly associated with 
chronic, IgE-associated hypersensitivity disorders. These disorders 
often are accompanied by increased levels of IgE. Although serum 
IgE levels and basophil numbers are not directly related,'® increased 
IgE levels are associated with increased expression of FceRI on the 
surfaces of both basophils and mast cells." Moreover, basophils 
can be recruited into tissues at sites of IgE-associated and other 
immunologic responses.'*>*5-5777 Basophil levels may be elevated 
in ulcerative colitis!’ and juvenile rheumatoid arthritis,'!’ whereas 
many inflammatory conditions that cause a leukocytosis are associ- 
ated with basophilopenia. Basophilia can occur in subjects exposed 
to ionizing radiation.’ 


Clonal Myeloid Diseases 

Myeloproliferative Neoplasms The concentration of blood 
basophils is slightly increased in many patients with polycythemia vera 
(Chap. 84), primary myelofibrosis (Chap. 86), and essential thrombo- 
cythemia (Chap. 85). A slight increase in the absolute basophil count 
may be a useful early sign of a myeloproliferative neoplasm. An increased 
absolute basophil count occurs in virtually all patients with chronic 
myelogenous leukemia (CML).'*"° In some patients, basophils can 
represent 20 to 90 percent of blood leukocytes (Chap. 89). Exaggerated 
basophilia of this type is a poor prognostic sign and may herald transfor- 
mation to the accelerated phase of CML.” The basophil in myeloprolif- 
erative neoplasms is derived from the malignant clone and in CML can 
contain the Philadelphia (Ph) chromosome." The basophils in CML 
exhibit a variety of ultrastructural and biochemical abnormalities. 1! 
In some cases, the abnormalities obscure the typical distinctions 
between basophils and mast cells." Release of basophil-associated 
histamine can lead to episodes of flushing, pruritus, and hypotension in 
occasional patients with basophilic CML." Severe peptic ulcer of the 
stomach and duodenum can occur in association with hypersecretion of 
gastric acid and pepsin.” Ph chromosome-positive acute basophilic 
leukemia may be a presenting manifestation of CML.’” 

Basophilic Leukemias The basis for designating some cases as 
basophilic leukemias as opposed to examples of other more typical 
myelogenous leukemias with an associated pronounced basophilia is 
not always clear. Accordingly, we refer to these conditions herein as 
leukemias associated with basophilia. Table 63-3 lists the leukemias 
associated with basophilia. In addition to extreme basophilia in the 
chronic phase CML or as a manifestation of the accelerated phase 
of CML, acute basophilic leukemia can rarely occur de novyo." 
Thus, acute basophilic leukemia is included in the World Health Orga- 
nization classification of acute myeloid leukemias (AMLs), but the 
entity is poorly defined.'*>!°%'§ Some cases are recognized only by 
electron microscopy, a procedure not used routinely in the diagnosis 
or classification of leukemias. One report suggests that the detection 


TABLE 63-3. Leukemias Associated with Basophilia 
Chronic myelogenous leukemia with exaggerated basophilia 


Blast transformation, including acute basophilic transformation, 
of chronic myelogenous leukemia 


Acute myelogenous leukemia with t(9;22), t(6;9), t(3;6) or 12p 
abnormalities and marrow basophilia 


Acute basophilic leukemia with t(X;6)(p11.2;q23.3); MYB-GATA1 
“Acute basophilic leukemia” 


of a CD123-positive, CD203c-positive, and CD117-negative blast 
cell immunophenotype may be useful in making a diagnosis of acute 
basophilic leukemia.’” The best defined entity of acute basophilic leu- 
kemia appears to occur in male infants and is associated with t(X;6) 
(p11.2;q23.3), resulting in the fusion of MYB and GATA1."0""! 

Other types of AML that have an associated increase in basophils 
are more prevalent than acute basophilic leukemia. Such acute leuke- 
mias most commonly have t(9;22), t(6;9), t(3;6), or 12p abnormali- 
ties.!-' The t(9;22) AMLs have features similar to blast crisis of CML, 
but studies show that de novo cases are associated with deletion of anti- 
gen receptor genes.'“° The t(6;9) AML often is associated with erythroid 
hyperplasia and dysplasia, a high frequency of FLT3 mutations, and 
poor prognosis. 7- 

AML with inv(16) or t(16;16) are characteristically associated with 
cells having large basophilic granules, but the cells containing these 
granules are generally thought to represent abnormal eosinophils rather 
than basophils.'° 

Although the clinical and pathologic features of acute basophilic 
leukemia are largely similar to those of AML, affected patients occasion- 
ally exhibit symptoms that result from release of mediators (especially 
histamine) from degranulating or dying basophils.'**'”°'**'>! Remission 
induction therapy is similar to the therapy used for other types of AML, 
but management can be complicated by shock resulting from massive 
release of histamine and other mediators associated with acute cytolysis. 

Chapter 88 provides further details on the acute leukemias associ- 
ated with basophilia. 


@ DISORDERS AFFECTING MAST CELLS 
NORMAL MAST CELL LEVELS 


Mast cells cannot be identified in the blood of healthy individuals using 
standard techniques. However, mast cells can be observed in the blood 
of monkeys that have been treated chronically with large amounts of the 
KIT ligand SCF” and in the blood of some patients with systemic mas- 
tocytosis.'* Increases in tissue mast cells can occur by a combination 
of enhanced progenitor influx and proliferation of resident mast cells 
in tissues.’*!> Human mast cells have been classified according to their 
content of neutral proteases as MC., because the granules contain trypt- 
ase but not detectable chymase, and MC,,, whose secretory granules 
contain both enzymes.” The former mast cell type ordinarily predom- 
inates in lung and gastrointestinal mucosal tissues, and the latter type 
in dermis and submucosal tissues.’**"°° Mast cells that express chymase 
but little or no tryptase (MC,) also have been described.'” 


SECONDARY CHANGES IN MAST CELL 
NUMBERS 


Although long-term treatment with glucocorticoids (particularly topi- 
cal treatment of the skin) can result in diminished mast cell numbers,'** 
no clinical disorder whose primary feature is a reduction in levels of 
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tissue mast cells has been reported. Studies of small numbers of patients 
indicate that certain mast cell populations, namely, the MC., mast cells 
in the gastrointestinal mucosa, can be strikingly reduced in numbers 
in subjects with genetically determined or acquired (HIV-induced) 
immunodeficiency.» Human mast cell precursors can be infected in 
vitro with so-called M tropic strains of HIV*)*’; and in vivo may com- 
prise a long-lived inducible reservoir of persistent HIV.” Whether mast 
cell infection with HIV contributes to the reduction in gastrointestinal 
mast cells observed in some subjects with HIV infection remains to be 
determined. 

A number of disorders are associated with small to up to several 
fold increases in mast cell numbers in or near the tissues affected by the 
disorder (‘Table 63-4). Tissues at sites of recurrent allergic reactions often 
exhibit increases in mast cell numbers, to levels as high as approximately 
fourfold normal.'**'® Small increases in mast cell numbers have been 
observed at sites of pathology in rheumatoid arthritis, psoriatic arthri- 
tis, scleroderma, and systemic lupus erythematosus.'*+'! Mast cells 
are reported to be increased in osteoporosis,'® but the extent to which 
this increase reflects decreases in other cell types and/or a decrease in 
bone matrix is unclear. Numbers of marrow mast cells can be increased 
in patients with chronic liver or renal diseases.’ Increases in mast cells 
also have been documented in infectious diseases, particularly at sites 


TABLE 63-4. Conditions Associated with Secondary 


Changes in Mast Cell Numbers 


|. Decreased Numbers 
A. Long-term treatment with glucocorticoids 


B. Primary or acquired immunodeficiency disorders (certain 
mast cell populations; see text and reference 159) 


Il. Increased Numbers 
A. Immunoglobulin E-associated disorders 
1. Allergic rhinitis 
2. Asthma 
3. Urticaria 
B. Connective tissue disorders 
1. Rheumatoid arthritis 
2. Psoriatic arthritis 
3. Scleroderma 
4. Systemic lupus erythematosus 
C. Infectious diseases 
1. Tuberculosis 
2. Syphilis 
3. Parasitic diseases 
D. Neoplastic disorders 


1. Lymphoproliferative diseases* (lymphoplasmacytic lym- 
phoma/Waldenstr6m macroglobulinemia, lymphoma, 
chronic lymphocytic leukemia) 


2. Hematopoietic stem cell diseases* (acute or chronic 
myelogenous leukemias, myelodysplastic syndromes, 
idiopathic refractory sideroblastic anemia) 


E. Lymph nodes draining areas of tumor growth 
F. Osteoporosis* 

G. Chronic liver disease* 

H. Chronic renal disease* 


“Can include increases in numbers of mast cells in the marrow. 


of infection with parasites such as Strongyloides, in which a greater than 
fourfold increase in mast cell numbers can occur.'® In such settings, 
mast cell numbers return toward normal upon resolution of the infec- 
tion. Finally, mast cell numbers can be increased several-fold in lymph 
nodes draining areas of tumor growth'*!® and in subjects with stem 
cell diseases and lymphoproliferative diseases, including lymphoma in 
the marrow and in association with CML.'1671 


@ DISORDERS OF MAST CELLS: 
HYPERPLASIA AND NEOPLASIA 


DEFINITION AND HISTORY 


A group of systemic disorders associated with significant increases in mast 
cell numbers in the skin and internal organs have been brought together 
under the term mastocytosis. The first report of a primary mast cell dis- 
order is attributed to Unna'” who, in 1887, reported that the skin lesions 
of urticaria pigmentosa (UP)'”''” contained numerous mast cells. Ellis”? 
recognized the systemic nature of the disorder in 1949. In addition to the 
systemic disorders classified as mastocytosis, localized cutaneous aggre- 
gates of mast cells, ranging from mast cell nevi and mastocytomas in infants 
and children to multiple nodules in older children, may occur. +5 

The clinical pattern of disease in mastocytosis and its prognosis 
can vary substantially among patients (see “Course and Prognosis” 
below). A consensus classification for mastocytosis has been developed 
to address the issue and to provide guidelines regarding prognosis and 
treatment (Table 63-5).!”° Patients with indolent disease, who compose 
the great majority of subjects with mastocytosis, can expect a normal 
life span. Patients with systemic mastocytosis with associated clonal, 
hematologic non-mast-cell-lineage disease (SM-AHNMD) have a 
prognosis determined by the associated hematologic disorder. Patients 
with aggressive systemic mastocytosis (ASM) generally have a 3- to 
5-year survival. Mast cell leukemia (MCL) is often rapidly fatal. 


ETIOLOGY AND PATHOGENESIS 


Activating mutations in KIT, which encodes the SCF receptor, a mem- 
ber of the type III receptor tyrosine kinase family, have been docu- 
mented in patients with mastocytosis. Several lines of evidence indicate 
such mutations can be involved in the pathogenesis of the disease. 
The most common of these mutations (Asp816Val), which results in 


TABLE 63-5. World Health Organization Classification of 


Systemic Mastocytosis 


Cutaneous mastocytosis (CM) 


Urticaria pigmentosa (UP)/maculopapular cutaneous mastocy- 
tosis (MPCM) 


Diffuse cutaneous mastocytosis 
Solitary mastocytoma of skin 
Indolent systemic mastocytosis (ISM) 


Systemic mastocytosis with associated clonal, hematologic non- 
mast-cell-lineage disease (SM-AHNMD) 


Aggressive systemic mastocytosis (ASM) 

Mast cell leukemia (MCL) 

Mast cell sarcoma (MCS) 

Extracutaneous mastocytoma 
Modified with permission from Horny HP, Metcalfe DD, Bennett JM, et 
al: Mastocytosis, in WHO Classification of Tumours of Haematopoietic and 


Lymphoid Tissues edited by Swerdlow SH, Campo E, Harris NL, Jaffe ES, 
Pileri SA, Stein H, Thiele J, Vardiman JW. p 54. IARC Press, Lyon, 2008. 
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ligand-independent activation of the KIT receptor, was first identified 
in a long-term cell line derived from a patient with MCL.'” It then was 
detected in mononuclear cells in the blood of patients with mastocytosis 
who had an associated hematologic disorder,” as a somatic mutation 
in lesional tissue obtained from one patient with an aggressive form of 
mastocytosis and from a second patient with an indolent form of UP,’” 
and in the skin, but not the marrow and blood, of an 11-month-old 
child with mastocytosis.'*° 

Together these findings suggest the mutation occurs initially in a 
mast cell progenitor and that, as the clone expands, it becomes detect- 
able in the marrow, blood, and skin lesions. The Asp816Val mutation, or 
similar 816 activating mutations that result in the substitution of pheny- 
lalanine or tyrosine for aspartate, now are believed to occur in more than 
90 percent of adult patients with mastocytosis.'*' Mutations at codon 
816 have been identified in a subset of pediatric patients, whereas other 
pediatric patients exhibit KIT mutations elsewhere, including within 
the extracellular domain. These other mutations also cause constitutive 
activation in KIT to a varying degree.'*! 

The extent to which the presence of various KIT mutations, and the 
anatomical distribution of the affected cells, can be used to predict prog- 
nosis or disease severity in patients with mastocytosis remains under 
investigation. Moreover, additional “gain-of-function” mutations of KIT 
in human subjects with mastocytosis have been reported. For example, 
a novel form of mastocytosis with a KIT mutation in the transmem- 
brane domain (Phe522Cys) has been described.'® In a second example, 
a PRKG2-PDGFRB fusion was identified in a patient presenting with 
increased numbers of mast cells and peripheral basophilia.'** The lat- 
ter case falls within the World Health Organization category of myeloid 
neoplasms with PDGFRB rearrangements, rather than being catego- 
rized as a subvariant of mastocytosis. Gain-of-function mutations of 
KIT also have been reported in gastrointestinal stromal tumors.'** Addi- 
tional genetic lesions have been reported in aggressive mastocytosis and 
in patients with SM-AHNMD, including mutations in JAK2, TET2, 
NRAS, and KRAS.!*° 


CLINICAL FEATURES 


The organs most frequently involved in systemic mastocytosis are the 
skin, lymph nodes, liver, spleen, marrow, and gastrointestinal tract. 


The Skin 

The usual presenting lesion of mastocytosis in the skin is UP/maculopap- 
ular cutaneous mastocytosis. UP lesions appear as small yellowish-tan to 
reddish-brown macules or slightly raised papules (Fig. 63-2), which 
can exhibit the Darier sign, that is, urticaria after mild friction of the 
skin.’ The palms, soles, face, and scalp generally remain free of lesions. 
In many cases, UP develops before age 2 years and subsides by puberty. 
Adults with UP usually have extracutaneous involvement by mastocy- 
tosis. However, some patients, particularly those with SM-AHNMD, 
ASM, or MCL, lack cutaneous lesions. In such cases, other organs must 
be biopsied to make the diagnosis. Diffuse cutaneous mastocytosis 
is an unusual manifestation of mastocytosis.'”*'*° The skin appears 
yellowish-brown and is thickened. Young children with cutaneous 
disease may have bullous eruptions with hemorrhage.” Some adults 
develop prominent vascularity in association with the skin lesions, a con- 
dition that has been termed telangiectasia macularis eruptiva perstans. 


Lymph Nodes 

In one series, peripheral lymphadenopathy occurred in 26 percent 
and central lymphadenopathy in 19 percent of patients at diag- 
nosis.” Lymphadenopathy is most prominent in patients with 
SM-AHNMD or ASM. Mast cell infiltrates are observed in the node's 


Figure 63-2. Urticaria pigmentosa in an adult man with indolent sys- 
temic mastocytosis. Multiple pigmented macules are present. If local 
pressure is applied to the skin, individual lesions show urtication and 
become raised, pruritic, and erythematous. 


paracortex, follicles, medullary cords, and sinuses. Additional find- 
ings include infiltrates of eosinophils, blood vessel proliferation in 
association with mast cells in the paracortical areas, and extramed- 
ullary hematopoiesis. In hematoxylin-and-eosin (H&E)-stained 
sections, mast cell infiltrates in the lymph nodes may resemble T-cell 
lymphomas in their pericortical distribution, the clear cytoplasm 
that is sometimes exhibited by the mast cells, and the associated 
vascular proliferation and eosinophilia.” Alternatively, when mast 
cells replace lymphoid follicles, the pattern may resemble follicular 
hyperplasia or follicular lymphoma.'*’ Fibrosis may be observed in 
lymph nodes involved by mast cell infiltrates. 


Liver 

Patients frequently exhibit infiltration of the liver with mast cells. Many 
of these individuals have some associated liver pathology, but severe 
liver disease is uncommon. When severe liver disease does occur, it 
typically affects patients with SM-AHNMD or ASM. In one series of 
41 patients, 61 percent had some liver disease.'** Elevated serum lev- 
els of alkaline phosphatase, aminotransaminases, 5’-nucleotidase, or 
y-glutamyl transpeptidase was detected in approximately half of the 
patients. Hepatomegaly, prominent infiltration of the liver with mast 
cells, and hepatic fibrosis are positively correlated with elevated levels 
of alkaline phosphatase and were observed more frequently in patients 
with aggressive disease; some of these patients also had ascites or portal 
hypertension. Portal fibrosis was observed in 68 percent and was pos- 
itively correlated with hepatic inflammation and mast cell infiltrates. 
Venopathy and associated venoocclusive disease was observed in four 
patients, all of whom had an associated hematologic disorder. 
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Spleen 

Splenic involvement at diagnosis has been reported in approximately 
half of patients with systemic disease.'*”'* Mast cells most commonly 
occurred in a paratrabecular distribution, followed by perifollicu- 
lar, follicular, and diffuse infiltrates. Trabecular and capsular fibrosis 
and eosinophilic infiltration also were observed, and extramedullary 
hematopoiesis was present in most cases. On H&E stained sections, 
the infiltrates of mast cells produced lesions that may resemble those 
of T-cell lymphoma, follicular hyperplasia, follicular lymphoma, mye- 
loproliferative neoplasms, hairy cell leukemia, or a granulomatous pro- 
cess. Splenomegaly has also been reported in the absence of infiltration 
of the spleen by mast cells. Increased splenic weights greater than 
700 g generally occurred in patients within unfavorable categories of 
mastocytosis. 


Marrow 

The majority of adults with systemic mast cell disease have focal mast 
cell lesions in the marrow,'®®"1-1 typically appearing as foci of spin- 
dle-shaped mast cells in a fibrotic background (Fig. 63-3), sometimes 
with associated eosinophils and T and B lymphocytes. These focal mast 
cell lesions are the major criterion in the diagnosis of systemic mastocy- 
tosis (Table 63-6).'° Reticulin staining may be increased, and Masson 
trichome staining may reveal collagen deposition. In specimens exten- 
sively involved by mast cell lesions, the bony trabeculae may be moder- 
ately to markedly thickened. Aggressive variants of mastocytosis, such 
as MCL, should be considered if the percentage of mast cells in the mar- 
row aspirate film exceeds 20 percent of all nucleated cells. In the typical 
leukemic variant of MCL, mast cells account for 10 percent or more of 
blood leukocytes.'”° This type of MCL should be distinguished from an 
aleukemic variant of MCL where circulating mast cells account for less 
than 10 percent of white blood cells.!° 

In H&E-stained sections, the mast cells typically exhibit a spindle- 
shaped or oval nucleus (see Fig. 63-3A and B), and fine eosinophilic 
granules are apparent in the cytoplasm at high-power magnification (see 
Fig. 63-3B). Mast cells with bilobed nuclei may be seen in these lesions and 
is a finding associated with a poor prognosis.’ Mast cells stain positively for 
chloracetate esterase and aminocaproate esterase, and for mast cell tryptase 
by immunohistochemistry (see Fig. 63-3D). The latter is the procedure of 
choice for visualizing mast cells. Mast cells exhibit immunoreactivity for a 
variety of paraffin section markers." The more specific mast cell markers 
in paraffin sections are CD117 (KIT) (see Fig. 63-3C) and mast cell tryptase 
(see Fig. 63-3D). Strong CD117 membrane staining is equally sensitive for 
mast cells as tryptase but is less specific. 

Films of marrow aspirates or clot sections alone cannot be used to 
diagnose mast cell disease in the marrow. Although increased numbers of 
mast cells may be present in marrow aspirate films of patients with systemic 
mast cell diseases, similar findings have been reported in patients with- 
out mast cell disorders or in patients with a reactive increase in marrow 
mast cells. However, mast cells in reactive lesions usually are not spindle 
shaped, nor do they typically exhibit evidence of degranulation. On mar- 
row films, a normal mast cell has a round or oval shape, a round and 
centrally located, nonlobated nucleus, and a fully granulated cytoplasm. 
Mast cells from patients with mastocytosis may exhibit phenotypic 
aberrations, such as a spindle shape, cytoplasmic projections, and hypo- 
granulation. A multilobular and/or eccentrically located nucleus may 
be observed.'”* If at least 25 percent of all mast cells on aspirate smears 
have aberrant morphology, the findings are considered to support the 
diagnosis of systemic mastocytosis (minor criterion).!”° An aberrant 
mast cell phenotype also may be detected on flow cytometric analysis of 
the marrow aspirate. In patients with mastocytosis, mast cells may express 
CD2, CD25 (minor criterion), and CD33. 
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Figure 63-3. Marrow sections. Marrow biopsy from an adult with indolent systemic mastocytosis showing characteristic focal aggregates of mast 
cells, some of which are spindle-shaped, with admixed eosinophils and numerous small lymphocytes; different areas of the specimen were stained 
by hematoxylin and eosin (H&E) (A, B; x40 and x200, respectively) or with an antibody to human CD117 (C; x200) or tryptase (D; x200). Areas that 


contain many mast cells are depicted with arrows in A. 


TABLE 63-6. Diagnostic Criteria for Systemic Mastocytosis 


Major Criterion 


Multifocal, dense infiltrates of mast cells (>15 mast cells in 
an aggregate) detected in sections of marrow and/or other 
extracutaneous organ(s) 


Minor Criteria 


a. In biopsy sections of marrow or other extracutaneous organs, 
>25% of the mast cells in the infiltrate are spindle shaped or 
have atypical morphology, or, of all mast cells in marrow aspi- 
rate smears, >25% are immature or atypical mast cells 


b. Detection of a point mutation in KIT at codon 816 in marrow, 
blood, or other extracutaneous organ 


c. Mast cells in marrow, blood, or other extracutaneous organs 
that coexpress CD117 with CD2 and/or CD25 


d. Serum total tryptase persistently >20 ng/mL (if there is an asso- 
ciated myeloid disorder, this criterion is not valid) 
The diagnosis of systemic mastocytosis can be made if one 


major and one minor criterion are present or if three minor 
criteria are met. 


Marrow involvement is much less common in children. In a 
study of 17 children with cutaneous or disseminated mast cell dis- 
ease, small focal mast cell lesions were observed in marrow biopsies 
in 10 individuals, and increased mast cells in marrow aspirate films 
were noted in 5.'° The focal lesions found in children usually are 
small and perivascular. 

Progression of marrow involvement in systemic mast cell disease 
is variable. Some adults with indolent disease appear to have stable, or 
even decreasing, marrow involvement over time. In contrast, a pro- 
gressive increase in focal mast cell lesions is more commonly observed 
in patients with more aggressive patterns of disease. 


CLINICAL PRESENTATION 


Even though individuals may differ in the specific pathogenesis of their 
disease, all patients within a given category of mastocytosis (see Table 
63-5) tend to exhibit similar clinical features. Manifestations of the 
disease largely reflect the local and systemic consequences of mediator 
release from tissue mast cells. Effects caused by disruption of normal 
structures by local collections of mast cells also may be seen. 


At presentation, patients with mastocytosis may complain of vague 
and nonspecific constitutional symptoms, such as fatigue, weakness, 
flushing, and musculoskeletal pain. Some patients experience fever 
and/or weight loss. A subset of patients may present with recur- 
rent episodes of unexplained anaphylaxis.” However, most patients 
with mastocytosis and a hematologic disorder are diagnosed based on 
marrow biopsy findings, during the investigation of their hematologic 
disease.'*”'® Patients with aggressive disease often present with unex- 
plained lymphadenopathy and splenomegaly and/or hepatomegaly. 

Gastrointestinal disease and associated symptoms are commonly 
associated with systemic mastocytosis, either at presentation or as the 
disease progresses.'”! Findings include nausea, vomiting, abdom- 
inal pain, and diarrhea. Peptic ulcer disease, which is thought to 
reflect, at least in part, the promotion of gastric acid secretion by ele- 
vated histamine levels, occurs in up to 50 percent of patients with sys- 
temic disease.” With progressive disease, patients may develop mild 
malabsorption.” 

If systemic involvement is advanced at the time of diagnosis, 
patients may exhibit lymphadenopathy, hepatomegaly, and splenomeg- 
aly during the initial evaluation.’ Because osteoporosis may accom- 
pany systemic disease, pathologic fractures may occur. 


LABORATORY FEATURES 


When systemic mastocytosis is suspected in patients based on a 
combination of: reports of symptoms consistent with mediator 
release, identification of classical skin lesions showing a 10-fold or 
greater increase in mast cell numbers, an elevation in serum trypt- 
ase of greater than 20 ng/mL?” and documentation of organomegaly, 
an appropriate next step is to perform a marrow biopsy and aspi- 
rate.!°217601 Additional studies, including a gastrointestinal evalu- 
ation involving radiographic studies of the upper gastrointestinal 
tract and small intestines, computed tomographic scan of the abdo- 
men, and endoscopy, also may be justified. 

Plasma and/or urinary histamine levels may be increased in sys- 
temic mastocytosis.'** However, the isolated findings of increased levels 
of histamine or histamine metabolites may reflect a number of other sit- 
uations, including anaphylaxis. Furthermore, the accuracy of laboratory 
measurement of histamine depends on the assay used. Urine histamine 
levels may be falsely elevated as a result of bacterial contamination, 
pharmacologic agents and their metabolites excreted in the urine, or 
diets rich in histamine or histamine precursors. Similarly, serum trypt- 
ase may be elevated after anaphylaxis. Thus, no single laboratory test 
showing an elevation in a mast cell mediator is diagnostic of mastocy- 
tosis. Rather, the demonstration of such mediators in blood or urine 
should prompt the clinician to investigate further for the presence of 
mastocytosis. 

There are patients who have symptoms of mediator release but no 
mastocytosis in the skin or organomegaly. Some of these patients may 
have experienced venom-induced anaphylaxis. These patients may also 
exhibit elevations in tryptase but below the 20 ng/mL which is used as 
a minor diagnostic criterion. In such situations, reports have suggested 
the detection of the D816V mutation in blood using a highly sensitive 
allele-specific quantitative polymerase chain reaction (qPCR) may be use- 
ful as a diagnostic parameter.””' At the time of writing of this chapter, this 
test is not widely available and it is being used largely in referral centers. 


DIFFERENTIAL DIAGNOSIS 


The differential diagnosis of systemic mastocytosis includes allergic dis- 
eases; hereditary or acquired angioneurotic edema; idiopathic flushing, 
urticaria, and anaphylaxis; carcinoid tumor; and idiopathic capillary leak 
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syndrome. When episodic hypertension is a major finding, pheochro- 
mocytoma should be considered. Significant unexplained gastroduode- 
nal ulcer disease requires that Zollinger-Ellison gastrinoma syndrome 
be ruled out. Helicobacter pylori infection should be considered in all 
patients with ulcer disease, including patients with mastocytosis. 

Some diseases have hematologic findings that overlap with those 
of systemic mastocytosis. These disorders include tryptase-positive 
AML, CML with accumulation of tryptase-positive cells, primary mye- 
lofibrosis with mast cell accumulation, and acute or chronic basophilic 
leukemia. 

A somatic mutation in KIT at codon 816 (most commonly 
Asp816Val) is associated especially with adult-onset systemic mastocy- 
tosis. Demonstration of a codon 816 gain-of-function mutation, where 
the most sensitive approach is to look for its presence in sorted mar- 
row-derived mast cells, is a minor criterion in the diagnosis of mastocy- 
tosis (see Table 63-6). 


THERAPY 


Mastocytosis currently has no cure.*” In addition, no evidence indicates 
that symptomatic therapy significantly alters the course of the underly- 
ing disease. 


Avoiding Triggers 

Management of mastocytosis includes instructing the patient on the 
avoidance of factors that may trigger symptoms (presumably by direct 
or indirect activation of mast cell mediator production). Such fac- 
tors can include temperature extremes, physical exertion, or, in some 
unusual cases, ingestion of ethanol, nonsteroidal antiinflammatory 
drugs, or opiate analgesics.’ 


Epinephrine and H, or H, Antihistamines 

Anaphylaxis may follow insect stings, even in the absence of evidence 
of allergic sensitivity.'°* Epinephrine-filled syringes and instructions on 
their use can be given to patients considered at risk for such a reaction. 
Patients with mast cell disease and a history of anaphylaxis should be 
advised to carry epinephrine-filled syringes, instructed on their use, 
and taught to self-medicate, if necessary. These patients also may benefit 
from the concurrent use of H, and H, antihistamines prophylactically. 
Patients may experience severe reactions to iodinated contrast materi- 
als. Thus, consideration should be given to premedicating mastocytosis 
patients with H, and H, antihistamines and prednisone. Nonsedative 
H, antihistamines decrease skin irritability and pruritus. Pruritus 
may be relieved by approaches that maintain skin hydration. H, anti- 
histamines, including ranitidine and famotidine, are used to treat the 
gastritis and peptic ulcer disease associated with mastocytosis. 86202-204 
H, antihistamines may be titrated based on symptom control or to a 
particular level of gastric secretion. Proton pump inhibitors are useful 
for management of gastric hypersecretion. 


OTHER DRUG THERAPY 


Disodium Cromoglycate; Ketotifen 

Oral administration of disodium cromoglycate may be useful for treat- 
ment of gastrointestinal cramping and diarrhea.'**** The agent has 
been beneficial in cutaneous mast cell disease in children and infants.'** 
Other symptoms, including headache, have improved with adminis- 
tration of cromolyn sodium. Ketotifen reportedly has been effective in 
relieving pruritus and wheal formation in cutaneous mastocytosis.*” By 
contrast, one pediatric study found ketotifen was no more effective than 
hydroxyzine.” 


Bisphosphonates 

Osteoporosis in patients with mastocytosis may be unrecognized and 
thus undertreated, especially in patients with milder forms of disease. It 
is thus important to utilize dual-energy x-ray absorptiometry (DEXA) 
scanning in the evaluation of those with mastocytosis. Recommended 
approaches for the treatment of osteoporosis include calcium supple- 
mentation, consideration of estrogen replacement in postmenopausal 
women, and use of bisphosphonates.” 


Nonsteroidal Antiinflammatory Agents 

Nonsteroidal antiinflammatory agents have been useful in some patients 
whose primary manifestations are recurrent episodes of flushing, syn- 
cope, or both.” It should be noted that these agents may exacerbate 
ulcer disease. Patients with a history of aspirin sensitivity should not be 
placed on this therapy unless they first undergo desensitization. 


Glucocorticoids; Methoxypsoralen 

Cutaneous lesions have been treated with either glucocorticoids” or 
8-methoxypsoralen plus ultraviolet A (PUVA), largely to reduce 
pruritus or for cosmetic improvement. No evidence indicates such 
approaches alter the progression of systemic disease. Relapses 3 to 6 
months after cessation of PUVA therapy are common. Patients may 
experience a decrease in the intensity of lesions after exposure to nat- 
ural sunlight. Repeated or extensive application of glucocorticoids may 
result in cutaneous atrophy or adrenocortical suppression.” 

Systemic glucocorticoids are used to decrease significant malab- 
sorption and ascites?™ in patients with advanced disease. In adults, oral 
prednisone (40 to 60 mg/day) usually results in decreased symptoms 
over a 2- to 3-week period. After initial improvement, steroids usually 
can be tapered to an alternate-day regimen. However, with time, the 
ascites frequently recurs. Such patients reportedly can benefit from a 
portacaval shunt. 


Interferon-a Cladribine 

Patients with more advanced categories of systemic mastocytosis may 
be candidates for approaches directed at reducing the mast cell bur- 
den. None of these approaches has resulted in cure of the disease. For 
severe disease, some limited success has been reported for interferon 
a (IFN-a) and it is often considered to be a first-line drug of choice 
along with cladribine.??!'*” It is presumed to act by restricting the pro- 
liferation of hematopoietic progenitor cells. Studies with IFN-a, often 
in combination with glucocorticoids, have reported variable success, 
with unchanged or modest reductions in marrow infiltration with mast 
cells, and in tryptase levels. Many patients do report symptomatic ben- 
efits. Resolutions of ascites and increased bone remineralization also 
have been reported. Use of IFN-a is often limited by side effects such 
as fever, fatigue, and cytopenias. Its use is not routinely recommended 
for patients with indolent systemic disease, unless there is concomitant 
severe osteoporosis. 

Cladribine (2-chlorodeoxyadenosine), a nucleoside analogue, does 
not require cells in active cell cycle to exert its cytotoxic activity and may 
be beneficial in slowly progressing neoplastic processes. The drug has 
myelosuppressive and immunosuppressive properties and thus cannot 
be recommended for patients with indolent disease.” 


Hematopoietic Stem Cell Transplantation 

Allogeneic stem cell transplantation (SCT) has been employed as a 
treatment option for patients with advanced categories of mastocytosis 
associated with poor survival. SCT has been used to treat a hemato- 
logic disorder associated with mastocytosis in relatively few cases.?!*76 
Although these studies reported favorable responses of the associated 
hematologic disorders, complete remission of the mast cell disease was 
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reported in only one study, which used non-T-cell-depleted blood SCT 
in a patient with an associated myeloproliferative neoplasm.” The 
value of allogeneic SCT in mastocytosis may result from the immuno- 
therapeutic effects of the donor marrow rather than the myeloablative 
conditioning regimen.’ One study using nonmyeloablative blood SCT 
for treatment of advanced systemic mastocytosis in three patients with 
advanced mastocytosis reported no effect on mastocytosis progression 
despite the induction of a graft-versus-mast-cell response.” Perhaps 
performing targeted therapy directed at the mast cell compartment 
before transplantation would improve outcome. 


Tyrosine Kinase Inhibitors 
The availability of low-molecular-weight inhibitors of tyrosine kinases 
suggested the mutated KIT tyrosine kinases in mastocytosis as a thera- 
peutic target. Imatinib mesylate (Gleevec; Novartis, Basel, Switzerland) 
currently is the only such drug available. It has a specific inhibition 
profile that includes ABL1, KIT, and PDGER (platelet-derived growth 
factor receptor) tyrosine kinases.” Although the drug inhibits 
wild-type KIT and KIT bearing juxtamembrane-activating mutations 
similar to those found in gastrointestinal stromal tumors, it does not 
inhibit KIT bearing the codon 816 mutations associated with most 
common forms of systemic mastocytosis.’!°”° This finding is attributed 
to a conformational change in KIT bearing the codon 816 mutation, 
which interferes with the association of the drug with the ATP-binding 
domains of the receptor. Consistent with these observations, imatinib 
mesylate showed a strong in vitro cytotoxic effect on mast cells bearing 
wild-type KIT. Mast cells bearing a codon 816 mutation isolated from 
marrow of patients with mastocytosis were fairly resistant to the drug.” 
These studies suggest imatinib mesylate is unlikely to be an effective 
therapy for patients who carry codon 816 mutations. However, the drug 
appears to be of value when there is an imatinib-sensitive mutation or 
in KIT816-unmutated patients. For example, a patient with an unusual 
form of systemic mastocytosis associated with a KIT mutation (Phe- 
522Cys) affecting the transmembrane region of the receptor responded 
to treatment with imatinib.’ Accordingly, a careful mutational analy- 
sis of a sample enriched for lesional mast cells appears to be essential 
in patients with mastocytosis before contemplating imatinib therapy. 
Other tyrosine kinase inhibitors that decrease the activity of KIT with 
codon 816 mutations including midostaurin (PKC412) and dasatinib 
are in clinical trials.’ Studies to date suggest that midostaurin may 
produce significant decreases in mast cell burden in some patients.” 
Some patients with a variant of chronic eosinophilic leukemia 
(clonal hypereosinophilic syndrome) and FIPILI-PDGFRA fusions 
exhibit elevated serum tryptase levels, increased numbers of mast cells 
in the marrow, some of which can appear atypical and spindle shaped, 
tissue fibrosis, and, like other patients who have the FIPILI-PDGFRA 
fusion gene, are responsive to imatinib mesylate.’ Such cases are 
classified within the World Health Organization category of myeloid 
and lymphoid neoplasms with eosinophilia and abnormalities of PDG- 
FRA, PDGFRB, or FGFR1. 


Monoclonal Mast Cell Activation Syndrome 

Monoclonal mast cell activation syndrome (MMAS) is a term adopted 
by a consensus conference to be applied to patients who are found to 
have one or two minor diagnostic criteria for mastocytosis but lack 
the full diagnostic criteria for systemic disease.” Patients with such 
findings have been identified within groups of patients diagnosed with 
idiopathic anaphylaxis and patients with anaphylaxis to stinging insects. 
It is possible that these studies are identifying patients with a progres- 
sive clonal mast cell disorder that may one day meet the diagnostic 
criteria for systemic mastocytosis. For now, such patients are treated 
symptomatically and for anaphylaxis. Followup at yearly intervals is 


recommended to determine if there is evidence of an expanding mast 
cell compartment. 


Mast Cell Activation Syndrome 

The term mast cell activation syndrome (MCAS) is sometimes applied 
as a diagnosis for patients with episodic allergic-like signs and symp- 
toms, including flushing, urticaria, diarrhea, and wheezing, involving 
two or more organ systems; and where an extensive medical evaluation 
has failed to identify an etiology.””*** The assumption is that individuals 
to whom this diagnosis is applied are having episodes caused by release 
of mediators associated with hyperreactivity of mast cells that then acti- 
vate spontaneously. 

Diagnostic criteria have been proposed to separate this proposed 
entity from other causes of such clinical findings. These criteria include 
response to antimediator therapy and an elevation in a marker of mast 
cell activation, such as serum tryptase, with an episode.”’ Primary 
(clonal) and other clinical disorders associated with mast cell activation, 
as well as other conditions associated with vasoactive mediator release, 
must be eliminated as possible causes of the clinical findings, including 
allergic diseases, mast cell activation associated with chronic inflamma- 
tory or neoplastic disorders and chronic autoimmune urticaria. Once 
the diagnostic criteria are met, therapy is symptomatic. Patients must 
be followed regularly in the event that one of the diagnoses eliminated 
during the initial evaluation reaches the level of diagnosis. 


Splenectomy 

Splenectomy has been performed on patients with severe aggressive 
mastocytosis in an attempt to improve their limiting cytopenias.*” 
Based on comparisons to historical controls, splenectomy increased 
survival by an average of 12 months. Patients who had undergone sple- 
nectomy appeared to be better able to tolerate chemotherapy. Splenec- 
tomy is of no value in the management of indolent mast cell disease. 


COURSE AND PROGNOSIS 


The prognosis of adult patients with mast cell disorders is related to the 
disease category. The vast majority of patients who present with UP and 
indolent systemic mastocytosis (ISM) have a chronic protracted course 
that responds to symptomatic medical management. A normal life span 
is expected. Few of these patients progress to more severe forms of the 
disease; some patients may even experience a diminution in the sever- 
ity of skin lesions in later years, while their marrow findings remain 
unchanged.” However, elevated serum lactate dehydrogenase levels, a 
late age of onset, and, in patients with SM-AHNMD, presence of a sig- 
nificant hematologic abnormality (such as a myeloproliferative or mye- 
lodysplastic disorder or, more rarely, overt leukemia) are indicators of 
a poor prognosis and shortened survival.’® The prognosis for patients 
with SM-AHNMD depends on the course of the associated hematologic 
disorder. 


Mast Cell Leukemia 

MCL is relatively rare and prognosis is poor." A major differential 
diagnosis to MCL is myelomastocytic leukemia (MML).”! Patients with 
MCL may have fever, anorexia, weight loss, fatigue, severe abdominal 
cramping, nausea, vomiting, diarrhea, flushing, hypotension, pruritus, 
or bone pain. Peptic ulcer and gastrointestinal bleeding, hepatomeg- 
aly, splenomegaly, and lymph node enlargement are frequent findings. 
Anemia is a constant feature, and thrombocytopenia is nearly always 
present. The total leukocyte count varies from 10,000 to 150,000/uL (10 
to 150 x 10°/L), and mast cells compose 10 to 90 percent of leukocytes. 
Marrow biopsy shows a striking increase in mast cells, sometimes up to 
90 percent of marrow cells, although the leukemic mast cells often are 
hypogranular or agranular. 195231 
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Mast Cell Sarcoma 
This is an exceedingly rare tumor, characterized by nodules at various 
cutaneous and mucosal sites. 164176 


REFERENCES 


1. Galli SJ, Dvorak AM, Dvorak HF: Basophils and mast cells: Morphologic insights into 
their biology, secretory patterns, and function. Prog Allergy 34:1-141, 1984. 

2. Dvorak AM. Basophil and Mast Cell Degranulation and Recovery, vol. 4. Springer, New 
York, 1991. 

. Valent P: Immunophenotypic characterization of human basophils and mast cells. 
Chem Immunol 61:34-48, 1995. 

4. Metz M, Brockow K, Metcalfe D, et al: Mast cells, basophils and mastocytosis, in Clin- 
ical Immunology: Principles and Practice edited by Rich RR, Fleisher TA, Shearer WT, 
Schroeder HW Jr, Frew AJ, Weyand CM, p 285. Elsevier Saunders, Philadelphia, 2013. 

. Voehringer D: Protective and pathological roles of mast cells and basophils. Nat Rev 
Immunol 13:362-375, 2013. 

. Murakami M, Izumi H, Morimoto S, et al: Thalassemia intermedia complicated by 
hemochromatosis: Clinical and autopsy report of a case. Nihon Ketsueki Gakkai Zasshi 
32:336-352, 1969. 

. Dvorak AM, Monahan RA, Osage JE, et al: Crohn’s disease: Transmission electron 
microscopic studies. II. Immunologic inflammatory response. Alterations of mast cells, 
basophils, eosinophils, and the microvasculature. Hum Pathol 11:606-619, 1980. 

. Juhlin L: Basophil leukocyte differential in blood and bone marrow. Acta Haematol 
29:89-95, 1963. 

. Ducrest S, Meier F, Tschopp C, et al: Flow cytometric analysis of basophil counts in 
human blood and inaccuracy of hematology analyzers. Allergy 60:1446-1450, 2005. 

10. Gilbert HS, Ornstein L: Basophil counting with a new staining method using Alcian 

blue. Blood 46:279-286, 1975. 

11. Ishizaka T, Iwata M, Ishizaka K: Release of histamine and arachidonate from mouse 
mast cells induced by glycosylation-enhancing factor and bradykinin. J Immunol 
134:1880-1887, 1985. 

12. Ganser A, Lindemann A, Seipelt G, et al: Effects of recombinant human interleukin-3 
in aplastic anemia. Blood 76:1287-1292, 1990. 

13. Lantz CS, Boesiger J, Song CH, et al: Role for interleukin-3 in mast-cell and basophil 
development and in immunity to parasites. Nature 392:90-93, 1998. 

14. Lantz CS, Min B, Tsai M, et al: IL-3 is required for increases in blood basophils in nem- 
atode infection in mice and can enhance IgE-dependent IL-4 production by basophils 
in vitro. Lab Invest 88:1134-1142, 2008. 

15. LiL, Li Y, Reddel SW, et al: Identification of basophilic cells that express mast cell gran- 
ule proteases in the peripheral blood of asthma, allergy, and drug-reactive patients. J 
Immunol 161:5079-5086, 1998. 

16. Kitamura Y: Heterogeneity of mast cells and phenotypic change between subpopula- 
tions. Annu Rev Immunol 7:59-76, 1989. 

17. Galli SJ, Zsebo KM, Geissler EN: The kit ligand, stem cell factor. Adv Immunol 55:1-96, 
1994. 

18. Rodewald HR, Dessing M, Dvorak AM, et al: Identification of a committed precursor 
for the mast cell lineage. Science 271:818-822, 1996. 

19. Chen CC, Grimbaldeston MA, Tsai M, et al: Identification of mast cell progenitors in 
adult mice. Proc Natl Acad Sci U S A 102:11408-11413, 2005. 

20. Franco CB, Chen CC, Drukker M, et al: Distinguishing mast cell and granulocyte dif- 
ferentiation at the single-cell level. Cell Stem Cell 6:361-368, 2010. 

21. Galli SJ, Borregaard N, Wynn TA: Phenotypic and functional plasticity of cells of innate 
immunity: Macrophages, mast cells and neutrophils. Nat Immunol 12:1035-1044, 2011. 

22. Galli SJ, Iemura A, Garlick DS, et al: Reversible expansion of primate mast cell popula- 
tions in vivo by stem cell factor. J Clin Invest 91:148-152, 1993. 

23. Costa JJ, Demetri GD, Harrist TJ, et al: Recombinant human stem cell factor (kit ligand) 
promotes human mast cell and melanocyte hyperplasia and functional activation in 
vivo. J Exp Med 183:2681-2686, 1996. 

24. Smith MA, Court EL, Smith JG: Stem cell factor: Laboratory and clinical aspects. Blood 
Rev 15:191-197, 2001. 

25. Bischoff SC, Dahinden CA: C-kit ligand: A unique potentiator of mediator release by 
human lung mast cells. J Exp Med 175:237-244, 1992. 

26. Columbo M, Horowitz EM, Botana LM, et al: The human recombinant c-kit recep- 
tor ligand, rhSCF, induces mediator release from human cutaneous mast cells and 
enhances IgE-dependent mediator release from both skin mast cells and peripheral 
blood basophils. J Immunol 149:599-608, 1992. 

27. Wershil BK, Tsai M, Geissler EN, et al: The rat c-kit ligand, stem cell factor, induces c-kit 
receptor-dependent mouse mast cell activation in vivo. Evidence that signaling through 
the c-kit receptor can induce expression of cellular function. J Exp Med 175:245-255, 
1992. 

28. Finotto S, Mekori YA, Metcalfe DD: Glucocorticoids decrease tissue mast cell number 
by reducing the production of the c-kit ligand, stem cell factor, by resident cells: In vitro 
and in vivo evidence in murine systems. J Clin Invest 99:1721-1728, 1997. 

29. Irani AA, Schechter NM, Craig SS, et al: Two types of human mast cells that have dis- 
tinct neutral protease compositions. Proc Natl Acad Sci U S A 83:4464-4468, 1986. 

30. Galli SJ: New insights into “the riddle of the mast cells”: Microenvironmental regulation 
of mast cell development and phenotypic heterogeneity. Lab Invest 62:5-33, 1990. 


w 


wa 


ions 


N 


o0 


\o 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


61. 


62. 
63. 


64. 


65. 


Siegmund R, Vogelsang H, Machnik A, et al: Surface membrane antigen alteration on 
blood basophils in patients with Hymenoptera venom allergy under immunotherapy. J 
Allergy Clin Immunol 106:1190-1195, 2000. 

Juhlin L, Michaelsson G: A new syndrome characterised by absence of eosinophils and 
basophils. Lancet 1:1233-1235, 1977. 

Tracey R, Smith H: An inherited anomaly of human eosinophils and basophils. Blood 
Cells 4:291-300, 1978. 

Mitchell EB, Platts-Mills TA, Pereira RS, et al: Basophil and eosinophil deficiency in 
a patient with hypogammaglobulinemia associated with thymoma. Birth Defects Orig 
Artic Ser 19:331, 1983. 

Dvorak AM, Mihm MC Jr, Dvorak HF: Morphology of delayed-type hypersensitivity 
reactions in man. II. Ultrastructural alterations affecting the microvasculature and the 
tissue mast cells. Lab Invest 34:179-191, 1976. 

Arinobu Y, Iwasaki H, Gurish MEF, et al: Developmental checkpoints of the basophil/ 
mast cell lineages in adult murine hematopoiesis. Proc Natl Acad Sci U S A 102:18105- 
18110, 2005. 

Qi X, Hong J, Chaves L, et al: Antagonistic regulation by the transcription factors C/ 
EBPa and MITF specifies basophil and mast cell fates. Immunity 39:97-110, 2013. 
Mukai K, BenBarak MJ, Tachibana M, et al: Critical role of P1-Runx] in mouse basophil 
development. Blood 120:76-85, 2012. 

Hastie R: A study of the ultrastructure of human basophil leukocytes. Lab Invest 
31:223-231, 1974. 

Ronnberg E, Melo FR, Pejler G: Mast cell proteoglycans. J Histochem Cytochem 60:950- 
962, 2012. 

Rothenberg ME, Caulfield JP, Austen KF, et al: Biochemical and morphological char- 
acterization of basophilic leukocytes from two patients with myelogenous leukemia. J 
Immunol 138:2616-2625, 1987. 

Metcalfe DD, Bland CE, Wasserman SI: Biochemical and functional characterization of 
proteoglycans isolated from basophils of patients with chronic myelogenous leukemia. 
J Immunol 132:1943-1950, 1984. 

Porter JF, Mitchell RG: Distribution of histamine in human blood. Physiol Rev 52:361- 
381, 1972. 

Wernersson S, Pejler G: Mast cell secretory granules: Armed for battle. Nat Rev Immu- 
nol 14:478-494, 2014. 

Oh C, Suzuki S, Nakashima I, et al: Histamine synthesis by non-mast cells through 
mitogen-dependent induction of histidine decarboxylase. Immunology 65:143-148, 
1988. 

Xu X, Zhang D, Zhang H, et al: Neutrophil histamine contributes to inflammation in 
mycoplasma pneumonia. J Exp Med 203:2907-2917, 2006. 

Saxena SP, Brandes LJ, Becker AB, et al: Histamine is an intracellular messenger medi- 
ating platelet aggregation. Science 243:1596-1599, 1989. 

Galli SJ, Kitamura Y: Genetically mast-cell-deficient W/W’ and SI/SI! mice. Their value 
for the analysis of the roles of mast cells in biologic responses in vivo. Am J Pathol 
127:191-198, 1987. 
Galli SJ, Kalesnikoff J, Grimbaldeston MA, et al: Mast cells as “tunable” effector and 
immunoregulatory cells: Recent advances. Annu Rev Immunol 23:749-786, 2005. 

Galli SJ, Tsai M, Piliponsky AM: The development of allergic inflammation. Nature 
454:445-454, 2008. 
Galli SJ, Grimbaldeston M, Tsai M: Immunomodulatory mast cells: Negative, as well as 
positive, regulators of immunity. Nat Rev Immunol 8:478-486, 2008. 

Gordon JR, Galli SJ: Mast-cells as a source of both preformed and immunologically 
inducible TNF-a cachectin. Nature 346:274-276, 1990. 

Walsh LJ, Trinchieri G, Waldorf HA, et al: Human dermal mast cells contain and release 
tumor necrosis factor a, which induces endothelial leukocyte adhesion molecule 1. Proc 
Natl Acad Sci U S A 88:4220-4224, 1991. 

de Paulis A, Prevete N, Fiorentino I, et al: Expression and functions of the vascu- 
lar endothelial growth factors and their receptors in human basophils. J Immunol 
177:7322-7331, 2006. 

Min B: Basophils: What they “can do” versus what they “actually do”. Nat Immunol 
9:1333-1339, 2008. 

Sullivan BM, Liang HE, Bando JK, et al: Genetic analysis of basophil function in vivo. 
Nat Immunol 12:527-535, 2011. 

Karasuyama H, Mukai K, Obata K, et al: Nonredundant roles of basophils in immunity. 
Annu Rev Immunol 29:45-69, 2011. 

Rivera J, Gilfillan AM: Molecular regulation of mast cell activation. J Allergy Clin Immu- 
nol 117:1214-1225; quiz 1226, 2006. 

Kraft S, Kinet JP: New developments in FceRI regulation, function and inhibition. Nat 
Rev Immunol 7:365-378, 2007. 

Koshino T, Teshima S, Fukushima N, et al: Identification of basophils by immuno- 
histochemistry in the airways of post-mortem cases of fatal asthma. Clin Exp Allergy 
23:919-925, 1993. 

Finkelman FD: Anaphylaxis: Lessons from mouse models. J Allergy Clin Immunol 
120:506-515; quiz 516-517, 2007. 

Jonsson F, Daeron M: Mast cells and company. Front Immunol 3:16, 2012. 

Galli SJ, Tsai M, Marichal T, et al: Approaches for analyzing the roles of mast cells and 
their proteases in vivo. Adv Immunol 125:45-127, 2015. 

Reber LL, Marichal T, Galli SJ: New models for analyzing mast cell functions in vivo. 
Trends Immunol 33:613-625, 2012. 

Ebo DG, Bridts CH, Hagendorens MM, et al: Basophil activation test by flow cytometry: 
Present and future applications in allergology. Cytometry B Clin Cytom 74:201-210, 2008. 


Chapter 63: Basophils, Mast Cells, and Related Disorders 


66. 


67. 
68. 


69. 
70. 
71. 


72. 
73. 


74. 


75. 


76. 


77. 


78. 
79. 
80. 


81. 
82. 


83. 
84. 
85. 


86. 


87. 
88. 
89. 


90. 


91. 
92. 


93. 
94. 


95. 
96. 


97. 


Wershil BK, Wang ZS, Gordon JR, et al: Recruitment of neutrophils during IgE- 
dependent cutaneous late phase reactions in the mouse is mast cell-dependent. Partial 
inhibition of the reaction with antiserum against tumor necrosis factor-alpha. J Clin 
Invest 87:446-453, 1991. 

Mukai K, Matsuoka K, Taya C, et al: Basophils play a critical role in the development 
of IgE-mediated chronic allergic inflammation independently of T cells and mast cells. 
Immunity 23:191-202, 2005. 

Ong YE, Menzies-Gow A, Barkans J, et al: Anti-IgE (omalizumab) inhibits late-phase 
reactions and inflammatory cells after repeat skin allergen challenge. J Allergy Clin 
Immunol 116:558-564, 2005. 

Conner E, Bochner BS, Brummet M, et al: The effect of etanercept on the human cuta- 
neous allergic response. J Allergy Clin Immunol 121:258-260, 2008. 

Yu M, Tsai M, Tam SY, et al: Mast cells can promote the development of multiple fea- 
tures of chronic asthma in mice. J Clin Invest 116:1633-1641, 2006. 

Yu M, Eckart MR, Morgan AA, et al: Identification of an IFN-y/mast cell axis in a 
mouse model of chronic asthma. J Clin Invest 121:3133-3143, 2011. 

MacGlashan DW Jr, Bochner BS, Adelman DC, et al: Down-regulation of FceRI expres- 
sion on human basophils during in vivo treatment of atopic patients with anti-IgE 
antibody. J Immunol 158:1438-1445, 1997. 

Yamaguchi M, Lantz CS, Oettgen HC, et al: IgE enhances mouse mast cell FceRI expres- 
sion in vitro and in vivo: Evidence for a novel amplification mechanism in IgE-dependent 
reactions. J Exp Med 185:663-672, 1997. 

Kawakami T, Galli SJ: Regulation of mast-cell and basophil function and survival by 
IgE. Nat Rev Immunol 2:773-786, 2002. 

Matsuda K, Piliponsky AM, likura M, et al: Monomeric IgE enhances human mast cell 
chemokine production: IL-4 augments and dexamethasone suppresses the response. 
J Allergy Clin Immunol 116:1357-1363, 2005. 

James LC, Roversi P, Tawfik DS: Antibody multispecificity mediated by conformational 
diversity. Science 299:1362-1367, 2003. 

Galli SJ, Askenase PW. Cutaneous basophil hypersensitivity, in The Reticuloendothelial 
System: A Comprehensive Treatise, edited by Abramoff P, Phililps S, Escobar N, p 321. 
Plenum, New York, 1986. 

Galli SJ, Nakae S, Tsai M: Mast cells in the development of adaptive immune responses. 
Nat Immunol 6:135-142, 2005. 

Rodewald HR, Feyerabend TB: Widespread immunological functions of mast cells: 
Fact or fiction? Immunity 37:13-24, 2012. 

McLachlan JB, Shelburne CP, Hart JP, et al: Mast cell activators: A new class of highly 
effective vaccine adjuvants. Nat Med 14:536-541, 2008. 

Brown SJ, Galli SJ, Gleich GJ, et al: Ablation of immunity to Amblyomma americanum 
by anti-basophil serum: Cooperation between basophils and eosinophils in expression 
of immunity to ectoparasites (ticks) in guinea pigs. J Immunol 129:790-796, 1982. 
Matsuda H, Watanabe N, Kiso Y, et al: Necessity of IgE antibodies and mast cells for 
manifestation of resistance against larval Haemaphysalis longicornis ticks in mice. 
J Immunol 144:259-262, 1990. 

Abraham SN, St John AL: Mast cell-orchestrated immunity to pathogens. Nat Rev 
Immunol 10:440-452, 2010. 

Di Nardo A, Vitiello A, Gallo RL: Cutting edge: Mast cell antimicrobial activity is mediated 
by expression of cathelicidin antimicrobial peptide. J Immunol 170:2274-2278, 2003. 
Maurer M, Wedemeyer J, Metz M, et al: Mast cells promote homeostasis by limiting 
endothelin-1-induced toxicity. Nature 432:512-516, 2004. 

Schneider LA, Schlenner SM, Feyerabend TB, et al: Molecular mechanism of mast cell 
mediated innate defense against endothelin and snake venom sarafotoxin. J Exp Med 
204:2629-2639, 2007. 

Piliponsky AM, Chen CC, Nishimura T, et al: Neurotensin increases mortality and mast 
cells reduce neurotensin levels in a mouse model of sepsis. Nat Med 14:392-398, 2008. 
Mallen-St Clair J, Pham CT, Villalta SA, et al: Mast cell dipeptidyl peptidase I mediates 
survival from sepsis. J Clin Invest 113:628-634, 2004. 

Chan CY, St John AL, Abraham SN: Mast cell interleukin-10 drives localized tolerance 
in chronic bladder infection. Immunity 38:349-359, 2013. 

Bannert N, Farzan M, Friend DS, et al: Human mast cell progenitors can be infected by 
macrophagetropic human immunodeficiency virus type 1 and retain virus with matu- 
ration in vitro. J Virol 75:10808-10814, 2001. 

Sundstrom JB, Little DM, Villinger F, et al: Signaling through Toll-like receptors trig- 
gers HIV-1 replication in latently infected mast cells. J Immunol 172:4391-4401, 2004. 
Sundstrom JB, Ellis JE, Hair GA, et al: Human tissue mast cells are an inducible reser- 
voir of persistent HIV infection. Blood 109:5293-5300, 2007. 

Li Y, Li LX, Wadley R, et al: Mast cells/basophils in the peripheral blood of allergic 
individuals who are HIV-1 susceptible due to their surface expression of CD4 and the 
chemokine receptors CCR3, CCR5, and CXCR4. Blood 97:3484-3490, 2001. 

St John AL, Rathore AP, Yap H, et al: Immune surveillance by mast cells during dengue 
infection promotes natural killer (NK) and NKT-cell recruitment and viral clearance. 
Proc Natl Acad Sci US A 108:9190-9195, 2011. 

Profet M: The function of allergy: Immunological defense against toxins. Q Rev Biol 
66:23-62, 1991. 

Metz M, Piliponsky AM, Chen CC, et al: Mast cells can enhance resistance to snake and 
honeybee venoms. Science 313:526-530, 2006. 

Haftenberger M, Laussmann D, Ellert U, et al: [Prevalence of sensitisation to aeraoaller- 
gens and food allergens: Results of the German Health Interview and Examination Sur- 
vey for Adults (DEGS1)] [in German]. Bundesgesundheitsblatt Gesundheitsforschung 
Gesundheitsschutz 56:687-697, 2013. 


98. Marichal T, Starkl P, Reber LL, et al: A beneficial role for immunoglobulin E in host 


defense against honeybee venom. Immunity 39:963-975, 2013. 


99. Akahoshi M, Song CH, Piliponsky AM, et al: Mast cell chymase reduces the toxicity of 


100. 


18. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31 


32. 


33. 


34. 


135. 


36. 


Gila monster venom, scorpion venom, and vasoactive intestinal polypeptide in mice. J 
Clin Invest 121:4180-4191, 2011. 

. Palm NW, Rosenstein RK, Medzhitov R: Allergic host defences. Nature 484:465-472, 2012. 

. Brandt EB, Strait RT, Hershko D, et al: Mast cells are required for experimental oral 
allergen-induced diarrhea. J Clin Invest 112:1666-1677, 2003. 

. Shelley WB, Parnes HM: The absolute basophil count. JAMA 192:368-370, 1965. 

. Thonnard-Neumann E: Studies of basophils, variations with age and sex. Acta Haema- 
tol 30:221-228, 1963. 

. Chavance M, Herbeth B, Kauffmann F: Seasonal patterns of circulating basophils. Int 
Arch Allergy Appl Immunol 86:462-464, 1988. 

. Shelley WB, Juhlin L: A new test for detecting anaphylactic sensitivity: The basophil 
reaction. Nature 191:1056-1058, 1961. 

. Grattan CE, Dawn G, Gibbs S, et al: Blood basophil numbers in chronic ordinary urti- 
caria and healthy controls: Diurnal variation, influence of loratadine and prednisolone 
and relationship to disease activity. Clin Exp Allergy 33:337-341, 2003. 

. Juhlin L: Basophil and eosinophil leukocyted in various internal disorders. Acta Med 
Scand 174:249-254, 1963. 

. Juhlin L: The effect of corticotrophin and corticosteroids on the basophil and eosino- 
phil granulocytes. Acta Haematol 29:157-165, 1963. 

. Malveaux FJ, Conroy MC, Adkinson NF Jr, et al: IgE receptors on human basophils. 
Relationship to serum IgE concentration. J Clin Invest 62:176-181, 1978. 

. Lantz CS, Yamaguchi M, Oettgen HC, et al: IgE regulates mouse basophil FceRI expres- 
sion in vivo. J Immunol 158:2517-2521, 1997. 

. Juhlin L: Basophil leukocytes in ulcerative colitis. Acta Med Scand 173:351-359, 1963. 

. Athreya BH, Moser G, Raghavan TE: Increased circulating basophils in juvenile rheu- 
matoid arthritis. A preliminary report. Am J Dis Child 129:935-937, 1975. 

. Fredericks RE, Moloney WC: The basophilic granulocyte. Blood 14, 1959. 

. Spiers AS, Bain BJ, Turner JE: The peripheral blood in chronic granulocytic leukaemia. 
Study of 50 untreated Philadelphia-positive cases. Scand J Haematol 18:25-38, 1977. 

. Kamada N, Uchino H: Chronologic sequence in appearance of clinical and laboratory 
findings characteristic of chronic myelocytic leukemia. Blood 51:843-850, 1978. 

. Drewinko B, Bollinger P, Brailas C, et al: Flow cytochemical patterns of white blood 
cells in human haematopoietic malignancies. II. Chronic leukaemias. Br J Haematol 
67:157-165, 1987. 

. Denburg JA, Browman G: Prognostic implications of basophil differentiation in chronic 

myeloid leukemia. Am J Hematol 27:110-114, 1988. 

Goh KO, Anderson FW: Cytogenetic studies in basophilic chronic myelocytic leuke- 

mia. Arch Pathol Lab Med 103:288-290, 1979. 

. Denburg JA, Wilson WE, Goodacre R, et al: Chronic myeloid leukaemia: Evidence for 

basophil differentiation and histamine synthesis from cultured peripheral blood cells. 

Br J Haematol 45:13-21, 1980. 

Parkin JL, McKenna RW, Brunning RD: Philadelphia chromosome-positive blastic 

leukaemia: Ultrastructural and ultracytochemical evidence of basophil and mast cell 

differentiation. Br J Haematol 52:663-677, 1982. 

Zucker-Franklin D: Ultrastructural evidence for the common origin of human mast 

cells and basophils. Blood 56:534-540, 1980. 

Soler J, O’Brien M, de Castro JT, et al: Blast crisis of chronic granulocytic leukemia with 

mast cell and basophilic precursors. Am J Clin Pathol 83:254-259, 1985. 

Weil SC, Hrisinko MA: A hybrid eosinophilic-basophilic granulocyte in chronic gran- 

ulocytic leukemia. Am J Clin Pathol 87:66-70, 1987. 

Gabriel LC, Escribano LM, Marie JP, et al: Peroxidase activity in circulating mast cells in 

blast crisis of chronic granulocytic leukemia. Comparative studies with basophils and 

cutaneous mast cells. Am J Clin Pathol 86:212-219, 1986. 

Youman JD, Taddeini L, Cooper T: Histamine excess symptoms in basophilic chronic 

granulocytic leukemia. Arch Intern Med 131:560-562, 1973. 

Rosenthal S, Schwartz JH, Canellos GP: Basophilic chronic granulocytic leukaemia 

with hyperhistaminaemia. Br J Haematol 36:367-372, 1977. 

Valimaki M, Vuopio P, Salaspuro M: Plasma histamine and serum pepsinogen I con- 

centrations in chronic myelogenous leukaemia. Acta Med Scand 217:89-93, 1985. 

Anderson W, Helman CA, Hirschowitz BI: Basophilic leukemia and the hypersecretion 

of gastric acid and pepsin. Gastroenterology 95:195-198, 1988. 

Xue YQ, Guo Y, Lu DR, et al: A case of basophilic leukemia bearing simultaneous 

translocations t(8;21) and t(9;22). Cancer Genet Cytogenet 51:215-221, 1991. 

Cecio A, Dini E, Quattrin N: Initial electron microscopy studies in 2 cases of acute 

basophilic leukemia. Boll Soc Ital Biol Sper 46:459-462, 1970. 

Dvorak AM, Dickersin GR, Connell A, et al: Degranulation mechanisms in human 

leukemic basophils. Clin Immunol Immunopathol 5:235-246, 1976. 

Quattrin N: Follow-up of sixty two cases of acute basophilic leukemia. Biomedicine 

28:72-79, 1978. 

Wick MR, Li CY, Pierre RV: Acute nonlymphocytic leukemia with basophilic differen- 

tiation. Blood 60:38-45, 1982. 

Lertprasertsuke N, Tsutsumi Y: An unusual form of chronic myeloproliferative disor- 

der. Aleukemic basophilic leukemia. Acta Pathol Jpn 41:73-81, 1991. 

Peterson LC, Parkin JL, Arthur DC, et al: Acute basophilic leukemia. A clinical, mor- 

phologic, and cytogenetic study of eight cases. Am J Clin Pathol 96:160-170, 1991. 

Shvidel L, Shaft D, Stark B, et al: Acute basophilic leukaemia: Eight unsuspected new 

cases diagnosed by electron microscopy. Br J Haematol 120:774-781, 2003. 


137. 


138. 


139. 


140. 


141. 


142. 


143. 


144. 


145. 


146. 


147. 


148. 


149. 


150. 


151. 


152. 


153. 


154. 


155. 


156. 


157. 


158. 


159. 


160. 


161. 


162. 


163. 


164. 


165. 


Part VII: Neutrophils, Eosinophils, Basophils, and Mast Cells 


Arber DA, Brunning RD, Orazi A, et al: Acute myeloid leukaemia, not otherwise speci- 
fied, in WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues, edited 
by Swerdlow SH, Campo E, Harris NL, Jaffe ES, Pileri SA, Stein H, Thiele J, Vardiman 
JW. p 130. IARC Press, Lyon, 2008. 

Staal-Viliare A, Latger-Cannard V, Rault JP, et al: A case of de novo acute basophilic leu- 
kaemia: Diagnostic criteria and review of the literature. Ann Biol Clin (Paris) 64:361- 
365, 2006. 

Staal-Viliare A, Latger-Cannard V, Didion J, et al: CD203c+/CD117-, an useful pheno- 
type profile for acute basophilic leukaemia diagnosis in cases of undifferentiated blasts. 
Leuk Lymphoma 48:439-441, 2007. 

Dastugue N, Duchayne E, Kuhlein E, et al: Acute basophilic leukaemia and transloca- 
tion t(X;6)(p11;q23). Br J Haematol 98:170-176, 1997. 

Quelen C, Lippert E, Struski S, et al: Identification of a transforming MYB-GATA1 
fusion gene in acute basophilic leukemia: A new entity in male infants. Blood 117:5719- 
5722, 2011. 

Pearson MG, Vardiman JW, Le Beau MM, et al: Increased numbers of marrow basophils 
may be associated with a t(6;9) in ANLL. Am J Hematol 18:393-403, 1985. 

Horsman DE, Kalousek DK: Acute myelomonocytic leukemia (AML-M4) and translo- 
cation t(6;9)(p23);q34): Two additional patients with prominent myelodysplasia. Am J 
Hematol 26:77-82, 1987. 

Matsuura Y, Sato N, Kimura F et al: An increase in basophils in a case of acute myelo- 
monocytic leukaemia associated with marrow eosinophilia and inversion of chromo- 
some 16. Eur J Haematol 39:457-461, 1987. 

Hoyle CF, Sherrington P, Hayhoe FG: Translocation (3;6)(q21;p21) in acute myeloid 
leukemia with abnormal thrombopoiesis and basophilia. Cancer Genet Cytogenet 
30:261-267, 1988. 

Nacheva EP, Grace CD, Brazma D, et al: Does BCR/ABL1 positive acute myeloid leu- 
kaemia exist? Br J Haematol 161:541-550, 2013. 

Alsabeh R, Brynes RK, Slovak ML, et al: Acute myeloid leukemia with t(6;9) (p23;q34): 
Association with myelodysplasia, basophilia, and initial CD34 negative immunopheno- 
type. Am J Clin Pathol 107:430-437, 1997. 

Slovak ML, Gundacker H, Bloomfield CD, et al: A retrospective study of 69 patients 
with t(6;9)(p23;q34) AML emphasizes the need for a prospective, multicenter initiative 
for rare “poor prognosis” myeloid malignancies. Leukemia 20:1295-1297, 2006. 
Oyarzo MP, Lin P, Glassman A, et al: Acute myeloid leukemia with t(6;9)(p23;q34) is 
associated with dysplasia and a high frequency of flt3 gene mutations. Am J Clin Pathol 
122:348-358, 2004. 

Le Beau MM, Larson RA, Bitter MA, et al: Association of an inversion of chromosome 
16 with abnormal marrow eosinophils in acute myelomonocytic leukemia. A unique 
cytogenetic-clinicopathological association. N Engl J Med 309:630-636, 1983. 

Lewis RA, Goetzl EJ, Wasserman SI, et al: The release of four mediators of immediate 
hypersensitivity from human leukemic basophils. J Immunol 114:87-92, 1975. 

Travis WD, Li CY, Bergstralh EJ, et al: Systemic mast cell disease. Analysis of 58 cases 
and literature review. Medicine (Baltimore) 67:345-368, 1988. 

Tsai M, Shih LS, Newlands GF, et al: The rat c-kit ligand, stem cell factor, induces the 
development of connective tissue-type and mucosal mast cells in vivo. Analysis by ana- 
tomical distribution, histochemistry, and protease phenotype. J Exp Med 174:125-131, 
1991. 

Irani AA, Garriga MM, Metcalfe DD, et al: Mast cells in cutaneous mastocytosis: Accu- 
mulation of the MCTC type. Clin Exp Allergy 20:53-58, 1990. 

Schwartz LB, Metcalfe DD, Miller JS, et al: Tryptase levels as an indicator of mast-cell 
activation in systemic anaphylaxis and mastocytosis. N Engl J Med 316:1622-1626, 
1987. 

Weidner N, Horan RE, Austen KF: Mast-cell phenotype in indolent forms of mastocy- 
tosis. Ultrastructural features, fluorescence detection of avidin binding, and immun- 
ofluorescent determination of chymase, tryptase, and carboxypeptidase. Am J Pathol 
140:847-857, 1992. 

Weidner N, Austen KF: Heterogeneity of mast-cells at multiple body sites-fluorescent 
determination of avidin binding and immunofluorescent determination of chymase, 
tryptase, and carboxypeptidase content. Pathol Res Pract 189:156-162, 1993. 

Lavker RM, Schechter NM: Cutaneous mast cell depletion results from topical corticos- 
teroid usage. J Immunol 135:2368-2373, 1985. 

Irani AM, Craig SS, DeBlois G, et al: Deficiency of the tryptase-positive, chymase- 
negative mast cell type in gastrointestinal mucosa of patients with defective T lympho- 
cyte function. J Immunol 138:4381-4386, 1987. 

Garriga MM, Friedman MM, Metcalfe DD: A survey of the number and distribution 
of mast cells in the skin of patients with mast cell disorders. J Allergy Clin Immunol 
82:425-432, 1988. 

Malone DG, Irani AM, Schwartz LB, et al: Mast cell numbers and histamine levels in syno- 
vial fluids from patients with diverse arthritides. Arthritis Rheum 29:956-963, 1986. 
Malone DG, Wilder RL, Saavedra-Delgado AM, et al: Mast cell numbers in rheumatoid 
synovial tissues. Correlations with quantitative measures of lymphocytic infiltration 
and modulation by antiinflammatory therapy. Arthritis Rheum 30:130-137, 1987. 
Frame B, Nixon RK: Bone-marrow mast cells in osteoporosis of aging. N Engl J Med 
279:626-630, 1968. 

Lennert K, Parwaresch MR: Mast cells and mast cell neoplasia: A review. Histopathology 
3:349-365, 1979. 

Barrett KE, Neva FA, Gam AA, et al: The immune response to nematode parasites: 
Modulation of mast cell numbers and function during Strongyloides stercoralis infec- 
tions in nonhuman primates. Am J Trop Med Hyg 38:574-581, 1988. 


166. 


167. 


168. 


169. 


170. 


171. 
172. 


173. 


174. 


175. 


176. 


177. 


178. 


179. 


180. 


181. 


182. 


183. 


184. 


185. 


186. 


187. 


188. 


189. 


190. 


191. 


192. 


193. 


194. 


195. 


196. 


197. 


198. 


199. 


Bowers HM Jr, Mahapatro RC, Kennedy JW: Numbers of mast cells in the axillary 
lymph nodes of breast cancer patients. Cancer 43:568-573, 1979. 

Yoo D, Lessin LS, Jensen WN: Bone-marrow mast cells in lymphoproliferative disor- 
ders. Ann Intern Med 88:753-757, 1978. 

Yoo D, Lessin LS: Bone marrow mast cell content in preleukemic syndrome. Am J Med 
73:539-542, 1982. 

Fohlmeister I, Reber T, Fischer R: Bone marrow mast cell reaction in preleukaemic 
myelodysplasia and in aplastic anaemia. Virchows Arch A Pathol Anat Histopathol 
405:503-509, 1985. 

Unna PG: Beitrage zur anatomic und pathogenese der urticaria simplex und pigmen- 
tosa. Mscch Prakt Dermatol 6:EH1, 1887. 

Nettleship E, Tay W, Med J: Rare forms of urticaria. Br Med J 2:323-330, 1869. 
Sangster A: An anomalous mottled rash, accompanied by pruritus, factious urticaria 
and pigmentation, “urticaria pigmentosa (?)? Trans Clin Soc Lond 11:161, 1878. 

Ellis JM: Urticaria pigmentosa; a report of a case with autopsy. Arch Pathol 48:426-435, 
1949. 

Carter MC, Metcalfe DD, Komarow HD: Mastocytosis. Immunol Allergy Clin North Am 
34:181-196, 2014. 

Soter NA: Mastocytosis and the skin. Hematol Oncol Clin North Am 14:537-555, vi, 
2000. 

Horny HP, Metcalfe DD, Bennett JM, et al: Mastocytosis, in WHO Classification of Tumours 
of Haematopoietic and Lymphoid Tissues edited by Swerdlow SH, Campo E, Harris NL, Jaffe 
ES, Pileri SA, Stein H, Thiele J, Vardiman JW. p 54. IARC Press, Lyon, 2008. 

Furitsu T, Tsujimura T, Tono T, et al: Identification of mutations in the coding sequence 
of the proto-oncogene c-kit in a human mast cell leukemia cell line causing ligand- 
independent activation of c-kit product. J Clin Invest 92:1736-1744, 1993. 

Nagata H, Worobec AS, Oh CK, et al: Identification of a point mutation in the catalytic 
domain of the protooncogene c-kit in peripheral blood mononuclear cells of patients 
who have mastocytosis with an associated hematologic disorder. Proc Natl Acad Sci US 
A 92:10560-10564, 1995. 

Longley BJ, Tyrrell L, Lu SZ, et al: Somatic c-KIT activating mutation in urticaria pig- 
mentosa and aggressive mastocytosis: Establishment of clonality in a human mast cell 
neoplasm. Nat Genet 12:312-314, 1996. 

Nagata H, Okada T, Worobec AS, et al: C-kit mutation in a population of patients with 
mastocytosis. Int Arch Allergy Immunol 113:184-186, 1997. 

Valent P: Mastocytosis: A paradigmatic example of a rare disease with complex biology 
and pathology. Am J Cancer Res 3:159-172, 2013. 

Akin C, Fumo G, Yavuz AS, et al: A novel form of mastocytosis associated with a trans- 
membrane c-kit mutation and response to imatinib. Blood 103:3222-3225, 2004. 
Lahortiga I, Akin C, Cools J, et al: Activity of imatinib in systemic mastocytosis with 
chronic basophilic leukemia and a PRKG2-PDGERB fusion. Haematologica 93:49-56, 
2008. 

Hirota S, Isozaki K, Moriyama Y, et al: Gain-of-function mutations of c-kit in human 
gastrointestinal stromal tumors. Science 279:577-580, 1998. 

Schwaab J, Schnittger S, Sotlar K, et al: Comprehensive mutational profiling in advanced 
systemic mastocytosis. Blood 122:2460-2466, 2013. 

Castells M, Metcalfe DD, Escribano L: Diagnosis and treatment of cutaneous mastocy- 
tosis in children: Practical recommendations. Am J Clin Dermatol 12:259-270, 2011. 
Travis WD, Li CY: Pathology of the lymph node and spleen in systemic mast cell dis- 
ease. Mod Pathol 1:4-14, 1988. 

Mican JM, Di Bisceglie AM, Fong TL, et al: Hepatic involvement in mastocytosis: Clini- 
copathologic correlations in 41 cases. Hepatology 22:1163-1170, 1995. 

Lawrence JB, Friedman BS, Travis WD, et al: Hematologic manifestations of systemic 
mast cell disease: A prospective study of laboratory and morphologic features and their 
relation to prognosis. Am J Med 91:612-624, 1991. 

Horny HP, Ruck MT, Kaiserling E: Spleen findings in generalized mastocytosis. A clini- 
copathologic study. Cancer 70:459-468, 1992. 

Horny HP, Parwaresch MR, Lennert K: Bone marrow findings in systemic mastocyto- 
sis. Hum Pathol 16:808-814, 1985. 

Ridell B, Olafsson JH, Roupe G, et al: The bone marrow in urticaria pigmentosa and 
systemic mastocytosis. Cell composition and mast cell density in relation to urinary 
excretion of tele-methylimidazoleacetic acid. Arch Dermatol 122:422-427, 1986. 
Kettelhut BV, Parker RI, Travis WD, et al: Hematopathology of the bone marrow in 
pediatric cutaneous mastocytosis. A study of 17 patients. Am J Clin Pathol 91:558-562, 
1989. 

Parker RI: Hematologic aspects of systemic mastocytosis. Hematol Oncol Clin North 
Am 14:557-568, 2000. 

Valent P, Sotlar K, Sperr WR, et al: Refined diagnostic criteria and classification of mast 
cell leukemia (MCL) and myelomastocytic leukemia (MML): A consensus proposal. 
Ann Oncol 25:1691-1700, 2014. 

Yang F, Tran TA, Carlson JA, et al: Paraffin section immunophenotype of cutaneous and 
extracutaneous mast cell disease: Comparison to other hematopoietic neoplasms. Am J 
Surg Pathol 24:703-709, 2000. 

Escribano L, Diaz-Agustin B, Lopez A, et al: Immunophenotypic analysis of mast cells 
in mastocytosis: When and how to do it. Proposals of the Spanish Network on Masto- 
cytosis (REMA). Cytometry B Clin Cytom 58:1-8, 2004. 

Brockow K, Jofer C, Behrendt H, et al: Anaphylaxis in patients with mastocytosis: A study 
on history, clinical features and risk factors in 120 patients. Allergy 63:226-232, 2008. 
Cherner JA, Jensen RT, Dubois A, et al: Gastrointestinal dysfunction in systemic mas- 
tocytosis. A prospective study. Gastroenterology 95:657-667, 1988. 


Chapter 63: Basophils, Mast Cells, and Related Disorders 


200. 
201. 
202. 
203. 
204. 
205. 
206. 


207. 


208. 


209. 


210. 
211. 
212. 


213. 
214. 
215. 
216. 
217. 
218. 
219. 
220. 


221. 
222. 
223. 
224. 
225. 


226. 


227. 


228. 


229. 


230. 


231. 


Akin C, Soto D, Brittain E, et al: Tryptase haplotype in mastocytosis: Relationship to dis- 
ease variant and diagnostic utility of total tryptase levels. Clin Immunol 123:268-271, 2007. 
Kristensen T, Vestergaard H, Bindslev-Jensen C, et al: Sensitive KIT D816V mutation 
analysis of blood as a diagnostic test in mastocytosis. Am J Hematol 89:493-498, 2014. 
Siebenhaar F, Akin C, Bindslev-Jensen C, et al: Treatment strategies in mastocytosis. 
Immunol Allergy Clin North Am 34:433-447, 2014. 

Frieri M, Alling DW, Metcalfe DD: Comparison of the therapeutic efficacy of cromolyn 
sodium with that of combined chlorpheniramine and cimetidine in systemic mastocy- 
tosis. Results of a double-blind clinical trial. Am J Med 78:9-14, 1985. 

Robyn J, Metcalfe DD: Systemic mastocytosis. Adv Immunol 89:169-243, 2006. 

Soter NA, Austen KF, Wasserman SI: Oral disodium cromoglycate in the treatment of 
systemic mastocytosis. N Engl J Med 301:465-469, 1979. 

Czarnetzki BM: A double-blind cross-over study of the effect of ketotifen in urticaria 
pigmentosa. Dermatologica 166:44-47, 1983. 

Kettelhut BV, Berkebile C, Bradley D, et al: A double-blind, placebo-controlled, 
crossover trial of ketotifen versus hydroxyzine in the treatment of pediatric mastocytosis. 
J Allergy Clin Immunol 83:866-870, 1989. 

Barton J, Lavker RM, Schechter NM, et al: Treatment of urticaria pigmentosa with cor- 
ticosteroids. Arch Dermatol 121:1516-1523, 1985. 

Kolde G, Frosch PJ, Czarnetzki BM: Response of cutaneous mast cells to PUVA in 
patients with urticaria pigmentosa: Histomorphometric, ultrastructural, and biochem- 
ical investigations. J Invest Dermatol 83:175-178, 1984. 

Reisberg IR, Oyakawa S: Mastocytosis with malabsorption, myelofibrosis, and massive 
ascites. Am J Gastroenterol 82:54-60, 1987. 

Kluin-Nelemans HC, Jansen JH, Breukelman H, et al: Response to interferon alfa-2b in 
a patient with systemic mastocytosis. N Engl J Med 326:619-623, 1992. 

Lim KH, Pardanani A, Tefferi A: KIT and mastocytosis. Acta Haematol 119:194-198, 
2008. 

Gromke T, Elmaagacli AH, Ditschkowski M, et al: Delayed graft-versus-mast-cell effect 
on systemic mastocytosis with associated clonal haematological non-mast cell lineage 
disease after allogeneic transplantation. Bone Marrow Transplant 48:732-733, 2013. 
Fodinger M, Fritsch G, Winkler K, et al: Origin of human mast cells: Development from 
transplanted hematopoietic stem cells after allogeneic bone marrow transplantation. 
Blood 84:2954-2959, 1994. 

Przepiorka D, Giralt S, Khouri I, et al: Allogeneic marrow transplantation for myelo- 
proliferative disorders other than chronic myelogenous leukemia: Review of forty cases. 
Am J Hematol 57:24-28, 1998. 

Nakamura R, Chakrabarti S, Akin C, et al: A pilot study of nonmyeloablative allogeneic 
hematopoietic stem cell transplant for advanced systemic mastocytosis. Bone Marrow 
Transplant 37:353-358, 2006. 

Buchdunger E, Cioffi CL, Law N, et al: Abl protein-tyrosine kinase inhibitor STI571 
inhibits in vitro signal transduction mediated by c-kit and platelet-derived growth fac- 
tor receptors. J Pharmacol Exp Ther 295:139-145, 2000. 

Druker BJ, Tamura S, Buchdunger E, et al: Effects of a selective inhibitor of the Abl 
tyrosine kinase on the growth of Bcr-Abl positive cells. Nat Med 2:561-566, 1996. 

Ma Y, Zeng S, Metcalfe DD, et al: The c-KIT mutation causing human mastocytosis is 
resistant to STI571 and other KIT kinase inhibitors; kinases with enzymatic site muta- 
tions show different inhibitor sensitivity profiles than wild-type kinases and those with 
regulatory-type mutations. Blood 99:1741-1744, 2002. 

Zermati Y, De Sepulveda P, Feger F et al: Effect of tyrosine kinase inhibitor STI571 on 
the kinase activity of wild-type and various mutated c-kit receptors found in mast cell 
neoplasms. Oncogene 22:660-664, 2003. 

Akin C, Brockow K, D'Ambrosio C, et al: Effects of tyrosine kinase inhibitor STI571 on 
human mast cells bearing wild-type or mutated c-kit. Exp Hematol 31:686-692, 2003. 
Pardanani A: Systemic mastocytosis in adults: 2013 update on diagnosis, risk stratifica- 
tion, and management. Am J Hematol 88:612-624, 2013. 

Ustun C, DeRemer DL, Akin C: Tyrosine kinase inhibitors in the treatment of systemic 
mastocytosis. Leuk Res 35:1143-1152, 2011. 

Klion AD, Noel P, Akin C, et al: Elevated serum tryptase levels identify a subset of 
patients with a myeloproliferative variant of idiopathic hypereosinophilic syndrome 
associated with tissue fibrosis, poor prognosis, and imatinib responsiveness. Blood 
101:4660-4666, 2003. 

Maric I, Robyn J, Metcalfe DD, et al: KIT D816V-associated systemic mastocytosis with 
eosinophilia and FIP1L1/PDGFRA-associated chronic eosinophilic leukemia are dis- 
tinct entities. J Allergy Clin Immunol 120:680-687, 2007. 

Valent P, Akin C, Escribano L, et al: Standards and standardization in mastocytosis: 
Consensus statements on diagnostics, treatment recommendations and response crite- 
ria. Eur J Clin Invest 37:435-453, 2007. 

Akin C, Valent P, Metcalfe DD: Mast cell activation syndrome: Proposed diagnostic 
criteria. J Allergy Clin Immunol 126:1099-104 e4, 2010. 

Valent P, Akin C, Arock M, et al: Definitions, criteria and global classification of mast 
cell disorders with special reference to mast cell activation syndromes: A consensus 
proposal. Int Arch Allergy Immunol 157:215-225, 2012. 

Friedman B, Darling G, Norton J, et al: Splenectomy in the management of systemic 
mast cell disease. Surgery 107:94-100, 1990. 

Brockow K, Scott LM, Worobec AS, et al: Regression of urticaria pigmentosa in adult 
patients with systemic mastocytosis: Correlation with clinical patterns of disease. Arch 
Dermatol 138:785-790, 2002. 

Valentini CG, Rondoni M, Pogliani EM, et al: Mast cell leukemia: A report of ten cases. 
Ann Hematol 87:505-508, 2008. 


This page intentionally left blank 


CHAPTER 64 
CLASSIFICATION AND 
CLINICAL MANIFESTATIONS 
OF NEUTROPHIL DISORDERS 


Marshall A. Lichtman 


Neutrophil disorders can be grouped into deficiencies, or neutropenia, 
excesses, or neutrophilia, and qualitative abnormalities. Neutropenia can have 
the severe consequence of predisposing to infection, whereas neutrophilia 
usually is a manifestation of an underlying inflammatory or neoplastic disease: 
the neutrophilia, per se, having no specific consequences. Qualitative disorders 
of neutrophils may lead to infection as a result of defective cell translocation 
to an inflammatory site or defective microbial killing. Neutropenia may reflect 
an inherited disease that is evident in childhood (such as congenital [heredi- 
tary] severe neutropenia), but more often it is acquired. A common cause of 
neutropenia is the adverse effect of a drug. Some cases of neutropenia have 
no evident cause. The health consequence of neutropenia is a function of the 
mechanism of the neutropenia, the abruptness and severity of the decrease 
in the blood neutrophil count, and the duration of the decrease. Neutrophils 
have also been identified as mediators of vascular or tissue injury. Table 64-1 
provides a comprehensive categorization of quantitative and qualitative neu- 
trophil disorders. 


@ CLASSIFICATION 


Table 64-1 lists disorders that result from a primary deficiency in neu- 
trophil numbers or function. Neutropenia or neutrophilia also occurs 
as part of a disorder that affects multiple blood cell lineages, as in infil- 
trative diseases of the marrow, or intrinsic disorders of multipotential 
marrow hematopoietic cells, or removal of several blood cell types in 
the circulation. These diseases are not included in this classification and 
are discussed in other chapters of this text. This classification and chap- 
ter considers disorders in which the neutrophil either is the only cell 
type affected or the dominant cell type affected. 

A pathophysiologic classification of neutrophil disorders has 
proved elusive. Techniques for measuring mechanisms of (1) impaired 
production resulting from hypoplasia or exaggerated apoptosis of mar- 
row precursors (ineffective neutropoiesis) or (2) accelerated destruc- 
tion of neutrophils are more difficult and complex than the techniques 
used to measure decreases in red cells or platelet concentrations. The 
low concentration of blood neutrophils, accentuated in neutropenic 
states, makes radioactive-labeling techniques for studying the kinetics 
of autologous cells in neutropenic subjects difficult, if not impossible. 


Acronyms and Abbreviations: CD, cluster of differentiation; G-CSF, granulo- 
cyte colony-stimulating factor; HLA-DR, human leukocyte antigen-D related. 


The two compartments of neutrophils in the blood (cells marginated 
along vascular beds as distinct from cells circulating and counted in the 
blood neutrophil count [Chap. 65]), the random disappearance of neu- 
trophils from the circulation, the short circulation time of neutrophils, 
the absence of practical techniques for measuring the size of the tis- 
sue neutrophil compartment, and the disappearance of neutrophils by 
apoptosis or excretion from the tissue compartment also make multi- 
compartmental kinetic analysis difficult. Also, neutropenic disorders 
are uncommon, and few laboratories are able, or prepared, to undertake 
the studies necessary to define the mechanisms of their development 
in sporadic cases. Therefore, efforts to understand the pathophysiology 
and kinetics of neutropenia have been of more limited success than that 
of red cells or platelets. Hence, the classification of neutrophil disor- 
ders is partly pathophysiologic and partly descriptive (see Table 64-1). 
Classification, although imperfect, does provide a language for com- 
munication and a basis for rectification as knowledge of the cause and 
mechanism of each entity advances. 

The classification is self-explanatory except in two areas. First, 
certain childhood (congenital or hereditary) syndromes listed under 
decreased neutrophilic granulopoiesis could have been listed under 
chronic hypoplastic neutropenia or chronic idiopathic neutropenia; 
however, they seem to hold a special interest. Their unique status and 
their pathogenesis have become further clarified as the mutations linked 
to each are identified. Three childhood syndromes that are associated 
with neutropenia are omitted because the neutropenia is part of a more 
global suppression of hematopoiesis: Pearson syndrome,” Fanconi ane- 
mia,** and dyskeratosis congenita (Chap. 35).>° 

A second area requiring explanation is the chronic idiopathic neu- 
tropenias. This group includes (1) cases with normocellular marrows 
but an inadequate compensatory increase in granulopoiesis for the 
degree of neutropenia and (2) cases with hyperplastic granulopoiesis 
that apparently is ineffective as a result of apoptosis of marrow neu- 
trophils and late precursors. Unlike hypoplastic neutropenia in which 
the granulocyte precursors are markedly reduced or absent, precursors 
are present in the marrow in the idiopathic neutropenias, but the extent 
of effective granulopoiesis probably is low. A variety of mutations have 
been discovered that are causal for inherited or sporadic neutropenia 
syndromes. For example, mutation of the serine protease neutrophil 
elastase 2 gene (ELANE) is found in 70 percent of cases of the autoso- 
mal dominant form of severe congenital neutropenia and in most cases 
of cyclic neutropenia.’ Kostmann syndrome is the autosomal recessive 
form of severe congenital neutropenia and is caused by mutations in the 
HAX1 gene.* Some cases of severe congenital neutropenia have been 
related to mutations in GPI1, G6PC3, and others.’"' There is evidence 
that these mutations result in apoptotic loss of marrow neutrophil pre- 
cursors as a result of downregulation of the BCL-2 family of antiap- 
optotic proteins, the upregulation of the proapoptotic FAS receptor, or 
other apoptosis-enhancing pathways, described more fully in Chap. 65. 
A comprehensive listing of the genetic mutations found in monogenic 
congenital neutropenia and the extra hematopoietic manifestations of 
those disorders can be found in a publication of the Service d Hémato 
Oncologie Pédiatrique Registre des neutropénies.”” 

Qualitative disorders of neutrophils affect their ability to enter the 
circulation, to leave the circulation, enter inflammatory exudates, or to 
ingest or kill microorganisms. Chapter 66 describes these abnormalities 
in more detail. 


@ CLINICAL MANIFESTATIONS 


The clinical manifestations of decreased concentrations or abnormal 
function of neutrophils principally result from infection. The combined 
deficit of neutrophils and monocytes characteristic of aplastic anemia, 
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TABLE 64-1. Classification of Neutrophil Disorders 


l. Quantitative Disorders of Neutrophils 
A. Neutropenia’? 


1. Decreased neutrophilic 
granulopoiesis 


a. Congenital severe neutrope- 
nias (Kostmann syndrome and 
related disorders)'*"> 


b. Reticular dysgenesis (congenital 
aleukocytosis)'®'” 


c. Neutropenia and exocrine 
pancreas dysfunction (Shwach- 
man-Diamond syndrome)'*"8 


d. Neutropenia and immunoglob- 
ulin abnormality (e.g., hyperim- 
munoglobulin M syndrome)'??! 

e. Neutropenia and disordered 
cellular immunity (cartilage hair 
hypoplasia)??? 

f. Mental retardation, anoma- 

lies, and neutropenia (Cohen 
syndrome)**?5 

g. X-linked cardioskeletal myop- 
athy and neutropenia (Barth 
syndrome)? 

h. Myelokathexis”®? 

. Warts, hypogammaglobuline- 
mia, infection, myelokathexis 
(WHIM) syndrome?! 

j. Neonatal neutropenia and 

maternal hypertension??? 


k. Griscelli syndrome™* 
|. Glycogen storage disease 1b” 


m. Hermansky-Pudlak syndrome 
236,37 


n. Wiskott-Aldrich syndrome’? 


o. Chronic hypoplastic 
neutropenia 


(1) Drug-induced??? 
(2) Cyclic? 


(3) Branched-chain 
aminoacidemia® 


p. Acute hypoplastic neutropenia 
(1) Drug-induced?9*°4” 
(2) Infectious*® 
q. Chronic idiopathic neutropenia 
(1) Benign 
(a) Familial’? 
(b) Sporadic”? 
(2) Symptomatic’? 


2. Accelerated neutrophil destruction 


a. Alloimmune neonatal 
neutropenia**°° 


b. Autoimmune neutropenia’? 
(1) Idiopathic?’ 

) Drug-induced*? 

) Felty syndrome’ ® 

) 


Systemic lupus 
erythematosus 


(5) Other autoimmune 
diseases”! 


(6) Complement activation- 
induced neutropenia” 


(7) Pure white cell aplasia’'’-”> 
3. Maldistribution of neutrophils 
a. Pseudoneutropenia’®> 
B. Neutrophilia 
1. Increased neutrophilic granulopoiesis 
a. Hereditary neutrophilia” 
b. Trisomy 13 or 18% 
c. Chronic idiopathic neutrophilia®™ 
(1) Asplenia® 


d. Neutrophilia or neutrophilic leu- 
kemoid reactions 


(1) Inflammation®?*4 
(2) Infections- 


(3) Acute hemolysis or acute 
hemorrhage® 


(4) Cancer, including granulocyte 
colony-stimulating factor 
(G-CSF)-secreting tumors®*? 


(5) Drugs (e.g., glucocorticoids, 
lithium, granulocyte- or 
granulocyte-monocyte col- 
ony-stimulating factor, tumor 
necrosis factor-a)**°°* 


(6) Ethylene glycol exposure® 
(7) Exercise? 

e. Sweet syndrome*”® 

f. Cigarette smoking?’ 

g. Cardiopulmonary bypass'® 


2. Decreased neutrophil circulatory 
egress 


a. Drugs (e.g., glucocorticoids)'®? 
3. Maldistribution of neutrophils 
a. Pseudoneutrophilia'’™ 


RAC-2, RAS-Related C3 botulinum toxin substrate 2. 


Il. Qualitative Disorders of Neutrophils 
A. Defective adhesion of neutrophils 


1. Leukocyte adhesion deficiency’ 
2. Drug-induced! 


B. Defective locomotion and chemotaxis 


1. Actin polymerization 
abnormalities'?”-""° 


2. Neonatal neutrophils!" 
3. Interleukin-2 administration"? 
4. Cardiopulmonary bypass” 


C. Defective microbial killing 


1. Chronic granulomatous 
disease''?""4 


2. RAC-2 deficiency™>"° 
3. Myeloperoxidase deficiency'”""8 


4. Hyperimmunoglobulin E (Job) 
syndrome'?20 


5. Glucose-6-phosphate dehydroge- 
nase deficiency'2""'72 


6. Extensive burns! 
7. Glycogen storage disease Ib'5'76 
8. Ethanol toxicity'?”"* 
9. End-stage renal disease’? 
10. Diabetes mellitus'*° 


D. Abnormal structure of the nucleus or of 


an organelle 

. Hereditary macropolycytes’?" 

. Hereditary hypersegmentation' 
. Specific granule deficiency'**1 

. Pelger-Huét anomaly'3'4° 

. Alder-Reilly anomaly™ 

. May-Hegglin anomaly'?"'4 

7. Chédiak-Higashi disease'*'*° 


Neutrophil-Induced Vascular or Tissue 
Damage'*”"'#? 


A. Pulmonary disease'** 
. Transfusion-related lung injury" 
. Renal disease58159 
. Arterial occlusion'®061 
. Venous occlusion'® 
Myocardial infarction'>”-1"'°” 
. Ventricular function’ 1° 
Stroke!57169 
l Neoplasia" ™-12 
J. Sickle cell vasoocclusive crisis!” 
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hairy cell leukemia, and cytotoxic therapy leads to susceptibility to a 
broader spectrum of infectious agents. Increased concentrations of nor- 
mal neutrophils per se are usually not associated with clinical mani- 
festations; although, increased concentrations of leukemic neutrophil 
precursors can produce clinical manifestations of microcirculatory leu- 
kostasis (Chap. 83). Neutrophils also play a role in deleterious vascular 
or tissue effects, as noted in the last entries in Table 64-1 (see “Neu- 
trophilia” below). 


NEUTROPENIA 


The lower limit of the normal neutrophil count is approximately 
1800/uL (1.8 x 10°/L) in subjects of European descent and 1400/uL 
(1.4 x 10°/L) in subjects of African descent.!*!” An additional small 
proportion (~5 percent) of persons of African descent have neutrophil 
counts between 1000/wL (1.0 x 10°/L) and 1400 (1.4 x 10°/L) without 
evidence of associated abnormalities and this finding also may represent 
“ethnic neutropenia.’ These findings have not been explained by exag- 
gerated margination of neutrophils.‘ Neutropenia is especially striking 
in Yemenite Jews, another ethnic group with very low “normal” neu- 
trophil counts,” and has been reported in West Africans, Caribbean 
inhabitants of African descent, Ethiopians, and some Arab groups. 617 
Persons of African descent do not have the increase of neutrophil count 
seen in Europeans who smoke or are administered glucocorticoids; 
however, they have an appropriate increase of neutrophils in response 
to infection. Americans of Mexican descent have a slightly elevated neu- 
trophil count.’ A decrement in neutrophil concentration to 1000/uL 
(1.0 x 10°/L) usually poses little threat in the individual with an intact 
immune system. If the neutrophil count drops farther, the risk of infec- 
tion may increase, if the decrease reflects a decrease in flux rate into 
the tissues. Subjects who are chronically neutropenic, as a result of 
severe marrow cell production abnormalities, with counts less than 500 
neutrophils/wL (0.5 x 10°/L) may be at heightened risk for developing 
recurrent infections.'” 

The relationship of frequency or type of infection to neutrophil 
concentration is imperfect. The cause of the neutropenia, the coinci- 
dence of monocytopenia or lymphopenia, concurrent use of alcohol 
or glucocorticoids, exposure to nosocomial infections, and other fac- 
tors influence the likelihood of infection. A breakdown in the barrier 
function of the skin or circumstances such as indwelling catheters, also, 
increase the risk of infection in severely neutropenic subjects. Lower 
neutrophil counts in African (Malawian) mothers infected with HIV 
were associated with an increased risk of HIV in their newborns.'* 

Infections in neutropenic subjects who are not otherwise com- 
promised usually result from Gram-positive cocci and usually are 
superficial, involving skin, oropharynx, bronchi, anal canal, or vagina. 
However, any site can become infected and Gram-negative organisms, 
viruses, or opportunistic organisms can be involved. 

A decrease in neutrophil count can occur abruptly or gradually 
(Chap. 65). One type of drug-induced neutropenia is distinguished by 
the rapidity of onset. Abrupt-onset neutropenia more likely is severe 
and leads to symptoms. If the neutrophil count approaches zero (agran- 
ulocytosis), high fever; chills; necrotizing, painful oral ulcers (agran- 
ulocytic angina), and prostration may occur, presumably as a result 
of sepsis.'*' As the disease progresses, headache, stupor, and rash may 
develop. In the preantibiotic era, persistent agranulocytosis had a fatal- 
ity rate approaching 100 percent. Even with bactericidal, broad-spec- 
trum antibiotics, severe, sustained neutropenia or agranulocytosis isa 
serious illness with a high fatality rate. 

Pus formation decreases in patients with severe neutropenia.’ The 
failure to suppurate can mislead the clinician and delay identification 
of the infection site because minimal physical or radiographic findings 
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develop. For example, lack of pneumonic consolidation is characteristic 
of pneumonia in granulocytopenic subjects. An exudate, swelling, heat, 
and regional adenopathy are much less prevalent in granulocytopenic 
patients. Fever is common, and local pain, tenderness, and erythema 
nearly always are present despite a marked reduction in neutrophils.'*! 
The mechanism of neutropenia and the severity of the deficiency 
of cells play roles in clinical manifestations. Chronic idiopathic (benign) 
neutropenia is associated with apparent normal granulopoiesis in the 
marrow and is asymptomatic even when the neutropenia has been pres- 
ent for prolonged periods, sometimes in the face of neutrophil counts 
approaching zero for prolonged periods.*® Presumably the delivery of 
neutrophils from marrow to tissues is sufficient to prevent infection 
despite the low blood pool size. Monocyte counts are normal, which 
may aid in host defenses because monocytes are effective phagocytes. 
Chronic idiopathic (symptomatic) neutropenia often is associ- 
ated with pyoderma and otitis media in children. The former usually 
is caused by Staphylococcus aureus, Escherichia coli, and Pseudomonas 
species, and the latter usually results from infection by pneumococci 
or Pseudomonas aeruginosa. Unexplained chronic gingivitis may be 
a manifestation of chronic neutropenia. Pneumonia, lung abscesses, 
stomatitis, hepatic abscesses, or infections in other sites can occur. 
Chronic cyclic neutropenia is characterized by periodic oscilla- 
tions in the number of neutrophils, with the nadir occurring at approx- 
imately 3-week intervals.’ During a period of neutropenia, patients 
develop malaise; fever; buccal, labial, or lingual ulcers; and cervical ade- 
nopathy. Furuncles, carbuncles, cellulitis, infected cuts with lymphangi- 
tis, chronic gingivitis, and abscesses of the axilla or groin may occur. 
Although severe infections may be fatal, life-threatening complications 
are uncommon. The cycling involves other hematopoietic cells as well, 
but the neutropenia is the most consequential functionally (Chap. 65). 
Some individuals have neutropenia because a larger fraction of 
their blood neutrophils is in the marginal rather than the circulating 
pool. The total blood neutrophil pool is normal, and infections do not 
result from this atypical distribution of neutrophils. This alteration has 
been called pseudoneutropenia.”~”* 


NEUTROPHILIA 


An increased neutrophil count can accompany virtually any cause of 
inflammation, especially inflammation caused by bacterial or fungal 
organisms, and a variety of cancers, especially if metastatic. Certain 
drugs, such as glucocorticoids or hematopoietic growth factors and 
minocycline, can induce neutrophilia, as can ethylene glycol intoxica- 
tion (see Table 64-1). Acute hemolysis or acute hemorrhage may also 
result in neutrophilia. A notable cause of neutrophilia is cancers that 
elaborate granulocyte-colony stimulating factor (G-CSF). Numerous 
cancers are associated with neutrophilia and, in many cases, elabora- 
tion of very high concentrations of G-CSF has been documented. In 
these cases, neutrophil counts exceeding 100,000 uL (100 x 10°/L) are 
common. Neutrophilia exceeding 50,000 neutrophils/uL (50 x 10°/L) 
has been designated a “leukemoid reaction” and reflects an underlying 
inflammatory (e.g. pancreatitis), infectious (e.g. pneumococcal pneu- 
monia), or neoplastic (e.g., carcinoma of the lung) cause. A leukemoid 
reaction can mimic rare types of chronic myelogenous or chronic neu- 
trophilic leukemia. The leukemoid reaction classically (1) is composed 
largely of mature neutrophils with a low proportion of bands and mye- 
locytes, (2) has increased leukocyte alkaline phosphatase reaction in 
neutrophils, (3) has increased granulopoiesis with normal maturation 
and morphology of cells in the marrow, (4) has normal cytogenetics of 
marrow cells, (5) has polyclonal-derived cells in women in whom such 
studies can be conducted (using the human androgen receptor gene 
assay), and (6) has cytometric analysis of neutrophils indicating a cluster 


of differentiation (CD) 13 and CD15 phenotype with absent expression 
of human leukocyte antigen-D related (HLA-DR) and CD34. 


@ QUALITATIVE NEUTROPHIL 
ABNORMALITIES 


Neutrophil function depends on the ability of neutrophils to exit the 
marrow, adhere to vascular endothelium, move, respond to chemotactic 
gradients, ingest microorganisms, and kill ingested pathogens. Loss of 
any of these functions can predispose to infection (Chap. 66). Defects in 
each step of the neutrophils participation in the inflammatory response 
have been identified. Defects in adhesion molecules, cytoplasmic con- 
tractile proteins, granule synthesis or contents, or intracellular enzymes 
may underlie a movement, ingestion, or killing defect. These defects 
may be inherited or acquired. Chronic granulomatous disease''*'* and 
Chédiak-Higashi disease'*"*° are two examples of inherited defects. 
Among the acquired disorders are those extrinsic to the cell, as in the 
movement, chemotactic, or phagocytic defects of diabetes mellitus, the 
effects of alcohol abuse, or glucocorticoid excess. Acquired intrinsic 
disorders usually are manifestations of clonal hematopoietic (myeloid) 
disorders such as acute myelogenous leukemia (Chap. 85). 

Severe defects in bacterial killing, as occur in chronic granulo- 
matous disease, result in S. aureus, Klebsiella-Aerobacter, E. coli, and 
other catalase-positive bacterial infections. Suppurative lymphadenitis, 
pneumonia, dermatitis, hepatic abscesses, osteomyelitis, and stomati- 
tis occur, and chronic granulomatous reactions in these sites give the 
disease its name. Fatality rates have been high. Functional disorders 
may be severe, as in chronic granulomatous disease. Mild functional 
disorders predispose to infections that occur infrequently and respond 
readily to antibiotics. Severe functional disorders result in suppurative 
lesions because neutrophil influx into inflammatory foci is not impaired, 
whereas agranulocytosis is associated with nonsuppurative lesions. 


NEUTROPHIL-INDUCED VASCULAR OR TISSUE 
DAMAGE 


An overabundance of neutrophils does not result in specific clinical 
manifestations. Neutrophils, however, can transiently occlude capillar- 
ies, as determined by supravital microscopy, and such occlusions may 
reduce local blood flow transiently and contribute to the development of 
ischemia. Impairment of reperfusion of the coronary microcirculation 
has been thought to be dependent, in part, on neutrophil plugging of 
myocardial capillaries, but these effects can occur at normal neutrophil 
concentrations. An elevated neutrophil count is a feature of sickle cell 
disease and is a prognostic variable, increasing the likelihood of vasooc- 
clusive events. Neutrophil adhesion to the vascular wall is an intrinsic 
part of the vasoocclusive events and the salutary effect of hydroxyurea is 
related to the decrease in neutrophil concentration that accompanies its 
use.” In patients with ischemic vascular disease, an increased neu- 
trophil count is associated with an increased probability of acute throm- 
botic episodes and the severity of chronic atherosclerosis. '® 

Neutrophil products may contribute to the pathogenesis of inflam- 
matory skin, bowel, synovial, glomerular, and bronchial and interstitial 
pulmonary diseases (see Table 64-1). Diabetic retinopathy has been 
ascribed in part to the effects of hyperadhesive neutrophils on retinal 
capillaries.’ Neutrophils may act as mediators of tissue injury in stroke 
and myocardial infarction." Highly reactive oxygen products of neu- 
trophils may be mutagens that increase the risk of neoplasia. This action 
may explain, for example, the development of carcinoma of the bowel in 
patients with chronic ulcerative colitis and the relationship between ele- 
vated leukocyte count and the occurrence of lung cancer, independent 
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of the effect of cigarette usage. The oxidants, especially hypochlorous 
acid and chloramines, released by the neutrophil are extremely short 
lived and may play a role in tissue injury by inactivating several protease 
inhibitors in tissue fluids, permitting proteases, especially elastase, col- 
lagenase, and gelatinase, to cause tissue injury. Thrombogenesis also has 
been ascribed to leukocyte products. 
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CHAPTER 65 
NEUTROPENIA AND 
NEUTROPHILIA 


David C. Dale and Karl Welte 


Neutropenia designates a blood absolute neutrophil count that is less than 2 
SD below the mean of a normal population. Neutropenia can be inherited or 
acquired. It usually results from decreased production of neutrophil precursor 
cells in the marrow. Neutropenia also can result from a shift of neutrophils 
from the circulating into the marginated cell pools in the circulation. Less 
commonly, neutropenia results from accelerated destruction of neutrophils or 
increased egress of neutrophil from the circulation into the tissues. When neu- 
tropenia is the sole or dominant abnormality, the condition is called “selective” 
or isolated” neutropenia, such as severe congenital neutropenia, chronic idio- 
pathic neutropenia, or drug-induced neutropenia. Neutropenia can occur in 
other inherited or acquired marrow failure syndromes, such as severe aplastic 
anemia or Fanconi anemia, in which the condition is a bicytopenia or pan- 
cytopenia. In some diseases, several cell lineages are mildly affected but the 
reduction in neutrophil is the most severe, such as Felty syndrome. Neutrope- 
nia may be an indicator of an underlying systemic disease, such as early vitamin 
B., or transcobalamin deficiency. Neutropenia, particularly severe neutropenia 
(neutrophil counts <0.5 x 10°/L [500/pL]), increases susceptibility to bacte- 
rial or fungal infections and impairs the resolution of these infections. Therapy 
with the hormone primarily responsible for neutrophil production, granulo- 
cyte colony-stimulating factor, can increase blood neutrophil counts for most 
types of neutropenia, although whether its administration makes a clinically 
useful impact is dependent on the origin, duration and severity of the neutro- 
penia. Clinical guidelines have been published on the rational use of the drug. 

Neutrophilia is an increase in the absolute neutrophil count to a concentra- 
tion greater than 2 SD above the normal population mean value. Neutrophilia 
contributes to the inflammatory response and to resolution of infections. 
Inflammatory and infectious diseases are the most frequent causes of neu- 
trophilia. Bacterial infections usually produce neutrophilia, whereas viral 
infections may not produce neutrophilia or may raise the neutrophil count 
only slightly. Solid tumors occasionally engender striking neutrophilia. Hered- 
itary neutrophilia can be caused by activating mutations within the CSF3R 
gene. When the neutrophil count is very high, it may be referred to as a leu- 
kemoid reaction. The rare neutrophilic variants of chronic myeloid leukemia 
and chronic neutrophilic leukemia may result in striking neutrophilia. Demar- 
gination of neutrophils or rapid release of neutrophils from a large marrow 
pool may transiently increase the blood neutrophil count. Sustained increased 
require increased production of these cells. 


Acronyms and Abbreviations: ANA, antinuclear antibody; BTH, Bruton tyrosine 
kinase; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage 
colony-stimulating factor; Ig, immunoglobulin; IL, interleukin; TRAIL, tumor necrosis 
factor-related apoptosis-inducing ligand. 


@NEUTROPENIA 


Neutropenia refers to an absolute blood neutrophil count (total leu- 
kocyte count per microliter x percent of neutrophils) that is less than 
2 SD below the normal mean of the population. The terms leukope- 
nia, a reduced total white blood cell count, and granulocytopenia, 
reduced numbers of blood granulocytes (neutrophils, eosinophils, and 
basophils), sometimes are imprecisely used as synonyms for neutropenia. 
Agranulocytosis literally means a complete absence of blood granulo- 
cytes, but this term often is used to indicate severe neutropenia, that is, 
counts less than 0.5 x 10°/L (0.5 x 10°/uL). 

The concentration of neutrophils in blood is influenced by age, 
activity, and genetic and environmental factors (Chap. 2). For chil- 
dren from 1 month to 10 years old, neutropenia is defined as a blood 
neutrophil count less than 1.5 x 10°/L. For individuals older than age 
10 years, neutropenia is defined as a count less than approximately 1.8 x 
10°/L (see Chap. 7 regarding levels in newborns). Healthy older persons 
have the same blood neutrophil counts as younger individuals (Chap. 
9). Some racial and ethnic groups, such as Africans, African Ameri- 
cans, and Yemenite Jews, have lower mean neutrophil counts than per- 
sons of Asian or European ancestry (see Chap. 2, Table 2-2). The mean 
differences in neutrophils are modest and have no recognized health 
consequences.” 

Severe neutropenia is a predisposing factor for infections. The 
organisms normally are found on the skin, in the nasopharynx, and as 
part of the intestinal flora. The risk of infections is inversely related to 
the severity of the neutropenia (Chap. 24). Individuals with neutrophil 
counts of 1.0 to 1.8 x 10°/L are at little risk of infection. In general, 
neutrophil counts between 0.5 and 1.0 x 10°/L are associated with only 
slight risk of infection unless other contributing factors are present. 
Individuals with neutrophil counts less than 0.5 x 10°/L are at substan- 
tially greater risk, but the frequency of infections varies considerably, 
depending on the cause and duration of neutropenia. Severe acute neu- 
tropenia (i.e., developing over a few hours or days) usually is associated 
with greater risk of infection than severe chronic neutropenia (usually 
present for months or years). Neutropenia resulting from disorders of 
production that affect early hematopoietic precursor cells (e.g., aplastic 
anemia, severe congenital neutropenia) leads to greater susceptibility to 
infections than do conditions with adequate neutrophil precursors in 
the marrow and neutropenia attributed to accelerated turnover in the 
blood (e.g., rheumatoid arthritis, Felty syndrome, autoimmune neutro- 
penia). For patients made severely neutropenic by cancer chemother- 
apy, the risk is greater when the neutrophils are decreasing than with 
similar counts when neutrophils are increasing. Neutropenia accompa- 
nied by monocytopenia, lymphocytopenia, or hypogammaglobuline- 
mia is more serious than isolated neutropenia. Other factors, such as 
the integrity of the skin and mucous membranes, the vascular supply to 
tissues, and the nutritional status of the patient, also influence the risk 
of infections. 


PATHOPHYSIOLOGIC MECHANISMS 


General Mechanisms 

Neutropenia occurs because of (1) hypoplastic neutropoiesis, (2) inef- 
fective neutropoiesis (resulting from exaggerated apoptosis of late 
precursors), (3) accelerated removal or utilization of circulating neu- 
trophils, (4) shifts of cells from the circulating to the marginal blood 
pools, or (5) a combination of these mechanisms (Fig. 65-1). Some 
production disorders are caused by intrinsic abnormalities of hemato- 
poietic progenitor cells (Chap. 83). Other disorders in cell production 
are caused by extrinsic factors, including changes in the marrow envi- 
ronment, such as tumor infiltration, fibrosis, or irradiation (Chap. 45). 
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Figure 65-1. Mechanisms of neutropenia are shown schematically. 
The size of each pool is represented by the size of the cross-hatched 
areas. The rate of flow of cells through each compartment is represented 
by the size of the arrows. CGP, circulating granulocyte (neutrophil) pool; 
MGP, marginated granulocyte (neutrophil) pool; Mi, mitotic; MSP, matu- 
ration (marrow storage) pool. 


Myelotoxic chemotherapeutic drugs commonly cause neutropenia 
because of the high proliferative activity of neutrophil precursors in the 
marrow and short half-life (4 to 8 hours) of neutrophils in the blood. 
Production of neutrophils is defined as ineffective when, under a steady 
state of hematopoiesis, a relative abundance of early neutrophil precur- 
sors, a paucity of late-maturing cells, and neutropenia occur. This con- 
dition has often been referred to as “maturation arrest; but it is almost 
always explained by either the apoptotic loss of late precursors in the 
marrow as an intrinsic defect in cell maturation or rapid release of seg- 
mented neutrophils because of exaggerated tissue demands. 
Accelerated neutrophil utilization occurs with autoimmune neu- 
tropenia and acute bacterial infections. When rapid neutrophil utiliza- 
tion and impaired production occur, acute severe neutropenia often 
develops. The condition is illustrated by the abrupt and sustained fall 
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in neutrophils when an alcoholic patient develops pneumococcal pneu- 
monia. Alcohol suppresses the marrow, and the infection consumes 
the available neutrophil supply. After myelotoxic cancer chemotherapy, 
the abrupt fall in blood neutrophils at the onset of infections reflects 
a similar mechanism: high demand and limited supply. With idiosyn- 
cratic drug-induced neutropenia, the counts may fall abruptly because 
both blood and marrow cells are simultaneously damaged. Acute neu- 
tropenia that develops because of a shift of blood neutrophils from the 
circulating to the marginal blood pools, that is, increased margination 
(e.g., after injection of endotoxin, with exposure of blood to dialysis 
membranes, or after intravenous granulocyte colony-stimulating fac- 
tor [G-CSF] or granulocyte-macrophage colony-stimulating factor 
[GM-CSF]) usually is a transient event. The marginated cells reenter the 
circulating pool, and the blood supply of neutrophils is rapidly restored 
from the large reserves of marrow neutrophils entering the blood. 


Cellular and Molecular Mechanisms of Neutropenia 

Our understanding of the mechanisms of neutropenia at the cellular 
and molecular levels is increasing rapidly because of advances in molec- 
ular genetics and cell biology. For many inherited forms of neutrope- 
nia, the genetic mutations causing these diseases are now known, and 
the mutant protein products have been identified. Some mutations 
and acquired defects shorten the survival of the precursor cells, that 
is, they accelerate apoptosis. This form of cell loss now is thought to 
be the mechanism for “maturation arrest” in several diseases. Exam- 
ples of increased apoptosis causing neutropenia include vitamin B,, 
or transcobalamin deficiency,’ clonal cytopenias (myelodysplasia),* 
myelokathexis,* congenital and cyclic neutropenia,®’ and the Shwach- 
man-Diamond syndrome.’ Neutrophils also can be depleted from the 
blood and the marrow as a result of extrinsic factors such as antineu- 
trophil antibodies and toxic cytokines generated by other cells.” Some 
disorders that cause neutropenia also perturb neutrophil function, such 
as glycogen storage disease type 1b," Chédiak-Higashi syndrome,” and 
HIV infection.” Susceptibility to infection in these conditions relates to 
the combination of defects. 


CAUSES OF NEUTROPENIA 


Causes of neutropenia are classified physiologically as disorders of 
production, distribution, or turnover. Not every condition fits neatly 
into this scheme, but it provides a framework for understanding these 
diverse disorders. 


Disorders of Production 

Cytotoxic drugs given for cancer chemotherapy and as immunosup- 
pressive agents regularly cause neutropenia by decreasing cell produc- 
tion (Chap. 22). These drugs now are probably the most frequent cause 
of neutropenia in the United States. Neutropenia as a result of impaired 
production is a common feature of several diseases affecting hemato- 
poietic stem cells, such as acute leukemia (Chaps. 88 and 91), the myel- 
odysplastic syndromes (Chap. 87), and aplastic anemia (Chap. 35). The 
selective causes of impaired production, progressing from disorders of 
early precursors to disorders presumed to involve defective maturation 
(ineffective production), are described briefly as follows. 

Congenital Neutropenias (Kostmann Syndrome and Related 
Disorders In 1956, Kostmann described congenital neutropenia 
(agranulocytosis) as an autosomal recessive disease occurring in an 
extended family in northern Sweden. Phenotypically similar sporadic 
cases and families with autosomal dominant congenital neutrope- 
nia have been reported.'*'® In severe congenital neutropenia, symp- 
toms and signs of otitis, gingivitis, pneumonia, enteritis, peritonitis, 
and bacteremia usually begin in the first months of life. At diagnosis, 


Figure 65-2. Morphology of a marrow sample from a patient with 
congenital neutropenia showing the maturation arrest at the level of 
promyelocytes. 


the neutrophil count usually is less than 0.2 x 10°/L.'7 Monocytosis, 
mild anemia, thrombocytosis, and splenomegaly frequently are pres- 
ent. Characteristically, the marrow shows early neutrophil precursors 
(myeloblasts, promyelocytes) but few or no myelocytes or mature 
neutrophils (Fig. 65-2). Marrow eosinophilia is common. In vitro 
marrow culture studies show poor growth in response to various growth 
factors and with reduced numbers of marrow neutrophil and monocyte 
progenitor cell colonies.'* Usually blood lymphocyte numbers are 
normal, immunoglobulin levels are normal or increased, and lymphocyte 
functions are intact. 

The majority of patients with sporadic or autosomal dominant 
severe congenital neutropenia have heterozygous mutations of the gene 
for neutrophil elastase (also called ELANE). Its product is a protease 
found normally in the neutrophils primary granules and lead to the 
induction of the unfolded protein response in the endoplasmatic retic- 
ulum.’*°° A variety of mutations in exons 2 through 5 as well as in 
introns III and IV are the cause of this disease.” In the original Kost- 
mann family, and some other families with autosomal recessive disease, 
neutropenia is caused by mutations in the HAX-1 gene.” HAX-1 is a 
mitochondrial protein, and the mutations lead to accelerated apoptosis 
of myeloid cells, as well as neurologic abnormalities. In addition, muta- 
tions in HAX-1 lead to defective G-CSF receptor signaling via HCLS1 
and LEF-1.% Mutations in the gene for glucose-6-phosphatase catalytic 
subunit 3 (G6PC3) also cause severe neutropenia as a result of apoptosis 
of neutrophil precursors, as well as congenital cardiac and urogenital 
abnormalities.” Additional autosomal-dominant, autosomal-recessive, 
X-linked, and sporadic forms have been described, with mutations in 
other genes, including GFI1,”” WAS,” p14,” TAZ,” JAGN1,” TCIRG1,” 
and many others, although the genetic causes in many patients with 
severe congenital neutropenia remain unidentified. 

Mutations in the gene for the receptor for G-CSF also occur in 
patients with severe congenital neutropenia***; however, most of these 
receptor mutations have caused truncations of the distal portion of the 
cytoplasmic domain of the receptor, an abnormality associated with 
altered sensitivity to G-CSF. G-CSF receptor mutations are part of the 
evolution to myelodysplasia or acute myelogenous leukemia and are not 
the primary cause of this neutropenia. An exception may be a patient 
identified with a mutation in the external domain of the G-CSF receptor 
who responded to treatment with G-CSF and glucocorticoids and has 
not developed leukemia over several years of observation.” There are 
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rare cases of biallelic mutations within the extracellular domain of the 
G-CSF receptor which lead to nonresponse to treatment with G-CSE.* 

G-CSF is a very effective therapy for all of the recognized subtypes 
of severe congenital neutropenia, increasing the neutrophil counts and 
reducing recurrent fevers and infections.*” G-CSF acts to increase the 
neutrophil counts by enhancing expression of a critical transcription 
factor for granulopoiesis, C/EBP6 (CCAAT/enhancer binding protein 
p), and the “emergency” pathway of myelopoiesis (as during steady state 
C/EBPa is not functional).** Approximately 5 percent of patients do 
not respond to G-CSF. Hematopoietic transplantation is the only other 
therapy known to improve the clinical course for these patients.” 
Untreated patients and patients treated with G-CSF are at risk for 
developing acute myelogenous leukemia. The risk increases with time 
on treatment with G-CSF, particularly in poorly responsive patients." 
A novel molecular pathway of leukemogenesis was recently identified: 
mutations in the hematopoietic cytokine receptor (G-CSFR) in com- 
bination with the second mutations in the downstream hematopoietic 
transcription factor (RUNX1), which could be used as a marker for 
identifying severe congenital neutropenia patients with a high risk of 
progressing to leukemia or myelodysplastic syndrome.” 

Congenital Immunodeficiency Diseases Neutropenia is a fea- 
ture of the congenital immunodeficiency diseases and a contributing 
factor to their susceptibility to infections (Chap. 80). In most of these 
conditions, neutropenia is attributed to a production disorder based 
largely on histologic examination of the marrow. In X-linked agamma- 
globulinemia, which is attributed to defective B-cell development and 
a mutation in a cytoplasmic (Bruton) tyrosine kinase (BTK), severe 
neutropenia is present in approximately 25 percent of patients.*? Chil- 
dren with common variable immunodeficiency often have neutropenia 
associated with thrombocytopenia and hemolytic anemia.“ Neutro- 
penia occurs in almost half of patients with the X-linked hyperimmu- 
noglobulin-M syndrome, a disorder caused by a mutation in the gene 
encoding the CD40 ligand.“ In severe combined immunodeficiency, 
neutropenia is not always present. The neutropenia varies over time 
in individual patients. Neutropenia is particularly prominent in the 
rare immunodeficiency state, reticular dysgenesis.“ Neutropenia is a 
less-common feature of adenosine deaminase deficiency, the T-B+, 
T-B-, Wiskott- Aldrich, and Omenn syndromes.“ Neutropenia also 
occurs on an autoimmune basis in some cases of the Wiskott-Aldrich 
syndrome.**“* Mutations in the genes for growth factor independent 
protein-1 (GFI 1) can also cause neutropenia.” 

G-CSF therapy is effective in most patients with neutropenia asso- 
ciated with these immunodeficiency syndromes. 

Cartilage Hair Hypoplasia Syndrome This rare autosomal reces- 
sive disorder is characterized by short-limbed dwarfism, hyperexten- 
sible digits, very fine hair, neutropenia, lymphopenia, and recurrent 
infections.* The genetic locus is at 9p13 and affects a gene coding for 
an endoribonuclease. The degree of neutropenia is variable, with blood 
counts ranging from 0.1 to 2.0 x 10°/L. An accompanying defect in 
T-cell proliferation results from an abnormality in the transition from 
the G, to the G, phase of the mitotic cycle. Patients have frequent bacte- 
rial and viral respiratory infections. Hematopoietic stem cell transplan- 
tation can correct the neutropenia and immune deficiency.” 

Shwachman-Diamond Syndrome This autosomal recessive dis- 
order combines short stature, pancreatic exocrine deficiency, and mar- 
row failure with neutropenia beginning early in the neonatal period.**’ 
Thrombocytopenia and anemia may be severe (Chap. 35). The chromo- 
somal locus of the mutation is at 7qll, and the mutation affects the SBDS 
gene.” The mutation causes a proliferative defect and increased apopto- 
sis of early myeloid progenitor cells.*' A chemotactic defect also occurs 
in mature neutrophils.” The patients are malnourished, but the neu- 
tropenia is not corrected by improving the patients’ nutritional status. 


Treatment with G-CSF raises blood neutrophil levels, and hematopoi- 
etic stem cell transplantation corrects the hematologic abnormalities.” 
Without transplantation, the risk of evolution to myelodysplastic syn- 
drome and acute myelogenous leukemia is 20 percent or greater.” 

Diamond-Blackfan Syndrome Neutropenia is a rare complica- 
tion of hereditary hypoplastic anemia.” Other features include congen- 
ital anomalies of the head and upper limbs. Two genetic loci have been 
identified: 19q13.2 and 8p23.*°° The varying severity of neutropenia 
may reflect genetic heterogeneity among patients with this diagnosis 
(Chap. 36). 

Griscelli Syndrome This rare autosomal recessive disorder is 
characterized by pigmentary dilution and variable degrees of cellular 
immunodeficiency. The syndrome consists of three types. Neutropenia 
is a feature of type 2 but not types 1 or 3. In type 2, the neutropenia 
is relatively mild and associated with pancytopenia. These hematologic 
abnormalities are attributable to a mutation located at 15q21 affecting 
the RAB27a gene.” The gene product is a guanosine triphosphatase 
(GTPase). The mutation also causes abnormal release of granule pro- 
teins and hematophagocytosis.* As in the Chédiak-Higashi syndrome 
(Chap. 66), type 2 patients may develop an acute phase of uncontrolled 
lymphocyte and macrophage activation leading rapidly to death. 
Hematopoietic stem cell transplantation can correct the hematologic 
features. Evolution to myelodysplasia has been reported.” 

Chédiak-Higashi Syndrome ‘This rare autosomal recessive disor- 
der is characterized by partial oculocutaneous albinism, giant granules 
in many cells (including granulocytes, monocytes, and lymphocytes), 
neutropenia, and recurrent infections (Chap. 66). This syndrome now 
is attributable to a chromosomal mutation at 1q43 affecting the LYST 
gene.“ The product of this gene regulates lysosomal trafficking. In 
Chédiak-Higashi syndrome, the neutropenia usually is mild, and sus- 
ceptibility to infection is attributed to neutropenia and defective micro- 
bicidal activity of the phagocytes.” 

Myelokathexis, WHIM, and Related Syndromes Myelokathe- 
xis is a rare autosomal dominant or sporadically occurring disorder 
in which patients have severe neutropenia and lymphocytopenia, with 
total white cell counts often less than 1.0 x 10°/L.° WHIM syndrome, 
characterized by warts, hypogammaglobulinemia, infections, and mye- 
lokathexis, now is attributable to a mutation in the gene encoding the 
receptor for the CXC chemokine CXCL12 (previously termed stromal 
cell-derived factor-1), termed CXCR-4.% The ligand-receptor pair 
CXCL-12/CXCR-4 is important for regulating the trafficking of all type 
of blood and marrow cells, including hematopoietic stem cells, from 
the marrow to the blood and tissues. In these syndromes, the marrow 
usually shows abundant precursors and developing neutrophils. Neu- 
trophils in the marrow and the blood show hypersegmentation with 
pyknotic nuclei and cytoplasmic vacuoles. These morphologic changes 
and some molecular studies suggest cell loss in the marrow and blood 
caused by accelerated apoptosis. Favorable responses to G-CSF and 
GM-CSF occur, as does evolution to the myelodysplastic syndrome. 
A myelokathexis-like variant of myelodysplastic syndrome has been 
reported. 

Cohen Syndrome Cohen syndrome is another rare cause of neu- 
tropenia. Mental retardation, postnatal microcephaly, facial dysmor- 
phism, pigmentary retinopathy, myopia, and intermittent neutropenia 
are characteristic features. Patients with Cohen syndrome of diverse 
origins have mutations in the COH1 gene.” Current studies suggest that 
COH] plays a role in vesicle-mediated sorting and transport of proteins 
within many types of cells. 

Glycogen Storage Diseases These autosomal recessive disorders 
are characterized by hypoglycemia, hepatosplenomegaly, seizures, and 
failure to thrive in infants. Only type 1b is associated with neutrope- 
nia.® The genetic defect in type 1b maps to chromosome 11q23 and is 
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attributed to a defect in an intracellular transport protein for glucose.” 
The marrow appears normal despite severely reduced blood neutrophils. 
The neutrophils have a reduced oxidative burst when stimulated and 
defective chemotaxis.””! Treatment with G-CSF is effective for correct- 
ing the neutropenia and improving the associated inflammatory bowel 
disease, but has been associated with evolution to acute myelogenous 
leukemia.” 

Cyclic Neutropenia Cyclic neutropenia is an autosomal domi- 
nant or sporadically occurring disease characterized by regularly recur- 
ring episodes of severe neutropenia, usually every 21 days.” Regular 
oscillations of other white cells, reticulocytes, and platelets are some- 
times observed. Cyclic neutropenia now is attributable to mutations in 
the gene for neutrophil elastase (ELANE) at locus 19q3. Most mutations 
in the ELANE gene are in the regions of exons 4 and 5, but there are 
also mutations in exons 2 and 3, as well as in the introns II and IV.”4?3 
The diagnosis usually is made in the first year of life, especially in the 
presence of a family history of the condition.” The neutropenic peri- 
ods last for 3 to 6 days and often are accompanied by fever, malaise, 
anorexia, mouth ulcers, and cervical lymphadenopathy. A few cases of 
acquired cyclic neutropenia in adults, some of whom have an associated 
clonal proliferation of large granular lymphocytes (Chap. 94), have been 
reported.” 

The diagnosis of cyclic neutropenia can be made only by serial dif- 
ferential white cell counts, at least two or three times per week for a min- 
imum of 6 weeks. Sequencing of the gene may be helpful in confirming 
the diagnosis.” Most affected children survive to adulthood, with symp- 
toms often milder after puberty. Fatal clostridial bacteremia has been 
reported in several cases, and careful observation is warranted with 
each neutropenic period in untreated patients. Treatment with G-CSF 
is very effective.” G-CSF does not abolish cycling, but it shortens the 
neutropenic periods sufficiently to prevent symptoms and infections. In 
contrast to severe congenital neutropenias, cyclic neutropenia patients 
have no risk to develop leukemias. 

Other Inherited Neutropenia Neutropenia caused by genetic 
defects of folate, cobalamin, and transcobalamin IIA varieties of 
congenital disorders lead to disturbed function of methylmalonyl 
coenzyme A mutase and methionine synthetase, the two cobalamin- 
requiring enzymes. Each of these disorders causes neutropenia, 
anemia, and thrombocytopenia as a result of ineffective hematopoiesis 
(Chap. 41).”-*! 

Several disorders, currently with only descriptive names, may be 
genetically determined forms of neutropenia. These cases often are 
called familial (benign) neutropenia and probably are autosomal domi- 
nant disorders.*** Some cases of chronic benign neutropenia of child- 
hood (usually a negative family history) may represent new mutations, 
and patients with chronic idiopathic neutropenia of adulthood may be 
childhood cases escaping early detection. Until better information is 
available, these conditions probably are best referred to as “idiopathic 
neutropenias.” 

Acquired Disorders Neutropenia in Neonates of Hypertensive 
Mothers Hypertensive women often have low-birth-weight infants 
with low neutrophil counts, attributed to decreased production.™ The 
neutropenia often is severe with a high risk of infection, particularly 
during the first few weeks of life. The neutropenia usually resolves 
within a few weeks. G-CSF elevates the neutrophil count in this form 
of neonatal neutropenia, but the clinical benefit of treatment remains 
to be determined.* 

Neutropenia Resulting from Nutritional Deficiencies Neu- 
tropenia is an early and consistent feature of megaloblastic anemias 
resulting from vitamin B,, or folate deficiency. When present it usu- 
ally is accompanied by macrocytic anemia and mild thrombocytopenia 
(Chap. 41). Copper deficiency can cause neutropenia in patients on total 


parenteral nutrition, with a history of gastrectomy, and in malnourished 
children**** and the bicytopenia or tricytopenias with a marrow show- 
ing dysplastic precursors can masquerade as myelodysplastic syndrome. 

Neutropenia Resulting from Immune Suppression of Produc- 
tion Pure white cell aplasia is a rare acquired disorder causing severe 
selective neutropenia. The marrow is devoid or nearly devoid of neu- 
trophils and their precursors.” Ibuprofen, chlorpropamide, excessive 
zinc, and various infectious and inflammatory diseases are considered 
possible causes of this syndrome. Differential diagnosis includes aplastic 
anemia, myelodysplasia, hairy cell leukemia, and neutropenia associ- 
ated with the large granular lymphocyte syndrome. Immunosuppressive 
therapy with antithymocyte globulin, glucocorticoids, and cyclosporine 
has been used in individual cases. 

Chronic Idiopathic Neutropenia in Adults This is a distinct 
syndrome predominantly affecting young adult women ages 18 to 
35 years; the female-to-male ratio is approximately 8:1.°° The medi- 
cal history (lack of episodes of fever, gingivitis, mouth sores, or other 
infections) and previous blood counts suggest the condition is acquired 
in most cases. Erythrocyte, reticulocyte, and platelet counts usually are 
normal. Mild leukopenia and lymphocytopenia may be present, and 
the spleen is normal or only minimally enlarged. The patients have no 
chromosomal abnormalities or other evidence of myelodysplasia.*!” 
Marrow examinations show a spectrum of abnormalities, ranging from 
normal cellularity to selective hypoplasia of the neutrophilic series. In 
most cases, quantitative marrow studies show the ratio of immature 
to mature cells is increased, suggesting loss of cells during the matu- 
ration process, that is, ineffective granulocytopoiesis.* Antineutrophil 
antibodies, autoantibodies, including antinuclear or antimitochondrial 
antibodies, are absent.” Chronic idiopathic neutropenia in adults is 
the result of accelerated apoptosis of neutrophils and their precur- 
sors mediated via the Fas ligand or interferon-y.” The disease mech- 
anism, that is, activation of the extracellular apoptotic pathway, is 
similar to the mechanism described for patients with systemic lupus 
erythematosus.” 

For most patients, the clinical course can be predicted from the 
level of blood neutrophils, marrow examination, and prior history of 
fevers and infections. In general, patients with the lowest levels of blood 
and marrow neutrophils have the most frequent problems. Long-term 
observations show, however, that some patients have very low blood 
neutrophil levels for long periods with few or no infections. Evolution 
to acute leukemia or aplastic anemia generally does not occur. G-CSF 
increases neutrophils in most patients and is a useful therapy for patients 
with recurrent fever and infections.*””” 


DISORDERS AFFECTING NEUTROPHIL 
UTILIZATION AND TURNOVER 


Mechanisms of Immune Neutropenia 

Immune disorders primarily alter the distribution of neutrophils in the 
blood and accelerate neutrophil turnover. Antineutrophil antibodies 
cause transfusion reactions, alloimmune neonatal neutropenia, and 
autoimmune neutropenia. Antigen-antibody complexes, autoantibod- 
ies, and cytokine-mediated cellular injury are possible contributors to 
neutropenia of systemic lupus erythematosus and Felty syndrome. The 
association of neutropenia with increased numbers of circulating large 
granular lymphocytes demonstrates that cellular and humoral immune 
mechanisms can cause neutropenia (Chap. 94). 

Neutrophils share surface antigens with other tissues including 
the i-I antigens and human leukocyte antigens (HLAs). They also have 
some specific antigens, including NA-1, NA-2 (now recognized as iso- 
types of FcyRII or CD16), NB-1, NC-1, and NC-9a.*""° A number of other 
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antigens can be identified on neutrophils and neutrophil precursors 
with monoclonal antibodies. The clearest associations of autoantibodies 
and neutropenia are with NA-1 and NA-2.'” 

Several tests are available for detecting antineutrophil antibodies, 
including agglutination and microagglutination, cytotoxicity, direct 
and indirect immunofluorescence, direct and indirect antiglobulin 
assays, and tests involving the binding of staphylococcal protein A to 
immunoglobulins on the surface of cells.’ The agglutination tests are 
the oldest methods and depend on the propensity of immunoglobulin- 
coated cells to aggregate. Immunofluorescence tests utilize antihuman 
y-globulin tagged with a fluorescein label. These tests can be adapted 
for quantitative studies with fluorescence-activated cell sorting. Immu- 
nofluorescence and staphylococcal protein A-binding tests also can be 
adapted for examining immunoglobulins bound to single cells, includ- 
ing marrow cells. Direct methods are used to detect the antibodies on 
the patient’s neutrophils. Indirect methods are used to test the patient’s 
plasma or serum against panels of normal cells. Use of paraformalde- 
hyde to expose antigens and to preserve the neutrophils for multiple 
tests has been especially helpful. Appropriate controls are essential 
for proper interpretation of these studies. Measurements of apopto- 
sis and cytokine-mediated cellular injury are done through research 
laboratories. 


Causes of Immune-Mediated Neutropenia 

Alloimmune Neonatal Neutropenia Newborn infants may have neu- 
tropenia for a variety of reasons.'” In some cases, the disorder results 
from transplacental passage of maternal immunoglobulin (Ig) G anti- 
bodies that bind to the infant's neutrophil-specific antigens, usually 
the FcyRIIIb (HNA1 or CD16b) isotype inherited from the infant's 
father. Other antigens, such as NB1 glycoprotein (NB1 or CD177), 
HNA-3a(5b), HLA, and unknown antigens, also may be involved.’ 
Overall, this disorder occurs in approximately 1 in 2000 neonates. The 
disorder usually lasts 2 to 4 months until the passively acquired anti- 
body is lost. 

Immune neonatal neutropenia may be severe or relatively mild. It 
often is not recognized until bacterial infections occur in an otherwise 
healthy infant. The hematologic picture usually consists of severe neu- 
tropenia with normal to increased lymphocytes and normal monocytes, 
erythrocytes, and platelets. Marrow cellularity is normal or increased, 
with reduced numbers of mature neutrophils. Alloimmune neonatal 
neutropenia may be confused with neonatal sepsis because the latter 
condition also causes severe neutropenia. The diagnosis of alloimmune 
neutropenia usually is made using neutrophil agglutination or immu- 
nofluorescence tests. Treatment should be conservative; antibiotics are 
used only when necessary. Exchange transfusions to decrease antibody 
titers or neutrophil transfusions from the patient’s mother are rarely 
needed. 

Autoimmune Neutropenia Neutrophil autoantibodies can 
decrease neutrophil survival and impair neutrophil production. From a 
clinical perspective, however, distinguishing autoimmune neutrope- 
nia from chronic idiopathic neutropenia often is difficult.’ Patients 
diagnosed with autoimmune neutropenia have one or more positive 
tests for antineutrophil antibodies. Their cytopenia is selective; other 
blood cell counts are normal or near normal. Marrow morphology 
(Fig. 65-3), colony forming cells, and other tests, including antinu- 
clear antibody tests, are normal. In general, therapy should be conser- 
vative and expectant. Intravenous y-globulin may transiently increase 
neutrophils, but the therapy is expensive and relatively ineffective. The 
response to glucocorticoid therapy is unpredictable. Daily or alternate- 
day G-CSF is effective but should be reserved for patients with recurrent 
infections. Spontaneous remissions appear to occur much more com- 
monly in children than adults."°'” 


Figure 65-3. Morphology of a marrow sample from a patient with 
autoimmune neutropenia, demonstrating a normal maturation of neu- 
trophil precursors. 


Systemic Lupus Erythematosus Total leukocyte counts usually 
are between 2 and 5 x 10°/L and neutrophils are less than 1.8 x 10°/Lin 
approximately 50 percent of patients with systemic lupus erythemato- 
sus.'%119223 Mild neutropenia often is accompanied by monocytopenia 
and lymphocytopenia, anemia, thrombocytopenia, and mild degrees 
of splenomegaly. Marrow cellularity and maturation of cells usually 
are normal. An increased amount of IgG is present on the surface of 
neutrophils, and immune complexes are increased within the neu- 
trophils.!'° Fas and tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL) mediate many of the clinical features of autoimmune 
diseases, including apoptosis of neutrophils in systemic lupus erythe- 
matosus. Glucocorticoids, G-CSF, and GM-CSF elevate neutrophils in 
most patients with lupus, including patients on immunosuppressive 
therapies, but the mild neutropenia of these patients usually does not 
require treatment.!!° 

Rheumatoid Arthritis, Sjögren Syndrome, and Felty Syn- 
drome Leukopenia in association with rheumatoid arthritis is unusual, 
occurring in less than 3 percent of large series of patients.’ Approx- 
imately 1 percent of patients with rheumatoid arthritis develop addi- 
tional features of Felty syndrome (splenomegaly, deforming rheumatoid 
arthritis, and leukopenia). Usually, these patients have had active, 
deforming arthritis and very high rheumatoid factor titers. The neutro- 
penia may be moderate to severe; occasionally patients are seen with no 
circulating neutrophils. The marrow usually is normal or hypercellular 
but occasionally is hypocellular. Granulopoiesis usually is marked by 
sufficient precursors but few band or segmented neutrophils. No clear 
relationship between spleen size and the neutrophil count is evident. 

The incidence of bacterial infections in patients with Felty syn- 
drome is low until the neutrophil count is less than 0.2 x 10°/L, which 
has long suggested that neutrophils are made but that their blood kinet- 
ics are altered. The altered kinetics may result from high levels of circu- 
lating and intracellular immune complexes and IgG on the surface of 
neutrophils. Cellular injury via Fas-mediated apoptosis is an additional 
mechanism for cell loss from the marrow and blood.” 

In Sjogren syndrome, approximately 30 percent of patients have 
moderate leukopenia. The total leukocyte count usually is 2 to 5 x 10°/L 
with a normal differential count.'*'”° Rarely, severe neutropenia occurs 
in association with recurrent bacterial infections. 

Therapeutic options for management of neutropenia in these 
autoimmune disorders include methotrexate, glucocorticoids, G-CSF, 
GM-CSF, splenectomy, and biologic agents such as rituximab and 
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tocilizumab.''*'” Results with these therapies are unpredictable. 7 
Many specialists prefer weekly methotrexate because of its ease of 
administration, efficacy, and low toxicity.!!* G-CSF or GM-CSF can 
increase neutrophils but may exacerbate arthralgias.''? Combinations 
of these agents is another good alternative. Splenectomy is followed 
by a rapid increase in counts in approximately two-thirds of cases, but 
approximately two-thirds of patients who respond to splenectomy have 
recurrence of neutropenia.” A subset of patients with Felty syndrome 
have a high blood concentration of large granular lymphocytes with 
a phenotype characteristic of immature natural killer cells.'*! These 
patients tend to respond poorly to therapies directed toward increas- 
ing neutrophil levels but may respond to combinations of methotrexate 
and G-CSF. Several factors in addition to neutropenia predispose these 
patients to infections, including monocytopenia, hypocomplemen- 
temia, circulating immune complexes, and treatment with glucocorti- 
coids or cytotoxic drugs. In general, treatments to correct neutropenia 
should be reserved for patients with documented infections. 

Other Causes of Neutropenia Associated with Splenomegaly In 
1942, Wiseman and Doan” described a disorder they called primary 
splenic neutropenia. Since then, a variety of diseases have been rec- 
ognized as also possibly causing this type of neutropenia, or pseudo- 
neutropenia. Diseases associated with splenomegaly and neutropenia 
include sarcoidosis, lymphoma, tuberculosis, malaria, kala azar, and 
Gaucher disease. Usually thrombocytopenia and anemia are present 
as well. Immune mechanisms in patients with inflammatory diseases 
are similar to the mechanisms observed in patients with systemic lupus 
erythematosus and Felty syndrome may be operative. In other patients, 
sluggish blood flow through the spleen with passive trapping of neu- 
trophils in the congested red pulp probably is the primary cause. For the 
most part, the neutropenia in these patients is not sufficiently severe to 
be of clinical consequence. Removal of the spleen to raise the neutrophil 
count is rarely indicated. 


DRUG-INDUCED NEUTROPENIA 


Idiosyncratic drug reactions cause neutropenia with an estimated 
annual frequency of three to 12 cases per 1 million population.'*"!¥ In 
1922, Schultz”! reported six cases of severe sore throat and prostration 
with absent blood neutrophils, which led rapidly to sepsis and death. A 
few years later, this syndrome was associated with the coal tar-derived 
drug aminopyrine.'”” Over the past 50 years, scores of other drugs have 
been recognized to cause this syndrome. 

Two main types of idiosyncratic drug-induced neutropenia are 
recognized.” One type is a dose-related toxicity resulting from 
interference of the drug with protein synthesis or cell replication. This 
effect often is nonselective. It can involve the hematopoietic stem cell 
and highly proliferative cells in other organs, such as the epithelial cells 
of the gastrointestinal tract. Prototype drugs for this type of reaction 
include phenothiazines, antithyroid drugs, chloramphenicol, and clo- 
zapine.'**'! Similar effects on marrow cells may be mediated through 
free radicals and drug metabolites. Patients receiving multiple drugs 
and patients having high plasma concentration of drugs as a result of 
the dose administered, slow metabolism, or renal excretory impairment 
are more prone to these reactions.” 

A second type of drug-induced neutropenia may not be dose 
related. The neutropenia is thought to be allergic or immunologic in 
origin, similar to drug-induced skin reactions and drug-initiated, anti- 
body-mediated erythrocyte destruction. Many drugs can trigger this 
form of neutropenia.’ Women are affected more often than men. Older 
patients are affected more frequently than younger patients. Patients 
with a history of allergies, including allergies to other drugs, are affected 
more often than individuals without allergies. Neutropenia may occur 


at any time, but tends to occur relatively early in the course of treatment 
with drugs to which the patient has been previously exposed. 

Our basic understanding of drug-induced neutropenia is limited, 
partly because of the unpredictable occurrence of cases, the myriad 
agents involved, and the lack of good animal models for research. Clin- 
ical studies suggest the rate of recovery can be roughly predicted from 
the degree of marrow hypoplasia present when neutropenia is discov- 
ered. In patients with sparse marrow neutrophils but normal-appearing 
precursor cells (promyelocytes and myelocytes), neutrophils reappear in 
the blood approximately 4 to 7 days after the offending drug is stopped. 
Often an increase in the blood monocyte count heralds marrow recov- 
ery, and an “overshoot” with marked neutrophilia follows. When early 
precursor cells are severely depleted, recovery may require considerably 
more time. 

Symptomatic patients with drug-induced neutropenia usually 
present with fever, myalgia, and sore throat, but usually no rash or evi- 
dence of allergy elsewhere.'”” Blood examination shows few or absent 
neutrophils. Mild lymphopenia may be observed, but other cell counts 
usually are normal. A high level of suspicion and careful clinical his- 
tory are critical to identifying the offending drug. Differential diagnosis 
includes acute viral infections, particularly infectious mononucleosis 
and infectious hepatitis, and acute bacterial sepsis. If other hemato- 
logic abnormalities also are present, acute leukemia and aplastic anemia 
should be considered. Treatment usually consists of supportive care, 
including broad-spectrum antibiotics for febrile patients. Hematopoi- 
etic growth factors such as G-CSF or GM-CSF may be beneficial, but 
their use in this setting has not been established in randomized trials.'*° 
An alternative to discontinuing drugs such as clozapine is the addition 
of G-CSF treatment,” although it is usually preferable to discontinue 
the suspected offending agent. 

Table 65-1 lists some of the drugs frequently implicated in neu- 
tropenia. Given the rapidity of introduction of new agents, consult the 
manufacturer, a drug information center, or a poison control center 
when questions arise to learn if a drug can cause neutropenia. 


NEUTROPENIA WITH INFECTIOUS DISEASES 


Neutropenia can result from acute or chronic bacterial, viral, para- 
sitic, or rickettsial diseases. Several mechanisms are involved. Certain 
viral infections, such as infectious mononucleosis, infectious hepatitis, 
Kawasaki disease, and HIV infection, may cause severe or protracted 
neutropenia and pancytopenia resulting from infection of hematopoi- 
etic precursor cells. Other agents, such as Rickettsia and Bartonella, can 
infect endothelial cells. These agents may cause leukopenia, neutrope- 
nia, thrombocytopenia, and anemia as part of a generalized vasculitic 
process. Increased neutrophil adherence to altered endothelial cells 
may occur in dengue, measles, and other viral infections. With severe 
Gram-negative bacterial infections, neutropenia probably results from 
increased adherence to the endothelium and increased utilization at the 
site of infection. Some chronic infections causing splenomegaly, such as 
tuberculosis, brucellosis, typhoid fever, malaria, and kala azar, probably 
cause neutropenia because of splenic sequestration and marrow inva- 
sion and suppression. 


CLINICAL APPROACH TO THE PATIENT 
PRESENTING WITH NEUTROPENIA 


Ordinarily, patients with acute onset of severe neutropenia present with 
fever, sore throat, and evidence of inflammation beneath the skin or 
mucous membranes. New respiratory or abdominal symptoms should 
heighten concern ofan urgent clinical situation. Immediate investigation 
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should include a careful history with particular attention to drugs. The 
physical examination should give careful attention to the oropharynx, 
sinuses, chest, abdomen, bones for evidence of tenderness, and size of 
the lymph nodes and spleen. Prompt blood counts and microbial cul- 
tures, institution of intravenous fluids, antibiotics, and other supportive 
measures may be lifesaving. In this situation, fever and infections usu- 
ally result from surface bacteria sensitive to numerous broad-spectrum 
agents, unless the patient has been treated recently with antibiotics. A 
complete blood count should be obtained and a marrow examination 
considered, particularly if the cause of acute neutropenia is not known. 
The marrow may reveal fibrosis, selective or nonselective hypoplasia of 
marrow precursors, excessive blasts, or atypical cells. With this infor- 
mation in hand and supportive care started, further diagnostic tests can 
be considered. 

Chronic neutropenia often is discovered as a chance finding at a 
routine examination or during the course of investigation of a patient 
with recurrent fevers and infections. Determining if the neutropenia 
is chronic or cyclic and the mean level of blood cell counts when the 
patient is afebrile and relatively well is useful. Other important hema- 
tologic and immunologic data include the absolute monocyte, lym- 
phocyte, eosinophil, and platelet counts; hematocrit or hemoglobin 
determination; and immunoglobulin levels. Patients with hypergam- 
maglobulinemia usually have chronic and recurrent inflammation; 
patients with hypogammaglobulinemia and neutropenia usually are 
very susceptible to recurrent infections. Morphologic examination of 
the blood and marrow can identify some causes of benign neutrope- 
nia in children, the Chédiak-Higashi syndrome, and myelokathexis. 
The marrow examination is most useful for ruling out leukemia and 
myelodysplastic disorders and assessing the severity of the marrow 
defect. 

In patients with chronic neutropenia, measurement of antinuclear 
antibodies (ANA) and rheumatoid factor titers and other serologic tests 
for autoimmune diseases may be useful. Usually, neutropenia associated 
with these disorders occurs in patients with obvious and severe disease, 
but occasionally patients are seen with occult splenomegaly, high ANA 
and rheumatoid factor titers, and a few other symptoms. Examination 
of the blood and marrow for large granular lymphocytes may be helpful. 
Infectious and nutritional causes of chronic neutropenia are rare and 
usually are evident at the time of patient evaluation. In adults, differen- 
tiation between chronic idiopathic neutropenia and the myelodysplastic 
syndromes may be the most difficult. Abnormalities in other cell lines 
(e.g., anemia with poikilocytosis, anisocytosis, basophilic stippling, and 
thrombocytopenia, pseudo-Pelger- Huét cells), low proportions of blast 
cells in the marrow, dysmorphic granulocyte and erythroid precursors, 
and clonal chromosomal abnormalities indicate myelodysplasia, partic- 
ularly in older patients. Investigations of the mechanism of neutropenia 
with marrow and blood kinetic studies, in vitro marrow cultures, mea- 
surements of marrow granulocyte reserves, and indirect measurements 
of marrow proliferative activity may be useful in defining mechanisms 
of neutropenia, but are not widely available. 


@NEUTROPHILIA 


Neutrophilia is defined as an increase in the absolute blood neutrophil 
count to a level greater than 2 SD above the mean value for normal 
individuals. For children age 1 month or older and adults of all ages, 
this level is approximately 7.5 x 10°/L, combining bands and mature 
neutrophils (Chap. 2). At birth the mean neutrophil count is 12 x 10°/L, 
and counts as high as 26 x 10°/L are regarded as normal (Chap. 7). 
Several terms are used almost synonymously with neutrophilia, 
including neutrophilic leukocytosis, polymorphonuclear leukocytosis, 
and granulocytosis. Leukocytosis is used because an elevated number of 


TABLE 65-1. Classification of Widely Used Drugs Associated with Idiosyncratic Neutropenia 


ANALGESICS AND ANTIINFLAMMATORY AGENTS 


ANTIMALARIALS 


Indomethacin* 
Gold salts 


Amodiaquine 


Chloroquine 


Pentazocine 


Dapsone 


Para-aminophenol derivatives* 


Pyrimethamine 


Acetaminophen Quinine 

Phenacetin ANTITHYROID DRUGS* 
Pyrazolone derivatives* Carbimazole 
Aminopyrine Methimazole 

Dipyrone Propylthiouracil 
Oxyphenbutazone CARDIOVASCULAR DRUGS 
Phenylbutazone Captopril 


ANTIBIOTICS 


Disopyramide 


Cephalosporins 


Hydralazine 


Chloramphenicol* 


Methyldopa 


Clindamycin Procainamide 
Gentamicin Propranolol 
Isoniazid Quinidine 
Para-aminosalicylic acid Tocainide 
Penicillins and semisynthetic penicillins* DIURETICS 


Rifampin 


Acetazolamide 


Streptomycin 


Chlorthalidone 


Sulfonamides* 


Chlorothiazide 


Tetracyclines 


Ethacrynic acid 


Trimethoprim-sulfamethoxazole 


Hydrochlorothiazide 


Vancomycin HYPOGLYCEMIC AGENTS 
ANTICONVULSANTS Chlorpropamide 

Carbamazepine Tolbutamide 

Mephenytoin HYPNOTICS AND SEDATIVES 


Phenytoin Chlordiazepoxide and other benzodiazepines 
ANTIDEPRESSANTS 

Amitriptyline Meprobamate 

Amoxapine PHENOTHIAZINES* 

Desipramine Chlorpromazine 

Doxepin Phenothiazines 

Imipramine OTHER DRUGS 
ANTIHISTAMINES—H, BLOCKERS Allopurinol 

Cimetidine Clozapine 

Ranitidine Levamisole 


Penicillamine 


Ticlopidine 


*More frequently reported to cause neutropenia in epidemiologic studies. 


NOTE: Documentation of the role of specific drugs in the causation of neutropenia is dependent on either (1) the frequency of the occurrence 
among patients, (2) the timing of the event in relationship to drug use, (3) the absence of alternative explanations, or (4) the inadvertent or 
intentional reuse of the drug (rechallenges) with a similar response. Readers who require supplementary lists of putative drugs involved in the 
development of neutropenia or wish to read original references for these interactions are referred to Refs. 123 and 124 
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Figure 65-4. Mechanisms of neutrophilia are shown schematically. The rate of flow of cells through each compartment is represented by the size 
of the arrows. CP, circulating neutrophil pool; MaP, maturation (postmitotic) pool; M.P, mitotic pool; MP, marginated neutrophil pool; SP, storage pool 


(marrow reserves). 


neutrophils is the most frequent cause of an increased total white cell 
count. Granulocytosis is less specific than neutrophilia, because granulo- 
cytes include eosinophils and basophils as well as neutrophils. Extreme 
neutrophilia often is referred to as a leukemoid reaction because the 
height of the white cell count may suggest leukemia. This exaggerated 
reaction may be the result of segmented neutrophils or may be associ- 
ated with band neutrophils, metamyelocytes, and myelocytes in smaller 
proportions. 

In normal individuals, the neutrophil count follows a diurnal pat- 
tern of variation, with peak counts in the late afternoon. Neutrophil 
counts also rise slightly after meals, with erect posture, and with emo- 
tional stimuli. Ordinarily these changes are not sufficient to cause 
neutrophilia. "* 


MECHANISMS OF NEUTROPHILIA 


Under normal circumstances, neutrophils follow an orderly progres- 
sion from the marrow through the blood to tissue sites of utilization. 
Mild neutrophilia may occur by several mechanisms: increased cell pro- 
duction, accelerated release of cells from the marrow into the blood, 
shift within the circulation from the marginal to the circulating pool, 


reduced egress of neutrophils from the blood to tissues, or a combi- 
nation of these mechanisms. The time required for these events varies 
substantially. Shifts between the marginal and circulating pools take 
only a few minutes. Shifts of neutrophils from the marrow to the blood 
occur within a few hours. Increases in the production of neutrophils, 
even with intense stimulation, may take at least a few days (Fig. 65-4). 
With sustained moderate to marked neutrophilia the cause is virtually 
always increased production of neutrophils. 


Acute Neutrophilia 

Pseudoneutrophilia (Demargination) Vigorous exercise and acute 
physical and emotional stress can increase the number of blood neu- 
trophils within a few minutes. The response is mimicked by infu- 
sion of epinephrine and other catecholamines that increase heart rate 
and cardiac output.” The response is caused by a shift of cells from 
the marginal to the circulating pool; hence, it frequently is referred to 
as demargination. This response in humans is dependent partially on 
release of neutrophils from the spleen,'* but redistribution from other 
vascular beds, particularly the pulmonary capillaries, is quantitatively 
more important. This mechanism can account for about a doubling in 
neutrophil count. Greater elevations in neutrophils cannot be ascribed 


solely to this mechanism. The increase in lymphocytes, monocytes, and 
neutrophils that occurs with demargination may be helpful in distin- 
guishing this type of neutrophilia from the response to infections, pro- 
tracted stress, or glucocorticoid administration. With these conditions, 
neutrophil counts are elevated, but lymphocyte and monocyte counts 
generally are depressed. 

Marrow Storage Pool Shift Acute neutrophilia occurs as a con- 
sequence of release of neutrophils from the marrow storage pool, the 
marrow neutrophil reserves.'° This mechanism produces acute neu- 
trophilia in response to inflammation and infections. The marrow 
reserve pool consists principally of segmented neutrophils and bands. 
Metamyelocytes are not released to the blood except under extreme 
circumstances. The postmitotic marrow neutrophil pool is approx- 
imately 10 times the size of the blood neutrophil pool, and approx- 
imately half of these cells are band and segmented neutrophils." 
In neutrophil production disorders, chronic inflammatory diseases, 
and malignancies, and with cancer chemotherapy, the size of this 
pool is reduced and the capacity to develop neutrophilia is impaired. 
Exposure of blood to foreign surfaces, such as hemodialysis mem- 
branes, activates the complement system and causes transient neu- 
tropenia, followed by neutrophilia resulting from release of marrow 
neutrophils. Colony-stimulating factors (G-CSF and GM-CSF) cause 
acute and chronic neutrophilia by mobilizing cells from the marrow 
reserves and stimulating neutrophil production." 


Chronic Neutrophilia 

Chronic neutrophilia follows a prolonged stimulus to proliferation of 
neutrophil precursors. It can be studied experimentally with repeated 
doses of endotoxin, glucocorticoids, or colony-stimulating factors. 
Although the details of the mediators and mechanisms for the develop- 
ment of chronic neutrophilia are not understood fully, a general scheme 
for this response is now widely accepted (see Fig. 65-4). Expansion of 
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cell production follows stimulation of cell divisions within the mitotic 
precursor pool, that is, divisions of promyelocytes and myelocytes. Sub- 
sequently, the size of the postmitotic pool increases. The changes cause 
an increase in the marrow granulocytic to erythroid ratio. In humans, 
the neutrophil production rate increases severalfold with chronic infec- 
tions. Even greater increases may occur in polycythemia vera, chronic 
myelogenous leukemia, and leukemoid reactions in response to nonhe- 
matologic malignancies'” and to exogenously administered hematopoi- 
etic growth factors such as G-CSF," with a maximum response taking 
at least 1 week to develop. 

Neutrophilia resulting from decreased egress from the vascular 
compartment occurs infrequently. A prototype disorder illustrating 
this mechanism occurs in patients with the neutrophil cell membrane 
defect CD1la/CD18 deficiency.” The neutrophils do not adhere to 
the capillary endothelium normally, but cell production and marrow 
release apparently are normal. Because these patients cannot mobilize 
neutrophils to sites of inflammation when they develop infections, 
extreme neutrophilia is observed (Chap. 66). Glucocorticoids may pro- 
duce a functionally similar state, with neutrophils accumulating in the 
blood, at least transiently, after each dose is administered. In patients 
recovering from infections, as the “tissue demand” for neutrophils 
diminishes, the persistence of neutrophilia may be attributed to this 
same mechanism. In chronic myelogenous leukemia, accumulation of 
neutrophils with a longer than normal half-life in the blood partially 
explains the extreme neutrophilia." 


DISORDERS ASSOCIATED WITH NEUTROPHILIA 


Neutrophilia in Response to Inflammation and Stress 

Table 65-2 lists the categories and causes of acute and chronic neu- 
trophilia. Probably the most frequent causes of acute neutrophilia 
are exercise, emotional stress, and any other circumstance that raises 


TABLE 65-2. Major Causes of Neutrophilia 
Acute Neutrophilia 


Chronic Neutrophilia 


Physical stimuli 


Cold, heat, exercise, convulsions, pain, labor, anesthesia, 
surgery 


Emotional stimuli 
Panic, rage, severe stress, depression 
Infections 


Many localized and systemic acute bacterial, mycotic, rickettsial, 
spirochetal, and certain viral infections 


Inflammation or tissue necrosis 


Burns, electric shock, trauma, infarction, gout, vasculitis, anti- 
gen-antibody complexes, complement activation 


Drugs, hormones, and toxins 


Colony-stimulating factors, epinephrine, etiocholanolone, 
endotoxin, glucocorticoids, smoking tobacco, vaccines, venoms 


Infections 


Persistence of infections that cause acute neutrophilia 


Inflammation 


Most acute inflammatory reactions, such as colitis, dermatitis, drug- 
sensitivity reactions, gout, hepatitis, myositis, nephritis, pancreatitis, 
periodontitis, rheumatic fever, rheumatoid arthritis, vasculitis, thy- 
roiditis, Sweet syndrome 


Tumors 


Gastric, bronchogenic, breast, renal, hepatic, pancreatic, uterine, and 
squamous cell cancers; rarely Hodgkin lymphoma, lymphoma, brain 
tumors, melanoma, and multiple myeloma 


Drugs, hormones, and toxins 


Continued exposure to many substances that produce acute neu- 
trophilia, lithium; rarely as a reaction to other drugs 


Metabolic and endocrinologic disorders 


Eclampsia, thyroid storm, overproduction of adrenocorticotropic 
hormone 


Hematologic disorders 


Rebound from agranulocytosis or therapy of megaloblastic anemia, 
chronic hemolysis or hemorrhage, asplenia, myeloproliferative disor- 
ders, chronic idiopathic leukocytosis 


Hereditary and congenital disorders 


Down syndrome, congenital 


endogenous epinephrine, norepinephrine, or cortisol levels. Acute neu- 
trophilia occurs in pregnant patients and may be especially notable at 
the time of entering labor. Acute neutrophilia occurs with induction of 
general or epidural anesthesia, with all types of surgery, and with other 
acute events such as seizures, gastrointestinal hemorrhage, subarach- 
noid hemorrhage, or other internal bleeding. 

Neutrophilia occurs with many acute bacterial infections. It occurs 
less predictably with infections caused by viruses, fungi, and parasites. 
Many aspects of the complex interactions of microbes with the infected 
host are not fully understood. Most patients with Gram-positive infec- 
tions, such as pneumococcal pneumonia, staphylococcal abscesses, 
and streptococcal pharyngitis, have neutrophilia. Infections caused 
by Gram-negative bacteria, particularly those resulting in bacteremia 
or septic shock, may cause neutropenia or extreme neutrophilia." 
Increased circulating levels of activated complement components, 
G-CSF, tumor necrosis factor, and interleukin (IL)-1, IL-6, and IL-8 
may cause this response. Bacterial infections that have an insidious 
onset and cause splenomegaly, such as typhoid fever and brucellosis, 
characteristically do not show neutrophilia except in the initial or dis- 
seminated phase. Miliary tuberculosis is an important cause of leuke- 
moid reactions. Neutrophilia is far less common with viral infections. In 
general, neutrophilia is seen in infections producing substantial tissue 
injury, evoked by toxins produced by the infecting organisms. Damage 
to host tissues also is the presumed mechanism of neutrophilia in ther- 
mal burns, electric shock, myocardial infarction, pulmonary embolism, 
sickle cell crisis, and systemic vasculitis. 

Many chronic noninfectious conditions cause neutrophilia. Proba- 
bly the most frequent cause is cigarette smoking.'*”"“* Neutrophil counts 
of smokers are increased in proportion to the amount of exposure. Neu- 
trophil counts of smokers inhaling two packs of cigarettes per day aver- 
age twice the normal levels. Chronic inflammatory diseases, including 
dermatitis, bronchitis, rheumatoid arthritis, osteomyelitis, ulcerative 
colitis, and gout, may cause a persistent neutrophilia. Sweet syndrome 
is an unusual dermatologic condition manifested as intense neutrophil 
accumulation in the skin and persistent neutrophilia.” 


Neutrophilia in Association with Cancer or Heart Disease 
Neutrophilia is associated with many nonhematologic malignancies, 
such as lung and gastrointestinal malignancies, particularly when they 
metastasize to the liver and lung.’ In some cases, tumor cells produce 
colony-stimulating factors that presumably cause the neutrophilia by 
direct marrow stimulation. Tumor necrosis and superinfections are 
other possible mechanisms. Neutrophilia is unusual in brain tumors, 
melanoma, prostate cancer, and lymphocytic malignancies. 
Neutrophilia is a marker for the occurrence and severity of a vari- 
ety of illnesses. Neutrophilia is associated with an increased incidence 
and severity of coronary heart disease, independent of smoking sta- 
tus.'5!'5? Similarly, elevated white cell counts have been associated with 
increased cancer mortality, independent of smoking history. In patients 
with cancer, subarachnoid hemorrhage, and other serious inflammatory 
conditions, neutrophilia portends a less favorable prognosis. 


Hereditary Neutrophilia and Neutrophilia as a Manifestation 
of a Hematologic Disorder 

In addition to the myeloproliferative neoplasms, including chronic 
neutrophilic leukemia and neutrophilic chronic myelogenous leukemia 
(Chap. 89), several unusual hematologic conditions may be associated 
with neutrophilia. The mechanisms for most of these disorders remain 
obscure. In Down syndrome, transient neonatal leukemoid reactions 
resembling chronic myelogenous leukemia may occur.'* This type 
of neutrophilia may be related to a defect in regulation of neutrophil 
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production caused by chromosome 21 trisomy, but the precise mecha- 
nism is unknown. Idiopathic neutrophilic leukocytosis with a negative 
family history and a similar condition of hereditary neutrophilia with 
an autosomal dominant pattern of inheritance have been reported'**!° 
but are very rare. An inherited activating mutation in the G-CSF recep- 
tor (CSF3R) gene induces chronic hereditary neutrophilia.’ Careful 
clinical examination and followup almost always reveal the cause of the 
neutrophilia. 


Neutrophilia Associated with Drugs 

Many drugs cause neutropenia, but neutrophilia in response to drugs 
is uncommon except for the well-known effects of epinephrine, other 
catecholamines, and glucocorticoids. Lithium salts cause sustained 
neutrophilia." The counts return to normal when the drug is discon- 
tinued. The drug increases levels of colony-stimulating factor. Cases of 
neutrophilia have been reported with ranitidine and quinidine therapy, 
but such reactions are very uncommon. 


CLINICAL APPROACH TO PATIENTS WITH 
NEUTROPHILIA 


In most instances, the finding of neutrophilia, band neutrophils, and 
toxic granules in the mature cells can be related to an obvious ongoing 
inflammatory condition. Often the finding of neutrophilia helps con- 
firm the diagnosis of appendicitis, cholecystitis, or bacterial pharyngi- 
tis. When the cause of neutrophilia is not readily apparent, especially if 
the neutrophilia is associated with fever or other signs of inflammation, 
more subtle infections such as tuberculosis or osteomyelitis should be 
considered. In addition, a history of smoking and evidence for a chronic 
anxiety state or an occult malignancy should be sought. If neutrophilia 
is accompanied by myelocytes and promyelocytes, increased basophils, 
and unexplained splenomegaly, the diagnosis of a myeloproliferative 
disease (e.g., chronic myelogenous leukemia, idiopathic myelofibro- 
sis, or polycythemia vera) should be considered. Measurement of leu- 
kocyte alkaline phosphatase activity can be a useful screening test in 
cases of moderate neutrophilia (15 to 25 x 10°/L). Ordinarily the values 
are elevated with inflammation of any cause and in subjects receiving 
glucocorticoid therapy. The values are low in chronic myelogenous leu- 
kemia and variable with other myeloproliferative neoplasms. Serum 
vitamin B, levels and B,,-binding proteins are elevated in both benign 
neutrophilia and chronic myelogenous leukemia. In unexplained 
neutrophilia, testing for the cytogenetic alterations and the BCR gene 
rearrangement (Chap. 89) and JAK2 gene mutations (Chap. 84) are 
important in the diagnostic evaluation. Chapter 89 discusses the diag- 
nosis of chronic myelogenous leukemia and other chronic myelogenous 
leukemia disorders with prominent neutrophilia. 

Epidemiologic studies show an association of neutrophilia with 
adverse effects of smoking, obesity, coronary artery disease, cere- 
bral vascular disease and malignancies.'**'” In myeloproliferative 
neoplasms, neutrophilia is a predictor of thrombotic events.''® In 
patients with sickle cell disease, neutrophilia correlates with increased 
complications and severity of the disease.’ In these patients, treat- 
ment with hydroxyurea lowers the blood neutrophil counts, and has 
been shown in randomized trials to reduce some of the complications 
of the disease. In some inflammatory diseases, glucocorticoids, which 
raise blood neutrophils, and immunosuppressive therapies, which lower 
blood neutrophils, are used to reduce inflammation; this is because both 
of these classes of drugs reduce the deployment of neutrophils and other 
leukocytes to tissue sites of inflammation. For instance, glucocorticoids 
usually suppress the inflammation of the skin in Sweet syndrome. In 
most clinical settings, therapies to reduce the neutrophil count are gen- 
erally not indicated. 
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CHAPTER 66 
DISORDERS OF NEUTROPHIL 
FUNCTION 


Niels Borregaard 


The neutrophil circulates in blood as a quiescent cell. Its main function as a 
phagocytic and bactericidal cell is performed outside the circulation in tissues 
where microbial invasion takes place. Neutrophil function is traditionally viewed 
as chemotaxis, phagocytosis, and bacterial killing. Although these conceptionally 
represent distinct entities, they are functionally related, and rely to a large extent 
on the same intracellular signal transduction mechanisms that result in localized 
rises in intracellular Ca’*, changes in organization of the cytoskeleton, assembly 
of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase from its 
cytosolic and membrane integrated subunits, and fusion of granules with the 
phagosome or neutrophil plasma membrane. Clinical disorders of the neutrophil 
may arise from impairment of these normal functions. The clinical presenta- 
tion of a patient who has a qualitative neutrophil abnormality may be similar 
to that of one who has an antibody, complement, or toll-like receptor disorder. 
In general, evaluation for phagocyte cell disorders should be initiated among 
those patients who have at least one of the following clinical features: (1) two or 
more systemic bacterial infections in a relatively short time period; (2) frequent, 
serious respiratory infections, such as pneumonia or sinusitis, or otitis media, or 
lymphadenitis; (3) infections present at unusual sites (liver or brain abscess); and 
(4) infections associated with unusual pathogens (e.g., Aspergillus pneumonia, 
disseminated candidiasis, or infections with Serratia marcescens, Nocardia species, or 
Burkholderia cepacia). 


Acronyms and Abbreviations: ADP, adenosine diphosphate; ARF, ADP-ribosylation 
factor; ASC, apoptosis-associated speck-like protein with a caspase recruitment 
domain; ATPase, adenosine triphosphatase; BPI, bacterial permeability-increasing 
protein; cAMP, cyclic adenosine monophosphate; cANCA, cytoplasmic antineu- 
trophil cytoplasmic antibody; CARD, caspase activation and recruitment domain; 
c/EBP, CCAAT/enhancer binding protein; CGD, chronic granulomatous disease; CHS, 
Chédiak-Higashi syndrome; DAG, diacylglycerol; DOCK8, dedicator of cytoki- 
nesis 8; ESAM, endothelial cell-selective adhesion molecule; FAD, flavin adenine 
dinucleotide; FMF, familial Mediterranean fever; fMLP, formy|-methionyl-leucyl- 
phenylalanine; G6PD, glucose-6-phosphate dehydrogenase; GDP, glucose diphos- 
phate; GPI, glycosylphosphatidylinositol; GTP, guanosine triphosphate; GTPase, 
guanosine triphosphatase; H.0., hydrogen peroxide; HBP, heparin-binding protein; 
HETE, hydroxyeicosatetraenoic acid; HLA, human leukocyte antigen; HNP, human 
neutrophil peptide (synonym: defensin); ICAM, intercellular adhesion molecule; 
IFN, interferon; Ig, immunoglobulin; IL, interleukin; IP, inositol triphosphate; 
ITAM, immunoreceptor tyrosine-based activation motif; JAMs, junctional 
adhesion molecule A, B, and C; LAD, leukocyte adhesion deficiency; LFA-1, 
leukocyte function-associated antigen-1; LPS, lipopolysaccharide; LSP-1, lym- 
phocyte-specific protein-1; LTB hy leukotriene B i Mal/TIRAP MyD88-adaptor-like/ 


@ NEUTROPHIL STRUCTURE 
AND FUNCTION 


CHEMOTAXIS AND MOTILITY 


The similarity between neutrophil locomotion and that of amebas 
was noted long ago.' Neutrophils respond to spatial gradients of che- 
motaxins with differences in concentration of chemotaxin of as little 
as 1 percent across the cell,’ although there has been contention as to 
whether chemotaxis also requires temporal, as well as spatial, sensing.’ 
Even with populations of cells as “homogenous” as neutrophils, a broad 
range of responsiveness is found.* During locomotion toward a che- 
motactic source, neutrophils acquire a characteristic asymmetric shape 
(Fig. 66-1). In the front of the cell is a pseudopodium, referred to as the 
lamellipodium, that advances before the body of the cell containing the 
nucleus and the cytoplasmic granules. At the rear of the moving cell 
is a knob-like tail, the uropod. The lamellipodium undulates or “ruf- 
fles” as the neutrophil moves, at a rate of up to 50 wm/min. The mem- 
brane lipids also flow during locomotion,’ and enhanced cytosolic Ca” is 
observed along the membrane margin.° The lamellipodium, which is very 
thin, forms immediately when the cell encounters a gradient of chemotactic 
factor. As the cell moves, the cytoplasm behind the lamellipodium streams 
forward, almost obliterating it. At this point, some granules appear to contact 
the cell periphery and release granule contents in response to chemotactic 
agents. The lamellipodium extends again and the process repeats itself. A 
flow of cortical materials, composed particularly of actin filaments, has been 
proposed to account for chemotaxis as well as other cellular movements.’ 
This may also account for changes in cell viscosity. Polarity and movement 
is orchestrated by the cytoskeleton through signals generated from receptor 
associated G-proteins in an intricate network that regulates both direction 
and intensity of movement.*"' 


INGESTION 


When a neutrophil comes in contact with a particle, the pseudopodium 
flows around the particle, its extensions fuse, and it thereby encom- 
passes the particle within the phagosome.’ The ingestion phase can be 


toll/interleukin-1 receptor domain containing adaptor protein; MAPK, micro- 
tubule-associated protein kinase; MBL, mannose-binding lectin; MMP, matrix 
metalloproteinase; MPO, myeloperoxidase; MyD88, myeloid differentiation factor 
88; NADPH, nicotinamide adenine dinucleotide phosphate (reduced form); NBT, 
nitroblue tetrazolium; NEM, N-ethylmaleimide; NET, neutrophil extracellu- 
lar trap; NF-KB, nuclear factor-xB; NGAL, neutrophil gelatinase-associated 
lipocalin; NK, natural killer; NSF, V-ethylmaleimide—sensitive fusion protein; 
NSP4, neutrophil serine protease 4; PA, phosphatidic acid; PAF, platelet-acti- 
vating factor; PECAM, platelet endothelial adhesion molecule; phox, phagocyte 
oxidase; PI3K, phosphatidylinositol 3’-kinase; PIP., phosphatidylinositol- 
4-monophosphate; PIP., phosphatidylinositol-4,5-bisphosphate; PKC, protein 
kinase C; PLC, phospholipase C; PLD, phospholipase D; PLS, Papillon-Lefévre 
syndrome; PSGL, P-selectin glycoprotein ligand; SGD, specific granule defi- 
ciency; SH3, Src homology 3; sLe”, sialyl Lewis X; SNAP, soluble NSF attachment 
protein; SNARE, SNAP receptor; TIR, toll/interleukin-1 receptor; TLR, toll-like 
receptors; 7TMRs, seven trans-membrane—spanning domain proteins; TNF, 
tumor necrosis factor; TRAM, TRIF-related adaptor molecule; TRAPS, tumor necrosis 
factor receptor—associated periodic syndrome; TRIF, TIR domain-containing adap- 
tor inducing interferon (IFN)-B; VAMP-2, vesicle-associated membrane protein-2. 


Figure 66-1. Cinemicrophotographic observation of granule lysis of 
a chicken neutrophil following phagocytosis of zymosan particles. Note 
the lysis of the cytoplasmic granule (G) against one of two ingested 
zymosan particles (Z). The dense body of the granule disappears from 
view in the interval of 5 s (original magnification *1200). (Reproduced 
with permission from Hirsch JG: Cinemicrophotographic observations on 
granule lysis in polymorphonuclear leucocytes during phagocytosis. J Exp 
Med 116:827-834, 1962.) 


said to extend from recognition to the end of pseudopodium fusion. 
The particle thus becomes enclosed within a phagosome into which 
granules are rapidly discharged, as illustrated in Fig. 66-1. As with loco- 
motion, phagocytosis results in Ca% being released in the vicinity of 
the active membranes.° The number of ingested particles may be even- 
tually limited by the availability of plasma membrane.’ Locomotion is 
not a prerequisite for ingestion: If neutrophils collide with a particle not 
secreting a chemotactic substance, pseudopodia form abruptly at the 
contact point and envelop the particle.” 

The formation of a lamellipodium is essential for neutrophil loco- 
motion and is also required for ingestion. When dissolution of the 
lamellipodium occurs, the interior contents of the cell are allowed to 
contact the cell membrane. Granule discharge may occur. Fusion of 
membranes is a common feature of (1) ingestion, where pseudopodia 
fuse; (2) degranulation, where granules fuse with the phagosome; and 
possibly (3) locomotion, where some granules may fuse with the plasma 
membrane. Pseudopodia form whether neutrophils are suspended in 
liquid medium or are attached to a surface, but the cell can only move 
translationally when fixed to a surface; thus it crawls but does not swim. 
Such “stickiness” is also a phase of ingestion.’ The neutrophil membrane 
adheres firmly to particles they ingest, presumably to provide the fric- 
tional force needed to move pseudopodia around the particles. Thus, 
the formation of pseudopodia, membrane fusion, and membrane adhe- 
siveness are all characteristics associated with the functional responses 
of neutrophils. 


ADHESION 


The dual neutrophil functions of immune surveillance and in situ elim- 
ination of microorganisms or cellular debris require rapid transition 
between a circulating nonadherent state to an adherent state, allowing 
the cells to migrate into tissues when necessary. Initially neutrophils 
appear at sites on the endothelium adjacent to the site of inflammation. 
Adhesion molecules on endothelium are induced by the inflamma- 
tory mediators tumor necrosis factor (TNF)-a and interleukin (IL)-1. 
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Lipopolysaccharide (LPS), released by local activated macrophages and 
microorganisms, results in local extravasation of the neutrophil. In 
postcapillary venules or in pulmonary capillaries the slow rate of blood 
flow, further reduced by vessel dilatation at sites of inflammation, per- 
mits a loose and somewhat transient adhesion referred to as “tethering,” 
and results in the rolling of the neutrophil along the endothelium.” 
Extensions from the rear of the neutrophil wraps around the rolling 
neutrophils as so called slings and provide “crawler tracks” at their front 
that assists in adhesion to the endothelium." During this tethering step, 
neutrophils respond to ligands, primarily chemokines dispatched on 
the endothelial surface by a signaling event that acts to reorganize the 
neutrophil surface membrane, thereby exposing adhesion molecules, 
which, in turn, lead to sustained adhesion and spreading (Chap. 19). 


NEUTROPHIL MICROVILLI 
AND THEIR DYNAMICS 


Circulating neutrophils contain surface microvilli of a diameter of 0.3 um. 
Moesin, ezrin, and p205 radixin are actin-binding proteins associated 
with neutrophil plasma membranes and are important for organization 
of microvilli on the surface of the cell.'*!” These actin binding proteins 
tether the primary adhesion proteins exposed on the microvilli, L-selectin 
and P-selectin glycoprotein ligand 1 (PSGL-1).'* L-selectin and PSGL-1 
are filamentous glycosylated proteins protruding from the tips of the 
microvilli. E-selectin ligand 1 (ESL-1) located in the side of microvilli,” 
and CD44, located on the cell body, both serve a ligands for E-selec- 
tin.” L-selection, like the other selectins, including P-selectin, which is 
expressed on platelets and endothelial Weibel-Palade bodies, and E-se- 
lectin, which is expressed in endothelial cells, bind with a variable affin- 
ity to sialyl fucosylated oligosaccharides including sialyl Lewis X (sLe’), 
which is present on multiple specific glycolipids and glycoproteins on 
leukocytes and inflamed endothelial cells.” When binding to their lig- 
ands, L-selectin, PSGL-1, ESL-1, and CD44 recruit Syk (spleen tyrosine 
kinase), a tyrosine kinase, which binds to the immunoreceptor tyrosine- 
based activation motif (ITAM). ITAMs are present in the cytoplasmic 
domains of surface membrane proteins, and Syk then orchestrates the 
further signaling to initiate cell activation.” 


ROLLING AND TETHERING 


P-selectin is mobilized rapidly to the endothelial cell surface following 
stimulation by thrombin, histamine, or oxygen radicals and interacts 
with neutrophil PSGL-1 to initiate neutrophil rolling.’ Rolling subse- 
quently involves newly expressed E-selectin, which appears on endo- 
thelial cells 1 to 2 hours after cell stimulation by IL-1, TNF-a, or LPS. 
E-selectin counterreceptors include PSGL-1, ESL-1, and CD44." Both 
P- and L-selectin contribute sequentially to leukocyte rolling, but L-selectin 
is involved in the prolonged neutrophil sequestration on inflamed 
microvasculature. L-selectin is constitutively present on neutrophils and 
its binding capacity is rapid and transiently increased after neutrophil 
activation, possibly via receptor oligomerization. Activation of ADAM17, 
a matrix metalloproteinase expressed at the neutrophil surface, severs 
L-selectin from the surface of neutrophils and impairs their recruitment 
to endothelium.” Thus far, only one inducible L-selectin counterrec- 
eptor has been identified on inflamed endothelium.” In addition to its 
binding to endothelial ligands, neutrophil PSGL-1 is a counterreceptor 
for L-selectin, which permits previously adherent neutrophils to recruit 
other neutrophils to inflamed endothelium (Chap. 19).'3?! 


NEUTROPHIL ADHESION AND SPREADING 


Figure 66-2 shows a sequence of molecular and biophysical events 
leading to neutrophil activation and increased adherence during acute 
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Figure 66-2. Neutrophil-mediated inflammatory response. (1) Egress of mature neutrophils from marrow to circulation. (2) Initial tethering and 
rolling are dominantly mediated by selectins present both on neutrophils and endothelial cells and their ligands. Invasion by bacteria stimulates tis- 
sues macrophages to secrete inflammatory cytokines, interleukin (IL)-1 and tumor necrosis factor, which, in turn, activate endothelial cells to express 
E- and P-selectin and IL-8. E- and P-selectin serve as counterreceptors for the neutrophil P-selectin glycoprotein ligand-1. (3) Activated endothelial 
cells express intercellular adhesion molecule (ICAM)-1 and ICAM-2, which serve as ligands for the neutrophil 6, integrins. The 8, integrins mediate 
tight adhesion and arrest of the leukocytes in cooperation with the selectins. Localized activation of neutrophils by juxtacrine signaling molecules or 
chemoattractants that bind to surface receptors is critical for inside-out signaling of B, integrins, making them adhesive for the ICAM ligands on the 
endothelium. (4) Neutrophil invasion through the vascular basement membrane with release of proteases and reactive oxidative intermediates that 
cause local destruction of the extracellular matrix which allows for migration of the neutrophils into tissues. (5, 6) Uptake of microorganisms into the 
phagocytic vacuole with concomitant degranulation both into the phagocytic vacuole (azurophil granules and specific granules) and to the exterior 


(specific granules and gelatinase granules). (7) A burst of transcriptional activity is initiated during diapedesis of neutrophils and during phagocytosi 


S, 


which results in generation of chemokines such as IL-8, monocyte chemoattractant protein-1, macrophage inflammatory protein-1a, and IL-18 that 
may recruit additional cells of the immune system.” (8) Formation of neutrophil extracellular traps by extrusion of chromatin and cationic bactericidal 
granule proteins“? M®, macrophages; PMN, polymorphonuclear neutrophil. 


inflammatory response in vivo. The inflamed endothelium produces 
chemoattractants such as platelet-activating factor (PAF), leukotriene 
B, (LTB,), and various chemokines, immobilized by proteoglycans on 
the luminal surface of endothelial cells.” Among these chemokines, 
IL-8 specifically attracts neutrophils. IL-8 is synthesized by endothelial 
cells in response to IL-1, TNF-a, or LPS, and is stored in Weibel-Palade 
bodies; IL-8 can be released by histamine or thrombin.* Additionally, 
IL-8 can be internalized by endothelial cells and transcytosed from the 
abluminal surface via vesicular caveolae, and presented to the tips of 
microvilli of the endothelial cell luminal surface.*! The binding of sig- 
naling molecules such as PAF and IL-8 to surface receptors on the leu- 
kocytes activates them in a juxtacrine fashion and triggers changes in 
affinity or avidity of $, integrins, leukocyte function-associated antigen 
(LFA)-1 (CD11la/CD18), which is constitutively expressed on neu- 
trophil plasma membranes, and Mac-1 (CD11b/CD18), which becomes 
incorporated in the neutrophil plasma membrane from secretory vesi- 
cles.!™?!? B, Integrins are recognized by counterligands on endothelial 
cells, including members of the intercellular adhesion molecule (ICAM) 
family such as ICAM-1 and ICAM-2. The ICAM glycoproteins are 
induced by cytokines that include TNF and IL-1. The relative affinity 
of the f, integrins for ICAM is increased by exposure of neutrophils 
to numerous stimuli, including C5a, N-formylated bacterial peptides, 
IL-8, and LTB, The extracellular domains of unactivated integrins are 


in a bent position and not able to bind ligands. Intracellular signals, 
such as those generated via Syk as discussed above, can transform the 
integrins into an extended but not fully open conformation, capable 
of ligand binding with weak affinity permitting the integrin (LFA-1) 
to participate in rolling? and an extended and fully open form capa- 
ble of ligand binding with strong affinity, mediating firm adhesion. The 
molecular mechanisms have been worked out in great detail. In essence, 
tailins and kindlins are recruited and bound to membrane near phos- 
photyrosine (NPxY and NxxY) motifs present on the integrin f chains 
and twist the cytoplasmic domains of the a and £ chains. This changes 
the conformation of the extracellular domains from the bent to the open 
state, thereby permitting binding to ligands, and in so doing transmit 
signals from outside to inside.”!***° Neutrophils integrate the signals of 
integrin engagement and those delivered simultaneously by inflamma- 
tory cytokines or chemoattractants to activate a cascade of intracellular 
events resulting in cell spreading (Fig. 66-2). The CD11b/CD18 inte- 
grin (MAC-1) is known to interact in cis fashion with glycosylphos- 
phatidylinositol (GPI)-anchored membrane proteins such as FcyRIIIB 
(CD16), the LPS receptor CD14, and the urokinase plasminogen acti- 
vator receptor (uPAR; CD87). Integrins behave as transducers medi- 
ating signals transferred by these GPI-linked receptors.” For instance, 
FcyRIIIB interaction with CD11b/CD18 promotes antibody-dependent 
phagocytosis, whereas CD14 interaction with CD11b/CD18 occurs in 


the presence of LPS and LPS-binding protein to generate proinflam- 
matory mediators, and uPAR interaction with CD11b/CD18 mediates 
neutrophil migration by recruiting and activating the urokinase-type 
plasminogen activator.” 


TRANSENDOTHELIAL MIGRATION 


Fully extended and open integrins bind ICAM-1 firmly and thus medi- 
ate attachment of neutrophils to endothelial cells. ICAM-1 and -2 
direct the motion of neutrophils to points of egress from the vascular 
lining. The majority are guided to points where three or more endo- 
thelial cells join. Intracellular signals from ICAMs loosen the binding 
between endothelial cell junctions provided by homotypic interaction 
of VE-cadherins.* 

Platelet endothelial cell adhesion molecule 1 (PECAM-1), endo- 
thelial cell-selective adhesion molecule (ESAM), junctional adhesion 
molecule A, B, and C (JAMs), and CD99 also form homotypic interac- 
tions between endothelial cells; however, neutrophils also express these 
adhesion proteins and may displace the interendothelial cell homotypic 
binding with neutrophil-endothelial cell binding mediated by the same 
proteins. In this way neutrophils can “zipper” through*”” and exit by 
this paracellular route. A minority of neutrophils exit by a transcellular 
route through so-called endothelial cups.” 

Pericytes are perivascular contractile cells that interact with endo- 
thelial cells and regulate vascular permeability. Neutrophils exit the vas- 
cular wall through gaps between pericytes.* Pericytes adopt different 
morphologies and distributions in different tissues. Such may explain 
differences in neutrophil recruitment to viscera.“ 

Once out in tissues the forefront neutrophils generate IL-8 and 
LTB, in order to recruit an additional swarm of neutrophils to the area 
and recruit later incoming monocytes and macrophages.“ 


NEUTROPHIL SURFACE PROTEINS 


Several proteins associated with the surface of the neutrophil function 
in the normal housekeeping activities such as Na*/K* adenosine triphos- 
phatase (ATPase), but others serve specific functions such as L-selectin, 
PSGL-1, and integrins. The surface of neutrophils is highly dynamic as 
a result of the incorporation of membrane from intracellular vesicles 
and granules, a process that is known to add significantly to the total 
cell surface measured by an increase in electric capacitance.“ A number 
of membrane-bound receptors are localized to secretory vesicles and 
incorporated into the surface membrane when secretory vesicles fuse 
with the plasma membrane, as occurs during diapedesis. This enhances 
the ability of neutrophils to respond to the signals presented by endo- 
thelial cells or present in the extravascular tissue. 


Receptors for Recognition of Microbes 
Neutrophils and other cells of the innate immune system recognize 
microbes through germline-encoded receptors, which recognize molec- 
ular patterns that are relative unique to pathogens and shared among 
groups of pathogens, so-called pathogen-associated molecular patterns 
(PAMPs). These pattern-recognition receptors (PRRs) include the 
membrane-bound toll-like receptors (TLRs) and C-type lectin recep- 
tors (CLRs), and the cytosolic nucleotide-binding oligomerization 
domain (NOD)-like receptors (NLRs) and RIG-like receptors (RLRs).‘”” 
°° Although PRRs are highly expressed in myeloid cells, they are also 
widely expressed in cells that are regularly exposed to microorganisms, 
particularly in epithelial cells. 

TLRs are type 1 transmembrane signaling receptors that are acti- 
vated by dimerization induced by ligand binding.” The TLRs may 
dimerize both as homodimers and heterodimers. TLRs that recognize 
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microbial membrane components are largely present on the cell surface, 
and include TLR2 that recognizes lipoproteins and lipopeptides in asso- 
ciation with either TLR1 or TLR6. CD14 is known as an LPS-binding 
protein but is not itself able to signal and presents LPS to TLR4.°! TLR5 
binds flagellin, and TLR11 binds profilin-like proteins of protozoa.” 
TLRs that recognize viral components are largely expressed on intra- 
cellular vesicles that may fuse with phagosomes and include TLR3 (not 
present in neutrophils) that recognizes double-stranded RNA, TLR7/8 
that binds viral single-stranded RNA,” and TLR9 that binds unmethy- 
lated GpC regions on DNA.™ 

Ligand binding, that is, dimerization of TLRs leads to recruit- 
ment of one of four intracellular adaptor proteins to the TIR (toll/IL-1 
receptor) domain of the TLR. These proteins include MyD88 (myeloid 
differentiation factor 88), Mal/TIRAP (MyD88-adaptor-like/toll-IL 1 
receptor domain containing adaptor protein), TRAM (TRIF-related 
adaptor molecule), and TRIF (TIR domain-containing adaptor induc- 
ing IFN-f). While many TLRs (5, 7, 8, and 9) exclusively use MyD88, 
TLR2 requires both Mal and MyD88 and TLR4 can use either Mal 
(MyD88-adaptor-like) and MyD88 or TRAM and TRIF to signal to 
NF-«B (nuclear factor-«B) or interferon regulatory factor (IRF)-3.°°°"” 

CLRs comprise a heterogeneous group of trans-membrane recep- 
tors that bind carbohydrates such as mannose, fucose, and 6-glucans 
present on a variety of microbes, fungi in particular. They signal largely 
via their cytosolic ITAMs and Syk to activate NF-«B, nuclear factor of 
activated T cell (NFAT), and microtubule-associated protein kinases 
(MAPKs) resulting in production of proinflammatory cytokines.* 

NLR proteins are cytosolic proteins that are divided into five sub- 
families, NLRA, NLRB, NLRC, NLRP, and NLRX.® Their N terminus 
contains either a caspase activation and recruitment domain (CARD) or 
a pyrin domain (PYD). The NLRC members NOD1 and NOD2 recog- 
nize peptidoglycans of both Gram-positive and Gram-negative bacteria 
and signal to activate the NF-kB pathway. Other members of the NLRC 
and NLRP subfamily are essential in organizing the inflammasome. 
The NLRs multimerize through their CARDs into inflammasomes,*° 
cytoplasmic structures that activate caspase-1, which, in turn, convert 
pro-IL-1 and pro-IL-18 to the mature proinflammatory cytokines that 
are secreted.” 

A variety of chemokine receptors are found on the surface of the 
neutrophil. These are in general G-protein-coupled receptors. Other 
G-protein-coupled receptors on neutrophils are the purine receptors 
for adenosine diphosphate (ADP) and ATP, the PAF receptor C5a, 
and formyl-methionyl-leucyl-phenylalanine (fMLP) receptors. Recep- 
tors not belonging to the G-protein-coupled receptor family include 
receptors for IL-1, IL-10, and TNF-a, and the growth factors recep- 
tors for granulocyte colony-stimulating factor (G-CSF) and granulo- 
cyte-macrophage colony-stimulating factor (GM-CSF). Both growth 
factor receptors are important for myeloid development, and play an 
important role in enhancing neutrophil function and gene transcription 
in mature neutrophils. A burst of transcriptional activity is associated 
with the diapedesis of neutrophils into tissues, which results in down- 
regulation of proapoptotic genes and upregulation of genes coding for 
antiapoptotic proteins, upregulation of genes encoding chemokines and 
cytokines that may recruit macrophages, T cells and additional neu- 
trophils, and downregulation of genes encoding chemokine receptors 
(see Fig. 66-2).* 


Surface Components for Phagocytosis 

Neutrophils express the Fc a receptor (CD89) for immunoglobu- 
lin (Ig) A and IgG receptors, FcyRIIA (CD32), and FeyRHI (CD16). 
Neutrophils also express receptors for the complement components, 
including CD1qR, CR1 (CD35), CR3 (CD11/CD18), and CR4. CR1 
binds CD3b, C4b, and C3bi with decreasing affinity. CR3 recognizes 


C3bi (a proteolytic fragment of C3b). Of particular importance is that 
both Fcy receptors and GPI-coupled receptors appear to be localized 
to lipid rafts. Lipid rafts are important, but elusive structures that facil- 
itate signal transduction leading to phagocytosis by promoting several 
membrane protein interactions. Initially the rafts were conceptionally 
associated with caveolae, which are structures identified on endothelial 
cells and thought to be important for transendothelial cell traffic. The 
caveolae were identified by their high content of cholesterol lipids and 
the presence of the structural protein, caveolin. Rafts were subsequently 
identified on neutrophils, but these cells are devoid of caveolin.” Rafts 
are perhaps best viewed as patches of surface membrane that attract 
many hydrophobic proteins including signaling molecules such as 
tyrosine kinases and phosphatases. Other membrane protein receptors 
that are not normally associated with rafts may change their conforma- 
tion and subsequently associate with rafts upon binding their ligands. 
This is particularly true for the Fcy and GPI-coupled receptors. 


SECRETORY VESICLES 


Secretory vesicles are small intracellular vesicles that were discovered 
during the search for the structural basis for upregulation of a variety of 
surface molecules on neutrophils in response to nanomolar concentra- 
tions of fMLP and other chemotactic stimuli. They were initially identi- 
fied by “latent” alkaline phosphatase.” Secretory vesicles of neutrophils 
should not be confused with the vesicles that carry cargo from endo- 
plasmic reticulum and Golgi in the constitutive secretory pathway of 
other cells and that are sometimes also named secretory vesicles. Secre- 
tory vesicles of neutrophils are specialized endocytosis vesicles that 
are formed in the final stages of neutrophil maturation in the marrow. 
They contain plasma proteins, seemingly without any selectivity. Albu- 
min thus serves as a marker for secretory vesicles and has allowed the 
identification of these as small intracellular vesicles that are scattered 
throughout the cytoplasm of neutrophils as is true for neutrophil 
granules. The plasma proteins inside secretory vesicles show no sign 
of degradation, thus no fusion takes place with lysosomal structures.” 
Secretory vesicles behave like the traditional neutrophil granules. They 
require a specific signal for mobilization.” Secretory vesicles are not 
important for their cargo (plasma proteins), but for their membrane 
which becomes fully incorporated into the plasma membrane of the 
neutrophil upon stimulation.*’** Secretory vesicles host most of the 
neutrophil chemotactic and GPI-coupled receptors, TLRs, and one of 
the early acting downstream effectors, phospholipase D.” They enrich 
the plasma membrane with receptors for adhesion and signaling, and 
can be seen as the structural basis for transition of neutrophils from 
circulating quiescent cells that do not respond well to stimuli such as 
chemoattractants and objects to be phagocytosed, to highly responsive 
cells capable of establishing firm contact with endothelium. The signals 
generated by tethering of selectins or PSGL-1 to the endothelium are 
sufficient to mobilize secretory vesicles. Secretory vesicles are com- 
pletely mobilized in vivo during neutrophil diapedesis.”"* 

The first identified marker of secretory vesicles, latent alkaline 
phosphatase, is known to be elevated in chronic myeloproliferative dis- 
orders except for chronic myelogenous leukemia (CML), but the content 
of secretory vesicles in neutrophils from patients with chronic mye- 
loproliferative disorders is not different from normal neutrophils.” 
The best marker for secretory vesicles is CD35, a transmembrane pro- 
tein of 160 to 250 kDa that binds complement components C3b and 
C4b, because CD35, in contrast to alkaline phosphatase, is absent from 
the plasma membrane of unstimulated neutrophils, and because it is 
absent from granules (in contrast to a,,B,).°**7! It is not known whether 
secretory vesicles contain lipid rafts, but most GPI-linked proteins are 
raft-associated” and are localized to secretory vesicles in neutrophils. 
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GRANULES 


Nomenclature of Neutrophil Granules 

The neutrophil is known for its granules. When Paul Ehrlich introduced 
aniline dyes in histochemistry and discovered the different subsets of 
leukocytes, the neutrophil granules were divided into those that took up 
the azure dye, the azurophilic granules, and the others, the specific gran- 
ules.”*”* When the peroxidase reaction was introduced, the azurophil 
granules were found to be peroxidase-positive as a result of the pres- 
ence of the major myeloid cell protein, myeloperoxidase (MPO), and 
the specific granules were thus named peroxidase-negative granules.’”>” 
Because the azurophil granules are formed first, in the promyelocyte, 
and the specific granules later, in the myelocyte, these are also termed 
primary and secondary granules, respectively. A tertiary granule subset 
was identified in human neutrophils and shown to contain gelatinase,” 
but the ultrastructure was not determined until the issue of the neu- 
trophil gelatinase (matrix metalloproteinase [MMP]-9) as a possible 
complex with neutrophil gelatinase-associated lipocalin (NGAL) was 
identified.” 

Granules were initially viewed of as small bags that emptied their 
content of bactericidal substances onto the ingested microorganisms 
when granules fuse with the phagocytic vacuole during phagocyto- 
sis, but it later became clear that granules are not only important for 
their cargo, but also for their membranes, as they contain proteins that 
become incorporated into the membrane of the phagocytic vacuole 
and into the surface membrane when the granules are mobilized.**' If 
granules were classified by their content, both of matrix proteins and 
membrane proteins, the number of different granule subsets that exists 
in neutrophils would be meaninglessly high. Yet nature has provided a 
beautiful setting that allows the neutrophil to fine tune its response to 
a specific task. A priori, there would be two reasons for having different 
subsets of granules: One would be to ensure that proteins, which can- 
not coexist, are segregated; that is, protease-sensitive proteins are sepa- 
rated from proteases. The other reason would be to have proteins whose 
service is needed at one time separated from proteins whose service is 
needed at a different time. 


Heterogeneity of Neutrophil Granules 

Among the peroxidase-positive granules, subsets can be identified that 
are rich in defensins as well as some that are not.’ Functionally, no 
difference has been identified in terms of the regulation of exocytosis of 
these peroxidase-positive granule subsets.“ Other constituents include 
the serine proteases elastase, cathepsin G, proteinase 3, and neutrophil 
serine protease 4 (NSP4), and the inactive serine protease azurocidin 
(aka CAP 37), the antimicrobial proteins BPI (bacterial permeabili- 
ty-increasing protein), lysozyme, and the a defensins, which are the 
dominating species.® Defensins are also named HNPs (human neu- 
trophil peptides). The membrane of the azurophil granules contains 
CD63 (granulophysin) and CD68, but their role in neutrophil func- 
tion remains unclear.***° Many of the proteins present in peroxidase 
granules are proteolytically processed both at the N-terminus and the 
C-terminus to the active mature forms, which are stored in the granule 
matrix. 

Peroxidase-negative granules can be divided into three subsets 
based on the distribution of the two marker proteins lactoferrin and gel- 
atinase: granules that contain lactoferrin, but no gelatinase (15 percent 
of peroxidase-negative granules), granules that contain both proteins 
(60 percent), and granules that are rich in gelatinase, but low (or absent) 
in lactoferrin (25 percent).*’ The latter are named gelatinase granules or 
tertiary granules, whereas those that contain lactoferrin are called spe- 
cific or secondary granules. It is a characteristic of peroxidase-negative 
granules that the proteins present in their matrix are not proteolytically 


processed. The MMPs of peroxidase-negative granules are stored as a 
proform,® as is the major bactericidal protein hCAP-18.° No major 
differences have been identified in the content of membrane proteins 
of the peroxidase-negative granule subsets. All contain the flavocy- 
tochrome p22?"*/gp91?"* complex that is part of the nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase, and all contain the 
major £,-integrin «,,3,—and these are even shared with the membrane 
of secretory vesicles.” The divalent cation transporter Nramp1 is 
localized only to gelatinase granules,” and the membrane MMP leukol- 
ysin (MMP-25)” is shared between gelatinase granules and secretory 
vesicles. However, the subsets differ markedly in their propensity for 
exocytosis. Following neutrophil stimulation, gelatinase granules are 
exocytosed to a larger extent than granules containing both lactoferrin 
and gelatinase, and these are more readily mobilized than granules con- 
taining lactoferrin but lacking gelatinase. These, in turn, are mobilized 
more readily than peroxidase-positive granules.°”*”*> This organiza- 
tion of granule subsets with different content and different set points to 
trigger exocytosis allows the neutrophil to mobilize MMPs and integ- 
rins necessary for movement through the basal membrane and tissue 
before the bactericidal peptides and serine protease are called to play, 
but it puts an enormous task on the organization of the biosynthetic 
apparatus to secure that the right granule proteins are targeted to the 
granules with a given trigger for exocytosis. 

The content of isolated granules has been mapped by proteome 
analysis. High-resolution mass spectrometry has identified 1300 
proteins associated with neutrophil granules, plasma membranes and 
secretory vesicles and confirmed that localization is largely determined 
by time of biosynthesis.” 


Cells 


C/EBP-e 


Transcription 
factors 


PU.1, C/EBP-6 


C/EBP-B, C/EBP-¢, c-fos 


Part VII: Neutrophils, Eosinophils, Basophils, and Mast Cells 


Targeting by Biosynthetic Timing 

The extreme heterogeneity of neutrophil granules and their individual 
control of exocytosis can be explained simply by timing of their biosyn- 
thesis (Fig. 66-3). Granule proteins are synthesized during myelopoiesis 
from myeloblasts to band cells and segmented neutrophils in the mar- 
row.”*’6°5 The window of biosynthesis of each granule protein is highly 
controlled by combinations of transcription factors that change as the 
cells differentiate and mature.” If all granule proteins are targeted to 
granules during synthesis, the content of newly formed granules would 
change as the cell matures because the profile of biosynthesis changes. 
A global view of the change in transcriptional activity of neutrophil 
precursors during maturation in the marrow confirmed the association 
between granule localization and transcriptional activity.'"' This simple 
mechanism largely explains the heterogeneity of granules? and their 
contents, but it does not account for the differences in exocytotic rates 
among individualized subsets. By timing the biosynthesis of the pro- 
teins essential for fusion’! to granule membranes during maturation, 
it is possible to regulate the rates of exocytosis. Indeed, the v-SNARE 
(SNAP receptor), vesicle-associated membrane protein (VAMP)-2 
is present in a higher density on gelatinase granules than on specific 
granules and is most highly expressed on secretory vesicles,'"° which 
correlates with the ease of releasing granule subsets from the neutrophil 
following activation. 


Sorting between the Constitutive and Regulated Exocytotic 
Pathway 

Although the sorting by timing can explain the granule heterogeneity 
of neutrophil granules, it does not provide any clues to the mechanisms 
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Figure 66-3. Formation of granule subsets during myelopoiesis and regulation of granule protein transcription. Difference in the appearance 
and disappearance of transcription factors regulate the individual window of granule protein gene transcription and translation into protein that is 
targeted to forming granules, explaining the heterogeneity of neutrophil granules. 


responsible for diverting newly synthesized proteins to granules as 
opposed to immediate (constitutive) secretion. Not all granule proteins 
are equally efficiently directed to granules. Lysozyme is poorly retained 
during biosynthesis.” This explains the high concentration of lysozyme 
in plasma. MPO is efficiently retained and the plasma level of MPO is 
consequently very low. A particularly interesting observation pertains 
to a defensins. These are localized exclusively to azurophil granules, but 
their window of biosynthesis is very similar to that of lactoferrin,” 
and defensins and lactoferrin are both controlled by the transcription 
factor C/EBPe (CCAAT/enhancer binding protein £), which is abso- 
lutely required for biosynthesis of specific granule proteins." The 
absence of defensins from specific granules, despite an active biosyn- 
thesis when other specific granule proteins are formed, is explained by 
a complete lack of sorting of defensins to granules in myelocytes.’®™0%107 
Only defensins synthesized at the late promyelocytic stage are routed 
to granules, whereas defensins synthesized at the myelocyte stage are 
secreted from cells after biosynthesis” and is present in relatively high 
concentrations in plasma.'" The defensins that are targeted to gran- 
ules are processed to mature defensins, whereas the defensins that are 
secreted remain unprocessed. Processing of defensins removes a charge 
neutralizing propiece, sorting of defensins and other granule proteins to 
granules may depend on their ability to interact with negatively charged 
proteoglycans that are present in the matrix of granules.'!*"!* Serglycin, 
an intracellular proteoglycan is present in Golgi and immature granules 
of promyelocytes and disappears as the cells mature.''° Serglycin is abso- 
lutely critical for confining a variety of mast cell proteins to the mast 
cell granules.''® Granulocytes from mice with a targeted disruption of 
the serglycin gene are morphologically normal and contain normal lev- 
els of granule proteins except elastase.” CD63 was demonstrated to be 
involved in sorting of elastase to azurophil granules,''* but this may be 
indirectly via serglycin. An N-terminal sorting domain has been iden- 
tified in serglycin and was shown to be essential for routing of serglycin 
to mast cell granules.'!? No common denominator has been identified 
that can fully explain why neutrophil proteins are sorted to granules. 
Perhaps the lack of efficient sorting to granules may not solely be taken 
as inefficiency, but may be a way to secure a desirable level of antibiotic 
protein such as lysozyme™ and hCAP-18'” in plasma which renders 
the myeloid cells of the marrow a major secretory organ. 


Control of Neutrophil Granule Protein Expression 

The biosynthesis of neutrophil granule proteins is controlled at the 
transcriptional and not the translational level (see Fig. 66-3). Not 
all transcription factors that are responsible for biosynthesis of granule 
protein have been identified, and the role of an individual transcription 
factor may be difficult to identify from gene knockout studies as tran- 
scription factors may work at multiple stages during myelopoiesis. The 
transcription factor PU.1 is essential for myelopoiesis because knock- 
out mice do not form myeloid progenitors beyond myeloblasts’”!”; 
but this does not preclude PU.1 from regulating transcription of 
individual granule proteins at a later stage of development.’ 
Figure 66-3 shows the profile of important myeloid transcription fac- 
tors during maturation of normal myeloid cells in the marrow in vivo. 
RUNX1 (AML-1), c-MYB, CASP, C/EBPa, C/EBPy, GATA-1, and ELF- 
1 gene products are all strongly expressed in the myeloblast and pro- 
myelocyte, and some of these are required for azurophil granule protein 
expression. Then c-MYB, AML-1, GATA-1, and ELF-1 gene products 
are downregulated as the cells enter the myelocyte stage, heralded by a 
brisk and transient upregulation of C/EBPé to initiate expression of per- 
oxidase-negative granule proteins” in agreement with the lack of spe- 
cific granules in C/EBPe -/- mice and with the observation of a C/EBPe 
mutation in patients with a rare specific granule deficiency.''1%?78 
PU.1, C/EBP§, and C/EBPô also appear at the promyelocyte myelocyte 
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transition, but in contrast to C/EBPe, continue to increase as the cells 
mature to neutrophils. ELF-1 reappears at the metamyelocyte stage fol- 
lowed by C/EBP€, c-Jun, and c-fos that are expressed at the band cell 
stage and increase in content as the cells mature.” 


MicroRNA 

MicroRNAs (miRNAs) are important regulators of protein synthesis. 
In general, they bind to the 3’-end of mRNA and inhibit translation. 
Just like genes for granule proteins, mRNAs are expressed during mat- 
uration of neutrophils in the marrow depending on the stage of neu- 
trophil maturation and can be classified into six groups, each with its 
characteristic expression profile.” So far, miRNAs have been shown to 
regulate proteins of importance for proliferation but not (yet) expres- 
sion of individual granule proteins. Expression of the myeloid-specific 
miRNA-223 increases during maturation of neutrophils in the marrow, 
and after their release into the circulating. One of the targets of miRNA- 
223 is the Mef2c transcription factor. Mice that lack miRNA-223 expand 
granulopoiesis and the mature neutrophils mount an enhanced respi- 
ratory burst in response to phorbol myristate acetate (PMA), indicat- 
ing that miRNA-223 acts as a negative regulator of granulopoiesis and 
neutrophil activation. miRNA-130a is highly expressed in myeloblasts 
and promyelocytes and targets SMAD4, which, despite a high level of 
mRNA in promyelocytes, is not expressed at the protein level, and the 
cells are consequently insensitive to growth inhibition by transforming 
growth factor 6 (TGF-f)-induced growth inhibition. miRNA-130a also 
inhibits C/EBPe which induces exit from cell cycle and growth arrest 
at the myelocyte stage. Hence, miRNA-130a seems important for the 
expansion of myeloblasts, promyelocytes and early myelocytes.'*"!” 


FUNCTION OF INDIVIDUAL GRANULE 
PROTEINS AND THEIR ROLE IN OXIDATIVE AND 
NONOXIDATIVE MICROBIAL KILLING 


Proteins of Azurophil Granules 
Table 66-1 lists the physical-chemical and functional properties of neu- 
trophil granules. 

The protein MPO is a marker of azurophil granules. It is formed as 
a 90-kDa precursor with an internal disulphide bridge that forms a link 
between the 57- and 13.5-kDa subunits that are generated by the prote- 
olytic processing that takes place during routing to granules. The heme 
group, which is necessary for the reduction-oxidation (redox) functions 
of MPO, associates with the 90-kDa subunit.'** This seems to be a nec- 
essary prerequisite for subsequent processing.'** MPO reacts with H,O., 
formed by the NADPH oxidase, and increases the toxic potential of this 
oxidant. Through oxidation of chloride, tyrosine, and nitrite, the hydro- 
gen peroxide (H,O,)-MPO system induces formation of hypochlor- 
ous acid (HOCI), other chlorination products, tyrosine radicals, and 
reactive nitrogen intermediates, each of which can attack the surface 
membrane of microorganisms.'**'** MPO may be found on endothelial 
cells during inflammation and can inactivate nitric oxide (NO).'” In 
addition to the activities of MPO itself, MPO is known for the anti- 
MPO autoantibodies that are characteristic of the pANCAs (perinuclear 
antineutrophil cytoplasmic antibodies) that are found in vasculitides, in 
particular those that primarily affect kidneys." 

BPI is a 55-kDa protein with high homology to the LPS-binding 
protein of plasma. It is organized into two largely symmetrical sub- 
domains, one of which is responsible for the binding of LPS and for 
the antimicrobial activity against Gram-negative microorganisms. In 
contrast to LPS-binding protein, which presents endotoxin to CD14 
and elicits a proinflammatory response, BPI binds LPS independent 
of CD14 and neutralizes the effects of LPS.” A transgene expressing 


TABLE 66-1. Physical-Chemical and Functional Properties of Neutrophil Granules 


Granule Protein 


Localization 


Physicochemical Properties 


Function 


Myeloperoxidase 


Azurophil granule 
(AG) 


Heme protein, 90-kDa proform 
with an internal disulphide bond 
between the 57- and the 13.5-kDa 
subunits, generated by proteolytic 
processing that takes place during 
routing to granules 


The MPO-halide—-H,O, system generates 
hypochlorous acid (HOCI), other chlorination 
products, tyrosine radicals, and reactive nitro- 
gen intermediates, each of which can attack 
the surface membrane of microorganisms 


Bacterial permeability-increas- AG 55-kDa protein with high homol- BPI is organized into two largely symmetrical 
ing (BPI) protein ogy to the LPS-binding protein of subdomains one of which is responsible for 
plasma the binding of lipopolysaccharide (LPS) and for 
the antimicrobial activity against Gram-nega- 
tive microorganisms 
Defensins: three a-defensins; AG 7-kDa proforms processed by Defensins are small, amphipathic, pore-form- 
human neutrophil peptides proteolytic cleavage to mature ing, antibacterial cationic peptides with a 
(HNPs) 1-3 3-kDa defensins that share a char- broad spectrum of antibacterial activity 
acteristic three disulfide bond 
motif: 1-6, 2-4, 3-5 
Serine proteases of azurophil AG 28-kDa proforms, processed Serine proteases, but both elastase and 


granules: elastase, cathepsin 
G, proteinase 3, and neu- 
trophil serine protease 4 
(NSP4); azurocidin (CAP37 
or heparin-binding pro- 
tein [HBP]) is enzymatically 
inactive 


to active proteases en route to 
azurophil granules 


cathepsin G have direct antibacterial activities 
that are not dependent on their enzymatic 
activity; proteinase 3 liberates the antibacterial 
peptide LL37 from hCAP-18; HBP is chemotac- 
tic for monocytes; HBP may open endothelial 
cell tight junctions 


Lysozyme 


AG ~30%; specific 
granules (SG) 
~50%; gelatinase 
granules (GG) 


Cationic antimicrobial peptide of 
14 kDa; in contrast to many neu- 
trophil granule proteins, lysozyme 
is inefficiently targeted to granules 


Lysozyme cleaves peptidoglycan-polymers of 
bacterial cell walls and displays bactericidal 

activity toward the nonpathogenic Gram-pos- 
itive bacteria Bacillus subtilis; a particular high 


~20% and circulates free in plasma ina serum level is characteristic for the myelo- 
substantial quantity that reflects monocytic leukemias 
the normal myelopoietic activity 
Lactoferrin SG 78-kDa iron chelator; member of The antibacterial activity of lactoferrin does 
the transferrin protein family with not depend exclusively on its ability to 
a high affinity for iron and similar sequester iron. Proteolytic fragments, some of 
iron-binding characteristics as which are known as lactoferricin, are directly 
ferritin bactericidal 
Neutrophil gelatinase-asso- SG 25-kDa N-glycosylated member of | NGALis the first known siderophore-binding 
ciated lipocalin (NGAL) or the lipocalin protein family eukaryotic protein; NGAL binds enterochelin/ 
siderochelin enterobactin with high affinity, and blocks 
growth of Escherichia coli by sequestering 
siderophore-iron complexes 
hCAP-18 SG 18 kDa; only human member of the Stored and released intact; binds endotoxin; 
cathelicidin protein family C-terminal antibactericidal peptide, LL-37 
released by proteinase 3; active mainly against 
Gram-positive bacteria, is chemotactic for T 
cells, monocytes, and neutrophils, and has 
angiogenetic properties 
Neutrophil collagenase SG 75-kDa matrix metalloproteinase 8 Active against types |, Il, and III collagen 
(MMP-8); like other MMPs, MMP-8 is 
stored inactive and must be N-ter- 
minally trimmed to remove the 
inhibitory peptide 
Olfactomedin 4 (OLFM4) SG 65-kDa protein that forms multim- Function is unknown, but OLFM4 is present 
ers by disulfide bonding only in a subset (25%) of neutrophils 
Gelatinase GG 92-kDa MMP-9; stored inactive Active against type IV collagen 
Leukolysin, which is dis- SG ~10%; GG Leukolysin is a 56-kDa glycosyl- Active against fibronectin, chondroitin sulfate 


tributed among of resting 
neutrophils 


~40%; secretory 
vesicles (SV) ~30%; 
plasma mem- 
branes (PM) ~20% 


phosphatidylinositol (GPI)-an- 
chored membrane-bound MMP 
(MT6-MMP/MMP-25) 


proteoglycan, dermatan sulfate proteoglycan 


(continued) 
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TABLE 66-1. Physical-Chemical and Functional Properties of Neutrophil Granules (Continued) 


Granule Protein Localization 


Physicochemical Properties 


Function 


Cytochrome b 
p 2 A) 


(gp91Ph, SG ~60%; GG 


~25%; SV ~15% 


558) 


binding 


Heterodimeric flavoheme pro- 
tein; 91-kDa glycoprotein subunit 
(heme-flavin binding); 22-kDa 
protein subunit, possibly heme 


Together with p47", p67?" and p40r"™, 
cytochrome b,., constitutes the superoxide 
generating nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase of phagocytes 


CD11b/CD18 (Mac-1, Mo1, SG ~60%; GG 


Most prominent -integrin in neu- 


Multifunctional integrin that functions as an 


CR3, a,,B.) ~25%; SV ~15% trophils; CD11B =a,, and is a glyco- adhesion receptor binding to members of the 
protein of 170 kDa;CD18=8,and immunoglobulin family intercellular adhesion 
is a glycoprotein of 95 kDa molecule (ICAM)-1, to fibronectin, collagen; is 

important in mediating firm adhesion to vas- 
cular endothelial cells; functions as a phagocy- 
tosis receptor for C3bi-coated particles 

Pentraxin-3 SG Pentamer of 47-kDa subunits Binds complement C1q, selected 

microorganisms 

Ficolin-1 GG Multimer of 32-kDa subunits Binds acetylated carbohydrates on microor- 

ganisms; may activate mannose-binding lect- 
in-associated serine proteases 

Arginase 1 GG 37-kDa glycoprotein Degrades arginine, the substrate for nitric 


oxide (NO) synthase 


high levels of BPI has enhanced resistance against endotoxin." 


Important effects not related to LPS have been described, such as 
chemotaxis, opsonization, and dendritic cell function, as reviewed in 
Ref. 142. 

Defensins are small antibacterial cationic peptides with a broad 
spectrum of antibacterial activity.“ They share a characteristic 
three-disulfide-bond motif.*”'“*! Based on this, mammalian defensins 
are divided into a defensins, f defensins, and the cyclical @ defensins.'° 
Only « defensins are found in human neutrophils, and reside exclu- 
sively in azurophil granules. They are by far the dominating proteins 
of azurophil granules, yet are only expressed in a subset of granules 
that are formed late in the promyelocyte stage.” Three defensins 
have been isolated from azurophil granules, HNP-1 to HNP-3. Large 
amounts of unprocessed defensing, that is, prodefensin, are secreted 
from late promyelocytes and myelocytes in the marrow and may serve 
as a marker of normal myelopoietic activity." In contrast to lysozyme 
and MPO, prodefensins are not expressed by acute leukemia cells. A rise 
of prodefensin in plasma precedes detectable neutrophils by 6 days and 
is a measure of normal granulopoiesis which may be of clinical use in 
the setting of myeloablative treatment for acute leukemia." 

‘The serine proteases of azurophil granules include elastase, cathep- 
sin G, proteinase-3, and NSP4."*7" Azurocidin, which is also named 
CAP37 or heparin-binding protein (HBP), is an enzymatically inactive 
serine protease." Both elastase and cathepsin G have direct antibac- 
terial activities that are not dependent on their enzymatic activity. Pro- 
teinase 3 expression leads to autoantibodies against itself in Wegener 
granulomatosis, which is known as cANCA (cytoplasmic antineu- 
trophil cytoplasmic antibody).'™ Proteinase 3 is also bound to the sur- 
face of circulating neutrophils at levels that vary considerably amongst 
individuals but are highly constant throughout life in a given individual. 
The binding is mediated by the NB1 antigen (CD177).'*"° A secreted 
precursor of proteinase 3 has been suggested to inhibit normal mye- 
lopoiesis'” and to play a role in regulation of myelopoiesis. So far, the 
only specific substrate of proteinase 3 identified is the cathelicidin of 
specific granules hCAP-18. Proteinase 3 activates hCAP-18 by remov- 
ing the cathelicidin part, and unleashing the antibacterial activity of 
the C-terminal LL-37 peptide.” Cathepsin C, also known as dipeptidyl 


peptidase 1, removes two inhibitory N-terminal amino acids from the 
serine proteases prior to their storage in granules.'* Patients with the 
Papillon-Lefévre syndrome lack cathepsin C activity and are not able to 
store serine proteases in their neutrophils." The condition is charac- 
terized by severe juvenile periodontitis and keratosis in hands and feet, 
but not by major systemic infections,'® arguing against the notion the 
serine proteases are important for immune defense.'” 

The membrane of azurophil granules contains CD63 (granulo- 
physin), which is implicated in transmembrane signaling with the £, 
integrins in the activated neutrophil.***'” Also, the CD68 antigen!" 
and presenilin appear localized exclusively to the membrane of azurophil 
granules,’ whereas stromatin is found in the membrane of all gran- 
ules’® and the vacuolar-type H*-ATPase is shared between azurophil, 
gelatinase granules and secretory vesicles.’ These membrane proteins 
will translocate to the phagocytic vacuole or to the plasma membrane 
when neutrophils are activated and engaged in phagocytosis. 


Proteins of Peroxidase-Negative Granules 
For an overview, see Table 66-1. 

Lactoferrin is the dominating protein of specific granules.'” It is a 
78-kDa iron-chelator, member of the transferrin protein family with a 
high affinity for iron and similar binding characteristics as ferritin. 69° 
The antibacterial activity of lactoferrin does not depend exclusively on 
its ability to sequester iron because proteolytic fragments of lactoferrin, 
some of which are known as lactoferricin, are directly bactericidal. "7°! 

NGAL, or lipocalin 2, is a 25-kDa N-glycosylated member of 
the lipocalin protein family.” Lipocalins are transport proteins that 
bind small and often lipophilic substances in their canonical lipocalin 
pocket.’ Some NGAL is associated with gelatinase (MMP-9) in a sub- 
set of specific granules,'” but the majority is present either as a mono- 
mer or as a homodimer in specific granules. NGAL interferes with the 
activation and stability of MMPs,’ but the major function of NGAL 
is to bind and sequester siderophores. NGAL binds enterochelin/ 
enterobactin with high affinity, and blocks growth of Escherichia coli by 
sequestering siderophore-iron complexes,” which might not be only a 
neutrophil-specific antibacterial defense because NGAL can be induced 
in a variety of epithelial cells during inflammation by IL-1.76 NGAL 


has been demonstrated to play a protective role in infections against E. 
coli,” Klebsiella pneumoniae,’ Salmonella typhimurium,'” and Myco- 
bacterium tuberculosis.'*° NGAL has effects not explained by sequester- 
ing bacterial siderophores and was shown to worsen the outcome of 
pneumococcal pneumonia by deactivating macrophages.'*' It is possible 
that the ability of NGAL to bind endogenous siderophore-like struc- 
tures and transport iron may explain some of these effects.’ Nramp1, 
the cation transporter, was initially identified first in macrophages as 
an essential resistance factor against mycobacterial infection. It is pres- 
ent in membranes of both specific and gelatinase-containing neutrophil 
granules.’*!85 

Lysozyme is a cationic antimicrobial peptide of 14 kDa.™ In agree- 
ment with its biosynthetic profile, lysozyme is present in all granule 
subsets, with peak concentrations in specific granules.’°'* Lysozyme 
cleaves peptidoglycan polymers of bacterial cell walls and displays bac- 
tericidal activity toward the nonpathogenic Gram-positive bacteria 
Bacillus subtilis. Lysozyme also binds LPS'* and reduces cytokine pro- 
duction and mortality caused by LPS in a murine model system of septic 
shock.'*” In contrast to many neutrophil granule proteins, lysozyme is 
inefficiently targeted to granules and circulates free in plasma in a sub- 
stantial quantity that reflects the granulopoietic activity." Lysozyme 
is also secreted from activated macrophages,'** and a particular elevated 
serum level is characteristic of the leukemias with a large proportion of 
monocytes.’ 

hCAP-18,® also known as LL-37'” or CAMB, is the only human 
member of a family of antimicrobial peptides known as cathelicidins. 
Cathelicidins are typically found in peroxidase-negative granules of 
mammalian neutrophils.” hCAP-18 is a prominent protein of neu- 
trophil specific granules present in equimolar concentrations with 
lactoferrin.'” It is also present in plasma at a substantial concentration 
bound to lipoproteins.’” In general, cathelicidins are proantibiotic pep- 
tides that share a common and highly conserved 14-kDa N-terminal 
region known as the cathelin region, whereas the C-terminal regions 
vary extensively among the different cathelicidins. The C-terminal 
peptides must be liberated from the cathelin domain by proteolysis 
to become antibacterial. In most species this is carried out by elastase, 
but in human neutrophils this is done by proteinase 3 from azurophil 
granules. The liberated C-terminal peptide is known as LL-37.°™ Like 
several other neutrophil proteins, hCAP-18 is formed by cells in other 
tissues, particularly epithelial cells." It is constitutively expressed 
in the testis and present in semen. Here, the activating protease is gas- 
tricin, a prostate protease that is active at low pH. This cleaves hCAP-18 
to ALL-38, which has the same antibacterial spectrum as LL-37.'”° The 
cathelin part, which is released has some protease inhibitory activity by 
itself.” The LL-37 stimulates neutrophil, monocyte, and T-cell chemo- 
taxis via the formyl peptide receptor-like-1.!* In addition, hCAP-18/ 
LL-37 has angiogenic’” and endotoxin-neutralizing properties.” 

Three MMPs have been identified in neutrophils: neutrophil 
collagenase (MMP-8,75 kDa), which is localized to specific gran- 
ules,’ gelatinase (MMP-9,92 kDa), which resides predominantly 
in gelatinase granules,” and leukolysin (MT6-MMP/MMP-25,56 
kDa), which is distributed among specific granules (approximately 
10 percent), gelatinase granules (approximately 40 percent), secre- 
tory vesicles (approximately 30 percent), and the plasma membrane 
(approximately 20 percent) of resting neutrophils.***? The MMPs 
are stored as inactive proforms that are proteolytically activated 
following exocytosis. Together, the MMPs are capable of degrading 
major structural components of the extracellular matrix, including 
collagens, fibronectin, proteoglycans, and laminin, and they are 
believed to be of central importance for the degradation of vascu- 
lar basal membranes and interstitial structures during neutrophil 
extravasation and migration. 


Part VII: Neutrophils, Eosinophils, Basophils, and Mast Cells 


Two pattern-recognition molecules, pentraxin 3 and ficolin1, 
are found in specific granules and gelatinase granules, respectively. 
Pentraxin 3, a member of the long pentraxins family, is synthesized 
in myelocytes and metamyelocytes and stored in specific granules of 
neutrophils. Pentraxin-3 binds the complement component Clq and 
mediates activation of the classical complement cascade. In addi- 
tion, pentraxin-3 binds K. pneumoniae outer membrane protein A 
(KpOmpA) from Gram-negative bacteria, especially the Enterobacteri- 
aceae species, and binds Aspergillus fumigatus conidia. Pentraxin-3 was 
shown to play a major role in uptake and killing of A. fumigatus conidia 
by neutrophils in a mouse model.” 

Ficolin-1 is present in gelatinase granules. Ficolin-1 binds acety- 
lated carbohydrate structures on Gram-positive bacteria and can recruit 
mannose-binding lectin-associated serine proteases (MASPs) and acti- 
vate the lectin complement cascade. 

Arginase-1 is a constituent of gelatinase granules” and may par- 
ticipate in regulation of T-cell activities by removing arginine, the essen- 
tial substrate for inducible nitrous oxide synthase. The product, proline, 
is essential for collagen synthesis and arginase-1 from neutrophils may 
thus support wound healing. 

Olfactomedin 4, a 65-kDa specific granule protein, forms huge 
multimers, but only in approximately 25 percent of neutrophils, ranging 
from 5 to 40 percent between individuals and constant in each individ- 
ual. The functional consequence is unknown.”*”” 

Membrane proteins of peroxidase-negative granules are shared 
among the subsets of peroxidase-negative granules that can be distin- 
guished based on their matrix proteins; that is, specific and azurophil 
granules. Two exceptions are Nramp1 and MMP-25, which are both 
present, predominantly in the membrane of gelatinase granules and 
secretory vesicles.”™™ Cytochrome b,.,, which is comprised of gp91/"* 
and p22”, forms the membrane component of the NADPH oxidase and 
is a prominent membrane protein of peroxidase-negative granules.*!”! 
It codistributes with the major 8,-integrin of neutrophils CD11b/CD18, 
with the major segment in specific granules, some in gelatinase gran- 
ules, and some in secretory vesicles. Secretory vesicles are rapidly mobi- 
lized, and even though only 15 percent of the total cytochrome b,,, and 
CD11b localizes to secretory vesicles, this is the fraction that is primar- 
ily translocated to the plasma membrane during neutrophil diapesis.°” 
Hvlis a voltage-gated proton channel situated in the plasma membrane 
and membranes of peroxidase-negative granules.” Hv1 associates with 
nascent phagosomes, and neutralizes the negative charge induced by 
transport of electrons by the NADPH oxidase.”’*’ The CD66 antigens 
found in the membrane of specific granules may play a role as bacte- 
rial receptors (galectin receptors) and generate signals to activate the 
NADPH oxidase.?!4?!5 


STIMULUS-RESPONSE COUPLING BY NEUTROPHILS 


Stimulus-response coupling by neutrophils has been the subject of 
intense research for many years. This work has been fruitful in illu- 
minating some of the underlying causes of defects in cell activation. 
Studies of neutrophil degranulation and oxidative metabolism have 
also revealed transduction mechanisms common to a wide variety of 
other important secretory cell types, thereby greatly expanding the 
relevance of this work. This chapter considers next our current under- 
standing of the activation process, which is shown schematically in 
Fig. 66-4. 


RECEPTOR-LIGAND INTERACTIONS 
Formyl Peptide Receptor 


Neutrophil responses can be evoked by a variety of particulate 
and soluble stimuli. Opsonized particles, immune complexes, and 


Chemokine R PtdinsP, PtdinsP; Integrin 


Actin polymerization 
Chemotaxis 
Dearanulation 


chemokine and chemotactic factors produced during the inflamma- 
tory process activate neutrophils by binding to specific cell-surface 
receptors. Of the neutrophil chemotactic receptors, the N-formyl 
peptide receptor is the best characterized. N-formyl peptide, the 
synthetic analogues of bacterial N-formyl peptide products, induces 
a variety of neutrophil responses and has been extensively employed 
as activating stimuli. Specific receptors for the chemotactic pep- 
tide, fMLP, have been identified on the neutrophil surface,” and 
binding of the formyl peptide to its receptor correlates with its abil- 
ity to induce chemotaxis and degranulation.” The formyl peptide 
receptor,” like the receptors for C5a, IL-8, LTB, and PAF, belongs 
to a family of seven trans-membrane-spanning domain proteins 
(7TMRs) that are coupled to heterotrimeric G-proteins (containing 
G a and £,y subunits).™”?!? Upon ligand binding, guanine diphos- 
phate (GDP) bound to the Ga subunit is exchanged with guanine tri- 
phosphate (GTP) and the £,y subunits dissociate from the receptor 
and mediate downstream signaling. Phosphorylation of the recep- 
tors then augments their affinity for f arrestins. The association with 
f arrestins block association with B,y subunits and mediate internal- 
ization of the receptors, but may also induce additional signals via £ 
arrestins.”®?”! The formyl peptide receptor has been studied in most 
detail in neutrophils. The receptor is highly glycosylated and has a 
relative molecular mass (Mr) of 50 to 70 kDa. It has been identified 
on the membranes of gelatinase granules and secretory vesicles, and 
shown to be mobilized to the cell surface following stimulation.” 


C5a Receptor 

Activation of the complement system generates C5a, a derivative of 
C5 and the most potent of the chemotactic proteins. C5a induces neu- 
trophil chemotaxis, degranulation, and superoxide generation.” 
Responses to C5a result from interactions with specific receptors on 
the cell surface.””** The receptor was identified as a single polypeptide 
in the plasma membrane with an apparent mass of 40 to 48 kDa.”??5 
Binding studies show that there are 50,000 to 113,000 receptor sites per 
cell with a dissociation constant (Kd) of 2 x 10° M. The C5a receptor 
has been isolated and cloned, and is a member of the seven transmem- 
brane-spanning class of G-protein—-coupled receptors.” 
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Figure 66-4. Signal transduction in neutrophils. 
G-protein—-coupled receptors are seven transmem- 
brane receptors that couple to heterotrimeric gua- 
nosine triphosphate (GTP)-binding (G) proteins. Agonist 
binding to the receptor triggers exchange of guanine 
diphosphate (GDP) for guanine triphosphate (GTP) on 
the Ga subunit of the G-protein, and consequently, the 
disassociation of the a subunit for the Bg-dimer. Both 
subunits can regulate the activity of multiple effec- 
tors such as phospholipase CB (PLCB). PLCB cleaves 
an endogenous lipid, namely phosphatidylinositol 
bisphosphate (PtdinsP.), yielding diacylglycerol (DAG) 
and inositol trisphosphate (IP.). IP, is known to liberate 
calcium from bound intracellular stores leading to a 
rise in intracellular-free calcium (Cai. The increase in 
intracellular Ca* is augmented by an influx of Ca?* from 
the extracellular space. Increased DAG, in concert with 
elevated Ca** can activate protein kinase isozymes a 
and £ (PKCaB) leading to their translocation to mem- 
branous sites. Phospholipase D (PLD) can be activated 
by PKC converting phosphatidylcholine to phosphat- 
idic (PA) acid. Elevations in PA can mobilize the cytosolic 
proteins, p47, p67", and p40°™ to bind to the mem- 
brane-bound proteins gp91?" and p22’, which then 
reduces O, to O, in the presence of NADPH. 


Three other important G-protein-coupled receptors are for 
PAF, IL-8, and LTB PAF and IL-8 receptors have been cloned.””?8 
Their intracellular stores and signal transduction mechanisms are 
largely similar to those used by other G-protein-coupled receptors (e.g., 
fMLP).””” IL-8 has two related receptors, for which slightly different 
signal transduction pathways have been detected.” 


C3 Receptors 

Neutrophils also express receptors for the complement-derived che- 
motactic factors C3b and C3bi. Receptors for C3b and C3bi (also known 
as CR1 and CR3, respectively) are sparse on resting neutrophils, but 
increase significantly in numbers following activation with several stim- 
uli because of incorporation from secretory vesicles (CR1 and CR3) and 
gelatinase and specific granules (CR3, which is the integrin Mac-1).3*”! 
The C3b receptor (CR1) is a glycoprotein with a molecular weight of 205 
kDa and is located in secretory vesicules.*”! 


Integrins 

CD11/CD18 integrins also play an important role in cell signaling. The 
adhesion of cells to surfaces or to other cells can either activate neu- 
trophils directly or “prime” them for an enhanced response to other 
stimuli. For example, the oxidative burst of neutrophils is very different 
in cells that are suspended versus those that are adherent to surfaces.” 
H,O, production in response to chemotaxins is influenced by monoclo- 
nal antibodies to CD11b, but not CD11a.”" 


Fc Receptors 

Neutrophils possess three different receptors for immunoglobulins. 
Unstimulated cells express FcyRHA and FcyRIII, also known as CD32 
and CD16, respectively. Functionally, the most important of the two is 
the FcyRII for clearing immune complexes,*” and it is attached to the 
membrane by a GPI linkage.*” The linkage is relatively labile, so the 
amount of FcyRIII on the membrane reflects a balance between shed- 
ding and mobilization from intracellular stores. FcyRIIA is a protein 
that spans the plasma membrane.” The signal transduction pathways 
initiated by FcyRIII can crosstalk with the formyl peptide receptor, 
with CR3, and even with each other. A direct physical linkage between 


CD11b and FcyRIIIB has been demonstrated by experiments in which 
capping of one receptor results in co-capping a substantial fraction of 
the other receptor. CD11b can also interact with the transmembrane 
FcyRII, and both of these molecules can modify each other’s signals.” 

The tyrosine kinase Syk, plays a critical role in the phagocytic path- 
way mediated by FcyRIIA.”* A cytoplasmic amino acid motif, known 
as ITAM, is present on FcyRILA and FcyRI/y (a receptor found on IFN- 
y-stimulated myeloid cells) and is essential for the phagocytic response 
during crosslinking of these two Fc receptors. Binding of Src family pro- 
tein tyrosine kinases to the ITAM leads to activation of Src family pro- 
tein tyrosine kinases and ITAM tyrosine phosphorylation. This serves 
to recruit phosphatidylinositol 3’-kinase (PI3K) and Syk, which when 
activated phosphorylates multiple substrates, including neighboring 
ITAMs. Syk is recruited from the cytosolic pool. The essential role for 
Syk-affecting signal transduction is reflected by ITAM-dependent acti- 
vation of actin assembly. Other tyrosine kinases, including Src kinases, 
especially Lyn, facilitate the formation of the phagosome.”** Once active 
microfilaments are formed, they enhance the activity of phospholipase 
D (PLD) to generate phosphatidic acid (PA), a necessary phospholipid 
for phagocytosis to ensue.”*”*** 


Phospholipid Metabolism and Tyrosine Kinase Activation 
The next step in signal transduction can be attributed to interactions 
of receptor-activated G proteins or through FcyRIIA and tyrosine 
kinases with phospholipases.” For instance, a membrane-associated 
phosphoinositide-specific phospholipase is activated upon stimulation 
with chemotactic stimuli. In particular, phospholipase C (PLC) hydrolyzes 
phosphatidylinositol-4,5-bisphosphate (PIP,) and phosphatidyl 
inositol-4-monophosphate (PIP,) to the putative second-messenger 
products inositol 1,4,5-trisphosphate (IP,) and 1,2-diacylglycerol (DAG) 
(see Fig. 66-4). In neutrophils, IP, interacts with a specific intracel- 
lular receptor and stimulates the release of Ca”, as well as opens Ca** 
channels on the plasma membrane, resulting in rises in intracellular 
Ca**.” Activation of the small GTP-binding proteins of the Rac, Rho, 
and Cdc42 families regulates actin-dependent processes such as mem- 
brane ruffling, formation of pseudopodia, and stress fibers leading to 
cell adhesion and motility, and appears critical in neutrophil func- 
tion,“ while working in concert with the phospholipases. 

Even in the absence of PLC metabolism, there is a significant increase 
in DAG and Ca” intracellularly that accompanies phagocytosis.“ Ca?* 
is necessary for granule phagosome fusion and DAG has been linked to 
both particle ingestion and degranulation. Both can be formed by the 
activation of PLD, which hydrolyzes phosphatidylcholine to produce PA 
and choline. Activation of PLD is mediated by Rho and/or ADP-ribosyla- 
tion factor (ARF).™” Diacylglycerol is then generated by PA phosphohy- 
drolase, which catalyzes the dephosphorylation of PA. The hallmark of 
the phosphatidylcholine-derived DAG is the presence of 1-O-alkyl link- 
ages. During PA formation by the action of PLD on phosphatidylcholine, 
PA can act as a Ca* ionophore, thereby initiating fusogenic activity. 
Thus, the phosphatidylcholine acid generated during phagocytosis may 
promote fusion of neutrophil granules with newly formed phagosomes. 

Another downstream target of DAG in phagocytosis is the acti- 
vation of protein kinase C (PKC), particularly PKC, a Ca**-independent 
isozyme of PKC found in neutrophils.” PKCé is one of four PKC 
isozymes that translocate to the plasma membrane during phagocy- 
tosis. During phagocytosis, PKCô is translocated from the cytosol to 
the plasma membrane. Accompanying the translocation of PKCô to 
the membrane, RAF-1 translocation is promoted. Following translo- 
cation of these two key components, mitogen-activated extracellular 
signal-regulated kinase (MEK) activation occurs, which is followed 
by activation of mitogen-activated protein (MAP) kinase/extracellular 
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signal-related kinase (ERK)-2 and then myosin light-chain kinase.” 


Following phosphorylation of myosin, reorganization of the actin 
cytoskeletal occurs leading to phagocytosis. Concomitant with the 
activation of PLD, ceramide is generated by a neutral sphingomyeli- 
nase activity found in the plasma membrane of neutrophils and it is 
most likely important in attenuating the activity of the cells through 
inhibition of PLD. Following engagement of the Fc receptors and Syk 
activation in the neutrophil, PI3K is also activated. Inhibition of PI3K 
activity impedes phagocytosis.*” 

Arachidonate Metabolism In addition to their participation as 
putative second-messenger products in the stimulus-response coupling 
pathway, many lipid metabolites may be released from stimulated 
neutrophils, and, in turn, modulate cell function by interacting with 
receptors on other neutrophils. Phospholipase A,, present on both the 
granules and plasma membranes of neutrophils,” as well as the cyto- 
sol, is activated during neutrophil stimulation, yielding arachidonic 
acid as one of the major end products. Arachidonic acid is not only 
released from stimulated neutrophils, but also serves as a regulator of 
phospholipase A, (PLA,) activity and as a stimulus for these cells.” 
Sensitivity of the cells to other stimuli can be enhanced with arachi- 
donic acid and other long-chain fatty acids.” 

Arachidonic acid can also be metabolized by the lipoxygenase 
pathway to produce hydroxyeicosatetraenoic acids (HETEs), includ- 
ing 5-HETE, 12-HETE, and 5,12-diHETE.** These compounds 
have also been shown to induce several neutrophil responses.” 
Stimulated neutrophils also produce the diHETE LTB, through the 
lipoxygenase pathway. LTB, and other leukotrienes can be released 
in response to a variety of stimuli.*° Receptors for LTB, have been 
partially purified, and their activation serves as a potent stimulus for 
chemotaxis and adherence.” 

Another potent mediator of inflammation produced by stimulated 
neutrophils is 1-O-alkyl-2-acetyl-sn-glyceryl-3-phosphoryl choline, 
also known as PAF! Not only is PAF synthesized by neutrophils and 
activated endothelial cells, but it induces degranulation, aggregation, 
and superoxide generation.” Inflamed endothelium generates PAF, 
which serves to immobilize neutrophils on the luminal surface of the 
endothelial cells, thereby facilitating the interaction of the neutrophil 
integrin receptors with the ICAM ligands on the endothelial cells. 


Degranulation and Membrane Fusion 

In stimulated cells the signal transduction cascade activates G proteins, 
followed by enhanced intracellular Ca’*, lipid remodeling, and pro- 
tein kinase activation. These events culminate in secretion. This ulti- 
mate event—the fusion of granule membranes with phagosomes or the 
plasma membrane—occurs rapidly and is highly efficient. 

Fusion Proteins Over the past 20 years the SNARE (soluble N- 
ethylmaleimide-sensitive factor attachment protein receptor) hypothesis 
has become the reigning paradigm for fusion of biomembranes.’™ 
The hypothesis is centered around the protein that is sensitive to N- 
ethylmaleimide (designated NEM-sensitive fusion protein or NSF) and 
several SNAREs on the participating membranes. The SNAREs are 
divided into the v-SNAREs, being found on vesicles or granules, and 
t-SNAREs, being found on the target plasma membranes. The SNARE 
hypothesis has proven to have great predictive value as the constellation 
of fusion proteins and their interactions appears in almost all species 
and tissues. Initial docking of granules with the membrane to which 
they fuse is likely mediated by Rab-GTPases. Once docking is obtained, 
SNAREs are recruited to both membranes and interact and mediate 
actual fusion assisted by SNARE-interacting proteins such as sSec1/ 
Munc18 proteins and a local rise in Ca**. Disassembly of the fusion com- 
plex is mediated by NSF in an ATP-dependent process.” The t-SNARE 


VAMP-2 is localized to the membranes of specific and gelatinase gran- 
ule and secretory vesicles in resting human neutrophils," and the 
t-SNARE syntaxin 4 is associated with the plasma membrane as shown 
by immunoelectron microscopy. Munc18-3 may interact with syntaxin 
4 and regulate fusion of secondary and gelatinase granules. VAMP-7 is 
associated with azurophil granule fusion and Muncl8-2 may interact 


with syntaxin 3 and regulate azurophil granule fusion.**”” 


Neutrophil Extracellular Traps 

What previously was considered pus was identified as a highly bacteri- 
cidal structure composed of strands of chromatin and bactericidal neu- 
trophil granule proteins attached.’ These NETs (see Fig. 66-2) are 
extruded from neutrophils in a process called netosis and represent one 
of three death programs of neutrophils: apoptosis, necrosis, and netosis. 
Neutrophils only undergo netosis if they have mounted a respiratory 
burst.’ Elastase and MPO are also required for netosis.”® The NADPH 
oxidase activity of stimulated neutrophils thus serves two purposes, 
namely to generate reactive oxygen species for microbial killing and to 
induce formation of the bactericidal NETs after the intact neutrophil 
has ceased to function. This, in turn, means that patients with defective 
NADPH oxidase assembly (patients with chronic granulomatous dis- 
ease [CGD]) lack both the ability to generate microbicidal oxygen spe- 
cies and the ability to form the NETs. Patients with the Papillon-Lefevre 
syndrome (PLS) lack elastase and are incapable of generating NETs. PLS 
patients do not have a major immune defect and their symptoms are 
largely related to periodontal infections, in contrast to CGD patients. 
Negative effects of NETs have been noted as NETs may induce throm- 
bosis.*“ Neutrophils are able to generate NETs and maintain their 
structural integrity as an anucleate cell still capable of migration and 
phagocytosis.” 


@ CLINICAL DISORDERS OF 
NEUTROPHIL FUNCTION 


CLASSIFICATION 


Neutrophil dysfunction may arise from (1) the absence of antibodies 
or complement components required to opsonize microorganisms, an 
interaction that provides a chemotactic signal; (2) the abnormalities of 
cytoplasmic and granule movement that alter the chemotactic response 
or that result in abnormalities of the plasma membrane affecting 
the cells in terms of capability to modulate movement; and (3) defective 
microbicidal capability. Comprehensive reviews of these syndromes are 
available to the interested reader.*°?* 


ABNORMALITIES OF THE SIGNAL 
MECHANISM AS A RESULT OF ANTIBODY AND 
COMPLEMENT DEFECTS OR IMPAIRMENT OF 
PATTERN RECEPTOR RECOGNITION 


Because the synergistic action of immunoglobulins and complement 
proteins creates the opsonins that coat microorganisms and stimulate 
the development of chemotactic factors, a deficiency of either one may 
result in impaired neutrophil function. The most profound disturbances 
arise from abnormalities in C3, because this protein is the focal point for 
generation of opsonins and chemotactic factors (Chap. 19).”®-?”! Opson- 
ins such as C3b, generated from cleavage of C3, serve to coat bacteria. 
Opsonization in general refers to the coating of pathogens by serum 
proteins such that they are more likely to be ingested. Activation of C3 
can occur in the absence of an antibody or the classical complement 
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components C1, C2, and C4; thus, disorders of these latter molecules 
result in less-severe clinical conditions. C3 deficiency is inherited as an 
autosomal recessive disorder. Homozygotes have undetectable serum 
levels of C3 and suffer from recurrent severe pyrogenic infections, 
whereas asymptomatic heterozygotes have half the normal values. 

A functional deficiency of C3 protease resulting in severe pyro- 
genic infections also is seen in patients with a deficiency in C3b inac- 
tivator, a protein inhibitor of the alternative complement pathway. 
Unchecked activation of this pathway leads to hypercatabolism of C3 
and factor B.’” Properidin deficiency also results in a functional defi- 
ciency in C3.’ Properidin is a serum protein that belongs to the alter- 
native complement pathway; it is involved in the stabilization of the 
enzyme complex C3bBb. The protein is a multimeric glycoprotein with 
a subunit Mr of 56,000, the gene of which has been cloned.””* Absence 
of properidin is associated with severe, often fatal, pyrogenic infections, 
often with meningococci. 

Approximately 5 percent of the population have low serum levels 
of mannose-binding lectin (MBL),”” a serum lectin secreted by the liver 
that binds mannose sugars present and on the surface of bacteria, fungi, 
and some viruses. MBL is one of the soluble collectin effector proteins 
that contribute to the basic armamentarium of innate immunity. MBL 
can function as an opsonin when bound to the surfaces by activating 
the complement cascade. A deficiency of MBL has been reported in 
infants with frequent unexplained infection, chronic diarrhea, and oti- 
tis media.” Other studies have identified an increased susceptibility to 
infection by specific pathogens in MBL-deficient individuals, including 
human immunodeficiency virus, Plasmodium falciparum, Cryptospo- 
ridium parvum, and Neisseria meningitidis.” The deficiency in MBL 
largely results from three relatively common single-point mutations in 
exon 1 of the gene, which leads to the failure of MBL to activate com- 
plement.’” In addition, the protein also modulates disease severity, at 
least in part through complex, dose-dependent influences on cytokine 
production. 

Phagocytes, including neutrophils, express a large number of cell 
surface proteins that play crucial functional roles in their biology. Micro- 
bial PRRs are an essential component of innate immunity, in which they 
recognize and detect PAMPs, resulting in activation of neutrophils and 
other phagocytes. The mammalian TLR family comprises an important 
class of PRRs, which recognize a wide range of microbial pathogens 
and pathogen-related products. At least 12 different TLRs that can be 
found on mononuclear phagocytes have been described.’ TLRs sig- 
nal via MyD88, an adapter protein. MyD88 deficiency in humans can 
lead to recurrent infections with both Gram-positive and Gram-nega- 
tive infections, thereby indicating a role for both mononuclear cells and 
neutrophils in host defense in the MyD88-deficient state.?” 

Because a large number of chemoattractants are generated dur- 
ing inflammation, it is difficult to establish the relative significance of 
a given individual component. Furthermore, chemotactive factors and 
opsonins are involved in the activity of both neutrophils and mononu- 
clear phagocytes. Therefore, it is not clear whether the clinical conse- 
quences of disorders involving these substances are unique to one or 
the other of these phagocytic cells. Patients with antibody- or 
complement-deficient syndromes suffer mainly from infections with 
encapsulated pathogens such as Haemophilus influenzae, pneumococci, 
streptococci, and meningococci.*’ Furthermore, splenectomized indi- 
viduals deprived of an organ rich in mononuclear phagocytes have a 
small, but finite risk of sepsis because of the same microorganisms. 
Encapsulated pathogens characteristically are not associated with neu- 
tropenic states. Antibody coating of encapsulated organisms facilitates 
their ingestion by mononuclear phagocytes, but may be less important 
for their ingestion by neutrophils. 


ABNORMALITIES OF THE CELLULAR 
RESPONSES AS THE RESULTS OF DEFECTS IN 
CYTOPLASMIC MOVEMENT 


Degranulation Abnormalities 
Chédiak-Higashi Syndrome 

Definition and History This rare autosomal recessive disease was 
initially recognized as one in which neutrophils, monocytes, and lym- 
phocytes contained giant cytoplasmic granules.” Chédiak-Higashi 
syndrome (CHS) is now recognized as a disorder of generalized cellu- 
lar dysfunction characterized by increased fusion of cytoplasmic gran- 
ules.” Pigmentary dilution affecting the hair, skin, and ocular fundi 
results from pathologic aggregation of melanosomes and is associated 
with failure of decussation of the optic and auditory nerves 
(Table 66-2). Patients with this syndrome exhibit an increased sus- 
ceptibility to infection, which begins in infancy. Infections most com- 
monly involve the skin and respiratory systems. The susceptibility to 
infection can be explained in part through defects in neutrophil chemo- 
taxis, degranulation, and bactericidal activity.” The presence of giant 
granules in the neutrophil interferes with their ability to traverse narrow 
passages between endothelial cells. Other features of the disease include 
neutropenia, thrombocytopathy,™ natural killer cell abnormalities," 
and peripheral neuropathies.” Similar genetic syndromes have been 
described in mice, mink, cats, rats, cattle, and killer whales.?*° 

Although CHS carries the names of Moises Chédiak and Ototaka 
Higashi, the disorder was first described by Béguez César, a Cuban pedi- 
atrician in 1943. Initially characterized by neutropenia and abnormal 
granules in leukocytes, the syndrome was further delineated in 1948 by 
Steinbrinck’s description of a second case.’ In 1952, Chédiak reported 
the hematologic characteristics of the disorder,” and in 1953 Higashi 
emphasized the giant peroxidase-containing granules within patients’ 
neutrophils.” Besides the susceptibility to infections, patients often suf- 
fer a fatal lymphohistiocytic infiltration known as the accelerated phase 
occurring months from birth to several years later.” 

Epidemiology By 2008, 300 cases worldwide had been described, 
with concentrations in the United States, Japan, northern Europe, and 
Latin America.’ Patients of African descent have also been described. 

Etiology and Pathogenesis CHS is caused by a fundamental defect 
in granule morphogenesis that results in abnormally large granules in 
multiple tissues.*””*' Giant granules are seen in Schwann cells, leuko- 
cytes, and macrophages of the liver and spleen, and certain cells of the 
pancreas, gastric mucosa, kidney, adrenal gland, and pituitary gland.”*° 
Giant melanosomes form and prevent the even distribution of melanin, 
which results in pigmentary dilution of the hair, skin, iris, and optic fun- 
dus. Although the giant lysosomes are the primary morphologic feature 
of the disorder, only cells relying on the secretion by these lysosomes 
manifest pathologic defects. In the early stages of myelopoiesis some 
of the normal-size azurophil granules coalesce to form giant granules 
that result in large secondary lysosomes that contain reduced content 
of hydrolytic enzymes, including proteinases, elastase, and cathepsin 
G.*! Many of the myeloid precursors die in the marrow, resulting in 
a moderate neutropenia, with white cell counts of about 2.5 x 10°/L 
and absolute neutrophil counts ranging from 0.5 to 2.0 x 10°/L.*° The 
marrow itself appears normal to hypercellular. In spite of the normal 
ingestion of particles and active oxygen metabolism, these neutrophils 
kill microorganisms relatively slowly. This delay reflects a slow and 
inconsistent delivery of diluted amounts of hydrolytic enzymes from 
the giant granules into the phagosomes, which may predispose the host 
to bacterial infection.” In this syndrome, monocytes have the same 
functional derangements as neutrophils,’ and in an analogous fashion 
perforin-deficient natural killer (NK) cells show profoundly impaired 
cytotoxic activity and are unable to kill many targets.” 
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The CHS blood cell membranes are more fluid than cells of nor- 
mal individuals,”*'?** and the altered membrane structure could lead 
to defective regulation of membrane activation, as well as promoting 
fusion of neutrophil azurophilic granules with each other. Conceiv- 
ably, changes in membrane fluidity may affect cell function by reducing 
expression of Mac-1 (CD11b/CD18). The altered membrane fluidity 
could result in elevated levels of intracellular cyclic adenosine mono- 
phosphate, which appears in this disorder and is reflected in the reduced 
chemotactic responses.”*! 

The gene that is mutated in CHS is CHS1 (syn. LYST) found on 
chromosome 1q. Its size indicates a protein of more than 400 kDa is 
encoded.’ During early development, granule biogenesis is normal; 
with perforin in NK cells and granule enzymes in myeloid cells synthe- 
sized and routed correctly to the granules. However, once formed the 
granules fuse to form giant organelles.” Several studies led to the sug- 
gestion that the enlarged lysosomes found in CHS cells are the results 
of abnormalities in membrane fusion, which could occur during the 
biogenesis of the lysosomes. It has been hypothesized that this CHS1 
protein interacts with attachment proteins on lysosomes (v-SNAREs) 
and that this mutated protein leads to indiscriminate interactions with 
v-SNARE to yield uncontrolled fusion of lysosomes with each other.”*” 

Clinical Features Characteristically patients with CHS have light 
skin and silvery hair. They frequently complain of solar sensitivity and 
photophobia. Other eye findings can include horizontal or rotatory nys- 
tagmus. Infections are common and involve the mucous membranes, 
skin, and respiratory tract. They are susceptible to both Gram-positive 
and Gram-negative bacteria, as well as fungi, with Staphylococcus aureus 
being the most common infecting organism.*® Attenuated NK function 
probably contributes to the increased susceptibility to infection as well. 
Neurologic signs and symptoms are variable in CHS and may include a 
peripheral and cranial neuropathy, autonomic dysfunction, weakness, 
and sensory deficit; and ataxia may also be a prominent feature. 

Patients with CHS have prolonged bleeding times with normal 
platelet counts, resulting from impaired platelet aggregation associated 
with a deficiency of the storage pools of ADP and serotonin.*™ Elec- 
tron micrographs reveal normal numbers of « granules in platelets, but 
decreased numbers of platelet dense bodies.” 

The accelerated phase of CHS is characterized by lymphocytic 
proliferation in the liver, spleen, marrow, and central nervous system. 
The accelerated phase may occur at any age and is now recognized as 
a genetic form of hemophagocytic lymphohistiocytosis (HLH). Typ- 
ically, the patient develops hepatosplenomegaly and high fever in the 
absence of bacterial sepsis. The pancytopenia becomes worse at this 
stage, producing hemorrhage and an increased susceptibility to infec- 
tion. The onset of the accelerated phase may be related to the inability 
of these patients to contain and control the Epstein-Barr virus (EBV) 
leading to HLH (Chap. 70). The lymphocyte expansion into the tissue is 
associated with excessive cytokine production and massive tissue necro- 
sis and organ failure leading to the propensity to recurrent bacterial and 
viral infections, fever, and prostration usually resulting in death.** At 
autopsy, the lymphohistiocytic infiltrates in the liver, spleen, and lymph 
nodes are extensive, but not neoplastic by histopathologic criteria.” 

Laboratory Features ‘The laboratory test diagnostic for CHS is 
examination of granular cell morphology. The pathognomonic feature 
is giant peroxidase-positive granules that can be seen in neutrophils.” 
A microscopic examination of hair shafts reveal large, speckled pigment 
clumps as opposed to the normal pattern of finally divided pigment of 
melanin spread along the length of the shaft.” Similar giant granules 
can occasionally be present in CML and acute myelocytic leukemia.”** 
Molecular diagnosis of CHS remains difficult and is not commercially 
available. Heterozygotes for CHS are considered completely normal and 
cannot be detected clinically or biochemically. 


TABLE 66-2. Clinical Disorders of Neutrophil Function 


Disorder 


Etiology 
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Impaired Function 


Clinical Consequence 


DEGRANULATION ABNORMALITIES 


Chédiak-Higashi syndrome 


Autosomal recessive; disordered 
coalescence of lysosomal granules; 
responsible gene is CHSI/LYST which 
encodes a protein hypothesized to 
regulate granule fusion 


Decreased neutrophil che- 
motaxis; degranulation and 
bactericidal activity; platelet 
storage pool defect; impaired 
NK function, failure to disperse 
melanosomes 


Neutropenia; recurrent 
pyogenic infections, pro- 
pensity to develop marked 
hepatosplenomegaly as a 
manifestation of the hemo- 
phagocytic syndrome 


Specific granule deficiency 


Autosomal recessive; functional loss 
of myeloid transcription factor aris- 
ing from a mutation or arising from 
reduced expression of Gfi-1 or C/ 
EBPe, which regulates specific gran- 
ule formation 


Impaired chemotaxis and 
bactericidal activity; bilobed 
nuclei in neutrophils; defensins, 
gelatinase, collagenase, vita- 
min B,,-binding protein, and 
lactoferrin 


Recurrent deep-seated 
abscesses 


ADHESION ABNORMALITIES 


Leukocyte adhesion deficiency | 


Autosomal recessive; absence of 
CD11/CD18 surface adhesive glyco- 
proteins (6, integrins) on leukocyte 
membranes most commonly arising 
from failure to express CD18 mRNA 


Decreased binding of C3bi to 
neutrophils and impaired adhe- 
sion to ICAM-1 and ICAM-2 


Neutrophilia; recurrent 
bacterial infection associated 
with a lack of pus formation 


Leukocyte adhesion deficiency II 


Autosomal recessive; loss of fuco- 
sylation of ligands for selectins and 
other glycol conjugates arising 
from mutations of the GDP-fucose 
transporter 


Decreased adhesion to activated 
endothelium expressing ELAM 


Neutrophilia; recurrent 
bacterial infection without 


pus 


Leukocyte adhesion deficiency III 
(LAD-1 variant syndrome) 


Autosomal recessive; impaired inte- 
grin function arising from mutations 
of FERMT3 which encodes kindlin-3 
in hematopoietic cells; kindlin-3 
binds to B-integrin and thereby 
transmits integrin activation 


Impaired neutrophil adhesion 
and platelet activation 


Recurrent infections, neutro- 
penia, bleeding tendency 


DISORDERS OF CELL MOTILITY 


Enhanced motile responses; FMF 


Autosomal recessive gene respon- 
sible for FMF on chromosome 

16, which encodes for a protein 
called “pyrin”; pyrin regulates cas- 
pase-1 and thereby IL-18 secretion; 
mutated pyrin may lead to height- 
ened sensitivity to endotoxin, exces- 
sive IL-16 production, and impaired 
monocyte apoptosis 


Excessive accumulation of 
neutrophils at inflamed sites 
which may be the result of 
excessive IL-18 production 


Recurrent fever, peritonitis, 
pleuritis, arthritis, and 
amyloidosis 


DEPRESSED MOTILE RESPONSES 


Defects in the generation of 
chemotactic signals 


IgG deficiencies; C3 and properdin 
deficiency can arise from genetic 
or acquired abnormalities; man- 
nose-binding protein deficiency 
predominantly in neonates 


Deficiency of serum chemotaxis 
and opsonic activities 


Recurrent pyogenic 
infections 


Intrinsic defects of the neu- 
trophil, e.g., leukocyte adhesion 
deficiency, Chédiak-Higashi 
syndrome, specific granule defi- 
ciency, neutrophil actin dysfunc- 
tion, neonatal neutrophils; direct 
inhibition of neutrophil mobility, 
e.g., drugs 


In the neonatal neutrophil there 

is diminished ability to express £, 
integrins and there is a qualitative 
impairment in B,-integrin function; 
ethanol, glucocorticoids, cyclic AMP 


Diminished chemotaxis; 
impaired locomotion and inges- 
tion; impaired adherence 


Propensity to develop 
pyogenic infections; 
possible cause for frequent 
infections; neutrophilia seen 
with epinephrine arises from 
cyclic AMP release from 
endothelium 


Immune complexes 


Bind to Fc receptors on neutrophils 
in patients with rheumatoid arthritis, 
systemic lupus erythematosus, and 
other inflammatory states 


Impaired chemotaxis 


Recurrent pyogenic 
infections 


(continued) 


Disorder 


Etiology 
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TABLE 66-2. Clinical Disorders of Neutrophil Function (Continued) 


Impaired Function 


Clinical Consequence 


Hyperimmunoglobulin-E 
syndrome 


Autosomal dominant; responsible 


gene is STAT3 


Impaired chemotaxis at times; 
impaired regulation of cytokine 
production 


Recurrent skin and sinopul- 
monary infections, eczema, 
mucocutaneous candidiasis, 
eosinophilia, retained pri- 
mary teeth, minimal trauma 
fractures, scoliosis, and char- 
acteristic facies 


Hyperimmunoglobulin-E 
syndrome 


Autosomal recessive; more than 
one gene likely contributes to its 
etiology 


High IgE levels, impaired lym- 
phocyte activation to staphylo- 
coccal antigens 


Recurrent pneumonia with- 
out pneumatoceles sepsis, 
enzyme, boils, mucocutane- 


MICROBICIDAL ACTIVITY 


ous candidiasis, neurologic 
symptoms, eosinophilia 


Chronic granulomatous disease X-linked and autosomal recessive; 


failure to express functional gp91?"™ 


in the phagocyte membrane in 


p22 (autosomal recessive); other 


autosomal recessive forms of CGD 


arise from failure to express protein 


Failure to activate neutrophil 
respiratory burst leading to 
failure to kill catalase-positive 
microbes 


Recurrent pyogenic infec- 
tions with catalase-positive 
microorganisms 


p47Prex or p67Prex 
G6PD deficiency Less than 5% of normal activity of Failure to activate NADPH-de- Infections with catalase-posi- 
G6PD pendent oxidase, and hemolytic tive microorganisms 


anemia 


Myeloperoxidase deficiency 
cess modified precursor protein 
arising from missense mutation 


Autosomal recessive; failure to pro- 


H,O,-dependent antimicrobial None 
activity not potentiated by 


myeloperoxidase 


Rac-2 deficiency Autosomal dominant; dominant 


negative inhibition by mutant pro- 


tein of Rac-2-mediated functions 


Failure of membrane receptor- 
mediated O, generation and 
chemotaxis 


Neutrophilia, recurrent 
bacterial infections 


Autosomal recessive; failure to 
detoxify H,O, 


Deficiencies of glutathione 
reductase and glutathione 
synthetase 


Excessive formation of H,O, Minimal problems with 
recurrent pyogenic 


infections 


AMP, adenosine monophosphate; C, complement; CD, cluster designation; CGD, chronic granulomatous disease; ELAM, endothelial-leukocyte 
adhesion molecule; FMF, familial Mediterranean fever; G6PD, glucose-6-phosphate dehydrogenase; GDP, glucose diphosphate; ICAM, intracel- 
lular adhesion molecule; Ig, immunoglobulin; IL, interleukin; LAD, leukocyte adhesion deficiency; NADPH, nicotinamide adenine dinucleotide 


phosphate; NK, natural killer. 


Data from Remington JS Swartz MN: Current Clinical Topics in Infectious Disease, 6th ed. New York, NY: McGraw-Hill; 1985. 


Differential Diagnosis The diagnosis of CHS should be considered 
in individuals with partial albinism, exaggerated bleeding, and recurrent 
infections. Patients with CHS must be distinguished from those patients 
with Griscelli syndrome (GS) and Hermansky-Pudlak syndrome (HPS). 

GS is a rare disorder, arising from mutations in the RAB27A gene, 
and is defined by partial ocular and cutaneous albinism, variable cellu- 
lar and humeral immunodeficiency, variable neurologic involvement, 
and the development of the accelerated phase. Individuals with GS lack 
giant granules in neutrophils and have large pigment clumps in hair 
shafts.” HPS is a disorder of ocular and cutaneous albinism, bleeding 
diathesis arising from platelet dysfunction, and deposition of ceroid lip- 
ofuscin in various organs (Chap. 120). In contrast to CHS, HPS cells 
lack giant granules and the patients are not predisposed to recurrent 
infections.” 

Therapy High-dose ascorbic acid (200 mg/day for infants, 2 g/day 
for adults) improves the clinical status of some patients with CHS in 
the stable phase.” Although there is controversy regarding the efficacy 


of ascorbic acid, given the safety of the vitamin,” it is reasonable to 


administer it to all patients. CHS presents a therapeutic dilemma, par- 
ticularly when the accelerated phase begins. Prophylactic antibiotics 
do not prevent infections. The only potential for curative therapy for 
preventing the accelerated phase is marrow transplantation.” Marrow 
transplantation reconstitutes normal hematopoietic and immunologic 
function and corrects the NK deficiency in patients before entering the 
accelerated phase.” On the other hand, if the patient is actively in the 
accelerated phase, stem cell transplantation from a matched unrelated 
donor is associated with a poor prognosis.” Ocular and cutaneous albi- 
nism are not corrected after transplantation, nor does transplantation 
prevent progressive neuropathies from occurring.*” 

Specific Granule Deficiency Specific granule deficiency (SGD) 
has been described in patients of both sexes and is inherited as an 
autosomal recessive disorder (see Table 66-2).?*! Besides the absence 
of specific granules, the nuclei of the neutrophils are bilobed. Patients 
are afflicted with recurrent infections primarily involving the skin and 


lungs. S. aureus and Pseudomonas aeruginosa have been the most com- 
monly observed pathogens, although Candida albicans also has been 
isolated. Specific granule-deficient neutrophils lack gelatinolytic activity 
in the tertiary granules; vitamin B,,-binding protein, lactoferrin, hCAP- 
18, and collagenase in the specific granules; and defensins in the pri- 
mary granules.*’*” This disorder also extends to eosinophils that lack 
the characteristic eosinophil granule proteins: major basic protein, eos- 
inophilic cationic protein, and eosinophil-derived neurotoxin (Chap. 
62).** Thus, the disorder is a global defect in phagocytic granules rather 
than limited to specific granules, as suggested by its name. Neutrophils 
from these patients are defective in chemotaxis, possibly related to the 
absence of the intracellular pool of leukocyte adhesion molecules that 
normally reside in the tertiary and specific granules, and exhibit a mild 
defect in bactericidal activity, possibly related to the deficiency of the 
granule constituents, lactoferrin and defensins.” The impairment in 
granule protein synthesis affecting the granulocytic cells appears sec- 
ondary to the functional loss of the myeloid transcription factor, C/ 
EBPe, which was identified in two patients.'°**°° In another case of SGD, 
the expression of the transcription factor growth factor independence-1 
(Gfi-1) was markedly reduced along with a heterozygous mutation of C/ 
EBPe gene.*” It was suggested that the combined abnormalities blocked 
specific granule expression leading to the expression of the SGD phe- 
notype. The defect is restricted to blood cells, as normal lactoferrin 
secretion has been demonstrated in the nasal secretions of an SGD 
patient despite the abnormality demonstrated in his neutrophils.°’ The 
diagnosis of SGD is suggested by the presence of neutrophils devoid 
of specific granules but containing azurophilic granules on the blood 
film.” The diagnosis can be confirmed by demonstrating a severe defi- 
ciency in either lactoferrin or hCAP-18. An acquired form of SGD can 
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be observed in thermally injured patients or in individuals with myelo- 
dysplasia.” Treatment of SGD is symptomatic, with the administra- 
tion of parenteral antibiotics for acute infections and surgical drainage 
of refractory infections. With aggressive medical management, patients 
may survive into their adult years. 


Adhesion Abnormalities 
Leukocyte Adhesion Deficiency 

Definition and History Leukocyte adhesion deficiency type I 
(LAD-1) is a rare autosomal recessive disorder of leukocyte function 
(see Table 66-2). More than 100 cases have been reported worldwide. 
The disease is characterized clinically by recurrent soft-tissue infec- 
tions, delayed wound healing, and severely impaired pus formation 
despite striking blood neutrophilia.’ Individuals with this disorder 
have decreased or absent expression of a family of structurally and 
functionally related leukocyte surface glycoproteins designated CD11/ 
CD18 complex (also referred to as the £,-integrin family of leukocyte 
adhesive proteins; Table 66-3). These proteins include LFA-1 (CD11a/ 
CD18), Mo-1 or Mac-1 (CD11b/CD18), p150,95 (CD11c/CD18), and 
p160,95 (CD11d/CD18).*” The CD11 subunits are integral membrane 
glycoproteins, each spanning the plasma membrane only once. They are 
approximately 40 percent homologous, suggesting that they arise from 
a common primordial gene.*” The three distinct genes encoding the a 
subunits occur in a cluster on chromosome 16, whereas the gene for the 
B subunit is located on chromosome 21.°"” 

The initial clinical description in 1979 described six children 
and two families with findings of delayed separation of the umbilical 
cord and delayed healing at the site of detachment of the cord, recur- 
rent infections despite neutrophilia, neutrophilia persisting during 


TABLE 66-3. Biologic and Clinical Features of Leukocyte Adherence Deficiencies 1 and 2 


Leukocyte Functional 


Genetic Defect Abnormalities 


Clinical Features Diagnosis 


LAD-1 Molecular mutations 
affecting expression of 


the B,-integrin CD18 


particles* 


Neutrophils; adherence spreading, 
homotypic aggregation, chemo- 
taxis receptor CR3 activities: C3bi 
binding affecting phagocytosis, 
respiratory burst, and degranula- 
tion in response to C3bi-coated 


Autosomal recessive; Flow cytometry for 
delayed umbilical cord sep- expression of CD11b/ 
aration; neutrophilia; defec- CD18 (Mac-1) 

tive neutrophil migration 

into tissue; recurrent bac- 

terial infections; impaired 

wound healing 


Monocytes; adherence, CR3 


activities 


Lymphocytes; cytotoxic 


T-lymphocyte activities; NK cyto- 
toxic activities; blastogenesis 


LAD-2 (CDG-IIc) Mutations affecting 
function of GDP-fucose 
transporter 1 resulting in 
defective glycosylation 
expression at the a, ,-po- 
sition of selectin ligands 
including sLe* and other 
fucosylated proteins 
requiring fucosylation 


Neutrophils; rolling mediated by 
sLe* to endothelium; neutrophiliat 


Autosomal recessive; recur- 
rent bacterial infections, 
periodontitis; growth 
retardation; developmental 
retardation; Bombay red 
cell phenotype 


Flow cytometry for leu- 
kocyte sLe* (CD15) 


CDG-11c, congenital disorder of glycosylation type Ilc; GDP, glucose diphosphate; NK, natural killer; sLe*, sialyl Lewis X. 


*These functional abnormalities and clinical features are a consequence of lack of the CD11b/CD18, which includes CD11a, CD11b, CD11c, and 
CD11d markers of four different a chains and the common £.-chain CD18 of Mr 95 kDa. 


‘These functional abnormalities and clinical features are a consequence of lack of sLe* expression on leukocytes. 


infection-free periods, and impaired neutrophil chemotaxis.” The 
molecular basis for LAD-1 was first suggested when neutrophils from 
a patient with the disorder was found to lack a high-molecular-weight 
membrane glycoprotein.*” This finding suggested that the lack of the 
membrane protein impaired the neutrophil’s functional responses. In 
1982, another patient was evaluated and it was confirmed that the mem- 
brane glycoprotein with a Mr of 150 kDa was missing.™ The normal 
parents and siblings of the proband exhibited intermediate quantities 
of the glycoprotein, which suggested the existence of a heterozygous 
carrier state. The disorder then became known as LAD. Subsequently, 
in 1984, a glycoprotein 150 was identified as one subunit of a glycopro- 
tein that had two subunits that served as a receptor for a plasma com- 
plement component.’ This was followed by other investigations that 
found that two other related leukocyte membrane glycoproteins also 
were deficient. Each of the three glycoproteins was then determined to 
be heterodimers with one common subunit and one subunit unique to 
each glycoprotein.*° Synthesis of a defective subunit common to the 
three glycoproteins of CD11/CD18 complex resulted in loss of expres- 
sion of all heterodimers.*'* This observation provided the molecular 
explanation for the cellular defect. In 1985, the extent of clinical severity 
and magnitude of the cellular abnormalities were correlated with the 
degree of CD11/CD18 deficiency, thereby laying the groundwork for 
the direct relationship between the glycoprotein deficiency and the clin- 
ical presentation.*” 

Etiology and Pathogenesis Each of these molecules contains an 
« and a f subunit noncovalently associated in an af structure. They 
all have the same £ subunit and are distinguished by their « subunits, 
which have different isoelectric points, molecular weights, and cell dis- 
tribution (see Table 66-3).*!° The structure of CD11/CD18 has been 
deduced from molecular cloning of the various subunits.™ The x-ray 
crystal structure and nuclear magnetic resonance analysis also reveal 
that activation signals lead to the separation of the a and £ subunit cyto- 
plasmic tails, thereby converting the bent conformation of each integ- 
rin with its headpiece near the plasma membrane into fully extended 
high-affinity structures in a switchblade-like movement.*!” These stud- 
ies establish that the CD11/CD18 heterodimers are members of a large 
gene family involved in cell-cell and cell-matrix adhesion (integrins). 
Several subfamilies of integrins are described and classified according to 
the type of their highly homologous f subunits. The a subunits are also 
homologous to each other, but to a lesser degree than are the associated 
p subunits. Within each subfamily, a single f subunit usually is shared 
by several æ subunits. Certain a subunits often share more than one f 
subunit, which alters their specificity for various ligands.*!° The molec- 
ular defect involves all four members of the CD11 integrin subfamily. 
In patients with LAD-1 who have been evaluated at the molecular level, 
absent, diminished, or structurally abnormal 6 subunits (CD18) were 
identified.’ A heterogeneous group of mutations that are confined to 
the gene on chromosome 21q22.3 also was identified.*'* Many patients 
have point mutations that result in single amino acid substitutions 
in CD18, which predominantly reside between amino acids 111 and 
361. This peptide domain is highly conserved among all f subunits 
and appears to be important for interaction with the æ subunit. Sev- 
eral affected individuals are compound heterozygotes for two different 
mutant alleles, whereas others are homozygotes for a single mutant 
allele. Messenger RNA splicing abnormalities that have been described 
in two kindreds can result in either deletion or insertion of amino acids 
in the conserved extracellular domain of CD18. Small deletions within 
the coding sequences of the CD18 gene disrupting the reading frame 
or a nucleotide substitution resulting in a premature termination sig- 
nal has been described. Mutations in CD18 disrupt the association in 
the aß subunits so that maturation, intracellular transport, and all cell 
surface assembly of functionally active af molecules fail to occur.’ 
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Approximately half of patients exhibit a low level of CD11/CD18 cell 
surface molecules and moderate disease, with the remainder having 
totally absent surface expression of these proteins, which accounts for 
a profound impairment of neutrophil and monocyte adherence and 
adhesion-dependent functions in vitro, including cell migration, phago- 
cytosis, and complement- or antibody-dependent cytotoxicity.**°*"® 

The bulk of the neutrophil Mac-1 glycoprotein is stored inside 
the cell in the membrane of neutrophil specific and gelatinase granules 
and in secretory vesicles.” Exposure of neutrophils to degranulating 
stimuli results in a 5- to 10-fold increase in the number of Mac-1 mol- 
ecules on the cell surface, which parallels the fusion of granules to the 
plasma membrane.” Neutrophils from these patients fail to augment 
their surface adhesive glycoproteins, as the defect in B-subunit synthesis 
affects both membrane and granule pools of Mac-1.*” In contrast to 
Mac-1 and p150,95, LFA-1 is predominantly confined to the neutrophil 
plasma membrane. Consequently, the cell surface levels of LFA-1 are 
not enhanced by neutrophil degranulation. 

Lymphocytes deficient in CD11/CD18 are able to adhere to endo- 
thelial surfaces via the expression on lymphocytes of very-late antigen-4 
(VLA-4) integrin (synonym: integrin «,$,) receptors, which bind to the 
vascular cell adhesion molecule 1 (VCAM-1), found on the endothelial 
cells.*” This residual adhesion may account for the paucity of clinical 
symptoms related to lymphocyte function. The patients are not unusu- 
ally susceptible to viral infection, although three patients had one or 
more episodes of aseptic meningitis.” 

The failure of the LAD-1 neutrophils to migrate to the sites of 
inflammation outside of the lung and peritoneum arises from their 
inability to adhere firmly to surfaces and undergo transendothelial 
migration from venules.” Failure of Mac-1-deficient neutrophils to 
undergo transendothelial migration occurs because $, integrins bind 
to ICAM-1 (CD54) and ICAM-2 expressed on inflamed endothelial 
cells.” LAD-1 neutrophils are able to accumulate in the lung, per- 
haps through a process of movement mediated by “chimneying,’ which 
does not require functional integrins.**° Chemotaxis that occurs despite 
blockade of CD11/CD18 under special in vitro conditions has been 
dubbed “chimneying.” The neutrophils that do arrive at inflammatory 
sites in the inflamed lung by CD11/CD18-independent processes fail to 
recognize microorganisms coated with the opsonic complement frag- 
ment C3bi (an important stable opsonin formed by the cleavage of C3b 
by C3b inactivator).*!***° Other neutrophil functions, such as degranu- 
lation and oxidative metabolism, normally triggered by C3bi binding 
are also diminished and markedly compromised in neutrophils from 
LAD-1.%° Similarly, the urokinase-plasminogen activator-receptor 
and the FcyRIII receptors, both phosphatidylinositol-linked proteins, 
are defective in their functions because these receptors transduce their 
signals through CD11/CD18.***” Monocyte function is also impaired. 
Monocytes of affected individuals have poor fibrinogen-binding func- 
tion, an activity promoted by the CD11/CD18 complex*”**; con- 
sequently, such cells are not able to participate effectively in wound 
healing. Thus, impairment in neutrophil function underlies the pro- 
pensity to recurrent infections, which is the clinical expression of this 
disease. Similar genetic syndromes have been discovered in Irish Setter 
dogs and Holstein cattle.” A CD11/CD18-deficient mouse with 2 to 6 
percent of normal £,-integrin expression has been produced by gene 
targeting. 

Clinical Features Activated leukocytes of patients with the 
most-severe clinical form express less than 0.3 percent of the normal 
amount of the £, integrins, whereas those of patients with the moderate 
phenotype may express 2 to 7 percent of normal numbers of 8,-integrin 
molecules.” The severely affected patients suffer from recurrent and 
chronic or even gangrenous soft-tissue infections (subcutaneous tissues 
or mucous membranes), generally by bacterial or fungal microorganisms 


such as S. aureus, Pseudomonas spp. and other Gram-negative enteric 
rods, or Candida spp. Patients with the moderate phenotype have fewer 
and less-severe infections. Infectious susceptibility and impaired wound 
healing are related to diminished or delayed infiltration of neutrophils 
and monocytes into extravascular inflammatory sites. In all patients 
surviving infancy, severe progressive generalized periodontitis is pres- 
ent. Individuals who are clinically well, but who are heterozygous car- 
riers of LAD have been identified. Their stimulated neutrophils express 
approximately 50 percent of the normal amount of the Mac-1 a sub- 
unit and the common £ subunit.” The diagnosis of LAD-1 should be 
considered in infants with a paucity of neutrophils at sites of infection 
despite blood neutrophilia and have a history of delayed separation of 
the umbilical cord. 

Laboratory Features The diagnosis is made most readily by flow 
cytometric measurement of surface CD11b in stimulated and unstimu- 
lated neutrophils using monoclonal antibodies directed against CD11b 
(Fig. 66-5). Assessment of neutrophil and monocyte adherence, aggre- 
gation, chemotaxis, C3bi-mediated phagocytosis, and cytotoxicity gen- 
erally demonstrates striking abnormalities that are directly related to 
the molecular deficiency. Delayed-type hypersensitivity reactions are 
normal, and most individuals have normal specific antibody synthe- 
sis. The ability of lymphocytes to generate specific antibodies explains 
the self-limited course of varicella or viral respiratory infections. How- 
ever, some patients have impaired T-lymphocyte-dependent antibody 


Cell number ————__> 


Chapter 66: Disorders of Neutrophil Function 


responses, for example, to repeat vaccination with tetanus toxoid, diph- 
theria toxoid, and polio virus. 

Patients with LAD-1 usually have blood neutrophil counts of 15 to 
60 x 10°/L. However, during infectious episodes, they commonly have 
neutrophil counts in excess of 100 x 10°/Land sometimes as high as 160 x 
10°/L. Granulocytic hyperplasia is a feature of the marrow examina- 
tion which may relate to excessive production of IL-17 and G-CSF as 
a result of decreased uptake of apoptotic neutrophils by tissue macro- 
phages.*!**° Despite elevated blood counts, there is a paucity of neu- 
trophils in inflammatory skin windows and biopsies of infected tissues. 

Differential Diagnosis Eight patients (four Arab, two Turkish, 
one Pakistani, one Brazilian) who had neutrophilia, recurrent bacterial 
infections, and an inability to form pus have been described. 1*2 The 
patients also had the Bombay blood phenotype (deficiency in H blood 
group integrins), severe mental retardation, unusual facial appearance, 
microcephaly, cortical atrophy, seizures, hypotonia, and short stature 
(see Table 66-2). Functionally, the neutrophils were unable to adhere 
to E-selectin or cytokine-activated endothelial cells and exhibited 
impaired chemotaxis and an inability to roll on postcapillary venules in 
vivo. The patients are now classified as having LAD-2 or congenital dis- 
order of glycosylation type IIc (CDG-IIc).** In contrast to LAD-1, the 
patients’ NK cell activity is normal. The LAD-2 neutrophils express nor- 
mal levels of CD18 integrins, but are deficient in the carbohydrate struc- 
ture sLe*, which renders the cells unable to roll on activated endothelial 


CD18 
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Figure 66-5. Specific diagnosis of CD11/CD18 glycoprotein deficiency by indirect immunofluorescence flow cytometric analysis. Blood neutrophils 
of a pediatric patient suspected of having CD11/CD18 glycoprotein deficiency and those of an abnormal individual were subjected to immunofluo- 
rescence staining for the expression of the CD11b, CD11a, CD11c, and CD18 epitope (crosshatched histograms) as compared with the background 
immunofluorescence staining by isotype-identical negative-control antibodies (open histograms). Neutrophils were either stained immediately after 
purification by Ficoll-Hypaque density centrifugation (unstimulated) or after exposure to calcium ionophore A23187 (1 mM) for 15 minutes at 37°C 
(A23187-stimulated). A23187 stimulation causes significant increase in CD11b and CD18 epitope staining (surface MO1 expression) by normal neu- 
trophils as compared with unstimulated normal cells. A23187 stimulation also causes a small increase in the CD11b-epitope expression of patient 
cells (the CD11b crosshatched histogram becomes distinguishable from background staining after A23187 stimulation), suggesting that this patient 
has a “moderate” form of the disorder (capable of expressing small but detectable quantities of CD11/CD18 glycoproteins). Flow cytometric analysis 
was performed on a Coulter Electronics EPICS F C Flow Cytometer with a logarithmic amplifier. (Reproduced with permission from Todd R, Freyer DR: The 
CD11/CD18 leukocyte glycoprotein deficiency, Hematol Oncol Clin North Am 1988 Mar;2(1):13-31.) 


cells expressing E-selectin (see Table 66-3). Thus, the neutrophils from 
the patients categorized as having a LAD-2 phenotype are unable to 
tether to inflamed venules, which is necessary for subsequent activation 
(Chap. 19). The LAD-2 can be explained by a congenital disorder of 
fucosylation of ligands for selectins and other glycoconjugates. Each of 
the three selectins binds with variable affinity to sialylated and fuco- 
sylated oligosaccharides, including sLe*, which is present on multiple 
specific glycolipids and glycoproteins on leukocytes and activated endo- 
thelial cells.'? Neutrophils from LAD-2 subjects lack sLe*, which leads 
to impaired neutrophil rolling on endothelial cells. Other fucosylated 
determinants, including the H, Lewis, and secretor blood group anti- 
gens, are lacking as well, suggesting a global defect in fucosylation. The 
diminished fucosylation arises from impaired transport of GDP-fucose 
from the cytoplasm to the Golgi lumen.**' A human GDP-fucose trans- 
porter (GFTP) that localizes to the Golgi apparatus has been demon- 
strated to be defective secondary to distinct mutations in the SLC35C1 
gene encoding the transporter.'* When fibroblasts and lymphoblastoid 
cells derived from a LAD-2 patient were grown in the presence millimo- 
lar concentrations of fucose, cell-surface fucosylation could be restored. 
Following this observation oral administration of L-fucose to two Turk- 
ish patients led to normalization of neutrophil counts and functional 
E- and P-selectin ligands on myeloid cells accompanied by abatement 
of fevers and infections.” Two Arab patients, in contrast to the Turkish 
patients who have different mutations of the gene encoding the putative 
GFTP, did not respond to oral fucose.*” A Brazilian LAD-2 patient, like 
the Turkish patients, initially benefited from oral fucose; but, follow- 
ing expression of sLe* on the myeloid cells, the patient developed auto- 
immune neutropenia.*™ The diagnosis of LAD-2 can be made by flow 
cytometry analysis of CD15s (sLe*) expression. 

LAD-3, also known as LAD-1 variant syndrome, compromises 
two major hallmarks: a moderate LAD-1-like syndrome and severe 
Glanzmann-like bleeding diathesis (Chap. 120). Four patients have 
been described in whom the inheritance appears to be autosomal 
recessive and is associated with functional defects of the leukocyte 
and platelet integrins arising from intracellular signaling.” The dis- 
ease initially presents in early childhood and consists of the inability 
to form pus at sites of microbial infections, as well as a severe bleeding 
tendency. The neutrophils from the patients display defective adhe- 
sion and chemotaxis and are unable to undergo the respiratory burst 
when triggered by unopsonized zymosan. The molecular basis for 
LAD-3 arises from mutations in FERMT3, which encodes kindlin-3 
in hematopoietic cells. Kindlin-3 binds to regions of the f-integrin 
tails and constitutes an essential element for transition of integrins 
from the bent and inactive to the extended an active conformation.**° 
Marrow transplantation can be curative. 

Another rare cause of neutrophilia and an inability to form pus 
was observed in a patient with a mutation in the Rac2 GTPase, which is 
discussed below. The neutrophils from the patient had defects in both 
adhesion and chemotaxis (see Table 66-2). 

Therapy, Course, and Prognosis Treatment of LAD-1 is largely 
supportive.**'5 Patients with a history of recurrent infections can be 
maintained on prophylactic trimethoprim-sulfamethoxazole. Marrow 
transplantation with human leukocyte antigen (HLA)-compatible sib- 
lings or parental donors has resulted in engraftment and restoration of 
neutrophil function and remains the treatment of choice for patients 
with a severe phenotype.*” 

The restoration of CD11/CD18 expression in CD34 peripheral 
stem cells from LAD-1 following transduction with a retrovirus bear- 
ing CD18 and induced to differentiate into neutrophils with growth 
factors indicates that LAD-1 is caused by a defective CD18 gene and 
provides a basis for somatic gene therapy, which was accomplished 
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in a dog model.™ Not only did the neutrophils express the inte- 
grins, but the cells demonstrated improvement in their functional 
responses, such as adhesion and the respiratory burst when chal- 
lenged with ligands for CD11/CD18. These results indicate that ex 
vivo of the transfer gene for CD18 into LAD-1 CD34+ cells followed 
by reinfusion of the transfused cells may represent a therapeutic 
approach for LAD. 

‘The severity of infectious complications correlates with the degree 
of p, deficiency. Patients with severe deficiency may die in infancy, and 
those surviving infancy have a susceptibility to severe, life-threatening, 
systemic infections. In patients with moderate deficiency, life-threaten- 
ing infections are infrequent and survival relatively long.” LAD-1 can 
be diagnosed by prenatal screening. 


Neutrophil Actin Dysfunction 

These patients, like patients with LAD, have recurrent pyogenic infec- 
tions from birth as a result of defective chemotactic and phagocytic 
response (see Table 66-2). In one patient, actin isolated from blood and 
neutrophils could not polymerize under conditions that fully polymer- 
ized the actin of neutrophils from normal individuals.*° Subsequent 
studies on the index patients family confirmed that partial actin dys- 
function was present in the parents and one sister.™! One of the par- 
ents was found to be a heterozygote for LAD, and the other was not, 
but further studies established that LAD was not generally associated 
with defective actin filament assembly.*”** The basis of the defective 
polymerization of actin in the index patient remains unknown, but this 
disorder of phagocytes is distinct from LAD. 

Defective actin polymerization has been described in a 2-month- 
old infant with severe recurrent bacterial infections associated with 
impaired chemotaxis and phagocytic response.** The patients neu- 
trophils showed increased expression of CD11b, distinguishing the 
patient’s clinical problem from LAD-1. Morphologically, the neu- 
trophils displayed thin, filamentous projections of membrane with an 
underlying abnormal cytoskeletal structure. Subsequently, a 47-kDa 
protein was purified that inhibited actin polymerization in vitro.** 
Further biochemical studies revealed a markedly defective actin poly- 
merization in the patient’s neutrophils along with a severe deficiency 
of an 89-kDa protein and an elevated level of the 47-kDa protein. The 
47-kDa protein was identified as LSP-1 (lymphocyte-specific protein-1), 
which is an actin-binding protein present in normal neutrophils. Over- 
expression of LSP-1 resulted in bundling of actin in cells, leading to an 
abnormal cytoskeletal structure and motility defects.“ Neutrophils 
from the patient’s parents revealed a partial defect in actin polymer- 
ization accompanied by intermediate levels of LSP-1 and the 89-kDa 
protein. These observations suggest that the neutrophil actin dysfunc- 
tion (NAD) known as NAD47/89 is an autosomal recessive disorder. 
Because actin dysfunction is lethal, treatment requires restoration of 
normal neutrophil function by marrow replacement from a normal 
donor. Marrow transplantation was successful.” 
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Familial Mediterranean Fever 

Definition and History Familial Mediterranean fever (FMF) is an auto- 
somal recessive disease that primarily affects populations surrounding 
the Mediterranean basin. The disease is characterized by acute limited 
attacks of fever often accompanied by pleuritis, peritonitis, arthritis, 
pericarditis, inflammation of the tunica vaginalis of the testes, and 
erysipelas-like skin disease (see Table 66-2). The initial description 
occurred in 1908, identifying a Jewish girl who had episodic abdominal 


pain and fever.** Subsequently additional cases were identified,” but it 
took nearly a half century to establish this disorder as familial Mediter- 
ranean fever.’ 


Epidemiology More than 10,000 patients worldwide are affected 
with FME It occurs predominantly in Sephardic Jews, Arabs, Turks, 
Italians, and Armenians.** The disorder can occur in other populations, 
but it is unusual. The frequency of the susceptibility gene varies widely; 
it is very high among Armenians (ratio of persons with the gene to those 
without it is 1:7) and Sephardic Jews (1:5 to 1:16), but is lower in Ash- 
kenazi Jews (1:135). 

Etiology and Pathogenesis The pathologic findings in FMF are 
those of nonspecific acute inflammation affecting serosal tissues such 
as the pleura, peritoneum, and synovium. Neutrophilic infiltration pre- 
dominates in the affected tissues. Physical and emotional stress, men- 
struation, and a high-fat diet may trigger the attacks.*°! 

The gene responsible for FMF has been identified to be located on 
chromosome 16. It encodes for a 781-amino-acid protein called pyrin 
or marenostrin.*” The gene (MEFV) is predominantly expressed in 
neutrophils, eosinophils, monocytes, dendritic cells, and synovial and 
peritoneal fibroblasts, and its expression is upregulated by IFN-y and 
TNE and by the process of myeloid differentiation itself.” Nearly all the 
50 mutations in the MEFV gene are missense changes, most of which 
are clustered in on exon 2 and 10.** Founder effects in FMF have been 
established, and the two most common mutations, V726A and M694V, 
originated in common ancestors who lived about 2500 years ago in the 
Middle East.” 

Pyrin plays a role in controlling the activity of inflammasomes (see 
“Neutrophil Surface Receptors”). PYRIN, one of the four domains of 
pyrin, bears homology to a number of proteins involved in apoptosis 
and in inflammation, and is similar to a member of the six-helix-bundle 
death-domain superfamily that includes death domains and death effec- 
tor domains known as CARDs.*** The PYD appears to allow for the inter- 
action of macromolecular complexes by PYRIN-PYRIN interactions. 
This interaction has led to the identification of pyrin’s ability to interact 
specifically with another PYRIN-domain protein termed apoptosis-asso- 
ciated speck-like protein with a CARD (ASC).** Besides the aminotermi- 
nal PYD, ASC has a C-terminal CARD domain that allows binding to 
the CARD of procaspase-1 (IL-1$-converting enzyme), which results in 
procaspase-1 autoactivation.** Activated caspase-1 then converts proin- 
terleukin-16 to IL-1, which is, in turn, secreted and interacts with the 
IL-1 receptor to mediate inflammation. It has been suggested that pyrin 
may act as an antiinflammatory molecule by inhibiting ASC-induced 
IL-1 processing, which, in turn, could be defective in FME This hypoth- 
esis is supported by observing increased IL-1 processing and heightened 
sensitivity to LPS and impaired apoptosis in peritoneal macrophages 
from pyrin knockout mice. The puzzle, however, remains as to why sero- 
sal tissues are the main targets of inflammation in FMF. 

Clinical Features Febrile episodes in FMF may begin in infancy, 
but by age 20 years, 90 percent of patients have had their first attack. 
The duration and frequency of attacks may vary considerably, even in 
the same patient.™! Acute attacks frequently last 24 to 48 hours and 
recur once or twice a month. In some patients, attacks may recur as 
frequently as several times a week, or as infrequently as once a year, 
and symptoms may persist as long as a week during individual epi- 
sodes. Some patients experience spontaneous remission that per- 
sists for years, followed by recurrence of frequent attacks. Peritonitis 
caused by FMF may resemble an acute abdomen, thereby leading to 
potential uncertainties about the clinical management of the acute 
abdominal episode. Attacks of pleuritic pain occur in approximately 
25 to 80 percent of patients. Symptoms of pleuritis may sometimes pre- 
cede abdominal pain, and some patients experience pleuritic attacks 
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without abdominal symptoms. Recurrent pericarditis is rare. The 
course of peritonitis in FMF is similar to attacks at other serosal sites; 
however, it tends to appear at a late stage of the disease. Mild arthralgia 
is acommon feature of febrile attacks, and monoarticular or oligoartic- 
ular arthritis may occur. Arthritis usually affects large joints, the knees 
in particular, and effusions are common. As many as one-third of the 
patients experience transient erysipelas-like skin lesions that appear 
typically on the lower leg, ankle, or dorsum of the foot. These lesions 
are circumscribed, painful, erythematous areas of swelling, which usu- 
ally subsides within 24 to 48 hours. 

In approximately 25 percent of affected patients, a form of renal 
amyloidosis develops in which the amyloid derives from a normal 
serum protein called serum amyloid A (amyloidosis of the AA type; 
Chap. 108). The amyloidosis progresses over a period of years to 
renal failure in almost all cases, and the cause of death in patients 
with FMF is usually attributed to this complication. It appears that 
polymorphisms in the gene for serum amyloid A increase the sus- 
ceptibility to renal amyloidosis and that polymorphisms in a gene 
for the major histocompatibility complex class 1 a-chain influence 
the severity of the disease.*° 

Laboratory Features Laboratory findings in FMF are nonspecific. 
Nonspecific findings include increases in inflammatory mediators such 
as amyloid A, fibrinogen, and C-reactive protein during febrile attacks. 
Proteinuria greater than 0.5 g of protein per 24 hours in patients with 
FMF may suggest amyloidosis. 

The cloning of the FMF gene now allows a reliable diagnostic 
test. Five founder mutations account for 74 percent of FMF carrier 
chromosomes from typical populations known to harbor the dis- 
ease.’ Carrier rates for FMF mutations may be as high as 1:3 in 
some populations, suggesting that the disease is often underdiag- 
nosed. Some amino acids that cause human disease are often present 
in wild-type in primates.** 

Differential Diagnosis The TNF receptor-associated periodic 
syndrome (TRAPS) was first described in 1982 in a large Irish family.” 
The affected family members had recurrent fever with localized myalgia 
and painful erythema. Differentiating this disorder from FMF was its 
response to corticosteroids and the autosomal dominant inheritance of 
the disorder. Affected patients can have attacks that last for at least 1 
or 2 days, but prolonged attacks lasting longer than a week are com- 
mon. Localized pain and tightness in one muscle group and a migratory 
pattern of the symptoms are prominent features. The disorder may be 
associated with colicky abdominal pain, diarrhea or constipation, nau- 
sea, and or vomiting. Painful conjunctivitis, periorbital edema, or both 
are common as well as chest pain secondary to sterile pleuritis.™ Dur- 
ing febrile attacks, painless skin lesions may develop on the trunk or 
extremities and may migrate distally. Missense mutations in the gene 
for the type-1 TNF 55-kDa cell membrane receptor, which is required 
for diagnosis, have been identified. Patients with TRAPS respond dra- 
matically to high doses of oral prednisone (>20 mg). In time, however, 
the responses wane, requiring higher doses of corticosteroids. Standard 
doses of a p75:Fc fusion protein, etanercept, administrated subcutane- 
ously twice weekly decreases the frequency, duration, and severity of 
attacks; thus, etanercept may provide a safer, more effective alternative 
then corticosteroids in controlling the disease. 

Therapy Colchicine treatment is effective in FMF and may pre- 
vent the development of amyloidosis.**' Prophylactic colchicine, 0.6 
mg orally, two to three times a day, prevents or substantially reduces 
the acute attacks of FMF in most patients. Some patients can abort 
attack with intermittent doses of colchicine beginning at the onset of 
attacks (0.6 mg orally every hour for 4 hours, then every 2 hours for 
four doses, and then every 12 hours for 2 days). In general, patients who 


benefit from intermittent colchicine therapy are those who experience 
a recognizable prodrome before developing fever and clear-cut acute 
symptoms. 

Course and Prognosis The prognosis for normal longevity for 
patients has been excellent since the recognition that colchicine is an 
effective treatment of this disease. Most patients can be maintained 
almost entirely symptom-free. However, if amyloidosis develops, it may 
be followed by the nephrotic syndrome or uremia. Unless the patient 
receives a renal transplant, the likelihood of eventual death from renal 
failure is high. 


Other Disorders of Neutrophil Motility 

The directed migration of neutrophils from the circulation to an inflam- 
matory site is a consequence of chemotaxis and leads to the accumula- 
tion of an exudate. For normal chemotaxis to occur, a complex series of 
events must be coordinated. Chemotactic factors must be generated in 
sufficient quantities to establish a chemotactic gradient. The neutrophils 
must have receptors for the chemotactic agents and mechanisms for dis- 
cerning the direction of the chemotactic gradient. Depressed neutrophil 
chemotaxis has been observed in a wide variety of clinical conditions 
(see Table 66-2).*° These can be stratified as follows: (1) defects in the 
generation of chemotactic signals; (2) intrinsic defects of the neutrophil; 
and (3) direct inhibitors of neutrophil motility in response to chemotac- 
tic factors. 

Older patients with chemotactic disorders may be infected by 
a variety of microorganisms, including fungi and Gram-positive 
or Gram-negative bacteria. S. aureus is the most frequent bacterial 
offender. Typically, the skin, gingival mucosa, and regional lymph 
nodes are involved. Respiratory tract infections are frequent, but sepsis 
is rare. Delayed or inappropriate signs and symptoms of inflammation 
are common. Although the cells move slowly in Boyden chambers or 
other chemotactic assays, they do accumulate in sufficient numbers in 
inflammatory sites to produce pus. However, detection of patients with 
neutrophils that have profound defects in chemotaxis usually is accom- 
plished through other phagocytic assays. 

Patients with the hereditary deficiency of complement factors C3, 
C5, or properidin exhibit an increased incidence of bacterial infections 
because they are unable to form the chemotactic peptide C5a.**' The 
degree to which defective chemotaxis plays a role in C3 deficiency is 
unclear because opsonization and ingestion rates also are abnormal in 
these disorders. Frequently, chemotactic disorders are associated with 
other impaired neutrophil functions. For instance, both glycogen stor- 
age disease type 1b* and Shwachman-Diamond syndrome*® are che- 
motactic disorders frequently associated with an absolute neutrophil 
count below 0.5 x 10°/L. Following restoration of a normal neutrophil 
count with G-CSE, the patients no longer are predisposed to recurrent 
bacterial infections in spite of a persistent chemotactic defect. Thus, a 
chemotactic defect observed in vitro does not correlate invariably with 
decreased resistance to bacterial infections in vivo. 

Among the impaired defense mechanisms of the neonate is neu- 
trophil adherence and chemotaxis, as demonstrated by the in vitro 
response of neonatal neutrophils to a variety of chemotactic factors.*” 
The impaired motility of the neonatal neutrophils in part arises from 
the diminished ability to mobilize neutrophil £, integrins following 
neutrophil activation.*“ Additionally, the neonatal neutrophil may have 
a qualitative defect in 6,-integrin function, resulting in impaired neu- 
trophil transendothelial migration for up to 1 month after birth. 

At the other end of the spectrum, neutrophils from elderly loose 
focus during chemotaxis while their motility is unimpaired. This is 
caused by increased activity of PI3-K and results in less efficient bacte- 
rial killing and enhanced release of tissue destructive proteases. Inhibi- 
tion of PI3K activity reverts this condition in vitro.*° 
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Drugs and Extrinsic Agents That Impair Neutrophil Motility 
Although many pharmacologic agents can influence neutrophil func- 
tion, few drugs used in clinical medicine affect neutrophil behavior 
in vivo. Ethanol, an inhibitor of PLD, in concentrations that occur in 
human blood can inhibit neutrophil locomotion and ingestion.*% 
Glucocorticoids, especially at high and sustained doses, inhibit neu- 
trophil locomotion, ingestion, and degranulation.*” Administration 
of glucocorticoids on alternate days does not interfere with neutrophil 
movement.** Epinephrine does not have a direct effect on neutrophil 
adhesion but cyclic adenosine monophosphate (cAMP), which is 
released from endothelial cells following exposure to epinephrine, can 
depress neutrophil adherence.*® Similarly, elevated cAMP levels follow- 
ing epinephrine administration may impair neutrophil adherence, lead- 
ing to diminished neutrophil margination and apparent neutrophilia. 
Immune complexes, as seen in patients with rheumatoid arthritis or 
other autoimmune diseases, also can inhibit neutrophil movement by 
binding to neutrophil Fc receptors. 


Hyperimmunoglobulin E Syndrome 

Definition and History Autosomal dominant hyperimmuno- 
globulin E syndrome (HIES) is a disorder characterized by markedly 
elevated serum IgE levels, chronic dermatitis, and serious recur- 
rent bacterial infections.*” The skin infections in these patients are 
remarkable for their absence of surrounding erythema, leading to 
the formation of “cold abscesses.” The neutrophils and monocytes 
from patients with this syndrome exhibit a variable, but at times pro- 
found, chemotactic defect that appears extrinsic to the neutrophil 
(see Table 66-2).°”! 

The syndrome was originally described in 1966 in two red-headed, 
fair-skinned females who had “cold abscesses” and hyperextensible 
joints, which led to the appellation “Job’s syndrome.”*” Subsequently 
Buckley and coworkers documented the association of levels of immu- 
noglobulin E with undue susceptibility to infection.” 

Epidemiology Reports of more than 200 cases have been docu- 
mented.*””? HIES occurs in persons from diverse ethnic backgrounds 
and does not seem to be more common in any specific population. 

Etiology and Pathogenesis Both males and females have been 
affected, as well as members of succeeding generations, indicating that 
the disorder is autosomal dominant with an incomplete penetrance 
form of inheritance.*” STAT3 mutations cause most, if not all cases of 
autosomal dominant HIES. All mutations have been missense mutations 
or in-frame deletions, leading to the formation of full-length mutant 
STAT3 protein, which exerts a dominant negative effect. STAT3 is a 
major transduction protein affecting pathways involving wound healing 
angiogenesis, immunity, and cancer. The more rare autosomal recessive 
form is caused by mutations in dedicator of cytokinesis 8 (DOCK8), a 
guanine nucleotide exchange factor.” 

The mechanism of the immune deficiencies in HIES remains 
clouded. Several reports with limited numbers of patients have con- 
flicted results as to whether a chemotactic defect exists and whether 
there is a T-helper 1/T-helper 2 cytokine imbalance. 

Clinical Features HIES may begin as early as day 1 after birth.*” 
The syndrome is characterized by chronic eczematoid rashes, which are 
typically papular and pruritic. The rash generally involves the face and 
extensor surfaces of arms and legs; skin lesions are frequently sharply 
demarcated and usually lack surrounding erythema. By 5 years of age 
all patients have had a history of recurrent skin abscess formation with 
recurrent pneumonias, along with chronic otitis media and sinusitis. 
Patients may also develop septic arthritis, cellulitis, or osteomyelitis. 
The major offending pathogen is generally S. aureus. Other patho- 
gens commonly infecting patients are C. albicans, H. influenzae, and 
pneumococci. Other associated features include coarse facial features, 


including a prominent forehead, deep set eyes, a broad nasal bridge, a 
wide fleshly nasal tip, mild prognathism facial asymmetry, and hemi- 
hypertrophy.” There is a high incidence of scoliosis, hyperextensible 
joints, and delayed shedding of the primary teeth.” Occasionally, unex- 
plained osteopenia presents, which is often complicated by recurrent 
bone fractures. Additionally, there is an increased risk of both Hodgkin 
and non-Hodgkin lymphoma. 

Laboratory Features Blood and sputum eosinophilia have 
been a consistent finding in all patients.*” Patient serum IgE levels 
range from three to 80 times the upper limit of normal. The serum 
IgE usually rises above 2000 IU/mL and often is elevated at birth. 
Upon reaching adulthood the IgE may decline over years, despite 
the clinical abnormalities of STAT3 deficiency. Usually patients have 
normal concentrations of IgG, IgA, and IgM, and may have elevated 
levels of IgD. Patients often have abnormally low anamnestic anti- 
body response and poor antibody and cell-mediated responses to 
neoantigens. At times the neutrophils and monocytes of patients 
have a profound chemotactic defect. 

Differential Diagnosis Autosomal recessive-HIES (AR-HIES) is a 
distinct clinical entity manifested by elevated IgE ligands, and recurrent 
skin and cutaneous viral infections and mutations in DOCK8.*” 

Fatal sepsis occurs in AR-HIES from both Gram-positive and 
Gram-negative bacteria. Patients with AR-HIES have more symp- 
tomatic neurologic disease than STAT3 deficiency. Autoimmune 
hemolytic anemia may occur, but neutrophil chemotaxis is normal. 
The genetic mutation underlying AR-HIES remain unclear. Therapy 
remains supportive. 

Therapy No known therapy is curative, and management deci- 
sions are based on the clinical findings. Prophylactic trimethoprim- 
sulfamethoxazole is effective in reducing infections with S. aureus.*” 
Type and route of antibiotic therapy are dictated by the results of the 
Gram stain and culture in patients with acute bacterial infections. 
Incision and drainage are essential for the management of abscesses, 
including superinfected pneumatoceles. Eczematoid dermatitis can be 
controlled with topical glucocorticoids to reduce inflammation and 
antihistamines to control pruritus. Intravenous immunoglobulin may 
decrease the number of infections for some patients. Attention needs 
to be paid to the scoliosis, fractures and degenerative joints by orthope- 
dists. Retention of primary teeth requires dental expertise. 

Course and Prognosis If the hyperimmunoglobulin E is recognized 
early in life and the patient is maintained on chronic anti-Staphylococcal 
antibiotic therapy, the prognosis remains good. Many such patients 
have reached maturity, indicating that the syndrome is compatible 
with prolonged survival. Conversely, if the diagnosis is delayed and the 
patient develops infected giant pneumatoceles, secondary fungal infec- 
tions may occur, leading to a morbid state. 


DEFECTS IN MICROBICIDAL ACTIVITY 


Chronic Granulomatous Disease 
Definition and History CGD is a genetic disorder affecting the function 
of neutrophils and monocytes. These phagocytic cells are able to ingest, 
but not kill, catalase-positive microorganisms because of an inability to 
generate antimicrobial oxygen metabolites (see Table 66-2). It is caused 
by mutations involving one of several genes encoding a component of 
the NADPH oxidase.*”° 

In 1957, two pediatric groups caring for six male infants reported 
a clinical disorder of chronic suppurative lymphadenitis and recurrent 
fevers leading to premature deaths in the children.*””*”* In the same 
time period, three observations assisted in providing the framework 
to understand the defect in the phagocytes of patients with CGD. Sci- 
entists described first that a striking increase in oxygen consumption 
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was found upon particle ingestion by phagocytes, which was not related 
to mitochondrial oxygen metabolism.*” Next, it was found that the 
process of phagocytosis was accompanied by the formation of large 
quantities of H,O, in the cell.*° Subsequently, it was reported that 
homogenates of phagocytes consume oxygen when incubated with 
pyridine nucleotides.’ These observations indicated that an oxidase 
enzyme or enzymes in the phagocytes were activated during phagocy- 
tosis to convert molecular oxygen into H,O,. It was then established 
that phagocytes from patients with CGD could ingest, but could not 
kill, the catalase-positive organisms.’ Building on previous studies that 
a neutrophil oxidase mediates the increase in oxygen consumption, a 
pyridine-dependent oxidase was found to be deficient in neutrophils of 
patients with CGD, which led to their inability to reduce the dye nitrob- 
lue tetrazolium (NBT) during phagocytosis of particles.*’ Collectively, 
these studies laid the groundwork for subsequent studies to unravel the 
biochemical and genetic defects in CGD. 

Epidemiology The incidence of CGD in the United States is 1 per 
200,000 livebirths, based on data from the National Institutes of Allergy 
and Infectious Disease Registry.** Data from the Registry indicates that 
86 percent of patients are male and 14 percent female; 80 percent are 
classified as white, 11 percent as black patients, and 3 percent Asians or 
mixed-race patients. Of the 340 patients in the Registry with adequate 
information for determination genetic transmission, 70 percent had the 
X-linked recessive form of the disease. 

Etiology and Pathogenesis Several laboratory tests are used 
to classify forms of CGD and aid in understanding its pathogenesis 
(Table 66-4). The diagnosis of CGD is based on a compatible clini- 
cal history and demonstration of a defective respiratory burst. Sev- 
eral methods detect the production of reactive oxidants. The NBT 
method relies on the intracellular reduction of NBT by superoxide 
anion to a blue formazan precipitate that can be seen microscopi- 
cally.*”° More sensitive methods rely on the reaction of oxidants with 
specific chemiluminescent and fluorescent probes. The patients with 
CGD may have heterogeneous array of regular symptoms and sever- 
ity, depending on which subunit is defective and on the nature of the 
genetic mutation. 


Nicotinamide Adenine Dinucleotide Phosphate-Oxidase Function 
Engulfment of microbes by phagocytic cells is associated with a 
burst of oxygen consumption that is important for microbicidal 
killing and digestion. The respiratory burst is accompanied, not by 
mitochondrial respiration, but by a unique electron transport chain 
called the NADPH oxidase. Prior to stimulation, the components of 
the oxidase are physically separated into two major subcellular loca- 
tions (Fig. 66-6). The membrane-bound portion of the NADPH oxi- 
dase contains a heterodimeric cytochrome Die composed of a large, 
heavily glycosylated subunit with a Mr of 91 kDa, known as a gp91""* 
(91-kDa glycoprotein of the phagocyte oxidase), and a 22-kDa pro- 
tein known as p22°"*,3738 Eighty to 90 percent of the cytochrome 
b.. is found in specific and gelatinase granules and secretory ves- 
icles of the neutrophil and following neutrophil activation translo- 
cates to the plasma membrane.®?" The heavy chain of cytochrome b 
contains sites for heme binding, flavin adenine dinucleotide (FAD) 
groups, and NADPH binding.****** The three-dimensional structure 
of cytochrome b.. indicates that the carboxyl-terminal half of the 
peptide contains sequences for flavin and NADPH binding.*” The 
amino half of the molecule is hydrophobic and contains the histi- 
dines that coordinate heme binding.*” The p22?" also contains 
a site for heme binding.** The synthesis of the p22?"** peptide is 
absolutely required for stability of gp91°"* and for oxidase activity 
in the membrane.*” The p22?" also contains proline-rich regions 
that display consensus protein-protein interactions that provide a 
binding site for p47?"*.*! Three other proteins vital to the function 
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TABLE 66-4. Diagnostic Classification of Chronic Granulomatous Disease 


Affected Component Inheritance Subtype Membrane-Bound Cytochrome b,,,* Cytosol p47°"" Cytosol p67" 
gp9 Pre X x91° Not detectable Normal Normal 

X91* Normal quantity, but nonfunctional Normal Normal 

X91- Defective gp91?"™, which is poorly Normal Normal 


functional or expressed in a small 
fraction of phagocytes 


p222 A A22° Not detectable Normal Normal 
A22* Normal quantity, but nonfunctional Normal Normal 
p47Prex A A47° Normal quantity Not detectable Normal 
p67Phox A67° Normal Normal Not detectable 


*Detected by spectral analysis or immunoblotting. In this nomenclature, the first letter represents the mode of inheritance (-linked [X] or auto- 
somal recessive [A]). The number indicates the phox component, which is genetically affected. The superscript symbols indicate whether the 
level of protein of the affected component is undetectable (0), diminished (-), or normal (+) as measured by immunoblot or spectral analysis. 


Cytoplasm 


Plasma 
membrane 


Figure 66-6. Possible mechanisms for the production of 
Catalase or GSH superoxide anion in neutrophils. Oxygen is reduced to super- 
H,0.——> HO + O, oxide (O,-) by an nicotinamide adenine dinucleotide phos- 
/ phate (NADPH) oxidase. The oxidase is a composite of (1) a 
Fe?* 47-kDa cytosolic protein (p47); (2) a 67-kDa cytosolic protein 
Fest |SOD (p67); (3) a 40-kDa cytosolic protein (p40); (4) a low-mo- 
oz lecular-weight cytosolic G-protein, Rac2; and (5) a mem- 
Phagosome 2 brane-bound cytochrome b,,,. Cytochrome b consists of a 
22-kDa protein subunit (p22) and a 91-kDa glycoprotein sub- 
unit (gp91), both of which contain heme. The gp91 subunit is 
a flavin adenine dinucleotide (FAD)-dependent flavoprotein 
that contains the NADPH binding site and ultimately shut- 
tles electrons to molecular oxygen, forming O~, and (6) the 
cytosol components translocate to the membrane and may 
serve to alter the tertiary structure of cytochrome b, to per- 
mit the flow of electrons from NADPH to O,. The p47 subunit 
(p47) is phosphorylated upon activation of the neutrophil. 
The p40°™ component stabilizes the preactivation complex 
of p67°"™. The unstable superoxide anion (O,) is converted 
to hydrogen peroxide (H,O.), either spontaneously or by the 
enzyme superoxide dismutase (SOD). H,O, in the presence 
of myeloperoxidase (MPO) converts H,O, to hypochlorous 
acid (HOCI). Both H,O, and O, can be transformed into 
hydroxyl radical (OH). H,O, can be reduced to H,O and O, 
by the enzyme catalase or by glutathione (GSH), a product 
Secretory vesicle, of the hexose-monophosphate shunt. These reactive oxygen 
or specific granule, species are responsible for microbial killing. Normal oxidative 
or gelatinase granule function of the NADPH complex requires fully functional 
individual components. 


of this oxidase system reside in the cytosol of the resting phagocyte. 
Upon stimulation, translocation of p47’"* takes place. Phosphory- 
lated p47?" together with two other cytoplasmic components of the 
oxidase, p67’, and a low-molecular-weight guanosine triphosphate 
Rac-2, translocate to the membrane, where they interact with cyto- 


plasmic domains of the transmembrane cytochrome b,., to form the 
active oxidase.’ Both p47?" and p67?"** contain SH3 (Src homol- 
ogy 3) domains that may participate in intramolecular and inter- 
molecular binding with consensus proline-rich regions in p477”, 
Phosphorylation, which occurs on serines in the cationic C-terminal 
region of p47?"*, serves to disrupt this intermolecular interaction, 
making the SH3 regions available for binding to p22?"". Another 
cytoplasmic component with homology to p47?"** has been identi- 
fied as p40", p40”, like p47?"*, contains a PX domain, a motif 
that supports the binding to phosphoinositides on the cytosolic side 
of membranes.” The p40” component stabilizes the cytoplasmic 
complexes of p67?" and p47?" on phagosomes. Its binding of phos- 
phatidylinositol 3 phosphate also potentiates superoxide production 
upon neutrophil activation.** Cytochrome b,., spans the membrane, 
permitting NADPH to be oxidized at the cytoplasmic surface and 
oxygen to be reduced to form O, on the outer surface of the plasma 
membrane or on the inner surface of the phagosomal membrane.*”* 

Genetic Alterations Affecting Cytochrome b The most frequent 
form of CGD occurs in 70 percent of patients and is caused by muta- 
tions in the gpa ier gene, termed CYBB, which is located on chromo- 
some Xp21.1.7%% These mutations lead to the X-linked form of the 
disease. Large interstitial deletions causing other X-linked disorders 
such as retinitis pigmentosa, Duchenne muscular dystrophy, McLeod 
hemolytic anemia, and ornithine transcarbamylase deficiency, have 
been reported in a few patients with X-linked CGD.*****” Mutation 
analysis of the gene encoding gp91 and a large group of X-linked CGD 
kindreds has documented many distinct defects, including point muta- 
tions, inversions, deletions, or insertions that disrupt the reading frame 
and nonsense mutations that create a premature stop codon.” Some 
splice-site defects have also been identified. In this situation, short dele- 
tions in gp91”™* mRNA are caused by point mutations that produce 
partial or complete exon skipping during mRNA splicing.“ This abnor- 
mality is a common cause of X-linked CGD. In the remaining patients, 
point mutations have been identified that generate either premature 
stop codons or amino acid substitutions that apparently disrupt pro- 
tein stability or function and lead to a complete lack of detectable cyto- 
chrome b,., protein in phagocytic cells in most patients with X-linked 
CGD. In some situations, low levels of functional cytochrome b are 
present, whereas in others, normal levels of dysfunctional cytochrome 
b,., occur.“ In the latter situation there is some clustering of defects 
in regions of known function, such as the NADPH- or flavin-binding 
consensus regions.“ Approximately 10 to 15 percent of X-linked CGD 
arises from new germline mutations.“ 

A similar array of mutations has been identified in the 5 percent 
of CGD patients who have abnormalities in the p22°"** gene, termed 
CYBA, which is located on chromosome 16q24.°*™ In this autoso- 
mal disorder, mutations in the p22?"* gene result in deletions, frame- 
shifts, and/or missense mutations. Patients with a defective p22?" gene 
do not express the other cytoplasmic unit polypeptide. In one patient, 
p22?" peptide was associated with normal amounts of cytochrome b 
with normal heme spectrum, but p47’"** translocation membrane did 
not occur and there was no oxidase activation because the mutation 
affected a proline-rich region thought to mediate binding to one of the 
SH3 domains of p47". In gp91?"*-deficient patients, p22?"* mRNA is 
present, but it is not translated, which is consistent with the notion that 
either cytochrome subunit polypeptide is dependent upon the stable 
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expression of the other subunit.’ 

Genetic Alterations Affecting Cytosolic Proteins Two other 
proteins have been identified as being vital to the function of the 
NADPH-oxidase system. Their absence results in the syndrome of 
CGD.* These proteins have molecular masses of 47 kDa and 67 
kDa, respectively, and are located in the cytosol of resting cells. 
Defects in the genes for p47?"**, termed NCF1, which is found on 
chromosome 7q11, are responsible for the majority of all cases of 
autosomal recessive CGD, whereas inherited defects for the gene for 
neutrophil p67?"*, termed NCEF2, account for a small subgroup of 
autosomal recessive CGD.*” The function of p47?" and p67?" in 
regulating the respiratory burst oxidase is thought to involve activa- 
tion of the electron transport function of cytochrome b., The muta- 
tion analysis in patients with p47°"""-deficient forms of CGD reveals 
an unusual pattern, in that more than 90 percent of mutant alle- 
les have guanine-thymine dinucleotide deletion at the start of exon 
2, resulting in frameshift and premature stop. The truncated 
protein is unstable in that it cannot be detected immunologically. 
The majority of patients appear to be homozygous for this muta- 
tion without any history of consanguinity. The p47’"* gene occurs 
in an area of chromosome 7 that has a high degree of evolution- 
ary duplication in normal individuals because a pseudogene highly 
homologous to the normal p47?"* gene exists in the normal genome 
in this region of duplication. The pseudogene contains the same GT 
deletion associated with most cases of p47’"* CGD. This implies that 
recombination of the normal gene and pseudogene with conversion 
of the normal gene to partial pseudotype sequence in that region 
may be responsible for the high relative rate of this specific mutation 
in diverse racial groups, which proved to be the case.” 

A second rare form of CGD is caused by mutations in the gene 
for the p67?"* cytosolic component.” The p67” gene, which has been 
mapped to the long arm of chromosome 1, spans 37 kb and contains 
16 exons. The mutations identified in p67?"*-deficiency CGD have 
included missense mutations and spliced junction mutations affecting 
mRNA processing, which led to nondetectable p67" protein by immu- 
nologic means.*” 

Mutation of NCF4, the gene encoding p4ores, was reported in a 
child with granulomatous colitis. One allele had a frameshift mutation 
with a premature stop codon. The other had a missense mutation pre- 
dicting an R105Q substitution in the PX domain which is responsible 
for binding to phosphatidylinositol 3 phosphate. The functional defect 
was inability to assemble the NADPH oxidase in the membrane of pha- 
gosomes but not on the plasma mambrane.** 

Predisposition to Infection Mutations in the gene for cyto- 
chrome b.. or the cytosolic factors involved in activating the 
cytochrome are associated with the CGD phenotype. Figure 66-7 
shows schematically the manner in which the metabolic deficiency 
of the CGD neutrophil predisposes the host to infection. Normal 
neutrophils accumulate H,O, and other oxygen metabolites in the 
phagosomes containing ingested microorganisms. MPO is delivered 
to the phagosome by degranulation and in this setting H,O, acts as 
a substrate for MPO to oxidize halide to HOCI and chloramines, 
which kill the microbes. The quantity of H,O, produced by the nor- 
mal neutrophils is sufficient to exceed the capacity of catalase, a 
H,O,-catabolizing enzyme produced by many aerobic microorgan- 
isms, including S. aureus, most Gram-negative enteric bacteria, C. 
albicans, and Aspergillus spp. In contrast, H,O, is not produced by 
CGD neutrophils, and any generated by the microbes themselves 
may be destroyed by their own catalase. Thus, catalase-positive 
microbes can multiply inside CGD neutrophils, where they are pro- 
tected from most circulating antibiotics, and can be transported to 
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Figure 66-7. The pathogenesis of chronic granulomatous disease (CGD). The manner in which the metabolic deficiency of the CGD neutrophil 


predisposes the host to infection is shown schematically. Normal neut 


ophils accumulate hydrogen peroxide (H,O,) in the phagosome containing 


ingested Escherichia coli. Myeloperoxidase is delivered to the phagosome by degranulation, as indicated by the closed circles, and in this setting, 
H,O, acts as a substrate for myeloperoxidase to oxidize halide to hypochlorous acid and chloramines, which kill the microbes. The quantity of H,O, 


produced by the normal neutrophils is sufficient to exceed the capaci 


y of catalase, a H,O,-catabolizing enzyme of many aerobic microorganisms, 


including most Gram-negative enteric bacteria, Staphylococcus aureus, Candida albicans, and Aspergillus spp. When organisms such as E. coli gain entry 
into the CGD neutrophils, they are not exposed to H,O, because the neutrophils do not produce it, and the H,O, generated by microbes themselves 
is destroyed by their own catalase. When CGD neutrophils ingest streptococci (Strep.) or pneumococci, these organisms generate enough H,O, to 


result in a microbicidal effect. On the other hand, as indicated in the m 
phagosome of the CGD neutrophil. 


distant sites and released to establish new foci of infection.“ Acti- 
vation of the oxidase also has a pronounced effect on the pH within 
the phagocytic vacuole. It is controversial whether activation of the 
respiratory burst is associated with an alkaline phase, but the pH 
of the phagocytic vacuole becomes more acidic in CGD patients 
than in normal patients. The alkaline phase may be important 
for the antimicrobial and digestive functions of the neutral hydro- 
lases released from the cytoplasmic granules into the vacuole upon 
phagocytosis. In CGD, the phagocytic vacuoles remain acidic and 
the bacteria are not digested properly.*° The impairment in the 
respiratory burst by CGD neutrophils leads to delayed neutrophil 
apoptosis and subsequent impaired clearance of degenerating neu- 
trophils by CGD macrophages, which, in turn, predisposes the host 
to enhanced inflammation.*!'! CGD neutrophils are incapable of gen- 
erating NETs and cannot trap microorganisms by this mechanism.*” 
The CGD macrophage is unable to clear CGD neutrophils because 
of a deficiency of intrinsic IL-4 production, which occurs because 
of defective phosphatidylserine exposure on CGD neutrophils, that 
is a necessary requirement to engage CGD macrophage phosphati- 
dylserine membrane receptors and subsequent macrophage activa- 
tion.“! In hematoxylin-and-eosin-stained sections from patients, 
macrophages eventually may contain a golden pigment, which 
reflects the abnormal accumulation of ingested material and also 
contributes to the diffuse granulomata that give CGD its descriptive 
name.“ On the other hand, when CGD neutrophils ingest pneu- 
mococci or streptococci, these organisms generate enough H,O, to 
result in a microbicidal effect. 

Clinical Features Although the clinical presentation is variable, 
several clinical features suggest the diagnosis of CGD.*” Any patient 
with recurrent lymphadenitis should be considered to have CGD. Addi- 
tionally, patients with bacterial hepatic abscesses, osteomyelitis at mul- 
tiple sites or in the small bones of the hands and feet, a family history of 
recurrent infections, or unusual catalase-positive microbial infections 
all require clinical evaluation for this disorder. Table 66-5 lists the most 


iddle figure, catalase-positive microbes, such as E. coli, can survive within the 


common clinical infections that afflict CGD patients and Table 66-6 
cites their prevalence. 

Among the various infections, only perirectal abscess, suppurative 
adenitis, and bacteremia/fungemia differ significantly in prevalence in 
the X-linked recessive and autosomal recessive CGD patients.*” Each of 
these conditions was twice as common in the X-linked form. 

The onset of clinical signs and symptoms may occur from early 
infancy to young adulthood. Although the majority of patients with 
CGD (76 percent) are diagnosed before the age of 5 years, approx- 
imately 10 percent are not diagnosed until the second decade of 
life, and on rare occasions, not until the third decade or later.’ 
The organisms infecting CGD patients have changed considerably 
from those initially reported between 1957 and 1976. Staphylococcus 
caused most of the infections in the initial cases; Klebsiella and E. 
coli were then the next most common pathogens. Now Aspergillus 
is the prominent organism causing pneumonia and is the leading 
cause of death in patients.*” Invasive aspergillosis can occur in the 
first few months of life in healthy infants as well as in those with 
CGD. Although aspergillosis is the most common infecting fungus 
in CGD, Candida and several other fungal strains have been inva- 
sive in this disorder. Burkholderia cepacia is another leading cause 
of death in patients with CGD. Serratia marcescens is the third lead- 
ing organism that commonly infects patients with CGD. Infections 
are characterized by microabscesses and granuloma formation. The 
presence of pigmented histiocytes is helpful in establishing the diag- 
nosis. Patients may suffer from the consequences of chronic infec- 
tions including the anemia of chronic disease, lymphadenopathy, 
hepatosplenomegaly, chronic purulent dermatitis, restrictive lung 
disease, gingivitis, hydronephrosis, and gastroenteric narrowing.*® 
Patients with CGD are also at risk for developing colitis and chorior- 
etinitis, and discoid lupus erythematosus.**° 

Several mothers of patients in whom X-linked inheritance was 
established had an illness resembling systemic lupus erythematosus.** 
Both X-linked and autosomal recessive patients with CGD also have a 
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TABLE 66-5. Common Infecting Organisms Isolated from Chronic Granulomatous Disease Patients 


Infection Type Organism X-Linked Recessive (%) Autosomal Recessive (%) 
Pneumonia Aspergillus spp. 41 29 
Staphylococcus spp. 11 13 
Burkholderia cepacia 11 
Nocardia spp. 13 
Serratia spp. 5 
Abscess 
Subcutaneous Staphylococcus spp. 28 21 
Serratia spp. 19 
Aspergillus spp. 7 
Liver Staphylococcus spp. 52 52 
Serratia spp. 6 4 
Candida spp. 12 0 
Lung Aspergillus spp. 27 18 
Perirectal Staphylococcus spp. 9 15 
Brain Aspergillus spp. 75 25 
Suppurative adenitis Staphylococcus spp. 29 12 
Serratia spp. 9 15 
Candida spp. 4 
Osteomyelitis Serratia spp. 32 12 
Aspergillus spp. 25 18 
Bacteremia/fungemia Salmonella spp. 20 13 
Burkholderia cepacia 13 0 
Candida spp. 9 25 
Staphylococcus spp. 11 0 


Data from Segal BH, Leto TL, Gallin JI, et al: Genetic, biochemical, and clinical features of chronic granulomatous disease, Medicine (Baltimore) 


2000 May;79(3):170-200. 


TABLE 66-6. Prevalence of Infectious Complication of 


Chronic Granulomatous Disease Patients 


X-Linked Autosomal 

Infection Type Recessive (%) Recessive (%) 
Pneumonia 80 Z 
Abscess (all) 68 70 

Subcutaneous 43 42 

Liver 26 33 

Lung 16 14 

Brain 3 5 

Perirectal 17 7 
Suppurative adenitis 59 32 
Osteomyelitis 27 21 
Bacteremia/fungemia 21 10 
Cellulitis y 5 


Data from Segal BH, Leto TL, Gallin JI, et al: Genetic, biochemical, 
and clinical features of chronic granulomatous disease, Medicine 
(Baltimore) 2000 May;79(3):170-200. 


similar disorder.‘ It may be that these mothers’ and patients’ cells are 
unable to clear immune complexes sufficiently, which is a characteristic 
feature of CGD cells in vitro.“ Variant alleles of MBL and FcyRIIA 
especially in combination are associated with rheumatologic disorders 
in patients with CGD.*"° 

Laboratory Findings The defect in the respiratory burst is best 
determined by measuring superoxide or H,O, production in response 
to both soluble and particulate stimuli.*” A test that is being employed 
is the use of flow cytometry using dihydrorhodamine-123 fluores- 
cence.*!* Dihydrorhodamine-123 fluorescence detects oxidant produc- 
tion because it increases fluorescence upon oxidation.“ In most cases 
there is no detectable superoxide or H,O, generation with either type 
of stimulus. In the variant form of CGD, however, superoxide may be 
produced at rates between 0.5 and 10 percent of control.*”” 

An alternative method for measuring respiratory burst activity is 
the NBT test. This assay is performed by microscopically assessing the 
ability of individual cells to reduce NBT to purple formazan crystals 
following stimulation. Commonly there is no NBT reduction with most 
forms of CGD. In some of the variant forms, however, a high percentage 
of cells may contain some formazan, a finding indicative of a greatly 
diminished respiratory burst in most of the neutrophils. This test also 
permits detection of the carrier state in X-linked CGD when as few as 5 
to 10 percent of the cells are NBT-negative.”° 


Most sophisticated procedures can identify the molecular defect. 
Cytochrome b content can be measured in extracts of deter- 
gent-disrupted neutrophils by a spectrophotometric assay.” Once the 
diagnosis of CGD is made, the genotype can be determined. A mosaic 
population of oxidation that has positive and negative neutrophils in 
a male patients mother and sister strongly suggests X-linked CGD. 
Lack of a mosaic pattern among female relatives does not rule out the 
X-linked mode of inheritance because the defect can arise spontane- 
ously. Prenatal diagnosis of CGD is established by analysis of DNA from 
amniocytes or chorionic villus samples. 

Differential Diagnosis Leukocytes from patients with CGD have 
normal glucose-6-phosphate dehydrogenase (G6PD) activity. However, 
a few individuals with apparent CGD have been described who have 
neutrophils that lack or are almost lacking in G6PD activity.*”'*” The 
erythrocytes of these patients also lack the enzyme, and the patients 
have chronic hemolysis. In the cases of severe neutrophil G6PD defi- 
ciency, an attenuated respiratory burst progressively decreases as a 
result of the depletion of intracellular NADPH, the primary substrate 
for the respiratory burst oxidase. CGD and G6PD deficiency can be 
distinguished from each other by the hemolytic anemia seen in the lat- 
ter disorder and by the fact that erythrocyte G6PD activity is normal in 
CGD and markedly reduced in G6PD deficiency.*” A variety of studies 
indicate that the small GTPase Rac-2 plays an essential role in activity 
of the NADPH and the actin cytoskeleton in human neutrophils.” A 
toddler has been described as presenting with a perirectal abscess at 
5 weeks of age. This patient subsequently had necrosis of the perium- 
bilical skin and fascia, and his surgical wounds did not heal properly. 
Functionally his neutrophils had multiple defective components; for 
example, adhesion to ligands for sLe*, chemotaxis, release of primary 
azurophil granules upon stimulation with chemotactic peptide, and 
failure to undergo the respiratory burst using the same stimulus.*”*** 
Molecular analysis identified the asparagine for aspartic acid mutation 
at amino acid 57 of one allele of the Rac-2 gene.”*“** Mutant Rac-2 did 
not bind GTP and it inhibited and behaved as a dominant negative 
to impair Rac-2-mediated activation of the respiratory burst.** Fortu- 
nately, the youngster was successfully transplanted with marrow from 
a HLA-identical older brother.** 

Therapy, Course, and Prognosis Allogeneic hematopoietic stem 
cell transplantation is the only recognized curative treatment for CGD. 
Reduced intensity conditioning stem cell transplantation from HLA- 
matched donors performed in 56 patients with intractable infections 
and severe inflammation carried a 2-year overall survival of 96 per- 
cent.“ However, vigorous supportive care along with the use of recom- 
binant IFN continues to be the foundation of treatment.’ Cultures 
must be obtained as soon as infection is suspected, as unusual organ- 
isms are commonly the source of infection and may grow promptly 
in vitro. Most abscesses require surgical drainage for therapeutic and 
diagnostic purposes, and prolonged use of antibiotics is often required. 
If fever occurs, it is advisable to obtain certain studies that aid in the 
management of septic episodes. These include roentgenograms of 
the chest and skeleton and a computed tomography (CT) scan of the 
liver because of the frequency of pneumonia, osteomyelitis, and liver 
abscesses.**? Arrangements should be made for prompt medical atten- 
tion at the first signs of infection. With early intervention, many lesions 
can be managed by conservative medical means. For example, enlarg- 
ing lymph nodes often regress when treated with local heat and orally 
administered antistaphylococcal antibiotics. It is particularly important 
to obtain a microbiologic diagnosis, and fine-needle aspiration may be 
helpful in this regard. In general, antibiotic therapy for the offending 
organisms is indicated and purulent masses should be drained. The 
cause of fever and prostration cannot always be established, and empiric 


Part VII: Neutrophils, Eosinophils, Basophils, and Mast Cells 


treatment with broad-spectrum parenteral antibiotics is required. Often 
it is necessary to treat with antibiotics for a prolonged time until the ini- 
tially elevated sedimentation rate approaches normal values. Aspergillus 
spp. infection requires treatment with amphotericin B or, in refractory 
cases, with granulocyte transfusions.*”° Glucocorticoids also may be 
useful in the treatment of patients with antral and urethral obstruction. 
The risk of Aspergillus infection can be reduced by avoiding marijuana 
smoke and decaying plant material, such as mulch and hay, both of 
which contain numerous fungal spores.*° Long-term oral prophylaxis 
with trimethoprim-sulfamethoxazole (5 mg/kg per day of trimethop- 
rim) is an accepted practice in the management of patients with CGD.*” 
Patients have prolonged infection-free periods, which result from the 
prevention of infections caused by S. aureus, without increasing the 
incidence of fungal infections. The use of itraconazole prophylactically 
has reduced the development of fungal infections.” 

IFN-y (50 mcg/m/?, three times per week, subcutaneously) can 
reduce the number of serious bacterial and fungal infections. “749 
IFN-y-enhanced neutrophil function in vitro has not been cor- 
related with improvement in the activity of the neutrophil respiratory 
burst in patients totally lacking the ability to generate superoxide. 
On the other hand, its use increases the neutrophil expression of 
the high-affinity Fcy receptor 1, as well as monocyte expression of 
FcyRI, FcyRII, FeyRUI, CD11/CD18, and HLA-DR.*° The IFN-y 
protective effect in patients with CGD may involve improved micro- 
bial clearance, as suggested by the enhanced phagocytic activity by 
neutrophils of opsonized S. aureus. In rare, X-linked CGD patients 
able to generate some superoxide, IFN-y programs granulocyte cells 
to increase their expression of cytochrome b, which results in nor- 
mal superoxide generation.**' With the use of current prophylactic 
treatments, the mortality in CGD has been reduced to two patient 
deaths per year per 100 patients followed.*” 

CGD patients with mutations that result in 5 to 10 percent of 
normal-functioning amounts of NADPH have a mild phenotype and 
better clinical prognosis than do patients with complete absence of 
any NADPH-oxidase activity.” Similarly, female carriers of X-linked 
CGD who have only 3 to 5 percent oxidase-normal neutrophils rarely 
get serious infections suggestive of the CGD clinical phenotype.“ Thus, 
even low levels or partial correction by gene therapy of CGD is likely 
to provide clinical benefits. In support of that hypothesis, mouse mod- 
els of X-linked and p47?"*-deficient CGD have been developed by gene 
targeting.“ Studies in the gp91""*- and the p47’"°*-deficient mouse 
models of CGD show that retrovirus-mediated gene-therapy-targeting 
of marrow progenitor cells ex vivo can result in the correction of defects 
in oxidant production in vivo in blood neutrophils after radiation con- 
ditioning and transplantation of marrow stem cells.°°*” Protection 
from infection challenge occurred even when the oxidase-corrected 
cells comprised less than 10 percent of circulating neutrophils. These 
promising results suggest that somatic gene therapy can be employed to 
correct defective phagocyte oxidase function in selected patients with 
CGD. Ina phase I clinical trial, gene therapy for p47’""*-deficiency CGD, 
five adult patients received intravenous infusions of autologous blood 
stem cells that were ex vivo transduced using a retrovirus encoding nor- 
mal p47?"*,88 Although conditioning therapy was not given prior to the 
stem cell infusion, functionally corrected neutrophils were detectable 
in blood for several months.*” In another study, long-term high-level 
clinical beneficial correction in ex vivo gene therapy of X-linked CGD 
occurred in two adult patients. Nonablative busulfan conditioning 
was used to augment gene therapy correction. There needs to be cau- 
tion regarding the long-term stability and safety of gene therapy. For 
instance, there are concerns about gene insertion rendering patients 
vulnerable to developing an hematological malignancy. 


Myeloperoxidase Deficiency 

The functional and immunochemical absence of the enzyme MPO from 
granules of neutrophils and monocytes, but not eosinophils, is inherited 
as an autosomal recessive trait, with a prevalence of 1:2000.° MPO, an 
enzyme that catalyzes the production of HOCI in the phagosome. In 
MPO deficiency, the microbicidal activity of the neutrophils is reduced 
early after ingestion of microorganisms (see Table 66-2). However, 
normal microbicidal activity is observed in approximately 1 hour after 
a variety of organisms are ingested.“ Thus, the MPO-deficient neu- 
trophil uses an MPO-independent system for killing bacteria that is 
slower than the MPO-H,O,-halide system, but that is eventually effec- 
tive in eliminating bacteria. MPO-deficient neutrophils accumulate 
more H,O, than do normal neutrophils; the higher peroxide concen- 
tration improves the bactericidal activity of the affected neutrophils. In 
contrast to the retardation of bactericidal activity, candidacidal activity 
in MPO-deficient neutrophils is absent. The most significant clinical 
manifestation in a few patients with diabetes mellitus and MPO defi- 
ciency has been severe infection with C. albicans. Because this is such 
a common disorder of phagocytes, it is important to note that the vast 
majority of patients with this genetic disorder have not been unusually 
susceptible to pyogenic infections and do not require therapy. 

The complementary DNA encoding human MPO has been cloned 
and the gene structure, including promoter and regulatory elements, 
delineated.“ The gene consists of 12 exons and 11 introns and is located 
on the long arm of chromosome 17, and its expression is finely coor- 
dinated with expression of genes encoding other lysosomal proteins. 
Expression of genes for human neutrophil elastase and MPO is very 
similar; it is low in myeloblasts, peaks during the promyelocyte stage, 
and eventually drops to low levels in myelocytes. MPO is a symmet- 
ric molecule composed of four peptides, where each half consists of a 
heavy- and a light-chain heterodimer.“ Each heavy- and light-chain 
heterodimer starts as a single peptide that is cleaved during the post- 
translational process to yield the heavy and light chains that form half 
of the mature molecules. The two halves of the molecule are associated 
by a disulfide linkage between heavy-subunit residues at their residue 
C319. 

The primary translation product of the gene is a single-chain 
peptide of 80 kDa that undergoes cotranslational glycosylation at sev- 
eral asparagine residues, followed by a series of modifications of these 
oligosaccharides. The apopromyeloperoxidase exists for a prolonged 
time in the endoplasmic reticulum, where it associates reversibly with 
several endoplasmic reticulum-resident proteins known as molecular 
chaperones.“ Subsequent to heme insertion, the enzymatically active 
promyeloperoxidase undergoes proteolytic cleavage of the pro region. 
Then, in a prelysosomal compartment, the single peptide is cleaved into 
the heavy and light subunits, which remain linked. During final sorting 
within the azurophil lysosome compartment, there is dimerization of 
half-molecules to form the mature MPO. 

Most patients with MPO deficiency have a missense mutation in 
the gene that results in replacement of arginine 569 with tryptophan.” 
The mutation results in a precursor that associates with molecular 
chaperones, but does not incorporate heme, resulting in a maturational 
arrest during processing at the stage of an inactive enzymatic apopro- 
myeloperoxidase. Other patients are heterozygotes with one allele bear- 
ing the common mutation and the other being normal, resulting in a 
partial deficiency.“ To date, four genotypes have been reported to cause 
inherited MPO deficiency, each of which results in missense mutations. 
In the genotype Y173C, a missense mutation results in replacement of 
a tyrosine at codon 173 with a cysteine residue resulting in the mutant 
precursor being retained in the endoplasmic reticulum by virtue of 
its prolonged interaction with the chaperone calnexin, and eventually 
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undergoing degradation in a proteasome.” In this way, the quality con- 
trol system operating in the endoplasmic reticulum retrieves misfolded 
MPO precursors from the biosynthetic pathway and creates the bio- 
chemical phenotype of MPO deficiency. In another patient, a missense 
mutation resulted in an intact MPO molecule that acquired heme but 
failed to undergo proteolytic processing to a mature molecule. 

Acquired disorders are associated with MPO deficiency. Reported 
states include lead intoxication, ceroid lipofuscinosis, myelodysplastic 
syndromes, and acute myelogenous leukemia.“ One-half of untreated 
patients with acute myelogenous leukemia and 20 percent of patients 
with CML may have MPO deficiency.*” 


Deficiencies of Glutathione Reductase and Glutathione 
Synthetase 

Neutrophils contain enzymes capable of inactivating potentially dam- 
aging reduced oxygen byproducts. Disposal of superoxide anion is 
accomplished through superoxide dismutase, a soluble enzyme that 
converts superoxide to a H,O,,. H,O, is detoxified by catalase and by the 
glutathione peroxidase-glutathione reductase system, which converts 
H,O, to water and oxygen.” In addition to the soluble enzymes, cellular 
vitamin E serves as an antioxidant to prevent damage to the surface of 
activated neutrophils when releasing H,O,.*” Single cases of profound 
deficiencies in glutathione reductase“ and glutathione synthetase*” 
have been associated with impaired neutrophil bactericidal activity (see 
Table 66-2). Both deficiencies are associated with hemolysis under con- 
ditions of oxidative stress (Chap. 48). Glutathione synthetase deficiency 
also has been associated with intermittent neutropenia during times of 
mild infection. Vitamin E has been employed to ameliorate the hemo- 
lysis and improve neutrophil function in a patient with glutathione 
synthetase deficiency.“ Like patients with MPO-deficient neutrophils, 
the patients with glutathione reductase deficiency and glutathione syn- 
thetase deficiency are not unusually susceptible to bacterial infections. 


@ DIAGNOSTIC APPROACH TO 
THE PATIENT WITH SUSPECTED 
NEUTROPHIL DYSFUNCTION 


An increased susceptibility to pyogenic infections must be viewed 
in light of a number of factors: (1) adequacy of host defense; (2) the 
microbes to which the host is exposed; and (3) the conditions of the 
exposure. It is not always easy to establish a diagnosis of a specific neu- 
trophil dysfunction on clinical grounds alone. Patients with recurrent 
pyogenic infections often yield no clues as to why they are afflicted, and 
patients with established deficiency of a defense mechanism may have 
an unimpressive clinical history. On the other hand, patients may be 
suspected of having a neutrophil dysfunction if they have a history of 
frequent bacterial or severe infections. Recurrent pulmonary infections, 
hepatic abscesses, and perirectal abscesses also should alert the clini- 
cian to consider further diagnostic evaluation of neutrophil function. 
For example, the identification of unusual catalase-positive bacteria and 
fungi, such as B. cepacia, S. marcescens, Nocardia, and Aspergillus, could 
be indicative of CGD. 

Because many of the tests of neutrophil function are bioassays with 
great variability, the results of the tests must be interpreted in light of the 
patient’s clinical condition. For instance, isolated chemotactic defects 
usually do not explain the propensity for a patient to have recurrent 
severe infections. Furthermore, variation in bioassays is often intensi- 
fied by inflammation or infection. Figure 66-8 is an algorithm for eval- 
uation of the patient with recurrent infection. 
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Figure 66-8. Algorithm for the workup of patients with recurrent infections. AD, autosomal dominant; CBC, complete blood count; CVID, common 
variable immunodeficiency; DHR, delayed hypersensitivity reaction; G6PD, glucose-6-phosphate dehydrogenase; GSH, glutathione; lg, immunoglob- 
ulin, LAD, leukocyte adhesion deficiency; NBT, nitroblue tetrazolium; sLe*, sialyl Lewis X. 
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CHAPTER 67 

STRUCTURE, RECEPTORS, 
AND FUNCTIONS OF 
MONOCYTES AND 
MACROPHAGES 


Steven D. Douglas and Anne G. Douglas 


The monocyte is a spherical cell with prominent surface ruffles and blebs 
when examined by scanning electron microscopy. As the monocyte enters the 
tissue and differentiates into a macrophage, the cell volume and number of 
cytoplasmic granules increase. Cell shape varies, depending on the tissue in 
which the macrophage resides (e.g., lung, liver, spleen, brain). A characteristic 
feature of macrophages is their prominent electron-dense membrane-bound 
lysosomes, which can be seen fusing with phagosomes to form secondary lys- 
osomes. The latter contain ingested cellular and noncellular material in differ- 
ent stages of degradation. A broad range of surface receptors for many ligands, 
including the Fc portion of immunoglobulin, complement proteins, cytokines, 
chemokines, lipoproteins, and others, are on the cell surface. Macrophages 
differ in appearance, biochemistry, and function based on the environment 
in which they mature from monocytes. These differences are exemplified by 
the diversity among dendritic cells of lymph nodes, histiocytes of connective 
tissue, osteoclasts of bone, Kupffer cells of liver, microglia of the central ner- 
vous system, and macrophages of the serosal surfaces, each fashioned to meet 
the local needs of the mononuclear phagocyte system, which plays a role in 
inflammation and host defense against microbes. Modern cell biologic meth- 
ods refined our knowledge of surface receptors, endocytosis, and lysosomal 


Acronyms and Abbreviations: APC, antigen-presenting cell; CD, cluster of 
differentiation; CR, complement receptor; CSF, colony-stimulating factor; 
DC, dendritic cell; EGF, epidermal growth factor; EGF-TM7, epidermal growth 
factor—seven transmembrane; EMR2, epidermal growth factor-like module 
containing mucin-like hormone receptor—like 2; FcR, Fc receptor; GM-CSF, 
granulocyte-monocyte colony-stimulating factor; GPCR, G-protein—coupled 
receptor; HLA, human leukocyte antigen; IBD, inflammatory bowel disease; 
IFN, interferon; Ig, immunoglobulin; IL, interleukin; IMP, intramembrane 
particle; IRAK, interleukin receptor-associated kinase; LFA, lymphocyte 
function—associated antigen; LPS, lipopolysaccharide; m-@, macrophage; 
MARCO, macrophage receptor with collagenous structure; M-CSF, macro- 
phage colony-stimulating factor; MHC, major histocompatibility complex; 
MPO, myeloperoxidase; NF, nuclear factor; NLR, NOD-like receptor; NOD, 
nucleotide-binding oligomerization domain; PI3K, phosphatidylinositol 
3-kinase; PS, phosphatidylserine; SR, scavenger receptor; TGF, transforming 
growth factor; TLR, toll-like receptor. 


degradation, with emphasis on membrane flow and secretion. These pioneer- 
ing studies culminated in the discovery of dendritic cells as potent, specialized 
antigen-presenting cells. Subsequent development of monoclonal antibodies 
and molecular cloning of surface proteins and cytokines, followed by microar- 
ray analysis and genomics, provided the sensitive and specific tools to analyze 
macrophage functions in vitro and in vivo. These studies have brought insights 
into macrophage cytotoxic and antimicrobial activities and, to a lesser extent, 
their trophic, homeostatic functions in the body. Macrophages play a major 
role in innate as well as adaptive immunity. 


@ MONONUCLEAR PHAGOCYTE SYSTEM 
OVERVIEW 


Modern study of mammalian phagocytes began with Metchnikoff in the 
19th century. An understanding of the ontogeny, kinetics, and function 
of phagocytic cells in animals led to the concept of the mononuclear 
phagocyte system.'* Kinetic studies indicate that marrow monoblasts 
and monocytes develop from the common myeloid progenitor, a deriva- 
tive of the hematopoietic stem cell, and that tissue macrophages develop 
from monocytes that have migrated from the blood pool in response 
to chemotactic stimuli (Table 67-1 and Chap. 18). Tissue macrophages 
share many functional characteristics, such as phagocytic and microbial 
killing capabilities and adherence to glass or plastic surfaces in vitro. 
Vascular endothelium, reticular cells, and dendritic cells of lymphoid 
germinal centers usually are not included in the mononuclear phago- 
cyte system, although the now obsolete term reticuloendothelial system’ 
denoted those cells as playing some complementary part with mono- 
nuclear phagocytes. In addition to developing the multitude of types of 
tissue macrophages, monocytes can differentiate into myeloid-derived 
dendritic cells.** 


@STRUCTURE 


The blood monocyte is a medium to large motile cell that can mar- 
ginate along vessel walls and has a propensity for adherence to sur- 
faces. Monocytes respond to inflammation and chemotactic stimuli 
by active diapedesis across vessel walls into inflammatory foci, where 
they can mature into macrophages, with greater phagocytic capacity 
and increased content of hydrolytic enzymes. Free macrophages also 
are present in mammary glands, alveolar spaces, pleura, peritoneum, 
and synovia. The somewhat less-motile fixed-tissue macrophages are 
found in different tissues and serous cavities. The functions of mononu- 
clear phagocytes include phagocytosis, killing, and digestion of micro- 
organisms, particulate material, or tissue debris; secretion of chemical 
mediators and regulators of the inflammatory response; interaction (as 
dendritic cells) with antigen and lymphocytes in the generation of the 
immune response; cytotoxicity, such as killing of some tumor cells; and 
other functions specific for macrophages of particular tissues. 

The development of techniques to isolate monocytes from blood 
of adult human subjects led to the discovery that monocytes are hetero- 
geneous with regard to cell volumes. Isolation of purified monocytes by 
adherence to glass substrates or to gelatin-coated flasks or by centrifugal 
elutriation reveals distinct populations of monocytes.'” In addition to 
the usual 12- to 15-um diameter (when measured on a dried blood film) 
monocyte, so-called regular monocytes, a somewhat smaller cell that is 
less active than its larger, more mature counterpart has been identified. 
This cell is referred to as a small immature monocyte, but its functional 
significance is not clear. 


TABLE 67-1. Distribution of Mononuclear Phagocytes 


Marrow 


Tissues 


Monoblasts Liver (Kupffer cells) 
Promonocytes Lung (alveolar macrophages) 
Monocytes Connective tissue (histiocytes) 
Macrophages Spleen (red pulp macrophages) 
Blood Lymph nodes 

Monocytes Thymus 


Body cavities Bone (osteoclasts) 


Pleural macrophages Synovium (type A cells) 


Peritoneal macrophages Mucosa-associated lymphoid tissue 


Inflammatory tissues Gastrointestinal tract 


Epithelioid cells Genitourinary tract 


Exudate macrophages Endocrine organs 


Multinucleate giant cells Central nervous system (microglia) 


Skin (histiocyte/dendritic cells) 


Data from Lewis, C, McGee, JD: The Macrophage, 2nd ed., Oxford 
University Press, New York, NY, 1992; Gordon S, Fraser |, Nath D. et al: 
Macrophages in tissues and in vitro. Curr Opin Immunol 4:25-32, 1992; 
Lasser A: The mononuclear phagocytic system: A review. Hum Pathol 
14:108-26, 1983. 


Monocytes continuously emigrate from the blood into tissue, with 
a half-life in the blood of approximately 1 day in mice. Nondividing 
monocytes can be induced to differentiate into dendritic like cells in 
vitro. However, this process requires culture of the cells for 7 to 10 
days with exogenous cytokines, typically interleukin (IL)-4 and gran- 
ulocyte-monocyte colony-stimulating factor (GM-CSF).’ The major 
lineage regulator of nearly all macrophages is monocyte/macrophage 
colony-stimulating factor (M-CSF; also termed CSF-1) and its receptor 
(M-CSF R). The M-CSF R is a class HI transmembrane tyrosine kinase 
receptor, which is expressed on most mononuclear phagocytes.* In the 
presence of endothelial cells grown on an extracellular matrix, mono- 
cytes differentiate along two distinct pathways: toward dendritic cells 
or macrophages. Monocytes that migrate across endothelium in an 
abluminal to luminal direction differentiate into dendritic cells. In con- 
trast, monocytes that remain in the subendothelial matrix differentiate 
into macrophages. 


MORPHOLOGY OF MONOCYTE PRECURSORS 


Monoblasts and promonocytes are the precursors of monocytes, bear- 
ing finely dispersed nuclear chromatin and nucleoli when observed in 
the stained film of the marrow. The monoblast is a very-low-prevalence 
marrow cell, indistinguishable by light microscopy from the myeloblast. 
Promonocytes are 12 to 18 ym in diameter (as measured on dried blood 
films) and have characteristic deeply indented, irregularly shaped nuclei 
with condensed chromatin, and numerous cytoplasmic microfilaments. 

In animal studies, a small percentage of marrow cells are phago- 
cytic, synthesize DNA, adhere to glass surfaces, and contain nonspe- 
cific esterases.’ These cells have been referred to as promonocytes and 
are considered as intermediate between monoblasts and the monocytes 
of the blood.’ Cytochemical studies identify the promonocyte in nor- 
mal human marrow. Promonocytes have deeply indented and irregu- 
larly shaped nuclei and bundled and scattered single filaments in the 
cytoplasm. These morphologic features distinguish the promonocyte 
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from the progranulocyte.'"*"' Peroxidase is present throughout the cell 
secretory apparatus in all cisternae of the rough-surfaced endoplasmic 
reticulum, the Golgi complex, associated vesicles, and all immature and 
mature granules. Cytochemical reaction products for acid phosphatase 
and arylsulfatase also are deposited throughout the secretory apparatus 
of the promonocyte. 


MORPHOLOGY OF MONOCYTES 


Light Microscopy 
The morphology of monocytes has been investigated by light and phase- 
contrast optics,” scanning and transmission electron microscopy, and 
freeze-fracture and freeze-etch procedures." 

On the stained blood film the monocyte has a diameter of 12 to 
15 um (Fig. 67-1). The monocyte nucleus occupies approximately half 
the area of the cell and usually is eccentrically placed. The nucleus most 
often is reniform, but may be round or irregular. It contains a char- 
acteristic chromatin net with fine strands bridging small chromatin 
clumps. Chromatin aggregates are arranged along the internal side of 
the nuclear membrane. The cytoplasm is spread out, stains grayish-blue 
with Wright stain, and contains a variable number of fine, pink-pur- 
ple granules, which at times are sufficiently numerous to give the entire 
cytoplasm a pink hue. Clear cytoplasmic vacuoles and a variable num- 
ber of larger azurophilic granulations often are encountered in these 
cells. 


Phase Microscopy 

The monocyte nucleus has a distinct chromatin pattern on a cloudy 
background when examined by phase-contrast microscopy. The cyto- 
plasm is clear gray. Mitochondria are extremely fine and occasionally 
form a small, juxtanuclear rosette surrounding the centrosome. The 
phase-dense cytoplasmic granules, varying in number, are gener- 
ally at the limit of resolution of light microscopy and appear as fine 
intracytoplasmic dust. Monocytes contain several types of cytoplas- 
mic vacuoles. The reniform nucleus with a juxtanuclear depression 
filled by a centrosome and its active undulating movement similar 
to that of other leukocytes are characteristic of the monocyte. The 
locomotion of the monocyte has the same pattern of undulating cyto- 
plasmic veils seen in macrophages. The monocyte generally assumes 
a triangular shape as it moves, with one point trailing behind and 
the other two points advancing before the cell. Blood monocytes 
undergo adherence and cytoplasmic spreading following attachment 
to glass surfaces. The extent of spreading increases in the presence 
of antigen-antibody complexes, certain divalent metals, and proteo- 
lytic enzymes.’*”° The spread form of the monocyte reveals that the 
nucleus and granules are located centrally and the abundant hya- 
loplasm is in the periphery of the cell, terminating in a fringed bor- 
der that displays undulating movement. The small monocyte may be 
difficult to distinguish from the large lymphocyte when examined by 
phase-contrast microscopy. 

A striking feature on phase-contrast microscopy is the ruffled 
plasma membrane that forms prominent phase-dense folds at the cell 
surface and edges. Some cells have a dense thickening at the edge of the 
cytoplasm, with microextensions on the thickened edge. 


Scanning Electron Microscopy 

The monocyte surface has very prominent ruffles and small surface 
blebs.'*"” Extensive ruffling on the monocyte plasma membrane is 
of functional significance. The monocyte is both motile and phago- 
cytic, and these functions require physical contact with particles or 
cell surfaces. Reduction in the radius of curvature of the cell surface 
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Figure 67-1. Blood films. This composite shows four examples of normal monocytes with different nuclear configurations. A. In this case, the 
nucleus is contorted on itself and the nuclear-to-cytoplasmic ratio is a bit higher than the average case. B. Another contorted nucleus with a lower 
nuclear-to-cytoplasmic ratio. Scattered vacuoles are common in monocytes collected in ethylenediaminetetraacetic acid (EDTA)-anticoagulated 
blood before film preparation. C. Characteristic reniform nuclear shape. D. Circular nuclear shape. Azurophilic granules are evident in the cytoplasm 
of monocytes. (Reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


by formation of ruffles or microvilli may reduce repulsive forces when 
surface negative-charge groups on the cell approach and contact a neg- 
atively charged substratum or cell. In addition, redundancy of the cell 
membrane may provide reserve membrane required for locomotion 
and phagocytosis. 


Transmission Electron Microscopy 

The nucleus of the monocyte contains one or two small nucleoli sur- 
rounded by nucleolar-associated chromatin (Fig. 67-2). The cyto- 
plasm contains a relatively small quantity of endoplasmic reticulum and 
a variable quantity of ribosomes and polysomes. The mitochondria are 
numerous, small, and elongated. The Golgi complex is well developed 
and is situated about the centrosome within the nuclear indentation. 
Centrioles and filamentous centriolar satellites are often visualized in 
this region. Microtubules are numerous, and microfibrils are found in 
bundles surrounding the nucleus. In cultured macrophages, collections 
of microfilaments are present underneath the plasma membrane near 
sites of cell attachment either to a substratum or to phagocytosable par- 
ticles." The cell surface is characterized by numerous microvilli and ves- 
icles of micropinocytosis. The cytoplasmic granules resemble the small 
granules found in the granulocytic series, measuring approximately 0.05 
to 0.2 um in diameter. They are dense and homogeneous and are sur- 
rounded by a limiting membrane. These granules, as with the lysosomal 
granules of other leukocytes, are packaged by the Golgi apparatus after 
their enzymatic content has been produced by the ribosomal complex 
of the cell.!°"' These cytoplasmic granules contain acid phosphatase and 
arylsulfatase and, therefore, are primary lysosomes. After endocytosis, 
lysosomes fuse with the phagosome, forming secondary lysosomes. 


Some monocyte granules stain positive for peroxidase, whereas others 
are peroxidase negative.'°"’ 


Freeze-Fracture Microscopy 

In this technique, a cell suspension is frozen, placed in a high-vacuum 
chamber, and struck with a blunt edge, thus producing a fracture that 
propagates through the frozen specimen. The utility of the procedure 
comes from the remarkable finding that when the fracture encounters 
a cell, the fracture tends to propagate along the interior of the plasma 
membrane and thus split the lipid bilayer into its two constituent layers. 
After fracture, the specimen is coated with platinum, which is electron 
dense when viewed with transmission electron microscopy. All cell 
types examined thus far by the freeze-fracture technique reveal intram- 
embrane particles (IMPs) as the predominant topographic feature of the 
interior of the bilayer. Studies of the erythrocyte show that at least some 
particles contain intercalated membrane proteins, and this is assumed 
to be the case for nucleated cells as well. The distribution of IMPs is 
dramatically altered in a number of cell systems by physiologic stimuli, 
for example, hormonal stimulation. 

Profound changes in the distribution of IMPs on mononuclear 
phagocytes occur following binding of antibody-coated erythro- 
cytes. Because redistribution of IMPs also occurs in some non- 
phagocyte Fe receptor (FcR)-bearing cells? and after exposure to 
aggregated immunoglobulin (Ig) G, this alteration in IMPs presum- 
ably reflects interaction with FcR. Freeze-etch electron micrographs 
of the monocyte show nuclear pores traversing both lamellae of the 
nuclear membrane and contours of cytoplasmic lysosomes and mito- 
chondria (Fig. 67-3). 


Figure 67-2. Transmission electron micrograph of a monocyte. The eccentric reniform nucleus has a thinly dispersed chromatin pattern. The Golgi 
complex (G) is in a juxtanuclear position. Small electron-dense granules can be seen evolving in the Golgi complex. Small amounts of rough endo- 
plasmic reticulum (er) and polyribosomes (r) are present, particularly about the cell periphery. Mitochondria (m) are concentrated in the region of the 
Golgi apparatus; they also are scattered in the cell periphery. Lysosomes (L) are small, electron-dense granules surrounded by a limiting membrane. 
The irregular ruffled cell margin is apparent with numerous microprojections (x24,000). 


HISTOCHEMISTRY OF MONOCYTES 


Table 67-2 compares the hydrolytic enzyme contents of monocytes, 
neutrophils, and lymphocytes. Monocytes also give a weak but positive 
periodic acid-Schiff reaction (for polysaccharides) and Sudan black 
B reaction (for lipids). Nonspecific esterase” is frequently used as a 
marker for monocytes. Monocyte esterases are inhibited by sodium flu- 
oride, whereas the esterases of the granulocytic series are not. The non- 
specific esterase reaction is positive in promyelocytes and myelocytes; 
therefore, analysis of fluoride inhibition is necessary to distinguish mar- 
row monocytes from early myelocytes. Monocyte granules, although 
heterogeneous in size (0.3 to 0.6 um), are not separable into populations 
by routine electron microscopic criteria. Identification of monocyte 
granule populations has depended on subcellular localization of mono- 
cyte enzymes by electron microscopic cytochemistry.'” Human marrow 
promonocytes and blood monocytes contain granules that comprise 
two functionally distinct populations.’ One population contains the 
enzymes acid phosphatase, arylsulfatase, and peroxidase. These gran- 
ules are modified primary lysosomes and are analogous to the azurophil 


granules of the neutrophil. The monocyte azurophil granule population 
is heterogeneous in cytochemical reactivity for peroxidase, acid phos- 
phatase, and arylsulfatase.”** Moreover, primary granules that are mor- 
phologically identical with other vesicles can be identified as lysosomes 
cytochemically. The other population of monocyte granules lacks alka- 
line phosphatase” and is not strictly analogous to the specific granules 
of neutrophils. 


MORPHOLOGY OF MACROPHAGES 


Macrophage characteristics are heralded by a significant increase in cell 
size, increase in the number of cytoplasmic granules, increase in the 
heterogeneity of cell size and shape, and increase in the number of cyto- 
plasmic clear vacuoles in comparison to monocytes. 


Light and Phase-Contrast Microscopy 

In vitro culture of monocytes purified from adult human blood has 
provided an opportunity to observe the maturation of these cells into 
mature macrophages. The macrophages of the pulmonary alveoli, 


peritoneal and pleural cavities, and inflammatory exudates are hyper- 
mature cells that have undergone in vivo stimulation and maturation. 
This process results in enhanced bactericidal activity'” because of aug- 
mentation of lysosome number and acid hydrolase content. Macro- 
phages display attributes of morphologic specialization specific to their 
location and function. The fixed macrophages of the spleen (littoral 


TABLE 67-2. Cytochemical Reactions of Leukocyte 
Enzymes 


Chemical Monocytes Neutrophils Lymphocytes 
Acid phosphatase ++ + + 
B-Glucuronidase ++ + Oto+ 
Sulfatase + + 0 
N-Acetylglucosaminidase ++ ++ 0 
Lysozyme* ar arate 0 
Naphthylamidase ++ + Oto+ 
a-Naphthylbutyrate qP ar Oto+ 0 
esterase! 

Naphthol AS-D chloro- Oto+ ++ 0 
acetate esterase 

Peroxidase + ++ 0 


Alkaline phosphatase 0 Oto+ 


*Most lysozyme produced by mononuclear phagocytes is secreted rather 
than stored intracellularly. 


ta-Naphthylacetate and a-naphthylbutyrate esterase activities may appear 
in human T lymphocytes under certain conditions. 


Data from Braunsteiner H, Schmalzl F: Cytochemistry of monocytes and 
macrophages. In Mononuclear Phagocytes, edited by R van Furth, p 62. 
Blackwell, Oxford, England, 1970; Li CY, Lam KW, Yam LT: Esterases in 
human leukocytes. J Histochem Cytochem 21:1-12, 1973. 


Figure 67-3. Freeze-etch electron micrograph of a 
monocyte. Fracture plane displays the large nucleus 
(N), with multiple nuclear pores (np) and the two 
lamellae of the fractured nuclear membrane (nm) 
evident in some regions. Membrane and cleaved 
surfaces of mitochondria (m) and lysosomal granules 
(L) can be identified in the cytoplasm. 


cells) are involved in the sequestration and destruction of effete or 
abnormal red cells and exhibit stages of erythrophagocytosis and intra- 
cytoplasmic aggregates of ferritin (Chap. 6). The macrophages of the 
marrow, the “nurse cells” of the erythroblastic island, play a similar role 
in erythrophagocytosis and iron storage and transfer (Chaps. 5 and 
31). Hepatic macrophages (Kupffer cells), found in liver sinusoids, also 
phagocytize red cells and other cellular elements and are important sites 
of iron storage. Macrophages of the pulmonary alveoli, the lamina pro- 
pria of the gastrointestinal tract, and the peritoneal and pleural fluids 
reflect in their morphology a specific function of phagocytosis of micro- 
organisms, cells, and cellular and noncellular debris, characteristic of 
the specific organ location. 

Most macrophages are 25 to 50 wm in diameter on Wright or 
hematoxylin-and-eosin-stained films (Fig. 67-4). They have an eccen- 
trically placed reniform or fusiform nucleus with one or two distinct 
nucleoli and finely dispersed, loosely stranded nuclear chromatin that 
tend to clump in the nuclear interior and along the internal aspect of 
the nuclear membrane (Fig. 67-5A). A juxtanuclear clear zone (Golgi 
complex) is well defined when the Wright stain is used. The cytoplasm 
shows fine granules and multiple pink-purple, large azurophil granules. 
‘The cytoplasmic borders are irregularly serrated. Cytoplasmic vacuoles 
are present near the cell periphery, reflecting the active pinocytosis in 
these cells. 

The surface antigen CD68, also known as macrosialin, is com- 
monly used as a macrophage marker. Figure 67-5B shows an immu- 
nohistochemistry micrograph of a macrophage in a lymph node. The 
cytoplasm of the macrophage is intensely positive for CD68, while the 
surrounding lymphocytes are negative. 

On phase-contrast microscopy, living macrophages are large cells 
with a propensity to adhere to and spread on glass surfaces. Thus, the 
cell organelles are concentrated within the central portion of the cell 
and clear veils of hyaloplasm spread about the cell, with intense ruf- 
fling of the membrane borders. Vesicles and contractile vacuoles are 
seen about the cell periphery and in the cell interior. The juxtanuclear 
clear zone bearing the centrosome and the Golgi complex is particularly 
dynamic and displays an undulating motion. 
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Figure 67-4. Marrow films. Macrophages. These cells characteristically have a circular, sometimes centrally placed and sometimes eccentrically 
placed nucleus dwarfed by a very large expanse of cytoplasm. A. Activated macrophage, full of cytoplasmic vacuoles and some residual ingested 
cellular debris. B. Macrophage stained with Prussian blue showing cytoplasmic iron granules. C. Macrophage with erythrophagocytosis. Note pale red 
cells (partially dehemoglobinized) undergoing hemolysis and destruction. The highly vacuolated cytoplasm is presumably the site of red cell degra- 
dation. D. Macrophage in a patient with cystinosis engorged with cystine crystals. (Reproduced with permission from Lichtman’s Atlas of Hematology, 


www.adccessmedicine.com.) 


Electron Microscopy 

Scanning electron micrographs of macrophages adherent to glass sur- 
face show membrane ruffling and pseudopodia (Fig. 67-6). Trans- 
mission electron microscopy of monocyte-derived macrophages show 
a variable degree of differentiation, nuclear “maturity,” ribosomes, 


A 


mitochondria, and lysosome content, and the nucleus varies in shape 
from horseshoe to fusiform (Fig. 67-7). Clear spaces between mem- 
brane-fixed chromatin aggregates mark the sites of nuclear pores that 
are relatively abundant on freeze-etch electron micrographs of macro- 
phages and monocytes (see Fig. 67-3). Polyribosomes and scant smooth 


Figure 67-5. Micrographs of macrophages (Mf). A. Hematoxylin-and-eosin stain of cytology smear (x400) showing a macrophage, a plasma 
cell (P), and a lymphocyte (L). B. Immunohistochemistry stain for the macrophage marker CD68 of a lymph node (x400). Numerous lymphocytes 


with blue nuclei surround a macrophage with brown-red cytoplasm. (Used 
Philadelphia, PA.) 


with permission of Dr. Madalina Tuluc, Thomas Jefferson University Hospital, 
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Figure 67-6. Scanning electron micrograph of cultured macrophages on coverglasses coated with (A) bovine serum albumin (BSA) or (B) with 
immune complexes (BSA-anti-BSA). The macrophage develops prominent peripheral membrane ruffling and numerous microachesion points to the 


surface coated with immune complexes. 


and rough endoplasmic reticulum are seen about the cell periphery. A 
well-developed Golgi complex is in a juxtanuclear location. It often is 
multicentric and contains a concentration of vesicles, some with dense 
inclusions that mark them as early lysosomes. A relatively constant fea- 
ture of cells engaged in endocytosis is the large number of microvilli at 
the cell surface. The degree of development of this surface adaptation 


is related to the phagocytic activity of the cell and its rate of pinocyto- 
sis. The number and size of mitochondria vary with the phagocytic and 
hence metabolic activity of the cell. Mitochondria tend to be grouped 
about the region of the Golgi complex, although several usually are seen 
dispersed about the cell periphery, presumably supplying energy for the 
active endocytic processes occurring there. 


Figure 67-7. Electron micrograph of monocyte-derived macrophage cultured in vitro for 9 days. G, Golgi zone; N, nucleus. Arrow on right indicates 
endoplasmic reticulum; arrow on left indicates mitochondria; open arrow indicates lysosomes (x7600). 
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The most constant and characteristic ultrastructural features of 
macrophages are the electron-dense membrane-bound lysosomes that 
often can be seen fusing with phagosomes to form secondary lysosomes. 
Within the secondary lysosomes, ingested cellular, bacterial, and non- 
cellular material can be seen in various stages of degradation, often 
recognizable as degenerating mitochondria or nuclear material. These 
secondary lysosomes also contain partially degraded material from the 
late stages of the endocytic process, often appearing as multilamellar 
lipid bodies. Microtubules and microfilaments are prominent in macro- 
phages. Actin- and myosin-like proteins have been isolated from mono- 
cytes and partially characterized. Resting macrophages have irregular 
cell borders and pseudopodia pushed out in all directions. Their cyto- 
plasm has rough endoplasmic reticulum and Golgi complex in the per- 
inuclear area. Lipid globules, primary lysosomes, and mitochondria are 
characteristically prominent. Activated monocytes/macrophages are 
motile cells that extend a leading pseudopod as they move forward.” 


MEMBRANE RECEPTORS AND OTHER 
SURFACE PROTEINS OF MONOCYTES 
AND MACROPHAGES 


Monocyte/macrophage cells have surface receptors that have been 
characterized by their binding to specific monoclonal antibod- 
ies. These receptors (Fig. 67-8) are markers for origin, growth, 
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differentiation,” activation, recognition, migration, and function 
of the monocyte/macrophage. Monocytes have been classified into 
distinct subtypes based on surface expression of CD14 and CD16, 
molecules that form part of the lipopolysaccharide (LPS) toll-like 
receptor (TLR) and one of the immunoglobulin FcRs, respectively. 
These include CD14+-bright/CD16- monocytes, CD14+-dim/CD16+ 
monocytes, and CD14-dim/CD16+ monocytes. Monocyte hetero- 
geneity was initially divided into the CD14+-bright/CD16-negative 
cells, which comprise 90 to 95 percent of total circulating monocytes 
(classical monocyte)” —CD14-bright or dim refer to the fluorescence 
magnitude of staining using a specific CD14 monoclonal antibody. 
The minor subset is CD14-dim, CD16-positive, and less phagocytic 
than the classical monocyte. The classical monocyte produces reactive 
oxygen species (ROS) and cytokines in response to TLR engagement. 
The minor subset selectively secretes tumor necrosis factor (TNF)-a, 
IL-13, and CCL2 in response to viruses and immune complexes con- 
taining nucleic acids via TLR-7, TLR-8, MyD88-MEK (myeloid dif- 
ferentiation factor 88-MAPK kinase), and AHD.” This minor subset, 
CD14-dim,” is competent in (SR [scavenger receptor]) function of 
vascular, intraluminal debris and uptake of immune complexes.” 
In addition, their phenotype is related to the ability to produce and 
secrete select cytokines.*! 

Macrophages are proficient at endocytosis (both fluid phase and 
receptor-mediated) and are highly professional phagocytes of particu- 
lates of all origin, organic (cellular, microbial) as well as inorganic for- 
eign materials.” In contrast, when dendritic cells (DCs) mature into 
antigen-presenting cells (APCs), they have reduced uptake capacity 
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Schematic of selected molecules of varied structure and functions of monocyte receptors and surface antigens. (Used with permission 


of S. Seif, GraphisMedica, 2014.) 
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and induce an adaptive immune response or tolerance. Immature DCs 
display active macropinocytosis and capture exogenous materials for 
cross-presentation.* It is convenient to classify plasma membrane 
uptake receptors as opsonic and nonopsonic TLRs and non-TLR-de- 
pendent. The latter category includes a range of SRs**** and a family of 
lectin-like, carbohydrate recognition molecules.***” Given the complex 
ligands presented on the surface of microorganisms and damaged host 
cells, or generated within the vacuolar system after uptake, these recep- 
tors frequently cooperate with one another. 


FcRs for IgG are expressed on the surface of mononuclear cells, mac- 
rophages, granulocytes, and platelets.***? FcRs are divided into three 
distinct classes: FcRI, FcRII, and FcRIII (Fig. 67-9). These receptors 
have broad ranges of expression on different cells. The first IgG recep- 
tor, FcRI (CD64), is a receptor found on monocytes, macrophages, 
and activated neutrophils. This receptor binds monomeric IgG 
through the Fc portion of the molecule. This Ig receptor has increased 
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expression on activated monocytes and macrophages. CD64 allows 
for receptor-mediated endocytosis of IgG-antigen complexes for pre- 
sentation to T cells, can trigger the release of cytokines and ROS, 
and can play a role in granulocyte-mediated antibody-dependent 
cytotoxicity. The second IgG receptor, FcRII (CD32), is a widely dis- 
tributed receptor present on many cell types, including monocytes, 
platelets, neutrophils, B cells, some T cells, and some capillary endo- 
thelium. This receptor can bind complexed IgG rather than mono- 
meric IgG. This FcR regulates B-cell function when coengaged with 
the B-cell receptor for antigen, namely, surface Ig. It also can induce 
mediator release from myeloid cells and phagocytosis of Ig-coated 
particles in vitro. Finally, this FcR also can target antigen into pre- 
senting pathways. The third IgG receptor, FcRIII (CD16), is expressed 
by neutrophils, natural killer cells, and tissue macrophages.“ This 
receptor can bind Ig in immune complexes and Ig bound to cell-sur- 
face membranes. It is the main FcR responsible for antibody-depen- 
dent cellular cytotoxicity. All three FcRs specifically bind the human 
IgG subclasses IgG, and IgG, (Chap. 75). The interaction of FcR on 
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Human Fc receptors and complement. Myeloid cells express a range of classical Fc receptors that initiate a variety of cellular 
responses, including phagocytosis, antibody-dependent cell-mediated toxicity, antigen presentation, respiratory burst, and release of inflammatory 
mediators. Immunoglobulin (lg) subclasses are bound by extracellular domains; signaling via cytoplasmic immunoreceptor tyrosine-based activation 


motif (ITAM) or immunoreceptor tyrosine-based inhibition motif (ITIM) is mediated by associated membrane-spanning polypeptides. Activa 


on 


and inhibitory receptors are usually coexpressed on the cell surface and function in concert, determining the magnitude of effector cell responses. 
Complement receptors (CRs) and membrane regulators are expressed by m-@-CR. CR1 is broadly expressed by nucleated cells, acting as a “sink” for 
activated complement. CR3 (CD11b/CD18), a phagocytic receptor for C3bi-coated particles, and CR4 (CD11c/CD18) are B, integrins, which, together 
with lymphocyte function-associated antigen (LFA)-1 (CD11a/CD18), mediate adhesion of myeloid cells to endothelium and extracellular matrix and 
migration. Human CR immunoglobin (huCRIg) are long (L) and short (S) forms of the complement-binding receptor on Kupffer cells that mediate 
uptake of opsonized bacteria. CD55 and CD59 are glycosylphosphatidylinositol (GPI)-anchored regulators of complement activation. (Used with 


permission of S. Seif, GraphisMedica, 2014.) 


macrophages with immune complexes results in cell “activation, 
with an increase in phagocytosis, superoxide production, and pros- 
taglandin and leukotriene release. 


Complement Receptors 

Activation of the complement system results in liberation of numerous 
ligands that bind to specific receptors on mononuclear phagocytes. 
Four receptors that bind fragments of the complement component C3 
have been identified (see Fig. 67-9). Complement receptor (CR) 1 
(or CD35) binds dimeric C3bi and is found on both monocytes and 
macrophages. CR3 (or CD11b) binds the complement fragment C3b. 
CR3 is a heterodimeric glycoprotein that is composed of two noncova- 
lently linked polypeptides. The a chain of the polypeptide has an Mr of 
185,000, and the £ subunit has an Mr of 95,000. This receptor and the 
leukocyte antigens lymphocyte function-associated antigen (CD 11a) 
and alpha-X integrin chain (CD11c) compose a family of heterodi- 
mers that share a common f subunit (CD18).” This family is desig- 
nated the leukocyte integrin (B,) subfamily.” These heterodimers are 
involved in cell-cell interactions, including leukocyte trafficking into 
the tissues, binding of opsonized particles and plasma proteins, and 
attachment to various substrates. They also may modulate intercellu- 
lar adhesion. Elimination of the integrin 8, subunit causes leukocyte 
adhesion deficiency.“ 

The classical opsonins, which promote the uptake of particles, are 
antibody, IgG complexed with antigens, and complement, activated by 
the classical pathway (antibody-dependent IgM or IgG) or recognized 
directly via the lectin-carbohydrate-stimulated alternative pathway. Fc 
and CRs are heterogeneous in structure, expression, and function, 
activating or inhibiting macrophage responses,**** as illustrated in 
Fig. 67-9. Other opsonins include fibronectin and milk-fat globulin.” 
Through their expression of various opsonic receptors, monocytes, 
macrophages, and DCs perform versatile roles in innate and adaptive 
immunity,“ in antigen clearance and destruction, in autoimmunity, 
and in pathogenesis of a range of inflammatory and infectious disor- 
ders. Genetic polymorphisms influence the expression and functions 
of FcRs in homeostasis and disease. Although prominent in host pro- 
tection, invading microorganisms may be able to exploit, even subvert 
these receptors to facilitate their entry and survival.” Opsonic receptors 
play an important role in clearance of hematopoietic cells, for exam- 
ple, antibody-coated platelets, giving rise to thrombocytopenia, and in 
therapeutic antibody treatment, for example, to facilitate engraftment. 
Antibody engineering has provided novel therapeutic agents to mini- 
mize undesirable consequences, such as cell activation. The initiation or 
avoidance of complement activation in particular controls an important 
effector pathway in tissue injury and repair. 


Toll-Like Receptors 

The family of TLRs, identified on macrophages in mammals, is a pat- 
tern-recognition receptor that bind structurally conserved molecules 
derived from microorganisms, including endotoxins (LPS) and viral 
nucleic acids. TLRs are now considered key molecules responsible for 
alerting the immune system to the presence of microbial infections. For 
example, TLR4 is part of a recognition couple for LPS. Pathogen rec- 
ognition by TLRs activates the innate immune system through the sig- 
naling pathway and provokes inflammatory responses, such as cytokine 
production. These are shown schematically in Fig. 67-10 to illustrate 
their diverse structures and signaling pathways. 

The discovery of TLR has transformed the study of innate immu- 
nity, inflammation, and adjuvant actions on APC.*'-* Receptor struc- 
tures, heterogeneity of expression, microbial and endogenous ligands, 
and signaling have been defined, and knowledge of their regulation 
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has begun to offer agents to manipulate TLR signaling in humans. The 
discovery of inborn errors, such as the interleukin receptor-associated 
kinase (IRAK)-4 deficiency,™ and the role of toll-interleukin receptor 
adaptor protein (TIRAP) function in Plasmodium falciparum infec- 
tion,” for example, have illustrated their role in human disease. Several 
concepts have emerged. From the original studies on LPS recogni- 
tion and signaling by the multiprotein complex formed by CD14, LPS 
binding protein, and MD2, and the clarification of the distinct adaptor 
pathways (MyD88 [myeloid differentiation factor 88], TIRAP/MAL 
[MyD88 adaptor-like], TRIF [TIR domain-containing adaptor inducing 
interferon (IFN)-$], and TRAM [TRIF-related adaptor molecule]), the 
recognition and sensing of TLR ligands have become clear. The tertiary 
structure of TLR4 has been reported.** TLRs are expressed either on the 
plasma membrane of myeloid and other cells, or within the vacuole, 
especially in the case of TLRs 3, 7, and 9, which are implicated in viral 
nucleic acid recognition. Crosstalk among nuclear factor (NF) «B, IFN, 
and mitogen-activated protein kinase (MAPK) kinase pathways has also 
become apparent.” TLRs collaborate with other recognition receptors,” 
such as dectin-1. Furthermore, a role has been proposed for TLR signal- 
ing in nontranscriptional activities, such as the kinetics of phagosome 
maturation in macrophages. 


Non-Toll-Like, Nonopsonic Receptors 

The study of lectins and SRs has lagged behind that of the above recep- 
tors, but is gaining ground, documenting receptor expression and lig- 
ands, mainly in mouse models of inflammation and infection." 
These receptors are present on macrophages and DCs, and variably 
on monocytes and neutrophils. They are implicated in the recogni- 
tion and uptake of microbial and host ligands, and vary in their abil- 
ity to activate host defense functions. Figure 67-11 and ‘Table 67-3 
illustrate the functional attributes of these receptor systems. The 
mannose receptor is mainly involved in endocytosis, with a predom- 
inant intracellular localization.” The multilectin mannose receptor 
displays dual functions, contributing to the clearance of mannose- 
terminal lysosomal hydrolases and of neutrophil granule glycopro- 
teins such as MPO, as well as of hormones (e.g., thyroglobulin) and 
exocrine secretion products (e.g., amylase). It plays a role in the cap- 
ture and transport of mannose-terminal glycoproteins to targets in 
spleen (marginal metallophilic macrophages) and in lymph nodes 
(subcapsular sinus macrophages) that express sulfated receptors for 
its cysteine-rich domain. The outcome of such targeting is either 
silent disposal or, if combined with TLR stimulation, induction of an 
immune response.™ In common with several other nonopsonic recep- 
tors, it can play dual, even opposing actions in host protection or in 
pathogenesis, as shown by ongoing studies in mice. 

Dectin-1 is a lectin-like receptor that is widely expressed on mye- 
loid cells, with a single immunoreceptor tyrosine-based activation motif 
(ITAM)-like motif in its cytoplasmic tail. It recognizes B glucans, 
abundant in fungal walls, including bioactive zymosan particles, and 
has been implicated in innate resistance to fungal infection. Dectin-1 
activates syk and caspase activation and recruitment domain (CARD)-9, 
regulating various effector pathways such as TNF-a, leukotriene pro- 
duction, and T-helper (Th) 17 cell activation, with heterogeneity in 
responses by macrophages and DCs. Dectin-1 collaborates with TLR 
2/6 in the response to zymosan. Other lectins expressed by macrophages 
include sialic acid recognition molecules, Siglec-1 (sialoadhesin),® an 
extended Ig superfamily plasma membrane protein implicated in cell- 
cell interactions (Chap. 68 discusses a possible role in the hematopoietic 
system). 

SRs are a diverse family of structurally unrelated, promiscuous 
receptors, with a predilection for polyanionic ligands, expressed by 
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Figure 67-10. The main toll-like receptor (TLR) signaling pathways and adaptor molecules. The pathways that are activated by the different recep- 


ype | IFN, type 


gle-stranded; TBK1, TANK-binding kinase 1; TIRAP, toll/IL-1R 


ors are multiple and complex. For example, TLR signaling involves not only nuclear factor-kB 
kinases, phosphatidylinositol 3-kinase, and several other pathways that markedly affect the overall biologic response to the activation of TLRs. Dectin-1 
a B-glucan receptor) is shown as an example of various signaling-competent cell-surface pattern-recognition receptors. ASC, apoptosis-associated 
speck-like protein containing a caspase activation and recruitment domain; CARD, caspase activation and recruitment domain; ds, double-stranded; 
| interferon; IFN, interferon; IKB, inhibitor of NF-KB; IL, interleukin; IPAF, interleukin-1B-converting enzyme-protease activating 
factor; IRF, IFN-regulatory factor; LPS, lipopolysaccharide; MDA5, melanoma differentiation-associated gene 5; MyD88, myeloid differentiation primary 
response gene 88; NACHT, domain present in NAIP, CIITA, HET-E, and TP-1; NALP NACHT leucine-rich repeat and pyrin-domain-containing protein; 
OD, nucleotide-binding oligomerization domain; RICK, receptor-interacting serine/threonine kinase; RIG-I, retinoic acid-inducible gene |; ss, sin- 
TIR) domain-containing adaptor protein; TRAM, TRIF-related adaptor molecule; TRIF, TIR 


NF-kB) activation, but also mitogen-activated protein 


domain-containing adaptor protein inducing IFN-B; SYK, spleen tyrosine kinase. See text for further details. (Reproduced with permission from Trinchieri 
G, Sher A: Cooperation of Toll-like receptor signals in innate immune defence. Nat Rev Immunol 2007 Mar;7(3):179-190.) 


diverse microorganisms, apoptotic cells, and modified host lipoproteins.™ 
SR-A I/II and MARCO (macrophage receptor with collagenous struc- 
ture) (class A SR) are collagenous transmembrane receptors that mediate 
endocytosis, phagocytosis, and cell adhesion. SR-A I/II is upregulated by 
M-CSF and MARCO by TLR and MyD88-dependent microbial ligands, 
triggers of innate immune activation.” A number of naturally occurring 
ligands for SR-A have been identified, including apolipoprotein A, and 
Neisserial outer-surface proteins,® as well as previously described lipid 
A, lipoteichoic acid, and modified (acetylated) low-density lipoproteins, 
among others. After initial interest primarily in its role in atherogenesis 
(Chap. 134), attention has also focused on innate immune functions in 
bacterial infection. 

Class B SRs, such as CD36 and SR-BI, have distinct structures and 
have been implicated in mycobacterial recognition as well as in the 
uptake and exchange of lipids.” CD36, together with thrombospondin, 


plays a role in apoptotic cell uptake” and has been implicated in macro- 
phage fusion. Other SRs, expressed on a variety of cells as well as mac- 
rophages, have similar roles in clearance. 


Human Leukocyte Antigen Class Il Receptors 

Monocytes and macrophages serve an important function as APCs. 
They bear the class II glycoproteins of the major histocompatibility 
gene complex, human leukocyte antigen (HLA)-DR, HLA-DP, and 
HLA-DQ. Expression of major histocompatibility complex (MHC) 
class II antigens on macrophages from different tissues varies widely. 
Splenic macrophages contain a high percentage of HLA-DR-positive 
cells (50 percent), whereas peritoneal macrophages have relatively few 
(10 to 20 percent).”! The proportion of Ia-positive alveolar macrophages 
is only approximately 5 percent.” Lymphokines, primarily IFN-y, can 
induce macrophages to express higher levels of MHC class II antigens, 
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Figure 67-11. Macrophage nonopsonic and regulatory receptors. See text for further details. EGF-TM7, epidermal growth factor-seven transmem- 
brane; MARCO, macrophage receptor with collagenous structure; Siglec, sialic acid-binding immunoglobulin-like lectin. 


whereas prostaglandin E, a-fetoprotein, and glucocorticoids downregu- 
late HLA-DR antigen expression on macrophages. 


CD11 

CD11 defines a family of three accessory adhesion surface glycopro- 
teins: CD11a, CD11b, and CD11c. These proteins are distinct a subunits 
for three heterodimeric surface glycoproteins, each sharing a common 
p subunit, designated CD18. The a subunits have different isoelectric 
points, molecular weights, and cell distribution (Chap. 15).”> Whereas 
CD 11a is expressed on all leukocytes, CD11b and CD11c are expressed 
predominantly on monocytes and macrophages, a minor subset of B 
lymphocytes, and most polymorphonuclear leukocytes. CD11b is 
expressed on more than 95 percent of fresh human monocytes and mac- 
rophages but declines rapidly on cells maintained in vitro. Antibodies 
specific for CD11b, such as OKM1 or Mol, may block this CR’s abil- 
ity to bind to CD3bi.” Accordingly, these antibodies strongly inhibit 
CR-mediated rosetting of erythrocyte-IgM antibody-complement 
complexes. 


CD14 and CD16 

The CD14 molecule is one of the most characteristic surface antigens 
of the monocyte lineage. It is a polypeptide of 356 amino acids that is 
anchored to the plasma membrane by a phosphoinositol linkage.” It is 
expressed strongly on the surface of monocytes and weakly on the sur- 
face of granulocytes and most tissue macrophages. It can be detected 
on some nonmyeloid cells (e.g., hepatocytes and some epithelial cells). 
CD14 functions as a receptor for endotoxin (LPS). LPS binds to a serum 


protein, LPS-binding protein, which facilitates the binding of LPS to 
CD14. The coreceptor MD2 and TLR4 also are vital in this process. 
When LPS binds to CD14/MD-2/TLR4 expressed by monocytes or neu- 
trophils, the cells become activated and release cytokines such as TNF 
and upregulate cell surface molecules, including adhesion molecules. 
In vitro, soluble CD14 binds to LPS, and the complex stimulates cells 
that do not express CD14 to secrete cytokines and coregulate adhesion 
molecules.”° 

A subset of human blood monocytes that express low levels of 
CD14 molecules and high levels of the Fey receptor II (FcyRIII) CD16 
has been identified.” These CD14+CD16+ monocytes resemble alveolar 
but not peripheral macrophages. CD14+CD16+ monocytes represent 
5 to 10 percent of blood monocytes in normal individuals and can be 
dramatically expanded in pathologic conditions, such as sepsis, HIV 
infection, and cancer. CD16+ monocytes produce high levels of proin- 
flammatory cytokines. 


CD4 

T lymphocytes express several surface receptors. The surface antigen 
CD4 is expressed primarily in T-helper lymphocytes (Chap. 76). CD4 
and its corresponding messenger RNA have been demonstrated on 
monocytes, macrophages, and the monocyte-like cell line U-937.”*° 
Although CD4 is present at low concentrations in blood monocytes, 
the proportion of cells that display this plasma membrane determi- 
nant ranges from less than 5 percent to 90 percent. The CD4 mol- 
ecule is involved in induction of T-lymphocyte helper functions (T,) 
and T proliferative responses to antigen stimulation; however, its role 
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TABLE 67-3. Ligands for Selected Nonopsonic, Non-Toll-Like Receptors 


Class Receptor Microbial Ligands Endogenous Ligands Function 
Scavenger receptors SR-A I/II Gram+/- bacteria Apoptotic cells Phagocytosis 
Lipoteichoic acid Modified low- and high-density Endocytosis 
lipoproteins (LDL, HDL, apoli- 
poprotein A,, apolipoprotein E) 
Lipid A AGE-modified proteins Foam cell formation 
Neisserial surface proteins B-Amyloid Adhesion 
MARCO Gram+/- bacteria Marginal zone B lymphocytes Adhesion 
Trehalose dimycolate Uteroglobin-related protein Phagocytosis 
Neisserial surface proteins Innate activation 
CD36 Diacylated lipopeptide Apoptotic cells (with throm- Uptake, exchange of lipids, 
from Gram+ bacteria bospondin and vitronectin adhesion 
receptor) 
Plasmodium falciparum- HDL 
parasitized erythrocytes 
Outer rod segments 
Lectins Dectin-1 B-Glucan T lymphocytes Fungal uptake and 
(noncarbohydrate) immunomodulation 
DC-SIGN Mannosyl/fucosyl glyco- ICAM 2/3 Adhesion 


conjugates viruses (e.g., 
HIV-1, Dengue) 


T lymphocytes Endocytosis 


Mannose receptor Mannosyl/fucosyl Lysosomal hydrolases Endocytosis 


Adhesion 


C-type lectin domains Glycoconjugates on 
bacteria, viruses, fungi, 


parasites 


Thyroglobulin 


Cysteine-rich domain Ribonuclease B Antigen targeting 


Adhesion 


Fibronectin type II 
domain 


Amylase 


Sulfated carbohydrates in mar- 
ginal zone (spleen) and subcap- 
sular sinus (lymph node) 


Collagens 


AGE, advanced glycation end product; DC-SIGN, dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin; ICAM, inter- 
cellular adhesion molecule; MARCO, macrophage receptor with collagenous structure; SR, scavenger receptor. 


Data from Fogelman AM, Van Lenten BJ, Warden C, et al: Macrophage lipoprotein receptors. J Cell Sci (Suppl 9):135-49, 1988; Adams DO, Ham- 
ilton TA: Phagocytic cells: Cytotoxic activities of macrophages. In Inflammation: Basic Principles and Clinical Correlates 2 edition, edited by J.I. 
Gallin & R. Snyderman, p. 471. Raven Press, New York, NY, 1992; Werb, Z. & Goldstein, l.: Phagocytic cells: Chemotactic and effector functions 
of macrophages and granulocytes, 7th ed., in Basic and Clinical Immunology, edited by D. Stites & A. Terr, p. 96. Appleton and Lange, Norwalk, 
CT, 1991; Papadimitriou, J.M. & Ashman, R.B.: Macrophages: current views on their differentiation, structure, and function. Ultrastruct Pathol 
13:343-72, 1989; Gordon, S., Perry, V.H., Rabinowitz, S., Chung, L.P. & Rosen, H.: Plasma membrane receptors of the mononuclear phagocyte 
system. J Cell Sci Suppl 9:1-26, 1988; Law, S.K.: C3 receptors on macrophages. J Cell Sci Suppl 9:67-97, 1988; Hume, D.A. et al.: The mononuclear 
phagocyte system revisited. J Leukoc Biol 72:621-7, 2002. 


in the function of monocyte/macrophages has not been determined. 
An important aspect of the monocyte/macrophage phenotype is the 
presence of CD4 molecules on the surface of monocytes that can act as 
receptors for HIV type 1 (HIV-1). HIV-1 uses the CD4 receptors as an 
entry pathway for infection of monocyte/macrophages.”**° 


Chemokine Receptors 
Chemokines mediate their activities by binding to target cell surface 
chemokine receptors that belong to a large family of G-protein—coupled, 


seven transmembrane domain receptors. Human monocytes/mac- 
rophages express several chemokine receptors (Table 67-4). The 
chemokine receptor CCR5 has been implicated in HIV-1 infection of 
monocytes/macrophages.*'* CCR5 is a major coreceptor on mono- 
cytes/macrophages for M-tropic HIV-1 infection. At least one copy of 
a 32-nucleotide deletion within the CCR5 gene (CCR5A32) has been 
found in approximately 4 to 16 percent of individuals, depending on 
their background; when in the homozygous state, individuals are highly 
protected against acquisition of HIV.***” 


Fc Receptors 
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TABLE 67-4. Surface Receptors of Monocytes and Macrophages 


Transferrin and Lactoferrin Receptors 


IgG,» |IgG,,/lgG,, IgG, IgA, IgE 
Complement receptors 


Lipoprotein lipid receptors 
Anionic low-density lipoproteins 


C3b, C3bi, C5a, C1q 


PGE, LTB, LTC, PAG 


LPS receptors 


Apolipoproteins B and E (chylomicron remnants, VLDL) 


CD14 


Cytokine receptors 


Receptors for coagulants and anticoagulants 


MIF, MAF, LIF, CF, MFF, TNF-a, IL-1, IL-2, IL-3, IL-4, IL-10, IL-18, INF-a, INF-6, INF-y, 


GM-CSF, M-CSF/CSF-1 


Fibrinogen/fibrin 


Coagulation factor VII 


Chemokine receptors 


a -Antithrombin 


CCR1, CCR2A, CCR2B, CCR3, CXCR4, CCR5 


Heparin 


Macrophage growth factor receptors 


Integrins (CD11b, CD18) 


M-CSF, GM-CSF 


Fibronectin receptors 


Receptors for peptides and small molecules 


Laminin receptors 


Neurokinin-1 


Mannosyl, fucosyl, galactosyl residue 


H,, H,,5-HT 


a,-Macroglobulin-proteinase complex receptors 


1,2,5-Dihydroxy vitamin D, 


Toll-like receptors 


N-formylated peptides 


TLR2, TLR4, TLR5, TLR9 


Enkephalins/endorphins 


Others 


Substance P 


Cholinergic agonists 


Hemokinin-1 


a,-Adrenergic agonists 


Arg-vasopressin 


B,-Adrenergic agonists 


Hormone receptors 


Insulin 


Glucocorticoids 


Angiotensin 


C, complement; GM, granulocyte macrophage; H,, histamine; 5-HT, 5-hydroxytryptamine; lg, immunoglobulin; IL, interleukin; INF, interferon; 
LIF, leukocyte migration inhibition factor; LT, leukotriene; MAF, macrophage-activating factor; MFF, macrophage fusion factor; MIF, macrophage 
inhibitory factor; PAG, platelet-activating factor; PG, prostaglandin; TNF, tumor necrosis factor; VLDL, very-low-density lipoprotein. 


Data from Lewis C, McGee JD: The Macrophage, 2nd ed. Oxford University Press, New York, 1992; Fogelman AM, Van Lenten BJ, Warden C, 
et al: Macrophage lipoprotein receptors. J Cell Sci Suppl 9:135-149, 1988; Adams DO, Hamilton TA: Phagocytic cells: Cytotoxic activities of mac- 
rophages, in Inflammation: Basic Principles and Clinical Correlates, 2nd ed., edited by Gallin JI, Snyderman R, p 471. Raven Press, New York, 1992; 
Werb Z, Goldstein |: Phagocytic cells: Chemotactic and effector functions of macrophages and granulocytes, in Basic and Clinical Immunology, 
7th ed., edited by Stites D, Terr A, p 96. Appleton and Lange, Norwalk, CT, 1991; Papadimitriou JM, Ashman RB: Macrophages: Current views 
on their differentiation, structure, and function. Ultrastruct Pathol 13:343-372, 1989; Gordon S, Perry VH, Rabinowitz S, et al: Plasma membrane 
receptors of the mononuclear phagocyte system. J Cell Sci Supp! 9:1-26, 1988; Law SK: C3 receptors on macrophages. J Cell Sci Suppl 9:67-97, 
1988. Hume DA, Ross IL, Himes SR, et al: The mononuclear phagocyte system revisited. J Leukoc Biol 72:621-627, 2002. 


To illustrate the dynamic interaction of macrophages and virus, a 
video showing an HIV-1 infected human macrophage sensing its envi- 
ronment was captured from a spinning disk confocal microscope using 
a 100x objective by Raphael Gaudin (see http://www.cellimagelibrary 
.org/images/41568#.VAR6eNcDfRo.email). 


@FUNCTION 


Monocytes respond to activating signals, for example, chemokines, 
through chemokine receptors, setting in motion a series of adhesion and 
migration events associated with diapedesis.** They play a direct role in 


sepsis and in more poorly defined changes associated with intravascular 
coagulation and platelet activation. Their phagocytic potential is mainly 
expressed after adherence to the vascular endothelium. Monocytes are 
relatively resistant to virus infection, compared with more differentiated 
macrophages. These cells selectively adhere to lipid- and platelet-acti- 
vated endothelium, a precursor to atherogenesis. Although metabolic, 
microbial, or environmental stimuli are normally required to induce 
monocyte activation, once activated monocytes express a greater poten- 
tial for cytotoxicity and antimicrobial functions than resident tissue 
macrophages. 

Figure 67-11 schematically shows select surface receptors related 
to monocyte function. These include chemokine recognition, adhesion, 


and immunoregulatory molecules. Receptors involved in microbial rec- 
ognition and innate immunity (e.g., cluster of differentiation [CD]14),”° 
phagocytosis (e.g., FcR, CR), secretory, and killing mechanisms are 
described, as are cytokine production and responses. Intracellular granule 
contents of monocytes include myeloperoxidase (MPO) and lysozyme, 
although these are less studied than in neutrophils. 


MOTILITY OF MONOCYTES 
AND MACROPHAGES 


An effective monocyte response to infection is predicated upon the 
ability to migrate and accumulate at sites of inflammation and infec- 
tion. Monocytes are capable of both random and directed movement. 
Random migration is nondirected movement that occurs in the absence 
of attracting substances. Directed movement, as a result of chemotaxis, 
refers to monocyte migration that occurs in response to soluble factors 
or stimuli and that is mediated by different types of receptors on phago- 
cyte cell surfaces. A number of different methods have been used to 
study macrophage movement both in vivo”! and in vitro.” 

Monocytes and macrophages are unusual among hematopoietic 
cells in that they are motile (ameboid type), migratory, yet capable of 
sessile, “fixed” life in tissues as resident and more newly recruited cells. 
Although not as motile as neutrophils, and more difficult to study in 
physiologically relevant assays in vitro, they display lineage-specific, as 
well as shared, yet distinct properties with DCs, which can be consid- 
ered as more motile, less-adherent cells specialized for antigen capture 
and delivery to naive and primed lymphocytes.” They also share recep- 
tors and cytoskeletal properties with fibroblasts. Apart from diapedesis 
in response to endothelial and extravascular signals, monocytes and 
their progeny display polarization and specialized adhesion structures, 
most evident in the tight seal of osteoclasts to bone surfaces, so as to 
localize secretion of powerful catabolic products. 

Adhesion is a defining event in the differentiation of monocytes, 
profoundly influencing the organization of the cell, its plasma mem- 
brane, cytoplasm, and nuclear transcription machinery, as well as reg- 
ulating posttranslational modification of the proteome. Monocytes 
express diverse integrins, implicated in outside-in as well as inside-out 
signaling.” Particularly important are the £,-integrin heterodimers, 
restricted to myeloid cells, as opposed to £, and £, integrins shared with 
mesenchymal and other cells. The £, integrins, lymphocyte function- 
associated antigen (LFA)-1 (CD11la/CD18), CR3 (CD11b/CD18), and 
CD11c/CD18, have been of great value in studies of monocyte/mac- 
rophage adhesion. Inhibitory and stimulatory monoclonal antibodies 
have been generated, and rare inborn errors of metabolism, such as the 
leukocyte adhesion deficiency syndrome, caused by a genetic deficiency 
of the common £, chain, result in defective myeloid cell recruitment to 
inflammatory stimuli. 

The well-known sequence paradigm of rolling (mediated by 
L-selectin), more stable adhesion (mediated by £, integrins), and 
diapedesis has been extensively studied in neutrophils (Chap. 19), 
and is thought to be similar for monocyte recruitment in response 
to chemokines, as described in Chap. 68. Monocyte-specific and con- 
stitutive migration through different tissue compartments (marrow, 
blood, tissues) are still poorly understood. An unresolved question is 
whether circulating monocytes are already “bar coded” for entry to 
special tissues, such as the CNS, or whether cells enter tissues stochas- 
tically from blood. 

The control of monocyte motility in relation to chemotaxis contin- 
ues to be studied.” In particular, the energetics and role of mitochondria 
in aerobic and hypoxic conditions deserve further study. Mitochondria 
are prominent in DCs and play a wider role than anticipated in innate 
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resistance to viral infection and in cytosolic stress. Several well-known 
G-protein-coupled receptors (GPCRs), including the array of selec- 
tive, shared, even redundant chemokine receptors, 6-adrenergic recep- 
tors, and others contribute to the regulation of directed migration and 
other cellular functions (Table 67—5).°°*” In addition, a newly defined 
family of GPCR with large extracellular domains, includes myeloid-re- 
stricted members of the epidermal growth factor-seven transmem- 
brane (EGF-TM7) subfamily with multiple EGF (epidermal growth 
factor) repeats. EMR2 (epidermal growth factor-like module con- 
taining mucin-like hormone receptor-like 2) and CD97, structurally 
related to the F4/80 antigen marker discussed in Chap. 68, likely sup- 
port additional important monocyte functions.” Their ligands include 
complement regulatory molecules (CD55, associated with paroxysmal 
nocturnal hemoglobinuria; Chap. 40) and chondroitin sulphate B, a 
matrix component. EMR2 expression on myeloid cells is upregulated 
by septic shock, its ligation on neutrophils potentiates a range of cellular 
responses. 

The roles of phosphoinositide metabolism, diacylglycerol gen- 
eration, calcium fluxes, and phosphorylation/dephosphorylation in 
regulating actin assembly have been studied in human and mouse 
cells, using mainly neutrophils as a prototype.” Genetic models of 
value for macrophage studies include src kinase knockout animals 
and the Wiskott-Aldrich syndrome. Small guanosine triphosphatases 
(GTPases; rac, rho, cdc42) have been implicated in diverse myeloid 
functions, including cell spreading and membrane ruffling. Specialized 
adhesion structures that deserve further study in macrophages include 
focal adhesion, podocyte formation (particularly prominent in osteo- 
clasts) and possible participation in tight junctions; hemiconnexons 
have been reported in macrophages in marrow stroma. CR3 contrib- 
utes to divalent cation-dependent adhesion of monocytes and mac- 
rophages to artificial, serum-coated substrates, such as bacteriologic 
plastic and the class A SR and MARCO (see “Non-Toll-Like, Nonopsonic 
Receptors” above), which mediate divalent cation-independent adhe- 
sion to serum-coated tissue culture plastic in vitro. However, the basis 
of the remarkable, even unique, protease-resistant adhesion of mac- 
rophages to foreign materials remains mysterious. Improved imag- 
ing studies, combined with genetic manipulations, will bring further 
insights into the regulation of monocyte/macrophage adhesion and 
migration in vivo. 


INTERACTION WITH COAGULATION CASCADE 


Monocytes and resident macrophages line the sinusoids of liver (Kupffer 
cells) and spleen and readily recognize activated platelets, binding them 
for clearance and destruction. In addition, monocytes produce potent 
procoagulants, such as tissue factor, initiating a clotting cascade which, 
if dysregulated, can lead to diffuse intravascular coagulation during sep- 
tic shock. Following injury and inflammation, monocytes/macrophages 
produce urokinase, to generate plasmin, in concert with endothelial 
cell-derived tissue plasminogen activator.” Macrophage production of 
urokinase is regulated by phagocytic and other stimuli, and the active 
enzyme can bind to receptors (urokinase plasminogen activator recep- 
tor) on the cell surface in a complex interaction with protease—anti- 
protease complexes, thus localizing fibrinolysis, which is important in 
wound repair. 

The nature and source of the lipid tissue factor produced by mono- 
cytes is not well characterized. The cells also produce a complex mix of 
lipid metabolites, consisting of labile prostaglandins, leukotrienes, and 
thromboxanes, by utilization of arachidonate-derived precursors and 
substrates for phospholipase and cyclooxygenase-processing enzymes, 
among others. 
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TABLE 67-5. Selected G-Protein—Coupled Receptors Implicated in Functions of Monocytes and Macrophages 


Chemotaxis 


Adhesion/Cell—Cell Contact 


Activation and Resolu- 
tion of Inflammation 


Alternative Activation 


Survival 


Chemokine receptors 


C5a receptor 


EGF-TM7 receptors 


Sphingosine-1-phosphate 
receptors 


BAI-1 


Purinergic receptors 
GPR86, GPR105, P28, 
P2Y11, and P2Y12 


Sphingosine-1-phos- 
phate receptors 


Leukotriene B, receptor 


Formyl peptide receptors 


Chemokine receptors 


Formyl peptide receptors 


CX,CRI 


Chemokine receptors 


Platelet-activating factor 
receptor 


C5a receptor 


EMR2 


EMR2 


Protease-activated 
receptors 


Neuropeptide Y receptor 


Platelet-activating factor 
receptor 


Leukotriene B, receptor 


Neurokinin receptors 


Neuropeptide Y receptor 


Vasoactive intestine pep- 
tide receptor 


Prostaglandin receptors 


Resolvin 


BAI-1, brain-specific angiogenesis inhibitor 1; EGF-TM7, epidermal growth factor-seven transmembrane; EMR2, epidermal growth factor-like 


module containing mucin-like hormone receptor-like 2. 


Data from Lattin, J.E. et al.: Expression analysis of G Protein-Coupled Receptors in mouse macrophages. /mmunome Res 4:5, 2008; Yona, S., Lin, 
H.H., Siu, W.O., Gordon, S. & Stacey, M.: Adhesion-GPCRs: emerging roles for novel receptors. Trends Biochem Sci 33:491-500, 2008; Lattin, J. 
et al.: G-protein-coupled receptor expression, function, and signaling in macrophages. J Leukoc Biol 82:16-32, 2007. 


RECOGNITION AND CLEARANCE OVERVIEW 


Resident macrophages of the liver and marrow, as well as in lung and 
other nonhematopoietic tissues, play a major role in the recognition, 
phagocytosis, and endocytosis of foreign particles and macromole- 
cules, as well as of modified host components. Clearance can be silent, 
even suppressing inflammation, mediated by transforming growth 
factor (TGF)-f generation, as observed after the uptake of apoptotic 
cells by macrophages.” Production of hematopoietic cells is balanced 
by their programmed senescence and increased destruction, which 
can be enhanced in response to microbial and other toxic substances. 
Macrophages initiate and perpetuate inflammation, both acute and 
chronic, as a result of their biosynthetic and secretory responses to 
injurious particles. Uptake and vacuole formation sequester the mem- 
brane-enclosed contents for digestion and possible antigen processing 
and presentation, a specialized property of DCs after their further dif- 
ferentiation from active endocytic to APCs.” Specialized studies show 
that blood-derived monocytes have unique functions. For example, 
in the human disorder multiple sclerosis and the model experimen- 
tal autoimmune encephalitis, monocyte-derived macrophages initiate 
demyelination at nodes of Ranvier; whereas, microglia derived from 
yolk-sac progenitors during embryogenesis are relatively inert at dis- 
ease onset.’ To illustrate the role of macrophages in the recognition 
and clearance of foreign substances, images of macrophage spreading 


and engulfment of erythrocytes can be visualized by scanning elec- 
tron microscopy, and the sequence of engulfment by phase-contrast 
optics (see video talk on macrophage phagocytosis at http://hstalks. 
com/?t=BL 1473311). 

In addition, interest has grown explosively in cytosolic recognition 
systems, designed to protect the cell from various infectious and lytic 
agents.’ The process of autophagy shares aspects with both mem- 
brane-bound and cytoplasmic organelle injury, and has become of great 
current interest because of its contribution to pathogenesis of infec- 
tious, malignant, and inflammatory syndromes.’ 


APOPTOSIS 


Macrophages take up large numbers of naturally dying cells, hemato- 
poietic and others, through a complex mechanism involving multiple, 
often redundant nonopsonic receptors.” A possible role for comple- 
ment has also been proposed. Figure 67-12 illustrates receptors and lig- 
ands that have been implicated. Apart from the SRs already discussed, 
they include receptors for opsonins and for milk-fat globulin, as well as 
for the vitronectin receptor. Phosphatidylserine (PS) expressed on the 
outer leaflet of apoptotic cells, contributes to apoptotic cell recognition, 
but its role is probably more complex as apparently healthy cells can 
express patches of PS on their surface and PS recognition plays a role in 
CD36-dependent macrophage-macrophage fusion. The recognition 
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Figure 67-12. Phagocytic receptors for apoptotic cell phagocytosis. Macrophages and immature myeloid dendritic cells (DCs) are the main 
immune cells involved in the clearance of apoptotic cells. They express broadly similar multiple receptors that can bind directly or via opsonic-soluble 
proteins, for example, mannose-binding lectins (MBLs) to ligands. Phosphatidylserine (PS) becomes exposed on the outer surface of the apoptotic 
cell and a receptor for this ligand has been long sought. A new receptor (TIM4, and related TIM1) was discovered on resident m@, with specificity 
for PS. Other mọ populations utilize MFGE8 (a milk-fat globulin protein secreted by m@) as an opsonin. Discrimination of non-self and altered self 
may involve combinations of different phagocyte receptors. Apoptotic cell uptake results in an antiinflammatory response by mọ (e.g. release of 
transforming growth factor [TGF]-B and prostaglandin E), but has also been implicated in cross-presentation by DCs. For further details see Ref. 47. 
(Reproduced with permission of Savill J, Dransfield |, Gregory G, et al: A blast from the past: clearance of apoptotic cells regulates immune responses. Nat Rev 


Immunol 2002 Dec;2(12):965-975.) 


mechanisms for uptake of necrotic cells and enucleated erythroblast 
nuclei by macrophages are not clear (Chap. 15). 


ENDOCYTOSIS, PHAGOCYTOSIS, AND KILLING 


Apart from the above ligands, macrophages express receptors for 
endocytosis of growth factors, cytokines, peptides, and lipids. Mac- 
rophages express a functional folate receptor that is induced during 
activation and can be used to target drugs or tracers to macrophages 
in situ.” Hemoglobin-haptoglobin complexes are internalized by 
CD163, a glucocorticoid-regulated receptor with a remarkable SR- 
cysteine extracellular domain structure.” CD163 is also upregulated 
by substance P.'” 

The cell biology of endocytosis and of phagocytosis is illustrated 
in Figs. 67-13 and 67-14. Apart from size and resultant involvement of 
the cytoskeleton, they have much in common; vesicle/phagosome for- 
mation, falling pH and initial digestion, fusion with secretory vesicles 
derived from the Golgi, and maturation to form secondary lysosomes/ 


phagolysosomes with a more acidic pH, and further digestion. ®!° 
Apart from selective fusion with intracellular vesicles, there is extensive 
membrane flow, recycling, and fusion. Small GTPases play an important 
role in the control of membrane traffic. Early estimates revealed that 
a substantial fraction of surface membrane is internalized constitutively 
by endocytosis. 

Studies that used opsonic receptors to examine the uptake mecha- 
nism of antibody-coated erythrocytes via opsonic receptors gave rise to 
the zipper hypothesis: local segmental engagement of FcR, and circum- 
ferential flow of macrophage pseudopodia around the particle, followed 
by fusion at the tip, closure, and ingestion. Subsequent studies by several 
groups documented the role of phosphatidylinositol 3-kinase (PI3K) 
and phosphoinositides in the initial fusion and subsequent associa- 
tions between the actin cytoskeleton and cellular membranes." Latex 
has provided a useful test particle to isolate latex-containing phagoly- 
sosomes by flotation. Proteomic analyses''* demonstrated the protein 
composition of phagosomes and drew attention to functional constitu- 
ents in the phagolysosomal membrane. 
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Figure 67-13. Phagocytosis and endocytosis pathways. Particulates are taken up by actin-dependent sequential maturation processes, involving 
membrane fusion and fission, which intersect with the endocytic pathway at several stages. Cytosolic small guanosine triphosphatases (rabs) deter- 
mine organelle-specific interactions. Membrane is recycled to the plasma membrane, with processed antigen. Progressive acidification and delivery 
of lysosomal hydrolases result in terminal degradation. Compartment membranes express marker proteins such as lysosomal-associated membrane 
protein (LAMP)-1; the pan-macrophage CD68 antigen is associated with late endosomes and lysosomes. 


These observations have provided the basis for numerous investi- 
gations regarding the interactions of diverse microorganisms with the 
vacuolar system, which are often necessary for pathogen survival and 
establishment of intracellular infection (Fig. 67-15). Organisms can 
inhibit acidification and fusion (Mycobacterium), ®™'® multiply within 
secondary lysosomes (Leishmania),'“ escape free into the cytosol (Lis- 
teria),''° or translocate their genomes into the cytoplasm by fusion 
(enveloped viruses); other organisms induce variations on this theme; 
for example, Brucella seeks out the endoplasmic reticulum after entry 
and Legionella can enter macrophages by inducing a phagosome mem- 
brane of unusual composition." Nonpathogenic organisms or patho- 
gens taken up via opsonic receptors or after IFN-y activation undergo a 
different fate, with killing and destruction. 

The zipper mechanism, with tight apposition of membrane to the par- 
ticles surface ligands, does not apply to all forms of ingestion. For example, 
complement opsonized particles seem to sink into the cytoplasm, and other 
phagosomes can be spacious. A number of key methods of visualization! 
illustrate the dynamic nature of phagocytosis. Figure 67-14 illustrates some 
of the signaling pathways that control the cytoskeleton. 

Macrophages are rich in lysosomal digestive enzymes,” activated 
by a falling pH of approximately 6.5 within the mature vacuole. Unless 
captured as peptides by MHC molecules, a feature of antigen pro- 
cessing by DCs, macromolecular substrates can be degraded to their 
constituent amino acids, sugars, or nucleic acid bases. Early studies!” 
probed the permeability of the lysosomal vacuolar membrane. If the 


content cannot be fully degraded because of its nature (e.g., sucrose), 
overload (e.g., lipid), or owing to a genetic deficiency in a catabolic 
enzyme (lysosomal storage diseases), it accumulates within residual 
lysosomes, altering macrophage gene expression and secretory out- 
put, thus mediating chronic inflammation or metabolic forms of mod- 
ified inflammation, such as atherosclerosis, foam cell formation and 
Gaucher disease. Figure 67-16A illustrates the uptake of senescent 
erythrocytes, the breakdown of heme and storage of Fe™.™ Figure 
67-16B shows how phagocytosis by DCs can bring about process- 
ing and cross-presentation of exogenous antigens." By comparison 
(Fig. 67-16C), autophagy is the envelopment of damaged intracellular 
organelles and cytoplasm by cytoplasmic membrane, and sequestra- 
tion within a digestive vacuole, resembling heterophagy (Chap. 15).'"° 
Its biochemical and cellular basis has become of interest because of 
its apparent relevance to cancer, infections such as tuberculosis and 
Legionnaire disease, and inflammatory syndromes such as inflamma- 
tory bowel disease (IBD). 

Although the phagocytic mechanism has been investigated in 
depth, we do not understand fully how the process of internalization 
is controlled. For example, ingestion can be thwarted by attempts to 
ingest too large a particle or foreign surface, or by close apposition 
of plasma membrane to noninternalizable immune complexes. This 
results in redirecting secretory vesicles to the surface, reminiscent 
of osteoclast adhesion. In other circumstances, as in response to 
foreign bodies, and especially mycobacteria, and in the presence of 
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Figure 67-14. A model for FcyR-mediated phagocytosis. A. Signaling upstream and downstream of Rho guanosine triphosphatases during 
FcyR-mediated phagocytosis. Immunoglobulin (lg) G bound to antigen on the particle binds to FcyRI receptors at the surface of the mọ and 
induces their aggregation (shown in red). This activates a Src family tyrosine kinase (probably Lyn). Lyn phosphorylates the receptor y chain 
(phosphotyrosine residues in the y chains are depicted as red diamonds) and Syk. Syk is activated and recruited to the phosphotyrosine residues 
of the y chain through its two SH2 (Src homology 2) domains. Cdc42 activation by an unknown guanine—nucleotide exchange factor (GEF) allows 
the recruitment of WASP (Wiskott-Aldrich syndrome protein). In turn, WASP activates the Arp2/3 complex that triggers actin polymerization to 
generate the protrusive force for pseudopod extension (red arrowheads). Activation of a Rac! GEF, possibly Vav, by tyrosine phosphorylation i 
conjunction with PI3 kinase products (PIP,) promotes GDP/GTP (guanosine diphosphate/guanosine triphosphate) exchange on Rac1. GTP-boun 
Rac1 interacts with and activates the serine/threonine kinase Pak1, which may induce the actinomyosin contractility involved in phagosome clo- 
sure. B. In the next step, FcyRl is rapidly down-modulated and returned to an inactive state (shown in blue), resulting in actin filament disassembly. 
According to this model, actin assembly proceeds as a wave at the distal rim of the pseudopodia, while actin depolymerization occurs rearward. 
Polyphosphoinositide phosphatases such as the SH2 domain-containing SHIP, which selectively hydrolyze PIP,, may contribute to down-modu- 
lation. Modulation of FcyRI activation may also involve tyrosine phosphatases such as SHP-1, which associates with FcyRIlb, a member of the FcyR 
family that may be coligated with FcyRI. In addition, PEST family phosphotyrosine phosphatases (PTPases) may contribute to dephosphorylation 
by interacting with PSPIP, a cytoskeletal protein that interacts with WASP. GAPs may also contribute to down-modulation by returning Cdc42/Rac1 
to the inactive, GDP-bound state. Eventually, cytoskeletal proteins are shed from the ingestion site to leave the phagosome free in the cytosol 
(not shown here). (Reproduced with permission from Chimini G, Chavrier P: Function of Rho family proteins in actin dynamics during phagocytosis and 
engulfment. Nat Cell Biol 2000 Oct;2(10):E191-E196.) 
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the Th2 cytokines IL-4 and/or IL-13, individual macrophages can 
fuse to form giant cells, with a common cytoplasm and multinu- 
cleation. Several fusogenic surface molecules have been identified 
and DNAX-activating protein (DAP) 12 expression and signaling 
is important in generating a fusogenic differentiation phenotype in 
macrophages." 


INFLAMMASOME 


The recognition of the multiprotein inflammasome complex 
has stimulated intense interest in the recognition by cytosolic pro- 
teins of foreign nucleic acid, uric acid-induced injury, and break- 
down products of microbial walls, for example, muramyl dipeptide. 
More complex peptidoglycan structures can also be recognized 


101 


by surface receptors in Drosophila. Several reviews chart the rapid 
growth in our knowledge of inflammasome function in health and 
disease. 0002121122 Figure 67-17 illustrates selected nucleotide-binding 
oligomerization domain (NOD)-like and related receptors (NLRs) 
with nucleotide oligomerization and other characteristic domains. 
Mutations in NLR have been implicated in IBD, in periodic familial 
Mediterranean fever, and in a range of autohyperinflammatory syn- 
dromes.!? More specifically, NOD-2 has been implicated in Crohn 
disease. +! Excessive caspase activation and IL-1f release can be 
countered therapeutically with IL-1 receptor antagonists. Figure 
67-18 illustrates the role of inflammasome activation in intracellular 
infection. Antiviral production of IFN-a and -f involves retinoid- 
inducible gene (RIG)-I-like helicases, indicating a role for mitochon- 
dria in cytosolic sensing. 
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Figure 67-15. Selected pathogens evade distinct phagocytic mechanisms. Pathogens have developed several mechanisms to enter and survive 
inside macrophages. Legionella pneumophila resides and multiplies in a vacuole studded with ribosomes as a result of interaction with the rough 
endoplasmic reticulum. The organism secretes effector molecules via its type IV secretion system into the cell, which inhibit phagosome/lysosome 
fusion. The Francisella tularensis phagosome acquires the early endosome markers EEA1 and Rab5 and then matures into a late endosome defined by 
the presence of the markers Lamp1, Lamp2, and Rab7. The late endosome does not acidify and the phagosomal membrane is disrupted, releasing 
the bacteria into the cytosol. The Mycobacterium tuberculosis phagosome acquires the early endosome marker Rab5 but excludes the late endoso- 
mal Lamps and Rab7. This organism also produces molecules that block fusion with the lysosome and resides and replicates in this early endosome. 
Acidification of the Listeria monocytogenes phagosome is essential for the perforation of the phagosomal membrane and escape of the bacteria into 
the cytosol. Here they mobilize the actin polymerization machinery to move within the cell and then from cell to cell. Candida albicans undergoes 
a conversion from a unicellular form to a multicellular hyphal form, which allows this fungus to escape the macrophage. The Leishmania mexicana 
phagosome develops into an acidic phagolysosome containing Rab7 where the parasite is able to survive and replicate. Viruses such as the influenza 
virus are able to inhibit the activation of antiviral mechanisms, such as the activation of IFN regulatory function proteins that induce IFN production 
upon viral infection, and enter the nucleus. Cytomegalovirus (not shown) incapacitates a range of major histocompatibility complex-antigen present- 


ing pathways. (Used with permission of S. Seif, GraphisMedica, 2014.) 


GENE EXPRESSION, SYNTHESIS, 
AND SECRETION 


The development of microarray technology has had a dramatic 
impact on the analysis of macrophage gene expression in response to 
a wide range of stimuli, including microbial ligands, cytokines, and 
immunomodulators. Macrophages are able to express a large number 
of genes and are extremely versatile in their responses to environ- 
mental cues. It has been possible to discern signatures of particu- 
lar agonists, for example, IFN-a and -ß and IL-4, but many caveats 
remain in the interpretation of such data. Heterogeneity of cellular 
origin, differentiation stage, and populations from diverse origins, as 
well as substantial species differences, make it difficult to compare 
results within and among experiments. Validation of more quantita- 
tive messenger RNA analysis of protein synthesis and modification is 
difficult, although proteomic analysis is gaining ground. The study of 
macrophage chromatin organization in relation to gene expression is 
in its infancy. 

There is extensive crosstalk between the secretory and endo- 
cytic pathways.” Table 67-6 is a selected list of secretory products. 
This includes lysozyme, a major myelomonocytic product that is 


constitutively expressed in vitro, but upregulated in granulomata in 
vivo. The secretion pathway of lysozyme in monocytes and macro- 
phages has not been defined. The well-known pro- and antiinflam- 
matory cytokines are better characterized, both in terms of regulation 
and the secretion pathway.'” The response to IL-6 and TNF-a secre- 
tion in model systems shows a more complex pathway than previously 
recognized.” In addition to these and other important growth and 
differentiation factors that regulate angiogenesis, for example, mac- 
rophages are able to produce and secrete enzymes and proenzymes 
for a range of activities, as well as their inhibitors, for example, pro- 
teinases and antiproteinases. Although the amounts of complement 
proteins produced, for example, are relatively small, they can be sig- 
nificantly concentrated in a local microenvironment. In addition, 
macrophages can produce a range of antimicrobial peptides and lytic 
agents, but their most important killing mechanisms depend on oxy- 
gen'” and nitrogen metabolites,''' which are illustrated in Figs. 
67-19 and 67-20. Regulation of the nicotinamide adenine dinucle- 
otide phosphate oxidase and of inducible nitric oxide synthase has 
been studied extensively in mice and humans through biochemical 
and genetic approaches. Apart from their antimicrobial activity, nitro- 
gen metabolites contribute to signaling pathways.'*° IFN-« and -f play 
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Figure 67-16. A. Macrophages have an important role in iron metabolism by processing effete erythrocytes, internalized by phagocytosis, and 
returning iron to the blood (through ferritin) for reuse. Dissociation of iron linked to heme on erythrocytes requires the action of heme oxygenase (HO), 
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Figure 67-17. Nucleotide-binding and oligomerization domain (NOD)-leucine-rich repeat (LRR) and inflammasome structures. NOD-like recep- 
tors (NLRs) have three structural domains: The LRR domain at the C-terminus, the NACHT (domain present in NAIP, CIITA, AHD, HET-E, TP-1) domain, 
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Figure 67-18. Knockout studies show that IPAF (interleukin-18-converting enzyme-protease activating factor) is essential for the activation of cas- 
pase-1 by Salmonella typhimurium, Shigella flexneri, and Legionella pneumophila in order to induce the release of interleukin (IL)-16, IL-18, and macro- 
phage cell death. Sensing intracellular S. typhimurium seems to be mediated by the detection of monomeric flagellin that is secreted by the bacterial 
type Ill secretion system (and is dependent on the protein SipB from S. typhimurium) by IPAF. The type Ill secretion system protein |paB is involved in 
sensing S. flexneri. Sensing intracellular L. pneumophila seems to be mediated by the detection of monomeric flagellin that is secreted by the type 
IV secretion system by NAIP5 (neuronal apoptosis inhibitor protein 5), which, in conjunction with IPAF, induces caspase-1 activation and restricts 
the growth of these pathogens in macrophages. Although a specific NLR (nucleotide-binding oligomerization domain-like receptor) protein that 
detects cytosolic Francisella tularensis has not yet been identified, the adaptor molecule ASC (apoptosis-associated speck-like protein containing a 
CARD) seems to be essential for counteracting infections with F tularensis. CARD, caspase activation and recruitment domain; LRR, leucine-rich repeat; 
NACHT, domain present in NAIP, CIITA, HET-E, and TP-1; PYD, pyrin domain. (Reproduced with permission of Mariathasan S, Monack DM: Inflammasome 
adaptors and sensors: intracellular regulators of infection and inflammation. Nat Rev Immunol 2007 Jan;7(1):3 1-40.) 


an important role in macrophage antiviral activities'*' and perhaps 


in the cellular response to bacteria." These cytokines also contribute 
significantly to immune and inflammatory pathways, as well as cancer 
immunoediting’® and autoimmunity.” 

Macrophages may be able to produce IFN-y, for example, under 
particular circumstances, but in vivo most of the cytokine derives from 
other sources. IFN-y has a major impact on macrophage function (the 
initial name of IFN-y was macrophage activating factor), including 
priming of biosynthetic and functional responses associated with cyto- 
toxicity and inflammation in cell-mediated immunity (Fig. 67—21).'° 
Table 67-7 summarizes the markers and functions associated with var- 
ious forms of macrophage activation and deactivation, as described in 
Chap. 68.'* Intracellular GTPases have been implicated in cell activation 
by IFN-y, for example, and in relation to IBD.'*"!*+> Similarly, the Th2 
cytokines IL-4 and IL-13 induce characteristic changes in macrophage 
phenotype, which are associated with an alternative activation pathway. 
The cellular biology of alternatively activated macrophages is modified 


extensively (Fig. 67-22). Macrophages also express a range of inhibi- 
tory proteins, such as members of the suppressor of cytokine signaling 
family, that suppress cytokine production, in addition to IL-10'* and 
TGF-B. Lipid metabolites, mainly derived from arachidonate and other 
lipid precursors, provide another potent source of inflammatory and 
immunomodulatory products.’ The suppressive functions of mono- 
cytes and macrophages in chronic infections and experimental tumors 
require further study, including the development of new phenotypic 
markers in mice and humans. 


CELLULAR INTERACTIONS 


In addition to cytokine and other soluble afferent and efferent 
responses, macrophages are able to directly interact among themselves, 
with all other cell types in the body, both viable and injured, as well 
as with all kinds of microorganisms. Their interactions are reciprocal 
and regulated, contributing to homeostasis and to pathogenesis, both 


TABLE 67-6. Selected Secretion Products of Macrophages 
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Proteins Product Comment 
Enzymes Lysozyme Bulk product 
Urokinase-type plasminogen activator Regulated by inflammation 
Collagenase Regulated by inflammation 
Elastase Regulated by inflammation 
Metalloproteinases Also inhibitors 
Complement All components and regulators 
Arginase Alternative activation 
Angiotensin-converting enzyme Induced glucocorticoids, granulomas 
Chitotriosidase Gaucher disease, lysosomal storage 
Inhibitors Acid hydrolases All classes (mainly intracellular) 
TIMP 
Chemokines Many C-C, C-X-C, CX,C; e.g, MCP, RANTES, Initiates acute and chronic recruitment of myeloid and 
IL-8 lymphoid cells 
Cytokines IL-1B, TNF-a Pro- and antiinflammatory 
IL-6, IL-10, IL-12, IL-17, IL-18, IL-23 Also antagonists, e.g., IL-1Ra 
Type I IFN Autocrine and paracrine amplification 
Apolipoproteins Apolipoprotein E Local source, marrow origin after adoptive transfer 
Growth/differentiation factors TGF-8 Also other family members (activins), myeloid growth and 
differentiation 
M-CSF 
GM-CSF 
FGF Fibrosis 
PDGF Repair 
VEGF Angiogenesis 


Opsonins 


Fibronectin, pentraxin (PTX3) 


Also uncharacterized receptor on Mọ 


Soluble receptors 


Mannose receptor 


Soluble mannose receptor 


Cationic peptides 


Defensins 


Subpopulations and species variation 


Lipids 


Procoagulant 


Initiation clotting 


Arachidonate metabolites: 


Pro- and antiinflammatory mediators 


Prostaglandins 


Leukotrienes 


Thromboxanes 


Resolvins 


Metabolites 


Reactive oxygen intermediates 


Reactive nitrogen intermediates 


Haem breakdown (bile pigments) 


Iron, B,,-binding protein 


Vitamin D metabolites 


FGF, fibroblast growth factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; MCP, monocyte che- 
motactic protein; M-CSF, macrophage colony-stimulating factor; PDGF, platelet-derived growth factor; RANTES, regulated on activation, normal 
T-cell expressed, presumed secreted; TGF, transforming growth factor; TIMP, tissue inhibitor of metalloproteinase; TNF, tumor necrosis factor; 
VEGF, vascular endothelial growth factor. 


Reproduced with permission from Firestein GS and Kelley WN: Kelley's Textbook of Rheumatology, 8th edition. Philadelphia, PA: Saunders/ 


Elsevier; 2008. 


Part VIII: Monocytes and Macrophages 


Glucose + NADP* Pentose-P 
G6PD + NADPH 


NADPH + O, NADP* 
Cytochrome bes, +0, 


203 + 2H* 


——_—_—_—— > H,0,+'05 
Superoxide dismutase 272+ Me 


205 + H20, .OH+ OH” + 10, 


HzO; + Cl” 


Myeloperoxidase a 


OCL” + HO 10; + CI + HO 


205 + 2H* 


— 5 >p i 
Superoxide dismutasé Paget" 


202 ——a 20H -> A pH 


2H205 


Catalase meee 


Hypertonic 


Figure 67-19. The respiratory burst in a phagocyte is triggered when a bacterium is phagocytosed. During the phagocytosis of bacteria by mac- 
rophages and neutrophils, the phagosome membrane pinches off and the microbe is endocytosed along with a small volume of extracellular fluid. 
The mechanisms discussed here are based on studies in neutrophils and are still controversial.''? Electrons are removed from nicotinamide adenine 
dinucleotide phosphate (NADPH) in the cytoplasm and transferred through the gp91phox component (which includes flavin adenine dinucleotide 
and two hemes) across the membrane, where they reduce extracellular (or intraphagosomal) O, to O~. Protons left behind in the cell are extruded 
through voltage-gated proton channels (red). Some of the reactive oxygen species (ROS) derived from O, are indicated. Spontaneous or superox- 
ide dismutase-catalyzed disproportionation of O, produces hydrogen peroxide (H,O,), which may be converted to HOCI (hypochlorous acid, or 
household bleach) by myeloperoxidase (MPO). A. Traditional view of the respiratory burst with charge compensation by proton channels. A perfect 
match of one proton per electron results in no change in membrane potential, intracellular pH (pHi), or external pH (pHo) and little change in ionic 
strength. Because proton channels are separate molecules and for the most part operate independently of NADPH oxidase, perfect 1:1 stoichiometry 
is not obligatory. The large depolarization that occurs during the respiratory burst in intact neutrophils and eosinophils is likely the most important 
factor that causes proton channels to open, although both pHi and pHo tend to change in a direction that causes proton channels to open. That 
depolarization occurs demonstrates unequivocally that proton efflux initially lags behind electron efflux. B. If any fraction of the total charge compen- 
sation were mediated by K+ efflux, pHi would fall, pHo (or phagosomal pH) would increase, and the osmolality of the phagosomal contents would 
increase. In this model, the elevated pH and osmolality of the phagosomal contents are crucial to activating proteolytic enzymes that actually kill 
bacteria, as opposed to ROS, which are said to be inert. C. Respiratory burst reactions. During phagocytosis glucose is metabolized via the pentose 
monophosphate shunt and NADPH is formed. Cytochrome b., which was part of the specific granule, combines with the plasma membrane NADPH 
oxidase and activates it. The activated NADPH oxidase uses oxygen to oxidize the NADPH. The result is the production of superoxide anion. Some of 
the superoxide anion is converted to H,O, and singlet oxygen by superoxide dismutase. In addition, superoxide anion can react with H,O, resulting 
in the formation of hydroxyl radical and more singlet oxygen. The result of all of these reactions is the production of the toxic oxygen compounds 
superoxide anion (O,), H,O,, singlet oxygen ('O,) and hydroxyl radical (OH-). As the azurophilic granules fuse with the phagosome, myeloperoxidase 
is released into the phagolysosome. Myeloperoxidase uses H,O, and halide ions (usually Cl) to produce hypochlorite, a highly toxic substance. Some 
of the hypochlorite can spontaneously break down to yield singlet oxygen. The result of these reactions is the production of toxic hypochlorite (Och) 
and singlet oxygen ('O,). (A and B, modified with permission from Decoursey TE: Voltage-gated proton channels and other proton transfer pathways, Physiol 
Rev 2003 Apr;83(2):475-579.) 
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Figure 67-20. Theroleofnitrogen metabolism in md¢func- 
tion. Interferon-y (IFN-y) enhances the activity of nitric oxide 
synthase 2 (NOS2) to generate nitric oxide, and inhibits argin- 
ase. Interleukin (IL)-4 and IL-13 promote arginase-dependent 
formation of L-ornithine and, ultimately, fibroblast prolifera- 
tion and collagen production. GM-CSF, granulocyte-macro- 
phage colony-stimulating factor; TNF, tumor necrosis factor. 
(Adapted with permission from Hesse M1, Modolell M, La Flamme 
AG, et al: Differential regulation of nitric oxide synthase-2 and 
arginase-1 by type 1/type 2 cytokines in vivo: granulomatous 
pathology is shaped by the pattern of L-arginine metabolism. 
J Immunol 2001 Dec 1;167(11):6533-6544.) 


IFN-yR2 


Figure 67-21. Signaling pathways induced by type | and type Il interferon (IF 
the subunits IFN-a receptor (IFN-aR)-1 


). The type | IFNs (IFN-a and IFN-£) bind a receptor that consists of 
1 and IFN-aR2, which are constitutively associated with tyrosine kinase 2 (TYK2) and Janus kinase (JAK) 


1, respec- 


tively. Type | IFN-induced JAK-STAT (signal transducer and activator of transcription) signaling is propagated similarly to IFN-y-induced JAK-STAT sig- 


naling (below). Activated 1 


[YK2 and JAK1 phosphorylate STAT1 or STAT2. Type | IFN-induced signaling then induces homodimerization of STAT1 and 


heterodimerization of STAT] and STAT2. STAT1 and STAT2 associate with the cytosolic transcription factor IFN-regulatory factor 9 (IRF9), forming a trim- 
eric complex known as IFN-stimulated gene factor 3 (ISGF3). On entering the nucleus, ISGF3 binds IFN-stimulated response elements (ISREs). Studies 


of gene-targeted mice have shown that JAK1, STAT1, STAT2, and 


RF9 are required for signaling through the type | IFN receptor. TYK2 is required for 


optimal type | IFN-induced signaling. IFN-y signaling: IFN-y induces reorganization of the IFN-yR subunits, IFN-yR1 and IFN-yR2, activating the Janus 
kinases JAK1 and JAK2, which are constitutively associated with each subunit, respectively. The JAKs phosphorylate a crucial tyrosine residue of IFN- 
yR1, forming a STAT1-binding site; they then tyrosine phosphorylate receptor-bound STAT1, which homodimerizes through Src homology 2 (SH2) 
domain—phosphotyrosine interactions and is fully activated by serine phosphorylation. STAT] homodimers enter the nucleus and bind promoters at 
IFN-y—activated sites (GASs) and induce gene transcription in conjunction with coactivators, such as CBP (cyclic adenosine monophosphate-respon- 
sive—element-binding protein [CREB]), p300, and minichromosome maintenance-deficient 5 (MCMS). IFN-y-mediated signaling is controlled by sev- 


eral mechanisms: by dephosphorylation of IFN-yR1, JAK1, and STAT1 
inhibition of the JAKs (mediated by suppressor of cytokine signaling 1 


(mediated by SH2 domain-containing protein tyrosine phosphatase 2 [SHP2]); by 
[SOCS1]); by proteasomal degradation of the JAKs; and by inhibition of STAT1 


(mediated by protein inhibitor of activated STAT1 [PIAS1]). (Reproduced with permission from Platanias LC: Mechanisms of type-I- and type-ll-interferon- 


mediated signalling. Nat Rev Immunol 2005 May,5(5):375-386.) 
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TABLE 67-7. Immunomodulation of Macrophage Phenotype 


Stimulus Category Markers Function 
Microbial (bacterial) Innate activation Induction of MARCO Enhanced phagocytosis 
Costimulatory molecules Antigen presentation 
CD200 Inhibition (CD200R) 
IFN-y Classical activation Induction MHC II Cell-mediated immunity/delayed-type 
hypersensitivity 
Potentiation innate markers 
-TNF-a Proinflammatory 
- iNOS induction Antimicrobial (NO) signaling 
- NADPH, respiratory burst Host defense, inflammation 
LGP47 induction Association with phagosome/intracellu- 
lar pathogen killing 
Downregulation of MR Unknown 
Modulation of FcR expression 
Proteasomal composition Antigen presentation 
IL-4/IL-13 Alternative Enhanced MR Endocytosis 
activation 
Induction arginase Humoral immunity 
Induction YM1, FIZZ1 (mouse) Th2-responses, allergy, antiparasitic 
Induction CCL17 (MDC) and CCL22 (TARC) Immunity, repair/fibrosis 
Fusion, giant cell formation 
Upregulation CD23 (FcRe) 
Immune complexes Modified activation Selective IL-12 downregulation, IL-10 induction 
IL-10 Deactivation Downregulation MHC II 
TGF-B Deactivation Downregulation of proinflammatory NO and ROI 
Glucocorticoids Deactivation CD163 induction, monocyte recruitment down- Antiinflammatory 


regulated, ACE induction, Stabilin induction 


Homeostatic clearance of hemoglobin/ 
haptoglobin complexes 


IFN, interferon; IL, interleukin; iNOS, inducible nitric oxide synthase; MARCO, macrophage receptor with collagenous structure; MDC, mac- 
rophage-derived chemokine; MHC, major histocompatibility complex; MR, mannose receptor; NADPH, nicotinamide adenine dinucleotide 
phosphate; NO, nitric oxide; ROI, reactive oxygen intermediate; TARC, thymus and activation-regulated chemokine; TGF, transforming growth 
factor; TNF, tumor necrosis factor. 


Activated Macrophage 


“Ruffles” 


Cell membrane 


Lysosomes 


Figure 67-22. Schematic cross-section of “activated” macrophage, showing ruffling of cell membrane and cellular organelles (also see Fig. 67-15). 
(Used with permission of S. Seif, GraphisMedica, 2014.) 
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e COX-2 
Invasion e MMP-7 
and metastasis e Pleiotrophin 
“TF e Angiotrophin-1 
e MMP-7 e Leptin 
e uPA/R Immunosuppression e Fibronectin 
e MIF e IL-10 e Magic roundabout 
e PGE2 
yphagocytosis, 


Ag presentation 
(via inhibition of CD80) 


acutely and following persistent injury, to chronic inflammation. Stor- 
age of poorly degraded materials in lysosomes, for example, results in 
sustained production of degradation products, whereas massive, acute 
responses have a profound impact on the systemic circulation, endo- 
crine and nervous systems, and on metabolic pathways. Short-range 
interactions include giant cell formation during granulomatous inflam- 
mation, and also contact-dependent immunoregulation by surface mol- 
ecules such as CD200/CD200R and SIRPa/CD47.'° Matrix and other 
surface interactions regulate the induction or suppression of adaptive 
immune responses, as well as of other functions. The availability of oxy- 
gen plays an important role in macrophage interactions with a range 
of other cells, both normally and in a range of pathologies inducing 
inflammation, repair, and malignancy (Fig. 67-23). 


RELEVANCE TO HEMATOPOIETIC FUNCTIONS 
AND DISORDERS 


In addition to their essential role in host defense (innate and 
acquired immunity), inflammation, and repair, macrophages con- 
tribute to hematopoiesis, as well as to the turnover of hematopoi- 
etic cells and their products. Macrophages can be induced to take 
up folate, sense and respond to oxygen levels, and promote vascular 
growth, regulating the integrity of the hematopoietic microenviron- 
ment. However, they also play a central effector role in pathogenesis. 
Their surface expression and secretion of TNF-a, other proinflam- 
matory cytokines, enzymes, and metabolites contribute to vascular 
injury and increased permeability of the microvasculature, as well 
as to local and systemic catabolic effects associated with chronic 
inflammation. In this regard, anti-TNF-a therapy is of considerable 
value in selected inflammatory conditions and has been extended 
to the treatment of cancer and rheumatologic conditions. “1 Stro- 
mal and other resident macrophage populations provide a niche for 
acute and persistent infections in marrow and elsewhere, and these 
macrophages also contribute to trophic support of hematopoietic 
malignancies, such as multiple myeloma. The macrophage, there- 
fore, provides an important target cell for selective therapeutic inter- 
vention, without undue enhancement of vulnerability to infection. 
Additional molecular targets are needed, based on more detailed 
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Figure 67-23. Hypoxia induces marked changes in the pheno- 
ype of macrophages. Macrophages upregulate hypoxia-inducible 
ranscription factor (HIF)-1 and HIF-2 in hypoxia, which translocate to 
he nucleus to induce the expression of a wide array of target genes. 
Several important cell-surface receptors are upregulated in hypoxia, 
including the glucose receptor GLUT-1 (for increased glucose uptake 
as the cell switches to anaerobic glycolysis to make ATP in the absence 
of oxygen), the chemokine stromal cell-derived factor-1 (SDF-1) recep- 
or CXCR4, and the angiopoietin receptor Tie-2. Hypoxia also stimulates 
he expression of a wide array of other protumor cytokines, enzymes, 
and receptors, grouped here according to their known function in 
umors. Downregulation of a factor or tumor-associated macrophage 
function is indicated by an arrow. Ag, antigen; COX, cyclooxygenase; 
FGF, fibroblast growth factor; HGF, hepatocyte growth factor; MIF, mac- 
rophage migration inhibitory factor; MMP, matrix metalloproteinase; 
PDGF, platelet-derived growth factor; PGE,, prostaglandin E; TF, tissue 
factor; UPA/R, urokinase-type plasminogen activator receptor; VEGF, 
vascular endothelial growth factor. (Modified with permission from 
Lewis CE, Hughes R: Inflammation and breast cancer. Microenvironmental 
factors regulating macrophage function in breast tumours: hypoxia and 
angiopoietin-2. Breast Cancer Res 2007;9(3):209.) 


analysis of macrophage functions within their native hematopoietic 
tissue environment. A deeper understanding of macrophage physio- 
logic functions and of their role in a broad range of diseases should 
lead to the development of fresh insights into the pathogenesis and 
management of hematologic disorders. 
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CHAPTER 68 

PRODUCTION, 
DISTRIBUTION, AND 
ACTIVATION OF MONOCYTES 
AND MACROPHAGES 


Steven D. Douglas and Anne G. Douglas 


Monocytes and macrophages play an important role in human biology, both 
as a component of the hematopoietic system and within the stroma and tissue 
microenvironment where they contribute trophic and clearance functions. They 
constitute a widely dispersed cellular system throughout the body, interacting 
with host cells and foreign invaders through their versatile biosynthetic and 
secretory responses, to maintain physiologic homeostasis. They are specialized 
migratory or sessile phagocytes, present within the circulation and extravascu- 
lar tissue compartment, contributing to diverse pathologic processes directly 
and through their production of bioactive products. Because of their exten- 
sive heterogeneity and plasticity, the centrality of monocytes and their prog- 
eny has not always been recognized by hematologists. The origin, life span, 
and functions of the monocyte are the focus of this chapter, including their 
relevance to health and disease in humans, based on current understanding 
of their properties. The relationship of monocytes and macrophages to den- 
dritic cells, and monocyte-derived cells with a specialized immunologic role in 
T-lymphocyte activation, are described. Together, macrophages and dendritic 
cells are major antigen-presenting cells, contributing to host defense, innate 
and acquired immunity, and inflammation, as well as noninfectious disease 
processes, both within and outside the lymphohematopoietic organs. 


@ METHODS OF MONOCYTE AND 
MACROPHAGE STUDY 


There has been a resurgence of interest in the in situ analysis of 
macrophages.’ Genetic/ribonucleic acid interference manipulation, 
more recently with macrophage-specific/restricted promoters, has been 


Acronyms and Abbreviations: CR, complement receptor; DC, dendritic cell; DC- 
SIGN, dendritic cell-specific intercellular adhesion molecule-3—grabbing noninteg- 
rin; EMR, epidermal growth factor module-containing mucin-like hormone receptor; 
FACS, fluorescence-activated cell sorting; FcR, Fc receptor; GM-CSF, granulocyte- 
macrophage colony-stimulating factor; IFN-y, interferon-y; IL, interleukin; LPS, 
lipopolysaccharide; M-CSF, macrophage colony-stimulating factor; MARCO, macro- 
phage receptor with a collagenous structure; MR, mannose receptor; PRR, pattern 
recognition receptor; Sn, sialoadhesin; SR-A, scavenger receptor A; TGF, transforming 
growth factor; TLR, toll-like receptor; TNF-a, tumor necrosis factor-a. 


used to knock down macrophage genes or messenger RNA, and to mark 
cells with fluorescent labels such as green fluorescent protein. Of par- 
ticular value in tracing their origins and distribution has been the use 
of fractalkine receptor-transgenics,’ and myeloid-specific lysozyme-Cre 
for targeted ablation.* Random chemical mutagenesis has been spectac- 
ularly successful in validating known, and discovering novel, gene tar- 
gets that affect macrophage functions.** A wider range of experimental 
models (Drosophila, zebra fish) have facilitated interspecies compari- 
sons of macrophage migration and phagocytosis in vivo.” The analysis 
of microRNA expression? and functions is still in its infancy and is likely 
to generate important insights into monocyte/macrophage gene expres- 
sion in health and disease. Combined with improved imaging meth- 
ods (fluorescent, nuclear magnetic resonance imaging-based, 2-photon 
microscopy), new insights have been obtained regarding the dynamic 
behavior of macrophages and dendritic cells (DCs) in vivo.’ There has 
been progress in provoking embryonic and induced pluripotent stem 
cell differentiation into macrophages and DCs in vitro, opening the 
possibility of introducing mutations into human genes, to complement 
the naturally occurring material derived from human inborn errors and 
resultant genetic diseases." 

Although individual-labeled cells can be followed in accessible 
tissues or ex vivo, the resolution, isolation, and characterization of 
important embedded macrophage populations are limiting. Methods 
of isolation from solid organs, for example, brain and even liver and 
gut, are prone to artifact, and macrophages are profoundly affected by 
removal from their natural tissue environment. Many of the genetic 
manipulations introduced by transgenesis are leaky and not uniform, 
not surprising in the light of macrophage heterogeneity. Although the 
fate of recently recruited cells from blood into tissues can be tracked 
more easily, the slowly turning over resident populations are less easily 
accessed, resulting in bias. Finally, there are intrinsic difficulties with 
human experimentation in vivo. Induced skin blisters, for example, 
make it possible to collect fluid and cells from sites of inflammation." 
However, the low frequency of monocytes compared with neutrophils 
limits the use of ex vivo indium-labeled cells for transfer studies in vivo. 


@ PRODUCTION 


DEVELOPMENT OF MONOCYTES 
AND MACROPHAGES 


Macrophages and related amoeboid phagocytic cells, ancient in the 
evolution of multicellular organisms, are the main leukocytes respon- 
sible for innate immunity and tissue remodeling, as documented by 
Metchnikoff in his pioneering studies on invertebrates,” and confirmed 
by contemporary studies on Drosophila melanogaster.’ In mammals, 
much of our knowledge of macrophage ontogeny derives from studies 
in the mouse. After origins from an aortic mesonephric site, the best 
understood phases of macrophage development occur during midfetal 
development, in the yolk sac, followed by fetal liver, spleen, and marrow, 
before and after birth." The association of macrophages with definitive 
erythropoiesis is a striking feature of fetal liver hematopoiesis from 
approximately day 12 of mouse development; macrophages then, for the 
first time, become intimately associated with nucleated erythroblasts, 
reaching a peak of hematopoietic cluster formation at day 14. The role 
of stromal macrophages in hematopoiesis within the adult is illustrated 
and discussed further in this chapter. 

The association of macrophages with erythroblasts is mediated by 
surface adhesion molecules, including a poorly characterized diva- 
lent cation-dependent receptor and the sialic acid-binding molecule 
sialoadhesin (Siglec1).* The potential trophic functions of stromal 


macrophages in marrow erythropoietic islands is poorly understood, as 
is the considerable role of macrophages in iron and heme metabolism. 
Macrophages interact with cells in numerous ways; however, during 
erythropoiesis a special phagocytic process allows for the removal of 
pyknotic erythroid nuclei during the final stages of erythropoiesis. The 
mechanism of recognition of membrane-bound erythroid nuclei is not 
clear, nor its relationship to the uptake of apoptotic cells elsewhere dur- 
ing development. The production of granulocytes from progenitors also 
involves macrophage-myeloblast clusters and similar adhesion recep- 
tors. Once fetal liver hematopoiesis declines before and after birth, the 
macrophages in the liver adopt the features of resident Kupffer cells. 
The stromal macrophages associate with developing blood cells within 
islands of clustered cells, a feature of hematopoiesis throughout life. +6 
During fetal life, monocytes and macrophages are distributed through 
the developing vasculature, providing amoeboid, phagocytic cells 
implicated in tissue remodeling, for example, sculpting of digits,” and 
growth of the central nervous system.'* Blood monocytes seed resident 
tissue macrophage populations throughout the organism, and these 
cells proliferate more readily in the fetus than in later life; the adhesion 
molecules, chemotactic signals, and receptors involved during this con- 
stitutive phase of distribution are poorly defined, but it is independent of 
the 8,-integrin CD11b/CD18, which plays a role in myelomonocytic cell 
recruitment induced by inflammation in the adult.” The appearance of 
macrophages during development has been correlated with fibrous scar 
formation after injury.” In sum, macrophages play a major role during 
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development, both in hematopoiesis and in extravascular tissues, and 
much remains to be learned regarding their properties in the fetus. 


Growth, Differentiation, and Turnover 

gives an overview of differentiation of monocytic cells in the 
adult.” The origins of monocytes from multipotential (progenitors colony- 
forming units, spleen [CFU-S]) and committed hematopoietic precursors 
(colony-forming units, culture [CFU-C]) and the role of lineage-restricted 
growth factors such as monocyte/macrophage colony-stimulating factor 
(M-CSF; also termed CSF-1) and granulocyte-macrophage (GM)-CSF 
have been studied extensively, but new details are still emerging. Both 
transcription factor c-Myb and receptor FLT3, M-CSF-dependent mye- 
loid lineages (monocyte and dendritic) occur. These cell types may have 
different responses to tissue damage and infection.” Monocytes share 
precursors with other hematopoietic cells and are closely related to 
granulocytes. Monocytic precursors are the source of adult tissue mac- 
rophages, as well as of myeloid DCs and osteoclasts. Their relationship 
to B lymphocytes and to plasmacytoid DCs is still unclear, as plasmacy- 
toid DCs express a range of myeloid as well as lymphoid markers. There 
is a considerable body of knowledge about the specific growth factors 
and their receptors, and growing knowledge of the nature and role of 
transcription factors involved in monocyte/macrophage differentia- 
tion.” Genetic and cellular abnormalities in growth and differentiation 
pathways underlie myeloid leukemogenesis, though rarely giving rise to 
monocytic leukemia. 
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Figure 68-1. Differentiation of the macrophage/dendritic cell (DC) progenitor and origin of macrophage and DC subsets. CDP, common dendritic 
cell precursor; CMP, common myeloid progenitor; GMP, granulocyte/macrophage progenitor; HSC, hematopoietic stem cell; HSPCs, hematopoietic 
stem and progenitor cells; MDP, macrophage/DC progenitor; pDC, plasmacytoid dendritic cell. For further details see Ref. 20. (Used with permission of 


S. Seif, GraphisMedica, 2014.) 


MATURATION AND DIFFERENTIATION OF 
MONOCYTES AND MACROPHAGES 


The classic studies of Lewis and Lewis” in 1926, Maximow” in 1932, 
and Ebert and Florey™ in 1939, showed that monocytes transform into 
macrophages and multinucleated giant cells in vitro. Macrophages can 
be produced from monocytes or hematopoietic progenitor cells culture 
in cytokines, such as GM-CSF or M-CSF. 

The alterations of ultrastructure during transformation into mac- 
rophages, epithelioid cells, and giant cells have been described using 
purified populations of monocytes and in vitro culture techniques.” 
As the monocyte matures into the macrophage, the cell enlarges in 
size, and the lysosomal content and the amount of hydrolytic enzymes 
within the lysosomes (e.g., phosphatases, esterases, $-glucuronidase, 
lysozyme, arylsulfatase) increase. At the time, the size and number 
of mitochondria increase, their energy metabolism increases con- 
comitantly. Production of lactate also increases. The Golgi complex, 
which packages lysosomes, increases in size and vesicle complexity 
(Chap. 67). Several stimuli induce formation of multinucleated giant 
cells from monocytes.” 


Growth Factors 

M-CSF and GM-CSF are the major growth factors implicated in 
monocyte and macrophage differentiation. Other cytokines, such as 
interleukin (IL)-3 and IL-4, result in minimal monocyte proliferative 


Multipotent 


qr 


phagocyte 
* progenitor « 


s e 

Local CSF-1 
from 

osteoblasts 


Chapter 68: Production, Distribution, and Activation of Monocytes and Macrophages 


expansion, and their genetic elimination has no effect on the lineage. 
M-CSF promotes survival as well as growth and differentiation of mac- 
rophages, exclusively, acting through a specific receptor (CSF-1R), 
encoded by the protooncogene c-FMS, which has been extensively used 
as a lineage marker for fluorescence-activated cell sorting (FACS) analy- 
sis (CD115) and transgenesis.’””* The role of M-CSF has been reviewed” 
and its role in macrophage and osteoclast development is illustrated in 

. The naturally occurring mouse mutant, op/op, gives rise to 
M-CSF deficiency and osteopetrosis, with marked or partial deficiency 
in monocyte and selected tissue macrophage populations; DC num- 
bers are unaffected.” Unlike PU.1 deficiency, the op/op mouse is viable, 
though its reproductive ability is impaired, because M-CSF also plays an 
important role in the reproductive system. Uterine epithelium is a rich 
source of M-CSF, inducing monocyte-macrophage recruitment, growth 
and differentiation, and upregulating scavenger receptor (SR) expres- 
sion, cell adhesion, and endocytosis of modified low-density lipopro- 
teins and other polyanionic ligands. M-CSF is produced in a soluble and 
membrane-bound forms, is present in plasma, and has been implicated 
in atherosclerosis and tumor-dependent recruitment of monocytes and 
macrophages. The size of the growth burst induced by M-CSF depends 
on the stage of differentiation of the target cell, decreasing markedly as 
the precursors mature into monocytes and macrophages. Adhesion and 
inflammatory stimuli enhance the response to growth factors and can 
result in macrophage proliferation at peripheral sites, for example, in 
granulomata. 
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Figure 68-2. Regulation of macrophage and osteoclast development by macrophage colony-stimulating factor (M-CSF). Circulating M-CSF, pro- 
duced by endothelial cells in blood vessels, together with locally produced M-CSF regulates the survival, proliferation, and differentiation of mononu- 
clear phagocytes and osteoclasts. The cytokine synergizes with other hematopoietic growth factors (HGFs) to generate mononuclear progenitor cells 
from multipotent progenitors, and with receptor activator of nuclear factor-kB ligand (RANKL) to generate osteoclasts from mononuclear phagocytes. 
Brown arrows indicate cell differentiation steps; blue arrows indicate cytokine regulation. (Used with permission of S. Seif, GraphisMedica, 2014.) 


GM-CSF has a broader myeloid target profile. It is produced by 
many cells, including macrophages themselves, especially after inflam- 
matory stimuli such as lipopolysaccharide (LPS), and it enhances pro- 
duction of monocytes and macrophages with a different morphology 
to that induced by M-CSF. GM-CSF is required for myeloid DC differ- 
entiation in vitro and has been widely used, alone and in combination 
with cytokines such as IL-4 or transforming growth factor (TGF)-f, to 
produce DC from mouse marrow or from human monocytes in cell 
culture.*!” Its targeted deletion in mice or genetic loss of function 
mutants of its specific receptor chain in humans results in pulmonary 
alveolar proteinosis, associated with defective alveolar macrophage 
metabolism of pulmonary surfactant.* 


Survival, Differentiation, and Turnover Overview 

Once the cells have acquired the characteristics of mature monocytes/ 
macrophages, they display considerable heterogeneity in morphology 
and phenotypic plasticity. In general, their proliferative potential is lim- 
ited, and their life span can vary from less than 1 day to many months, 
depending on their microenvironment, infections, and other stimuli. 
Although terminally differentiated, macrophages remain extremely 
active in messenger RNA and protein synthesis, with complex, often 
characteristic profiles of gene expression, depending on innate and 
acquired immune stimuli and cellular interactions. Tissue macrophages 
are relatively resistant to apoptosis, compared with neutrophils, but this 
feature changes during infection. Their active membrane turnover and 
endocytosis make them susceptible to toxic agents, making them targets 
for clearance by surviving macrophages. Sublethal injury and infection 
can also induce autophagy, increasingly recognized as an important 
component of inflammatory and infectious diseases. 

The remarkable ability of macrophages to undergo homotypic 
cell-cell fusion results in giant cell formation. This is a feature of osteo- 
clast differentiation, depending on M-CSF and the tumor necrosis 
factor (TNF) family member receptor activator of nuclear factor-«B 
ligand (RANKL), which act on monocytic precursors to yield catabolic 
cells able to excavate and remodel living bone. Local adhesion and ruf- 
fling of their plasma membrane are associated with focal, polarized 
release of H* and hydrolytic enzymes by monocyte-derived osteoclasts. 
The attempted uptake of non- or poorly degradable foreign materials 
induces “foreign-body giant cells,” with distinct properties; macrophage- 
derived giant cells are also characteristic of granulomatous diseases such 
as tuberculosis (Langerhans giant cells; Fig. 68-3) and parasitic infec- 
tions (e.g., schistosomiasis). Mycobacterial and ill-defined host lipids 
are able to induce giant cell formation in vitro. The mechanism of fusion 
involves cellular differentiation to induce a fusogenic phenotype and 


Figure 68-3. Microscopic image of Langhans giant cells, tuberculosis 
induced. (Reproduced with permission from Y Rosen, Atlas of Granuloma- 
tous Diseases, at http://granuloma.homestead.com.) 
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surface glycoprotein interactions with a selected substratum; T-helper 
type 2 (Th2) cytokines, such as IL-4 and IL-13, act through a common 
receptor chain and signaling pathway to enhance macrophage fusion. 
DNA synthesis, a feature of high-turnover granulomata associated 
with infection, can result in abortive cell division and cell death. These 
macrophage-derived giant cells are distinct from syncytia induced by 
fusogenic virus infection, especially paramyxoviruses and retroviruses 
such as the human immunodeficiency virus. 


HETEROGENEITY 


Monocytes are defined as the population of differentiated cells present 
in the circulation, with classical morphologic features (Chap. 67), and 
include the less-well defined precursors able to give rise to myeloid DCs 
and osteoclasts. Because of their ready availability from human blood 
and the sensitive methods now available to analyze their phenotype 
ex vivo (FACS, microarray, immunochemistry, and cytochemistry), 
human monocytes have been more amenable to study, whereas in the 
mouse, analysis of precursor—product relationship and tissue distribution 
have provided new insights into the fate and heterogeneity of the circu- 
lating population. The number of monocytes in the circulation depends 
on constitutive, steady-state production and delivery from marrow, pos- 
sibly from marginated pools in spleen, as well as adhesion and diapedesis 
in response to unknown stimuli and enhanced recruitment in response 
to peripheral stimuli such as infection and inflammation. M-CSF and 
glucocorticoids affect their level and phenotype, as do metabolic stim- 
uli; Chap. 70 describes clinical conditions that give rise to monocytosis. 
The biochemical properties and functions of monocytes are described in 
Chap. 67. They are relatively radioresistant once entering the circulation, 
where they persist for 12 to 48 hours as motile cells, with an ability to 
engulf particles and to adhere transiently or more stably to arterial as well 
as microvascular endothelium, thus modulating their phagocytic ability. 
Depending on interactions with the vessel wall and local differentiation, 
monocytes are able to crawl along and patrol the intravascular surface 
utilizing CD1la, a #,-integrin-dependent property.” Mature macro- 
phages lining the endothelium can also detach and recirculate, for exam- 
ple, filled with lipid stores as foam cells in atherosclerosis, and circulate 
heavily laden with erythroid breakdown products in malaria. 

The presence of significant numbers of immune cells and molecules 
in adipose tissue suggest vibrant interactions between the immune and 
metabolic systems. In obesity, the inflammatory infiltrate and activation 
state of macrophages in adipose tissue may contribute to insulin resis- 
tance. The cellular localization and inflammatory potentials of macro- 
phages,” as well as the ratio of macrophages to adipocytes,* differ in 
obese and lean mice. In lean mice, macrophages in the adipose tissue 
have the alternate or M2 phenotype (ARG1+CD206+CD301+), are 
uniformly distributed, and serve a protective function as they are less 
inflammatory and promote insulin sensitivity by producing IL-10; how- 
ever, in obese mice, macrophages distribute around necrotic adipocytes, 
and induce inflammation and insulin resistance.” CC-chemokine 
receptor 2 (CCR2) and its ligand (CCL2) are critical for macrophage 
recruitment to adipose tissue. Metabolic disease can be viewed as 
maladaptive consequence of inflammation-induced insulin resistance, 
which may beneficially conserve energy resources for the immune sys- 
tem combatting infection for brief periods.*-* 

The precursors of myeloid DC and osteoclasts may represent a 
subpopulation of monocytes, whose further differentiation depends on 
cytokines and local factors in the vessel wall, marrow, and other tissues. 
Ex vivo substantial numbers of monocytes give rise to myeloid DC after 
treatment with GM-CSF and IL-4.” Monocytes that differentiate into 
macrophages do not recirculate for the most part, but persist for varying 
times as “resident” tissue cells that turn over locally, especially in lymph 
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Figure 68-4. Heterogeneity of monocytes in blood and the contribution of different subsets to resident and inflammatory macrophages DCs in 
tissues. For further details see Ref. 34. (Used with permission of S. Seif, GraphisMedica, 2014.) 


nodes. It is not known if the constitutive exit from blood is a stochastic 
process or specific to particular tissues. 

Phenotypic heterogeneity of monocyte populations has become a 
topic of intense interest, thanks to the availability of surface antigens/ 
receptors such as CD14, CD16 (human), and Ly6C (mouse), and anal- 
ysis of chemokine/receptor expression, especially fractalkine receptor 
(CX,CR) and CCR2.™ Figure 68-4 illustrates the subsets and tissue 
progeny established by the use of genetically manipulated mice and 
Table 68-1 compares expression of markers to characterize monocyte 
subsets in mouse and human blood. The relationship of monocyte pre- 
cursor subsets that give rise to inflammatory tissue macrophages and 
DCs is better defined than is that of those that give rise to resident cells, 
which turn over more slowly. Current studies aim to elucidate the subset 
origin of other recruited populations, for example, in atherosclerosis, 
normal CNS, and tumors, and in response to metabolic, traumatic, or 
degenerative injury. Conceptually, it is still not clear how stable these 
apparently distinct subsets are or whether they represent part of a con- 
tinuous phenotypic spectrum, arising by modulation of subpopulations 
rather than irreversible, true differentiation. Separation and microarray 
analysis of freshly isolated monocytes will yield further information 
regarding this question, providing novel markers and diagnostic signa- 
tures. Removal from an in vivo environment, as well as in vitro artifacts, 
can profoundly alter the phenotype and function of monocytes in such 
studies. Imaging and in situ analysis may enable single-cell direct stud- 
ies of their fate. 

Monocyte/macrophages have a major role in the development and 
progression of cardiovascular disease.“ In acute myocardial infarction 


macrophages with an M1 proinflammatory profile migrate to the 
cardiac tissue and are involved in cardiac remodeling (Chap. 134).*° 

In atherogenesis, there is recruitment of monocytes into the vas- 
cular wall at sites of turbulent flow. Once within the subendothelial 
tissue, the monocytes differentiate into macrophages and engulf oxi- 
dized low-density lipoprotein accumulated in arteries, leading to foam 
cell formation, atheroma development, and the secretion of profibrotic 
agents by adjacent vascular smooth muscle cells, resulting in a fibrous 
cap formation. Thus, vascular wall macrophages are key factors in ini- 
tiating the atherosclerotic lesion. Moreover, macrophages activate the 
coagulation cascade (Chap. 67) inducing thrombus formation and vas- 
cular occlusion. 


Resident Macrophage Populations in Adult Tissues Overview 
It is important to describe first the nature of those macrophages present 
throughout the body as resident populations, in the absence of overt 
inflammation, before considering the altered monocyte-derived macro- 
phages recruited to local sites by infectious or sterile inflammatory (e.g., 
metabolic) stimuli. The properties of such elicited macrophages are well 
established and are described in Chap. 67. However the functions of 
resident macrophages, especially in different organs, are still mysterious 
and are considered in outline here, with further details in Chap. 67. 
The use of differentiation antigens such as F4/80 and cd68 (mouse) 
and CD68 (human) has made it possible to define resident macrophage 
populations in mouse tissues,” and to compare their anatomic rela- 
tionships in the two species (Table 68-2). F4/80 (EMR1), a member 
of a family of epidermal growth factor-7 transmembrane (EGF-TM7) 


TABLE 68-1. Selected Markers of Different Monocyte 
Subsets in Mouse and Human Blood 


Human Human Mouse Mouse 

CD14" CD14+ CCR2+ CCR2- 
Antigen CD16- CD16+ CX CRIES CX CR1" 
CHEMOKINE RECEPTORS 
CERI + - ND ND 
CCR2 dr - + - 
CCR4 + - ND ND 
CCR5 - + ND ND 
CCR7 + - ND ND 
CXCR1 + - ND ND 
CXCR2 + - ND ND 
CXCR4 ar tae ND ND 
CX CRI + T a ++ 
OTHER RECEPTORS 
CD4 ar aP ND ND 
CD11a ND ND dP ++ 
CD11b FE F+ FF ++ 
CD11c TE TEE - F 
CD14 TEE ar ND ND 
CD31 TAPE SAP F + 
CD32 TEE SP ND ND 
CD33 +++ + ND ND 
CD43 ND ND - + 
CD49b ND ND - 
CD62L TE - + - 
CD86 t ++ ND ND 
ES Sar ara eae t+ 
CD116 rar tar Arar +p 
F4/80 ND ND + + 
Ly6C ND ND + - 
7/4 ND ND T - 
MHC ap +t - - 
class Il 


MHC, major histocompatibility complex. 


Adapted with permssion from Gordon S. & Taylor PR: Monocyte and 
macrophage heterogeneity. Nat Rev Immunol 5(12):953-964, 2005. 


plasma membrane molecules, is broadly present and almost exclu- 
sive to macrophages (Fig. 68-5A to C)."*” It is related to G-protein- 
coupled chemokine receptors in structure, but has a large epidermal 
growth factor (EGF) domain extracellular extension, thought to be 
involved in adhesion to extracellular matrix. The human members of 
this family are more broadly present on myeloid cells; EGF module- 
containing mucin-like hormone receptor 2 (EMR2) is a useful tissue 
marker for human macrophages, although it is also present in neu- 
trophils and immature DCs (Fig. 68-5A). Additional macrophage 
antigen markers useful for immunocytochemical and FACS analysis 
include Siglecl (Fig. 68-5D), a sialic acid-binding lectin, the £, integrins 


TABLE 68-2. Selected Markers of Mononuclear 
Phagocytes and Related Cells 


Cell Type Antigen Markers Other Properties 
Monocytes/ F4/80 (mouse) Opsonic phagocyto- 
macrophages EMR2 (human) sis; lysozyme secre- 
cD tion; abundant acid 
68 hydrolases 
CR3 (CD11b) 
Sialoadhesin 
(Siglec-1) 
Scavenger receptors 
(SR-A, MARCO) 
Mannose receptor 
M-CSF receptor 
Myeloid dendritic MHC II Activation of naive 
cells Costimulatory CD4T lymphocytes 
molecules 
CD11¢ 
CD8a+/- 
DEC205 
DC-SIGN 
DC-LAMP 
Plasmacytoid CD123 Type | interferon 
dendritic cells B220 production; in vitro 
ery growth by fit-3 
Lectin-like receptors ligand 
(Siglec-H) 
Osteoclasts CD68 Vacuolar H* ATPase; 
TRAP proteinase K; 
Galciean resorption of living 
alcitonin receptor Kone 
ab, 


ATPase, adenosine triphosphatase; DC, dendritic cell; DC-LAMP, den- 
dritic cell lysosomal-associated membrane protein; DC-SIGN, dendritic 
cell-specific intercellular adhesion molecule-3-grabbing noninte- 
grin; EMR, epidermal growth factor module-containing mucin-like 
hormone receptor; M-CSF, macrophage colony-stimulating factor; 
MARCO, macrophage receptor with collagenous structure; MHC, 
major histocompatibility complex; TRAP, tartrate-resistant acid 
phosphatase. 

note: Marker expression is variable, depending on cell localization, 
maturation, and activation. Some markers are also present on other 
myeloid cells, e.g., polymorphonuclear cells, and selected endothelial 
cells. 


CD11b/CD18 (Macl, CR3), and CD11c, present on DCs and selected, 
especially alveolar, macrophages.” Receptor antigen markers include 
SR-A,*! a broadly expressed macrophage receptor additionally found on 
sinusoidal endothelium, whereas MARCO (macrophage receptor with 
collagenous structure), a related collagenous SR, is more restricted in 
expression.” Additional markers include lectins such as the macrophage 
mannose/fucose receptor (MR; Fig. 68-5E).°> CD163, a receptor for 
hemoglobin-haptoglobin complexes, is induced by glucocorticoids,” 
IL-10,** and substance P.” Complement receptors (CRs) and Fc recep- 
tors (FcRs) are described in Chap. 67. 

The resident macrophages in tissues constitute a major dispersed 
organ system, responsive to endogenous and exogenous stimuli; they 
are highly active in uptake of particles and soluble ligands, providing 
not only sentinels for defense at portals of entry, but also mediating the 
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Figure 68-5. Immunocytochemical detection of macrophages in human (A) and mouse (B to E) lymphohematopoietic tissues. A. Tonsil. 
EMR2-positive macrophages are scattered throughout follicles and interfollicular areas. B. Liver. Kupffer cells are F4/80+, unlike sinusoidal endothe- 
lium and hepatocytes. C to E. Spleen. C. Red pulp macrophages express F4/80, unlike marginal zone cells. Macrophages in T-cell area are F4/80-, 
except for periarteriolar processes. D. Marginal metallophilic macrophages express sialoadhesin (Siglec1) strongly; red pulp macrophages are weakly 
positive. E. A subset of marginal metallophils binds a chimeric protein probe of the cysteine-rich domain of the MR-human Fc. For details see Ref. 91. 
(A, used with permission from of T. Marafioti. B to E, reproduced with permission from Taylor PR, Zamze S, Stillion RJ, et al: Development of a specific system for 
targeting protein to metallophilic macrophages. Proc Natl Acad Sci USA 101(7):1963-1968, 2004.) 


clearance of damaged or dying cells and modulating the properties of 
viable neighboring cells. In sum, these cells provide a homeostatic, tro- 
phic function that is often overlooked in considering their role in cyto- 
toxicity and antimicrobial host defense. The properties of macrophages 
in hematolymphoid organs and other tissues, with special relevance to 
hematologic aspects, are discussed in detail. 


@ DISTRIBUTION 


HEMATOPOIETIC ORGANS 


Marrow 

It is often overlooked that mature macrophages are important constitu- 
ents of the hematopoietic stroma,” along with fibroblastic mesenchymal 
cells, osteoblasts, and endothelial cells, contributing to hematopoiesis 
beyond their own differentiation (Figs. 68-6A to E and 68-7). Stromal 
macrophages in hematopoietic island clusters associate with devel- 
oping erythroid and other granulocytic cells through nonphagocytic, 
cell-cell adhesion receptors, such as sialoadhesin and a divalent cation- 
dependent receptor, as described for fetal liver. The potential trophic 
functions provided by stromal macrophages are ill-defined but include 
surface-expressed and secreted growth factors and cytokines. Stromal 
macrophages are actively endocytic and clear erythroid nuclei and 
apoptotic hematopoietic cells as required, rapidly degrading them for 
possible reutilization of iron and other nutrients. Stromal macrophages 
also interact with less-differentiated hematopoietic precursors through 
release of potent secretory products, such as IL-1, and with lympho- 
cytic populations, including plasma cells, through IL-6. They are tar- 
gets for infectious agents, for example, mycobacteria, lentiviruses, and 
retroviruses, and serve as reservoirs in many chronic infections, while 


expressing a reduced killing capacity, as demonstrated for other resident 
macrophage populations. 

Several monocyte and macrophage populations coexist in the 
marrow compartment; a network of stromal macrophages, clustered in 
hematopoietic islands, the developing monocytes, as well as osteoclasts 
and isolated macrophages in apposition to bone surfaces. Mature mac- 
rophages in human marrow contain prominent inclusions in storage 
disorders, such as Gaucher disease and hemosiderosis. Hemophagocy- 
tosis, a consequence of perforin deficiency in some patients, and seen in 
genetic syndromes and postviral infection, is a striking manifestation of 
excessive macrophage cytopathic activity in the marrow.” Uptake of 
opsonized platelets by macrophage FcR and CRs in stromal and other 
resident tissue macrophages are important features of thrombocy- 
topenic syndromes. 

The hematopoietic stem cell lineage which gives rise to monocyte- 
macrophages and myeloid DCs also leads to production of the osteo- 
clast lineage. Following interaction via Stat4 and RANKL (regulator 
of activation of nuclear factor-«B), a member of the superfamily of TNE 
cells undergo differentiation, fusion, attachment to bone as osteoclasts 
and then function in bone remodeling.” 

A common marrow progenitor cell that gives rise to both mono- 
cytes and DCs has been defined,” including both classical DCs and the 
plasmacytoid DCs. This common marrow progenitor cell circulates 
in the blood and seeds lymphatic tissues.*? These short-lived, migra- 
tory cells modify T-cell responses and, unlike Langerhans cells, are 
replaced by bloodborne precursors.“ The central activity of imma- 
ture classical DCs is phagocytosis, while that of mature classical DCs is 
cytokine production. 

Dendritic cells that occur in lymphoid and nonlymphoid organs 
have a major role in processing and presenting antigens, leading to 
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Figure 68-6. Stromal macrophages in human marrow associate with 
developing hematopoietic cells in islands/clusters. Immunocytochem- 
ical staining with antimacrophage monoclonal antibody Y1/82A of 
marrow section reveals a network of arborizing stromal macrophages 
uniformly distributed throughout the marrow interstitium (alkaline 
phosphatase—antialkaline phosphatase [APAAP] stain; hematoxylin 
counterstain). B. Marrow cells depleted of red cells and other single cells 
are enriched for cell clusters, most of which are erythroid clusters with a 
central stromal macrophage (arrows; Giemsa). C. Isolated erythroid clus- 
ter with intermediate and late normoblasts surrounding a central stro- 
mal macrophage (Giemsa). D. Isolated mixed cluster with both myeloid 
and erythroid cells attached to a central stromal macrophage. A dividing 
cell (arrow) is seen (Giemsa). E. Isolated erythroid clusters from a patho- 
logic marrow sample show intense staining for hemosiderin of stromal 
macrophages with cellular processes extending between attached 
erythroblasts (Perl acid ferrocyanide reaction; counterstain neutral red). 
F. Immunocytochemical stain with antibody Y1/82A of isolated ery- 
throid cluster. Both the stromal macrophage cell body and processes 
(arrows) between attached erythroblasts are visible (APAAP stain; hema- 
toxylin counterstain). Bar = 50 um. (Reproduced with permission from Lee, 
SH. et al.: Isolation and immunocytochemical characterization of human 
bone marrow stromal macrophages in hemopoietic clusters. J Exp Med 
168(3):1193-1198, 1988.) 


unique T cell function. The “classical” DC develops from a precursor 
which is dependent on the growth factor receptor. 


Spleen 

From the macrophage point of view, the spleen is the most complex 
organ in the body.®** Our knowledge is based mainly on the mouse 
and we know there is considerable species variation,” as well as con- 
stitutive hematopoiesis in mouse spleen. Subpopulations observed 
in the mouse by marker and genetic knockout experiments include 
(1) macrophages in the red pulp, white pulp, and in the marginal zone, 
itself M-CSF dependent,” and (2) heterogeneous, more phagocytic 
“metallophilic” macrophages in the outer marginal zone. Characteristic 
phenotypic markers are available to identify macrophages in mouse 
spleen (see Fig. 68-5C to E). The F4/80 antigen and the mannose 
receptor (MR) are restricted to mature macrophages in the red pulp, 
whereas CD68 is a marker for all macrophages, as well as DCs, although 
the mainly intracellular expression of CD68 is less prominent in DCs. 
There are several well-characterized markers for mouse metallophilic 
macrophages, including sialoadhesin (Sn), a poorly characterized pro- 
tein recognized by the MOMA-1 monoclonal antibody, and ligands for 
MR cysteine-rich domain-Fc chimeric proteins (see Fig. 68-5E). The 
splenic marginal zone macrophage population develops postnatally,* 
in parallel with antipolysaccharide responses to encapsulated bacteria. 
Functions of splenic marginal zone macrophages include clearance of 
senescent erythrocytes and neutrophils (red pulp), targeting of circulat- 
ing antigens and pathogens (marginal zone), interferon (IFN) produc- 
tion, induction of secondary adaptive immune responses, regulation of 
hematopoiesis, and iron storage. Markers for the outer marginal zone 
macrophages include MARCO and SIGNRI, a mouse homologue of 
dendritic cell-specific intercellular adhesion molecule-3-grabbing 
nonintegrin (DC-SIGN). The spleen is also a site for storage and rapid 
deployment of monocytes, which participate in wound healing and play 
a role regulation of inflammation.” 


Lymph Nodes 

Lymph node macrophages are also heterogeneous, with distinctive 
Sn subcapsular cells, corresponding to marginal metallophils in their 
marker expression, and F4/80+ macrophages in germinal follicles and 
in the hilus. Macrophages in T-lymphocyte-rich areas are F4/80- or 
dim, as in T-cell areas in spleen, but express CD68. It is thought that 
antigen enters lymph nodes via afferent lymphatics and two photon 
experiments have defined the possible transfer of viral and other anti- 
gens and immune complexes to B lymphocytes after capture by the sub- 
capsular sinus macrophages.” Their contributions to the initiation of 
adaptive immune responses, compared with DCs, are unclear. Tingible 
body macrophages arise from the clearance of apoptotic B cells in ger- 
minal centers, as in the spleen. 


Nonlymphohematopoietic Organs 

In bulk, the gastrointestinal tract represents the largest accumulation of 
F4/80+ macrophages in the body, extending throughout the upper and 
lower gut. The small intestine is essentially sterile, and the abundant 
F4/80+ resident macrophages in the lamina propria express a distinct 
phenotype, ascribed to TGF-f production by adjacent cells.” The 
liver contains an abundant population of sinusoidal F4/80+ Kupffer 
cells, which share some properties (FcR, MR, SR-A) with sinusoi- 
dal endothelium, which lacks F4/80. The skin has F4/80+ epidermal 
Langerhans cells and F4/80+ dermal macrophages, which can migrate 
to draining lymph nodes and differentiate into antigen-presenting 
DCs.”*” The lung has a distinctive F4/80- or dim alveolar macrophage 
population, as well as interstitial F4/80+ macrophages. Alveolar mac- 
rophages are CD11c+ and express a range of nonopsonic phagocytic 
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Figure 68-7. Sialoadhesin (Siglec1) (arrowheads) is clustered at sites of stromal macrophage adhesion to developing cells (B, granulocytes; 
C, eosinophils) but diffusely present in association with erythroblasts (A). For details see Ref. 93. (Reproduced with permission from Crocker PR, Werb Z, 
Gordon S, et al: Ultrastructural localization of a macrophage-restricted sialic acid binding hemagglutinin, SER, in macrophage-hematopoietic cell clusters. 


Blood 76(6):1131-1138, 1990.) 


receptors (MR, SR-A), as well as FcR, but lack CR3. These cells also con- 
tain particle debris, cigarette smoke residue, and abundant lysozyme, 
because of exposure to irritants and uptake of carbon and dust particles, 
as well as of mucosal secretions in the airway. 

The central nervous system contains an extensive network of 
F4/80+ CR3+ microglia, derived from monocytes during development, 
when they remove apoptotic neurons.'* They differentiate into charac- 
teristic membrane-rich arborized forms within the neuropil and per- 
sist throughout adult life. Their function is obscure but may involve 
homeostasis and catabolism of neurotransmitters. In addition, there are 
perivascular F4/80+ macrophages (also MR+ SR-A+) and other F4/80+ 
populations in the meningeal space and choroid plexus. The endocrine, 
exocrine, reproductive, and urinary tracts all contain macrophage pop- 
ulations at sites of phagocytosis (ovary, testes) and hormonal metabo- 
lism (adrenal, thyroid, for example).’! Precise characterization of these 
cell types using monoclonal antibodies with specificity for human cell 
types in tissue requires further analysis. 


@ ACTIVATION STATE 


RECRUITMENT OF MONOCYTES IN RESPONSE 
TO INFLAMMATION AND TUMORS 


The stimuli that give rise to induced recruitment of monocytes, with or 
without accompanying myeloid and/or lymphoid cells, and the mech- 
anisms involved are better understood than those of constitutive tissue 
localization. Bacterial infections induce enhanced myelomonocytic cell 
recruitment and follow the stages established for neutrophils, transient 
arrest, and rolling on the microvascular endothelium, mediated by L- 
selectin, and initiated by chemotactic stimuli acting via G-protein- 
coupled chemokine receptors (Fig. 68-8). The $, integrins CD11a/ 
CD18 and CD11b/CD18 mediate more stable adhesion. This is followed 
by diapedesis and interactions with CD31. Receptors implicated in sub- 
sequent extravascular migration are less defined but may include the 
fractalkine receptor, and intravascularly, $,- and $,-integrin, CD44, and 


EMR2. The evidence for an important role of L-selectin and £, integ- 
rins in human phagocyte recruitment to inflammatory stimuli comes 
from human inborn error syndromes, mouse genetic experiments, and 
antibody inhibition. The role of the common £.-integrin chain (CD18) 
and definition of leukocyte adhesion deficiency syndrome provided a 
powerful paradigm for further experimental study of CD11/CD18.”°” 
Cellular signaling gives rise to dynamic changes in migration/adhesion 
and cytoskeletal reorganization outlined further in Chap. 67. Studies of 
tumor-associated macrophages (TAMs) in mouse model systems, par- 
ticularly mammary cancer, have identified a population of unique mac- 
rophages. The TAMs develop from marrow-derived macrophages that 
are inflammatory phenotypes and are recruited to the tumor.” 
Mononuclear cell recruitment without that of other myeloid cells is 
a feature of viral infection and modified forms of inflammation observed 
in metabolic diseases, atherosclerosis, storage disorders, autoimmunity, 
and tumors. Different chemokine receptors and cell adhesion molecules 
account, in part, for more selective monocytic recruitment, although 
some are shared. The phenotypic heterogeneity in monocyte subsets 
is characterized by quantitative differences in expression of plasma 
membrane molecules resulting in differential recruitment of subsets 
in response to different stimuli. Once in the tissues, their subsequent 
fate also varies markedly, depending on the local environment, where 
newly recruited monocytes respond to tissue-specific factors. A strik- 
ing example is that observed in the neutrophil, where monocytes can 
differentiate over a few days into highly arborized, activated microglia, 
resembling locally reactivated resident microglia. Thus, it becomes 
progressively more difficult to distinguish newly recruited from initially 
resident cells through marker analysis. Direct observation by fluores- 
cent imaging in vivo may define precursor-product relationships more 
clearly. Similar issues arise in other organs, for example, lung, liver, gut, 
and even in skin, where static observations can be misleading. There are 
also common features of recruited cells irrespective of the local tissue 
environment, including the expression of CD11b/CD18 and mono- 
cytic adhesion molecules, and metabolic markers, such as the ability to 
undergo a respiratory burst and an increased proliferative potential and 
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Figure 68-8. Recruitment. Stages of monocyte adherence to endothelium and diapedesis, induced by inflammatory stimuli. The model is mainly 
based on the recruitment of neutrophils, with which it shares many features, although monocyte-specific chemokines, receptors, and adhesion 
ligands exist, especially in constitutive and noninfectious, metabolic forms of inflammation. PECAM, platelet endothelial cell adhesion molecule. 


high cell turnover rate. These monocytic markers tend to decline upon 
further macrophage differentiation, and in the case of myeloperoxidase 
may not be renewed after degranulation. 


HETEROGENEITY OF MACROPHAGES IN 
TISSUES: IMMUNOMODULATION 


Characterization of the macrophages found in tissues has yielded 
insights into their versatility in response to microbial constituents and 
cytokines produced by lymphoid, other immune and nonimmune cells. 
Adhesion to extracellular matrix, metabolites, vascular, and hormonal 
changes all influence the macrophage phenotype. This variety of stim- 
uli can selectively activate or deactivate macrophage gene and protein 
expression, regulating their function. Figure 68-9 illustrates some of the 
stereotypic signature phenotypes, and Chap. 67 further describes the 
innate recognition mechanisms and functional responses. 

Broadly considered, it is convenient to distinguish several clusters 
of activation properties; innate, classical, and alternative activation, 
and deactivation. The definition of activation has a long and confus- 
ing history, has mainly been based on limited models of analysis, typ- 
ically peritoneal macrophages in vivo and in vitro, and on studies with 
macrophage-like cell lines. The advent of microarrays and of proteom- 
ics and systems biology has generated increasingly detailed informa- 
tion. It makes sense to schematize the interactions of monocytes and 
macrophages with microorganisms, microbial products, and Th1/Th2 
lymphocytes, although this is subject to revision as CD4 T-lymphocyte 


heterogeneity continues to grow in complexity, with the description of 
Th17, FoxP3+, and other regulatory T cells. Further details are given in 
Chap. 67. 


INNATE ACTIVATION 


For this discussion, innate activation is defined as direct microbial 
stimulation by intact bacteria or their constituents, such as LPS act- 
ing via toll-like receptor (TLR) sensors, in the absence of the major 
Th1/2 cytokines. For example, ethanol-killed Neisseria meningitidis, a 
potent immunomodulator with adjuvant-like properties, stimulates 
the expression of two useful markers on macrophages: MARCO and 
CD200. Expression of MARCO, a class A SR, is remarkably specific for 
macrophages (and DCs) and is regulated developmentally on the outer 
marginal zone macrophages, but it is inducible on most macrophage 
populations by TLR and myeloid differentiation factor 88 (MyD88)-de- 
pendent bacterial stimuli. It is a phagocytic and adhesion receptor 
providing an adaptive, enhanced ability to take up Neisseria and other 
bacteria, after innate activation. CD200, an immunoglobulin (Ig) super- 
family member, is widely expressed on many cells, but not on resident 
macrophages, and part of an immunoregulatory receptor pair with 
CD200 R, is also induced on macrophages by innate stimuli. 

Lectins, such as Dectin-1, control innate activation of macrophages 
by f glucans in fungal walls,® in collaboration with TLR pathways, as 
discussed in Chap. 67. TLR-independent innate activation by viruses, 
parasites, and other pathogen-associated stimuli requires further study. 
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Figure 68-9. Immunomodulation of macrophage phenotype by cytokines, microbial constituents, and glucocorticosteroids. CCL, chemokines; 
CR, complement receptor; DC-SIGN, dendritic cell-specific intercellular adhesion molecule-3—grabbing nonintegrin; EMR, epidermal growth factor 
module-containing mucin-like hormone receptor; FPR1, formyl-peptide receptor 1; FPRL-1, formyl-peptide receptor-like 1; GC, glucocorticoids; IL, 
interleukin; INFy, interferon-y; LPS, lipopolysaccharide; MARCO, macrophage receptor with a collagenous structure; MRC-1, mannose receptor C-type 
1; NO, nitric oxide; PECAM, platelet endothelial cell adhesion molecule-1; ROS, reactive oxygen species; SR-A, scavenger receptor A; TLR, toll-like recep- 
tor; TNF-a, tumor necrosis factor-a. Further details on innate modulation of phenotype by microbial products are given in Chap. 67. (Adapted with 
permission from Yona, S. & Gordon, S.: Inflammation: Glucocorticoids turn the monocyte switch. Immunol Cell Biol 85(2):81-82, 2007.) 


CYTOKINE-INDUCED PRIMING AND 
ACTIVATION: CLASSICAL AND 
ALTERNATIVE ACTIVATION 


Investigations in normal humans, pathologic states, and animal models 
have led to the characterization of different states of macrophage polariza- 
tion (Fig. 68-10).*' The terms macrophage “activation and “polarization” 
require well-defined nomenclature and experimental guidelines. It has 
been recommended that the term “activation” be used to refer to per- 
turbation of macrophages with exogenous agents the same way that 
many authors use “polarization” Studies of in vitro, ex vivo, and in 
vivo cells from animals and humans have led to descriptions of com- 
plex cellular structural, biochemical, and functional activation states 
of macrophages. Consequently, it is essential to describe the properties 
of the macrophage its activation/polarization state. There are various 
nomenclatures and Fig. 68-10 indicates the major features of the M1- 
M2 dichotomy. This dichotomy, however, is more of a continuum and 
there are transitional states. The most useful approach is to describe 
the spectrum of activation states by cell isolation technique, membrane 
receptors, cytokines, chemokines, and metabolic markers, and when 
possible, genetic modifications producing shifts in activation pheno- 
type. This approach is essential for deciphering the role of monocyte- 
macrophages in disease pathogenesis. 

Macrophage polarization usually is driven by unique pattern rec- 
ognition receptors (PRRs). Classical activation of macrophages or M1 
in general® have a proinflammatory profile. This pathway is triggered 
by IFN-y followed by a microbial stimulus, LPS. The M1 macrophage 
is characterized by high antigen presentation and production of IL-12, 
IL-23, nitric oxide, and proinflammatory cytokines, including IL-1, 
TNF-a, IL-6, and CXCL-1, -2, -3, -5, -8, -9, and -10. The pathway to the 


alternative M2 macrophage is mediated by IL-4, IL-10, and IL-13. These 
cells demonstrate enhanced expression of Dectin-1, MR C1 (CD206), 
CD163, CCR2, CXCR1, CXCR2, and DC-SIGN.™ M2 produce high lev- 
els of IL-10 and low-levels of IL-12.” IFN-y, produced mainly by natural 
killer cells and activated Thl CD4+ and CD8+ cytotoxic lymphocytes, 
induces a set of macrophage biosynthetic and effector responses, known 
as classical activation, because of its well-established role in enhanced 
macrophage functions in cell-mediated immunity, inflammation, and 
host defense, particularly against intracellular pathogens. Full activa- 
tion of effector functions, such as the respiratory burst and generation 
of oxidative nitrogen metabolites, depends on a two-stage mechanism 
of priming by the cytokine, via specific IFN-y receptors, followed by a 
local stimulus, LPS, or other TLR ligands. Although essential for host 
defense, including against opportunistic pathogens such as found in 
patients with the acquired immunodeficiency syndrome, classical acti- 
vation is responsible for tissue injury and its consequences in inflam- 
matory bowel disease, tuberculosis, and rheumatoid arthritis, although 
additional immunopathogenic agents, such as immune complexes, also 
contribute. Biochemical and cellular aspects of classical activation are 
described in Chap. 67. 

The Th2 cytokines IL-4 and IL-13, acting via a common recep- 
tor chain as well as distinct receptors, induce a characteristic signa- 
ture of altered gene expression in macrophages known as alternative 
activation.***” Such primed macrophages can be induced to respond 
further to local, TLR-dependent phagocytic stimuli to secrete enhanced 
levels of proinflammatory cytokines, analogous to classically activated 
macrophages. Alternative activation is associated with allergy and para- 
sitic infection, and has been implicated in humoral immunity, control of 
Th1-dependent inflammation, and host defense to extracellular patho- 
gens, such as helminths. It can promote repair or, if excessive, fibrosis. 
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Figure 68-10. Schema of states of monocyte-macrophage activation. AM, alternative M2A; CM, classical (M) activation; DM, M2C deactivated; NPM, 
nonpolarized. Membrane markers expression in yellow. Flow cytometry and cytokines enzyme-linked immunosorbent assay (ELISA) in blue. IFN-y, 


interferon-y; IL, interleukin; LPS, lipopolysaccharide; NK, natural killer; Th1/Th2, T-helper type 1/2; T 


GraphisMedica, 2014.) 


Other forms of alternative activation have been described after stimu- 
lation of macrophages by immune complexes, acting via FcR. A major 
G-protein-coupled receptor that is important in macrophage activation 
is the Neurokinin-1 receptor.** This receptor, which has a full-length 
form and a truncated splice variant, is important in macrophage sig- 
naling and calcium fluxes.” An important caveat is that there are 
substantial species differences in the marker changes depending on the 
differentiation and prior activation state of the macrophages. 

IL-10 is a major deactivating cytokine for macrophages, produced 
by the macrophages themselves, as well as by Th2 lymphocytes and 
other sources. Acting through its own receptor, it counteracts IFN-y, 
and can potentiate IL-4-induced actions. Other antiinflammatory reg- 
ulators of macrophages activation include glucocorticoids and pros- 
taglandin E,. Although less-well defined, the overall gene and protein 
expression profiles of macrophages are also markedly influenced by the 
extracellular matrix, hormones, and other immunomodulators, so that 
modified forms of inflammation are associated with macrophages pres- 
ent in lipid-rich environments, tumors, and metabolic diseases. Finally, 
cell-cell interactions, as well as intracellular regulatory networks, pro- 
foundly influence the functions of macrophages, and are described in 
Chap. 67. 


xœ | regulatory cell. (Used with permission of S. Seif, 
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CHAPTER 69 
CLASSIFICATION AND 
CLINICAL MANIFESTATIONS 
OF DISORDERS OF 
MONOCYTES AND 
MACROPHAGES 


Marshall A. Lichtman 


Disorders that exclusively result in abnormalities of monocytes, macrophages, 
or dendritic cells are uncommon and usually are referred to, pathologically, as 
histiocytosis. These disorders can be inherited, such as familial hemophago- 
cytic lymphohistiocytosis; inflammatory, such as infectious hemophagocytic 
lymphohistiocytic syndrome; or clonal (neoplastic), such as Langerhans cell 
histiocytosis. They can result from an inherited enzyme insufficiency in macro- 
phages that lead to exaggerated storage of macromolecules, such as in Gaucher 
disease. Monocytes are critical sources for proinflammatory and inflammatory 
cytokines and, when inappropriately activated, can result in the lymphohisti- 
ocytic hemophagocytic syndrome with fever, intravascular coagulation, and 
organ pathology. A variety of hematopoietic neoplasms may have a phenotype 
characterized by a large proportion of monocytes. Idiopathic (clonal) mono- 
cytosis is a rare manifestation of a myelodysplastic syndrome. Some cases of 
myelogenous leukemia have progenitor cells that mature preferentially into 
leukemic monocytes, including acute monoblastic or monocytic leukemia, 
chronic myelomonocytic leukemia, and juvenile myelomonocytic leukemia. 
Two acquired diseases, hairy cell leukemia and aplastic anemia, result in a 
severe depression of blood monocytes (along with other blood cell types). 
Mutations in GATA2 are associated with severe monocytopenia and mycobac- 
terial infections (the MonoMAC syndrome). Inherited disorders affecting white 
cells, such as chronic granulomatous disease and Chédiak-Higashi syndrome, 
result in impaired monocyte function. Monocyte dysfunction may accompany 
a variety of severe illnesses, such as sepsis, trauma, and cancer. Monocytes 
also contribute to a variety of diseases, such as Crohn disease and rheumatoid 
arthritis, by virtue of their being a principal source of tumor necrosis factor. 
Monocytes play a pathogenetic role in other complex, acquired disorders, such 
as thrombosis and atherogenesis. Table 69-1 catalogues the qualitative and 
quantitative abnormalities of monocytes, macrophages, and dendritic cells. 


Acronyms and Abbreviations: CD, cluster of differentiation; GM-CSF, 
granulocyte-macrophage colony-stimulating factor; HLA-DR, human 
leukocyte antigen-D related; IL, interleukin; MonoMAC, monocytopenia and 
mycobacterial infections syndrome; TNF, tumor necrosis factor. 


@ CLASSIFICATION 


Classification of monocytic disorders is difficult because few abnor- 
malities result solely in a disturbance of monocytes or macrophages. 
However, the presence of monocytopenia, monocytosis, histiocytosis, 
or qualitative disorders of monocytes may be an important diagnostic 
feature or contribute to the functional abnormality in the patient. 

The terms histiocyte and macrophage are synonymous. The latter 
term is customary when discussing the biology of the cells of the mono- 
nuclear phagocyte system, which is the total pool of marrow, blood, and 
tissue monocytes and macrophages, formerly referred to as the reticu- 
loendothelial system. In disease nosology, the terms histiocyte and his- 
tiocytosis continue to be used for diseases that principally involve cells 
derived from blood monocytes, that is, macrophages and monocyte- 
derived dendritic cells. 

The physician should consider the absolute monocyte count and 
not the percent of cells that are monocytes when evaluating the differ- 
ential blood cell count before concluding that there is an inappropriate 
content of blood monocytes (Chap. 70). 

Table 69-1 lists a classification of monocyte and macrophage dis- 
orders of relevance to hematologists. 


MONOCYTOPENIA 


Table 69-1 contains several important causes of monocytopenia. Two 
notable examples of disorders accompanied by severe monocytopenia 
are aplastic anemia and hairy cell leukemia. Pancytopenia is usual in 
both conditions, but the predisposition to serious infection is height- 
ened by the deficiency in monocyte production. In hairy cell leukemia, 
the severe monocytopenia represents an important diagnostic clue 
because of its constancy. A syndrome of profound monocytopenia, 
often amonocytosis, associated with susceptibility to mycobacterial 
avian complex, fungal, and disseminated papilloma virus infections, 
and subsequent development of myelodysplasia or acute myelogenous 
leukemia in some cases, was first described in 2010 (see Table 69-1). It 
is accompanied by blood B-cell lymphopenia and decreased circulating 
and tissue dendritic cells, but not by hypogammaglobulinemia or a defi- 
ciency of tissue macrophages or skin Langerhans (dendritic) cells. It is 
the result of mutations of GATA2 that impair transcription of its mRNA 
and is usually inherited as an autosomal recessive or can occur sporadi- 
cally. The mutations of GATA2 were found in germline and hematopoi- 
etic tissues, adding it to the familial leukemia genes, as well as to a slow 
onset (sometimes decades), complex immunodeficiency state. 


MONOCYTOSIS AND HISTIOCYTOSIS 


Table 69-1 contains a comprehensive list of causes of monocytosis. 
Monocytosis is often the manifestation of an inflammatory or a neo- 
plastic disease. Certain hematopoietic tumors, especially acute mono- 
cytic and chronic myelomonocytic leukemia, have as their principal 
manifestation a predominance of monocytic cells in marrow and blood. 
Occasionally, chronic monocytosis can precede the onset of acute mye- 
logenous leukemia, representing an uncommon manifestation of the 
myelodysplastic syndromes. Dendritic cell variants of acute myeloge- 
nous leukemia have also been discovered since the advent of immuno- 
phenotyping and genotyping of acute leukemias. The precise derivation 
of these myeloid dendritic cells is uncertain (i.e., granulocytic or mono- 
cytic). In some cases of monocytic leukemia, the malignant clone does 
not appear to include progenitors of red cells and platelets. Such cases 
are not likely to be the result of a mutation of a multipotential hemato- 
poietic cell. This type of progenitor cell monocytic leukemia and other 
histiocytic or dendritic cell tumors support the concept that primitive 
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TABLE 69-1. Disorders of Monocytes and Macrophages 


|. Monocytopenia 
A. Aplastic anemia’ 
B. Hairy cell leukemia? 
C. MonoMAC syndrome?” 
D. Glucocorticoid therapy? 
ll. Monocytosis 
A. Benign 
(1) Reactive monocytosis’® 
(2) Exercise-induced" 
B. Clonal monocytosis 
Indolent 
(1) Chronic idiopathic monocytosis”” 
(2) Oligoblastic myelogenous leukemia (myelodysplasia)"? 
Progressive 
(1) Acute monocytic leukemia'*"° 
(2) Dendritic cell leukemia'”'? 
(3) Progenitor cell monocytic leukemia?’ 
(4) Chronic myelomonocytic leukemia?"* 
(5) Juvenile myelomonocytic leukemia? 
Ill. Macrophage Deficiency 
A. Osteopetrosis (isolated osteoclast deficiency)” 
IV. Inflammatory Histiocytosis (Chap. 71) 
A. Primary hemophagocytic lymphohistiocytosis?*° 
(1) Familial 
(2) Sporadic 
B. Other inherited syndromes with hemophagocytosis lym- 
phohistiocytosis: Chédiak-Higashi, X-linked lymphoprolifer- 
ative, Gracelli?? 
. Infectious hemophagocytic histiocytosis??? 
. Tumor-associated hemophagocytic histiocytosis??? 
. Drug-associated hemophagocytic histiocytosis? 
Disease-associated hemophagocytic histiocytosis??? 


. Juvenile rheumatoid arthritis (macrophage activation 
syndrome)?*34 


H. Sinus histiocytosis with massive lymphadenopathy**** 
V. Storage Histiocytosis (Chap. 72) 

A. Gaucher disease” 

B. Niemann-Pick disease’? 

C. Gangliosidosis?? 

D. Sea-blue histiocytosis syndrome” 


a al [pal te) (a) 


VI. Clonal (Neoplastic) Histiocytosis (Chap. 71) 
A. Langerhans cell histiocytosis"? 
(1) Localized 
(2) Systemic 
B. Tumors or sarcomas of histiocytes and dendritic cells** 
(1) Histiocytic sarcoma 
(2) Langerhans cell sarcoma 
(3) Interdigitating dendritic cell sarcoma 
(4) Follicular dendritic cell sarcoma 
VII. Monocyte and Macrophage Dysfunction“ 
. a,-Proteinase inhibitor deficiency*”* 
. Chédiak-Higashi syndrome” 
. Chronic granulomatous disease! 
. Chronic lymphocytic leukemia>?*? 
Disseminated mucocutaneous candidiasis**** 
Glucocorticoid therapy*°*” 
. Kawasaki disease??? 
. Malakoplakia® 
Mycobacteriosis syndrome®'- 
Leprosy™ 
. Posttraumatic 
Septic shock-induced®”- 
. Critically ill subjects”° 
. Solid tumors’! 
. Tobacco smoking’*”* 
Marijuana smoking or cocaine inhalation’”>”° 
. Whipple disease’””® 


. Human interleukin (IL)-10 effects; Epstein-Barr virus 
IL-10-like gene product (vIL-10)”9*° 


VIII. Atherogenesis®® 
IX. Thrombogenesis®>®* 
X. Obesity® 
XI. Aging??? 


2) (©) 8) ©) iP a tS = ae @) at fw & © ee Ss» 


cells, committed to the monocyte-macrophage lineage, can undergo 
malignant transformation (Chaps. 83 and 88). 

Several uncommon types of histiocytosis are serious systemic 
diseases that may masquerade as malignant disease. However, in such 
cases the cytopathologic changes in monocytes or macrophages do not 
constitute a malignant transformation and are not monoclonal. Familial 
and sporadic hemophagocytic lymphohistiocytosis, infection-induced 
hemophagocytic syndromes, and sinus histiocytosis with massive 
lymphadenopathy are among such disorders (Chap. 71). Infectious 
hemophagocytic histiocytosis caused by Epstein-Barr virus may be a 


hybrid disease because of the association with an underlying mono- 
clonal or oligoclonal proliferation of virus-infected lymphocytes. The 
striking activation of macrophages and the resulting cytokine elabora- 
tion and organ pathology seen in some patients with juvenile rheuma- 
toid arthritis, referred to as the “macrophage-activation syndrome,’ is 
closely related to other types of hemophagocytic syndromes (Chap. 71). 
Pediatric rheumatologists refer to the hemophagocytic syndrome in 
patients with juvenile rheumatoid arthritis as the “macrophage acti- 
vation syndrome,” but the clinical expression is closely analogous to 
other acquired hemophagocytic lymphohistiocytic syndromes. In these 


hemophagocytic syndromes, it is currently thought that the inherited or 
acquired inability of natural killer cells and cytotoxic T lymphocytes to 
modulate and, eventually, abrogate the immune response is responsible 
for the pathologic events of cytokine storm, fever, intravascular coag- 
ulation, organ dysfunction, and intense hemophagocytosis. Tumors of 
histiocytes (or dendritic cells) are rare, but can be classified into several 
groups with a combination of morphologic and immunophenotypic 
markers (Chap. 71). 


@ QUALITATIVE DISORDERS 
OF MONOCYTES 


Inherited abnormalities can result in dysfunctional macrophages (see 
Table 69-1). In these situations the abnormality is usually shared by 
other leukocytes, as in chronic granulomatous disease, which results 
from a defect in oxygen-dependent microbial killing. In Chédiak- 
Higashi disease, defective macrophages result from an abnormality in 
their cell and granule membranes (Chap. 66). An indomethacin- 
sensitive monocyte-killing defect in children is associated with a pre- 
disposition to atypical mycobacterial disease. Also, inherited or enzyme 
deficiencies in macrophages can result in accumulation of undegraded 
macromolecules, leading to various types of storage diseases. A classic 
example is Gaucher disease, a disorder that results from an inherited 
deficiency of the enzyme glucocerebrosidase, in which tissue dam- 
age results from the engorgement of macrophages with the enzyme 
substrate. Recombinant glucocerebrosidase, which enters macrophage 
lysosomes by endocytosis, can ameliorate this macrophagic disease 
(Chap. 72). 

Acquired functional abnormalities of monocytes occur in a vari- 
ety of diseases and circumstances (see “VII. Monocyte and Macrophage 
Dysfunction” in Table 69-1). Monocyte dysfunction occurs after severe 
trauma, sepsis, in other critically ill patients, and in patients with meta- 
static cancer. Monocyte production of interleukin (IL)-12 or maturation 
to dendritic cells also can be impaired in cases of severe trauma, critical 
illness, or metastatic cancer. 

Some factors, such as IL-10, impair monocyte functions. A viral 
IL-10-like molecule encoded by the Epstein-Barr virus BCRF1 gene 
also might play a role in the pathogenesis of that virus infection, and 
may act, in part, by inhibiting monocyte function. Tobacco smoking 
and marijuana smoking can result in impairment of alveolar macro- 
phage function. In several diseases, including chronic lymphocytic 
leukemia, Kawasaki disease, Whipple disease, and malakoplakia, spe- 
cific abnormalities of monocyte function play a significant role in the 
immune impairment in each disorder. 


@ CLINICAL MANIFESTATIONS 
OF MONOCYTE DISORDERS 


MONOCYTOPENIA OR MONOCYTE 
DYSFUNCTION 


Isolated monocytopenia in the absence of any other blood cell defi- 
ciency or immune deficiency has not been reported. The manifesta- 
tions of such a clinical state (pure amonocytosis) must be inferred. 
Neutrophils, endothelial cells, and other cell types can substitute, in 
part, for some monocyte functions. Monocytes have antibacterial, 
antiviral, antifungal, and antiparasitic capabilities. They are effec- 
tive phagocytes that are involved in the ingestion and inactivation 
of microbes, such as mycobacteria, Listeria, Brucella, trypanosomes, 
and other granuloma-producing organisms. Thus, their deficiency 
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or functional abnormality predisposes to such infections. In associ- 
ation with the amonocytosis of the MonoMAC (monocytopenia and 
mycobacterial infections) syndrome, opportunistic infections with 
mycobacteria, fungi, and viral organisms are characteristic. Macro- 
phages can serve as a reservoir for the human immunodeficiency 
virus and are the principal locus for the virus in the brain and in 
neural tissue. 

Deficiency in a specific subset of macrophages, the osteoclasts, 
results in osteopetrosis, an imbalance in bone metabolism that favors 
accretion. Osteoclasts normally play a key role in the closely regulated 
process of bone resorption and accretion, mediating the former pro- 
cess. Monocyte derivatives are, thereby, involved in the development of 
osteoporosis and other metabolic bone diseases in which the balance 
tips toward resorption. Bisphosphonates can inhibit osteoclast action 
by interfering with its function of bone resorption and by inhibiting 
the mevalonate pathway to geranylgeranyl diphosphate, which prevents 
the transformation of monocytes to osteoclasts. Thus, the deleterious 
clinical manifestations of macrophages are being subdued by making 
the monocyte a target of therapy, in this case the prevention and amelio- 
ration of postmenopausal osteoporosis, tumor-induced bone lysis, and 
Paget disease, as well as of others. 

Macrophages and their derivatives, monocyte-derived dendritic 
cells, process and present antigens and play a role in immune regulation. 
In complex systems, such as that of antibody production, abnormal mac- 
rophages might lead to defects in humoral immunity. Activated mono- 
cytes secrete more than 50 chemical mediators or monokines, which, 
among other things, play a vital role in cellular immunity and inflamma- 
tion. In effect, they are a critical endocrine (hormone-elaborating) 
apparatus. The absence of monocytes from the inflammatory response 
and the failure to elaborate, or the inappropriate elaboration, of monok- 
ines such as IL-1, œ -proteinase inhibitor, prostaglandins, leukotrienes, 
plasminogen activator, elastase, tumor necrosis factor (TNF), IL-6, 
IL-12, and other cytokines, may cause or contribute to disease manifes- 
tations. A deficiency or impairment of monocytes has the potential of 
influencing several functions and systems, because monocytes are such 
important sources of inflammatory cytokines (Chap. 67). In contrast, 
the unregulated activation of monocytes can lead to deleterious cytok- 
ine elaboration. Central to this process is TNF. The monocyte is a major 
source of TNF, which is a principal proinflammatory cytokine, trigger- 
ing the elaboration of IL-1, IL-6, and others. Monocyte-derived TNF is 
also the primary chemical inducer of granuloma formation. The appre- 
ciation of its latter roles resulted in therapy to sequester TNF by anti- 
body neutralization or receptor blockade and has resulted in substantial 
therapeutic effects in adult and juvenile rheumatoid arthritis, psoriasis, 
psoriatic arthritis, and Crohn disease. The side effects of such therapy 
confirm the key role of TNF in suppression of intracellular pathogens, 
such as Mycobacterium tuberculosis (potentiation of microbial diseases 
by TNF sequestrants), and in the role of the monocyte in modulating 
demyelinization (exacerbation of multiple sclerosis in patients treated 
with anti-TNF). The therapeutic administration of granulocyte-monocyte 
colony-stimulating factor (GM-CSF) also activates monocytes to elab- 
orate cytokines, and this effect is being used to augment cancer vaccine 
therapy. 

Monocytopenia and decreased monocyte entry into inflammatory 
sites occur after glucocorticoid administration. This may explain why 
patients treated with glucocorticoids are predisposed to infections in 
which monocytes play a protective role, such as those resulting from 
fungal, mycobacterial, and other opportunistic organisms. Dysfunc- 
tional monocytes, incapable of killing ingested microorganisms, are 
present in chronic granulomatous disease (Chap. 66), as well as in 
hematopoietic stem cell diseases, such as monocytic variants of acute 
myelogenous leukemia. 


TISSUE EFFECTS OF MONOCYTOSIS 


Benign monocytosis is not associated with specific clinical manifes- 
tations. All forms of myelogenous leukemia with a predominance of 
monocytes are associated with a predisposition to troublesome tissue 
infiltrates, especially in the skin, gingiva, lymph nodes, meninges, and 
anal canal. The higher the monocyte count and the higher the propor- 
tion of leukemic monocytes, the more prevalent is tissue infiltration. 
In some cases, the tissue infiltration of leukemic monocytes can pro- 
duce symptoms: lung dysfunction, laryngeal obstruction, and intracra- 
nial vessel rupture, as well as others. Release of procoagulants leading 
to intravascular coagulation also occurs in myelogenous leukemia with 
a high proportion of monocytes. The hyperleukocytic syndrome can 
occur in acute monocytic leukemia with markedly elevated white cell 
counts (Chaps. 83 and 88). 


EFFECTS OF HISTIOCYTOSIS 


Hemophagocytic lymphohistiocytosis usually refers to the accumu- 
lation of activated macrophages (histiocytes) in tissue sites. The cells 
become intensely cytophagocytic; ingestion of red cells and occasion- 
ally of leukocytes, platelets, erythroblasts in marrow, or cells in other 
tissue sites is an important feature of these inflammatory histiocytoses 
(Chap. 71). Because morphology has been misleading, the diagnosis of 
histiocytosis requires identification of specific cell markers. A histiocy- 
tosis may be inflammatory (polyclonal) or neoplastic (clonal). Because 
tissue macrophages can take on highly specialized phenotypes and 
localize in different tissues, histiocytosis is further defined by whether 
they carry markers of these cell types (e.g., Langerhans cells, interdigi- 
tating dendritic cells; Chap. 71). 


THROMBOATHEROGENESIS 


The complex interrelationships among monocytes, atherogenesis, and 
coagulation are discussed in several other chapters in the text (Chaps. 
115 and 134). Monocytes may play a central role in the pathologic 
aspects of both processes, as a repository for tissue factor, inflammatory 
cytokines, and a key element in the inflammatory precursor lesions of 
atheroma formation (Table 69-1, sections VIII and IX). 


BLOOD DENDRITIC CELLS 


Dendritic cells and macrophages belong to a family of antigen-presenting 
cells and in the laboratory can be generated from a common precur- 
sor. So-called monocyte-derived dendritic cells are easily produced 
in the culture vessel by the appropriate cytokines. Indeed, the use of 
GM-CSF as an adjuvant in cancer vaccines may relate in part to the 
cytokine’s ability to activate monocytes and foster conversion to den- 
dritic (antigen-presenting) cells in vivo (Chaps. 26 and 27). Dendritic 
cells can be defined by phenotype into two principal types—myeloid 
and lymphoid (plasmacytoid) dendritic cells—of which there are likely 
subtypes. Monocyte-derived dendritic cells are a subset of the myeloid 
type (Chap. 20). 

Flow cytometry using cluster of differentiation (CD) markers and 
antidendritic cell surface antibodies have permitted the enumeration 
of myeloid (human leukocyte antigen-D related [HLA-DR]+, CD11c+, 
CD123-) and lymphocytic-plasmacytoid (HLA-DR+, CD1Ic-, 
CD123+, CD303+) dendritic cells in human blood in normal subjects 
and subjects with disease. Their centrality in the immune response as 
premier antigen-presenting cells may result in nonspecific alterations in 
their blood concentration or function in many generalized or localized 
inflammatory, infectious, and neoplastic diseases. Plasmacytoid den- 
dritic cells may be decreased in numbers with aging, further impairing 
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the immune response of older individuals (Chap. 9). Dendritic cells are 
also profoundly decreased in patients with hairy cell leukemia and are 
dysfunctional in patients with chronic lymphocytic leukemia. 
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CHAPTER 70 
MONOCYTOSIS AND 
MONOCYTOPENIA 


Marshall A. Lichtman 


The blood monocyte is in transit between the marrow and tissues where it 
transforms (matures) into a macrophage. In tissues, the monocyte develops a 
phenotype characteristic of the specific tissue of residence (e.g., Kupffer cells 
of liver, microglia of brain, osteoclasts of bone). Because the monocyte partic- 
ipates in virtually all inflammatory and immune reactions, its concentration in 
the blood may be increased in many such conditions, including autoimmune 
diseases, gastrointestinal disorders, sarcoidosis, and several viral and bacterial 
infections. Monocytosis, an increase in the blood absolute monocyte count to 
more than 800/uL (0.8 x 10°/L), may occur in some patients with cancer and 
several unrelated conditions, such as postsplenectomy states, inflammatory 
bowel disease, and some chronic infections (e.g., bacterial endocarditis, tuber- 
culosis, and brucellosis). The inconsistency and unpredictability in the blood 
monocyte concentration among patients with the same disease is a function 
of its relatively small blood pool size, the damping effect of a large tissue 
pool, its relatively long life span, the number and complexity of effectors in 
the relevant cytokine network that can influence the response, and the ability 
to expand macrophage numbers by local mitosis in tissues. The most striking 
increase in blood monocyte concentration occurs with hematopoietic malig- 
nancies, especially clonal monocytosis, and monocytic or myelomonocytic 
leukemia. Depression, myocardial infarction, parturition, thermal injuries, and 
marathon competition are closely associated with monocytosis. Table 70—1 
is a comprehensive list of causes of monocytosis. Monocytopenia is notable 
in patients with aplastic anemia or hairy cell leukemia as a feature of pancy- 
topenia. Although other cytopenias accompany the monocytopenia, the latter 
contributes significantly to the predisposition to infection and in hairy cell leu- 
kemia is an aid to diagnosis because of its constancy. The MonoMAC syndrome, 
the result of GATA2 mutations, is associated with extreme monocytopenia and 
amonocytosis. 


The blood monocyte is a cell in transit from marrow to tissues.’ There 
are two major populations of blood monocytes based on physical prop- 
erties: a smaller population thought to represent a less-mature stage, 
has a higher buoyant density, a smaller cell volume, lacks Fc receptors, 


Acronyms and Abbreviations: CD, cluster of differentiation; G-CSF, gran- 
ulocyte colony-stimulating factor; GM-CSF, granulocyte-monocyte col- 
ony-stimulating factor; IL, interleukin; LPS, lipopolysaccharide; M-CSF, 
monocyte/macrophage colony-stimulating factor; MDS, myelodysplastic 
syndrome; MonoMAC, monocytopenia and Mycobacterium avium complex; 
NK, natural killer. 


and has greater tumoricidal activity; the larger population represents a 
more-mature stage, has a lower buoyant density, has a larger cell vol- 
ume, displays Fc receptors, expresses more peroxidase activity, secretes 
larger amounts of interleukin (IL)-1, presents antigen, and mediates 
antibody-dependent cell-mediated cytotoxicity more efficiently. The 
larger population, classical monocytes that are highly phagocytic and 
proinflammatory, composes approximately 90 percent of blood mono- 
cytes, and strongly expresses CD14 (lipopolysaccharide receptor) but 
does not express CD16 (FcyRIII), designated the CD14**CD16~ subset. 
These monocytes carry chemokine receptors CCR2"CX3CRI1”. Of the 
remaining monocyte population, approximately 5 percent exhibit strong 
expression of CD14 and modest expression of CD16, the CD14**CD16* 
“intermediate” subset, which expresses the chemokine receptors 
CCR2™*CX3CR1I*CCR5™4, are proinflammatory and less phagocytic, 
and the “nonclassical” subset, which exhibits strong expression of CD16, 
the CD14*CD16** subset, which expresses the chemokines CCR’CX- 
3CR1", the so-called patrolling subset.’ The latter subset contains den- 
dritic cell precursors. The major subsets can each be further stratified 
based on the expression of CD64 (FcyRI) (Chaps. 67 and 68).* 

In tissues the monocyte is capable of transformation, under 
the influence of local environmental factors, into a macrophage. The 
monocyte plays an important role in acute and chronic inflammatory 
reactions, including granulomatous inflammation; immunologic reac- 
tions, including those involved in delayed hypersensitivity; tissue repair 
and reorganization; atheroma and thrombus formation; and the reac- 
tion to neoplasia and allografts. Because of the key role of monocytes 
in a variety of pathophysiologic reactions, a modest elevation in blood 
monocyte count can occur in many disparate conditions. In addition, in 
circumstances in which large increases in the number of macrophages 
are required in tissue sites, the demand may be met by local prolifera- 
tion of macrophages and not be reflected either in an increased transit 
of monocytes through the blood compartment from marrow to tissue or 
in an increased concentration of blood monocytes. Occasionally, T-cell 
clones release only macrophage/monocyte colony-stimulating factor 
(M-CSF), which can stimulate the growth of macrophage colonies, pro- 
viding a model for local control of macrophage proliferation.‘ 


@NORMAL BLOOD MONOCYTE 
CONCENTRATION 


In the first 2 weeks of life, the average absolute blood monocyte count is 
approximately 1000/uL (1 x 10°/L; Chap. 7). There is a gradual decline 
in the normal monocyte count to a mean of 400/uL (0.4 x 10°/L) in 
adulthood, at which time monocytes constitute 1 to 9 percent (mean: 
4 percent) of blood leukocytes (Chap. 2). Monocytosis is present when 
the absolute count exceeds 800/uL (0.8 x 10°/L) in adults. Men tend 
to have slightly higher monocyte counts than women.’ Increments in 
the number of blood monocytes correlate directly with increases in the 
total blood monocyte pool and the monocyte turnover rate.’ The blood 
monocyte count cycles with a periodicity of 5 days.’ Older persons have 
a decrease in the proportion of CD14**CD16 to CD14*CD16* mono- 
cytes as compared to younger persons, although the functional signifi- 
cance of this difference has not been established."® 


@ DISORDERS ASSOCIATED WITH 
MONOCYTOSIS 


Table 70-1 outlines the diseases reported to be associated with mono- 
cytosis. In one review, hematologic disorders represented more than 
50 percent, collagen vascular diseases approximately 10 percent, and 
malignant disease approximately 8 percent of cases of monocytosis." 
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TABLE 70-1. Disorders Associated with Monocytosis 


|. Hematologic Disorders 

A. Myeloid neoplasms 

1. Myelodysplastic syndromes’? '® 
. Primary myelofibrosis” 
. Acute monocytic leukemia'®"? 
. Acute myelomonocytic leukemia” 
Acute monocytic leukemia with histiocytic features?" 
. Acute myeloid dendritic cell leukemia’? ** 
. Chronic myelomonocytic leukemia”? 
. Juvenile myelomonocytic leukemia” 
9. Chronic myelogenous leukemia (m-BCR-positive type) 3° 

10. Polycythemia vera" 

11. Primary myelofibrosis!” 
. Chronic neutropenias?"*° 
. Drug-induced neutropenia”? 
. Postagranulocytic recovery‘? 

Lymphocytic neoplasms 

1. Lymphoma’? 
. Hodgkin lymphoma“ 
. Myeloma*®*” 
. Macroglobulinemia* 
. T-cell lymphoma‘? 
. Chronic lymphocytic leukemia*" 
F. Drug-induced pseudolymphoma** 
G. Immune hemolytic anemia" 
H. 
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Idiopathic thrombocytopenic purpura" 
Postsplenectomy state**** 

. Inflammatory and Immune Disorders 

A. Connective tissue diseases 

1. Rheumatoid arthritis® 

. Systemic lupus erythematosus”® 

. Temporal arteritis" 

. Myositis" 

. Polyarteritis nodosa" 

. Sarcoidosis*”8 
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B. Infections 
1. Mycobacterial infections”? 
. Subacute bacterial endocarditis® © 
. Brucellosis® 
. Dengue hemorrhagic fever” 
. Resolution phase of acute bacterial infections® 
. Syphilis”? 
. Cytomegalovirus infection”! 
. Varicella-zoster virus” 
9. Influenza” 
Ill. Gastrointestinal Disorders 
A. Alcoholic liver disease”* 
B. Inflammatory bowel disease” 
C. Sprue" 
IV. Nonhematopoietic Malignancies’”*”? 
V. Exogenous Cytokine Administration®® ®° 
VI. Myocardial Infarction®”-° 
VII. Cardiac Bypass Surgery” 
VIII. Miscellaneous Conditions 
. Tetrachloroethane poisoning” 
. Parturition? 
. Glucocorticoid administration? * 
. Depression?" 
. Thermal injury% 
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. Marathon running!" 

. Holoprosencephaly'® 

. Kawasaki disease'” 

. Wiskott-Aldrich syndrome'® 
. Hemodialysis’? 
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HEMATOLOGIC DISORDERS 


Approximately 25 percent of patients with a myelodysplastic syn- 
drome have an increase in the absolute monocyte count.’*"'* Occasional 
patients with a myelodysplastic syndrome may develop an absolute 
monocyte count as high as 30,000/uL (30 x 10°/L). Chronic monocyto- 
sis may be the principal feature of a clonal myeloid disease and precede 
by years the development of acute myelogenous leukemia. Patients with 
myelodysplasia and monocytosis have a high propensity to evolve into 
acute or chronic myelomonocytic leukemia. Monocytosis, as a feature 
of primary myelofibrosis, may be a harbinger of rapid progression.” 
The number of promonocytes and monocytes in blood and marrow 
may be increased in patients with acute myelogenous leukemia of the 
monocytic'*? or myelomonocytic type.” Acute myelogenous leukemic 
cells with a histiocytic (macrophagic)” or dendritic cell phenotype have 
been described.” Patients with chronic myelomonocytic leukemia 


have, by definition, an increased absolute number of monocytes in the 
blood (21.0 x 10°/L). The monocytosis may be more striking in some 
cases.”>-” Juvenile myelomonocytic leukemia, also, is defined in part by 
the increased number of monocytes in the blood and marrow.” In some 
cases of acute monocytic leukemia, the monocytes are immature and 
have features of monoblasts or promonocytes, but in some cases they 
are indistinguishable by light microscopy from normal blood mono- 
cytes. Some automated instruments are dependent on the a-naphthol 
acetate esterase reaction to detect the proportion of monocytes in white 
cell differential counts. These instruments may underestimate leukemic 
monocytes counts, especially in cases of chronic myelomonocytic leu- 
kemia, because the leukemic monocytes have a decreased activity of the 
enzyme.” An uncommon variant of Ph-positive chronic myelogenous 
leukemia (CML), expressing a p190 BCR-ABL transcript, is associated 
with a striking monocytosis in approximately 50 percent of cases.” 


Monocytosis occurs in a number of neutropenic states: cyclic neu- 


tropenia,™ chronic granulocytopenia of childhood,” familial benign 


chronic neutropenia,” infantile genetic agranulocytosis*** and chronic 
hypoplastic neutropenia.” In human cyclic neutropenia, monocyte 
oscillation is reciprocal to the neutrophil cycle; the peak monocyto- 
sis, which often exceeds 2000/uL (2.0 x 10°/L), occurs at the end of the 
neutropenic period. Monocytes often stay above 500/uL (0.5 x 10°/L) 
throughout the cycle. In the variety of other neutropenias mentioned, 
monocytopoiesis often is preserved in the face of neutropenia. Tran- 
sient elevations of the monocyte count have been reported in the acute 
phases of drug-induced agranulocytosis.” Monocytosis characteristi- 
cally appears later in the recovery phase of agranulocytosis and may be 
a harbinger of recovery.” Some observers dispute the validity of the 
latter observation.” 

Monocytosis can occur with lymphomas and can increase with 
exacerbation of disease activity. Monocytosis has been noted in 
approximately 25 percent of cases of Hodgkin lymphoma, although it 
does not correlate with prognosis.“ In contrast, one treatise on the 
disease reports the hematologic values of patients with Hodgkin lym- 
phoma at the time of diagnosis; only 4 of 100 have nominal increases in 
absolute blood monocyte counts.“ A statistically significant increase in 
blood monocyte concentration has been reported in myeloma and has 
been correlated with the presence of A light-chain-containing mono- 
clonal immunoglobulin.” Rare cases of M-CSF secreting lymphoid 
tumors have been associated with monocytosis.*“” Monocytosis at 
diagnosis has been correlated with decreased survival in several lym- 
phoma types and chronic lymphocytic leukemia.” Pseudolymphoma 
syndrome, induced by drugs such as carbamazepine, phenytoin, pheno- 
barbital, and valproic acid, is associated with monocytosis.* 


SPLENECTOMY 


Monocytosis is a common feature in individuals who have had 
splenectomy.*** 


INFLAMMATORY AND IMMUNE DISORDERS 


Connective tissue diseases, including rheumatoid arthritis,” systemic 
lupus erythematosus, temporal arteritis, myositis, and _periarteritis 
nodosa, may be associated with monocytosis, although monocytosis is 
not common in these diseases." The usual alterations of the white cell 
count in systemic lupus erythematosus, for example, are neutropenia 
and lymphopenia, but 10 percent of patients have a mild monocyto- 
sis. An elevation of the blood monocyte count occurs in sarcoidosis” 
and is inversely related to a reduction in circulating T lymphocytes.” 

Infectious diseases are an uncommon cause of monocytosis. Only 
a few instances of infection were noted in a comprehensive review of 
causes of monocytosis, including tonsillitis, dental infection, recurrent 
liver abscesses, candidiasis, and one instance of tuberculous perito- 
nitis.'' Tuberculosis was once a leading cause of monocytosis, because 
of the role of monocytes in granuloma (tubercle) formation. Neither 
the monocyte count nor the ratio of monocytes to lymphocytes cor- 
relates with the stage or activity of tuberculosis.” *' Mycobacterium for- 
tuitum infection, usually in the setting of AIDS, also is associated with 
monocytosis. 

Monocytosis is found in 15 to 20 percent of patients with subacute 
bacterial endocarditis,“ but is not correlated with the presence of 
blood macrophages, which may be present in this disease.* 

A number of infections formerly thought to be associated with 
monocytosis are not, when examined systematically. These include rick- 
ettsial diseases, leishmaniasis, typhoid fever, malaria, and disseminated 
candidiasis, brucellosis, and dengue hemorrhagic fever.” 
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A monocytosis in the resolution phase of acute infections has 
been noted, and monocytosis occurs in cases of neonatal, primary, 
and secondary syphilis.” Certain viruses, especially cytomegalovirus 
varicella-zoster virus, and influenza virus induce an increase in blood 
monocytes.”"-7? 


GASTROINTESTINAL DISEASES 


Sprue, ulcerative colitis, regional enteritis, and alcoholic liver disease are 
associated with monocytosis.'"7*”> 


NONHEMATOPOIETIC MALIGNANCIES 


Sixty percent of patients with nonhematologic malignancy exhibit a 
monocytosis that is independent of the presence or absence of meta- 
static disease.” An inverse relationship of monocyte count (elevated) 
and T-lymphocyte concentration (decreased) has also been noted in 
patients with malignant disease.” Reports of hematologic values in 
metastatic colon cancer and soft-tissue sarcoma have emphasized the 
frequency of monocytosis in patients with cancer.” Consequently, if 
unexplained monocytosis persists, malignancy should be considered. 


EXOGENOUS CYTOKINE ADMINISTRATION 


The administration of granulocyte-macrophage colony-stimulat- 
ing factor (GM-CSF),*° IL-10," or granulocyte colony-stimulating 
factor (G-CSF) may result in mild increases in blood monocyte 
counts. Administration of M-CSF*** results in an invariable increase 
in blood monocytes. Doses of 40 to 120 mcg/kg per day result in the 
peak increase, which may reach three- to fourfold baseline, in approx- 
imately 8 days. Administration of human macrophage inflammatory 
protein-la to patients or normal volunteers is associated with a brief 
monocytopenia followed by a monocytosis that is proportional to the 
dose administered.** 


MYOCARDIAL INFARCTION 


Monocytosis occurs after myocardial infarction, reaching a peak on 
day 3. A correlation exists between serum creatine kinase activity and 
monocyte count, suggesting a relationship between extent of infarction 
and monocytosis.*” After myocardial infarction, persistent monocyto- 
sis is correlated with pump failure.**°° Monocytosis is a frequent find- 
ing after cardiopulmonary bypass surgery.” In the latter circumstance, 
CD14 (lipopolysaccharide [LPS] receptor) is markedly decreased on the 
monocyte surface and plasma-soluble CD14 is increased, changes com- 
patible with monocyte activation. 


MISCELLANEOUS CONDITIONS 


Other disorders associated with monocytosis include tetrachloroe- 
thane poisoning.” Monocytosis is a frequent finding at the time of 
parturition.”*** An increase in blood monocytes occurs in healthy vol- 
unteers’™™ and in patients with myelodysplastic syndrome (MDS)’””* 
who are given moderately high, therapeutic-level doses of glucocorti- 
coids. Psychiatric depression is associated with a conjoint increase in 
neutrophils and monocytes.” The monocytosis in depressive and 
anxiety disorders is associated with high plasma levels of $ endorphins 
and dysfunctional (hypophagocytic) monocytes. Thermal injury is 
accompanied by monocytosis.’”*'”’ Competitive marathon runners have 
a monocytosis associated with elevated plasma levels of several cytok- 
ines, including M-CSE.*? An increase in blood monocytes accompa- 
nies several rare syndromes: holoprosencephaly,'°° Kawasaki disease,” 
and Wiskott- Aldrich.’ 


@BLOOD MONOCYTE SUBSET COUNTS 
IN DISEASE 


Differential monocyte subset responses (CD14**CD16 vs. 
CD14*CD16*) without deviation of total monocyte counts outside 
the normal range have been observed in older subjects and those with 
sepsis, AIDS, allergic disorders, dermatitides, hemodialysis, and ath- 
erosclerosis.*!°°!! These monocytic subset variations usually are not 
measured in clinical laboratories and, as yet, have little diagnostic or 
prognostic importance. 


@ DISORDERS ASSOCIATED WITH 
MONOCYTOPENIA 


Table 70-2 lists the disorders associated with monocytopenia. 
Although monocytopenia may occur in any hematopoietic multipoten- 
tial cell disease associated with pancytopenia (e.g., acute myelogenous 
leukemia), a decrease in monocytes is notable and constant in aplas- 
tic anemia’ and hairy cell leukemia," in which monocytopenia can 
be a helpful diagnostic clue and also a contributor to the predisposi- 
tion to infection, which is an important, morbid feature of the disease. 
Monocytopenia occurs in a small proportion of patients with chronic 
lymphocytic leukemia and these patients may have a higher frequency 
of infections, especially by viruses.’ Severe thermal injuries also can 
result in monocytopenia.'!’ Cyclic neutropenia is also notable for inter- 
mittent periods of monocytopenia.'" Rare cases of conjoint severe neu- 
tropenia and monocytopenia occur." Transient monocytopenia is a 
feature of hemodialysis, but monocyte counts return to normal within 
hours after the procedure ends.'” 

In contrast, to reports of monocytosis noted above in “Inflam- 
matory and Immune Disorders,” automated blood cell counts in large 
numbers of subjects find that a decreased absolute monocyte count is 
frequent in patients with rheumatoid arthritis''® or systemic lupus ery- 
thematosus,"”” and in those with human immunodeficiency virus infec- 
tion.''* One has to presume that these contrasting results relate to stage 
or activity of disease at the time of measurement. 

In 2010, a disease was described in which extreme monocytopenia, 
and sometimes amonocytosis, was the most striking abnormality in the 
blood counts.'”” It has been named the MonoMAC syndrome because of 
the monocytopenia (mono) and the frequency of Mycobacterium avium 
complex (MAC) opportunistic infections, although persistent fungal 
and viral infections (especially papillomavirus), also occur. Marked 
decreases in blood B-cell, natural killer (NK)-cell, and dendritic cell 
counts are characteristic.'”°'! The disease is the result of mutations in 
the GATA2 gene that decrease transcription of the gene message.'” It 
may present as an atypical type of MDS with a hypocellular marrow, but 
with striking dysmorphic megakaryocytes and micromegakaryocytes, 


TABLE 70-2. Disorders Associated with Monocytopenia 


|. Any cause of severe leukopenia 
A. Aplastic anemia''® 
B. Hairy cell leukemia" 


C. Other myeloid or lymphoid malignancies resulting in sup- 
pression of monocytopoiesis 
Il. MonoMAC syndrome"? and Emberger syndrome! 
(GATA2 gene mutations) 


lll. Miscellaneous conditions (see section “Disorders Associated 
with Monocytopenia’) 
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or with acute myelogenous leukemia.’ Because of the GATA2 gene 
product’s role in the development of the vascular and lymphatic sys- 
tems, some cases may have the triad of lymphedema, monosomy 7, 
and myelodysplasia or acute myelogenous leukemia, designated the 
Emberger syndrome.'**"”” Hematopoietic stem cell transplantation has 
been successful in restoring normal immunohematopoiesis in some of 
the patients so treated.” 

Glucocorticoid hormones produce a monocytopenia, transiently, 
approximately 6 hours after administration to human volunteers’?'*° 
or to patients.” Administration of interferon-a and tumor necrosis 
factor-a may also cause monocytopenia.'*! Monocytopenia may follow 
radiotherapy.” 


@ BLOOD DENDRITIC CELL COUNTS 


Blood dendritic cells are composed of two phenotypic subtypes: mye- 
loid-derived (HLA-DR*CD11c*CD123*) and lymphoid-plasmacytoid- 
derived (HLA-DR*CD11c-CD123*). The total blood dendritic cell 
count can be measured by flow cytometry. Dendritic cells make 
up approximately 0.6 percent of blood cells (range: 0.15 to 1.30 percent) 
and represent 14 x 10° cells/L (range: 3 to 30 x 10° cells/L). Approx- 
imately one-third of these cells are a lymphoid-plasmacytoid-derived 
type and two-thirds are a myeloid-derived type.” Fluctuations in 
blood dendritic cells are often independent of changes in total blood 
monocyte count. Blood dendritic cell counts decrease with aging'** and 
increase with surgical stress'” (and presumably other stressful reac- 
tions) in relation to plasma cortisol levels. 
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CHAPTER 71 
INFLAMMATORY AND 
MALIGNANT HISTIOCYTOSIS 


Kenneth L. McClain and Carl E. Allen 


Diseases of the histiocyte (i.e., macrophage or dendritic cell) lineage can be 
divided into four groups based upon the final maturation steps from their 
myeloid progenitor cells: (1) Langerhans cell histiocytosis (LCH), (2) malig- 
nant histiocytoses or dendritic cell sarcomas, (3) juvenile xanthogranuloma/ 
Erdheim-Chester disease, Rosai-Dorfman disease, and (4) hemophagocytic 
lymphohistiocytosis syndromes. Storage diseases of macrophages are dis- 
cussed in Chap. 72. The distinction among these diseases is based upon clinical 
characteristics and histopathologic staining for unique surface markers. LCH 
may present at birth or in adulthood with skin rash, bone pain, draining ears, 
oral ulcers, gingivitis, pulmonary dysfunction, chronic diarrhea, diabetes insip- 
idus, and marrow or liver failure. Therapy for LCH in children has been studied 
in clinical trials by the Histiocyte Society. Treatment for adults is based primar- 
ily on case series. Although relapses are not typically rapidly fatal, they are 
associated with a higher risk of endocrine and central nervous system com- 
plications. The diagnostic criteria for the malignant histiocytosis have been 
clarified by cell-surface marker studies. Treatment options and prognosis vary 
widely. Erdheim-Chester disease and juvenile xanthogranuloma are pheno- 
typically similar, but are treated differently. Erdheim-Chester disease is found 
almost exclusively in adults and juvenile xanthogranuloma occurs primarily in 
children. Rosai-Dorfman disease presents with massive cervical lymphade- 
nopathy in most patients, but may also involve other parts of the body. There 
are several treatment options for Rosai-Dorfman disease, Erdheim-Chester 
disease, and juvenile xanthogranuloma, but no clinical trials of specific drugs 
have been published. Hemophagocytic lymphohistiocytosis (HLH) is charac- 
terized by pathologic inflammation and may present with infections, hepatitis, 
meningitis, or autoimmune diseases. Without therapy, HLH is almost univer- 
sally fatal. Most patients who receive prompt diagnosis and treatment with 
immune suppression therapy survive. 


Acronyms and Abbreviations: AHSCT, allogeneic hematopoietic stem cell 
transplantation; ALL, acute lymphoblastic leukemia; ATG, antithymocyte 
globulin; CD, cluster designation; CT, computed tomography; DC, dendritic 
cell; DI, diabetes insipidus; DLCO, diffusing capacity in lung for carbon dioxide; 
ECD, Erdheim-Chester disease; FEV, forced expiratory volume in 1 second; 
HLA-DR, human leukocyte antigen-D related; HLH, hemophagocytic lympho- 
histiocytosis; IFN, interferon; IL, interleukin; JXG, juvenile xanthogranuloma; 
LC, Langerhans cell; LCH, Langerhans cell histiocytosis; M-CSF, macrophage 
colony-stimulating factor; MRI, magnetic resonance imaging; NK, natural 
killer; PET, positron emission tomography; RDD, Rosai-Dorfman disease. 


@ CLASSIFICATION OF THE 
HISTIOCYTOSES 


The general description of cells in the monocyte-macrophage system 
(mononuclear phagocyte system) has been largely clarified (Chaps. 67 
to 69), although some ambiguity remains. Nomenclature committees 
remain loyal to the term “histiocyte,” a designation assigned in the 19th 
century to tissue macrophages, although the “histiocytosis” umbrella 
includes functional and neoplastic disorders of a broad range of cells in 
the monocyte, macrophage, and dendritic cell (DC) lineages. The dis- 
tinctions among diseases in this category are determined by (1) clinical 
findings, (2) histopathology, (3) immunocytology to define the antigens 
on the surface of the pathologic cells, and (4) cytogenetic or genetic 
features (Table 71-1). 

The histiocytic disorders have been classified based upon whether 
they are (1) DC related, (2) monocyte-macrophage related, or (3) malig- 
nancies of macrophages or DCs (‘Table 71—2).'* Evolving understanding 
of myelomonocytic differentiation, as well as cellular origins of histio- 
cytic disorders, will likely necessitate revision of these classifications in 
the near future. 

The pathologic cells in Langerhans cell histiocytosis (LCH) lesions 
have phenotypic similarity to epidermal Langerhans cells (LCs), which 
has led to the hypothesis that LCH is derived from aberrant activation 
and/or neoplastic transformation of the epidermal LCs.’ LCH originates 
from aberrant proliferation and differentiation of myelomonocytic pre- 
cursors.*> Regardless of ontogeny, LCH lesions are characterized by 
pathologic DCs with phenotypic similarity to epidermal LCs, includ- 
ing positive staining with anti-CD207 (antilangerin) and the presence 
of Birbeck granules identified by electron microscopy.®” Birbeck gran- 
ules are racket-shaped inclusions that are thought to be involved in 
antigen processing. Cells staining with anti-CD207 and/or anti-CDla 
are required for the diagnosis of LCH. Other antigens, such as $100 or 
HLA-DR (human leukocyte antigen-D related) are not specific for LCH. 
The histiocytes in Erdheim-Chester disease (ECD) and juvenile xantho- 
granuloma (JXG) have phenotypic similarity to the dermal-interstitial 
dendrocyte that stains with antibodies to CD68, fascin, and factor XIIIa. 
However, the DCs in these disorders also express surface CD163 that is 
characteristic of macrophages. 

Malignant histiocytosis (or “histiocytic sarcoma’) has evolved as a 
diagnosis of exclusion involving malignant histiocytes that lack markers 
for anaplastic large cell lymphoma or other hematologic malignancies. 
Malignant histiocytosis represents a spectrum of malignancies that pre- 
sumably derive from DCs of different lineages at different stages of dif- 
ferentiation. Human DCs are defined as hematopoietic cells expressing 
high levels of major histocompatibility complex II (MCHII) and CD11c 
while lacking other specific lineage markers. Under normal conditions, 
these cells reside in tissue or circulate in the blood. Once stimulated 
by antigen, they migrate to lymphoid tissue and interact with effector 
or suppressor T cells. Malignant histiocytoses are variable and share 
surface markers with DC subsets: follicular DC “sarcoma” (CD21+, 
CD35+), interdigitating DC “sarcoma” (CD14+), and Langerhans cell 
“sarcoma” (CD1a+). 

The monocyte-macrophage disorders include Rosai-Dorfman dis- 
ease (RDD) and hemophagocytic lymphohistiocytosis (HLH). RDD, 
also known as sinus histiocytosis with massive lymphadenopathy, has 
the telltale histopathologic finding of intact lymphocytes in the cyto- 
plasm of macrophages (emperipolesis), a feature that must be present 
to diagnose this disorder. HLH is distinct among the diseases discussed 
in this chapter in that the macrophages are nonneoplastic, otherwise 
normal histiocytes, characterized by a pathologic reaction to aberrant 
stimuli. 
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TABLE 71-1. Differentiating Characteristics of Histiocytes* 


Histologic Features LCH Malignant Histiocytosis ECD/JXG HLH RDD 
HLH-DR Ti dp - dts d 
CD1a ++ +/— = a ps 
CD14 = H= ++ ++ ++ 
CD68 t= HE dete dete ara 
CD163 = = + ++ ++ 
CD207 (Langerin) FHH +/- = S = 
Factor XIIla — — m = a 
Fascin = HE SA H= E 
Birbeck granules + +/- = = = 
Hemophagocytosis +/= - = iff = 
Emperipolesis - - = = A 


CD, cluster of differentiation; ECD, Erdheim-Chester disease; HLH, hemophagocytic lymphohistiocytosis; JXG, Juvenile Xanthogranuloma; LCH, 
Langerhans cell histiocytosis; RDD, Rosai-Dorfman disease. 


Data from Jaffe R: The diagnostic histopathology of Langerhans cell histiocytosis, in Histiocytic Disorders of Children and Adults. Basic Science 
Clinical Features, and Therapy, edited by Weitzman S, Egeler RM, pp 14-39. Cambridge University Press, Cambridge, UK, 2005; Chikwava K, 
Jaffe R: Langerin (CD207) staining in normal pediatric tissues, reactive lymph nodes, and childhood histiocytic disorders. Pediatr Dev Pathol 
7:607-614, 2004; and Lau SK, Chu PG, Weiss LM: Immunohistochemical expression of Langerin in Langerhans cell histiocytosis and non-Langer- 


hans cell histiocytic disorders. Am J Surg Pathol 32:615-619, 2008. 


TABLE 71-2. Classification of Histiocytic Disorders 


1. Disorders of varying biologic behavior, lacking cytologic atypia 
a. Dendritic-cell-related 
Langerhans cell histiocytosis 
Juvenile xanthogranuloma 
Erdheim-Chester disease 
b. Monocyte-macrophage related 
Hemophagocytic lymphohistiocytosis 
Familial and/or with identified dysfunctional gene mutation 
Secondary hemophagocytic syndromes 
Infection-associated 
Malignancy-associated 
Autoimmune-associated 
Other 


Sinus histiocytosis with massive lymphadenopathy 
(Rosai-Dorfman disease) 


Solitary histiocytoma of macrophage phenotype 
2. Malignant disorders 
Dendritic cell related 
Histiocytic sarcoma 
Monocyte-macrophage related 


Leukemias: monocytic M5A and M5B, myelomonocytic M4, 
chronic myelomonocytic leukemia 


Data from Jaffe R: The diagnostic histopathology of Langerhans cell 
histiocytosis, in Histiocytic Disorders of Children and Adults. Basic Sci- 
ence Clinical Features, and Therapy, edited by Weitzman S, Egeler RM, 
pp 14-39. Cambridge University Press, Cambridge, UK, 2005 and 
Favara BE, Feller AC, Pauli M et al: Contemporary classification of his- 
tiocytic disorders. The WHO Committee On Histiocytic/Reticulum Cell 
Proliferations. Reclassification Working Group of the Histiocyte Society. 
Med Pediatr Oncol 29:157-166, 1997. 


@ LANGERHANS CELL HISTIOCYTOSIS 
HISTORY 


LCH has a complicated history that underlies the current clinicopatho- 
logic approach to the disease. What has come to be identified as LCH 
was first described in case reports and series in the early 1900s.* By 
the 1950s, patterns of clinical presentations had been categorized as 
Hand-Schiiller-Christian (multifocal eosinophilic granulomas) and 
Letterer-Siwe (disseminated disease including marrow, spleen and 
liver). However, these apparently disparate entities were found to share 
the same histopathology: histiocytes with abundant cytoplasm and 
reniform nuclei among an inflammatory infiltrate that could include 
lymphocytes, eosinophils and macrophages. Lichtenstein hypothesized 
that these clinical disorders must be linked by a common etiology, 
and proposed the designation “Histiocytosis X,” with “X” indicating 
incomplete knowledge of pathogenesis and cell of origin. Two decades 
later, Birbeck granules, which had previously been identified only in 
epidermal LCs, were identified in DCs of LCH lesions by electron 
microscopy. Nezelof and colleagues therefore extended Lichtenstein’s 
hypothesis that this spectrum of disorders arises from the epidermal 
Langerhans cell. Histiocytosis X has since been regarded as “Langer- 
hans cell histiocytosis.” 


EPIDEMIOLOGY AND INHERITANCE 


The incidence of LCH is 2 to 10 cases per 1 million children younger 
than age 15 years.”"’ A survey of LCH patients in France revealed an 
incidence of 4 to 6 per 1 million in children younger than age 15 years. 
The male-to-female ratio is close to 1 and the median age of presentation 
is 30 months, although patients may present with the disease from birth 
through the ninth decade. Identical and fraternal twins with early onset 
of LCH have been described. There are occasional reports of affected 
nontwin siblings and multiple cases in one family, although it is not 
clear if this is significantly greater than one would expect by chance.” 


The relatively high rate of high-risk multisystem LCH in identical twins 
compared to presumed fraternal twins may be explained by shared pre- 
cursor cells as well as the possibility of shared genes. An increased fre- 
quency of family members with thyroid disease,” family members with 
other cancers," in vitro fertilization,” and parental exposure to metal!® 
have also been reported as potential associations. Although inheritance 
of penetrant mendelian “LCH genes” in the majority of cases seems 
unlikely, it remains possible that there are inherited genes associated 
with increased risk of developing LCH. 


Molecular Pathology 

The focus of studies and reviews on LCH over the past decades has been 
on either an immune or a neoplastic disorder. The competing mod- 
els have been (1) an inappropriate activation of an otherwise normal 
epidermal LC or (2) a neoplastic transformation of the epidermal LC. 
Twenty years ago, CD1a+ cells from LCH lesions were described as 
clonal, based on non-random X inactivation.'”'* Subsequently, somatic 
activating mutations in the BRAF oncogene were reported in 57 percent 
of LCH histopathologic specimens,” with subsequent studies validating 
the recurrent BRAFY®* mutation at high frequency.*”’* BRAF is the 
central kinase of the RAS/RAF/MEK/ERK pathway, which is essential 
to numerous cell functions and is frequently mutated in cancer cells.” 
Significance of BRAFY® as a driver mutation in LCH is supported by 
early reports of clinical responses to BRAF inhibition in adults with 
combined LCH and ECD.” Other recurrent somatic mutations in LCH 
may be uncovered. 


Cell of Origin 

The cell of origin of LCH has been assumed to be the epidermal LC 
based on phenotypic similarities discussed above. However, the tran- 
scriptome of CD207+ cells from LCH lesions is more consistent with 
an immature myeloid DC phenotype than with the transcriptome of 
epidermal LCs.* Furthermore, DC maturation may be heterogeneous 
within lesions, with variable CD1a+/CD207- populations.’ Immuno- 
histochemical staining antibodies specific for BRAFY" revealed that 
the mutations are not limited to CD207+ cells within LCH lesions, 
but also are found in CD207-negative subpopulations.” Using the 
BRAFY®™! mutation as a “bar code,’ cells that carry the mutation were 
identified in circulating myelomonocytic precursors in blood and in 
hematopoietic stem cells in marrow aspirates of patients with clinical 
high-risk LCH, but not in patients with single-lesion low-risk LCH. 
The functional significance of this observation was supported by the 
ability of forced expression of BRAFY in myelomonocytic precursors 
(CD11c+ cells) to induce a disseminated LCH-like phenotype in mice.° 
We therefore hypothesize that the state of differentiation of the cell in 
which LCH arises determines the clinical manifestations of the disease; 
pathologic ERK (extracellular signal-regulated kinase) activation in 
stem cell or early myelomonocytic precursor resulted in disseminated 
high-risk disease whereas ERK activation in tissue-restricted precursor 
resulted in localized disease. These observations define LCH as a mye- 
loid neoplasm. 


Inflammation and Langerhans Cell Histiocytosis 

Although ERK hyperactivation may drive differentiation and prolifera- 
tion of myelomonocytic precursors in LCH, the mechanisms that drive 
inflammation in the LCH lesions are not currently understood. The 
LCH DCs make up a median of 8 percent of the cells within lesions.* 
Like physiologically activated DCs, they express high levels of T-cell 
costimulatory molecules and proinflammatory cytokines.*”””* The LCH 
lesion’s inflammatory infiltrate includes lymphocytes, macrophages, 
and eosinophils in variable proportions, with enrichment of regula- 
tory CD4+CD25+ T cells (T regs). Dozens of cytokines, chemokines, 
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and cytokine and chemokine receptors have been hypothesized to 
play roles in LCH pathogenesis, creating a local “cytokine storm” as 
well as increased circulating proinflammatory cytokines, including 
tumor necrosis factor a, soluble interleukin (IL)-2 receptor a, RANKL 
(receptor activator of nuclear factor-xB ligand), osteoprotegerin, and 
osteopontin.**°*! Although MAPK (mitogen-activated protein kinase) 
pathway activation in maturing DCs may drive differentiation of LCH 
DCs, inflammation likely plays a role in the clinical manifestations and 
possibly also in tumor maintenance: A unique phenomenon in LCH 
is that disruption of solitary LCH lesions often results in spontaneous 
resolution, even without clean margins. 


CLINICAL FEATURES 


LCH usually presents with a skin rash or painful bone lesion. Systemic 
symptoms of fever, weight loss, diarrhea, edema, dyspnea, polydipsia, 
and polyuria may also occur. 

In LCH, involvement of specific organs at the time of diagnosis 
determines the designation “high-risk” or “low-risk.” Organs that indi- 
cate high-risk of progression include liver, spleen, and marrow. Organs 
that indicate low-risk of progression include skin, bone, lung, lymph 
nodes, and pituitary gland. Patients may present with disease in one site 
or organ (single site or single system) or in multiple sites or organs (mul- 
tisystem). Treatment decisions for patients are based on whether or not 
organs that indicate high-risk or low-risk of progression are involved, 
and if LCH presents as a single site or as a multisystem disease. Patients 
can have LCH of the skin, bone, lymph nodes, and pituitary in any com- 
bination and still be considered to have a low-risk of progression. 


Single-Site Disease Presentation 
In this situation the disease presents with involvement of one site, which 
can be skin, oral mucosa, bone, lymph nodes, pituitary, or thymus. 
Skin Lesions simulating seborrheic dermatitis of the scalp may 
be mistaken for prolonged “cradle cap” in infants. The lesions may be 
localized to intertriginous areas or may be diffuse (Fig. 71-1). The most 
common skin flexures affected are the groin, the perianal area, back of 
the ears, the neck, the armpits, and, in women, the crease below the 
breasts. Infants may also present with brown to purplish papules over 
any part of their body. This latter manifestation may be self-limited as 


Figure 71-1. Photographs demonstrate variability in clinical presen- 
tations of Langerhans cell histiocytosis skin lesions. 


the lesions often disappear during the first year of life with no therapy. 
However, these patients should be evaluated for other sites of disease 
which may coexist with skin lesions as multisystem LCH. Some reports 
describe multisystem LCH arising after presenting with lesions limited 
to the skin,” although infants with skin lesions were not observed to 
develop disseminated disease in a relatively large institutional series." 
In a report of 61 neonatal LCH cases, nearly 60 percent had multisys- 
tem disease and 72 percent had high-risk organ involvement.” The 
overall survival was poorer in neonates with high-risk organ involve- 
ment compared to infants and children with the same extent of disease. 
Response to therapy at 12 weeks was more important than patient age 
in determining outcome. A review of 71 children with skin involvement 
revealed that those without other organ systems involved had nearly a 
90 percent progression-free survival after initial therapy or observation. 
Often dermatologists or general practitioners who see a patient with 
skin LCH do not perform a complete evaluation searching for LCH in 
other sites. Thus, we found that 40% of patients referred for apparent 
“skin only” LCH did have other sites of disease when a complete evalu- 
ation was done." 

Isolated skin involvement is rarely observed in children older than 
18 months of age.” Children and adults may develop red papular lesions 
in the scalp, skin of the groin, abdomen, back, or chest that resemble the 
diffuse rash of Candida infection. Seborrhea-like involvement of the scalp 
may be mistaken for a severe case of dandruff in older individuals. Ulcer- 
ative lesions behind the ears, involving the scalp, skin of the genitalia, or 
perianal region are often misdiagnosed as bacterial or fungal infections. 

Oral Mucosa Presenting symptoms include gingival hypertro- 
phy, ulcers of the soft or hard palate, buccal mucosa, or on the tongue 
and lips. Lesions of the oral mucosa may precede evidence of LCH 
elsewhere.’ 

Bone The most frequent site of LCH in children is a lytic lesion of 
the skull which may be asymptomatic or painful.” LCH can occur in 
any bone. The most frequently involved sites are skull, femur, ribs, ver- 
tebrae, and humerus. Spine lesions are most often located in the cervical 
vertebrae and are frequently associated with other bone lesions. Prop- 
tosis from a LCH mass in the orbit mimics rhabdomyosarcoma, neu- 
roblastoma, and benign fatty tumors of the eye. Some skull lesions are 
not only lytic but may have an accompanying mass that impinges on the 
dura. Whether or not this affects risk of progression or not is unknown. 
Lesions of the facial bones (orbit, mastoid), or anterior or middle cranial 
fossae (e.g., temporal, sphenoid, ethmoid, or zygomatic bone) comprise 
the “CNS-risk” sites. These patients have a threefold increased risk for 
developing diabetes insipidus (DI) and an increased risk of other CNS 
disease (see “Central Nervous System and Endocrine System” below). 

Lymph Nodes and Thymus Cervical nodes are the ones most 
frequently involved and may be soft or hard-matted masses with 
accompanying lymphedema. An enlarged thymus or mediastinal node 
involvement can mimic lymphoma or an infectious process and may 
cause asthma-like symptoms. Biopsy of the node or mass with histo- 
logic examination and microbial cultures is helpful even in patients with 
known LCH as lymphadenopathy may represent LCH, coexisting neo- 
plastic disease, or infection.** 

Pituitary Gland The posterior pituitary gland can be affected in 
LCH patients causing central DI (see “Endocrine System” below). Ante- 
rior pituitary involvement may result in impaired growth and sexual 
maturation. 


Multisystem Disease 

In multisystem LCH, the disease presents in multiple organs or body 
systems, including liver and spleen, marrow (high-risk sites) or bones, 
lungs, skin, lymph nodes endocrine system, gastrointestinal system 
(low-risk sites), and CNS (intermediate-risk site depending on extent). 
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Liver and Spleen Patients with liver and spleen involvement have 
a significantly increased risk of death from LCH. Hence, these are con- 
sidered “high-risk organs?” Hepatic infiltration by LCH lesions can be 
accompanied by dysfunction, leading to hypoalbuminemia with ascites, 
hyperbilirubinemia, and clotting factor deficiencies. Sonographic 
imaging, computed tomography (CT), or magnetic resonance imaging 
(MRI) of the liver may show hypoechoic or low-signal intensity along 
the portal veins or biliary tracts when the liver is involved. One of the 
most serious complications of hepatic LCH is cholestasis and progres- 
sive sclerosing cholangitis.“ The median age of children with hepatic 
LCH is 23 months. Patients generally present with hepatomegaly with 
or without splenomegaly, elevated alkaline phosphatase, liver transam- 
inases, and y-glutamyl transpeptidase. Biopsies may or may not show 
CD207+ DCs.” A classic histologic feature is the collection of lympho- 
cytes around bile ducts. Seventy-five percent of children with sclerosing 
cholangitis do not respond to chemotherapy and ultimately require liver 
transplantation.” 

Massive splenomegaly may lead to consumptive cytopenias and 
respiratory compromise. Splenectomy may ameliorate severe throm- 
bocytopenia, but the effect is generally not sustained with progressive 
hepatomegaly and inflammation in the setting of uncontrolled dissem- 
inated LCH. 

Lung The lungs were once considered a high-risk organ; however, 
review of a large series of patients shows that the treatment outcome 
for patients with lung and bone involvement is not statistically different 
from those with only bone LCH.” The lungs are less frequently involved 
in children (13 percent) than in adults (60 percent), in whom smok- 
ing is a key etiologic factor.“ In young children with diffuse disease, 
therapy can halt tissue destruction and normal repair mechanisms may 
restore some lung parenchyma and function. “Spontaneous” pneumot- 
horax can be the first sign of LCH in the lung. Patients also present 
with cough, tachypnea, or dyspnea. Ultimately, widespread fibrosis 
and destruction of lung tissue leads to severe pulmonary insufficiency. 
Declining diffusion capacity may also herald the onset of pulmonary 
hypertension.“ Chest radiographs may show a nonspecific interstitial 
infiltrate. A high-resolution CT image of the chest is needed to visualize 
the cystic and nodular pattern of LCH that leads to the destruction of 
lung tissue. 

Marrow Involvement of the marrow is considered an indicator of 
high risk. Most patients with marrow involvement are young children 
who also have diffuse disease in the liver, spleen, lymph nodes, and skin 
with significant thrombocytopenia or neutropenia, though some may 
also have scattered marrow involvement with more mild cytopenias.*”” 
An institutional study found patients with high-risk LCH with the 
BRAFY®™® mutation to have 0.2 to 2.1 percent of cells from the marrow 
aspirate carry the mutation, with only four of seven cases being reported 
as having abnormal histology.° LCH patients sometimes present with 
hemophagocytosis in the marrow.“ The presence of CDlat+/CD207+ 
in the marrow or at other sites identifies hemophagocytic syndrome 
as secondary to LCH rather than from primary HLH (discussed in the 
section “Hemophagocytic Lymphohistiocytosis” below). 

Endocrine System DI is the most frequent endocrine manifesta- 
tion of LCH. Patients may present with an apparent “idiopathic” DI and 
sometimes with an enlarged pituitary gland or stalk before other LCH 
lesions are identified. Approximately half of these patients will have 
other lesions diagnostic of LCH within a year of identifying the DI.” A 
review of patients with DI and enlarged pituitary glands found the three 
most likely diagnoses were germinoma, LCH, and lymphoma.” DI 
followed the initial LCH diagnosis at other sites by a mean of 1 year 
and growth hormone deficiency occurred on the average 5 years later. 
Historically, the 10-year risk of pituitary involvement has been reported 
as 24 percent." In one series, this incidence of DI did not decrease 


in chemotherapy-treated patients (see “Central Nervous System and 
Diabetes Insipidus” below). In another study the incidence of DI 
decreased from 40 to 20 percent after 6 months of treatment with vin- 
blastine and prednisone for patients at risk for CNS involvement.” How- 
ever, after a year of this treatment, the incidence of DI was decreased to 
12 percent.” 

Craniofacial Lesions Patients with multisystem disease and cran- 
iofacial involvement at the time of diagnosis, particularly of the ear, 
eye, and oral region, carried a significantly increased risk of developing 
DI (relative risk: 4.6). This risk increased when the disease remained 
active for a longer period of time or reactivated. The risk for develop- 
ment of DI in this population was 20 percent at 15 years after diagnosis. 
Up to 56 percent of DI patients will develop anterior pituitary hormone 
deficiencies (growth, thyroid, or gonad-stimulating hormones) within 
10 years of the onset of DI.** 

Gastrointestinal System A few patients with diarrhea, hematoc- 
hezia, perianal fistulas, or malabsorption have been reported.**** Diag- 
nosing gastrointestinal lesions in LCH is difficult because of the patchy 
involvement. Endoscopic evaluation may reveal CD1a+/CD207+ cells 
in the intestinal mucosa, though LCH involvement may be patchy and 
require multiple biopsies to detect. 

Central Nervous System and Diabetes Insipidus DI (considered 
both an endocrine and a CNS manifestation of LCH) can present as an 
early or late condition. DI caused by damage to the posterior pituitary 
is the most frequent initial sign (and early manifestation) of LCH in the 
CNS. Pituitary biopsies are rarely done and only if the stalk is larger 
than 6.5 mm or there is a hypothalamic mass. The pituitary enlarge- 
ment may spontaneously decrease or respond to chemotherapy. *” How- 
ever, a review of 22 patients with pituitary enlargement of 6.5 mm or 
greater revealed that despite regression of the mass with therapy, all had 
anterior pituitary deficiencies as well as MRI evidence of the CNS neu- 
rodegenerative syndrome (see “Other Chronic Central Nervous System 
Disease Manifestations” below) and 17 (77 percent) developed clinical 
signs of neurodegeneration.* Most often the diagnosis of LCH is estab- 
lished by biopsy of skin, bone, or lymph node of a patient who also has 
the pituitary abnormalities. 

Other Chronic Central Nervous System Disease Manifestations 
LCH patients may develop mass lesions of the choroid plexus, or gray or 
white matter.” These lesions may contain CD1a+ DCs as well as CD8+ 
lymphocytes.” A chronic CNS problem that develops in 1 to 4 per- 
cent of LCH patients is the “LCH CNS neurodegenerative syndrome” 
manifested by dysarthria, ataxia, dysmetria, and, sometimes, behavior 
changes.*’* The brain MRI in these patients shows hyperintensity of the 
dentate nucleus and white matter of the cerebellum on fluid-attenuated 
inversion recovery (FLAIR) and T2-weighted images or hyperintense 
lesions of the basal ganglia on T1-weighted images (Fig. 71-2). Atrophy 
of the cerebellum also may be seen.” The radiologic findings may pre- 
cede the onset of symptoms by many years or can be found coincidently. 
Among 83 LCH patients who had at least two MRI studies of the brain 
for evaluation of craniofacial lesions, DI, other endocrine deficiencies, 
or neuropsychological symptoms, 57 percent had radiologic neurode- 
generative changes at a median time of 34 months after diagnosis. Of 
these patients, one-quarter had clinical neurologic deficits develop 3 to 
15 years after LCH diagnosis.” 


LABORATORY FEATURES 


LCH is defined by characteristic inflammatory lesions including histi- 
ocytes expressing CDla and CD207 (Fig. 71-3).' Patients with high- 
risk disease may present with anemia and thrombocytopenia caused by 
marrow involvement and/or inflammation.**” An elevated sedimenta- 
tion rate and thrombocytosis has been reported to correlate with active 
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Figure 71-2. Radiologic evidence of Langerhans cells histiocytosis 
and CNS neurodegenerative syndrome. T2-weighted magnetic reso- 
nance image of the brain of a patient with Langerhans cells histiocytosis 
showing hyperintense changes of the cerebellar white matter. 


LCH, but these associations are variable.® When the liver is involved 
hypoalbuminemia, elevated liver enzymes, and elevated bilirubin may 
be observed. Intestinal involvement may also cause hypoalbuminemia. 
Lytic lesions of the bone are identified by plain films, CT imaging, MRI, 
bone scan, or positron emission tomography (PET) scan. PET scans are 
useful for detecting lesions not found by bone scan or plain films and 
comparison PET scans are particularly good for providing evidence of 
healing after 6 to 12 weeks of therapy.“ An institutional series found 
the presence of the somatic mutation in LCH lesions to correlate with 


Figure 71-3. Biopsy of a bone lesion in a patient with Langerhans 
cell histiocytosis. Langerhans cells cytoplasm and membrane stain pos- 
itively for CD207 (immunoperoxidase stain with hematoxylin and eosin 
[H&E] counterstain). 


higher risk of initial treatment failure, and circulating cells with the 
BRAFY* mutation to correlate with active disease, though these obser- 
vations remain to be validated in prospective trials.* 


DIFFERENTIAL DIAGNOSIS 


It is not unusual for infants with LCH skin lesions to have symptoms for 
longer than 1 year prior to having a diagnostic biopsy.** The varied cuta- 
neous presentations of LCH may mimic a fungal diaper rash, seborrheic 
scalp rash or cradle cap, congenital viral infections, neuroblastoma, 
contact dermatitis, or psoriasis (see Fig. 71-1). Women or men with 
genital lesions may be thought to have a sexually transmitted disease or 
other infection. Oral lesions mimic other ulcerative conditions, gingival 
infections, or dental caries. Copious white or green discharge from the 
ears resembles otitis externa. Lytic bone lesions are often thought to be 
evidence of a malignancy such as neuroblastoma, rhabdomyosarcoma, 
or Ewing sarcoma. Collapsed vertebrae from LCH may mimic tubercu- 
losis bone disease, trauma, or osteomyelitis. The interstitial infiltrates 
found in LCH patients with pulmonary involvement may resemble a 
viral pneumonia. An enlarged thymus or mediastinal lymph nodes can 
cause respiratory distress and wheezing similar to asthma. Enlarged 
lymph nodes from LCH mimic any infiltrative condition such as lym- 
phomas, other histiocytic diseases, infections, or immune-related con- 
ditions. Likewise, hepatosplenomegaly of LCH patients can result from 
the same conditions. Chronic diarrhea in LCH patients may initially 
be considered to be an infectious or inflammatory bowel disease. Iso- 
lated DI with enlargement of the pituitary may suggest a germinoma, 
lymphoma, or hypophysitis. LCH should be strongly considered when 
symptoms of other more common conditions do not respond to therapy. 

Occasionally infiltrates of LC are found in various malignancies 
and as such represent an attempt of the immune system to respond to 
that disease.” Similarly LCH may be found in the thymus of patients 
with myasthenia gravis. 


TREATMENT 


Pediatric Patients 

The current optimal treatment of childhood and adults LCH patients, as 
with other rare conditions, is on clinical trials. The U.S. National Cancer 
Institute website (http://www.cancer.gov/cancertopics/pdq/treatment/ 
Ichistio/HealthProfessional) and the Histiocytosis Association (http:// 
wwwihistio.org; 1-856-589-6606) also may be useful resources. 

Patients with only skin LCH, some single-bone lesions (non-CNS- 
risk), and isolated DI have not been studied in Histiocyte Society clini- 
cal trials, but are discussed in this section. 

Skin-Limited Lesions Skin-limited lesions may require therapy 
if they are symptomatic. One approach is topical glucocorticoids,” 
although rarely effective. Other approaches with reported efficacy 
include oral methotrexate (20 mg/m? weekly)” or oral thalidomide (50 
to 200 mg daily).” Topical application of nitrogen mustard may be effec- 
tive for cutaneous LCH that is resistant to oral therapies, but is contrain- 
dicated for large areas of skin.” Psoralen plus long-wave ultraviolet A 
radiation (PUVA) has been used as well.” The approach is limited by the 
severity and distribution of the skin involvement. 

Single Skull Lesions of the Frontal, Parietal, or Occipital 
Regions, or Single Lesions of Any Other Bone Curettage or curettage 
plus injection of methylprednisolone may be used.” 

Vertebral or Femoral Bone Lesions at Risk for Collapse Isolated 
radiation therapy is indicated for patients with single bone lesions of a 
vertebrae or the femoral neck, which are at risk of collapse.”* When 
instability of the cervical vertebrae and neurologic symptoms are pres- 
ent, bracing or spinal fusion may be needed.” Certain skull lesions, not 
in the CNS-risk region, could also be considered for radiation therapy. 
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Skull Lesions in the Mastoid, Temporal, Orbital or Base of Skull 
Bones (CNS-Risk Lesions) The purpose of treating these patients with 
systemic therapy is to decrease the risk of developing DI. In a large series 
of patients with CNS-risk lesions who received little or no chemother- 
apy there was a 20 to 50 percent incidence of DI compared to incidence 
rates of 10 percent in patients treated with systemic chemotherapy.” 
The current standard of care, based on the LCH-III study, is to treat 
patients with single or multifocal lesions in CNS risk sites for 12 months 
with intravenous vinblastine and oral prednisone: weekly intravenous 
vinblastine (6 mg/m?) for 7 weeks, with daily oral prednisone (40 mg/ 
m?) for 4 weeks followed by a 2-week taper. If there is a good response 
by 6 weeks, then vinblastine frequency is decreased to every 3 weeks. 
After the first 6 weeks, oral prednisone is given for 5 days at 40 mg/m? 
every 3 weeks with the vinblastine intravenous. Patients with subop- 
timal responses by 6 weeks are given an additional 6 weeks of weekly 
intravenous vinblastine.” 

Multiple Bone Lesions or Combinations of Skin, Lymph Node, 
or Pituitary Gland Involvement with or Without Bone Lesions 
Patients should be treated for 12 months with intravenous vinblastine 
and oral prednisone as outlined for the CNS-risk lesions. Both shorter 
(<6 months) treatment strategies and treatment with only a single agent 
(e.g., prednisone) are associated with inferior outcomes. A 37 percent 
reactivation rate with a two-drug regimen has been reported, versus 50 
to 80 percent with only surgery or single-drug treatments.*”°*”” 

Spleen, Liver, or Marrow (May or May Not Include Skin, Bone, 
Lymph Node, or Pituitary Gland Involvement) The standard therapy 
used for LCH in high-risk organs (spleen, liver, and/or marrow) is based 
upon the LCH-III results in which oral mercaptopurine was added to 
intravenous vinblastine/oral prednisone regimen, outlined for the low- 
risk patients above.” The addition of oral or intravenous methotrexate 
did not improve the overall survival or risk of reactivation. Another 
more intensive regimen (JLSG-96) has been reported that includes 
intravenous cytarabine, intravenous vincristine, oral prednisolone, and 
methotrexate for good responders or a salvage therapy with intravenous 
daunorubicin, intravenous cyclophosphamide, intravenous vincristine, 
and oral prednisolone for poor responders.” Both treatments lasted 7.5 
months. Table 71-3 compares the results of the LCH-II and JLSG-96 
trials. 

Central Nervous System Treatment of mass lesions, including 
enlargement of the hypothalamic-pituitary axis, parenchymal mass 
lesions, and leptomeningeal involvement, with cladribine has been 
effective. Doses of cladribine ranged from 5 to 13 mg/m? given intrave- 
nously at varying frequencies.” 


TABLE 71-3. Comparison of Treatment Outcomes 


in High-Risk Langerhans Cell Histiocytosis Patients 


LCH-III* JLSG-96 
Number of patients 235 59 
Median age at diagnosis 1.1 0.9 
Therapy duration (mo) 12 MS 
Initial response 70-72* 76 
Reactivations 25-29 45 
Survival 88 97 


LCH-III, Histiocyte Society Langerhans cell histiocytosis treatment 
protocol Ill; JLSG-96, Japan Langerhans Cell Histiocytosis Study 
Group protocol 96. 


*Arm A _ (velban/prednisone) vs. 
methotrexate). 


Arm B (velban/prednisone/ 


Reports for treatment of the CNS neurodegenerative syndrome 
have been limited to case series and pilot studies. Strategies include 
oral dexamethasone, intravenous cladribine, oral all-trans retinoic acid, 
intravenous immunoglobulin, and intravenous cytarabine.®-® All-trans 
retinoic acid was given at a dose of 45 mg/m’ daily, orally, for 6 weeks, 
then 2 weeks a month for 1 year. Intravenous immunoglobulin, 400 mg/ 
m? monthly. Some investigators have given chemotherapy along with 
the IVIG. The chemotherapy plan was prednisolone 2 mg/kg 5 days a 
month with or without oral or IV methotrexate 20 mg/m? one day every 
2 weeks, daily oral 6-mercaptopurine 1.5 mg/kg/day, or monthly vin- 
blastine 6 mg/m?/dose once monthly for a year. MRI findings were sta- 
ble, but clinical efficacy was difficult to judge as patients were reported 
to have no progression in their neurologic symptoms. Intravenous cyta- 
rabine with or without intravenous vincristine was effective in decreas- 
ing neurologic symptoms and improving the MRI images in five of eight 
patients who were stable for longer than 8 years. 

Recurrent, Refractory, or Progressive Childhood Langerhans Cell 
Histiocytosis 

Recurrent “Low-Risk” Organ Involvement The optimal therapy 
for patients with relapsed or recurrent disease has not been deter- 
mined. Patients with recurrent bone disease who reoccur more than 
6 months after stopping vinblastine and prednisone can benefit from 
treatment with a “reinduction” of intravenous vinblastine, weekly, and 
daily oral prednisone for 6 weeks. If there is no active disease, or at least 
very little evidence of active disease, then treatment can be changed to 
every 3 weeks with the addition of oral methotrexate weekly and 
oral 6-mercaptopurine nightly. Three approaches (1) intravenous clad- 
ribine, (2) intravenous vincristine and intravenous cytarabine, and (3) 
intravenous clofarabine are effective regimens for patients with recur- 
rent bone disease.*** 

A phase II trial of oral thalidomide for LCH patients (10 low- 
risk patients; 6 high-risk patients) who failed primary and at least one 
secondary regimen showed a complete response in 4 of 10 and partial 
responses in 3 of 10 low-risk patients. However, dose-limiting toxicities 
and extraordinary cost limit the overall usefulness of thalidomide.” 

Recurrent High-Risk Organ Involvement A new treatment plan 
is indicated when a patient with multisystem involvement progresses 
after 6 weeks of standard treatment, or has not had a partial response 
by 12 weeks. Data from the LCH-III study showed only 57 percent sur- 
vival for this group. A prospective trial with cladribine (5 mg/m? per 
day, intravenously, for 5 days monthly for 6 months) had high rates of 
response in patients with recurrent and refractory low-risk, but not 
high-risk, LCH.® Another regimen for patients with refractory high- 
risk LCH is treatment with a highly intensive strategy based on acute 
myelogenous leukemia protocols. Treatment with high-dose cladribine 
(9 mg/m? per day) coupled with cytarabine (1 g/m? per day) for 5 days 
for at least 2 months resulted in increased overall survival and cure in 
previously refractory patients. However, there was also a relatively high 
treatment-related mortality.** Institutional case series with intravenous 
clofarabine (25 mg/m7/day for 5 days/month) have promising results in 
patients who have failed multiple previous strategies with manageable 
toxicities.*” There is considerable interest in use of the BRAF inhibi- 
tors for treatment of refractory and recurrent LCH in patients with the 
BRAFY°"* mutation. There are pediatric and phase I studies for several 
anti-BRAF compounds. Concern for more widespread use in the setting 
of pediatric LCH is tempered by of the toxicity profile that includes high 
incidence of squamous cell carcinoma in melanoma patients.” There 
is only one published report on use of oral vemurafenib for two adult 
patients who had LCH and ECD with positive responses.”! 

Allogeneic hematopoietic stem cell transplantation (AHSCT) has 
been used for patients with multisystem high-risk organ involvement 
that is refractory to chemotherapy. Reduced-intensity conditioning 
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regimens are curative and associated with less toxicity and improved 
survival.” 

Options No Longer Considered Effective Treatments for LCH in 
any location that have been used in the past but are no longer recom- 
mended include cyclosporine and interferon (IFN)-a. Extensive surgery 
is also not indicated. It is critical that LCH bone lesions (especially skull 
and mandible) not be treated by excision with wide margins. Even large 
defects may remodel to near normal architecture following resolution 
of LCH follow chemotherapy and/or curettage. Similarly, surgical resec- 
tion or radiotherapy of groin or genital lesions is contraindicated as che- 
motherapy can heal skin lesions. 


COURSE AND PROGNOSIS 


LCH patients with low-risk disease treated with vinblastine and predni- 
sone have a 99 percent chance of survival, but more than 50 percent fail to 
be cured with initial therapy. Nearly 100 percent of these patients are ulti- 
mately cured of LCH, though many require multiple courses of salvage 
therapy. Patients with high-risk disease who do not respond adequately 
by 12 weeks of treatment now have an 87 percent chance of long-term 
survival, but also often require salvage therapy as described earlier. 


PERMANENT CONSEQUENCES 
AND LATE EFFECTS OF TREATMENT 


Disease-associated sequelae remain a major challenge for patients with 
LCH, with risk of complications increasing with multisystem, high-risk, 
and prolonged duration of active disease. Children with low-risk organ 
involvement (skin, bones, lymph nodes, or pituitary gland) treated for 
6 months have a 24 percent chance of developing long-term sequelae.” 
Those with DI are at risk for panhypopituitarism and should be mon- 
itored carefully for adequacy of growth and development. In a retro- 
spective review of 141 patients with LCH and DI, 43 percent developed 
growth hormone deficiency. The 5- and 10-year risks of growth hor- 
mone deficiency among children with LCH and DI were 35 percent and 
54 percent, respectively. There was no increased reactivation of LCH in 
patients who received replacement growth hormone compared to those 
who did not. 

Patients treated before 2000 with multisystem involvement had a 
71 percent incidence of long-term problems.” Hearing loss has been 
found in 13 percent of children treated for LCH. Neurologic symp- 
toms secondary to vertebral compression of cervical lesions have been 
reported in LCH patients with spinal lesions. Cognitive defects and MRI 
abnormalities may develop in some long-term survivors with CNS-risk 
skull lesions.” Some patients have markedly abnormal cerebellar func- 
tion and behavior abnormalities, while others have subtle deficits in 
brain stem-evoked potentials and short-term memory.” 

Orthopedic problems from lesions of the spine, femur, tibia, or 
humerus may be seen in 20 percent of patients. These problems include 
vertebral collapse or instability of the spine that may lead to scoliosis, 
and facial or limb asymmetry. 

Diffuse pulmonary disease may result in poor lung function 
with higher risk for infections and decreased exercise tolerance. These 
patients should be followed with pulmonary function testing including 
the diffusing capacity of carbon monoxide and ratio of residual volume 
to total lung capacity.“ 

Liver disease may lead to sclerosing cholangitis which responds 
to chemotherapy in only 25 percent of cases and liver transplantation 
usually is indicated.*! 

Dental problems characterized by loss of teeth have been sig- 
nificant for some patients, usually related to overly aggressive dental 
surgery.” 


Marrow failure secondary to LCH or from therapy is rare but is 
associated with a higher risk of malignancy. Patients with LCH may 
have a higher than normal risk of developing secondary cancers.” Leu- 
kemia (usually acute myelogenous) occurs after treatment as does lym- 
phoblastic lymphoma. Concurrent LCH and a malignancy have been 
reported in a few patients, and some patients have had their malignancy 
initially followed by development of LCH. Three patients with T-cell 
acute lymphoblastic leukemia (T-ALL) and aggressive LCH, for which 
the two disorders had shared clonal markers have been reported.*” 
Two cases had clonality of the same T-cell receptor genotype. The 
authors considered the plasticity of lymphocytes permitting develop- 
ment into LCs. The other patient with LCH after T-ALL had the same 
T-cell receptor gene rearrangements and activating mutations of the 
NOTCH] gene in the patients DCs and acute lymphoblastic leukemia 
(ALL) blasts. A series of four patients with acute leukemia of ambiguous 
or myeloid lineage with intermingling LCH cells have been reported.'” 
The authors speculated the two diseases shared a common hematopoi- 
etic stem cell as had been suggested earlier during investigation of the 
BRAFY** mutation in the marrow of LCH patients.° 


ADULT LANGERHANS CELL HISTIOCYTOSIS 


Incidence 

It is estimated that one to two adult cases of LCH occur per 1 million 
population.'” The true incidence of this disease is difficult to assess 
because large published studies usually are from referral centers and 
the disorder often is underdiagnosed. A survey from Germany reported 
that 66 percent of the adult LCH patients were women with an average 
age of 43.5 years.!” 


Pathogenesis 

There are no studies to compare the biology of LCH in adults and chil- 
dren. The association of adult pulmonary LCH with smoking and evi- 
dence that the incidence of BRAFY®® mutations in adult LCH tissue is 
not the same as in the pediatric population indicates some differences. 
The LCs in adult lung lesions are mature DCs expressing high levels of 
the accessory molecules CD80 and CD86, unlike LCs found in other 
lung disorders. Molecular studies have shown pulmonary LCH in 
adults is primarily a reactive process, rather than a clonal proliferation 
as seen in childhood LCH.™ Subsequent investigations by this group 
with the Ion AmpliSeq technology showed two of five adult pulmonary 
LCH patients had the BRAFY® mutation. An analysis of BRAFY°® 
expression by immunohistochemistry (IHC) and molecular techniques 
(allele-specific polymerase chain reaction [PCR] and Sanger sequenc- 
ing) has also been reported for a series of adults with isolated pulmo- 
nary LCH and others with nonpulmonary lesions.'°° Of the pulmonary 
LCH cases 7 of 25 (28 percent) were positive for BRAFY®™®! expression 
by IHC. The cumulative pack-years of smoking was significantly higher 
in the BRAF-positive adult pulmonary LCH patients than in the wild- 
type BRAF cases. Only 19 of 54 (35.2 percent) of the nonpulmonary 
cases had the BRAF mutation. The frequency of BRAFY® mutation in 
North American pediatric series ranged from 57 to 65 percent based 
on deep sequencing and quantitative PCR.*”® It is possible that techni- 
cal differences in sensitivity underlie the relatively decreased reported 
frequency of BRAFY in adult cases of LCH. Further studies in adult 
patients will be needed to determine if age or ethnicity influence the role 
of BRAF mutations in LCH pathogenesis. 


Clinical Findings 

Adult LCH patients may have symptoms and signs for many months 
before a definitive diagnosis is made and treatment instituted. LCH in 
adults is often similar to that in children, except that isolated adult pul- 
monary LCH is closely associated with smoking. Presenting symptoms 
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are (in order of decreasing frequency) dyspnea or tachypnea, polydip- 
sia and polyuria, bone pain, lymphadenopathy, weight loss, fever, gin- 
gival hypertrophy, ataxia, and memory problems. Among the signs of 
LCH are skin rash, scalp nodules, soft-tissue swelling near bone lesions, 
lymphadenopathy, gingival hypertrophy, hepatosplenomegaly. Patients 
who present with isolated DI should be carefully observed for onset 
of other symptoms or signs characteristic of LCH. At least 80 percent 
of patients with DI had involvement of other organ systems: bone 
(68 percent), skin (57 percent), lung (39 percent), and lymph nodes 
(18 percent).'”” 

Many patients have a papular rash with brown, red, or crusted areas 
ranging in size from a pinhead to a dime. In the scalp the rash is similar 
to seborrhea. Skin in the inguinal region, genitalia, or around the anus 
may have open ulcers that do not heal after antibacterial or antifungal 
therapy. In the mouth, swollen gums or ulcers along the cheeks, roof 
of the mouth, or tongue occur. In a series of 18 patients with skin LCH 
collected from 5 centers in the Netherlands followup revealed 5 devel- 
oped malignancies which included 2 with myelomocytic leukemia, 
1 with histiocytic sarcoma, and 2 with lymphomas. A literature review 
produced 6 additional cases of adults who had skin LCH and subse- 
quently developed hematologic malignancies.’ 

‘The sites of bone involvement in adults differ from that of children. 
Lesions in the mandible occur in 30 percent of adults versus in 7 percent 
of children, and skull lesions in occur 21 percent of adults versus in 
40 percent of children.” The frequency of LCH lesions in the verte- 
brae (13 percent), pelvis (13 percent), extremities (17 percent), and ribs 
(6 percent) of adults is similar to that found in children. 

Pulmonary LCH is slightly more prevalent in smokers than in non- 
smokers and the male-to-female ratio may be near unity depending on 
the incidence of smoking in the population studied." Patients with 
pulmonary LCH usually present with cough, dyspnea, or chest pain, 
although nearly 20 percent of adults with lung involvement have no 
symptoms.''' The sudden onset of chest pain may indicate a spontane- 
ous pneumothorax. The most frequent pulmonary function abnormality 
finding (80 percent of patients) with pulmonary LCH isa reduced carbon 
monoxide diffusing capacity.'*''? A long-term retrospective study of 49 
pulmonary LCH patients showed that lung function deteriorated within 
2 years in 60 percent of patients and the forced expiratory volume in 1 
second (FEV,) and diffusing capacity in lung for carbon dioxide (DLCO) 
were the parameters that most often declined." Airway obstruction 
was the most important functional pattern observed, which correlated 
with the percent predicted FEV. In this series, the investigators found 
pulmonary function tests much better than serial CTs for following the 
disease course and response to therapy. A high-resolution CT scan can 
uncover cysts and nodules, usually in the upper lobes characteristic of 
LCH. Despite the typical CT findings, a lung biopsy is needed to confirm 
the diagnosis." The presence of cystic abnormalities on high-resolution 
CT scans does not predict which patients will have progressive disease.'® 
Adults with pulmonary LCH can have multisystem disease, including 
bone (18 percent) or skin (13 percent) lesions and DI (5 percent). 


Therapy 

Although adult patients have been treated with vinblastine and pred- 
nisone, vinblastine often causes significant neuropathy in adults when 
given weekly for 6 weeks, and glucocorticoids are not tolerated as well 
by adults as children. Alternative approaches in adults for initial ther- 
apy include either intravenous cytarabine or intravenous cladribine. The 
latter is effective for adults with skin, bone, lymph node, and probably 
pulmonary and mass lesions in the CNS.” A review of 58 adults 
with bone lesions compared the efficacy and toxicity of intravenous vin- 
blastine plus oral prednisone to intravenous cladribine or cytarabine.'”” 
In this retrospective review, cytarabine had the best outcomes, with 21 


percent of treated patients unresponsive and 20 percent with grades 3 to 
4 hematologic toxicity as opposed to intravenous vinblastine plus oral 
prednisone after which there was an 84 percent of patients without a sat- 
isfactory response and 75 percent grades 3 to 4 neurotoxicity. Patients 
receiving cladribine had an inadequate response 59 percent of the time 
and had a 37 percent incidence of hematologic toxicity. The relatively 
promising efficacy and safety of cytarabine in adults with LCH should 
be confirmed in a prospective study. 

As in pediatric cases, extensive or mutilating surgery to remove 
skin lesions, teeth or jaw bones is not indicated. Systemic chemother- 
apy will cause bone lesions to regress and the involved teeth and jaw 
bones can reform. Oral thalidomide and oral methotrexate have also 
been effective in adults with skin disease.” Anecdotal reports have 
described the successful use of the intravenous bisphosphonate pamid- 
ronate in controlling severe bone pain in patients with multiple osteo- 
lytic lesions. 10% 

A consensus document authored by experts treating adults with 
LCH with guidelines for evaluation and management has been pub- 
lished.'” A clinical trial for adults with LCH was conducted for an 
agent that inhibited AKT signaling activity, with responses in some 
patients." There are no current clinical trials for adult LCH patients, 
although some studies enrolling patients for treatment with MAPK 
pathway inhibitors may include LCH among the diagnoses being 
studied. 

Adult Langerhans Cell Histiocytosis Patients with Lung Dis- 
ease and Who Smoke Cigarettes Most adult patients with LCH have 
gradual disease progression with continued smoking. The disease may 
regress or progress with the cessation of smoking.’** Lung transplanta- 
tion may be necessary for adults with extensive pulmonary destruction 
from LCH.'” A multicenter study documented a 54 percent survival at 
10 years after lung transplantation, with 20 percent of patients having 
recurrent LCH, which did not impact on survival, but longer followup 
of these patients is needed. 


@ MALIGNANT HISTIOCYTIC DISEASES 
DEFINITION AND HISTORY 


The original description of this group of malignant histiocytosis is 
attributed to Scott and Robb-Smith who, in 1939, reported cases of a 
rapidly fatal disease with jaundice, lymphadenopathy, anemia, leuco- 
penia, and hepatosplenomegaly that they called histiocytic medullary 
reticulosis.'*° They believed the malignant cell was a histiocyte based 
upon the accepted morphologic criteria of that time. Advanced immu- 
nohistochemical techniques resulted in identifying cells as either lym- 
phocytes or histiocytes. The disease was labeled giant cell reticulosis and 
the cells reticulum cells based upon their large size, but revealed little as 
to the place of these cells in the immune system. Later, Rappaport intro- 
duced the term malignant histiocytosis,” as he believed the morpho- 
logic characteristics identified the histiocyte as the malignant cell. There 
has been considerable debate about the identity of malignancies of LC 
histiocytes as the majority of patients with “histiocytic lymphoma or 
malignant histiocytosis” reported in the literature had one of the vari- 
ants of large cell lymphoma.'**!” By excluding patients with anaplastic 
large cell lymphomas and other T- or B-lineage large cell lymphomas, 
the resulting number with malignancies of histiocytes becomes very 
small. Favara and colleagues suggested that such diseases should be 
considered sarcomas of histiocytic or macrophage-related lineage. An 
updated review of the histologic features of these neoplasms based upon 
the 2008 World Health Organization (WHO) Classification has been 
published.'*° One of the major changes is that the 2001 WHO definition 
of histiocytic sarcoma (HS) stated that the neoplasms could not have 
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clonal B/T-cell receptor gene rearrangements. Now because more cases 
of “transdifferentiation” between lymphoid malignancies and HS are 
being recognized, these gene rearrangements are being included among 
HS. Among the prior or subsequent malignancies associated with HS 
are B- or T-lymphoblastic lymphoma/leukemia, mature B-cell lym- 
phomas, follicular lymphoma, ®®"! chronic lymphocytic leukemia with 
BRAFY®* mutation in both malignancies,’'” mantle cell lymphoma, 
extranodal marginal zone lymphoma of mucosa-associated lymphoid 
tissue, splenic marginal zone lymphoma, and diffuse large B-cell lym- 
phoma. A series of four cases of HS with acute leukemia of ambiguous 
or myeloid lineage have also been reported.’ 

Acute myelogenous leukemias with a dominant monocytic phe- 
notype represent the other group of malignant disorders involving 
monocytic cells. Descriptions of the clinical presentation, biology, and 
treatment of the monocytic leukemias and large cell lymphomas are 
presented elsewhere in this book (Chaps. 88 and 98, respectively). 

Histologically, the tumors consist of large, overtly malignant-ap- 
pearing cells in a diffuse, noncohesive array often in the lymph node 
sinuses or paracortical areas. They are round to oval and sometimes 
spindle shaped. Hemophagocytosis may be seen. The nuclei may be 
oval, indented, convoluted, or irregular, and may display mild to severe 
atypia.” 

The markers most specific for histiocytic cells include monocyte/ 
macrophage colony-stimulating factor (M-CSF) receptor, lysozyme, 
Ki-M8, S100+, Ki-M4, cathepsins D and E, CD21-, and CD35-. If a 
dendritic-histiocytic cell proliferation meets a combination of criteria 
as “malignant,” such as having a clonal cytogenetic abnormality, aneu- 
ploid DNA profile, malignant histocytomorphology, other evidence of 
monoclonality, and an aggressive clinical course, it is classified as a HS. 

An international panel of experts carefully reviewed 61 cases of 
tumors of histiocytes and accessory DCs.’ Seventeen cases (27 per- 
cent) were classified as HS and were CD68+, lysozyme+, CD1la-, 
$100-/+, CD21-, and CD35-. LC tumors (24 cases, 38 percent) were 
CD68+, lysozyme—/+, CD1la+, $100+, and CD21/35-. Interdigitat- 
ing DC sarcomas (four cases, 7 percent) were CD68+/-, lysozyme-, 
CDla-, $100-/+, and CD21/35-. Follicular DC tumors (13 cases, 21 
percent) were CD68+/-, lysozyme-, CD1a-, $100—/+, and CD21/35+. 
Four cases were unclassifiable. The 2008 WHO classification added 
immunostaining with anti-CD163, a hemoglobin scavenger recep- 
tor, as a criterion, which identifies monocytes and histiocytes and is 
more specific than anti-CD68. HS found with or subsequent to B-cell 
lymphomas may have that tumor’s immunophenotype and particular 
features such as BCL6 nuclear staining and BCL2 protein expression. 
BRAFY® mutations were reported in five of eight patients with HS and 
5 of 27 with follicular DC sarcoma by Sanger sequencing and quantita- 
tive PCR% 


EPIDEMIOLOGY 


Although malignant dendritic/histiocytic cell tumors affect all age 
groups, the median age is 33 years." Males are affected more often 
than females and most patients had HSs and LC tumors. One review 
of more than 2000 lymphoma cases found eight patients (0.4 percent) 
with HSs.' Another review found 1 percent of all hematolymphoid 
neoplasms to be HS with a median age at diagnosis of 46 years.'*° 


CLINICAL FEATURES 


Systemic symptoms of fever, headache, malaise, weight loss, dyspnea, 
and sweating occur in patients with diffuse disease.'*’**'** Lymphade- 
nopathy is the most common presenting feature, but involvement of the 
spleen, gastrointestinal tract, skin, and soft tissue are common. Marrow 
involvement occurs in approximately 25 percent of the patients. 


Dendritic or Langerhans Cell Sarcomas 

Histologic differentiation of dendritic-LC sarcomas from HS include 
long DC processes, convoluted nuclei, more intense $100 staining and 
weaker CD68 staining. These patients may have fever or weight loss. 
They usually present with erythematous nodules or a skin rash, and may 
also have involvement of bone, lymph nodes, lung, liver, or brain. A 
series of histiocytic- DC sarcomas in patients with follicular lymphomas 
showed a clonal evolution from the B-cell lymphoma to myeloid-derived 
sarcomas. 


Extranodal Histiocytic Sarcomas 

These tumors occur equally in males and females and present at a 
median age of 55 years.” Tumors are found in the soft tissue of extrem- 
ities, the gastrointestinal tract, the nasal cavity, and the lung, sometimes 
with involvement of regional lymph nodes. Gastrointestinal masses 
were usually painful. Extremity tumors often present as painless masses. 
Patients had symptoms or signs for 1 month to 2 years before diagnosis. 
Most tumors are localized at the time of diagnosis. 


Interdigitating Dendritic Cell Sarcomas 

Interdigitating DC sarcomas may occur as extranodal tumors in chil- 
dren and primarily affect lymph nodes in adults. A report of four 
pediatric cases had involvement of the chest wall, vertebrae, lymph 
nodes, marrow, and pelvic space. Of the other seven pediatric and 26 
adult cases, 17 had extranodal presentations. Many of the 17 cases had 
intestinal or mediastinal tumors. These tumors were very aggressive in 
a third of cases. 41!” 


Follicular Dendritic Cell Tumors 

The malignant cells in these patients are spindle to ovoid forming fasci- 
cles, storiform patterns and whorls which stain with CD21, CD23, and 
CD35. These malignancies affect males and females equally and present 
at a median age of 47 years (range: 14 to 77 years).'*! Nodal and extran- 
odal sites can be affected. Most frequent nodal presentations are cervi- 
cal, axillary, and supraclavicular; mediastinal and mesenteric nodes can 
also be affected. These tumors are usually slow growing and painless. 
Although local invasion is common, metastasis to sites other than the 
lungs is uncommon. 


LABORATORY FINDINGS 


Patients with diffuse disease may have pancytopenia, although leuko- 
cytosis occurs in some as a secondary response. Hemophagocytosis is 
occasionally seen in the marrow. An elevated lactate dehydrogenase and 
erythrocyte sedimentation rate may be found. 


DIFFERENTIAL DIAGNOSIS 


A diagnostic biopsy with a full immunophenotype panel should be 
done for these rare tumors, which have been mistaken for Hodg- 
kin lymphoma, anaplastic large cell lymphoma, or large cell lym- 
phomas of T- or B-cell subtypes. The DC neoplasms do not express 
T- or B-lymphocyte markers and do not have rearrangements of 
immunoglobulin or T-cell receptor genes.'**!'8 Malignant fibrous 
histiocytoma, fibrosarcoma, leiomyosarcoma, rhabdomyosarcoma, 
or melanoma may simulate interdigitating DC sarcoma, as well as 
inflammatory pseudotumor. Although follicular DC sarcoma and 
histiocytic lymphoma may have a similar presentation, the specific 
immunophenotype of the tumors helps differentiate them from inter- 
digitating DC sarcoma. Thymomas, meningiomas, and malignant 
fibrous histiocytomas can mimic follicular DC sarcoma, but they lack 
CD21 and CD35. 
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TREATMENT, COURSE, AND PROGNOSIS 


Therapy for dendritic and LC sarcomas has usually been unsuccess- 
ful. However, case reports of long-term remissions with oral thalido- 
mide,!**!"6 intravenous alemtuzumab,!”’ or intravenous MAID (mesna, 
doxorubicin [Adriamycin], ifosfamide, and dacarbazine)'* have been 
published. In some instances, surgical resection of a localized mass with 
radiotherapy has been successful. 

Interdigitating DC sarcomas, also, have been treated successfully 
with surgery alone or a combination of surgery and radiotherapy, when 
the tumor is localized. Patients with stage III/IV tumors generally do 
not respond to multidrug chemotherapy, such as intravenous cyclo- 
phosphamide, doxorubicin, and vincristine and oral prednisone with or 
without the addition of intravenous actinomycin D. 


@ MALIGNANT FIBROUS HISTIOCYTOMA 
AND GIANT CELL TUMOR OF THE BONE 


Gene-profiling experiments have shown that these tumors are not 
derived from histiocytes, but are poorly differentiated fibrosarcomas, 
myosarcomas, fibromyxosarcomas, or liposarcomas.'’-'*! They are 
treated with a similar approach as are osteosarcomas. '*-!*4 


@ ERDHEIM-CHESTER DISEASE 
DEFINITION AND HISTORY 


In 1930, two cases of “lipid granulomatosis” were described by William 
Chester and Jakob Erdheim and later designated as Erdheim-Chester 
disease.'*° The histopathologic characteristics of ECD overlap xantho- 
granuloma and distinctions between the two are made on the basis of 
clinical and radiologic findings. Lipid-laden histiocytes with foamy or 
eosinophilic cytoplasm infiltrate bones and various organs and gener- 
ate a fibroblastic response that leads to critical organ failure. The his- 
tiocytes are CD68+, CD163+, factor XIIa+, CDla—, and S100-, and 
do not contain Birbeck granules. Touton-like giant cells are commonly 
found. 


EPIDEMIOLOGY/ETIOLOGY 


This disease primarily affects adults (mean age: 53 years; range: 7 to 84 
years) with a predominance of males (73 percent). There is no known 
etiology. Cells from ECD biopsies have been found to be clonal in three 
of five cases tested and polyclonal in two.'5”-' Elevated levels of osteo- 
pontin in ECD tissue have been found at diagnosis, which then declined 
after treatment with prednisolone.’ It is difficult to judge the exact role 
of osteopontin in ECD as it has many functions as a noncollagenous, 
extracellular matrix protein that may affect cell adhesion, migration, 
and other functions. Immunohistochemical staining of ECD tissue 
shows expression of CCL2 (monocyte chemotactic protein 1), CCL4 
(macrophage inflammatory protein-16 [MIP-1$]), CCL5 (RANTES 
[regulated upon activation, normal T-cell expressed and secreted]), 
CCL20 (MIP-3a), and CCL19 (MIP-3f), along with their receptors 
CCR1, CCR2, CCR3, CCR5, CCR6, and CCR7.'*' Elevated expression 
of an IFN-y-inducible protein, IL-6, and RANKL has been described. 
The latter two factors are important for bone remodeling. Biopsies of 32 
of 37 patients with ECD had prominent staining for the platelet-derived 
growth factor receptor-B. The inflammatory nature of ECD is indi- 
cated by an elevation of cytokines in a cohort of 37 patients. A T-helper 
type 1 (Th1)-associated signature in ECD patients was associated with 


elevation of IFN-a, IL-12, monocyte chemotactic protein-1 (MCP-1), 
IL-4, and IL-7, but there was little difference in the levels of these before 
and after treatment with IFN-a. 

Discovery of BRAFY®* mutations in LCH and ECD has opened 
important research initiatives as well as the possibility of targeted ther- 
apy. Thirteen of 24 (54 percent) ECD patients and 38 percent of LCH 
patients had this mutation.’” An NRAS mutation has also been found 


in ECD, further documenting the importance of the MAPK pathway.'® 


The frequent occurrence of lesions classified as LCH and ECD in the 
same patient, along with common finding of BRAFY® mutation, sug- 
gests a common cell of origin in some patients.'™ 


CLINICAL FEATURES 


A consensus paper on the evaluation and treatment of ECD has been 
published with helpful summaries of clinical, laboratory, and radiologic 
findings.’ Many patients have fever, weakness, and weight loss. The 
clinical findings include CNS symptoms (50 percent), bone pain (40 
percent), xanthelasma (27 percent), exophthalmos (27 percent), and 
DI (22 percent).'* Some patients have cerebellar signs and focal neuro- 
logic deficits.” Fifty percent of patients have extraskeletal disease. It is 
unusual for lymph nodes, liver, spleen, or axial skeleton to be affected, 
whereas these areas are frequently affected in LCH and RDD. Retro- 
peritoneal and renal involvement occurs in one-third of ECD patients 
and causes abdominal pain, dysuria, and hydronephrosis. Pulmonary 
involvement may present in 20 percent of patients and results in dys- 
pnea. Skin manifestations of ECD include xanthomatous lesions that 
may begin as reddish-brown papules similar to xanthoma dissemina- 
tum. Cardiac dysfunction occurs because of circumferential sheathing 
of the aorta, and aortic branches, including coronary arteries, but often 
is not symptomatic. There may also be endocardial, myocardial, or peri- 
cardial involvement, leading to pericardial effusions with the risk of 
tamponade.'*'® 

CNS involvement may occur in up to 50 percent of ECD patients. 
Cerebellar and pyramidal symptoms are the most frequent, but head- 
aches, neuropsychiatric or cognitive difficulties, and cranial nerve pal- 
sies are reported." Parenchymal CNS lesions causing disability are a 
poor prognostic indicator.'7 ECD may infiltrate any CNS location 
within or outside the neuraxis, including the pachymeninges, and are 
similar to meningiomas, sarcoidosis, Wegener granulomatosis, RDD, 
or LCH. Orbital involvement causes proptosis and pituitary infiltration 
leads to DI in nearly 25 percent of patients. 


LABORATORY FEATURES 


There are no specific laboratory findings, but elevated sedimentation 
rate and alkaline phosphatase have been reported in approximately 
one-fifth of cases. The consensus publication on ECD provides a list of 
baseline radiologic tests which include PET/CT, MRI brain with con- 
trast and attention to the pituitary, cardiac MRI, and when indicated 
clinically, MRI of the orbits with contrast, renal artery ultrasound, 
high-resolution CT of the chest, pulmonary function tests, testicular 
ultrasound, and electromyography. Radiographs show bilateral patchy 
osteosclerosis of the metaphysis and diaphysis of the femur, proximal 
tibia, and fibula in nearly 100 percent of patients. Lytic lesions are found 
in approximately one-third of patients. Chest CT imaging findings 
include diffuse interstitial infiltrates, and pleural and interlobular sep- 
tal thickening.’® Perirenal infiltration, extending through the fat of the 
anterior or posterior pararenal spaces, leading to the classic “hairy kid- 
ney” appearance (>60 percent of patients) and circumferential sheath- 
ing of the aorta (>60 percent of patients), as well as retroperitoneal 
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fibrosis-like infiltrates (20 percent), can be seen on an abdominal CT 
scan and MRI of the heart. 


DIFFERENTIAL DIAGNOSIS 


Although histologically distinct, the clinical features may suggest 
LCH, RDD, JXG, or xanthoma disseminatum. Some clinical features 
overlap with sarcoidosis, amyloidosis, Paget disease, Ormond dis- 
ease (idiopathic retroperitoneal fibrosis), and Whipple disease (intes- 
tinal lipodystrophy). The histologic features can be confused with 
Gaucher disease, Niemann-Pick disease, mucopolysaccharidosis, or 
malakoplakia.'” 


THERAPY 


Subcutaneous IFN-a and pegylated IFN-« are considered the first-line 
treatments for ECD.” Survival has been improved using doses of 3 mil- 
lion units, 3 times a week.'7*!”8 When the standard dose is ineffective, 
increasing the IFN-a dose to greater than 18 million units per week or 
use of pegylated IFN-« to a dose greater than 180 mcg/wk is recom- 
mended. Treatments have been extended for as long as 3 years. Patients 
treated with the high-dose regimens had a stabilization of CNS disease 
in 64 percent and of cardiac involvement in 79 percent. 

Earlier published treatment results include a review of 37 patients 
treated with glucocorticoids, usually 1 mg/kg per day, orally, result- 
ing in decreased exophthalmos or general symptoms in 20 patients. "$ 
Among these patients, glucocorticoids were effective in six patients, 
transiently effective in four, and ineffective in eight. Of eight patients 
treated with a variety of chemotherapy agents and glucocorticoids, 
four had improvement. Radiation was ineffective for orbital 
masses, but transiently relieved bone pain. A series of six patients 
treated with oral imatinib mesylate reported two had stable disease 
and one an initial response before worsening.'” Some patients 
have been treated effectively with intravenous cladribine.’*” Anticy- 
tokine treatments with anakinra, infliximab, and tocilizumab have had 
varying degrees of success in a limited number of patients. Anakinra 
is given at 1 to 2 mg/kg per day, intravenously, and may work best for 
patients with bone pain and other systemic symptoms.'*'"'** However, 
it seems to be less effective than IFN-a. The same can be said for the 
anti-tumor necrosis factor a drugs, intravenous infliximab and intra- 
venous etanercept. 

Clinical trials currently open to open to ECD patients include: 


e NCTT01524978 Vemurafenib: anti-BRAFVY" 
e NCTO01727206 Tocilizumab: anti-IL-6 (phase II clinical trial) 
e ACTRN12613001321730: Sirolimus and prednisone (prospective trial) 


COURSE AND PROGNOSIS 


Nearly 60 percent of ECD patients die of their disease; 36 percent die 
within 6 months. The mean survival duration is less than 3 years. Car- 
diac, pulmonary, and renal failure are the primary causes of death. 


@ JUVENILE XANTHOGRANULOMA 
DEFINITION AND HISTORY 


JXG is a histiocytic disorder that affects the skin with multiple nodules 
in the head, neck, and trunk primarily in children, although adults can 
also be affected.'** The lesional cells are derived from dermal dendro- 
cytes. Systemic involvement occurs in a few cases. Rudolf Virchow may 
have been the first to describe a child with what he called “cutaneous 
xanthomas’” in 1871. 


EPIDEMIOLOGY 


Children with solitary lesions have a median age of onset of 2 years 
with a male-to-female ratio of 1.5:1. Children with multiple lesions 
have a median age of onset of 5 months and have a male-to-female 
ratio of 12:1. No population study of JXG has been reported, so the 
precise incidence is unknown. However, a review of JXG from the Kiel 
Pediatric Tumor Registry recorded 129 (0.52 percent) cases of JXG and 
800 (3.3 percent) cases of LCH among 24,600 children over a 36-year 
period. 


ETIOLOGY AND PATHOGENESIS 


There is no known cause of JXG. Patients with JXG and neurofibroma- 
tosis types 1 and 2, as well as the triad of the aforementioned diseases 
with juvenile chronic myelogenous leukemia, have been reported.'**"*” 
These and other cases have suggested an increased risk of leukemia in 
neurofibromatosis patients with JXG, but there is no rigorous proof for 
this association.'**'® 


CLINICAL FEATURES 


The majority of patients are children younger than 2 years of age who 
have solitary skin nodules on their head, neck, or trunk. The lesion 
is most often the same color as surrounding skin, but may be erythe- 
matous or yellowish. Rarely, nodules may be in the subcutaneous fat, 
deep soft tissue, or skeletal muscle. Organ involvement is rare, but has 
been reported in the soft tissue, CNS, bone, lung, liver, spleen, pancreas, 
adrenal, intestines, kidneys, lymph nodes, marrow, and heart. 194190191 
Systemic symptoms and signs occur only if these organ systems are 
involved. 


LABORATORY FEATURES 


Immunohistochemical staining of biopsies is necessary to differentiate 
JXG from other histiocytic lesions. JXG classically stains with a mac- 
rophage marker such as antibodies to CD68 or Ki-M1P, factor XIIa, 
fascin, vimentin, and often CD4. They are negative for $100 and anti- 
CDla. There are three characteristic histologic patterns: early JXG, clas- 
sic JXG, and transitional JXG.'° Early JXG is characterized by small- to 
intermediate-size mononuclear histiocytes in sheet-like infiltrates. The 
cells in this category have only small quantities of lipid in the cyto- 
plasm and Touton-type giant cells are absent. This type has relatively 
more mitoses than the others, but there is no cytologic atypia. Classic 
JXG exhibits abundant vacuolated, foamy histiocytes with Touton giant 
cells (lipid-laden histiocytes with multiple nuclei and a small amount 
of centrally oriented cytoplasm). Transitional JXG has a predominance 
of spindle-shaped cells resembling benign fibrous histiocytoma with 
foamy histiocytes and occasional giant cells. Biopsies also contain 
lymphocytes, eosinophils, and occasionally Charcot-Leyden crystals. If 
the marrow is involved, patients may have cytopenias. Liver infiltration 
may cause elevation of liver enzymes, hypoalbuminemia, and an ele- 
vated erythrocyte sedimentation rate. Pituitary involvement may lead 
to DI. Hypercalcemia has been reported. CNS lesions can lead to hydro- 
cephalus, seizures, and developmental delay. 


DIFFERENTIAL DIAGNOSIS 


LCH is the disease most often confused with JXG. Other disorders 
to be considered include fibrohistiocytic lesion not otherwise spec- 
ified, reticulohistiocytoma, hemangioendothelioma, Spitz nevus, 
malignant fibrous histiocytoma, and rhabdomyosarcoma or other 
malignancies. 
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THERAPY 


Patients with a single or only a few lesions need no therapy. An exci- 
sional biopsy can be used, if desired for cosmetic reasons. For the rare 
patients who have systemic disease and require treatment a wide variety 
of chemotherapy and radiotherapy regimens have been reported." 
Inclusion of a vinca alkaloid and a glucocorticoid is associated with bet- 
ter overall response rates than single agents. A child with CNS JXG who 
failed to respond to vinblastine was successfully treated with cladrib- 
ine.” A series of four children with systemic and CNS JXG were suc- 
cessfully treated with clofarabine.™ 


COURSE AND PROGNOSIS 


Patients with only skin or soft-tissue involvement all survive and in a 
majority of cases, the lesions spontaneously disappear over time. Infants 
with large retroperitoneal masses, liver, marrow, or CNS involvement 
usually survive with chemotherapy treatment. Two of 17 patients with 
multisystem JXG reported in the literature died despite multiagent 
chemotherapy.” 


@ SINUS HISTIOCYTOSIS WITH MASSIVE 
LYMPHADENOPATHY (ROSAI- 
DORFMAN DISEASE) 


DEFINITION AND HISTORY 


Rosai and Dorfman recognized this nonmalignant proliferation of his- 
tiocytes as a unique histopathologic entity, which is part of the differen- 
tial diagnosis of massive lymphadenopathy.’ Although this disease is 
self-limited in some patients, others with airway obstruction, multiple 
bone lesions, orbital or brain tumors require therapy.**'° 


EPIDEMIOLOGY 


RDD is found throughout the world as a disease of children and young 
adults (mean age: 20.6 years). Most of our knowledge about it is the result 
of analysis of the 423 cases in the registry developed by Rosai and Dorf- 
man in which there was no gender, ethnic, or socioeconomic predilec- 
tion. Persons of African and European descent are equally represented; 
people of Asian descent less so. In cases of digestive system disease, 
males and persons of African descent were more commonly affected.” 
Intracranial disease is found in patients with a mean age of 37.5 years. 
There is an apparent increase in rheumatologic disorders and hemolytic 
anemia among these patients. ®®!” Germline mutations in the nucleoside 
transporter SLC29A3 have been described in patients with rare familial 
syndromes that include lymphadenopathy characteristic of RDD. 


ETIOLOGY AND PATHOGENESIS 


Although associations with various herpes virus infections have been 
reported, these most likely represent detection of lymphocytes or macro- 
phages harboring these viruses with no relation to etiology. A model for 
the key histopathologic finding, emperipolesis of lymphocytes by mac- 
rophages, has been proposed.” These authors hypothesized that mac- 
rophage-activating cytokines could stimulate the macrophages to ingest 
lymphocytes. The cells in the lesions of this disorder are polyclonal.” 


CLINICAL FEATURES 


Massive, painless bilateral cervical adenopathy is the presenting finding 
in 87 percent of patients. Some have fever, night sweats, malaise, and 


weight loss. A few patients have polyarthralgia, rheumatoid arthritis, 
glomerulonephritis, asthma, and diabetes mellitus. Painless maculopap- 
ular eruptions, sometimes reddish or bluish, or yellow xanthomatous 
rashes occur in 16 percent of patients. Subcutaneous nodules can be 
found anywhere in the body. Another 16 percent of patients have nasal 
cavity and paranasal sinus involvement with obstruction of the airways, 
epistaxis, septal displacement, and mass lesions infiltrating the sinuses. 
Ten percent have eyelid or orbital masses with proptosis. Unlike patients 
with LCH, patients with RDD uncommonly (10 percent) have osteolytic 
bone lesions. These have irregular borders, but may have sclerotic mar- 
gins. Bilateral parotid or submandibular gland swelling may also be pres- 
ent. Less than 10 percent of patients have CNS, intracranial, epidural, or 
dural masses, as solitary or multiple lesions leading to headaches, nerve 
palsies, or syncope. Other organ system involvement in 1 to 3 percent of 
cases includes the kidney, genitourinary tract, lungs, larynx, liver, tonsil, 
breast, gastrointestinal tract, and heart. Up to 43 percent of patients have 
lymphadenopathy coupled with extranodal involvement of the skin, soft 
tissue, upper respiratory tract, bone, eye, or retroorbital tissue.” 


LABORATORY FEATURES 


Patients may have a hemolytic anemia or anemia of chronic disease, 
elevated erythrocyte sedimentation rate, and polyclonal hyperimmuno- 
globulinemia. Elevation of liver enzymes and other laboratory abnor- 
malities depend on the organs involved.” Hepatic features include 
capsular and pericapsular fibrosis. The lymph node sinuses are enlarged 
by a proliferation of histiocytes with large round or oval vesicular nuclei 
and a prominent nucleolus. Mitoses are rare. The cytoplasm is pale and 
eosinophilic, although some may have a foamy cytoplasm. The key diag- 
nostic finding is intact lymphocytes in macrophages (active ingestion, or 
emperipolesis, the penetration of a smaller cell into larger one). Because 
the lymphocytes are inside vacuoles, they are not degraded. Accompa- 
nying the histiocytes are numerous plasma cells. The pathologic mac- 
rophages in this disease infiltrate the sinuses of lymph nodes and are 
phagocytosing lymphocytes and plasma cells as well as erythrocytes. 
Although the histiocytes are S100-positive, they are CD1a-negative, 
unlike the LCs, which are positive for both markers. The macrophages 
express CD68, CD14, CD15, lysozyme, transferrin receptor, IL-2 recep- 
tor, and CD163.!° 


DIFFERENTIAL DIAGNOSIS 


Any other cause of lymphadenopathy, such as infections, lymphomas, 
leukemias, Gaucher disease, melanoma, and other malignancies, 
should be ruled out by a biopsy. The massive cervical lymph nodes are 
strikingly similar to those of patients with the autoimmune lymphop- 
roliferative syndrome.” Inflammatory pseudotumor and RDD have 
been found in the same patient suggesting a histologic continuum.” 

Clinicians should be aware that the sinuses of many reactive lymph 
nodes contain macrophages (histiocytes) and pathologists will report 
that presence as “sinus histiocytes or sinus histiocytosis.” This is not evi- 
dence for RDD because in those cases the sinus histiocytes do not have 
lymphocytes within their cytoplasm. 


THERAPY 


Many cases are self-limited and do not require therapy. Surgery may 
be useful for symptomatic treatment of local large lymph nodes. Mul- 
tiorgan involvement or dysfunction, and association with immune 
dysfunction are poor prognostic indicators and indicate the necessity 
of treatment.*” Several therapies have been used, including glucocor- 
ticoids and chemotherapy, with success in some cases. Several case 
reports have described improvement or cure of patients with the disease 


Chapter 71: Inflammatory and Malignant Histiocytosis 


with oral dexamethasone, oral methotrexate, oral 6-mercaptopurine, 
intravenous cladribine, or intravenous vinorelbine plus methotrex- 
ate. Intravenous clofarabine may be the best therapy for patients 
with bone and CNS involvement.* 


COURSE AND PROGNOSIS 


Most patients will have a slow but steady decrease in the size of their 
lymph nodes over months to years. For those patients requiring treat- 
ment because of impingement on vital organs responses are variable. 
Because no clinical trials have been done, treatment has been based on 
anecdotal reports. 


@HEMOPHAGOCYTIC 
LYMPHOHISTIOCYTOSIS 


DEFINITION AND HISTORY 


Farquhar and Claireux first described this disease in siblings in 1952.7” 
Although many case reports using several eponyms ensued, Henter 
and Elinder provided a logical organization of the diverse clinical pre- 
sentations.”’? HLH is an aggressive and potentially fatal syndrome that 
results from inappropriate prolonged activation of lymphocytes and 
macrophages. The name describes the characteristic (but not diag- 
nostic) pathologic finding of macrophages engulfing all types of blood 
cells in marrow, lymph nodes, spleen, or liver biopsies (see Fig. 71-3). 
HLH is also known as autosomal recessive familial HLH, familial ery- 
throphagocytic lymphohistiocytosis, viral-associated hemophagocytic 
syndrome, and infection-associated hemophagocytosis. “Primary” or 
“familial” HLH has been used to describe young children with HLH 
with known gene mutations or a family history of HLH. Older children 
with HLH, or children without identifiable mutations, are sometimes 
described as having “secondary” or “acquired” HLH with the assump- 
tion that the condition is caused by infection or other stimulus and not 
a result of genetic predisposition. The same mutations may be present in 
both situations, and there is no rapid and definitive gene-testing strat- 
egy to distinguish the two groups. In general, presentation and outcome 
are the same for primary and acquired HLH." Hypomorphic muta- 
tions in HLH-associated genes and compound heterozygous mutations 
have been described in patients who develop HLH at an older age or 
in the context of autoimmune disease.”!>?!° Thus, this distinction is not 
clinically useful in the acute setting as they both must be diagnosed 
promptly and treated aggressively. 


EPIDEMIOLOGY 


The incidence of HLH in Sweden was estimated at 1.2 children per 1 
million children per year, or 1 in 50,000 livebirths with equal sex distri- 
bution.” At the Texas Children’s Hospital, HLH was diagnosed in 1 of 
3000 inpatient admissions in a 2-year study.” The incidence in adults 
is unknown and the outcomes may be worse than for children.” Many 
adult patients with HLH also have lymphoma.?! 


ETIOLOGY AND PATHOGENESIS 


Defects in the function of natural killer (NK) cells and cytotoxic T cells 
have been found in HLH patients. This results in the inappropriate acti- 
vation of T cells and macrophages, which produce proinflammatory 
cytokines, including IFN-y, tumor necrosis factor-a, IL-6, IL-10, IL-12, 
and soluble IL-2 receptor-a (sCD25).”°””! In an animal model, perforin 
deficiency leads to inability to “prune” antigen-presenting DCs, result- 
ing in increased activation of cytotoxic CD8+ T cells.” The hypercytok- 
inemia and pathologic activation of T cells and macrophages result in 
multiorgan dysfunction that can rapidly lead to death. 


Perforin Expression 

Perforin was identified as a candidate HLH gene by gene mapping and 
was confirmed by poor expression of perforin in NK cells and cytotoxic 
T lymphocytes of HLH patients.°** Some HLH characteristics were 
reproducible in PRF1 knockout mice.” Perforin is secreted from NK 
cells and cytotoxic T cells upon activation by target cells and introduces 
pores in the target cell membrane, allowing granzyme to enter and trig- 
ger apoptosis.’ 


Other Defects Causing Hemophagocytic Lymphohistiocytosis 
Mutations in other genes encoding proteins involved in NK and cyto- 
toxic T-cell-mediated killing of target cells also have been discovered in 
patients with HLH, including UNC13D (encodes MUNC13-4), STX11 
(encodes syntaxin 11), and UNC18B (encodes STXBP2).”” Mutations 
in the gene that encodes RAB27a (protein that controls secretion 
of lytic granules) have also been identified in patients with Griscelli 
syndrome.”* 


Immune Deficiencies Associated with Hemophagocytic 
Lymphohistiocytosis 

Patients with other immune deficiencies associated with lysosomal 
trafficking defects (e.g., Chédiak-Higashi syndrome, Hermansky- 
Pudlak syndrome type II) also have a high frequency of HLH.” HLH, 
often associated with infection by the Epstein-Barr virus, is the most 
common fatal complication of X-linked lymphoproliferative disease 
(XLP1/SH2D1A and XLP2/XIAP).”° 


CLINICAL FEATURES 


Initial signs and symptoms of HLH mimic more common problems 
(e.g., fever of unknown origin or sepsis).”' Confounding diagnoses 
such as infection, autoimmune disease, hepatitis, multisystem organ 
failure, encephalitis, and malignancy do not exclude a diagnosis of HLH. 
Important clues include an acutely ill patient with unexplained fever, 
rash, or neurologic symptoms. A medical history of immune deficiency 
should bring HLH to mind. Family history of consanguinity, recurrent 
spontaneous abortions, or HLH in siblings (or symptoms suggesting 
undiagnosed HLH) may be suggestive of a risk for HLH. 

Prominent early clinical signs in one study included fever (91 per- 
cent), hepatomegaly (90 percent), splenomegaly (84 percent), neuro- 
logic signs (47 percent), rash (43 percent), and lymphadenopathy (42 
percent). Another study found 75 percent of patients with HLH to 
have CNS symptoms that may mimic encephalitis.” Patients with HLH 
develop liver failure with markedly elevated conjugated bilirubin, pan- 
cytopenia, coagulopathy, renal failure heralded by hyponatremia, and 
pulmonary failure similar to acute respiratory distress syndrome with 
interstitial infiltrates on chest radiography.” 


Diagnostic Criteria 

The cumulative experiences from the first prospective international 
treatment protocol sponsored by the Histiocyte Society, HLH-94, as 
well as other observations and studies, have led to the Histiocyte Soci- 
ety treatment protocol HLH-2004, which includes diagnostic guidelines 
(Table 71-4). The HLH criteria are derived from retrospective anal- 
ysis of patients treated on HLH-94 and describe patients with extreme 
pathologic inflammation and associated defects in cytotoxic immune 
function. 

Biallelic mutations in HLH-associated (or monoallelic in case of 
X-linked genes) are diagnostic for HLH, but generally not helpful for 
acute management although genetic results are becoming available 
more quickly. More rapid flow cytometry studies can identify absence 
of protein expression of PRF1, SAP (XLP1), or XIAP (XLP2).** Flow 
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TABLE 71-4. Clinical Criteria for Diagnosis of 


Hemophagocytic Lymphohistiocytosis 
Hemophagocytic lymphohistiocytosis (HLH) diagnosis is estab- 
lished with at least five of the following: 

e Fever 

Splenomegaly 

Cytopenias in at least two cell lines: 

Hemoglobin <90 g/L 

Platelets <100 x 109/L 

Neutrophils <1 x 10°/L 

Hypertriglyceridemia and/or hypofibrinogenemia: 
Fasting triglycerides >3 mmol/L (>265 mg/dL) 
Fibrinogen <1.5 g/L 

Hemophagocytosis in marrow or spleen or lymph nodes 


Low or absent activity of natural killer cells (specialized laboratory 
test) 


Ferritin >500 mcg/L (>2000 mcg/L may be more specific) 
Soluble cD25 (soluble interleukin-2 receptor) >2400 U/mL 
or 

- HLH-associated gene mutations 


cytometry degranulation assays that measure membrane CD107a are 
also effective for identifying patients with lymphocytes with impaired 
cytotoxic function.” 

Hemophagocytosis is sometimes misunderstood as pathogno- 
monic and necessary for the diagnosis of HLH, but biopsies fail to 
demonstrate hemophagocytosis in approximately one-third of patients 
(Fig. 71-4).” HLH changes over time such that the cytokine stimula- 
tion resulting in hemophagocytosis may be modest early in the disease, 
or the marrow may progress to become aplastic with few macrophages 
available to engage in hemophagocytosis. Repeat marrow aspirates 
and biopsies, as well as lymph node or liver biopsies, may be helpful. 
Finding hemophagocytosis is highly suggestive of HLH, but is neither 
necessary nor sufficient to make the diagnosis. Cerebrospinal fluid 
should be tested in patients with signs of CNS abnormalities; pleocyto- 
sis, hyperproteinemia and hemophagocytosis support HLH with CNS 
involvement. 


Figure 71-4. Hemophagocytosis by macrophages. Marrow aspirate 
treated with Wright-Giemsa stain illustrating prominent hemophagocy- 
tosis of multiple cell types by macrophages (arrows) in the marrow of a 
patient with hemophagocytic lymphohistiocytosis. 


LABORATORY FEATURES 


Ferritin 

Although no one diagnostic criterion is sufficient to make the diag- 
nosis of HLH, a highly elevated serum ferritin along with four other 
criteria is strongly indicative. A ferritin concentration of greater than 
500 mcg/L was included in the HLH-2004 diagnostic criteria because 
a survey found that most children with infectious diseases had levels 
less than that level and those with rheumatologic diagnoses only rarely 
had higher levels. Ferritin concentrations greater than 500 mcg/L were 
100 percent sensitive for HLH in a retrospective review over a 2-year 
period.” However, at this level there is considerable overlap with other 
disorders. Ferritin concentrations more than 10,000 mcg/L were 90 per- 
cent sensitive and 96 percent specific for HLH with very minimal over- 
lap with sepsis, infections, and liver failure. Analysis of ferritin values in 
an extended cohort suggests that 2000 mcg/L may be a more appropri- 
ate measure for diagnosis of HLH than 500 mcg/L.”* 

The following tests should be done on a previously healthy patient 
who presents with persistent fevers, hepatosplenomegaly, and cytope- 
nia of at least two cell lines: serum ferritin, aspartate aminotransferase/ 
alanine aminotransferase, lactate dehydrogenase, bilirubin, coagula- 
tion studies, fibrinogen, triglycerides. A marrow biopsy and aspirate is 
needed, as well as a lumbar puncture for spinal fluid examination. NK 
cell function, perforin expression of T cells and NK cells, and sCD25 
concentrations should be evaluated, usually requiring access to spe- 
cialty laboratories, if there is clinical suspicion for HLH. Following daily 
serum ferritin levels is useful because rapidly rising ferritin is a strong 
indicator of HLH, and inferior outcomes are associated with slow nor- 
malization.*® It may be necessary to repeat the marrow biopsy or biopsy 
an enlarged liver or lymph nodes, if the first marrow biopsy fails to show 
hemophagocytosis and clinical suspicion of HLH is high. 


DIFFERENTIAL DIAGNOSIS 


Patients with fever of unknown origin, moderate infections, sepsis, 
multiorgan dysfunction, hepatitis, anemia and thrombocytopenia, and 
autoimmune phenomena such as Kawasaki disease, lupus erythema- 
tosus, or rheumatoid arthritis may present with features that overlap 
the diagnostic criteria for HLH. These may represent alternative or 
concurrent diagnoses. One must consider HLH if no clear diagnosis is 
established of the above mentioned entities is evident and the patient is 
deteriorating. Identification of an underlying immune deficiency such 
as X-linked lymphoproliferative disease (Chap. 80), Griscelli syndrome 
(Chap. 80), or Chédiak-Higashi syndrome (Chap. 80) should increase 
the suspicion of HLH. Epstein-Barr virus, cytomegalovirus, and other 
herpes virus infections are the most frequent viral infections associated 
with HLH. A wide variety of bacterial fungal and protozoal infections 
may also lead to HLH. 


THERAPY 


Before treatment with immune-modulating therapy fewer than 10 per- 
cent of patients with HLH survived.” After case reports and case series 
described patients successfully treated with strategies that included 
aggressive immune suppression, podophyllotoxin derivatives, or a com- 
bination of immune suppression with etoposide, a prospective treat- 
ment protocol was developed that included induction therapy with oral 
or intravenous dexamethasone and intravenous etoposide, followed by 
continuous treatment with oral cyclosporine and pulses of dexametha- 
sone and intravenous etoposide.*!-** Patients with CNS symptoms or 
cerebrospinal fluid lymphocytosis or pleocytosis also received intrath- 
ecal methotrexate. Patients with resistant disease, recurrent disease, or 
familial HLH underwent AHSCT. The overall estimated 3-year survival 
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on the HLH-94 protocol was 55 percent.” In a study of patients with 
Epstein-Barr virus-associated HLH, early administration of intrave- 
nous etoposide was associated with improved outcomes.” Etoposide 
was recently demonstrated to have specific cytotoxicity to activated T 
cells, which may explain why it is effective in HLH.** 

A second protocol, HLH-2004, containing minor modifications 
from the first included starting oral cyclosporine at the onset of induc- 
tion therapy, adding glucocorticoids to intrathecal therapy in patients 
with CNS disease, adding etoposide to conditioning in patients who 
undergo AHSCT, and considering depletion of T cells in patients who 
receive stem cells from unrelated donors.” At this time, we consider 
HLH-94 the standard of care. Data are not yet available to evaluate the 
benefits of early cyclosporine, and it has known risks including increas- 
ing susceptibility to posterior reversible encephalopathy syndrome 
(PRES). 

Intravenous antithymocyte globulin (ATG) has been used as a pri- 
mary treatment of 38 cases of familial HLH.” It was intended that all of 
these patients undergo AHSCT, which ultimately cured 16 of 19 cases. 
ATG was ineffective for patients who had been previously treated with 
etoposide, dexamethasone, and cyclosporine and who had relapsed 
while on therapy. 

A study that is open as of this writing, hybrid immunotherapy for 
HLH (HIT-HLH; clinicaltrials.gov: NCT01104025) combines strategies 
of early immune suppression with ATG and prolonged immune sup- 
pression with etoposide. 

A significant number of patients with HLH will fail to respond to 
initial therapy or will develop recurrent episodes of inflammation while 
awaiting AHSCT. Treatment failures and recurrences are associated with 
very high rates of mortality. Escalation of dexamethasone and etoposide 
is a typical first step for patients with recurrence. Additional salvage 
strategies that have been reported include infliximab, dalizubumab, 
anakinra, and other agents.” A retrospective multiinstitutional study 
reported that 77 percent of patients who received alemtuzumab therapy 
for refractory or recurrent HLH survived to AHSCT.’ A clinical trial 
is currently open to test the efficacy and safety of inhibition of IFN- 
y in patients with HLH with recurrent inflammation (clinicaltrial.gov: 
NCT01818492). 

AHSCT may be indicated for patients with familial HLH or with 
gene defects, CNS disease, or who relapse either on or off HLH therapy. 
Long-term survival was 50 to 65 percent with myeloablative condition- 
ing, but patients experience significant treatment-related morbidity and 
mortality.***” Institutional series have demonstrated improved survival 
and decreased treatment-associated complications with reduced inten- 
sity conditioning (RIC) strategies that include alemtuzumab. RIC strat- 
egies are associated with improved survival.**?*° A multicenter clinical 
trial (Reduced Intensity Conditioning for Children and Adults with 
Hemophagocytic Syndromes or Selected Primary Immune Deficiencies 
[RICHI]) is currently testing the safety and efficacy of RIC with “inter- 
mediate” timed alemtuzumab.” (clinicaltrials.gov:NCT01998633) 

Patients with HLH are generally acutely ill, and therapies for HLH 
may exacerbate cytopenias and susceptibility to opportunistic infec- 
tions. Patients may require multiple transfusions of red cells, plate- 
lets, and fresh frozen plasma. Prophylaxis against Pneumocystis carinii 
infection with sulfamethoxazole and against fungi with fluconazole is 
necessary. Newly diagnosed HLH patients should have human leuko- 
cyte antigen typing done and a donor search initiated in case AHSCT is 
required for therapy. 


Macrophage Activation Syndrome 

This nomenclature describes patients with symptoms and signs of 
HLH in the setting of juvenile rheumatoid arthritis or systemic lupus 
erythematosus.” Similar to classic HLH, macrophage activation is 


characterized by proliferation of macrophages and T cells. Patients pres- 
ent with continuous fever, purpura, hepatosplenomegaly, mental status 
changes, cytopenias, coagulopathy, and hypofibrinogenemia. Labora- 
tory findings may include defective NK cell function and low perforin 
expression, as seen in HLH. In the setting of pathologic inflammation 
driven by autoimmune disease, patients may be successfully treated 
with therapy targeted against the underlying autoimmune disease.*** 
Treatment with dexamethasone and etoposide therapy is recommended 
if patients fail to improve after a brief trial of therapy appropriate for 
rheumatologic disease. 


COURSE AND PROGNOSIS 


Patients with HLH are often critically ill, functionally immunosup- 
pressed, and receive toxic chemotherapy. They should be treated at 
institutions familiar with the complications of chemotherapy and 
immune suppression. Splenectomy is recommended only in the case of 
life-threatening respiratory compromise. Some patients have an initial 
good response to therapy with etoposide and dexamethasone, but then 
have progressive disease as evidenced by elevation of the serum fer- 
ritin, worsening coagulopathy, or need for increased respiratory, blood 
pressure, or renal support. Although it may seem counterintuitive to 
treat critically ill patients with immune suppression, patients with HLH 
require this approach to have a chance to survive to clear the inflamma- 
tory trigger or overcome inherited immune defects with AHSCT. 
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CHAPTER 72 

GAUCHER DISEASE AND 
RELATED LYSOSOMAL 
STORAGE DISEASES 


Ari Zimran and Deborah Elstein 


Gaucher disease and Niemann-Pick disease are the two lipid storage disorders 
that are most likely to be encountered by the hematologist because both may 
cause hepatosplenomegaly and cytopenias. 

Gaucher disease is a common autosomal recessive lipid storage disorder, 
with an increased prevalence among Ashkenazi Jews, in whom the estimated 
birth occurrence is 1 in 850. Deficiency of the enzyme f-glucocerebrosidase 
results in accumulation of the sphingolipid glucocerebroside in the cells 
of the macrophage-monocyte system. Patients with the most prevalent 
form, type 1, have no primary neuronopathic symptoms, whereas there is 
involvement of the central nervous system in type 2 and type 3. Diagnosis of 
Gaucher disease depends on demonstration of decreased enzymatic activity of 
B-glucocerebrosidase combined with identification of mutations in the 
B-glucocerebrosidase gene at the DNA level, usually with elevation of 
biomarkers, such as chitotriosidase as ancillary confirmation and means of 
followup. Disease manifestations include hepatosplenomegaly, thrombo- 
cytopenia, anemia, osteopenia/osteoporosis with pathologic fractures and 
osteonecrosis, and, less commonly, pulmonary infiltration. Many patients, 
especially those homozygous for the common N370S mutation, are putatively 
protected against neurologic involvement, albeit there is evidence of a genetic 
risk factor for Parkinson disease. Generally, many patients with type 1 may 
be asymptomatic or so mildly affected that they may not present until their 
fifth or sixth decade and do not require disease-specific therapy, whereas for 
those with more severe signs and symptoms, enzyme replacement therapy 
(currently three infusible enzymes) is available. Substrate reduction therapy 
is an oral modality but is associated with a more problematic safety profile. 
Pharmacological chaperones and oral enzyme are being tested. 

Niemann-Pick disease is a heterogeneous group of autosomal recessive dis- 
orders. Type A and type B result from deficiency of the enzyme sphingomyeli- 
nase, whereas type C results from mutations in the NPC7 or NPC2 gene, which 
appears to be involved in cholesterol trafficking and resulting in accumulation 
of cholesterol as well as sphingomyelin. Type A is a lethal infantile form with 
marked progressive neurologic involvement. Type B is a later-onset form 
with no neurologic involvement but hepatosplenomegaly in many patients. 
Patients with type C disease manifest progressive neurologic involvement and 
hepatosplenomegaly, but may survive into adulthood. The marrow of these 


Acronyms and Abbreviations: cDNA, complementary DNA; ERT, enzyme 
replacement therapy; MRI, magnetic resonance imaging; PC, pharmacologic 
chaperone; SRT, substrate reduction therapy. 


patients contains typical foam cells with small droplets in the cytoplasm and 
sea-blue histiocytes. Substrate reduction therapy was approved for patients 
with type C disease in 2008 in Europe; pharmacologic chaperone therapy is 
being attempted. 

Fabry disease, Wolman/cholesteryl ester storage disease (CESD), and 
GM,-gangliosidoses are other lipid storage diseases characterized by hepato- 
splenomegaly; GM.,-gangliosidosis by hepatomegaly only. CESD patients may 
result in anemia and have sea-blue histiocytes. They are usually not cared for 
by hematologists and will not be discussed in this chapter. 


@ DEFINITION OF GLYCOLIPID STORAGE 
DISEASES 


The glycolipid storage diseases are hereditary disorders in which one 
or more tissues become engorged with specific lipids, because of defi- 
ciencies of the lysosomal enzymes required for hydrolysis of one of the 
glycosidic bonds. Figure 72-1 shows the catabolic pathway of glyco- 
sphingolipids and lists the diseases that are involved in impaired deg- 
radation because of specific enzyme deficiencies. The type of lipid and 
its tissue distribution have a characteristic pattern in each disorder. This 
chapter deals mainly with Gaucher disease, in which glucocerebroside 
is stored. It is a common lysosomal storage disorder and also the one 
with the most hematologic features. The second storage disorder with 
some hematologic features is Niemann-Pick disease, in which the accu- 
mulated material is sphingomyelin and/or cholesterol. The remaining 
lysosomal diseases (Fabry disease, Wolman/cholesteryl ester storage 
disease, and GM,- and GM.,-gangliosidoses), in which there is hepato- 
splenomegaly but few hematologic abnormalities, are not reviewed in 
this chapter. 


@ GAUCHER DISEASE 


HISTORY AND DEFINITION 


Gaucher disease was first described by P.C.E. Gaucher in 1882, who 
thought that the large splenic cells of a young woman seen postmor- 
tem were evidence of a primary neoplasm.' The term Gaucher disease 
appeared first in 1905, when the autosomal recessive genetic nature of 
the disorder was elucidated.’ In 1934, it was shown that glucocerebroside 
is the storage material in Gaucher disease,’ and in 1965, the primary 
defect was recognized as a deficiency of glucocerebrosidase resulting in 
an impairment of degradation of glucocerebroside.** Enzymatic purifi- 
cation ultimately led to the cloning of the gene in 1985,°” unraveling of 
its structure, and identification of many glucocerebrosidase mutations.* 
Disease-specific enzyme replacement therapy (ERT) was first intro- 
duced in 1991.° 


EPIDEMIOLOGY 


Gaucher disease is inherited as an autosomal recessive disorder. 
Although panethnic, type 1 is most common among the Ashkenazi 
Jews, with a carriership prevalence of 1 in 17 and an expected frequency 
of the disease in 1 in 850 livebirths.'° Two distinct forms of Gaucher 
disease, type 3b and type 3c, are also relatively common in Norrbottnia 
in northern Sweden," and near the Palestinian town of Jenin, respec- 
tively.” In the general population, the estimated frequency (based on 
large-scale neonatal screening projects in three countries is in the range 
of 1 in 50,000 to 1 in 100,000 persons." 
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Figure 72-1. The catabolic pathways of 
selected glycosphingolipids involved in 
some of the glycolipid storage diseases. Solid 
squares depict the blocked pathways caused 
by specific inherited deficiencies of enzymes, 
which give rise to the accumulation of the 
respective substrates. The names of the vari- 
ous diseases are shown above the names of 
the deficient enzymes. (Reproduced with per- 
mission from Lichtman’s Atlas of Hematology, 
www.adccessmedicine.com.) 
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The high prevalence of at least two Gaucher mutation, N370S and 
84GG (and possibly R496H" and others), among Ashkenazi Jews, and 
the existence of other lysosomal diseases within this ethnic group, may 
reflect, in addition to a founder effect, a selective advantage. However, 
a selective advantage because of greater resistance to tuberculosis’> or 
superior intelligence’* has not been proven. Animal studies suggest that 
the selective advantage may be the higher circulating serum levels of 
glucocerebroside that have antiinflammatory and beneficial immuno- 
modulary effects.” 


ETIOLOGY AND PATHOGENESIS 


Enzymatic Basis 

During normal growth, development, and senescence, parts of or whole 
cells are continually replaced. Breakdown of complex constituents of 
cells requires sequential enzymatic degradation. Such degradation 
occurs largely in secondary lysosomes, organelles formed by the fusion 
of primary lysosomes with phagocytic vacuoles containing ingested 
material. 

Gaucher disease is the result of a hereditary deficiency in the 
activity of a lysosomal enzyme, glucocerebrosidase, required for glyco- 
lipid degradation. The reduced activity of glucocerebrosidase results in 
accumulation of glucocerebroside in macrophages engorgement with 
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glucocerebroside induces increased cell size and cytoplasmic striations, 
leading to the formation of “Gaucher cells” (see Fig. 72-1). Inherent 
in subsequent lysosomal dysfunction is a dysregulation of metabolites 
and the consequent lack of coordination of cellular metabolism. These 
changes may explain the elaboration of various cytokines and other 
biomarkers because of engorgement of macrophages. 

Accumulating evidence indicates that in addition to the glucocere- 
brosidase enzyme (GBA1), a second, nonlysosomal glucocerebrosidase, 
GBA2, a cytosolic protein that tightly associates with cellular mem- 
branes, may be integral to the pathogenesis of Gaucher disease, affecting 
its phenotype by potentially interacting with GBA1.'*° 

In rare instances, severe forms of Gaucher disease are associ- 
ated with deficiency of saposin C, a heat-stable glucocerebrosidase 
co-factor.*?” 


GENETIC BASIS OF GAUCHER DISEASE 


The glucocerebrosidase gene is located on chromosome 1q21. A pseudo- 
gene, with 96 percent sequence homology, has been identified approx- 
imately 16 kb downstream from the functional gene. Nearly 300 point 
mutations causing Gaucher disease have been described*”; most are 
point mutations, missense, nonsense, frameshift, and splice-site muta- 
tions, but there are also insertions, deletions, and recombinant alleles. 


Some mutations result from recombinant events between the functional 


gene and its pseudogene.* Since 2000, approximately 20 of these mutated 
enzymes have undergone crystallography showing the divergence of lig- 
ands in the active site and with various degrees of glycosylation.” 

Among Ashkenazi Jews, the predominant mutation is N370S 
which accounts for approximately 75 percent of mutant alleles among 
Jewish patients and approximately 30 percent of the alleles among 
non-Jewish patients. Homozygosity for N370S is characterized by 
relatively milder phenotypes (although the phenotype is very het- 
erogenous and severe cases are seen”). N370S has heretofore been 
considered “protective” against the development of neuronopathic 
features. The second common mutation found almost exclusively 
among Ashkenazi Jews is one that usually causes a severe phenotype. 
Five or six common mutations account for approximately 97 percent 
of alleles among Jews, but account for less than 75 percent of alleles 
among non-Jews.***?’ Although controversial, premarital/prenatal 
screening for common mutations has become frequent among Ash- 
kenazi Jews.”* 

The second most common mutation is L444P, which when 
homozygous accounts for most patients with the neuronopathic type 3 
disease, and is the most prevalent mutation in Asians, Arabs, and Norr- 
bottnians. Patients with the unique variant of progressive calcifications 
of cardiac valves, type 3c, are uniformly homozygous for a point muta- 
tion D409H.” 

Despite some relationship between specific mutations and the clin- 
ical course, genotype-phenotype correlation is imperfect. Elucidation 
of the three-dimensional structure of the glucocerebrosidase by crystal- 
lography has also not improved prediction of disease severity based on 
the location of mutations in the native protein.” 

The majority of the mutations cause glucocerebrosidase mis- 
folding, which may lead to early degradation of the enzyme in the 
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endoplasmic reticulum.*’” The investigation of the proteotoxic effect 
of the misfolded mutant enzyme in the endoplasmic reticulum has led 
to the development of the new therapeutic modality of pharmacologic 
chaperones (PCs). PCs are targeted to stabilize the mutated glucocere- 
brosidase and allow its appropriate trafficking from endoplasmic reticu- 
lum to Golgi and, finally, to the lysosome. 


CLINICAL FEATURES 


Three major types of Gaucher disease are differentiated clinically based 
on absence (type 1) or presence of neurologic features (types 2 and 3). 
Table 72-1 summarizes key clinical, genetic, and demographic fea- 
tures. Although it has been suggested that there is a phenotypic con- 
tinuum,***> it is still useful to think of Gaucher disease as three distinct 
forms to facilitate genetic counseling and management decisions. 

There is variability in disease severity of all types of Gaucher dis- 
ease. Type 1 disease may be asymptomatic and be discovered in the 
course of population surveys of Ashkenazi Jews,” or incidentally during 
evaluation of an unrelated hematologic disorder. 


Fatigue 

Fatigue is a common complaint, usually not invariably related to ane- 
mia, but also quite common in nonanemic patients and may be a result 
of elevated inflammatory cytokines.” 


Organomegaly 

In symptomatic patients, the spleen is typically enlarged,” whether 
barely palpable or massively enlarged causing positional symptoms, 
such as early satiety or abdominal discomfort. Splenic infarction and 
subcapsular hematoma are uncommon. Hepatomegaly is usually asymp- 
tomatic, but it may cause abdominal discomfort and in splenectomized 


TABLE 72-1. Characteristics of the Three Types of Gaucher Disease 


TYPE 1 TYPE 2 TYPE 3 
Subtype Asymptomatic Symptomatic Neonatal Infantile 3a 3b 3c 
Common N370S/N370S N370S/other Two null or One null and None L444P/L444P D409H/D409H 
genotype or 2 mild or 2 mild recombinant one severe 
mutations mutations mutations mutations 
Ethnic Ashkenazi Jews Ashkenazi Jews None None None Norrbottnians, Palestin- 
predilection Asians, Arabs ian Arabs, 
Japanese 
Common None Hepatosple- Hydrops fetalis; SNGP, strabis- | SNGP;myoclo- SNGP; hepa- SNGP; car- 
presenting nomegaly, congenital mus, opistho- nic seizures tosplenomeg- diac valves’ 
features hypersplenism, ichthyosis tonus, trismus aly growth calcifications 
bleeding, bone retardation 
pains 
CNS None None Lethal Severe SNGP; slowly SNGP; grad- SNGP; 
involvement progressive ual cognitive brachycephalus 
neurologic deterioration 
deterioration 
Bone None Mild to severe None None Mild Moderate to Minimal 
involvement (variable) severe; kypho- 
sis (gibbus) 
Lung None None to (rarely) Severe Severe Mild to Moderate to Minimal 
involvement severe moderate severe 
Life Expectancy Normal Normal/ Neonatal death Death before Death during Death in Death in early 
near-normal age 3 years childhood mid-adulthood adulthood 


SNGP, supranuclear gaze palsy. 
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Figure 72-2. A. Histologic section of “Gaucheroma” showing hemorrhagic mass with nucleated red blood cells covered by a fibrous capsule. 
B. Histologic section at a higher magnification showing nucleated red blood cells admixed with numerous Gaucher cells. (Used with permission of 


Prof. Eliezer Rosenmann, Shaare Zedek Medical Center, Jerusalem, Israel.) 


patients or others with very severe disease, liver fibrosis and later 
cirrhosis,** with or without portal hypertension, may occur; hepatocel- 
lular carcinoma may evolve.” An increased incidence of nonalcoholic 
fatty liver disease has been observed.” 


Lymphadenopathy 
Lymphadenopathy has been described,“ including a severe protein- 
losing form,” which is a clinical management problem. 


Hemorrhagic Events 

Epistaxis, easy bruising, and hemorrhage after surgical or dental pro- 
cedures and bleeding during labor are common presenting symptoms. 
These manifestations usually are related to thrombocytopenia as the 
result of hypersplenism or marrow replacement by Gaucher cells, but 
platelet dysfunction and decreased levels of coagulation factors have 
also been described and hence should be assessed prior to surgical pro- 
cedure or before delivery.“ Coagulation factor deficiencies may result 
from liver disease or consumption coagulopathy. 


Anemia 

Reduced hemoglobin levels are also primarily a result of hypersplenism 
and marrow replacement by Gaucher cells, but additional causes include 
iron deficiency, vitamin B,, deficiency, and autoimmune hemolysis.” 


Gaucheromas 

“Gaucheromas” (Fig. 72-2), which are possibly extraosseous in origin** 
and/or may mimic a malignant process,” appear idiosyncratically, but 
possibly after some invasive procedure such as hip surgery; these have 
been described to be at increased risk of hemorrhaging when manipulated. 


Pulmonary Disease 

Severe pulmonary disease with cyanosis and clubbing occurs in some 
patients with advanced liver involvement, and is usually a consequence 
of hepatopulmonary syndrome with or without infiltration of the lungs 
by Gaucher cells.™ Mild pulmonary hypertension may be detected 
by echocardiography,” but may (rarely) be severe especially among 


splenectomized patients™; it has not been reported in children.” Pul- 
monary function tests may reveal abnormalities, such as reduced diffu- 
sion capacity in approximately two-thirds of patients.*° 


Bone Disease 

Bone involvement is usually the main cause of morbidity in symptom- 
atic patients and can occur in any long bone.” Patchy areas of bone 
demineralization and infarction are seen (Fig. 72-3A), and asymptom- 
atic widening of the distal femur known as Erlenmeyer flask deformity 
is very common (Fig. 72-38). Bone metabolism markers indicate that 
bone resorption predominates,” but the overall mechanisms underly- 
ing development of bone lesions are poorly understood. Children may 
have delayed bone age and delayed eruption of the teeth.” Bone pain 
is probably the most troublesome symptom of Gaucher disease. Bone 
pain may be related to the pathologic processes evident by radiogra- 
phy, magnetic resonance imaging (MRI), and computerized tomogra- 
phy, or have the character of a “crisis? which is a self-limiting, albeit 
exquisitely painful event, associated with signs of acute local and/or 
systemic inflammation (Fig. 72-3D). Aseptic necrosis of large joints, 
mainly the femoral heads but also the shoulders and knees (and rarely 
even in smaller joints) and vertebral collapse are particularly common 
typically among untreated patients with genotypes resulting in more 
severe phenotypes (Fig. 72-3C and E). 


Gynecologic Manifestations and Fertility 

Gynecologic and obstetric problems are common and are mainly related 
to bleeding tendency,” which may explain why females are more likely 
to be diagnosed. Delayed menarche and menorrhagia are common, and 
increased risk of recurrent abortions has been reported.” Fertility is 
unaffected in males and females. 


Ophthalmologic Disorders 

Organs other than the spleen, liver, bones, and lungs may be affected. 
Many patients have pinguecula and a few a pterygium at the corneo- 
scleral limbus.” Additional findings include uveitis and preretinal white 
spots in rare cases. 


B Cc 
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Figure 72-3. Gaucher-related skeletal involvement including (A) humerus with chevron or herring-bone pattern; (B) Erlenmeyer flask deformity 
of the proximal femur; (C) plain radiograph of osteonecrosis of the left hip; (D) magnetic resonance image of pelvis and thighs that was performed 2 
weeks after bone crisis of the right thigh. Bone edema is seen in the upper part of the femur at the level of lesser trochanter. Chronic marrow signal 
changes are seen in both femurs; (E) vertebral collapse. (Used with permission of Dr. Ehud Lebel, Shaare Zedek Medical Center, Jerusalem, Israel.) 


Kidney Disease 

Renal manifestations are rare and limited to case reports of nephrotic 
syndrome and renal cell carcinoma.™ Nonetheless, many patients seem 
to have benign urinary hyperfiltration.® 


Neurologic Findings 

Neurologic symptoms constitute the hallmark of types 2 and 3 diseases. 
Particularly notable and pathognomonic are oculomotor abnormalities, 
especially supranuclear gaze palsy (SNGP), which is typically noted 
horizontally,” but might occur in the vertical plane as well. Patients with 
type 2 disease develop hypertonia of the neck muscles with extreme 
arching of the neck (opisthotonus), bulbar signs, limb rigidity, seizures, 
and sometimes choreoathetoid movements. In these patients, the SNGP 
becomes a fixed convergent squint, often facilitating differentiating 
between type 2 patients, who are terminal by 2 to 3 years of age, and the 
severe type 3a patients, who may survive longer. Patients with type 3a 
disease exhibit progressive neurologic abnormalities such as myoclonus 
and dementia.® Patients with type 3b disease display aggressive visceral 
and skeletal involvement but neurologic manifestations are largely lim- 
ited to horizontal SNGP.® Patients with type 3c disease exhibit SNGP, 
mild visceral involvement, and fatally progressive calcifications of 
mitral and tricuspid valves and of the large arteries.'*°*” 

Several neurologic abnormalities have been observed in patients 
with type 1 disease, including peripheral neuropathy’? and an 
increased prevalence of Parkinson disease (the latter also among car- 
riers of a single mutation). >” Carriers of severe mutations (e.g., null 
alleles) were reported to have a 13.6-fold increased risk of Parkinson 
disease compared to controls, whereas carriers of the more benign 
mutations have a 2.2-fold increased risk.” A meta-analysis of patients 
with Parkinson disease has confirmed this strong association between 
mutations in the glucocerebrosidase gene and Parkinson disease, which 
is marked by an earlier age of onset and higher prevalence of cognitive 
changes.”*” 


Predisposition to Infections 

An increased tendency to infections is sometimes seen, occurring 
among splenectomized patients or severely affected patients, some of 
whom may have defective neutrophil chemotaxis.***! Bacterial osteo- 
myelitis is most often iatrogenic following surgical intervention at the 
site of a bone crisis. In children, linear growth retardation is common 
regardless of disease severity,” but a compensatory “catch-up” growth 
may occur by early adulthood.® 


Predisposition to Neoplasia 

There is a higher prevalence of neoplastic disorders in patients with 
Gaucher disease.**** Myeloma has been established to be more prev- 
alent." Other hematologic malignancies,** hepatocellular carcinoma, 
and renal cell carcinoma, may also have increased prevalence.” Although 
elevated levels of interleukin-6 in patients with Gaucher disease may 
link Gaucher disease and myeloma,® there is no explanation at pres- 
ent for increased incidence of other types of cancer. Some malignancies 
may be less common.” The impact of ERT on either an increased or 
decreased development of malignancies has not been determined. 


LABORATORY FEATURES 
Blood Counts 


The complete blood count in patients with Gaucher disease may be nor- 
mal or may reflect the effects of hypersplenism. A normocytic, normo- 
chromic anemia is frequently present, but hemoglobin levels only rarely 
fall below 8 g/dL. A modest reticulocytosis is often present in anemic 
patients. The white cell count may be decreased to as low as 1.0 x 10°/L, 
but milder degrees of leukopenia are more common. The differential 
count is normal, but splenectomized patients tend to show a lymphocy- 
tosis. A defect of leukocyte chemotaxis which may be corrected by ERT,” 
and in some patients is associated with a tendency to bacterial infec- 
tions; monocyte dysfunction has also been reported.*' Thrombocy- 
topenia is typically more prominent than anemia.“ In an anemic patient 
with an intact spleen and normal range platelet counts, there is probably 
an alternative reason for the low hemoglobin level, unrelated to Gaucher 
disease. Thrombocytopenia may be quite severe, even in an otherwise 
mildly affected patient. In splenectomized patients, anemia is more likely 
in the absence of thrombocytopenia; white cell count and platelet counts 
are usually higher than normal. Severe anisocytosis and poikilocyto- 
sis also occur in splenectomized patients, with many target cells, some 
nucleated red cells and Howell-Jolly bodies. During bone crises, leukocy- 
tosis, thrombocytosis, and elevated erythrocyte sedimentation are seen. 
Other markers of inflammation have been noted regardless of disease 
severity: elevated fibrinogen levels, elevated high-sensitivity C-reactive 
protein, and increased adhesion and aggregation of red blood cells.”””’ 


Other Hematologic Findings 

Clotting factor abnormalities may be induced by activated macro- 
phages“? or may be found when there is liver involvement. Fac- 
tor IX deficiency may be a laboratory artifact related to the effect of 


accumulated lipid on platelet membranes.” Factor XI deficiency is com- 
mon among Ashkenazi Jewish patients because of its high coincidental 
prevalence in this ethnic group.” 

Bleeding tendency may also result from defective aggregation or 
adhesion of platelets”? and therefore platelet function and/or thromboe- 
lastography should be tested before surgical and dental procedures and 
labor.*** 


Biochemical and Immunologic Findings 
In most patients, liver function tests are within normal limits but in con- 
junction with more severe disease, splenectomy, and/or comorbidities 
(hepatitic B and/or C, or autoimmune diseases) abnormal liver function 
tests may be seen. Because of the increased prevalence of cholelithiasis,”*”® 
cholestatic findings may occur. Renal function tests are usually normal.” 
Many patients present with polyclonal gammopathies. Monoclonal 
gammopathies are found in 1 to 20 percent of patients, particularly older 
patients.” Increased levels of autoantibodies have been reported,” and 
may indicate coincide with autoimmune diseases such as Hashimoto 
thyroiditis, rheumatoid arthritis, or immune hemolytic anemia. 
Biochemical abnormalities have been used as surrogate mark- 
ers in Gaucher disease. In the past, increased activities of serum acid 
phosphatase, angiotensin-converting enzyme, serum ferritin, and other 
hydrolases, such as B-hexosaminidase or $-glucuronidase, were used. 
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Other biomarkers correlate better with the extent of glucocerebroside 
storage. The most widely used biomarker is chitotriosidase,”* which 
is undetectable in healthy subjects (its physiologic role is unknown), 
but is elevated, often several thousand-fold, in patients with Gaucher 
disease. Chitotriosidase measurement is useful for monitoring both 
untreated patients, to assess stability versus deterioration, and treated 
patients, to assess response to therapy. A change in chitotriosidase levels 
rather than absolute values is used for monitoring. In approximately 6 
percent of people, it is undetectable, and for those patients, measure- 
ments of chemokine CCL18/PARC which is predominantly produced 
by Gaucher cells, can be used.” 

A potentially more sensitive and more specific biomarker has been 
identified: the lyso-glucosylsphingosine (lyso-Gb1), which may be 
preferred as a more reproducible biomarker, using a more operator- 
friendly assay. 

Serum iron levels may be low in patients because of iron deficiency 
related to bleeding or chronic inflammation. Deficiencies of vitamin B,,'°! 
and vitamin D'” have been described, albeit these are also very common 
in the general population. Serum ferritin levels are usually elevated. 


Gaucher Cells 
Gaucher cells, found mainly in the marrow, spleen, and liver (Fig. 72-4), 
have small, usually eccentrically placed nuclei and cytoplasm with 
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Figure 72-4. A.“Gaucher cell” from the marrow of a patient with Gaucher disease. B. Histomicrograph of a Gaucher spleen with marked infiltration of 
the red pulp by Gaucher cells. C. Liver infiltrated by Gaucher cells (the pale pink cells). (Marrow image used with permission of Prof. Chaim Hershko, Shaare 
Zedek Medical Center, Jerusalem, Israel; spleen and liver images used with permission of Prof Gail Amir, Hadassah Medical Center, Jerusalem, Israel.) 


characteristic crinkles or striations. The cytoplasm is stained by the 
periodic acid-Schiff technique. Electron microscopy demonstrates 
cytoplasmic spindle- or rod-shaped, membrane-bound inclusion bod- 
ies 0.6 to 4 um in diameter, consisting of numerous small tubules, 130 
to 750 A in diameter, that are composed of twisted multilayers in nega- 


tively stained preparations.'” 


DIFFERENTIAL DIAGNOSIS 


Diagnosis 

The diagnosis of Gaucher disease should be considered in (1) any 
patient who presents with unexplained splenomegaly, thrombocytope- 
nia, frequent nosebleeds, anemia, acute or chronic bone pain; (2) chil- 
dren with short stature for their age; and (3) nontraumatic avascular 
necrosis of a large joint at any age, especially if is associated with any of 
the above features. 

A definitive diagnosis requires a reduced enzymatic activity 
of B-glucocerebrosidase in leukocytes,’ cultured fibroblasts, or 
amniocytes obtained during prenatal diagnosis. Measurement of glu- 
cocerebrosidase levels is supplemented by mutational analysis. This 
is important for prognosis, particularly in children, and for detection 
of carriers among affected families. While rapid polymerase chain 
reaction-based tests are often performed for five or seven common 
mutations, especially among Ashkenazi Jews as a “first-pass,” it is highly 
recommended to perform whole-genome sequencing’ to rigorously 
establish the molecular diagnosis. 

Marrow aspiration as a means of diagnosis is only indicated when 
other hematologic diseases must be considered.” Gaucher cells 
are often sparse and thorough examination under low-power may be 
required to find them. Cells indistinguishable by light microscopy from 
typical Gaucher cells may also be seen in patients with other disorders 
such as chronic myelogenous leukemia, Hodgkin lymphoma, myeloma, 
and acquired immunodeficiency syndrome. ‘The latter patients do not 
lack the ability to catabolize glucocerebroside, but the great inflow of 
globoside into phagocytic cells exceeds their capacity to hydrolyze glu- 
cocerebroside, forming “pseudo-Gaucher cells.” 

Prenatal diagnosis can be established by examining cultured 
amniocytes obtained by amniocentesis for measurement of glucocere- 
brosidase activity!“ or by examining amniocytes or chorionic villi DNA 
for known mutations. 


Heterozygote Detection 

Heterozygotes for Gaucher disease have neither Gaucher cells in their 
marrow nor stigmata of Gaucher disease (other than the increased risk 
of Parkinson disease). Existence of a carrier state can be demonstrated 
by reduced glucocerebrosidase activity to approximately 50 percent of 
normal values. However, regardless of methodology, enzyme activity 
among heterozygotes overlaps the normal range and hence definitive 
diagnosis of heterozygous status only can be made by mutational anal- 
ysis. Currently various methodologies are being developed to allow 
noninvasive prenatal diagnosis of monogenic diseases like Gaucher dis- 
ease; the most promising of these is molecular analysis of cell-free fetal 
DNA. 


THERAPY 


Symptomatic Treatment 

Symptoms and signs related to massive enlargement of the spleen (e.g., 
pancytopenia, early satiety, abdominal discomfort, and growth retar- 
dation in children) can be resolved by splenectomy. However, because 
of the efficacy of ERT, splenectomy should only be a last resort as it 
often induces progressive liver and bony complications, and increases 
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the risk of infection with encapsulated organisms. Partial splenectomy 
has not proved useful, with both regrowth of the remnant and risk of 
osteonecrosis. 

When bone lesions result in fractures or osteonecrosis (see 
Fig. 72-3D), orthopedic procedures may be required. Joint replacement 
is generally uneventful, with good functional outcome and quality of 
life. The success of arthroplasties is enhanced by adherence to preoper- 
ative protocols including assessment of bleeding tendency, prophylactic 
use of antibiotic therapy, particularly in splenectomized patients, and 
early post-operative ambulation.’ 

Deficiencies of iron, vitamin B,,, or vitamin D should be corrected 
and calcium supplementation is recommended in patients with oste- 
oporosis receiving bisphosphonates.” Use of erythropoietin may be 
required for management of anemia because of marrow failure." 


Enzyme Replacement Therapy 

The use of alglucerase,° the first mannose-terminated, placental-de- 
rived enzyme, was approved in 1991, and the recombinant form, 
imiglucerase, albeit with one amino acid R495H that differs from the 
wild-type protein owing to a cloning artifact in the original comple- 
mentary DNA (cDNA), was introduced in 1994." Two intravenous 
preparations, one with the perfect native-enzyme sequence developed 
in a human cell line, velaglucerase alfa,'"? and the other, a carrot root 
cell-derived with the imiglucerase core sequence, taliglucerase alfa,’ 
have completed phase 3 clinical trials and are available. Phase 2 clinical 
trials with taliglucerase alfa are currently underway in which the same 
carrot cells, expressing taliglucerase alfa, are used as vehicle for oral 
delivery of the enzyme. 

The response to ERTs is most gratifying.?"!!"!!® Decreased spleen 
and liver volumes and increased hemoglobin levels and platelet counts 
usually occur within 6 months of therapy with biweekly doses between 
15 and 60 U/kg. Platelet counts in patients with massively enlarged 
spleens may require longer periods to respond, but improvement con- 
tinues within the first 2 years of therapy. Thereafter, patients treated with 
imiglucerase stabilize even while on the same dose.'"° 

The bone response is slower and less predictable. Osteonecrosis 
and lytic lesions do not respond to ERT. Quantitative chemical shift 
imaging, a sensitive modality to show changes in the marrow, includ- 
ing response to ERT (Fig. 72-5), is a resource available in only one 
site worldwide and, hence, various other imaging modalities, espe- 
cially MRI-based modalities, but also bone densitometry and plain 
radiographs, are used as needed to document skeletal status. 

ERT may or may not improve pathologic pulmonary findings. 
Because the enzyme is a large molecule, it does not cross the blood- 
brain barrier, and hence, does not impact neuronopathic features. 11819 

All ERTs are safe, having few side effects that are usually tran- 
sient. "11312 Hypersensitivity reactions have been reported with each 
type of ERT, but only rare cases of anaphylaxis. Most patients with such 
reactions may continue ERT with or without premedication; it is advis- 
able to avoid the administration of glucocorticoids for this purpose 
because of an increased risk of osteonecrosis. For each ERT there is a 
different percent of patients who may develop antibodies either shortly 
after initiation of treatment or over time. 

Another side effect is weight gain with some concerns about 
changes in insulin resistance and the development of metabolic syn- 
drome,’ including steatohepatitis. Because of the excellent safety 
profile, many patients receive therapy at home? and many female 
patients are comfortable continuing with ERT during pregnancy and 
lactation." The effects of treatment are unaffected by switching from 
imiglucerase to velaglucerase alfa’” or taliglucerase alfa.” 

The two major disadvantages of ERTs are the apparent lifetime 
dependency on intravenous infusions and the extremely high cost. 
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Guidelines and/or expert opinions usually recommend the use of rel- 
atively high doses.'””'** Yet, it is evident that for most symptomatic 
patients, there is no justification for doses higher than 30 to 60 U/kg per 
month, and for patients with asymptomatic type 1 disease, ERT should 
not be encouraged.” 


Substrate Reduction Therapy 
The possibility that decreasing the formation of glucocerebroside from 
ceramide and glucose, referred to as substrate reduction therapy (SRT),'*° 
might favorably impact disease parameters was proposed in the 1970s." 
Oral miglustat (N-butyldeoxynojirimycin),’” a glucose analogue that 
inhibits glucocerebroside synthase, has been licensed for treatment 
of patients for whom ERT is not suitable or not a therapeutic option 
according to the two preeminent regulatory authorities’ definitions. 
This circumscribed approval stems from inferior efficacy of miglustat 
relative to ERT and a problematic safety profile including peripheral 
neuropathies, tremor, and memory impairment. Miglustat is effective 
in reducing hepatosplenomegaly in Gaucher disease when given as 
100 mg, three times daily.'** Response to miglustat is dose-dependent; 
lower doses yield suboptimal improvement without reducing frequency 
of side effects." Miglustat has also been studied as maintenance therapy 
in patients previously treated with imiglucerase.'* A practical advantage 
was that it could be considered in type 3 patients because as a small mol- 
ecule it crosses the blood-brain barrier and impacts neurologic signs. 
Unfortunately, a clinical trial failed to achieve the end points and, hence, 
there is no indication for this drug in neuronopathic Gaucher disease. 
Another SRT, a ceramide analogue, eliglustat tartrate," has been 
granted FDA approval. However, it has a more problematic safety profile 
compared to ERT (including cardiac events), the efficacy parameters." 
The robust database derived from long-term followup from phase 2 and 
from three different phase 3 clinical trials'** indicates it can be useful. 
However, unlike miglustat, it cannot cross the blood-brain barrier and 
should be targeted to type 1 patients only. 


Pharmacologic Chaperones 
A new approach to lysosomal storage diseases is “chaperone ther- 
apy. PC therapy is based on in vitro experiments showing that some 
misfolded mutants of glucocerebrosidase are destroyed prior to their 
export from the endoplasmic reticulum to the lysosome. ">": Under 
these circumstances, a reversible inhibitor stabilizes the mutant 
enzyme, enabling its passage to the lysosome without losing activity. 
Clinical trials with the first PC for Gaucher disease, isofagomine tar- 
trate which had been shown to increase mutant enzyme activity in 
cells, tissues,’ and healthy volunteers during the phase 1 trial, failed in 
the phase 2 clinical trial when only 1 of 18 patients with type 1 showed 
a beneficial effect." 

Another PC, ambroxol, an expectorant that is available without 
prescription in many countries and has decades-long safety experience, 
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Figure 72-5. Color-coded fat fraction 
measurements using quantitative chemi- 
cal shift imaging in an adult patient with 
type 1 Gaucher disease. Annual measure- 
ments show increase in fat fraction with 
specific therapy (mean value in 1994 = 
0.11; mean value in 2001 = 0.45). (Used 
with permission of Dr. Mario Maas, Aca- 
demic Medical Center, Amsterdam, The 
Netherlands.) 
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was administered in a pilot study to adult type 1 patients’; clinical tri- 
als in type 3 patients are planned. 


Organ Transplantation 

Because the macrophage is a derived from hematopoietic stem cells, 
allogeneic hematopoietic stem cell transplantation should cure Gaucher 
disease. Although some enthusiasm was expressed for this approach, 
the short-term risks of transplantation markedly limit the number of 
suitable candidates. Effective ERT further limits the appropriateness 
of transplantation. Liver transplantation has been performed in a few 
patients with severe hepatic failure.'” 


COURSE AND PROGNOSIS 


Age of onset, severity of clinical manifestations, and degree of progres- 
sion are partially related to genotype. Patients homozygous for the N370S 
mutation tend to present with symptoms and signs at an older age with rel- 
atively milder manifestations, and usually have a relatively stable disease. 
By contrast, compound heterozygotes for N370S and a “severe” mutation 
(such as N370S/84GG or N370S/L444P) usually present with the disease 
during childhood, and if untreated, progress continuously with both 
visceral and skeletal complications.'*'“ Patients homozygous for the 
L444P mutation will develop neuronopathic disease with deteriorating 
neurologic signs and symptoms and their life span is reduced.“ 

Although the genotype of the patient provides a benchmark for 
prognosis, there is much variability in patients with the same genotype, 
including between siblings with the same genotype. The availability of 
ERT has changed the natural course of the disease allowing normal growth 
and development in most patients, even in those with “severe” genotypes. 
Nevertheless, some patients still develop skeletal complications despite 
ERT and there is concern regarding development of associated diseases, 
such as myeloma, other malignancies, or Parkinson disease.'” 

Prior to the availability of ERT, patients with severe type 1 or type 3, 
died at an early age because of liver disease, bleeding, or sepsis. With 
the advent of ERT, typical causes of death are malignancy, cardiovas- 
cular disease, and cerebrovascular disease.'*° In type 2 disease, death 
usually results from neurologic complications within the first 4 years of 
life; there is also a lethal neonatal variant. Total absence of glucocere- 
brosidase may not be compatible with life. 


@ NIEMANN-PICK DISEASE 
HISTORY AND CLASSIFICATION 


In 1914, Niemann, a Berlin pediatrician, reported the case of an infant 
who died at age 18 months with a disorder that seemed atypical for 
Gaucher disease because of its early onset and rapid course.'° In 
1927, Pick identified this as a unique disorder of rapid, progressive 


neurodegeneration in infants.'*” The first adult patients identified had 
massive hepatosplenomegaly but no neurologic involvement. The 
predominant phospholipid accumulating in this disorder is sphingo- 
myelin. In 1966, a deficiency of sphingomyelinase activity was demon- 
strated in a patient with Niemann-Pick disease." Niemann-Pick is 
not a single entity; it comprises a group of disorders in which sphin- 
gomyelin storage occurs. Type A and type B disease, the classic forms 
of the disorder, represent an infantile neuronopathic and a later-onset 
nonneuronopathic form, respectively. Type C, the most common 
form of Niemann-Pick disease, is a neuronopathic disorder, usually 
with an onset in early childhood, that results from an abnormality 
in cholesterol transport.’ The sphingomyelinase gene is normal in 
type C disease, but mutations occur in one of two genes which have 
been designated NPC1 and NPC2; the proteins they code may func- 
tion in closely related steps of cholesterol transport. The designation 
type D disease was once applied to a population isolate in Nova Sco- 
tia!>! but because these individuals also have an NPC1 mutation, this 
term is no longer used. 


EPIDEMIOLOGY 


Niemann-Pick type A and type B diseases, also referred to as 
acid-sphingomyelinase deficiency, are panethnic disorders. There 
is a relatively high prevalence of type A disease among Ashkenazi 
Jews with a carrier rate of approximately 1 in 90. Three mutations 
account for 90 percent of Ashkenazi Jewish patients. Type B is com- 
mon among individuals from the Maghreb region and the Arabian 
peninsula,'* with three and two mutations accounting for 75 percent 
and 85 percent of Turkish and Arabic patients, respectively. Type C 
disease is relatively common in a Nova Scotia isolate," in a Hispanic 
population from the Upper Rio Grande Valley in the United States,'™ 
and in Western Europe.’ The prevalence of Niemann-Pick type C 
disease in European populations is estimated to be 1 in 120,000 to 1 in 
150,000 Europeans." 


ETIOLOGY AND PATHOGENESIS 


Type A and type B are autosomal recessive diseases caused by loss 
of function mutations in the gene for sphingomyelinase,” which is 
required for cleaving the bond between ceramide and phosphorylcho- 
line (see Fig. 72-1). Nonsense mutations seem to cause the more severe 
type A disease, while missense mutations are found in the milder type 
B disorder.” Although sphingomyelinase is believed to be a part of an 
apoptosis-signaling pathway by generating ceramide from sphingomy- 
elin,’* no relationship between disease severity and this pathway has 
been established. 

Type C disease also is an autosomal recessive disorder and is 
caused by mutations in either the NPC1'**"® or NPC2'® gene. The func- 
tion of the proteins encoded by these genes is unknown, but was sug- 
gested to be related to intracellular cholesterol transport.“ The NPC1 
gene encodes for a multi-pass transmembrane protein that localizes to 
the late endosome. The NPC2 protein is soluble. The NPC1 mutations 
account for more than 95 percent of cases.'°’ There are only a few cases 
of NPC2 mutations manifested in neonates by severe liver and lung 
involvement, and progressive neurologic involvement leading to death 
by 4 years of age; there is a juvenile form in which there seems to be 
good genotype-phenotype correlation.’ NPC1 deficiency is associ- 
ated with induction of autophagy by the class III-P13K (phosphatidyli- 
nositide 3’-kinase)/beclin-1 complex.'® A naturally occurring murine 
model of the disease exists.' 
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PATHOLOGY AND CLINICAL MANIFESTATIONS 


The most characteristic histopathologic feature of the various forms of 
Niemann-Pick disease is the presence of foam histiocytes (Fig. 72-6), 
mainly in lymphoid tissues, but these may be present throughout the 
body. The foam cells contain largely sphingomyelin and cholesterol, the 
storage of cholesterol being more prominent in type C disease. 

Type A disease presents in infancy. During the first months of 
life, affected infants gain weight at a diminished rate, the abdomen 
enlarges, and development is delayed. The patients usually cannot sit 
and lose physical capabilities already achieved and become blind and 
deaf. Some infants have a protracted course of jaundice of unknown 
cause. During the second year of life, the child lies still with nearly 
flaccid hyporeflexic extremities; there is massive hepatosplenomeg- 
aly, mild lymphadenopathy, and often a fine xanthomatous rash. Bone 
lesions may occur. 

Type B disease usually presents in the first decade of life with 
hepatosplenomegaly, but may not be noted until adulthood. Neuro- 
logic manifestations are usually absent. Pulmonary infiltrates are com- 
mon. The absence of a cherry-red spot in the macula and longer life 
expectancy differentiate type B from type A. Sea-blue histiocytes are 
sometimes found in the marrow, and a number of patients had been 
diagnosed as having sea-blue histiocytosis before a deficiency in sphin- 
gomyelinase was demonstrated.'® 

Patients with type C disease often have neonatal jaundice, normal 
early childhood, and then develop hypotonia, dementia, ataxia, dys- 
arthria, dystonia, seizures, gelastic cataplexy, and cognitive decline.’® 
Hepatosplenomegaly is common.’ Presentation may be at any 
age, even in the seventh decade,'® but the “classic” description is of 


Figure 72-6. Typical foam cell from the marrow of a patient with 
Niemann-Pick disease. 


juvenile dystonic lipidosis with neonatal icterus and hepatosplenomeg- 
aly. In infants and toddlers, hepatosplenomegaly may be the only sign. 
In patients with a later-onset, there are variable presentations, but psy- 
chiatric signs and symptoms (disinhibition and deteriorating executive 
function) predominate.'® 


LABORATORY FEATURES AND DIFFERENTIAL 
DIAGNOSIS 


Hemoglobin values may be normal, or mild anemia may be present. 
Approximately 75 percent of lymphocytes contain one to nine vacuoles 
with a diameter of 2 wm. Electron microscopy reveals that these vac- 
uoles are lipid-filled lysosomes.’ The marrow contains typical foam 
cells whose diameter ranges between 20 and 100 um. Small droplets are 
scattered throughout the cytoplasm (see Fig. 72-6). The cytoplasm of 
these cells stains only very faintly with the periodic acid-Schiff reagent. 
Phase microscopy of unstained preparations clearly reveals droplets in 
the cytoplasm of Niemann-Pick foam cells that distinguish them from 
Gaucher cells. Sea-blue histiocytes may be present in the spleen and 
marrow. °°! 

Type A and type B disease can be distinguished from other dis- 
orders by identification of the lipid as sphingomyelin and by demon- 
stration of sphingomyelinase deficiency in leukocytes or cultured 
fibroblasts.'*'” Patients with type A disease have acid sphingomyeli- 
nase activity levels less than 5 percent of normal in in vitro cultures of 
lymphoblasts or fibroblasts. In type B disease, acid sphingomyelinase 
activity levels range between 2 and 10 percent of normal levels. Mono- 
specific antibodies against sphingomyelinase are used to differentiate 
between type A and type B disease.’ Heterozygotes may be detected 
by measurement of sphingomyelinase activity of cultured fibroblasts. !® 
For patients with type C disease, the presence of foam cells is the only 
indication of the disease. 

Prenatal diagnosis of the three types of the disease is possible, but 
is difficult in type C.'” 


TREATMENT 


There is no effective treatment for types A and B disease, but there has 
been an announcement of a successful phase 1b trial with ERT for type 
B disease and plans for continuation into a phase 2 trial." 

Splenectomy is only rarely required, because death usually occurs 
from other manifestations of the disease before hypersplenism becomes 
clinically important. Liver transplantation in type A disease corrects 
hepatic pathology but has little long-term benefit!”; similarly, allogeneic 
hematopoietic stem cell transplantation does not ameliorate the neu- 
rologic deterioration in type B disease,'” nor does it affect the course 
of type C disease.'”* Somatic cell gene therapy has been attempted in 
knockout type B mice!” and was effective in ameliorating visceral signs 
but had no effect on neurologic signs. 

SRT was attempted in a patient with type C disease.’ Depletion 
of glycosphingolipids by miglustat!*® despite having no direct effect 
on cholesterol metabolism, corrected abnormal lipid trafficking’” and 
indicated that glycosphingolipid accumulation is a primary pathoge- 
netic event in type C disease. 

A clinical trial using miglustat at a dose of 200 mg three times daily 
in an open-label 12-month trial with extension to 66 months in juvenile 
and adult patients with type C disease and in some children, resulted 
in improvement or stabilization.” Subsequent long-term exposure in 
adults, and some children’ led to its commercial approval and use clin- 
ically in many countries. Miglustat improved neurologic manifestations 
such as ambulation, manipulation, speech, and swallowing; there are 
some gastrointestinal side effects.!””-!” 
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COURSE AND PROGNOSIS 


The prognosis in type A Niemann-Pick disease is dire; death nearly 
always occurs before the third year of life. Patients with type B dis- 
ease may survive into childhood or longer and there is now hope for 
a disease-specific ERT. Patients with type C disease usually die in 
the second decade of life, but some patients with mild disease have 
a normal life span. New hope for patients with type C emanates from 
the potential for identification of disease-specific oxysterols as both 
biomarkers" of the disease and as harbingers of PC therapy for mis- 
folded variants.'*! 
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CHAPTER 73 

THE STRUCTURE OF 
LYMPHOCYTES AND 
PLASMA CELLS 


Natarajan Muthusamy and Michael A. Caligiuri* 


Lymphocytes are a heterogeneous population of blood cells that can be 
distinguished from other leukocytes by their characteristic morphology and 
structural features. Mature lymphocytes can be divided into several func- 
tional types and subtypes based on their organs of development and func- 
tion. The major classes of lymphocytes include T cells, B cells, and natural 
killer (NK) cells. T lymphocytes develop in the thymus (Chaps. 6, 74, and 
76) and are exported to the blood and lymphoid organs. They are respon- 
sible for cell-mediated cytotoxic reactions and for delayed hypersensitivity 
responses (Chap. 76). T lymphocytes also produce the cytokines that regulate 
immune responses and provide helper activity for B cells. B lymphocytes can 
capture, internalize, and present antigens to T cells and are the precursors 
of immunoglobulin-secreting plasma cells (Chap. 75). NK cells account 
for innate immunity against infectious agents and transformed cells that 
have altered expression of transplantation antigens (Chap. 77). Blood T and 
B lymphocytes are indistinguishable by light and electron microscopy. NK 
cells tend to be larger cells with relatively large granules scattered in their 
cytoplasm. B cells can mature into plasma cells upon activation by engage- 
ment with antigen or with certain B cell mitogens. Although the different 
lymphocyte subpopulations appear similar by morphology they have distinct 
surface and intracellular protein expression patterns. These subpopulations, 
as defined by antigen expression, reflect different functional subsets, mat- 
uration stages, and activation stages. This chapter describes the light and 
transmission electron microscopic structures of lymphocytes and plasma 
cells and the major structural features reflected by surface antigens that are 
characteristic of each lymphocyte type. The chapter also provides informa- 
tion on biophysical and biochemical features of human lymphocytes. 


Acronyms and Abbreviations: ADAM, a disintegrin and a metalloprotease; BTK, 
Bruton tyrosine kinase; CD, cluster of differentiation; Ig, immunoglobulin; Ick, leuko- 
cyte tyrosine kinase; LGL, large granular lymphocyte; MHC, major histocompatibility 
complex; NK, natural killer; TCR, T-cell receptor; TdT, terminal deoxynucleotidyl trans- 
ferase; lee follicular helper T cells; Th, T helper cells; T,.., T-regulatory cell; ZAP-70, 
zeta-associated protein of 70 kDa. 


REG! 


“This chapter was written by H. Elizabeth Broome in the 8th edition and 
some of the text and images have been retained. 


@ DEFINITION AND HISTORY 


Lymphocytes and plasma cells first were described in 1774 and 1875, 
respectively.’ Studies during the subsequent 75 years with improved his- 
tologic techniques and light microscope optics furthered understand- 
ing of the lymphoid organs and the distribution of lymphocytes.?* By 
the mid-20th century, awareness that the immune system had at least 
two components—one governing humoral immunity and one governing 
cellular immunity—led to early concepts of different lymphocyte 
subsets. Also, at the same time came the discovery that the thymus and 
bursa of Fabricius in birds were the source of what came to be known as 
T (thymic-derived) and B (bursa-derived) lymphocytes, respectively, 
and that the marrow was the bursa equivalent in humans (human B cells 
therefore could represent marrow-derived cells). This discovery coupled 
with descriptions of inherited absence of the thymus leading to loss of 
cellular immunity but retention of humoral immunity and cases of reten- 
tion of cellular immunity in children who were deficient in antibody 
production, eventually led to our current understanding of the division 
of labor among what originally appeared to be a common lymphocyte 
pool, morphologically. The later advent of monoclonal antibodies against 
numerous surface antigens coupled with flow cytometry, in vitro func- 
tional assays, molecular techniques to distinguish between B cells and 
T cells, and experiments using inbred strains of mice brought us to our 
current state of knowledge of the immune response and its abnormalities. 

Flow cytometry identifies a multitude of lymphocyte subsets based 
on antigen expression patterns. These immunophenotypic subsets cor- 
relate closely with function as determined by in vitro and in vivo testing. 
T lymphocytes, B lymphocytes, and natural killer (NK) cells represent 
three major blood lymphocyte functional subsets. The marrow and thy- 
mus contain precursor cells that resemble lymphocytes but lack func- 
tion without differentiation and maturation into various lymphocyte 
subsets. Plasma cells are terminally differentiated B lymphocytes that 
produce immunoglobulin and mostly reside in marrow, lymph nodes, 
and other lymphoid tissues. (Chap. 6). 


@ MICROSCOPY AND HISTOCHEMISTRY 
OF NORMAL BLOOD LYMPHOCYTES 


LIGHT MICROSCOPY 


Classic studies of blood and tissues defined lymphocytes as spherical 
and/or ovoid cells that have diameters from 6 to 15 um when flattened 
on glass slides.* Some of these studies described two separate broad 
types of lymphocytes based on size: small lymphocytes with diame- 
ters of 6 to 9 um and large lymphocytes with diameters of 9 to 15 wm. 
Patients with acute viral illnesses have increased numbers of circulat- 
ing large, “reactive,” lymphocytes. Other illnesses, such as infection 
with Bordetella pertussis and autoimmune disorders, can cause blood to 
have increased small lymphocytes or lymphocytes with plasma cell-like 
morphology (Chap. 78). The mean absolute number of circulating small 
lymphocytes in normal adults is 2.5 x 10°/L (Chap. 2).’ Children have 
higher lymphocyte counts that trend downward until they reach adult 
levels at approximately 8 to 10 years of age (Chap. 7).° 

Most lymphocytes in normal blood are small with an ovoid or 
kidney-shaped nucleus that stains purple, has densely packed nuclear 
chromatin, and occupies approximately 90 percent of the cell area 
(Fig. 73-1A and B) by Romanowsky polychromatic stains (e.g., Giemsa 
or Wright) of air-dried films. A small rim of cytoplasm stains light blue. 
Nucleoli rarely are observed in Wright-stained films, but nucleoli in 
these cells may become visible in certain preparations, such as cytospin 
slides, or after prolonged storage in anti-coagulated blood collection 
tubes. 
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Figure 73-1. Wright-Giemsa stained blood films showing (A) a normal, small lymphocyte, monocyte, and segmented neutrophil; (B) normal small 
lymphocyte and two medium-sized lymphocytes; (C) neutrophil and two lymphocytes with morphologic features characteristic of Bordetella per- 
tussis infection (small size, cleaved nuclei, and scant cytoplasm); (D) reactive lymphocytes; and (E) large granular lymphocyte and small lymphocyte. 
Wright-Giensa stained marrow films showing (F) normal plasma cell; (G) two normal plasma cells, one nucleated red cell, and one neutrophil; and 
(H) two plasma cells with one containing many Russell bodies. 


A minority of lymphocytes in normal blood have morphology that 
defines them as large granular lymphocytes (LGLs).? These LGLs are 
slightly larger than most lymphocytes, having an increased area of light 
blue or clear cytoplasm. LGL cytoplasm contains a number of coarse 
pink granules, usually 5 to 15 per cell, and occasional clear vacuoles. In 
a normal adult, approximately 5 percent but up to 10 to 15 percent of 
blood lymphocytes are LGLs (see Fig. 73-1E).” The LGLs in blood are 
composed of NK cells and a subset of cluster of differentiation (CD) 8+ 
T lymphocytes, indistinguishable by their morphology. 


PHASE-CONTRAST MICROSCOPY 


Active movement of lymphocytes is studied by phase-contrast, or 
interference-contrast, microscopy. Lymphocytes move slowly with a 
“hand mirror” appearance. Cytoplasmic spreading does not occur. 
However, during cell movement, a thickening occurs in the cytoplasmic 
rim, which houses most of the cell’s organelles, including the Golgi 
apparatus. 


TRANSMISSION ELECTRON MICROSCOPY AND 
CYTOCHEMISTRY 


The blood lymphocyte measures approximately 5 um in spherical diam- 
eter as visualized by transmission electron microscopy.'® The nucleus 
has an abundance of electron-dense, condensed heterochromatin, a fea- 
ture characteristic of nonproliferating cells. The nucleoli are round in 
section, approximately 0.5 to 1.4 um in diameter. They are composed of 
three distinct and concentrically arranged structural units: the central 
region or agranular zone; the middle, fibrillar region; and the granu- 
lar zone, which contains intranucleolar chromatin. The lymphocytes 
nuclear membrane contains nuclear pores and a perinuclear space. 

The cytoplasmic organelles of the lymphocytes are character- 
istic of eukaryotic cells. Some organelles, such as the Golgi zone, are 
poorly developed. The cytoplasm contains free ribosomes, occasional 


ribosome clusters, and strands of rough-surfaced endoplasmic retic- 
ulum (Fig. 73-2). Centrioles, mitochondria, microtubules (diameter 
approximately 0.25 um), and microfilaments (diameter approximately 
0.07 um) are present in the cytoplasm adjacent to the cell membrane. 
The cytoplasm also contains lysosomes, which are approximately 0.4 um 
in diameter, are electron opaque, and contain classic lysosomal enzymes 
(e.g., acid phosphatase, B-glucuronidase, and acid ribonuclease). The 
lymphocyte plasma membrane stains with colloidal iron, a marker for 
membrane sialic acid. Lymphocyte cell membranes and cell coat glyco- 
proteins are shown with other electron-dense markers, including phos- 
photungstic acid, lanthanum colloid, and ruthenium red. 

Most T lymphocytes have a localized “dot” pattern when stained for 
acid phosphatase, acid and neutral nonspecific esterases, 6-glucuronidase, 
and N-acetyl-$-glucosaminidase.'* LGLs stain for acid hydrolases with a 
dispersed, granular reaction pattern.” B lymphocytes either lack esterase 
and acid phosphatase or show minimal scattered granular staining. 


SCANNING ELECTRON MICROSCOPY 


Scanning electron microscopy provides three-dimensional informa- 
tion. However, the resolution achieved with scanning electron micros- 
copy, approximately 0.1 ym, is considerably less than that possible 
with transmission electron microscopy, generally 0.002 to 0.0039 um. 
Normal blood lymphocytes, washed and collected on silver membranes 
and fixed in glutaraldehyde, have a spherical topography with varying 
numbers of stubby or finger-like microvilli (Fig. 73-3).'° In contrast, 
monocytes are much larger, have few microvilli, and display ruffled 
membranes and ridge-like profiles (Chap. 67). 

Lymphocyte microvilli contain parallel bundles of actin filaments 
that undergo continuous assembly and disassembly.'* The function of 
lymphocyte microvilli probably includes segregating surface receptors 
involved in extravasation. Two receptors involved in the initial roll- 
ing phase of extravasation, L-selectin and «,8, integrin,” localize to 
microvillar tips. In contrast, the f, integrins that mediate stable adhesion 
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Figure 73-2. A. Transmission electron micrograph of normal human blood lymphocyte (x12,000). B. Diagrammatic representation of normal 


blood lymphocyte, with organelles labeled. 


and diapedesis localize to nonprotrusive regions of the cell surface. This 
spatial separation of surface receptors might enable a temporal segrega- 
tion of adhesive function during extravasation. Lymphocytes expressing 
chimeric L-selectin constructs that no longer localize to microvilli do 
not roll on L-selectin ligands, supporting this hypothesis. $ 


@ MORPHOLOGIC CHANGES 
ASSOCIATED WITH ACTIVATION 


Lymphocyte stimulation is associated with a complex sequence of mor- 
phologic and biochemical events. Activation of B and T lymphocytes 
results in the transformation of the small, resting lymphocyte into pro- 
liferating large cells with abundant highly basophilic cytoplasm, irregu- 
larly condensed or smudgy chromatin, and round to slightly irregular 


Figure 73-3. Scanning electron micrograph of normal blood lym- 
phocytes separated by the Ficoll-Hypaque method. Cells show varying 
numbers of microvilli (<5000). (Used with permission of Dr. Aaron Polliack 
of the Department of Hematology, Hebrew University Hadassah Medical 
School, Jerusalem, Israel.) 


nuclear outlines (see Fig. 73-1D). Nucleoli may be evident by light 
microscopy in these cells, but they usually are not prominent. Infection 
with B. pertussis causes an increase in blood lymphocytes with a partic- 
ular activated morphology characterized by small size, scant cytoplasm, 
and cleaved nuclei with mature chromatin (see Fig. 73-1C). 

Activated lymphocytes proliferate and mature into effector lym- 
phocytes and memory cells. Effector cells include helper T cells, cyto- 
lytic T cells, and plasma cells (see Figs. 73-1F and G, 73-4, and 73-5). 
In vitro, plant lectins, bacterial products, polymeric substances, and 
enzymes activate lymphocytes and cause mitosis. Such agents are called 
mitogens. Some mitogens are specific for either B or T lymphocytes, 
whereas other mitogens stimulate both.” 

Approximately 4 hours after mitogen stimulation, lymphocytes 
show increased nucleolar size and an increase in the number and con- 
centration of granules in the granular zone. These changes are followed 
by an increase in fibrillar zones and increased intranucleolar chroma- 
tin. Nucleolar chromatin becomes more electron lucent or dispersed. 
From 48 to 72 hours following the addition of phytohemagglutinin, the 
volume of the cytoplasm increases. In addition, the cytoplasm contains 
an increased number of ribosomal clusters and more rough-surfaced 
endoplasmic reticulum. The activated cell has increased numbers of 
lysosomes and a larger Golgi complex with more components.” Under 
some circumstances (e.g., cultures of human lymphocytes stimulated 
for 7 to 10 days with pokeweed mitogen), some B cells form well-devel- 
oped Golgi and plasmacytoid features.” Similar plasmacytoid cells are 
observed in antigen-stimulated lymph nodes, during graft rejection in 
vivo, and in some in vitro systems, including the mixed lymphocyte cul- 
ture. In lymph nodes, the stimulated lymphoid cells may be referred to 
by various pathologists as lymphoblasts, immunoblasts, centroblasts, or 
large lymphoid cells. Morphologic criteria for these cells overlap. 

Following stimulation with antigen or mitogens, the lympho- 
cyte enters the cell cycle. The fate and function of lymphocytes that 
traverse the cell cycle can be divided into two pathways. Some lympho- 
cytes undergo several mitotic cycles and then return to the G, phase, 
indistinguishable in morphology from the original nonactivated cells. 


Figure 73-4. Transmission electron micrograph of lymphocyte from 
normal individual incubated with phytohemagglutinin” for 3 days. The 
transformed cell has a large Golgi zone (G) and many ribosomal aggre- 
gates (arrows). The nucleus is euchromatic (x7500). 


Figure 73-5. Transmission electron micrograph of plasmacytoid cell 
present in culture of lymphocytes from a patient with chronic lympho- 
cytic leukemia incubated with pokeweed mitogen for 7 days. The nucle- 
olus (N) and rough-surfaced endoplasmic reticulum (arrows) are evident 
(x9000). (Reproduced with permission from Cohnen G, Douglas SD, Konig E, 
Brittinger G: Pokeweed mitogen response of lymphocytes in chronic lympho- 
cytic leukemia: A fine structural study, Blood 1973 Oct;42(4):591-600) 
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Some of them then become memory cells, programmed to remember 
the stimulating antigen and thus respond more rapidly to reexposure 
to the original antigen. Alternatively, they become terminally differ- 
entiated effector lymphocytes, such as plasma cells or cytotoxic T cells 
(Chaps. 75 and 76). 


@ MICROSCOPY AND HISTOCHEMISTRY 
OF PLASMA CELLS 


MORPHOLOGIC STUDIES 


Plasma cells derive from small B lymphocytes after activation in the cor- 
rect environment. The characteristic feature of plasma cells is abundant 
cytoplasmic and secretory immunoglobulin (Ig). A fully mature plasma 
cell lacks surface Ig expression. Each plasma cell has the same clonal rear- 
rangement of its V(D)J (variable diversity joining) Ig genes as its predeces- 
sor B lymphocyte (Chap. 75). Several mitotic divisions may occur during 
cellular differentiation from the resting lymphocyte to the plasmablast to 
the immature plasma cell. Immature plasma cells can undergo successive 
waves of mitosis in the medullary cords of lymph nodes in response to 
antigen.” Cell transfer experiments demonstrated that these transformed 
cells later mature into antibody-producing plasma cells.” 

Pokeweed mitogen induces B lymphocytes to transform into 
plasma cells after 7 to 10 days of culture.” These plasma cells infre- 
quently contain large electron-dense inclusions (Russell bodies), which 
may measure 2 to 3 um in diameter (see Fig. 73-1H).” Russell bodies, 
cytoplasmic Ig in the endoplasmic reticulum, sometimes are dissolved 
during the staining procedure. They usually occur in pathologic states 
but may be found in plasma cells from normal lymph nodes or marrow. 


LIGHT MICROSCOPY, HISTOCHEMISTRY, 
AND ELECTRON MICROSCOPY 


The mature plasma cell has a characteristic basophilic cytoplasm and 
an eccentric nucleus when treated with a polychrome stain. The nuclear 
polarity is attributable to a large paranuclear zone, which corresponds 
to the Golgi apparatus. The typical mature plasma cell spread on a slide 
usually is round or oval and has a diameter of 9 to 20 um, with a mean 
cell diameter of 14 wm and a mean nuclear diameter of 8.5 wm (see 
Fig. 73-1F and G).” The nuclear heterochromatin is coarse and dis- 
tributed in a pattern that sometimes resembles the spokes of a wheel 
(cartwheel nucleus) on paraffin sections. Normal plasma cells may occa- 
sionally have two or more nuclei. Cytochemical features of plasma cells 
include positive staining for B-glucuronidase and mitochondrial enzyme 
markers. They do not stain for peroxidase or nonspecific esterase.” 

Plasma cells in patients with certain diseases may have different 
histochemical properties. Plasma cell size and morphology may be 
altered substantially in myeloma and macroglobulinemia (Chaps. 107 
and 109, respectively). Plasma cells with two or three nuclei are more 
frequent in marrows from patients with plasma cell dyscrasias. Periodic 
acid-Schiff stains may reveal cytoplasmic or nuclear inclusions in clonal 
plasma cells.” Under some circumstances, amyloid inclusions in plasma 
cells have been detected by electron microscopy.” In hemochromatosis 
and hemosiderosis, plasma cells may contain hemosiderin when exam- 
ined by electron microscopy.” 

The plasma cell is packed with a rough-surfaced endoplasmic 
reticulum having numerous attached ribosomes as seen by electron 
microscopy. A large, circumscribed Golgi zone forms a paranuclear 
halo when observed by light microscopy. The nucleus has dense areas 
of heterochromatin. The Golgi zone contains lamellae, vesicles, vacu- 
oles, and a number of granules. Mitochondria are located between the 
strands of endoplasmic reticulum.”! 


@ ANTIGENS OF HUMAN LYMPHOCYTES 
B LYMPHOCYTE ANTIGENS 


Figure 73-6 summarizes the expression of antigens on cells of the 
B-lymphocyte lineage, including committed progenitor B cells and 
pre-B cells. Chapter 74 discusses these cells and the maturation stages 
they represent. Figure 73-6 also lists antigens that are expressed or 
increased upon B-cell activation. Of the B-cell-associated antigens that 
are commonly used, only a few are restricted to cells of the B lineage. 
Of these antigens, only CD20, CD22, and Pax 5 are not found on other 
cell types. Pax 5, a transcription factor, is a “master regulator” of B-cell 
development?” that is expressed from the precursor stage through all 
B-cell maturation until it is lost at the plasma cell stage. Demonstration 
of monoclonal surface Ig allows diagnosis of clonal, neoplastic B cells. 
CD20 is the target of rituximab, a monoclonal antibody commonly 
used for treatment of B-cell neoplasms. CD19 is restricted mostly to 
B cells, but may be expressed weakly by follicular dendritic cells. CD19 
is expressed by B cells at all stages of maturation, including the commit- 
ted B-cell progenitor and most normal plasma cells. As such, it is the 
best-defined pan-B-cell surface antigen. 

In addition to the CD antigens and Igs, B cells express the three 
major histocompatibility complex (MHC) class II antigens: DR, DP, 
DQ. These antigens are heterodimers of heavy chains and light chains 
that are encoded by genes within the D complex of the human leuko- 
cyte antigen (HLA) complex (Chap. 137). MHC class I antigens are 
expressed on all nucleated cells. 


B-1 B Cells and CD5+ B Cells 

B-1 B cells have distinctive activation requirements and high levels 
of CD44 and interleukin (IL)-5 receptor a (IL-5Ra). They prolifer- 
ate more rapidly than other B cells to stimuli such as IgM crosslink- 
ing, possibly because of having constitutively activated nuclear signal 
transducer and activator of transcription 3 (STAT3).** Many, but not all, 
B-1 cells express CD5, a 67-kDa transmembrane glycoprotein that is 
more brightly expressed by T cells. These cells are designated CD5 B 
cells.” B-1 B cells do not express other T-cell markers but do express 
all other pan-B-cell surface antigens. Various agents modulate B-cell 
expression of CD5.* B-1 B cells are found in umbilical cord blood,” 
adult blood, the pleura and peritoneum, and all major secondary 
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Mature B cell 


lymphoid organs; they are rare in the marrow.” These cells appar- 
ently are enriched for cells that spontaneously produce polyreactive 
autoantibodies." 


Plasma Cells 

Many B cell differentiation antigens are not expressed by the mature 
plasma cell, including CD20, Pax-5, surface Ig, and HLA class II antigens 
(see Fig. 73-6). Of the cells of the B lineage, plasma cells are distinctive 
in that they express CD138 and bright CD38.” Clonal plasma cell neo- 
plasms usually have antigen expression distinct from normal plasma cells 
including aberrant expression of CD20, CD28, CD56, and CD117. Clonal 
plasma cells usually aberrantly lack expression of CD19 and CD27.* 


T-LYMPHOCYTE AND NATURAL KILLER CELL 
ANTIGENS 


Figure 73-7 and Table 73-1 summarize the expression of antigens on 
cells of the T-lymphocyte and NK lineages. All lymphocyte progeni- 
tors originate in the marrow, but T lymphocytes have their own special 
organ for maturation—the thymus—whereas NK cells appear to differ- 
entiate in secondary lymphoid tissue (Chap. 6). 


Thymocyte 

The thymus promotes the development of antigen-specific T lympho- 
cytes and eliminates self-reactive T lymphocytes. There are three gen- 
eral stages of thymocyte maturation based on the surface CD4 and CD8 
expression: double negative, double positive, and single positive. These 
stages have corresponding anatomic localization within the thymus with 
the least-mature double-negative cells located in the subcapsular area 
and the most-mature single-positive cells located in the medulla (Chap. 
6). The most immature T lymphocytes in the thymus populate the sub- 
capsular areas and express CD2, CD5, and CD7, antigens present on 
T lymphocytes of all stages. Capsular, “double-negative” thymocytes also 
express CD1a, cytoplasmic CD3, and terminal deoxynucleotidyl trans- 
ferase (IdT). The majority of thymocytes are at the “double-positive” 
stage within the cortical area. These are the cells undergoing positive 
selection. Once the thymocytes achieve their “education” without 
dying, they mature to the single-positive stage in the medulla. These 
varying stages of immature T-cell maturation in the thymus have 
corresponding cell phenotypes in T-lymphoblastic leukemia/lymphoma. 


Germinal center Plasma cell 
B cell 


Activated 
B cell 


Figure 73-6. Clinically useful antigens expressed during B-lymphocyte maturation. The intensity of the antigen expression at each stage of 
B-lymphocyte maturation is depicted by gradient density of bars on the graph. c, cytoplasmic; s, surface. 
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Figure 73-7. Clinically useful antigens expressed dur- 
ing T-lymphocyte maturation. The intensity of the antigen 


expression at each stage of T-lymphocyte maturation is 
depicted by gradient density of bars on the graph. 
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*CD7 is expressed on most, but not all, mature T lymphocytes. 
Mature T Lymphocytes 


Small, mature T lymphocytes are the most common lymphocytes in 
blood. T lymphocytes recognize antigen in the context of the MHC 
through binding with the T-cell receptor (TCR). Signaling from the 
TCR involves many membrane proteins, including CD3, a three-subunit 
complex expressed by early thymocytes and mature T cells.“ It is tightly 
linked to the T-cell antigen receptor (Chap. 76). Most T lymphocytes 
have the a/B TCR on their surface, but a few percent of blood lympho- 
cytes have the y/d TCR. 


CD4 and CD8 Lymphocyte Subsets 

Mature T cells express either CD4 or CD8, but not both. CD4, a member 
of the Ig supergene family, is a single-chain transmembrane glycopro- 
tein. CD8 is a 34-kDa dimeric transmembrane glycoprotein.*” Most 
T cells express the a and f subunits of CD8. CD4 and CD8 act as core- 
ceptors during T-cell activation by antigen. CD4 recognizes MHC II and 
CD8 recognizes MHC class I (Chap. 76). CD4 also is a coreceptor for the 


TABLE 73-1. Mature Natural Killer and T-Lymphocyte 


Subsets 
NK or T-Cell Subset 
CD4+ helper T cells 


Antigens 


CD2, CD3, CD4, CD5, CD7, and TCR a/B 
Subsets selectively express CD10, CD25,” 
CD57,°? and FoxP3'” 


CD2, CD3, CD5, CD7, CD8, and TCR a/B 


CD8+ cytolytic 
T cells 
Subsets selectively express CD16,°° CD56, 
CD57, cytolytic enzymes" 


CD2, CD7, KIRs (multiple), NKp46 (NCR1) 
Negative for CD3, TCR (a/B or y/6) 

Subsets express either CD16-negative, dim 
and CD56 bright, or CD16 bright and CD56 
dim** 

Cytolytic enzymes 

CD2, CD3, CD7, TCR y/6 

Usually negative for CD4 

Subsets express CD5, CD8, and cytolytic 
enzymes 


NK cells 


y/ôT cells 


CD, cluster of differentiation; KIR, killer cell immunoglobulin-like 
receptor; NK, natural killer; TCR, T cell receptor. 


human immunodeficiency virus” (Chap. 81), as are CCR5 (chemokine 
receptor 5) and CXCR4 (chemokine-related receptor). The majority of 
CD8 cells are cytolytic when appropriately activated. 

Subsets of CD4+ T cells have helper function for activation and 
maturation of cytolytic cells or B cells. Other CD4 subsets have reg- 
ulatory activity including the T-regulatory (T,,,,) cells that induce 
immune tolerance, and follicular T-helper (T,,,) cells that promote 
B cell maturation and differentiation in germinal centers. Tyg and 
Tą cells have unique phenotypes. T ppg cells express the low affinity 
receptor for IL-2 (CD25); and the transcription factor forkhead box 
P3 (FoxP3).** Follicular helper T-T,,,, cells express CD10 and CD57. 
Malignant counterparts to both subsets occur. Adult T-cell leukemia/ 
lymphoma expresses both CD25 and FoxP3 and is associated with 
marked immunosuppression.” Angioimmunoblastic T-cell lym- 
phoma has characteristic clonal T cells that express CD10 and CD57 
just like T.,, cells, and this lymphoma is associated with polyclonal 
hypergammaglobulinemia and the expansion and proliferation of 
both B cells and CD21+ follicular dendritic cells.** T-helper-17 (Th17) 
cells that secrete IL-17 exhibit critical roles in mucosal defense and in 
autoimmune disease pathogenesis.” 


Natural Killer Cells 

The NK cell is defined as an effector cell that is not MHC restricted and 
has the capacity for spontaneous cytotoxicity toward various target cells 
(Chap. 77). Most NK cells have LGL morphology (see Fig. 73-1E).” 
However, not all NK cells have LGL morphology, and not all LGL cells 
are NK cells. Many are cytolytic T lymphocytes. Cytolytic T lympho- 
cytes and NK cells share many granule contents that can be detected 
by immunohistochemistry or flow cytometry. These include TIA-1, 
an RNA binding protein, and several granzymes, which are granule 
enzymes with serine protease activity. 

Despite their relative morphologic homogeneity, NK cells com- 
prise several subpopulations with distinct phenotypes. Human NK cells 
characteristically express CD16 (FcyRII) and CD56 but not TCRa/f or 
TCRy/6, CD3, or CD4.**** CD8 is found on approximately 30 to 50 per- 
cent of NK cells. CD8 on NK cells is dim by flow cytometry and is of the 
B-homodimer form. CD16 (FcyRIII) is a low-affinity receptor that binds 
to IgG, which is bound specifically to antigens present on cells targeted 
for destruction in antibody-dependent cell-mediated cytotoxicity." 
CD16 is expressed on all NK cells, neutrophils, and tissue macrophages. 
CD56 is the neural cell adhesion molecule and is seen on most NK cells 
in either low (“dim”) or high (“bright”) density.” This 200-kDa protein 
is expressed at higher levels following activation. 
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LYMPHOCYTE SURFACE ANTIGENS 


Lymphocyte subsets generally cannot be distinguished from one another 
by morphology. Most resting lymphocytes appear as small round cells 
with a dense nucleus and little cytoplasm. However, this homogeneous 
appearance is deceptive, as these cells comprise many functionally dis- 
tinct subpopulations. 

These subsets can be distinguished through the differential expres- 
sion of cell-surface proteins, each of which can be recognized by a spe- 
cific monoclonal antibody. Coupled with the biochemical analyses of 
the surface molecules that are recognized by each of these antibodies, 
many lymphocyte surface antigens have been defined. 

Typically, it is necessary to monitor for coexpression of two or 
more cell-surface proteins to define a functional subset of lympho- 
cytes. The same cell-surface protein is often expressed by more than 
one cell subset. For example, both helper and cytotoxic T cells express 
CD3, the proteins associated with the TCR for antigen (Chap. 76). 
Expression of both CD3 and CD4 helps to distinguish mature Th cells 
from cytotoxic T cells that express CD3 and CD8, and from other cells, 
such as dendritic cells, that express CD4 but lack expression of CD3 
(Chap. 76). As noted above (see “CD4 and CD8 Lymphocyte Sub- 
sets”), Tire cells are defined by the coexpression of CD3, CD4, CD25, 
and cytoplasmic FoxP3.“ For these and other types of lymphocytes, it 
is the expression of a characteristic constellation of surface and cyto- 
plasmic molecules, rather than the expression of any one particular 
marker, that generally helps to distinguish one subset of lymphocytes 
from another. 

Fluorescent probes also can be used to identify antigen-specific 
lymphocytes.” Each clone of B lymphocytes expresses Ig capable of 
binding a particular antigen (Chap. 75). The frequencies of B cells 
specific for one antigen are estimated to range from 1 in 100,000 to 
1 in 1,000,000 cells or less. Populations of lymphocytes enriched for 
B cells binding to a specific antigen can be stained using anti- 
gen coupled to probes, allowing for the detection and isolation of 
antigen-specific B cells using flow cytometry.** Alternatively, flow- 
based techniques can be used to monitor for antigen-specific B cells 
that are activated by contact with antigen.” T lymphocytes, how- 
ever, generally recognize antigen in the form of peptides nestled into 
molecules of the MHC (Chap. 76). Thus identification and isolation of 
antigen-specific T cells require more complex probes using multim- 
eric complexes comprised of specific peptide antigen complexed with 
the relevant MHC molecule.” 


@ COMPOSITION OF LYMPHOCYTES 


Unfortunately, few studies of the composition and biochemistry of 
lymphocytes have used purified lymphocyte subpopulations. Because 
mature helper T cells are the predominant blood lymphocyte of normal 
adults, many reported biochemical parameters are most relevant to this 
subpopulation. 


ION AND WATER CONTENT 


The resting blood lymphocyte has a mean cell volume of 200 wm? and 
contains 71 + 1.2 percent by weight of water.” The total lymphocyte cat- 
ion content is 35 femtomoles (fmol) per cell, of which 22 to 28 fmol per 
cell is potassium, and 7.9 + 3.2 fmol per cell is sodium.” Lymphocyte 
membranes have both voltage-gated and calcium-activated potassium 
channels that regulate cell volume. Pharmacologic inhibition of these 
channels blocks T-cell activation. The calcium content of resting lym- 
phocytes has been estimated at 580 to 800 pmol/10° cells. Cytosolic 
free calcium concentrations are relatively low in resting lymphocytes 
(approximately 0.1 uM) but increase severalfold after activation.” 


LYMPHOCYTE MEMBRANE 


The lymphocyte plasma membrane is composed of equal parts of weight 
of protein and glycosphingolipids and 6 percent by weight of carbohy- 
drate. The molar ratio of cholesterol to phospholipid is approximately 
0.5. Phosphatidylcholine is the predominant phospholipid in the 
lymphocyte plasma membrane, but phosphatidylethanolamine, phos- 
phatidylinositol, phosphatidylserine, and sphingomyelin are also pres- 
ent. Approximately half the membrane fatty acids are saturated. The 
membrane proteins are usually glycosylated. 

The glycosphingolipids and protein receptors of lymphocytes 
often are organized in glycolipoprotein microdomains termed lipid 
rafts.” Such lipid rafts sequester various protein receptors, corecep- 
tors, and accessory molecules that together are involved in lymphocyte 
cell signaling, cytoskeletal reorganization, and/or membrane traffick- 
ing.® As such, the surface molecules on lymphocytes are not randomly 
distributed. 


Extracellular Membrane-Associated Enzymes (Ectoenzymes) 
Exposed on the exterior surface of lymphocytes are several enzymes 
called ectoenzymes (Table 73-2). Generally, the number of surface 
enzyme molecules is low compared with that of other surface molecules, 
such as those involved in lymphocyte adhesion. This probably reflects 
the fact that these molecules are catalytic and have a higher functional 
specific activity than do molecules involved in adhesion events, where 
multiple interactions over large surface areas are required. As such, it is 
possible that many more enzymes are present than the ones currently 
recognized because they are expressed at levels that are not detect- 
able by conventional methods using monoclonal antibodies and flow 
cytometry. 

Some of the surface enzymes are involved in nucleotide metab- 
olism (see Table 73-2). For example, CD73 is an ecto-5’-nucleotidase 
that catalyzes the 5’ dephosphorylation of purine and pyrimidine ribo- 
and deoxyribonucleoside monophosphates to nucleosides that can be 
taken up by transport systems.” This ecto-5’-nucleotidase is attached 
to the plasma membrane by a glycerol phosphatidylinositol anchor. 
In addition, lymphocytes express CD26,” which is a membrane pro- 
tein that can associate with adenosine deaminase, the levels of which 
are increased after activation.” The shedding of adenosine deaminase 
by stimulated cells may explain why plasma levels of this enzyme are 
increased in early HIV infection and in other diseases associated with 
immune activation.” 

The ectoenzymes of nucleotide metabolism may regulate lym- 
phocyte and granulocyte function at sites of inflammation. Activated 
T lymphocytes can release ATP, which, in turn, can bind to specific 
plasma membrane ATP receptors.” In addition, CD38 can catalyze the 
transient formation of cyclic adenosine 5’-diphosphate-ribose, a new 
second-messenger molecule directly involved in the control of calcium 
homeostasis by means of receptor-mediated release of calcium from 
ryanodine-sensitive intracellular stores. The consequent increase in 
calcium mobilization and phospholipid breakdown can provoke acti- 
vation or death, depending on the target cell. Subsequently, the dephos- 
phorylation of ATP generates adenosine, which can interact with A2 
receptors on the plasma membranes of neutrophils, monocytes, and 
lymphocytes.” The engagement of A2 receptors elevates adenosine 
3’,5’-cyclic phosphate levels, counteracting the effects of ATP on cell 
activation. The deamination of adenosine permits the cycle to begin 
anew. 

The ectodomains of several other surface antigens can possess prote- 
olytic activity. For example, CD10 (or CALLA) also has neutral endopep- 
tidase activity,“ and CD26 has dipeptidyl peptidase IV activity.” These 
enzymes may play a role in modulating the binding of lymphocytes to 
other cells and to the extracellular matrix. In addition, inhibition of the 
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TABLE 73-2. Ectoenzymes Expressed by Lymphocytes 


Surface Molecule Enzymatic Activity Function Reference 
CD10 Neutral endopeptidase, Metalloproteinase that may also play a role in the metabolic stability of 76 
EC 3.4.24.11 glucagon-like peptide-1 
CD13 Aminopeptidase N, EC Aminopeptidase involved in trimming peptides bound to major his- 102 
3.4.11.2 tocompatibility complex class Il molecules and cleaving macrophage 
inflammatory protein (MIP)-1 chemokine to alter target cell specificity. 
Also served as Rc for coronavirus 
CD26 Dipeptidylpeptidase IV, Serine peptidase that may be involved in T-cell signaling and T-cell 77 
EC 3.4.14.5 activation 
CD38 ADP ribosyl cyclase, Ectoenzyme with NAD glycohydrolase, ADP ribosyl cyclase, and cyclic 74 
EC 3.4.14.5 ADP ribose hydrolase activities 
CD39 Ecto (Ca?*, Mg**)-apyrase Ectoenzyme with ADPase and ATPase activities that plays a role in regulat- 103 
(ecto-ATPase) ing platelet aggregation 
CD73 Ecto-5’-nucleotidase Ecto-5’-nucleotidase that may play a role in T-cell signaling 69 
CD143 Peptidyl-dipeptide hydro- Peptidyl-dipeptide hydrolase that is involved in the metabolism of vaso- 104 
lase (angiotensin-converting active peptides angiotensin Il and bradykinin 
enzyme) 
CD156a ADAMB8 metalloprotease Matrix metalloprotease that may play a role in leukocyte extravasation 78 
CD156b ADAM17 metalloprotease Metalloprotease that cleaves membrane-bound tumor necrosis factor and 79 
transforming growth factor-a to release the soluble cytokine 
CD157 ADP ribosyl cyclase and ADP ribosyl cyclase and cyclic ADP ribose hydrolase that may play a role 105 
cyclic ADP ribose hydrolase in lymphocyte development. Like CD38, this enzyme also is involved in 
the metabolism of NAD 
CD224 y-Glutamyltranspeptidase, —_ y-Glutamyltranspeptidase role in y-glutamyl cycle involving the degrada- 106 


E@23 22. 


tion and neosynthesis of glutathione 


ADAM, a disintegrin and a metalloprotease; ADP, adenosine 5’-diphosphate; ADPase, adenosine 5’-diphosphatase; ATPase, adenosine 
5’-triphosphate; CD, cluster of differentiation; NAD, nicotinamide adenine dinucleotide. 


catalytic activity of CD26 can provoke many cellular effects, including 
induction of tyrosine phosphorylation and p38 mitogen-activated protein 
kinase activation, as well as suppression of DNA synthesis and reduced 
production of various cytokines. As such, these ectoenzymes could play 
an important role in lymphocyte activation. 

Some membrane-bound proteases have a disintegrin and a 
metalloprotease domain, termed ADAM (a disintegrin and a metallo- 
protease). One such member of this family of proteins is the tumor 
necrosis factor-a converting enzyme, otherwise known as ADAM17 
(CD156b).” These enzymes cleave other surface molecules, such as 
tumor necrosis factor, thereby releasing the soluble active cytokine. In 
addition, they may play an important role in modifying the activity of 
cytokines or other cell-surface molecules that are present in the vicinity 
of the plasma membrane. 


Intracellular Membrane-Associated Enzymes 

Transmembrane proteins that have cytoplasmic regions with kinase or 
phosphatase activities are common in biology although relatively few 
of these are restricted to lymphocytes. Nevertheless, many cytoplasmic 
domains of transmembrane proteins interact directly with enzymes 
that are restricted or preferentially expressed by lymphocytes or lym- 
phocyte subsets (Chaps. 75 and 76). B lymphocytes, for example, selec- 
tively express Bruton tyrosine kinase (BTK), a tyrosine kinase that plays 
a critical role in signal transduction via surface Ig receptors.® More- 
over, mutations that disrupt the function of such kinases can impair 
B-cell development, leading to dysregulated B-cell function or immune 
deficiency.*! On the other hand, T-cell development and function rely 
heavily on cytoplasmic receptor-associated tyrosine kinases, such as the 


zeta-associated protein of 70 kDa (ZAP-70), leukocyte tyrosine kinase 
(Ick), or fyn. ZAP-70 interacts with the ¢-chain (CD247) of the TCR 
for antigen, whereas the latter enzymes, Ick and fyn, are Src family 
tyrosine kinases that interact with cytoplasmic domains of various 
accessory molecules, including CD2, CD4, CD8, CD44, CD50, and/ 
or CD 137. Through such interactions, these receptor protein tyrosine 
kinases play important roles in signal transduction following immune 
recognition and/or cognate intercellular immune interactions. 

In addition, lymphocytes possess an important class of intracellular 
molecules, known collectively as adapter proteins, that have no intrinsic 
enzymatic activity.“ These adaptor proteins can serve as a scaffolding 
for the assembly of kinases and other signaling molecules following 
antigen-receptor ligation. One important adaptor protein expressed in 
B lymphocytes is B-cell linker protein (BLNK; Chap. 75).* On the other 
hand, T cells use a distinct adaptor protein called linker for activation 
of T cells (LAT).* These molecules couple proximal biochemical events 
initiated by surface-receptor ligation with more distal signaling path- 
ways by recruiting other cytosolic proteins (Chaps. 75 and 76). 


@ CYTOPLASMIC STRUCTURES 
CYTOMATRIX 


Beneath the lymphocytes plasma membrane is a fully developed cytoma- 
trix with several different structural and mechanical proteins, including 
tubulin, actin, myosin, tropomyosin, a-actinin, filamin, and a spectrin- 
like molecule, which are important in the formation of the immunologic 
synapse that forms during cognate intercellular interactions.” These are 
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arranged into typical microfilaments, microtubules, and intermediate 
filaments. Lymphocyte activation by antigens or mitogens can lead to 
changes in the interaction of membrane components with the cytoskel- 
eton, allowing for antigen processing, Ig secretion, or cell-mediated cyto- 
toxic reactions." 


ORGANELLES 


In large part the composition and metabolism of long-lived blood 
T lymphocytes reflect their resting state. The T cells have a high nuclear- 
to-cytoplasmic ratio, few ribosomes or mitochondria, and scant endo- 
plasmic reticulum. Glycogen stores are meager. The DNA content of the 
resting small lymphocyte, 8 pg per cell, is the same amount in other 
diploid cells. In contrast, the RNA content averages 2.5 pg per cell, 
yielding an RNA-to-DNA ratio of approximately 0.32. This value is 
less than in most other human cells, as a result of the small amount of 
ribosomal RNA in most lymphocytes. 

In contrast to most lymphocytes, however, plasma cells have a high 
RNA-to-DNA ratio. These cells are the end products of B-cell differen- 
tiation and are committed to the synthesis, assembly, and secretion of 
Ig. Accordingly, these cells have a well-developed rough endoplasmic 
reticulum and Golgi apparatus, but lack many of the surface receptors 
found on most lymphocytes. Mature plasma cells are probably termi- 
nally differentiated and have a low rate of DNA synthesis and abundant 
RNA, reflecting the plasma cell’s high-level synthesis of Ig. 


Lysosomes 

The few lysosomes in blood lymphocytes contain several different acid 
hydrolases, including acid phosphatase, 6-glucuronidase, 6-galactosidase, 
B-hexosaminidase, a-arabinosidase, a-galactosidase, a-mannosidase, 
«-glucosidase, and f-glucosidase.*”*? Acid hydrolase activities are 
generally higher in T cells than in non-T lymphocytes. Lysosomal acid 
esterase, assayed histochemically with a-naphthyl acetate as substrate, 
has a characteristic punctate appearance in mature T lymphocytes.” 
Secretory lysosomes are specialized organelles that combine catabolic 
functions of conventional lysosomes with the capacity to be secreted 
upon induction.” An example of such secretory lysosomes are the spe- 
cialized cytoplasmic granules of T cells and NK cells that are responsible 
for the cytotoxic effector function of these cells. 


Cytoplasmic Granules 

In contrast to other lymphocytes, cytotoxic T lymphocytes and NK cells 
possess abundant cytoplasmic granules. These contain a pore-forming 
proteolytic enzyme, termed perforin, and a series of serine protein- 
ases with specific proapoptotic activity, called granzymes.”* To protect 
against possible autolysis by granule contents, cytotoxic lymphocytes 
possess serine-proteinase inhibitors, termed serpins.”™® As an additional 
safeguard, the granzymes of resting lymphocytes are stored as inactive 
proenzymes. 

Cytotoxic lymphocytes rely primarily on the perforin/granzyme 
system to kill their targets.” Upon contact with its target cell, the cyto- 
toxic lymphocyte converts the granzymes into active forms by a lys- 
osomal cysteine protease called dipeptidyl peptidase I.” Then perforin 
introduces a pore in the membrane, allowing the activated granzymes 
and other granule contents to pass into the cytoplasm and then the 
nucleus of the cell targeted for destruction.” In vitro studies indicate that 
granzyme nuclear import is independent of ATP, cannot be inhibited by 
nonhydrolyzable guanosine triphosphate analogues, and involves bind- 
ing within the nucleus, unlike conventional signal-dependent nuclear 
protein import. The perforin-dependent nuclear entry of granzymes 
precedes the nuclear events of apoptosis, such as DNA fragmentation 
and breakdown of the nuclear envelope (Chap. 15). 
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CHAPTER 74 
LYMPHOPOIESIS 


Christopher S. Seet and Gay M. Crooks 


Lymphopoiesis refers to the process by which the cellular components of the 
immune system (i.e., T cells, B cells, and natural killer cells, and certain den- 
dritic cells) are produced during hematopoietic differentiation. This process 
begins with the hematopoietic stem cell and continues through progenitor 
stages down a series of mostly diverging lineage pathways, ultimately result- 
ing in the remarkable diversity and flexibility of the immune system. Although 
the more terminal events in lymphocyte differentiation and function have 
been defined in detail (Chaps. 75 to 77), the earliest events during which 
hematopoietic stem cells undergo lymphoid lineage commitment are less- 
well understood and still controversial. Although the conceptual framework 
for the questions of lymphoid commitment has been established largely on 
studies in the mouse, experimental systems now exist to better understand 
how such events are controlled in humans. This chapter summarizes what is 
known about the ontogeny of lymphoid development and the control of lym- 
phoid differentiation, and discusses some of the persisting controversies in the 
field. 


@LYMPHOPOIESIS DURING PRENATAL 
DEVELOPMENT 


Blood is formed from a succession of sites during embryonic and fetal 
development, beginning outside the embryo in the yolk sac. Soon 
afterward, hematopoiesis begins in the embryo proper, initially in the 
para-aortic splanchnopleura (PAS) and aorto-gonad-mesonephros 
(AGM) regions, then the fetal liver, spleen, and finally the fetal marrow 
(Chap. 7). With each change of anatomical site, the range of hemato- 
poiesis becomes progressively more complex and similar to that of the 
adult (Fig. 74-1). 

When assigning hematopoietic function to each developmen- 
tal stage, it is important to distinguish the lineage “potential” of stem 
and progenitor cells that arise from certain areas (i.e., the ability to 
generate specific lineages in vitro from immature cells removed from 
a region) from the spontaneous physiologic production of lineages in 
each region. With this distinction in mind, the onset of lymphopoiesis 


Acronyms and Abbreviations: AGM, aorto-gonad-mesonephros; BM, bone 
marrow; BCR, B-cell receptor; CLP common lymphoid progenitor; CT, computed 
tomography; DC, dendritic cell; DN, double negative; E, days of gestation; EBF, early 
B-cell factor; FACS, fluorescence-activated cell sorting; FLT3, Fms-like tyrosine kinase 
3; HSC, hematopoietic stem cell; Ig, immunoglobulin; IL, interleukin; JAK3, Janus 
kinase 3; LMPP, lymphoid-primed multipotent progenitor; LSK, lin’®’sca-1-+c-kit+; 
NK, natural killer; PAS, para-aortic splanchnopleura; SCID, severe combined 
immunodeficiency. 


during embryogenesis lags behind development of the myeloid and ery- 
throid lineages. Although myeloid, erythroid, and natural killer (NK) 
cells can be produced from all extraembryonic and embryonic sites, B 
and T lymphocytes are predominantly generated from so-called defini- 
tive hematopoietic stem cells (HSCs) in the embryo proper.' 


MURINE HEMATOPOIETIC DEVELOPMENT 


Most of the studies exploring embryonic and fetal hematopoiesis have 
been performed using mouse models. Although the timing of each 
developmental stage has been carefully mapped, it has long been a 
source of controversy as to whether hematopoiesis in the embryo is ini- 
tiated from colonizing precursors from the extraembryonic yolk sac, or 
whether the embryonic sites of hematopoiesis arise independently from 
the yolk sac.™ć This debate has implications for understanding the lin- 
eages generated at different sites of hematopoiesis and thus for tracing 
the ancestry of the lymphoid cells that are produced in the mammalian 
embryo. One reason for the difficulty in assigning the exact organ in 
which lineages are generated, is that each site of hematopoiesis is active 
during overlapping periods (see Fig. 74-1). In addition, once circula- 
tion has been established, it is difficult to rule out the possibility that 
stem cells and progenitors found in one location did not migrate from 
another. However studies using Ncx1~- mice, which lack both heart- 
beat and circulation,” are beginning to dissect the autonomous lineage 
potentials of these distinct embryonic hematopoietic tissues. 

The first wave of hematopoiesis in the mouse begins in the 
extraembryonic tissue of the yolk sac by 7.5 days of gestation (E7.5), 
before circulation is established.” This initial stage of so-called prim- 
itive hematopoiesis produces mostly erythrocytes and macrophages. 
Although lymphocytes are not detectable at this time," the contribu- 
tion of first-wave progenitors to downstream fetal lymphopoiesis has 
been suggested by the identification of a lymphomyeloid progenitor in 
the E9.5 yolk sac, which expresses Rag-1, one of the earliest lymphoid- 
specific events," as well as of a distinct progenitor with B-1/marginal 
zone B cell potential.” Further studies have identified both thymic-re- 
populating and multipotent potential in the yolk sac,'*“ indicating 
emerging changes to our understanding of primitive hematopoiesis. 
The murine placenta has also been identified as an autonomous source 
of multipotent hematopoietic cells as early as E8.5*; however, the direct 
contribution of either yolk sac or placental progenitors to definitive 
lymphoid development remains to be determined. Definitive HSCs that 
are capable of generating all lymphohematopoietic lineages first appear 
in the PAS/AGM region at E8.5 to E9.*° High-level, multilineage recon- 
stituting activity typical of definitive HSC can be found in the murine 
AGM region by E10.5. However, although AGM cells can produce all 
lineages, including T and B lymphocytes in vitro, lymphocytes do not 
spontaneously develop in the fetus until hematopoiesis has begun in 
the fetal liver. Rag-1 expression, one of the earliest lymphoid-specific 
events, can be found in the E11 murine fetal liver.” T-cell potential 
has been identified in the yolk sac and PAS as early as E8.25 to E9.5 of 
murine gestation’; however, T-cell differentiation in vivo begins with 
the colonization of the thymus around E11 by stem or progenitor cells 
that migrate to the thymus from the AGM, fetal liver, and, later still, the 
fetal marrow. 6 


HUMAN HEMATOPOIETIC DEVELOPMENT 


Hematopoietic cells have been identified in the human yolk sac as early 
as day 18 of embryonic life, at which time, like the mouse, they are almost 
exclusively comprised of erythrocytes and, to a lesser extent, monocytes 
and macrophages (see Fig. 74-1).!” Although no lymphocytes are seen 
in the yolk sac, yolk sac progenitors do have NK cell potential under 
certain in vitro conditions.'”'* The same yolk sac progenitors, however, 
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Figure 74-1. Timing of lymphohematopoiesis during prenatal development. Shown is the timeline for activity in each site of hematopoiesis in the 
embryo and fetus of (A) human and (B) mouse. B and T cells are first detected in vivo in fetal liver and thymus, respectively, at times shown. AGM, 


aorto-gonad-mesonephros; PAS, para-aortic splanchnopleura. 


do not possess the capacity for B- or T-cell development, even when 
placed in culture conditions that permit lymphoid differentiation." 

As in the mouse, definitive hematopoiesis develops first in the 
AGM region derived from the splanchnopleura, as evidenced by the 
finding that the AGM is the site where CD34+ cells with the capacity for 
full lymphoid and myeloid differentiation are first found in the human 
embryo.'*”” The AGM develops at day 27 of gestation in the human, 
when human HSCs are generated as clusters of two or three cells arising 
from the endothelium specifically on the ventral surface of the preum- 
bilical region of the aorta. These cells are clonogenic and highly prolif- 
erative, rapidly increasing to several thousand in number and spreading 
further along the aorta. However, hematopoiesis exists only transiently 
in the AGM, disappearing entirely by day 40.'7 Although lymphoid cells 
can be produced in culture from cells extracted from the AGM'”"* the 
HSC of the AGM do not produce mature cells in situ; instead their role 
is to migrate and colonize the fetal liver, producing the next wave of 
hematopoiesis. As in the mouse, recent studies have also detected mul- 
tipotent progenitors with lymphoid potential in the human placenta. 
These reports suggest that hematopoietic stem/progenitor cells may 
also be generated de novo from the large vessels of the chorionic plate 
as early as week 5 of gestation, with multipotent HSC detectable at 15 
weeks.”°?! However, the contribution of placental HSC to fetal liver or 
marrow colonization remains unclear. 

Although blood cells are first detectable in the human fetal liver 
as early as day 23, they exist at this time only as erythroid and myeloid 
cells associated with hepatic sinusoids. These erythroid cells consist of 
megaloblasts expressing embryonic hemoglobins (globin chains (and e), 
and no CD34+ cells are seen in the fetal liver during this early phase. It is 
likely that this first stage of fetal liver hematopoiesis is secondary to colo- 
nization of more mature cells from the yolk sac. By day 30, AGM-derived 


CD34+ cells appear in the fetal liver,” and by day 32, these cells are able 
to maintain long-term hematopoiesis in vitro.” Erythroid cells in the 
fetal liver at this later stage of definitive hematopoiesis consist of enucle- 
ated macrocytes producing fetal hemoglobin (globin chains « and y). In 
normal development, as with the yolk sac and AGM, hematopoiesis in 
the fetal liver is transient, disappearing by 20 weeks of gestation.’ 

The final wave of hematopoietic development takes place in the 
fetal marrow, starting around 11 weeks of gestation. The initial cells seen 
in the marrow are CD15+ myeloid cells and glycophorin A+ erythroid 
cells, and hematopoiesis is again associated with the endothelium, 
taking place in the medullary sinusoids before osteoblast formation.” 
Eventually, CD34+ cells are found in the fetal marrow and behave func- 
tionally as true HSC, generating B, T, NK, and myeloid and erythroid 
lineages.’ HSC have found their final niche, and lifelong, self-renewing 
lymphohematopoiesis resides permanently in the marrow thereafter. 


THYMIC DEVELOPMENT 


The human thymic microenvironment begins to develop at approx- 
imately 4 weeks’ gestation and then undergoes three developmental 
phases.” The first phase occurs between 4 and 8 weeks’ gestation, with 
the appearance of thymic epithelium arising as a product of the third 
and fourth pharyngeal pouches” and the expansion of thymic epithe- 
lial cells. The second phase occurs between 9 and 15 weeks’ gestation 
and is characterized by the development of subcapsular, cortical, and 
medullary regions.” Thymic colonization by fetal liver-derived progen- 
itors and lymphocyte production begins at approximately week 9.” The 
ability of thymocytes to respond to the mitogen phytohemagglutinin is 
detectable as early as 10 weeks’ gestation,” and alloreactive, phenotypi- 
cally mature T cells can be found by 13 to 16 weeks’ gestation.” 


The third phase occurs from 16 weeks’ gestation until age 1 to 2 
years and is characterized by robust intrathymic T-cell maturation 
(Chaps. 6 and 76). 

An exhaustive study of 136 human postnatal thymuses ranging 
from neonatal life to more than 90 years old, found that essentially all 
postnatal thymic growth (based on weight and volume) occurs during 
the first postnatal year, mostly in the first few months of life.” From 
the age of 12 months, the human thymus undergoes steady involution, 
with a reduction of thymocytes and thymic epithelium, particularly 
the medulla, and a corresponding increase in fatty infiltration of the 
perivascular space.”* 

Whereas mice lose approximately 90 percent of the wet weight of 
the thymus during life, the increasing fatty infiltration in the perivascu- 
lar space in the aging human thymus maintains the total size of the thy- 
mus in healthy people into late life.” Radiologic studies using computed 
tomography (CT) scans have confirmed that total thymic size remains 
stable in humans throughout life although parenchymal tissue atrophies 
dramatically (~95 percent; Chaps. 6 and 9).” 


B-CELL DEVELOPMENT 


The hallmark characteristic of a mature B cell circulating in blood or 
residing in secondary lymphoid tissue is the expression of cell-surface 
immunoglobulin (Ig). The cell-surface Ig consists of u, ô, y, a, or e heavy 
chains disulfide-linked to « or A light chains (Chap. 75). The cell-surface 
Ig and the associated signaling molecules Iga (CD79a) and Ig} (CD79b) 
are referred to as the B-cell receptor (BCR). Progenitor (pro-) B cells are 
defined by the absence of both cytoplasmic heavy chains and cell- 
surface BCR. Precursor (pre-) B cells are defined by the presence of cyto- 
plasmic y heavy chains in the absence of cell-surface BCR. This minimal 
definition of pro-B, pre-B, and B cells forms the basis of the current 
detailed model of human B-cell development.” B-cell development can 
be divided into two stages: an antigen-independent stage that occurs 
primarily in fetal liver and fetal and adult marrow, and an antigen- 
dependent stage that occurs primarily in secondary lymphoid tissue, 
such as spleen and lymph node. 

The first B cells detectable in the human fetus are found in the fetal 
liver” at approximately 8 weeks’ gestation, with the appearance of cyto- 
plasmic IgM+ pre-B cells; by 10 to 12 weeks, surface IgM+ B cells are 
seen in the fetal liver*' and fetal omentum.” B-cell and IgM production 
move to the fetal marrow and spleen by 17 weeks of gestation (Chaps. 
6, 7, and 75).**** From the end of the second trimester throughout adult 
life, marrow is the exclusive origin of B-cell development.” The fre- 
quency of early B-lineage cells as a percentage of the total nucleated 
lymphohematopoietic cell pool is higher in fetal than in adult marrow. 
However, the ratio between pro-B, pre-B, and immature B cells and the 
mitotic activity within these fractions is relatively constant.*° 

In murine B-cell development, two functionally and immunophe- 
notypically distinct types of B cells, B-1 and B-2, have been described.” 
Most B cells in adult mice are B-2 cells, which form part of the adap- 
tive immune system by their ability to interact with T cells and undergo 
immunoglobulin heavy chain class switching. The B-1 cells make up 
approximately 5 percent of adult murine lymphocytes, but demon- 
strate a far less diverse immunoglobulin repertoire than the B-2 cells, 
responding to carbohydrate antigens and other T-cell-independent 
immunogens and forming part of the innate immune system. Murine 
B-1 cells are marked by their expression of CD11b, and are found in 
multiple sites, including the spleen, intestine, and the pleural and peri- 
toneal cavities.*”** The B-1 cells can be further divided into B-1a cells 
(which secrete immunoglobulins spontaneously) and B-1b cells (in 
which immunoglobulin production is induced) based on the expression 
of the marker CD5. The demonstration of a B-1a/marginal zone B-cell- 
restricted progenitor in the E9 extraembryonic yolk sac suggests the B-1 
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lineage may emerge prior to the development of the adaptive immune 
system.” At present, there is no clear evidence that humans have similar 
subpopulations of B-1 and B-2 cells during development.*! 


NATURAL KILLER CELL DEVELOPMENT 


Functional NK cells can be detected in the human fetal liver as early as 
9 to 10 weeks of gestation,” but NK cell differentiation can be induced 
in vitro from progenitors derived at all stages of hematopoietic develop- 
ment, even those from the yolk sac.*!”! Thus, the onset of NK potential 
is not equivalent to the full lymphoid potential of definitive hemato- 
poiesis, as NK potential can be assigned to a range of progenitor types 
that exist at different stages, including primitive hematopoiesis. NK cell 
production can be considered as providing an essential defense mech- 
anism for the developing mammalian embryo prior to development of 
more complex pathways of adaptive immunity. 


DENDRITIC CELL DEVELOPMENT 


Dendritic-like cells which express class II major histocompatibil- 
ity (MHC) antigens are produced at all stages of embryonic and fetal 
hematopoiesis, being first detected in the human yolk sac and mes- 
enchyme as early as 4 to 8 weeks, before development of the fetal mar- 
row or thymus.*' Dendritic cells (DCs) are detectable at each site of 
hematopoiesis as soon as they become active, in the human fetal thy- 
mus at 11 to 14 weeks, marrow at 14 to 17 weeks, spleen at 16 weeks, 
and tonsils at 23 weeks. DC and macrophages are closely related and 
phenotypically similar (Chap. 67), both expressing MHC class II. Thus, 
clear discrimination of these two cell types can be difficult, particularly 
as many studies that provided information on human DC development 
were conducted before all the molecular and antibody tools for analysis 
of DC were available. 


@ DIFFERENTIATION PATHWAYS FOR 
LYMPHOCYTE PRODUCTION 


The conceptual framework for how the lymphocyte lineages are gen- 
erated from HSC was developed largely from studies using genetically 
engineered mice and murine transplant models. Although necessary 
and useful as a starting point, caution should be exercised in translating 
the results of the murine studies to human lymphopoiesis, or in assum- 
ing for any species that only one pathway to lymphopoiesis exists at all 
stages of ontogeny.*>® Additionally, the conclusions about lineage rela- 
tionships of isolated populations are influenced by limitations inherent 
in any of the in vitro or in vivo assays employed to examine differentia- 
tion potential.” 

For several decades, our understanding of hematopoiesis has been 
built on a hierarchical schema in which all the pathways of differentia- 
tion lead away from a multipotent HSC, and progress through discrete 
progenitor stages that mark each branch-point of lineage commit- 
ment (Chap. 18). In the classical paradigm, the earliest differentiation 
“decision” made by an HSC is to enter one of two pathways, marked 
by either a common lymphoid progenitor (CLP) or a common myeloid 
progenitor (CMP), which has full myeloid and erythromegakaryocytic 
differentiation potential (Fig. 74-2).* With each successive stage of 
differentiation, lineage-specific cell-surface markers and transcription 
factors are upregulated, and alternative lineage potentials are lost. Con- 
sequently, the CLP is defined as a single cell that can give rise to all lym- 
phoid lineages (B, T, and NK), but cannot generate myeloid, erythroid, 
or megakaryocytic lineages. The concept of progenitor populations 
marking two mutually exclusive differentiation pathways, one limited to 
myeloid and erythromegakaryocytic potential and the second defining 
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Figure 74-2. Postnatal pathways of lymphopoiesis in mice and humans. The key immunophenotype used to isolate each population is shown in 
boxes on the right. In parentheses under the main immunophenotypes are other markers also associated with each population. The exact relation- 
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lymphoid commitment, was held long before cells that satisfied the 
criteria of CLP were identified.” In contrast, the existence of single 
clonogenic cells with myeloid, erythroid, and megakaryocyte lineages 
was shown more than three decades ago through the use of in vitro 
clonal assays to demonstrate so-called colony-forming unit-granulocyte 
erythromyeloid megakaryocyte,“ and later confirmed using markers to 
prospectively isolate such cells in mice” and humans.” The lymphocyte 
lineages were assumed to be closely related because of a number of asso- 
ciations, for example, common anatomical sites of T and B lymphopoie- 
sis (spleen, lymph nodes; Chap. 6), similar molecular mechanisms that 
regulate T-cell receptor and B-cell immunoglobulin rearrangements 
(Chaps. 75 and 76), and severe B- and T-lymphoid defects that result 
from single genetic mutations in mice (Chap. 80). 

Development of flow cytometry (synonym: fluorescence-activated 
cell sorting [FACS]) made possible the isolation of rare hematopoietic 
cell populations and the subsequent interrogation of lineage poten- 
tial using in vitro cultures and in vivo reconstitution studies (Chap. 
18). Primitive multilymphoid progenitors with little or no clonogenic 
myeloid or erythroid potential have now been isolated from human 
tissue using flow cytometry with combinations of various cell-surface 
markers.**-** However, it seems likely that lineage relationships are less- 
strictly organized than once believed. Studies in mice show that the ery- 
throid and megakaryocytic lineages can branch off at an earlier point in 
hematopoiesis, and that lymphoid (i.e., T, B, and NK) and myeloid (or 
at least monocytic) lineages can arise from the same pathway through 
a so-called lymphoid-primed multipotent progenitor (LMPP).* It 
remains unclear which of these lineage differentiation pathways are 
most physiologically significant during steady-state hematopoiesis, but 
it is likely that more than one pathway can exist simultaneously and 
alternative pathways may predominate during different stages of ontog- 
eny and from different sites of hematopoiesis. 


MURINE LYMPHOID PROGENITORS 


In 1997, investigators working with murine marrow cells, isolated pro- 
genitors that possessed no myeloid or erythromegakaryocytic potential, 
but when transplanted into irradiated recipients could rapidly restore 
T-, B-, and NK cell lineages.” Clonal in vitro and in vivo studies showed 
that all lymphoid lineages were derived from a single common pro- 
genitor, thus proving the existence of the long-assumed CLP and sup- 
porting the classical model of lymphopoiesis. This study isolated cells 
based in part on expression of interleukin-7 receptor alpha (IL-7Ra).*° 
The IL-7Ra+ CLP do not express hematopoietic markers associated 
with fully differentiated lineages (they are called “lineage negative” or 
“lin™?” cells). As an indication that they are more differentiated than 
multilineage HSCs, expression of certain HSC-related cell-surface 
markers (Sca-1, Thy-1, c-kit) is downregulated.* Thus the full immuno- 
phenotype assigned to the murine CLP is Lin™s IL-7Ra+ Thy-1"* Sca-1'° 
c-kit’. This contrasts the murine CLP immunophenotype with that of 
the murine HSC, which is found within the Lin" IL-7Ra®® Thy-1'° Sca- 
1" c-kit" population.*° 

Work with murine marrow has prompted a reexamination of when 
the lymphoid lineage pathways diverge from those of the myeloid and 
erythroid lineages (see Fig. 74-2). A population from murine mar- 
row cells, defined largely by expression of the receptor FLT3 (Fms-like 
tyrosine kinase 3), has been shown to possess full lymphoid and some 
myeloid potential, but not erythroid or megakaryocytic potential.” 
These lin®sca-1+c-kit+CD34+FLT3™ (synonym: LSK CD34+FLT3") 
cells are primed for lymphoid commitment in that they have down- 
regulated genes involved in erythromegakaryocytic differentiation and 
upregulated lymphoid-associated genes." They have thus been termed 
LMPPs.**** Although they are able to generate monocytes and gran- 
ulocytes in vitro, their differentiation potential is nonetheless skewed 
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heavily to lymphoid cells; after transplantation into irradiated recipients, 
LSK CD34+FLT3" cells rapidly reconstitute B and T lymphopoiesis. 
However, unlike the multipotent LSK CD34+FLT3"® cells, reconstitu- 
tion of myeloid lineages in vivo from LSK CD34+FLT3" is very limited, 
and importantly lacks granulocytic potential.” Indeed, subsequent in 
vivo fate-mapping studies have questioned the physiologic importance 
of a lymphomyeloid differentiation pathway to steady-state myeloid 
development, both in the marrow and thymus.**° 

One confusing factor in defining lineage potential is the ability 
of both myeloid and lymphoid progenitor populations to differentiate 
into DCs, at least in vitro (Chap. 21).°'-® As in vitro-derived DC express 
many cell-surface markers common to myeloid antigen-presenting cells, 
irrespective of the lineage of origin, the extent to which identification of 
in vitro myeloid potential is confounded by a DC program is unclear. 


HUMAN LYMPHOID PROGENITORS 


The CD34 cell-surface marker is expressed on human HSCs and on 
a variety of different types of hematopoietic progenitors, including 
those restricted to lymphoid development (Chap. 18).*® CD34 has 
been combined with additional cell-surface markers to identify human 
multilymphoid progenitors, for example, CD10, CD7,5+ and 
CD45RA.°*’ Similar to the mouse CLP, in addition to the upregulation 
of expression of the aforementioned markers, lymphoid commitment is 
accompanied by downregulation of certain HSC cell-surface markers, 
such as c-kit and Thy-1.4 

As in murine studies, no one marker used in isolation is able to 
define a human lymphoid progenitor. For example, although the 
expression of CD7 can be used to define a subset of CD34+lin"*CD38" 
cells in cord blood that are multilymphoid progenitors without mye- 
loid or erythroid potential,**** CD34+lin"*CD38+CD7+ cells from cord 
blood have full lineage (lymphoid, myeloid, and erythroid) potential. 
Furthermore, when comparing the progenitor populations identified 
in human studies with those described from murine experiments it 
is important to recognize that species differences exist between cell- 
surface markers.“ For example, IL-7Ra expression is used to define 
murine CLP,** but CD34+lin**CD38"%CD7+ multilymphoid progeni- 
tors in human cord blood do not express IL-7Ra,* and CD34+lin™C- 
D38+IL-7Ra+ cells in human cord blood have both myeloid, lymphoid 
and even some erythroid potential. A different ontogeny and source 
of hematopoietic cells will also introduce unexpected variations of 
progenitor immunophenotype and function. Whereas most murine 
studies have been conducted with adult murine marrow, most human 
studies have been performed with umbilical cord blood, a more logis- 
tically available source containing progenitors that are significantly 
more proliferative than marrow.” Again using the example of the 
CD34+lin"sCD38"%CD7+ multilymphoid progenitor, although this 
immunophenotype can be used to identify multilymphoid progenitors 
in cord blood,** the same markers cannot be used in human marrow 
because CD34+lin"*CD38" marrow cells do not express CD7. Two 
candidates for the human equivalent of the murine LMPP have been 
described, both of which coexpress FLT3: one in the marrow identified 
as CD34+lin"*CD38+CD45RA+ and high expression of CD62L (L- 
selectin)”; and another in the marrow and cord blood characterized as 
a CD34+lin"*CD38"8Thy-1'°"*8CD45RA+ multilymphoid progenitor 
(MLP).”! The hierarchical relationship of these two populations to each 
other, or to the marrow CD34+lin"*CD38+CD45RA+CD10+ CLP is 
unclear; and as in the murine system, the physiologic contributions of 
a lymphomyeloid developmental pathway to steady-state hematopoiesis 
has yet to be determined. Adding to the concept of possible indepen- 
dence of dendritic cell development, DC potential has been found in all 
the primitive human lymphoid progenitors reported.5*53°77"-? 


THYMIC PROGENITORS 


It was long assumed that lymphoid commitment in the marrow pre- 
cedes thymic seeding and T-cell development. However, despite the 
clear existence of lymphoid-committed progenitors within the mar- 
row, the dominant cell type that migrates from the marrow and seeds 
the thymus to initiate thymopoiesis is still a matter of controversy. As 
described above, a variety of marrow-derived lymphoid-restricted pro- 
genitors and LMPPs are each able to generate T cells in vitro and in 
vivo. However, careful examination of the thymus has revealed primi- 
tive progenitors that have not only lymphoid, but also myeloid and ery- 
throid potential. Such rare cells have been identified in murine thymus, 
where they are referred to as early thymic progenitors (ETP),” and also 
in human thymus, where they have the phenotype CD34+lin"*CD 1a™® 
CD7",”*5 The lineage potential of such cells as well as the sharing of 
many cell-surface markers and similar gene expression profile to HSCs, 
suggest strongly that HSCs or at least multipotent progenitors are able 
to seed the thymus directly without a preceding stage of lymphoid com- 
mitment in the marrow. Which of these alternative progenitor types 
are dominant in terms of their contribution to steady-state thymo- 
poiesis is yet to be determined”; however, it is likely that early thymic 
progenitor lineage potential is itself dynamic, based on colonization of 
the murine thymus with temporally distinct waves of both lymphoid- 
restricted and multipotent thymic-seeding progenitors during embry- 
onic development.” 


CHALLENGES IN FUNCTIONAL 
CHARACTERIZATION OF LYMPHOID 
PROGENITORS 


The accurate assignment of lineage potential to immunophenotypically 
defined progenitors requires clonal analysis. Although clonal assays for 
myelo-erythromegakaryocytic progenitors have existed for more than 
30 years,“ the ability to differentiate HSCs along lymphoid pathways has 
been relatively recent, particularly for human studies.* In vitro assays 
for human lymphoid potential became available when it was observed 
that selected murine stromal cell lines were capable of supporting B-cell, 
NK cell, and DC differentiation from primitive human HSCs.**° T-cell 
differentiation systems are more complex, requiring an in vitro model 
that recapitulates the unique environment of the thymus. Originally this 
was only possible using the fetal thymic organ culture method, a system 
in which large numbers of murine or human progenitors are seeded 
into whole thymic lobes in so-called hanging drop cultures.*' A more 
efficient in vitro system for studying murine and human T-cell differ- 
entiation has been developed using a murine stromal monolayer that 
expresses the Notch ligand Delta-like 1 (“OP9-DL1 stroma”). How- 
ever, none of the in vitro T-cell culture systems simultaneously support 
B-cell development, making proof of full T- and B-lymphoid potential 
at a clonal level technically problematic. In vivo transplantation of a 
single murine HSC can prove multilineage potential at a clonal level, 
but this also is technically difficult, especially when studying progenitor 
populations that are not self-renewing. In vivo studies with human cells 
are particularly challenging as they rely on xenogeneic transplant mod- 
els with low engraftment efficiency." 


@ REGULATION OF LYMPHOPOIESIS 


CYTOKINES IN LYMPHOPOIESIS 


The many cytokine pathways that regulate lymphoid development, 
differentiation, and function are too numerous and complex for a full 
description here. However, the cytokine receptors of the common 
gamma (y.) chain family should be mentioned particularly because 
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of their biologic importance in lymphopoiesis and their clinical rele- 
vance in primary immune deficiency disease. The y_ subunit is a signal- 
ing component of six different cytokine receptors, interleukin (IL)-2," 
IL-4,°4% IL-7,°°87 IL-9, IL-15, and IL-21, all of which act on dif- 
ferent stages and pathways involved in lymphopoiesis.*’”!” All six y- 
dependent receptors are unique in their activation of the Janus kinase 
3 (JAK3) tyrosine kinase, a molecule that directly interacts with y, to 
mediate signaling.” In addition to the y, subunit, each of these recep- 
tors are comprised of an a subunit through which specific ligands bind; 
IL-2R and IL-15R also share a common f subunit." 

Null mutations of y_ result in severe combined immunodeficiency 
(SCID) syndromes in mice and humans. However differences in the 
specific lineages affected reveal important species differences in cytok- 
ine dependency.” The most important of these differences is in the 
requirement for IL-7 signaling in human and murine B-cell develop- 
ment. Adult murine B-cell development has an absolute requirement 
for IL-7 to IL-7R interaction and subsequent downstream signaling 
involving the y, subunit of the IL-7R and JAK3.™ In contrast, IL-7 is not 
essential for human B-cell development. X-linked SCID patients with 
mutations in the y, cytokine-receptor subunit exhibit profound thymic 
hypoplasia and an absence of NK cells but normal or elevated numbers 
of B cells.*' SCID patients with mutations in JAK3°>” or the IL-7R” also 
have normal numbers of blood B cells. Although B-cell numbers are nor- 
mal, B-cell function in patients with y -deficient SCID is not normal and 
patients are hypogammaglobulinemic, presumably partly as a result of the 
role of IL-4 in B-cell function and the absence of T-cell interactions in 
antibody production. These collective results indicate IL-7 is not essential 
for at least the numerically normal development of human B cells. 

NK cells are absent in patients with y -deficient and JAK3-deficient 
SCID, but are normal in IL-7Ra deficiency.‘ NK cells are also absent 
in mice deficient in IL-15,” IL-15Ra,'” or IL-2Rf (a subunit shared by 
IL-2R and IL-15R),’"' demonstrating the essential role of IL-15, but not 
IL-7, in NK cell development. Although no null mutations for IL-15 
or its receptor have been described in humans, a familial NK cell defi- 
ciency has been described in humans in which the response to IL-15 
and IL-2 appears to be subnormal.'” 

The production of both B and NK cells in patients with IL-7Ra 
deficiency, shows that in humans IL-7 is not required for the 
earliest stages of lymphoid commitment or growth of CLPs. This 
point is further supported with the finding that multilymphoid 
CD34+CD38"8CD7+ progenitors in human cord blood do not express 
IL-7Ra,* and that early lymphoid progenitor subsets are preserved in 
the marrow of y, and JAK3-deficient patients.’” In contrast to B cells 
and NK cells, however, T-cell development is absolutely dependent 
on IL-7 in both mice and humans.” In both species, mutations of any 
portion of the IL-7 signaling pathway, that is, Yə IL-7Ra, or JAK3, com- 
pletely prevents T-cell development.*! IL-2, in contrast, although an 
important cytokine in proliferation and function of mature T cells, is 
not essential for thymopoiesis; mutations in IL-2," IL-2Ra, or IL2R6'” 
result in functional T-cell defects, but T cells are not absent. 


TRANSCRIPTIONAL REGULATION IN 
LYMPHOPOIESIS 


The hierarchical differentiation pathways that lead irreversibly to the 
diverse array of functionally specialized mature lymphocytes are regu- 
lated by groups of genes expressed and repressed in a complex, precisely 
orchestrated sequence. As with cytokine regulation, our understanding 
of which transcriptional factors control each stage of differentiation has 
been developed using a combination of gene expression analyses in iso- 
lated progenitors and precursors, and an examination of the functional 
consequences of genetic mutations in mice and humans. The review 


in this chapter focuses on genes that regulate the earliest commitment 
decisions in the production of lymphoid progenitors; regulation of later 
differentiation stages in each lineage is discussed in Chaps. 75 to 77, 
respectively. 

The complex interplay between groups of genes involved in 
hematopoietic differentiation has been likened to a multidimensional 
network whose “regulatory space” is formed by a dynamic balance 
between certain transcriptional regulators." Expression analysis of 
multiple genes in defined progenitor populations demonstrates levels of 
promiscuity at early stages of hematopoiesis, that preclude assignment 
of any unique gene expression pattern to each stage."°' As differen- 
tiation proceeds, a more specific “genetic fingerprint” for each lineage 
develops. 


Regulation of Early Lymphoid Commitment 

Ikaros Although no single gene has been identified as a lymphoid- 
specific master regulator, several transcription factors have been shown 
to be essential for the early stages of lymphopoiesis. The gene Ikaros, 
which encodes a family of DNA-binding zinc finger proteins, was iden- 
tified in murine knockout studies as essential for all fetal lymphopoie- 
sis. "> However, in the postnatal setting, the role of Ikaros is more 
complex and less specific. Adult Ikaros™" mice completely lack B cells, 
and although T cells are produced, their differentiation is abnormal." 
A murine study has suggested that Ikaros is not required for the initial 
lymphomyeloid versus myeloerythroid commitment decision, and that 
not only lymphoid differentiation, but also certain fate choices in the 
myeloerythroid pathway are affected by Ikaros." As the expression of 
two key lymphoid cytokine receptors, FLT3 and IL-7Ra, is dependent 
on Ikaros, and as these markers are used to isolate murine LMPP and 
CLP, respectively, it is still not completely clear at which exact lymphoid 
progenitor stage Ikaros exerts its effects."? In addition to lymphoid 
progenitors, Ikaros isoforms are also expressed in HSCs, and myeloid 
lineages in mice!’?""* and humans.''®"” Although Ikaros may act as a 
typical transcription factor in some settings, Ikaros also affects gene 
expression through its role in chromatin formation.’ 

Pu.1 The transcription factor PU.1 is essential for normal B- and 
T-lymphocyte development, but its effects are highly dose dependent. 
At high levels of PU.1, key myeloid regulatory genes are upregulated 
and macrophage differentiation is induced preferentially over lymphoid 
differentiation. Low-level expression of PU.1, however, is essential for 
lymphopoiesis.'”°!*! Mice in which PU.1 is completely absent lack B cells 
and have abnormal fetal thymopoiesis. However, studies with mice in 
which PU.1 is deleted specifically in B-lineage cells show that PU.1 is not 
essential for B-cell differentiation beyond the pre-B stage.” It is likely 
that the critical role for PU.1 in murine lymphopoiesis lies in its upregu- 
lation of expression of the receptor for IL-7, which as mentioned above, 
is a key cytokine in both B and T lymphopoiesis in mice.'”° 

E2A E2A (encoded by TCF3) generates two basic helix-loop-helix 
proteins, E12 and E47, through differential splicing.’ Murine studies 
suggest that E2A is necessary for lymphoid priming of multipotent pro- 
genitors and that the E2A proteins prime expression of a number of 
lymphoid-associated genes.’ There is a dose-dependent requirement 
for E2A expression in the development of LMPP and CLP. Both B- 
and T-lineage commitment are severely reduced in the absence of E2A, 
but Ikaros and PU.1 expression are normal.’**'° E2A affects B lympho- 
poiesis in part through upregulation of early B-cell factor (EBF)'” and T 
lymphopoiesis through upregulation of expression and function of the 
key T-cell specification factor Notch 1.'8 


Regulation of B-Cell Commitment 
The transcription factors Ikaros, PU.1, E2A, EBF, and Pax5 are essential 
for normal B-cell differentiation. Mice that have functional deletions 
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in any one of these genes have severely abnormal B-cell development; 
however, of these genes, only EBF and Pax5 are B-cell specific within the 
hematopoietic system. 

Pax5 Pax5 is expressed specifically in B-lineage-committed pro- 
genitors and is required for normal expression of the B-lineage genes 
CD19 and CD79a."! Pax5-/- mice are blocked at the pro-B cell stage, 
but express most early B-cell-related genes.’” Although Pax5 can 
activate a small subset of B-lineage genes, its main function in B-cell 
differentiation appears to be the suppression of T-cell and myeloid tran- 
scriptional programs at the murine pro-B-cell stage, thus enforcing 
commitment to the B lineage.'"!”°° Consistent with this role, PU.1, 
E2A, and EBF function earlier than Pax5 in B lymphopoiesis, and forced 
expression of Pax5 does not rescue the B-cell defect seen in EBF-/- 
mice or PU.1-/- mice.’ 

Ebf EBF (encoded by EBF1) is a helix-loop-helix zinc finger pro- 
tein that activates a B-lineage transcriptional program, and induces 
B lymphoid in preference to myeloid development, in part by antag- 
onizing the expression of genes encoding alternative lineages such as 
C/EBPa (CCAAT/enhancer binding protein), Id2, and PU.1,""' and, 
in part, by inducing Pax5 expression.’ Ebf1-/- lymphoid progenitor 
populations from mice lack the ability to generate B cells but retain the 
ability to generate T, NK, and myeloid cells." Overexpression of EBF in 
multipotent progenitors promotes B-cell production at the expense of 
myeloid differentiation.’*' EBF and E2A function cooperatively in early 
B lymphopoiesis'’™; however, overexpression of EBF can rescue B-cell 
differentiation in E2A-deficient mice, including activation of Pax5.'” 
Pax5 overexpression however cannot rescue the B-cell defect in EBF-/- 
mice,'*! demonstrating a critical, Pax5-independent role of EBF in early 
B-cell fate decisions. 


Regulation of T-Cell Commitment 

Notch Upon arrival into the thymus, multipotent progenitors from 
the marrow become rapidly committed to the T- and NK-cell path- 
ways. The most important environmental cue for T-cell commitment 
is delivered by the thymic epithelium in the form of the Notch ligands, 
Delta-like 1 (DLL1) and Delta-like 4 (DLL4).'* Binding of one of these 
ligands to the Notch 1 receptor expressed on the surface of thymo- 
cyte precursors causes activation of intracellular Notch and a series of 
transcriptional programs turn on to switch lineage fate toward the T 
lineage at the expense of B-cell development.’ In mice, Notch is abso- 
lutely required for T-cell differentiation and proliferation, including £ 
selection.'** Analogous to control of early B cell differentiation by E2A, 
Notch signaling activates a transcriptional network which includes fac- 
tors critical for lineage specification (GATA-3, TCF-1), and commit- 
ment (BCL11b).! However, although Notch signaling is necessary for 
murine thymopoiesis it is not sufficient for activation of the full com- 
plement of T-cell genes." The ability of hematopoietic progenitors to 
respond to Notch signaling and commit to T-lineage fate depends on 
a balance between positive and negative regulators. Combinations of 
at least four other transcription factors are required to initiate T-cell 
development: PU.1, Ikaros, Runx family factors, and E2A.”*+" In addi- 
tion, leukemia-lymphoma-related factor (LRF/Pokemon, encoded by 
Zbtb7a) must be downregulated to allow Notch signaling to induce 
T-cell fate decisions.'*” Notch signaling also plays important roles at 
later stages of thymocyte differentiation." 

The effects of Notch signaling have been extensively studied in 
mice, but the exact stages and processes regulated by Notch appear to 
differ between mice and humans. For example, using in vitro studies of 
human T-cell development, it appears that while Notch is essential for 
early thymocyte proliferation, it is not required for £ selection or T-cell 
receptor aß differentiation. ®® As with so much of the information 
described in this chapter, the most important challenge that lies ahead is 


to translate the detailed mechanistic framework developed from murine 
studies into careful investigations of human lymphopoiesis. 

GATA-3 GATA-3 is a key transcriptional factor for T-cell devel- 
opment, and is essential at various stages of differentiation. However, 
in addition to T cells, GATA-3 is also expressed in uncommitted HSCs, 
CLPs, and even in nonhematopoietic cells, and its effects are complex 
and highly dose-dependent.**"*>'° 

Tcf-1 TCF-1 (encoded by the TCF7 gene) is a transcription factor 
essential for T-cell development, and is directly activated by Notch sig- 
naling." In ETPs, TCF-1 promotes cell survival as well as activation 
of T-lineage specific genes, including Gata3 and Bcl11b.'*"'” Induction 
of a T-cell specific transcriptional program by TCF-1 can occur even in 
the absence of Notch signaling; however, it cannot activate the essential 


T-lineage gene Ptcra,'” indicating that, as in B-cell development, T-cell 


specification occurs through both hierarchical and combinatorial tran- 
scription factor interactions. 

Bcl11b BCL11B was identified as a transcription factor required 
for the normal generation of aß T cells during f selection; however, 
upregulation of Bcll1b first occurs at the earlier CD4"%CD8"* (dou- 
ble negative)-2 (DN2) stage, likely through transcriptional activation 
by TCF-1."° In DN2 cells, Bcll1b appears to contribute minimally to 
the T-lineage specification program governed by Notch/E2A/GATA-3/ 
TCF-1 activity, but rather is required for the suppression of stem/mul- 
tipotent progenitor-associated genes, which marks the loss of myeloid 
potential and final commitment to the T-cell lineage.'” 
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CHAPTER 75 
FUNCTIONS OF 

B LYMPHOCYTES AND 
PLASMA CELLS IN 
IMMUNOGLOBULIN 
PRODUCTION 


Thomas J. Kipps 


Much of our immune defense against invading organisms is predicated 
upon the tremendous diversity of immunoglobulin molecules. Immuno- 
globulins are glycoproteins produced by B lymphocytes and plasma cells. 
These molecules can be considered receptors because the primary function 
of the immunoglobulin molecule is to bind antigen. A single person can syn- 
thesize 10 to 100 million different immunoglobulin molecules, each having 
a distinct antigen-binding specificity. The great diversity in this so-called 
humoral immune system allows us to generate antibodies specific for a 
variety of substances, including synthetic molecules not naturally present 
in our environment. Despite the diversity in the specificities of antibody 


Acronyms and Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; 
AID, activation-induced deaminase; BACH2, basic leucine zipper transcription factor 2; 
BCL-6, B-cell chronic lymphocytic leukemia/lymphoma 6; BiP, immunoglobu- 
lin-binding protein; Blimp-1, B-lymphocyte-induced maturation protein-1; BLNK, 
B-cell linker protein; BTK, Bruton tyrosine kinase; C, constant; CDR, complementarity 
determining region; CRI, cross-reactive idiotype; CSR, class switch recombination; 
D, diversity; DLBCL, diffuse large B-cell lymphoma; DNA-PK, DNA protein kinase; 
E2F1, E2F transcription factor 1; EBF1, early B-cell factor 1; ERGIC, ER-Golgi-in- 
termediate compartment; FR, framework region; H, heavy; HMG, high-mobility 
group protein; Ig, immunoglobulin; IL, interleukin; IRF4, interferon regulatory fac- 
tor 4; ITAM, immunoreceptor tyrosine-based activation motif; K, immunoglobulin 
kappa light chain; Kde, kappa-deleting element; A, immunoglobulin lambda light 
chain; L, light; MITF, microphthalmia-associated transcription factor; MYBL1 and 
2, v-myb myeloblastosis viral oncogene homologues 1 and 2; NHEJ, nonhomologous 
DNA end-joining; PAX5, paired box gene 5; PDI, protein disulphide isomerase; PLC, 
phospholipase C; POU2AF1, Pou domain, class 2, associating factor 1; POU2F2, Pou 
domain, class 2, factor 2; PRDM1, positive regulatory domain 1-binding factor-1; 
RAG, recombination-activating gene; RSS, recombination signal sequence; SCID, 
severe combined immunodeficiency; SHP-1, Src homology 2 domain-containing 
protein tyrosine phosphatase-1; SHIP-1, phosphatidylinositol-3,4,5-trisphosphate 
5-phosphatase 1; TCFE2A, transcription factor E2a; UNG, uracil-DNA glycosylase; 
V, variable-region gene; V(D)J, exon created by a rearranged immunoglobulin heavy- 
chain variable-region gene, diversity gene segment, and joining gene segment; 
XBP1, X-box binding protein-1. 


molecules, the binding of antibody to antigen initiates a limited series of 
biologically important effector functions, such as complement activation 
and/or adherence of the immune complex to receptors on leukocytes. The 
eventual outcome is the clearance and degradation of the foreign substance. 
This chapter describes the structure of immunoglobulins and outlines the 
mechanisms by which B cells produce molecules of such tremendous diver- 
sity with defined effector functions. 


@ IMMUNOGLOBULIN STRUCTURE AND 
FUNCTION 


BASIC STRUCTURE 


All naturally occurring immunoglobulin molecules are composed of 
one or several basic units consisting of two identical heavy (H) chains 
and two identical light (L) chains (Fig. 75-1).' The four polypeptides 
are held in a symmetrical, Y-shaped structure by disulfide bonds and 
noncovalent interactions.?“ The internal disulfide bonds of the heavy and 
light chains cause the polypeptides to fold into compact globe-shaped 
regions called domains, each containing approximately 110 to 120 amino 
acid residues. Each domain is composed of $-pleated sheets that are 
stabilized by a conserved disulfide bond (Fig. 75-1). The light chains 
have two domains; the heavy chains have four or five domains. The 
aminoterminal domains of the heavy and light chains are desig- 
nated the variable (V) regions because their primary structure varies 
markedly among different immunoglobulin molecules. The carboxy- 
terminal domains are referred to as constant (C) regions because 
their primary structure is the same among immunoglobulins of the 
same class or subclass. The amino acids in the light- and heavy-chain 
variable regions interact to form an antigen-binding site. Each four- 
chain immunoglobulin basic unit has two identical binding sites. The 
constant-region domains of the heavy and light chains provide 
stability for the immunoglobulin molecule. The heavy-chain constant 
regions also mediate the specific effector functions of the different 
immunoglobulin classes (‘Table 75-1). 


LIGHT CHAINS 


Immunoglobulin light chains have an approximate Mr of 23,000. They 
are divided into two types, « and A, based upon multiple amino acid 
sequence differences in the single constant-region domain.’ The À chains 
are divided further into subclasses. The proportion of «-to-A chains in 
adult human plasma is approximately 2:1. The immunoglobulin light- 
chain constant region has no known effector function. Its main purpose 
may be to allow for proper assembly and release of an intact immuno- 
globulin molecule. Soon after synthesis, the antibody light-chain con- 
stant region associates with the nascent immunoglobulin heavy chain 
(see Fig. 75-1), releasing the latter from the immunoglobulin-binding 
protein (BiP). BiP is a heat shock protein that, in the absence of anti- 
body light chain, binds the first constant-region domain of the newly 
synthesized heavy chain, thereby retaining the heavy-chain polypeptide 
in the cell’s endoplasmic reticulum.‘ 


HEAVY CHAINS 


Immunoglobulin heavy chains have an Mr of 50,000 to 70,000, depend- 
ing upon the number and length of the constant-region domains. The 
five major isotypes of heavy chains—y, a, 4, ô, and e—determine the 
five corresponding classes of immunoglobulin (Ig): IgG, IgA, IgM, IgD, 
and IgE. The individual immunoglobulin molecules of each isotype may 
contain either x or A light chains, but not both. Tables 75-1 and 75-2 
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Figure 75-1. Model of an immunoglobulin (lg) G molecule. The light- 
chain domains V, and C, and the heavy-chain domains V,, Cy1(or C1), 
Cy2 (or C2), and Cy3 (or C3) are labeled inside the respective immuno- 
globulin domain. Dotted red colored lines indicate intrachain and inter- 
chain disulfide bonds. The aminoterminus (N) and carboxyl-terminus (C) 
of each polypeptide are indicated. The hinge region also is indicated. 
Digestion by pepsin cleaves the molecule at the carboxyl side of the 
hinge region, which generates Fc and F(ab’), fragments, as indicated on 
the right. The F(ab’), fragment is bivalent, as it is held together by the 
disulfide bridges in the hinge region. On the other hand, digestion of 
the molecule by papain degrades the Fc portion and generates mono- 
valent Fab fragments, as the cleavage site for papain is on the aminoter- 
minal side of the disulfide bridges of the hinge region. 


summarize the distinct physical and functional properties of the human 
immunoglobulin classes. 


IgG 

Approximately 80 percent of the immunoglobulins in adult plasma are 
IgG. The IgG molecule is composed of the basic 150-kDa immunoglob- 
ulin four-chain structure plus approximately 3 percent carbohydrate. 
Near the junction of the two arms of the Y-shaped immunoglobulin 
molecule, the two heavy chains interact to form a flexible “hinge” region 
(see Fig. 75-1). Exposed between constant-region globular domains, 
the hinge region is attacked readily by the proteolytic enzyme papain 
or pepsin. Figure 75-1 shows the cleavage sites. Digestion of IgG 
with papain yields three fragments. The single Fc piece contains the 
carboxy-terminal region of both heavy chains. The two identical F(ab) 
pieces contain the entire light chain and the aminoterminal portion 
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of the heavy chain. The Fc-regions also contain a binding epitope for 
the neonatal Fc receptor (FcRn), responsible for the extended half-life, 
placental transport, and bidirectional transport of IgG to mucosal sur- 
faces.’ As such, IgG molecules effectively penetrate extravascular spaces 
and readily cross the placental barrier to provide passive immunity to 
the newborn. 

IgG is the predominant antibody produced during the secondary 
immune response to antigen. The average half-life of circulating IgG 
molecules is approximately 21 days, although the exact value varies 
among the IgG subclasses (Table 75-3). Within the IgG class are four 
major subclasses, designated IgG,, IgG,, IgG, and IgG,” The most 
abundant subclass is IgG,, which constitutes 60 percent of the total IgG 
in plasma. All IgG subclasses have a similar molecular mass except for 
IgG,, which has a much longer hinge region than any other IgG sub- 
class. The IgG, hinge region is approximately four times as long as the 
IgG, hinge, containing up to 62 amino acids (including 21 prolines 
and 11 cysteines), forming a polyproline helix with limited flexibility. 
Because of this, IgG, myeloma protein may aggregate spontaneously to 
produce a hyperviscosity syndrome. 

Each subclass has a distinct heavy-chain constant region and 
mediates different effector functions (see Table 75-3). Whereas IgG, 
and IgG, proteins activate complement via the classic pathway, IgG, 
molecules fix complement poorly and IgG, proteins not at all. 

Antibody responses to soluble protein antigens and membrane pro- 
teins primarily induce IgG,, but also lower levels of the other subclasses, 
mostly IgG, and IgG,. On the other hand, IgG antibody responses to 
bacterial capsular polysaccharide antigens typically are restricted to 
IgG; IgG, deficiency can result in the virtual absence of IgG anticar- 
bohydrate antibodies. Viral infections generally induce IgG antibodies 
of the IgG, and IgG, subclasses, with IgG, antibodies appearing first in 
the course of the infection. The IgG, subclass typically is produced in 
response to allergens. Because IgG4 has relatively low affinity to activat- 
ing FcyRIII, but relatively high affinity to the inhibiting FcyRI, it may 
serve to prevent excessive immune responses against sterile antigens, 
such as bee venom, which do not pose infectious threats. As such, IgG, 
has been called a “blocking antibody” in the context of allergy, where it 
may compete with IgE for allergen binding. 

For antigens found on pathogens, the bound IgG can: (1) tag the 
pathogen for ingestion and destruction by phagocytes, a process called 
opsonization; (2) activate complement; and/or (3) direct antibody- 
dependent cell-mediated cytotoxicity (ADCC). Either aggregated IgG 


TABLE 75-1. Physical Properties of Human Immunoglobulins 


IgG IgA IgM IgD IgE 

Heavy-chain class y a u ô E 
Heavy chain subclass VAVA Cih — — — 
No. of heavy-chain domains 4 4 5 4 5 
Secretory form Monomer Monomer, dimer Pentamer Monomer Monomer 
Molecular mass (Da) 150,000 160,000 (monomer) 900,000 184,000 188,000 

400,000 (secretory) 
Antigen-binding valency 2 2 (monomer) 10 2 2 

4 (secretory) 
Serum concentration (mg/mL) 8-16 1.4-4.0 0.5-2.0 0-0.4 17-450 ng/mL 
Percent of total immunoglobulin 80 13 6 1 0.002 
Electrophoretic mobility y Fast y to B Slow y Fast y Fast y 
Percent carbohydrate 3 8 12 13 12 


TABLE 75-2. Biologic Properties of Human 
Immunoglobulins 


IgG IgA IgM igD IgE 


Percent of body pool in 45 42 76 75 51 


intravascular space 


Percent of intravascular pool 6.7 25 18 37 89 
catabolized per day 


Normal synthetic rate 33 24 6.7 0.4 0.02 
(mg/kg per day) 

Serum half-life (days) 21 5.8 10 2.8 23 
Placental transfer Yes No No No No 


Cytophilic for mast cellsand No No No No Yes 
basophils 


Binding to macrophages Yes No No No Yes 
and other phagocytes 


Reactivity with Yes No No No No 
staphylococcal protein A 


Antibody-dependent Yes No No No No 
cell-mediated cytotoxicity 


Complement fixation 


Classic pathway Yes No Yes No No 


Alternative pathway No Yes No No No 


or antigen-antibody complexes may bind to specific receptors for the 
Fc fragment, designated FcyRI (CD64), FcyRII (CD32), and FcyRIII 
(CD16). Of the IgG subclasses, IgG, binds best to FeyRI (CD64) and 
FcyRII (CD32), with affinities (dissociation constant [Kd]) of 10 nM 
and 50 uM, respectively (see Table 75-3). IgG, and IgG, bind equally 
well to FcyRII (CD16), with a Kd of 2 uM (see Table 75-3). This is the 
Fc receptor expressed by natural killer (NK) cells (or K cells), which 
mediate ADCC. Proteins of the IgG, or IgG, subclass bind poorly to 
FcyRI (CD64) and bind not at all to FcyRIII (CD16) (see Table 75-3). 
IgG, is the most proficient subclass at directing ADCC. For this rea- 
son, most of the therapeutic monoclonal antibodies are of the IgG, 
subclass, which can be modified further to enhance their capacity to 
direct ADCC.’ 


IgA 
IgA composes only approximately 13 percent of plasma immunoglob- 
ulin (see Table 75-1), even though the production of IgA exceeds that 
of any other immunoglobulin isotype, accounting for 60 to 70 percent 
of antibodies produced each day.’ The relatively low amount in plasma 
is a result of the high amount of IgA secreted into the gastrointestinal 
tract. It is estimated that a normal 70-kg adult secretes approximately 
2 g of IgA per day.’ IgA also circulates in the plasma as a monomer, 
dimer, or higher polymer containing approximately 8 percent carbo- 
hydrate. Within the IgA class are two major subclasses, designated IgA, 
and IgA.. The most abundant subclass is IgA, which constitutes approx- 
imately 85 percent of the total IgA in plasma. The half-life of circulating 
IgA of either subclass is approximately 6 days. 

The primary role for IgA is in mucosal immunity.” Plasma cells 
in the lamina propria secrete IgA as a dimer that is held together by a 
J (joining) chain. The secreted IgA can bind to a poly-Ig receptor, which is 
an integral membrane glycoprotein expressed on the basal membrane of 
mucosal cells. Following the binding of IgA, the mucosal epithelial cells 
mediate endocytosis and transport of the IgA—poly-Ig receptor complex 
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TABLE 75-3. Characteristics of Major IgG Subclasses 


Heavy chain subclass Y, Y> A Y, 
` Molecular mass (kDa) 146 146 170 146 
Serum concentration 7 4 0.5 0.6 
(mg/mL) 
Relative abundance (%) 60 32 4 4 
Serum half-life (days) 21 21 7-2Ne 21 
Placental Transfer detested dtp aAa ae 
Complement fixation ++ + +++ = 
(C1q binding) 
FcR Binding 
FcyRI (CD64) +++ - TEF T 
FcyRila,,,,, (CD32)* ae + ++++ ++ 
FcyRlla,,,, (CD32)* +++ + EERE TE 
FcyRIIb/c (CD32) J 3 fi p 
FcyRilla,,., (CD16)* T - ++++ z 
FcyRilla,,., (CD16)* Ee + +444 = 
FcyRillb (CD16) +++ - ++++ di 
FcyRn (at pH <6.5) aE = ++++ = 
Antibody- + = + z 
dependent cell- 


mediated cytotoxicity 


Heterologous skin + - + te 
sensitization 


“Depending on the IgG, allotype. 
‘Two allotypic variants of FcyRila exist: H131 and R131. 
*Two allotypic variants of FcyRilla exist: F158 and V158. 


in vesicles that are exported to the epithelial luminal surface. Here the 
poly-Ig receptor is proteolytically cleaved, releasing the extracellular 
domain, which remains complexed with the secreted IgA as a 70-kDa 
secretory protein that can protect the secreted IgA molecule from prote- 
olytic digestion by enzymes in the intestinal lumen. This modified form 
of IgA, comprised of an IgA dimer bound to the J chain and secretory 
protein, is the principal antibody in saliva, tears, colostrum, and the flu- 
ids of the gastrointestinal, respiratory, and urinary tracts. 

IgA can direct various effector functions by cells that bear spe- 
cific Fc receptors for IgA (FcaR). FcaRI is the principal myeloid IgA 
receptor and is responsible for directing various IgA-mediated effector 
responses, such as respiratory burst, degranulation, and phagocytosis 
by granulocytes, monocytes, or macrophages. Another IgA receptor 
specific for the secretory protein can elicit powerful effector responses 
from eosinophils.’ On the other hand, IgA antibodies do not cross the 
placenta, fix complement via the classic pathway, or bind efficiently to 
cell surfaces. Their main function may be to prevent foreign substances 
from adhering to mucosal surfaces and entering the blood. 

Defective glycosylation of IgA, can lead to the most common form 
glomerulonephritis, namely Berger disease or IgA nephropathy. This is an 
autoimmune disorder in which neoepitopes caused by defective galac- 
tosylation of O-linked glycans in the hinge region of human IgA, are 
recognized by antiglycan IgG or IgA, antibodies." Some of the resultant 
immune complexes in the circulation escape normal clearance mecha- 
nisms, deposit in the renal mesangium, and induce glomerular injury." 


Another nephritis associated with glomerular IgA deposits is 
Henoch-Schénlein purpura, a condition that most commonly presents 
with a characteristic pruritic skin rash, arthritis, and abdominal pain in 
children or young adults (Chap. 122). 


IgM 

In a normal adult, approximately 6 percent of the total plasma immu- 
noglobulins belong to the IgM class (see Tables 75-1 and 75-2). IgM 
molecules classically are termed macroglobulins because of their large 
molecular weight. Circulating IgM molecules contain 12 percent car- 
bohydrate and are formed through the linkage of five identical immu- 
noglobulin units by disulfide bonds and by a J chain (Fig. 75—2)."* IgM 
represents the predominant immunoglobulin class formed during a 
primary immune response. IgM macroglobulins do not penetrate eas- 
ily into extravascular spaces or readily cross the placenta. Compared to 
monomeric IgG antibodies, pentavalent IgM antibodies fix complement 
more efficiently. A single IgM molecule on the surface of a red blood 
cell can initiate complement-mediated hemolysis. IgM is catabolized 
rapidly, with a plasma half-life of only 6 days. The monomeric form of 
IgM, with only two heavy and two light chains, is the major immuno- 
globulin expressed on the B-cell surface (Fig. 75-3). The IgM mono- 
mer represents the ligand-binding part of the receptor. The component 
that is responsible for signal transduction consists of two glycoproteins, 
CD79a and CD79b. The cytoplasmic domains of CD79a (Ig-a) and 
CD79b (Ig-8) contain tyrosine motifs responsible for transduction of 
signal from the receptor." 


IgD 

IgD is a trace serum protein that composes less than 1 percent of plasma 
immunoglobulins. IgD is expressed on most peripheral B cells, as is 
IgM, where it may function as a B-cell membrane receptor for anti- 
gen that facilitates recruitment of B cells into specific antigen-driven 
responses. The molecule has the basic four-chain constant region and 
contains 11 percent carbohydrate (see Tables 75-1 and 75-2). IgD anti- 
bodies are sensitive to proteolytic degradation. They do not penetrate 
extravascular spaces efficiently, cross the placental barrier, or fix com- 
plement via the classic pathway. However, circulating IgD may bind to 


H-chain V region ~a 
L-chain V region ~i 


Figure 75-2. Schematic of an IgM pentamer. IgM has 10 binding sites 
for antigen, each composed of a heavy-chain variable region (H-chain 
V region) and a light-chain variable region (L-chain V region). Five biva- 
lent IgM molecules are held together by the single joining (J) chain. 
Broken red colored lines indicate intrachain and interchain disulfide 
bonds. 
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Figure 75-3. Schematic of membrane IgM and its associated acces- 
sory proteins Ig-a (CD79a) and Ig-6 (CD79b). The light-chain domains 
V, and C, and the heavy-chain domains V,,, Cul (or C1), Cu2 (or C,,2), 
Cu3 (or C,,3), and Cu4 (or C4) are labeled inside the respective immuno- 
globulin domain. Each of the cytoplasmic domains of Ig-a (CD79a) and 
Ig-B (CD79b) has an immunoreceptor tyrosine-based activation motif 
(ITAM) depicted by a green rectangle. These ITAMs play a critical role in 
the signaling events that are initiated by ligation of surface immuno- 
globulin by antigen. Dotted red colored lines indicate intrachain and 
interchain disulfide bonds. 


Cc 


basophils through a calcium-mobilizing receptor, which, upon cross- 
linking, can trigger antimicrobial, proinflammatory responses.’ More- 
over, crosslinking of basophil-bound IgD also could induce basophils 
to produce interleukin (IL)-4, IL-13, B-cell activating factor (BAFF, 
CD272), and a proliferation inducing-ligand (APRIL, CD276), factors 
that, in turn, could enhance B-cell activation and isotype switching. 
This might explain why mice made deficient in IgD have fewer B cells, 
delayed affinity maturation, and weaker production of immunoglobulin 
isotypes, such as IgE, which are highly dependent on such cytokines." 


IgE 

Although four human IgE isoforms can be produced by alternative 
splicing of the epsilon primary transcript, each isoform appears 
to have similar function. IgE has been called reaginic antibody to 
denote its association with immediate hypersensitivity. It normally 
constitutes only 0.004 percent of total plasma immunoglobulin (see 
Tables 75-1 and 75-2). In patients with parasitic infestation and in 
some children with atopic diseases, plasma IgE levels may rise to 5 to 
20 times normal. The IgE molecule consists of a four-chain basic unit 
plus 12 percent carbohydrate. Monomeric IgE binds via the Fc region 
to high-affinity receptors on the surface membranes of basophils and 
mast cells. When bound to tissue mast cells, IgE has a much longer half- 
life than in plasma, in which its half-life is only approximately 2 days 
(see Table 75-2). Crosslinking of cell-bound IgE antibody by antigen 
induces the release of vasoactive amines, lipid-derived inflammatory 
mediators, proteases, proteoglycans, and cytokines, such as tumor 
necrosis factor-a (cachectin), interferon-y, granulocyte-macrophage 
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colony-stimulating factor, and IL-1, IL-3, IL-4, IL-5, and IL-6. These sub- 
stances act on adjacent cells and may regulate the metabolism of the con- 
nective tissue extracellular matrix. These lipid mediators and biogenic 
amines may produce the rapid components of immediate hypersensi- 
tivity, such as vascular leakage, vasodilation, and bronchoconstriction. 
The released cytokines, on the other hand, are responsible for the late 
phase of the immediate hypersensitivity response. The physiologic func- 
tion of this response is not clear. Instead, the immediate hypersensitivity 
response may represent a pathologic systemic exaggeration of a local 
physiologic process that ordinarily contributes to the inflammatory 
response to invading organisms. 


SURFACE IMMUNOGLOBULIN 


Any one of the immunoglobulin isotypes may serve as a B-cell mem- 
brane receptor for antigen.'* However, most B cells express surface 
IgM with or without IgD. Each immunoglobulin is expressed on the 
surface membrane as a monomer complexed noncovalently with 
disulfide-linked heterodimeric glycoproteins that, together with 
surface immunoglobulin, form the B-cell antigen-receptor complex 
(see Fig. 75-3). For surface IgM, each heterodimer is composed of 
CD79a, an IgM a-chain of 33 kDa, complexed with CD79b, an Ig 
B-chain of 37 kDa. CD79a interacts with the transmembrane domain 
and CA domain of the immunoglobulin molecule, which mediates 
B-cell receptor clustering and signaling in response to antigen (see 
Fig. 75-3).'° The CD79a chain is a product of the human mb-1 gene 
(designated CD79a) located at 19q13.2, whereas CD79b is the product 
of CD79b located on a different chromosome at 17q23. B cells that 
lack expression of CD79a or CD79b cannot express surface immu- 
noglobulin. CD79a/CD79b are necessary, not only for transport of 
the assembled immunoglobulin to the cell surface but also for sig- 
nal transduction following surface immunoglobulin-receptor cross- 
linking by antigen. Patients with inherited defects in CD79a have 
an immune deficiency that is indistinguishable from that of classic 
X-linked agammaglobulinemia (Chap. 80).*° The cytoplasmic tails 
of CD79a and CD79b each contain immunoreceptor tyrosine-based 
activation motifs (ITAMs). Such motifs are found in the cytoplasmic 
domains of several immune system signaling molecules, including 
those of the T-cell receptor complex (Chap. 76). 

B cells can become activated following ligation of their surface 
immunoglobulin receptors by antigen, which typically is presented 
on the surface of dendritic cells or macrophages.*!* This can cause 
microclustering of the immunoglobulin receptor complex into the 
immunologic synapse, which accumulates src family tyrosine kinases 
(e.g., Lyn, Blk, and Fyn), which can phosphorylate tyrosine residues in 
the ITAMs of CD79a and CD79b. In turn, the phosphorylated ITAM 
binds cytoplasmic signaling molecules, the most important of which 
is p72", a 72-kDa tyrosine kinase. Following its recruitment to the 
activated immunoglobulin receptor complex, p72‘ itself becomes 
activated through phosphorylation, allowing it to phosphorylate the 
cytosolic adapter protein BLNK (B-cell linker protein, also known as 
SLP-65, BASH, or BCA).” BLNK serves as a docking site for a number 
of important signaling molecules, including Bruton tyrosine kinase 
(BTK), Vav-1, Vav-2, and phospholipase C gamma (PLCy).”* Dual 
phosphorylation and activation of PLCy by BTK and p72% allows 
PLCy to effect hydrolysis of the polyphosphoinositides into inosi- 
tol-1,4,5-trisphosphate and diacylglycerol, which, in turn, increase 
intracellular Ca** and activate protein kinase C and Ras, respectively. 
The importance of these activation events in B-cell signaling and 
development is underscored by patients with inherited defects in 
BTK, who lack B-cell development and have X-linked agammaglob- 
ulinemia (Chap. 80). Furthermore, inhibitors of BTK demonstrate 


clinical activity in the treatment of patients with various B-cell malig- 
nancies, which appear dependent upon constitutive signaling via the 
immunoglobulin receptor.” 

To mitigate the problem of accidental initiation of signal trans- 
duction, the signaling cascade is subject to negative controls. The 
quantity and quality of immunoglobulin receptor signaling are mod- 
ulated by several transmembrane proteins that are associated with the 
immunoglobulin-CD79a/CD79b receptor complex.** These associ- 
ated proteins can be either costimulatory (e.g., CD19) or inhibitory 
(e.g., CD22, CD32 [FcyRII], CD72). In contrast to CD79a and CD79b, 
CD22 and CD72 have cytoplasmic domains with immunoreceptor 
tyrosine-based inhibitory motifs. When immunoreceptor tyrosine- 
based inhibitory motifs are phosphorylated by activated Lyn kinase, 
the domains recruit Src homology 2 (SH2) domain-containing pro- 
tein tyrosine phosphatase 1 (SHP-1), otherwise known as protein 
tyrosine phosphatase 1c,’ or phosphatidylinositol-3,4,5-triphos- 
phate 5-phosphatase (SHIP-1).*! Bound SHP-1 or SHIP-1 can remove 
the phosphate group from the phosphorylated (and thereby activated) 
tyrosine kinases, returning these kinases to their inactive state so that 
they no longer trigger B-cell activation. The importance of SHP-1 in 
limiting B cell activation is demonstrated by mutant mice that lack 
this phosphatase.” The B lymphocytes of such animals are stimulated 
by much lower concentrations of antigen than the B lymphocytes of 
normal mice, causing excessive B-cell proliferation, autoimmune dis- 
ease, and early mortality. 


@ GENETICS OF IMMUNOGLOBULINS 
IMMUNOGLOBULIN GENE COMPLEXES 


Immunoglobulin genes are inherited in three unlinked gene complexes: 
one for the heavy-chain classes, one for x light chains, and one for À light 
chains. The immunoglobulin heavy-chain gene complex is located at 
band q32 of the long arm of chromosome 14. This complex is composed 
of 39 functional heavy-chain variable-region (V,,) genes, more than 
120 nonfunctional V,, pseudogenes, 25 functional diversity (D) seg- 
ments, six functional J,, minigenes, and exons encoding the con- 
stant regions for each of the immunoglobulin heavy-chain isotypes 
(Fig. 75-4).* The x light-chain gene complex is contained within band 
p12 on the short arm of chromosome 2. This gene complex consists of 
approximately 40 functional « light-chain variable-region genes (VK 
genes), more than 30 nonfunctional Vx pseudogenes, five Jx segments, 
one constant-region exon, and one kappa-deleting element (Kde) 
(Fig. 75-5). Many of the Vx genes in the so-called p region most proxi- 
mal to the Jx segments are in the opposite orientation of the Jx segments, 
thus requiring that the Vx exons in the proximal region to undergo 
inversion during immunoglobulin gene rearrangement (Fig. 75-5). The 
A light-chain gene complex is located at band q11.2 on the long arm 
of chromosome 22, 6 Mb from the centromere.” This gene complex 
consists of approximately 41 functional À light-chain variable-region 
genes (VA genes), more than 30 VA pseudogenes, four functional À con- 
stant-region genes (CA1, CA2, CA3, CA7), and three À constant-region 
pseudogenes (C44, CA5, CA6), each associated with one JA segment 
(Fig. 75-5). The constant-region elements of the heavy-chain gene 
complex are proximal to variable-region segments on chromosome 14, 
whereas the constant-region segments of the two light chains are in the 
opposite orientation, telomeric to the variable-region genes. 

Each germline V gene, D element, and J segment is flanked by 
recognition sequences that are necessary to direct site-specific recom- 
bination (Fig. 75-6). Such sequences consist of a highly conserved 
palindromic heptamer (5’-CACAGTG-3’) a nonconserved spacer 
of 12 or 23 bp, and a conserved nonamer (5’ACAAAAACC-3’).*° 


Part IX: Lymphocytes and Plasma Cells 


| z 
: fe} 
; a g 
| aa 138-4 Golgin B63 G 
fo H 44 3.21 (feo 
wo 1-3 -=i 
-38- 4-61 
r -AA 3-38-3 miis, me 
D g2% 3-60 7-81 
h 4-59 í 
ne 58 ” 3-43D 1-58 379 
ee 3-57 (Il)-78-1 
: Ts 
m H 1-18 re fe ma 5-78 
at ae (11)-53-1 777 
w - 3-53 
hz ae 3-52 (\ll)-76-1 
3-16 -33 (II)-51-2 (II)-51-1 3-76 
(l1)-15-1 in 3-33 3-30-5 ; i 
Gn Golgin 3-32 4-30-4 Sa thy 741 
z en et B digo- am 4 l 
es 1-14 ; 49: - 
E a (111)-13-1 ET 4-30-3 3-49 n 
l M313 Goigin M338 4-30-2 
i M4- (11)-38-1 m3-72 
om OR : 4-28 4-30-1 H 3-48 4-69D 
E -DS-18-F 7-20 ma (111)-47-1 
PANIE £ T pe-19 2-10 (1-26-2 3-71 
aT AE D1-20 (IIl)-26-1 mea 2-70 
£ +p221 M39 2-26 18 H 1-69 1-69-2 
i + D3-22 H 1-8 1-45 A 
T 423 ma (111)-25-1 sega 
D5-24 ma 3-25 =a 1-68 aa 
5 D6-25 ma (II)-44-2 jii (111)-67-4 
D D126 W7 M 1-24 ma (IV)-44-1  (111)-67-3 A (111) 67-0 
Ë =a 3-6 3-23 peep ()-44 GLY EB (1)-67-1 
Q (1)-22-2 E (1) -22-1 oy (ao 1-67 
© (IIl)-5-2 3.99 3-43 3-66 
(IIl)-5-1 ma 3-42 (Il)-65-1 
8 2-5 ma 3-65 
J1P 
= m F D7-27 
> = 
9 Q œ [e2] D DS] 
Q fo} Q Q fo} 
Oo oO Oo Oo oO 
N A A A a A 
ol m o o o o o 
z 
5 0 
a8 $ 
“6 
3 
2 
= 
N 
ol 
Oo 
& 


Figure 75-4. Immunoglobulin heavy-chain (IGHC) gene complex. The heavy-chain genes encoding the constant regions are represented by blue 
boxes. Switch regions are represented by a filled circle upstream of the IGHC genes. Enhancers are represented by light blue circles. Each IGHV, IGHD 
and IGJH gene is labeled on the right of each symbol. Functional IGHV, IGHD, and IGHJ genes are represented by green boxes or blue and yellow lines, 
respectively. IGHV, IGJH, and IGHC pseudogenes are represented by red, orange boxes, or blue open boxes, respectively. IGHV and IGHC open- 
reading frames are represented by yellow and blue dashed boxes, respectively. Unrelated pseudogenes are represented by purple open boxes. Colors 
are according to IMGT color menu for genes. (Used with permission of Marie-Paule Lefranc. IMGT®, the international ImMunoGeneTics information system® 


http.//www.imgt.org.) 


Joining usually occurs only between segments flanked by recognition 
sequences with unequal spacers.** Each recognition sequence consists 
of a dyad symmetric heptamer, an A/T-rich nonamer, and a spacer 
region of conserved length, either 12 bp or 23 bp + 1 bp. This sequence 
is referred to as the 12/23 joining rule.” The consensus sequences for 
the heptamer (CACAGTG) and nonamers (ACAAAAACC) are opti- 
mal for rearrangement, but considerable deviation from the consensus 
sequence is observed and tolerated. Each spacer varies in sequence, 
but its length is conserved and corresponds to one or two turns of the 
DNA double helix. Each spacer brings the heptamer and nonamer 
sequences to one side of the DNA helix, where they are bound by the 


Rag-1/Rag-2 protein complex that catalyzes recombination (Fig. 75-6). 
Similar recognition sequences flank the elements that rearrange to 
form the T-cell antigen receptor (Chap. 76). Because all segments of 
a particular type (e.g., Vk gene segments) are flanked by one type of 
signal sequence and all the segments to which they should be joined 
(e.g., Jx segments) are flanked by the opposite type of signal sequence, 
the 12/23 rule ensures that the joining is restricted to events that could 
be biologically productive. Such heptamer-spacer-nonamer sequences, 
often called recombination signal sequences (RSSs), are targets of 
lymphocyte-specific enzymes encoded by recombination activating 
genes RAGI and RAG2.*° 
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Figure 75-5. Immunoglobulin light-chain gene complexes. The top panel depicts the x light-chain gene complex on chromosome 2p11-12. The 
blue box represents functional IGLC gene. The IGKJ gene segments are indicated by yellow lines labeled "J1 to 5”"The k light-chain enhancers are repre- 
sented by light blue circles. IGKV functional genes, pseudogenes, and open-reading frames are indicated by green, red, and yellow boxes, respectively. 
The IGKV genes of the p region are designated by a number for the subgroup, followed by a hyphen and a number for the localization from 3’ to 
5’ in the locus. The /GKV genes of the d region are designated by the same numbers as the corresponding genes in the p region, with the letter D 
added. Arrows show the IGKV genes whose orientation is opposite to that of the IGKJ gene segments. The bottom panel depicts the A light-chain 
gene complex on chromosome 22q11.2. The blue boxes represent functional IGLJ and IGLC gene segments, whereas the blue open boxes represent 
IGLJ and IGLC pseudogenes. /GLV functional genes, pseudogenes, and open-reading frames are indicated by green, red, and yellow boxes, respectively. 
IGLV pseudogenes that could not be assigned to subgroups with functional genes are represented by red boxes and designated by a roman number 
between parentheses, corresponding to the clans, followed by a dash and a number for the localization from 3’ to 5’ in the locus. The /GLV genes are 
organized into three clusters, designated A, B, and C, which are indicated to the left of each cluster. Unrelated pseudogenes are represented by purple 
open boxes. The A light-chain enhancer is represented by a light blue circle. Colors are according to IMGT color menu for genes. (Used with permission of 
Marie-Paule Lefranc. IMGT®, the international lmMunoGeneTics information system® http://www.imgt.org.) 
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Figure 75-6. Schematic depicting the process of V(D)J recombination. 
The Rag-1/Rag-2 complex mediates (A) synapsis and (B) cleavage of 
the DNA at the boundaries of the heptamer/coding segments. C. The 
Artemis/DNA-PK (DNA protein kinase) endonuclease opens the hairpin 
and (D) the broken ends are then repaired by the proteins that medi- 
ate nonhomologous end-joining, namely the complex of Ku70, Ku80, 
DNA-PK, XRCC4, and Lig4. 


@ IMMUNOGLOBULIN GENE 
REARRANGEMENT AND EXPRESSION 
DURING B-CELL DEVELOPMENT 


IMMUNOGLOBULIN GENE REARRANGEMENT 


During B-cell ontogeny, the first immunoglobulin gene rearrangements 
generally occur within the heavy-chain gene complex (Fig. 75—7A). One 
or more D segments may rearrange and become juxtaposed with a sin- 
gle J,, element, generating a DJ,, complex that then may rearrange with 
one of the 39 functional V, genes. Subsequently, gene rearrangements 
occur in the light-chain loci (Fig. 75-7B). One of the 40 functional Vx 
genes can rearrange with any one of five Jx segments. Should these gene 
rearrangements fail to generate a functional Vx Jx exon, the Kde may 
rearrange to a site in or immediately downstream of the Vx Jx exon, 
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thus deleting the « light-chain constant-region exon. Many of the 
proximal IGKV genes in the so-named p region are in the opposite ori- 
entation of the IGKJ segments, requiring that the V exons in this region 
undergo inversion during immunoglobulin gene rearrangement. A 
650-bp sequence corresponding to DNase I hypersensitive sites HS1-2 
within the IGKV-IGKJ intervening region binds a CCCTC-binding fac- 
tor, which directs locus contraction and long-range IGKV gene usage; 
its deletion results in a sevenfold increase in proximal IGKV gene usage 
along with approximately 50 percent reduction in overall locus con- 
traction.” Subsequent to x light-chain gene rearrangement, one of the 
41 functional VA exons can rearrange with any one of the four func- 
tional JACA exons to generate a gene that can encode a A light chain 
(Fig. 75-7C). 

Somatic V-region gene recombination involves introduction of 
double-strand DNA breaks at RSS, juxtaposition of the broken ends, 
and then religation through a process called nonhomologous DNA 
end-joining (NHEJ). The first cleavage step requires a specialized het- 
erodimeric endonuclease complex comprised of Rag-1 and Rag-2 (see 
Fig. 75-6). Rag-1 and Rag-2 are encoded by adjacent genes located on 
the short arm of chromosome 11 (11p13-p12). Mice with either RAG 
gene knocked out cannot undergo immunoglobulin or T-cell receptor 
gene rearrangements and consequently fail to produce mature B or 
T lymphocytes.“ Mutations that impair, but do not completely abolish, 
the function of Rag-1 or Rag-2 in humans result in a form of combined 
immune deficiency termed Omenn syndrome.” 

The process of somatic DNA recombination is initiated when the 
Rag (recombination activating gene) endonuclease introduces DNA 
double-strand breaks (DSBs) at the border of two recombining gene 
segments and their flanking RSSs. DNA cleavage by Rag leads to four 
broken DNA ends that are repaired and joined through a process called 
NHE) to form coding and signal joints.**** Occasionally these DSBs can 
be repaired aberrantly, leading to the formation of chromosomal lesions 
such as translocations, deletions, or inversions,“ often found in B-cell 
neoplasms. If the breakpoints of these chromosomal lesions lie near 
potential oncogenes or tumor-suppressor genes, they can lead to cellu- 
lar transformation and lymphoid tumors. The mechanism of DNA rear- 
rangement is similar for the heavy- and light-chain loci. However, only 
one joining event is needed to generate a light-chain gene, whereas two 
are needed to generate a complete heavy-chain gene. The most common 
mode of rearrangement involves the looping out and deletion of the 
DNA between two gene segments on the same chromosome; this occurs 
when the coding sequences of the two gene segments are in the same 
orientation in the DNA.” The 12- and 23-mer-spaced RSSs are brought 
together by interactions between proteins that specifically recognize the 
length of the spacer between the heptamer and nonamer signals, thus 
accounting for the 12/23 joining rule.” The two DNA molecules then 
are broken and rejoined in a different configuration. By joining precisely 
in a head-to-head configuration, the ends of the heptamer sequences 
form a signal joint in a circular piece of extrachromosomal DNA that 
then is lost from the genome when the cell divides. However, the DNA 
that lies between the two gene segments is retained in an inverted ori- 
entation when a second mode of recombination occurs between two 
gene segments with opposite transcriptional orientations. Although this 
mode of recombination is less common, such rearrangements account 
for about half of all IGKV-to-IGKJ joins, as the transcriptional orienta- 
tion of half of the human IGKV gene segments is opposite to that of the 
IGKJ gene segments. 

The Rag-1/Rag-2 endonuclease complex recognizes either the 
12-mer-spaced or 23-mer-spaced RSS and then introduces double- 
stranded DNA breaks (see Fig. 75-6). After introducing these breaks, 
the Rag-1/Rag-2 complex remains bound to the DNA.” Mutations that 
affect the ability of the Rag proteins to bind and maintain the broken 
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Figure 75-7. Immunoglobulin gene complexes and rearrangement. Diagonal gold double lines indicate a large DNA distance between the flank- 


ing genes depicted as rectangular boxes (not drawn 


o scale). The upper diagrams in (A), (B), and (C) show the germline DNA configuration of the 


immunoglobulin heavy-chain genes, k light-chain genes, and A light-chain genes, respectively. Exemplary immunoglobulin heavy-chain variable-re- 
gion genes (V; VV“), immunoglobulin x light-chain genes (Vk’, Vk", Vk"), and immunoglobulin A light-chain variable-region genes (VA; VA", VA“) 


are depicted on the left side of each immunoglobu 


in gene complex. D denotes the diversity gene segments of the antibody heavy-chain locus. 


J, Jk, and JA indicate the joining gene segments of the antibody heavy chain, x light chain, and A light chain, respectively. Cu and Cô denote the 
constant-region exons of the u and ô heavy chains, respectively. Below each is a possible immunoglobulin gene rearrangement composed of a V(D) 
J for the antibody heavy chain or a Vk Jk or VAJA for the x or A light-chain gene, respectively. Below the representative A constant-region loci in (C) are 


listed the names of the A nonallelic genetic markers 
and CA6 are pseudogenes (y gene) that do not encode protein. 


ends in a stable postcleavage complex can lead to misrepair of the DSBs, 
thereby enhancing the risk for oncogenic chromosomal aberrations.” 

Several proteins are involved in the processing and juxtaposition 
of the DSBs, including high-mobility group protein-1 (HMG1) and 
high-mobility group protein 2 (HMG2). HMG1 and HMG2 are widely 
expressed, abundant nuclear proteins that bind and bend DNA without 
sequence specificity, thereby playing an important role in the assembly 
of nucleoprotein complexes involved in DNA repair and transcription. 
HMG! facilitates the bending of the DNA to allow the components of 
one DSB-Rag complex to bind and cleave the DNA at a different RSS,*! 
thus bringing together two disparate RSSs in accordance with the 12/23 
joining rule. 

The DSB-Rag complex also binds several other proteins, including 
Artemis, DNA-dependent protein kinase (DNA-PK), Ku70, Ku80, the 
human protein X-ray repair complementing defective repair in Chinese 
hamster cells 4(XRCC4), and DNA ligase IV (Lig4) (see Fig. 75-6).* DNA 
protein kinase (DNA-PK) is a serine-threonine protein kinase that is acti- 
vated by DNA DSBs and is essential for the normal repair of DNA breaks 
induced by ionizing radiation, chemical agents, and during V(D)J (exon 
created by a rearranged immunoglobulin heavy-chain variable-region 
gene, diversity gene segment, and joining gene segment) recombination.” 
Mice deficient in DNA-PK can make only trivial amounts of immunoglob- 
ulin or T-cell receptors and are called severe combined immunodeficiency 


cg, Ke—Oz-, Ke-Oz+, and Ke+Oz- on CA1, CA2, CA3, and CA7, respectively. As indicated, CA4, CAS, 


(SCID) mice.™ Mice deficient in Artemis have a “leaky” SCID phenotype 
and develop some T and B cells in later life.” Ku-deficient mice also are 
deficient in T and B cells but have a small stature and other nonimmuno- 
logic defects, suggesting that these proteins also play important roles in 
normal development." Defects resulting from mutation in Ku, XRCC4, 
Lig4, Artemis, or DNA-PK predispose to lymphomagenesis in mice.” 
The initial recognition and recruitment of these repair proteins to DSBs 
is heavily dependent on phosphorylation events (e.g., kinase activity and 
autophosphorylation of DNA-PK), but the downstream repair events 
appear more dependent on E3-ubiquitin ligases.* 

The process of recombination allows for generation of “junctional 
diversity” in the sequence of the rearranged gene segments. DNA ends 
generated by the Rag-1/Rag-2 endonuclease cleavage reaction each is 
fused by the NHEJ pathway involving the proteins mentioned in the 
preceding paragraph. The hairpinned termini of gene segments that 
give rise to the coding joint each is subsequently cleaved at random sites 
by an exonuclease. Cleavage of a hairpin away from its apex generates 
an overhanging flap that, if incorporated into the joint, results in addi- 
tion of palindromic (P) nucleotides that contribute to junctional diver- 
sity (see Fig. 75-6). The opened hairpin ends can be modified further 
by nucleases that can remove a self-complementary overhang or cut 
further into the original coding sequence. In addition, a lymphocyte- 
specific enzyme, terminal deoxynucleotidyl transferase, can add 


non-template-encoded (N) nucleotides (see Fig. 75-6). Finally, addi- 
tional junctional diversity comes from the nucleolytic activities that 
remove potential coding end nucleotides prior to the final ligation of 
the DNA breaks into one intact recombination joint. Such processes 
contribute to immunoglobulin diversity and are the principal mecha- 
nism responsible for somatic diversification of the T-cell repertoire (see 
Chap. 76). 

V(D)J recombination during lymphocyte development is regu- 
lated via transcription and through epigenetic changes that modulate 
the accessibility of particular loci or regions of loci to RAG.” Precursor 
B cells have high-levels of V,, germline transcripts immediately prior 
to V-to-DJ,, recombination.” Numerous epigenetic accessibility mark- 
ers, such as the histone H3 lysine 4 trimethylation, are enriched around 
IGHJ in early pro-B cells in association with germline transcription.” In 
addition, ubiquitination events can regulate recombination of immuno- 
globulin gene segments.” The zinc finger region A of Rag-1 includes an 
N-terminal RING domain that acts as an E3-ubiquitin ligase, which can 
ubiquitinate a panel of targets for various downstream events.*”* This 
region of Rag-1 also can interact with other E2 enzymes to ubiquin- 
ate substrates involved in V(D)J recombination, such as histone 3.°** 
Ubiquitination of Rag-2 allows for rapid degradation of the protein 
upon entering S phase, thereby halting any potential off-target activities 
of Rag and limiting its capacity to induce V(D)J recombination dur- 
ing inappropriate phases of the cell cycle. Indeed, DNA breaks during 
S-phase are potentially harmful for cells, as such breaks can lead to dele- 
terious translocations when misrepaired by homologous recombination 
(HR). It is therefore crucial to limit V(D)J recombination activity to 
cells within G, phase; this restriction appears to be controlled by Rag-2 
degradation.” 

Under normal conditions, a B-lymphocyte or plasma cell syn- 
thesizes only one species of light chain and heavy chain, even though 
the cell has two different sets of immunoglobulin gene complexes that 
initially undergo seemingly independent immunoglobulin gene rear- 
rangements. The specificity of the humoral immune response depends 
upon antigenic selection of unique clones of B cells, each clone express- 
ing a homogeneous set of immunoglobulin receptors. Such restriction 
is achieved by limiting a given B cell to functional rearrangement and 
expression of only a single heavy-chain allele and a single light-chain 
allele. This phenomenon is called allelic exclusion. Although occasional 
neoplastic B-cell populations lack allelic exclusion and express both 
immunoglobulin alleles, allelic exclusion generally is observed with 
most B-cell tumors. 


SURROGATE A LIGHT CHAINS 


Precursor B cells that only have rearranged D and J,, elements are 
referred to as progenitor B cells or “pro-B cells” The term pre-B cells 
is reserved for precursor B cells that have completed immunoglobulin 
heavy-chain gene rearrangement and have a functional V(D)J complex. 
Both pro-B cells and pre-B cells have immunoglobulin light-chain loci 
in germline configuration. 

Pre-B cells express some immunoglobulin u chains in associa- 
tion with “surrogate” A light chains. One of these proteins, called deo 
has similarity with known CA light-chain domains. Another protein is 
called VpreB because it resembles a V domain but bears an extra N-ter- 
minal protein sequence. Both proteins are encoded by genes located 
on chromosome 22. The A, gene is situated within a A-like locus that 
is telomeric to the true A light-chain locus. The gene encoding VpreB 
(VPREB1) is located within the cluster of immunoglobulin VA genes 
(see Fig. 75-5), defined by breakpoints of chromosomal translocations 
found in a few leukemias and lymphomas. Together, VpreB and A, pair 
with the u heavy chains. Subsequent covalent linkages via an S-S bond 
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between the À, and the first C,,1 domain of the uH chain allow VpreB 
and A, u heavy chains to form a primitive immunoglobulin receptor 
that, with CD79a and CD79b, may be expressed on the surface mem- 
brane of the developing pre-B cell. Monoclonal antibodies that rec- 
ognize 1, or VpreB specifically bind to pre-B cells and can react with 
B-lineage acute lymphocytic leukemia.” 

The pre-B cell receptor complex is expressed only transiently, 
as production of A, ceases as soon as it is formed. Nevertheless, this 
protein plays an important role in normal B-cell development. When 
immunoglobulin chains form a complex with the “surrogate” A light 
chains, the complementarity determining region 3 (CDR3) of the 
“surrogate” A light chain covers the CDR3 of the heavy chain in the 
pre-B-cell receptor, allowing the pre-B cell to avoid antigen-specific 
selection.” 

In normal mice, the appearance of the pre-B cell receptor coincides 
with inactivation of the Rag-2 protein by phosphorylation and degra- 
dation of Rag-1 and Rag-2 mRNA, suggesting that this receptor plays a 
role in suppressing further immunoglobulin gene rearrangement. How- 
ever, expression of the pre-B-cell receptor on the surface membrane is 
associated with cell activation and proliferation, leading to generation of 
small, resting pre-B daughter cells that again express Rag-1 and Rag-2. 
This situation leads to subsequent light-chain gene rearrangement. As 
such, expression of the pre-B-cell receptor appears to signal that a com- 
plete u heavy-chain gene has been formed, that further rearrangements 
at this locus should be suppressed, and that development to the next 
stage can proceed. Therefore, the surrogate light chains play a critical 
role in normal B-cell development. This observation is underscored by 
studies on transgenic mice that lack functional 1, genes. In these mice, 
B-cell development in the marrow is blocked at the pre-B-cell stage, 
thereby markedly reducing the numbers of functional mature B lym- 
phocytes in the blood and lymphoid tissues.” Similarly, humans who 
have inactivating mutations in the A, genes on both alleles of chromo- 
some 22 have agammaglobulinemia and markedly reduced numbers of 
B cells.” 


HEAVY-CHAIN CLASS SWITCHING 


During differentiation, a single B lymphocyte can synthesize heavy 
chains with different constant regions coupled to the same variable 
region through process called class switch recombination, which shares 
features of V(D)J recombination.” As pre-B cells develop into mature 
B cells, intact IgM monomers are inserted into the plasma membrane, 
followed by IgD molecules with the same antigen-binding specificity. 
The IgM and IgD constant-region genes are closely linked in embry- 
onic DNA (see Fig. 75-4) and may be transcribed together. The differ- 
ential splicing of the transcript allows simultaneous synthesis of the two 
immunoglobulin heavy chains from a single species of mRNA. As such, 
the expression of IgD that occurs during B cell maturation only rarely 
involves deletion of Cy. 

The switch from IgM to IgG, IgA, or IgE requires active transcrip- 
tion of the downstream constant-region exons encoding the future 
immunoglobulin isotype. This process requires prior interaction of B 
lymphocytes with antigen or mitogen and ligation of CD40 via the 
ligand for CD40 (CD154) expressed by activated T cells. Patients 
with inherited defects in CD40 or CD154 have an immune deficiency 
(hyper-IgM syndrome type I) characterized by normal to high serum 
levels of IgM with extremely low serum levels of other immunoglob- 
ulin isotypes (Chap. 80). Interleukins provided by antigen-reactive 
T lymphocytes strongly influence (1) which B cells differentiate into 
IgM-secreting plasma cells and (2) which B cells switch to synthesiz- 
ing the heavy chain of another immunoglobulin isotype, such as IgG 
and IgA. Isotype switching to IgA occurs most efficiently in mucosal 
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lymphoid tissue, particularly in Peyer patches and mesenteric lymph 
nodes (Chap. 6). Also, class-switched IgA plasmablasts have a pro- 
pensity to migrate to the lamina propria of the intestine and to other 
mucosal sites.”° 

Immunoglobulin class switch recombination (CSR) occurs in or 
near the switch region located in the intron between the rearranged 
V(D)J,, sequence and the u gene and any one of similar regions 
located upstream of the C genes encoding each of the other heavy- 
chain isotypes, with the exception of the ô gene (see Fig. 77-4). The 
u switch region, designated Sy, consists of approximately 150 repeats 
of the sequence (GAGCT), (GGGGGT), where n is generally 3 but 
can be as many as 7. The sequences of the other switch regions (SA, 
S6, Se) are similar in that they also contain repeats of the GAGCT and 
GGGGGT sequences. The switch in heavy-chain classes results from 
DNA recombination between Sy, and SA, Sô, or Se, accompanied by 
the deletion of intervening DNA segments and the apposition of the 
previously rearranged variable-region gene next to the new con- 
stant-region gene. 

In contrast to V(D)J recombination, which mostly occurs in the 
G, and/or G, stage of the cell cycle, CSR seems to require DNA repli- 
cation.” Also, unlike V(D)J recombination, CSR requires expression of 
activation-induced deaminase (AID), an enzyme expressed in activated 
B cells that also is required for somatic hypermutation.” Patients with 
inherited defects in AID have an immune deficiency (hyper-IgM syn- 
drome type II) characterized by relatively high serum levels of IgM and 
negligible serum levels of other immunoglobulin isotypes.” Specific 
inactivation of the C-terminal AID domain, encoded by exon 5 (E5), 
allows very efficient deamination of the AID target regions, but greatly 
impacts the efficiency and quality of subsequent DNA repair. Specifi- 
cally eliminating E5 not only precludes CSR, but also causes an atyp- 
ical, enzymatic activity-dependent, dominant-negative effect on CSR. 
This explains the autosomal dominant inheritance of AID variants with 
truncated E5 in patients with hyper-IgM syndrome type II and estab- 
lishes that AID, through the E5 domain, provides a link between DNA 
damage and repair during CSR.® 

AID is expressed in germinal centers of peripheral lymphoid 
organs, the site where CSR occurs in B cells activated in response to 
antigen. AID most likely deaminates the closely positioned cytosines 
(dC) in the S-region DNA, converting the dC to uracils (dU), which, 
in turn, are removed by uracil-DNA glycosylase (UNG). The impor- 
tance of UNG is underscored by patients who have inherited defects in 
this enzyme, resulting in an autosomal recessive form of the hyper-IgM 
immunodeficiency syndrome similar to that of patients with inherited 
defects in AID (see Chap. 80).*' The abasic sites generated by UNG are 
cleaved by AP endonuclease, resulting in closely positioned staggered 
nicks in the DNA that may result in double-stranded DNA breaks. The 
end processing, repair, and joining mechanisms for these DNA breaks 
apparently involve mechanisms and proteins similar to those involved 
in NHEJ used for V(D)J recombination. Because the CSR occurs in the 
intron between the variable-region exon and the exon encoding the 
first constant-region domain, this process does not generate mutations 
in the regions encoding the variable or constant regions of the newly 
generated immunoglobulin heavy chain. 


MECHANISMS FOR GENERATING ANTIBODY 
DIVERSITY 


Several mechanisms contribute to the generation of diversity among 
immunoglobulin polypeptide variable regions. The mechanisms are 
(1) the presence in the germline DNA of multiple different V, J, and 
D gene segments; (2) the random joining of these DNA segments to 
produce a complete variable-region exon; (3) junctional diversity; 


(4) the coming together of the heavy- and light-chain polypeptides 
to produce a complete immunoglobulin monomer capable of binding 
antigen; and (5) somatic mutations within the rearranged DNA seg- 
ments themselves. Somatic mutations occurs through a process called 
somatic hypermutation. 

Somatic hypermutation is not active in all B cells and cannot be 
triggered merely by mitogen-induced B-cell activation. However, dur- 
ing discrete stages of B-cell differentiation, expressed immunoglobulin 
V genes may incur new mutations at rates as high as 10° base substi- 
tutions per base pair per generation over several cell divisions, partic- 
ularly during the secondary humoral immune response to antigen.” 
Hypermutations begin on the 5’ end of rearranged V genes downstream 
of the transcription initiation site and continue through the V gene and 
into the 3’ flanking region before tapering off. As such, the mutations 
are clustered in the region spanning from 300 bp 5’ of the rearranged 
variable-region exon to approximately 1 kb 3’ of the rearranged mini- 
gene J segment. A high frequency of mutations are clustered around 
“hotspots” defined by the primary DNA sequence. The sequence 
RGYW (R = purine, A or G; Y = pyrimidine, C or T; W = A/T) and its 
complement, for example, is a hotspot for mutation that is conserved 
among species.™ 

The process of somatic hypermutation requires the activity of 
AID through a process that has some similarly with CSR.***° In addi- 
tion to having the hyper-IgM immunodeficiency syndrome type II, 
patients who have inherited defects in AID have B cells that lack the 
capacity to undergo somatic hypermutation (Chap. 80).”*° As with 
CSR, somatic hypermutation requires active transcription of the 
genes undergoing mutation. AID most likely deaminates the cyto- 
sines in the region encompassing the rearranged variable-region 
gene, converting the dC to dU, which are converted to T after DNA 
replication, giving rise to C/G to T/A transitions. Alternatively, the 
dU are removed by UNG, resulting in abasic sites that subsequently 
are cleaved by AP endonuclease. This process generates staggered 
nick cleavage of the DNA. Repair of these staggered nicks may involve 
low-fidelity DNA synthesis, giving rise to frequent mutations. DNA 
cleaving enzymes and DNA repair enzymes (e.g., mismatch repair 
enzymes, base-excision repair enzymes, proteins involved in NHEJ) 
form a complex called the mutasome, which also apparently binds the 
target DNA to reduce its tendency to incur complete double-stranded 
DNA breaks. 

Immunoglobulin enhancers may account in part for the preferen- 
tial somatic hypermutation of immunoglobulin genes. Combinations 
of immunoglobulin enhancers target somatic mutation to immuno- 
globulin genes by recruiting AID and/or by making the immunoglob- 
ulin genes better substrates for mutation.” In addition, posttranslation 
AID ubiquitination has an important regulatory role during CSR and 
somatic hypermutation.** Unlike Rag-2, AID protein stability is not 
associated with phases of the cell cycle, but rather with subcellular 
localization. In mouse B cells nuclear AID is subjected to rapid turnover 
upon polyubiquitination.* 

As a consequence somatic hypermutation, mostly transitional 
mutations are introduced at high frequency in the expressed immu- 
noglobulin V genes and in other transcriptionally active genes with 
“hotspots, which can serve as a substrate for AID, UNG, and the 
mutasome.” Subsequent selection of the B cell and its daughter cells 
that express mutated V genes encoding an immunoglobulin variable 
region with improved fitness for binding antigen allows for “affinity 
maturation” of the antibodies expressed during the immune response to 
antigen, which typically is retained on follicular dendritic cells.” Such 
selection enhances the frequency of nonconservative base substitutions 
in the DNA sequences encoding the CDR that serves as the contact site 
for antigen binding.“ 


@ IMMUNOGLOBULIN VARIABLE-REGION 
STRUCTURE 


IMMUNOGLOBULIN VARIABLE-REGION 
SUBGROUPS 


Despite the large number of different immunoglobulin variable regions 
that can be generated through the mechanisms just described, each 
antibody polypeptide can be assigned to one of a relatively small num- 
ber of variable-region subgroups.* Comparisons of the amino acid 
sequences of a large number of different monoclonal immunoglobulin 
proteins reveal four segments of limited amino acid sequence diversity 
between different antibody heavy- or light-chain variable regions. Each 
of these segments is designated as an immunoglobulin variable-region 
framework region (FR), see Fig. 75-7. Each immunoglobulin polypep- 
tide can be assigned to one of a relatively small number of variable- 
region subgroups based upon the primary structure of its first three FRs. 
Moreover, each subgroup has characteristic FRs that distinguish it from 
other variable-region subgroups. 

Satisfying expectations that immunoglobulin subgroups defined 
families of highly related antibody V genes, variable-region amino acid 
subgroup homologies extend to the nucleic acid sequence level.°?* 
Cloned immunoglobulin V genes whose deduced amino acid sequences 
belong to a given subgroup generally share greater than 80 percent 
nucleic acid sequence homology. The human heavy-chain variable 
regions can be grouped into seven subgroups, whereas x or A light 
chains can be divided into six and 11 subgroups, respectively. 

Crystallographic data of immunoglobulin variable regions indi- 
cate that amino acids within the first and third FRs of either the light 
or heavy chain form f bonds on the external surface of the molecule. 
These regions form relatively compact structures on the external 
solvent-accessible face of the antibody molecule that are not adjacent 
to the classic antibody-combining site for antigen. Accordingly, amino 
acid differences noted between the different variable-region subgroups 
are amenable to recognition by antisubgroup antibodies. 


IMMUNOGLOBULIN IDIOTYPES 


Antisubgroup antibodies must be distinguished from antiidiotypic 
antibodies. Positioned between the FRs are three segments of extreme 
hypervariability in both light- and heavy-chain sequences.’ The third 
hypervariable region is generated through the recombinatorial process 
that joins the antibody light-chain V gene with the J segment of the light 
chain or the V,, gene with the somatically generated DJ, segment of the 
antibody heavy chain. The diversity in first and second hypervariable 
regions in part reflects germline DNA-encoded differences between dis- 
parate antibody V genes, a diversity often noted even between V genes 
of the same subgroup.**? During an immune response, somatic hyper- 
mutation subsequent to V gene rearrangement also may play an impor- 
tant role in increasing the amino acid sequence diversity noted within 
these regions. These hypervariable regions on both chains fold together 
to form the antigen-combining site.** Hence, each of these regions of 
hypervariability is designated a CDR (see Fig. 75-7). 

During secondary immune responses, extensive amino acid sub- 
stitutions may occur in the CDRs. In contrast, amino acid replacement 
mutations occur much less frequently in the FRs than would be antic- 
ipated if the nucleic acid substitutions were occurring randomly. As a 
consequence, the subgroup determinants that characterize an entire 
variable-region subgroup may be relatively resilient to somatic hyper- 
mutation. On the other hand, the CDRs may form determinants of 
unique specificity that contribute to the epitopes recognized by antiid- 
iotypic antibodies. 
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Despite the tremendous potential for diversity in Ig V gene expres- 
sion and genetic polymorphism, antibodies produced by B-cell malig- 
nancies or normal B cells of unrelated persons may share common 
idiotypic determinants.” These common idiotypes, designated cross- 
reactive idiotypes (CRIs), were defined initially on IgM autoantibodies, 
such as rheumatoid factors. However, CRIs may be found on antibodies 
that do not have anti-self-reactivity. Molecular studies demonstrate that 
several of these CRIs represent serologic markers for expression of con- 
served immunoglobulin variable-region genes with little or no somatic 
mutation. 


@ IMMUNOGLOBULIN ALLOTYPES 
HEAVY-CHAIN ALLOTYPES 


Human immunoglobulins have inherited differences in structure, termed 
allotypes. These genetic markers usually are detected with agglutinating 
sera from individuals naturally immunized through transfusion or 
pregnancy. These antibodies recognize minor amino acid sequence 
variations in the constant regions of y, a, and « chains.” No definite 
allotypic differences have been detected on y, ô, or A chains. On e chains, 
a monoclonal antibody to IgE defined an allotype that was common to 
persons of all races except for a few individuals of Asian or Melanesian 
background. 

The a-chain allotypes, designated Am allotypes, are on the heavy 
chains of the IgA, subclass. The y-chain allotypes are on the heavy 
chains of the IgG,, IgG,, and IgG, subclasses and are designated G m, 
G.m, and G,m, respectively. More than 24 Gm allotypic markers have 
been identified serologically. All the heavy-chain constant-region genes 
reside on chromosome 14. Therefore, different combinations of heavy- 
chain allotype markers are inherited as haplotypic units, in an autoso- 
mal codominant manner. The frequency of the various allelic markers 
differs among ethnic groups.*°°"” 

Particular immunoglobulin allotypes have been associated with 
susceptibility or resistance to infectious diseases or the relative 
immune response to particular vaccines.” This could reflect link- 
age disequilibrium between particular polymorphic immunoglobulin 
variable region genes and constant region genes encoding particular 
immunoglobulin allotypes. Also, most humanized IgG, monoclonal 
antibodies licensed for therapy have x light chains of the Km(3) allo- 
type and y, heavy chains of the G,m,, or Gm, allotype.”® As such, 
patients lacking such allotypes, who are treated with such monoclo- 
nal antibodies, may develop antiallotypic antibodies against Gm or 
Km(3) determinants, respectively found on the heavy or light chain of 
the therapeutic antibody.’ 


LIGHT-CHAIN ALLOTYPES 


The « light-chain allotypes are designated Km allotypes (formerly 
called inv). At least three major Km allotypes exist, designated Km(1), 
1 Km(1,2), and Km(3), which may be recognized serologically or via 
molecular techniques.” Patients with B-cell malignancies who are 
treated with allogeneic hematopoietic stem cell transplantation have 
been noted to have better survival outcomes when there is disparity in 
the x light-chain allotypes between donor and recipient, presumably 
because of an enhanced capacity to mount a graft-versus-leukemia 
effect.'” 

Seven JA-CA gene segments are telomeric to the upstream VA 
genes, but only four such segments are functional, namely JA1-CA1, 
JA2-CA2, JA3-CA3, and JA7-CA7 (see Fig. 75-5). These segments respec- 
tively encode the four identified isotypes of A light chains, termed 
Mcg*Ke*Oz>, Mcg Ke-Oz-, Mcg-Ke-Oz’*, and Mcp*Ke*Oz-, which were 
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defined based on their reactivity with the Oz, Kern, Mcg, and Mcp anti- 
sera raised against 1 Bence Jones proteins and that reflect minor non- 
allelic amino acid differences in the 4 light-chain constant regions. A 
fifth type of A light-chain, termed Mcg-Ke*Oz: is highly homologous to 
Mcg-Ke-Oz and actually results from a polymorphic gene amplification 
in a functional polymorphic CA2 segment.'” 


@ IMMUNOGLOBULIN SYNTHESIS 
AND SECRETION 


IMMUNOGLOBULIN SYNTHESIS 


The total IgG content of the adult human body is approximately 75 g, of 
which 2.2 g is synthesized each day. Most immunoglobulin is produced 
by mature plasma cells, which have abundant rough endoplasmic retic- 
ulum, a well-developed Golgi apparatus, and high-level transcription of 
the immunoglobulin genes. The final mRNAs for immunoglobulin light 
and heavy chains are derived by the processing of large nuclear RNA 
transcripts. In plasma cells, the rearranged and spliced mRNA mole- 
cules for the heavy-chain and light-chain polypeptides are translated on 
separate ribosomal complexes. 

The folding and assembly of intact immunoglobulin molecules 
occur in the endoplasmic reticulum (ER), which contains a large set of 
redox catalysts and chaperones that guide the folding of nascent pro- 
teins.!° First, an aminoterminal leader peptide approximately 18 to 
30 residues long is cleaved prior to the release of the completed light 
and heavy chains in the cisternae of the ER. The ER harbors a single 
prominent and highly conserved HSP70 family member, BiP, along 
with over 20 protein-disulphide-isomerase (PDI) oxidoreductases with 
CXXC active site motifs."* The heavy-chain immunoglobulin poly- 
peptides interact via their C,,1 domains with BiP that allows for proper 
folding of the heavy-chain polypeptide and prevents its transport into 
the Golgi. The nascent immunoglobulin polypeptides also bind the 
various ER or ER-Golgi-intermediate compartment (ERGIC) proteins 
transiently, some shorter and some for longer periods, either simultane- 
ously or in sequence, to allow for the proper folding and assembly of the 
IgM chains. For example, early in the process, GRP94 binds the nascent 
heavy chain after BiP to promote folding of H chains and assembly with 
L chains to HL “hemimers,” whereas much later, ERGIC53 acts after 
ERp44, when they assist assembly of HL, monomers into multimers." 
The nascent immunoglobulin light chains can displace BiP and then 
spontaneously combine with the heavy chain to form immunoglobu- 
lin half molecules that are stabilized by disulfide bonds.” The process 
also requires the reduction-oxidation (redox) conditions generated by 
redox catalysts within ER, a requirement that has handicapped efforts to 
produce immunoglobulin in prokaryotic cell-free expression systems. 
The joining of two identical half molecules by disulfide bonds yields a 
basic four-chain immunoglobulin unit, which then is allowed to trans- 
port to the Golgi for glycosylation. 

Glycosyltransferase enzymes add a defined sequence of sugars to 
the assembled immunoglobulin unit to form branched-chain oligosac- 
charides composed of N-acetyl-glucosamine, mannose, galactose, fruc- 
tose, and sialic acid. The oligosaccharides are attached covalently to the 
immunoglobulin heavy chain at several sites. The carbohydrate facil- 
itates the transport of the antibody molecule across the plasma mem- 
brane and into the extracellular space and increases the solubility of the 
secreted protein.” Specific types of glycosylation also may improve the 
clinical activity of therapeutic monoclonal antibodies.” 

Five monomeric units of IgM combine to form a pentameric mac- 
roglobulin linked by disulfide bonds and a single J-chain polypeptide. 
Usually polymerization immediately precedes or occurs simultaneously 


with IgM secretion. Similarly, IgA molecules form dimers and polymers 
linked by the J chain just prior to secretion from the plasma cell. 


@ REGULATION OF IMMUNOGLOBULIN 
SYNTHESIS 


GENERATION OF PLASMA CELLS 


A normal adult has some preexisting B lymphocytes that can pro- 
duce immunoglobulin that can bind almost any foreign antigen. Such 
B cells can be recruited to the immune response against the antigen. In 
the presence of accessory T-follicular helper cells (Tẹ Chap. 76), an 
antigen-binding clone of B lymphocytes may transform into anti- 
body-secreting plasma cells."" 

Transcription factors regulate this differentiation of B cells into 
antibody-secreting plasma cells. An important factor in plasma cell dif- 
ferentiation is the B-lymphocyte-induced maturation protein-1 (Blimp-1),'” 
which also is called the positive regulatory domain 1-binding factor-1 
(PRDM1) because it initially was identified by its ability to bind to the 
positive regulatory domain I of the human interferon-B promoter." 
Blimp-1 is a zinc finger-containing transcription factor encoded by 
PRDM1 on human chromosome 6q21 that represses expression of 
genes encoding transcription factors that inhibit plasma-cell differen- 
tiation (e.g., MYC, B-cell chronic lymphocytic leukemia/lymphoma 6 
[BCL-6], paired box gene 5 [PAX5], microphthalmia-associated tran- 
scription factor [MITF], and basic leucine zipper transcription factor 2 
[BACH2]).'” On the other hand, Blimp-1 directly or indirectly induces 
expression of other transcription factors that control genes encoding 
other transcription factors or proteins responsible for plasma-cell dif- 
ferentiation and/or immunoglobulin secretion (e.g., X-box binding 
protein-1 [XBP1], E2F transcription factor 1 [E2F 1], v-myb myeloblas- 
tosis viral oncogene homologues 1 and 2 [MYBL1/MYBL2], early B-cell 
factor 1 [EBF1], Pou domain, class 2, factor 2, or associating factor 1 
[POU2F2/POU2AF1], and transcription factor E2a [TCFE2A]). This 
capacity of Blimp-1 to repress and to activate expression of a variety of 
different transcription factors accounts for its capacity to orchestrate the 
dramatic changes in B-cell morphology and function associated with 
plasma-cell differentiation and high-level secretion of immunoglobulin 
protein. Mice with a conditional deletion of PRDM1 encoding Blimp-1 
in the B lineage demonstrate the critical requirement of Blimp-1 in 
plasma cell development.' Although such mice have normal numbers 
of B cells and develop germinal centers in response to T-dependent anti- 
gens, they fail to generate plasma cells or to secrete normal levels of 
immunoglobulin in response to either T-independent or T-dependent 
antigens. Furthermore, other studies found that expression of Blimp-1 
is required for the maintenance of long-lived plasma cells in the mar- 
row and the long-term expression of antigen-specific immunoglobulin 
in the plasma." 

Some diffuse large B-cell lymphomas (DLBCLs) have deletions or 
inactivating mutations in PRDM1, suggesting that this gene also might 
act as a tumor suppressor." However, PRDM1 mutations are not found 
in other lymphoid or myeloid leukemias, and myeloma cells and some 
DLBCLs express abundant levels of Blimp-1, making it appear unlikely 
that Blimp-1 suppresses tumor development per se.''? Moreover, the 
DLBCL cases that expressed Blimp-1 lacked detectable plasmacytic fea- 
tures and actually displayed more aggressive behavior." As such, B-cell 
expression of Blimp-1 appears necessary but not sufficient for plasma- 
cell differentiation. 

The expression of Blimp-1 in B cells is regulated primarily at the 
level of PRDM1 transcription, which requires activation by the tran- 
scription factor interferon regulatory factor 4 (IRF4).' Transgenic mice 


that have B cells with a conditional deletion of IRF4 fail to generate 
immunoglobulin-secreting plasma cells." Substances that activate 
toll-like receptor 4 (TLR4) or toll-like receptor 9 (TLR9), such as 
lipopolysaccharide or CpG oligonucleotides, respectively, also can acti- 
vate expression of Blimp-1.''*"° Mice lacking such toll-like receptors 
cannot mount effective antibody responses,'”’ except under certain 
conditions.” Several cytokines, including IL-2, IL-5, IL-6, IL-10, and 
IL-21, also can induce expression of Blimp-1 when applied in the proper 
context. Indeed, such cytokines can have positive or negative effects on 
B-cell differentiation and/or survival depending upon the presence or 
absence of other signals. IL-21, for example, can induce expression of 
Blimp-1 and plasma cell differentiation primarily in memory B cells or 
B cells that previously had been activated via ligation of its B-cell recep- 
tor, namely surface immunoglobulin, when in the context of receiving 
T-cell helper signals, such as that caused by ligation of CD40.» On 
the other hand, IL-21 can induce apoptosis of B cells that are activated 
via ligation of its surface immunoglobulin receptor in the absence of 
such T-cell helper signals.’ 


MEMORY B CELLS 


Following a T-cell dependent immune response to antigen, B cells that 
express high-affinity immunoglobulin for antigen also can differentiate 
into memory B cells. Memory B cells differ from plasma cells in mor- 
phology and function. In contrast to plasma cells, memory B cells do 
not secrete immunoglobulin, but rather express surface immunoglob- 
ulin that can bind antigen and can be induced to differentiate rapidly 
into immunoglobulin secreting plasma cells after secondary challenge 
with antigen. Also, memory B cells may reengage the germinal center to 
undergo additional rounds of somatic hypermutation to enhance fur- 
ther the Ig repertoire.'”° 

Human memory B cells can be distinguished by their expression 
of CD27 and CD148.'” Memory B cells also have increased expres- 
sion of immune costimulatory molecules CD80 and CD86,’ partic- 
ularly following immune activation, which enhances their capacity to 
induce immune coactivation of T-helper cells (Chap. 76). In addition, 
memory B cells have high-level expression of antiapoptotic genes BCL2 
and BCL-XL,'” which help enhance their long-term survival. Finally, 
memory B cells lack expression of BCL-6, which actually can repress 
memory B-cell development. Because BCL-6 also can repress expres- 
sion of PRDM1, the lack of BCL-6 expression makes memory B cells 
particularly amenable to stimulation by factors that induce expression 
of Blimp-1,'” thereby enhancing the capacity of memory B cells that 
express antigen-binding immunoglobulin to undergo rapid differen- 
tiation into plasma cells during the secondary immune response to 
antigen." 
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CHAPTER 76 

FUNCTIONS OF T 
LYMPHOCYTES: T-CELL 
RECEPTORS FOR ANTIGEN 


Fabienne McClanahan and John Gribben* 


All T cells express a receptor for antigen that is formed by two polymorphic 
polypeptides that invariably are associated with a collection of invariant 
proteins, namely CD3y, CD36, CD3¢, and CD247. These invariant proteins 
are necessary for surface expression and signaling by the T-cell receptor. 
The two polypeptides that form the T-cell receptor on most T cells are termed 
a and 8. A small subset of T cells has receptors formed by different polypep- 
tides termed y and 6. The polypeptides of the T-cell receptor have a diversity 
that is comparable to that estimated for immunoglobulin molecules. However, 
unlike immunoglobulins, the T-cell receptors recognize small fragments of 
antigen only if they are presented to them by defined major histocompatibility 
complex molecules on the plasma membrane of another cell, the antigen- 
presenting cell. The response of the T cell to antigen depends on the intensity 
of the signal generated by ligation of the T-cell receptor, and is modified by the 
simultaneous ligation of other accessory molecules. Interactions at the contact 
sites between T-cells and antigen-presenting cells are organized in the immu- 
nologic synapse. The outcome of T-cell antigen recognition can range from 
immune activation and T-cell proliferation to specific T-cell tolerance and/or 
programmed cell death. 


Acronyms and Abbreviations: AP-1, activation protein-1; APC, antigen-presenting 
cell; CTLA-4, cytotoxic T-lymphocyte antigen 4; ERK, extracellular receptor- 
activated kinase; FOXP3, forkhead box P3; ICAM, intercellular adhesion molecule; 
IFN-y, interferon-gamma; IL, interleukin; IPEX syndrome, immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked syndrome; ITAM, immunoreceptor 
tyrosine-based activation motif; ITIM, immunoreceptor tyrosine-based inhibitory 
motif; ile, induced regulatory T cell; JNK, c-Jun N-terminal kinase; LAT, linker of 
activation of T cells; LFA, lymphocyte function associated; MAP, mitogen-activated 
protein; MHC, major histocompatibility complex; NFAT, nuclear factor of activated 
T cell; PKC, protein kinase C; PLC-y,, phospholipase C-1 gamma; RORyt, retinoic acid- 
related orphan receptor y thymus isoform; SAPK, stress-activated protein kinase; 
SH2 domain, Src homology 2 domain; SH3 domain, Src homology 3 domain; STAT, 
signal transducer and activator of transcription; Ti cell, follicular helper T cell; TGF-6, 
transforming growth factor beta; Th17, CD4+ T-cell subset that produces cytokines 
of the interleukin-17 family; T,,,, CD4+CD25+ regulatory T cells; V-like, variable- 
region-like; VLA, very-late activation; ZAP-70, zeta-associated protein of 70 kDa. 


*This chapter was written by Thomas J. Kipps, M.D., Ph.D. in the 8th edition and 
portions of that chapter have been retained. 


@T-LYMPHOCYTE ANTIGEN RECEPTORS 


T-CELL RECEPTOR HETERODIMERS 


The structural basis of T-cell recognition of antigen has been known 
since the 1990s, when a plethora of studies demonstrated that the pro- 
teins of the T-cell antigen receptor are structurally related to immuno- 
globulin molecules.! The T-cell receptor is formed by a heterodimer, 
that is, two disulfide-bond-linked polypeptides that are expressed on the 
cell surface and are associated with a collection of coreceptor accessory 
and invariant CD3 proteins. In contrast to immunoglobulins, the T-cell 
receptor is not secreted and also remains membrane bound through- 
out the activation process. In the majority of T cells, the T-cell receptor 
heterodimer consists of an « and a f chain, but a small subset of T cells 
expresses a yô heterodimer. Following the rule of allelic exclusion, each 
individual T cell expresses a single a and a single £ chain (or a single 
y or 6 chain, respectively), and can either be a or yd. Each chain is com- 
posed of a variable region, consisting of a hydrophobic leader sequence 
of 18 to 29 amino acids and an aminoterminal domain of 102 to 119 
amino acids, and a constant region with a carboxyl-terminal region seg- 
ment of 87 to 113 amino acids. The variable region is responsible for 
the variation in the primary structure among different T-cell receptor 
polypeptides and represents the antigen-binding site, while the con- 
stant region is invariant among chains of the same class. Similar to other 
surface-membrane receptors, each chain is followed by a small connect- 
ing peptide, a transmembrane region of 20 to 24 amino acids, and a 
small cytoplasmic region of 5 to 12 residues at the carboxyl terminus 
anchoring the polypeptide in the cell membrane. The T-cell receptor 
chains fold into tertiary structures that are very similar to that of the 
light and heavy chains of the immunoglobulin molecule. Overall, the 
structural similarities between the T-cell receptor and immunoglobu- 
lins place the genes encoding these receptor proteins in the so-called 
immunoglobulin supergene family. 


aß Heterodimers 

More than 90 percent of mature T cells express an « heterodimer, mak- 
ing this the major class of T-cell receptor. Without glycan side chains, 
each « or f polypeptide has a respective size of only 27 kDa or 32 kDa. 
However, within minutes after being translated into protein, both 
chains are glycosylated and assembled into a heterodimer composed of 
a single acidic a glycoprotein of 39 to 46 kDa linked to a more basic 
40- to 44-kDa $-glycoprotein via a disulfide bond between the constant 
regions of the two chains (Fig. 76-1). 


y6 Heterodimers 

Less than 10 percent of blood T cells and thymocytes exclusively express 
a yd heterodimer. Within the yd T-cell population, specific yd T-cell 
subsets can be defined by their T-cell receptor gene element usage, and 
their functionally distinct responses to infections with certain organ- 
isms such as Listeria monocytogenes.’ Alternatively, yd T cells can be 
grouped according to their tissue location. In secondary lymphoid tis- 
sues, only 1 to 5 percent of the CD3-positive T cells express yd recep- 
tors. Murine studies demonstrate that many epithelial tissues, such as 
the epidermis, the intestine, the lung, and the uterus, are enriched for 
yd-expressing T cells, indicating that yô T cells are involved in the sur- 
veillance of body barriers.* 

The amino acid sequence of the y chain resembles the T-cell recep- 
tor p chain, whereas the amino acid sequence of the ô chain resembles 
the a chain. Like the homologous af heterodimer, the yd heterodimer is 
also associated with the CD3 complex and is capable of initiating T-cell 
activation upon binding of specific ligands. Despite the similarities 
in chain structure and size, however, the tertiary structure of variable 


B= ITAM 
"=. = Disulfide bond 


CD247 


regions of yd T-cell receptors has a closer resemblance to immunoglob- 
ulin variable regions than to the variable regions of af T-cell receptors. 


T-CELL RECEPTOR HETERODIMER GENE 
REARRANGEMENT 


Similar to immunoglobulin genes, each chain of the T-cell receptors 
is encoded by distinct genetic elements that rearrange during devel- 
opment generating a diverse T-cell repertoire (Fig. 76-2).* Located at 
band q35 on the long arm of chromosome 7, the B-chain complex has 
two closely linked genes, each capable of encoding the 6-chain constant 
region. Each constant region gene is associated with a cluster of func- 
tional JB-gene segments and a single DB segment. The functional gene 
encoding the variable region of the f chain is constructed from the rear- 
rangement of any of approximately 50 variable region gene segments to 
either one of the two Df regions and one of 13 Jf regions. 

The a-chain complex is located at band q11.2 on the long arm of 
chromosome 14 and thus is linked to the immunoglobulin heavy-chain 
complex. The a-chain gene complex consists of one constant region 
gene and at least 50 different variable region gene segments. The func- 
tional gene encoding the a-chain variable region is derived from the 
juxtaposition of any one of the variable region gene segments with one 
of the many Ja segments through rearrangement that generally involves 
the deletion of the intervening DNA. 
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Figure 76-1. Schematic of the T-cell receptor (TCR) 
complex. The TCR is composed of the aß heterodimer, 
assembled by an a and a B chain, each of which consists 
of a variable (V) and a constant (C) domain. Both chains 
form loops and structurally resemble immunoglobulins. 
The TCR is accompanied by the invariant CD3 molecule, 
consisting of CD3e, CD36, CD3y, and CD3. For clarity, 
CD3e/CD36 and CD3y/CD3¢e are depicted separately. 
An additional component of the CD3 molecule is the 
Ç chain (CD247) homodimer, which associates with the 
aand B chain upon stimulation. The dotted lines represent 
intrachain or interchain disulfide bridges, as indicated 
in the legend in the lower left-hand corner. The plasma 
membrane spanned by each of these chains is indicated. 
The boxes indicate the immunoreceptor tyrosine-based 
activation motifs (ITAMs) in the cytoplasmic domains of 
the CD3 polypeptides and the ¢ chain. 


The organization of the y and 6 genes is similar to that of the 
a and f genes, but some significant differences exist. First, the gene 
complex encoding the ô genes is located entirely within the a-chain 
gene complex between the Va and Ja gene segments. Consequently, 
any rearrangement of the a-chain genes inactivates the genes encod- 
ing the 6 chain. Second, there are fewer V gene segments in the y and 
ô gene complexes than at either the T-cell receptor a or f} gene loci. The 
y-gene complex on band p15 on the short arm of chromosome 7, for 
example, has only approximately 12 Vy gene segments, two virtually 
identical Jy segments, and two constant region gene segments. More- 
over, there are only approximately four Vô gene segments, three Dd 
gene segments, three Jd gene segments, and a single constant region 
gene in the 6 gene complex. Consequently, most of the variability in 
the y and 6 chains is found in the junctional region formed during 
the process of yd T-cell receptor gene rearrangement. The amino acids 
encoded by this region form the center of the T-cell receptor-binding 
site. 

The identification of TCR gene rearrangements is also widely used 
for diagnostic and therapeutic purposes: In suspected lymphoprolifer- 
ative disorders, PCR-based clonality testing has been standardized and 
guidelines and consensus reporting systems have been established.* 
Moreover, the molecular analysis for clonal T-cell receptor gene rear- 
rangements can be used to detect minimal residual disease in patients 
treated for clonal T-cell disorders, such as T-cell acute lymphoblastic 


Figure 76-2. Schematic of possible rear- 
rangements of the T-cell receptor (TCR)- 
B-chain genes. The TCR-6-chain genes in the 
germline DNA configuration are depicted in 
the middle. Possible recombination of either 
the first constant region (C, above) or the 
second constant region (C,, below) with the 
variable region (V), diversity (D), or joining (J) 
segments are indicated by the lines. 
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leukemia (T-ALL), and guide clinical decision making and provide 
prognostic information.” 


ANTIGEN PRESENTATION TO T-CELL RECEPTOR 
HETERODIMERS 


Despite their similarities in structure, there are important differences in 
the way that T-cell receptors and immunoglobulins recognize antigen: 
immunoglobulins can bind antigens directly, while T-cell receptors gen- 
erally require that peptide antigens are bound to a molecule of the major 
histocompatibility complex (MHC) on the surface of another cell.*° 
MHC molecules, also known as histocompatibility antigens, are highly 
polymorphic glycoproteins, and have immunoglobulin-like structures 
themselves. There are two basic classes of MHC molecules: Class I MHC 
molecules generally bind and present intracellular proteins, that is, pep- 
tides that are derived from proteins synthesized and degraded in the 
cytoplasm of the cell. Class II MHC molecules generally bind peptides 
that are derived from exogenous proteins and degraded in intracellular 
vesicles. The human histocompatibility antigens HLA-A, HLA-B, and 
HLA-C are class I molecules, whereas HLA-D antigens DP, DQ, and DR 
are examples of class II molecules. 

MHC class I molecules bind peptides that are usually 8 to 10 amino 
acids long. Their binding is stabilized by contacts in the free amino and 
carboxyl termini of the peptide and the peptide-binding groove of all 
MHC class I molecules. In addition, the peptide-binding groove is 
closed at both ends. The corresponding binding groove on class II mol- 
ecules is open at either end, and peptides that bind to MHC class II 
molecules are generally at least 13 amino acids long. For both class I and 
class II molecules, the peptide binding groove is located in the central 
cleft between the two « helices of the MHC molecule. Steric factors, 
hydrogen bonding, and hydrophobic interactions between the peptide 
and the MHC molecule stabilize the peptide within this cleft and gener- 
ate a tertiary structure that is further modified by amino acid residues 
of both the MHC and the peptide antigen. 

MHC molecules are encoded by a family of MHC genes, which are 
located on chromosome 6 in humans (Chap. 137). MHC genes can be 
divided into three subgroups, with antigen presentation being encoded 
by class I (i.e., HLA-A, -B, -C) and class II (ie, HLA-DP, DQ, DR) genes. 
Each of these gene loci exists in different alleles, and both maternal and 
paternal alleles are expressed concomitantly. The particular combina- 
tion of class I and class II MHC alleles found on an individual chro- 
mosome is known as the MHC haplotype. Therefore, the number of 
different MHC molecules is greatly increased not only by MHC gene 
polymorphism, but also by codominant expression of MHC gene prod- 
ucts. The resulting differences within MHC molecules are primarily 
found in the amino acids lining the clefts that hold the peptide antigen, 
allowing the MHC molecules encoded by each allele to bind a distinc- 
tive array of different peptides. 

Structural studies show that the T-cell receptor can recognize both 
the MHC-bound peptide and the polymorphic amino acid residues 
themselves that surround the peptide-binding pocket." The specificity 
of a T-cell receptor (TCR) is defined both by the peptide it recognizes 
and by the MHC molecule binding it, and TCRs are therefore likely to 
engage a composite peptide/MHC receptor.''” Additional TCR-MHC 
binding parameters, such as ligands per cell or dissociation time defined 
by the affinity of antigen, also have an effect on subsequent T-cell activa- 
tion, but their exact relationship remains largely controversial.” 

Some T cells, however, do not recognize MHC-bound peptides. 
Instead they recognize antigens that are presented by MHC class I-like 
molecules encoded by genes that map outside the MHC region. One 
such family of molecules is called CD1. Despite structural similarities 


with MHC class I molecules, CD1 molecules present larger extracel- 
lular peptides in a MHC class II-like fashion, and are also able to pres- 
ent glycolipids to T cells. Glycolipids are components of mycobacterial 
membranes; in cells infected with mycobacteria, the CD1 molecules 
are therefore able to bind and present membrane components such as 
lipoarabinomannan or mycolic acid. T cells that recognize these com- 
plexes play an important role in the immune response to Mycobacterium 
tuberculosis." 

As discussed above, structural studies show that yd TCRs assume 
a different tertiary structure than «f TCRs. As a consequence, yd TCRs 
are able to recognize a wider variety of ligands, such as bacterial phos- 
phoantigens, nonclassical MHC-I molecules and unprocessed proteins, 
which distinguishes them from the great majority of af T cells.'* Other 
y6 receptors can recognize determinants presented by CD1 molecules.” 
A number of studies have described increased numbers of yô T cells in 
a variety of infectious and autoimmune diseases. Therefore, it is specu- 
lated that yô T cells link innate and adaptive immune responses under 
infectious and inflammatory conditions. In addition, it is hypothesized 
that yd T cells might play a role in novel T-cell-based immunotherapy 
strategies.'*" 


GENERATION OF T-CELL RECEPTOR DIVERSITY 


TCR diversity is achieved by several mechanisms, some of which are 
the same as those that generate diversity among immunoglobulin mol- 
ecules (Chap. 75). The joining of different V (variable), D (diversity), 
and J (joining) elements to produce a complete V gene, the presence 
of uncorrected errors made during the recombination of these genetic 
elements, and the combinatorial diversity afforded by the random pair- 
ing of two chains encoded by separated gene complexes all function 
to enhance the diversity of the T-cell antigen receptor repertoire. An 
important difference between T cells and B cells, however, is that B cells 
are capable of undergoing somatic hypermutation (Chap. 75). This pro- 
cess requires expression of activation-induced deaminase (AID) along 
with other enzymes expressed primarily by B cells within the germinal 
center of secondary lymphoid tissue during the immune response to 
antigen (Chaps. 6 and 75). 

TCRs do not undergo somatic mutation, probably because of the 
central role they play in directing host immune defenses: During dif- 
ferentiation, immature af T-cell precursors pass through the thymus, 
where they are educated to distinguish self from non-self by cell-surface 
proteins of the MHC (Chaps. 6 and 74). Because the ligand for the af 
TCR is processed antigen presented by MHC molecules, close interac- 
tion with the MHC might be lost if the variable region of the TCR were 
allowed to diverge significantly from the inherited germline repertoire. 
Furthermore, somatic mutation of expressed TCR variable region genes 
may lead to constitutive T-cell activation to processed self-antigen pre- 
sented by self-MHC molecules, which could lead to a breakdown in tol- 
erance to self-antigens and autoimmunity. 


@THE INVARIANT CHAINS OF THE T-CELL 
RECEPTOR COMPLEX 


COMPOSITION OF THE T-CELL RECEPTOR 


COMPLEX 


The CD3 complex of polypeptides and CD247, also known as the zeta 
chain (¢ chain) of the TCR, are closely associated with and required 
for the surface expression of the polypeptide heterodimer.” Unlike the 
TCR heterodimers, these polypeptides are invariant and are found on 


all T cells that express «f or yô heterodimers. The CD3 polypeptides are 
designated CD3y, CD36, and CD3e. The CD3¢ chain couples with either 
the CD3y or the CD36 chain to generate heterodimers that each form a 
tight association with the af (or yd) receptor heterodimer on the T-cell 
surface (see Fig. 76-1). Each CD3 polypeptide has a negatively charged 
amino acid in the central portion of the hydrophobic transmembrane 
region that stabilizes the CD3 complex with the two chains of the TCR. 
The ¢ chain (CD247), on the other hand, forms a disulfide-like homodi- 
mer that primarily associates with the two TCR chains and only weakly 
associates with the CD3 complex. As such, it cannot be coimmunopre- 
cipitated easily with antibodies to the CD3 polypeptides. In addition, 
the ¢ chain lacks a significant extracellular domain (see Fig. 76-1). 


MOLECULAR FEATURES OF THE T-CELL 


RECEPTOR COMPLEX 


The genes encoding CD3y, CD36, or CD3e chains are clustered on the 
long arm of chromosome 11 in band q23. CD3y has a 16-kDa polypep- 
tide backbone that is heavily glycosylated to assume a final molecular 
mass of 25 to 28 kDa. CD36 and CD3e are each 20 kDa in molecular 
mass. The CD36 is a glycoprotein consisting of 30 percent carbohy- 
drate. In contrast, CD3¢ is not glycosylated. CD36 and CD3y are highly 
homologous at both the protein and nucleic acid sequence level. The 
nucleic acid sequence of each predicts CD36 and CD3y to have typical 
signal peptides, respective hydrophilic extracellular domains of 79 to 
89 amino acids, hydrophobic transmembrane regions of 27 amino acids, 
and hydrophilic intracellular domains of 44 to 55 amino acids. CD3e 
is similar, with a 22-residue signal peptide, an extracellular domain of 
104 amino acids, a transmembrane domain, and a comparatively long 
intracellular domain of 81 amino acids. Each CD3 polypeptide has one 
immunoglobulin-like domain in its extracellular domain that is defined 
by an intrachain disulfide bond (see Fig. 76-1), indicating that these 
polypeptides are members of the immunoglobulin superfamily. How- 
ever, unlike the af or yô chains of the TCR, there is no variability in the 
extracellular domains of the CD3 proteins, indicating that these mole- 
cules do not contribute to the specificity of antigen recognition. 

The ¢ chain has no sequence or structural homology to the other 
three CD3 chains. It is a nonglycosylated protein of 16-kDa molecular 
mass that is encoded by a gene found on chromosome 1. The ¢ chain has 
only a very short extracellular domain of 6 to 9 amino acids, a trans- 
membrane domain of 21 amino acids, and a long intracellular domain 
of 113 amino acids. 

The cytoplasmic domains of all the CD3 polypeptides and the ¢ 
chain each contain sequences termed immunoreceptor tyrosine-based 
activation motifs (ITAMs). Each ITAM contains two copies of the 
sequence tyrosine-X-X-leucine separated by six to eight amino acid res- 
idues, in which X represents an unspecified amino acid. The cytoplas- 
mic domains of each CD3 polypeptide contain one ITAM, whereas each 
¢ chain contains three ITAMs (see Fig. 76-1). These sequences allow 
the CD3 proteins to associate with cytosolic protein tyrosine kinases 
following TCR ligation, thus transducing a signal to the interior of the 
T cell. The cytoplasmic domains of CD3e and CD3¢ are particularly 
important in this regard. 


SIGNAL TRANSDUCTION VIA THE T-CELL 
RECEPTOR COMPLEX 


Although the major components of the TCR signaling machinery have 
been identified and mapped, key components continue to be discov- 
ered, adding to the complex network of TCR signal transduction. Sig- 
nal transduction from the TCR heterodimer to intracellular proteins 
is mediated by the CD3 polypeptides and the ¢ chain. Their spatial 
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organization and the mechanisms by which this is regulated are, however, 
still poorly understood.” Upon binding to a specific ligand, the TCR af 
(or yd) heterodimer undergoes steric changes that result in the phos- 
phorylation of the ITAMs of the ¢ chain and each of the CD3 polypep- 
tides (see Fig. 76-1). When tyrosine residues in the ITAMs become 
phosphorylated, they can act as docking sites for adapter proteins or 
tyrosine kinases, such as the zeta-associated protein of 70 kDa (ZAP- 
70), which possesses a Src homology 2 (SH2) domain and a Src homol- 
ogy 3 (SH3) domain. Following ligation of the TCR, Src family protein 
tyrosine kinases (e.g., Lck) are recruited and become activated. This 
differentially phosphorylates the ITAMs of the accessory molecules in 
the TCR complex.” ZAP-70 is recruited to the phosphorylated ITAMs 
of the ¢ chain via its SH2 and SH3 domains, and subsequently becomes 
activated. Activated ZAP-70 phosphorylates tyrosine residues in the 
intracytoplasmic segments of surface CD6 and membrane-anchored 
adapter protein called linker of activation of T cells (LAT), both of 
which constitute a device for the amplification and diversification of 
signals that are responsible for most of the responses that result from 
engagement of the TCR.” 

The network of proteins that interact with the LAT signalosome 
includes SLP-76, phospholipase Cy, (PLC-y,) and GRAP2. Activated 
PLC-y, mediates hydrolysis of phosphatidylinositol-(4,5)-bisphosphate 
at the cell membrane, which generates the second messengers inosi- 
tol-(1,4,5)-trisphosphate and polyunsaturated diacyglycerols, leading to 
a rapid increase in cytosolic free calcium and activation of the @ isoform 
of protein kinase C (PKC). Cytosolic free calcium binds to calmodulin, 
an ubiquitous calcium-dependent regulatory protein. The calcium- 
calmodulin complex activates the cytoplasmic phosphatase calcineurin, 
which, in turn, catalyzes the removal of an inhibitory phosphate group 
on the nuclear factor of activated T cells (NFATs) that retains NFAT 
proteins in the cytoplasm. Removal of the phosphates from NFAT1 and 
NFAT2 by activated calcineurin allows these transcription factors to 
translocate into the nucleus, where they enhance transcription of sev- 
eral activation-induced genes, including those encoding interleukin 
(IL)-2, IL-4, and tumor necrosis factor.” The importance of this path- 
way in T-cell activation is underscored by the strong immunosuppres- 
sive activity of calcineurin inhibitors such as cyclosporine and FK506, 
which are commonly administered in the clinic to treat autoimmune 
diseases and to prevent graft rejection. 

In parallel, diacylglycerol in the plasma membrane recruits Ras- 
GRP1, a guanine nucleotide-exchange factor (GEF), which acts on Ras 
to activate extracellular receptor-activated kinase 1 and 2 (ERK1/2). 
Activated ERK phosphorylates Elk, which, in turn, stimulates transcrip- 
tion of Fos, a component of the activation protein-1 (AP-1) factor that 
is a necessary component of the transcription-factor complex required 
for expression of IL-2 and other critical T-cell proteins. LAT-bound 
SLP-76 also interacts with Nck and with Vavl to promote reorgani- 
zation of the actin cytoskeleton, and with FYB to increase the bind- 
ing of the integrin CD58 (LFA-1) to its ligand intercellular adhesion 
molecule (ICAM)-1. DYN2, a member of the dynamin superfamily of 
large guanosine triphosphatases (GTPases), is also recruited by phos- 
phorylated LAT molecules and participates in the generation of fila- 
mentous actin. Dedicator of cytokinesis 2 (DOCK2), another GEF, also 
activates GTPases of the Rac family, which, in turn, activate another 
mitogen-activated protein (MAP) kinase called p38, and initiate a par- 
allel enzymatic cascade resulting in the activation of yet another MAP 
kinase called c-Jun N-terminal kinase (JNK), otherwise known as 
stress-activated protein kinase (SAPK). Activated JNK phosphorylates 
c-Jun, the second component of the AP-1 transcription factor required 
for IL-2 transcription. The guanosine triphosphate (GTP)-bound form 
of Rac also induces cytoskeletal reorganization, thereby facilitating 
the clustering of the TCR complex, accessory molecules, and other 
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accessory proteins at the site of contact between the T cell and the 
antigen-presenting cell (APC). 


@CD4 AND CD8 
STRUCTURE OF CD4 AND CD8 


CD4 and CD8 are glycoproteins that share structural features of other 
immunoglobulin superfamily receptor molecules. CD8 has two iso- 
forms with different expression patterns and presumably different func- 
tions, and is expressed as a CD8a/CD8§ heterodimer or as a CD8a/ 
CD8a homodimer.” These chains are encoded by genes that are linked 
closely to the immunoglobulin « light-chain locus at band p12 on the 
short arm of chromosome 2. The protein sequence of the aminotermi- 
nal domains of each CD8 chain shares greater than 28 percent homol- 
ogy with « light-chain variable regions. Therefore, these domains are 
called the variable-region-like (V-like) domains. Following this V-like 
domain, the CD8 molecule has a short region rich in prolines, threon- 
ines, and serines that resembles the immunoglobulin hinge region. This 
region also contains sites for O-linked glycosylation. A hydrophobic 
transmembrane region anchors the hinge-like region. The CD8 mole- 
cule has a 25-amino-acid cytoplasmic tail consisting of highly basic res- 
idues. Two cysteines within the V-like domain form a disulfide bridge 
that stabilizes the immunoglobulin-like fold. An additional cysteine 
residue is located each within the V-like domain, the hinge region, the 
transmembrane segment, and the cytoplasmic domain. These cysteines 
form intermolecular disulfide bridges between two CD8 molecules, 
thereby stabilizing the CD8a/CD8f heterodimers or CD8a/CD8a 
homodimers on the T-cell surface. The cell surface CD8 heterodimer 
shares structural geometry with the heterodimers formed by the pairing 
of immunoglobulin light and heavy chains. 

CD4, on the other hand, is expressed as a monomer on the sur- 
face of a subset of peripheral T cells, mononuclear phagocytes and some 
blood-derived dendritic cells. It is a 55-kDa monomeric glycoprotein 
that is encoded by a gene that maps to the short arm of chromosome 12. 
It consists of 5 external domains, a stretch of hydrophobic transmem- 
brane residues, and a highly basic cytoplasmic tail of 38 residues. 
Similar to CD8, the aminoterminal domain of CD4 also has extensive 
homology to immunoglobulin light-chain variable regions. However, 
following this immunoglobulin-like domain is a domain of 270 amino 
acids that bears little resemblance to other proteins of the immunoglob- 
ulin superfamily. 

The cytoplasmic regions of CD4 and CD8 are conserved among 
vertebrates, suggesting that they are essential for the function of these 
molecules. The cytoplasmic region of CD4 contains five serines and 
threonines, one or more of which is phosphorylated by PKC upon acti- 
vation of T cells by phorbol esters or exposure to antigen. Subsequent 
to phosphorylation, the CD4 glycoprotein is internalized concomitant 
with T-cell activation. Similarly, the CD8 protein also possesses a highly 
charged and conserved cytoplasmic domain that may be involved in 
transmembrane signal transduction. 


FUNCTION OF CD4 AND CD8 


In addition to MHC antigen presentation, TCRs generally require 
activation via CD4 and CD8 as coreceptors. Imaging studies and affin- 
ity measurements have demonstrated that CD4 and CD8 molecules 
associate on the plasma membrane with components of the TCR and 
contribute to antigen recognition and stabilization of TCR-MHC 
interactions.** The adhesion between the CD3/TCR complex and the 
MHC glycoproteins expressed by an APC or target cell is more than 
100-fold enhanced by CD8 or CD4, probably by focusing MHC mol- 
ecules of the APC or target cell onto the T-cell surface, allowing for 


specific recognition of “processed” antigen that is cradled within the 
MHC glycoproteins. However, CD4 and CD8 differ in their expres- 
sion patterns (see section “Helper and Cytotoxic T Cells and CD4+ T 
Cell Subsets” below) and MHC-binding specificities: CD8 binds to the 
nonpolymorphic a, domain of the HLA class I molecule (HLA-A, -B, 
or -C), whereas CD4 binds to the nonpolymorphic f, domain of 
HLA class II molecules (HLA-DP, -DQ, and -DR).”’ Therefore, T cells 
expressing CD4 or CD8 generally recognize antigens presented by class 
II or class I MHC glycoproteins, respectively. This selectivity is under- 
scored by studies on knockout mice that lack expression of either of 
these accessory molecules. Mice lacking CD4 or CD8 fail to develop 
class II-restricted or class I-restricted T cells, respectively, indicating 
that these coreceptors play essential roles in the maturation of T cells in 
the thymus. A similar defect is observed in patients with the bare lym- 
phocyte syndrome who have a congenital immune deficiency caused 
by genetic defects in their capacity to make MHC class II molecules.”* 
Although patients have normal numbers of B cells and T cells, they have 
markedly reduced numbers of CD4+ T cells, thus accounting in part for 
their profound immune deficiency. 

In addition to serving as coreceptors, CD4 or CD8 molecules 
enhance antigen responsiveness by transducing a signal either directly 
or in concert with the CD3/TCR complex. This is mediated through 
their interaction with the SRC family tyrosine kinase Leck.” Lck is non- 
covalently associated with the cytoplasmic tails of CD4 and/or CD8. 
When a T cell recognizes a peptide presented by an appropriate MHC 
antigen, the interaction of CD4 or CD8 with the MHC molecule brings 
Lck close to the TCR complex. Lck then phosphorylates the tyrosine 
residues in the ITAMs of CD3 polypeptides and the ¢ chain, thereby 
initiating the receptor signaling required for T-cell activation. 

Finally, CD4 also is a cellular coreceptor for HIV.” Binding of CD4 
along with chemokine receptors such as CCR5 or CXCR4 facilitates 
entry of the virus into host T cells and stimulates them in an antigen- 
driven immune response.” Targeting HIV entry/fusion by specific 
monoclonal antibodies and/or inhibitors is, therefore, an important 
therapeutic approach in HIV.» Additionally, CD4 is also of prognos- 
tic relevance, as disease progression correlates with depletion of blood 
T cells that express CD4 (Chap. 81). 


@T-CELL SUBSETS 
PRECURSOR THYMOCYTES 


T lymphocytes develop in the marrow from a common lymphoid 
progenitor that also gives rise to B lymphocytes. While B-lymphocyte 
precursors remain in the marrow, T-cell precursors migrate to the thy- 
mus, where they undergo distinct maturation steps and immunologic 
education. This is accompanied by characteristic TCR gene and sur- 
face expression changes of the CD3 complex, CD4, and CD8. At the 
early stage, thymocytes are double-negative and express neither CD4 
nor CD68. This is a highly heterogeneous population, which includes yd 
T cells, wf T cells that also express the NK1.1 receptor commonly found 
on natural killer (NK) cells, and immature thymocytes that do not yet 
express a complete TCR molecule, but are thought to be precursors to 
the a lineage. The latter start to express CD8 and CD4 and enter the 
double-positive stage, where they undergo positive/negative selection 
events and CD4/CD8 cell fate choice. This results in the generation of 
mature thymocytes and peripheral T cells that express either CD4 or 
CD8, but not both (Chap. 74). 


HELPER AND CYTOTOXIC T CELLS 


The mutually exclusive expression of CD4 or CD8 on mature T cells 
defines two major blood T-cell subsets: blood T cells that express CD8 


normally constitute 25 to 35 percent of the peripheral T-cell popula- 
tion. They recognize antigens presented by MHC class I molecules and 
differentiate into cytotoxic CD8 T cells. Their main function is lysis of 
the target cell bearing the surface antigens for which a cytotoxic T cell 
is specific. Within this subset, there are a range of phenotypes defined 
both by function and expression of markers with an immunoregula- 
tory function. Blood T cells that solely express the CD4 surface antigen 
are designated helper T cells. They normally comprise approximately 
65 percent of blood T cells. Generally, their function is the production 
of lymphokines upon activation by foreign antigens presented by MHC 
class II molecules, regulating and/or assisting in the active immune 
response. Helper T cells can differentiate into several subtypes, each 
secreting different cytokines to facilitate a different type of immune 
response. 


CD4+ T-CELL SUBSETS 
Th1 and Th2 Cells 


Based on distinct cytokine patterns upon activation, mature CD4+ 
T cells may be divided into subsets-the first of which identified were 
named T-helper type 1 (Th1) and T-helper type 2 (Th2).* In general, Th1 
cells are a major source of interferon-y (IFN-y), and also the major T-cell 
population involved in activating macrophages and clearing intracellu- 
lar pathogens. Th2 cells are a major source of IL-4 and are important 
for the generation of immunoglobulin (Ig) E, the production of eosin- 
ophils, and the immune defense against infections by parasites. Both 
subsets are produced from a noncommitted population of precursor 
T cells. The process by which commitment develops is called 
polarization. 

In addition to IFN-y, Th1 cells produce lymphotoxin £, IL-2, and 
IL-12, whereas Th2 cells also produce IL-5, IL-13, and IL-25. Human 
Th1 and Th? cells can also differ in the array of surface antigens or cytok- 
ine receptors they express. Th1 cells preferentially express CD26, mem- 
brane IFN-y, the chemokine receptors CCR1 (CD191), CCR2 (CD192), 
CCR5 (CD195), CXCR3 (CD183), and CXCR6 (CD 186), and the recep- 
tor for IL-12 (IL-12R or CD212). Higher levels of the lymphocyte acti- 
vation gene 3 (LAG-3 or CD223), a ligand for MHC class II antigens 
that is structurally related to CD4, have also been described. Th2 cells 
preferentially express CD62L, the æ chain of the IL-4 receptor (IL-4Ra), 
the a chain of the IL-33 receptor (IL-33Ra), CD30, and the chemokine 
receptors CCR3 (CD193), CCR4 (CD194), CCR8 (CDw198), and, to 
some extent, CKCR4 (CD184).***’ Distinctive expression levels of these 
cytokine and chemokine receptors, along with distinctive binding activ- 
ities for various endothelial selectins, most likely account for the differ- 
ences in the response to cytokines and tissue-specific migration of these 
helper T-cell subsets. 

The cytokines produced by each subset also stimulate polariza- 
tion of additional T cells to the same subset, while inhibiting the polar- 
ization of the other subset. In naive CD4+ T cells, the Th1 cytokine 
IFN-y induces or activates the signal transducer and activator of tran- 
scription (STAT) 1, STAT4, and the T-box transcription factor T-BET, 
while simultaneously modulating IL-2 and Th2 cytokines, resulting 
in an attenuation of Th2 cell development (Fig. 76-3).** Several other 
studies demonstrate that T-BET also physically interacts with other 
transcription factors important for alternative T helper cell develop- 
mental decisions to functionally repress the opposing subtype specific 
gene expression programs and promote Th1 development.” Similarly, 
IL-4 activates or enhances the expression STAT5, STAT6, and GATA3, 
transcription factors that play important roles in Th2 cell development 
(Fig. 76-3). Another Th2 cytokine, IL-10, inhibits Th1 cell activation, 
thereby limiting the production of Thl-type cytokines. Because of these 
self-amplifying and mutually excluding feedback loops, an immune 
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response becomes increasingly polarized once it develops along a Th1 
or Th2 pathway, particularly upon protracted stimulation by chronic 
infection or prolonged exposure to environmental antigens. Other fac- 
tors that drive polarization are chemokines (explaining the differential 
expression of chemokine receptors on Th1/Th2 cells), eicosanoids, oxy- 
gen free radicals, various inflammatory mediators, and direct cell-to- 
cell interaction with APCs. 

Functionally, Th1 cells predominantly drive cellular immunity to 
fight viruses and other intracellular pathogens, eliminate cancerous 
cells, and stimulate delayed-type hypersensitivity (DTH) skin reac- 
tions. This is mostly achieved by stimulating macrophage Fc receptor 
expression, phagocytosis, and antigen presentation, enhancing the 
capacity of macrophages to kill intracellular pathogens. Th2 cells drive 
humoral immunity and upregulate antibody production to fight extra- 
cellular organisms. They initiate the antibody response to antigen by 
activating naive antigen-specific B cells to produce IgM antibodies, 
subsequently stimulate the production of switched immunoglobulin 
isotypes, including IgA, IgE, and neutralize and/or weakly opsonize 
subtypes of IgG (Chap. 75), probably via IL-4 as a B-cell stimulatory/ 
growth factor. In addition to stimulating the production of IgE antibod- 
ies, the cytokines made by Th2 cells induce differentiation of mast cells 
and eosinophils. 

Several studies have indicated that Th2 polarization and accu- 
mulation at inflammatory sites is likely to trigger the hypersensitiv- 
ity reaction in allergic diseases.“ On the other hand, these responses 
are protective against metazoan parasite infections such as helminths: 
Th2 responses are host protective while extracellular parasites migrate 
through the body, and reduce the number of parasites either through 
direct killing in the tissues or expulsion from the intestines.” Other 
studies demonstrate that eosinophilia and elevated IgE that accompany 
infection with Schistosoma mansoni are caused by the induction of 
Th2-type cells in the immune response to parasite ova.“ The Th2 polar- 
ization in these diseases/conditions is most likely a result of minimal 
IL-4 secretion during initial activation. If an antigen is present at high 
concentrations but does not trigger acute inflammation and attendant 
production of IL-12, the local concentration of IL-4 increases over time 
and induces a Th2 polarization of cells. On the other hand, pathogens 
that induce acute inflammation and/or engage toll-like receptors on 
accessory cells and macrophages can promote production of IFN-y and 
IL-12, thereby stimulating development of the immune response along 
the Th1 pathway.** Immune responses restricted to Th1 cells, for exam- 
ple, are observed in patients with leprosy who have developed cellular 
immunity to Mycobacterium leprae“ or M. tuberculosis, in patients 
with Yersinia enterocolitica or arthritis triggered by infection with 
Borrelia burgdorferi.” 

However, it is probably overly simplistic to view the Th1 pathway 
as being the more aggressive of the two, generating acute organ- 
specific autoimmune diseases and inflammations, while the Th2 path- 
way predisposes to atopic diseases and systemic autoimmune disease. 
For example, Helicobacter pylori-associated peptic ulcer can be regarded 
as a Thl-driven immunopathologic response to some H. pylori antigens, 
while deregulated and exhaustive H. pylori-induced T-cell-dependent 
B-cell activation can support the onset of low-grade B-cell lymphoma. 
In addition, many chronic inflammatory and autoimmune conditions 
such as rheumatoid arthritis (RA), type 1 diabetes, and multiple scle- 
rosis (MS) are mixed Th1/Th2 conditions, and a clear Th1/Th2 bias has 
also not been identified yet for many types of cancer.™ 


CD4+CD25+ Regulatory T Cells 

Another type of CD4 cells that suppresses rather than provides helper 
activity are regulatory T (T po) cells. T pgg, possess potent suppressive 
capacity and can exert diverse suppressive mechanisms allowing them 
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Figure 76-3. Differentiation of CD4+ T-cell subsets. During the course of the immune response, a naive CD4+ T cell (top of figure) can differentiate 
into any one of several distinctive CD4+ T cells, as indicated beneath each differentiated cell type. Beneath the name of each T-cell subset is listed 
or (if known) that is critical for the differentiation and maintenance of the subset. Interleukin (IL)-4 is critical for development of 
T-helper (Th)-2 cells (green), which triggers activation and/or induction of signal transducer and activator of transcription (STAT)5, STAT6, and GATA3, 
he other hand, interferon-y (IFN-y) and IL-12 pattern the development of Th1 cells 
(light red) through the activation and/or induction of transcription factors STAT1, STAT4, and T-BET. IL-6 along with transforming growth factor beta 
factors STAT3 and RORyt (retinoic acid-related orphan receptor y thymus isoform) 
which programs differentiation into Th17 cells, whereas TGF-B, retinoic acid (RA), and IL-2 induces these cells to express the transcription factors for 
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to influence a very broad range of cell populations in a variety of ana- 
tomical locations and disease scenarios, both by direct cell-cell con- 
tact and the secretion of cytokines.” The cardinal phenotypic features 
of CD4* T,,,,, cells include their constitutive expression of the tran- 
scription factor forkhead box P3 (FOXP3), their cell surface expres- 
sion of CD25 (the low-affinity receptor for IL-2 and their cell surface 
and cytoplasmic expression of the coinhibitory receptor cytotoxic 
T-lymphocyte antigen 4 (CTLA-4 or CD152).”° 

FOXP3 is an essential transcription factor required to manifest 
the T.,.., cell phenotype,”! but it does not function alone and requires 
the expression of additional transcription factors to define the T rg 
cell phenotype and to establish its characteristic transcriptional pro- 
gramme.” Patients with the immune dysregulation, polyendocrinopathy, 
enteropathy, X-linked syndrome (IPEX syndrome) are found to have 
germline mutations in the gene encoding FOXP3, which maps to the 
long arm of the X chromosome at Xp11.23 (Chap. 80). T po devel- 
opmental deficiency or dysfunction is a hallmark of IPEX, leading to 
severe, multiorgan, autoimmune phenomena. Patients typically have 
autoimmune skin conditions, such as bullous pemphigoid or alopecia 
universalis, and autoimmune endocrinopathies similar to those seen in 
patients with the autoimmune polyendocrine candidiasis ectodermal dys- 
trophy syndrome (APECED syndrome), which is associated with genetic 
defects in the autoimmune regulator (AIRE) gene responsible for the 
generation of T-cell tolerance in the thymus (Chaps. 6 and 80).* The 
IPEX syndrome demonstrates the importance of T,,,, cells in main- 
taining tolerance to self-antigens and in preventing runaway immune 
responses to environmental antigens that might evolve into cross-reac- 
tive autoimmunity. 


Additional key factors and signals required for T ppg cell develop- 
ment and survival include IL-2, transforming growth factor- (TGFA) 
and co-stimulatory molecules.* It is also becoming clear that unique 
epigenetic changes that are partly induced by TCR signalling are typical 
of the T po cell lineage, and that they can be used to differentiate T pg 
subpopulations such as thymus-derived T pec (tT',,,,) cells and periph- 
erally derived T po (PT y,,) cells.°”°* These terms have replaced “natu- 
ral FOXP3+ T xo cells” and “induced or adaptive T.,,,, cells” to more 
accurately describe the anatomical location of their differentiation. 
tT peg cells differentiate from CD4+CD8- T cells that have undergone 
positive and negative selection to self-antigens presented in the thymus 
(Chap. 6) and are thought to play a role in maintaining tolerance to 
self-antigens. pT,,,,, cells, on the other hand, differentiate upon antigen 
encounter under certain conditions and during normal homeostasis of 
the gut.” As such, pT pa, are thought to play an important role in the 
development and maintenance of mucosal immune tolerance and in 
the control of severe chronic allergic inflammation and “altered” self- 
antigens of inflamed tissues or neoplastic cells. They are also required 
to minimize tissue damage in inflammatory settings such as viral 
infection” or mediate tolerance to allografts.” tT,,,,, and pT), cells 
have subtle differences in the methylation status of conserved noncod- 
ing sequence 2 (CNS2; also known as the T,,,, cell-specific demethy- 
lated region [TSDR]) in the FOXP3 locus, potentially influencing the 
stability of the cells under inflammatory or pathogenic conditions.” 

Taro cells can specifically suppress immune responses via contact- 
dependent and cytokine-mediated mechanisms.* Upon activation 
through their TCR, T,.,. can (1) produce antiinflammatory cytok- 
ines (e.g., IL-10, TGF-£, or IL-35), (2) reduce the availability of IL-2 


via absorption by the CD25 receptor, (3) lyse other immune effector 
cells via granzyme secretion or CD95-CD95L-mediated cell killing, 
(4) modulate the activation state and/or function of APCs and other 
immune effector cells, and/or (5) release suppressor factors, such as 
galectin-1™ (a B-galactoside-binding protein that can bind and inhibit 
the function of many glycoproteins, including CD7, CD43, and CD45) 
and fibrinogen-like protein 2 (FGL2; a member of the fibrinogen family 
that mediates it suppressive effect through binding to low affinity Fcy 
receptors expressed on APCs). Consequently, T pg cells can act directly 
against specific target antigens, while activating suppressive functions of 
other types of immune effector cells such as CD4+ and CD8+ cells. 


Th17 T Cells 

Naive CD4+ T cells also can differentiate into Th17 T cells that play 
an important role in immune responses to certain extracellular patho- 
gens and fungi.“ These cells produce IL-17 (sometimes referred to as 
IL-17A) and a closely related cytokine, IL-17F, which can form bio- 
logically active homodimers or heterodimers and induce substantial 
tissue reactions because of the broad distribution of the IL-17 and 
IL-22 receptors. Principal cytokines involved in the differentiation of 
naive blood CD4+ T cells into Th17 cells are IL-23 and IL-1f (see Fig. 
76-3), but a combination of TCR stimulation and the cytokines TGF-f 
and IL-6 are also required.” Prostaglandins, most notably prostaglan- 
din E, can synergize with IL-23 and IL-1f to drive differentiation of 
CD4-+ T cells into Th17 cells. These cytokines and factors can induce 
activation and/or expression of transcription factors that are distinct 
from those used by Th1 or Th2 cells, including the retinoic acid-re- 
lated orphan receptor y (RORyt) and STATS (see Fig. 76-3),”° which, 
in turn, can induce expression of IL-17 and IL-17E.!” However, for 
full commitment of precursors to the Th17 lineage, RORyt and STAT3 
must act in cooperation with other transcription factors, including 
RORa, interferon regulatory factor 4 (IRF4), and runt-related transcription 
factor 1 (RUNX1). Th17 cells also express high levels of the IL-23R, 
CCR4, CCR6, CXCR4, CD161, and multiple CD49 integrins, but not 
CCR2, CCR5, or CCR7.*””*4 In contrast to Th1 or Th2 cells, Th17 cells 
do not elaborate IFN-y or IL-4, both of which can inhibit expression 
of IL-17.7 

Th17 cells play a central role in inflammation and defense against 
intestinal bacteria, extracellular pathogens, and fungal infections, 
mostly via activation of neutrophils. Common pathogens that induce 
mainly Th17 responses include Gram-positive Propionibacterium acnes, 
gram-negative Citrobacter, Klebsiella pneumoniae, bacteroides and 
Borrelia species, and fungi such as Candida albicans.” Th17 cells are 
abundantly found in the intestinal lamina propria, where they are 
induced and stimulated by commensal bacteria, maintain epithelial 
integrity, and clear extracellular pathogens.” 

Th17 cells are the principal producers of IL-17 in response to spe- 
cific immune stimulation, but NK and natural killer T (NKT) cells are 
also able to produce IL-17. IL-17 is a proinflammatory cytokine that 
has pleiotropic effects on multiple target cells, resulting in enhanced 
antigen presentation, antibody production, macrophage activation, 
cellular extravasation, and neutrophil migration.” In addition to 
IL-17 and IL-17F, Th17 cells elaborate other proinflammatory factors, 
including chemokines (e.g, CXCL8 [IL-8] and CCL20), cytokines 
(e.g., IL-6, tumor necrosis factor-a, IL-21, and IL-22), growth factors 
(e.g., granulocyte colony-stimulating factor and granulocyte-macro- 
phage colony-stimulating factor), acute phase proteins (e.g., C-reactive 
protein), and antimicrobial peptides and mucins.” 

The importance of Th17 cells in the defense against certain micro- 
organisms is reflected in the rare primary immunodeficiency disorder 
called autosomal dominant hyper-IgE syndrome, in which a mutation in 
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STAT3 abrogates Th17 differentiation (Chap. 80). Patients lack Th17 
cells and have an increased susceptibility to infection with the various 
species of Staphylococcus or Candida. Furthermore, the loss of intestinal 
commensal bacteria that are essential for the induction of Th17 cells 
through the use of antibiotics can cause depletion in intestinal Th17 
cells, and might account in part for the increased incidence of gastro- 
intestinal infections with C. albicans or Clostridium difficile observed 
in patients subjected to long-term, broad-spectrum antibiotic ther- 
apy.“ Because of their capacity to enhance inflammation in an antigen- 
specific manner, Th17 cells also have been implicated in the devel- 
opment and/or propagation of several autoimmune disease, such as 
rheumatoid arthritis,” systemic lupus erythematosus (SLE)," MS, 
inflammatory bowel disease,” glucocorticoid-resistant asthma,*° and 
psoriasis.” 


T„„ Cells 

T follicular helper cells (T,,,, cells) constitute another subset of CD4+ 
T cells that regulates the development of antigen-specific B-cell immu- 
nity in the germinal center of secondary lymphoid follicles. T, cells 
express the CXCR5 chemokine receptor, allowing them to home to 
the CXCL13-rich B-cell zones of lymphoid follicles where they engage 
antigen-specific B cells in cognate intercellular interactions, and cell- 
surface proteins such as programmed cell death-1 (PD-1), inducible 
T-cell costimulator (iCOS), B- and T-lymphocyte attenuator (BTLA), 
and CD40L, which allow them to form stable contacts with anti- 
gen-primed B cells. Such interactions play a critical role in B-cell dif- 
ferentiation into plasma cells or memory B cells in response to antigenic 
stimulation. In addition, Tin cells secrete cytokines such as IL-4, IFN-y, 
IL-10, and/or IL-21, which partly overlap with cytokines characteristic 
of other T-effector cells, helping to modify the differentiation fate of B 
lymphocytes (Chap. 75). 

T,,, cells also express the cytoplasmic adaptor protein signal 
lymphocyte activation molecule (SLAM)-associated protein (SAP), 
required for lymphocyte interactions, and the transcription factor B-cell 
lymphoma 6 (BCL-6), required for T,,, cell differentiation. Several lines 
of evidence suggest that T,,,, differentiation is a multistage process, but 
that dendritic cells (DCs) are crucial for CD4+ T cell priming and ini- 
tial acquisition of Ty cell characteristics, including the induction of 
BCL-6 expression.” The flexibility and plasticity of T,,, cells, which 
is mostly mediated by chromatin modifications, is underlined by the 
expression of a constellation of transcription factors, including BCL-6, 
BATE STAT3, IRF4, c-Maf, and GATA-3, many of which are expressed 
by other Th effector subsets (see Fig. 76-3). 


Th9 Cells 

Another helper T-cell subset that has recently emerged are Th9 cells. In 
contrast to Th17 cells and T xy they are induced by the combination of 
TGF-£ and IL-4 and regulated by the transcription factors PU.1, STAT6, 
IRF4, and GATA-3.” They primarily produce IL-9, IL-10, and IL-21.” 
Functionally, Th9 cells appear to be effector rather than regulatory, and 
they have been implicated in the development of allergic reactions, par- 
ticularly in the lungs.” Recent data indicates that Th9 cells in vivo might 
be implicated in tumor immunity in melanoma.”*”* 


MEMORY T CELLS 


Following a successful immune response to antigen including the 
exposure to and recognition of antigen, expansion of T-cell subsets and 
exertion of effector function, both naive CD4+ and CD8+ T-cells can 
develop into long-lived memory T cells that provide enhanced protec- 
tion from re-exposure to the same or a related pathogen.” Memory 
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T-cell populations maintain the ability to both survive independently 
of cognate antigen” and self-renew in response to external homeo- 
static signals such as IL-15 and IL-7, hence maintaining themselves 
at stable levels for many years.” In addition, they have less-stringent 
requirements for activation and an enhanced capacity for lymphok- 
ine production upon rechallenge with the same antigen, and require a 
lower level of costimulatory factors. 

Memory CD4+ or CD8+ T lymphocytes can also be distinguished 
from naive cells based on their surface phenotypes of CD45 isoforms, 
rate of cycling, and migration. CD45, also known as leukocyte common 
antigen or T200, consists of a family of membrane glycoproteins, rang- 
ing from 180 to 220 kDa, that are expressed on all leukocytes.” Each 
member is the product of a single complex gene on chromosome 1 that 
contains 34 exons. Exons 3 through 7 may be spliced differently at the 
RNA transcript level to generate several distinct messenger RNA and 
protein products. The deduced amino acid sequences of these protein 
products have extracellular domains ranging from 391 to 552 amino 
acids, a transmembrane region, and a highly conserved cytoplasmic 
domain of 705 amino acids. This large cytoplasmic domain contains an 
intrinsic tyrosine phosphatase activity that is important in the regula- 
tion of various activation pathways involving tyrosine kinase activity, 
such as those involved in signal transduction via the TCR for antigen." 
Different isoforms of CD45, designated as CD45R, have distinct expres- 
sion patterns during lymphocyte ontogeny and activation. Therefore, 
cell subsets can be readily characterized by flow cytometry approaches 
using specific monoclonal antibodies. Naive CD4+ T cells express 
CD45RA, whereas memory CD4+ T cells and CD8+ T cells express 
CD45RO. CD45RB can also be useful for distinguishing memory 
T cells. Within the CD4+ memory T-cell population, for example, 
there is an increase of helper activity associated with the shift from a 
CD45RB"®" to a CD45RB“™ phenotype.” 

In addition, the distinct expression of chemokine receptors 
(CCRs) or homing molecules can be used to characterize T-cell sub- 
sets: relative to naive T cells, memory T cells express lower levels of 
L-selectin (CD62L) and higher levels of CD29 and CD44. More 
recent studies demonstrate that memory cells can be further subdi- 
vided into CD44+CD62L+CCR7+ central memory T cells (T,,, cells) 
and CD44+CD62L—CCR7-— effector memory T cells (T,,, cells).’” 
Because of their constitutive expression of CCR7 and CD62L, Tou 
cells home to secondary lymphoid organs, where they have little or 
no immediate effector function, but show greater sensitivity to anti- 
genic stimulation in comparison to naïve T cells, are less dependent 
on costimulation, and upregulate CD40L to a greater extent. However, 
upon recognition of their cognate antigen, they have a high prolifera- 
tive potential and can rapidly differentiate into large numbers of effec- 
tor cells. T,,, cells, in contrast, have higher migratory potential and 
display immediate effector function. Therefore, Tų cells are predom- 
inantly found in the CD4 lineage and are enriched in lymph nodes 
and tonsils, whereas T,,,, cells are more frequent in the CD8 compart- 
ment in lung, liver, and intestines. Accordingly, CD8+ Tų cells carry 
large amounts of perforin, and both CD4+ and CD8+ Ta cells can 
produce IFN-y, IL-4, and IL-5 within hours after following antigenic 
stimulation. 

It has long been controversial whether memory T cells arise dur- 
ing the contraction phase and develop directly from effector cells, or 
whether they diverge early during an immune response, and arise in 
parallel with short-lived effector cells. Recent studies, however, have 
provided evidence for an early delineation of the effector versus mem- 
ory T-cell fates regulated through specific transcription factors and 
cytokines, such as IL-7 receptor «-chain (IL-7R) expression, IL-2, IL-12, 
and T-BET, EOMES, and BLIMP- 1.!04!° 


@T-CELL ACCESSORY MOLECULES 


IMMUNE MODULATORY MOLECULES 


CD28 

CD28 is a 44-kDa disulfide-linked homodimer that is expressed on most 
resting T cells and plasma cells. Mature thymocytes have higher levels 
of CD28 than immature cells. Among human peripheral T cells, more 
than 90 percent of CD4+ T cells and approximately 50 percent of CD8 
T cells express CD28. In general, activation of T cells induces enhanced 
expression of CD28, but ligation of CD28 leads to its transient downreg- 
ulation. CD28 is another member of the immunoglobulin superfam- 
ily and binds to both CD80 and CD86 using a highly conserved motif 
(MYPPPY) in a loop that resembles the third complementarity-deter- 
mining region of immunoglobulin molecules. CD28 binds to CD80 with 
relatively low affinity (dissociation constant [Kd] = 4 uM) and dissoci- 
ates very rapidly (K,, = 1.6 s), and its binding to CD86 may be even 
weaker. 8 

CD28 functions as a major costimulatory molecules that is 
essential for T-cell activation, probably in the context of TCR/CD28 
microcluster formation.” Ligation of CD28 by CD80 or CD86 or 
by anti-CD28 antibodies activates distinct signaling pathways that 
function together with the signals induced by ligation of the TCR to 
allow for T-cell activation and proliferation.’ Following coligation 
of CD28, the Src kinases Lck and Fyn may phosphorylate a tyrosine 
within an ITAM found in the cytoplasmic domain of CD28, allowing 
the latter to bind and to activate phosphatidylinositide 3-kinase via its 
SH2 domains. CD28 signaling also facilitates GTP/guanosine diphos- 
phate (GDP) exchange on Ras, resulting in activation of the MAP 
kinase pathway, activation of Akt kinase, and activation of the adapter 
protein Vav and the associated Rac pathway. These signals enhance 
the transcription of IL-2 and the stability of IL-2 transcripts, thereby 
stimulating T-cell proliferation." Although mice lacking CD28 can 
mount effective T-cell responses, they are defective in T-cell-depen- 
dent antibody responses, suggesting that CD28 is necessary for T-cell- 
B-cell interactions and the proficient generation of antibody responses 
to antigen. ™? 

The requirement for the same cell to present both the specific anti- 
gen and the costimulatory signal is crucial to prevent destructive auto- 
immune responses to self-tissues. This restricts the initiation of T-cell 
responses to APCs that express both the peptide antigen in the con- 
text of self-MHC molecules and the ligands for CD28, namely, CD80 
and CD86. This is particularly important as not all self-reactive T cells 
undergo deletion in the thymus because not all self-peptides are pre- 
sented in the thymus (Chap. 6). This is especially true for specialized 
tissues that express proteins that are never expressed in the thymus. 
If simultaneous ligation of the TCR and CD28 was not required, then 
T cells that recognize the self-peptide expressed by the MHC of such 
specialized tissues could become activated, leading to autoimmune 
rejection of the specialized tissue. Instead, ligation of the TCR in the 
absence of CD28 ligation leads to a state of hyporesponsiveness or 
anergy, in which the T cell expressing that receptor becomes refrac- 
tory to activation." Anergized T-cell clones produce only negligible 
amounts of IL-2, which is crucial for clonal expansion following T-cell 
activation. Interestingly, clonal T-cell anergy was found not to be a ter- 
minal fate, as the addition of exogenous IL-2 during restimulation could 
reverse the phenotype.’ These characteristics are not limited to T cells, 
as anergic B cells also demonstrate some of the hallmark features, such 
as reduced proliferation and effector function. Anergy is an important 
basis for development of peripheral tolerance for self-antigens that are 
not expressed in the thymus (Chaps. 6 and 74). 


CTLA-4 (CD152) 

CTLA-4 (CD152) is another receptor for CD80 and CD86. It is a 50-kDa 
disulfide-linked homodimer that shares 31 percent identity with CD28. 
The gene encoding this receptor is closely linked with that encoding 
CD28 on the long arm of chromosome 2 at 2q33-q34. However, in con- 
trast to the constitutive expression of CD28, T cells—with the exception 
of Teea express CD152 only upon activation. Expression of CD152 
peaks at approximately 24 hours after activation and then subsides by 
72 hours but is always approximately 30- to 50-fold lower than that of 
CD28. CD28 ligation is particularly effective in inducing CD152. 

CD152 binds to both CD80 and CD86 using the same highly con- 
served motif (MYPPPY) used by CD28, which, like CD28, is also in 
a loop that resembles the third complementarity-determining region 
of immunoglobulin molecules. However, despite its lower expression 
levels, CD152 binds to CD80 and CD86 approximately 20 times more 
avidly than CD28, with a Kd of 0.4 and 2.2 uM, respectively." In 
contrast to CD28, ligation of CD152 transmits a negative signal to 
T-cell activation."° Instead of an ITAM, CD152 possesses an immuno- 
receptor tyrosine inhibitory motif (ITIM) in its cytoplasmic domain. 
Ligation of CD152 induces tyrosine phosphorylation of the ITIM, 
which, in turn, recruits the tyrosine phosphatase SHP-2 that can deac- 
tivate the phosphorylated ITAMs of the ¢ chains of the TCR complex. 
Mice made genetically deficient in CD152 develop a fatal lymphopro- 
liferative disorder that is characterized by massive cell activation and 
infiltration into tissues, indicating that CD152 serves as an important 
brake on unregulated T-cell activation." Mice that are genetically 
modified to express only the extracellular domain of CD152 allow- 
ing the binding of CD80 or CD86, however, are protected from organ 
infiltration by T cells, suggesting that modulation of CD28 signals by 
competitive sequestration of its ligands can regulate tissue infiltration 
by autoreactive T cells." 

Moreover, anti-CD152 monoclonal antibodies that block the inter- 
action of CD152 with CD80 and CD86 can enhance T-cell responses 
in vitro and in vivo. This has prompted their evaluation as immune- 
enhancing agents in models of autoimmune disease and in transplan- 
tation models,” and more recently in clinical vaccine studies and 
trials in combination with the blockade of other immunomodulatory 
molecules. 11%! 


Other Members of the CD28 Receptor Family 

Homology-based cloning strategies have identified other proteins that 
are structurally related to CD28/CTLA-4 or its ligands CD80/CD86. 
These proteins are categorized as members of the CD28 or CD80 (B7) 
families, respectively, which belong to the immunoglobulin superfam- 
ily, a structurally and functionally highly heterogeneous family of T-cell 
cosignaling molecules.” 

Two other important members of the CD28 family are iCOS 
(CD278) and PDCD1 (CD279, PD-1). Whereas CD278 is found pri- 
marily on activated T cells, CD279 can be found on activated T cells, 
B cells, some myeloid cells, and NK cells. CD278 and CD279, respec- 
tively, bind to the iCOS-ligand (iCOS-L or CD275) and the PD-ligands 
PD-L1 (CD274) or PD-L2 (CD273).’'! CD273, CD274, and CD275 
belong to the CD80 (B7) family of surface molecules and are found 
or can be induced on B cells, APCs, and other nonhematopoietic tis- 
sues. CD278 primarily functions as a costimulatory molecule for cells 
bearing CD275.'” CD279 plays a negative regulatory role on activated 
T cells and modifies T cell/APC contact durations by inhibiting TCR 
stop signals.'*! Like CD152, CD279 possesses an ITIM motif in its cyto- 
plasmic tail that, upon phosphorylation, can recruit the tyrosine phos- 
phatase SHP-2.!* In this regard, CD279 may play a role similar to that 
of CD152, helping to brake cellular activation when bound to its ligands 
CD273 or CD274. 
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In general, the molecular mechanisms of T-cell costimulation and 
coinhibition are viewed as an evolving concept, as receptors and lig- 
ands exhibit great diversity in their expression, structure and function, 
and this is likely to be dependent on the context of anatomical loca- 
tion and the existence of underlying healthy and pathological immune 
responses.” 


T-CELL ADHESION MOLECULES 


In addition to CD3/TCR molecules and CD4 or CD8, several other 
surface proteins are required for efficient T-cell antigen recognition.’* 
Some of these surface proteins are termed adhesion molecules, as they 
facilitate the adhesion of the T cell to its appropriate APC or target cell 
(Fig. 76-4). Their main function is to permit the T-cell antigen receptor 
complex to interact better with the MHC glycoproteins of the other cell, 
allowing for efficient T-cell antigen recognition and activation. Each 
member of this group of accessory molecules has distinctive affinities 
for the surface molecules expressed by the APC or target cell, which is 
reflected by differential expression patterns on specific T-cell subsets. 
Adhesion and antigen response are largely considered the final step of 
the multi-stage T-cell trafficking process that involves migration, adhe- 
sion, and signaling. 


Lymphocyte Function-Associated Glycoproteins 

The lymphocyte function-associated (LFA) molecules are an impor- 
tant family of glycoproteins that facilitate efficient cell-cell adhesion.’* 
The family consists of the three major surface molecules LFA-1, LFA-2 
(CD2), and LFA-3 (CD58). LFA-1 belongs to a family of three related 
glycoproteins LFA-1, MAC-1 (CD11b/CD18), and gp150,95 (CD11c/ 
CD18). These proteins also are called “integrins” because they are 
hypothesized to coordinate the binding of cells to other cell types and 
to extracellular proteins. Each protein consists of a distinct a subunit 
noncovalently associated with the £, subunit glycoprotein of 95 kDa, 
designated as CD18. Because they share a common £, subunit, these 
molecules also are referred to as the f, integrins. The a subunit of LFA- 
1, designated CD1 1a, is a 180-kDa glycoprotein. Coupled together with 
the common £, subunit, this 180-kDa molecule is expressed on more 
than one-third of all marrow cells, all T cells, all B cells, and all NK 
cells. The « subunit of MAC-1 is a glycoprotein of 170 kDa, designated 
CD11b. MAC-1 is expressed on NK cells, monocytes, macrophages, 
granulocytes, and small subpopulations of T and B cells. The œ subunit 
of p150,95, designated CD11c, is a 150-kDa glycoprotein that is not 
expressed by T lymphocytes. 

The shared f, subunit (CD18) has extensive sequence homology 
to the £, subunit (CD61) of the platelet adhesion receptor glycopro- 
tein II[b/IIla (CD41/CD61) and the £, subunit (CD29) of a family of 
related adhesion proteins, termed very-late-activation (VLA) anti- 
gens. Many of these receptors function in cell-cell interactions and 
recognize their ligands at sites that contain the amino acid sequence 
Arg-Gly-Asp. In addition, the a subunit provides some selectivity. 
LFA- 1, because of its a subunit, binds best to cell-surface ligands called 
ICAMs, namely, ICAM-1 (CD54), ICAM-2 (CD102), and ICAM-3 
(CD50). CD54 and CD102 are expressed on endothelial cells as well 
as APCs. The binding of LFA-1 on lymphocytes to these molecules 
allows lymphocytes to migrate through blood vessel walls. CD50 is 
expressed only on leukocytes, including T cells, and is thought to play 
an important role in the adhesion of T cells with LFA-1 expressed on 
APCs (see Fig. 76-4). The LFA glycoproteins are essential for proper 
T-cell function and host immunity, and integrin gene defects leading 
to leukocyte adhesion deficiencies result in severe immune deficien- 
cies. In humans, three LADs (LAD I to II) have been described.!”° 
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Figure 76-4. Schematic of a T-cell interactions with an antigen-presenting cell. The thick green lines depict the plasma membranes of the inter- 
acting cells. The molecules of the antigen-presenting cell, namely, lymphocyte function-associated antigen (LFA)-1, intercellular adhesion molecule 
(ICAM)-1 or ICAM-3, LFA-3, major histocompatibility complex (MHC) class Il, and CD80 or CD86, are displayed on top, while the T-cell antigens, ICAM-2, 
LFA-1, CD2, CD4, the T-cell receptor (TCR) complex, and CD28, are shown on the bottom of the diagram. Thin lines connecting the stick figures indicate 
disulfide bridges. The TCR complex consists of the aß heterodimer that is noncovalently coupled with the ô, £, y, and ¢ chains of CD3, as indicated. This 
complex can recognize peptide antigen (designated by the diamond labeled P) that is cradled by the a and £ chains of the MHC class Il molecule of 
the antigen-presenting cell. The avidity of this interaction is enhanced by CD4 on the T-cell surface that interacts with nonpolymorphic determinants 


on the MHC class Il molecule. The interaction steps between the T 
molecules ICAM-2 (CD102), LFA-1 (CD11a/CD1 


8), and CD2 bind to LFA- 


cell and the antigen-presenting cell are listed at the bottom of the figure. T-cell 
1, ICAM-1 (CD54) or ICAM-3 (CD50), and LFA-3 (CD58), respectively, that are 


present on the surface of the antigen-presenting cell. These molecules provide for better adhesion between the T cell and the antigen-presenting 
cell (adhesion), allowing for time for the TCR complex to find the MHC molecule bearing a specific peptide antigen (antigen recognition). Should the 
antigen-presenting cell express CD80 or CD86, then simultaneous ligation of CD28 will occur (costimulation), leading to activation of the reactive 


T cell. 


Although clinically distinct, they exhibit several common features 
including recurrent bacterial infections and leukocytosis. 

LFA-1, CD2, and CD50 binding partners are CD54, CD 102, LFA-1, 
and CD58 on the APC (see Fig. 76-4). Binding prolongs the time the 
T cell is exposed to antigen, and allows to sample large numbers of MHC 
molecules on the plasma membrane of the APC for the presence of spe- 
cific peptide antigen. When a naive T cell recognizes its specific peptide 
in the context of the MHC, signaling through the TCR induces a con- 
formational change in LFA-1 that greatly increases its affinity for CD54 
and CD102. This stabilizes the association between the antigen-specific 
T cell and the APC. This association can last for several days during 
which time the naive T cell proliferates, forming daughter cells that also 
adhere to the APC and that differentiate into armed effector T cells. 


Very-Late-Activation Antigens 

VLAs received this terminology because the first identified VLA mol- 
ecules, namely VLA-1 and VLA-2, initially were found on T cells only 
weeks after repetitive stimulation in vitro. VLA molecules are p, inte- 
grins and share a common f, unit (CD29) that is paired with any one 
of six different a chains (a, to a) designated CD49a to CD49f. CD49a, 
CD49b, CD49c, CD49d, CD49e, and CD49f form molecules called 
VLA-1, VLA-2, VLA-3, VLA-4, VLA-5, and VLA-6, respectively, when 
paired with CD29. Despite their nomenclature, some of these VLA mol- 
ecules, most notably VLA-4, are also expressed constitutively by some 
T cells and are rapidly induced on others. VLA-4 plays an important 
role in facilitating the attachment of cells that bear this molecule to the 
endothelium through its binding to vascular cell adhesion molecule-1 


(VCAM-1), designated CD106. CD106 can be upregulated by vari- 
ous proinflammatory cytokines, allowing VLA-4 to play an impor- 
tant role in facilitating the homing of T cells to endothelium at sites of 
inflammation. 


CD2 

CD2 is a glycoprotein of approximately 50 kDa found on all T lym- 
phocytes, large granular lymphocytes, and thymocytes.” CD2 facili- 
tates cell-cell adhesion by binding to CD58, a 55- to 70-kDa surface 
glycoprotein that is expressed on erythrocytes and leukocytes as well 
as on endothelial, epithelial, and connective tissue cells (see Fig. 76-4). 
Monoclonal antibodies that bind CD2 may inhibit a variety of 
T-lymphocyte functions, including antigen-specific T-lymphocyte 
proliferative responses to lectins, alloantigens, and soluble antigens. 
Anti-CD2 inhibits cytotoxic T-lymphocyte-mediated cell killing by 
binding to the T cell rather than to the target, which generally does 
not express CD2. On the other hand, antibodies directed against CD58 
inhibit cytotoxic T-lymphocyte-mediated cell killing by binding to 
CD58 on the target cell, thus blocking interaction of CD2 with CD58. 


@THE IMMUNOLOGICAL SYNAPSE 


T-cell antigen recognition following the principles described above 
takes place within a contact zone termed the immunological synapse, 
which organizes the involved membrane proteins at the interface 
between the T cell and the APC. Immune synapse formation involves 
polymerization of F-actin and polarization of the cytoskeleton, resulting 


in the redistribution of TCRs, costimulation, and accessory molecules 
into the region beneath the T-cell: APC contact site.” These molecules 
are segregated into central (CSMAC), peripheral (pSMAC) and distal 
(dSMAC) supramolecular activation clusters (SMACs). The cSMAC 
contains a concentration of TCR:CD3:peptide:MHC complexes, 
costimulatory molecules such as CD28, and signaling molecules such 
as PKC@, while the pSMAC is enriched with adhesion molecules such 
as LFA-1. The dSMAC contains large glycoproteins such as CD45.’ In 
addition to priming of T-cell responses, the immunological synapse is 
also important for effector functions.'*° For example, the pSMAC has 
been suggested to polarize cytotoxic granules released by cytotoxic CD8 
T cells toward the target cells, therefore preventing the leakage of cyto- 
lytic granule contents to bystander cells, and the cSMAC is implicated 
as a site for receptor internalization and degradation. 
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CHAPTER 77 
FUNCTIONS OF NATURAL 
KILLER CELLS 


Giorgio Trinchieri, Richard W. Childs, and Lewis L. Lanier 


SUMMARY 


Natural killer (NK) cells, with a predominant morphology of large granular 
lymphocytes, represent a lineage of lymphoid cells with constitutive ability to 
mediate cytotoxicity toward pathologic target cells and secrete cytokines. NK 
cells participate in the innate resistance to microbial pathogens and malignan- 
cies; opposing effects of activating and inhibitory receptors regulate NK cell 
activity. Malignant expansions of NK cells, either acute or chronic, are rare, but 
represent well-identified clinical entities. 


@ IDENTIFICATION AND DEFINITION 
OF NATURAL KILLER CELLS 


DEFINITION 


Natural killer (NK) cells were identified in the blood and lymphoid 
organs of humans and experimental animals as cells capable of killing 
tumors, virus-infected cells, and, in some instances, normal cells, in the 
absence of previous deliberate or known sensitization.’’ NK cells are 
now considered to belong to the cellular subgroup that is characterized 
by the production of interferon (IFN)-y within the family of innate lym- 
phoid cells (ILCs), a family of developmentally related cells involved 
in innate immunity and tissue development.’ NK cells are defined as 
cytotoxic cells with the predominant morphology of large granular 
lymphocytes (LGLs) that: (1) neither productively rearrange any of 
the genes encoding the T-cell receptor (TCR) chains nor express on 
their surface the CD3-TCR complex; (2) express the CD56 (N-CAM), 
CD335 (NKp46), and CD16 (FcyRIIIA), antigens in humans, the NK1.1 
(NKR-P1C), NKp46, and DX5 (VLA-2/CD49d) antigens in mice, and 
the NKR-P1 antigen in rats; and (3) can kill cells not expressing major 


Acronyms and Abbreviations: ADCC, antibody-dependent cell-mediated 
cytotoxicity; AML, acute myelogenous leukemia; CAR, chimeric antigen 
receptor; CTL, cytotoxic T lymphocyte; GM-CSF, granulocyte-macrophage 
colony-stimulating factor; HLA, human leukocyte antigen; IFN, interferon; 
Ig, immunoglobulin; IL, interleukin; ILC, innate lymphoid cell; iNKT, invari- 
ant natural killer T cell; ITIM, immunoreceptor tyrosine-based inhibitory 
motif; KIR, killer cell Ig-like receptor; LCMV, lymphocytic choriomeningitis 
virus; LGL, large granular lymphocyte; MCMV, mouse cytomegalovirus; MHC, 
major histocompatibility complex; NK, natural killer; TCR, T-cell antigen 
receptor; TNF, tumor necrosis factor; TRAIL, TNF-related apoptosis-inducing 
ligand. 


histocompatibility complex (MHC) class I or class II antigens. Thus, 
target-cell recognition by NK cells is distinct from cytotoxic T lym- 
phocytes (CTLs), which recognize specific antigenic peptides bound to 
MHC class I molecules. Nonetheless, the presence of MHC class I on 
target cells affects NK cell recognition, in some cases inhibiting a NK 
cell response. 

Certain T lymphocytes that express either af or a yS TCR may 
exhibit, particularly upon activation, TCR-independent cytolytic activ- 
ity that resembles that of NK cells and often express many of the same 
surface receptors as NK cells. Among the T lymphocytes in humans 
and mice that coexpress many of the NK cell antigens, invariant natu- 
ral killer T (iNKT) cells express an invariant TCR that recognizes gly- 
colipids presented by CD1d, a nonclassical MHC molecule, and upon 
stimulation rapidly produce large amounts of IFN-y, granulocyte-mac- 
rophage colony-stimulating factor (GM-CSF), interleukin (IL)-4, and 
IL-13.4 


MORPHOLOGY 


Human LGLs are medium- to large-size lymphocytes with round or 
indented nuclei, condensed chromatin, and usually prominent nucle- 
oli. The cytoplasm is abundant and contains a variety of organelles and 
granules (primary lysosomes) that, in addition to lysosomal enzymes, 
contain proteins important for cytotoxic function, such as serine 
esterases (granzymes) and pore-forming proteins (perforin).° Although 
many NK cells have the morphology typical of LGL, a significant pro- 
portion of NK cells are agranular and indistinguishable from other 


lymphocytes.° 


ORIGIN AND TISSUE DISTRIBUTION 


NK cells originate in the marrow from the common lymphoid progen- 
itor cell.” Most have a life span ranging from a few days to a few weeks,’ 
but some may persist for months after exposure to viral challenge.’ In 
mice, the cytokine IL-15 plays a particularly important role in the dif- 
ferentiation and expansion of NK cells.” NK cell differentiation does 
not require the thymus, although NK cell progenitors can differentiate 
in the thymus from precursors expressing IL-7Ra CD127."' Second- 
ary lymphoid tissues may also be a site of NK cell development in 
humans.” The increased number of NK cells and altered anatomical 
distribution in response to infection or other stimuli are the result 
of increased NK cell production in the marrow and proliferation of 
peripheral NK cells. 

NK cells represent approximately 5 to 20 percent of blood lympho- 
cytes. Immature NK cells express high amounts of CD56, lack CD16, 
and have low cytolytic capacity, whereas mature NK cells in blood 
express low amounts of CD56, high levels of CD16, and mediate potent 
lytic activity. NK cells are present in the red pulp of the spleen and are 
found at a low frequency in other lymphoid organs and marrow.” NK 
cells with a phenotype resembling the CD56"®" peripheral subset have 
been detected in lymph nodes." Small numbers of NK cells can be iden- 
tified in the liver (pit cells), lung, and intestinal mucosa.'*”” In response 
to type I IFN or viral or bacterial infections, NK cells accumulate in 
organs in which they normally are rare, particularly the liver, marrow, 
and lymph nodes where they may produce large amounts of cytokines." 
CD56" CD16" NK cells are the predominant cell type present in the 
human early pregnancy decidua." Decidual NK cells produce cytokines 
that have tissue remodeling capacity, facilitate embryonic implantation, 
monitor mucosal integrity throughout the menstrual cycle, control 
trophoblast invasion during pregnancy, and modulate the maternal 
immune response against embryo antigens.” 


@ MECHANISMS OF NATURAL KILLER 
CELL FUNCTIONS 


CELL-MEDIATED CYTOTOXICITY 


Cytotoxicity mediated by NK cells depends on binding to the target 
cells, followed by activation of the lytic mechanism, which usually 
involves release of perforin and granzymes from the granules.* Cytotox- 
icity can also be mediated through the interaction of surface molecules, 
for example, the interaction of Fas ligand, membrane tumor necrosis 
factor (TNF), or TNF-related apoptosis-inducing ligand (TRAIL) on 
NK cells with their death-inducing receptors on target cells. Lysis of 
the target cells results from alteration of membrane permeability and 
induction of apoptosis. 

Several surface molecules on NK cells have been identified that 
activate the cytotoxic mechanism and induce cytokine secretion 
(Fig. 77-1). One of these molecules is the low-affinity receptor for 
the Fc fragment of immunoglobulin (Ig) G (FeyRHIA or CD16), which 
is expressed on most human circulating NK cells in association with 
the signal-transducing CD3é or FceRIy chains. When CD16 is cross- 
linked by IgG antibodies bound to a target cell surface, it triggers 
antibody-dependent cell-mediated cytotoxicity (ADCC). Natural kill- 
ing can also be activated by several other receptors that recognize rele- 
vant ligands on the potential target cell. NKG2D, a receptor expressed 
on all NK cells, has been implicated in NK cell recognition of trans- 
formed and virus-infected cells.” This receptor recognizes a family of 
MHC class I-related glycoproteins (including MICA, MICB, ULBP1- 
ULBP6), which are absent or expressed at only low levels on healthy 
cells but are induced or upregulated upon cell transformation or viral 
infection.” Viruses, such as cytomegalovirus, have devised strategies to 
prevent the expression of NKG2D ligands in the infected cells,” pre- 
sumably to escape NK cell-mediated immunity. NK cells express many 
other activating receptors that have been implicated in their recognition 
of tumors, including DNAM-1 (CD226) and the “natural cytotoxicity” 
receptors NKp30, NKp44, and NKp46.” 
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Figure 77-1. Schematic of selected inhibitory and activating natural 
killer (NK) cell receptors regulating NK cell responses. 
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NK cells preferentially kill certain tumor cells lacking expression of 
MHC class I molecules.” NK cells are regulated by positive signals initi- 
ated by activating receptors and negative signals transmitted by interac- 
tions between inhibitory receptors for MHC class I on the NK cells and 
autologous MHC class I molecules on potential target cells. NK cells 
may mediate immune surveillance against cells that lose expression 
of MHC class I. Numerous viruses inhibit the synthesis or transport of 
MHC class I proteins, presumably to avoid detection by CTL.” In addi- 
tion, frequent loss of MHC class I expression on tumor cells has been 
documented.” However, NK cells are capable of killing cells expressing 
MHC class I if they receive sufficiently strong activation signals. 

Two families of NK cell receptors for MHC class I have been iden- 
tified in humans. The Killer cell Ig-like receptors (KIRs) are encoded 
by approximately 15 genes present on human chromosome 19q13.4.”° 
KIR genes are highly polymorphic and evolve rapidly, diversifying by 
gene duplication and conversion events. Certain KIRs bind human 
leukocyte antigen (HLA)-C ligands, whereas other KIRs recognize cer- 
tain alleles of HLA-B or HLA-A. Another class of NK cell receptors for 
MHC class I are heterodimeric glycoproteins composed of a CD94 
subunit that is disulfide bonded to an NKG2A molecule.” The genes 
encoding CD94 (KLRD1) and NKG2A (KLRC1) are on human chro- 
mosome 12p12-p13 and are members of the C-type lectin superfamily. 
The CD94-NKG2A receptors bind to HLA-E, a unique MHC class I 
protein that displays peptides derived from leader segments from HLA- 
A, HLA-B, HLA-C, or HLA-G proteins.” When synthesis of HLA-A, 
HLA-B, HLA-C, or HLA-G is disrupted, possibly by viral infection or 
transformation of the host cell, HLA-E cannot be transported to the 
cell surface for presentation to the CD94-NKG2A receptor. The various 
KIR and CD94-NKG72A receptors are expressed on overlapping subsets 
within the NK cell population and on certain memory T cells, usually 
CD8* T cells, although a minor subset of CD4* T cells also express KIR. 
The inhibitory KIR and CD94-NKG2A receptors have an immunore- 
ceptor tyrosine-based inhibitory motif (ITIM) sequence in their cyto- 
plasmic domains, which binds to the cytoplasmic tyrosine phosphatase 
SHP-1, resulting in suppression of cytotoxicity and cytokine secretion.” 
Therefore, the functional behavior of NK and T cells expressing KIR or 
CD94-NKG2A is regulated by the balance of positive signals transmit- 
ted by a variety of activating receptors and negative signals provided by 
the inhibitory MHC class I receptors. Although the expression of NK 
cell inhibitory receptors is variegated and polymorphic, most NK cells 
express at least one inhibitory receptor recognizing self MHC and thus 
are not self-reactive. This is accomplished at least in part by the require- 
ment of interaction of an inhibitory receptor with its ligands during NK 
cell development for full functional maturation and possibly expansion 
(NK cell “licensing”).” 

Certain receptors of the KIR and CD94-NKGz2 families do not 
possess ITIM sequences and activate, rather than suppress, NK- and 
T-cell responses.” These receptors noncovalently associate with the 
homodimeric adapter protein DAP12.” Like the CD3€ and the FceRIy 
subunits, DAP12 contains an immunoreceptor tyrosine-based activa- 
tion motif (ITAM) in the cytoplasmic domain. Upon receptor ligation, 
DAP 12 becomes tyrosine phosphorylated, recruits the ZAP70 and Syk 
cytoplasmic tyrosine kinases, and induces cellular activation.” The 
physiologic role of activating NK cell receptors for MHC class I has not 
been determined, but these receptors may have consequences in alloge- 
neic marrow transplantation. In mice, an activating receptor in the Ly49 
family (the functional counterpart of KIRs in humans) has been shown 
to recognize a viral glycoprotein encoded by cytomegalovirus and pro- 
tects the mice from this pathogen.” This finding suggests that certain 
activating KIRs in humans may also recognize pathogens. 

Although resting blood NK cells are cytotoxic, their activity can be 
greatly enhanced both in vivo and in vitro by exposure to cytokines such 


as IFN-a/, IL-2, IL-12, IL-15, and IL-18.** 4 Resting NK cells constitu- 
tively express intermediate-affinity IL-2 receptors, and IL-2 induces the 
progression of most NK cells into the cell cycle.” 


PRODUCTION OF CYTOKINES 


Many of the physiologic functions of NK cells are mediated at least partly 
by their ability to secrete cytokines. NK cells are powerful producers of 
IFN-y and GM-CSE and other cytokines and chemokines. Stimulation 
by cytokines, such as IL-2, IL-12, IL-18, TNF-a, and IL-1,”****°” and trig- 
gering by activating receptors, such as CD16 interacting with immune 
complexes, are among the stimuli that, acting individually or often in 
synergistic combination, induce NK cells to produce cytokines.?**” 


@ PHYSIOLOGIC ROLES OF NATURAL 
KILLER CELLS 


INNATE RESISTANCE 


Together with myeloid cells, NK cells are effectors of the innate or natu- 
ral resistance, which represents the first line of defense against infection 
(Fig. 77-2). The ability of NK cells to participate in the resistance against 
infection by certain viruses is well documented in experimental animals 
and is strongly suggested by the recurrent viral infections in the rare 
patients with a selective deficiency of NK cells.“ NK cells selectively kill 
virus-infected cells by a mechanism that is at least partly dependent on 
the production of IFN-a, a potent stimulator of NK cell activity." In 
vivo viral infection and type I IFN production usually are accompanied 
by rapid activation of, and increase in the number of, NK cells.'* The 
NK cell response to virus infection is followed by an antigen-specific 
T helper and CTL response, which peaks 7 to 9 days after infection." 
The early NK cell response induces a significant reduction in the titer of 
certain viruses, including mouse cytomegalovirus (MCMV).* NK cell 


Microorganisms 
Microbial products 
Parasites 


Monocytes/ 


Neutrophils macrophages 


T cells 
Positive 4 


and negative IL-12 
IL-1, IL-18, TNF 


effects on 
hematopoiesis 


Natural killer cells 


l Lysis 


Activation 
Antigen- 


Cancer cells 


T-helper 1 cells 


Chapter 77: Functions of Natural Killer Cells 


presenting ‘ © f 
cells ; 


activation induced by viral infection may have beneficial or pathogenic 
effects.“ After expansion in response to MCMV infection, NK cells 
expressing the activating Ly49H receptor persist for several months and 
respond rapidly to rechallenge with MCMV, thus possessing immuno- 
logic memory.’ Similarly, a subset of liver-resident NK cells can mediate 
antigen-specific contact hypersensitivity responses and immunologic 
memory.*>*° 

NK cells enhance the response of phagocytic cells to microorgan- 
isms, especially intracellular bacteria and parasites, by producing high 
levels of the phagocyte-activating cytokines IFN-y and GM-CSF in 
response to the microorganisms themselves or to factors, such as IL-12 
and TNF-a, produced by infected phagocytic cells.” 


REGULATION OF ADAPTIVE IMMUNITY 


NK cells, by interacting with infectious agents and antigens early during 
the immune response, have either stimulatory or inhibitory effects on 
the function of B and T cells and antigen-presenting cells.* Evidence 
for an enhancing effect of NK cells on B-cell responses has been shown 
both in vitro and in vivo by studies demonstrating that NK cells in the 
absence of T cells support antigen-specific B-cell responses, partly by 
producing IFN-y.* In certain infections, NK cells may be necessary 
for optimal induction of both a CD4* and CD8* T-cell response.*!*” 
NK cells stimulated by microorganisms or by cytokines, such as IL-12 
and IL-18, produce large amounts of IFN-y and other cytokines that 
facilitate T-helper cell type 1 development.**™ The reciprocal activating 
interaction between NK cells and the antigen-presenting dendritic cells 
is important for the regulation of both innate resistance and the down- 
stream adaptive response to pathogens.*>°* 


MODULATION OF HEMATOPOIESIS 


Experimental and clinical studies have demonstrated that NK cells are 
involved in the regulation of hematopoiesis.” The effect of NK cells 


Figure 77-2. Schematic of some of the func- 
ions and regulatory pathways of natural killer 
(NK) cells as effector cells of natural resistance. 
n addition to mediating cytotoxicity, NK cells 
exert their physiologic roles by releasing several 
cytokines that affect the functions of other cell 
types, including hematopoietic progenitor cells. 
K cell activity also is regulated by cytokines. 
Cytokines interferon (IFN)-a/B, interleukin (IL)-2 
L-15, and IL-12 enhance Nk-cell-mediated cyto- 
toxicity. IL-2, IL-12, IL-15, IL-18, tumor necrosis 
factor (TNF), and IL-1 induce NK cell lymphokine 
production. IL-2 and IL-12 induce NK cell pro- 
iferation. Blue arrows indicate conditions that 
activate NK cells whereas the red arrows indicate 
innate, proinflammatory, and immunoregulatory 
functions of NK cells. GM-CSF, granulocyte-mac- 
rophage colony-stimulating factor; M-CSF, mac- 
rophage colony-stimulating factor. 


IL-2, IL-15 
Immunocomplexes 
Target cells 
Microorganisms 


Virus-infected cells 


is mostly mediated by secretion of soluble factors. NK cells, consti- 
tutively or upon activation, produce several lymphokines, some with 
mostly inhibitory effects on hematopoiesis, such as TNF and IFN-y, and 
some with mostly stimulatory effects, such as GM-CSE.**** The effector 
role of NK cells in rejection of parental marrow graft in irradiated F1 
mice” and in suppressing erythropoiesis and phagocytopoiesis in mice 
infected with lymphocytic choriomeningitis virus (LCMV) demon- 
strate that in vivo activated NK cells can affect both allogeneic and syn- 
geneic hematopoietic progenitor cells. Because of the ability of NK cells 
to kill transformed hematopoietic cells, NK cells have been postulated 
to play an important role in the graft-versus-leukemia reaction in allo- 
geneic marrow transplantation but only a modest, if any, role in graft- 
versus-host disease.“ In haploidentical or mismatched hematopoietic 
transplantation, the presence on donor NK cells of the KIR not recog- 
nizing inhibiting ligands on host hematopoietic and malignant cells 
results in protection from leukemia relapse.” A reduced incidence of 
graft-versus-host disease has also been observed and thought to result 
from the elimination of recipient antigen-presenting cells by donor 
NK cells.” 


@ PATHOLOGIC ALTERATIONS IN 
NATURAL KILLER CELL NUMBER 
AND FUNCTIONS 


NK cell function and NK cell numbers are often decreased in patho- 
logic conditions, including cancer and AIDS. The reduced activity 
or number of NK cells may contribute to disease pathology by decreas- 
ing the innate resistance against tumor growth and metastasis in can- 
cer patients or against opportunistic infections in AIDS patients. NK 
cell (and cytotoxic T-cell) hyporesponsiveness is observed in patients 
with Chédiak-Higashi syndrome,® a rare autosomal recessive disease 
associated with cellular dysfunction, including fusion of cytoplasmic 
granules and defective degranulation of neutrophil lysosomes. NK cell 
numbers are normal in these patients, but the NK cells present a single, 
large granule in the cytoplasm and have a severely reduced ability to 
mediate cytotoxicity. 

Malignant acute expansion of NK cells is rare, more frequent 
in Asians than in whites, and often associated with Epstein-Barr 
virus infection.“ Extranodal NK cell lymphomas occur in both the 
nasopharyngeal region and in nonnasal areas as an NK cell (CD2*, 
CD3-, CD56*, CD16, CD57-) leukemia or lymphoma that mostly 
affects extranodal tissues.’ It affects predominantly men in their fifth 
decade and usually has an extremely aggressive clinical course. Aggres- 
sive NK cell leukemia is a catastrophic disease that affects young adults 
and is characterized by the systemic presence of neoplastic NK cells in 
blood and marrow.” An entity previously known as “blastic NK cell 
lymphoma,’ characterized by CD4*, CD56* cells with dermal tropism, 
is now recognized to represent an expansion of plasmacytoid dendritic 
cells rather than NK cells.” A chronic monoclonal proliferative dis- 
order of LGL with a clinical course that is often relatively indolent is 
more commonly observed. Most patients have lymphocytic infiltra- 
tion of the marrow. Severe neutropenia and anemia often are observed. 
Associated diseases, most commonly rheumatoid arthritis, hepatitis, 
or cancer, are present in up to half of patients. Although cells from 
all these patients are characterized by a LGL morphology, in approxi- 
mately two-thirds of the cases they represent a monoclonal expansion 
of CD8* T cells, and in only less than one-third of cases they have the 
typical phenotype and genotype of CD3-, CD56*, CD57*, and, in some 
patients, CD16* NK cells.* 


Part IX: Lymphocytes and Plasma Cells 


@ NATURAL KILLER CELL THERAPY 
TO TREAT CANCER 


TARGETING NK CELL RECEPTORS 


Data showing recipients of KIR-incompatible donors have reduced 
relapse of acute myelogenous leukemia (AML) following mismatched 
allogeneic stem cell transplantation remain the most compelling evi- 
dence to support the antitumor activity of NK cells.®' Further, studies in 
mice showing Ly49-incompatible NK cells mediate graft-versus-tumor 
effects have led to clinical trials exploring adoptively infused allogeneic 
NK cells in patients with cancer. In humans, pilot studies have shown 
that adoptive transfer of IL-2-activated MHC-mismatched allogeneic 
NK cells can proliferate in vivo and can induce tumor regression in 
patients with AML and solid tumors.” 

A strategy to disrupt inhibitory KIRs to enhance NK tumor kill- 
ing involves blocking KIRs with monoclonal antibodies or genetically 
silencing their expression. IPH2101 is a fully human IgG, antibody that 
binds to KIR2D, thus blocking its ability to suppress NK cell function. 
Studies in a mouse model showing that IPH2101 enhances NK-cell kill- 
ing of KIR ligand-matched tumor cells has led to phase I studies eval- 
uating the efficacy of IPH2101-mediated KIR2D blockade in patients 
with AML and other hematologic disorders.” Genetic disruption of the 
inhibitory receptor NKG2A has been shown to enhance NK cell killing 
of HLA-E-expressing tumors ex vivo and in vivo following their infu- 
sion into tumor-bearing mice.” 


ADOPTIVE NATURAL KILLER CELL TRANSFER 


Recently, methods have been developed to expand large numbers of 
human NK cells ex vivo, which provides the opportunity to study the 
efficacy of adoptive NK-cell immunotherapy in patients with cancer.” 
Most expansion cultures utilize irradiated feeder cells such as Epstein- 
Barr virus-transformed lymphoblastoid cell lines or the human ery- 
thromyeloblastoid leukemia cell line K562 cells genetically modified 
to express membrane bound 4-1BB ligand, IL-15, or IL-21. Expanded 
NK cells have increased surface expression of NK activating receptors 
and cytotoxicity effector molecules. Compared to resting NK cells, 
expanded NK cells express higher amounts of IFN-y, Fas ligand, and 
TRAIL, and have markedly enhanced cytotoxicity against K562 and 
other tumor cells compared to resting or short-term IL-2-activated NK 
cells. Phase I trials of infusing large numbers of these ex vivo expanded 
autologous NK cells are now ongoing in patients with a variety of dif- 
ferent cancers.” 

Studies suggest that lenalidomide, an immunomodulatory drug 
derived from thalidomide, and several monoclonal antibodies blocking 
immune checkpoints, such as anti-PD-1, anti-PD-L1, and anti-CTLA- 
4, augment NK-cell-mediated ADCC.”” The advances in our ability 
to expand NK cells ex vivo now makes it feasible to combine these and 
other monoclonal antibodies with adoptive NK cell transfer to poten- 
tially augment their antitumor effects. 


OVERCOMING DEFICIENT NATURAL KILLER 
CELL HOMING 


Expanded NK cells are inefficient at homing to the marrow and lymph 
nodes where hematologic malignancies reside. A variety of techniques 
to improve NK cell homing to these target organs have been described.” 
NK cell trogocytosis (the transfer of plasma membrane fragments 
from the presenting cell to the lymphocyte) of the membrane-bound 
chemokine receptor CCR7 expressed on K562 cells can be used to 
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increase NK cell CCR7 surface expression, improving their homing into 
the lymph nodes of athymic mice.” Nicotinamide, a specific inhibitor 
of nicotinamide adenine dinucleotide-dependent enzymes, substan- 
tially increases surface expression of CD62L on NK cells when added 
to cell cultures, improving their homing into the spleens and marrow of 
immunodeficient mice. 

Recruitment of leukocytes to marrow is largely dependent on E-se- 
lectin binding.” Ex vivo expanded NK cells primarily express nonglyco- 
sylated ligands for E-selectin, potentially limiting their homing ability 
to the marrow. Ex vivo forced fucosylation of NK cells with fucosyl- 
transferase VI enhances their E-selectin binding capacity in vitro and 
in mice improves their homing to the marrow.” Forced fucosylation 
of NK cells is currently being studied as a novel approach to improve 
NK homing to the marrow to enhance NK cell killing of hematologic 
malignancies. 


AUGMENTING NATURAL KILLER 
CELL TUMOR KILLING 


Exposing tumors to drugs that enhance caspase activity or upregulate 
death receptors for the apoptosis-inducing ligands TRAIL or Fas-L is 
an alternative strategy to bolster the antitumor effects of NK cells.” 
The proteasome inhibitor bortezomib upregulates surface expression 
of the TRAIL receptor DR5, enhancing tumor susceptibility to NK-cell 
TRAIL-mediated apoptosis in vitro and in vivo.” In mice, eradicating 
regulatory T cells prior to adoptive NK cell infusions further potentiates 
this antitumor effect. Clinical trials evaluating the antitumor activity 
of ex vivo expanded adoptively infused NK cells following bortezomib 
treatment are ongoing. 

Methods to transfect chimeric antigen receptors (CARs) into NK 
cells have been optimized to induce tumor-specific NK cell killing in 
clinical applications. CARs specific for antigens expressed on tumors 
such as CD19 on B-cell malignancies, HER2/ErbB2 on breast carcino- 
mas, and GD2 on neuroblastoma tumors when transduced into NK 
cells enhance tumor killing by autologous NK cells.”**° These findings, 
as well as studies showing the efficacy of T-cell based CAR therapy tar- 
geting CD19 in B-cell malignancies, suggest CAR-modified NK cells are 
worthy of exploration in the clinic (Chap. 26). 
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CHAPTER 78 
CLASSIFICATION AND 
CLINICAL MANIFESTATIONS 
OF LYMPHOCYTE AND 
PLASMA CELL DISORDERS 


Yvonne A. Efebera and Michael A. Caligiuri* 


SUMMARY 


This chapter outlines the major categories of lymphocyte and plasma cell dis- 
orders. The disorders are classified into three main groups. The first is com- 
posed of diseases caused by defects intrinsic to lymphoid cells. The second is 
caused by disorders that result from factors extrinsic to lymphoid cells. The 
third is composed of disorders caused by neoplastic or preneoplastic lymphoid 
cells and are outlined in Chap. 90 using the World Health Organization classifi- 
cation of tumors of lymphoid tissues. The clinical manifestations of diseases in 
any one of the three groups may be difficult to distinguish, but this grouping 
can provide a framework with which to proceed in evaluating patients with 
known or suspected lymphocyte and plasma cell disorders. This chapter intro- 
duces the framework and presents a roadmap to other chapters in this book 
that discuss each of the disorders in greater detail. 


@ CLASSIFICATION 


Lymphocyte and plasma cell disorders can be classified into three major 
groups (Table 78-1). The first group, listed under “primary disorders,” 
is composed of lymphocyte disorders caused by intrinsic defects in lym- 
phoid cells that result in functional abnormalities of marrow-derived 
(B) lymphocytes, thymic-derived (T) lymphocytes, combined T and 
B (impaired humoral and cellular immunity), or natural killer (NK) 
cells. These disorders primarily result from inborn errors in lymphocyte 
metabolism (Chaps. 73 to 77 and 80) and/or receptor-ligand expression 
(Chaps. 17 and 80). The second group, listed under “acquired disorders,” 
consists of disorders caused by factors extrinsic to lymphocytes result- 
ing in immune dysfunction. These conditions most commonly result 
from infection with viruses, or other cellular pathogens (Chaps. 79, 81, 
and 82), but they also may be caused by bacteria, drugs or systemic 
disease of nonlymphoid cells. The third group of diseases is composed 
of preneoplastic and neoplastic lymphocyte disorders and is discussed 
in detail in Chap. 90. 


Acronyms and Abbreviations: GVHD, graft-versus-host disease; Ig, immuno- 
globulin; NK, natural killer; SCID, severe combined immune deficiency; Th, T helper; 
Tg CD4+ regulatory T cell. 


*This chapter was prepared by Thomas J. Kipps in the 8th edition and much of 
the text has been retained. 


Some categories of lymphocyte and plasma cell disorders may 
be difficult to distinguish clinically because lymphocyte disorders can 
have many clinical manifestations that are not restricted to cells of the 
immune system and disparate disorders can have similar clinical mani- 
festations, with any one disorder associated with a diverse array of clin- 
ical pathologies. 

In some cases, the classification of lymphocyte disorders is influ- 
enced by the manifestations of the disease. For example, autoimmune 
hemolytic disease (Chap. 54) and autoimmune thrombocytopenia 
(Chap. 117) are caused by inappropriate secretion of autoantibodies by 
B lymphocytes. The blood cell that is coated with autoantibody presum- 
ably is normal, yet we classify the disease that can result from hemolytic 
autoantibodies as an acquired hemolytic anemia because that aspect of 
the disease is more visible and better understood than is the inappropri- 
ate synthesis of antierythrocyte antibody by the disturbed lymphocyte 
population(s). These disorders are not considered here. 

Many diseases, especially infection (e.g., tuberculous adenitis), 
inflammatory states (e.g., rheumatoid arthritis), autoimmune disease 
(e.g., systemic lupus erythematosus), and metastatic carcinoma can 
involve lymph nodes or the spleen as a secondary alteration. These dis- 
orders also may be associated with abnormal production of antibodies, 
such as those resulting in the lupus anticoagulant (Chap. 131). These 
disorders also are not considered here because the primary disease is 
not generally considered a lymphocyte disorder. 


@ CLINICAL MANIFESTATIONS 


B LYMPHOCYTE DISORDERS 


Immunoglobulin Deficiency 

The clinical manifestations of B-lymphocyte disorders include the con- 
sequences of B-lymphocyte deficiency, dysfunction, or malignant trans- 
formation. The manifestations may consist of a specific deficiency of 
one of the immunoglobulin (Ig) isotypes or of several or all Ig mole- 
cules (panhypogammaglobulinemia; see Chap. 75). Inability to synthe- 
size or secrete antibodies impairs the clearance of pathogens because of 
the inability to opsonize microorganisms for phagocytosis, resulting in 
immune dysregulation and dysfunction (Chap. 80). 


Abnormal Immunoglobulin Production 

Primary defect in the B-cell clone or expansion of a clone in response 
to chronic antigen stimulation can result in excess production of Ig that 
in turn produces a monoclonal gammopathy (Chap. 106). Monoclonal 
gammopathy can result in B-cell neoplastic disease, such as plasma cell 
myeloma (Chap. 107), Waldenström macroglobulinemia (Chap. 109) or 
chronic lymphocytic leukemia (Chap. 92). Production of abnormal Ig 
molecules or Ig fragments can also be seen in association with chronic 
infection, leading to development of Ig heavy-chain disease (Chap. 110). 
Deposition of Ig or Ig fragments can contribute to primary amyloid for- 
mation (Chap. 108). Reactivity of the Ig with self-antigen(s), such as 
those found on the red cell membrane (Chap. 54), can result in systemic 
autoimmune disease. 


T LYMPHOCYTE DISORDERS 


Impaired Immunoregulation 

The clinical manifestations of deficiencies or excesses of T-lympho- 
cytes depend on the subset of T-lymphocytes involved. Delayed hyper- 
sensitivity normally is mediated by CD4+ helper T cells (Th cells) and, 
more specifically, Thl-type cells (Chap. 76). A deficit or functional 
disturbance in these T-cells can impair the cellular immune response 
to mycobacteria, Listeria, Brucella, fungi, or other intracellular 
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TABLE 78-1. Classification of Disorders of Lymphocytes and Plasma Cells 


|. Primary disorders 
A. B-lymphocyte deficiency or dysfunction (Chap. 80)'? 
1. Agammaglobulinemia 
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Acquired agammaglobulinemia? 


Associated with plasma cell myeloma, heavy chain 
disease, light chain amyloid, Waldenström macroglob- 
ulinemia, or chronic lymphocytic leukemia (Chaps. 92 
and 107-110)*° 


Associated with celiac disease® 


. X-linked agammaglobulinemia’* 


Autosomal recessive agammoglobilinemia’ 
Common variable immunodeficiency"? 


. Transient hypogammaglobulinemia of infancy" 
. Bloom syndrome” 


Comel-Netherton syndrome"? 


Selective agammaglobulinemia (Chap. 80) 


a. 
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Immunoglobulin (lg) M deficiency 
1. Selective IgM deficiency” 

2. Wiskott-Aldrich syndrome" 
Selective IgG deficiency (Chap. 80) 
Selective IgA deficiency'’®"” 

IgA and IgM deficiency’? 

IgA and IgG deficiency’? 

1. CD40/CD40L deficiency 


2. Activation-induced cytidine deaminase (AID) 
(uracil-DNA glycosylate [UNG], hyper-IgM,) 
deficiency 


3. PMS2 deficiency 


Hyper-IgA?"? 

Hyper-IgD??*° 

Hyper-IgE syndrome (HIES; Chap. 80)?” 
Hyper-IgE associated with HIV infection? 
Hyper-IgM immunodeficiency (Chap. 80)!%7°79 


. X-linked lymphoproliferative disease??? 
-lymphocyte deficiency or dysfunction (Chap. 80)??** 


Cartilage-hair hypoplasia (Chap. 80)*°° 
Lymphocyte function antigen-1 deficiency?” 
Thymic aplasia (DiGeorge syndrome)*®°? 
Thymic dysplasia (Nezelof syndrome)*° 
Thymic hypoplasia‘*"“? 

CD8 deficiency” 

CD3y deficiency“ 


Winged helix deficiency (Nude)*” 
Interleukin-2 receptor a chain (CD25) deficiency” 


. Signal transducer and activator of transcription 5b 


(STAT 5b) deficiency” 


. Schimke syndrome*® 

. Janus kinase 3(JAK3) deficiency”? 

. yc Deficiency 

. Wiskott-Aldrich syndrome (Chaps. 80 and 120)'°° 
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. Zeta-associated protein of 70 kDa (ZAP-70) deficiency 
(Chap. 80)5"52 

Purine nucleoside phosphorylase deficiency (Chap. 80) 
Interleukin-7 receptor deficiency (Chap. 80) 

Major histocompatibility complex class | or II deficiency 
(Chap. 80) 

Coronin-1A deficiency (Chap. 80) 

IPEX (immune dysregulation, polyendocrinopathy, 
enteropathy, X-linked) syndrome caused by mutations 
in FoxP3 that cause a deficiency of CD4+ regulatory T 
cells (T,..) (Chaps. 76 and 80) 

APECED (autoimmune polyglandular, candidiasis, and 
ectodermal dystrophy) syndrome caused by mutations 
in the autoimmune regulator gene (AIRE) gene 

(Chaps. 6, 76, and 80) 


. Autoimmune lymphoproliferative syndrome (Chap. 80) 


. Combined T- and B-cell deficiency or dysfunction (Chap. 80) 


Ataxia-telangiectasia*? 
Combined immunodeficiency syndrome (Chap. 80)** 
a. Adenosine deaminase deficiency®”° 
. Thymic alymphoplasia*” 
CD45 deficiency’? 


. X-linked severe combined immunodeficiency 
syndrome”? 


Major histocompatibility complex class II deficiency— 
bare lymphocyte syndrome (Chap. 80)°° 


IgG and IgA deficiencies and impaired cellular immunity 
(type | dysgammaglobulinemia)°' 


Thymomaz-associated immunodeficiency” 
Pyridoxine deficiency® 

Reticular agenesis (congenital aleukocytosis)™ 
Omenn syndrome (Chap. 80)° 


Warts, hypogammaglobulinemia, infections, myelokathe- 
xis (WHIM) syndrome resulting from mutation in the 
CXCR4 gene (Chap. 80) 


tural killer cells (Chaps. 77 and 94) 
Chronic natural killer cell lymphocytosis’*”* 
red disorders 
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A. AIDS (Chap. 81) 
B. Reactive lymphocytosis or plasmacytosis (Chap. 79) 
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Bordetella pertussis lymphocytosis (Chap. 79) 
Cytomegalovirus mononucleosis (Chap. 82) 
Drug-induced lymphocytosis” 
Stress-induced lymphocytosis’ 

Persistent polyclonal B-cell lymphocytosis’” 
Postsplenectomy lymphocytosis” 
Epstein-Barr virus mononucleosis (Chap. 82) 
Inflammatory (secondary) plasmacytosis of marrow 
Large granular lymphocytosis (Chap. 94) 
Other viral mononucleosis (Chap. 82) 
Polyclonal lymphocytosis (Chap. 79) 


(Continued) 


Chapter 78: Lymphocyte and Plasma Cell Disorders 


TABLE 78-1. Classification of Disorders of Lymphocytes and Plasma Cells (Continued) 


12. Serum sickness’? 


13. T-cell lymphocytosis associated with thymoma 
(Chap. 79) 


14. Toxoplasma gondii mononucleosis (Chap. 82) 
15. Trypanosoma cruzi® 
16. Viral infectious lymphocytosis (Chap. 79) 


17. Cat-scratch and other chronic bacterial 
infection®' 


C. T-lymphocyte dysfunction or depletion associated with 
systemic disease 


1. B-cell chronic lymphocytic leukemia (Chap. 92) 
Hodgkin lymphoma (Chap. 97) 

Leprosy® 

Lupus erythematosus® 

Sjogren syndrome* 

Sarcoidosis® 
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organisms associated with formation of immune granulomas. Th2- 
type CD4+ Th cells, on the other hand, appear better suited to induce 
B-cell responses to antigen and direct the immune response against 
parasitic infestations (Chap. 76). Deficiency or defects in CD4+ regula- 
tor T cells (T ġo.) can result in autoimmune disease, whereas depletion 
or deficiency of Th17 cells can result in impaired resistance to oppor- 
tunistic infection (Chap. 76). Depletion of CD4+ T cells in patients 
infected with human immunodeficiency virus accounts in large part 
for the acquired immune deficiency that develops in patients infected 
with the virus (Chap. 81). 

T lymphocytes within a marrow allograft are responsible for initia- 
tion of the graft-versus-host disease (GVHD) (Chap. 23). Acute GVHD 
can lead to severe dermatitis, gastroenteritis, and hepatitis. Chronic 
GVHD can encompass a collage of connective tissue diseases, such as 
scleroderma, xerophthalmia, xerostomia, and pulmonary insufficiency, 
specifically bronchiolitis obliterans. Eosinophilia, hypergammaglobu- 
linemia, development of autoantibodies, and plasmacytosis can occur. 
Infection with classic or opportunistic pathogens is a common compli- 
cation of both acute and chronic GVHD. A similar qualitative reaction, 
albeit more limited, is seen in mononucleosis resulting from Epstein- 
Barr virus infection (Chap. 82). 


@ COMBINED T- AND B-CELL DISORDERS 


Combined T- and B-cell deficiency and dysfunction can result in het- 
erogeneous group of disorders that affect both cellular and humoral 
immunity. The disorder can be severe (severe combined immune 
deficiency [SCID]) or mild depending on whether the defect is par- 
tial (hypomorphic defects) or complete (null or amorphic defects). 
Complete defects can result in early death, typically during the first 
year of life, from uncontrolled infection. An extreme form of SCID 
is the T-cell-negative, B-cell-negative, NK-cell-positive phenotype 
with children presenting early in life with severe infections, failure 
to thrive, and low-to-absent T-and B-cell numbers and function. 
Advances in gene therapy and allogeneic stem cell transplantation 
offer hope in some cases (Chap. 80). 


@ NATURAL KILLER CELL DISORDERS 


Chronic NK cell lymphocytosis is a rare proliferative disorder that can 
be distinguished from NK cell leukemia and lymphoma by its indolent 
nature (Chap. 77). Patients typically have neutropenia, anemia, vas- 
culitic syndromes, fever of unknown origin, constitutional symptoms, 
cutaneous lesions and autoimmune disorders, including rheumatoid 
arthritis, Sjogren syndrome, and/or polymyalgia rheumatica. Studies 
seeking to define this condition as a clonal disorder using X-linked gene 
analysis have not yielded consistent findings (Chap. 77). 
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CHAPTER 79 
LYMPHOCYTOSIS AND 
LYMPHOCYTOPENIA 


Sumithira Vasu and Michael A. Caligiuri 


lymphocytosis is defined as an absolute lymphocyte count exceeding 4 x 
10°/L, whereas /ymphocytopenia is defined as a total lymphocyte count less 
than 1.0 x 10°/L. Lymphocytosis can be categorized as either polyclonal or 
monoclonal. Monoclonal lymphocytosis reflects an underlying clonal lymphoid 
disease in which the numbers of lymphocytes are increased because of the 
acquisition of somatic mutations resulting in clonal expansion of a lympho- 
cyte progenitor. This expansion can be stable, such as monoclonal B-cell lym- 
phocytosis or a progressive malignancy such as acute lymphocytic leukemia, 
whereas polyclonal lymphocytosis is most commonly the result of stimulation 
or a reaction to factors extrinsic to lymphocytes, generally infections and/or 
inflammation. Lymphocytopenia, on the other hand, typically reflects deple- 
tion of T cells, the most abundant lymphocyte subtype in the blood. The most 
common cause of such T-cell depletion is a viral infection, such as infection 
with the human immunodeficiency virus, although other causes exist. This 
chapter outlines the conditions associated with abnormalities in the num- 
bers of circulating lymphocytes in the blood. It also serves as a useful road 
map to other chapters in the book that describe in detail those conditions 
that commonly are associated with abnormalities in the absolute numbers of 
circulating lymphocytes. 


@LYMPHOCYTOSIS 
DEFINITION 


Lymphocytosis is defined as an absolute lymphocyte count exceeding 
4 x 10°/L, although somewhat higher threshold values (e.g., >5.0 x 10°/L) 
are sometimes used. The normal absolute lymphocyte count is signifi- 
cantly higher in childhood. Chapter 2 describes the methods for deter- 
mining the absolute lymphocyte count and the normal range for such 
counts in older children and adults (see Chap. 2, Tables 2-1 and 2-2). 
Tables 7-3 and 7-4 in Chapter 7, provide the lymphocyte counts and 
lymphocyte subset counts in newborns and infants. 

The blood film of patients with lymphocytosis should be evaluated 
for a predominance of reactive lymphocytes associated with infectious 


Acronyms and Abbreviations: BNP brain natriuretic peptide; CLL, chronic lym- 
phocytic leukemia; CML, chronic myelogenous leukemia; CMV, cytomegalovirus; 
EBV, Epstein-Barr virus; GVHD, graft-versus-host disease; IFN-y, interferon-gamma; 
Ig, immunoglobulin; IL, interleukin; LCK, lymphocyte-specific kinases; LGLL, large 
granular lymphocytic leukemia; MBL, monoclonal B-cell lymphocytosis; miRNA, 
microRNA; NK, natural killer; PPBL, persistent polyclonal B-cell lymphocytosis; TCR, 
T-cell receptor; UNC, uncoordinated; WHO, World Health Organization. 


mononucleosis (Chap. 82), large granular lymphocytes associated with 
large granular lymphocytic leukemia (Chap. 94), smudge cells associ- 
ated with chronic lymphocytic leukemia (CLL; Chap. 92), or blasts of 
acute lymphocytic leukemia (Chap. 91). Chapter 73 provides a descrip- 
tion of normal lymphocyte morphology. 

Characterization of cell-surface markers is valuable in distinguish- 
ing primary lymphocytosis (leukemic) from secondary lymphocytosis 
(reactive). Improvements in flow cytometric techniques and reagents 
have allowed clinical laboratories to perform flow cytometric immuno- 
phenotyping to distinguish benign from neoplastic lymphoproliferative 
disease.' Analysis for immunoglobulin or T-cell receptor gene rear- 
rangement also may provide evidence for monoclonal B-cell or T-cell 
proliferation, respectively.'” 


PRIMARY LYMPHOCYTOSIS 


Primary lymphocytosis defines conditions associated with an increase 
in the absolute number of lymphocytes secondary to an intrinsic defect 
in the expanded lymphocyte population (Table 79-1). These conditions 
also are referred to as lymphoproliferative disorders and most commonly 
are secondary to the neoplastic accumulation of monoclonal B cells, 
T cells, natural killer (NK) cells, or less fully differentiated cells of the 
lymphoid lineage. Table 79-1 lists the chapters describing each of these 
conditions. 

Although patients with lymphocytosis secondary to lymphopro- 
liferative disease generally maintain abnormal lymphocyte counts that 
rise over time, this finding is not invariable. Patients with large granular 
lymphocytic leukemia (Chap. 94) may have only transient lymphocyto- 
sis that is induced by stress or exercise. 


Monoclonal B-Cell Lymphocytosis 

The advent of multiparameter flow cytometric and molecular diagnostic 
techniques has identified a syndrome in patients who have expanded 
populations of monoclonal B cells without other associated clinical 
signs or symptoms.’ This condition, monoclonal B-cell lymphocytosis 
(MBL) has generated a series of clinical and biologic studies investigat- 
ing the prognosis and implications of this condition. An absolute B-cell 
count of less than 5.0 x 10°/L rather than the absolute lymphocyte count 
is used to distinguish MBL from CLL (Chap. 92).* This threshold is 
essentially arbitrary and is not based on objective clinical outcome data. 
MBL could be diagnosed in two situations: in subjects with a normal 
lymphocyte count via a screening assay (screening MBL) or during a 
clinical evaluation of lymphocytosis (clinical MBL).** Screening MBL, 
also commonly referred to as low-count MBL (<500 monoclonal B cells 
per uL) is diagnosed when high-sensitivity flow cytometric techniques 
are used in unaffected sibling families with a genetic predisposition to 
CLL.’ Prevalence of screening MBL increases with age from 2.1 percent 
in individuals between 40 and 60 years of age up to 5 percent in indi- 
viduals older than age 60 years. Single-cell analysis in familial CLL 
kindreds showed oligoclonality, suggesting a model of stepwise pro- 
gression to CLL. MBL also has been detected in blood donors, with a 
prevalence of 6.0 to 8.3 percent in donors age 45 years or older.’* This 
study detected presence of a MBL clone in 149 of 2098 donors, showing 
that MBL prevalence is much higher in blood donors than previously 
reported. This finding has generated interest given a meta-analysis 
showing higher risk of non-Hodgkin lymphoma and CLL in patients 
who received blood transfusions.'* Individuals with known clinical 
MBL should not be considered suitable for blood donation. Whether 
this applies to screening MBL is a matter of investigation. The 10 per- 
cent prevalence of screening MBL among relatives of patients with CLL 
has led to questions concerning their suitability as stem cell donors for 
patients with CLL requiring allogeneic stem cell transplantation.’ 


Part IX: Lymphocytes and Plasma Cells 


TABLE 79-1. Causes of Lymphocytosis 


|. Primary lymphocytosis 
A. Lymphocytic malignancies 
1. Acute lymphocytic leukemia (Chap. 91) 


2. Chronic lymphocytic leukemia and related disorders 
(Chap. 92) 


Prolymphocytic leukemia (Chap. 92) 
Hairy cell leukemia (Chap. 93) 
Adult T-cell leukemia (Chaps. 92 and 104) 
Leukemic phase of B-cell lymphomas (Chap. 95) 
Large granular lymphocytic leukemia (Chap. 94) 
a. Natural killer (NK) cell leukemia (Chap. 104) 
b. CD8+ T-cell large granular lymphocytic leukemia 
c. CD4+ T-cell large granular lymphocytic leukemia 
d. y/6 T-cell large granular lymphocytic leukemia 
B. Monoclonal B-cell lymphocytosis!” (Chap. 92) 
C. Persistent polyclonal B cell lymphocytosis*°”? 
ll. Reactive lymphocytosis 
A. Mononucleosis syndromes (Chap. 82) 
Epstein-Barr virus” 
Cytomegalovirus”? 
HIV" (Chap. 81) 
Herpes simplex virus type II 
Rubella virus'® 
Toxoplasma gondii'” 
Adenovirus 
Infectious hepatitis virus'® 
9. Dengue fever virus'®”"% 
10. Human herpes virus type 6 (HHV-6)' 
11. Human herpes virus type 8 (HHV-8)'”° 
12. Varicella zoster virus'® 
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B. Bordetella pertussis® 
C. NK cell lymphocytosis” 
D. Stress lymphocytosis (acute)*' 
1. Cardiovascular collapse’! 
a. Acute cardiac failure 
b. Myocardial infarction 
Staphylococcal toxic shock syndrome”? 
Drug-induced® 
Major surgery 
Sickle cell crisis'” 
Status epilepticus 
Trauma 
E. Hypersensitivity reactions 
1. Insect bite™ 
2 Druigs(2s1o 
F. Persistent lymphocytosis (subacute or chronic) 
1. Cancer’? 
2. Cigarette smoking?! 
3. Hyposplenism''® 
4. Chronic infection 
a. Leishmaniasis'” 
b. Leprosy 
c. Strongyloidiasis”® 
5. Thymoma'®?""! 
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Clinical MBL is more commonly encountered in clinical practice 
when patients are evaluated for lymphocytosis. A prospective study 
evaluated classic and new prognostic markers (IGHV mutational status 
and chromosomal abnormalities) in patients with clinical MBL and Rai 
stage 0 CLL. No significant differences were found either in IGHV/ 
IGHD/IGH] usage between the two patient groups. Similar gene and 
microRNA (miRNA) signatures were seen in both groups suggesting 
that the two conditions have an indistinguishable biologic profile but 
differ only in the initial size of the monoclonal population.” This con- 
dition is biologically indistinguishable from CLL. Given the seriousness 
of a diagnosis of CLL, investigators have sought to evaluate how the 
B-cell clone relates to the clinical outcome of development into CLL.'*'® 
The consensus is that the risk of progression requiring CLL-specific 
treatment among individuals with clinical MBL is 1 to 2 percent per 
year compared to 5 to 7 percent per year for individuals with Rai stage 
0 CLL.*'°” In contrast to this quantifiable progression for clinical 
MBL, progression to CLL is extremely rare among individuals with 
screening MBL.” In addition, a cohort study showed that clinical 
MBL was an independent risk factor for hospitalization for infection 
after controlling for age and gender compared to a control cohort. 
Thus, individuals with clinical MBL should be followed with a physi- 
cal examination and complete blood counts by a hematologist every 6 
to 12 months, while longer followup intervals of 12 to 18 months are 


recommended in screening MBL. Clinical MBL should also be coun- 
seled about screening for second primary malignancies. Table 79-2 lists 
the features of screening MBL and clinical MBL. 


Persistent Polyclonal Lymphocytosis of B Lymphocytes 
Persistent polyclonal B-cell lymphocytosis (PPBL) is defined as a chronic, 
moderate increase in absolute lymphocyte counts (>4 x 10°/L) without 
evidence for infection or other conditions that can increase the lympho- 
cyte count.” This type of lymphocytosis is a rare disorder that mostly 
affects middle-age women and is associated with smoking. It is char- 
acterized by the persistent expansion of CD27+immunoglobulin (Ig) 
M+IgD+ B cells, the presence of circulating binucleated lymphocytes 
and increased IgM serum levels.”*”” Such patients have an accumulation 
of polyclonal B cells that have an unusual binucleated appearance on the 
blood film.” Specific morphologic features predictive of the diagnosis 
include basophilic vacuolated cytoplasm and monocytoid changes.”*”? 
These lymphocytes typically have low-to-negligible expression of CD5 
or CD23 found in patients with CLL and are polyclonal with respect 
to light-chain expression and immunoglobulin heavy-chain gene rear- 
rangements (Fig. 79-1). 

The B cells commonly express relatively high levels of IgD and 
CD27, a phenotype shared with that of memory B cells (Chap. 75). 
Consistent with this phenotype, the immunoglobulin variable-region 


Chapter 79: Lymphocytosis and Lymphocytopenia 


TABLE 79-2. Characteristics of Clinical and Screening Monoclonal B-Cell Lymphocytosis 


Clinical MBL Screening MBL 
Risk of transformation to CLL-requiring therapy 1-2% per year Extremely rare 
Hematologic followup interval 6-12 months 12-18 months 
Risk of infections Yes No 
Eligible for blood donation No Yes 
Eligible for stem-cell donation No No 


CLL, chronic lymphocytic leukemia; MBL, monoclonal B-cell lymphocytosis. 
Adapted with permission from Molica S, Mauro FR, Molica M, et al: Monoclonal B-cell lymphocytosis: a reappraisal of its clinical implications. 


Leuk Lymphoma _ 53(9):1660-1665, 2012. 


genes used by the B cells most commonly have evidence of somatic 
mutations, implying that the expanded B cells have undergone germinal 
center maturation in an immune response(s) to antigen(s).**** Analyses 
of the immunoglobulin variable-region genes expressed by memory- 
type B cells of patients failed to reveal evidence of positive antigenic 
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selection, suggesting that inappropriate clearance of B cells expressing 
low-affinity immunoglobulin receptors plays a role in this disorder.” 
The cause(s) of this type of lymphocytosis is unknown. Gender 
and genotype may be important in the pathogenesis, as the patients 
most commonly are young to middle-age women who often are human 


Figure 79-1. Persistent polyclonal lymphocytosis of B lymphocytes. Blood film. A to C. Examples of the nuclear abnormality of lymphocytes in this 
disorder. The lymphocyte nucleus may be bilobed or segmented although not fully bilobed. Some are monolobed. D. Light chain analysis. Immu- 
noenzymatic method. Cytocentrifuge cell preparation. Antikappa immunoglobulin light chain tagged with peroxidase and antilambda light chain 
tagged with alkaline phosphatase. Note polyclonal reactivity of lymphocytes; some cells with surface k light chains (brownish) and some with surface 
A light chains (reddish). Molecular studies did not show immunoglobulin gene rearrangement. (Reproduced with permission from Lichtman’s Atlas of 


Hematology, www.accessmedicine.com.) 


leukocyte antigen (HLA)-DR7 positive.“ In addition, there are shared 
cases among identical twins and in families.” Moreover, evaluation 
of first-degree relatives of individuals with this type of lymphocytosis 
may identify new patients who have all the criteria for its diagnosis or 
have slight increases in serum IgM, suggesting a possible hereditary or 
genetic contribution to the pathogenesis.” 

Patients can have features resembling those of patients with various 
monoclonal B-cell malignancies. Patients may have mild splenomegaly.“ 
Histologic examination of marrow and secondary lymphoid tissues 
from patients with progressive splenomegaly can reveal features resem- 
bling marginal zone B-cell lymphoma (Chap. 101).' In possibly another 
manifestation of this syndrome, first identified in Japan as hairy B-cell 
lymphoproliferative disorder, the patients can present with anemia, 
thrombocytopenia, and splenomegaly and have an excess of polyclonal 
B lymphocytes that appear similar in morphology and immune pheno- 
type to the neoplastic B cells in hairy cell leukemia (Chap. 93). 

Although the lymphocytosis generally is not progressive, most 
patients have small numbers of blood B cells with chromosomal abnor- 
malities. These abnormalities can include an additional isochromosome 
+i(3q) and premature chromosome condensation, and/or the t(14;18) 
translocation involving the BCL-2 and immunoglobulin heavy-chain loci 
that typically is found in the neoplastic B cells of patients with follicular 
lymphoma (Chap. 99).***” In another study of 43 patients, two-thirds of 
patients had lymphocytes with independent chromosomal abnormalities, 
such as del(6q), +der, +8, or other polyploidy karyotypic abnormalities.“ 
In any one patient, these chromosomal abnormalities are restricted to B 
lymphocytes independent of their expression of immunoglobulin or light 
chains.” For cases associated with smoking, these cytogenetic abnormal- 
ities apparently persist after the discontinuation of tobacco use.***! The 
finding of such chromosome abnormalities is consistent with the notion 
that this disorder represents a preneoplastic state. Extensive proliferation 
of CD27+ IgM+IgD+ cells have been noted as well, which may explain the 
finding of splenomegaly.” Occasional reports of clonal immunoglobulin 
gene rearrangements in this disorder suggest that polyclonal expansion in 
some cases may be followed by the emergence of one predominant clone.” 
Moreover, a small proportion of patients ultimately develop monoclonal 
B-cell lymphoma or B-cell leukemia. “%52 


SECONDARY (REACTIVE) LYMPHOCYTOSIS 


Secondary lymphocytosis defines conditions associated with an increase 
in the absolute number of lymphocytes secondary to a physiologic or 
pathophysiologic response to infection, toxins, cytokines, or unknown 
factors. 


Infectious Mononucleosis 

The most common reactive lymphocytosis is infectious mononucleo- 
sis (see Table 79-1). In cases of mononucleosis secondary to infection 
with Epstein-Barr virus (EBV), the atypical lymphocytes commonly 
consist of polyclonal populations of CD8+ T cells, y/ô T cells, and 
CD16+CD56+ NK cells that are stimulated in response to EBV-infected 
B cells (see Chap. 82, Fig. 82-1). A study prospectively evaluated 
university students to determine the incidence, risk factors, and viro- 
logic and immune correlates of disease severity.” During a median of 
3 years of observation of EBV antibody-negative students, 66 subjects 
experienced primary infection. Of these, 77 percent had infectious 
mononucleosis, 12 percent had atypical symptoms, and 11 percent were 
asymptomatic. Although viremia was transient, median oral shedding 
was 175 days. Increases were observed in numbers of NK cells and 
CD8+ T cells but not in numbers of CD4+ T cells during acute infec- 
tion. Severity of illness correlated with both blood EBV load (P = 0.015) 
and CD8+ lymphocytosis (P = 0.0003). 


Part IX: Lymphocytes and Plasma Cells 


Acute Infection Lymphocytosis 

Acute infection lymphocytosis is a disorder that occurs in children usu- 
ally between the ages of 2 and 10 years. It is characterized by an increase 
in blood lymphocytes, often to 20 to 30 x 10°/L* and occasionally as 
high as 100 x 10°/L, which might be mistaken for acute leukemia.” The 
lymphocytes may vary in size but are otherwise similar to normal blood 
lymphocytes (Fig. 79-2). Patients usually are asymptomatic but may 
have fever, abdominal pain, or diarrhea. Lymph node enlargement and 
splenomegaly do not occur, and the patient’s serum usually is negative 
for heterophile antibodies found in patients with infectious mononu- 
cleosis caused by EBV. In this regard, the disease resembles infectious 
mononucleosis caused by viruses other than EBV, such as cytomegalo- 
virus (CMV; Chap. 82).°*°° Clinical symptoms last for a few days, but 
the lymphocytosis may persist for several weeks. Eosinophilia may be 
present. Examination of marrow from a few patients has shown min- 
imal increases in lymphocytes, but marked infiltration with lympho- 
cytes also has been observed. In some cases, the lymphocytosis has been 
found in association with acute infection by coxsackievirus B2.°! 


Bordetella pertussis 

A marked increase in the number of lymphocytes occurs in patients 
infected with the Gram-negative bacterium Bordetella pertussis.” Abso- 
lute lymphocyte counts range from 8 to 70 x 10°/L, with a mean of 
approximately 30 x 10°/L, involving all lymphocyte subsets.* A nota- 
ble proportion of lymphocytes have cleaved nuclei, characteristic of the 
cells in cases of pertussis (see Chap. 73, Fig. 73-1C). 

Lymphocytosis primarily results from failure of lymphocytes 
to leave the blood because of pertussis toxin, which is released by the 
bacteria.“ Pertussis toxin is an adenosine diphosphate ribosylase that 
modifies G proteins in mammalian lymphocytes. This inhibits the 
capacity of lymphocytes to traffic from blood into lymphoid tissues, 
primarily through inhibition of chemokine receptors. Pertussis toxin 
also may stimulate egress of maturing T cells from the thymus and may 
bind to neuraminic acid residues of T-cell surface glycoproteins to induce 
T-cell activation. Despite high levels of vaccination, recent epidemics 
have been noted primarily as a result of waning immunity in adults who 
subsequently serve as a source of infection to household infants.” 


Large Granular Lymphocytosis 
Large granular lymphocytosis can result from expansions of NK cells, 
CD8+ T cells, or, more rarely, CD4+ T cells. In the most common form, 
the lymphocytosis is secondary to CD3-CD16+CD56+ NK cells and is 
termed NK lymphocytosis, in which NK cell counts typically approximate 
4 x 10°/L, but can sometimes exceed 15 x 10°/L.” The blood lympho- 
cytes of patients with T-cell large granular lymphocytosis should be eval- 
uated for clonal rearrangements in the T-cell receptor genes (Chap. 76),”" 
which would be indicative of T-cell large granular lymphocytic leukemia 
(LGLL); LGLL is a heterogeneous disorder characterized by an increase 
in the number of blood large granular lymphocytes between 2 and 20 x 
10°/L for more than 6 months without a clearly identified cause (see Chap. 
94, Fig. 94-1).”' Currently NK cell lymphoproliferative disorder is consid- 
ered as a provisional entity, distinct from T-LGLL and NK-LGLL in the 
2008 WHO (World Health Organization) classification. A retrospective 
review compared clinical and pathologic features between patients with 
T-LGLL and chronic NK lymphocytosis.” They noted that median age, 
association with autoimmune diseases and hematologic malignancies 
were similar between the two groups. However, neutropenia and associa- 
tion with rheumatoid arthritis was less prevalent in NK cell lymphoprolif- 
erative disorder than in T-LGLL. 

Large granular lymphocytosis has been observed in 20 percent of 
allogeneic stem cell transplant recipients for a variety of malignancies 
with a median onset of 312 days from transplant.” CMV-seropositive 
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Figure 79-2. Blood films. A. Acute infectious lymphocytosis. The lymphocytosis in this disorder of childhood is composed of normal-appearing 
lymphocytes, which may vary somewhat in size as shown in the blood of this case. Note typical small lymphocyte with dense chromatin pattern and 
scant rim of cytoplasm and somewhat two larger lymphocytes with less-dense chromatin pattern. B, C. Reactive lymphocytes. Large lymphocytes 
with an increased proportion of cytoplasm with basophilic cytoplasmic edges, often engaging neighboring red cells. Nucleoli may occasionally be 
evident. This variation in lymphocyte appearance can occur in a variety of disorders that provoke an immunologic response, including viral illnesses. 
They are indistinguishable in appearance by light microscopy from the reactive lymphocytes seen in infectious mononucleosis, viral hepatitis, or 
other conditions such as Dengue fever. D to F. Plasmacytoid lymphocytes. In this type of reactive lymphocytosis, the lymphocytes are large and 
have deep blue-colored cytoplasm, approaching the coloration of plasma cell cytoplasm, but they retain the nuclear appearance, cell shape, and cell 
size of a medium-size lymphocyte, and they do not develop a prominent paranuclear clear zone or markedly eccentric nuclear position as do most 
plasma cells. They may be seen in a variety of situations including infections, drug hypersensitivity, and serum-sickness-type reactions. (Reproduced 


with permission from Lichtman's Atlas of Hematology, www.accessmedicine.com.) 


recipients and patients who developed CMV reactivation and chronic 
graft-versus-host disease (GVHD) were more likely to develop large 
granular lymphocytosis. GVHD isa condition occurring after allogeneic 
hematopoietic stem cell transplantation when alloreactive T lympho- 
cytes from the graft attack host organs, resulting in protean manifesta- 
tions in multiple organs, and can cause severe debilitation. Surprisingly, 
presence of large granular lymphocytosis was associated with an over- 
all survival advantage (86.2 percent vs. 53.8 percent, p<0.0001), lower 
nonrelapse mortality (3.2 percent vs. 27.3 percent, p<0.0001) and lower 
relapse incidence (9.6 percent vs. 29.4 percent, p<0.0001). 

Expansion of NK cells or T cells may represent an exaggerated 
response to systemic infection and/or immune deregulation. T-cell 
large granular lymphocytosis may be secondary to an exaggerated cellu- 
lar immune response to infection with human CMV.” Also, there is an 
association between NK lymphocytosis and strongyloidiasis.”° 

Patients with NK lymphocytosis frequently have recurrent cuta- 
neous lesions, such as livedoid vasculopathy, urticarial vasculitis, or 
complex recurrent aphthous stomatitis.” Other reports noted an 
association between NK lymphocytosis and various cytopenias, includ- 
ing severe aplastic anemia.” Large granular lymphocytosis also may 
be associated with rheumatoid arthritis. Occurring in less than 0.6 
percent of patients with rheumatoid arthritis, large granular lympho- 
cytic lymphocytosis almost invariably is associated with neutropenia 
in the absence of splenomegaly and thus may represent a subset of 


Felty syndrome.”*° Patients with autoimmune pure red cell aplasia or 
immune thrombocytopenia also may have large granular lymphocytosis 
secondary to expanded numbers of polyclonal T cells or NK cells.*!*? 


Drug-Induced Lymphocytosis 
Dasatinib and ibrutinib are associated with lymphocytosis when used 
for chronic myelogenous leukemia (CML) and CLL, respectively. In 
patients receiving dasatinib, expansion of highly differentiated CD8+ 
T lymphocytes or NK cells have been noted.***> Some studies associ- 
ate oligoclonal expansions of these cells to clinical effects such as CMV 
reactivation and pleural effusion.** Clonal lymphocytosis usually has 
LGLL morphology and also show late differentiated (CD27-CD57+) 
phenotypes that seem predisposed to apoptosis and reduced NK-cell 
cytotoxicity. In addition to lymphocytosis, plasma levels of interleukin 
(IL)-6, monokines induced by interferon-y (IFN-y) and IL-2R were sig- 
nificantly increased in LGLL patients. IFN-y is a soluble cytokine critical 
for innate and adaptive immunity against viral, bacterial and protozoal 
infections. IL-2 is also a cytokine that has effects on T lymphocytes and 
has key functions in tolerance and immunity. Some studies suggest that 
lymphocytosis after dasatinib is associated with a favorable response in 
CML.” 

Ibrutinib targets B-cell receptor signaling and has been approved 
for use in CLL.* After just one dose of ibrutinib, increases in the abso- 
lute lymphocyte count of up to 66 percent can occur, representing egress 


of lymphocytes from nodal compartments.” Although this resolves 
within 8 months in most patients, a small minority has sustained lym- 
phocytosis lasting more than a year. Biologic characterization of the 
lymphocytosis has shown that the persistent CLL cells do not prolifer- 
ate and do not represent clonal evolution. The prolonged lymphocytosis 
likely represents a persistent quiescent clone and is not associated with 
a risk of relapse.” 


Stress Lymphocytosis 

Transient stress lymphocytosis has been identified as a common cause of 
lymphocytosis in patients admitted to a hospital.” Both trauma and non- 
traumatic stress have been associated with lymphocytosis.” Trauma, 
surgery, acute cardiac failure, septic shock, myocardial infarction, sickle 
cell crisis, or status epilepticus may be associated with an elevated lym- 
phocyte count, often greater than 5 x 10°/L, which may revert to normal 
or below-normal levels within hours.***> The increased lymphocyte count 
appears promptly after the event and appears secondary to lymphocyte 
redistribution affecting all major lymphocyte subsets.” A transient lym- 
phocytosis can be induced by the redistribution of leukocyte subsets after 
both physical and psychological stress.” Characteristically, two phases 
are recognized after catecholamine administration: a quick (<30 minutes) 
mobilization of lymphocytes, followed by an increase in granulocyte 
numbers with decreasing lymphocyte numbers.”*”? 


Hypersensitivity Reactions 

Delayed hypersensitivity reactions to insect bites, especially mosquitos, 
may be associated with a large granular lymphocytic lymphocytosis and 
adenopathy.’ These delayed hypersensitivity reactions can be associ- 
ated with EBV-NK lymphocytosis.’ Idiosyncratic drug reactions also 
may be associated with subacute lymphocytosis, typically developing 2 
to 8 weeks after initiating administration of the responsible drug.!?-1” 
An infectious mononucleosis-like syndrome can be induced in some 
patients by salazosulfapyridine or sulfasalazine (see Fig. 79-2).1 


Persistent Lymphocytosis 

Patients may have subacute or chronic lymphocytosis, termed persis- 
tent lymphocytosis, in association with a variety of clinical conditions 
(see Table 79-1). 

Patients with lymphocytosis may have underlying neoplastic dis- 
ease. Most notably, patients with malignant thymoma may have a poly- 
clonal T-cell lymphocytosis thought to be secondary to the aberrant 
release of thymic hormones by the neoplastic thymic epithelium. 1-1" 
A reactive lymphocytosis or plasmacytosis may be detected in patients 
with acute myeloid leukemia or systemic mastocytosis.''”""* Patients 
with solid tumors also may develop lymphocytosis following cancer 
chemotherapy. 

Patients may develop polyclonal lymphocytosis following 
splenectomy.”*"*"'® An absolute lymphocyte count ranging from 4.0 to 
8.7 x 10°/L often is noted 4 to 242 (median: 70) months after splenectomy 
and can persist for prolonged periods (e.g., longer than 50 months). 


Chronic Infections A reactive lymphocytosis commonly is associated 
with many viral and certain bacterial infections, which, if protracted, 
can result in subacute or chronic lymphocytosis (see Table 79-1)."!” 


@LYMPHOCYTOPENIA 
DEFINITION 


Chapter 2 presents the methods for determining the absolute lym- 
phocyte count and the normal range for such counts. Lymphocytope- 
nia is defined as a total lymphocyte count less than 1.0 x 10°/L, but 
some consider the lower limit of normal to be 1.5 x 10°/L (1500/uL). 
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Because approximately 80 percent of normal adult blood lymphocytes 
are T lymphocytes and nearly two-thirds of blood T lymphocytes are 
CD4+ (helper) T lymphocytes, most patients with lymphocytopenia 
have reductions in the absolute numbers of T lymphocytes, particularly 
CD4+ T lymphocytes. The average absolute number of T lymphocytes 
in normal adult blood is 1.9 x 10°/L, ranging from 1.0 to 2.3 x 10°/L. The 
average absolute number of CD4+ T lymphocytes is 1.1 x 10°/L, ranging 
from 7.2 to 14 x 10°/L. The average absolute number of cells of the other 
major T-cell subgroup, CD8+ T lymphocytes, is 6.5 x 10°/L, ranging 
from 3.8 to 9.7 x 10°/L. 

Table 79-3 summarizes the conditions associated with lympho- 
cytopenia. The mechanism of lymphocytopenia is not established for 
many of these disorders, and several possible mechanisms exist. Further 
discussion of lymphocytes and of the diseases associated with lympho- 
cytopenia are presented in the cited reports (see Table 79-3). 

The relative incidence of each of these conditions varies, depend- 
ing upon the patient population. In one New Zealand survey of patients 
who had significant lymphocytopenia (<0.6 x 10°/L), the patients fell 
into several categories with some overlap." In order of decreasing fre- 
quency, the factors associated with lymphocytopenia were bacterial or 
fungal sepsis (250 patients), major surgery (228 patients), definite (153 
patients) or suspected (53 patients) glucocorticoid therapy, malignancy 
(180 patients), cytotoxic therapy and/or radiotherapy (90 patients), 
recent trauma or hemorrhage (86 patients), renal allograft (38 patients), 
marrow allograft (35 patients), “viral infections” other than HIV (26 
patients), or infection with HIV (13 patients). Only one patient was sus- 
pected of having idiopathic CD4+ T lymphocytopenia. 


INHERITED CAUSES 


Patients with inherited immunodeficiency diseases may have associ- 
ated lymphocytopenia (see Table 79-3 and see Chap. 80, Table 80-2). 
Inherited immunodeficiency disorders may have a quantitative or qual- 
itative stem cell abnormality, resulting in ineffective lymphopoiesis (see 
references cited in Table 79-3). Moreover, mutations in the genes that 
are critical for T-cell development can result in severe combined immu- 
nodeficiency and lymphocytopenia as a consequence of the inability 
to generate mature T cells (Chap. 76).! Other immune deficiencies, 
such as the Wiskott-Aldrich syndrome, have associated lymphopenia 
because of premature destruction of T cells secondary to a defect in the 
lymphocyte cytoskeleton.’ Studies have reported that certain ethnic 
groups have lower CD4+ T-cell counts in the absence of other identified 
factors, for example, Ethiopians and Chukotka natives. 1??? 


ACQUIRED LYMPHOCYTOPENIA 


Acquired lymphocytopenia defines syndromes associated with depletion 
of blood lymphocytes that are not secondary to inherited disease. 


Infectious Diseases 
The most common infectious disease associated with lymphopenia is 
AIDS caused by HIV (Chap. 81). The lymphocytopenia results in part 
from destruction and/or clearance of CD4+ T cells infected with HIV-1 
or HIV-2,1?9!4 

Other viral and bacterial diseases may be associated with lympho- 
cytopenia (see Table 79-3). Patients presenting with active tuberculo- 
sis often have lymphocytopenia, even if they are HIV negative and this 
usually resolves 2 weeks after initiating appropriate antimicrobial ther- 
apy.” Patients with severe acute respiratory syndrome resulting from 
infection with coronavirus typically have lymphocytopenia that resolves 
following recovery.'*!” Several other common viral diseases, such as 
measles, typically are associated with transient lymphocytopenia during 
the acute phases of infection, which in turn is thought to contribute to 
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TABLE 79-3. Causes of Lymphocytopenia 


|. Inherited causes 
A. Congenital immunodeficiency diseases (Chap. 80) 
1. Severe combined immunodeficiency disease!” 
a. Aplasia of lymphopoietic stem cells 
b. Adenosine deaminase deficiency'” 
c. Absence of histocompatibility antigens 
d. Absence of CD4+ helper cells 
e 


. Thymic alymphoplasia with aleukocytosis (reticular 
dysgenesis)!” 


f. Mutations in genes required for T-cell development 
Common variable immune deficiency'* 
Ataxia-telangiectasia'”® 

Wiskott-Aldrich syndrome 

Immunodeficiency with short-limbed dwarfism (carti- 
lage-hair hypoplasia)'”” 

6. Immunodeficiency with thymoma" 

7. Purine nucleoside phosphorylase deficiency" 


8. Immunodeficiency with venoocclusive disease of the 
liver? 


n ss KI 


B. Lymphopenia resulting from genetic polymorphism" 
ll. Acquired causes 

A. Aplastic anemia'® (Chap. 35) 

B. Infectious diseases 

1. Viral diseases 
a. Acquired immunodeficiency syndrome'™ (Chap. 81) 

Severe acute respiratory syndrome!® 
West Nile encephalitis'®'® 
Hepatitis'®® 
Influenza’? 
Herpes simplex virus'®® 
Herpes virus type 6 (HHV-6)'®° 
Herpes virus type 8 (HHV-8)'%° 

i. Measles virus” 

j. Other’? 
2. Bacterial diseases 
Tuberculosis” 
Typhoid fever” 
Pneumonia’®™ 
Rickettsiosis'%° 
Ehrlichiosis!” 

f. Sepsis”?! 
3. Parasitic diseases 

a. Acute phase of malaria infection 


Se eo nS: 
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C. latrogenic 
1. Immunosuppressive agents 
a. Antilymphocyte globulin therapy” 
b. Alemtuzumab (Campath 1-H)'?? 
c. Glucocorticoids'® 
2. High-dose psoralen plus ultraviolet A treatment? 
3. Stevens-Johnson syndrome"! 
4. Chemotherapy 
5. Renal transplant? 
6. Radiation? 
7. Major surgery"? 
8. Extracorporeal bypass circulation?™ 
9. Hematopoietic stem cell transplant? 
10. Thoracic duct drainage’? 
11. Hemodialysis? 
12. Pheresis for donor lymphocyte infusion'”° 
D. Systemic disease associated 
1. Autoimmune diseases 
Systemic lupus erythematosus?” 
Sjogren syndrome!” 
Myasthenia gravis? 
Systemic vasculitis??? 
Behcet-like syndrome?” 
Dermatomyositis?" 
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g. Wegener granulomatosis?! 
2. Hodgkin lymphoma?” (Chap. 99) 
3. Carcinoma?" 

4. Idiopathic myelofibrosis?!° 
5. Protein-losing enteropathy?"®?'” 
6. Heart failure’ 
7. Sarcoidosis?"® 
8. Thermal injury'* 
9. Severe acute pancreatitis?!’ 
10. Strenuous exercise??? 
11. Micosi 
12. Celiac disease”? 
E. Nutritional and dietary 
1. Ethanol abuse"? 
2. Zinc deficiency“ 
Ill. Idiopathic 
A. Idiopathic CD4+ T lymphocytopenia'*? 


a disease course-related immunodeficiency that can predispose patients 
to infection with opportunistic infectious agents (see Table 79-3).'*° 
The prognostic value of lymphocytopenia as a consequence of sepsis 
has been evaluated.'*' In a single-center retrospective study, persistent 
lymphopenia on the fourth day after the diagnosis of sepsis predicted 
both 28-day and 1-year survival. Lymphopenia is considered a surro- 
gate marker for sepsis-induced immunosuppression. In patients hos- 
pitalized with decompensated heart failure, relative lymphocytopenia 


(decrease in percent of lymphocytes, not absolute lymphocyte count) 
was frequently noted.'” 


latrogenic 

Radiotherapy, cytotoxic chemotherapy, glucocorticoids, or administra- 
tion of antilymphocyte globulin or alemtuzumab (Campath-1H) each 
can lead to lymphocytopenia by destroying circulating lymphocytes 
(see Table 79-3). Long-term treatment of psoriasis with psoralen and 


ultraviolet A irradiation may result in T-lymphocyte lymphopenia, 
possibly through destruction of cells circulating through the cutane- 
ous vasculature. The mechanism by which glucocorticoids cause 
lymphocytopenia is not clear, but may be secondary to a glucocorti- 
coid-induced redistribution of lymphocytes in addition to induced cell 
destruction.'**"'* Redistribution also may be responsible for the lym- 
phocytopenia occurring after surgery.'*”'** In thoracic duct drainage, 
the lymphocytes are lost from the body.'* Platelet or stem cell apheresis 
similarly lowers the lymphocyte count because of inadvertent removal 
of lymphocytes with the platelets." 


Systemic Disease Associated with Lymphocytopenia 

Patients with systemic autoimmune disease can have lymphocytope- 
nia, secondary to either the underlying disease or therapy. Patients 
who present with systemic lupus erythematosus may have autoanti- 
body-mediated lymphocytopenia prior to therapy and the presence of 
antilymphocyte antibodies was independently associated with disease 
activity and lupus nephritis." Similarly, patients with primary Sjogren 
syndrome sometimes have lymphocytopenia even prior to therapy and 
an association between lymphocytopenia and risk of developing lym- 
phoma has been observed." In conditions such as protein-losing 
enteropathy, lymphocytes may be lost from the body. Severe thermal 
injury may result in profound T-cell lymphopenia secondary to redis- 
tribution of blood T cells to the tissues.'* Lymphopenia has also been 
noted to be an independent predictor of poor outcomes in heart failure 
patients requiring hospitalization. Patients with low lymphocyte counts 
tend to be older with higher rates of comorbid diseases such as diabetes, 
renal disease, atrial fibrillation and have high levels of brain natriuretic 
peptides (BNPs) and wide QRS intervals on electrocardiography. After 
adjusting for multiple known clinical risk factors, lymphocytopenia 
remains a strong predictor of all-cause or cardiovascular mortality.'* 


Nutritional or Dietary 

Zinc is essential for normal T-cell development and function. 6 Low 
zinc levels have been observed in critically ill children within 72 hours 
of admission to an intensive care unit.’ Zinc therapy corrects the lym- 
phocytopenia of zinc deficiency, and lymphocytic function is restored. 
Excessive intake of ethanol and/or chronic ethanol use may result in 
impaired lymphocyte proliferative responses and lymphopenia, which 
may resolve with abstinence from alcohol.'” Concerns over whether the 
soy isoflavones found in soy protein can factor in the development of 
lymphocytopenia appear unjustified.” 


@ IDIOPATHIC CD4+ T LYMPHOCYTOPENIA 


The advent of immunophenotyping and HIV serologic testing has iden- 
tified a syndrome of isolated CD4+ T-cell depletion in the absence of 
evidence for retroviral infection.'*' The syndrome, termed idiopathic 
CD4+ T lymphocytopenia by the Centers for Disease Control and Pre- 
vention in 1993, is defined by the WHO as a CD4+ T-lymphocyte count 
less than 0.3 x 10°/L on two separate occasions in patients without 
serologic or virologic evidence of HIV-1 or HIV-2 infection.’” Unlike 
HIV infection, the decrease in the CD4 cell counts of patients with idio- 
pathic CD4+ T lymphocytopenia is generally slow.'* It is important to 
exclude congenital immunodeficiency diseases, such as common vari- 
able immunodeficiency, which may lead to altered CD4+ T-cell counts 
that are recognized in later life (Chap. 80).'!* 

Although some patients with idiopathic CD4+ T lymphocytopenia 
do not have any clinical manifestations, more than half of all reported 
cases had prior opportunistic infections indicative of a cellular immu- 
nodeficiency (e.g., recurrent herpes zoster, pulmonary Mycobacterium 
avium, Mycobacterium tuberculosis, Pneumocystis carinii pneumonia, 
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toxoplasmosis, neuroinvasive West Nile disease, progressive multifocal 
leukoencephalopathy, or cryptococcal infections). The WHO clas- 
sifies such patients as having idiopathic CD4+ T lymphocytopenia and 
severe unexplained HIV-seronegative immune suppression. 

Several observations have helped understand the pathogenesis 
of idiopathic lymphocytopenia. Lymphocyte-specific kinases (LCKs) 
play a key role in initiation of signaling from the T-cell receptor (TCR). 
TCR activates LCK through the adaptor protein, uncoordinated 119 
(UNC119).'© Consequently a mutation of human UNC119 impairs 
LCK activation resulting in diminished T-cell responses to TCR stimu- 
lation and clinically manifests as lymphopenia and opportunistic infec- 
tions. A heterozygous mutation of UNC119 has been noted in patients 
with Idiopathic CD4+ T-lymphocytopenia.'*' IL-7 and IL-2 signaling 
have been shown to be impaired in this condition, which may explain 
for the loss of CD4+ T-lymphocyte homeostasis. The exact propor- 
tion of patients with this disorder is unknown because patients who are 
not affected clinically by the isolated CD4+ T-cell depletion may not 
come to medical attention. In conclusion, idiopathic CD4+ T lympho- 
cytopenia is a heterogeneous condition diagnosed typically in middle 
age and is associated with multiple opportunistic infections and auto- 
immune diseases. Experimental cytokine therapies with IL-2 have been 
evaluated in these patients.'® 
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CHAPTER 80 
IMMUNODEFICIENCY 
DISEASES 


Hans D. Ochs and Luigi D. Notarangelo 


Primary immune deficiency diseases (PIDDs) are characterized by increased 
susceptibility to infections, often associated with autoimmunity and inflam- 
mation and an increased risk of malignancies because of impaired immune 
homeostasis and surveillance. Depending on the nature of the immune defect, 
the clinical presentation of PIDD may vary and may include recurrence of upper 
and lower respiratory tract infections, invasive bacterial infections, purulent 
lymphadenitis, skin or deep abscesses, infections sustained by poorly viru- 
lent or opportunistic pathogens (Pneumocystis jirovecii, cytomegalovirus, 


Acronyms and Abbreviations: AD, autosomal dominant; ADA, adenosine deam- 
inase; AD-HIES, autosomal dominant hyperimmunoglobulin E syndrome; 
aHSCs, autologous hematopoietic stem cells; AID, activation-induced cytosine 
deaminase; AIRE, autoimmune regulator; ALPS, autoimmune lymphoprolif- 
erative syndrome; APECED, autoimmune polyendocrinopathy, candidiasis, and 
ectodermal dystrophy; APS, autoimmune polyglandular syndrome; AR-HIES, 
autosomal recessive hyperimmunoglobulin syndrome; AT, ataxia-telangiectasia; 
ATLD, ataxia-telangiectasia—like disorder; ATM, ataxia-telangiectasia mutated; 
BCG, bacillus Calmette-Guérin; BLM, the causative gene of Bloom syndrome; 
BS, Bloom syndrome; BTK, Bruton tyrosine kinase; C, complement; CARD, cas- 
pase recruitment domain-containing protein; CD40L, CD40 ligand; CHARGE, 
coloboma of the eye, heart defects, atresia of the nasal choanae, retardation 
of growth and/or development, genital and/or urinary abnormalities, and ear 
abnormalities and deafness; CID, combined immune deficiency; CMC, chronic 
mucocutaneous candidiasis; CMV, cytomegalovirus; CSR, class switch recombi- 
nation; CTL, cytotoxic T lymphocyte; CTLA-4, cytotoxic T-lymphocyte antigen-4; 
CTPS1, cytidine 5-triphosphate synthase 1; CVID, common variable immunode- 
ficiency; D, diversity; DC, dendritic cell; DGS, DiGeorge syndrome; DOCK8, ded- 
icator of cytokinesis 8; EBV, Epstein-Barr virus; FHL, familial hemophagocytic 
lymphohistiocytosis; G-CSF, granulocyte colony-stimulating factor; GM-CSF, 
granulocyte-macrophage colony-stimulating factor; GS2, Griscelli syndrome 
type 2; HIES, hyperimmunoglobulin E syndrome; HLA, human leukocyte anti- 
gen; HLH, hemophagocytic lymphohistiocytosis; HPV, human _papillomavi- 
rus; HSCT, hematopoietic stem cell transplantation; HSE, herpes simplex virus 
encephalitis; HSV, herpes simplex virus; IBD, inflammatory bowel disease; ICF, 
immunodeficiency with centromere instability and facial anomalies; IFN, inter- 
feron; Ig, immunoglobulin; IGF-1, insulin-like growth factor 1; IGHM, immuno- 
globulin heavy constant mu; IGLL1, immunoglobulin lambda-like polypeptide 
1; IKK, IKB kinase; IL, interleukin; IL-7R, IL-7 receptor; iNKT, invariant natural 
killer T cell; IPEX, immune dysregulation, polyendocrinopathy, enteropathy, 
X-linked; IRAK, IL-1 receptor-associated kinase; IRF8, interferon-regulated factor 
8; 1SG15, interferon-stimulated gene 15; ITCH, itchy E3 ubiquitin protein ligase; 


environmental mycobacteria, Cryptosporidium, Giardia lamblia), persistent or 
recurrent candidiasis, narrow susceptibility to a selective type of pathogens, 
autoimmunity, increased susceptibility to malignancies, and may be associ- 
ated with typical signs of specific immunodeficiency syndromes. 

With the exception of immunoglobulin (Ig) A deficiency and DiGeorge syn- 
drome, PIDDs are generally rare, with a prevalence of approximately 1 in 10,000 
to 1 in 50,000 of the general population. However, prompt recognition of PIDD 
is of importance, because diagnostic delay is associated with increased risk of 
death and of irreversible complications. Most forms of PIDD follow mendelian 
inheritance; however, some, like common variable immunodeficiency (CVID), 
have a multifactorial origin. In most cases, PIDDs present in childhood, but late 
presentations may occur or even predominate in some forms, such as CVID. 

The diagnostic approach to PIDD is based on a detailed family and clinical 
history, physical examination and appropriate laboratory tests. Lymphopenia is 
characteristic of severe combined immune deficiency. Abnormalities affecting 
neutrophils can be observed in patients with disorders of neutrophil produc- 
tion (e.g., congenital neutropenia, leukocyte adhesion deficiency; Chap. 65) or 
function (e.g., chronic granulomatous disease; Chap. 66), respectively. Evalu- 
ation of serum immunoglobulin levels and of antibody responses to immuni- 
zation antigens is of value for patients with a history of recurrent infections. 


ITK, interleukin-2—inducible T-cell kinase; IVIG, intravenous immunoglobulin; J, 
joining; JAK3, Janus-associated tyrosine kinase 3; LCK, lymphocyte-specific pro- 
tein tyrosine kinase; LGL, large granular lymphocytic leukemia; LIG4, DNA ligase 
IV; LRBA, lipopolysaccharide responsive beige-like anchor; LYST, lysosomal 
trafficking regulator; MAGT1, magnesium transporter 1; MHC, major histocom- 
patibility complex; MME, mycophenolate mofetil; MonoMAC, monocytopenia, 
B-cell and NK-cell lymphopenia associated with mycobacterial, fungal, and viral 
infections; MSMD, mendelian susceptibility to mycobacterial disease; MyD88, 
myeloid differentiation factor 88; NBS, Nijmegen breakage syndrome; NEMO, 
nuclear factor-KB essential modulator; NF, nuclear factor; NK, natural killer; NKT, 
natural killer T cell; ORAI1, calcium release-activated calcium channel protein 
1; PI3K, phosphatidylinositol 3-kinase; PIDD, primary immune deficiency dis- 
ease; PLDN, pallidin; PMS2, postmeiotic segregation increased 2 (Saccharomyces 
cerevisiae); PNP, purine nucleoside phosphorylase; RAG7/2, recombination acti- 
vating gene 1/2; RMRP, ribonuclease mitochondrial RNA processing complex; 
SAP, signaling lymphocyte activation molecule (SLAM)-associated protein; SCID, 
severe combined immune deficiency; SHM, somatic hypermutation; SLAM, 
signaling lymphocyte activation molecule; SMARCAL1, switch/sucrose nonfer- 
mentable (SWI/SNF)-related matrix-associated actin-dependent regulator of 
chromatin subfamily A-like protein 1; SNP, single nucleotide polymorphism; 
STIM1, stromal interaction molecule 1; TAP-1/2, transport-associated protein 
1/2; TCR, T-cell receptor; Towy | Memory; TLR, toll-like receptor; TNF, tumor 
necrosis factor; TRAF, TRIF-related adaptor molecule; TREC, T-cell—receptor exci- 
sion circle; TRIF, toll-interleukin 1 receptor domain-containing adaptor-inducing 
IFN-B; TYK2, tyrosine kinase 2; UNG, uracil N-glycosylase; V, variable; VODI, 
venoocclusive disease with immunodeficiency; WAS, Wiskott-Aldrich syndrome; 
WASp, Wiskott-Aldrich syndrome protein; WHIM, warts, hypogammaglobuline- 
mia, infections, myelokathexis; WIP WASp-interacting protein; WRN, Werner 
syndrome, RecQ helicase-like; XHIGM, X-linked hyperimmunoglobulin M; XLA, 
X-linked agammaglobulinemia; XLP1 and XLP2, X-linked lymphoproliferative 
syndrome types 1 and 2; XLT, X-linked thrombocytopenia; ZAP-70, zeta-asso- 
ciated protein of 70 kDa. 


The clinical presentation and the results of these screening evaluations may 
prompt additional laboratory testing. For instance, patients with a profound 
hypogammaglobulinemia and a history of recurrent infections should be 
tested for the presence of circulating B lymphocytes (CD19+ or CD20+ cells), 
which are absent or markedly reduced in X-linked agammaglobulinemia. On 
the other hand, early presentation with severe and/or opportunistic infec- 
tions, especially if associated with lymphopenia, should prompt enumera- 
tion of lymphocyte subsets. A severe reduction of circulating CD3+ T cells is 
typically observed in severe combined immune deficiency, and may be asso- 
ciated with defects of B and/or natural killer cells. Deep bacterial infections, 
or infections sustained by Aspergillus, require evaluation of neutrophil count 
and function, to identify patients with congenital neutropenia and chronic 
granulomatous disease, respectively. Invasive recurrent infections sustained 
by Neisseria species are an indication for assessing complement levels and 
function. The complement component deficiencies may also lead to systemic 
lupus erythematosus-like features or other autoimmune disorders. Laboratory 
results should be compared to age-matched control values, as white blood 
cell counts, lymphocyte subsets, complement components, immunoglobu- 
lin levels, and antibody production (especially to polysaccharide antigens) 
undergo significant changes and progressive maturation in the first years of 
life. It is important to rule out secondary forms of immunodeficiency, such as 
human immunodeficiency virus infection, protein loss, and immunodeficiency 
secondary to use of immunosuppressive drugs, as well as anatomical and/or 
functional problems (e.g., asplenia) that may lead to increased susceptibility 
to infections. 

Recognition of PIDDs is essential to start optimal therapies at an early 
age. These include immunoglobulin substitution for patients with antibody 
deficiency; allogeneic hematopoietic stem cell transplantation for patients 
with severe combined immune deficiency; and in some cases, gene therapy 
or enzyme replacement therapy may be considered. Antimicrobial prophy- 
laxis and aggressive treatment of infections is necessary in most cases of 
PIDD. Some patients with significant immune dysregulation may benefit from 
immunosuppressive therapy. 

This chapter focuses on defects that primarily affect T and B lymphocytes, 
the complement system, and innate immunity. It discusses specific immuno- 
deficiency syndromes, reviews etiology and pathogenesis, clinical and labora- 
tory features, treatment, and prognosis. Chapters 65 and 66 discuss in detail 
disorders of neutrophil number and function. 


@ PREDOMINANT ANTIBODY 
DEFICIENCIES 


X-LINKED AND AUTOSOMAL RECESSIVE 
AGAMMAGLOBULINEMIA 


Definition and Genetic Features 

X-linked agammaglobulinemia (XLA) is the prototypic antibody defi- 
ciency characterized by profound hypogammaglobulinemia caused by 
a maturation defect in B-cell development.'” XLA, originally described 
in 1953, is one of the first primary immunodeficiencies in which the 
underlying defect, a mutation of Bruton tyrosine kinase (BTK) was 
identified. Autosomal recessive agammaglobulinemia, a variant form of 
agammaglobulinemia, has been reported in patients with a clinical phe- 
notype resembling XLA including very low B-cell numbers and severe 
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bacterial infections but normal BTK.’ Several responsible gene muta- 
tions have been identified, including those involving the B-cell receptor 
complex u heavy chain (immunoglobulin heavy constant mu [IGHM]), 
the surrogate light chain component 15 (immunoglobulin lambda-like 
polypeptide 1 [IGLL1]), the signal transducer complex of the pre-B-cell 
receptors immunoglobulin (Ig) a (CD79a), Ig8 (CD79b), and mutations 
in the B-cell adaptor molecule BLINK, the p85a subunit of phosphat- 
idylinositol 3-kinase (PI3K)* and a dominant negative E47 mutation 
causing autosomal dominant agammaglobulinemia.* 


Clinical Features 

Because IgG is actively transported across the placenta, infants born 
with XLA have normal levels of IgG at birth and are frequently asymp- 
tomatic for the first few months of life. Following metabolism of the 
maternal antibodies, affected boys begin to develop recurrent infections 
usually between 4 and 12 months of age. In a review of 96 XLA patients, 
20 percent experienced initial clinical symptoms after their first birth- 
day and approximately 10 percent after 18 months of age. In an Italian 
study of 73 patients with mutation-verified XLA, the mean age of onset 
of symptoms was 2 years.° The presenting symptoms vary greatly and 
may be mild or severe (Table 80-1). Otitis media and chronic sinusitis, 
pneumonia, pyoderma, and diarrhea are frequent clinical presentations. 
Serious complications include septicemia, meningitis, septic arthritis, and 
osteomyelitis. In young children with XLA, acute infections are often 
associated with neutropenia. Pyogenic bacteria, such as Haemophilus 
influenzae, Streptococcus pneumoniae, and Staphylococcus aureus are the 
most common pathogens observed in XLA. Opportunistic infections, 
such as Pneumocystis jirovecii, are rarely observed. Infections with Ure- 
aplasma urealyticum have been reported in XLA patients with myco- 
plasma arthritis.’ Although resistance to viral infections is generally 
intact, XLA patients are unusually susceptible to enteroviruses such as 
echovirus, coxsackievirus, and poliovirus. Poliomyelitis after live-at- 
tenuated (Sabin) poliovirus vaccine, especially if given at a time when 
maternal antibodies had disappeared, is associated with high morbidity 
and mortality. Before the introduction of intravenous immunoglobulin 
(IVIG), XLA patients frequently developed chronic, disseminated echo- 
virus and coxsackievirus infections presenting as meningoencephalitis, 
dermatomyositis/fasciitis, and hepatitis. Gastroenteritis caused by 
Giardia lamblia, Campylobacter species, or rotavirus is not uncommon 
and may be associated with malabsorption. Chronic intestinal inflam- 
mation resembling Crohn disease may develop in children and adults 
with XLA. Interestingly, an increased incidence of rectosigmoid cancer 
with high mortality has been reported.” Pyoderma gangrenosum-like 
ulcers of the lower extremities have been observed to be caused by 
Helicobacter species." 


Laboratory Features 

Most patients have markedly reduced levels of all classes of immuno- 
globulins; circulating B cells are less than 1 percent of total lymphocytes 
and tonsils are absent. Because of the maturation arrest at the pre-B-cell 
stage, very few B cells undergo differentiation into plasma cells. As a 
result, lymph nodes, lymphoid follicles, germinal centers, and intesti- 
nal mucosal biopsies lack plasma cells. As expected, specific antibodies 
to microorganisms or vaccines are markedly reduced or undetectable 
(Table 80-2). 

BTK, a cytoplasmic protein tyrosine kinase known to inter- 
act with other cytoplasmic proteins, plays an important role in the 
pre-B-cell expansion and the survival of mature B cells by facilitat- 
ing signaling through the B-cell antigen receptor. BTK is present in 
all hematopoietic cells except T cells, natural killer (NK) cells, and 
plasma cells. The presence of BTK in normal monocytes and platelets 
allows assessment of BTK in most XLA patients with low or absent 
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TABLE 80-1. Principal Clinical Features of Primary Immunodeficiency Disorders 


Neutrophil Numerical or Func- 


tional Defects (See Chaps. 65,66) Antibody Deficiencies 


Combined Immune 
Deficiencies 


Complement Deficiencies 


Recurrent bacterial infec- 
tions after 4 to 6 months 


Severe bacterial and fungal 
infections 


Early onset respiratory and 
gut infections (bacterial, 


Recurrent or severe infections sus- 
tained by encapsulated pathogens 


of age viral, fungal) 
Skin or deep bacterial and fungal 
abscesses 
Intestinal Giardia lamblia Opportunistic infections Recurrent Neisseria meningitidis 
infection infections 
Infections sustained by unusual Persistent candidiasis 
bacteria and fungi 
Enteroviral Erythroderma Autoimmune manifestations 


meningoencephalitis 


(systemic lupus erythematosus-like) 


Colitis 


Growth failure 


Atypical hemolyticuremic syndrome 


Recurrent angioedema (C1-INH 
deficiency) 


BTK levels using flow cytometry, and to identify carrier females." 
Sequence analysis of the BTK gene confirms the diagnosis of XLA and 
allows prenatal diagnosis. Autosomal recessive (and dominant) forms 
of agammaglobulinemia are rare and require sequence analysis of the 
genes listed above. 


Treatment 

Intravenous or subcutaneous IgG infusions at a dose of 400 to 600 mg/ 
kg every 3 to 4 weeks are highly effective in preventing chronic infec- 
tions in agammaglobulinemic patients. Prophylactic antibiotics are 
indicated in those with chronic lung disease. Adequate IVIG replace- 
ment has markedly reduced the incidence of enteroviral infections, but 
other complications, such as Crohn-like disease, are difficult to pre- 
vent, and progressive neurodegeneration has been observed in a small 
number of XLA patients without identification of an infectious agent.’ 


HYPERIMMUNOGLOBULIN M SYNDROMES 


Definition and Genetic Abnormalities 

Hyper-IgM syndromes are characterized by recurrent infections 
associated with low serum levels of IgG, IgA, and IgE, but normal or 
increased levels of IgM (see Table 80-2). They are the direct result of 
mutations affecting genes involved in B-cell activation, class switch 
recombination (CSR), and somatic hypermutation (SHM). Muta- 
tions in the genes encoding CD40 ligand (CD40L) or CD40 interfere 
with the triggering of events that lead to CSR and SHM. Mutations in 
the B-cell intrinsic enzymes, activation-induced cytosine deaminase 
(AID) and uracil N-glycosylase (UNG), directly affect CSR and SHM. 
Mutations in the NEMO gene (nuclear factor [NF]-«B essential modu- 
lator), a protein crucial for NF-«B activation, cause clinical features of 
anhydrotic ectodermal dysplasia with associated immune deficiency 
in males and incontinentia pigmenti in females.’ A novel B-cell- 
intrinsic CSR deficiency characterized by susceptibility to malignan- 
cies was found to be associated with mutations in the gene encoding 
the postmeiotic segregation increased 2 (Saccharomyces cerevisiae) 
(PMS2) component of the mismatch repair machinery.'* A subset of 
patients with ataxia telangiectasia present with elevated serum IgM 
and CSR deficiency.’° 


X-Linked Hyperimmunoglobulin M as a Result of CD40 
Ligand Deficiency 

Clinical Features In addition to recurrent bacterial infections, 
affected infants with X-linked hyperimmunoglobulin M (XHIGM) 
often present with interstitial pneumonia caused by P. jirovecii 
approximately 50 percent of affected males will develop neutropenia.’ 
Patients with XHIGM are at high risk of developing chronic Cryp- 
tosporidium infections complicated by ascending cholangiolitis and 
chronic liver disease. Progressive neurodegeneration in XHIGM 
patients similar to those with XLA has been reported.” Abortive ger- 
minal center formation and severe depletion of follicular dendritic 
cells of lymph nodes occurs. Affected patients are at risk to develop 
neoplasms, most often lymphomas, but also tumors of the biliary 
and gastrointestinal tract,'’ which are rarely observed in other pri- 
mary immunodeficiencies. 

Laboratory Features Circulating lymphocyte subsets are present 
in normal numbers but B cells are predominantly naive and few are of 
the switched memory B-cell subtype (IgD~, IgM- CD27*).'* Lymphocyte 
proliferation in response to mitogens is normal, but responses to specific 
antigens are often reduced.” XHIGM is caused by mutations in CD40L, 
a surface protein expressed by activated CD4* lymphocytes. CD40L 
interacts with the CD40 membrane protein constitutively expressed 
by B cells, macrophages, and dendritic cells (DCs). The interaction of 
CD40L/CD40 sets in motion a signaling event that results in the expres- 
sion of AID and UNG, and induces CSR and SHM. Mutations in CD40L 
are distributed throughout the gene and may result in nonfunctional or 
absent protein.'* Several patients with mild cases of XHIGM not treated 
with IVIG have developed chronic pure red cell aplasia as a result of 
persistent parvovirus B19 infection.” 

Treatment Prophylactic treatment with trimethoprim-sulfamethoxazole 
is indicated during infancy and childhood to prevent P jirovecii pneu- 
monia. Intravenous or subcutaneous immunoglobulin at doses similar 
to patients with XLA is used to prevent chronic infections, including 
parvovirus B19. Exposure to Cryptosporidium should be prevented by 
avoiding the use of potentially contaminated water. Because of the high 
incidence of serious complications and the unfavorable long-term out- 
come,” allogeneic stem cell transplantation should be considered if an 
optimal donor can be identified. Severe and persistent neutropenia may 
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TABLE 80-2. Common Adaptive Immunodeficiencies: Laboratory and Clinical Features* 


Humoral Immunity 


Lymphocytes* Serum Immunoglobulins (Ig) 
Cellular Antibody 
B T NK Immunity M G A E Responses Common Infections 
Predominantly antibody deficiencies 
X-linked = T + + L l L $ - Bacteria, Giardia lamblia 
agammaglobulinemia 
BTK deficiency 
Autosomal recessive agammaglobulinemia 
5, Iga, IgB, BLNK, p85a, -— + do dh J L tt L = Bacteria 
E47 deficiency 
Transient hypogamma- + T dy d NI NÝ NN NA +- Bacteria 
globulinemia of infancy 
Selective IgA deficiency + + + + N N L N +/= Bacteria, G. lamblia 
Common variable + + poo tt WA od 4 L = Bacteria, G. lamblia 
immune deficiency (CVID) 
Hyper-IgM syndromes 
CD40 ligand deficiency + di fo = wT J L 1 +/- Bacteria, viruses, fungi 
(X-linked) 
CD40 deficiency a T Po g Nî 4 dt L +/- Bacteria, viruses, fungi 
Activation-induced T T fy chk NWT JL | J +/- Bacteria 


cytidine deaminase 
deficiency (AID) 


Uracil-DNA glycosylase + ap ap ap N/T L l L a= Bacteria 
deficiency (UNG) 
X-linked NF-KB Essen- + + Poo $ NWT d y q +/= Bacteria, viruses, fungi 


tial Modulator (NEMO) 
deficiency, due to muta- 
tions in IKBKG 


Severe combined immunodeficiencies (SCID) 


Interleukin receptor + = = = N a uF a = Bacteria, viruses, fungi 
y-chain deficiency 
(X-linked SCID) 


Janus-associated kinase + - =- = N l y 4 - Bacteria, viruses, fungi 
3 (JAK3) deficiency 

Interleukin-7 receptor + z ns N L L L = Bacteria, viruses, fungi 
a-chain deficiency 

ZAP-70 tyrosine kinase + H doo s N NW NA NA +- Bacteria, viruses, fungi 
deficiency 

Adenosine deaminase — - - - J L L ļ - Bacteria, viruses, fungi 
(ADA) deficiency 

Purine nucleotide ap = + = N 4 4 4 W= Bacteria, viruses, fungi 
phosphorylase (PNP) 

deficiency 

Recombinase activat- — = + - J L L L - Bacteria, viruses, fungi 
ing genes (RAG 1/2) 

deficiency 

Artemis deficiency = = + - L L 4 ļ - Bacteria, viruses, fungi 


| 

| 

| 

| 
1 
<= 
ee 
<= 

| 


Reticular dysgenesis 
(AK2 deficiency) 


Primary T-cell deficiencies 


Bacteria, viruses, fungi 


Congenital thymic 
aplasia (DiGeorge 
syndrome) 


de 
| 
4 


+/— N N N N +/- Bacteria, viruses, fungi 


(Continued) 
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TABLE 80-2. Common Adaptive Immunodeficiencies: Laboratory and Clinical Features* (Continued) 


Humoral Immunity 


Lymphocytes* Serum Immunoglobulins (Ig) 
Cellular Antibody 
U NK Immunity G A E Responses Common Infections 
MHC class Il deficiency + tiff i dt No d NAL +/— Bacteria, viruses, fungi 
TAP-1, TAP-2 deficiency + H H= H- N N N i Bacteria, viruses, fungi 
(MHC class | deficiency) 
Other well-defined immunodeficiency syndromes 
Ataxia-telangiectasia + + o ttf NT NY NN JL TE Bacteria 
Wiskott-Aldrich + +/- + +- N T f +/- Bacteria 
syndrome 
Hyper IgE Syndromes 
STAT3 deficiency (AD)  +/⁄- + T Tt ae Staph, Candida 
DOCK8 deficiency (AR) +/—  +⁄- duff duff TT ae Candida, viruses, fungi 
GATA 2 deficiency (AD) — + - +/- N +/- Atypical mycobacteria, 
viruses, fungi 
IPEX, IPEX-like + (lack of + + N ly ill + Autoimmunity, Staph, 


Tregs) 


Candida, CMV 


*Natural killer lymphocytes (NK), T cells (T), B cells (B). 


Normal levels (+), reduced or absent levels (—); normal (N), elevated (1), or reduced (J) serum immunoglobulins. 


require treatment with granulocyte colony-stimulating factor (G-CSF), 
at least on a temporary basis. 


Autosomal Recessive Hyperimmunoglobulin M with CD40 
Mutations 

Autosomal recessive hyperimmunoglobulin M caused by mutations 
in CD40 have been reported, mostly in consanguineous families.’*”” 
Affected members have similar clinical and laboratory findings as those 
with CD40L mutations. Treatment and prognosis of CD40 deficiency is 
similar to XHIGM. 


Autosomal Recessive Hyperimmunoglobulin M Syndrome 
Caused by an Intrinsic B-Cell Defect 

Definition AID is expressed only in B cells undergoing CSR or 
SHM and is thought to affect DNA editing.” Because of milder 
symptoms, the diagnosis of AID deficiency is often established later 
in life. 

Clinical Features AlID-deficient patients present with recurrent 
bacterial infections, mostly affecting the upper and lower respiratory 
tract. In contrast to patients with XHIGM, AID-deficient individuals 
have an excellent long-term prognosis, especially if given IVIG pro- 
phylaxis. Most affected individuals present with striking lymphoid 
hyperplasia involving tonsils and lymph nodes as a result of marked 
follicular hyperplasia. The number of circulating T- and B-cell subsets 
are normal, including normal proportion of memory B cells; however, 
all CD27* memory B cells fail to isotype switch and only express IgM 
and IgD. Mutations of AID affect the entire gene and include missense, 
nonsense mutations, and small deletions. 

UNG is expressed in proliferating cells, including B cells undergo- 
ing CSR. Following AID-induced deamination of cytosine into uracil 
residues on single-stranded DNA, UNG deglycosylates and removes 
uracil residues, thus leading to a single-stranded DNA break. The repair 
of the DNA nick leads to successful CSR and SHM. Because AID and 
UNG are functionally closely linked, lack of UNG results in a clinical 


phenotype similar to AID deficiency. The three UNG deficient patients 
reported to date have a history of frequent bacterial infections, lymph- 
adenopathy, and an excellent response to IVIG therapy.” 


X-Linked Anhydrotic Ectodermal Dysplasia with Immunode- 
ficiency Caused by Mutations in Nuclear Factor-KB Essential 
Modulator 

Definition Anhydrotic (or hypohidrotic) ectodermal dysplasia is 
a rare syndrome with partial or complete absence of sweat glands, 
sparse hair growth, and abnormal dentition. A subset of these patients 
has an X-linked mode of inheritance and immunodeficiency char- 
acterized by low-serum IgG levels, variably elevated IgM levels, and 
decreased antibody responses. This syndrome results from mutations 
in the IKBKG gene encoding NEMO, a key subunit of I-xB kinase that 
regulates NF-xB dimerization and nuclear transfer.” Most affected 
boys have a hypomorphic NEMO mutation that allows some func- 
tion, and present with bacterial (S. pneumoniae, S. aureus) and often 
atypical mycobacterial infections. Loss-of-function mutations cause 
the X-linked dominant condition of incontinentia pigmenti in females 
and are embryonically lethal in males. A similar phenotype with auto- 
somal dominant inheritance is caused by gain-of-function mutations 
in IKBA.” 

Clinical Features A review of 72 individuals with NEMO muta- 
tions has demonstrated a wide spectrum of clinical phenotypes.” Thir- 
ty-two different mutations of NEMO were identified, with 70 percent 
being associated with ectodermal dysplasia, 86 percent with serious 
pyogenic infections, 39 percent with mycobacterial infections, 19 per- 
cent with serious viral infections, and 21 percent with inflammatory 
bowel disease. One-third of this cohort of NEMO patients died prema- 
turely (mean age: 6.4 years). 

Treatment Treatment with IVIG is useful but does not pre- 
vent the occurrence of serious complications. Symptomatic treatment 
depends on those complications. 


COMMON VARIABLE IMMUNODEFICIENCY 
AND SELECTIVE IMMUNOGLOBULIN A 
DEFICIENCY 


Definition 

Common variable immunodeficiency (CVID) is a clinically and molec- 
ularly heterogeneous disorder, presenting at any age, but most often 
during adulthood. CVID is characterized by recurrent bacterial infec- 
tions, hypogammaglobulinemia, and impaired antibody responses. 
Together with selective IgA deficiency, CVID is the most common pri- 
mary immune deficiency, with an incidence of 1 in 10,000 individuals. 
Familial inheritance is observed in approximately 20 percent of cases 
and CVID and IgA deficiency may be present in the same families. In 
rare instances, patients with selective IgA deficiency may progress to 
CVID. Attempts have been made to associate CVID and IgA deficiency 
with genes located within the major histocompatibility complex (MHC) 
region on chromosome 6; however, no specific genes within this region 
have been identified. A small proportion of patients with CVID have 
been molecularly defined as having mutations in several genes involved 
directly or indirectly with B-cell differentiation, including ICOS, TACI, 
BAFF-receptor, CD19, CD20, CD21, and CD81.” The recent discov- 
ery of CVID-like phenotypes resulting from heterozygous mutations 
in NF-«B2**” and gain-of-function mutations in PI3K6,*° and CVID 
with autosomal recessive inheritance as a result of mutations in protein 
kinase Cé*! further support the idea that CVID is a heterogeneous pri- 
mary immune deficiency disease (PIDD) with strong genetic roots. In 
addition, patients with mutations in BTK, CD40L, and SH2D1A have 
been mistakenly diagnosed as CVID. 


Clinical Features and Treatment of Common Variable 
Immunodeficiency 

The majority of CVID patients present with recurring sinopulmo- 
nary infections, most often bacterial pneumonia.” If the diagnosis is 
delayed or if treatment is inadequate, bronchiectasis and chronic lung 
disease may develop. Gastrointestinal complaints are frequent and may 
be caused by chronic G. lamblia or Campylobacter infections, resem- 
bling chronic inflammatory bowel disease. Lymphoid hyperplasia of the 
small bowel is a frequent finding. Autoimmune disorders are common 
and may resemble rheumatoid arthritis, dermatomyositis, or sclero- 
derma. In addition, CVID patients may develop autoimmune hemolytic 
anemia, autoimmune thrombocytopenia, autoimmune neutropenia, 
pernicious anemia, and chronic active hepatitis. Lymphadenopathy 
and splenomegaly are common, the result of follicular hyperplasia. 
Caseating granulomas of the lung, spleen, liver, skin, and other tissues 
may develop at any age, and a condition resembling sarcoidosis has 
been described. The cause of this devastating granuloma formation is 
unknown. A high incidence of lymphoma and gastrointestinal malig- 
nancies have been reported in older CVID patients,” with a 438-fold 
increase in the risk of lymphomas in affected women during the fifth 
and sixth decades.* Despite normal numbers of blood B lymphocytes 
and the presence of lymphoid cortical follicles, CVID patients have 
hypogammaglobulinemia that may be as profound as in XLA (see Table 
80-2). Antibody responses to recall and to neoantigens are diminished 
and some CVID patients have decreased numbers of memory B cells, 
especially of switched memory B cells. A subset of CVID patients have 
a substantial T-cell deficiency characterized by decreased expression 
of CD40L by activated CD4* T cells (without a mutation of CD40L) 
and by reversed CD4:CD8 ratio. Treatment with IVIG substitution and 
prophylactic antibiotics is beneficial but often insufficient to prevent 
serious complications. Allogeneic hematopoietic stem cell transplan- 
tation (HSCT) is generally not recommended, except in patients with 
lymphoid malignancies. There is a rare association between immune 
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deficiency and thymoma, which is estimated to be present in 4 percent 
of patients with hypogammaglobulinemia.* 


Clinical Features and Treatment of Selective 
Immunoglobulin A Deficiency 

The incidence of selective IgA deficiency, defined as IgA less than 5 
to 10 mg/dL, differs greatly between ethnic groups, being highest in 
Scandinavia (1 in 396 in a Finnish study)” and lowest in Asian popula- 
tions (1 in 14,000 in Japan).*” Because secretory IgA is considered to be 
most important in protecting mucus surfaces, it is surprising that most 
IgA-deficient patients remain healthy. Other defense systems, for exam- 
ple, noncirculatory IgM or neutrophils, may compensate for this defi- 
ciency. Symptomatic individuals are not only IgA deficient, but often 
have deficient antibody responses to specific antigens. IgA deficiency 
may be associated with IgG, and IgG, deficiency and poor responses 
to polysaccharide antigens.” Selective IgA deficiency, if associated with 
symptoms, often leads to recurrent sinopulmonary infections and atopic 
symptoms including allergic conjunctivitis, rhinitis, and eczema. Food 
allergy may be more common in IgA-deficient patients and asthma 
associated with IgA deficiency appears to be more refractory to therapy. 
Gastrointestinal tract disorders include chronic giardiasis, malabsorp- 
tion, celiac disease, primary biliary cirrhosis, pernicious anemia, and 
nodular lymphoid hyperplasia. A number of autoimmune diseases are 
associated with selective IgA deficiency, including rheumatoid arthritis, 
systemic lupus erythematous, thyroiditis, myasthenia gravis, and ulcer- 
ative colitis. 

A significant proportion of IgA-deficient individuals has anti-IgA 
antibodies in their serum and may react to blood products contain- 
ing IgA, including IVIG preparations with low IgA content. However, 
patients with selective IgA deficiency who make normal IgG antibody 
do not need IVIG therapy. 

The fundamental defect in selective IgA deficiency is the failure of 
IgA-bearing B lymphocytes to mature into IgA-secreting plasma cells. 
There is no specific treatment that would correct this problem. Intermit- 
tent or continuous prophylactic antibiotics may be helpful in patients 
with recurrent respiratory tract infections, who develop chronic symp- 
toms of lung disease. On the other hand, if IgA deficiency is associated 
with poor antibody responses to selected antigens, for example, to poly- 
saccharides, an attempt with IVIG substitution should be made. 


LIPOPOLYSACCHARIDE RESPONSIVE 
BEIGE-LIKE ANCHOR DEFICIENCY 


Lipopolysaccharide responsive beige-like anchor (LRBA) is a broadly 
expressed, cytosolic protein involved in endocytosis of ligand-activated 
receptors. LRBA deficiency is inherited as an autosomal recessive trait and 
is characterized by recurrent bacterial and viral infections, and prominent 
autoimmune manifestations, cytopenias, and inflammatory bowel dis- 
ease, in particular.” Hypothyroidism and myasthenia gravis have been 
also reported. Immunologic abnormalities include progressive hypogam- 
maglobulinemia, impaired activation and decreased survival of T and B 
lymphocytes, reduced number of marginal zone-like and switched mem- 
ory B cells, and defective autophagy. 


@ SEVERE COMBINED 
IMMUNODEFICIENCIES 


DEFINITION AND HISTORY 


The first description of severe combined immunodeficiencies (SCIDs) 
dates back to 1950, when Glanzmann and Riniker described infants 
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who died with overwhelming infections, intractable diarrhea, thrush, 
and profound lymphophenia.*! The SCID phenotype represents a het- 
erogeneous group of genetic disorders that are characterized by a severe 
impairment of T-lymphocyte development and function (Fig. 80-1). 
Depending on whether the development of B and/or NK lymphocytes is 
also affected, SCID can be classified into four distinct immunologic phe- 
notypes: (1) T B*NK SCID (the most common variant); (2) TB*NK* 
SCID; (3) T-B-NK* SCID; or (4) T-B-NK- SCID (see Table 80-2). The 
term combined immune deficiency (CID) is used to define disorders with 
residual development and/or function of T lymphocytes. Unless treated 
by allogeneic HSCT or, in selected cases, by gene therapy or enzyme 
replacement therapy, SCID is inevitably fatal. 


MOLECULAR DEFECTS AND PATHOGENESIS OF 
SEVERE COMBINED IMMUNE DEFICIENCY 


SCIDs are mendelian disorders, and their overall prevalence is esti- 
mated to be approximately 1 in 50,000 births. In Western countries, the 
most common form of SCID is inherited as an X-linked trait; however, 
a variety of autosomal recessive forms are also known. SCID can be 
grouped in different categories that illustrate the various pathogenetic 
mechanisms involved in T-cell development. 


Severe Combined Immune Deficiency as a Result of Increased 
Apoptosis of Lymphocyte Precursors 

Adenosine Deaminase Deficiency Approximately 5 to 10 percent of 
infants with SCID have a deficiency of adenosine deaminase (ADA), the 
enzyme that converts adenosine and deoxyadenosine into inosine and 
deoxyinosine, respectively.” In the absence of ADA, high intracellular 
levels of adenosine, deoxyadenosine, and their toxic phosphorylated 
metabolites cause apoptosis of lymphoid precursors, and hence result in 
the virtual absence of T lymphocytes, that is usually associated with marked 
reduction of B and NK lymphocytes (T-B-NKSCID).** ADA-SCID 
is inherited as an autosomal recessive trait, and its clinical manifestations 
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Periphery Figure 80-1. Disruption of the normal T-cell 

NK development by mutations of genes known 
to cause a severe combined immunodefi- 
ciency disease phenotype. B, B lymphocyte; 
CLP, common lymphocyte progenitor; yc, com- 
mon gamma; Gran-P, granulocyte progenitor; 
HSC, hematopoietic stem cell; JAK3, Janus-as- 
sociated tyrosine kinase 3; MHC, major histo- 
compatibility complex; Mono-P, monocyte 
progenitor; NK, natural kill lymphocyte; ORAI1, 
calcium release-activated calcium channel pro- 
tein 1; T, T lymphocyte; TAP-1/2, transport-as- 
sociated protein 1/2; ZAP70, zeta-associated 
protein of 70 kDa. 


Switched B cell 


extend beyond the immune system, reflecting the fact that ADA is a 
general housekeeping enzyme. 

Purine Nucleoside Phosphorylase Deficiency Purine nucleoside 
phosphorylase (PNP) is another enzyme of the purine salvage pathway. 
PNP catalyzes the phosphorylation of inosine, guanosine, and 
deoxyguanosine.“ In the absence of PNP, high intracellular levels of 
deoxyguanosine triphosphatase cause lymphoid and neuronal toxicity. 
Immature thymocytes are particularly susceptible to PNP deficiency. 
Accordingly, the immunologic phenotype of PNP deficiency is char- 
acterized by decreased T-cell counts, whereas B and NK lymphocytes 
are often unaffected.” PNP deficiency accounts for 1 to 2 percent of all 
forms of SCID, and is inherited as an autosomal recessive trait. 

Adenylate Kinase 2 Deficiency Another rare variant of autoso- 
mal recessive SCID, reticular dysgenesis, is characterized by extreme 
lymphopenia, absence of neutrophils, and sensorineural deafness.“ The 
disease is caused by mutations of adenylate kinase 2 that result in apop- 
tosis of myeloid precursors of neutrophils, and of lymphoid progenitor 
cells, +° 


Severe Combined Immune Deficiency as a Result of Defects of 
Cytokine-Mediated Signaling 

Thymic T-cell progenitors depend on interleukin (IL)-7 for cell prolifer- 
ation. The IL-7 receptor (IL-7R) is composed of an a chain (encoded by 
the IL7R gene) and a common y chain (yc), that is shared also by IL-2R, 
IL-4R, IL-9R, IL-15R, and IL-21R,”! and is encoded by the IL2RG gene, 
located on the X chromosome. Cytokine-mediated signaling through 
yc—containing receptors involves activation of Janus-associated 
tyrosine kinase 3 (JAK3).*! In humans, defects of IL-7-mediated signal- 
ing abrogate T-cell development, whereas impaired signaling through 
IL-15R affects development of NK cells.*’ X-linked SCID, caused by 
IL2RG mutations,” represents approximately 30 percent of all cases of 
SCID, and is characterized by lack of T and NK lymphocytes but normal 
development of B cells (T-B*NK- SCID). B-lymphocyte function, how- 
ever, is severely compromised by both the lack of T-cell help and non- 
functional yc. JAK3 deficiency is inherited as an autosomal recessive 


trait, and its phenotype is identical to that of X-linked SCID (T-B'NK- 
SCID).°** In contrast, autosomal recessive IL-7R deficiency caused by 
mutation of the a chain is characterized by the selective lack of T cells 
(T-B*NK* SCID). 


Severe Combined Immune Deficiency as a Result of Defective 
Signaling Through the T-Cell Receptor 

One of the distinctive features of developing thymocytes is the expression 
of the pre-T-cell receptor (TCR), that is composed of a pre-Ta chain, 
a TCR§ chain, and the CD3 y, ô, e, and ¢ chains. Signaling through the 
pre-TCR permits rearrangement of the TCRa chain and expression of a 
mature TCRaf. Alternatively, thymocytes may express the yô chains of 
the TCR. Rearrangement of the TCR loci is accomplished by means of 
the V(D)J recombination, whereby the lymphoid specific recombination 
activating gene 1 (RAG1) and recombination activating gene 2 (RAG2) 
proteins mediate DNA cleavage at the variable (V), diversity (D), and 
joining (J) elements of the TCR loci. The DNA double-strand break of 
the coding ends is initially sealed as a hairpin, followed by nonhomol- 
ogous endjoining via the nuclease Artemis (encoded by the DCLREIC 
gene). Eventually, joining of coding (and signal) elements is mediated by 
a series of proteins, that include the Ku70/80 heterodimer, XRCC4, DNA 
ligase IV (LIG4), DNA-protein kinase catalytic subunit, and Cernunnos/ 
XLE Defects in V(D)J recombination affect both T- and B-cell develop- 
ment and hence cause T B-NK* SCID, because this process is also essen- 
tial to mediate rearrangement of the immunoglobulin genes, a key step 
in B-cell development. RAG1 or RAG2 deficiencies account for 3 to 
20 percent of all SCID cases in different series. Artemis (DCLRE1C),” 
DNA-protein kinase catalytic subunit,** LIG4,°° and Cernunnos/ 
XLF“ deficiencies are less frequent and their cellular and clinical phe- 
notypes extend beyond impaired T- and B-cell development, because 
enzymes that mediate DNA double-strand break repair are ubiquitously 
expressed, and their deficiency results in increased cellular radiosensi- 
tivity.°”*' The phenotype of LIG4 deficiency can be extremely variable, 
from T-B-NK* SCID to mild or no immunodeficiency, whereas Cernun- 
nos/XLF deficiency is characterized by significant T-cell lymphopenia 
and progressive decrease in the number of B cells. 

Defects of the CD3 ô, £, or ¢ chains affect signaling through the 
pre-TCR and the TCR and hence cause autosomal recessive TB*NK* 
SCID.*™ In contrast, CD3y deficiency is associated with mild T-cell 
lymphopenia and a variable clinical phenotype. 

Mutations of the TCRa constant (TCRA) gene cause impaired dif- 
ferentiation of T cells expressing TCRaB.” 

Mutations of CD45, a pan-leukocyte tyrosine phosphatase that has 
been implicated in signaling through the TCR and the B-cell receptor, 
have been reported in few patients with TB*NK* SCID.%° 


Clinical Features of Severe Combined Immunodeficiency 
Syndrome 
Despite genetic heterogeneity, SCID is characterized by a consistent 
clinical phenotype. Interstitial pneumonia, often sustained by P jirovecii, 
cytomegalovirus (CMV), adenovirus, parainfluenza 3 virus, respiratory 
syncytial virus, chronic diarrhea, failure to thrive, and persistent can- 
didiasis are common features (see Table 80-1). Typically, infections 
develop in the first months of life. Skin manifestations (maculopapular 
rash, erythroderma, alopecia) are also common, especially in infants 
with maternal T-cell engraftment. Hypoplastic lymphoid tissue (tonsils, 
lymph nodes), and absence of a thymic shadow on chest radiography 
are characteristic.” 

Because of the inability to control replication of live microorgan- 
isms, administration of live-attenuated vaccines often leads to severe, 
life-threatening complications in infants with SCID.”! 
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T-cell engraftment derived from maternal cells that cross the 
placenta occurs in more than 50 percent of infants with SCID. Most 
often asymptomatic, it may cause skin rash or, less frequently, typical 
graft-versus-host disease with generalized rash, liver disease, profuse 
diarrhea, jaundice, and severe hematologic abnormalities (thrombocy- 
topenia, anemia, leukopenia) that are indicative of marrow damage.” 
Transfusion of un-irradiated blood products often leads to fatal graft- 
versus-host disease. 


Laboratory Features of Severe Combined Immunodeficiency 
Syndrome 

An absolute lymphocyte count less than 2000/4L should prompt imme- 
diate investigation for SCID, regardless of the severity of clinical symp- 
toms.” Typically, infants with SCID have markedly reduced or absent 
circulating T cells which are unable to proliferate in vitro in response to 
mitogens and specific antigens.” However, T lymphocyte count may be 
preserved, at least in part, in SCID infants with maternal T-cell engraft- 
ment, with “leaky” variants of the disease,” or with somatic reversions 
that allow for some autologous T-cell development.” Finally, T-lymphocyte 
count can be normal or modestly reduced in patients with functional 
T-cell immunodeficiencies (see other combined immunodeficiencies; 
defective thymic development). 

Maternal T-cell engraftment and “leaky” SCID with residual devel- 
opment of autologous T cells are characterized by the expression of 
the CD45RO memory/activation antigen on the surface of circulating 
T lymphocytes (whereas most T cells in normal infants have a naive 
CD45RA* phenotype). 

TCR excision circles, consisting of circularized signal joints, are 
a byproduct of V(D)J recombination and are exported to the blood by 
recent thymic emigrants. Levels of TCR excision circles in circulating 
lymphocytes are particularly high in newborns and infants, and pro- 
gressively decline with age. Because TCR excision circles cannot be 
detected in infants with SCID, assessment of TCR excision circle levels 
by polymerase chain reaction has been successfully introduced for new- 
born screening for SCID.” 

Although the number of circulating B lymphocytes can vary 
depending on the nature of the genetic defect, serum immunoglobulin 
levels are low in infants with SCID (see Table 80-2). Normal serum IgG 
levels early in life reflect transplacental passage of maternal immuno- 
globulins. Antibody response to immunization antigens is abolished. 

Eosinophilia may be observed in SCID, and IgE serum levels may 
be elevated in spite of hypogammaglobulinemia. Cytopenias, caused 
by infections or marrow damage, may also be present. Autoimmune 
hemolytic anemia is frequent in PNP deficiency.” Marrow abnormali- 
ties (dysplasia or aplasia) can be observed in ADA,” PNP,” Cernunnos/ 
XLE” and LIG4® deficiencies. 

The diagnosis of ADA and PNP deficiency is facilitated by the 
demonstration of increased levels of deoxyadenosine triphosphate 
and deoxyguanosine triphosphate, respectively, in red blood cells. 

Differential diagnosis of SCID includes secondary forms of immu- 
nodeficiencies, especially HIV infection, congenital rubella, and CMV 
infections, severe malnutrition, marrow failure syndromes,” and defects 
of vitamin B, and folate metabolism. 


Therapy, Course, and Prognosis of Severe Combined 
Immunodeficiency Syndrome 

SCID is a medical emergency and is inevitably fatal if untreated. Con- 
firmation of diagnosis by appropriate laboratory assays, referral to a 
tertiary care center, and aggressive treatment of infections should be 
immediately initiated in infants with possible SCID. High-dose intrave- 
nous sulfamethoxazole-trimethoprim (20 mg/kg) is effective in treating 
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P. jirovecii pneumonia. CMV should be treated with ganciclovir and 
adenoviral infections should be treated with cidofovir. Infants who have 
received bacillus Calmette-Guérin (BCG) vaccination at birth should 
receive isoniazid and rifampicin, regardless of the presence of overt 
signs of mycobacteriosis. Administration of IVIG and antimicrobial 
prophylaxis are necessary to reduce the risk of infections. Parenteral 
nutrition may be necessary, especially if chronic diarrhea and failure to 
thrive are present. 

Survival, however, is ultimately dependent on immune reconsti- 
tution. Allogeneic HSCT was first performed in 1968 in an infant with 
X-linked SCID,* and is the treatment of choice. A multiinstitutional 
analysis of outcome of HSCT for SCID performed in North America 
in the period 2000 to 2009 demonstrates that survival following HSCT 
from a human leukocyte antigen (HLA)-identical sibling is as high as 97 
percent.** T-cell-depleted transplantation from haploidentical donors 
results in a 79 percent 5-year-survival rate if no conditioning regimen is 
used. Importantly, survival is as high as 94 percent, regardless of donor 
type, if the transplant is performed within the first 3.5 months of age.** 
Moreover, 90 percent survival rate has been reported for older infants 
who received HSCT and did not have a prior history of infection.** For 
patients who do not have a matched sibling donor, use of pretransplan- 
tation conditioning regimen increases the chance of achieving more 
robust B-cell reconstitution, but this benefit must be balanced against 
toxicity of chemotherapy.“ By contrast, HSCT from unrelated cord 
blood is associated with a lower survival rate (58 percent).*° 

Failure to achieve sufficient T- and B-cell reconstitution is asso- 
ciated with prolonged morbidity after transplantation, but most 
patients with SCID enjoy good quality of life after transplantation.* 
However, neurologic complications and developmental problems after 
transplantation are more common in patients with SCID associated 
with increased radiosensitivity and in patients with defects of purine 
metabolism.*°*”-*° 

Enzyme replacement therapy offers rapid normalization of the 
toxic metabolites in ADA deficiency in those who do not have a matched 
donor, and may result in immune reconstitution and significant clinical 
improvement in patients with ADA deficiency, although T-cell counts 
often remain low.“ 

Gene therapy is an attractive form of therapy for SCID patients 
who lack fully matched donors. Transplantation of gene-modified 
autologous hematopoietic stem cells (aHSCs) may lead to immune 
reconstitution without the risk of graft-versus-host disease. More than 
40 patients with ADA deficiency have received gene therapy using non- 
myeloablative conditioning regimen and transfusion of aHSCs trans- 
duced with ADA-encoding retroviral vectors. All of these patients are 
alive, and approximately 75 percent of them have attained sufficient 
immune reconstitution.” ? 

Twenty patients with X-linked SCID received gene therapy with 
retroviral vectors in Paris and London, without conditioning regi- 
men. Seventeen of them are alive (as of this writing) with robust T-cell 
immune reconstitution, but variable B-cell function.?*°* However, five 
patients developed leukemia as the result of insertional mutagenesis.*"° 
This prompted development of novel, hopefully safer, vectors. A new 
multiinstitutional trial of gene therapy for X-linked SCID with a self-in- 
activating y-retroviral vector is being conducted as of this writing. Of 
nine patients treated, eight are surviving, and seven have attained good 
T-cell reconstitution. No leukemic proliferations have been observed.” 
Variable, but often poor, B-cell reconstitution has been reported after 
gene therapy for X-linked SCID without conditioning. To overcome this 
problem, a new trial based on use of a self-inactivating lentiviral trial 
and reduced intensity conditioning is under way at the National Insti- 
tutes of Health as of this writing. 


@ OTHER COMBINED 
IMMUNODEFICIENCIES 


In some cases, significant impairment of T-cell immunity is associated 
with residual development and/or function of T lymphocytes. These 
conditions are also known as CID to distinguish them from SCID, in 
which both T-cell development and function are abrogated. The clinical 
features of CID overlap with SCID, but also include autoimmunity and/ 
or inflammatory manifestations reflecting unbalanced immune homeo- 
stasis. CID is caused by two main mechanisms: (1) hypomorphic muta- 
tions in SCID-causing genes that allow for some T-cell development; 
and (2) genetic defects that affect late stages in T-cell development or 
peripheral T-cell function. 


OMENN SYNDROME 


Definition 

Originally described in 1965, Omenn syndrome is characterized by 
severe infections, associated with early onset diffuse rash or generalized 
erythroderma, alopecia, eosinophilia, lymphadenopathy, hepatosple- 
nomegaly, hypoproteinemia with edema, and oligoclonal expansion of 
activated autologous T lymphocytes that infiltrate and damage target 
tissues.*8? 


Genetic Abnormalities 

Various gene defects can cause this syndrome. Hypomorphic mutations 
in the RAGI and RAG2 genes are most common,’ but virtually any 
gene defect that severely impairs, but does not abolish, T-cell develop- 
ment may cause the disease.” 


Pathophysiology 

Defects of immunologic tolerance have been implied in the pathophys- 
iology of Omenn syndrome. Thymic expression of AIRE (autoimmune 
regulator), a transcription factor involved in presentation of self-anti- 
gens and negative selection of autoreactive thymocytes, is reduced.'” 
Impaired generation of natural regulatory T cells, and homeostatic pro- 
liferation of T lymphocytes in a lymphopenic environment, may also 
play a critical role in the pathophysiology of the disease.” 


Laboratory Features 

Laboratory investigations demonstrate that leukocytosis with eosin- 
ophilia and hypogammaglobulinemia are common findings, and that 
serum IgE is often elevated. The number of circulating T lymphocytes 
may vary, but they have a characteristic activated/memory (CD45R0+) 
phenotype. T cells have a restricted repertoire, and the distribution of 
CD4 and CD8 subsets is generally skewed. There is also a skewing to a 
T-helper (Th) type 2 (Th2) profile, with increased production of IL-4 
and IL-5. The in vitro lymphocyte response to antigens is abrogated; 
responses to mitogens are variable, but in general are reduced.”'™ The 
number of circulating B and NK lymphocytes may vary, depending on 
the nature of the underlying genetic defect. Absence of invariant NK 
T cells has been reported in RAG-deficient Omenn syndrome.'” 


Differential Diagnosis 

Differential diagnosis includes maternal T-cell engraftment in patients 
with SCID, complete atypical DiGeorge syndrome, CHARGE syn- 
drome (coloboma of the eye, heart defects, atresia of the nasal choanae, 
retardation of growth and/or development, genital and/or urinary 
abnormalities, and ear abnormalities and deafness), immune dysreg- 
ulation-polyendocrinopathy-enteropathy-X-linked (IPEX) syndrome 


and other conditions of neonatal erythroderma.'**'” Male infants with 
NEMO deficiency can also present with severe skin manifestations 
resembling Omenn syndrome. 


Treatment 

In preparation for allogeneic HSCT, the only curative treatment avail- 
able, patients require aggressive nutritional support, correction of 
hypoproteinemia, and treatment or prevention of infections with antibi- 
otics, antifungals, and immunoglobulin replacement therapy. Immune 
suppression with steroids or cyclosporine is beneficial in controlling 
T-cell-mediated tissue damage. 


DEFECTS OF T-CELL-RECEPTOR SIGNALING 


Definition 

TCR ligation promotes activation of the p56Lck kinase, which medi- 
ates phosphorylation of components of the CD3 complex. This allows 
recruitment and phosphorylation of the zeta-associated protein 
of 70 kDa (ZAP-70), activation of downstream signaling molecules, 
release of Ca™ from intracellular endoplasmic reticulum stores, and 
initiation of Ca™ influx. Mutations of lymphocyte-specific protein 
tyrosine kinase (LCK), ZAP-70, and of other TCR-associated signaling 
molecules (RHOH, MST1, IL-2-inducible T-cell kinase [ITK]) result 
in various forms of CID with dysfunctional T cells." Finally, PI3K, 
composed of a p110ô and a p85 subunit, is involved in generation of 
phosphatidylinositol 4,5-triphosphate (PIP,) and activation of mamma- 
lian target of rapamycin (mTOR) and AKT. Activating mutations of the 
PI3KD gene (encoding for the PI3K subunit p1106) results in increased 
activation-induced cell death of T lymphocytes, and consequently 
immunodeficiency.” 


Clinical and Laboratory Features 

Patients with these disorders present with early onset and severe infec- 
tions. Warts, molluscum contagiosum, infections caused by herpes 
viruses, and a high risk of Epstein-Barr virus (EBV)-driven lymphop- 
roliferative disease have been reported in patients with LCK, RHOH, 
and MST1 deficiency, and with activating PI3KD mutations.?®%110113,114 
Moreover, autoimmunity and lung granulomatous disease may also 
occur. From a laboratory standpoint, selective loss of CD8* lymphocytes 
is observed in patients with ZAP-70 deficiency, and although the num- 
ber of CD4* lymphocytes is preserved, in vitro response to mitogens 
is markedly reduced, consistent with a signaling defect.''’'”” Patients 
with LCK, RHOH, MST1, and ITK deficiency and with gain-of-func- 
tion PI3KD mutations have a reduced number of naive CD4* T cells. 
Oligoclonality of the T-cell repertoire and an increased proportion of 
exhausted CD8* T memory (Tuga) cells have been reported in these 
patients.2°70107113-115 


EMRA: 


Differential Diagnosis 

Differential diagnosis of ZAP-70 deficiency includes MHC class I defi- 
ciency and CD8a deficiency, two conditions characterized by a severe 
reduction of CD8* lymphocytes. Patients with CD8a deficiency have an 
unusual population of CD3* TCR af* CD4- CD8& cells that have normal 
proliferative responses and usually survive to adulthood, although a late 
death from infections has been reported.''*'"” The other defects of TCR 
signaling have an overlapping phenotype. Ultimately, biochemical and 
molecular tests are needed to define the diagnosis. 


Treatment 
The only curative treatment of this group of disorders is allogeneic HSCT. 
Treatment with rapamycin (an mTOR inhibitor) or phosphoinositide 
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3-kinase inhibitor may reduce lymphoproliferation and hepatosple- 
nomegaly in patients with activating PI3KD mutations.” 


T-CELL IMMUNODEFICIENCIES WITH IMPAIRED 
NUCLEAR FACTOR-«KB ACTIVATION 


Following TCR signaling, the complex composed of MALT1, BCL-10, 
and caspase recruitment domain-containing protein (CARD)-11 pro- 
teins is activated, resulting in recruitment of TRIF-related adaptor 
molecule (TRAF) 6 and activation of IKK, permitting nuclear translo- 
cation of the p50 and p65 subunits of NF-«B and consequently induc- 
tion of activation of NF-«B-dependent genes. Mutations of MALT1,"° 
CARD11,"*° and IKBKB™' (encoding for the IKKf component of the 
IKK complex) genes are associated with increased susceptibility to bac- 
terial, viral and fungal infections. Although the number of circulating 
T lymphocytes is normal, generation of memory T cells is impaired and 
proliferative responses to CD3 stimulation are decreased. Patients with 
CARD11 mutations have a block in B-cell development at the transi- 
tional stage, "* and virtual absence of class-switched memory B cells 
is observed in patients with IKBKB mutations.’ 

As reported above, mutations of the IKBKG/NEMO gene are 
responsible for X-linked immunodeficiency with ectodermal dysplasia, 
whose clinical manifestations may also include opportunistic infections, 
resembling CID. Finally, gain-of-functions mutations of the IKBA gene, 
that prevent phosphorylation and degradation of the IKB-a subunit of 
the IKB complex, cause T-cell immunodeficiency with ectodermal dys- 
trophy. The immunologic phenotype includes deficiency of memory T 
cells, impaired in vitro proliferation of naive T cells to TCR/CD3 stim- 
ulation, and hypogammaglobulinemia with inability to mount specific 
antibody responses." In addition to TCR signaling, activation of toll- 
like receptor (TLR) and tumor necrosis factor (TNF) pathways can also 
be compromised, causing increased susceptibility to a broad range of 
pathogens (pyogenic bacteria, mycobacteria, Candida, other opportu- 
nistic pathogens).'” 


CORONIN-1A DEFICIENCY 


Coronin-1A is an actin regulator that is predominantly expressed in 
hematopoietic cells, plays a key role in regulating T-cell survival and 
migration. Mutations affecting both alleles of the COROIA gene have 
been reported in patients with CID and an increased risk of severe 
varicella and EBV lymphoproliferative disease.'**'”? The immunologic 
phenotype includes naive T-cell lymphopenia with normal numbers of 
B and NK cells, oligoclonal T-cell repertoire and reduced number of 
circulating invariant NKT (iNKT) cells and mucosa-associated invari- 
ant T (MAIT) lymphocytes. Immunoglobulin serum levels are low, and 
antibody responses to antigens are absent. The disease can be treated by 
allogeneic HSCT.'¥ 


CD27 DEFICIENCY 


The CD27 costimulatory molecule regulates survival and activation of 
T, B, and NK cells. CD27 deficiency is a CID with risk of EBV lymphop- 
roliferative disease. In vitro T-cell proliferation to mitogens and antigens 
is reduced.'*° Immunoglobulin serum levels may be initially high, but 
patients eventually become hypogammaglobulinemic. 


CTPS1 DEFICIENCY 


Cytidine 5-triphosphate synthase 1 (CTPS1) is involved in de novo 
synthesis of cytidine 5-triphosphate (CTP), a nucleotide required for 
DNA and RNA metabolism. Impaired de novo synthesis of CTP causes 
a proliferation defect in both T and B lymphocytes. CTPS1 mutations 


have been identified in several infants from Northwestern England. The 
disease is characterized by severe bacterial and viral infections since 
early in life, and an increased risk of EBV-driven non-Hodgkin lym- 
phoma. There are no extra-immune manifestations. Variable degrees of 
lymphopenia (especially of CD4 cells), increased proportion of effec- 
tor memory T cells and reduced in vitro proliferation to mitogens and 
antigens have been reported. Immunoglobulin levels may be normal, 
but specific antibody titers are reduced, and there is a low number of 
memory B cells.!”” 


MAJOR HISTOCOMPATIBILITY COMPLEX 
CLASS | DEFICIENCY 


Definition 

MHC class I deficiency is characterized by reduced expression of MHC 
class I molecules at the cell surface. The disease is inherited as an auto- 
somal recessive trait, and may be caused by defects in the TAP1,'* 
TAP2,'” or Tapasin'® genes. These defects interfere with intracellular 
transport of peptide antigens and their loading onto MHC class I mole- 
cules, and cell-surface expression of the complex. 


Clinical and Laboratory Features 
MHC class I deficiency manifests with recurrent respiratory infections 
in childhood, and chronic inflammatory lung disease and skin lesions, 
mimicking Wegener granulomatosis in patients with transporter-associ- 
ated with antigen-processing (TAP)-1 and TAP-2 deficiencies. "™!? 
Chronic lung disease is a prominent cause of death. Glomerulonephritis 
and herpes zoster infections have been reported in Tapasin deficiency.'*° 
The number of circulating CD8* T cells is reduced, because pos- 
itive selection of CD8* lymphocytes in the thymus depends on the 
recognition of MHC class I molecules. In vitro T-cell function is nor- 
mal, which facilitates differential diagnosis with ZAP-70 deficiency in 
patients who have significantly reduced CD8* cells. The NK cytolytic 
activity is usually significantly reduced (see Table 80-2). Serum immu- 
noglobulin levels are variable. 


Treatment 

Prophylactic measures, similar to those used in cystic fibrosis, may be 
beneficial. Treatment of the granulomatous lesions is based on use of 
topical antiseptics; immunosuppressive drugs may worsen symptoms 
and should be avoided. 


MAJOR HISTOCOMPATIBILITY COMPLEX 
CLASS II DEFICIENCY 


Definition 

MHC class II deficiency is defined by the lack of MHC class II expres- 
sion and autosomal recessive inheritance. There is a higher prevalence in 
populations of North African origin. MHC class II deficiency is caused 
by mutations of transcription factors that bind to the proximal promoters 
of the MHC class II gene. Four different gene defects are known and 
include mutations of the CIITA, RFXANK, RFX5, and REXAP genes.’ 


Clinical and Laboratory Features 
Typically, patients present early in life with increased susceptibility to 
bacterial, viral, and opportunistic infections. Severe lung infections, 
chronic diarrhea, and sclerosing cholangitis, often secondary to Crypto- 
sporidium or CMV infection, are frequently observed. Less-severe pre- 
sentations and survival into adulthood have been reported. 

The number of circulating CD4* T cells is markedly reduced, 
reflecting an impairment of positive selection in the thymus. 
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Delayed-type hypersensitivity responses are absent, but in vitro prolif- 
erative responses to mitogens are preserved. Hypogammaglobulinemia 
is common and poor antibody response to immunization antigens is 
consistently observed (see Table 80-2). The diagnosis is based on 
demonstrating lack of MHC class II expression on monocytes, B lym- 
phocytes and in vitro activated T cells. Differential diagnoses include 
HIV infection and idiopathic CD4 lymphopenia; however, in these con- 
ditions expression of MHC class II molecules is preserved. 


Treatment and Course 

MHC class II deficiency has a poor prognosis. If untreated, most patients 
die in infancy or childhood. Respiratory infections are the predominant 
cause of death. Liver failure is observed in patients who develop sclero- 
sing cholangitis. Antibiotic prophylaxis and immunoglobulin replace- 
ment therapy, with adequate nutritional support, are required. HSCT is 
the only curative approach, but survival rate is lower than in other forms 
of CID and graft-versus-host disease is common, especially in patients 
with preexisting viral infections.’* 


DEFECTS OF STORE-OPERATED CA” ENTRY 


Calcium mobilization is a key event in the activation process of lympho- 
cytes and nonimmune cells. Two molecules, calcium release-activated 
calcium channel protein 1 (ORAI1) and stromal interaction molecule 1 
(STIM1), mediate the function of Ca** entry channels. ORAI1 is a ubiq- 
uitously expressed protein that constitutes the pore-forming subunits 
of the Ca’ release-activated channels located in the cell membrane. 
STIM1 senses the Ca” concentration in the endoplasmic reticulum and 
activates Ca™ release-activated channels. Mutations of both the ORAI 
and STIM1 genes in humans result in an autosomal recessive immuno- 
deficiency with increased susceptibility to severe infections, especially 
from herpesviruses infections, associated with nonprogressive myopa- 
thy and ectodermal dysplasia. Manifestations of immune dysregulation 
(autoimmune cytopenias, hepatosplenomegaly) are common, espe- 
cially in STIM1 deficiency.'**!* Although T-cell development is unaf- 
fected, in vitro proliferation of circulating T cells to mitogens and to 
a combination of phorbol ester and ionomycin is drastically reduced, 
and the Ca” influx following T-cell activation is absent. Lack of natu- 
ral killer T (NKT) cells and functional defects of NK lymphocytes have 
been reported. In spite of hypergammaglobulinemia, specific antibody 
responses are typically absent. Allogeneic HSCT has been used in some 
patients to correct the defect." 


DEFECTS OF MAGNESIUM TRANSPORTER 1 


Mg" is an important second messenger in the immune system. Muta- 
tions of the X-linked magnesium transporter 1 (MAGT1) gene, that 
encodes for a protein that permits transport of Mg” across the cell 
membrane, cause immunodeficiency with increased susceptibility to 
bacterial and viral infections, and a high risk of EBV-driven lymphop- 
roliferative disease.” Patients have CD4 lymphopenia, defective lym- 
phocyte proliferation in vitro and impaired NK cytolytic function.'” 


DEDICATOR OF CYTOKINESIS 8 DEFICIENCY 


Dedicator of cytokinesis 8 (DOCK8) is an atypical guanosine triphos- 
phatase (GTPase) that regulates cytoskeleton reorganization and intra- 
cellular signaling. Although it is broadly expressed, it plays a critical 
role in T, B, and NK lymphocytes. DOCKS8 deficiency is inherited as an 
autosomal recessive trait, and is characterized by recurrent and severe 
bacterial, fungal, and viral infections, eczema and other manifestations 
of immune dysregulation, including autoimmune cytopenias. Cutaneous 


viral infections (warts, molluscum contagiosum, herpes simplex) are espe- 
cially common, but systemic viral disease (varicella, CMV, EBV) has been 
also reported. Cutaneous infections frequently evolve into squamous cell 
carcinoma. Vascular thrombosis in the central nervous system has been 
described in several patients.'**'° Multiple immunologic abnormalities 
have been reported,'**"” including a variable degree of lymphopenia that 
affects especially naive T cells, increased proportion of CD8* T pura cells, 
decreased in vitro proliferation to CD3 stimulation, impaired generation 
of Th17 cells, and defects of NK cytolytic function. Immunoglobulin levels 
are variable, but IgM serum levels are often low. B-cell response to TLR9 
stimulation is defective, and specific antibody responses are blunted. Large, 
intragenic deletion of the gene has been frequently reported in affected 
patients,'” and lack of DOCKS protein expression can be demonstrated 
by flow cytometry." The disease has a poor prognosis, but can be cured 
by allogeneic HSCT." Good results have been reported in the treatment 
of severe herpetic infections with interferon (IFN)-a (see also “The Hyper- 
immunoglobulin E Syndromes” below).'** 


COMBINED IMMUNODEFICIENCY WITH 
MULTIPLE INTESTINAL ATRESIA 


Multiple intestinal atresia is a congenital disease characterized by 
atresias that may affect the gastrointestinal tract, from stomach to 
anus. In many cases, CID is associated, with reduced number of 
T (and in some patients, B) lymphocytes, impaired in vitro prolifera- 
tion to mitogens, and profound hypogammaglobulinemia. A high risk 
of sepsis because of Gram-negative bacteria has been reported, but viral, 
fungal, and opportunistic infections are also common. The disease is 
inherited as an autosomal recessive trait and is caused by mutations of 
the tetratricopeptide repeat domain 7A (TTC7A) gene,'**'”” which plays 
an important role in intestinal and immune homeostasis by maintain- 
ing cell polarity and regulation of cell survival, proliferation, adhesion, 
and migration.'*'” In the thymus, TTC7A is expressed both by thy- 
mic epithelial cells and by thymocytes.'*”'* Multiple surgeries are often 
required to establish canalization of the gastrointestinal tract. Total 
parenteral nutrition often leads to severe liver disease, and combined 
small bowel and liver transplantation may be needed.’ Most patients 
die early in life. Partial immune reconstitution has been reported in a 
few cases following HSCT."”” 


VENOOCCLUSIVE DISEASE WITH 
IMMUNODEFICIENCY 


Venoocclusive disease with immunodeficiency (VODI) is a congenital 
disorder characterized by liver abnormalities and immunodeficiency, 
with onset in the first months of life. Liver abnormalities include 
venoocclusive disease, fibrosis, hepatomegaly, and hepatic failure. 
Patients are prone to recurrent infections, sustained by viruses, bacte- 
ria, and opportunistic pathogens (P. jirovecii, Candida, CMV). Throm- 
bocytopenia is frequent. Infections may precede development of liver 
abnormalities. Immunologic defects include low number of memory 
T and B lymphocytes, defective B-cell differentiation in vitro into anti- 
body-secreting cells, and hypogammaglobulinemia.'’ The disease is 
more common in the Lebanese population. It is inherited as an auto- 
somal recessive trait and is caused by mutations of the SP110 gene,” 
which encodes for a nuclear body protein that acts as a transcription 
factor driving expression of genes with a retinoic acid response element. 
Treatment is based on immunoglobulin replacement therapy, prophy- 
lactic antibiotics, prompt treatment of infections, and ursodiol; how- 
ever, the prognosis remains dismal. HSCT is the only curative approach, 
but the outcome is often problematic because of liver toxicity as a result 
of conditioning regimen." 
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@ DEFECTIVE THYMIC DEVELOPMENT 


DIGEORGE SYNDROME (22q 11.2 DELETION 
SYNDROME) 


Definition 

The DiGeorge syndrome (DGS) is a developmental disorder caused by 
abnormal cephalic neural crest cell migration and differentiation in the 
third and fourth pharyngeal arches during early embryonic develop- 
ment.’ The vast majority of patients with DGS have partial monosomy 
of human chromosome 22q11.2. However, a significant fraction (10 to 
45 percent) of patients with DGS do not have a chromosome 22q11.2 
deletion and some 2 percent have small deletions in chromosome 10p. 


Clinical and Laboratory Features 

The clinical phenotype of DGS consists of the triad congenital car- 
diac defects, hypocalcemia as a result of parathyroid insufficiency, 
and immune deficiency as a consequence of aplasia or hypoplasia of 
the thymus.’ However, there is significant phenotypic variability. 
Cardiac defects (especially interrupted aortic arch type B and truncus 
arteriosus) occur in 50 to 80 percent of patients with 22q11.2 deletion. 
Hypocalcemia is observed in 50 to 60 percent, and may cause neonatal 
seizures. Facial dysmorphisms include micrognathia, hypertelorism, 
antimongoloid slant of the eyes, and ear malformations. A third of DGS 
patients have velopharyngeal incompetence, leading to feeding difficul- 
ties and speech delay; 10 percent have a cleft palate. As young adults, 
many develop social, behavioral, and psychiatric problems. 

There is also significant variability of the severity of immunologic 
phenotype. Most patients have residual thymic tissue and hence mild to 
moderate T-cell lymphopenia (see Table 80-2). Approximately 1 per- 
cent of DGS patients lack T cells completely, resembling SCID (complete 
DGS). In some cases, generation of oligoclonal T cells that infiltrate tar- 
get tissues is associated with generalized skin rash and lymphadenopa- 
thy, resembling Omenn syndrome. This phenotype is known as atypical 
complete DGS.’ As in other cellular immunodeficiencies, patients with 
DGS have a high incidence of autoimmune diseases such as cytopenia 
and thyroiditis. A retrospective analysis of TCR excision circle (TREC) 
levels at birth in patients with DGS has shown that approximately 
20 percent of them had low TRECs; these infants had lower CD8* T-cell 
count and were more prone to viral infections than DGS infants with 
normal TREC levels at birth.'*° 


Treatment 

Cardiovascular anomalies require prompt attention and hypocalcemia 
appropriate medical treatment. Depending on the extent of the immune 
deficiency, patients may require antibiotic prophylaxis or IVIG therapy. 
However, patients with complete DGS (including complete atypical 
phenotype) require more aggressive treatment. Allogenic thymic trans- 
plantation may restore T-cell development and function in approxi- 
mately 75 percent of these patients. Unmanipulated marrow from 
matched donors can also lead to immune reconstitution by providing 
mature T lymphocytes contained in the graft." 


COLOBOMA, HEART DEFECTS, ATRESIA 
OF THE CHOANAE, RETARDED GROWTH, 
GENITAL HYPOPLASIA AND EAR ANOMALIES 


SYNDROME 


A syndrome with a severe T-cell defect, CHARGE is caused by heterozy- 
gous de novo mutations in the CHD7 gene.'** Circulating T lymphocytes 
are decreased in most CHARGE patients and respond poorly to mitogens. 
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CONGENITAL ALOPECIA AND ABSENCE OF 
THYMUS 


Mutations of the FOXN1 gene, encoding for a transcription factor that 
plays a critical role in development of thymic epithelial cells, causes 
thymic aplasia, associated with congenital alopecia, nail dystrophy, and 
a severe neural tube defect. This phenotype is the equivalent of the 
mouse nude/SCID phenotype. Successful outcome has been reported 
after thymic transplantation.’ 


@ PRIMARY IMMUNODEFICIENCY 
DISORDERS PRESENTING AS 
AUTOIMMUNE DISEASES 


The concept of a link between immune dysregulation and autoimmu- 
nity has been strengthened by the discovery of distinct single-gene 
defects resulting in unusual susceptibility to autoimmune diseases. The 
three representative syndromes in this category include (1) IPEX, (2) 
autoimmune polyendocrinopathy, candidiasis, and ectodermal dys- 
trophy (APECED), and (3) the autoimmune lymphoproliferative syn- 
drome (ALPS). 


IMMUNE DYSREGULATION, 
POLYENDOCRINOPATHY, ENTEROPATHY, 
X-LINKED SYNDROME 


Clinical Findings 

The most prominent IPEX symptoms include early onset diarrhea sec- 
ondary to autoimmune enteropathy, eczematous dermatitis, multiple 
endocrinopathies including early onset insulin-dependent type 1 diabe- 
tes mellitus, thyroiditis, and, rarely, adrenal insufficiency. Autoimmune 
hemolytic anemia, thrombocytopenia, and neutropenia are common 
complications. Eczema is the most frequent pathology of the skin, but 
erythematous, psoriasiform dermatitis, and alopecia universalis have been 
reported. Autoimmune hepatitis is present in 20 percent of IPEX patients. 
Lymphadenopathy and hepatosplenomegaly are less common.’ Loss of 
small bowel villi and lymphocytic infiltrates in the intestinal mucosa, the 
pancreas, thyroid, lung, and liver are commonly observed. Immunologic 
abnormalities include elevated serum IgA and IgE concentrations and the 
absence of CD4*CD25* FOXP3* regulatory T cells. 

IPEX is caused by mutations in the FOXP3 gene located in the 
centromeric region of the X chromosome." The transcription factor 
FOXP3 binds to more than 700 promotors and acts as a transcriptional 
repressor of the IL-2, IL-4, and IFN-y promoters by interfering with the 
cytokine regulator, NFAT (nuclear factor of activated T cells).'° FOXP3 
plays a crucial role in the generation of T-regulatory cells (Tregs) in the 
thymus. 


Treatment 

Immunosuppressive drugs such as cyclosporine, tacrolimus, sirolimus, 
and glucocorticoids provide temporary remission. Allogeneic HSCT 
can cure this disease. !® 


IMMUNE DYSREGULATION, 
POLYENDOCRINOPATHY, ENTEROPATHY, 
X-LINKED-LIKE SYNDROMES 


An IPEX-like phenotype has been associated with mutations in a num- 
ber of genes, including CD25, STAT5B, STAT] (gain-of-function muta- 
tions) STAT3 (gain-of-function) and ITCH/AIP4. 


Cd25 Deficiency 

CD25 (IL-2 receptor a chain) was found to be deficient in three infants 
from two unrelated families. Clinical features resemble those of both 
IPEX and SCID. CD25-deficient infants presented with severe chronic 
diarrhea, villous atrophy and autoimmune hepatitis at an early age. 16+16 
Early onset insulin-dependent diabetes was observed in one patient; 
all presented with eczema and developed autoantibodies, hepatosple- 
nomegaly, lymphadenopathy, and lymphocytic infiltrates in the lung, 
gut, and liver.'® However, CD25-deficient patients suffered from infec- 
tious complications more commonly observed in patients with SCID, 
including recurrent CMV pneumonitis, persistent thrush, and EBV 
infection. One patient was treated successfully with HSCT.' 


STAT5B Deficiency 

The transcription factor STAT5B is activated/phosphorylated in 
response to growth hormone and the cytokines IL-2, IL-7, IL-15 and 
IFN-y, and promotes the transcription of nonimmune and immune 
genes. STAT5B plays a crucial role in the transcription of insulin-like 
growth factor 1 (IGF-1), which is required for in utero and postnatal 
growth. In addition, STAT5B is required for the transcription of IL-2Ra, 
a crucial component of the IL-2 receptor necessary for induction of 
FOXP3, which programs the development of Tregs in the thymus. 
The clinical phenotype of homozygous STAT5B deficiency reflects 
these molecular observations. Affected patients suffer from intrauter- 
ine and postnatal growth failure from lack of IGF-1 resulting in growth 
hormone insensitivity." Moderate T and NK cell lymphopenia may 
be the cause of susceptibility to viral infections.’ Importantly, 
STAT5B-deficient patients have reduced numbers of Tregs with low 
FOXP3 expression, and decreased suppressor function.'® As a result of 
abnormal Treg homeostasis, STAT5B-deficient patients have immune 
dysfunction and multiple autoimmune problems, including arthritis, 
lymphocytic interstitial pneumonia, severe eczema, autoimmune thy- 
roiditis, and idiopathic thrombocytopenic purpura.’ 


STAT1 Gain-of-Function Mutations 

Heterozygous mutations in STAT1 were recently identified in patients 
with chronic mucocutaneous candidiasis.’ These mutations were 
within the coiled-coil and DNA-binding domains, leading to hyper- 
phosphorylation of STAT1 in response to cytokines such as IFN-y. 
Screening ofa cohort of patients with IPEX-like symptoms who also had 
mucocutaneous fungal infections revealed heterozygous STAT1 gain of 
function mutations. The clinical characteristics included enteropathy 
with villous atrophy, type I diabetes, thyroiditis, eczema, short stature, 
vascular aneurysms and viral infections. FOXP3* Treg numbers were 
within the normal range, and showed normal suppressive function." 
It has been hypothesized that effector cells may be less responsive to 
suppression as a result of excessive STAT] activity. 


STAT3 Gain-of-Function Mutations 

A Finnish-British consortium discovered heterozygous gain-of-function 
mutations in several patients with short stature, polyendocrinopathy 
including type 1 diabetes starting at a very young age (in utero or before 
3 weeks of age). The clinical phenotype included the presence of multi- 
ple autoantibodies, celiac disease or autoimmune enteropathy, eczema, 
thyroiditis, arthritis, autoimmune cytopenias and large granular lym- 
phocytic (LGL) leukemia in one in five patients.!” Except for eczema, 
none of the patients with STAT3 gain-of-function mutations had the 
clinical features of autosomal dominant (AD) hyperimmunoglobulin E 
syndrome (HIES) as a result of heterozygous dominant negative STAT3 
mutations, although the mutations, all missense, were located in the 
same domains (DNA binding, SH3 [Src homology 3], and transactiva- 
tion) as those observed in AD-HIES. When studied for STAT3 activity 


using a luciferase reporter assay gain-of-function mutations showed an 
increase, whereas those with heterozygous loss of function mutations 
causing AD-HIES had decreased activity. 


Cytotoxic T-Lymphocyte Antigen-4 Haploinsufficiency 
Cytotoxic T-lymphocyte antigen-4 (CTLA-4) is an inhibitory recep- 
tor expressed by T lymphocytes including Tregs, and by B cells. While 
CD28 transmits a stimulatory signal to lymphocytes, CTLA-4 provides 
an inhibitory signal.” CTLA-4 can also affect signaling in B cells by 
competing with CD28 for CD80/86 binding. 

Ina recent report, heterozygous mutations in the CTLA4 gene were 
observed in members of four unrelated families suffering from multiple 
autoimmune diseases, recurrent infections, and lymphocytic infiltrates 
in a number of target organs.’ Affected patients developed hypogam- 
maglobulinemia, CD4 lymphopenia, progressive loss of circulating B 
cells and defective/dysregulated Treg cells. Reduced CTLA-4 expression 
in T cells, B cells, and Tregs, and increased T- and B-cell apoptosis are 
characteristic findings and may contribute to the clinical phenotype. 


ITCH E3 Ubiquitin Protein Ligase Deficiency 

The clinical features of ITCH E3 ubiquitin protein ligase (ITCH) defi- 
ciency caused by mutations in E3 ubiquitin ligase ([TCH/AIP4) include 
dysmorphic facial features, failure to thrive and developmental delay. In 
addition, immune dysregulation that is characterized by chronic inter- 
stitial pneumonitis, thyroiditis, type I diabetes, enteropathy, and hepa- 
titis were common.” This is a rare syndrome observed in a single large 
Amish kindred with 10 affected family members. ITCH can affect T-cell 
anergy in mice because of defective FOXP3 expression. "6 


AUTOIMMUNE POLYENDOCRINOPATHY, 
CANDIDIASIS, AND ECTODERMAL DYSTROPHY 
SYNDROME 


APECED is a rare autosomal recessive disorder, also known as auto- 
immune polyglandular syndrome (APS) type I. The incidence is high 
in certain isolated populations, for example, Finns, Iranian Jews, and 
Sardinians. Most patients with APECED present with chronic mucocu- 
taneous candidiasis and endocrinopathies predominantly involving the 
parathyroid and adrenal glands, less frequently the thyroid and the pan- 
creas. The syndrome is often associated with ectodermal manifestations 
such as dystrophic dental enamel and fingernails.” APECED results 
from mutations in the AIRE gene. AIRE expression is limited to medul- 
lary thymic epithelial cells which express MHC class II and the costim- 
ulatory molecule CD80. These cells are endowed with the remarkable 
ability to “promiscuously” express a wide variety of tissue-restricted 
antigens derived from nearly all organs in the body.! Expression of 
these organ specific proteins allows for the negative selection of auto- 
reactive T cells or the generation of immunoregulatory FOXP3* T cells 
in the thymus. A lack of AIRE function causes decreased expression 
of tissue-restricted antigens in the thymus, resulting in the escape of 
autoreactive T-cell clones into the periphery.’” Autoantibodies against 
type 1 interferons,’ and against IL-17A, IL-17F and/or IL-22,'*' were 
detected at high titers in most patients. Treatment for APECED is 
largely supportive. 


AUTOIMMUNE LYMPHOPROLIFERATIVE 
SYNDROME 

Definition, Clinical Features, and Pathogenesis 

ALPS is caused by defective apoptosis of lymphocytes, resulting in 


nonmalignant lymphadenopathy, hepatosplenomegaly, and autoim- 
mune disorders, which most commonly include Coombs-positive 
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autoimmune hemolytic anemia, thrombocytopenia, and neutropenia. 
The incidence of lymphoma is estimated to be 9 percent in the National 
Institutes of Health cohort of 79 probands’® and consist of both Hodg- 
kin and non-Hodgkin lymphoma. Both lymph nodes and spleen show 
pronounced hyperplasia and contain a CD3* lymphocyte population of 
which a large proportion consists of TCRaB* CD4-CD8* cells. This phe- 
nomenon is also observed in blood lymphocytes from ALPS patients in 
which the proportion of double-negative T cells is typically between 
5 and 20 percent (range: 1.5 to 68 percent).'* Many of these cells express 
MHC class II and secrete high levels of IL-4, IL-5, and IL-10. 

The FAS-mediated apoptosis pathway is important for the down- 
regulation of antigen-induced immune responses and the elimination 
of autoreactive lymphocytes. ALPS patients have mutations in genes 
required for “programmed cell death.” The most common defect involves 
heterozygous (dominant) mutations in the gene encoding the T-cell 
surface molecule FAS, also known as CD95 or TNFRSF6 (ALPS-FAS, 
formerly ALPS type Ia); rare patients with compound heterozygous or 
homozygous FAS-mutations (ALPS-FAS or type 0) have been reported. 
In some patients, somatic mutations of FAS have been identified in double- 
negative T cells (ALPS-sFAS or type 1m). A few families have been iden- 
tified with mutations affecting the FAS ligand (CD95L; TNFSF6) which 
is responsible for ALPS-FASL or ALPS type Ib. Approximately 3 percent 
of ALPS patients have mutations in caspase 10 (ALPS-CASP10 or ALPS 
type II). Ten to 20 percent of patients with the ALPS phenotype do not 
have mutations in FAS, FASL, or caspases and are classified as ALPS-U 
or ALPS type III.” Because three Fas molecules form a trimeric com- 
plex to interact with a FasL trimer, most families with ALPS have AD 
inheritance (dominant negative effect) with variable penetrance (muta- 
tions in caspase 8 and 10 are autosomal recessive). 


Treatment 

Immunosuppressive therapy including steroids, mycophenolate mof- 
etil (MMB), and rituximab, has been used with variable success to 
treat autoimmune symptoms.'” A recent clinical trial with sirolimus 
achieved complete or near complete resolution of autoimmune cytope- 
nia, colitis, lymphadenopathy, and splenomegaly and all patients had a 
reduction in double-negative T cells.'*’ Splenectomy is recommended 
only in patients with excessively large spleens or splenic rupture and 
requires lifetime antibiotic prophylaxis. The long-term prognosis is 
guarded, but patients can achieve a normal life span. 


@ OTHER WELL-DEFINED 
IMMUNODEFICIENCY SYNDROMES 


WISKOTT-ALDRICH SYNDROME 


Definition 

The Wiskott-Aldrich syndrome (WAS) is a rare X-linked disorder 
characterized by thrombocytopenia (Chap. 117) and small platelets, 
eczema, recurrent infections, immunodeficiency, and a high incidence 
of autoimmune diseases and malignancies.“ A classic WAS phenotype 
is generally associated with null-mutations of the gene that encode the 
WAS protein (WASp). WASp is the key regulator of actin polymer- 
ization in hematopoietic cells and has well-defined domains that are 
involved in cytoplasmic signaling, cell locomotion, and immunologic 
synapse formation. A milder phenotype, X-linked thrombocytopenia 
(XLT), is often associated with mutations that result in expression of 
mutated protein. XLT patients have either no or very mild eczema and 
few problems, if any, with infections, autoimmunity, and malignancy.'* 
Amino acid substitutions within the GTPase-binding domain of WASp 
interfere with the intramolecular autoinhibitory mechanism, resulting 
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in gain-of-function-impaired actin polymerization, causing X-linked 
neutropenia (Chap. 65).'*° 


Clinical and Laboratory Features 

By definition, WAS and XLT patients have congenital thrombocytope- 
nia in the range of 20,000 to 60,000/uL and microplatelets, but normal 
numbers of megakaryocytes. Hemorrhagic problems may be mild, con- 
sisting of bruises and petechiae, or serious, including gastrointestinal 
and central nervous system hemorrhages. Patients with classic WAS are 
susceptible to bacterial, fungal, and viral infections. 


Treatment 

Patients may require antibiotic prophylaxis and IVIG replacement 
therapy. Immunosuppressive therapy may be needed if autoimmune 
symptoms occur. Splenectomy ameliorates the bleeding tendency by 
increasing the number of blood platelets. However, splenectomy sub- 
stantially increases the risk of septicemia, sometimes in spite of antibi- 
otic prophylaxis, and often results in fatal bacterial infections. Because 
of the poor long-term outcome of WAS, early allogeneic HSCT is the 
treatment of choice. The outcome is excellent if a matched-related or 
matched-unrelated donor can be identified, or if a partially matched 
cord blood unit is available.'*’ Haploidentical transplantation is not 
recommended. Patients with XLT have an excellent prognosis, but may 
develop complications including serious bleeding, autoimmune dis- 
eases, and malignancies.'**’* Therefore, allogeneic HSCT for XLT may 
be considered if an appropriate donor is available. Because complete 
myeloid and lymphoid engraftment is required to correct all aspects 
of WAS/XLT, standard-conditioning using myeloablative protocols 
(busulfan, cyclophosphamide, with or without antithymocyte globulin) 
are required. A European followup study of WAS patients who received 
HSCT reports a strong association of autoimmunity with mixed chime- 
rism, clearly demonstrating that reduced intensity conditioning is not 
sufficient. '** 


WASp-INTERACTING PROTEIN DEFICIENCY 


A syndrome exhibiting symptoms and laboratory abnormalities typical 
for classic WAS has been observed in a female infant with a homozy- 
gous nonsense mutation in WIPF1 that encodes WASp-interacting 
protein (WIP). The patient presented at 11 days of age with eczema, 
thrombocytopenia (but normal platelet size) and infections.’ Both 
WIP and WASp were absent in patient leukocytes, demonstrating that 
WIP is required for stabilization of WASp. The patient was successfully 
transplanted at age 4.5 months. 


THE HYPERIMMUNOGLOBULIN E SYNDROMES 


Autosomal Dominant Hyperimmunoglobulin E Syndrome 

HIES (or Job syndrome) is a rare AD or sporadic multisystem immuno- 
deficiency characterized by eczema, S. aureus-induced skin abscesses, 
recurrent pneumonia with abscess and pneumatocele formation, 
Candida infections, and skeletal and connective tissue abnormalities. °° 
In 1966, two girls suffering from eczema, recurrent respiratory tract 
infections, and “cold” staphylococcus skin abscesses were described as 
having Job syndrome because of the phenotypic similarity to the biblical 
figure Job, who had been “smitten with sore boils from the soles of his 
feet unto his crown” Subsequently, patients with similar clinical find- 
ings were reported to have very-high serum IgE concentrations’” and 
additional characteristic abnormalities were recognized, including dis- 
tinct facial features, often described as “coarse; hyperextensive joints, 
pathologic bone fractures, scoliosis, craniosynostosis, and retained pri- 
mary teeth." Serum IgE levels of greater than 2000 IU/mL have been 
used as arbitrary diagnostic values, but often are greater than 10,000 IU/mL. 


Other abnormal laboratory tests include eosinophilia, abnormal B-cell 
maturation and defective antibody responses to neoantigens,'”’ che- 
motactic defects of neutrophils, and reduced lymphocyte proliferation 
to specific antigens. 

Most patients with HIES were noted to arise sporadically from unaf- 
fected, healthy parents. With the advent of improved antibiotic therapy, 
patients survived into adulthood and had affected children, suggesting 
AD inheritance.’ This observation was validated by the finding that 
heterozygous mutations of the gene encoding the transcription factor 
STAT3 are the cause of AD-HIES. All STAT3 mutations identified to 
date in patients with AD-HIES are either amino acid substitutions or 
in-frame deletions strongly supporting the concept that coexpression of 
wild-type and mutant STAT3 protein is required to cause the syndrome. 
The notable lack of nonsense or frameshift mutations strengthens the 
notion that AD-HIES is a result of a dominant-negative effect.'°'"* The 
molecular analysis of a large cohort of patients (n = 38) with “classic” 
HIES and a score of greater than 40 points using the National Insti- 
tutes of Health clinical scoring system, identified STAT3 mutations 
in all but one individual. The mutations clustered in three domains 
of the STAT3 protein known to have distinct functional characteris- 
tics, the DNA-binding, and the SH2 and the transactivation domains. 
This finding suggests that more than one molecular mechanism causes 
the AD-HIES phenotype. This notion is supported by the observation 
that mutations in the SH2 domain, but not those in the DNA-binding 
domain, affect tyrosine phosphorylation of STAT3, whereas muta- 
tions in the DNA-binding domain interfere with nuclear import and 
DNA-binding." Because STATS plays a key role in the development of 
IL-17 producing Th17 cells, AD-HIES patients have a marked decrease 
in circulating Th17 cells.” Given that IL-17 plays an important role 
in host defense against extracellular bacteria and fungi and upregu- 
lates production of $ defensins and S100 proteins by neutrophils,” the 
absence of Th17 cells may directly affect susceptibility to S. aureus and 
Candida albicans. 


Treatment 

To prevent progressive lung destruction, prophylactic antibiotic ther- 
apy to decrease the frequency of S. aureus infections is important. Anti- 
fungal therapy is indicated to prevent recurrent Candida infections. A 
surgical approach to treating chronic lung disease should be avoided, if 
possible. Allogeneic HSCT has been performed in a few patients with 
variable benefits." 


Autosomal Recessive Hyperimmunoglobulin E Syndromes 

In 2004, a cohort of 13 patients from consanguineous families were 
reported to have marked eosinophilia, elevated serum IgE levels, eczema, 
skin abscesses, recurrent bacterial, fungal, and viral infections including 
herpes simplex, therapy-resistant molluscum contagiosum, and recur- 
rent varicella zoster. Lymphopenia and decreased lymphocyte prolifera- 
tion suggested a significant T-cell defect. In contrast to HIES caused by 
STAT3 mutations, autosomal recessive hyper-IgE syndrome (AR-HIES) 
patients frequently present with neurologic complications but do not 
develop skeletal abnormalities or postpneumonia pneumatoceles. Most 
have large deletions in the DOCK8 gene, resulting in absent DOCK8 
protein.'**!*° (See DOCKS8 deficiency in “Other Combined Immunode- 
ficiencies” above.) Because of a high incidence of malignancies and early 
death, HSCT is recommended.” A single adult patient with eczema; 
moderately elevated serum IgE; a history of bacterial (BCG complica- 
tions, salmonellosis), fungal, and viral infections, including molluscum 
contagiosum; and a mild T-cell deficiency was found to have a muta- 
tion in tyrosine kinase 2 (TYK2), a receptor-associated cytoplasmatic 
tyrosine kinase that plays an important role in multiple cytokine signal- 
ing of T cells.” 


IMMUNOOSSEOUS DYSPLASIAS 
Cartilage Hair Hypoplasia 


Cartilage hair hypoplasia is an autosomal recessive condition char- 
acterized by short-limbed dwarfism and light-colored, hypoplastic 
hair.” Patients may also present with marrow cell dysplasia, increased 
susceptibility to malignancies, Hirschsprung disease, defects of sper- 
matogenesis, and a variable degree of immune deficiency (resembling 
SCID, Omenn syndrome, partial T-cell deficiency) or may have normal 
immune function.” The rare disorder is more common in certain pop- 
ulations, such as the Amish and Finns, and is caused by mutations in 
the gene encoding for untranslated RNA component of the ribonuclease 
mitochondrial RNA processing (RMRP) complex, which is involved in 
cleavage of ribosomal RNA, processing of mitochondrial RNA, and 
cell-cycle control.” Decreased numbers of T lymphocytes, especially 
of CD8+ cells, and impaired in vitro proliferative responses to mitogens 
have been reported and may be from reduced thymic output, cell-cycle 
abnormalities, and increased apoptosis.’ Impairment of cellular 
immunity may cause increased susceptibility to severe varicella or other 
viral diseases, and administration of live-attenuated viral vaccines should 
be avoided. Defects of humoral immunity are less frequent, and may 
contribute to recurrent infections. Autoimmune manifestations (hemo- 
lytic anemia, neutropenia, and thrombocytopenia) may also occur. 
Similar to what has been observed in other disorders of ribosomal bio- 
genesis (Diamond-Blackfan anemia, Shwachman-Diamond syndrome), 
disturbances of hematopoiesis, such as anemia, leukopenia, thrombocy- 
topenia, and marrow dysplasia, are frequent manifestations of cartilage 
hair hypoplasia. Allogeneic HSCT has been successfully used to cor- 
rect those forms of cartilage hair hypoplasia presenting with a SCID or 
Omenn syndrome phenotype.” 


Schimke Syndrome 

Schimke syndrome is an autosomal recessive condition characterized 
by dwarfism with short neck and trunk because of spondyloepiphyseal 
dysplasia, progressive renal impairment evolving to renal failure, facial 
dysmorphisms, lentigines, immunodeficiency (ranging from T-cell 
lymphopenia to SCID), and increased occurrence of marrow failure 
and of early onset arteriosclerosis associated with cerebral infarcts.” 
Microcephaly and cognitive, motor, or social abnormalities have been 
reported in a significant proportion of the patients.’ The disease is 
caused by mutations of the switch/sucrose nonfermentable (SWI/ 
SNF)-related matrix-associated actin-dependent regulator of chromatin 
subfamily A-like protein 1 (SMARCALI) gene that encodes for a chro- 
matin remodeling protein.”"' Recurrent infections of bacterial, viral, and 
fungal origin, and opportunistic infections (P. jirovecii pneumonia) are 
seen in half of the patients. Severe presentations lead to death in the first 
decade of life, and development of renal failure is common among those 
who survive. Combined HSCT and renal transplantation has been used 
to correct immune deficiency and renal problems.” 


WHIM SYNDROME 


Warts, hypogammaglobulinemia, infections, and myelokathexis 
(WHIM) syndrome" is an AD disorder, caused by heterozygous muta- 
tions in the CXCR4 gene that encodes for the receptor for the CXCL12 
chemokine, involved in leukocyte trafficking.” The term myelokathexis 
indicates retention of mature neutrophils in the marrow. WHIM muta- 
tions result in truncation or structural abnormalities in the intracyto- 
plasmic tail of CXCR4 that interfere with ligand-induced internalization 
and ultimately cause increased cellular responsiveness to CXCL12.7"4 
Patients with WHIM syndrome may present with early onset 
recurrent bacterial infections, but the clinical phenotype may vary 
greatly.” Warts, caused by human papillomavirus (HPV), tend to 
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develop in the second decade of life. Severe neutropenia contrasts with 
accumulation of mature neutrophils in the marrow. Spontaneous apop- 
tosis of neutrophils has been reported.” Lymphopenia, including low 
B-cell numbers, is a frequent finding. Hypogammaglobulinemia of vari- 
able degree can be observed, and immunizations result in short-lived 
antibody responses and impaired class switch.”'* EBV-positive B-cell 
lymphoma can occur. 

Immunoglobulin replacement therapy and antibiotic prophylaxis 
may reduce the incidence of infections. Recombinant G-CSF has been 
used to increase the absolute neutrophil count. Warts are resistant to 
local therapy and need to be monitored for neoplastic transformation. 


@ CHROMOSOMAL INSTABILITY 
SYNDROMES ASSOCIATED WITH 
IMMUNODEFICIENCY 


Chromosomal instability syndromes have in common increased 
spontaneous or induced DNA breaks, susceptibility to infections sec- 
ondary to immune deficiency, and an increased risk of malignancies. 
Disease-specific abnormalities involving growth and development, the 
central nervous system, and the skin provide useful diagnostic clues. 
The classic chromosomal instability syndromes include ataxia-telang- 
iectasia (AT), Nijmegen breakage syndrome (NBS), Bloom syndrome 
(BS), and AT-like disorder (ATLD). The genes responsible for these syn- 
dromes protect human genome integrity by contributing to the complex 
task of double-strand break repair. Together with the proteins associ- 
ated with Fanconi anemia, the gene products of the chromosomal insta- 
bility syndromes form or regulate a large protein complex that is active 
in the surveillance and maintenance of genomic integrity.” The triad of 
immunodeficiency, neoplasia, and infertility is the direct consequence 
of defective double-strand break repair, and involves nonhomologous 
end-joining or homologous rejoining. Because nonhomologous end- 
joining is crucial for the generation of TCR diversity and polyclonal 
immunoglobulins, any interruption of this process will predictably result 
in defective adaptive immunity. Tumor development and infertility may 
be a direct consequence of defective DNA repair during miotic recom- 
bination of lymphocytes, other somatic cells, or germ cells, respectively. 


ATAXIA-TELANGIECTASIA 


AT is a multisystem disorder, characterized by immunodeficiency, 
progressive neurologic impairment, and ocular and cutaneous 
telangiectasia.” 

The immune deficiency in AT is highly variable, involving both 
cellular and humoral immunity. Respiratory infections are common 
and often result in chronic lung disease. Opportunistic infections are 
rare. The majority of AT patients have low or absent IgA and IgE, often 
combined with IgG, and IgG, deficiency.”! Specific antibody responses 
may be depressed or normal. The number of circulating lymphocytes 
is often reduced, and proliferation in response to mitogens is variably 
depressed. Spontaneous cytogenetic abnormalities include chromo- 
somal breaks, translocations, rearrangements, and inversions; these 
defects increase following in vitro exposure to radiation. The thymus 
is often small, showing marked paucity of thymocytes and absence of 
Hassall corpuscles. The most consistent laboratory abnormality, an ele- 
vation of serum a-fetoprotein, is diagnostic in adults and children older 
than age 8 months as it is not observed in the other chromosomal insta- 
bility syndromes. 

Cancer is the second most common cause of death, after infec- 
tions.” Most malignancies are non-Hodgkin lymphomas (40 percent), 
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leukemias (25 percent), and solid tumors (25 percent); 10 percent are 
Hodgkin lymphoma. In contrast to other immune deficiency syn- 
dromes with increased incidence of malignancies, the leukemias and 
lymphomas observed in AT are predominantly of T-cell origin. The 
solid tumors in AT patients include adenocarcinoma, dysgerminoma, 
gonadoblastoma, and medulloblastoma. 

Cerebellar ataxia is the earliest clinical manifestation of AT and 
becomes evident when a child begins to walk at the end of the first year 
of life. The ataxic gait persists, and most patients never develop normal 
speech. Eventually, involuntary movements become a major handicap and 
the child may require a wheelchair by the end of the first decade of life. 
Cortical cerebellar degeneration involves primarily Purkinje and granular 
cells; progressive changes to the central nervous system also occur. 

A variety of other features have been reported. Growth retardation 
is present in 30 percent of the patients. Female hypogonadism is com- 
mon and associated with hypoplasia of the ovaries. Hypogonadism is 
also observed in male AT patients. 

The AT gene (AT mutated [ATM]) encodes a large transcript that 
predicts a protein of 3056 amino acids.*”’ ATM is a predominantly 
nuclear protein with a strong serine-threonine kinase activity. Its major 
function is to rapidly respond to the induction of double-stranded 
breaks in DNA. The activation of ATM leads to phosphorylation of an 
extensive array of target proteins, each of which plays a key role in a 
unique damage response pathway. Specifically, ATM is involved in cell- 
cycle checkpoint control and delays the passage of cells through the 
various phases of the cell cycle, allowing time for DNA damage repair. 
Additionally, ATM is functionally linked to telomere maintenance, a 
process crucial to aging and cancer.” The more than 400 unique muta- 
tions of ATM described to date are distributed throughout the gene with 
a majority predicted to cause premature termination resulting in unsta- 
ble truncated proteins. 

AT patients should avoid X-radiation and chemotherapeutic 
agents. Treatment is symptomatic and includes prophylactic antibiotics 
for those with recurrent pulmonary infections and IVIG for those with 
antibody deficiency. 


ATAXIA-TELANGIECTASIA-LIKE DISORDER 


ATLD*™ has many features of AT and is the result of mutations in the 
Mrell protein, which is part of the DNA-repair complex (Mre11/ 
Rad50/Nbs1).** Affected patients have progressive ataxia, but show 
less-severe neurodegeneration and may be ambulatory until their early 
twenties. They do not develop telangiectasia and a-fetoprotein levels are 
normal. However, similar to AT, ATLD patients have increased spon- 
taneous chromosomal abnormalities in blood lymphocytes and show 
increased radiation sensitivity. 


NIJMEGEN BREAKAGE SYNDROME 


NBS is characterized by short stature, microcephaly, a bird-like face, 
immunodeficiency, chromosomal instability, increased radiosensitivity, 
and a high incidence of malignancies.” Although NBS shares many 
characteristics with AT and ATLD, it can be distinguished from these 
disorders by an absence of neurodegeneration, impressive microcephaly 
with mild to moderate mental retardation, and absence of telangiectasia. 
Most NBS patients develop respiratory tract infections, including 
recurrent pneumonia that may result in bronchiectasis and premature 
death from respiratory failure. Both humoral and cellular immunity are 
defective and include hypogammaglobulinemia, except for normal or ele- 
vated IgM, abnormal antibody responses to protein and polysaccharide 
antigens, suggesting a defect in CSR, reduced numbers of T lymphocytes, 
and abnormal lymphoproliferation to mitogens and specific antigens.””° 


NBS lymphocytes show the typical features of chromosomal insta- 
bility syndromes characterized by increased chromatid and chromo- 
some breaks, rearrangement/translocations of chromosome 7 and 14, 
telomere fusions, radioresistant DNA synthesis, and hypersensitivity to 
ionizing radiation and radiomimetic agents.” 

The extensive immunodeficiency and the chromosomal instabil- 
ity explain the high incidence of lymphoid malignancies, including 
non-Hodgkin lymphoma (both of B- and T-cell origin), lymphoblas- 
tic leukemia/lymphoma, and, less frequently, Hodgkin lymphoma and 
acute myeloblastic leukemia. Solid tumors are less frequent and include 
medulloblastoma and rhabdomyosarcoma. Because of hypersensitivity 
to radiation and radiomimetic/alkylating agents, tumor therapy is lim- 
ited. Magnetic resonance imaging and ultrasound examinations are the 
preferred imaging techniques, rather than x-ray and CT scan. Prophy- 
lactic therapy with antibiotics and IVIG is indicated in patients with 
recurrent infections. Several patients have been successfully treated 
with allogeneic HSCT.”” 


BLOOM SYNDROME 


BS is characterized by short stature, hypersensitivity to sunlight, increased 
susceptibility to infections, and a predisposition to early development of a 
variety of cancers.”!° Susceptibility to bacterial infections, affecting mainly 
the upper and lower respiratory tract, is associated with hypogamma- 
globulinemia and variable T-cell deficiency. Most affected patients have 
decreased fertility and some may develop early onset type II diabetes 
mellitus. By age 25 years, approximately half of the patients with BS will 
have developed one or more malignancies. Leukemia and non-Hodgkin 
lymphoma predominate during the first two decades; later, carcinoma 
affecting the colon, skin, and breast are common. The diagnosis of BS 
can be confirmed by demonstrating excessive numbers of sister-chro- 
matid exchanges, increased chromatid gaps and breaks, and the presence 
of quadriradial configuration composed of two homologous chromo- 
somes. The causative gene, BLM, encodes a 1417-amino-acid protein 
with homology to the RecQ family of helicases. This family of helicases 
includes the Werner syndrome, RecQ helicase-like (WRN) protein, which 
is mutated in Werner syndrome. BLM is a member of a group of proteins 
that associate with BRCA1 to form a large complex that co-localizes to 
large nuclear foci if cells are treated with agents that interfere with DNA 
synthesis. As part of this complex, BLM plays a role in sensing DNA dam- 
age and contributes to the maintenance and genomic integrity during the 
process of DNA replication and repair. More than 60 unique mutations in 
the BLM gene have been identified. The most common mutation is a 6-bp 
deletion/7-bp insertion in exon 10, which is the homozygous mutation 
causing BS in Ashkenazi Jews. 

BS patients with significant antibody deficiency may benefit from 
antibiotic prophylaxis and IVIG therapy. Because of increased radiation 
sensitivity, exposure to any form of irradiation should be restricted. 


RARE SYNDROMES WITH CHROMOSOMAL 
INSTABILITY 


NBS-like phenotypes have been linked to mutations in LIG4, RAD50, 
and nonhomologous end-joining factor 1 (NHEJ1).’” Other syndromes 
with chromosomal instability include Werner syndrome, Riddle syn- 
drome and immunodeficiency with centromere instability and facial 
anomalies (ICF) syndrome. 


@CYTOTOXICITY DISORDERS 


Defense against viruses is primarily dependent on cell-mediated cyto- 
toxicity. Cytotoxic T lymphocytes (CTLs) and NK cells are capable 
of killing virus-infected target cells using pore-forming perforin and 


cytolytic granzymes A and B. Different genetic defects can affect various 
steps in the formation, intracellular transport, and delivery of cytolytic 
granules,”*”” and result in different defects of cell-mediated cytotoxic- 
ity, that include various forms of familial hemophagocytic lymphohisti- 
ocytosis (FHL), Chédiak- Higashi syndrome, Griscelli syndrome type II, 
and Hermansky-Pudlak syndrome type II. Overall, these disorders are 
characterized by increased susceptibility to severe viral infections that 
in some cases is associated with defects of hair and skin pigmentation, 
and neurologic problems. Dysregulation in CTL and NK homeostasis, 
with increased production of inflammatory cytokines and accumula- 
tion of activated lymphocytes, characterizes the two genetic variants of 
X-linked lymphoproliferative syndrome (XLP1 and XLP2). 


FAMILIAL HEMOPHAGOCYTIC 
LYMPHOHISTIOCYTOSIS 


FHL includes a group of genetically heterogeneous conditions that are 
characterized by the uncontrolled proliferation of activated lympho- 
cytes and histiocytes that secrete large amounts of proinflammatory 
cytokines. This results in life-threatening manifestations, characterized 
by fever, hepatosplenomegaly, marrow infiltration and pancytopenia, 
and severe neurologic manifestations (Chap. 71). 

There are at least five different forms of FHL, four of which 
have been defined at the molecular level. FHL2 is caused by muta- 
tions of the PRF1 gene, which encodes perforin.” FHL3 is caused by 
mutations in UNC13D, also known as Munc13-4.”! FHL4 is caused 
by defects of the STX11 gene, that encodes syntaxin 11,” whereas 
FHLS is a result of mutations of the STXBP2 gene, that encodes for 
Munc18-2, a protein that interacts with STX11.?° Each of these 
defects interferes with a specific step of the cytolytic machinery, and 
ultimately causes inefficient pathogen clearance, uncontrolled activa- 
tion of CTLs, and release of IFN-y and other inflammatory cytokines, 
resulting in recruitment and activation of macrophages, and inhibi- 
tion of hematopoiesis. 


Clinical and Laboratory Features 

In approximately 85 percent of the cases, FHL becomes clinically evi- 
dent within the first year of life,” but late presentations may occur in 
patients with hypomorphic mutations.” High fever, severe hepa- 
tosplenomegaly, lymphadenopathy, hemorrhagic manifestations as a 
result of thrombocytopenia, and edema are common. Neurologic symp- 
toms, including seizures and decreased level of consciousness, may lead 
to long-term disability.” 

The FHL diagnostic guidelines were updated in 2007.” Anemia 
and thrombocytopenia are early signs followed by increased serum 
levels of triglycerides, bilirubin, liver enzymes, ferritin, and coagula- 
tion abnormalities. Hemophagocytosis can be observed in the marrow, 
lymph nodes, and cerebrospinal fluid, which often shows abundant 
mononuclear cells and increased proteins, even in the absence of overt 
neurologic symptoms. Immunologic findings include persistently 
impaired cytolytic activity of NK cells and elevated levels of inflamma- 
tory cytokines (IFN-y, IL-1, IL-6, TNF-y) in the blood. Monitoring cir- 
culating soluble CD25 (IL-2Rq) is also useful as a measure of increased 
cellular activation. 

Flow-cytometry enables analysis of perforin expression, which is 
absent except for hypomorphic mutations, and may thus facilitate diag- 
nosis of FHL2. The diagnosis of FHL forms that are characterized by 
reduced NK cell degranulation (such as UNC13D and STX11 defects) 
may be facilitated by the analysis of membrane expression of the lysoso- 
mal marker CD107a.*” 
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Treatment and Prognosis 

Without treatment, FHL is usually rapidly fatal. Treatment of active 
disease should focus on controlling or eliminating possible triggers 
(infections in particular), blocking T-cell activation, and stopping the 
hyperinflammatory cytokine response. To this purpose, antimicrobi- 
als, etoposide, immune suppression (antithymocyte globulin), cyclo- 
sporine, and dexamethasone are commonly used.” Alemtuzumab 
has shown some efficacy in controlling etoposide-resistant forms.” 
However, relapses are common in FHL. Patients should be monitored 
carefully for reactivation of the disease, especially in the central ner- 
vous system. Administration of anti-IFN-y monoclonal antibody has 
given interesting results in animal model of the disease,”* and is cur- 
rently being tested in a clinical trial. Permanent cure for FHL can be 
only provided by allogeneic HSCT. A higher success rate is obtained 
when HLA-matched related or unrelated donors are available. Use 
of myeloablative conditioning regimen is associated with high trans- 
plantation-related mortality. Considering that partial chimerism is 
enough to achieve disease control,“ reduced intensity condition- 
ing is being increasingly used, with promising results.” Outcome 
of HSCT is worse if the disease is not in remission at the time of 
transplantation. 


X-LINKED LYMPHOPROLIFERATIVE DISEASE 


Definition and History 

In 1975, Purtilo described a family in which numerous males in mul- 
tiple generations presented with fulminant infectious mononucleosis, 
lymphoma, or hypogammaglobulinemia after primary EBV infection.™* 
XLP1 is caused by mutations in the SH2D1A gene*”* that encodes an 
adaptor protein (SLAM [signaling lymphocyte activation molecule]- 
associated protein [SAP]) involved in T- and NK-cell signaling.” Thus, 
defects of SAP drastically affect both T- and NK-mediated cytotoxic- 
ity? SAP also plays an important role in germinal center formation 
and antibody production by modulating development and function of 
follicular helper T cells.” Finally, SAP is required for the development 
of iNKT cells, which are immunoregulatory cells that are involved in the 
responses to pathogens and cancer cells.* In the absence of SAP, EBV 
and other virus infections result in dysregulated immune responses, 
because of persistent antigenic stimulation that leads to hyperactive 
cytotoxic T lymphocytes and macrophages, with increased production 
of IFN-y. 

However, not all males with X-linked lymphoproliferative syn- 
drome (XLP) features have mutations in SH2D1A and mutations in 
another X-chromosome-associated gene (XIAP; X-linked inhibitor of 
apoptosis, also known as BIRC4) have been identified,’ resulting in 
XLP2. 


Clinical and Laboratory Features 
Although lymphoproliferative disease is observed in both XLP1 and 
XLP2, there are some important differences in the disease phenotype. 
Most often, XLP1 becomes clinically manifest following EBV infection 
in childhood, although later presentations are possible. Fulminant infec- 
tious mononucleosis has been observed in 50 to 60 percent of cases, and 
EBV-related lymphoma in 30 percent of the cases. Most lymphomas are 
of B-cell origin, and approximately half are of the Burkitt type. Persis- 
tent dysgammaglobulinemia, with low IgG and low to increased levels 
of IgM, is common among survivors. Other clinical manifestations of 
XLP1 include vasculitis, marrow aplasia secondary to hemophagocytic 
lymphohistiocytosis, and lymphoid granulomatosis. 

Although less frequently encountered, other viral infections (CMV, 
other herpes viruses) may unmask the clinical phenotype of XLP1.7*° 
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Fulminant infectious mononucleosis is marked by a rapid increase 
of liver enzymes, followed by impaired coagulation, hepatic encephal- 
opathy, and signs of hemophagocytic lymphohistiocytosis (HLH), asso- 
ciated with a high EBV viral load in the blood and other tissues. B-cell 
lymphomas carry monoclonal immunoglobulin gene rearrangements. 
Patients who develop dysgammaglobulinemia show impaired antibody 
responses. Antibody levels to the EBV nuclear antigen usually remain 
undetectable, even in patients who survive the acute EBV infection. In 
contrast, antibodies to the EBV viral capsid antigen can be low to ele- 
vated. During clinical manifestations of XLP, the proportion of CD8* 
T cells carrying activation markers is increased and the number of 
memory (CD27*), and specifically switched memory (CD27*IgD >) 
B cells, is reduced. NK cell cytotoxicity is usually normal, when mea- 
sured in a conventional K562 killing assay. However, NK cytolytic activ- 
ity is markedly reduced in XLP1, when costimulation through CD244 is 
provided.” Flow cytometry can be used to detect a lack of SAP protein 
expression in circulating T and NK lymphocytes in patients with XLP1.?°” 

XLP2 often manifests with HLH, and EBV is a common trig- 
ger.” However, some important differences exist in the phenotype of 
XLP2 versus XLP1. In particular, recurrent splenomegaly often associ- 
ated with cytopenia and fever is preferentially observed in XLP2, and 
may represent an attenuated manifestation of HLH. By contrast, lym- 
phoma, a common complication of XLP1, is not frequently observed 
in XLP2. Importantly, severe inflammatory bowel disease (IBD) has 
been reported in a significant proportion of patients with XLP2,**?? 
and in some cases may represent the dominant clinical phenotype.” 
Moreover, XLP2 may also manifest as delayed-onset Crohn disease.?® 
The occurrence of IBD in XLP2 may reflect the notion that the RING 
domain of XIAP is required for NOD2 signaling.” 

A flow-cytometry-based assay can be used to facilitate differential 
diagnosis of XLP1 and XLP2.? 


Treatment and Prognosis 

If untreated, approximately 70 percent of XLP1 patients die within 
10 years of onset. The mortality rate is particularly high (96 percent) 
in patients who present with fulminant infectious mononucleosis.” 
Allogeneic HSCT is the treatment of choice, yielding the best results 
when the transplant is performed early in life, prior to EBV infection. 
However, transplantation using reduced-intensity conditioning may 
permit correction of the disease in EBV-positive patients with severe 
organ toxicity.” The use of anti-CD20 monoclonal antibody can reduce 
viral load and improve the clinical status, and anti- TNF-a therapy or 
etoposide may be beneficial in patients with active EBV infection and 
severe systemic inflammatory response.****” Administration of immu- 
noglobulin may reduce the risk of infections, but does not prevent or 
attenuate the symptoms of primary EBV infection. 

Similar survival rates have been reported in XLP2 and in XLP1.** 
However, this figure does not take into account forms of XLP2 that may 
present with features other than HLH, and IBD in particular. Sulfasala- 
zine, glucocorticoids, 5-amino salicylic acid, and anti-TNF medications 
have been used in the treatment of IBD in patients with XLP2, however 
the only curative approach is allogeneic HSCT. Use of myeloablative 
conditioning is associated with high mortality and toxicity rate, but 
good results have been reported with reduced intensity conditioning.” 


CYTOTOXICITY DEFECTS ASSOCIATED WITH 
PIGMENTARY DILUTION DISORDERS 
Chédiak-Higashi Syndrome 


Chédiak-Higashi syndrome is an autosomal recessive disorder charac- 
terized by immune dysregulation with impaired cellular cytotoxicity, 


partial oculocutaneous albinism, platelet functional abnormalities, and 
neurologic involvement.” The disease is caused by mutations in the lys- 
osomal trafficking regulator (LYST) gene.” LYST plays an important role 
in sorting of lysosomal proteins, and in docking and fusion of lysosomal 
vesicles.” 

Patients are susceptible to recurrent pyogenic and viral infections. 
Bruises are common and reflect deficiency of the platelet specific gran- 
ules responsible for secondary aggregation (Chap. 120). Both bacterial 
and viral infections may trigger the life-threatening “accelerated phase” 
of the disease, characterized by high fever, hepatosplenomegaly, coagu- 
lation abnormalities, increase of liver enzymes and bilirubin (with pos- 
sible jaundice), edema, and neurologic symptoms, with seizures, ataxia, 
cranial nerve palsies, and peripheral neuropathy.” 

Abnormally large granules in lymphocytes, neutrophils, platelets, 
melanocytes, and neurons represent a morphologic hallmark of the 
disease. Light microscopy examination of hair reveals large and evenly 
distributed granules of melanin. Reduced NK cytotoxic activity and 
prolonged bleeding time are typical findings. 

Treatment requires control of infections, and immunosuppres- 
sive intervention during the accelerated phase. Allogeneic HSCT, best 
performed during remission, is the only permanent cure of the immu- 
nohematologic problems.””! However, HSCT does not seem to prevent 
progressive neurologic involvement.”” 


Griscelli Syndrome Type 2 

Griscelli syndrome type 2 (GS2) is an autosomal recessive syndrome 
characterized by immunodeficiency and hypopigmentation, and a vari- 
able degree of neurologic involvement.” The presence of immune defi- 
ciency distinguishes GS2 from Griscelli syndrome type 1 (GS1; marked 
by the association of partial albinism and neurologic involvement) and 
Griscelli syndrome type 3 (GS3; with isolated hypopigmentation). GS2 
is caused by mutations of the RAB27A gene,” which encodes for a 
GTPase involved in intracellular transport of granules. 

GS2 patients are highly susceptible to recurrent pyogenic infec- 
tions and to episodes of “accelerated phase” of the disease, with typi- 
cal features of HLH. Prominent hypopigmentation is a result of large 
clumps of melanin in the hair shafts. NK cytotoxicity is defective and 
CD107 expression at the cell membrane of NK lymphocytes is impaired 
upon coculture with target cells. Treatment is based on allogeneic 
HSCT, and promising results have been reported with reduced intensity 
conditioning.””* 


Hermansky-Pudlak Syndrome Type 2 
This autosomal recessive disease is characterized by oculocutaneous albi- 
nism, bleeding tendency, recurrent infections, and moderate to severe 
neutropenia (Chap. 120). Bone anomalies (with dysplastic acetabula), 
facial dysmorphisms and development of pulmonary fibrosis are also 
part of the clinical phenotype. Hermansky-Pudlak type 2 is caused by 
mutations of the AP3B1 gene that encode for the f, subunit of the AP-3 
endosomal protein, which is required for sorting of lysosomal mem- 
brane proteins to the granules.” Missorting of tyrosinase in melanocytes 
accounts for oculocutaneous albinism. Reduced platelet-dense granules 
and impaired platelet degranulation are responsible for increased sus- 
ceptibility to bleeding. Absence of AP-3 leads to low intracellular content 
of neutrophil elastase in myeloid progenitors causing neutropenia. Even 
though CTL and NK cell cytolytic activity is defective,’” the risk of pro- 
gression to HLH is lower than in Chediak-Higashi syndrome or GS2.”” 
Consequently, preemptive use of HSCT is not justified. 
Hermansky-Pudlak syndrome type 9 is caused by mutations of the 
pallidin (PLDN) gene, and is characterized by recurrent infections, par- 
tial albinism and nystagmus.’ NK cell cytolytic activity is impaired.” 


@IMMUNODEFICIENCIES WITH 
SELECTIVE SUSCEPTIBILITY TO 
PATHOGENS 


Although classical forms of PIDD are characterized by susceptibility 
to a broad range of pathogens, several disorders have been identified 
with selective susceptibility to certain microorganisms. Some of these 
diseases (e.g., mendelian susceptibility to herpes simplex virus enceph- 
alitis [HSE] or to pyogenic infections, especially S. pneumoniae) are the 
result of defects of innate immunity, in particular TLR signaling. Others 
(mendelian susceptibility to mycobacterial disease) involve defects of 
the IL-12/IFN-y axis at the interface of innate and adaptive immunity. 
Susceptibility to recurrent meningitis caused by Neisseria meningitidis is 
discussed in “Genetically Determined Deficiencies of the Complement 
System” below. 


IMMUNODEFICIENCIES WITH IMPAIRED 
SIGNALING THROUGH TOLL-LIKE RECEPTORS 


TLRs are transmembrane proteins (Chap. 17) expressed on a variety of 
cell types that recognize pathogen-associated molecular patterns, such 
as lipopolysaccharide derived from Gram-negative bacteria, lipopep- 
tide, double-stranded RNA that is generated during viral replication, 
viral single-stranded RNA, viral cytosine phosphate guanine DNA 
moieties, and flagellin. Although most TLRs are expressed at the cell 
surface, TLRs 7, 8, and 9 are expressed on the membrane of endosomal 
vesicles.” 

The recognition of pathogen-associated molecular patterns by 
TLRs induces characteristic intracellular signaling.* The classical path- 
way of TLR activation involves the adaptor molecules MyD88 (myeloid 
differentiation factor 88) and toll-IL-1R domain-containing adaptor 
protein (TIRAP), and the intracellular kinases IL-1R-associated kinase 
(IRAK)-4 and IRAK-1, ultimately resulting in the nuclear transfer of 
NF-x«B and the production of inflammatory cytokines (IL-1, IL-6, 
TNF-a, IL-12). TLRs 3, 7, 8, and 9 activate an alternative pathway that 
involves other adaptor molecules, such as TRIE TRAF3, and the UNC- 
93B protein, and ultimately results in the induction of type 1 interfer- 
ons (IFN-a/). Deficiencies of IRAK-4, MyD88, TLR3, and UNC-93B 
have been identified in humans, and are associated with two distinct 
phenotypes. 


Toll-Like Receptor Signaling Defects with Increased Suscepti- 
bility to Herpes Simplex Virus Encephalitis 

Selective susceptibility to HSE is associated with monogenic disorders 
that affect TLR3,”™? or components of the TLR3 signaling pathway, 
including UNC-93B,;® TRAF3,* TRIE” and TBK1.” The disease 
reflects a CNS-intrinsic defect of neurons and oligodendrocytes to pro- 
duce type 1 IFN in response to herpes simplex virus (HSV).”*” 

Because TLR3 recognizes double-stranded RNA and is normally 
expressed in CNS-resident cells, mutations of TLR3 or other compo- 
nents of the TLR3-dependent signaling pathway impair the response of 
these cells to actively replicating HSV-1. Because cellular responsiveness 
to type 1 IFN is intact in both UNC-93B-deficient and TLR3-deficient 
patients, the use of IFN-a along with acyclovir should be considered to 
treat HSE in these patients.**!*” 

HSE may also be a result of null mutations of STAT, a transcrip- 
tion factor that is activated upon interaction of type 1 IFN with their 
receptors, and is critical for the induction of IFN-responsive genes. 
However, these patients are also prone to other severe viral infections. 
Furthermore, because STAT] is also involved in the response to IFN-y, 
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patients with null STATI mutations are also at risk for mycobacterial 
disease.”** 


Other Immunodeficiencies with Increased Susceptibility to 
Viral Infections 

Mutations of STAT2, leading to impaired response to IFN-« and 
IFN- predispose to severe viral infections, including disseminated 
vaccine-strain measles.” 

Skin warts caused by HPV infection are the hallmark of epider- 
modysplasia verruciformis. This disease is caused by mutations of the 
EVERI and EVER2 genes.” There is an increased risk of squamous cell 
carcinoma. 


Toll-Like Receptor Signaling Defects with Increased Suscepti- 
bility to Pyogenic Infections 

IRAK-4 and MyD88 deficiencies are characterized by recurrent and 
invasive pyogenic bacterial infections, particularly from S. pneumoniae 
and S. aureus.” These infections are common especially during 
the first years of life (when lethality rate can be as high as 50 percent), 
but their frequency tends to decline with age.” Fever and systemic 
inflammatory responses are absent or unusually modest, reflecting poor 
induction of inflammatory cytokines and reduced response through the 
IL-1R. 

Use of antimicrobic prophylaxis is important to prevent invasive 
pyogenic infections, especially in childhood. Substitution therapy with 
immunoglobulins may be beneficial in patients with impaired antibody 
responses. 


Defects Involving Other Pattern-Recognition Signaling 
Pathways with Increased Susceptibility to Fungal Infections 
Several inborn errors of immunity have unraveled key mechanisms of 
defense against Candida. Chronic mucocutaneous candidiasis (CMC) is 
acommon complication affecting patients with APECED; it results from 
a mutation in the transcription factor AIRE.’ CMC also affects those 
with AD-HIES; in this case, it is a result of mutations in the transcrip- 
tion factor STAT3.!° Autoantibodies to IL-17 are a common feature of 
APECED,'*!*™ and Th17 differentiation is impaired in HIES because of 
STAT3 mutations. The Th17 cytokines IL-17A, IL-17F, and IL-22 induce 
the synthesis of chemokines that recruit neutrophils, and promote 
production of antimicrobial peptides from epithelial cells, thereby 
playing a key role in mucocutaneous resistance to Candida spp. 
Heterozygous, dominant negative mutations in IL17F gene, and bial- 
lelic loss-of-function mutations in the IL-17RA gene (encoding for the 
a chain of IL-17 receptor) have been linked with CMC.’ Furthermore, 
mutations of the ACT gene’ (that encodes for an adaptor molecule 
that interacts with IL-17R) and gain-of-function STATI mutations 
impairing Th17 immunity’” are associated with CMC. 

Mutations of the CARD9 gene have been identified in patients with 
CMC or disseminated candidiasis, including infection of the brain.?*” 
CARD9 is recruited by Dectin-1, a transmembrane pattern-recogni- 
tion receptor that senses the B-glucan component of fungal cell walls, 
and together with other cytoplasmic proteins, forms an intracellular 
signaling complex that leads to the nuclear import of NF-«B and the 
induction of key cytokines including IL-1, IL-6, IL-23, and the gener- 
ation of IL-17 cells, which are required to control antifungal immune 
responses. However, invasive fungal infections in CARD9 deficiency 
are not restricted to Candida, but also include other species, such as 
Exophiala, an environmental black yeast with low virulence.” Granulo- 
cyte macrophage-colony stimulating factor (GM-CSF) therapy resulting 
in complete clinical remission has been reported in one CARD9- 
deficient patient with relapsing albicans meningoencephalitis.*” 
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MENDELIAN SUSCEPTIBILITY TO 
MYCOBACTERIAL DISEASE 


The IL-12/IFN-y axis is essential for controlling mycobacterial infec- 
tions. Following phagocytosis of mycobacteria, macrophages secrete 
IL-12, a heterodimer composed of IL-12p40 and IL-12p70. IL-12 binds 
to the heterodimeric IL-12R (composed of IL12R$, and IL-12R8, 
chains) expressed by Th1 and NK cells. This results in activation of the 
JAK-STAT4 pathway, and ultimately in the production of IFN-y, which 
binds to its receptor (comprising IFN-yR1 and IFN-yR2 chains) on the 
surface of macrophages, triggering a signaling cascade that involves the 
transcription factor STAT1 and induction of IFN-y-responsive genes 
that are essential to contain the infection and kill the mycobacteria. 
A variety of defects along this pathway have been shown to account 
for mendelian susceptibility to mycobacterial disease (MSMD) in 
humans.*” The basis for increased susceptibility to mycobacterial dis- 
ease in patients with NEMO deficiency was discussed in “X-Linked 
Anhydrotic Ectodermal Dysplasia with Immunodeficiency Caused by 
Mutations in Nuclear Factor-«B Essential Modulator” above. 


IL-12p40 Deficiency 

Affected patients are at increased risk of childhood infections because 
of BCG and Salmonella; Candida infections have also been reported. 
Recurrence of Salmonella infection is common.*”! IL-12p40 can asso- 
ciate with IL-12p70 to form the IL-12 heterodimer, or with IL-23p19 
subunit to form IL-23. Consequently, patients with IL-12p40 deficiency 
have defects in both IL-12 and in IL-23-dependent immunity, with the 
latter causing a Th17 deficiency. The clinical course is variable, with 
some genetically affected siblings being asymptomatic, but approxi- 
mately 32 percent of symptomatic IL-12p40-deficient patients die pre- 
maturely of infections.” Treatment with antimicrobial drugs and IFN-y 
has been tried with variable results. 


IL-12Rß Deficiency 

Autosomal recessive IL-12Rf, deficiency is characterized by infections 
with mycobacteria of low virulence and Salmonella species.” However, 
infections with Mycobacterium tuberculosis, Cryptococcus, and dissem- 
inated coccidioidomycosis have also been reported.**°* Unlike sal- 
monellosis, mycobacterial infections tend not to recur and the overall 
prognosis is good. In most cases, IL-12Rf, expression on the cell surface 
is absent, and in vitro IFN-y production in response to IL-12 is abro- 
gated. Treatment with appropriate antibiotics and IFN-y is effective. 


IFN-yR1 and IFN-yR2 Deficiencies 
The genetic and biochemical pathophysiology of IFN-yR1 and IFN-yR2 
deficiencies are remarkably complex. Autosomal recessive forms are 
most often associated with mutations that abrogate cell surface expres- 
sion of IFN-yR1 or result in the expression of receptors that do not bind 
IFN-y. Partial autosomal recessive deficiency is the result of hypomor- 
phic mutations, with residual IFN-y binding and signaling.” Domi- 
nant partial forms reflect the presence of heterozygous mutations in the 
cytoplasmic tail of IFN-yR1, allowing the expression of mutant mole- 
cules on the cell surface (often in increased density because of defective 
receptor shedding) which are unable to mediate signal transduction.*° 

The severity of the clinical features reflects the nature of the bio- 
chemical defect.” Patients with complete deficiency develop severe 
infections with environmental mycobacteria infections early in life, 
with lack of granuloma formation. Osteomyelitis caused by BCG or by 
environmental mycobacteria has been reported in several patients with 
dominant partial IFN-yR1 deficiency. 

Treatment of partial deficiency should be based on careful iden- 
tification and typing of the mycobacterial strains and appropriate 


antimicrobial therapy; addition of IFN-y may be useful in patients with 
AD mutations in IFN-yR1 who are able to express reduced amounts 
of normal IFN-yR1 on the cell surface. Recessive forms are resistant to 
medical treatment. Although allogeneic HSCT may be curative, a high 
rate of graft failure has been observed*® as a consequence of the inhibi- 
tory effect of high levels of circulating IFN-y.” 


GATA2 
The syndrome of monocytopenia, B-cell and NK-cell lymphopenia 
associated with mycobacterial, fungal and viral infections, also called 
MonoMAC syndrome or familial myelodysplasia/leukemia with 
lymphedema (Emberger) syndrome was first described in 2010.7" One 
year later, heterozygous mutations in GATA2 resulting in haploinsuf- 
ficiency were identified as the molecular defect causing MonoMAC*” 
and Emberger syndrome.*!”*"° 

GATA2 plays a role in the early development of lymphatics and 
their valves,*"* explaining the connection with Emberger syndrome. The 
transcription of GATA2 occurs in early and undifferentiated hemato- 
poietic cells, but also in somatic cells. Because of its progression to 
myelodysplastic syndrome or acute myeloid leukemia, mortality can 
be as high as 28 percent.*!? HSCT has successfully reversed clinical 
symptoms.*?> 


STAT1 Deficiency 

Complete STAT1 deficiency causes increased susceptibility to viral 
infections and to mycobacterial disease with a severe clinical course 
and early death.” 

Dominant partial STAT1 deficiency is caused by a heterozygous 
mutation that allows formation of the IFN-a/f-dependent ISGF3 tran- 
scription factor, but abrogates expression of the y-activating factor, 
which is composed of STAT1 homodimers. Affected individuals have 
either a mild clinical course, characterized by selective susceptibility to 
mycobacterial infections, or are asymptomatic.*! 

Partial autosomal recessive STAT] deficiency is associated with 
impaired, but not abrogated, IFN-a/8 and IFN-y signaling, and occur- 
rence of severe, but curable, intracellular bacterial and viral infections.*!” 

Heterozygous STAT1 gain-of-function mutations result in suscep- 
tibility to mycobacterial infections, candidiasis, and IPEX-like pheno- 
type (see “Immune Dysregulation, Polyendocrinopathy, Enteropathy, 
X-Linked-Like Syndromes” above). 


Other Genetic Disorders with Mendelian Susceptibility to 
Mycobacterial Disease 

Interferon-regulated factor 8 (IRF8) is a transcription factor that reg- 
ulates the differentiation of granulocytes and macrophages, and the 
development of DCs. IRF8 mutations in humans cause MSMD.*"* Two 
variants of the disease have been described: an autosomal recessive form 
characterized by extreme leukocytosis (up to 98 x 10°/L cells), marked 
expansion of lymphocytes and granulocytes, and absence of monocytes, 
myeloid DCs, and plasmacytoid DCs; and an AD variant, in which 
monocytes and DCs are present, but there is selective loss of IL- 
12-producing CD1c* DCs. The clinical phenotype of autosomal reces- 
sive IRF8 deficiency is more severe, with early onset, failure to thrive, 
and disseminated BCG. HSCT is curative. The AD variant of the disease 
is characterized by disseminated but curable BCG infection. 

The interferon stimulated gene 15 (ISG15) protein is an IFN- 
a/B-inducible, ubiquitin-like protein involved in ISGylation, but can 
be also secreted by granulocytes and act upon T and NK lymphocytes, 
inducing IFN-y production. Inherited ISG15 deficiency causes severe 
MSMD, with disseminated BCG infection, which is responsive to 
antimycobacterial treatment.*” 


@ GENETICALLY DETERMINED 
DEFICIENCIES OF THE COMPLEMENT 
SYSTEM 


The complement (C) system*” consists of the classical and alternative 
pathways and the membrane attack complex, and is composed of a 
series of plasma proteins that play an important role in host defense, 
inflammation, clearance of immune complexes and apoptotic cells, and 
induction of a normal humoral immune response (Chap. 19). Muta- 
tions in the classical pathway (Clq, Clr/Cls, C4, C2, and C3) result 
in pyogenic infections and autoimmune diseases. Mutations affecting 
the alternative pathway (factors B, D, properidin) result in meningococ- 
cal and pneumococcal sepsis. Mutations in the terminal components 
(C5-C9) are associated with an increased susceptibility to Neisseria 
species, especially meningococcal sepsis and meningitis. C1 inhibitor 
deficiency, an AD disorder, is the cause of hereditary angioedema. All 
other complement-component deficiencies have an autosomal recessive 
mode of inheritance with the exception of properidin deficiency, which 
is X-linked. 

The most important screening tests for complement deficiencies 
are those using the assessment of the hemolytic function of both the 
classic and alternative pathways, CH50 and AH50, respectively. If both 
tests are normal, a complement deficiency is unlikely. If CH50 is absent 
and AH50 normal, a defect of C1, C4, or C2 is likely. Normal CH50 but 
absent AH50 suggests a defect of properdin or factor D. If both tests 
are abnormal, the defect most likely affects C3 to C8. Deficiency of 
C9 results usually in a CH50 value that is approximately half of normal. 
To pinpoint the specific complement component deficiency, immu- 
nochemical tests using component specific antibodies or functional 
assays using in vitro reconstitution of the hemolytic function are rec- 
ommended. Mutations and single nucleotide polymorphisms (SNPs) 
in the complement regulatory proteins factor H and factor I are impli- 
cated in atypical hemolytic uremic syndrome and age-related macular 
degeneration.*°*”! Treatment of complement-component deficiencies 
depends on the defect and may include frequent immunizations using 
the appropriate vaccines, antibiotic prophylaxis, and workup for sepsis 
if the clinical symptoms suggest bacterial infections. Autoimmune dis- 
orders are treated symptomatically, using the same immunosuppressive 
agents and antiinflammatory medications as those used in the general 
population. Management of angioedema has been revolutionized by C1 
esterase inhibitor concentrate (Cinryze, Berinert), which is most effec- 
tive for the treatment of acute attacks and by the kallikrein inhibitor 
Kalbitor (Dyax) and the bradykinin receptor antagonist Firazyr (Shire). 
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CHAPTER 81 
HEMATOLOGIC 
MANIFESTATIONS 

OF ACQUIRED 
IMMUNODEFICIENCY 
SYNDROME 


Virginia C. Broudy and Robert D. Harrington 


The prevalence of HIV in the United States continues to rise as a result of the 
combined effects of a declining HIV death rate, and a sustained rate of new 
infections. Furthermore, HIV-infected patients on antiretroviral therapy can 
expect to live nearly as long as uninfected persons (within 5 years) provid- 
ing ample time for individuals to develop AlDS-associated and non-AIDS- 
associated hematologic and oncologic conditions. HIV-infected individu- 
als remain at increased risk of AIDS-defining malignancies such as Kaposi 
sarcoma, aggressive non-Hodgkin lymphoma, primary central nervous 


Acronyms and Abbreviations: ABVD, Adriamycin, bleomycin, vinblastine, dac- 
arbazine; ADAMTS 13, a disintegrin and metalloproteinase with a thrombospondin 
type 1 motif, member 13; AMC, AIDS Malignancy Consortium; ART, antiretroviral 
therapy; AVD, Adriamycin, vinblastine, dacarbazine; BEACOPP, bleomycin, etoposide, 
Adriamycin, cyclophosphamide, vincristine, procarbazine, prednisone; BFU-E, burst- 
forming unit—erythroid; CFU-GM, granulocyte-macrophage colony-forming unit; 
CFU-GEMM, granulocyte-erythrocyte-monocyte and megakaryocyte colony-forming 
unit; CHOP, cyclophosphamide, doxorubicin, vincristine, prednisone; CHORUS, Col- 
laboration in HIV Outcomes Research/U.S. study; CMV, cytomegalovirus; CODOX-M/ 
IVAC, cyclophosphamide, vincristine, doxorubicin, methotrexate/ifosfamide, mesna, 
etoposide, cytarabine; CRF, circulating recombinant form; CSF, cerebrospinal fluid; 
CTL, cytotoxic T-lymphocyte; DHHS, Department of Health and Human Services; EBV, 
Epstein-Barr virus; ECOG, Eastern Cooperative Oncology Group; EPOCH, etoposide, 
prednisone, vincristine, cyclophosphamide, doxorubicin; ESHAP, etoposide, meth- 
ylprednisolone, high-dose cytarabine, cisplatin; G6PD, glucose-6-phosphate dehy- 
drogenase; HHV8, human herpesvirus-8; HPV, human papillomavirus; HSV, herpes 
simplex virus; HUS, hemolytic-uremic syndrome; hyperCVAD, cyclophosphamide, 
vincristine, doxorubicin, dexamethasone; IL, interleukin; IRIS, immune reconstitution 
inflammatory syndrome; ITP idiopathic thrombocytopenic purpura; KICS, KSHV-as- 
sociated inflammatory cytokine syndrome; KSHV, Kaposi sarcoma-associated herpes- 
virus; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; MRI, magnetic resonance 
imaging; NHL, non-Hodgkin lymphoma; nnRTI, nonnucleoside reverse transcriptase 
inhibitor; nRTI, nucleoside reverse transcriptase inhibitor; PCR, polymerase chain 
reaction; PET-CT, positron emission tomography—computed tomography; PrEP, 
preexposure prophylaxis; R-CHOP, rituximab plus CHOP; R-EPOCH, rituximab plus 
EPOCH; R-ICE, rituximab plus ifosfamide, carboplatin, etoposide; SEER, Surveillance, 
Epidemiology, and End Results Program; SIV, simian immunodeficiency virus; TTP, 
thrombotic thrombocytopenic purpura. 


system lymphoma, and invasive cervical cancer and a number of non-AIDS- 
defining malignancies, including Hodgkin lymphoma, as well as anemia and 
thrombocytopenia. When individuals present with any of these hematologic 
or malignant illnesses it should be the standard of care to obtain HIV testing 
so as to provide optimal treatment to both the presenting illness and the HIV. 


@ HISTORY AND HUMAN 
IMMUNODEFICIENCY VIRUS 


HIV, the virus that causes AIDS, is a lentivirus that originated as a simian 
immunodeficiency virus (SIV) in chimpanzees and entered the human 
population in the early 20th century in equatorial Africa.” First isolated 
in 1983,** HIV-1 actually comprises four distinct viruses (types M, N, 
O, and P) that represent four separate transmission events that occurred 
between chimpanzees and humans, likely the result of predation of mon- 
keys by humans and mucosal or nonintact skin contact with infected 
fluids. Group M, the viral type responsible for the HIV-1 pandemic, was 
detected in a tissue sample from 1959 and probably entered the human 
population in or around Kinshasa, Democratic Republic of Congo (then 
Leopoldville, Belgium Congo) between 1910 and 1930 based on phylo- 
genetic analysis.” HIV-2 originated in West Africa, the result of cross- 
species transmission of SIV from sooty mangabeys to humans. Patients 
infected with HIV-2 progress more slowly and have lower plasma viral 
loads (often nondetectable) than those with HIV-1, reflective of the dif- 
ferent virology and adaptation to humans of this SIV. Because of lower 
rates of replication and transmission, HIV-2 prevalence is declining and 
is being replaced by HIV-1 in countries where both viruses are endemic.*° 
Among those infected with HIV-1, group M is the globally predominant 
viral strain and is further divided into nine subtypes and many more 
recombinant viruses (circulating recombinant forms [CRFs]) with some 
geographic localization. Subtypes A and D predominate in East Africa; 
subtype C in South Africa, India, and Asia; subtype B in the Caribbean, 
the Americas, and Western Europe; and CRFO1 in Southeast Asia.’ 


@ EPIDEMIOLOGY, TRANSMISSION 


The development of Pneumocystis jiroveci (Pneumocystis carinii) pneu- 
monia and Kaposi sarcoma in previously healthy men who have sex with 
men on both coasts of the United States in 1981 represented the first clin- 
ical manifestations of HIV and the onset of the HIV-1 pandemic.’”? Sub- 
sequent reports of similar illnesses in the sexual partners of index cases, 
injection drug users, patients with hemophilia and other transfusion 
recipients, infants born to infected mothers, and Haitian immigrants- 
helped identify the routes of transmission as bloodborne, sexual, or verti- 
cal. With the discovery of HIV in 1983 and the subsequent development 
of serologic testing, more systematic detection of HIV infections became 
possible providing an understanding of the regional and global HIV epi- 
demiology. While sexual contact between men was responsible for most 
infections in the United States, Northern Europe, Australia, and parts of 
Central and South America, heterosexual spread predominated in sub 
-Saharan Africa and injection drug use followed by sexual transmission 
was responsible for most infections in Southern and Eastern Europe and 
Southeast Asia.'* Transmission rates between individuals per incident/ 
act is dictated by the viral load in the HIV-infected person," the presence 
of modifying factors such as concurrent ulcerative sexually transmitted 
diseases and the type of exposure.” Rates vary between 93 percent for 
blood transfusion from an infected person to less than 0.04 percent 
for oral sex. Estimated rates for mother-to-child transmission (in the 
absence of antiretroviral therapy [ART] prophylaxis) are 23 percent, for 


needle sharing 0.63 percent, for needle stick 0.23 percent, for receptive 
anal intercourse 1.38 percent, for insertive anal intercourse 0.11 percent, 
for receptive vaginal intercourse 0.08 percent, and for insertive vaginal 
intercourse 0.04 percent.” In 2012 there were an estimated 35.3 million 
people living with HIV, including 2.3 million newly infected persons.”! 
Although the global incidence of HIV is thought to have peaked in 1997, 
the prevalence of HIV is increasing because of ongoing new infections 
and the shrinking death rate of those already infected and on ART (2.3 
million deaths in 2005 versus 1.6 million deaths in 2012). The majority 
of HIV-infected persons (approximately 23 million) now live in sub-Sa- 
haran Africa with 4 million in Asia and Southeast Asia and roughly 3 
million in the Americas and Caribbean. 


@ PATHOGENESIS 


Eighty percent of HIV infections occur via mucosal transmission dur- 
ing sex” when cell-free and cell-associated virions transverse the epi- 
thelium to gain access to macrophages, Langerhans cells, dendritic cells, 
and CD4-expressing T lymphocytes.” To infect most cells HIV must 
bind to CD4 and one of two major coreceptors (CCR5 or CXCR4); in 
most cases, CCR5-utilizing viral strains are those that are transmitted 
and predominate early in disease. Rare individuals who do not express 
CCR5 (homozygote for a 32 bp deletion mutation in the CCR5 gene) 
are highly resistant to HIV infection although they can be infected 
with isolates utilizing CXCR4. After transmission, low-level replica- 
tion of HIV in tissue macrophages and dendritic cells can occur, but 
the key role these cells play is in trapping and trafficking virions and 
presenting them to CD4+ T lymphocytes within regional lymphatics 
(e.g., gut-associated lymphoid tissue and lymph nodes where the infec- 
tion is amplified).** High-level viral replication proceeds within these 
local tissues leading to profound CD4+ T-cell depletion, establish- 
ment of a reservoir of latently infected memory T cells and eventually 
to high plasma levels of virus that are the hallmark of acute infection. 
The immune response to HIV is brisk but ineffective and may, in fact, 
fuel the infection because the expression of inflammatory cytokines” 
and migration of activated CD4+ T cells to the site of HIV-1 concentration 
provides additional activated cells that the virus coopts for its own 
replication.” The initial antibody response to HIV does not contain 
neutralizing antibodies; these develop only later, months after chronic 
infection is established. Furthermore, HIV escapes these antibodies by 
mutations within N-glycosylation sites that prevent antibody binding.” 
The CD8+ cytotoxic T-lymphocyte (CTL) cell response to HIV controls 
high-level viral replication during primary infection and establishes the 
viral “setpoint” or plasma level of HIV RNA in chronic infection. Evi- 
dence for the controlling anti-HIV effect of CD8+ T cells includes their 
detection immediately prior to peak viremia, the development of viral 
escape mutations™™ and the requirement for CD8+ T cells to control 
SIV infection in Rhesus macaques.’ The rate of viral escape mutations 
slows during chronic infection®** and is not associated with further 
declines in viral load, reaching a stalemate where viral replication con- 
tinues under the pressure of a slowly evolving CTL response leading to 
viral strains with reduced replication capacity.**** As important as the 
direct cytolytic effect of HIV on CD4+ T cells, the virus induces a state 
of chronic immune activation of both the adaptive and innate immune 
systems that is central to disease pathogenesis.“ Because the immune 
response to HIV is defective and does not clear the virus, the immune 
system remains continually activated with high rates of T-cell turnover 
that eventually leads to T-cell exhaustion and depletion. This is particu- 
larly evident in gut-associated lymphoid tissue where early T-cell losses 
alter the integrity of the mucosal border leading to microbial translo- 
cation and leakage of lipopolysaccharide (LPS) into the blood which, 
in turn, amplifies the state of immune activation.” This persistent, 
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systemic inflammatory state leads to tissue fibrosis over time“ that 
is partly responsible for immune failure and the increased frequency of 
nonimmune, nontraditional chronic diseases that now plague an aging 
HIV population. 


@ CLINICAL FEATURES AND 
DISEASE PROGRESSION 


Primary HIV infection that comes to medical attention presents as a 
febrile illness that may include headache, pharyngitis, lymphadenopathy, 
gastrointestinal symptoms, and rash and may be mistaken for mononu- 
cleosis or other nonspecific viral infections. Key to making the diagnosis 
is taking a history for HIV risk factors and obtaining appropriate lab- 
oratory testing (combined HIV Ag/Ab assays and plasma HIV RNA 
testing). However, in most cases, primary infection goes undiagnosed 
and patients are later identified in the chronic, asymptomatic phase of 
infection by routine screening or later still, after the development of 
symptoms that are often caused by opportunistic infections. Typically, 
the asymptomatic phase of chronic infection will last for 8 to 10 years, 
although there is great interindividual variation dictated by the effective- 
ness of the immune response in controlling HIV replication (the viral 
“setpoint,” see above). Long-term nonprogressors (those who maintain 
CD4+ T-cell counts >500 for 5 years without therapy) and elite controllers 
(those with low or nondetectable plasma HIV RNA without treatment) 
can live for decades with limited or no disease progression, while others 
with high viral setpoints in the range of 100,000 to >1,000,000 copies/ 
mL can develop AIDS-defining illnesses quickly after primary infection. 
In untreated individuals CD4+ T-cell counts (typically at CD4 counts) 
typically decline by 50 to 100 cells/wL per year, taking 8 to 10 years before 
counts are in the range where symptoms develop (typically at CD4 count 
<500 cells/uL) or AIDS-defining illnesses occur (typically at CD4 count 
<200 cells/uL). Historically, opportunistic infections provided the first 
evidence for the existence of HIV and remain the most visible mani- 
festation of infection in countries with limited access to ART and in 
individuals who are diagnosed late in the course of their disease. The 
development of opportunistic infections and AIDS-defining conditions 
is dependent on the virulence properties of the organism and the degree 
of host immune suppression. Pathogens with high virulence potential 
(e.g., Mycobacterium tuberculosis, Salmonella sp., the bacterial agents of 
community-acquired pneumonia) cause disease in patients without HIV 
and do so in HIV-infected persons regardless of CD4 count (although 
more severe and prolonged illness occurs with more profound immu- 
nodeficiency). Agents with more limited pathogenic potential typically 
cause disease at lower CD4 counts, for example, P. jiroveci at CD4 counts 
below 200 cells/yL, while those that rarely cause disease in immunocom- 
petent persons, such as disseminated Mycobacterium avium complex, 
Toxoplasma gondii encephalitis, and JC virus (the agent of progressive 
multifocal leukoencephalopathy), typically occur only in those with 
very advanced HIV disease and CD4 counts less than 100 cells/uL or less 
than 50 cells/uL , respectively (Table 81-1 lists HIV staging; Table 81-2 


TABLE 81-1. HIV Staging 


HIV Stage Description 

0 Infection within the previous 6 months 

1 CD4 count =500 cells/yL (or =>26%) 

2 CD4 count 200-499 cells/uL (or 14-25%) 

3 AIDS-defining condition or CD4 count 
<200 cells/uL (or <14%) 

Unknown If none of the above apply 


TABLE 81-2. Aids-Defining Conditions 


Bacterial infections, multiple or recurrent* 


Candidiasis of bronchi, trachea, or lungs 

Candidiasis of esophagus* 

Cervical cancer, invasive’ 

Coccidioidomycosis, disseminated or extrapulmonary 
Cryptococcosis, extrapulmonary 

Cryptosporidiosis, chronic intestinal (>1 month's duration) 


Cytomegalovirus disease (other than liver, spleen, or nodes), onset 
at age >1 month 


Cytomegalovirus retinitis (with loss of vision)* 
Encephalopathy, HIV related 


Herpes simplex: chronic ulcers (>1 month’s duration) or 
bronchitis, pneumonitis, or esophagitis (onset at age >1 month) 


Histoplasmosis, disseminated or extrapulmonary 
Isosporiasis, chronic intestinal (>1 month's duration) 
Kaposi sarcomat 


Lymphoid interstitial pneumonia or pulmonary lymphoid 
hyperplasia complex** 


Lymphoma, Burkitt (or equivalent term) 
Lymphoma, immunoblastic (or equivalent term) 
Lymphoma, primary, of brain 


Mycobacterium avium complex or Mycobacterium kansasii, 
disseminated or extrapulmonary 


Mycobacterium tuberculosis of any site, pulmonary,'® 
disseminated,* or extrapulmonary* 


Mycobacterium, other species or unidentified species, 
disseminated? or extrapulmonary 


Pneumocystis jiroveci pneumonia 

Pneumonia, recurrent'® 

Progressive multifocal leukoencephalopathy 
Salmonella septicemia, recurrent 
Toxoplasmosis of brain, onset at age >1 month* 
Wasting syndrome attributed to HIV 


*Only among children younger than age 13 years. (Centers for 
Disease Control and Prevention (CDC). 1994 Revised classification sys- 
tem for human immunodeficiency virus infection in children less than 13 
years of age. MMWR Morb Mortal Wkly Rep 1994;43(RR-12). Available at: 
http://www.cdc.gov/mmwr/PDF/rr/rr43 12.pdf) 


‘Condition that might be diagnosed presumptively. 


SOnly among adults and adolescents older than age 13 years. 
(Centers for Disease Control and Prevention (CDC). 1993 Revised classi- 
fication system for HIV infection and expanded surveillance case defini- 
tion for AIDS among adolescents and adults. MMWR Morb Mortal Wkly 
Rep 41(RR-17):1-19, 1992.) 


Data from Centers for Disease Control and Prevention (CDC): 1994 
Revised classification system for human immunodeficiency virus 
infection in children less than 13 years of age. MMWR Morb Mortal 
Wkly Rep 1994;43(RR-12) (available at: http://www.cdc.gov/mmwr/ 
PDF/rr/rr4312.pdf), and Centers for Disease Control and Preven- 
tion (CDC): 1993 Revised classification system for HIV infection and 
expanded surveillance case definition for AIDS among adolescents 
and adults. MMWR Morb Mortal Wkly Rep 41(RR-17):1-19, 1992. 
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TABLE 81-3. Examples of Common Opportunistic 
Infections By CD4 Count 


CD4 Count Opportunistic Infection or Condition 
>500 cells/uL 


Any condition that can occur in HIV- 
uninfected persons, e.g., bacterial 
pneumonia, tuberculosis, varicella-zoster, 
herpes simplex virus 


350-499 cells/uL Thrush, seborrheic dermatitis, oral hairy 


leucoplakia, molluscum contagiosum 


200-349 cells/uL 
100-199 cells/uL 


Kaposi sarcoma, lymphoma 


Pneumocystis pneumonia, Candida esoph- 
agitis, cryptococcal meningitis 


<100 cells/uL Toxoplasma encephalitis, disseminated 
Mycobacterium avium complex, progressive 
multifocal leukoencephalopathy, cytomeg- 
alovirus retinitis, primary central nervous 


system lymphoma, microsporidia 


lists AIDS-defining conditions; and Table 81-3 lists common HIV-as- 
sociated conditions by CD4 count). Prophylaxis against the develop- 
ment of these infections is provided when the infection is common and 
significant and when the prophylaxis is effective, inexpensive and well 
tolerated. (Table 81-4 lists the organisms and medications used for pri- 
mary prophylaxis.) Tumors classified as AIDS-defining malignancies 
are Kaposi sarcoma, Burkitt lymphoma, immunoblastic lymphoma, 
primary CNS lymphoma and cervical cancer, as these were first iden- 
tified at high rates among infected persons early in the epidemic. Many 
other cancers also occur at increased rates among HIV-infected patients 
because of a higher rate of traditional cancer risk factors and the long- 
term effects of immune dysregulation leading to decreased tumor sur- 
veillance and chronic systemic inflammation. Outside of the immune 
defects levied by HIV, the virus can directly or indirectly cause specific 
organ or tissue damage including the nervous system (causing cognitive 
impairment, dementia and peripheral neuropathy), cardiovascular sys- 
tem (HIV cardiomyopathy), kidney (HIV nephropathy), gastrointesti- 
nal system (HIV enteropathy and cholangiopathy), and can accelerate 
disease progression as a result of other infections, such as hepatitides 


TABLE 81-4. Primary Prophylaxis 


Infection 


Criteria Treatment 


CD4 <200 cells/uL 
or <14% or oral 
candidiasis or an 
AIDS-defining 
illness 


Pneumocystis 
pneumonia 


Trimethoprim- 
sulfamethoxazole 
or dapsone or aero- 
solized pentamidine 


Isoniazid (INH) + 
pyridoxine 


Tuberculosis Purified protein 
derivative >5 mm 
or + Interferon-y 


release assay 


Toxoplasmosis Immunoglobulin Trimethoprim-sul- 


G+ and CD4 <100 famethoxazole or 

cells/uL dapsone+ 
pyrimethamine+ 
leucovorin 


Mycobacterium 
avium complex 


CD4 <50 cells/uL Azithromycin or 


clarithromycin 


B and C.**”” Finally, the long-term effects of chronic immune activa- 
tion and persistent inflammation is likely a factor in the development 
of coronary artery disease,“ chronic liver disease,’”“* and a hypercoag- 
ulable state**' that is only partly corrected by the initiation of ART. 
These “aging effects” of HIV are likely to dominate the health issues for 
infected persons now that opportunistic infections are readily treated 
or avoided altogether through a combination of prophylaxis and ART. 


@ THERAPY 


The story of ART from the first reports that zidovudine had activity 
against HIV to the current formulary of drugs, including single-tablet, 
fixed-dose, once-daily formulations, is one of the great achievements 
in medicine. Early studies of zidovudine monotherapy demonstrated 
a delay to the development of AIDS and short-term mortality benefits 
but no long-term effect on survival; zidovudine also carried significant 
toxicity.” Combination therapy with other nucleoside reverse tran- 
scriptase inhibitors (nRTIs) proved slightly more effective than zidovu- 
dine alone, but not until combination nRTI was used with a third drug 
from another class, first nonnucleoside reverse transcriptase inhibitors 
(nnRTIs)* and then protease inhibitors,” were sustained viral sup- 
pression and substantive, dramatic improvements in survival realized.® 
The recommended time to initiate ART has evolved in response to stud- 
ies demonstrating benefits of ART at high CD4 counts and improve- 
ments in drug tolerability and formulation. Current Department of 
Health and Human Services (DHHS) guidelines suggest that all HIV- 
infected persons be offered ART regardless of CD4 count, although the 
strength of evidence supporting this recommendation varies by CD4 
count (‘Table 81-5 lists the criteria for initiating ART), while the World 
Health Organization sets a CD4 count threshold of 350 cells/uL for ini- 
tiating ART in more resource-limited countries. The rationale for these 
expanded ART recommendations include the recognition that newer 
therapies are more convenient, have fewer adverse effects and are asso- 
ciated with lower rates of drug resistance. Furthermore, in addition to 


TABLE 81-5. Criteria for Initiating Antiretroviral Therapy 
CD4 Count 


Recommendation 


<350 cells/uL Start antiretroviral therapy 


(ART) (Al) 
350-500 cells/uL Start ART (All) 
>500 cells/uL Start ART (BIII) 


Clinical conditions favoring initiation of therapy regardless 
of CD4 count: 


+ History of AIDS-defining illness (Al) 
+ Pregnancy (Al) 

e HIV-associated nephropathy (All) 

e Hepatitis B coinfection (All) 


e Patients at risk of transmitting HIV to sexual partners 
(Al, heterosexuals; Alll, others) 


e Hepatitis C coinfection (BII) 
e Patients older than 50 years of age (BIII) 


A, strong recommendation; B, moderate recommendation; C, optional 
recommendation; |, one or more randomized trials with clinical 
outcomes and/or validated laboratory end points; Il, one or more 
well-designed, nonrandomized trials or observational cohort studies 
with long-term clinical outcomes; Ill, expert opinion. 


Adapted from Department of Health and Human Services Guidelines. 
http://aidsinfo.nih.gov/guidelines. 
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improved all-cause survival, ART preserves renal function in those with 
HIV-associated nephropathy,” slows the progression of hepatic fibrosis 
in those coinfected with hepatitis C,- decreases (but does not nor- 
malize) markers of chronic inflammation® and may be associated with 
reduced cardiovascular disease,” prevents the development of HIV-as- 
sociated dementia,”’” and is highly effective in reducing mother-to- 
child””* and sexual transmission. Adverse effects related to ART 
do occur but are less common with current regimens and can usually 
be effectively managed with corrective treatments and by substitution 
of the offending drug with an alternative medication.” Similarly, the 
presence or development of drug resistance can usually be overcome by 
the use of secondary or salvage ART regimens that are fully suppressive. 
At the current time, only rare patients who are fully adherent to ART 
fail to control HIV replication. Treatment of early and primary infection 
provides a unique opportunity to intervene and possibly alter the course 
of HIV infection. Several studies have demonstrated that treatment in 
early or primary HIV lowers the rate of disease progression if treatment 
is subsequently interrupted”** and may also limit the size of the latent 
HIV reservoir,’ the impediment to curing patients. One interesting 
group of 14 patients initiated ART during primary infection and stayed 
on treatment for a median of 3 years and then controlled HIV repli- 
cation for a median of 7 years after ART interruption.™ Finally, given 
the high viral loads typical of primary HIV, these patients are thought 
to be highly infectious; therefore identifying them and initiating treat- 
ment should prevent transmission to their uninfected partners. One 
consequence of initiating ART in the setting of a known or occult infec- 
tion is the development of an acute inflammatory reaction as a result 
of reconstitution of the immune system in the presence of organisms 
or foreign antigens.**? The immune reconstitution inflammatory syn- 
drome (IRIS) occurs in between 8 and 30 percent of patients who start 
ART, depending on the opportunistic infection and the timing of ART.” 
Risk factors for the development of IRIS include a low baseline CD4 
count, more-severe disease and a short interval between treatment of 
the opportunistic infection and initiation of ART. The treatment of IRIS 
should include treatment of the underlying infection or condition, con- 
tinued ART, and antiinflammatory medication, such as corticosteroids, 
depending on the severity of the reaction.” 


@ PREVENTION AND CURE 


The future of the HIV epidemic will differ by region and be dictated by 
local public health responses, HIV testing rates, sociobehavioral pre- 
vention interventions, and access to ART. Expanded HIV testing is an 
essential element of any prevention campaign as an estimated 50 percent 
of all new infections originate from individuals unaware of their HIV 
status.” Behavioral interventions can have some preventative effect? 
but biomedical methods have emerged as the most effective means to 
prevent new infections. Male circumcision can reduce female-to-male 
sexual transmission by 51 percent!” and is being implemented on a 
population level in some African countries. ART administered peri- 
partum will prevent most mother-to-child transmissions'’™'” and fully 
suppressive ART provided throughout pregnancy essentially eliminates 
all infant infections.”*”* A prospective randomized trial of HIV-dis- 
cordant couples demonstrated that ART provided to the HIV-infected 
partner was almost 100 percent effective in preventing transmission” 
and other studies have shown that elements of ART given to HIV-neg- 
ative but at-risk persons (preexposure prophylaxis [PrEP]) can prevent 
HIV acquisition when subjects are adherent to treatment." These 
studies point the way to the best strategies and interventions to curtail 
the HIV epidemic until an effective HIV vaccine is available. 

The persistence of replication-competent but transcriptionally 
silent HIV proviral DNA in long-lived resting cells (the HIV latent 


reservoir) is the impediment to cure for nearly all HIV-infected peo- 
ple.*”"°°' Although combination ART is highly effective at controlling 
HIV replication in activated cells, it has no effect on the latent HIV 
reservoir, which will persist as long as the cells harboring HIV sur- 
vive. Because most HIV genomes reside in central and effector mem- 
ory T cells that decay at a negligible rate, there is no possibility of cure 
with ART alone. The only individual cured of chronic HIV infection 
(Timothy Brown, the Berlin patient) developed acute myelogenous leu- 
kemia that was treated with high-dose conditioning and transplantation 
of HIV-resistant (CCR5D32/D32) allogeneic blood stem cells.! While 
this case provides proof-of-principle that the latent HIV reservoir can 
be eliminated by allogeneic hematopoietic cell transplantation, the 
approach is impractical for widespread application because of the high 
toxicity associated with this procedure, the morbidity of graft-versus- 
host disease, and the scarcity of CCR5D32/D32 donors. To date, most 
HIV cure efforts have focused on the strategy of reversing latency with 
the notion that once resting cells begin producing HIV they will be tar- 
geted by the immune system or die from apoptosis. However, early stud- 
ies suggest that activating latent cells to express HIV does not reliably 
lead to their death and additional treatments including vaccination to 
boost cytotoxic responses will be needed.’ Gene therapy is also being 
pursued as a means to control or cure HIV; specifically, DNA editing 
enzymes that disrupt CCRS have been used to eliminate CCR5 expres- 
sion in cells that are then expanded ex vivo and reinfused into patients, 
creating a population of HIV-resistant CD4+ T cells. 1! 


@ HUMAN IMMUNODEFICIENCY 
VIRUS-ASSOCIATED MALIGNANCIES 


When AIDS was first identified as a clinical syndrome it was quickly 
appreciated that these patients were at greatly increased risk for cer- 
tain types of malignancies, including Kaposi sarcoma, various types of 
non-Hodgkin lymphoma (NHL), and invasive cervical cancer. Each 
of these AIDS-defining cancers is frequently associated with an onco- 
genic virus (Table 81-6). As effective ART was developed and patients 
began living into their 50s, 60s, and 70s,'*''? it became apparent that 
many non-AIDS-defining malignancies were also more common in 
this population compared to HIV-uninfected patients. Anal cancer is 
120-fold more common in people living with HIV, particularly 
among men who have sex with men. Hodgkin lymphoma incidence is 
increased approximately 20-fold, hepatocellular cancer fivefold, and the 
risk of lung cancer is increased twofold. In contrast, the risks of other 
common cancers, including breast cancer, prostate cancer, and colon 
cancer, are not increased in comparison to HIV-negative people." 
In the ART era, non-AIDS-defining malignancies comprise approxi- 
mately half of the cancers in people living with HIV, and overall can- 
cer causes approximately 25 to 33 percent of all deaths in HIV-infected 


TABLE 81-6. AIDS-Defining Malignancies and Oncogenic 


Viruses 


AIDS-Defining Malignancy Oncogenic Virus 


Kaposi sarcoma HHV8 
Aggressive non-Hodgkin lymphoma EBV, HHV8 
Primary central nervous system EBV 
lymphoma 

Invasive cervical cancer HPV 


EBV, Epstein-Barr virus; HHV, human herpesvirus; HPV, human 
papillomavirus. 
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patients, supporting the importance of age-appropriate standard cancer 
screening.’ 

The Centers for Disease Control estimates that 20 percent of HIV+ 
people in the United States do not know that they are HIV+," and 
HIV testing is strongly recommended in all patients who present to the 
hematologist with NHL, Hodgkin lymphoma, or idiopathic thrombo- 
cytopenic purpura (ITP), or other malignancies.” This recommenda- 
tion is made because approximately 5 percent of those with diffuse large 
B-cell lymphoma and 22 percent of patients with Burkitt lymphoma in 
the United States are HIV+ (Fig. 81-1). These proportions vary sub- 
stantially by demographic group": among men, 10 percent of those 
with diffuse large B-cell lymphoma are HIV+, in contrast to 1 percent of 
women, and approximately 40 percent of those 30 to 59 years old with 
Burkitt lymphoma are HIV+. It is important to diagnose HIV infection 
when present, as effective treatment of HIV is essential for successful 
treatment of the malignancy or ITP. 


HUMAN IMMUNODEFICIENCY 
VIRUS-ASSOCIATED DIFFUSE 
LARGE B-CELL LYMPHOMA 


Among HIV+ patients in the United States, diffuse large B-cell lym- 
phoma is now more common than Kaposi sarcoma, although Kaposi 
sarcoma remains the most common malignancy in people living with 
HIV worldwide." The pathophysiology of diffuse large B-cell lym- 
phoma in HIV has been reviewed.'''”° In a recent case series, HIV+ 
patients presented with diffuse large B-cell lymphoma at a median age 
of 43 years, 2 decades younger than HIV- patients.’ Patients often 
present with a rapidly growing lymph node or extranodal mass, and 
frequently have B symptoms (drenching night sweats, fever, or loss of 10 
percent of body weight). Involvement of extranodal sites, including the 
gastrointestinal tract, liver, CNS, lung, and other sites is common.” 
Diagnosis is most commonly made by excisional lymph node biopsy. 
Evaluation should include careful examination of all lymph nodes sites, 
and the oral cavity. Standard staging with positron emission tomogra- 
phy-computed tomography (PET-CT), marrow evaluation, and lum- 
bar puncture for cerebrospinal fluid cytology and flow cytometry’ 
should be performed. Patients should be evaluated for hepatitis B prior 
to initiation of chemotherapy. If active hepatitis B is found (hepatitis 
B DNA+), it must be managed in the context of the HIV treatment, 
as several commonly used medications for hepatitis B are also active 
against HIV. Although initial studies in the pre-ART era focused on 
low-dose chemotherapy,’ it is now appreciated that full-dose multi- 
agent systemic chemotherapy with appropriate supportive care using 
filgrastim or peg-filgrastim and prophylaxis against infectious com- 
plications, offers the best chance for permanent cure. Cohort studies 
show that the 5-year overall survival in the ART era is far better than 
the pre-ART era.” A National Cancer Institute study using six cycles 
of dose-adjusted etoposide, prednisone, vincristine, cyclophosphamide, 
and doxorubicin (EPOCH), in which the initial cyclophosphamide dose 
was adjusted based on the CD4 count, and subsequent cycles cyclophos- 
phamide dosing was adjusted based on the neutrophil nadir, showed an 
overall survival of 60 percent at 53 months (39 patients, 79 percent had 
diffuse large B-cell lymphoma, 18 percent had Burkitt lymphoma, and 
none were on ART during chemotherapy). CD4 counts dropped by 
190 cells/uL during chemotherapy, but recovered to baseline by 6 to 12 
months following chemotherapy. All patients received P. jiroveci pro- 
phylaxis, and if CD4 counts were less than 100 cells/uL, M. avium com- 
plex prophylaxis. All patients also received filgrastim following each 
cycle of chemotherapy. This key study demonstrated that EPOCH is safe 
and effective in HIV+ patients with aggressive lymphoma. Outcomes 
differed markedly depending on the initial CD4 count: patients with an 
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Figure 81-1. Number of AlDS-defining cancer cases in the United States in persons with and without AIDS by calendar year. (Reproduced with per- 
mission from Shiels MS, Pfeiffer RM, Hall HI, et al.: Proportions of Kaposi sarcoma, selected non-Hodgkin lymphomas, and cervical cancer in the United States 


occurring in persons with AIDS, 1980-2007. JAMA 13;305(14):1450-1459, 2011.) 


initial CD4 count greater than 100 cells/uL had an 87 percent overall 
survival at 53 months, whereas those with CD counts of less than 100 
cells/uL had a 16 percent overall survival at 53 months.” A larger mul- 
tiinstitution study done by the AIDS Malignancy Consortium (AMC- 
034) randomized patients to receive EPOCH with concurrent rituximab 
versus EPOCH with sequential rituximab (given weekly for 6 weeks 
following completion of EPOCH) in 101 patients with HIV-associated 
NHL (approximately 75 percent of the patients had diffuse large B-cell 


lymphoma and 25 percent had mainly Burkitt lymphoma).'”” Adminis- 
tration of EPOCH with concurrent rituximab resulted in a high complete 
response rate (73 percent) in comparison to EPOCH with sequential 
rituximab (55 percent complete response rate). The National Cancer 
Institute evaluated short-course EPOCH with dose-dense rituximab 
(rituximab day 1 and day 5 of each cycle of EPOCH), and achieved an 
overall survival of 68 percent at 5 years in 33 patients with diffuse large 
B-cell lymphoma.'’* In this study, the initial cyclophosphamide dose 
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was 750 mg/m’ (even in those patients with a low CD4 count) and was 
dose adjusted, depending on the neutrophil nadir, in subsequent cycles 
of EPOCH. Patients were treated to complete response plus one addi- 
tional cycle. The majority (79 percent) of patients received three cycles 
of short-course EPOCH with dose-dense rituximab, and ART was sus- 
pended during chemotherapy because of concern about alteration in the 
pharmacokinetics or pharmacodynamics of the chemotherapy agents or 
overlapping toxicity. CD4 counts dropped a median of 64 cells/uL, and 
recovered to baseline by 6 to 12 months. Consistent with other studies, 
patients with initial CD4 counts of 100 cells/wL or greater had a much 
better 5-year overall survival (90 percent) than did the patients with a 
CD4 count of less than 100 cells/uL (20 percent). Cyclophosphamide, 
doxorubicin, vincristine, prednisone (CHOP) has also been stud- 
ied in HIV+ patients with diffuse large B-cell lymphoma. In an AMC 
phase II multiinstitution clinical trial (AMC 010), patients with HIV- 
associated NHL (diffuse large B-cell lymphoma in 80 percent, Burkitt 
lymphoma in 9 percent) were randomized to six cycles of CHOP (n = 
50) versus rituximab plus CHOP (R-CHOP) (n= 99), with all patients on 
ART.” The R-CHOP group also received three monthly doses of ritux- 
imab following completion of chemotherapy. Of note, the median CD4 
count at enrollment was 133 cells/wL and 24 percent of the patients had 
advanced HIV with CD4 counts less than 50 cells/wL, so this was a fairly 
immunocompromised group of patients. Overall survival was iden- 
tical with CHOP or R-CHOP, unlike HIV-negative patients in whom 
the addition of rituximab significantly improves outcome. In the AMC 
010 clinical trial, there were significantly more deaths from infection 
in the R-CHOP arm in comparison to the CHOP arm, which offset the 
trend toward better control of lymphoma with R-CHOP. The majority 
of these infectious deaths occurred in patients with a CD4 count of less 
than 50 cells/wL, suggesting that rituximab should be used cautiously in 
immunologically vulnerable patients. As in studies of EPOCH, patients 
with a CD4 count greater than 100 cells/uL had a better overall survival 
than those with a lower CD4 count. Other reports suggest that R-CHOP 
treatment in HIV+ patients with diffuse large B-cell lymphoma is safe 
and effective,'?!!*° including in those with a low CD4 count.'*! In a phase 
II study of modified R-CHOP in 40 patients with diffuse large B-cell 
lymphoma, pegylated liposomal doxorubicin was substituted for dox- 
orubicin'” and the complete response rate was 48 percent, lower than 
what is reported with rituximab plus EPOCH (R-EPOCH) or R-CHOP. 
At the time of this writing, there are no phase III data comparing R-E- 
POCH to R-CHOP in HIV+ patients. Pooled analysis of two sequential 
AMC clinical trials, AMC 010 (99 patients on the R-CHOP arm) and 
AMC 034 (51 patients on the concurrent R-EPOCH arm) showed that 
the 2-year overall survival was approximately 50 percent with R-CHOP 
and approximately 65 percent with R-EPOCH (p <0.01), suggesting 
superiority of R-EPOCH.' Similarly, a pooled analysis of 1546 patients 
enrolled in 19 prospective clinical trials, concluded that EPOCH was 
associated with a better overall survival than CHOP in patients with 
HIV-associated diffuse large B-cell lymphoma (hazard ratio 0.33, p = 
0.03).'** However these observations require validation in prospective 
randomized studies. For patients with relapsed or refractory HIV- 
associated diffuse large B-cell lymphoma, salvage regimens such as 
gemcitabine/dexamethasone/cisplatin'** or etoposide, methylpredniso- 
lone, high-dose cytarabine, cisplatin (ESHAP)'* can provide response 
rates of approximately 50 percent. 


HUMAN IMMUNODEFICIENCY 
VIRUS-ASSOCIATED BURKITT LYMPHOMA 


HIV-associated Burkitt lymphoma is approximately one-third as 
common as HIV-associated diffuse large B-cell lymphoma in the 
Western world, and occurs at a higher CD4 count.’ In a Surveillance, 


Epidemiology, and End Results (SEER) Registry—based study, there was 
an increase in the number of cases of Burkitt lymphoma in the United 
States in the late 1980s that is maintained to the present time (see Fig. 
81-1), particularly in men, and is thought to be attributable to the HIV 
epidemic." The pathogenesis of HIV-associated Burkitt lymphoma 
is similar to that of Burkitt lymphoma in HIV- people, and involves 
translocation of the Myc gene on chromosome 8 with one of the immu- 
noglobulin genes on chromosomes, 2, 14, or 22, resulting in overex- 
pression of Myc. HIV-associated Burkitt lymphoma is an aggressive 
malignancy, and it is important to act decisively in these often very ill 
patients. More than 80 percent of patients with HIV-associated Burkitt 
lymphoma present with stage IV disease” and extranodal sites are often 
involved. Marrow, liver, gastrointestinal tract, kidney, and CNS involve- 
ment are common, with cranial nerve palsies a common feature of CNS 
involvement.'! The serum lactate dehydrogenase (LDH) is elevated in 
more than 80 percent of patients, often to high levels (greater than five- 
fold normal). A number of chemotherapy regimens have been studied in 
HIV+ patients with Burkitt lymphoma. As in the HIV- setting, CHOP 
is not adequate treatment for Burkitt lymphoma, "®*! and should not 
be used. Recent data show excellent outcomes with a variant of the R- 
EPOCH regimen.'* In this single-institution, small prospective clin- 
ical trial, a total of 30 patients with Burkitt lymphoma were treated, 
including 11 who were HIV+ with a median CD4 count of 322 cells/uL. 
The short-course EPOCH-RR used in this clinical trial included two 
doses of rituximab per cycle of EPOCH, and a total of three or four 
cycles of EPOCH (to complete response plus one additional cycle), 
and included prophylactic intrathecal methotrexate. With a median 
follow up of 6 years, the overall survival of the HIV+ patients was 90 
percent. The major toxicity was neutropenia in 31 percent of cycles 
of EPOCH-RR, and hospital admission for febrile neutropenia was 
required in 10 percent of cycles. This study showed that low-intensity 
therapy administered primarily in the outpatient setting can be effec- 
tive for HIV-associated Burkitt lymphoma. Other studies of R-EP- 
OCH that included a subset of patients with HIV-associated Burkitt 
lymphoma also report excellent outcomes with R-EPOCH.’” Other 
regimens reported in patients with HIV-associated Burkitt lymphoma 
include cyclophosphamide, vincristine, doxorubicin, and dexametha- 
sone (HyperCVAD) alternating with high-dose methotrexate plus cyta- 
rabine.“ In this study, patients were very immunocompromised with 
a median CD4 count of 77 cells/wL; nevertheless, complete remission 
was achieved in more than 90 percent of patients, with 48 percent of 
patients alive at 2 years. Severe myelosuppression was universal, but 
infectious complications were similar to HIV- patients. In this small 
study, those on ART had a better outcome than those not on ART. 
Cyclophosphamide, vincristine, doxorubicin, methotrexate/ifosfa- 
mide, mesna, etoposide, cytarabine (CODOX-M/IVAC) has also been 
employed to treat HIV-associated Burkitt lymphoma,'*-'” with 3-year 
overall survival of approximately 50 percent.'° A retrospective review 
compared eight HIV+ patients who received CODOX-M/IVAC to 24 
HIV- patients with Burkitt lymphoma”: Patients had similar rates of 
myelosuppression, infection, and complete response regardless of HIV 
status. The LMB86 protocol (including high-dose methotrexate plus 
cytarabine) was used to treat HIV-related Burkitt lymphoma"™! in a 
prospective single center study of 63 patients on ART. The complete 
response rate was 70 percent and the estimated disease-free survival at 2 
years was 67 percent. This regimen was characterized by severe marrow 
toxicity, and more than 10 percent of patients died of regimen-related 
toxicity. Poor prognostic factors included a CD4 count of less than 200 
cells/uL and an Eastern Cooperative Oncology Group (ECOG) perfor- 
mance status of greater than 2. Other intensive regimens have also been 
used, with 4-year overall survival of 70 percent, but with death in 11 
percent from regimen-related toxicity." 


HUMAN IMMUNODEFICIENCY 
VIRUS-ASSOCIATED PRIMARY CENTRAL 
NERVOUS SYSTEM LYMPHOMA 


Primary CNS lymphoma in HIV+ patients is an Epstein-Barr virus 
(EBV)-related diffuse large B-cell lymphoma occurring in the brain, 
typically in patients with very advanced HIV: These patients usually 
have a CD4 count of less than 50 cells/uL, and often of less than 20 
cells/uL.'*'-'5! The epidemiology of primary CNS lymphoma illus- 
trates the concept of specific types of lymphoma occurring at different 
levels of immunodepletion. The incidence of primary CNS lymphoma 
has declined markedly since the availability of ART (see Fig. 81-1).'8°! 
The pathophysiology of HIV-associated primary CNS lymphoma is 
related to EBV which is detectable in virtually all cases.’ Primary CNS 
lymphoma should be considered in an HIV+ patient who presents with 
neurologic symptoms (confusion, cognitive decline, memory loss), 
headache, seizures, or ataxia. In one series, the most common symptom 
was headache, followed by memory loss, ataxia, and seizure.'°? Char- 
acteristic features on magnetic resonance imaging (MRI) of the brain 
include a single to several mass lesions in the subcortical white matter.’™ 
Anatomic sites commonly involved are predominantly the cerebral cor- 
tex and periventricular area, but the basal ganglia can be involved in up 
to one-third of cases. Cerebellar or brain stem involvement is rare.'*° A 
thorough physical exam for signs of systemic lymphoma is key, includ- 
ing a testicular exam as testicular lymphoma frequently involves the 
CNS. A slit-lamp exam to assess for vitreous disease should be done; 
this may assist in diagnoses of primary CNS lymphoma and may affect 
therapy. Evaluation with a chest, abdomen, and pelvic CT and a marrow 
aspirate and biopsy should be performed. If a lumbar puncture can be 
safely done, cerebrospinal fluid (CSF) should be sent for cytology and 
flow cytometry to evaluate for leptomeningeal involvement with lym- 
phoma, and also for polymerase chain reaction (PCR) for EBV. Detec- 
tion of EBV in the CSF supports, but does not confirm, the diagnosis 
of primary CNS lymphoma in these patients.’ PET-CT of the brain 
can also help distinguish primary CNS lymphoma from other com- 
mon causes of focal brain lesions in profoundly immunosuppressed 
patients with HIV, namely, cerebral toxoplasmosis and other infec- 
tions. Evaluation of HIV+ patients with CNS mass lesions should 
include blood serology for toxoplasmosis, although a small percentage 
of patients with CNS toxoplasmosis will have negative serologies. Ste- 
reotactic brain biopsy should be performed if possible, but some lesions 
are not readily accessible to biopsy; in these cases, the diagnosis of pri- 
mary CNS lymphoma may rest on CSF cytology, detection of EBV in 
the CSF, and the results of PET-CT. Because of the rarity of primary 
CNS lymphoma in the ART era, there are no large prospective clinical 
trial data to define optimal therapy. Case reports document long-term 
responses to initiation of ART as a sole intervention in a small number 
of patients who refused other therapy. All HIV+ patients with primary 
CNS lymphoma should be on effective ART. Systemic glucocorticoid 
treatment can temporarily ameliorate symptoms. Small retrospective 
series report that whole-brain radiation therapy can result in improved 
survival,’ but approximately one-third of these patients had detectable 
leukoencephalopathy on followup. A large retrospective study found 
that treatment with whole-brain radiation therapy and/or chemother- 
apy was associated with a decreased risk of death,’*' but this analysis 
is confounded by lack of information on performance status. Small 
numbers of patients have been treated with multiple cycles of high-dose 
methotrexate with leucovorin rescue, without radiation therapy, with 
prolonged survival and no cognitive dysfunction," and this may be 
a reasonable option in patients with good performance status. In the 
pre-ART era, median survival of the HIV+ patient with primary CNS 
lymphoma was approximately 2 months. The outcome has improved in 
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the present era, but remains inferior to that of patients without HIV. 
The Center for AIDS Research database for 1996 to 2010 shows that the 
2-year survival of HIV+ patients with primary CNS lymphoma was 24 
percent, inferior to other major types of HIV-associated lymphoma (dif- 
fuse large B-cell lymphoma, Burkitt lymphoma, Hodgkin lymphoma). 
Prior CNS opportunistic infection’*' and poor performance status'?"*° 
confer an increased risk of death. 


HUMAN IMMUNODEFICIENCY 
VIRUS-ASSOCIATED PLASMABLASTIC 
LYMPHOMA 


Described in 1997,’ plasmablastic lymphoma is a rare and very aggres- 
sive B-cell NHL with plasmacytic differentiation that often involves the 
oral cavity, typically the gingiva and the palate. In the original report, 
15 of the 16 cases were HIV+, and subsequent studies showed that plas- 
mablastic lymphoma comprises approximately 2 to 3 percent of NHL in 
people living with HIV.'*' A review of 112 cases of HIV-associated plas- 
mablastic lymphoma showed that the median age of presentation was 
approximately 40 years, and the median CD4 count was approximately 
180 cells/uL. Of the 112 patients, 58 percent had primary oral involve- 
ment. Other common sites of involvement were the gastrointestinal 
track, the lymph nodes and skin, among other sites.'® In a recent series 
of 50 cases of plasmablastic lymphoma,'® approximately 25 percent of 
the patients had oral cavity involvement, and extraoral involvement was 
common. Diagnosis requires biopsy. The pathology shows a monomor- 
phic diffuse lymphoid infiltrate with cells resembling plasmablasts. The 
cells have a high proliferative rate with a Ki-67 often exceeding 90 per- 
cent, and are positive for plasma cell markers. CD20 is expressed in 2 
percent or fewer of the cases and the majority of the cases (>80 percent) 
are EBV+. The differential diagnosis of an oral cavity lesion in a person 
with HIV includes odontogenic infection, squamous carcinoma, Kaposi 
sarcoma, and diffuse large B-cell lymphoma or Burkitt lymphoma. 
Many of the patients with plasmablastic lymphoma have been 
treated with CHOP or with EPOCH, with poor outcome. In one retro- 
spective series,'® median overall survival was 11 months with no differ- 
ence in outcome between CHOP versus more intensive chemotherapy 
(EPOCH, hyperCVAD, or other regimens). Data from the German 
AIDS Related Lymphoma Cohort Study in the ART era confirmed the 
poor outcome of these patients, with a median survival of 5 months.’ 
There are no prospective clinical trials to define optimal treatment for 
patients with HIV-associated plasmablastic lymphoma. Case reports of 
individual patients suggest that bortezomib may have activity in these 
patients, and this should be explored in future clinical trials.'°'°° 


HUMAN IMMUNODEFICIENCY 
VIRUS-ASSOCIATED PRIMARY 
EFFUSION LYMPHOMA 


Primary effusion lymphoma is an aggressive B-cell lymphoma character- 
ized by lymphomatous effusions in body cavities, most commonly pleu- 
ral effusion,'®”!* followed by ascites and pericardial effusion or multiple 
body cavities; lymph nodes, marrow, and skin can also be involved. A 
solid variant of primary effusion lymphoma presents without effusion, 
but with lymph node, gastrointestinal, skin, or liver involvement has 
been reported.'® Primary effusion lymphoma comprises approximately 
4 percent of HIV-associated NHL” and occurs much more frequently 
in men than in women (10:1 ratio), usually associated with low CD4 
counts (50 to 200 cells/uL).'”! Of primary effusion lymphoma cases, 100 
percent are human herpesvirus-8+ (HHV8+), and approximately 80 
percent are EBV+. HHV8 plays a key pathophysiologic role, possibly 
by elaboration of a viral homologue of FLICE inhibitory protein and 
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a viral homologue of interleukin (IL)-6.° Other HHV8-related disor- 
ders include Castleman disease and Kaposi sarcoma, both of which may 
coexist with primary effusion lymphoma in a substantial proportion of 
patients.'®* Patients may present with dyspnea from pleural effusions or 
new-onset ascites. A high index of suspicion for lymphoma is needed so 
that appropriate samples are sent to Hematopathology for analysis. Pri- 
mary effusion lymphoma cells have an immunoblastic, plasmablastic, or 
anaplastic appearance and are CD45+ and CD30+; CD20 is expressed 
less than 5 percent of the time. The malignant cells are latently infected 
with HHV8, which is detectable by immunocytochemistry. There are no 
large prospective studies of treatment of primary effusion lymphoma, a 
consequence of its rarity, and the majority of the available information 
is derived from retrospective case series. There are a few case reports of 
complete remission following initiation of ART without chemotherapy, 
and ART should be a component of the treatment plan. Patients have 
been treated with CHOP, EPOCH, and other regimens. Approximately 
50 percent of patients with primary effusion lymphoma achieve a com- 
plete response, but relapse within the next few months is common, and 
the median survival is approximately 6 months, with most deaths a 
result of progressive lymphoma. In one series, poor prognostic features 
included an ECOG performance status greater than 2 and ART non- 
compliance. Promising preclinical data show that treatment with the 
anti-CD30 agent brentuximab vedotin'” or bortezomib with or without 
vorinostat’” can decrease growth of primary effusion lymphoma cell 
lines and prolong survival in a mouse xenograft model. 


Prognosis 

As ART improves, the prognosis for patients with HIV-associated NHL 
is defined mainly by lymphoma-related features, and less by HIV.” A 
retrospective review of patients with HIV-associated diffuse large B-cell 
lymphoma diagnosed in the pre-ART era (120 patients), and in the ART 
era (72 patients) showed a median survival of 8 months in the pre-ART 
era and 43 months in the ART era; this held true for each of the dif- 
ferent International Prognostic Index groups.’ Pooled data for 1546 
patients with HIV-associated diffuse large B-cell lymphoma or Burkitt 
lymphoma who had been enrolled in phase H or phase HI clinical tri- 
als was evaluated to identify treatment-related factors associated with 
overall survival. The use of rituximab was significantly associated with 
improved overall survival (hazard ratio 0.55, p <0.001) for patients with 
a CD4 count of greater than 50 cells/uL but not for those patients with 
CD4 counts of less than 50 cells/wL. A focus on the 1059 patients with 
diffuse large B-cell lymphoma suggested that treatment with EPOCH 
resulted in a better overall survival (hazard ratio 0.33, p = 0.031) than 
treatment with CHOP. On multivariant analysis of R-EPOCH ver- 
sus R-CHOP, the hazard ratio for overall survival was 0.34 favoring 
R-EPOCH, although this did not achieve statistical significance. An 
enhanced internal prognostic index based on 650 adults with de novo 
diffuse large B-cell lymphoma treated at seven National Comprehen- 
sive Cancer Network Cancer Centers in the rituximab era included a 
small portion of HIV+ patients.'“ Patients were risk stratified on an 
8-point scale. Patients with a low score (0 to 1 points) had a 5-year over- 
all survival of 96 percent; patients with a low intermediate score (2 to 3 
points) had a 5-year overall survival of 82 percent; patients with a high 
intermediate score (4 to 5 points) had a 5-year overall survival of 64 
percent, and patients with high risk (6 to 8 points) had an overall 5-year 
survival of 33 percent. This scale offered better risk stratification than 
the original International Prognostic Index, which was developed in the 
prerituximab era. It is recommended that this enhanced International 
Prognostic Index be used as a guide, in addition to the very robust data 
that patients with CD4 counts of less than 100 cells/wL at the time of 
diagnosis of lymphoma have a much worse outcome than those with 
higher CD4 counts. 


HUMAN IMMUNODEFICIENCY 
VIRUS-ASSOCIATED HODGKIN LYMPHOMA 


Hodgkin lymphoma tends to occur at moderate levels immunosup- 
pression in HIV+ patients, unlike NHL, where the risk increases as the 
CD4 count decreases.'” A retrospective cohort study from the Veterans 
Administration Clinical Case Registry from 1985 to 2010 showed that 
Hodgkin lymphoma was most common in patients with CD4 counts 
of 200 to 350 cells/wL. The risk was highest in the first year after start- 
ing ART, and was lower in people with a greater percent of time with 
an undetectable viral load.” Data from 14 U.S. Cancer Registries rep- 
resenting 25 percent of the U.S. population was used to compare the 
clinical features of HIV+ and HIV- patients with Hodgkin lymphoma 
in the ART era.'” In this study, Hodgkin lymphoma occurring in HIV+ 
people was shown to be a clinically aggressive disease. Of the 22,355 
patients with Hodgkin lymphoma, 3.8 percent were HIV+. However 
this percentage varied depending on sex, ethnicity, and age. Prevalent 
HIV infection was higher in men (6 percent) than in women (1.2 per- 
cent), and among men in the 40- to 59-year-old age group, those newly 
diagnosed with Hodgkin lymphoma had a 14.2 percent chance of being 
HIV+. Non-Hispanic blacks with newly diagnosed Hodgkin lymphoma 
had a 16.9 percent chance of being HIV+ and Hispanics with newly 
diagnosed Hodgkin lymphoma had a 9.9 percent chance of being HIV+. 
Unlike NHL, the incidence of Hodgkin lymphoma is comparable in the 
pre- and post-ART era. The pathology of Hodgkin lymphoma in HIV+ 
cases differs from that of HIV- cases, with a higher percent of HIV+ 
patients having a more aggressive histology (mixed cellularity or lym- 
phocyte depleted; Table 81-7). An HIV-AIDS cancer match study that 
linked HIV and cancer registry data found that an even higher percent 
of patients with HIV-associated Hodgkin lymphoma had mixed cellu- 
larity on biopsy (53.7 percent). The Ann Arbor stage at diagnosis is 
higher in HIV+ Hodgkin patients than in HIV- cases, with 41.5 per- 
cent of those with HIV+ Hodgkin lymphoma having stage IV disease 
at presentation, compared to 17 percent of those with HIV- Hodgkin 
lymphoma (Table 81-7). B symptoms (drenching night sweats, fever, 
or loss of 10 percent of body weight) are also more common in HIV+ 
patients with Hodgkin lymphoma (Table 81-7). 

A retrospective study of Adriamycin, bleomycin, vinblastine, and 
dacarbazine (ABVD) chemotherapy in 62 HIV+ patients newly diag- 
nosed with advanced-stage Hodgkin lymphoma showed that ABVD 
and ART could be given safely together.’” In this study, the median CD4 
count at diagnosis was 129 cells/uL, and all patients had stage III or 
stage IV Hodgkin lymphoma. Patients received ABVD with filgrastim 
support, as well as trimethoprim-sulfamethoxazole or pentamidine for 
P. jiroveci prophylaxis. The overall survival was 76 percent at 5 years, 
with treatment-related mortality of 10 percent. In a large retrospective 
study” of 93 HIV+ patients and 131 HIV- patients with Hodgkin lym- 
phoma who were treated with ABVD, (HIV+ patients also received con- 
comitant ART), those with stage I or II nonbulky disease received four 
cycles of ABVD plus involved field radiation therapy; the rest received 
six cycles of ABVD with involved field radiation therapy if bulky disease 
was present. All patients received prophylaxis for opportunistic infec- 
tions. The HIV+ patients had more advanced-stage Hodgkin lymphoma 
and a worse International Prognostic Score’; despite this the 5-year 
overall survival was 81 percent for the HIV+ patients compared to 88 
percent for the HIV- patients, a nonsignificant difference. This retro- 
spective case series demonstrated comparable overall survival in HIV+ 
and HIV- patients with Hodgkin lymphoma, and that ART could be 
given safely with ABVD chemotherapy. 

The German HIV Related Lymphoma Study Group"! conducted a 
prospective multicenter study in which HIV+ patients with early stage 
favorable Hodgkin lymphoma were treated with two to four cycles of 


TABLE 81-7. Characteristics of Hodgkin Lymphoma in 
HIV+ and HIV- Populations 


HIV+ HIV- 
Number of individuals 848 207507 
Percent (%) men 86.2 537 
HISTOLOGY 
Lymphocyte rich 1.9% 3.2% 
Nodular lymphocyte 0.9% 44% 
predominant 
Nodular sclerosis 30.7% 59.6% 
Mixed cellularity 25.0% 12.2% 
Lymphocyte depleted 3.7% 1.3% 
Classical Hodgkin 37.9% 19.3% 
lymphoma NOS 
ANN ARBOR STAGE 
l 14.3% 18.4% 
ll 17.6% 39.5% 
Ill 22.4% 19.1% 
IV 41.5% 17.0% 
unknown 4.3% 6.0% 
B SYMPTOMS 
Present 57.4% 34.2% 
Absent 28.9% 43.9% 
Unknown 13.7% 21.9% 


Adapted with permission from Shiels MS, Koritzinsky EH, Clarke CA, 
et al: Prevalence of HIV Infection among U.S. Hodgkin lymphoma 
cases. Cancer Epidemiol Biomarkers Prev 23(2):274-281, 2014. 


ABVD plus 30 Gy of involved field radiation therapy, while patients 
with early stage unfavorable Hodgkin lymphoma received four cycles 
of bleomycin, etoposide, Adriamycin, cyclophosphamide, vincristine, 
procarbazine, and prednisone (BEACOPP) baseline or four cycles of 
ABVD plus 30 Gy of involved field radiation therapy. More advanced- 
stage Hodgkin lymphoma patients received six to eight cycles of BEA- 
COPP. Patients with advanced HIV infection (defined as two of the 
following: CD4 count <50 cells/wL, prior AIDS-defining opportunistic 
infection, performance status >2) were treated with six to eight cycles of 
ABVD. ART was used with chemotherapy. CD4 count decreased with 
chemotherapy, but recovered over the subsequent 6 to 9 months and 
treatment-related mortality was 5.6 percent, mainly from sepsis. Using 
this risk-adapted approach, the 2-year overall survival was 90.7 percent, 
comparable to HIV- patients with Hodgkin lymphoma. 

Areas of controversy in treatment of Hodgkin lymphoma in HIV- 
patients include whether BEACOPP escalated is better than ABVD 
for advanced Hodgkin lymphoma.’ Until this controversy is set- 
tled, most authorities recommend using ABVD for patients with HIV- 
associated Hodgkin lymphoma. Brentuximab vedotin, an antibody- 
drug conjugate that targets CD30, has been combined with Adriamycin, 
vinblastine, and dacarbazine (AVD) to treat HIV- patients with Hodg- 
kin lymphoma."* Whether brentuximab vedotin plus AVD will be effec- 
tive for HIV+ patients with Hodgkin lymphoma is being addressed in a 
prospective phase II clinical trial being done by the AMC (AMC 085). 

In the ART era, HIV+ patients with Hodgkin lymphoma 
have similar excellent outcomes with systemic chemotherapy as do 
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HIV- patients. This is corroborated by the SEER Study'” in which the 
5-year risk of death from Hodgkin lymphoma was 6.2 percent in the 
HIV+ patients and 9 percent in the HIV- patients. However, this inter- 
pretation is confounded by competing risks of death: the overall risk of 
death was higher in the HIV+ cohort, and the majority of the deaths 
were from HIV. Many’” but not all’*' studies conclude that the Inter- 
national Prognostic Score has predictive value for HIV+ patients with 
Hodgkin lymphoma. 


Stem Cell Transplant 
There is more than a decade of experience in high-dose therapy fol- 
lowed by autologous blood stem cell transplantation showing that this 
technique is feasible, safe, and effective in patients with HIV and NHL 
or Hodgkin lymphoma.'**"*” Adequate numbers of blood stem cells can 
be mobilized in the majority of patients with HIV-associated NHL or 
Hodgkin lymphoma. A retrospective study of 155 patients with either 
NHL or Hodgkin lymphoma in the ART era showed that mobilization 
of greater than 2 x 10° CD34+ cells/kg was achieved in 73 percent of 
patients and greater than 5 x 10° CD34+ cells/kg was achieved in 48 
percent. Factors reducing the chance of optimal mobilization included a 
low platelet count, a low CD4 count, and use of filgrastim alone, rather 
than chemotherapy plus filgrastim, to mobilize blood stem cells." 
Studies of autologous blood stem cell transplantation in HIV+ 
patients with NHL (mainly diffuse large B-cell lymphoma) or Hodgkin 
lymphoma show that outcomes are similar to those reported for patients 
without HIV infection. The median time to neutrophil and platelet 
engraftment is 11 and 14 days, respectively. The risk for nonrelapse mor- 
tality is in the 5 to 8 percent range and the overall survival at 3 to 4 years 
after transplantation is approximately 50 percent." These patients 
were supported throughout the transplantation with ART, as well as 
with antibacterial, antifungal, and antiviral prophylaxis. The European 
group for Blood and Marrow Transplant performed a case-control study 
that included 53 HIV+ patients with either NHL (two-thirds of patients) 
or Hodgkin lymphoma (one-third of patients) that matched patients on 
the basis of histology, Ann Arbor stage, International Prognostic Index 
and disease status. The overall survival, progression-free survival, and 
relapse rates were similar in the HIV+ and the HIV- groups across all 
histologies and disease states. Nonrelapse mortality at 1 year was 8 per- 
cent in the HIV+ group and 2 percent in the HIV- group; the differ- 
ence mainly was a result of early bacterial infections. Overall survival 
at 30 months was 59 percent for both HIV+ and HIV- patients with 
NHL, and the main cause of death in both HIV+ and HIV- patients 
was relapse. A single-institution matched case-control study of HIV+ 
and HIV- NHL patients showed nonrelapse mortality of 11 percent in 
the HIV+ group, and 4 percent in the HIV- group. Overall survival at 2 
years was 75 percent for both the HIV+ and HIV- groups.'” Thus, HIV 
status did not affect the outcome of autologous transplantation for NHL 
although there were more viral opportunistic infections, particularly 
cytomegalovirus (CMV), adenovirus, and varicella in the HIV+ pop- 
ulation. The main cause of death was relapse and the major predictor 
of outcome in both groups was disease status at time of transplanta- 
tion. Together these data suggest that long-term outcomes are similar 
in the HIV+ and HIV- patients who undergo autologous blood stem 
cell transplant in the setting of NHL or Hodgkin lymphoma and the 
reconstitution of neutrophils and platelets are similar in both groups.'* 
Experience with allogeneic stem cell transplantation HIV+ patients is 
less extensive." This remains an area of intensive research, in part 
because of the report of cure of HIV in a patient who underwent allo- 
geneic transplant to treat acute myeloid leukemia and received a donor 
graft that was homozygous for a deletion mutation eliminating the 
chemokine and HIV coreceptor CCR5.!” 
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Antiretroviral Therapy and Chemotherapy 

Controversy persists regarding whether ART should be initiated or 
continued during multiagent systemic chemotherapy. In the pre-ART 
era, the outcomes for treatment of lymphoma in HIV+ patients were 
markedly inferior to the present era.” Some clinical trial groups stop 
or do not initiate ART during systemic chemotherapy,” whereas others 
continue ART or initiate ART after the first cycle of chemotherapy in 
those patients not on ART at time of lymphoma diagnosis.’””” Certain 
classes of ART medications, notably protease inhibitors and nnRTIs can 
alter the metabolism of other medications primarily though inhibition 
or induction of the cytochrome P450 enzymes, potentially leading to 
higher or lower concentrations of other drugs (including chemotherapy 
agents). Unfortunately, there are limited pharmacokinetic data from 
clinical trials to elucidate these potential drug interactions and their 
effects on drug levels. Chemotherapy agents eliminated by non-P450 
routes are less likely to be affected by ART. A study of 154 HIV+ patients 
with a broad range of malignancies (many with hematologic malignan- 
cies) treated at the MD Anderson Cancer Center showed that clinically 
relevant drug interactions between ART and chemotherapy drugs were 
rare (4 percent of cases) and confined to the protease inhibitor class.” 
The nnRTIs and the integrase strand-transfer inhibitors had a better 
safety profile when combined with chemotherapy than did the protease 
inhibitors, in this retrospective series. Others have also found that pro- 
tease inhibitors may exacerbate chemotherapy-induced neutropenia,” 
although this is controversial.*””” A retrospective review of 34 patients 
with diffuse large B-cell lymphoma showed similar complete response 
rates and toxicities in those receiving CHOP while also on an HIV 
protease inhibitor as those who were receiving a nonprotease inhibitor 
ART regimen.” In another study of HIV+ patients with Hodgkin lym- 
phoma receiving ABVD chemotherapy, the use of the protease inhibitor 
ritonavir appeared to increase the risk of peripheral neuropathy.”” More 
accurate information regarding drug interactions between ART and 
chemotherapy agents will become available through the AMC, which 
is currently conducting clinical trials in which patients are stratified 
by the type of ART and its potential for inducing or inhibiting cyto- 
chrome P450 enzymes, and obtaining detailed pharmacokinetic data. 
With the growing number of available ART agents, including integrase 
strand-transfer inhibitors, it is usually possible to adjust an ART regi- 
men that minimizes potential drug interactions but still suppresses HIV 
replication throughout the course of chemotherapy. 

A second issue is overlapping toxic effects between ART and 
chemotherapy drugs. Zidovudine causes marrow suppression, and 
should be avoided in patients receiving myelosuppressive chemother- 
apy. Didanosine and stavudine (older, infrequently used agents) cause 
peripheral neuropathy, and their use should be reconsidered in patients 
who will receive potentially neurotoxic chemotherapy. Atazanavir, a 
commonly prescribed protease inhibitor, causes unconjugated hyperbi- 
lirubinemia similar to Gilbert syndrome and can complicate the admin- 
istration of some chemotherapy agents. However, if there is no other 
evidence of hepatotoxicity, chemotherapy can be given at standard 
doses. Earlier studies suggested some ART drugs (saquinavir, efavirenz, 
nelfinavir) might cause cardiac conduction abnormalities (prolonga- 
tion of the electrocardiographic “QTc interval”), but this has not been 
confirmed in subsequent studies. If the patient is stable on ART with 
excellent HIV virologic control, a reasonable approach is to consult 
the infectious diseases physician who is managing the patient and also 
the chemotherapy pharmacist to identify potential drug interactions 
between ART and the planned chemotherapy, to adjust ART as neces- 
sary, and then proceed with chemotherapy with concurrent ART. If the 
patient is not on ART, it is reasonable to give one cycle of chemotherapy 
and then start ART with the second cycle of chemotherapy following 


multidisciplinary consultation with the pharmacist and infectious dis- 
eases physician. 


HUMAN IMMUNODEFICIENCY 
VIRUS-ASSOCIATED CASTLEMAN DISEASE 


Castleman disease is a rare polyclonal lymphoproliferative disorder 
characterized by periodic flares (an inflammatory illness accompanied 
by lymphadenopathy and splenomegaly), and a high risk of progres- 
sion to lymphoma.” Castleman disease occurs with higher frequency 
in people living with HIV.” The pathophysiology of Castleman dis- 
ease is related to IL-6 (reviewed in Ref. 210). Virtually all patients with 
HIV-associated Castleman disease are infected with HHV8, whose 
viral genome encodes a viral homologue of IL-6. Sequential analysis of 
human IL-6, viral IL-6, and a variety of other cytokines in patients with 
HIV-associated Castleman disease during and after flares showed that 
either human IL-6, viral IL-6, or both were elevated during the flare 
and diminished during remission.” IL-6 is a proinflammatory cytok- 
ine and stimulates polyclonal proliferation of B lymphocytes. Serologic 
evidence of HHV8 infection is present in 7 percent of healthy U.S. blood 
donors,” but few healthy adults or HIV+ patients without Castleman 
disease, Kaposi sarcoma, or primary effusion lymphoma have detectable 
HHVS8 virus in the blood. More than 80 percent of HIV+ patients with 
symptomatic multicentric Castleman disease have detectable HHV8 
viremia, often at a high level.” A retrospective analysis of 52 HIV+ 
patients with multicentric Castleman disease at time of presentation’? 
showed that more than 50 percent of the patients had a prior diagnosis 
of Kaposi sarcoma, and 80 percent were on ART. The mean CD4 count 
at time of diagnosis of Castleman disease was 287 cells/uL, indicating 
that Castleman disease occurs in moderately immunocompromised 
patients. Symptoms at presentation included fever, lymphadenopathy, 
and splenomegaly in 98 to 100 percent, pulmonary symptoms in 60 
percent, and edema in 40 percent of patients. A single-institution study 
of 113 patients with Castleman disease’ also reported that approxi- 
mately half of the patients had a prior diagnosis of Kaposi sarcoma. The 
median CD4 count in this study was 188 cells/uL. The ECOG perfor- 
mance status at diagnosis of Castleman disease was greater than 2 in 45 
percent of patients, 36 percent had hemophagocytosis, and 30 percent 
required an ICU stay, illustrating how ill these patients often are. During 
a Castleman disease flare, patients may rapidly develop cytopenias: half 
the patients in this series had a hemoglobin of less than 8 g/dL and 29 
percent had a platelet count of less than 150,000/uL. High C-reactive 
protein (often 10-fold higher than normal) and plasma HHV8 levels 
(median 30,000 copies/mL, range: 60 to 1 million copies/mL) are found 
during a flare,”!>?!° and these values can be helpful. Diagnosis requires a 
lymph node biopsy that is consistent with Castleman disease, ideally an 
excisional biopsy rather than a needle biopsy. The morphology of mul- 
ticentric Castleman disease in HIV+ patients shows plasmablastic cells 
in the mantle zone of the follicles; HHV8 is detectable in the plasmab- 
lasts.” Often, lymph nodes diagnostic of Castleman disease also con- 
tain malignant appearing spindle cells characteristic of Kaposi sarcoma. 

Castleman disease is rare, and treatment recommendations are 
largely based on case series and small clinical trials. Several clinical 
trials show that the anti-CD20 monoclonal antibody rituximab is very 
effective for treatment of Castleman disease. Prospective studies?!??!821 
demonstrate that 375 mg/m? of rituximab administered intravenously 
weekly for 4 doses resulted in rapid symptomatic improvement, and 
90 percent of patients achieved a response that lasted for more than 6 
months. Clinical improvement with rituximab may begin within hours 
to days and is associated with diminished levels of serum IL-6.” In one 
series of 113 HIV+ patients with multicentric Castleman disease, some 


of whom received rituximab, the overall median survival was longer 
than 12 years with therapy; this is much improved in comparison to 20 
years ago when Castleman disease was rapidly fatal. 

Incipient flares of Castleman disease may be heralded by cytope- 
nias, increased C-reactive protein, or by increased levels of HHV8 in the 
blood.™‘ Serial studies of 52 HIV+ patients with multicentric Castleman 
disease showed that approximately 75 percent had elevated C-reactive 
protein and 90 percent had detectable plasma HHV8 during a flare, with 
a median HHV8 viral load of 27,000 copies/mL. HHV8 was detectable 
in 38 percent of patients during remission. If relapse occurs, patients can 
safely be retreated with rituximab.” Up to 20 percent of HIV+ patients 
with Castleman disease will develop lymphoma,”*’™ often primary 
effusion lymphoma, plasmablastic lymphoma, or diffuse large B-cell 
lymphoma, but occasionally Hodgkin lymphoma, so it is important 
to consider this during followup. Use of rituximab to treat Castleman 
disease may decrease the risk of subsequent NHL.’" In HIV+ patients 
with both Castleman disease and Kaposi sarcoma, Kaposi sarcoma 
may progress following treatment with rituximab.”*”’” When Kaposi 
sarcoma involves a key clinical location such as the lungs, where pro- 
gression might result in significant respiratory compromise, a regimen 
of rituximab plus liposomal doxorubicin can be considered to address 
both the Castleman disease flare and Kaposi sarcoma.”* R-CHOP or 
other multiagent systemic chemotherapy has also been used to treat 
Castleman disease, but given the excellent response to rituximab alone, 
R-CHOP is usually not necessary. An alternative therapeutic approach 
focuses on the central role of IL-6. A multiinstitution, randomized, 
placebo-controlled clinical trial of an anti-IL-6 monoclonal antibody 
siltuximab in 79 HIV- patients with Castleman disease showed a 34 
percent response rate. Siltuximab was given IV every 3 weeks and can 
be administered long-term (up to 60 months).”° Siltuximab is FDA- 
approved for treatment of Castleman disease in HIV- patients but not 
in HIV+ patients. Tocilizumab, an anti-IL-6 receptor monoclonal anti- 
body has been FDA-approved for use in rheumatoid arthritis. Tocili- 
zumab had short-term effects in two HIV+ patients with Castleman 
disease, but both patients relapsed within 6 months and required sub- 
sequent treatment with rituximab.” Tocilizumab is not FDA-approved 
for treatment of Castleman disease. Another approach to treatment 
of Castleman disease is to use antiviral therapy, such as ganciclovir, 
valganciclovir, foscarnet, cidofovir, or zidovudine, to suppress HHV8 
replication.” When 14 HIV+ patients with Castleman disease were 
treated with high-dose zidovudine plus valganciclovir, the C-reactive 
protein level, human IL-6 levels and HHV8 viral load improved. The 
median progression-free period was 6 months and the major toxicity 
was marrow suppression. However, until additional information is 
available from clinical trials, the data at this time most strongly support 
the use of rituximab as the backbone of treatment of Castleman disease. 


KAPOS!I SARCOMA-ASSOCIATED 
HERPESVIRUS-ASSOCIATED INFLAMMATORY 
CYTOKINE SYNDROME 


A new syndrome termed Kaposi sarcoma-associated herpesvirus 
(KSHV)-associated inflammatory cytokine syndrome (KICS) is char- 
acterized by an inflammatory illness similar to a flare of Castleman dis- 
ease, but without the pathologic diagnosis of Castleman disease.’?-**! 
Patients present with fever, sweating, anorexia, leukopenia, anemia, 
thrombocytopenia, hypoalbuminemia, and hyponatremia, and may also 
have dyspnea or abdominal pain. Four of the six patients in the original 
report also had severe manifestations of Kaposi sarcoma. Patients with 
KICS have a very high HHVS8 viral load, similar to that seen in patients 
during a flare of multicentric Castleman disease. Levels of other cytok- 
ines, including human IL-6, viral IL-6, and IL-10, are similar in KICS 
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and multicentric Castleman disease patients, and much higher than in 
patients with isolated Kaposi sarcoma. Whether KICS represents a form 
fruste of multicentric Castleman disease, part of the clinical spectrum of 
Castleman disease, or a distinct clinical syndrome requires more inves- 
tigation. There is scant information on treatment of KICS. 


HUMAN IMMUNODEFICIENCY 
VIRUS-ASSOCIATED HEMOPHAGOCYTIC 
SYNDROME 


Hemophagocytic syndrome is a rare and potentially fatal disorder char- 
acterized by excess immune activation that occurs with increased fre- 
quency in people living with HIV. An autopsy study in the pre-ART 
era identified hemophagocytosis in 20 percent of 56 patients who died 
of AIDS.” The pathogenesis of the hemophagocytic syndrome results 
from failure to regulate the immune response, resulting in excess acti- 
vation of T lymphocytes, increased cytokine secretion, and hyperac- 
tivation of macrophages. There are primary and secondary forms of 
hemophagocytic syndrome. Secondary forms can occur in the setting 
of infection, hematologic malignancy, or autoimmune disease.” In 
HIV+ patients, the hemophagocytic syndrome is usually secondary to 
a viral infection, either HIV itself or, more commonly, a member of the 
herpes virus family (EBV, CMV, HHV8), but can also occur in patients 
with Hodgkin lymphoma, NHL, or Castleman disease.™ A study of 58 
HIV+ patients with hemophagocytic syndrome performed in the ART 
era’ showed that the median duration of HIV at the time of diagnosis 
was 4 years. Most patients were on ART, and the median CD4 count was 
91 cells/uL, demonstrating advanced HIV disease. Patients with hemo- 
phagocytic syndrome are typically very ill: greater than 40 percent of 
the patients in this series required ICU care and 31 percent died within 
a year of diagnosis. The clinical features of hemophagocytic syndrome 
in HIV+ patients include fever, hepatosplenomegaly, and cytopenias. 
Patients often have a markedly elevated ferritin (greater than 10-fold the 
upper range of normal), coagulopathy, and increased triglycerides. 
The differential diagnosis of hemophagocytic syndrome in HIV+ 
patients includes a Castleman disease flare or KICS, and the clinical 
features of these syndromes may overlap. Table 81-8 shows the diag- 
nostic criteria for hemophagocytic syndrome . If an underlying trigger 
for the hemophagocytic syndrome is identified, specific therapy should 
be directed at the trigger. Treatment for hemophagocytic syndrome is 
standardized using the Histiocytosis Society 1994 protocol? or the 


TABLE 81-8. Diagnostic Criteria for Secondary 


Hemophagocytic Syndrome* 


1. Fever =38.5°C 
2. Splenomegaly 


3. Cytopenias in at least 2 of 3 lineages (hemoglobin <9 g/dL, 
platelets <100,000/uL, neutrophils <1000/uL) 


4. Hypertriglyceridemia (fasting >265 mg/dL) and/or low 
fibrinogen (<150 mg/dL) 


5. Hemophagocytosis found on biopsy of the marrow, spleen, 
lymph nodes, or liver 


6. Low or absent natural killer cell activity 
7. Ferritin >500 mg/mL 
8. Elevated soluble CD25 


*Presence of 5 of these 8 criteria is required for diagnosis of hemo- 
phagocytic syndrome. 


Adapted with permission from Henter JI, Horne A, Arico M, et al: 
HLH-2004: Diagnostic and therapeutic guidelines for hemophago- 
cytic lymphohistiocytosis. Pediatr Blood Cancer 48(2):124-131, 2007. 


Histiocytosis Society 2004 protocol’ (Chapter 71). Caution regarding 
interaction of cyclosporine with specific ART medications is warranted. 


ANEMIA AND HUMAN 
IMMUNODEFICIENCY VIRUS 


Anemia is common in people living with HIV. The multisite Adult and 
Adolescent Spectrum of HIV Disease Surveillance Project?” included 
approximately 32,000 HIV+ people living in the United States in the 
pre-ART era, 1990 to 1996. In this study, the first hemoglobin measured 
was less than 10 g/dL in 37 percent of men and 43 percent of women 
with clinical AIDS (an AIDS-defining illness). Even patients with a 
CD4 count of greater than 200 cells/uL and no AIDS-defining illness 
had a high prevalence of anemia: 28 percent of men and 31 percent of 
women had anemia defined as hemoglobin less than 14 g/dL for men 
or less than 12 g/dL for women. At the 1-year followup, the incidence 
of anemia was 3.2 percent for HIV+ people without immunologic or 
clinical AIDS, 12.1 percent for those with immunologic AIDS, and 36.9 
percent for those with clinical AIDS. Notably, anemia was associated 
with a 1.5- to 2.5-fold increased risk of death during followup.” One 
prospective study showed a moderate correlation between the hemo- 
globin and CD4 count at entry into the cohort, and found that initiation 
of ART could increase the hemoglobin value.** Similarly, interruption 
of ART increased the risk of anemia.” An investigation of 2056 HIV+ 
women at six sites in the United States showed that use of ART for as 
little as 6 months was associated with improvement of anemia,”” while 
several factors, including CD4 count less than 200 cells/uL, HIV viral 
load greater than 50,000 copies/mL, and mean corpuscular volume less 
than 80 fL were associated with decreased ability to correct the ane- 
mia. Anemia was identified as a key prognostic factor in large Euro- 
pean and South African HIV+ cohorts.” The Veterans Aging Cohort 
Study evaluated HIV+ patients who had been on ART for 1 year, to 
identify factors predictive of mortality.** This study identified age, CD4 
count, HIV viral load, hemoglobin, glomerular filtration rate, presence 
or absence of hepatitis C, and a composite measure of liver function as 
predictive factors for mortality. Even a mild decrease in the hemoglobin 
contributed significantly to mortality in this index. The Veterans Aging 
Cohort Study Index was subsequently validated in an independent 
cohort.” Thus, even in the ART era, anemia is associated with a worse 
prognosis, independent of the traditional risk markers such as the CD4 
count and the HIV viral load. 


Pathophysiology of Anemia in Human Immunodeficiency 
Virus 
There are many pathophysiologic causes of anemia in HIV+ people 
(Table 81-9), and often anemia in an individual is multifactorial in 
origin. Unique to HIV are the effects of the virus on hematopoiesis, 
including direct infection of hematopoietic progenitor cells (impairing 
their survival, proliferation, differentiation, and maturation), infection 
of marrow stromal cells (affecting their ability to support hematopoiesis 
in the marrow microenvironment”), and alterations in hematopoietic 
growth factor production or function. Additionally, HIV infection is 
associated with a chronic inflammatory state” that may also contrib- 
ute to ineffective erythropoiesis. Markers of inflammation, including 
IL-6, are higher in HIV+ individuals than in their HIV- counterparts, 
and this holds true even for those on ART with an undetectable viral 
load.® Inflammation, in part mediated by IL-6, upregulates hepcidin, a 
key regulator of iron trafficking, and serum hepcidin levels are inversely 
correlated with CD4 counts.” 

Attempts to infect normal hematopoietic progenitor cells in vitro 
with HIV and studies of hematopoietic progenitor cells obtained from 
HIV+ patients initially suggested that HIV infection of hematopoietic 


Chapter 81: Hematologic Manifestations of Acquired Immunodeficiency Syndrome 


Immunodeficiency Virus 
DECREASED PRODUCTION 
HIV effect on hematopoiesis 


Marrow infiltration (e.g., Mycobacterium avium complex, histoplas- 
mosis, non-Hodgkin lymphoma, Hodgkin lymphoma) 


Pure red cell aplasia (Parvovirus B19) 
Drug suppression of hematopoiesis (e.g., Zidovudine) 


Nutritional deficiency (e.g., vitamin B.,, folate, iron) 


128 
Inflammation 
INCREASED DESTRUCTION 


Thrombotic thrombocytopenic purpura 


Immunohemolytic anemia 


Glucose-6-phosphate dehydrogenase deficiency (e.g., dapsone, 
trimethoprim-sulfamethoxazole) 


Hemophagocytic syndrome 
LOSS 


Gastrointestinal bleeding (e.g., Kaposi sarcoma in gastrointestinal 
tract) 


progenitor cells was an infrequent event. However, subsequent studies 
of HIV subgroup C (the subtype that predominates in African popu- 
lations) showed that a proportion of burst-forming unit-erythroid 
(BFU-E), granulocyte-macrophage colony-forming units (CFU-GM), 
and granulocyte-erythrocyte-monocyte and megakaryocyte colony- 
forming units (CFU-GEMM) can be infected with HIV in vitro.” The 
proportion of hematopoietic progenitor cells that could be infected with 
HIV subtype B (the predominant subtype in the United States and in 
Europe) was smaller (in the 1 percent range). Proviral HIV was detected 
by PCR in a small fraction of isolated CD34+ cells from some but not 
all HIV+ patients on ART with an undetectable viral load,” suggesting 
that HIV can latently infect hematopoietic progenitor cells in vivo; sim- 
ilar results were obtained using CD133+ sorted marrow cells.” Recent 
studies using a specific strain of humanized mice showed that some 
human CD34+, CD38+ intermediate progenitor cells could be infected 
with HIV in vivo, and that these progenitor cells when cultured in vitro 
had impaired growth, particularly in the erythroid and megakaryocytic 
lineages.” 

The normal response of the kidneys to a decline in hemoglobin is to 
produce more erythropoietin. However in HIV+ people, the incremen- 
tal increase in erythropoietin is blunted.” Additionally, antierythro- 
poietin antibodies can be detected in a portion of HIV+ patients and are 
associated with increased risk of anemia.” The antierythropoietin anti- 
bodies recognize a peptide that is needed for erythropoietin binding to 
the erythropoietin receptor. This peptide has sequence homology to an 
HIV protein, suggesting molecular mimicry as a potential mechanism 
for development of the antierythropoietin antibodies.” 

A cross-sectional study of 200 HIV+ patients in San Francisco 
during the ART era suggested an association between low testosterone 
levels and anemia in men living with HIV.” Hypogonadism is associ- 
ated with weight loss, osteoporosis, and AIDS wasting syndrome, but 
whether testosterone treatment can correct anemia in these patients 
awaits further study. 

Another, occasionally dramatic, cause of anemia in those living 
with HIV is pure red cell aplasia caused by parvovirus B19. Parvovirus 


B19 is a small DNA virus that infects and lyses late human erythroid 
precursor cells,” causing transient reticulocytopenia in immunocom- 
petent patients. The clinical spectrum of parvovirus B19-related dis- 
ease includes “slapped cheek rash” in children and arthralgias in adults, 
but most immunocompetent patients are asymptomatic. Patients with 
hemolytic anemia who depend on high production of reticulocytes may 
develop transient aplastic crisis following infection with parvovirus B19. 
Immunoincompetent individuals may not be able to mount an adequate 
antibody response to clear parvovirus B19 from the blood and marrow, 
resulting in sustained infection with reticulocytopenia and anemia. In a 
series of HIV+ patients with parvovirus B19-related anemia, the median 
CD4 count was 42 cells/wL, indicating that parvovirus B19-associated 
pure red cell aplasia is associated with advanced immunodeficiency.” 
Characteristically, these patients have a normocytic anemia with vir- 
tual absence of reticulocytes, but normal white blood cells and plate- 
lets. Parvovirus immunoglobulin (Ig) G and IgM levels are generally 
not helpful in making the diagnosis, but PCR to detect parvovirus in 
the blood can be a reliable diagnostic test.” Marrow evaluation may 
show characteristic giant proerythroblasts and markedly diminished 
late erythroid precursor cells, with full maturation of the myeloid and 
megakaryocytic lineages. Some patients respond to initiation of ART 
in addition to transfusion support, but the majority of patients require 
additional therapy. A high prevalence of antibodies to B19 parvovirus 
exists in the general population; therefore, pooled human IgG prepara- 
tions are a rich source of antiparvovirus antibody. Infusion of human 
IgG results in clearance of parvovirus B19 from the blood and improved 
reticulocyte production and resolution of anemia in HIV+ patients with 
parvovirus B19-induced pure red cell aplasia.” However, patients 
with a CD4 count of less than 80 cells/uL are prone to relapse within 6 
months and may require retreatment. 


Medications and Anemia 

An important cause of anemia in people living with HIV is medications; 
both ART and medications used for prophylaxis against infections are 
implicated. Zidovudine can cause macrocytic anemia and leukopenia, 
and is not commonly used at present because of its toxicity. Stavudine 
is associated with anemia, although at lower rates than zidovudine.” 
Dapsone or trimethoprim-sulfamethoxazole, used for P jiroveci prophy- 
laxis, can cause hemolytic anemia in patients with glucose-6-phosphate 
dehydrogenase (G6PD) deficiency. Ganciclovir or valganciclovir, used to 
treat herpes simplex virus (HSV), Varicella-zoster, CMV, and sometimes 
HHVS8, often cause pancytopenia. Trimethoprim-sulfamethoxazole can 
also cause myelosuppression and pancytopenia. 


Treatment of Anemia 

Initiation of ART is the optimal treatment for HIV-associated anemia. 
If a specific cause of anemia is identified, such as parvovirus B19, spe- 
cific treatment can be provided. Early clinical trials demonstrated that 
erythropoietin treatment in anemic HIV+ patients taking zidovudine 
can improve the hemoglobin and decrease red blood cell transfusion 
requirements,” although responses were confined to patients with 
an endogenous erythropoietin level of 500 mU/mL or less. Since 
zidovudine is no longer commonly used as a component of ART, the 
use of erythropoietin has declined. Nevertheless, treatment of anemia 
caused by zidovudine in patients with HIV and an erythropoietin level 
of 500 mU/mL or less is an FDA-approved indication for erythropoie- 
tin. However, a Cochrane analysis” that included six studies and more 
than 500 anemic HIV+ patients treated with erythropoietin or placebo 
concluded that erythropoietin did not reduce the risk of death and did 
not have a clear effect on quality of life. Additionally, erythropoietin 
has side effects including the potential to exacerbate hypertension, 
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increased risk of thrombosis, a very rare risk of pure red cell aplasia, 
and increased risk of tumor progression or recurrence in specific types 
of cancer, as well as high cost. 


HUMAN IMMUNODEFICIENCY 
VIRUS-ASSOCIATED THROMBOTIC 
MICROANGIOPATHY 


Early in the HIV epidemic, it was reported that HIV+ people are at 
increased risk of thrombotic microangiopathy, either thrombotic throm- 
bocytopenic purpura (TTP) or hemolytic-uremic syndrome (HUS). Ina 
retrospective survey of 1223 patients with clinical AIDS in the pre-ART 
era, 1.4 percent met criteria for thrombotic microangiopathy. However, 
a prospective cohort of 347 patients followed from 1997 to 2000 identi- 
fied no patients with thrombotic microangiopathy, suggesting that the 
incidence may have declined as a result of effective ART.*® In support 
of this, a study done in the ART era followed 6022 HIV+ patients and 
found that 0.3 percent of patients developed thrombotic microangio- 
pathy.” The group with thrombotic microangiopathy had a lower mean 
CD4 count, a higher plasma viral load, and a higher incidence of clinical 
AIDS than did HIV+ patients without microangiopathy. Registries of 
patients with TTP have been used to investigate what fraction of the 
patients are HIV+; of 362 patients in the Oklahoma TTP/HUS registry 
from 1989 to 2007,1.84 percent were HIV+ while the prevalence of HIV 
in the local community was 0.3 percent.” In this study, several of the 
HIV+ patients were thought to have alternative causes of their microan- 
giopathic hemolytic anemia, reinforcing the importance of a thorough 
consideration of the full spectrum of illnesses causing thrombotic 
microangiopathy, which may, in turn, affect the decision to use plas- 
mapheresis/plasma exchange.” One series of 24 HIV+ patients with 
TTP reported that these patients presented with a mean hemoglobin of 
6.8 g/dL, a mean platelet count of 20,000/wL, a mean LDH of 4.5-fold 
normal, and a mean CD4 count of 236 cells/uL, and the majority had an 
HIV viral load of greater than 10,000 copies/mL. Patients were treated 
with prompt plasma exchange (mean of 13 treatments) and initiation 
of ART and achieved excellent outcomes comparable to HIV- patients 
with TTP, with death occurring in a single patient. However six of the 
24 patients suffered relapse of TTP, often in the setting of increased 
viral load, and required retreatment.” A study of patients enrolled in 
the French thrombotic microangiopathy (TMA) network revealed that 
29 of 236 patients were HIV+. Of the HIV+ patients who had a dis- 
integrin and metalloproteinase with a thrombospondin type 1 motif, 
member 13 (ADAMTS 13) activity of less than 5 percent, outcome was 
very similar to HIV- patients with a low ADAMTS 13 activity. How- 
ever the HIV+ patients with an ADAMTS 13 activity of greater than 5 
percent tended to have far advanced HIV with a median CD4 count of 
30 cells/uL, more infectious complications present at the diagnoses of 
thrombotic microangiopathy, multiple AIDS-associated complications, 
and a high mortality.*” Thus the outcome of TTP in HIV+ patients can 
be excellent in patients without advanced HIV when treated promptly 
with plasmapheresis/plasma exchange and ART. 


HUMAN IMMUNODEFICIENCY 
VIRUS-ASSOCIATED THROMBOCYTOPENIA 


In the pre-ART era, approximately 10 to 30 percent of people living 
with HIV had thrombocytopenia, defined as a platelet count of less 
than 150,000/uL, and thrombocytopenia was the initial manifesta- 
tion of HIV in approximately 10 percent of patients. Those whose risk 
factor for HIV was intravenous drug abuse had a higher incidence of 


thrombocytopenia, attributed to increased coinfection with hepatitis C 
and hepatic cirrhosis. A British study evaluated selective testing for HIV 
in patients who presented with specific medical conditions, including 
thrombocytopenia. They found an increased rate of HIV infection in 
patients presenting with thrombocytopenia,” providing a rationale for 
including HIV testing in the evaluation of patients presenting with iso- 
lated thrombocytopenia. In the ART era, 26 percent of 5290 patients 
followed at the British Columbia Center for Excellence in HIV/AIDS 
had at least one platelet count less than 100,000/uL, and 3 percent had 
at least one platelet count less than 20,000/uL.?” A study of the fre- 
quency and severity of thrombocytopenia in a large cohort of patients 
in the Collaboration in HIV Outcomes Research/U.S. study (CHORUS) 
included 6300 HIV+ people from 1997 to 20067? and found a preva- 
lence of thrombocytopenia (platelet count <150,000/uL) of 14 percent. 
However, this cohort excluded patients who had hepatitis C or hepati- 
tis B infection, so the prevalence of thrombocytopenia would likely be 
higher if these patients had been included.”” In this study, 3.1 percent 
of patients had a platelet count of 50,000/uL or less, and 1.7 percent 
of patients had a platelet count of 30,000/uL or less. The majority of 
patients with severe thrombocytopenia who had not started ART had 
a CD4 count greater than 200 cells/wL, demonstrating that thrombocy- 
topenia can occur prior to severe immunodepletion. These data are con- 
sistent with the findings of the British Columbia Center for Excellence 
in AIDS/HIV study, in which the CD4 count at diagnosis of ITP was 200 
or greater in 72 percent of patients.” 

Mild thrombocytopenia also occurs during primary HIV infec- 
tion, a time of unfettered HIV replication and intense immune acti- 
vation. In one study of 957 patients evaluated during primary HIV 
infection, 9.7 percent had a platelet count of less than 150,000/uL, 2.3 
percent had a platelet count of less than 100,000/uL, and none had a 
platelet count of less than 50,000/uL.”” Of those who started ART, the 
time to platelet recovery was approximately 1 month. Of those who did 
not start ART, the time to platelet recovery was just under 2 months. 
Those who developed thrombocytopenia during acute HIV infection 
had a threefold higher incidence of developing a low platelet count in 
the next 3 years (13.3 percent) in comparison to those who maintained 
a normal platelet count throughout. Thus, most patients who develop 
thrombocytopenia during primary HIV infection recover quickly, even 
if ART is not started immediately. A study to evaluate the risk factors 
for HIV-associated thrombocytopenia included 73 HIV+ people with 
a platelet count of less than 100,000/uL for 3 months matched to 73 
nonthrombocytopenic controls. Identified risk factors were an HIV 
viral load of greater than 400 copies/mL, hepatitis C coinfection, and 
cirrhosis.” The platelet count correlated inversely with the viral load in 
a study of 207 patients naive to ART.’ 

Platelet kinetic studies demonstrate shortened platelet survival 
in HIV+ patients not on ART (92 hours) compared to HIV- healthy 
volunteers (198 hours).”” Even HIV+ patients with normal platelet 
counts had modestly diminished platelet survival in these studies as 
well as decreased platelet production in comparison to HIV- normal 
volunteers. As discussed above, some human hematopoietic progeni- 
tor cells can be infected with HIV in vivo, and these cells demonstrate 
impaired megakaryopoiesis in vitro?" Additionally megakaryocytes 
can be infected with HIV?” and these observations may contribute to 
the decreased production of platelets in the marrow of HIV+ individ- 
uals. The more frequent and severe thrombocytopenia seen in patients 
with HIV and hepatitis C coinfection can be explained by the increased 
risk of cirrhosis in people coinfected with HIV and hepatitis C. The 
combined effects of diminished production of thrombopoietin, the 
major thrombopoietic growth factor, together with portal hyperten- 
sion, splenomegaly, and sequestration of platelets in the enlarged spleen 
can result in severe thrombocytopenia. Patients with severe liver failure 
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TABLE 81-10. Pancytopenia in Human 
e Advanced HIV with high viral load 
e Medication side effect 
+ Malignancy in the marrow 
» Non-Hodgkin lymphoma, Hodgkin lymphoma 
+ Infection in the marrow 


+ Mycobacterium avium complex, histoplasmosis, cytomegalovi- 
rus, Mycobacterium tuberculosis 


e Castleman disease 

+ Hemophagocytic syndrome 

- Alcohol abuse 

e Vitamin B., or folate deficiency 


may also have a component of low-grade disseminated intravascular 
coagulation. 

Evaluation of thrombocytopenia in HIV+ patients is similar to 
HIV- patients and should include a thorough history and physical 
exam looking for symptoms and signs of platelet-type bleeding, to 
assess the clinical severity of the thrombocytopenia. The blood film 
should be reviewed to confirm that the patient does have low platelets, 
rather than platelet clumping, and to evaluate for abnormalities in red 
blood cell and white blood cell numbers and morphology. If not already 
done, the patient should be tested for hepatitis C. The HIV viral load 
and CD4 count should be determined, as noncompliance or develop- 
ment of resistance to the current ART regimen can exacerbate HIV- 
associated thrombocytopenia. The patient should be asked what percent 
of the patient’s HIV medications are taken, or alternatively how many 
missed doses the patient has had in the past month. The medication list, 
including nonprescription medications, naturopathic medications, and 
dietary supplements, should be thoroughly reviewed. The differential 
diagnosis for isolated thrombocytopenia includes HIV-associated ITP, 
hepatitis C-associated ITP, Helicobacter pylori-associated ITP, medica- 
tion side effect, or antiphospholipid antibody syndrome. If the patient 
also has anemia, immunohemolytic anemia with ITP (Evans syndrome) 
or TTP should be considered. In a febrile and ill patient who has addi- 
tional cytopenias, Castleman disease and hemophagocytic syndrome 
should be included in the differential diagnosis (Table 81-10). 


Treatment of Human Immunodeficiency Virus—Associated 
Idiopathic Thrombocytopenic Purpura 

ART improves the platelet count in patients with HIV-associated ITP 
over a period of approximately 3 months in the majority of patients." 
The primary treatment of HIV-associated ITP is initiation of ART if the 
patient is not on ART, and assessment of the effectiveness of ART if the 
patient is taking ART. Reasons for failure of ART include suboptimal 
compliance with the medications, as the ability of ART to control the 
HIV viral load is related to adherence." Alternatively, the patient’s HIV 
may have developed ART resistance which can be detected by resis- 
tance testing. Close communication between the hematologist and the 
infectious disease/HIV physician is essential for optimal management 
of these issues. 

Because ART typically takes 3 months to improve the platelet 
count, additional interventions are needed if the patient is experienc- 
ing severe thrombocytopenia (platelets <20,000/uL) or has platelet-type 
bleeding. If the patient is Rh+ and has an intact spleen, intravenous 
anti-D can be very effective.*” In a study that included both HIV+ and 


HIV- patients, treatment with intravenous anti-D increased the plate- 
let count by an average of 45,000/uL in adults in both groups. In the 
majority of patients, the platelet increment lasted more than 21 days. 
The major side effect of anti-D treatment was a drop in the hemoglobin 
(average decrease in hemoglobin of 1 g/dL). Another approach is to use 
intravenous immunoglobulin although one study of immunoglobulin 
treatment reported a smaller increase in the platelet count (average 
of 29,000/uL), and a shorter duration of response (19 days) than was 
obtained with intravenous anti-D.?** Furthermore, intravenous anti-D 
may be less expensive than intravenous immunoglobulin. However, 
anti-D has the potential to cause significant hemolysis and has a “Black 
Box” warning because of this rare complication. Alternative approaches 
include the use of standard doses of prednisone or pulse dexametha- 
sone, as in HIV- patients. Steroids are less attractive in HIV+ patients 
because of the potential to decrease CD4 counts, increase the risk of 
infection, and increase risk of Kaposi sarcoma progression. Splenec- 
tomy can be effective in HIV+ patients, but is rarely required. Case 
reports document the use of romiplostim or eltrombopag in HIV+ 
patients.” 

HIV+ patients with ITP should be counseled not to take aspirin or 
nonsteroidal antiinflammatory drugs or fish oil while severely throm- 
bocytopenic, and educated on the symptoms of relapse of ITP (spon- 
taneous nose bleeds, spontaneous large bruises, bleeding gums), and 
encouraged to report promptly for medical care should any of these 
occur. Most patients with HIV-associated ITP can be started on ART 
and treated with 1 or 2 doses of anti-D at 3-week intervals and will sub- 
sequently experience sustained platelet count response with effective 
control of HIV. 


HUMAN IMMUNODEFICIENCY 
VIRUS-ASSOCIATED NEUTROPENIA 


The prevalence of neutropenia (defined as a neutrophil count <1300/uL) 
in patients naive to ART in Africa, Asia, the Americas, and the Carib- 
bean was 14.3 percent,’ with the U.S. cohort having a slightly higher 
prevalence of approximately 16 percent. A multicenter prospective 
study of HIV+ women in the United States followed 1729 women?’ 
and found that 7 percent had a pre-ART absolute neutrophil count of 
less than 1000/uL, and during 7.5 years of follow up 31 percent had an 
absolute neutrophil count of less than 1000/uL. Low CD4 count and 
high viral load were significant risk factors for development of neutro- 
penia whereas initiation of ART correlated with resolution of neutro- 
penia. Patients living with HIV may have neutropenia for a variety of 
reasons and neutropenia may be a component of pancytopenia (see 
Table 81-10) or occur as an isolated finding. As discussed in the sec- 
tion “Pathophysiology of Anemia in HIV” above, HIV has a multitude 
of effects on hematopoiesis, and the effects on progenitor cell survival, 
growth and differentiation and on the marrow microenvironment per- 
tain to myelopoiesis as well as erythropoiesis and megakaryopoiesis. 
A study of 87 consecutive patients attending an HIV clinic who devel- 
oped an absolute neutrophil count of less than 1000/wL showed that 
the vast majority were receiving at least one known myelosuppressive 
medication, and 59 of the 87 patients were receiving three or more 
myelosuppressive drugs. Many other medications are rare causes of 
neutropenia,” illustrating the importance of drug-induced neutrope- 
nia in this population of patients. 

Other causes of neutropenia reported in HIV+ patients include defi- 
ciency of vitamins such as folate or vitamin B,,, hepatitis C-associated 
autoimmune neutropenia, alcohol toxicity, and levamisole-adulterated 
cocaine, which can cause severe neutropenia (neutrophil counts as low as 
0). Patients should be specifically asked about cocaine use if they are found 
to have severe neutropenia with normal hemoglobin and platelet count.” 
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CHAPTER 82 
MONONUCLEOSIS 
SYNDROMES 


Robert F. Betts 


The defining clinical features of a mononucleosis syndrome are fever and reac- 
tive lymphocytes in the blood. The two most common causes of mononucleosis 
are Epstein-Barr virus (EBV) and cytomegalovirus (CMV) infection. The clinical 
manifestations of EBV and CMV mononucleosis depend on a vigorous host 
response to the viral infection. Patients who become infected without a host 
response develop antibodies to the virus but no or minimal clinical manifesta- 
tions. Several clinical similarities exist between EBV and CMV mononucleosis. 
Both infections have afebrile prodrome before the mononucleosis phase develops. 
Both infections can induce fever, an enlarged spleen, and an erythematous 
skin rash—the mononucleosis phase. The disease is self-limited in the vast 
majority of patients, although resolution may take several weeks, especially in 
older individuals. In both viral infections, lymphocytes represent greater than 
50 percent of blood cells, and at least 10 percent are reactive lymphocytes. 
Differences in clinical and laboratory findings are observed. Severe pharyngi- 
tis and tender lymph node enlargement, often in several lymph node groups, 
occur in infection with EBV and perhaps with some unknown agents, but not 
to the same degree in infections with CMV. The majority of cases of EBV mono- 
nucleosis occur in teenagers and young adults, whereas CMV-induced disease 
occurs most commonly in adults in their 30s to 60s. A much larger percentage 
of adults have unrecognized primary infection with CMV than with EBV. EBV 
results in the development of heterophile antibodies, active against sheep and 
horse red cells among others, but this development does not occur in CMV. The 
pathway leading to lymphocytosis and reactive lymphocytes differs between 
the two agents. The B cell is infected in EBV infection which eventually may lead 
to hematologic malignancy, whereas the macrophage is infected in CMV. This 
may explain its important role after allogeneic transplantation. In both infec- 
tions, the T lymphocyte is the reactive cell. Other agents, including Toxoplasma 
gondii, human immune deficiency virus type 1, and several other viruses, can 
cause a mononucleosis-like syndrome with reactive lymphocytes in the blood. 


@ DEFINITION AND HISTORY 


The first clinical description of what was probably infectious mononu- 
cleosis was published in 1885 when Pfeiffer! described a disorder termed 
Drüsenfieber (glandular fever). In 1920, Sprunt and Evans? introduced 
the term infectious mononucleosis for an acute, self-limited syndrome 


Acronyms and Abbreviations: CMV, cytomegalovirus; EA, early antigen; 
EBNA, Epstein-Barr nuclear antigen; EBV, Epstein-Barr virus; NK, natural 
killer; PCR, polymerase chain reaction; PTLD, posttransplantation lymphop- 
roliferative disease; VCA, virus capsid antigen. 


of mononuclear leukocytosis in febrile patients. In 1932, Paul and 
Bunnell’ showed that the sera from patients with infectious mononu- 
cleosis agglutinated red cells from sheep and horses, a reaction that was 
termed the heterophile antibody test. Paul was investigating heterophile 
antibodies in human sera that reacted with sheep red blood cells. These 
antibodies were unrelated by phylogenetic features to the antigen with 
which they reacted, the so-called Forssman antigen. He found that the 
highest titer had developed in the serum of an individual recovering 
from infectious mononucleosis. Davidson showed that serum, after 
absorption by guinea pig kidney cells, no longer reacted with sheep or 
horse cells. This absorption of these antibodies made this test very spe- 
cific for Epstein Barr virus (EBV) infection.* In 1964, Epstein, Ashong, 
and Barr reported the isolation ofa virus from the cells of a patient with 
African Burkitt lymphoma and hence the derivation of its name, EBV. 
The etiologic role of EBV in infectious mononucleosis was discovered 
serendipitously in the laboratory of Gertrude and Werner Henle.° A 
technician in their laboratory whose serum had been negative for EBV 
antibodies and was used as a seronegative control was discovered to be 
EBV antibody-positive after she recovered from infectious mononucle- 
osis. The association later was confirmed in seroepidemiologic studies 
of college students.*? 

Much of the clinical nature and the incubation period of mono- 
nucleosis were documented by Hoagland" in studies of cadets at West 
Point. He established that oral transmission was the principal route of 
viral transmission, which led to mononucleosis being dubbed the “kiss- 
ing disease.” He also noted that cadets developed the disease approxi- 
mately 6 weeks after they returned from their vacation." 

Although EBV is the most common cause of infectious mononu- 
cleosis, other agents produce a febrile syndrome with a blood lympho- 
cytosis that mimics some aspects of EBV mononucleosis. 


@ ETIOLOGY AND PATHOGENESIS 


The infectious mononucleosis syndrome is most commonly caused by 
one of two members of the herpes virus family: EBV or cytomegalo- 
virus (CMV). Occasionally the HIV and, less commonly, the parasite 
Toxoplasma gondii produce a febrile illness with lymphocytosis. Other 
viral agents produce a febrile syndrome with a blood lymphocytosis, 
but only infrequently (Table 82-1). For both EBV and CMV mononu- 
cleosis, the T-lymphocyte response to the infected target cell, resulting 
in reactive lymphocytosis, is a hallmark of the disease. The difference 
is that for EBV, the B lymphocyte is the cell that becomes infected and 
thus the target of the responding T lymphocyte, whereas it is the macro- 
phage/monocyte lineage that is infected by CMV, which engenders the 
T-lymphocyte response. 


@ EPIDEMIOLOGY OF EPSTEIN-BARR 
VIRUS AND CYTOMEGALOVIRUS 


Some similar and several distinct epidemiologic and clinical differences 
exist between EBV and CMV infection. Both EBV and CMV infect 
young children. Those who develop EBV infection at a very young 
age (1 to 5 years) have an illness similar to other illnesses occurring 
during their youth. CMV infection presents similarly, but in the young 
patients there is low-grade fever, mild elevation in liver function, and, 
quite often, lymphadenopathy. The latter seldom occurs in older people 
with primary CMV infection. 

If an individual escaped EBV infection when he or she was young, 
it is very common for the individual to develop infection during the 
teen and young adult years, that is, between the ages of 12 and 25 years.® 
By contrast, CMV infection is uncommon in that age range but begins 


TABLE 82-1. Etiologic Agents Associated with 


a Mononucleosis Syndrome 


Epstein-Barr virus 
Cytomegalovirus 
Human immunodeficiency virus 
Human herpes virus-6 
Metapneumovirus 
Rubella 

Hepatitis A 
Adenovirus 
Toxoplasma gondii 
Bartonella henselae 
Brucella abortus 


to increase in frequency after the age of 25 years.'*”” Primary CMV 
infection is also far more common than EBV in those older than 
50 years of age.“ Between the ages of 12 and 25 years, the classic mono- 
nucleosis illness develops in the majority of those with primary EBV 
infection.* In the few older individuals in whom EBV occurs, clinical 
illness that develops resembles the clinical illness that occurs in those 
with new CMV infection." Congenital infection with EBV occurs,” but 
it occurs only in babies of mothers who were infected with EBV dur- 
ing pregnancy and it is very uncommon. By contrast, it is estimated 
that 1 to 2 percent of all livebirths have CMV congenital infection. 
Furthermore, it occurs associated with primary infection in mothers; 
it also occurs in babies of mothers who were seropositive preconcep- 
tion.”” CMV infection of the monocyte/macrophage” helps explain its 
role in disease following solid-organ transplant. Because latent CMV is 
present in all solid organs of those with previous CMV infection, when 
immunosuppression is administered latent CMV is reactivated. EBV 
infection posttransplantation occurs only in those recipients who have 
not been infected before transplantation and, as with CMV, the EBV is 
reactivated in the donor organ.” 


@ EPSTEIN-BARR VIRUS 
MONONUCLEOSIS 


VIROLOGY AND PATHOGENESIS 


EBV is a DNA virus of the Gammaherpesvirinae subfamily. The virus is 
estimated to infect 90 percent of the world’s population. In the process 
of this infection, the EBV intercalates itself primarily into the long-lived 
memory B cell, not the naive B cell,” and thereafter establishes lifelong 
residence in its host. Early after infection, the virus is continuously shed 
into oral secretions. The virus then usually undergoes latency, but it 
may be reactivated periodically.” 

Following primary infection, varying severity of disease ensues. 
Infection occurs via virus attachment to the cell surface CD21 gly- 
coprotein, a 140-kDa complement receptor type 2. Infection induces 
polyclonal proliferation of infected B cells in the nodes in the pharynx. 
There is increasing evidence that host genetic factors predict the sever- 
ity and duration of disease following primary EBV infection.*”° Specifi- 
cally, the interferon (IFN)-y +874T/A or the interleukin (IL)-10 -592C/A 
polymorphisms are the important genetic factors. Using measures of 
severity of illness such as fatigue, myalgia, and height of fever, individ- 
uals who have the IFN-y +874TT (high interferon production) allele 
have a striking increase in the risk of experiencing these severe manifes- 
tations compared to those with IFN-y +874 A and IL-10 -592.* When 
a subject’s blood monocytes are tested in vitro, the high-risk group has 
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a higher production of IFN-y in stimulated cells.” Other factors in host 
response, which include the height of the virus load in the blood, the 
number of CD 8+ cells, and the T-cell granzyme expression in the CD8+ 
cell also have been described as contributing to disease severity.** As a 
corollary to this, variability in the symptoms, signs, physical findings, 
and laboratory abnormalities occurs in primary infection.*” At the 
time serology confirms evidence of primary infection, some, but not 
all individuals with primary infection, have classic symptomatic dis- 
ease.**” In those who develop the classical syndrome, T lymphocytes 
recognize viral replicative antigens on the infected B cell as foreign, and 
an exuberant polyclonal cytotoxic T-cell response ensues. ‘The prolifer- 
ative rate of CD8+ T cells is estimated to be approximately 50 percent 
of this population of cells proliferating per day. This translates into a 
population doubling time of 1.5 days so that 5 x 10° CD8+ T cells per 
day appear in the blood. The later rate of appearance is two orders of 
magnitude greater than normal.” The surface activation marker SLAM 
(signaling lymphocyte activation molecule)-associated protein (SAP) 
on T lymphocytes stimulates cell activation in response to a signal from 
CD244 and CD150 (SLAM) on the T-cell surface.” In the healthy indi- 
vidual, this process subsides over days to weeks. In parallel, the signs 
and symptoms of the infection subside, although fatigue may persist for 
a longer period of time. 


EPIDEMIOLOGY 


There is an apparent seasonal pattern with its peak incidence in the 
summer. Close person-to-person contact is required for transmission 
to a susceptible individual.” Subclinical primary infection” or frequent 
asymptomatic reactivation of EBV in the previously infected individual 
provides an opportunity for transmission at all ages. Although, trans- 
mission from breast milk or from the cervix occurs, it is very uncommon.” 
Nonetheless, nearly everyone in the developing world is infected by 
age 5 years and mononucleosis is rarely seen. Similar rates of infection 
occur in the lower socioeconomic class in the developed world. In the 
upper socioeconomic strata of the developed world, the majority of per- 
sons avoid infection when they are young. However, between the ages of 
12 and 25, infection is very common. Characteristically, primary infec- 
tion occurs in an individual a few months after the individual develops 
a relationship with someone who has latent infection.*”* Transmission 
occurs from a virus-positive asymptomatic individual who transmits 
his or her virus to a previously uninfected person. Individuals who are 
raised in more protected environments may reach their 30s before they 
are infected. If both individuals in an initial relationship are seronega- 
tive, years may pass before they become infected. Individuals who are 
seropositive usually do not develop clinical disease upon reexposure, 
although a second infection with a different strain may occur. 


CLINICAL MANIFESTATIONS 


Clinical manifestations vary by age." When young children 
acquire illness they develop a typical childhood illness of upper respi- 
ratory infection (43 percent), otitis media (29 percent) pharyngitis (21 
percent), gastroenteritis (7 percent), or typical mononucleosis (<10 
percent). Rashes and/or periorbital swelling occur more frequently in 
younger children than in the teens. In the age group 12 to 25 years, 
many, but not all, present with the classical presentation of infectious 
mononucleosis. However, there are a substantial proportion of newly 
infected individuals who have minimal or very mild disease.*” Fur- 
thermore, evidence of virus in the blood may be present for several 
days before disease appears.** For those who present with the classi- 
cal disease of infectious mononucleosis, the earliest manifestations of 
disease develop 35 to 42 days after the individual develops infection 
(Table 82-2). Infection occurs via virus attachment to the cell-surface 
CD21 glycoprotein, a 140-kDa complement receptor type 2. Infection 
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TABLE 82-2. Signs and Symptoms of Epstein-Barr Virus and Cytomegalovirus Mononucleosis: Effect of Age 


(Percent of Patients) 


Signs and Symptoms EBV (Age 14-35 Years*) 


EBV (Age 40-72 Years’) CMV (Age 30-70 Years*) 


Fever 95 94 85 
Pharyngitis 95 46 15 
Lymphadenopathy 98 49 24 
Splenomegaly 65 33 3 
Hepatomegaly 23 42 N/A 
Jaundice 8 2 24 


CMV, cytomegalovirus; EBV, Epstein-Barr virus. 
*Data from RJ Hoagland.'® 


tData from Hoagland RJ: The clinical manifestations of infectious mononucleosis: A report of 200 cases. Am J Med Sci 240:55, 1960; Schmader KE, 
van der Horst CM, Klotman ME: Epstein-Barr virus and the elderly host. Rev Infect Dis 11:64-73, 1989; Axelrod P, Finestone AJ: Infectious mono- 
nucleosis in older adults. Am Fam Physician 42:1599, 1990; Hurwitz CA, Henle W, Henle G, et al: Infectious mononucleosis in patients aged 40 to 
72 years: Report of 27 cases, including 3 without heterophile-antibody responses. Medicine 62:256, 1983. 


*Data from reference Just-Nubling, G. Korn, S. Ludwig, B. et.al: Primary cytomegalovirus infection in an outpatient setting-laboratory markers 


and clinical aspects. Infection 31:318, 2003. 


induces polyclonal proliferation of infected B cells in the nodes in the 
pharynx. Initial symptoms are lassitude and fever with no evidence of 
lymphocytosis or pharyngitis. Fever results from infection and pro- 
liferation of the B lymphocytes. From the nodes in the pharynx, the 
infected cells make their way into the circulating lymphocyte pool." 
Although the duration of virus in the blood is much shorter than it 
is in the secretions, it is the movement into the blood that leads to 
the manifestation of the disease. Subsequent, massive T-cell response 
to the neoantigens on the infected B lymphocyte is evident by the 
lymphocytosis with reactive blood lymphocytes and other disease 
manifestations. The pharyngitis that develops is a result of the T-cell 
response to the infected B cells that are found in Waldeyer ring in the 
tonsils. Sometimes enlargement of the tonsils occurs to the extent that 
they touch each other in the midline. Blood lymphocytosis occurs in 
response to the virus in the blood. Periorbital swelling, which occurs 
in mononucleosis, is an important clue to the diagnosis, even in young 
adults. Other manifestations include lymphadenopathy, hepatitis and 
splenic enlargement. (Table 82-2).*** Although the liver is not an 
organ rich in lymphocytes and hepatocytes are not damaged by the 
infection, CD4+ and CD8+ lymphocytes are trapped in that organ 
and their release of cytokines contributes to the inflammation in the 
liver and the changes in liver function that occur.* However, hyperbi- 
lirubinemia is very uncommon. The frequency of each clinical finding 
of the typical syndrome in newly infected patients is variable (Table 
82-3).°8”? The disease abates with the occurrence of a T-cell-mediated 
counterresponse to the virus-induced initial polyclonal B-cell prolif- 
eration. During this time, dramatic clinical improvement can occur 
in 24 to 48 hours. Subsequently, EBV remains in the patient’s B cells 
throughout life, but expresses only Epstein-Barr nuclear antigen-1 
(EBNA-1), which does not elicit a T-cell response because of a gly- 
cine-alanine repeat that inhibits its processing.* 

Group A streptococcus is found in the pharynx occasionally (3 to 
4 percent of cases) in concert with an EBV primary infection. Although 
treatment of the streptococcus eradicates the organism, the severe 
pharyngitis changes little, and the disease follows its usual course. 
Thus, treatment should be administered only if the test result for 
B-streptococcus is positive. If a penicillin congener is used, quite often, 
but not always, a rash develops**”” and the patient is labeled “penicil- 
lin allergic” The patient should be reevaluated after the mononucleosis 
resolves to determine if the patient has a true allergy. 


There are exceptions to the usual situation of most people becom- 
ing infected by age 25 years. The first is found in a woman who is pro- 
tected by her family from intimate male contact. She avoids infection 
until she is married at which time she may become infected from her 
husband. The second situation occurs when a long-term relationship 
is established when a couple is young. If they are both seronegative, 
infection does not occur. When they reach parenting age or older, they 
become infected by a child or a grandchild. When that occurs, the pre- 
sentation is less likely to include lymphadenopathy and pharyngitis 
(see Table 82-3).'*#°*! Fever almost always occurs and abdominal pain, 
hepatomegaly, and abnormal liver function develops in most. Older 
adults are less likely to develop lymphocytosis, they have fewer reactive 
lymphocytes, and splenomegaly is less evident. This leads to the clinical 
impression of infiltrative hepatic disease or cholecystitis. The illness at 
this age may be very protracted. 


TABLE 82-3. Complications of Epstein-Barr Virus and 


Cytomegalovirus Mononucleosis 


Complication Epstein-Barr Virus Cytomegalovirus 


Hemolytic anemia ate a 
Thrombocytopenia + + 
Aplastic anemia di 2 
Splenic rupture + - 
Jaundice (age ++ fist 
>25 years) 

Guillain-Barré + ee 
syndrome 

Encephalitis* ++ gyl 
Pneumonitis* +/- fe 
Myocarditis* fh 5 
B-cell lymphoma + a 
Agammaglobulinemia ap - 


++, Common; +, less common; +/-, uncommon; -, not observed. 
*Can occur without the mononucleosis syndrome. 


LABORATORY FINDINGS 


Antibody Responses 

By week three of a mononucleosis caused by primary EBV infection, an 
heterophile antibody response will occur in approximately 85 percent of 
patients. The test is called the monospot test and may be falsely negative, 
especially in young children.*** 

The infection of B cells results in their production of a variety of anti- 
bodies against uninvolved infectious agents. The B-cell clones expanded, 
non-specifically, result in antibodies against Chlamydia, Borrelia burg- 
dorferi, the yellow fever virus, and many other infectious agents. If the 
patient’s febrile illness is considered a fever of unknown origin, diagnos- 
tic conclusions may be misleading. A variety of other antibodies against 
antigens that are not those of infectious agents also are produced because 
of polyclonal B-cell activation. These include antiplatelet, anti-red cell 
(anti-i cold agglutinin), and antinuclear antibodies. 

At the time clinical disease is evident, both immunoglobulin (Ig) 
G and IgM antibodies to Epstein-Barr virus capsid antigen (VCA) usu- 
ally are detectable. Later, antibody to early antigen (EA) develops. A 
small proportion of individuals will also have developed antibody to 
EBNA-1 on presentation. However, usually EBNA-1 antibody does 


c 


Part IX: Lymphocytes and Plasma Cells 


not appear until the recovery phase of the illness. For those patients 
suspected of having infectious mononucleosis but who do not develop 
heterophile antibody, detection of IgG and IgM antibody to VCA with 
the absence of EBNA-1 antibody leads to the diagnosis.” A real-time 
positive polymerase chain reaction (PCR) is sometimes useful.” 


Reactive Lymphocytosis 

Expansion of cytotoxic T lymphocytes produces lymphocytosis. Reac- 
tive lymphocytes are larger than the lymphocytes normally found in the 
blood (Fig. 82-1). They may have a vacuolated cytoplasm, lobulated and 
eccentrically placed nucleus, and a cell membrane that often is indented 
by neighboring erythrocytes. A more darkly staining peripheral cyto- 
plasm, called “skirting,” occurs. Reactive lymphocytes are a hematologic 
hallmark of infectious mononucleosis, but they are not always found” 
and are not pathognomonic. They also are found in CMV infection, 
roseola (caused by human herpes virus-6), viral hepatitis, toxoplasmo- 
sis, rubella, mumps, and drug reactions. 

Sheets of lymphocytes are noted on a stained slide preparation 
of tonsillar exudate. The immunophenotype of lymphocytes in mono- 
nucleosis syndromes assessed by multiparametric flow cytometry has 
confirmed that lymphocytosis results from CD8+ T cells. CD4+ T 


Figure 82-1. A-D. Blood films from patients with Epstein-Barr virus-induced mononucleosis. These reactive lymphocytes exhibit the characteristic 
changes seen in patients with infectious mononucleosis: large lymphocytes with abundant cytoplasm. The cytoplasmic margin often spreads around 
(is indented by) neighboring red cells and the margin may take on a densely basophilic coloration (skirting). This type of reactive T lymphocyte may 
be seen in a variety of diseases and is not a specific change but is characteristic and helpful in pointing to the diagnosis in concert with other charac- 
teristic clinical findings. (Reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


Chapter 82: Mononucleosis Syndromes 


cells and B cells are not increased. In EBV mononucleosis, the nota- 
ble populations increased are CD8+CD57- and CD3+yô+ T cells.*! If 
B-streptococcal infection accompanies the EBV infection segmented 
neutrophils may be present in the tonsillar exudate. 


Other Blood Test Abnormalities 

Liver function abnormalities are common, especially elevated serum 
alkaline phosphatase and y-aminotransferase. There is no or only slight 
elevation of bilirubin. Studies in Israel have found a higher frequency 
of hyperbilirubinemia (15 percent), a lower incidence of leukocytosis 
(46 percent), and elevated liver enzymes (58 percent) than previously 
reported. The differences may be geographical or genetic.” 


COURSE AND PROGNOSIS 


Complications of Epstein-Barr Virus Mononucleosis 
Hematologic Virtually all subjects with acute mononucleosis develop 
a mildly decreased platelet count (see Table 82-2). More-severe hema- 
tologic complications occur infrequently, but include severe immune 
thrombocytopenia with petechiae, immune hemolytic anemia, 
immune-mediated granulocytopenia, and aplastic anemia. Uncom- 
monly, the splenomegaly that accompanies the lymphoid proliferation 
accentuates an underlying, previously undiagnosed, hereditary sphero- 
cytosis.® Splenic rupture is estimated to occur in 1 to 5 per 1000 cases. 
It is the leading cause of death from EBV mononucleosis.°"’ Avoidance 
of athletic activities is prudent until the signs of the disease have disap- 
peared and the spleen has returned to normal size.” 

Neurologic Neurologic complication include Guillain-Barré 
syndrome, acute encephalitis, acute disseminated encephalomyelitis 
(Alice-in- Wonderland syndrome), acute cerebellar ataxia, viral men- 
ingitis, transverse myelitis, and cranial nerve palsies.°”**°® There is 
evidence that antibody to gangliosides plays a role in the pathogene- 
sis of Guillain-Barré syndrome Neurologic complications may occur 
in the absence of clinical mononucleosis. Diagnosis of EBV-induced 
neurologic disease requires obtaining specific antibodies to EBV (see 
“Antibody Responses” above) and a positive PCR for EBV in the cere- 
brospinal fluid.® Neurologic disease can be associated with primary 
infection, reactivated infection or chronic EBV infection.® Table 82-2 
lists other complications. 

Chronic Fatigue Fatigue is a very prominent feature of acute 
infectious mononucleosis. Most recover from this fatigue fairly quickly 
but a few remain fatigued for a very long period of time. The source 
of this fatigue is not certain but there is evidence that dysfunction of 
the midbrain plays a role. Furthermore, there are genetic factors that 
are present in those who remain fatigued. Limited information suggests 
improvement in some with antiviral treatment.” 

Multiple Sclerosis There are reports indicating that EBV infec- 
tion is linked to the development of multiple sclerosis.””! Further stud- 
ies to clarify which molecular mechanisms link the immune response to 
a natural infection of humans with EBV to the subsequent development 
of chronic inflammatory damage to the CNS are required to explain this 
relationship 

Systemic Lupus Erythematosus and Rheumatoid Arthritis There 
are epidemiologic links between previous infection with EBV and 
development of systemic lupus erythematosus (SLE).” Not unex- 
pectedly, virtually everyone with SLE has had previous infection with 
EBV. Therefore, the link may be fortuitous. Alternatively, a history 
of infection with EBV might lead to induction of autoimmunity.” 
There has also been a suggested relationship between increased viral 
load in rheumatoid arthritis leading to expansion of CD8+ cells and 
its consequences.” 


Chronic Progressive Epstein-Barr Virus Infections, T-Cell or 
Natural Killer-Cell Lymphoproliferation, Lymphoma, and Hemo- 
phagocytic Syndrome Chronic EBV infection is a rare outcome of 
primary EBV infection, notable in persons with an immunodeficiency 
state.” In chronic EBV infection, fever, marrow hypoplasia, inter- 
stitial pneumonia, hepatosplenomegaly, persistent hepatitis often to 
the point of hepatic failure, lymphadenitis, and uveitis are frequent 
clinical manifestations. These findings may persist for months or years 
and eventuate in a high fatality rate.” EBV antibodies may be very 
elevated (VCA in excess of 1:5120, anti-EA greater than 1:640) but 
with no detectable EBNA-1 antibody. A persistently elevated blood 
PCR for EBV is a feature. The more-severe form of this manifestation 
may evolve into a natural killer (NK)- or T-cell lymphoproliferative 
disease that ranges from chronic to fulminant.” Alternatively, EBV 
hemophagocytic syndrome may develop. The latter is a severe mul- 
tiorgan, inflammatory disease provoked by massive cytokine elabo- 
ration. In some case, clonal proliferation induced by EBV develops 
(Chap. 71). 


OTHER EPSTEIN-BARR VIRUS-ASSOCIATED 
DISEASE PROCESSES 


Neoplastic Potential of Epstein-Barr Virus 

EBV was the first human tumor virus identified from the cultured cells 
of a patient with African Burkitt lymphoma. EBV can confer unlim- 
ited proliferative potential of infected B lymphocytes in culture.’ EBV 
has since been associated with tumors other than Burkitt lymphoma, 
including some patients with Hodgkin lymphoma (Chap. 97). Although 
proof of causality still eludes investigators, there is an intriguing rela- 
tionship between EBV and Hodgkin lymphoma.***” EBV is detectable 
in the neoplastic B cells (Reed-Sternberg cells) of a significant percent 
of patients with Hodgkin lymphoma. The etiologic role of EBV in this 
setting is unknown.***” 

There is also a relationship between EBV and lymphoma in 
immune-deficient individuals including the posttransplantation lym- 
phoproliferative disease (PTLD). Recipient PTLD is a more serious 
problem than donor PTLD® and investigators avoid certain immu- 
nosuppressive programs if there is a risk of PTLD.” Use of positron 
emission tomography helps determine who of those at risk for PTLD 
have evidence for disease.” X-chromosome-linked lymphoproliferative 
disease,” T-cell and NK-cell lymphomas that follow chronic EBV infec- 
tion,” nasopharyngeal carcinoma in patients in the Far East, the 
latter disease generating efforts to develop a vaccine,” leiomyoma and 
leiomyosarcoma in patients with HIV infection or immunodeficiency 
posttransplantation,®* and a small fraction of cases of gastric carci- 
noma” are each associated with EBV infection (Table 82-4). In three 
types of lymphomas, Burkitt, Hodgkin, and PTLD, the cell that mutates 
to produce the clonal disease is a germinal center B cell with a circular 
viral genome in the tumor cells that expresses the EBV-encoded latent 
genes.’ 

In the case of PTLD, the most characteristic clinical setting involves 
an EBV seronegative person receiving an organ from an EBV seropos- 
itive donor.” EBV is latent in the B lymphocytes of the transplanted 
marrow or solid organ. Immunosuppression allows reactivation of the 
latent virus. Because basiliximab, calcineurin inhibitor, sirolimus, and 
glucocorticoids seem to increase the frequency of PTLD, that regi- 
men is avoided where the potential for PTLD is present.” Because the 
recipient is not immune, there is no T-cell response and the B cells 
may proliferate unchecked, sometimes eventuating in PTLD. In the 
EBV-seronegative recipient who develops PTLD posttransplantation, 
this disease usually develops within the first posttransplantation year 


TABLE 82-4. Special Problems with Epstein-Barr Virus or 


Cytomegalovirus Infection 


Epstein-Barr Virus Cytomegalovirus 


Rare congenital infection’?'°° Congenital infection"? 


Chronic progressive 
mononucleosis®~©”72-74 


Posttransplant primary 
infection’ 


Graft-versus-host disease 
association'*? 


Hemophagocytic syndrome’””’ 


XX-linked B cell lymphoma” Transfusion-related infection’ 


Posttransplant lymphoprolifera- Aspergillus and/or Pneumocystis 
tive disease®**" infection'?2"73 


T or NK lymphoproliferative 
disease”? 


African Burkitt lymphoma? 


Approximately 20% of Burkitt 
lymphoma in the United States? 


Approximately 35% of Hodgkin 
lymphoma**7 


Nasopharyngeal carcinoma’? 


Approximately 5% of gastric 
carcinoma?” 


Leiomyoma and leiomyosar- 
coma in HIV or immunosup- 
pressed patients’ 


Oral hairy leukoplakia’? 


and often within the first few months. The abnormally proliferating 
cell almost always is a B cell and the process at an early stage may be 
monoclonal. In the initial states, the disease may respond to lowering 
of immunosuppressive medications. Although administration of anti- 
viral prophylaxis seems to lower the frequency of development of the 
disease, once the disease develops, antiviral agents are ineffective.” 
When disease develops, in addition to reduction in immunosuppres- 
sion, administration of anti-CD20 therapy with rituximab is used. 
Occasionally, PTLD occurs in a person who is EBV antibody-positive 
pretransplantation. When this occurs, the onset is usually greater than 
1 year posttransplantation. 

In young males with an X-linked lymphoproliferative syndrome, 
primary EBV infection leads to unabated B-cell proliferation and evo- 
lution into a frank B-cell lymphoma, the so-called Duncan syndrome.” 
These young males do not develop a T-cell response and hence do not 
develop mononucleosis. Although control of this effect of EBV infec- 
tion by treatment with antiviral agents and/or chemotherapy has been 
attempted, the Duncan syndrome usually is fatal. 

Oral hairy leukoplakia, a characteristic white lingual lesion with 
hairy projections, occurs in patients with HIV infection. It is caused by 
EBV infection of the lingual epithelium.” 


FUTURE THERAPEUTIC APPROACHES 
TO EPSTEIN-BARR VIRUS INFECTION 
AND NEOPLASIA 


Because of the severe consequences of EBV infection, several approaches 
to preventing or treating these disorders are underway, such as an EBV 
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vaccine,” 


development of peptides that inhibit viral replication. 


adoptive transfer of activated cytotoxic T cells,’ and the 
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@CYTOMEGALOVIRUS 
MONONUCLEOSIS 


HISTORY 


The early description of CMV-related disease was that of an uncommon 
congenital syndrome with abnormal liver function and thrombocytope- 
nia leading to petechiae.'*° Subsequently, it was recognized that previ- 
ously healthy young children with a primary infection with CMV'” had 
prolonged abnormal liver function, hepatosplenomegaly, lymphocyto- 
sis, and thrombocytopenia. Later, primary CMV infection was linked to 
a febrile mononucleosis syndrome.’ 


EPIDEMIOLOGY 


In the developing world, CMV infects the majority of individuals by 
the age of 5 or 6 years. Three factors contribute to this. In those soci- 
eties, mothers are still in their teen years when they deliver their chil- 
dren. These young women have active CMV virus in their cervix that 
has persisted since they were younger. The cervical virus is aspirated 
by the child during the birthing process. Transmission to the newborn 
also occurs through breast milk. In addition, all of these young children 
play together when they are young and virus is transmitted readily to 
those who have avoided earlier infection. Infection at the time of birth 
from the cervical virus or shortly after birth from breast milk or another 
child does not lead to any known consequences. However, congenital 
infection occurs in all populations. For less-than-clear reasons, a sero- 
positive mother may deliver a child who has become infected in utero.’” 
In the developing world, most often it occurs in the babies whose moth- 
ers are seropositive before they become pregnant and the disease in the 
new born is not clinically obvious at birth." These children, who have 
asymptomatic congenital infection, may develop unilateral or bilateral 
hearing deficits later. Congenital CMV infection in the babies of sero- 
positive women and may account for a significant number of people 
with hearing loss.’ 

In the developed world, first children often have parents who have 
not had CMV infection. If primary infection occurs in the mother at or 
near the time of impregnation in anticipation of the second child, severe 
congenital infection may develop.” It is not clear which of the several 
possible factors contribute to why that child acquires congenital CMV 
infection and more study is required to lead to intelligent management 
decisions. 

Presence of CMV in oral secretions and in urine in children living 
together in families where there is known CMV has been recognized for 
many years.” The source of the virus is not entirely clear. It is not always 
certain whether these children acquired infection at birth or from breast 
milk and they continue to have active infection or whether it is resulting 
from transmission among children. The latter is suspected but not proven. 

It is strongly suspected that when a CMV-infected child comes in 
contact with a CMV-seronegative grandparent, primary infection in 
that grandparent may occur. This can be associated with CMV disease 
in the older person, although the development of disease associated 
with the infection is uncommon." Very little is known about the risk 
of CMV-infected semen in those undergoing heterosexual intercourse. 
However, there is a very high frequency of CMV infection in young 
homosexual males. Almost all active homosexual young men are sero- 
positive to CMV by age 20 years, which contrasts to only 20 percent of 
heterosexual young men. Presumably that 20 percent of heterosexual 
men were infected as children. 


CLINICAL MANIFESTATIONS 


In most cases, the new infection with CMV is clinically silent. However, 
some newly infected individuals will develop high fever (40°C often), 
weight loss, and associated malaise and myalgia.'!’ Abnormal liver func- 
tion and a palpable spleen similar to that seen with EBV occur. A left 
shift in the differential white count may occur initially, evidenced by 
a higher proportion of band neutrophils. The incidence of lymphade- 
nopathy is much higher in the young then in the older person with pri- 
mary CMV. Infection occurs in the older individual because they have 
not been infected during their younger years (Tables 82-2 and 82-3 list 
additional clinical and laboratory findings). Because no classic mani- 
festation, such as severe exudative pharyngitis, develops, CMV is not 
considered in the differential diagnosis. Instead, it is assumed that the 
patient has a bacterial infection and antibiotics are administered. How 
frequently this occurs is uncertain but administration of a B-lactam 
antibiotic may be associated with development of a rash and the mis- 
taken impression that the recipient is allergic to penicillin. Because the 
disease occurs in the older population, including those older than age 
50 years, the causes of fever of unknown origin often are pursued in an 
expensive evaluation prior to the diagnosis. A number of the laboratory 
and physical findings raise many diagnostic possibilities. Development 
of antinuclear factor and thrombocytopenia (‘Table 82-5) often errone- 
ously leads to the diagnosis of a collagen vascular disease. The presence 
of splenomegaly raises the question of lymphoma. 


LABORATORY FINDINGS 


The cell that becomes infected initially is not the B lymphocyte but 
a cell in the monocyte-macrophage lineage and it is that cell or cells 
to which the T-lymphocyte responds.'*"!? Lymphocytosis that devel- 
ops is indistinguishable from that of EBV-induced disease. In some 
patients, neutrophilia with band forms occurs early in the infection. 
In addition, because the incubation period is 30 to 40 days, IgG and 
IgM antibodies to CMV have already developed when the disease first 
becomes manifest. The PCR of a blood sample for CMV usually is pos- 
itive, and CMV can be isolated from specimens of urine or saliva. Liver 
function abnormalities (see Tables 82-2 and 82-3) include bilirubin 
elevation. Jaundice may occur in up to 25 percent of these ill patients.'* 
Prolonged illness and severe fatigue is quite common in this subset of 
ill individuals. 


TABLE 82-5. Laboratory Findings in Mononucleosis 


Complication Epstein-Barr Virus | Cytomegalovirus 


Heterophile eee = 
antibody 

Lymphocytosis EET fief 
Reactive d dic 
lymphocytes 

Abnormal liver Ar ate 
function 


Antinuclear factor 


Cold agglutinins 


Cryoglobulins 


+]+]+]+ 


Decreased platelets ++ 


+++, Characteristic; ++, common; +, occurs. 
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COMPLICATIONS 


Hemolytic anemia and thrombocytopenia occur in primary CMV infec- 
tion and are other findings that may lead the clinician initially to con- 
sider a diagnosis of lymphoma. There are a variety of pathogenic factors, 
which explain these hematologic changes. The most prominent neuro- 
logic complication is Guillain-Barré syndrome and, less commonly, 
transverse myelitis and aseptic meningitis (see Table 82-3). Antibody 
that develops to CMV-infected cells cross reacts with GM, antigen that 
may explain the development of Guillain-Barré syndrome.” This anti- 
body can be absorbed with CMV-infected fibroblasts but not by unin- 
fected fibroblasts. 

Because it is not the B cell that is the target of infection, but the 
monocyte-macrophage lineage," evolution to unrestrained B-cell 
replication, lymphoma, and PTLD do not occur. 


CYTOMEGALOVIRUS IN TRANSPLANTATION 


CMV does not predispose to hematologic malignancy. However, it plays 
a critical role in all of the transplantation settings, with some very sim- 
ilar findings in lung and allogeneic hematopoietic stem cell transplants. 
It is rare in autologous hematopoietic stem cell transplantations, but can 
occur and be a serious infection (Chap. 23 discusses CMV infection in 
allogeneic hematopoietic stem cell transplantation). 

In all solid-organ transplantations, there are three potential types 
of infection that can occur because of CMV."+-"6 The monocyte- 
macrophage cells in all solid organs, for example, heart, kidney, pan- 
creas, and liver of CMV-seropositive individuals, harbor CMV that can 
be reactivated. The CMV-seronegative recipient who receives an organ 
from a CMV-positive donor can develop a primary infection when the 
CMV reactivates from the donor organ. Because this occurs when the 
recipient is receiving immunosuppression, this is the most serious clin- 
ical problem.'>''® The classic situation occurs when a parent, who is 
older and has developed infection in the past, donates a kidney or a 
segment of their liver containing CMV to their child." A second pos- 
sibility is that the CMV in the seropositive recipient, even when the 
donor is CMV-seronegative, can be reactivated. Because it is the recip- 
ient’s own latent CMV that is reactivated, the clinical manifestations of 
infection usually are mild or absent." The third occurs when both the 
donor and the recipient are both CMV-seropositive. Clinical disease can 
sometimes occur, but its severity is difficult to predict. Clinical disease 
consists of fever, liver function abnormalities, and inflammatory bowel 
changes. Prior to the availability of antiviral agents, most patients who 
developed primary CMV infection did well.''’ In solid-organ transplan- 
tation patients, in the majority of situations, immunosuppressive ther- 
apy starts with the transplantation and then is maintained for prolonged 
periods. 

CMV pulmonary problems occur mainly in lung and allogeneic 
hematopoietic stem cell transplantations. One contributing factor is 
that an ideal in vitro growth system for CMV is pulmonary macro- 
phages obtained by bronchoalveolar lavage (BAL) from humans. 
That raises the question, does the CMV grow well in the pulmonary 
macrophage in vivo? Does latency in the macrophage-monocyte cellu- 
lar system from which it reactivates play an important role in lung and 
allogeneic hematopoietic stem cell transplant patient populations?!'*"!”° 
It is in that setting that the infected macrophage is either occurring in 
a foreign tissue, the lung transplant, or is being seen as foreign by the 
allogeneic hematopoietic stem cell cellular derivatives. 

In patients receiving an allogeneic hematopoietic stem cell trans- 
plant, the immunosuppressive regimen is of relatively short dura- 
tion, unless the patient develops graft-versus-host disease compared 
to that for solid-organ recipients. If both the recipient and the donor 
are CMV-seronegative, posttransplantation, CMV infection does not 


develop.'”' In the allogeneic hematopoietic stem cell transplantation set- 
ting, if the recipient is CMV-seronegative and the donor is positive for 
CMV, infection occurs often, but not in everyone. Although pulmonary 
involvement is most common, the retina and gastrointestinal tract also 
can be involved. Because the donor cells are not exposed to immuno- 
suppressive medication, other factors need to come into play for CMV 
infection to become manifest. The other possible matches with respect 
to CMV are that the recipient is CMV-seropositive and the donor is 
negative, or both the recipient and the donor are seropositive. If the 
recipient is seropositive and has been repeatedly exposed to therapeutic 
regimens in the process of treatment for the recipients underlying dis- 
ease, reactivation of CMV could occur before the recipient undergoes 
transplantation. It would be a “self-vaccination” process for some. One 
needs to consider whether serious infection with CMV is a major prob- 
lem in allogeneic hematopoietic stem cell transplantations, or whether 
it is the interaction between the virus, the pulmonary macrophage, and 
the host.!!”-"° CMV continues to be a problem, but there are now pre- 
liminary studies of a CMV DNA vaccine that are promising. 

Two approaches have been taken to manage CMV infection for 
solid-organ recipients. The first is to provide anti-CMV antiviral agents 
when the donor, the recipient, or both are CMV-seropositive. Antiviral 
prophylaxis is initiated at transplantation and continued for up to 120 
days thereafter. The second is to provide CMV antiviral prophylaxis only 
for those situations where the donor is seropositive and the recipient is 
seronegative. For other situations, weekly monitoring for CMV by PCR 
is done. If that result is positive, the subject is treated for approximately 
1 month. In those who undergo specific monitoring, fewer people receive 
anti-CMV antiviral drugs and for those who do, the duration is shorter. It 
also makes the best sense as those recipients who were seropositive pre- 
solid-organ transplantation have a very low frequency of disease.''* 

For solid-organ transplantations, clinical illness caused by CMV 
and rejection of the transplanted organ are difficult to differentiate. 
Fever develops in the recipient when they begin to mount an immune 
response. Because the cells in the transplanted organ are now “more 
foreign” than they were prior to virus reactivation, an immune response 
occurs directed at the infected monocyte. Although both hepatic and 
gastrointestinal changes occur, mononucleosis usually does not. There 
is the potential for rejection of the donated organ. Reactivation of one’s 
own latent CMV in a solid-organ recipient does not lead to a problem." 
On occasion, reactivation of CMV in the donor organ in a previously 
seropositive recipient can lead to illness. 

Other infectious problems develop in solid-organ recipients. It 
is proposed that reactivation of the CMV in the macrophage system 
inhibits the protective function of that system. In the lung where inha- 
lation of potentially infectious agents occurs continuously, new infec- 
tion can develop because of impairment of the protective action of the 
macrophages or the neutrophils.'?*!* In addition, a number of organ- 
isms can, in the case of renal transplantation, be transplanted with the 
kidney. Besides the viruses discussed above, these can include bacteria, 
yeast, and parasites, such as Strongyloides sp. 

When fever develops there is a tendency for the transplantation 
physician to increase immunosuppression under the assumption that 
rejection is occurring. If the fever is a result of development of primary 
infection with CMV, the immunosuppressive therapy leads to perma- 
nent interference with development of posttransplantation immunity 
to the CMV. That, in turn, leads to life-long continued problems with 
CMV infection. 

One of the other confusing features for the transplantation phy- 
sician has stemmed from the common practice to provide ganciclovir 
prophylaxis to prevent CMV infection posttransplantation to every- 
one (see above). Those who are seronegative, receive an organ from a 
seropositive donor, and receive ganciclovir that suppresses reactivation 
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from that organ. When the ganciclovir is discontinued, CMV some- 
times reactivates from that organ and primary infection can develop 
several months later. When this happens, patients present with fever and 
diarrhea and often have a negative blood CMV by PCR. CMV-induced 
bowel disease develops because the colonic mucosal cells, as noted pre- 
viously, are targets for primary infection and virus replication. However, 
because the blood PCR for CMV is negative, the diagnosis eludes the 
transplant clinician until colonoscopy and biopsy are carried out. 

There are other clinical settings where CMV may play a role. There 
are hints that HIV patients with pneumocystis pneumonia who also 
have CMV secretions do less well than those who simply have pneumo- 
cystis pneumonia.’ In the intensive care unit, CMV reactivation may 
occur in the very ill nonimmunosuppressed patient. It is uncertain what 
role the virus plays in this setting. 


@ PRIMARY HIV INFECTION 
MONONUCLEOSIS 


An acute syndrome develops very frequently at the time of development 
of primary infection with HIV.’ The frequency with which the HIV 
mononucleosis syndrome develops is uncertain, but for this discussion 
the difference in features is more important. The acute retroviral syn- 
drome must be recognized for both the patient’s health and the public 
health. Fever is sudden in onset, followed by sore throat, lymphadenop- 
athy, tonsillar hypertrophy, painful oral ulcerations, conjunctivitis, and 
rash. Nausea, vomiting, and diarrhea also occur. Leucopenia, throm- 
bocytopenia, a relative increase in band neutrophils, and a small pro- 
portion of reactive lymphocytes usually can be identified on the blood 
film. Although absolute lymphocytosis is uncommon, the syndrome 
is referred to as HIV mononucleosis. Uncommonly, patients may also 
develop a heterophile antibody. Among a group of 563 heterophile 
antibody-positive patient samples retrospectively tested for HIV-1 RNA 
and p24 antigen, approximately 1 percent had evidence of primary 
HIV-1 infection.’ In another study, none of 132 cases was positive.'”” 
Because in this situation, anti-HIV antibody response has not yet devel- 
oped, HIV load in the blood should be measured by PCR to make a 
diagnosis of HIV infection. Usually, viral load is very high (greater 
than 50,000 viral particles per milliliter of blood). Early treatment may 
reduce the incidence of HIV-1 complications (Chap. 81). Acute HIV-1 
infection may be particularly contagious.'* Discussion of the findings 
with the patient may prevent transmission to a sexual partner. 1*8 


@ OTHER AGENTS LINKED TO A 
MONONUCLEOSIS SYNDROME 


Human herpes virus-6 occasionally has been associated with a 
mononucleosis-type syndrome as has metapneumonia virus (see 
Table 82-1). Hepatitis A and rubella virus infection have produced 
the typical blood lymphocytic changes. Pharyngitis is not a prominent 
feature in patients infected with T. gondii. Lymphocytosis is mild, and 
liver functions are normal even when the liver is enlarged. Usually, 
toxoplasmosis presents as posterior cervical lymphadenopathy. In the 
United States, exposure to oocysts from cat feces is the primary route of 
infection. In other countries, ingestion of partially cooked meat, espe- 
cially from sheep, is a route of infection. The IgM immunofluorescent 
antibody test for T. gondii is useful in diagnosing the disease. 

Cat scratch disease, Corynebacterium diphtheriae pharyngitis, 
infection with brucellosis, or lymphoma can be mistaken for mononu- 
cleosis. Other, as yet unidentified, agents probably produce the classic 
syndrome as laboratory studies for all of the known infectious agents, 
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including EBV and CMV, are negative in a small percentage of typical 
mononucleosis cases. 


@ DIFFERENTIAL DIAGNOSIS OF 
MONONUCLEOSIS SYNDROMES 


At a very young age, EBV and CMV mimic each other. They present 
as one of the many febrile illnesses in young children.” The difference 
here is that the children with CMV present with abnormal liver func- 
tion tests.” The importance of documenting primary CMV is that with 
this information, one can develop a strategy to prevent transmission to a 
pregnant woman when she might not be immune. By so doing, a severe 
congenital CMV infection may be avoided.'!° The latter possibility is 
much more likely in the developed world, because only 20 to 30 percent 
of women have been infected with CMV before they reach reproduc- 
tive age. In the older teenage child, both EBV and CMV may cause the 
mononucleosis syndrome but EBV is far more common. If exudative 
pharyngitis or lymphadenopathy is present then it is most likely to be 
EBV. If the patient has intraoral ulcers tests for HIV should be done. 

In the sexually active teen, both EBV and HIV testing should be 
done but CMV remains a possibility. Simultaneous infection with 
EBV and HIV has occurred, although this, too, is very uncommon. 
Presence of heterophile antibody strongly supports EBV, although these 
have been reported in HIV.” In adults in their 30s or 40s, mononucle- 
osis more likely results from infection with CMV than EBV because 
almost all individuals have been infected with EBV by age 25 years. 
Furthermore, absence of exudative pharyngitis points to CMV, but HIV 
also should be considered in this age group. Patients infected with either 
CMV or HIV can present with blood neutrophilia with an increased 
proportion of band neutrophils. Rash or aseptic meningitis is more 
common in patients infected with HIV than CMV. In the middle-aged 
patient, primary CMV infection is by far the most important possibility, 
although the unusual individual who has escaped infection with EBV 
earlier in life may present with EBV with clinical manifestations similar 
to patients with primary CMV infection at that age. 1404 


@ THERAPY 


For the majority of patients with primary CMV or EBV infection, treat- 
ment is supportive. Salicylates or other analgesics are appropriate for 
control of fever, headache, and sore throat. Contact sports should be 
avoided until the spleen has returned to normal size because splenic 
rupture can occur in the first few weeks after diagnosis. The vast major- 
ity of subjects improve and have resolution of most symptoms. Almost 
half of patients recovering from EBV mononucleosis still feel fatigued at 
60 days and a small percent at 6 months. Severe fatigue can persist after 
CMV mononucleosis as well. 

Antiviral therapy may be considered in special settings for treat- 
ment of EBV mononucleosis. The nucleoside analogue acyclovir blocks 
EBV replication by inhibition of viral DNA polymerase and can prevent 
viral shedding from the oropharynx.'*"*? However, acyclovir has little if 
any effect on the course of mononucleosis, presumably because the dis- 
ease at that point results from the immunopathologic process and not 
viral proliferation. Antiviral therapy may be useful in chronic aggressive 
EBV infection and in EBV infection posttransplantation. 

Glucocorticoids have been used for management of specific 
complications. Their specific benefit is difficult to determine because 
glucocorticoids often are started late in the clinical course, when immu- 
nologic reaction to infection is leading to improvement. One carefully 
controlled trial showed little benefit from glucocorticoids in EBV 
mononucleosis, and the treated group did less well at 30 days than the 


placebo group.’ Nevertheless, treatment with glucocorticoid is reason- 
able when the tonsils are touching in the midline when airway obstruc- 
tion is imminent. Prednisone 40 to 60 mg/day is given for 7 to 10 days, 
then rapidly tapered once a clinical response is achieved. Urgent ton- 
sillectomy and adenoidectomy may be required." The same pred- 
nisone regimen is used for severe immune hemolytic anemia, severe 
symptomatic immune thrombocytopenia, neurologic complications, 
pancreatitis, and myocarditis. 

The same dose of glucocorticoid has been used for the hematologic 
or neurologic complications of CMV mononucleosis. Results of gan- 
ciclovir 5 mg/kg/day given intravenously for 14 days for severe CMV 
mononucleosis occasionally have been dramatic. However, ganciclovir 
is seldom used because of the potential long-term risk to spermatogen- 
esis (aspermia) or potentially on female fertility. Thus, when the disease 
appears to be self-limited, many physicians do not treat it. Therapy that 
already was started is stopped after a few weeks. Antiretroviral therapy 
has been suggested for severe HIV primary disease. 

Acyclovir use for other manifestations of EBV infection not result- 
ing from host response but from a high titer of EBV replication, such as 
oral hairy leukoplakia of AIDS, rapidly resolves lingual lesions.'** How- 
ever, treatment with acyclovir does not appear to be effective for the 
carrier state." 


@ MONONUCLEOSIS IN PREGNANCY 


CYTOMEGALOVIRUS AND EPSTEIN-BARR 
VIRUS INFECTION 


For CMV, immunity does not necessarily protect against congenital 
infection.’ CMV viruria at birth occurs in babies of mothers known 
to be seropositive before they became pregnant. Some viruric children 
whose mother is seropositive at conception go on to develop unilateral 
or bilateral hearing loss. The reason for the susceptibility to this type 
of infection in the apparently immune mother is not clear. If primary 
CMV infection occurs during gestation the baby can have very severe 
disease. Microcephaly, mental retardation, cataracts, hepatosplenomeg- 
aly, and fetal loss or postnatal death have can occur.'’? When EBV 
mononucleosis occurs during pregnancy, severe abnormalities similar 
to those as described for CMV have occurred (see Table 82-4),'381°° 
Ganciclovir for congenital CMV infection in a very young child is being 
studied for those who are viruric at birth. Antiviral therapy with fam- 
ciclovir or valacyclovir has been used for EBV primary infection dur- 
ing pregnancy, but the number of patients treated is too small to draw 
conclusions. 


HIV INFECTION 


Primary infection with HIV during pregnancy may not be recognized 
because HIV antibody is absent early in infection and the antibody 
screening process is performed at the first prenatal visit. If suspicion of 
HIV infection is raised during pregnancy and the antibody test for HIV 
is negative, then viral load should be measured. If positive, antiretrovi- 
ral therapy for the mother to prevent HIV transmission to the fetus or 
newborn is indicated." 


TOXOPLASMA INFECTION 


T. gondii producing primary infection during pregnancy can lead to 
congenital abnormalities. Although no controlled trials are available, 
treatment of the mother with pyrimethamine plus sulfonamides or spi- 
ramycin may eradicate parasites from the infant and the placenta. 14» 
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CHAPTER 83 
CLASSIFICATION AND 
CLINICAL MANIFESTATIONS 
OF THE CLONAL MYELOID 
DISORDERS 


Marshall A. Lichtman 


The clonal myeloid neoplasms result from acquired driver and cooperating 
mutations within a multipotential marrow cell, or sometimes, perhaps, a stem 
cell. Translocations, inversions, duplications (e.g., trisomy, tetrasomy), and 
deletions of chromosomes can result in (1) the expression of fusion genes that 
encode oncogenic fusion proteins or (2) the overexpression or underexpres- 
sion of genes that encode molecules critical to the control of cell growth, pro- 
grammed cell death, cell differentiation and maturation, or other regulatory 
pathways. Gene sequencing has also identified relevant somatic mutations in 
cases without an overt cytogenetic abnormality. The different mutations may 
result in phenotypes that range from mild impairment of the steady-state lev- 
els of blood cells, insignificant functional impairment of cells, and a modest 
effect on longevity to severe cytopenias and death in days, if the disorder is 
untreated. The somatically mutated multipotential cell from which the clonal 
expansion of neoplastic hematopoietic cells derives acquires the features of 
a stem cell and retains the ability, with varying degrees of imperfection, to 
differentiate and mature into each blood cell lineage. A particular disease 
in this spectrum of phenotypes may have altered blood cell concentrations 
and cell structural and functional abnormalities, and these may range from 
minimal to severe, involving several blood cell lineages. The effect on any one 
lineage occurs in an unpredictable way, even in subjects within the same cat- 
egory of disease. The resulting phenotypes are, therefore, innumerable and 
varied. In polycythemia vera or essential thrombocythemia, differentiation 
and subsequent maturation of unipotential progenitor cells results in blood 


Acronyms and Abbreviations: ABL7, Abelson murine leukemia viral onco- 
gene homologue 1; ALL, acute lymphocytic leukemia; AML, acute myelog- 
enous leukemia; BCR, breakpoint cluster gene; CALR, calreticulin gene; CD, 
cluster of differentiation; CEPBA, CCAAT/enhancer-binding protein a gene; 
CML, chronic myelogenous leukemia; FGFR, fibroblast growth factor recep- 
tor; FLT-3, FMS-like tyrosine kinase 3; G-banding, Giemsa banding; GPI, 
glycosylphosphatidylinositol; inv, inversion; JAK2, Janus kinase 2; miRNA, 
microribonucleic acid; MPL, myeloproliferative leukemia virus gene; NPM7, 
nucleophosmin 1 gene; PDGFR, platelet-derived growth factor receptor; 
PNH, paroxysmal nocturnal hemoglobinuria; t, translocation; WHO, World 
Health Organization. 


cells nearly normal in appearance and function, but their level in the blood is 
excessive. Moreover, overlapping features are common, such as thrombocy- 
tosis as a feature of polycythemia vera, essential thrombocythemia, primary 
myelofibrosis, and chronic myelogenous leukemia. The clonal (refractory) 
anemias may be accompanied by functionally insignificant or very severe 
neutropenia or thrombocytopenia or sometimes thrombocytosis. These 
findings reflect the unpredictable expression of the mutant multipotential 
hematopoietic cell's differentiation and maturation capabilities for which the 
genetic explanations are not well defined. The mutant cell of origin takes on 
the features of a (leukemic) stem cell, responsible for sustaining the disease 
process. Tight relationships between the genetic alteration and phenotype 
occur in only a few circumstances, and even these are imperfect, for exam- 
ple, t(9;22)(q34;q11)(BCR-ABL1; p210) with chronic myelogenous leukemia 
and t(15;17)(q22;q21) (PML-RARa) with acute promyelocytic leukemia. 
However, most patients can be grouped into a classic diagnostic designations 
listed in Table 83—1. The mutant stem cells that maintain the clone may 
undergo further somatic mutations over time resulting in a more aggres- 
sive phenotype, notably acute leukemia, usually of the myeloid type. An 
important feature of the clonal myeloid diseases is the potentially reversible 
suppression of normal (polyclonal) stem cells by the clonally expanded neo- 
plastic cells. The coexistence of normal polyclonal stem cells and their com- 
petition with the neoplastic clone forms the basis for the remission-relapse 
pattern seen in acute myelogenous leukemia after intensive chemotherapy 
and the reappearance of polyclonal, normal hematopoiesis in patients with 
chronic myelogenous leukemia after tyrosine kinase BCR-ABL inhibitor ther- 
apy. This reciprocal relationship between the leukemic clonal and polyclonal 
normal stem cells may be mediated by the effects of the mass of neoplastic 
cells (inhibitory cytokine elaboration) and/or to the effect of the neoplastic 
clone on the stem cell niche and the resulting disturbance of stromal cell sup- 
port for normal stem cell function. 


A wide array of clonal (neoplastic) syndromes or diseases can result 
from somatic mutations in a multipotential hematopoietic progenitor 
cell (Table 83-1). This mutated neoplastic cell behaves like a hemato- 
poietic stem cell (albeit, a cancer or leukemia stem cell), in that it is 
self-replicating, can differentiate, and feed progenitor cells into the var- 
ious hematopoietic lineages. These leukemic, unipotential progenitors 
can undergo varying degrees of maturation to phenocopies of mature 
blood cells. Strong circumstantial evidence has existed for a myeloge- 
nous leukemia stem cell for approximately 60 years. This concept has 
been buttressed by experimental verification of such cells by transplan- 
tation of the human disease into immunodeficient mice’ and by tech- 
niques to isolate and characterize their stem cell phenotype.” Although 
most attention has been given to the leukemic stem cell in acute myel- 
ogenous leukemia (AML) and chronic myelogenous leukemia (CML), 
it is very likely that a similar cell underlies (initiates and sustains) each 
of the phenotypically distinctive clonal myeloid diseases. 

The clonal myeloid diseases can be grouped, somewhat arbitrarily, 
by their degree of malignancy, using the classic terminology of experi- 
mental carcinogenesis, which considers the degree of loss of differentia- 
tion and maturation potential and the rate of progression of the disease. 
Thus, myeloid malignancies can be viewed in the spectrum of minimally to 
severely deviated neoplasms (leukemias). The term deviation refers to 
the relationship of the disease in question to normal cellular differen- 
tiation and maturation and the regulation of cell population homeo- 
stasis (birth and death rates). This terminology has been used here to 
array the diagnostic categories of clonal hematopoietic diseases into a 
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TABLE 83-1. Neoplastic (Clonal) Myeloid Disorders 


|. Minimal-deviation neoplasms (no increase in blast cells [<2%] Ill. Moderately severe-deviation neoplasms (moderate concen- 
are evident in marrow) tration of leukemic blast cells present in marrow) 
A. Underproduction of mature cells is prominent A. Oligoblastic myelogenous leukemia (refractory anemia 
1. Clonal (refractory sideroblastic or non-sideroblastic) with excess blasts)? (Chap. 87) 
anemia‘ (Chap. 87) B. Chronic myelomonocytic leukemia (Chap. 89) 
2. Clonal bi- or tricytopenia? (Chap. 87) 1. PDGFR rearrangement positive (rare) 
3. Paroxysmal nocturnal hemoglobinuria (Chap. 40) C. Atypical myeloproliferative disease (syn. atypical chronic 
B. Overproduction of mature cells is prominent myelogenous leukemia) 
1. Polycythemia vera? (Chap. 84) D. Juvenile myelomonocytic leukemia (Chap. 89) 
2. Essential thrombocythemia? (Chap. 85) IV. Severe-deviation neoplasms (leukemic blast or early progenitor 


EA g cells frequent in the marrow and blood) 
ll. Moderate-deviation neoplasms (very small proportions of j d : 
leukemic blast cells present in marrow) A. Phenotypic variants of acute myelogenous leukemia 


(Chap. 88) 


A. Chronic myelogenous leukemia (Chap. 89 
yag ea 1. Myeloblastic (granuloblastic) 


1. Philadelphia (Ph) chromosome-positive, BCR 


rearrangement positive (~90%) 2. Myelomonocytic (granulomonoblastic) 
2. Ph chromosome-negative, BCR rearrangement positive 3. Promyelocytic 
(~6%) 4. Erythroid 
3. Ph chromosome-negative, BCR rearrangement negative 5. Monocytic 
(~4%) 6. Megakaryocytic 
B. Primary myelofibrosis? (chronic megakaryocytic leukemia) 7. Eosinophilic: 
(Chap. 86) Are 
z mu : 8. Basophilic 
C. Chronic eosinophilic leukemia (Chaps. 62 and 89) F 
i DER i) 9. Mastocytic® 
i earangementp oye 10. Histiocytic or dendritic’ 


2. FGFR1 rearrangement-positive 


es) 


: ay 3 High-frequency genotypic variants of acute myelogenous 
D. Chronic neutrophilic leukemia (Chap. 89) leukemia [t(8;21), Inv16 or t(16;16), t(15;17), or (11q23)]? 
1. CSF3R-rearrangement-positive 


2. CSF3R and SETBP1-rearrangement positive 


AO 


. Myeloid sarcoma 


D. Acute biphenotypic (myeloid and lymphoid markers) 
3. JAK2”°''-rearrangement positive leukemia’ 
E. Chronic basophilic leukemia (Chap. 89) E. Acute leukemia with lymphoid markers evolving from a 
F. Systemic mastocytosis (chronic mast cell leukemia) (Chap. 63) prior clonal myeloid disease 


1. KITD®'” mutation-positive (~90%) 
2. KITV*°°¢ mutation-positive (rare) 
3. FILIPI-PDGFRa 


‘The World Health Organization includes these disorders under the rubric of the “Myelodysplastic Syndromes,’ the classification of which is 
discussed in Chap. 87. 


The World Health Organization includes these three disorders under the rubric of the “Myeloproliferative Syndromes.’ 


‘Acute eosinophilic leukemia is rare. Most cases are subacute or chronic and formerly were included in the category of the hypereosinophilic 
syndromes. 


Rare cases of acute basophilic leukemia are BCR-rearrangement-negative and are variants of acute myelogenous leukemia. Most cases have 
the BCR rearrangement and evolve from chronic myelogenous leukemia (Chaps. 63, 88, and 89). 


eSee Chap. 63. 

‘See Chap. 71. 

sThe World Health Organization has designated these subtypes as separate entities. They also have phenotypes listed under phenotypic vari- 
ants.’ For example, approximately 90 percent of cases of t(8;21) AML are of the phenotype acute myelogenous leukemia with maturation. 
Occasional cases are of the phenotypes acute myeloblastic leukemia (no evidence of maturation) or acute myelomonocytic leukemia. Inv(16) is 
usually an acute myelomonocytic leukemia but can be of other phenotypes, and t(15;17) invariably manifests itself as an acute promyelocytic 
leukemia. 

"Approximately 10 percent of cases of acute myeloblastic leukemia may be biphenotypic (myeloid and lymphoid CD markers on individual 
cells) when studied with antimyeloid and antilymphoid monoclonal antibodies (Chap. 88). 


framework related to their pathogenesis for the reader. This approach 
is an effort to encourage thinking about these somewhat arbitrary diag- 
nostic categories in pathobiologic terms and not just as a list of condi- 
tions or by epiphenomena such as disturbed morphology of blood cells 
that is shared to varying degrees in all categories of these disease (e.g., 
the dysmorphia of primary myelofibrosis is as dramatic as that of clonal 
cytopenias or oligoblastic myelogenous leukemia, so-called myelodys- 
plastic syndromes.) 


@ MINIMAL-DEVIATION CLONAL 
MYELOID DISORDERS 


The neoplasms in this category in Table 83-1 retain a higher degree 
of differentiation and maturation capability and permit median life 
spans measured in decades without treatment or with minimally toxic 
treatment approaches.* Use of the term minimal-deviation should not 
be construed as indicating these conditions do not have morbidity, 
shorten life, and have other consequences to the patient. The term is 
used relative to AML, in which differentiation and maturation and reg- 
ulation of cell proliferation and cell death are profoundly disturbed, and 
in which expected life span is measured in days to weeks, if untreated. 
The minimal-deviation clonal myeloid diseases include one group in 
which late precursor apoptosis (ineffective myeloproliferation) is char- 
acteristic (the clonal cytopenias) and one group in which proliferation 
is exaggerated and cellular maturation approximates normal (effective 
myeloproliferation). 


PRECURSOR APOPTOSIS PROMINENT 


The clonal (refractory) anemias and bi- and tricytopenias are character- 
istic of this category. Cytopenias resulting from exaggerated apoptosis 
of marrow late precursors (referred to as “ineffective hematopoiesis”) 
are a principal feature of this subgroup of clonal hematopoietic multi- 
potential cell diseases. A common additional characteristic is variable 
dysmorphogenesis of blood cells. The blood cell abnormalities, char- 
acteristic of the clonal anemias, bicytopenias, or pancytopenia, include 
abnormalities of (1) red cell size (macrocytosis, anisocytosis), shape 
(poikilocytosis), and cytoplasm (basophilic stippling), (2) neutrophil 
nuclear or organelle structure (cytoplasmic hypogranulation, nuclear 
hypolobulation or hyperlobulation and condensation), and (3) platelet 
variation in size (megathrombocytes) and granulation (hypogranula- 
tion or abnormal granulation). These structural changes are the result 
of neoplasia. Abnormal maturation of blood cells may also leads to bio- 
chemical and functional alterations of the cells, such as disturbed hemo- 
stasis, despite adequate platelet numbers, and dysfunctional phagocytes. 
Dysmorphic changes in marrow precursors are evident, also (Chap. 87). 
Ineffective erythropoiesis, the intramedullary, apoptotic death of late 
erythroblasts before they reach full maturation and release, is a com- 
mon feature, a major factor in development of anemia. Ineffective gran- 
ulopoiesis and thrombopoiesis also occur, resulting in varying degrees 
of neutropenia and thrombocytopenia, despite a cellular marrow. 
There is no clinical distinction in the presenting manifestation or 
the course of clonal anemia with less than 15 or equal to or greater than 
15 percent pathologic sideroblasts in the marrow,’ not surprisingly, as 
there is no pathobiologic basis for this arbitrary boundary. Therefore, 
this distinction nonsideroblastic vis-a-vis sideroblastic clonal (refrac- 
tory) anemia has no nosologic or clinical utility, although the World 
Health Organization (WHO) has retained it.° Indeed, the clonal ane- 
mias frequently have some degree of pathologic sideroblasts in the 
marrow, and, thus, usually have some degree of sideroblastic erythro- 
poiesis. Another important feature of these syndromes is that there is 
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no quantitative evidence of leukemic blast cells in marrow or blood. If 
marrow blasts are elevated above the normal upper limit of 2 percent, 
the disorder should be considered oligoblastic myelogenous leukemia 
(synonym: refractory anemia with excess blasts; see “Moderately Severe- 
Deviation Disorders” below). 

The WHO has defined “AML as having equal to or greater than 
20 percent leukemic blast cells in marrow; whereas, a marrow with 
fewer blasts (5 to 20 percent) is referred to as refractory anemia with 
excess blasts (e.g., one of the myelodysplastic syndromes). The use of 
an arbitrary boundary of 20 percent blasts has no pathobiologic basis.”* 
In addition, the use of less than 5 percent of blasts as a threshold to 
distinguish clonal anemia (refractory anemia) from oligoblastic myel- 
ogenous leukemia (refractory anemia with excess blasts) is an anachro- 
nism that dates back approximately 60 years to a time when supportive 
care was inadequate for children undergoing newly developed multi- 
drug chemotherapy for acute lymphoblastic leukemia (ALL). At that 
time, the mid-1950s, there was no accessibility to platelet transfusions. 
There were very limited antibiotic options and no antifungal agents. 
There were no venous access devices. The risk of death during pro- 
longed posttherapy marrow aplasia was substantial and it was not yet 
evident that intensive antileukemic therapy would produce a net ben- 
efit to the children so treated. In children with ALL, there were often 
occasional residual atypical lymphoid cells in the marrow after treat- 
ment. To deal with these circumstances an arbitrary threshold of less 
than 5 percent atypical lymphoid cells (suspected blasts) was used as a 
measure of successful induction therapy to avoid an unnecessarily long 
period of posttreatment-induced aplasia.” That boundary, however, was 
not intended to be a threshold to be used at the time of diagnosis. The 
normal myeloblast percentage is a very tightly regulated variable (mean: 
1.0; SD: 0.4). In severe inflammatory states with leukemoid reactions, 
the marrow myeloblast percent is usually decreased because in this cir- 
cumstance precursor cell expansion in the postblast cell myelocyte pool 
is greater. Three or 4 percent blast cells in the marrow at the time of pre- 
sentation or suspected relapse should not be considered “normal” and 
is usually evidence of leukemic hematopoiesis. Indeed, in the presence 
of an established clonal myeloid disorder (e.g., clonal anemia), any per- 
centage of blast cells, no matter how low the percentage is presumably 
part of the clone and thus “leukemic.” Not surprisingly, sophisticated 
multicolor flow analysis has found immunophenotypic abnormalities in 
such blast cells indicating that they are not “normal” blasts.’ 

In no other cancer is the diagnosis defined by the proportion of 
cancer cells in histologic or cytologic examinations. Thus, using equal 
to or greater than 20 percent blasts as the basis for diagnosis of AML 
versus myelodysplasia represents an aberration in cancer diagnosis and 
has no pathophysiologic basis.”* Indeed, studies have shown that there 
are no differences in the presenting hematologic findings or a series of 
prognostic genetic markers, for example, the FMS-like tyrosine kinase 
3 (FLT-3) gene mutation in patients with 10 to 19 percent versus 20 to 
30 percent marrow leukemic myeloblasts at the time of diagnosis.’ The 
patient’s disease features are the same regardless of whether they have 10 
or 30 percent blast cells in the marrow at diagnosis; prognosis was cor- 
related with patient age at diagnosis and the cytogenetic risk category 
and not the blast count. Moreover, several phenotypes of AML may 
have less than 20 percent blasts at diagnosis (e.g., acute promyelocytic 
leukemia, acute monocytic leukemia, acute myelomonocytic leukemia, 
and others). 

The term hematopoietic dysplasia, later simplified to myelodyspla- 
sia, has become ensconced as the category into which clonal anemia, 
clonal multicytopenia, and oligoblastic myelogenous leukemia (refrac- 
tory anemia with excess blasts) have been grouped. In strict pathologic 
terms, a dysplasia is a polyclonal, and thus nonmalignant, change in 
the cells of a tissue.*!° These myeloid syndromes are clonal, often have 
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aneuploid or pseudodiploid cells in the clone, are the result of the expan- 
sion of a somatically mutated cell, and can be associated with significant 
morbidity and premature death; thus, they are neoplasias not dysplasias. 
They demonstrate clonal (genomic) instability, and each has a propen- 
sity to evolve into AML ata rate that far exceeds the incidence of the dis- 
ease in the general population. The term myelodysplasia was proposed 
at a conference in Paris in 1976 at a time when prominent dysmorpho- 
genesis and cytopenias were thought to be the singular abnormalities 
and arguments existed as to whether some of these syndromes without 
increased blast cell percentages represented a preneoplastic (preleuke- 
mic) condition.” They have long been established as neoplastic (a spec- 
trum of minimal-deviation to severe-deviation leukemias)—indeed, 
those with overt leukemic hematopoiesis (quantitatively increased leu- 
kemic blast cell counts), which made up approximately 50 percent of 
cases, were known at the time to be neoplasms—but the terminology 
has not been rectified. 


OVERPRODUCTION OF CELLS PROMINENT 


Polycythemia vera (Chap. 84) and essential thrombocythemia (Chap. 85) 
are clonal myeloid disorders so named because of the overaccumulation 
of red cells, and often neutrophils, and platelets in the blood in poly- 
cythemia, and of platelets, and to a lesser extent neutrophils, in throm- 
bocythemia.” Each cell lineage is affected in each disorder, reflecting a 
multipotential hematopoietic cell origin, but the magnitude of the effect 
on each lineage differs. The decrease in red cell production in essential 
thrombocythemia usually is slight to mild. Polycythemia vera and essen- 
tial thrombocythemia do not show morphologic evidence of leuke- 
mic hematopoiesis; the proportion of blast cells in the marrow is never 
increased above normal, and blast cells are never present in the blood. 
Hematopoietic differentiation and maturation are maintained. These are 
minimal-deviation neoplasms. These disorders do not have a specific 
cytogenetic abnormality, but approximately 95 percent of cases of poly- 
cythemia and approximately 50 percent of cases of essential thrombo- 
cythemia have an acquired mutation in the Janus kinase 2 (JAK2) gene. In 
thrombocythemia, 25 percent of patients have wild-type JAK2 genes and 
mutations in the calreticulin (CALR) gene. A few percent of patients with 
thrombocythemia have nonmutated JAK2 and CALR but a mutation in 
the myeloproliferative leukemia virus gene (MPL; Chaps. 84 and 85).'*"* 
Several studies of comparative survival of the chronic myeloproliferative 
neoplasms have been reported.*'>'*’* In the most comprehensive study 
of survival as of this writing, patients with essential thrombocythemia 
have only slightly decreased survival than expected over 10 years of obser- 
vation, but this widens somewhat over longer periods. The difference in 
survival of patients with primary myelofibrosis is dramatically less than 
expected for age- and gender-matched unaffected persons and the sur- 
vival of patients with polycythemia vera is intermediate (Table 83—2).'* 


MODERATE-DEVIATION CLONAL 
MYELOID DISORDERS 


Primary myelofibrosis (Chap. 86) and CML (Chap. 89) classically 
share the features of overproduction of granulocytes and platelets and 
impaired production of red cells. In contrast to the minimally devi- 
ated clonal myeloid neoplasms, CML and primary myelofibrosis may 
have a small to moderate proportion of leukemic blast cells in marrow 
and blood. The most constant feature in primary myelofibrosis is the 
abundance of neoplastic, dysmorphic megakaryocytes and the resul- 
tant predisposition to marrow reticulin and collagen fibrosis, osteo- 
sclerosis, extramedullary fibrohematopoietic tumors, splenomegaly, 
and teardrop-shaped red cells (dacryocytes) in every oil immersion 
field on the blood film. The megakaryocytic abnormalities are so domi- 
nant and consistent in this disorder that it could be considered chronic 
megakaryocytic leukemia." The cells in this disorder have no specific 
cytogenetic change, but approximately 50 percent of cases carry a muta- 
tion in the JAK2 gene and approximately one-third have wild-type JAK2 
but a mutation in the CALR gene (Chap. 86). These two mutations 
give primary myelofibrosis a genetic kinship with polycythemia vera 
and essential thrombocytosis. They are often referred to as “the mye- 
loproliferative neoplasms,’ but virtually all clonal myeloid diseases are 
fundamentally myeloproliferative as the term refers, principally, to mar- 
row hematopoiesis. The clinical behavior of primary myelofibrosis is, 
in most cases of a progressive neoplasm with morphologic evidence, 
of lower-level leukemic hematopoiesis and with a median survival sig- 
nificantly less than polycythemia vera or essential thrombocythemia. 
Primary myelofibrosis is another misnomer perpetuated in the WHO 
classification. The fibrosis is secondary to cytokines released by neoplas- 
tic (leukemic) megakaryocytes (an epiphenomenon) and it is the only 
cancer in the medical lexicon named after connective tissue fibers and 
not the cells in which the cancer arises. 

In contrast to primary myelofibrosis, CML has a rearrangement of 
the breakpoint cluster (BCR) gene on chromosome 22. The shortening 
of the long arm of chromosome 22 gives it the designation of the Phil- 
adelphia chromosome, now called the Ph chromosome. It can be iden- 
tified by Giemsa (G)-banding cytogenetic studies in approximately 90 
percent of patients with CML. This mutation is caused by and is a reflec- 
tion of the translocation t(9;22)(q34;q11)(BCR-ABL1 [Abelson murine 
leukemia viral oncogene homologue 1]). The BCR-ABL1 fusion in CML 
cells can be found in virtually all cases studied by fluorescence in situ 
hybridization or the polymerase chain reaction. Only approximately 4 
percent of patients with a phenotype indistinguishable from BCR-re- 
arrangement-positive CML do not have the rearrangement (see Table 
83-1 and Chap. 89). An unrelenting increase in the white cell (granulo- 
cyte) count, anemia, splenomegaly, and a progressive course are com- 
mon features of CML. Blast cells are very slightly increased in marrow 


TABLE 83-2. Comparative Survival Among Persons with Myeloproliferative Neoplasms 


Percent (%) of Cohort Alive 


Years of Survival Expected P Polycythemia Vera Primary Myelofibrosis 
5 90 90 85 55 
10 85 80 70 30 
15 75 70 45 30 
20 65 50 30 15 
25 55 40 20 10 


Data from Tefferi A, Guglielmelli P, Larson DR, et al: Long-term survival and blast transformation in molecularly annotated essential thrombo- 
cythemia, polycythemia vera, and myelofibrosis. Blood 2014 Oct 16;124(16):2507-2513. 


and in the blood in patients with these two disorders, although this is 
a function of time of diagnosis in relation to the time of onset. CML, if 
untreated, has a very high propensity to progress through clonal evolu- 
tion to acute leukemia. 


Primary myelofibrosis terminates in acute leukemia in approx- 
imately 15 percent of patients. Median life span in these disorders is 
measured in years, but is significantly decreased compared to age- and 
gender-matched unaffected cohorts. Therapy is required in all cases of 
CML, and in most, but not all, cases of primary myelofibrosis at the time 
of diagnosis. Both diseases can be cured by allogeneic hematopoietic 
stem cell transplantation. Median life span is projected to be increased 
by decades in CML as a result of the introduction of tyrosine kinase 
inhibitors, which results in involution of the malignant clone, restora- 
tion of polyclonal normal hematopoiesis, and a reduction in the risk of 
transformation to an accelerated phase of the disease and to acute leu- 
kemia in many patients (Chap. 89).” A significant median prolongation 
of life (e.g., approximately median 2 years) result from JAK inhibitors in 
poor-prognosis primary myelofibrosis (Chap. 86). 

Chronic neutrophilic leukemia, chronic eosinophilic leuke- 
mia, systemic mastocytosis, and chronic basophilic leukemia are 
included in this category. Chronic basophilic leukemia is a rare disease 
(Chap 89). Chronic neutrophilic leukemia is uncommon but well 
described and defined (Chap. 89). Chronic neutrophilic leukemia is 
associated with a mutation in the colony-stimulating factor 3 recep- 
tor gene (CSF3R) alone (approximately 30 percent of cases), or a com- 
bination of mutated CSF3R and a SET binding protein gene (SETBP1) 
mutation (approximately 60 percent of cases) or the JAK2‘°'* muta- 
tion alone (approximately 10 percent of cases). Chronic eosino- 
philic leukemia represents cases previously called hypereosinophilic 
syndrome with evidence of clonal hematopoiesis involving eosi- 
nopoiesis. Some cases are associated with a rearrangement of the 
platelet-derived growth factor receptor-f (PDGFR-B) gene (these are 
indicted in Table 83-1) because they are specifically responsive to the 
tyrosine kinase inhibitor imatinib mesylate or to a congener (Chaps. 
62 and 89). Chronic clonal eosinophilia also may be associated with 
a PDGFR-« gene rearrangement, but histopathologic examination of 
the marrow also may be consistent with systemic mastocytosis with 
eosinophilia, with sheets of spindle-shaped mast cells and intense 
eosinophilia in blood and marrow. This rearrangement is usually 
the result of a FIPILI-PDGFR-« fusion gene. Identification of this 
fusion gene in cases of mastocytosis with eosinophilia is important 
because of the sensitivity of the gene product to imatinib mesylate 
(or a congener). The mutation is inferred by a deletion in the CHIC2 
gene found using fluorescence in situ hybridization, which narrowly 
separates FIPIL1 and PDGFR-a at chromosome 4q band 12. The 
cryptic deletion involving CHIC2 is too small to be seen on standard 
G-banding. A clonal myeloid syndrome that includes eosinophilia 
and a translocation between 8p11, at the site of the tyrosine kinase 
domain of the fibroblast growth factor receptor-1 (FGFR1) gene, and 
several different partner chromosomes, is not responsive to imatinib 
mesylate. Systemic mastocytosis may have several types of KIT gene 
mutation; KITY°S is sensitive to imatinib mesylate and KIT?*'®Y is 
insensitive to imatinib but may be responsive to second-generation 
tyrosine kinase inhibitors. PDGFR-« mutations also may be present 
in the cells of patients with systemic mastocytosis and be responsive 
to imatinib mesylate (or a congener).” 


MODERATELY SEVERE-DEVIATION CLONAL 
MYELOID DISORDERS 


These disorders fall into a group that progresses less rapidly than acute 
leukemia and more rapidly than CML.””* They have a predisposition 
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to develop with a granulocytic and monocytic phenotype, either mor- 
phologically or cytochemically. These diseases include oligoblastic 
myelogenous leukemia (refractory anemia with excess blasts), chronic 
myelomonocytic leukemia, and juvenile myelomonocytic leukemia. 
Occasional patients have an atypical or unclassifiable syndrome. The 
“unclassifiable syndrome” designation is used for uncommon cases that 
do not fall into a classical or easily classifiable designation and usually 
are seen in patients older than age 70 years. 

The subacute syndromes produce more morbidity than do the 
chronic syndromes, and patients have a shorter life expectancy. These 
are leukemic states that have low or moderate concentrations of leuke- 
mic blast cells in marrow and often blood, anemia, often thrombocy- 
topenia, and usually prominent monocytic maturation of cells (Chap. 
88). The oligoblastic myelogenous leukemias compose approximately 
50 percent of the cases that have been grouped under the title myelodys- 
plastic syndromes. In all other malignancies, the presence of tumor cells 
determines the diagnosis, such as carcinoma of the colon or the uterine 
cervix, whether in situ, invasive, or metastatic. Use of the percentage 
of tumor (leukemic blast) cells as a threshold for the diagnosis of leu- 
kemia versus “dysplasia” is not consistent with usual practice; hence, 
the preference for oligoblastic myelogenous leukemia rather than 
myelodysplasia for patients with a quantitative increase in blast cells 
(>2 percent blasts), cytopenias, and dysmorphic cell maturation.* More- 
over, CML, chronic neutrophilic leukemia, chronic myelomonocytic 
leukemia, acute promyelocytic leukemia, and several other subtypes of 
AML invariably have fewer than 20 percent blasts in the marrow. Thus, 
the criteria used in the WHO classification system for clonal myeloid 
diseases have internal inconsistencies that can be dealt with by experts 
but are confusing to the less experienced and are not unifying. 

A group of clonal myeloid diseases are referred to as atypical 
myeloproliferative disease or atypical CML (aCML) in the WHO clas- 
sification. They are usually seen in older patients (>65 years), have 
a relatively low myeloblast percentage in marrow (<5 percent) and 
blood, and have an elevated white cell count ranging between 15 and 
100 x 10°/L, but which may be higher. They have anemia and throm- 
bocytopenia and often splenomegaly. The blood and marrow usually 
have a progressively increasing proportion of promyelocytes and mye- 
locytes as well as neutrophils, superficially simulating the appearance 
of CML, hence the use of the designation “aCML.” These cases never 
have a rearrangement in the BCR gene, are not responsive to tyrosine 
kinase inhibitors, and have a poor prognosis with a median survival of 
approximately 15 to 20 months. Because the granulocytic series often 
has some dysmorphia (e.g., acquired Pelger-Huét nuclear anomaly), 
the WHO seems reluctant to call it an atypical myeloproliferative dis- 
order, which should be done as aCML is an inadvisable term. Their 
inconsistency is evident in the classification of primary myelofibrosis 
as a myeloproliferative disorder despite florid dysmorphia of all three 
major lineages. Dysmorphia is a feature of most neoplastic cells, of 
considerable diagnostic utility, of interest cytologically, but an epiphe- 
nomenon not central to the pathobiology of the neoplasm. Atypical 
myeloproliferative disease (aCML) has a relatively high frequency 
of CSF3R gene mutations, akin to chronic neutrophilic leukemia. 
Because the mutant gene is thought to cause dysregulation evidenced 
by myeloproliferation and exaggerated neutrophil counts, it underlines 
the preferred terminology. 


SEVERE-DEVIATION CLONAL 
MYELOID DISORDERS 


Morphologic, histochemical, immunocytologic, and cytogenetic 
characteristics of cells in the blood and marrow provide the major 
basis for the diagnosis and classification of AML and its subtypes 
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(Chaps. 11 and 88). Correlation among observers and between the mor- 
phologic method of classification and the monoclonal antibody reac- 
tivity-dependent classification of AML is imperfect.” The approach 
that uses morphology, immunocytochemistry, and the immunophe- 
notype is the most inclusive because virtually all cases can be placed 
into a morphologic subtype. Because immunophenotyping is a standard 
procedure in most clinical hematopathology laboratories, the results are 
readily available. Classification by cytogenetics is more limited because 
approximately 45 percent of cases of AML do not have a discernible 
cytogenetic abnormality by G-banding and many cases have different 
infrequent abnormalities, making this approach complex. Hundreds of 
unique patterns of cytogenetic abnormalities have been reported in cells 
of patients with AML, including unbalanced structural abnormalities, 
such as loss of part or all of chromosome 5 or 7, numerical abnormal- 
ities, such as an additional chromosome 8 (e.g., trisomy 8), or unbal- 
anced and balanced structural abnormalities, such as translocation 
between chromosomes 8 and 21 or 15 and 17, or between chromosome 
11 and many chromosome partners, or any one of numerous other 
abnormalities involving other chromosomes.” Despite this heterogene- 
ity, knowing the cytogenetic alteration is useful for estimating the prob- 
ability of entering a sustained remission (risk category). For example, 
AML patients whose cells contain t(8;21), t(15;17), t(16;16), or inv(16) 
(approximately 20 percent of cases considering all age groups) are more 
likely to enter a prolonged remission or be cured with therapy. The cyto- 
genetic findings may influence the drugs used for remission-induction 
therapy. Notably, patients with t(15;17) AML (approximately 7 percent 
of all new AML cases in the United States and twice that frequency in 
China) uniquely require use of all-trans-retinoic acid and arsenic triox- 
ide to result in the best long-term outcome and, in many cases, a cure. 
Thus, combining light microscopy of blood and marrow with immuno- 
cytochemistry and cell-flow analysis immunophenotyping to designate 
the phenotypic subtype, supplemented by cytogenetics or molecular 
diagnostic methods, currently is the best approach to categorization of 
the AML subtype. The polymerase chain reaction may be particularly 
useful for determining subclinical (minimal) residual disease and mon- 
itoring therapy in cases in which an appropriate genetic marker is avail- 
able, such as the t(8;21) or t(15;17) (Chaps. 88 and 89). 

Gene expression profiling using chips containing tens, hun- 
dreds, or thousands of relevant genes can be used to further genotype 
and subclassify AML into prognostic groups.” One would predict, 
based on cytogenetics, a large and diverse group of gene expression 
profiles for cases of AML. In one study of 200 cases of AML, some of 
270 mutated genes among nine genes families (i.e., transcription factor, 
tumor-suppressor, signaling pathway, nucleophosmin encoder, DNA- 
methylation-related, chromatin-modifying, myeloid transcription fac- 
tor, cohesion complex, and spliceosome-complex genes) were found in 
at least two cases.*! Genetic analysis is currently most useful in analyzing 
cases with prior stratification by some relevant variable. For example, a 
study of patients with AML who have normal karyotypes by standard 
cytogenetic methods (e.g., G-banding) has identified two groups by hier- 
archical gene clustering with significantly different survival after current 
therapy.” Patients with AML whose cells contain a FLT-3 internal tan- 
dem duplication also can be stratified into more discriminating prog- 
nostic groups using hierarchical gene cluster analysis.** Gene expression 
profiling can identify groups of patients with AML who have covert gene 
abnormalities, such as a mutation in the DNA methyltransferase gene 
(DNMT3A) or the nucleophosmin 1 (NPM1) gene. The former gene 
encodes one of a family of enzymes that catalyze the transfer of a methyl 
group to DNA, using S-adenosyl methionine as the methyl donor; and, 
the latter gene encodes a protein that shuttles between the nucleus and 
cytoplasm. Gene expression studies in AML are important because they 
(1) identify genes that cooperate or interact to result in a fully malignant 


phenotype, (2) provide potential new targets for therapy, (3) help iden- 
tify patients who might benefit from early hematopoietic stem cell trans- 
plantation, (4) may be used to measure minimal residual disease,** and 
(5) may permit analysis of the mutational evolution from the earliest 
neoplastic cell without malignant potential to cells with additional muta- 
tions capable of developing lethal clones. 

Another molecular technique applied to understanding the molec- 
ular pathology of AML and to defining prognostic groups is the leuke- 
mic cell microribonucleic acid (miRNA) signature.***” The miRNAs are 
small (19 to 25 nucleotides), noncoding RNAs that regulate messenger 
RNA stability and its translation into protein. miRNA signatures can 
be analyzed by polymerase chain reaction technology of RNA sam- 
ples from leukemic cells and compared to normal or compared among 
different categories of AML cases. For example, miRNA analysis can 
distinguish among cytogenetically normal cases of AML as to their 
expression of different genes that influence prognosis, such as NPM1 
and the CCAAT/enhancer binding protein a gene (CEPBA). Specific 
microribonucleic acids (miRNAs) may regulate lineage differentiation 
of stem cells, indicating critical roles for these molecules in the regula- 
tion of hematopoiesis and in leukemogenesis.** Prognostic group strat- 
ification of AML, at the moment, has value principally in assessing the 
utility of using allogeneic hematopoietic stem cell transplantation as an 
early therapy. It also may inform the therapist about considering a clin- 
ical trial of new therapeutic combinations, if the prognostic indicators 
suggest use of cytarabine and an anthracycline regimen, as the backbone 
of therapy, is unlikely to be successful and the patient is not a candidate 
for allogeneic hematopoietic stem cell transplantation (Chap. 88). 


@ TRANSITIONS AMONG CLONAL 
MYELOID DISEASES 


Patients with minimal-, moderate-, and moderately severe-deviation 
clonal myeloid disorders have an increased likelihood of progressing 
to florid (polyblastic) AML, with a frequency ranging from approxi- 
mately less than 1 percent of patients with paroxysmal nocturnal hemo- 
globinuria, approximately 10 percent of patients with clonal anemia, 
approximately 35 percent of patients with clonal bi- or tricytopenia, and 
as many as 66 percent of patients with oligoblastic myelogenous leu- 
kemia.” Approximately 30 percent of patients within the spectrum of 
clonal cytopenia to oligoblastic myelogenous leukemia (myelodysplas- 
tic syndromes) develop AML when the WHO boundary of equal to or 
greater than 20 percent blast cells is applied.” Approximately 15 percent 
of patients with polycythemia vera evolve to a syndrome indistinguish- 
able from primary myelofibrosis and the same evolution can occur in 
patients with essential thrombocythemia.**' Occasional cases of appar- 
ent essential thrombocythemia or rare cases of primary myelofibrosis 
can evolve into polycythemia vera. Apparent essential thrombocythe- 
mia with cells containing the BCR-ABL1 fusion gene may progress to 
CML or acute blast crisis of CML. 

Approximately 5 percent of patients with essential thrombocythe- 
mia develop AML over 20 years of observation, but this rises to 
10 percent over 25 years.'** Approximately 12 percent of patients with 
polycythemia vera evolve to AML over 20 years of observation.'* 
Approximately 20 percent of patients with primary myelofibrosis 
progress to overt AML over 10 years of observation.’* Virtually all 
patients with CML have the potential to progress to acute leukemia of 
any subtype, including in about a quarter of cases to lymphoid pheno- 
types, although in some cases the patient enters an accelerated phase 
that behaves like oligoblastic leukemia before it progresses to acute 
leukemia. The accelerated phase of CML is associated with inadequate 
response to therapy, progressive anemia, bone pain, enlarging spleen, 


thrombocytopenia, among other changes (Chap. 89). The progression 
from chronic to accelerated phase or blast phase of CML, however, has 
been delayed in the majority of patients by the application of tyrosine 
kinase inhibitor therapy during the chronic phase of the disease. Deter- 
mining the frequency of evolution to AML in those patients with CML 
who enter a complete molecular remission with tyrosine kinase inhibi- 
tors must await observations over the next decade. 

This process of clonal evolution is an intrinsic feature of the 
genomic instability of clonal myeloid diseases. The practice of calling 
the result of this process “secondary AML?’ is obfuscating. This choice of 
terms is notable in the case of myelodysplastic syndrome, which is “leu- 
kemia” at the time of diagnosis. (Leukemia is defined as the neoplastic 
transformation of a primitive multipotential hematopoietic [myeloid] 
cell.) The neoplastic transformation has occurred and the progression 
to a more advanced myeloid neoplasm is a process quite different from 
the secondary AML that occurs as a result of recent chemotherapy for 
a lymphoma or an unrelated cancer (e.g., breast cancer). When there is 
progression to AML from a previously diagnosed clonal myeloid dis- 
ease, it should be designated as clonally evolved AML (ceAML). This 
distinction is important because an effort to develop methods to prevent 
clonal evolution is very likely to be different from methods to prevent 
true secondary leukemia. 
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@ PATHOGENESIS OF CLONAL 
MYELOID DISEASES 


In AML, a sequence of mutations in a single multipotential cell results 
in a clone that is severely defective and contains precursor cells that are 
largely unable to mature.” Proliferation of primitive progenitors is 
excessive when considered in absolute terms, that is, the total number 
of blast cells proliferating. AML is a clinical disease with many forms of 
morphologic expression. This variation of phenotype is consistent with 
the large number of genetic lesions identified and the behavior of the 
leukemic stem cell, which is capable of differentiation into all the blood 
cell lineages (Fig. 83-1). Hence, the asymmetrical and uncoordinated 
differentiation and maturation of leukemic progenitor cells may allow 
one or another cell type to predominate.“ The different morphologic 
or cytogenetic variants of AML are each rapidly progressive, however, if 
not treated successfully (Chap. 88). 

Important epiphenomena are related to certain morphologic types 
of AML, such as tissue infiltration, including into the central nervous 
system in monocytic leukemia, disseminated intravascular coagula- 
tion, fibrinolysis, and hemorrhage in promyelocytic leukemia, and to a 
lesser extent in monocytic leukemia, hepatosplenomegaly (eosinophilic 
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Figure 83-1. Leukemic hematopoiesis in acute myelogenous leukemia. The malignant process evolves from a single mutant multipotential cell. 


This cell on the basis of a sequence of somatic mutations becomes a 
tentia 


eukemia stem cell with a growth advantage in relationship to normal pluripo- 
stem cells. This cell originates at either level 1 or level 2 or level 3 in Fig. 83-2. Whether all cases of acute myelogenous leukemia originate in 


the pluripotential stem cell pool is still under study (see text). This cell is capable of multivariate commitment to leukemic erythroid, granulocytic, 
monocytic, and megakaryocytic progenitors. In most cases, granulocytic and monocytic commitment predominates, and myeloblasts and promono- 


cytes or their immediate derivatives are the dominant cell types. Leukemic blast cells accumulate in 


he marrow. The leukemic blast cells may become 


amitotic (sterile) and undergo programmed cell death, may stop dividing for prolonged periods (blasts in G,) but have the potential to reenter the 


mitotic cycle, or may divide and then undergo varying degrees of maturation. Maturation may lead 


o mature cells, such as red cells, segmented neu- 


trophils, monocytes, or platelets. A severe block in maturation is characteristic of AML, whereas a high proportion of leukemic primitive multipotential 
cells mature into terminally differentiated cells of all lineages in patients with CML. The disturbance in differentiation and maturation in myelogenous 
leukemia is quantitative, thus many patterns are possible. At least five major steps in hematopoiesis are regulated: (1) stem cell self-renewal, (2) dif- 


ferentiation into hematopoietic cell lineages (e.g., red cells, granulocytes, monocytes, platelets), (3 


of progenitor and precursor cells, and (5) release of mature cells into 


proliferation (cell multiplication), (4) maturation 


he blood. These control points are defective in acute myelogenous leukemia. 


Premature or delayed apoptosis of cells may be another key abnormality contributing to premature cell death or cell accumulation. 
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Level Hematopoiesis 
5 Mature, functional blood cells 
4 Hematopoietic precursors 
3 Committed progenitors of 


erythrocytes, granulocytes, 
monocytes, and megakaryocytes 
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Figure 83-2. Differentiation and maturation of hematopoietic stem cells. The functioning stem cell pool is thought to be at level 7, the pluripoten- 
tial (lymphohematopcietic) stem cells. In healthy humans, two multipotential progenitor cell pools are operative (level 2). The multipotential progen- 
itors differentiate further to unipotential progenitors, which are sensitive to specific cytokines (level 3). The committed progenitor cells are referred to 
as colony-forming units or colony-forming cells because they form clonal colonies of cells in semisolid medium in the presence of the appropriate 
growth factors. These growth factors are capable of inducing proliferation and maturation of the committed progenitor cells so that they achieve 
level 4, at which the first morphologically identifiable marrow precursors have developed, such as myeloblasts, proerythroblasts, promonocytes, 
megakaryocytes and, ultimately, level 5, the mature, functional blood cells. NK, natural killer. 


leukemia), mediator-release syndromes (basophilic or mast cell leuke- 
mia), predisposition to myeloid sarcomas (AML with t[8;21] or inv[16] 
cytogenetic abnormalities), and intense marrow fibrosis (megakaryo- 
cytic leukemia) (Chap. 88). 

In CML, injury to a single cell results in a clone in which there 
is an enormous expansion of progenitors for granulocytic and, often, 
megakaryocytic cells. Erythropoiesis is effective but decreased. Unlike 
AML, maturation of progenitor cells in CML is nearly normal; hence, 
the predominant leukemic cells in the blood are postmitotic, mature, 
or partially matured cells, such as late myelocytes and segmented neu- 
trophils, monocytes, erythrocytes, and platelets. This process of mul- 
tilineage differentiation and maturation to cells with virtually normal 
function accounts for the relative infrequency of hemorrhage or recur- 
rent infection in the chronic phase of CML. 

Because hematopoiesis is generated by a leukemic stem cell that 
has functional analogies to a normal multipotential hematopoietic cell, 
erythropoiesis, thrombopoiesis, and granulopoiesis are leukemic in 
most patients with AML, CML, and other clonal myeloid diseases. Thus, 
identical clonal cytogenetic abnormalities are present in erythroblasts, 
megakaryocytes, and granulocyte precursors in cases of AML so stud- 
ied (Chap. 88) and in all cases of CML with a BCR-rearrangement 
(Chap. 89). 


@ PHENOTYPE OF MYELOID CLONAL 
DISEASES AS A RESULT OF THE 
MATRIX OF DIFFERENTIATION 
AND MATURATION 


The phenotype of clonal myeloid diseases is a reflection of a neoplastic 
stem cell’s capability to differentiate into abnormal committed progen- 
itor cells and the ability of those progenitor cells to mature into iden- 
tifiable cells of the erythroid, granulocytic (neutrophilic, basophilic, 
mastocytic, eosinophilic), monocytic, dendritic, and megakaryocytic 
cell lineages (Fig. 83-3). 


Under normal circumstances, hematopoietic differentiation rep- 
resents the irreversible change from a multipotential cell to multiple, 
unipotential lineage progenitors. Maturation represents the physi- 
cal and chemical changes from a unipotential progenitor through a 
sequence of precursors to the fully mature and functional blood cell, 
including progression from a burst-forming unit-erythroid to pro- 
erythroblast to erythrocyte; from a colony-forming unit-granulocyte 
to myeloblast to segmented neutrophil; from a colony-forming unit- 
eosinophil to a segmented eosinophil; from a colony-forming unit- 
basophil to a mature basophil; from a colony-forming unit-mast cell to 
a mature mast cell; from a colony-forming unit-monocyte-macrophage 
to promonocyte to monocyte to macrophage or dendritic cell; and from 
a colony-forming unit-megakaryocyte to a diploid megakaryoblast to 
the polyploidy, platelet-forming megakaryocyte (Chap. 18). A matrix, 
which is composed of the options of commitment to different lineages 
and the progressive stages of maturation at which partial or complete 
arrest can occur, results in the potential for a wide array of morphologic 
syndromes by which a leukemic stem cell can dominate hematopoiesis 
(see Fig. 83-2). 

In the clonal myeloid diseases in which differentiation and matura- 
tion capability are retained, one of the cell lines—for example, erythro- 
cytes, granulocytes, monocytes, or platelets—tends to accumulate in the 
blood more prominently and results in a phenotypic expression of the 
disease that determines the nosology (e.g., exaggerated blood platelet 
accumulation and essential thrombocythemia). In AML, the pheno- 
typic expression may be predominantly myeloblastic (granuloblastic), 
erythroid, monocytic, megakaryocytic, or combinations thereof. Cer- 
tain patterns are favored. In AML, myelocytic leukemia, monocytic leu- 
kemia, or a mosaic of the two cell types (myelomonocytic leukemia) 
are more common than erythroid or megakaryocytic leukemia. Eosino- 
philic, basophilic, and dendritic cell leukemias are rare. However, AML 
usually has a disturbance in all cell lines. In myeloblastic or myelomono- 
cytic leukemia, overt, qualitative abnormalities of erythroblasts and 
megakaryocytes may occur. The prevalence of the abnormalities in the 
latter two lineages may not be great enough or evident enough for the 
observer to designate a case as erythroid or megakaryocytic leukemia. 
In the latter two cases, identification of markers unique for erythroid 
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Figure 83-3. Phenotypic subtypes of acute myelogenous 
eukemia. Acute myelogenous leukemia has variable mor- 
phologic expression and a variable degree of maturation of 
eukemic cells into recognizable precursors of each blood cell 
ype. This phenotypic variation results because the leukemic 
esion resides in a multipotential cell normally capable of all 
he hematopoietic lineage commitment decisions. A. Morpho- 
ogic variants of AML can be considered differentiation variants 
in which the cells derived from one of the options of commit- 
ment accumulate prominently (e.g. leukemic erythroblasts, 
eukemic monocytes, leukemic megakaryocytes). B. Acute 
myeloblastic leukemia, promyelocytic leukemia, subacute 
myelogenous leukemia, and chronic myelogenous leukemia 
can be considered maturation variants in which blocks at dif- 
ferent levels of maturation may be present or do not exist (e.g., 
CML). 


Chronic 


B myelogenous 


(e.g., cluster of differentiation [CD] 71) or megakaryocytic cells (e.g., 
CD41, CD42, or CD61), rather than reliance solely on light microscopy, 
has increased the frequency of identification of these variants. 

The continuum of maturation can be completely or partially 
blocked at various levels, leading to morphologic variants such as acute 
myeloblastic, acute promyelocytic, AML with maturation, and CML. 


@ PLURIPOTENTIAL STEM CELL POOL AS 
SITE OF THE NEOPLASTIC EVENTS 


Evidence points to a lesion in the multipotential hematopoietic cell 
pool in most of the clonal myeloid diseases, explaining the involvement 
of erythropoiesis, granulopoiesis, monopoiesis, and thrombopoiesis. 
Debate continues whether the cell of origin is a pluripotential (lympho- 
hematopoietic) stem cell or a somewhat more differentiated multipo- 
tential cell.“ (Chapter 88 provides a more detailed discussion of this 
topic.) In CML patients, the mutation is thought to be in the pluripoten- 
tial stem cell; in other syndromes, evidence for involvement of B, T, and 
natural killer (NK) lymphocytes is variable. B lymphocytes are derived 
from the clone in some cases. Evidence that affected T lymphocytes 
undergo apoptosis before entering the blood in patients with CML may 
explain the absence of clonal markers in T lymphocytes in some cases of 
CML and other clonal myeloid disorders.” 


PROGENITOR CELL LEUKEMIA 


Analysis of cases of AML in informative girls (young women) and 
older women who were heterozygous for X chromosome-linked gene 
products isotypes A and B of the enzyme glucose-6-phosphate dehy- 
drogenase indicated that the AML clone in the young women was 
restricted to the granulocyte-monocyte pathway, whereas monoclo- 
nality was expressed in all hematopoietic cell lines in the older women. 
This approach had been validated in prior studies of CML and AML, 
using enzymes or chromosome markers.***! These findings supported 
the possibility that a leukemic transformation in young patients can 
occur in progenitor cells (e.g., colony-forming unit—granulocyte- 
monocyte; level 3 in Fig. 83-2) and result in a true acute “granulocytic” 


leukemia. If progenitor cell myelogenous leukemia is common in 
younger patients, this pattern might explain their better response to 
treatment. In a subset of patients with acute monocytic leukemia,” 
t(8;21) AML,” and t(15;17) AML,” studies indicated that the leukemia 
derives from the neoplastic transformation of a more differentiated 
progenitor cell not the pluripotential lymphohematopoietic stem cell. 
The acute transformation of CML also appears to occur in a granulo- 
cyte-monocyte progenitor (Chap. 89). 

More sophisticated approaches to the site of the lesion in mouse 
models of AML have indicated that disorders like acute promyelocytic 
leukemia for which there is evidence in humans that it may originate 
in a more differentiated progenitor, such as the granulocyte-monocyte 
colony-forming cell, places the neoplastic event(s) in a much earlier 
multipotential (?stem) cell.” Indeed, some experts have concluded that 
all clonal myeloid neoplasms originate in a mutated lymphohematopoi- 
etic stem cell, whereas others do not feel the evidence is either consis- 
tent or conclusive and that either a stem cell or an early multipotential 
progenitor cell could be the site of the transformation. 


@ QUANTITATIVENESS OF CLONAL 
MYELOID DISEASES 


The mutational lesions of the primitive hematopoietic multipotential cell 
compartment are qualitative in the sense that a distinct alteration from 
normal is seen in the function of that cell pool. The alteration reflects 
an acquired change in the genome of one primitive hematopoietic cell. 
This qualitative change, however, is such that the mutant multipotential 
cell can express all or some of the normal differentiation and maturation 
options. This expression can mimic closely the differentiation (commit- 
ment) and maturation expected of normal hematopoietic cells, as occurs 
in CML, essential thrombocythemia, and polycythemia vera. Most cases 
tend to conform to readily recognized patterns, but the opportunity for a 
large number of variations on the most common themes is possible. Thus, 
some mixed and “in-between” syndromes occur in which features of inef- 
fective hematopoiesis and myeloproliferation of different cell lineages are 
present. For example, extreme thrombocytosis, usually confined to essen- 
tial thrombocythemia, may accompany CML, primary myelofibrosis, 
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or clonal bicytopenia with thrombocytosis. Erythrocytosis may rarely 
accompany CML. Atypical myeloproliferative syndromes or other clonal 
myeloid diseases may have mixtures of anemia, granulocytopenia, and 
thrombocytosis or of anemia, granulocytosis, and thrombocytopenia 
rather than pancytopenia. Qualitative abnormalities of red cell, granu- 
locyte, or platelet structure or function may be more or less prominent 
in a given patient. For example, qualitative abnormalities of erythroblast 
development may result in acquired a-thalassemia (acquired hemo- 
globin H disease), especially in patients with primary myelofibrosis, or 
occasionally other clonal myeloid diseases. In AML, unusual patterns of 
phenotypic expression occur frequently. For example, prominent leuke- 
mic erythroblasts and monocytes or eosinophils and monocytes may be 
seen in patients. So much opportunity for variation in disease expression 
exists among patients with AML that observation of patients in whom the 
phenotype of their leukemic cells is identical to the phenotype of other 
patients is unusual. Choice of treatment is little affected by these varia- 
tions. Decisions about whether to treat and which drugs to use are greatly 
influenced by whether a patient has a chronic, subacute, or acute clonal 
myeloid disease; by the rate of progression of the disease; by the extent of 
the leukemic blast cell infiltrate; by the cytogenetic findings; and by the 
severity of the cytopenias. The experienced diagnostician and therapist 
usually can identify variants as a clonal myeloid disorder and can manage 
the disorder as dictated by their manifestations regardless of their precise 
subclassification. 


@INTERPLAY OF CLONAL AND 
POLYCLONAL HEMATOPOIESIS 


Although potentially curative chemotherapy of myelogenous leuke- 
mia was introduced in the mid-20th century to kill “the last leukemic 
cell? two important factors were not explicitly appreciated. The first 
was whether residual normal stem cells coexisted in marrow to restore 
polyclonal (normal) hematopoiesis if ablation of the leukemia was 
accomplished. The second was whether, given the estimates of 1 trillion 
leukemic cells in a patient, the therapist had to eliminate all the leu- 
kemic cells to achieve a cure. A corollary of the latter was whether the 
disease was the result of a leukemic stem cell and, if so, was the undiffer- 
entiated replicates of the leukemic stem cell the only cells that mattered, 
ultimately, in the eradication process. We know that remissions result 
from sufficient suppression of the leukemic population by intensive che- 
motherapy to permit restitution of polyclonal hematopoiesis by normal 
stem cells (Fig. 83-4).°° Why monoclonal leukemic hematopoiesis is 
so difficult to subdue, even temporarily, with intensive chemotherapy 
(pre-tyrosine kinase therapy) in the chronic myeloid neoplasms (e.g., 
CML) compared to the acute myeloid neoplasms (AML) is unclear. 
Prolonged remission (longer than 3 years) may occur in some cases of 
AML with late relapse occurring from the same clone, suggesting a new 
symbiotic relationship occurs after intensive therapy that suppresses the 
growth potential of leukemic cells for an extended period of time. A role 
for the patient’s immune system in such protracted remissions has been 
hypothesized and forms the basis for attempts to manipulate cellular 
and innate immunity in an attempt to improve therapeutic results. 


@ CLINICAL MANIFESTATIONS 


DEFICIENCY, EXCESS, OR DYSFUNCTION OF 
BLOOD CELLS 


Alterations in blood cell concentration are the primary manifestations of 
clonal hematopoietic disorders. The clinical manifestations of deficien- 
cies or excesses of individual blood cell types are described in the chapters 
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Figure 83-4. Remission-relapse pattern of acute myelogenous leuke- 
mia. A. Acute myelogenous leukemia at diagnosis or in relapse. Mono- 
clonal leukemic hematopoiesis predominates. Normal polyclonal stem 
cell function is suppressed. B. Following effective cytotoxic treatment 
leukemic cells are unapparent in marrow and blood. Severe pancytope- 
nia exists as a result of cytotoxic therapy. The reduction in leukemic cells 
can release inhibition of normal polyclonal stem cell function. C. If recon- 
stitution of normal hematopoiesis ensues, a remission is established and 
blood cells return to near normal as a result of the recovery of polyclonal 
hematopoiesis. This relapse-remission pattern has not been seen, gener- 
ally, in the subacute and chronic myeloid leukemias treated with similar 
chemotherapy. Either it has not been possible to minimize the leukemic 
cell population with cytotoxic therapy to a point at which polyclonal 
hematopoiesis is restored or some other factors inhibit normal stem 
cell recovery. The principal exception is the effect of BCR-ABL1 inhibitor 
therapy in which suppression of BCR-ABL1—positive cells in CML can be 
achieved with return of polyclonal hematopoiesis. Uncommon examples 
of tyrosine kinase inhibitor responses in myeloid neoplasms with PDGFR 
or certain KIT mutations may also show this pattern. In a proportion of 
cases, BCR-ABL1 transcripts (minimal residual disease) can be detectable 
along with normal, polyclonal hematopoiesis (mosaic hematopoiesis). 
(Reproduced with permission from Lichtman MA: Interrupting the inhib- 
iton of normal hematopoiesis in myelogenous leukemia: A hypothetical 
approach to therapy. Stem Cells 18(5):304-306, 2000.) 


on clinical manifestations of disorders of erythrocytes (Chap. 34), granu- 

locytes (Chap. 64), monocytes (Chap. 69), and platelets (Chap. 116). 
Several clonal hematopoietic diseases frequently manifest as 

qualitative abnormalities of blood cells. Abnormal red cell shapes, 


red cell or granulocyte enzyme deficiencies, abnormal neutrophil 
granules, bizarre nuclear configurations, disorders of neutrophil che- 
motaxis, phagocytosis or microbial killing, giant platelets, abnormal 
platelet granules, and disturbed platelet function can occur in some 
patients with oligoblastic myelogenous leukemia and primary myel- 
ofibrosis. In oligoblastic myelogenous leukemia, the effects of severe 
cytopenia usually dominate. In primary myelofibrosis and essential 
thrombocythemia, functional platelet abnormalities may contribute 
to the hemorrhagic diathesis, especially if surgery or injury occurs. 
Paroxysmal nocturnal hemoglobinuria is a hematopoietic multipoten- 
tial cell disease resulting from a somatic mutation of the PIG-A gene 
on the active X chromosome. The mutation causes a highly specific 
alteration in blood cell membranes, a deficiency in the glycosylphos- 
phatidylinositol (GPI) anchor, with decreased cell-surface CD59, ren- 
dering the blood cells exquisitely sensitive to complement lysis. In its 
classic form, chronic hemolytic anemia is coupled with mild decreases 
in neutrophil and platelet counts but depressions in hematopoiesis 
often occur (hypoplastic marrow; Chap. 40). Patients with CML or 
polycythemia vera usually do not have clinically significant functional 
abnormalities of cells, although in polycythemia vera, neutrophils 
often are activated with heightened metabolic rates and enhanced 
phagocytosis. 

Secondary clinical manifestations occur as a result of the prolifera- 
tion and accumulation of the malignant (leukemic) cells. 


EFFECTS OF LEUKEMIC BLAST CELLS 


Extramedullary Tumors 

Myeloid (granulocytic) sarcomas (also called chloromas or myeloblas- 
tomas) are discrete tumors of leukemic cells that form in skin and soft 
tissues, breast, periosteum and bone, lymph nodes, mediastinum, lung, 
pleura, gastrointestinal tract, gonads, urinary tract, uterus, central 
nervous system, and virtually any other site (Chap. 88). They can 
develop in patients with AML or the accelerated phase of CML and, 
occasionally, may be the first manifestation of AML, preceding mor- 
phologic evidence of the disease in marrow and blood by months or, 
sometimes, years. AML with the t(8;21) and inv(16) has a predisposi- 
tion to form myeloid sarcomas, although other AML types may also. 
Myeloid sarcomas can be mistaken for large cell lymphomas because 
of the similarity of the histopathology in biopsy specimens from soft 
tissues. In the past, approximately 50 percent of cases that occur in the 
absence of blood and marrow involvement initially were misdiagnosed, 
usually as lymphoma.” The presence of eosinophils or other granulo- 
cytes in the mass may arouse suspicion of a myeloid sarcoma; however, 
immunohistochemistry should be used on such lesions to identify mye- 
loperoxidase, lysozyme, CD117, CD61, CD68/KP1, and other relevant 
CD markers of myeloid cells. One of four histopathologic patterns usu- 
ally is evident by immunocytochemistry: myeloblastic, monoblastic, 
myelomonoblastic, or megakaryoblastic. 

More diffuse collections of leukemic promonocytes or monoblasts 
can invade the skin, gingiva, anal canal, lymph nodes, central nervous 
system, or other tissues of patients with AML of the monocytic subtype 
and may form tumors in those locations. Leukemic monocytes tend to 
mature to the point at which they develop many of the cytoplasmic and 
membrane features required for motility and tissue entry.“ Moreover, 
leukemic monocytes proliferate and survive in tissues for long periods. 
Consequently, this AML phenotype has a higher frequency of overt 
infiltrative tissue lesions than do other forms of AML. 

Extramedullary tumors may usher in the accelerated phase of 
CML. These tumors may be composed of myeloblasts or lympho- 
blasts, although in each case the Ph chromosome or the BCR-ABL1 
fusion is present in the cells, indicating the extramedullary Ph-positive 
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lymphoblastomas are the tissue variant of the predisposition of CML 
to transform into a terminal deoxynucleotidyl transferase-positive lym- 
phoblastic leukemia in approximately 30 percent of patients who enter 
blast crisis (Chap. 89). 


Release of Procoagulants and Fibrinolytic Activators 
Microvascular thrombosis is a feature of AML of the promyelocytic 
type, although thrombosis can occur in other forms of acute leukemia, 
especially in cases with elevated white cell counts or monocytic pheno- 
types. The leukemic promyelocytes liberate tissue factor and other 
procoagulants, giving rise to disseminated intravascular coagulation, 
and annexin II, which augments conversion of plasminogen to plasmin 
and contributes to the activation of fibrinolysis (Chaps. 88, 129, and 
135). Each mechanism contributes to hypofibrinogenemia and hem- 
orrhage. Thrombin generation may mediate the microvascular throm- 
botic aspect of this process, which can occur in acute promyelocytic, 
acute monocytic, or acute myelomonocytic leukemia, either before or 
after cytotoxic treatment.® The increased fibrinolytic activity further 
complicates coagulopathy in patients with promyelocytic leukemia. 

Large-vessel arterial thrombosis is very rare as a presenting fea- 
ture or complication of leukemia but has occurred in the setting of 
hyperleukocytosis and as a presenting feature of acute promyelocytic 
leukemia.” 

The plasma levels of protein C antigen, functional protein C, free 
protein S, and antithrombin are decreased in some patients with AML. 
Although these changes are particularly notable in acute promyelocytic 
leukemia, they occur occasionally in other morphologic variants of 
AML. The changes are not related to liver disease or white cell count.” 


Hyperleukocytic Syndromes 

A proportion of patients with AML (5 to 15 percent) and CML (10 to 
20 percent) manifest extraordinarily high blood leukocyte counts.” 
These patients present special problems because of the effects of blast 
cells in the microcirculation of the lung, brain, eye, ear, and penis, and 
the metabolic effects that result when massive numbers of leukemic 
cells in blood, marrow, and tissues are simultaneously killed by cyto- 
toxic drugs. Cell concentrations greater than 100,000/wL (100 x 10°/L) 
in AML and greater than 300,000/uL (300 x 10°/L) in CML usually 
are required to produce such problems. In CML, the manifestations of 
hyperleukocytosis are usually reversed by cytoreduction and may not 
portend a poor outcome with anti-tyrosine kinase therapy. In AML, 
intracerebral hemorrhage and the impairment of pulmonary function 
are the most serious manifestations in predicting early death.” A respi- 
ratory distress syndrome attributed to pulmonary leukostasis occurs in 
some patients with acute promyelocytic leukemia after all-trans-retinoic 
acid therapy.” The syndrome is usually, but not always, associated with 
prominent neutrophilia. 

The viscosity of blood is related to the total cytocrit and usually 
is not increased in hyperleukocytic leukemias because the reduced 
hematocrit compensates for increased leukocrit. This compensatory 
change is invariably present in AML. In CML there is a very close neg- 
ative correlation of hematocrit with leukocrit, preventing an increase in 
bulk viscosity.” Occasional patients with hyperleukocytic CML who are 
transfused initially with red cells may have a blood viscosity increased 
above normal. 

Pathologic studies of patients who have died with hyperleuko- 
cytosis have identified leukoocclusion and vascular invasion in small 
vessels of the lung, brain, or other sites. Because viscosity in the micro- 
circulation is a function of the plasma viscosity and the deformability 
of individual cells in capillaries, leukocytes should transiently raise 
the viscosity in such small channels. Flow in microvascular channels 
decreases if poorly deformable blast cells enter capillary channels.” 


Part X: Malignant Myeloid Diseases 


TABLE 83-3. Clinical Features of the Hyperleukocytic 
Syndrome 


|. Pulmonary circulation 
A. Tachypnea, dyspnea, cyanosis 
B. Alveolar-capillary block 
C. Pulmonary infiltrates 
D. Postchemotherapy respiratory dysfunction 
Il. Predisposition to tumor lysis syndrome 
lll. Central nervous system circulation 
A. Dizziness, slurred speech, delirium, stupor 
B. Intracranial (cerebral) hemorrhage 
IV. Special sensory organ circulation 
A. Visual blurring 
B. Papilledema 
C. Diplopia 
D. Tinnitus, impaired hearing 
E. Retinal vein distention, retinal hemorrhages 
V. Penile circulation 
A. Priapism 
VI. Spurious laboratory results 
A. Decreased blood partial pressure of oxygen (P); increased 
serum potassium 


B. Decreased plasma glucose; increased mean corpuscular 
volume, red cell count, hemoglobin, and hematocrit 


With high leukocyte counts, chronically reduced flow may reduce oxy- 
gen transport to tissues because the probability of leukocytes being in 
microchannels should increase as a function of white cell count. More- 
over, trapped leukemic cells have an oxygen consumption rate that 
contributes to deleterious effects in the microcirculation. Leukocyte 
aggregation, leukocyte microthrombi, release of toxic products from 
leukocytes, endothelial cell damage, and microvascular invasion can 
contribute to vascular injury and flow impedance. Adhesive interactions 
between leukemic blast cells and endothelium may also be involved but 
have not been defined. 

High leukemic blast cell counts in AML and CML may be associ- 
ated with pulmonary, central nervous system, special sensory, or penile 
circulatory impairment (‘Table 83-3). Sudden death can occur in patients 
with hyperleukocytic acute leukemia as a result of intracranial hemor- 
rhage.” Hyperleukocytosis can be treated initially with hydration, 
leukapheresis, and/or cytotoxic therapy, usually hydroxyurea (Chaps. 88 
and 89). In patients with CML, leukapheresis reverses the hyperleuko- 
cytic syndrome and can reduce the extent of cytolysis-induced hype- 
ruricemia, hyperkalemia, and hyperphosphatemia by reducing tumor 
cell mass before hydroxyurea therapy. Hydroxyurea may follow as, or 
soon after, the tumor cell burden is decreased. Unfortunately, the spe- 
cific effect of leukapheresis, hydroxyurea therapy, or cranial irradiation 
in patients with hyperleukocytic AML on duration of survival appears 
to be negligible.” 


THROMBOCYTHEMIC SYNDROMES: 
HEMORRHAGE AND THROMBOPHILIA 


Hemorrhagic or thrombotic episodes can develop during the course of 
essential thrombocythemia or thrombocythemia associated with other 
clonal myeloid diseases.”* Arterial vascular insufficiency and venous 
thromboses are the major vascular manifestations of thrombocythemia. 


Peripheral vascular insufficiency with gangrene and cerebral vascular 
thrombi can develop. Thrombosis of superficial or deep veins of the 
extremities occurs frequently.” Mesenteric, hepatic, portal, splenic, or 
penile venous thrombosis can ensue. Patients with essential thrombo- 
cythemia who have the CALR mutation have a significantly lower risk of 
thrombotic disease than those with a JAK2 or MPL mutation.® Hemor- 
rhage is an occasional manifestation of thrombocythemia and can occur 
concomitantly with thrombotic episodes. Gastrointestinal hemorrhage 
and cutaneous hemorrhage, the latter especially after trauma, happen 
most frequently, but bleeding from other sites also can result (Chap. 85). 

Procoagulant factors, such as the content of platelet tissue factor 
and blood platelet neutrophil aggregates, are more frequent in patients 
with essential thrombocythemia than normal subjects and are more fre- 
quent among patients with the JAK2‘°"”" mutation than patients with 
the wild-type gene.”*! 

Thrombotic complications occur in approximately 40 percent of 
patients with polycythemia vera.” The presence of homozygosity 
for the JAK2 mutation as a result of uniparental disomy in as many 
as one-third of patients with polycythemia vera increases the risk of 
thrombosis. Erythrocytosis and thrombocytosis may interact and cause 
hypercoagulability, especially in the abdominal venous circulation. A 
syndrome of splanchnic venous thrombosis associated with endoge- 
nous erythroid colony growth, the latter characteristic of polycythemia 
vera, but without blood cell count changes indicative of a myeloprolif- 
erative disease, has accounted for a high proportion of patients with 
apparent idiopathic hepatic or portal vein thrombosis. ** These cases 
may have blood cells with the JAK2 gene mutation without a clinically 
apparent myeloproliferative phenotype.* 

Nearly half of patients with paroxysmal nocturnal hemoglobinuria 
have thrombosis, especially in the venous system. Thrombosis of the 
veins of the abdomen, liver, and other organs, characteristic complica- 
tions of paroxysmal nocturnal hemoglobinuria, may result from a com- 
plex thrombophilic state related to nitric oxide depletion, formation of 
prothrombotic platelet microvesicles, the dysfunction of tissue factor 
pathway inhibitor, and other factors.***” Thrombosis is more common 
in paroxysmal nocturnal hemoglobinuria (PNH) patients with the clas- 
sical hemolytic syndrome than in those with the PNH-aplastic anemia 
hybrid (Chap. 40). 


SYSTEMIC SYMPTOMS 


Fever, weight loss, and malaise occur as early manifestations of AML. At 
the time of diagnosis, low-grade fever is present in nearly 50 percent of 
patients.** Although minor infections may be present, severe systemic 
infections are relatively uncommon at the time of AML diagnosis.” 
However, fever during cytotoxic therapy, when neutrophil counts are 
extremely low, nearly always is a sign of infection. Fever also may be 
a manifestation of the acute leukemic transformation of CML and can 
occur in patients with oligoblastic myelogenous leukemia (refractory 
anemia with excess blasts). 

Weight loss occurs in nearly 20 percent of patients with AML.” 
Loss of well-being and intolerance to exertion may be disproportionate 
to the extent of anemia and may not be corrected by red cell transfu- 
sions. The pathogenesis of these effects is unknown. 


METABOLIC SIGNS 


Hyperuricemia and hyperuricosuria are common manifestations of 
AML and CML. Acute gouty arthritis and hyperuricosuric nephropathy 
are less common. If therapy is instituted without a reduction in plasma 
uric acid and without adequate hydration, saturation of the urine 
with uric acid can lead to precipitation of urate (gravel) and obstruc- 
tive uropathy. If the uropathy is severe, urine flow can be obliterated, 


and renal failure ensues. Hyponatremia can occur in AML, and in 
some cases results from inappropriate antidiuretic hormone secretion. 
Hyponatremia also can result from an osmotic diuresis of urea, creatin- 
ine, urate, and other substances released from blast cells and wasting 
muscles. Hypernatremia is rare but may be seen in cases with central 
diabetes insipidus. Hypokalemia is commonly seen in AML*”' and is 
thought to be caused by injury to the kidney by increased plasma and 
urine lysozyme and subsequent kaliuresis. Hypokalemia is related to 
excessive urinary potassium loss, but the correlation with lysozymuria 
is imperfect. Other mechanisms probably are responsible in most cases, 
including osmotic diuresis and tubular dysfunction. Kaliuretic antibiot- 
ics, often administered to patients with AML, may accentuate the hypo- 
kalemia. Hyperkalemia is very unusual, but may be seen with tumor 
lysis syndrome. Hypercalcemia occurs in occasional patients with AML. 
Several causes have been proposed, including bone resorption as a result 
of leukemic infiltration. This explanation is in keeping with the nor- 
mal serum inorganic phosphate in most patients. Occasional patients 
with hypercalcemia, and hypophosphatemia can have ectopic parathy- 
roid hormone secretion by leukemic blast cells. Hypophosphatemia 
also can occur because of rapid utilization of plasma inorganic phos- 
phate in some cases of myelogenous leukemia with a high blood blast 
cell count and a high fraction of proliferative cells. Hyperphosphate- 
mia is uncommon, except as a reflection of the tumor lysis syndrome. 
Approximately 10 percent of persons with AML show varying degrees 
of tumor lysis syndrome in the week after onset of therapy, reflected in 
at least doubling of baseline creatinine, and increases in serum phos- 
phate (>1.6 mmol/L [>5 mg/dL]), uric acid (>416 mmol/L [>7mg/dL]), 
or potassium (>5 mmol/L [>5 mEq/L]).”” Hypomagnesemia is common 
as a result of low intake coupled with gastrointestinal loss and a shift of 
magnesium to the intracellular compartment. 

Acid-base disturbances occur in approximately 25 percent of 
patients, the majority having respiratory or metabolic alkalosis.” The 
latter may be secondary to volume depletion, upper gastrointestinal 
fluid loss, and hypokalemia. Lactic acidosis also has been observed 
in association with AML, although the mechanism is obscure. True 
hypoxia can result from the hyperleukocytic syndrome as a conse- 
quence of pulmonary vascular leukostasis (see also “Factitious Labora- 
tory Results” below). 

Increased serum concentrations of lipoprotein (a) and decreased 
concentrations of both low-density and high-density lipoproteins 
have been observed in a high proportion of patients with AML.” The 
increased level of lipoprotein (a), which returns to normal after success- 
ful treatment, correlates with the presence of leukemic blast cells. Serum 
prolactin also is increased in some patients with AML.” Leukemic blast 
cells may be an ectopic source of this hormone.” 

Colony-stimulating factor-1 is elevated in a variety of lymphoid 
and hemopoietic malignancies, including AML and CML.” The malig- 
nant cells have been proposed as the source of excess cytokine. 


FACTITIOUS LABORATORY RESULTS 


Elevations of serum potassium levels have resulted from the release 
of potassium from platelets or, less often, leukocytes in patients with 
myeloproliferative diseases and extreme elevations in those blood cell 
concentrations. If blood is collected in a tube that contains an antico- 
agulant and the plasma is removed after high-speed centrifugation, the 
potassium concentration is normal. Glucose can be falsely decreased, 
especially because autoanalyzer techniques call for omission of glyco- 
lytic inhibitors such as sodium fluoride in collection tubes. Blood with 
high leukocyte counts, if it stands prior to separation of the plasma, may 
have a significant amount of glucose metabolism by leukocytes. Fac- 
titious hypoglycemia also can occur as a result of red cell utilization 
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of glucose, especially in polycythemic patients. True hypoglycemia has 
been observed rarely in patients with leukemia. Arterial blood oxygen 
content also can be lowered spuriously as a result of in vitro utilization 
by large numbers of leukocytes, while the anticoagulated blood awaits 
measurement. 


SPECIFIC ORGAN INVOLVEMENT 


Clonal myeloid diseases lead to disturbances principally in marrow, 
blood, and spleen. Although clusters of cells may be found in all organs, 
major infiltrates and organ dysfunction are unusual. In AML and the 
acute blastic phase of CML, clinically significant infiltration of the lar- 
ynx, central nervous system, heart, lungs, bone, joints, gastrointestinal 
tract, genitourinary tract, skin, or virtually any other organ can occur. 


Splenomegaly 

In AML, palpable splenomegaly is present in approximately one-third 
of cases, but usually is slight in extent. In the chronic myeloproliferative 
diseases, palpable splenomegaly is present in a high proportion of cases 
(polycythemia vera ~80 percent, CML ~90 percent, primary myelofibro- 
sis ~100 percent). In essential thrombocythemia, splenic enlargement 
is present in approximately 30 percent of patients. A predisposition 
to silent splenic vascular thrombi, infarction, and subsequent splenic 
atrophy, analogous to that occurring in sickle cell anemia, is postulated 
as the cause of the lower frequency of splenic enlargement in essen- 
tial thrombocythemia. Early satiety, left-upper-quadrant discomfort, 
splenic infarctions with painful perisplenitis, diaphragmatic pleuritis, 
and referred shoulder pain may occur in patients with splenomegaly, 
especially in the acute phase of CML and in primary myelofibrosis. In 
primary myelofibrosis, the spleen can become enormous, occupying the 
left hemiabdomen. Blood flow through the splenic vein can be so great 
as to lead to portal hypertension and gastroesophageal varices. Usually, 
reduced hepatic venous compliance also is present (Chap. 86). Bleed- 
ing and, occasionally, encephalopathy can result from portal-systemic 
venous shunts. 


Marrow Necrosis 

Extensive marrow necrosis, an uncommon event, can occur in any 
clonal myeloid disease, especially AML, and less often, primary mye- 
lofibrosis, CML, essential thrombocythemia, and polycythemia vera. 
Bone pain and fever are the most common initial findings. Anemia 
and thrombocytopenia are very common, as are nucleated red cells 
and myelocytes in the blood (leukoerythroblastic reaction).”*"” Marrow 
aspiration does not result in a useful sample but biopsy early in the pro- 
cess usually shows hypocellularity with loss of marrow cell structural 
definition (blurred staining of residual cells), evidence of cell necro- 
sis, gelatinous transformation of marrow, and, often, an amorphous 
eosinophilic material throughout. The mechanism is thought to be 
microvascular dysfunction. Restitution of marrow and repopulation of 
hematopoietic tissue often may follow. The prognosis is a function of the 
underlying disease. 
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CHAPTER 84 
POLYCYTHEMIA VERA 


Jaroslav F. Prchal and Josef T. Prchal 


Polycythemia vera (PV) is classified in the group of Philadelphia chromosome— 
negative myeloproliferative neoplasms (MPNs) that also includes essential 
thrombocythemia (ET) and primary myelofibrosis (PMF). Chronic myelog- 
enous leukemia was historically classified as a MPN, but is now considered 
a separate entity. PV is an acquired primary clonal polycythemic disorder. 
Primary polycythemias result from abnormal intrinsic properties of erythroid 
progenitors that proliferate independently or excessively in response to extrin- 
sic regulators; low serum erythropoietin is their hallmark. PV is the most 
common primary polycythemia. It arises from mutation(s) of a pluripotent 
hematopoietic stem cell, which results in excess production of erythrocytes 
and variable overproduction of granulocytes and platelets. It is often accompa- 
nied by splenomegaly. Most patients with PV have a somatic mutation of the 
Janus-type tyrosine kinase-2 gene (JAK2) that is detectable in blood myeloid 
cells. The mutation results in constitutive hyperactivity of JAK2 kinase stem- 
ming from loss-of-function of its negative regulatory domain. The most com- 
mon mutation is JAK2"5", which is present in virtually all cases of PV; a small 
minority of PV patients have a mutation in other parts of JAK2 (exon 12). The 
JAK2"*"* mutation is also found in many patients with ET and myelofibrosis 
(MF), albeit at lower frequency (55 percent in ET and 65 percentin MF). As with 
other clonal hematologic disorders, PV can undergo a clonal evolution to PMF 
(JAK2"*"-positive) or acute leukemia (either JAK2"°"-negative or positive). 
In virtually all JAK2"°"’'-positive PV patients, at least some progenitors exist 
that become homozygous for the JAK2"®™" mutation by uniparental disomy- 
acquired mitotic recombination. The majority of these progenitors account for 
the erythropoietin-independent erythroid colonies detected in vitro by clono- 
genic burst-forming unit—erythroid assay. The JAK2"°"* mutation is often not 
the initial cause of clonal proliferation, but may be preceded by other germline 
and somatic mutation(s) (e.g., TET2). 


Acronyms and Abbreviations: AML, acute myelogenous leukemia; BFU-E, 
burst-forming unit—erythroid; ECLAP, European Collaboration on Low-Dose 
Aspirin in Polycythemia Vera; EEC, endogenous erythroid colony; ELN, Euro- 
pean Leukemia Net; ET, essential thrombocytosis; HDAC, histone deacety- 
lase; HU, hydroxyurea; IFN-a, interferon-a; IWG-MRT, International Working 
Group for Myeloproliferative Neoplasms Research and Treatment; JAK2, 
Janus-type tyrosine kinase 2; MDS, myelodysplastic syndrome; MF, myelo- 
fibrosis; MPN, myeloproliferative neoplasm; PCR, polymerase chain reaction; 
PEG-IFN, pegylated interferon; PFCP primary familial and congenital poly- 
cythemia; PMF, primary myelofibrosis; PV, polycythemia vera; SNP, single 
nucleotide polymorphism; UPD, uniparental disomy; TET2, a homologue of 
chromosome 10-11 translocation; WHO, World Health Organization. 


Arterial and venous thromboses are a major cause of morbidity and mortal- 
ity in PV, and a small proportion of patients develop secondary myelofibrosis 
(sometimes called the spent phase) and/or an invariably fatal acute leukemic 
transformation. Myelosuppressive therapy has been an effective mode of ther- 
apy, with drugs such as hydroxyurea, busulfan, pipobroman, and radioactive 
phosphorus useful in controlling proliferation of all blood cell lineages. How- 
ever, while myelosuppressive therapy controls the cellular proliferation and 
decreases the incidence of thrombotic complications, many of these drugs 
have leukemogenic potential. In contrast, pegylated interferon-a may lead to 
complete hematologic remission and restoration of polyclonal hematopoiesis 
and avoid the leukemogenic complications. Targeted therapy with JAK2 kinase 
inhibitors is currently being evaluated in clinical trials and, thus far, have been 
found effective in decreasing the need for phlebotomies, decreasing the num- 
ber of white cells and splenomegaly, and improving the patient's quality of life. 


@ DEFINITION AND HISTORY 


The term polycythemia, denoting an increased amount of blood, has 
traditionally been applied to those conditions in which the mass of ery- 
throcytes is increased. In polycythemia vera (PV), an increase in the 
erythroid mass is frequently accompanied by an increase in neutrophils 
and platelets. For a classification of the polycythemias, see Chap. 57 and 
Chap. 34, Table 34-2. Although several clinical stages of PV are recog- 
nized (masked PV, plethoric phase, stable phase, transformation, spent 
phase, and acute leukemia), it is not clear whether these stages represent 
a sequential progression of the disease or whether all patients progress 
through all stages. 

PV, the sole clonal form of primary polycythemia, was first 
described in 1892 by Vaquez.' In 1903, Osler reviewed four of his own 
PV cases and an additional five cases from the literature and wrote, 
“The condition is characterized by chronic cyanosis, polycythemia, and 
variable moderate enlargement of the spleen. The chief symptoms have 
been weakness, prostration, constipation, headache, and vertigo”? The 
increased proliferation of granulocyte precursors and megakaryocytes 
was first described by Türk in 1904. 


@ EPIDEMIOLOGY 


A recent analysis of 20 studies of PV patients from around the world 
revealed an annual incidence rate of 0.84 cases per 100,000 people, with 
no bias for gender.** The true incidence may be higher, as many cases 
are asymptomatic and thus not diagnosed. Testing for the Janus-type 
tyrosine kinase 2 (JAK2)*'”* mutation can uncover hidden cases of PV 
among subjects with thrombosis or concomitant iron deficiency. The 
incidence of PV may be higher among Ashkenazi Jews.°” 

Although most patients with PV do not have a history of polycythe- 
mia in the family, familial incidence of the disorder is known to occur*° 
and is very likely underreported. In a large Swedish study of more than 
25,000 first-degree relatives of 11,000 myeloproliferative neoplasm 
(MPN) patients, the incidence of MPNs were five to seven times higher 
in relatives than in controls." In familial cases of PV, an inherited predis- 
position, perhaps in the form of a germline mutation, presumably facil- 
itates the acquired somatic mutation(s) necessary for disease onset." 


@ ETIOLOGY AND PATHOGENESIS 


PV arises from the neoplastic transformation ofa single normal hemato- 
poietic pluripotent cell, which acquires a selective proliferative and 
survival advantage, resulting in the development of a variable degree 
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of clonal hematopoiesis. Once large enough, the clone then suppresses 
and replaces normal polyclonal hematopoiesis. The clonal origin of PV 
has been demonstrated in women heterozygous for a polymorphic 
X-chromosome marker such as, glucose-6-phosphate dehydrogenase" 
as well as by more modern clonality assays (Chap. 10).'* In both cases, all 
hematopoietic cell lineages’ express either one isoform of the enzyme, 
or some polymorphic allele encoded by the maternal or paternal X 
chromosome, whereas T lymphocytes and nonhematopoietic cells are 
a mosaic of both enzyme types. 

In vitro marrow- or blood-derived erythroid colonies of PV 
patients arise from both normal burst-forming unit-erythroid (BFU-E) 
precursors and BFU-E precursors that are erythropoietin-independent. 
Erythropoietin-independent BFU-E precursors form so-called endoge- 
nous erythroid colonies (EECs),'*'* a characteristic feature of PV. The 
fibroblasts that accumulate in the marrow of patients with PV as the 
disease progresses are not part of the abnormal PV clone. Rather, they 
seem to accumulate in response to cytokines released by megakaryo- 
cytes and other cells (Chap. 86).” 

Other abnormalities that have been described include decreased 
levels of a platelet thrombopoietin receptor,” deregulation of bcl-x, 
an inhibitor of apoptosis,” increased expression of protein tyrosine 
phosphatase activity by red cell precursors,” and acquired loss-of- 
heterozygosity of chromosome 9p as a result of uniparental disomy 
(UPD).’ This last observation was one of two routes that led to the dis- 
covery of the JAK2 2343G > T mutation encoding the V617F mutation 
located on chromosome 9p,'*”’ which has improved our understanding 
of disease pathogenesis, improved the specificity of diagnosis, and led 
to an explosion of research in MPN (see “JAK2Y®™ Mutation” below). 

There are no specific karyotypic markers occurring with high 
frequency in PV. Fewer than 25 percent of patients have karyotypic 
abnormalities at diagnosis,” but the incidence rises with the increas- 
ing duration of the disease,*”’ suggesting that karyotypic abnormali- 
ties represent secondary genetic events.’ Cytogenetic abnormalities 
may potentially herald transformation from PV to myelofibrosis, acute 
myeloid leukemia, or a myelodysplastic syndrome, but as of now, these 
associations are weak.” 


JAK2‘°'7— MUTATION 


JAK2 kinase is present in all hematopoietic cells and is essential for pro- 
liferative intracellular signaling in response to a variety of hematopoi- 
etic growth factors (Chaps. 34 and 57). The V617F mutation was first 
identified in PV in 2004,” and was simultaneously reported by several 
laboratories.*** The V617F mutation is present in virtually all patients 
with PV and in more than 50 percent of patients with essential throm- 
bocytosis (ET; Chap. 85) and myelofibrosis (MF; Chap. 86); rarely is 
it found in the minority of patients with other myeloproliferative dis- 
orders.***° In PV (unlike in ET), it is often in its associated homozy- 
gous form as a result of UPD, at least in some of the progenitors.” 
Patients bearing homozygous JAK2’"!” tend to have a longer duration 
of disease,” higher hemoglobin levels, and increased incidence of pru- 
ritus* and are more likely to transform to post-PV MF (Chap. 86).” 
The JAK2Y®“™ allele burden in PV may also be correlated with increased 
spleen volume, increased leukocytosis, and severity of MF.”-® It should 
be noted, however, that PV patients can achieve a complete hemato- 
logic remission without a significant molecular response (i.e., a decrease 
in JAK2‘°" allele burden).* In some of the rare PV patients who are 
JAK2‘°'* negative, a different JAK2 mutation is present in exon 12." 
Several different JAK2 exon 12 mutations, including missense muta- 
tions, insertions, and deletions, have been described. Patients with exon 
12 mutations may present with different clinical manifestations from 
those with the classic JAK2’'* mutation: erythrocytosis only, higher 


hemoglobin, and differences in marrow morphology.“ Disease course 
and clinical outcome, however, are similar.*° 

Studies of families of MPN patients, in which several different 
MPNs occur in a single pedigree,” indicate that JAK2 mutations may 
not be solely responsible for the disease phenotype and may not even 
represent the disease-initiating event. A number of compelling lines 
of evidence support this conclusion. First, in familial PV, there is no 
clear linkage between the disease and chromosome 9p, the genetic 
site of JAK2, suggesting an independent germline predisposition to 
PV.” Second, in familial PV, affected members can be either JAK2Y°!”¥- 
positive or -negative.* Third, acquisition of the JAK2Y°'" mutation may 
be a late genetic event.” Fourth, in sporadic PV, only a proportion of 
clonal PV cells are JAK2’°'"-positive.*” And fifth, acute leukemic trans- 
formation of any JAK2-positive MPN, including PV, is frequently nega- 
tive for the JAK2¥°F mutation.***° These diverse observations strongly 
suggest that the somatic mutation of the JAK2 gene is not the initiat- 
ing or sole pathogenic process in PV, but in most patients is essential 
for the clinical phenotype of PV. The pathways leading to acquisition 
of the JAK2‘°'* mutation, homozygosity of JAK2"°"5, and participation 
of many other genes in the 9p UPD region may have phenotypic and 
prognostic significance.” Additional prognostic significance can be 
ascertained by analysis for clustering of specific genes.” 

A genomic chromosome 9p functional variant might also be rel- 
evant to the pathogenesis of JAK2Y®™. Independent occurrence of the 
JAK2‘*"* mutation on different haplotypes was found, although a spe- 
cific constitutional inherited JAK2 haplotype (GGCC, 46/1), associated 
with the JAK2V°!7¥ somatic mutation, was found in most JAK2V°F- 
positive individuals." The risk of acquiring a JAK2Y°''-positive MPN is 
three to four fold higher in patients with the JAK2 GGCC (46/1) hap- 
lotype.**” This GGCC haplotype of JAK2 also confers susceptibility to 
JAK2 exon 12 mutation-positive PV. These studies suggest that pre- 
JAK2 hypermutability events exist and that germline genetics play an 
important role in the early pathogenesis of MPNs. 


OTHER MUTATIONS 


In addition to the important role of JAK2’°* and other JAK2 mutations 
in the etiology of PV and other MPNs, mutations in other genes may be 
important to the full genesis of these disorders. 

TET2 is a homologue of the gene originally discovered at the chro- 
mosome ten-eleven translocation (TET) site in a subset of patients with 
acute leukemia. TET2 mutations were found in hematopoietic cells 
from a significant proportion of patients with PV and other MPNs.**” It 
has been established that TET2 loss-of-function mutations originate in 
pluripotent hematopoietic stem cells but seem to favor myeloid rather 
than lymphoid proliferation, and that in many patients both TET2 alle- 
les were affected. However, studies in familial PV demonstrated that 
the TET2 mutation is often not disease-initiating, as the TET2 muta- 
tions differ among affected relatives and, in some instances, the TET2 
mutations followed, rather than preceded, the appearance of JAK2¥°'77. 
Additionally, recurrent TET2 mutations have been reported in elderly 
patients with clonal hematopoiesis but no evidence of hematological 
malignancy." Several additional genes commonly bear mutations in PV 
patients, including ASXL1, DNMT3A, and IDH1/2.°* The quantitative 
proportion of clones carrying different mutations may change during 
disease progression.™ 


AUTOIMMUNITY AND CHRONIC 


INFLAMMATION 


Although JAK2 kinase is clearly involved in the pathogenesis of PV, 
immune dysfunction and chronic inflammation may also be implicated. 
A history of any autoimmune disorder is associated with a 20 percent 


increased risk of developing an MPN,® and chronic inflammation is 
suggested to contribute to mutagenesis and clonal evolution in PV. 
A recent molecular profiling study found that a number of immune and 
inflammatory genes were either up- or downregulated in PV patients, 
among them interleukin-10, interleukin-4, complement 5, short pen- 
traxin C-reactive protein, fibrinogen, orosomucoid, and transforming 
growth factor-8,.° The dysregulation of immune and inflammatory 
genes in PV may represent an additional avenue for future therapeutic 
development. 


@ CLINICAL FEATURES 
SIGNS AND SYMPTOMS 


PV usually has an insidious onset, most commonly during the sixth 
decade of life, although onset may occur from childhood to old age.” 
Presenting signs and symptoms may include headache, plethora, pru- 
ritus, thrombosis, and gastrointestinal bleeding, but many patients are 
diagnosed because elevated hemoglobin, and sometimes other cell 
counts, are found on a periodic medical examination. Others cases may 
be uncovered during investigation for blood loss, iron-deficiency ane- 
mia, or thrombosis. Symptoms are reported by at least 30 percent of 
patients at the time of diagnosis; other patients may admit to symptoms 
on direct questioning. The most common symptoms, in decreasing 
order of frequency, are headache, fatigue, weakness, pruritus, dizzi- 
ness, and night sweats, but these symptoms are more likely in those PV 
patients transforming to MF (Chap. 86).” 

PV generally occurs in older patients, a population who may 
already have an elevated rate of vascular abnormalities (e.g., coronary 
artery disease). Development of PV represents an additional increase in 
the risk of vascular events. 


Thrombosis and Hemorrhage 

Thrombotic episodes are the most common and most important compli- 
cation of PV,’ occurring in approximately one-third of PV patients.” 
From one-half to three-quarters of these events are arterial”; ischemic 
strokes and transient ischemic attacks account for the majority of arte- 
rial complications. In some studies, 40 to 60 percent of patients develop 
at least one thrombotic event over a period of 10 years, the annual inci- 
dence being approximately equal throughout this period.” However, 
in prospective studies, thrombosis was most common just prior to 
and during the first few years after diagnosis.””* The most common 
serious complication is a cerebrovascular accident, which accounts for 
approximately one-third of thrombotic events, followed in frequency 
by myocardial infarction, deep vein thrombosis, and pulmonary embo- 
lism.” The allelic burden of the JAK2Y°!”* mutation has been correlated 
with activation of thrombotic pathways in PV patients,” although this 
idea is not universally accepted.” 

Bleeding and bruising is a common complication of PV, occurring 
in approximately one-quarter of patients in some series.” Although 
such episodes are usually minor (e.g., gingival bleeding, nose bleeding, 
easy bruising), serious gastrointestinal and other hemorrhagic compli- 
cations with a fatal outcome can also occur,?™758182 

Hepatic Vein Thrombosis (Budd-Chiari Syndrome) Budd- 
Chiari syndrome is a catastrophic and often fatal complication of PV. In 
one series, it occurred in 10 percent of 140 PV patients,** but was less 
common in a European collaborative study.” Budd-Chiari syndrome is 
caused by a thrombosis in the hepatic venous outflow, leading to ische- 
mia from reduced perfusion through hepatic arterioles and necrosis 
of hepatocytes. Budd-Chiari syndrome may present as ascites with or 
without right-upper-quadrant abdominal pain, hepatosplenomegaly, 
and jaundice. 
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Budd-Chiari syndrome may be the first clinical manifestation of 
PV; endogenous erythroid colony formation and JAK2‘°”" mutation 
have been described in many of these patients before any clinical evi- 
dence of polycythemia.**$ PV is the most frequent underlying disease 
associated with Budd-Chiari syndrome. The association of Budd- 
Chiari syndrome and PV is so strong that many experts advocate 
screening for PV with JAK2‘°'" mutation analysis in all patients who 
present with hepatic vein thrombosis.***” Budd-Chiari syndrome is a 
serious condition, often requiring a liver transplant for treatment.*>** 


Cutaneous Findings 
Pruritus occurs in approximately 40 percent of PV patients.” It is usually 
aggravated by bathing or showering (aquagenic pruritus), and may be 
so severe it markedly compromises the quality of life of the patient.*?”! 
It has been attributed to increased numbers of mast cells in the skin” 
and to elevated histamine levels,” although these associations were not 
found in other studies.” 

Several PV patients have developed the dermatologic disorder, 
acute febrile neutrophilic dermatosis (i.e., Sweet syndrome).°>°° 


Erythromelalgia 

Erythromelalgia is a syndrome characterized by warmth of the extrem- 
ities; painful, reddened digits; a burning sensation; and erythema of the 
fingers, hands, and feet (Fig. 84-1) that is associated with thrombocy- 
tosis. It characteristically responds rapidly to low-dose aspirin therapy. 
In severe cases, it results in ischemic necrosis of the digits and may lead 
to their amputation. This syndrome occurs in less than 5 percent of PV 
patients.”**! It is not specific to PV or other MPNs, and in one series 
of 168 patients with erythromelalgia, less than 10 percent had PV.” A 
causative role for transient microvascular occlusion by platelet aggre- 
gates has been proposed (Chap. 112).*”” 


Abdominal Findings 

Portal hypertension, varices, and abdominal pain are not uncom- 
mon,'” and are often caused by unrecognized splenic or hepatic vein 
thromboses. The occurrence of Budd-Chiari syndrome is noted above 
(see “Hepatic Vein Thrombosis [Budd-Chiari Syndrome]” above). The 
incidence of peptic ulcer is four to five times greater than in the gen- 
eral population." Gastrointestinal bleeding may be the first presenting 
symptom of PV, with iron deficiency caused by gastrointestinal blood 
loss frequently masking erythrocytosis.” 


Cardiovascular Findings 

Cardiovascular complications include angina, myocardial infarction, 
and congestive heart failure, related to a predisposition to thrombosis in 
the coronary circulation. ™*7 


Pulmonary Hypertension 

Pulmonary hypertension occurs in a higher than expected frequency 
in patients with PV. The suggested etiologies include smooth muscle 
hyperplasia induced by the release of platelet-derived growth factor from 
activated platelets, obstruction of pulmonary circulation by megakary- 
ocytes, extramedullary hematopoiesis, and unrecognized recurrent 
thrombotic events. >! None of these etiologies are clearly established. 


Neurologic Findings 

Neurologic symptoms such as dizziness and headache are very common 
in PV.*7>778114 Spinal cord compression secondary to extramedullary 
hematopoiesis has been documented.'” 


Findings in Other Organ Systems 

The increased nucleic acid turnover that results from the excessive pro- 
liferation of marrow cells often leads to an increase in blood uric acid 
concentration; gout can be exacerbated in some patients.*! 


A 


SPECIAL CONSIDERATIONS 


More than 75 percent of patients with uncontrolled PV develop compli- 
cations during or after major surgery because both bleeding and throm- 
boses are common. Thus, it is advised to normalize blood counts 
and blood volume before surgical interventions, which may lower the 
frequency of intraoperative and postoperative complications. 


Chapter 8 discusses the complications of PV in pregnancy. 


A 


Figure 84-1. A. Patient with erythromelalgia of 
hand and fingers. B. Erythromelalgia of feet and toes 
that progressed to necrosis and amputation of the 
toes. (Used with permission of Steven Fruchtman, MD, 
Allos Therapeutics, Princeton, New Jersey.) 


SPENT PHASE OF POLYCYTHEMIA VERA 


The spent phase of PV, also referred to as post-PV ME is a frequent 
and often terminal complication of the disease.”*”*! It is characterized 
by a combination of anemia (non-iron deficiency), progressive increase 
of splenic size (Fig. 84-2), and marrow fibrosis (Chap. 86). The spent 
phase may first be noticed when phlebotomy requirements decrease. 
Thrombocytosis and granulocytosis (often with immature myeloid 
cells) are common. In a minority of cases, thrombocytopenia and gran- 
ulocytopenia may occur. Affected individuals are frequently symptom- 
atic with anemia, bleeding, splenic enlargement with early satiety, and/ 
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Figure 84-2. Patient with spent phase of PV with a massive increase of splenic size (A) and surgically removed spleen (B). (Used with permission of 


Steven Fruchtman, MD, Allos Therapeutics, Princeton, New Jersey.) 


or upper abdominal pain secondary to splenic infarcts. Most patients 
become dependent on transfusions or erythropoietin therapy.?™57781107 
Development of the spent phase is associated with an increased risk 
of leukemic transformation*!!; in the PV Study Group-01 study, the 
incidence of acute leukemia was 24 percent in PV patients with MF, 
compared to 7 percent in those without ME, although it should be noted 
that a sizable number of the patients in this study had been treated with 
alkylating agents or *P.”* Therapy, including use of JAK2 inhibitors, is 
described in Chap. 86. 


LEUKEMIC AND MYELODYSPLASTIC 
TRANSFORMATION OF POLYCYTHEMIA VERA 


Patients with PV have an increased risk of developing leukemia.”"” 
This contrasts with other nonclonal polycythemic disorders, wherein 
progression to leukemia is not part of the disease process. Acute leu- 
kemia, usually myelogenous, is an invariably fatal complication of PV. 
A European multicenter observational study of 1638 patients reported 
a 6.3 percent relative risk of developing leukemia within 10 years after 
the diagnosis of PV.” Different treatments can also influence the risk of 
transformation from PV to leukemia. In the PV Study Group-01 ran- 
domized trial, the incidence of acute leukemia at 18 years of followup 
was 1.5 percent on the phlebotomy-only treatment arm, 10 percent on 
the ?P treatment arm, and 13 percent on the chlorambucil treatment 
arm.*' In a more recent study of 1638 patients, the risk of transformation 
to acute myelogenous leukemia (AML) or a myelodysplastic syndrome 
(MDS) in PV patients also varied by treatment. Treatment-specific risk 
of transformation, ordered by increasing risk, was: phlebotomy (haz- 
ard ratio [HR]: 0.91), hydroxyurea (HR: 1.09), interferon (INF)-a (HR: 
1.24), busulfan (HR: 8.64), pipobroman (HR: 4.32), and **P (HR: 8.96).' 
Leukemic transformation was not significantly different between phle- 
botomy, hydroxyurea, and INF-a treatments.’ 

Acute leukemia as the terminal PV event may arise from either the 
JAK2‘*'¥-positive clone or, more frequently, from a hematopoietic cell 
that does not carry the JAK2 mutation.***7*° 


@ LABORATORY FEATURES 


BLOOD FINDINGS 
Erythrocytes 


The hemoglobin concentration, erythrocyte count, and hematocrit are 
usually increased, and the mean cell volume is usually low-normal or 
low in untreated patients, and low in patients who have undergone 
phlebotomies or had gastrointestinal bleeding episodes. Red cells are 
hypochromic and microcytic, with morphology characteristic of iron 
deficiency. Although increased hemoglobin is generally a diagnostic 
feature of PV, at times the hemoglobin level may be low, normal, or bor- 
derline, a condition termed “masked” PV.!!0!!2 

The appearance of significant aniso- and poikilocytosis and tear- 
drop cells (dacryocytes; Chap. 31) heralds the onset of the spent phase 
and post-PV MF (Chap. 86). 


Red Cell Mass Determination 

The Polycythemia Vera Study Group employed the direct determina- 
tion of red cell mass as the sine qua non of the diagnosis of PV for all 
patients entered into their studies.” Some believe that even in the rou- 
tine clinical setting, this procedure should be performed on all patients 
to establish a diagnosis of PV.’”*'" Unfortunately, the determination of 
red cell mass is expensive, requires the use of radioactive isotopes in 
patients, and, when performed by the inexperienced, is often inaccu- 
rate. Red cell mass determination is not useful in distinguishing PV 
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from secondary polycythemia because the red cell mass is increased in 
both disorders. The principal value of red cell mass determination is to 
distinguish apparent or spurious polycythemia from PV and second- 
ary polycythemia.'!°!"' It could also be useful in distinguishing cases of 
masked PV from ET." The availability of the JAK2 assay has made red 
cell mass determination only rarely important. 


Leukocytes 
Absolute neutrophilia occurs in approximately two-thirds of PV 
patients.” Occasional myelocytes and metamyelocytes are present in 
the blood, and considerable degrees of cell immaturity are present in 
patients with longstanding, advanced disease. Again, these abnormal- 
ities herald the onset of the spent phase (Chap. 86). Basophilia occurs 
in approximately two-thirds of patients with uncontrolled disease.*'*""" 
In PV, the proportion of activated neutrophils is increased," and it is 
possible that neutrophils may be an important factor in PV-associated 
thrombosis.'* 

The leukocyte alkaline phosphatase level is elevated in approxi- 
mately 70 percent of patients with PV,” but this assay has now become 
largely obsolete. 


Platelets 

The platelet count is increased in approximately 50 percent of PV patients 
at the time of diagnosis, and in approximately 10 percent of patients 
it is greater than 1000 x 10°/L.” There are no consistent abnormalities 
of thrombopoietin levels in PV patients.’ A significant proportion of 
PV patients first present with isolated thrombocytosis without elevated 
hemoglobin, especially if the patient has a reason for iron deficiency, 
and are sometimes misdiagnosed with essential thrombocythemia.'”” 

Qualitative platelet abnormalities have been described which may 
play a role in the pathogenesis of thrombotic and hemorrhagic events. 
In vitro spontaneous platelet aggregation is accelerated. On the other 
hand, patients with MPNs often display a nearly pathognomonic defect 
in the primary wave of platelet aggregation induced by epinephrine 
(Chaps. 112 and 121). 

There are a number of additional platelet abnormalities associ- 
ated with PV, including increased platelet thromboxane A, genera- 
tion!” and increased excretion of thromboxane metabolites.’” Platelet 
factor-4 levels are elevated.'** Platelet survival may be shortened.!**!?5 
Fibrinogen binding after stimulation with a platelet-activating factor is 
diminished,’ and there is reduced expression of the thrombopoietin 
receptor.” However, none of these changes are specific for PV. In a pro- 
spective study, a PI“ polymorphism of the platelet glycoprotein IIIa was 
associated with an increased risk of arterial thrombosis in PV patients,” 
although this conclusion remains controversial. 

Platelet counts greater than 1000 to 1500 x 10°/L are associated 
with progressive decrease of von Willebrand factor (an acquired, type 2 
von Willebrand disease) and increased risk of bleeding, but not of 
thrombosis.’* 


Plasma 

Serum lysozyme levels are slightly increased in some patients,'”” and 
because of increased leukocyte turnover and increased levels of B,, 
binding protein, serum B,, determination is usually increased.” Hype- 
ruricemia, a consequence of hyperproliferative myelopoiesis, is fre- 
quently encountered.*! 


JAK2‘°"7* AND EXON 12 MUTATIONS 


JAK2 G1849T Creating V617F 
Mutations within the JAK2 gene cause deregulation of the hemato- 
poietic process, which is expressed in a wide spectrum of disorders 
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involving the expansion of erythrocytes, granulocytes, or leukocytes. 
The primary lesion associated with these disorders was discovered 
in exon 14: A single nucleotide change JAK2 G1849T resulting in the 
amino acid substitution V617F. Detection of the JAK2Y®™® mutation 
provides a qualitative diagnostic marker for the identification of the 
Philadelphia-chromosome-negative subgroup of MPNs, and differen- 
tiates them from congenital and acquired reactive hematopoietic dis- 
orders. In general, the JAK2‘°"”" allele burden is lower in ET patients 
than in either PV or primary myelofibrosis (PMF).""'* In many, but 
not all, JAK2"°!-positive PV patients, at least some progenitors exist 
that became homozygous for the JAK2V°'" mutation by UPD acquired 
by mitotic recombination.*”'* 

Allele-specific polymerase chain reaction (PCR) is widely used for 
single nucleotide polymorphism (SNP) genotyping; the technique is 
based on amplification of DNA by an allele-specific primer matching 
the polymorphism at the 3’ position. This approach is directly appli- 
cable to analysis of JAK2‘*'”" because the mutation (G1849T) is analo- 
gous to a SNP. To improve the specificity, sensitivity, and reliability for 
quantitating the JAK2‘°'” allele burden, two modifications of technique 
were incorporated: Inclusion of a second mismatch at the -1 position, 
and substitution of a modified locked nucleic acid at the -2 position. A 
study comparing 11 different techniques was undertaken and carried 
out in 16 laboratories using various testing platforms.“ Although five of 
the 11 techniques were similarly reliable for quantification of JAK2¥°'" 
loads that were equal to or greater than1 percent of total JAK2"°"", the 
allele-specific quantitative PCR technique could detect 0.2 percent of 
JAK2Qvev7e, 

The majority of laboratories analyze quantitative assays of JAK2¥°1”F 
allele burden from (clonal) granulocytes; nonquantitative analyses use 
total leukocytes, whole blood, or marrow for screening. A proportion 
of JAK2‘°'’¥-negative assays are positive using sensitive quantitative 
analyses.'** Plasma has been used for detection of the JAK2‘°? DNA 
and mRNA mutation and zygosity state,'*>!*° but plasma analysis is not 
reliable. "7 


JAK2 Exon 12 Mutations 

Although the most common JAK2 mutation is a single SNP in exon 14, 
many MPN cases negative for the exon 14 JAK2V°'* mutation may carry 
one of a number of mutations in exon 12. Almost 40 different muta- 
tions in exon 12 have been identified within codons 536 to 547, includ- 
ing substitutions, deletions, and duplications.*'**"'” In addition to the 
various mutations observed in this region, the proportion of mutations 
within a given sample may be small and therefore difficult to detect in 
the high background of a normal sequence.“ JAK2 exon 12 mutations 
have been observed primarily in younger patients and in patients with 
isolated erythrocytosis, and thus may represent a somewhat different 
phenotype from JAK2‘°''-positive PV. 


ERYTHROPOIETIN LEVELS 


PV is distinguished by the fact that erythroid cells proliferate even in 
the absence of normal levels of erythropoietin; thus, one would expect 
that at high hematocrit levels, the production of erythropoietin would 
be inhibited and serum levels consequently reduced. Indeed, several 
studies have documented serum erythropoietin levels below the normal 
reference range in patients with PV.'4*'4 

Patients with secondary polycythemia usually have normal to ele- 
vated erythropoietin levels, although considerable overlap exists in the 
range of erythropoietin levels between patients with PV and those with 
secondary polycythemia rendering the test of marginal value in distin- 
guishing between diagnostic possibilties.“+!“° An elevated erythropoie- 
tin level generally excludes the diagnosis of PV, but a low erythropoietin 


level is not pathognomonic of PV; patients with primary familial and 
congenital polycythemia (PFCP) have levels of erythropoietin that are 
as low or lower than in PV,” and instances of normal erythropoietin 
levels occur in PV patients without apparent explanation. The latter is 
more likely to occur in PV patients with exon 12 JAK2 mutations.“ 


ERYTHROID COLONY CULTURES 


In vitro assays of erythroid progenitor cells permit the study of their 
responsiveness to erythropoietin. In PV patient samples, erythroid 
BFU-E progenitors grow in culture without added erythropoietin,” 
forming colonies that are termed EECs. Detection of EECs in cultures 
of blood or marrow had previously been the most specific test for 
PV.!214148 Tn one study, all patients with PV, but none with secondary 
or other causes of polycythemia, formed EECs in vitro.’ Rare EECs 
may, at times, be observed in PFCP and in congenital disorders of 
hypoxia sensing, but unlike EECs in PV, these are abrogated by pre- 
treatment with erythropoietin and erythropoietin receptor-blocking 
antibodies. 15%! 

In experienced hands, the EEC assay is a specific and sensitive 
means for detecting PV. It may be useful in diagnosing patients with 
unusual presentations of PV, such as Budd-Chiari syndrome,***'5!53 
isolated thrombocytosis, or the rare JAK2Y°!"-negative PV patient. It 
has not been fully standardized, however, and is expensive and labori- 
ous, so it is now used primarily in a research setting where it remains 
informative. 


MARROW FINDINGS 


In PV, the marrow is characteristically hypercellular, with an increase 
in erythroid and granulocytic precursor cells and megakaryocytes. 
Whereas marrow morphology is part of the World Health Organization 
(WHO) diagnostic criteria of PV,'** the morphologic features have not 
yet been validated and may be subject to inter- and intraobserver vari- 
ation. Marrow morphology in patients with JAK2 exon 12 mutations 
may be subtly different, with subtle or no megakaryocytic clustering 
and a lack of panmyelosis.*'* Absent or decreased iron stores are seen 
in the marrow of most PV patients. Various cytogenetic findings have 
been reported,’ but they are not sufficiently specific to be of diagnostic 
utility (Chap. 13). 


CLONALITY IN FEMALE SUBJECTS USING 
ASSAYS EMPLOYING X-CHROMOSOME-BASED 
POLYMORPHISM 


PV results from an acquired mutation in a pluripotent hematopoietic 
stem cell. Clonality studies based on the phenomenon of X-chromosome 
inactivation” show that red cells, granulocytes, platelets, monocytes, 
and B lymphocytes are all part of the neoplastic clone.'*!* The majority 
of T lymphocytes and natural killer cells are polyclonal, but a small 
proportion of these cells are also derived from the PV clone’; this is 
presumed to be the result of the presence of long-lived, normal T cells 
that preceded the development of the clone and younger, clonal cells. 
Unfortunately, the applicability of X-chromosome inactivation for the 
differential diagnosis of PV is hampered by the many methodologic and 
conceptual differences that have drawn conflicting conclusions.” Some 
of these discrepancies result from using two different approaches!” to 
distinguish the active from inactive X-chromosomes (Chap. 10).'°'" 
In a study of approximately 100 female PV patients, their reticulocytes, 
platelets, and granulocytes were always clonal, with the exception of a 
few patients who converted to polyclonal hematopoiesis after therapy 
with IFN-a.!4 


@ DIFFERENTIAL DIAGNOSIS 


Also refer to Chap. 34, Table 34-2, and Chap. 57, Fig. 57-6. 

PV has to be differentiated from spurious polycythemia, second- 
ary polycythemias, congenital disorders of hypoxia sensing, and pri- 
mary congenital polycythemias. The differential diagnostic task has 
been facilitated by the discovery of the JAK2Y*'* mutation that is pres- 
ent in 95 percent or more of all PV patients.'*!°° Thus, the majority of 
PV patients can be diagnosed with a complete blood count repeated 
twice and molecular studies to confirm the presence of the JAK2'°'7 
mutation. 

For the remainder of polycythemic patients, additional diagnostic 
measures need to be undertaken. These may include measuring serum 
erythropoietin level, measuring venous oxygen saturation to calcu- 
late hemoglobin P50, measuring arterial oxygen saturation (less than 
92 percent suggests cardiac or pulmonary etiologies), abdominal CT 
scan (to exclude renal, hepatic, and cerebral tumors), brain magnetic 
resonance imaging (to rule out a cerebellar hemangioblastoma), and 
detailed family studies. 

If a diagnosis at this point has not yet been made, the patient could 
be referred to a specialized center for further testing. These studies may 
include measuring changes in serum erythropoietin levels after phle- 
botomies, red blood cell and plasma volume studies (to diagnose spuri- 
ous polycythemia or masked PV), genomic sequencing studies, testing 
for JAK2 exon 12 mutations, and in vitro studies for EECs. The latter 
two are used to diagnose JAK2‘°'"-negative PV patients (<5 percent of 
all PVs). 

Distinguishing between PV and other polycythemic disorders 
may, at times, be challenging. Although the diagnosis of PV may be 
straightforward if patients have the classic features of PV as defined 
by the most recent WHO guidelines," patients often present with an 
incomplete phenotype. Some of the clinical and laboratory features 
that can be helpful for differential diagnosis are summarized in Chap. 
34, Table 34-2 and Chap. 57, Fig. 57-6. While the current WHO diag- 
nostic criteria (presented in Table 84-1)'* represent an improvement 
over previous guidelines, they do not necessarily discriminate between 
individual MPNs,!” and are still a matter of some debate.!6819 Children 
with PV are especially unlikely to fit the most recent WHO criteria.’ 
Most importantly, often laborious and time-consuming efforts to rule 


TABLE 84-1. World Health Organization Criteria for the 


Diagnosis of Polycythemia Vera, 2008 
MAJOR CRITERIA 


i Hgb >18.5 g/dL (men), >16.5 g/dL (women) 
or 
Hgb >17 g/dL (men), >15 g/dL (women) 


if associated with a sustained increase of =2 
g/dL from baseline that cannot be attributed 
to correction of iron deficiency 


2 Presence of JAK2"6'™ or similar mutation 
MINOR CRITERIA 

1 Marrow trilineage myeloproliferation 

2 Subnormal serum EPO level 

3 EEC growth 


EEC, endogenous erythroid colony; EPO, erythropoietin; Hgb, 
hemoglobin. 

A diagnosis of PV requires the presence of both major criteria and 
one minor criterion, or the first major criterion and two minor criteria. 
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out congenital polycythemia should always be undertaken in patients 
with atypical presentations; however, the presence of polycythemia in 
other relatives does not rule out PV. 


@ TREATMENT 


The major causes of morbidity and mortality in PV are an increased 
incidence of vascular complications (i.e., thrombosis and/or hemor- 
rhage), and progression to MF or acute leukemia/myelodysplasia. In the 
first randomized trial of PV patients, a history of previous thrombosis, 
age, treatment with phlebotomies, and rate of phlebotomies contributed 
to the increased risk of thrombosis.” Presently, the age of the patient 
(>60 years) and previous thrombotic events are universally acknowl- 
edged major risk factors for major vascular complications in PV.” 

Thus, PV patients are classified as low risk or high risk, with age 
greater than 60 years and previous thrombotic events (including tran- 
sient ischemic attacks) defining the high-risk category. The assigned risk 
classification has a major impact on therapeutic decisions, as high-risk 
patients are treated with cytoreductive therapies. Other risk factors may 
also play a role in the pathogenesis of thrombosis, such as hypertension, 
diabetes, or smoking," as well as leukocytosis'”"'”* and JAK2¥'* muta- 
tional allele burden.**'” There is a need for prospective clinical studies 
with stratification of patients according to these criteria, but until such 
evidence is available, patients with high leukocyte levels and/or high 
JAK2‘*'¥ mutational allele burden should be managed according to 
conventional criteria. 

An elevated platelet count does not increase the risk of thrombosis, 
but it may increase the risk of hemorrhage.'** Bleeding is more frequent 
in patients with platelet counts in excess of 1500 x 10°/L, thought to be 
the result of an acquired type 2 von Willebrand disease. 

Treatment of PV depends on risk evaluation at diagnosis and evo- 
lution of the disease over time. Treatment should be given both to alle- 
viate symptoms and prevent complications. Updated consensus-based 
guidelines for the management of PV and other major MPNs were pub- 
lished by a panel of experts formed by European LeukemiaNet (ELN).'” 
Response criteria by which new therapies are evaluated were also 
updated to facilitate direct comparison of therapeutic efficacy across 
clinical trials (Table 84—2).!” This joint effort between ELN and the Inter- 
national Working Group for Myeloproliferative Neoplasms Research 
and Treatment (IWG-MRT) provides updated guidelines incorporating 
assessment of clinical, hematologic, and histologic response, as well as 
symptoms, disease progression, and vascular events.'” 

It is useful to consider treatment for the plethoric and spent phases 
separately. In the plethoric phase, the mainstay of therapy remains non- 
specific myelosuppression, which many practitioners supplement with 
phlebotomies.*'”*'* Additional measures prevent thrombotic events 
(i.e., aspirin) and relieve symptoms. Promising therapies include pegy- 
lated interferon (PEG-IFN) preparations and JAK2 inhibitors; these are, 
at the time of this writing, being evaluated by prospective randomized 
trials. A minority of patients (i.e., low-risk patients) can be treated with 
phlebotomies and low-dose aspirin alone. PV patients in the spent 
phase may be treated with a number of therapies (Chap. 86), which may 
include hydroxyurea, transfusion, erythropoiesis-stimulating drugs, 
JAK2 inhibitors, splenectomy, or allogeneic stem cell transplantation; 
only JAK2 inhibitors have been proven to be beneficial in prospective 
trials.” 


THE PLETHORIC PHASE 


Treatment of PV patients in the plethoric phase of the disease is aimed at 
reducing marrow proliferation and blood counts, thereby ameliorating 
symptoms and decreasing the risk of thrombosis and bleeding.'**"*! This 
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TABLE 84-2. Response Criteria for Polycythemia Vera'”? 


TABLE 84-3. Treatment of Polycythemia Vera 


A. CLINICAL RESPONSE Treatment Advantages Disadvantages 

Response Criteria Phlebotomy Low Risk. Simple to Does not control 

Complete remission perform. thrombocytosis or 
leukocytosis. 

A Durable* resolution of disease-related signs Hyd Soren EEN Conti th 
including palpable hepatosplenomegaly, large aces Aah She i e = on sh oe! | 
improvement in symptoms,* AND -opis ane trompo- beeen Lengan let 

cytosis as well as kemogenic potential is 

B Durable* blood count remission, defined as hema- erythrocytosis. not completely known. 
tocrit lower than 45% without phlebotomies; BUU, Ẹ Tami ova d 
platelet count <400 x 10°/L, white blood cell bow steal aoyo AS mInIStEr EE a 
count <10 x 10°/L, AND Prolonged remissions. prolonged marrow 

suppression. Risks of 

€ Without progressive disease, and absence of any leukemogenesis, long- 
hemorrhagic or thrombotic event, AND term pulmonary and 

D Marrow histologic remission defined as the pres- Cutan EOUSLOXICItY: 
ence of age-adjusted normocellularity and disap- 32p Patient compli- Expensive and relatively 
pearance of trilinear hyperplasia, and absence of ance not required. inconvenient to admin- 
> grade 1 reticulin fibrosis. Long-term control ister. Likely leukemo- 

Partial remission of thrombocytosis, genic risk. 

leukocytosis, and 

A Durable* resolution of disease-related signs erythrocytosis. 

depres cag E a eu ea Bige Chlorambucil Easy to administer. High risk of j 
Good control of leukemogenesis. 

B Durable* blood count remission, defined as hema- thrombocytosis and 
tocrit lower than 45% without phlebotomies; leukocytosis. 
platelet count <400 x 10°/L, white blood cell : z 7 
count <10 x 10°/L, AND Interferon Low leukemogenic Inconvenient to admin- 

D ee enna serve potential. Beneficial ister (injectable), costly, 

G Without progressive disease, and absence of any effect on pruritus. and adverse effects are 
hemorrhagic or thrombotic event, AND Potential deep sup- common. 

D Without marrow histologic remission defined as presson of the poly- 
persistence of trilinear hyperplasia. cythemic clone. 

No response Any response that does not satisfy partial Anagrelide Selective effect on Selective effect on 
Femicsion, platelets. platelets. 

; at : Decreased need Clinical trials experience 

Progressive Transformation into post-PV myelofibrosis, myelo- A for phlebotomy. only. Long-term benefits 

disease 


dysplastic syndrome or acute leukemia. 
B. MOLECULAR RESPONSE* 


Response Criteria 

Complete Eradication of a preexisting abnormality 
response 

Partial 250% decrease in allele burden, in patients with 
response 220% allele burden at baseline 


*Lasting at least 12 weeks. 


tLarge improvement in symptoms (210-point decrease) in MPN 
Symptom Assessment Form total assessment score. 

tEvaluation requires analysis in blood granulocytes. Molecular 
response is not required for assignment as complete response or 
partial response. 


is best accomplished by myelosuppressive drugs and, in some patients, 
combination therapy consisting of myelosuppression, phlebotomies, 
and platelet-reducing agents and/or IFN-«. Table 84-3 summarizes the 
advantages and disadvantages of various forms of therapy for PV. 


Myelosuppression 

Myelosuppression decreases blood counts, decreases the risk of vascu- 
lar events, and ameliorates symptoms, thus increasing an overall sense 
of well-being. Although there may be an impression that it increases 
patients’ long-term survival, there are no long-term clinical studies to 
document this. 


Improvement in qual- are unknown. 


ity of life. 


Hydroxyurea Hydroxyurea (HU) is the most common myelo- 
suppressive agent used in the treatment of PV.'*'*? HU is an effective 
therapy for controlling erythrocyte, leukocyte, and platelet counts, and 
it decreases the risk of thrombosis during the first few years of ther- 
apy when compared to an historical cohort treated with phlebotomy 
alone.” Because its suppressive effect is of short duration, continuous 
rather than intermittent therapy is required. Because it is short acting, it 
is relatively safe to use even when excessive marrow suppression occurs, 
as blood counts rise within a few days of decreasing the dose or stopping 
the drug. Several groups have investigated the effects of HU on JAK2¥°"* 
allele burden, and as of yet, the results have been conflicting."*"'*” Inter- 
estingly, it has been suggested that the JAK2"°'”" allele burden in PV may 
be a reliable predictor of response to HU, and of the HU dose necessary 
to control the disease.'** 

The leukemogenic risk of HU has been an ongoing debate for 
many years. Because HU is not an alkylating agent, it has less poten- 
tial to cause acute leukemic transformation than other myelosuppres- 
sive agents, but its leukemogenicity was questioned in some historical 
studies. A large meta-analysis of patients with sickle cell disease did not 
find an increased risk of the development of acute leukemia following 
HU treatment.” Two large studies in PV have also suggested a similar 


low risk associated with HU; analysis of 1638 PV patients enrolled in 


a prospective observational study'” and 1545 patients followed under 


IWG-MRT"” did not find an increased incidence of leukemic or myelo- 
dysplastic transformation with HU treatment. 

Unfortunately, despite its safety and effectiveness, approximately 
10 percent of PV patients develop HU resistance or intolerance (i.e., 
skin ulcers or gastrointestinal intolerance). Resistance to HU is 
correlated with decreased survival and a higher rate of transformation 
to AML or ME.” Effective alternative treatments are available. 

Busulfan Busulfan is a useful second-line agent in patients whose 
disease is difficult to control or who have adverse reactions to HU. The 
administration of busulfan is a convenient and effective means for treat- 
ing PV. The marrow suppression produced by this drug is long-lasting 
and, as a consequence, it can be given intermittently at a dose of 2 to 
8 mg daily for a period not exceeding several weeks; blood counts con- 
tinue to fall for several weeks after drug administration is discontin- 
ued. The disease is usually controlled for many months or even years. In 
one large study, the median first remission duration of busulfan-treated 
patients was 4 years.’ The prolonged depression of marrow activity 
brought about by busulfan is its major advantage in the treatment of PV, 
but it also poses a hazard of long-term pancytopenia. The incidence of 
transformation to leukemia may be increased with busulfan treatment. 
In a large study of 1638 PV patients, busulfan was one of the agents 
which was associated with an increased rate of transformation to AML/ 
MDS.’ When tested as a second-line therapy, busulfan robustly reduces 
the JAK2Y°"* allelic burden and causes a complete hematologic response 
in the majority of patients,” but also has a higher rate of transforma- 
tion to leukemia compared to first-line busulfan treatment.'*° 

Radioactive Phosphorus * P therapy was one of the first effective 
modes of treatment used in PV. Extensive investigations of the long-term 
outcome of treatment with*P have been documented.” Satisfactory 
control of the disease usually can be achieved with initial doses of 2 to 
4 mCi. It is rarely used at present, but it may be the treatment of choice for 
older patients and patients who may be difficult to follow. %9 

Interferon Since the pioneering work of Silver, IFN-« treat- 
ment has been confirmed to result in clinical and hematologic remis- 
sion in PV in more than a dozen studies.”'*” Although these studies 
have many design similarities, they do not lend themselves to accurate 
meta-analysis; various formulations of IFN were used (INF-a2a and 
-a2b, PEG-INF-a2a, and -«2b, human leukocyte IFN), and heteroge- 
neous criteria were employed to measure response. Nevertheless, it is 
clear that IFN-« effectively decreases many PV symptoms, including 
pruritus, results in a hematologic response in approximately 80 percent 
of patients, and decreases the need for phlebotomies in approximately 
60 percent of patients.?” -2% 

In addition to clinical and hematologic responses, administration 
of IFN-« has led to a decrease in JAK2Y®™ allelic burden% and 
conversion from clonal to polyclonal hematopoiesis" in the small num- 
ber of patients studied thus far. Two comparisons of IFN-a2b and HU 
suggest that IFN-a2b may cause a greater molecular and hematologic 
response than HU in PV patients.” 

However, IFN-a has significant adverse effects. Approximately 
25 percent of patients with PV and ET given IFN-a discontinue treat- 
ment, half of them within the first year. The hematologic toxicities 
include anemia, thrombocytopenia, and neutropenia. Other potential 
untoward effects of IFN-a include depression, mood changes, disabling 
fatigue, skin toxicity, hair loss, nausea, diarrhea, weight loss, liver func- 
tion abnormalities, and cardiac and neurologic toxicity. Immunologic 
abnormalities in the form of autoimmune processes (e.g., hypothyroid- 
ism, autoimmune hemolytic anemia, polyarthritis, glomerulonephritis, 
connective tissue diseases, and asymptomatic antinuclear antibodies) 
may be consequences of IFN therapy.” Conceivably, the development 
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of IFN-induced autoimmune processes reflects the immunomodulatory 
activity of the drug, through which at least part of its antitumor activity 
is mediated. 

A pegylated version of IFN-a (PEG-IFN-«) is better tolerated than 
standard IFN-a and requires less frequent administration.*° A num- 
ber of phase II trials have shown that PEG-IFN-a2a induces a complete 
hematologic response in the vast majority of patients and a reduction 
in JAK2Y®™ allelic burden in some.”''*! Using JAK2‘°"" as a molecular 
marker, a French group studied 40 PV patients treated with PEG-IFN- 
«2a; 95 percent of evaluable patients had a complete hematologic remis- 
sion, 90 percent had a decrease in JAK2Y®™ allelic burden, and in 20 
percent the JAK2Y°!” allelic burden became undetectable.?'* However, 
the experience of the authors of this chapter is that we have not seen any 
true molecular remission in our therapy of more than 50 PV subjects 
and always detect a small level of JAK2 mutant in those considered in 
“molecular remission, albeit it at times at levels of less than 0.2 percent. 

Although IFN-« and PEG-IFN-a can be used as first-line therapy 
in PV, they are more often used as second-line treatments.” PEG-IF- 
N-a is the drug of choice in pregnant patients (Chap. 8). 


Phlebotomy 

Often, the initial treatment for patients with uncomplicated PV is 
phlebotomy.*"'”” Together with low-dose aspirin, it is at present the 
recommended therapy for low-risk PV cases. 

When phlebotomy is instituted, the hemoglobin may be reduced 
to normal or near-normal values by the removal of 450 mL of blood at 
one time every 2 to 4 days; smaller amounts should be removed from 
patients who weigh less than 50 kg. Patients with impaired cardiovas- 
cular function are better treated with smaller phlebotomies at more fre- 
quent intervals. 

Phlebotomy is an effective way by which to lower or normalize the 
elevated blood viscosity of patients with PV. The reduction of hemoglo- 
bin levels may result in improvement of symptoms such as headaches 
or feeling of increased pressure. However, it does not reduce the leuko- 
cyte or platelet count, nor does it affect pruritus or gout. Iron deficiency 
and resulting microcytosis are usual consequences of repeated phlebot- 
omies. An iron-deficient state may help control hemoglobin concen- 
tration in the long run, but it may increase platelet counts and fatigue 
in some patients. Judicious use of oral iron replacement therapy may 
improve the fatigue associated with iron deficiency without significantly 
increasing hematocrit. 

A randomized study’”*’"* of a small number of PV patients compar- 
ing phlebotomy to other treatments indicated that the survival of patients 
treated only with phlebotomy was slightly better than for patients treated 
with chlorambucil, and no worse than those given *P. Patients undergo- 
ing phlebotomy did suffer more thrombotic episodes than patients treated 
with myelosuppressive therapy, although this risk seemed limited to the 
first 3 years of therapy.” This documented increased risk of thrombosis 
associated with phlebotomy was balanced by a lower incidence of acute 
leukemia late in the patient’s course. There was no correlation between 
platelet count and development of thrombotic complications." 

The rationale for phlebotomy in patients with PV is based on a 
widely quoted study that suggested the risk of thrombosis in PV was 
proportional to the elevation in hematocrit.” Although the underlying 
mechanisms causing thrombosis in PV are not fully understood, hema- 
tocrit is unlikely to be the only, or even a major risk factor, as the risk 
of thrombosis is not elevated in patients with non-PV polycythemia or 
in patients with secondary polycythemia caused by chronic exposure 
to high altitude, Eisenmenger syndrome,” or other cyanotic heart dis- 
eases.”””° In patients with Chuvash polycythemia, the risk of stroke is 
similar regardless of whether hematocrit is controlled by phlebotomies 
(Chap. 37). Furthermore, the European Collaboration on Low-Dose 
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Aspirin in the Polycythemia Vera study (ECLAP), which included 
1638 patients from 12 countries and 94 centers, found no difference in 
thrombotic complications for patients with hematocrits in the range 
of 40 to 55 percent.”’ An important attempt to clarify this issue was 
a prospective study of the effect of hematocrit in PV patients, as eval- 
uated by univariate analysis, which reported that patients treated with 
phlebotomies had a decreased rate of thrombosis.” However, patients 
in the high-hematocrit group received less HU than those in the low- 
hematocrit group and had higher levels of leukocytes, both independent 
correlates of thrombotic risk.” 


Anagrelide 

Anagrelide can be used in PV for thrombocytosis, as an adjunct to other 
treatments. Among 113 PV patients with thrombocytosis, the adminis- 
tration of anagrelide produced a platelet response in 85 cases (75 per- 
cent).4 The starting dose was 0.5 or 1.0 mg given four times daily, and 
a response was noted in most patients within 1 week. The average dose 
required to control the platelet count was 2.4 mg per day. Adverse events 
included headache, palpitations, diarrhea, and fluid retention, and were 
occasionally sufficiently severe to require discontinuation of the treat- 
ment.”* In patients with ET (Chap. 85), a randomized trial in the United 
Kingdom indicated superior results for HU plus aspirin compared to 
anagrelide plus aspirin for control of elevated platelet count, MF, and 
hemorrhagic complications.” However, a later randomized trial showed 
a noninferiority of anagrelide to HU.” 


Symptomatic Therapy for Pruritus 

Although some symptoms of PV can be controlled using phlebotomy, 
control of pruritus is at times achieved using myelosuppression. Pruritus 
is a major symptom of PV and, in some patients, it is nearly intolerable. 
When marrow proliferation is well controlled, pruritus becomes milder 
or disappears entirely. Because bathing or showering usually intensifies 
the itching, the term aquagenic pruritus is often used. Some level of con- 
trol of pruritus may be achieved by moisturization of the skin. Pho- 
tochemotherapy with psoralens and ultraviolet light can be helpful.” 
Antihistamines are often given, but are usually not very effective, and 
neither is aspirin.” Both IFN-a?”*#! and the JAK2 inhibitors provide a 
generally effective treatment modality to alleviate pruritus.” 


Aspirin 

Because thromboembolic episodes represent a major source of morbid- 
ity and mortality in patients with polycythemia, aspirin is an important 
drug in the arsenal of treatment modalities for PV. 

The results of early trials using 300 mg of aspirin daily showed an 
increase in the incidence of bleeding without a measurable impact on 
the incidence of thrombotic episodes.’ Subsequently, several studies 
showed positive benefits of aspirin use in PV. A pilot-controlled trial 
found that low-dose aspirin was well tolerated by PV patients and fully 
inhibited synthesis of the platelet aggregating compound thromboxane, 
but not the endothelial cell protectant prostacyclin.** An ECLAP study 
showed that daily low-dose aspirin decreased arterial and venous throm- 
boses, albeit incompletely.” Because thrombotic complications were not 
completely prevented, this study suggested that only a minor fraction 
of thromboses are attributable to platelets, and additional pathogenetic 
pathways in PV should be investigated. The increased risk of bleeding 
with high platelet counts and associated acquired von Willebrand disease 
is discussed in the preceding section entitled Platelets; aspirin should not 
be used when the platelet count exceeds 1000 to 1500 x 10°/L. 


JAK2 Inhibitors 
JAK2 inhibitors represent a promising new therapeutic avenue that 
arose with the discovery of abnormal JAK-STAT signaling in MPNs.”* 


Currently available JAK2 inhibitors target the catalytic site of the 
enzyme and therefore inhibit both wild-type and mutant forms of 
JAK2, as well as variable inhibition of JAK1, JAK3, and other kinases. 
A number of JAK2 inhibitors are in clinical testing for PV,”***’ includ- 
ing ruxolitinib (INCB018424), which is effective and FDA approved 
for use in patients with PME***' Ruxolitinib is an oral JAK1/JAK2 
inhibitor that has been shown effective in preclinical testing with PV 
primary cultures’ and in phase II trials in HU-intolerant or refrac- 
tory PV patients,**"*“ ruxolitinib effectively reduced PV-associated 
symptoms, such as night sweats, pruritus, and bone pain, within 4 
weeks, decreased spleen size to nonpalpable in 44 percent of patients 
by week 24, induced a complete hematologic response in 59 percent of 
patients, and reduced the JAK2‘°"”" allelic burden by equal to or greater 
than 50 percent within the first 3 years of treatment in 24 percent of 
patients.” Phase III trial showed that patients with HU-intolerant or 
refractory PV treated with ruxolitinib have a decreased requirement 
for phlebotomy, decreased spleen size, and improvement in other PV- 
associated symptoms.” 

Despite the encouraging advances with JAK2 inhibitors, modula- 
tion of the JAK2 pathways may not be the sole optimal treatment for 
PV and other MPNs. JAK2¥°!F may not be the disease-initiating step in 
patients with MPNs,*”** and additional mutations may require specific 
therapeutic targeting. Additionally, disease progression is characterized 
by clonal heterogeneity and genetic instability.“ Better characteriza- 
tion of the pathogenesis of PV is needed to facilitate further therapeutic 
developments. 


Epigenetic Modulation 

A high incidence of mutation in genes involved in epigenetic modifica- 
tion in MPNs (i.e., TET2, DNMT3A, IDH1/2, PRC2, ASXL1) provides 
potential targets for therapy.**”** One currently used approach in cancer 
treatment is interference of histone acetylation, as the acetylation status 
of histones can alter DNA-protein and protein-protein interactions.” 
The expression levels of histone deacetylases (HDAC) were found to be 
altered in all three major MPNs,™ which has made HDAC inhibitors 
a new therapy of interest in PV. For instance, Givinostat is an HDAC 
inhibitor which specifically inhibits the proliferation of JAK2VY*- 
positive cells compared to normal cells’ by inhibiting hematopoietic 
transcription factors NFE2 and c-MYB.”” It has been found to reduce 
splenomegaly and pruritus in Phase II trials with PV patients.” 


Summary of Therapeutic Approach 

The current approach for the management of the majority of PV patients 
(i.e., high risk) who are not participating in a clinical trial is a combina- 
tion of therapeutic and preventative approaches: 


1. Myelosuppression with HU daily, both as initial therapy (1500 mg qd) 
and long-term treatment (500 to 2000 mg qd), aiming to maintain 
neutrophil counts at low-normal levels. In addition, some patients 
will require the use of phlebotomies and/or anagrelide to maintain 
hemoglobin and platelet levels in normal ranges. Myelosuppression 
can also be achieved by other agents such as IFN-« or PEG-IFN-«. 
PEG-IFN-« is better tolerated than IFN-a and is the most effective 
therapy, but it is not as well tolerated as HU. 

2. Low-dose aspirin at 80 mg qd (or 100 mg outside of North America) 
is given to all patients without history of major bleeding or gastric 
intolerance, or those with platelets over 1000 to 1500 x 10°/L. 

3. Medication to control pruritus and gout may be added if required. 

4. Judicious use of phlebotomies in patients with hematocrits greater 
than 45 to 55 percent and in patients who find phlebotomy relieves 
their symptoms, such as headaches, difficulty concentrating, and 
fatigue. 


THE SPENT PHASE 


Sometimes after only a few years and usually after 15 years or more, 
erythrocytosis in patients with PV gradually abates in the absence of 
iron deficiency, phlebotomy requirements decrease and cease, and ane- 
mia develops. During this “spent” phase of the disease, marrow fibrosis 
becomes more marked and the spleen often becomes greatly enlarged 
(see Fig. 84-2A). Instead of phlebotomies, transfusions or erythropoi- 
etin may be required in such patients.’ The platelet count may remain 
high or may decline, even to pronounced thrombocytopenic levels. 
Marked leukopenia or leukocytosis may occur, and immature granulo- 
cytes may appear in the blood. At this point, the disease closely mimics 
PMF (Chap. 86) and is termed post-PV MF. Treatment of this phase 
of the disease is difficult and requires the judicious use of a combina- 
tion of therapeutic approaches, including HU, erythropoiesis-stimu- 
lating drugs, transfusions, JAK2 inhibitors, and/or allogeneic stem cell 
transplantation. 


Splenectomy 

Splenectomy may be warranted (see Fig. 84-28), particularly in patients 
with severe fatigue and cytopenias, and in those where a greatly enlarged 
spleen produces physical discomfort and postprandial fullness.” How- 
ever, a large Mayo Clinic series reported significant morbidity and mor- 
tality associated with splenectomy at this stage of the disease.**” 


Hematopoietic Stem Cell Transplantation 

Nonmyeloablative allogeneic stem cell transplantation should be con- 
sidered for otherwise healthy PV patients in the spent phase, even in 
the seventh decade of life (Chap. 23).55825° Transplantation is the 
treatment of choice in patients with early signs of MDS/AML transfor- 
mation, and the only treatment offering the possibility of a cure.” The 
rate of relapse and nonrelapse mortality following allogeneic stem cell 
transplantation is negatively associated with increased age, a matched 
but unrelated donor, and a diagnosis of AML.” 


@ COURSE AND PROGNOSIS 


PV is a chronic disease that runs a course over many years. Thrombotic 
complications, discussed in the preceding sections, are the dominant 
cause of morbidity and mortality in patients with PV. In contrast to 
other polycythemic disorders, PV has an increased risk and increased 
mortality resulting from development of acute leukemia. 

The Polycythemia Vera Study Group” found that the median sur- 
vival from the beginning of treatment was 13.9 years for those treated 
by phlebotomy alone, 11.8 years for **P-treated patients, and 8.9 years 
for chlorambucil-treated patients. Thrombosis was the most common 
cause of death, accounting for 31 percent of fatalities. Nineteen percent 
of patients died of acute leukemia, 15 percent from other neoplasms, 
and approximately 5 percent each from hemorrhage or development of 
the spent phase. 

There is excess mortality attributable to thrombotic complications 
and acute leukemia transformation as a direct consequence of PV.” 
Acute leukemia occurs even in patients who have been treated only by 
phlebotomy, although its incidence is increased by the various forms of 
cytotoxic therapy employed. While AML is most common, acute lym- 
phoid leukemia’ and chronic neutrophilic leukemia” have occurred 
as well. The IWG-MRT reported a rate of transformation to leukemia 
of 2.3 percent at 10 years and 5.5 percent at 15 years,’ but a unified 
scoring system that predicts the likelihood of transformation is yet to 
be developed.*** 

Although it has been suggested that the overall survival of PV 
patients is near normal, a number of other studies have found 
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Figure 84-3. Survival of PV patients stratified by prognostic low-risk 
(blue), intermediate-risk (green), and high-risk (red) groups. Patients are 
scored based on three risk criteria: venous thrombosis (1 point), a leu- 
kocyte count >15 x 10°/L (1 point), and age (>67 years: 5 points, 57-66 
years: 2 points). The sum of these points classifies patients as prognostic 
low risk (0 points), intermediate risk (1-2 points) or high risk (23 points). 
(Reproduced with permission from Tefferi A, Rumi E, Finazzi G, et al: Survival 
and prognosis among 1545 patients with contemporary polycythemia vera: 
An international study. Leukemia 27(9):1874-1881, 2013.) 


reduced survival of PV patients compared to controls.* A recent study 
of 1545 patients by the IWG-MRT found that survival for PV patients 
was negatively correlated to leukocytosis, older age, venous thrombosis, 
and atypical karyotype. The median overall survival ranged from 10.9 
and 27.8 years for different PV prognostic risk groups (Fig. 84—3).!°° 
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CHAPTER 85 
ESSENTIAL 
THROMBOCYTHEMIA 


Philip A. Beer and Anthony R. Green 


SUMMARY 


Essential thrombocythemia is a clonal stem cell disorder characterized by an 
overproduction of platelets and associated with mutations in the JAK2, CALR, or 
MPL gene. Complications include thrombosis (predominantly arterial), hemor- 
rhage, and progression to myelofibrosis or acute myeloid leukemia. Diagnosis 
requires exclusion of reactive thrombocytosis and other myeloid malignancies 
associated with a raised platelet count. Therapy is aimed at reducing throm- 
botic complications and includes modification of known cardiovascular risk 
factors and antiplatelet therapy for the majority of patients. Those at high risk 
of thrombosis are also considered for cytoreductive therapy with agents such 
as hydroxyurea, anagrelide or interferon-a. Although the majority of patients 
can expect to live for many years, mortality rates are increased compared to 
the general population as a consequence of disease complications. 


@ DEFINITION AND HISTORY 


Essential thrombocythemia (ET), one of the myeloproliferative neo- 
plasms (MPNs), is a clonal hematopoietic stem cell disorder char- 
acterized by thrombocytosis and associated with thrombotic and 
hemorrhagic complications. First recognized as a specific disease entity 
in 1934' and as a clonal disorder in 1981,’ ET shares clinical and patho- 
logic similarities with other MPNs, particularly polycythemia vera (PV) 
and primary myelofibrosis (PMF). 


@ EPIDEMIOLOGY 


The annual incidence of ET is in the order of 1 to 2.5 per 100,000 per 
population and appears slightly more common in females.** Patients 
may present at any age, although ET is largely a disorder of later life with 
a peak incidence between the ages of 50 and 70 years. Presentation in 
childhood is rare but well recognized. 


@ETIOLOGY 


Little is known about the precise etiology of this disorder, although 
environmental factors such as exposure to radiation have been impli- 
cated in the genesis of other MPNs.° Both registry data and kindred 


Acronyms and Abbreviations: AML, acute myeloid leukemia; CALR, calreticulin 
gene; CML, chronic myeloid leukemia; ET, essential thrombocythemia; JAK2, Janus 
family of tyrosine kinases type 2; MPL, the thrombopoietin receptor; MPN, myelopro- 
liferative neoplasm; PCR, polymerase chain reaction; PMF, primary myelofibrosis; PV, 
polycythemia vera; RARS-T, refractory anemia with ringed sideroblasts and thrombo- 
cytosis; STAT, signal transducer and activator of transcription. 


studies suggest a familial tendency to develop MPNs, including ET.“ 
This predisposition appears to be explained in part by inheritance of a 
specific haplotype that contains the Janus family of tyrosine kinases type 
2 (JAK2) gene.’ 


@ PATHOGENESIS 


ET is characterized by hyperactive cytokine signaling which in 50 to 
60 percent of cases is the result of somatic mutations targeting 
components of signaling pathways, including the JAK2 gene or the 
thrombopoietin receptor gene (MPL). Mutations in calreticulin gene 
(CALR) are present in the majority of JAK2/MPL-wild-type patients, 
leaving approximately 10 percent of ET patients without a mutation in 
any of these genes (JAK2/MPL/CALR-wild-type or “triple-negative” 
patients). A minority of ET patients also harbor mutations in transcrip- 
tional regulation pathways (Fig. 85-1). 

A JAK2‘°'" mutation is found in approximately 50 percent of 
patients with ET.’ JAK2, a cytoplasmic tyrosine kinase, forms a com- 
plex with and is essential for signaling by the erythropoietin and 
thrombopoietin receptors!*"; JAK2 also contributes to signaling by 
the granulocyte colony-stimulating factor, granulocyte-macrophage 
colony-stimulating factor, and interferon-y receptors.'* Cytokine bind- 
ing leads to a conformational change in the JAK2-receptor complex, 
with consequent activation of JAK2 kinase activity and recruitment of 
downstream signaling pathways.'°!*!* The JAK2’' mutation alters a 
critical residue within the autoinhibitory pseudokinase (JH2) domain, 
resulting in increased JAK2 basal kinase and downstream signaling 
activity." The cellular consequences of mutant JA K2 expression include 
increased proliferation, cytokine hypersensitivity, cytokine-independent 
differentiation, and inhibition of apoptosis.’ The central role of JAK2 
in erythropoiesis is highlighted by a JAK2 knockout mouse, which 
dies in midgestation from severe anemia.” In addition, mice engi- 
neered to express the JAK2Y°'* allele recapitulate features of human 
ET or PV." 

Acquired mutations in MPL are found in 4 percent of ET patients, 
the majority of whom are JAK2-wild-type, and a similar proportion of 
those with PME, but not in patients with PV.'”'* These mutations alter 
residues in the juxtamembrane (MPL*") or transmembrane (MPLS) 
regions and lead to constitutive activation of the receptor complex. "°? 
Expression of the MPL*!>" allele in a mouse model recapitulated fea- 
tures of human ET and PMF.” Occasional patients with ET, as well 
as PV and PME, harbor loss of function mutations in SH2B3 which 
encodes LNK, an important negative regulator of JAK/STAT (signal 
transducer and activator of transcription) signaling.” 

The majority of ET patients without a signaling pathway mutation 
harbor a somatic mutation in CALR (encoding calreticulin). CALR 
mutations are found in 15 to 35 percent of ET patients and a similar pro- 
portion of those with PMF but not in PV. Calreticulin is a key endoplas- 
mic reticulum protein with calcium buffering and protein chaperone 
activity.” Although CALR-mutant patients generally lack mutations in 
JAK2 or MPL, they nonetheless show signaling pathway activation, sug- 
gesting an as yet undetermined role for CALR in cytokine signaling.” 

Mutations targeting pathways implicated in the control of gene 
transcription are found in a minority of patients with ET, as well as those 
with PV, PMF and other myeloid neoplasms (see Fig. 85-1B). These 
mutations, which may coexist with mutations in JAK2, MPL, or CALR, 
target genes involved in DNA methylation (TET2, IDH1/2, DNMT3A), 
histone modification (EZH2) or RNA splicing (SF3B1).” In addition to 
its roles in cytokine signaling, JAK2 has also been shown to translo- 
cate to the nucleus where it acts as a mediator of gene transcription 
through the direct modification of histone proteins. Whereas nuclear 
translocation of wild-type JAK2 appears to be activation-dependent, 


Part X: Malignant Myeloid Diseases 


H AK2 
H CALR 
E MPL 


E] SH2B3 


| fj Unknown 


100% 5 


75% + 


50% + 


Proportion of mutated cases 


E U Si i i 


25% - | | 
0% El E | Em 


JAK2 CALR MPL SH2B3 TET2 ASXL1 EZH2 IDH1/⁄2 DNMT3A RNA 


splicing 


Gene harboring mutations 


B Essential thrombocythemia E Polycythemia vera E Primary myelofibrosis 


B Acute myeloid leukemia 


Figure 85-1. The spectrum and frequency of somatic mutations in my 
associated with activated cytokine signaling pathways. B. Comparison of 
myeloid malignancies. 


JAK2 harboring a V617F substitution shows nuclear localization in the 
absence of cytokine stimulation.*” 


@ CLINICAL FEATURES 


SYMPTOMS AND SIGNS 


ET is often diagnosed following the incidental finding of a high plate- 
let count, although a proportion of patients present with thrombotic 
or hemorrhage complications. A detailed clinical history and physical 
examination are necessary to exclude causes for a reactive thrombo- 
cytosis. Approximately 10 percent of ET patients have a mild degree 
of palpable splenomegaly at diagnosis,” although significant splenic 
enlargement should raise the possibility of another MPN such as PMF 
or chronic myeloid leukemia (CML). 


THROMBOSIS 


Thrombotic complications are the major source of morbidity and mor- 
tality in ET, with a prospective study indicating a cumulative incidence 
of 24 percent over 27 months for untreated high-risk patients.’ Arte- 
rial thrombosis predominates, affecting the central nervous system 
(stroke, transient ischemic attack) and cardiovascular system (myo- 
cardial infarction, unstable angina, peripheral arterial occlusion).*°! 


Myelodysplasia 


eloid neoplasms. A. Frequency of mutations in essential thrombocythemia 
mutation frequencies in ET, related myeloproliferative neoplasms and other 


Erythromelalgia, a distinct clinicopathologic syndrome caused by 
occlusion of small blood vessels, is manifest by discomfort and burning 
sensations in the fingers or toes, sometimes accompanied by mottling 
or discoloration of the skin.” Venous events mainly comprise deep vein 
thrombosis and pulmonary embolism. Involvement of unusual sites 
such as hepatic, portal or mesenteric veins also occurs and may precede 
the onset of clinically overt ET (Fig. 85-2A). In one series, half of all 
patients presenting with hepatic vein thrombosis and a normal blood 
count tested positive for the JAK2Y*'” mutation, and a quarter of these 
subsequently developed a clinically overt MPN, most commonly ET.” 

‘The strongest predictive factors for thrombotic complications are 
older than 60 years of age or a history of previous thrombosis.* The 
platelet count and leucocyte count at diagnosis are poor predictors of 
thrombotic risk.” Meta-analysis confirmed detection of a JAK2‘°'’? 
mutation as a risk factor for both arterial and venous thrombosis.***” 
Other reported risk factors include predisposition to cardiovascular dis- 
ease or increased marrow fibrosis at diagnosis.** 


HEMORRHAGE 


Serious bleeding is less common than thrombosis and mainly affects the 
nasal and buccal mucosa and the gastrointestinal tract, although central 
nervous system hemorrhage may occur.***! ET patients often demon- 
strate prolongation of the bleeding time and various abnormalities of 
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Figure 85-2. Morphologic features of essential thrombocythemia. A. Contrast-enhanced abdominal computed tomography (CT) scan showing 
features of established hepatic vein thrombosis in a 53-year-old female, including hypertrophy of the caudate lobe (arrow) with atrophy of the 
remaining liver and surrounding ascites; the spleen is of normal size. Hematoxylin and eosin (H&E)-stained marrow trephine biopsy showing normal 
cellularity and increased megakaryocytes with occasional hyperlobulated forms (inset). Although the patient was JAK2”°''-positive, other investiga- 
tions performed at this time, including blood count, red cell mass and cytogenetic analysis, were normal. B. Marrow aspirate from a JAK2”°'"-positive 
essential thrombocythemia (ET) patient showing large, hyperlobulated megakaryocytes (slide stained with Wright-Giemsa). C. Marrow trephine 


biopsy samples from patients with ET (slide stained with H&E). 


in vitro coagulation studies, including abnormal platelet aggregation or 
loss of large von Willebrand factor multimers; however, the relationship 
of these findings to episodes of clinical bleeding is unclear.” In a pro- 
spective study, rates of major hemorrhage were increased in patients 
with increased marrow fibrosis at diagnosis and in those with an 
increased platelet or leucocyte count during followup.” 


MYELOFIBROTIC TRANSFORMATION 


Evolution to myelofibrosis is seen in a proportion of ET patients, 
although the reported prevalence varies widely, reflecting differences 
in study design, therapeutic intervention and diagnostic criteria for 
post-ET myelofibrosis (Chap. 86). Retrospective studies suggest that 


disease duration is a major predictor of progressive disease, with rates 
of myelofibrosis in the first decade after diagnosis of 3 to 10 percent ris- 
ing to 6 to 30 percent in the second decade.**” The presence of marrow 
fibrosis at diagnosis also appears to presage progression to myelofibro- 
sis,* although the predictive value of other histologic features of early 
stage PMF, such as megakaryocyte dysplasia, remains controversial.“ 
Mutations in JAK2,#® MPL,” or CALR*** appear to lack prognos- 
tic significance. A prospective study of high-risk ET patients indicated 
increased progression to myelofibrosis with anagrelide therapy, with 
a 5-year cumulative incidence of 7 percent for anagrelide plus aspirin 
versus 2 percent for hydroxyurea plus aspirin-treated patients.” The 
clinical consequences of post-ET myelofibrosis are similar to de novo 
myelofibrosis, and the conditions are managed in the same way. 
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LEUKEMIC TRANSFORMATION 


Progression to acute myeloid leukemia (AML) occurs in a small minor- 
ity of patients, with retrospective studies suggesting a prevalence of 1 
to 2.5 percent in the first decade after diagnosis, 5 to 8 percent in the 
second decade, and continuing to rise thereafter.” Therapeutic het- 
erogeneity in these studies, however, renders their findings difficult to 
interpret. Studies in PV demonstrated a significantly increased risk of 
AML in patients receiving genotoxic agents such as radioactive phos- 
phorus, chlorambucil, or busulphan.*”** The potential leukemogenicity 
of hydroxyurea remains controversial (see “Choice of Cytoreductive 
Agent” below). Importantly, transformation to leukemia has been 
reported in the absence of any cytoreductive therapy, indicating that 
AML is part of the natural history of this disorder. 

Therapy of post-ET AML is often limited by the older age of the 
affected patients, in whom palliative treatment may be the most appro- 
priate strategy. Overall the prognosis of secondary AML is poor (Chap. 
88). Younger patients who do achieve remission with AML induction 
therapy may be considered for allogeneic hematopoietic stem cell 
transplantation. 


@ LABORATORY FEATURES 


An unexplained and persistently raised platelet count generally war- 
rants further investigation (Fig. 85-3). Establishing a diagnosis of ET 
requires exclusion of both reactive conditions and other myeloprolif- 
erative or myelodysplastic disorders that may present with an isolated 
thrombocytosis (Tables 85-1 and 85-2). 


HEMATOLOGIC AND BIOCHEMICAL 
PARAMETERS 


An elevated platelet count is invariably present and may be only slightly 
increased (e.g., 2 400 x 10°/L) or massively elevated into the millions x 
10°/L. Thus, the degree of thrombocytosis varies markedly between 
patients. The white count may be slightly to mildly elevated but usu- 
ally not above 20 x 10°/L as a result of neutrophilia. The hemoglobin 
concentration may be normal or mildly reduced. If occult bleeding has 
been present, the hemoglobin may be further decreased and indications 
of iron deficiency may be evident in the red cells (microcytosis and 
hypochromia; see “Differential Diagnosis” below). Examination of the 
blood film often reveals large platelets which may stain poorly, and is 
useful in excluding features of PMF such as teardrop cells (dacryocytes) 
or circulating immature granulocyte precursors. 


SERUM CHEMICAL FINDINGS 


Levels of thrombopoietin are normal or slightly elevated in ET and 
have no diagnostic utility. ET patients may show a spurious increase in 
serum potassium level as a result of in vitro activation of platelets and 
leukocytes during processing of serum; this phenomenon can be cir- 
cumvented by using a plasma sample for biochemical analysis. 


MOLECULAR TESTING 


Molecular testing for genetic mutations has become the investigation 
of choice for patients with an unexplained and persistent increase in 
platelet count (see Fig. 85-3). A reasonable approach is to screen all 
patients for the JAK2Y®™® mutation, following by screening for muta- 
tions in CALR and uncommon MPL in negative cases. Suitable tech- 
niques include allele-specific or real-time polymerase chain reaction 
(PCR) for JAK2‘°', pyrosequencing or high-resolution melt curve 


analysis for MPL, and fragment length analysis for CALR exon 9.”°°! In 
the absence of marrow cytogenetic analysis, molecular testing for the 
BCR-ABLI fusion gene is also recommended to exclude CML. Screen- 
ing for additional mutations (e.g., TET2) is currently of uncertain utility 
in routine clinical practice. 


MARROW STUDIES 


Marrow aspiration and trephine biopsy is particularly recommended in 
suspected cases of ET that are negative for a relevant somatic mutation. 
Marrow studies may also be useful in cases showing atypical clinical or 
laboratory features (for example, palpable splenomegaly, unexplained 
anemia or blood film abnormalities) or in the context of a clinical study. 
The marrow aspirate in ET often shows large hyperlobulated megakary- 
ocytes (see Fig. 85-2B), and iron staining may be helpful in excluding 
iron deficiency or the presence of ringed sideroblasts (see “Differential 
Diagnosis” below). The marrow trephine biopsy typically shows an 
increase in megakaryocyte frequency with megakaryocyte clustering 
and nuclear hyperlobulation in the absence of significant reticulin fibro- 
sis (see Fig. 85-2C). Cellularity is usually normal or slightly increased, 
but occasional cases may show a hypocellular marrow, for example, a 
proportion of those with mutations in MPL.” 

Chromosomal analysis, by G-banding or in situ fluorescent 
hybridization, is helpful in suspected cases of ET lacking a relevant 
somatic mutation, primarily to exclude lesions associated with other 
myeloid disorders such as t(9:22) (CML) or deletions of chromosome 
5q (“5q-minus syndrome”; Chap. 87). Other karyotypic abnormalities, 
mainly comprising deletions of chromosomes 20q or 13q or additional 
copies of chromosomes 8 or 9, are found in approximately 5 percent of 
ET patients and establish the existence of clonal hematopoiesis. 


@ DIFFERENTIAL DIAGNOSIS 
REACTIVE THROMBOCYTOSIS 


A secondary increase in platelet count, initiated by cytokines such as 
interleukin-6 and directly driven by the induction of hepatic thrombo- 
poietin production is associated with a number of infectious, inflam- 
matory and malignant disorders (see Table 85-2; Chap. 119). In reports 
of unselected patients attending various hospital departments, an 
increased platelet count was attributable to reactive causes in more than 
80 percent of cases; the degree of thrombocytosis did not permit dis- 
tinction between a clonal versus a reactive pathogenesis.” 


FAMILIAL THROMBOCYTOSIS 


Familial thrombocytosis is a rare disorder caused by mutations in the 
thrombopoietin gene, MPL, or other unknown genes. Changes in the 
5‘-untranslated region or splice donor/acceptor sites of the thrombo- 
poietin gene are associated with increased translation of thrombopoi- 
etin and consequent thrombocytosis.™* These alleles are dominantly 
inherited and have not been seen in clonal MPNs.* A dominantly 
inherited, activating MPL allele (MPL) has been reported in 
Japanese and Italian kindreds.* Of interest, this allele has also been 
reported as a somatic mutation in patients with a clonal MPN.” 
Several different inherited JAK2 alleles have been reported in fami- 
lies with autosomal dominant thrombocytosis (including JAK2*°2, 
JAK2°°7), JAK288°72, and JA K25758/898Q) 5657 Although complicated by 
occasional thrombotic or bleeding episodes, the clinical phenotype of 
familial thrombocytosis is relatively mild, although exceptions occur.™ 
The genetic cause underlying a subset of familial cases remains to be 
elucidated. 
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Figure 85-3. Investigation of patients with 
thrombocythemia. Algorithm outlining the inves- 
tigation of a patient with an unexplained and 
persistently raised platelet count. 
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POLYCYTHEMIA VERA 


PV (Chap. 84) is often associated with thrombocytosis, and may pres- 
ent with a normal hemoglobin level in the presence of iron depletion, 
mimicking ET, although in such cases the mean corpuscular volume is 
usually decreased. In addition, ET and PV form a phenotypic spectrum, 
resulting in diagnostic difficulties in a subset of patients. There are inher- 
ent limitations to the utility of continuous variables, such as hematocrit, 
to make this distinction, as the group of patients with intermediate values 


TABLE 85-1. Diagnostic Criteria for Essential 
Thrombocythemia 


Diagnosis requires A1 to A3 or A1 + A3 to A5 
A1 Sustained platelet count >450 x 10°/L 


A2 Presence of an acquired pathogenic mutation (e.g., in JAK2, 
CALR, or MPL) 

A3 No other myeloid malignancy, especially polycythemia vera, 
primary myelofibrosis, chronic myeloid leukemia, or myelo- 
dysplastic syndrome 


A4 No reactive cause for thrombocytosis and normal iron stores 


A5 Marrow studies showing increased megakaryocytes display- 
ing a spectrum of morphology with prominent large hyper- 
lobulated forms; reticulin is generally not increased 


will inevitably include both disorders (Fig. 85-4). Controversy persists 
over how to best distinguish these two conditions.” 


PRIMARY MYELOFIBROSIS 


PMF may present with an isolated thrombocytosis, but palpable sple- 
nomegaly, circulating teardrop red cells and progenitor cells, and 
marrow fibrosis are usually present (Chap. 86). An area of ongoing 
controversy relates to the 15 to 20 percent of ET patients who harbor 
distinct marrow morphology, coined prefibrotic PME at diagnosis in the 
absence of other features to indicate PMF. Although such patients have 
higher rates of myelofibrotic transformation, thrombosis, and hemor- 
rhage, their overall survival is not different from other patients with 
ET.” A second area of controversy relates to the suggestion that marrow 
trephine appearances can distinguish ET and prefibrotic PMF from the 
early stages of PMF®; however, the reproducibility and clinical utility of 
this distinction is unclear.“ 


CHRONIC MYELOID LEUKEMIA 


Occasional patients with CML present with an isolated thrombocytosis. 
Such cases are predominantly female with absent or minimal splenomeg- 
aly and a normal or marginally elevated white cell count, often without 
basophilia or circulating myeloid progenitors.’ Marrow studies, how- 
ever, are usually informative, showing small hypolobulated megakaryo- 
cytes typical of CML, and not the large hyperlobulated forms observed 
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TABLE 85-2. Causes of Thrombocytosis 


CLONAL THROMBOCYTOSIS 
Essential thrombocythemia 


Polycythemia vera 
Primary myelofibrosis 
Chronic myeloid leukemia 
Refractory anemia with ringed sideroblasts and thrombocytosis 
5q-minus syndrome 
REACTIVE (SECONDARY) THROMBOCYTOSIS 
Transient thrombocytosis 
Acute blood loss 
Recovery from thrombocytopenia (rebound thrombocytosis) 
Acute infection or inflammation 
Response to exercise 
Response to drugs (vincristine, epinephrine, all-trans-retinoic acid) 
Sustained thrombocytosis 
Iron deficiency 
Splenectomy or congenital absence of spleen 
Malignancy 
Chronic infection or inflammation 
Hemolytic anemia 
FAMILIAL THROMBOCYTOSIS 
SPURIOUS THROMBOCYTOSIS 
Cryoglobulinemia 
Cytoplasmic fragmentation in acute leukemia 
Red cell fragmentation 
Bacteremia 


in ET. Given the significant impact of tyrosine kinase inhibitors on the 
prognosis of CML, it is important that this unusual presentation is not 
overlooked. It is therefore recommended that suspected cases of ET that 
are negative for a relevant somatic mutation undergo molecular analysis 
of blood for the BCR-ABL1 fusion gene. Marrow aspiration, biopsy and 
G-banding cytogenetic analysis, may be useful in a specific case. 


MYELODYSPLASIA 


Thrombocytosis, usually in association with anemia, may be seen in 
the myelodysplastic disorder associated with an isolated deletion of 
chromosome 5q (“5q-minus syndrome”). Although often increased in 


— Male 
— Female 


Proportion of patients 


number, the megakaryocytes are generally small and hypolobulated,® in 
contrast to the large hyperlobulated forms typical of ET. A raised plate- 
let count is also a feature of refractory anemia with ringed sideroblasts 
and thrombocytosis (RARS-T), and may be associated with thrombotic 
complications. Approximately half of patients with RARS-T harbor a 
JAK2Y®™ mutation or, rarely, a mutation in MPL. 


PATHOGENETIC RELATIONSHIP OF 
ESSENTIAL THROMBOCYTHEMIA TO OTHER 
MYELOPROLIFERATIVE NEOPLASMS 
Polycythemia Vera 


The same JAK2Y°'" mutation is present in the vast majority of patients 
with PV (Chap. 84) and in approximately half of those with ET, rais- 
ing questions as to how a single mutation is commonly associated with 
apparently distinct clinical phenotypes. Clones that are homozygous 
for the JAK2Y°'* mutation (arising by a mitotic recombination event 
termed uniparental disomy; Fig. 85-5) are larger and more frequent in 
patients with PV compared with ET, suggesting a role for increased 
JAK2-STATS signaling in driving erythrocytosis. In support of this 
hypothesis, in both mouse and human model systems strong JAK2- 
STATS activation drives erythropoiesis whereas weaker activation 
favors a megakaryopoiesis.'**'® Other contributing factors include the 
effects of patient gender® and modulation of STAT] signaling. 


Myelofibrosis and Accelerated Phase Disease 
A proportion of patients diagnosed with ET experience progres- 
sion to an accelerated phase characterized by increasingly disordered 
hematopoiesis. The phenotypic manifestations are variable and include 
hyperproliferation, myelodysplasia, or, most commonly, myelofibrosis. 
Myelofibrotic transformation of ET, characterized by marrow fibrosis, 
extramedullary hematopoiesis and marrow failure, is clinically indis- 
tinguishable from PMF (Chap. 86), suggesting PMF may represent pre- 
sentation with accelerated phase disease. Consistent with this, patients 
with PMF may have thrombocytosis for many years prior to diagnosis, 
suggestive of undiagnosed ET. 

The prevalence of mutations in JAK2, CALR, or MPL is similar in 
ET compared to myelofibrosis; however, karyotypic abnormalities are 
present in up to 50 percent of myelofibrosis patients (Chap. 86) com- 
pared to only approximately 5 percent of patients in ET, indicating a 
greater degree of genetic instability. In addition, mutations in genes 
implicated in transcriptional regulation (including ASXL1, IDH1/2, 
and EZH2) appear more common in patients with PMF compared 
with ET. Together, these findings suggest that progression to advanced 
phase disease arises through a process of clonal evolution driven by the 
acquisition of additional genetic events or epigenetic alterations; to date, 
however, no combination of genetic events has been shown to reliably 


Figure 85-4. Distribution of diagnostic hematocrit 
levels in a cohort of 243 patients with JAK2"6'7- 
positive disease (essential thrombocythemia or poly- 
cythemia vera). 
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Figure 85-5. Mitotic recombination leads to duplication of the 
JAK2Y°'" mutation, resulting in a V617F-homozygous subclone. 


distinguish ET from PMF. Constitutive activation of JAK2 has been 
implicated as a driver of clonal progression, as expression of mutant 
JAK2 leads to the accumulation of reactive oxygen species, increased 
DNA damage, and aberrant DNA repair. 


Blastic Phase Disease 

For a minority of patients with ET, their disease terminates in AML, 
also referred to as blastic phase. In some patients, the disease phenotype 
shows a stepwise transition from ET to PMF to AML, thus mimicking 
the triphasic disease pattern of CML observed in the preimatinib era 
(Chap. 89). In other cases, AML arises directly following ET.” 

The mutational profile of blastic phase disease shares some similar- 
ities with de novo AML. Mutations in transcriptional control pathways 
(including TET2, ASXL1, EZH2, and IDH1) are more common in blastic 
phase than in the early disease phases. In addition, mutations are seen 
in DNA repair and cellular differentiation pathways (including TP53, 
RUNX1, and IKZF1) which are rarely mutated in early stage MPNs. In 
contrast to de novo AML, balanced chromosomal translocations are 
rare in post-MPN AML.” Of note, patients with JAK2V°'”"-positive 
ET may develop AML that is negative for the JAK2 mutation.“ 


@THERAPY 


MODIFICATION OF CARDIOVASCULAR RISK 
FACTORS 


Established risk factors for cardiovascular disease, such as hypertension, 
diabetes, smoking, hypercholesterolemia, and obesity, should be iden- 
tified and treated appropriately. The broad efficacy of the cholesterol- 
lowering statin drugs in the prevention of atherosclerotic disease has 
raised the possibility that such agents may be useful in ET, although this 
has yet to be tested in a prospective study. 


ANTIPLATELET THERAPY 


A large randomized trial in PV demonstrated a reduction in thrombotic 
events in those taking low-dose aspirin (100 mg daily) without a con- 
comitant increase in the risk of hemorrhage.” Although retrospective 
studies have suggested a similar protective effect in ET,” prospective 
trials have not been performed. Based on current evidence, aspirin is 
recommended for all ET patients unless contraindicated. Although 
there are few data concerning the use of newer antiplatelet agents such 
as clopidogrel in ET, their proven track record in preventing compli- 
cations of atherosclerotic disease suggests they may be appropriate for 
patients unable to tolerate aspirin. 


CYTOREDUCTIVE THERAPY 


Indications to Treat 

A prospective randomized trial demonstrated a clear role for cytore- 
ductive therapy with hydroxyurea in reducing thrombotic events in 
high-risk ET patients (age >60 years or history of prior thrombosis), 
approximately 70 percent of whom were also receiving antiplatelet 
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TABLE 85-3. Risk Stratification for Patients with Essential 
Thrombocythemia 


No High-Risk Features 
Low Risk 
Age <40 years 


High Risk 

Age >60 years 

Prior thrombosis 
Platelets >1500 x 109/L 


Intermediate Risk 
Age 40-60 years 


agents.’ Although retrospective studies suggest that thrombotic com- 
plications in those younger than 60 years of age without additional 
risk factors may be no higher than controls, prospective data are lack- 
ing. Patients with ET are currently stratified on the basis of their risk 
of thrombotic complications (‘Table 85-3), with cytoreductive therapy 
likely to benefit high-risk patients. Patients without high-risk features 
can be divided into low risk (age less than 40 years) and intermediate 
risk (age 40 to 60 years). Cytoreductive therapy is unlikely to offer a sig- 
nificant protective effect for those with low-risk disease, in whom the a 
priori risk of thrombosis is small. There is currently little evidence avail- 
able to guide treatment decisions in the intermediate-risk group. The 
ongoing PT-1 trials (http://www.haem.cam.ac.uk/primary-thrombocy- 
thaemia/), comprising a randomized trial of hydroxyurea and aspirin 
versus aspirin alone for intermediate-risk patients and an observational 
study of low-risk patients treated with aspirin alone, will provide pro- 
spective data to help clarify therapeutic decisions for these patients. 
Although the degree of thrombocytosis is not a reliable indicator of 
thrombotic risk, many physicians consider cytoreductive therapy in 
patients with a very high platelet count (e.g., greater than 1500 x 10°/L). 

Once cytoreductive therapy is instituted, dose adjustment is rec- 
ommended to keep the platelet and leucocyte counts within the normal 
range.” 


Choice of Cytoreductive Agent (Table 85-4) 

Choices of first and second line therapies for patients with ET are sum- 
marized in Table 85-4). Hydroxyurea, a ribonucleotide reductase inhib- 
itor also known as hydroxycarbamide, is widely regarded as first-line 
therapy for patients requiring treatment, and is the only cytoreductive 
agent proven to reduce thrombotic events in a randomized controlled 
trial.*! Major complications of this drug include reversible myelosup- 
pression and ulceration of the buccal mucosa or lower leg. Although 
hydroxyurea appears nonleukemogenic when used to treat sickle cell 


TABLE 85-4. Choice of Cytoreductive Agent in Essential 
Thrombocythemia 


Age Group First Line Second Line 

<40 years old Interferon-a Hydroxyurea 
Anagrelide 

40-60 years Interferon-a Anagrelide 

Hydroxyurea 

>60 years Hydroxyurea Anagrelide 
Pipobroman* 
Busulphan* 


Radioactive phosphorus* 


*These agents increase the frequency of transformation to acute 
leukemia in PV studies and their use is only recommended in patients 
older than 75 years of age after careful consideration on a case-by- 
case basis. 


Part X: Malignant Myeloid Diseases 


disease,” controversy remains about potential leukemogenicity in the 
MPNs. Some studies suggest an increased risk of acute leukemia in 
hydroxyurea-treated ET patients,”””* but others have failed to observe 
this association.”*° Problems with these studies include small patient 
numbers, inclusion of patients who have received multiple cytotoxic 
agents, lack of proper controls, retrospective data collection, and rela- 
tively short followup. Of note, analysis of blood cells from sickle cell and 
MPN patients receiving hydroxyurea showed equivalent rates of DNA 
mutations to normal controls, suggesting that the mutagenic potential 
of hydroxyurea is low.*! At present it is not clear whether hydroxyurea 
used as a single agent is associated with an increased risk of acute leu- 
kemia; however, any increased risk is likely to be small and should be 
balanced against the reduction in thrombotic complications. 

Anagrelide, a quinazoline derivative, reduces the platelet count by 
inhibition of megakaryocyte differentiation. Although the white cell 
count is unaffected, anemia is common and often progressive.** Up to a 
third of patients cannot tolerate anagrelide because of side effects, many 
of which result from its vasodilatory and positive inotropic actions 
including palpitations and arrhythmias, fluid retention, heart failure 
and headaches. Use of this drug requires particular caution in elderly 
patients or those with preexisting cardiac disease. Although anagrelide 
is not cytotoxic, and therefore unlikely to be leukemogenic, the PT-1 
randomized trial demonstrated that anagrelide plus aspirin was infe- 
rior to hydroxyurea plus aspirin in high-risk ET patients. In this study, 
anagrelide-treated patients experienced reduced event-free survival 
(p = 0.03) with higher rates of arterial thrombosis (p = 0.004), major 
hemorrhage (p = 0.008) and progression to myelofibrosis (p = 0.01), 
despite equivalent control of the platelet count, although rates of venous 
thrombosis were decreased (p = 0.006).*° In contrast to hydroxyurea, 
anagrelide therapy was also associated with an increase in marrow 
reticulin over time. Comparison of patients in the PT-1 (compar- 
ison of hydroxyurea versus anagrelide) and Italian (comparison of 
hydroxyurea versus no cytoreductive therapy) prospective studies sug- 
gests that anagrelide does provide partial protection from thrombo- 
sis,’ and therefore may be suitable as second-line therapy for patients 
in whom hydroxyurea therapy is inadequate or not tolerated. It has 
been suggested that the results of the ANAHYDRET trial (compar- 
ing hydroxyurea to anagrelide) show that anagrelide is not inferior to 
hydroxyurea in the treatment of ET. However, the number of patients 
enrolled, duration of followup, and primary end points recorded were 
relatively small (Table 85-5) and as such this trial was not powered to 
see the differences observed in the PT-1 study. In addition, the ethical 
basis for performing noninferiority trials may be questioned.” 

Recombinant interferon-a is effective at controlling the platelet 
count in ET, although there is little direct evidence of efficacy in pre- 
vention of thrombosis. Treatment is often associated with significant 
side effects, including flu-like symptoms and psychiatric disturbance 
that may mandate cessation of therapy. As this agent is free from leuke- 
mogenic or teratogenic effects,* interferon-a is often used for younger 
patients or during conception and pregnancy. The adverse side-effect 
profile, however, means that it is generally avoided in older patients. 
Pegylated interferon-a, for which less-frequent administration is 
required, may be more convenient but the side-effect profile appears 
similar to the native compound. 

Radioactive phosphorus and alkylating agents such as busulphan 
are effective at controlling the platelet count, but are associated with an 
increased risk of progression to acute leukemia, particularly when used 
sequentially with hydroxyurea, and thus should be avoided in younger 
patients. Both radioactive phosphorus and busulphan can be given 
intermittently with long intervals between doses, and may be useful in 
treating older patients who are unable to attend the clinic on a regu- 
lar basis. Pipobroman, a piperazine derivative, is effective at reducing 


TABLE 85-5. ANAHYDRET and PT-1 Randomized 


Controlled Trials of Anagrelide versus Hydroxyurea for the 
Treatment of Essential Thrombocythemia 


ANAHYDRET 
Trial®? PT-1 Trial?’ 
Diagnosis WHO criteria PVSG criteria 
(2001) 
Central review of Diagnosis by 
histology* treating physician 
Patients High risk High risk 
Treatment naive Treated or untreated 
Median age: AN/HU 58/56 61/62 
Patient number: 
AN/HU 122/131 405/404 
Followup 730 patient-years 2653 patient-years 


Total events: 


Arterial thrombosis 15 54 
Venous thrombosis 8 17 
Hemorrhage 7 30 
Transformation to MF 3 21 


AN, anagrelide; HU, hydroxyurea; MF, myelofibrosis; WHO, World 
Health Organization. 


*82.2 percent of patients met WHO 2001 diagnostic criteria for ET. 


the platelet count in ET, although there is little direct evidence for effi- 
cacy in thrombosis prevention. However, studies of patients with PV 
have indicated that long-term use of this agent is associated with an 
increased risk of developing leukemia.*** 

The identification of mutations in JAK2 and studies highlighting 
a central role for increased JAK2 activity in the pathogenesis of the 
MPNs have driven the rapid development of targeted JAK2 inhibitors 
(e.g., ruxolitinib). Randomized trials indicate a role for these agents in 
relieving symptoms and possibly prolonging survival in patients with 
PME*”* Although early phase clinical trials have demonstrated efficacy 
in reducing the platelet count in patients with ET, their place in routine 
management has yet to be defined. 


SPECIAL CONSIDERATIONS 


Conception and Pregnancy 

First trimester fetal loss complicates up to 50 percent of pregnancies 
in ET patients, with other complications such as intrauterine growth 
retardation, stillbirth, and preeclampsia also occurring more frequently. 
Such complications occur irrespective of the platelet count prior to con- 
ception but may be more prominent in those with JAK2‘'"-positive 
disease. Whether the use of aspirin or cytoreductive agents can improve 
pregnancy outcome is uncertain, with studies reporting contradictory 
results. However, a large meta-analysis of preeclampsia patients with- 
out ET suggested that aspirin use in pregnancy is safe for both mother 
and fetus,” and it therefore seems reasonable to consider its use for all 
pregnant ET patients. Although hydroxyurea has been used during 
pregnancy, usually without adverse effects for mother or fetus, it is ter- 
atogenic in various non-human mammals”! and should be avoided if 
possible. Anagrelide can cross the placenta with unknown effects on 
fetal development and should also be avoided. Interferon-a is nonter- 
atogenic® and is the agent of choice for patients with high-risk disease 
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TABLE 85-6. Risk Factors for Complications in Essential Thrombocythemia 


Thrombosis Hemorrhage 


Myelofibrotic Transformation Acute Myeloid Leukemia 


Marrow fibrosis* 
Thrombocytosis* 
Leucocytosis* 


Age >60 years 

Prior thrombosis 
Cardiovascular risk* 
Leukocytosis* 
Marrow fibrosis* 
JAK2‘°""F mutation’ 


Disease duration 
Genotoxic therapy 
Use of >1 cytoreductive agent 


Disease duration 
Anagrelide therapy’ 
Marrow fibrosis* 


*Diabetes, hypertension, hypercholesterolemia or tobacco use. 
‘During followup. 

*At diagnosis. 

Venous and arterial thrombosis. 

‘Compared with hydroxyurea. 


should cytoreductive therapy be required during pregnancy. Although 
studies in ET patients are lacking, thromboprophylaxis appears safe in 
pregnancy (e.g., with low doses of low-molecular-weight heparin), and 
may be considered for patients with a history of thrombosis or preg- 
nancy loss; in those with prior thrombosis, treatment should be con- 
tinued for 6 weeks postpartum. Pregnant ET patients should ideally be 
managed in a center where regular fetal monitoring can be performed, 
with good communication between the obstetric, hematology, and 
anesthetic departments. Pregnancy does not appear to affect the natu- 
ral history of the disease, although the platelet count often falls during 
gestation. In animal studies, hydroxyurea is associated with reduced 
spermatogenesis and genetic damage to spermatogonia.” Male patients 
requiring cytoreductive treatment should therefore consider interfer- 
on-a therapy prior to attempted conception. 


Surgery 

Although thrombotic and bleeding complications appear increased 
in ET patients undergoing surgical procedures, it is not clear whether 
these risks can be ameliorated by specific therapeutic interventions. 
In general, antiplatelet agents should be stopped 7 to 10 days prior to 
major surgery or surgery to critical sites, and recommenced as soon as 
the surgeon is confident of secure hemostasis. Postoperative thrombo- 
prophylaxis should be administered according to local protocols. For 
patients receiving cytoreductive therapy, control of blood counts should 
be optimized preoperatively and interruptions in therapy kept to a min- 
imum. For patients not receiving treatment, temporary cytoreductive 
therapy may be considered on a case-by-case basis, taking into account 
the individual’s thrombotic risk profile, the degree of thrombocytosis, 
and the nature of the surgery. 

Splenectomy in ET patients generally results in an increase in the 
platelet count and also in increased thrombotic and hemorrhagic com- 
plications. Normalization of the platelet count is therefore advisable for 
all ET patients prior to elective splenectomy. Thromboprophylaxis and 
daily monitoring of bloods counts is recommended during the postop- 
erative period. 


@ COURSE AND PROGNOSIS 


There is a lack of good quality prospective data concerning long-term 
survival in ET. Data from cancer registries and retrospective studies 
indicate that overall survival is reduced compared with population 
controls.” This excess mortality results from disease complications 
such as thrombosis and transformation to PMF or AML. However, 


management paradigms have changed significantly over the last 10 to 
20 years, including more aggressive intervention to prevent thrombo- 
sis and decreasing use of leukemogenic agents. These changes, which 
may be related to observed improvements in patient outcomes in recent 
years,” render some long-term followup studies difficult to interpret. 

A number of predictive factors for thrombotic complications have 
been identified (Table 85-6), the best established of which are age older 
than 60 years or a history of previous thrombosis. Factors independently 
associated with decreased overall survival in ET include history of prior 
thrombosis, anemia and leukocytosis,” the latter two factors likely rep- 
resenting markers of more advanced disease. Additional factors asso- 
ciated with an increased risk of thrombosis include predisposition to 
atherosclerotic disease (diabetes, hypertension, hypercholesterolemia, 
or tobacco use), presence of a JAK2¥*!”* mutation or increased marrow 
fibrosis at diagnosis (see section “Thrombosis”). At the present time, 
age older than 60 years or history of previous thrombosis are generally 
considered to mandate cytoreductive therapy in ET patients. Whether 
additional factors, such as presence of a JAK2 mutation, can be used to 
improve patient stratification is yet to be tested formally in a clinical trial. 

In contrast to thrombotic complications, there are few identifi- 
able factors that predict for progression to PMF or acute leukemia. The 
incidence of both complications increases progressively with disease 
duration. Choice of therapy also plays a role, with anagrelide increas- 
ing the risk of myelofibrotic transformation compared to hydroxyurea” 
and genotoxic agents increasing the risk of leukemia, especially when 
used sequentially with hydroxyurea. Marrow fibrosis at diagnosis was 
associated with an increased risk of subsequent PMF in a prospective 
study,** but other markers, including the presence of different somatic 
mutations, have failed to show a consistent association with either mye- 
lofibrotic or leukemic transformation. 
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CHAPTER 86 
PRIMARY MYELOFIBROSIS 


Marshall A. Lichtman and Josef T. Prchal 


SUMMARY 


Primary myelofibrosis is one of several disorders in the spectrum of clonal 
myeloid diseases, malignant diseases that originate in the clonal expansion of 
a single hematopoietic multipotential cell reprogrammed by several somatic 
mutations. It is one of the eight neoplasms, including polycythemia vera and 
essential thrombocythemia, classified as a myeloproliferative disease by the 
World Health Organization. Approximately 90 percent of cases have a mutation 
in the Janus kinase 2 (JAK2) gene (~50 percent), the calreticulin (CALR) gene 
(~35 percent), or the thrombopoietin receptor (MPL) gene (~4 percent). The 
disease is characterized, classically, by anemia, mild neutrophilia, thrombocy- 
tosis, and splenomegaly. Occasional cases may present with bi- or tricytopenias 
(~15 percent). Immature myeloid and nucleated red cells, teardrop-shaped 
erythrocytes, and large platelets (megakaryocyte cytoplasmic fragments) are 
characteristic features of the blood film. The marrow contains an increased 
number of neoplastic dysmorphic megakaryocytes and increased reticulin 
fibers and, often later, collagen fibrosis. This reactive, polyclonal fibroplasia 
is the result of cytokines (e.g, transforming growth factor-B) released locally 
by the numerous neoplastic megakaryocytes. Osteosclerosis, also, may be 
present. The disease may be complicated by (1) portal hypertension and gas- 
troesophageal varices as a result of a very large splenic blood flow and loss of 
compliance of hepatic vessels, (2) extramedullary fibrohematopoietic tumors 
that can develop in any tissue and lead to symptoms by compression of vital 
structures, and (3) abdominal vein thrombosis (Budd-Chiari syndrome). Newly 
developed JAK2 inhibitors are now first-line therapy for splenomegaly and 
constitutional symptoms (fever, night sweats, and weight loss). Other treat- 
ment has included hydroxyurea for thrombocytosis and massive splenomeg- 
aly, androgens, erythropoietin, or red cell transfusions for severe anemia, local 
irradiation of filbrohematopoietic tumors or of a massive, symptomatic spleen, 
or splenectomy for severe cytopenias, if splenic effects are not controlled by 
JAK2 inhibitors. Portosystemic shunt surgery may be required for gastroesoph- 
ageal variceal bleeding. In younger patients, allogeneic hematopoietic stem 
cell transplantation can be curative and nonmyeloablative transplantation has 
been successful, at least up to age 60 years. The disease may remain indolent 
for years or may progress rapidly by further deterioration in hematopoiesis, by 
massive splenic enlargement and its sequelae, or by transformation to acute 
myelogenous leukemia. 


Acronyms and Abbreviations: AML, acute myelogenous leukemia; bFGF, basic 
fibroblast growth factor; bp, base pair; CALR, calreticulin gene; CD, cluster of differen- 
tiation; CML, chronic myelogenous leukemia; FISH, fluorescence in situ hybridization; 
G6PD, glucose-6-phosphate dehydrogenase; G-CSF, granulocyte colony-stimulating 
factor; IL, interleukin; JAK2, Janus kinase 2 gene; MPL, thrombopoietin receptor gene; 
MRI, magnetic resonance imaging; PDGF, platelet-derived growth factor; TGF, trans- 
forming growth factor; TNFR, tumor necrosis factor receptor. 


@ DEFINITION AND HISTORY 


Primary myelofibrosis is a chronic clonal myeloid neoplasm character- 
ized by (1) anemia; (2) neutrophilia and thrombocytosis or, in a minor- 
ity, thrombocytopenia and leukopenia; (3) splenomegaly; (4) immature 
granulocytes, increased cluster of differentiation (CD) 34+ cells, ery- 
throblasts, and teardrop-shaped red cells in the blood; (5) marrow fibro- 
sis; and (6) osteosclerosis. The disorder originally was described by 
Heuck' in 1879 under the title “Iwo Cases of Leukemia and Peculiar 
Blood and Bone Marrow Findings.” In his monograph, Silverstein 
traced the history of the concepts set forth during the first half of the 
20th century to explain the pathogenesis of this disease, including its 
origin in the marrow, the appearance of extramedullary hematopoiesis, 
and the relationship of fibrosis to hematopoietic changes.’ The disease 
occurs, often, de novo but can develop as a later phase of polycythe- 
mia vera (Chap. 84), essential thrombocythemia (Chap. 85), or, rarely, 
chronic myelogenous leukemia (Chap. 89), or an atypical myeloprolif- 
erative disease (Chap. 89). It may be preceded by a prefibrotic phase (see 
“Special Clinical Features: Prefibrotic Primary Myelofibrosis” below). 
Numerous designations for the disease have been proposed or used, and 
different names were preferred in different countries.’ Primary myelofi- 
brosis has been designated the most recent “official” name of the disease 
by a working group on classification of the World Health Organization.’ 
This compromise selection is unfortunate as the fibrosis is secondary, 
not primary, and the choice omits focusing on the central pathologic 
change: a clonal myeloid disease with the singular finding of neoplastic 
(dysmorphic) megakaryocytopoiesis.* It is a disease of cells, not fibers, 
and is the only cancer in the medical lexicon not so designated; rather, it 
is named for an epiphenomenon in the extracellular matrix. 

The discovery that the mutated Janus kinase 2 (JAK2) gene muta- 
tion can play a role in the causation and behavior of several myeloprolif- 
erative diseases? and that approximately 50 percent of cases of primary 
myelofibrosis have a mutation of the JAK2 gene‘ or, far less commonly, 
thrombopoietin receptor (MPL) gene has led to better understanding of 
the pathogenesis of the disease and its relationship to other myelopro- 
liferative diseases. The JAK signaling pathways also represent an impor- 
tant new target for therapy. The subsequent observation of mutations 
of the calreticulin (CALR) gene in approximately 70 percent of patients 
without a JAK2 or MPL mutation has provided deeper insights into the 
pathogenesis of myelofibrosis, the opportunity to examine interactions 
among somatic mutations in the cells of patents, and the opportunity for 
new therapeutic approaches (see “Etiology and Pathogenesis” below).’ 


@ EPIDEMIOLOGY 


INCIDENCE 
Age and Sex 


Primary myelofibrosis characteristically occurs after age 50 years.**1° 
The median age at diagnosis is approximately 65 to 70 years,*!*""*"” but 
the disease also can occur in neonates and children.”!”!*!8° In infants, 
the disorder can mimic the classic disease or show certain features but 
not others, such as absence of hepatosplenomegaly.’ Familial infantile 
myelofibrosis mimics the adult disease and in some cases is transmit- 
ted by autosomal recessive inheritance.” The occurrence of primary 
myelofibrosis in children usually is in the first 3 years of life.2°**?> In 
young children, girls are afflicted with the disease twice as frequently 
as boys.” In young and middle-age adults, the disease is similar to that 
in older subjects, although the proportion of indolent cases may be 
higher.'*”°”° In adults, the disease occurs with about equal frequency in 
men and women.*'?"'* Like virtually all clonal myeloid diseases,” pri- 
mary myelofibrosis can cluster in families, suggesting transmission of 
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an unidentified predisposition gene.” A large Swedish study found a 
significant relative risk (five- to sevenfold) for a familial occurrence of 
another myeloproliferative disease neoplasm, although not specifically 
primary myelofibrosis. The latter finding may relate to the small number 
of cases of primary myelofibrosis in that study.” The incidence of the 
disease is approximately 0.5 cases per 100,000 population per year in 
northern European countries.*"* A survey in Olmstead County, Min- 
nesota reported an incidence of 1.5 case per 100,000 population per 
year and a median age of onset of 67 years,” similar to other studies (see 
above in this section). 


@ ETIOLOGY AND PATHOGENESIS 
EXOGENOUS FACTORS 


Exposure to high concentrations of benzene*** or very-high-dose ion- 
izing radiation” preceded the development of primary myelofibrosis in 
a very small number of cases in the past. Epidemiologic studies have 
not determined a relative risk of myelofibrosis after high-dose benzene 
exposure. Lower-level benzene exposure was not found to be associated 
with the risk of myeloproliferative disease in a comprehensive study.“ 
Thus, the few case reports must be viewed with caution in assessing 
causation. Benzene in exposures greater than 40 to 200 ppm-years is 
associated with an increased relative risk of acute myelogenous leu- 
kemia (AML),*'? but not of chronic myelogenous leukemias (CMLs; 
Chap. 89) These levels of exposures are far above the current levels per- 
mitted by the Occupational Safety and Health Administration. 
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IMMUNE MECHANISMS 


Reports of myelofibrosis in patients with lupus erythematosus, have 
suggested the possibility of immunologic-mediated hyperplasia of mar- 
row connective tissue (see “Immune and Inflammatory Manifestations” 
below).’ These forms of myelofibrosis are different from the monoclonal 
multipotential hematopoietic cell disease, which is the principal type 
considered in this chapter. 


CLONAL MYELOID DISEASE, ANIMAL MODELS, 
AND ACTIVATING MUTATIONS 


The disease arises from the neoplastic transformation of a single 
hematopoietic multipotential cell, a conclusion derived from the pres- 
ence of clonal cytogenetic abnormalities in patients with an identifiable 
chromosomal abnormality and in studies in women with primary mye- 
lofibrosis who also were heterozygous for isotypes A and B of glucose- 
6-phosphate dehydrogenase (G6PD).*“* Although the nonhematopoi- 
etic tissues of these patients expressed both isotypes, each patient had 
blood cells with only one G6PD isotype. The findings strongly imply the 
blood cells of each patient arose from only one transformed stem cell. 
Furthermore, chromosome studies of colonies of hematopoietic pro- 
genitor cells in primary myelofibrosis established that the same clonal 
cytogenetic abnormality is present in erythroblasts, neutrophils, macro- 
phages, basophils, and megakaryocytes.“ These studies were confirmed 
by (1) examining X-linked restriction fragment length polymorphisms 
in women with primary myelofibrosis with heterozygosity for X chro- 
mosome-linked genes**”’ and (2) verifying the presence of a mutation of 
codon 12 of the N-RAS gene in five blood cell lineages of a patient with 
the disease.“ Lymphocyte derivation from the clone has been noted 
using mutation in codon 12 of the RAS gene as the marker.“ Using fluo- 
rescence in situ hybridization (FISH) analysis, T and B lymphocytes were 
found to be derived from clonal expansion of a multipotential hemato- 
poietic cell in three of four patients with primary myelofibrosis with a 
13q- or 20q- clonal cytogenetic abnormality.” Primary myelofibrosis 


can be distinguished from secondary myelofibrosis in women by clonal- 
ity studies.” The discovery of the JAK2Y°* mutation has permitted this 
marker to be used in assessing clonality (as will mutations in CALR and 
MPL as their determination reaches the clinic). Mutated JA K2-containing 
cells were identified in all blood lineages of patients with primary myel- 
ofibrosis and in the common multipotential hematopoietic cell.” 

The neoplastic hematopoietic stem cells in primary myelofibrosis 
containing the JAK2‘"* mutation behave differently from the same cell 
population in polycythemia vera when studied in nonobese, diabetic, 
severe combined immunodeficient mice. Although studied in a non- 
human environment, the findings are consistent with the presence of 
JAK2‘*"* mutations in three phenotypically different myeloproliferative 
diseases: polycythemia vera, essential thrombocythemia, and primary 
myelofibrosis.” 

Animal models allowed the derivation of the murine myelopro- 
liferative leukemia (mpl) virus, carrying the oncogene v-mpl, which 
in mice produced a syndrome having features of a mixed idiopathic 
myelofibrotic-polycythemic disorder (Chap. 111).** The availability of 
v-mpl led to the isolation of the thrombopoietin receptor and its lig- 
and thrombopoietin.* Later models of myelofibrosis and osteosclerosis, 
mimicking some of the important features of human primary myelo- 
fibrosis, were induced in mice by retroviral-mediated overexpression 
of thrombopoietin.***” The concomitant high levels of fibroblastic fac- 
tors (transforming growth factor [TGF]-f, and platelet-derived growth 
factor [PDGF]) resulted in intense fibrosis.” In this model, increased 
osteoprotegerin was thought to be the principal cause of osteosclero- 
sis.” The disease was cured by murine hematopoietic stem cell trans- 
plantation.** These findings were extended and led to the discovery of 
the human analogue of v-mpl, c-MPL that encodes the human throm- 
bopoietin receptor. Two gain-of-function somatic mutations, MPL!" 
and MPL", were found to be associated with primary myelofibrosis 
and essential thrombocythemia.®*' These gain-of-function mutations 
may also be germline and in such a case are associated with familial 
(hereditary) thrombocytosis.® 

A syndrome in mice that results from the GATA-1 (low) mutation 
also leads to a phenotype that closely simulates human myelofibrosis. 
The mice gradually develop anemia, teardrop poikilocytes, myeloid 
immaturity, marrow fibrosis, extramedullary hematopoiesis, and over- 
expression of profibrotic cytokines in marrow. GATA-1 is a transcrip- 
tion factor required for normal megakaryocyte development. GATA-1 
deficiency in mice leads to increased megakaryocytic proliferation, 
followed by myelofibrosis and osteosclerosis, as a result of exaggerated 
elaboration of fibroblast-inducing and osteoblast-stimulating factors. 

The discovery in 2005 that an activating somatic G>T point muta- 
tion (V617F) in JAK2 was associated with the three major myelopro- 
liferative diseases—polycythemia vera, essential thrombocythemia, and 
primary myelofibrosis—has rapidly led to a fuller understanding of the 
pathogenesis of these diseases. A dominant, gain-of-function muta- 
tion in the gene JAK2 residing on chromosome 9p24, which encodes the 
JAK2 tyrosine kinase, is present in approximately 50 percent of patients 
with primary myelofibrosis, in approximately 95 percent of patients 
with polycythemia vera (Chap. 84), and in approximately 60 percent 
of patients with essential thrombocythemia (Chap. 85), but is absent in 
healthy individuals. In confirmation, the expression of the mutated 
human JAK2 gene transferred into mice can induce a myeloprolifera- 
tive disease with features characteristic of the human disorders.*-”* 
Homozygosity results from allelic duplication as a result of uniparental 
disomy of chromosome 9p, not loss of the normal allele corresponding 
to the mutation.” 

It is not yet precisely known how JAK2‘°'’, the most prevalent 
mutation, links the three diseases and what modifiers explain the dra- 
matically different phenotype and expected survival of the patients with 


polycythemia and primary myelofibrosis. At least four other modifying 
factors have been proposed to account for the different phenotypes and 
the apparent absence of the mutation in a high proportion of patients 
with primary myelofibrosis: (1) gene dosage, (2) germline modifiers, 
(3) predisposition alleles, and (4) additional somatic mutations.” 
An example of each influence follows. There is an increasing JAK2¥°* 
allele burden from essential thrombocythemia, to polycythemia vera, 
to primary myelofibrosis.”* For example, the JAK2‘°'” allele burden 
may be a key determinant of the degree of myeloproliferation and mye- 
loid metaplasia reflected by significantly higher levels of white blood 
cell counts, CD34+ cell counts, lower platelet counts, and a higher fre- 
quency of splenomegaly in homozygous polycythemia vera patients 
compared to their heterozygous counterparts. These findings are con- 
sistent with JAK2‘*'”"-positive chronic myeloproliferative disorders as 
a biologic continuum with phenotypic presentation in part influenced 
by JAK2‘°F mutational load.” Myeloproliferative neoplasm predispo- 
sition alleles could provide a selective advantage for the development of 
mutations in the JAK2 signaling pathway. A number of pre-JAK2 alleles, 
which arise in cells prior to JAK2 mutation, may contribute to the phe- 
notype displayed.® 

A mutation in the thrombopoietin receptor gene, MPL, (MPL**“*) 
has been found in some mutant JAK2-negative patients with pri- 
mary myelofibrosis. The finding of an activating JAK2 (~50 percent 
of patients) or MPL (~4 percent of patients) mutation, which employs 
JAK2 for signaling, reinforces the critical role of unregulated activation 
of the JAK-STAT (signal transducer and activator of transcription) sig- 
naling pathway in the pathogenesis of primary myelofibrosis.”~” Using 
next-generation gene whole-exome sequencing, primary myelofibrosis 
patients who did not have mutated JAK2 or MPL genes (approximately 
half of all patients) were only found to have an occasional somatic 
mutation.’ 

It came as a surprise that nearly a decade after the description of 
the JAK2 mutation in primary myelofibrosis and related myeloprolif- 
erative diseases, two groups reported, simultaneously, the presence of 
CALR mutations in approximately 70 percent of patients with primary 
myelofibrosis who did not carry the JAK2 or MPL mutations (35 percent 
of total population).” * The CALR mutations were either from deletions 
or insertions, explaining the failure to identify them by Sanger sequenc- 
ing technology. The 52-bp deletion (type 1 mutation) or 5-bp insertion 
(type 2 mutation) are the most frequent types, accounting for approx- 
imately 85 percent of the CALR mutations. The CALR mutations are 
missense for the gene’s final domain, encoding the calcium binding site. 

Patients with primary myelofibrosis and JAK2, CALR, or MPL 
mutations may have an additional two to four somatic mutations. Some 
of the principal genes mutated are TET2, ASXL1, DNMT3A, EZH2, 
and IDH1, which are implicated in epigenetic regulation, and TP53 
and CBL.’ As many as five somatic mutations could be identified in 
3 percent of patients, whereas 12 percent of patients with primary mye- 
lofibrosis did not have an identifiable somatically mutated gene, using 
targeted next-generation whole-exome gene sequencing.’ However, 
the proportion of these additional somatic mutations was less that that 
detected by similar studies in polycythemia vera," suggesting that these 
sequencing technologies, capable of uncovering only approximately 
1 percent of the genome, may leave unidentified additional somatic and 
germline mutations present in a much greater proportion of primary 
myelofibrosis patients. 

Isolated genetic findings in individual patients have included 
(13q14) deletions, mutation or overexpression of the retinoblastoma 
gene,®® NFI (17q11) deletions,** RAS mutations in approximately one 
in 20 patients studied, and occasional patients with mutations in KIT.” 
Uniparental disomy has been found on chromosomes 9p (site of JAK2, 
creating a second allele of V617F) and 1p.* 


Chapter 86: Primary Myelofibrosis 


HMGA2, a gene on chromosome 12, normally is not expressed 
in humans and is implicated in mesenchymal tumors. HMGA2 was 
expressed in 12 of 12 patients with idiopathic myelofibrosis studied, 
implying that, if confirmed, expression of this gene in myeloid cells may 
play a role in the disease.” 


CENTRALITY OF CD34+ CELL EGRESS AND 
NEOPLASTIC MEGAKARYOCYTOPOIESIS 


Neoplastic megakaryopoiesis is the most prominent alteration in this 
clonal myeloid disease and is responsible for most of its major mani- 
festations. Constitutive mobilization and circulation of CD34+ cells are 
prominent features of the clonal expansion. This phenomenon, prob- 
ably, is the result of epigenetic methylation of the CXCR4 promotor, a 
resultant decrease in CXCR4 mRNA, decreased expression of CXCR4 
on CD34+ cells, and their resultant enhanced migration into the blood 
in primary myelofibrosis patients.* 

Circulating CD34+ cells in patients with primary myelofibrosis 
generate about 24-fold the number of megakaryocytes in culture than do 
CD34+ cells from normal subjects, express increased levels of BCL-XL, 
and have delayed apoptosis.*°**” Media conditioned with CD61+ cells 
(presumptive megakaryocytes) elaborated greater quantities of growth 
factors and proteases, including TGF- and metalloprotease-9, than did 
CD61+ cells generated from normal CD34+ cells. 

Circulating CD34+ cells in patients with primary myelofibrosis 
also had a higher expression of eight genes (CD9, GAS2, DLK1, CDH1, 
WT1, NFE2, HMGA2, and CXCR4) than did normal CD34+ cells. These 
genes or subsets of them are likely related to disease pathogenesis and 
were shown to be related to specific manifestations in patients (e.g., 
increased expression of CD9 and DLK1 with platelet count and WT1 
with severity score). 


ENHANCED ANGIOGENESIS AND SPLENIC 
ENDOTHELIAL CELLS 


Microvessel density and marrow blood flow are increased in patients 
with myelofibrosis. These changes may be related to an increase in 
circulating endothelial cell progenitors. The endothelial cells exam- 
ined by laser microdissection, cell sorting, or cell culture from spleen 
capillaries and splenic vein contained the JAK2Y®™ mutation in 12 of 
18 patients studied who had the mutation in their granulocytes. A 
definitive explanation for this finding has not been established.” 


DYSFUNCTION OF HEMATOPOIESIS 


Neoplastic myeloproliferation usually is the dominant marrow abnor- 
mality in the granulocytic and megakaryocytic lineages resulting in 
intensely cellular marrows and mild to moderate blood granulocyto- 
sis and thrombocytosis. Hypocellular hematopoiesis, resulting from 
exaggerated apoptosis of very early precursors, can be present initially 
or emerge later, leading to granulocytopenia and/or thrombocytope- 
nia. Anemia is a frequent finding and results from a combination of 
decreased erythropoiesis, shortened red cell survival, and the effects of 
splenomegaly on the distribution of red cells in the circulation. Hemo- 
lysis can be a prominent factor in some cases. Neoplastic megakary- 
ocyte expansion and intense dysmorphogenesis of megakaryocytes 
are constant features of the disease. Even in intensely fibrotic marrows 
with severe decreases in erythroid and granulocytic precursors, clus- 
ters of megakaryocytes are easily found interspersed between collagen 
bundles. The term megakaryocytic myelosis, one of the many synony- 
mous terms for the disease, exemplifies the constancy of this finding. 
The dominance of megakaryopoiesis may relate to the average fivefold 
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overexpression of FKBP51 in megakaryocytes in primary myelofibro- 
sis and the marked predisposition of CD34+ cells to differentiate into 
megakaryocytes (see “Centrality of CD34+ Cell Egress and Neoplastic 
Megakaryocytopoiesis” above). FKBP51 increases resistance to apopto- 
sis, possibly by an effect through the calcineurin pathway.” Thus, the 
designation “chronic megakaryocytic leukemia” would be a more accu- 
rate designation for primary myelofibrosis, if one used an internally 
consistent classification.’ Although elevated levels of thrombopoietin 
(and interleukin [IL]-6 and IL-11) are found in the serum of patients 
with primary myelofibrosis, their etiologic role in the human disease 
is unresolved.” A marked increase in the thrombopoietin receptor 
MPL is observed on the platelets and megakaryocytes of a proportion 
of patients with primary myelofibrosis.” Despite the animal models 
of thrombopoietin-induced myeloproliferation and osteomyelofi- 
brosis and the apparent abnormality of MPL receptor sites on human 
megakaryocytes, autonomous megakaryocyte growth, characteristic of 
human primary myelofibrosis marrow in culture, has not been associ- 
ated with either an autocrine effect of MPL ligand (thrombopoietin) or 
of a mutation in MPL. 


FIBROPLASIA 


Four of the five major types of collagen” are present in normal mar- 
row: type I in bone, type III in blood vessels, and types IV and V in 
basement membranes. The fine reticulin fibers that appear after silver 
impregnation of marrow are principally type II collagen. They do not 
stain with trichrome dyes. The thicker collagen fibers are principally 
type I collagen and stain with trichrome dyes, but do not impregnate 
with silver. The amount of the very fine fibrous network barely per- 
ceptible in normal marrow that is stained by silver impregnation tech- 
niques” increases in the marrow of patients with primary myelofibrosis 
(Table 86-1 and Fig. 86-1C).*° The fibrous network contains collagen 
and occasionally progresses to include thick collagen bands that are evi- 
dent with trichrome stains. Collagen types I, IH, IV, and V are increased 
in myelofibrosis, but type III collagen is increased uniformly and pref- 
erentially.”-1% The latter occurrence accounts for the increased plasma 
concentration of procollagen III aminoterminal peptide, a component 
of collagen type III, which is cleaved during collagen biosynthesis.°°1°"" 
Serum prolyl-hydroxylase and marrow and plasma fibronectin also 
increase in patients with idiopathic myelofibrosis or myelofibrosis from 
other causes.”*”? Several other matrix materials are increased in marrow 
or plasma (Tables 86-1 and 86-2)!" 

Marrow fibrosis in primary myelofibrosis is most closely correlated 
with increased neoplastic and dysmorphic megakaryocytes in the mar- 
row. Even densely fibrotic marrow with little residual granulopoiesis 
or erythropoiesis usually has numerous megakaryocytes scattered 
throughout the fibrotic areas.” The increased pathologic emperipole- 
sis (the entry of neutrophils and other marrow cells into the canalicular 
system of megakaryocytes), evident in human primary myelofibrosis 
and in mouse models, suggests this may be an additional mechanism 
of a-granule injury and release of TGF-8 and PDGF.” Animal models 
also indicate that marrow monocytes and macrophages may play a sub- 
sidiary role in the induction of fibrosis.” Secretion of PDGF, basic 
fibroblast growth factor (bFGF), and TGF-8 from monocytes that are 
part of the clone have the potential to act as myeloproliferative growth 
factors and profibrotic cytokines. "+ 

The increased content of marrow collagen types I and III results 
from release of fibroblast growth factors, which include PDGE,'”*™ epi- 
dermal growth factor,'** endothelial cell growth factor," TGF-B,'1017718 
and bFGE!*!” each of which is present in megakaryocyte a granules. 
Other factors, such as tumor necrosis factor a, IL-1a, IL-1f, and lysyl 
oxidase, which can be released from marrow cells, also can stimulate 
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|. Marrow stroma 
A. Increased amount of 

1. Total collagen (hydroxyproline)? 
2. Type | collagen?”°?'° 
3. Type Ill collagen”? 
4. Type Ill procollagen 1011031 
5. Type IV collagen*®''% 
6. Matrix metalloproteinase-14'%” 
7. Bone morphogenetic protein’ 
8. Laminin?®1%10° 

9. Fibronectin" ®™" 

10. Tenascin''? 

11. Vitronectin’? 


12. Microenvironment transforming growth factor-B,'% 
basic fibroblast growth factor,''* and substance P 


B. Decreased amount of 
1. Collagenase!” 
Il. Plasma 
A. Increased concentration of 
1. Prolylhydroxylase'’® 
C-terminal peptide of procollagen type I'®° 
N-terminal peptide of procollagen type 11199101117118 
Type IV collagen??? 
Laminin? 
Fibronectin!" 
Hyaluronan’? 
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fibroblasts. -1 Platelet factor 4, also derived from megakaryocytes, 
inhibits collagenase and could contribute to collagen accumulation,” 
although studies showing a poor correlation between plasma platelet 
factor 4 concentration and marrow fibrosis have dampened enthusi- 
asm for the role of this factor. Substance P, a peptide that acts as a 
neurotransmitter and a modulator of immune and hematopoietic func- 
tions, is increased in the fibrotic marrow and colocalizes with fibronec- 
tin. It is angiogenic and is a fibroblast mitogen.™™ Its precise role in the 
complex interactions among fibroblasts, cytokines, and matrix protein 
deposition is not clear. The high urinary excretion of platelet-derived 
calmodulin, a putative fibroblast growth factor, in patients with myelo- 
fibrosis has added this compound to the array of factors that may con- 
tribute to the fibroplasia.'* The plasma level of matrix metalloprotein 
III is decreased and the level of tissue inhibitor of metalloproteinase is 
increased in patients with idiopathic myelofibrosis.'* The expression of 
matrix metalloproteinase-14 in marrow increases by nearly two orders 
of magnitude as fibroplasia progresses during the course of the dis- 
ease; and, megakaryocytes and endothelial cells are the major sources 
of this protein.’ Neutrophil collagenase (matrix metalloproteinase-8) 
content is decreased early in the disease.” Bone morphogenetic pro- 
teins (BMPs) also are implicated as a contributory factor in fibroplasia. 
BMP1, BMP6, BMP7, and BMP-receptor 2 are increased in marrow in 
myelofibrosis as a result of release from megakaryocytes and stromal 
cells. These proteins are activators of latent TGF-8, and processors of 
collagen precursors. In addition, TGF-£, induces release of BMP6.'% 
This complex combination of alterations contributes to matrix 
deposition. The pathogenetic role of released growth factors in 
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Figure 86-1. Blood film and marrow sections from patients with primary myelofibrosis. A. Blood film. Characteristic teardrop poikilocytes, a 
nucleated red cell, and a segmented neutrophil with a dysmorphic nucleus are evident. B. Marrow section. Low power. Hypercellular marrow with 
increased number of hypolobular megakaryocytes. C. Marrow section. Silver impregnation stain. Marked increase in argentophilic fibers representing 
collagen type Ill (reticulin). D. Marrow section. Collagen fibrosis with extensive replacement of marrow with swirls of collagen fibers. (Reproduced with 


permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


TABLE 86-2. Diagnostic Findings in Primary Myelofibrosis 
PREFIBROTIC STAGE 


Anemia may be absent or mild 
Leukocytosis may be absent or slight 
Thrombocythemia is invariable 
BCR-ABL fusion gene absent 


Presence of JAK2, CALR, or MPL mutations indicative of diagnosis 
of myeloproliferative disease (one of these mutations present in 
~90% of patients) 


Cellular marrow with mild increase in granulopoiesis; increased 
megakaryocytes, clusters of very dysmorphic megakaryocytes 
and megakaryocytic nuclei; no to very slight increase in reticular 
fibers on silver stain 

Palpable splenomegaly infrequent 


Absent or slight anisopoikilocytosis including teardrop red cells 


FULLY DEVELOPED STAGE 


Marrow reticulin fibrosis plus or minus collagen fibrosis 
BCR-ABL fusion gene absent 

JAK2, CALR, or MPL mutation in approximately 90% of patients 
Splenomegaly 


Anisopoikilocytosis with teardrop red cells in virtually every oil 
immersion field 


Immature myeloid cells in blood 
Increased CD34+ cells in blood 
Nucleated red cells in blood 


Marrow usually hypercellular but invariably has increased 
megakaryocytes, clusters of highly dysmorphic megakaryocytes, 
and megakaryocyte bare nuclei regardless of overall marrow 
cellularity 


fibroplasia is not completely understood. Generalizations from in vitro 
experiments or correlation between two variables provide only a lim- 
ited perspective. For example, TGF-£ can stimulate or inhibit fibrob- 
last growth, depending on the repertoire of other growth factors in the 
environment. "78 

Fibroplasia is associated with an increase in the number and size 
of marrow sinuses,™™! the number of endothelial cells, an increase in 
vascular volume in the marrow, and an increase in blood flow through 
the marrow.!®!3” These processes are responsible for the increase in 
marrow collagen types IV and V and laminin synthesized by endothelial 
cells in the marrow of patients." 

The fibroblastic proliferation in marrow is not an intrinsic part 
of the abnormal clonal expansion of hematopoiesis.'** In cases of pri- 
mary myelofibrosis in which G6PD isoenzyme studies or chromosome 
karyotyping establish monoclonal growth of hematopoietic cells, mar- 
row fibroblasts contain both G6PD isoenzymes and do not share the 
clonal chromosome abnormality. The findings strongly imply that 
the fibroblasts differentiate from a primordial cell different from the 
neoplastic hematopoietic stem cell in primary myelofibrosis and that 
fibroblast proliferation and enhanced collagen synthesis are secondary 
results of abnormal hematopoiesis. 


EXTRAMEDULLARY HEMATOPOIESIS 


Extramedullary hemopoiesis is almost always present in liver and 
spleen, where it contributes to organ enlargement.®™ Escape of pro- 
genitor cells from marrow and their lodgment in other organs contrib- 
utes to extramedullary blood cell formation. Reversion of the liver and 
spleen to their fetal hematopoietic functions (metaplasia) is not a major 
factor in extramedullary hematopoiesis, and quantitatively significant, 
effective hematopoiesis does not occur outside of the marrow (see also 
“Extramedullary (Fibrohematopoietic) Tumors” below). 
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@ CLINICAL FEATURES 
PRESENTING SYMPTOMS 


Some patients are asymptomatic at the time of diagnosis; in which case 
the disease is detected by medical examination for an unrelated reason. 
In symptomatic patients, fatigue, weakness, shortness of breath, pruri- 
tus, and palpitations are nonspecific but frequent complaints." Fatigue 
is the most frequent self-reported complaint and is disproportionate to 
the degree of anemia. Weight loss is common, but anorexia is less so, 
and fever and night sweats may occur. The term constitutional symp- 
toms, often used in studies of the response to treatment of myelofibrosis, 
refers specifically to the aggregate occurrence of fever, weight loss, and 
night sweats. A dragging sensation in the left upper abdomen caused 
by an enlarged spleen or early satiety from encroachment of the spleen 
on the stomach may occur. Severe left upper quadrant or left shoul- 
der pain can occur from splenic infarction and perisplenitis. Patients 
may report unexpected bleeding. Occasionally, bone pain is promi- 
nent, especially in the lower extremities. Fever, weight loss, cachexia, 
night sweats, and bone pain are more frequent later in the course of 
the disease and are related to the increase in circulating inflammatory 
cytokines that are a key feature of the disease (see “Immune and Inflam- 
matory Manifestations” below). 


PRESENTING SIGNS 


Hepatomegaly is detectable in two-thirds of patients, and splenomegaly 
is present on palpation or imaging studies in almost all patients at the 
time of diagnosis.*"” The spleen is mildly enlarged in one-fourth, mod- 
erately enlarged in half, and massively enlarged in approximately one- 
fourth of patients. Muscle wasting, peripheral edema, and purpura are 
present infrequently. Bone tenderness may be present. The latter signs 
may develop in a larger proportion of patients over the course of the 
disease. 

Neutrophilic dermatosis, a syndrome that closely mimics the 
raised and tender plaques of Sweet syndrome, may occur." It can be 
the presenting or a significant complicating feature, and can progress to 
bullae or pyoderma gangrenosum.""'“ The dermatopathology of neu- 
trophilic dermatosis is different from leukemia cutis and is unrelated to 
infection or vasculitis. The predominant histologic lesion is an intense 
polymorphonuclear neutrophilic infiltrate. 

Skin infiltrates related to hematopoietic cells (leukemia cutis) are 
uncommon. These cutaneous lesions may have myeloid cells with 
giant cells carrying CD61 markers characteristic of megakaryocytes.'“°"” 
Skin lesions representing cutaneous fibrohematopoietic tumors may 
occur. 


SPECIAL CLINICAL FEATURES 
Prefibrotic Primary Myelofibrosis 


The presenting findings of the clonal myeloid diseases are changing 
because of more and earlier access to healthcare in industrialized coun- 
tries (see Table 86-2). A subset of patients, perhaps as many as 25 per- 
cent, with primary myelofibrosis present without overt reticulin fibrosis 
in the marrow.'**!” Blood hemoglobin may be normal and white cell 
count mildly elevated. The classic findings of frequent teardrop red cells, 
myelocytes, and nucleated red cells in the blood film and palpable sple- 
nomegaly often are absent. Thrombocytosis is a constant finding. Essen- 
tial thrombocythemia is closely simulated, but observation eventually 
shows evolution to primary myelofibrosis. The most important distinc- 
tion with essential thrombocythemia is the nature of the megakaryo- 
cytic expansion.’ In primary myelofibrosis, bizarre changes are evident 
with wide variation in megakaryocyte size, from very small to giant 


size cells. Nuclear lobulation is abnormal, with bulky multilobulation, 
hypolobulation, and free megakaryocyte nuclei in the marrow spaces. 
In essential thrombocythemia, megakaryocytes are increased but they 
do not display the dysmorphia observed in myelofibrosis. The prefi- 
brotic disease usually evolves into fully developed myelofibrosis over 
a period of years. Investigators, evaluating histopathology in a blind 
fashion, have confirmed the entity of prefibrotic myelofibrosis and this 
abnormality predicts for progression to an overt primary myelofibrosis 
and, thus, has an impact on the risk of progression to acute leukemia 
and prognosis in general.'*! 


Extramedullary (Fibrohematopoietic) Tumors 
The appearance of symptoms or signs leading to (1) identification of 
a mass on imaging regardless of location, (2) appearance of signs or 
symptoms of an effusion in the thorax or abdomen, (3) unexpected 
neurologic signs, or (4) another finding that appears unexpected in 
a patient with primary myelofibrosis should be considered a fibrohe- 
matopoietic (extramedullary) tumor(s) until proven otherwise. Foci of 
hematopoiesis may become clinically apparent as fibrohematopoietic 
tumors in the adrenal glands,'*'*’ renal parenchyma," and lymph 
nodes.'*”-'*° Tumors composed of hematopoietic tissue, sometimes with 
intense fibrosis, can develop in the bowel,’ !® breast,!*'© liver, 16716 
lungs,'®-"! mediastinum,'” pleura and mesentery,’®!7!!%  skin,!7#!75 
synovium,'” thymus,’ thyroid,'” thorax,’ prostate,'” spleen,’ or 
urinary tract, !7®181-184 

Extramedullary hematopoiesis in the intracranial or intraspinal 
epidural space can lead to serious neurologic complications, including 
subdural hemorrhage, delirium,'**'*° increased intracranial pres- 
sure,” orbital apex syndrome,'* papilledema,'® cerebral tumor," 
coma,™! motor and sensory impairment,’”'® spinal cord compres- 
sion,'**"> and limb paralysis." Intraspinal myelography,” com- 
puted axial tomography,'*"*7""7 positron emission tomography 
after ”Fe infusion,'*° and magnetic resonance imaging (MRI)'"*!*° each 
has been used to define the location and nature of the masses. 

Hematopoietic foci on serosal surfaces can produce effusions, 
sometimes massive, in the thorax, ”®® abdomen, ">"> and peri- 
cardial space.”™-% The effusion fluid often contains megakaryocytes, 
immature granulocytes, and, occasionally, erythroblasts.” Splenec- 
tomy is sometimes followed by extramedullary hematopoietic tumors 
in soft tissues,’ in body cavities, or on serosal surfaces,” perhaps as 
a result of an increase in circulating hematopoietic progenitors*" and 
loss of the filtration function of the spleen. In rare cases, extramedul- 
lary soft-tissue megakaryoblastic tumors simulate the myeloid sarcoma 
(synonyms: chloroma, granulocytic sarcoma) of other types of myelog- 
enous leukemia.”!??" 


Portal Hypertension and Varices and Pulmonary Arterial 
Hypertension 

In patients with primary myelofibrosis, there can be a massive increase 
in splenoportal blood flow and a decrease in hepatic vascular compli- 
ance or the presence of hepatic vein thrombosis, either of which can 
result in severe portal hypertension, ascites, esophageal and gastric 
varices, intraluminal gastrointestinal bleeding, and hepatic encephal- 
opathy.”*!6 The hepatic venous pressure gradient, normally less than 
6 torr, is markedly elevated.’ 

Perisinusoidal fibrosis,”"**” collagen bundles in the spaces of 
Disse,””” perisinusoidal fibroplasia,”"**! and foci of hematopoietic 
cells*”*? appear to contribute to the decreased sinusoidal compliance. 
Portal vein thrombosis is a complication of primary myelofibrosis and 
occasionally precedes disease onset.” 

Rarely, portal hypertension is accompanied by pulmonary hyper- 
tension and may result from pulmonary fibrosis’ or hydrodynamic 


factors.”* Pulmonary arterial hypertension, also, may be the principal 
problem.”*””° Although as many as one-third of patients with primary 
myelofibrosis have an elevated systolic pulmonary artery pressures 
(>35 torr), the fraction that is symptomatic is very small. Elevated 
vascular endothelial growth factor (VEGF) levels, elevated circulating 
endothelial cells, and elevated marrow microvessel density in patients 
suggest that proangiogenic factors may contribute to the hyperten- 
sion.” Contrariwise, secondary myelofibrosis with polyclonal hemato- 
poiesis and normal blood CD34 cell concentrations frequently occurs in 
patients with primary pulmonary hypertension.”* 


Immune and Inflammatory Manifestations 

Abnormalities of humoral immune mechanisms have been observed 
in up to half of patients with primary myelofibrosis.” The array 
of immune products and events reported includes anti-red cell anti- 
bodies,”-?7 antiplatelet antibodies,”***® antinuclear antibodies," 
elevated plasma-soluble IL-2 receptor,” anti-Gal (galactoside deter- 
minants) antibodies,’ anti-y-globulins,*°*** antiphospholipid 
antibodies,***” antitissue or organ-specific antibodies,”*!’*? and cir- 
culating immune complexes,’****** as well as complement activa- 
tion,*** immune complex deposition,” interstitial immunoglobulin 
deposition,”*! increased numbers of marrow plasmacytoid lympho- 
cytes,”™?® and development of amyloidosis.” 

Inflammatory cytokines, including IL-1, IL-6, IL-8, tumor necro- 
sis factor (TNF)-a, TNF receptor II (TNFRII), and C-reactive protein 
also are markedly elevated and play a role in the constitutional symp- 
toms seen in patients with progressive disease, which explains the 
often rapid, symptomatic improvement in patients treated with JAK2 
inhibitors before splenic size is reduced. 

Occasional reports of nonclonal secondary myelofibrosis asso- 
ciated with lupus erythematosus,” vasculitis," polyarteritis 
nodosa,”**?*° ulcerative colitis,*° scleroderma,” biliary cirrhosis,”5®25° 
Sjogren syndrome,” and acute reversible myelofibrosis responsive to 
glucocorticoids,”* although fundamentally different processes from pri- 
mary myelofibrosis, have raised the possibility that immune mechanisms 
play a role in the development of marrow fibrosis in some circumstances. 


Bone Changes 

A large proportion of patients have osteosclerosis at diagnosis or develop 
osteosclerosis during the course of the disease,'">”*® as reflected by 
increased bone density on imaging studies and histomorphometric 
analysis of a bone biopsy (Table 86-3). The proximal femur and 
humerus, pelvis, vertebrae, ribs, and skull may be involved. MRI can 
uncover evidence of new bone formation and periosteal thickening. 
Lumbar spine dual-energy x-ray absorption studies and quantitative 
computed tomography provide evidence for increased bone formation, 
bone thickening, and higher proportions of cancellous and of woven 
bone.**”® Osteolytic lesions are rare” and may reflect a myeloid sar- 
coma.” Periostitis, although infrequent, can lead to debilitating bone 
pain? 


Thrombosis 

The risk of arterial and venous thrombosis is elevated in patients with 
primary myelofibrosis, although not to the degree seen in polycythe- 
mia vera or essential thrombocythemia.” Approximately 10 percent of 
patients with myelofibrosis will develop a significant thrombotic event 
during the first 4 years of the disease. The two principal risk factors are 
an elevated leukocyte count and age, but not platelet count.*” In a large 
multicenter study of 707 patients with primary myelofibrosis, thrombo- 
ses occurred in 7.2 percent of patients over the period of observation, 
or 1.8 percent patient-years. The combination of the JAK2 mutation, 
leukocytosis, and age predicted the highest incidence of thrombosis.” 
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TABLE 86-3. Serum, Urine, and Bone Changes Reflecting 
Osteosclerosis*3? 


e Increased serum alkaline phosphatase 

e Increased serum bone GLA-protein 

e Increased serum carboxytelopeptidase 

e Increased urinary deoxypyridinoline 

e Increased bone density by dual-energy x-ray absorption 

e Increased bone density by quantitative computed tomography 
e Histomorphometry 


- Increased percentage of cancellous bone volume to tissue 
volume 


e Increased bone formation and resorption (high turnover) 
e Increased trabecular plate thickness 

e Increased percentage of woven bone volume 

e Increased percentage of fibrous area 

e No evidence of mineralization defect 


The cardiovascular risk factor, such as hypertension, hypercholester- 
olemia, or smoking, further increase thrombotic risk. Multiple throm- 
botic episodes may occur; and, the thrombotic event may occur at or 
just before diagnosis. 

Noncirrhotic splanchnic vein thrombosis includes hepatic vein 
thrombosis (Budd-Chiari syndrome) and portal vein thrombosis, which 
may occur with minimal evidence of a clonal myeloproliferative dis- 
ease. In the past marrow examination or evidence of erythropoietin- 
independent colony growth was used to determine if an occult or 
incipient myeloproliferative disease may underlie the thrombosis. Now 
JAK2 mutational analysis can be done and is positive in 35 percent of 
seemingly idiopathic hepatic vein thrombosis and 25 percent seemingly 
idiopathic portal vein thrombosis.””* Presumably, future use of CALR 
gene mutational analysis will increase the proportion of cases of hepatic 
vein thrombosis indicative of an underlying occult myeloproliferative 
disease. 


@ LABORATORY FEATURES 
BLOOD CELL COUNTS AND MORPHOLOGY 


The range of values for blood cell counts at the time of diagnosis is very 
broad. Normocytic-normochromic anemia is present in most, but not 
all, patients (see Table 86-2).*1°?73-*8 Mean hemoglobin concentration 
in a series of patients at diagnosis was approximately 9 to 12 g/dL (range: 
4-20 g/dL).*16?8° Anisocytosis and poikilocytosis are a constant 
finding. In all cases, teardrop-shaped red cells (dacryocytes) are pres- 
ent in sufficient number to be found in every oil immersion field (see 
Fig. 86-1). Nucleated red cells are present in the blood film of most 
patients and average 2 percent of nucleated cells (range: 0 to 30 percent). 
The percentage of reticulocytes is mildly increased but may vary widely 
in a given case. A decreased blood hemoglobin may be attributed in part 
to the expansion of plasma volume and a higher than normal propor- 
tion of the red cell volume in an enlarged spleen. Ineffective erythro- 
poiesis can result in a decrease in red cell mass.” Erythroid hypoplasia 
is present in many patients.” In some patients, hemolysis may be 
prominent, and polychromatophilia and very elevated reticulocyte 
counts can occur.” The antiglobulin (Coombs) test usually is nega- 
tive, but red cell autoantibodies can develop and lead to immune-medi- 
ated hemolysis,”** **°** which rarely has been a presenting finding of the 
disease.” Occasional patients have had a positive acid hemolysis and 
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sucrose hemolysis test, reflecting a concurrent clone of cells consistent 
with paroxysmal nocturnal hemoglobinuria.” Acquired hemoglobin 
H disease, coincident with typical white cells and platelet changes of 
myelofibrosis, can occur’ and results in hemolysis, hypochromic- 
microcytic red cells, marked poikilocytosis, and hemoglobin H inclu- 
sions that stain with brilliant cresyl blue. Red cell aplasia, in association 
with primary myelofibrosis, has been observed.”**”*° 

The total white cell count usually is usually moderately elevated as 
a result of granulocytosis.*'* The mean total blood white cell count was 
10,000 to 14,000/uL (10 to 14 x 10°/L) in four large studies. Neutropenia, 
however, is present in approximately 20 percent of patients at the time 
of diagnosis.*"° The range of white cell counts was 400 to 237,000/uL 
(0.4 to 237.0 x 10°/L) at the time of diagnosis.*>?”*’” Myelocytes and 
promyelocytes are present in small proportions in the blood film in most 
patients, and a low proportion of blast cells (0.5 to 2.0 percent) may be 
found in the blood film. The blood blast cells range from 0 to 20 percent 
at the time of diagnosis. In patients with blast counts at the high end, 
which is unusual at presentation, the disease merges with or may prog- 
ress rapidly to AML. Hypersegmentation, hyposegmentation (acquired 
Pelger-Huét anomaly), and abnormal granulation of neutrophils may 
be present.*-'° Neutrophil alkaline phosphatase scores may be elevated 
(25 percent of patients) or decreased (25 percent of patients). The 
percentage of basophils may be slightly increased.*” The mean plate- 
let count in patient series ranges from 175,000 to 580,000/uL (175 to 
580 x 10°/L) at the time of diagnosis. Individual platelet counts can 
range from 15,000 to 3,215,000/wL (15 to 3215 x 10°/L).°1%?” The 
platelet count is elevated above the normal upper limit in approximately 
40 percent of patients.” Mild to moderate thrombocytopenia is present 
in approximately one-third of patients at the time of diagnosis, partic- 
ularly if splenomegaly is massive. Giant platelets and abnormal platelet 
granulation in the blood film are characteristic features of the disease. 

Approximately 10 percent of patients present with pancytopenia 
because of severe impairment of hematopoiesis affecting each cell lin- 
eage, coupled with sequestration in a massively enlarged spleen. Pancy- 
topenia usually is associated with intense marrow fibrosis. 

Increased concentrations of multipotential,**’” granulocytic," 
monocytic,”' erythroid,” and megakaryocytic”’ progenitor cells are 
present in the blood of patients, as measured by clonogenic assays in 
semisolid cultures. The frequency of hematopoietic progenitor cells in 
the blood is correlated with the extent of marrow reticular fiber den- 
sity.” Megakaryocytes also are present in the systemic venous blood.” 
An increase in blood CD34+ cells is very characteristic of primary mye- 
lofibrosis, and the concentration of these cells lends weight to the diag- 
nosis. The height of the CD34+ cell count is correlated with the extent of 
disease and disease progression. Greater than 15 x 10°/L blood CD34+ 
cells is virtually diagnostic of primary myelofibrosis, and patients with 
greater than 300 x 10°/L CD34+ cells have more rapid progression of 
disease than patients with fewer CD34+ cells.” 

Endothelial progenitor cells (CD34+CD133+ and VEGF receptor 
2-positive cells) are significantly higher in the blood of primary myelo- 
fibrosis patients than of normal subjects.” 

Mild lymphocytopenia resulting from decreased CD3+, CD4+, 
CD8+, and CD3-/CD56+ T cells is the rule.?% 


FUNCTIONAL ABNORMALITIES OF 
BLOOD CELLS 


The neutrophils of some patients have impaired phagocytosis, oxygen 
consumption, nitroblue tetrazolium reduction, and hydrogen peroxide 
generation, and decreased myeloperoxidase”? and glutathione reduc- 
tase activities.” CD34+ cells have impaired in vitro differentiation to 


natural killer cells, which appears to be related to a dysregulation in 
control of IL-15. 

Bleeding time can be prolonged disproportionately to the plate- 
let count." Platelet abnormalities include impaired aggregation in 
response to epinephrine, depletion of dense granule adenosine diphos- 
phate content,*” decreased platelet lipoxygenase pathway activity,” 
and others.*”**” The correlation of bleeding or thrombosis with platelet 
functional abnormalities is weak.*”’” The lupus anticoagulant has been 
present, rarely.” 


MARROW EXAMINATION 
Morphology 


In the fibrotic phase, marrow aspiration often is unsuccessful because of the 
fibrosis.* '*"**” The marrow biopsy specimen usually is cellular and shows 
granulocytic and megakaryocytic hyperplasia (see Fig. 86-1).° 167%"? 
Erythroid cells may be decreased, normal, or increased in number. 
Silver stain usually shows an increase in reticular fibers, and in half of 
patients a striking increase in reticular fibers is seen.” Hematoxylin 
and eosin stains of the biopsy specimen may show mild collagen fibro- 
sis; occasionally the fibrosis is extreme (see Fig. 86-1). Collagen fibro- 
sis may be more evident using a Gomori trichrome stain with which 
collagen characteristically stains green. In intensely fibrotic marrows, 
cellularity may be markedly decreased but megakaryocytes usually 
remain evident.” Giant megakaryocytes and micromegakaryocytes, 
abnormal nuclear lobulation, and naked megakaryocyte nuclei are 
present.*!°° Thrombopoietin receptors are decreased on megakary- 
ocytes and platelets.” Granulocytes may show hyperlobulation and 
hypolobulation of the nucleus, acquired Pelger-Huét anomaly, nuclear 
blebs, and nuclear-cytoplasmic maturation asynchrony. Clusters 
of blasts and CD34+ cells are often present. Dilated marrow sinus- 
oids are common. Intrasinusoidal, immature hematopoietic cells, and 
megakaryocytesarepresent.”* Asareflection ofthehighbloodflowtomarrow- 
bearing bone and the widened sinusoidal system, microvessel density 
is significantly increased in approximately 70 percent of patients.2°°”” 
Histomorphometric analysis of marrow biopsies permit detection of 
osteosclerosis.**?6° Grading of the degree of myelofibrosis has used 
the Bauermeister scale, which assesses fibrosis on a scale of 0 to 4, and 
the revised European grading scale of 0 to 3.°” Digital imaging may be 
used for less subjective, quantitative grading of fibrosis or osteosclerosis, 
if its utility is confirmed in additional studies.*”° 

The marrow in the prefibrotic stage usually has no or slight reticu- 
lar fibrosis. The marrow is cellular and there is often an increase propor- 
tion of late neutrophil precursors (myelocytes, metamyelocytes, bands). 
Myeloblasts and CD34+ cells are inconspicuous. Erythropoiesis may 
be slightly decreased. Increased and abnormal megakaryocytopoiesis 
is the hallmark of this phase. Clusters of megakaryocytes are present. 
Megakaryocytes are large and admixed with small megakaryocytes. 
Nuclei are often ballooned and have scalloped margins. Bare megakary- 
ocyte nuclei are present. Megakaryocyte involvement is facilitated by 
staining the marrow with a megakaryocyte marker such as CD61. 


Cytogenetic Findings 

Chromosome abnormalities of hematopoietic cells are evident in 
approximately 40 percent of patients at the time of diagnosis.*!"*"° The 
most frequent findings are partial trisomy 1q, interstitial deletion of a 
segment of the long arm of chromosome 13, del(13)(q12-22), which 
bears the retinoblastoma gene,*'**"*°"’ del 20q, and trisomy 8.*"* Involve- 
ment of chromosome 5, 6, 7, 9, 13, 20, or 21 occurs with heightened 
frequency.*'* The 5q- abnormality is more prevalent in primary myelofi- 
brosis than any other chronic myeloproliferative disorder. Abnormality 
of chromosome 12 resulting from several translocations or deletion or 


inversion occurs in approximately 3 percent of patients.” The del(13) 
and der(6)t(1;6)(q21-23;p21.3) are associated with myelofibrosis but 
are not exclusively seen in patients with primary myelofibrosis.” Aneu- 
ploidy as a result of monosomy or trisomy is common. Pseudodiploidy, 
manifested by partial deletions and translocations, occurs. Patients with 
the clinical features of typical primary myelofibrosis very rarely have the 
Philadelphia (Ph) chromosome in their marrow cells.” Approximately 
15 percent of patients present with unfavorable karyotypes, including 
three or more abnormalities, +9, -7/7q-, 5/5q-, i(17q), inv(3), 12p-, or 
11q23. An unfavorable karyotype is associated with a sixfold greater risk 
of acute leukemic transformation than a favorable karyotype.*” With 
increasing knowledge of the chromosomes commonly affected, inter- 
phase FISH of blood cells is used to look for prevalent abnormalities, 
compensating for the technical difficulties of harvesting cell suspen- 
sions, given the intense marrow fibrosis.*'* Clonal chromosomal abnor- 
malities found in hematopoietic cells have not been observed in marrow 
fibroblasts." 


Magnetic Resonance Imaging 

Marrow fibrosis alters the hyperintensity of Tl-weighted images that 
normally results from marrow fat. As cellularity and fibrosis progress, 
hypointensity of Tl-weighted and T2-weighted images develops. MRI 
does not distinguish between primary myelofibrosis and secondary 
causes of fibrosis,®* but the clinical distinctions usually are very 
evident from the results of prior physical, blood, and marrow examina- 
tions and the evidence for mutations in JAK2, CALR, or MPL. Patchy or 
diffuse osteosclerosis is a common finding, as are “sandwich vertebrae,” 
so called because of marked radiodensity of superior and inferior mar- 
gins of the vertebral body. MRI can identify the uncommon periosteal 
reactions that usually occur in the distal femur, proximal tibia, or ankle. 
The reactions represent expansion of marrow cellularity into normally 
inactive regions of long bones or extramedullary space-occupying 
lesions of fibrohematopoietic tissue.” The findings of sodium fluoride 
(°F) positron emission tomography can be virtually specific for osteo- 
sclerosis of primary myelofibrosis.” 


PLASMA AND URINE CHEMICAL CHANGES 


Serum levels of uric acid, lactic dehydrogenase, bilirubin, alkaline phos- 
phatase, and high-density lipoprotein frequently are elevated.*'° Serum 
cholesterol is often decreased and is a negative prognostic factor.**°°* 
Serum levels of albumin and cholesterol frequently are decreased.*” 
Hypocalcemia*” or hypercalcemia”! may occur. Plasma levels of throm- 
bopoietin and IL-6 are elevated but do not correlate with either platelet 
or megakaryocyte mass.*”*** Elevated thrombopoietin is not explained 
by increased marrow hematopoietic or stromal cell production.** 
Serum-soluble IL-2 receptor** and serum VEGF” levels are increased. 
Urinary excretion of calmodulin is approximately three times normal.'*° 
The serum contains evidence of increased collagen (see Table 86-1) and 
bone (see Table 86-2) synthesis. 


@ DIFFERENTIAL DIAGNOSIS 


CML (Chap. 89) should be considered in the differential diagnosis of 
primary myelofibrosis. In CML, the white cell count is usually greater 
than 30,000/uL (30 x 10°/L) in almost all patients and greater than 
100,000/uL (100 x 10°/L) in half of patients. In myelofibrosis, the white 
cell count usually is less than 30,000/uL (30 x 10°/L) at the time of diag- 
nosis. In CML, red cell shape usually is normal or slightly perturbed. In 
myelofibrosis, teardrop poikilocytes are present in every oil immersion 
field and exaggerated anisocytosis and anisochromia are often promi- 
nent. The marrow in CML shows intense granulocytic hyperplasia, with 
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almost 100 percent cellularity and usually no or very slight fibrosis.*”” In 
myelofibrosis, the marrow has mildly increased cellularity or is hypocel- 
lular, with moderate to marked reticulin fibrosis. Occasionally, patients 
with CML develop intense marrow fibrosis and dysmorphic blood cell 
changes that make distinction between the two diseases difficult on 
merely morphological grounds.*”” However, the Ph chromosome or the 
BCR-ABL fusion gene is present in CML and is absent in primary mye- 
lofibrosis; whereas, the JAK2Y°!”* or the CALR, or the MPL mutation is 
present in approximately 90 percent of cases of primary myelofibrosis 
and absent in CML. Most cases are readily separable based on the afore- 
mentioned distinctions. 

Patients with primary myelofibrosis may have pancytopenia or 
bicytopenia and in that respect mimic patients with oligoblastic mye- 
logenous leukemia (myelodysplasia [MDS]; Chap. 87). Contrariwise, 
patients with oligoblastic leukemia rarely have intense fibrosis.” Prom- 
inent splenomegaly is expected in patients with primary myelofibro- 
sis but not in patients with oligoblastic myelogenous leukemia, which 
helps to distinguish the former from the latter patients. The absence of 
a high frequency of teardrop-shaped red cells, nucleated red cells, and 
striking anisopoikilocytosis in the blood film mitigates against primary 
myelofibrosis. 

Because some patients with primary myelofibrosis have platelet 
counts greater than 450,000/uL (450 x 10°/L), the diagnosis of primary 
thrombocythemia may be considered. Moreover, some patients may be 
in transition from thrombocythemia to myelofibrosis. The anisopoiki- 
locytosis, nucleated red cells, and myeloid immaturity in the blood film 
characteristic of myelofibrosis are not present in patients with thrombo- 
cythemia. Marrow fibrosis usually is insignificant in thrombocythemia, 
and splenic enlargement often is absent or slight. For these reasons, a 
clear distinction usually exists between the two disorders.”™ The 
prefibrotic phase of primary myelofibrosis may mimic essential throm- 
bocythemia, but the more prominent splenomegaly and the more dis- 
ordered and characteristic dysmorphic megakaryopoiesis in primary 
myelofibrosis can be used to distinguish the two entities by an experi- 
enced hematopathologist.**° Careful observation of disease evolution is, 
also, important.*’ 

Hairy cell leukemia (Chap. 93), when associated with shape 
abnormalities of red cells, pancytopenia, splenomegaly, and fibrotic 
marrow, can closely mimic primary myelofibrosis.” Usually, careful 
scrutiny of the blood and marrow by microscopy, histochemistry, and 
cell immunophenotype shows evidence of the abnormal mononuclear 
(hairy) cells characteristic of the disease. 

Hepatic disease can be associated with cytopenias and sple- 
nomegaly, although the specific blood and marrow findings usually 
make the distinction with primary myelofibrosis obvious. In a review 
of 170 cases of splenomegaly in a county hospital, hepatic disease was 
the second most common cause of massive splenomegaly after primary 
myelofibrosis.*” 

Primary autoimmune myelofibrosis is characterized by intense 
marrow fibrosis and an increase in marrow polyclonal T and B lym- 
phocytes.**45 Serologic or clinical evidence of lupus erythematosus or 
other connective tissue diseases is absent, giving primary autoimmune 
myelofibrosis a definitive diagnostic niche. Cytopenias that occur may 
be immune mediated (e.g., immune hemolytic disease), and the blood 
cell findings (anisopoikilocytosis, nucleated red cells, myeloid imma- 
turity) characteristic of primary myelofibrosis usually are absent. The 
marrow may be cellular with increased megakaryocytes, but strikingly 
dysmorphic megakaryocytopoiesis is absent. Splenomegaly, a nearly 
constant feature of primary myelofibrosis, usually is absent. Polyclonal 
hyperglobulinemia may be present. 

Patients with sporadic idiopathic or familial pulmonary hyperten- 
sion have significant marrow fibrosis. They can be distinguished from 
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patients with primary myelofibrosis with pulmonary hypertension by 
the latter’s high-circulating CD34+ cell count, the presence of clonal 
platelets and granulocytes, a high frequency of dacryocytes in the blood 
film, and a JAK2Y®™ mutation.*“° 

Metastatic carcinoma, especially derived from carcinoma of breast 
or prostate? or disseminated mycobacterial infection,**** can 
induce reactive marrow fibrosis and occasionally simulate primary mye- 
lofibrosis. Demonstration of metastatic carcinoma cells or mycobacte- 
ria in the marrow indicates the etiology. Other disorders reported with 
secondary myelofibrosis include mastocytosis,****** angioimmunoblas- 
tic lymphadenopathy,* angiosarcoma,* lymphoma,*-*“ multiple 
myeloma,**** renal osteodystrophy,*” hypertrophic osteoarthropa- 
thy,** gray platelet syndrome,*” systemic lupus erythematosus,”'*™ 
polyarteritis nodosa,”* hypereosinophilic syndrome,*”*” kala azar, 
primary thrombocytopenic purpura,” thrombotic thrombocytopenic 
purpura,*” tretinoin administration,” neuroblastoma,” giant lymph 
node hyperplasia,” vitamin D-deficiency rickets,*”***! Langerhans cell 
histiocytosis,” acute promyelocytic leukemia,**** and malignant histi- 
ocytosis.™ Correction or amelioration of the primary disorder can lead 
to disappearance of the marrow fibrosis. 

Lymphoma,*****” chronic lymphocytic leukemia,****” hairy cell 
leukemia,*”*”° systemic mastocytosis,**! macroglobulinemia,*” amyloi- 
dosis,**45 myeloma,™ malignant teratoma,* and essential mono- 
clonal gammopathy? can coincide with primary myelofibrosis. 


372 


@TRANSITIONS TO AND FROM 
MYELOFIBROSIS AMONG CLONAL 
HEMOPATHIES 


All clonal hematopoietic diseases (AML, CML, oligoblastic myelog- 
enous leukemia [MDS], lymphomas) may have increased marrow 
reticulin fibers but only infrequently have collagen fibrosis.” Acute 
megakaryoblastic leukemia is accompanied by intense marrow fibro- 
sis (Chap. 88). Approximately 15 percent of patients with polycythemia 
vera, whether treated by phlebotomy, alkylating agents, or ?P, develop 
a clinical state indistinguishable from primary myelofibrosis during 
20 years of observation (Chap. 84).*°*“° Essential thrombocythemia 
may evolve into a myelofibrotic stage, estimated to occur in approxi- 
mately 7 percent of cases (Chap. 85). This estimate is complicated by 
the question of whether some cases of essential thrombocythemia actu- 
ally were distinguished as early (prefibrotic) primary myelofibrosis.’ 
Sideroblastic anemia has progressed to primary myelofibrosis.“ Rarely, 
primary myelofibrosis reverts to polycythemia vera, with disappearance 
of marrow fibrosis.“ Even more rarely, primary myelofibrosis, carry- 
ing the JAK2 mutation, has undergone clonal evolution to BCR-ABL- 
positive CML or vice versa.*°**° 


@THERAPY 
DECISION TO TREAT 


A proportion of asymptomatic patients remains stable for years and they 
do not require specific treatment. Constitutional symptoms, anemia, 
thrombocytopenia, and splenomegaly are the principal initial reasons 
for therapy. A hemoglobin less than 10 g/dL,''*”° a white count less 
than 4000/uL (4.0 x 10°/L) or greater than 30,000/wL (30.0 x 10°/L),” a 
platelet count under 100,000/uL (100 x 10°/L), and blood blasts above 
1 percent of total leukocytes?” predict more rapid progression of dis- 
ease. In addition, patients may have a loss of sense of well-being, fatigue, 
night sweats, loss of weight, low-grade fever, and loss of functionality 
as a result of the accompanying elaboration of inflammatory cytokines. 


Staging protocols may be useful in comparing concurrent and sequential 
clinical trial results (see “Course and Prognosis” below). In an individual 
patient under the care of a clinician experienced in the disease, follow- 
ing the disease for evidence of progression is a very important additional 
factor in determining the timing of treatment, even in patients deemed 
at higher risk by formulaic techniques, especially before introducing 
allogeneic stem cell transplantation with its morbidity and potential 
mortality in this age group. 


RED CELL TRANSFUSION 


Patients with severe anemia or with moderate but symptomatic ane- 
mia may require periodic red cell transfusions (Chap. 138). Alternative 
mechanisms for raising the blood hemoglobin concentration include 
use of recombinant erythropoietin and androgen therapy. 


RECOMBINANT HUMAN ERYTHROPOIETIN 
FOR ANEMIA 


Serum erythropoietin levels usually are appropriate to the severity of 
anemia in patients with myelofibrosis.“” Thus, use of erythropoietin for 
anemia is, usually, disappointing. In some studies, patients selected by 
their inappropriately low serum erythropoietin levels (<125 U/L) for 
the degree of anemia, beneficial effects can result.*°°*” 


ANDROGENS AND GLUCOCORTICOIDS 
FOR ANEMIA 


Severe anemia may improve with androgen therapy in some patients. 
Testosterone, oxymetholone, and fluoxymesterone have been used but 
have virilizing effects. In addition, they have the potential for hepatic 
injury and other side effects. Danazol, 600 to 800 mg/day orally for up 
to 6 months, can be used. The drug is tapered to the minimum effec- 
tive dose or discontinued if no significant response occurs. Improve- 
ment may be limited to a decreased frequency of red cell transfusion. 
Androgens often are used after splenectomy if anemia returns and 
requires transfusion of red cells. They are more effective in splenecto- 
mized patients or those with less splenic enlargement. Patients under- 
going androgen therapy should have periodic assessment of liver size 
by physical examination, measurement of liver function tests, and, if 
appropriate, ultrasonographic imaging to detect liver injury (e.g., pelio- 
sis) or tumors.*"' Evaluation of male patients for prostatic enlargement 
or cancer is prudent before starting androgen therapy. Patients with 
significant hemolytic anemia may benefit from glucocorticoid therapy. 
Prednisone 25 mg/m? per day orally can be tried. If tolerated, the dose 
can be continued for 1 to 2 months and then tapered gradually. In chil- 
dren, high-dose glucocorticoid therapy can ameliorate marrow fibrosis 
and improves hematopoiesis.*!”*"? 
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DRUG THERAPY FOR MYELOPROLIFERATION, 
SPLENOMEGALY, OR CYTOPENIAS 


A variety of drugs have been used for treatment of massive splenomeg- 
aly, thrombocytosis, or constitutional symptoms. 


JAK2“°'” Kinase Inhibitors 

Because JAK2 mutations and the resulting effects on JAK-STAT sig- 
naling are thought to be a key factor in the clonal expansion leading 
to primary myelofibrosis in at least 50 percent of patients, an effort to 
synthesize and test inhibitors of the mutant JAK2 protein product were 
conducted.‘ Early studies of the JAK2 kinase inhibitor TG101209, an 
oral, bioavailable small molecule, and a potent inhibitor of JAK2 kinase, 
showed its ability to inhibit JAK2Y°''-dependent phosphorylation of 


STAT3 and STATS, inhibit colony growth of cells harboring JAK2 and 
MPL mutations, and to have therapeutic effects in a nude mouse model 
of JAK2¥°'”'-induced myeloproliferative disease.“ The effects of several 
JAK2 inhibitors have been described.“®-“8 Although their effects are 
somewhat different, the most striking and consistent effect with each 
agent is a decrease in spleen size and reversal of constitutional symp- 
toms. They often suppress blood cell counts, and thrombocytopenia can 
be dose-limiting. At least initially, the anemia worsens although this 
laboratory deterioration may be transient, lasting only for few months. 
Typically, in spite of progression of anemia, most treated patients report 
decreased fatigue. The reduction in large spleen size and the improve- 
ment in the quality of life of many patients have been dramatic and were 
similar in those with and without a JAK2 mutation. This effect may be 
explained by the drug’s ability to inhibit JAK1 and JAK2 isoforms, the 
former having a role in cytokine elaboration. These agents may decrease 
morbidity and mortality, prolonging survival (see “Course and Progno- 
sis” below). 49-43 

In 2011, ruxolitinib, an oral JAK2 inhibitor, was approved by the 
FDA for use in patients with intermediate or high-risk myelofibrosis. It 
decreases spleen size, fatigue, night sweats, pruritus, and red cell trans- 
fusion requirements, and can result in weight gain in a significant pro- 
portion of patients. The principal dose-limiting side effect is a decreased 
platelet count. Although some patients may have worsened anemia or 
neutropenia, the net effect often was beneficial, with improvement in 
fatigue and other symptoms. Headache, dizziness, and diarrhea also 
may occur but are usually manageable without discontinuing the drug. 
After 6 months of treatment approximately 40 percent of treated patients 
have a significant decrease in spleen size and constitutional symptoms. 
The initial drug trials were limited to patients with a platelet count at the 
initiation of ruxolitinib therapy of 100 x 10°/L; however, newer studies 
using lower starting doses of ruxolitinib and gradually incrementing 
those doses have indicated that patients with platelet counts of between 
50 and 100 x 10°/L may receive similar benefits from carefully incre- 
mented drug doses. Table 86-4 shows a suggested approach to initial 
dosage. Of all available therapeutic modalities for primary myelofibro- 
sis, ruxolitinib is the only therapy that has shown benefit in clinical tri- 
als that included a comparison group given a placebo. 


Hydroxyurea 

Hydroxyurea is a commonly used agent for exaggerated accumulation 
of platelets, occasional very high leukocyte counts, troublesome areas 
of extramedullary hematopoiesis, and symptomatic splenomegaly.***”* 


TABLE 86-4. Guideline for Initial Oral Ruxolitinib Dose in 


Primary Myelofibrosis 
Platelet Count 


Dose 


>200 x 10°/L 
100-200 x 10?/L 
50-100 x 109/L 


20 mg twice daily 


15 mg twice daily 


5 mg twice daily (increasing each month 
by 5 mg daily until maximal splenic size 
reduction, only if platelet count stays 
above 40 x 109/L)* 


*Drug not FDA approved for starting platelet counts of 50 to 100 x 10°/L. 


If platelet count decreases while on ruxolitinib therapy, dose reduc- 
tion should be made in relation to level of platelet count. The drug 
should not be administered if platelet counts falls to less than 
50 x 10°/L. Therapists should consult more detailed guidelines, Pre- 
scribing Information, published by Incyte, for use of ruxolitinib (Jakafi) 
(revised November 2011). 
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Hydroxyurea can, inconsistently, decrease the size of the spleen and 
liver, decrease or eliminate constitutional symptoms of night sweats or 
weight loss, and occasionally lead to an increase in hemoglobin con- 
centration, a decrease of platelet counts, and a decrease in the degree 
of marrow fibrosis. Patients with myelofibrosis often do not have the 
marrow tolerance to chemotherapy of patients with other chronic mye- 
loproliferative diseases. Hydroxyurea can be administered in doses of 
0.5 to 1.0 g/day or 1 to 2 g orally two to three times per week, depending 
on the level of pretreatment blood cell counts. Patients should be evalu- 
ated for dose adjustment at least every week for 1 month and, if appro- 
priate, eventually extended to evaluation every 3 months. Although 
alkylating agents, especially busulfan and other cytotoxic agents, have 
been used successfully, they have largely been replaced by hydroxyurea. 
Use of alkylating agents has resurfaced with the suggestion that melpha- 
lan or busulfan may be useful as therapy.” 


Thalidomide and Lenalidomide 

Thalidomide is poorly tolerated at optimal doses of approximately 
800 mg/day. Most patients receive about half that amount and are 
tapered to the lowest effective dose. One study of 14 patients found 
the drug was not beneficial and had high toxicity rates.” Other stud- 
ies found some decrease in spleen size and improvement in blood 
hemoglobin and platelet counts in a minority of patients receiving up 
to 600 mg/day.*****! In subsequent studies, lower doses of thalidomide 
(50 mg/day) coupled with prednisone were more tolerable and resulted 
in improvement of anemia and thrombocytopenia in about half of 
patients, with sustained improvement in some patients after treatment 
was stopped.‘ The thalidomide congener lenalidomide may supersede 
thalidomide use. Lenalidomide has provided responses in a significant 
minority of patients.“ The drug can result in marked improvement 
in hemoglobin concentration or avoidance of a requirement for trans- 
fusion (22 percent of patients treated), improvement in platelet count 
(50 percent of patients treated), and decrease in spleen size (33 percent 
of patients treated). Neutropenia and thrombocytopenia were the most 
troubling side effects.’ The drug has also been useful in patients with 
primary myelofibrosis who have a 5q- cytogenetic abnormality. “5*6 
Another thalidomide congener, pomalidomide, has completed a phase 
3 trial and has not been shown to decrease transfusion requirements.*” 


Cyclosporine, Etanercept, Imatinib Mesylate, and Tipifarnib 
Cyclosporine has been used to achieve a serum level of 100 to 200 ng/ 
mL in severely anemic patients with evidence of immune abnormalities 
(positive Coombs test, antinuclear antibodies).** Three of six patients 
responded with an increased hemoglobin concentration. Cyclosporine 
has been used with apparent success in a single patient with myelofibro- 
sis and red cell aplasia.*” 

TNF-a has been proposed as a target to inhibit its possible effects 
in the pathogenesis of primary myelofibrosis. Of 20 patients treated 
with soluble TNF-a receptor (etanercept), 12 had improvement in con- 
stitutional symptoms (fever, night sweats, fatigue, weight loss), and four 
had improved blood counts and decreased spleen size.“ 

Imatinib mesylate for treatment of myelofibrosis has been exam- 
ined on empirical grounds and has been largely ineffective in influenc- 
ing the disease course." Modest doses have not been well tolerated, 
and responses have been infrequent and insubstantial. 

The farnesyl transferase inhibitor tipifarnib is not well tolerated.“ 
Although it may decrease spleen size, it has shown no advantages over 
hydroxyurea. 


Interferons 
Interferon-a and interferon-y act synergistically to inhibit myeloprolif- 
eration.“* Interferon-a has been used extensively for treatment of CML 
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prior to the availability of mutant tyrosine kinase (BCR-ABL) inhibi- 
tors (Chap. 89). Interferon-« has not been used extensively in primary 
myelofibrosis, but has been useful for treatment of splenic enlargement, 
bone pain, and thrombocytosis in select patients.“ Trials comparing 
interferon therapy with hydroxyurea or other therapy have not been 
reported.” Hydroxyurea is easier to use (oral versus parenteral) and 
has less-frequent and less-severe side effects than interferon, especially 
in older patients. A polyethylene glycol conjugated interferon- prepa- 
ration may prove more practical and tolerable for use in patients with 
myelofibrosis. Although largely ineffective in later stages of myelofibro- 
sis, it has shown efficacy in the early myeloproliferative stage of primary 
myelofibrosis with mild to moderate marrow fibrosis.““***' 


Serosal Implants 

Cytarabine Ascites resulting from peritoneal hematopoietic implants 
has been treated with intraperitoneal cytarabine.“ Intrasplenic cytara- 
bine administered via a splenic artery catheter has resulted in significant 
improvement in a patient (see also “Radiotherapy” below).*” 


IMMUNE-RELATED FIBROSIS 


Intravenous Immunoglobulin 

Although autoimmune or systemic lupus erythematosus-related mye- 
lofibrosis has responded to glucocorticoids or intravenous immune 
globulin! and a variety of other fibrotic disorders occasionally 
respond,” primary myelofibrosis does not have a sustained response 
to such therapy because the fundamental lesion is the hematopoietic 
multipotential cell neoplasm, neoplastic megakaryocytosis, severe 
megakaryocytic dysmorphia, and cytokine release with resultant fibro- 
genesis and, sometimes, osteogenesis. 


BISPHOSPHONATES FOR BONE DISEASE 


Debilitating bone pain can be a vexing problem in some patients with 
osteosclerosis and periostitis. Dramatic improvement in bone pain and 
hematopoiesis after etidronate 6 mg/kg per day on alternate months** 
or clodronate 30 mg/kg per day for several months, during which 
marked improvement was still present 33 months later,‘ highlight the 
potential usefulness of this family of drugs for bone symptoms.*” 


RADIOTHERAPY 


Radiotherapy can be useful for patients with primary myelofibrosis in 
several situations. For example, in the presence of severe splenic pain 
(splenic infarctions) or massive splenic enlargement with contraindi- 
cation to splenectomy (e.g., thrombocytosis), repeated doses of 0.5 to 
2.0 Gy to the spleen can ameliorate the pain.** Splenic radiation can 
result in further cytopenias or worsening cytopenias, especially throm- 
bocytopenia, referred to as an abscopal effect on marrow production, 
perhaps because of the circulation of large numbers of CD34+ cells 
exposed in the spleen. Other situations in which radiation may be use- 
ful are ascites resulting from myeloid metaplasia of the peritoneum,*” 
focal areas of severe bone pain (periostitis or the osteolysis of a myeloid 
sarcoma),””?*§4 and extramedullary fibrohematopoietic tumors,'°”** 
especially of the epidural space.” Low-dose radiation to the liver 
for symptomatic hepatomegaly and ascites provides only short-term 
relief.****' Low-dose radiotherapy to the lung has been used success- 
fully to palliate the effects of pulmonary hypertension thought to result 
from extensive extramedullary hematopoiesis in the organ. Low-dose 
radiotherapy has relieved signs of respiratory insufficiency, especially 
hypoxemia,” but in several unreported instances known to the authors, 
this approach has led to deterioration of pulmonary function. 


SPLENECTOMY 


Splenectomy has been important in the management of primary mye- 
lofibrosis.*“” The major indications for splenectomy include (1) pain- 
ful enlarged spleen (~50 percent of patients), (2) excessive transfusion 
requirements or refractory hemolytic anemia (~25 percent of patients), 
(3) portal hypertension (~15 percent of patients), and (4) severe throm- 
bocytopenia (~10 percent of patients). 

Patients who have a prolonged bleeding time or coagulation times 
are at serious risk for hemorrhage with surgery and should not undergo 
the procedure unless the abnormalities can be corrected by platelet 
transfusion and factor replacement therapy. Evidence of low-grade 
intravascular coagulation, such as elevated D-dimer levels, may require 
prophylactic heparin therapy and platelet transfusion should excessive 
bleeding occur. 

Removal of the spleen in patients with primary myelofibrosis may 
be difficult. Usually the spleen is adherent to neighboring serosal sur- 
faces and structures (e.g., inferior surface of left hemidiaphragm) and 
has numerous collateral vessels and very dilated splenoportal arteries 
and veins. Immediate postoperative mortality is a function of surgical 
experience and skill and of the rapidity of recognition of postoperative 
complications. In experienced hands, perioperative mortality is approx- 
imately 10 percent. Postoperative morbidity from hemorrhage, sub- 
phrenic hematoma, subphrenic abscess, injury to the tail of the pancreas, 
pancreatic fistulas, or portal vein stump or mesenteric vessel throm- 
bosis occurs in approximately 30 percent of patients. Infection, espe- 
cially, pneumonia occurs in approximately 10 percent of patients. Later 
postoperative changes include liver enlargement (sometimes massive), 
extramedullary hematopoietic tumors, thrombocytosis, and a decrease 
in teardrop-shaped red cells. Leukemic blast transformation occurs in 
approximately 15 percent of patients after splenectomy. Hydroxyurea 
or aspirin and anagrelide may be useful for exaggerated thrombocyto- 
sis (Chap. 85). The morbidity and mortality from splenectomy and the 
modest extension of life have led to increasing conservatism regarding 
its use. However, splenectomy can improve the condition for which it 
was performed in approximately 50 percent of patients. Median survival 
after splenectomy has been approximately 18 months. 


PORTAL-SYSTEMIC VASCULAR SHUNT 
SURGERY 


Circulatory dynamic studies are performed at the time of surgery in 
patients undergoing operation for portal hypertension and bleeding 
varices or refractory ascites. In patients in whom the hepatic wedge 
pressure elevations result from markedly increased blood flow from 
the spleen to the liver, the preferred treatment procedure for portal 
hypertension is splenectomy. In patients who have portal hypertension 
resulting from intrahepatic block or hepatic vein thrombosis and who 
have a hepatic venous pressure gradient well above the upper limits of 
normal (6 torr), a splenorenal shunt can be performed*® or, to avoid 
abdominal surgery, a transjugular intrahepatic portosystemic shunt can 
be used.**4 Variceal sclerotherapy or variceal ligation has been used to 
treat bleeding varices resulting from portal hypertension. 


HEMATOPOIETIC STEM CELL 
TRANSPLANTATION 


Marrow transplantation is the only curative approach to primary mye- 
lofibrosis. Marrow transplantation therapy has been used increasingly 
in younger patients with a poor prognosis (e.g., severe anemia and 
leukopenia or exaggerated leukocytosis) who have a histocompatible 
sibling.“ The median age in most studies is approximately 50 years, 
whereas the median age of all patients is approximately 70 years.*” 


Patients engraft at a rate similar to the rate of patients with hemato- 
logic diseases without marrow fibrosis (Chap. 23). The decision to use 
full-conditioning allogeneic transplantation is a function of the patient’s 
age (<50 years), the severity of the blood cell and marrow abnor- 
malities, and the likelihood of a protracted indolent course without 
transplantation. Younger patients, especially those younger than age 
50 years, with a DNA-based matched sibling donor, progressive disease, 
and poor prognostic findings, such as hemoglobin less than 10 g/dL, 
blast cells greater than 1 percent of blood cells, unfavorable cytogenet- 
ics (e.g., abnormalities involving chromosome 5, 7, or 17, or cells with 
three or more abnormalities) are usually considered for transplantation. 
Although a large spleen may slightly delay the expression of donor gran- 
ulopoiesis, on average the results in patients with a spleen is the same as 
those who had prior splenectomy.“ ™"* In addition, the latter procedure 
incurs significant risk of morbidity or mortality. 

Patients younger than age 50 years who are transplanted with 
stem cells from a matched sibling donor have a lower posttransplan- 
tation mortality and have better outcomes than those older than age 
50 years.“ Transplant-related mortality using full-conditioning regi- 
mens is approximately 35 to 40 percent and 5-year survival is approxi- 
mately 50 percent in patients younger than 50 years of age. 

Donor lymphocyte infusion in patients who have lost donor dom- 
inance of hematopoiesis and a return of myelofibrosis can result in 
regression of fibrosis and return to normal hematopoiesis for at least 
6 and 20 months at the time of reporting.” 

In JAK2‘°'?-positive patients, real-time polymerase chain reaction 
analysis can permit a sensitive determination of residual JAK2Y°F- 
positive cells after transplantation. In a study of patients receiving 
low-intensity conditioning, 17 of 21 patients became JAK2‘°'”"-negative, 
and in one case donor lymphocyte infusion eliminated JAK2"°''-posi- 
tive cells.*”” 

The option of nonmyeloablative transplantation in older patients 
is gaining favor.**7!47*4 Several reports of lower posttransplanta- 
tion mortality and salutary outcomes have led some to consider this 
approach as the preferred approach in patients older than 50 years of 
age, and perhaps in younger patients as well. One study showed that 
the outcome of nonmyeloablative transplantation was dramatically bet- 
ter than myeloablative transplant.” The study compared 17 patients 
receiving a myeloablative conditioning regimen and 10 receiving non- 
myeloablative conditioning. The median age was 50 years (age range: 
5 to 63 years) at transplantation. After a median followup of 55 months, 
20 patients were alive. The transplantation-related mortality was 10 per- 
cent in the nonmyeloablative group and 30 percent in the myeloablative 
group. There was no difference in survival for high- or low-risk patients 
or between sibling and unrelated donor transplantations. This study 
confirmed prior smaller comparisons of myeloablative and nonmye- 
loablative stem cell transplantation. 

A large cooperative study of reduced conditioning transplantation 
found the most favorable results in transplants using matched-related 
donors and in intermediate stage disease.*” 

Autologous blood stem cells mobilized with granulocyte colony- 
stimulating factor (G-CSF) and administered after busulfan condi- 
tioning produced clinical benefit, including improved erythropoiesis, 
improved platelet counts, and decreased splenic size, in a plurality of 
21 patients with primary myelofibrosis whose age range was 45 to 
75 years. The 2-year actuarial survival rate was 61 percent.’ 


@ COURSE AND PROGNOSIS 


The rate of disease progression is associated with at least 16 variables 
measured at the time of diagnosis, namely: (1) older age; (2) severity 
of anemia; (3) exaggerated leukocytosis (>25 x 10°/L) or leukopenia 
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(<4.0 x 10°/L); (4) constitutional symptoms of fever, sweating, or weight 
loss at the time of diagnosis; (5) proportion of blast cells in the blood 
(21 percent); (6) male gender; (7) severity of thrombocytopenia; (8) 
proportion of CD34+ cells in the blood; (9) the presence of the V617F 
mutation in JAK2; (10) monocytosis; (11) a decreased proliferating 
cell nuclear antigen index and a decreased apoptotic index by in situ 
end labeling; (12) degree of liver enlargement; (13) extent of marrow 
fibrosis; (14) postsplenectomy spleen histology; (15) WTI expression 
in CD34+ cells; and (16) certain clonal cytogenetic abnormalities, espe- 
cially involving chromosome 5, 7, or 17, or with three or more abnor- 
malities. Abnormalities such as 13q or 20q did not affect patient survival 
compared to those patients without cytogenetic alterations. 

Each retrospective study has found a different subset of these fac- 
tors to be significant prognostic factors. The most consistent predictive 
variables appear to be advanced age, severity of anemia, and higher-risk 
clonal cytogenetic abnormality at the time of diagnosis, each of which 
represents a poor prognostic indicator.®121416312314485-490 

In a study of more than 1000 consecutive cases of myelofibrosis 
at seven centers, among which the median survival was 69 months, 
variables (1) through (5) (listed above) proved to be the most useful in 
dividing patients into four risk-factor categories. Shorter survival was 
observed in patients who were older than age 65 years, had a hemo- 
globin concentration less than 10 g/dL, a leukocyte count greater than 
25 x 10°/L (25,000/uL), a blood blast cell count equal to or greater than 
1 percent, and constitutional symptoms. The patients were assigned 
to a risk group based on the number of risk factors present. If no risk 
factors were present, risk was low; if one factor was present, risk was 
low-intermediate; if two risk factors were present, risk was high- 
intermediate; and if three or more risk factors were present, risk was high. 
The application of these variables could distinguish among patients with 
low risk with a survival of 135 months, low-intermediate risk with a sur- 
vival of 95 months, high-intermediate risk with a survival of 48 months, 
and high risk with a survival of 27 months.“ Overall, the 5-year survival 
of patients with primary myelofibrosis is approximately 40 percent of the 
survival expected for healthy age- and sex-matched controls.*” 

Some data suggest that the use of JAK2 inhibitors in the treat- 
ment of primary fibrosis may not only decrease symptomatology and 
spleen size, but may prolong survival.**** An analysis of 100 patients 
receiving ruxolitinib compared to 350 carefully matched patients who 
did not receive ruxolitinib showed a median 18-month prolongation in 
survival in patients with poorer prognosis disease. At the upper range 
some patients had a 4- to 5-year prolongation of life.’ In addition, the 
clinical improvement in vitality and functionality can be dramatic. 

The major causes of death are infection, hemorrhage, postsple- 
nectomy mortality, and acute leukemic transformation.“ Acute 
leukemia occasionally is preceded by the development of myeloid sar- 
comas.**#6°50 Evolution of the disease to acute lymphocytic leukemia 
or lymphoma may occur.” An increased risk of progression to leu- 
kemia has been reported in splenectomized patients.* Progression to 
acute leukemia is associated with a blast count greater than 3 percent 
and a platelet count less than 100,000/uL (100 x 10°/L) at the time of 
diagnosis. Treatment with erythropoietin or androgens is associated 
with increased risk of progression to acute leukemia, as well.° The 
administration of JAK2 inhibitors may provide improved efficacy for 
the treatment of AML evolving in patients with primary myelofibro- 
sis. Rare spontaneous remissions of apparent primary myelofibrosis are 
documented.*°> °° 

A variety of gene mutations have been associated with prognosis 
in patients with primary myelofibrosis, either overall survival or risk of 
conversion to acute myelogenous leukemia. These include the follow- 
ing gene mutations: IDH, EZH, ASXLI, and SRSF2.°”°*. The A3669G 
(rs6198) single nucleotide polymorphism of the glucocorticoid receptor 
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contributes to the erythrocytosis in polycythemia and contributes to 
the risk of evolution to AML.” About 5 to 10 percent of patients with 
primary myelofibrosis do not have a mutation in JAK2, CALR, or MPL. 
These so-called “triple-negative” patients with myelofibrosis appear to 
have a less favorable prognosis as do those whose neoplastic cells have 
wild type CALR and an ASXL1 mutation.** 


Primary myelofibrosis in infants and children has a more varied 


pathobiology than in adults. Patients have been followed for decades 
without requiring significant treatment,*"? and spontaneous remission 
has been described.” Because of its variable course, conservative man- 
agement may be appropriate while the course of the disease is followed. 
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CHAPTER 87 
MYELODYSPLASTIC 
SYNDROMES 


Rafael Bejar and David P. Steensma* 


Myelodysplastic syndromes (MDS) are a heterogenous group of clonal 
hematopoietic neoplasms defined by morphologic dysmorphia, one or more 
blood cytopenias, and an increased risk of clonal evolution to acute myel- 
ogenous leukemia (AML). These disorders can occur at any age but have an 
incidence that rises exponentially after age 40 years with a median age at 
diagnosis of 72 years. Most cases are acquired de novo through the accumu- 
lation of somatic mutations, although a small fraction arises after exposure 
to DNA damaging agents, such as chemotherapy and radiation. A minority of 
cases are the result of inherited mutations that predispose to the development 
of MDS and related myeloid disorders. Subtypes of MDS are largely defined 
by clinical features and range from refractory cytopenias (typically including 
anemia) to oligoblastic myelogenous leukemia with an increase in marrow 
myeloblasts (5 to 19 percent). Cases with 20 percent or more myeloblasts in the 
marrow (an arbitrary boundary) or specific chromosomal translocations are 
defined as AML. The diagnostic criteria for MDS include dysmorphogenesis in 
one or more blood cell lineages, often resulting in exaggerated apoptosis dur- 
ing later stages of maturation. Poikilocytosis, anisocytosis, anisochromia, and 
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basophilic stippling are features of the abnormal red cells. The marrow usually 
contains increased erythroid precursors with dysmorphic features, including 
nuclear distortions and scanty, poorly hemoglobinized cytoplasm or macroery- 
throblasts. Pathologic ring sideroblasts are a common feature used to define 
particular subtypes of MDS. Neutrophils may have bilobed or hypersegmented 
nuclei and hypogranulated cytoplasm in association with increased marrow 
granulocyte precursors. Giant and microcytic platelets, sometimes with abnor- 
mal or absent granulation, in the blood are associated with megakaryocytic 
hyperplasia and atypical lobulation of the nucleus, megakaryocyte cluster- 
ing, and decreased marrow megakaryocyte size. Clonal cytogenetic abnor- 
malities occur in approximately 50 percent of patients, typically as recurrent 
deletions of entire chromosomes or chromosomal segments. Trisomy 8 is the 
only frequent copy number gain and recurrent translocations are rare. Various 
prognostic models for MDS incorporate cytogenetic abnormalities along with 
marrow blast proportion and blood cytopenias to predict the mortality and 
risk of clonal evolution to AML. The selection and timing of therapy for MDS 
is largely driven by risk stratification. Newer prognostic scoring systems have 
begun to consider somatic mutations as markers of disease-associated risk 
as pathogenic driver mutations can be identified in almost all cases of MDS 
and several lesions have a prognostic significance that is independent of other 
known risk factors. As detectable somatic events, driver mutations are markers 
of clonal hematopoiesis and could help establish the diagnosis in some cases. 
Recurrent somatic mutations identify the heterogenous molecular pathways 
frequently disordered in MDS. These include mutations in multiple components 
of the RNA splicing machinery, several epigenetic regulators of DNA methyla- 
tion and histone modifications, various hematopoietic transcription factors, 
and growth factor signaling pathway members among others. Certain muta- 
tions are tightly associated with clinical features including ring sideroblasts, 
chromosomal instability, and severe cytopenias. Current treatment guidelines 
for MDS are based on clinical risk assessments and generally do not consider 
genetic abnormalities. The exception are cases with del(5q) and noncomplex 
karyotypes that have a high rate of deep and sustained responses to the immu- 
nomodulator drug lenalidomide. Many patients with lower-risk MDS may not 
require treatment. Others may benefit from hematopoietic growth factor sup- 
port or immune suppression with antithymocyte globulin and a calcineurin 
inhibitor, depending on specific clinical features. Higher-risk MDS is typically 
treated with one of the hypomethylating agents, azacitidine or decitabine, 
and eligible patients are evaluated for hematopoietic allogeneic hematopoi- 
etic stem cell transplantation, the only potentially curative treatment for MDS. 
Despite these treatment options, outcomes for persons with MDS remain poor 
overall. Novel therapies targeting recently identified molecular pathways have 
been developed and are being pursued in clinical trials. 


@ DEFINITION 


Myelodysplastic syndromes (MDS) represent a collection of hemapoietic 
neoplasms characterized by abnormal differentiation, dysmorphology, 
and resultant blood cytopenias. The hallmarks of these clonal disor- 
ders include exaggerated apoptosis of hematopoietic precursors in the 
marrow, common chromosomal abnormalities, frequent somatic gene 
mutations, and a variable predilection to undergo clonal evolution to 
acute myelogenous leukemia (AML). The clinical course of patients 
with MDS is variable and ranges from relatively indolent clonal cytope- 
nias (e.g., refractory anemia) with a low rate of AML transformation, to 
more aggressive disease defined by an increased proportion of marrow 
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myeloblasts, oligoblastic myelogenous leukemia (refractory anemia 
with excess blasts), and a greater risk of progression to AML. 

Despite their phenotypic variability, MDS share a common patho- 
physiology. They are neoplasms derived from the clonal expansion of a 
somatically mutated, multipotent hematopoietic progenitor cell. A wide 
range of genetic aberrations can contribute to the development and 
progression of MDS and these somatic mutations can exist in an even 
greater variety of combinations. The specific profile of genetic lesions 
present in a given case contributes to the eventual disease phenotype. 

MDS are closely related to other myeloid neoplasms such as AML 
and some myeloproliferative neoplasms. The dysmorphia of neoplasia 
(commonly referred to as dysplasia in describing MDS) refers to the 
abnormal morphology than can be observed in neoplastic mature blood 
cells and maturing marrow erythroid, granulocytic, and megakaryo- 
cytic precursor cells, and is one of the distinguishing characteristics of 
MDS. The dysmorphia is essential in diagnosis, but is an epiphenom- 
enon. The essential abnormality is the neoplastic transformation of a 
primitive multipotential myeloid cell. A lower fraction of myeloblasts 
in the marrow is a reflection of its being at the less-severe end of the 
spectrum of myelogenous leukemia and is a feature of the diagnosis, 
creating an arbitrary division between MDS and AML. The diagnos- 
tic criteria that separate various myeloid neoplasms (and MDS sub- 
types) from each other are somewhat ambiguous because they are so 
closely related. This is evident at the molecular level where no particular 
genetic abnormality or mutation profile is entirely unique to MDS. Both 
somatic mutations and chromosomal abnormalities found in MDS are 
observed in related disorders, albeit often with different frequency. 
RNA splicing factors and epigenetic regulators are the most common 
classes of genes affected by mutations in MDS followed by mutations in 
transcription factors, tyrosine kinase signaling genes, and TP53. MDS 
should be thought of as a minimal to moderately deviated neoplasm in 
the spectrum of myelogenous leukemias (Chap. 83). 

A minority of MDS cases are attributable to prior exposure to 
DNA-damaging agents, including chemotherapy, high-dose ionizing 
radiation, and benzene-containing compounds. The latter external 
factor requires an exposure of sufficient duration and magnitude to be 
considered causal, rare now in countries with regulations regarding the 
content of benzene in products such as paints and solvents. Cigarette 
smoking is considered a risk factor for AML by the U.S. Public Health 
Service and, presumably, this should apply to MDS, although it has not 
been studied as extensively. Other chemical exposures have not been 
established as causative agents by the International Agency for Research 
on Cancer. A small number of patients come from families with a high 
penetrance of MDS and related myeloid disorders or have an inherited 
or congenital syndrome predisposing to MDS. Although rare, identifi- 
cation of the genetic abnormalities in many of these cases has informed 
our understanding of the molecular pathophysiology of MDS in gen- 
eral. Yet, the vast majority of MDS cases are age-related without a clear 
precipitating factor. Although MDS can occur at any age, including rare 
pediatric forms, its incidence increases exponentially after 40 years of 
age, making it one of the most common myeloid neoplasms of older 
adults. This pattern is related to the evidence that somatic mutations in 
primitive hematopoietic cells increase significantly with age.' 


@HISTORY 


MDS have historically been subject to confusing and shifting termi- 
nology and definitions related to incomplete biologic understanding of 
disease.” With the advent of routine molecular analysis of primary 
patient samples and increasing insight into disease pathobiology, clas- 
sification of MDS is likely to evolve from the current systems based 
on cytologic morphology and enumeration of marrow and blood cell 


subsets to nosology based on DNA mutation patterns, clonal architec- 
ture, and predicted evolution to AML.* 

Although anemia had been recognized since the early 19th century 
as a specific deficiency of red cells (also known as “colored corpuscles,” 
a term that distinguished these cells from leukocytes in the era before 
histological stains), marrow biopsies were not regularly performed on 
living patients until after the 1920s.’ Therefore, conditions such as MDS 
that are associated with and defined by specific marrow findings could 
not be described as distinct syndromes until the first half of the 20th 
century. Still, early suggestive reports can be found in the medical lit- 
erature: a 1907 report by Luzzatto of megaloblastic “pseudo-aplastic 
anemia,”® for example, could have included MDS cases. 

In the mid-1920s, Di Guglielmo in Naples described a group of 
marrow disorders associated with bizarrely shaped erythrocytes and 
cytopenias, which in some cases ultimately proved fatal.’ For many 
years thereafter, a heterogeneous group of marrow disorders associated 
with anemia and erythroid dysmorphology were called “Di Guglielmo 
syndrome” by hematologists, a term that was used variably and is still 
employed occasionally as an eponymous description of erythroleuke- 
mia (AML M6). Some cases of Di Guglielmo syndrome would be called 
MDS today. 

The first MDS-specific term familiar to contemporary hematolo- 
gists, “refractory anemia,” was coined in the 1930s to describe patients 
who had unexplained anemia as a consequence of marrow underpro- 
duction and who failed to respond to treatment with the available hema- 
tinics: iron salts and the liver extract found by Minot and Murphy in the 
early 1920s to cure pernicious anemia.*” It is not clear how many of the 
100 cases of refractory anemia in the classic 1938 series of Rhoads and 
Barker in New York City actually had MDS—many appear to have had 
anemia of chronic disease from infections or associated malignancies, 
such as Hodgkin lymphoma—but this term and its cognate, “refractory 
cytopenias,’ are still used today to describe some of the lower-risk forms 
of MDS with blast proportions less than 5 percent.” 

In 1942, Chevallier and colleagues in France discussed syndromes 
they labeled as “odo-leukemias.’"' The French investigators chose the 
Greek word odo, meaning threshold, to highlight disorders on the thresh- 
old of leukemia, and proposed Jeucoses as a generic term for the leukemias 
so that marked variations in white cell counts and other highly variable 
presenting features would not engender inappropriate terminology. How- 
ever, this proposal was neglected, in part because the paper was published 
in French and there was no international network of hematologists with 
which to discuss such concepts in the 1940s. 

Despite such provincialism, the idea that what would later be 
known as MDS could precede and terminate in AML soon made its way 
in the English medical literature. In 1949, Hamilton-Paterson in London 
used the term preleukaemic anemia to describe patients with refractory 
anemia antecedent to AML.” In 1953, Block and coworkers in Chicago 
expanded the concept to include cytopenias of all lineages and described 
cases that closely fit with our current concepts of a clonal myeloid 
hemopathy prior to evolution to overt AML.” In 1956, Björkman in 
Malmö, Sweden described four cases of idiopathic refractory siderob- 
lastic anemia, one of which terminated in AML." Descriptive terms, 
such as herald state of leukemia, refractory anemia, sideroachrestic ane- 
mia, pancytopenia with hyperplastic marrow, and others, were coined 
to describe the various hematopoietic derangements that preceded the 
onset of florid AML. By the 1970s, the relationship of acquired idio- 
pathic cytopenias to the subsequent onset of AML had become broadly 
appreciated, although such cases were still thought to be rare. In a 
1973 review, Saarni and Linman found only 143 cases of “preleukemic 
anemia” in the medical literature." 

In 1970, Dreyfus proposed the designation “les anémies réfractaires 
avec exces de myeloblasts” (i.e. refractory anemia with excess 


myeloblasts) and in 1976 he and colleagues proposed a preliminary 
classification of these syndromes. Dreyfus published a paper in which 
refractory anemia with an excess of myeloblasts was amplified, paren- 
thetically, as smoldering acute leukemia.'*!” The synonym, oligoblastic 
leukemias, had been used also to describe those cases with low propor- 
tions of leukemic myeloblasts and relatively protracted courses.'*”” 

In 1975, at a conference held in Paris, Bessis and Bernard used the 
term hematopoietic dysplasia, later shortened to myelodysplasia, for the 
group of disorders having a more indolent course than AML. The con- 
cept that neoplasia is a tissue abnormality defined by its origin in the 
mutation(s) within a single cell (monoclonality) and that dysplasia is 
a polyclonal tissue change, not neoplasia, was ignored and took a back 
seat to the participants’ primary interest in the dysmorphia of cells that 
characterized most of these syndromes, hence the application of the 
term dysplasia, which has become entrenched. 

In the year following the Paris conference, a group of seven 
hematopathologists from France, the United States, and England—the 
“French-American-British (FAB) Co-Operative Group” —instituted the 
classification of acute leukemia,” developed by Dalton and Dacie, and 
called it the FAB classification.” In the FAB classification, acute leuke- 
mia was defined by the presence of 30 percent blasts in the marrow; the 
original report also included two preleukemic syndromes that should be 
distinguished from acute leukemia, refractory anemia with excess blasts 
(RAEB), and chronic myelomonocytic leukemia (CMML), defined by 
greater than 1000/uL of blood monocytes. Because most patients with 
preleukemia do not go on to develop leukemia, the FAB group proposed 
the term “dysmyelopoietic syndrome’ as an alternative to preleukemia.” 
A few years later, “dysmyelopoietic syndrome” was revised to become 
the “myelodysplastic syndrome(s)” still used today. 

The 1976 FAB classification included only two subtypes of dysmy- 
elopoietic syndromes, but in 1982 the FAB proposed a specific MDS 
classification that included five entities: refractory anemia (RA), refrac- 
tory anemia with ring sideroblasts (RARS), RAEB (defined by 5 to 19 
percent marrow blasts), refractory anemia with excess blasts in trans- 
formation (RAEB-t, defined by 20 to 29 percent marrow blasts), and 
CMML.”! The 1982 FAB classification, while not without limitations, 
proved influential and was the basis of subsequent classifications of 
MDS and related disorders by the World Health Organization (WHO). 
Subsequent developments in prognostic scoring systems and biologic 
understanding of MDS are described below. 


@ CLASSIFICATION 


A classification of MDS and related disorders was defined by the 
WHO in 2001 and revised in 2008. It includes six major subtypes of 
disease distinguished by the type and number of dysplastic lineages, 
the proportion of marrow blasts, and in one subtype, the presence of a 
specific chromosomal abnormality, del(5q). These subtypes include 
(1) refractory cytopenia with unilineage dysplasia (RCUD), which is 
typically RA, (2) RARS, (3) RA with ringed sideroblasts and thrombo- 
cytosis (RARS-t), (4) MDS with isolated del(5q), (5) refractory cytope- 
nia with multilineage dysplasia, (6) RAEB (type 1 or type 2 depending 
in the proportion of marrow or blood blasts), and (7) unclassifiable 
MDS (‘Table 87-1). MDS patients with 20 to 29 percent marrow blasts, 
previously defined as RAEB-t, are considered to have AML in the WHO 
classification. However, this sharp cutoff is arbitrarily defined. In prac- 
tice, patients with blast proportions in this range have comparable out- 
comes to patients with RAEB-2, including similar rates of benefit from 
MDS-directed therapy. 

The boundaries between subtypes involving percentages of mye- 
loblasts or ring sideroblasts are also arbitrarily defined. Patients may 
see their disease classification change over time as a result of clinical 
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TABLE 87-1. World Health Organization Classification of 


the Myelodysplastic Syndromes 
le 


Refractory cytopenia with unilineage dysplasia (RCUD) 
Dysplasia in >10% of cells from a single myeloid lineage 
<5% marrow blasts, <1% blood blasts, and no Auer rods 
<15% of erythroid precursors are ring sideroblasts 


Most often is refractory anemia (RA) but can be refractory neutrope- 
nia (RN) or refractory thrombocytopenia (RT) in rare cases 


2. Refractory anemia with ring sideroblasts (RARS) 
Isolated erythroid dysplasia 
<5% marrow blasts, <1% blood blasts, and no Auer rods 
215% of erythroid precursors are ring sideroblasts 


The cutoff for ring sideroblasts is arbitrary and does not reflect the 
clinical behavior of this subtype as accurately as the frequently 
associated mutations of SF3B1 


3. Myelodysplastic syndromes (MDS) associated with isolated 
del(5q) 


5q31 deletion as the sole chromosomal abnormality 

Normal to increased megakaryocytes with hypolobated nuclei 
Normal to increase platelet count 

<5% marrow blasts, <1% blood blasts, and no Auer rods 


This subtype overlaps with, but is not entirely synonymous with the 
“5q-minus syndrome” recognized prior to the establishment of the 
WHO classification system for MDS 


4. Refractory cytopenia with multilineage dysplasia (RCMD) 
Dysplasia in >10% of cells from two or more myeloid lineages 
<5% marrow blasts, <1% blood blasts, and no Auer rods 
Blood monocyte count <1 x 10°/L 

5. Refractory anemia with excess blasts (RAEB) 


Type 1: 5-9% marrow blasts, <5% blood blasts, and no Auer 
rods 


Type 2: 10-19% marrow blasts, 5-19% blood blasts, or Auer 
rods 


Blood monocyte count <1 x 10°/L 
Unclassifiable MDS (MDS-U) 


Minimal dysplasia in the presence of a clonal cytogenetic 
lesion considered presumptive evidence of MDS 


<5% marrow blasts, <1% blood blasts, and no Auer rods 


Note: Other acute and chronic clonal myeloid diseases are catego- 
rized in Chap. 83, Table 83-1. 


progression or response to therapy. Clonal cytopenias with dysmorphia 
may also be present in patients with myeloproliferative features such 
as thrombocytosis or monocytosis. CMML, for example, was previ- 
ously considered an MDS subtype in the FAB classification, but is now 
recognized as a myelodysplastic/myeloproliferative neoplasm (MDS/ 
MPN) overlap syndrome. Some patients diagnosed with MDS may have 
their diagnosis change to CMML once their monocyte count exceeds 
1 x 10°/L. Similarly, RARS may be reclassified as RARS-t, if the platelet 
count rises above 450 x 10°/L. CMML, RARS-t, and related MDS/MPN 
subtypes are discussed separately in Chap. 89 with the chronic myelog- 
enous leukemias. 

Classification systems for MDS have descriptive merit, but do not 
capture many disease variables with clinical significance. The WHO 
subtypes of MDS identify patients with similar prognoses because 
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patients with multilineage dysplasia and increasing blast percentages 
are at higher risk of AML transformation and death. However, dedi- 
cated prognostic models that include features not considered by the 
WHO classification system are better suited for the estimation of dis- 
ease risk. Similarly, WHO-defined subtypes do not necessarily share 
common pathogenic elements or identify groups of patients most likely 
to respond to particular therapies. Our greater understanding about the 
underlying molecular abnormalities that occur in MDS demonstrate 
how clinically defined subtypes are genetically very heterogenous. It 
is likely that future classification systems will consider somatic muta- 
tions in MDS driver genes, genes responsible for the clonal outgrowth 
and the eventual development of disease, as a basis for defining disease 
subtypes. 


@ EPIDEMIOLOGY 
INCIDENCE BY AGE, SEX, AND OCCUPATION 


The incidence and prevalence of MDS have been difficult to estab- 
lish, in part because patients are not consistently reported to central 
cancer registries.*** Only since 2001 has the United States (U.S.) 
National Cancer Institute (NCI) Surveillance, Epidemiology and 
End Results (SEER) database included MDS cases (Fig. 87-1). In 
2003, approximately 10,000 new cases were reported to NCI SEER, 
most “unclassified” (i.e., not distinguished as lower- or higher-risk).” 
Improved methods of case ascertainment using claims-based data sug- 
gest a high rate of unreported cases and also indicate that MDS is one of 
the most common hematological malignancies.” 


Claims-based data suggest that conservatively, at least 30,000 new 
cases annually are diagnosed in the United States.” It is likely that many 
additional elderly patients with unexplained cytopenias have MDS, but 
are incompletely evaluated because of severe comorbid conditions lim- 
iting life expectancy, clinician oversight of blood test results, or a sense 
of nihilism. Rates of MDS are similar in Western Europe and the United 
States.” 

In certain Asian countries and Eastern Europe, MDS is diagnosed 
at a younger age on average than in the United States and Western 
Europe.”*! The subtypes of MDS that are diagnosed in different regions 
of the world are also distinct’; for instance, for unclear reasons RARS 
is rare in Japan compared to the West.** Exposure to ionizing radia- 
tion from the 1945 Hiroshima and Nagasaki atomic bomb explosions 
continues to be associated with an increased MDS risk among exposed 
Japanese more than 50 years after the events.’ 

The median age at MDS diagnosis in the United States is approx- 
imately 71 years.” Onset of MDS before the age of 50 years is uncom- 
mon, except in cases preceded by irradiation or cytotoxic chemotherapy 
given for another malignancy.” MDS, as defined by the WHO classifi- 
cation, occurs in children ages 5 months to 15 years at a rate of approx- 
imately one per 1 million children per year. In contrast to adults, most 
pediatric cases are oligoblastic myelogenous leukemia (RAEB); clonal 
sideroblastic anemia is rare. A proportion of childhood cases evolve 
from inherited predisposing diseases, such as Down syndrome and 
Fanconi anemia, or are associated with germline GATA2 or RUNX1 
mutations.“ Some cases of Fanconi anemia first present in adulthood 
as MDS, often in the absence of typical dysmorphology.** Dyskeratosis 
congenita and other telomeropathies can also end in MDS, but many 
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Figure 87-1. The annual incidence of myelodysplastic syndrome shown by age. There is an exponential (approximately linear on semilogarithmic 
plot) increase in incidence from age 40 years on. In persons younger than age 40 years, the incidence is so low that it is aggregated as <40 years. (Data 
from the United States National Cancer Institute, Surveillance, Epidemiology, and End-Results Program.) 


congenital marrow failure syndromes such as Diamond-Blackfan ane- 
mia or Shwachman-Diamond syndrome do not carry an increased 
MDS risk.*° 


With the exception of the 5q-minus syndrome, males are affected 
with MDS up to 1.5 times as often as females.” Case-control studies 
of possible occupational or environmental associations have provided 
many possible candidates as contributors to MDS, but none other than 
benzene (exposure of 240 parts per million [ppm]-years) has been 
observed consistently.“ Cigarette smoking, and a family history of 
hematologic malignancy also seem plausible risk factors.” Chemi- 
cals other than benzene have not been established as causative factors 
by epidemiologic studies that fully meet the guidelines proposed by 
Bradford Hill for causation by an external factor. Moreover, given the 
requirement for biologic plausibility, such chemicals should be shown 
to induce the specific driver mutations required to cause MDS. 


@ ETIOLOGY AND PATHOGENESIS 
ETIOLOGY 


The etiologic factors that increase the incidence of MDS are similar to the 
factors affecting the incidence of AML (Chap. 88). Exposure to prolonged 
or high levels of benzene,™ chemotherapeutic agents, particularly alky- 
lating agents and topoisomerase inhibitors,*** and radiation increases 
the risk of these clonal hemopathies. These agents may cause DNA dam- 
age, impair DNA repair enzymes, and induce loss of chromosome integ- 
rity. Most cases of secondary or posttreatment MDS occur in patients 
treated for a lymphoma or a solid tumor. Increasing reports of MDS as a 
complication of treatment of myeloid diseases, such as acute promyelo- 
cytic leukemia, may reflect a second clonal myeloid disease from another 
primitive hematopoietic cell injured during therapy. The increased life 
span of patients with acute promyelocytic leukemia and other cancers 
after effective therapy may make these events more common. More com- 
mon environmental exposures, such as cigarette smoke, may contribute 
to the likelihood of developing MDS. 

Inherited diseases, such as Fanconi anemia, known to predispose 
to AML development occasionally evolve instead into a clonal myeloid 
hemopathy (see Chap. 88, Table 88-1). Other syndromes, of either a 
familial (inherited) or spontaneous nature, have been associated with a 
high risk of developing myeloid neoplasms. Germline mutations of the 
hematopoietic transcription factor RUNX1 are associated with a famil- 
ial platelet disorder with predisposition at AML (FPD-AML). Affected 
individuals often have qualitative and quantitative platelet abnormal- 
ities that precede the development of a more aggressive myeloid neo- 
plasm such as MDS or AML. Transformation typically occurs in the 
third decade of life, but penetrance is variable between individuals 
and kinships. The long latency prior to progression suggests that the 
acquisition of additional cooperating mutations is required for trans- 
formation. Somatic RUNX1 mutations are also common in de novo and 
therapy-related MDS cases highlighting the oncogenic driver nature of 
these abnormalities. In contrast, somatic mutations of Fanconi anemia 
genes are extremely rare in MDS. Congenital FANC mutations may 
instead cause DNA damage and accelerated exhaustion of normal stem 
cells allowing mutant clones to expand more readily. Similarly, inherited 
CCAAT/enhancer binding protein alpha (C/EBPA) mutations, often 
associated with eosinophilia, typically predispose to AML without an 
MDS-like clinical phase and are only rarely found as somatic mutations 
in MDS. 

Congenital mutations of another hematopoietic transcription 
factor, GATA2, have been linked to familial MDS.” The syndromic 
manifestations of germline GATA2 mutations are highly varied and 
can include lymphedema, cutaneous warts, sensorineural hearing loss, 
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pulmonary alveolar proteinosis, and disseminated nontuberculous 
mycobacterial infections.’ Several distinct clinical syndromes that 
include subsets of these features are now known to be caused by germ- 
line GATA2 mutations. These include Emberger syndrome comprising 
MDS, verrucae, and congenital lymphedema, as well as the MonoMAC 
syndrome comprising monocytopenia and nontuberculous mycobacte- 
rial infections.” Not all patients show overt syndromic features prior 
to developing MDS, even as adults, and several pediatric marrow failure 
syndromes can be associated with germlinel GATA2 mutation in the 
absence of syndromic features.” 

The combined incidence of familial (<2 percent) and therapy- 
related MDS (~5 to 10 percent) pales in comparison to the frequency 
of de novo MDS that has age as its dominant predisposing factor. This 
may be simply a matter of probability, with aged stem cells being more 
likely to have acquired somatic driver mutations. It may also reflect age- 
related changes in the microenvironment or stem cell epigenetic state 
as hematopoietic stem cells from elderly persons without disease are 
known to have an exaggerated myeloid differentiation bias.” In concert, 
age-related drop out of normal hematopoietic stem cells could lead to 
oligoclonal, or even monoclonal, hematopoiesis derived from stem cells 
with weakly selective abnormalities that then serve as fertile ground for 
cooperating MDS-related somatic mutations.” 


PATHOGENESIS 


MDS arise from the clonal expansion of a mutated multipotential 
hematopoietic cell. For patients without excess blasts, the cell of origin 
is presumed to be a lymphohematopoietic pluripotential stem cell based 
on the presence of disease-associated driver mutations in cells that 
share the surface protein immunophenotype of functionally defined 
stem cells. Subsequent evolution measured by the acquisition of addi- 
tional mutations takes place in this cellular compartment and can occur 
in more differentiated progenitors, if they confer the capacity for sus- 
tained self-renewal. Evidence for the clonal nature of MDS is supported 
by studies of skewed X-chromosome inactivation in female patients 
heterozygous for glucose-6-phosphate dehydrogenase isoenzymes. 
The hematopoietic progenitors,“ and sometimes B lymphocytes,® of 
such patients had only one isoenzyme present, supporting the concept 
of clonal expansion of a neoplastic early progenitor cell. Subsequent 
studies confirm the presence of acquired chromosomal abnormalities 
and somatic mutations in hematopoietic progenitors as well as in B and 
T lymphocytes in some, but not all, cases.°*? 

This process of clonal expansion takes place in the context of the 
marrow microenvironment and host immune response (Chap. 5). These 
features extrinsic to the cells in the neoplastic clone generate the selec- 
tion pressures that drive disease evolution and can significantly influ- 
ence the clinical manifestations of MDS. 

The hallmark of clonal hematopoiesis is the presence of a somatic 
genetic abnormality. Approximately 50 percent of patients with MDS 
will have a grossly abnormal karyotype, typically in the form of a par- 
tial or total chromosomal deletion. A fraction of the remaining cases 
with a “normal” karyotype will have cryptic cytogenetic abnormalities 
that can include small microdeletions and areas of copy number neu- 
tral loss of heterozygosity. This latter phenomenon occurs by mitotic 
recombination during cell division and results in acquired uniparen- 
tal disomy (aUPD) where both copies of a large chromosomal segment 
appear to be derived from a single parent. The most common somatic 
genetic lesions in MDS are mutations of individual genes. More than 50 
recurrently mutated genes have been identified with nearly all patients 
harboring one or more such mutations (Table 87-2). 

The recurrent nature of many of these genetic events has helped 
identify molecular mechanisms associated with the development and 
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TABLE 87-2. Recurrently Mutated Myelodysplastic Syndrome Genes 


Mutated Gene Frequency in MDS (%) Prognostic Value Additional Information 
SF3B1 20-30 Favorable Strongly associated with ring sideroblasts 
£ SRSF2 10-15 Adverse More frequent in CMML 
e U2AF1 8-12 Adverse Associated with del(20q) 
ZRSR2 5-10 ? 
a TET2 20-25 Neutral More frequent in CMML 
$ DNMT3A 12-18 Adverse 
p IDH1/IDH2 <5 ? 
S ASXL1 15-25 Adverse More frequent in CMML 
5 EZH2 5-10 Adverse More frequent in CMML 
3 ATRX <2 ? Associated with ATMDS 
KMD6A <2 ? 
P RUNX1 10-15 Adverse Familial in rare cases 
2 GATA2 <2 ? Commonly familial, rarely somatic 
3 ETV6 <5 Adverse Rarely translocated in MDS 
E PHF6 <2 ? 
TP53 8-12 Adverse Associated with complex karyotypes 
~ STAG2 5-10 ? 
E RAD21 <5 ? 
S SMC3 <2 2 
SMC1A <2 7. 
NRAS/KRAS 5-10 Adverse More frequent in CMML 
2 JAK2 <5 Neutral Enriched in RARS-t 
D CBL/CBLB <5 Adverse More frequent in CMML 
i PTPN11 <2 Adverse More frequent in JMML, can be germline 
GNAS/GNB1 <2 2 G-protein signalling pathway 
$ BRCC3 <2 ? DNA repair pathway 
2 PIGA <2 ? Cause of PNH clones 
© TERT/TERC <2 ? Can be germline 
FANC genes <2 7 Typically germline 


ATMDS, acquired thalassemia and myelodysplastic syndrome; CMML, chronic myelomonocytic leukemia; JMML, juvenile myelomonocytic leu- 
kemia; MDS, myelodysplastic syndrome; PNH, paroxysmal nocturnal hemoglobinuria; RARS-t, refractory anemia with ringed sideroblasts and 


thrombocytosis. 


progression of MDS. Many of these lesions are associated with particu- 
lar clinical phenotypes, including differences in disease manifestation, 
response to therapy, risk of AML transformation and overall survival. 
However, the use of genetic features to classify disease subtypes or per- 
sonalize the care of individual patients is still rudimentary. 


Cytogenetics 

Chromosomal amplifications and translocations are relatively rare 
events in MDS compared with other hematologic malignancies. The 
most frequent chromosomal abnormalities seen in MDS, present in 
nearly half of all cases, are deletions of chromosomal segments or loss 
of entire chromosomes (monosomies). Several such lesions are recur- 
rent and typically involve commonly deleted regions that are presumed 
to harbor one or more tumor-suppressor genes. Identifying individ- 
ual gene drivers from these regions has been challenging because of 
the large amount of genomic territory that they encompass and the 


likelihood that multiple gene losses cooperate to generate a disease- 
related phenotype.” However, MDS-related chromosomal abnormal- 
ities do have important clinical significance. For example, they can 
establish the presence of clonal hematopoiesis and in the appropriate 
context, can serve as presumptive evidence of MDS. Chromosomal 
abnormalities are key elements in the determination of prognosis and 
in the case of del(5q), can predict response to a particular treatment. 
Del(5q) Deletion of the long arm of chromosome 5 is the most 
common karyotypic abnormality observed in MDS, occurring in 
15 percent of cases, half of which have several other karyotype abnor- 
malities. Studies examining the breakpoints of deletions across multiple 
patients have identified two commonly deleted regions (CDRs), one on 
5q31.1 and the other at 5q32-33.3. Patients with del(5q) often have dele- 
tions that encompass both CDRs and can include proximal and distal 
chromosomal regions as well. Larger deletions that include more proxi- 
mal genes, like APC, and more distal genes, like NPM1, are much more 
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Figure 87-2. Composite from marrow films of patient with the 5q- syndrome. Characteristic hypolobulated megakaryocytes. A. Monolobed 
megakaryocyte. B. Bilobed megakaryocyte. Lobes connected by a nuclear bridge. C. Bilobed megakaryocyte. (Reproduced with permission from 


Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


common in higher-risk MDS and AML where del(5q) is considered 
an adverse cytogenetic abnormality. In MDS, smaller deletions that 
include the 5q32-33.3 region are associated with a more favorable prog- 
nosis and a marked sensitivity to treatment with lenalidomide. Such 
patients with a sole del(5q) abnormality and no excess blasts represent 
the only genetically defined MDS subtype in the WHO classification 
system. Some of these patients have characteristics of the “5q-minus 
syndrome,’ which is characterized by dyserythropoietic anemia, micro- 
megakaryocytes with a preserved or elevated platelet count, female pre- 
dominance, and lower risk of transformation to AML (Fig. 87-2). 

The pathogenic mechanisms associated with del(5q) are not com- 
pletely understood. Patients with del(5q) do not routinely carry point 
mutations on the remaining intact 5q arm, suggesting that the inactiva- 
tion of classic tumor-suppressor genes is not responsible for the selec- 
tive advantage associated with this lesion.” Instead, haploinsufficiency 
of genes lost in the deleted regions of chromosome 5q is largely respon- 
sible for the disease phenotype. For example, deletion of the ribosomal 
subunit gene RPS14 creates dyserythropoiesis mediated by TP53 acti- 
vation in differentiating erythroid cells analogous to that seen in con- 
genital haploinsufficient ribosomopathies such as Diamond-Blackfan 
anemia.” Isolated mutations or deletions of RPS14 are not known to 
occur in MDS, suggesting that loss of this gene may influence the clinical 
presentation of MDS, but is not directly responsible for its development. 
Instead, codeleted genes must be drivers of transformation and several 
candidates have been proposed. These include microRNA (miRNA) 
genes 145 and 146a involved in the regulation of innate immune signal- 
ing and megakaryocyte differentiation,” a mitochondrial heat shock 
protein HSPA9,*** and the zinc finger transcription factor EGR1.*° 
Several other genes, both in and out of the CDRs, have been implicated 
in the pathogenesis of MDS, including MAMLI, a coactivator of the 
Notch signaling pathway, and the casein kinase gene, CSNK1A1.”**” 

A del(5q) is frequently found as one of several chromosomal 
abnormalities in patients with complex disease karyotypes (defined 
as three or more chromosomal abnormalities).** In this context, it 
is associated with an adverse prognosis, a poor response to lenalido- 
mide, and frequently cooccurs with mutations of TP53 or abnormal- 
ities of 17p where TP53 resides.” The association between del(5q) 
and TP53 lesions occur more often than predicted by their independent 
incidences alone, suggesting pathogenic cooperation between these 
abnormalities.*° Even in cases of isolated del(5q), small subclonal TP53 
mutations can be found in 15 to 20 percent of cases. These patients 
appear to have a greater than predicted risk of AML transformation and 
inferior responses to treatment with lenalidomide.”-” 

Monosomy 7 and Del(7q) Abnormalities of chromosome 7 are 
prognostically adverse lesions found in approximately 5 percent of MDS 
patients, often as part of a complex karyotype. Studies indicate that iso- 
lated monosomy 7 is a more adverse abnormality than isolated del(7q), 


and both occur more frequently (~50 percent) in patients with prior 
exposure to alkylating agents.***°* Several distinct CDRs have been 
reported, including regions 7q22, 7q32-34, and 7q36.”” The relative 
pathogenic contribution of deletions in each of these regions is not well 
understood. 

Several recurrently mutated genes reside on chromosome 7q. 
The histone methyltransferase gene, EZH2, is located on 7q36 and 
is mutated in approximately 6 percent of MDS cases.!™-1 In some 
patients, an EZH2 mutation is accompanied by aUPD of 7q, but most 
EZH2 mutant patients do not have -7 or del(7q) and most patients with 
these chromosomal lesions do not harbor EZH2 mutations. In AML, 
the MLL3 gene, also located at 7q36, has been proposed as a haploin- 
sufficient driven of disease.” More proximal lies CUX1, a 7q22 gene 
implicated in MDS pathogenesis, which, like EZH2, is associated with 
a poor prognosis when mutated.’ Inactivating mutations of CUX1 
tend to be heterozygous, suggesting that haploinsufficiency of this gene 
found in 7q22 might be a disease driver.’ However, deletion in mice 
of the region syngeneic to 7q22 produced no discernable phenotype.’ 

Trisomy 8 This is the only large-scale amplification frequently 
encountered in MDS, present in approximately 5 percent of cases. It 
is also highly nonspecific as it can occur in patients with myeloprolif- 
erative neoplasms, acute myeloid leukemia, and even aplastic anemia. 
Trisomy 8 is associated with an intermediate prognosis and is often 
acquired late in the disease course. In some cases, it may be acquired 
in myeloid progenitors as opposed to more pluripotential CD34+CD38- 
CD90+ stem cells where the MDS-initiating clone is presumed to have 
developed.'” How trisomy 8 leads to a selective growth advantage is 
not well understood. Progenitor cells with trisomy 8 express high levels 
of apoptosis-related genes and demonstrate dysregulation of immune 
response genes. Patients can harbor T cells that preferentially suppress 
trisomy 8 progenitor cells, particularly in response to overexpression 
of Wilms tumor 1 (WT1), which is upregulated in trisomy 8 cells.!°' 
‘These findings may indicate selective pressure from the immune system 
on the disease clone with potential for collateral autoimmune suppres- 
sion of normal hematopoiesis. Patients with trisomy 8 may benefit from 
immune suppression even if the aneuploid clone expands after response 
to treatment.!'° Other autoimmune phenomena, such as Behçet disease, 
have been associated with trisomy 8 MDS." 

Del(20q) This abnormality is another nonspecific, yet recurrent, 
chromosomal abnormality found in approximately 2 percent of MDS 
cases. As an isolated lesion it is associated with disease risk compa- 
rable to that of MDS patients with normal karyotypes." However, 
del(20q) may be acquired late in the course of disease, indicating clonal 
progression and a more adverse prognosis.'!® A CDR on 20q has been 
defined, but no single gene has been identified as the pathogenic driver 
responsible for the recurrent selection of del(20q) clones in MDS.""7"""8 
Candidate disease genes on 20q include MYBL2,"*!” which lies within 
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the CDR, and ASXL1,"!” which lies outside the CDR and is mutated in 
a large fraction of MDS patients with or without del(20q). Patients with 
del(20q) appear more likely to have thrombocytopenia and are enriched 
in mutations of the splicing factor gene U2AF1.'%"4 

Loss of Y The isolated loss of the Y chromosome is a rare recur- 
rent abnormality observed in just over 2 percent of males with MDS. 
Like the del(20q) abnormality, -Y is associated with the same cytoge- 
netic risk as patients with normal karyotypes.’ It has been argued that 
-Y is not a pathogenic lesion in MDS, but instead an age-related event 
that can occur in men without cytopenias.”*!” However, the presence 
of -Y as a somatic change is indicative of oligoclonal, if not monoclonal 
hematopoiesis and is therefore consistent with the diagnosis of MDS 
in a cytopenic patient. The larger the -Y clone, the more likely that 
evidence of an underlying neoplasm like MDS will be found.’ Other 
genetic abnormalities, including mutations in ten-eleven translocation 2 
(TET2) and DNMT3A have also been identified in elderly patients with- 
out cytopenias or other evidence of hematologic disease, yet these are 
considered pathogenic lesions in MDS. It is unclear if cytopenic patients 
with these markers of clonality, such as -Y, and insufficient evidence for 
an MDS diagnosis have comparable prognoses to patients with MDS. 

Chromosome 17 Abnormalities Including del(17p) A small 
fraction of MDS patients will have an abnormality of chromosome 17, 
typically in the context of a complex karyotype. The TP53 gene is 
located on 17p13.1 in a region that is recurrently deleted in those rare 
patients with either del(17p) or monosomy 17. One copy of 17p is typ- 
ically retained in these cases suggesting that total loss of this region is 
not tolerated. However, the TP53 gene on the remaining chromosome 
is often mutated leaving no wild-type protein. Patients with chromo- 
some 17 abnormalities typically have a poor prognosis, particularly in 
the presence of a TP53 mutation. The 17p region can be effectively lost 
in patients with an isochromosome 17p abnormality [i(17q)], occurring 
in just under 1 percent of cases. While these lesions predict a high rate 
of leukemic transformation, they are rarely associated with a coexisting 
TP53 mutation.’ Instead, they are often found to cooccur with muta- 
tions of SETBP1, abnormalities that are found more often in patients 
with both dysplastic and proliferative disease features.'” 

Complex and Monosomal Karyotypes MDS karyotypes can be 
defined by the number of abnormalities present instead of focusing on 
the specific regions involved. Complex karyotypes are defined as having 
three or more cytogenetic abnormalities of any sort and are strongly 
associated with an adverse prognosis. In the International Prognosis 
Scoring System-Revised (IPSS-R), complex karyotypes are further sep- 
arated in those with exactly three abnormalities and those with four or 
more, with the latter group having the highest associated disease risk. 
Monosomal karyotypes are defined as the loss of two or more entire 
chromosomes or the deletion of a single chromosome and the presence 
of another structural cytogenetic abnormality. Monosomal karyotypes 
are not necessarily complex and complex karyotypes are not necessar- 
ily monosomal, but in practice, there is substantial overlap between the 
two. The most frequent abnormalities seen in both monosomal and 
complex karyotypes involve chromosomes 5 and 7. The IPSS-R con- 
siders complex, but not monosomal karyotype as an independent risk 
factor and there has been ambiguity about whether complex versus 
monosomal karyotypes are better predictors of disease risk.°°"* 

Approximately 50 percent of patients with complex karyotypes 
have a concomitant TP53 mutation and account for the majority of 
patients with mutations of this gene.’ The incidence of TP53 muta- 
tion is particularly high when the complex karyotype includes del(5q) 
as an associated abnormality.’ The adverse prognostic significance 
associated with complex karyotypes may be largely driven by their fre- 
quent association with TP53 mutations.'**'** Complex karyotype MDS 
patients with intact TP53 have a median overall survival comparable 


to that of patients with noncomplex karyotypes, whereas those with a 
TP53 mutation have a significantly shorter overall survival.'* Patients 
with complex karyotypes on average have fewer mutations in genes 
other than TP53. 


Somatic Mutations 

Acquired mutations of individual genes are significantly more com- 
mon than karyotypic abnormalities in patients with MDS. Chromo- 
somal rearrangements detected by standard cytogenetic techniges are 
present in just under 50 percent of cases and more sensitive techniques 
with greater resolution can uncover small scale or copy number neu- 
tral abnormalities in an additional 25 percent. However, recurrent 
mutations of single genes can be identified in more than 80 percent of 
patients with MDS using targeted sequencing techniques and are likely 
to be found in all cases studied with whole-genome approaches. Unlike 
most chromosomal abnormalities that span large regions of the genome 
containing many candidate disease genes, most recurrent mutations 
affect the coding sequence of single genes, identifying them and their 
associated molecular pathways as pathogenic drivers. As of this writ- 
ing, there are more than 50 genes known to be recurrently mutated in 
patients with MDS. A handful of these genes are mutated in a signifi- 
cant fraction of cases (10 to 35 percent) with several others in the 5 to 
10 percent range. But the majority of recurrently mutated genes are 
found only rarely, encompassing fewer than 5 percent and, generally, 
less than 1 percent of cases. In some instances, these rare mutations 
occur in genes, like the splicing factors U2AF2 or SF1 that are in the 
same family as more commonly mutated genes. In other cases, the 
infrequently mutated genes, like GNAS and GNB1, represent their own 
molecular pathways suggesting that clonal myelodysplasia is a pheno- 
typic manifestation that can be caused by a variety of pathogenic mech- 
anisms. The large number of potentially mutated genes and multitude 
of ways in which they can be combined result in a staggering number 
of possible genetic profiles. The apparent cooperativity between some 
lesions and the mutual exclusivity of other limits this variability to some 
extent, but still allows for tremendous complexity at the genetic level. As 
a determinant of disease phenotypes, this variation likely explains much 
of the clinical heterogeneity seen in patients with MDS.'” 

Not all somatic mutations have equal pathogenic or clinical signif- 
icance. Any patient with clonal hematopoiesis will harbor a large num- 
ber of acquired mutations throughout their genome. The vast majority 
of these are incidental mutations acquired over the lifetime of the par- 
ticular stem cell that eventually grew to clonally dominate hematopoie- 
sis, most of which occurred prior to its expansion. These preceding 
mutations are not related to the development of disease and are dis- 
tributed randomly, typically in noncoding and nonconserved areas of 
the genome, suggesting that they have no positive or negative selective 
significance. Collectively, these nonrecurrent mutations without patho- 
genic significance are described as passenger mutations because their 
presence in the expanded clone is only because they happen to coexist 
with much rarer driver mutations, responsible for the clonal outgrowth 
and the eventual development of disease. Driver mutations are typi- 
cally recurrent and predicted to have pathogenic consequences like the 
alteration of a protein coding sequence or changes in the expression of 
one or more disease-related genes. Driver mutations can be early trans- 
formative events, in which case they would be found in every subse- 
quent disease cell derived from that clone, or they can be late events, 
often associated with progressive disease. Some genes, like splicing fac- 
tors, are predominantly mutated early and are typically found as part of 
the dominant disease clone. Other genes, like NRAS and SETBP1, are 
typically secondary mutations acquired later in the disease course and 
are often found as emergent subclones that may expand in size during 
progression.””"°5! 


Somatic mutations can have important clinical implications for 
patients with MDS and the physicians who treat them, but their inter- 
pretation can be challenging. Several factors may influence the clini- 
cal significance or recurrent gene mutations. These include the type 
of mutation present (e.g., missense, nonsense, splicing, or frameshift), 
the configuration of the mutations (e.g., homozygous, heterozygous, 
hemizygous, or compound heterozygous), the fraction of disease cells 
that contain the mutations (i.e., presence in the dominant clone ver- 
sus a subclone), the mutations that coexist in that patient and if these 
mutations are in the same clone or a sister clone, and whether mutations 
add information above and beyond what can be learned by looking at 
more readily accessible clinical variables like age, blast proportion, and 
blood counts. Despite these complexities, there are several scenarios in 
which specific gene mutations can inform the clinical care of patients 
with clonal cytopenias like MDS. 

Splicing Factors The most frequently mutated class of genes 
in patients with MDS encode splicing factor proteins involved in the 
excision of introns and the ligation of exons from maturing pre-mRNA 
strands. There are at least eight recurrently mutated splicing factor 
genes identified in MDS and nearly two-thirds of patients will carry at 
mutation of a member of this gene family.’ Splicing factor mutations 
are largely mutually exclusive. Patients with one splicing factor muta- 
tion rarely have a mutation in another suggesting that these lesions are 
either not tolerated in combination or, more likely, have a common 
mechanism of action. Thus, a disease stem cell that acquires a second 
splicing factor mutation would gain no selective advantage and may 
well develop a selective disadvantage as a consequence of that second 
mutation. Despite a presumed common pathogenic role, patients with 
mutations in different splicing factor genes often have very disparate 
clinical phenotypes.’” This is partially because disease manifestations 
are often determined by the effect of driver mutations in the differen- 
tiating progeny of disease stem cells. Some may induce profound dys- 
plasia while others promote lineage-specific proliferation, for example. 
Different splicing factor mutations may also be associated with certain 
clinical phenotypes because of their distinct patterns of comutation 
with other MDS-related genes.'**"! These comutations may, for exam- 
ple, drive the disease manifestations or prognosis. If there is a common 
mechanism by which splicing factor mutations drive the development 
of MDS, it is not yet well understood. These mutations are not unique to 
MDS as they can be found in other malignancies, including some solid 
tumors, where they occur at low frequency. Several studies have identi- 
fied changes in splicing efficiency and gene expression associated with 
splicing factor mutations, but these effects are subtle and do not readily 
identify a downstream pathogenic mechanism. 

SF3B1 is the most frequently mutated splicing factor gene and 
encodes the U2 small nuclear riboprotein complex (snRNP) subunit 
responsible for branch site recognition. Mutations of SF3B1 are pres- 
ent in 20 to 30 percent of patients and are the only somatic mutations 
associated with a favorable prognosis. The pattern of mutation of SF3B1 
suggests an oncogenic gain or change of function for its encoded 
protein. Mutations are always heterozygous to an intact wild-type allele 
and are relatively conservative missense substitutions at very specific 
hotspots." These mutations occur in the middle of several consecutive 
HEAT protein domains of which the K700E substitution is the most 
common, accounting for more than half of all mutations of SF3B1. 
Clinically, mutations of SF3B1 are very tightly associated with the pres- 
ence of ring sideroblasts (Fig. 87-3). More than 85 percent of patients 
with RARS or RARS-t will have an SF3B1 mutation. These mutations 
are common in patients with other subtypes of MDS, like refractory 
cytopenia with multilineage dysplasia, when ring sideroblasts are pres- 
ent. SF3B1 mutations have been associated with a more favorable prog- 
nosis but it is unclear if this is independent of other known risk factors. 
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For example, SF3B1 mutant patients are less likely to have cytogenetic 
abnormalities, including complex karyotypes, and are less likely to 
have other mutations in genes associated with a poor prognosis. Only 
mutations in DNMT3A cooccur with SF3B1 mutations more often than 
would be predicted by chance alone, suggesting a cooperative interac- 
tion between these lesions." SF3B1-mutant MDS may represent its 
own nosologic entity based on its common clinical features and patterns 
of comutation regardless of WHO subtype.'*” Mutation of SF3B1 is also 
common in chronic lymphocytic leukemia (CLL) where it occurs in 15 
to 20 percent of cases (Chap. 92). However, in contrast with MDS, these 
mutations in CLL are often subclonal or acquired after initial diagnosis 
and are associated with treatment resistance and a poor prognosis." 
SF3B1 hotspot mutations are enriched in uveal melanoma and can be 
found in various other solid tumors at lower frequency, demonstrating 
that it is not a tissue-specific oncogene." 

SRSF2 is the second most frequently mutated splicing factor, 
present in 10 to 15 percent of MDS and 40 percent of CMML cases. It 
encodes a serine-arginine-rich protein that interacts with the U2 and 
U1 components of the spliceosome. The predominant mutation in this 
gene is a missense substitution of the proline at codon 95, although 
small insertions and deletions at this position that conserve the read- 
ing frame have also been reported. As with SF3B1, mutations are hete- 
rozygous to a wild-type allele suggesting a very specific gain or change 
of function. SRSF2 mutations cooccur with mutations of several other 
genes, such as TET2, ASXL1, CUX1, IDH2, and STAG2, many of which 
are also enriched in patients with CMML.” SRSF2 mutations are gener- 
ally associated with an inferior prognosis. 

U2AF1 is the third frequently mutated splicing factor, present in 
approximately 12 percent of patients. Like SF3B1 and SRSF2, mutations 
are heterozygous to a wild-type allele and occur as missense mutations 
at fixed hotspots. The affected amino acids at codons 34 and 157 are 
in the zinc finger DNA-binding regions of the protein."°'® U2AFI 
encodes an auxiliary factor in the U2 spliceosome responsible for the 
recognition of the AG splice acceptor dinucleotide at the 3’ end of 
introns. U2AF1 mutations appear to affect splicing in reporter assays 
and transgenic mouse models, but how these changes confer a selective 
advantage to mutant cells is not well understood.'*"”” Clinically, U2AF1 
mutations are associated with shorter overall survival and increased 
risk of transformation to acute leukemia." Patient with del(20q) may 
be enriched or U2AF1 mutations.’ Several additional splicing factors 
can be mutated in MDS, including ZRSR2, SF1, and U2AF2.™ Most of 
these appear to harbor loss-of-function mutations, but remain largely 
exclusive of mutations in other splicing factors, suggesting a shared 
pathogenic mechanism. 


Epigenetic Regulators 

Epigenetic changes, defined as heritable covalent modifications of 
chromatin that do not alter the DNA base sequence, play a role in the 
development of MDS and other malignancies. Methylation of cytosine 
residues in DNA represents one form epigenetic modification that can 
be dysregulated in MDS. Specifically, patients may have global DNA 
hypomethylation, but will demonstrate hypermethylation in specific 
regions such as the CpG islands (areas rich in CG dinucleotides) found 
at or near gene promoters. These epigenetic marks have been associated 
with a closed chromatin configuration and relative silencing of nearby 
genes. The simplistic explanation is that aberrant DNA methylation 
leads to the pathogenic silencing of critical tumor-suppressor genes and 
is, therefore, oncogenic. Hypomethylating agents, which are inhibitors 
of the DNA methyltransferases that catalyze cytosine methylation, have 
been presumed to undo the silencing of these tumor-suppressor genes 
leading to therapeutic benefit. However, it is not certain that hypometh- 
ylating agents work in this way. It is known that several genes involved 
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Figure 87-3. Blood and marrow films from patients with clonal cytopenias (myelodysplastic syndromes). A. Blood film. Anisocytosis. Poikilocytosis 
with occasional fragmented cells. Marked anisochromia with marked hypochromia, mild hypochromia and normochromic cells. B. Blood film. Marked 
anisocytosis. Mild anisochromia. Poikilocytes with occasional fragmented cells and oval and elliptical cells. Two polychromatophilic macrocytes. 
C. Blood film. Striking anisocytosis with giant macrocytes and microcytes. Poikilocytes with tiny red cell fragment and elliptocyte. D. Blood film. Mild 
anisocytosis. Ovalocytes and elliptocytes. Dacryocyte. Hyposegmented neutrophil with poor granulation. E. Blood film. Marked anisocytosis (mac- 
rocytes and microcytes). Ovalocytes and elliptocytes. Acquired Pelger-HUet nuclear anomaly (classic pince-nez shape) in neutrophil. F. Blood film. 
Mild anisocytosis. Abnormal neutrophil with ring nucleus. G. Blood film. Anisochromia. Stomatocytes. Abnormal neutrophil nuclei with hyperlob- 
ulation and hyperchromatic staining. Note abnormal elongated nuclear bridge in neutrophil on left. H. Blood film. Atypical platelets. Two macroth- 
rombocytes with excess cytoplasm and atypical central granules. Anisocytosis (conspicuous microcytes). Anisochromia (conspicuous hypochromic 
cells). Poikilocytosis with occasional fragmented red cells. I. Marrow film. Wright stain. Trilobed megakaryocyte. Wright stain. Macroerythroblasts. J. 
Marrow films. Prussian blue stain. Ring sideroblasts. Wright stain. Erythroid hyperplasia with macroerythroblasts. K. Marrow film. Prussian blue stain. 
Ring sideroblasts. L. Marrow film. Wright stain. Trilobed megakaryocytes. (Reproduced with permission from Lichtman’s Atlas of Hematology, www. 
accessmedicine.com.) 


in the regulation of DNA methylation are mutated in a large propor- 
tion of patients with MDS as are genes involved in the regulation of 
DNA-associated histone modifications. Together these epigenetic reg- 
ulators form the second largest class of genes mutated in MDS. Unlike 
the splicing factors, most mutated epigenetic regulator genes are not 
exclusive of each other and frequently coexist. 

DNMT3A This gene encodes a de novo DNA methyltransferase and 
is the only DNA methyltransferase gene frequently mutated in MDS. It 


is mutated in approximately 15 percent of cases in a pattern that suggests 
a resultant loss of function. Mutations can include frameshifts and 
premature stop codons, as well as missense mutations spread through- 
out the length of the gene. The one exception is a high frequency of 
missense mutations at the hotspot codon 882, which have been shown 
to impair catalytic activity." As with nearly all of the genes mutated 
in MDS, DNMT3A mutations are not unique to these disorders and 
can be found in AML, myeloproliferative neoplasms (MPNs), and even 


lymphoid malignancies. Mouse models of Dnmt3a loss demonstrate 
hematopoietic stem cell exapansion with impaired differentiation. Dys- 
plasia and leukemic transformation do not occur in this mouse model, 
suggesting that DNMT3A loss is sufficient to provide a stem cell growth 
advantage, but insufficient to cause an MDS or AML disease phenotype. 
This is consistent with the finding that somatic DNMT3A mutations can 
be found in persons without cytopenias or other elements of disease.'” 
Therefore, cooperating mutations or microenvironmental changes are 
likely necessary determinants of disease. Mutations of DNMT3A are 
found most often in patients with normal karyotypes and cooccur with 
SF3B1 mutations more often than expected by chance. DNMT3A 
mutations in MDS patients appear to confer a poor prognosis.'°°!™* 

TET2 The second member of the ten-eleven translocation gene 
family, TET2, is among the most frequently mutated MDS genes pres- 
ent in 20 to 30 percent of cases, and in more than 40 percent of patients 
with CMML. It encodes a methylcytosine oxygenase that converts 5- 
methylcytosine (5-mC) in to 5-hydroxymethylcytosine (5-hmC) using 
iron and a-ketoglutarate (wKG) as cofactors.’ The TET2 enzyme can 
further oxidize 5-hmC into 5-formyl- and 5-carobxycytosine (5-fC and 
5-caC, respectively). This may represent a mechanism for the active 
demethylation of cytosines as 5-caC can be decarboxylated to form 
cytosine or treated as a mismatched nucleotide by the base excision 
DNA repair pathway. Mutations in TET2 are typically truncating or 
clustered in regions that encode catalytic domains indicating an asso- 
ciated loss of function. Mutations are often compound heterozygous or 
in areas of aUPD on chromosome 4q, resulting in no viable wild-type 
allele.” Patients with TET2 mutations demonstrate increased global 
DNA methylation, lower levels of 5-hmC and are more likely to have an 
elevated monocyte count.'**!*? Mouse models of Tet2 loss show a similar 
phenotype with increased stem cell and progenitor numbers, impaired 
differentiation, and myeloid skewing of hematopoiesis.’"°'* As with 
DNMT3<A, TET2 mutations can also be found in various myeloid and 
lymphoid malignancies, as well as in persons with clonal hematopoiesis 
and no hematologic disesase.' Clinically, TET2 mutations are not likely 
drivers of MDS prognosis and have variably been associated with favor- 
able, neutral, or poor outcomes. '*416418° 

IDH1 and IDH2 Only mutations in the isocitrate dehydrogenase 
genes 1 and 2 (IDHI1 and IDH2, respectively) are exclusive of TET2 
mutations, suggesting that they share a common pathogenic mecha- 
nism. Mutations of these IDH genes are common in AML and gliomas, 
but relatively rare in MDS, comprising approximately 5 percent of cases. 
Oncogenic IDH mutations are always heterozygous missense mutations 
of specific codons that result in an important change of enzyme func- 
tion. Instead of converting isocitrate to «KG while generating an nicoti- 
namide adenine dinucleotide phosphate (NADPH) from nicotinamide 
adenine dinucleotide phosphate-positive (NADP*), the mutant forms 
of IDH1 and IDH2 catalyze the conversion of wKG to 2-hydroxygluta- 
rate (2-HG) while oxidizing NADPH to NADP*.'® The 2-HG produced 
is considered an oncometabolite, which can interfere with the activity 
of aKG-dependent oxygenases, including the TET family of genes, 
prolyl hydroxylases, collagen synthesis enzymes, and various histone 
demethylases.'*-!" Mouse models of leukemic IDH mutations in the 
hematopoietic system share several features with Tet2-null mice, includ- 
ing global DNA hypermethylation and increased proportions of early 
progenitor cells.' In MDS, the clinical significance of IDH mutations 
is mixed and may depend on the nature of the mutation.'”’ Inhibitors of 
the neomorphic activity of mutant IDH enzymes represent promising 
therapies as the effects of 2-HG exposure appear to be reversible.” 

EZH2 and Other Rare Mutations Several regulators of histone 
modifications are recurrently mutated in MDS and MDS/MPN disor- 
ders. These include the histone methylase EZH2, which encodes the cat- 
alytic subunit of the protein-repressive complex 2 (PRC2) responsible 
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for methylating lysine 27 on histone 3 (H3K27). The H3K27 methyl 
mark is associated with closed chromatic and reduced expression of 
neighboring genes. Loss-of-function mutations in EZH2, present in 6 
percent of MDS, are associated with a poor prognosis in a manner that 
is independent of common prognostic scoring systems.'°!!* This is 
largely because EZH2 mutations are not strongly associated with adverse 
clinical features such as increased proportions of blasts, complex karyo- 
types, or severe cytopenias.'*' Other members of the PRC2, EED and 
SUZ12, can also be mutated in very rare cases of MDS.'”> Loss of PRC2 
activity may, in part, promote the development and progression of MDS 
through derepression of HOX genes, which are often upregulated or 
aberrantly expressed in self-renewing leukemic cells.’ 

ASXL1 ASXL1 is a frequently mutated MDS gene believed to be an 
epigenetic “reader” capable of binding to specific histone marks through 
its highly conserved PHD domain. Mutations of ASXL1, present in 
20 percent of MDS and 40 percent of CMML, are largely heterozygous 
truncating mutations in its terminal exon. These lesions are associated 
with a poorer prognosis than predicted by common clinical assessments 
alone.'**!”7'8 ASXL1 interacts directly with the PRC2, directing the 
activity of EZH2 to specific genomic regions. Loss of ASXLI1 is asso- 
ciated with absent H3K27 trimethylation at the HOXA gene cluster.’” 
ASXL1 mutations may cooperate with mutations in various other genes 
such as SRSF2, U2AF1, TET2, and NRAS, as mutations of these genes 
cooccur more often than predicted by chance alone.” In patients with 
germline mutations of the transcription factor GATA2, somatic ASXL1 
mutation appears to be a common concurrent event at the time of MDS 
or AML development.'**'*! 

Mutated Transcription Factor Genes Mutations of hematopoi- 
etic transcription factors in MDS are typically somatic events, but can 
be present in the germline either as inherited or spontaneous congenital 
events in rare cases. RUNX1 is the most frequently mutated transcrip- 
tion factor in MDS. This gene, previously known as AML1, encodes the 
alpha core binding transcription factor subunit and is altered in many 
myeloid and lymphoid malignancies. In the acute leukemias, RUNX1 
is a frequent translocation partner with other genes such as RUNX1T1 
(previously known as ETO) as part of t(8;21) in AML and with ETV6 
in (previously known as TEL) as part of t(12;21) in acute lymphocytic 
leukemia (ALL). RUNX1 is mutated in 10 to 15 percent of MDS where it 
is associated with a poor prognosis, increased rates of leukemic progres- 
sion, and thrombocytopenia.'*+'*> Mutations can affect one or both alle- 
les and often involve the DNA-binding RUNT domain or truncate the 
more distal protein interaction domain.'**'* Persons with congenital 
mutations of RUNX1 can have an autosomal dominant FPD-AML char- 
acterized by numerical and functional platelet abnormalities that pre- 
cede transformation to AML by many years. Penetrance of FPD-AML is 
variable and the long latency to transform indicates the need to acquire 
cooperating mutations.**'*>!8° Mutations of C/EBPA can also cause 
familial propensity for AML in an autosomal dominant fashion, but are 
very rare mutations in MDS as somatic or inherited abnormalities.’ 

ETV6 The ets-like transcription factor 6, ET V6, is frequently rear- 
ranged, deleted, or mutated in hematologic malignancies. In MDS, 
ETV6 mutations are present in approximately 5 percent of cases, where 
they are independently associated with shorter overall survival and pro- 
gressive disease.'**'** 

GATA2 Germline GATA2 mutations are responsible for several 
different congenital syndromes with overlapping features including 
a predisposition to marrow failure, MDS, and AML.55818%19 Familial 
GATA2 mutations can manifest as the monoMAC syndrome, charac- 
terized by monocytopenia and mycobacterial infections; Emberger 
syndrome, characterized by congenital lymphedema and risk of devel- 
oping MDS; or as a deficiency in monocytes, B and natural killer (NK) 
lymphocytes, and dendritic cells.” Patients can also have sensorineural 


Part X: Malignant Myeloid Diseases 


hearing loss, alveolar proteinosis, and dermatologic abnormalities. 
Penetrance is variable and patients with one syndrome often will have 
features of the others. Several cases of congenital neutropenia or appar- 
ently de novo MDS in childhood have been ascribed to germline GATA2 
mutations in the absence of other syndromic features.” However, unlike 
RUNX1 and ETV6 mutations, mutations of GATA2 are only very rarely 
somatic events. 

TP53 TP53 mutations are present in approximately 10 percent of 
MDS cases and are strongly associated with a poor prognosis indepen- 
dent of other risk factors.'** Most patients with mutations of TP53 will 
have a complex karyotype and tend to have fewer point mutations in 
other typical MDS genes. Patients with del(5q) are more likely to have 
a TP53 mutation, particularly in the context of a complex karyotype, 
suggesting pathologic synergy between these abnormalities.” Unfor- 
tunately, treatment with either hypomethylating agents or allogeneic 
hematopoietic stem cell transplantation (AHSCT) fails to rescue the 
adverse outcomes associated with mutations of TP53.!°?-!4 

Mutations of Growth Factor Signaling Pathway Genes Muta- 
tions of receptor tyrosine kinase genes are common in proliferative 
myeloid disorders, such as FLT3 in AML, KIT in mast cell neoplasms, 
and of the receptor gene MPL in MPN, but only rarely present in MDS. 
Instead, several genes encoding downstream signaling proteins are 
more frequently mutated in MDS. Many of these mutations are asso- 
ciated with proliferative features and often presage more advance dis- 
ease or progression to secondary AML. Signaling pathway mutations 
are typically mutually exclusive, indicating some redundancy in func- 
tion and are more common in CMML where monocytic proliferation 
is a defining feature. In MDS, these mutations are frequently present in 
minor disease subclones demonstrating that they were acquired later in 
the course of disease. Despite their small abundance, signaling pathway 
mutations are often predictive of transformation and shorter overall 
survival.!°51°° 

Activating NRAS mutations are the most common in this category, 
but found in only 5 to 10 percent of cases. These lesions are associated 
with excess blasts and thrombocytopenia.’ The E3-ubiquitin ligase 
CBL regulates tyrosine kinase receptors by marking them for degrada- 
tion.” CBL mutations that impair this function are found in 3 to 5 per- 
cent of MDS cases and are associated with monocytosis.'*'”” Somatic 
mutations of the tyrosine phosphatase encoded by PTPN11 are seen in 
very rare cases of MDS and CMML, but are more common in juvenile 
myelomonocytic leukemia where mutations are often germline lesions 
and part of a congenital syndrome.” Other genes that are very rarely 
but recurrently mutated in this pathway include KRAS, BRAF, KIT, and 
CBLB. 

The V617F mutation in JAK2 is found in 3 to 5 percent of patients 
with MDS and is exclusive of other signaling pathway mutations. How- 
ever, it does not appear to have prognostic significance and is not asso- 
ciated with an increased red cell mass as it is in polycythemia vera." 
This is likely because JAK2 mutations in MDS are often late events and 
coexist with other genetic lesions that result in dysplasia, limiting the 
production of mature red cells. JAK2 mutations are enriched in patients 
with RARS-t, and MDS/MPN overlap disease.” Half of these patients 
will carry a JAK2Y®™ mutation. This is roughly the same proportion 
observed in patients with essential thrombocythemia (ET); leading to 
the speculation that RARS-t is a “frustrated” form of ET with dysplasia 
caused by the other mutations like those in SF3B1 associated with ring 
sideroblasts.”? Approximately 5 percent of RARS-t patients will instead 
have a mutation in MPL, which is similar to the rate at which it occurs 
in ET as well (Chap. 85). 

Cohesin Genes RAD21, STAG2, SMC3, and SMCIA are recur- 
rently mutated members of the cohesin gene family. Collectively, they 
are mutated in approximately 10 percent of MDS cases, where they may 


be associated with a poor prognosis.” Cohesins bind to chromatin 
in a large complex believed to protect chromatid structure and shep- 
herd chromosomes through mitosis. However, mutations of this com- 
plex are not associated with chromosomal instability in MDS. Instead, 
they identify patients more likely to have multilineage dysplasia.” 
The pathogenic mechanism of cohesin mutations in myeloid disorders 
remains poorly understood. 

Other Classes of Mutated Genes Several other classes of genes 
are recurrently mutated in MDS, including DNA repair enzymes, RNA 
helicases, and members of the G-protein signaling pathway. The long 
tail of recurrent, but rarely mutated genes in MDS suggest that dysplasia 
is common final phenotype that can be caused by a variety of different 
pathogenic abnormalities, each with their own degree of severity, risk of 
progression, and variation in clinical presentation. 


Microenvironmental Changes 

Not all abnormalities identified in the marrow of patients with MDS 
are intrinsic to the clonal cells that give rise to the disease. There are 
many microenvironmental alterations that contribute to the distorted 
hematopoiesis that is characteristic of MDS. Marrow cytokine levels 
are altered in many cases. Circulating monocyte colony-stimulating 
factor (M-CSF) is increased in some patients with MDS, AML, and 
other hematologic malignancies.” Interleukin (IL)-la and granulo- 
cyte-macrophage colony-stimulating factor (GM-CSF) levels have been 
undetectable in most patients. IL-6, granulocyte colony-stimulating 
factor (G-CSF), and erythropoietin concentrations have been variable. 
Tumor necrosis factor (TNF) concentrations has been inversely related 
to hematocrit.” Stem cell factor, a multilineage hematopoietin, can be 
decreased in some patients.” 

The neoplastic clone may induce activation of the innate immune 
system. Loss of miRNAs 145 and 146a from the CDR of chromosome 5q 
lead upregulation of toll-interleukin receptor adaptor protein (TIRAP) 
and tumor receptor-associated factor (TRAF) 6, members of the innate 
immune signaling pathway downstream of toll-like receptors.® Toll-like 
receptors may also be targets of somatic mutations leading to nuclear 
factor (NF)-«B activation.” Myeloid-derived suppressor cells, distinct 
from the clonal disease cells, may contribute to the altered cytokine 
microenvironment and promote disordered hematopoiesis.” 

Dysregulation of the adaptive immune system has also been 
described. CD40 expression on monocytes is increased, as is CD40L on 
T lymphocytes, and has been postulated as being a contributing factor 
to hematopoietic failure in some patients with less-advanced disease.** 
Many patients with MDS will demonstrate oligoclonal T-cell expansion 
with skewing of V$-subunits of the T-cell receptor similar to that seen in 
aplastic anemia.*"' In patients that respond to immunosuppressive ther- 
apy, this oligoclonality of T cells may be normalized.” There likely exists 
substantial pathogenic overlap between aplastic anemia and hypoplastic 
MDS. Immunosuppression can improve hematopoiesis in both disor- 
ders, both can exhibit paroxysmal nocturnal hemoglobinuria (PNH) 
clones, and both can have somatic mutations typical of MDS (Chap. 35). 
Large granular lymphocyte (LGL) leukemia can cause immune cytope- 
nias and LGL cells are present in some cases of both MDS and aplastic 
anemia. These lymphocytes can carry somatic mutations of STAT3 indi- 
cating their clonal nature, distinct from the MDS clone.” 


@ CLINICAL FEATURES 
SYMPTOMS AND SIGNS 


Patients can be asymptomatic or, if anemia is more severe, can have pal- 
lor, weakness, loss of a sense of well-being, and exertional dyspnea.” 
Fatigue is a major complaint that is not necessarily related to degree 


of anemia.” A small proportion of patients have infections related to 
severe neutropenia or neutrophil dysfunction, or hemorrhage related 
to severe thrombocytopenia or platelet dysfunction at the time of diag- 
nosis. Patients with severe depressions of neutrophil and platelet counts 
at diagnosis usually have more advanced disease. Rarely, patients have 
fever unrelated to infection. Arthralgia is the initial complaint in some 
patients. The presentation, infrequently, can mimic a rheumatologic 
disease. Hepatomegaly or splenomegaly occurs in approximately 5 or 
10 percent of patients, respectively. 


@ LABORATORY FEATURES 


BLOOD 
Red Cells 


Anemia is present in greater than 85 percent of patients.” In approx- 
imately 4 percent of patients, the anemia results from erythroid apla- 
sia.” Mean cell volume often is increased. Red cell shape abnormalities 
include oval, elliptical, teardrop, spherical, and fragmented cells. Red 
cell findings occur in a spectrum. Some patients have only slight aniso- 
cytosis. Elliptical red cells sometimes dominate. Basophilic stippling 
of red cells occurs (see Fig. 87-3). Nucleated red cells are seen in the 
blood film in approximately 10 percent of cases. Reticulocyte counts 
are low for the degree of anemia. Other abnormalities of red cells occur, 
such as an increased proportion of hemoglobin F” and decreased red 
cell enzyme activities, especially acquired pyruvate kinase deficiency.” 
Hemolysis has occurred in some patients with the latter deficiency. 
Enhanced sensitivity of membranes to complement?” and modification 
of red cell blood group antigens may be observed.” Acquired hemo- 
globin H disease, a rare superimposition, results in red cell morphology 
similar to thalassemia (microcytosis, anisocytosis, basophilic stippling, 
poikilocytosis with target cells, fragmented cells, and teardrop cells). 
Intracellular precipitates of $-chain tetramers (identified by crystal vio- 
let stain) reflect an acquired decrease in the rate of a-chain synthesis 
in erythroblasts.” The decrease in a-globin-chain synthesis is pro- 
found, involves each of the four a-chain loci, and results from a tran- 
scription abnormality. No gross alterations in genes (eg., insertions, 
deletions) are seen in these cases.”” Acquired hemoglobin H disease in 
this setting has been dubbed the a-thalassemia-myelodysplastic syn- 
drome and is the consequence of acquired mutations in ATRX, the gene 
associated with the X-linked a-thalassemia/mental retardation (ATR-X) 
syndrome.” 


Granulocytes and Monocytes 

Neutropenia is present in approximately 50 percent of patients at the 
time of diagnosis.” The proportion of monocytes often is increased, 
and monocytosis per se can be the dominant manifestation of the 
hematopoietic abnormality for months or years.”-! Morphologic 
abnormalities of neutrophils can occur, sometimes resulting in the 
acquired Pelger-Huét anomaly (see Fig. 87-3E). In this condition, 
neutrophils have very condensed chromatin and unilobed or bilobed 
nuclei that often have a pince-nez shape. The neutrophils may be in 
the process of apoptosis.” Ring-shaped nuclei also can occur in neu- 
trophils (see Fig. 87-3F).?* Neutrophil alkaline phosphatase activity is 
decreased in some patients.’ Expression of normal surface antigens on 
neutrophils and monocytes is decreased, and abnormal surface anti- 
gen expression occurs in some cases.” Defective primary granules of 
abnormal size and shape with decreased myeloperoxidase content can 
be present.” Specific neutrophil granules are often decreased in num- 
ber, producing hypogranular cells.” Neutrophil granule membranes 
frequently are deficient in glycoproteins.” Chemotactic, phagocytic, 
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and bactericidal capability may be impaired.” Formyl-leucyl- 
methionyl-phenylamine receptor signaling and actin polymerization 
can be abnormal.” Muramidase (lysozyme) activity in blood and 
urine may be increased, reflecting granulocytic hyperplasia, heightened 
monocytopoiesis, and monocyte turnover. 


Platelets 

Approximately 25 to 50 percent of patients have mild to moderate 
thrombocytopenia at the time of diagnosis.”*’* Mild thrombocyto- 
sis also can occur.”**™ Platelets may be abnormally large, have poor 
granulation, or have large, fused central granules (see Fig. 87-3H).”4*** 
Abnormal platelet function can contribute to a prolonged closure time, 
easy bruising, or exaggerated bleeding. Decreased platelet aggrega- 
tion in response to collagen or epinephrine is a frequent functional 
abnormality.“ 


Lymphocytes 

Patients with clonal hemopathies may have immunologic deficiencies, 
such as a decrease in NK cells in the blood but no decrease in LGLs,”*”-*° 
a decrease in helper T lymphocytes,” and a decrease in Epstein-Barr 
virus receptors on B lymphocytes.****! Antibody-dependent cellu- 
lar cytotoxicity is normal.** Thymidine incorporation after mitogenic 
stimulation?” and colony growth of T lymphocytes are decreased.** 
Lymphocytes may have an increased sensitivity to irradiation.” The 
defects in lymphoid cells could reflect the level of the somatic muta- 
tion in a primitive multipotential cell in different cases. Intrinsic, rather 
than secondary, alterations in lymphocytes are determined by whether 
no lymphocytes are generated from the clone, B cells are part of the 
clone, or B and T cells are part of the clone.” Clonally derived, CD8+C- 
D57+CD244+CD28-CD62L- T lymphocytes are present in marrow 
and to a lesser extent in blood in approximately 50 percent of patients, 
independent of type of MDS, age, and sex of the patient,” as are NK 
and B cells (see “Pathogenesis” above). 


PLASMA ABNORMALITIES 


Serum iron, transferrin, and ferritin levels may be elevated as a result 
of anemia and the shift of erythron iron to plasma and storage com- 
partments. Lactic dehydrogenase and uric acid concentrations can be 
increased as a result of ineffective hematopoiesis and a high death frac- 
tion of maturing marrow precursors. Monoclonal gammopathy, poly- 
clonal hypergammaglobulinemia, and hypogammaglobulinemia each 
occur with increased frequency.” The frequency of autoantibodies 
was increased in one report™? but not in another.” 6,-Microglobulin 
serum levels are increased in proportion to the prognostic category of 
the disease.” 


MARROW 
Cellularity 


Marrow cellularity usually is normal or increased.”**°?* Cellularity 
is decreased in approximately 15 percent of cases*® and may simulate 
hypoplastic or aplastic anemia.*” However, islands of dysmorphic cells, 
especially atypical megakaryocytes, usually are present (see Fig. 87-3L). 
An increased proportion of blast cells in this setting suggests hypoplas- 
tic myelogenous leukemia (Chap. 88). 


Erythropoiesis 

Erythroid hyperplasia is frequent. Very large or small erythroblasts, 
nuclear fragmentation, stippled erythroblasts, and poor hemoglobini- 
zation may be seen.*****”*! Proerythroblasts may be present in excess, 
and the marrow may lack normal clusters or islets of erythroblasts. 
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Erythroblasts may resemble megaloblasts that have nuclear-cytoplasmic 
maturation asynchrony, nuclear fragmentation, or cytoplasmic nuclear 
remnants. The asynchrony is manifest morphologically by nuclear 
immaturity with prominent euchromatin in cells with more advanced 
cytoplasmic maturation. This pattern is referred to as megaloblastoid 
erythropoiesis (see Fig. 87-31). Erythroid aplasia seen in occasional 
cases results in a hypocellular marrow.” 

Pathologic sideroblasts may be identified when the marrow is 
stained with Prussian blue stain (see Fig. 87-3J and K). The sideroblasts 
include erythroblasts with an increased number and size of siderosomes 
(cytoplasmic ferritin-containing vacuoles), referred to as intermediate 
sideroblasts, or erythroblasts with mitochondrial iron aggregates that 
take the form of a partial or complete circumnuclear ring of iron glob- 
ules, referred to as ring sideroblasts. Macrophage iron often is increased. 
Ring sideroblasts are uncommon or present only in very low propor- 
tions in clonal myeloid disorders other than RA. 


Granulopoiesis 

Granulocytic hyperplasia is frequent.”****”*! Marrow monocytes may 
be increased in number. Abnormalities of granulocytes include hypogran- 
ulation, a monocytoid appearance of neutrophilic granulocytes, and the 
acquired Pelger-Huét nuclear abnormality of neutrophils.” Progranu- 
locytes and myelocytes may be increased. The proportion of blast cells is 
not increased in clonal hemopathies that are categorized as RA (defined 
as <5 percent); although, a blast percentage of greater than 2 percent 
should be considered oligoblastic leukemia and is recognized as having 
prognostic risk. Marrow biopsy may show abnormal localized immature 
precursors (ALIPs),”*+® which are clusters of immature myeloid, CD34+ 
cells*®* located centrally rather than subjacent to the endosteum. These 
clusters of atypical cells are present in almost all cases of oligoblastic leu- 
kemia where blast cells compose 3 percent or more of nucleated mar- 
row cells (RAEBs) and in approximately one-third of patients with RA, 
suggesting these patients have a disorder closely approaching oligoblastic 
leukemia. Patients with this abnormality are more prone to develop overt 
AML. Vascular endothelial growth factor and its receptor are expressed 
on cells forming ALIP clusters and have been proposed as providing an 
autocrine loop to promote leukemia progenitor cell formation.” The 
number of plasma cells may be slightly increased. Marrow basophilia or 
eosinophilia occurs in approximately one in seven patients and is associ- 
ated with a higher probability of evolution to AML.?* 


Thrombopoiesis 

Megakaryocytes are present in normal or increased numbers.**4700¢! 
Micromegakaryocytes (dwarf megakaryocytes) may occur.**!7??7° 
Megakaryocytes with unilobed or bilobed nuclei may be increased, and 
hypersegmented and hyposegmented megakaryocytes may be present 
(see Fig. 87-3L). Clusters of megakaryocytes may be seen. Megakary- 
ocytes may be distributed laterally from their usual parasinusoidal 
location.” 


Fibrosis and Angiogenesis 

An increase in reticulin and collagen fibers of varying degree is common 
(approximately 15 percent of cases), especially in oligoblastic myeloge- 
nous leukemia.” When fibrosis is prominent, the disorder can resemble 
primary myelofibrosis, although, in contrast to the latter, splenomegaly 
usually is not marked and mutations of CALR, JAK2, or MPL, genes fre- 
quently truncated in primary myelofibrosis and ET, are extremely rare.” 
Because primary myelofibrosis is an oligoblastic leukemia with striking 
dysmorphogenesis of cells, some confusion in classification with other 
fibrotic clonal myeloid disorders may occur.” Marrow fibrosis is cor- 
related with higher blast counts and poor-risk cytogenetics. Some 
physicians have proposed a category of myelofibrotic myelodysplasia, 


but all clonal myeloid diseases, including AML, chronic myelogenous 
leukemia, and CMML may have within their spectrum of expression 
occasional cases with intense myelofibrosis. Like numerous other 
epiphenomena that occur in the expression of hematopoietic stem cell 
diseases, extending the general classifications is not warranted. 

Increased angiogenesis is a feature of MDS. Microvessel den- 
sity increases with more advanced stages of the disease.””* Mast cell 
frequency and mast cell tryptase activity are highly correlated with 
microvessel density.” Circulating endothelial cells are also increased 
in concentration in patients with MDS and their concentration is cor- 
related with marrow neoangiogenesis (microvessel density).?”° 


@THERAPY-RELATED MYELODYSPLASTIC 
SYNDROMES 


Therapy-related MDS are increasing in frequency as the use of inten- 
sive chemotherapy and radiation increases in other solid tumors and 
lymphoma.”””** These cases have a poor prognosis and are not included 
in either the original IPSS or the revised IPSS-R. Cellular abnormalities 
of chromosomes 5, 7, and 8 are common in these cases.’ MDS following 
breast cancer is associated with older age, presence of other cancers, and 
multiple first-degree relatives with cancer.’ As compared to patients 
with myeloma or germ cell tumors, patients with lymphoma under- 
going autologous stem cell transplantation have a higher incidence of 
treatment-related MDS. In this group, pretransplantation therapy, total- 
body irradiation, and other transplantation-related factors play a role, as 
do inherited polymorphisms in genes governing drug metabolism and 
DNA repair.” Therapy-related MDS has been reported after high-dose 
melphalan for myeloma treatment, particularly in patients treated with 
lenalidomide.”** 

Accelerated telomere shortening precedes development of ther- 
apy-related myelodysplasia after autologous transplantation for 
lymphoma.*” Treatment-related MDS is managed as are de novo cases 
of MDS, but are very refractory to treatment. AHSCT can result in 
long-term disease-free survival, but most patients with therapy-related 
MDS are not candidates because of advanced age, comorbidities, or the 
inability to control the primary cancer.” 


@ DIAGNOSTIC CRITERIA FOR 
MYELODYSPLASTIC SYNDROMES 


The current diagnostic criteria for MDS are well defined, but can be dif- 
ficult to apply in practice. Many diagnostic elements, such as the extent 
of dysplasia in the marrow and the quantification of blasts, are subjec- 
tive measures associated with high rates of interobserver variability.” 
Current guidelines require a blast proportion of 5 percent or greater in 
the marrow as definitive evidence for MDS absent other criteria and 
this threshold distinguishes RAEB from other MDS subtypes. However, 
more than 2 percent marrow blasts is abnormal and likely evidence of 
oligoblastic leukemia. This lower threshold is recognized as prognos- 
tically adverse in the IPSS-R. Even when dysplasia is clearly present, 
benign and potentially reversible causes of morphologic abnormalities 
must be excluded (Table 87-3). The presence of acquired chromoso- 
mal abnormalities is indicative of clonal hematopoiesis and can aid in 
the diagnostic evaluation. Specific karyotypes found more commonly 
in patients with MDS serve as presumptive evidence of the disorder in 
patients with clinically meaningful cytopenias and insufficient dyspla- 
sia to meet the morphologic criteria for diagnosis. Somatic mutations, 
which are more frequent than chromosomal abnormalities may soon be 
formally used in this manner to aid the diagnosis of MDS. 


TABLE 87-3. Diagnostic Criteria for Myelodysplastic 
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TABLE 87-4. International Prognostic Scoring System for 


Syndromes?” 


Myelodysplastic Syndromes”? 


Presence of one or more otherwise unexplained cytopenias* Score Value 0 0.5 1.0 153 
Hemoglobin <11 g/dL Prognostic Variables 

Absolute neutrophil count <1500/uL Marrow Blasts (%) <5 5-10 11-20 
Platelet count <100,000/yL Karyotype Good Intermediate Poor 


Presence of one or more myelodysplastic syndrome (MDS) 
decisive criteria 


>10% dysplastic cells in erythroid, myeloid, and/or megakaryocyte 
lineages 


5 to 19% marrow blasts 


Evidence of a cytogenetic abnormality typical for MDS": 


-7 or del(7q) del(12p) or t(12p) t(1;3)(p36.3;q21.1) 
-5 or del(5q) del(9q) t(2;11)(p21;q23) 
i(17q) or t(17p) idic(X)(q13) inv(3)(q21q26.2) 
-13 or del(13q) t(11;16)(q23;p13.3)  t(6;9)(p23;q34) 
del(11q) t(3;21)(q26.2;q22.1) 


Exclusion of alternative diagnosis that explain blood and marrow 
findings 


No AML-defining criteria (e.g., t[8;11], i[16], t[16;16], t[15:17], or 
erythroleukemia) 


No other hematologic disorders (e.g., acute lymphocytic leukemia, 
aplastic anemia, or various lymphomas) 


Not explained by 

e HIV or other viral infection 

e Deficiencies of iron or copper 

+ B,,, folate, or other vitamin deficiency 

+ Medications (e.g., methotrexate, azathioprine, or 
chemotherapy) 

e Alcohol abuse (typically heavy and prolonged usage) 

+ Autoimmune conditions (e.g., immune thrombocytopenia 
purpura, immune hemolytic anemia, Evans syndrome, Felty 
syndrome, or systemic lupus erythematosus) 

e Congenital disorders (e.g., Fanconi anemia, Diamond-Blackfan 
anemia, and Shwachman-Diamond syndrome, etc...) 


*Present for 6 months or longer, if there is no typical cytogenetic 
abnormality identified. 

‘The list of cytogenetic abnormalities shown in this Table was taken 
from reference 578 and reiterated here. 


CLINICAL PROGNOSTIC SCORING SYSTEMS 


The estimation of prognosis is an integral element in the care for 
patients with MDS. It sets expectations for patients about their disease 
and helps physicians weigh the risks and benefits of specific treatments 
versus observation alone. Historically, they have been used to describe 
participants with MDS in clinical trials, which has allowed for compari- 
son among studies. The most prevalent prognostic model in clinical use 
is the IPSS, first published in 1997. This model was created by exam- 
ining 816 MDS patients at the time of their diagnosis. Patients with 
therapy-related MDS, proliferative CMML, and those who received dis- 
ease-modifying therapy, such as AHSCT, were excluded. The IPSS con- 
sidered three major risk markers: the percentage of blasts in the marrow, 
the presence of specific cytogenetic abnormalities, and the number 
of cytopenias present in the blood. These elements were weighted as 
shown in Table 87-4 to assign patients to one of four IPSS risk groups 


Cytopenias 0,1 2,3 


Risk groups: Low, 0; intermediate-1, 0.5-1.0; intermediate-2, 1.5-2.0; 
high, 22.5. Survival for each risk group is displayed in Table 87-5. 
Karyotype: Good score, -Y, del(5q); poor score, complex abnormali- 
ties and chromosome 7 abnormalities; intermediate score, all other 
abnormalities. See “Marrow: Cytogenetics” in text above for further 
details. 

Cytopenias: anemia, hemoglobin <10 g/dL; neutropenia, absolute 
neutrophil count <1.8 x 10°/L; thrombocytopenia, platelet count 
<100 x 10°/L. 


with significant differences in overall survival and risk of clonal evolu- 
tion to AML (Table 87-5). The IPSS was an extremely useful tool that 
gained wide acceptance in clinical practice and is incorporated into 
clinical practice guidelines published by the National Comprehensive 
Cancer Network and European LeukemiaNet.”*”** However, the IPSS 
has several limitations that include consideration of blast proportions 
that were later redefined by the WHO classification system as AML and 
a propensity to underestimate risk in patients with severe cytopenias. 
Several subsequent prognostic models that improve upon the IPSS 
have been published and validated, but have generally not been widely 
adopted in routine clinical practice.°>?”” 

The IPSS-R, published in 2012, addresses most of the limitations 
of the IPSS and provides improved prognostic accuracy over the IPSS 
and subsequent models.”*° The IPSS-R examined clinical data from 
7012 MDS patients at the time of their diagnosis (Table 87-6). Like the 
IPSS, the IPSS-R excluded patients with proliferative CMML or ther- 
apy-related disease and censored patients if and when they received 
disease-modifying therapy. The IPSS-R differs from the IPSS in that it 
includes a much broader range of cytogenetic abnormalities which are 
given greater weight in the overall risk calculation. The IPSS-R refines 
the marrow blast percentages to exclude patients with 20 percent or 
greater blasts and considers each type of cytopenia as an independent 
risk factor weighted by severity. Based on the total risk score, patients 
are assigned to one of five risk groups instead of the four used by the 
IPSS. The risk score can be adjusted for age to take this variable into 
account. Patients assigned to the “very low” and “low risk” groups are 
considered to have lower-risk MDS whereas those in the “high” or “very 
high” groups have higher-risk disease. Patients in the intermediate cat- 
egory may be treated as lower or higher risk based on other prognostic 
factors such as serum ferritin and serum lactate dehydrogenase (LDH) 
which are not formally considered in the model. 

The IPSS-R has been validated and shown to apply in contexts for 
which it was not originally defined. This includes risk stratification at 
times other than diagnosis, use in patients who go on to receive disease- 
modifying treatment, and use in patients undergoing AHSCT.”?*°!* It 
is important to note that the median overall survival for patients strati- 
fied by the IPSS and IPSS-R represent estimates based on patients who 
did not receive disease-modifying therapy. Patients who respond to 
active treatments may, in fact, have a greater expected median survival 
than predicted by these scoring systems. Currently, somatic mutations 
are not considered by any prognostic scoring system in widespread 
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TABLE 87-5. Survival of Patients Based on the International Prognostic Scoring System 


IPSS Group at Diagnosis No. of Patients 2-Year Survival 5-Year Survival 10-Year Survival 15-Year Survival 
Low 267 85% 55% 28% 20% 
Intermediate-1 314 70% 35% 17% 12% 
Intermediate-2 179 30% 8% 0 - 

High 56 5% 0 - - 


IPSS, International Prognostic Scoring System. 


clinic use even though these lesions have been shown to have indepen- 
dent prognostic significance. Future prognostic models are likely to 
combine clinical and molecular information to refine the prediction of 
prognosis in MDS. 


@TREATMENT OF MYELODYSPLASTIC 
SYNDROMES BASED ON PROGNOSTIC 
SCORE 


Therapeutic decisions in patients with MDS patients can be based on 
the predicted evolution of disease, as measured by prognostic tools 
such as the IPSS and IPSS-R. Lower-risk patients are commonly 
treated with lower-intensity therapies such as hematopoietic growth 
factors or immunomodulatory agents, while use of hypomethylating 


agents, cytotoxic agents, or AHSCT is typically reserved for higher-risk 
patients.” In addition, two biomarkers—the presence of del(5q) in 
lower-risk patients with anemia, and the serum erythropoietin level in 
anemic patients—are strong enough predictors of treatment response 
as to permit selection or avoidance of individual drugs (i.e., the use of 
lenalidomide*® or erythropoiesis-stimulating agents,*” respectively). 
While other predictive biomarkers in MDS have been proposed, such 
as TET2 and DNMT3A mutation status as predictors of the likelihood 
of response to hypomethylating agents!**!°°"; patient age, marrow 
hypocellularity or human leukocyte antigen (HLA) DR-B15 status and 
response to immunosuppressive therapy*”; serum thrombopoietin and 
intensity of platelet transfusion requirements and response to thrombo- 
poietin agonist romiplostim*”; or flow cytometry patterns and response 
to erythropoiesis-stimulating agents*”, these are not strong enough 
predictors of response to specific therapies to influence management 


TABLE 87-6. Revised International Prognostic Scoring System for Myelodysplastic Syndromes? 


Cytogenetic Groups 


IPSS-R Karyotype Abnormalities 


Very good del(11q), -Y 
Good Normal, del(20q), del(5q) alone or with 1 other anomaly, del(12p) 
Intermediate +8, del(7q), i(17q), +19, +21, any single or double abnormality not listed, or two or more independent clones 
Poor der(3q), -7, double with del(7q), complex with 3 abnormalities 
Very poor Complex with >3 abnormalities 
IPSS-R Parameter Categories and Associated Scores 

Very Good Good Intermediate Poor Very Poor 
Cytogenetic Risk Group 0 1 2 3 4 
Marrow blast % <2 >2-<5 5-10 >10 

0 1 2 3 
Hemoglobin (g/dL) >10 8-<10 <8 

0 1 15 
Platelet count (x 10°/L) 2100 50-<100 <50 

0 0.5 1 
Neutrophil count (x 109/L) 20.8 <0.8 

0 0.5 

Median Survival, 25% with AML, 

IPSS-R Risk Group Total Score % of Patients Years at Years 
Very low <1.5 19 8.8 NR 
Low >1.5-3 38 53 10.8 
Intermediate >3-4.5 20 3 82 
High >4.5-6 13 1.6 1.4 
Very high >6 10 0.8 0.73 


AML, acute myelogenous leukemia; IPSS-R, International Prognostic Scoring System-Revised; NR, not reached. 


These data were found in Ref 298 and reiterated in this table. 


decisions. Patients with TP53 mutations may comprise a special group, 
as they have such a poor outlook with conventional therapies that either 
clinical trial enrollment or palliative care may be most appropriate for 
individuals with a TP53 mutant genotype.*!>*"° 

The calculated prognostic score should not be the sole guide to 
treatment of a patient, as many patients deviate from the average expec- 
tation of disease behavior. The prognostic scores are based on the aver- 
age behavior of large numbers of patients without confidence intervals 
to show the degree of variation, which is substantial. Unexpected pro- 
gression or evolution of disease may also necessitate changes in treat- 
ment approach, and patients’ comorbid conditions may preclude use of 
specific therapies (e.g., renal failure requires dose adjustment or avoid- 
ance of lenalidomide). There is also uncertainty among clinical investi- 
gators about the optimal therapeutic approach in many situations, such 
as for IPSS lower-risk patients with severe cytopenias other than ane- 
mia, anemic IPSS lower-risk patients without del(5q) and with a serum 
erythropoietin level greater than 500 U/L, and IPSS higher-risk patients 
who are not transplant candidates and for whom azacitidine and decit- 
abine have failed.*!” 

Measurement of treatment response in a clinical trial usually 
involves comparison to the 2006 International Working Group (IWG) 
response criteria.*'* Although IWG response criteria focus on improve- 
ments in specific measurable and objective variables such as hemoglo- 
bin level, the number of abnormal metaphases on karyotyping, and 
marrow blast proportion, surveys have shown that what matters most 
to patients is decreased symptoms,*!**” improved quality of life,” 
avoidance of hospitalization and extended survival, which overlap with 
but are not identical to numerical disease measurements. Economic 
considerations also determine clinical care patterns, and the high cost 
of MDS care is a burden for many patients.’ 


THERAPEUTIC APPROACHES TO PATIENTS 
WITH LOWER-RISK DISEASE 


All patients, regardless of risk score, deserve “best supportive care.” Sup- 
portive care consists of improving quality of life by treatment of cytope- 
nias or their complications (e.g., dyspnea, bleeding, infection) and 
providing ongoing psychosocial support, while monitoring the patient’s 
clinical status at intervals.” The inclusion of palliative care can be very 
helpful to many patients, especially those at higher-risk and does not 
imply the cessation of treatment. Counseling by experienced palliative 
care physicians can provide patients with important support in their 
understanding of the best ways to manage their disabilities and to make 
therapeutic decisions. 


Red Cell Transfusion 

Red blood cell (RBC) transfusions should be administered for symp- 
tomatic anemia. Often patients will tolerate hemoglobin levels lower 
than 8 g/dL, but the level at which symptoms develop varies from 
patient to patient. Higher thresholds have been suggested to prevent 
cardiac consequences of prolonged anemia,***” while lower thresholds 
have been recommended based on superior outcomes with restrictive 
RBC transfusion strategies in inpatient populations?” and the need 
to preserve the blood supply. Patients with MDS may receive hundreds 
of units of RBCs over the course of their illness.7"7 


Platelet Transfusion 

Thrombocytopenia is common in MDS and has a higher prevalence 
in higher-risk IPSS categories.**? Furthermore, many therapies used in 
MDS may worsen thrombocytopenia. Hemorrhage is the second most 
common cause of death in patients with MDS.** Platelet transfusions 
may be required if the platelet count falls below 10 x 10° cells/L or at 
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higher levels if the patient is actively bleeding. Antifibrinolytic agents, 
such as aminocaproic acid or tranexamic acid, can be used in patients 
who have mucosal bleeding despite platelet transfusion or to decrease 
the need of platelet transfusions.” This strategy is especially effective in 
patients with urinary bleeding or bleeding from arteriovenous malfor- 
mations of the gut. 


Antimicrobial Agents 

Febrile events are common in higher-risk syndromes because of the fre- 
quency of moderately severe neutropenia and functional disorders of 
neutrophils and monocytes. Also, chemotherapy is more likely to be used 
in these situations, inducing severe neutropenia. Appropriate cultures 
and use of broad-spectrum antibiotics until and if a specific organism 
is found is important, with subsequent therapy tailored to microbio- 
logic data. Chapter 24 discusses an approach to febrile neutropenia. The 
use of prophylactic antimicrobial agents in neutropenic patients is of 
uncertain usefulness in MDS, but may help prevent infections in those 
who have had previous problems with recurrent infection.’ In this 
setting, levofloxacin and acyclovir are the best studied.” Prophylactic 
antifungal agents are used more frequently in AML patients, and some 
guidelines recommend posaconazole or voriconazole in MDS patients 
who have prolonged neutropenia and are at increased risk for fungal 
infections or who are undergoing induction chemotherapy.’ 


Erythropoiesis-Stimulating Agents 

RBC transfusion dependency negatively influences clinical outcomes 
in MDS.*” RBC transfusion dependence is a marker of more severe 
marrow failure, increased risk of transformation to AML, and increased 
iron overload from repetitive transfusions. Less-well-defined immuno- 
modulatory effects of transfusions may contribute to poor outcomes.™! 
In contrast, some studies found that neither the serum ferritin nor the 
number of RBC transfusions were associated with survival in clonal 
sideroblastic anemia.*”*" 

Erythropoiesis-stimulating agents (ESAs), such as recombi- 
nant human erythropoietin analogues, can be used to treat anemia 
in patients who are transfusion-dependent, if the serum erythropoi- 
etin level is lower than optimal for the hemoglobin level. Responses 
are best in patients with low serum erythropoietin levels,” normal 
blast counts, lower IPSS scores,** normal cytogenetics,” lower levels 
of inflammatory cytokines, absence of aberrant marker expression 
by flow cytometry,*"* and in patients who do not require regular RBC 
transfusions.*”*“” Hemolysis and deficiencies of iron, vitamin Bp or 
folate should be excluded as a cause of anemia before ESA therapy is 
started. Iron stores should be kept replete during ESA therapy.***” 

Epoetin alfa at a dose of 150 to 300 U/kg per day three times per 
week or single weekly doses of 40,000 to 60,000 U are effective.*°°” 
There is no increase in response with doses exceeding 60,000 U 
weekly.** In clinical practice, weekly epoetin is more commonly admin- 
istered than three times per week, a dosing schedule that was developed 
in the hemodialysis setting. Darbepoetin alfa in various schedules of 
administration (e.g., 500 mcg fixed dose once every 3 weeks) has also 
been found effective in increasing hemoglobin levels and in enhancing 
quality of life.°°°* Meta-analysis has confirmed erythropoietic response 
rates are similar for those treated either with epoetin alfa or with the 
longer-acting darbepoetin alfa. 

The probability of a response to ESA therapy increases modestly 
with duration of therapy, but from a practical standpoint it is difficult to 
obtain reimbursement to continue patients on ESA treatment beyond 
12 weeks in the absence of an objective response.*® Unlike in patients 
with solid tumors or renal failure, there is no evidence that ESAs 
increase thromboembolic disease or accelerate progress to leukemia, 
but followup in studies to date have been short.” Several series have 
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reported increased survival in ESA-treated patients compared to con- 
trols.**°* There is evidence that marrow erythroid cells of MDS patients 
who respond to erythropoietin have a different gene expression pattern 
than do those of nonresponders.*” 

Filgrastim (G-CSF) combined with erythropoietin may produce a 
response more frequently than with an ESA alone, perhaps as a result 
of lineage crosstalk of growth factors at the progenitor cell level” 
This combination does not appear to affect the risk of leukemic trans- 
formation and may have a positive impact on survival in those with low 
transfusion needs.” 


Granulocyte-Stimulating Factors 

Infection is the major cause of mortality in MDS.*” Both neutropenia 
and granulocyte dysfunction contribute to the risk of infection.*”*°” 
Granulocyte transfusions are of little utility,” and, unfortunately, ran- 
domized, double-blind studies have not shown that any cytokine pro- 
longs survival or reduces morbidity in MDS.*” Treatment with GM-CSF 
(sargramostim) or G-CSF (filgrastim) increases neutrophil counts and 
function in some patients, but this is inconsistent.**””?”* G-CSF recep- 
tor expression on hematopoietic progenitor cells may be low in some 
patients with MDS and prevents response to endogenous or exoge- 
nously administered G-CSE.*” Rare remissions have been reported in 
hypoplastic AML/MDS with G-CSF alone.** 

The most common adverse effects of G-CSF and GM-CSF include 
bone pain, low-grade fevers, and soreness at the injection site. Rare 
serious complications such as splenic rupture, have been reported with 
use of G-CSF" Pegfilgrastim may allow less-frequent dosing than fil- 
grastim, but is poorly studied in MDS, in which leukemoid reactions 
and splenic ruptures have been described.*”°***3*? G-CSF is not gen- 
erally recommended for those with intermediate-2 risk or high-risk 
IPSS scores because of the risk of leukemoid reactions.’ In one review, 
22 of 83 reported cases of MDS treated with G-CSF or GM-CSF had 
an increase in marrow blast percentage, and AML evolved in 12 of 
69 patients. An increased percentage of abnormal macrophages has been 
reported during G-CSF therapy.’ Use of these agents without chemo- 
therapy in oligoblastic leukemias carries a risk of promoting expansion 
of leukemic blast cells.*** Combinations of growth factors alone with 
maturing agents (so-called differentiating therapy) such as retinoic acid 
have not significantly improved response or survival rates.**”*** 


Platelet and Megakaryocyte Growth Factors 

Low-dose IL-11 (oprelvekin), a megakaryocyte growth factor, was 
studied in patients with symptomatic thrombocytopenia associated 
with marrow failure syndromes including MDS, but efficacy was low 
and adverse effects such as fluid retention and atrial dysrhythmias were 
common.*”?” Although this drug is approved by the FDA, it is rarely 
used and uncommonly reimbursed by third-party payers. 

Initial development of thrombopoietin analogues was halted in 
the 1990s, but newer thrombopoietin-receptor agonists have shown 
efficacy in MDS. Romiplostim (formerly AMG-531), a peptibody that 
stimulates the thrombopoietin receptor (c-Mpl), can decrease thrombo- 
cytopenia and reduce platelet transfusion needs and clinically significant 
bleeding events in patients with MDS and severe thrombocytopenia, 
including both those who are receiving no treatment and those who 
are receiving therapy with azacitidine, lenalidomide or decitabine.**-** 
The optimal MDS romiplostim dose determined by early clinical stud- 
ies, 750 mcg subcutaneously once weekly, is higher than that required 
for immune thrombocytopenia. Eltrombopag, an orally administered 
small molecule c-Mpl agonist, has also shown efficacy in early phase 
MDS studies.*7°*4° 

Although there was initially concern about AML progression 
with romiplostim therapy as some leukemic blasts express functional 


c-Mpl, a randomized study comparing romiplostim to placebo in low- 
er-risk patients showed no increase in AML progression in patients 
receiving active treatment, although this study was stopped early by 
its Data Safety Monitoring Committee because of concern about such 
progression.“ Another theoretical risk based on thrombopoietin-over- 
expressing murine models, marrow reticulin formation, appears to be 
uncommon in immune thrombocytopenia (ITP), but has not been sys- 
tematically investigated in romiplostim-treated patients with MDS.*” A 
model to predict response to romiplostim based on platelet transfusion 
need and serum thrombopoietin (TPO) level that parallels the similar 
model for ESAs based on RBC transfusion and serum erythropoietin 
(EPO) level has recently been developed.’ The pathophysiology of ITP 
overlaps that of MDS, and other treatments for ITP such as rituximab or 
y-globulin may be beneficial in cases of lower-risk MDS where the 
degree of thrombocytopenia is disproportionate to other cytopenias. 


lron-Chelation Therapy 

The magnitude of risk from iron overload in patients with receiving 
frequent RBC transfusions compared to the risk of death intrinsic to 
the disease and the utility of chelation therapy is one of the most con- 
troversial areas in MDS clinical management. Claims-based data 
suggest increased risk of complications in transfused patients with 
MDS, but correlation does not prove causation and patients at higher 
risk of complications may have been more likely to be transfused (e.g., 
diabetic patients might have had more renal insufficiency and insuffi- 
cient EPO production, rather than repeated transfusion causing pancre- 
atic islet injury via hemosiderosis and inducing diabetes mellitus). “074° 
Retrospective comparisons suggest superior outcomes in chelated 
patients compared to unchelated patients, but are subject to confound- 
ing by patient selection bias. “#2? 

Despite the absence of high-quality evidence from prospective 
trials, numerous consensus guidelines have been published regarding 
the treatment of iron overload in MDS.*” These guidelines make gen- 
eral recommendations about iron monitoring and chelation in RBC 
transfusion-requiring patients, but emphasize that there is no prospec- 
tively validated threshold for either the number of units of transfused 
blood or the level of serum ferritin that should trigger iron chelation, 
as patients accumulate iron at different rates and serum ferritin is sen- 
sitive to other influences such as inflammation. Most guidelines take 
into account the patient’s candidacy for AHSCT," life expectancy, and 
evidence of iron-related organ damage.*!*“'° Several guidelines use a 
serum ferritin greater than 1000 mcg/L and a transfusion history of 20 
to 30 RBC units as a threshold for starting iron-chelation therapy, but 
this strategy is not validated. The use of T2*/R2* magnetic resonance 
imaging techniques may allow noninvasive assessment of organ iron 
deposition,**'*””” but it is not clear whether labile plasma iron levels or 
total-body iron burden poses a greater risk.*!**” 

Both deferoxamine given subcutaneously or intravenously and 
deferasirox given orally are available for chelation therapy in MDS 
patients. Deferasirox rapidly reduces labile plasma iron and mobilizes 
iron stores and is more convenient than deferoxamine, but in both U.S. 
and European studies, one-half of patients discontinued deferasirox 
therapy within a year of study enrollment because of disease progres- 
sion or adverse effects (renal insufficiency, rash, and gastroenterologic 
distress).*!*?° There are several reports of improved hematopoiesis in 
chelated patients. +? 


Low-Dose Cytarabine 

Since the early 1980s,*** low-dose cytarabine at doses of 5 to 
20 mg/m? per day by subcutaneous injection every 12 hours for 8 to 
16 weeks or by continuous intravenous infusion has been used in 
MDS in lieu of intensive chemotherapy.”**” Although this approach 


leads to remission in approximately 10 to 20 percent of patients with 
MDS, the median duration of remission is less than 1 year, and sur- 
vival has not been prolonged nor has AML progression been delayed 
compared with supportive care alone.” Moreover, low-dose cytosine 
arabinoside usually is cytotoxic, inducing marrow hypoplasia and wors- 
ening cytopenias. Although occasional reports of remission following 
low-dose cytarabine have been consistent with an effect on leukemia cell 
maturation, most patients experience suppression of the malignant cell 
clone, leading to marrow repopulation with polyclonal hemopoiesis. This 
treatment approach is used less often since the advent of other FDA-ap- 
proved agents for MDS, especially as azacitidine treatment is associated 
with superior overall survival compared to cytarabine,“ but may still 
have a role in some patients.*” 


Immunosuppressive Therapy: Cyclosporine and Antithymocyte 
Globulin 

In some patients with MDS, autoreactive T-lymphocyte-mediated inhi- 
bition of hematopoiesis occurs and contributes to cytopenias.** In such 
patients, cytopenias may be ameliorated by treatment with immunosup- 
pressive agents directed at T cells such as antithymocyte globulin (ATG) 
or calcineurin inhibitors.””” In patients who recover effective hematopoie- 
sis after immunosuppressive treatment, the Vf (T-cell receptor-$) spec- 
tra-type representative of clonal or oligoclonal T-cell populations typically 
reverts to normal patterns. In one older study, a nonclonal X-chromosome 
inactivation pattern in the marrow, as assessed by the human androgen 
receptor gene assay and the phosphoglycerated kinase-1 assay, was associ- 
ated with a response to ATG. This finding was attributed to incomplete 
clonal expansion, with ATG improving normal hematopoiesis by relieving 
the immunologic pressure on the remaining normal progenitors. Other 
investigators have postulated that responses may result from suppression 
of interferon-y secretion by CD4+ T cells regardless of clonality.“ 

Some series in MDS have reported response rates to ATG of 15 to 
60 percent and longer survival times in patients who respond.**** The 
mortality with ATG-based therapy is higher in MDS patients than in 
aplastic anemia.*” With cyclosporine alone, responses seem to be less 
common than with ATG-based regimens and mostly consist of minor 
hematologic improvements.“ There are case reports of responses to 
tacrolimus.*” 

HLA-DR15 (DR2) is overrepresented in MDS and predicts a 
response to immunosuppressive therapy.*’*** In one series of 60 
patients who were treated with ATG and cyclosporine, 60 percent had 
hematologic improvement, and more responders had good karyotype 
or HLA-DRB1 1501. Most of the patients in this series had RA and 
an IPSS score of intermediate-1. In a series of 129 patients who were 
treated with immunosuppressive therapy at a single institution, 30 per- 
cent had either a complete or partial response; younger patient age and 
intermediate-1 or low-risk IPSS score favored survival. "° 

In some series a hypocellular marrow has predicted a higher like- 
lihood of response, analogous to the response to immunosuppressive 
therapy in aplastic anemia, but this has not been consistent.“ 
Younger age, normal karyotype or trisomy 8, lack of transfusion depen- 
dence, and the presence of either a PNH clone**® or HLA-DR15 have 
predicted response to immunosuppressive therapy, but none is a robust 
biomarker.*” 

Not all groups have seen success with immunosuppressive therapy 
approaches. One study of ATG was stopped early because of lack of effi- 
cacy and development of adverse reactions.’ Other studies also have 
reported lack of efficacy of single-agent cyclosporine.” 

Among highly selected patients seen at the National Institutes of 
Health, the anti-CD52 monoclonal antibody alemtuzumab was associ- 
ated with a response rate exceeding 90 percent in IPSS Intermediate-1 
risk patients.“ However, these patients were 20 years younger than the 
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median age for MDS diagnosis (median age of approximately 50 years) 
and most were women with a normal karyotype, suggesting that they 
were not representative of the typical MDS patient seen in most clinics. 


Immunomodulatory Agents: Thalidomide and Lenalidomide 
The immunomodulatory drug (IMiD) thalidomide induced hematopoi- 
etic responses in 20 to 25 percent of patients with MDS at doses ranging 
from 50 to 800 mg per day, but thalidomide is difficult to tolerate (espe- 
cially at higher doses) because of neuropathy, rashes, and constipation; 
in addition, risk of teratogenicity limited distribution of the drug. “°° 
Although thalidomide was initially promoted as an angiogenesis inhib- 
itor following a vogue for such therapies in the 1990s, more recent data 
indicate that thalidomide’s effects depend on modulation of the activity 
of cereblon, a component of an E3 ubiquitin ligase complex.*”' Altera- 
tion of ubiquitination by IMiD therapy has pleiotropic effects, such as 
alteration of transcription factors, and downstream effects on levels of 
cytokines and immune cell subsets." 

Lenalidomide, a thalidomide analogue with a more favorable 
risk-to-benefit ratio than the parent compound, induces improvement 
in approximately 85 percent of patients with lower-risk MDS associ- 
ated with deletion of chromosome 5q, and results in RBC transfusion 
independence in almost 70 percent of patients.***° The median hemo- 
globin increment in responding patients is 5.4 g/dL and responses last 
a median of more than 2 years. A randomized trial of a starting dose 
of 5 mg/day versus 10 mg/day showed a higher cytogenetic response 
rate with the higher dose; in that study, there was no increase in AML 
risk compared to placebo.**” Most responses occur in the first 8 weeks. 
Neutropenia and thrombocytopenia can be adverse effects of lenalid- 
omide, but treatment-emergent cytopenias correlate with response." 
Pretreatment thrombocytopenia, in contrast, is associated with lower 
response rate. 

The results with lenalidomide therapy are less favorable if chro- 
mosome 5q is absent; patients with normal karyotype and lower-risk 
MDS have approximately a 25 percent response rate with a median 
response duration of less than 1 year.“ Case reports suggest patients 
with trisomy 13 may respond favorably. Another thalidomide deriv- 
ative, pomalidomide, has activity in primary myelofibrosis but has not 
yet been studied in MDS. 


Antitumor Necrosis Factor Therapy 

Patients with MDS overlap with the anemia of chronic inflammation 
in that they often have elevated levels of inflammatory cytokines such 
as TNF-a, which inhibit hematopoiesis. Whereas both thalidomide 
and lenalidomide indirectly lower TNF levels, strategies more directly 
inhibiting TNF also have been pursued. The soluble TNF receptor 
fusion protein etanercept (p75 TNFR:Fc), FDA approved for rheuma- 
toid arthritis, has produced mixed results in MDS. In one pilot series, 
moderate improvement in cytopenias was noted,*' whereas in another 
trial, no responses were noted in 10 patients.” In another pilot study 
of 3 months duration, one of 16 enrolled patients became transfu- 
sion-independent temporarily.“ There is a report of two patients who 
had sustained erythroid responses during treatment with the chimeric 
anti- TNF-a monoclonal antibody infliximab, which also decreased the 
percentage of apoptotic cells in the marrow.’ Etanercept has been com- 
bined with ATG*® and with azacitidine,*® but the independent contri- 
bution of etanercept to the responses observed is unclear. 


Other Treatment Options in Low- or Intermediate-1-Risk 
Patients 

A number of miscellaneous therapies have been tried for lower-risk 
patients with MDS by analogy with other diseases such as inflammatory 
anemias or promyelocytic leukemia, or based on theoretical constructs. 
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There are anecdotes of hematopoietic responses to vitamin K, 
(menatetrenone), for unclear reasons.“ Glucocorticoids, vitamin A 
analogues (retinoids), vitamin D analogues such as dihydroxyvitamin 
Di; the polar-planar solvent hexamethylene bisacetamide, the antioxi- 
dant amifostine, and interferon are among other agents that can induce 
in vitro maturation of mouse and human leukemic cells but have limited 
clinical activity.“°*’' Glucocorticoids can induce neutrophil increment 
via demargination, but this does not prevent infections and there is 
at least some reason for concern about increased risk of fungal infec- 
tions.‘”24”3 Use of cis-retinoic acid, isotretinoin, or all-trans-retinoic acid 
(ATRA) has produced only slight, transient (few weeks) improvement 
in a very small proportion of patients with oligoblastic leukemia.*”**” 

Arsenic trioxide, used as a single agent or in combination with 
other therapies, results in responses in up to 20 percent of cases. “476-478 
Lower-risk MDS patients were most likely to show benefit in one arse- 
nic study.*” The mechanism of action of arsenic in MDS is unclear. 

Bortezomib, a proteasome inhibitor that indirectly targets NF-«B, 
has limited activity in MDS as a single agent but might be useful in 
combination.“ The AKT/mTOR (mammalian target of rapamy- 
cin) pathway is active in MDS, but there are no data on treatment with 
mTOR inhibitors.****** 

For those patients who are unlikely to respond to the therapies 
described above or for those for whom such treatments have been 
attempted and failed, treatments more commonly used for higher-risk 
MDS such as azacitidine or decitabine can be used. In those not respond- 
ing to these approved agents, AHSCT or other investigational options 
can be considered (see below). 

A number of novel agents are currently undergoing clinical trials 
for patients with lower risk MDS for whom ESAs and other agents have 
failed. For instance, a multicenter trial of sotatercept, a soluble activin 
receptor type 2A immunoglobulin (Ig) G-Fc fusion protein that acts 
as a ligand trap for members of the transforming growth factor beta 
(TGF-$) superfamily, is ongoing in MDS.“ The dual p38 mito- 
gen-activated protein (MAP) kinase/Tie2 kinase inhibitor Arry-614 
was associated with hematologic improvements in patients for whom 
hypomethylating agents have failed yet who still meet IPSS criteria for 
lower-risk disease.“ Although activating kinase mutations are rare in 
MDS and kinase inhibitors such as imatinib have not shown efficacy 
in MDS with the exception of the rare CMML-like syndrome associ- 
ated with t(5;12) and translocation of a gene encoding platelet-derived 
growth factor,**”“** several other kinase inhibitors besides Arry-614 are 
also being studied. The glutathione analogue TLK199 (ezatiostat hydro- 
chloride [Telintra]) had some activity in lower-risk MDS and restored 
sensitivity to lenalidomide in some patients who had lost response, but 
development of this agent appears to have been abandoned." 


THERAPY FOR PATIENTS WITH 
HIGHER-RISK DISEASE 


Hypomethylating Agents (DNA Methyltransferase Inhibitors): 
Azacitidine and Decitabine 
Recognition of the high prevalence of DNA cytosine methylation 
abnormalities in MDS, including hypermethylation and consequent 
silencing of expression of tumor-suppressor genes, contributed to clin- 
ical development of DNA hypomethylating agents.*”*”? Another factor 
in development of these agents was the detection in vitro of the potential 
for DNA hypomethylating agents to induce differentiation of immature 
hematopoietic cells, including neoplastically transformed cells.?9949445 
5-Azacytidine (azacitidine) is an azo-substituted pyrimidine ana- 
logue that is primarily incorporated into RNA. It can be converted to 
a deoxynucleotide by ribonucleotide reductase and incorporated into 
DNA where it binds to and irreversibly inhibits the enzyme DNA 


methyltransferase 1, reduces cytosine methylation, and induces matura- 
tion of some leukemic cell lines. In addition to epigenetic changes, azac- 
itidine also is an antiproliferative drug, alters NF-«B and other signaling 
pathways, alters expression of cell-surface antigenic epitopes that can 
stimulate a regulatory T-cell immunologic response, and retains some 
cytotoxic activity akin to low-dose cytarabine as measured by induction 
of yH2AX (a marker of DNA strand breaks).°**”? Administration of the 
drug and its congener decitabine has resulted in improvement of some 
patient's MDS, and these agents are also active in AML.5°>” 

Azacitidine is typically administered at a dose of 75 mg/m? once 
per day given subcutaneously for 7 consecutive days each month. In a 
cooperative group randomized study conducted in the 1990s (Cancer 
and Leukemia Group B [CALGB] 9221), azacitidine was superior to 
supportive care in terms of hematopoietic improvement and AML pro- 
gression.” Quality of life was also enhanced.” Complete responses 
were seen in approximately 15 percent of azacitidine-treated patients, 
and nearly 50 percent of patients had hematologic improvement, reduc- 
tion of blasts, decrease in abnormal metaphases on cytogenetic analysis, 
or some combination of those changes. Ninety percent of responses 
were seen by cycle six of therapy, although a few patients responded to 
further cycles beyond six.** In another series, subclasses of MDS did 
not predict for response to azacitidine therapy.*° Consequently, azaciti- 
dine was approved by the FDA in 2004 for treatment of all FAB subtypes 
of MDS. 

In a randomized multicenter study of higher-risk MDS patients 
where azacitidine was compared to the physician's choice of one of three 
conventional care regimens that included supportive care, low-dose 
cytarabine treatment, or intensive induction chemotherapy, azacitidine 
increased survival by a median of 9 months compared to standard care 
regimens (24 vs. 15 months).*” This was the first agent shown in a ran- 
domized fashion to extend survival in MDS. 

Treatment with azacitidine can usually be accomplished on an 
outpatient basis, and the efficacy of intravenous administration seems 
to be similar to that with subcutaneous drug delivery.™® An oral for- 
mulation of azacitidine is being studied.* Other schedules of adminis- 
tration to accommodate outpatient therapy have been reported to have 
benefit but have not been directly compared to the 75 mg/m? daily dose 
for 7 days every 4 weeks.*"° Adverse events associated with azacitidine 
include treatment-emergent cytopenias, skin rash, injection site sore- 
ness (which may respond to evening primrose oil"), mucositis, renal 
insufficiency (uncommon), and gastrointestinal upset. 

5-Aza-2’-deoxycytidine (decitabine) is also FDA approved for all 
MDS risk categories. Although also a 5-azo-substituted pyrimidine 
nucleoside analogue that inhibits DNA methyltransferase, decitabine 
differs from azacitidine in that it is primarily incorporated into DNA, 
has a distinct profile of sensitive cell lines among the NCI-60 panel com- 
pared to azacitidine (more similar to cytarabine), and may work faster.*” 
In one study, 90 percent of patients had responded by the end of cycle 
four of decitabine therapy, compared to cycle six with azacitidine, but 
this was a cross-study comparison and not randomization.*’* Seventeen 
percent of patients in one series had a major cytogenetic response on an 
intention-to-treat basis after a median of three courses.°* The median 
duration of cytogenetic response was 7.5 months in all IPSS groups.*! 
Patients who responded had improved survival compared with patients 
in whom the cytogenetically abnormal clone persisted. While decita- 
bine was initially developed using a 3-day, nine-dose inpatient sched- 
ule, a 5-day intravenous administration schedule for outpatient use was 
found to be optimal in one series, which compared several doses and 
schedules; examination of optimal doses and schedules continues.*'*5! 
Decitabine also has cytotoxic activity like cytarabine, but may work at 
least partly through demethylation, as it has resulted in demethylation 
of a hypermethylated INK4B gene in patients.” Treatment-emergent 


demethylation is associated with clinical responses, although it is 
unclear whether the same cells are being compared pre- and posttreat- 
ment, and clonal shift could account for these results.” Adverse events 
associated with decitabine are similar to those observed with azaciti- 


dine. Oligodeoxynucleotide antisense approaches to DNA methyltrans- 
ferase-1 inhibition are also being explored in MDS.™ 

Therapy with demethylating agents in patients who are not suit- 
able candidates for AHSCT usually continues for as long as it seems like 
the patient is deriving benefit and as long as the drug is well tolerated. 
For patients who are going to AHSCT, these agents may be helpful as 
a bridge to transplant, and retrospective studies show that pretrans- 
plant treatment with azacitidine is at least as effective as treatment with 
induction chemotherapy.” 


Histone Deacetylase Inhibitors 

Inhibitors of histone deacetylation exhibit in vitro synergy with 
hypomethylating agents and have clinical activity in MDS, albeit lim- 
ited, when they are used as single agents. This class of drugs is under 
active investigation at many centers.***** Numerous agents are being 
studied and include valproic acid,” vorinostat (SAHA), mocetin- 
ostat (MGCD0103),”” panobinostat (LBH589),°" pracinostat and oth- 
ers. Belinostat had no activity.” Randomized trials combining histone 
deacetylation inhibitors with DNA methyltransferase inhibitors are 
ongoing, such as the U.S.-Canadian Intergroup study $1117, which 
compares azacitidine monotherapy to azacitidine plus lenalidomide** 
and azacitidine plus vorinostat.**'* In a randomized cooperative 
group trial of azacitidine with or without entinostat (MS-275), the 
combination arm was not associated with an increase in response rate 
but was associated with more adverse events, including fatigue and 
thrombocytopenia.** 


Failure of Hypomethylating Agents 

In higher-risk patients whom azacitidine or decitabine has failed, overall 
life expectancy is less than 6 months and patients who receive only sup- 
portive/palliative care have a life expectancy of only 3 to 4 months.5**5*5 
Novel approaches are needed for this group of patients. A randomized 
trial of rigosertib, an injectable phosphatidylinositol-4,5-bisphosphate 
3-kinase (PI3K) kinase/polo-like kinase 1 (PLK-1) inhibitor, in high- 
er-risk patients for whom azacitidine or decitabine had failed showed 
no survival benefit of the active agent compared with low-dose cytara- 
bine or supportive care controls.**° An oral formulation of rigosertib is 
being studied in lower-risk patients.*” 

A new dinucleotide decitabine-guanosine hypomethylating agent 
with increased resistance to cytidine deaminase degradation, SGI-110, 
has activity in relapsed/refractory patients.**° The quinolone deriv- 
ative vosaroxin, the nucleoside analogue sapacitabine, and inhibitors 
of PLK-1, such as volasertib, are also undergoing clinical trials in this 
setting. 


Intensive Chemotherapy Similar to That Used for Acute 
Myelogenous Leukemia 

Intensive chemotherapeutic regimens containing standard doses of 
cytarabine, an anthracycline, with or without etoposide (Chap. 88) 
result in remission in fewer than 20 percent of patients with high-risk 
MDS, primarily because of incomplete hematopoietic recovery or recov- 
ery with dysplastic/leukemia cells, and are no longer commonly used. 
The advanced age of many patients with MDS and the high frequency 
of cardiac, renal, immunologic, and other organ system impairment in 
most patients are thought to be largely responsible for the poor out- 
come. In a randomized trial of patients with WHO-defined AML and 
up to 30 percent blasts (oligoblastic leukemia), azacitidine was superior 
to a daunorubicin and cytarabine induction regimen.” 
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Patients who are younger than age 60 years have higher remission 
rates with AML-like regimens—rates up to 50 percent™'—and can be 
considered for intensive therapy, but this is usually only done as a bridge 
to AHSCT. Patients older than age 60 years have a median survival 
of only 9.5 months with this approach and the survival is reduced to 
4 months in those with unfavorable karyotypes, indicating a lack of 
benefit in this group.’ In addition to the standard combination of 
anthracycline and cytarabine, other regimens, such as liposomal dauno- 
rubicin and topotecan with or without thalidomide, did not result in 
clinical benefit in patients with AML or high-risk MDS.*¥ The so-called 
FLAG-Ida regimen (fludarabine, cytarabine, idarubicin, and G-CSF) 
resulted in 53 percent complete remissions and 11 percent improve- 
ment in 45 patients with high-risk myeloid malignancies, 13 of whom 
had MDS." CPX-351, a liposomal nanoparticle with cytarabine and 
daunorubicin in a fixed 5:1 ratio is currently being studied in patients 
with AML arising from MDS and may be more effective than standard 
anthracycline-based regimens. 


Allogeneic Hematopoietic Stem Cell Transplantation 

AHSCT has been used to treat various types of MDS in patients rang- 
ing in age from 1 month to older than 70 years.” AHSCT remains 
the only treatment that can cure patients with the disease. Condition- 
ing regimens have consisted of cyclophosphamide plus irradiation, 
fludarabine and busulfan, fludarabine and melphalan, or busulfan 
plus cyclophosphamide. Most patients have received transplants from 
histocompatible sibling donors, but the use of unrelated donors and 
of cord blood and haploidentical donors has increased. Patients with 
higher-risk karyotypes and more advanced disease do more poorly with 
transplantation, as do those with certain higher-risk genotypes such as 
a TP53 mutation. Despite the increased age of donors and recipients and 
increased use of unrelated donors, transplantation outcomes in MDS 
are improving, in part as a result of molecular tissue typing and better 
supportive care.” Numerous factors such as disease stage, patient age, 
comorbidities, prior therapies, type of donor, and source of stem cells 
need to be considered when recommending AHSCT to MDS patients. 

AHSCT for MDS should be performed before the disease pro- 
gresses to AML, but modeling of data from the International Bone Mar- 
row Transplant Registry suggests that patients (age 60 to 70 years) with 
lower-risk disease have net loss of life whether fully myeloablative con- 
ditioning or reduced-intensity conditioning is used.“**” When T-cell 
depletion is used to prevent graft-versus-host disease, the best outcomes 
occur in those who are transplanted while in remission, because T-cell 
depletion diminishes the graft-versus-leukemia effect.*” 

Poor-risk cytogenetic patterns may increase risk of relapse but 
not of nonrelapse mortality, but elevated pretransplant serum ferritin 
is correlated with less-favorable outcomes.*!***! In one retrospective 
series, blast percentage less than 5 percent at time of transplantation was 
the best predictor of improved disease-free survival, and myeloablative 
conditioning was associated with lower relapse risk but could not over- 
come the unfavorable effect of increased disease burden.*” Patients with 
secondary MDS have comparable outcomes after AHSCT as those with 
de novo MDS when high-risk cytogenetics are considered.**°* 
Pretransplantation neutropenia is also associated with inferior out- 
comes as a result of infection-related mortality. Prior therapy with 
demethylating agents does not appear to increase the toxicity of trans- 
plantation and whether it will improve outcomes by decreasing disease 
burden has yet to be studied systematically.” Posttransplantation 
therapy with azacitidine and decitabine is also being explored, either as 
maintenance therapy, in an attempt to augment graft-versus-leukemia 
effect, or in an attempt to stave off imminent relapse.”°*** 

The morbidity and mortality of various transplantation approaches 
for MDS remain high—at least 20 percent of patients—and currently 
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most patients are not candidates for any form of transplantation because 
of advanced age or comorbid conditions. Outcomes are similar for those 
treated with myeloablative and reduced-intensity conditioning.” For 
those patients who relapse after AHSCT, outcomes are grim. Salvage 
therapy with donor lymphocyte infusions, second transplantations, or 
other immunologic manipulations may be feasible, but less than 10 per- 
cent of patients will experience prolonged disease-free survival.°**! 


Autologous Stem Cell Infusion 

Patients with oligoblastic leukemia have been infused with their own 
stem cells after intensive chemotherapy. This strategy is rarely used 
in the present era. In MDS, autologous transplantation is limited by con- 
tamination of the stem cell product with a repopulating leukemic cell 
and the absence of a graft-versus-leukemia effect. In selected patients, 
peritransplantation mortality with intensive therapy and stem cell 
rescue has been approximately 10 percent, and approximately 50 per- 
cent of selected patients had extended survivals.*° The more advanced 
the disease at the time of treatment, the worse the outcome. With the 
increasing use of reduced-intensity AHSCT, autologous stem cell trans- 
plantation has been used less often. An antecedent diagnosis of RAEB 
had no influence on mobilization of blood stem cells and hematopoietic 
recovery after autologous stem cell transplantation for acute myeloid 
leukemia.* 


Other Cytotoxic Drugs 

Hydroxyurea and low-dose etoposide are useful in controlling leukemic 
cell proliferation but usually produce only partial responses in higher-risk 
MDS and do not influence survival duration.*°”°* Occasional patients 
have achieved remissions with etoposide (50 mg as a 2-hour infusion, 
two to seven times weekly for 4 weeks; or 100 mg/day orally for 3 days 
and then 50 mg twice weekly).** Low-dose melphalan,*® gemcitabine,°” 
irinotecan (CPT-11), a DNA topoisomerase I inhibitor,>”' troxacitabine, 
an enantiomer of cytarabine,” and weekly doses of oral idarubicin®“ 
have each resulted in responses in some patients. Clofarabine, a purine 
nucleoside analogue, also has activity in MDS, although renal insuffi- 
ciency and hepatotoxicity limit its use to patients who require cytore- 
duction prior to transplant.*” 


Future Approaches 

The FDA has not approved any new drugs for MDS therapy since 2006, 
and currently available therapies will lose effectiveness in the majority 
of patients within 2 to 3 years after treatment initiation. Unfortunately, 
targetable constitutively activating kinase mutations are rare in MDS, 
and for many MDS-associated mutations summarized above, including 
those that alter transcriptional regulation or pre-mRNA splicing, it is 
not clear how best to develop targeted therapy. In addition, clonal het- 
erogeneity and the clonal architecture of MDS mean that currently it is 
often not known which mutations are early initiating events and which 
are later events important only for survival of a subclone.” The advent 
of high-throughput techniques for genetic analysis and improved 
understanding of disease biology may lead to development of new, more 
effective approaches in the future. 
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CHAPTER 88 
ACUTE MYELOGENOUS 
LEUKEMIA 


Jane L. Liesveld and Marshall A. Lichtman 


Acute myelogenous leukemia (AML) is the result of a sequence of somatic 
mutations in a primitive multipotential hematopoietic cell. Exposure to 
radiation, chronic exposure to high doses of benzene, and chronic inhalation 
of tobacco smoke increase the incidence of the disease. Obesity has been 
found to be an endogenous risk factor. A small but increasing proportion of 
cases develop after a patient with lymphoma, a nonhematologic cancer, or 
an autoimmune disorder is exposed to intensive chemotherapy, especially 
with alkylating agents or topoisomerase II inhibitors. The mutant (leukemic) 
hematopoietic cell acquires the features of a leukemic stem cell capable of 
self-renewal and desultory differentiation and maturation. It gains a growth 
and survival advantage in relationship to the normal polyclonal pool of 
hematopoietic stem cells. As the progeny of this mutant, now leukemic, multi- 
potential cell proliferates to form approximately 10 to 100 billion or more cells, 
normal hematopoiesis is inhibited, and normal red cell, neutrophil, and plate- 
let blood levels fall. The resultant anemia leads to weakness, exertional limita- 
tions, and pallor; the thrombocytopenia to spontaneous hemorrhage, usually 
in the skin and mucous membranes; and the neutropenia and monocytopenia 
to poor wound healing and minor infections. Severe infection usually does not 
occur at diagnosis, but often does if the disease progresses because of lack of 
treatment or if chemotherapy intensifies the decrease of blood neutrophil and 
monocyte levels. The diagnosis is made by measurement of blood cell counts 
and examination of blood and marrow cells and is based on identification of 


Acronyms and Abbreviations: ALL, acute lymphocytic leukemia; AML, acute 
myelogenous leukemia; APL, acute promyelocytic leukemia; ATRA, all-trans retin- 
oic acid; CBF, core binding factor; CD, cluster of differentiation; ceAML, clonally 
evolved acute myelogenous leukemia; CEBPA, CCAAT-enhancer binding protein A; 
CML, chronic myelogenous leukemia; CNL, chronic neutrophilic leukemia; DNMT, 
DNA methyltransferase; FAB, French-American-British classification; FISH, fluores- 
cence in situ hybridization; FLT, Fms-like tyrosine kinase; G-CSF, granulocyte colony- 
stimulating factor; GM-CSF, granulocyte-monocyte colony-stimulating factor; GVHD, 
graft-versus-host disease; HLA, human leukocyte antigen; HSC, hematopoietic stem 
cell; IDH, isocitrate dehydrogenase; ITD, internal tandem duplication; MDR, multidrug 
resistance; MDS, myelodysplastic syndrome; NPM1, nucleophosmin-1 mutation; 0S, 
overall survival; PAS, periodic acid—Schiff; PCR, polymerase chain reaction; P-gp, 
permeability glycoprotein; ppm, parts per million; PTD, partial tandem duplication; 
RAR, retinoic acid receptor; RT, reverse transcriptase; RUNX, runt-related transcription 
factor; SAHA, suberoylanilide hydroxamic acid; t, translocation; TdT, terminal deoxy- 
nucleotidyl transferase; TET, ten-eleven translocation; TKD, tyrosine kinase domain; 
TMD, transient myeloproliferative disease; TNF, tumor necrosis factor; VEGF, vascular 
endothelial growth factor; WBC, white blood cell; WHO, World Health Organization; 
WT, Wilms tumor. 


leukemic blast cells in the blood and marrow. The diagnosis of the myelog- 
enous form of acute leukemia is confirmed specifically by identification of 
myeloperoxidase activity in blast cells or by identifying characteristic cluster 
of differentiation (CD) antigens on the blast cells (e.g., CD13, CD33). Because 
the leukemic stem cell is capable of imperfect differentiation and maturation, 
the clone may contain cells that have the morphologic or immunophenotypic 
features of erythroblasts, megakaryocytes, monocytes, eosinophils, or, rarely, 
basophils or mast cells, in addition to myeloblasts or promyelocytes. When 
one cell line is sufficiently dominant, the leukemia may be referred to by that 
lineage: for example, acute erythroid, acute megakaryocytic, acute monocytic 
leukemia, and so on. Certain cytogenetic alterations are more frequent; these 
abnormalities include t(8;21), t(15;17), inversion 16 or t(16;16), trisomy 8, 
and deletions of all or part of chromosome 5 or 7. A translocation involving 
chromosome 17 at the site of the retinoic acid receptor—a (RAR-a) gene is 
uniquely associated with acute promyelocytic leukemia. AML usually is treated 
with cytarabine and an anthracycline antibiotic, although other drugs may be 
added or substituted in poor-prognosis, older, refractory, or relapsed patients. 
The exception to this approach is the treatment of acute promyelocytic leu- 
kemia with all-trans-retinoic acid, arsenic trioxide, and sometimes an anthra- 
cycline antibiotic. High-dose chemotherapy and either autologous stem cell 
infusion or allogeneic hematopoietic stem cell transplantation may be used in 
an effort to treat relapse or patients at high risk to relapse after chemotherapy 
treatment. The probability of remission in acute myelogenous leukemia ranges 
from approximately 80 percent in children to less than 25 percent in octoge- 
narians. The probability for cure decreases from approximately 50 percent in 
children to virtually zero in octogenarians. 


@ DEFINITION AND HISTORY 


Acute myelogenous leukemia (AML) is a clonal, malignant disease 
of hematopoietic tissues that is characterized by (1) accumulation 
of abnormal (leukemic) blast cells, principally in the marrow, and 
(2) impaired production of normal blood cells. Thus, the leukemic cell 
infiltration in marrow is accompanied, nearly invariably, by anemia and 
thrombocytopenia. The absolute neutrophil count may be low or nor- 
mal, depending on the total white cell count. 

The first well-documented case of acute leukemia is attributed to 
Friedreich,' but Ebstein? was the first to use the term acute leukdmie 
in 1889. This work led to the general appreciation of the clinical dis- 
tinctions between AML and chronic myelogenous leukemia (CML).’ In 
1878, Neumann,’ who proposed that marrow was the site of blood cell 
production, first suggested that leukemia originated in the marrow and 
used the term myelogene (myelogenous) leukemia. The availability of 
polychromatic stains, as a result of the work of Ehrlich,’ the description 
of the myeloblast and myelocyte by Naegeli,° and the earliest apprecia- 
tion of the common origin of red cells and leukocytes by Hirschfield’ 
laid the foundation for our current understanding of the disease. 

Although Theodor Boveri proposed a critical role for chromo- 
somal abnormalities in the development of cancer in 1914, a series of 
technical developments in the 1950s was needed to permit informed 
examination of the chromosomes of human cancer cells. Thereafter, the 
discovery that a G group chromosome consistently had a foreshortened 
long arm in the cells of patients with CML (Philadelphia chromosome) 
supported the concept that chromosome abnormalities may be specif- 
ically linked to a cancer phenotype. This finding was followed by the 
introduction of banding of chromosomes, which enhanced the specific 
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identification of individual chromosomes and the point at which they 
break in the formation of a translocation, inversion, or deletion. This 
technologic advance unleashed the power of cancer cytogenetics and 
initiated an era of leukemia study based not solely on the appearance 
of cells under the microscope (phenotype) but also by their chromoso- 
mal or genetic abnormality (genotype).* The completion of the human 
genome project further enhanced the specificity of the identification of 
gene alterations.’ These advances permitted (1) more precise under- 
standing of the molecular pathology of specific leukemia subtypes, 
(2) improvement of diagnostic and prognostic methods for the study 
of AML, and (3) identification of molecular targets for therapy. 

The introduction to the clinic by Holland, Ellison, and colleagues? 
of arabinosyl cytosine (cytarabine) in the late 1960s as the first potent 
drug for treatment of AML, followed by their introduction of the com- 
bination of 7 days of cytosine arabinoside and 3 days of daunorubicin 
in the early 1970s (the “7 plus 3 regimen”)! opened the era of effective 
therapy for AML. This drug combination or its congeners remains the 
mainstay of treatment over 4 decades later.'* The description of alloge- 
neic marrow (stem cell) transplantation as a curative therapy for AML 
by Thomas and colleagues” in 1977 ushered in the era of hematopoietic 
stem cell (HSC) transplantation as a modality to cure eligible patients 
with AML. 


@ ETIOLOGY AND PATHOGENESIS 
ENVIRONMENTAL FACTORS 


Table 88-1 lists the major conditions that predispose to development 
of AML. Only four environmental factors are established causal agents: 
high-dose radiation exposure,'*’> chronic, high-dose benzene exposure 
(240 parts per million [ppm]-years),'*'* chronic tobacco smoking,” 
and chemotherapeutic (DNA-damaging) agents.” Most patients have 
not been exposed to an antecedent causative factor. Exposure to high- 
linear energy transfer radiation from a-emitting radioisotopes such as 
thorium dioxide increases the risk of AML.” Case-control studies have 
sometimes found a relationship between AML and organic solvents, 
petroleum products, radon exposure, pesticides, and herbicides, but 
these data have been inconsistent, have shown no association in other 
studies, and have not reached a level comparable to the strong associ- 
ation that exists for high-dose benzene, high-dose external irradiation, 
and certain chemotherapeutic agents. There is a significant association 
between tobacco smoking and AML with a relative risk of about 1.5 to 
2.0.5 Although formaldehyde has been suspected of being a leuke- 
mogen, detailed analysis has not supported this contention.”°”” 

An endogenous factor that increases risk is obesity. Studies in 
North America show an increased risk of AML in men and women with 
elevated body mass index, and this is particularly notable for acute pro- 
myelocytic leukemia. The precise mechanisms are still unclear but may 
be related, in part, to elevated leptin levels, decreased adiponectin levels, 
shortened telomeres, and as yet unknown factors in obese subjects.” 


EVOLUTION FROM A CHRONIC 
MYELOID NEOPLASM 


AML may develop from the progression of other clonal disorders of 
a multipotential hematopoietic cell, including CML, chronic mye- 
lomonocytic leukemia, chronic neutrophilic leukemia (CNL), poly- 
cythemia vera, primary myelofibrosis, essential thrombocythemia, 
and clonal cytopenia or oligoblastic myelogenous leukemia. The latter 
two are considered forms of myelodysplastic syndrome (MDS) (see 
Table 88-1). Clonal progression occurs as a result of genomic instability 
and the acquisition of additional mutations, although with a different 


TABLE 88-1. Conditions Predisposing to Development of 
Acute Myelogenous Leukemia 


Environmental factors 
Radiation'*"* 
Benzene’ 18 


Alkylating agents, topoisomerase II inhibitors, and other 
cytotoxic drugs”? 


Tobacco smoke!??425 
Acquired diseases 
Clonal myeloid diseases 
Chronic myelogenous leukemias (CML, CMML, CNL, etc.) (Chap. 89) 
Primary myelofibrosis (Chap. 86) 
Essential thrombocythemia (Chap. 85) 
Polycythemia vera (Chap. 84) 
Clonal cytopenias (Chap. 87) 
Oligoblastic myelogenous leukemia(Chap.87) 
Paroxysmal nocturnal hemoglobinuria (Chap. 40) 
Other hematopoietic disorders 
Aplastic anemia (Chap. 35) 
Eosinophilic fasciitis (Chap. 87) 
Myeloma (Chap. 107)?" 
Other disorders 
Human immunodeficiency virus infection’? 
Langerhans cell histiocytosis*?** 
Thyroid disorders” 
Polyendocrine disorders*° 
Inherited or congenital conditions 
Sibling with AML?™=° 
Amegakaryocytic thrombocytopenia, congenital***! 
Ataxia-pancytopenia”? 
Bloom syndrome“ ^ 
Congenital agranulocytosis (Kostmann syndrome)***? 


Chronic thrombocytopenia with chromosome 21q 22.12 
microdeletion°° 


Diamond-Blackfan syndrome?" 
Down syndrome*?** 

Dubowitz syndrome” 

Dyskeratosis congenita®©°’ 

Familial (pure, nonsyndromic) AML’? 
Familial platelet disorder? 

Fanconi anemia®' 

MonoMAC and Emberger syndromes (GATA2 mutations)® 
Naxos syndrome™ 
Neurofibromatosis 1°°°° 

Noonan syndrome“ 6’ 

Poland syndrome” 
Rothmund-Thomson syndrome’?! 
Seckel syndrome” 

Shwachman syndrome” =” 

Werner syndrome (progeria) 78 
Wolf-Hirschhorn syndrome”? 

WT syndrome” 


AML, acute myelogenous leukemia; CML, chronic myelogenous leu- 
kemia; CMML, chronic myelomonocytic leukemia; CNL, chronic neu- 
trophilic leukemia; MonoMAC, monocytopenia and mycobacterial 
infections. 


probability of occurrence in each chronic myeloid neoplasm (Chap. 83). 
The frequency of clonal progression to AML is enhanced by radiation 
or chemotherapy in patients with polycythemia vera (Chap. 84) or 
essential thrombocythemia (Chap. 85).” Although some refer to this as 
secondary AML, it should be called clonally evolved AML (ceAML) to 
distinguish it from secondary AML that results from radiation or che- 
motherapy given to patients who do not have a precedent clonal mye- 
loid disease. In the population of patients with preceding clonal myeloid 
neoplasms, a myeloid leukemic clone already exists and is not induced 
secondarily. Evolution to AML represents the natural history of the neo- 
plasm, albeit sometimes accelerated by various external mutagens. 


AGING AND ACUTE MYELOGENOUS 
LEUKEMIA-RELEVANT SOMATIC MUTATIONS 


Very low copy number gene mutations characteristic of leukemia or 
lymphoma have been detected in the blood of healthy individuals. An 
analysis of blood cell DNA sequence data has identified 77 blood cell- 
specific mutations in cancer-associated genes, the majority being asso- 
ciated with advanced age. A large majority of these mutations were from 
19 leukemia and/or lymphoma-associated genes, and nine were recur- 
rently mutated (DNMT3A, TET2, JAK2, ASXL1, TP53, GNAS, PPM1D, 
BCORL1, and SF3B1). Additional mutations were found in a very small 
fraction of blood cells. Comparison of these findings to mutations in 
hematologic malignancies identified other recurrently mutated genes. 
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The blood cells of more than 2 percent of individuals (5 to 6 percent 
of people older than 70 years) contain mutations that may represent 
premalignant events that can cause clonal hematopoietic expansion. 
‘These events may, in part, explain the age-dependent incidence of AML 
(Fig. 88-1). 


PREDISPOSING DISEASES 


Patients who develop AML may have an antecedent predisposing non- 
myeloid disease, such as aplastic anemia (poly- or oligoclonal T-cell 
disorder), myeloma (monoclonal B-cell disorder),***' or, rarely, AIDS 
(HIV-induced polyclonal T-cell disorder).” An association between 
Langerhans cell histiocytosis, immune thyroid diseases, and familial 
polyendocrine disorder and AML has been reported.” A number of 
inherited conditions carry an increased risk of AML (see Table 88-1).*”” 
* In the inherited syndromes, at least several pathogenetic types of 
gene alterations are represented: (1) DNA repair defects, for exam- 
ple, Fanconi anemia; (2) susceptibility genes favoring a second muta- 
tion, for example, familial platelet syndrome; (3) tumor-suppressor 
defects, for example, dyskeratosis congenita; and (4) unknown mech- 
anisms, for example, ataxia-pancytopenia (See Tables 35-8 and 35-9 in 
Chap. 35 for further details of each pathogenetic process). There is 
evidence from central registry studies that any disorder that results in 
chronic immune stimulation, such as infection or autoimmune diseases 
may be associated with AML and MDS." The prevalence of essential 
monoclonal gammopathy is not increased in AML patients.” 
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Figure 88-1. The annual incidence of acute myelogenous leukemia as a function of age. There is a relatively small increase to approximately 1.5 
cases per 100,000 persons in the first year of life, representing congenital, neonatal, and infant AML. The incidence falls to a nadir of 0.4 new cases per 
100,000 persons over the first 10 years of life and then rises again to 1 case per 100,000 in the second decade of life. From approximately 25 years of 
age, the incidence increases exponentially (log-linear) to approximately 25 cases per 100,000 population in octogenarians. 
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MOLECULAR PATHOGENESIS 
The Leukemia Stem Cell 


AML results from a series of somatic mutations in a primitive hemato- 
poietic multipotential progenitor cell or, very occasionally, a more dif- 
ferentiated, more lineage-restricted progenitor cell. Some cases of 
monocytic leukemia, promyelocytic leukemia, and AML in younger 
individuals may arise in a progenitor cell with lineage restrictions 
(progenitor cell leukemia).*-*” Other morphologic phenotypes and 
older patients likely have a disease that originates in a primitive mul- 
tipotential cell. In the latter case, all myeloid blood cell lineages can be 
derived from the leukemic stem cell because it retains the ability for 
some degree of differentiation and maturation (Chap. 83). Because the 
T lymphocytes, B lymphocytes, and natural killer cells in cases of AML, 
often, have not carried a cytogenetic abnormality as did the myeloid 
cells, claims of origin in the pluripotential lymphohematopoietic cell 
have been ambiguous. The most compelling data indicate that the bulk of 
AML cases arise from one of two predominant CD34+ cell populations: 
CD34+CD45RA+CD38-CD90- (multipotential myeloid progenitor) or 
CD34+CD38+CD45RA+CD110+ (granulocyte-monocyte progenitor). 
Both of these cell populations correspond to normal hematopoietic pro- 
genitor cells and not the normal pluripotential lymphohematopoietic 
stem cell. This finding was confirmed by showing that the two leu- 
kemic cell populations were more similar to the corresponding normal 
progenitor populations than to pluripotential lymphohematopoietic 
stem cells by microarray gene expression analysis. The AML stem cell 
arises from somatic mutations in one of these populations in most, but 
not all, cases of AML. Because progenitor cells are not self-renewing, 
the somatic mutations transform the normal progenitor cell to an AML 
stem cell capable of sustaining the disease and transplanting it into 
immunosuppressed (NOD/SCID/IL2Ry null) mice. 


Preleukemic Stem Cells 

There is, also, experimental evidence that some cases of AML can arise 
from the accumulation of genetic and epigenetic changes in normal 
pluripotential HSCs. Through single-cell analysis, it has been shown 
that clonal progression of multiple mutations occurs in the HSC of 
some AML patients.” These HSCs have been given the name “preleu- 
kemic HSCs” and it is proposed that AML progresses from such cells 
carrying founder mutations. These are thought to form a reservoir after 
therapy that can lead to relapse.® An HSC with DNA methyltransferase 
3A (DNMT3A) mutants was found to have multilineage repopulation 
advantage over nonmutated HSCs in xenografts, establishing their iden- 
tity as preleakemic HSCs. These cells can be found in remission marrow 
samples of patients with AML.” Genes that regulate DNA methylation 
such as DNMT3A, ten-eleven translocation (TET) 2, and isocitrate 
dehydrogenase (IDH) 1 and 2 promote self-renewal and block differ- 
entiation of stem and progenitor cells. Acquisition of these mutations 
in an HSC can lead to their clonal expansion resulting in a preleukemia 
stem cell population.” 


Mutational History 

Genome sequencing in AML cells shows that most mutations occur at 
random before acquisition of the initiating driver mutation, giving each 
clone a mutational history. The founding clone may acquire additional 
mutations, yielding subclones that contribute to disease progression 
or relapse.” When copy number aberrations and copy-neutral loss-of- 
heterozygosity gene mutation profiles are analyzed in AML cases at 
diagnosis and at relapse, the relapsed leukemia always reflects reemer- 
gence of the founder clone. In persistent AML cases, sometimes two 
coexisting dominant clones can be seen, one chemotherapy-sensitive 
and one chemotherapy-resistant, suggesting that refractory or relapsed 


AML cases represent incomplete eradication of founder clones and not 
emergence of unrelated clones.” 


Role of Telomeres 

AML with multiple chromosome aberrations is always characterized 
by critically short telomeres. Age-related critical telomere shortening 
may have a role in generating chromosome instability in AML patho- 
genesis.” Leukemic cells show variable reduction in length of telomeric 
DNA, and telomere length in blood cells during remission is greater.” 


Somatic Mutations 

Somatic mutation results from a chromosomal translocation in a large 
fraction of patients.” The translocation results in rearrangement of 
a critical region of a protooncogene. Fusion of portions of two genes 
often does not prevent the processes of transcription and translation; 
thus, the fusion oncogene encodes a fusion protein that, because of its 
abnormal structure, disrupts a normal cell pathway and predisposes to a 
malignant transformation of the cell. The mutant protein product often 
is a transcription factor or an element in the transcription pathway that 
disrupts the regulatory sequences controlling growth rate or survival 
of blood cell progenitors and their differentiation and maturation.” -° 
Examples of genes often mutated are core binding factor (CBF), retinoic 
acid receptor-a (RAR-a), HOX family, mixed-lineage leukemia (MLL), 
and others. CBF has two subunits: CBF-f and runt-related transcription 
factor 1(RUNX1, formerly AML1). Approximately 10 percent of AML 
cases have translocations involving one or the other of these latter two 
genes (CBF-B and RUNX1), although the percentage varies depend- 
ing on the patient’s age at onset. In patients younger than age 50 years, 
the frequency is approximately 20 percent. In patients older than age 
50 years, the frequency is approximately 6 percent. CBF activates genes 
involved in myeloid and lymphoid differentiation and maturation. These 
primary mutations are not sufficient to cause AML. Additional activat- 
ing mutations, for example, in hematopoietic tyrosine kinases Fms-like 
tyrosine kinase (FLT)3 and KIT or in N-RAS and K-RAS, are required 
to induce a proliferative advantage in the affected primitive cell. Other 
protooncogene mutations that occur in leukemic cells involve FES, FOS, 
GATA-1, JUN B, MPL, MYC, p53, PU.1, RB, WT1 (Wilms tumor 1), 
WNT, NPM1, CEPBA (CCAAT-enhancer binding protein A), and other 
genes. Their interaction with loss-of-function mutations in hematopoi- 
etic transcription factors probably causes the acute leukemia phenotype 
characterized by a disorder of proliferation, programmed cell death, 
differentiation, and maturation. Because the mutant stem or early pro- 
genitor cell can proliferate and retains the capability to differentiate, a 
wide variety of phenotypes can emerge from a leukemic transformation. 


EFFECT OF MOLECULAR AND CYTOGENETIC 
MARKERS ON DISEASE PROGRESSION AND 
THERAPEUTIC RESPONSIVENESS 


Gene Markers 

AML is a heterogeneous disease, and the extent to which cytogenetic 
and molecular markers define severity and influence treatment deci- 
sions is a rapidly changing arena of investigation as a result of continued 
refinements in correlating individual or a combination of mutations on 
disease progression. Using molecular markers to predict disease course 
in AML is complicated because these are incompletely determined, 
and they often interact. Several risk scores based on chromosome and 
molecular markers have integrated factors such as age and white blood 
cell (WBC) count into the scoring systems. Others have identified 
common gene signatures that can be independent predictors of disease 
progression or therapeutic response and provide a structure for risk 
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stratification. Some of these signatures have 24 genes, 
a seven gene-epigene score. Some have relied on genetic proflilng, 
some on expression of a subset of molecular mutations,' and some 
have combined epigenetic and genetic markers. Prognostic models of 
AML based solely on molecular markers have been proposed. In one, 
PML-RARa or CEPBA double mutations were very favorable (overall 
survival [OS] at 3 years of 83 percent), RUNX1-RUNXIT1, CBF- 
B-MYH11, or NPM1 (nucleophosmin-1 mutation) without FLT3-ITD 
(OS of 62.6 percent), intermediate with no mutation allowing assign- 
ment to other groups (OS of 44 percent), MLL-PTD or RUNX1, or 
ASXL1 mutation (OS of 22 percent), and very unfavorable, TP53 muta- 
tion (OS at 3 years, 0 percent). 


Chromosome Markers 

In general, those patients with changes involving CBF, that is, t(8/21), 
inv(16), t(16;16), or t(15;17), a feature of acute promyelocytic leukemia 
(APL), are considered predictors of a more favorable outcome. Those 
with complex karyotype, 11q23, t(6;9), abnormalities of chromosome 5 
or 7 or inv3 (t3;3) are associated with a poor outcome. The remainder 
of cytogenetic abnormalities and those patients with a normal karyo- 
type are considered of intermediate risk.” These are determined by the 
behavior of the average of very large groups of patients and confidence 
intervals are not calculated. Patients with favorable cytogenetic patterns 
may have poor outcomes and those with less favorable patterns may do 
better than anticipated. 

Deletions of all or part of a chromosome (e.g., chromosome 5, 7, or 
9) or additional chromosomes (such as trisomy 4, 8, or 13) are common 
cytogenetic abnormalities (Chap. 11), although the specific causative 
oncogenes or tumor-suppressor genes in these latter circumstances 
have not been defined. Deletions in chromosomes 5 and 7 and complex 
cytogenetic abnormalities are associated with a worse prognosis and are 
increased in frequency in older patients and cases of AML following 
cytotoxic therapy compared to de novo cases. Because the genes resid- 
ing on the undeleted homologous segment of chromosome 5 are not 
mutated, an epigenetic lesion, such as hypermethylation of a gene allelic 
to one on the deleted segment on chromosome 5, may contribute to the 
leukemogenic event. 

In APL, PML-RAR-« fusion protein represses retinoic acid-induc- 
ible genes, which prevent appropriate maturation of promyelocytes. The 
induced disruption, which involves corepressor-histone deacetylase 
complexes, results in the leukemic phenotype (see “Acute Promyelocytic 
Leukemia” below),!"'° 

Patients with CBF leukemias are younger on average and in addi- 
tion to t(8;21) or inv(16)/t(16;16) may have RUNX1/RUNXITI and 
CBFB/MYH11 oncogenes.''"! The cure rate in these so-called good- 
risk patients is only approximately 55 percent, however. Patients with 
CBF leukemias expressing KIT have a worse prognosis.‘ In the case of 
inv(16)/t(16;16), different fusion transcripts can be formed, and these 
may have associated with KIT mutations and other abnormal chromo- 
somal associations with differing prognosis, possibly from activation 
of caspase activity." Secondary genetic changes in inv(16) or t(16;16) 
cases may have an impact on prognosis. RAS, KIT, FLT3-internal tan- 
dem duplication (ITD), and FLT3-TKD each affect prognosis. FLT3- 
TKD, trisomy 8, age, and therapy-related AML were associated with 
worse prognosis.''* In t(8;21) leukemias, epigenetic silencing of microR- 
NA-193a activates the PTEN/PI3K signaling pathway," and wild-type 
RUNX1 can attenuate nuclear factor-kappaB (NF-xB) signaling, events 
not present in the t(8;21) translocation leukemias." 

3q Abnormalities EVI1 and MDS1/EVI1 expression in AML 
is associated with poor prognosis and is a distinct entity. These chro- 
mosome 3 abnormalities are found in only approximately 4 percent of 
AML cases. These include inv(3) or t(3;3), t(3q26), t(3q21), and other 
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miscellaneous 3q abnormalities.''” These generally have an unfavorable 


prognosis." 


Monosomal Karyotype A monosomy has been associated with 
decreased chance of achieving remission or of survival, especially when 
combined with TP53 mutations. "2° 


OTHER ACQUIRED MUTATIONS 


Approximately 45 percent of AML cases have a normal karyotype. 
Sequencing has shown that mutations in NPM1, DNMT1, FLT3, 
KIT, CEBPA, TET2, and others may have diagnostic and prognos- 
tic implications. When genomes of APL with a known founder event 
(PML-RARa) are sequenced and compared with normal karyotype 
AML and exomes of HSCs from normal donors, most mutations in 
AML genomes are random events that occurred in HSC before the 
initiating mutation occurred. As the clone expands, one or two addi- 
tional, cooperating mutations may result in development of a leuke- 
mia, and these clones may acquire additional mutations, leading to 
subclones.’*! DNA sequences of leukemia cell and normal skin cell 
genomes of a patient with AML showed 12 acquired mutations within 
coding sequences of genes and 532 somatic point mutations in con- 
served or regulatory portions of the genome.’” When whole-genome 
or whole-exome sequencing was performed in 200 AML cases, it was 
found that an average of only 13 mutations occurred in the genes. Only 
a total of 23 genes were mutated. There were nine categories of genes 
thought relevant for pathogenesis: (1) transcription-factor fusions, (2) 
nucleophosmin, tumor-suppressor, (3) DNA methylation-related, (4) 
signaling, chromatin-modifying, (5) transcription-factor, (6) cohe- 
sion-complex, and (7) spliceosome-complex genes. Many of these genes 
had patterns of cooperation and mutual exclusivity.” Table 88-2 lists 
commonly mutated genes in cytogenetically normal AML in order of 
decreasing frequency. 

Nucleophosmin-1 Mutations NPM1 mutations are the most fre- 
quent genetic alterations in AML, found in approximately half of patients 
with a normal karyotype.'*'” The mutation in exon 12 results in loss of 
the residue that requires its binding to nucleoli such that the NPM1 pro- 
tein is abnormally localized to the cytoplasm.” Studies show that mutant 
NPMI1 without FLT3-ITD represents a favorable prognostic marker.” 
NPM1 mutations also have a favorable prognostic impact in older 
patients.” Mutated regions of NPM1 elicit T-cell responses which might 
indicate that immunotherapy could have a role in these mutated cases.'” 

FLT3 Mutations FLT3 encodes a tyrosine kinase receptor in 
normal myeloid and lymphoid progenitors. ITD of FLT3 on chro- 
mosome 13 occurs in approximately 25 percent of adult AML cases, 
but occurs more frequently in cases of AML with normal cytogenetic 
patterns, monocytic phenotype, and PML-RAR-a or DEK-CAN 
translocations.'**'>!*° The FLT3-ITD mutation confers a poor prognosis 
if the ratio of mutant to wild-type expression is high." FLT3-ITD 
expression is often higher at relapse." FLT3-ITD upregulates MCL-1 to 
promote survival of AML stem cells through signal transducer and acti- 
vator of transcription (STAT) 5 activation.'** FLT3-ITD adversely affects 
the outcome of an allogeneic stem cell transplant, but more than half of 
patients harboring this mutation who receive transplants can survive 
leukemia free for 2 or more years.” Point mutations in the tyrosine 
kinase domain (TKD) of FLT3 (FLT3-TKD) mutations occur in approx- 
imately 6 percent of AML cases and have little impact on outcomes. $ 

DNMT3A Mutations The DNMT3A gene encodes a DNA meth- 
yltransferase isoform. The process of DNA methylation involves the 
addition of a methyl group on a cytosine residue at a C-G site. If this 
methylation happens in the promoter region of a coding gene, the gene 
will be silenced. The DNMT enzymes contribute to leukemogenesis by 
mediating tumor suppressor gene silencing.” DNMT3A mutations have 
been found in approximately 20 percent of AML patients with normal 
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TABLE 88-2. Commonly Mutated Genes In Cytogenetically Normal Acute Myelogenous Leukemia 


Approximate 
Frequency in AML 


with Normal 
Mutated Gene Karyotype (%) Implication Comments References 
NPM1 50 More-favorable outcomes Most frequently mutated gene in AML. 124-129 
Allogenic transplantation not needed in first 
remission if this mutation occurs in absence 
of mutated FLT3-ITD 
FLT3 ITD 40 Less-favorable outcomes 124, 125, 130-137 
DNMT3A 20 Less-favorable outcomes Seen more often in AML patients with nor- 137-143 
mal cytogenetics. Mutant NPM1, FLT3-ITD, 
and IDH7 have been found more frequently 
in AML patients with DNMT3A mutations 
compared to those with wild-type DNMT3A 
RUNX1 15 Less-favorable outcomes 144-149 
TET2 15 Less-favorable outcomes Coincidence of mutated TET2 with NPM1 150-153 
mutation in the absence of FLT3-/TD muta- 
tion predicts a less-favorable outcome 
CEBPA 15 More-favorable outcomes Only cases with double mutations associ- 124, 154-157 
ated with favorable outcomes 
NRAS 10 Little effect on prognosis 144 
IDH1 or IDH2 10 Little effect on outcomes More frequent in AML patients with normal 138, 158, 159-164 
cytogenetics. Frequently associated with 
NPM 1. Adverse prognostic factor if present 
with mutated NPM7 without FLT3-/TD. Serum 
2-hydroxyglutarate levels indicate high 
probability of IDH mutation 
MLL-PTD 8 Less-favorable outcomes 144 
WT1 Less-favorable outcomes More frequent in females than in males (6.6 166, 167 
vs. 4.7%; P = 0.014) and in patients <60 than 
in patients >60 years (P <0.001) 
FLT3-TKD 6 Little effect on outcomes May appear after use of FLT3-ITD inhibitor 132, 136 


Gene frequencies are approximations with some variation from study to study. Outcome statement does not reflect effect of interacting muta- 
tions unless otherwise noted in comments. Outcome statements are based on consensus and vary from one study to another. 


AML, acute myelogenous leukemia; CEPBa, CCAAT/enhancer binding protein alpha; DNM7T3A, DNA methyltransferase 3A; FLT, FMS-like tyrosine 
kinase; IDH, isocitrate dehydrogenase; ITD, internal tandem duplication; MLL, myeloid-lymphoid (mixed-lineage) leukemia; NPM, nucleophos- 
min; PTD, partial tandem deletion; RAS, rat sarcoma; RUNX, Runt-related transcription factor; TET, ten-eleven translocation; TKD, tyrosine kinase 


domain; WT, Wilms tumor. 


cytogenetic patterns." These cases more frequently had mutations in 
NPM1, FLT3, and IDH1 genes as well. DNMT3A mutations are asso- 
ciated with a poorer prognosis'’-'” and their significance appears to be 
age-dependent.'* The R882 mutation was associated with adverse prog- 
nosis in older patients, and non-R882 mutations with adverse prognosis 
in younger patients. 

RUNX1 Mutations The RUNX1 gene is located on chromosome 
21q22 and is involved in hematopoiesis at all stages through its interac- 
tion with CBFf. It acts as an activator or repressor of numerous genes, 
including transcription factors.'*!* In de novo AML, RUNX1 mutations 
were found with normal and noncomplex karyotypes. They were some- 
times associated with MLL-PTD (partial tandem duplication [PTD]) 
and FLT3-ITD, and they were associated with a poor prognosis inde- 
pendent of other molecular mutations.’ Another group found these 
mutations in 5.6 percent of cases, associated with cytogenetically nor- 
mal AML and an association with MLL-PTD mutations, refractory dis- 
ease, and, as an independent risk factor, an inferior relapse-free survival 
and overall survival. The use of allogeneic HSC transplant did have a 


favorable impact in such cases.'*” Another series found RUNX1 muta- 
tions to be twice as common in older than younger patients with normal 
cytogenetics, and to have an adverse outcome effect in both age groups. 
Mutated blasts had molecular signatures suggesting origin in a primitive 
hematopoietic cell." RUNX1 mutations have been found to cooperate 
with granulocyte colony-stimulating factor receptor (CSFR) mutations 
in congenital neutropenia to lead to acute leukemia or MDS.'” 

TET2 Mutations The TET2 protein inactivation may occur 
through a loss of function mutation, deletion, or through IDH1/2 muta- 
tions. It is a member of a family of dioxygenases that catalyze conversion 
of 5-methyl-cytosine to 5-hydroxymethyl-cytosine and promote DNA 
demethylation. TET2 has many roles in normal hematopoiesis, and 
knockout mice show that it is a tumor suppressor, which haploinsufh- 
ciency initiates myeloid transformations.’ TET2 mutations are found 
in approximately 25 percent of patients and in those who have mutated 
CEBPa and/or mutated NPM1 without a FLT3/ITD mutation.’ 
Patients with AML and a TET2 mutation had a shorter event-free and 
overall survival compared with patients who were TET2 wild-type. They 


did not predict for outcomes in those with cytogenetically normal AML 
and with wild-type CEBPa, NPM1, and/or FLT3/ITD.'* Whether these 
patients would benefit from alternate therapies, such as hypomethylat- 
ing agents or HSC transplantation, has not been determined. 

CEBPa Mutation CEBPa is a leucine zipper transcription factor 
involved in myeloid differentiation. Mutations have been described in 
approximately 10 percent of AML patients.’ Single or double mutations 
can occur, and these rarely are associated with FLT3/ITD or with NPM1 
mutations. CEBPa-double, but not CEBPa-single, mutation patients had 
a significantly better overall survival at 8 years than wild-type, CEBPa- 
single, or CEBPa-double and FLT3/ITD-positive patients.'* A multivar- 
iate analysis found that only double-mutant CEBPa was associated with 
a favorable event-free, relapse-free, and overall survival. Double-mutant 
cases were also associated with a unique gene signature as compared with 
single-mutant cases." Some AML patients with CEBPa-double muta- 
tions harbor TET2 and GATA2 mutations, which can affect prognostic 
outlook unfavorably with TET2 or favorably with GATA2 mutations.’*” 

IDH1 and IDH2 Mutations The IDHs catalyze oxidative decar- 
boxylation of isocitrate into a-hemoglutarate. The nicotinamide adenine 
dinucleotide phosphate-dependent IDH1 enzyme is encoded by the 
IDH1 gene on chromosome 2q33.3, and the nicotinamide adenine dinu- 
cleotide phosphate-dependent-dependent IDH2 enzyme is encoded by 
the IDH2 gene on chromosome 15q26.1. Mutations in IDH1 (R132) 
or IDH2 (R172) occur in 10 percent of AML patients. Both were 
found to adversely impact relapse-free survival and overall survival. 
Multivariate analysis showed that IDH mutation conferred an adverse 
impact in those patients with an NPM1 mutation without FLT3-ITD. 
Favorable genotype cytogenetically normal AML is therefore defined 
as NPM1 or CEBPa mutation with neither a FLT3-ITD nor an IDH1 
mutation. An IDH1 mutation was also associated with a higher relapse 
rate and shorter overall survival.’ Another group found a higher fre- 
quency of IDH1 and IDH2 mutations in cytogenetically normal AML. 
Both were found to have an unfavorable impact on outcome.'*! IDH1 
was exclusive of other mutations. Serum 2-hydroxyglutarate production 
has been found to predict for the presence of IDH1/2 mutations.'!° A 
level of 700 mg/mL was found to discriminate mutated from nonmu- 
tated cases, and those with levels greater than 20 ng/mL at the time of 
remission had shorter overall survival.’ Mutant IDH1 has been found 
to accelerate cell-cycle transition and to activate mitogen-activated pro- 
tein kinase signaling. Mutant IDH1 can be inhibited, suggesting this 
may be a therapeutic target.’ 

WT1 Mutations Mutations of the WTI gene have been reported 
in approximately 5 to 10 percent of cytogenetically normal patients with 
AML.'® Some studies suggest association with a poor prognosis, but 
others have not. WT1 SNP rs 16754 was associated with a favorable 
risk, but acquired mutations did not affect the development of com- 
plete remission, relapse-free survival, or overall survival.' A study of 
WTI mutations in older patients with cytogenetically normal AML also 
showed poor treatment response across all age-groups and association 
with a distinct gene expression signature.'” 


Prognostic Impact of Other Molecular Abnormalities 
Other methodologies to evaluate genomic aberrations have been 
reported to have prognostic importance beyond the impact of the 
individual mutations described above and in Table 88-2. Abnormal 
genome-wide single nucleotide polymorphisms have adverse prognosis 
in patients with AML and a normal karyotype.’® Expression signatures 
of cytokines and chemokines have an independent prognostic impact in 
AML." Profiling transcriptional pathways may have prognostic impor- 
tance in AML as well.'” 

There is also interplay among molecular aberrancies in AML. 
These include: (1) gene interaction with a microRNA; for example, 
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BAALC and miR-3151 in cytogenetically normal AML,'” (2) distinct 
patterns of dual or multiple gene mutation patterns that have prognostic 
impact,'” and (3) concurrence of somatic mutations and transcriptional 
regulators such as interaction between ERG expression and a heptad of 
transcriptional factors” that maintains a stem cell-like signature. Fur- 
thermore, interactions between genetic and epigenetic changes (DNA 
methylation, histone acetylation, histone methylation, and others) are 
anticipated to have prognostic impact.'7*17 


DEREGULATED SIGNALING PATHWAYS 


The mutations in AML result in deregulation of any of several signal 
transduction pathways, which disrupt pathways that ensure the normal 
behavior of (1) differentiation and maturation, (2) proliferation, and 
(3) survival signals in hematopoietic cells. The pathways involved are 
myriad, but several represent the majority of cases such as the (1) PI3K- 
AKT, (2) RAS-RAF-MEK-ERK, and (3) STAT3 signaling sequences.’ 
The expectation is that a relative small number of downstream signaling 
pathways mediate the leukemogenic effect of gene mutations, making 
the potential targets for therapy less diffuse than suggested by the num- 
ber of gene mutations involved in AML. 


MODE OF INHERITANCE 


In most cases, little evidence is seen for a strong influence of inherited 
factors. The identical twin of a child with acute leukemia has a height- 
ened risk of developing the disease. However, the risk appears to be 
related to intraplacental metastasis and thus falls to the risk of a non- 
identical sibling after the first few years of life.” The risk of AML 
in a nonidentical sibling in the United States is elevated, perhaps two- 
fold to threefold, compared to the risk of AML in unrelated American 
children of European descent younger than age 15 years.'””!” A regis- 
try study in Sweden showed no significant aggregation in relatives of 
patients with AML. An increased risk of AML/MDS was found among 
relatives of patients diagnosed at younger than age 21 years (relative 
risk 6.5).!8° Clusters of AML cases in families have been documented, 
but their frequency is low.* Clusters of AML in unrelated persons in 
a community are uncommon and, when investigated, usually prove 
to be a chance occurrence. Heritable GATA2 mutations may be asso- 
ciated with familial MDS and AML,'*! and loss-of-function germline 
GATA2 mutations (the MonoMAC [monocytopenia and mycobacterial 
infections] syndrome) may be associated with primary lymphedema 
and a predisposition to AML (Emberger syndrome).'**'** Mutations of 
CEBPa have been found in familial AML.’* In one study of 27 families 
with familial MDS/AML, genetic characterization could be shown in 
10 (four with GATA2 mutations, five with telomerase mutations, and 
one with mutated RUNX1).'** Mutations in telomerase RNA (TERC) or 
telomerase reverse transcriptase component (TERT) are also associated 
with familial AML.'*'*” 


EPIDEMIOLOGY 


AML is the predominant form of leukemia during the neonatal period 
but represents a small proportion of cases during childhood and 
adolescence. Approximately 20,000 new cases of AML occur annually, 
representing approximately 35 percent of the new cases of leukemia in 
the United States each year. Approximately 12,000 patients with AML 
in the United States die each year as a result of the disease. The inci- 
dence rate of AML is approximately 1.5 per 100,000 in infants younger 
than 1 year of age, decreases to approximately 0.4 per 100,000 children 
ages 5 to 9 years, increases gradually to approximately 1.0 persons per 
100,000 population until age 25 years, and thereafter increases expo- 
nentially until the rate reaches approximately 25 per 100,000 persons 
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in octogenarians (see Fig. 88-1). The exception to this exponential age- 
related increase in incidence is APL, which does not change greatly in 
incidence with age.'* 

AML accounts for 15 to 20 percent of the acute leukemias in chil- 
dren and 80 percent of the acute leukemias in adults. It is slightly more 
common in males. Little difference in incidence is seen between indi- 
viduals of African or European descent at any age. A somewhat lower 
incidence is seen in persons of Asian descent.'® An increase in the fre- 
quency of AML is seen in Jews, especially those of Eastern European 
descent. The acute promyelocytic variant of AML is somewhat more 
common in Latinos.” In a large population study of 426,068 patients 
treated with chemotherapy for malignancy, 301 AML cases occurred, 
4.7 times the number expected. Over time (1975 to 2008), the risks 
increased for non-Hodgkin lymphoma, declined for ovarian cancer and 
myeloma, and were heterogeneous for breast and Hodgkin lymphoma, 
reflecting changing treatment patterns.’ 


@ CLASSIFICATION 


Variants of AML can be identified by morphologic features of blood 
films using polychromatic stains and histochemical reactions,” 
monoclonal antibodies against surface markers,'* or by the presence 
of specific chromosome translocations or other molecular changes as 
discussed above.” The epitopes on the progenitor cells of several 
phenotypic variants overlap, and several monoclonal antibodies are 
required to make specific distinctions among cell types (Table 88-3; see 
also “Morphologic Variants of Acute Myelogenous Leukemia” below). 
Correlation between morphologic and immunologic phenotyping of 
AML is poor. However, poor correlation is expected because morpho- 
logic phenotyping is more subjective, given to observer variation, and 
is based on qualitative factors, whereas the immunologic phenotyping, 
which characterizes surface molecular features, is more accurate and 
reproducible. The correlation is improved only somewhat if morphology 
and histochemistry are coupled." Gene-expression profiling is early in 
its use as a classification technique for AML but will be more specific 
and informative than current methods.'°"'> The outcome will depend 
on the simplification and automation of such techniques, and the avail- 
ability of drugs that make such distinctions in the prognostic category 
of practical utility. Chapter 83 contains the classification of morphologic 


TABLE 88-3. Immunologic Phenotypes of Acute Myelog- 
enous Leukemia 


Phenotype Usually Positive 

Myeloblastic CD11b, CD13, CD15, CD33, CD117, 
HLA-DR 

Myelomonocytic CD11b, CD13, CD14, CD15, CD32, CD33, 
HLA-DR 


Erythroid Glycophorin, spectrin, ABH antigens, 
carbonic anhydrase |, HLA-DR, CD71 


(transferrin receptor) 


Promyelocytic CD13, CD33 

Monocytic CD11b, 11¢, CD13, CD14, CD33, CD65, 
HLA-DR 

Megakaryoblastic CD34, CD41, CD42, CD61, anti-von 
Willebrand factor 

Basophilic CD11b, CD13, CD33, CD123, CD203c 

Mast cell CD13, CD33, CD117 


variants of AML (see Chap. 83, Table 83-1 and Fig. 83-3). A cogent 
argument has been made that, for practical purposes, a classification 
that initially considers morphologic phenotype and immunophenotype 
is advisable. Cytogenetics, molecular genetics, gene-expression profil- 
ing, and other considerations can, and should, be layered on as available 
and useful in influencing therapy, and these features are starting to be 
incorporated into the World Health Organization (WHO) Classifica- 
tion of AML." It is anticipated that molecular classifications will con- 
tinue to evolve and dominate clinical decision making in the future. 


@ CLINICAL FEATURES 


SIGNS AND SYMPTOMS 


General 

Signs and symptoms that signal the onset of AML include pallor, 
fatigue, weakness, palpitations, and dyspnea on exertion. The signs and 
symptoms reflect the development of anemia; however, weakness, loss 
of sense of well-being, and fatigue on exertion can be disproportionate 
to the severity of anemia. 1-2% 

Easy bruising, petechiae, epistaxis, gingival bleeding, conjunctival 
hemorrhages, and prolonged bleeding from skin injuries reflect throm- 
bocytopenia and are frequent early manifestations of the disease. Very 
infrequently, gastrointestinal, genitourinary, bronchopulmonary, or 
CNS bleeding occurs at the onset of disease. 

Pustules or other minor pyogenic infections of the skin and of 
minor cuts or wounds are most common. Major infections, such as 
sinusitis, pneumonia, pyelonephritis, and meningitis, are uncommon 
presenting features of the disease, partly because absolute neutrophil 
counts less than 0.5 x 10°/L are uncommon until chemotherapy starts. 
With intensification of neutropenia and monocytopenia after che- 
motherapy, major bacterial, fungal, or viral infections become more 
frequent. Anorexia and weight loss are frequent findings. Fever is pres- 
ent in many patients at the time of diagnosis.?*°??" Palpable sple- 
nomegaly or hepatomegaly occurs in approximately one-quarter of 
patients.'"”"°°"! Lymphadenopathy is extremely uncommon,” 
except in the monocytic variant of AML.” 


SPECIFIC ORGAN SYSTEM INVOLVEMENT 


Leukemic blast cells circulate and enter most tissues in small numbers. 
Occasionally, biopsy (or autopsy) uncovers marked aggregates or infil- 
trates of leukemic cells. Collections of such cells may cause functional 
disturbances. Extramedullary involvement is most common in mono- 
cytic or myelomonocytic leukemia. 

Skin involvement may be of three types: nonspecific lesions, leuke- 
mia cutis, or granulocytic (myeloid) sarcoma of skin and subcutis.*"°* 
Nonspecific lesions include macules, papules, vesicles, pyoderma gan- 
grenosum, vasculitis,”!*?'® neutrophilic dermatitis (Sweet syndrome),”!” 
cutis vertices gyrata,”"* and erythema multiforme or nodosum.?!!?? 
Skin involvement preceding marrow and blood involvement or relapse 
occurs, but is rare.” 

Sensory organ involvement is very unusual, but retinal, choroi- 
dal, iridial, and optic nerve infiltration can occur.” Otitis externa and 
interna, inner ear hemorrhage, and mastoid tumors with seventh nerve 
involvement may be presenting signs." 

The gastrointestinal tract may be involved at any point, but func- 
tional disturbances are unusual.””?”> The mouth, colon, and anal canal 
are sites of involvement that most commonly lead to symptoms. Oral 
manifestations may prompt the patient to visit the dentist. Gingival or 
periodontal infiltration and dental abscesses may lead to an extraction, 
followed by prolonged bleeding of an infected tooth socket.” Ileoty- 
phlitis (enterocolitis), a necrotizing inflammatory lesion involving the 


terminal ileum, cecum, and ascending colon, can be a presenting syn- 
drome or occur during treatment.*”’* Fever, abdominal pain, bloody 
diarrhea, or ileus may be present and occasionally mimic appendicitis. 
Intestinal perforation, an inflammatory mass, and associated infection 
with enteric gram-negative bacilli or clostridial species often are asso- 
ciated with a fatal outcome. Isolated involvement of the gastrointestinal 
tract is rare.”*”* Proctitis, especially common in the monocytic variant 
of AML, can be a presenting sign or a vexing problem during periods of 
severe granulocytopenia and diarrhea.” 

The respiratory tract can be involved by infiltrates or tumors, lead- 
ing to laryngeal obstruction, parenchymal infiltrates, alveolar septal 
infiltration, or pleural seeding. Each of these events can result in severe 
symptoms and radiologic findings.*°~”” 

Cardiac involvement is frequent but rarely causes symptoms. 
Symptomatic pericardial infiltrates, transmural ventricular infiltrates 
with hemorrhage, and endocardial foci with associated intracavitary 
thrombi can occasionally cause heart failure, arrhythmia, and death.™ 
Infiltration of the conducting system or valve leaflets or myocardial 
infarction has occurred.*” 

The urogenital system can be affected. The kidneys are infiltrated 
with leukemic cells in a high proportion of cases, but functional abnor- 
malities are rare. Hemorrhage in the pelvis or collecting system is 
frequent.” Cases of vulvar, bladder neck, prostatic, and testicular 
involvement have been described.” 

Osteoarticular symptoms may occur. Bone pain, joint pain, and 
bone necrosis can occur, and, rarely, arthritis with effusion is present.** 
Crystal-induced arthritis of either calcium pyrophosphate dihydrate 
(pseudogout) or monosodium urate (gout) may be responsible for the 
synovitis in some cases.” 

Central or peripheral nervous system involvement by infiltration of 
leukemic cells is very uncommon, although meningeal involvement is 
an important consideration in the treatment of the monocytic type of 
AML.*5°?5! An association of CNS involvement and diabetes insipidus 
in AML with monosomy 7?” and inversion of chromosome 16% has 
been reported. 


MYELOID (GRANULOCYTIC) SARCOMA 


Myeloid sarcoma (synonyms: granulocytic sarcoma, chloroma, mye- 
loblastoma, monocytoma) is a tumor composed of myeloblasts, 
monoblasts, or megakaryocyes.***® The tumor may occur as an 
extramedullary mass without evidence of leukemia in blood or mar- 
row, so-called nonleukemic myeloid sarcomas, or in association with 
AML. When the tumor appears as an isolated lesion, it initially may be 
misdiagnosed as extranodal lymphoma because they look like lymphoid 
cells on biopsy.’*’ They may be found in virtually any location, including 
the skin; orbit; paranasal sinuses; bone; chest wall; breast; heart; gas- 
trointestinal, respiratory, or genitourinary tract; central or peripheral 
nervous system; or lymph nodes and spleen. The tumors originally 
were called chloromas because of the green color imparted by the high 
concentration of the enzyme myeloperoxidase present in myelogenous 
leukemic cells. Biopsy specimens are positive for chloracetate esterase, 
lysozyme, myeloperoxidase, and cluster of differentiation (CD) markers 
of myeloid cells. When myeloid sarcomas are the initial manifestation 
of AML, the appearance of the disease in the blood and marrow may 
follow weeks or months later. Abnormalities in chromosome 8 are the 
most frequent cytogenetic disturbance in myeloid sarcomas.” Systemic 
chemotherapy, rather than local therapy, should be used for treatment, 
although the long-term outcome in such cases usually is poor.” 
Patients having AML with t(8;21) or inv16 have a propensity to develop 
extramedullary leukemia,’*?® and such patients with myeloid sarco- 
mas have a poorer outcome after treatment than those who do not have 
extramedullary lesions.**?® 
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@ LABORATORY FEATURES 
BLOOD CELL FINDINGS 


Anemia is an almost constant feature.” Red cell life span may be 
mildly shortened, but the principal cause of anemia is inadequate 
production of red cells. The reticulocyte count usually is between 0.5 
and 2.0 percent. Occasionally patients have rapid destruction of autol- 
ogous and transfused red cells as a result of an unknown mechanism, 
referred to as milieu hemolysis. The presence of red cell autoantibodies 
(positive direct antiglobulin test) is very uncommon and may be non- 
specific (anti-C,), perhaps related to circulating immune complexes. 
Red cell morphology is mildly abnormal, with exaggerated variation 
in cell size and occasional poikilocytes. Nucleated red cells or stippled 
erythrocytes may be present. Less often, extreme abnormalities of red 
cell size, shape, and hemoglobin content occur (AML with trilineage 
dysmorphia), but these changes are seen more often in oligoblastic mye- 
logenous leukemia (Chap. 87). 

Thrombocytopenia is nearly always present at the time of diagnosis. 
The mechanism of thrombocytopenia is a combination of inadequate 
production and decreased survival of platelets. More than half of 
patients have a platelet count less than 50 x 10°/L at the time of diag- 
nosis.” Giant platelets and poorly granulated platelets with func- 
tional abnormalities can occur.** Defects in platelet aggregation and 
5-hydroxytryptamine release are frequent.” 

The total leukocyte count is less than 5 x 10°/L in approximately half 
of patients at the time of diagnosis.'!”?"! The absolute neutrophil count 
is less than 1 x 10°/L in more than half of cases at diagnosis.” *”' Patients 
with very elevated total leukocyte counts have a low proportion of mature 
neutrophils but may have a normal absolute neutrophil count. Hyperse- 
gmented, hyposegmented, and hypogranular mature neutrophils may be 
present. Cytochemical abnormalities of blood neutrophils include low or 
absent myeloperoxidase or low alkaline phosphatase activity.” Defects 
in phagocytosis or microbial killing are common.””””* 

Myeloblasts almost always are present in the blood but may be 
infrequent in severely leukopenic patients. Diligent search may uncover 
the myeloblasts, or examination of a white cell concentrate (buffy coat) 
may permit their identification. Classic leukemic blast cells are agran- 
ular, but mixtures of immature cells, including agranular and slightly 
granular cells ranging up to overt progranulocytes, can occur. Auer rods 
are elliptical cytoplasmic inclusions approximately 1.0 to 1.5 um long 
and 0.5 um wide that derive from azurophilic granules (Fig. 88-2B). The 
inclusions are present in the blast cells of approximately 15 percent of 
cases. When present, the inclusions are found in only a small percentage 
of blast cells when examined with polychrome stains. An exception 
is APL, in which a higher proportion of cells have Auer rods and some 
have multiple (bundles) of rods (faggot cells). This finding can be dra- 
matic if peroxidase stain is used to highlight the Auer rods. 


MARROW FINDINGS 
Morphology 


The marrow always contains leukemic blast cells. From 3 to 95 per- 
cent of marrow cells are blasts at the time of diagnosis or relapse (see 
Fig. 88-2A). The WHO has invoked an arbitrary threshold of 20 per- 
cent of marrow nucleated cells being blast cells to distinguish polyblastic 
AML (220 percent blasts) from oligoblastic myelogenous leukemia (<20 
percent blasts).!°”*°! The latter situation is referred to as refractory ane- 
mia with excess blasts, a MDS (Chap. 87). The WHO choice of 220 per- 
cent blasts is an arbitrary standard as acute monocytic leukemia, APL, 
acute erythroid leukemia, and other variants often have less than 20 per- 
cent blast cells at the time of diagnosis,” and if any blasts are found with 
a case of AML in which the cells have a t(8;21) or other CBF inversions or 
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Figure 88-2. Blood and marrow images of major subtypes of acute myelogenous leukemia. A. Blood film of acute myelogenous leukemia (AML) 
without maturation (acute myeloblastic leukemia). Five myeloblasts are evident. High nuclear-to-cytoplasmic ratio. Agranular cells. Nucleoli in each 
cell. B. Blood film. AML without maturation (acute myeloblastic leukemia). Three myeloblasts, one containing an Auer rod. C. Marrow film. AML with 
maturation. Three leukemic myeloblasts admixed with myelocytes, bands, and segmented neutrophils. D. Blood film. Acute promyelocytic leuke- 
mia. Majority of cells are heavily granulated leukemic promyelocytes. E. Blood film. Acute promyelocytic leukemia. Myeloperoxidase stain. Intensely 
positive. Numerous stained (black) granules in cytoplasm of leukemic progranulocytes. F. Blood film. Acute myelomonocytic leukemia. Double esterase 
stain. Leukemic monocytic cells stained dark blue and leukemic neutrophil precursors stained reddish-brown. G. Marrow film. AML with inv16. Note 
high proportion of eosinophils in field. Note myeloblasts with very large nucleoli at upper right. Also, intermediate leukemic granulocytic forms. 
H. Blood film. Acute monocytic leukemia. Leukemic cells have characteristics of monocytes with agranular gray cytoplasm and reniform or folded 
nuclei with characteristic chromatin staining. This case had hyperleukocytosis as evident by leukemic monocyte frequency in the blood film. 
I. Blood film. Acute erythroid leukemia. Note population of extremely hypochromic cells with scattered bizarre-shaped poikilocytes admixed with 
normal-appearing red cells. J. Marrow film. Acute erythroid leukemia. Giant erythroblasts with multilobulated nuclei. K. Marrow film. Acute erythroid 
leukemia. Note giant trinucleate erythroblast and other leukemic erythroblasts with periodic acid—Schiff-positive cytoplasmic staining (reddish gran- 
ules). L. Marrow section. Acute megakaryoblastic leukemia. Marrow replaced with atypical two- and three-lobed leukemic megakaryocytes with bold 
nucleoli. M. Marrow film. Acute megakaryoblastic leukemia. Marrow replaced with atypical megakaryocytes and megakaryoblasts with cytoplasmic 
disorganization, fragmentation, and budding. N. Marrow film. Acute megakaryoblastic leukemia. Marrow replaced with atypical megakaryocytes and 
megakaryoblasts staining for platelet glycoprotein IIIA (reddish-brown). Platelets in background also stained. O. Marrow section. Acute megakary- 
oblastic leukemia. Argentophilic (silver) stain shows marked increase in collagen, type Ill fibrils (marrow reticulin fibrosis), characteristic of this AML 
subtype. (Reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


translocations, AML is the diagnosis. Moreover, relapse of AML can be 
identified at any increase in blast count >2 percent. In addition, patients 
with oligoblastic leukemia with 10 to 19 percent marrow leukemic blast 
cells are identical in all other phenotypic findings and survival to those 
with 20 to 29 percent marrow blast cells. Any distinctions between the 
two groups in survival are a function of age, cytogenetic risk category, 
and molecular features, not the blast count.’” This arbitrary boundary 
prevents patients, otherwise suitable, to enter clinical trials. 

Myeloblasts are distinguished from lymphoblasts by any of three 
pathognomonic features: reactivity with specific histochemical stains; 
Auer rods in the cells (see Fig. 88-2B); or reactivity with a panel of 
monoclonal antibodies against epitopes present on myeloblasts (e.g., 
CD13, CD33, CD117) (see Table 88-3). Leukemic myeloblasts give 
positive histochemical reactions for myeloperoxidase, Sudan black B, or 
naphthyl AS-D-chloroacetate esterase stains. Auer rods can be found 
in the marrow blast cells in approximately one-sixth of cases. Blast cells 
may express granulocytic (CD15, CD65) or monocytic (CD11b, CD11c, 
CD14, CD64) surface antigens. They typically do not express either lym- 
phoid surface markers or membrane or cytoplasmic immunoglobulin. 
No immunoglobulin gene rearrangement or T-lymphocyte receptor 
gene rearrangement is evident with molecular probes (see “Hybrid and 
Mixed Leukemias” below). In a proportion of otherwise typical cases 
of AML, the cells may contain terminal deoxynucleotidyl transfer- 
ase (TdT). Variations in marrow findings are discussed below in 
“Morphologic Variants of Acute Myelogenous Leukemia.’ Normal ery- 
thropoiesis, megakaryocytopoiesis, and granulopoiesis are decreased or 
absent in the marrow aspirate. The biopsy may contain residual islands 
of erythroblasts or megakaryocytes. Dysmorphic changes in hemato- 
poietic cells, including very small or large erythroblasts with nuclear 
fragmentation or binucleation or delayed nuclear condensation; small 
or monolobed megakaryocytes; or hypogranulated, bilobed, or mono- 
lobed neutrophils, may occur in 30 to 50 percent of patients with 
de novo AML.” Marrow reticulin fibrosis is common but usually 
is slight to moderate except in cases of megakaryoblastic leukemia, 
in which intense fibrosis is the rule.?”* Increased blood vessel density 
(angiogenesis) is present in the marrow of patients with AML compared 
to normal subjects.””””* Various angiogenic factors, including vascular 
endothelial growth factor (VEGF), basic fibroblast growth factor, angio- 
genin, and angiopoietin-1, are increased. VEGF detected histochem- 
ically in human marrow is closely correlated with the prevalence of 
leukemic myeloblasts in the various AML subtypes.*” AML cytogenetic 
variants may result in marrow basophilia (usually t(6;9))”*° or marrow 
eosinophilia (usually inv16 or t(16;16)).”*" 


Cytogenetic and Genic Features 

An abnormal number (aneuploidy) or structure (pseudodiploidy) 
of chromosomes or both are evident in approximately 55 percent of 
cases.’ ** The most prevalent abnormalities are trisomy 8, mono- 
somy 7, monosomy 21, trisomy 21, and loss of an X or Y chromosome. 
However, any chromosome can be rearranged, added, or lost (Chap. 
13). In cases of AML following chemotherapy or radiotherapy, loss 
of part or all of chromosomes 5 and 7 are a common features,***** as 
are the cytogenetic findings noted above for AML, occurring de novo. 
Table 88-4 lists the most frequent abnormalities and translocations seen 
in AML, ?*??83286-308 The ¢(8;21) and inv(16) confer a more favorable out- 
come on average. t(15;17) confers a highly favorable prognosis. Dele- 
tion of all or part of chromosomes 5 and 7 or the presence of complex 
changes (greater than 3 abnormalities) confers an unfavorable progno- 
sis. Other findings (e.g., normal karyotype, +8, 11q23) generally confer 
an intermediate prognosis (Chap. 13 has further details and discussion 
regarding impact of specific translocations). 
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Approximately 45 percent of cases of AML contain cells that are 
cytogenetically normal. When five genes—NPM1, FLT3, CEPBA, MLL, 
and NRAS—were examined in 872 adults who were younger than 
60 years of age with a normal karyotype, approximately 85 percent had 
a mutation in at least one of these genes. Mutations in NPM1 or CEPBA 
were associated with more favorable outcomes, analogous to the category 
of favorable cytogenetics noted above. The microarray expression signa- 
ture in patients with AML younger than age 60 years who have cytogenet- 
ically normal cells but high-risk molecular features, especially FLT3-ITD 
and/or wild-type NMP1 expression, is correlated with outcome of ther- 
apy (see “Effect of Molecular and Cytogenetic Markers on Disease Pro- 
gression and Therapeutic Responsiveness” above and Table 88-2). 
MicroRNAs regulate gene expression and the downregulation of the 
microRNA-181 family predicts a poor outcome. The microRNAs studied 
also revealed several important gene families that appear to be involved 
in the pathogenesis of AML, including genes involved in innate immu- 
nity (e.g., toll-like receptors and interleukin-16 expression and regula- 
tion).*” (Chapters 13 and 83 provide further discussion of gene-array 
profiling and microRNA analysis and the section “Other Acquired 
Mutations” on molecular pathogenesis has a more detailed discussion 
of specific molecular markers.) Microarray-based gene-expression pro- 
filing is anticipated to become more important in precise diagnosis and 
subclassification of AML in the future.*”° 


PLASMA CHEMICAL FINDINGS 


Prior to treatment, mild to moderate increases in serum uric acid 
and lactic dehydrogenase levels are frequent. Both levels are higher 
in myelomonocytic and monocytic AML than in other AML 
phenotypes.”™”"' Occasional patients have very elevated uric acid lev- 
els, which usually occur after chemotherapy if proper precautions are 
not taken (e.g., hypouricemic agents and hydration therapy).*"! Abnor- 
malities of sodium, potassium, calcium, or hydrogen ion concentration 
are infrequent and usually mild.*7!5 Severe hyponatremia associated 
with inappropriate antidiuretic hormone secretion has occurred at 
presentation.*’”*”? Severe hypernatremia as a consequence of diabetes 
insipidus can be an initial event.” Hypokalemia is a more frequent 
finding at presentation and is related to kaliuresis, although the reason 
for the proximal renal tubular dysfunction is unclear.**3+!> The hypo- 
kalemia can be severe and often is worsened by the effects of treatment, 
especially use of kaliuretic antibiotics.’ Factitious elevations in serum 
potassium levels have been reported in patients with hyperleukocytosis 
as a result of leakage from white cells in vitro." Factitious hypogly- 
cemia and spurious hypoxia from the effects of high blast cell counts in 
blood can occur.*!43"8 

The presence of hypercalcemia is multifactorial,” but cases 
with increased ectopic parathormone-like activity in the plasma have 
been described.*” Severe lactic acidosis prior to treatment has been 
reported.*!”*?!**? Hypophosphatemia as a result of phosphate uptake 
by leukemic cells can occur.’ Ectopic adrenocorticotropic hormone 
secretion, circulating immune complexes,” and abnormal concen- 
trations of coagulation factors or their inhibitors?‘ may be present. 

Although prothrombin and partial thromboplastin times usually 
are normal or near normal, abnormal concentrations of coagulation 
factors are frequent. Elevations of platelet factor 4 and thromboxane 
B, occur often.*?” Decreases in «,-antiplasmin, protein C, and antith- 
rombin III levels are frequent?” and may be associated with venous 
thrombosis.** APL and acute monocytic leukemia are associated with 
hypofibrinogenemia and other indicators of activation of coagula- 
tion or fibrinolysis (see “Morphologic Variants of Acute Myelogenous 
Leukemia” below).*” 
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TABLE 88-4. Clinical Correlates of Frequent Cytogenetic Abnormalities Observed in Acute Myelogenous Leukemia 


Chromosome 


Abnormality Genes Affected Clinical Correlation 


Loss or gain of chromosome 


Deletions of part or all Not defined Frequent in patients with acute myelogenous leukemia (AML) occurring de novo and in 

of chromosome 5 or 7 patients with history of chemical, drug, or radiation exposure and/or previous hematologic 
disease.,282283,286,287 

Trisomy 8 Not defined Very common abnormality in acute myeloblastic leukemia. Poor prognosis, often a secondary 
change.?83289 

Translocation 
t(8;21) (q22;q22) RUNX1(AML1)- Present in ~8% of patients <50 years old and in 3% of patients >50 years old with AML.?88 
RUNX1T1(ETO) Approximately 75% of cases have additional cytogenetic abnormalities, including loss of Y in 

males or X in females. Secondary cooperative mutations of KRAS, NRAS, KIT common. Present 
in ~40% of myelomonocytic phenotype. Higher frequency of myeloid sarcomas.*°?% 

t(15;17) (q31; q22) PML-RAR-a Represents ~6% of cases of AML." Translocation involving chromosome 17, t(15;17), t(11;17), 
or t(5;17) is present in most cases of promyelocytic leukemia.?°°?*" 

t(9;11); (p22; q23) MLL (especially Present in ~7% of cases of AML. Associated with monocytic leukemia.” 11q23 transloca- 

MLLT3) tions in 60% of infants with AML and carries poor prognosis. Rearranges MLL gene.” Many 

translocation partners for 11q23 translocation.” °° MLL1, MLL4, MLL10 may also result in 
AML phenotype. 

t(9;22) (q34; q22) BCR-ABL1 Present in ~2% of patients with AML.2°3” 

(1;22)(p13;q13) RBMIS-MKL1 <1% of cases of AML. Admixture of myeloblasts, megakaryoblasts, micromegakaryocytes 
with cytoplasmic blebbing, dysmorphic megakaryocytes. Reticulin fibrosis common.*" 

t(10;11) PICALM-MLLT10 Outcome similar to that of intermediate prognosis group; more extramedullary disease and 

(p12-13;q14-21) CD7 expression.*? 

Inversion 

Inv(16) (p13.1;q22) or | CBF-B MYH11 Present in ~8% of patients <50 years of age and in ~3% of patients >50 years of age with 

t(16;16) (p13.1;q22) AML?8®; often acute myelomonocytic phenotype; associated with increased marrow eosino- 
phils; predisposition to cervical lymphadenopathy,*” better response to therapy.** *” Predis- 
posed to myeloid sarcoma. 

Inv(3) (q21q26.2) RPN1-EVI1 ~1% of cases of AML. Approximately 85% of cases with normal or increased platelet count. 


Marrow has increased dysmorphic, hypolobulated megakaryocytes. Hepatosplenomegaly 
more frequent than usual in AML.3°8 


SPECIAL CLINICAL FEATURES 
Hyperleukocytosis 


Leukocyte count is an independent prognostic factor in the out- 
come of AML treatment.’ Approximately 5 percent of patients with 
AML develop signs or symptoms attributable to a markedly elevated 
blood blast cell count, usually greater than 100 x 10°/L (Chap. 83).**! 
Several subsets of AML are associated with a greater likelihood of 
presenting with hyperleukocytosis. These include acute myelomono- 
cytic, acute monocytic, the microgranular variant of APL, and AML 
with inv16,11q23 rearrangements, or FLT3-ITD. The circulations of the 
CNS, lungs, and penis are most sensitive to the effects of leukostasis. 
Intracerebral hemorrhage from vascular occlusion, invasion, and dis- 
ruption, sometimes complicated by thrombocytopenia and vascular 
insufficiency are the most virulent manifestations of the syndrome.’ 
Dizziness, stupor, dyspnea, and priapism may occur. Diabetes insip- 
idus is another association.**”*** Other severe organ involvement also 
may occur infrequently. A high early mortality in patients with AML 
correlates with hyperleukocytosis greater than 100 x 10?/L.5%4335:339,340 
Chemotherapy in hyperleukocytic patients may lead to a pulmonary 
leukostatic syndrome, presumably from the effects of rigid, effete blast 
cells, or the discharge of large amounts of cell contents and resultant 
cell aggregation or other effects.**'** Larger-vessel vascular occlusion 
as a result of white thrombi or masses of leukemic cells is rare. The 


upregulation of endothelial cell intercellular adhesion molecule-1 and 
of leukemic blast cell lymphocyte function-associated antigen-1 may 
mediate the vessel wall interaction contributing to leukostasis.*” 


Hypoplastic Leukemia 

Approximately 10 percent of patients with AML present with a syn- 
drome that includes pancytopenia, often with inapparent blood blast 
cells, and absence of hepatic, splenic, or lymph nodal enlargement.*”**” 
If one corrects for the decrease in marrow cellularity with age, hypoplas- 
tic AML occurs in approximately 2 percent of cases.** Approximately 
75 percent of these patients are men older than 50 years of age. Marrow 
biopsy is hypocellular, which is the unusual feature of the syndrome, 
but leukemic blast cells are evident and present in a proportion of 
10 to 90 percent of marrow cells. Response to intensive chemotherapeu- 
tic treatment, often with low-dose cytarabine because of the patients’ 
very advanced age, has been relatively good, and 3-year survival rates 
are approximately the same as the rates of other age-matched patients.’ 


Oligoblastic Myelogenous (Subacute, Smoldering, Low- 
Infiltrate, Pauciblastic) Leukemia 

Not infrequently, usually in patients older than 50 years of age, myel- 
ogenous leukemia is manifested by anemia and often thrombocytope- 
nia. The leukocyte count may be low, normal, or increased, and a small 
proportion of blast cells are present in the blood (0 to 15 percent) and 


marrow (3 to 19 percent). Such cases have been referred to as oligoblastic 


myelogenous leukemia, subacute, or smoldering leukemia,™ or classified 


as a MDS, particularly refractory anemia with excess blasts. The clinical 
course of the untreated disease can be protracted. The disease has a high 
morbidity and mortality from infection and hemorrhage and can evolve 
into overt (polyblastic) AML. The smoldering or oligoblastic leukemias 
(refractory anemia with excess blasts) historically have been grouped 
along with the clonal cytopenias as composing MDS; and, the diagnosis 
and treatment of these variants are discussed in Chap. 87. Biologically 
and clinically, the disorders in this subset of the MDS with blast cell 
proportions in the marrow above normal are leukemias, not dysplasias, 
but they have a slower rate of progression than polyblastic myelogenous 
leukemia. Dysmorphogenesis of red cells, neutrophils, and platelets is 
more frequent and more striking than in the average case of polyblastic 
AML (Chap. 87), but such dysmorphogenesis also occurs in polyblastic 
leukemia, so-called AML with trilineage dysmorphia.** A discussion 
of the spectrum of myelogenous leukemias, ranging from minimal to 
severe deviation neoplasms, can be found in Chap. 83. 


Philadelphia Chromosome-Positive Acute Myelogenous 
Leukemia 

Approximately 2 percent of patients with AML have the Philadelphia 
(Ph) chromosome t(9;22)(q34;q11) in a significant proportion (10 
to 100 percent) of leukemic blast cells.****5* The blast cells have sur- 
face antigens, such as CD13 and CD33, characteristic of myeloid 
leukemias.*”*® One interpretation of the concurrence of AML with 
t(9;22) is that it represents CML presenting in myeloid blast crisis.**' °° 
The arguments in favor of this proposal are as follows: (1) Blast crisis may 
occur within days after diagnosis of Ph chromosome-positive CML. 
(2) Cases can present with additional cytogenetic changes comparable 
to CML in blast crisis.*°'*° (3) Marked hepatosplenomegaly, uncharac- 
teristic of AML, may be present.**”** (4) Platelet counts may be normal, 
and basophils can be increased.**'** (5) A long prodromal period of 
weakness and weight loss may occur, and some features of CML, such as 
granulocytosis, can appear after treatment with chemotherapy.*™ (6) Ph 
chromosome-positive AML has a poor prognosis, as in myeloid blast 
crisis of CML. (7) The breakpoint on chromosome 22 in the M-bcr may 
be typical of CML, and the product of the fusion BCR-ABL gene is a 
p210 tyrosine kinase identical to that of classic CML.**°*% (8) Occa- 
sional cases express p210 and p190 tyrosine kinases, now known to be 
features of CML.** (9) Some patients enter a remission by converting 
to a phenotype analogous to chronic phase CML. An alternative view has 
been promulgated because (1) cases of Ph chromosome-positive AML can 
be a mosaic (normal and abnormal karyotypes)*”; (2) the Ph chromosome 
may appear later in the course of the disease*; (3) additional chromosomal 
abnormalities often are different from those seen in the myeloblastic crisis 
of CML*379971; and (4) in some cases, the BCR-ABL gene is not encoding 
a p210 but a p190 mutant tyrosine kinase,™™ 26368372 the former being most 
characteristic of CML. Moreover, Ph chromosome-positive AML has 
developed following Ph chromosome-negative oligoblastic myelogenous 
leukemia." Many cases of Ph chromosome-positive acute leukemia 
are myeloid-lymphoid hybrids.****°”” Thus, Ph chromosome-positive 
AML comes in two varieties: one with a break in M-BCR of chromo- 
some 22 with a p210 product, which could be considered analogous to 
acute blast crisis of CML, and one with a molecular pathology resulting in 
the oncogene product being a p190 protein (m-BCR) that could be con- 
sidered a de novo case. 


Marrow Necrosis 

Necrosis of the marrow is an uncommon event and can be seen in a wide 
variety of malignant and nonmalignant clinical disorders, but approx- 
imately two-thirds of cases are associated with lymphoid or myeloid 
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malignancies and about one-quarter of cases occur in patients with 
AML.” Bone pain (approximately 80 percent of patients) and fever 
(approximately 70 percent of patients) are the two most common symp- 
toms or signs. Anemia and thrombocytopenia, if not already present, 
results. White cell counts may be low or high. The blood may contain 
nucleated red cells and myeloid immaturity (approximately 50 percent 
of cases). Lactic dehydrogenase and alkaline phosphatase are elevated in 
approximately 50 percent of cases. The marrow aspirate is often watery 
and serosanguineous. An amorphous extracellular eosinophilic back- 
ground with disintegrating cells that have lost their staining charac- 
teristics with indistinct margins and varying degrees of pyknosis and 
karyorrhexis is characteristic. Rare cases have been described in which 
the marrow contained Charcot-Leyden crystals without an increase in 
eosinophils or basophils.*” Bony spicules may also show evidence of 
necrosis. Destruction of spicule architecture with loss of osteocytes, 
osteoblasts, and osteocytes may be seen. It is important not to identify 
these changes as artifact. Usually more than 50 percent of the biopsy 
is involved. Careful search may identify the underlying hematologic 
disorder in small islands of intact cells. Technetium-99m sulfur colloid 
scans show little or no uptake. Magnetic resonance imaging (MRI) may 
not be diagnostic but can show the extent of the necrosis by changes in 
signal intensity signifying an increase in water content in relation to fat. 
Both technetium scanning and MRI can point to areas of intact marrow 
that may be used to make a diagnosis of the underlying disease, if it is 
unknown. The pathophysiology is uncertain but is thought to be related 
to marrow vascular injury and or thrombosis secondary to inflamma- 
tory or immune factors and cytokines. The prognosis of marrow necro- 
sis is largely related to the underlying disease. Repair of marrow can 
occur, if the patient enters remission. 


NEONATAL MYELOPROLIFERATION 
AND LEUKEMIA 


Four myeloproliferative syndromes related to AML have been identified 
in the neonate: transient myeloproliferative disorder, transient leuke- 
mia, congenital leukemia, and neonatal leukemia. Transient myelopro- 
liferative disorder and transient leukemia are considered to represent 
the same phenomenon. 

Transient myeloproliferative disease (TMD) can be present at birth 
or occur shortly thereafter in approximately 10 percent of infants with 
Down syndrome.*”*** The leukocyte count is markedly elevated, blast 
cells are present in the blood and marrow, and anemia and thrombo- 
cytopenia may be present, but the latter are not constant findings. The 
liver and spleen may be enlarged. Results of cytogenetic studies and 
marrow cell culture studies are normal, except for trisomy 21, which 
is characteristic of Down syndrome. The blast cells usually have the 
immunophenotype of megakaryocytes. In contrast to congenital leu- 
kemia, the elevated white cell and blast cell counts disappear in most 
patients (approximately 80 percent) over a period of weeks to months. 
In approximately 20 percent of patients, severe and potentially lethal 
complications of hydrops fetalis, hepatic fibrosis, or cardiorespiratory 
failure may occur. 

In some cases, an additional cytogenetic abnormality is present, 
which disappears after regression of the myeloproliferative syndrome, 
suggesting a reversible clonal disorder (transient leukemia) that is 
replaced by normal hematopoiesis. The presence of a trisomy of chro- 
mosome 21 is essential for the disease as judged by three observations: 
the trisomy occurs in (1) the TMD clone of patients with constitutional 
trisomy 21, (2) the TMD clone in patients with Down syndrome with 
a cell mosaic pattern of trisomy 21, and (3) in the TMD clone of phe- 
notypically normal infants without a constitutional trisomy 21, but 
with TMD. In the last case, trisomy 21 disappears with resolution of 
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the myeloproliferation.** Candidate oncogenes on chromosome 21 
responsible for the phenomenon include FPDMM, RUNX1 (CBF-f), 
and IFNAR, among others.’ GATA-1 mutations have been found in 
nearly all patients with TMD and in acute megakaryocytic leukemia in 
Down patients.*** The TMD syndrome may disappear, only to be fol- 
lowed shortly thereafter by acute leukemia, predominantly AML, but 
occasionally acute lymphocytic leukemia (ALL). 

One hypothesis for TMD is that the disorder originates in a primi- 
tive cell of fetal hepatic hematopoiesis. The cell involutes and is replaced 
with marrow stem cells. Approximately 25 percent of newborns with 
Down syndrome and transient leukemia develop acute megakaryocytic 
leukemia in the first 4 years of life. 

Very-low-dose cytarabine has been suggested for those patients 
with severe hepatic fibrosis, very high white cell counts, or hydrops 
fetalis.**° TMD cells in these infants are very sensitive to cytarabine.*°°*”! 

Children with Down syndrome have a 150-fold risk of AML 
and about a 40-fold risk of ALL by age 5 years. A slightly increased 
risk of acute leukemia persists into older age. Myelogenous leukemia 
in patients with Down syndrome often has a megakaryoblastic or 
erythroid phenotype and may have an interstitial deletion of 
chromosome 21.**°*8!?-95 This requires mutation in the GATA] gene in 
addition to trisomy 21, and sequential epigenetic changes occur as well 
in the evolution of acute megakaryoblastic leukemia.” The response 
rate of infants with Down syndrome and AML to chemotherapy is very 
high over prolonged followup and better than the response of patients 
without Down syndrome.**”*'*’”°8 The response to adjusted-dose 
anthracycline antibiotic and cytarabine in Down syndrome children 
with AML is approximately 90 percent and the event-free 5-year sur- 
vival is approximately 80 percent.* In those cases with relapsed or 
refractory disease, outcomes are poor even with allogeneic HSC trans- 
plantation.*”? ALL may occur, and the response to therapy is similar to 
the response of patients without Down syndrome of the same age. Most 
solid tumors occur less frequently in Down syndrome patients.*”° 

Congenital or neonatal leukemia, a rare syndrome, occurs 10 times 
more frequently in newborns with Down syndrome than in newborns 
without trisomy 21. Leukocytosis, blood and marrow blast cells, 
hepatosplenomegaly, thrombocytopenia, purpura, anemia, and skin 
infiltrates are usual. The disease has been diagnosed prenatally. Cyto- 
genetic abnormalities can occur and mark the leukemic clone.?%400401 
Monocytic leukemia and t(4;11) are the most common phenotype and 
karyotype.“ A case of vertical (transplacental) transmission of acute 
monocytic leukemia from mother to son has been reported.“ 

Infants who are normal at birth but develop AML in the first few 
weeks of life (neonatal leukemia) often display pallor, inadequate food 
intake, insufficient weight gain, diarrhea, and lethargy. The presence of 
a cytogenetic abnormality on band q23 of chromosome 11 is a very poor 
prognostic sign. Most infants with congenital or neonatal leukemia do 
not survive for more than a few weeks or months. Because treatment 
has been largely ineffective, observation to ascertain if TMD or a tran- 
sient leukemia is present has been recommended if the clinical picture 
is unclear.’ 


HYBRID AND MIXED LEUKEMIAS 
Hybrid Leukemias 


Although coincidental myeloid and lymphoid clonal diseases have been 
reported for more than 60 years, the availability of techniques to iden- 
tify surface antigens with monoclonal antibodies, immunoglobulin 
gene, and T-lymphocyte receptor gene rearrangements with molecular 
methods, and chromosome translocations by chromosome banding 
cytogenetic techniques has led to the appreciation of several types of 
hybrid acute leukemia.*°°* 


In bilineal (interlineal) acute leukemias, a proportion of cells 
(>10 percent) have lymphoid and myeloid markers; interlineal here 
refers to lymphopoietic and myeloid gene expression. Bilineal (biphe- 
notypic) leukemias are heterogeneous. Some patients have cells with 
both lymphoid and myeloid markers (chimeric), whereas other patients 
have cells with either lymphoid or myeloid markers but evidence that 
all the cells are part of the same malignant clone (mosaic). The bilin- 
eal leukemias may be synchronous (lymphoid and myeloid cells are 
present simultaneously) or asynchronous (in which lymphoid cells are 
succeeded by myeloid cells or vice versa), but evidence exists for their 
origin from the same clone. 

Cases of biphenotypic leukemia that are morphologically or cyto- 
chemically indicative of myelogenous leukemia have been referred to as 
LY+AML,; the cases that are more indicative of lymphocytic leukemia 
are referred to as MY+ALL. As a group, interlineal hybrid leukemias 
treated with current regimens respond to therapy at approximately the 
same rate as AML cases without lymphoid markers.“ Some observers 
suggest altering drug regimens, depending on the balance between lym- 
phoid and myeloid biochemical (drug-response) patterns." 

Acute leukemias may be intralineal hybrids in that the blast cells 
have markers for two or more myeloid lineages (e.g., erythroid, granu- 
locytic, and megakaryocytic) or, in the case of lymphocytic leukemias, 
both immunoglobulin gene rearrangement (B-lymphocyte type) and 
T-cell receptor gene rearrangement (T-lymphocyte type). 


Myeloid-Natural Killer Cell Hybrids and t(8;13) Myeloid- 
Lymphoid Leukemias 

Although most hybrid leukemias share myeloid and either B- or T- 
lymphocyte markers, two notable syndromes are associated with hybrid 
leukemias: (1) the myeloid leukemia and natural killer cell hybrid 
(CD56+, CD7+, CD13+, CD33+)*** and (2) the lymphoma, eosin- 
ophilia, and t(8;13) myeloid leukemia hybrid.“ Signs of lymphoma, 
such as mediastinal or other lymphadenopathy and extranodal lym- 
phoid tumor, are mixed with findings compatible with AML in both 
syndromes. The morphology of the myeloid-natural killer cell leukemia 
often simulates APL, with hypergranular cytoplasm present but abnor- 
mality of chromosome 17 absent. The hybrids can appear de novo or 
after relapse of a lymphoma, T-cell leukemia, or blast crisis of CML. The 
hybrid leukemias usually have a poor prognosis. Myeloid antigens may 
not be evident at diagnosis in the natural killer cell hybrid but appear 
later in the course.*” Hematopoietic stem cell transplantation should be 
considered in an eligible patient. 

Hybrid leukemias may result from either lineage infidelity caused 
by genetic misprogramming*” or promiscuous gene expression, which 
occurs transiently in the differentiation of normal pluripotential 
HSCs. In the case of promiscuity, persistence of the transient normal 
event is thought to be present because of the block in differentiation 
that occurs.*® Genetic misprogramming (infidelity) could result from 
rearrangements of the DNA sequences that control the transcription of 
genes designating differentiation antigens.** 


Mixed Leukemias 

In these cases, lymphoid and myeloid cells are present simultaneously 
but are derived from separate clones, or sequential myeloid and lym- 
phoid leukemia are present but the two lineages are derived from sep- 
arate clones. 


MEDIASTINAL GERM CELL TUMORS AND 
ACUTE MYELOGENOUS LEUKEMIA 


An unusual but significant concordance has been reported between 
nonseminomatous mediastinal germ cell tumors and AML, especially 


the megakaryoblastic variant.“ Mediastinal tumors are rare variants 
of germ cell tumors. The latter ordinarily occur as testicular teratomas 
and seminomas in men or as ovarian teratomas in women. They are 
thought to be derived from yolk sac cells that failed to migrate.” AML 
is a HSC tumor derived from a cell type that is present in the yolk sac. 
Cytogenetic studies are compatible with a clonal relationship (identity) 
of mediastinal germ cells and myelogenous leukemia cells.°*”” Appar- 
ently, hematopoietic lineage genes are predisposed to expression in 
extragonadal (mediastinal) germ cell tumors. Use of etoposide, plati- 
num, and related cytotoxic drugs for treatment of mediastinal germ cell 
tumors may induce secondary AML in a predisposed cell population. ^ 


GASTROINTESTINAL TUMORS AND ACUTE 
MYELOGENOUS LEUKEMIA 


A study of 1892 patients with KIT-positive mesenchymal gastrointes- 
tinal stromal tumors found a significant subsequent incidence of AML 
(nine patients). The standardized incidence ratio was approximately 3.0 
(confidence interval: 1.1 to 5.8). The patients had not received prior che- 
motherapy or radiotherapy and the median duration of gastrointestinal 
stromal tumors before onset of AML was 6 years.*” 


@ MORPHOLOGIC VARIANTS OF ACUTE 
MYELOGENOUS LEUKEMIA 


Morphologic variants of AML (Table 88-5) may occur de novo or may 
be the manifestation of clonal evolution from essential thrombocythe- 
mia, idiopathic myelofibrosis, CML, or other chronic clonal myeloid 
disorders. For example, every phenotypic variant of AML can occur as 
the blast crisis of CML (Chap. 89). 


ACUTE MYELOBLASTIC LEUKEMIA 


The designation acute myeloblastic leukemia came into existence in the 
second decade of the 20th century,* following the specific description 
of the myeloblast.* Approximately 25 percent of AML cases have the 
features of acute myeloblastic leukemia, a variant in which the leukemic 
myeloblast is the predominant cell in the marrow. Acute myeloblastic 
leukemia was divided into two forms, designated MO and M1 in the 
French-American-British (FAB) Classification. In either type, little evi- 
dence of maturation of myeloblasts exists, and the marrow is replaced 
by a monotonous population of blasts. In acute myeloblastic leukemia 
(MO), the patients age distribution, presenting white cell count, and 
cytogenetic abnormalities are not distinctive. The blasts are nonreac- 
tive when stained for myeloperoxidase activity, and Auer rods are not 
seen. The blasts react with antibodies to myeloperoxidase and antibod- 
ies to CD13, CD33, and CD34. Human leukocyte antigen (HLA)-DR 
is positive in most patients. Occasional cases require in situ hybridiza- 
tion to identify the myeloperoxidase gene“? or genomic profiling for 
early myeloid-associated genes.** Abnormal and unfavorable karyo- 
types (e.g., 5q-,7q-) and expression of the multidrug resistance (MDR) 
glycoprotein (p170) are more frequent. This phenotypic variant has a 
poor prognosis.: In the other type of myeloblastic leukemia, desig- 
nated M1, myeloblasts are present in the blood and make up more than 
70 percent of marrow cells. Less than 15 percent of marrow cells are 
promyelocytes and myelocytes. Auer rods may be present in occasional 
blasts, but azurophilic granules are not evident in the blasts by light 
microscopy. At least 3 percent, but usually a much higher percentage, 
of the blast cells, have a positive reaction when stained for peroxidase or 
with Sudan black or react with monoclonal antibodies specific to mye- 
loblasts, such as CD33. This morphologic subtype is denoted as M1 in 


Chapter 88: Acute Myelogenous Leukemia 


the FAB classification. The WHO has divided acute myeloblastic leuke- 
mia into three types: AML without differentiation, AML without mat- 
uration, and AML with maturation. There is no evidence of a clinical 
distinction in response to therapy or in prognosis within these rarified 
designations. 

In many cases of myeloblastic leukemia, more prominent granu- 
locytic maturation is evident (FAB type M2 or WHO designation AML 
with maturation). This variant is present in approximately 15 percent of 
AML cases; thus, approximately 45 percent of cases of AML are mye- 
loblastic leukemia with or without maturation. Blasts usually consti- 
tute at least 20 percent of the marrow cells. Auer rods may be present 
in blast cells. Promyelocytes, myelocytes, and segmented neutrophils, 
the latter often with the acquired Pelger-Huét anomaly, may constitute 
20 to 60 percent of marrow granulocytes. The anomaly is reflected in 
bilobed or monolobed neutrophils. Histochemical and surface markers 
of blast cells are typical of myeloblastic leukemia, and monocytic mark- 
ers are absent or infrequent. Monocytes represent less than 10 percent 
of cells. A translocation between chromosomes 8 and 21 t(8;21)(q22; 
q22), often accompanied by loss of the Y chromosome in men or loss 
of an X chromosome in women, is associated with the phenotype and 
occurs in younger patients (average age approximately 30 years).*°-“! 
Patients whose cells contain t(8;21) are more prone to develop myeloid 
sarcoma.”*6¢ 


ACUTE MYELOMONOCYTIC LEUKEMIA 


The ability of AML to express cells of the monocytic and granulocytic 
lineages was first highlighted in the early 1900s by Naegeli. Later, Hal 
Downey, a leading hematologist of the day, proposed the eponym 
Naegeli type for myelomonocytic leukemia.” Approximately 15 per- 
cent of patients with AML present with this variant, and they are more 
likely to have extramedullary infiltrates in gingiva, skin, or CNS than 
are patients with acute myeloblastic leukemia (see “Myeloid [Granulo- 
cytic] Sarcoma” above).*” A mixture of myeloblasts and monoblasts is 
found in the blood and marrow. More than 30 percent of marrow cells 
are a mixed population of myeloblasts, which react with peroxidase or 
chloracetate esterase, and monoblasts or promonocytes, which react 
with fluoride-inhibitable nonspecific esterase (see Fig. 88-2F). More 
than 20 percent of cells are monoblasts or promonocytes in blood and 
marrow. In some cases, individual cells react with monocytic and gran- 
ulocytic histochemical stains.“ Serum and urinary lysozyme levels are 
increased in most cases. This variant of AML is referred to as M4 in the 
FAB classification and as acute myelomonocytic leukemia in the WHO 
classification. Translocations involving chromosome 3 are associated 
with this phenotype.“ 

The proportion of marrow eosinophils“ or basophils’ may 
be increased. A particular variant of myelomonocytic leukemia has 
increased numbers of marrow eosinophils (10 to 50 percent), Auer rods 
in blast cells, and inversion or rearrangement of chromosome 16 (see 
Fig. 88-2G).***” The eosinophils are abnormally large, and the eos- 
inophilic myelocytes contain large basophilic granules. Macrophages 
with ingested Charcot-Leyden crystals may be present. This pheno- 
typic variant of AML has been designated M4Eo in the FAB classifica- 
tion. Although this variant has an increased risk of CNS involvement, 
it carries a more favorable prognosis than the average case of AML. 
Fluorescence in situ hybridization (FISH) is a more accurate method 
for detection of cryptic 16q22 gene rearrangements and is useful in 
conjunction with conventional cytogenetics for patients with M4Eo 
AML. AML with t(6;9)(p23;q34) is an uncommon variant, occurring in 
approximately 1 percent of cases, and may express itself as acute mye- 
lomonocytic or acute myeloblastic leukemia. Anemia, thrombocytope- 
nia, a variable white cell count, and increased myeloblasts are frequent. 
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Cytologic Features 


TABLE 88-5. Morphologic Variants of Acute Myelogenous Leukemia 
Special Clinical Features 


Special Laboratory Features 


Acute myeloblastic leukemia 
(MO, M1, M2) 


ile 


Myeloblasts range from 
20-90% of marrow cells. 
Cytoplasm occasionally con- 
tains Auer bodies. Nucleus 
shows fine reticular pattern 
and distinct nucleolus (1 or 
2 usually). 


. Most common in adults, 


and most frequent variety in 
infants. 


2. Three morphologic- 


cytochemical types 
(MO, M1, M2) 


ile 


Chromosomes +8, —5, -7, 
del(11q), and complex 
abnormalities common. 
RUNX1(AML1) and FLT3 muta- 
tions occur in approximately 
20-25% of cases. 


2. MO type blast cells positive 
2. Blast cells are sudanophilic. with antibody to myeloper- 
They are positive for myelop- oxidase and CD34 and CD13 
eroxidase and chloroacetate or CD33 coexpression. AML1 
esterase, negative for nonspe- mutations in ~25%. 
cific esterase, and negative or 3. M1 expresses CD13 and 
diffusely positive for PAS (no CD33. Positive for myeloper- 
clumps or blocks). oxidase by cytochemistry. 
3. Electron microscopy shows 4. M2 AML with maturation 
cytoplasmic primary often associated with t(8;21) 
granules. karyotype. 

5. M2 AML with t(6;9)(p23;q34), 
an uncommon variant, is 
associated with marrow 
basophilia, a high blast count, 
a high frequency of FLT3-ITD, 
and a poor outcome. 

Acute promyelocytic leukemia 1. Leukemic cells resemble pro- 1. Usually in adults. 1. Cells contain t(15;17) in >95% 
(M3, M3v) myelocytes. They have large . Hypofibrinogenemia and of cases or another rearrange- 
atypical primary granules hemorrhage common. ment involving the RAR-a 
and a kidney-shaped nucleus. e a gene on chromosome 17. 
Branched or adherent Auer : OLS 2. Cells are HLA-DR-neaative 
Voc areconinon. ieee to all-trans-retinoic g 
2. Peroxidase stain intensely i 
positive. 
3. A variant has microgranules 
(M3v), otherwise the same 
course and prognosis. 
Acute myelomonocytic leukemia 1. Both myeloblastic and mono- 1. Similar to myeloblastic leuke- 1. Leukemic cells in eosinophilic 
(M4, M4Eo) blastic leukemic cells in blood mia but with more frequent variant (M4Eo) usually have 
and marrow. extramedullary disease. inversion or translocation of 
2. Peroxidase-, Sudan-, chloro- . Mildly elevated serum and chromosome 16. 
acetate esterase-, and non- urine lysozyme. 
specific esterase-positive 
cells. 
3. M4Eo variant has marrow 
eosinophilia. 
Acute monocytic leukemia (M5) 1. Leukemia cells are large; . Seen in children or young 1. t(4;11) common in infants. 
nuclear cytoplasmic ratio adults. 2. Rearrangement of q11;q23 


lower than myeloblast. Cyto- 
plasm contains fine granules. 
Auer rods are rare. Nucleus is 
convoluted and cell simulates 
promonocytes (M5a) or may 
simulate monoblasts (M5b) 
and contain large nucleoli. 


Nonspecific esterase-positive 
inhibited by NaF; Sudan-, 
peroxidase-, and chloroace- 
tate esterase-negative. PAS 
occurs in granules, blocks. 


. Gum, CNS, lymph node, and 


extramedullary infiltrations 
are common. 


. DIC occurs. 
4. Plasma and urine lysozyme 


elevated. 


. Hyperleukocytosis common. 


very frequent. 


(continued) 
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TABLE 88-5. Morphologic Variants of Acute Myelogenous Leukemia (Continued) 


Variant 


Cytologic Features 


Special Clinical Features 


Special Laboratory Features 


Acute erythroid leukemia (M6) 


1. Abnormal erythroblasts are in 
abundance initially in marrow 
and often in blood. Later the 
morphologic findings may be 
indistinguishable from those 
of AML. 


1. Pancytopenia common at 
diagnosis. 


. Cells reactive with antihemo- 


globin antibody. Erythrob- 
lasts usually are strongly PAS 
and CD71-positive, express 
ABH blood group antigens, 
and react with antihemoglo- 
bin antibody. 


. Cells reactive with anti-Rc-84 


(antihuman erythroleukemia 
cell-line antigen). 


Acute megakaryocytic leukemia 
(M7) 


1. Small blasts with pale agran- 
ular cytoplasm and cyto- 
plasmic blebs. May mimic 
lymphoblasts of medium to 
larger size. 


2. Leukemic cells with 
megakaryocytic mor- 
phology may coexist with 
megakaryoblasts. 


1. Usually presents with 
pancytopenia. 

2. Markedly elevated serum lac- 
tic dehydrogenase levels. 


3. Marrow aspirates are usu- 
ally “dry taps” because of 
the invariable presence of 
myelofibrosis. 


4. Common phenotype in the 


AML of Down syndrome. 


. Antigens of von Willebrand 


factor, and glycoprotein Ib 
(CD42), Ilb/Illa (CD41), Illa 
(CD61) on blast cells. 


. Platelet peroxidase positive. 


Acute eosinophilic leukemia 


1. Mixture of blasts and cells 
with dysmorphic eosinophilic 
granules (smaller and less 
refractile). 


1. Hepatomegaly, splenomeg- 
aly, lymphadenopathy may 
be prominent. 

2. Absence of neurologic, respi- 
ratory, or cardiac signs or 
symptoms characteristic of 
chronic eosinophilic leukemia 
(clonal hypereosinophilic 
syndrome). 


. Cyanide-resistant peroxidase 


stains eosinophilic granules. 
TEM shows eosinophilic gran- 
ules to be smaller and miss- 
ing central crystalloid. 


. Biopsy may show Charcot- 


Leyden crystals in skin, 
marrow, or other sites of eos- 
inophil accumulation. 


Acute basophilic leukemia 


Acute mast cell leukemia 


Mixture of blast cells and cells 
with basophilic granules in 
blood and marrow. 


1. Mast cells in blood and mar- 
row. Most contain granules 
but some are agranular and 
may simulate monocytes. 


1. Often has hepatomegaly and 
or splenomegaly; symptoms 
often present. 


2. Rash with urticaria, head- 
aches, prominent gastrointes- 
tinal symptoms. 


1. Fever, headache, flushing of 
face and trunk, pruritus may 
be present. 


2. Abdominal pain, peptic ulcer, 
bone pain, diarrhea more 
common than other AML 
subtypes. 


3. Hepatomegaly, splenomegaly 
common. 


4. Hemorrhagic diathesis may 


be evident. 


. CD9-,CD11b-, CD25-, 


CD123-positive cells are usu- 
ally present. 


2. Toluidine blue-positive cells. 
3. Hyperhistaminemia and 


hyperhistaminuria. 


. Cells negative for tryptase 


but positive for histidine 
decarboxylase. 


. CD13, CD33, CD68, CD117 


often positive. 


. Cells positive for tryptase 


staining and serum tryptase 
elevated. 


. Hyperhistaminemia and 


hyperhistaminuria. 


AML, acute myelogenous leukemia; DIC, disseminated intravascular coagulation; HLA-DR, human leukocyte antigen-D related; NaF, sodium 
fluoride; PAS, periodic acid-Schiff; RAR, retinoic acid receptor; TEM, transmission electron microscopy. 


note: Parentheses indicate French-American-British (FAB) classification designations MO through M7. 
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The myeloblasts often contain Auer rods. Marrow basophilia is present 
in about half the cases.***’ The variant occurs at a younger age, has a 
poor prognosis, and has a tendency to trilineage dysmorphia and ringed 
sideroblasts.“” 


ACUTE ERYTHROID LEUKEMIA 


Prominence of erythroid cell proliferation in AML cases was noted by 
Copelli*” and DiGuglielmo*’ in the early 20th century. Moeschlin*” 
used the term erythroleukemia. Dameshek*? suggested the name 
DiGuglielmo syndrome and dissected the disorder into three phases, 
depending on the decreasing prevalence of dysmorphic erythroblasts 
and the reciprocal increasing prevalence of myeloblasts. Erythroid leu- 
kemia makes up approximately 5 percent of AML cases and is referred 
to as M6 in the FAB classification.** Familial erythroleukemia has been 
described.***° Erythroid leukemia is arbitrarily divided into three 
degrees of severity: (1) erythroleukemia in which more than 50 percent 
of the marrow cells are dysmorphic; (2) erythroblasts admixed with 
myeloblasts, the latter composing approximately 20 percent of non- 
erythroid cells or approximately 5 to 10 percent of total marrow cells; 
and (3) a form in which dysmorphic erythroblasts dominate the mar- 
row, pure erythroid leukemia, in which more than 80 percent of marrow 
cells are dysmorphic erythroblasts with a trivial granulocytic propor- 
tion of cells and very few if any myeloblasts. This last form of the disease 
may start in as a milder variant, formerly called erythremic myelosis, in 
which granulopoiesis, and thrombopoiesis may be only mildly abnor- 
mal. This phase, dominated morphologically by bizarre dysmorphia of 
erythroblasts, can be protracted but eventually evolves into a dimorphic 
phase in which myeloblasts are more prominent, severe neutropenia 
and thrombocytopenia develop, and the patient progresses to erythroid 
leukemia. The disease may evolve further into polyblastic AML.*”“° 
In the erythremic myelosis variant, erythropoiesis is ineffective. How- 
ever, some normal regulation may remain because hypertransfusion 
decreases both erythropoietin levels and the amount of abnormal ery- 
thropoiesis.“® Spontaneous growth of leukemic erythroid clonogenic 
cells is a feature of the disease.’ Periodic acid-Schiff (PAS)-positive 
erythroblasts are evident in almost all cases.°”* 

The erythroid leukemias are characterized by a striking population 
of dysmorphic erythroblasts in marrow and red cells in blood (see Fig. 
88-21, J, and K). Anemia and thrombocytopenia are present in nearly 
all cases. Some patients may have elevated total leukocyte counts. The 
red cells show marked anisocytosis, poikilocytosis, anisochromia, and 
basophilic stippling. Nucleated red cells are present in the blood. The 
marrow erythroblasts are extremely abnormal, with giant multinucle- 
ate forms, nuclear budding, and nuclear fragmentation. Cytogenetic 
abnormalities are present in approximately 70 percent of patients and 
complex cytogenetic abnormalities are frequent. The frequency of ery- 
throid leukemia is increased if methods for detecting erythroid dif- 
ferentiation more sensitive than light microscopy are used. These cell 
features include glycophorin A, spectrin, carbonic anhydrase I, ABH 
blood group antigens, and other antigens that occur on early erythroid 
progenitors, such as the transferrin receptor (CD71). Antihemo- 
globin antibody and antihuman erythroleukemic cell line antibody 
often are positive.** 

Erythremic myelosis can have an indolent course and may be man- 
aged for a time without intensive chemotherapy. Treatment is warranted 
in patients with erythroleukemia and acute erythroid leukemia, and the 
results are approximately the same as with other phenotypes in patients 
of similar age.“ The more predominant the erythroid component and 
the lower the proportion of myeloblasts, the better the response to 
therapy." 


ACUTE PROMYELOCYTIC LEUKEMIA 


The association of an exaggerated hemorrhagic syndrome with certain 
leukemias was described by French hematologists in 1949.*° In 1957, 
Hillstad*”’ bestowed the appellation promyelocytic leukemia upon this 
morphologic-clinical subtype of AML. This variant, which is called M3 
in the FAB classification and APL in the WHO classification, occurs at 
any age and constitutes approximately 7 percent of AML cases.?°0?!4840 
APL occurs with greater frequency among Latinos from Europe and 
South and Central America.'°!°'! APL represents 19 percent of AML 
cases in the Chinese’ as compared to 8 percent among persons of Euro- 
pean descent. APL is also increased among persons with an increased 
body mass index.*”*” Unlike all other major variants of AML, which 
increase in incidence logarithmically with age, the incidence of APL is 
constant over the human life span.'** Hemorrhagic manifestations are 
prominent including hemoptysis, hematuria, vaginal bleeding, melena, 
hematemesis, and pulmonary and intracranial bleeding, as well as the 
more typical skin and mucous membrane bleeding. In severely leu- 
kopenic patients, blasts may not be evident in the blood. Moderately 
severe thrombocytopenia (<50 x 10°/L) is present in most cases. The 
marrow contains few agranular blast cells and some blast-like cells with 
scant granules. The dominant cells are promyelocytes, which comprise 
30 to 90 percent of marrow cells (see Fig. 88-2D and E). Auer rods and 
cells with multiple Auer rods (1 to 10 percent) are present in nearly 
every case. Promyelocytes with multiple Auer rods have been referred 
to as faggot cells. Leukemic promyelocytes stain intensely with myelop- 
eroxidase and Sudan black and express CD 9, CD13, and CD33, but not 
CD34 or HLA-DR. ?2291468:469 

A variant type of promyelocytic leukemia is referred to as micro- 
granular (M3v in the FAB nomenclature). *”° Microgranular cases 
represent approximately 20 percent of patients with promyelocytic 
leukemia. The leukemic cells may mimic promonocytes with convoluted 
or lobulated nuclei. Auer rods may be present but are less evident. The 
majority of the leukemic cells contain azurophilic granules that are so 
small they are not visible by light microscopy, but the peroxidase stain 
usually is strongly positive. Typical hypergranulated promyelocytes usu- 
ally are present on careful inspection. The total white cell count often is 
highly elevated, and severe coagulopathy is prominent in microgranular 
cases.*” Rarely, the cells contain eosinophilic or basophilic granules, but 
t(15;17) is present, and the response to all-trans retinoic acid (ATRA) 
persists,*””*” although the basophilic variant can be virulent.“ 

A translocation between chromosome 17(q21), which rearranges 
the RAR-a gene at band q21, and another chromosome is present in 
all cases of APL and in the acute promyelocytic transformation of 
CML; it is not found in other AML variants. The t(15;17)(q22;q21) is 
the most frequent cytogenetic abnormality (>95 percent), but variant 
translocations between chromosome 3, 5, or 11 and chromosome 17 
or isochromosome 17, and other even less common variants have been 
described.?®®468481-483 In some cases, cytogenetic analysis is inadequate 
and Southern blot analysis is required to identify the rearrangement 
of the RAR-« gene. A functional distinction is that the t(15;17), PML- 
RAR-« fusion, the t(5:17), NPM-RAR-a fusion, and the t(3;17), TBLR1- 
RAR-a fusion confer retinoid therapy responsiveness, whereas t(11;17), 
PLZF-RAR-« fusion, usually is retinoid resistant. In cells with the 
t(11;17), Auer rods are absent and CD56 expression usually is present, 
offering some clinical variables to provoke special molecular investiga- 
tions.*** The retinoid resistance may not always be present.** 

The breakpoint on chromosome 17 is within the gene encod- 
ing the RAR-a, and the breakpoint on chromosome 15 is within the 
locus of a gene originally referred to as MYL and renamed PML (to 
indicate its relationship to promyelocytic leukemia). The gene 
encodes a unique transcription factor. The translocation results in two 


new chimeric or fusion genes: RAR-a-PML, which is actively tran- 
scribed in APL, and PML-RAR-a, which also is transcribed and may 
account for the aberrancy in hematopoiesis. The PML-RAR-a gene has 
two isoforms that produce a short- and a long-type fusion messenger 
RNA, respectively.“ Patients with the short isoform may have a worse 
outcome than those with the longer form. Polymerase chain reaction 
(PCR) for the mRNA of the fusion gene can be used to identify resid- 
ual cells during remission and may predict relapse. The PML-RAR-a 
transgene can reproduce the disease in mice,** although in some mod- 
els a superimposed FLT3 mutation is required to express the disease. 
FLT3 mutations are frequently found in human disease, especially in the 
hypogranular variant.'” 

A propensity to hemorrhage is a striking feature of this subtype. 
The prothrombin and partial thromboplastin times are prolonged, and 
the plasma fibrinogen level is decreased in most cases. The disturbance 
in coagulation first was thought to principally result from intravascu- 
lar coagulation initiated by procoagulant released from the granules of 
the leukemic promyelocytes. Elevated thrombin-antithrombin com- 
plexes, prothrombin fragment 1+2, and fibrinopeptide A plasma levels 
support that supposition. Increased levels of fibrinogen-fibrin degrada- 
tion products, D-dimer, and evidence of plasminogen activation indi- 
cate fibrinolysis.°-*' Furthermore, decreased levels of plasminogen, 
increased expression of annexin II on the leukemic cells,*” and reports of 
responses to tranexamic acid support a role for fibrinolysis in the bleed- 
ing in APL.*” Release of nonspecific proteases may further contribute to 
fibrinogenolysis. Thus, the coagulopathy is now considered tripartite.” 

Although APL responded to chemotherapy regimens for AML, 
especially those containing an anthracycline antibiotic,“ the cyto- 
logic pattern of response in the marrow often was paradoxical.°°*” 
Persistence of leukemic promyelocytes preceded remission in the 
absence of further therapy, whereas induction of marrow cell hypopla- 
sia was classically considered a requirement for remission in patients 
with AML. Generally, if leukemic blast cells persist after therapy for 
AML, relapse ensues unless hypoplasia is induced by more cytotoxic 
therapy. The unusual pattern of response in APL was put into context by 
reports of successful treatment with isomers of retinoic acid, an agent 
that leads to maturation of leukemic promyelocytes in vitro.*” In 1988, 
the success of ATRA in remission induction was reported" and 
confirmed.*”*! Relapse occurs invariably, however, so chemotherapy 
regimens or addition of arsenic trioxide also were required. Use of 
ATRA has decreased the risk of early hemorrhagic complications and 
death and has enhanced the long-term response to chemotherapy. 
Despite the improvement in therapy, approximately 5 to 10 percent of 
patients die during remission induction, most of hemorrhage, often into 
the brain. The prolonged remissions of patients with promyelocytic leu- 
kemia has been interrupted in approximately 3 percent of cases by the 
later appearance of oligoblastic myelogenous leukemia with deletions 
of all or part of chromosome 5 or 7 and no evidence of involvement of 
chromosome 17, compatible with a myelogenous leukemia secondary 
to cytotoxic chemotherapy.*”*” The responsiveness to arsenic trioxide 
has provided additional treatment approaches that are discussed in the 
“Therapy” section below. 


ACUTE MONOCYTIC LEUKEMIA 


Monocytic leukemia was first reported by Reschad and Schilling- 
Torgau™ in 1913. Approximately 8 percent of patients with AML 
present with monocytic leukemia, which is referred to as M5 in the 
FAB classification. Patients with monocytic leukemia have a higher 
prevalence (50 percent) of extramedullary tumors in the skin, gin- 
giva, eyes, larynx, lung, rectum and anal canal, bladder, lymph nodes, 
meninges, CNS, and other sites than do other phenotypes (<5 percent). 


Chapter 88: Acute Myelogenous Leukemia 


Hepatomegaly, splenomegaly, and lymphadenopathy are more frequent 
in monocytic leukemia.” 

The proportion of monocytic cells is usually greater than 
75 percent. The total leukocyte count is higher in a larger proportion 
of patients, and hyperleukocytosis occurs more frequently (approxi- 
mately 35 percent) than in other variants.***"° The marrow and blood 
cells may be largely monoblasts (acute monoblastic leukemia) or more 
mature-appearing promonocytes and monocytes (acute monocytic 
leukemia) (see Fig. 88-2H). When the blood contains more mature- 
appearing monocytic cells, the marrow contains a lower proportion of 
blast cells, approximately 15 to 50 percent. When the blood monocytes 
are largely blast cells, the marrow contains approximately 50 to 90 per- 
cent blasts. In nearly all cases, 10 to 90 percent of monocytic cells react 
for nonspecific esterase stains, a-naphthy] acetate esterase, and naphthol 
AS-D-chloroacetate esterase; in a cytochemical or chemoluminescence 
assay; or with monoclonal antibodies against monocyte surface anti- 
gens, especially CD14. Immunoreactivity of cells for lysozyme is charac- 
teristic. Serum and urine lysozyme levels are elevated in most patients. 
Serum lactic dehydrogenase and ,-microglobulin concentrations are 
increased in greater than 80 percent of patients.*"’ Plasminogen activa- 
tor inhibitor-2 is present in the plasma and the cells of a high proportion 
of patients. Auer rods are absent when monoblasts dominate but may 
be present in cases where promonocytes and monocytes are prevalent 
in blood and marrow. Leukemic monocytes have Fc receptors and can 
ingest and kill microorganisms in some cases.” 

There is an association between translocations involving chro- 
mosome 11, especially region 11q23, and monocytic leukemia.*°?-?*4 
In particular, t(9;11) is found in leukemic monocytes.?°5?°°5075% In 
t(9;11) the p -interferon gene is translocated to chromosome 11, and 
the protooncogene ETS-1 is translocated to chromosome 9 adjacent to 
the a-interferon gene. The latter juxtaposition may be important in the 
pathogenesis of monocytic leukemia." 

The expression of FOS is closely correlated with monocytic matu- 
ration of cells in myelomonocytic and monocytic leukemia and in nor- 
mal monocytopoiesis.*!*!7 Absence or markedly decreased expression 
of the retinoblastoma gene growth-suppressor product (p105) is pres- 
ent in approximately half of patients with monocytic leukemia. Patients 
express a more dramatic phenotype.*'* A variant of acute monocytic 
leukemia in which the leukemic cells have monocytoid features and 
are positive for early and late monocytic lineage antigens and for TdT 
activity often occurs after prior radiotherapy or chemotherapy and is 
relatively resistant to treatment.™? A syndrome of acute monoblastic 
leukemia with t(8;16), resulting in MOZ-CBP fusion gene, is charac- 
terized by mildly granular promonocytes (simulating hypogranular 
promyelocytes), intense phagocytosis of red cells, erythroblasts, and 
sometimes neutrophils and platelets in blood and marrow, simulating 
macrophagic hemophagocytic syndrome, intravascular coagulation or 
primary fibrinolysis, and a high frequency of extramedullary disease.” 

The management of monocytic leukemia is complicated by a 
greater incidence of CNS or meningeal disease either at the time of 
diagnosis or as a form of relapse during remission. Thus, examina- 
tion of cerebrospinal fluid is often recommended, even in the absence 
of symptoms, when remission has been achieved.??8507508 Some thera- 
pists recommend prophylactic intrathecal therapy with methotrexate 
or cytosine arabinoside for patients who enter remission after having 
presented with hyperleukocytic acute monocytic leukemia because of 
the risk of subclinical meningeal involvement. Others posit that high- 
dose cytarabine with CNS penetration potential used in consolidation 
chemotherapy suffices for this purpose. There are few data for guidance 
in this matter. 

Rare cases of dendritic cell or Langerhans cell phenotype have been 
described (Chap. 71). Uncommon cases of histiocytic sarcoma are 
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the tissue or extramedullary variant of monocytic leukemia (Chap. 
71). The outcome of treatment, once thought to be less favorable 
than with other forms of AML, is comparable to the outcome of other 
subtypes.*”° 


ACUTE MEGAKARYOBLASTIC 
(MEGAKARYOCYTIC) LEUKEMIA 


In 1963, Szur and Lewis™ reported patients with pancytopenia, low 
percentages of blast cells, and intense myelofibrosis but an absence of 
teardrop red cells, splenomegaly, leukocytosis, and thrombocytosis, the 
usual features of primary myelofibrosis. They designated the syndrome 
malignant myelosclerosis.**° Reports of similar cases ensued, with some 
investigators referring to the syndrome as acute myelofibrosis.” The 
development of methods to phenotype megakaryoblasts indicated the 
cases were variants of AML rather than of primary myelofibrosis and 
have been designated acute megakaryocytic or acute megakaryoblastic 
leukemia.*'*5° This leukemia is referred to as M7 in the FAB classifi- 
cation. The prevalence of this phenotype is approximately 5 percent of 
all AML cases if appropriate cell markers are used in the diagnosis, and 
is at least twice that frequency in childhood AML.**°**' The syndrome 
is an especially prevalent variant of AML that develops in patients with 
Down syndrome**5* or in patients with mediastinal germ cell tumors 
and coincident AML.”°-*” 

Leukemic megakaryoblasts and promegakaryocytes can be diffi- 
cult to identify by light microscopy using polychrome staining. How- 
ever, with experience, heightened suspicion can be engendered by 
blasts in the blood with abundant budding cytoplasm or blasts having 
a lymphoid appearance, especially if the marrow cannot be aspirated 
because of intense myelofibrosis, the latter evident on the marrow 
biopsy. Initially high-resolution histochemistry for platelet peroxidase 
and identification of the demarcation membrane system using trans- 
mission electron microscopy were required for diagnosis. Now anti- 
bodies to von Willebrand factor or to platelet glycoprotein Ib (CD42), 
IIb/IHa (CD41), or Ia (CD61) can be used to identify very primitive 
megakaryocytic cells.” A small proportion of megakaryoblasts may 
be present in other cases of AML, but in megakaryocytic leukemia 
they are the prominent or the dominant leukemic cells (see Fig. 88-2L 
through O). Moreover, the other key features of the syndrome usually 
are present, especially severe myelofibrosis.” 

Patients usually present with pallor, weakness, excessive bleeding 
and anemia, and leukopenia. Lymphadenopathy or hepatosplenomeg- 
aly is uncommon at the time of diagnosis. High leukocyte and blood 
blast cell counts may be present initially or may develop later. The plate- 
let count may be normal or elevated in many patients at the time of 
presentation. Abnormal platelets or megakaryocytic cytoplasmic frag- 
ments may be found in the blood. Marrow aspiration often is unsuc- 
cessful (“dry tap”) because of extensive marrow fibrosis in most cases, 
although not all. The marrow biopsy contains small blast cells, large 
blast cells, or a combination of both. The former have a high nuclear- 
to-cytoplasmic ratio, have dense chromatin with distinct nucleoli, 
and resemble lymphoblasts. Cases have been mistaken for ALL. The 
larger blasts may have some features of maturing megakaryocytes with 
agranular cytoplasm with cytoplasmic protrusions, clusters of plate- 
let-like structures, or shedding of cytoplasmic blebs. The blast cells 
are peroxidase negative and tend to aggregate. Confirmation of their 
megakaryoblastic maturation requires immunocytologic studies for 
the presence of von Willebrand factor and the immunoreactivity to 
CD41, CD42, or CD61. The more mature megakaryocytes, which often 
coexist in the marrow, stain with PAS reagent, contain sodium fluoride- 
inhibitable nonspecific esterase, and fail to react for a-naphthylbutyrate 


esterase or myeloperoxidase. The thrombopoietin receptor gene (MPL) 
is expressed in megakaryocytes (CD116) and exhibits the gain-of- 
function point mutation W515K/L in approximately 25 percent of cases 
of acute megakaryoblastic leukemia.** 

The serum lactic acid dehydrogenase level frequently is strikingly 
increased and has an isomorphic pattern unlike that seen with other 
acute leukemias. Complex chromosome aberrations are common. 
An association of megakaryoblastic leukemia in infants with t(1;22) 
(p13;q13) has been reported.**>*” Abnormalities of chromosome 3 have 
been linked to clonal hemopathies expressing a prominent megakaryo- 
cytic phenotype.” Progression of primary myelofibrosis or essential 
thrombocythemia to AML may have the phenotype of acute megakary- 
ocytic leukemia. Paradoxically, in children with Down syndrome the 
disease can be treated with modified doses of chemotherapy, with a very 
high remission rate and long-term event-free survival.“°>” The result 
is thought to be related to the exquisite sensitivity of the leukemic cells 
to drug-induced apoptosis,“ whereas the long-term remission rate as 
a result of chemotherapy in children without Down syndrome or in 
adults are not as good.*?°"# 


ACUTE EOSINOPHILIC LEUKEMIA 


Acute eosinophilic leukemia is rare. Increased eosinophils in the mar- 
row but not in the blood is a variant of acute myelomonocytic leuke- 
mia and inversion 16 or other abnormalities of chromosome 16 but is 
not considered an acute eosinophilic leukemia.***” First described in 
1912, acute eosinophilic leukemia is a distinct entity that can arise 
de novo as AML, with 50 to 80 percent of eosinophilic cells in the blood 
and marrow.*** Anemia, thrombocytopenia, and blast cells in blood 
and marrow are present. There is apparent eosinophilic differentiation 
in striking proportions. The eosinophilic cells are dysmorphic and 
the cytoplasm hypogranulated with smaller than normal eosinophilic 
granules. The granules stain less intensely and are less refractile with 
polychrome stains. These findings are the result of the loss of the cen- 
tral crystalloid in the eosinophilic granules that can be identified with 
electron microscopic analysis. Biopsy of skin, marrow, or other sites 
of eosinophil accumulation often shows Charcot-Leyden crystals. A 
specific histochemical reaction, cyanide-resistant peroxidase, permits 
identification of leukemic cells with eosinophilic differentiation and 
diagnosis of acute eosinoblastic leukemia in some cases of AML with 
fewer identifiable eosinophils in blood or marrow.™ Eosinophilia, not 
part of the malignant clone, may be a feature of occasional patients with 
AML, an uncommon reactive phenomenon. In many cases, idiopathic 
eosinophilia (hypereosinophilic syndrome) is a monoclonal disorder 
representing a spectrum of more indolent chronic or subacute eosin- 
ophilic leukemia to more progressive acute leukemia (Chaps. 62 and 
89).*°! Acute eosinophilic leukemia may develop in patients having the 
chronic form of a hypereosinophilic syndrome. Overexpression of WT 
gene expression has been proposed as a means of distinguishing acute 
eosinophilic leukemia from a polyclonal, reactive eosinophilia.” 

Patients with acute eosinophilic leukemia do not usually develop 
bronchospastic signs, neurologic signs, and heart failure from end- 
omyocardial fibrosis as is seen in chronic eosinophilic leukemia, prob- 
ably because those tissue changes are the result of release of toxins in 
the granule crystalloid, absent in most eosinophils in acute eosinophilic 
leukemia and because of the shorter duration of survival in acute eos- 
inophilic leukemia. Hepatomegaly, splenomegaly, and lymphadenopa- 
thy are more common than in other variants of AML. The treatment 
approach is similar to other types of AML. A combination of cytarabine 
and an anthracycline antibiotic is an appropriate choice for treatment. 
Response to treatment is approximately the same as in other types of 
AML. 


ACUTE BASOPHILIC AND MAST 
CELL LEUKEMIA 


First described in 1906,** basophilic differentiation as a feature of 
AML is an uncommon event, occurring in approximately one in 100 
cases of AML.*” Most cases of acute basophilic leukemia evolve from 
the chronic phase of CML,°! but de novo acute basophilic leukemia, in 
which the cells do not contain the Ph chromosome, does occur.*49°5-> 
The cells stain with toluidine blue, and the basophilic granules can be 
most striking in myelocytes. In some cases of acute myelomonocytic 
leukemia associated with t(6;9)(p23;q34), basophils may be increased 
in the marrow but not in the blood. Because CML with t(9;22)(q34;q11) 
has the same breakpoint (q34) on chromosome 9 as AML with t(6;9) and 
both diseases are strongly associated with marrow basophilia, a gene(s) 
at the breakpoint on chromosome 9 may influence basophilopoiesis.“* 

Anemia, thrombocytopenia, and blast cells in the blood are present 
at the time of diagnosis. The blood leukocyte count usually is elevated, 
and proportions of the cells are basophils. The marrow is cellular with 
a high proportion of blasts and early and late basophilic myelocytes. 
Special staining with toluidine blue or Astra blue often is necessary to 
distinguish basophilic from neutrophilic promyelocytes and myelo- 
cytes. Immunophenotyping may show myeloid markers (CD33, CD13) 
that are not specific. Presence of CD9, CD25, or both is characteristic 
of basophilic differentiation. Cells may have granules with ultrastruc- 
tural features of basophils and mast cells.” Electron microscopy can 
be useful in identifying basophilic granules in cases where no granules 
are evident by light microscopy and the phenotype simulates M0.** 
Basophilic leukemia can be confused with promyelocytic leukemia if 
the basophilic early myelocytes are mistaken for promyelocytes.*” On 
the contrary, promyelocytic leukemia may have basophilic maturation 
and can be mistaken for basophilic leukemia. However, if the cells con- 
tain t(15;17), the disease should respond to ATRA and an anthracycline 
antibiotic.*“*””* Prolonged clotting time, intravascular coagulation, 
and hemorrhage are uncommon presenting features in patients with 
basophilic leukemia, but are common in patients with promyelocytic 
leukemia. Coagulopathy can occur after chemotherapy. Cluster head- 
aches, skin rashes, often with an urticarial component, and gastroin- 
testinal symptoms may be present. Elevated blood and urine histamine 
and urinary methylhistamine levels are characteristic features. Rare 
cases of a chronic course in BCR-ABL-negative basophilic leukemia 
preceding the onset of rapid progression have occurred.*” Treatment 
for acute (Ph-negative) basophilic leukemia is similar to that for other 
variants of AML. 

Mast cell leukemia is a rare manifestation of systemic mast cell 
disease (Chap. 63).°°°° It can be related to a mutation of the KIT 
gene.” The leukemic mast cells are KIT (CD117) positive, naphthol 
AS-p-chloracetate esterase positive, tryptase positive, myeloperoxidase 
negative, and CD25-negative.**°° Plasma tryptase is elevated. In some 
cases, electron microscopy of the granule-containing cells, which dem- 
onstrates the characteristic scroll-like granules of mast cells, may aid in 
distinguishing basophils from mast cells (Chap. 63). Extensive, appar- 
ently reactive, mast cell tissue infiltrations may be provoked by cytok- 
ines during the course of AML.*°°°” 

The key laboratory distinctions between acute basophilic leukemia 
and acute mast cell leukemia are that the cells in the former are naphthol 
AS-p-chloracetate esterase negative, CD11b positive, CD117 negative 
or weakly positive, CD123 positive, have no increase in cell or plasma 
tryptase, and have basophilic-like granules on electron microscopy; 
whereas, the cells in mast cell leukemia are naphthol AS-p-chloracetate 
esterase positive, CD11b-negative, CD117-positive, CD123-negative, 
have an increase in cell and plasma tryptase, and have mast cell-like 
granules on electron microscopy.*” 
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HISTIOCYTIC AND ACUTE MYELOID 
DENDRITIC CELL LEUKEMIA 


Chapter 71 discusses histiocytic and myeloid dendritic cell leukemia. 


@ DIFFERENTIAL DIAGNOSIS 


Acute leukemia in infants with Down syndrome should be differen- 
tiated from TMD (see “Neonatal Myeloproliferation and Leukemia” 
above). In adults, the term pseudoleukemia has been applied to circum- 
stances that mimic the marrow appearance of promyelocytic leukemia. 
Recovery from drug-induced or Pseudomonas aeruginosa-induced 
agranulocytosis is characterized by a striking cohort of promyelocytes 
in the marrow, which upon inspection of the marrow aspirate or biopsy 
mimics promyelocytic leukemia.5*°” 

In pseudoleukemia, the platelet count may be normal; the degree 
of leukopenia often is more profound (<1.0 x 10°/L) than usually seen 
in AML*!°”; promyelocytes contain a prominent paranuclear clear 
(Golgi) zone not covered with granules; and promyelocytes do not have 
Auer rods.*””*” Similar reactions have been reported after granulocyte 
colony-stimulating factor (G-CSF) administration.” In patients sus- 
pected of having pseudoleukemia, observation for a few days usually 
clarifies the significance of the marrow appearance, because progressive 
maturation to segmented neutrophils normalizes the marrow and leads 
to an increased blood neutrophil count. 

In patients with hypoplastic marrows, careful examination of 
specimens is required to distinguish among aplastic anemia, hypoplas- 
tic acute leukemia,*°*” and hypoplastic oligoblastic myelogenous 
leukemia (MDS).°* Leukemic blast cells are evident in the marrow 
in hypoplastic leukemia, and islands of dysmorphic cells, especially 
megakaryocytes, are present in hypoplastic oligoblastic leukemia. 

Leukemoid reactions and nonleukemic pancytopenias can be dis- 
tinguished from AML by the absence of leukemic blast cells in the blood 
or marrow.” In older children and adults, myeloblasts usually do not 
constitute more than 2 percent of marrow cells except in patients with 
a myeloid neoplasm, and the proportion of blast cells usually decreases 
in the marrow as a result of exaggerated expansion of the myelocyte 
compartment with neutrophilic leukemoid reactions. 


@THERAPY 
OVERVIEW OF TREATMENT PLAN 


The usual treatment of AML includes an initial program termed the 
induction phase. Induction may involve the simultaneous use of mul- 
tiple agents or a planned sequence of therapy called timed sequential 
treatment. Once a remission is obtained, further treatment is indicated 
to preserve the remission state. Remission is defined as elimination of 
the leukemic cell population in marrow as judged by microscopy and 
flow cytometry and the restitution of marrow hematopoiesis resulting 
in a normal or virtually normal white cell, hemoglobin, and platelet 
concentrations in the blood. The postinduction treatment can consist 
of cytotoxic chemotherapy, HSC transplantation, or low-dose mainte- 
nance chemotherapy, depending upon patient performance status and 
risk factors. If relapse occurs, treatment options may include differ- 
ent chemotherapy regimens, allogeneic HSC transplantation, or other 
investigational regimens, often as part of a clinical trial. 


DECISION TO TREAT 


Most patients with AML should be advised to undergo treatment 
promptly after diagnosis. Patients younger than 60 years of age have a 
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poorer outcome as the time from diagnosis to treatment lengthens.‘ 


Although remission rates are lower in older patients, a significant 
proportion enter remission. Occasionally, very elderly patients refuse 
treatment or are so ill from unrelated illnesses that treatment may be 
unreasonable. Age per se is not a contraindication to treatment, and 
septuagenarians and octogenarians who are fit can enter remissions. 
Treatment can be tailored to the decreased tolerance of older patients, 
some of whom have a smoldering course (see “Treatment of Older 
Patients” below). Associated problems, such as hemorrhagic manifesta- 
tions, severe anemia, or infections, should be treated in parallel. 


PREPARATION OF THE PATIENT 


Orientation of the patient and the family should provide them with an 
understanding of the disease, the treatment planned, and the adverse 
effects of treatment, as well as information about long-term prognosis to 
the extent this can be provided while awaiting cytogenetic and molecu- 
lar markers. Socioeconomic status and distance from the treatment cen- 
ter have minimal effects on survival in AML,” but impaired Karnofsky 
performance status and instrumental activities of daily living score do 
impact outcomes.°*” 

Pretreatment laboratory examination should include blood cell 
counts, cytochemistry analysis and immunophenotyping of leukemic 
cells from blood or marrow, marrow examination including cytogenetic 
and molecular analyses to include FLT3 ITD, NPM-1, CEBPa, and KIT 
mutation status in CBF leukemias, if available. If these are not available, 
they can performed later as required based on AML subtype from a 
cryopreserved specimen. Blood chemistry studies, chest radiography, 
electrocardiogram, and determination of partial thromboplastin time, 
prothrombin time, and fibrinogen level should be obtained. More 
extensive evaluation of coagulation factors should be made if (1) clot- 
ting times are abnormal, (2) bleeding is exaggerated for the level of the 
platelet count, or (3) APL or acute monocytic leukemia is the pheno- 
type. Early HLA typing is useful so that compatible platelet products 
can be provided if alloimmunization (Chap. 139) occurs and for patients 
who will become marrow transplantation candidates (Chap. 23). Herpes 
simplex virus and cytomegalovirus serotyping may be helpful, especially 
if transplantation is a consideration. HIV and hepatitis serology is indi- 
cated in patients with appropriate risk factors, and patients should have 
a baseline cardiac scan to determine ejection fraction prior to adminis- 
tration of an anthracycline antibiotic. 

A peripherally inserted central catheter or a tunneled central 
venous catheter should be placed. This access to the circulation facil- 
itates administration of chemotherapy, blood components, antibiotics, 
and other intravenous fluids and medications. It also permits sampling 
blood for analysis without patient discomfort or concern about venous 
access. Meticulous skin care at the catheter exit site is required to min- 
imize tunnel infections. Central venous catheters have become a major 
source of infection during neutropenia, especially with Gram-positive 
organisms.*” In some patients with severe coagulopathy such as those 
with APL, a tunneled catheter may be best deferred to avoid significant 
bleeding or vessel activation during insertion. In those with neurologic 
symptoms, a head computed tomographic study or MRI followed by a 
lumbar puncture should be obtained. Before procedures, adequate plate- 
let counts and control of coagulopathy should be achieved, if possible. 

Therapy for hyperuricemia is required if (1) the pretreatment 
uric acid level is greater than 7 mg/dL (0.4 mmol/L), (2) the marrow is 
packed with blast cells, or (3) the blood blast cell count is moderately 
or markedly elevated. Allopurinol 300 mg/day orally should be given. 
Allopurinol can cause allergic dermatitis and should not be used if the 
uric acid level is less than 7 mg/dL and the total white cell count is less 


than approximately 20 x 10°/L, as long as hydration is adequate and 
urine flow is high (>150 mL/h). The dermatitis may appear when anti- 
biotics are instituted. This concurrence may confound the decision to 
continue antibiotics. Thus, allopurinol should be discontinued after the 
risk of acute hyperuricosuria or tumor lysis has passed (usually 4 to 
7 days). Recombinant urate oxidase (rasburicase) can be used to pre- 
vent urate-induced nephropathy. This preparation, although costly, can 
reduce plasma urate levels by approximately 80 percent within 4 hours 
of the first drug dose. It is well tolerated, and the recommended dose 
of rasburicase is 0.2 mg/kg daily for 5 to 7 days intravenously, although 
shorter courses are usually effective. 

Attention to decreasing pathogen exposure by assiduous hand 
washing and meticulous care of catheter and intravenous sites is impor- 
tant, especially when the total neutrophil count is less than 0.5 x 10°/L. 
Care of the patient in a single room is advisable to provide privacy dur- 
ing periods of intensive care and to help decrease the risk of exogenously 
acquired infection until the neutrophil count recovers. 


REMISSION-INDUCTION THERAPY 


Principles 

The cytotoxic therapy of AML rests on two tenets: (1) two competing 
populations of cells are present in marrow—a normal polyclonal and a 
leukemic monoclonal population; and (2) profound suppression of the 
leukemic cells to the point they are inapparent in the marrow aspirate and 
biopsy is required to permit restoration of polyclonal hematopoiesis.*'>* 
Although these two principles hold in most cases, two deviations from 
these guidelines are (1) the predisposition of patients with APL to 
enter remission despite cellular posttherapy marrow*® and (2) the rare 
presence of monoclonal hematopoiesis in some cases of AML during 
remission (see “Results of Treatment” below). AML is a heterogeneous 
disease, and subgroups with different prognosis can be identified. In the 
future, incorporation of knowledge about the biology of the particular 
AML subtype may be utilized for adapted therapies, but at present, all 
subtypes of AML classified by cytogenetics or molecular changes with 
the exception of APL are approached similarly during induction, and 
often induction therapy must be started before knowledge of cytoge- 
netic and molecular factors is available.* 

The goal of induction therapy in AML is achievement of complete 
remission (<2 percent blasts in the marrow), a neutrophil count greater 
than 1000/yL, and a platelet count greater than 100,000/vL. An Inter- 
national Working Group for Diagnosis, Standardization of Response 
Criteria, Treatment Outcomes, and Reporting Standards has redefined 
outcomes in an effort to standardize reporting and comparison of data 
(see “Course and Prognosis: Results of Treatment: Definition of Remis- 
sion’ below). Other treatment guidelines have been published.****” 
The majority of adults enter remission with standard induction therapy, 
but for patients with high-risk disease, consideration can be given to an 
experimental approach, and complete remission rates do not reach 100 
percent, so clinical trial participation can be considered during induc- 
tion chemotherapy. How durable a complete remission will be attained 
in an individual patient often is difficult to predict at diagnosis. Gene- 
expression profiling can separate some patients into prognostic groups 
that may indicate patients with a high risk of not responding to standard 
approaches.' 


Cytotoxic Regimens 

Anthracycline Antibiotic or Anthraquinone and Cytarabine Current 
standard induction treatment for non-APL AML involves drug regi- 
mens with two or more agents that include an anthracycline antibiotic 


Chapter 88: Acute Myelogenous Leukemia 


TABLE 88-6. Remission Induction for Acute Myelogenous Leukemia: Examples of Cytosine Arabinoside and Anthracycline 


Antibiotic Combinations 


Anthracycline Age Range in Complete Year of 
Cytarabine Antibiotic + Another Agent No. of Patients Years (Median) Remissions (%) Report Reference 
100 mg/m?, days 1-7 DNR 50 mg/m? days 1-5 407 15-64 (47) WHS 2011 596 
100 mg/m2, days 1-7 IDA 12 mg/m? days 1-3 525 15-64 (47) 78.2 2011 596 
100 mg/m?, days 1-7 DNR 45 mg/m’, days 1-3 330 17-60 (47) 57 2009 593 
100 mg/m?, days 1-7 DNR 90 mg/m?, days 1-3 327 18-60 (48) 7) 2009 593 
200 mg/m’, days 1-7 DNR 60 mg/m*, days 1-3 200 16-60 (45) 72 2004 611 
200 mg/m?, days 1-7 DNR 60 mg/m?, days 1-3 200 16-60 (45) 69 2004 611 

Cladribine 5 mg/m?, days 1-5 
200 mg/m? twice per DNR 50 mg/m’, days 1, 3, 5 64 18-59 (46.5) 91 2003 609 
day for 10 days (some  Thioguanine 100 mg/m? 
in this report received twice per day, days 10-20 
FLAG-IDA vs. H-DAT) ae 

Gemtuzumab ozogamicin 

3 mg/m’, day 1 
3 g/m? every 12 h for 60 mg/m? DNR daily for 122 Adults 80 2000 603 
8 doses 2 days 
100 mg/m? daily for IDA 12 mg/m? daily for 3 days 153 NR 63 2000 589 
7 days (2 courses 
always given) 
500 mg/m? by Mitoxantrone 12 mg/m? for 133 15-70 (43) 60 1996 606 
continuous infusion, 3 days 
days 1-3, 8-10 Etoposide 200 mg/m? days 

8-10 
100 mg/m? daily for DNR 45 mg/m? for 3 days 113 NR (55) 59 1992 588 
7 days 
100 mg/m? daily for IDA 13 mg/m? for 3 days 101 NR (56) 70 1992 588 


7 days 


DNR, daunorubicin; FLAG, fludarabine, cytarabine, and granulocyte colony-stimulating factor; H-DAT, hydroxydaunorubicin, cytarabine, and 


thioguanine; IDA, idarubicin; NR, not reported. 


All drugs are administered intravenously, except for thioguanine, which is administered orally. The reader is advised to consult the 
original reports for details of induction, consolidation or continuation therapy, and ancillary therapy. 


or an anthraquinone and cytarabine (see “Special Therapeutic Con- 
siderations: Acute Promyelocytic Leukemia” below for therapy of 
APL).***-*!7 Remission rates in the studies cited range from approxi- 
mately 55 to 90 percent in adult subjects, depending on the composi- 
tion of the population treated (Table 88-6). The two most important 
variables are the age of the patients and the proportion of patients with 
therapy-induced leukemia or an antecedent clonal myeloid disease. In 
the studies listed in Table 88-6, the median age of the patient popu- 
lations was much younger (approximately 50 years) than the median 
age of the population of AML patients at large (approximately 70 
years); thus the results cannot be generalized (see “Treatment of Older 
Patients” below). A combination of anthracycline and cytarabine has 
been the standard induction therapy since 1973.1? A now classic stan- 
dard induction regimen is cytarabine 100 mg/m? daily by continuous 
infusion on days 1 through 7 and daunorubicin at 45 to 90 mg/m? on 
days 1 through 3, the “7 plus 3” regimen. Dose or schedule modula- 
tion of the anthracycline or cytarabine, addition of other agents such as 
etoposide, in various schedules of administration, represent attempts to 
improve upon results obtained with “7 plus 3” therapy. 


Choice of Anthracycline Development of drug resistance is 
reduced with idarubicin relative to other anthracyclines. Idarubicin 
does not induce P-glycoprotein expression, but daunorubicin, doxoru- 
bicin, and epirubicin do.*” Idarubicin 12 mg/m? gives better complete 
remission rates in younger adults than does daunorubicin 45 mg/m’, 
each given for 3 days. Amsacrine, aclarubicin, and mitoxantrone give 
improved results over standard-dose daunorubicin. In older adults, 
mitoxantrone may reduce cardiotoxicity, but this is controversial.°” In 
two randomized studies, high-dose daunorubicin (90 mg/m’) for 3 days 
resulted in superior complete remission rates as compared to 45 mg/ 
m? for 3 days when combined with cytarabine.” When idarubicin 
12 mg/m? was compared to daunorubicin 80 mg/m? for 3 days in 
patients 50 to 70 years of age, the remission rate with idarubicin was 
83 percent compared to 40 percent with daunorubicin.* Another anal- 
ysis of idarubicin compared with high-dose daunorubicin in patients 
with AML showed idarubicin to result in a higher remission rate but not 
overall survival.” In contrast, a randomized study showed no differ- 
ence in remission and long-term efficacy between idarubicin 12 mg/m? 
daily for 3 days as compared to daunorubicin, 50 mg/m? daily for 
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5 days. In light of these studies, many therapists, when using dauno- 
rubicin, use the 90 mg/m? dose for 3 days in younger patients, and this 
is in keeping with the current National Comprehensive Cancer Net- 
work (NCCN) guidelines.*” This benefit of higher dose applies only 
to younger and favorable or intermediate-risk patients.’ Dexrazox- 
ane may be given during induction to reduce the risk of cardiotoxicity 
in patients at higher than usual risk because of a history of coronary 
artery disease or congestive heart failure, but this is rarely used in 
adults.” Other regimens that incorporate fludarabine with cytarabine 
can be used in those patients for which an anthracycline would not be 
ideal. 

High-Dose versus Standard-Dose Cytarabine High-dose cyta- 
rabine does not increase complete remission rates and increases toxicity 
compared to conventional doses, especially in older patients (for doses of 
these regimens, see “Intensive Consolidation Therapy” below). Patients 
receiving high-dose cytarabine have more leukopenia, thrombocytope- 
nia, gastrointestinal problems, and eye toxicity. Disease-free survival 
and overall survival may be better than that achieved with standard 
therapy, leading some investigators to suggest use of high-dose therapy 
for induction in patients younger than age 50 years, but this approach is 
not a standard one, and these studies do not take into account the role 
of high-dose cytarabine in postremission therapy.*” Some studies show 
that marrow blast clearance is higher after an induction with high-dose 
cytarabine and that there is an improvement in disease-free survival for 
patients 50 years of age or younger. When high-dose cytarabine was 
compared to intermediate doses in induction therapy, no improvement 
in outcome was noted, and higher incidences of grades 3 and 4 toxic 
effects were noted.” A trial in younger patients with multiple arms; 
fludarabine, high-dose cytarabine, and G-CSF (FLAG regimen) with 
idarubicin resulted in a higher remission rate than did standard dauno- 
rubicin plus cytarabine with or without etoposide. Relapse rates were 
also less with the high-dose cytarabine induction (38 vs. 55 percent). 
A superior remission rate and survival was achieved in younger patients 
(<46 years) induced with a regimen containing high-dose cytarabine, 
82 versus 76 percent rate of remission and a 52 versus 43 percent rate 
of overall survival. These differences were also seen in secondary AML 
cases and in those with FLT3-ITD mutations.’ Also, complete remis- 
sion rates of greater than 60 percent have been noted with high-dose 
cytarabine in patients with poor-risk cytogenetics.°*™ 

Timed Sequential Therapy and Other Drugs Timed sequential 
therapy, which uses agents in a scheduled sequence rather than con- 
currently, may prolong remission duration. Timed sequential che- 
motherapy combining mitoxantrone intravenously (IV) on days 1 to 3, 
etoposide IV on days 8 to 10, and cytarabine IV on days 1 to 3 and 
8 to 10 resulted in a complete remission in 60 percent of patients, but 
treatment-related death in 9 percent of patients. Median disease-free 
survival was 9 months.“ 

Adding ATRA,“ gemtuzumab ozogamicin, fludarabine, 
cladribine or topotecan®'*” to induction regimens has not improved 
results significantly. A recent randomized study showed that the addi- 
tion of the purine analogue cladribine, but not fludarabine, to dauno- 
rubicin and cytarabine improved the remission rate and prolonged 
survival in patients younger than 60 years of age.‘ The addition of 
bortezomib to daunorubicin and cytarabine in those 60 to 75 years of 
age resulted in a remission rate of 65 percent. This was a single-arm trial 
with dose escalation of bortezomib.“ There are preliminary reports 
suggesting that the addition of gemtuzumab ozogamicin to standard 
induction chemotherapy may increase disease-free survival in patients 
with low- and standard-risk cytogenetic abnormalities, and inhibi- 
tors of FLT3 ITD are now being examined, but no data are available 
regarding utility of this approach.“ A recent prospective comparison of 
five different treatment strategies, adjusted for differences in prognostic 
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characteristics, did not show clinically relevant differences in outcome 
when compared to a standard cytarabine and anthracycline containing 
arm.°'” Thus, the standard practice guideline for AML, other than pro- 
myelocytic leukemia, recommends standard-dose cytarabine plus an 
anthracycline antibiotic as treatment.**” 

Hematopoietic Cytokines to Enhance Chemotherapy G-CSF 
and granulocyte-monocyte colony-stimulating factor (GM-CSF), when 
used in untreated leukemia, can increase the percentage of leukemic 
cells in the DNA synthetic phase, resulting in blast population expan- 
sion during short-term administration. This process could render the 
cells more sensitive to simultaneous chemotherapy, but clinical bene- 
fit from growth-factor priming has not been observed*'**” despite an 
increased ratio of intracellular cytosine arabinoside triphosphate to 
deoxycytidine-5’-triphosphate and enhanced cytarabine incorporation 
into the DNA of AML blasts.*!? Remission rates or overall survival did 
not differ among adult patients who received cytarabine plus idarubicin 
or cytarabine plus amsacrine with or without G-CSF given concurrently, 
but relapse rates decreased in patients who received G-CSE.°° GM-CSF 
priming in a younger patient group treated with timed-sequential 
therapy increased complete remission rates but did not impact overall 
survival.*! Thus, these growth factors are not generally considered use- 
ful as enhancers of chemotherapy. A study did, however, suggest that an 
improved event-free survival and overall survival was noted in patients 
treated with high-dose cytarabine during remission induction,*” and 
complete remissions have occurred in hypoplastic AML after G-CSF 
treatment without chemotherapy. 

Reinduction Therapy Patients who have persistent leukemia after 
the first course of induction chemotherapy generally are given the same 
regimen a second time. The effect is usually assessed by marrow aspirate 
and biopsy 7 to 10 days after completion of chemotherapy (the “14-day 
marrow” examination). For those with hypocellular marrow and no evi- 
dence of residual leukemic blasts, recovery of normal counts is awaited, 
and for those with a hypocellular marrow and a small number of resid- 
ual blasts, additional therapy may be delayed until count recovery or 
until another marrow assessment. For those with significant amounts 
of leukemic cells remaining, repeating the original induction therapy or 
use of a high-dose cytarabine regimen can be considered. The patient’s 
long-term outcome is worse if two courses of treatment are required, 
even if a complete remission is achieved. Approximately 40 percent of 
patients with persistent AML after one course of induction therapy have 
a complete remission after a second course, and disease-free survival 
at 5 years is approximately 10 percent. In some European centers, two 
courses of induction chemotherapy are given routinely, but the impact 
on remission rates or overall survival is uncertain.” The longer the time 
to remission after the first induction therapy, the shorter the duration of 
disease-free survival. High-risk cytogenetic abnormalities, antecedent 
hematologic disorders, and other poor prognostic factors can be used 
to assign nonresponders to an experimental chemotherapy regimen 
designed to treat refractory disease, rather than repeating induction 
therapy. In one study, overall response to reinduction was 53 percent. 
Those patients with poor risk cytogenetics and those with a marrow 
blast percentage of 60 percent or greater following the 7-plus-3 regimen 
induction treatment were found to have a low probability of achieving 
a complete remission with reinduction.® Mortality during induction 
therapy correlates with age and, perhaps, leukocyte count.” 


Special Considerations during Induction Therapy 

Hyperleukocytosis Patients with blast counts greater than 100 x 10°/L 
require prompt treatment to prevent the most serious complications of 
hyperleukocytosis: intracranial hemorrhage or pulmonary insufficiency. 
Hydration should be administered promptly to maintain urine flow 


greater than 100 mL/h/m’. Cytoreduction therapy can be initiated with 
hydroxyurea 1.5 to 2.5 g orally every 6 hours (total dose 6 to 10 g/day) 
for approximately 36 hours. Appropriate remission-induction therapy 
should be initiated as soon as possible after the leukocyte count has 
been decreased significantly. Simultaneous leukapheresis can decrease 
blast cell concentration by approximately 30 percent within several 
hours**!*°°! without contributing to uric acid or cellular phosphate 
release. Leukapheresis may improve acute disturbances resulting from 
the vascular effects of blast cells, but the procedure may not alter the 
long-term outcome with current therapeutic programs. Inhaled 
nitric oxide may improve the hypoxemia related to hyperleukocytosis.* 

Antibiotic Therapy Pancytopenia is worsened or induced shortly 
after treatment is instituted. Absolute neutrophil counts less than 
100/uL (0.1 x 10°/L) are expected and are a sign of effective drug action. 
The patient usually becomes febrile (>38°C), often with associated rig- 
ors. Cultures of urine, blood, nasopharynx, and, if available, sputum 
should be obtained. Because the inflammatory response is blunted by 
severe neutropenia and monocytopenia, evidence of exudates on phys- 
ical examination or imaging studies may be minimal or absent. Anti- 
biotics should be started immediately after cultures are obtained.*” 
Chapter 24 describes antibiotic usage in the setting of intensive chemo- 
therapy. Infections remain a major cause of therapy-associated morbid- 
ity and mortality.®*6 Gram-positive bacterial isolates now outnumber 
Gram-negative organisms.** Cultures are often negative, but if fever 
and other signs are present, antibiotic therapy should be continued until 
neutrophil recovery. 

Some centers use prophylactic antibacterial, antifungal, and/or 
antiviral antibiotics, whereas other centers do not. Antifungal prophy- 
laxis can consist of low-dose amphotericin or azoles such as fluconazole, 
itraconazole, posaconazole, or voriconazole.*** In a randomized study 
in patients undergoing induction therapy, posaconazole was more 
effective in preventing invasive fungal infections than fluconazole or itra- 
conazole.®’ Voriconazole was not included in the comparison. Acyclo- 
vir, valacyclovir, or famciclovir prophylaxis during remission-induction 
therapy of patients with AML does not affect the duration of fever or 
the need for antibiotics. The incidence of bacteremia is not reduced, 
but acute oral infections are less severe.*** Liposomal amphotericin, the 
caspofungins and azoles are available for treatment of established fungal 
infections. Some centers use outpatient supportive therapy, including 
oral antimicrobials, immediately after induction therapy administration 
in adult AML.“° 

Hematopoietic Growth Factors to Treat Cytopenias Cytokine 
therapy as an adjunctive treatment for AML remains controversial.‘ 
GM-CSF and G-CSF accelerate neutrophil recovery; neither GM-CSF 
nor G-CSF reproducibly decreases major morbidity or mortality. How- 
ever, one study has shown decreased mortality from fungal infections in 
older patients.” Use of cytokines during periods of cytopenia following 
induction therapy is safe, and nearly all trials have shown a modestly 
reduced duration of severe neutropenia with a variable effect on the 
incidence of severe infections, antibiotic usage, and duration of hospi- 
tal stays. Although no increase in relapse has been noted when growth 
factors are started after completion of chemotherapy, no consistent 
enhancement of remission, event-free survival, or overall survival has 
been noted.’ Therefore, the cost-effectiveness and clinical effectiveness 
of growth factor usage is doubtful. Also, growth factor usage can cloud 
marrow interpretation when used during induction. 

Component Transfusion Therapy Red cell transfusions should 
be used to keep the hemoglobin level greater than 7.0 g/dL, or higher 
in special cases (e.g., symptomatic coronary artery disease; Chap. 138). 
Platelet transfusions should be used for hemorrhagic manifestations 
related to thrombocytopenia and prophylactically if necessary to main- 
tain the platelet count between 5 x 10°/L and 10 x 10°/L.“ Patients 
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without coagulation abnormalities, anticoagulant use, sepsis, or other 
complications usually can maintain hemostasis with platelet counts of 
5 to 10 x 10°/L. Initially, random donor platelets can be used, although 
single-donor platelets or HLA-matched platelets may be preferable 
products and should be tried if random-donor platelets do not raise the 
platelet count significantly A no-prophylaxis platelet-transfusion strat- 
egy for blood cancers has been examined, but data support the need 
for prophylactic platelet transfusions.“ Family members may be effec- 
tive donors, if allogeneic HSC transplantation is not being considered 
(Chap. 139). There are data that fever should result in increasing the 
platelet count used as a transfusion threshold, and there is some sugges- 
tion that higher hemoglobin values protect against bleeding related to 
thrombocytopenia.™* 

All red cell and platelet products should be depleted of leukocytes, 
and all products, including granulocytes for transfusions, should be 
irradiated to prevent transfusion-associated graft-versus-host disease 
(GVHD) in this immunosuppressed population (Chaps. 138 and 139). 

Granulocyte transfusion should not be used prophylactically for 
neutropenia but may be used in patients with high fever, rigors, and 
bacteremia unresponsive to antibiotics, with blood fungal infections, or 
with septic shock. G-CSF administration to a volunteer donor increases 
neutrophil yield fourfold and results in posttransfusion blood neu- 
trophil increments for more than 24 hours after transfusion.“ There is 
still ambiguity about the usefulness of this approach. GM-CSF admin- 
istration may be warranted for treatment of major fungal infections 
(Chap. 24). 

Jehovah's Witnesses and others who refuse blood product support 
can survive tailored chemotherapy.“ In general, phlebotomy is mini- 
mized, and antifibrinolytics, hematinics, and growth factors are used to 
support such patients during severe cytopenias. 

Therapy for Hypofibrinogenemic Hemorrhage Patients with 
evidence of intravascular coagulation (Chap. 129) or exaggerated pri- 
mary fibrinolysis (Chap. 135) should be considered for platelet and 
fresh-frozen plasma administration before antileukemic therapy is 
started. Infusion of cryoprecipitate can be used for fibrinogen levels 
under approximately 125 mg/dL. If the findings are equivocal, patients 
should be monitored closely with measurements of fibrinogen levels, 
fibrin(ogen) degradation products, D-dimer assay, and coagulation 
times. Intravascular coagulation or primary fibrinolysis may occur in 
patients with APL and acute monocytic leukemia, but also may occur in 
occasional patients with other AML subtypes. 

Management of Central Nervous System Disease CNS disease 
occurs in approximately one in 50 cases at presentation.“ Prophylac- 
tic therapy usually is not indicated, but examination of the spinal fluid 
after remission should be considered in (1) monocytic subtypes,” 
(2) cases with extramedullary disease, (3) cases with inversion 16** 
and t(8;21)*%6° cytogenetics, (4) CD7- and CD56-positive (neural-cell 
adhesion molecule) immunophenotypes, and (5) patients who pres- 
ent with very high blood blast cell counts. In these situations, the risk of 
meningeal leukemia or a brain myeloid sarcoma is heightened, but pro- 
phylactic intrathecal chemotherapy is not recommended if high-dose 
cytarabine is used for consolidation. Patients who present with neuro- 
logic symptoms should have a head computed tomogram or MRI to rule 
out hemorrhage or mass effect. If negative, a lumbar puncture should 
be performed. Treatment of meningeal leukemia can include high-dose 
intravenous cytarabine (which penetrates the blood-brain barrier), 
intrathecal methotrexate, intrathecal cytarabine, cranial radiation, or 
chemotherapy and radiation in combination.“ If CNS leukemia is pres- 
ent, intrathecal therapy is often given twice per week until blasts are 
cleared, and then once per week for 4 to 6 weeks. This therapy can be 
accomplished via the lumbar puncture route or through placement of 
an Ommaya reservoir. If there is a mass present, radiation or high-dose 
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cytarabine with glucocorticoids can be considered.*' Systemic relapse 
commonly follows relapse in the meninges, and concurrent systemic 
treatment usually is indicated. Long-term success is unusual unless allo- 
geneic HSC transplantation is possible. Unless the patient has neuro- 
logic symptoms, lumbar puncture generally is deferred until blood blast 
cells have cleared. No consensus exists on a trigger for platelet transfu- 
sion in adults with AML undergoing lumbar puncture, but a platelet 
count less than 20 x 10°/L has been proposed as such a trigger, but 
many therapists use a higher platelet count (e.g., 50 x 10°/L) as a safety 
threshold for lumbar puncture. 

Management of Nonleukemic Myeloid Sarcoma Some patients 
present with myeloid (granulocytic) sarcomas without evidence of leu- 
kemia in the blood or marrow (see “Myeloid [Granulocytic] Sarcoma” 
earlier). Myeloid sarcoma may be the presenting finding in approxi- 
mately 1 percent of patients with AML. Such patients should receive 
intensive AML induction therapy.” Intensive therapy results in a lon- 
ger nonleukemic period than patients who have undergone surgical 
resection or resection followed by local irradiation.” Whether such 
patients should undergo allogeneic HSC transplantation in first remis- 
sion irrespective of other factors has not been determined. Median 
relapse-free survival is approximately 12 months after AML-type 
chemotherapy.”® Patients with trisomy 8 have poorer survival rates. 


POSTREMISSION THERAPY 
Cytotoxic Therapy 


General Considerations Postremission therapy is intended to pro- 
long remission duration and overall survival, but no consensus exists 
regarding the best approach. Postremission chemotherapy that does not 
produce profound prolonged cytopenias, closely simulating intensive 
induction therapy, has produced on average only slight prolongation 
of remission or life. Regimens that fall between these intensities have 
been used, with equivocal results. Intensive consolidation therapy after 
remission results in a somewhat longer remission duration and, more 
significantly, a subset of patients who have a remission of more than 
3 years. The issue of postremission therapy and its impact is compli- 
cated by the large proportion of patients with AML who are older than 
60 years of age and have limited tolerance for intensive therapy. In addi- 
tion, a very small pool of leukemic stem cells may sustain the process, 
and elimination of these cells may require approaches other than inten- 
sive chemotherapy, especially in adults. 

Several randomized trials have studied whether AML patients 
in first remission should receive consolidation chemotherapy alone, 
autologous transplantation, or allogeneic HSC transplantation, with- 
out reaching a consensus. Allogeneic transplantation was compared to 
autologous transplantation using unpurged marrow and two courses of 
intensive chemotherapy in 623 patients who had a complete remission 
after induction chemotherapy.” Disease-free survival was 53 percent 
at 4 years for those receiving allogeneic transplantation, 48 percent for 
those receiving autologous transplantation, and 30 percent for patients 
receiving intensive chemotherapy. Overall survival after complete 
remission was similar in all three groups because patients who relapsed 
after chemotherapy could be rescued with allogeneic HSC transplan- 
tation. No significant difference in the 4-year disease-free survival 
between allogeneic HSC transplantation (42 percent) and other types 
of intensive postremission therapy (40 percent) has been found.®* In 
another study, only patients younger than 35 years of age with poor-risk 
cytogenetics had improved disease-free survival if they had a sibling 
donor and underwent allogeneic transplantation (43.5 percent vs. 18.5 
percent at 4 years).°” Thus, in several studies, the early mortality after 
allogeneic HSC transplantation and the chemotherapy-induced remis- 
sions in patients who relapse following autologous transplantation or 


chemotherapy have led to comparable overall survival rates. However, 
leukemia-free survival was greater after allogeneic transplantation.®* In 
the last decade, treatment-related mortality from transplantation has 
declined and matched unrelated donor transplantations are as effective 
as those from a matched sibling donor, so currently, transplantation 
is recommended for all but good-prognosis patients (CBF leukemias 
or those with NPM1 mutation without a FLT3 mutation).°” A Markov 
decision analysis has shown that patients treated with allogeneic HSC 
transplantation have a longer life expectancy compared with those 
treated with chemotherapy among patients with an intermediate- or 
unfavorable-risk prognosis. A prospective matched-pairs analysis has 
also concluded that allogeneic HSC transplantation is the most effective 
postremission therapy for AML, especially for those 45 to 59 years of 
age and/or with high-risk cytogenetics.°” When quality of life was mea- 
sured for patients in complete remission for 1 to 7 years, those treated 
with chemotherapy had the highest quality of life, whereas those who 
underwent allogeneic HSC transplantation had the lowest.°? 

The decision to utilize autologous or allogeneic HSC transplanta- 
tion or high-dose cytarabine alone for consolidation should be individ- 
ualized, based on the patient’s age and other prognostic factors, such 
as high-risk cytogenetic findings and antecedent hematologic disease. 
Patients with good-risk cytogenetics should receive up to four cycles 
of high-dose cytarabine. Patients with poor-risk cytogenetics should 
be considered for allogeneic HSC transplantation as soon as feasible. A 
meta-analysis has also shown that compared with nonallogeneic thera- 
pies, allogeneic HSC transplantation has superior relapse-free survival 
and overall survival for cases of AML classified intermediate and poor- 
risk, but not for cases considered good-risk AML in first remission.°® 

Intensive Consolidation Therapy For patients who do not 
receive high-dose chemotherapy with autologous or allogeneic trans- 
plantation in first remission, consolidation chemotherapy regimens 
containing high-dose cytarabine provide better results than inter- 
mediate-dose cytarabine,“ but these regimens are not universally 
accepted.®* Patients who are to have allogeneic HSC transplantation do 
not require four cycles of high-dose cytarabine, and may not benefit 
from even one, ifa donor is readily available. RAS mutations are asso- 
ciated with benefit from high-dose cytarabine therapy.** Patients with 
CBF leukemias such as t(8;21) also have particularly favorable responses 
to repetitive cycles of high-dose cytarabine. In patients who received 
three or more cycles, a relapse rate of 19 percent was reported.°® 

Other regimens, such as those containing gemtuzumab ozogamicin 
and fludarabine, have been used in postremission therapy, but whether 
they provide benefit over use of high-dose cytarabine has not been 
studied.” Long-term disease-free survival at 5 years generally is approx- 
imately 30 percent when two to four cytarabine-containing regimens are 
administered.*7'%" Adding mitoxantrone or amsacrine to high-doses 
cytarabine has not improved treatment outcomes in consolidation,’ 
and timed sequential chemotherapy used in consolidation did not 
improve outcome as compared with high-dose cytarabine.** Most cen- 
ters use four cycles of therapy. A cycle is 3 g/m’ twice daily on days 1, 
3, and 5, providing six doses per cycle, with cycle durations dependent 
on normal blood count recovery. The optimal number of cycles for this 
therapy is not known.*”> High-dose cytarabine can be administered at a 
dose of 3 g/m? in a 1- to 3-hour intravenous infusion every 12 hours for 
up to 6 days (12 doses), but this schedule is almost never used because of 
its toxicity. There is some evidence that two cycles of intermediate-dose 
cytarabine (1 g/m? every 12 hours for 6 days) may be a viable alterna- 
tive to the 3 g/m? for six doses schedules.*”° When 36 g/m? total dosing 
was compared with 12 g/m? dosing in the first consolidation, there was 
no improvement in treatment outcomes.” High-dose cytarabine fre- 
quently causes conjunctivitis and photophobia, and glucocorticoid eye 
drops are usually used every 6 hours until 24 hours after the last dose of 


the drug. Cerebellar function abnormalities also may occur, and these 
require cessation of drug administration. A 1-hour duration infusion of 
high-dose or reduced-dose (e.g., 2 g/m’) cytarabine may decrease the 
likelihood of severe cerebellar toxicity.°* Older patients and patients 
with renal insufficiency require dose attenuation (i.e., to 1 to 2 g/m?).°” 


Additional Maintenance Therapy 

Various forms of less-intensive maintenance chemotherapy have been 
attempted after completion of intensive consolidation chemotherapy. 
Many of the regimens consist of monthly chemotherapy, for example, 
low-dose 6-thioguanine or cytarabine. Although improved disease-free 
survival was noted in some studies, no improvement in overall survival 
has been demonstrated in most studies. Some groups are examining 
the role of demethylating agents (e.g., 5-azacytidine or decitabine) as 
maintenance therapy.“ 

Autologous Stem Cell Infusion after Myeloablative Chemo- 
therapy or Chemoradiotherapy for Consolidation Removal and 
cryopreservation of postremission marrow or collection of mobilized 
blood stem cells from patients with AML and reinfusion of these prod- 
ucts following intensive chemotherapy and/or radiotherapy is a form of 
postremission therapy (Chap. 23).° This approach is loosely referred to 
as autologous transplantation but does not cross transplantation barri- 
ers. Autologous marrow or blood stem cell rescue can be used in patients 
with AML who achieve a remission, do not have a compatible stem cell 
donor, and are as old as 70 years. With the availability of high-reso- 
lution HLA-matched unrelated donors, cord blood and haploidentical 
donors, the number of autologous stem cell transplants used in AML 
has diminished. 

Various treatment regimens for autologous transplantation in 
AML have been used,’ such as busulfan-cyclophosphamide, busulfan- 
etoposide-cytarabine, high-dose cytarabine-mitoxantrone plus total- 
body irradiation, melphalan plus total-body irradiation, and cyclo- 
phosphamide plus total-body irradiation. A disease-free survival rate of 
approximately 40 percent at 3 years is average after such regimens in 
the age-range treated.“ Long-term disease-free survival can occur 
in patients who undergo this treatment for AML in second remission.** 
Patients older than age 50 years have inferior outcomes, but no strict 
upper-age limit for this procedure has been determined.” Adminis- 
tration of two or more courses of consolidation chemotherapy prior to 
harvest and transplant is associated with decreased relapse rates and 
improved disease-free survival. A marrow nucleated cell dose greater 
than 2 x 10*/kg improves disease-free survival. Chemotherapy agents 
such as 4-hydroperoxycyclophosphamide have been used for purging 
residual leukemic cells in marrow before infusion,” and antisense 
agents reportedly diminish leukemic cell contamination.®! Use of 
marrow grafts purged of residual leukemia cells has not significantly 
improved the results obtained with unpurged marrow in many stud- 
ies, suggesting that low proportions of leukemic stem cells may not 
transplant easily or that they do not survive the freeze-thaw cycle to 
which autologous marrow is subjected as well as do normal HSCs.” 
In addition, residual leukemia in the patient may contribute to relapse. 
For these reasons, marrow purging is rarely used in AML autograft- 
ing (Chap. 23). In long-term cultures from patients newly diagnosed 
with AML, normal progenitors can be detected, and their numbers 
are increased by in vitro culture with cytokines. In oligoblastic mye- 
logenous leukemia (high-risk myelodysplasia), secondary AML, and 
therapy-related AML, leukapheresis products obtained after chemo- 
therapy and growth factor treatment contain normal progenitors,* 
indicating mobilized stem cells may be relatively free of leukemic coun- 
terparts even in the absence of ex vivo purging.” Early mortality may 
be decreased using blood stem cells because they engraft more rapidly, 
but relapse rates may be higher.*® Mobilized stem cells can be collected 
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after high-dose cytarabine plus G-CSF or after G-CSF alone.” There is 
a plateau in the survival curve after autologous stem cell transplantation 
at about 2.2 years, and there is evidence that autologous transplan- 
tation improves disease-free survival but not overall survival. The 
total number of CD34+ cells infused influences early engraftment, but 
durable engraftment is associated more closely with the CD34+/CD38- 
subset of cells in the graft.” 


Chemoradiotherapy Plus Allogeneic Hematopoietic Stem 
Cell Transplantation for Consolidation Therapy 
General Considerations Utilization of allogeneic HSC transplanta- 
tion for AML is increasing in Europe and the United States.” No strict 
upper-age limit for transplantation exists,” but many centers use age 
60 or 65 years for transplantations following ablation of hematopoie- 
sis and 70 to 75 years for transplantations not preceded by ablation of 
hematopoiesis (nonmyeloablative or reduced-intensity transplants). 
Decisions to proceed to allogeneic transplantation should be individual- 
ized, and feasibility depends on (1) the availability of a suitable donor, (2) 
the recipient's age and health status, and (3) whether AML is in remission. 
For full-intensity transplantations, the patient is prepared with a 
regimen that includes total-body irradiation and/or high-dose chemo- 
therapy, after which the donor stem cells are infused by vein. Patients 
given allogeneic blood stem cells have more rapid hematopoietic recon- 
stitution than patients given marrow stem cells, but they may have 
more chronic GVHD and comparable risk of relapse.” Chapter 
23 describes the indications, procedure, and preparative regimens for 
allogeneic stem cell transplantation. In general, no single preparative 
regimen is superior for patients with AML in first remission.” In one 
study, cyclophosphamide and total-body irradiation lowered relapse 
risk, but overall results were comparable to conditioning with chemo- 
therapy alone.” Another retrospective study showed outcomes with 
intravenous busulfan and cyclophosphamide were not different from 
those with cyclophosphamide and total-body irradiation in AML in 
remisison.”” A retrospective registry analysis showed that leukemia-free 
and overall survivals were better with busulfan and cyclophosphamide, 
as compared with total body irradiation in AML in first remission.” 
Postremission consolidation with cytarabine before allogeneic trans- 
plantation for AML in first remission does not improve outcome com- 
pared with immediate transplant after successful induction.” It is 
unclear that this result will also hold in the setting of reduced-intensity 
transplants or for transplants performed beyond first remission.” 
Related Donors When matched-sibling transplantation is per- 
formed for AML in first remission, approximately half of patients have a 
disease-free survival of 4 years. Small series using T-cell depletion have 
reported 4-year disease-free survival of 65 percent.™ Leukemia relapses 
occur in approximately 20 percent of patients who receive an allogeneic 
transplant. Patients who are alive with good performance status 3 years 
after transplantation have excellent prospects of long-term survival.” 
In the posttransplantation period, approximately one-third of patients 
die of severe GVHD, opportunistic infection, or interstitial pneumoni- 
tis. The outlook for long-term survival is improved if (1) the AML is in 
remission prior to transplantation, (2) grades III to IV acute GVHD 
does not occur, and (3) chronic GVHD is low grade.’!*”" For patients 
with unfavorable cytogenetics, an allogeneic sibling transplantation 
in first remission is often recommended.” Patients with FLT3/ITD- 
positive AML may also benefit from allogeneic HSC transplantation in 
first remission.” When AML patients in first remission were com- 
pared on a donor versus no donor basis, and more than 80 percent of 
patients with a donor went on to transplantation, patients with a donor 
had a significantly better disease-free survival, although treatment- 
related mortality was higher.” For patients with intermediate-risk cyto- 
genetics, where the decision is made to delay transplantation until first 
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relapse and second remission, physicians should identify a source of a 
HSC graft and ensure that careful monitoring of the patient occurs so 
that transplantation can be instituted as quickly as possible.” 

In an attempt to decrease the relapse rate after stem cell transplan- 
tation for advanced acute leukemia,” I-labeled anti-CD45 antibody to 
deliver radiation to leukemic cells, followed by a standard transplant 
preparative regimen, has been used. With this regimen, more radiation 
can be delivered to hematopoietic tissues compared with liver, lung, or 
kidney, which may improve the efficacy of the transplant.” 

Unrelated Donors Approximately 70 percent of all patients with 
AML are older than 50 years of age, and the current mean family size 
in the United States is slightly more than two children per family. Thus, 
only approximately 10 to 15 percent of subjects with AML are within 
the age-range and have a sibling donor for marrow transplantation. The 
ability to extend the proportion of patients who can be transplanted 
has led to histocompatible, unrelated donors or HLA type-mismatched 
sibling or parent (haploidentical) donor transplants.”° More than 
70 percent of patients of European descent can find a suitable unrelated 
-matched donor in the available donor registries,’ and another study 
showed that the majority of patients with AML in first remission for 
whom transplantation is recommended are able to undergo the proce- 
dure; the main barriers to transplantation are relapse of disease while 
awaiting a donor and poor performance status.”* Molecular matching 
of classes I and II HLA alleles adds to the clinical success of unrelated 
donor transplantations, but makes finding a donor more difficult.” 
Using such typing, studies have demonstrated that use of matched- 
unrelated donors as compared with matched-related donors result in 
similar survival times in AML.™ Transplantation benefits younger 
adults in first remission, but no difference in outcome between matched- 
related donors and matched unrelated donors.” HLA-matched or HLA- 
mismatched cord blood stem cells can be used in adults with acute leu- 
kemia but generally not for patients in first remission.” In adults, the 
numbers of stem cells available in a single cord product may not result 
in engraftment, which has led to the use of two-cord blood units for 
grafting (Chap. 23).”* 

Reduced-Intensity and Nonmyeloablative Transplantation 
Patients who, based upon comorbidities or performance status, are 
deemed too old or too ill to undergo a full-intensity (myeloablative) 
allogeneic stem cell transplantation may be offered a reduced- 
intensity transplantation procedure or a nonmyeloablative condition- 
ing regimen, provided a suitable donor is available. Reduced-intensity 
transplant results in some degree of myeloablation but in non-ablative 
transplants, autologous stem cell recovery would occur in the case of 
graft failure.” This type of transplantation for AML and closely 
related hematologic malignancies relies upon the graft-versus-leukemia 
effect as primary therapy.” These regimens have moderate hema- 
tologic and nonhematologic toxicity, and often can be performed on 
an outpatient basis. Engraftment and establishment of complete donor 
chimerism are successful in most patients. GVHD rates have been 
variable, and the ultimate risk of acute and chronic GVHD with these 
regimens is unclear. A variety of low-intensity regimens have been 
proposed.” In AML in first remission, the 1-year progression-free sur- 
vival is approximately 55 percent.” The role of this approach in the 
treatment of AML remains to be defined, and comparative trials with 
longer followup are needed. Nonmyeloablative conditioning with unre- 
lated donors has been used successfully.”””** Although randomized 
trials of ablative versus reduced dose-intensity conditioning regimens 
for transplantation of AML patients in first remission have not been 
done, there is evidence that reduced dose intensity is an inferior option 
for disease control, but that disadvantage is offset by the decreased 
treatment-related mortality.” One study found that reduced-intensity con- 
ditioning compared with myeloablative conditioning using unrelated 


donors in AML gave similar rates of leukemia-free survival.” In a 
multivariate analysis, active disease at transplant and development 
of grades II to IV GVHD after transplantation had a negative impact 
on survival in reduced-dose-intensity transplantations.” Reduced- 
intensity transplantations are feasible in elderly patients with both flu- 
darabine and low-dose total-body irradiation’’and with fludarabine 
and IV busulfan’”’ but donor availability and coexisting medical prob- 
lems often limit its use.” 

Use of Transplantation in Relapsed Patients Some form of 
allograft usually is recommended for patients in early first relapse or 
second remission, because long-term survival with chemotherapy alone 
is improbable, whereas histocompatible sibling transplants in these sit- 
uations have a 25 percent survival rate. For patients who lack a sibling 
donor, matched-unrelated donor transplantations can be effective, but 
treatment-related mortality is high, suggesting that patients with unfa- 
vorable cytogenetics should undergo a matched-unrelated donor trans- 
plantation in first complete remission, if an acceptable donor can be 
found.” However, when transplantation was compared to chemother- 
apy for AML in second remission, the 3-year probability of event-free 
survival was 17 percent with chemotherapy and 16 percent with trans- 
plantation. Patients younger than 30 years of age who were in remis- 
sion for at least 1 year fared best.” Development of chronic GVHD, 
an unrelated donor, a young age of donor, and blast cell count less than 
30 percent at transplantation were found in another series to be favor- 
able predictors of survival for transplantations performed in leukemia 
relapse.” Another study found that those with a remission duration 
of less than 6 months, circulating blasts, donor other than an HLA- 
matched sibling, poor-performance status, and poor-risk cytogenetics 
were adverse pretransplantation variables for those in relapse or pri- 
mary induction failure.” Patients with extramedullary sites of leukemia 
are more likely to relapse after allogeneic transplantation.” 

Patients with AML who relapse after allogeneic stem cell trans- 
plantation can have a long-term remission, if they undergo retransplan- 
tation.”° A second stem cell transplantation can induce 2-year overall 
survival in approximately 25 percent of patients and is effective after 
either related or unrelated donor transplantations. A clear advantage 
of changing the donor for the second transplantation has not been 
demonstrated.” 

The mechanism of benefit of allogeneic stem cell transplantation 
was thought to result from high-dose ablative chemoradiotherapy fol- 
lowed by marrow “rescue.” The increased relapse rate of AML in patients 
transplanted with marrow from identical twins, compared to noniden- 
tical siblings, or transplanted with T-lymphocyte-depleted marrow 
has indicated that an immunologic effect of donor lymphocytes may 
determine the results of transplantation. This immunologic response, 
referred to as graft-versus-leukemia effect, may play a role in preventing 
leukemia relapses.” 

Donor Leukocyte Infusion In an attempt to enhance graft- 
versus-leukemia effects, adoptive immunotherapy with donor mononu- 
clear cell infusions is sometimes used to treat relapse of leukemia after 
allografting.”** These infusions have been successful in only a minor- 
ity of patients with AML, but given the high mortality associated with 
alternative procedures such as a second transplantation, the infusions 
are a reasonable approach for patients who relapse after allogeneic trans- 
plantation.” GVHD and marrow aplasia are the major complications of 
this form of treatment.” The graft-versus-leukemia reaction is thought 
to be directed against minor histocompatibility antigens on the cell sur- 
face of hematopoietic cells, but reactions against leukemia-specific anti- 
gens are possible. Relapses after donor leukocyte infusions for recurring 
acute leukemia have a higher probability of being extramedullary.” 
Donor lymphocyte infusions are most effective in early relapses and in 
the absence of extensive of chronic GVHD.”* Some patients also enter a 


new remission upon withdrawal of immune suppression. Patients who 
enter remission by donor lymphocyte infusion or cessation of immu- 
nosuppressive agents have a better survival than those who entered 
remission with chemotherapy alone or after a second transplantation.” 
Unrelated donor-leukocyte infusions can be used to treat relapsed leu- 
kemia after unrelated donor stem cell transplantation.” Approximately 
40 percent of AML patients enter remission with this treatment. G-CSF 
has been used as an alternative to donor leukocyte infusions after AML 
relapse posttransplantation.”" Donor blood stem cells can be combined 
with chemotherapy for early relapse of AML after allogeneic stem cell 
transplantation.”” Strategies with donor leukocyte infusions are antici- 
pated to become more effective once the effector cells are identified and 
the tumor target antigens better understood.” 

Other Modalities to Decrease or Treat Relapse after 
Transplant. Killer-cell immunoglobulin-like receptor (KIR) genes 
among HLA-matched potential donors can point to donors with donor 
KIR genotype that are associated with enhanced disease-free survival.” 
Early cytomegalovirus replication after transplantation is also associ- 
ated with decreased relapse risk, possibly because of a virus-versus- 
leukemia effect in AML.” Hypomethylating agents have been used for 
the treatment of relapse after allogeneic transplantation with some suc- 
cess and with induction of T-regulatory cells.”°”"” Extramedullary sites 
of relapse are more common after transplant.”” 

Recurrent Leukemia in Donor Cells or New Leukemia in Recip- 
ient Cells Recurrence of AML in donor cells has been reported in 
patients who received transplants from healthy siblings. These recur- 
rences in donor cells occurred in approximately one in 18 relapsed 
patients who received marrow from a donor of the opposite sex.” A 
similar frequency of relapsed AML is observed in recipient cells but 
with a different clonal cytogenetic abnormality, suggesting a “new” 
leukemia.” The frequencies are dependent on the sensitivity and spec- 
ificity of cytogenetic techniques, which have been challenged. AML 
developing in a stem cell recipient but of donor cell origin long after 
transplantation has been documented in rare cases.” 

Summary of Postremission Therapy In younger patients with 
favorable cytogenetics (CBF with no mutation of KIT) or with NPM1 
or double CEBPa mutations in the absence of a FLT3 mutation, there 
is no advantage to do an allograft in first remission and four cycles of 
high-dose cytarabine is appropriate treatment. Another option would 
be two cycles of high-dose cytarabine followed by autografting, an 
approach often favored in Europe. In those with intermediate-risk cyto- 
genetics, an allograft should be considered as consolidation, and three 
to four cycles of high-dose cytarabine could be offered if a transplant 
donor cannot be found. Those with poor-risk cytogenetics or a FLT3- 
ITD mutation should be considered for an allograft in first complete 
remission. These recommendations may change as transplant mortality 
improves and subclasses of the “normal” cytogenetics group are better 
defined such that targeted agents might have an impact on relapse rates. 
After patients complete consolidation therapy, they are generally fol- 
lowed with blood counts every 3 months for 2 years, and then every 3 to 
6 months for 5 years. Marrow examination is done to confirm continued 
remission after consolidation is completed but is rarely pursued regu- 
larly thereafter unless blood counts change. 


TREATMENT OF RELAPSED OR 

REFRACTORY PATIENTS 

Chemotherapy 

Patients who relapse after remission-induction and postinduction ther- 


apy have a decreased probability of entering a subsequent remission, 
and the duration of any remission that occurs is usually shorter. In 
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patients who relapse more than 1 year after the first remission, the orig- 
inal remission-induction regimen can be readministered or a combi- 
nation salvage chemotherapy regimen can be administered. At relapse, 
cell lineage trees suggest that the leukemic cell sustaining the relapse 
resembles the leukemic stem cell of origin.” When primary tumor 
and relapse genomes are compared, two primary patterns of relapse are 
discerned: gain of mutations in a founding clone that evolved into the 
relapse clone or a subclone of the founding clone that survived induc- 
tion, gained mutations, and gained ascendancy to become the dominant 
clone at relapse.” 

Refractory leukemia is defined as leukemia that does not respond 
to initial induction chemotherapy with cytarabine and an anthracy- 
cline antibiotic or anthraquinone. Patients with refractory disease are 
more likely to have disease with adverse cytogenetic findings, a history 
of antecedent clonal myeloid disease, adverse immunophenotypic fea- 
tures, and expression of MDR.”” 

Relapsed leukemia is leukemia that recurs following a remission. 
The duration of remission greatly affects the patient’s prognosis and 
response to additional treatment. The wide range of response rates 
may not only reflect the regimen used but may also reflect variability in 
patient selection, age, and other prognostic factors.” 

Chemotherapy regimens can be divided into cytarabine-based, 
noncytarabine-based, and timed sequential therapy with growth factors 
and cytotoxic drugs. Table 88-6 lists regimens and their response rates; 
the duration of response usually is measured in months, and, therefore, 
clinical trials are also recommended for this patient group. The duration 
of response is difficult to define because many patients go on to other 
therapies, including allogeneic stem cell transplantation. 

In a large patient cohort treated on successive Medical Research 
Council trials, of those patients who relapsed after first remission, 
55 percent entered a second remission. For those with favorable cyto- 
genetics, 5-year survival was 32 percent; for those with intermediate 
cytogenetics, 5-year survival was 17 percent; and for those with adverse 
cytogenetic patterns, 5-year survival was 7 percent. In those in a sec- 
ond remission who underwent transplant, 42 as compared to 16 per- 
cent survived 5 years.’ Results from therapy were better in younger 
patients, and in those with longer first remissions, longer durations 
since last chemotherapy, and better general health. The probability of 
a second remission is approximately 40 percent in younger (ages 15 to 
60 years) and approximately 25 percent in older (ages 60 to 80 years) 
patients, but the duration of remission is nearly always much shorter 
than the first remission. An eventual fatal outcome is nearly certain 
unless allogeneic HSC transplantation can be performed. Rare patients 
may have a third (or more) relapse followed by a remission when treated 
with cytotoxic drugs, but each remission is shorter than the preceding 
one and usually is measured in weeks. For those who have favorable or 
normal karyotype, long second remission, and no previous stem cell 
transplantation, intensive chemotherapy can be useful.” In one study, 
21 (approximately 17 percent) of 124 patients had a second remission 
duration at least 2 months longer than the first remission.”” In patients 
in relapse treated with the sequential high-dose cytosine arabinoside 
and mitoxantrone (S-HAM) regimen, the duration of the first remis- 
sion was the only factor associated with a successful outcome, and 
unfavorable karyotype was the only factor related to duration of sur- 
vival.” Patients who relapse less than 1 year from remission should be 
treated with investigational agents, whereas patients who relapse more 
than 1 year later may benefit from standard reinduction therapy.””* No 
standard chemotherapy regimen provides a durable remission of AML 
patients who relapse (Table 88—7),’-”® and all such patients should be 
considered for clinical trials if available. For patients not fit for intensive 
salvage regimens, low-dose cytarabine, hypomethylating agents, or sup- 
portive or palliative care can be offered. 
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Regimen 


No. of Patients 


TABLE 88-7. Examples of Chemotherapy Regimens Used for Relapsed or Refractory Patients 


Percent of Patients Entering a 
Complete Remission (Median 


Duration) Year Reference 


Clofarabine 40 mg/m?, IV, days 1-5 163 


35.2 (6.6 months) 2012 789 


Cytarabine 1 g/m?, IV, days 1-5 163 


17.8 (6.3 months) 2012 789 


Clofarabine 25 mg/m?, IV, daily for 5 days 50 
Cytarabine 2 g/m’, IV, daily for 5 days 


G-CSF 5 mcg/kg per day subcutaneously daily until ANC 
>2,000/uL 


46 (9 months) 2011 787 


Gemtuzumab ozogamicin 6 mg/m?, IV, days 1 and 13 15 
Idarubicin 12 mg/m%, IV, days 2-4 
Cytarabine 1.5 g/m’, IV, days 2-5 


21 (27 weeks) 2003 780 


Mitoxantrone 12 mg/m’, IV, days 1-3 66 
Cytarabine 500 mg/m’, IV, days 1-3 

Followed (at blood count recovery) by: 

Etoposide 200 mg/m?, IV, days 1-3 

Cytarabine 500 mg/m?, IV, days 1-3 


36 (5 months) 2003 781 


Cladribine 5 mg/m?, IV, days 1-5 58 
Cytarabine 2 g/m?, IV, days 1-5, 2 h after cladribine 

G-CSF 10 mcg/kg subcutaneously, each day, days 1-5 
Fludarabine 30 mg/m”, IV, days 1-5 46 
Cytarabine 2 g/m?, IV, days 1-5 

Idarubicin 10/m?, IV, days 1-3 


G-CSF 5 mcg/kg subcutaneously each day, up to 6 doses 
until neutrophil recovery 


50 (29% disease-free at 1 year) 2003 782 


52 (13 months) 2003 783 


Gemtuzumab ozogamicin 9 mg/m?, IV, days 1 and 15 43 


9 2002 784 


Mitoxantrone 4 mg/m, IV, days 1-3 37 
Etoposide 40 mg/m’, IV, days 1-3 
Cytarabine 1 g/m?, IV, days 1-3, + valspodar (PSC-833) 


32 1999 785 


Fludarabine 30 mg/m’, IV, days 1-5 85 
Cytarabine 2 g/m?, IV, days 1-5+ 
Idarubicin 12 mg/m?, IV, days 1-3 


G-CSF 400 mcg/m?, subcutaneously, daily until complete 
remission 


66 1995 786 


ANC, absolute neutrophil count; G-CSF, granulocyte-colony-stimulating factor. 


Note: The reader is advised to consult the original reference for details of chemotherapy regimen administration. 


Allogeneic Hematopoietic Stem Cell Transplantation 
Allogeneic stem cell transplantation may be the only means to induce 
a sustained remission in patients with AML who do not enter remis- 
sion with cytotoxic drug therapy or who relapse after a first remis- 
sion. Approximately 25 percent of patients with refractory or relapsed 
AML have a sustained remission of at least 3 years.”° Transplant- 
related mortality at 3 years is approximately 50 percent. Relapse rates 
are higher after sibling than matched-unrelated transplantation.” If 
a histocompatible donor is available and the patient is younger than age 
50 years, allogeneic stem cell transplantation can be as successful, if it is 
performed when the patient is in early relapse compared with in second 
remission, but this is often done in the context of a clinical trial.” 
Relapse after Stem Cell Transplantation For patients who 
relapse after allogeneic stem cell transplantation, the prognosis is 
extremely poor and available chemotherapy, donor leukocyte infusions, 


or second transplants do not result in consistent durable remissions.” 
For patients who relapse after reduced-intensity allogeneic trans- 
plantations, median overall survival after relapse was found to be 
6 months, and no advantage was found for donor leukocyte infusions 
or second transplantations as compared with chemotherapy.” Patients 
who relapse after autologous stem cell transplantation can sometimes 
be salvaged with reduced-intensity allogeneic transplantation or with 
full-intensity allogeneic transplantations with high treatment-related 
mortality rates even in younger patients. 


OTHER TREATMENT MODALITIES 
Chemotherapy 


Several newer chemotherapeutic agents are being examined for treat- 
ment of AML. For example, liposomal preparations of fixed ratios of 


daunorubicin and cytarabine have entered trials.” This has shown 
some responses in older adults with secondary leukemia. 


Epigenetic Modulation 

Methylation of DNA at critical sites can cause transcriptional inactiva- 
tion of genes or chromosomal instability. In AML, aberrant methyla- 
tion, especially preferential methylation of chromosome 11, has been 
described.” Epigenetic gene silencing caused by DNA methylation is 
a target for presumptive demethylating agents such as 5-azacytidine or 
decitabine, and silencing mediated by histone deacetylation is a target 
for histone deacetylases.”* Decitabine, a potent agent, can cause mat- 
uration and growth arrest of AML cells.”°-*"! 5-Azacytidine also has 
activity in AML, and it is being studied in an oral formulation.*” These 
agents, singly or in combination, have resulted in response rates of 25 to 
60 percent. Methylome analysis may be useful as a pharmacodynamic 
end point in those treated with decitabine, and higher levels of miR- 
29b are associated with responses to decitabine.* Histone deacetylase 
inhibitors can restore retinoic acid-dependent transcriptional activation 
and maturation in AML blasts.*% Depsipeptide can promote histone 
acetylation and gene transcription in RUNX1/ETO-positive leukemic 
cells.“ Depsipeptide (romidepsin),*°* LBH589,*” vorinostat (suberoy- 
lanilide hydroxamic acid [SAHA]),*'° and MGCD0103*"' have each 
been studied in early phase trials in leukemia. Combination therapy of 
these agents with other targeted therapies is being explored,*!? and com- 
bination therapy with hypomethylating agents and histone deacetylase 
inhibitors has been reported.*” 


Inhibitors of DOT1L, Isocitric Dehydrogenase, and MDM2 

The histone methyltransferase DOTIL is necessary for sustaining 
MLL-rearranged, AML. EPZ-5676, an aminonucleoside inhibitor of 
DOTIL histone methyltransferase activity is under clinical investiga- 
tion in MLL-rearranged leukemias.*'* Other DOLTIL inhibitors are 
being explored in IDH1/2 mutated AML.*!* AGI-6780 has been iden- 
tified as an IDH2 R140Q inhibitor with potential for differentiation.*' 
Inhibitors of MDM2, a regulator of p53 and p53-specific E3 ubiquitin 
ligase have also entered trials.*”” 


Antibodies to CD33 

The CD33 antigen is expressed on approximately 90 percent of AML 
blasts and is a target for antibody-mediated destruction. Gemtuzumab 
ozogamicin is a recombinant humanized anti-CD33 monoclonal 
immunoglobulin G, antibody conjugated to the cytotoxin calicheami- 
cin.“ The conjugated antibody is rapidly internalized and causes 
subsequent cell apoptosis.‘ Hyperbilirubinemia and transaminase 
elevations can occur. Although it results in similar survival rates as 
standard chemotherapy reinduction, its use was associated with fewer 
days of hospitalization.*” In patients who relapsed between 3 and 11 
months, gemtuzumab ozogamicin resulted in higher remission rates 
compared to regimens containing high-dose cytarabine in different tri- 
als. However, in patients who had prolonged first remissions of greater 
than 19 months, cytarabine resulted in superior remission rates.™! Prior 
gemtuzumab ozogamicin exposure may increase the risk of venoocclu- 
sive disease in patients who later undergo myeloablative allogeneic HSC 
transplantation procedures.*” Gemtuzumab ozogamicin was approved 
by the FDA in 2000, but withdrawn from the market in 2010. Studies in 
Europe are examining its role in induction treatment coupled with stan- 
dard chemotherapy, in postremission therapy, and in the treatment of 
APL.*?-* Tn those studies, it did not alter remission rates but appeared 
to decrease relapse rate or improve relapse-free survival. 


Therapies Targeted to Signal Transduction Mediators 
Tyrosine Kinase Inhibitors: FLT3 Inhibitors Constitutively activating 
FLT3 receptor mutations have been found in approximately 30 percent 
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of patients with AML. Several small-molecule FLT3 tyrosine kinase 
inhibitors have been formulated, but none have yet received regula- 
tory approval.*****! Myeloblast differentiation may occur, including a 
syndrome with neutrophilic dermatosis wherein the neutrophils are 
FLT3-positive.“” FLT3-mutant allelic burden may predict response 
to such inhibitors." These agents are in phase I and phase II trials, 
in which they have induced a decline in blood blast cells, but rarely 
result in complete remissions.*****° Newer-generation FLT3 inhib- 
itors have been developed in an attempt to improve their effects.** 
Crenolanib may inhibit both ITD and TKD mutations.*” Quizartinib 
(previously AC220) showed activity in a phase I study in relapsed/refrac- 
tory AML, especially in patients with FLT3-ITD mutations.** Trials are 
now under way to examine inhibitors such as midostaurin (PKC412)*” 
and sorafenib™ in combination with cytostatic drugs for AML. 

Kit Tyrosine Kinase Inhibitors: Imatinib Mesylate Activation of 
the KIT tyrosine kinase by somatic mutation has been documented in a 
small minority of AML cases. Paracrine or autocrine activation of KIT 
may occur in AML cells.“ Imatinib mesylate has induced a complete 
remission in refractory secondary AML,* but this is a very uncommon 
result of its use.“ Dasatinib has been studied in CBF leukemias with 
a KIT mutation in conjunction with chemotherapy, but final results of 
studies are awaited.*“ 

Nuclear Factor-Kappa B Inhibitors AML leukemia stem cells 
have activated NF-«B, unlike normal HSCs.** Proteasome inhibitors 
such as bortezomib inhibit NF-«B and have been examined in AML. 
They have been found to increase sensitivity to chemotherapy agents in 
NPM1-mutated AML.™* Bortezomib is also being combined with che- 
motherapy agents in AML patients.*” Other inhibitors more specific to 
the NF-«B family have been proposed for study in AML." 

Other Signal Transduction and Tyrosine Kinase Inhibitors 
Numerous inhibitors of activated tyrosine kinases have been examined 
for AML therapy.*”’**° These include mammalian target of rapamycin 
(mTOR) inhibitors,**!** phosphoinositol 3’-kinase inhibitors,*°3*** AKT 
inhibitors, such as perifosine,™ small-molecule mitogen-activated 
protein kinase (MEK) kinase inhibitors,*°* Aurora kinase inhibitors,*” 
and heat-shock protein inhibitors.** None of these agents have had an 
impact on AML survival as single agents, but using a combination of 
agents that target multiple pathways or using multitargeted tyrosine 
kinase inhibitors may hold promise for incremental improvements in 
AML therapy.*” There is some indication that extramedullary disease 
may increase in incidence in cases treated with signal transduction 
agents alone.®® 

Other Inhibitors of Signal Transduction and Apoptosis 
Pathways Many malignancies overexpress antiapoptotic proteins, such 
as BCL-2 and BCL-x,.**! Small-molecule BCL-2 homology domain-3 
(BH3) mimetics such as ABT-737% and GX15-070 (obatoclax)*® 
inhibit BCL-2. CDDO-Me, a triterpenoid, studied in vitro induces apop- 
tosis and differentiation in AML cells through activation of caspase-8 
and caspase-3 and induction of mitochondrial cytochrome c release.** 

Prenylation Inhibitors: Farnesyltransferase inhibitors (FTIs)*°** 
and geranylgeranyltransferase-1 inhibitors (GTIs), such as statins, have 
been examined as therapy in AML. Examples of responses of AML to 
lovastatin have been reported.*® Simvastatin adds to the effect of cyta- 
rabine’s inhibition of AML cell lines.*” Other studies suggest that the 
statins may mediate antileukemic effects independent of Ras/Rho pre- 
nylation through blockade of cholesterol responses to cellular injury. 
Effectiveness of either FTIs or GTIs as single agents has been minimal 
in untreated AML patients.®65-°68 

Maturation Therapies Several analogues of vitamin D inhibit 
AML cells by inducing inhibition of cyclin-dependent kinases.*” In 
general, AML cells have not responded to retinoids. Single-strand con- 
formational polymorphism analysis and DNA sequencing of leukemic 
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cells from AML, other than APL, have not found mutations of RAR- 
a.’ Nevertheless, combinations of retinoids, growth factors, and che- 
motherapeutic agents are being examined for therapeutic potential in 
AML.*” Leukemias with 11q, -5, and -7 chromosome abnormalities 
have high telomerase activity, which can be inhibited by maturation- 
inducing agents.’ In one study, addition of ATRA to chemotherapy did 
not improve patient outcome but did result in a 25 percent increase in 
apoptosis in AML marrow cells in vitro.” ATRA has induced a com- 
plete remission in a patient with acute myelomonocytic leukemia.*””*” 
Arsenic trioxide induces apoptosis and cytotoxic effects in blasts from 
patients with AML other than APL, and it is not influenced by permea- 
bility glycoprotein (P-gp) expression.*”**° 


Antiangiogenesis Agents and Agents That Inhibit Microenvi- 
ronmental Interactions 

Targeting the increased vascular density of marrow noted in AML 
or cytokines secreted by marrow endothelium has been examined as 
means to inhibit AML cell growth. Amifostine,**' thalidomide,*” suni- 
tinib," and other agents that target VEGF and interleukin (IL)-8,% as 
well as of the angiopoietin signaling pathway,** are potential antiangio- 
genic agents in the treatment of AML. Lenalidomide, which also has 
antiangiogenic properties, is used to treat deletion 5q- AML.*™ Antago- 
nists of the chemokine receptor CXCR4, which plays a role in retention 
of hematopoietic cells in marrow and of integrins or selectins, have been 
proposed as therapeutic agents to overcome stromal-mediated resis- 
tance and to enhance chemotherapy-induced cell death.**°*** 


Modulation of Drug Resistance 

Numerous mechanisms of drug resistance occur in AML,*” and several 
attempts to overcome this resistance have been instituted, but none of 
the agents used, such as cyclosporine or PSC-833, have had a significant 
impact on AML outcomes to date. P-gp, MDR protein-1 (MRP-1), and 
breast cancer resistance protein (BCRP) expression all have been found 
in AML.*8* 


Other Immunotherapy and Antisense DNA Approaches 
Culture of AML blasts upregulates costimulatory molecules, and the 
role of dendritic cells in antileukemia therapy is being examined.***! 
Other approaches to generating autologous T-cell antileukemic activity 
include vaccination with AML-specific peptides, immunization with 
AML blasts exhibiting dendritic cell phenotype and function,””*” and 
pulsing normal dendritic cells with AML-specific peptide sequences.** 
Natural killer cells may mediate antileukemia effects.*°* Low doses 
of IL-2 have been used in the maintenance phase of AML, and some 
patients have remained on this regimen for 10 or more years without 
significant side effects.” However, low-dose IL-2 does not improve out- 
comes when used as maintenance treatment in older AML patients.**”” 
The WT gene WTI is expressed on AML blasts, and a WTI vaccine 
may elicit cytotoxic T-cell responses against this protein.** Peptides 
derived from the mutated nucleophosmin I gene can elicit in vitro 
CD4 and CD8 T-cell responses.’ Other proteins against which such 
humoral responses have been elicited include minor HLA antigens and 
proteinase-3.°” Coinhibitory molecule signaling can hamper benefit 
of immune therapies, so efforts to modulate coinhibitory networks are 
underway in leukemias. Small interfering RNA (siRNA) targeting of 
transcription factors”! and GTI-2040, an antisense to ribonucleotide 
reductase, have been used in AML therapy.” In addition to CD33, 
CD45, CD66, and CD38 have been examined as targets for immuno- 
therapy of AML.” Immunotoxin conjugates are being examined in 
AML as well to increase potency of naked monoclonal antibodies. 
Alloreactive haploidentical KIR ligand-mismatched natural killer cells 
are also being examined in high-risk elderly AML cases.” 


The immunomodulatory drug lenalidomide has also been exam- 
ined in AML and has some activity in high doses in relapsed or refrac- 
tory AML.”7°°8 

The IL-3 receptor a (CD123) is overexpressed in AML as compared 
with normal HSCs, so it has been proposed as a target for chimeric anti- 
gen receptors (CARS) as a bridge to allogeneic HSC transplantation."”””” 


SPECIAL THERAPEUTIC CONSIDERATIONS 


Acute Promyelocytic Leukemia 

General Consideration in Therapy Because of the early induction 
mortality in APL, patients who are suspected based on morphology 
and presence of coagulopathy should begin ATRA without waiting for 
definitive FISH or molecular confirmation. There is now an International 
Consortium on APL, the goal is to improve outcomes through educa- 
tion and guidelines formulaton.’" While many trials with variations in 
the induction, consolidation, and maintenance phases are published, 
the clinician is urged to consider clinical trials and to follow one proto- 
col plan through all the phases of therapy. 

Induction Treatment ATRA has become a standard component of 
induction therapy for APL. Used alone, ATRA can induce a short-term 
remission in at least 80 percent of patients.°'* However, ATRA should be 
combined with an anthracycline such as idarubicin or with arsenic tri- 
oxide during induction treatment for most benefit and to prevent drug 
resistance.’ Idarubicin by itself can induce remission in approximately 
75 percent of patients.” A typical induction regimen for APL is ATRA 
45 mg/m’ daily in divided doses with idarubicin at standard induction 
doses (e.g., 12 mg/m? on days 1 to 3).”’>°'® Although cytarabine has been 
largely abandoned as part of induction, some studies show a high degree 
of efficacy of high-dose cytarabine combined with ATRA.*” There is evi- 
dence that in patients who present with a white cell count of 10 x 10°/L 
or greater, the complete remission rate and overall survival may be supe- 
rior when cytarabine is added to induction or consolidation regimens, 
especially if arsenic trioxide is not part of the induction regimen.”'*’” 
The addition of arsenic trioxide to ATRA and idarubicin in induction 
regimens results in approximately 95 percent complete remission rates. 
This approach allows reduction in anthracycline usage and excellent 
overall survival (93 percent).°” In low- to intermediate-risk APL (WBC 
<10 x 10°/L), the combination of ATRA and arsenic trioxide was found 
equal to, or possibly superior to, an ATRA plus chemotherapy regi- 
men.”!*” Also, there was less hematologic toxicity and fewer infections 
with that combination of drugs. Older patients generally tolerate a com- 
bination of ATRA and an anthracycline.’ Combinations that include 
gemtuzumab ozogamicin are being examined for their effectiveness in 
APL induction therapy, but this antibody is no longer marketed in the 
United States.”* The combination of ATRA and arsenic trioxide results 
in more rapid remissions and lower PML-RAR-a transcript levels than 
either agent alone.” Despite the high remission rates and frequency 
of long-term event-free survival achieved in this disease, controversies 
remain regarding therapy because of the 5 to 10 percent of patients who 
die as a result of fatal intracranial hemorrhage.” This relatively high 
early death rate (17.3 percent) persisted despite use of ATRA in induc- 
tion therapy.””” Thus, there are several induction regimens that can be 
chosen to treat APL based on WBC at diagnosis and, to a lesser extent, 
patient age and ability to tolerate anthracyclines. For those with low-risk 
disease, a combination of ATRA plus arsenic trioxide, ATRA plus idaru- 
bicin alone, or ATRA plus daunorubicin plus cytarabine can be used. In 
high-risk patients, ATRA plus daunorubicin and cytarabine, ATRA plus 
idarubicin, or ATRA and arsenic trioxide with idarubicin (dose-adjusted 
based on age) can be used.” Table 88-8 lists APL induction regimens. 

All-Trans Retinoic Acid: Dose and Mechanism of Action ATRA, 
an analogue of vitamin A, has been used to initiate the therapy of APL 


TABLE 88-8. Examples of Treatment Protocols for Acute 


Promyelocytic Leukemia 
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Induction Consolidation Reference 
HIGH-RISK PATIENT 
ATRA 45 mg/m? PO in 1st Cycle: Daunorubicin 60 922 
divided doses mg/m? IV for 3 days; Cyta- 
Daunorubicin 60 mg/ rabine 200 mg/m? IV for 7 
m? IV for 3 days days 
Cytarabine 200 mg/m? 2nd Cycle: Cytarabine 2 g/ 
IV for 7 days m? (or 1.5 g/m? in older 

patients) IV, every 12 hours 

for 5 days plus daunoru- 

bicin 45 mg/m? IV for 3 days 
ATRA 45 mg/m? PO 1st Cycle: ATRA 45 mg/m? 928 
(days 1-36 in divided PO in divided doses for 28 
doses) days; arsenic trioxide 0.15 
Idarubicin (6-12 mg/ _- ™9/kg IV per day for 28 
m? based onage) Von ays 
days 2, 4,6, and 8 2nd Cycle: ATRA 45 mg/m? 
Arsenic trioxide 0.15 PO for 7 days every 2 weeks 
mg/kg IV (days 9-26) x 3. Arsenic trioxide 0.15 

mg/kg per day x 5 days IV 

for 5 weeks 
LOW-RISK PATIENT 
ATRA 45 mg/m?POin Arsenic trioxide 0.15 mg/kg 921 
divided doses daily IV per day, 5 days per week 
until remission; arsenic for 4 weeks every 8 weeks 
trioxide 0.15 mg/kg IV for 4 cycles 
daily until remission ATRA 45 mg/m? PO per day 

for 2 weeks every 4 weeks 

for 7 cycles 
ATRA 45 mg/m? PO 1st Cycle: ATRA 45 mg/m? 919 


in divided doses until 
clinical remission; Ida- 


PO for 15 days; idarubicin 5 
mg/m? IV for 4 days 


rubicin 12 mg/m? IV on 


2nd Cycle: ATRA 45 mg/ 
days 2, 4,6, and 8 


m? PO for 15 days; mitox- 

antrone 10 mg/m? IV for 5 
days 

3rd Cycle: ATRA 45 mg/m? 
PO for 15 days; idarubicin 

12 mg/m? IV for 1 dose 


Note: The reader is advised to consult the original reference for details 
of the administration of the chemotherapy regimens. “High risk” is 
defined as a white cell count at diagnosis 210 x 10°/L. “Low risk” is 
defined as a white cell count at diagnosis <10 x 10°/L. 


since 1987 in the United States. ATRA induces complete remissions in 
approximately 80 percent of previously untreated patients.” In vitro, 
ATRA is 10 times more potent in inducing maturation of leukemic pro- 
myelocytes to neutrophils than 13-cis retinoic acid, the other naturally 
occurring isomer.” ATRA induces maturation of the leukemic cells 
and their apoptosis results in the reappearance of normal polyclonal 
hematopoiesis and a remission in most cases.! ATRA may induce 
synthesis of a protein that selectively degrades PML-RAR-a. ATRA can 
overcome the recruitment of histone deacetylase activity by the PML- 
RAR-« fusion gene through interference with a nuclear corepressor.” 
STAT] is induced and activated by ATRA. Promyelocytic leukemia cells 
with PML-RAR-a break-fusion sites in PML exon 6 have decreased in 


vitro responsiveness to ATRA.** The t(11;17) variant of APL, in which 
the promyelocytic leukemia zinc finger (PLZF) gene is fused to RAR-a, 
does not respond to ATRA.”* Other nonpromyelocytic leukemia sub- 
types of AML have not responded to ATRA therapy. ATRA is benefi- 
cial in APL during the induction and maintenance phases of disease,” 
and improved outcome with ATRA is reflected in the 5-year survival 
rates of 75 to 80 percent.” Additional cytogenetic changes do not influ- 
ence treatment outcomes with ATRA plus an anthracycline.” ATRA 
induction therapy can result in favorable results without blood product 
support.” 

Toxic Effects of All-Trans Retinoic Acid ATRA therapy is asso- 
ciated with dryness of the skin and lips, occasionally leading to mild 
exfoliation, nausea, headache, arthralgia, and bone pain. The white cell 
count may rise dramatically in the first week or two of therapy. Serum 
glutamic-pyruvate transaminase and triglyceride concentrations often 
increase. Leukemic promyelocytes disappear from the blood in 2 to 
4 weeks, and a normal marrow aspirate may be obtained in 4 to 10 
weeks. Anemia improves gradually. The majority of patients become 
PML-RAR-a-negative by PCR after the second consolidation therapy 
in conjunction with ATRA.’ ATRA has been used successfully to treat 
APL diagnosed during pregnancy.” ATRA has been used from week 3 
of gestation, but may result in fetal malformations when it is used dur- 
ing the first trimester. 

Differentiation Syndrome A rapid increase in the total blood 
leukocyte count to as high as 80 x 10°/L in the first several weeks of 
therapy, referred to as the differentiation syndrome (previously called 
the retinoic acid syndrome), is a potential cause of early death during 
therapy.“ The median time of onset is 11 days, but the syndrome has 
occurred up to 47 days after therapy starts.” Two approaches to treat- 
ment of this phenomenon have been suggested: early use of cytotoxic 
chemotherapy***’ and glucocorticoid administration.” The syn- 
drome consists of fever, weight gain, dependent edema, pleural or peri- 
cardial effusion, and bouts of hypotension. Respiratory distress is the 
key feature. In fatal cases, pulmonary interstitial infiltration with matur- 
ing granulocytes is prominent. Once respiratory distress is evident, the 
patient should receive dexamethasone 10 mg IV every 12 hours for sev- 
eral days. Because the syndrome may occur at relatively low total white 
cell counts and its onset is unpredictable, high-dose glucocorticoid 
therapy should be instituted if respiratory symptoms develop even in 
the absence of pulmonary infiltrates or an elevated white cell count.??°“6 
ATRA can be continued or resumed with glucocorticoids or with con- 
current cytotoxic chemotherapy, but the syndrome may recur.” This 
syndrome is not observed during maintenance therapy. It may also 
occur with arsenic trioxide therapy, and some recommend prophylactic 
glucocorticoids in those with a WBC greater than 10 x 10°/L or in those 
receiving both ATRA and arsenic trioxide.” 

Treatment of Coagulopathy Reducing the risk of early death 
from hemorrhage as a result of the coagulopathy accompanying APL 
requires use of fresh-frozen plasma, platelet replacement, and fibrino- 
gen replacement.**”” Targeted levels for platelet counts are usually 
30 to 50 x 10°/L”* and for fibrinogen levels 1.5 g/L or higher, but these 
levels are often difficult to achieve in patients with active hemorrhage.’ 
Heparin treatment was used during induction chemotherapy in the past 
to prevent onset of disseminated intravascular coagulopathy during 
treatment, but rarely is used now.”' ATRA may have some corrective 
effect on coagulation disorders in APL.” However, a reduction of 5 to 
10 percent of fatal hemorrhages has not been significant with ATRA 
used early during treatment. Paradoxically, hypercoagulable clotting 
tendency may occur in patients during the first months of ATRA ther- 
apy.™ In the coagulopathy of APL, the blasts overexpress annexin II, 
and there is evidence that the effects of annexin II can be reversed by 
L-methionine administration.’ 
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Chemotherapy Induction of remission with ATRA alone is fol- 
lowed by relapse in weeks to months unless intensive chemotherapy is 
used concomitantly.” At relapse, cells show high levels of a cytosolic 
retinoic-acid-binding protein not detected prior to ATRA therapy.” 
The mechanism of retinoid resistance in leukemic cells may involve 
cytochrome P450 and P-gp because of induction of various enzymes 
that may alter ATRA metabolism.” ATRA, whether administered as 
part of induction therapy or as maintenance therapy, confers a disease- 
free survival advantage. More than 70 percent of patients receiving 
ATRA at any point were in continuous remission at 2.5 years versus less 
than 20 percent of patients who never received ATRA.” The acquired 
in vivo resistance that occurs rapidly to ATRA as a single agent requires 
consolidation of ATRA-induced complete remission with intensive 
chemotherapy using an anthracycline antibiotic. Customary treatment 
today involves simultaneous administration of ATRA and an anthracy- 
cline and/or arsenic trioxide. Some therapists have returned to combin- 
ing an anthracycline antibiotic with cytarabine in an effort to decrease 
CNS relapse, especially in patients younger than 60 years of age with 
white counts greater than 10 x 10°/L at presentation.” Maintenance 
therapy with ATRA alone or in combination with mercaptopurine or 
methotrexate has been recommended. This additional therapy has not 
been examined in a randomized trial of ATRA dosing and scheduling, 
but ATRA usually is given in an interrupted fashion. Intensified main- 
tenance therapy may have a negative impact on those patients who have 
become negative for the PML-RAR-« fusion transcript after induc- 
tion plus consolidation therapy.’” Some therapists have proposed that 
elderly patients can be treated with ATRA and arsenic trioxide without 
chemotherapy and with addition of gemtuzumab ozogamicin in the 
event of an elevated white count at the time of diagnosis.” 

Arsenic Trioxide Arsenic trioxide can trigger apoptosis of APL 
cells at high concentrations and maturation at low concentrations. 
The presence of PML-RAR-a is important for the response. Apoptosis 
may occur through induction of activation of caspase-1 and caspase-3 
after changes in the mitochondrial membrane potential with increase 
in H,O,.*° It also may function through NF-«B inhibition.” Death- 
associated protein 5 also contributes to arsenic trioxide-induced 
apoptosis in APL.’ Arsenic trioxide given at 0.06 to 0.12 mg/kg body 
weight per day until leukemic cells were eliminated from the marrow 
induced remission within 12 to 89 days in 11 of 12 patients.° Suppres- 
sion of hematopoiesis did not occur. Rash, light-headedness, fatigue, 
and musculoskeletal pain were the main side effects. Arsenic trioxide 
can be combined with idarubicin in relapsed patients; it also has been 
used with ATRA.” A retinoic acid—like syndrome (see “All-Trans- 
Retinoic Acid: Dose and Mechanism of Action” above) has been 
described in patients with APL treated with arsenic trioxide.’ Torsade 
de pointes, an uncommon variant of ventricular tachycardia in which 
the underlying etiology and management are different from those of the 
usual variety of ventricular tachycardia, has been described with arsenic 
trioxide use,” and monitoring of electrocardiographic QTc intervals 
and electrolyte levels during therapy is recommended.” 

Consolidation Therapy Consolidation therapy is required in 
APL to achieve a durable molecular remission. Consolidation typically 
consists of anthracycline plus ATRA, but in high-risk patients, the addi- 
tion of cytarabine or use of arsenic trioxide can be used to diminish the 
rate of relapse. Almost every induction regimen described in APL has 
a distinct consolidation regimen attached to it, dependent on disease 
stratification. To achieve uniformly good responses, it is recommended 
that one follow a given protocol’s induction, consolidation, and mainte- 
nance regimen. Table 88-8 provides examples of paired induction and 
consolidation regimens. Excellent results can be achieved with all of 
these regimens, if treatment plans are executed faithfully. 


Maintenance Therapy After consolidation phases of therapy are 
complete, patients should be in a molecular remission, that is, PCR- 
negative for PML-RAR-a. ATRA maintenance with chemotherapy is 
recommended based on the APL 93 trial, which showed that relapse- 
free survival was superior with ATRA versus no ATRA, and that the 
best results were achieved when ATRA was combined with 6-mercap- 
topurine and methotrexate.” The 10-year cumulative relapse rates were 
43 percent with no maintenance, 33 percent with ATRA alone, 23 per- 
cent with chemotherapy alone, and 13 percent with ATRA and chemo- 
therapy.” Maintenance is usually recommended for 2 years, and studies 
to examine whether maintenance is beneficial in low-risk disease are 
ongoing.””* During maintenance, PCR monitoring on blood samples is 
recommended.” If the PCR is positive in blood, a marrow examination 
should be done. 

Treatment for Relapsed Acute Promyelocytic Leukemia Con- 
ventional chemotherapy can be effective after relapse. Arsenic trioxide 
has been used in those who do not achieve molecular remission at com- 
pletion of consolidation or who subsequently demonstrate molecular 
relapse and can generate high molecular remission rates in more than 80 
percent of patients alone or when combined with chemotherapy.” It is 
still uncertain whether ATRA has benefit in patients previously exposed 
to ATRA. Patients younger than age 70 years should be considered for 
allogeneic or autologous HSC transplantation after they have achieved a 
second remission or for allogeneic transplantation if a second remission 
cannot be induced.*” Other treatments for patients in relapse include 
the combination of ATRA, arsenic trioxide, and gemtuzumab ozogami- 
cin. This combination has resulted in durable remissions.” Transplan- 
tation generally is not recommended for patients with APL in first 
remission given the prolonged remissions after standard treatments. 
Allogeneic stem cell transplant is best used in advanced APL, especially 
in patients with persistent disease by PCR.*” The outcome of autologous 
stem cell transplantation in second complete remission is excellent if the 
stem cells used are negative for PML-RAR-a.*! High-dose cytarabine 
can be used for stem cell mobilization which will also treat CNS relapse, 
and when a second molecular remission is followed by an autograft, the 
5-year disease-free survival is approximately 75 percent. This result is 
superior to survival after allografting, but a direct comparison of autol- 
ogous transplantation, allogeneic transplantation, and arsenic trioxide 
or ATRA with standard chemotherapy has not been made in patients 
with APL in a second remission after relapse.” For patients in a second 
remission who are not candidates for allogeneic stem cell transplant, up 
to six cycles of arsenic can be used. 

Many cases of extramedullary relapse in APL have been reported.°” 
Many of the relapses occur in patients who received ATRA and who 
initially were diagnosed with hyperleukocytosis,”” and many of the 
patients are in marrow remission. Relapses occurring more than 5 years 
after diagnosis have been reported, some at extramedullary sites such 
as in the mastoid bone.” Early detection of relapse is important as 
those with molecular relapse before hematologic relapse has occurred 
fare best.” Patients should be monitored with PCR every 3 months for 
2 years after remission induction, especially those with intermediate- or 
high-risk disease.” 

MDS can occur in patients in remission with APL, usually 
24 months or more after diagnosis. The complication results from a sec- 
ond (drug-induced) clonal disease in long-term responders.” *”” Cases 
of therapy-related APL have been described. Patients with APL who 
are FLT3-ITD-positive generally have worse overall outcomes than do 
those persons who present with elevated white cell counts and older 
age.” There is also evidence that mutations in the ATRA-targeted ligand 
binding domain of PML-RAR-« and additional chromosome abnormal- 
ities may be associated with reduced postrelapse survival in those on 


ATRA.’ Oral arsenic trioxide and tamibarotene, a synthetic retinoid, 
are being examined in relapsed APL.” Children older than 4 years 
and adolescents have outcomes with ATRA-treated APL equivalent to 
that of adults, but younger children have more frequent relapses." 


SECONDARY ACUTE MYELOGENOUS 
LEUKEMIA 


Secondary leukemias arise after treatment of another malignancy or an 
autoimmune disease with cytotoxic chemotherapy or radiation. Second- 
ary AML responds more poorly to chemotherapy and allogeneic stem 
cell transplantation than does de novo AML. Secondary AML accounts 
for approximately 5 to 10 percent of all AML cases, although this per- 
centage is increasing.**°°” The leukemogenic risk of treatment regimens 
depends on the agents used. Future development of agents with lower 
risk of inducing AML is an important goal.” 


Effect of Topoisomerase II Inhibitors 

Exposure to topoisomerase II inhibitors (e.g., etoposide, mitoxantrone, 
amsacrine) can lead to AML with MLL gene rearrangements on chro- 
mosome 11q32.*” Inversion 16 is an uncommon aberration in sec- 
ondary AML and, like balanced translocations of chromosome bands 
11q32, 21q22, and t(15;17), is associated with prior chemotherapy 
with topoisomerase II inhibitors when seen in the setting of treatment- 
induced leukemias. The site of breakpoints within the MYH11 gene 
involved in inversion 16 may vary between therapy-induced AML and 
AML occurring de novo.” The latency period for development of AML 
after topoisomerase II inhibitors is approximately 2 years. No relation- 
ship with higher cumulative dose has been identified. Studies of single 
nucleotide polymorphisms to ascertain genetic predisposition are ongo- 
ing.™* Polymorphisms in detoxification genes and in genes involved in 
DNA repair pathways might be involved.” Even the use of low-dose or 
oral etoposide can be associated with development of secondary AML. 


Effect of Alkylating Agents and Cisplatin 

Alkylating agents cause secondary AML, often preceded by myelodys- 
plasia. The mean latency period after onset of treatment is approximately 
6 years. Deletions of all or part of chromosome 5 or 7 are the most com- 
mon cytogenetic changes. The risk is related to cumulative alkylating 
agent dose. Germline aberrancies of NFI and p53 may increase the risk 
of AML. Cisplatin used for treatment of ovarian cancer also increases 
the risk of secondary leukemia.””° 


Other Cytotoxic Agents 

Other drugs that may increase the risk of secondary leukemias include 
low-dose weekly methotrexate for rheumatoid arthritis,” etanercept 
therapy,” temozolamide,” growth hormone administration, and 
G-CSF given to patients with congenital, but not idiopathic or cyclic 
neutropenia." In the latter cases, a cause-and-effect relationship 
between MDS/AML and G-CSF therapy has not been established. 
Improved survival duration with G-CSF may allow expression of an 
underlying leukemic predisposition. 


Other Settings for Secondary Leukemia 

Patients with APL in remission may develop a new MDS (oligoblastic 
leukemia), presumably secondary to therapy.’ Series of children with 
treatment-related myelodysplasia or AML have the same latency period 
as do adults treated with alkylating agents or topoisomerase II inhibitors 
for AML." Breast cancer patients receiving doxorubicin and cyclophos- 
phamide regimens of such intensity that they required G-CSF support 
had increased rates of posttherapy AML. Breast and prostate radiotherapy 
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are associated with an increased risk of AML.'°°*"™ In patients with non- 
Hodgkin lymphoma, up to 10 percent of patients treated with either 
conventional chemotherapy or high-dose therapy developed secondary 
AML within 10 years.” Secondary leukemia is seen after autologous 
marrow or blood stem cell transplants involving high-dose chemother- 
apy and/or radiotherapy. In a study of 83 patients after autografting, 12 
had nonclonal cytogenetic abnormalities and 10 had clonal abnormal- 
ities, five of whom developed secondary AML. Onset occurred 12 to 
48 months after autografting. The relative contribution of the underlying 
disease and the conditioning therapy is uncertain.” Clonality analysis 
using an X chromosome gene, based on methylation of the human andro- 
gen receptor locus in cell samples in patients with lymphoma, found a 
clonal marrow cell population 6 months after autologous transplantation 
at a time when no morphologic or clinical evidence of AML was pres- 
ent. AML appeared later in some patients." More than 10 percent of 
patients with non-Hodgkin lymphoma who underwent stem cell rescue 
after total body irradiation and cyclophosphamide developed AML at a 
median followup of 6 years. Using a triple FISH assay to detect loss of 
chromosomal material from 5q31, 7q22, or 13q14, abnormal cells were 
detected before high-dose therapy was given to non-Hodgkin lymphoma 
patients." Thus, some patients are at increased risk for developing sec- 
ondary AML based on pretreatment chromosome studies. 


Treatment of Secondary Leukemia 

Secondary leukemia generally is treated similarly to de novo leukemia. 
However, given the lower response rates and remission durations of 
secondary leukemia, patients can be treated in clinical trials examining 
new therapies or treated initially with chemotherapy regimens used for 
refractory disease.'°'' Some patients may benefit from early allogeneic 
HSC transplantation. ®!? Autologous transplant can be successful if stem 
cells are harvested prior to the development of secondary AML.'? In 
those who have low blood blast counts, allogeneic stem cell transplan- 
tation as initial therapy may be superior to induction chemotherapy 
followed by transplantation, but this remains an area of controversy." 
Although patients may have a response rate of approximately 50 percent 
to standard induction chemotherapy, most soon relapse, and long-term 
survival is approximately 10 percent." Secondary AML more often has 
unfavorable cytogenetic features compared to de novo leukemia.'”° 


TREATMENT OF Ph CHROMOSOME-POSITIVE 
AML 


This cytogenetic variant of acute leukemia is characterized by extraor- 
dinary drug resistance. Imatinib mesylate in doses of 600 to 800 mg/day 
may produce a hematologic remission in a small proportion of patients 
with Ph chromosome-positive AML, based on the response in patients 
with CML who go on to a myeloid blast crisis. No formal studies of 
the response to imatinib mesylate of de novo Ph chromosome-positive 
AML have been performed. In myeloid blast crisis of CML, the uncom- 
mon full hematologic response (blood and marrow) usually is short 
lived, measured in weeks or a few months. This outcome also seems to 
be the case when therapy with other drugs (e.g., cytarabine, etoposide, 
anthracycline antibiotics) is included. Occasional cases in which che- 
motherapy has induced remission in Ph chromosome-positive AML 
and imatinib mesylate has appeared to help induce and sustain the 
remission have been reported.'°"” Thus, in Ph chromosome-positive 
AML, a matched-related or matched-unrelated donor stem cell trans- 
plant should be considered if the patient is younger than age 50 years. 
This approach may have the highest probability of a long-term remis- 
sion. There is little information about the use of second generation BCR- 
ABL inhibitors in this setting. 
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TREATMENT OF OLDER PATIENTS 


Biologic Features 

Approximately 65 percent of patients with AML are older than age 
60 years at the time of diagnosis.'"'* The disease in this age group is 
less responsive to therapy, and this age group has a higher propor- 
tion of patients who have oligoblastic myelogenous leukemia (MDS); 
an antecedent clonal myeloid disease; prior chemotherapy for cancer 
of another site; and comorbid conditions that decrease the tolerance 
to intensive chemotherapy programs.’ The AML cells of elderly 
patients often have more CD34 expression, suggesting origin from a 
more primitive multipotential (? stem) cell. This finding is thought to 
contribute to longer duration of postchemotherapy aplasia and to the 
increased risk of induction deaths in this age group.’”” Patients older 
than age 60 years also have a high frequency of unfavorable cytogenetic 
findings (32 percent) and higher MDR1 expression (71 percent) and 
functional drug efflux (58 percent). 1041025 


Chemotherapy 

The therapist and patient determine whether a standard regimen, a stan- 
dard regimen with dose reductions, or a special regimen is used.'°°'” 
Decisions based on chronologic age should be supplanted by mea- 
surements of cognitive, neurologic, and physical fitness used by geri- 
atricians to evaluate the wisdom of considering intensive treatment." 
These are often not well-validated in geriatric AML populations, but 
there is evidence that assessments focused on cognition and objective 
measures of physical function may predict for overall survival in those 
older than age 60 years who undergo standard induction chemother- 
apy.’ In patients older than age 60 years who are fit and otherwise are 
considered good candidates, standard two-drug therapy can be used: 
cytarabine and an anthracycline antibiotic, and on some occasions the 
addition of a third drug, etoposide. Remission rates of approximately 
35 to 45 percent can be achieved. Based on case studies, those who are 
able to receive induction chemotherapy may have a median survival 
slightly better than those who receive supportive care alone, but 
there are no randomized trials that address this issue." Patients older 
than 70 years (median: 74; range: 70 to 88) may not have much ben- 
efit from intensive chemotherapy with an 8-week mortality of greater 
than 30 percent and a median survival of less than 6 months. Some 
investigators have proposed waiting for cytogenetic information before 
therapy decisions are made in older patients. Those with unfavorable 
cytogenetics and two or more other criteria including age older than 
75 years, poor performance status, and WBC greater than 50 x 10°/L 
were found not to benefit from chemotherapy." Chemotherapy has 
been combined with growth factor support to accelerate neutrophil 
recovery in older patients.'°* In a study in which patients older than age 
55 years were randomized to receive either placebo or G-CSF after 
induction therapy, no reduction in the duration of hospitalization, sur- 
vival prolongation, or cost of supportive care was noted. In previously 
untreated elderly patients with AML, mitoxantrone induction therapy 
produces a slightly higher remission rate than did daunorubicin, but 
had no significant effect on remission duration and survival.” Oral 
idarubicin alone has been used with success. +% 

Attenuated standard regimens can be used in older patients. An 
example of an attenuated regimen is cytarabine 100 mg/m? subcutane- 
ously every 12 hours for 10 doses on days 1 through 5 and daunorubicin 
30 mg/m? IV on days 1 through 3 of treatment. One induction regimen 
is not superior to another in older patients. Outcomes achieved with 
cytarabine and daunorubicin are comparable to results with mitox- 
antrone and etoposide." Other regimens for older patients include 
lower total doses of idarubicin, etoposide, and cytarabine (DIVA 
regimen)? and a combination of continuous infusion low-dose 


cytarabine with etoposide and G-CSE'™" Temozolomide has been used 
in this age group,'’*’ and clofarabine is also being tested in patients 
age 60 years and older.'** In one study of clofarabine in older patients 
who were deemed unfit for 7-plus-3 chemotherapy, a 5-day clofarabine 
regimen resulted in a 48 percent response rate, and 18 percent died 
within 30 days.’ Another study in those older than 60 years showed a 
response rate of 46 percent and an overall median survival of 41 weeks 
and a 30-day all-cause mortality of approximately 10 percent.’ Several 
investigational therapies, including 5-azacytidine, decitabine, clore- 
tazine, and depsipeptide, are also being studied. There are also several 
reports concerning addition of other agents to standard chemotherapy 
to improve responses. These include bevacizumab, sorafenib,"” and 
gemtuzumab ozogamicin.'*'” Thus far, none of these drugs have 
resulted in improvement in overall survival. 


Autologous Stem Cell Infusion or Nonmyeloablative Alloge- 
neic Transplantation 

Autologous stem cell transplantation has been used in fit patients older 
than age 60 years.'°° The incidence of relapse is lower when marrow 
stem cells are used compared to blood stem cells. Some patients older 
than age 60 years may be eligible for reduced-intensity allogeneic stem 
cell transplantation from related or unrelated donors, but more data 
regarding outcomes are needed. In a large registry study, examin- 
ing reduced-intensity allogeneic HSC transplantation for older patients 
with AML and MDS in first remission, older age was not found to affect 
2-year nonrelapse mortality, disease-free or overall survival.'°* 


Postremission Therapy in Older Patients 

No consensus exists regarding the best regimen or the number of treat- 
ment cycles for postremission therapy in older adults. Regardless of the 
consolidation regimen, the duration of the leukemia-free survival is 
longer with high-dose cytarabine and autologous stem cell transplanta- 
tion, just as it is in younger patients,'°”” but fewer older patients can tol- 
erate this degree of therapeutic intensity. Higher-dose cytarabine can be 
used in older adults with AML, but usually at a reduced dose. Older 
patients treated with attenuated high-dose cytarabine at 750 mg/m? 
intravenously for 12 doses and then consolidated with four to six doses 
had an approximately 50 percent remission rate with a median duration 
of remission of 326 days." Fifty-one percent of 110 patients older than 
60 years of age had a 9-month median remission duration when con- 
solidated with high-dose cytarabine.’** Older patients are at higher risk 
for relapse despite successfully completing intensive consolidation ther- 
apy, regardless of whether other adverse prognostic features are present. 
Cytarabine as maintenance therapy may prolong disease-free survival 
but does not improve overall survival. Decitabine and 5-azacytidine 
are also being examined for maintenance therapy. In one randomized 
study, those receiving consolidation therapies had more hospitalizations 
and more transfusion requirements." 

Patients older than 80 years of age do not tolerate treatments well. 
Remission rates are approximately 30 percent, but the median survival 
of treated patients is approximately 1 month. Less than 10 percent of 
patients survive for 1 year. 

Unlike the case in younger patients, the treatment outcomes for 
older patients have not improved over the last two decades.’ Treat- 
ment options in older patients include (1) no treatment, (2) supportive 
care, (3) palliative low-dose chemotherapy, (4) attenuated induction 
chemotherapy, or (5) high-dose chemotherapy regimens. Investigative 
agents should also be given strong consideration in this population.” 
Comorbidities are independent predictors of complete remission and 
should be taken into account during decision making,'°" as should 
performance status.’ Some argue that the approximately 15 percent 
rate of death in those older than 60 years of age in the first month after 


standard induction chemotherapy is unacceptable given the less than 
1 year median survival expected.’ Lower-dose regimens can also be 
toxic and can lead to severe cytopenias. Use of colony-stimulating fac- 
tor permits older patients to tolerate full-dose induction therapy. The 
Medical Research Council of the United Kingdom observed remis- 
sion rates of 80 percent in children, 70 percent in adults younger than 
50 years of age, 68 percent in adults 50 to 59 years old, 53 percent in 
adults 60 to 69 years old, 39 percent in adults 70 to 75 years old, and 
22 percent in adults older than 75 years of age.’ In one study of 
patients older than 60 years of age, the 2-, 5-, and 10-year survivals were 
22, 11, and 8 percent, respectively. "6:066 The older patients who remain 
free of leukemia beyond 1 year have a reasonable quality of life. 10671068 
The National Cancer Institute 5-year relative survival rates for patients 
with AML are 11 percent for adults ages 65 to 74 years and 1.8 percent 
for adults ages 75 years and older. 

Even though t(8;21) and inversion 16 are rare in older AML 
patients, remission rates are high with these favorable prognostic chro- 
mosome changes, so induction chemotherapy is often recommended, 
although rates of relapse remain high. In parallel, elderly patients 
with unfavorable cytogenetics have a dismal prognosis, and those who 
have a monosomal karyotype have low complete remission and overall 
survival rates; 37 versus 64 percent and 8 versus 28 percent, respectively, 
in those with and without monosomal karyotype. 


TREATMENT OF PREGNANT PATIENTS 


Leukemia (AML, ALL, CML) is the second most common malignancy 
of women in the childbearing age group and is expected to occur in 
approximately 1 in 75,000 to 100,000 pregnancies. >! No systematic 
studies of the (1) effects of leukemia on pregnancy or delivery, (2) effects 
of the leukemia or its treatment on the fetus, or (3) postnatal devel- 
opment of the offspring exposed to maternal chemotherapy in utero 
have been performed. A recent literature review led to the conclusion 
that treatment during the second and third trimesters resulted in fewer 
complications to the fetus, but delaying treatment adversely affected the 
outcome of mothers. Remission rates were comparable to that of non- 
pregnant patients.'°” Folic acid inhibitors, purine, pyrimidine, or retin- 
oid analogues given during the first trimester of pregnancy increase the 
probability of major congenital malformations. In a French study of 37 
patients with acute leukemia during pregnancy, 34 patients achieved 
remission, and disease-free survival appeared equivalent to that of 
patients who were not treated during pregnancy." In another study 
from Saudi Arabia, of 21 pregnant patients with acute leukemia, 10 were 
given chemotherapy with seven livebirths and three spontaneous abor- 
tions without any teratogenetic or congenital malformations. In the 11 
not given chemotherapy until after 34 weeks of gestation, three had nor- 
mal births and eight had an abortion before starting chemotherapy.” 

If the pregnancy is not terminated, leukapheresis might be use- 
ful in the first trimester, when chemotherapy poses a high risk to the 
embryo. Intensive chemotherapy given to women in the second and 
third trimesters of pregnancy does not present an inordinate risk to 
fetal or neonatal development,'””'” although an increased frequency 
of premature delivery, higher perinatal mortality, and lower birthwei- 
ght for gestational age are observed, especially if the fetus is exposed to 
chemotherapy. 

Cytarabine is highly teratogenic in animal models and malfor- 
mations have been described in women who were treated in the first 
trimester of pregnancy. Doxorubicin is the preferred anthracycline 
antibiotic to treat pregnant women as it has lower transplacental trans- 
fer. Doxorubicin is considered relatively safe when used in pregnant 
women.’ Newborn infants may be transiently cytopenic if the mother 
receives chemotherapy near the time of delivery. Development of the 
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newborn usually is normal after intensive chemotherapy for AML dur- 
ing pregnancy, if therapy is started after the first trimester. 107210771078 
Vaginal delivery should be used whenever possible. Pregnant women 
with AML who enter remission have little difficulty with childbirth or 
postparturition. The remission rates of AML are approximately the rates 
expected for the age group, and long-term remissions can occur with 
current therapy. Leukemic infiltrates can be found on the maternal side 
of the placenta, but usually not in the villi. One case of maternal-to-fetal 
transmission of AML has been documented.’ Transmission of AML 
from one identical twin to another through a shared placental circula- 
tion accounts for the dual occurrence in twins in the first several years 
of life.” There are reports of the use of ATRA for APL treatment during 
pregnancy, but use during the first trimester is discouraged, and data 
are sparse, 211 1081,1082 


TREATMENT OF CHILDREN 


AML represents approximately 15 percent of the acute leukemias in 
children (younger than 20 years of age) in the United States. APL is 
treated as in adults, with ATRA and an anthracycline antibiotic. In other 
phenotypes of AML, intensive treatment—including initial therapy 
with cytarabine and daunomycin or doxorubicin and a third drug such 
as mitoxantrone or 6-thioguanine, followed by intensive multidrug con- 
solidation therapy including additional agents such as etoposide, and 
intrathecal cytarabine—has resulted in remission in approximately 80 
percent of children and 5-year relapse-free remissions in approximately 
50 percent of treated children.’ Most of the children in long-term 
remission are considered cured. 

Monocytic leukemia and hyperleukocytic (>100 x 10°/L) myel- 
ogenous leukemia are unfavorable phenotypes. In children, FLT3-ITD 
mutations are approximately half as common (15 percent) as in adults 
(30 percent), but are a very poor prognostic indicator." Therapy can 
be adjusted for children based on the presence of poor prognostic vari- 
ables, which include age younger than 2 years or older than 10 years; 
abnormalities of chromosome 3, 5, or 7, complex karyotypes, FLT3 
mutations, elevated white cell count of 50 x 10°/L or greater, male gen- 
der; and, perhaps, most importantly, because it reflects the effect of all 
factors, the presence of greater than 15 percent blast cells in the marrow 
examined 14 days after onset of treatment.'*'” The presence of resid- 
ual blast cells detected by flow cytometry after induction therapy is a 
very poor prognostic finding.” The duration of first remission predicts 
the subsequent remission rate and long-term survival in children with 
relapse. 

Translocations 8;21, 15;17, or inv16 are good prognostic markers. 
Loss of a sex chromosome in the t(8;21) group is especially favorable. 
Monosomy 7 and abnormalities of chromosomes 3 or 5 are poor prog- 
nostic features. °! Pediatric AML with t(8;16)(p11;p13) has been found 
to be a distinct clinical entity, and in a subset of neonatal cases, spon- 
taneous remissions can occur.’ In childhood 11p23/MLL AML, there 
are large differences in outcome based on translocation partners that 
are independent prognostic markers as assessed in a large international 
study. When gene mutations were examined in childhood leukemia, 
FLT3-ITD was most frequent, and 29 percent had more than one gene 
mutation. Mutated epigenetic regulators were less than in adults, but 
were often seen with other mutations." 

In the United Kingdom Medical Research Council Trial 12, 
completed in 2002, using daunorubicin, mitoxantrone cytarabine, 
etoposide, and asparaginase in different combinations, approximately 
90 percent of children with AML had a remission, 60 percent of chil- 
dren had a 5-year disease-free survival, and most were considered 
cured.'' Approximately 4 percent of children are drug resistant with 
this program and approximately 4 percent die during induction and 
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intensification therapy. Studies are under way to examine the effects of 
using fludarabine in the regimen (Medical Research Council 15 Trial). 

Autologous stem cell transplantation has not improved outcome 
compared to current intensive chemotherapy treatment regimens. °” 
Allogeneic stem cell transplantation from a histocompatible sibling 
should be considered in children in first remission with a donor and 
poor prognostic indicators or in children who relapse.’ Trials have 
shown good results of allogeneic transplantation in first remission; 
event-free survival was better in childhood AML with those allografted 
than with those who underwent autografting." Children younger than 
age 2 years previously had a very poor prognosis. They tend to present 
with myelomonocytic or monocytic leukemia with high blast counts 
and CNS involvement. The t(9;11) abnormality has a more favorable 
prognosis. Intensive multidrug regimens have resulted in 3-year surviv- 
als approaching 70 percent of all infants treated. Thus, most infants can 
be successfully treated with intensive chemotherapy or allogeneic stem 
cell transplantation. 8 Cord blood may be a suitable allograft option 
for children with AML who lack an acceptably matched unrelated mar- 
row donor.’ 

Growth failure, neurocognitive abnormalities, endocrine deficien- 
cies, and cardiac abnormalities are found in children treated at a young 
age." The occurrence of a second malignancy in cured children is 
approximately 10-fold greater than expected in a matched population 
by age.” Indefinite followup of children in remission or believed to 
be cured is important to assess developmental and intellectual progress 
and to evaluate long-term adverse events. 


NONHEMATOPOIETIC ADVERSE EFFECTS OF 
TREATMENT 


Skin Rashes 

More than 50 percent of patients with AML develop skin lesions dur- 
ing remission-induction or remission-consolidation therapy. The rash 
may be on the trunk and extremities. The rash usually is maculopapu- 
lar initially but can become hemorrhagic in patients who have throm- 
bocytopenia. Allopurinol, trimethoprim-sulfamethoxazole, and other 
B-lactam antibiotics are commonly implicated causes. Use of multi- 
ple drugs enhances the probability of skin reactivity of patients.'!? 
Cytostatic therapy coupled with the effects of leukemia predisposes 
patients to an increased frequency of allergic dermatitis. 


Cardiac Toxicity 

Alterations in cardiac function, especially left ventricular and intraven- 
tricular septal diastolic wall motion abnormalities, occur frequently in 
patients after they are exposed to the anthracycline antibiotics, daunoru- 
bicin, or doxorubicin.'' The risk of serious cardiac effects is correlated 
with increasing dose of anthracycline antibiotic, increasing patient age, 
and presence of underlying heart disease. Adverse effects include elec- 
trocardiographic changes, such as prolonged QT interval, myocarditis, 
pericarditis, myocardial infarction, and congestive heart failure. The 
incidence of congestive heart failure is dose related and ranges from 
approximately 5 percent at doses of 550 mg/m’ to greater than 30 per- 
cent at doses of 600 mg/m?.'!™ The frequency and long-term sequelae 
increase as anthracycline dose increases. However, even lower doses of 
these agents exert negative effects on cardiac myocytes. Measurement 
of heart wall behavior, valvular competence, and ejection fraction by 
ultrasonography can assist in assessing the risk of proceeding with 
anthracycline treatment in patients with or without pretreatment heart 
disease. In younger patients, transient abnormalities, although 
frequent, often improve after therapy is completed. Increased long- 
term remissions in children and younger adults have led to an increase 


in serious ventricular and valvular disturbances years after therapy in 
some patients. Periodic evaluation of cardiac status by ultrasonography 
should be undertaken in long-term survivors.'!% Cardiomyopathy and 
heart failure can occur 10 to 15 years after therapy. Two approaches that 
may ameliorate the cardiomyopathic effect of anthracycline antibiotics 
are the use of these agents in liposome encapsulated preparations” and 
the use of dexrazoxane. Either approach may reduce the cardiotoxicity 
of anthracycline antibiotics." 


Hepatitis 

Hepatitis may occur in multiply transfused patients and usually is mild, 
but persistent hepatitis can develop, although hepatitis viruses A and B 
infection are not increased above the expected incidence in the general 
population. Hepatitis caused by type A virus is nearly nonexistent early 
in the course of AML. Cases of type B hepatitis can occur infrequently 
in patients who are carriers of the B virus and in whom chemother- 
apy and transient immunosuppression reactivate the virus.''”"!!"" These 
rare cases of fibrosing cholestatic hepatitis can be fulminant. Screening 
blood products for hepatitis virus C has markedly decreased the risk of 
hepatitis C."” Reactivation of carriers of the C virus after chemotherapy 
is unusual." Medication induced chemical hepatitis or cholestasis can 
occur but is usually reversible. Iron overload in the multiply transfused 
survival may lead to later liver abnormalities. 


Systemic Candidiasis Syndrome 

The syndrome is manifested by fever, abdominal pain, and hepatomegaly. 
Increased serum alkaline phosphatase activity often is noted. Blood 
cultures are often negative. Abdominal ultrasonography, computed 
tomography, and MRI show characteristic hepatic lesions: circular 
areas of decreased attenuation of liver and often spleen, kidney, lung, 
or paraspinal muscles by imaging." Ultrasonography reveals multiple 
hypoechogenic areas with a bull’s-eye appearance. Laparoscopic-guided 
liver biopsy reveals yellow nodules on the liver surface, which on micro- 
scopic examination are large granulomas with Candida and pseudohy- 
phae. Cure of this infection is possible with long-term (2 to 10 months) 
antifungals. Hepatosplenic candidiasis is seen much less frequently 
when azoles are used for fungal prophylaxis. 


Neutropenic Enterocolitis 

Necrotizing inflammation of the cecum with secondary infection can 
occur in patients with acute leukemia on intensive chemotherapy.” 
Bacteremia may occur. Right lower abdominal pain and fever can sim- 
ulate appendicitis. The diagnosis can be confirmed by sonography or 
computerized tomographic scanning in which a characteristic mucosal 
thickening and polypoid appearance are evident.''*’"'© Management 
includes bowel rest, nasogastric suction, fluids, and antibiotics. Par- 
enteral alimentation is sometimes used but is generally not helpful. 
Restoration of the neutrophil count after chemotherapy is an important 
feature of resolution. In the absence of resolution, right hemicolectomy 
should be considered but is a last resort in neutropenic patients, usually 
imposed if hemodynamic stability is lost.” 


Thromboembolic Disease 

Although bleeding is associated with AML, thrombotic complications 
can also occur; up to 10 percent in APL and up to 3 percent in other 
AML subtypes." Management can be difficult because of thrombocy- 
topenia. Central lines may contribute to this incidence." Thrombotic 
thrombocytopenic purpura has also been reported in patients in remis- 
sion of AML during consolidation chemotherapy.'” Patients with AML 
undergoing allogeneic stem cell transplantation also may develop post- 
transplantation thrombotic thrombocytopenic purpura, which rarely 
responds to plasmapheresis. 


Fertility and Gonadal Function 

Patients treated for AML, especially patients undergoing condition- 
ing for allogeneic stem cell transplantation, have decreased gonadal 
function.!7!"!> Men may develop oligospermia. Women may develop 
ovarian dysfunction and very high gonadotropin levels." Men recover 
gonadal function more often and sooner than do women. Recovery of 
ovarian function in women is partly dependent on a younger age at the 
time of treatment. In survivors of childhood AML treated only with 
chemotherapy and not transplantation, normal pubertal development 
and fertility are found, but antimiillerian hormone was low in some 
women. Women in remission following treatment for AML with 
allogeneic transplantation can become pregnant and deliver healthy 
infants'!°"!””; however, this preservation of fertility is rare." Histologic 
studies of the testes show marked suppression of spermatogenesis as a 
function of duration of treatment for AML and not of the specific agents 
used or the patient’s age. Residual spermatogenesis in intensively treated 
patients enables recovery of reproductive function in males." Males 
receiving intensive daunorubicin, cytosine arabinoside, or 6-thiogua- 
nine treatment for AML have conceived children during therapy." 
Banking of sperm should be offered, and cryopreservation of ova can 
be attempted prior to institution of cytotoxic therapy, but often nei- 
ther is logistically possible or successful in patients with AML who are 
acutely ill at presentation and require urgent chemotherapy.'”! Banking 
of sperm or ova-ovarian tissue should be considered before myeloabla- 
tive conditioning regimens for transplantation are administered. Many 
AML survivors report they were not, or not fully, informed about fertility- 
related issues.‘ 


@ COURSE AND PROGNOSIS 


RESULTS OF TREATMENT 


Definition of Remission 

Complete remission (CR) after AML therapy is defined as neu- 
trophil count greater than 1000/uL and platelet count greater than 
100,000/uL"* with less than 5 percent blasts morphologically in mar- 
row and the absence of extramedullary AML, although this definition 
has been called into question." Remission with incomplete platelet 
recovery CR ies (CRp) has all these requirements but the platelet 
count does not reach 100 x 10°/L. In a large cooperative group study, 
at least 94 percent of patients receiving cytarabine-based therapy who 
survived more than 3 or 5 years achieved a remission. Three- and 5-year 
survivals with CRp were less frequent.'** With residual leukemic cell 
detection now possible by flow cytometry, cytogenetic, and molecular 
methodologies, definitions of remission may change. Persistence of 
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cytogenetic abnormalities at morphologic remission after induction 
therapy predicts for a significantly shorter relapse-free survival and 
overall survival, for example.!!5 


Rates of Remission 

Remission rates have improved dramatically in the last 60 years, but 
remission, relative 5-year survival, and cure rates are most dependent 
on the patient’s age when AML occurs.'**"'” Initial remission rates now 
approach 90 percent in children, 70 percent in young adults, 60 percent 
in middle-aged patients, and 40 percent in older patients. Within age 
groups, remission is related to other variables such as cytogenetic risk 
category and expression of MDR genes in leukemic cells, but these vari- 
ables also are correlated with age at onset. For example, the more favor- 
able cytogenetic patterns t(8;21), t(15;17), inv16, or t(16;16) are present 
in approximately 30 percent of patients between 10 and 39 years old, 
15 percent of patients between 40 and 59 years old, and 5 percent of 
patients 60 to 90 years old (Table 88—-9)."'*” Other factors, such as AML 
evolving from a prior clonal myeloid disease or developing as a result 
of cytotoxic treatment for another cancer or immune disorder, can 
decrease the expected remission and survival rates for the age group. In 
one study, treatment-related AML was an adverse prognostic factor for 
death in remission for younger patients and for relapse in remission in 
older patients." Age-related comorbid conditions may limit the appro- 
priateness or tolerance of intensive therapy, decreasing the opportunity 
for remission. The expected increase in the proportion of old and old- 
old individuals in the population may decrease remission rates and their 
duration unless counteracting improvements in treatment approaches 
are developed. In one study of 1069 consecutive AML patients in first 
CR treated between 1991 and 2003, the yearly risk of treatment failure 
was 69.1 in the first year, 37.7 in the second year, 17 in the third year, 
7.6 in the fourth year, and 6.6 in the fifth year. The effects of cytogenetics 
remained constant during the first 3 years, but the effect of age increased 
with time. The probability of relapse-free survival at 6 years was 84 percent 
for those in remission at 3 years, but for the group older than 60 years 
old, it was only 56 percent, suggesting that different variables contribute 
differently over time to overall outcomes." 

Early death can occur during induction chemotherapy, and per- 
formance status and age are the most important predictors of treatment 
related mortality. Age may be primarily a surrogate for other factors 
which also predict treatment related mortality." 


Clonal Remissions 

A small proportion of patients who enter remission have apparently 
normal hematopoiesis supported by a single clone rather than the 
expected polyclonal hematopoiesis. Evidence points to this clone being 


TABLE 88-9. Frequency of Cytogenetic Findings with a More Favorable Prognosis by Age Group 


Favorable 
No. of Cases t(8;21) (No. of t(15;17) (No.of  Inv16/t(16;16) Total (No. of Karyotypes (% of 
Age (Years) Studied Cases) Cases) (No. of Cases) Cases) All Cases) 
10-39 307 27 38 33 98 32 
40-59 584 36 28 28 92 16 
60-69 579 18 24 21 63 11 
70-79 381 5 17 4.5 
>80 45 1 2 0 3 6.6 
Total 1896 87 99 87 273 22 


These observations were made in Germany by Claudia Schoch and colleagues and kindly provided to the authors. (See also Schoch C, Kern W, 
Krawitz P, et al: Dependence of age-specific incidence of acute myeloid leukemia on karyotype. Blood 98:3500, 2001.) 
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a preleukemic cell rather than a normal stem cell.'"*'"!* This finding 
is in keeping with previous hypotheses about the possible patterns of 
remission and relapse in AML"®#-"48 and has implications for minimal 
residual disease detection. 


Spontaneous Remissions 

Spontaneous disappearance of AML has been reported for more than 
100 years; however, most cases reported before 1960 had poor doc- 
umentation of the diagnosis. Bona fide cases of AML patients who 
entered CR, usually after or concurrent with an infection, occur but are 
very rare.'*""!5! The occurrence of spontaneous remission with infec- 
tion is consistent with the observation that the antibody response to 
Pseudomonas vaccine" correlates with improved probability of che- 
motherapy-induced remission. Spontaneous remissions often are short 
lived but have lasted up to 3 years in adults and more than 9 years in 
children." A particularly notable case of remission for more than 60 
years has been documented following “treatment” prior to the intro- 
duction of chemotherapeutic drugs. The regimen included arsenic." 


LONG-TERM SURVIVAL 


Prior to the introduction of chemotherapy for AML 60 years ago, the 
median survival of patients was approximately 6 weeks," the 1-year 
survival was approximately 3 percent, and longer survival occurred 
in less than 1 percent of patients. Five-year relative survival rates of 
patients in the United States from 2004 to 2010, based on the Surveil- 
lance, Epidemiology, and End Results Program of the National Can- 
cer Institute, are 56 percent for patients younger than age 45 years, 
39 percent for patients 45 to 54 years old, 27 percent for patients 55 
to 64 years old, 11 percent for patients 65 to 74 years old, and 1.8 
percent for patients older than age 75 years at the time of diagnosis 
(Table 88-10).'°° Considering that the median age at disease onset is 
approximately 70 years and that 75 percent of patients are older than 45 
years, the overall median survival is approximately 12 months. A study 
of the cost of care of older AML patients using Medicare data found that 
in adults older than age 65 years who were diagnosed between 1991 and 
1996, the median survival was 2 months and the 2-year survival was 
6 percent.'!** Very similar results were found in a study of nearly 10,000 
patients in Sweden." Better survival has been reported for younger 
patients who have received allogeneic stem cell transplantation in first 
remission, but the confidence limits for remission duration and survival 
are overlapping for drug-treated and drug- and transplantation-treated 


TABLE 88-10. Acute Myelogenous Leukemia: Five-Year 


Percent Relative Survival Rates (2004-2010) 
Acute Myelogenous 


Age (Years) Leukemia* 
<45 56 

45-54 39 

55-64 27 

65-74 11 

275 1.8 

<65 43 

>65 6.0 


*Percent rounded to nearest integer. 


Data from SEER Cancer Statistics. Table 13.6. National Cancer Institute, 
Washington, DC. Available at: http://seer.cancer.gov/csr/1975_2011/ 
browse_csr.php?sectionSEL=13&pageSEL=sect_13_table.16.html 


groups, and the proportion of AML patients receiving transplantation 
is very small, "61158-161 Abnormalities of chromosomes 17p and -5/5q- 
have negative impact on outcomes after allogeneic transplant. 1! 

In contrast to other AML subtypes, APL has had an increased 
incidence as well as improved survival since the introduction of ATRA. 
In one large study, relative survival rates were 0.18 for the period 1975 
to 1990, with increase to 0.64 from 2000 to 2008. Age did remain an 
important predictor of survival; 0.38 in those older than age 60 years 
and 0.73 for those 20 to 29 years old.!!™ 

Relapse (or a new leukemic event) in long-term survivors occur- 
ring as late as 8 years after remission has been reported in adults! 
and after more than 16 years in children.'**"'* Relapse in long-term 
survivors nearly always occurs in the marrow in adults and usually in the 
marrow in children, with occasional childhood cases of CNS or gonadal 
relapses occurring initially, followed by relapse in the marrow." Stud- 
ies of long-term survivors of AML show that most can return to work 
and that, at a median followup of 9 years, no increased risk of secondary 
invasive cancer or secondary AML had occurred." An exception 
to this finding is the occasional report of myelodysplasia or presumably 
secondary AML in long-term survivors of APL. Health-related quality 
of life in long-term survivors appears to recover completely as related to 
physical, psychological, and emotional well-being, but continued sexual 
dysfunction has been reported.''® The quality of life at the time of diag- 
nosis and during the course of therapy usually is poor. 1165166 


FEATURES INFLUENCING OUTCOME OF 
THERAPY IN ACUTE MYELOGENOUS LEUKEMIA 


Numerous features are related to outcome of AML treatment. Older 
age and less-favorable cytogenetic risk group are the two most com- 
pelling determinants of a poor outcome. Even with multivariate anal- 
ysis, dissecting which other features are themselves important or are 
associations that segregate with another prognostic factor is difficult 
(Table 88-11)."-?% As noted previously, prognostic models of AML 
that rely solely on molecular mutations have been proposed.'” 

Determining useful prognostic variables in patients with AML is 
imprecise because negative prognostic factors may be eliminated by 
better treatment protocols. Moreover, several prognostic factors are 
significant only when AML is stratified by age or by morphologic phe- 
notype. Conflicting findings are common among studies. In addition, 
although a prognostic variable may be correlated significantly with a 
favorable outcome, the lack of a very strong statistical correlation with 
the outcome of treatment makes the variable’s presence or absence of 
little prognostic value in an individual patient. If a stem cell donor is 
available, unfavorable prognostic factors could influence the therapist to 
use allogeneic stem cell transplantation as a means of remission main- 
tenance in patients entering remission. The impact of prognostic factors 
may change in patients treated with allogeneic stem cell transplantation 
compared with conventional cytotoxic treatment, 261266 


DETECTION OF MINIMAL RESIDUAL DISEASE 


General Considerations 

The tumor cell burden in acute leukemia at presentation is approx- 
imately one trillion (10) cells. Apparent marrow aplasia followed by 
restitution of normal hematopoiesis can occur with at least a three-log 
reduction in leukemic cell numbers, which represents a residual tumor 
cell burden of approximately one billion cells. Intensification therapy is 
intended to decrease further the residual cell numbers. With the advent 
of specific monoclonal antibodies for leukemic cell antigens and FISH 
coupled with flow cytometry and DNA amplification by PCR, resid- 
ual leukemic cell populations at or below the level of one billion cells, 


TABLE 88-11. Prognostic Factors in Acute Myelogenous Leukemia 


Better prognosis than average of all patients 
Early blast clearance during remission induction therapy''©”""® 
Leukemic cells contain t(8;21), t(15;17), inv(16) t(16;16), trisomy 


21 282,284,1169 


CEBPA mutations in cytogenetically normal AML? 
Absence of exaggerated dysmyelopoiesis''”° 


Residual normal metaphases admixed with clonal cytogenetic 
abnormalities!" 


High telomerase activity levels"? 

Low levels of TdT expression by flow cytometry (<5%)''” 
High BAX expression''” and high BAX/BCL-2 ratios'’”° 

High expression of integrin CD11b""”” 

Absence of VLA-4 expression on AML blast cells''” 

High levels of soluble VCAM-1 binding to AML blast cells" 
High levels of caspase-3''®° 

Mutant CEBPA expression''®! 


NPM1 gene expression in adults or children (usually present in 
cytogenetically normal cases)!" 


Higher neutrophil and higher platelet counts at time of com- 
plete remission''®? 


<5% blasts on day 14 marrow predicts for complete remission 
but not for overall survival" 


MiR-181a expression in NK AML" 
High methylation levels of polycomb group genes''®° 
Poorer prognosis than average of all patients 


Older age: Age at the time of diagnosis has the greatest impact 
on the probability of remission and on duration of survival. Chil- 
dren in the first 15 years of life, exclusive of the neonatal period, 
have the highest rate of remission and longest relapse-free remis- 
sion; patients older than age 60 years have only half the chance 
of a young adult to enter remission and less likelihood of a long 
relapse-free remission." There is a gradient of poor response to 
treatment through adulthood, with the largest decrease after the 
sixth decade of life 


Unfavorable karyotypes: The cytogenetic pattern of leukemic 
blast cells influences outcome, but the relationship is com- 
plex.” The presence of —5, -7, 5q-, 7q-, or of exaggerated 
hyperdiploidy (>47 chromosomes), trisomy 8, t(6;9), trisomy 11, 
and multiple chromosomal abnormalities in leukemic cells are 
poor prognostic signs. 


Multidrug resistance phenotype: Leukemic cells expressing P- 
glycoprotein, a unidirectional drug efflux pump, encoded by the 
MDR7."'®’ Expression of this gene product can result in decreased 
accumulation of anthracyclines, amsacrine, mitoxantrone, and 
etoposide. Expression of P-glycoprotein does not influence out- 
come of treatment, but if rhodamine-123 efflux also is increased, 
relapse is more common."'®*"'"' Frequently observed in AML cells 
after relapse. Associated with CD34 expression and chromosome 
7 abnormalities." Alternative non-MDR1-mediated drug efflux 
mechanisms are important also.''*'"''* MDR7 expression is low in 
favorable prognosis subtypes of AML"! 


Presence of mutated KIT with t(8;21): Associated with higher 
relapse risk and poorer overall survival’ 


Prior clonal hemopathy: Chemotherapy or radiotherapy remis- 
sion rates are one-third to one-half that of de novo AML in the 
same age group. Remission duration is shorter with remissions 
>3 years very uncommon. -118 AML developing from the clonal 


Chapter 88: Acute Myelogenous Leukemia 


hemopathy may relapse as a smoldering leukemia. It then 
reverts to AML but can be treated with remissions lasting several 
years 199-1203 


Higher white cell count: Count >30 x 10°/L or a blast cell count 
S15. 107/705 120 


Very low platelet count (<30 x 10°/L)'7° 
High serum lactic dehydrogenase'”” 


High stem cell mobilizing capacity during complete remission 
predicts for relapse risk’? 


Another medical disorder: extreme obesity, diabetes mellitus, 
chronic renal disease. 


Low serum albumin or prealbumin 


Need for intubation or ventilator support during induction 
therapy? 


Autonomous clonal growth of leukemic blast cells'?"° 
High BCL-2 expression'2"""12"2 


High MCL-1 expression: Elevated at the time of leukemic relapse. 
Suggests prognostic importance or that chemotherapeutic reg- 
imen selects for leukemia cells with elevated levels of apoptosis 
inhibitors'?"° 


Low expression of retinoblastoma gene’? 


High levels of WAF/Cip1 protein: This is a regulator at the G, 
checkpoint of cell cycle!” 


High CD34 expression: High CD34 antigen expression often in 
AML subtypes MO, M1, and M4.'2'° Remission rate of 61% vs. 

to 88% in AML not expressing CD34. Correlation is stronger 
between high-intensity expression of CD34 and lower remission 
rate.!?16-1217 CD34 expression in APL'2"8 


GATA-1 expression'?"? 
Neural cell adhesion molecule (CD56) expression'?”° 


Elevated soluble L-selectin: Seen especially in extramedullary 
disease’?! 


Higher expression of interleukin (IL)-18 gene’??? 

Low FMS expression’??? 

Expression of the thrombopoietin receptor (c-MPL) mRNA??? 
FLT3 mutations!??41225 


Increased angiogenesis/vascular endothelial growth factor 
levels'226 


High B,-microglobulin levels in adults younger than 60 years 
old'22” 


MN1 (meningioma 1) gene overexpression in AML patients with 
normal cytogenetics’? 


Young adults with the genotype W71(mutation)/FLT3-ITD(pos- 
itive) have a lower complete remission rate and an inferior 
relapse-free and overall survival compared to those with the 
genotype WT71(mutation)/FLT3-ITD(negative) '?”° 


WT1 gene mutations in patients with AML and a normal 
karyotype!?30123! 


Patients with AML with a large number of AML stem cells 
Elevated expression of IL-3Ra'?3? 
MLL tandem duplications’??? and 11p23/MLL abnormalities'?** 


CD56 expression in APL.» High incidence of CNS involvement, 
especially with CD7 expression.'7°° Also contributes to poorer 
outcomes in t(8;21) cases'?°” 


P15 methylation'?*® 


(continued) 
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TABLE 88-11. Prognostic Factors in Acute Myelogenous Leukemia (Continued) 


Microsatellite instability’??? (may not be independent of age and 
t-AML) 


AC133 expression (shorter remissions and disease-free 
survival) 


Constitutive activity of signal transducer and activator of tran- 
scription 3 protein (shorter disease-free survival)?” 


BAALC gene expression”? 

High S-phase activity in cells surviving after 7 days of induction” 
High EVI1 expression!" 

Overexpression of CXCR4'*4° 


Increased marrow angiogenesis as measured by magnetic reso- 
nance imaging’ 


The presence of the CTLA4 CT60 A/G genotype adult patients 
with AML'*“8 


miR 155 upregulaation'*” 

ERG expression’? 

EVI1 expression in MLL_rearranged AML?” 

Clonal heterogeneity by metaphase karyotyping'? 
Abnormal expression of FLI1 protein’? 


High Nrf2 and high ROS expression'947°5 


Overexpression of IL-1 receptor accessory 
protein'**° 


Survivin expression in CD34+CD38- cells!” 


High TRAIL-R3 (tumor necrosis factor [TNF]-related apoptosis- 
inducing ligand) expression'?°® 


PICALM-MLLT10 fusion gene expression?” 
Factors with no or uncertain prognostic findings 


Complex karyotype or secondary aberrations in patients with 
t(8;21), inv(16) t(16;16), or t(9;11)'?°? 


Myeloid antigens: CD11b expression may be predictive of shorter 
survival! 


Detection of the WT1 (Wilms tumor) transcript’? 
FLT3-ITD or Asp835 mutations in APL'? 

Levels of initiator caspase!” 

Persistent thrombocytopenia after remission induction’? 


Lung resistance protein: Functional test is needed to assess 
activity.” Expression may predict poor outcome in de novo 
AML"193-1266 


which are undetectable by light microscopy of stained marrow films, 
can be quantified.” When real-time PCR is used to quantify PML- 
RAR-a, RUNX1/ETO, or CBF-$/MYH11, risk for treatment failure can 
be determined by the levels of the fusion gene at diagnosis and after 
the first 3 to 4 months of therapy.’ Sampling remains an important 
problem because marrow aspiration contains approximately 1/10,000 of 
the marrow cell population, and variation among sites of aspiration is 
well documented. In addition, the markers of the leukemic cell used 
for detection can change during the course of the disease. For example, 
persistence of circulating cells containing t(8;21) in patients with AML 
despite long-term remission has been established using PCR.’ 

There are many other pitfalls when interpreting these studies, 
including timing of sampling in relationship to therapy, sensitivity of the 
PCR reaction for target genes, interlaboratory standardization, selection 
of patients, and retrospective or prospective design of the study.” There 
is emerging evidence, however, that detection of minimal residual disease 
(MRD) by multiparameter flow cytometry has prognostic relevance in 
older patients,” in children with de novo AML,” and in adults younger 
than age 60 years.’ Pretransplantation, detection of MRD by flow 
cytometry has negative impact on outcome in patients with AML in either 
first or second remission. Even MRD levels less than 0.1 percent have an 
adverse correlation with outcome.’ Detection of MRD in the after allo- 
geneic stem cell transplantation is also important. Sensitive chimerism 
assays have been developed using PCR-based technology to detect short 
tandem-repeat polymorphisms. Whether these will have impact on man- 
agement of posttransplantation relapses is still undetermined. 15176 

Marrow examinations are not needed in the majority of AML 
patients in first CR.” Because of increased myeloid precursors in 
regenerating marrow, detection of residual disease may be difficult early 
after a given therapeutic modality." Cytogenetic followup usually is 
not helpful. Emergence of a karyotypically unrelated clone of AML 
cells, especially containing chromosome 7, can occur. Studies using 
multiparameter flow cytometry to identify leukemic cells by aberrant 
antigen expression have a high positive predictive value in identifying 
relapse.'’” Detection of residual disease in AML patients using double 
immunologic marker analysis for TdT and myeloid CD antigens can 


be useful because these two markers are expressed on leukemic cells 
in the majority of AML patients and these markers are rare in normal 
marrow cells.” In other cases, aberrant combinations of surface 
antigens'**!** or increased expression of various surface antigens, 
such as CD34, are seen.’*’ Immunophenotype may change at relapse 
and has implications for MRD detection.’ Five-color staining has 
been reported to improve the percentage of AML cases in which a 
leukemia-associated aberrant immunophenotype can be identified.” 
Various markers, such as CLL-1 (C-type lectin-like molecule-1) and 
other lineage markers and marker combinations, have been found aber- 
rantly expressed on leukemic CD34+CD38-, cells allowing residual 
disease detection at the stem cell level.” Other methods for detect- 
ing MRD include MRI; fluorescence DNA in FISH'*”"8; reverse tran- 
scriptase (RT)-PCR to detect amplification of abnormal fusion genes, 
such as t(15;17), t(8;21), inversion 16, and 11q23; and DNA PCR for 
mutations in the RAS coding regions.” Quantitative assessment of 
WTI expression’ or presence of a FLT3 mutation’” can also be eval- 
uated for MDR monitoring. Real-time quantitative PCR can be used 
to quantitate MDR more precisely than other methods, but this test 
requires standardized criteria and is not widely available clinically.’ 

Multiparameter flow cytometry is applicable to most AML cases, 
whereas real-time quantitative PCR is applicable in just above half the 
cases when NPM1 and FLT3 mutations are examined in addition to 
fusion oncogenes.” Gene profiling of CD34+CD38- cells, a fraction 
that contains both normal and leukemic stem cells, might be important 
in MRD measurement, but 34 percent of genes modulated in AML stem 
cells are shared with normal stem cells.” 


Detecting Inversion 16 

Minimal residual disease in acute myelomonocytic leukemia with 
inversion 16 can be detected by nested PCR with allele-specific ampli- 
fications (CBF-8 on 16q and MYH11 on 16p). +" This fusion tran- 
script occurs not only in the majority of cases of acute myelomonocytic 
leukemia with marrow eosinophilia (M4Eo), but also in 10 percent of 
acute myelomonocytic leukemia M4 without eosinophilic abnormali- 
ties, a much higher incidence than suggested by the sporadic reports of 


chromosome 16 abnormalities in AML. Following completion of che- 
motherapy (induction and consolidation), patients who had a CBF-f/ 
MYH11 fusion transcript copy number greater than 10 had a shorter 
remission duration and higher risk for relapse than did patients with 
a copy number less than 10.' Evidence indicates transcript ratios of 
samples may have utility in establishing thresholds for curability and for 


relapse risk in standard clinical CR states in the future.’°° 


Detecting t(8;21) 

Translocation 8;21 is one of the most common translocations in AML, 
especially in younger patients (see Table 88-9). This translocation fuses 
the RUNX1 gene on chromosome 21p to RUNXIT1 (ETO) on chromo- 
some 8p to produce the fusion gene.!”*”'”** The fusion has been detected 
in the majority of patients in remission. One study found its persistence 
in all patients with t(8;21) after chemotherapy or autologous marrow 
transplantation.'°""' Quantitation of the amount of the fusion tran- 
script during remission may be more predictive of cure or relapse than a 
simple qualitative assessment. >% Real-time quantitative RT-PCR can 
be used for this purpose. 

In general, CBF leukemias lend themselves to MRD monitoring 
by quantitative RT-PCR. In a trial from the Medical Research Coun- 
cil, in 163 patients with t(8;21) and 115 with inv(16), quantitative PCR 
transcripts at end of induction and end of consolidation course three 
were informative for relapse. Rising MRD levels in blood also predicted 
relapse.'** Another study showed that a three-log reduction in MRD 
after one consolidation had prognostic value whereas expression of KIT 
and FLT3 mutations did not. 


Detecting t(15;17) 

Unlike AML with the fusion transcript t(8;21), in APL the t(15;17) 
fusion transcript usually disappears after intensive therapy.'*” At least 
one in 100,000 cells with the PML-RAR-« transcript can be detected by 
RT-PCR." FISH also can be used.” Molecular monitoring has shown 
treatment is capable of achieving a molecular remission (negative 
RT-PCR). Nested PCR can be used to determine the need for addi- 
tional treatment at the end of consolidation, to determine the advisabil- 
ity of autologous stem cell transplantation in second remission, and to 
predict relapse after transplantation. Real-time quantitative RT-PCR 
may improve the predictive value of MDR assessment and aid in labo- 
ratory standardization.'*"° 


Detecting NPM-1 and FLT3 Mutations 
In AML patients who have normal cytogenetics, mutational status of 
NPM], FLT3, CEPBA, MLL, and RAS have implications for treatment 
outcomes and prognosis.'*’ Whether detection of these mutations as a 
reflection of MRD will have implications for relapse and therapy remains 
undetermined. Cumulative incidence of relapse is higher in those who 
remain positive using real-time quantitative PCR consolidation.'* There 
is evidence in NPM1-mutated cases, relapse was accompanied by an 
increase of mutant gene copy numbers; it has been concluded that quan- 
titative PCR monitoring may have prognostic impact in such patients. "°" 
The technology to detect MRD has increased in sensitivity and 
availability. Detection of MRD to determine a patient's treatment or 
prognosis remains an evolving area of investigation. The role that pro- 
teomic'**!95 and microRNA profiles'*!*!3!° will play in MRD detection 
is under study. 


Marshall A. Lichtman has been an expert witness on behalf of defen- 
dants in toxic tort cases involving occupational exposure to chemicals, 
including benzene. 
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CHAPTER 89 
CHRONIC MYELOGENOUS 
LEUKEMIA AND RELATED 
DISORDERS 


Jane L. Liesveld and Marshall A. Lichtman 


The chronic myelogenous leukemias (CMLs) include BCR rearrangement- 
positive CML, chronic myelomonocytic leukemia, juvenile myelomonocytic 
leukemia, chronic neutrophilic leukemia, chronic eosinophilic leukemia, and 
chronic basophilic leukemia. The term chronic, in contrast to acute, once had 
prognostic implications. However, although the terms remain useful for nosol- 
ogy, they no longer reflect an invariable difference in prognosis. For example, 
acute myelogenous leukemia in children and young adults has higher remission 
and cure rates than juvenile or chronic myelomonocytic leukemia in children or 
adults, respectively. BCR rearrangement-positive CML presents with anemia, 
exaggerated granulocytosis, a large proportion of myelocytes and mature 
neutrophils, absolute basophilia, normal or elevated platelet counts, and, fre- 
quently, splenomegaly. The marrowis intensely hypercellular, and marrow cells 
contain the Philadelphia (Ph) chromosome in approximately 90 percent of cases 
by cytogenetic analysis. A rearrangement of the BCR gene on chromosome 22 is 
present by molecular diagnostic analysis in approximately 96 percent of cases 
that have a classic morphologic appearance. The BCR-rearranged form of the 


Acronyms and Abbreviations: ALL, acute lymphocytic leukemia; BCR, break- 
point cluster region; CCyR, complete cytogenetic response; CFU-GM, colony-forming 
unit—granulocyte-monocyte; CHR, complete hematologic response; CLL, chronic lym- 
phocytic leukemia; CML, chronic myelogenous leukemia; CMML, chronic myelomono- 
cytic leukemia; CMR, complete molecular response; DLI, donor lymphocyte infusion; 
FISH, fluorescence in situ hybridization; G-CSF, granulocyte colony-stimulating factor; 
GM-CSF, granulocyte-monocyte colony-stimulating factor; GRB2, growth factor 
receptor—bound protein-2; GTP, guanosine triphosphate; GTPase, guanosine triphos- 
phatase; GVHD, graft-versus-host disease; HLA, human leukocyte antigen; HPRT, 
hypoxanthine phosphoribosyltransferase; hsp, heat shock protein; HUMARA, human 
androgen receptor assay; IFN, interferon; IL, interleukin; IRIS, International Random- 
ized Study of Interferon; JAK, Janus-associated kinase; LTC-IC, long-term culture— 
initiating cell; MCP. monocyte chemotactic protein; MCyR, major cytogenetic 
response; MDS, myelodysplastic syndrome; MIP, macrophage inflammatory protein; 
MMR, major molecular response; NF-KB, nuclear factor-xB; NF7, neurofibromatosis 
tumor-suppressor gene; NK, natural killer; NOD, nonobese diabetic; OCT-1, organic 
cation transporter 1; PCR, polymerase chain reaction; PCyR, partial cytogenetic 
response; PDGFR, platelet-derived growth factor receptor; Ph, Philadelphia chro- 
mosome; PI3K, phosphatidylinositol 3’-kinase; Rb, retinoblastoma; RT-PCR, reverse 
transcriptase polymerase chain reaction; SCID, severe combined immunodeficiency; 
STAT, signal transducer and activator of transcription; TBI, total-body irradiation; TdT, 
terminal deoxynucleotidyl transferase; TGF, transforming growth factor; TKI, tyrosine 
kinase inhibitor; VEGF, vascular endothelial growth factor; WT, Wilms tumor. 


disease usually responds to a tyrosine kinase inhibitor, and median survival has 
been extended significantly. Allogeneic hematopoietic stem cell transplanta- 
tion can cure the disease, especially if the transplantation is applied early in 
the chronic phase, although this approach is now uncommon as a result of the 
effect of tyrosine kinase inhibitor therapy. The effect of stem cell transplan- 
tation is related in part to a robust graft-versus-leukemia effect, engendered 
by donor T lymphocytes. The natural history of the chronic phase is to evolve 
into an accelerated phase that often terminates in acute leukemia (blast 
crisis), but the frequency of this progression has been markedly decreased by 
the advent of tyrosine kinase inhibitors. Blast crisis results in a myelogenous 
leukemic phenotype in 75 percent of cases and a lymphoblastic leukemic phe- 
notype in approximately 25 percent of cases. Ph chromosome—positive acute 
myeloblastic leukemia (AML) may appear de novo in approximately 1 percent 
of cases of AML, and Ph chromosome-positive acute lymphocytic leukemia 
(ALL) may occur de novo in approximately 20 percent of cases of adult ALL 
and approximately 5 percent of childhood ALL cases. In Ph chromosome— 
positive ALL, the translocation between chromosomes 9 and 22 results in 
the fusion gene encoding a mutant tyrosine kinase oncoprotein that may be 
identical in size to that in classic CML (210 kDa) in approximately one-third 
of cases. A smaller mutant tyrosine kinase (190 kDa) is encoded in approxi- 
mately two-thirds of cases. In children, the cells in approximately 90 percent 
of cases contain a 190-kDa mutant tyrosine kinase. These acute leukemias may 
reflect (1) the presentation of CML in acute blastic transformation without a 
preceding chronic phase or (2) de novo cases resulting from a BCR-ABL7 muta- 
tion occurring in a different early hematopoietic cell from the event in CML or 
with as yet unidentified modifying gene alterations. Chronic myelomonocytic 
leukemia has variable presenting features. Anemia may be accompanied by 
mildly or moderately elevated leukocyte counts; an elevated total monocyte 
count; a low, normal, or elevated platelet count; and sometimes splenomeg- 
aly. Although cytogenetic abnormalities may be present, there is no specific 
genetic marker of the disease. In a very small proportion of cases, a translo- 
cation involving the platelet-derived growth factor receptor (PDGFR)-B gene 
is associated with eosinophilia and is responsive to a tyrosine kinase inhibitor. 
Juvenile myelomonocytic leukemia occurs in infancy or very early childhood. 
Anemia, thrombocytopenia, and leukocytosis with monocytosis are usual. The 
disease is refractory to treatment and, even with current maximal therapy and 
stem cell rescue, cures are uncommon. Chronic neutrophilic leukemia presents 
with mild anemia and exaggerated neutrophilia, with very few immature 
cells in the blood. Splenomegaly is common. The disease usually occurs after 
age 60 years. Chronic and juvenile myelomonocytic leukemia and chronic 
neutrophilic leukemia have a propensity to evolve into acute myelogenous 
leukemia. Prior to that evolution, morbidity and mortality are related to infec- 
tion, hemorrhage, and complicating medical conditions. Chronic eosinophilic 
leukemia represents the major subset of the hypereosinophilic syndrome. It is 
a clonal disorder with a striking absolute eosinophilia, often neurologic and 
cardiac manifestations secondary to toxic effects of eosinophil granules, and 
sometimes a translocation involving the PDGFR-a gene that encodes a mutant 
tyrosine kinase, imparting sensitivity to a tyrosine kinase inhibitor. 


@ DEFINITION AND HISTORY 


Chronic myelogenous leukemia (CML) is a multipotential hemato- 
poietic stem cell disease characterized by anemia, extreme blood 
granulocytosis and granulocytic immaturity, basophilia, often throm- 
bocytosis, and splenomegaly. The hematopoietic cells contain a recip- 
rocal translocation between chromosomes 9 and 22 in more than 
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95 percent of patients with classic morphologic findings, which leads 
to an overtly foreshortened long arm of one of the pair of chromosome 
22 (i.e., 22,22q—), referred to as the Philadelphia (Ph) chromosome. A 
rearrangement of the breakpoint cluster region gene (BCR) on the long 
arm of chromosome 22 defines this form of CML and is present even in 
the 10 percent of patients without an overt 22q abnormality by Giemsa 
chromosome banding. The natural history of the disease is to undergo 
clonal evolution into an accelerated phase and/or a rapidly progressive 
blast phase, an acute leukemia, highly refractory to therapy, which had 
been a frequent event prior to the introduction of tyrosine kinase inhib- 
itors (TKIs) in 2001. 

In 1845, Bennett! in Scotland and Virchow’ in Germany described 
patients with splenic enlargement, severe anemia, and enormous con- 
centrations of leukocytes in their blood at autopsy. Bennett initially 
favored an extreme pyemia as the explanation, but Virchow argued 
against suppuration as a cause. Additional cases were reported by 
Craige? and others, and in 1847 Virchow‘ introduced the designation 
weisses Blut and leukdmie (leukemia). In 1878, Neumann’ proposed 
that the marrow not only was the site of normal blood cell production, 
but also was the site from which leukemia originated and used the term 
myelogene (myelogenous) leukemia. Subsequent observations amplified 
the clinical and laboratory features of the disease, but few fundamen- 
tal insights were gained until the discovery by Nowell and Hungerford,‘ 
who reported in 1960 that two patients with the disease had an apparent 
loss of the long arm of chromosome 21 or 22, an abnormality that was 
quickly confirmed”? and designated the Ph chromosome.’ Advanced 
cytogenetic techniques confirmed that it was chromosome 22. This 
observation led to a new approach to diagnosis, a marker to study the 
pathogenesis of the disease, and a focus for future studies of the molec- 
ular pathology of the disease. The availability of banding techniques 
to define the fine structure of chromosomes” led to the discovery by 
Rowley” that the apparent lost chromosomal material on chromosome 
22 was part ofa reciprocal translocation between chromosomes 9 and 22. 
The discovery that the cellular oncogene ABL1 on chromosome 9 and 
a segment of chromosome 22, the BCR, fuse as a result of the translo- 
cation provided a basis for the study of the molecular cause of the dis- 
ease.'*'* The appreciation that the fusion gene encoded a constitutively 
active tyrosine kinase (BCR-ABL1) that was capable of inducing the 
disease in mice established the fusion gene product as the proximate 
cause of the malignant transformation. The search for, identification of, 
and clinical development of a small molecule inhibitor of the mutant 
tyrosine kinase provided a specific agent, imatinib mesylate, with which 
to inhibit the molecule that incites the disease." Several more potent 
congeners have also been synthesized (see “Etiology and Pathogenesis” 
below). Thomas and colleagues established that allogeneic hematopoi- 
etic stem cell transplantation could cure the disease.’* An engaging 
monograph on the discoveries and the scientists involved from the 
identification of the Ph chromosome to the development of imatinib 
has been published.” 


@ EPIDEMIOLOGY 


CML accounts for approximately 15 percent of all cases of leukemia, 
or approximately 6500 new cases in the United States in 2015. The 
age-adjusted incidence rate in the United States is approximately 2.3 
per 100,000 persons for men and approximately 1.2 per 100,000 per- 
sons for women. The incidence around the world varies by a factor of 
approximately twofold. The lowest incidence is in Sweden and China 
(approximately 0.7 per 100,000 persons), and the highest incidence is in 
Switzerland and the United States (approximately 1.5 per 100,000 per- 
sons).'* The age-specific incidence rate for CML in the United States 
increases logarithmically with age, from approximately 0.2 per 100,000 


per year in persons younger than 20 years to a rate of approximately 
10.0 per 100,000 in octogenarians (Fig. 89-1). Although CML occurs 
in children and adolescents, less than 10 percent of all cases occur in 
persons between 1 and 20 years old. CML represents approximately 
3 percent of all childhood leukemias. Multiple occurrences of CML in 
families are rare. There is no concordance of the disease between iden- 
tical twins. There is no analytical epidemiologic evidence for a familial 
predisposition to CML in Swedish databases.” There is some evidence 
that overweightness and obesity can increase the incidence of CML.” 


@ ETIOLOGY AND PATHOGENESIS 
ENVIRONMENTAL LEUKEMOGENS 


Exposure to very high doses of ionizing radiation can increase the 
occurrence of CML above the expected frequency in comparable popu- 
lations. Three major populations—the Japanese exposed to the radiation 
released by the atomic bomb detonations at Nagasaki and Hiroshima,” 
British patients with ankylosing spondylitis treated with spine irradia- 
tion,”? and women with uterine cervical carcinoma who received radi- 
ation therapy”—had a frequency of CML (as well as acute leukemia) 
significantly above the frequency expected in comparable unexposed 
groups. The median latent period was approximately 4 years in irradi- 
ated spondylitics, among whom approximately 20 percent of the leuke- 
mia cases were CML; 9 years in the uterine cervical cancer patients, of 
whom approximately 30 percent had CML; and 11 years in the Japanese 
survivors of the atomic bombs, of whom approximately 30 percent of 
the leukemia patients had CML.” Chemical leukemogens, such as ben- 
zene and alkylating agents, are not causative agents of CML, presumably 
because of their inability to induce the specific chromosome transloca- 
tion required to cause the disease.” -7 


ORIGIN FROM A MUTANT HEMATOPOIETIC 
STEM CELL 


CML results from the malignant transformation of a single hematopoi- 
etic stem cell. The disease is acquired (somatic mutation), given that the 
identical twin of patients with CML and the offspring of mothers with 
the disease neither carry the Ph chromosome nor develop the disease.” 
The origin of CML from a single hematopoietic stem cell is supported 
by the following lines of evidence: 


1. Involvement of erythropoiesis, neutrophilopoiesis, eosinophilo- 
poiesis, basophilopoiesis, monocytopoiesis, and thrombopoiesis in 
chronic phase CML.” 

2. Presence of the Ph chromosome (22q-) in erythroblasts; neu- 
trophilic, eosinophilic, and basophilic granulocytes; macrophages; 
and megakaryocytes.” 

3. Presence of a single glucose-6-phosphate dehydrogenase isoenzyme 
in red cells, neutrophils, eosinophils, basophils, monocytes, and 
platelets, but not in fibroblasts or other somatic cells in women with 
CML who are heterozygotes for isoenzymes A and B,*)* 

4. Presence of the Ph translocation only on a structurally anomalous 
chromosome 9 or 22 of each chromosome pair in every cell analyzed 
in occasional patients with a structurally dissimilar 9 or 22 chromo- 
some within the pair.***° 

5. Presence of the Ph chromosome in one, but not the other, cell lin- 
eage of patients who are a mosaic for sex chromosomes, as in Turner 
syndrome (45X/46XX)”* and Klinefelter syndrome (46XY/47XXY).* 

6. Molecular studies showing variation in the breakpoint of chromo- 
some 22 among different patients with CML but precisely the same 
breakpoint among cells within a single patient with CML.*“° 
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Figure 89-1. Incidence of chronic myelogenous leukemia by age. Note the exponential increase in incidence with age from about teenagers to 
octogenarians. Rare cases occur in younger children but too few to generate an incidence rate. 


7. Combined DNA hybridization-methylation analysis of women who 
have restriction fragment length polymorphisms at the X-linked 
locus for hypoxanthine phosphoribosyltransferase (HPRT), which 
enables distinction of the two alleles of the HPRT gene in hete- 
rozygous females, coupled with methylation-sensitive restriction- 
enzyme cleavage patterns, which permits delineation of whether 
cells contain either the maternally derived or the paternally derived 
copy of the gene.“ 


The foregoing observations place the parent cell of the clone at least 
at the level of the hematopoietic multipotential cell. 


THE CHRONIC MYELOGENOUS LEUKEMIA 
STEM CELL 


Acquisition of the BCR-ABL1 fusion gene as a result of the t(9;22) 
(q34;q11.2) in a single primitive multipotential hematopoietic cell (pos- 
sibly the pluripotential stem cell) results in the CML stem cell, necessary 
for the initiation and maintenance of the chronic phase of CML.**** The 
phenotype of the CML stem cell is not fully defined but they are among 
the CD34+CD33-Lin-Thyl+ KIT- fraction of CML cells. A propor- 
tion of CML stem cells is in the G, phase of the cell cycle and is resistant 
to therapy with BCR-ABL1 inhibitors. These cells represent a pool for 
the regrowth of the tumor in most patients, if suppressive therapy is 
interrupted. The leukemia stem cell is resistant to TKI therapy, but a 
pan-BCL2 inhibitor has been found to sensitize marrow leukemia stem 
cells to tyrosine kinase inhibition.“ N-cadherin and WNT-f-catenin 
signaling are also thought to mediate microenvironmental protection of 
CML stem cells from TKIs.* The acquisition of genetic and epigenetic 


events in a derivative BCR-ABL1-positive cell can result in evolution to 
accelerated phase and blastic transformation” (see “Accelerated Phase 
and Blast Crisis of Chronic Myelogenous Leukemia” below). 


PLURIPOTENTIAL STEM CELL LESION 


Some patients in chronic phase CML have lymphocytes that are derived 
from the primordial malignant cell. Evidence for this finding includes 
the following: A single isoenzyme for glucose-6-phosphate dehydro- 
genase has been found in some T and B lymphocytes in women with 
CML who are heterozygous for isoenzymes A and B“; blood cells from 
patients with CML induced to proliferate with Epstein-Barr virus (pre- 
sumptive B lymphocytes) are of the same glucose-6-phosphate dehy- 
drogenase isoenzyme type, have cytoplasmic immunoglobulin heavy 
and light chains, and contain the Ph chromosome“; blood lympho- 
cytes stimulated with B lymphocyte mitogens contain the Ph chro- 
mosome””; purified B lymphocytes from the blood in chronic phase 
CML contain an abnormal, elongated phosphoprotein coded for by 
the chimeric gene resulting from the t(9;22)°!; and fluorescence in 
situ hybridization (FISH) has detected the BCR-ABL1 fusion gene in 
approximately 25 percent of B lymphocytes in some, but not all, patients 
in chronic phase.”** These findings suggest that B lymphocytes are 
derived from the malignant clone, placing the lesion closer to, if not in, 
the pluripotential lymphohematopoietic stem cell.*”-*! Previous studies 
have found that the B lymphocyte pool is a mosaic, containing both Ph 
chromosome- and BCR-ABL1-positive cells and Ph chromosome- or 
BCR-ABLI-negative cells. Results of studies examining the derivation 
of T lymphocytes from the malignant clone are more ambiguous but 
indicate that T lymphocytes are derived from the malignant clone in 
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some patients.*”°* Natural killer (NK) cells isolated from patients 
with chronic phase CML do not contain the BCR-ABLI fusion gene.“ 
It is possible that myelopoiesis is invariably clonal and lymphopoiesis 
is an unpredictable mosaic derived largely from normal residual stem 
cells. This conclusion is supported by the finding that progenitors of T, 
B, and NK lymphocytes contain the Ph chromosome and BCR-ABLI, 
but most B-cell and all T-cell progenitors derived from the leukemic 
clone undergo apoptosis, leaving unaffected cells in the blood.** 

The cell in which the mutation occurs may be even more primitive 
in that some endothelial cells generated in vitro express the BCR-ABL1 
fusion gene, as do some cells in the patient’s vascular endothelium.” 


ETIOLOGIC ROLE OF THE Ph CHROMOSOME 


Early studies indicated that the Ph chromosome may appear after the 
initial leukemogenic event.” Patients with CML have developed the 
Ph chromosome during the course of the disease, have experienced 
periods of the disease when the Ph chromosome disappeared,” or 
have had Ph chromosome-positive and Ph chromosome-negative cells 
concurrently.” 

Nearly all, if not all, patients with CML have an abnormality of 
chromosome 22 at a molecular level (BCR rearrangement). Thus, earlier 
studies indicating an absence of a Ph chromosome was not a valid mea- 
sure of the normality of chromosome 22. The molecular abnormality 
in CML involving the ABL1 gene on chromosome 9 and the BCR gene 
on chromosome 22 has been established as being the proximate cause 
of the chronic phase of the disease (see “Molecular Pathology” below). 


COEXISTENCE OF NORMAL STEM CELLS 


Most, if not all, patients with CML have hematopoietic stem cells 
that, after treatment®™®? or culture in vitro,- use of special cell iso- 
lation techniques,*' or use of cell transfer to nonobese diabetic 
(NOD)/severe combined immunodeficiency (SCID) mice® do not 
have the Ph chromosome®®™ or the BCR-ABL1 fusion gene.”™” The 
switch to Ph chromosome-negative cells in vitro is associated with 
a loss of monoclonal glucose-6-phosphate dehydrogenase isoen- 
zyme patterns, indicating the persistence and reemergence of normal 
polyclonal hematopoiesis rather than reversion to a Ph chromosome- 
negative clone. In confirmation, BCR-ABL1+, CD34+, human leu- 
kocyte antigen (HLA)-DR- cells isolated from women with early 
phase CML are polyclonal using the human androgen receptor assay 
(HUMARA) to assess X chromosome inactivation patterns.” Very 
primitive hematopoietic cells, the long-term culture-initiating cells 
(LTC-ICs), are present in Ph chromosome-negative cytapheresis sam- 
ples collected during early recovery after chemotherapy for CML.” 
These LTC-ICs are most commonly present when samples are collected 
within 3 months of diagnosis.” Variable levels of BCR-ABL1-negative 
progenitors are found in the CD34+DR- population, but low levels 
are found in the CD34+CD38-— population.” Preprogenitors for the 
CD34+DR- cells are predominantly BCR-ABL1-negative in both mar- 
row and blood at diagnosis." However, some cells with surface marker 
characteristics of very primitive normal hematopoietic cells do express 
the BCR-ABL1 gene.” Both normal and leukemic SCID-repopulating 
cells coexist in the marrow and blood from CML patients in chronic 
phase, whereas only leukemic SCID-repopulating cells are detected in 
blast crisis. 10° 


PROGENITOR CELL CHARACTERISTICS 


Progenitor Cell Dysfunction 

The leukemic transformation resulting from the BCR-ABL1 fusion 
oncogene is maintained by a relatively small number of BCR-ABL1 stem 
cells that favor differentiation over self-renewal. This predisposition 


to differentiation and progenitor cell expansion is mediated by an auto- 
crine interleukin (IL)-3-granulocyte colony-stimulating factor (G-CSF) 
loop.’ The earliest progenitors have the capacity to undergo marked 
expansion of erythroid, granulocytic, and megakaryocytic cell pop- 
ulations, and have a decreased sensitivity to regulation." This 
expansion is especially dramatic in the more mature progenitor cell 
compartment. !"®!° The proliferative capacity of individual granulocytic 
progenitors is decreased compared to normal cells. Thus, the progeni- 
tor cell population in marrow and blood expands proportionately more 
than the increase in granulopoiesis."” BCR-ABL1 reduces growth factor 
dependence of progenitor cells. 

Erythroid progenitors are expanded, erythroid precursor matura- 
tion is blocked at the basophilic erythroblast stage, and the extent of 
erythropoiesis is inversely proportional to the total white cell count. 


Progenitor Cell Characterization 

Phenotypic differences of stem and progenitor cells in CML patients 
compared to normal subjects have been identified." For example, a 
greater proportion of the circulating leukemic colony-forming unit- 
granulocyte-monocytes (CFU-GMs) express high levels of the adhesion 
receptor CD44'” and low levels of L-selectin?” in contrast to normal 
cells. Leukemic CD34+ cells overexpress the P glycoprotein that deter- 
mines the multidrug resistance phenotype." 

BCR-ABL1-positive progenitors survive less well in long-term cul- 
ture than do their normal counterparts. Leukemic CFU-GM colonies, 
unlike normal colonies, decrease in long-term cultures that are deficient 
in KIT ligand," whereas their proliferation is favored in the presence 
of KIT ligand." Macrophage inflammatory protein (MIP)-1a, renamed 
CCL3, does not inhibit growth factor-mediated proliferation of CD34+ 
cells from CML patients, as it does CD34+ cells from normal subjects, 
even though the CCL3 receptor is expressed.” Another chemokine, 
monocyte chemotactic protein (MCP)-1 or CCL2, unlike CCL3, is 
an endogenous chemokine that cooperates with transforming growth 
factor beta (TGF-f) to inhibit the cycling of primitive normal, but not 
CML, progenitors in long-term human marrow cultures." Leukemic 
progenitors are less sensitive than normal progenitors to the antiprolif- 
erative effects of TGF-B.'” 


Effects of BCR-ABL1 on Cell Adhesion 

Primitive progenitors and blast colony-forming cells from patients with 
CML have decreased adherence to marrow stromal cells.’ This defect 
is normalized if stromal cells are treated with interferon (IFN)-a.'7! As 
a result, BCR-ABL1-negative progenitors are enriched in the adherent 
fraction of circulating CD34+ cells in chronic phase CML patients. The 
most primitive BCR-ABL1-positive cells in the blood of patients with 
CML differ from their normal counterparts. They are increased in fre- 
quency and are activated, such that signals that block cell mitosis are 
bypassed.'”” 

Ph chromosome-positive colony-forming cells adhere less to 
fibronectin (and to marrow stroma) than do their normal counterparts. 
Adhesion is fostered as a result of restoration of cooperation between 
activated B, integrins and the altered epitopes of CD44.'°"* CML 
granulocytes have reduced and altered binding to P-selectin because of 
modification in the CD15 antigens.’ BCR-ABLI-induced defects in 
integrin function may underlie the abnormal circulation and prolifera- 
tion of progenitors'’*”’ because growth signaling can occur through the 
fibronectin receptor.” IFN-a restores normal integrin-mediated inhi- 
bition of hematopoietic progenitor proliferation by the marrow micro- 
environment.” There are conflicting data regarding the effects of TKI 
effects on adhesion of CML cells to stroma. %31 

BCR-ABLI-encoded fusion protein p210®°®4*' binds to actin, 
and several cytoskeletal proteins are thereby phosphorylated. The 


p210°**“*" interacts with actin filaments through an actin-binding 
domain. BCR-ABL1 transfection is associated with increased spon- 
taneous motility, membrane ruffling, formation of long actin exten- 
sions (filopodia), and accelerated rate of protrusion and retraction of 
pseudopodia on fibronectin-coated surfaces. IFN-a treatment slowly 
converts the abnormal motility phenotype of BCR-ABL1-transformed 
cells toward normal.’ Integrins regulate the c-ABL-encoded tyrosine 
kinase activity and its cytoplasmic nuclear transport.” The p210°484 
abrogates the anchorage requirement but not the growth factor require- 
ment for proliferation. ™* 

In normal cells exposed to IL-3, paxillin tyrosine residues are 
phosphorylated. In cells transformed by p210°°®“"", the tyrosines of 
paxillin, vinculin, p125™%, talin, and tensin are constitutively phospho- 
rylated. Pseudopodia enriched in focal adhesion proteins'**"* are pres- 
ent in cells expressing p210®°®A8", 

The sum of evidence suggests that defects in adhesion (contact 
and anchoring) of CML primitive cells remove them from their con- 
trolling signals normally received from microenvironmental cells via 
cytokine messages. These signals retain the balance among cell sur- 
vival, cell death, cell proliferation, and cell differentiation. Inappropriate 
phosphorylation of cytoskeletal proteins, possibly independent of the 
mutant tyrosine kinase, is thought to be the key factor in disturbed inte- 
grin function of CML cells. 


MOLECULAR PATHOLOGY 


Ph Chromosome 

The genetic disturbance became evident with the knowledge that CML 
was derived from a primitive cell containing a 22q— abnormality." 
The abnormal chromosome contained only 60 percent of the DNA 
in other G-group chromosomes. Cytogenetic analysis indicated the 
G-group chromosome involved was different from the extra G-group 
chromosome in Down syndrome, which had been assigned number 
21. Thus, the former was assigned number 22—even though it proved 
to be slightly longer than the chromosome involved in Down syn- 
drome.!*!” The Paris Conference on Nomenclature decided not to undo 
the concept that Down syndrome is trisomy 21 and assigned the Ph 
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chromosome and its normal counterpart, 22.1 Using quinacrine (Q) 
and Giemsa (G) banding, Rowley” reported in 1973 that the material 
missing from chromosome 22 was not lost (deleted) from the cell, but 
was translocated to the distal portion of the long arm of chromosome 9. 
The amount of material translocated to chromosome 9 was approxi- 
mately equivalent to that lost from chromosome 22, and the transloca- 
tion was predicted to be balanced.’* Moreover, the breaks were localized 
to band 34 on the long arm of chromosome 9 and band 11 on the long 
arm of chromosome 22. Therefore, the classic Ph chromosome is t(9;22) 
(q34;q11), abbreviated t(Ph) (Fig. 89-2). The Ph chromosome can 
develop on either the maternal or the paternal member of the pair.'” 


Mutation of ABL1 and BCR Genes 
Mutations of the ABL1 gene on chromosome 9 and of the BCR gene on 
chromosome 22 are central to the development of CML (Fig. 89-3).4-!” 

In 1982, the human cellular homologue ABL1 of the transforming 
sequence of the Abelson murine leukemia virus was localized to human 
chromosome 9.1 In 1983, ABL1 was shown to be on the segment of 
chromosome 9 that is translocated to chromosome 224 by demon- 
strating reaction to hybridization probes for ABL1 only in somatic cell 
hybrids of human CML cells containing 22q- but not those containing 
9q+. v-abl is the viral oncogenic homologue of the normal cellular ABL1 
gene. This gene (v-abl) can induce malignant transformation of cells in 
culture and can induce leukemia in susceptible mice.'* 

The ABLI gene is rearranged and amplified in cell lines from 
patients with CML.'° Cell lines and fresh isolates of CML cells contain 
an abnormal, elongated 8-kb RNA transcript,- which is transcribed 
from the new chimeric gene produced by the fusion of the 5’ portion of 
the BCR gene left on chromosome 22 with the 3’ portion of the ABL1 
gene translocated from chromosome 9 (Fig. 89-4).'* The fusion mRNA 
leads to the translation of a unique tyrosine phosphoprotein kinase of 
210 kDa (p210®°®4*"), which can phosphorylate tyrosine residues on 
cellular proteins similar to the action of the v-abl protein product.'*!"' 
The ABL1 locus contains at least two alleles, one having a 500-bp dele- 
tion.” In normal cells, the ABL1 protooncogene codes for a tyrosine 
kinase of molecular weight 145,000, which is translated only in trace 
quantities and lacks any in vitro kinase activity. The fusion product 


Figure 89-2. Schematic of normal chromosome 9 showing the ABL gene between bands q34 and qter of chromosome 22, which has the BCR 
and SIS genes between bands q11 and qter. The t(9;22) is shown on the right. The ABL from chromosome 9 is transposed to the chromosome 22 
M-bcr sequences, and the terminal portion of chromosome 22 is transposed to the long arm of chromosome 9. The 22q— is the Ph chromosome. 
bcr, breakpoint cluster region; c-SiS, cellular homologue of the viral simian sarcoma virus-transforming gene; IGL, gene for immunoglobulin light 
chains. (Reproduced with permission from De Klein A: Oncogene activation by chromosomal rearrangement in chronic myelocytic leukemia. Mutat Res 1987 


Sep;186(2):161-172,) 
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Figure 89-3. Schematic of the normal ABL 
and BCR genes and of the BCR-ABL fusion 
transcripts. In the upper panel of the diagram, 
the possible breakpoint positions in ABL are 
marked by vertical arrows. Note the position 
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expressed by the BCR-ABL1 gene is hypothesized to lead to malig- 
nant transformation because of the abnormally regulated enzymatic 
activity of the chimeric tyrosine protein kinase. 15154158159 Construc- 
tion of BCR-ABL1 fusion genes indicated that BCR sequences could 
also activate a microfilament-binding function, but the tyrosine kinase 
and microfilament-binding functions were not linked. Nevertheless, 
tyrosine kinase modification of actin filament function has been pro- 
posed as a step in leukemogenesis.'” 
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Figure 89-4. Molecular effects of the Ph chromosome translocation 
t(9;22)(q34;q11). The upper panel shows the physically joined 5’ BCR and 
the 3’ ABL regions on chromosome 22. The exons are solid (from chro- 
mosome 22, BCR) and hatched (from chromosome 9, ABL). The middle 
panel depicts transcription of chimeric messenger RNA. The lower panel 
shows the translated fusion protein with the aminoterminus derived 
from the BCR of chromosome 22 and the carboxy-terminus from the ABL 
of chromosome 9. (Reproduced with permission from De Klein A: Oncogene 
activation by chromosomal rearrangement in chronic myelocytic leukemia. 
Mutat Res 1987 Sep;186(2):161-172.) 


p2108*45 Fusion Protein 
The breakpoints on chromosome 9 are not narrowly clustered, rang- 
ing from approximately 15 to more than 40 kb upstream from the most 
proximate region (first exon) of the ABL1 gene.'*'+!°! The breakpoints 
on chromosome 22 occur over a very short, approximately 5 to 6 kb, 
stretch of DNA referred to as the breakpoint cluster region (M-bcr),''% 
which is part of a much longer BCR'™*!® gene (see Fig. 89-4). Three 
main BCRs have been characterized on chromosome 22: major (M-bcr), 
minor (m-bcr), and micro (u-bcr). The three different breakpoints 
result in a p210, p190, and p230 fusion protein, respectively (see Fig. 
89-3). The overwhelming majority of CML patients have a BCR-ABL1 
fusion gene that encodes a fusion protein of 210 kDa (p210®°®4?"1), for 
which mRNA transcripts have el4a2 or a e13a2 fusion junction (see 
Fig. 89-3).'® The “e” represents the BCR exon and “a” the ABL1 exon 
sites involved in the translocation. A BCR-ABL1 with an ela2 type of 
junction has been identified in approximately 50 percent of the Ph 
chromosome-positive acute lymphoblastic leukemia cases and results 
in the production of a BCR-ABL1 protein of 190 kDa (p190®°®4?"), 
Almost all CML cases at diagnosis that encode a p210°°*“*" also express 
BCR-ABL transcripts for p190.'” The biologic or clinical significance 
of these dual transcripts is not known. Transgenic mice expressing 
p210°°®48! develop acute lymphoblastic leukemia in the founder mice, 
but all transgenic progeny have a myeloproliferative disorder resembling 
CML.'® 

The BCR gene encodes a 160-kDa serine-threonine kinase, which, 
when it oligomerizes, autophosphorylates and transphosphorylates sev- 
eral protein substrates.” Aberrant methylation of the M-bcr in CML 
occurs.’ The first exon sequences of the BCR gene potentiate the 
tyrosine kinase of ABL when they fuse as a result of the translocation." 
The central portion of BCR has homology to DBL, a gene involved in 
the control of cell division after the S phase of the cell cycle. The C- 
terminus of BCR has a guanosine triphosphatase (GTPase)-activating 
protein for p21", a member of the RAS family of guanosine triphos- 
phate (GTP)-binding proteins." A reciprocal hybrid gene ABL-BCR1 
is formed on chromosome 9q+ when BCR-ABL1 fuses on chromosome 
22. The ABL-BCRI fusion gene actively transcribes in most patients 
with CML.'” 


Variations in breakpoints involving smaller stretches of chromo- 
some 9 and rearrangements outside the M-bcr of chromosome 22 can 
occur.” In a few cases of CML with no evident elongation of chromo- 
some 9, molecular probes have shown that ABL1 still is translocated 
to chromosome 22.’ In occasional patients with Ph chromosome- 
positive CML, the break in chromosome 22 is outside the M-bcr, and 
transcription of a fusion RNA of the usual type fails or a fusion RNA 
is transcribed that does not hybridize with the classic M-bcr comple- 
mentary DNA (cDNA) probe." 

In cases in which the Ph chromosome is not found, BCR-ABL1 still 
may be located on chromosome 9 (a masked Ph chromosome).'” The 
BCR gene can recombine with genomically distinct sites on band 11q13 
in complex translocations in a region rich in Alu repeat elements.’ 
ETV6/ABLI fusion genes have also been found in BCR-ABL1-negative 
CML. 

The BCR breakpoint site has been examined as a factor in disease 
prognosis. Some studies have shown no correlation between CML chro- 
nicity and breakpoint site, although thrombocytosis may be more com- 
mon with 3’ breakpoint sites and basophilia with 5’ breakpoint sites.’ 
No difference in response to IFN-a therapy was noted, and survival was 
not significantly different, although patients with 3’ deletions tended to 
have shorter survival.'” Others have observed a better response to IFN- 
« in patients with a 3’ rearrangement, which is being examined with 
imatinib mesylate therapy.” 

CML patients with m-bcr breakpoints develop a blast crisis with 
monocytosis and an absence of splenomegaly and basophilia.'* The p230 
(e19a2 RNA junction) encoded by p-bcr is rarely expressed but has been 
associated with neutrophilic CML or thrombocytosis (see “Special Clin- 
ical Features” below). Other rare breakpoints have been described.'* For 
example, a case with a 12-bp insert between BCR and ABLI resulted in 
a BCR-ABL1-negative (false-negative), Ph chromosome-positive CML 
with thrombocythemia.” Another novel BCR-ABL1 fusion gene (e6a2) 
in a patient with Ph chromosome-negative CML encoded an oncopro- 
tein of 185 kDa.'™* Typical CML also has been associated with an e19a2 
junction BCR-ABL]I transcript.'* 

Experimental support for the hypothesis that p210°“*4*"" tyrosine 
phosphoprotein kinase is transforming is provided by a retroviral gene 
transfer system that permits expression of the protein. Mouse marrow 
cells transfected with BCR-ABL1 develop clonal outgrowths of immature 
cells expressing the p210°“*4*"" tyrosine kinase. Some clones progress to 
a malignant phenotype, can be transplanted, and can induce tumors in 
syngeneic mice.'*° Similar studies suggest that the p210°°*“*" can trans- 
form 3T3 murine fibroblasts if the gag gene sequence from a helper 
virus cooperates.” The BCR-ABL1 gene from a retroviral vector has 
been expressed in an IL-3-dependent cell line. Clones derived from the 
infected line transform over months to IL-3 independency, are capable 
of increased proliferation, and develop chromosomal abnormalities. ° 

A series of mouse models in which the BCR-ABL1 was used to 
induce leukemogenesis have been described.” Lethally irradiated 
mice have been reconstituted with marrow enriched for cycling stem 
cells infected with a BCR-ABLI-bearing retrovirus. Fatal diseases 
with abnormal accumulations of macrophagic, erythroid, mast, and 
lymphoid cells develop.'** Classic CML did not occur, and complete 
transformation was not documented. The cell lines from spleen and 
marrow from mice with a BCR-ABL1 retrovirus infection were pre- 
dominantly mast cells; however, in some cases these cell lines sponta- 
neously switched to either erythroid and megakaryocytic, erythroid, or 
granulocytic lineages displaying maturation. They were transplantable 
(transformed) and contained the same proviral inserts as the original 
mast cell line.” Murine marrow also has been infected with a retrovirus 
encoding p210°°*“*" and transplanted into irradiated syngeneic recipi- 
ents.'*” Although several types of hematologic malignancies developed, 
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a syndrome mimicking human CML also occurred. Mice transgenic 
for a p190®®“*! develop an acute lymphocytic leukemia (ALL) lym- 
phoma syndrome!” that resembles human Ph chromosome-positive 
ALL. When a p210°°*4*" transcript is introduced into a mouse germ- 
line (one-cell fertilized eggs), the p210 founder and progeny transgenic 
animals developed leukemia of B or T lymphoid or of myeloid origin 
after a relatively long latency period. In contrast, p190 transgenic mice 
exclusively developed leukemia of B-cell origin, with a relatively short 
period of latency. This finding was believed to be consistent with the 
apparent indolent nature of human CML during the chronic phase."! 
When transgenic mice express p210°“*“*!, the transgenes develop ALL, 
whereas the progeny develop a myeloproliferative disorder.” 

Mouse models remain important for exploring the pathogenesis 
of the acute and chronic BCR-ABL1-mediated leukemias in vivo and in 
examining the potential effects of new drugs targeted at BCR-ABL1.'” 


BCR-ABL IN HEALTHY SUBJECTS 


BCR-ABLI fusion genes can be found in the leukocytes of some nor- 
mal individuals using a two-step reverse transcriptase polymerase chain 
reaction assay. Thus, although BCR-ABL1 may be expressed relatively 
frequently at very low levels in hematopoietic cells, only infrequently do 
the cells acquire the additional changes necessary to produce leukemia. 
This may be a dosage effect.” 


BCR-ABL1 AND SIGNAL TRANSDUCTION 


The tyrosine phosphoprotein kinase activity of p2108°®4®" has been 
causally linked to the development of Ph chromosome-positive leuke- 
mia in man.” p2108*481 is, unlike the ABL1 protein that is located 
principally in the nucleus, located in the cytoplasm making it accessible 
to a large number of interactions, especially components of signal trans- 
duction pathways.°?%!3 It binds and/or phosphorylates more than 
20 cellular proteins in its role as an oncoprotein.” A subunit of phos- 
phatidylinositol 3’-kinase (PI3K) associates with p210°°*4*; this inter- 
action is required for the proliferation of BCR-ABL1-dependent cell 
lines and primary CML cells. Wortmannin, a nonspecific inhibitor of 
the p110 subunit of the kinase, inhibits growth of these cells.” 

The pathways and interactions invoked by BCR-ABL1 acting 
on mitogen-activated protein kinases are multiple and complex.”!*?5 
A RAF-encoded serine-threonine kinase activity is regulated by 
p210°*48", Downregulation of RAF expression inhibits both BCR- 
ABL1-dependent growth of CML cells and growth factor-dependent 
proliferation of normal hematopoietic progenitors.” The efficiency of 
cell transformation by BCR-ABL1 is affected by an adaptor protein that 
can relate tyrosine kinase signals to RAS. This involves growth factor 
receptor—-bound protein-2 (GRB2). p210®°®4*" also activates multiple 
alternative pathways of RAS.” PI3K is constitutively activated by BCR- 
ABLI, generates inositol lipids, and is dysregulated through the down- 
regulation by BCR-ABLI of polyinositol phosphate tumor suppressors, 
such as PTEN and SHIP1.*4 Figure 89-5 demonstrates interaction of 
p210°**4*" with various mediators of signal transduction. 

Reactive oxygen species are increased in BCR-ABL1-transformed 
cells and may act as a second messenger to modulate enzymes regulated 
by the reduction-oxidation (redox) equilibrium. An increase in these 
reactive oxygen products is postulated to play a role in the acquisition of 
additional mutations as a result of production of reactive oxygen species 
through the chronic phase, contributing to the progression to acceler- 
ated phase.?!316 

The adaptor molecule CRKL is a major in vivo substrate for 
p210°*4%1, and it acts to relate p210°*4*" to downstream effectors. 
CRKL is a linker protein that has homology to the v-crk oncogene 
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product. Antibodies to CRKL can immunoprecipitate paxillin. Paxillin 
is a focal adhesion protein” that is phosphorylated by p210°*“*". The 
p210°*®4*" may be physically linked to paxillin by CRKL. CRKL binds 
to CBL, an oncogene product that induces B cell and myeloid leukemias 
in mice.*!' The Src homology 3 domains of CRKL do not bind to CBL, 
but they do bind BCR-ABL. Therefore, CRKL mediates the oncogenic 
signal of BCR-ABL to CBL. The p120“" and the adaptor proteins CRKL 
and c-CRK also link c-abl, p1908*“", and p210°*“"" to the PI3K path- 
way.” The p120“" also coprecipitates with the p85 subunit of PI3K, 
CRKL, and c-CRK. The p210®°®4?" may, therefore, induce the forma- 
tion of multimeric complexes of signaling proteins.” These complexes 
contain paxillin and talin and may explain some of the adhesive defects 
of CML cells.” 

Hef2 also binds to CRKL in leukemic tissues of p190°*4*" trans- 
genic mice. Hef2 is involved in the integrin signaling pathway’ and 
encodes a protein that accelerates GTP hydrolysis of RAS-encoded 
proteins and neurofibromin. The latter negatively regulates gran- 
ulocyte-monocyte colony-stimulating factor (GM-CSF) signaling 
through RAS in hematopoietic cells.” p62°°%, a constitutively tyrosine- 
phosphorylated, p120"*S GAP-associated protein, which is rapidly 
tyrosine phosphorylated upon activation of the c-kit receptor,” is also 
associated with ABL1.*” 

Nuclear factor (NF)-xB activation is also required for p210®°®4?"- 
mediated transformation.”* Expression of p210°°®“*" leads to activa- 
tion of NF-«B-dependent transcription via nuclear translocation.” 

Cell lines that express p210°“*4*" also demonstrate constitutive 
activation of Janus kinases (JAKs) and signal transducers and activators 
of transcription (STATs), usually STATS.”° STATS is also activated in 
primary mouse marrow cells acutely transformed by the BCR-ABL1”*; 
p2108848" coimmunoprecipitates with and constitutively phospho- 
rylates the common f subunit of the IL-3 and GM-CSF receptors and 
JAK2.”” Both ABL1 and BCR are also multifunctional regulators of the 
GTP-binding protein family Rho”? and the growth factor-binding 
protein GRB2, which links tyrosine kinases to RAS and forms a com- 
plex with BCR-ABLI and the nucleotide exchange factor Sos that leads 
to activation of RAS.” 


Figure 89-5. Major intracellular signaling events 
associated with BCR/ABL. Constitutive activation of 
ABL protein tyrosine kinase (PTK) induces phos- 
phorylation of the tyrosine moiety of various sub- 
strates, including autophosphorylation of BCR/ABL 
and complex formation of BCR/ABL with adaptor 
proteins. This process subsequently activates mul- 
tiple intracellular signaling pathways, including RAS 
activation and phosphatidylinositol 3’-kinase (PI3K) 
activation pathways. BCR/ABL also activates the 
c-MYC pathway, which involves ABL-SH2 domain. 
BCR/ABL inhibits apoptosis, possibly in part through 
upregulation of Bcl-2, and alters cellular adhesive 
properties, possibly by interacting with focal adhe- 
sion proteins and the actin cytomatrix. Broken lines 
indicate hypothetical pathways. ERK, extracellular 
signal-regulated kinase; FAK, focal adhesion kinase; 
JNK, Jun N-terminal kinase; MEKK, MEK kinase; Sos, 
Son-of-sevenless; STAT, signal transducer and acti- 
vator of transcription. (Reproduced with permission 
from Gotoh A, Broxmeyer HE: The function of BCR/ABL 
and related proto-oncogenes. Curr Opin Hematol 
4(1):3-11, 1997.) 


The p2108*“*"! also activates Jun kinase and requires Jun for 
transformation.” In some CML cell lines, p210°“*“#"" is associated with 
the retinoblastoma (Rb) protein.” Loss of the neurofibromatosis (NF1) 
tumor-suppressor gene, a RAS GTPase-activating protein, also is suffi- 
cient to produce a myeloproliferative neoplasm in mice akin to human 
CML resulting from RAS-mediated hypersensitivity to GM-CSF.” 


EFFECTS OF BCR-ABL ON APOPTOSIS 


Whether p210°°®4*"1 influences the expansion of the malignant clone 
in CML by inhibiting apoptosis is uncertain. In one study, the survival 
of normal and CML progenitors was the same after in vitro incubation 
in serum-deprived conditions and after treatment with X-irradiation or 
glucocorticoids.” p210°°*4*"! inhibits apoptosis by delaying the G,/M 
transition of the cell cycle after DNA damage.”* The p210°°*“*"' also 
may exert an antiapoptotic effect in factor-dependent hematopoietic 
cells,236237 

p210°°*4!! does not prevent apoptotic death induced by human 
NK or lymphokine-activated killer cells directed against CML or nor- 
mal cells.” In accelerated and blast phases, apoptosis rates were lower 
in CML neutrophils. G-CSF and GM-CSF considerably decreased the 
rate of apoptosis in CML neutrophils.” 


TELOMERE LENGTH 


Patients with CML present with a somewhat shortened mean telomere 
length in granulocytic cells but not blood T lymphocytes at diagnosis, 
but considerable overlap exists in the distribution of telomere length 
with healthy individuals.” The rate of shortening of telomere length 
during the chronic phase is correlated with a more rapid onset of accel- 
erated phase.’ Telomerase reverse transcriptase (TERT) is the cata- 
lytic subunit, expression of which is closely correlated with telomerase 
activity. In CML CD34+ cells containing BCR-ABL1, the expression 
of TERT is significantly lower than in normal CD34+ cells, consistent 
with accelerated shortening of telomeres in CML cells. A further sig- 
nificant decrease in telomere length occurs in the accelerated phase of 


CML. Telomerase activity is increased in the accelerated phase.” When 
therapy permits restoration of Ph chromosome-negative cells in the 
blood, these cells have telomere length comparable to that in matched 
healthy controls. 


@ CLINICAL FEATURES 
SIGNS AND SYMPTOMS 


In the 70 percent of patients who are symptomatic at diagnosis, the 
most frequent complaints include easy fatigability, loss of sense of well- 
being, decreased tolerance to exertion, anorexia, abdominal discomfort, 
early satiety (related to splenic enlargement), weight loss, and excessive 
sweating.“*** The symptoms are vague, nonspecific, and gradual in 
onset (weeks to months). A physical examination may detect pallor 
and splenomegaly. The latter was present in approximately 90 percent 
of patients at diagnosis, but with medical care being sought earlier, the 
presence of splenomegaly at the time of diagnosis is decreasing in fre- 
quency.” Sternal tenderness, especially the lower portion, is common; 
occasionally, patients notice it themselves. 

Uncommon presenting symptoms include those of dramatic 
hypermetabolism (night sweats, heat intolerance, weight loss) simulat- 
ing thyrotoxicosis; acute gouty arthritis, presumably related in part to 
hyperuricemia; priapism, tinnitus, or stupor from the leukostasis asso- 
ciated with greatly exaggerated blood leukocyte count elevations*?-**'; 
left upper quadrant and left shoulder pain as a consequence of splenic 
infarction and perisplenitis; vasopressin-responsive diabetes insip- 
idus™?™; and acne urticata associated with hyperhistaminemia.™ 
Acute febrile neutrophilic dermatosis (Sweet syndrome), a perivascular 
infiltrate of neutrophils in the dermis, can occur. In the latter situation, 
fever accompanied by painful maculonodular violaceous lesions on the 
trunk, arms, legs, and face are characteristic.” Spontaneous rupture 
of the spleen is a rare event.” Digital necrosis has been reported as a 
rare paraneoplastic event.” 

In an increasing proportion of patients, the disease is discovered, 
coincidentally, when blood cell counts are measured at a periodic med- 
ical examination. 


CHILDHOOD PRESENTATION 


Hyperleukocytosis and symptoms or signs therefrom are a more 
common feature in patients who present with CML before the age of 
20 years. The white cell counts at diagnosis are on average more than 
twice that in adults, the fraction of blood blasts, promyelocytes, and 
myelocytes is significantly higher, and clinical manifestations of hyper- 
leukocytosis are far more frequent in children than adults.” 


LABORATORY FINDINGS 
Blood 


The presumptive diagnosis of CML can be made from the results of the 
blood cell counts and examination of the blood film.” The blood 
hemoglobin concentration is decreased in most patients at the time of 
diagnosis. Red cells usually are only slightly altered, with an increase in 
variation from small to large size and only occasional misshapen (ellip- 
tical or irregular) erythrocytes. Small numbers of nucleated red cells are 
commonly present. The reticulocyte count is normal or slightly elevated, 
but clinically significant hemolysis is rare.“°’*!”” Rare cases of mild ery- 
throcytosis**”™ or erythroid aplasia’? have been documented. 

The total leukocyte count is always elevated at the time of diagnosis 
and is nearly always greater than 25 x 10°/L; at least half the patients have 
total white counts greater than 100 x 10°/L (Fig. 89—6).7°™464” The total 
leukocyte count rises progressively in untreated patients. Rare patients 
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Figure 89-6. Total white cell count and platelet count of 90 patients 
with CML at the time of diagnosis. The cumulative percent of patients 
is on the ordinate, and the cell count is on the abscissa. Fifty percent of 
patients had a white cell count greater than 100 x 10°/L and a platelet 
count greater than approximately 300 x 10°/L at the time of diagnosis. 


may have dramatic cyclic variations in white cell counts as much as an 
order of magnitude with cycle intervals of approximately 60 days.*°”?* 
Granulocytes at all stages of development are present in the blood and 
are generally normal in appearance (Fig. 89-7). In this series, the mean 
blast cell prevalence was approximately 3 percent but can range from 0 
to 10 percent; progranulocyte prevalence was approximately 4 percent; 
myelocytes, metamyelocytes, and bands accounted for approximately 
40 percent; and segmented neutrophils accounted for approximately 
35 percent of total leukocytes (‘Table 89-1). Often, there is a “myelocyte 
bulge” in which the differential count shows an exaggerated proportion 
of myelocytes compared to the proportion observed in normal persons. 
Hypersegmented neutrophils are commonly present. 

Neutrophil alkaline phosphatase activity is low or absent in more 
than 90 percent of patients with CML.”®-7! The mRNA for alkaline 
phosphatase is undetectable in neutrophils of patients with CML.’” The 
activity increases toward or to normal in the presence of intense inflam- 
mation or infection and when the total leukocytic count is decreased to 
or near normal with treatment.” CML neutrophils regain alkaline 
phosphatase activity after infusion into leukopenic recipients, suggest- 
ing the effect of regulators or factors extrinsic to the neutrophils. With 
the availability of specific markers, BCR-ABL1 in CML and JAK2 muta- 
tions in polycythemia, leukocyte alkaline phosphatase is no longer used 
for diagnostic purposes. 

The proportion of eosinophils usually is not increased, but the 
absolute eosinophil count nearly always is increased. Rarely, eosinophils 
are so prominent that they dominate the granulocytic cells and lead to 
the designation Ph chromosome-positive eosinophilic CML. An absolute 
increase in the basophil concentration is present in almost all patients, 
and this finding can be useful in preliminary consideration of the dif- 
ferential diagnosis.**’” Basophilic progenitor cells are increased in the 
blood.”” The proportion of basophils usually is not greater than 10 to 
15 percent during the chronic phase but may, in rare patients, represent 
30 to 80 percent of the total leukocyte count during chronic phase and 
lead to the designation of Ph chromosome-positive basophilic CML.” 
Flow cytometry using anti-CD203c provides very accurate assessment 
of the basophil frequency. Basophils may be hypogranulated or have an 
immature phenotype and may be left uncounted in an optical differen- 
tial white cell count. Anti-CD203c recognizes these cells as basophils.”*! 
Granules of basophils in patients with CML, unlike normal basophils, 
contain mast cell «-tryptase.*’”* Granulocytes containing both eos- 
inophilic and basophilic granules (mixed granulation) are commonly 
present.?* 
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Figure 89-7. Blood and marrow cells characteristic of chronic myelogenous leukemia. A. Blood film. Elevated leukocyte count. Elevated platelet 
count (aggregates). Characteristic array of immature (myelocytes, metamyelocytes, band forms) and mature neutrophils. B. Blood film. Elevated leu- 
kocyte count. Characteristic array of immature (myelocytes, metamyelocytes, band forms) and mature neutrophils. Two basophils in the field. Abso- 
lute basophilia is a constant finding in CML. C. Blood film. Elevated leukocyte count. Characteristic array of immature (promyelocytes, myelocytes, 
metamyelocytes, band forms) and mature neutrophils. Basophil in the field. Two myeloblasts in upper center. Note multiple nucleoli (abnormal) and 
agranular cytoplasm. D. Marrow section. Hypercellular. Replacement of fatty tissue (normally approximately 60 percent of marrow volume in adults 
of this patient’s age) with hematopoietic cells. Intense granulopoiesis and evident megakaryocytopoiesis. Decreased erythropoiesis. (Reproduced with 


permission Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


The total absolute lymphocyte count is increased (mean: approx- 
imately 15 x 10°/L) in patients with CML at the time of diagnosis™ as 
a result of the balanced increase in T-helper and T-suppressor cells.?* 
B lymphocytes are not increased.” T lymphocytes also are increased 
in the spleen.’ NK cell activity is defective in CML patients as a result 
of decreased maturation of these cells in vivo’*’*** and a decrease in 
the absolute number of circulating NK cells in patients with CML. 
The latter change can perhaps be related to increased apoptosis.” The 
CD56 bright subset of NK cells is particularly decreased. These cells 
are reduced more as CML progresses, and they respond less to stim- 
uli that recruit clonogenic NK cells compared to NK cells from normal 
subjects.” 

The platelet count is elevated in approximately 50 percent of 
patients at the time of diagnosis and is normal in most of the rest.”' The 
median value in patients at diagnosis is approximately 400 x 10° cells/L. 
The platelet count may increase during the course of the chronic phase. 
Platelet counts greater than 1000 x 10°/L are not unusual, and platelet 
counts as high as 5000 to 7000 x 10°/L have occurred. Thrombohem- 
orrhagic complications of thrombocytosis are infrequent. Occasionally, 
the platelet count may be below normal at the time of diagnosis, but 
this finding usually signals an impending progression to the accelerated 
phase of the disease (see “Accelerated Phase and Blast Crisis of Chronic 


Myelogenous Leukemia” 
splenomegaly. 

Functional abnormalities of neutrophils (adhesion, emigration, 
phagocytosis) are mild; are compensated for by high neutrophil concen- 
trations; and do not predispose patients in chronic phase to infections 
by either usual or opportunistic organisms.” Platelet dysfunction 
can occur but is not associated with spontaneous or exaggerated bleed- 
ing. A decrease in the second wave of epinephrine-induced platelet 
aggregation is the most common abnormality and is associated with a 
deficiency of adenine nucleotides in the storage pool.” 


below) and may also occur in with massive 


Marrow 

Morphology The marrow is markedly hypercellular, and hematopoi- 
etic tissue takes up 75 to 90 percent of the marrow volume, with fat 
markedly reduced (see Fig. 89-7). Granulopoiesis is dominant, 
with a granulocytic-to-erythroid ratio between 10:1 and 30:1, rather 
than the normal 2:1 to 4:1. Erythropoiesis usually is decreased, and 
megakaryocytes are normal or increased in number. Eosinophils and 
basophils may be increased, usually in proportion to their increase in 
the blood. Mitotic figures are increased in number. Mast cells are often 
seen, and uncommonly a juxtamembrane domain mutant of KIT coin- 
cides with BCR-ABL1 in CML.*” Rare reports of marrow mastocytosis 


TABLE 89-1. White Blood Cell Differential Count at the 


Time of Diagnosis in 90 Cases of Ph Chromosome-Positive 
Chronic Myelogenous Leukemia 


Percent of Total Leukocytes 
(Mean Values) 


Myeloblasts 3 
Promyelocytes 4 
Myelocytes 12 
Metamyelocytes 7 
Band forms 14 
Segmented forms 38 
Basophils 

Eosinophils 

Nucleated red cells 0.5 
Monocytes 

Lymphocytes 


In these 90 patients, the mean hematocrit was 31 mL/dL, mean total 
white cell count was 160 x 10°/L, and mean platelet count was 442 x 
10°/L at the time of diagnosis. 


Data from Hematology Unit, University of Rochester Medical Center. 


have been explained by a KIT mutation as an additional genetic abnor- 
mality or by dual clones in the marrow. Macrophages that mimic 
Gaucher cells in appearance are sometimes seen. This finding is a result 
of the inability of normal cellular glucocerebrosidase activity to degrade 
the increased glucocerebroside load associated with markedly increased 
cell turnover.*” Macrophages also can become engorged with lipids, 
which, when oxidized and polymerized, yield ceroid pigment. This pig- 
ment imparts a granular and bluish cast to the cells after polychrome 
staining; such cells have been referred to as sea-blue histiocytes.*” 

Collagen type II (reticulin fibrosis), which takes the silver impreg- 
nation stain, is commonly increased at the time of diagnosis in nearly 
half the patients,*” and is correlated with the proportion of megakaryo- 
cytes in the marrow.™* Increased fibrosis also is correlated with larger 
spleen size, more severe anemia, and a higher proportion of marrow 
and blood blast cells. 

The marrows of CML patients have a mean doubling of microves- 
sel density compared to healthy controls and have more angiogenesis 
in marrow than other forms of leukemia.” This increased marrow 
vascularity decreases to normal after treatment.” 

Progenitor Cell Growth Cells that form colonies of neutrophils 
and macrophages or eosinophils (CFUs) are increased in the marrow 
and blood. The increase in CFUs in marrow is approximately 20-fold 
normal and in blood approximately 500-fold normal. The CFUs are of 
lighter buoyant density than those in normal marrow.'” More primitive 
progenitors that can initiate long-term cultures of hematopoiesis also 
are markedly increased.*"' Spontaneous blood-derived granulocyte- 
macrophage colony growth is common, although CFUs also respond to 
growth factor stimulation. 

Cytogenetics The marrow and nucleated blood cells of more 
than 90 percent of patients with clinical and laboratory signs that fall 
within the criteria for the diagnosis of CML contain the Ph chromo- 
some (22q—) as measured by G-banding, and virtually all patients have 
the t(9;22)(q34;q11)(BCR-ABL1) by FISH. The Ph chromosome is pres- 
ent in all blood cell lineages (erythroblasts, granulocytes, monocytes, 
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megakaryocytes, T- and B-cell progenitors) but is not present in the 
majority of blood B lymphocytes or in most T lymphocytes.**** Approx- 
imately 70 percent of patients in the chronic phase have the classic 
Ph chromosome in their cells.” The remaining 20 percent also have 
a missing Y chromosome [t(Ph),—Y]; an additional C-group chromo- 
some, usually number 8 [t(Ph),+8]; an additional chromosome 22q- 
but without the 9q+ [t(Ph), 22q—]; or t(Ph) plus either another stable 
translocation or another minor clone. These variations have not been 
shown to affect the duration of the chronic phase. Deletion of the Y 
chromosome occurs in approximately 10 percent of healthy men older 
than 60 years.’ 

Variant Ph chromosome translocations occur in approximately 
5 percent of subjects with CML and involve complex rearrangements 
(three chromosomes), and every chromosome except the Y chro- 
mosome can be involved.’ The Ph chromosome, that is, 22q-, is 
present, but the gross exchange of chromosomal material involves 
a chromosome other than 9 (simple variant) or involves exchange of 
material among chromosomes 9 and 22 and a third or more chromo- 
somes (complex variant; Fig. 89-8). High-resolution techniques have 
indicated that 9q34-qter is transposed to 22q11 in simple and in com- 
plex translocations.*°*”! Thus, the fusion of 9q34 with 22q11 seems to 
occur in the cells of most patients with CML.*? Complex translocations 
involving chromosome 3 have been notable.*?-*™ In rare cases, a recip- 
rocal translocation with a chromosome other than 9 to chromosome 22 
is larger than usual, and the posttranslocation shortening of the long 
arms of 22 is not apparent. This circumstance has been referred to as a 
masked Ph chromosome or masked translocation because the 22q- is not 
evident by microscopic examination,” although t(9;22) may occur as 
judged by banding techniques or molecular probes.*”” 

Approximately 10 percent of patients have a deletion of the deriv- 
ative 9 chromosome adjacent to the chromosome breakpoint. Although 
this deletion is thought to be an important factor in resistance to drug 
effects with IFN therapy, it does not appear to be significant with the use 
of imatinib." 

Molecular Probes Ina small proportion of patients with a clinical 
disease analogous to CML, cytogenetic studies do not disclose a classic, 
variant, or masked Ph chromosome. In these cases, use of a panel of 
restriction enzymes and Southern blot analyses with a molecular probe 
for the breakpoint cluster region on chromosome 22 nearly always 
detects rearrangement of fragments. This finding has led to the conclu- 
sion that almost all cases of CML have an abnormality of the long arm of 
chromosome number 22 (BCR rearrangement).***” Ph chromosome- 
negative CML cells with BCR rearrangement can express p210°°®*"', 
and such patients have a clinical course similar to Ph chromosome- 
positive CML.*7833-36 

The ability to identify the molecular consequences of the t(9;22), 
that is, BCR rearrangement, mRNA transcripts of the mutant fusion 
gene, and p210°°*“8", has resulted in diagnostic tests supplementary 
to cytogenetic analysis.**” These tests include Southern blot analysis of 
BCR rearrangement,****** polymerase chain reaction (PCR) amplifica- 
tion of the abnormal mRNA,” and a less complex variation on the lat- 
ter, a hybridization protection assay.*”” 

PCR can achieve a sensitivity of one positive cell in approximately 
500,000 to one million cells. This extreme sensitivity requires special care 
in analysis and the inclusion of negative controls.*'*“ Fusions e13a3, 
e14a3, and e19a2 are not detectable with standard PCR primers.*“* 

A multicolor FISH method to detect the BCR-ABL1 fusion in 
patients with CML is a rapid and sensitive alternative to Southern 
blot and PCR-dependent methods.” For diagnostic purposes, FISH is 
simple, accurate, and sensitive, and can detect the various molecular 
fusions (e.g., e13a2, e14a2, ela2).*°°* Interphase FISH is faster and 
more sensitive than cytogenetics in identifying the Ph chromosome. If 
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Reciprocal translocation 


Figure 89-8. Translocations involved in chronic myelogenous 


+ Philadelphia leukemia. The positions of the ABL gene in each of the chromo- 
chromosome somes before and after the translocation are noted. The origin of 
9 -— |22 the chromosomal segments in each of the translocated chromo- 
es E J9 somes is indicated by a bracket on the side of the chromosome. 
ABL (Reproduced with permission from Rosson D, Reddy EP: Activation 
of the abl oncogene and its involvement in chromosomal translo- 
4 cations in human leukemia. Mutat Res 1988 May; 195(3):23 1-243.) 
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the concentration of CML cells is very low, interphase FISH may not 
detect BCR-ABLI, so it has limited use for detecting minimal residual 
disease.**' Hypermetaphase FISH allows analysis of up to 500 meta- 
phases per sample in 1 day. Several factors influence the false-positive 
and false-negative rates of FISH identification of BCR-ABLI, including 
definition of a fusion signal, nuclear size, and the genomic position of 
the ABL1 breakpoint.” Double BCR-ABL fusion signals (double-fusion 
[D]-FISH) have been proposed as being more accurate than the fusion 
signal used in dual color (single-fusion) S-FISH, because in the latter 
case a small percentage of the normal BCR and ABLI signals overlap.” 

The frequency of cytogenetic analysis can be reduced if patients 
are monitored by molecular methods such as competitive reverse tran- 
scriptase (RT)-PCR. Molecular analyses can be performed on blood 
samples and therefore are much easier to use than cytogenetic analy- 
sis of marrow cell metaphases. Quantitative RT-PCR is the method of 
choice for monitoring patients for residual disease or reappearance of 
disease after marrow transplantation and for following response to TKIs 
once routine cytogenetics and FISH are negative for the Ph chromo- 
some. Competitive PCR can detect reappearance of or increasing levels 
of BCR-ABL1 RNA transcripts prior to clinical relapse in patients after 
transplantation.*>*°°° 


Chemical Abnormalities 

Uric Acid An increased production of uric acid with hyperuricemia 
and hyperuricosuria occurs in untreated CML.’ Uric acid excretion 
often is two to three times normal in patients with CML. If aggressive 
therapy leads to rapid cell lysis, excretion of the additional purine load 
may produce urinary tract blockage from uric acid precipitates. Forma- 
tion of urinary urate stones is common in patients with CML, and some 
patients with latent gout may develop acute gouty arthritis or uric acid 
nephropathy.** The likelihood of complications from urate overproduc- 
tion is greatly increased by starvation, acidosis, renal disease, or diuretic 
drug therapy. 


Serum Vitamin B „Binding Proteins and Vitamin B,, Neu- 
trophils contain vitamin B —binding proteins, including transcobalamins 
I and III (synonym: R-type B,,-binding protein or cobalophilin).*°°” 
Patients with myeloproliferative neoplasms have an increased serum 
level of vitamin B,,-binding capacity, and the source of the protein is 
principally mature neutrophilic granulocytes.” The increase in 
transcobalamin level and the resultant increase in vitamin B,, concen- 
tration are particularly notable in CML, although any increase in the 
number of neutrophilic granulocytes, as in leukemoid reactions, can be 
accompanied by an increase in serum vitamin B, binding protein levels 
and vitamin B,, concentration.** The serum vitamin B,, level in CML 
patients is increased on average to more than 10 times normal.*® The 
increase is proportional to the total leukocyte count in untreated patients 
and falls toward normal levels with treatment, although increased vita- 
min B,, levels commonly persist even after the white cell count is low- 
ered to near normal with therapy. 

Pernicious anemia and CML may rarely coexist. In this situation, 
the tissues are vitamin B, deficient, but the serum vitamin B, level may 
be normal because of the elevated level of transcobalamin I, a binder 
with a very high affinity for vitamin B,,.°° 

Whole Blood Histamine Mean histamine levels are markedly 
increased in patients in chronic phase (median: approximately 5000 ng/ 
mL) compared to healthy individuals (median: approximately 50 ng/mL); 
and, this elevation is correlated with the blood basophil count.’ Cases 
of exaggerated basophilia and disabling pruritus, urticaria, and gastric 
hyperacidity have occurred, associated with enormous increases (several 
hundredfold) of blood histamine concentration.*°° 

Serum Lactic Dehydrogenase, Potassium, Calcium, and 
Cholesterol The level of serum lactic acid dehydrogenase (LDH) is 
elevated in CML.*” Pseudohyperkalemia resulting from the release of 
potassium from white cells during clotting’ and spurious hypoxemia 
or pseudohypoglycemia from in vitro utilization of oxygen or glucose 
by granulocytes can occur. Hypercalcemia*” or hypokalemia?’ has 


occurred during the chronic phase of the disease, but such complica- 
tions are very rare until the disorder transforms to acute leukemia. Ele- 
vated serum and urinary lysozyme levels are features of leukemia with 
greater monocytic components and are not features of CML.” Serum 
cholesterol is decreased in patients with CML.*”*7 

Serum Angiogenic Factors Angiogenin, endoglin (CD105), vas- 
cular endothelial growth factor (VEGF), B-fibroblast growth factor, and 
hepatocyte growth factor are increased strikingly in the serum of CML 
patients 70738374375 


@ SPECIAL CLINICAL FEATURES 
BCR-ABL1-POSITIVE THROMBOCYTHEMIA 


Either of two syndromes—thrombocythemia with the Ph chromo- 
some and BCR-ABL1 rearrangement or thrombocythemia without a 
Ph chromosome but with the BCR-ABL1 rearrangement—may pre- 
cede the overt signs of CML or its accelerated phase.*”**” In general, 
the disease closely mimics classic essential thrombocythemia ini- 
tially: marked platelet elevation, extreme megakaryocytic hyperplasia, 
normal or mildly elevated white cell count, no or very slight myeloid 
immaturity in the blood, and minimal anemia. Minor bleeding, such 
as epistaxis, erythromelalgia, or signs of thrombosis, such as cerebral 
or limb ischemia, are occasionally present. In some cases, the absolute 
basophil count is mildly elevated. Approximately 5 percent of patients 
with apparent essential thrombocythemia have a Ph chromosome.*” 
In another study, two of 121 patients with essential thrombocythemia 
had BCR-ABL1 transcripts, and one of these patients also had a Ph 
chromosome in the marrow cells, whereas in a different study, four of 
32 patients with thrombocythemia had low levels of BCR-ABL1 tran- 
scripts in blood cells. Approximately one in 20 patients with CML pres- 
ent with the features of essential thrombocythemia.*””*’* Evolution to 
blast crisis may occur.***! 


NEUTROPHILIC CHRONIC MYELOGENOUS 
LEUKEMIA 


A rare variant of BCR-ABLI-positive CML has been described in 
which the elevated white cell count is composed principally of mature 
neutrophils. The white cell count is lower (on average: 30 to 50 x 
10°/L) at the time of diagnosis than is the case with classic CML (median: 
100 to 150 x 10°/L). Moreover, patients with neutrophilic CML usually 
do not have basophilia, notable myeloid immaturity in the blood, prom- 
inent splenomegaly, or low leukocyte alkaline phosphatase scores. The 
cells of these patients have the Ph chromosome but have an unusual 
BCR-ABLI fusion gene in that the breakpoint in the BCR gene is between 
exons 19 and 20. This breakpoint location results in fusion of most of the 
BCR gene with ABL1 (e19a2 type BCR-ABL1), which leads to a larger 
fusion protein (230 kDa) compared to the fusion protein in classic CML 
(210 kDa; see Fig. 89-3). This correlation between genotype and phe- 
notype has not been observed in all cases.*** This variant usually has an 
indolent course, which may be the result of very low levels of mRNA for 
p230 and the undetectable or barely detectable p230 protein in cells.**° 


MINOR-BCR BREAKPOINT-POSITIVE CHRONIC 
MYELOGENOUS LEUKEMIA 


A small portion of patients with BCR-ABLI-positive CML have the 
breakpoint on the BCR gene in the first intron (m-bcr), resulting in a 
190-kDa fusion protein instead of the classic 210-kDa protein observed 
in most patients with CML (see Fig. 89-3). The m-bcr molecular lesion 
is similar to that observed in approximately 60 percent of patients 
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with BCR rearrangement-positive ALL. In patients with m-bcr CML, 
monocytes are more prominent, the white cell count is lower on aver- 
age, and basophilia and splenomegaly are less prominent than in dis- 
ease with classic BCR breakpoint (M-bcr). The few reported cases had 
a short interval before either myeloid or lymphoid blast transformation 
developed.**°*” 


HYPERLEUKOCYTOSIS 


Approximately 15 percent of patients present with symptoms or signs 
referable to leukostasis as a result of the intravascular flow-impeding 
effects of white cell counts greater than 300 x 10°/L.*” Hyperleuko- 
cytosis is more prevalent in children with Ph chromosome-positive 
CML.” The effects of total leukocyte counts from 300 to 800 x 10°/L 
include impaired circulation of the lung, central nervous system, spe- 
cial sensory organs, and penis, resulting in some combination of tac- 
hypnea, dyspnea, cyanosis, dizziness, slurred speech, delirium, stupor, 
visual blurring, diplopia, retinal vein distention, retinal hemorrhages, 
papilledema, tinnitus, impaired hearing, and priapism.” In asymptom- 
atic patients with hyperleukocytosis, initial treatment with hydration 
and hydroxyurea usually can be used to decrease the white cell count. 
Hydroxyurea treatment should be designed to accomplish a gradual 
decrease in white cell count over a few days so as to avoid the tumor 
lysis syndrome. If signs of hyperleukocytosis are present, hydration, leu- 
kapheresis, and hydroxyurea can be used simultaneously; hydroxyurea 
dose should be selected to avoid exaggerated tumor lysis. 


CONCURRENCE OF LYMPHOID MALIGNANCIES 


CML may emerge in patients with established chronic lymphocytic 
leukemia (CLL).****”° A few patients have presented with simultaneous 
occurrence of the two diseases.*!*” A single case of lymphocytic leuke- 
moid reaction simulating CLL that regressed as CML emerged has been 
reported.*” In some cases, the CLL lymphocytes did not contain the Ph 
chromosome, whereas the CML cells did, suggesting the presence of 
two independent clonal disorders.*****"*"?"* In other cases, the Ph chro- 
mosome was present in the myeloid and lymphoid cells, indicating a 
common origin.” Patients may present with Ph chromosome-positive 
acute lymphoblastic leukemia and, following chemotherapy-induced 
remission, develop the features of typical CML.’ 


@ DIFFERENTIAL DIAGNOSIS 


DISEASES MIMICKING CHRONIC 
MYELOGENOUS LEUKEMIA 


The diagnosis of CML is made based on the characteristic granulocyto- 
sis, white cell differential count, increased absolute basophil count, and 
splenomegaly coupled with the presence of the Ph chromosome or its 
variants (90 percent of patients) or a BCR rearrangement on chromo- 
some 22 (>95 percent of patients). 

Patients with other chronic hematopoietic stem cell diseases, such 
as polycythemia vera, essential thrombocythemia, or primary myelofi- 
brosis, only occasionally have closely overlapping features. For exam- 
ple, the total white cell count is greater than 30 x 10°/L in more than 
90 percent of patients with CML and increases inexorably over weeks 
or months of observation, whereas the total white cell count is less than 
30 x 10°/L in more than 90 percent of patients with the three other clas- 
sic chronic clonal myeloid diseases and usually does not change sig- 
nificantly over months to years. Polycythemia vera is associated with 
increased red cell mass and hemoglobin concentration and displays 
clinical signs of plethora; CML does not have these features. Patients 
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with primary myelofibrosis invariably have marked teardrop poiki- 
locytes and other severe red cell shape, size, and chromicity changes, 
as well as prominent nucleated red cells in the blood; CML rarely has 
these features. Patients with essential thrombocythemia have a plate- 
let count greater than 450 x 10°/L and usually only mild neutrophilia 
(<20 x 10°/L); the slight neutrophilia distinguishes it from the propor- 
tion (approximately 25 percent) of CML patients with platelet counts 
greater than 450 x 10°/L, who at the time of diagnosis have white cell 
counts above 25 x 10°/L. In addition, patients with the clinical features 
of polycythemia vera or primary myelofibrosis do not have the Ph 
chromosome or BCR rearrangement in their blood and marrow cells, 
except in extremely rare cases. A very small proportion of patients with 
apparent essential thrombocythemia has BCR-ABLI transcripts in their 
marrow and blood cells, and occasionally a Ph chromosome and may 
represent an atypical initial phase of CML (see “BCR-ABLI1-Positive 
Thrombocythemia’ above). The presence of a mutation in the JAK2 gene 
in more than 95 percent of patients with polycythemia vera is an impor- 
tant distinguishing feature (Chap. 84). The blood cells of approximately 
50 percent of patients with primary myelofibrosis or essential throm- 
bocythemia carry the JAK2 gene mutation and in those with primary 
myelofibrosis who do not, a significant proportion have a mutation in 
the calreticulin or the c-MPL gene (Chap. 86). 

Increased awareness of the features of related disorders, such as 
chronic myelomonocytic leukemia (CMML) and chronic neutrophilic 
leukemia, and an appreciation that older patients are prone to atypical 
clonal myeloid diseases, have minimized the inappropriate diagnosis of 
Ph chromosome-negative CML, which should be avoided unless the 
clinical features are characteristic of classic CML and a masked Ph chro- 
mosome or BCR rearrangement is not found. 

Reactive leukocytosis can occur with absolute neutrophil counts 
of 30 to 100 x 10°/L. Usually these leukemoid reactions occur in the 
setting of an overt inflammatory disease (e.g., pancreatitis), cancer (e.g., 
lung), or infection (e.g., pneumococcal pneumonia). If the incitant is 
not apparent, the absence of granulocytic immaturity, basophilia, or 
splenomegaly, and the absence of BCR/ABL1 in blood cells virtually 
eliminates classic CML as a consideration. 

The precise diagnosis of CML is helpful in estimating the patient’s 
prognosis, identifying the utility of TKIs, and assessing the timing of spe- 
cial therapies, such as allogeneic hematopoietic stem cell transplantation. 


Ph CHROMOSOME-POSITIVE CLONAL 
MYELOID DISEASES AND APLASTIC ANEMIA 


The Ph chromosome has been found rarely in patients with appar- 
ent polycythemia vera,” polycythemia vera that later evolves into Ph 
chromosome-positive CML,- primary myelofibrosis,” and mye- 
lodysplastic syndrome (MDS).** Molecular studies to determine 
the presence of the BCR-ABLI were not performed in cases reported 
before 1985. Essential thrombocythemia with a Ph chromosome and/ 
or BCR-ABL1 rearrangement in blood cells was discussed earlier (see 
“Special Clinical Features” above). Rare cases of aplastic anemia have 
presented with BCR-ABLI-positive cells or have evolved into BCR- 
ABLI CML.*0##05 


@THERAPY 
HYPERURICEMIA 


Hyperuricemia and hyperuricosuria are frequent features of CML at 
diagnosis or in relapse.“ The need for treatment of hyperuricemia is 
a function of the elevated pretreatment serum uric acid concentration, 


blood white cell concentration, spleen size, and dose of cytolytic therapy 
planned. If these variables suggest a high risk for a significant amount 
of cell lysis, allopurinol 300 mg/day orally and adequate hydration 
to maintain a good urine flow should be instituted prior to therapy. 
Allopurinol is associated with a high frequency of allergic skin reac- 
tions and should be discontinued after the blood leukocyte count and 
spleen size have decreased and the risk of exaggerated cell lysis has 
passed. If hyperuricemia is extreme, usually over 9 mg/dL, rasburicase 
can be administered.” Rasburicase is a recombinant urate oxidase that 
converts uric acid to allantoin. Rasburicase, unlike allopurinol, reduces 
the uric acid pool very rapidly, does not result in the accumulation of 
xanthine or hypoxanthine, and does not require alkalinization of urine 
facilitating phosphate excretion.“ Although the manufacturer recom- 
mends a dose every day for 5 days, several reports have indicated that 
one injection will produce a rapid and sustained decrease in serum uric 
acid, significantly decreasing the cost of therapy.“ Another alternative 
is to use allopurinol for a few days after one injection of rasburicase. A 
dose of 0.2 mg/kg of ideal body weight of rasburicase intravenously has 
been used.*” 


INITIAL CYTOREDUCTION THERAPY 


A TKI is now used as initial therapy in patients with CML. In cases 
where the white cell count is markedly elevated, hydroxyurea can be 
used prior to or in conjunction with a TKI. If rapid cytoreduction is 
required because of signs of the hyperleukocytic syndrome, leukapher- 
esis and hydroxyurea often are combined. 


Leukapheresis 

Leukapheresis can control CML only temporarily. For this reason, it is 
rarely used in chronic phase CML and is useful in only two types of 
patients: the hyperleukocytic patient in whom rapid cytoreduction can 
reverse symptoms and signs of leukostasis (e.g., stupor, hypoxia, tinni- 
tus, papilledema, priapism),™°-*"' and in the pregnant patient with CML 
who can be controlled by leukapheresis treatment without other ther- 
apy either during the early months of pregnancy when therapy poses a 
higher risk to the fetus or, in some cases, throughout the pregnancy. “4? 
Because of the large body burden of leukocytes in marrow, blood, and 
spleen, and the high proliferative rate in CML, leukocyte reduction by 
apheresis is less efficient than in other types of leukemia." Leuka- 
pheresis reduces the burden of tumor cells subject to chemotherapeu- 
tically induced cytolysis and thus the production and the excretion of 
uric acid. In hyperleukocytic nonpregnant patients, leukapheresis is 
best used in conjunction with hydroxyurea to ensure rapid and optimal 
reduction in white cell count. 


Hydroxyurea 

Hydroxyurea 1 to 6 g/day orally, depending on the height of the white 
cell count, can be used to initiate elective therapy.“ Urgent treatment 
of extraordinary total white cell counts may require higher doses. The 
dose of hydroxyurea should be decreased as the total white cell count 
decreases and usually is given at 1 to 2 g/day when the total white cell 
count reaches 20 x 10°/L. The drug should be temporarily discontinued 
if the white cell count drops below 5 x 10°/L. If hydroxyurea is being 
used in combination with a TKI, it is usually tapered and discontinued 
once a hematologic response to the TKI is observed. 


Anagrelide 

Anagrelide can be used for platelet reduction in patients who present with 
elevated platelet counts. This agent acts directly to decrease megakary- 
ocyte mass, and it can lead to a precipitous fall in platelet counts. In 
occasional patients who still have significant thrombocythemia after a 


TKI is initiated, combination with anagrelide is associated with a nor- 
malization of platelet counts." 


INITIAL THERAPY WITH A TYROSINE KINASE 
INHIBITOR 


Imatinib mesylate (imatinib) was the first TKI developed, and it was 
approved by the FDA for initial therapy of CML in 2002. Subsequently, 
two second-generation TKIs, nilotinib and dasatinib, were approved for 
initial therapy in 2010. This approval was based upon superior cyto- 
genetic and molecular response rates with nilotinib and dasatinib at 
benchmark time points and lower rates of conversion to accelerated 
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or blast phase as compared with imatinib. Thus far, an overall survival 
advantage of dasatinib or nilotinib compared with imatinib has not 
been shown.‘ Third-generation TKIs, bosutinib and ponatinib, are 
under study. Table 89-2 compares these inhibitors. 

Imatinib Patients with newly diagnosed, chronic phase CML can be 
started on imatinib, 400 mg/day by mouth. The goal of imatinib therapy 
is to decrease the cells bearing the t(9;22) translocation (leukemic cells) 
to the lowest levels possible, during which process normal (polyclonal) 
hematopoiesis is restored. The efficacy of imatinib is judged by measur- 
ing three benchmarks: hematologic response, cytogenetic response, and 
molecular response as defined in Table 89—3.*'*"” These benchmarks are 
used to determine its maximal therapeutic effect. The time to achieve 


TABLE 89-2. Comparison of Tyrosine Kinase Inhibitors 


Imatinib (Gleevec) 


Nilotinib (Tasigna) 


Dasatinib (Sprycel) 


Bosutinib (Bosulif) 


Ponatinib (Iclusig) 


Indications First-line therapy (CP, First-line therapy First-line therapy Second-line therapy Resistance or intol- 
AP, BP); relapsed/ (CP), resistance or (CP), resistance or (CP, AP, BP with resis- erance to prior TKI 
refractory Ph+ ALL intolerance to ima- intolerance to other tance or intolerance) or Ph+ ALL resistant 

tinib (CP and AP) TKIs (CP, AP, or BP); or intolerant to all 
Ph+ ALL with resis- other TKls; all T3151 + 
tance or intolerance casesl 
to prior therapy 

Usual dosing CP 400 mg/day CP 300 mg BID CP 100 mg/day 500 mg/day 45 mg/day 
AP/BP/progression AP/BP 400 mg BID AP/BP 140 mg/day 


600-800 mg/day 


Common toxicities 
(nonhematologic) 


Gl disturbance, 
edema (including 
periorbital), muscle 
cramps, arthralgias, 
Hypophosphatemia, 
rash 


Rash, GI distur- 
bances, elevated 
lipase, hyperglyce- 
mia, low phosphorus, 
increased LFTs 


Edema, pleural effu- 
sions, GI symptoms, 
rash, low phosphorus 


GI (diarrhea), rash, 
edema, fatigue, low 
phosphorus, ele- 
vated LFTs 


HBP, rash, GI, fatigue, 
headache 


Other significant 


Elevated LFTs (usu- 


Peripheral vascular 


Pulmonary arterial 


Arterial and venous 


toxicities ally appear in first disease, PT prolonga- hypertension, QTc thrombosis, pancre- 
month); rare cardiac tion, pancreatitis prolongation atitis, liver failure, 
toxicity reported ocular toxicity, car- 
diac failure 
Drug-drug CYP3A4 inducers CYP3A4 inhibitors CYP3A4 inhibitors CYP3A inhibitorsand Strong CYP3A inhibi- 


interactions 


decrease levels 


CYP3A4 inhibitors 
may increase levels 


It is an inhibitor of 


increase levels 


CYP3A4 inducers 
may decrease levels 


Inhibitor of CYP3A4, 


increase levels 


CYP3A4 inducer 
decrease levels 


Antacids decrease 


inducers may alter 
levels 
Acid-reducing med- 
ication may lower 
levels 


tors increased serum 
levels 


CYP3A4 and CYP2D6 CYP2C8, CYP2C9, levels 
Pgp substrate CYP2D6 H, antagonists/ 
Induces CYP2B6, proton pump inhibi- 
CYP2C8, and CYP2C9 tors decrease levels 
Administration Taken with food Taken on empty Can be taken with or Taken with food Taken with and with- 
considerations stomach; avoid food without a meal out food 
2 hours before and 
2 hours after dose 
Black box warnings None QT prolongationand None None Arterial thrombosis; 
sudden death hepatotoxicity 
Other considerations Approved in pediat- Keep potassium, Mg, Ascites and peri- Has activity with 
ric patients (340 mg/ calcium, phosphorus cardial effusion can T3151 mutations; 
m?/day) in CP repleted also occur; has CSF Available in U.S. 
penetration through ARIAD PASS 
program 


ALL, acute lymphocytic leukemia; AP, accelerated phase; BP, blast phase; CP, chronic phase; CSF, cerebrospinal fluid; CYP, cytochrome P450; Gl, 
gastrointestinal; HBP, high blood pressure; LFT, liver function tests; Pgp, P-glycoprotein; PT, prothrombin time; TKI, tyrosine kinase inhibitor. 


All information is from the commercial package insert of the TKIs as listed. 
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TABLE 89-3. Definition of a Treatment Response to a 
Tyrosine Kinase Inhibitor 


White cell count <10 x 10°/L, 
platelet count <450 x 10°/L, no 
immature myeloid cells in the 
blood, and disappearance of all 
signs and symptoms related to 
leukemia (including palpable 
splenomegaly) lasting for at 
least 4 weeks. 


Complete hematologic 
response (CHR) 


Minor cytogenetic response 
(mCyR) 


>35% of cell metaphases are 
Philadelphia (Ph) chromo- 
some-positive by cytogenetic 
analysis of marrow cells. 


Partial cytogenetic response 
(pCyR) 


1-35% of cell metaphases are 
Ph chromosome-positive by 
cytogenetic analysis of marrow 
cells. 


Major cytogenetic response 
(MCyR) 


<35% of cell metaphases con- 
tain the Ph chromosome by 
cytogenetic analysis of marrow 
cells. 


Complete cytogenetic response 
(CCyR) 


No cells containing the Ph chro- 
mosome by cytogenetic analy- 
sis of marrow cells. 


BCR-ABL1/ABL1 ratio <0.1% or 
a 3-log reduction in quantita- 
tive polymerase chain reac- 
tion (qPCR) signal from mean 
pretreatment baseline value, 
if International Standard (IS)- 
based PCR not available. 


BCR-ABL1 mRNA levels unde- 
tectable by qPCR with assay 
sensitivity at least 4.5 logs 
below baseline (IS). 


Major molecular response 
(MMR) 


Complete molecular response 
(CMR) 


a maximal effect is variable, but as long as a patient is having a con- 
tinued reduction in the size of the leukemic clone as judged by cyto- 
genetic or PCR measurements, and has met response benchmarks, the 
drug is continued at 400 mg/day. If the patient stops responding before 
a complete cytogenetic remission or complete molecular remission is 
achieved, the dose can be increased to 600 mg/day or to 800 mg/day 
(400 mg every 12 hours), if tolerated. Alternatively, another TKI can be 
used. About two-thirds of patients who do not have a significant hema- 
tologic response or who relapse while receiving imatinib at a dose of 
400 mg/day achieve a complete or partial hematologic response with 
higher doses, but few cytogenetic responses occur.“ Some patients 
without a cytogenetic response can enter a partial or complete cytoge- 
netic response(CCyR) with higher doses of imatinib. Unfortunately, the 
responses to higher doses of imatinib in patients lacking a hematologic 
or cytogenetic response at 400 mg/day usually are transient. “%40 
Several studies have examined use of imatinib at doses higher than 
400 mg/day. Patients with newly diagnosed chronic phase CML treated 
with imatinib, 800 mg/day, administered in two 400-mg doses, every 
12 hours, had a frequency of 90 percent CCyR, and 96 percent had at 
least a major cytogenetic response (MCyR). At a median of 15 months, 
no patients had progressed and 63 percent showed blood BCR-ABL1/ 
ABLI percentage ratios of less than 0.05 percent. Twenty-eight percent 


of patients had undetectable BCR-ABLI blood levels.“ In one trial, 
major molecular remission (MMR) at 12 and 24 months was higher in 
those receiving doses of imatinib greater than 600 mg/day.*” In another 
trial, patients receiving 400 mg twice per day had a MCyR of 90 and 
96 percent at 12 and 18 months, respectively. MMR rates were 48 per- 
cent and 54 percent at 6 and 12 months, respectively. These results 
compared favorably to historical data in the IRIS (International Ran- 
domized Study of Interferon) trial studying 400 mg/day of imatinib, but 
myelosuppression, rash, fatigue, and musculoskeletal symptoms were 
greater with these higher doses. Responses were, also, more rapid with 
the higher doses. More edema, gastrointestinal symptoms, rash, and 
myelosuppression occurred at the higher doses.’ Despite these reports 
the current starting dose is customarily 400 mg/day, balancing both 
effectiveness and tolerability in newly diagnosed patients. Moreover, the 
more rapid response with higher doses of imatinib may not translate 
into better long-term results.**?° For example, in another trial, MMR 
and CCyR at 12 months were not significantly different between stan- 
dard and high-dose patients, although patients in higher-risk catego- 
ries based on Sokal scores, fared better with high-dose imatinib.** (See 
“Course and Prognosis” below for an explanation of the Sokal Score.) 

Doses of imatinib lower than 400 mg/day result in fewer CCyR 
and a shorter duration of that response. Patients who are older and who 
have lower body weight may only tolerate a lower dose, but they are 
less likely to achieve a CCyR.”’* If however, a patient is on a lower dose 
(e.g., 300 mg/day) for a special reason (body size or tolerance level) and 
achieves a complete hematologic response (CHR) and CCyR within 
12 months of onset of therapy, acceptable outcomes without excess tox- 
icity can result.” 

Some patients have been followed for up to 8 years on imatinib in 
the IRIS trial (IFN vs. STI571).“°8 With median followup of 60 months, 
the best observed MCyR and CCyR rates were 89 percent and 82 per- 
cent, respectively. Only 7 percent had progressed to accelerated or blast 
phase, and overall survival rate was 89 percent. The best MMR rate was 
86 percent during the 8-year followup. No patient with an MMR at 
12 months progressed to accelerated or blast phase. By 8 years of follow 
up on the IRIS trial, 22 percent of patients had discontinued imatinib 
treatment because of an unsatisfactory response or toxicity, and only 
55 percent remained on study. The 5-year probability of remaining in 
MCyR while receiving imatinib was approximately 60 percent. Achiev- 
ing a CCyR correlated with progression-free survival, but achieving a 
MMR conferred no further survival benefit.” 


Use of Imatinib in Patients with Variant Chromosomal 
Translocations or Breakpoints 

Patients with variant Ph chromosome translocations have a similar 
prognosis to that of patients with classic Ph chromosome translocations 
who are treated with imatinib.*” (See Fig. 89-3 for a diagram of break- 
points.) Patients with the e13a2, p210BCR-ABL translocation respond 
well to imatinib, with similar rates of complete cytogenetic remission.*”! 
The e13a2 transcript may be more sensitive to imatinib than the e14a2 
transcript.” In a patient with both ela2 and e14a2 fusion transcripts, 
only the p210 e14a2 transcript disappeared, whereas the ela2 transcript 
persisted during progression to blast phase. No mutation in the kinase 
domain of ABL1 was found.** Thus, different clones in a patient may 
have a different sensitivity to imatinib. Deletions of the derivative chro- 
mosome 9 do not influence the response and outcomes in CML chronic 
phase when using imatinib.** 


Response to Imatinib in Children and Older Patients 

More than 80 percent of children with chronic phase CML who are 
treated with imatinib, 260 to 570 mg/m’, enter a complete cytogenetic 
remission. Imatinib is now approved for use in pediatric patients. 


Weight gain is the most common side effect of imatinib.** In patients 
who were older than age 60 years, similar cytogenetic response rates 
and survival rates were noted as in younger patients in the late chronic 
phase who were treated concurrently, suggesting that age is not usually 
a factor in response.” 


Side Effects and Special Treatment Considerations 

Imatinib is usually tolerated. Most adverse effects are manageable and sel- 
dom require permanent cessation of therapy. Reduction to subtherapeu- 
tic doses is not recommended; it is better to interrupt therapy for a time.*** 

Myelosuppression is common, especially at treatment onset when 
the CML clone accounts for most of the blood cells. Dose reduction to 
less than 300 mg/day is not advisable for myelosuppression. The drug 
should be stopped until blood counts recover. G-CSF or GM-CSF can 
prevent or treat neutropenia.‘ Platelet transfusion may be used 
for severe thrombocytopenia. Patients with imatinib-induced chronic 
cytopenias have inferior responses.“ Myelosuppression is an indepen- 
dent adverse factor for achieving cytogenetic responses with imatinib.” 
Erythropoiesis-stimulating agents may be used to raise hemoglobin 
levels, and their use does not appear to affect CML outcomes, but may 
increase the risk of thrombosis.” Severe irreversible marrow aplasias 
after imatinib exposure can occur. 

The main side effects noted with imatinib include fatigue, edema, 
nausea, diarrhea, muscle cramps, and rash.“ Elevated hepatic tran- 
saminases can occur. Mild transaminase elevations often respond 
to glucocorticoid use.“ Hepatotoxicity is uncommon, occurring in 
approximately 3 percent of patients, usually within 6 months of onset of 
imatinib use. Acute liver failure has been described.” The severe peri- 
orbital edema occasionally observed is postulated to be a drug effect 
on the function of platelet-derived growth factor receptor (PDGFR) 
and KIT expressed by dermal dendrocytes. Surgical decompression of 
severe edema rarely has been required.’ Although no effects on sper- 
matogenesis have been reported, women of childbearing age are at risk 
of teratogenic effects on their fetus.** 

Weight gain is associated with imatinib use.“ Patients with renal 
impairment require lower doses of imatinib.” Hypophosphatemia*! 
and altered bone and mineral metabolism have occurred.**°? Cutane- 
ous reactions with imatinib therapy occur in approximately 15 percent 
of patients.** Except for severe reactions (approximately 5 percent of 
patients), such as Stevens-Johnson syndrome, exfoliative dermatitis, 
and erythema multiforme, cutaneous reactions rarely require perma- 
nent discontinuation of therapy. With milder reactions, concomitant 
glucocorticoid therapy or brief discontinuation of imatinib with gradual 
reintroduction at a lower dose and then a gradual increase in dose can 
be accomplished.****” With very mild cases, concurrent treatment with 
antihistamine or other symptomatic therapy may be successful. Oral 
desensitization regimens have been described that allow some patients 
to continue imatinib therapy. Hair depigmentation** and hypopigmen- 
tation of the skin,“ probably related to the inhibition of the KIT recep- 
tor tyrosine kinase by imatinib, have been reported. 


Other Effects of Imatinib 
Imatinib has been found to cause regression of marrow fibrosis.“ One 
study found that the extent of marrow fibrosis in CML is not a prog- 
nostic factor with imatinib therapy,‘ whereas another study observed 
that although imatinib reverses marrow fibrosis in patients with CML, 
it does not change the unfavorable prognosis associated with fibrosis.“ 
Imatinib reverses exaggerated VEGF secretion in patients with 
CML,*® and it may reverse exaggerated marrow angiogenesis. It can 
reduce marrow cellularity and normalize morphologic features regard- 
less of cytogenetic response. BCR-ABL1-positive cells persist in patients 
despite prolonged treatment responses with imatinib.“ 
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Pharmacokinetic Considerations During Imatinib Therapy 
Mean plasma trough concentration of imatinib and its metabolite, 
CGP74588, obtained at about 1 month (presumptive steady-state) was 
979 + 530 ng/mL. The rate of CCyR and MMR was higher within the 
highest quartiles of imatinib trough levels. Some therapists suggest 
that imatinib plasma levels be checked in cases of suboptimal response 
in order to adjust the dose, but access to this monitoring is not rou- 
tinely available.“ Comedications and population covariates, such as 
body weight and white cell count, had no, or minimal, effect on imatinib 
clearance.*®* Patients with CML on hemodialysis have been successfully 
treated with imatinib.“ Therapy interruptions and nonadherence with 
oral imatinib usage are common, and patient education and close mon- 
itoring are important to ensure compliance.’” 


Initiation of Therapy with Newer Tyrosine Kinase Inhibitors 
Dasatinib Dasatinib is a second-generation oral BCR-ABL1 inhibitor 
with dual inhibition of ABL1 and SRC.” It can bind to both the active 
and inactive conformation of the ABL1 kinase domain, so it may be 
affected by mutations resulting in resistance.” 

Dasatinib was first studied for use in initial therapy in a phase II 
trial that accrued 62 patients. Ninety-eight percent achieved a CCyR, 
and the median time to CCyR was 3 months. The MMR rate was 82 
percent. Responses were durable, and the recommended treatment 
schedule based on a safety profile was 100 mg, once daily.” A random- 
ized, phase III trial compared the efficacy of dasatinib to imatinib.” In 
this study, 259 patients received dasatinib, 100 mg/day, and 260 received 
imatinib, 400 mg/day. After 12 months of followup, the rates of CCyR by 
3, 6, and 9 months were 54, 73, and 78 percent, respectively, for patients 
on dasatinib as compared to 31, 59, and 67 percent, respectively, for those 
on imatinib. The 24-month CCyR was 80 percent for patients using dasa- 
tinib, as compared to 74 percent for those on imatinib. The MMR showed 
a similar trend, and the median time to MMR was 15 months for those 
using dasatinib, compared to 36 months for those using imatinib. 

Long-term followup data have confirmed faster and deeper 
responses to dasatinib as compared to imatinib.” At 4 years, 76 percent 
of dasatinib-treated patients had attained a MMR (BCR/ABLI <0.1 per- 
cent) as compared to 63 percent using imatinib. At 3, 6, and 12 months, 
more patients achieved molecular responses using dasatinib than those 
using imatinib. There were fewer patients who progressed to accelerated 
or blast phase using dasatinib as compared to imatinib. To date, there 
is no difference in progression-free survival or overall survival between 
the two groups.*” In a randomized study, with a minimal followup of 
3 years, the proportion of patients with BCR-ABLI transcript levels 
less than 10 percent was higher in those using dasatinib as compared 
to those using imatinib.’”° Better responses were observed at 3, 6, and 
12 months in the patients using dasatinib. The achievement of an early 
molecular response was predictive of improved progression-free and 
overall survival.*”° 

Toxicity of Dasatinib Most grade 3 or 4 adverse events with dasa- 
tinib are hematologic and all cell lines can be affected. Some patients 
may have bleeding from inhibition of platelet aggregation.” Adverse 
events noted less frequently with dasatinib than imatinib include nau- 
sea, vomiting, myalgia, rash, and fluid retention, including superficial 
edema. Pleural effusions can be seen with dasatinib use. In one trial, 
14 percent of patients had grade 1 or 2 pleural effusions at 24 months, 
but grade 3 or 4 effusions occurred in only 2 patients. This toxicity did 
not affect drug efficacy. Dasatinib may also increase the risk of pul- 
monary arterial hypertension at any time, and this is an indication to 
discontinue dasatinib.“’ Dasatinib may prolong the QTc interval, and 
it should be used with caution in those who have long QT syndrome 
or those taking drugs that may lengthen the QT interval.** Hypophos- 
phatemia was found in 7 percent of cases.‘ 
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Dasatinib is metabolized primarily by hepatic cytochrome P450 
(CYP) 3A4 enzymes, so inducers of this enzyme may decrease the effec- 
tive dose, and inhibitors may increase the effective dose. Increases or 
decreases in administered dose may be needed to compensate for these 
effects. Antacids can also reduce dasatinib effects.” Lymphocytosis 
from the clonal expansion of NK/T cells has occurred during dasatinib 
treatment.” In a population of dasatinib-treated patients with large 
granular lymphocyte expansion, 90 percent had T-cell receptor delta 
rearrangements, the functional significance of which is unknown.“*! 
Lymph node follicular hyperplasia has been noted on dasatinib ther- 
apy.** Unlike the case with imatinib, dasatinib cellular uptake is not 
affected by octamer-binding protein-1 (OCT-1) activity, which is a sub- 
strate of the efflux proteins, ABCB1 and ABCG2. Resistance to dasat- 
inib is often found with point mutations in ABL1 at residue 315 or 317. 

Nilotinib Unlike dasatinib, nilotinib is a selective, orally bioavail- 
able, ATP-competitive inhibitor of BCR-ABL1 which is 20 to 50 times 
more potent than imatinib in vitro.** Like imatinib, it does not induce 
apoptosis in CD34+ CML cells.*** As with dasatinib, nilotinib was first 
tested as initial therapy in phase II trials, which were followed by a 
randomized phase III trial. In one phase II trial, 51 patients received 
nilotinib 400 mg, twice a day, and 98 percent entered CCyR and 76 per- 
cent had a MMR by 6 months.“ The phase IH trial compared nilotinib, 
300 mg twice daily, 400 mg twice daily, and imatinib 400 mg daily.“ At 
12 months, the MMR which had been chosen as the primary end point, 
was 44 percent (nilotinib 300 mg dose), 43 percent (nilotinib 400 mg 
dose), and 22 percent (imatinib 400 mg daily). The CCyR rates were 
15 percent higher with nilotinib than imatinib. The rate of progression 
to accelerated or blast phase was 4 percent at 1 year with imatinib and 
less than 1 percent with nilotinib. These improvements were observed 
in each prognostic group based on Sokal risk groups. The patients using 
either 300 or 400 mg doses had minimal differences, so in 2010, nilotinib 
was approved at a dose of 300 mg twice daily for initial CML therapy. At 
4 years of followup, more patients using either dose of nilotinib achieved 
a MMR than those using imatinib (73 and 70 percent vs. 53 percent).*** 
The rates of progression to accelerated and blast phase were also lower 
for nilotinib than imatinib. The 4-year freedom-from-progression and 
overall-survival rates were not different between the two groups. MMR 
rates at 3 years were higher for those patients using nilotinib, 300 mg, 
twice per day, in the three risk groups of Sokal (low risk, 79 percent; 
intermediate risk, 76 percent; and high risk, 52 percent progression as 
compared to those using imatinib (65, 55, and 30 percent progression, 
respectively). There was a reduced incidence of BCR-ABL1 muta- 
tions in in patients using nilotinib compared to those using imatinib. 
Nilotinib use led to fewer (less than half as many) treatment-emergent 
BCR-ABL1 mutations than did imatinib treatment, and to reduced rates 
of progression to accelerated phase and blast crisis in patients with these 
mutations.**? 

Toxicity of Nilotinib Nilotinib is rarely associated with edema 
or muscle cramps. Grades 3 and 4 cytopenias were seen in 29 percent 
of cases in one trial.“ Grade 3 or 4 elevations in lipase, bilirubin, and 
hyperglycemia were observed in 17, 8, and 12 percent of patients, and 
hypophosphatemia was seen in 16 percent. QTc prolongation can occur, 
so one should monitor the electrocardiogram (EKG) readings for 7 days 
after starting therapy and with dose changes.“ Electrolyte abnormali- 
ties should be corrected at outset of treatment. Nilotinib may be associ- 
ated with an increased risk of peripheral vascular disease, which may be 
arterial or venous.’ If thrombosis occurs, it should no longer be used 
for therapy. 

Bosutinib and Ponatinib These TKIs are not approved for use 
in initial therapy. In the one trial, which compared efficacy for bosu- 
tinib, 500 mg once daily, with imatinib, 400 mg daily in newly diagnosed 
chronic phase patients, the primary end point of CCyR at 12 months 


was 70 percent for bosutinib and 63 percent for imatinib.®™*? Results 
from followup of MMR rates, transformation rates, and durability of 
remission are not yet available. 


Summary of Tyrosine Kinase Inhibitor Selection for Initial 
Therapy of Chronic Phase Chronic Myelogenous Leukemia 
The goal of initial TKI therapy is to achieve a CCyR within 12 months 
or no later than 18 months of therapy, and to prevent progression to 
the accelerated or blast phase. How best to achieve these goals remains 
controversial. Hence, the National Comprehensive Cancer Network 
(NCCN) guidelines list imatinib, nilotinib, and dasatinib as all being 
acceptable TKIs for initial treatment of CML.*? Many clinicians would 
choose a second-generation TKI, given the rapidity and depth of 
response and the lower rates of transformation to advanced phases of 
the disease, but others use imatinib because of the lack of proof of pro- 
longation of survival with nilotinib or dasatinib. In those with interme- 
diate- or high-risk disease as assessed by the Sokal and Hasford models 
(see “Course and Prognosis” below for details of these scores), nilotinib 
or dasatinib may be preferred over imatinib to achieve rapid, better 
responses—the “hit hard, hit early” approach.” Thus, until survival 
data are available, any one of the three approved TKIs may be used for 
initial therapy. Choice of agent may be dependent upon cost consider- 
ations, ease of administration, patient risk scores or perceived risk,‘ 
and the drug’s side-effect profile (see Table 89-2). 


Defining a Response to Tyrosine Kinase Inhibitors 

Table 89-3 contains definitions of hematologic, cytogenetic, and molec- 
ular responses. The guidelines for periodic monitoring patients who are 
in chronic phase and receiving TKI therapy are shown in Table 89-4. 
The median BCR-ABL1] levels for imatinib-treated patients can decrease 
over at least 5 years. Table 89-5** lists the milestones at 3, 6, 12, and 
18 months expected of patients as indicators of an appropriate response 
in patients treated initially with a TKI.** There is variation in an indi- 
vidual patient’s time to maximal response. Consequently, if a patient has 
not met those precise milestones but shows a continued decrease in the 
proportion of Ph chromosome-positive cells on cytogenetic examina- 
tion of marrow, or if in a CCyR, a continued decrease in the level of 
the PCR signal for BCR-ABL1 and is near the benchmark, the treatment 
can be continued. Only (1) failure to meet the benchmarks at 3, 6, or 12 
months or (2) loss of response as defined as loss of a CHR or CCyR, (3) 
development of new cytogenetic abnormalities, (4) acquisition of a BCR- 
ABL1 mutation, or (5) an increase in the BCR-ABL1/ABL1 ratio of 1-log 
or more on serial RT-PCR testing or into the range associated with reap- 
pearance of the Ph chromosome on G-banding should generate a change 
in treatment to limit the risk of progression of the disease. Because of 
the variability in PCR testing, those changes should be confirmed within 
1 month. Patients who have 100 percent Ph chromosome-positive cells 
after 6 months of therapy have a minimal chance of achieving a MCyR 
or CCyR and may be offered allogeneic stem cell transplantation, if 
applicable.“ 

Achieving a cytogenetic response is associated with progres- 
sion-free survival in patients treated with imatinib and is an impor- 
tant goal of therapy (97 percent in those with a CCyR vs. 81 percent 
in those without a MCyR).*” At 5 years of followup, of those patients 
who achieved CCyR on imatinib in the IRIS study, only 3 percent 
had progressed to accelerated or blast phase during treatment.” A 
CCyR at 1 year may be the major predictor for overall survival and 
progression-free survival.*® In patients in chronic phase treated with 
imatinib, nilotinib, or dasatinib, early responses (at 3 months) in BCR- 
ABLI transcript reduction or decrease of Ph chromosome frequency 
predicted for better outcomes as measured by event-free or overall 
survival. For example, patients with less than 10 percent BCR-ABLI 


TABLE 89-4. Guidelines for Monitoring of Patients in 


Chronic Phase Who are Undergoing Tyrosine Kinase Inhibi- 
tor Therapy 


1. At diagnosis, before starting therapy, obtain Giemsa-banding 
cytogenetics and measure BCR-ABL1 transcript numbers by 
qPCR using marrow cells. If marrow cannot be obtained, use 
FISH on a blood specimen to confirm the diagnosis. 


2. At 3,6, 9, and 12 months after initiating therapy, measure qPCR 
for BCR-ABL1 transcripts. (If qPCR using the International Stan- 
dard is not available, perform marrow cytogenetics.) If there is 
a rising level of BCR-ABL1 transcript or 1 log increase after MMR 
achieved, qPCR should be repeated in 1 to 3 months. 


3. At 12 months obtain marrow cytogenetics for cells with Ph 
chromosome if no CCyR or MMR. 


4. Once CCyR is obtained, monitor qPCR on blood cells every 
3 months for 3 years and then every 4 to 6 months, thereafter. 
If there is a rising level of BCR/ABL1 transcripts (1 log increase 
after MMR achieved), repeat quantitative PCR in 1 to 2 months 
for confirmation. 


5. These guidelines presume continued response to a TKI until 
CCyR achieved. If this does not occur see text for approach. 


6. Mutation analysis should be performed with loss of chronic 
phase, loss of any previous level of response, inadequate initial 
response (BCR/ABL1 transcripts >10%) at 3 or 6 months or no 
CCyR at 12 or 18 months, and a 1-log increase in BCR/ABL after 
MMR once achieved. 


CCyR, complete cytogenetic response; CP, chronic phase; FISH, fluo- 
rescence in situ hybridization; MMR, major molecular response; Ph, 
Philadelphia; qPCR, quantitative polymerase chain reaction; TKI, 
tyrosine kinase inhibitor. 

Data from http://www.nccn.org/professionals/physicians_gls/PDF/ 
cml.pdf. 


transcripts at 3 months had a 3-year event-free survival of 95 percent 
or greater, whereas those with greater than 10 percent transcript level at 
3 months had a 61 percent event-free survival.” 

Molecular response is determined by the decrease in BCR-ABL1 
mRNA by PCR. This is the only means to measure the depth of the 
response once a CCyR is attained. The achievement of MMR after treat- 
ment with imatinib is associated with durable long-term CCyR and a 
lower rate of disease progression. Only 5 percent of patients achieving 
a MMR with imatinib lost a CCyR compared to 37 percent who did not 
achieve that degree of response.” Also, the 5-year followup of the IRIS 
trial showed that no patient with a CCyR and MMR at 12 months had 
progressed to a more advanced phase of the disease.” The IRIS study 
7-year followup also showed that in those with a MMR at that point 
in time, progression was rare. The estimated event-free survival was 
95 percent for those with MMR at 18 months compared with 86 percent 
in those without a MMR.” To date, there is no evidence that a change 
of therapy would improve survival in those with CCyR but not a MMR. 
In those with stable CCyR after treatment with a second-generation 
TKI, achievement of MMR may not have significance as a predictor of 
survival“? 

The time taken to achieve MMR is also thought to have prognos- 
tic significance. In the IRIS study, the chance of disease progression 
was higher in those who failed to achieve a 1-log reduction in BCR/ 
ABLI transcripts by 3 months or a 2-log reduction by 6 months.’ A 
BCR-ABLI transcript level greater than 10 percent after 3 months is 
a significant predictor for long-term outcomes.* In another analy- 
sis, chronic phase patients treated with imatinib 400 mg/day who had 
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TABLE 89-5. Milestones for Assessing Response to 
Tyrosine Kinase Inhibitors"”*% 


Disease Response 


Time of Suboptimal 
Observation Response/ Optimal 
(months) Unsatisfactory Warning Response 
3 No CHR and/or BCR/ABL1 BCR/ABL1 
Ph+ >95% >10% and/or <10% and/or 
Ph+ 36-95% = MCyR 
6 BCR/ABL1 >10%  BCR-ABL1 BCR/ABL1 <1% 
and/or no MCyR 1-10% and/or and/or CCyR 
MCyR 
12 BCR/ABL1 >1% BCR-ABL1 BCR/ABL1 
and/or no CCyR  <0.1-1% <0.1% 
18 No CCyR CCyR if no CCyR or MMR 
MMR 


CHR, complete hematologic response; CCyR, complete cytogenetic 
response; MCyR, major cytogenetic response; MMR, major molecular 
response. 

Response is defined in Table 89-3. These data were derived from 
studies with imatinib but are applicable to therapy with any tyrosine 
kinase inhibitor (TKI) as initial therapy in chronic phase. “Unsatisfac- 
tory” implies the need to consider change in treatment approach, 
as appropriate for that patient. Usually this change is an increase 
in the dose of imatinib, a shift to an alternative TKI, or allogeneic 
hematopoietic stem cell transplantation, if eligible. These guidelines 
are approximate in that a patient showing continued response to a 
TKI can be continued on that therapy until a response plateau has 
been reached, at which time the response can be evaluated using 
the milestones described. The suboptimal category indicates at least 
closer monitoring is recommended. See text for further details. 


BCR-ABLI transcripts of 9.84 percent or less at 3 months had better 
overall, progression-free, and event-free survival at 8 years than did 
those with values of 9.84 percent or greater.* Also, there is evidence 
that early molecular response to initial therapy with dasatinib or nilo- 
tinib in patients with CML is a predictor of overall response. In one 
trial with dasatinib, patients with BCR-ABL1 transcripts of 10 percent 
or less at 3 months had significantly better 5-year progression-free (92 
vs. 67 percent) and 4-year overall survival than did those with greater 
than 10 percent transcripts (95 vs. 83 percent).*™ In another study with 
nilotinib, patients with BCR-ABL1 of 10 percent or less at 3 months also 
had improved 4-year progression-free survival compared to those with 
BCR-ABLI greater than 10 percent at 3 months (95 vs. 85 percent).°” 
Progression was defined as transformation to accelerated or blast phase. 
Rising BCR-ABL1 Transcript Levels Rising BCR-ABL1 transcripts 
can indicate a new mutation or cytogenetic relapse. A significant change 
has been defined as either a twofold increase, serially increasing lev- 
els, or a 1-log increase.“®™ There are no current recommendations for 
therapy changes based on an increase in BCR-ABLI transcripts. Serial 
increases or increases of 1-log or more should trigger ABL mutational 
analysis and frequent monitoring of BCR-ABLI transcripts. 
Suboptimal Therapeutic Responses The initial European Leu- 
kemia Network guidelines defined suboptimal response as no cyto- 
genetic response at 3 months, less than a partial cytogenetic response 
(PCyR) at 6 months, a PCyR at 12 months, and less than a MMR at 
18 months.*°5° The significance of a suboptimal response is depen- 
dent on the cause; for example, this may be insignificant if the result of 
drug intolerance or noncompliance as opposed to drug resistance (see 
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“Acquired Resistance” below). The significance also depends on time of 
suboptimal response with earlier time points indicating a worse prog- 
nosis. Currently, CCyR and PCyR at 3 months are considered optimal 
and suboptimal responses. Suboptimal responses are labeled as a “warn- 
ing” response in the Network guidelines.“ These response levels may 
trigger ABL mutation analysis or closer monitoring. 


Secondary Chromosomal Changes with Tyrosine Kinase 
Inhibitors 

Because of its earlier development, most of these data are obtained with 
imatinib treatment. Clonal abnormalities in cells lacking a detectable 
Ph chromosome or BCR-ABLI1 rearrangements have been detected in 
patients undergoing imatinib therapy who previously were treated with 
IFN-g.: These cytogenetic changes were noted in seven patients at a 
median of 13 months of imatinib therapy, and trisomy 8 was the most 
frequent abnormality. All of these patients had MCyRs to imatinib.°” The 
presence of additional chromosomal abnormalities is considered to be a 
feature of the accelerated phase of CML. In some patients, clonal evolu- 
tion may be related to imatinib resistance.* Clonal abnormalities may be 
present in up to 10 percent of patients taking imatinib.*'” Some of these 
cases may be associated with a MDS, especially in those patients with pre- 
vious exposure to cytarabine and idarubicin. The antiproliferative effect 
of imatinib allows restoration of polyclonal hematopoiesis in CCyR, 
which could permit the manifestation of a Ph chromosome-negative 
disorder.*"' Some investigators have found that, with the possible excep- 
tion of +8, +Ph, and i(17), additional chromosomal abnormalities at 
diagnosis are not associated with an inferior outcome to imatinib ther- 
apy.°'° In contrast, another group found that development of trisomy 
8 in patients taking imatinib, while associated with pancytopenia, did 
not result in signs of disease progression. In a series of 34 CML patients 
who developed Ph chromosome-negative clones while taking imatinib, 
the most common abnormalities were trisomy 8 and monosomy 7. In 
11 of these patients, no archival evidence of these clones was present 
before imatinib therapy was initiated, and none of the patients devel- 
oped myelodysplasia.*“ In patients treated at diagnosis with imatinib, 9 
percent developed chromosomal abnormalities in Ph chromosome-neg- 
ative metaphases. These appeared at a median of 18 months, and the 
most common abnormalities were —Y and +8. Most were temporary and 
disappeared within 5 months. Only one patient with —7 progressed to 
acute myelogenous leukemia (AML).°'° Cytogenetic clonal evolution may 
not be an important impediment to achieving a MCyR or CCyR with 
imatinib, but it is an independent poor prognostic factor for survival of 
patients in chronic and accelerated phases of CML.*™ Imatinib therapy 
may overcome the poor prognostic significance of derivative chromo- 
some 9 in CML.” 


Adherence to Tyrosine Kinase Inhibitor Therapy 

Noncompliance with therapy is associated with poorer outcomes. In 
one trial, patients with a suboptimal response had higher nonadher- 
ence (23 percent) than did those with optimal responses (7 percent).>"* 
In another study, adherence was the only independent predictor for 
achieving a complete molecular response (CMR) on imatinib. Patients 
with an adherence rate of 85 percent or less had a greater chance of 
losing their CCyR at 2 years (27 percent) than did those with better 
adherence (1.5 percent). They, also, had a lower chance of remaining on 
imatinib.” Adherence has also been correlated with level of molecular 
response. In patients using a TKI for about 5 years, median adherence 
was 98 percent (range: 24 to 100 percent). If adherence was greater than 
90 percent, there was a higher probability for a 3-log reduction in BCR/ 
ABLI transcripts and a CMR. If adherence was less than 80 percent, 
no MMRs occurred.” The poor adherence to second-generation TKIs 
has not been studied for a sufficient duration to determine its impact. 


Management of side effects is of importance in maintaining a high rate 
of adherence. 


Development of Tyrosine Kinase Inhibitor Resistance 

The development of resistance to imatinib is not surprising.*”"”” Its spec- 
ificity and “snug fit” into the ABL1-kinase pocket provide the ideal cir- 
cumstance for resistance.” Some cases demonstrate primary resistance 
to imatinib, and gene profiling has demonstrated differential expression 
of about 46 genes in responders compared to nonresponders.*™ Even in 
patients with CCyR, malignant progenitors at the LT'C-IC stage persist. 
Chronic phase CML stem cells are resistant to imatinib and are genet- 
ically unstable.” These cells have a high level of BCR-ABLI transcrip- 
tion, and they are thought to express transporter proteins that result in 
abnormal imatinib flux.*** Mathematical models suggest that imatinib 
rapidly eliminates leukemic progenitors, but does not deplete CML stem 
cells. Such models predict the probability of developing resistant muta- 
tions and can estimate the time that resistance will emerge.” Several 
potential mechanisms of resistance include BCR-ABL1 amplification in 
the presence of imatinib, P-glycoprotein-mediated drug efflux, altered 
drug metabolism, acquisition of BCR-ABL1-independent signaling 
characteristics, and point mutations in the ABL1 kinase domain that 
decrease imatinib binding. Each of these mechanisms of resistance may 
have clinical relevance. 

Primary Resistance Primary resistance to imatinib is defined as 
lack of CHR at 6 months or failure to achieve any level of cytogenetic 
response at 6 months, a MCyR at 12 months, or a CCyR at 18 months. 
This may occur in 15 to 25 percent of patients. Primary resistance may 
often be the result of inadequate plasma concentration because of bind- 
ing of the drug to proteins, such as albumin or «œ -acid glycoprotein. In 
an analysis of the IRIS study, plasma levels of imatinib following the 
first month of treatment proved to be a significant predictor for clinical 
response. Plasma levels are not available for clinical use, however, so 
these have minimal influence on treatment decisions when responses 
are not as expected. Only one gene, prostaglandin-endoperoxide syn- 
thase 1/cyclooxygenasel (PTGS1/COX1) was found to differentiate 
primary imatinib resistance. Eleven genes were associated with second- 
ary resistance after imatinib therapy in those without an ABL1 kinase 
domain mutation.” Expression of the OCT-1, which mediates drug 
influx, is thought to be important for imatinib but not dasatinib effec- 
tiveness.” Many CML patients who have a suboptimal response to 
imatinib have low OCT-1 activity, but this can be overcome with higher 
doses of imatinib or use of dasatinib, which uptake is not dependent on 
OCT-1 expression.*? OCT-1 expression is associated with MMR at 12 
and 24 months, and it is a predictor of the long-term risk of resistance 
and of transformation in patients treated with imatinib.’ CML CD34+ 
cells overexpress the drug transporter ABCG2, and imatinib, dasatinib, 
and nilotinib are substrates for ABCB1 and ABCG2. Overexpression of 
MDRI has been associated with decreased intracellular concentration 
of imatinib." 

Acquired Resistance Acquired resistance is that which occurs 
after exposure to TKIs or other treatments. Amplified gene expression 
and increased BCR-ABL] protein expression are often reported in resis- 
tant patients. Duplication of the Ph chromosome and isodicentric chro- 
mosomes are a possible mechanism of resistance to imatinib.” 

Mutations in the ABL1 kinase domain are a frequent mechanism of 
resistance. Kinase domain mutations were the only independent predic- 
tor for the loss of CCyR and progression when compared to those with- 
out a mutation. Mutations in the ABL1 kinase domain may predate 
imatinib treatment,**° and several BCR-ABL1 kinase domain mutants 
associated with imatinib resistance remain sensitive to the drug, sug- 
gesting a need for characterization before a resistant phenotype can be 
attributed to the given mutation.*” The mutant clone does not always 


have a proliferative advantage." Some of these mutations may lie out- 
side the kinase domain, and more than 40 such mutations have been 
described. Screening early phase CML patients for mutations before 
the start of imatinib therapy is not cost-effective because of their low 
incidence, but in patients with evidence of an increase in CML cells 
while on imatinib, mutation searches are indicated.**? BCR-ABL1 kinase 
domain point mutations are rare in those who have had good cytoge- 
netic responses to imatinib, and when detected in that setting, their 
presence does not always predict relapse.*° Mutations in the ABL1 por- 
tion of the BCR-ABL1 oncogene are present in approximately 40 per- 
cent of patients who do not achieve a CHR or CCyR to imatinib. ABL1 
mutations were found in those patients with both primary and acquired 
resistance. Amino acid substitutions in seven residues accounted for 
85 percent of all mutations associated with resistance.*"' The mutations 
most associated with resistance are Thr315ILe, Gly250Glu, Glu255Lys, 
and Thr253His substitutions. Few of the described mutations directly 
affect imatinib binding.*” Mutations in the ABL1-ATP phosphate-bind- 
ing loop (P-loop) are most closely associated with a poor prognosis,” 
and these P-loop mutations predict for disease progression. Overall sur- 
vival is worse for P-loop and for T315I mutations, but not significantly 
different when other mutations are present.** 

Ultra-deep sequencing approaches have shown that routine Sanger 
sequencing underestimates BCR-ABL1 mutation in 55 percent of sam- 
ples where the missed mutations had low abundance.” Mass spectrom- 
etry can detect a 0.05 to 0.5 percent level of mutations, as well.°° For 
many mutations, the concentration that inhibits 50 percent (IC,,) of 
various TKIs and response have not been documented.” 

Second-generation BCR-ABL1 inhibitors (see “Dasatinib and 
Nilotinib” below) are able to overcome imatinib-resistant mutants, with 
the exception of the T315I mutations (Table 89-6). Mutations F317L 
and V299L are resistant to dasatinib and mutations Y253H, E255K, and 
F359] are resistant to nilotinib. Ponatinib was active against T3151 and 
against other BCR-ABL1 mutations resistant to dasatinib or nilotinib.** 
Ponatinib may be effective against individual ABL1 point mutations but 
may not overcome some compound mutations, which are two or more 
mutations in the same BCR/ABL1 molecule. Some mutations may be 
polyclonal as well. The T315I mutation results in steric hindrance, 
which precludes access of some TKIs to the ATP-binding pocket of the 
ABLI kinase domain.*” In a series of 27 patients with T315I mutation, 
survival was dependent on stage of disease, with many of the chronic 
phase patients described as having an indolent course.*! In addition to 
ponatinib, agents such as IFN-« and homoharringtonine have also been 
proposed as therapy for those with the T3151 mutation.*” 

In some cases of resistance associated with imatinib, other signal 
pathways independent of BCR-ABL1 may become important in cell 


TABLE 89-6. Prevalent ABL7 Mutations Conferring 
Resistance to a Tyrosine Kinase Inhibitor 


Mutation Treatment Recommendation 

T315l Ponatinib or stem cell transplant 

V299L,T315A, Consider nilotinib over dasatinib; bosutinib 

F317L/V/I/C and ponatinib may be effective 

F359V/C/I Consider dasatinib rather than imatinib; bosu- 
tinib and ponatinib may be effective 

Others Any tyrosine kinase inhibitor not previously 


used or high-dose imatinib 


The reader is referred to the text, which includes references describ- 
ing listings of known sensitivities of reported mutations. 
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proliferation.*** These include heat shock protein (hsp) 70,°™ survivin,” 
LYN kinase,** SRC,*” and GRB2, among others.*** 

Dose escalation, combination therapy, and treatment interruption 
have been proposed as means to overcome drug resistance.” Combina- 
tion therapy from the outset*® also has been proposed to prevent devel- 
opment of resistance. Treatment interruption to stop clonal selection 
of resistant cells has been proposed.*” Gene-expression profiles may be 
useful to predict the clinical effectiveness of imatinib for CML treatment, 
thereby allowing individualized therapy from the outset.*° In patients 
with relapse or resistance, alternative approaches include increasing the 
dose of imatinib or switching to dasatinib or nilotinib.** Allogeneic 
hematopoietic stem cell transplantation is not recommended unless 
patients have inadequate response or intolerance to multiple TKIs or 
have the T315I mutation. Mutational analysis is not recommended at 
diagnosis but is of help in selecting TKI therapy for patients with an 
inadequate initial response or loss of response to TKI therapy. Mutation 
type may dictate choice of the next TKI. 

Management of Resistance 

Dose Escalation If the patient is on imatinib, 400 mg/day, dose escala- 
tion to 800 mg/day can be tried. This may be most efficacious in patients 
with cytogenetic relapse who had achieved a cytogenetic response with 
the initial dose of imatinib, but is not likely to benefit those who have 
not had a cytogenetic response with imatinib at 400 mg/day. 

Second-Generation Tyrosine Kinase Inhibitor Therapy Several 
TKIs are approved for use in the case of imatinib resistance or intol- 
erance. In general, outcome with each is comparable, so the choice of 
agent often depends on its side-effect profile or in some cases on muta- 
tion type (see Tables 89-2 and 89-6).°” 

The 3-month molecular response after initiation of a second TKI 
is also a predictor of overall and event-free survival for those patients in 
chronic phase when switched from imatinib to another TKI. A BCR- 
ABLI level of 10 percent or less at 3 months is desirable. In patients 
treated with nilotinib after imatinib resistance or intolerance, the 4-year 
progression-free and overall survival was 85 and 95 percent, respec- 
tively, if BCR-ABL1 transcripts were 10 percent or less as compared to 
42 and 71 percent for those with BCR-ABLI transcripts greater than 
10 percent at 3 months.°® 

Either dasatinib or nilotinib can be used in cases of imatinib resis- 
tance or intolerance. Dasatinib is 325-fold more potent than imatinib; 
and, as a dual inhibitor of SRC and ABL1 kinases, dasatinib is able to 
bind to BCR-ABL1 with less-stringent conformational requirements.*™ 
In patients resistant to imatinib, dasatinib, 140 mg/day (70 mg q12h), 
resulted in a higher proportion of MCyR, CCyR, and MMR than did 
800 mg/day (400 mg q12h) of imatinib. Treatment failure was decreased 
and progression-free survival was improved with dasatinib.** Unlike 
imatinib, dasatinib penetrates the blood-brain barrier.* In long-term 
followup of 670 patients with imatinib-resistant or intolerant CML, 
treated with various doses of dasatinib, 28 percent of patients remained 
on study treatment at 6 years. Survival was in the range of 76 to 83 per- 
cent and a MMR was achieved in 45 percent on a dose of 100 mg daily. 
Molecular and cytogenetic responses at 3 and 6 months were predic- 
tive of survival. For those with BCR-ABL1 transcripts less than 10 per- 
cent at 3 months, progression-free survival was 68 percent, whereas it 
was only 26 percent for those with BCR-ABLI transcripts greater than 
10 percent.*” Nilotinib in a dose of 400 mg every 12 hours induced 
approximately 40 percent of patients who were resistant to or intolerant 
of imatinib into a MCyR, and approximately 30 percent into a CCyR. 
Nilotinib, 400 mg BID, is the recommended dose for those intolerant or 
resistant to imatinib. 

Bosutinib and Ponatinib In addition to dasatinib and nilotinib, 
bosutinib and ponatinib, third-generation TKIs, are active against many 
of the imatinib-resistant BCR-ABL1 kinase domain mutations and are 
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effective treatment options for CML resistant to standard-dose imatinib. 
Both were FDA approved for this indication in 2012. Bosutinib is active 
with F317L, Y253H, and F359C/I/V mutations. Ponatinib is also effec- 
tive against many mutations resistant to nilotinib or dasatinib and has 
activity in cases with a T3151 mutation (see Table 89-6). 

Bosutinib is a dual SRC-ABL1 TKI that resulted in a CCyR in 24 
percent and CHR in 73 percent of patients who had used two prior 
TKIs.*® All mutations except T3151 were responsive. It is approved for 
chronic phase, accelerated phase, or blast phase in those resistant or 
intolerant to prior TKI therapy. The dose is 500 mg/day, orally, with 
food. Diarrhea, nausea, decreased platelet count, other gastrointestinal 
complaints, rash, and anemia were the most common adverse events, 
and most of these were of low-grade. Bosutinib is not yet approved 
for use as an initial agent in CML, as it did not demonstrate signifi- 
cant improvement in CCyR rates at 1 year compared to imatinib. It 
was, however, associated with higher 1-year MMR rates, faster time to 
response, and less disease progression.“ 

Ponatinib blocks native and mutated BCR-ABL1 including the 
gatekeeper mutation T315I. In a phase I dose escalation study, pancre- 
atitis, rash, and myelosuppression were major toxicities. In 12 patients 
with T315I mutations, 92 percent had a MCyR. In those with acceler- 
ated or blast phase, or Ph chromosome-positive ALL, 36 percent had 
a major hematologic response and 32 percent had a MCyRs. Arterial 
thrombotic events occurred, however.** Retrospective analyses of these 
incidents led to temporary withdrawal of this medication, which is now 
used primarily in cases of T315I mutation or failure of several other 
TKIs. If vascular occlusion occurs, therapy should be halted immedi- 
ately.°® Ponatinib has a black box warning for vascular occlusion, heart 
failure, and hepatotoxicity. 

A third-line TKI should be considered in patients who have failed 
two prior generations of TKI therapy, but responses tend to be infre- 
quent and are usually not durable, so clinical trials, other agents, or allo- 
geneic hematopoietic stem cell transplantation should be considered. 
A prior CCyR on either imatinib or subsequent nilotinib or dasatinib 
therapy was the only predictor of a cytogenetic remission on a third-line 
therapy.” 


Non-Tyrosine Kinase Inhibitor Therapies 

Omacetaxine Omacetaxine (homoharringtonine) is a Cephalotaxus 
alkaloid that has activity against the T315I mutation. Omacetaxine was 
approved on the basis of a study that recruited patients who had already 
been on two or more TKIs. In those enrolled in chronic phase, 67 
percent had a CHR; a MCyR or a CCyR was achieved in 22 and 4 per- 
cent, respectively. Median overall survival was 30 months.*” In those 
with T315I mutations enrolled on a separate study, MMR was achieved 
in 17 percent of patients and the T3151 clone was reduced in 61 percent 
of patients.” The most common side effects with this medication are 
cytopenias. This agent also has activity in accelerated phase CML, but 
little in blast phase. It was approved by the FDA in October 2012 for 
chronic and accelerated phase patients intolerant of other therapy or in 
cases not responding to two or more TKIs. 

Several inhibitors of signal transduction mediators involved in 
the downstream effects of BCR-ABL have been proposed for use in 
imatinib-resistant CML. These inhibitors include the JAK2 inhibitor 
AG490,°” SRC kinase inhibitors, mTOR (mammalian target of rapamy- 
cin) inhibitors, such as rapamycin,°*” the proteasome inhibitor borte- 
zomib,*”**”* histone deacetylators,°’**”” PI3K or MEK (mitogen-activated 
kinase) inhibitors and inhibitors of the WNT/B-catenin pathway thought 
to be active in CML stem cells. Imatinib resistance often is associated 
with restored activation of the BCR-ABLI signal transduction pathway, 
suggesting that BCR-ABL1 remains a valid target to overcome resistance 
in these cases.5”* BCR-ABLI1 point mutations isolated from patients with 


imatinib-resistant CML are sensitive to inhibitors of the BCR-ABL1 
chaperone hsp90, such as geldanamycin.*”” Many of these agents have 
not yet entered clinical trials, but some are in early phase trials, such as 
inhibitors of the hedgehog pathway, which is activated in CML but not 
normal hematopoietic stem cells.**° Some are being used in conjunction 
with imatinib in resistant cases. 

Combined Therapy Agents that have been proposed for use in 
combination to improve response rates or to overcome resistance to 
imatinib have included IFN-a, cytarabine, omacetaxine multiagent che- 
motherapy, arsenic trioxide, and decitabine, with some supporting in 
vitro data.*'-5*° Combining imatinib with chemotherapeutic agents is 
more myelosuppressive, and final effects on response rates and survival 
have yet to be determined. This approach is rarely used in chronic phase 
CML, but is used in accelerated or blast phase or in Ph chromosome- 
positive acute lymphoblastic leukemia.**” 


Disease Prognosis and Monitoring During Tyrosine Kinase 
Inhibitor Therapy 

Treatment failure should lead to alterations in therapeutic strategy." 
For patients treated initially with imatinib, BCR-ABLI expression in 
cytogenetic responders and nonresponders was similar. BCR-ABL1 
expression became significantly different 3 months after treatment and 
became increasingly different between responders and nonresponders 
with continued therapy at 6, 9, and 12 months.* 

One mode of monitoring patients undergoing TKI therapy is to 
measure blood counts at least once per month and to obtain marrow 
samples every 6 months until a complete cytogenetic remission is 
obtained.*” Thereafter, marrow samples are obtained no more often 
than yearly to monitor for other clonal abnormalities. Quantitative 
RT-PCR is performed every 3 months on blood or marrow. A 1-log 
increase in the level of BCR-ABLI reactivity, confirmed on a repeat 
sample at least 1 month later, suggests a loss of response to treatment. 
In patients who do not have a CHR at 3 months, or a MCyR after 
6 to 12 months, other therapeutic options are considered.’ The molec- 
ular response after 2 to 3 months of therapy is a strong predictor of 
clinical and cytogenetic response.*” Sequencing the BCR-ABL1 kinase 
domain can reveal emergence of resistant clones and is useful if there is 
an insufficient initial response to imatinib or a second-generation TKI 
(see Table 89-5) or any sign of loss of response, such as relapse to Ph 
chromosome-positive status, a 1-log increase in BCR/ABLI transcript 
ratio, or loss of a MMR.*!” 

In patients receiving second-generation TKIs as second-line ther- 
apy, those who have no cytogenetic response at 3 to 6 months should 
be considered for allogeneic transplantation or switched to an alter- 
native therapy in a clinical trial. After CCyR is attained, molecular 
monitoring is recommended every 3 months for 3 years and every 4 to 
6 months thereafter.’ After 12 months, those with a MCyR had a signifi- 
cant survival advantage over those with lesser responses.” Those with 
BCR-ABLI transcripts greater than 10 percent following initial imatinib 
treatment should be switched to dasatinib, nilotinib, or bosutinib. If this 
is not an option because of cost or availability, high-dose imatinib can 
be considered, but it also unlikely to have benefit for more than a few 
months. For those already on a second-generation TKI, a clinical trial or 
alternative TKI could be tried or patients may continue on the same TKI 
with very careful followup, as the impact of this benchmark on overall 
survival is not yet known.” The 6-month evaluation should identify 
patients with a poor outcome. For those who have MCyR or BCR-ABL1 
of less than 10 percent at 6 months, overall survival was 100 percent 
as compared to 79 percent for those with no response.” At 12 and 
18 months, CCyR is the optimal response.*”” In those who have achieved 
CCyR, MMR may not be of prognostic significance.” 


Rising BCR-ABL1 levels may be associated with an ABL1 mutation 
or relapse of disease. Those with more than a twofold rise in BCR-ABL1 
are more likely to have a mutation.” A serial rise in the BCR-ABL1 level 
may also indicate loss of response to therapy.“ 


OTHER AGENTS USED IN TREATMENT OF 
CHRONIC PHASE 


Interferon-a 

IFN-a, formerly the most effective agent, is rarely used in the treatment 
of CML. A CCyR with IFN-a was uncommon (13 percent), but 10-year 
survival rates in responders were approximately 70 percent.” CCyRs to 
IFN-« were stable and durable.** Approximately 50 percent of complete 
responders become long-term survivors. Common toxicities of IFN- 
a use include fatigue, low-grade fever, weight loss, liver function test 
abnormalities, hematologic changes, and neuropsychiatric symptoms. 
Overall survival is improved in imatinib-treated patients compared 
with patients treated with IFN-a or IFN-a plus cytarabine.*” Neverthe- 
less, among all patients who attained a major or CCyR at 12 months, 
the survival rate was comparable in either case. IFN-a has also been 
proposed as an immune stimulant to consolidate imatinib remissions 
because additive effects have been noted. ! Conversely, those treated 
initially with INF-a who achieve a CCyR have an improved molecular 
response with imatinib. Some patients intolerant to a TKI may be 
treated successfully with INF-a. 


Use of Other Chemotherapeutic Agents in Chronic Phase 
Hydroxyurea The major side effect of hydroxyurea is an extension of 
its pharmacologic effect, that is, reversible suppression of hematopoie- 
sis, often with megaloblastic erythropoiesis. The median survival of 
patients with CML treated with hydroxyurea alone is approximately 5 
years. Studies with high-dose hydroxyurea indicate that marrow meta- 
phase cells in some patients lose the Ph chromosome either partially 
or completely after such therapy. Hydroxyurea often is used for ini- 
tial cytoreduction, but it has few other indications in the TKI era of 
CML therapeutics. Chronic use of hydroxyurea is associated with leg 
ulcers. 

Cytarabine IFN-a,, combined with cytarabine (20 mg/m? per 
day for 10 days per month) in the chronic phase was associated with 
a greater proportion of MCyRs at 12 months and with greater survival 
prolongation than was IFN alone. Toxicities with these drug combi- 
nations were greater, and this combination has been replaced by TKI 
therapy and is rarely used. 

Busulfan Once the mainstay of treatment for the chronic phase, 
busulfan usage now is rare.*” It is used primarily as part of the prepara- 
tive regimen for allografting or autografting. It may be used occasionally 
in older patients who do not tolerate TKIs. 

Other Cytotoxic Agents Intensive multidrug regimens have been 
used in an attempt to eradicate the Ph chromosome-positive clone and, 
occasionally, have led to prolongation of remission or cure of the dis- 
ease. This approach did not significantly increase population survival.** 

Other Potential Therapeutic Agents in Chronic Phase Chronic 
Myelogenous Leukemia The farnesyltransferase inhibitors lonafarnib 
and tipifarnib have been combined with imatinib and have activity after 
imatinib failure. The hypomethylation agent decitabine has activity 
in imatinib refractory CML. INNO-406, a dual BCR-ABL/LYN inhibi- 
tor, suppresses the growth of CML cells in the central nervous system. 4" 
MicroRNA approaches may eventually play a role in CML treatment,”” 
and synthetic BCR-ABLI small interfering ribonucleic acid (siRNA) has 
been used in a patient with resistant CML, postallografting with inhi- 
bition of BCR-ABLI noted.‘ Ribozymes targeting BCR-ABL1 mRNA 
have been used as CML treatment,*** and these approaches probably 
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will have the most utility for in vitro purging of CML marrow cells 
before autotransplantation.°°°"” 


RADIOTHERAPY 


Palliative splenic irradiation may be useful occasionally in subjects who 
have entered the accelerated or advanced chronic phase and are trou- 
bled with extreme splenomegaly with splenic pain, perisplenitis, and 
encroachment of the spleen on the gastrointestinal tract.*'* Splenic irra- 
diation may palliate symptoms for a short time.*!” Spleen size associated 
with chronic phase disease usually is decreased with TKI therapy. 

Palliative radiotherapy may be useful for extramedullary myeloid 
sarcomas, which may occur occasionally in bone or soft tissue during 
the late chronic or accelerated phase. 


SPLENECTOMY 


Splenectomy does not prolong the chronic phase of CML, delay the 
onset of the accelerated phase, enhance sensitivity to TKIs or chemo- 
therapy, or prolong survival of patients.® In carefully selected patients 
with symptomatic thrombocytopenia unresponsive to therapy, mechan- 
ical discomfort, hypercatabolic symptoms, and portal hypertension, 
splenectomy may be useful. Postoperative morbidity from infection, 
thrombosis, or hemorrhage has been high, with mortality rates up to 10 
percent reported.” Splenectomy performed before allografting has not 
been found to influence the severity of graft-versus-host disease (GVHD) 
or survival after allogeneic hematopoietic stem cell transplantation.® 


TREATMENT OF CHRONIC PHASE CHRONIC 
MYELOGENOUS LEUKEMIA DURING 
PREGNANCY 


Treatment of chronic phase CML during pregnancy is sometimes needed 
to prevent placental insufficiency from hyperleukocytosis. Imatinib may 
be teratogenic. Normal newborns have been delivered by patients who 
conceived and ingested imatinib during early pregnancy.°*°8 In 125 
women exposed to imatinib during pregnancy, 50 percent delivered 
normal infants, and 25 percent underwent elective terminations, three 
of the latter following the identification of fetal abnormalities. Twelve 
other infants had abnormalities.’ The majority of patients who dis- 
continue imatinib during pregnancy lose their complete hematologic 
remission and their cytogenetic responses. One fetal fatality during 
pregnancy as a result of a meningocele has been reported. Males treated 
with imatinib have fathered healthy infants.* Current recommenda- 
tions are to practice contraception during treatment with any TKI, or, 
if pregnant, at the onset of the disease, to consider IFN treatment until 
delivery.* Imatinib does appear in breast milk.®' 

IFN can be used during pregnancy with minimum risk of terato- 
genicity. Eight patients treated with IFN from the first trimester have 
been described, and each of these pregnancies resulted in normal infants, 
except for one with mild neonatal thrombocytopenia. All infants had 
normal growth patterns.** Hydroxyurea may be useful during the sec- 
ond and third trimester but should be avoided in the first trimester.°°°°? 
Leukapheresis in the first trimester (or longer) also can be used to 
avoid fetal drug exposure early in pregnancy (see “Leukapheresis” 
above). It is important to use a TKI after delivery to achieve the best 
outcome. Further observation may show it to be safe later in pregnancy. 
Although controversial, stopping and later restarting TKI therapy may 
not result in as favorable an outcome of therapy as use of IFN or other 
approaches, initially.* If conception is desired, attaining a MMR before 
the TKI therapy is discontinued and a 3-month washout period are 
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recommended.*"* The patient should be made aware of the risk for CML 
progression during the pregnancy. 


DISCONTINUATION OF TYROSINE KINASE 
INHIBITOR THERAPY 


Patients responding to TKI therapy are likely to maintain their response. 
TKIs are associated with a significant symptom burden, however, and 
one-third have persistent moderate to severe symptoms. Persistent 
CMR is seen in only a minority of patients, and the vast majority of 
patients on TKIs have minimal residual disease even if their BCR-ABL1 
transcripts are undetectable, and this may lead to relapse if the drug is 
stopped. Thus, in the absence of a clinical trial, life-long therapy with a 
TKI is recommended. 

Some patients in a CMR for 2 years or more have been able to dis- 
continue imatinib without relapse.**** Discontinuation of imatinib in 
12 patients who had undetectable disease for at least 2 years resulted in 
six patients having a molecular relapse within 1 to 5 months (imatinib 
was reintroduced with a response) and six others remaining in CMR 
for a median of 18 months.*” There are numerous anecdotes of patients 
relapsing when imatinib was stopped. In patients with intolerable side 
effects on imatinib, the dose may be reduced in some cases without the 
loss of a CMR.®* In occasional patients in whom imatinib is stopped, a 
cytogenetic response of up to 15 months has persisted.” In a study 
of 100 patients with a CMR (>5-log reduction in BCR/ABL1 tran- 
scripts) for at least 2 years who stopped imatinib, 69 patients had at least 
12 months of followup. Of these, 39 percent were stable and 61 percent 
relapsed, most within the first 6 months. The outcome of stopping was 
better for those with a lower Sokal risk score at diagnosis. In another 
study, 40 patients were evaluated, and treatment-free remission at 
24 months was 47.1 percent for all patients and was higher if patients 
had prior IFN treatment.** Female sex and early molecular response 
predict stable undetectable BCR-ABLI1 transcripts in chronic phase 
CML, the criteria for early stopping.** In a series of 423 CML patients 
treated with imatinib, the rate of undetectable BCR/ABLI transcripts 
and stable MMR (4.5-log decrease) was 36.5 percent. A model to 
analyze the risk of molecular relapse after cessation of TKIs has been 
developed.“ Reports of discontinuations, reappearance of the clone, 
treatment with a second prolonged course of imatinib, discontinuation 
with retention of MMR at 32 months followup, and retention of CMR in 
12.5 percent have been described.“ 

Discontinuation of nilotinib or dasatinib has not been reported 
in a significant series, and larger prospective studies will be needed to 
determine in which patients stopping treatment can be safely attempted. 
Because early, quiescent Ph chromosome-positive cells (CD34+Lin—) 
are insensitive to imatinib in vitro,™ at present it is advisable to main- 
tain treatment indefinitely until the criteria for cessation, if any, can 
be established in clinical trials. Intermittent imatinib dosing has been 
explored in selected elderly patients with CML without adverse impact 
on overall and progression-free survival.” 


HIGH-DOSE CHEMOTHERAPY WITH 
AUTOLOGOUS STEM CELL INFUSION 


Since the availability of imatinib, autografting in CML is rarely used.“ 
Ph chromosome-negative stem cells are present in most patients with 
CML at the time of diagnosis. Techniques that use these cells to recon- 
stitute hematopoiesis after high-dose therapy have been developed. 
Ph chromosome-negative progenitors can be mobilized with G-CSF 
and collected from the blood of patients who have responded to prior 
treatment with a TKI.® Such cells also can be collected after recovery 
from chemotherapy regimens, such as after idarubicin and cytarabine, 


followed by G-CSF stimulation.’ G-CSF was used for at least 4 days 
while imatinib treatment was continued for stem cell mobilization in 
58 patients with a CCyR. The cells were collected in two cytapheresis 
procedures in 74 percent of patients, and the cells of 84 percent of those 
cytapheresis products were negative for the Ph chromosome.“ 

In another series, stem cells were mobilized in 32 patients in com- 
plete cytogenetic remission after imatinib, with uninterrupted imatinib 
therapy in 50 percent of patients and with imatinib temporarily with- 
held in approximately 50 percent. Blood levels of BCR-ABL1 transcripts 
were not changed by the use of G-CSF. In yet another series, 13 of 
15 patients were successfully mobilized with G-CSF while receiving 
imatinib, and 28 percent of stem cell harvests were negative for BCR- 
ABL mRNA. No change in blood BCR-ABL1I transcript level was noted 
after stem cell mobilization as assessed by RT-PCR. No series of 
patients autografted with cells mobilized while they were receiving ima- 
tinib have been reported.®* Autografting might find a role in cases of 
imatinib resistance,‘ or to reduce the level of residual disease in cases 
without a molecular response.®ć Imatinib can be effective and safe in 
chronic phase CML patients who have previously undergone autograft- 
ing,°” although there is an increased frequency of hematologic toxicity. 


ALLOGENEIC HEMATOPOIETIC STEM CELL 
TRANSPLANTATION 


Until imatinib became available in 2001, allogeneic transplantation was 
used in most new patients with CML who were younger than 65 years of 
age and who had a suitable donor. The advent of imatinib treatment and 
the projected survival of patients with a complete cytogenetic remission 
has changed the indications for transplantation in CML.°***” There has 
been a marked reduction in number of transplants performed for CML 
worldwide and a decline in the proportion performed in first chronic 
phase.**! Although no randomized trials of imatinib versus transplan- 
tation have been or are likely to be conducted, there is circumstantial 
evidence that survival is superior for populations of patients treated 
with drugs who have a CCyR as compared to transplantation.‘ Allog- 
rafting continues to play a role in the treatment of patients, who are 
refractory or intolerant to serial TKIs, and remains the optimal therapy 
in those who progress to accelerated or blast crisis in the face of treat- 
ment with a series of TKIs. 

Patients in the chronic phase of CML who are younger than approx- 
imately 70 years and who have an identical twin,” or a histocompatible 
sibling,**° or access to a histocompatible unrelated donor, can be 
transplanted after intensive therapy, usually with cyclophosphamide 
and fractionated total-body irradiation (TBI) or a combination of 
busulfan and cyclophosphamide. Busulfan can be administered as an 
intravenous preparation and as a single daily dose.” When targeted 
steady-state busulfan levels are used, a 3-year survival rate of 86 per- 
cent and a disease-free survival rate of 78 percent with no age effect is 
achieved. With nonmyeloablative or “reduced-intensity” condition- 
ing regimens, older patients and those with comorbidities can undergo 
successful allografting.°” With the success of TKI therapy, allogeneic 
stem cell transplantation is no longer recommended as a treatment 
option in chronic phase CML responding to any sequence of TKIs.°” 
Allogeneic transplant should be considered for patients with disease 
progression to accelerated or blast phase on TKI therapy. In these cases, 
TKIs to which the patient has not been previously exposed and for 
which they do not possess a resistant mutation can be used to bridge 
or prepare for the transplant." Allogeneic transplant can be used in 
those rare patients who present with blast crisis and in those with T3151 
mutations who do not respond to ponatinib.**” In those who do not 
respond to their first TKI exposure and are switched to a second TKI, 
transplantation in chronic phase would be indicated for those patients 


with BCR-ABLI transcripts greater than 10 percent or less than a PCyR 
at 3 and 6 months, minor or no cytogenetic response at 12 months, and 
only a PCyR at 18 months or cytogenetic relapse at 12 or 18 months.*!” 


Myeloablative Allogeneic Transplants 

Stem cell transplantation from HLA-compatible siblings results in 
engraftment and an actual or projected long-term survival in 45 to 85 
percent of recipients. In patients older than age 50 years, survival 
rates are slightly less at 5 years. The risk of CML relapse is approxi- 
mately 20 percent, with a plateau of relapse at 5 to 7 years. Transplanted 
T lymphocytes, especially if activated by a (mild) GVHD, may be an 
important factor in preventing leukemic relapse. This phenomenon, 
referred to as graft-versus-leukemia reaction, is thought to suppress the 
leukemic process through T-cell-mediated cytotoxicity. The relative 
benefit of marrow compared to mobilized blood stem cells as the source 
of the allograft has not been established.*’”*”* Mobilized blood stem cells 
engraft more rapidly but may be associated with more chronic GVHD. 
The majority of survivors have no evidence of residual leukemia.‘ 

For younger patients who do not have a histocompatible sibling, 
an unrelated donor or a mismatched family member as a source of 
stem cells is feasible. When class I HLA genes are typed with molecu- 
lar methods, an improvement in matching and better outcomes using 
unrelated donors have been demonstrated and are comparable to those 
transplanted with a matched-sibling donor. When matched-unrelated 
donor and sibling donor transplants were compared, unrelated donor 
transplants had increased risk of graft failure and acute GVHD, but 
only a slightly poorer survival and disease-free survival. For patients 
who survived to 1 year, only a slightly inferior disease-free survival was 
observed. The rate of extensive chronic GVHD is up to 60 percent 
with unrelated donor transplants, but 63 percent disease-free survival 
in younger CML chronic phase patients has been reported. Cord blood 
stem cell transplantation from an unrelated donor has also been used in 
adults with CML.*! 

Pretransplantation imatinib is not associated with increased 
transplant-related morbidity or decreased survival, but those who are 
transplanted with suboptimal response to imatinib or loss of response 
to imatinib fare worse, probably related to a higher disease burden at 
the time of transplantation and more aggressive disease.“ Second- 
generation TKIs do not increase transplant-related toxicity.** Disease 
status after allografting can be monitored with cytogenetic studies, 
PCR, or FISH analysis. A positive PCR assay 3 months after allogeneic 
transplantation has not been found to correlate with an increased risk 
of relapse compared with PCR-negative patients. A positive assay at 6 
months and beyond is associated with subsequent relapse. In one series, 
42 percent of patients with a positive PCR assay at 6 to 12 months relapsed 
versus 3 percent with a negative assay.“ Paradoxically, patients who 
remain BCR-ABL1 positive more than 36 months after transplantation 
have little propensity for relapse. Serial quantitative RT-PCR analysis 
of blood specimens has been proposed to distinguish patients destined 
to relapse. Patients who remain in remission have undetectable, low, 
or falling BCR-ABL1I levels on sequential analysis. After 6 to 9 months, 
these levels are undetectable in most cases. Recognition of relapse at the 
molecular level may allow for early therapeutic intervention. 

Killer immunoglobulin-like receptors (KIRs) are expressed by NK 
cells and subpopulations of T cells. NK clones from a single individual 
can vary substantially in the type of KIR molecules they express. The 
ligands for several of the inhibitory KIR have been shown to be sub- 
sets of HLA class I molecules. Missing KIR ligands in recipients lead 
to less relapse and increased GVHD based on NK alloreactivity.” KIR 
ligand mismatch has also been found to be an important prognostic fac- 
tor in achieving molecular responses after transplantation for CML.* 
Increased frequency of regulatory T cells characterized as CD4+, 
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CD25-high are associated with higher rates of relapse after allografting 
in CML. 


Nonmyeloablative Allogeneic Transplants 

Nonablative regimens have been developed in an attempt to expand the 
indication for allogeneic transplantation to older patients. ‘These regi- 
mens rely on immunosuppressive therapy to allow engraftment of cells 
that potentially will generate a graft-versus-leukemia effect. These pro- 
cedures in general are associated with acceptable degrees of engraftment, 
less mortality, similar rates of GVHD, and possible durable effects on 
persistent or recurrent disease. Approximately 60 percent of patients, 
mostly in initial chronic phase (median age: 50 years) and transplanted 
with reduced-intensity conditioning regimens, had a 3-year survival 
and about one-third had a 3-year progression-free survival.®' Patients 
no longer in first chronic phase do not fare as well.” Conditioning 
regimens include fludarabine and busulfan,®*** low-dose TBI and flu- 
darabine, and low-dose TBI and cyclophosphamide, but no prospec- 
tive randomized trials comparing regimens or comparing ablative and 
nonmyeloablative transplant approaches have been conducted.*>° 
In one case, imatinib given concurrently with nonmyeloablative stem 
cell transplantation did not compromise engraftment and resulted in a 
cytogenetic remission in a patient with CML in blast crisis.®” Whereas 
nonmyeloablative or reduced intensity regimens are still considered 
investigational, they can achieve molecular remissions. 


USE OF TYROSINE KINASE INHIBITORS AFTER 
STEM CELL TRANSPLANT 


In patients treated with stem cell transplantation before the wide avail- 
ability of imatinib, complete cytogenetic remissions with imatinib treat- 
ment can occur if treated at relapse after allografting and after donor 
lymphocyte infusion (DLI) fails to give a response. Such remissions 
may include a molecular response.®* Complete responses after ima- 
tinib therapy have been noted in accelerated or blast phase CML per- 
sisting after stem cell transplantation.™ In another series, 45 percent of 
relapsed patients had a CCyR of up to 28 months and without signifi- 
cant GVHD.” In a series of 28 adults with relapse after allogeneic stem 
cell transplantation who then received imatinib, the response rate was 
74 percent, and the complete cytogenetic remission rate was 35 percent. 
Five patients had recurrence of GVHD, and 13 had received previous 
DLI infusions. In one series, imatinib was able to generate complete 
molecular remissions in 26 percent of chronic phase patients after allog- 
rafting, with full donor chimerism usually observed.” One study found 
that more relapsed patients had a molecular remission with DLI at 
5 years than with imatinib alone. Most of these patients had cytogenetic 
relapses only.”” In a retrospective comparison of 37 patients with hema- 
tologic or molecular relapse of CML who received imatinib, DLI, or a 
combination of both in concurrent or sequential regimens, the over- 
all survival was 100, 89, and 54 percent for both modalities, imatinib, 
alone, and DLI alone, respectively.” There are few studies examining 
use of nilotinib or dasatinib for posttransplantation relapses.” 
Prophylactic administration of imatinib after transplantation has 
been used for patients at high risk of relapse.” Posttransplantation 
imatinib may also postpone the requirement for DLI with its atten- 
dant risks of GVHD and marrow aplasia.” Some have found that DLI 
are superior to imatinib therapy in preventing relapse and increasing 
leukemia-free survival. Posttransplantation imatinib is usually well- 
tolerated; pancytopenia is the principal toxicity. The cytopenias resolve 
with doses adjustments or temporary drug discontinuation. Many 
questions remain regarding the use of posttransplantation TKIs. When 
should they be started? Which drug is superior? For how long should 
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the drugs be used? Should they only be started in cases of molecular 
relapse? How can they be best combined with DLI in cases of relapse? 


IMMUNOTHERAPY: ADOPTIVE CELL THERAPY 
FOR POSTTRANSPLANTATION RELAPSE 


Substantial evidence indicates that the effectiveness of allografting in 
CML does not result solely from the eradication of the leukemic clone 
with high-dose chemoradiotherapy conditioning regimens, but also 
from adoptive immunotherapy provided by lymphocytes in the allog- 
raft, the graft-versus-leukemia effect (see “Myeloablative Allogeneic 
Transplants” above).”” This phenomenon has been recreated to produce 
a therapeutic response by infusing the lymphocytes from the stem cell 
donor after a relapse following allogeneic stem cell transplantation.” 
The overall response rate to DLI is approximately 75 percent. The 
response rate is higher when this approach is used early after detecting 
a relapse by PCR,””° compared to use after a hematologic or cytogenetic 
relapse. Patients with a short interval between transplantation and DLI 
have a higher probability of response than patients with longer inter- 
vals. Responses are the same with related versus unrelated donors.” 
Some patients show a very rapid decline of BCR-ABL1 transcript levels 
(<6 months after DLI), whereas other patients demonstrate PCR nega- 
tivity only over a longer period.’ The responses to DLI can be durable.”" 
Molecular responses can occur in up to two-thirds of patients.” 

The main toxicities of DLI have been the induction of GVHD 
and myelosuppression. Chronic GVHD can occur in up to 60 percent 
of cases.”!° Attempts to diminish these toxicities have included use of 
CD8-depleted DLIs and infusion of smaller numbers of T cells.7%7” 
Lower initial cell dose is associated with less myelosuppression, the 
same response rate, better survival, and less DLI-related mortality, lead- 
ing to suggestions that the initial dose should not exceed 0.2 x 10° mono- 
nuclear cells/kg.”"* The initial doses should be lower when matched 
unrelated donors are used. Immune suppression should first be tapered 
before DLIs are administered. As noted above, imatinib may synergize 
with DLI to foster rapid molecular responses after relapse.’”” 


@ COURSE AND PROGNOSIS 


Imatinib was first used experimentally for CML treatment in June 1998. 
Although it has completely altered the treatment approach to CML, its 
use has raised several questions. Studies require long-term followup of 
survival, but the degree of cytogenetic response, and degree of molec- 
ular response can be used as surrogate end points. The durability of 
cytogenetic and molecular responses in the face of persistent mini- 
mal residual disease during imatinib therapy require longer followup 
of larger numbers of patients, as more than 95 percent of cases have 
molecular evidence of disease at 2 years. 

With the advent of TKI treatment, median survival in chronic 
phase CML is estimated to be 25 to 30 years. The prevalence of CML in 
the TKI era is estimated to reach a plateau 35 times the annual incidence 
with plateau estimated to occur in 2050. Therefore, the prevalence of 
CML is predicted to increase by a factor of 10.”° Using the Swedish 
Cancer Registry over a 36-year period, relative survival rates compared 
with the total population for CML improved from 0.21 in 1973 to 1979 
to 0.80 for 2001 to 2008; imatinib was introduced in Sweden in 2001.” 
Another study from the Swedish CML registry of 779 patients showed 
that the mean survival ratio at 5 years was close to 1.0 for those younger 
than 60 years old and 0.9 for those 60 to 80 years old. Only 3 percent had 
progressed to accelerated or blast phase at 12 months.”” Resistance rates 
decline with each passing year, and adverse effects have not emerged 
over time.” Those who require 1 year or more of imatinib therapy 
to attain a complete cytogenetic remission have comparable rates of 


TABLE 89-7. Chronic Myelogenous Leukemia: 5-Year 


Period Relative Survival Rates (2004-2012) by Age at 
Diagnosis 


Age (years) Percent of Patients* 
<45 86 
45-54 82 
55-64 70 
65-74 51 
<75 27 


*Percent rounded to nearest whole number. 

Data from Surveillance, Epidemiology, End Results Cancer Statistics: 
5-Year Survival Rates, Table 13.6, All Races and Sexes. National Cancer 
Institute, Washington, DC. Available at http://www.seer.cancer.gov. 


molecular response, progression-free, and overall survival to those who 
achieve a cytogenetic remission sooner.” In patients with failure to 
respond or intolerance to imatinib the estimated 3-year survival rate 
was approximately 70 percent for patients in chronic phase. Survival 
in chronic phase was better when subsequent therapy was nilotinib or 
dasatinib as compared to allogeneic hematopoietic stem cell transplan- 
tation or to others agents. This result was at a median followup of 2 
years.” Older patients have lower response rates when treated in late 
chronic phase, but if they attain a CCyR, no difference was found in the 
level of molecular response.” Table 89-7 shows the most recent 5-year 
relative survival data by age at diagnosis in the United States. 

The introduction of imatinib has minimized the impact of prog- 
nostic factors at diagnosis of chronic phase CML.”* Several prognostic 
scales have been proposed in CML, including the Sokal and Hasford 
systems for patients at the time of diagnosis (Table 89-8). The European 
Bone Marrow Transplantation Consortium Risk Score was introduced 


TABLE 89-8. The Variables Used to Calculate the Risk 
Group (High, Intermediate, Low) at Diagnosis in Patients 


with Chronic Phase Chronic Myelogenous Leukemia to 
Estimate Prognosis 


The Sokal score, which is a hazard ratio, is calculated using the 
following formula based on age, spleen size, platelet count, 

and blood percent blast cells: exp (0.0116 x (age [years]—43.4)) 

+ (0.0345 x (spleen size [cm] — 7.51) + (0.188 x ((platelets 
[10°/L]/700)42 — 0.563)) + (0.0887 x (blasts [%] — 2.10)). There are 
three risk groups: low-risk (Sokal score <0.8), intermediate-risk 
(Sokal score 0.8-1.2), and high-risk (Sokal score >1.2). 


The Hasford score (or Euro score) is calculated using the following 
formula based on the four Sokal variables plus percent eosino- 
phils and basophils in the blood: (0.6666 x age [0 when age 

<50 years; 1 otherwise]) + (0.0420 x spleen size [cm]) + (0.0584 x 
blasts [%]) + (0.0413 x eosinophils [%]) + (0.2039 x basophils 

[0 when basophils <3%; 1 otherwise]) + (1.0956 x platelet count 
[0 when platelets <1500 x 10°/L; 1 otherwise]) x 1000). Three risk 
groups are: low-risk (score <780, 40.6% of patients), intermedi- 
ate-risk (score 781-1480, 44.7% of patients), and high-risk (score 
21481, 14.6% of patients). 


These scores may be calculated electronically by insertion of the 
individual variables, such as age, spleen size, blood blast percent- 
age, etc. at the following website. http://bloodref.com/myeloid/ 
cml/sokal-hasford. 


for patients undergoing allogeneic hematopoietic stem cell transplan- 


tation,” in which performance status is added to five variables (age, 


spleen size, blood blast cell count, basophil and eosinophil count, and 
platelet count [Hasford score]), and has been validated with good dis- 
crimination for survival.” The Sokal score based on age, spleen size, 
platelet count, and percent blasts was developed much earlier during 
the busulfan era of treatment and was less accurate in patients treated 
with IFN. The European Treatment and Outcome Study (EUTOS) score 
uses basophils and spleen size but has not been well-validated. A simple 
prognostic scale that includes donor type, stage of disease at time of 
transplantation, age of recipient, sex of donor and recipient, and inter- 
val between diagnosis and transplantation has been proposed to predict 
outcome of allogeneic hematopoietic stem cell transplantation.” These 
prognostic scales require revalidation given the dramatic impact of con- 
version to TKI therapy. There is evidence that a patient with chronic 
phase CML and a favorable Sokal Score at the time of diagnosis has a 
higher proportion of CHR and CCyR than other patients.”° Cytogenetic 
response and molecular response as a surrogate marker for survival is 
useful in patients undergoing TKI therapy.”” The score of a patient may 
be calculated, easily, using an online website (Table 89-8). Studies sug- 
gest that in certain healthcare systems, healthcare setting may influence 
survival time, especially for those in advanced phases of the disease.’” 

Outcomes after allogenic hematopoietic stem cell transplantation 
have also improved in the imatinib era, but those in chronic phase have 
better 3-year survival rates than those in advanced phases (91 percent vs. 
59 percent, respectively).”* There is favorable long-term survival after 5 
years free of relapse after allogeneic hematopoietic stem cell transplan- 
tation.” Prognostic factors in the TKI era for allogeneic transplantation 
are also being defined, and in addition to disease phase, donor-match, 
age, sex, and calculated comorbidity indices are of importance.” 


DETECTION OF MINIMAL RESIDUAL DISEASE 


Detection of minimal residual disease by molecular probes makes pos- 
sible the identification of approximately one cell in 1,000,000 that is 
derived from the CML clone.” Techniques used to monitor residual 
disease have been reviewed.” PCR permits observation of regression 
or persistence of subclinical disease following therapy and of progres- 
sion of subclinical disease prior to the disease becoming overt, and it is 
therefore critical for monitoring responses to CML treatment.” The 
stable persistence of subclinical disease does not invariably predict early 
relapse.” 

Efforts are underway to standardize the technique for measur- 
ing and reporting real-time RT-PCR,” and serial measurements are 
required for treatment decisions based on increases in transcript num- 
bers.” Some studies show that marrow values tend to be higher than 
blood in real-time RT-PCR assays, but both follow a similar trend dur- 
ing treatment.” Interchanging these may lead to misinterpretation of 
disease status.” In patients on imatinib, who have MMR, confirmed by 
real-time quantitative PCR, no marrow cell cytogenetic abnormalities 
were found, indicating that patients with MMR do not require regu- 
lar marrow examinations for cytogenetics. The International Standard 
uses baseline diagnosis levels in the IRIS study as 100 percent and fixes 
a 3-log reduction from a standardized baseline (MMR) at 0.1 percent. 
Widespread use of the International Standard will require laboratories 
to send in specimens for analysis,”“*”“ but is a priority in order to ascer- 
tain response to therapy accurately and to be able to analyze responses 
among treatment centers. 

Patients who achieve a MMR (expressed as a 3-log reduction from 
median baseline value) at the time of achieving a CCyR have been found 
to have longer cytogenetic remissions than those without this magni- 
tude of molecular response.” The achievement of a 2-log molecular 
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response at the time of a CCyR or a 3-log response anytime thereafter 
is an independent prognostic marker of progression-free survival.” 
Other studies, however, show that patients who achieve CCyR do not 
derive additional benefit from a CMR.” The treatment response, to 
imatinib, nilotinib, or dasatinib showed the 3-year event-free survival 
was 95 percent for those with BCR-ABL1 transcripts of 1 percent or less 
at 3 months, 98 percent for greater than 1 percent to 10 percent, and 
61 percent for greater than 10 percent. These 3-month responses trans- 
lated into overall survival of 98, 96, and 92 percent, respectively.” 

Interphase FISH is not standardized, but a large number of cells can 
be rapidly analyzed (100 to 500). Fixation, specimen preparation, and 
hybridization conditions may account for differing false-positive ranges 
and scoring criteria.”' In CML patients treated with imatinib, FISH for 
BCR-ABL1 on interphase blood neutrophils, but not unselected white 
cells, correlates with marrow cytogenetics.” FISH and RT-PCR can be 
useful complementary techniques,’ but FISH is generally not suitable 
for monitoring minimal residual disease.” 

For patients who are undergoing allogeneic hematopoietic stem 
cell transplantation, the kinetics of minimal residual disease in either 
standard or nonmyeloablative transplants differ. BCR-ABL1/ABLI 
ratios were 0.2 percent with reduced-intensity transplants versus 0.01 
percent in transplantation patients with traditional conditioning reg- 
imens in the first 3 months. By 12 months, however, 20 percent of 
patients who received standard transplants and 50 percent of patients 
who received reduced-intensity transplants had reached a level less than 
0.01 percent, supporting the concept of different kinetics of disease 
eradication between the two transplantation modalities.” Patients who 
relapse after allografting have reappearance and/or rising levels of BCR- 
ABLI transcripts.” Use of quantitative RT-PCR early (3 to 5 months) 
after stem cell transplantation can project long-term outcomes.”” When 
RT-PCR was negative, the 3-year risk of relapse was 16.7 percent; when 
RT-PCR was positive at a ratio of less than 0.02 percent, the relapse rate 
was 42.9 percent; and when RT-PCR was positive at a level greater than 
0.02 percent, the relapse rate was 86.5 percent. Another group found 
that detection of blood BCR-ABLI at 18 or more months after trans- 
plantation was associated with a highly significant risk of relapse and 
that patients who had a positive test result but failed to relapse generally 
had only one positive test result at a low copy number.” Performance of 
quantitative PCR (qPCR) at regular intervals after allogeneic transplant 
(every 2 to 4 months in the first year and every 6 months thereafter) is 
appropriate. If the PCR results are persistently positive or become posi- 
tive, GPCR should be performed at monthly or shorter intervals. Molec- 
ular relapse is defined as a 10-fold increase of PCR positivity without 
any signs of cytogenetic relapse.” Detection of increasing recipient chi- 
merism by FISH for the male chromosome in sex-mismatched donor- 
recipient pairs or variable number of tandem repeats after allogeneic 
transplantation or after DLI infusion also is usually associated with a 
relapse.” 

In an imatinib-treated patient, the absence of BCR-ABL1 tran- 
scripts should not be interpreted as an absence of the leukemic clone.” 
In terms of response to second-generation TKIs, there was no difference 
in event-free survival and CCyR duration between patients with CCyR 
with and without MMR up to 18 months with followup at 3-month 
intervals.” One study examined 116 patients with durable cytogenetic 
responses on imatinib who had increased PCR levels on at least two 
occasions. Only 9 percent of those had CML progression. Ten patients 
had lost MMR or had never had it, and all of these had more than 1-log 
increase in qPCR.’* With second-generation TKI, the BCR-ABL1 tran- 
script levels at 3 months are also correlated with CCyR and MMR by 24 
months, with levels less than 10 percent at 3 months being optimal.” 
The European Leukemia Net criteria for failure or suboptimal response 
may also identify CML in early chronic phase treated with imatinib 
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where the eventual outcome will be poor. These landmarks at 3, 6, 12, 
and 18 months are associated with poorer overall survival and cytoge- 
netic responses.* Only 60 percent of patients on the IRIS trial were in 
CCyR on imatinib after 6 years of therapy, indicating the need for close 
monitoring and for alternative therapies.“ There is also evidence that 
the BCR-ABLI transcript doubling-time more reliably assesses CML 
relapse as compared to the fold rise in BCR-ABL1 transcripts. A short 
doubling-time for a patient in chronic phase should raise suspicion of 
nonadherence.’* 


@ ACCELERATED PHASE AND BLAST 
CRISIS OF CHRONIC MYELOGENOUS 
LEUKEMIA 


DEFINITION 


In all patients with chronic phase CML, the disease has the potential 
to evolve into a more aggressive, more symptomatic, and troublesome 
phase, which is poorly responsive to the therapy that formerly con- 
trolled the chronic phase. The failure of therapy to restore or main- 
tain near-normal red cell and white cell counts, increased spleen size, 
increased numbers of marrow blasts and blood basophils, loss of the 
sense of well-being, and appearance of extramedullary tumors are 
the most consistent clinical hallmarks of the metamorphosis of the 
chronic to the accelerated phase of CML. The most objective findings 
are a blood blast percentage greater than 10, a platelet count less than 
100 x 10°/L, blood basophils greater than 20 percent, and new clonal 
cytogenetic abnormalities accompanying the Ph chromosome.” 

Several criteria have been published to define accelerated phase 
and blast crisis.’ The terminology used has included accelerated 
phase, acute phase, acute transformation, or, in its most dramatic expres- 
sion, blast crisis, but the metamorphosis, which can be acute, often is 
more gradual, hence the preference for transformation or accelerated 
phase to describe this transition from a controllable to a poorly con- 
trolled malignancy. Blast phase is the most severe manifestation of the 
accelerated phase and can occur abruptly or after a period of worsening 
disease. Blast crisis is in effect the evolution to overt acute leukemia, 
either myeloid or lymphoid. 


PATHOGENESIS 


Effect of Tyrosine Kinase Inhibitors in Rate of Progression 

The advent of TKI therapy for CML has resulted in a marked increase in 
the duration of a subclinical chronic phase, with normal blood counts 
and spleen size, often with the loss of identifiable Ph chromosome- 
bearing cells in blood and marrow, and sometimes with the loss of lab- 
oratory evidence of the BCR-ABL1 oncogene as judged by PCR. This 
therapeutic advance has greatly delayed the evolution to accelerated 
phase and blast crisis, but the risk for such a conversion exists since 
under experimental conditions CML stem cells do not undergo apop- 
tosis when exposed to BCR-ABL1 TKIs and BCR-ABL1-positive cells 
return in virtually all patients if tyrosine kinase therapy is interrupted. 
There is evidence that genomic instability may derive from an ima- 
tinib-refractory CML stem cell.” 


Blast Crisis Stem Cells 

The onset of accelerated phase is thought to occur in a BCR-ABLI- 
bearing granulocyte-monocyte progenitor. Experimental”? and the- 
oretical’* evidence supports this concept. This progenitor for clonal 
evolution also could explain the reversion to chronic phase in some 
patients in whom the suppression of the advanced phase of the disease 
is achieved. 


Molecular and Genetic Alterations 

The transformation of chronic phase CML to accelerated and then blast 
crisis or directly to blast crisis is thought to be the result of seven molec- 
ular processes: (1) maturation arrest, (2) failure of genome surveillance, 
(3) failure of adequate DNA repair, (4) development of a mutator phe- 
notype, (5) telomere shortening, (6) loss of tumor-suppressor function, 
and (7) unknown factors.””>’”° 

Progression of chronic phase to accelerated phase is marked by an 
increase in BCR-ABL1 expression.” Superimposed on the increased 
transcription of mRNA®*4?"! are additional cytogenetic abnormali- 
ties that are added to the persistent Ph chromosome in approximately 
50 to 65 percent of patients.””-”*! In lymphoid blast crisis, in which the 
blast cells have a lymphocytic phenotype, acquisition of mutations in 
tumor suppressor genes, such as p16/ARE occurs in approximately 
50 percent of cases, and RB gene mutations occurs in approximately 
20 percent of cases. In myeloid blast crisis, in which blast cells have a 
myeloid phenotype, approximately 25 percent of cases have cells con- 
taining a p53 mutation.” The possible role of loss of p53 function in 
fostering transformation of a human chronic phase CML clone has 
been demonstrated in transgenic mice in which p53 function was 
abrogated.”*”** Progression of the clone to a more malignant clone is 
reflected in a more disordered growth and maturation pattern of pro- 
genitor cells in culture, ultimately mimicking the growth failure of 
acute leukemia,” and in increased morphologic and functional abnor- 
malities of blood cells,”*°’** eventuating in a block in maturation and 
replacement of blood and marrow by blast cells. 

Approximately 65 percent of patients have cytogenetic abnormal- 
ities in addition to the Ph chromosome. A double Ph chromosome, 
trisomy 8, and isochromosome 17p are the secondary changes most 
commonly seen.”*’*” Because the frequency of trisomy 8 was greater 
after treatment with busulfan compared to hydroxyurea, the frequency 
of secondary chromosomal changes may be quite different after imatinib 
therapy.’ Clonal instability has also been found in cases of lymphoid 
blast crisis. Clones distinct from those identified later may be detected 
before overt lymphoid transformation. Identification of these abortive 
clones suggests clonal instability before the onset of transformation, 
which might have prognostic value.” FISH has been used to determine 
which cells have secondary cytogenetic abnormalities, and these cells 
often are not the blast cells. This finding suggests that some chromoso- 
mal abnormalities merely denote genomic instability.”° The abnormal 
mRNA and protein product p2108**48" are present in the marrow and 
blood cells of patients who have transformed to acute leukemia.” 

Although the breakpoint site on M-bcr was thought to be correlated 
with the time of the onset of the accelerated phase,””’ subsequent studies 
have not indicated a correlation between length of chronic phase and 
the specific site of the BCR-ABL1 fusion.” Rare cases have displayed 
deletion of the BCR-ABL1 fusion gene, loss of transcription of the mes- 
sage, and loss of expression of the p210 tyrosine kinase after transfor- 
mation, the latter finding indicating the abnormal protein kinase may 
not always play a unique role in sustaining the acute state.” In con- 
trast, the frequent response, albeit temporary, to imatinib suggests that 
the mutant BCR-ABL1 product usually plays a role at this stage of the 
disease. 

Numerous molecular changes identified in the cells of patients with 
acute transformation that might contribute to the increased malignant 
behavior of the CML clone, include activation of the N-RAS gene,’””°””” 
rearrangement of the p53 gene,” hypermethylation of the calcitonin 
gene,® and methylation of the ABL1 gene.*” One report described p53 
mutations in 17 percent of blast crisis patients. An association between 
the failure of CML cells to express the RB1 gene product and acute 
blast crisis with a megakaryoblastic phenotype has been reported.*” 
Homozygous deletions of the p16 gene are associated with lymphoid 


transformation of CML, but such deletions are not seen in the chronic 
phase and in myeloid blast crisis. p16 is also known as the cyclin- 
dependent kinase 4 inhibitor gene and is located on chromosome 
9p21.®8% This gene inhibits the kinase CDK-4, which regulates a cell- 
cycle checkpoint prior to commitment to DNA synthesis. The Wilms 
tumor (WT) gene on chromosome 11p13 encodes a zinc finger motif- 
containing transcription factor found in CML patients only after pro- 
gression to blast crisis.” Overexpression of the EVI-1 gene has also been 
found in CML blast crisis.®®* Microsatellite instability has not been 
found to be involved with progression to blast crisis.*!° BCL-2, c-MYC, 
RUNX1, IKZF1, ASXL1, WT 1, TET2, IDH1, NRAS, KRAS, CBL, and var- 
ious other genes have also been implicated in the evolution of CML.*"!** 

Approximately 50 genes have been identified that could play a role 
in the progression to accelerated phase or blast crisis,” including genes 
identified by expression profiling that are dysregulated in accelerated 
phase compared to chronic phase.*!%*'” These include the WNT-f- 
catenin and JunB pathways. 


CLINICAL FEATURES 
Signs and Symptoms 


The features that might signal the conversion of the chronic to the accel- 
erated phase include unexplained fever, bone pain, weakness, night 
sweats, weight loss, loss of sense of well-being, arthralgia, and left upper 
quadrant pain related to splenic enlargement or infarcts. These features 
may occur weeks in advance of laboratory evidence of the accelerated 
phase. Localized or diffuse lymphadenopathy or enlarging masses 
in extralymphatic and extramedullary sites containing BCR-ABLI- 
positive myeloblasts or lymphoblasts may develop. A poor response 
of blood cell counts and splenic enlargement despite previously effec- 
tive therapy may be evident.””5!8-®° Symptoms caused by histamine 
excess in basophilic crisis can be present.*” 

Several of these changes may occur in series or in parallel. The time 
of onset of transformation and the appearance of a blast crisis and its 
clinical expression are unpredictable. 


LABORATORY FEATURES 


Blood Findings’®?*'®-8° 


Anemia may worsen and be associated with increasing poikilocytosis, 
anisocytosis, and anisochromia. The number of nucleated red cells in 
the blood may increase. These red cell changes may be accentuated fur- 
ther if advancing marrow fibrosis is a feature of the disease. 

The total leukocyte count may fall without treatment. The propor- 
tion of blasts increases to greater than 10 percent in blood and marrow 
in the accelerated phase and when blast crisis ensues represents 20 to 
90 percent of the cells. The morphology of the blast cells may be lym- 
phoid or myeloid. Myelocytes decrease in number. Hyposegmented 
neutrophils (Pelger-Huét cells) and other dysmorphic changes may 
become evident. Basophils increase and often represent 20 to 80 percent 
of the total blood leukocytes. A decrease of the platelet count to less 
than 100 x 10°/L develops. Giant platelets, micromegakaryocytes, and 
megakaryocyte fragments may enter the blood. Decreased progenitor 
cell growth in culture is present, akin to that in acute leukemia. 


Marrow Findings’®8'8-80 

The marrow findings are widely variable. Marked dysmorphic changes 
in one, two, or three of the major cell lineages; an increase in blast count 
to greater than 10 percent; marrow morphology simulating subacute 
myelomonocytic leukemia; or, in the extreme, florid blastic transfor- 
mation with blast counts greater than 30 percent can occur. Reticulin 
fibers may increase in prominence, and occasionally severe reticulin 
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and collagen fibrosis develop. Additional clonal cytogenetic abnormal- 
ities develop in as many as half the patients in accelerated phase (see 
“Cytogenetic Studies” below). 


EXTRAMEDULLARY BLAST CRISIS 


A variety of symptoms or signs may occur as a result of the specific 
effects of new extramedullary blastic tumors, referred to as extramed- 
ullary blast crisis.°'** Extramedullary blast crisis is the first mani- 
festation of accelerated phase in approximately 10 percent of patients 
with CML. Lymph nodes,**** serosal surfaces,” skin and soft 
tissue,’'**  breast,*’” gastrointestinal or genitourinary tract,*?*** 
bone, 4484-83! and central nervous system***-** are among the prin- 
cipal areas involved. Isolated or diffuse lymphadenopathy may occur. 
Bone involvement may lead to severe pain, tenderness, and pathologic 
fracture, and may be evident on imaging of the involved area. Central 
nervous system involvement usually is meningeal and may be preceded 
by headache, vomiting, stupor, cranial nerve palsies, and papilledema 
and is associated with an increase in cells, protein, and the presence of 
blasts in the spinal fluid.*’**?-84 

Appropriate histochemical and immunologic tests are required 
to determine if the extramedullary disease is composed of phenotypic 
myeloblasts or lymphoblasts. Because the tumor cells may have features 
of lymphoma cells, the terms myeloid or granulocytic sarcoma, chloroma, 
and myeloblastoma can be misnomers, and the term extramedullary 
blast crisis is used for this circumstance in CML.****>**” The lympho- 
blasts, like the myeloblasts, are Ph chromosome-positive. A combi- 
nation of morphology, histochemistry (e.g., peroxidase, lysozyme), 
terminal deoxynucleotidyl transferase assay, and monoclonal antibod- 
ies specific for lymphoid or myeloid cells can be used to classify the 
extramedullary blast cells. 


MARROW BLAST CRISIS 


Approximately half of patients with CML enter the accelerated phase 
by developing acute leukemia. The onset of blast crisis can develop 
from days***° to decades after diagnosis of CML. The signs and 
symptoms may include fever, hemorrhage, bone pain, and lymphade- 
nopathy.’”°*** °° The morphology of the acute leukemia usually is mye- 
loblastic or myelomonocytic.”**"' A substantial proportion of myeloid 
leukemia in this setting may not have myeloperoxidase demonstrable 
by cytochemistry.*” The proportion of cases classified as erythroblastic 
leukemia is approximately 10 percent, based on morphologic features,* 
but may be as high as 20 percent if expression of glycophorin-A is used 
as the determinant." Occasional cases have megakaryoblastic transfor- 
mation.*** These cases may be difficult to identify by light micros- 
copy because the megakaryoblasts may be mistaken for lymphoid cells 
or undifferentiated blasts. Myelofibrosis is a feature of this variant. 
Antiplatelet glycoprotein antibodies and other monoclonal antiplatelet 
antibodies now are available as reagents to identify megakaryoblasts 
without the need for ultrastructural studies.“ Promyelocytic’*** 
and eosinophilic*” blast crises also can occur. Basophilic leukemia is a 
known variant of CML.® Patients with promyelocytic crisis often have 
t(15;17) in addition to the Ph chromosome, and some have presented 
with disseminated intravascular coagulation.**! 

CML may transform into acute lymphoblastic leukemia in approx- 
imately 30 percent of blastic crisis cases.” The lymphoid cells 
generally express terminal deoxynucleotidyl transferase (TdT)**** and 
are of the B-cell lineage,*°**” as judged by antiimmunoglobulin stain- 
ing. TdT is a DNA polymerase that adds deoxynucleoside monophos- 
phates from triphosphate substrates to single-stranded DNA by end 
addition, differing in the latter respect from replicative polymerases.*” 
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The enzyme is present in normal immature thymocytes and in the blast 
cells of nearly all patients with acute lymphoblastic leukemia. Rare 
patients have blasts with a T-lymphocyte phenotype.***68°-8 Some 
cases are biphenotypic; the blasts have both lymphoid and myeloid 
markers.*41*-865 Some cases may have myeloperoxidase activity in blast 
cells and express CD33 or CD13. Myeloid to lymphoid clonal succession 
following autologous transplantation in the second chronic phase has 
been described.** Patients with lymphoid blast crisis seldom have an 
intermediate accelerated phase, have less splenomegaly and basophilia, 
and usually have a higher degree of marrow blast infiltration. With 
non-TKI therapy, remission rate and survival were somewhat longer in 
cases of lymphoid than in myeloid blast crisis.*”” 


CYTOGENETIC STUDIES 


Most large studies have shown seven recurrent changes in patients’ 
cells prior to, or during, the accelerated phase: trisomy 8 (33 percent 
of cases), additional 22q— (30 percent of cases), isochromosome 17 
(20 percent of cases), trisomy 19 (12 percent of cases), loss of Y chromo- 
some (8 percent of males), trisomy 21 (7 percent of cases), and mono- 
somy 7 (5 percent of cases).*°7-*” In addition, a large number of other 
chromosome abnormalities have been described.*’'* In one study, 
46 (63 percent) of 73 blast crisis patients had secondary cytogenetic 
abnormalities. These abnormalities were more common in myeloid 
blast crisis and were associated with shorter remission.”** The changes 
may be features of myeloid blast crisis compared to lymphoid cri- 
sis.6*74 Some abnormalities, such as inv16, are associated with early 
transformation to AML.*”*’*877 A significant proportion (50 percent) 
of patients in the accelerated phase or blast crisis have no additional 
cytogenetic abnormalities beyond t(9;22)(q34;q11) after banding and 
multicolor FISH analysis.*” In cases where the blastic transformation is 
in extramedullary sites, such as lymph nodes or spleen, the additional 
cytogenetic abnormalities may be in the cells at those sites but not in 
cells in the blood or marrow.” 


TREATMENT 


Optimal treatment is allogeneic stem cell transplantation if the patient 
is eligible based upon patient’s age and donor availability. The role of 
stem cell transplantation is also evolving as TKI use in these phases 
of diseases becomes better defined. Thus far, treatment with TKIs has 
improved survival only modestly in blast crisis, and most long-term 
survivors have been transplanted. At present, it is recommended that 
patients in blast crisis be treated with TKIs with or without chemother- 
apy to a second chronic phase and proceed to stem cell transplant as 
soon as possible once a donor is identified. One of the major goals of 
treatment of chronic phase CML is the prevention of evolution to accel- 
erated or blast phases of the disease. 


Tyrosine Kinase Inhibitors in Accelerated and Blast Crisis 

The initial dose of imatinib in accelerated phase is 600 mg/day.*” Ima- 
tinib, dasatinib 140 mg/day, and nilotinib 400 mg BID, bosutinib 500 
mg daily, and ponatinib 45 mg/day have been used as bridging therapies 
to permit allogeneic stem cell transplantation in accelerated phase.**° 
Dasatinib and nilotinib can achieve a better molecular response, and 
thus the role for and timing of transplantation in accelerated phase 
CML is being redefined, Imatinib can be combined with an anthracy- 
cline plus cytarabine for patients in myeloid blast crisis.*' Imatinib has 
produced complete hematologic remissions in approximately 20 per- 
cent of patients.®> However, CCyRs are uncommon. Central nervous 
system and other extramedullary blast crisis can occur during imatinib 
therapy for accelerated phase disease,***** and all types of blast crisis, 


including promyelocytic blast crisis, can occur during imatinib ther- 


apy. Compared to historical controls in which various combinations of 
chemotherapy were utilized, imatinib used alone results in compara- 
ble outcomes (6-month median survival of patients in blast crisis).**” 
Although dasatinib therapy can result in CCyRs in 29 percent of blast 
crisis CML, and nilotinib can result in CCyRs in 27 percent of myeloid 
blast crisis and in 43 percent of lymphoid blast crisis, these responses 
are rarely durable, so in a patient of appropriate age with an accept- 
able donor, transplantation options should be considered with the 
second-line TKIs used as a bridge to transplantation therapy." The 
choice of TKI in accelerated phase is based on prior therapy and/or 
mutational status. If response to TKI therapy is inadequate in acceler- 
ated phase, allogeneic hematopoietic stem cell transplantation should 
be considered. In lymphoid or myeloid blast phase, allogeneic hemato- 
poietic stem cell transplantation is recommended if there is a suitable 
donor.*”” Omacetaxine has shown activity in patients with disease pro- 
gression to accelerated phase CML after prior TKI use.*” 


Chemotherapy 
The treatment approach is predicated on the phenotype of the blast cells 
in CML patients with blast crisis and is rarely used in accelerated phase. 
In patients with myeloid phenotypes, the approach has been similar to 
that used for AML: combinations of an anthracycline antibiotic, such 
as idarubicin or daunorubicin, with cytosine arabinoside and some- 
times etoposide.*' Because this approach produces few remissions 
that are of short duration (median survival approximately 6 months), 
a variety of other drug combinations have been used, but with no sig- 
nificant improvement in outcome.**” Complete hematologic response is 
observed in only a quarter to a third of patients with this approach. 

In patients with lymphoid phenotypes, vincristine sulfate 1.4 mg/m? 
(not to exceed 2 mg/dose) given intravenously once per week and pred- 
nisone 60 mg/m? per day given orally are the mainstay of treatment. A 
minimum of two cycles of treatment (2 weeks) should be given to judge 
responsivity. Other more intense ALL-type regimens, such as Hyper- 
CVAD (cyclophosphamide, vincristine, doxorubicin, and dexametha- 
sone),*”’ have also been used. Approximately one-third of patients with 
lymphoid blast transformation reenter the chronic phase after such 
treatment. However, because only about one-third of patients have lym- 
phoid blasts, this number represents a remission rate of only approxi- 
mately 10 percent of patients who enter blast crisis using this approach. 
The benefit of intensive chemotherapy has been small because remis- 
sion durations have been modest. TdT-positive, CD10 (CALLA)-posi- 
tive lymphoblasts may be the lymphoblast phenotype most responsive 
to vincristine and prednisone.** mTOR inhibitors may be useful in lym- 
phoid blast crisis.*°” 


Use of Chemotherapy with Tyrosine Kinase Inhibitors in 
Accelerated Phase or Blast Crisis 

Imatinib has been successfully combined with decitabine, low-dose 
cytarabine, and standard anthracycline plus cytarabine (“7 + 3”) where 
complete remission can be as high as 75 percent. Median time to relapse 
and overall survival are brief, however." Imatinib and dasatinib have 
been combined with HyperCVAD in lymphoid blast crisis.°”*” 


Allogeneic Hematopoietic Stem Cell Transplantation 

Stem cell transplantation from an appropriately HLA-matched donor 
has been used in some patients after entry into the blastic crisis. Occa- 
sional patients have had long-term survival. The 3-year survival rate 
is approximately 15 to 20 percent,**** unlike transplantation in the 
chronic phase, in which the 3-year survival rate is 50 to 60 percent. 
However, for patients who present in blast crisis, who develop blast 


crisis in the first year of the chronic phase, or who delay transplantation 
for other reasons, transplantation remains the best hope for long-term 
survival if a histocompatible donor is available.” Relapse of acceler- 
ated phase after allogeneic stem cell transplantation has responded to 
infusion of donor cytotoxic T lymphocytes.*”” The use of TKIs before 
allogeneic stem cell transplantation for patients in advanced phases of 
disease may favorably improve transplantation outcomes, especially 


when MCyR occurs before transplantation.** 


Autologous Hematopoietic Stem Cell Transplantation 

Autografting in the accelerated phase or blast crisis, either with stem 
cells collected during chronic phase or with mobilized Ph chromosome- 
negative progenitor cells collected upon cell rebound after intensive 
chemotherapy, has resulted in apparent prolonged remission in some 
patients, but this procedure is rarely used in advanced disease because 
of the high rate of relapse.” Whether Ph chromosome-negative cells 
collected during imatinib therapy have the same potential is unknown. 


Splenectomy 

Splenectomy may be performed for palliation of painful splenic infarc- 
tions or hemorrhage. However, the complication rates are high, and the 
procedure performed in this setting should be avoided if possible.” 


COURSE AND PROGNOSIS 


The accelerated phase of CML generally is very poorly responsive or 
refractory to treatment and is a morbid state that can be fatal in weeks 
to months in all but a few patients who undergo a successful stem cell 
transplant from a histocompatible donor. Patients with myeloid blast 
crisis have a median survival of approximately 6 months, whereas 
patients with lymphoid blast crisis have a median survival of approx- 
imately 12 months.®®- In the earliest study of imatinib in blast crisis, 
patients with myeloblastic crisis had a slightly longer median survival 
(approximately 5 months) than patients with lymphoid blast crisis plus 
Ph chromosome-positive ALL (3 months). The results are poor in either 
case. A worse survival was seen with abnormalities of chromosome 17, 
other superimposed translocations, or a high percentage of abnormal 
metaphases.” Severe cytopenias from repeated courses of cytotoxic 
therapy contribute to infections, hemorrhage, and organ dysfunction, 
especially liver and kidney dysfunction. Opportunistic infections with 
herpes viruses, cytomegalovirus, or fungi often supervene. The addition 
of imatinib or other TKI therapies has made only a small difference in 
long-term outcome, although formal studies of combinations of che- 
motherapy and imatinib at a higher dose (600 mg/day) have not been 
completed, and the results of trials with second-generation TKIs are 
anticipated. 


@ RELATED CLONAL MYELOID DISEASES 
WITHOUT THE BCR REARRANGEMENT 


In addition to classic CML with the BCR-ABL1 fusion gene, there are 
several other chronic myeloid leukemias which are listed in Table 89-9. 


CHRONIC MYELOMONOCYTIC LEUKEMIA 


This leukemia is part of the spectrum of clonal myeloid diseases that 
may have findings that simulate CML. In the past, when rigorous cri- 
teria for the diagnosis of CML were not applied, CMML was among 
a heterogenous group of related diseases that sometimes were referred 
to as Ph chromosome-negative CML. These diseases share the feature 
of originating in the clonal expansion of a primitive multipotential 
hematopoietic cell.°” 
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Epidemiology 

Most patients with CMML are older than age 50 years, the median age 
is approximately 72 years, and approximately 90 percent of patients are 
older than age 60 years at the time of diagnosis.” Occasional cases have 
been reported in older children and younger adults. Men are affected 
more frequently than women (approximately 2:1).°°°°* An evaluation 
of exogenous factors that might increase the incidence of CMML, did 
not find an association with benzene or other occupational or non- 
occupational risk factors.”” 

The disease may occur following therapy for an unrelated malig- 
nancy, most commonly lymphoma, breast, or prostate cancer. The prior 
therapy was radiation, combined radiation and chemotherapy, or che- 
motherapy, alone. The median time of onset of CMML was 6 years.” 


Clinical Findings 

Signs and Symptoms The onset usually is insidious, and weakness, 
infection, or exaggerated bleeding may bring patients to medical atten- 
tion.” Hepatomegaly and splenomegaly occur in approximately 
50 percent of patients. Leukemia cutis occurs in a small proportion of 
patients and the skin cellular infiltrate is usually has a monocytic pheno- 
type: CD45, CD68, and lysozyme positive by immunostaining. Immune 
manifestations, such as vasculitis, pyoderma gangrenosum, immune 
cytopenias, and connective tissue diseases, may occur in coincidence 
with CMML.°*” 

Blood and Marrow Findings The disease is characterized by 
anemia and blood monocytosis greater than 1 x 10°/L.’!° The white 
cell count may be decreased, normal, or moderately elevated. In one 
study of 275 patients, the range in 247 informative patients was 0.9 to 
160 x 10°/L.° Occasional patients, however, may have hyperleukocytosis 
with total white cell counts of 250 to 300 x 10°/L associated with respira- 
tory insufficiency resulting from pulmonary leukostasis.”!! Promono- 
cytes and monocytes are present in blood and may have dysmorphic 
features. Immature granulocytes (promyelocytes and myelocytes) may 
be present in the blood. Blood myeloblasts are absent in approximately 
75 percent of patients or, when present, usually do not exceed 10 per- 
cent of total white cells. Most patients have thrombocytopenia, but nor- 
mal or elevated platelet counts may occur (range: 3.0 to 1385 x 10°/L 
among 227 patients in one series).*” Eosinophilia may be so prominent 
in occasional cases that the designation chronic eosinophilic leukemia 
may be appropriate.” 

The marrow is hypercellular as a result of granulomonocytic 
hyperplasia; the dominant cells are early myelocytes. Blasts cells are 1 
to 4 percent in about two-thirds of patients and are from 5 to 19 percent 
in one-third of cases.” The proportion of promyelocytes is increased. 
Promonocytes and monocytes also are increased in number. Distinc- 
tion between poorly granulated myelocytes and promonocytes with pri- 
mary granules can be difficult. Macronormoblasts and hypersegmented 
or hyposegmented, often bilobed (acquired Pelger-Huét anomaly), 
neutrophils may be evident but are more frequent in cases with lower 
white cell counts. Despite thrombocytopenia, megakaryocytes usually 
are present in the marrow. Microvessel density is increased in the mar- 
row, and myelomonocytic cells contain cytoplasmic mRNA for VEGF 
and membrane VEGF receptors.” In vitro colony studies suggest that 
autocrine stimulation of cell growth by VEGF may occur. “Spontane- 
ous” cluster/colony growth of granulocyte-monocyte colony-forming 
cells occurs in vitro. The spontaneous growth may result from autocrine 
or paracrine production of GM-CSE, based on anti-GM-CSF inhibition 
of colony growth.’ 

Cytogenetic and Genetic Findings Patients with CMML have 
an approximately 35 percent frequency of chromosomal abnormalities. 
Trisomy 8 and, to a lesser extent, monosomy 7 and -Y are the most 
prevalent findings. A low-risk karyotype is either a normal pattern or 


TABLE 89-9. Types of Chronic Myelogenous Leukemia 


Part X: Malignant Myeloid Diseases 


Type of Chronic 
Myelogenous 
Leukemia 


Molecular Genetics 


Major Clinical Features 


Further Details 


BCR rearrange- 
ment-positive chronic 
myelogenous leukemia 


>95% p210°F**; <5% p190 or 
p230 


Splenomegaly in 80% of cases; WBC >25 x 10°/L; blood 
blasts <5%; absolute basophilia in virtually all cases. Ph 
chromosome in 90% of cases; BCR gene rearrangement 
in 100% of cases 


Pages 1437-1467 


Chronic myelomono- >40% mutation in SRSF2 gene Anemia, monocytosis >1.0 x 10°/L; blood blasts <10%; Page 1467 
cytic leukemia and 90% have a mutationin1of increased plasma and urine lysozyme; BCR rearrange- 
9 genes.'*? Various cytogenetic ment absent; rare cases with PDGFR-B mutation 
abnormalities respond to imatinib 
Chronic eosinophilic Various cytogenetic abnormali- Blood eosinophil count >1.5 x 10°/L; cardiac and neu- Page 1469 
leukemia ties; PDGFR-a mutations in some rologic manifestations common; a proportion of cases 
cases. have PDGFR-a mutations and are responsive to imatinib 
mesylate 
Chronic basophilic Various cytogenetic abnormalities Only 5 cases reported; hemoglobin 6-13 g/dL; basophilia Page 1470 
leukemia of 3.4-41 x 10°/L; 2 of 5 cases with splenomegaly; very 
cellular marrow (>90%) in each case with mild increase 
in type III collagen, and megakaryocytic dysmorphia; 
increase in marrow mast cells in 3 of 5 cases 
Juvenile myelomono- RAS pathway mutations (PTPN77, Infants and children <4 years; eczematoid or mac- Page 1470 
cytic leukemia NF1, NRAS, KRAS and CBL) in 89% ulopapular rash; anemia and thrombocytopenia; 
of cases.'°*? Various cytogenetic increased Hgb F in 70% of cases; neurofibromatosis in 
changes 10% of cases; abnormality of chromosome 7 (e.g., del 7, 
del 7q, etc.) in approximately 20% of patients; BCR rear- 
rangement absent 
Chronic neutrophilic Colony-stimulating factor 3 recep- Segmented neutrophilia >20,000/yL; splenomegaly Page 1471 
leukemia tor gene (CSF3R) alone (~30% of >90% of cases; no blood blasts; platelets >100 x 10°/L; 
cases); a combination of mutated 75% of cases have normal cytogenetics; BCR rearrange- 
CSF3R and a SET binding protein ment absent 
gene (SETBP71) mutation (~60% 
of cases); the JAK2""F mutation 
alone (~10% of cases)??? 
BCR rearrangement- Various cytogenetic changes Clinical findings indistinguishable from BCR Page 1472 
negative chronic myel- rearrangement-positive CML; Ph chromosome and 
ogenous leukemia BCR-ABL fusion gene absent 
Atypical myeloprolifera- Various cytogenetic changes Usually older patient (>65 years); variable blood cell Page 1473 


tive disease 


changes: anemia, granulocytosis, normal or decreased 
platelet counts; hypercellular marrow, marrow blasts 
<10%; dysmorphia of blood and marrow cells common 
(e.g., Pelger-Huét neutrophils, dyserythropoiesis, and 
megakaryopoiesis; often splenomegaly) 


Hgb, hemoglobin; PDGFR, platelet-derived growth factor receptor; Ph, Philadelphia; WBC, white blood cells. 


isolated —Y, an intermediate-risk is any other abnormality, and high- 
risk is trisomy 8 or complex karyotypes (more than three abnormal- 
ities). Approximately 35 percent of patients have point mutations of 
the K-RAS or N-RAS gene. The RAS gene also may be involved in 
the transforming events. Abnormal methylation of p15“? is a com- 
mon finding in CMML.’”™ Translocation between the gene PDGFR-B 
on chromosome 5(q33) and four partner genes—TEL at 12(p13), HIP-1 
at 7(q11.2), H4 at 10(q22), and Rabaptin-5 at 17(p13)—occur in a very 
small proportion of patients (approximately 3 to 4 percent).°>°!*°! This 
mutation juxtaposes the gene encoding the PDGFR-f with a partner 
gene, which results in the encoding of a mutant tyrosine kinase that 
is constitutively activated and sensitive to inhibition by imatinib or a 
congener™ (see “Treatment” below). The cases with PDGFR-f translo- 
cations are more likely to be accompanied by eosinophilia than are cases 
with other cytogenetic abnormalities. Other gene mutations identified 


in the leukemic cells of patients with CMML include RUNX1, IDH1/2, 
CBL, JAK2, TET2, DNMT3A, ASXL1, UTX, EZH2. The gene SRSF2 
(serine/arginine-rich splicing factor 2), was found to be the most fre- 
quently mutated gene in patients with CMML, 28 percent of patients 
studied. In an effort to determine the frequency of the mutation in 
a large sample of patients and to look for coincident mutations with 
SRSF2 in CMML patient's cells, eight other genes known to be mutated 
in some patients with CMML were studied among 275 patients with 
the disease.” SRSF2 was mutated in 47 percent of patients in this large 
series, and had a significantly increased coincidence with EZH2 and 
TET2. Ninety-three percent of patients had at least one mutated gene. 
Serum and Urine Findings Plasma and urine lysozyme concen- 
trations nearly always are elevated. Plasma levels of VEGF, hepatocyte 
growth factor, and tumor necrosis factor alpha are elevated. Serum 


vitamin B,» B,-microglobulin, and LDH levels often are elevated.2%?* 


Treatment 

Treatment of most patients with CMML has been unsatisfactory, and 
remissions of any duration are uncommon. The age and performance 
status of the patient are considered in determining the intensity of treat- 
ment. Cytarabine, either standard or low-dose, etoposide, hydroxyurea, 
and other approaches used for the oligoblastic myelogenous leukemias 
have been attempted, but with little success (Chap. 88). Decitabine and 
5-azacytidine have been useful in a small proportion of patients.°°° 
One study of azacytidine treatment reported a complete response in 11 
percent, a partial response in 3 percent, and hematologic improvement 
in 25 percent. The median survival of responders was 15 months com- 
pared to 12 months among nonresponders, a modest result.”! Unfor- 
tunately, although a particular approach may confer significant benefit 
in a small proportion of cases, determining which patients will respond 
is not possible, except by trial and error. An exception is the patient 
with a translocation involving PDGFR-f, which itself occurs in only 
a small percentage of patients. In the case of PDGFR-f fusion genes 
with several of the partner genes, imatinib 400 mg/day has resulted in 
normal blood counts, cytogenetic remissions, and, occasionally, molec- 
ular remission.” 12292 These fortunate patients probably will benefit 
from this treatment, as evidenced by prolonged remissions and survival, 
compared to other drug options, but the number of patients and dura- 
tion of followup do not permit quantitative estimates at this point. Allo- 
geneic stem cell transplantation is an option for the small proportion 
of younger patients with an appropriate matched-related or unrelated 
donor.” 


Course and Prognosis 

Median survival in CMML is approximately 12 months, with a range from 
approximately 1 to more than 60 months. Approximately 20 percent of 
patients progress to frank AML. Arbitrary stratification of CMML into 
types 1 (<5 percent blood myeloblasts) and 2 (5 to 20 percent blood mye- 
loblasts) based on the height of the blast count has been proposed, but 
distinguishing patients by whether, for example, they have 4 (type 1) or 
8 percent blasts (type 2) on a marrow examination is of little use for 
care of an individual patient. Blast percentage may be a significant cor- 
relate with outcome in any large group of patients with a clonal mye- 
loid disease, and this factor among several others should guide therapy. 
Clusters of prognostic variables have been used to stratify patients into 
risk groups for survival duration. In general, the severity of the ane- 
mia, the cytogenetic risk category, and the height of the blast percentage 
are the most important. Other variables that may confer a shorter life 
expectancy are height of the absolute lymphocyte count, high sponta- 
neous rates of myelomonocytic colony growth, higher total leukocyte 
counts, higher LDH level, and larger spleen size.” These risk factors 
for progression are validated in large groups of patients but the confi- 
dence intervals are not shown. In an individual patient the variability 
in outcome is great based on such variables; careful clinical observation 
for progression is most important. Unfortunately, at this time, unless 
the patient is a candidate for imatinib therapy or allogeneic stem cell 
transplantation, long-term salutary therapeutic effects are uncommon. 


CHRONIC EOSINOPHILIC LEUKEMIA 


History and Definition 

The recognition of eosinophilic lineage prominence in myelogenous 
leukemia dates to a case published in 1912. In 1968, the term hypereo- 
sinophilic syndrome was introduced to encompass a group of disorders 
with (1) prolonged exaggerated eosinophilia without an apparent cause, 
(2) frequent cardiac and neurologic tissue damage, (3) a poor or tran- 
sient response to therapy, and (4) a progressive course and a high fatality 
rate. Shortly thereafter, Benvenisti and Ultmann””’ presented five cases 
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of eosinophilic leukemia and reviewed the literature regarding that 
phenotypic designation. In 1975, Chusid and colleagues” described 14 
cases of hypereosinophilic syndrome, highlighted the frequency of sec- 
ondary cardiac and neurologic disorders, and suggested the existence of 
a continuum of manifestations. Because some cases had clonal cytoge- 
netic abnormalities and hematologic findings compatible with a clonal 
myeloid disease, the presence of eosinophilic leukemia was suspected in 
this apparently heterogeneous group of patients. 

The relationship of blood eosinophilia to clonal myeloid diseases 
is complex because the former can be reactive or represent acute eosin- 
ophilic leukemia, chronic eosinophilic leukemia, or eosinophilia asso- 
ciated with a different category of disease, such as BCR-ABL1-positive 
CML, primary myelofibrosis, oligoblastic leukemia (MDS), or mastocy- 
tosis.’ Chronic eosinophilic leukemia is a BCR-ABL1-negative, clonal 
myeloid disease with a striking eosinophilia in the blood and marrow, 
often with clonal cytogenetic abnormalities that have features includ- 
ing, when present, cytogenetic findings that usually distinguish chronic 
eosinophilic leukemia from other clonal myeloid diseases that may have 
an associated eosinophilia, such as CMML. The phenotype of the eosin- 
ophilic variant of CMML overlaps somewhat with that of chronic eos- 
inophilic leukemia. However, the fusion gene associated with CMML 
involves the PDGFR-B (see “Chronic Myelomonocytic Leukemia” 
above), whereas in chronic eosinophilic leukemia the cytogenetic find- 
ings are different and in some cases involve PDGFR-«. This definition 
of chronic eosinophilic leukemia recognizes that, at the margins, clas- 
sification may be arbitrary. Studies in cases with the FIPIL1-PDGFR-a 
translocation were consistent with multilineage involvement, consistent 
with an origin in a pluripotential lymphohematopoietic cell.” Another 
report found multilineage involvement but with a presumptive lesion in 
a multipotential, not pluripotential, hematopoietic cell.” 


Signs and Symptoms 

Fever, cough, weakness, easy fatigability, dyspnea, abdominal pain, 
maculopapular rash, cardiac symptoms and signs of heart failure, and 
a variety of neurologic manifestations ranging from peripheral neur- 
opathy to cerebral encephalomalacia may occur, ranging from mild to 
severe in expression. Splenomegaly often is evident. 


Laboratory Findings 

Eosinophilia is a constant finding (see Chap. 62, Fig. 62-3). Anemia 
usually but not always is present at the time of presentation. The leu- 
kocyte count may be high-normal or more often elevated. Platelet 
counts often are normal or mildly decreased. The marrow shows mye- 
locytic and eosinophilic hyperplasia and, occasionally, Charcot-Leyden 
crystals. Mast cells, often spindle-shaped, may be increased. In the 
FIPILI-PDGFR-a type of chronic eosinophilic leukemia, which 
may make up approximately 14 percent of cases of primary eosino- 
philia not found to be reactive to another disease, marrow aggregates 
of spindle-shaped mast cells are invariably found (see “Cytogenetic 
Findings” below).’**°** Megakaryocytes usually are present but may 
appear dysmorphic. Reticulin fibrosis is common. Immunophenotyp- 
ing and PCR do not show evidence of either a clonal T-cell population 
or T-cell-receptor rearrangement. Pulmonary function studies may 
provide evidence of fibrotic (restrictive) lung disease. Echocardiogra- 
phy may detect mural thrombi, thickening (fibrosis) of the ventricular 
wall, valvular dysfunction from papillary muscle, and chordae fibrosis. 
Magnetic resonance imaging can detect subendocardial fibrosis, thick- 
ening of ventricles, and markedly reduced ventricular lumen volume. 
Serum immunoglobulin (Ig) E, vitamin B,,, and tryptase levels usually 
are elevated. Skin biopsy of lesions uncovers intense eosinophilic infil- 
trates. Neural or brain biopsy may disclose eosinophilic infiltrates, often 
perivascular, with microthrombi, axonal degeneration, and gliosis. 
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Cytogenetic Findings A wide array of cytogenetic findings have 
been reported in cases of chronic eosinophilic leukemia.” Notable 
translocations include a high frequency of translocations involving chro- 
mosome 5, t(155), t(2;5), t(5;12), t(6;11), 8p11, trisomy 8, and numerous 
others, infrequently. Chromosome 5 often is translocated at the site of 
the PDGFR-B gene, and the phenotype usually is more compatible with 
CMML with eosinophilia. Chromosome 5 from band q31-35 contains 
several genes relevant to eosinophilopoiesis, including those encoding 
IL-5, IL-3, GM-CSF, and PDGFR-f. A cryptic interstitial CHIC2 dele- 
tion on chromosome 4 (q12;q12) results in the fusion gene FILIL1- 
PDGFR-a, normally separated by the CHIC2 gene, and in a phenotype 
that can be considered a form of chronic eosinophilic leukemia, virtu- 
ally always associated with marrow mastocytosis, which is of particular 
note because, like the PDGFR-$ mutations in CMML with eosinophilia, 
of a near-universal response to treatment with imatinib.*°”” 


Serum Tryptase Level Elevation Versus Normal Levels 

The elevation of serum tryptase level (>11.5 ng/mL) has been used to 
distinguish a subset of patients who (1) are male, (2) have marrows that 
are intensely hypercellular with a higher proportion of immature eos- 
inophils and with dysmorphic mast cells with a CD117—CD25+CD2- 
genotype and phenotype (distinguishing these cells from classic 
mastocytosis, which are CD117+CD25+CD2+), (3) have dramatically 
higher serum vitamin B,, and IgE levels, (4) are more prone to restric- 
tive pulmonary disease and endomyocardial fibrosis, (5) have the 
FIP1L1-PDGFR-a fusion gene, and (6) are responsive to imatinib.*® 
Patients with normal serum tryptase levels are more prone to obstruc- 
tive pulmonary restrictive disease, eosinophilic dermatitis, and gastro- 
intestinal complaints. 


Differential Diagnosis 

Eosinophilia can occur for many reasons (Chap. 62). The first step is to 
identify signs that may point to a clonal myeloid disease. These signs 
include anemia, thrombocytopenia, splenomegaly, immature eosino- 
phils in the marrow examination, evidence of dysmorphic cells in blood 
or marrow, for example, atypical megakaryocytes or dysmorphic mast 
cells, cardiac or pulmonary manifestations, which may occur secondary 
to chronic eosinophilic leukemia, and markedly elevated serum trypt- 
ase or vitamin B,, level. The former signs, especially in the aggregate, 
are highly suggestive, but the presence of a cytogenetic abnormality in 
myeloid cells is diagnostic of a clonal myeloid disease (leukemia). If the 
latter is not evident, PCR and/or flow cytometry to search for a clonal 
T lymphocyte abnormality should be performed. Whether the eosino- 
philic leukemia is typical or represents an eosinophilia with idiopathic 
myelofibrosis, CMML, or MDS is less important than if it has a muta- 
tion that is imatinib sensitive (e.g., PDGFR mutation). 


Therapy 

Patients (nearly always men) whose cells display a FIPILI-PDGFR-a 
have a very high probability of responding to imatinib at a dose of 100 
to 400 mg/day.” The tyrosine kinase activity of this fusion protein is 
two orders of magnitude more sensitive to imatinib than that of BCR- 
ABL1. However, because not all patients taking 400 mg/day achieve a 
molecular remission, and that goal may be more likely to result in long- 
term remission, initial therapy remains at 400 mg/day or an equivalent 
dose of another TKI, such as dasatinib or nilotinib, and PCR monitor- 
ing is appropriate. Dose adjustment upward if molecular remission is 
not achieved can be considered. Unlike the case in CML, patients with 
chronic eosinophilic leukemia with significant side effects when taking 
imatinib, 400 mg/day, have a reasonable probability of having a good 
response at lower doses.™ Dasatinib and nilotinib are also active.’ 


In patients with eosinophilic leukemia without an imatinib-sen- 
sitive mutation or in patients who become resistant to imatinib and 
unresponsive to a second-generation TKI (e.g., dasatinib or nilotinib) 
and who are progressing, ablative or nonablative allogeneic stem cell 
transplantation can be considered if they are in an acceptable age range 
and have access to a matched-related or matched-unrelated donor.””°* 

In TKl-insensitive patients without the option of transplantation, 
empirical treatment with glucocorticoids, hydroxyurea, or anti-IL-5"*° 
to decrease eosinophil counts and mute the progress of eosinophil- 
mediated cutaneous, cardiac, pulmonary, and neurologic tissue damage 
should be considered. These approaches may relieve symptoms for a 
time, but are temporizing if therapy with drugs that might be effective in 
inhibiting clonal expansion or evolution is not effective (e.g., cytarabine, 
anthracycline antibiotic, etoposide). 


Course and Prognosis 

If chronic eosinophilic leukemia is not TKI-sensitive, the long-term 
outlook is one of probable progressive cardiac and neurologic disabil- 
ity. Transformation to acute eosinophilic or myelogenous leukemia can 
occur. Allogeneic stem cell transplantation is potentially curative. In 
tyrosine kinase sensitive cases, hematologic normalization, reversal of 
marrow fibrosis and mastocytosis, resolution of skin lesions, normal- 
ization of spleen size, and restoration of well-being occurs in the great 
preponderance of cases. Cardiac, neurologic, and pulmonary changes 
usually cannot be reversed but should be stabilized. The long-term out- 
look with tyrosine kinase therapy is uncertain. However, it likely will 
decisively and dramatically improve survival compared to other prior 
therapy and should greatly improve the prognosis of patients with a 
molecular target for the drug. 


CHRONIC BASOPHILIC LEUKEMIA 


This type of clinical disorder, in which the patient has marrow and 
blood basophilia and other findings compatible with a clonal myeloid 
disease without evidence of the BCR-ABL1 translocation, is rare. Two 
reports of such a syndrome occurring in five patients have been pub- 
lished.4*°"” The marrow was intensely hypercellular in the three major 
lineages. Dysmorphic megakaryocytes were evident. Basophilia in mar- 
row and blood was striking, although eosinophilia also was evident 
in two patients and increased mast cells in three patients. The clinical 
effects of basophilic mediator release were evident in two patients. One 
patient evolved to AML; another recovered after allogeneic transplan- 
tation. The cases had similar findings, leading to the suggestion they 
represented Ph chromosome-negative chronic basophilic leukemia. In 
one case, a PRKG2-PDGFR-f fusion gene was evident and the patient 
responded to imatinib. 


JUVENILE MYELOMONOCYTIC LEUKEMIA 
Epidemiology 


Ph chromosome-positive, adult-type CML occurring in children 
younger than age 15 years makes up approximately 3 percent of child- 
hood leukemias and approximately 10 percent of all cases of CML.” 
Although CML occurs in children of all ages, it is rare in children 
younger than age 5 years. With the exception of a propensity to present 
with higher total leukocyte counts and with leukostatic signs or symp- 
toms, CML in children has the typical manifestations and course of the 
disorder seen in adults. 

A disorder different from adult-type CML, designated juvenile 
myelomonocytic leukemia, represents approximately 1.5 percent of child- 
hood leukemias. It occurs most often in infants and children younger 
than age 4 years and is similar in some respects to adult subacute or 


CMML because the two diseases share a prominent monocytic compo- 


nent in the leukemic cell population.” ° 


Pathogenesis 

This disorder is a clonal myeloid disease that originates in an early 
hematopoietic multipotential cell. Evidence indicates this cell may 
be pluripotential (myeloid-lymphoid) in some cases and myeloid in 
others.” Patient-derived induced pluripotential stem cells recapit- 
ulated the growth patterns in vitro of the human disease and drug 
inhibition of MEK kinase reduced their GM-CSF growth potential.” 
RAS mutations in hematopoietic cells are present in approximately 20 
percent of patients.” Approximately one in 10 patients with juvenile 
myelomonocytic leukemia have mutations of NF1 and manifest type 
1 neurofibromatosis. This frequency is approximately 400 times the 
expected occurrence in a comparable pediatric population.’ The 
linkage between neurofibromin, the protein encoded by the NF1 gene, 
GTPase activity proteins, and the activation state of RAS-encoded pro- 
teins has led to a postulated sequence of events that may be triggered 
by the extraordinarily heightened sensitivity of the colony-forming cells 
in the marrow and blood of infants with the disease to the proliferative 
effects of GM-CSF. The latter initiates signal transduction from the cell 
membrane to the nucleus via RAS protein activation.°" Mutations in 
the PTPN11 gene have been found in approximately one-third of chil- 
dren with juvenile myelomonocytic leukemia, and the mutations in 
NF1, RAS, and PTPN11 usually do not coincide.: However, they 
each may act through a common pathway. PTPN11 encodes SHP-2, 
a phosphatase, which is an upstream regulator of RAS; thus, all three 
mutations can contribute to deregulation of RAS signaling. As an aside, 
children with Noonan syndrome, which is characterized by short stat- 
ure, dysmorphic facies, skeletal abnormalities, and cardiac defects, have 
a germ-cell mutation of PTPN1. These children may have a transient 
disorder that closely mimics juvenile myelomonocytic leukemia.” 


Clinical Findings 

Symptoms and Signs Infants present with failure to thrive, and chil- 
dren present with malaise, fever, persistent infections, and exaggerated 
skin, oral, or nasal bleeding. Hepatomegaly can occur. Splenomegaly, 
sometimes massive, is present in almost all cases. Lymphadenopathy is 
frequent.’ ° More than half of the patients have eczematoid or mac- 
ulopapular skin lesions’ and xanthomatous lesions, and multiple café- 
au-lait spots (neurofibromatosis type 1) may occur.” The xanthomas 
may be the earliest signs of neurofibromatosis.***! Noonan syndrome 
(dysmorphic facies, short stature, heart disease, mental retardation, 
cryptorchidism, webbed neck, chest deformities, and bleeding diathesis) 
may coexist.” 

Laboratory Findings Anemia, thrombocytopenia, and mild to 
moderate leukocytosis are common. The leukocyte count usually is 
greater than 10 x 10°/L with a median leukocyte count at diagnosis of 
approximately 35 x 10°/L. The blood has an increased monocyte con- 
centration of 1 to 100 x 10°/L, immature granulocytes including a small 
percentage of blast cells, and nucleated red cells. Fetal hemoglobin con- 
centration is increased in approximately two-thirds of the patients. The 
marrow aspirate is hypercellular as a result of granulocytic hyperplasia; 
the number of erythroblasts and megakaryocytes usually are decreased. 
Monocytic cells are increased but may not be as striking as in the blood. 
Leukemic blast cells are present in modest proportions (<20 percent). 

Cell culture of blood and marrow shows a striking preponderance 
of monocytic progenitors, even in the absence of overt monocytosis in 
the marrow.’®°°* Granulocyte-monocyte colony-forming cells show a 
marked tendency to spontaneous growth if adherent (monocytic) cells 
are not depleted from culture.’ The effect is mediated by a release of 
large quantities of GM-CSF by monocytes in culture.” 
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Although clonal chromosome abnormalities have been found in 
some cases,” the cytogenetic abnormalities have no consistent pattern, 
and more than half of the patients have normal karyotypes. The BCR- 
ABLI fusion gene is not present.**°” The phenotype of monosomy 
7 syndrome overlaps with juvenile myelomonocytic leukemia, and 
an abnormality of chromosome 7 (del 7, del 7q, others) is present in 
approximately one-fifth of patients.” 


Course, Prognosis, and Treatment 

The median survival of patients with juvenile myelomonocytic leuke- 
mia has been less than 2 years.” Children younger than 2 years are 
more likely to have a protracted course.*” The disease has been refrac- 
tory to most chemotherapy. In a study of nine patients, four of whom 
were treated with a five- or six-drug intensive regimen, remissions were 
11 months to more than 27 months, compared with untreated or lightly 
treated patients, four of whom died within 7 months.’ Even in the 
treated patients, complete suppression of the disease did not occur, and 
treatment protocols to induce and sustain remissions were lacking.’ 
A program of cytosine arabinoside, etoposide, vincristine, and isotre- 
tinoin resulted in a highly favorable response in five children treated. 
Three patients relapsed and were treated with cytarabine by infusion 
and subcutaneously and with etoposide. All patients were alive, and the 
range of survival at the time of publication was 8 to 89 months, with a 
median survival of 27 months. The resistance of these cells to currently 
available therapy is distressingly highlighted by the sense of success in 
prolonging the life of infants and young children by a few years. Inten- 
sive therapy can control disease, but curative chemotherapy has been 
elusive.*” The inclusion of isotretinoin was based on a prior report of 
responsiveness to the drug used alone; however, this observation has 
not been confirmed.” The GM-CSF antagonist E21R, inhibitors of 
RAF-1 gene expression, blockers of RAS protein farnesylation, and 
angiogenesis inhibitors are among other drug approaches to the disease 
being studied.” 

Allogeneic stem cell transplantation is an important approach 
to therapy and may provide the best chance of long-term survival in 
selected children.” Hence, a rapid search for a matched-unrelated 
donor, including cord blood sources, is important in patients without 
matched sibling donors. Transplantation from a histocompatible sibling 
or matched-unrelated donor resulted in an event-free survival at 5 years 
of approximately 50 percent, and from matched-cord blood stem cells 
of approximately 45 percent, unless monosomy 7 was present, which 
lowers 5-year survival to approximately 25 percent.” Children trans- 
planted before age 1 year had better results (approximately 50 percent) 
than did older children (approximately 30 percent).*”” DLI has placed a 
posttransplantation patient in relapse into remission,”® but, in general, 
this procedure is ineffective in patients who relapse after transplantation. 

A minority of patients have a smoldering course for 2 to 4 years. 
Thereafter, the disease usually rapidly progresses, and patients die of 
infection or hemorrhage. Occasional patients have a very long survival 
(>10 years) despite persistence of abnormal blood counts and sple- 
nomegaly, independent of the type or intensity of therapy. Some chil- 
dren convert to a full-blown AML with a rapidly fatal outcome. Cases of 
juvenile myelomonocytic leukemia may be associated with transforma- 
tion to acute lymphoblastic leukemia.”” 


CHRONIC NEUTROPHILIC LEUKEMIA 
History, Pathogenesis, and Epidemiology 


In 1920, Tuohey™ described the first recorded case of an unusual sustained 
neutrophilia with splenomegaly without fever, inflammation, cancer, or 
other cause of a leukemoid reaction. Use of X-chromosome-linked poly- 
morphic genes in blood cells and FISH of chromosome abnormalities 
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have been indicative of a clonal myeloid disorder.” Some cases 
may arise in the hematopoietic multipotential cell, others in a neu- 
trophil progenitor cell (Chap. 85). Evidence points to defective 
apoptotic signals accounting, in part, for the striking accumulation 
of segmented neutrophils in the blood.” The median age at onset is 
approximately age 65 years. Younger patients may be affected.” As in 
most clonal myeloid diseases, men are affected more frequently than are 
women. 


Clinical Features 

Symptoms and Signs Patients may complain of weakness, anorexia, 
weight loss, abdominal pain, and easy bruising. Symptoms and signs of 
gouty arthritis occur in approximately one-third of cases. The spleen is 
enlarged in almost all cases, and the liver frequently is enlarged. Lymph- 
adenopathy is very infrequent.” A hemorrhagic tendency is present in 
some patients. 

Laboratory Findings Although some patients have a normal 
hemoglobin concentration at the time of presentation, most have mild 
to moderate anemia on presentation. The reticulocyte count usually 
is between 0.5 and 3.0 percent. The platelet count rarely is less than 
125 x 10°/L and usually is normal. Coagulation times are normal. The 
total leukocyte count usually is between 25 and 100 x 10°/L in most 
cases, and only rarely is less than 20 x 10°/L or exceeds 100 x 10°/L. 
Neutrophils compose 85 to 95 percent of the white cells. Although seg- 
mented cells usually dominate, occasional cases have a high proportion 
of band forms. Very infrequently, metamyelocytes, myelocytes, and 
nucleated red cells may be present in patients. Basophil and eosinophil 
counts are not increased. Blasts nearly always are absent from the blood. 
Neutrophil alkaline phosphatase activity is increased in almost all cases. 

The marrow invariably shows granulocytic hyperplasia with 
myeloid-to-erythroid ratios as high as 10:1. Myeloblasts are not overtly 
increased in number (0.5 to 3.0 percent). Megakaryocytes are either 
normal or slightly increased in number and have normal distribution 
and morphology. Erythropoiesis usually is mildly decreased. Unlike 
CML, reticulin fibrosis is unusual. A few cases with dysmorphic features 
in the marrow (acquired Pelger-Hiiet anomaly, erythroid, dysplasia, 
micromegakaryocytes) have been reported. Serum vitamin B,,-binding 
protein and vitamin B,, levels both are markedly increased above nor- 
mal. Serum uric acid concentration is increased, and serum LDH activ- 
ity may be increased. 

Almost every case examined postmortem had liver and splenic 
enlargement. Portal hepatic and splenic red pulp infiltrates of neu- 
trophils or islands of extramedullary hematopoiesis with immature 
myeloid cells and megakaryocytes are characteristic. 

Cytogenetic and Genetic Findings By definition, the Ph chro- 
mosome, BCR gene rearrangements, and BCR-ABL1 transcripts are 
absent.” Most patients have normal karyotypes, but approximately 
25 percent of patients have nonrandom abnormalities of chromo- 
somes.” Deletions of chromosome 20q and trisomy 21 or 9 are the 
most common abnormalities. The disease has been shown to be asso- 
ciated with a mutation in the colony-stimulating factor 3 receptor gene 
(CSF3R) alone (approximately 30 percent of cases), or a combination 
of mutated CSF3R and a SET binding protein gene (SETBP1) mutation 
(approximately 60 percent of cases) or the JAK2Y*'* mutation alone 
(approximately 10 percent of cases).””!°? Two principal mutations were 
observed in CSF3R: membrane proximal CSF3R‘’*** mutation and trun- 
cated CSF3R"'*! mutation. The former results in deregulation of the JAK 
family kinases and may respond to JAK inhibitors, whereas the later 
deregulates SRC family-TNK2 kinases and confers sensitivity to dasa- 
tinib.” Four of five prior reports of JAK2 mutations in a single patient 
with chronic neutrophilic leukemia were cited. In the fifth report, six 
patients with the disease were studied and one had a JAK2‘"'* mutation. 


Differential Diagnosis 

Most leukemoid reactions are associated with an obvious underlying 
cause, such as pancreatitis, carcinoma, connective tissue disease, smok- 
er’s neutrophilia, and chronic bacterial or fungal infection. The leukocyte 
alkaline phosphatase level usually is markedly elevated in chronic neu- 
trophilic leukemia and markedly decreased in CML. More to the point, 
molecular studies identifying BCR gene rearrangement or the presence 
of BCR-ABL1 transcripts should distinguish chronic neutrophilic leu- 
kemia (BCR-ABL1-negative) from neutrophilic CML (BCR-ABL1-pos- 
itive; see “Special Clinical Features” above). In the latter case, more than 
half of the patients have thrombocytosis and megakaryocytic hyperpla- 
sia, which are uncharacteristic of chronic neutrophilic leukemia. The 
presence of a CSF3R or JAK2 mutation with a classical clinical picture 
would be strong diagnostic evidence for the disease. 


Treatment 

No systematic studies of treatment have been reported. Although 
hydroxyurea, IFN-a, or cytarabine may decrease the white count and 
spleen size, long-term benefit is unusual.” Intensive therapy has led 
to early posttreatment deaths. With identification of a specific genetic 
mutation, either a JAK2 inhibitor (e.g., ruxolitinib) (for the CSF3R™™ 
mutation) or dasatinib (for the CSF3R‘’*** mutation) should be consid- 
ered. The disease is rare and clinical trials would be difficult. In vitro 
studies of cell sensitivity and reports of individual responses may have 
to be relied upon.”'*”? Allogeneic stem cell transplantation in eligible 
patients may be curative.” 


Course and Prognosis 

The disease is fatal, with a median survival of approximately 2.5 years 
and a range of 0.5 to 6 years.” A case of spontaneous remission has 
been reported. The prognosis is considerably worse than the prognosis 
for CML despite the prevalence of mature neutrophils and the paucity 
of blasts. Newer approaches with dasatinib or ruxolitinib for the appro- 
priate genetic mutations (see “Treatment” above) may provide better 
outcomes. Causes of death have included (1) intracranial hemorrhage, 
sometimes in the presence of adequate platelet counts and coagulation 
times, suggesting a vascular infiltrative process; (2) severe infection; (3) 
transformation to AML; and (4) the toxic effects of intensive therapy. 
The disease usually afflicts older persons, and cardiac, pulmonary, and 
vascular diseases contribute to a fatal outcome. 

A remarkable frequency of concordant essential monoclonal gam- 
mopathy or myeloma has been described." In two cases, the 
extreme neutrophilia proved to be a polyclonal response to a plasma 
cell disorder. Chronic neutrophilic leukemia has evolved from 
polycythemia vera or oligoblastic leukemia,’ supporting its rela- 
tionship to the clonal hemopathies.°*101010" 


BCR REARRANGEMENT-NEGATIVE 
PHENOTYPICALLY TYPICAL CHRONIC 
MYELOGENOUS LEUKEMIA 


A very small proportion of patients (approximately 4 percent) with 
clinical manifestations within the limits usually applied to the diagnosis 
of CML have neither a Ph chromosome (classic, variant, or masked) 
nor evidence of rearrangement of BCR on chromosome 22. This cir- 
cumstance represents BCR-negative CML. ‘The literature describing 
Ph chromosome-negative CML prior to 1987 is difficult to evaluate 
because many cases were not studied carefully for masked or vari- 
ant translocations and for the BCR gene rearrangement. Ph chromo- 
some-negative CML is a clonal disease that has the propensity for 
lymphoid and myeloid transformation.'?*!°'? Although most cases 
of BCR rearrangement-negative CML are closer in manifestations to 


CMML,”°?7,1014-1016 some cases are indistinguishable from classic CML 
but without the BCR-ABL1 after exhaustive molecular diagnostic evalu- 
ation.'"”-'! In a report of 76 such patients, the median age was 66 years 
(range: 24 to 88), splenomegaly was present in 50 percent of cases, the 
median white cell count was 38,000 cells/uwL (38 x 10° cells/L; range: 
11 to 296), and the median hemoglobin was 11 g/dL (range: 7 to 16), 
with classical morphologic features in blood and marrow.’ As the dis- 
ease progressed, patients developed severe cytopenias.'’'* Median sur- 
vival was 24 months and only 7 percent survived for more than 5 years. 
Myeloid blast phase occurred in one-third of those followed until their 
death. Occasional patients had extended complete remissions with IFN- 
y therapy." Hydroxyurea can be useful as palliative therapy. 

Some patients have transposition of ABL1 to chromosome 
22 but not the classic translocation. In such cases, including TEL- 
ABL1 translocations, transient responses to imatinib have been 
observed.” 

Uncommon cases of coexisting BCR-negative and BCR-positive 
clones have been described, and the basis for such cases is in dispute." 
One proposed explanation is that this case is an example of “field car- 
cinogenesis” in which multiple clones coexist." An alternative expla- 
nation is that these cases represent the dual progeny of a single unstable 
clone.’ The long-term survival of patients with CML may permit the 
emergence of a drug-induced or spontaneous second malignancy, and 
in the former it may be notably associated with imatinib (see “Secondary 
Chromosomal Changes with Tyrosine Kinase Inhibitors above).!°°1°” 


ATYPICAL MYELOPROLIFERATIVE DISEASE 


Definition 
There is a small but measurable frequency of patients who do not fit 
the diagnostic criteria of the other chronic myeloproliferative diseases, 
yet their findings represent the manifestations of a clonal myeloid neo- 
plasm.'*'! A neoplasm of a hematopoietic stem cell has many vari- 
ations in expression (Chap. 83), and it is surprising that nearly all can 
be pigeonholed into a generally agreed upon phenotype. These cases 
are among those that do not fit a standard diagnostic pattern. These 
cases have been classified by the WHO as atypical CML (aCML) or 
alternatively myelodysplastic-myeloproliferative syndrome, which cat- 
egory excludes BCR-rearrangement-positive CML, CMML, chronic 
neutrophilic leukemia, refractory sideroblastic anemia with thrombo- 
cytosis, and other classical syndromes, as judged phenotypically and 
genotypically. An attempt at teasing apart these syndromes into specific 
classifications proved how difficult that was, even when very arbitrary 
criteria were applied." Until a genetic basis is more clearly defined and 
specific therapy becomes available, we prefer to use the term atypical 
myeloproliferative disease for this category of hematopoietic multipo- 
tential (stem) cell disorder because, when starting with a single patient, 
the clinical features do not allow clear distinctions among patients and 
therapy is based on the manifestations in a given case, the consensus 
between patient and physician about the desirability and likely utility of 
therapy, and the rate of progression of the disease in that patient. 
Clinical Features These patients are principally in the 60 to 
90 year-old age range, but atypical expression of a multipotential 
hematopoietic cell neoplasm can occur at any age. Hepatomegaly and 
(or) splenomegaly are present in a minority of patients. Anemia and 
nearly always granulocytosis (granulocytes, notably neutrophils, and 
granulocytic precursors), sometimes with neutrophilic dysmorphia 
(e.g., acquired Pelger-Huét neutrophils) are characteristic. Neutrophilic 
precursors represent less than 15 percent of blood cells. The blast cell 
count in blood and marrow is low, usually less than 10 percent. Mono- 
cytes are not increased and eosinophils or basophils are usually not 
increased but may be as high as 10 percent of total leukocytes. 
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Laboratory Features The LDH is often elevated. The marrow 
is hypercellular with variable evidence of dysmorphic granulopoiesis 
and dysmorphic megakaryocytopoiesis. Mild marrow reticular fibrosis 
may be evident. Clonal cytogenetic abnormalities may occur but do not 
include translocations characteristic of classical chronic myeloid neo- 
plasms, such as a BCR-ABL1 or translocations involving PDGFR-a, 
PDGFR-f, or FGFRI1 seen in chronic eosinophilic leukemia with or 
without mastocytosis. Common myeloid-related cytogenetic abnormal- 
ities may occur, such as trisomy 8, del(20q), and others. 

Therapy This type of neoplasm has no specific treatment and is 
usually treated “symptomatically” with red cell or platelet transfusion 
and an agent to reduce the white cell count, if that is a problem (e.g., 
hydroxyurea, 5-azacytidine, low-dose cytarabine, numerous others).'° 
Appropriate patients may be considered for allogeneic hematopoi- 
etic stem cell transplantation, if a suitable donor is available, but this 
approach is problematic in an older population because they would be 
transplanted during active disease and with a higher-risk of GVHD. 
Nonmyeloablative allogeneic stem cell transplantation has also been 
used. 

Course and Prognosis ‘This patient population has a median sur- 
vival of approximately 18 months, but the upper range is approximately 
5 years. The disease may undergo clonal evolution to AML. 
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CHAPTER 90 
CLASSIFICATION OF 
MALIGNANT LYMPHOID 
DISORDERS 


Robert A. Baiocchi 


This chapter outlines the category of preneoplastic and neoplastic lymphocyte 
and plasma cell disorders. It introduces a framework for evaluating neoplastic 
lymphocyte and plasma cell disorders, outlines clinical syndromes associated 
with such disorders, and guides the reader to the chapters in the text that dis- 
cuss each of these disorders in greater detail. Chapter 78 outlines the diseases 
caused by nonneoplastic disorders of lymphocytes and plasma cells. 


@ CLASSIFICATION 


Lymphocyte and plasma cell malignancies present a broad spectrum of 
different morphologic features and clinical syndromes (Table 90-1). Lym- 
phocyte neoplasms can originate from cells that are at a stage prior to 
T- and B-lymphocyte differentiation from a primitive stem cell or from 
cells at stages of maturation after stem cell differentiation. Thus, acute 
lymphoblastic leukemias arise from an early lymphoid progenitor cell that 
may give rise to cells with either B- or T-cell phenotypes (Chap. 91). On 
the other hand, chronic lymphocytic leukemia arises from a more mature 
B-lymphocyte progenitor (Chap. 92) and myeloma from progenitors at 
even later stages of B-lymphocyte maturation (Chap. 107). Disorders of 
lymphoid progenitors may result in a broad spectrum of lymphocytic dis- 
eases such as B or T cell lymphomas (Chaps. 98 and 104), hairy cell leukemia 


Acronyms and Abbreviations: a/ TCR, T-cell-receptor genes encoding the a and 
B chains of the T-cell receptor (Chap. 76); ALK, gene encoding anaplastic lymphoma 
kinase; BCL2, gene encoding B-cell chronic lymphocytic leukemia (CLL)/lymphoma 
2; BCL6, gene encoding B-cell chronic lymphocytic leukemia (CLL)/lymphoma 6; clg, 
cytoplasmic immunoglobulin; EBER, Epstein-Barr-virus-encoded RNA; EBV, Epstein- 
Barr virus; y/ô TCR, T-cell-receptor genes encoding the y and 6 chains of the T-cell 
receptor (Chap. 76); HL, Hodgkin lymphoma; HLA, human leukocyte antigen; HTLV-1, 
human T-cell leukemia virus type 1; HHV8, human herpes virus 8; Ig, imnmunoglob- 
ulin; IgR, immunoglobulin gene rearrangement (Chap. 75); IL, interleukin; MALT, 
mucosa-associated lymphoid tissue; MUM7, gene encoding multiple myeloma onco- 
gene 1; neg., negative; NK cell, natural killer cell; NOS, not otherwise specified; NPM, 
gene encoding nucleophosmin; PAX5, paired box gene 5; POEMS, polyneuropathy, 
organomegaly, endocrinopathy, monoclonal gammopathy, and skin changes; REAL, 
revised European-American lymphoma; R-S, Reed-Sternberg; slg, surface immuno- 
globulin (Chap. 75); slgD, surface immunoglobulin D; slgM, surface immunoglobulin 
M; TAL1, gene encoding T-cell acute leukemia-1; TCR, T-cell receptor; TdT, terminal 
deoxynucleotidyl transferase; Th2, T-helper type 2; WHO, World Health Organization. 


(Chap. 93), prolymphocytic leukemia (Chap. 92), natural killer cell large 
granular lymphocytic leukemia (Chap. 94),’ myeloma, and plasmacy- 
toma (Chap. 107). Hodgkin lymphoma also is derived from a neoplastic 
B cell that has highly mutated immunoglobulin genes that are no longer 
expressed as protein (Chap. 97). 

To provide a unified international basis for clinical and inves- 
tigative work in this field, the International Lymphoma Study Group 
proposed a classification termed the revised European-American Lym- 
phoma (REAL) classification (Chap. 95), which was modified in 2001 
and again in 2008 by the World Health Organization (WHO).** The 
REAL/WHO classification scheme makes use of the pathologic, immu- 
nophenotypic, genetic, and clinical features of a given lymphocyte 
tumor to delineate them into separate disease entities (see Table 90-1 
and Chap. 96).° For some of these entities, the neoplastic lymphocytes 
have distinctive cytogenetic abnormalities, which can be identified 
using molecular techniques that increasingly are being used in clinical 
pathology laboratories.°” 

The REAL/WHO classification recognizes a basic distinction 
between nodular lymphocyte-predominant Hodgkin lymphoma and 
classic Hodgkin lymphoma, reflecting the differences in clinical presen- 
tation and behavior, morphology, phenotype, and molecular features 
(Chap. 97).? Studies have identified features that can be used to distin- 
guish classical Hodgkin lymphoma from anaplastic large cell lymphoma 
and, to a lesser extent, between nodular lymphocyte-predominant 
Hodgkin lymphoma and T-cell/histiocyte-rich large B-cell lymphoma. 

The updated WHO classification (summarized in Ref. 4) provided 
several revised guidelines for defining diseases such as chronic lympho- 
cytic leukemia (CLL),* Waldenström macroglobulinemia,’ plasma cell neo- 
plasms,” and diffuse large B-cell lymphoma (DLBCL).'" The classification 
of several T-cell lymphomas were also refined including enteropathy-asso- 
ciated T-cell lymphoma, anaplastic large cell lymphoma (ALK-positive and 
ALK-negative), and subcutaneous panniculitis-like T-cell lymphoma.* 
This chapter has summarized these new distinctions in Table 90-1. 


@ CLINICAL BEHAVIOR 


Lymphomas of similar histology can have widely different spectra of 
associated clinical symptoms and clinical aggressiveness, making the 
categorization of lymphoid tumors impossible using a generic grad- 
ing system based on morphology alone. For example, the neoplastic 
cells in mantle cell lymphoma appear smaller and more differentiated 
than those of anaplastic large cell lymphomas. However, the validation 
studies for the REAL classification revealed that patients with mantle 
cell lymphoma or anaplastic large cell lymphomas have a 5-year sur- 
vival rate of approximately 30 percent and approximately 80 percent, 
respectively. Generally, T-cell lymphomas/leukemias have a more 
aggressive clinical behavior than B-cell lymphomas of comparable his- 
tology. The tendency for more aggressive disease also applies to lym- 
phoid tumors derived from natural killer cells. A helpful distinction 
is to divide the lymphoid tumors into one of two categories, namely, 
indolent lymphomas versus aggressive lymphomas, based upon on the 
characteristics of the disease at the time of presentation and the patients’ 
life expectancy if the disease is left untreated.'”'* Clinical studies have 
verified that the different disease categories defined in the REAL/WHO 
classification each can be segregated into one or the other of these two 
major categories (Tables 90-2 and 90-3). Analyses of gene-expression 
patterns using microarray technology (Chaps. 11 and 12) have enabled 
identification of subcategories within some of the disease categories 
defined by the REAL/WHO classification that have different tenden- 
cies for disease progression, survival, and/or response rates to standard 
therapies (Chap. 96). An example of how gene-expression profiling 
has had a major impact on refining lymphoma diagnoses can be found 


TABLE 90-1. Classification of Lymphoma and Lymphoid Leukemia by World Health Organization 


Neoplasm 


Morphology 


Phenotype* 


Genotype’ 


B-CELL NEOPLASMS 
Immature B-Cell Neoplasms 


Lymphoblastic leukemia/ 
lymphoma not otherwise 
specified (NOS) (Chap. 91) 


Medium to large cells with 
finely stippled chromatin 


and scant cytoplasm 


TdT+, slg—, CD10+, CD13+/—, CD19+, 
CD20-, CD22+, CD24+, CD34+/-, 
CD33+/—, CD45+/—, CD79a+, PAX5+ 


Clonal DJ rearrangement of IGH gene 
1(17;19), E2A-HLF, AML1 iAMP21 asso- 
ciated with poor prognosis 


Lymphoblastic leukemia/ See above See above. B-ALL with t(9;22) with See individual genetic features in 
lymphoma with recurrent CD25 and more frequent myeloid B-ALL subtypes below 
genetic abnormalities antigens CD13, CD33 
(Chap. 91) 
B-ALL with t(v;11q23); See above CD19+, CD10—, CD24—, CD15+ Multiple MLL (11q23) fusion partners 
MLL rearranged including AF4 (4q21), AF9 (9p22), and 
ENL (19p13). B-ALL with MLL translo- 
cations over express FLT-3. Poor 
prognosis 
B-ALL with t(12;21) See above CD19+, CD10+, CD34+. Characteris- t(12;21)(p13;q22) ETV6-RUNX 
(p13;q22); TEL-AML1 tically negative for CD9, CD20, and translocation 
(ETV6-RUNX1) CD66c 
B-ALL with See above CD19+, CD10+, CD45-—, CD34+ Numerical increase in chromosomes 
hyperdiploidy without structural abnormalities. 
Most frequent chromosomes +21, X, 
14 and 4. +1,2, 3 rarely seen. Favor- 
able prognosis 
B-ALL with See above See above Loss of at least one or more chromo- 
hypodiploidy somes (range from 45 chromosomes 


to near haploid). Rare chromosome 
abnormalities. Poor prognosis 


B-ALL with t(5;14) 
(q31;q32); IL3-IGH 


See above with increase in 


reactive eosinophilia 


See above. Even rare blasts with B-ALL 
immunophenotype with eosinophilia 

strongly suggestive of this subtype of 
B-ALL 


t(5;14)(q31;q32); IL3-IGH leading 
to overexpression of IL3. Unclear 
prognosis 


B-ALL with t(1;19) 
(q23;p13.3); E2A-PBX1 


See above 


CD10+, CD19+, cytoplasmic u heavy 
chain. CD9+, CD34— 


t(1;19)(q23;p13.3); leads to overex- 
pression of E2A-PBX7 fusion gene 
product interfering with normal 
transcription factor activity of E2A 
and PBX1 


Mature B-Cell Neoplasms 
Leukemias 


Chronic lymphocytic 


Small cells with round, 


slg+(dim), CD5+, CD10—, CD19+, 


IgR+, trisomy 12 (~30%), del at 13q14 


leukemia/small lym- dense nuclei CD20+(dim), CD22+(dim), CD23+, (~50%), 11q22-23, 17p13, and IGHV 

phocytic lymphoma CD38+/—, CD45+, FMC-7— mutated status associated with poor 
(Chap. 92) prognosis 

Prolymphocytic leuke- 255% prolymphocytes slg+(bright), CD5+/—-,CD10-,CD19+, del13q.14(~30%); del17p (50%), IgR+ 


mia (Chap. 92) 


CD22+, CD23+/—, CD45+, CD79a+, 
FMC7+ 


Hairy cell leukemia 


Small cells with cytoplas- 


slg+(bright), CD5—, CD10-, 


BRAF mutations (~100%), IgR+ 


(Chap. 93) mic projections CD11c+(bright), CD19+, CD20+, 
CD25+, CD45+, CD103+, Annexin A+ 
Lymphomas 
Lymphoplasmacytic Small cells with plasmacy- clg+, CD5—, CD10—, CD19+, CD20+/— IgR, 6q- in 50% of marrow-based 


lymphoma (Chap. 109) 


toid differentiation 


Plasma cell population: CD38+, 
CD138+, clgM+ 


cases [the t(9;14) was proved to be 
wrong], +4 (20%) 


Mantle cell lymphoma 
(Chap. 100) 


Small to medium cells 


slgM+, slgD+, CD5+, CD10-—, CD19+, 
CD20+, CD23-, Cyclin D1+, FMC-7+, 
SOX11+ in nearly 100% of cases 


IgR, t(11;14)(q13;q32) (~100% by 
FISH), involving BCL7 and IgH. Highly 
proliferative variants often show TP53 
mutation, deletion of INK4qa/ART and 
p18INK4c 


(Continued) 


Chapter 90: Classification of Malignant Lymphoid Disorders 


TABLE 90-1. Classification of Lymphoma and Lymphoid Leukemia by World Health Organization (Continued) 


Neoplasm 


Morphology 


Phenotype* 


Genotype’ 


Follicular lymphoma 
(follicle center lym- 
phoma; Chap. 99) 


Small, medium, or large 
cells with cleaved nuclei 


slg, CD5—, CD10+, CD19+, 
CD20+(bright), CD23—/+, CD38+, 
CD45+ 


IgR, t(14;18)(q32;q21) (~85%) involv- 
ing BCL2 and IgH. Mutated 3q27 
(5-15%, BCL6) 


Nodal marginal zone 
B-cell lymphoma 
(Chap. 101) 


Small or large monocytoid 
cells 


slgM+, slgD-, clg+ (~50%), CD5-, 
CD10-, CD11c+/—, CD19+, CD20+, 
CD23-—, CD43+/— 


IgR, commonly with trisomies 3, 7, 
and 18 


Extranodal marginal 
zone lymphoma of 
mucosa-associated 
lymphoid tissue (MALT) 
type (Chap. 101) 


See above 


See above 


t(11;18)(q21;q21) involving API2, 
MLT1, or t(1;14)(p22;q32) involving 
BCL10 


Splenic B-cell marginal 
zone lymphoma 


Small round lymphocytes 
replaces reactive germinal 
centers and/or villous lym- 
phocytes in blood 


slgM+, slgD—, CD5+/—, CD19+, CD20+, 
CD23-, CD103— 


IgR, allelic loss of chromosome 7q31- 
32 (40%) 


Splenic B-cell lymphoma, unclassifiable 


Splenic diffuse red pulp 
small B-cell lymphoma 


Blood: villous lymphocytes 
similar to SMZL. Marrow: 
intrasinusoidal infiltration. 
Spleen: monomorphous 
small to medium lympho- 
cytes with round nuclei, 
vesicular chromatin, occa- 
sional small nucleoli 


CD20+, DBA.44+, IgG+/IgD-, CD25-, 
CD5-, CD103-, CD123 


T(9;14)(p13;q32) involving PAX5 and 
IGH 


Hairy cell leukemia 
variant 


Hybrid features of prolym- 
phocytic leukemia and clas- 
sic hairy cell leukemia 


slg+(bright), CD5—, CD10-, 
CD11c+(bright), CD19+, CD20+, 
CD25-, CD45+, CD103+, FMC7+, 
CD123-, Annexin A1—, TRAP- 


BRAF mutation negative 


Diffuse large B-cell lymphoma (DLBCL, Chap. 98) 


DLBCL NOS 


Common Morphologic Variants: 


Centroblastic 


Medium to large lymphoid 
cells with vesicular nuclei 
containing fine chromatin. 


slgM+, slgD+/—, CD5-, CD10—/+, 
CD19+, CD20+, CD22+, CD79a+, 
CD45+, PAX5+ 


IgR, 3q27 abnormalities and/or t(3;14) 
(q27;q32) involving BCL6 (~30%) or 
t(14;18)(q32;q21) (~25%) involving 


Multiple nucleoli BCL2 
Immunoblastic >90% of cells are immu- See above. May express CD30+ See above 
noblasts with central 
nucleolus 
Anaplastic Very large round, oval, or See above. Often CD30+ See above 
polygonal cells with bizarre 
pleomorphic nuclei resem- 
bling R-S cells 
Molecular Subgroups 
Germinal center B cell See above See above See above 
like (GCB) 
Activated B-cell-like See above. Often with See above T(14;18) (35%), 12q12 (20%), IG muta- 


(ABC) 


more immunoblastic 


tion, BCL2 rearrangement (20-25%), 


morphology Rel amplification (15%). Amplification 
of microRNA-17-92 cluster 
Immunohistochemical Gain of 3q (26%), 9p (6%), 12q12 (5%), 
Subgroups NF-KB activation 
CD5-positive DLBCL See above See above. CD5+ t(11;14) and t(14;18) negative. +3 and 


gain on chromosome 16/16p and 
18/18q common. Deletion p16/INK4a 
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TABLE 90-1. Classification of Lymphoma and Lymphoid Leukemia by World Health Organization (Continued) 


Neoplasm 


Morphology 


Phenotype* 


Genotype’ 


Nongerminal center 
B-cell-like (non-GCB) 


See above 


See above 


See above. Uniform FOXP1 expression 
with IRF4/MUM1 and BCL6 expression 


Primary mediastinal 
(thymic) large B-cell 
lymphoma (Chap. 98) 


Variable from case to case. 
Medium to large cells often 
with pleomorphic nuclei 
(R-S-like cells) 


slg—, CD5—, CD10—/+, CD15—, CD19+, 
CD20+, CD22+, CD23+, CD30+ (80%), 
CD45+, CD79a+, IRF4/MUM1 (75%). 
Variable BCL2 (50-80%) and BCL6 
(45-100%) expression 


IgR+, Gain of 9q24 (75%), gain 2p15 
(50%) 

Amplification of REL, BCL11A, JAK2, 
PDL1, PDL2. Transcriptome similar to 
CHL 


Intravascular large 
B-cell lymphoma 


Neoplastic cells infiltrated 
within small to intermedi- 
ate vessels of all organs 


CD19+, CD20+, CD5 (38%), CD10 
(13%). Lack of CD29 (81 integrin) and 
CD54 (ICAM1) may account for intra- 
vascular growth pattern 


IgR+, otherwise poorly characterized 


ALK-positive large 
B-cell lymphoma 


Sinusoidal growth pattern, 
monomorphic large immu- 
noblast-like cells 


Strongly positive for ALK, CD138+, 
VS38+, cytoplasmic IgA or IgG 


IgR+, t(2;17) ALK/CLTC 


Plasmablastic 
lymphoma 


Diffuse proliferation of 
immunoblasts with plas- 
macytic differentiation, 
frequent mitotic figures, 
monomorphic morphology 
common in HIV+ patients. 
Frequently extranodal, 
EBV+ 


CD138+, CD38+, VS38C, IRF4/MUM1+, 
high Ki67, CD79a+ CD30+ in most 
cases. Negative for CD45, CD20, PAX5. 
Cytoplasmic lg (50-70%). CD56 neg- 
ative (if positive, suspect plasma cell 
myeloma) 


IgR+, frequently Epstein-Barr 
virus-encoded RNA (EBER)+ (60-70%) 
but most cases negative for LMP1. 
HHV8+ status consistent with large 
B-cell lymphoma from MCD (below) 


Large B-cell lymphoma 
arising from multicen- 
tric, HHV8+ Castleman 
disease (MCD) 


HHV8 MCD: B cell follicles 
with involution and hyalini- 
zation of germinal centers 
with prominent mantle 
zones. Large plasmablastic 
cells within mantle zone 


HHV8 plasmablastic lym- 
phoma. Confluent sheets 
of HHV8+ LANA1+ cells 
effacing lymph node archi- 
tecture. Extranodal involve- 
ment common 


HHV8+, LANA14+, viral IL6+, cyto- 
plasmic IgM, CD20+/-—, Negative for 
CD79a, CD138, and EBV (EBER) 


Polyclonal IgM. IgVH unmutated. IL6R 
pathway activation. Cytogenetics 
poorly characterized 


Primary effusion 
lymphoma 


Range of infiltrating cells 
with highly abnormal mor- 
phology including immu- 
noblastic, plasmablastic, 
anaplastic. Large nuclei 
with prominent nucleoli 


CD45+, Lack expression of CD19, 
CD20, CD79a, slg 


IgR+ and hypermutated. No recurrent 
chromosomal anomalies 


Burkitt lymphoma 
(Chap. 98) 


Medium cells arranged 

in diffuse, monotonous 
pattern. Basophilic cyto- 
plasm, high proliferative 
index with frequent mitotic 
figures. “Starry sky” pattern 
present 


Positive for CD19, CD20, CD10, BCL6, 
CD38, CD77, and CD43. Negative for 
BCL2 and TdT. Ki67+ in nearly 100% of 
tumor cells 


t(8;14)(q24;q32), t(2;8)(q11;q24), or 
t(8;22)(q24;q11), involving Ig loci and 
C-MYC at 8q24 


B-cell lymphoma 
unclassifiable, features 
intermediate between 
DLBCL and Burkitt lym- 
phoma (BL) (Chap. 102) 


Medium, round cells with 
abundant cytoplasm. More 
variation in nuclear size 
and contour compared to 
BL. Commonly >90% Ki67+. 
Unlike BL, can show strong 
BCL2 expression 


Same as above except slg-, clg+/—, 
and CD10— 


Same as above except more typically 
expresses high levels of BCL2 and 
~30% have BCL2 rearrangements 
(double-hit type) 


(Continued) 
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TABLE 90-1. Classification of Lymphoma and Lymphoid Leukemia by World Health Organization (Continued) 


Neoplasm 


Morphology 


Phenotype* 


Genotype’ 


B-cell lymphoma 
unclassifiable, features 
intermediate between 
DLBCL and classical 
Hodgkin lymphoma 
(HL) 


Confluent, diffuse, sheet- 
like growth of pleomor- 
phic cells within a fibrotic 
stroma. Pleomorphic cells 
resembling HL R-S-like cells 
and lacunar cells. Necrosis 
frequent 


In contrast to HL, CD45+. Positive for 
CD30 and CD15 


Poorly characterized 


Plasma Cell Neoplasms 


Monoclonal gammop- 
athy of undetermined 
significance (MGUS) 


Marrow infiltrate with 
mature plasma cells com- 
prising 1-9% of cellularity 


M-protein <30 g/L, marrow <10% 
plasma cells, no end-organ damage. 
CD138+. Often difficult to demon- 
strate LC restriction because of small 
numbers of plasma cells 


Abnormal cytogenetics rarely 
encountered in MGUS. FISH studies 
involving IgH occur in ~50% of cases: 
t(11;14), t(4;14). Del13q. Hyper- 
diploidy 40% 


Plasma cell myeloma 


Myeloma plasma cells seen 
in marrow arranged in 
interstitial clusters 


slg+, CD5—, CD10-, CD19-, CD20-, 
CD38+(bright), CD45+/—, CD56+, 
CD117+(bright), CD138+(bright) 


IgR, commonly with complex karyo- 
types and or t(6;14)(p25;q32) involv- 
ing MUMI. t(11;14) seen in 15-25% 
cases 


Extraosseous 
plasmacytoma 


Plasma cells in extraos- 
seous organs must be 
distinguished from other 
lymphoproliferative disor- 
ders (i.e., MALT type) 


Same as plasma cell myeloma 


Same as above 


Solitary plasmacytoma 
of bone 


Plasma cells 


Same as plasma cell myeloma 


Same as above 


Monoclonal immuno- 
globulin deposition 
disease 


Prominent organ (kidney 
most common, occasion- 
ally liver, heart, nerve, 
blood vessels involved) 
deposits of nonamyloid, 
nonfibrillary, amorphous 
eosinophilic material that 
does not stain with congo 
red. Heavy chain (HCDD) 
and light chain (LCDD) 


LCDD is k light chain predominant. 
HCDD shows A chain predominance. 
Marrow may show abnormal k/A ratio 


HCDD with VAVI overrepresentation. 
LCDD with VkIV variable region 


Hodgkin Lymphoma (HI) 


Nodular lymphocyte pre- 
dominant HL 
(Chap. 97) 


“Popcorn cells” with nuclei 
resembling those of 
centroblasts 


BCL6+, CD19+, CD20+, CD22+, 
CD45+, CD79a+, CD15-, and rarely 
CD30+/-—, Bob1+, Oct2+, PAX5+ 


IgR, with high-level expression of 
BCL6 


Classic HI (Chap. 97) 
Nodular sclerosis HL 


R-S cells and lacunar cells 
dispersed in reactive lym- 
phoid nodules 


R-S cells typically are CD15+, 
CD20—/+, CD30+, CD45-—, CD79a-, 
PAX5+(dim) 


R-S cells generally express PAX5 and 
MUM1, variable expression of BCL6, 
and have IgR without functional Ig 


Lymphocyte-rich HL 


Few R-S cells with occa- 
sional “popcorn” appear- 
ance dispersed in lymphoid 
nodules 


Same as above 


Same as above 


Mixed cellularity HL 


R-S cells dispersed among 
plasma cells, epithelioid 
histiocytes, eosinophils, 
and T cells 


R-S cells typically are CD15+, 
CD20-/+, CD30+, CD45—, CD79a— 


R-S cells generally express PAX5 and 
MUM1, variable expression of BCL6, 
and have IgR without functional Ig 


Lymphocyte-depleted HL 


Prominent numbers of R-S 
cells with effacement of the 
nodal structure 


Same as above 


Same as above 
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Neoplasm 


Morphology 


Phenotype* 


Genotype’ 


T-CELL NEOPLASMS 
Immature T-cell neoplasms 


Lymphoblastic leukemia 
(Chap. 91) 


Medium to large cells with 
finely stippled chromatin 
and scant cytoplasm 


TdT+, CD2+/-—, cytoplasmic CD3+, 
CD1a+/—, CD5+/—, CD7+, CD10-/+, 
CD4+/CD8+ or CD4—/CD8-, CD34+/— 


Abnormalities in TCR loci at 14q11 
(TCR-a), 7q34 (TCR-B), or 7p15 (TCR-y), 
and/or t(1;14)(p32-34; q11) involving 
TAL1 


Lymphoblastic lymphoma Same as above 


(Chap. 91) 


Mature T and NK cell neoplasms 


Leukemias 


T-cell prolymphocytic 
leukemia (Chap. 104) 


Small to medium cells with 
cytoplasmic protrusions or 
blebs 


Same as above 


TdT-—, CD2+, CD3+, CD5+, CD7+, CD4+ 
and CD8— is more common than 
CD4— and CD8+, but can be CD4+ 
and CD8+ 


Same as above 


a/B TCR rearrangement, 
inv14(q11;q32)(~75%). Inv14 in ~80% 
of cases. Translocations frequently 
involve TCL7A and TCL1B genes. +8q 
seen in ~75% cases. del 11q23 and 
abnormalities with chromosome 6 
(33%) and 17P (26%) seen 


T-cell large granular 
lymphocytic leukemia 
(Chap. 94) 


Abundant cytoplasm and 
sparse azurophilic granules 


CD2+, CD3+, CD4 —/+, CD5+, CD7+, 
CD8+/—, CD16+/—, CD56—, CD57+/ 


a/B TCR rearrangement, y/ô rear- 
rangement can be seen 


Lymphomas/Lymphoproliferative Disorders 


Extranodal T/NK-cell 
lymphoma, nasal type 
(“angiocentric lym- 
phoma’; Chaps. 94 and 
104) 


Angiocentric and angiode- 
structive growth 


CD2+, cytoplasmic CD3+, CD4-, 
CD5-—/+, CD7+, CD8—, CD56+, EBV+ 


TCR rearrangements usually neg., EBV 
present by in situ hybridization 


Cutaneous T-cell 
lymphoma (mycosis 
fungoides; Chap. 103) 


Small to large cells with 
cerebriform nuclei 


CD2+, CD3+, CD4+, CD5+, CD7+/-, 
CD8-—, CD25-—, CD26+ 


a/B TCR rearrangements, complex 
karyotype common. STAT3 activation 


Sézary syndrome 
(Chap. 103) 


Same as above 


Same as above 


Same as above 


Angioimmunoblastic 
T-cell lymphoma** 


Small to medium immu- 
noblasts with clear to pale 
cytoplasm around follicles 
and high endothelial 
venules 


CD3+/—, CD4+, CD10+, CXCL13+, 
PD-1+ (60-100%), EBV+ 


a/B TCR rearrangement (75-90%), IgR 
(25-30%), trisomy 3 or 5 noted 


Peripheral T-cell lym- 
phoma (not otherwise 
unspecified; Chap. 104) 


Highly variable 


CD2+, CD3+, CD5+, CD7—, CD4+CD8— 
more often than CD4—CD8+, which is 
more often than CD4+CD8+ 


a/B TCR rearrangement 


Subcutaneous pan- 
niculitis-like T-cell 
lymphoma’? 


Variably sized atypical cells 
with hyperchromasia infil- 
trating fat lobule 


CD2+, CD3+, CD4—, CD5+, CD7-, 
CD8+, and cytoxic molecules 
(perforin, granzyme B, and TIA1) 


a/B TCR rearrangement 


Enteropathy associated 
T cell lymphoma 


Medium to large cells with 
prominent nucleoli, abun- 
dant pale cytoplasm invad- 
ing mucosal membranes of 
the small intestine 


CD3+, CD5—, CD7+, CD8+/—, CD4-, 
CD103+, TCRB+/—. CD30+ (most 
cases) 


TRB, TRG clonally rearranged. >90% 
HLADQA1*0501, DQB1*0201 


Hepatosplenic T-cell 
lymphoma? *? 


Small to medium cells with 
condensed chromatin and 
round nuclei 


CD2+, CD3+, CD4—, CD5+, CD7+/-, 
CD8+/— 


y/5 TCR rearrangement, rarely a/B TCR 
rearrangement, isochromosome 7q 


Adult T-cell leukemia/ 
lymphoma (Chap. 91) 


Highly pleomorphic with 
multilobed nuclei 


CD2+, CD3+, CD5+, CD7—, CD25+, 
CD4+CD8- more often than 
CD4—CD8+ 


a/B TCR rearrangement, integrated 
HTLV-1 


(Continued) 
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TABLE 90-1. Classification of Lymphoma and Lymphoid Leukemia by World Health Organization (Continued) 


Neoplasm 


Morphology 


Phenotype* 


Genotype’ 


Anaplastic large 
cell lymphoma 
ALK-positive 


Large pleomorphic cells 
with “horseshoe”-shaped 
nuclei, prominent nucleoli, 
and abundant cytoplasm 


TdT-, ALK1+, CD2+/—, CD3-/+, 
CD4—/+, CD5—/+, CD7+/-, CD8—/+, 
CD13-/+, CD25+/—, CD30+, CD33-—/+, 
CD45+, HLA-DR+, TIA+/— 


TCR rearrangement, t(2;5)(p23;q35) 
resulting in nucleophosmin— 
anaplastic lymphoma kinase fusion 
protein (NPM/ALK); other transloca- 
tions involving 2p23 are also seen 


Anaplastic large 
cell lymphoma 
ALK-negative 


Similar morphologic spec- 
trum to that seen in ALK+ 
ALCL. No small cell variant 
seen in ALK- 


TdT-, ALK1—, CD2+/—, CD3-/+, 
CD4—/+, CD5—/+, CD7+/-, CD8-—/+, 
CD13-/+, CD25+/-, CD30+, CD33-—/+, 
CD45+, HLA-DR+, TIA+/— 


TCR rearrangement, no recurrent 
cytogenetic features seen 


Primary cutaneous 
CD30+ anaplastic large 
cell lymphoma*?# 


Anaplastic large cells 
as above in cutaneous 
nodules 


TdT-, CD2-/+, CD3+/-, CD4+, 
CD5—/+, CD7+/—, CD25+/—, CD30+, 
CD45+ 


TCR rearrangement but without t(2;5) 
(p23;q35) 


Lymphomatoid 
papulosis 


Three histologic subtypes 
(A, B, C). Type A: scattered 
clusters of large R-S-like 
cells admixed with histio- 
cyte rich infiltrate. Type B: 
rarely seen, epidermotropic 
infiltrate of small atypical 
cells with cerebriform 
nuclei (MF-like). Type C: 


monotonous large CD30+ T 


cells with few inflammatory 
cells 


Type A and C have similar phenotype 
to C-ALCL. Type B phenotype CD3+, 
CD4+, CD8-, CD30- 


TCR rearrangement in 60% cases. No 
t(2;5)(p23;135) 


Primary cutaneous peripheral T cell lymphomas, rare subtypes: 


Primary cutaneous y/ô 
T-cell lymphoma 


Primary cutaneous 
CD8+ aggressive epi- 
dermotropic cytotoxic 
T-cell lymphoma 


Epidermotropic, dermal 
and subcutaneous histo- 
logic patterns. Neoplastic 
cells medium to large with 
coarse chromatin, frequent 
apoptosis/necrosis 


Variable histology ranging 
from lichenoid epidermo- 
tropism to deeper nodular 
infiltrates. Tumor cells small 
to medium with pleomor- 
phic or blastic nuclei 


CD3+, CD2+, CD5—, CD7+/—, CD56+. 
Most cases CD4—, CD8— 


CD3+, CD8+, granzyme B+, 
perforin+, TIA1+, CD45RA+/-, 
CD45RO-, CD2+/—, CD4—, CD5-, 
CD7+/-— 


TCRG, TCRD clonal rearrangement. 
EBV negative 


Clonal TCR rearrangement. EBV 
negative 


Primary cutaneous 
CD4+ small/medium 
T-cell lymphoma 


Dense, diffuse, dermal 
infiltrates. Predominance 
of small/medium pleomor- 
phic cells 


CD3+, CD4+, CD8—, CD30-. No 
cytotoxic proteins expressed 


Clonal TCR rearrangement. EBV 
negative 


EBV+ T-cell lymphop- 
roliferative diseases of 
childhood 


Infiltrating T cells are EBV+, 
but lack cytologic atypia. 
Erythrophagocytosis 

and histiocytosis seen 
frequently 


CD2+, CD3+, CD56-—, CD8+, EBER+ 


Clonal TCR rearrangement. EBV+ with 
LMP1 expression 


Hydroa vacciniforme- 
like lymphoma 


Cutaneous presentation, 
small to medium cells with- 
out clear cytology atypical 


CD3+, CD8+, CD56+ 


Clonal TCR rearrangement. EBV+ 
without LMP1 


NATURAL KILLER (NK) CELL NEOPLASMS 


Large granular lympho- 
cytic leukemia (Chap. 94) 


Abundant cytoplasm and 
sparse azurophilic granules 


TdT-, CD2+, CD3—, CD4—, CD5-/+, 
CD7+, CD8-/+, CD11b+, CD16+, 
CD56+, CD57+/— 


No TCR rearrangement 


Aggressive NK-cell 
leukemia’ 


Same as above 


Same as above 


No TCR rearrangement, EBV present 
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TABLE 90-1. Classification of Lymphoma and Lymphoid Leukemia by World Health Organization (Continued) 


Neoplasm 


Morphology 


Phenotype* 


Genotype’ 


Extranodal Nk-cell 
lymphoma, nasal- 

type (“angiocentric 
lymphoma’”)"4546 


Angiocentric and angiode- 
structive growth 


CD2+, cytoplasmic CD3¢ +, CD4-, 
CD5-/+, CD7+, CD8—, CD56+ 


Immunodeficiency-associated lymphoproliferative disorders 


Lymphoproliferative 
disorders associated 
with primary immune 
disorders 


Range of morphology 


from reactive hyperplasia, 


polymorphous lymphoid 
infiltrate, to high-grade 
lymphomas. Lymphoma 
and HL morphology is sim- 
ilar to that seen in immune 
competent patients 


Immunophenotype similar to that 
seen in immune competent patients 
with corresponding malignancy 


No TCR rearrangement, EBV present 


FAS mutation seen in ALPS. Mutations 
in SAP/SLAM in XLP. ATM mutations 
in AT 


Lymphomas associated 
with HIV infection 


Similar to above. Typical 
histologic features seen 
in Burkitt lymphoma, HL, 
DLBCL. Lymphomas seen 
more frequently in HIV 
setting include primary 
effusion, plasmablastic, 
lymphomas, multicentric 
Castleman disease 


Similar to above 


MYC and BCL2 translocations seen in 
DLBCL 


Posttransplant lymphoproliferative disorders (PTLDs) 


Early lesions: plasma- 
cytic hyperplasia (PH) 
and infectious mono- 
nucleosis (IM)-like 


PH: numerous plasma cells, 
lymphocytes, and immuno- 
blasts. IM: numerous immu- 
noblasts on a background 
of T cells 


Similar to above 


EBV+ in both IM and PH. Oligoclonal 
polyclonal IgH rearrangement. EBV+ 


Polymorphic PTLD Effacement of tissue Similar to above with exception that Clonal /G rearrangement. EBV+ by 
architecture with infiltrate R-S cells in HLs often express CD30+, EBER ISH. Mutated IgH in 75% of 
showing full range of B-cell CD20+ but frequently are CD15— cases 
maturation 

Monomorphic PTLD Similar to DLBCL, Burkitt Similar to above EBV+/—. Clonal B cell or T cells. Cyto- 


lymphoma or plasmacy- 
toma morphology 


genetics frequently with TP53, RAS 
mutations, BCL6 translocations 


Other iatrogenic 
immunodeficiency- 
associated lymphopro- 
liferative disorders 


Increased frequency of HL 
and lymphoproliferation 
with Hodgkin-like features. 
Histologic features can oth- 
erwise resemble the range 
of features seen in other 
immune deficiency-related 
LPDs 


HL-like show CD20+, CD30+, CD15- 
or CD20-, CD30+, CD15+ staining. 
EBV is variably positive 


Same as above 


FISH, fluorescence in situ hybridization; IgR, immunoglobulin gene rearrangement; IgVH, immunoglobulin variable heavy chain; MCD, 
multicentric castleman’s disease; neg., negative; NF-KB, nuclear factor-kB; NK, natural killer; R-S, Reed-Sternberg; SMZL, splenic marginal zone 
lymphoma; STAT, signal transducer and activator of transcription; TCR, T-cell receptor. Also see acronyms and abbreviations at the beginning 
of this chapter. 


‘The immunophenotype revealed by immunohistochemistry and/or flow cytometry of surface antigens that typically are found for neoplastic 
cells of a given disorder are listed. If a CD antigen is indicated, then most of the neoplastic cells express that particular surface protein that is 
expressed by most tumor cells. CD antigens that have a minus (—) sign suffix are characteristically not expressed by the neoplastic cells of that 
disease entity. CD antigens that have a +/— sign suffix are not expressed by the neoplastic cells of all patients with that entity or are expressed at 
low or variable levels on the tumor cells. Antigens that have a —/+ sign suffix are expressed at very low levels or by the tumor cells of a minority 
of patients. 


‘The common genetic features associated with a given type of neoplasm are indicated. The numbers in parentheses provide the approximate 
proportion of cases that have the defined phenotype or genetic abnormality. 


TABLE 90-2. Indolent Lymphomas 


Disseminated lymphomas/leukemias 


Chronic lymphocytic leukemia 
Hairy cell leukemia 
Lymphoplasmacytic lymphoma 


Splenic marginal zone B-cell lymphoma (with or without villous 
lymphocytes) 


Plasma cell myeloma/plasmacytoma 
Nodal lymphomas 
Follicular lymphoma 


Nodal marginal zone B-cell lymphoma (with or without mono- 
cytoid B cells) 


Small lymphocytic lymphoma 
Extranodal lymphomas 


Extranodal marginal zone B-cell lymphoma of mucosa- 
associated lymphoid tissue (MALT) type 


with two newly defined working categories as “gray zone” lymphomas 
between Hodgkin lymphoma and primary mediastinal large B-cell lym- 
phoma’” and between Burkitt and DLBCL.'*" These new intermediate 
groups make clear distinctions between biologic and clinical features of 
conventional DLBCL and HL. 


TABLE 90-3. Aggressive Lymphomas 


Immature B-cell neoplasms 
B-lymphoblastic leukemia/lymphoma 
Mature B-cell neoplasms 
Burkitt lymphoma/Burkitt cell leukemia 
Diffuse large B-cell lymphoma 
Follicular lymphoma grade III 
Mantle cell lymphoma 
Immature T-cell neoplasms 
T-lymphoblastic lymphoma/leukemia 
Peripheral T- and natural killer (NK) cell neoplasms 
T-cell prolymphocytic leukemia/lymphoma 
Aggressive NK cell leukemia/lymphoma 


Adult T-cell lymphoma/leukemia (associated with HTLV-1 
[human T-cell leukemia virus type 1]) 


Extranodal NK/T-cell lymphoma 

Enteropathy-associated T-cell lymphoma 

Hepatosplenic T-cell lymphoma 

Subcutaneous panniculitis-like T-cell lymphoma 

Peripheral T-cell lymphomas, not otherwise specified 
Angioimmunoblastic T-cell lymphoma 

Anaplastic large cell lymphoma, primary, systemic 

Immune deficiency-associated lymphoproliferative disorders 
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@ ASSOCIATED CLINICAL SYNDROMES 


EARLY PRECURSOR LESIONS IN LYMPHOID 
NEOPLASMS 


The 2008 WHO classification highlights several clinical, histologic, 
and immunophenotypic observations supporting the notion that lym- 
phoid neoplasms arise from clonal expansion and ultimately, malignant 
transformation of precursor lesions. Monoclonal B-cell lymphocytosis 
(MBL) can be found in first-degree relatives of patients with CLL and 
in 5 to 15 percent of adults older than 60 years of age who present with 
lymphocytosis.” The documented rate of progression to CLL of 1 to 
2 percent/year and immunophenotypic evidence of evolving CLL-like 
clones with cytogenetic anomalies suggest that mantle cell lymphoma 
may represent a potential precursor to CLL.” Other potential precursor 
lesions for follicular lymphoma and mantle cell lymphoma are currently 
under investigation.* 


ABNORMAL PRODUCTION OF 
IMMUNOGLOBULIN 


When B lymphocytes undergo neoplastic transformation and clonal 
proliferation, they can secrete monoclonal proteins inappropriately 
(Chaps. 105 and 106). If the monoclonal protein is immunoglobulin 
(Ig) M, IgA, or a member of certain subclasses of IgG (e.g., IgG,), its 
presence may increase the viscosity of the blood, impairing blood flow 
through the microcirculation (Chaps. 107 and 109). This process may 
be impeded further by the associated homotypic erythrocyte aggrega- 
tion (pathologic rouleaux) that often occurs in blood with a high con- 
centration of immunoglobulin protein. Collectively, this situation may 
result in the hyperviscosity syndrome, manifested clinically by head- 
ache, dizziness, diplopia, stupor, retinal venous engorgement, or frank 
coma (Chap. 109).3?*! 

Monoclonal immunoglobulin proteins also can interact with cell 
surfaces and impair granulocyte or platelet function, or they can inter- 
act with coagulation proteins to impair their function in hemostasis 
(Chap. 120). Excessive excretion of immunoglobulin light chains can 
lead to several types of renal tubular dysfunction and renal insufficiency 
(Chaps. 106 and 107). IgM deposited in glomerular tufts also can lead 
to renal disease (Chap. 109). Cryoglobulins (immunoglobulins that pre- 
cipitate at temperatures below 37°C) can result in Raynaud syndrome, 
skin ulcerations, purpura, digital infarction, and gangrene (Chap. 54). 
These manifestations result from immune complex formation, com- 
plement activation, and precipitation of cryoglobulins in cutaneous 
blood vessels. Excessive production of monoclonal immunoglobulin or 
immunoglobulin fragments in myeloma (Chap. 107) or in heavy-chain 
disease (Chap. 110) may lead to formation of amyloid, resulting in pri- 
mary amyloidosis (Chap. 108). 

Production of autoreactive antibodies spontaneously or in relation- 
ship to a B-lymphocyte neoplasm may lead to autoimmune hemolytic 
anemia (Chap. 54), autoimmune thrombocytopenia (Chap. 117), or, 
rarely, autoimmune neutropenia (Chap. 65). Autoantibodies directed 
against tissues are implicated in the pathogenesis of diseases such as 
autoimmune thyroiditis, adrenalitis, encephalitis, and conditions with 
other organ involvement. Peripheral neuropathies as a result of demy- 
elinization can occur in patients with monoclonal immunoglobulin 
(Chaps. 106, 107, and 109). The neural injury often is related to anti- 
body activity against myelin-associated glycoproteins or absorption by 
nerve tissue.*! Rarely, the polyneuropathy is part of the polyneuropathy, 
organomegaly, endocrinopathy, monoclonal protein, and skin changes 
(POEMS) syndrome (Chap. 107). 


MARROW AND OTHER TISSUE INFILTRATION 


Well-differentiated malignant B lymphocytes, such as those found in 
the early stages of CLL or Waldrenstrom’s macroglobulinemia, may 
infiltrate the marrow extensively, causing impairment of hemopoie- 
sis. Eventually, however, massive infiltration of marrow by malignant 
B lymphocytes can suppress normal hemopoiesis, resulting in vary- 
ing combinations of anemia, neutropenia, and/or thrombocytopenia 
(Chap. 92). Malignant B-lymphocyte proliferation or infiltration may 
result in any combination of splenomegaly and lymphadenopathy 
of either superficial or deep lymph nodes. Diffuse large B cell lym- 
phomas tend to involve isolated lymph node groups (Chaps. 97 and 
98), whereas low-grade lymphomas (follicular lymphoma) and lym- 
phoproliferative disorders (CLL) tend to present with more diffuse 
lymphadenopathy and splenic involvement (Chaps. 92 to 94). Prolym- 
phocytic leukemia and hairy cell leukemia, two uncommon B-lym- 
phocyte malignancies, are prone to infiltrate the marrow and spleen, 
sometimes causing bone marrow fibrosis and massive splenomegaly 
(Chaps. 92 and 93). 


LYMPHOKINE-INDUCED DISORDERS 


In addition to the consequences of monoclonal immunoglobulin and 
tumor proliferation, some lymphoid malignancies may produce cytok- 
ines that contribute to the disease morbidity. Recent work has identified 
several immune activation syndromes, mediated in large part as a result 
of unchecked inflammatory cytokines (interleukin [IL]-1, IL-6) and 
defects in perforin/granzyme pathways are associated with lymphomas 
and infection with oncogenic herpes viruses. Hemophagocytic lym- 
phohistiocytosis and macrophage activating syndrome are two distinct 
complications arising from dysregulated effector lymphocyte-tumor 
interaction at the immunologic synapse and can lead to life-threatening 
complications if not rapidly diagnosed and treated with immunoche- 
motherapy.** Patients with cutaneous T-cell lymphomas have elevated 
plasma levels of T-helper type 2 (Th2)-associated cytokines, which may 
account for the relatively high incidence of eosinophilia (Chap. 103) 
and eosinophilic pneumonia observed in patients with this disease." 
In addition, the neoplastic plasma cells in myeloma may secrete various 
cytokines and osteoclast activating factors that stimulate osteoclast pro- 
liferation and activity leading to extensive osteolysis, severe bone pain, 
and pathologic fractures (Chap. 107).** Dysregulated extrarenal produc- 
tion of calcitriol, the active metabolite of vitamin D, appears to underlie 
the hypercalcemia associated with Hodgkin lymphoma and other lym- 
phomas (Chaps. 95 and 97).** 


SYSTEMIC SYMPTOMS 


Large cell lymphoma, poorly differentiated lymphoma, and Hodgkin 
lymphoma frequently are associated with fever, night sweats, weight 
loss, and anorexia-cachexia (Chaps. 95, 97, and 98). Patients with lym- 
phomas or Hodgkin lymphoma have an increased incidence of local- 
ized or disseminated herpes zoster,” and 10 percent or more of these 
patients may be affected at some time during the course of their illness. 
Pruritus is common in Hodgkin lymphoma,” and its severity paral- 
lels disease activity (Chap. 97). Systemic symptoms may be present in 
Hodgkin lymphoma in the absence of obvious, bulky lymph node or 
splenic tumors, whereas in well-differentiated small cell lymphomas, 
such as CLL or Waldenström macroglobulinemia, fever, night sweats, 
and significant weight loss are uncommon despite generalized lymph- 
adenopathy and splenomegaly. Rather, fever in patients with CLL or 
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macroglobulinemia usually is secondary to infectious disease (Chaps. 
92 and 109). 


METABOLIC SIGNS 


Lymphoid malignancies are associated with several dramatic metabolic 
disturbances associated with cancers (Chap. 95). Some lymphomas and 
lymphocytic leukemias may have a high proliferative rate, a high death 
fraction of cells, and, therefore, an enormous turnover of nucleopro- 
teins, sometimes causing hyperuricemia and extreme hyperuricosuria. 
Highly proliferative neoplasms like Burkitt lymphoma or lymphoblastic 
lymphoma are particularly likely to cause an extreme degree of hype- 
ruricemia, sometimes leading to renal failure complicating initiation of 
cytotoxic therapy (Chaps. 91 and 102). Also, because these and other 
lymphocytic malignancies are sensitive to cytotoxic drugs and gluco- 
corticoids, cytotoxic therapy may cause a tumor lysis syndrome, char- 
acterized by extreme hyperuricemia, hyperuricosuria, hyperkalemia, 
and/or hyperphosphatemia.*° Precipitation of uric acid in the renal 
tubules and collecting system can lead to acute obstructive nephropa- 
thy and renal failure unless precautions are taken, such as pretreatment 
with allopurinol, hydration, and alkalization of the urine.“ For extreme 
cases, or in cases in which allopurinol cannot be administered (e.g., 
drug allergy), the drug rasburicase may be required for treatment of 
hyperuricemia (Chap. 102).” 

Hypercalcemia and calciuria are common complications of mye- 
loma because of osteolysis. Hypercalcemia also may occur during the 
course of lymphomas (Chap. 94) or myeloma (Chap. 107). This situa- 
tion may be caused by several mechanisms, including tumor cell pro- 
duction of IL-1, ectopic parathyroid hormone elaboration, excessive 
bone resorption, and impaired bone formation.” 


EXTRANODAL INVOLVEMENT 


T-cell leukemias and lymphomas, in addition to causing lymph node 
and spleen enlargement, may involve the skin, mediastinum, or CNS. 
As the name implies, cutaneous T-cell lymphomas have malignant cells 
that home to the skin,“ sometimes producing a severe desquamating 
erythroderma, as in Sézary syndrome, or small (<2 cm) subcutaneous 
nodules, as in primary cutaneous CD30-positive T-cell lymphoprolifer- 
ative disease or anaplastic large cell lymphoma,” or a variety of nodular 
infiltrative lesions, as in mycosis fungoides or adult T-cell leukemia/ 
lymphoma associated with human T-cell leukemia virus type 1 (HTLV- 
1; Chap. 103).** T-cell acute lymphoblastic leukemia and lymphoblastic 
lymphoma frequently cause mediastinal enlargement (Chap. 91). These 
diseases frequently involve testicles and the leptomeninges and other 
structures that are transverse to the subarachnoid space, such as the cra- 
nial and peripheral nerves. 

B-cell lymphomas frequently may involve the salivary glands, 
endocrine glands, joints, heart, lung, kidney, bowel, bone, or, less fre- 
quently, other extranodal sites such as the CNS and testes (Chap. 95). 
These diseases may begin as an extranodal tumor, or the tumor may 
develop during the course of the disease. Aggressive lymphomas, such 
as Burkitt lymphoma,” primary testicular lymphoma,*”** and dou- 
ble-hit DLBCLs (Chap. 98), frequently involve the CNS and require 
upfront assessment during diagnosis and treatment with either intrath- 
ecal chemotherapy or regimens capable of crossing blood-brain barrier 
that contain high-dose methotrexate. Marginal zone B-cell lymphoma 
of the mucosa-associated lymphoid tissue (MALT) type frequently 
involves the stomach and salivary glands, although the disease may be 
encountered in any extranodal site distinguished by the presence of a 
columnar or cuboidal epithelium. 
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CHAPTER 91 
ACUTE LYMPHOBLASTIC 
LEUKEMIA 


Richard A. Larson 


Acute lymphoblastic leukemia (ALL) is a malignant disorder that originates 
in a single B- or T-lymphocyte progenitor. Proliferation and accumulation of 
clonal blast cells in the marrow result in suppression of hematopoiesis and, 
thereafter, anemia, thrombocytopenia, and neutropenia. Lymphoblasts can 
accumulate in various extramedullary sites, especially the meninges, gonads, 
thymus, liver, spleen, and lymph nodes. The disease is most common in chil- 
dren but can be seen in individuals of any age. ALL has many subtypes and can 
be classified by immunologic, cytogenetic, and molecular genetic methods. 
These methods can identify clinically important, biologic subtypes, requiring 
treatment approaches that differ in their use of specific drugs or drug combi- 
nations, dosages of drug, or duration of treatment required to achieve optimal 
results. For example, cases of childhood ALL having a hyperdiploid karyotype 
respond well to extended treatment with methotrexate and mercaptopurine, 
whereas adults whose leukemic cells contain the Philadelphia chromosome 
and BCR-ABL1 fusion benefit from intensive treatment that includes a tyrosine 
kinase inhibitor and transplantation of allogeneic hematopoietic stem cells. 
The relative lack of therapeutic success in adult ALL is partly related to a high 
frequency of cases having unfavorable genetic abnormalities and partly 
related to poor tolerance for intensive treatment. Nearly 90 percent of children 
and 40 percent of adults can expect long-term, leukemia-free survival—and 
probable cure—with contemporary treatment. Novel immunotherapeutic 
approaches are under development. Currently, emphasis is placed not only on 
improving the cure rate but also on improving quality of life by preventing 
acute and late treatment-related complications, such as second malignancies, 
cardiotoxicity, and endocrinopathy. 


@ DEFINITION AND HISTORY 


Acute lymphoblastic leukemia (ALL) is a neoplastic disease that results 
from multistep somatic mutations in a single lymphoid progenitor cell 
at one of several discrete stages of development. The immunophenotype 
of leukemic cells at diagnosis reflects the level of differentiation achieved 
by the dominant clone. The clonal origin of ALL has been established 
by cytogenetic analysis, by analysis of restriction fragments in female 


Acronyms and Abbreviations: ALL, acute lymphoblastic leukemia; ARID5B, AT-rich 
interactive domain 5b; ATM, ataxia-telangiectasia mutated gene; CD, cluster of dif- 
ferentiation; CNAs, copy number abnormalities; CSF, cerebrospinal fluid; EFS, event- 
free survival; FISH, fluorescence in situ hybridization; HLA, human leukocyte antigen; 
MRI, magnetic resonance imaging; PCR, polymerase chain reaction; RT-PCR, reverse 
transcriptase polymerase chain reaction; SEER, Surveillance, Epidemiology, and End 
Results; SNP, single nucleotide polymorphism. 


patients who are heterozygous for polymorphic X chromosome-linked 
genes, and by analysis of rearrangements of T-cell receptor or immu- 
noglobulin genes. Leukemic cells divide more slowly and require more 
time to synthesize DNA than do normal hematopoietic counterparts. 
However, leukemic cells accumulate relentlessly because of their altered 
response to growth and death signals.’* They compete successfully with 
normal hematopoietic cells, resulting in anemia, thrombocytopenia, 
and neutropenia. At diagnosis, leukemic cells not only have replaced 
normal marrow cells but also have disseminated to various extramed- 
ullary sites. 

Velpeau? is generally credited with the earliest report of leukemia 
in 1827. Virchow,* Bennett,’ and Craigie® recognized the condition as a 
distinct entity by 1845. In 1847, Virchow coined the term “weisses blut” 
and, later, “leucaemie,’ applying it to two distinct types of the disease— 
splenic and lymphatic—that could be distinguished from each other 
based on splenomegaly and enlarged lymph nodes and on the morpho- 
logic similarities of the leukemic cells to those normally found in these 
organs.’ Ehrlich’s introduction of staining methods in 1891 allowed 
further distinction of leukemia subtypes." By 1913, leukemia could be 
classified as acute or chronic, and as lymphatic or myelogenous.’ The 
greater prevalence of ALL in children, especially those ages 1 to 5 years, 
was recognized in 1917."° 

Shortly after leukemia was recognized as a discrete disease entity, 
physicians began using chemicals as palliative therapy. The first advance 
was the use of a 4-amino analogue of folic acid (aminopterin), prompted 
by Farber’s observation that folic acid appeared to accelerate the prolif- 
eration of leukemic cells. Strikingly, for the first time, complete clinical 
and hematologic remissions that lasted for several months were seen 
in children. A year after the report of aminopterin-induced clin- 
ical remissions, a newly isolated adrenocorticotrophic hormone 
was reported to induce prompt, though brief, remissions in patients 
with leukemia.’* Almost concurrently, Elion and colleagues syn- 
thesized antimetabolites that interfere with synthesis of purines 
and pyrimidines.” Their findings led to the introduction of mercapto- 
purine, 6-thioguanine, and allopurinol into clinical use. From 1950 to 
1960, many new antileukemic agents were introduced, and occasional 
cures were seen. Pinkel and colleagues at St. Jude Children’s Research 
Hospital, in 1962, devised a “total therapy” approach, consisting of four 
treatment phases: remission induction; intensification or consolida- 
tion; therapy for subclinical CNS leukemia (or preventive meningeal 
treatment); and prolonged continuation therapy." By the early 1970s, 
as many as 50 percent of children achieved long-term event-free sur- 
vival (EFS) using this innovative strategy. During the same period, a 
better understanding of the genetics of human histocompatibility and 
wider use of human leukocyte antigen (HLA) typing culminated in the 
successful use of hematopoietic stem cell transplantation for treatment 
of patients in whom leukemia relapsed. In the early 1980s, Riehm and 
coworkers introduced a so-called reinduction or delayed intensification 
treatment during early continuation therapy, consisting mainly of repe- 
tition of the initial remission induction and early intensification phases, 
and further improved the EFS to approximately 70 percent.” Parallel 
to advances in treatment has been the improved understanding of the 
biology of ALL. The recognition of ALL as a heterogeneous group of 
diseases—clinically, immunologically, and genetically'’—set the stage 
for risk-directed therapy.'* 

Treatment of ALL has progressed incrementally, beginning with 
the development of effective therapy for CNS disease, followed by 
intensification of early treatment, especially for patients at high risk 
of relapse. The current cure rates of nearly 90 percent for children 
(Fig. 91-1) and 40 percent for adults attest to the steady progress made 
in treating this disease.'”!* Rapid evolution and convergence of multiple 
genome-wide platforms to identify the total complement of genetic and 
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Figure 91-1. Kaplan-Meier analysis of event-free survival for 2855 
children with ALL treated in 15 consecutive total-therapy studies 
at St. Jude Children’s Research Hospital. Early intensification of systemic 
and intrathecal chemotherapy with a risk assignment based on sequen- 
tial measurements of minimal residual disease in the 2000s has boosted 
the event-free survival estimate to 85.6 percent + 2.9 percent (SE). (Data 
from CH Pui and is unpublished.) 


epigenetic alterations almost certainly will lead to the identification of 
new targets for specific treatment.” A clear advance was the develop- 
ment of imatinib mesylate and dasatinib, which target leukemias with 
the BCR-ABL1 fusion.” 


@ ETIOLOGY AND PATHOGENESIS 


Initiation and progression of ALL are driven by successive mutations 
that alter cellular functions, including an enhanced ability of self-renewal, 
a subversion of control of normal proliferation, a block in differentia- 
tion, and an increased resistance to death signals (apoptosis).'* Familial 
disorders of DNA repair may play a role. Environmental agents, such 
as ionizing radiation and chemical mutagens, have been implicated 
in the induction of ALL in some patients. However, in most cases, no 
etiologic factors are discernible. In the favored theory, leukemogenesis 
reflects the interaction between host pharmacogenetics (susceptibility) 
and environmental factors, a model that requires confirmation in 
well-designed population and molecular epidemiologic studies. 


INCIDENCE 


The American Cancer Society has estimated that in the United States 
there will be approximately 6020 new cases of ALL in 2014 (3140 in 
males and 2880 in females) and approximately 1440 deaths from ALL 
(810 in males and 630 in females).”” Most cases of ALL occur in chil- 
dren, but most deaths from ALL (approximately four of five) occur in 
adults. 

The age-adjusted incidence rate of ALL was 1.6 per 100,000 males 
and 1.2 for females per year in the United States, based on cases diag- 
nosed in 1975 to 2010 from 17 Surveillance, Epidemiology, and End 
Results (SEER) geographic areas.” The risk for developing ALL is high- 
est in children younger than 5 years of age. The risk then declines slowly 
until the mid-20s, and begins to rise again slowly after age 50. The inci- 
dence is 7.9 per 100,000 children 1 to 4 years old and 1.2 for those older 
than age 60 years. Only 20 percent of adult acute leukemias are ALL, 
but about one-third of ALL cases are in adults. The average person's life- 
time risk of developing ALL is less than one in 750. The risk is slightly 
higher in males than in females, and higher in whites than in African 
Americans (Fig. 91-2). The median age at diagnosis for ALL is 13 years 
and approximately 61 percent are diagnosed before the age of 20 years, 
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Figure 91-2. Age-specific incidence rates for acute lymphoblas- 
tic leukemia by sex. (Data from SEER Cancer Statistics Review, 1975- 
2010, National Cancer Institute. Bethesda, MD, http://seer.cancer.gov/ 
cst/1975_ 2010. Accessed July 4, 2014.) 


however, because of the bimodal peak in incidence, the age of 13 years 
is mathematically correct but medically nearly useless. ALL is the most 
common malignancy diagnosed in patients younger than age 15 years, 
accounting for 23 percent of all cancers and 76 percent of all leukemias 
in this age group. 

The sharp incidence peak of ALL during early childhood has been 
observed only since the 1930s in the United Kingdom and the United 
States.” In the United States, the peak first appeared in children of Euro- 
pean descent, and subsequently was seen in children of African descent 
in the 1960s. The age peak is absent in many developing or underdevel- 
oped countries, suggesting a leukemogenic contribution from factors 
associated with industrialization. Except for a slight predominance for 
females in infancy, ALL affects males of European descent more often 
than females in all age groups (see Fig. 91-2). The frequency distribu- 
tion is similar among those of African descent. In most age groups, the 
incidence of ALL is higher in those of European descent than in those of 
African descent, especially among children ages 2 to 3 years. 

The incidence of ALL differs substantially in different geographic 
areas. Rates are higher among populations in northern and western 
Europe, North America, and Oceania, with lower rates in Asian and 
African populations.” In Europe, the highest rates of ALL among males 
are found in Spain and the highest rates among females in Denmark. In 
the United States, the highest rates for both sexes are among Latinos in 
Los Angeles. 


RISK FACTORS 


Genetic Syndromes 

The precise pathogenetic events leading to the development of ALL 
are unknown. Only a minority (5 percent) of cases are associated with 
inherited, predisposing genetic syndromes. Children with Down syn- 
drome have a 10 to 30 times greater risk of leukemia; acute megakary- 
oblastic leukemia predominates in those patients younger than age 3 
years, and ALL is predominant in older age groups. ALL in patients with 
Down syndrome is a heterogeneous disorder, comprising subtypes with 
the same well-recognized genetic abnormalities found in the general 
population, such as hyperdiploidy greater than 50 and t(12;21)[ETV6- 
RUNX1], plus those more commonly associated with Down syndrome 
such as +X, del(9), and CEBPD rearrangement.” Studies show that 
P2RY8-CRLF2 fusion and activating JAK mutations together contribute 


to leukemogenesis in approximately half of the cases of Down syndrome 
patients with ALL.” Almost all ALL patients with Down syndrome 
have a deletion of IKZF1.*° Autosomal recessive genetic diseases asso- 
ciated with increased chromosomal fragility and a predisposition to 
ALL include ataxia-telangiectasia, Nijmegen breakage syndrome, and 
Bloom syndrome.*' Patients with ataxia-telangiectasia have a 70 times 
greater risk of leukemia and a 250 times greater risk of lymphoma, par- 
ticularly of the T-cell phenotype.” The causative gene, termed 
ATM (ataxia-telangiectasia mutated), encodes a protein involved in 
DNA repair, regulation of cell proliferation, and apoptosis. Laboratory 
studies supporting the diagnosis of ataxia-telangiectasia include an ele- 
vated serum concentration of «-fetoprotein, presence of characteristic 
chromosomal aberrations, absent or reduced intranuclear serine pro- 
tein kinase ATM, and increased in vitro radiosensitivity. A high prev- 
alence of germline truncating and missense ATM gene alterations in 
children with sporadic T-cell ALL suggests a pathogenetic role of ATM 
in lymphoid malignancies. Although impaired immune surveillance 
contributes to the increased risk of Epstein-Barr virus-related malig- 
nancies in patients with acquired immunodeficiencies, no compelling 
evidence indicates defective immunity contributes to the predisposition 
to ALL in patients with ataxia-telangiectasia or other congenital immu- 
nodeficiency syndromes. Genome-wide association studies have iden- 
tified common allelic variants in four genes (IKZF1, ARID5B, CEBPE, 
and CDKN2a) that are consistently associated with childhood ALL.*-* 
These genes are key regulators of blood cell development, and acquired 
mutations of each are also detected in ALL cases. Thus, the risk of child- 
hood ALL may be influenced by coinheritance of multiple low-risk vari- 
ants. Inherited allelic variation may also affect response to treatment.” 


Environmental Factors 

In utero (but not postnatal) exposure to diagnostic x-rays confers a 
slightly increased risk of ALL, which correlates positively with the num- 
ber of exposures.” The evidence is weak for an association between 
the development of ALL and nuclear fallout; exposure to occupational, 
natural terrestrial, or cosmic ionizing radiation exposure; or paternal 
radiation exposure prior to conception. There has been concern that 
exposure to low-energy electromagnetic fields produced by a residen- 
tial power supply may be associated with the development of child- 
hood ALL. Case-control studies suggested a slightly increased risk of 
leukemia at very high levels of exposure; assuming the association is 
real, only approximately 1 percent of leukemias could be attributed to 
the exposure.***’ Pesticide exposure (occupational or home use) and 
parental cigarette smoking before or during pregnancy, administration 
of vitamin K to neonates, maternal alcohol consumption during preg- 
nancy, and increased consumption of dietary nitrites have each been 
suggested causes. However, each of these associations is controversial, 
and most have been refuted after careful, controlled investigation. High 
birth weight is associated with an increased risk of leukemia before the 
age of 5 years with fair consistency,” and the birth weight is likely a 
marker for an endogenous factor, such as insulin-like growth factor. 


Host Pharmacogenetics 

Subtle genetic polymorphisms of xenobiotic-metabolizing enzymes, 
DNA repair pathways, and cell-cycle checkpoint functions might inter- 
act with environmental, dietary, maternal, and other external factors to 
affect the development of ALL.**! Although the number of investiga- 
tions and sample sizes are limited, data exist to support a causal role 
for polymorphisms in genes encoding detoxifying enzymes (e.g., 
glutathione S-transferase, nicotinamide adenine dinucleotide phos- 
phate [NAD(P)H]:quinone oxidoreductase), folate-metabolizing 
enzymes (serine hydroxymethyltransferase and thymidylate synthase), 
cytochrome P450, methylenetetrahydrofolate reductase, and cell-cycle 
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inhibitors in the development of adult and childhood ALL.” However, 
all these associations must be confirmed by larger studies with careful 
attention to ethnic and geographic diversity in the frequency of poly- 
morphisms. Using genome-wide analysis, germline single-nucleotide 
polymorphisms (SNPs) of AT-rich interactive domain 5b (ARID5B) 
gene have been associated with childhood hyperdiploid B-cell precursor 
ALL,“ a clear example of host genetic variations affecting the suscepti- 
bility to the development of childhood ALL. 


Development of Acute Lymphoblastic Leukemia in Utero 
Retrospective identification of leukemia-specific fusion genes (e.g., 
KMT2A/AFF1 [also known as MLL-AF4] and ETV6-RUNX1 [also 
known as TEL-AML1]), hyperdiploidy, or clonotypic rearrangements 
of immunoglobulin or T-cell receptor loci in archived neonatal blood 
spots (Guthrie cards), and development of concordant leukemia in iden- 
tical twins clearly indicate some leukemias have a prenatal origin.**“¢ In 
identical twins with the t(4;11)/KMT2A/AFF1, the concordance rate is 
nearly 100 percent, and the latency in the time of occurrence in the 
two twins is short (a few weeks to a few months). These findings sug- 
gest this fusion gene alone either is leukemogenic or requires only a 
small number of cooperative mutations to cause leukemia. By contrast, 
the lower concordance rate in twins with the ETV6-RUNX1 fusion or 
T-cell phenotype and the longer postnatal latency period suggest addi- 
tional postnatal events are required for leukemic transformation in 
these subtypes.“ This theory is supported by the identification of rare 
cells expressing ETV6-RUNX1 fusion transcripts in approximately 1 
percent of cord blood samples from newborns, a frequency 100 times 
higher than the incidence of ALL defined by this fusion transcript.“ The 
presence of a preleukemic clone with the ETV6-RUNX1 has been estab- 
lished.” Hyperdiploid ALL, another common subtype of childhood 
ALL, also appears to arise before birth but requires postnatal events 
for full malignant transformation.“ The observations of a peak age of 
development of childhood ALL of 2 to 5 years, an association of indus- 
trialization and modern or affluent societies with increased prevalence 
of ALL, and the occasional clustering of childhood leukemia cases have 
fueled two parallel infection-based hypotheses to account for postnatal 
events. The “delayed-infection” hypothesis suggests that some suscep- 
tible individuals with a prenatally acquired preleukemic clone had low 
or no exposure to common infections early in life because they lived in 
an affluent hygienic environments.* Such infectious insulation predis- 
poses the immune system of these individuals to aberrant or pathologic 
responses after subsequent or delayed exposure to common infections 
at an age commensurate with increased lymphoid cell proliferation. The 
“population-mixing” hypothesis predicts that clusters of childhood ALL 
result from exposure of susceptible (nonimmune) individuals to com- 
mon but fairly nonpathologic infections after population mixing with 
carriers.“ However, clearly not all childhood cases develop in utero. For 
example, t(1;19)/TCF3-PBX1 (also known as E2A-PBX1) ALL appears 
to have a postnatal origin in most cases.” Cases of adult ALL most cer- 
tainly arise over a protracted time. 


ACQUIRED GENETIC CHANGES 


Acquired genetic abnormalities are a hallmark of ALL; 80 percent of all 
cases have recurring cytogenetic or molecular lesions with prognostic and 
therapeutic relevance (Table 91-1).?!°4! Chromosomal changes include 
abnormalities in the number (ploidy) and structure of chromosomes.*”*” 
The latter comprise translocations (the most frequent abnormality), 
inversions, deletions, point mutations, and amplifications. Although the 
frequency of particular genetic subtypes differs between childhood and 
adult cases, the general mechanisms underlying the induction are sim- 
ilar. Mechanisms include aberrant expression of oncoproteins, loss of 


TABLE 91-1. Frequencies of Common Genetic 


Aberrations in Childhood and Adult Acute Lymphoblastic 
Leukemia 


Abnormality Children (%) Adults (%) 
Hyperdiploidy 23-29 6-7 
(>50 chromosomes) 

Hypodiploidy (<45 chromosomes) 1 

t(1;19)(q23;p13.3) 4 in white, 2-3 
[TCF3-PBX1] 12 in black 
t(9;22)(q34;q11.2) [BCR-ABL1] 2-3 25-30 
t(4;11)(q21;q23) [MLL-AF4] 2 3-7 
t(8;14)(q23;q32.3) 2 4 
t(12;21)(p13;q22) [ETV6-RUNX1] 20-25 0-3 
NOTCH mutations* 7 15 
HOX11L2 overexpression* 20 13 
LYL1 overexpression* 9 15 
TAL1 overexpression* 15 3 
HOX11 overexpression* 1 30 
MLL-ENL fusion 2 3 
Abnormal 9p 7-11 6-30 
Abnormal 12p 7-9 4-6 
del(7p)/del(7q)/monosomy 7 4 6-11 
+8 2 10-12 
Intrachromosomal amplification 2 ? 


of chromosome 21 (iAMP21) 


*Abnormalities found in T-cell acute lymphoblastic leukemia (ALL). 


tumor-suppressor genes, and chromosomal translocations that generate 
fusion genes encoding transcription factors or active kinases. 

Primary genetic rearrangement by itself is insufficient to induce 
overt leukemia. Cooperative mutations are necessary for leukemic 
transformation and include genetic and epigenetic changes in key 
growth regulatory pathways.'””? The candidate gene approach has iden- 
tified deletion of the CDKN2A/CDKN2B tumor-suppressor locus” 
and mutations of NOTCH] in T-cell ALL. Current searches applying 
genome-wide microarray and high-throughput sequencing method- 
ologies have identified a high frequency of common genetic alterations 
in both B-cell precursor ALL and T-cell ALL. Using SNP microarray, a 
mean of 6.46 DNA copy number abnormalities (CNAs) per case was 
identified, suggesting that gross genomic instability is not a feature for 
most ALL cases.” There was a wide variation in the number of CNAs 
across leukemic subtypes. Interestingly, infant ALL cases with MLL rear- 
rangement had less than one CNA per case, suggesting that few addi- 
tional genetic lesions are required for leukemogenesis in these cases. By 
contrast, ETV6-RUNX1 and BCR-ABLI cases had more than six CNAs 
per case, with some having more than 20 lesions, a finding consistent 
with the concept that, although the initiating events may occur early 
in childhood, additional lesions are required for subsequent develop- 
ment of ALL. More than 40 percent of B-cell precursor ALL cases had 
mutations in genes encoding regulators of normal lymphoid develop- 
ment.” The most frequent target was the lymphoid transcription factor 
PAX5 (mutated in approximately 32 percent of cases), which encode a 
paired-domain protein required for the pro—B-cell to pre—B-cell tran- 
sition and B-lineage fidelity. The second most frequently involved gene 
was IKZF1 (mutated in almost 28 percent of the cases), encoding the 
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IKAROS zinc finger DNA-binding protein that is required for the ear- 
liest lymphoid differentiation. IKZF1 was deleted in the vast majority 
of cases of BCR-ABL1 ALL cases as well as chronic myeloid leukemia 
in lymphoid blast crisis (but not chronic phase).** Approximately half 
of BCR-ABL1 ALL cases also had deletions of CDKN2A/B and PAXS. 
This finding further supports the concept that multiple signaling path- 
ways need to be disrupted to induce leukemia. A subgroup of ALL with 
very poor outcome was strongly associated with the presence of IKZF1 
deletions.*”** Together, these findings suggest that IKZF1 directly con- 
tributes to treatment resistance in ALL. 

BCR-ABL1-like B-cell ALL lacks the BCR-ABL1 fusion or t(9;22) 
by cytogenetic, fluorescence in situ hybridization (FISH), or molecular 
analyses, but it shares the same gene-expression profile with typical BCR- 
ABL1-positive ALL.” In half of these cases, the CRLF2 gene is involved in 
a cryptic translocation with the IGH gene or is fused to the P2RY8 gene; 
both rearrangements lead to overexpression of CRLF2.” Mutations in 
JAK2 or JAK] are detected in 30 to 40 percent of these cases, and many of 
the remaining have activating mutations in cytokine receptor and kinase 
signaling pathways.” Microarrays and genomic DNA sequencing identi- 
fied monoallelic deletion of the PAX5 gene at chromosome band 9p13.2 
in 28 percent of ALL patients with cryptic or larger deletions on 9p.* 

Gene-expression profiling with DNA microarrays allows nearly 
all T-cell cases to be grouped according to multistep oncogenic path- 
ways.*' Gene-expression studies also show that overexpression of FLT3, 
a receptor tyrosine kinase important for development of hematopoietic 
stem cells, is a secondary event in almost all cases with either MLL rear- 
rangements or hyperdiploidy.” The finding has provided an impetus for 
clinical testing of FLT3 inhibitors in ALL. Other genome-wide inter- 
rogations of both leukemia cells and germline tissues have identified 
other genetic variations with prognostic or therapeutic relevance and 
may lead to the development of specific treatment. "6 

Epigenetic changes, including hypermethylation and silencing 
of tumor-suppressor genes and hypomethylation of oncogenes and 
abnormalities in posttranscriptional control mechanisms, such as 
those involving microRNA, are common findings in cancer. These 
changes are reversible and do not alter the DNA sequence, yet they 
can alter gene expression in subtle ways that encourage malignant 
transformation and progression. The analysis of epigenetic altera- 
tions has begun to apply to the development of new biomarkers for 
risk assignment or disease monitoring, and to the design of alterna- 
tive treatment in ALL.® Evidence indicates that the methylation of 
multiple genes in ALL is associated with a worse outcome. Surpris- 
ingly, methylation of genes was as prominent in childhood as in adult 
ALL. The differences in the response of children and adults appear 
not to be related to quantitative methylation but to the specific 
genes and the specific pathways deactivated. Preliminary studies of 
hypomethylating agents (e.g., azacitidine and decitabine) are being 
tested in patients refractory or resistant to current drug programs.™ 


@ CLINICAL FEATURES 
SIGNS AND SYMPTOMS 


The clinical presentation of ALL is highly variable. Symptoms may 
appear insidiously or acutely. The presenting features generally reflect 
the degree of marrow failure and the extent of extramedullary spread 
(Table 91-2).!86-7 Approximately half of patients present with fever, 
which can be caused by either neutropenia-induced infection or leu- 
kemia-released cytokines (e.g., interleukin-1, interleukin-6, and tumor 
necrosis factor) released from leukemia cells. In these patients, fever 
resolves within 72 hours after the start of antileukemia therapy. 


TABLE 91-2. Presenting Clinical Features in Children and 


Adults with Acute Lymphoblastic Leukemia 


Feature Children (%) Adult (%) 
Age (years) 

<1 2 = 

1-9 72-78 — 

10-19 20-26 — 

20-39 — 40 

40-59 — 40 

>60 — 20 
Male 56-57 62 
Symptoms 

Fever S7 33-56 

Fatigue 50 Common 

Bleeding 43 33 

Bone or joint pain 25 25 
Lymphadenopathy 

None 30 51 

Marked (>3 cm) 15 11 
Hepatomegaly 

None 34 65 

Marked (below umbilicus) lz Rare 
Splenomegaly 

None 41 56 

Marked (below umbilicus) 17 Uncommon 
Mediastinal mass 8-10 15 
CNS leukemia 3 8 
Testicular leukemia 1 0.3 


Data from Pui CH: Acute lymphoblastic leukemia, in Childhood Leukemias, 
2nd ed, edited by CH Pui, p 439. Cambridge University Press, New 
York, 2006 and Larson RA, Dodge RK, Burns CP, et al: A five-drug 
remission induction regimen with intensive consolidation for adults 
with acute lymphoblastic leukemia: Cancer and Leukemia Group B 
study 8811. Blood 85:2025, 1995. 


Fatigue and lethargy are common manifestations of anemia in 
patients with ALL. In older patients, anemia-related dyspnea and 
lightheadedness may be the dominant presenting features. More than 
25 percent of patients, especially young children, may have a limp 
from bone pain or arthralgia, or an unwillingness to walk because 
of leukemic infiltration of the periosteum, bone, or joint or because 
of expansion of the marrow cavity by leukemia cells. Children with 
prominent bone pain often have nearly normal blood counts, which 
can contribute to delayed diagnosis. In a small proportion of patients, 
marrow necrosis can result in severe bone pain and tenderness, fever, 
and a very high level of serum lactate dehydrogenase.*” Arthral- 
gia and bone pain are less severe in adults. Less common signs and 
symptoms include headache, vomiting, altered mental function, olig- 
uria, and anuria. Occasionally, patients present with a life-threaten- 
ing infection or bleeding (e.g., intracranial hematoma). Intracranial 
hemorrhage occurs mainly in patients with an initial leukocyte count 
greater than 400 x 10°/L.” Very rarely, ALL produces no signs or 
symptoms and is detected during routine examination. 
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Figure 91-3. Chest radiograph of a 12-year-old black male with T-cell 
acute lymphoblastic leukemia (ALL) and an anterior mediastinal mass. 


PHYSICAL FINDINGS 


Among frequent findings are pallor, petechiae, and ecchymosis in the 
skin and mucous membranes, and bone tenderness as a result of leu- 
kemic infiltration or hemorrhage that stretches the periosteum. Liver, 
spleen, and lymph nodes are the most common sites of extramedullary 
involvement, and the degree of organomegaly is more pronounced in 
children than in adults. An anterior mediastinal (thymic) mass is pres- 
ent in 8 to 10 percent of childhood cases and in 15 percent of adult 
cases (Fig. 91-3). A bulky, anterior mediastinal mass can compress the 
great vessels and trachea and possibly lead to the superior vena cava 
syndrome. Patients with this syndrome present with cough, dyspnea, 
orthopnea, stridor, cyanosis, dysphagia, facial edema, increased intra- 
cranial pressure, and sometimes syncope. Painless enlargement of the 
scrotum can be a sign of testicular leukemia cell infiltration or hydro- 
cele, the latter resulting from lymphatic obstruction. Both conditions 
can be readily diagnosed by ultrasonography. Overt testicular disease is 
relatively rare, is generally seen in infants or adolescents with T-cell 
leukemia and/or hyperleukocytosis, and does not require radiation ther- 
apy.” Other uncommon presenting features include ocular involvement 
(leukemic infiltration of the orbit, optic nerve, retina, iris, cornea, or 
conjunctiva), subcutaneous nodules (leukemia cutis), enlarged salivary 
glands (Mikulicz syndrome), cranial nerve palsy, and priapism (result- 
ing from leukostasis of the corpora cavernosa and dorsal veins or sacral 
nerve involvement). Epidural spinal cord compression at presentation is 
a rare but serious finding that requires immediate treatment to prevent 
permanent paraparesis or paraplegia. In some pediatric patients, infil- 
tration of tonsils, adenoids, appendix, or mesenteric lymph nodes leads 
to surgical intervention before leukemia is diagnosed. 


@ LABORATORY FEATURES 


Anemia, neutropenia, and thrombocytopenia are common in patients 
with newly diagnosed ALL. The severity reflects the degree of marrow 
replacement by leukemic lymphoblasts (Table 91-3).'*°° Presenting 
leukocyte counts range widely, from 0.1 to 1500 x 10°/L (median: 


TABLE 91-3. Presenting Laboratory Features in Children 


and Adults with Acute Lymphoblastic Leukemia 


Percent of Total 
Children, White/ 

Feature Black (%) Adults (%) 
Cell lineage 

T cell 15/24 25 

B-cell precursor 85/76 75 
Leukocyte count (x 10?/L) 

<10 47-49/34 41 

10-49 28-31/29 31 

50-99 8-12/14 12 

>100 11-13/23 16 
Hemoglobin concentration (g/dL) 

<8 48/58 28 

8-10 24/22 26 

>10 28/20 46 
Platelet count (x 10°/L) 

<50 46/40 52 

50-100 23/20 22 

>100 31/40 26 
CNS status* 

CNS1 67-79/60 92-95 

CNS2 5-24/27 ? 

CNS3 3/3 5-8 

Traumatic lumbar 6-7/10 ? 


puncture with blasts 


Leukemic blasts in marrow (%) 


<90 33/46 29 

>90 67/54 71 
Leukemic blasts in blood 

Present 87/90 92 

Absent 13/10 8 


*CNS1, no blast cells in cerebrospinal fluid sample; CNS2, <5 leuko- 
cytes/uL with blast cells in a nontraumatic sample; CNS3, 25 leuko- 
cytes/uL with blast cells in a nontraumatic sample or the presence 
of a cranial nerve palsy; and traumatic lumbar puncture with blasts 
(210 erythrocytes/uL with blasts). Data on CNS2 and traumatic lum- 
bar puncture with blasts are not available in adults. 

Data from Pui CH: Acute lymphoblastic leukemia, in Childhood 
Leukemias, 2nd ed, edited by CH Pui, p 439. Cambridge University 
Press, New York, 2006 and Larson RA, Dodge RK, Burns CP, et al: A 
five-drug remission induction regimen with intensive consolidation 
for adults with acute lymphoblastic leukemia: Cancer and Leukemia 
Group B study 8811. Blood 85:2025, 1995. 


10-12 x 10°/L). Hyperleukocytosis (>100 x 10° white cells/L) occurs 
in 11 to 13 percent of white children, but occurs more often in black 
children (23 percent) and in adults (16 percent) because they are more 
likely to have T-cell ALL. Profound neutropenia (<0.5 x 10°/L) is found 
in 20 to 40 percent of patients, elevating their risk for infection. Approx- 
imately 90 percent of patients have circulating leukemic blast cells at 
diagnosis. Hypereosinophilia, generally reactive, may precede the diag- 
nosis of ALL by several months. Some patients, mostly male, have ALL 
with the t(5;14)(q31;q32) chromosomal abnormality and a hypereosin- 
ophilic syndrome (pulmonary infiltration, cardiomegaly, and conges- 
tive heart failure). These patients often do not have circulating leukemic 
blasts or other cytopenias and have a relatively low percentage of blasts 
in the marrow.” Activation of the interleukin-3 gene on chromosome 
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5 by the enhancer element of the immunoglobulin heavy-chain gene 
on chromosome 14 is thought to contribute to leakemogenesis and the 
associated eosinophilia in these cases.” In patients with anemia, hemo- 
globin levels are lower in younger children. Occasionally, a child with 
ALL has a hemoglobin level as low as 1 g/dL. 

Decreased platelet counts are common at diagnosis (median: 
48-52 x 10°/L). Severe bleeding is uncommon, even when plate- 
let counts are as low as 20 x 10°/L, provided infection and fever are 
absent.” Occasional patients, principally male, present with throm- 
bocytosis (>400 x 10°/L). Pancytopenia followed by a period of spon- 
taneous hematopoietic recovery may precede the diagnosis of ALL in 
rare cases.” Coagulopathy, usually mild, can be seen in 3 to 5 percent 
of patients, most of whom have T-cell ALL, and is only rarely associ- 
ated with clinical bleeding.” The level of serum lactate dehydrogenase is 
increased in most patients with ALL and is well correlated with tumor 
burden. Increased levels of serum uric acid are common in patients with 
a large leukemia cell burden, reflecting an increased rate of purine cata- 
bolism. Leukemic infiltration of the kidneys can lead to increased levels 
of creatinine, urea nitrogen, uric acid, and phosphorus. Rarely, patients 
present with hypercalcemia resulting from release of parathyroid 
hormone-like protein from lymphoblasts and leukemic infiltration of 
bone. The t(17;19)(q22;p13.3) with E2A-HLF fusion, found in 0.5 per- 
cent of B-cell precursor ALL, is associated with adolescent age group, 
disseminated coagulopathy, hypercalcemia, and dismal prognosis.” 
Liver dysfunction as a result of leukemic infiltration occurs in 10 to 20 
percent of patients and is usually mild. However, recognition of carri- 
ers of hepatitis B virus is important because prompt lamivudine ther- 
apy can prevent serious complications from virus reactivation during 
immunosuppressive treatment.” 

Chest radiography is needed to detect enlargement of the thymus 
or mediastinal nodes and pleural effusions (see Fig. 91-3). Although 
bony abnormalities, such as metaphyseal banding, periosteal reactions, 
osteolysis, osteosclerosis, and osteopenia, can be found in 50 percent of 
patients, especially children with low leukocyte counts at presentation, 
skeletal films are not necessary for management. Magnetic resonance 
imaging (MRI) is useful in patients with suspected vertebral collapse or 
meningeal or nerve root involvement. 

Examination of the cerebrospinal fluid (CSF) is an essential diag- 
nostic procedure. Leukemic blasts can be identified in as many as 
one-third of pediatric patients and approximately 5 percent of adult 
patients at diagnosis of ALL; most of these patients lack neurologic 
symptoms.”° Traditionally, CNS leukemia is defined by the presence 
of at least 5 leukocytes/uL of CSF (with leukemic blast cells apparent in 
a cytocentrifuged sample) or by the presence of cranial nerve palsies. 
However, with the omission of prophylactic cranial irradiation in con- 
temporary clinical trials, the presence of any leukemic blast cells in the 
CSF is associated with increased risk of CNS relapse and is an indica- 
tion to intensify intrathecal therapy.” Different opinions exist regarding 
when the first lumbar puncture should be performed. Most protocols 
now require the procedure at diagnosis and instill the first dose of 
chemotherapeutic agents intrathecally. Contamination of the CSF by 
leukemia cells as a result of traumatic lumbar puncture at diagnosis is 
associated with an inferior treatment outcome in children with ALL." 
The risk of traumatic lumbar puncture can be decreased by administer- 
ing platelet transfusions to thrombocytopenic patients and by having 
the most experienced clinician perform the procedure. 


DIAGNOSIS AND CELL CLASSIFICATION 


Examination of a marrow aspirate is recommended for diagnosis of 
ALL because as many as 10 percent of patients lack circulating blasts at 
the time of diagnosis and because high concentrations of marrow cells 


are better than blood cells for genetic studies. Fibrosis or tightly packed 
marrow can lead to difficulties with marrow aspiration that necessitate 
biopsy. In patients with marrow necrosis, multiple marrow aspirations 
are sometimes needed to obtain diagnostic tissue. 


Morphologic and Cytochemical Analysis 

Diagnosis of ALL begins with morphologic analysis of Romanowsky- 
stained (Wright-Giemsa or May-Griinwald-Giemsa) marrow films. 
Lymphoblasts tend to be relatively small (ranging from the same size 
to twice the size of small lymphocytes) with scanty, often light-blue 
cytoplasm; a round or slightly indented nucleus; fine to slightly coarse 
and clumped chromatin; and inconspicuous nucleoli (Fig. 91-4A). In 
some cases, the lymphoblasts are large, with prominent nucleoli, mod- 
erate amounts of cytoplasm, admixed with smaller blasts (Fig. 91-48). 
Cytoplasmic granules are found in the lymphoblasts of some patients 
with ALL (Fig. 91-4C). The granules usually are amphophilic (and 
stain fuchsia), readily distinguishable from primary myeloid granules 
(which stain deep purple), and demonstrated to be mitochondria by 
electron microscopy. B-cell blasts in Burkitt-type ALL are characterized 
by intensely basophilic cytoplasm, prominent nucleoli, and cytoplasmic 
vacuolation (Fig. 91-4D). 
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Cytochemical stains (Sudan black stain and the stains for myelop- 
eroxidase and the nonspecific esterases) distinguish ALL from acute 
myeloid leukemia but are now less commonly used for diagnosis than 
immunophenotyping. 


Immunologic Classification 

Immunophenotyping is an essential part of the diagnostic evaluation. 
Antibodies distinguish clusters of differentiation (CD) groups, but 
most leukocyte antigens lack specificity. Hence, a panel of antibodies is 
needed to establish the diagnosis and to distinguish among the different 
immunologic subclasses of leukemic cells. Typical panels include anti- 
bodies to at least one highly sensitive marker (CD19 for B-cell lin- 
eage, CD7 for T-cell lineage, and CD13 or CD33 for myeloid cells) and 
antibodies to a highly specific marker (cytoplasmic CD79a and CD22 
for B-cell lineage, cytoplasmic CD3 for T-cell lineage, and cytoplasmic 
myeloperoxidase for myeloid cells).” Although ALL can be further 
subclassified according to the recognized steps of normal maturation 
within the B-cell lineage (pro-B, early pre-B, pre-B, transitional pre-B, 
and mature B cells) or T-cell lineage (pre-T, mid-, and late thymocyte) 
pathways, the only distinctions of therapeutic importance at present are 
those between T-cell, mature B, and other B-cell lineage (B-cell precur- 
sor type) immunophenotypes (Table 91-4).'” A distinct subset of T-cell 


Figure 91-4. A. Typical lymphoblasts with scanty cytoplasm, regular nuclear shape, fine chromatin, and indistinct nucleoli. B. Acute lymphoblastic 
leukemia (ALL) with large blasts showing prominent nucleoli, moderate amounts of cytoplasm, and an admixture of smaller blasts. C. ALL with cyto- 
plasmic granules. Fuchsia granules are present in the cytoplasm of many blasts. Such granules may lead to a misdiagnosis of acute myeloid leukemia; 
however, the granules are negative for myeloperoxidase and myeloid-pattern Sudan black B staining. D. B-cell ALL lymphoblasts. The blasts in this 
phenotype are characterized by intensely basophilic cytoplasm, regular cellular features, and cytoplasmic vacuolation. (Images A to D, Wright-Giemsa 


stain; original magnification x1000.) 
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TABLE 91-4. Presenting Features of Acute Lymphoblastic Leukemia According to Immunologic Subtype 


Subtype Typical Markers Childhood (%) Adult (%) Associated Features 
B-cell precursor CD19+, CD22+, CD79a+, clg+/-, 
slgu-, HLA-DR+ 
Pro-B CD10- 5 11 Infants and adult age group, high leukocyte 
count, initial CNS leukemia, pseudodiploidy, 
MLL rearrangement, unfavorable prognosis 
Early pre-B CD10+ 63 52 Favorable age group (1-9 years), low 
leukocyte count, hyperdiploidy (>50 
chromosomes) 
Pre-B CD10+/-, clg+ 16 9 High leukocyte count, black race, 
pseudodiploidy 
Mature B cell CD19+, CD22+, CD79a+, clg+, 3 4 Male predominance, initial CNS leukemia, 
(Burkitt) slg+ (kappa or lambda+) abdominal masses, often renal involvement 
T lineage CD7+, cCD3+ 
T cell CD2+, CD1+/-, CD4+/-, CD8+/-, 10 18 Male predominance, hyperleukocytosis, 
HLA-DR-, TdT+/- extramedullary disease 
Pre-T CD2-, CD1-, CD4-, CD8-, 1 6 Male predominance, hyperleukocyto- 
HLA-DR+/-, TdT+ sis, extramedullary disease, unfavorable 
prognosis 
Early T-cell CD1-, CD8-, CD5“**, CD13+, CD33+, 2 2 Male predominance, age >10 years, poor 
precursor CD11b+, CD117+, CD65+, HLA-DR+ prognosis 


cCD3, cytoplasmic CD3; clg, cytoplasmic immunoglobulin; slg, surface immunoglobulin; TdT, terminal deoxynucleotidyl transferase. 


ALL that retain stem cell-like features, termed early T-cell precursor 
ALL, has been identified and associated with a dire prognosis with con- 
ventional chemotherapy. Knowing the pattern of antigen expression at 
diagnosis is critically important for the detection of minimal residual 
disease by flow cytometry after treatment. 

Myeloid-associated antigens may be aberrantly expressed on 
otherwise typical lymphoblasts. Because of differences in monoclonal 
antibodies and immunophenotyping techniques, the frequencies of 
myeloid-associated antigen expression range from 5 to 30 percent in 
childhood cases and from 10 to 50 percent in adult cases.°"** The pat- 
tern of myeloid-associated antigen expression is correlated with certain 
genetic features of blast cells. CD15, CD33, and CD65 are expressed 
in ALL cases with a rearranged MLL gene, and CD13 and CD33 are 
expressed in cases with the ETV6-RUNX1.™ There is a subset of cases 
that coexpress both lymphoid and myeloid markers but do not cluster 
with T-cell, B-cell precursor, or acute myeloid leukemia in gene-expression 
profiling. These cases may not respond to myeloid-directed therapy but 
attain remission with ALL-directed induction treatment.***° The pres- 
ence of myeloid-associated antigens lacks prognostic significance in 
contemporary treatment programs but can be useful in immunologic 
monitoring of patients for minimal residual leukemia.*”** 


Genetic Classification 
ALL arises from a lymphoid progenitor cell that has sustained multiple 
specific genetic alterations that lead to malignant transformation and 
proliferation. Thus, genetic classification of ALL yields more relevant 
biologic information than any other means. Approximately 75 per- 
cent of adult and childhood cases can be readily classified into prog- 
nostically or therapeutically relevant subgroups based on the modal 
chromosome number (or DNA content estimated by flow cytometry), 
specific chromosomal rearrangements, and molecular genetic chan 
ges,1717-2041545687-89 Table 91-5 summarizes the prominent clinical and 
biologic features of cases with the most common genetic abnormalities. 
Two ploidy groups (hyperdiploidy >50 chromosomes and hypo- 
diploidy <44 chromosomes) have clinical relevance. Hyperdiploidy, 


which is seen in approximately 25 percent of childhood cases and in 
6 to 7 percent of adult cases, is associated with a favorable prognosis 
that may reflect an increased cellular accumulation of methotrexate and 
its polyglutamates, an increased sensitivity to therapeutic antimetabo- 
lites, and a marked propensity of these cells to undergo apoptosis.” By 
contrast, hypodiploidy is associated with an exceptionally poor prog- 
nosis.*****? Flow cytometric determination of cellular DNA content is 
a useful adjunct to cytogenetic analysis because it is automated, rapid, 
and inexpensive, and its measurements are not affected by the mitotic 
index of the cell population; results can be obtained in almost all cases. 
Flow cytometric studies can sometimes identify a small but drug-resis- 
tant subpopulation of near-haploid cells that may be missed by standard 
cytogenetic analysis. 

Reciprocal chromosomal translocations in cases of B-cell and 
T-cell ALL arise from errors in the normal recombination mecha- 
nisms that generate antigen receptor genes. Such rearrangements can 
fuse the promoter/enhancer element of the immunoglobulin heavy- or 
light-chain gene or the T-cell antigen receptor B/y or «/6d gene to sites 
adjacent to a variety of transcription factor genes. More often, genetic 
rearrangements result from the fusion of two genes encoding different 
transcription factors. These chimeric genes encode active kinases and 
altered transcription factors that regulate genes involved in the differen- 
tiation, self-renewal, proliferation, and drug resistance of hematopoietic 
stem cells. 

Specific cytogenetic findings are correlated with presenting clinical 
features, blast-cell phenotypes, and clinical outcome (see Table 91-5). 
However, there are now compelling reasons to focus on molecular 
genetic lesions. First, molecular analyses can identify important sub- 
microscopic genetic alterations not visible by standard karyotyping, 
such as the ETV6-RUNX1 fusion, intrachromosomal amplification of 
chromosome 21, deletions of tumor-suppressor genes, and mutations of 
protooncogenes.'**”°*** Second, cases with clinically important genetic 
rearrangements can be missed because of technical errors (e.g., karyo- 
typing residual normal metaphase cells rather than leukemic metaphase 
cells). Hence, FISH and reverse transcriptase polymerase chain reaction 
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TABLE 91-5. Clinical and Biologic Features Associated with the Most Common Genetic Subtypes of Acute Lymphoblastic 


Leukemia 


Subtype 


Hyperdiploidy (>50 
chromosomes) 


Associated Features 


Predominant precursor B-cell phenotype; low leukocyte 
count; favorable age group (1-9 years) and prognosis in 
children 


Estimated Event-Free Survival (%) 


Children Adults 
80-90 at 5 years 30-50 at 5 years 


Hypodiploidy (<45 
chromosomes) 


Predominant precursor B-cell phenotype; increased leuko- 
cyte count; poor prognosis 


30-40 at 3 years 10-20 at 3 years 


t(12;21)(p13;q22) [ETV6-RUNX1] 


CD13+/-CD33+/- precursor B-cell phenotype; pseu- 
dodiploidy; age 1-9 years; favorable prognosis 


90-95 at 5 years Unknown 


t(1;19)(q23;p13.3) [TCF3-PBX1] 


CD10+/-CD20-CD34- pre-B phenotype; pseudodiploidy; 
increased leukocyte count; black race; CNS leukemia; prog- 
nosis depends on treatment 


82-90 at 5 years 20-40 at 3 years 


t(9;22)(q34;q11.2) [BCR-ABL1] 


Predominant precursor B-cell phenotype; older age; 
increased leukocyte count; myeloid antigens; improved 
early outcome with tyrosine kinase inhibitor treatment 


80-90 at 3 years ~60 at 1 year 


t(4;11)(q21;23) with MLL-AF4 
fusion 


CD10+/-CD15+/-CD33+/-CD65+/- precursor B-cell pheno- 
type; infant and older adult age groups; hyperleukocytosis; 
CNS leukemia; poor outcome 


32-40 at 5 years 10-20 at 3 years 


t(8;14)(q24;q32.3) 


Mature B-cell phenotype; L3 morphology; male predomi- 


75-85 at 5 years 70-80 at 4 years 


nance; bulky extramedullary disease; favorable prognosis 
with short-term intensive chemotherapy including high- 
dose methotrexate, cytarabine, and cyclophosphamide/ 


ifosfamide 
NOTCH 1 mutations T-cell phenotype; favorable prognosis 90 at 5 years 50 at 4 years 
HOX11 overexpression CD10+ T-cell phenotype; favorable prognosis with chemo- 90 at 5 years 80 at 3 years 
therapy alone 
Intrachromosomal amplification Precursor B-cell phenotype; low white blood cell count; 30 at 5 years ? 


of chromosome 21 


intensified treatment required to avert a poor prognosis 


Data from Pui CH, Robison LL, Look AT: Acute lymphoblastic leukemia. Lancet 371:1030, 2008; Schultz KR, Bowman WP, Aledo A, et al: Improved 
early event free survival with imatinib in Philadelphia chromosome-positive acute lymphoblastic leukemia: A Children’s Oncology Group Study. 
J Clin Oncol 27:5715, 2009; Larson RA, Dodge RK, Burns CP, et al: A five-drug remission induction regimen with intensive consolidation for adults 
with acute lymphoblastic leukemia: Cancer and Leukemia Group B study 8811. Blood 85:2025, 1995; Rizzieri DA, Johnson JL, Byrd JC, et al; Alliance 
for Clinical Trials In Oncology (ACTION). Improved efficacy using rituximab and brief duration, high intensity chemotherapy with filgrastim sup- 
port for Burkitt or aggressive lymphomas: Cancer and Leukemia Group B study 10002. Br J Haematol 165(1):102-111, 2014. 


(RT-PCR) assays are increasingly used. The application of microar- 
ray-based genome-wide analysis of gene expression and DNA copy 
number, complemented by transcriptional profiling, resequencing and 
epigenetic approaches, and next-generation sequencing have identified 
specific genetic alterations with biologic and therapeutic implications. 


@ DIFFERENTIAL DIAGNOSIS 


The initial manifestations of ALL can mimic a variety of disorders. The 
acute onset of petechiae, ecchymoses, and bleeding can suggest idio- 
pathic thrombocytopenic purpura. The latter disorder often is associated 
with a recent viral infection, large platelets in blood films, normal hemo- 
globin concentration, and absence of leukocyte abnormalities in blood 
or marrow. Patients with ALL, or promyelocytic leukemia, or aplastic 
anemia can present with pancytopenia and complications associated 
with marrow failure. However, in aplastic anemia, hepatosplenomegaly 
and lymphadenopathy are rare, and the skeletal pain associated with 
ALL is absent. The results of marrow aspiration or biopsy usually distin- 
guish between these diseases, although the diagnosis can be difficult in 
a patient who has hypocellular marrow that is later replaced by lympho- 
blasts. In one study, transient pancytopenia preceded ALL in 2 percent 
of all pediatric cases.” During the preleukemic phase in these patients, 


polymerase chain reaction (PCR) analysis demonstrated monoclonal- 
ity, suggesting inhibition of normal hematopoiesis by leukemia cells.” 
ALL should be considered in the differential diagnosis of patients with 
hypereosinophilia, which can be a presenting feature of leukemia or can 
precede its diagnosis by several months. Occasionally, hematogones in 
a regenerative marrow may mimic leukemic blast cells; flow cytometry 
with optimal combinations of antibodies may be required to distinguish 
them.” 

Infectious mononucleosis and other viral infections, especially 
those associated with thrombocytopenia or hemolytic anemia, can be 
confused with leukemia. Detection of reactive lymphocytes or serologic 
evidence of Epstein-Barr virus infection helps establish the diagnosis. 
Patients with acute infectious lymphocytosis, pertussis, or parapertus- 
sis can have marked lymphocytosis. However, even when leukocyte 
counts are as high as 50 x 10°/L, the affected cells are mature lympho- 
cytes rather than lymphoblasts. Bone pain, arthralgia, and occasionally 
arthritis mimic juvenile rheumatoid arthritis, rheumatic fever, other 
collagen diseases, or osteomyelitis. The marrow should be examined if 
glucocorticoid treatment is planned for presumed rheumatoid diseases. 

In children, ALL should be distinguished from small, round cell 
tumors involving the marrow, including neuroblastoma, rhabdomyo- 
sarcoma, and retinoblastoma. Generally, in patients with solid tumors, 


a primary lesion will be found by standard diagnostic studies. Dissemi- 
nated tumor cells often present in characteristic aggregates, and immu- 
nophenotypic characteristics of lymphoblasts are absent. 


@THERAPY 
SUPPORTIVE CARE 


Optimal management of patients with ALL requires careful attention 
to supportive care, including immediate treatment or prevention of 
metabolic and infectious complications (Chap. 24) and rational use of 
blood products (Chaps. 138 and 139). Other important supportive care 
measures, such as use of indwelling catheters, amelioration of nausea 
and vomiting, pain control, and continuous psychosocial support for 
the patient and family, are essential. 


Metabolic Complications 
Hyperuricemia and hyperphosphatemia with secondary hypocalcemia 
are frequently encountered at diagnosis, even before chemotherapy is 
initiated, especially in patients with B-cell or T-cell ALL or precursor 
B-cell leukemia with high leukemic cell burden.” Patients should be 
given intravenous fluids; allopurinol or rasburicase (recombinant urate 
oxidase) to treat hyperuricemia; and a phosphate binder, such as alumi- 
num hydroxide, calcium carbonate (if the serum calcium concentration 
is low), lanthanum carbonate, or sevelamer to treat hyperphosphatemia. 
Allopurinol, a relatively inexpensive drug, is usually used if the uric acid 
is less than 7 mg/dL. Allergic skin reactions occur in approximately 10 
percent, and allopurinol should be stopped as soon as the risk of hyperu- 
ricemia from the destruction of a large leukemic cell burden has passed. 
By inhibiting de novo purine synthesis in leukemic blast cells, allopu- 
rinol can reduce the peripheral blast-cell count before chemotherapy.” 
Allopurinol can decrease both the anabolism and catabolism of mercap- 
topurine by depleting intracellular phosphoribosyl pyrophosphate and 
by inhibiting xanthine oxidase. If mercaptopurine and allopurinol are 
given together orally, the dosage of mercaptopurine must be reduced. 
Rasburicase works very rapidly and is extremely effective, espe- 
cially for very elevated uric acid levels (>7 mg/dL), often with one 
infusion (a far smaller dose than the manufacturer recommends). Ras- 
buricase breaks down uric acid to allantoin, a readily excreted metab- 
olite that is five to 10 times more soluble than uric acid. Rasburicase is 
more effective than allopurinol, and it facilitates phosphorus excretion, 
partly because of rasburicase’s potent uricolytic effect (which obviates 
the need to alkalinize urine) and partly because of improved renal func- 
tion with its use. However, rasburicase is contraindicated in patients 
with glucose-6-dehydrogenase deficiency because hydrogen peroxide, a 
by-product of uric acid breakdown, can cause methemoglobinemia or 
hemolytic anemia. 


Hyperleukocytosis 

For patients with extreme leukocytosis (leukocyte count >400 x 10°/L), 
either leukapheresis or exchange transfusion (in small children) can 
be used to reduce the burden of leukemic cells. In theory, either treat- 
ment should reduce the complications associated with leukostasis, 
but the short- and long-term benefits of the procedures are ques- 
tionable.” Emergency cranial irradiation, once advocated by some 
leukemia therapists, probably has no role in the treatment of these 
patients. Preinduction therapy with low-dose glucocorticoids, with 
addition of vincristine and cyclophosphamide in cases of B-cell ALL, 
is a favored means of ameliorating hyperleukocytosis. This method, 
when used in conjunction with urate oxidase, has largely eliminated 
tumor lysis syndrome and the need for hemodialysis in patients with 
mature B-cell ALL. 
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Infection Control 
Infections are common in febrile patients with newly diagnosed ALL. 
Therefore, any patient presenting with fever, especially a patient with 
neutropenia, should be given broad-spectrum antibiotics until infection 
is excluded. Remission induction therapy can increase susceptibility to 
infection by exacerbating myelosuppression, immunosuppression, and 
mucosal breakdown. At least 50 percent of patients undergoing induc- 
tion therapy experience infections. Special precautions should be taken 
to reduce the risk of infection during this critical phase of treatment, 
including protective contact isolation and air filtration; elimination 
of contact with people with infections; refraining from eating certain 
food products, such as raw cheese, uncooked vegetables, or unpeeled 
fruits; and use of antiseptic mouthwash or sitz baths, especially for 
patients with mucositis. Good hand washing practices and the use of 
alcohol-based cleansers are important. Administration of granulo- 
cyte colony-stimulating factor can hasten recovery from neutropenia 
and reduce the complications of intensive chemotherapy, but does not 
improve the EFS rate for children or adults.'°'" One study suggested 
growth factor increased the risk of therapy-related acute myeloid leuke- 
mia in the context of epipodophyllotoxin-based therapy.'” Intensified 
remission induction regimens, especially in combination with high- 
dose glucocorticoids, have resulted in an increased risk of disseminated 
fungal infection and death. Antifungal prophylaxis is commonly given. 
All nonallergic patients with ALL are given trimethoprim- 
sulfamethoxazole, 2 to 3 days per week, as prophylactic therapy for 
Pneumocystis carinii (Pneumocystis jiroveci) pneumonia. Prophylaxis is 
started after 2 weeks of remission induction and continues for several 
months after completion of all chemotherapy. Alternative treatments for 
patients who cannot tolerate trimethoprim-sulfamethoxazole include 
aerosolized pentamidine, dapsone, and atovaquone.™ Live-virus vac- 
cines should not be administered during immunosuppressive therapy. 
Siblings and other children who have frequent contact with patients 
can receive routine immunizations, including inactivated poliomyelitis 
vaccine. Susceptible patients exposed to varicella virus should receive 
zoster immunoglobulin within 96 hours of exposure together with 
acyclovir. Such treatment usually prevents or mitigates the clinical man- 
ifestations of varicella. 


Hematologic Support 

ALL and its treatment leads to pancytopenia. Hemorrhagic manifes- 
tations are common but usually are limited to the skin and mucous 
membranes. Although rare, bleeding in the CNS, lungs, or gastroin- 
testinal tract can be life-threatening. Patients with extremely high leu- 
kocyte counts (>400 x 10°/L) at diagnosis are more likely to develop 
such complications.” Coagulopathy attributable to disseminated intra- 
vascular coagulation, hepatic dysfunction, or chemotherapy is usually 
mild.” Patients receiving L-asparaginase and a glucocorticoid have a 
hypercoagulable state. Platelet transfusions should be given therapeuti- 
cally for overt bleeding and may be used prophylactically when platelet 
counts are less than 10 x 10°/L.'” Anticoagulants and antiplatelet agents 
such as aspirin must be avoided. Children generally do not have active 
bleeding during remission induction therapy with prednisone, vincris- 
tine, and L-asparaginase, even when platelet counts are less than 10 x 
10°/L. A higher threshold for prophylactic platelet transfusions should 
be considered for active toddlers and patients with fever or infection. 
Transfusion of packed leukocyte-poor red cells is indicated in patients 
with anemia and marrow suppression but should be delayed until the 
leukocyte count is reduced in patients with extreme hyperleukocyto- 
sis. Transfusions should be given slowly in patients with profound but 
chronic anemia to prevent development of congestive heart failure. 
Granulocyte transfusions are rarely needed, but should be considered 
for patients with absolute neutropenia and documented Gram-negative 


septicemia or disseminated fungal infection that is responding poorly to 
antimicrobial treatment alone. All blood products should be irradiated 
to prevent transfusion-related graft-versus-host disease. 


ANTILEUKEMIC THERAPY 


Because ALL is a heterogeneous disease with many distinct subtypes, 
there is no uniform approach to therapy. Increasingly, treatment is 
targeted to biologically distinct subgroups. The best results have been 
reported from experienced treatment centers using well-designed and 
rigorously applied protocols.'°*' No consensus exists on the risk cri- 
teria and the terminology for defining prognostic subgroups. Usually, 
childhood ALL cases are divided into standard-risk, high- (intermedi- 
ate- or average-) risk, and very-high-risk groups, although the United 
States’ Children’s Oncology Group advocates four categories, including 
low risk, to accommodate patients with a very low risk of relapse. Adult 
cases are generally divided into two risk groups. Often infant and elderly 
ALL are considered special subgroups of ALL that require different 
treatment, primarily related to intolerance. One study showed improved 
outcome for infant ALL, using a hybrid treatment protocol with ele- 
ments to treat both ALL and acute myeloid leukemia, and reducing dose 
intensity in the very young infants.'!° Few studies have been performed 
in those older than 60 years of age and their management remains a 
therapeutic challenge.'!""!? Some successes have been achieved with the 
use of dose-reduced regimens and the addition of imatinib or dasatinib 
for patients with Philadelphia chromosome-positive ALL." Because 
cure is not common in patients older than age 70 years, maintenance of 
a good quality of life is a major goal for this age group. 


Mature B-Cell Acute Lymphoblastic Leukemia (Burkitt-Type) 
The most effective contemporary treatment regimens for mature B-cell 
(Burkitt-type) ALL are drug combinations that include cyclophos- 
phamide and/or ifosfamide given over a relatively short time (3 to 
6 months). The first major breakthrough in this disease was reported 
by French investigators, who achieved a 68 percent EFS rate in their 
LMB84 study featuring high-dose cyclophosphamide, high-dose 
methotrexate, vincristine, doxorubicin, and conventional doses of cyta- 
rabine. In the LMB89 study, the same group reported a cure rate of 
87 percent, which was achieved by using increased doses of methotrex- 
ate (to 8 g/m? per dose) and cytarabine (3 g/m? per dose) and by adding 
etoposide for patients with a large leukemia cell burden.” This excel- 
lent result has been confirmed in a randomized international study.’ 
Successful treatments also have been developed by the Berlin-Frank- 
furt-Miinster consortium, which uses a multiagent regimen that incor- 
porates cyclophosphamide, high-dose methotrexate (1 g/m? per dose), 
etoposide, ifosfamide, doxorubicin, dexamethasone, and cytarabine 
(3 g/m? per dose). These intensive pediatric protocols have been 
translated into adult treatment regimens that are completed in as little as 
18 weeks."'*"”° Because of its demonstrated efficacy in B-cell lymphoma, 
rituximab (anti-CD20) has been incorporated in frontline clinical trials 
for adults with B-cell ALL."*° Maintenance or continuation therapy 
is not needed. The remission rate is very high, and most remissions are 
durable. B-cell ALL rarely, if ever, reoccur after the first year. 

Effective CNS therapy is an essential component of successful 
regimens for B-cell ALL and generally consists of methotrexate and 
cytarabine administered both systematically and intrathecally. Cranial 
irradiation does not appear to be necessary even for patients presenting 
with CNS leukemia.''*!”° 


Precursor B-Cell and T-Cell Acute Lymphoblastic Leukemia 

Treatment for leukemias affecting the precursor B-cell and T-cell lin- 
eages consists of three standard phases: remission induction, intensi- 
fication (consolidation), and prolonged continuation (maintenance) 
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therapy." CNS-directed therapy, which overlaps other treatments, is 


started early and is given for different lengths of time, depending on 
the patient’s risk of relapse and the intensity of the primary systemic 
regimen. 

Remission Induction The first goal of therapy is inducing a com- 
plete remission and restoring normal hematopoiesis. The induction 
regimen typically includes a glucocorticoid (prednisone, prednisolone, 
or dexamethasone), vincristine, and L-asparaginase for children or an 
anthracycline for adults.'”°7!°%!°8 Children with high- or very-high-risk 
ALL, and nearly all young adults with ALL, receive four or more drugs 
(daunorubicin, vincristine, glucocorticoid, and L-asparaginase) during 
remission induction in contemporary clinical trials. Improvements in 
chemotherapy and supportive care have resulted in complete remission 
rates of approximately 98 percent for children and 85 to 90 percent for 
adults. When a complete clinical remission is induced, patients have var- 
ious degrees of residual leukemia.” Because the extent of residual dis- 
ease is well correlated with long-term outcome,- the concept of a 
“molecular” or “immunologic” remission, defined as leukemia less than 
0.01 percent of nucleated marrow cells,” is beginning to supplant the tra- 
ditional perception of remission, which is based solely on microscopic 
criteria.’ Prospective trials are needed to demonstrate that outcomes 
will improve when interventions to change therapy are based on mea- 
surements of residual disease. 

Attempts have been made to intensify induction therapy based on 
the premise that more rapid and complete reduction of the leukemia cell 
burden forestalls the development of drug resistance. However, several 
studies have suggested intensive induction therapy is unnecessary for 
children with standard-risk ALL, provided patients receive postinduc- 
tion intensification therapy.'” Intensive induction can lead to increased 
early morbidity and mortality. More intensive induction regimens with 
additional cyclophosphamide, high-dose cytarabine, or high-dose 
anthracycline also have been tested in adults with ALL and have yielded 
no clear benefit, partly because of the low tolerance of adults to drug 
toxicity.'*°'*! However, in one study, the use of high-dose dexametha- 
sone (10 mg/m?’ per day) instead of prednisone (60 mg/m? per day) dur- 
ing remission induction significantly improved treatment outcome for 
children with ALL, especially those with T-cell ALL and good predni- 
sone response, despite a higher induction death rate.'”’'*? Conceivably, 
intensified remission induction with other relatively nonmyelosuppres- 
sive drugs can also improve treatment outcome. Dexamethasone pro- 
vided better control of systemic and CNS disease than did prednisone 
in two randomized studies of childhood ALL.” 

The pharmacodynamics of asparaginase differ by formulation 
and three forms are available: one derived from Erwinia chrysanthemi, 
another prepared from Escherichia coli, and a third made of a polyeth- 
ylene glycol form of the E. coli product (pegaspargase).'**'** In terms of 
leukemic control, the dose intensity and duration of asparaginase treat- 
ment (i.e., the amount of asparagine depletion) are far more important 
than the type of asparaginase used. The dosages of the three preparations 
are based on their half-lives. Pegaspargase, which has the longest half-life, 
usually is administered at 2500 IU/m? every other week for one to two 
doses in cases of newly diagnosed ALL. By contrast, the Erwinia prepa- 
ration, which has the shortest half-life, is administered at 20,000 IU/m? 
three times per week for 6 to 12 doses. The doses of E. coli L-asparagi- 
nase range from 5000 to 10,000 IU/m’, administered two to three times 
per week for 6 to 12 doses. Because of lower immunogenicity, improved 
efficacy, and less-frequent administration, pegaspargase has replaced the 
native product as the first-line treatment for children and adults in the 
United States, and is also increasingly used in other ALL trials around the 
world.’ None of the various anthracyclines (daunorubicin, doxoru- 
bicin, idarubicin, and mitoxantrone) given to adults with ALL has proven 
superior to any other; daunorubicin is used most commonly. 


Intensification (Consolidation) Therapy After normal hemato- 
poiesis is restored, patients in remission become candidates for inten- 
sification therapy. Such treatment, administered shortly after remission 
induction, refers to readministration of the induction regimen or to 
high doses of multiple agents not used during the induction phase. 
Although there is no dispute on the importance of this treatment in 
childhood ALL, there is no consensus on the best regimen and dura- 
tion of treatment. More commonly used regimens for childhood ALL 
include high-dose methotrexate with or without mercaptopurine, high- 
dose L-asparaginase given for an extended period, or a combination of 
dexamethasone, vincristine, L-asparaginase, and doxorubicin, followed 
by thioguanine, cytarabine, and cyclophosphamide. 1°1°8121137,141,142 This 
phase of therapy has improved outcomes, even for patients with low- 
risk ALL.'® Patients with ETV6-RUNX1 have an especially good out- 
come in clinical trials featuring intensive postremission treatment with 
glucocorticoids, vincristine, and asparaginase.'*'* A very high dose 
of methotrexate (5 g/m’) appears to improve the treatment outcome of 
patients with T-cell ALL.""* This finding is consistent with data indi- 
cating T-cell blasts accumulate methotrexate polyglutamates (active 
metabolites of the parent compound) less avidly than do B-cell pre- 
cursors; consequently, higher serum levels of the drug are needed for 
an adequate therapeutic effect." The conventional dose of metho- 
trexate (1 g/m’) may be too low for many patients with B-cell precur- 
sor ALL. Among B-lineage ALL, blasts with either ETV6-RUNX1 or 
TCF3-PBX1 gene fusion accumulate significantly lower methotrexate 
polyglutamates compared to those with hyperdiploidy or other genetic 
abnormalities.” This finding suggested that patients with ETV6- 
RUNX1 or TCF3-PBX1 gene fusion would also benefit from a higher 
dose of methotrexate. 

Based on pediatric studies, intensive consolidation therapy has 
become a standard in the treatment of adult ALL even though early stud- 
ies failed to show the benefit of this phase of treatment. Various drugs 
have been used for intensification, including high-dose methotrexate, 
high-dose cytarabine, cyclophosphamide, and asparaginase.6702150-153 
Increasingly, intensification treatment is risk-adapted and subtype spe- 
cific. In the German 06/93 study, high-dose methotrexate was used for 
patients with standard-risk B-cell precursor ALL, high-dose metho- 
trexate and high-dose cytarabine for high-risk B-cell precursor ALL, 
and cyclophosphamide for T-cell ALL. The hyper-CVAD (cyclophos- 
phamide, vincristine, Adriamycin, dexamethasone) regimen of the 
MD Anderson Cancer Center alternates the combination of cyclophos- 
phamide, vincristine, doxorubicin (Adriamycin), and dexamethasone, 
with high-dose methotrexate and high-dose cytarabine for four courses 
each. More recently, rituximab has been added for patients with CD20 
expression on lymphoblasts.'*°'*! In adults, methotrexate dose should 
probably be limited to 1.5 to 2.0 g/m? because higher doses may lead to 
excessive toxicities, delayed subsequent treatment, and reduced compli- 
ance. In a Cancer and Leukemia Group B study, a five-drug remission 
induction was followed by early and late intensification courses with 
eight drugs.” These studies and others suggested the benefit of early 
intensive consolidation therapy, especially in young adults. In adult 
T-cell ALL, benefit is derived from cyclophosphamide and cytara- 
bine.” In other adult cases of standard-risk and high-risk ALL, the 
benefit is derived from high-dose cytarabine. Two German multicen- 
ter trials using high-dose cytarabine, mitoxantrone, and allogeneic 
hematopoietic stem cell transplantation showed markedly improved 
results in cases bearing the t(4;11), which generally confers an adverse 
prognosis.’ Several ongoing trials are testing the efficacy of aspara- 
ginase during intensification in young adult ALL'” because this drug 
clearly improves outcome in childhood ALL and is better tolerated dur- 
ing consolidation treatment than during remission induction. 
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Patients diagnosed with ALL between the ages of 16 and 39, often 
considered together as adolescents and young adults, are commonly 
treated by either adult or pediatric hematologists. Several retrospective 
comparative analyses have reported that adolescents and young adults 
with ALL treated on pediatric protocols have had superior event-free 
and overall survival rates when compared with similar patients enrolled 
on adult ALL trials. Preliminary data suggest that these patients have 
better outcomes when treated with pediatric-inspired regimens, and 
that excess toxicity is not observed.!15°"1 

Continuation Therapy Although unnecessary for cure of mature 
B-cell leukemia, continuation therapy for 2 to 3 years is an integral part 
of pediatric and adult ALL regimens. Attempts to shorten the duration 
of treatment have led to inferior outcomes in both childhood and adult 
ALL,'® although as many as two-thirds of childhood cases might be 
cured with only 12 months of treatment.’* However, which subgroups 
of childhood ALL can be cured with abbreviated therapy is unclear. In a 
meta-analysis of 42 trials, a third year of continuation therapy reduced 
the likelihood of relapse during the third year, but no advantage to pro- 
longing treatment beyond 3 years was observed.'® Early studies demon- 
strated that the third year of continuation therapy benefits boys but not 
girls.'*'°” Hence, most studies discontinue all therapy for girls after 2 to 
2.5 years of treatment. It is uncertain whether with improved contem- 
porary treatment boys still require prolonged continuation treatment. 
Whether adults with ALL benefit from prolonged continuation therapy 
is also unclear. In most adult trials, continuation therapy is given for 
2 years from diagnosis. 

Methotrexate administered weekly and mercaptopurine adminis- 
tered daily constitute the usual continuation regimen for ALL. Accu- 
mulation of higher intracellular concentrations of the active metabolites 
of methotrexate and mercaptopurine and administration of this combi- 
nation to the limits of tolerance (as indicated by low leukocyte counts) 
have been associated with improved clinical outcome.'*’® Many inves- 
tigators advocate that drug dosage be adjusted to maintain leukocyte 
counts below 3 x 10°/L and neutrophil counts between 0.5 and 1.5 x 
10°/L to ensure adequate dose intensity during the continuation treat- 
ment in childhood ALL.’ In one study, the dose intensity of mercap- 
topurine was the most important pharmacologic factor influencing 
treatment outcome.'” Mercaptopurine is most effective when it is given 
orally on a daily basis. However, overzealous use of mercaptopurine is 
counterproductive, as such use results in neutropenia and interruption 
of chemotherapy, reducing overall dose intensity. The effect of mer- 
captopurine is better when the drug is administered in the evening.’ 
Mercaptopurine should not be given with milk or milk products con- 
taining xanthine oxidase, which can degrade the drug. Antimetab- 
olite treatment should not be withheld because of isolated increases of 
liver enzymes since such liver function abnormalities are tolerable and 
reversible.” 

A few patients (one in 300) have an inherited homozygous defi- 
ciency of thiopurine S-methyltransferase, the enzyme that catalyzes the 
S-methylation (inactivation) of mercaptopurine. In these patients, stan- 
dard doses of mercaptopurine have potentially fatal hematologic side 
effects. The drug should be given in much smaller doses (e.g., 10-fold 
reduction).'* Approximately 10 percent of patients are heterozygous 
for the enzyme deficiency and have intermediate levels of thiopurine 
methyltransferase.'” This subgroup can be treated safely with only 
moderate reductions in mercaptopurine dosage and appears to have 
better clinical outcomes than do patients with the homozygous wild- 
type phenotype. Importantly, patients with this enzyme deficiency are at 
risk for therapy-related myeloid leukemia and radiation-related brain 
tumors.'”*"'* Identification of this autosomal codominant trait has 
been enabled by molecular diagnosis and led to increased emphasis 


on inherited differences in drug metabolism and disposition resulting 
from genetic polymorphisms in drug-metabolizing enzymes and in 
drug transporters, receptors, and targets.'’”!*° Ultimately, therapy can 
be designed according to the genetic constitution of both the host and 
the host's leukemia cells. 


Because thioguanine is more potent than mercaptopurine in 
model systems and leads to higher concentrations of thioguanine nucle- 
otides in cells and cytotoxic concentrations in CSE"*' randomized trials 
have been performed in children to compare the effectiveness of these 
two drugs.'” Thioguanine, given at a daily dose of 40 mg/m? or more, 
produced superior antileukemic responses to mercaptopurine, but 
was associated with profound thrombocytopenia, an increased risk of 
death, and unacceptable rate of hepatic venoocclusive disease.'*’ Conse- 
quently, mercaptopurine, remains the drug of choice for ALL, although 
thioguanine is still used in short-term courses during the intensification 
phase of therapy. 

Intermittent pulses of vincristine and a glucocorticoid improved 
the efficacy of antimetabolite-based continuation regimens and have 
been widely adopted for both childhood and adult ALL." In older 
children and adults, prolonged glucocorticoid therapy may lead to 
increased risk of osteonecrosis.’ Another integral component of many 
protocols is reinduction therapy introduced relatively soon after the first 
remission. This treatment, which relies on the same drugs used during 
the initial phase of induction therapy, has improved outcomes for chil- 
dren and adults with ALL.7"'* A second reinduction phase during 
continuation treatment may further improve the outcome of patients 
with standard- or high-risk ALL. The benefit of such a dou- 
ble-delayed intensification may result from either the increased dose 
intensity of other agents such as asparaginase or anthracycline or the 
timing or scheduling of the intensification regimen. 

Therapy of the Central Nervous System The CNS is a common 
sanctuary for leukemic cells and requires prophylactic or presymp- 
tomatic therapy. In the 1970s, the cornerstone of ALL therapy was 
cranial irradiation (2400 cGy) plus methotrexate administered intra- 
thecally after complete remission was induced. Concerns that cranial 
irradiation could cause second cancer, late neurocognitive deficits, and 
endocrinopathy stimulated efforts to replace cranial irradiation with 
early intensification by intrathecal and systemic chemotherapy. Two 
early clinical trials tested the feasibility of complete omission of pro- 
phylactic cranial irradiation in the treatment of childhood ALL.'**'*8 
Although the cumulative risk of an isolated CNS relapse was relatively 
low (3 to 4 percent), the EFS rates in the two studies were only 68.4 
percent and 60.7 percent.: In another study, prophylactic cranial 
irradiation appeared to improve outcome in T-cell ALL with leuko- 
cyte counts >100 x 10°/L.'® Thus, until recently, virtually all childhood 
study groups continued to rely on prophylactic cranial irradiation for 
up to 20 percent of patients.® A radiation dose of 1200 cGy appeared 
to provide adequate protection against CNS relapse, even in high- 
risk patients (e.g., those with T-cell ALL and leukocyte counts >100 x 
10°/L).*' More recently, a study at St. Jude Children’s Research Hospi- 
tal again tested the feasibility of total omission of prophylactic cranial 
irradiation in the context of risk-adapted intrathecal and systemic che- 
motherapy.'” The 5-year survival rate for the 498 patients enrolled was 
93.5 percent and the cumulative risk of an isolated CNS relapse rate 
was only 2.7 percent, a promising result, suggesting that prophylactic 
cranial irradiation can be safely omitted in the context of the effective 
intrathecal and systemic chemotherapy. Another study by the Dutch 
Childhood Oncology Group also showed that prophylactic cranial 
irradiation can be safely omitted from children with ALL." Prelimi- 
nary data from additional trials also indicate that prophylactic cranial 
irradiation is not necessary. 
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Systemic treatment including high-dose methotrexate, intensive 
asparaginase, and dexamethasone, as well as optimal intrathecal therapy, 
is important to control CNS leukemia.*'” Triple intrathecal therapy with 
methotrexate, cytarabine, and hydrocortisone is more effective than intra- 
thecal methotrexate in preventing CNS relapse.'*? Because the presence of 
ALL blasts in the CSE, even from traumatic lumbar puncture, is associated 
with an increased risk of CNS relapse and poor EFS,***! intrathecal ther- 
apy should be intensified in patients with this feature. With CNS prophy- 
laxis and high-dose systemic therapy most adults with ALL remain free of 
CNS disease. CNS disease at the time of leukemia relapse in adults occurs 
in approximately 10 percent of cases. The frequency of CNS recurrence is 
about the same whether CNS radiation therapy (12 to 24 Gy) is used or 
whether only intrathecal cytotoxic therapy is used. Systemic high-dose 
methotrexate and cytarabine add to the CNS therapy. The outcome after 
CNS relapse is poor. Survival after CNS relapse is usually less than 1 year 
in adults. Treatment of CNS relapse requires cranial irradiation, intrath- 
ecal chemotherapy, typically via an Ommaya shunt, plus reinduction and 
reconsolidation systemic therapy. 

Stem Cell Transplantation Hematopoietic stem cell transplan- 
tation during first remission remains controversial.” In adult ALL, 
long-term disease-free survival rates range from 35 to 50 percent with 
chemotherapy alone and from 45 to 60 percent with allogeneic trans- 
plantation.” However, interpretation of these results is difficult 
because of the lack of true randomization. Even so, results from both 
adult and pediatric studies suggest allogeneic transplantation benefits 
some high-risk patients.'’*"°'” Because of their unfavorable progno- 
sis, patients with the Philadelphia chromosome-positive ALL and 
those with a poor initial response to induction therapy have been rec- 
ommended to undergo allogeneic stem cell transplantation during the 
first remission.” "618 However, the advent of improved chemotherapy 
has diminished the survival advantage from transplantation in children 
with Philadelphia chromosome-positive ALL.'” The use of a tyrosine 
kinase inhibitor has further improved the early treatment results,” 
casting doubt on the benefit from transplantation in first remission in 
childhood cases.” Allogeneic transplantation appears to improve the 
outcome of adults with the t(4;11),'°* but not that of children or infants 
with the same genotype.” 

Allogeneic transplantation has not been compared to chemother- 
apy alone in a true randomized trial, and thus the results of compara- 
tive studies are biased by availability of appropriate donors and other 
factors.!°47°-°5 The more potent antileukemia activity of allogeneic 
transplantation is balanced against the considerable nonrelapse mor- 
tality and long-term consequences of graft-versus-host disease. A 
meta-analysis involving 3157 patients supports matched sibling donor 
allogeneic transplantation as the optimal postremission therapy for 
adults with ALL with a significant reduction in relapses and a significant 
increase in treatment related mortality. Results may differ depending 
upon stem cell source, that is, related or unrelated donors or umbili- 
cal cord stem cells. A retrospective study of 421 adults who underwent 
allogeneic cord blood transplantation reported 2-year leukemia-free 
survival of 39 percent for patients in first complete remission and 31 
percent for second remission. In multivariate analysis, factors associ- 
ated with poor outcomes were age older than 35 years, myeloablative 
conditioning, and more advanced disease. Reduced intensity-condi- 
tioning allografting has yielded lower nonrelapse mortality and higher 
relapse rates than myeloablative conditioning with no significant dif- 
ferences in leukemia-free survival.” The indications for allogeneic 
transplantation in first remission should be reevaluated as chemother- 
apy and transplantation continue to improve. Autologous transplanta- 
tion failed to improve outcome in adult ALL overall, mainly because of 
a high rate of relapse.’ Several small studies indicate that autologous 


stem cell transplantation is feasible and beneficial for adults with Phila- 
delphia chromosome-positive ALL who achieve a molecular remission 
after combined chemotherapy and imatinib.” 

Targeted Therapies The best example of targeted therapy is the 
use of the tyrosine kinase inhibitors imatinib or dasatinib in Philadel- 
phia chromosome-positive ALL.?™™!311421¢ Used as single agents or with 
a glucocorticoid, they can induce complete remission in older patients 
where this subset of ALL is more common.''*”!°!! In combination with 
chemotherapy, they not only induce a higher complete remission rate 
but also a high rate of molecular remission in children and adults. ?®201212-216 
The duration of these remissions is uncertain, but some have been quite 
long after additional chemotherapy. Although the need for early trans- 
plantation in childhood cases is uncertain, this treatment modality is 
still a standard for adult cases.” The use of imatinib or dasatinib 
yields a higher proportion of adult cases suitable for transplantation. 
The outcome depends on minimal residual disease before and after 
transplantation." In patients with residual disease after transplantation, 
rapid response to imatinib was associated with a superior survival.’ 
It is uncertain whether and when to discontinue imatinib or dasatinib 
after the patient is treated with chemotherapy or transplantation. 

Surface expression of CD20 by leukemia cells is associated with 
an inferior outcome in adult,” but not childhood, ALL.”? Chemo- 
therapy trials incorporating rituximab, an anti-CD20 antibody, have 
yielded promising results in adults with CD20-positive B-cell precursor 
ALL.'°°?” Other monoclonal antibodies that bind CD22 and CD19 are 
in late-stage clinical development.” Nelarabine is an approved antime- 
tabolite drug that has shown considerable activity in T-cell ALL, both 
alone and in combination with other chemotherapy.”*°”° 


@ COURSE AND PROGNOSIS 
RELAPSE 


Relapse is defined as the reappearance of leukemia cells at any site in the 
body. Most relapses occur during treatment or within the first 2 years 
after its completion, although initial relapses have been observed 10 or 
more years after diagnosis.” Molecular studies suggest that in some 
cases, especially those with the ETV6-RUNX1 fusion, subsequent muta- 
tions of the residual preleukemic clone that were not eradicated during 
initial treatment account for the “late relapse”? The marrow remains the 
most common site of relapse in ALL. Anemia, leukocytosis or leukopenia, 
thrombocytopenia, enlargement of the liver or spleen, bone pain, fever, or 
a sudden decrease in tolerance to continuation chemotherapy may signal 
the onset of marrow relapse. In contemporary treatment programs for 
childhood ALL, the rates of CNS and testicular relapse have decreased 
to 3 percent or less.'°!? Leukemic relapse occasionally occurs at other 
extramedullary sites, including the eye, ear, ovary, uterus, bone, muscle, 
tonsil, kidney, mediastinum, pleura, and paranasal sinus. 

For ALL patients who have received a modern, intensive multi- 
agent treatment regimen, with delayed intensification and prolonged 
continuation therapy, a relapse of disease portends a very poor survival. 
Although some individuals can be rescued with additional chemother- 
apy alone, in general, only allogeneic hematopoietic stem cell transplan- 
tation offers a reasonable chance for cure and long-term survival. Thus, 
treatment for relapse is often considered as “a bridge to transplant.” Two 
new drugs, clofarabine and liposomal vincristine, were approved as sin- 
gle agents in large part based upon their ability to enable patients with 
relapsed ALL to proceed to a transplant.”” Because the outcome of 
allogeneic transplantation is poor in the presence of overt ALL, reinduc- 
tion therapy aims for rapid cytoreduction of lymphoblasts while efforts 
proceed concurrently to identify an HLA-matched donor. The optimal 
pretransplant conditioning regimen then depends largely on the age 
and medical condition of the patient. 
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Marrow relapse, with or without extramedullary involvement, 
portends a poor outcome for most patients.”*’”** Factors indicating 
an especially poor prognosis include relapse while on therapy or 
after a short initial remission, T-cell immunophenotype, the pres- 
ence of the Philadelphia chromosome, and an isolated hematologic 
relapse.*”** Prolonged second remissions (>3 years) can be achieved 
with chemotherapy in as many as half of patients with late relapses 
(i.e., >6 months after cessation of therapy) but in only approximately 
10 percent of those with early relapse. The persistence of minimal 
residual disease after reinduction treatment also portends a very poor 
prognosis.” In patients who develop hematologic relapse while on 
therapy or shortly thereafter, and in those with residual disease after 
remission induction for relapse, allogeneic hematopoietic stem cell 
transplantation is the treatment of choice.” Autologous transplanta- 
tion as postinduction treatment offers no substantial advantage over 
chemotherapy.'°!*?**” For patients without histocompatible related 
donors, transplantation of stem cells from cord blood or marrow 
from matched unrelated donors is recommended.”””**"! For patients 
with ALL that has relapsed after allogeneic transplantation, a second 
transplant or donor T-lymphocyte infusion occasionally results in 
sustained remission.*” 


Central Nervous System Relapse 

Although extramedullary relapse is frequently an isolated clinical finding, 
many occurrences are associated with recurrent disease detectable in the 
marrow. CNS relapses are associated with higher level of minimal residual 
disease in the marrow than testicular relapses.’ Submicroscopic marrow 
involvement at a level of 10~* or higher at the time of overt extramedullary 
relapse confers a very poor outcome.” Hence, patients with extramedul- 
lary relapse and detectable disease in marrow require intensive systemic 
treatment to prevent subsequent hematologic relapse. The efficacy of sal- 
vage therapy in children with an isolated CNS relapse depends partly on 
duration of first complete remission and partly on whether CNS irradia- 
tion was previously performed. The strategy of delaying cranial or crani- 
ospinal irradiation for 6 to 12 months to allow initial intensification with 
systemic chemotherapy has yielded long-term second EFS of 70 to 80 per- 
cent in children with isolated CNS relapse." In one study, 12 months 
of intensive systemic chemotherapy and reduced-dose cranial irradiation 
(18 Gy) resulted in an excellent 4-year EFS rate among children with pre- 
cursor B-cell ALL who had not received cranial irradiation during initial 
treatment and who had an initial remission duration of 18 months or 
more.“ Notably, in this study, a favorable age group of 1 to 9.9 years plus 
a low presenting leukocyte count (<50 x 10°/L) at diagnosis of ALL was 
an independent favorable prognostic factor. For patients, especially those 
with T-cell ALL, in whom relapse develops during therapy and who had 
previously undergone cranial irradiation, the remission rate generally does 
not exceed 30 percent.*5 Adults with isolated CNS relapse fare much 
more poorly than children. However, the recommended treatment strat- 
egy remains the same-combining CNS-directed treatment with additional 
systemic chemotherapy. 


Testicular Relapse 

One-third of patients with early testicular relapse and two-thirds of 
patients with late testicular recurrence became long-term survivors 
after salvage chemotherapy and testicular irradiation?” In one 
study, some patients with late isolated testicular relapses were suc- 
cessfully treated with chemotherapy that included very high-dose 
methotrexate, without the addition of radiation therapy.” The optimal 
treatment and prognosis for patients with relapse at unusual extramed- 
ullary sites are unclear. However, the same principles that apply to the 
clinical management of CNS or testicular relapse probably apply to this 
subgroup. 
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can be identified and managed. Table 91-6 summarizes common side 
effects associated with antileukemia therapy. Hyperglycemia develops 
in 10 to 20 percent of children during induction therapy with predni- 
sone, vincristine, and L-asparaginase but has no long-term consequence 
nor prognostic implication; in some cases, short-term insulin treatment 
is required.” Adolescent and older adult age, obesity, a family history 
of diabetes mellitus, and Down syndrome are associated with increased 
susceptibility to hyperglycemia.*”*' This induction regimen causes a 
hypercoagulable state leading to cerebral thrombosis, peripheral vein 
thrombosis, or both, in as many as 5 percent of patients. Cerebral 
thrombosis should be distinguished from transient ischemic lesions 
(posterior reversible encephalopathy syndrome) which are associated 
with acute hypertension and severe constipation.*” These lesions are 
located at the watershed areas between the major cerebral arteries and 


TREATMENT SEQUELAE 


Despite the increasing intensity of curative treatment for childhood 
ALL, judicious use of supportive care reduced the rate of early death 
from 8 percent in the early 1970s to less than 2 percent in the 1990s.!*!” 
Currently, the induction mortality ranges between 2 percent and 11 
percent in adult ALL, with increasing age associated with higher death 
rate.666150-1°3 Most deaths are caused by bacterial or fungal infections. 
The death rate among older patients receiving remission induction ther- 
apy can be as high as 30 percent because of increased hematologic and 
nonhematologic toxicities (e.g., hepatotoxicity and cardiotoxicity). 1"? 
This poor tolerance for chemotherapy and consequent reduction of dose 
intensity largely account for the poor clinical outcome in older patients. 

Patients previously treated for ALL are best monitored in dedicated 
cancer survivorship clinics where both early and late complications 


TABLE 91-6. Side Effects Associated with Antileukemic Therapy 


Treatment Acute Complications Late Complications 


Prednisone (or prednisolone) Hyperglycemia, hypertension, changes in mood or 
behavior, acne, increased appetite, weight gain, 


peptic ulcer, hepatomegaly, myopathy 


Avascular necrosis of bone, osteopenia, growth 
retardation 


Dexamethasone Same as prednisone, except for increased changes Same as prednisone 
in mood or behavior and myopathy, but less salt 
retention 

Vincristine Peripheral neuropathy, constipation, chemical 


cellulitis, jaw pain, seizures, hair loss 


Daunorubicin, idarubicin, 
doxorubicin, or epirubicin 


Nausea and vomiting, hair loss, mucositis, marrow 
suppression, chemical cellulitis, increased skin 
pigmentation 


Cardiomyopathy (after high cumulative dose) 


.-Asparaginase Nausea and vomiting, allergic reactions (manifested None 
as rashes, bronchospasm, severe pain at intramuscular 
injection site), hyperglycemia, pancreatitis, liver dys- 


function, large vein thrombosis, encephalopathy 


Mercaptopurine 


Nausea and vomiting, mucositis, marrow suppres- 
sion, solar dermatitis, liver dysfunction: increased 
hematologic toxicity in persons lacking thiopurine 
methyltransferase 


Osteoporosis (long-term use), acute myeloid leu- 
kemia in persons with thiopurine methyltransfer- 
ase deficiency 


Methotrexate 


Nausea and vomiting, liver dysfunction, marrow sup- 
pression, mucositis (resulting from high-dose treat- 
ment), solar dermatitis 


Leukoencephalopathy, osteopenia (resulting from 
long-term use) 


Etoposide, teniposide 


Nausea and vomiting, hair loss, mucositis, marrow 
suppression, allergic reactions (bronchospasm, urti- 
caria, angioedema, hypotension) 


Acute myeloid leukemia 


Cytarabine Nausea and vomiting, fever, skin rashes, mucositis, Decreased fertility (with high cumulative dose) 
marrow suppression, liver dysfunction, conjunctivitis 
(from high-dose treatment) 

Cyclophosphamide Nausea and vomiting, hemorrhagic cystitis, marrow Bladder cancer or acute myeloid leukemia (rare), 
suppression, syndrome of inappropriate secretion of decreased fertility (with high cumulative dose) 
antidiuretic hormone, hair loss 

Rituximab Infusion reactions, mucocutaneous reactions, Reactivation of virus infections (hepatitis B), pro- 


lymphopenia, pulmonary infiltrates 


gressive multifocal leukoencephalopathy from JC 
virus infection 


Intrathecal methotrexate 


Headache, fever, seizure, marrow suppression, 
mucositis (in patients with renal dysfunction) 


Encephalopathy or myelopathy (with high cumu- 
lative dose) 


Brain irradiation 


Hair loss, postirradiation somnolence syndrome (6-10 
weeks after treatment) 


Seizure, mineralizing microangiopathy, growth 
hormone deficiency, thyroid dysfunction, obesity, 
osteopenia, brain tumors, basal cell carcinoma, 
parotid gland carcinoma, hair loss, cataract (rare), 
dental abnormalities 


Figure 91-5. T1-weighted magnetic resonance image without con- 
trast demonstrates a clot in the superior sagittal sinus (arrow) and sev- 
eral frontal lobe hematomas. 


generally are reversible. Cerebral thrombosis can be readily distin- 
guished from transient ischemic lesions by magnetic resonance imaging 
or computed tomography (Fig. 91-5). Occasionally, cerebral thrombo- 
sis may not be apparent by diagnostic imaging until a few days after 
the onset of symptoms and signs. Thrombotic complications (especially 
in leg veins or inferior vena cava) are also common in adults receiving 
asparaginase.'*°"° 

Emphasis on the intensive use of vincristine, methotrexate and 
glucocorticoids has led to an increased frequency of neurotoxicity,” 
and of osteonecrosis.** Many long-term survivors of childhood ALL, 
especially those who received high cumulative doses of glucocorticoid, 
methotrexate, or cranial irradiation, have developed severe osteopo- 
rosis. Early identification of bone lesions and the introduction of 
therapy to prevent fractures is recommended. Treatment with anthra- 
cyclines can produce severe cardiomyopathy, especially when anthra- 
cyclines are given in high cumulative and peak doses to children, and 
particularly young girls.**?* Prolonged infusion did not appear to 
reduce late cardiotoxicity compared to bolus administration." The exis- 
tence of a safe cumulative dose of anthracycline is controversial. Cardiac 
abnormalities are persistent and progressive years after anthracycline 
therapy.*” In one study, dexrazoxane prevented or reduced anthracy- 
cline-induced cardiotoxicity without interfering with antileukemic 
activity.” In current pediatric trials, limited doses of anthracyclines 
are used, even for high-risk cases, to decrease the risk of subsequent 
cardiomyopathy. Most regimens for adult ALL restrict cumulative 
anthracycline dosage to levels associated with less than 5 percent risk of 
congestive heart failure. 

Cranial irradiation has been implicated as the cause of numer- 
ous late sequelae in children, including second cancer, neurocogni- 
tive deficits, and endocrine abnormalities that can lead to obesity, 
short stature, precocious puberty, and osteoporosis.” *® In general, 
these complications are seen in girls more often than in boys and in 
young children more often than in older children or adults. Long- 
term followup studies of survivors of childhood ALL reveal a greater 
than 10 percent cumulative risk of second neoplasms after 30 years 
of observation, and a higher-than-average mortality rate among 
patients who had received cranial irradiation.**” Patients who 
had been irradiated also had a high unemployment rate and, among 
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women, a low marital rate. Many children with profound deficien- 
cies of growth hormone receive hormone replacement therapy, which 
permits attainment of acceptable final heights without an increased 
chance of relapse.’” 

The most devastating complication is the development of brain 
tumors and therapy-related myeloid leukemia.””'’” Children who 
undergo cranial irradiation at age 6 years or younger are most suscepti- 
ble to development of brain tumors.” Intensive use of antimetabolites 
before and during cranial irradiation also increases the risk of brain 
tumor.” The median latency period for high-grade brain tumors 
is 9 years; it is 20 years for low-grade tumors (e.g., meningioma).”°””* 

Therapy-related myeloid leukemia has been linked to intensive 
treatment with epipodophyllotoxins (teniposide and etoposide). The 
risk of disease depends on treatment schedule, concomitant use of 
other agents (e.g., L-asparaginase, alkylating agents, perhaps antime- 
tabolites), and host pharmacogenetics.'”*’* The long-term survival rate 
for patients with this complication is very low, even when the patients 
undergo allogeneic stem cell transplantation. No evidence indicates an 
increased incidence of cancer or birth defects among the offspring of 
adult survivors of childhood ALL.”5?76 


PROGNOSTIC FACTORS 


The cornerstone of the modern therapeutic approach to childhood ALL 
has been careful assessment of the risk of relapse so that only high-risk 
or very-high-risk patients are treated with intensive therapy.””’”* Less- 
toxic treatments (usually antimetabolites) are reserved for low-risk or 
standard-risk patients. By contrast, almost all adult patients are candi- 
dates for intensive therapy. Of the many variables that influence progno- 
sis, treatment is the most important. Some of the factors that emerged as 
useful prognostic indicators in the past have disappeared as treatment 
has improved; others have shown predictive strength in one or several 
trials, but not in others. For example, T-cell ALL, once associated with a 
poor prognosis, now has long-term response rates of 70 to 85 percent in 
children?'”'” and 50 to 60 percent in adults” as a result of effective 
intensive chemotherapy. Outcomes for mature B-cell ALL, also a poor 
prognostic subset in the past, have improved in both children and adults 
and 80 percent or more are cured with short but intensive chemother- 
apy treatments.”* 

Age and leukocyte count continue to be used for risk classification 
in almost every pediatric clinical trial involving precursor B-cell ALL. 
In a workshop sponsored by the National Cancer Institute, participants 
agreed on a presenting age of between 1 and 9 years and a leukocyte 
count of less than 50 x 10°/L as the minimum criteria for low-risk ALL. 
‘These criteria apply only to precursor B-cell ALL and not to T-cell ALL. 
Among adults, the outcome of therapy worsens with increasing age 
and leukocyte count. Age younger than 35 years and leukocyte count 
less than 30 x 10°/L are considered favorable prognostic indicators 
(Table 91-—7).§7'°152 In general, age younger than 60 years is consid- 
ered a practical guide for selecting candidates who might benefit from 
intensive therapy, including allogeneic transplantation. Any decision to 
begin aggressive treatment in patients older than age 60 years must be 
weighed against the risk of increased morbidity and mortality. +? 

Male sex has long been recognized as an adverse prognostic factor 
in childhood ALL but has less influence in adult ALL. Its prognostic 
significance was abolished in a number of childhood studies in which 
overall outcome was improved. Black race conferred a poor outcome 
in the national clinical trials,**'’* but in a single-institution study with 
equal access to effective treatment regimens, race had no prognostic 
significance.*** 

Primary genetic abnormalities have important prognostic sig- 
nificance. Hyperdiploidy (>50 chromosomes) and ETV6-RUNX1 


TABLE 91-7. Adverse Prognostic Factors in Adult Acute 


Lymphoblastic Leukemia 
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TABLE 91-8. Risk Classification System Used in St. Jude 


Total Therapy Study XVI 


Factors Precursor B Cell Precursor T Cell Risk Group Feature 
Age (years)* 235 35) Standard Precursor B-cell phenotype in patients ages 1-9 
years with a presenting leukocyte count <50 x 
iene count a page 10°/L, ETV6-RUNX7 fusion, or hyperdiploidy (>50 
chromosomes or DNA index >1.16) 
UE ROPE DOD De MEPE Blea Must not have CNS3 status, testicular leukemia, 
Genetics t(9;22) [BCR-ABL1] HOX11L2 t(9;22), t(1;19), rearranged MLL gene, hypodiploidy, 
expression? or 20.01% leukemia cells in marrow after 6-week 
(4:11) [MLL-AF4] ERG expression? ramiesion ine Usiietn 
AAR High T-cell acute lymphoblastic leukemia (ALL) and all 
Hypodiploidy? 
POSIB OIY cases of B-cell precursor ALL that do not meet the 
Treatment response Delayed remission Delayed remission criteria for standard or very-high-risk ALL 
4 k 4 k 
(anwes) Gest) Very high Early T-cell precursor, initial induction failure, or 


Minimal residual 
disease >10~ after 
induction 


Minimal residual 
disease >10~ after 
induction 


“Continuous factor with increasing age associated with progressively 
worse outcome. 


fusion—seen primarily in children ages 1 to 9 years but very rarely 
in adults—are associated with a favorable prognosis.*!? MLL rear- 
rangements, which occur in 70 to 80 percent of infants younger than 
age 1 year and in 10 percent of adults, and Philadelphia chromosome 
with BCR-ABLI fusion, which is found in 3 percent of children but 
in 25 to 30 percent of adult patients, historically confer a poor out- 
come. Interestingly, there is a marked influence of age on the 
prognosis of genetic subtypes of ALL. For example, Philadelphia chro- 
mosome-positive ALL is associated with a poor outcome in adoles- 
cents but a relatively favorable outcome in children ages 1 to 9 years 
old who have a low leukocyte count at presentation.'* Once associ- 
ated with a dismal outcome, the early treatment outcome of Phila- 
delphia chromosome-positive ALL in both children and adults has 
improved substantially with the advent of BCR/ABL1 tyrosine kinase 
inhibitors.'1°1747%0171016 Among patients with MLL-rearranged ALL, 
infants younger than age 1 year fare considerably worse than older 
children.” The basis of these differences may be related to some com- 
bination of secondary genetic events, the developmental stage of the 
target cell undergoing malignant transformation, and the pharma- 
cogenetics or pharmacokinetic features of the patient. In T-cell ALL, 
NOTCHI or FBXW7 mutation identifies a subgroup of childhood or 
adult cases with a favorable outcome.****° 

A useful adjunct in risk assessment is the response to early treat- 
ment, as measured by the rate of clearance of leukemia cells from the 
blood or marrow with the use of flow cytometric detection of aberrant 
immunophenotype or analysis by PCR of clonal antigen receptor gene 
rearrangements, ®®!13-129,190.287288 This measure reflects the drug sensitivity 
or resistance of leukemia cells and the pharmacodynamics of the drugs, 
which is affected by the pharmacogenetics of the host. Current tech- 
niques allow measurement of minimal residual disease in all patients, 
and it has become the most important prognostic factor (Table 91-8). 
The expectation is that alteration of treatment intensity according 
to the level of minimal residual disease at early time points will improve 
the long-term outcome of patients with ALL. The level of measureable 
residual leukemia is also a strong predictor of treatment outcome before 
allogeneic stem cell transplantation for relapsed leukemia.”?® Pediat- 
ric trials have shown better outcomes when treatment decisions have 
been based in part on measurable levels of residual disease. However, 
similar benefit remains to be shown convincingly in adults. 


21% leukemic cells in marrow after 6-week remis- 
sion induction 
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CHAPTER 92 
CHRONIC LYMPHOCYTIC 
LEUKEMIA 


Farrukh T. Awan and John C. Byrd 


Chronic lymphocytic leukemia is a malignancy of mature B cells character- 
ized by progressive lymphocytosis, lymphadenopathy, splenomegaly, and 
cytopenias. The progressive accumulation of leukemic B cells is a consequence 
of defective apoptosis and survival signals derived from the microenviron- 
ment. Progressive disease results in dysregulation of the cellular and humoral 
components of the effector immune system with a resultant increase in the 
incidence of infectious complications, which constitutes the leading cause 
of morbidity and mortality in this disease. Significant therapeutic advances 
have been realized in recent years, especially with the development of well- 
tolerated targeted antibodies and kinase inhibitors. Although not curative, 
these therapies have resulted in significant improvements in patient outcomes 
with substantial increases in progression-free and overall survival intervals. 
Multiple novel agents are also in development with the potential to alter the 
treatment paradigms for this disease and ultimately to affect a cure. 


Acronyms and Abbreviations: ABC, activated B cell; ABVD, Adriamycin, bleomycin, 
vinblastine, and dacarbazine; ADCC, antibody-dependent cell-mediated cytotoxicity; 
ADP, adenosine diphosphate; AIHA, autoimmune hemolytic anemia; ALL, acute lympho- 
blastic lymphoma; ARLTS1, ADP-ribosylation factor-like tumor-suppressor gene 1; ATM, 
ataxia-telangiectasia mutated; BAK, Bcl-2 homologous antagonist/killer; BCL-2, B-cell 
lymphoma-2; BCR, B-cell receptor; BITE, Bi-specific T-cell engaging; BR, bendamustine 
and rituximab; BTK, Bruton tyrosine kinase; CALGB, Cancer and Leukemia Group B; CAP 
cyclophosphamide, doxorubicin, and prednisone; CAR-T, chimeric antigen receptor T cell; 
CD, cluster of differentiation; CDC, complement-dependent cytotoxicity; CDK, cyclin- 
dependent kinase; CHOP, cyclophosphamide, doxorubicin, vincristine, and prednisone; 
CIRS, cumulative illness rating scale; CLL, chronic lymphocytic leukemia; CMP, cyclophos- 
phamide, melphalan, and prednisone; CMV, cytomegalovirus; CR, complete response; 
CRi, complete response with incomplete count recovery; CT, computed tomography; CVP, 
cyclophosphamide, vincristine, and prednisone; CXCR4, C-X-C chemokine receptor type 
4; DAPK, death-associated protein kinase; ERK1, extracellular signal-regulated kinase 1; 
FC, fludarabine and cyclophosphamide; FCR, fludarabine, cyclophosphamide, and ritux- 
imab; FDG-PET, fluorodeoxyglucose positron emission tomography; FISH, fluorescent in 
situ hybridization; FR, fludarabine and rituximab; G-CSF, granulocyte colony-stimulating 
factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; GVL, graft-versus- 
leukemia; HCL, hairy cell leukemia; HLA, human leukocyte antigen; Ig, immunoglobulin; 
IGH, immunoglobulin heavy chain; IGHV, immunoglobulin heavy-chain variable region; 
IL, interleukin; ITK, IL-2—inducible T-cell kinase; ITP, immune thrombocytopenia; IVIG, 
intravenous immunoglobulins; IWCLL, International Workshop on Chronic Lymphocytic 
Leukemia; KLHL6, Kelch-like protein-6; LDH, lactate dehydrogenase; LYN, Lck/Yes novel; 


@ DEFINITION AND EPIDEMIOLOGY 


Chronic lymphocytic leukemia (CLL) is one of the most common leu- 
kemias in the Western hemisphere. CLL is a malignant lymphoid neo- 
plasm that is characterized by the accumulation of a population of small 
mature B cells. The diagnosis of CLL requires the presence of at least 
5000 circulating B cells/uL with clonality demonstrated by flow cytom- 
etry according to International Workshop on Chronic Lymphocytic 
Leukemia (IWCLL) criteria.’ Over the last 2 centuries, significant strides 
have been made in the understanding of the disease pathophysiology, 
clinical features, and complications arising from CLL. CLL was initially 
described by Virchow in the 1840s when he described patients with 
lymph node enlargement and leukocytosis. Subsequent studies revealed 
the involvement of the spleen and marrow and led to the introduction 
of the term “lymphosarcoma.” Ensuing natural history studies estab- 
lished the malignant and clonal nature of the disease and categorized 
patients based on clinical presentation. Surveillance, Epidemiology, and 
End Results Program (SEER) data from 2013 estimate the prevalence of 
CLL in the United States at 126,553 patients, of whom 72,569 are males. 
The American Cancer Society estimates 15,720 new cases of CLL in 2014 
with a median age of diagnosis of 72 years. This cancer is more common 
in men,’ uncommon in patients younger than the age of 40 years, and 
extremely rare in children. The risk also increases progressively with 
age? and decreases with increasing parity in women.‘ It is also relatively 
uncommon in Asians,’ even in Asian immigrants to the Western hemi- 
sphere,° suggesting a possibility of a genetic predisposition. In the last 
few years there has been a tremendous growth in the understanding of 
the disease biology, which has resulted in the development of numerous 
new therapeutic options with resultant transformation in the manage- 
ment of this illness. Despite the significant improvement in the progno- 
sis of this disease, cure currently remains elusive. 


MBL, monoclonal B-cell lymphocytosis; MCL-1, myeloid cell leukemia-1; MHC, major his- 
tocompatibility complex; miRNA, microRNA; MMP, matrix metalloproteinase; MMR, mea- 
sles, mumps, and rubella; MRD, minimal residual disease; MYD88, myeloid differentiation 
primary response gene 88; NAD, nicotinic acid adenine; NCCN, National Comprehensive 
Cancer Network; NFAT, nuclear factor of activated T cells; NF-KB, nuclear factor kappa B; 
NK, natural killer; NOTCH1, Notch homologue 1, translocation-associated; NRM, nonrelapse 
mortality; OFAR, oxaliplatin, fludarabine, and rituximab; ORR, overall response rate; 0S, 
overall survival; PCR, pentostatin, cyclophosphamide, and rituximab; PCV-13, pneumococ- 
cal 13-valent conjugate vaccine; PFS, progression-free survival; PI3K, phosphatidylinosi- 
tol-4,5-bisphosphate 3-kinase; PLCy,, phospholipase C-gamma-2; PLL, prolymphocytic 
leukemia; PR, partial response; PR-+L, partial response with lymphocytosis; PRCA, pure 
red cell aplasia; RB, retinoblastoma; R-CHOP, rituximab, cyclophosphamide, doxorubicin, 
vincristine, and prednisone; R-EPOCH, rituximab, etoposide, prednisone, vincristine, cyclo- 
phosphamide, and doxorubicin; R-hyperCVXD, fractionated cyclophosphamide, vincristine, 
liposomal daunorubicin, and dexamethasone; RS, Richter syndrome; SCT, stem cell trans- 
plantation; SDF-1, stromal cell-derived factor-1; SF3B1, splicing factor 3B subunit 1; SLL, 
small lymphocytic B-cell lymphoma; SNP single nucleotide polymorphism; STAT3, signal 
transducer and activator of transcription 3; SUV, standardized uptake value; SYK, spleen 
tyrosine kinase; TCL1, T-cell leukemia/lymphoma protein 1A; TGF-, transforming growth 
factor-B; T-LGL, T-cell large granular lymphoma; TNF-a, tumor necrosis factor-a; TP53, 
tumor protein p53; T-PLL, T-cell prolymphocytic lymphoma; TRAP, tartrate-resistant acid 
phosphatase; TRM, transplant-related mortality; VCAM, vascular cell adhesion molecule; 
XIAP, X-linked inhibitor of apoptosis protein; XPO1, gene encoding exportin-1; ZAP-70, 
zeta-chain—associated protein kinase of 70 kDa. 


@ ENVIRONMENTAL FACTORS 


Multiple studies have been conducted in an attempt to identify envi- 
ronmental factors that predispose people to the development of CLL. 
These studies have consistently identified a family history of hemato- 
logic malignancies as a strong predictive factor for the development 
of CLL.”* In the reported International Lymphoma Epidemiology 
Consortium (InterLymph) Non-Hodgkin Lymphoma Subtypes Proj- 
ect,’ detailed correlative studies were performed on a large cohort of 
white patients with CLL as compared to normal controls. The Inter- 
Lymph study identified multiple factors that were associated with the 
presence of CLL, including: (1) family history of a first-degree relative 
with hematologic malignancy including lymphomas, leukemias, and 
myeloma; (2) a history of working or living on a farm; (3) hairdressers; 
and (4) a history of hepatitis C infection. Factors that were found to be 
protective include a history of allergies, blood transfusions, sun expo- 
sure, and smoking. CLL is also recognized as a service-connected illness 
among Vietnam War veterans who were exposed to Agent Orange. 
Limited data suggests a possible risk of CLL in individuals chronically 
exposed to electromagnetic fields.'"” Radiation exposure, however, has 
not been shown to correlate with the development of CLL as revealed by 
population-based studies on survivors of the Hiroshima atomic bomb 
and studies on nuclear reactor workers.'*!* A smaller study conducted 
on survivors of the Chernobyl nuclear power plant accident did, how- 
ever, suggest a slightly higher incidence of CLL in these people." 


@ HEREDITARY FACTORS 


CLL has a strong familial predisposition with up to 10 percent of 
patients with a first- or second-degree relative with CLL and an even 
higher percentage when also considering individuals with monoclo- 
nal B-cell lymphocytosis.’*!” Risk of acquiring CLL is also potentially 
increased in patients with first-degree relatives with other indolent 
non-Hodgkin lymphomas including lymphoplasmacytic lymphomas."* 
Death-associated protein kinase (DAPK) and CD57 (LEU7) germline 
mutations have been linked to familial predisposition in a single CLL 
family.” Association studies have identified multiple putative genes, 
polymorphisms, and genetic factors including CD5,” CD38,” tumor 
necrosis factor (TNF)-a,” and human leukocyte antigen (HLA) haplo- 
types,” among others,” but definite mechanistic studies demonstrating 
clear contribution to pathogenesis are lacking. 


@ DISEASE BIOLOGY 


CLL has varied presentations and complex biology that is the focus of 
ongoing studies of particular relevance to the practicing oncologist. 
CLL cells are derived from the B-lymphocyte lineage as demonstrated 
by their expression of the pan—B-cell surface markers including CD19, 
and a weaker expression of CD20.” Furthermore, CLL B cells express 
the memory B-cell marker CD27,” and also exhibit similar microarray 
profiles, suggesting a potential relationship to the normal memory 
B cell.” Most CLL B cells also express x and A immunoglobulin light 
chains on their surface, along with M and D immunoglobulin heavy 
chains.***? These immunoglobulins are often reactive toward self- 
antigens and polyreactive,”*’ and may play a role in the survival and 
expansion of the leukemia cell clone. 

CLL is characterized by gradual accumulation of leukemic 
cells primarily from defective apoptosis that is partly contributed by 
microenvironment interaction. Overexpression of multiple antiapop- 
totic proteins like BCL-2 (B-cell lymphoma-2), MCL-1 (myeloid cell 
leukemia-1),***° BAK (Bcl-2 homologous antagonist/killer), and XIAP 
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(X-linked inhibitor of apoptosis protein) along with transcription 
factors like NF-«B (nuclear factor kappa B), NFAT (nuclear factor 
of activated T cells), and STAT3 (signal transducer and activator of 
transcription 3) have been clearly demonstrated in CLL.** Additional 
survival signals are provided by the microenvironment and include cel- 
lular factors like nurse-like cells,” and various chemokines like CXCR4 
(C-X-C chemokine receptor type 4) and SDF-1 (stromal cell-derived 
factor-1).** A combination of these factors results in providing the CLL 
cells with a survival and proliferative advantage. CLL B cells exhibit dif- 
ferential proliferation in the various disease compartments, including 
the blood, spleen, and marrow.**"° CLL B cells isolated from the blood 
of patients lack proliferative potential in vitro and are restricted to the 
resting phase of the cell cycle.*"” These cells also undergo spontaneous 
apoptosis in routine culture conditions. Their survival can be extended 
when these cells are cultured on stromal cells or nurse like cells that are 
generally found in the secondary lymphoid organs.“ These secondary 
lymphoid organs are generally diffusely infiltrated by the B cells and 
are potentially the sites of cell division and proliferation. In vivo, the 
leukemic cell clones increase by 0.1 to 1 percent per day despite a stable 
blood lymphocyte count as assessed by elegant heavy water studies.*° 


@ IMMUNE DYSREGULATION 


CLL is characterized by progressive immune dysregulation both in the 
cellular and humoral compartments.” Progression of CLL is associated 
with an early increase in the absolute number of circulating T cells and 
specifically an increase in the immunosuppressive T-regulatory cells. 
Functional studies on T cells from patients with CLL have also shown 
the T cells to be anergic and with impaired proliferative potential, but 
with a retained capacity to produce cytokines.” Functional defects have 
also been observed in granulocytes.*' The leukemic B cells are responsi- 
ble for initiating and propagating the immune dysregulation observed 
in the disease by producing immunosuppressive cytokines like trans- 
forming growth factor-6 (TGF-f) or by downregulating critical surface 
molecules required for development of a functional immune system 
such as CD154 and CD80. Moreover, the microenvironment is 
potentially responsible for developing an immunosuppressive niche 
in the lymph nodes and marrow that allow for active immune evasion 
of the leukemic B-cells.* Collectively, these cellular defects predispose 
patients to recurrent opportunistic infections especially with herpes 
zoster virus and cytomegalovirus (CMV).***” Defects in class switching 
of immunoglobulins and normal B-cell function also result in progres- 
sive hypogammaglobulinemia that predisposes patients to recurrent 
infections with encapsulated organisms.” This may in part be related to 
the downregulation of CD154 on CLL B-cells or through CD95 inter- 
action with its ligand. Understanding of these putative pathways has 
resulted in development of mechanistically relevant targeted therapy.“ 


@ ROLE OF THE B-CELL RECEPTOR 
PATHWAY 


The B-cell receptor (BCR) plays an integral part in the development and 
maturation of B cells. Constitutive activation of the BCR is one of the most 
important survival signals for the propagation of CLL B cells.” The sur- 
face immunoglobulin heterodimer that forms an integral part of the BCR, 
is critical for both antigen-dependent and antigen-independent signal- 
ing through the BCR.®- This signal is transduced through a variety of 
kinases including LYN (Lck/Yes novel), PI3K (phosphatidylinositol-4,5- 
bisphosphate 3-kinase), SYK (spleen tyrosine kinase), and BTK (Bruton 


tyrosine kinase). Their activation results in phosphorylation of phos- 
pholipase C-gamma-2 (PLCy,) and induction of downstream second 
messengers that further modulate cell-survival regulators.’ Targeting 
the various kinases involved in the BCR pathway has resulted in sig- 
nificant improvements in the therapeutic options for this disease. Early 
results from studies done with BTK, PI3K, and SYK inhibitors have all 
shown excellent efficacy and tolerability, and these agents are currently 
being used in various combinations to improve disease outcomes. 

BTK was initially characterized as a deficient kinase in patients 
with X-linked agammaglobulinemia, a disease characterized by a severe 
immunodeficient state. Specific mutations in BTK results in severe 
impairments in B-cell development and humoral immunity.“ Activat- 
ing mutations of BTK have not been identified in CLL or other can- 
cers. However, CLL B cells tend to have higher levels of BTK that can 
be induced through the BCR signaling pathway.” Efficient targeting 
of BTK with the irreversible inhibitor ibrutinib results in significant 
abrogation of downstream survival signaling transduced through this 
pathway and results in the inhibition of cell survival and proliferation.” 
Moreover, ibrutinib irreversibly targets interleukin (IL)-2-inducible 
T-cell kinase (ITK) in T cells, thus potentiating T-helper type 1 (Th1)- 
driven immune responses and reversing tumor-induced T-cell anergy.® 

Similar to BTK, both SYK and PI3K can be induced by both the 
autonomous and antigen-dependent BCR activation and result in 
providing the critical signals that result in leukemic cell survival and 
proliferation.” Similar to ibrutinib, the PI3K isoform delta inhibi- 
tor idelalisib antagonizes internal and external survival signals to the 
CLL cells and results in significant clinical response. Idelalisib is cur- 
rently approved for the treatment of relapsed CLL.” Similar results are 
observed with SYK inhibitors that are currently in early phase clinical 
trials.” 


@ GENETICS OF CHRONIC LYMPHOCYTIC 
LEUKEMIA 


Improved understanding of the genetics of CLL has resulted in signifi- 
cant improvements in our ability to determine the prognosis of this 
disease and to tailor therapy for our patients. Initial efforts to study 
the cytogenetic abnormalities in CLL were hindered by the inability 
of the tumor cells to proliferate in vitro for standard metaphase anal- 
yses. Improvements in our ability to stimulate the CLL B cells in vitro 
and the development of interphase fluorescent in situ hybridization 
techniques (FISH) have significantly improved and refined the study 
of cytogenetic abnormalities in this disease.” Using these methods, 
del 13q14 was identified as the most common abnormality in patients 
with CLL, being present in approximately 50 percent of all patients, fol- 
lowed by trisomy 12, which is present in approximately 15 to 20 percent 
of patients, and del 11q22.3, which is present in approximately 10 to 
15 percent of patients. Other abnormalities that were identified in sig- 
nificant numbers include del 6q21 and del 17p13.1. These abnormalities 
impart differential prognostic impact on disease outcomes.” 
Functional studies have been performed to determine the associ- 
ation of these cytogenetic abnormalities to disease physiology. Specifi- 
cally, deletion in the long arm of chromosome 13 results in a loss of the 
tumor-suppressor gene ARLTS1 with potential physiologic impact.” 
Moreover, this region also includes genes encoding microRNA 
(miRNA) including miRNA-15 and miRNA-16.” These abundant and 
evolutionarily conserved short, noncoding miRNA, that range in size 
from 21 to 25 nucleotides, have the potential to regulate the expression 
of a number of different genes at the posttranscriptional level signifi- 
cantly impacting cell signaling. They are also known to modulate the 
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expression of various pro- and antiapoptotic proteins of significant rel- 
evance to CLL B-cell proliferation, including BCL-2 (miRNA-15 and 
miRNA-16), MCL-1 (miRNA-29), and TCL1 (miRNA-29 and miRNA- 
181).”*8 Recent studies have identified miRNA-150 as potentially the 
most abundantly expressed miRNA in patients with CLL and may be 
involved in the regulation of BCR signaling and subsequent survival 
signals.” Multiple studies are currently underway to further define the 
full impact of the role of miRNAs in the pathogenesis of CLL and to 
develop strategies to modulate their expression and function for thera- 
peutic benefit. 

With regards to other cytogenetic abnormalities, trisomy 12 is 
often found in patients with progressive or relapsed disease or Richter 
transformation.* Numerous genes are affected as a result of the trisomy 
and B cells obtained from patients with this abnormality tend to have 
higher surface expression of CD19, CD20, CD38, and immunoglobu- 
lins when compared to patients without this abnormality.*° Multiple 
genetic alterations have also been described in patients with del 11q22.3, 
but most importantly, it may involve the loss of the ataxia-telangiectasia 
mutated (ATM) gene, which normally activates p53 and results in either 
apoptosis or cellular repair in response to cytotoxic stimuli.*? More- 
over, there is a decrease in the expression of miRNA-29 and miRNA- 
181, which are involved in the down regulation of the T-cell leukemia/ 
lymphoma protein 1A (TCL1) oncogene.™ Patients with del 11q22.3 
tend to have more aggressive disease with bulky lymphadenopathy®; 
historically have had a worse prognosis with disease poorly responsive 
to conventional nucleoside analogue-based therapy; and have specifi- 
cally required the addition of alkylating agents like cyclophosphamide 
to overcome the poor prognostic impact.***” 

The del 17p13.1 is present in less than 10 percent of patients with 
CLL and frequently involves the deletion of the tumor protein p53 
(TP53) gene that encodes the p53 protein which, as noted above, is 
critical for cellular apoptosis or repair specifically in response to cyto- 
toxic stimuli.** Patients with this abnormality have rapidly progressive 
disease with significantly inferior survival outcomes and poor response 
to therapy.” This mutation also confers chemoresistance; consequently, 
responses to conventional chemotherapy-based regimens have been 
dismal.” These patients also have higher risk of Richter transformation 
to more aggressive lymphomas over the course of their disease. The 
inferior outcomes observed in patients with del 11q or del 17p appears 
to persist in the era of treatment with kinase inhibitors, with patients 
experiencing a shorter progression-free interval, but are significantly 
better as compared to historic controls.?!” 

Multiple other cytogenetic abnormalities have been reported from 
patients with CLL, including del 6q21, those involving the immuno- 
globulin heavy chain (IGH) locus on chromosome 14q32, and those 
involving the BCL-2 gene located on chromosome 18q21.° These are 
generally associated with progressive, relapsed, and aggressive disease 
and frequently observed in patients with an unmutated immunoglobu- 
lin heavy-chain variable region (IGHV).””” 

Other recurring abnormalities in CLL involving SF3B1 (splicing 
factor 3B subunit 1), NOTCH1 (Notch homologue 1, translocation- 
associated), MYD88 (myeloid differentiation primary response gene 
88), XPO1 (gene encoding exportin-1), KLHL6 (Kelch-like protein-6), 
and ERK] (extracellular signal-regulated kinase 1) have been described 
using whole-exon and whole-genome sequencing with potential prog- 
nostic impact.” ** With the advent of single nucleotide polymorphism 
(SNP) arrays, comparative genomic hybridization techniques, and 
determination of acquired copy number aberrations, more detailed 
studies can be performed assessing the mechanistic significance and 
impact of these genetic mutations on prognosis and customizing 
therapy. 


@ CLINICAL PRESENTATION OF CHRONIC 
LYMPHOCYTIC LEUKEMIA 


CLLis a disease of the elderly with the median age at diagnosis being 72 
years. Most patients are asymptomatic at diagnosis and are diagnosed 
as a result of incidental finding of lymphadenopathy and lymphocytosis 
of uncertain etiology as part of an evaluation unrelated to CLL. A vast 
majority of patients may not have any significant symptoms related to 
the disease but some patients may experience mild fatigue or minor lim- 
itations in their activities of daily living. A subset of patients may present 
with recurring infectious complications, especially upper respiratory 
tract infections. Patients with advanced disease can uncommonly pres- 
ent with drenching night sweats, fevers, and weight loss (B symptoms), 
and signs and symptoms related to anemia, thrombocytopenia, and 
lymphadenopathy. The lymphadenopathy typically observed in patients 
with CLL is generally not fixed or tender and very rarely causes symp- 
toms of organ dysfunction or resulting dependent-limb lymphedema. 
Patients can have exacerbations of their lymphadenopathy during an 
acute infectious episode, but this typically returns to baseline upon 
resolution of the underlying infectious complication.” Splenomegaly 
is seen commonly in patients with CLL with resultant hypersplenism 
and thrombocytopenia. Significant hepatomegaly because of leukemic 
infiltration is unusual. CLL infiltration of multiple organs has been 
described but these are typically seen in patients with advanced disease 
and will occasionally cause symptoms. Pulmonary involvement has 
been observed in patients with high lymphocyte count and typically 
presents as an interstitial infiltrate on chest radiography. Chylous and 
hemorrhagic pleural effusions have also been reported.’ Similarly, 
leukemic infiltration of the gastrointestinal tract may result in chronic 
diarrhea or iron-deficiency anemia secondary to chronic bleeding or 
malabsorption. However, this mucosal infiltration is more commonly 
seen in patients with mantle cell lymphoma. CLL involvement of the 
central nervous system is rare and may result in headaches, confu- 
sion, meningismus, or cranial nerve palsies." More commonly, these 
patients are at higher risk for opportunistic infections of the central 
nervous system because of their deficient immune system. Patients with 
CLL are also known to have insect bite hypersensitivity. "+! Patient's 
typically present with recurrent, erythematous, painful eruptions usu- 
ally on the exposed part of the extremities. Evaluation of skin biopsies 
from these patients reveal a mixed infiltrating population of T cells, B 
cells, and eosinophils. These resolve over time and can be effectively 
treated with a short course of glucocorticoid. 


@ EVALUATION OF THE PATIENT WITH 
CHRONIC LYMPHOCYTIC LEUKEMIA 


According to the IWCLL-2008 criteria, the diagnosis of CLL requires 
a sustained monoclonal lymphocytosis of greater than 5000 cells/uL of 
monoclonal B cells.’ This requires blood flow cytometry for immuno- 
phenotyping the B cells, which additionally reveals the cells to be pos- 
itive for CD19, dim CD20, dim surface immunoglobulin, and negative 
for CD10, CD79b, and FMC7. A similar disease presentation with no 
evidence of hematopoietic involvement and with only lymph node 
involvement by cells of comparable morphology will be classified as 
small lymphocytic lymphoma. These patients are essentially managed 
similar to patients with CLL. CLL cells appear as small blue lympho- 
cytes with scant cytoplasm on the Wright-Giemsa staining commonly 
used for evaluating blood films (Fig. 92-1). Smudge cells are also com- 
monly observed on the blood film and this results from the mechanical 
disruption of the cells during the slide preparation process (Fig. 92-2). 
For an improved evaluation of the cellular morphology on the blood 
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Figure 92-1. Typical chronic lymphocytic leukemia blood film. (Repro- 
duced with permission from Ash Image Bank, Peter Maslak, 2013, © the 
American Society of Hematology.) 


film, an albumin preparation is sometimes required. Patients can also 
have large prolymphocytes with prominent nucleoli in the blood but 
these lymphocytes must be less than 55 percent of the total lymphocyte 
population. The anemia is typically normocytic and normochromic 
and platelet morphology is typically preserved. A marrow aspirate and 
biopsy is not required for the vast majority of patients with CLL at ini- 
tial presentation to establish a diagnosis. However, we do recommend 
performing a marrow aspirate and biopsy in patients with anemia and 
thrombocytopenia to evaluate the presence of autoimmune hemolytic 
anemia and/or immune thrombocytopenia. Marrow biopsy typically 
shows diffuse marrow involvement with a monotypic population of 
small lymphocytes. Variability of marrow involvement has been histor- 
ically used as a potential marker for prognosis but has limited appli- 
cability given the availability of more specific and sensitive prognostic 
markers.: The red cell precursors and megakaryocytes usually dis- 
play an unremarkable morphology but do diminish in numbers with 
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Figure 92-2. Typical chronic lymphocytic leukemia blood film with 
smudge cells. (Reproduced with permission from ASH image bank, Peter 
Maslak, 2010. © the American Society of Hematology.) 


progressive disease. Conventional stimulated karyotype analysis and 
interphase FISH cytogenetic study, to evaluate for abnormalities com- 
monly seen in patients with CLL, should be performed on all patients 
at the time of diagnosis and every time the disease changes character in 
order to determine the extent of a clonal evolution. Patients with atypi- 
cal presentations, especially those with absent or low CD23 expression 
should have a negative FISH study for t(11;14) to exclude mantle cell 
lymphoma. Lymph node biopsy is not typically required for further 
establishing the diagnosis of CLL. Lymph nodes typically show architec- 
tural effacement by diffuse infiltration by cells of a similar morphology 
as observed in the peripheral circulation. 

When anemia is present from CLL, patients typically will have nor- 
mocytic and normochromic anemia, often with thrombocytopenia and 
lymphocytosis. Patients with a macrocytic anemia or an isolated ane- 
mia should have a Coombs test, haptoglobin test, and reticulocyte count 
performed to rule out autoimmune hemolytic anemia. These patients 
should also be evaluated for vitamin B, and folic acid deficiencies, 
and malabsorption or gastrointestinal bleeding from CLL involvement 
should be ruled out. 

Patients with CLL will frequently have hypogammaglobulinemia 
with decrease in the serum concentration of immunoglobulin (Ig) G, 
IgA, and IgM. The degree of hypogammaglobulinemia correlates with 
progressive disease and predisposes patients to recurrent sinopulmo- 
nary infections with encapsulated organisms. T-cell defects, which 
increase the risks of viral infections, have also been described; however, 
this is not routinely assessed at the time of initial presentation. A small 
percentage of patients also have monoclonal gammopathy with IgM or 
IgG or light-chain monoclonal paraproteinemia, which can be detected 
on serum protein electrophoresis and immunofixation. Excessively high 
heavy-chain paraproteinemia can result in symptoms related to hyper- 
viscosity as seen in patients with Waldenström macroglobulinemia and 
should be managed as such.®-1° The presence of a monoclonal para- 
proteinemia and/or hypogammaglobulinemia may be related to inferior 
survival outcomes in patients with advanced disease stage, but not nec- 
essarily in patients with early stage disease. "1"? 


@ PROGNOSTIC MARKERS 


CYTOGENETICS AND FLUORESCENCE IN SITU 
HYBRIDIZATION 


All patients must undergo a comprehensive prognostic evaluation at 
the time of initial presentation. This allows the clinician to explain the 
specific disease characteristic to the patient and also helps the patient 
with the emotional adjustment process that they have to go through 
when initially diagnosed with this disease. All patients should undergo 
conventional karyotype analysis and stimulated interphase FISH either 
on blood or marrow aspirate. The minimum FISH panel should include 
assessment for del 17p13, del 11q23, trisomy 12, and del 13q14, and for 
t(11;14) in selected patients suspected of having mantle cell lymphoma. 
Conventional stimulated karyotype analysis is helpful in identifying the 
global structural abnormalities in chromosomes, especially of chromo- 
somes 14, 3, and 6, that cannot be routinely detected on FISH anal- 
ysis." Together, these assays have strong prognostic significance with 
regards to treatment-free and overall survival (Table 92-1).'* Patients 
with CLL acquire additional cytogenetic abnormalities, as detected by 
stimulated karyotyping and FISH analysis, with disease progression and 
especially after chemotherapy. This “clonal evolution” is predominantly 
observed in patients with unmutated IGHV and portends poor survival 
and inferior response to therapy." We therefore recommend repeating 
the stimulated karyotyping and FISH studies prior to initiation of a new 
line of treatment. 
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TABLE 92-1. Survival Outcomes and Time to First 
Treatment Based on FISH Cytogenetics and IGHV Status 


Prognostic Median Sur- Median Time to 
Variables vival (Months) First Treatment 
13q- (sole) iss) 92 months 

Inter- Trisomy12 114 33 months 

phase FISH 

cytogenetics Normal Wt 49 months 
11q- 79 13 months 
17p- 32 9 months 
Unmutated 89 3.5 years 

IGHV muta- (298 percent) 

dismal seius Mutated >152 9.2 years 


(<98 percent) 


FISH, fluorescence in situ hybridization; IGHV, immunoglobulin 
heavy-chain variable region. 


IMMUNOGLOBULIN HEAVY-CHAIN VARIABLE 
REGION MUTATION ANALYSIS 


The assessment of IGHV somatic mutation by a polymerase chain 
reaction-based assay has been shown to be an extremely reliable and 
important prognostic tool for patients with CLL. Patients with less than 
2 percent homology in their nucleotide sequence as compared to con- 
sensus germline sequence are considered unmutated.'’® Patients with a 
mutated IGHV, which is present in approximately 60 percent of patients 
with CLL, have a significantly prolonged treatment-free interval, lon- 
ger remission durations, and overall survival (OS). These patients 
also have a very low incidence of clonal evolution or transformation to 
an aggressive histology.''*'"* The IGHV mutation status does not vary 
over time and does serve as a reliable marker for predicting long-term 
disease outcomes.'”” The only known exception to the mutation rule 
currently is the presence of IGHV 3-21 somatic mutation, which may 
confer an aggressive phenotype similar to leukemic cells from patients 
with unmutated IGHV at least in a subset of patients. 1%? 


ZETA-CHAIN-ASSOCIATED PROTEIN KINASE 
OF 70 kDa AND ITS METHYLATION STATUS 


Zeta-chain-associated protein kinase of 70 kDa (ZAP-70) is an intra- 
cellular tyrosine kinase that is typically associated with T-cell develop- 
ment and T-cell receptor (TCR) signaling. Expression of ZAP-70 in CLL 
B cells provides a survival advantage through intrinsic and extrinsic sig- 
nals mediated through the BCR.'” Cytoplasmic assessment of ZAP-70 
in CLL B cells by flow cytometry correlates strongly with IGHV muta- 
tional status and clinical outcomes, with an expression of 20 percent 
or more predictive of poor outcomes.'” The assessment of ZAP-70 by 
flow cytometric testing has been plagued with several issues, including 
lack of reproducibility and reliability of the reagents. Consequently, the 
National Comprehensive Cancer Network (NCCN) guidelines do not 
recommend the routine use of ZAP-70 as a prognostic marker outside 
of clinical trials. Given the stability of DNA and epigenetic modification 
by methylation, investigators have also sought to assess ZAP-70 expres- 
sion by the absence of promoter methylation.’** Methylation analysis of 
select proximal 5’ regions of the ZAP-70 gene correlates very strongly 
with expression of ZAP-70 and has been established as an important and 
reliable prognostic marker with regards to predicting time to treatment 


and OS.”*!* This assay can be done by pyrosequencing with significant 
reproducibility among different laboratories.’ 


CD38 EXPRESSION 


CD38 is a 45-kDa transmembrane glycoprotein that can be detected 
on the surface of CLL B cells by flow cytometry; a level of expression 
greater than 30 percent correlates strongly with progression-free sur- 
vival (PFS). "° Newer reports, however, suggest that an even lower level 
of CD38 expression might also have a prognostic impact.'”!"5 CD38 
appears to be involved in cellular metabolism by synthesizing cyclic 
adenosine diphosphate (cADP)-ribose from nicotinic acid adenine 
(NAD),'” and its activity and expression correlates with proliferation of 
the lymphocytes and progressive disease as demonstrated by their high 
Ki-67 proliferation index. CD38 expression also changes with disease 
progression and the assessment of the extent of expression of CD38 is 
based on nonstandardized, subjective parameters.'*! 


CD49d EXPRESSION 


CD49d can also be used as a reliable predictive marker. CD49d is a 
surface subunit of the integrin heterodimer that is involved in pro- 
moting survival of the CLL cells through growth signals derived from 
the microenvironment. ™?! Patients with 30 percent or greater cells 
expressing CD49d by flow cytometry are considered to be positive and 
constitute a group of patients with an aggressive disease course and infe- 
rior survival. ™* 


OTHER PROGNOSTIC MARKERS 


Serum lactate dehydrogenase (LDH) and ,-microglobulin are readily 
available, validated markers of disease aggressiveness and prognosis. 
Specifically, B,-microglobulin is an independent prognostic marker 
for remission duration, PFS, and OS, and a higher level is observed in 
patients with advanced and extensive disease." Elevated LDH is 
associated with more-aggressive disease and with Richter syndrome. 
Lymphocyte doubling time could also be used as a tool to determine 
the prognosis of CLL. Patients with a lymphocyte doubling time of 
12 months or less have worse OS and treatment-free survival.” Other 
reasons for transient elevation in lymphocyte count should be ruled out 
before making the determination of lymphocyte doubling time. Thy- 
midine kinase is an important intracellular enzyme; the soluble form 
can be detected in patients with CLL and predicts for advanced stage 
and progressive disease. However, the assay is not widely available and 
the test is rarely used in routine clinic care." Over the years, vari- 
ous other serum proteins have been found to be associated with various 
measures of disease outcomes, including soluble factors like CD23,” 
CD44,'® vascular cell adhesion molecule (VCAM)-1,'* CD27,“ and 
matrix metalloproteinase (MMP)-9,"5 IL-6," and IL-8. However, 
none of these is routinely used for clinical decision making (Table 92-2). 

Various miRNAs have also been validated as useful prognostic 
markers. miRNAs are noncoding RNAs that are 19 to 25 nucleotides in 
length and modulate mRNA translation and synthesis of various pro- 
teins. miRNA-15a and miRNA-16-1 were the first ones to be identified 
as underexpressed in CLL patient B cells.” Genes for these miRNAs are 
located in the deleted region of chromosome 13q14 and modulate the 
expression of the antiapoptotic bcl-2 protein, which is overexpressed 
in patients with CLL and other B-cell lymphoproliferative disorders.’ 
Similarly, miRNA-34c is involved in patients with del 11q23 and regu- 
lates the expression of ZAP-70 and other proteins involved in the TP53 
pathway.’ Using mass array methods, miRNA profiles have also been 
found to be predictive for disease progression, fludarabine resistance, 
and clinical outcomes.'**!5! 
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TABLE 92-2. Outcomes of Selected Prognostic Factors 


Unfavorable 
Favorable Outcome Outcome 


Lactate Low or normal Elevated 
dehydrogenase 

Lymphocyte >12 months <12 months 
doubling time 

Thymidine kinase Low or normal Elevated 
activity 

B,-microglobulin Low or normal Elevated 
Soluble CD23 levels Low or normal Elevated 


CD38 expression <30 percent >30 percent 
Interphase FISH Normal 11q- 
YOLEN Trisomy 12 17p- 

13q- (sole) 
IGHV mutational Mutated Unmutated 
status (<98 percent) (298 percent) 
CD49d expression <30 percent >30 percent 


FISH, fluorescence in situ hybridization; IGHV, immunoglobulin 
heavy-chain variable region. 


@ STAGING FOR CHRONIC LYMPHOCYTIC 
LEUKEMIA 


The Rai’” and Binet’ staging systems have been used for a long time 
for patients with CLL (Tables 92-3 and 92-4). These easy-to-use staging 
systems are based on assessment of disease burden as determined by 
lymphadenopathy and splenomegaly demonstrated on physical exami- 
nation and the presence of cytopenias. Further modifications and devel- 
opment of the Binet system established low-risk (stage 0: lymphocytosis 
only), intermediate-risk (stages 1-2: lymphocytosis with lymphadenop- 
athy and hepatosplenomegaly), and high-risk groups of patients with 
CLL (stages 3-4: lymphocytosis with anemia and thrombocytopenia). 
These classification systems provided an estimate of median OS of 150, 
90, and 19 months, respectively, and helped classify patients for subse- 
quent therapeutic intervention. The staging systems still remain rele- 
vant and complementary to molecular testing in the modern era." 

Marrow aspirate and biopsy is not routinely required for the initial 
diagnosis and management of the patient with CLL. Marrow biopsy is 
especially helpful in determining the etiology of thrombocytopenia and 
anemia, which can frequently be related to concomitant autoimmune 
processes. It may also be helpful in determining the extent of involve- 
ment by large prolymphocytes and in establishing the diagnosis of pro- 
lymphocytic leukemia. A diffuse pattern of involvement of the biopsy 
specimen by characteristic small lymphocytes is also associated with a 
worse prognosis than interstitial or nodular involvement." Ideally, 
a marrow biopsy is performed at the start of therapy to document the 
disease extent and to detect any atypical features. 

Computed tomography (CT) scans are generally not required for 
the routine initial evaluation of patients with CLL and conventional 
staging systems rely on physical examination findings. Similarly, rou- 
tine CT scans for the serial evaluation of disease extent have no role 
in patients with CLL. CT scans should be performed in patients with 
symptomatic disease and prior to starting therapy. Similarly, a positron 
emission tomography (PET) scan has no role in the routine manage- 
ment of patients with CLL. CLL lymph nodes are fluorodeoxyglucose 
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TABLE 92-3. Modified Rai Clinical Staging System 


Stage at Patients Never Requiring Median Survival 
Diagnosis Risk Level Rai Stage at Diagnosis Therapy (%) (Months) 
0 Low Lymphocytosis >5 x 109/L only 59 150 
1 Intermediate Lymphocytosis + lymph node (LN) 21 101 
enlargement 
2 Lymphocytosis + spleen/liver (S/L) 23 71 
enlargement + LN 
3 High Lymphocytosis + anemia (with hemoglobin 5 19 
<11 g/dL) + LN or S/L 
4 Lymphocytosis + thrombocytopenia 0 19 


(< 100 x 10'/L + LN) or S/L 


(FDG) nonavid; however, FDG-PET scanning can be used for the iden- 
tification of patients with Richter transformation with a high sensitivity 
and negative predictive value.°"” 

Based on disease extent, characteristics and prognostic mark- 
ers, various nomograms have been developed and validated for use in 
patients with CLL. These nomograms provide a robust predictive tool 
for outcomes and incorporates various aspects of the CLL patient and 
disease and can be used for standardized risk assessment. 16137138 


@TREATMENT OF CHRONIC 
LYMPHOCYTIC LEUKEMIA 


Treatment of patients with CLL is initiated at the time of symptom- 
atic progressive disease. The specific criteria for initiating therapy have 
been detailed in the IWCLL-2008 guidelines.’ This recommendation 
is primarily based on older studies that failed to demonstrate a sur- 
vival advantage in patients treated early in the course of disease.'*'® 
These results were validated by a large study of fludarabine treatment in 
patients with early stage disease conducted by the German CLL study 
group, which failed to show a survival advantage with early treatment 
using conventional chemotherapeutic agents.’ Trials are currently 
underway with kinase inhibitors to determine if early intervention 
can alter the natural history of the disease. We recommend initiating 
treatment when patients fulfill the IWCLL-2008 criteria for treatment, 
regardless of the prognostic factors. 

Patients with autoimmune complications of CLL can be managed 
accordingly with steroids and immunosuppressive therapies prior to 


proceeding with definitive therapy for the underlying disease. Patients 
with CLL rarely exhibit evidence of leukostasis resulting from profound 
leukocytosis, therefore, an elevated white cell count should not be used as 
a sole criteria for initiating treatment. Similarly, hypogammaglobulinemia 
should not be used as a reason to treat the disease. Periodic intravenous 
immunoglobulin infusions can be used in patients with hypogamma- 
globulinemia and recurrent life-threatening infections with encapsulated 
organisms. The IWCLL-2008 criteria should also be used when determin- 
ing the timing of therapy for patients with relapsed disease. 

One of the most important factors to consider prior to initiating 
treatment is the functional state of the patient. Historically, age cutoff 
has been successfully used in developing specific therapies. Because 
the median age of diagnosis for CLL is 72 years, the vast majority of 
patients treated in the community are older and with multiple comorbid 
conditions. Unfortunately, there is limited data available in this patient 
population and until recently they had very limited options for ther- 
apy. Most of the clinical trial participants have been younger patients 
who are in their 50s and 60s. The gradual functional decline, decrease in 
organ function, especially renal and hepatic function, and an increase 
in the comorbid conditions in the majority of patients older than age 
65 years significantly increases the risks and toxicities of conventional 
chemotherapeutic regimens especially nucleoside analogues. To address 
these issues, different approaches are being used to treat patients older 
than 65 years versus younger patients. A cumulative illness rating scale 
(CIRS) has been proposed and used primarily by the German CLL 
study group. It allows patients to be stratified based on an aggregate 
score derived from multiple factors including age, comorbid conditions 
and organ function.’ 


TABLE 92-4. Binet Clinical Staging System 


Stage at Equivalent Rai Median Survival 
Diagnosis staging Rai Stage at Diagnosis Proportion of Patients (%) (Years) 
A 0-2 Lymphocytosis >5 x 10°/L only with <3 15 12+ 
enlarged nodal areas*; no anemia, no 
thrombocytopenia 
B 1-2 Lymphocytosis >5 x 10°/L + 23 30 7 
enlarged nodal areas*; no anemia, no 
thrombocytopenia 
G 3-4 Lymphocytosis >5 x 109/L+ anemia (hemo- 55 2 


globin <10 g/dL) or thrombocytopenia 
(<100 x 10'?/L) regardless of the number of 


enlarged nodal areas* 


*Nodal areas counted as one each of the following: axillary, cervical, inguinal lymph nodes, whether unilateral or bilateral, spleen, and liver. 


DEVELOPMENT OF CHEMOTHERAPY FOR 
THE TREATMENT OF CHRONIC LYMPHOCYTIC 
LEUKEMIA 

Alkylating Agents 


Chlorambucil has been used as the prominent alkylating agent for the 
treatment of CLL for the last 60 years. Chlorambucil is taken orally and 
is generally well-tolerated but does have multiple side effects, includ- 
ing nausea, vomiting, and cytopenias. Various doses and schedules 
have been used with different responses and tolerability profiles. Older 
studies compared chlorambucil to conventional high-grade lymphoma 
therapy, including cyclophosphamide, vincristine, and prednisone 
(CVP) and cyclophosphamide, doxorubicin, vincristine, and predni- 
sone (CHOP), and found no improvement in survival outcomes with 
the use of high-grade lymphoma-like therapies.’ Multiple doses of 
chlorambucil have been evaluated in various clinical trials with differing 
but similarly modest overall response rate (ORR) and PFS. No single- 
dosing regimen has been shown to be superior to another. One dosing 
regimen that has been used in cooperative group studies is 40 mg/m’ oral 
dose every 28 days for 12 cycles.’ An argument, however, can be made 
that escalating the dose of chlorambucil in younger patients might 
result in a higher response rate.' Despite its ease of use and reasonable 
tolerability, chlorambucil is not very commonly used today because of 
the availability of better and potentially safer alternatives. Moreover, 
responses observed with chlorambucil are modest and not durable.’ 
Nevertheless, chlorambucil is potentially an option for treatment of 
elderly patients with multiple comorbidities and limited other options 
for treatment. It should, however, not be used for asymptomatic patients 
with early stage disease.' 

Cyclophosphamide is also approved for the use in patients with 
CLL and has moderate efficacy and reasonable tolerability. Care should 
be taken to avoid nighttime dosing and aggressive hydration should 
encouraged to avoid hemorrhagic cystitis. Low-dose etoposide, either 
as a single agent or in combination with cladribine, also shows modest 
responses in patients with relapsed and refractory disease. Treatment 
with etoposide is associated with significant myelosuppression and 
resultant infectious complications. "66° 

Bendamustine was approved for the treatment of patients with CLL 
in 2008. This was based on a phase III trial that demonstrated the supe- 
rior efficacy of bendamustine as compared to chlorambucil with regards 
to response rate and PFS.'® Structurally, bendamustine has features 
common with alkylating agents and purine analogues, but its activity 
is primarily derived from the alkylating agent moiety.'” Bendamustine 
appears to be generally better tolerated than fludarabine but causes 
significant myelosuppression, requiring dose reductions, especially in 
elderly and infirm. Tolerability is better in patients with impaired renal 
function since excretion is primarily through the feces." 


Nucleoside Analogues 

Nucleoside analogues have also been used for the treatment of patients 
with CLL for the last 25 to 30 years. Fludarabine has been the most com- 
monly used agent from this class of drugs. Fludarabine has moderate 
activity especially in the younger patients with good nutritional status 
and with untreated, early stage disease.’ After demonstrating prom- 
ising activity as a single agent in early phase clinical trials, fludarabine 
was compared to chlorambucil in a randomized phase III study for the 
initial treatment of patients with CLL. Patients treated with fludarabine 
demonstrated improvement in PFS and OS compared to chlorambucil, 
albeit with a higher rate of infectious complications; however, all patients 
ultimately had recurrent disease.’ Similar to chlorambucil, fludarabine 
was also more effective compared to combination chemotherapy regi- 
mens like cyclophosphamide, doxorubicin, and prednisone (CAP).'” 
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However, PFS and OS advantage was not shown in another randomized 
trial of elderly patients older than age 70 years treated with fludarabine 
on chlorambucil despite the higher overall and complete response (CR) 
rate in the fludarabine-treated patients.'” 

The use of fludarabine and similar nucleoside analogues is associ- 
ated with significant hematologic and immunologic toxicities. Patients 
can experience prolonged cytopenias and especially neutropenia, which 
can result in a significant increase in the risk of infectious complica- 
tions. These drugs are also exquisitely toxic to T cells, especially to 
CD4+ T cells. This effect may last for an extended period of time and 
predisposes patients to acquiring opportunistic infections. >16 Neuro- 
logic toxicities have also been observed in patients receiving the usual 
dose of fludarabine.'” Patients treated with fludarabine occasionally 
develop autoimmune hemolytic anemia. In this situation, further use of 
fludarabine is contraindicated.'”*-!* Fludarabine is also poorly tolerated 
in patients with compromised renal function as a significant percentage 
of the metabolites are cleared via the renal system. Hemodialysis is a 
useful tool to limit fludarabine toxicity in patients who develop acute 
renal failure while receiving treatment.'*' Moreover, fludarabine treat- 
ment in patients older than age 65 years was poorly tolerated and did 
not result in improvements in PFS and resulted in a trend toward infe- 
rior OS outcome when compared to chlorambucil.’ 

Other nucleoside analogues used in the treatment CLL include 
cladribine and pentostatin which have similar outcomes and toxicities 
as fludarabine.'*'* A phase III trial comparing fludarabine, cladrib- 
ine, and chlorambucil showed similar ORR and CR rate with all three 
agents, but median PFS was superior with cladribine (25 months) versus 
10 and 9 months with fludarabine and chlorambucil, respectively.'*° No 
advantages, however, were observed in OS. Cytarabine has also shown 
modest activity, especially in combination with oxaliplatin, fludarabine, 
and rituximab (OFAR regimen) in patients with refractory disease and 
patients with Richter transformation. +8% 


COMBINATION CHEMOTHERAPY 


Multiple chemotherapeutic combinations have been studied in patients 
with CLL. One of the earlier combinations to be used was chlorambucil 
and prednisone with ORR of approximately 80 percent with CR rates 
of approximately 10 to 15 percent.'*!* This regimen was also found 
to be as effective as other combination regimens like CVP, cyclophos- 
phamide, melphalan, and prednisone (CMP), CAP, or CHOP.1%19°1% 
A meta-analysis comparing lymphoma-like combination therapies found 
no improvements in survival outcomes over chlorambucil alone.'® 
High-dose combination therapies like CAP, CHOP, and CVP have no 
role in the routine management of patients with CLL. 

Given the improvement in outcomes with single-agent fludarabine 
as compared to chlorambucil, multiple combinations were developed 
with fludarabine to improve on its efficacy. Both the combination of 
fludarabine and chlorambucil and fludarabine and prednisone were 
found to be similar to fludarabine and not developed further. 7193194 
Fludarabine was combined with cyclophosphamide (FC) and resulted 
in encouraging responses even in patients with heavily pretreated dis- 
ease." Multiple phase III trials were subsequently conducted in pre- 
dominantly younger patients, comparing fludarabine with FC and 
revealed an ORR of 74 to 94 percent with CR rates of 23 to 38 percent 
and median PFS of 33 to 48 months, all significantly better with the 
combination.*”!°*'*” Early toxicities were mostly related to cytopenias 
secondary to myelosuppression and the resultant increase in infectious 
complications resulted in a slight dose adjustment and a dose of flu- 
darabine 25 to 30 mg/m’ for 3 days and cyclophosphamide 250 mg/m? 
for 3 days every 28 days for six cycles was used for subsequent studies. 
Notably, the combination of FC was the first regimen that was able to 
overcome the adverse prognostic impact of del 11q.*° 


Similarly, other combinations of alkylating agents with nucleoside 
agents have been tested with varying success. These include cladribine 
and prednisone, which combination was shown to be better than chlo- 
rambucil and prednisone in terms of responses, but without improve- 
ments in OS and with a higher incidence of infectious complications 
in the cladribine-treated arm.'”*"” Similarly, the addition of cyclophos- 
phamide and prednisone to cladribine resulted in higher responses but 
more myelosuppression and related complications.” Pentostatin was 
also combined with cyclophosphamide and resulted in ORR of 74 per- 
cent and CR rates of 17 percent in patients with fludarabine refractory 
disease.** Pentostatin in combination with chlorambucil and predni- 
sone also resulted in promising responses but was extremely immuno- 
suppressive and resulted in an unacceptably high incidence of infectious 
complications. 

Fludarabine was also combined with mitoxantrone without sig- 
nificant improvements in outcome. Although mitoxantrone appeared 
to improve outcomes when added to cladribine, it came at the cost 
of significant toxicity.” Likewise, the combination of fludarabine, 
cyclophosphamide, and mitoxantrone resulted in an ORR of 78 percent 
and CR rates of 50 percent in patients with relapsed disease and an ORR 
of 90 percent with a CR rate of 38 percent in patients with previously 
untreated disease. The major toxicity was myelosuppression.” 


ANTIBODY THERAPY 


The advent of antibodies for the treatment of patients with CLL has 
been a major advance in the management of this disease with the first 
true consistent evidence of improving survival. Numerous antibodies 
targeting different receptors have been developed and are at various 
stages of development. Four antibodies are currently approved for rou- 
tine management. Unfortunately, one of these (alemtuzumab) is no lon- 
ger actively marketed for this indication. 


Alemtuzumab 

Alemtuzumab is a CD52-targeting, humanized, monoclonal antibody 
that mediates its efficacy through direct cytotoxicity, complement- 
dependent cytotoxicity (CDC) and antibody-dependent cell-mediated 
cytotoxicity (ADCC). CD52 is ubiquitously expressed on lymphocytes 
(including B and T cells) and monocytes and this explains the efficacy 
and toxicity of the antibody. Alemtuzumab is extremely effective in 
clearing the blood and marrow of disease and is also active in patients 
with del 17p disease which is generally refractory to conventional che- 
motherapy.*** However, alemtuzumab has limited efficacy in patients 
with bulky lymphadenopathy, especially in patients with lymph nodes 
that are greater than 5 cm in diameter.*”?'' Alemtuzumab was ini- 
tially approved in 2001 by the FDA for the treatment of patients who 
had failed prior therapy with nucleoside analogues. This was primar- 
ily based on small trials that administered alemtuzumab intravenously 
three times a week for 12 weeks and showed modest response rates 
of approximately 30 to 40 percent and CRs in less than 5 percent of 
patients.” Responses were short-lived in this cohort of patients and 
the median response duration was approximately 9 months. Treatment 
was also complicated by infusion-related toxicities in the vast majority 
of patients. To minimize these reactions, alemtuzumab is started at a 
dose of 3 mg and escalated to 10 mg for the second dose and 30 mg 
for the third dose, as tolerated. Another major toxicity was immuno- 
suppression that resulted in multiple recurrent infections especially 
with opportunistic organisms that are commonly seen in patients with 
chronic immunocompromised states like HIV/AIDS such as CMV, 
pneumocystis, or varicella zoster." Patients also experienced pro- 
longed cytopenias, especially of natural killer (NK) and T cells, which 
can persist for more than 9 months following therapy.”? Consequently, 
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antiviral and antimicrobial prophylaxis therapy should be initiated in 
all patients receiving alemtuzumab and should be continued for at least 
6 months after completing therapy. 

A subsequent large phase III (CAM307) clinical trial was per- 
formed that compared alemtuzumab to chlorambucil as first-line 
therapy.” Two hundred ninety-seven patients were randomized to 
chlorambucil 40 mg/m? every 4 weeks for 12 cycles or alemtuzumab 
30 mg intravenous infusion three times per week for 12 weeks. Overall 
response with alemtuzumab was 83 percent, with 24 percent CRs and 
with time to next treatment of 23 months. This was significantly bet- 
ter than the results observed with chlorambucil, which resulted in an 
ORR of 55 percent with 2 percent CRs and time to next treatment of 
14 months. Moreover, approximately one-third of patients treated with 
alemtuzumab achieved a minimal residual disease (MRD)-negative 
CR that was later shown to correlate with OS. Both agents were well- 
tolerated but alemtuzumab resulted in a higher incidence of CMV 
infections. This trial resulted in the approval of alemtuzumab as initial 
therapy for CLL in 2007. 

Infusion reactions and infectious complications are the major 
issues observed with the use of alemtuzumab. Infusion reactions can 
be diminished with a subcutaneous administration which appears to 
be equally efficacious but with similar toxicity profiles.” Despite the 
encouraging results and approvals by the FDA, alemtuzumab never 
gained mass popularity and was not used by practicing physicians very 
often. It is no longer being marketed by the company for CLL but (as 
of 2015) can be obtained upon written request at no cost. The limited 
future prospects of alemtuzumab precludes exhaustive discussion. 
Alemtuzumab has been studied in combination with chemotherapy 
and as consolidative therapy after chemotherapy and has shown some 
benefit, but is generally associated with significant serious infectious 
morbidity.” 


CD20 Targeting Antibodies 

Rituximab Rituximab is a chimeric, murine, CD20-targeting, mono- 
clonal antibody that has been extensively used for the treatment of 
patients with CD20+ lymphoid malignancies. CD20 is a calcium chan- 
nel that interacts with BCR complex and is ubiquitously expressed on 
B-cell non-Hodgkin lymphomas and has a weak expression on CLL 
cells. Rituximab exerts its efficacy through direct CDC and ADCC.”°?” 

The dose and schedule of treatment with rituximab was deter- 
mined empirically and has since been modified repeatedly. Initial trials 
were performed with four weekly infusions at 375 mg/m? and showed 
limited efficacy in patients with CLL.”*?* Responses were higher when 
higher doses (up to 2250 mg/m?) or dose-dense regimens (375 mg/m? 
three times a week) were used but was primarily limited to the blood 
and nodal areas.”*? Nonetheless, these studies established the efficacy 
of rituximab and supported combination trials with chemoimmuno- 
therapy where their impact has been most impactful. 

Rituximab is generally tolerated very well with the most common 
toxicity being infusion reactions that are predominantly observed pri- 
marily with the first dose. These are generally mild fevers or chills, but 
occasionally may result in serious reactions that mimic severe allergic or 
anaphylactic reactions or cytokine release syndrome. The infusion reac- 
tions can be minimized with the routine use of prophylactic acetamino- 
phen, antihistamine, and corticosteroids, glucocorticoid, and by slowing 
the infusion rate. Patients may also experience transient, severe throm- 
bocytopenia, the mechanism of which is poorly understood. Therefore, 
rituximab should be used with caution in patients with a preexisting 
thrombocytopenia. Another important and potentially severe toxicity is 
tumor lysis syndrome, which is generally observed in patients with a high 
circulating peripheral lymphocyte count. These patients should be mon- 
itored closely and should receive prophylactic hydration, allopurinol, 


and electrolyte monitoring during and after the infusion. Other uncom- 
mon toxicities include delayed neutropenia, hepatitis B reactivation, 
interstitial pneumonitis, rash, and serum sickness. Patients with a prior 
history of hepatitis B infection should receive monitoring for reactiva- 
tion while being treated with rituximab or similar agents, with rapid 
implementation of antiviral therapy if reactivation is observed. Fatal 
cases of progressive multifocal leukoencephalopathy from JC polyoma- 
virus infection has also been reported with the use of rituximab and 
similar monoclonal antibodies. These infections typically occur during 
treatment or soon after, with virtually all cases observed during the first 
year posttherapy.””" 

Ofatumumab Ofatumumab is a fully human, type 1, IgG, 
CD20-targeting, monoclonal antibody that binds more effectively to a 
different epitope of CD20 than rituximab.” In vitro it was shown to 
have improved CDC and ADCC as compared to rituximab.*°**! Ofa- 
tumumab is given as a test dose of 300 mg followed by eight weekly 
intravenous infusions of 2000 mg, after which patients can go on a 
maintenance schedule of four monthly infusions of 2000 mg. The half- 
life of ofatumumab is 21 days, but the B-cell-depleting effects may last 
for up to 7 months after the last infusion.”*” 

Early results with ofatumumab as a single agent in patients who 
were refractory to alemtuzumab and/or fludarabine showed encourag- 
ing ORR of 58 percent in the double refractory group and 47 percent in 
the fludarabine refractory cohort with bulky disease. Responses were all 
partial except for one CR in the fludarabine refractory group. Response 
was also short lived and the median duration of response was 7 months 
in the fludarabine refractory group and 5.6 months in the double refrac- 
tory group with most patients progressing during treatment.** These 
results led to the approval of ofatumumab in patients with relapsed dis- 
ease refractory to alemtuzumab and/or fludarabine in 2009. Subsequent 
studies compared ofatumumab (300 mg on day 1 followed by eight 
weekly infusions of 1000 mg, followed by 1000 mg on day 1 of subse- 
quent 28-day cycles, for a maximum of 12 cycles) given in combination 
with oral chlorambucil (10 mg/m? on days 1 to 7 of each 28-day cycle) 
versus chlorambucil alone, in patients with previously untreated CLL 
who required treatment and were not considered candidates for con- 
ventional chemoimmunotherapy. The combination resulted in an ORR 
of 82 percent versus 68 percent with chlorambucil alone. However, CR 
rates were 12 percent versus 1 percent and median duration of response 
was 22 months versus 13 months in the combination versus chloram- 
bucil arms, respectively.’** Based on these results, the combination 
of ofatumumab and chlorambucil was granted approval in 2014 for 
the treatment of previously untreated patients with CLL for whom 
fludarabine-based therapy is considered inappropriate. 

Ofatumumab has also been studied in the upfront setting in com- 
bination with FC in smaller phase II studies of a relatively young patient 
population (median age: 56 years). This study revealed an ORR of 
75 percent with 41 percent CRs.** The combination of ofatumumab 
with pentostatin and cyclophosphamide resulted in a 96 percent ORR 
with 46 percent complete remission rate.”®? This compares favorably 
to the results seen with the combination of rituximab and chemother- 
apy, but large multiinstitution randomized trials are lacking. 

Ofatumumab is generally well-tolerated, with the most common 
reaction being an infusion-related reaction that typically occurs with 
the first infusion and includes fevers, rash, fatigue, chills, and dia- 
phoresis. These reactions tend to get better with subsequent infusions. 
Infectious complications are similar to those reported with other CD20 
monoclonal antibodies. 

Obinutuzumab Obinutuzumab is a CD20-targeting antibody 
that was approved in combination with chlorambucil for the initial treat- 
ment of patients with CLL in 2014. Obinutuzumab is a fully humanized, 
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type II, IgG, antibody’ with additional structural modifications that 


explain its enhanced activity. It binds selectively to the extracellular 
domain of CD20 with reduced internalization. This persistence of the 
antibody on the cell surface along with a fucosylation in its Fc region 
allow for enhanced ADCC through robust engagement of Fc-gamma 
receptor type III on effector cells. Another modification in the hinge 
region allows for more potent direct cytotoxicity." Together, these 
modifications translate into a higher efficacy as compared with rituxi- 
mab in both preclinical and clinical studies.*°-* 

Obinutuzumab in combination with chlorambucil was compared 
to rituximab and chlorambucil and chlorambucil alone in patients with 
untreated CLL in the CLL-11 trial conducted by the German CLL study 
group. Patients had a median age of 73 years, which is closer to the 
median age of 72 years at diagnosis for CLL patients, and significantly 
higher than the median ages of 58 to 62 years which have historically 
been the population that has been enrolled in chemotherapy-based 
clinical trials for CLL. More importantly, these patients had clinically 
meaningful comorbid conditions. Treatment of this patient population 
has historically been challenging and no prior chemotherapeutic option, 
including fludarabine, has improved survival outcomes as compared to 
chlorambucil alone.' The combination of obinutuzumab and chloram- 
bucil improved ORRs (77.3 percent [obinutuzumab and chlorambucil] 
vs. 65.7 percent [rituximab and chlorambucil] vs. 31.4 percent [chlo- 
rambucil]), CR rates (22.3 percent [obinutuzumab and chlorambucil] vs. 
7.3 percent [rituximab and chlorambucil] vs. 0 percent [chlorambucil]) 
and median PFS (26.7 months [obinutuzumab and chlorambucil] vs. 
16.3 months [rituximab and chlorambucil] vs. 11.1 months [chloram- 
bucil]). Obinutuzumab with chlorambucil also prolonged OS over that 
which was observed with chlorambucil. Notably, the combination also 
resulted in significant improvement in the rate of MRD-negative status 
in both marrow (19.5 percent vs. 2.6 percent) and blood (37.7 percent vs. 
3.3 percent) as compared to rituximab and chlorambucil. 

Obinutuzumab is generally well-tolerated, but has a high incidence 
of infusion reactions that are seen primarily with the first infusion. 
Unlike rituximab or ofatumumab where infusion events occur 1 to 2 
hours into therapy, those with obinutuzumab typically occur within the 
first 5 to 10 minutes of starting therapy. These may be minimized by a 
test dose, slower infusion rate, and prophylactic steroids, acetamino- 
phen, and antihistamines. Tumor lysis is also seen in a small number of 
patients, reflecting the higher efficacy of obinutuzumab. Hematologic 
toxicities, like neutropenia and thrombocytopenia, are also observed. 
All CD20-targeting antibodies increase the risk of hepatitis B virus reac- 
tivation and progressive multifocal leukoencephalopathy. 

The activity of obinutuzumab in patients with untreated CLL is 
very exciting and this antibody is being combined with other novel 
agents and chemotherapy to further improve outcomes in patients with 
CLL. 


Other Antibodies and Antibody-Like Compounds 

Multiple antibodies targeting various antigens like CD19 and CD37 
are at various stages of development for the treatment of CLL.” 
Advances in antibody manufacturing technology are enabling us to syn- 
thesize more potent and bispecific antibodies like blinatumomab, which 
has already shown promising activity in patients with acute lympho- 
blastic lymphoma (ALL) and CLL.” 


GLUCOCORTICOIDS 


Glucocorticoids are effective agents in the management of patients with 
relapsed CLL and especially patients with del 17p and fludarabine refrac- 
tory disease. High-dose methylprednisolone, either as a single agent or 


in combination with multiple other chemotherapeutic agents, produced 
sustained responses in the majority of patients with refractory and high- 
risk disease. High-dose methylprednisolone at 1 g/m for 5 days with 
weekly rituximab for three cycles induces response rates as high as 93 
percent with a CR of 36 percent. Therapy, however, is complicated 
by significant hyperglycemia, fluid retention, and immune suppression 
resulting in increased incidence of opportunistic infections requiring 
close followup and aggressive supportive care with prophylactic anti- 
biotics. The addition of weekly rituximab and decreasing the duration 
of methylprednisone dose to 3 days resulted in similar responses and 
reduction in the incidence of adverse events.*°?*! Similar results were 
observed when methylprednisolone was substituted for dexamethasone 
40 mg weekly or every 2 weeks for 4 days.*” Glucocorticoids at lower 
doses are also very useful in the management of patients with autoimmune 
complications as a result of their CLL. 


CHEMOIMMUNOTHERAPY 


The combining of chemotherapy with targeted antibodies has been a 
major advance in the management of patients with CLL. Multiple thera- 
peutic combinations have been developed and validated for use and are 
summarized below. 


Fludarabine and Rituximab 

The impact of sequential or concurrent administration of rituximab 
with fludarabine (FR) was assessed in the Cancer and Leukemia Group 
B (CALGB) 9712 randomized study of 104 previously untreated CLL 
patients.” Fludarabine was given at 25 mg/m? days 1 to 5 every 4 weeks 
for six cycles, with or without concurrent rituximab 375 mg/m? on day 1 
of each cycle, and an additional dose on day 4 of cycle 1. Patients in both 
arms received rituximab 375 mg/m’ weekly for four doses beginning 
2 months after completion of fludarabine; thus, patients in the concur- 
rent arm received 11 total doses of rituximab, compared to four in the 
sequential arm. ORR was 90 percent versus 77 percent and CR rates 
were 47 percent versus 28 percent in the concurrent versus sequential 
arm, respectively. A retrospective comparison to a fludarabine-only 
treatment (CALGB 9011) demonstrated improved PFS and OS with 
the use of FR.** This regimen had limited efficacy in patients with del 
17p and del 11q. The median PFS was 42 months and 27 percent were 
progression free at 5 years. Notably, there were no cases of treatment- 
related-myeloid neoplasms occurring before disease relapse.” 


Fludarabine, Cyclophosphamide, and Rituximab 

Fludarabine, cyclophosphamide, and rituximab (FCR) chemotherapy 
has been studied extensively in patients with previously treated and 
untreated CLL.**?» Fludarabine was administered at 25 mg/m’, cyclo- 
phosphamide at 250 mg/m? on days 2 to 4 of cycle 1 and on days 1 to 
3 of cycles 2 to 6, and rituximab at 375 mg/m? on day 1 of cycle 1 and 
500 mg/m? on day 1 of cycles 2 to 6. In the initial single institution, 
phase II experience of 300 untreated CLL patients, this combination 
resulted in exciting ORR of 95 percent with CR rate of 72 percent with 
median time to progression of 80 months in patients with untreated 
CLL. However, despite a younger patient population with a median 
age of 57 years, FCR resulted in significant and sustained myelosuppres- 
sion, with 35 percent of patients experiencing cytopenias 3 months after 
completing therapy.” Notably, therapy-related myeloid neoplasms/ 
myelodysplastic syndromes occurred in 5.1 percent of patients and 
Richter transformation in 9 percent.” FCR was subsequently compared 
to FC in a large multicenter trial of 817 young patients (median age: 
61 years) with previously untreated CLL.” The responses observed 
with FCR were more modest in larger phase III trials. Patients treated 
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with FCR had a significantly higher ORR of 90 percent with a CR rate of 
44 percent as compared to FC, which resulted in an ORR of 80 percent 
and a CR rate of 22 percent. More importantly, this study established 
the improvement in OS with the addition of rituximab to chemother- 
apy. As a result, rituximab was approved for the treatment of patients 
with CLL in combination with chemotherapy in 2010. The use of FCR 
was also associated with a significantly higher risk of cytopenias that 
did not result in a higher incidence of serious infectious complications 
which were similar in both arms as was the treatment-related mortality. 
All genomic groups appear to benefit from the addition of FCR, except 
for those without any common interphase cytogenetic abnormalities 
and those with del 17p.°® Long-term followup of FCR by both the MD 
Anderson group and the German CLL Study Group suggests that the 
patients benefiting most from FCR may be those with IGHV mutated 
disease where prolonged complete remissions can be obtained. For 
patients with IGHV unmutated disease there does not appear to be any 
evidence of sustained stable remission, with all eventually relapsing and 
requiring additional therapy.’ 

Given the poor tolerability and increased toxicity observed with 
the use of FCR in elderly patients and patients with compromised renal 
function and to enhance efficacy of FCR, multiple variations of the reg- 
imen were tested with similar results in small cohorts of patients.?°° 
None of these regimens are commonly used and the advent of alterna- 
tive agents have made these regimens of limited utility. 


Bendamustine and Rituximab 

The combination of bendamustine and rituximab (BR) has been tested 
both in patients with relapsed and in patients with untreated CLL. In 
the first BR study with relapsed CLL bendamustine was administered to 
78 patients at a dose of 70 mg/m? on days 1 and 2 with rituximab 375 
mg/m” on day 0 of cycle 1 and 500 mg/m’ on day 1 of cycles 2 to 6. The 
ORR was 59 percent with a CR rate of 9 percent and a median PFS of 14.7 
months. Minimal activity was observed in patients with del 17p.”” In the 
subsequent followup study, 117 patients with previously untreated CLL 
were treated at the same schedule but with a higher dose of bendamustine 
at 90 mg/m? on days 1 and 2 and resulted in ORR of 91 percent with CR 
rate of 33 percent.” In the large, multicenter, CLL10 trial, 564 patients 
with previously untreated CLL, good performance status, and low comor- 
bidity burden were randomized to FCR or BR.” ORR was similar in both 
arms at 97 percent but CR rates were higher in the FCR arm at 40 percent 
versus 31 percent with BR. MRD rates were also higher with FCR (74 per- 
cent vs. 62 percent). Median PFS was 53 months in the FCR arm and 43 
months in the BR arm. FCR was more toxic and severe neutropenia was 
more often observed in the FCR arm (87 percent vs. 67 percent) as were 
severe infections (39 percent vs. 25 percent). Treatment-related mortality 
was 3.9 percent with FCR and 2.1 percent with BR. Given these results, 
FCR appears to be the more effective therapeutic option for younger 
patients and patients without significant comorbid conditions, and BR can 
be used for older and unfit patients. 


Other Chemoimmunotherapeutic Regimens 

Pentostatin and rituximab and pentostatin, cyclophosphamide, and 
rituximab (PCR) both resulted in promising ORR (91 percent vs. 76 
percent) and CR rates (41 percent vs. 27 percent).”*”*” Importantly, the 
PCR regimen appeared to be generally well-tolerated in young and older 
patients and in patients with high-risk genetic features. Levels of Mcl-1, 
an antiapoptotic protein, were also shown to be predictive of response 
and OS.* The most common toxicity was neutropenia and thrombo- 
cytopenia. Similarly, cladribine and cladribine plus cyclophosphamide 
were also combined with rituximab and resulted in predictable efficacy 
and toxicity.” 


KINASE INHIBITORS 


The introduction of BCR kinase inhibitors has significantly improved 
the management options for patients with CLL and represents a group 
of agents that very likely will change the natural history of this disease. 
Early results with these agents including ibrutinib and idelalisib that 
target BTK and PI3K, respectively, have shown promising efficacy and 
excellent tolerability but long-term data is limited to 4 years of followup 
and decision rules need to be developed that allow for eventual treat- 
ment discontinuation.” Much of what was learned from the transition 
of chemoimmunotherapy management of chronic myeloid leukemia 
will likely become relevant to CLL as additional follow up develops with 
the use of BCR antagonists in this disease. 


Ibrutinib 

Ibrutinib is a first-in-class, irreversible inhibitor of BTK and covalently 
binds to Cys-481 near the ATP binding domain of the BTK molecule, 
and abrogates enzyme activity and BCR-mediated survival signals. 
Ibrutinib also has the ability to irreversibly target ITK in T cells and 
other Tec family of kinases.”* 

A 420-mg daily oral dose of ibrutinib has been used in the treat- 
ment of patients with relapsed CLL and demonstrated an ORR of 
71 percent with an additional 20 percent of patients experiencing partial 
response (PR) with lymphocytosis (PR+L), which, interestingly, does 
not appear to predict for inferior PFS.” The responses observed with 
ibrutinib are sustained and resulted in PFS of 75 percent at 26 months.” 
Patients with del 17p had an ORR of 55.9 percent with a median dura- 
tion of response of 25 months.” Historical comparisons reveal a signifi- 
cantly improved response rate and PFS when ibrutinib was compared to 
either cyclin-dependent kinase (CDK) inhibitors or other conventional 
therapies used in the past for patients with del 17p.°' Similar excit- 
ing results were reported in elderly, treatment-naive patients treated 
with ibrutinib with ORR of 71 percent and 13 percent PR+L. These 
responses also appear to be sustained over time with PFS of 96.1 per- 
cent at 2 years.” Ibrutinib in general is well-tolerated, with the most 
common side effects being mild diarrhea, nausea, and fatigue. A ran- 
domized study comparing ibrutinib to ofatumumab in relapsed CLL 
confirmed the benefits of ibrutinib with improved response rate, PFS, 
and OS.” However, this study also demonstrated a higher incidence 
of both minor bleeding and atrial fibrillation with ibrutinib. The bleed- 
ing diathesis observed with ibrutinib is possibly caused by a collagen- 
mediated platelet aggregation defect.” Caution should be taken to 
avoid the use of ibrutinib in patients on concurrent anticoagulation 
with warfarin and treatment should be held 3 to 7 days before and after 
surgical procedures. The pathophysiologic reason for increased risk of 
atrial fibrillation with ibrutinib is uncertain. Ibrutinib treatment also 
results in a progressive decline in the incidence of infectious compli- 
cations with ongoing therapy, primarily as a result of disease control.” 
Most patients do not require routine antimicrobial prophylaxis com- 
monly used with chemoimmunotherapy. Moreover, improvements are 
also observed in stress, depressive symptoms, fatigue, and quality-of-life 
in patients treated with ibrutinib.*” Based on these exciting data, ibruti- 
nib was approved in 2014 for the treatment of all patients with relapsed 
CLL and for the treatment of all patients with del 17p CLL regardless of 
prior therapy. 

Treatment with ibrutinib does not result in CRs in most patients 
and discontinuing this treatment in heavily pretreated patients often 
results in patients experiencing rapid disease progression. Therefore, we 
currently recommend that ibrutinib be continued in responding patients 
until disease progression or unacceptable toxicity. However, this chronic 
exposure to kinase inhibitors might result in the emergence of resistant 
malignant cell clones, although this has been quite rare.” Data derived 
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from whole-exome sequencing of paired samples at baseline and at the 
time of relapse while being treated with ibrutinib identified a cysteine- 
to-serine mutation in BTK at the binding site of ibrutinib and three dis- 
tinct mutations in PLCy,.’*' Functional analysis revealed that the C481S 
mutation of BTK results in a protein that is only reversibly inhibited by 
ibrutinib. The R665W and L845F mutations in PLCy, are both poten- 
tially gain-of-function mutations that lead to autonomous BCR activ- 
ity. Interestingly, these mutations were not found in any of the patients 
with prolonged lymphocytosis who were taking ibrutinib, suggesting 
an alternative and as yet unidentified mechanism for the persistence of 
lymphocytosis in those patients. Furthermore, the clinical impact of this 
persistent lymphocytosis was not demonstrated, with individuals hav- 
ing persistent lymphocytosis actually having similar outcome to those 
patients with PRs or better. 

Ibrutinib is being combined with various other agents to improve 
the depth of response and outcomes. The combination of ibrutinib and 
rituximab in patients with high-risk CLL was generally well-tolerated and 
resulted in an ORR of 95 percent and a PFS of 78 percent at 18 months.”*” 
PES was 72 percent at 18 months in patients with del 17p. Multiple trials 
are ongoing with ibrutinib in the frontline setting and in comparison to 
chemoimmunotherapy. These trials and the development of newer BTK 
inhibitors have the potential to change the treatment paradigms for CLL. 


Idelalisib 
Idelalisib is an orally bioavailable, first-in-class isoform selective PI3K-d 
inhibitor that promoted apoptosis of CLL B cells ex vivo, along with 
abrogating the survival signals provided by the microenvironment.” 
The PI3K family of enzymes are involved in an extraordinarily diverse 
group of cellular functions, including cell growth, proliferation, dif- 
ferentiation, motility, survival, and intracellular trafficking.” Many of 
these functions relate to the ability of class I PI3Ks to activate the PI3K/ 
AKT/mTOR (mammalian target of rapamycin) pathway.” The p1106 
isoform regulates different aspects of cellular proliferation and sur- 
vival and is constitutively overexpressed in CLL B cells”; consequently, 
targeting it with specific inhibitors has become a useful therapeutic 
option.” 

In a phase I trial of 54 patients, with relapsed/refractory high-risk 
CLL patients, idelalisib resulted in an ORR of 72 percent (including 
PR+L).”! The median PFS was 15.8 months. Therapy was generally well- 
tolerated with the most commonly observed grade 3 or greater adverse 
events being pneumonia (20 percent), neutropenic fever (11 percent), 
and diarrhea (6 percent). The combination of idelalisib and rituximab 
was also compared to rituximab and placebo in a phase III trial and 
resulted in an ORR of 81 percent versus 13 percent and PFS at 1 year 
in excess of 90 percent versus 5.5 months in the rituximab and placebo 
arms, respectively.” Serious toxicities observed with idelalisib included 
transaminase elevations, diarrhea with colitis, and pneumonitis that 
were primarily observed after continued drug exposure. Based on these 
results, idelalisib was approved in 2014 in combination with rituximab 
for the treatment of patients with relapsed CLL with significant comor- 
bid conditions that would make them ineligible for treatment with stan- 
dard chemotherapy. 


Lenalidomide 

Lenalidomide is an immunomodulatory analogue of thalidomide and 
is approved for the treatment of multiple myeloma and myelodysplastic 
syndrome.”** Lenalidomide has also shown exciting efficacy in patients 
with previously treated and untreated CLL in multiple studies.*-?? 
Multiple dose levels and schedules have been tested in CLL with varying 
responses. From compilation of all the data it appears that 5 mg daily 
continuous dose of lenalidomide appears to be the best-tolerated dose 


in the vast majority of patients with CLL. The responses observed 
with CLL are mostly PRs in 40 to 60 percent of patients, with approxi- 
mately 10 percent of the patients experiencing a CR. However, response 
improves with ongoing therapy. Cytopenias are the most common, and 
dose-limiting, side effect. Patients can also experience tumor flare and 
tumor lysis, especially at the start of therapy. Care should be taken to 
minimize these reactions with the early use of steroids and aggressive 
hydration and uricosuric agents. In a recent phase III study, lenalido- 
mide was shown to increase mortality in patients older than 80 years 
of age and thus is not recommended for the elderly. Combination of 
lenalidomide with monoclonal antibodies has also resulted in improved 
sustained responses.”***” Despite the advent of kinase inhibitors, 
lenalidomide continues to be an exciting agent for the treatment of CLL 
as it is one of the only agents that appears to have the potential to reverse 
the immune dysfunction associated with CLL; it also appears to have 
efficacy in patients with del 17p disease.*®?°8-301 


CHIMERIC ANTIGEN RECEPTORT CELLS 


Chimeric antigen receptor T (CAR-T) cells are engineered autologous 
lentiviral modified T cells that contain an altered TCR targeting a sur- 
face antigen (e.g., CD19) on the surface of CLL B cells. The modified 
TCR has a higher affinity and specificity toward the target antigen and 
is not major histocompatibility complex (MHC) restricted. Multiple 
CAR-T cells have been developed and tested in clinical trials with excit- 
ing results.” These modified T cells persisted in vivo for an extended 
period and were able to induce prolonged clinical responses in the 
majority of patients.” The treatment is associated with severe cytok- 
ine release syndrome and macrophage activation syndrome that require 
aggressive and intensive supportive care and anti-IL-6-directed ther- 
apy. These modified CAR-T cells also result in the sustained elimination 
of normal B cells and subsequent sustained hypogammaglobulinemia 
that require ongoing supportive care and infection prophylaxis to limit 
the incidence of infectious complications in these patients.” Develop- 
ment of these agents on a larger scale is ongoing to allow for larger stud- 
ies to confirm their promising effect. 


OTHER AGENTS 


Venetoclax (ABT-199) is an oral Bcl-2-targeting agent that has shown 
impressive activity with deep remissions in patients with relapsed and 
refractory CLL, including those who have del 17p.*” Bcl-2 is an antiap- 
optotic protein overexpressed in CLL and causes disruption of apoptosis 
in CLL cells. Early efforts with the first-generation compound navito- 
clax, demonstrated single-agent activity, but also resulted in profound 
thrombocytopenia as a result of off-target effects on Bcl-xl expressed in 
platelets. Venetoclax is significantly more potent and more specific to 
Bcl-2 with limited off-target effects. Combination studies are already 
underway with kinase inhibitors and monoclonal antibodies to improve 
outcomes. Therapy with venetoclax has been complicated by fulminant 
tumor lysis syndrome, especially in patients with a high burden of dis- 
ease that has greatly slowed down clinical development of this agent. 

Blinatumomab is an engineered bi-specific T-cell engaging (BiTE) 
antibody that has shown promising activity in CD19+ B-cell malig- 
nancies, including CLL and ALL.’ It was approved in 2014 for the 
treatment of relapsed ALL. Blinatumomab engages the CD19+ cell and 
brings it in close proximity to a CD3+ T-cell that is also activated upon 
binding to the bi-specific antibody. The resultant interaction leads to the 
apoptosis of the CD19+ B cells. The antibody has shown promising and 
durable responses and is currently in clinical trials for CLL. Therapy is 
complicated by hypogammaglobulinemia, cytokine release and neuro- 
logic symptoms.*” 
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CDK inhibitors like flavopiridol and dinaciclib have also demon- 
strated promising activity in patients with CLL, and are able to induce 
durable remissions even in patients with high-risk del 17p disease with 
or without concomitant chemotherapy.***"! Therapy with CDK inhib- 
itors is complicated by fulminant hyperacute tumor lysis that requires 
aggressive supportive care including hemodialysis. Diarrhea and fatigue 
are also seen as off target effects. 


STEM CELL TRANSPLANTATION IN PATIENTS 
WITH CHRONIC LYMPHOCYTIC LEUKEMIA 


With the advent of effective therapy for patients with relapsed and 
refractory disease and even for patients with high-risk disease, the 
role of stem cell transplantation (SCT) for the routine management of 
patients with CLL is diminishing. Autologous transplantation has the 
ability to induce deeper and more frequent remissions that may result in 
longer disease-free remission, but does not translate into an OS advan- 
tage and is associated with significantly higher morbidity and mortality 
and secondary cancers, including therapy-related myeloid neoplasms 
that may impact long-term survival.*’**"* Moreover, autologous trans- 
plantation, which is essentially high-dose chemotherapy, is unable to 
overcome the chemoresistance conferred by del 17p or TP53 mutation. 
Consequently, autologous transplantation has no role in the routine 
management of patients with CLL. 

Allogeneic SCT potentially offers a curative approach for patients 
with CLL, but its utility and timing is currently under considerable 
debate given the availability of multiple novel agents. Myeloablative 
conditioning prior to allogeneic SCT is associated with an unaccept- 
ably high transplant-related mortality (TRM) in excess of 30 percent 
and is not generally recommended.*!**!* Nonmyeloablative condition- 
ing regimens afford the opportunity to reduce TRM without impacting 
the graft-versus-leukemia (GVL) effect. Long-term disease-free survival 
is generally in the 30 to 45 percent range. However, nonrelapse mor- 
tality (NRM) is still in the 15 to 30 percent range, but decreasing with 
improvements in supportive care techniques. Moreover, chronic graft- 
versus-host disease still impacts long-term quality-of-life after nonmye- 
loablative allogeneic SCT in approximately 25 percent of survivors.*!7-*”° 
Various patient-, disease-, and transplant-specific factors at the time of 
transplantation impact SCT outcomes.*' In particular, the number of 
prior treatments and the presence of a complex karyotype contribute 
to success and also toxicity observed after transplantation.*** 4 Studies 
have identified that implementation of an effective quality management 
system and experience of the transplantation center are associated with 
a significant decrease in NRM.” Patients who relapse after SCT can 
sometimes be effectively salvaged with the use of currently approved 
novel therapeutic agents. Given the availability of kinase inhibitors such 
as ibrutinib, we recommend that patients be offered therapy with these 
novel agents and nonmyeloablative SCT evaluation should be reserved 
for those failing ibrutinib unless no other cytoreductive therapy is avail- 
able after receipt of this agent. Moreover, we recommend that patients 
who progress after treatment with kinase inhibitors be referred to a 
treatment center with established expertise for treating CLL, as this can 
significantly impact their therapeutic options and outcomes.?”-37 


SPLENECTOMY 


Splenectomy is rarely used today given the availability of effective ther- 
apeutic agents to treat CLL. It can be an effective option for ameliorat- 
ing refractory autoimmune hemolytic anemia and thrombocytopenia 
for which medical management has been unsuccessful.** It can also be 
used to provide relief to patients with symptomatic splenomegaly sec- 
ondary to refractory disease.” 


RADIATION 


Involved field radiation therapy is an extremely useful treatment modal- 
ity for the management of locally symptomatic lymphadenopathy and 
isolated Richter transformation. Splenic irradiation can be used in 
patients with symptomatic splenomegaly, but its efficacy is limited and 
short-lived with significant and sometimes prolonged myelosuppres- 
sion.*****4 Systemic radiation or extracorporeal photopheresis has no 
role in the routine management of patients with CLL.?-37 


LEUKAPHERESIS 


Patients with CLL will very rarely experience hyperviscosity-related 
signs and symptoms secondary to hyperleukocytosis. However, this 
modality can be used for the occasional patient who becomes symp- 
tomatic from hyperleukocytosis. When this is initiated, it should be 
performed in conjunction conventional therapy, to cytoreduce the CLL. 
Leukapheresis has been used in the past for patients with refractory 
disease as a therapeutic option, but it results in modest and transient 
benefits.” With the advent of modern therapeutic options, the role 
of leukapheresis is limited in the management of routine CLL patients 
with hyperleukocytosis. While the BCR signaling agents can cause pro- 
found hyperleukocytosis in some patients, it virtually never results in 
symptoms mandating leukapheresis. 


@ ASSESSMENT OF RESPONSE 


Patients who complete therapy should be assessed for response. This 
involves performing a detailed history for any disease-related symp- 
toms, physical examination for any palpable lymphadenopathy, and 
laboratory studies to evaluate for persistent cytopenias or leukocytosis. 
Outside of a clinical trial, if the patient fails to have a CR on routine 
history, physical evaluation, and blood counts, then a CT scan and a 
marrow biopsy have limited utility. However, if the patient does achieve 
a CR on clinical and laboratory evaluation, we recommend proceeding 
with a CT scan of the chest, abdomen, and pelvis with contrast, along 
with a marrow aspirate and biopsy in the event that the CT scan is neg- 
ative. These patients should undergo evaluation for MRD assessment 
on the marrow aspirate. Formal response criteria for disease evalua- 
tion were revised with the advent of kinase inhibitors. Conventionally, 
patients with no evidence of disease on CT scan and marrow biopsy 
with complete hematologic count recovery would be classified as a 
complete remission. Patients with a CR but with persistent cytopenias 
that are related to drug toxicity are classified as having CR with incom- 
plete count recovery (CRi). These are also detailed in the IWCLL-2008 
criteria.’ Evaluation of the marrow aspirate and biopsy is also useful in 
assessing the etiology of cytopenias that can be seen frequently after 
chemotherapy use. We recommend waiting until count recovery or 
3 to 6 months after chemotherapy to repeat a marrow biopsy for persis- 
tent cytopenias. Occasionally, patients will have no evidence of disease 
on flow cytometry of the aspirate or on the biopsy specimen but may 
have nodular lymphoid aggregates. If these aggregates are confirmed 
to be consistent with a collection of CLL cells by immunohistochem- 
ical studies, then these patients should be classified as having a nodu- 
lar PR. Given the advent of kinase inhibitors, the response criteria are 
undergoing significant modifications especially because most patients 
will not experience traditional responses as observed with chemother- 
apy use despite having similar or even better outcomes.*! This is espe- 
cially evident in patients with PR+L after kinase inhibitor therapy with 
ibrutinib who demonstrate significant and sustained improvement in 
clinical signs and symptoms related to CLL and in lymphadenopathy 
and organomegaly and potentially may have a longer progression-free 
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interval as compared to people with a more conventional partial 
remission.”” 


@ EVALUATION FOR MINIMAL RESIDUAL 
DISEASE 


CLL is currently considered incurable, but a subset of patients who 
achieve a complete remission will have undetectable disease even after 
using highly sensitive techniques. The evaluation for MRD is now 
fairly well established and can be performed by either flow cytome- 
try or allele-specific oligonucleotide polymerase chain reaction—-based 
methods.**-*5 Both these tests have excellent comparable sensitivity and 
are able to identify one leukemia cell in 10,000 leukocytes.*# These tests 
can be performed on blood but sensitivity is higher when performed on 
marrow aspirate, especially with the current use of monoclonal antibod- 
ies that are able to effectively clear the circulating blood of the disease 
but are not equally effective in eliminating disease from the marrow or 
lymph nodes. Patients with MRD-negative disease at the completion 
of therapy experience longer treatment-free and OS periods.” This 
advantage in outcomes has been shown both for chemotherapy-based 
regimens and for regimens based primarily on antibodies.” The 
utility of MRD assessment in the era of kinase inhibitors is currently 
under discussion as kinase inhibitors are not typically able to induce 
deep remissions as monotherapy in the majority of patients with short 
followup. MRD assessment, however, can be used as a surrogate for 
survival outcomes and to potentially develop a stopping rule for kinase 
inhibitor-based combination approaches. 


@ RECOMMENDATIONS FOR TREATMENT 
OF PATIENTS WITH UNTREATED DISEASE 


All patients should be offered therapy on a clinical trial whenever possi- 
ble. This is increasingly important as therapy for CLL is evolving rapidly 
and clinical trials are required to answer the multiple questions regard- 
ing the best possible therapeutic option. For patients being treated off- 
trial, we recommend discussion of the potential risks and benefits of 
chemoimmunotherapy with FCR, particularly when low-risk disease 
is present (e.g., IGHV mutated disease) that might result in prolonged 
remission. For those with IGHV unmutated disease, chemoimmuno- 
therapy with FCR or alternative non—chemotherapy-based regimens are 
considered. For patients older than age 65 years and those with multiple 
comorbid conditions or renal insufficiency, we recommend therapy with 
either obinutuzumab or ofatumumab with chlorambucil. Younger and 
healthier patients can be treated with chemoimmunotherapy. Patients 
with del 17p should be treated with ibrutinib in the first-line setting. 


@ RECOMMENDATIONS FOR TREATMENT 
OF PATIENTS WITH RELAPSED DISEASE 


Patients who relapse after conventional chemoimmunotherapy-based 
approaches should, in most cases, be treated with ibrutinib unless a 
need for chronic anticoagulation with warfarin (Coumadin) is required. 
In such settings, treatment with idelalisib with or without rituximab 
should be considered. With both ibrutinib and idelalisib, the benefit 
of adding rituximab at this time is not known. Repeating a different 
chemoimmunotherapy regimen is also an option in younger and oth- 
erwise healthy patients, but is associated with higher toxicity and risk 
of secondary neoplasms. Patients who relapse after one kinase inhibitor 
should be treated with the other and referred to a specialized center for 
clinical trial participation on subsequent relapses. 


@ SECONDARY CANCER RISK WITH 
CHRONIC LYMPHOCYTIC LEUKEMIA 


Patients with CLL have a significantly higher risk of developing a sec- 
ondary malignancy. This includes cancers of the skin, connective tissue 
and peripheral nerves, eye, lip and oral cavity, lung, kidney, colorectal, 
prostate, breast, and genitourinary cancers.’ Skin cancer is one of the 
most common cancers seen in patients with CLL.*-*! This includes 
basal cell carcinoma, squamous cell carcinoma, cutaneous melanoma, 
and Merkel cell carcinoma. Patients with skin cancers also appear to 
have a worse prognosis from their melanoma and Merkel cell cancer if 
they also have a concomitant CLL history.“ This is also true for solid 
tumors, as patients with breast, colorectal, prostate, lung, and kidney 
cancers have an inferior prognosis if they have a preexisting diagno- 
sis of CLL.** We therefore recommend an annual mammogram and 
pap smear for female patients and annual prostate evaluation in male 
patients and annual dermatologic evaluation and screening colonos- 
copy every 5 years for all patients with CLL. Multiple myeloma also 
occurs at a higher frequency in patients with CLL, but appears to arise 
from a separate B-cell clone.’ Non-Hodgkin lymphomas are typi- 
cally not associated with CLL and appearance of a large cell lymphoma 
is considered to be Richter transformation.**” 


@ MANAGEMENT OF INFECTIOUS 
COMPLICATIONS 


Infectious complications constitute the leading cause of morbidity and 
mortality in patients with CLL. Patients with CLL develop progres- 
sive hypogammaglobulinemia with progressive disease that results 
in a higher incidence of infections with encapsulated organisms like 
Streptococcus pneumoniae and Haemophilus influenzae.** This has his- 
torically been further compounded by the effect of cytotoxic chemo- 
therapeutics like fludarabine or antibodies like alemtuzumab that cause 
profound T-cell depletion along with worsening normal B-cell depletion 
and resultant hypogammaglobulinemia.*” This combined effect of dis- 
ease and therapy results in a higher incidence of opportunistic bacte- 
rial and viral infections with herpes simplex virus, CMV, herpes zoster 
virus, and Listeria monocytogenes. Fungal infections with Cryptococcus 
neoformans and Pneumocystis jiroveci are also seen in these patients and 
patients treated with high-dose glucocorticoids.**-* Patients respond to 
appropriate antibiotics early in their disease course, but might require 
prolonged and repeated courses of antibiotics later in their disease course 
and after therapy with chemotherapeutic agents. Prophylaxis for herpes 
zoster infections with acyclovir and for P. jiroveci with trimethoprim- 
sulfamethoxazole is routinely used for patients with prior therapy with 
nucleoside analogues.*” Fungal prophylaxis is also employed with vori- 
conazole or posaconazole for the prevention of invasive aspergillosis in 
patients on high-dose steroids. Patients treated with ibrutinib experience 
a lower incidence of infection, possibly because of effective disease con- 
trol and despite a significant improvement in immunoglobulin levels.” 

Hypogammaglobulinemia is universally present in patients with 
CLL and progressively worsens with advancing stage of the disease. 
Intravenous immunoglobulin (IVIG) at doses of 250 to 600 mg/kg 
administered every 4 to 6 weeks may result in a significant reduction 
of major infections requiring intensive supportive care and a modest 
reduction in the incidence of clinically significant infections. However, 
there is no significant improvement in survival.*-*° Consequently, we 
recommend the judicious use of IVIG in patients at high risk of devel- 
oping infectious complications. 

Along with the disease-related immune defects, patients with CLL 
also respond poorly to routine prophylactic vaccinations. Response 
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to protein-conjugated vaccines can be modestly augmented with con- 
comitant use of antihistamine (H,) blockers.*°°® Protein-conjugated 
vaccines also appear to be more immunogenic than polysaccharide 
vaccines. In the absence of definitive data of the use of vaccines in 


CLL we recommend following the adult immunization schedule for 
immunocompromised adults for 2014, recommended by the Advisory 
Committee on Immunization Practices. This includes annual influenza 
vaccine and pneumococcal 13-valent conjugate (PCV-13) vaccine. 
Vaccination with live virus vaccines including the zoster, varicella and 
measles, mumps, and rubella (MMR) vaccine are contraindicated in 
patients with CLL.*? 

The routine of use of granulocyte colony-stimulating factor 
(G-CSF) for patients with CLL is not recommended. G-CSF and gran- 
ulocyte-macrophage colony-stimulating factor (GM-CSF) can be used 
to treat therapy-related neutropenia and for patients with febrile neu- 
tropenia to shorten the duration and severity of illness. Also, please see 
Chap. 24. 


@ MANAGEMENT OF AUTOIMMUNE 
COMPLICATIONS OF CHRONIC 
LYMPHOCYTIC LEUKEMIA 


Patients with CLL have a greater risk of developing autoimmune com- 
plications including autoimmune hemolytic anemia (AIHA; Chap. 54), 
immune thrombocytopenia (ITP; Chap. 117), and pure red cell aplasia 
(PRCA; Chap. 36). In the majority of patients, the nonmalignant B-cell 
clone produces the autoantibody, reflecting a dysregulation of humoral 
immune tolerance.*”**” Patients who present with autoimmune cytope- 
nias may not have a worse prognosis than patients in whom cytopenias 
develop because of extensive marrow infiltration by the disease.??®375-377 
AIHA can present in up to a third of patients with CLL at some time 
during the course of their disease and in a small proportion of patients 
(10 to 15 percent) at the time of diagnosis.” Patients present with signs 
and symptoms of acute onset of anemia with weakness, fatigue, lethargy, 
and shortness of breath on exertion. Physical examination reveals pal- 
lor, jaundice, lymphadenopathy, and hepatosplenomegaly. Laboratory 
evaluation reveals anemia, elevated LDH, hyperbilirubinemia, positive 
direct Coombs test, and decreased serum haptoglobin. Not all patients 
who have a positive Coombs test, however, develop hemolysis. Most 
patients have warm reactive antibodies, but some patients may develop 
cold agglutinin disease.” Occasionally, patients may develop concom- 
itant ITP with AIHA or Evans syndrome. Certain miRNAs have been 
correlated with the development of AIHA but their mechanistic expla- 
nation in the pathogenesis of AIHA is lacking.’ 

ITP results in development of sudden profound thrombocytopenia 
with associated bleeding diathesis. Accurate diagnosis requires a mar- 
row aspirate and biopsy to evaluate the extent of CLL in the marrow 
and the presence of adequate or increased numbers of megakaryocytes. 

Patients often require periodic red cell transfusions for symptom- 
atic anemia and platelet transfusions may be employed in patients with 
severe thrombocytopenias with bleeding complications. Glucocorti- 
coids have been the mainstay of treatment for AIHA and ITP, However, 
steroids need to be dosed at 0.5 to 1.0 mg/kg/day for 2 to 3 weeks fol- 
lowed by a slow taper over several weeks. Unfortunately, a large number 
of patients relapse after discontinuation of the steroids and may need 
subsequent therapy with IVIG or rituximab. The early use of IVIG and 
weekly rituximab for four doses may allow for better disease control and 
rapid glucocorticoid withdrawal. Other immunosuppressive agents that 
have been used include cyclosporine, the dose of which can be titrated 
to stable hemoglobin or platelet levels or serum trough levels between 
100 and 150 ng/mL.**! Erythropoiesis-stimulating agents have been 


used and may decrease the frequency of packed red cell transfusions; 
however, their use can be complicated by polycythemia and thrombo- 
embolic disease.*”** Thrombopoietin agonists can also be considered 
in refractory patients, but conclusive data is currently lacking.** Refrac- 
tory cases may require definitive treatment with therapeutic agents for 
the underlying CLL. Initiating nucleoside analogue-based chemother- 
apy in patients with preexisting AIHA or ITP is not contraindicated, but 
their use is contraindicated if these complications arise while patients 
are on these agents. In general for patients presenting with both active 
CLL and autoimmune manifestations, our approach is to first treat the 
autoimmune complication and then the CLL if symptoms persist. 

PRCA is a rare complication of CLL that can arise spontaneously. 
PRCA needs to be differentiated from other forms of anemia, including 
AIHA and anemia resulting from extensive marrow infiltration. PRCA is 
characterized by a decrease in red cell precursors.*” Additionally, select 
infections, such as parvovirus, can cause PRCA in CLL. The etiology of 
disease-related PRCA is believed to be related to the cytotoxic effect of 
a T-cell large granular lymphoma (T-LGL) clone on erythroid progeni- 
tor cells (Chap. 94). These CD3-, CD8-, and CD57-positive cells slowly 
accumulate in the marrow of patients with PRCA. Occasional cases 
have been observed after parvovirus B19 infection.* Treatment with 
immunosuppressive agents like glucocorticoids, cyclophosphamide, 
and/or cyclosporine result in reticulocytosis and slow correction of the 
anemia over several weeks. IVIG, rituximab, and antithymocyte glob- 
ulin have also been used in refractory cases.*°** 


@ RICHTER SYNDROME 


Richter syndrome (RS) is defined as a transformation of CLL into an 
aggressive, high-grade, large B-cell non-Hodgkin lymphoma. The large 
cell lymphoma is typically of the activated B-cell (ABC) subtype by 
immunohistochemistry.*” Incidence estimates vary from 2 to 10 per- 
cent.” Transformation typically occurs in patients with unmutated 
IGHV genes, but occasionally may be seen in patients with mutated 
IGHV genes who have been heavily pretreated.” The development of 
transformation may be related to the evolution of an alternate clone 
of malignant B cells distinct from the original CLL clone in a subset 
of patients.*” Transformation appears to occur independent of disease 
stage, duration of disease, type of therapy, or response to therapy. How- 
ever, the presence of bulky and advanced stage disease, IGHV unmu- 
tated disease, especially with involvement of 4 to 39 loci, high CD38 
expression, absence of del 13q, presence of del 17p or del 2p and trisomy 
12, typically in combination with NOTCH1 mutations, may predict 
the development of RS. The syndrome is characterized by rapid 
development of B symptoms and rapidly progressive lymphadenopathy. 
Cytopenias may worsen rapidly because of transformation in the mar- 
row. LDH is also increased in the majority of patients. Patients typically 
have complex karyotype and involvement of TP53, ATM, RB (retino- 
blastoma), and c-myc genes.**”” PET scans have generally no role in the 
routine management of patients with CLL but can be very useful in the 
diagnosis of transformation. A standardized uptake value (SUV) of 5 or 
less on a lymph node by PET scan has a high negative predictive value 
and patients with a higher SUV require an excisional biopsy for defin- 
itive diagnosis. "%83 Prognosis of RS is related to the clonality of the 
malignant clone in that patients with clones unrelated to the CLL tend 
to have a much better prognosis than patients with a clonally related 
RS.*” Additionally, patients who present with RS prior to treatment for 
their CLL often have a better outcome. Treatment of patients with RS 
has historically been treated with regimens similar to those used for the 
treatment of patients with large cell lymphoma with mixed results. These 
include R-CHOP (rituximab, cyclophosphamide, doxorubicin, vincris- 
tine, and prednisone) or R-EPOCH (rituximab, etoposide, prednisone, 
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vincristine, cyclophosphamide, and doxorubicin) and R-hyperCVXD 
(rituximab, fractionated cyclophosphamide, vincristine, liposomal 
daunorubicin, and dexamethasone). However, the use of hyperCVXD 
is associated unacceptably high treatment-related mortality and its use 
is not recommended.***" The OFAR combination also has modest 
but short-lived responses with significant toxicities. The use of dose- 
adjusted R-EPOCH is our preferred regimen to debulk patients before 
we proceed with more definitive therapy, including allogeneic SCT. 

Along with large B-cell transformation, patients can also experi- 
ence prolymphocytic leukemia (PLL) transformation, characterized by 
the presence of more than 55 percent prolymphocytes in the marrow, 
or Hodgkin lymphoma.***™* Unlike large cell transformation, patients 
with Hodgkin lymphoma have a similar outcome to de novo disease 
when matched by stage and can be treated with adriamycin, bleomycin, 
vinblastine, and dacarbazine (ABVD) based therapy (Chap. 97).*° 

The prolymphocytic transformation is similar to the distinct entity 
of B-cell PLL which is characterized by subacute accumulation of pro- 
lymphocytes in a predominantly older, male population with presence 
of chromosome 14q abnormalities and del 17p."°*** Gene-expression 
profiling suggests subgroups of patients with PLL that are similar to CLL 
and others that are similar to mantle cell lymphoma.” Patients present 
with B symptoms, massive splenomegaly, and palpable lymphadenop- 
athy. Occasionally, patients may have organ infiltration and extralym- 
phatic invasion, including neurologic involvement and leukostasis from 
hyperleukocytosis.°*" Prolymphocytes have variable expression of 
CD5 and are negative for CD23. Indications and therapeutic options for 
patients with PLL are similar to those used for CLL.“17-*"* 

T-cell prolymphocytic lymphoma (T-PLL) is a distinct clinical 
entity that was previously classified as T-CLL. These patients typically 
present with B symptoms and paraneoplastic phenomenon associated 
with rapid splenomegaly and lymphadenopathy with leukocytosis. Eval- 
uation results in the demonstration of prolymphocytes on tissue biopsy 
with markers typical for T-cell disorders, including CD3, CD5, CD4, 
CD7, and CD8. TCR gene rearrangements are also observed. These fea- 
tures help distinguish them from B-cell CLL. The most effective treat- 
ment for this entity is alemtuzumab, although regimens for aggressive 
T-cell lymphomas have also been used.***'**” In general, all patients 
relapse from these therapies, making consolidation allogeneic trans- 
plantation a viable consideration for these patients if a donor is available 
and patient comorbid features allow. 


@ MONOCLONAL B-CELL LYMPHOCYTOSIS 


Monoclonal B-cell lymphocytosis (MBL) can be characterized as 
a precursor state of CLL. Patients who have greater than 5000 B- 
lymphocytes/uL in their blood, in the absence of B symptoms, lymph- 
adenopathy, organomegaly, or cytopenias, are classified as having 
monoclonal B-cell lymphocytosis. Presence of a lymphoid aggregate or 
infiltration of lymph node or marrow by cells with a characteristic CLL 
phenotype establishes the diagnosis of CLL regardless of blood lym- 
phocytosis. The prevalence of MBL varies from 3.5 percent in normal 
healthy people” with normal counts to 13.5 percent to 17 percent in 
normal healthy people with a family history of CLL,'**! which suggests 
a familial predisposition to the development of CLL. The vast majority 
of patients with MBL have clonal populations with a characteristic CLL 
phenotype on sensitive flow cytometry assay that is positive for CD5 
and CD23, negative for CD10, and dim positive for CD20. Other phe- 
notypes that have been observed are the atypical CLL phenotype with 
positive CD5, CD23, and bright CD20, and the non-CLL phenotype 
that is negative for CD5 and CD23 and appears to be more consistent 
with low-grade lymphoproliferative disorders like marginal zone lym- 
phoma or lymphoplasmacytic lymphoma.*” MBL is more prevalent in 


men and increases in incidence with age. The cumulative annual risk of 
patients with MBL who require CLL-specific therapy is approximately 
1 percent.'*!”“”° Retrospective analysis of samples collected on longi- 
tudinal, prospective studies have also demonstrated that the develop- 
ment of overt CLL is almost always preceded by MBL.“ Management 
of patients with MBL is similar to patients with early stage CLL and 
the vast majority of these patients can be followed with watchful wait- 
ing. Like early stage CLL, these patients are predisposed to a higher fre- 
quency of infections and also secondary malignancies mandating follow 
up similar to that recommended for CLL. Our own practice is to see 
MBL patients yearly with exams and complete blood count assessment. 


SMALL LYMPHOCYTIC LYMPHOMA 


Small lymphocytic B-cell lymphoma (SLL) is closely related to CLL 
and mimics it with regards to clinical course and outcomes. The malig- 
nant B cells have similar immunophenotypic features and prognostic 
markers on lymph node assessment but without the presence of malig- 
nant monoclonal B-cell lymphocytosis on blood or marrow assess- 
ment. Treatment and outcomes of these patients are similar to those 
for patients with CLL and as such this disorder should be considered 
analogous to CLL. 45424425 


DIFFERENTIAL DIAGNOSES 


Multiple low-grade lymphoid malignancies can mimic the presentation 
and laboratory evidence of CLL and are discussed in detail in the chap- 
ters on non-Hodgkin lymphomas (Chaps. 95, 96, 99-101). The most 
common entities mimicking CLL are briefly discussed below. 


MANTLE CELL LYMPHOMA 


Mantle cell lymphoma frequently mimics the clinical presentation and 
laboratory findings observed in patients with CLL (Chap. 100). How- 
ever, the malignant lymphocytes observed in mantle cell lymphoma 
express CD5 without coexpression of CD23 and have a higher level of 
expression of CD79. Cases of CD23-negative CLL and CD23-positive 
mantle cell lymphoma have been described. An important discriminat- 
ing feature between the two disorders is the presence of t(11;14) in man- 
tle cell lymphoma, which results in the bcl-1-IGH translocation and the 
overexpression of cyclin D1. Therapy for mantle cell lymphoma employs 
some of the agents used for CLL but is covered in detail elsewhere.?**” 


HAIRY CELL LEUKEMIA 


Hairy cell leukemia (HCL) presents with B symptoms, splenomegaly and 
the presence of typical villous “hairy” projections from the surface of its 
cells (Chap. 93). The cells are also strongly positive for tartrate-resistant 
acid phosphatase (TRAP) and express CD11c, CD25, and CD 103. With 
the discovery of the BRAFVY®® in HCL, significant improvements have 
been made in the availability of therapeutic agents for the management 
of these patients.“ 


OTHER LYMPHOID MALIGNANCIES 


Various low-grade lymphoid malignancies can mimic the clinical and 
laboratory presentation of CLL and include marginal zone lymphomas 
and lymphoplasmacytic lymphomas. However, pathologic evaluation 
results in the identification of surface markers CD19 and CD20 without 
coexpression of CD5 or CD23. Therapy is directed at the specific lym- 
phoid malignancy identified.“*“*** B-cell ALL is also included in the list 
of differential diagnoses, but it is an aggressive malignancy involving 
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immature B cells with distinct molecular features and outcomes (Chap. 
91). Transformation of CLL into ALL has been reported and managed 
with regimens suitable for ALL.“”-*” 
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CHAPTER 93 
HAIRY CELL LEUKEMIA 


Michael R. Grever and Gerard Lozanski 


Hairy cell leukemia (HCL) is an uncommon form of adult chronic B-cell leu- 
kemia. Whereas the cell of origin is uncertain, at diagnosis the characteristic 
leukemic cells are found in the marrow, the blood, and the spleen. Patients 
present with fatigue, infections, and many have splenomegaly. They are often 
pancytopenic, or may have isolated cytopenias, and usually have monocytope- 
nia. The leukemic cell in classic hairy cell leukemia (HCL-c) has a characteristic 
immunophenotypic profile (CD11¢+, CD19+, CD20+[bright], (D22+, CD25+, 
(D103+, and CD123+ and CD27—). A variant of hairy cell leukemia (HCL-v), 
which occurs less frequently, has been identified as a separate entity. A genetic 
mutation, BRAF V600E, has been identified in the majority of patients with the 
classic form of this disease, but is not present in the variant. This mutation is 
also present in the hematopoietic stem cells of patients with HCL-c. 

HCL is characterized by impaired marrow function and immunity leading 
to a high incidence of infectious complications. Both pentostatin and cladrib- 
ine are effective in achieving durable complete remissions. Long-term stud- 
ies demonstrate prolonged survival of patients, but the disease-free survival 
curves do not plateau suggesting that the disease is not cured but subject to 
relapse. Survival has been markedly improved with the introduction of purine 
nucleoside analogues and is estimated to be 90 percent at 5-year followup. 
When patients relapse, high-quality remissions can be achieved with salvage 
therapy. 


@ DEFINITION AND HISTORY 


Cases of malignant diseases involving marrow that probably represented 
examples of hairy cell leukemia (HCL) were reported through the first 
half of the 20th century and designated by such terms as “lymphoid 
fibrosis? They had features characteristic of HCL including marrow 
replacement by mononuclear cells, marrow fibrosis, splenomegaly and 
anemia and thrombocytopenia. In 1958, Bouruncle, Wiseman, and 
Doan described this constellation of findings in a group of patients.' At 
that time there was no means to characterize the immunophenotype of 
malignant lymphoid cells and they called the disease “leukemic reticu- 
loendotheliosis.” In 1966, Schrek and Donnelly, described the distinc- 
tive feature of cytoplasmic projections that were evident on the blood 
cells in two cases of this disorder. They called these “hairy” cells.'* The 


Acronyms and Abbreviations: HCL, hairy cell leukemia; HCL-c, classic HCL; HCL-v, 
variant of HCL; IHC, immunohistochemical stains; IL-2, interleukin-2; MRD, minimal 
residual disease; SEER, Surveillance, Epidemiology, and End Results Program; SIR, 
standardized incidence ratio; TGF, transforming growth factor; TRAP, tartrate-resis- 
tant acid phosphatase; WHO, World Health Organization. 


designation HCL has become universally accepted as the name of this 
lymphocytic neoplasm, characterized by infiltration of the marrow by 
malignant B-lymphocytes of a specific immunophenotype (see “Labo- 
ratory Features” below), often accompanied by reticular fibrosis, sple- 
nomegaly, anemia, thrombocytopenia, neutropenia, monocytopenia, 
and usually pancytopenia. Occasionally, there is an elevated total white 
cell count because of the abundance of malignant B-lymphocytes in the 
blood. Splenectomy was the sole therapeutic approach until the early 
observations of responses secondary to a-interferon and the purine ana- 
logues.?* Whereas splenectomy improved the blood counts, the impact 
of this intervention was temporary, resulting in improvement of symp- 
toms related to splenic sequestration. Most standard chemotherapy was 
ineffective and poorly tolerated. In 1984, Quesada described the bene- 
fits of daily w-interferon in achieving responses in seven patients with 
progressive HCL. Three patients achieved a complete response, with 
the remaining four having partial responses. Extensive description of 
the effects of w-interferon on marrow showed improvement in granu- 
lopoiesis associated with increases in the number of both circulating 
granulocytes and platelets. While this approach was heralded as a major 
achievement in treating this disease, other opportunities emerged in the 
same time frame. 

Grever and colleagues demonstrated that low-dose pentostatin was 
effective in achieving responses in patients with far-advanced low-grade 
B-cell malignancy.*” Spiers reported the initial response of HCL to pen- 
tostatin in a limited number of patients,’ which was followed by a larger 
study with a complete remission rate of 59 percent.® Kraut and col- 
leagues subsequently showed that low-dose, less-intense, intermittent 
pentostatin produced a higher complete remission rate (approximately 
89 percent) in patients with HCL.’ Others confirmed these findings,’ and 
a large prospective randomized trial of pentostatin versus a-interferon 
solidified that frontline therapy should be based upon a purine ana- 
logue.’ Piro and colleagues reported that cladribine produced complete 
responses in 11 of 12 patients with this disease.” Numerous trials with 
cladribine confirmed that a single course of therapy was equally capa- 
ble of inducing a high percentage of long-term complete responses.!” 
However, the initial trials with cladribine excluded patients with an 
active infection." Several studies using cladribine aimed at optimizing 
the remission rate and attempting to reduce myelosuppression showed 
that either 5 to 7 days of intravenous administration or subcutaneous 
injection produced responses, but these alternate approaches did not 
consistently reduce the risks for febrile neutropenia." In contrast, 
the reported frequency of febrile neutropenia was less in a study using 
intermittent administration of pentostatin? compared to those reported 
with cladribine.® Consequently, either purine nucleoside analogue is 
now used to induce remission. 

In patients with an active infection, it is advisable to control the 
infection before initiating immunosuppressive chemotherapy. However, 
if this is not possible then administration of either pentostatin alone or 
following «-interferon may be effective in controlling the underlying dis- 
ease.”'° If «-interferon is initially used to improve the neutrophil count 
and control the leukemia, the subsequent use of pentostatin to achieve 
a complete remission is not compromised. Therefore, some investigators 
have initially treated patients with HCL complicated by infection with 
a-interferon, which was followed by pentostatin in an effort to reduce 
infectious complications.'* While the use of filgrastim does reduce the 
degree and the duration of neutropenia, it does not reduce the number 
of febrile episodes in patients being treated with cladribine, in com- 
parison to historical controls.” However, it may be helpful in treating 
serious infections in neutropenic patients with HCL who are in a pre- 
carious medical condition. The optimal management of actively infected 
patients with HCL requiring treatment is still challenging. 


The remarkable advances in diagnosis and therapeutics with purine 
analogues over the past 25 years have clearly changed the natural history 
of this disease.'* Patients may now lead a near-normal life, despite the like- 
lihood of intermittent relapses requiring retreatment." Although the risk 
for serious bacterial infection is greatest during initial therapy, there are 
some delayed risks associated with impaired recovery of T-lymphocyte cell 
numbers and function following administration of purine analogues.'*”! 

In patients who achieve a complete morphologic remission, 
the presence of minimal residual disease (MRD) has been repeat- 
edly shown by immunohistochemical staining of the marrow.” Some 
patients in hematologic remission with MRD may live normal lives, and 
do not require retreatment unless there is deterioration in their blood 
counts.” Consequently, further research to define the optimal thera- 
peutic approach and timing for evaluation of response is needed. 

The excellent results achieved with purine nucleoside induction 
associated with high percentages of complete remission have contrib- 
uted to the improvement in overall survival for patients with this dis- 
ease.” Using Surveillance, Epidemiology, and End Results Program 
(SEER) data after 1984, extensive analysis over the past 3 decades shows 
a progressive improvement in patient survival with HCL. Despite these 
truly remarkable results, at least 40 percent of patients will relapse.” 
Many of these patients will be successfully retreated, but the failure of 
the disease-free survival curve to flatten attests to the fact that this dis- 
ease has been controlled but not cured. Strategies to predict who will be 
prone to relapse will enable new treatments to be risk-stratified. Fur- 
thermore, new agents are being developed to successfully treat patients 
who have developed resistant disease.'??#?5 


@ EPIDEMIOLOGY 


HCL is a rare chronic B-cell lymphoid malignancy accounting for 
approximately 2 percent of adult leukemias. The estimated annual inci- 
dence in the United States is approximately 3.3 persons per million per- 
son-years in the United States.“ The mean age at diagnosis is 55 years, 
but there is a wide range in age of onset.” Patients may present in their 
20s and 30s, and a report on 88 patients who were diagnosed at age 
40 or younger showed that these patients do well long-term.” Younger 
patients respond better to therapy, but may relapse and require retreat- 
ment in order to experience long-term survival benefits.” There is an 
unexplained male predominance with this disease with a ratio of 4:1 
males to females. There is also an unexplained racial difference with 
more than 90 percent of patients being white.” 

There is a bimodal presentation in age raising the possibility of dif- 
ferent etiologies in the younger and older patient groups.” The search for 
causative relationships in the older subset of patients has included exten- 
sive investigation of environmental and occupational exposures.” There 
is a suggestion of increased cases associated with farming and in jobs with 
extensive exposure to insecticides. Extensive investigation of the risk for 
secondary malignancies identified an increased overall risk (standardized 
incidence ratio [SIR] 1.24) in a large population-based study according 
to SEER data from 1973 through 2000.” In this study of more than 3000 
patients with HCL, three separate malignancies were identified as being 
of particular concern (SIR 6.61 Hodgkin lymphoma; SIR 5.03 non-Hodgkin 
lymphoma; and SIR 3.56 thyroid cancer). Whether or not these second 
malignancies are related to an immune deficit from the leukemia or a 
result of the therapy for the leukemia is unknown. 


@ ETIOLOGY AND PATHOGENESIS 


HCL represents a clonal population of leukemic cells predominantly 
infiltrating the marrow, the spleen, and the liver. These cells are char- 
acterized as mature activated memory B cells based upon their immu- 
nophenotypic profile.” The neoplastic cells in classic HCL (HCL-c) 
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have hypermutated immunoglobulin genes in approximately 90 per- 
cent of the cases.*' In those patients who have unmutated immuno- 
globulin genes, the disease appears to be more aggressive, as is the 
case in chronic lymphocytic leukemia. Leukemic cells use a variety 
of VH gene families. In those patients showing a VH4-34 gene, the 
clinical course has also been noted to be less favorable.*”** Molecular 
parameters may have prognostic value. For example, patients with a 
mutation in p53 have been less responsive to purine analogue therapy. 
Therefore, characterization of the molecular and genetic profile of the 
leukemic cells may elucidate the cell of origin and have prognostic 
value with respect to clinical outcome and responsiveness to standard 
therapy. 

The identification of a mutation in BRAF V600E in almost 100 per- 
cent of patients with HCL-c has had a major impact on classification of 
the previously defined subsets of this disease.** The leukemic cells from 
patients with the variant of HCL (HCL-v) express BRAF wild-type. This 
genetic difference confirms that these two entities are clearly unrelated 
with a completely separate clinical course and therapeutic responsive- 
ness. It is interesting that the small subset of patients with an immuno- 
phenotype consistent with HCL-c, yet using VH4-34 rearrangement, 
appear to be BRAF wild-type, further suggesting that there are multiple 
unique clonal patterns with distinct clinical courses.” Despite immu- 
nophenotypic features consistent with HCL-c, the lack of expression of 
BRAF V600E identifies a clinical course unlike the highly responsive 
form of the leukemia. 

The presence of BRAF V600E mutation appears to activate the 
MEK-ERK signaling pathway responsible for leukemic cell survival 
and proliferation. Downstream activation of pERK correlates with pres- 
ence of this mutational pathway.** Hematopoietic stem cells expressing 
this mutation have been identified in the marrow of murine models of 
the disease,” as well as in the marrow of patients with HCL.” BRAF 
V600E in marrow stem cells may explain the impairment in normal 
hematopoiesis that occurs in HCL-c. Furthermore, cytokines secreted 
by the leukemic cells may be responsible for the areas of hypocellular- 
ity observed in some patients with HCL-c.*** Alternatively, impaired 
hematopoiesis may result from inadequate growth factor production.” 
Pancytopenia may also result either from extensive marrow infiltration 
with leukemia or fibrosis induced by the overproduction of transform- 
ing growth factor (TGF)-f by leukemic cells.“ 


@ CLINICAL FEATURES 


The most common presenting symptoms are weakness and fatigue, 
which occur in 50 percent of patients with HCL.” Although many 
patients also have an enlarged spleen, the gradual onset of symptoms 
is described as fullness in left abdomen, early satiety, and discomfort. 
Initially, Bouroncle reported that splenomegaly was found in 96 percent 
of patients.' However, more recently the percentage with a markedly 
enlarged spleen may be less at diagnosis because of earlier detection 
of the disease. Patients may present with a history of increased infec- 
tions, and approximately 17 percent have an active infection at the time 
of diagnosis.’ Bleeding manifestations are also noted in patients with 
severe thrombocytopenia. Patients may present with few symptoms, but 
an abnormal laboratory report suggesting a hematologic disorder may 
emerge during a routine health examination. 

Infection has been the leading cause of death in patients with HCL, 
and accounted for 55 percent of the fatalities in a large longitudinal 
review of 725 patients in an Italian series. In general, the infections 
occur as a result of granulocytopenia, monocytopenia, and impaired 
function of immune effector cells. Approximately 30 percent of patients 
are found to have a documented source of infection, but an equal num- 
ber of suspected infections cannot be documented microbiologically.“ 
Fever in this patient population should prompt a search for infection. It 


has been estimated that 48 percent of infections are caused by pyogenic 
organisms including Staphylococcus aureus, Pseudomonas aeruginosa, 
Streptococcus pneumoniae, Escherichia coli, Klebsiella pneumonia, and 
Legionella pneumophilia.*’ Multiple other organisms have been identi- 
fied as a source of infection including Aspergillus, Candida, Blastomyces, 
Histoplasma, Cryptococcus, Toxoplasmosis, Pneumocystis jiroveci, and 
atypical mycobacteria. 

While the majority of infections occur before effective treatment 
has been initiated, the additional risk of infection as a complication 
of treatment exists both immediately following therapy and for many 
months thereafter.” The purine nucleoside analogues that are used as 
a backbone of induction therapy can produce profound and prolonged 
myelosuppression. Because of the extensive marrow involvement with 
leukemia, the myeloid reserve is severely compromised at the initia- 
tion of therapy. Following effective therapy, the granulocytes gradually 
recover, but the purine nucleoside analogues usually induce a prolonged 
period of reduction in lymphoid cells, thus opportunistic infections 
resulting from compromised lymphocyte function may also emerge in 
the posttreatment period. Once the patient has achieved a complete 
remission, the risks for infection become progressively less as the hema- 
tologic parameters improve. Full recovery of lymphocyte function fol- 
lowing purine analogue therapy, however, may require several years.“ 

Unusual symptoms related to HCL may include bone pain and 
autoimmune complications.“ Bone pain may be the result of lytic dis- 
ease that can involve the spine, the femur, and other skeletal sites. Lytic 
bone disease can occur at any time during the course of the disease. 
Both magnetic resonance imaging (MRI) and computed tomography 
(CT) scans have been helpful in identifying these lesions even when 
plain films of involved areas are normal. Biopsies of bone lesions have 
confirmed the presence of hairy cells, and these manifestations may 
respond to effective treatment of the leukemia. Many of the patients 
with bone lesions respond to systemic treatment of the disease, but oth- 
ers require additional localized irradiation. 

Diverse autoimmune findings in patients represent other unusual 
complications.“ Patients may complain of migratory inflammatory 
episodes involving the joints and tenosynovial tissues. These painful 
inflammatory episodes are usually self-limited and resolve sponta- 
neously but may be recurrent. Vasculitic skin lesions and erythema 
nodosum have been reported.*! Autoimmune hemolytic anemia and 
thrombocytopenia have also been observed.**! The autoimmune phe- 
nomena are not related to tumor burden, and may be present at ini- 
tial diagnosis or occur anytime throughout the course of the disease. 
Finally, patients have also presented with paraneoplastic neurological 
syndromes.” 


@ LABORATORY FEATURES 


Patients with HCL reviewed in a large Italian series had pancytopenia 
(77 percent) reflecting impaired hematopoiesis due to marrow infil- 
tration and splenic sequestration.”'** Approximately 28.4 percent of 
patients had a hemoglobin less than 8.5 g/dL with 14.9 percent requiring 
a blood transfusion, 39 percent of patients had an absolute neutropenia 
(neutrophils <500/uL), and 72.6 percent had a platelet count less than 
100,000. Jansen earlier developed prognostic criteria for HCL relating 
the degree of anemia and splenomegaly to survival. The Jansen staging 
system was developed before the age of effective therapy. Nevertheless, 
a later study also showed that the degree of anemia in younger patients 
correlated with overall survival following therapy with pentostatin.° 
Most patients have monocytopenia. Many patients have morphologic 
evidence of “hairy cells” on blood films characterized by pale blue or 
gray cytoplasm with a serrated/ruffled border (Fig. 93-1). The nucleus 
is oval and often reniform in shape with spongy chromatin and indis- 
tinct nucleoli. In the past, cytochemical staining with tartrate-resistant 
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acid phosphatase (TRAP) was routinely performed since hairy cells are 
positive for this enzyme. However, this stain is technically difficult and 
was therefore replaced by immunohistochemical stains (IHC) for this 
enzyme. Moreover, a more definitive diagnosis can be made by flow 
cytometry identifying the characteristic immunophenotypic profile. 
HCL cells are strongly positive for CD20, and are positive for CD11c+, 
CD25+, CD103+, and CD123+. The leukemic cells are usually negative 
for CD5-, CD10-, CD27-, and CD43-. Consequently, it is essential 
to secure a comprehensive immunophenotypic profile of the leukemic 
cells, as even small monoclonal populations can be identified by multi- 
channel flow cytometry in the blood (see Fig. 93-1). 


MARROW BIOPSY 


In establishing the diagnosis, a marrow biopsy should be obtained to 
evaluate the degree of marrow cellularity and the percentage of leuke- 
mic cell infiltration (Fig. 93-2).*” In addition, marrow fibrosis is char- 
acteristic of this disease. The marrow cellularity can be quite variable. 
Some patients with this diagnosis have a severely hypocellular marrow, 
and this pattern could be misread as hypocellular or aplastic anemia.” 
More often, there is either infiltrative disease or diffuse marrow replace- 
ment with the characteristic mononuclear cells with nonoverlapping 
cellular borders. These cells have resembled a “fried egg-like” appear- 
ance. Immunohistochemical stains can be used to definitively identify 
the leukemic cells within the biopsy. Immunohistochemical staining of 
the marrow with anti-CD20 is most useful, followed by staining with 
annexin and DBA.44 monoclonal antibody to further narrow the differ- 
ential diagnosis. The demonstration that the mutation BRAF V600E is 
found in the overwhelming majority of cells from patients with HCL-c 
has provided yet another confirmatory stain for this disease." 

Additional baseline laboratory tests to obtain before treatment 
include an assessment of renal function as both of the commonly used 
purine nucleoside analogues are excreted by a renal route. It is important 
to screen for evidence of previous hepatitis B as serious complications 
including acute liver injury have resulted from the use of immunosup- 
pressive agents (e.g., rituximab).” 


LABORATORY VALUES USEFUL IN PATIENT 
MONITORING 


Serial complete blood count monitoring with attention to the absolute 
neutrophil count, the platelet count, and the hemoglobin is the most 
useful approach to follow the progress of HCL patients. As the expres- 
sion of soluble interleukin-2 (IL-2) receptor correlates with tumor 
burden a baseline determination of the soluble IL-2 receptor may be 
important for following the course of the disease and its response to 
treatment.” Soluble CD22 also can be followed in a similar manner as a 
correlate of leukemic cell burden." 


@ DIFFERENTIAL DIAGNOSIS 


Several B-cell clinical entities can be considered when establishing a 
diagnosis of HCL-c. The World Health Organization (WHO) defined 
an HCL-v that is completely separate from the classic form of this dis- 
ease.!**°8 The frequency of HCL-v is approximately 10 percent of 
HCL-c. This rare chronic B-cell lymphoproliferative disorder is char- 
acterized by leukocytosis, lack of monocytopenia and neoplastic B cells 
with nucleoli and convoluted nuclei. The cytoplasm may have a shaggy 
edge, but the ruffled border is usually not circumferential as in HCL-c. 
The immunophenotype is characterized as CD25- and CD123- nega- 
tive, annexin-1 negative, and negative for TRAP, both by cytochemical 
and by immunohistochemical methods. The BRAF V600E mutation is 
not present in this entity.** The clinical course of the disease is initially 
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ry cell leukemia (HCL) immunophenotypic profiling should be performed using multiparametric flow cytometry analysis. Both 
ilute marrow aspirates should be analyzed regardless of the number of leukemic cells seen on morphologic review of slides. 
haracteristic immunophenotype, definitive diagnosis of HCL can be rendered based on flow cytometric data even with a very low 
ic cells. As a result of their complex surface projections, hairy cells demonstrate moderate to high side scatter (SC) characteristics 


resulting in their shift on flow plots into the region typically occupied by monocytes. Hairy cells are positive for CD11c+, CD19+, CD20+, CD25+, 
CD103+, CD123+ and show « light-chain restriction in this example. Hairy cells are negative for CD27-. Very rare cases of HCL may show positive 


staining for CD5 or 
of HCL in cases wit 


CD10 antigens. It is important to note that while atypical, the expression of these antigens does not preclude a definitive diagnosis 
h otherwise typical HCL immunophenotype. 


Figure 93-2. Marrow core biopsy is important in diagnosis of hairy cell 
leukemia (HCL) because marrow aspirates are frequently dry taps in HCL. 
This figure shows a marrow trephine biopsy involved by HCL. Hematoxy- 
lin-and-eosin (H&E) stained sections show a characteristic interstitial pat- 
tern of marrow infiltration by HCL. Leukemic cells are medium size with 
ample clear cytoplasm and centrally placed nuclei without nucleoli with 
“fried egg” morphology. Leukemic cells do not form discrete aggregates 
but are admixed with hematopoietic elements that often render their 
distinction from background erythroid precursors difficult. Reticulin stain 
shows reticulin fibrosis that is characteristically present in marrow involved 
by HCL and renders marrow difficult to aspirate resulting in frequent dry 
tap aspirates. CD20 immunohistochemical stain highlights the extent of 
leukemic infiltrate. V600E BRAF immunohistochemical stain highlights leu- 
kemic cells that typically are positive for V600E BRAF mutation. Annexin A1 
immunohistochemical stain is positive in leukemic cells and is negative in 
background residual erythroid cells. DBA44 immunohistochemical stain, 
while not absolutely specific, is always positive in HCL. 


indolent, but eventually progresses with spleen and liver involvement. 
Some patients respond to splenectomy with temporary stabilization 
of the disease. Patients do not achieve durable responses with purine 
analogues as monotherapy, but may respond to immunotoxin conju- 
gates (e.g., HA-22) or combined therapies with a purine analogue and a 
monoclonal antibody.®* 

Another entity that must be distinguished from HCL is splenic 
marginal zone lymphoma/splenic marginal zone lymphoma with villous 
lymphocytes.™ This entity is a chronic B-cell neoplasm that involves the 
spleen, splenic hilar nodes, marrow and the blood. Patients may present 
with splenomegaly, anemia, and thrombocytopenia. The malignant cells 
in the blood are characterized by cytoplasmic villi/projections that are 
typically polar in distribution. The immunophenotypic profile is dis- 
tinctly different than HCL-c. While the cells are positive for CD20, they 
are negative for CD25, annexin 1, and usually negative for CD103. 

Splenic diffuse red pulp small B-cell lymphoma is an uncommon 
lymphoma that infiltrates the splenic red pulp in a diffuse pattern. It 
can also involve the marrow and the blood. The malignant cells resemble 
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those seen in splenic marginal lymphoma with villous lymphocytes. 
Patients usually have very large spleens, leukopenia, and thrombocy- 
topenia. The immunophenotypic profile shows strong expression of 
CD20 and negative staining for CD25, CD11c, CD123, and annexin. 
This indolent lymphoma has been reported to respond to splenectomy. 

There are patients with classic appearing HCL who have molecular 
features suggesting that there may be more than one molecular “variant” 
of this disease. For example, patients with a classic immunophenotype 
who are BRAF V600E mutation-negative and use the immunoglobulin 
VH4-34 have a worse prognosis than those with HCL-c, despite hav- 
ing identical immunophenotypic markers.” Patients with unmutated 
immunoglobulin gene rearrangement and those harboring a p53 muta- 
tion also have a worse prognosis, indicating that these molecular fea- 
tures potentially define yet another form of this disease.*’ Further study 
of the molecular prognostic features will hopefully identify informa- 
tion that will enable improvement in selection of appropriate therapy." 
Establishing an accurate diagnosis of HCL or one of the clinical entities 
that mimic this disease by including a complete set of immunopheno- 
typic and molecular markers is essential in selecting the best therapeutic 
option for each patient (Table 93-1). 


@THERAPY 
CRITERIA FOR INITIATION OF TREATMENT 


Patients with HCL should be treated for symptoms related to the disease 
or for deterioration in blood counts. Patients may have symptoms asso- 
ciated with a markedly enlarged spleen. Excessive fatigue related either 
to the underlying disease or to the degree of anemia also warrant treat- 
ment. If the absolute neutrophil count is documented to be less than 
1,000/uL or if the platelet count is confirmed to be less than 100,000/uL, 
then consideration for treatment should be given rather than waiting 
until the patient’s blood counts have deteriorated to very low levels. 
Many patients will have achieved these low hematologic parameters 
by the time of diagnosis, therefore meriting prompt therapy. Approx- 
imately 10 percent of patients with HCL-c may not meet these criteria, 
and can be followed for an extended period of time without therapy, 
albeit with close followup.°?® 

If patients have had recurrent infections requiring antibiotics, it 
may be prudent to delay treatment for the HCL until after the infec- 
tion has been controlled. After the infection is controlled, subsequent 
treatment with a purine analogue can be administered to secure a con- 
solidated remission of the leukemia. These challenges highlight the 
importance of starting effective anti-leukemic therapy before the abso- 
lute neutrophil count deteriorates to a dangerous level. 


STANDARD APPROACH 


Patients may either be treated with cladribine or pentostatin 
(Table 93-2).°*°”** Cladribine has been approved for initial therapy, and 
pentostatin has been approved for second-line therapy. Cladribine has 
been administered by several routes on differing schedules. This agent 
is usually administered over 5 to 7 days, and the patient’s blood counts 
need to be carefully monitored after this initial course. Initial studies 
administered cladribine as a continuous intravenous infusion for 7 days 
as a single course. Subsequently, other investigators administered this 
agent as a daily intravenous infusion over 2 hours each day for 5 days. 
Approximately 4 to 6 months after blood count recovery following clad- 
ribine, a marrow biopsy should be obtained to determine the quality 
of the response. The overall complete remission rate with this agent is 
reported to vary from 75 percent to 91 percent.” 

Alternatively, if pentostatin is to be used for induction therapy, 
it is administered once every 2 weeks as a short intravenous injection 
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TABLE 93-1. Differential Diagnosis for Hairy Cell Leukemia 


Characteristics HCL HCL-v SMZL SDRPSBL 

Number of circulating Low Moderate Variable Low 

malignant cells 

Monocytopenia Present Absent Absent Absent 

Chromatin Open Condensed Condensed Condensed 
Nucleolus Absent Prominent Absent Variable 

Cytoplasm Abundant with promi- Moderate to abundant Moderate to scant with Moderate with vari- 


nent circumferential hairy 
projections 


with variably prominent 
circumferential hairy 
projections 


variably prominent polar 
hairy projections 


ably prominent villous 
projections 


Spleen involvement 


Marrow involvement 


Red pulp 
Interstitial, diffuse 


Red pulp 


Sinusoidal may be 


White pulp 
Nodular may be 


Red pulp 


Intrasinusoidal, may be 


pattern, (fried egg interstitial intrasinusoidal interstitial or nodular 
morphology) 
Marrow reticulin fibrosis 

Marrow reticulin fibrosis Frequent and marked Absent Absent Absent 


Immunophenotype by 
flow cytometric analysis 


CD11c+, CD19+, CD20+ 
bright, CD22+, CD25+, 
CD103+,CD123+, FMC7+, 


CD11c+, CD19+, CD20+, 
CD22+, CD27+, CD79b+, 
CD103+, FMC7+, kappa 


CD11c+, CD19+, CD20+, 
CD22+, CD27+, CD79b+, 
FMC7+, kappa or lambda 


CD11c¢+/-, CD103+/-, 
CD19+. CD20+, kappa or 
lambda+ 


kappa or lambda (strong) or lambda strong strong Negative for CD25-, 
Negative for CD25-, Negative for CD25-, CD123- 
CD123- CD123- 
Immunophenotype by DBA44+ DBA44+ DBA44+/- DBA44+ 
immunohistochemistry  AnnexinA1+ Annexin A1- Annexin A1- Annexin A1- 
Immuno-TRAP+ Immuno-TRAP- Immuno-TRAP- Immuno-TRAP- 
Cyclin D1+ Cyclin D,- Cyclin D,- Cyclin D,- 
Faint t-Bet+ t-Bet- t-Bet- t-Bet- 
V600E BRAF+ V600E BRAF- V600E BRAF- V600E BRAF- 
Recurrent mutation V600E BRAF None None None 
Somatic hypermutation >85% of cases Mostly >50% of cases Variable 


of immunoglobulin 


HCL, hairy cell leukemia; HCL-v, variant of hairy cell leukemia; SDRPSBL, splenic diffuse red pulp small B-cell lymphoma; SMZL, splenic marginal 


zone lymphoma; t-Bet, T-box transcription factor. 


followed by administration of approximately a liter of fluid.” Weekly 
blood counts are monitored, and the second and subsequent doses 
are administered if the absolute granulocyte count has not decreased 
to dangerously low levels. Titrating these doses to be given every 2 
to 3 weeks may lessen the degree of myelosuppression related to the 
agent.” After several reduced or delayed doses, the dose and schedule 
are returned to the standard dose of 4 mg/m? intravenous every 2 weeks 
in an effort to achieve complete remission. The complete remission rate 
to pentostatin with this approach approximated 75 percent in a multi- 
institutional study.’ Patients may require 6 months or more of therapy 
with this agent. When the blood counts and the spleen have returned to 
normal, then a marrow biopsy should be performed to see if complete 
remission has been achieved by morphologic evaluation. This biopsy 
will serve as a baseline for evaluation of MRD. If there are no visible 
areas of HCL by morphologic criteria, then two additional doses are 
administered as consolidation. 


MINIMAL RESIDUAL DISEASE 


Although a complete remission is based upon recovery of blood counts, 
there must be no morphologic evidence of leukemic cells either in the 


blood or the marrow.” MRD is defined as evidence of leukemic cells 
on the marrow biopsy that can be detected using IHC when there is no 
residual morphologic evidence of disease. IHC directed at markers on the 
leukemic cells may identify residual disease that is either diffusely infil- 
trating the marrow or localized. Antibodies directed at CD20, annexin, 
BRAF V600E (e.g., VE1), or DBA.44 will detect disease that is not iden- 
tified morphologically.” In addition, detailed flow cytometric immuno- 
phenotypic analysis of either the blood or the marrow aspirate may be 
capable of identifying residual leukemia cells (e.g., positive for CD20+, 
CD11c+, CD103+, CD25+, CD123+ and negative for CD27-). Flow 
cytometry of the marrow may be negatively impacted by the difficulty 
in securing an aspirate that is not contaminated by blood. Consequently, 
identification of the extent of MRD using IHC on a marrow biopsy may 
be less adversely impacted by sampling error. Eradication of MRD may be 
achieved by adding additional therapy (e.g., administration of rituximab), 
but the necessity for this additional therapy must be considered.” 


FOLLOWUP CARE 


The advantages of achieving a complete remission have been stressed.” 
However, the therapy for this disease is immunosuppressive. Extensive 


TABLE 93-2. Management of Hairy Cell Leukemia 
Determine accurate diagnosis 

+ Marrow biopsy with immunohistochemical analysis 

+ Blood immunophenotypic characterization 


Decision on initiation of therapy 


Approximately 10 percent can be carefully followed on “watch 
and wait” approach but majority of patients require treatment 


Determinants or symptoms prompting treatment: symptomatic 
splenomegaly or laboratory studies showing: absolute 
neutrophil count <1000/yL; hemoglobin <10 g/dL; or platelet 
count <100,000/uL 


Important assessments before therapy for leukemia 
+ Presence or suspicion for infection 

+ Adequate renal function 

e Previous exposure to hepatitis 


Decision on frontline therapy 

e Cladribine 0.1 mg/kg/day for 7 days continuous intravenous 

infusion'?°7> 

Cladribine 0.12 mg/kg/day for 5 days as 2-hour intravenous 

infusion vs. weekly infusion for 6 weeks" 

+ Pentostatin 4 mg/m? intravenous dose every 2 weeks until maxi- 
mal response or failure?”?76 


Assessment of response 


Following induction therapy, a marrow biopsy to document 
quality of response and quantitate minimal residual disease 
(MRD) 


Methods for quantification of MRD with immunohistochemical 
stains and the optimal timing for MRD assessment are under 
investigation 


In general, response assessment after cladribine is recom- 
mended after 3 to 5 months. In contrast, response assessment 
following pentostatin is made at time of best clinical response 


Clinical investigations for resistant hairy cell leukemia 


e Alternate purine analogues alone or combined chemoimmuno- 
therapy (e.g., bendamustine and rituximab)” 


+ Immunotoxin conjugates (e.g., moxetumomab pasudotox 
[HA22]’?) 


e BRAF V600E inhibitors (e.g., vemurafenib)?>® 


Overall management strategies can be found in Refs. 62, 67, 71, and 79. 


treatment to eradicate MRD may involve continued therapy with its 
attendant consequences of increased risk for infection or possibly a sec- 
ondary malignancy. Consequently, clinical judgment must be exercised 
to achieve the optimal outcome for patients with this disease. An accu- 
rate assessment of response to therapy may best be made several months 
following completion of initial induction therapy.” In those who have 
achieved a complete response, careful followup is indicated. In those 
who had less than a complete remission, a determination will need to 
be made regarding salvage therapy versus close observation based upon 
blood count recovery. 


THERAPY AT RELAPSE 


The duration of response following initial therapy for HCL is variable. 
The criteria for retreatment can be based upon recurrence of clini- 
cal symptoms and on the status of the blood count.” A decision to 
restart therapy before progressive severe pancytopenia has returned is 
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important. Considering both the risks and benefits of additional ther- 
apy requires clinical judgment. 

There are several therapeutic options for treating patients with 
either resistant disease or disease that had an early relapse following ini- 
tial response. In general, if the patient achieved an initial response and 
subsequently relapses within 1 to 2 years, an alternate agent might be 
selected for retreatment.” Otherwise, retreatment with the initial ther- 
apy can be considered if the first remission was durable. Most patients 
will initially be treated with a purine nucleoside analogue. If there is an 
early relapse, the alternate purine analogue may be selected for rein- 
duction. If patients initially received cladribine, pentostatin might be 
chosen for reinduction. In patients who demonstrate resistant disease, 
the identification of the BRAF V600E target has provided a therapeu- 
tic strategy involving an inhibitor (e.g., vemurafenib) as investigational 
therapy. Although patients have been reported to respond, this agent 
is not yet FDA-approved for this indication.” Furthermore, immu- 
notoxin conjugates (e.g., HA22) have also been reported to produce 
remissions in patients with resistant disease.” The purine nucleoside 
analogues (cladribine and pentostatin) have also been effective in pro- 
ducing long-term salvage remissions in patients with HCL in relapse. In 
patients who have either resistant or relapsed disease, a combination of 
a purine analogue and a monoclonal antibody have also been used.” 


@ COURSE AND PROGNOSIS 


The outlook for patients with HCL has markedly improved since its 
original description in 1958.6 Patients can now anticipate a near normal 
life expectancy with the caveat that the disease will likely require close 
observation and retreatment for those who relapse. Survival at the end 
of 1 year is estimated to be approximately 88 percent with 5-year sur- 
vival at 77 percent in one longitudinal population-based report.’ Other 
long-term followup studies in the era of purine nucleoside therapy have 
identified similar results with 5-year survival being 90 percent and esti- 
mated 10-year survival at 81 percent.” 

Whereas overall survival has improved, there is an increased risk 
of serious infection during the first year following diagnosis. The overall 
relative risk of a serious infection compared to a normal population is 
2.59. This adjusted relative risk during the first year from diagnosis and 
treatment is 8.04.7" The risk of serious infection is highest during the 
first year, and then declines toward normal in subsequent years. This 
indicates that patients should be followed very closely during the initial 
years following treatment. Full recovery of lymphocyte numbers and 
function after therapy may require several years. Consequently, physi- 
cians should follow their patients closely and document the recovery 
of these immune effectors cells. Patients should receive vaccinations 
utilizing dead or attenuated viral vaccines, and avoid “live” viral vac- 
cines while in remission. Prompt attention to early signs of infection is 
important for health maintenance. 

The results of clinical investigations have markedly improved the 
outcome for this patient population. Clinical relapse will likely occur 
because the current therapy controls the disease, but does not cure it.” 
Despite the enormous progress made in managing these patients, con- 
tinued clinical investigation is warranted in an effort to achieve the best 
outcome with durable complete remissions and minimal risk of infection. 
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CHAPTER 94 
LARGE GRANULAR 
LYMPHOCYTIC LEUKEMIA 


Pierluigi Porcu and Aharon G. Freud 


Indolent clonal proliferations of large granular lymphocytes (LGLs) can arise 
from either T cells or natural killer (NK) cells. These diseases show overlap- 
ping clinical, morphologic, immunophenotypic, and genetic features. T-cell 
large granular lymphocytic leukemia (T-LGLL) and the related provisional 
2008 World Health Organization entity, chronic lymphoproliferative disor- 
ders of NK cells (CLPD-NK), are similarly defined as persistent (>6 months) 
and clonal expansions in blood LGLs, often without a clearly identifiable 
cause. These patients are typically older, present with single lineage or 
multilineage cytopenias, and often have clinical and laboratory features of 
autoimmunity or immune dysfunction. Autoimmune neutropenia, throm- 
bocytopenia, hemolytic anemia, and occasionally pure red cell aplasia may 
occur. Patients with T-LGLL frequently have elevated rheumatoid factor and 
clinical hallmarks of rheumatoid arthritis. The diagnosis of LGL leukemia 
requires a high degree of suspicion and careful examination of the blood 
film, because a significant fraction of patients do not have an absolute 
lymphocytosis, although the proportion of LGLs is usually increased. Most 
patients with T-LGLL and fewer with CLPD-NK have chronic neutropenia, 
and approximately half of T-LGLL patients have neutrophil counts less than 
0.5 x 10°/L. Anemia is observed in approximately half of patients with 
T-LGLL. Morbidity and mortality usually result from recurrent infections 
secondary to chronic neutropenia, transfusion-related iron overload, and 
less frequently from disease acceleration and transformation into a more 
aggressive T/NK leukemia or lymphoma. The treatment approach gener- 
ally consists of immune modulatory or immune suppressive drugs, such 
as weekly oral methotrexate, cyclophosphamide, cyclosporine, prednisone, 
and alemtuzumab. 


Acronyms and Abbreviations: AICD, activation-induced cell death; ANKL, aggres- 
sive NK cell leukemia; CD, cluster of differentiation; CDR3, complementarity deter- 
mining region 3; CLPD-NK, chronic lymphoproliferative disorders of NK cells; CMV, 
cytomegalovirus; CTL, cytotoxic T lymphocyte; EBV, Epstein-Barr virus; FS, Felty 
syndrome; HLA, human leukocyte antigen; HSTCL, hepatosplenic T-cell lymphoma; 
HTLV, human T-cell leukemia virus; IL, interleukin; KIR, killer immunoglobulin-like 
receptor; LGL, large granular lymphocyte; LGLL, large granular lymphocytic leuke- 
mia; NK, natural killer cell; NK-LGL, natural killer cell—large granular lymphocyte; 
PDGF, platelet-derived growth factor; PI3K, phosphatidylinositol 3’-kinase; RF, 
rheumatoid factor; STAT, signal transducer and activator of transcription; TCR, T-cell 
receptor; T-LGLL, T-cell large granular lymphocytic leukemia; WHO, World Health 
Organization. 


@ DEFINITION AND HISTORY 


Large granular lymphocytic leukemia (LGLL) was initially described in 
the 1970s,'” and further characterized in 1985,’ as a clonal disorder of 
cytotoxic cluster of differentiation (CD)8+ T-cells involving blood, mar- 
row, liver, and spleen, and clinically manifesting as an indolent prolifer- 
ation of large granular lymphocytes (LGLs). Normally LGLs comprise 
10 to 15 percent of blood mononuclear cells and may be either surface 
CD3+ (T-cell) or surface CD3- (natural killer [NK] cell). The absolute 
number of LGLs in the blood of normal subjects is 0.2 to 0.4 x 10°/L. 
According to the 2008 World Health Organization (WHO) Classifica- 
tion of Tumors of the Hematopoietic and Lymphoid Tissues, T-cell large 
granular lymphocytic leukemia (T-LGLL) is defined as a persistent (>6 
months) and usually clonal expansion of surface CD3 (sCD3+) LGL 
without a clearly identifiable cause.* The corresponding NK cell type 
of LGLL (sCD3-, CD16+), referred to as chronic lymphoproliferative 
disorders of NK cells (CLPD-NK), was included as a provisional diag- 
nosis in the 2008 WHO classification and is similarly defined.* LGLL 
represent 2 to 3 percent of mature lymphocytic leukemias.* CLPD-NK 
should be distinguished from the acute and often fulminant aggres- 
sive NK cell leukemia (ANKL),° which is associated with Epstein- 
Barr virus (EBV) infection of the neoplastic NK cells. In contrast to 
ANKL, both T-LGLL and CLPD-NK are clinically indolent and have 
a low risk of transformation into an aggressive malignancy. The main 
impact of LGLL on patients’ lives, and the most common indication for 
therapy, derives from the occurrence and severity of single lineage or 
multilineage cytopenias and by the resultant infections and transfusion 
requirement. 


@ ETIOLOGY AND PATHOGENESIS 


The etiologies of T-LGLL and CLPD-NK are not definitively established. 
It has been postulated, based on the analysis of T-cell receptor (TCR) 
complementarity determining region 3 (CDR3) patterns and VB fam- 
ily usage, that chronic antigenic stimulation results in the proliferation 
and/or increased survival of LGLs. Moreover, leukemic T-LGL show 
characteristics of antigen-activated cytotoxic T lymphocytes (CTLs), 
suggesting that an initial step in T-LGLL could be an antigen-driven 
clonal expansion.”~° Clonal drift in the T-cell repertoire with a change in 
the dominant clone occurs in approximately one-third of cases during 
the course of the disease,” implying that a dynamic process of clonal 
expansion exists that may affect more than one T-cell family in the same 
patient. Early studies suggested a possible association with human T-cell 
leukemia viruses (HTLVs); however, most patients are not infected with 
this agent. Some evidence implicates cytomegalovirus (CMV) as the 
inciting antigen in the rare CD4+ subset of LGLL, but its role in patients 
with the more typical CD8+ subtype of T-LGLL is not clear.'* 

In the absence of an exogenous antigenic drive, chronic immune 
dysregulation and aberrant cytokine production may lead to enhanced 
LGL survival and expansion and, therefore, contribute to the patho- 
genesis of LGLL. Patients with T-LGLL frequently have humoral 
immune abnormalities, including positive tests for rheumatoid factor 
(RF)—with or without clinical arthrosynovitis—antinuclear antibodies, 
antineutrophil cytoplasmic antibodies, polyclonal hypergammaglobu- 
linemia, hypogammaglobulinemia, and circulating immune complexes 
(Table 94-1) .° The high incidence of autoimmunity in patients with 
LGLL and the fact that the autoimmune manifestations often precede 
the occurrence of LGL expansions suggest that sustained immune acti- 
vation may contribute to the pathogenesis of LGLL. However, because 
the detection of asymptomatic expansions of LGL in the blood requires 
examination of a blood film or flow cytometry, this temporal associa- 
tion should be interpreted with caution. 


Part XI: Malignant Lymphoid Diseases 


TABLE 94-1. Clinical Features of T-Cell Large Granular Lymphocytic Leukemia 


Pandolfi? Loughran® Dhodapkar” Semenzato”' Neben”? Bareau’’ 
(1990) (1993) (1994) (1997) (2003) (2010) 

Number of patients 151 129 68 162 44 201 
Median age 55 57 61 59 63 59 
M/F 13 0.8 1 0.8 1.0 0.8 
Symptomatic 72% - 69% - 73% 82% 
Splenomegaly 50% 50% 19% 50% 35% 24% 
Hepatomegaly 34% 23% 1% 32% = 10% 
Adenopathy 13% 1% 3% 13% 5% 6% 
B symptoms = = 12% = = 7% 
Infections 38% 39% 15% 56% - 23% 
Rheumatoid arthritis 12% 28% 26% 36% 20% 17% 
Rheumatoid factor - 57% 61% 43% 48% 41% 
Antinuclear antibodies - 38% 44% 38% 48% 48% 
Autoimmune cytopenias = = 7% 9% 5% 7% 
Lymphocytosis 29% 

LGL >4 x 10°/L 52% 52% - - - 14% 

LGL 1-4 x 10?/L 38% 40% - - - 50% 

LGL <1 x 10°/L 10% 8% - 7% - 36% 
Neutropenia 

Moderate (<1.5 x 10°/L) 64% 84% 74% - 52% 61% 

Severe (0.5 x 10°/L) 7% 48% 40% 37% 41% 26% 
Anemia 

Any severity 25% 49% 51% 26% 89% 24% 

Severe (Hgb <8 g/dL) 37% - 19% - 36% 7% 
Thrombocytopenia 9% 19% 20% 29% 36% 19% 
LGL marrow infiltration 67% 88% - 76% 83% 72% 
Hypergammaglobulinemia - 45% 5% 43% - 35% 
Monoclonal gammopathy - 45% 8% - - 10% 
Need for treatment 30% 73% 69% 33% 80% 44% 
LGLL related death 14% 36% 8% 27% - 7% 


Hgb, hemoglobin; LGL, large granular lymphocyte; LGLL, large granular lymphocytic leukemia. 
Modified with permission from Bareau B, Rey J, Hamidou M, et al: Analysis of a french cohort of patients with large granular lymphocyte leuke- 


mia: A report on 229 cases. Haematologica 95(9):1534-41, 2010. 


Normal CTL homeostasis is maintained, in part, through 
activation-induced cell death (AICD). Leukemic T-LGL constitutively 
express high levels of Fas (CD95) and Fas ligand (CD 178), yet are resis- 
tant to Fas-mediated death.'* Some disease manifestations, such as 
neutropenia, are associated, at least in part, with circulating CD178 in 
these patients." High levels of proinflammatory or prosurvival cytok- 
ines associated with sustained immune activation could account for 
at least part of the mechanism driving LGL leukemias.’*" Likewise, 
constitutive activation of survival signaling pathways could represent 
a central pathogenetic mechanism in LGLL. Evidence for the impor- 
tance of signal transducer and activator of transcription (STAT)-3/ 
Mcl-1, phosphatidylinositol 3’-kinase (PI3K)/AKT, and sphingolipid 
signaling leading to apoptotic resistance have all been demonstrated.” 


Mutations in STAT3 were identified in approximately 40 percent of 
T-LGLL and in CLPD-NK, and STAT5b mutations have also been 
detected in T-LGLL.”-* Using a network modeling approach, it was 
also found that interleukin (IL)-15 and platelet-derived growth factor 
(PDGF) are the two key mediators controlling interactions amongst 
these survival pathways.” In a transgenic mouse model resulting in con- 
stitutive murine IL-15 production, there is clonal expansion of LGLs 
that show overlapping features with human LGLL diseases.” 

Targeting of normal tissue by leukemic LGL may also play a role 
in disease pathogenesis. Lysis of endothelial cells resulting from activa- 
tion of NK receptors via signaling partners DAP10 and DAP12 could 
explain development of pulmonary hypertension observed in some 
patients with LGL leukemia.” 
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e H ISTO LOGIC AN D receptor (KIR) expression.” The neoplastic NK cells often demonstrate 


abnormal KIR expression with either complete absence of surface 
IMMUNOPHENOTYPIC FEATURES KIR or restricted KIR expression indicating outgrowth of a clonal 


population.” 


The marrow biopsy in T-LGLL may be hypo-, normo-, or hypercellular, 
with often preserved trilineage hematopoiesis. There may be occasional 
nodules of reactive CD4+ and B lymphocytes as well as scattered LGL, 


which are better seen in the aspirate. The presence of interstitial and/or © CLINICAL AND LABORATORY 
intrasinusoidal clusters of at least eight CD8+ and/or TIA-1+ LGLs or at FEATURES AT PRESENTATION 


least six granzyme B+ LGLs has been correlated with marrow involve- 

ment by LGLL.” Various superimposed findings may reflect secondary Table 94-1 summarizes the clinical features of T-LGLL, as reported 
immune diseases such as granulocyte maturation arrest and absence of in six large published series. Men and women are equally affected and 
red cell precursors (red cell aplasia). T-LGL leukemia invariably affects median age at diagnosis is approximately 60 years. Only a minority of 
the spleen, where the major findings are leukemic cell infiltration of patients are less than 50 years old. Approximately one-third of patients 
the red pulp cords and sinuses, plasma cell hyperplasia, and prominent with LGLL are asymptomatic at presentation and the diagnosis is made 


germinal centers (Fig. 94-1).* Hepatic sinusoids and portal areas are on an examination of the blood. The remainder of the patients typically 
infiltrated by LGL. Lymph nodes usually are not involved but can have present with symptoms related to neutropenia (80 percent), anemia 
expanded paracortical areas containing plasma cells and LGLs. (45 percent), or both. B symptoms are present only in 15 percent of 


T-LGLL and CLPD-NK share overlapping immunophenotypic patients. Physical examination reveals mild to moderate splenomegaly 
features in that both often express the NK-associated markers CD16 in 35 percent and hepatomegaly in up to 20 percent. Lymphadenopa- 
and CD57. Aberrant expression of NKp46 (CD335), which is normally thy and skin involvement are rare. Pulmonary hypertension develops in 


selectively expressed by NK cells, occurs in T-LGLL.** CD56, which is occasional cases.” Rheumatoid arthritis is often a prominent feature of 
constitutively expressed by circulating NK cells in healthy individuals, LGLL, sometimes resulting in a clinical picture that is difficult to distin- 
may be downregulated in CLPD-NK, and its expression in T-LGLL may guish from that of Felty syndrome (FS) (chronic arthritis, splenomegaly, 
be associated with a less-favorable clinical course.*! T-leukemic LGLs and granulocytopenia in the background of longstanding seropositive 
usually are CD3+, CD4-, CD8+, CD16+, CD56-, CD57+, and often rheumatoid arthritis) (Chaps. 56 and 65) .” Clonal proliferations of LGL 
human leukocyte antigen (HLA)-DR+. Less commonly, leukemic LGLs have been observed in patients with FS,” and it is likely that a significant 


express CD4 with variable CD8 expression.” Leukemic T-LGL usually subset of patients diagnosed with FS may in fact have T-LGLL. The dis- 
express the TCR a+ heterodimer, although cases with similar clinical tinction between FS and T-LGLL in patients with rheumatoid arthritis 


features have been described that express the yd TCR heterodimer.” In con- has generally been based on whether the LGL proliferation was mono- 
trast to normal LGL of T-cell origin, leukemic LGL express significantly clonal (LGLL) or polyclonal (FS). However, this distinction cannot 
lower levels of CD5 and show abnormal killer immunoglobulin-like always be made, and recent cases of FS with somatic STAT3 mutations 


A- BM - Granzyme 
ow Co) 
K y Rae 
om K 
> ». W 


tate 


>» 
FTO Dhs 
„ : aset A 


Figure 94-1. Morphology and immunohistochemical analysis of T-LGLL in peripheral blood and bone marrow. Upper panels show high powered 
images of circulating LGLs from a patient with T-LGLL (original magnification = 500X). Note for comparison the small lymphocyte next to the LGL in 
the right panel. LGLs are slightly larger than other lymphocytes, and they have more nuclear membrane irregularity, moderate amounts of pale blue 
cytoplasm, and fine cytoplasmic granules. The lower panels show foci of atypical clusters of CD8+ (left) and granzyme B+ (right) lymphocytes in the 
BM of a patient with T-LGLL (original magnification = 500X). The identification of atypical clusters of at least eight CD8+ and/or at least six granzyme 
B+ lymphocytes supports the diagnosis of LGLL in the appropriate clinical setting2' PB, peripheral blood; BM, bone marrow. 


Part XI: Malignant Lymphoid Diseases 


Figure 94-2. Morphology and immunohistochemical analysis of T-LGLL in the spleen. Panels demonstrate red pulp involvement in the spleen of a 
patient with T-LGLL (original magnification = 100X). In this example, lymphocytes are increased in the red pulp, which is expanded. Furthermore, by 
immunohistochemical analysis the lymphocytes show an aberrant immunophenotype with expression of CD2 and granzyme B but downregulation 


of the pan-T cell marker, CD5. 


have been reported, suggesting that the two entities overlap also at the 
molecular level.*° 

The clinical presentation of CLPD-NK leukemia is very similar 
to that of T-LGLL” and must be distinguished from that of patients 
with aggressive NK-cell leukemia, who are younger, have systemic B 
symptoms, and typically have massive hepatosplenomegaly. Lymphade- 
nopathy and gastrointestinal tract involvement are common.” Exami- 
nation of the blood film is very important in making the diagnosis of 
T-LGLL because approximately 25 percent of patients do not have an 
increased total lymphocyte count.” LGL can be identified by morphol- 
ogy, although immunophenotyping is necessary to distinguish whether 
the LGLs are of T-cell or NK-cell lineage (Fig. 94-2). The median LGL 
count of patients with T-LGL leukemia is 4.2 x 10°/L (see Table 94-1). 

Most patients (70 percent) with T-LGLL have chronic neutropenia, 
and approximately 35 percent have neutrophil counts less than 0.5 x 
10°/L.” Recurrent bacterial infections of the upper and lower respira- 
tory tract are observed in 30 percent of patients. Opportunistic infec- 
tions, however, are uncommon. Anemia is observed in approximately 
50 percent of cases of T-LGLL. Transfusion-dependent anemia occurs 
in approximately 20 percent of patients. More than one mechanism of 
anemia has been described, including autoimmune hemolytic anemia 
(Chap. 54), pure red cell aplasia (Chap. 36), and, rarely, aplastic ane- 
mia (Chap. 35).*“* LGLL is the most commonly associated disease in 
patients with pure red cell aplasia.“ The role of LGL in the suppression 
of erythropoiesis in a patient with LGLL was established in vitro and 
the role of T-cells is supported by response to antithymocyte globulin.** 
Thrombocytopenia, usually moderate, is seen in approximately 20 per- 
cent of patients. It may be immune-mediated (presence of antiplatelet 
antibodies) (Chap. 117), a result of splenic sequestration, and rarely sec- 
ondary to amegakaryocytosis. Rare cases of amegakaryocytic throm- 
bocytopenia or red cell aplasia have occurred and have responded to 
immunosuppressive.*”” 


@ DIAGNOSTIC CRITERIA 


While the characteristic clinical triad of blood cytopenias, clonal expan- 
sion of blood LGL, and elevated RF titer is now well recognized and use- 
ful in clinical practice, the definition of specific diagnostic criteria for 
LGLL has been a subject of considerable controversy. As a consequence, 
patient selection criteria have been inconsistent and inclusion rules for 
outcome studies and clinical trials have not been harmonized, making 
comparative interpretations of data a challenge. This fact likely explains 
the large differences in the frequency of specific clinical manifestations 
across LGLL studies and raises concerns about the validity of compar- 
ing outcome analyses from different centers. In the absence of molec- 
ular hallmarks, and with a significant level of overlap in clinical and 
laboratory features between reactive and neoplastic LGL proliferations, 
the diagnosis of LGLL hinges in part on the selection of the cut-off value 
for blood LGL levels. Historically, a diagnosis of LGLL required the 
detection of 2 x 10°/L or greater blood LGL. However, there are patients 
with less than 2 x 10°/L blood LGL that clearly have monoclonal 
CD8+ T-cell lymphoproliferations and display clinical and laboratory 
features, as well as outcomes, indistinguishable from LGLL. This finding 
has led to the adoption of less-restrictive criteria for the diagnosis of 
LGLL. Currently, the most commonly accepted blood LGL cutoff for a 
diagnosis of LGLL is greater than 0.5 x 10°/L, with a TCRa$+/CD3+/ 
CD8+/CD57+ immunophenotype, lasting more than 6 months.“ For 
CLPD-NK (CD3-/CD8+/CD16+ and/or CD16+/CD56+) the cutoff is 
greater than 0.75 x 10°/L. 


@ DIFFERENTIAL DIAGNOSIS 


The diagnosis of LGLL should be considered in patients with chronic 
or cyclic neutropenia” and in patients with pure red cell aplasia or 
rheumatoid arthritis who have increased concentrations of LGL. HIV 


infection can lead to a mildly increased concentration of LGL cells; how- 
ever, in these patients the LGLs are not monoclonal.” Reactive expan- 
sions in LGLs may also be seen in the settings of other viral infections 
such as CMV, postallogeneic stem cell transplantation, hyposplenism, 
and pharmacologic tyrosine kinase inhibition.'*5"** Molecular studies 
to identify a clonal TCR gene rearrangement may be helpful in distin- 
guishing reactive from neoplastic LGL proliferations; however, reactive 
clonal T-cell LGL expansions can occur.** X-chromosome inactivation 
studies may be used to establish NK cell clonality in female patients.” 
The immunophenotypic features described above may be useful to 
screen for an aberrant LGL population; however, reactive TCRyô+ T 
cells can show a similar pattern of surface expression including absence 
of CD4 with or without dim partial CD8 and expression of NK-associ- 
ated markers such as CD56 expression.” The differential diagnosis also 
includes blood, marrow, and/or spleen involvement by other T-cell neo- 
plasms. Often, the morphologic features in other T-cell neoplasms are 
more suggestive of malignancy compared to LGLL; however, this is not 
always the case. The clinical history is also important to consider. For 
example, both T-LGLL and hepatosplenic T-cell lymphoma (HSTCL) 
(Chap. 104) show a similar tissue distribution and with overlap in mor- 
phologic features. However, HSTCL is more common in young men, 
whereas T-LGLL typically affects older individuals without a predilec- 
tion for gender. Moreover, whereas T-LGLL cells express TIA-1, per- 
forin, and granzyme B cytolytic granules, HSTCL characteristically 
expresses TIA-1 but lacks perforin and granzyme B expression.*!°”** 
Consequently, close attention to these subtle details is important in 
evaluating a potential T-cell lymphoproliferative disorder. 


@ CLINICAL COURSE, THERAPY, 
AND PROGNOSIS 


LGLL is typically a chronic, indolent, lymphoproliferative disorder with 
a 5-year survival close to 90 percent. Clinical symptoms and hemato- 
logic abnormalities are often only modestly to moderately severe, and 
many patients can remain infection-free and transfusion-independent 
for a long time. Therefore, treatment at diagnosis is not always indicated 
and, in the absence of curative strategies, the main goal of therapy for 
most patients is amelioration of the secondary clinical manifestations 
of the disease, rather than cytoreduction of leukemic LGL in the blood 
and marrow. For asymptomatic patients with modest neutropenia and 
anemia risk-versus-benefit analysis may not favor starting immediate 
treatment, and with no data supporting improved survival with early 
initiation of therapy, observation may be a better option. As in other 
chronic lymphoid neoplasms, therefore, it is important to define accept- 
able indications for therapy. These criteria typically include: (1) severe 
neutropenia (<0.5 x 10°/L) or moderate neutropenia (0.5 to 1.0 x 10°/L) 
with recurrent infections; (2) symptomatic or transfusion-dependent 
anemia; (3) moderately severe thrombocytopenia (<50 x 10°/L); and 
(4) associated autoimmune conditions requiring therapy.” 

For patients who are symptomatic and exhibit one or more of the 
indications for treatment, the most commonly adopted approach is 
chronic immunosuppression with low-dose oral methotrexate (10 to 
20 mg/week), cyclophosphamide (50 to 100 mg/day), or cyclosporine 
(variable daily doses, with or without monitoring of serum cyclosporine 
levels). Response rates with each of these drugs are in the approx- 
imately 50 percent range, with time to response being from 2 to 12 
weeks, and with acceptable and comparable safety profiles. The opti- 
mal agent for initial therapy of LGLL is not currently known because 
these approaches have never been directly compared in a prospective 
fashion, and efficacy data come primarily from small, retrospective case 
series, often using different response criteria.° Prednisone (1 mg/kg) 
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may be briefly effective as a single agent or accelerate the initial response 
to one of the first-line immunosuppressive agent. Glucocorticoids, how- 
ever, do not have long-term efficacy in LGLL and neutropenia generally 
recurs as soon as the medication is tapered. Because significant mor- 
bidity and mortality can result from chronic severe neutropenia’? and 
transient responses to granulocyte- and granulocyte-monocyte colony- 
stimulating factors have been reported, the judicious use of myeloid 
growth factors may be advantageous in patients before surgical proce- 
dures or during sepsis. 

Methotrexate, cyclophosphamide, or cyclosporine, with or without 
prednisone, are usually effective in correcting the autoimmune cytope- 
nias and the pure red cell aplasia associated with T-LGLL." In cases 
of treatment failure with the three front-line therapies, the monoclonal 
antibody alemtuzumab (Campath-1H), which targets CD52 expressed 
on the surface of T-cell LGLL, has been effective in case reports and 
small case series, including patients with refractory red cell aplasia.” 

Splenectomy has been reported to produce responses in up to 50 
percent of patients with T-LGLL.* However, splenectomy should be 
considered only for patients with resistant disease who have persistent 
evidence of severe cytopenia or symptomatic splenomegaly. 

Patients with chronic NK lymphocytosis usually do not require 
treatment. 
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FOR LYMPHOMAS: 
EPIDEMIOLOGY, ETIOLOGY, 
HETEROGENEITY, AND 
PRIMARY EXTRANODAL 
DISEASE 
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Lymphomas are a heterogeneous group of malignancies that originate from 
neoplastic transformation of lymphocytes that have undergone mutations 
that confer growth and survival advantages compared to their normal 
cellular counterparts. These neoplasms usually originate in lymph nodes or 
lymphatic tissue in other sites (extranodal lymphoma), and can be localized 
or widespread at the time of diagnosis. Men are affected more frequently 
than women and the risk of acquisition of most lymphomas increases log- 
arithmically with age. Classification systems have considered the likely 
lymphoid progenitor that corresponds to the phenotype (immunotype) 
and genotype of the malignant cells in the transformed clone. The specific 
pathologic diagnosis is usually established by the appearance of the histo- 
pathology in tissue sections, the immunophenotypic profile of CD antigens 
expressed on affected lymphocytes, specific cytogenetic findings, especially 
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translocations (e.g., t[11;14]), immunocytochemical markers (e.g., cyclin D), 
and the specific tissue location (e.g., mucosa-associated lymphatic tissue). 
Although most lymphomas arise without an evident cause, human T-cell 
leukemia/lymphoma virus | (HTLV-1), Epstein-Barr virus, hepatitis C virus, 
and human herpes virus-8 infections, as well as infections with the bacteria 
Helicobacter pylori and, perhaps, Chlamydophila psittaci, either are estab- 
lished as causal (e.g., HTLV-1) or have very strong associations with lym- 
phoma incidence (hepatitis C virus), suggesting their role in causation. 
HIV is permissive by inducing severe immunodeficiency and setting the 
stage for an Epstein-Barr virus—induced or human herpes virus-8—induced 
lymphoma. These relationships may vary by geographic area. Several 
occupational and industrial exposures are suspected of being related to 
lymphoma incidence, for example, organochlorines, phenoxyacid herbi- 
cides, and others, but these associations have not been established with 
scientific certainty. At present, the estimated attributable risk of lymphoma 
from all suspected exogenous factors together is relatively small in propor- 
tion to the number of annual cases, leaving most cases without an apparent 
cause. There are wide discrepancies in the incidence of specific lymphoma 
subtypes in different geographic regions (e.g., follicular lymphoma is very 
common in the United States and very uncommon in East Asia). Primary 
extranodal lymphoma may involve virtually any tissue or organ. Depending 
on the site, important functional abnormalities may ensue (e.g., bilateral adrenal 
gland replacement and hypoadrenocorticism, hypothalamic—pituitary 
involvement and diabetes insipidus). Multidrug chemotherapy combina- 
tions in conjunction with lymphocyte-specific monoclonal antibody therapy 
form the foundation of current treatment paradigms for most lymphomas, 
though radiotherapy and surgical excision continue to play limited roles in 
selected circumstances, depending on the site and histopathology. 


@ DEFINITION AND HISTORY 


Lymphomas are a heterogeneous group of malignancies of B cells, 
T cells, and, rarely, natural killer (NK) cells that usually originate in 
the lymph nodes, but may affect any organ of the body. Lymphoma 
previously was referred to as lymphosarcoma and its two major sub- 
types designated reticulum cell sarcoma and giant follicular lymphoma 
(Brill-Symmers disease).'* In 1966, Rappaport* published a classifica- 
tion system based on the patterns of lymphoma cell growth, size, and 
shape that attempted to correlate morphology with clinical outcome. 
The classification proved to have some inaccuracies, such as the term 
histiocytic lymphoma to describe lymphoid tumors of large transformed 
lymphocytes that were not derived from the monocyte-macrophage 
lineage. Nonetheless, the Rappaport classification was an important 
milestone and became the most widely used classification in the United 
States. In 1974, Lukes and Collins proposed another classification sys- 
tem, which incorporated morphology with immunologic subtype, that 
was endorsed by the Committee on Nomenclature.* Another scheme, 
the Kiel classification, introduced by Karl Lennert and colleagues, had 
been more popular in Europe.’ By the 1970s at least six classifications of 
lymphoma had been published, and the major ones included two in the 
United States, one in continental Europe, and one in the United Kingdom. 
There was no success in reaching a consensus classification that could 
be used worldwide. A National Cancer Institute study showed that there 
was poor reproducibility among different pathologists looking at the 
same slides and trying to classify the case of lymphoma using any exist- 
ing scheme. In 1982, a Working Formulation sponsored by the National 


Cancer Institute attempted to reconcile the large number of competing 
classifications then in use.° The Working Formulation was clinically use- 
ful and gained wide popularity. It divided the specific subtypes among 
high-grade, intermediate-grade, and low-grade lymphomas, focusing in 
part on the expected rate of progression, and not just on the pheno- 
type of the case in question. With advances in our understanding of the 
immune system and lymphocyte progenitor developmental sequences, 
and the availability of monoclonal antibodies for subtyping lymphoid 
cells and lymphocyte gene profiling, a new classification schema became 
possible based on cell type, tissue of origin, immunophenotype, and 
genotype. 

In 1994, a revised European-American classification of lymphoid 
neoplasms (the REAL classification) was proposed by the International 
Lymphoma Study Group (Chaps. 90 and 96).’ This group distinguished 
three major categories of lymphoid malignancies, which included B-cell, 
T-cell, and Hodgkin lymphoma. Lymphomas were defined by morpho- 
logic, immunologic, and genetic techniques. Many of the lymphomas 
were associated with distinct clinical presentations, and cases that did 
not fit into defined entities were left unclassified. Further subclassifi- 
cation’ divided each of the B-cell and T-cell lineages into (1) indolent 
lymphomas (low risk of rapid progression), (2) aggressive lymphomas 
(intermediate risk of progression), and (3) very aggressive lympho- 
mas (high risk of progression). In 1995, a collaborative project of the 
European Association for Haematopathology and the Society for 
Hematopathology began to revise the REAL classification. In 2001, 
they published the World Health Organization (WHO) Classification of 
Tumors of the Haematopoietic and Lymphoid Tissues that is used in this 
chapter and represents the current worldwide consensus classification 
of malignancies that arise in a lymphocyte. In 2008, the WHO updated 
this classification (Chaps. 90 and 96).*”° 

Emerging concepts in the staging, therapy, and response evalua- 
tion of lymphomas evolved in parallel with the changing nomenclature. 
Initial efforts to define the extent of disease involvement were under- 
taken primarily for Hodgkin lymphoma (HL) and ultimately led to the 
Ann Arbor classification," which subdivided patients into four stages, 
each subclassified into A and B groups based on the presence of fevers 
greater than 38.3°C, weight loss, and drenching night sweats. The Ann 
Arbor system proved useful for decades and was subsequently applied 
also to non-Hodgkin lymphomas (NHLs). The Cotswold modification 
of the Ann Arbor Classification” first formally incorporated computed 
tomography (CT) into clinical staging paradigms and introduced the 
terms “X” for bulky disease and “complete remission unconfirmed” 
(CRu) to describe patients with a residual mass after treatment that 
most likely represented fibrous scar tissue. The sensitivity and accu- 
racy of CT imaging of the abdomen rendered the “staging laparotomy” 
for assessment of the abdomen obsolete. The first universally accepted 
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response criteria for NHL were initially published in 1999 by the 
National Cancer Institute Working Group” and later revised in 2007 
to incorporate positron emission tomography (PET), marrow immu- 
nohistochemistry and flow cytometry for response assessment.'* PET/ 
CT imaging rendered the CRu designation obsolete in 2007, because 
residual radiographic abnormalities could be accurately determined 
to be either residual active lymphoma or posttreatment fibrosis, based 
on the metabolic activity of the lesions. These criteria were critically 
reviewed and analyzed by working groups at the 11th and 12th Interna- 
tional Conferences on Malignant Lymphoma in Lugano, Switzerland, 
in 2011 and 2013 and at the 4th International Workshops on Positron 
Emission Tomography in Lymphoma in Menton, France in 2012.16 
These international workshops were attended by leading hematolo- 
gists, oncologists, radiation oncologists, pathologists, radiologists, and 
nuclear medicine physicians, representing all major lymphoma clinical 
trials groups and cancer centers in North America, Europe, Japan, and 
Australasia. Their deliberations culminated in the publication in 2014 
of improved criteria for the initial evaluation, staging and response 
assessment for both HL and NHL” that are relevant for community 
physicians, investigator-led trials, cooperative groups, and registration 
trials. These new rules, known as the “Lugano Classification,’ depart 
substantially from older staging and evaluation systems as detailed 
later in this chapter. 


@ EPIDEMIOLOGY 


Approximately 79,990 new cases of lymphoma were projected to be 
diagnosed and approximately 20,170 persons in the United States were 
expected to die of this disease in 2014. These numbers represent 
4.8 percent of the annual incidence of all cancers and 3.4 percent of 
annual cancer-related deaths. The most recent age-adjusted incidence 
rates per 100,000 population provided by Surveillance, Epidemiology, 
and End Results (SEER) Program of the United States National Cancer 
Institute are: 24.9 for white males, 17.4 for black males, 17.2 for white 
females, and 11.9 for black females.'® The increased risk for men is sim- 
ilar to that found in other countries, although the incidence of NHL in 
the United States is approximately threefold that of several underdevel- 
oped countries and twofold that of several comparable industrialized 
countries.” The risk of developing lymphoma is less in the United States 
among persons of African descent in comparison to those of European 
descent. An exponential increase in incidence in NHL among men and 
women occurs with increasing age (Fig.95-1). There are some notable 
exceptions to this overall trend, however, with lymphoblastic lym- 
phoma occurring most commonly in children, Burkitt lymphoma in the 
20- to 64-year-old age group, and primary mediastinal B-cell lymphoma 
developing at a median age of 35 years.” 


Figure 95-1. The graph depicts the rate of increase with age in non- 
Hodgkin lymphoma incidence among American males and females. 
This pattern is true for Americans of European or of African descent. 
(Data from the Surveillance, Epidemiology, and End Results (SEER) Pro- 
gram (www.seer.cancer.gov) Research Data (1973-2011), National Can- 
cer Institute, DCCPS, Surveillance Research Program, Surveillance Systems 
Branch, released April 2014, based on the November 2013 submission.; 
2014.) 
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Figure 95-2. Incidence of non-Hodgkin and Hodgkin 
lymphoma by calendar year. The incidence of non- 
Hodgkin lymphoma approximately doubled from the early 


1970s to the mid-1990s in the United States and in other 
industrialized countries that tracked incidence of specific 


cancers. No satisfactory explanation has been uncovered 


ee 


for this change. The “epidemic” of lymphoma ended in the 
mid-1990s and the incidence curves have been “flat” since 


1996. The increase in incidence was present in Americans 
of European and African descent and among men and 
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women. In stark contrast and serving as an internal con- 
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trol, the incidence of Hodgkin lymphoma is essentially 
unchanged over that period of time. (Data from the Surveil- 
lance, Epidemiology, and End Results (SEER) Program (www. 
seer.cancer.gov) Research Data (1973-2011), National Cancer 
Institute, DCCPS, Surveillance Research Program, Surveillance 
Systems Branch, released April 2014, based on the November 
2013 submission.; 2014.) 
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Follicular lymphoma represents approximately 25 percent of NHL 
cases in the United States, but is very uncommon in many developing 
countries and in Asia, especially in Japan and China.”’” The United 
States has a higher incidence of all lymphomas than does Japan, whereas 
the incidence of extranodal lymphoma is higher in Japan.?™ Burkitt 
lymphoma occurs most frequently in sub-Saharan Africa, whereas 
T-cell leukemia/lymphoma is most common in southwest Japan, the 
southeastern United States, northeastern South America, and the 
Caribbean basin. 

The incidence of NHL increased dramatically in the last half of the 
20th century in Europe, Asia, and in the United States.” From 1973 
to 1990, inclusive, the increase in the United States was slightly more 
than 80 percent, or approximately 4 to 5 percent per year (Fig.95—2). 
The increase in incidence started after World War II, but the best data 
in the United States were acquired after 1972. The increase affected 
men and women, all age groups except children, and most histologic 
types examined, though the greatest increase was in diffuse large 
B-cell lymphoma (DLBCL). The increased incidence per year reached 
a plateau in the early 1990s, except among women and older men 
where the incidence continued to rise.” Hardell has hypothesized that 
new chemicals synthesized during and after World War II accounted 
for increased incidence trends, with subsequent improvements in 
safety gear and regulatory restrictions resulting in stabilization in 
the last decade.” HIV was not prevalent in the human population 
when the increase first became apparent, although in later years HIV- 
related lymphoma may have played a part in increasing incidence 
rates. Orbital adnexal lymphoma and mantle cell lymphoma are 
exceptions to the recent plateau, with each still increasing at approxi- 
mately 6 percent a year.**5 

Several occupations and industries and several potentially hazard- 
ous exposures, such as pesticides, herbicides, dyes, engine exhausts, and 


solvents, have been found in one study or another to be more frequent 
in lymphoma patients than “matched” healthy comparison groups.”"*”” 
The results often have been inconsistent from study to study. Expert 
opinion indicates that no workplace exposure has been conclusively 
linked to lymphoma,” although farming or living in a community in 
which farming is prevalent has been a frequent association with higher 
lymphoma incidence.?!?%”” 

Many publications have reported a slightly increased familial 
predisposition to the development of NHL, with an odds ratio of 1.5 
in first-degree relatives of patients with NHL in a pooled analysis of 
17 case control studies.*®*°*! Nonsyndromic familial lymphoma refers 
to apparently healthy family members, unlike syndromic familial lym- 
phoma in which immunodeficiency syndromes are the predisposing 
phenotype (e.g., Wiskott-Aldrich syndrome; see “Immunosuppres- 
sion” below). The familial cases occur in different generations and 
among enough family members to strongly suggest that a predispos- 
ing unidentified gene results in an incidence above that in the popu- 
lation at large. Li-Fraumeni syndrome is such an example, involving 
germline mutations in p53. Alternatively, it is possible that family 
members inherit a susceptibility to an unidentified environmental 
lymphomagen. 


@ ETIOLOGY AND PATHOGENESIS 
HISTOPATHOLOGIC HETEROGENEITY 


Unlike other cancers, the malignancy referred to as “lymphoma” con- 
sists of nearly 80 phenotypes.’ Because each subtype of lymphoma 
exhibits unique nuances in its natural history, therapeutic consider- 
ations, and prognosis, unequivocal establishment of the precise subtype 
of lymphoma is of paramount importance in a newly diagnosed patient. 


The single most important test in a lymphoma patient is an adequate 
biopsy of affected tissue. In most cases, this should be an excisional 
lymph node biopsy, or generous incisional biopsy of an extranodal site. 
When the only sites of disease involvement are deep in the thorax or 
pelvis, rendering excisional node biopsy difficult, a core needle biopsy 
obtained with the assistance of ultrasound or CT guidance may be ade- 
quate. Fine-needle aspiration alone should never be used as the sole 
method of establishing the initial diagnosis of lymphoma,'”***’ because 
the precise subtyping of lymphomas requires examination of tissue 
architecture, not merely cytologic examination of isolated cells. Biop- 
sies should be subjected to microscopic examination, flow cytometry of 
fresh cells, immunohistochemical examination of fixed tissue sections, 
and cytogenetic/interphase fluorescence in situ hybridization (iFISH) 
analysis.* In the near future, it is likely that genomic analyses using 
ribonucleic acid sequencing (RNA-seq) technology will also become 
important to define specific mutations permitting personalized selec- 
tion of targeted agents capable of inhibiting deranged intracellular 
pathways.** 

Table 95-1 lists the most prevalent phenotypes distinguishable by 
pathologists according to the current WHO classification system.””° 
Approximately 88 percent of lymphomas originate in a cell that exhib- 
its features most consistent with B lymphocyte derivation (B-cell CD 
surface antigens or immunoglobulin gene rearrangement). The remain- 
ing cases are lymphomas in which the phenotype and genotype are 
most closely related to T cells or NK cells (T-cell receptor [TCR] chain 
rearrangements or specific immunophenotypes). This heterogeneity is 
problematic for histopathologic diagnosis, classifying patients in clin- 
ical trials, and selecting therapy. It also makes studies of epidemiology 
and etiology more difficult. To understand acquired (environmental) or 
genetic causes of the type of lymphoma in question, the latter studies, to 
be insightful, must stratify the study group by specific histopathologic 
diagnosis. This requirement can be difficult if one is studying uncom- 
mon phenotypes. 

The histopathologic diversity of lymphoma is the result of the com- 
plexity of the immune system; its wide distribution through many organs 
with highly specialized sites, such as mucosa-associated lymphatic tis- 
sue (MALT); its differentiation into T-lymphocyte, B-lymphocyte, and 
NkK-lymphocytic lineages; its complex maturation through many pro- 
genitor cell levels; the concomitant sequential alterations in expression 
of immune complex genes and the myriad opportunities for transform- 
ing mutations; and the transforming effects of mutations in the many 
genes encoding immunoglobulin chains or the TCR. Thus, studies in 
prevalent subtypes of lymphoma such as follicular and DLBCL are more 
common than in uncommon or rare subtypes. In addition, epidemio- 
logic or etiologic findings relevant to one subtype may not be relevant to 
another subtype or to lymphoma in general. 


ENVIRONMENTAL FACTORS 


An increased incidence of lymphoma has been observed, especially 
among farmers and gardeners but also in printers, woodworkers, dry 
cleaners, barbers and hairdressers, possibly from organic solvent expo- 
sure, especially to trichloroethylene (TCE), a solvent used in many 
industries.” 6-8 The increased incidence in agricultural workers may 
be attributed to exposure to a variety of agents, including organochlo- 
rines, organophosphates, and phenoxyacid herbicides.” Despite many 
studies, an association with lymphoma incidence with herbicide or pes- 
ticide exposure has not reached the level of scientific certainty.” Indeed, 
evidence indicates that modest exposure to herbicides by adults who 
use such products in and around their homes is not likely to increase 
lymphoma risk,” although heavy occupational exposures remain under 
study. Large studies of two pesticides, chlorpyrifos** and glyphosate” 
showed no association with lymphoma incidence. In the former case, 
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TABLE 95-1. Histologic Subtypes and Relative Frequency 
of the Non-Hodgkin Lymphomas* 


A. B-cell lymphomas (~88% of all non-Hodgkin lymphoma [NHL]) 
1. Diffuse large B-cell lymphomas (30%) 
T-cell-rich large B-cell lymphoma 


Primary diffuse large B-cell lymphoma of the central ner- 
vous system 


Primary cutaneous diffuse large B-cell lymphoma 


Epstein-Barr virus (EBV)-positive diffuse large B-cell lym- 
phoma of the elderly 


Diffuse large B-cell lymphoma arising in human herpesvi- 
rus (HHV)-8-associated multicentric Castleman disease 


Diffuse large B-cell lymphomas with features simulating 
Hodgkin lymphoma 
2. Follicular lymphoma (25%) 


3. Extranodal marginal zone lymphoma of mucosa-associated 
lymphatic tissue (MALT lymphoma) (7%) 
4. Small lymphocytic lymphoma-chronic lymphocytic 
leukemia (7%) 
5. Mantle cell lymphoma (5%) 
6. Primary mediastinal (thymic) large B-cell lymphoma (3%) 
7. Lymphoplasmacytic lymphoma-Waldenstr6m macroglob- 
ulinemia (<2%) 
8. Nodal marginal zone B-cell lymphoma (<1.5%) 
9. Splenic marginal zone lymphoma (<1%) 
10. Extranodal marginal zone B-cell lymphoma (<1%) 
11. Intravascular large B-cell lymphoma (<1%) 
12. Primary effusion lymphoma (<1%) 
13. Primary cutaneous follicle center lymphoma (1%) 
14. Burkitt lymphoma-Burkitt leukemia (1.5%) 
15. Plasmablastic lymphoma (<1%) 
16. Lymphomatoid granulomatosis (<1%) 
B. T- and natural killer (NK)-cell lymphomas (~12% of all NHL) 
1. Extranodal T- or NK-cell lymphoma 
2. Enteropathy-associated T-cell lymphoma 
3. Hepatosplenic T-cell lymphoma 
4. Subcutaneous panniculitis-like T-cell lymphoma 
5 


. Cutaneous T-cell lymphoma (Sézary syndrome and mycosis 
fungoides) 


6. Primary cutaneous yôT-cell lymphoma 
7. Anaplastic large cell lymphoma 

8. Angioimmunoblastic T-cell lymphoma 
9. Primary T-cell lymphoma unspecified 


C. Immunodeficiency-associated lymphoproliferative disorders 
(see Table 95-2 for inherited diseases associated with immuno- 
deficiencies and lymphoma) 


1. HIV-associated lymphoma 
2. Posttransplantation lymphoproliferative disorder 
3. Lymphoma associated with a primary immune disorder 


*The parenthetical percentages are approximate but give some 
sense of the relative distribution of subtypes. The frequency of 
lymphoma varies depending on the geographic area under consid- 
eration. The frequencies cited here are approximate and related to 
those observed in the United States, the United Kingdom, or Western 
Europe. Rare subtypes are not listed. 


Data from Swerdlow SH, Campo E, Harris NL, et al: WHO classification 
of tumours of haematopoietic and lymphoid tissues, 4th ed. Lyon: Inter- 
national Agency for Research on Cancer; 2008. 


the relative risk of death from all causes, from any cancer, or from 
lymphoma was significantly less in the 22,000 applicators exposed to 
chlorpyrifos than in the 33,000 applicators not so exposed. It is pos- 
sible that subsets of individuals may be susceptible to different expo- 
sures based on genetic differences (see “Interaction of Environment and 
Genotype” below) Indeed, preliminary studies using single nucleotide 
polymorphism-based analysis have linked lymphomagenesis with 
normal variations (polymorphisms) in genes involved in apoptosis, 
cell cycle regulation, lymphocyte development, and inflammation.’ 
In some cases, polymorphic genes have been associated with specific 
morphologic subsets of lymphoma.*! Dark hair dyes have also been 
associated with a moderately increased risk of follicular lymphoma in 
women.” A meta-analysis has demonstrated a dose-response relation- 
ship of NHL with cigarette smoking, with increasing NHL risk in heavy 
or long-duration smokers, possibly from a suppressive effect of smoking 
on the immune system.” Increased body mass index is associated with 
an increased risk of many cancers,**“* including lymphoma.“ Indexes 
above 30 to 35 kg/m? (normal = 8.5 to 25 kg/m”) are associated with an 
increased risk of lymphoma and a worse outcome after treatment. The 
risk factors discussed in this section have not been found uniformly in 
all studies of their association with lymphoma and should be considered 
provisional associations. In addition, as larger populations of patients 
with lymphoma, stratified by histologic type, are studied, it may become 
possible to dissect out etiologic relationships of exogenous exposures 
with specific subtypes of lymphoma but not others. 

Small but significant increases in lymphoma are associated with 
radiation exposure. An increased incidence of lymphoma was reported 
in survivors of the atomic bombings in Hiroshima and Nagasaki who 
were near the hypocenter of the detonation.***! An increased incidence 
of lymphomas also has been reported for individuals at the Chernobyl 
accident site who received radiation equivalent to that of the atomic 
bomb exposures in Japan.” Individuals treated a half century ago 
with radiation for ankylosing spondylitis also had a small increase in 
lymphoma incidence.” The relative risk of lymphoma with high-dose 
radiation is low and some still question the causal relationship. Sev- 
eral studies have found an inverse relationship between an individu- 
al’s exposure to ultraviolet light and lymphoma incidence (especially 
DLBCL).* 


INTERACTION OF ENVIRONMENT AND 
GENOTYPE 


Polymorphic immune gene variations have been identified as significant 
factors in the association of organochloride exposure with increased 
incidence of lymphoma in a large population of patients and matched 
controls.** Associations between all exposures and NHL risk were lim- 
ited to the same genotypes for interferon-y, IFNG (C-1615T) TT, and 
interleukin-4, IL4 (5’-UTR, Exl1-168C>T) CC. Associations between 
PCB180 in plasma and dust and NHL risk were limited to the same 
genotypes for interleukin-16, IL16 (3’-UTR, Ex22+871A>G) AA, 
interleukin-8, IL8 (T-251A) TT, and interleukin-10, IL10 (A-1082G) 
AG/GG. This result indicates that the relation between organochlo- 
rine exposure and NHL risk may be modified by particular variants 
in immune genes, supporting the concept of a gene-environment inter- 
action for induction of NHL. 


INFECTIOUS AGENTS 


Human T-Cell Leukemia/Lymphoma Virus | 

Adult T-cell leukemia/lymphoma (ATLL) provides the most compelling 
evidence for a viral etiology of lymphoma.” Human T-cell leukemia/ 
lymphoma virus-1 (HTLV-1) is a C-type RNA tumor virus, isolated 
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from patients with ATLL. HTLV-1 is an acquired retrovirus that is 
not related to other known animal retroviruses. HTLV-1 can immor- 
talize lymphoid cells in culture and induce malignancy in an infected 
human host. The incidence of infection with HTLV-1 in endemic areas 
is very high, yet few of these infected patients develop ATLL. HTLV-1 
also leads to a neurologic disorder called tropical spastic paraparesis.” 
Host determinants affect transformation of lymphocytes by HTLV-1, 
and these may be genetic factors.** Development of ATLL is associated 
with infection by the virus. Serum specimens from Japanese patients 
with ATLL are positive for HTLV-1, as are serum samples from ATLL 
patients in the Caribbean, where ATLL is endemic.®! The highest prev- 
alence of ATLL in Japan is in the southern island of Kyushi, where 
10 to 15 percent of the population has antibody to HTLV-1.% On the 
Japanese islands where ATLL is rare, the rate is less than 1 percent. 
These and additional data from the Caribbean, the southeastern United 
States, South America, and Africa indicate that ATLL clusters in regions 
where HTLV-1 is prevalent.®® How these regions are linked is not 
known. One hypothesis is that HTLV-1 was brought to the Americas 
from Africa by the slave trade and then to the southern islands of Japan 
by trade between Japan and Africa.°)* 

Host susceptibility, a shared environmental exposure, or both 
contribute to HTLV-1 infection. The prevalence of HTLV-1 antibodies 
in close family members is three to four times higher than in the cor- 
responding normal population.“ In some instances, cell cultures of 
antibody-positive, clinically normal patients yield HTLV-1 isolates.“ 
Blood donors are routinely screened for antibodies to HTLV-1 to pre- 
vent transmission by this route. 


Epstein-Barr Virus 
Some B-celllymphomas, including Burkitt lymphoma, posttransplanta- 
tion lymphoma, and HIV-associated lymphomas (immunodeficiency- 
related Burkitt lymphoma, primary central nervous system lymphoma, 
primary effusion lymphoma, the immunoblastic-plasmacytoid type of 
DLBCL, and oral cavity plasmablastic lymphoma) may be caused by 
Epstein-Barr virus (EBV; Chaps. 98 and 102). EBV is a DNA virus 
in the herpesvirus family that first was described in cultured lympho- 
blasts from patients with African Burkitt lymphoma.‘ EBV binds to 
the CD21 antigen (also the receptor for the C3d component of com- 
plement) on B lymphocytes.” It is capable of transforming B lympho- 
cytes into lymphoblastoid cells that may proliferate perpetually in cell 
culture.® EBV is present in greater than 95 percent of cases of endemic 
Burkitt lymphoma and in approximately 20 percent of cases of nonen- 
demic Burkitt lymphoma.” Malaria is holoendemic in regions where 
endemic Burkitt lymphoma exists.”! A three-step process in the devel- 
opment of this lymphoma has been proposed”: (1) EBV initiates 
a polyclonal proliferation of B cells; (2) malaria or other infections 
further stimulate the proliferating B cells; and (3) the transform- 
ing B cells incur specific reciprocal translocations of chromosome 8 
with chromosome 2, 14, or 22, resulting in a clonal expansion of B 
lymphocytes. 

Extranodal NK/T-cell lymphoma, nasal type is mostly endemic to 
East Asia and is usually associated with EBV infection (Chap. 104). The 
EBV genome is typically detected in the lymphoma cells.”*”” Geographic 
localization of extranodal NK/T-cell lymphoma matches the endemic 
distribution of EBV, suggesting the role of EBV in lymphomagenesis. 


Human Herpesvirus-8 

Human herpesvirus-8 (HHV-8) is associated with Kaposi sarcoma, 
Castleman disease, and primary effusion lymphoma, found most com- 
monly in immunodeficient individuals infected with HIV.” HHV-8 
is not a ubiquitous virus. It is mainly endemic in areas where classical 
or Kaposi sarcoma is of high prevalence, including the Mediterranean 


basin and East and Central Africa. In the latter areas, the HHV-8 sero- 
prevalence can reach 80 percent in the adult population.” In the homo- 
sexual population (mainly in the United States and Europe), HHV-8 
is principally transmitted during repeated sexual contacts, whereas 
in Africa it is mainly transmitted from mother to child and among 
siblings. Saliva seems to play a major role in HHV-8 transmission.” 
Posttransplantation primary effusion lymphoma is associated with 
HHV-8.” 


Hepatitis Viruses B and C 

Hepatitis B and C have been implicated in the pathogenesis of lymph- 
oproliferative diseases.” In one study, 334 newly diagnosed lymphoma 
patients and 1014 controls had a serologic evaluation for the presence of 
prior hepatitis virus B or C infection.*' The results suggested that hepati- 
tis B seropositivity was significantly higher in patients with DLBCL and 
follicular lymphoma, and seropositivity for hepatitis C was significantly 
higher in DLBCL patients. A similar result was found in another study 
in Taiwan, an area with a high frequency of hepatitis B virus infection.” 
In two other studies, seropositivity for hepatitis C was significantly 
higher in patients with B-cell lymphomas.**™ Hepatitis C virus has a 
predilection for B cells. Hepatitis C virus RNA levels are significantly 
higher in B cells than CD4+ or CD8+ T cells or other cells in infected 
patients, and the virus is associated with immunopathologic reactions, 
such as cryoglobulinemia, and, not infrequently, clonality of infected B 
lymphocytes. Hepatitis C virus infection may be associated with the 
onset of DLBCL, marginal zone lymphoma, and lymphoplasmacytic 
lymphoma, but not follicular lymphoma. 


Helicobacter pylori 

Helicobacter pylori can cause marginal zone B-cell MALT lymphomas 
of the stomach and probably causes some of the higher-grade lym- 
phomas, either from transformation of a MALT or de novo large cell 
lymphoma.**** This spiral Gram-negative bacillus is the first bacterium 
demonstrated to cause a human neoplasm. It had been thought that the 
stomach was sterile because of the acid environment, but H. pylori had 
evolved to tolerate the environment, perhaps in part, because it secretes 
urease, an enzyme that converts urea to ammonia, making the micro- 
environment around the organism less acidic. Although the stomach 
has no endogenous lymphoid tissue, the latter develops in response to 
the organism, and ultimately the chronic inflammatory reaction can 
result in the transformation and selection of a mutant lymphocyte with 
a growth and survival advantage leading to a lymphoma (Chap. 101). 
Eradication of H. pylori with antibiotics early in the course of gastric 
MALT lymphoma can lead to regression of the lymphoma and perma- 
nent cure of the majority of afflicted patients.” 


Chlamydophila psittaci 

Ocular adnexal lymphomas are the most common tumor of the 
eye.”™! The majority of ocular adnexal lymphomas are extranodal, 
mucosa-associated lymphoid tissue lymphomas and have been linked 
to Chlamydophila psittaci infection in several reports. In one study, 
this organism was detected in lymphoma tissue in 75 percent of cases.” 
DNA was detected in conjunctional swabs and/or blood mononuclear 
cells from 50 percent of patients. Mononuclear phagocytes were the 
carriers of C. psittaci in this population of patients.” Confirmatory 
reports of the association of C. psittaci with adnexal ocular lymphoma 
have been published,” but other studies report no association.*°”* 
These discrepant reports may be explained by the association of differ- 
ent organisms with ocular lymphoma in different geographic regions 
of the world. 
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Other Bacteria 

Other bacterial infestations have been found in association with lym- 
phomas of MALT. Campylobacter jejuni and Borrelia burgdorferi have 
been connected to the onset of immunoproliferative disease of the small 
intestine and B-cell lymphoma of the skin.’ 


IMMUNOSUPPRESSION 
Inherited 


A number of the rare immunodeficiency syndromes tabulated in 
Table 95-2123 result from gene mutations leading to deficiencies 
in cellular or humoral immunity or both. These syndromes have a 
paradoxically high frequency of autoantibodies but, more relevant to 
this discussion, an increased probability of developing a lymphoma. 
Because these syndromes are so uncommon, reliable assessment of 
the increased risk of lymphoma often has to be inferred. The increased 
risk of approximately 0.5 to 10 percent of patients, depending on the 
immunodeficiency disease in question, is several orders of magnitude 
above the risk in the general population (age-adjusted incidence rate in 
the United States younger than 65 years of age: males = 0.011 percent 
and females = 0.008 percent). With the exception of common variable 
immunodeficiency, the syndromes present in childhood and because 
several are X-chromosome-linked, males are affected more commonly 
than females. The lymphomas induced may result from a susceptibility 
to EBV and the lymphoproliferation may initially be polyclonal before 
evolving to a monoclonal tumor. Extranodal involvement appears to be 
more common than in persons with lymphoma who are immunocom- 
petent. The initial manifestations of the immunodeficiency are usually 
infections or autoimmune abnormalities, such as immune cytopenias, 
and lymphoma is a later complication. We have included Li-Fraumeni 
syndrome in this cluster for convenience of presentation. This germline 
predisposition syndrome does not have an immunodeficiency pheno- 
type as do all the other entries in Table 95-2. Rather, it is a nonsyndro- 
mic familial cancer syndrome transmitting susceptibility to mutations 
in p53. The cancers that occur in these families include lymphoma. 


Acquired 
A variety of types of immunosuppressed individuals develop lym- 
phoma. Chapter 81 discusses AIDS-related lymphoma.™ Posttrans- 
plantation lymphoproliferative diseases generally display B-cell lineage 
derivation, involvement of extranodal sites, aggressive histology and 
clinical behavior, and frequent association with EBV infection. The 
occurrence of immunoglobulin (Ig) V mutations in the overwhelming 
majority of posttransplantation lymphoproliferative disease indicates 
that malignant transformation targets germinal center B cells and their 
descendants, both in EBV-positive and EBV-negative cases." Post- 
transplantation T-cell lymphomas may occur and often arise in extran- 
odal sites, such as skin or central nervous system.'**'” 

The incidence and severity of lymphomas have increased with the 
introduction of immunosuppressive agents such as cyclosporine, inflix- 
imab, and etanercept for treatment of autoimmune diseases. 


AUTOIMMUNITY 


Several autoimmune disorders are risk factors for lymphoma, prob- 
ably as a result of chronic immune stimulation leading to excessive 
B-cell proliferation as well as depressed regulatory T-cell function. 
The strongest associations are for primary Sjogren syndrome, systemic 
lupus erythematosus, and rheumatoid arthritis with relative risks of 
18.8, 7.4, and 3.9, respectively.” Patients with Sjogren syndrome are 
especially susceptible to development of parotid gland marginal zone 


TABLE 95-2. Inherited Syndromes Predisposing to Lymphoma 
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Altered Genes 


Syndrome Inheritance Description Mechanism Leukemia Type References 
DNA REPAIR DEFECTS 
Ataxia telangiectasia R ATM homozygotes Genomic instability T-cell lymphoma, T-cell 112, 105 
Dominant- Increased translo- ALL, T-cell PLL, B-cell 
negative missense cations in T cells lymphoma 
mutations formed at the 
time of V(D)J 
recombination 
Bloom BLM Genomic instability ALL, lymphoma 107, 108 
Nijmegen breakage NBS1 Genomic instability Lymphoid tumors, 103, 109 
Altered telomere especially B-cell 
maintenance lymphoma 
TUMOR-SUPPRESSOR GENE DEFECT 
Li-Fraumeni* D p53 Defect in tumor CLL, ALL, Hodgkin and 1, 120 
suppressor Burkitt lymphoma 
IMMUNODEFICIENCY STATES 
Common variable Rand D Defect in CD40 Failure of B-cell Burkitt, MALT, other B-cell 102, 240 
immunodeficiency signaling maturation lymphomas, Hodgkin 
lymphoma 
Severe combined immunodefi- R ADA Defective T-cell + B-cell lymphoma 113 
ciency disease (SCID) B-cell function 
Wiskott-Aldrich X WASP Signaling and Hodgkin and non- 117,119 
apoptosis Hodgkin lymphoma 
X-linked immunodeficiency with X CD40L CD40 ligand defect Hodgkin and non- Wile, 122 
normal or increased immuno- onT cell Hodgkin lymphoma 
globulin (lg) M 
X-linked lymphoproliferative X SAP Defect in immune EBV-related B-cell 110 
syndrome (XLP) signaling lymphoma 
APOPTOTIC DEFECT 
Autoimmune lymphoprolifera- D APT (FAS) Germline Lymphoma 106, 241 
tive syndrome (ALPS) heterozygous FAS 
mutations; defective 
apoptosis 
UNKNOWN DEFECT 
Dubowitz R Unknown Unknown ALL, lymphoma 105 
Poland D May not be Unknown ALL, lymphoma 104,114,118 
inherited 
Wilms tumor (WT) D Unknown Unknown ALL, Castleman disease 122 


ALL, acute lymphocytic leukemia; CLL, chronic lymphocytic leukemia; D, dominant; EBV, Epstein-Barr virus; MALT, mucosa-associated lymphatic 
tissue lymphoma; R, recessive; T-PLL, T prolymphocytic leukemia; V(D)J, variable diversity joining; X, X-linked. 

*Li-Fraumeni or Li-Fraumeni-like syndrome has been described in which a gene other than p53 is mutated. hCHK2 in particular has been 
described as etiologic.“ We have not included these variants in the table because we are uncertain if lymphoma is one of the cancers for 
which susceptibility is increased. 


Data from Segel GB, Lichtman MA: Familial (inherited) leukemia, lymphoma, and myeloma: an overview. Blood Cells Mol Dis 32:246-61, 2004. 


lymphoma (1000-fold increased risk), DLBCL and follicular lympho- 
mas (Fig. 95-3). Similarly, marginal zone lymphoma and DLBCL are 
the subtypes most likely to develop in patients with lupus. DLBCL has 
also been reported in association with autoimmune hemolytic anemia. 
The risk of developing a T-cell lymphoma is increased for patients with 


celiac disease and psoriasis. Hashimoto thyroiditis is associated with an 
increased risk of thyroid marginal zone lymphoma, but may also have 
a higher risk of marginal zone lymphoma in other locations.” Sarcoi- 
dosis is an inflammatory (granulomatous) disorder that may predispose 
to lymphoma. 


@ CHROMOSOMAL TRANSLOCATIONS 
ASSOCIATED WITH HISTOPATHOLOGIC 
SUBTYPE 


Chromosomal abnormalities involving all chromosomes may occur in 
lymphomas (Chap. 11). Lymphoid malignancies have a high frequency 
of translocation-inducing fusion genes. Usually they are of two types: 
one involving oncogenes that are activated by juxtaposition with IgH 
or TCR genes, or by formation of chimeric genes that constitutively 
activate mutant kinases or mutant transcription factors. The molecu- 
lar alterations leading to translocations involving nonimmune genes 
are not known, whereas there is strong evidence that mistakes in V(D) 
J (variable diversity joining) recombinase activity are responsible for 
those translocations involving IgH or the TCR genes." 

As in translocations associated with childhood acute lymphocytic 
leukemia and adult chronic myelogenous leukemia (CML) and acute 
myelogenous leukemia, translocations involving t(14;18)(IgH;BCL-2) 
are found in healthy persons. Presumably, additional genetic events are 
required for transformation of a lymphocyte to occur. Alternatively, 
cells containing these translocations may be entering an apoptotic pro- 
cess, destined to be eliminated. 


FOLLICULAR LYMPHOMA 


Approximately 85 percent of follicular lymphomas carry the chromo- 
somal translocation t(14;18)(q32;q21) in which the BCL-2 oncogene 
on chromosome 18q21 is brought in continuity with the immuno- 
globulin heavy-chain loci on 14q32,' resulting in overexpression of 
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Figure 95-3. Primary extranodal follicular lymphoma in a parotid gland of a 67-year-old woman. A. Upper right corner shows normal salivary gland 
tissue adjacent to a lymphomatous follicular infiltrate with intense fibrosis. B. Lymphoma infiltrate with a vaguely nodular appearance. C. Nodular 
appearance better appreciated after immunohistochemical staining for the B-cell marker CD20. D. Lymphomatous follicles display over-expression 
for BCL2, which would not be seen in reactive germinal centers. Flow cytometric evaluation showed a monotypic CD10+ B-cell population with A 
light-chain restriction and BCL2 expression on cytoplasmic staining (not shown). (Used with permission from Raymond Felgar, University of Pittsburgh 
Medical Center.) 
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the BCL-2 protein. The accumulation of the BCL-2 protein permits 
accumulation of long-lived centrocytes, because the BCL-2 protein 
inhibits programmed cell death (apoptosis), leading to a longer cell life 
(Chap. 99). The BCL-2 rearrangement can be detected by the 
polymerase chain reaction or by iFISH testing (Chap. 99). 


BURKITT LYMPHOMA 


In Burkitt lymphoma, the common genetic abnormality is the translo- 
cation of the MYC oncogene from chromosome 8 to either the immu- 
noglobulin heavy-chain region on chromosome 14, t(8;14)(q24;q32), 
or, less commonly, the « region on chromosome 2, t(2;8)(p13;q24), 
or the À region on chromosome 22, t(8;22)(q24;q11). In the African 
endemic cases, the breakpoint on chromosome 14 includes the heavy- 
chain joining region, suggesting translocation occurs before complete 
immunoglobulin gene rearrangement in an early B cell (Chap. 102). 
In nonendemic cases, the translocation involves the immunoglobulin 
heavy-chain switch region, suggesting translocation occurs at a later 
stage of B-cell development.'*” EBV genomes are demonstrated in the 
tumor cells in most of the African cases, in approximately one-third of 
the cases associated with AIDS,™*!” but less frequently in non-A frican, 
nonimmune-deficient cases (Chap. 102). 


ANAPLASTIC LARGE CELL LYMPHOMA 


The translocation t(2;5)(p23;q35) of anaplastic large cell lymphoma (ALCL) 
involves the nucleophosmin (NPM) gene at 5p35 and the ALCL tyrosine 
kinase (ALK) gene at 2p23, leading to expression of the novel fusion 
protein p80 that can be identified by immunohistochemical studies.” 
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This translocation has been identified in approximately 50 percent 
of systemic cases in adults and in a majority of pediatric cases of 
ALCL.""3 The t(2;5) translocation is rare in primary cutaneous ALCL, 
which is generally considered to be a different disease than systemic 
ALCL (Chap2. 103 and 104.)!“4 


MARGINAL ZONE LYMPHOMA OF MUCOSA- 
ASSOCIATED LYMPHATIC TISSUE 


t(11;18)(API2-MALT1), t(1;14)(IGH-BCL10), t(14318)(IGH-MALT1), 
and t(3;14)(IGH-FOXP1) occur in marginal zone B-cell lymphoma of 
MALT of different sites. The first three chromosome translocations are 
specifically associated with the marginal zone lymphoma of MALT lym- 
phomas and the oncogenic products of these translocations target the 
nuclear factor-«B pathway (Chap. 101). 


MANTLE CELL LYMPHOMA 


t(11;14)(q13;q32) is present in the cells of most cases of mantle cell lym- 
phoma and results in cyclin D1 upregulation. iFISH is the most useful 
test to identify the juxtaposition of the CCND1 and IGH genes in mantle 
cell lymphoma (Chap. 100).'* 


@ CLINICAL FEATURES 
HISTORY AND PHYSICAL EXAMINATION 


A complete history and physical examination are required in all patients 
with lymphoma to ascertain the distribution of lymphadenopathy, 
extranodal disease, and functional disturbances of affected organ sys- 
tems. It is also important to document whether the patient has fever 
(i.e., temperature >38°C for 3 consecutive days), drenching night sweats, 
or metabolic wasting resulting in loss of more than 10 percent of body 
weight within the preceding 6 months. The presence of such “B” symp- 
toms has unfavorable prognostic significance in HL, but recent analyses 
have shown that these “B symptoms” do not have independent prog- 
nostic significance for NHL, and current staging criteria no longer rec- 
ommend assigning “A” or “B” designations when staging patients with 
NHL.” Fatigue, rash, pruritus, and alcohol-induced pain in patients 
with HL should also be noted, as their recurrence after treatment may 
herald disease relapse. During the physical examination, all enlarged 
lymph nodes (>1.5 cm) should be recorded. Involved nodes typically 
are nontender, firm, and rubbery. The throat should be examined for 
involvement of the oropharyngeal lymphoid tissue (Waldeyer ring). 
Aggressive lymphomas more likely involve extranodal sites, such as the 
skin and CNS (see “Primary Extranodal Lymphoma” below). Liver and 
spleen size should be assessed as well as palpation of the abdomen for 
evidence of enlargement of deep nodes (e.g., paraaortic, iliac). 


STAGING 


Optimal management of a patient with lymphoma relies not only on 
knowledge of the precise histopathologic subtype of lymphoma, but 
also on an appreciation of the degree of disease dissemination, deter- 
mined by a sequence of diagnostic tests known as “staging.” The 2014 
recommendations from an international working group for the eval- 
uation, staging and response assessment of lymphomas emphasize the 
emerging dominance of 2-fluorodeoxyglucose (FDG)-PET/CT for ini- 
tial staging and “end of treatment” response assessment of all FDG-avid 
lymphomas (including HL, DLBCL, follicular lymphoma, mantle cell 
lymphoma, Burkitt lymphoma, ALCL, and most subtypes of periph- 
eral T-cell lymphoma) (Fig. 95-4).'*!”7 Contrast-enhanced CT imag- 
ing remains the standard for lymphoma subtypes that are not reliably 
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Figure 95-4. 'Fluorine-deoxyglucose positron emission tomog- 
raphy/computed tomography (FDG-PET/CT) imaging of Burkitt 
lymphoma before and after successful therapy. At the time of initial 
diagnosis (May 21, 2014), hypermetabolic areas of avid FDG uptake 
were detected in a right cervical mass, clavicle, abdominal lymph nodes, 
stomach, and pelvic bones (yellow arrows) in this patient with stage 
IV lymphoma. Physiologic FDG activity is also seen in the colon and 
bladder (white arrows). After completion of multiagent chemotherapy 
(December 10, 2014), there is no abnormal hypermetabolic activity in 
any of the original sites of disease, although physiologic FDG activity in 
the bowel and urinary system are still evident. 


FDG-avid (e.g., most marginal zone lymphomas, chronic lympho- 
cytic leukemia/small lymphocytic lymphoma, lymphoplasmacytic 
lymphoma/Waldenstrém macroglobulinemia, angioimmunoblastic T-cell 
lymphoma, mycosis fungoides, and cutaneous B-cell lymphomas). For 
FDG-avid lymphomas, PET/CT imaging has been shown to improve 
the accuracy of staging for both nodal and extranodal sites compared 
with CT imaging, leading to a change in stage in 10 to 30 percent of 
patients, usually as a result of upstaging. Alterations in the therapeutic 
plan occur in fewer patients and no impact on overall survival as a result 
of PET/CT imaging has been demonstrated; however, improved staging 
assures that fewer patients are undertreated or overtreated.'? PET/CT 
is particularly important before consideration of radiation therapy for 
apparently localized disease, because identification of disease sites out- 
side the radiation field by PET/CT entirely alters the treatment plan. 
The CT portion of a PET/CT scan may be performed with contrast 
enhancement at a full radiation dose to obtain a high-quality CT exami- 
nation or without contrast using a lower radiation dose, which merely 
allows correction for the attenuation of radioactivity within the patient 
and to localize abnormalities seen on PET. 

Full-dose, contrast-enhanced CT scans may identify additional 
findings, improve detection of abdominal or pelvic disease, permit 
radiation therapy planning in the treatment position, and are required 
for accurate nodal measurements on clinical trials. However, full-dose, 
contrast-enhanced CT scans entail additional radiation exposure and 
expense, and uncommonly change the overall management plan. Sev- 
eral international consensus groups have recommended that PET/CT 
with full-dose, contrast-enhanced CT scans be done at the time of initial 
diagnosis, but that if contrast-enhanced CT scans do not divulge addi- 
tional sites of disease, that only low-dose, noncontrast PET/CT imaging 
be done at the end of treatment.’* 


Although marrow aspiration and biopsy have been standard in 
lymphoma staging in the past, the high sensitivity of PET/CT for mar- 
row involvement has rendered this procedure unnecessary for patients 
with HL and DLBCL who have negative PET/CT imaging of the bones 
and marrow. Data for other histologies are currently insufficient and 
a single 2.5-cm core biopsy with flow cytometry and cytogenetics are 
still recommended for full staging of other subtypes.'*”” Standard blood 
testing should also be performed, including a complete blood count 
(CBC) and chemistries. Lactate dehydrogenase and f,-microglobulin 
are important serum prognostic markers that should be assessed at 
baseline for most lymphomas.**"“* Table 95-3 lists the staging proce- 
dures that are currently recommended and the criteria used to assign a 
patient's stage (Table 95—4).”” 

At the completion of therapy, all diagnostic studies performed at 
baseline detecting evidence of disease are repeated for response eval- 
uation. Current recommendations suggest that PET/CT imaging be 
interpreted using visual inspection according to a 5-point “Deauville 
scale” (Table 95-5).!° Deauville scores of 1 to 2 on FDG-PET scans 
indicate metabolic activity in tumor sites less than in the mediasti- 
nal blood pool, signifying complete metabolic response and complete 
remission. In contrast, Deauville scores of 4 or 5 at the end of treatment, 


TABLE 95-3. Staging Procedures for Lymphoma 


Initial studies 
History and physical examination 
CBC 
Metabolic panel including renal and hepatic function 
Uric acid 
Lactate dehydrogenase and/or 8,-microglobulin 
Hepatitis B and C serologies (if rituximab therapy planned) 
HIV serology 


Tumor biopsy specimen with histopathology 
Flow cytometry of tumor specimen 
Immunohistochemistry of tumor specimen 


Cytogenetic analysis (including iFISH for lymphoma-associated 
translocations) 


PET/CT scans of neck, chest, abdomen, and pelvis (for FDG-avid 
lymphomas) 


Contrast-enhanced CT scans of neck, chest, abdomen, and pel- 
vis (particularly for lymphomas that are not FDG-avid) 


Additional studies (useful in selected cases) 
Marrow aspiration and biopsy 
Pregnancy testing in women of childbearing potential 
Immunoglobulin and TCR gene rearrangement studies 


Cardiac ejection fraction measurement (if anthracycline therapy 
planned) 


Magnetic resonance imaging of brain if neurologic signs or 
symptoms 

Cerebrospinal fluid analysis (including flow cytometry) for high- 
risk aggressive lymphomas or if neurologic signs or symptoms 
are present 

Gastrointestinal studies (imaging and endoscopy) if Waldeyer 


ring involvement, mantle cell lymphoma, or enteropathy asso- 
ciated lymphoma 


CBC, complete blood count; CT, computed tomography; FDG, 
2-fluorodeoxyglucose; iFISH, interphase fluorescence in situ hybrid- 
ization; PET, positron emission tomography; TCR, T-cell receptor. 
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TABLE 95-4. The Lugano Staging System for 
Lymphomas'” 


Stage* Involvement* Extranodal (E) 
Status 
LIMITED 
| One nodal group Single extranodal 
involved lesions without 
nodal involvement 
II Two or more nodal Stage | or Il nodal 
groups involved,on involvement with 
the same side of the limited, contig- 
diaphragm uous extranodal 
extension 
Il bulky* As in Il above, but Not applicable 
with “bulky” disease 
ADVANCED 
III Involvement of Not applicable 
nodal groups on 
both sides of the 
diaphragms 
IV Diffuse involvement Not applicable 


of a visceral organ 
not contiguous with 
an involved nodal 
site 


CT, computed tomography; DLBCL, diffuse large B-cell lymphoma; 
FDG, 2-fluorodeoxyglucose; HL, Hodgkin lymphoma; NHL, non- 
Hodgkin lymphoma; PET, positron emission tomography. 


*Stages are refined further for patients with HL by designating 
whether or not “B symptoms’ are present, namely, fevers greater than 
38.3°C, drenching night sweats, or unexplained weight loss of more 
than 10% of body mass over 6 months. Current recommendations 
discourage applying A and B designations to staging for patients 
with NHL because these features do not confer independent prog- 
nostic information." 


Extent of disease is assessed by PET/CT imaging for FDG-avid lym- 
phomas and by CT imaging for nonavid histologies. 

*A nodal mass of >10 cm, or greater than one-third of the transtho- 
racic diameter at any level of thoracic vertebrae as determined by CT 
imaging is considered bulky disease for HL. There is no consensus on 
the size of “bulk” for NHL with a suggestion that 6 cm may be optimal 
for follicular lymphoma. Sizes between 6 cm and 10 cm have been 
advocated to define bulk for DLBCL."” Current recommendations are 
to record the longest measurement by CT scan and not employ the 
“X” notation to designate bulky disease. Stage Il bulky disease may be 
considered to be either limited or advanced disease depending on 
histology and associated prognostic factors. 


STonsils, Waldeyer ring, and spleen are considered nodal tissue in this 
staging system. 


indicate residual abnormal metabolic activity, representing treatment 
failure (Table 95-6). A Deauville score of 3, indicating metabolic activ- 
ity greater than the mediastinum but less than the liver, is indetermi- 
nant. Most patients with HL or DLBCL who have a Deauville score of 
3 at the end of treatment have good outcomes, but careful followup of 
such patients is important. 

The International Working Group (IWG) and the National Can- 
cer Center Network (NCCN) have published recommendations for fol- 
lowup of patients in remission that vary by histology, whether a patient 


TABLE 95-5. The Deauville 5-Point Scale for Assessment 


of Positron Emission Tomography/Computed Tomography 
Imaging in Lymphoma Patients'® 
Deauville FDG Uptake* 


Score 

1 No significant FDG uptake in tumor site(s) above 
background. 

2 FDG uptake in tumor site(s) less than that in the medi- 
astinal blood pool 

3 FDG uptake in tumor site(s) greater than the mediasti- 
num but less than the liver 

4 FDG uptake in tumor site(s) moderately* higher than 
in the liver 

5) FDG uptake in tumor site(s) markedly higher than 
that in the liver and/or new FDG-avid lesions likely to 
be lymphoma 

X New areas of uptake unlikely to be related to lymphoma 


FDG, 2-fluorodeoxyglucose. 


*The Deauville 5-point scale scores the most intense uptake in a site 
of initial disease. 

tIt has been recommended that the Deauville score of 4 be applied to 
uptake in tumor site(s) that is less than twice as high as the maximum 
standard uptake value (SUV) in a large region of normal liver whereas 
the score of 5 be used if the tumor uptake is more than twice the 
maximum SUV in the liver. 


is on a clinical trial or not, and by the clinical setting (e.g., initial vs. 
relapsed/refractory disease; complete response or not). For curable his- 
tologies such as HL and DLBCL, the likelihood of relapse decreases over 
time and visits are reduced from every 3 months during the first 2 years, 
to every 6 months for the next 3 years, and then annually thereafter. 
Incurable histologies are observed every 3 to 6 months, determined by 
pretreatment risk factors, whether the patient is being managed con- 
servatively, and whether treatment has achieved a complete remission 
or not. At each visit, a history, physical examination, CBC, metabolic 
panel, and serum lactate dehydrogenase are performed. The role, if any, 
of surveillance radiographic imaging for patients in remission is con- 
troversial. All groups strongly discourage surveillance monitoring with 
PET/CT imaging for patients in remission because of the high rate of 
false-positive findings in this setting, which lead to unnecessary anxiety, 
expense, and biopsy procedures. -13 The Lugano IWG guidelines also 
discourage surveillance CT imaging for patients with HL and DLBCL in 
complete remission at the end of therapy. In contrast, NCCN guidelines 
recommend that contrast-enhanced CT imaging be performed no more 
frequently than every 6 months for 2 years after the end of therapy for 
DLBCL and HL, and then be discontinued. 


@ PRIMARY EXTRANODAL LYMPHOMA 


Lymphomas involving extranodal sites most commonly occur simulta- 
neously with nodal involvement, either at the time of diagnosis or dur- 
ing the course of the disease. Extranodal involvement that occurs as the 
only initial evidence of lymphoma after staging procedures is referred 
to as primary extranodal lymphoma. The presence of a tumor or mass 
outside of the lymph nodes is usually not considered lymphoma until a 
biopsy is done and the histopathology establishes the diagnosis. On the 
other hand, solitary extranodal lymphomas can occur in virtually any 
organ or tissue and should be considered in the differential diagnosis of 
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a solitary mass lesion anywhere. The histopathology of primary extra- 
nodal lymphoma is usually either marginal zone lymphoma of MALT 
or DLBCL. Follicular lymphoma and several other histologic subtypes 
of lymphoma may also occur. Therapy usually involves a combination 
of multidrug chemotherapy and a lymphocyte-directed monoclonal 
antibody, such as rituximab-cyclophosphamide, hydroxydoxorubicin, 
vincristine (Oncovin), and prednisone (R-CHOP). Selection of the best 
regimen depends on the histopathologic subtype of lymphoma and 
the location of the disease. Radiotherapy is used less commonly in the 
management of lymphoma than in the past because of concerns about 
induction of secondary malignancies and delayed cardiopulmonary 
toxicities, although it still has a role in treatment of localized, stages I 
to II lymphomas, and for consolidation of bulky adenopathy (>10 cm) 
in selected settings. 

An unanswered pathogenetic question concerning primary extra- 
nodal lymphoma is the propensity for both sites of paired organs (e.g., 
ovaries, testicles, breasts, ocular adnexa, adrenal glands, kidneys, and 
ureters) to be affected simultaneously. It is also curious that several 
of these sites (e.g., kidney) are normally devoid of significant accu- 
mulations of lymphatic tissue. If the transformed lymphocyte arises 
outside these tissues, it must have a tropism for both paired organs, 
perhaps because of expression of site-specific adhesion molecules or 
addressins. 


CENTRAL NERVOUS SYSTEM 


Primary lymphomas originating in and confined to the leptomenin- 
ges," brain,’ or spinal cord'® are uncommon. They almost always 
are of an aggressive histologic subtype, usually DLBCL.'*""* Spinal cord 
compression typically presents with back pain, followed by extremity 
weakness, paresis, and paralysis. Leptomeningeal spread may present 
with cranial nerve palsies and signs of meningeal irritation, for example, 
headache and stiff neck. Intracerebral mass lesions may present with 
headaches, lethargy, papilledema, focal neurologic signs, or seizures. 
Intracerebral lymphoma increased dramatically after the onset of the 
human immunodeficiency virus epidemic as a result of the association 
with AIDS-related aggressive lymphomas (Chap. 81). The incidence of 
intracerebral lymphoma has slowed in AIDS patients because of more 
successful antiviral therapy. Primary pituitary (or hypothalamic) extra- 
nodal lymphoma may result in hypopituitarism. Diabetes insipidus or 
anterior pituitary failure may occur. The lesion may invade the sella tur- 
cica or other neighboring bone and nervous tissue.'**"!° 


EYE 


Ophthalmic lymphoma, the most common orbital malignancy, includes 
lymphoma localized to the eyelid, conjunctiva, lacrimal sac, lacri- 
mal gland, orbit, or intraocular space.'*”' This location accounts for 
approximately 7 percent of all extranodal lymphomas.’ The most fre- 
quent subtype is extranodal marginal zone lymphoma of MALT. Bilat- 
eral involvement occurs in 10 percent of cases. The most common site of 
ocular lesions is the periorbital soft tissues, particularly the conjunctival 
mucosal surfaces and the area surrounding the lacrimal gland. These 
lesions typically have a low-risk of progression and commonly have the 
histology of a marginal zone lymphoma of MALT or follicular center 
cell lymphoma and may be associated with C. psittaci (see “Infectious 
Agents” above). In a Danish study, approximately 50 percent of orbital 
and ocular adnexal lymphomas were of the marginal zone lymphoma of 
MALT subtype; DLBCL was the most common intraocularly.”™!® Lym- 
phoma arising in the lacrimal sac was usually DLBCL. There has been 
a striking increase in incidence rates for lymphoma of the eye over the 
past 30 years.?*157-159%161 Patients with marginal zone lymphoma of MALT 
of the ocular orbit may relapse or have progression of disease after 
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TABLE 95-6. Revised Criteria for Lymphoma Response Assessment” 


Response (By Site) 


PET/CT-Based Response 


CT-Based Response 


Complete Remission 


Lymph nodes and extranodal (E) sites 


Nonmeasured lesion 


Complete metabolic response 


Deauville score of 1, 2, or 3 with or 
without a residual, imaged mass 


Not applicable 


Complete radiologic response 


Target nodes regress to <1.5 cm in longest diameter 
No extranodal sites 


Absent 


Organ enlargement 


Not applicable 


Regress to normal 


New lesions 


None 


None 


Marrow 


FDG-negative 


Normal morphology 


Partial Remission 


Partial metabolic response 


Partial radiologic response 


Lymph nodes and extranodal 
(E) Sites 


Deauville score of 4 or 5 with 
reduced uptake compared to 
baseline 


250% decrease in the sums of the biperpendicular diam- 
eters (SPD) of up to 6 target measurable lesions 


Nonmeasured lesion 


Not applicable 


Absent, normal, or regressed without increase 


Organ enlargement 


New lesions 


Not applicable 
None 


Spleen has regressed by >50% in length beyond normal 
None 


Marrow 


Reduced FDG uptake compared to 
baseline, but higher than in normal 
marrow 


Not applicable 


No Response or Stable Disease 


No metabolic response 


Stable disease 


Lymph nodes and extranodal (E) sites 


Score 4 or 5 without significant 
change in FDG uptake compared to 
baseline 


<50% decrease in the sums of the biperpendicular diam- 
eters (SPD) of up to 6 target measurable lesions 


Nonmeasured lesion 


Organ enlargement 


Not applicable 
Not applicable 


No increase consistent with progression 


No increase consistent with progression 


New lesions 


None 


None 


Marrow 


No change from baseline 


Not applicable 


Progressive Disease 


Progressive metabolic disease 


Progressive disease 


Lymph nodes and extranodal (E) sites 


Score 4 or 5 with significant increase 
in FDG uptake compared to base- 
line and/or new FDG-avid foci con- 
sistent with new lymphoma sites 


Target lesions with an increase of >50% from nadir with 
a longest diameter of at least 1.5 cm. Increases must be 
by at least 0.5 cm for lesions <2.0 cm and by at least 

1.0 cm for lesions >2.0 cm. New or recurrent 
splenomegaly 


Nonmeasured lesion 


None 


New or clear progression of preexisting nonmeasured 
lesions 


New lesions New FDG-avid foci consistent A new lesion >1.0 cm (or if <1.0, must be demonstrated 
with lymphoma and not sugges- to be due to lymphoma by biopsy or other unequivocal 
tive of other etiologies (infection, method) 
inflammation) 

Marrow New or recurrent FDG-avid foci New or recurrent involvement 


FDG, 2-fluorodeoxyglucose. 


initial therapy and relapses can be found at extraocular sites.” Overall 
survival, however, was not significantly worse for patients with relapse. 
The frequency of translocations involving the MALT1 and IGH gene 
loci is low in orbital marginal zone lymphoma of MALT (approximately 
5 percent), but may predict increased risk of relapse.'® The therapy for 
orbital marginal zone lymphoma is usually radiotherapy, which is cura- 
tive in the majority of patients.” Anecdotal reports of responses to rit- 
uximab or rituximab postradiation suggest that rituximab may have a 
therapeutic role in low-grade lymphomas involving the eye. In the rare 
situation where DLBCL involves the periorbital soft tissue, treatment is 


determined by the distribution of the disease, but R-CHOP chemother- 
apy either alone or combined with local radiotherapy is standard. 
Intraocular lymphomas are a rare presentation of lymphoma of 
the eye. Most cases are DLBCL. The diagnosis is established by a vit- 
rectomy. There is an approximately 50 percent chance that the disease 
will be bilateral and the disease is frequently associated with brain or 
leptomeningeal involvement. The mainstay of therapy in the past has 
been local radiotherapy or intraocular injections of methotrexate or rit- 
uximab, but most patients treated in this manner relapse within the eye 
or brain. Standard chemotherapeutic agents administered intravenously 


(e.g., R-CHOP) typically do not penetrate the eye or brain, rendering 
these regimens ineffective. In recent years, many neuro-oncologists have 
advised treating intraocular lymphomas similarly to primary DLBCL 
of the brain with high-dose methotrexate based-chemotherapy with or 
without intrathecal treatment and/or whole-brain and eye radiother- 
apy. A large study conducted at 17 European centers has not confirmed 
the expected efficacy of this aggressive approach for vitreoretinal 


lymphoma, however.'* 


PARANASAL SINUSES 


Localized NHL involving the nasal cavity and/or paranasal sinuses 
may be DLBCL, T-cell lymphoma, or NK/T-cell lymphoma.’*!-' 
The nasal cavity is the predominant site of involvement in T-cell and 
NK/T-cell lymphoma, whereas sinus involvement without nasal dis- 
ease is common in B-cell lymphoma. Systemic B symptoms are more 
frequently observed in NK/T-cell lymphoma. Based on in situ hybrid- 
ization studies, there is a strong association of EBV with NK/T-cell 
lymphoma. These lymphomas may involve the frontal, maxillary, eth- 
moid, and sphenoid sinuses and typically involve bone. They present 
with local pain, upper airway obstruction, rhinorrhea, facial swelling, 
or epistaxis. They may extend into the periorbital area causing propto- 
sis, visual loss, or diplopia. These lymphomas typically are DLBCL in 
the United States and Western Europe and more often T- and NK-cell 
lymphomas in Asia. Nasal NK/T lymphomas are typically treated with 
combination chemotherapy including L-asparaginase plus radiother- 
apy.’ In contrast, patients with primary sinus lymphoma usually 
have DLBCL. A series of 80 patients with primary sinonasal DLBCL 
treated with R-CHOP chemotherapy demonstrated a long-term pro- 
gression-free survival rate of 50 to 60 percent, with only a single patient 
experiencing CNS relapse.'” 


SKIN 


The three main types of cutaneous B-cell lymphomas are primary cuta- 
neous marginal zone B-cell lymphoma, primary cutaneous follicular 
center lymphoma, and primary cutaneous large B-cell lymphoma (leg 
type) as defined by the WHO-European Organization for Research and 
Treatment of Cancer.'! Primary cutaneous marginal zone B-cell and 
primary cutaneous follicle center lymphoma are indolent types with an 
excellent prognosis that should be treated primarily with nonaggressive 
therapies, including simple excision, glucocorticoid injections or local 
radiotherapy. Primary cutaneous large B-cell lymphoma (leg type) is a 
diffuse dermal infiltrate of neoplastic B cells with extension to both the 
papillary dermis and the subcutaneous fat.’ It typically presents as a 
solitary soft-tissue mass and mimics a soft-tissue sarcoma until biopsy 
clarifies the diagnosis. It is an aggressive lymphoma that should be 
treated primarily with aggressive chemotherapy (Chap. 98). Chap. 103 
discusses classical T-cell cutaneous lymphomas, particularly mycosis 
fungoides. 


CHEST AND LUNG 


Primary pulmonary lymphoma may present as a pulmonary nodule 
or mass and may be associated with hilar lymph node enlargement. 
The histopathology is usually marginal zone B-cell lymphoma of the 
mucosa-associated lymphoid tissue or DLBCL, though lymphomatoid 
granulomatosis may also present in this fashion.'*'” Lung biopsy is 
usually required to make a definitive diagnosis. Pleural effusions may 
occur as a result of either central lymphatic obstruction or pleural 
seeding. 

Primary chest wall lymphoma may present as local pain or may 
be accompanied by fever, sweating, and dyspnea. These masses usually 


Chapter 95: General Considerations for Lymphomas 


require excisional or incisional biopsy. They may be associated with 
pleural effusions and involvement of neighboring ribs.'”° 

Primary endobronchial lymphoma is a rare occurrence and may 
follow lung transplantation. It can lead to airway obstruction as an early 
sign. 


HEART 


Primary cardiac lymphoma may involve the heart or pericardium or 
both. Patients may present with dyspnea, edema, arrhythmia, or peri- 
cardial effusion. The effusion may result in cardiac tamponade. Lym- 
phomatous masses may be found in the right atrium (most common), 
pericardium, right ventricle, left atrium, or left ventricle. Most cases are 
a B-cell lymphoma; less than 5 percent are of T-cell lineage." 


GASTROINTESTINAL TRACT 


Gastrointestinal lymphoma is the most common form of extranodal 
lymphoma, accounting for one-third of cases.!® The most commonly 
involved site is the stomach, followed by the small bowel, ileum, cecum, 
colon, and rectum. Lymphoma of the stomach typically causes dyspep- 
tic symptoms and sometimes anorexia or early satiety. Hemorrhage 
is unusual but if present suggests a high-grade lymphoma. Diagnosis 
typically is made by endoscopic biopsy.'*°'*! H. pylori infection has 
been implicated in the pathogenesis of MALT gastric lymphoma.™ At 
endoscopy, mild to severe gastritis is common. Multiple biopsies are 
important to obtaining adequate material to determine the presence of 
H. pylori. MALT lymphoma is common, but DLBCL also may arise 
de novo or may be found in the background of a MALT lymphoma.'*! 
If both subtypes of lymphoma are present, the treatment should be 
directed at the large B-cell lymphoma. 

In the bowel, the small intestine, rectum, and colon may be 
involved, in that order of frequency." The intestinal location most 
often involved is the ileocecal region followed by small bowel, large 
bowel, and multiple intestinal sites. Primary esophageal lymphoma 
is rare.'® Primary colonic lymphoma is associated with symptoms of 
diarrhea, lower gastrointestinal bleeding, and nausea and vomiting sec- 
ondary to low-grade obstruction. The most common disease location is 
the cecum, followed by the right colon, and the sigmoid colon. 

Rare cases of lymphoma may be confined to the liver. Right 
upper quadrant pain is the most common symptom. In about half of 
cases there is a history of previous inflammatory liver disease, such as 
hepatitis C.18-'8 

Primary extranodal lymphoma of the pancreas may present with 
abdominal pain, nausea, vomiting, obstructive jaundice, and weight 
loss, and very rarely signs of pancreatitis." 

The gallbladder may be the site of primary extranodal lymphoma 
and may present with right upper quadrant pain or other symptoms and 
signs consistent with cholecystitis. It may extend into the bile ducts 
with jaundice and other signs of bile duct obstruction.’ 


GENITOURINARY 


Testicular 

Primary lymphoma of the testes typically presents as a painless enlarge- 
ment of the testis in an older man (Fig. 95-5). A hydrocele may also 
be present." The histologic type usually is a DLBCL. At presenta- 
tion, two-thirds of cases are localized to the testicle or to the testicle and 
pelvic or abdominal lymph nodes. After orchiectomy has established 
the diagnosis, patients are staged with a special focus on the remain- 
ing testicle. If sonography of the remaining testicle demonstrates a solid 
mass, it should be assumed to be lymphoma. Patients presenting with 
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testicular lymphoma have historically experienced a poorer prognosis 
compared to patients with other presentations of DLBCL, with relapses 
commonly occurring in either the CNS or contralateral testicle.” The 
current international standard of care consists of orchiectomy, R-CHOP 
chemotherapy given every 21 days for six cycles, intrathecal methotrex- 
ate, and locoregional radiotherapy to the contralateral testicle. This 
combined modality approach has been shown to render an excellent 
5-year progression-free survival rate of 74 percent.'°° 


Ovary 

Primary lymphoma of the ovary is often bilateral and presents as an 
abdominal mass with abdominal pain or palpation of a mass on physical 
examination.?”? 


Uterus, Cervix, Genitalia 

Cases of lymphoma limited to the uterus," uterine cervix," 
vagina, or vulva” can occur. Uterine and cervical lymphoma usually 
presents with an abdominal mass or vaginal bleeding. Lymphoma can 
develop within a uterine leiomyoma.” 


Kidney 

Lymphomatous involvement of both kidneys usually presents with 
renal insufficiency, which can be reversed with multidrug chemo- 
therapy, or radiotherapy. Bilateral enlargement of the kidneys without 
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Figure 95-5. Primary extranodal diffuse 
large B-cell lymphoma in a testicular mass. 
A. Uninvolved area of testes. B. Area of tes- 
tes replaced by an abnormal lymphocyte 
population. C. High-power view of the 
lymphoma cells. D. Positive immunohis- 
tochemistry staining for CD20. (Used with 
permission from Raymond Felgar, University 
of Pittsburgh Medical Center.) 
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obstruction and other organ or nodal involvement and absence of 
other causes of renal failure are characteristic of primary renal lym- 
phoma.””*! The origins of the lymphoma are perplexing as the kid- 
ney is thought to be devoid of lymphoid tissue. Both careful staging 
and postmortem examination have verified the absence of lymphoma 
in other sites. An increased association of renal cell carcinoma and 
primary renal lymphoma may exist.” Rarely, the lymphomatous 
involvement, although still solely extranodal, involves only the peri- 
renal space.” 


Ureter, Bladder, Prostate 

Bilateral ureteral involvement with obstructive renal failure may 
occur.” Primary lymphoma of the bladder may rarely extend to the 
kidney. Usually it is localized and responds well to treatment.””! Pri- 
mary extranodal lymphoma may involve the prostate.” 


SPLEEN 


Primary splenic lymphoma is rare.”*?5 Concomitant marrow involve- 
ment is present in most cases. When primary to the spleen, the lym- 
phoma may be principally confined to the red pulp and is usually 
consistent histopathologically with DLBCL or marginal zone lym- 
phoma. In the absence of lymph node involvement or splenic white 
pulp involvement at the time of diagnosis or during the course of the 
disease, it can be considered an “extranodal” splenic lymphoma.”* 


BONE 


Primary bone lymphoma may involve any bone but usually affects the 
long bones.”®- The presentation is usually bone pain and the lesions 
are usually lytic when imaged.” When the skull is involved the lym- 
phoma may invade the central nervous system.” Most patients exhibit- 
ing skeletal involvement are due to aggressive lymphomas, particularly 
DLBCL. Management generally involves R-CHOP chemotherapy with 
consolidative radiotherapy.” 


BREAST 


The clinical presentation of primary lymphoma of the female breast 
often mimics carcinoma of the breast. A small proportion of cases 
may be bilateral. The pathologic diagnosis is DLBCL in approximately 
85 percent of cases.” BCL-2 expression is frequently present in the 
tumor cells. Small lymphocytic lymphoma, follicular lymphoma, and 
marginal zone lymphoma of mucosa-associated lymphoid tissue may 
also be the histopathologic diagnosis.*'*” Staging may uncover either 
nodal involvement, marrow involvement or other extranodal sites with 
lymphoma in as many as half of cases. Approximately 10 percent of cases 
of primary breast lymphoma relapse in the central nervous system.”*°? 


ENDOCRINE GLANDS 


Primary adrenal lymphoma usually present bilaterally and thus may 
lead to adrenal insufficiency. In the latter case, the presenting symptoms 
may be fatigue, asthenia, and other signs of hypoadrenocorticism.** 6 
Primary thyroid lymphoma often occurs in a gland afflicted by Hashimoto 
thyroiditis. Thus, it occurs more frequently in women than men. The 
patient may present with an enlarged thyroid (goiter) or have symp- 
toms as a result of tracheal compression.” The histopathology may 
be DLBCL or marginal zone B-cell MALT lymphoma. Primary pituitary 
lymphoma is discussed under “Central Nervous System” above. 
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PATHOLOGY OF LYMPHOMAS 
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The classification of malignant lymphomas has been a contentious issue dur- 
ing the past 50 years, undergoing numerous changes during its evolution. The 
recent World Health Organization (WHO) classification of lymphoid neoplasms 
has gained worldwide acceptance by both pathologists and oncologists. It pro- 
vides a list of distinct diseases that are defined by a combination of morpho- 
logic, phenotypic, genetic, and clinical features, and attempts to correlate each 
disease with a cell of origin. Because the classification of lymphomas requires 
the integration of such diverse information, the diagnosis has become more 
complex compared to other solid malignancies. As a result, several ancillary 
studies have become useful in the diagnosis of lymphomas, which require 
special handling of biopsy material when a diagnosis of lymphoma is sus- 
pected. The WHO classification identifies three major categories of lymphoid 
malignancies: B-cell neoplasms, T and natural killer (NK) cell neoplasms, and 
Hodgkin lymphoma. Two major categories are identified within the B-cell 
and T/NK-cell neoplasms: precursor neoplasms and peripheral or mature 
neoplasms. Unlike previous lymphoma classifications, the WHO classification 
does not group different lymphomas by clinical outcome or histologic grade. 
It recognizes that each disease has distinctive clinical features and response to 
treatment and may have a spectrum of clinical aggressiveness that may cor- 
relate with histologic grade or gene expression patterns. The WHO classifica- 
tion recognizes that several of the diseases it describes are heterogenous and 
likely include two or more distinct diseases that cannot be identified based 
on current data, and remains open to incorporate new data as they become 
available. One such source of new data for classifying lymphoma is the study 
of gene expression profiling by complementary DNA microarray technology, 
which is providing new insights into the classification of diseases such as 
diffuse large B-cell lymphoma and chronic lymphocytic leukemia. Proteomic 
approaches will add further texture to the molecular taxonomy of lymphoma 
classification. 


Acronyms and Abbreviations: ABC, activated B cell; ALCL, anaplastic large cell 
lymphoma; ALK, anaplastic lymphoma kinase; DLBCL, diffuse large B-cell lymphoma; 
EBV, Epstein-Barr virus; FISH, fluorescence in situ hybridization; GCB, germinal 
center B cell; IGH, immunoglobulin heavy chain; LP lymphocyte predominant; MALT, 
mucosa-associated lymphoid tissue; NF-KB, nuclear factor-xB; NK, natural killer; 
PCR, polymerase chain reaction; PTCL, peripheral T-cell lymphoma; REAL, Revised 
European-American Lymphoma; WHO, World Health Organization; ZAP-70, zeta- 
associated protein of 70 kDa. 


@ HISTORICAL ASPECTS OF LYMPHOMA 
CLASSIFICATION 


The classification of malignant lymphoma has been fraught with con- 
troversy during much of the 20th century, with much needed consensus 
reached during the past two decades. A detailed discussion of the his- 
tory of lymphoma classification is beyond the scope of this chapter and 
can be found elsewhere.' 

From Thomas Hodgkin's description in 1832 of what became known 
as Hodgkins disease? to the first half of the 20th century, several types 
of lymphomas with distinctive morphologic and clinical features were 
described using a variety of terms, including lymphoma, lymphosarcoma, 
reticulum cell sarcoma, and giant follicular lymphoma.' However, many of 
the terms were not used uniformly, resulting in significant misunderstand- 
ing, particularly between pathologists and clinicians. Starting in the 1930s, 
several attempts were made to classify lymphomas and provide some uni- 
formity of diagnosis, culminating in the Rappaport classification, initially 
published in 1956, which divided lymphomas based on growth pattern, 
cell type, and stage of differentiation.* * Most importantly, this classification 
demonstrated clinical relevance, showing that lymphomas with a nodular 
pattern had a better prognosis than diffuse lymphomas. 

In the 1960s and 1970s, an explosion of studies on the immune 
system had a profound effect on our understanding of lymphocyte biol- 
ogy and had a consequent effect on our understanding of malignant 
lymphomas. Normal lymphocytes could now be classified into distinct 
lineages (B, T, and natural killer [NK]), which could be determined by 
expression of lineage-specific surface antigens and eventually by genetic 
analysis of B- and T-cell receptors.** Several new lymphoma classifi- 
cation schemes were developed to incorporate the new immunologic 
data, the most important being the Kiel classification’ (used primarily 
in Europe) and the Lukes and Collins classification? (used primarily in 
North America). By the 1970s, at least five classification schemes were 
widely used in different parts of the world. At the same time, clinical 
studies were beginning to show that some patients with aggressive lym- 
phomas could be cured with combination chemotherapy.’ Oncologists 
needed to interpret results of clinical trials performed in different insti- 
tutions, a situation made difficult by the use of different classification 
schemes that were not easily translated among themselves. 

The problem was addressed by the United States National Cancer 
Institute, which convened a large group of investigators to determine 
which classification scheme was best at predicting clinical outcome of 
lymphoma. None of the classification schemes was identified as predict- 
ing clinical outcome better than the other schemes. Therefore, patholo- 
gists were advised to continue using one of the six classification schemes 
studied, and a “Working Formulation” was developed so that oncologists 
could translate clinical data derived in different institutions using different 
classification schemes." Lymphomas were divided into 10 categories based 
solely on morphologic features. To help clinicians deal with a large number 
of lymphoma subtypes, the lymphomas were further grouped into three 
clinical prognostic groups (clinical grades). Although the Working For- 
mulation was not intended to be a standalone classification scheme, it was 
used as such by many institutions, particularly in North America. 

However, increasing phenotypic and genotypic data were further 
defining several distinctive lymphoma subtypes. The Working Formu- 
lation lumped different lymphomas into broad categories that were 
obscuring the distinctive features of the newly described entities. The 
Working Formulation categories were based solely on morphologic fea- 
tures and were not able to incorporate new immunologic and molecular 
genetic data that were recognizing new types of lymphomas. 

In the 1980s and 1990s, several new lymphoma entities were iden- 
tified based on new immunologic and molecular genetic data. Although 


attempts were made to incorporate these new entities into the existing 
classification schemes," problems with uniformity between different 
institutions persisted. A desire to eliminate the continued confusion 
ultimately led to a new approach to lymphoma classification proposed 
by the International Lymphoma Study Group that used all available 
information, including morphology, immunophenotype, genetic and 
clinical features, to define a list of distinctive entities that could be uni- 
formly diagnosed by hematopathologists. The proposal was published 
in 1994 and was known as the Revised European-American Lymphoma 
(REAL) classification.” Importantly, this classification identified enti- 
ties that had distinctive clinical features and could be reproducibly diag- 
nosed by expert hematopathologists." 
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@WORLD HEALTH ORGANIZATION 
CLASSIFICATION 


In the late 1990s, a new World Health Organization (WHO) classifica- 
tion for lymphoproliferative disorders was being developed, based on 
the REAL classification. First published in 2001 (and revised in 2008), 
the WHO classification represented a consensus between an interna- 
tional group of more than 50 experienced hematopathologists, includ- 
ing contributions from a clinical advisory committee of hematologists 
and oncologists experienced in treating lymphomas.'* The WHO clas- 
sification (Table 96-1) identified several major categories, including 


TABLE 96-1. The WHO Classification of Lymphoid Neoplasms 


PRECURSOR LYMPHOID NEOPLASMS 
- B lymphoblastic leukemia/lymphoma, NOS 


- B lymphoblastic leukemia/lymphoma with recurrent genetic 
abnormalities 


+ B lymphoblastic leukemia/lymphoma with t(9;22)(q34;q11.2); 
BCR-ABL1 


+B lymphoblastic leukemia/lymphoma with t(v;11q23); MLL 
rearranged 


+ B lymphoblastic leukemia/lymphoma with t(12;21)(p13;q22); 
TEL-AML1 


+ B lymphoblastic leukemia/lymphoma with hyperdiploidy 
+B lymphoblastic leukemia/lymphoma with hypodiploidy 


« B lymphoblastic leukemia/lymphoma with t(5;14)(q31;q32); 
IL3-IGH 


+ B lymphoblastic leukemia/lymphoma with t(1;19)(q23;p13.3); 
E2A-PBX1 


- T-lymphoblastic leukemia/lymphoma 
MATURE B-CELL NEOPLASMS 
e Chronic lymphocytic leukemia/small lymphocytic lymphoma 
- B-cell prolymphocytic leukemia 
e Splenic B-cell marginal zone lymphoma 
+ Hairy cell leukemia 
+ Splenic B-cell lymphoma/leukemia, unclassifiable 
e Lymphoplasmacytic lymphoma 
e Heavy-chain diseases 
e Plasma cell neoplasms 


- Extranodal marginal zone lymphoma of mucosa-associated 
lymphoid tissue (MALT lymphoma) 


e Nodal marginal zone lymphoma 
- Follicular lymphoma 
+ Primary cutaneous follicle center lymphoma 
e Mantle cell lymphoma 
- Diffuse large B-cell lymphoma (DLBCL), NOS 
+ T-cell/histiocyte rich large B-cell lymphoma 
+ Primary DLBCL of the CNS 
+ Primary cutaneous DLBCL, leg type 
- EBV-positive DLBCL of the elderly 
e DLBCL associated with chronic inflammation 
e Lymphomatoid granulomatosis 
+ Primary mediastinal (thymic) large B-cell lymphoma 


+ Intravascular large B-cell lymphoma 
- ALK-positive large B-cell lymphoma 
+ Plasmablastic lymphoma 


+ Large B-cell lymphoma arising in HHV-8-associated multicen- 
tric Castleman disease 


- Primary effusion lymphoma 
+ Burkitt lymphoma 


+ B-cell lymphoma, unclassifiable, with features intermediate 
between DLBCL and Burkitt lymphoma 


- B-cell lymphoma, unclassifiable, with features intermediate 
between DLBCL and classical Hodgkin lymphoma 


MATURE T- AND NK-CELL NEOPLASMS 
- T-cell prolymphocytic leukemia 
- T-cell large granular lymphocytic leukemia 
e Chronic lymphoproliferative disorder of NK cells 
- Aggressive NK-cell leukemia 
- EBV-positive T-cell lymphoproliferative diseases of childhood 
+ Adult T-cell leukemia/lymphoma 
e Extranodal NK/T-cell lymphoma, nasal type 
- Enteropathy-associated T-cell lymphoma 
e Hepatosplenic T-cell lymphoma 
e Subcutaneous panniculitis-like T-cell lymphoma 
e Mycosis fungoides 
- Sézary syndrome 


- Primary cutaneous CD30-positive T-cell lymphoproliferative 
disorders 


- Primary cutaneous peripheral T-cell lymphoma, rare subtypes 
- Peripheral T-cell lymphoma, NOS 
« Angioimmunoblastic T-cell lymphoma 
- Anaplastic large cell lymphoma, ALK-positive 
- Anaplastic large cell lymphoma, ALK-negative 
HODGKIN LYMPHOMA 
e Nodular lymphocyte predominant Hodgkin lymphoma 
+ Classical Hodgkin lymphoma 
e Nodular sclerosis classical Hodgkin lymphoma 
e Mixed cellularity classical Hodgkin lymphoma 
e Lymphocyte-rich classical Hodgkin lymphoma 
e Lymphocyte-depleted classical Hodgkin lymphoma 


precursor lymphoid neoplasms, mature B-cell neoplasms, mature T- 
and NK-cell neoplasms, and Hodgkin lymphoma. 

Distinctive lymphoma entities were identified based upon a combi- 
nation of morphologic, immunophenotypic, genetic, and clinical features. 
The 2008 WHO classification includes several provisional entities and cat- 
egories of unclassifiable neoplasms with features intermediate between two 
distinct entities. This allows the classification to retain flexibility so that new 
data that further identify distinct diseases within these entities can be incor- 
porated. In distinction from the Working Formulation, lymphomas were 
not classified based on clinical outcome. The WHO classification agreed 
that each type of lymphoma that was identified by pathologic and clinical 
features could have a spectrum of clinical aggressiveness, and that lump- 
ing distinct entities into groups based on clinical outcome would inhibit 
the development of targeted therapeutic approaches. Therefore, the WHO 
classification represents a complete change from the Working Formulation, 
with the emphasis on pathologic classification rather than classification 
based on survival characteristics. 

Genome-wide expression studies have been instrumental in fur- 
ther delineating distinctive subtypes of lymphomas of clinical relevance. 
Using complementary DNA microarray technology, the expression of 
thousands of genes at the mRNA level can be studied simultaneously 
and compared to other tumor samples. Such studies have (1) defined 
more than one distinct entity in what was previously characterized as 
a morphologically homogeneous category, (2) identified distinct gene 
expression patterns that each encompasses a disease that may demon- 
strate morphologic heterogeneity, and (3) identified new surface 
molecules and signaling pathways that could provide targets for new 
therapeutic approaches. The impact of the new gene expression profiles 
is detailed in the sections on separate lymphomas below. 

The WHO classification attempts to correlate each lymphoma to 
normal lymphocyte biology by postulating a cell of origin for each neo- 
plasm. This correlation is particularly well-suited for B-cell lymphomas 
in which several distinct stages of normal B-cell development can be 
identified (Fig. 96-1) but is not as satisfying for T and NK neoplasms. 
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Figure 96-2. Reactive lymph node with follicular hyperplasia, char- 
acterized by numerous secondary lymphoid follicles with intact mantle 
zones. 


Briefly, B-cell development begins in the marrow with precursor B lym- 
phoblasts that differentiate into naive B cells that circulate in the blood. 
The lymph node is the primary site where B cells encounter antigen, 
where naive B cells colonize primary follicles and in mantle zones of 
secondary follicles (Figs. 96-2 to 96-4). Upon antigen stimulation, 
these cells undergo blast transformation and enter the germinal cen- 
ter reaction in the late primary immune response and the secondary 
immune response. In the germinal center, cells downregulate BCL2 
(Fig. 96-5) and initially transform into intermediate-size cells (follic- 
ular B blasts), then into large centroblasts, and finally into small cen- 
trocytes (Figs. 96-6 and 96-7).'® Cells that survive the germinal center 
upregulate BCL2 and either differentiate into short-lived plasma cells 
through an immunoblast stage or differentiate into memory cells that 
populate follicular marginal zones or recirculate in the blood. Several 


Lymph node 
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Figure 96-1. Stages of B-cell development. Precursor B lymphoblasts in the marrow differentiate into mature B cells that circulate in blood and 
colonize mantle zones of lymphoid follicles. Upon antigen stimulation, the cells can differentiate directly into immunoblasts (early primary immune 
response) or enter the germinal center reaction (late primary and secondary immune responses). In the germinal center, cells undergo blast trans- 
formation and progress to form large centroblasts, followed by small centrocytes. These cells differentiate into either antibody-secreting plasma cells 
through an immunoblast stage or memory B cells that can recirculate or localize to the marginal zones of lymphoid follicles. 
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Figure 96-3. Same reactive lymph node as in Fig. 96-2 but stained 
with an antibody to CD20 (B-cell marker), showing B cells predomi- 
nantly localized to the follicles. 


Figure 96-6. Reactive germinal center in a normal lymph node. 


B-cell lymphomas can be correlated with these stages of development 
(Fig. 96-8) and are mentioned in the sections on separate lymphomas 
below. 


@ PRACTICAL CONSIDERATIONS IN THE 
DIAGNOSIS OF LYMPHOMA 


Determining a benign from malignant lymphoid infiltrate often can be 
difficult because malignant lymphocytes in many lymphomas closely 
resemble their benign counterparts. Therefore, diagnosis commonly 
rests on demonstrating a combination of an abnormal architectural 
pattern, an abnormal immunophenotype, and evidence of lymphoid 
monoclonality. As a result, several ancillary special studies have become 
instrumental in the diagnosis and classification of lymphoma, requiring 


Figure 96-4. Same reactive lymph node as in Fig. 96-2 but stained SPecial handling of the biopsy material (Table 96-2). Whenever a diag- 
with an antibody to CD3 (T-cell marker), showing T cells predominantly nosis of lymphoma is considered clinically, the surgeon should perform 
localized to the interfollicular areas. 


Figure 96-5. Same reactive lymph node as in Fig. 96-2 but stained 

with an antibody to the antiapoptotic protein BCL2. Note the negative Figure 96-7. Spectrum of cells within the germinal center in a nor- 
staining of the germinal centers where most of the cells will die during mal lymph node, ranging from small lymphocytes to larger cells with 
the maturation process. nucleoli. 
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TABLE 96-2. Routine and Ancillary Studies for Lymphoma 
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Diagnosis 
Type of Tissue 

Method Applications Needed 
Routine Examination of routine sec- Formalin-fixed 
histology tions will allow diagnosis of 

lymphoma in certain situa- 

tions. In the remaining cases, 

the diagnosis will require the 

use of ancillary studies 
Immunohis- — Immunophenotyping for Formalin-fixed 


tochemistry 


lymphoma classification; can 
demonstrate B-cell clonality 
(light-chain restriction) and 
unique antigen expression in 
some cases 


Auto- Demonstration of B-cell Fresh tissue (single 
mated flow clonality by surface immu- cell suspensions) 
cytometry noglobulin (lg) light-chain 
restriction; immunophe- 
notyping for lymphoma 
classification 
Polymerase Demonstration of B- and Frozen tissue 
chain reac- T-cell clonality by lg and Can be performed 
tion analysis T-cell receptor analyses; on paraffin tissue, 
demonstration of lym- but may not yield 
phoma specific transloca- amplifiable DNA in 
tions (example: BCL2 gene some cases 
rearrangements) 
Cytogenetics Demonstration of clonality; Sterile fresh tissue 
Demonstration of lymphoma- 
specific translocations 
Fluores- Demonstration of Fresh tissue 
cent in situ lymphoma-specific Can be performed 
hybridization translocations on paraffin tis- 


sue, but yield is 
variable 


Figure 96-8. B-cell neoplasms correlate with 
different stages of development. ABC-DLBCL, 
activated B-cell type diffuse large B-cell lym- 
phoma; ALL/LBL, acute lymphoblastic leukemia/ 
lymphoblastic lymphoma; BL, Burkitt lymphoma; 
CLL, chronic lymphocytic leukemia; FL1, follicu- 
lar lymphoma, grade 1; FL3, follicular lymphoma, 
grade 3; GC-DLBCL, germinal center type diffuse 
large B-cell lymphoma; MCL, mantle cell lym- 
phoma; MZL, marginal zone lymphoma. 


an open biopsy of the largest involved lymph node. The lymph node 
should be removed intact whenever possible, because assessment of 
architecture is extremely important in the diagnosis and classification of 
lymphomas. The lymph node should be sent immediately to the pathol- 
ogy laboratory in the fresh state, at which time the pathologist allocates 
the tissue for fixation for routine histology and for special studies. 

Automated flow cytometry on single-cell suspensions prepared 
from tissue samples is extremely helpful in demonstrating B-cell clonal- 
ity by surface immunoglobulin light chain restriction. It also determines 
the expression pattern of surface markers helpful in subclassifying lym- 
phomas, particularly lymphomas of small B cells.” A wide variety of 
antibodies that can be used on formalin-fixed tissue now are available, 
allowing accurate diagnosis and subclassification of lymphoma in most 
cases. 

Molecular genetic techniques to determine B- or T-cell mono- 
clonality or lymphoma-specific chromosomal translocations include 
polymerase chain reaction (PCR), Southern blot, fluorescence in situ 
hybridization (FISH), and cytogenetic analysis.'* PCR and FISH can 
be performed on formalin-fixed tissue. Results from molecular genetic 
testing should be interpreted in conjunction with the morphologic and 
immunophenotypic data, as some benign reactive lymphoid prolifera- 
tions show evidence of lymphoid monoclonality.” 

The diagnosis of lymphoma has become more complex than the 
diagnosis of other malignancies because diagnosis of lymphoma rests 
on correlation of morphologic features with immunophenotype and 
genetic data in many cases. Because of the complexity of diagnosis and 
the relative infrequency of lymphoma in general pathology practice, 
a second review by a hematopathologist with expertise in lymphoma 
pathology is recommended. The second review can have a significant 
impact on the clinical management of patients.” 

Whereas open biopsy of an involved lymph node is the most useful 
diagnostic procedure, core-needle biopsies and fine-needle aspiration 
can play a role in limited situations. Core-needle biopsy might be help- 
ful in the diagnosis of deep-seated disease in the abdomen, allowing the 
patient to avoid a laparotomy. However, a definitive diagnosis by core 
biopsy is not always possible, necessitating an open biopsy. Fine-needle 
aspiration is not helpful in primary diagnosis of lymphoma,” but it may 
be helpful in detecting recurrence of a previously diagnosed lymphoma 


Part XI: Malignant Lymphoid Diseases 


or in ruling out a nonhematolymphoid lesion causing lymphadenop- 
athy. Although automated flow cytometry can be used in conjunction 
with cytologic examination to provide additional information for lym- 
phoma diagnosis and classification, tissue biopsy generally is required 
before commencement of therapy. 


@ PRECURSOR B- AND T-CELL 
LYMPHOMAS/LEUKEMIAS 


Lymphoblastic leukemia/lymphoma represents a malignancy of lym- 
phoblasts, either of B or T lineage. They can present in the marrow (leu- 
kemia) or with predominant tissue involvement (lymphoma), but they 
are considered single-disease entities. Most cases of acute lymphoblastic 
leukemia are of B lineage, whereas most cases of lymphoblastic lym- 
phoma are of T lineage, with the mediastinum being a common site of 
involvement. The morphologic features are the same regardless of site 
or lineage, consisting of small- to intermediate-size cells with finely dis- 
persed nuclear chromatin, inconspicuous nucleoli, and scant cytoplasm 
(Fig. 96-9). Assessment of lineage and distinction from minimally dif- 
ferentiated acute myeloid leukemia require immunophenotypic data 
and may require molecular genetic analysis of B- and T-cell receptors. 
Lymphoblastic neoplasms are distinguished from other lymphomas by 
the expression of terminal deoxynucleotide transferase, which is specif- 
ically expressed at the lymphoblast stage of development. 

The 2008 WHO classification includes several categories of B- 
lymphoblastic leukemia/lymphoma characterized by recurrent genetic 
abnormalities.'* Many of these are associated with distinct clinical or 
pathologic features, have prognostic implications, or are considered 
biologically distinct entities. 


@ MATURE B-CELL NON-HODGKIN 
LYMPHOMAS 


CHRONIC LYMPHOCYTIC LEUKEMIA/SMALL 
LYMPHOCYTIC LYMPHOMA 


Chronic lymphocytic leukemia is a neoplasm of mature B lymphocytes 
characterized by blood and marrow involvement and commonly asso- 
ciated with lymph node involvement (Chap. 92). Small lymphocytic 


Figure 96-9. Lymphoblastic lymphoma of T-cell type, characterized 
by a diffuse proliferation of medium-size cells with finely distributed 
chromatin and high mitotic activity. 


Figure 96-10. Small lymphocytic lymphoma with vague nodular 
appearance imparted by proliferation centers. 


lymphoma is the nonleukemic form of the disease. Lymph nodes 
involved by chronic lymphocytic leukemia show a diffuse infiltrate of 
small mature lymphocytes admixed with prolymphocytes and paraim- 
munoblasts, which characteristically form ill-defined nodules known as 
proliferation or growth centers (Figs. 96-10 and 96-11). The B cells have 
a characteristic immunophenotype, demonstrating CD5 and CD23 
expression and dim expression of CD20 and clonal immunoglobulin 
light chain. Studies have divided chronic lymphocytic leukemia into 
two distinct subtypes with distinct clinical behavior (Chap. 92). The 
type with the more favorable prognosis expresses mutated variable 
regions of the immunoglobulin heavy-chain (IGH) genes, whereas the 
other subtype expresses unmutated IGH genes. The IGH gene mutation 
status is reflected in differences in gene expression.*»** The gene encod- 
ing the zeta-associated protein of 70 kDa (ZAP-70) is one of these genes, 
which generally is expressed by leukemia cells that express unmutated 
IGH genes and hence can be used to discriminate between the two sub- 
types. Certain cytogenetic abnormalities also correlate with clinical 
aggressiveness.” 

Some cases of chronic lymphocytic leukemia/small lymphocytic 
lymphoma demonstrate plasmacytic features but are distinct from an 
entity known as lymphoplasmacytic lymphoma, which is characterized 
by a prominent component of plasmacytic lymphocytes and plasma 
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Figure 96-11. Small lymphocytic lymphoma, characterized by small 
lymphocytes with mature chromatin pattern. Note that individual lym- 
phocytes in small lymphocytic lymphoma are morphologically indistin- 
guishable from benign lymphocytes. 
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Figure 96-12. Imprint preparation of lymphoplasmacytic lymphoma Figure 96-14. Mantle cell lymphoma with a diffuse pattern, charac- 


demonstrating small lymphocytes and cells with plasmacytoid features terized by a monomorphous infiltrate of small irregular lymphocytes 
(eccentric nuclei and bluish cytoplasm). with numerous mitotic figures. 

cells ( ). These cases typically do not express CD5, less often 

involve blood, and often are associated with a monoclonal immuno- 


globulin M serum protein that can cause hyperviscosity or cryoglob- nes tee a ee ee 


ulinemia (Waldenström macroglobulinemia). Somatic mutations in 
MYD88 are a commonly recurring and highly specific feature of Wal- 
denstrém macroglobulinemia.” 


MANTLE CELL LYMPHOMA 


Mantle cell lymphoma most commonly involves lymph nodes, but it can 
involve extranodal sites, including the gastrointestinal tract, as a clinical 
variant known as lymphomatous polyposis ( ). It typically is 
composed of a uniform population of small lymphocytes with cleaved 
nuclei and a virtual absence of large transformed cells ( ja 
It most commonly has a diffuse growth pattern, but it can show a nod- 
ular or, more rarely, a mantle zone pattern ( ). The postulated he Ti 


ERATA oa > 
cell of origin is the B cell of the inner mantle zone. The lymphoma cells a 
coexpress CD5, as does chronic lymphocytic leukemia, but mantle cell Figure 96-15. Mantle cell lymphoma with a mantle-zone pattern, 
lymphoma can be distinguished by lack of CD23 expression and expres- characterized by monomorphous small lymphocytes surrounding a 
sion of cyclin D1 ( ). Cyclin D1 expression results from the benign germinal center. 


chromosomal translocation t(11;14)(q13;q32) characteristic of man- 
tle cell lymphoma. Gene expression data have demonstrated a subset 
of mantle cell lymphomas that are cyclin D1-negative.”” Some of these 


Figure 96-13. Large bowel involved with mantle cell lymphoma Figure 96-16. Mantle cell lymphoma with mantle-zone pattern 
(multiple lymphomatous polyposis). stained with antibody to cyclin D1. 
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Follicular lymphoma is a proliferation of cells that correspond to nor- 
mal germinal center cells,” retaining expression of germinal center 
markers (BCL6, CD10), and demonstrates a follicular architecture 
(F ) imparted by nodular aggregates of CD21-positive follic- 
ular dendritic cells. Follicular lymphomas are composed of a variable 
mixture of centrocytes (small cleaved cells) and centroblasts (large non- 
cleaved cells). They can be divided into three grades (grades 1 to 3) based 
on the number of centroblasts present. The most common is grade 1 


Figure 96-18. Center of a neoplastic follicle in grade 1 follicular lym- 
phoma with almost exclusively small centrocytes. 


(0-5 centroblasts per high-power microscopic field), previously known ie ee C Care, We? Ux <8 
as follicular small-cleaved-cell lymphoma (F ). Both grade 1 bey ye e 2° © pe A -é 2 aa ey aot +e 
and grade 2 tumors are indolent, and distinguishing between them is eg FN 2. N i je as PE s ye 
not required. Grade 3 follicular lymphoma (>15 centroblasts per high- @.98) Foe ® ADiP ~ g s- fil. g oy ad i, 
power microscopic field) can be further divided into grade 3A (mixture ‘See ey nar 7 a s24, Font, oe bs 
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expression does not help distinguish follicular lymphoma from other 
lymphomas, it is a helpful feature in distinguishing it from reactive fol- 
licles that are BCL2-negative (F ). 


Figure 96-19. Grade 3A follicular lymphoma with >15 centroblasts 
per high-power field. 
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Figure 96-17. Grade 2 follicular lymphoma (low-power magnifica- 

tion), characterized by crowded follicles throughout the entire lymph Figure 96-20. Positive BCL2 immunostain of a follicular lymphoma 


node. (contrast with Fig. 96-5). 
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Figure 96-21. Lymph node involved by marginal zone B-cell lym- 
phoma, in which the benign germinal centers and mantle zones are 
surrounded by expanded pale marginal zones. 


Follicular lymphoma in situ is an entity where BCL2-positive ger- 
minal centers are present in an otherwise reactive lymph node. When 
it is distinguished from partial involvement by follicular lymphoma, 
follicular lymphoma in situ has a very low rate of progression to overt 
follicular lymphoma.** 


MARGINAL ZONE B-CELL LYMPHOMAS 


Marginal zone lymphomas are characterized by a proliferation of small 
lymphocytes, commonly with abundant pale cytoplasm (called mono- 
cytoid B cells) and plasmacytic features. The postulated cell of origin of 
these lymphomas is the postgerminal center B cell of the marginal zone 
at various anatomic sites. Marginal zone lymphomas can be divided into 
three distinct types based on site of presentation: (1) extranodal mar- 
ginal zone lymphomas of mucosa-associated lymphoid tissue (MALT), 
(2) splenic marginal zone lymphomas,” and (3) nodal marginal zone 
lymphomas (F ).* This classification is supported by distinctive 
cytogenetic abnormalities in each entity. Extranodal lymphomas of the 
MALT type are the most common and arise in mucosal sites subject 
to longstanding chronic inflammation (Fi ), including chronic 
infection, the prototypical example being chronic Helicobacter pylori 
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Figure 96-22. Salivary gland involved by mucosa-associated lym- 
phoid tissue (MALT) lymphoma, showing a diffuse infiltrate of small 
lymphocytes with pale cytoplasm, infiltrating an enlarged salivary gland 
duct (lymphoepithelial lesion). 


Figure 96-23. Diffuse large B-cell lymphoma. 


infection of the stomach.” At early stages of development, many of these 
lymphomas respond to treatment with antibiotics to eradicate H. pylori, 
whereas later changes, including cases with chromosomal transloca- 
tions activating genes involved in nuclear factor-«B (NF-xB) signaling,” 
lead to antigen-independent growth (Chap. 101). 


DIFFUSE LARGE B-CELL LYMPHOMA 


Diffuse large B-cell lymphoma (DLBCL) is characterized by a diffuse 
infiltrate of large B cells that can resemble centroblasts or immunoblasts 
(Figs 23 and 9 !). The 2008 WHO classification identifies several 
types of large B-cell lymphoma, the most common type being DLBCL 
not otherwise specified, which constitutes 25 to 30 percent of all non- 
Hodgkin lymphomas. 

Gene-expression data show that DLBCL is a heterogeneous dis- 
ease consisting of at least three entities having distinct gene-expression 
profiles based on cell of origin: (1) cases with an expression profile sim- 
ilar to germinal center B cells (GCBs), (2) cases expressing genes typ- 
ical of activated B cells (ABCs), and (3) cases with a different pattern 
referred to as “unclassifiable” that are neither GCB-type nor ABC-type 
(F ).“ Importantly, clinical differences were apparent, with 
GCB-type cases having a significantly better prognosis compared to the 
other two types, even when clinical prognostic markers are considered 
(Chap. 98). Further studies confirmed these differences in the current 
era of therapy (including anti-CD20 antibody therapy), and identified 


Figure 96-24. Diffuse large B-cell stained with antibody to CD20 
(B-cell marker). 
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Figure 96-25. Gene-expression profiling diffuse large B-cell lymphoma (DLBCL), showing the subgroup discriminator used divide cases into ger- 
minal center B-cell-like (GCB) and activated B-cell-like (ABC). Each vertical column represents an individual patient and each horizontal row a unique 
gene. Red is relative overexpression of a gene and green relative underexpression. Using a probability of subgroup assignment of 90%, approximately 
15% of cases are left unclassified (cases between the vertical yellow bars that are neither GCB or ABC). This approach allows one to analyze thousands 
of genes from a single patient in one experiment, and forms the basis of the new molecular classification of lymphoma. (Reproduced with permission 
from Wright G, Tan B, Rosenwald A, et al: A gene expression-based method to diagnose clinically distinct subgroups of diffuse large B cell lymphoma, Proc Natl 


Acad Sci U S A. 2003 Aug 19;100(17):9991-9996.) 


nonneoplastic cells in the microenvironment as important contributors 
to patient survival. New therapies with selective activity in these sub- 
types of DLBCL are under development.” It has been suggested that 
division of DLBCL into clinically distinct groups may be determined 
by the expression profile of a limited number of genes using routine 
immunohistochemistry.* However, such an approach to classification is 
limited by problems of reproducibility of immunohistochemical stain- 
ing and interpretation.“ The study of gene expression patterns of a small 
number of genes using formalin-fixed paraffin-embedded material may 
provide a rapid and accurate method to classify DLBCL.** 

Rearrangement of the MYC gene is present in 5 to 10 percent of 
DLBCLs, and is associated with an inferior prognosis.” Approximately 
half of these cases will also have a rearrangement involving the BCL2 
gene, referred to as a “double-hit” lymphoma. Such double-hit lympho- 
mas have a very poor prognosis. MYC protein expression is present 
in approximately 30 percent of DLBCLs, which may be independent 
of gene rearrangement. Concurrent expression of MYC and BCL2 in 
DLBCL is associated with an inferior prognosis.” 

Mediastinal large B-cell lymphoma is a distinct subtype of DLBCL 
that has been separately identified in the WHO classification.” Patients 
with mediastinal lymphomas typically are younger than those with 
conventional DLBCL. The histology shows large cells with abundant 
cytoplasm associated with diffuse fibrosis (Fig. 96-26). Gene expression 
studies have demonstrated an expression profile that is distinct from 
conventional diffuse large B-cell lymphoma and shares some features 
with classic Hodgkin lymphoma (Fig. 96-27).°»’ Indeed, the 2008 
WHO classification recognizes that some cases of mediastinal lympho- 
mas can have features that are intermediate between DLBCL and classi- 
cal Hodgkin lymphoma. 


BURKITT LYMPHOMA 


Burkitt lymphoma is a highly aggressive lymphoma characterized his- 
tologically by a diffuse infiltrate of intermediate-size cells with a high 
mitotic rate. The lymphomas commonly have significant spontane- 
ous cell death (apoptosis), which results in a “starry sky” appearance 
caused by numerous macrophages that have engulfed the apoptotic 
debris (known as tingible body macrophages) (Figs. 96-28 and 96-29). 
The postulated cell of origin is the early follicular B blast cell of the ger- 
minal center. Virtually all cases of Burkitt lymphoma are characterized by 
chromosomal translocations involving the MYC gene on chromosome 8. 


Figure 96-26. Primary mediastinal large B-cell lymphoma with sclerosis. 


Chapter 96: Pathology of Lymphomas 9 ‘ 


100 

PMBCL = | 
Probability S@! 3: 
DLBCL $ 
Probability 105 


MAL 

TNFSF4/0X40 ligand 
IL4i1 Fig! 

IMAGE 


TLA? 
TNFRSF17/8CMA 
+ fn aaah 


IMAGE 1340508 
NFKBO 
KIAAOI39 
ITGAM 
A 

INT2 
MEF2A 
PFONS 
ZNF 141 
IMAGE 4154313 
IMAGE 825382 

Eu 
ITGAE 


PMBL 


= 
ABC 
DLBCL 
(PMBCL) 


Figure 96-27. Gene-expression profiling of primary mediastinal large B-cell lymphoma (PMBCL), contrasting the expression profile with nodal 
diffuse large B-cell lymphomas (DLBCL). This figure shows numerous genes that are overexpressed in PMBCL (red). Many of these genes are shared 
with classical Hodgkin lymphoma, suggesting a biologic overlap between these two diseases. Cases listed as “Other Mediastinal” refer to those cases 
of DLBCL with mediastinal involvement, but not felt to be typical of PMBCL. This is borne out by the gene-expression data, showing that these 
cases are more closely related to DLBCL rather than PMBCL. ABC, activated B cell; GCB, germinal center B cell. (Reproduced with permission from Rosenwald A, 
Wright G, Leroy K, Yu X, et al: Molecular siagnosis of primary mediastinal B cell lymphoma identifies a clinically favorable subgroup of diffuse large B cell 
lymphoma related to Hodgkin Lymphoma. J Exp Med 15;198(6):85 1-862, 2003.) 


Figure 96-28. Burkitt lymphoma with starry-sky appearance, imparted Figure 96-29. Burkitt lymphoma, characterized by a diffuse infiltrate 
by macrophages that have engulfed apoptotic debris of dying tumor cells. of medium-size cells with small nucleoli and a high mitotic activity. 


The MYC gene most commonly is translocated to the IGH gene on chro- 
mosome 14, resulting in t(8;14)(q24;q32), but it also can involve the 
light-chain genes on chromosomes 2p12 (x) and 22q11 (A). A diagnosis 
of Burkitt lymphoma can be suggested based on morphologic examina- 
tion alone but should be supported by immunophenotypic data (posi- 
tive for CD20, CD10, and BCL6; negative or focally weakly positive for 
BCL2; growth fraction near 100 percent as determined by Ki67 stain) 
and confirmed by molecular testing for MYC translocations whenever 
possible. 

Gene-expression studies have shown that Burkitt lymphoma has a 
consistent gene-expression signature, but that there is not always cor- 
relation between the diagnosis based on gene-expression profiling and 
the diagnosis based on standard diagnostic testing.**** To reflect this, 
the 2008 WHO classification recognizes a provisional entity of B-cell 
lymphoma, unclassifiable, with features intermediate between DLBCL 
and Burkitt lymphoma." Many of these cases represent “double-hit” 
lymphomas, which carry a MYC gene rearrangement and another chro- 
mosomal rearrangement, often involving the BCL2 gene.* 


@ MATURE T-CELL AND NK CELL 
NON-HODGKIN LYMPHOMAS 


T cells and NK cells share several immunophenotypic and functional 
features; therefore, these neoplasms are grouped together in the WHO 
classification. These lymphomas make up 10 to 15 percent of non- 
Hodgkin lymphomas in Western countries, with a higher incidence 
in Asia. Mature T-cell lymphomas comprise a heterogeneous group of 
neoplasms, the most common subtype being the peripheral T-cell lym- 
phoma (PTCL) not otherwise specified. 

PTCLs typically grow in a diffuse pattern that effaces normal nodal 
architecture or, more rarely, show expansion of the interfollicular areas. 
They show a diverse cytologic spectrum, with most cases showing a 
mixture of large- to intermediate-size cells and occasional cases show- 
ing predominantly small cells (Figs. 96-30 and 96-31). Cell type has no 
prognostic relevance. A reactive background consisting of eosinophils, 
plasma cells, and macrophages may be present, in which case the diag- 
nosis of Hodgkin lymphoma may be entertained. Immunophenotypic 
data cannot prove clonality as in B-cell lymphomas, but evidence of an 
aberrant T-cell phenotype supports a diagnosis of T-cell lymphoma. 
Molecular techniques to demonstrate clonal rearrangement of T-cell 
receptor genes can be helpful in confirming the diagnosis. Gene-expression 
profiling has helped to delineate biologic and prognostic groups within 
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Figure 96-30. Peripheral T-cell lymphoma, unspecified, composed 
predominantly of large cells. 


Part XI: Malignant Lymphoid Diseases 


Figure 96-31. Peripheral T-cell lymphoma stained with antibody to CD3 
(T-cell marker). 


PTCL, not otherwise specified.” Angioimmunoblastic T-cell lymphoma 
is a mature T-cell lymphoma that typically presents with systemic 
symptoms and polyclonal hypergammaglobulinemia, and arises from a 
distinct subset of helper T cells, the follicular helper T cell.*° 

Anaplastic large cell lymphoma (ALCL) represents a unique sub- 
type of T-cell lymphoma, particularly common in children. ALCL can 
show significant morphologic variability but typically is composed of 
large pleomorphic cells characterized by the presence of “hallmark” 
cells with horseshoe- or kidney-shaped nuclei and a perinuclear eos- 
inophilic region (Fig. 96—32).*” Partial involvement of lymph nodes can 
be limited to the sinuses, with obliteration of nodal architecture in later 
stages. ALCL is characterized by uniform, strong expression of CD30 
(Fig. 96-33). The majority of cases express one or more T-cell antigens 
and demonstrate clonal T-cell receptor gene rearrangement.” ALCL is 
divided into two entities based on the expression of anaplastic lymphoma 
kinase (ALK) (Fig. 96-34). ALK-positive ALCL is most often seen in 
the first 3 decades of life and has a favorable prognosis compared to 
ALK-negative ALCL." Expression of ALK is the result of chromo- 
somal translocations involving the ALK gene on chromosome 2p23, 
the most common translocation being the t(2;5)(p23;q35) involving 
the nucleophosmin gene on chromosome 5. ALK-negative ALCL is 
recognized as a provisional entity that is distinct from ALK-positive 
ALCL and PTCL, not otherwise specified. Recently, additional genetic 


Figure 96-32. Anaplastic large cell lymphoma, T-cell type, containing 
a population of large cells with wreath-shaped nuclei and an eosino- 
philic perinuclear accentuation. 
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Figure 96-33. Anaplastic large cell lymphoma stained with antibody 
to CD30. 


abnormalities have been identified in ALK-negative ALCL, involving 
DUSP22 and TP63 genes. 

Other types of mature T/NK cell lymphomas are uncommon and 
include enteropathy-associated T-cell lymphoma (an aggressive T-cell 
lymphoma typically arising in the small bowel from a background of 
celiac disease) and extranodal NK/T-cell lymphoma, nasal type (an 
aggressive Epstein-Barr virus [EBV]-associated neoplasm commonly 
involving the nasal cavity). A detailed description of these specific lym- 
phoma subtypes is beyond the scope of this chapter and can be found in 
the WHO classification." 


@HODGKIN LYMPHOMA 


Hodgkin lymphoma consists of two distinct clinicopathologic entities: 
classical Hodgkin lymphoma (including four subtypes) and nodular lym- 
phocyte predominant Hodgkin lymphoma (Chap. 97). 


CLASSICAL HODGKIN LYMPHOMA 


The neoplastic cell of classical Hodgkin lymphoma is the Reed-Stern- 
berg cell, first described more than 100 years ago. It is a large cell 
with two or more nuclei or nuclear lobes, each of which contains a large 
eosinophilic nucleolus (Fig. 96-35). The presence of Reed-Sternberg 


Figure 96-34. Anaplastic large cell lymphoma stained with antibody 
to ALK (anaplastic lymphoma kinase). 


Figure 96-35. Diagnostic Reed-Sternberg cell in Hodgkin lymphoma. 


cells alone is insufficient for a diagnosis of Hodgkin lymphoma, because 
cells with similar morphology can be seen in a variety of non-Hodgkin 
lymphomas and benign reactive conditions.“ For a diagnosis of Hodgkin 
lymphoma, diagnostic Reed-Sternberg cells must be found in an appro- 
priate background consisting of a variable polymorphous reactive infil- 
trate of inflammatory and accessory cells.” 

Reed-Sternberg cells are derived from B cells in the vast major- 
ity of cases of classical Hodgkin lymphoma, as determined by clonal 
rearrangement of IGH genes.’ However, Reed-Sternberg cells have 
lost most of their B-lineage antigens, including expression of immu- 
noglobulin. Reed-Sternberg cells express CD30 in almost all cases of 
classical Hodgkin lymphoma and express CD15 in the majority (Figs. 
96-36 and 96-37). They typically are negative for CD45 (leukocyte 
common antigen) and positive for B-cell marker CD20 in 20 to 40 per- 
cent of cases, usually of variable intensity in a minority of cells. Classical 
Hodgkin lymphoma is associated with EBV in 20 to 40 percent of cases 
and is thought to play a role in the pathogenesis of these cases.” Reed- 
Sternberg cells express many cytokines and several members of the 
tumor necrosis factor receptor family (e.g., CD40, CD30).” The cytok- 
ines are thought to play a role in the recruitment of reactive infiltrate 
and to contribute to Reed-Sternberg cell proliferation and survival. The 
tumor necrosis factor receptor family members can be activated by lig- 
ands expressed by the surrounding reactive infiltrate, leading to prolif- 
eration and survival. 
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Figure 96-36. Classical Hodgkin lymphoma stained with antibody to 
CD30. 


Figure 96-37. Classical Hodgkin lymphoma with Reed-Sternberg 
cells clearly identified with antibody to CD15. 


The most common subtype of classical Hodgkin lymphoma is the 
nodular sclerosis variant. The variant is characterized by the presence 
of broad collagen bands dividing the tumor into nodules and by the 
presence of “lacunar” cells, mononuclear Reed-Sternberg variants that 
typically show retraction artifact so that the cells appear to be in lacunae 
(Fig. 96-38). These cells are found within a reactive infiltrate that typi- 
cally includes prominent eosinophils and lymphocytes. 

The second most common subtype is the mixed cellularity variant, 
which is characterized by Reed-Sternberg cells in a mixed inflammatory 
background without the broad collagen bands seen in nodular sclero- 
sis (Fig. 96-39). Mixed cellularity cases are more commonly associated 
with EBV compared to the nodular sclerosis variant. 

The lymphocyte-rich and lymphocyte-depleted subtypes of clas- 
sical Hodgkin lymphoma are the least common, each representing 
approximately 5 percent of all cases. The lymphocyte-rich variant has a 
small number of Reed-Sternberg cells in a background of small lympho- 
cytes with absent or rare eosinophils and neutrophils, typically in a nod- 
ular pattern. It is easily confused with nodular lymphocyte predominant 
Hodgkin lymphoma, so immunohistochemical stains to determine the 
immunophenotype of the Reed-Sternberg cells is required to make the 
distinction.”’” It can rarely have a diffuse growth pattern. 

In the past, the lymphocyte-depleted variant had been divided 
into reticular and diffuse fibrosis types. The diffuse fibrosis variant is 
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Figure 96-39. Mixed cellularity Hodgkin lymphoma. 


characterized by a hypocellular infiltrate with prominent diffuse non- 
birefringent sclerosis accompanied by rare Reed-Sternberg cells and a 
minor reactive inflammatory component. The reticular variant showed 
an increased number of large atypical cells, commonly with bizarre mul- 
tinucleated cells, with a minor reactive component. It now is recognized 
that the vast majority of these cases are cases of ALCL or DLBCL, and 
as such the diagnosis of the reticular variant of lymphocyte-depleted 
Hodgkin lymphoma is rare and should be made only in the presence of 
definitive supportive immunophenotypic data. 


NODULAR LYMPHOCYTE PREDOMINANT 
HODGKIN LYMPHOMA 


Nodular lymphocyte predominant Hodgkin lymphoma has several 
pathologic and clinical features that are distinct from classical Hodgkin 
lymphoma.” The malignant cells are known as lymphocyte predomi- 
nant (LP) cells, large cells with a single nucleus that contains multilo- 
bated or folded features. They often are referred to as “popcorn” cells 
because they resemble popped kernels of corn (Fig. 96-40). Nucleoli 
typically are smaller than the nucleoli seen in classical Reed-Sternberg 
cells. They differ from Reed-Sternberg cells in classical Hodgkin lym- 
phoma in that they retain expression of CD45 and B-lineage mark- 
ers (CD20, immunoglobulin) and are negative for CD15 and CD30 
(Fig. 96-41).” As the name implies, the cells have a complete or partial 


Figure 96-38. Classical Hodgkin lymphoma, nodular sclerosis type 
with characteristic lacunar cells. 


Figure 96-40. Nodular lymphocyte predominance Hodgkin lym- 
phoma showing characteristic lymphocyte predominant (LP) cells (pop- 
corn cells) ina background of small benign lymphocytes. 
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Figure 96-41. Nodular lymphocyte predominance Hodgkin lym- 
phoma stained with antibody CD20. Note the positive staining of the 
lymphocyte predominant (LP) cells (popcorn cells). 


nodular architectural pattern with a background consisting primarily 
of lymphocytes. Histiocytes are also a common feature, but neutrophils 
and eosinophils are absent or rare. 
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CHAPTER 97 
HODGKIN LYMPHOMA 


Oliver W. Press* 


Classical Hodgkin lymphoma is derived by malignant transformation of a 
mature B cell at the germinal center stage of differentiation and is char- 
acterized pathologically by multinucleated Hodgkin and Reed-Sternberg 
cells embedded in a mixed infiltrate of nonneoplastic cells. Hodgkin and 
Reed-Sternberg cells contain monoclonal immunoglobulin gene rear- 
rangements, but have lost most of the B-cell—specific expression program. 
Multiple signaling pathways and transcription factors are deregulated in 
Hodgkin lymphoma and genetic lesions involving the JAK-STAT and nuclear 
factor-xB pathways are commonly identified. Epstein-Barr virus is an impor- 
tant environmental factor in the pathogenesis of Hodgkin lymphoma, and also 
leads to activation of the nuclear factor-xB pathway. The inflammatory micro- 
environment promotes survival and allows escape of Hodgkin and Reed-Stern- 
berg cells from immune attack. Morphologic and immunophenotypic features 
distinguish the four subtypes of classical Hodgkin lymphoma (accounting for 
95 percent of cases) from nodular lymphocyte predominance Hodgkin lym- 
phoma (accounting for 5 percent of cases). Hodgkin lymphoma spreads in 
a predictable, contiguous manner and is classified into four stages, | to IV. 
Hodgkin lymphoma is treated with the intent to cure the disease in all stages, 


Acronyms and Abbreviations: ABVD, Adriamycin (doxorubicin), bleomycin, vin- 
blastine, dacarbazine; AP1, activator protein 1; BCMA, B-cell maturation antigen; 
BEACOPP, bleomycin, etoposide, Adriamycin (doxorubicin), cyclophosphamide, vin- 
cristine, procarbazine, prednisone; BEAM, bischloroethylnitrosourea (carmustine), 
etoposide, Ara C (cytarabine), melphalan; CBV, cyclophosphamide, bischloroethyl- 
nitrosourea (carmustine), etoposide; cHL, classical Hodgkin lymphoma; COPP, cyclo- 
phosphamide, vincristine, procarbazine, prednisone; CT, computed tomography; 
DHAP dexamethasone, cytarabine, cisplatin; EBV, Epstein-Barr virus; EBVP, epirubicin, 
bleomycin, vinblastine, prednisone; EORTC, European Organization for the Research 
and Treatment of Cancer; ERK, extracellular signal-regulated kinase; ESR, erythrocyte 
sedimentation rate; FDG, 18-fluorodeoxyglucose; FIL, Fondazione Italiana Linfomi; 
GELA, Groupe d'Etude des Lymphomes de l'Adulte; GHSG, German Hodgkin Study 
Group; GVD, gemcitabine, vinorelbine, liposomal doxorubicin; HLA, human leu- 
kocyte antigen; ICE, ifosfamide, carboplatin, etoposide; IL, interleukin; JAK, Janus 
kinase; LMP, latent membrane protein; LySA, Lymphoma Study Association; MOPP, 
mechlorethamine (nitrogen mustard), Oncovin (vincristine), procarbazine, predni- 
sone; NF-KB, nuclear factor-KB; NLPHL, nodular lymphocyte-predominant Hodgkin 
lymphoma; OS, overall survival; PD1, cell death protein 1; PET, positron emission 
tomography; PI3K, phosphoinositide 3’-kinase; RANK, receptor activator of nuclear 
factor-xB; R-CHOP, rituximab, cyclophosphamide, hydroxydaunorubicin, vincristine 
(Oncovin), prednisone; STAT, signal transducer and activator of transcription; TACI, 
transmembrane activator, calcium modulator, and cyclophilin ligand interactor. 


“Sandra J. Horning, MD, was the author of this chapter for the 8th edition of 
Williams Hematology and significant portions of that chapter have been retained. 


and long-term survival exceeds 85 percent. Doxorubicin-containing chemo- 
therapy plays a major role in treatment of all stages of the disease whereas 
radiotherapy is used selectively because of concerns for late toxicities. 
18-Fluorodeoxyglucose positron emission tomography is a valuable diagnostic 
test for assessment of disease extent and response to treatment. High-dose 
therapy and autologous transplantation are effective in patients who have 
relapsed, and several promising new biologic agents are available, including 
brentuximab vedotin (an anti-CD30 antibody—drug conjugate) and nivolumab 
(an anti-PD1 blocking antibody). Concerns regarding late treatment effects 
guide therapy and followup decisions in Hodgkin lymphoma, which dispro- 
portionately affects adolescents and young adults. Major treatment challenges 
include the maintenance of high cure rates with fewer short-term and long- 
term complications, biomarker identification of the small refractory subgroup, 
and integration of biologic therapies into treatment paradigms. 


@ DEFINITION AND HISTORY 


Classical Hodgkin lymphoma (cHL) is a neoplasm of lymphoid tissue, 
in most cases derived from a germinal center B cell, defined by the 
presence of the malignant Hodgkin and Reed-Sternberg cells with a 
characteristic immunophenotype and appropriate cellular background. 
cHL accounts for 95 percent of cases and contains four histologic sub- 
types distinguished on the basis of microscopic appearance and rela- 
tive proportions of Hodgkin and Reed-Sternberg cells, lymphocytes, 
and fibrosis (nodular sclerosis, mixed cellularity, lymphocyte-rich and 
lymphocyte-depleted; Table 97-1). Nodular lymphocyte-predominant 
Hodgkin lymphoma (NLPHL) represents the other major category, 
which is distinguished by Hodgkin and Reed-Sternberg variants termed 
lymphocytic and histiocytic cells that, unlike cHL, express typical 
B-lineage markers. 


@ HISTORICAL ASPECTS 


In his historic 1832 paper entitled On Some Morbid Appearances of the 
Absorbent Glands and Spleen, Thomas Hodgkin described the clinical 
histories and gross postmortem findings of seven cases of the disease 
that was later to bear his name.' In 1856, Samuel Wilks independently 
described 10 cases of “a peculiar enlargement of the lymphatic glands 
frequently associated with disease of the spleen,’ including four of 
Hodgkin's original cases.” Upon discovering Hodgkin's original report, 
he used the appellation “Hodgkin’s Disease” in a subsequent series 
of 15 cases published in 1865.* Thirteen years after Hodgkin's original 
paper, the first cases of leukemia were described. Cases in which the neo- 
plastic cells remained confined to the lymphatic system were described 
by Dreschfield (1892)? and Kundrat (1893)*; Kundrat gave the name 
lymphosarcoma to these cases. The description of additional members 
of the lymphoma-leukemia complex continued up to the present time. 

Carl Sternberg (1898)° and Dorothy Reed (1902)° are credited 
with the first definitive and thorough descriptions of the pathology 
of cHL, although a number of investigators from England, Germany, 
and France had previously recognized the characteristic multinucle- 
ated giant cells. In 1926, Fox examined microscopic sections from the 
gross specimens preserved in the Gordon Museum of Guy’s Hospital in 
London of three of Hodgkin’s original cases.’ It is remarkable that the 
preserved microanatomy allowed him to confirm the histopathologic 
diagnosis in two of these cases. Jackson and Parker made the first seri- 
ous effort at the histopathologic classification of cHL, correlating their 


TABLE 97-1. Classification of Hodgkin Lymphoma 
Histologic Subtype 


Immunophenotype 
CD20+ CD30- CD15- Ig+ 


Nodular 
lymphocyte-predominant 


Classical CD20—* CD30+ CD15+ Ig— 


Nodular sclerosis 


Mixed cellularity 


Lymphocyte-rich 


Lymphocyte-depleted 


Ig, immunoglobulin. 
*Infrequently positive. 


findings with prognosis.* A second advance was made in 1966 when 
Lukes, Butler, and Hicks proposed a classification that related well to 
clinical presentation and course.’ Their proposal was slightly modi- 
fied into the Rye classification, in which four histopathologic subtypes 
were described: lymphocyte-predominant, nodular sclerosis, mixed 
cellularity, and lymphocyte-depleted. In the World Health Organi- 
zation Classification of Lymphoid Neoplasms, the NLPHL subtype is 
clearly distinguished from cHL.'° The “lymphocyte-rich” subtype of 
cHL was introduced in 1999. 

Peters described a clinical staging system in 1950, emphasizing 
the diagnostic evaluation of the anatomic extent of disease.” In 1952, 
Kinmouth introduced lower-extremity lymphangiography that allowed 
roentgenologic visualization of the pelvic and retroperitoneal lymph 
nodes and was found to be far more sensitive than palpation or other 
radiographic methods.” The frequency of unsuspected splenic involve- 
ment was revealed in a group of 65 patients subjected to laparotomy 
and splenectomy with biopsy of splenic hilar, paraaortic and mesenteric 
nodes, and liver at Stanford University.” These diagnostic procedures 
led to improved understanding of the mode of dissemination of the 
disease and correlated well with prognosis, culminating in the modern 
concepts of staging codified at the Rye, New York, conference in 1965," 
and further refined at the Workshop on the Staging of Hodgkin’s Dis- 
ease in Ann Arbor, Michigan, in 1971." 

Pusey (1902) and Senn (1903) were the first to report dramatic 
regressions of lymphadenopathy with exposure to X-rays, discovered 
by Roentgen in 1896. Based upon the nearly inevitable recurrence in 
untreated areas, Gilbert proposed the systematic treatment of both 
involved and uninvolved areas in 1939.'* Peters (1950) is credited for 
the first demonstration of the curative potential of radiotherapy in her 
classic paper." The development of megavoltage radiotherapy (doses 
>4000 cGy), as reported by Kaplan in 1962,” permitted the delivery of 
tumoricidal doses to virtually all lymphoid regions in the body within 
acceptable limits of normal tissue tolerance. 

The chemotherapy of cHL originated as a byproduct of the war- 
time work on the mustard gases.” Following the initial work with 
the nitrogen mustards, antimetabolites were synthesized and a number 
of alkaloids and antibiotics extracted from various plant, fungus, and 
microbial sources became available for clinical use. DeVita and col- 
leagues introduced the first highly effective combination chemotherapy, 
MOPP (mechlorethamine [nitrogen mustard], vincristine [Oncovin], 
procarbazine, and prednisone), based on experimental studies indicat- 
ing the desirability of combining agents with non-overlapping toxici- 
ties.” Combination chemotherapy extended the curative potential for 
cHL to advanced disease. The ABVD (doxorubicin [Adriamycin], ble- 
omycin, vinblastine, dacarbazine) regimen introduced by Bonadonna 
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and colleagues represented another major advance.” Based on a more 
favorable safety profile and greater efficacy, ABVD replaced MOPP. 


@ EPIDEMIOLOGY 


The estimated incidence of Hodgkin lymphoma in the United States was 
9190 cases in 2014, with equal incidences in Americans of European and 
African descent (2.9/100,000).” The disease has a median age of onset 
of 38 years with bimodal incidence peaks at ages 15 to 34 and older 
than age 60 years (Fig. 97-1). The second incidence peak is smaller in 
Americans of European descent whereas it is more prominent in Amer- 
icans of Hispanic descent.” Except for Americans of Asian descent, for 
whom the incidence has increased by 5.2 percent per year, the incidence 
of Hodgkin lymphoma has been stable in the United States from 1975 to 
2011 (Fig. 97-2). The nodular sclerosis subtype predominates in young 
adults, whereas the mixed cellularity subtype is more common in the 
pediatric population and at older ages. There is a male predominance 
at all ages (~1.4:1). 

Early studies associated an increased risk of Hodgkin lymphoma 
in the young adult population with high socioeconomic status.” Living 
in a rental home, sharing a bedroom, and attending daycare or nursery 
school and early parity in women have been associated with reduced 
risk. The relationship of incidence to neighborhood socioeconomic 
status was demonstrated in California for younger but not for older 
patients.” Although associations with occupational exposure to pesti- 
cides and lifestyle factors such as cigarette smoking have been reported, 
the aggregate data do not indicate consistent causal relationships with 
exogenous chemicals or toxins. A personal or family history of an auto- 
immune disorder, particularly sarcoidosis, has been associated with an 
increased risk of Hodgkin lymphoma.” Shared etiologic factors with 
multiple sclerosis have been suggested but these are thought to be of 
minor importance. 

Geographic patterns vary for the three major age groups: the inci- 
dence of Hodgkin lymphoma is greater in childhood in less-developed 
countries, whereas the incidence peaks in young adulthood and is asso- 
ciated with more favorable histologic subtypes in developed countries.” 
Presence of the Epstein-Barr virus (EBV) in Hodgkin and Reed-Stern- 
berg cells is more common in less-developed countries and in pediatric 
and older adult cases. The worldwide incidence of the disease is much 
lower in the Asian population, whether residing in the Far East or in the 
United States, although the reported rate in Vancouver, Canada, among 


Male 


Female 


Incidence rate per 100,000 
wo 


0-7 T T T 
<20 20-49 50-64 65-74 75+ 


Age 


Figure 97-1. The graph depicts the incidence of Hodgkin lymphoma 
as a function of age among American males and females, 2000 to 2011. 
(Data from the Surveillance, Epidemiology, and End Results (SEER) Program 
(www.seer.cancer.gov) Research Data (1973-2011), National Cancer Insti- 
tute, DCCPS, Surveillance Research Program, Surveillance Systems Branch, 
released April 2014, based on the November 2013 submission; 2014.) 
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Figure 97-2. Incidence of Hodgkin lymphoma by calendar year. 
(Data from the Surveillance, Epidemiology, and End Results (SEER) Program 
(www.seer.cancer.gov) Research Data (1973-2011), National Cancer Insti- 
tute, DCCPS, Surveillance Research Program, Surveillance Systems Branch, 
released April 2014, based on the November 2013 submission; 2014.) 


immigrants of Chinese descent was higher than among Chinese resid- 
ing in Hong Kong.” Together these data suggest a complex interaction 
among possible socioeconomic, environmental, immunologic, genetic, 
and infectious factors in the incidence of Hodgkin lymphoma. 


@ POSSIBLE INFECTIOUS ETIOLOGY 


Demographic features have long supported a “hygiene hypothesis” postu- 
lating that one or more subtypes of cHL represent delayed exposure to an 
infectious agent. In 1966, MacMahon proposed that the first age peak in 
young adults was infectious in nature, whereas the second peak resulted 
from causes similar to other lymphomas.” As noted above, socioeconomic 
status correlates with the first, but not the second, peak.” Several reports of 
clustering of cHL at the time of diagnosis suggested the possibility of infec- 
tious transmission.*! The weaknesses of the retrospective methodology in 
these studies have been critically assessed, and further statistical analyses 
indicate that these likely occurred by chance alone. 

A threefold increased risk of cHL in young adults is conferred by 
a prior history of serologically confirmed infectious mononucleosis. In 
addition, elevations in titers of EBV, the etiologic agent of infectious 
mononucleosis, have been reported in patients with cHL.** A large 
population study showed that people who developed the disease had 
abnormally high titers of EBV viral capsid antigen and early antigen in 
prediagnostic sera.” In two subsequent reports, a significantly increased 
risk of cHL after serologically verified infectious mononucleosis and 
limited to EBV-positive cases was reported in young adults.*° The 
median incubation time was approximately 4.1 years. 

EBV genomes have been detected in 30 to 50 percent of cHL tis- 
sues in developed countries, and EBV-associated cases are more com- 
mon in cases with mixed cellularity histology, Hispanic ethnicity, and 
patients older than the age of 60 years.*”-° Several studies report a high 
incidence of EBV association, 85 to 100 percent, in pediatric cHL in 
which geographic, ethnic, and racial factors have been implicated in the 
association.” The incidence of cHL is 10 to 20 times higher in patients 
with HIV infection than in the general population, and such cases typ- 
ically have detectable EBV within Hodgkin and Reed-Sternberg cells.“ 
In contrast to non-Hodgkin lymphoma, the incidence of cHL in the 
HIV-infected population has increased despite less-severe immunosup- 
pression in the era of highly active antiretroviral therapy. *® 


@ GENETIC BASIS 


Genetic susceptibility and familial aggregation appear to play a role in 
the incidence of cHL. The increased risk of the disease among identical, 
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but not fraternal, twins provides the strongest evidence for a genetic 
association. cHL-prone families, with or without other forms of 
cancer, have been described in the literature and it is estimated that 
4.5 percent of cases are familial.“*“° The standard incidence ratio for 
age-specific familial risk from the Swedish Cancer Registry was higher 
for Hodgkin lymphoma (4.8) than any other neoplasm.” The relative 
risk for familial disease is stronger in individuals older than 40 years of 
age, males, and siblings, and a shared risk with chronic lymphocytic leu- 
kemia and non-Hodgkin lymphoma has been described.’ An increased 
incidence in same sex siblings (eight- to 12-fold) versus opposite-sex 
siblings (1.3- to 1.4-fold) detected in the Swedish registry is consistent 
with older data and has been interpreted to be supportive of an environ- 
mental influence or a pseudoautosomal susceptibility gene located on a 
sex chromosome.” 

Immunoregulatory genes within or near the major histocom- 
patibility complex that may govern susceptibility to viral infections 
have been postulated to influence susceptibility to cHL, an hypothesis 
that is supported by the demonstration of lifelong, depressed cellular 
immunity in cHL patients and their healthy relatives.*' Several groups 
described specific human leukocyte antigen (HLA) susceptibility or 
resistance regions, but these data have been relatively weak and some- 
times inconsistent.” 


@ ETIOLOGY AND PATHOGENESIS 
ORIGIN OF THE REED-STERNBERG CELL 


The histologic diagnosis of cHL is based on the recognition of the 
Reed-Sternberg cell in an appropriate cellular background. ‘The classic 
Reed-Sternberg cell has a bilobed nucleus with prominent eosinophilic 
nucleoli separated by a clear space from the thickened nuclear mem- 
brane (Fig. 97-3; see also Chap. 96, Fig. 96-35). Mononuclear variants 
(Hodgkin cells) have similar nuclear characteristics and may represent 
Reed-Sternberg cells cut in a plane that shows only one lobe of the 
nucleus. Reed-Sternberg cells are not pathognomonic for cHL; they 
may be seen in reactive and other neoplastic conditions. Study of the 
Reed-Sternberg cell has been complicated by the fact that the neoplastic 
cells are sparsely interspersed among a reactive, mixed, nonclonal pop- 
ulation of lymphocytes, eosinophils, histiocytes, plasma cells, and neu- 
trophils. Difficulty characterizing the neoplastic cells, which account 


Figure 97-3. High magnification of lymph node section in a patient 
with Hodgkin lymphoma. A Reed-Sternberg cell is in the center of the 
field with the classical findings of giant size compared to background 
lymphocytes, binucleation, and prominent eosinophilic nucleoli. 


for only 1 to 2 percent of the cellular composition, led to controversy 
regarding the etiology and pathogenesis of cHL for more than 150 years. 
Molecular analyses of single cells obtained by microdissection led to the 
discovery that CHL and NLPHL are both clonal disorders derived from 
germinal center B cells, in most cases. The need to survive negative 
selection in the germinal center, the determination of genetic alterations 
and constitutive activity of key signaling pathways, and the involve- 
ment of EBV in a subset of cases have led to hypotheses concerning the 
malignant transformation events leading to the formation of Hodgkin/ 
Reed-Sternberg cells. Application of additional genomic technology 
promises to clarify the molecular changes underlying malignant trans- 
formation and cellular proliferation. 


Antigen Receptor Rearrangements 

Reed-Sternberg cells and their mononuclear variants demonstrate 
inconsistent lineage-specific antigen expression that is unlike any other 
cell of the hematopoietic system. The origin of these cells was eventually 
determined through isolation of single cells by micromanipulation of 
histologic sections and analysis for immunoglobulin variable gene rear- 
rangements." Nearly all Hodgkin and Reed-Sternberg cells have rear- 
ranged and somatically mutated immunoglobulin VH genes, indicating 
a germinal center or postgerminal center origin of classic Hodgkin and 
Reed-Sternberg cells.***’ Extrapolating from the fact that a subset of 
these cells carries crippling mutations, it is possible that Hodgkin and 
Reed-Sternberg cells originate from a preapoptotic germinal center B 
cell with unfavorable mutations that has escaped negative selection. 
Rare cases of cHL with a clonal T-cell receptor gene rearrangement have 
been observed.* In contrast, single-cell analyses of NLPHL demon- 
strated clonal immunoglobulin gene rearrangements with ongoing 
mutations, an intraclonal diversity consistent with a germinal center 
origin of lymphocyte and histiocytic cells.°-* 


Reprogramming of Hodgkin and Reed-Sternberg Cells 
Hodgkin and Reed-Sternberg cells show a global loss of their B-cell 
phenotype, retaining only B-cell features associated with their inter- 
action with T cells and their antigen-presenting function.” Further- 
more, Hodgkin and Reed-Sternberg cells express markers of other 
lineages, including T cells, dendritic cells, cytotoxic cells, and mye- 
loid cells. The lack of expression of numerous B-cell genes is the result 
of loss of transcription factor expression (OCT2, BOB1, PU.1) and 
epigenetic silencing.*® The main B-cell lineage commitment factor, 
PAXS, is typically expressed, but its target genes are downregulated.°” 
Reduced expression of target genes likely reflects the fact that B-cell 
genes are regulated by coordinated action of multiple transcription 
factors. 

The heterogeneity of expression of myeloid, T-cell, dendritic cell, 
and other genes by Hodgkin and Reed-Sternberg cells is the result of 
many factors. Early B-cell factor 1 levels are low, de-repressing the 
expression of T-cell and myeloid genes and lowering transcription of 
B-cell-specific genes. Notch 1, which plays a key role in promoting 
T-cell differentiation and inhibiting B-cell development, is expressed 
in Hodgkin and Reed-Sternberg cells.” Notch 1 also contributes to the 
expression of GATA2, a transcription factor required for proliferation 
and survival of hematopoietic stem cells.” The hematopoietic stem 
cell regulator polycomb G proteins are also expressed by Hodgkin and 
Reed-Sternberg cells and are thought to contribute to the expression of 
markers of different hematopoietic lineages.” The signal transducer and 
activation of transcription factors (STAT) 5A and STATSB are impli- 
cated in Hodgkin and Reed-Sternberg reprogramming as they upreg- 
ulate CD30 and downregulate B-cell-receptor expression.” Together, 
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these factors cause a global loss of the B-cell phenotype and aberrant 
expression of genes of other cell lineages. 


Genetic Alterations and Signaling Pathways 

Because Hodgkin and Reed-Sternberg cells lack expression of func- 
tional B-cell surface receptors, rescue from apoptosis is probably an 
important mechanism of survival.**’’ The most prevalent genetic lesions 
in Hodgkin and Reed-Sternberg cells involve two signaling pathways: 
Janus kinase (JAK)-STAT and nuclear factor-«B (NF-«B). Hodgkin and 
Reed-Sternberg cells have frequent gains in JAK2 and inactivation of the 
negative regulator of JAK-STAT signaling, suppressor of cytokine signal- 
ing 1, resulting in enhanced cytokine signaling.”*”* Genetic alterations 
in NF-«B include gains and amplifications of the NF-«B transcrip- 
tion factor REL in about half the cases of cHL.” Somatic mutations 
of the gene encoding the inhibitor of NF-«B (IkBa) occur in approx- 
imately 20 percent of cases.””* Inactivating mutations and deletions 
of the gene encoding A20, a negative regulator of NF-«B, have been 
found in approximately 40 percent of cases, nearly all of which were 
EBV-negative.” 

Autocrine and paracrine signaling events also contribute to consti- 
tutive activation of the JAK-STAT pathway and NF-«B transcription.” 
STAT factors are activated by autocrine means through expression 
of interleukins (ILs) 13 and 21 and their receptors by Hodgkin and 
Reed-Sternberg cells and augmented by NF-«B activity.*°*? Receptor 
tyrosine kinases expressed in these cells may also contribute to STAT 
activation. The tumor necrosis factor receptor family, which includes 
CD30, CD40, transmembrane activator, calcium modulator, and cyclo- 
philin ligand interactor (TACI), B-cell maturation antigen (BCMA), 
and receptor activator of NF-kB (RANK), is involved in NF-xB signal- 
ing through interactions with the cHL microenvironment or in an auto- 
crine fashion.*** 

Multiple receptor tyrosine kinases are aberrantly expressed in 
Hodgkin and Reed-Sternberg cells, including platelet-derived growth 
factor receptor-a. In addition, deregulated and constitutive acti- 
vation of the phosphoinositide 3’-kinase (PI3K)-AKT and extracellular 
signal-regulated kinase (ERK) pathways are implicated in Hodgkin and 
Reed-Sternberg cells. The activator protein 1 (AP1) transcription fac- 
tors also appear to play a role, inducing target genes such as galectin 1 
and CD30 in Hodgkin and Reed-Sternberg cells. 

Several factors point to the pathogenetic role of EBV in approxi- 
mately 40 percent of classical cHL. The viral proteins latent membrane 
protein 1 (LMP1) and latent membrane protein 2 (LMP2), in particular, 
appear to have hijacked signaling pathways to promote the survival of 
EBV-infected Hodgkin and Reed-Sternberg cells. LMP1 induces con- 
stitutive NF-«B signaling by mimicking the CD40 receptor and can 
activate JAK-STAT, PI3K, and AP1 signaling. LMP2 functions as a sur- 
rogate for the B-cell receptor. The role of EBV in the pathogenesis of 
cHL also is supported by the findings that (1) there is an inverse rela- 
tionship between expression of multiple receptor tyrosine kinases and 
EBV expression, (2) there is an ability of EBV to rescue crippled germi- 
nal center B cells in the laboratory, (3) mutations preventing any B-cell 
receptor expression are in EBV-positive Hodgkin and Reed-Sternberg 
cells, and (4) there is an inverse relationship between mutations reduc- 
ing the expression of the NF-«B regulator A20 and EBV-positive Hodgkin 
and Reed-Sternberg cells. 

Overall, genetic alterations involving the JAK-STAT and NF-«B 
signaling pathways and further activation via autocrine or paracrine 
mechanisms interact to support the growth and survival of cHL 
cells. In the EBV-positive subset of patients, viral genes can provide 
the pathogenetic function of genetic lesions found in EBV-negative 
cases. 
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Figure 97-4. The Reed-Sternberg cell and its environment. In a network of highly complex interactions, Reed-Sternberg cells elaborate chemokines 
that attract a variety of cells, which cascade their influence on the microenvironment. Reed-Sternberg cells express ligands that play a role in auto- 
crine and paracrine interactions and also produce a number of immunosuppressive factors (e.g. galectin 1) that directly contribute to a protumor, 
humoral T-helper 2 environment (see “Role of the Microenvironment” for further details). 


ROLE OF THE MICROENVIRONMENT 


The survival of Hodgkin and Reed-Sternberg cells appear to be depen- 
dent on their microenvironment, which represents 95 to 99 percent of 
the cellular composition of the tumor. Hodgkin and Reed-Sternberg 
cells attract T cells, B cells, neutrophils, plasma cells, eosinophils and 
mast cells by secreting chemokines (Fig. 97-4). For instance, CCL5, 
CCL17, and CCL22 attract T-helper 2 and T-regulatory cells. Other 
chemokines attract eosinophils and mast cells, and IL-8 attracts neu- 
trophils. These chemokines may also have direct effects on Hodgkin and 
Reed-Sternberg cells. T cells represent the largest and probably most 
important population. CD4+ T cells trigger CD40 signaling and CD4+ 
T-regulatory cells have potent immunosuppressive activity against infil- 
trating cytotoxic T cells. Other interactions include activation of TACI 
and BCMA through their ligand production by neutrophils and acti- 
vation of CD30 through CD30 ligand-expressing mast cells and eos- 
inophils. Connective tissue cells and their products can be involved in 
complex interactions, such as the stimulation of fibroblasts via factors 
expressed by Hodgkin and Reed-Sternberg cells and the consequent 
secretion by these fibroblasts of eotaxin and CCLS5, which attract eosin- 
ophils and T-regulatory cells to the CHL microenvironment. 

The differentiation of CD4+ T cells to T-regulatory cells and 
the immunosuppressive features of the cHL microenvironment have 
received much attention. A hallmark of these changes is the shift from 
an antitumor, cytotoxic T-helper 1 response to a protumor, humoral 
T-helper 2 response. Hodgkin and Reed-Sternberg cells produce a num- 
ber of immunosuppressive factors such as IL-10, transforming growth 


factor-B, galectin 1, and prostaglandin E,. Hodgkin and Reed-Sternberg 
cells express programmed cell death protein 1 (PD1) ligand that binds 
and inhibits T-cell cytotoxic function. 


@ CLINICAL FEATURES 


PRESENTING MANIFESTATIONS 


History and Physical Examination 

Constitutional symptoms accompany the diagnosis of cHL in approx- 
imately 30 percent of cases. Fever in excess of 38°C, drenching night 
sweats, and weight loss exceeding 10 percent of baseline body weight 
during the 6 months preceding diagnosis are designated as symptomatic 
“B” disease. Fevers are usually of low grade and irregular. Rarely, a cyclic 
pattern of high fevers for 1 to 2 weeks alternating with afebrile periods 
of similar duration, known as Pel-Ebstein fever, is present at diagnosis 
and is virtually diagnostic of the disease.**** Generalized pruritus, often 
accompanied by marked excoriation, may be present at diagnosis; but 
does not confer prognostic significance. Pain in involved lymph nodes 
immediately after the ingestion of alcohol is a curious complaint that 
occurs in fewer than 10 percent of patients but is nearly specific to 
cHL.” The etiology of these symptoms has been the subject of specula- 
tion, but remains largely unexplained. Patients with extensive intratho- 
racic disease may present with cough, chest pain, dyspnea, and, rarely, 
hemoptysis. Infrequently, patients present with bone pain, including the 
constellation of back pain accompanied by signs and symptoms of spinal 
cord compression. 


Detection of an unusual mass or swelling in the superficial, supra- 
diaphragmatic lymph nodes (60 to 70 percent cervical and supraclavi- 
cular, 15 to 20 percent axillary) is the most common presentation of cHL. 
Only 15 to 20 percent of patients have subdiaphragmatic disease at 
presentation.** Lymphadenopathy is usually nontender and has a “rub- 
bery” consistency. By inspection, a diffuse, puffy swelling rather than a 
discrete mass may be apparent in the supraclavicular, infraclavicular, or 
anterior chest wall regions. Infrequently, compression of the superior 
vena cava will result in facial swelling and engorgement of the veins in 
the neck and upper chest. Auscultation of the chest may reveal a pleural 
effusion. Rarely, a significant pericardial effusion is present at diagnosis. 
Palpation of the abdomen may reveal intraabdominal masses or hepa- 
tosplenomegaly, although physical examination is relatively insensitive 
for detection of these abnormalities. 


Paraneoplastic Findings 

A number of rare paraneoplastic syndromes have been described in 
cHL at the time of diagnosis. These include “vanishing bile duct syn- 
drome” and idiopathic cholangitis with clinical jaundice, the neph- 
rotic syndrome with anasarca, autoimmune hematologic disorders 
(e.g., immune thrombocytopenia or hemolytic anemia), and neuro- 
logic signs and symptoms.*~*! Although parenchymal involvement 
of the central nervous system or meningeal involvement is rare in 
cHL, paraneoplastic syndromes include subacute cerebellar degener- 
ation, myelopathy, progressive multifocal encephalopathy, and limbic 
encephalitis.’ 


RADIOGRAPHIC FEATURES 


Intrathoracic disease is present at diagnosis in two-thirds of patients. 
Mediastinal adenopathy is common in cHL, particularly in young 
women with the nodular sclerosis subtype.” Hilar adenopathy, pulmo- 
nary parenchymal involvement, pleural effusions, pericardial effusions, 
and chest wall masses may be appreciated by chest computed tomogra- 
phy (CT); these are more common in the presence of extensive medi- 
astinal disease. CT of the abdomen and pelvis is routinely employed in 
the diagnostic evaluation of cHL. Although technologic advances have 
greatly increased the resolution of this technique and the subsequent 
detection of celiac, portal, splenic hilar, and mesenteric lymph nodes, 
the correlation with histologic involvement of the spleen, historically 
determined by laparotomy staging, has been disappointing. 
Whole-body '*F-fluorodeoxyglucose positron emission tomography 
(FDG-PET) has become standard in the staging of cHL (Fig. 97-5). 
FDG-PET correlates well with CT evaluation and may demonstrate 
additional areas of disease, although this information uncommonly 
results in changes in stage or choice of initial therapy.” FDG-PET, 
however, is more sensitive to bone and hepatic disease and a diffuse 
increase in signal can be seen at diagnosis in patients with neutrophilia. 
FDG-PET imaging is superior to CT scanning in distinguishing active 
residual disease (increased glucose metabolism) from inactive residual 
tissue, a major problem in assessing remission status after treatment, 
and has been incorporated in formal revised response guidelines.**”° 
False-positive FDG-PET scans can be seen in the marrow during or at 
the end of treatment as a consequence of the chemotherapy effect or use 
of hematopoietic colony-stimulating factors. In followup, false-positive 
studies may be caused by thymic hyperplasia, granulomatous disease, 
or infectious disorders. In addition to evaluation of residual masses, 
FDG-PET has been incorporated in early response monitoring for 
risk stratification and, in clinical trials, to alter therapy.°*'” The pre- 
dictive accuracy of FDG-PET is dependent on expertise of the imag- 
ing staff and clinical correlation. In most situations, but particularly 
in FDG-PET, avid anatomic sites that were previously uninvolved or 
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Figure 97-5. 'Fluorodeoxyglucose positron emission tomography/ 
computed tomography (FDG-PET/CT) imaging of classical Hodgkin 
lymphoma. A. Coronal views of whole-body FDG-PET/CT imaging 
performed before (May 31, 2011) and after (August 24, 2011) therapy 
for stage IIB classical Hodgkin lymphoma with Adriamycin, bleomycin, 
vinblastine, and dacarbazine (ABVD) chemotherapy and involved field 
radiotherapy. At the time of diagnosis, hypermetabolic areas of avid- 
FDG uptake were evident in bilateral cervical, supraclavicular, medias- 
tinal, and hilar lymph nodes. Physiologic FDG uptake was visible in the 
colon and bladder. After completion of therapy, there was no abnormal 
hypermetabolic activity in any of the original sites of disease, although 
physiologic FDG activity was seen in the cardiac blood cardiac blood 
pool. B. Sagittal views of the same patient before (May 31, 2011) and 
after (August 24, 2011) therapy, showing resolution of hypermetabolism 
in all involved nodal sites. The patient has remained in complete remis- 
sion since finishing therapy. 


those without concomitant abnormality on CT scan, usually require 
tissue biopsy confirmation. Combined CT and FDG-PET technology 
is now standard for staging and posttreatment response evaluation and 
has resulted in improved anatomic definition of sites with increased 
signal.” 


@ CLINICAL AND PATHOLOGIC 
CORRELATION 


NODULAR LYMPHOCYTE PREDOMINANCE 
SUBTYPE 


There is a strong correlation between age at onset, the anatomic extent 
of disease and histologic subtype of Hodgkin lymphoma. Approxi- 
mately 5 to 10 percent of patients present with NLPHL, which is con- 
sidered to be a distinct subtype, discrete from cHL.'*'!™ Progressive 
transformation of germinal centers may precede or follow NLPHL in 
other sites. The cellular composition is predominantly benign B lym- 
phocytes with or without histiocytes. The characteristic multilobated, 
CD20+ lymphocyte and histiocytic cells are relatively abundant (see 
Chap. 96, Fig. 96-40). Patients most commonly present with stage I 
disease (70 percent) in peripheral lymph node sites, particularly in the 
axillae, and there is a 3 to 4:1 male predominance." NLPHL may be 
associated with diffuse large B-cell non-Hodgkin lymphoma as a com- 
posite tumor or a large cell lymphoma may develop at a later date. 10516 
The large cell variant, T-cell-rich B-cell lymphoma, may be difficult to 
distinguish from NLPHL and may occur concurrently or subsequently 
(Chap. 98).!”” 


NODULAR SCLEROSIS SUBTYPE 


cHL is characterized by Hodgkin and Reed-Sternberg cells that express 
CD30 and CD15+ but usually not typical B-cell surface markers such as 
CD20 or CD79B. The nodular sclerosis subtype constitutes 40 to 70 per- 
cent of cHL and is distinguished by its distinctive clinical and histologic 
features. This subtype typically involves lower cervical, supraclavicular, 
and mediastinal lymph nodes in adolescents and young adults, partic- 
ularly females. Approximately 70 percent of patients with the nodular 
sclerosis subtype present with limited stage disease. A characteristic his- 
tologic feature is the lacunar cell, a Reed-Sternberg variant that results 
from retraction of the cytoplasm of Hodgkin and Reed-Sternberg cells 
during formalin fixation (see Chap. 96, Fig. 96-38). Another typical fea- 
ture is the thickened capsule and fibrous bands that divide the lymphoid 
tissue into cellular nodules. 


MIXED CELLULARITY SUBTYPE 


Mixed cellularity cHL involves both pediatric and older age groups 
and is more commonly associated with advanced stage disease, con- 
stitutional symptoms, and immunodeficiency. Approximately 30 to 
50 percent of patients present with this histology. Classic Hodgkin and 
Reed-Sternberg cells are easily found amid a cellular background com- 
posed of lymphocytes, eosinophils, plasma cells, and histiocytes (see 
Chap. 96, Fig. 96-39). A worse prognosis has been reported for this 
subtype. °: 


LYMPHOCYTE-DEPLETED SUBTYPE 


Lymphocyte-depleted cHL has two morphologic variants: reticular 
and diffuse fibrosis. The reticular variant contains abundant pleomor- 
phic neoplastic cells whereas the diffuse fibrosis variant has a promi- 
nent fibroblastic proliferation with few normal lymphocytes. Hodgkin 
and Reed-Sternberg cells are sparse. The lymphocyte-depleted subtype 
presents in older patients with symptomatic, extensive disease, and may 
be associated with fever of unknown origin, jaundice, hepatosplenomeg- 
aly, or pancytopenia. Peripheral and mediastinal adenopathy is much 
less common than in other subtypes. Cases of cHL developing in the 
setting of HIV typically exhibit the lymphocyte-depleted morphology. 
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LYMPHOCYTE-RICH SUBTYPE 


The lymphocyte-rich subtype of cHL was introduced by the World 
Health Organization classification in 1999 (see Table 97-1) following 
an expert pathology review of cases of NLPHL.'® The two subtypes dif- 
fer subtly on morphologic grounds, but the major difference is that the 
Hodgkin and Reed-Sternberg cells in lymphocyte-rich cHL exhibit the 
classic CD30+ CD20- immunophenotype. The presenting features are 
very similar although patients with the lymphocyte-rich subtype tend 
to be older compared with NLPHL patients.'” A higher rate of multiple 
relapses and a more favorable prognosis upon relapse is characteristic 
of NLPHL. 


@ ANATOMIC DISTRIBUTION OF DISEASE 


In approximately 70 percent of patients, cHL presents in the cervical 
nodes; in 12 percent, in the axillary nodes; and in 9 percent, in the 
inguinal nodes.'"? A small minority of patients presents exclusively 
with subdiaphragmatic disease. In an historical series of 285 consec- 
utive, unselected, and untreated patients evaluated at Stanford Uni- 
versity, involvement of abdominal lymph nodes and the spleen was 
documented in 272 upon laparotomy, a surgical diagnostic procedure 
in which the intraabdominal and pelvic lymph nodes are biopsied, the 
spleen is removed and examined pathologically in thin slices, the liver 
is biopsied by needle and wedge technique, and the marrow is biop- 
sied. The frequency of splenic involvement at laparotomy in untreated 
patients averaged 37 percent in 17 published series. Involvement of 
the spleen was strongly dependent on histologic subtype: it was involved 
in 60 percent of mixed cellularity and lymphocyte-depleted cases com- 
pared with 34 percent of nodular lymphocyte-predominant and nodular 
sclerosis cases. Hepatic and marrow disease were invariably associated 
with splenic involvement. 

Two different theories, the “contiguity” theory of Kaplan and 
Rosenberg'” and the “susceptibility” theory of Smithers,''* have been 
proposed for the mode of spread of cHL. In support of the former, most 
cases of cHL appear to spread via lymphatic channels to contiguous 
lymphatic structures in a predictable, nonrandom pattern. Controversy 
has surrounded the mode of spread to the spleen, which lacks affer- 
ent lymphatics. When four or more lymph node regions are involved, 
spread by hematogenous distribution appears likely. Disseminated dis- 
ease is more common in mixed cellularity and lymphocyte-depleted 
cases, consistent with the presence of reported vascular invasion.” 
Whereas vascular invasion is controversial, it is more common in the 
spleen than in lymph nodes and connotes a poor prognosis." 


@STAGING 


Optimal management of Hodgkin lymphoma relies on knowledge of 
the extent of disease dissemination, which is determined by performing 
a careful physical examination, supplemented by laboratory tests and 
radiographic imaging studies (Chap. 95). This process, known as “stag- 
ing,” has been refined by a series of international working groups. The 
current 2014 Lugano staging system™ is a refinement of the historical 
Ann Arbor classification" and assigns patients to one of four stages as 
indicated in Table 97-2. The classification for Hodgkin lymphoma is 
further refined by designating the presence or absence of constitutional 
“B” symptoms (fever >38°C, weight loss >10 percent of body weight, 
or drenching night sweats). Extranodal disease, representing extracap- 
sular extension of lymph node disease that could be incorporated in a 
standard radiotherapy field, is distinguished from disseminated, stage 
IV disease. The correlation of this staging classification system with 
prognosis was extensively verified when radiotherapy served as the 


TABLE 97-2. Staging System for Hodgkin Lymphoma 


Stage 
I. Involvement of a single lymph node region (I) or a single extra- 
lymphatic organ or site (I,) 
Il. Involvement of two or more lymph node regions on the same 
side of the diaphragm alone (Il) or with involvement of limited, 
contiguous extralymphatic organ or tissue (I,) 


Ill. Involvement of lymph node regions on both sides of the dia- 
phragm (III), which may include the spleen (III) or limited, con- 
tiguous extralymphatic organ or site (Ill) or both (Ill_.) 

IV. Multiple or disseminated foci of involvement of one or more 


extralymphatic organs or tissues, with or without associated 
lymph node involvement 


Modifying Features 
A. Asymptomatic 


B. Drenching night sweats; fever >38°C; loss of more than 10% 
body weight in 6 months 


C. Involvement of a single, contiguous or proximal extranodal site 


Bulky disease is defined as a mass >10 cm or a mediastinal mass 
ration >0.33. The mediastinal mass ratio is the ratio of the maximal 
width of a mediastinal mass relative to the maximal width of the 
mediastinum, as measured by CT imaging. 


principal treatment for all but stage IV disease. Recommended staging 
procedures for untreated patients have evolved with changes in therapy. 
Exploratory laparotomy and splenectomy, which historically advanced 
about one-third of clinical stages I and II patients to pathologic stages 
TI and IV, is no longer performed. CT of the chest, abdomen, and pelvis 
and FDG-PET imaging provide sensitive delineation of involved sites, 
and the use of chemotherapy in all stages of disease has reduced the 
critical nature of detecting subclinical disease. Marrow involvement 
occurs in approximately 12 percent of new patients and is more com- 
mon in patients of older age, advanced stage, less-favorable histology, 
or those with constitutional symptoms or immunodeficiency. Because 
the marrow is almost never involved in young, asymptomatic patients 
with favorable clinical stage I or II presentations, marrow biopsy may be 
omitted in staging such patients. 


@ LABORATORY FEATURES 


There are no diagnostic laboratory features of CHL. A complete blood 
count may reveal granulocytosis, eosinophilia, lymphocytopenia, throm- 
bocytosis, or anemia. Anemia is usually the result of “chronic disease,” 
but rarely may be caused by hemolysis associated with a positive direct 
antiglobulin (Coombs) test. Thrombocytopenia may occur as a result 
of marrow involvement, hypersplenism or an immune mechanism. 
Immune neutropenia can occur in cHL. Cytopenias are particularly 
common in advanced-stage disease and the lymphocyte-depleted sub- 
type. Elevation of the erythrocyte sedimentation rate (ESR) is most 
common in advanced disease and correlates with constitutional symp- 
toms.''>''® The degree of sedimentation rate elevation correlates with 
prognosis, particularly in limited-stage disease.'!’ Although nonspe- 
cific, it may be a useful harbinger of recurrent disease if serially moni- 
tored. Serum lactate dehydrogenase levels are elevated in 35 percent of 
patients at diagnosis.'*' The alkaline phosphatase may be elevated in 
cHL, nonspecifically in limited disease, or in association with involve- 
ment of liver, bone, or marrow in advanced disease. Hypercalcemia is 
unusual in cHL and when present may be secondary to synthesis of 
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increased levels of 1,25-dihydroxyvitamin D by Hodgkin lymphoma 
cells. A variety of other abnormalities have been reported, including 
hypoglycemia’”’"” resulting from autoantibodies to insulin receptors 
and hyponatremia resulting from inappropriate secretion of antidiuretic 
hormone.’ 

Anemia, granulocytosis, lymphopenia, and low serum albumin con- 
stitute four of seven adverse prognostic factors identified in advanced 
Hodgkin lymphoma by an international consortium. Similar to the 
non-Hodgkin lymphomas, serum {,-microglobulin levels correlate 
with tumor burden and prognosis in Hodgkin lymphoma.” Serum lev- 
els of cytokines including soluble CD30, IL-6, IL-10, and the IL-2 recep- 
tor, have been reported to correlate with constitutional symptoms and 
advanced disease." !? Examination of pleural fluid in Hodgkin lym- 
phoma may reveal transudative, exudative or chylous characteristics. 
Because cytology rarely yields diagnostic Hodgkin and Reed-Sternberg 
cells, the etiology is most often considered to be one of central lymphatic 
obstruction. Laboratory abnormalities, including abnormal liver func- 
tion tests associated with marked enlargement of porta hepatis nodes 
and biliary obstruction or intrahepatic cholestasis, may be prominent 
in rare presentations of Hodgkin lymphoma.’” Similarly, the nephrotic 
syndrome, characterized by edema, azotemia, hypoalbuminemia, and 
hyperlipidemia, may rarely be present at the time of diagnosis of Hodg- 
kin lymphoma." 


@ DIFFERENTIAL DIAGNOSIS 


Clinically enlarged lymph nodes may be associated with a variety 
of infectious, inflammatory, autoimmune, and neoplastic disorders. 
Biopsy of unexplained, persistent, or recurrent adenopathy should be 
reviewed by an experienced hematopathologist. Distinction of cHL'” 
from primary mediastinal B-cell lymphoma may be difficult based on 
both clinical and histologic features. Gene expression profiling studies 
suggest that these disorders are closely related pathogenetically."'* 
Mixed cellularity Hodgkin lymphoma may demonstrate varied cellular 
and stromal compositions and must be distinguished from peripheral 
T-cell lymphoma and T-cell-rich, B-cell lymphoma, which can also be 
difficult to distinguish from NLPHL.'* Immune markers of Hodgkin 
and Reed-Sternberg cells, such as CD30, CD20, and CD15, are invalu- 
able for differential diagnosis (see Chap. 96, Figs. 96-36 and 96-41). 
Nonneoplastic conditions that simulate Hodgkin lymphoma include 
viral infections, particularly infectious mononucleosis. Depleted 
nodes of any histology, including the depleted phase of lymph nodes 
from HIV-infected patients, may resemble the diffuse fibrosis variant 
of lymphocyte-depleted Hodgkin lymphoma. Histologic assessment of 
extranodal sites depends upon the organ involved and whether there 
is a known diagnosis of cHL. Identification of typical Hodgkin and 
Reed-Sternberg cells in needle biopsies of liver and marrow biopsies 
are not required because the specimens for evaluation are typically very 
small. 


@THERAPY 
HISTORICAL PERSPECTIVE 


Hodgkin lymphoma first became a curable neoplasm through the sys- 
tematic study of the spread of the disease and the use of higher dose, 
extended field radiotherapy delivered with supervoltage techniques.'” 
When used alone, radiotherapy doses to involved fields usually ranged 
from 3500 to 4400 cGy with prophylactic doses of 3000 to 3500 cGy 
to uninvolved tissues. The mantle, paraaortic region, and pelvis con- 
stitute the classic radiotherapy regions. With increased recognition of 
late effects, radiation therapy has been modified to reduce field size to 


areas of known or bulky disease and doses have been lowered, coinci- 
dent with addition of systemic chemotherapy. Furthermore, initial dis- 
ease reduction with chemotherapy results in less radiation exposure to 
the neck, female breast, heart, and lungs, all of which are anticipated to 
result in fewer late complications. Advances in radiotherapy techniques 
deliver more precise dose distributions, sparing normal tissues. The first 
modern combination chemotherapy program was the MOPP regimen 
devised by Devita and colleagues.” The national mortality figures for 
cHL decreased by more than 60 percent in the decade that followed 
the introduction of MOPP.'** Bonadonna and colleagues developed an 
important alternative regimen for the treatment of CHL. ABVD, which 
was effective in the treatment of patients who had failed MOPP'”'” 
and offered a more favorable toxicity profile. ABVD subsequently 
became the preferred primary chemotherapy regimen, alone or in 
combination with radiotherapy.'*"'” Of the multiple alternative chemo- 
therapy regimens introduced for the treatment of advanced cHL, only 
the bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, 
prednisone, procarbazine (BEACOPP) combination developed by Diehl 
and colleagues has demonstrated superior cure rates in multiple phase 
III studies." Table 97-3 describes the drugs, doses, and schedules of 
combination chemotherapy programs effective in the management of 
Hodgkin lymphoma. 


FAVORABLE, LIMITED-STAGE DISEASE 


Favorable, limited-stage Hodgkin lymphoma is typically defined in 
North America as asymptomatic stage I or II supradiaphragmatic dis- 
ease with no bulky sites. A more restrictive definition is used in Europe 
based on the number of Ann Arbor sites, ESR, age and extranodal sites, 
as well as bulky disease (Table 97-4).'? Approximately 35 percent of 
stages I and II patients meet this more limited definition of favorable 
disease. For many years, extended-field (subtotal lymphoid) radiother- 
apy administered after staging laparotomy, was the treatment of choice 
for early stage, favorable Hodgkin lymphoma. A change in that stan- 
dard was compelled by the observation that the overall mortality rate 
from other causes, particularly second cancers, exceeded deaths result- 
ing from Hodgkin lymphoma at 15 to 20 years. Early studies from 
Stanford University demonstrated that involved-field radiotherapy plus 
chemotherapy produced results equivalent or superior to wide-field 
radiotherapy." Subsequently, several randomized trials demonstrated 
the superiority of involved-field radiotherapy plus anthracycline- 
containing chemotherapy compared to extended-field radiotherapy in 
early stage favorable Hodgkin lymphoma.'*”"* 

The next series of clinical trials were designed to test the optimal 
number of cycles of chemotherapy and the volume and dose of radio- 
therapy when both modalities are used in limited Hodgkin lymphoma. 
The Milan Tumor Institute documented disease control in more than 
95 percent of early stage cHL patients treated with four cycles of ABVD 
and radiotherapy, with no advantage seen for extended- field radiother- 
apy compared to involved-field radiotherapy.” Similarly, no advantage 
to more extensive radiation in combination with chemotherapy was 
observed in a German Hodgkin Study Group (GHSG) study.! A com- 
parison of two versus four cycles of ABVD chemotherapy paired with 
20 Gy or 30 Gy radiotherapy was made in a four-arm trial conducted by 
the GHSG, evaluating patients with “favorable” early stage cHL, defined 
as patients with two or fewer sites of disease, no masses larger than 
10 cm, a normal ESR, and no extranodal sites of disease. This trial pro- 
duced equivalent outstanding outcomes for all four arms, with 91 to 93 
percent freedom from treatment failure after 5 years, and established 
two cycles of ABVD followed by 20 Gy of involved field radiotherapy as 
a new standard of care for early stage, favorable cHL. In a subsequent 
study, the GHSG evaluated eliminating drugs from the ABVD regimen, 


Chapter 97: Hodgkin Lymphoma 


randomizing patients between four cycles of ABVD, AV, ABV, or AVD 
plus 30 Gy involved-field radiotherapy. The AV and ABV arms were 
closed early because of clearly inferior outcomes, and subsequent anal- 
ysis suggests that the AVD arm is also worse than the full four-drug 
combination."°! 

The high cure rate with current limited chemotherapy and low- 
dose radiotherapy creates a high standard for comparison with alter- 
native treatment approaches. Nevertheless, considerable interest exists 
in devising management strategies omitting radiotherapy altogether, 
largely motivated by desires to avoid secondary malignancies and late 
cardiopulmonary complications." This approach is particularly favored 
for women younger than age 30 years, who have a very high risk of 
developing breast cancer if treated with mediastinal radiotherapy.'*'” 
Canellos and colleagues treated 71 patients with early stage, favorable 
cHL with six cycles of ABVD without radiotherapy and achieved a 
5-year failure-free survival of 92 percent.’ A single institution study 
of ABVD versus ABVD plus radiotherapy demonstrated no significant 
progression-free survival difference between the treatment arms, but 
this trial accrued relatively small numbers of patients.’ A phase III 
North American study assigned 405 patients with previously untreated 
stage IA or IIA nonbulky Hodgkin lymphoma to treatment with ABVD 
alone for four to six cycles or subtotal nodal radiation therapy, with or 
without ABVD. Among those assigned to subtotal nodal radiation ther- 
apy, patients who had a favorable risk profile received subtotal nodal 
radiation therapy alone and patients with an unfavorable risk profile 
received two cycles of ABVD plus subtotal nodal radiation therapy. 
After a median followup of 11.3 years, the overall survival (OS) was 
94 percent among those receiving ABVD alone, compared to 87 percent 
for those receiving subtotal nodal radiation therapy (p = 0.04). The rates 
of freedom from disease progression were 87 percent and 92 percent 
in the two groups, respectively (p = 0.05). The investigators concluded 
that treatment with ABVD therapy alone was superior because of a 
lower rate of death from secondary malignancies and other causes,” 
although critics have emphasized that the large fields and high doses 
of radiotherapy used in this trial are obsolete and that modern radio- 
therapy techniques would be anticipated to have much more favorable 
outcomes. In a European trial, the epirubicin, bleomycin, vinblastine, 
prednisone (EBVP) regimen was tested against the same chemotherapy 
plus 20- or 30-Gy involved-field radiotherapy.’ Inferiority of the EBVP 
combination without radiotherapy resulted in the trial’s early closure. 
A Cochrane meta-analysis of randomized controlled trials comparing 
chemotherapy alone with combined modality therapy concluded that 
adding radiotherapy to chemotherapy improves tumor control and OS 
in patients with early stage Hodgkin lymphoma.'” 

Current studies are focused on assessing the potential role 
of interim FDG-PET scanning as a means of identifying patients 
(PET-negative) for whom radiotherapy can be omitted. The Euro- 
pean Organization for Research and Treatment of Cancer (EORTC), 
the Lymphoma Study Association (LySA), and Fondazione Italiana 
Linfomi (FIL) H10 trial randomized 1137 patients with untreated 
supradiaphragmatic clinical stage I/II cHL to either standard therapy 
or an experimental, PET-response-adapted approach. Patients on the 
trial were stratified into favorable and unfavorable cohorts based on 
the presence or absence of adverse risk factors (age 250 years, more 
than four involved nodal areas, presence of mediastinal bulk [medias- 
tinum-to-thorax ratio 20.35], or ESR 250 mm without B symptoms or 
ESR 230 mm with B symptoms).'" The favorable group was random- 
ized to either standard therapy with three cycles of ABVD chemother- 
apy followed by involved nodal radiotherapy (30 Gy + 6 Gy boost), or 
“experimental therapy” in which patients whose interim PET scans after 
two cycles of ABVD were negative received two more cycles of ABVD 
(total of four cycles) but no radiotherapy. Patients in the experimental 
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TABLE 97-3. Combination Chemotherapy for Hodgkin Lymphoma 


Drug Dose (mg/m?) Route Schedule (Days Administered) Cycle Length (Days) 
ABVD 28 
Doxorubicin 25 IV i, 15 
Bleomycin 10 IV 115 
Vinblastine 6 IV m15 
Dacarbazine 375 IV 1, 15 
COPP 28 
Cyclophosphamide 650 IV 1,8 
Vincristine 1.4* IV T8 
Procarbazine 100 PO 1-14 
Prednisone 40 PO 1-14 
COPP/ABVD 28 
Alternate cycles of COPP with ABVD 
BEACOPP (Standard) 21 
Bleomycin 10 IV 8 
Etoposide 100 IV 1-3 
Doxorubicin 25 IV 1 
Cyclophosphamide 650 IV 1 
Vincristine 1.4* IV 8 
Procarbazine 100 PO 1-7 
Prednisone 40 PO 1-14 
BEACOPP (Escalated) 21 
Bleomycin 10 IV 8 
Etoposide 200 IV 1-3 
Doxorubicin 35 IV 1 
Cyclophosphamide 1250 IV 1 
Vincristine 1.4* IV 8 
Procarbazine 100 PO 1-7 
Prednisone 40 PO 1-14 
G-CSF (+) SQ 8+ 
BEACOPP (14-day) 14 
Standard BEACOPP given every 14 days with growth factor support. 
STANFORD V 12 weeks 
Nitrogen mustard 6 IV day 1 on wk 1, 5,9 
Doxorubicin 25 IV day 1 on wk 1, 3,5, 7,9, 11 
Vinblastine 6 IV day 1 on wk 1, 3,5, 7,9, 11 
Vincristine 1.4* IV day 1 on wk 2, 4, 6, 8, 10, 12 
Bleomycin 5 IV day 1 on wk 2, 4, 6, 8, 10, 12 
Etoposide 60 x2 IV day 1 & 2 on wk 3, 7, 11 
Prednisone 40 PO day 1 on wk 1-10, taper 


G-CSF for dose reduction, delay 


G-CSF, granulocyte colony-stimulating factor; SQ, subcutaneously. 
*Capped at 2 mg. 


TABLE 97-4. Prognostic Factors for Hodgkin Lymphoma 


Limited Stage Advanced Stage 


EORTC GHSG International Collaborative Study 
Adverse Prognostic Factors Adverse Prognostic Factors 
MMR 20.35 MMR 20.35 Age 245 years 
ESR >30 if ESR >30 if Stage IV 
symptomatic symptomatic 
ESR >50 if ESR >50 if Male sex 
asymptom- asymptomatic 
atic 
>3 Ann >2 Ann Arbor White blood count =15 x 10°/L 
Arbor sites sites 
Age 250 Extranodal Lymphocyte count <0.6 x 10°/L 
disease or <8% 
Massive Albumin <4 g/dL 
splenic 
disease 


Presence of any factor is 
considered unfavorable 


Hemoglobin <10.5 g/dL 


Two-thirds of limited stage 
patients have one or more 
adverse factors 


Factors summed to yield the inter- 
national prognostic score 75% of 
patients have a score of 1-3 


EORTC, European Organization for the Research and Treatment of 
Cancer; ESR, erythrocyte sedimentation rate; GHSG, German Hodgkin 
Study Group; MMR, mediastinal mass ratio, which is the ratio of the 
maximal width of a mediastinal mass relative to the maximal width of 
the mediastinum, as measured by computed tomographic imaging. 


arm who had FDG-avid foci of disease after two cycles of ABVD were 
switched to the BEACOPP-escalated regimen for 2 cycles followed by 
involved nodal radiotherapy. An independent data monitoring commit- 
tee stopped the study after a median followup of 1.1 years because of 
inferior results in the experimental group, with a 1-year progression- 
free survival of only 94 percent compared to 100 percent in patients 
treated on the standard arm (p = 0.017). The independent data monitor- 
ing committee mandated that all patients on the experimental arm be 
crossed over to receive involved nodal radiotherapy.’ Interestingly, the 
opposite conclusion was reached by investigators in England conduct- 
ing a similarly designed trial, dubbed the “RAPID” trial.’” In this study, 
patients with early stage CHL were given three cycles of ABVD followed 
by a PET scan. Patients who were PET-negative after three cycles of 
ABVD were randomized to either receive 30 Gy of involved field radio- 
therapy or no further treatment. Patients who were PET-positive after 
three cycles received a fourth cycle of ABVD followed by involved field 
radiotherapy. An intent-to-treat analysis of the randomized PET-nega- 
tive population revealed a 3-year progression-free survival of 94.5 per- 
cent in the combined modality group compared to 90.8 percent in those 
receiving only three cycles of ABVD (p = 0.23). An analysis of the data 
according to the treatment actually received revealed a 3-year progres- 
sion-free survival of 97 percent in the combined modality group com- 
pared to 90.7 percent in the ABVD-alone group (p = 0.03). There were 
no statistically significant differences in OS between the groups (97.1 vs. 
99.5 percent, respectively; p = 0.07). The investigators conducting this 
trial concluded that the inferior progression-free survival in the group 
receiving ABVD alone was acceptable in order to avoid late complica- 
tions associated with radiotherapy. In view of the conflicting conclu- 
sions derived from these two large phase III trials, the role of interim 
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FDG-PET/CT imaging in early stage CHL remains controversial. Never- 
theless, the National Comprehensive Cancer Network has incorporated 
interim PET-imaging into their guidelines, suggesting that early stage 
cHL patients who are PET-negative after two cycles of ABVD may be 
treated with chemotherapy alone, without radiotherapy." 


UNFAVORABLE LIMITED-STAGE HODGKIN 
LYMPHOMA 


Patients with “unfavorable” prognostic factors (large tumor bulk 
defined as a mass 10 cm or larger in diameter or more than one-third 
of the transthoracic diameter, an ESR of 50 or greater, three or more 
sites of tumor involvement, the presence of B symptoms, or the presence 
of extranodal sites [see Table 97-4]) require more intensive treatment 
than do patients not exhibiting any of these features.'** The EORTC and 
the Groupe d’Etude des Lymphomes de Adulte (GELA) reported results 
from a randomized study (H9U) in which such “unfavorable” early stage 
patients were randomized to treatment with either four or six cycles of 
ABVD or six cycles of BEACOPP, each followed by 30-Gy involved- 
field radiotherapy.’ No significant differences were observed among 
these three treatment arms, establishing four cycles of ABVD and 30 
Gy of involved field radiotherapy as a standard of care for these patients. 
The GHSG subsequently randomized 1395 patients with unfavor- 
able early stage Hodgkin lymphoma to four cycles of either ABVD or 
BEACOPP, senne followed by either 20 Gy or 30 Gy of involved field radio- 
therapy. In this study, four cycles of ABVD followed by 30 Gy of radio- 
therapy was the best approach, affording an 85 percent rate of “freedom 
from treatment failure” and an OS rate of approximately 95 percent after 
5 years, while maintaining a favorable toxicity profile.’ The adminis- 
tration of only 20 Gy of radiotherapy following ABVD was found to be 
clearly inferior to the other three treatment arms which all administered 
30 Gy to this unfavorable group of patients. The subsequent GHSG 
HD14 study reported an advantage in progression-free survival for 
two cycles of escalated BEACOPP and two cycles of ABVD plus radi- 
ation therapy compared to four cycles of ABVD-radiation therapy, in 
a specified interim analysis, though no OS benefit was seen.’ After 3 
years, 90 percent of ABVD-radiation therapy patients were disease-free 
compared to 96 percent treated with the BEACOPP-ABVD-radiation 
therapy regimen. The EORTC//LySA/FIL H10 trial randomized both 
favorable and unfavorable early stage patients to either standard therapy 
or experimental, PET-response adapted therapy. Of the 519 “unfa- 
vorable” patients evaluated in the interim analysis, 251 were random- 
ized to standard ABVD for four cycles followed by 30 Gy of involved 
nodal radiotherapy, and 268 were randomized to PET-response adapted 
therapy. Patients on the experimental arm received six cycles of ABVD 
without any radiotherapy if the PET scan was negative after the second 
cycle of ABVD, whereas PET-positive patients were switched to BEA- 
COPP. sanea fOr 2 cycles followed by radiotherapy. An independent data 
safety monitoring board stopped this trial after a median followup of 
only 1.1 years because of worse outcomes on the experimental, PET-re- 
sponse adapted arm, with 16 relapses in 268 cases compared to only 
nine relapses of 251 cases on the standard arm (hazard ratio of 2.4; 95 
percent confidence intervals 1.4 to 4.4). 


ADVANCED DISEASE 


ABVD became the standard therapy for advanced Hodgkin lymphoma 
by proving to be superior to the MOPP chemotherapy and equal to, but 
less toxic than, hybrid or alternating combinations with MOPP.'4h4?161-164 
Specifically, the incidence of secondary myelodysplasia, leukemia, and 
sterility was less with ABVD. The GHSG developed the BEACOPP regi- 
men (see Table 97-3) based upon mathematical modeling that indicated 


a moderate increase in chemotherapy dose intensity would result in a 
significant increase in the cure rate. In the original HD9 study, BEA- 
COPP was given in “standard” and “escalated” versions, the latter facil- 
itated by granulocyte colony-stimulating factor use, and was compared 
with the cyclophosphamide, vincristine (Oncovin), procarbazine, pred- 
nisone (COPP)-ABVD regimen." Patients with initial tumors equal 
to or greater than 5 cm or residual radiographic disease received 36-Gy 
radiotherapy after chemotherapy. The 5- and 10-year results demon- 
strated a significant progression-free and OS advantage for escalated 
BEACOPP compared to COPP-ABVD."*" The cure rates in excess 
of 80 percent for escalated BEACOPP are the best ever recorded for a 
large phase II trial in advanced Hodgkin lymphoma. The superiority 
of escalated BEACOPP was observed regardless of the clinical interna- 
tional prognostic score.'* Despite these outcomes, BEACOPP has not 
been universally accepted as the new standard in advanced Hodgkin 
lymphoma because of concerns about the acute toxicity, which includes 
greater need for hospitalization and transfusion, and late toxicity, which 
includes male and female sterility and an increased risk of second- 
ary leukemia.’*'* In addition, approximately two-thirds of patients 
received radiotherapy in the HD9 study. Two randomized clinical trials 
from Italy subsequently confirmed the superiority of BEACOPP over 
ABVD for the end point of progression-free survival.'!®'” In the first 
trial, BEACOPP (four escalated dose cycles plus two standard cycles) 
was compared to ABVD; all patients were to receive consolidation 
radiotherapy for bulky or residual disease. BEACOPP yielded signifi- 
cantly superior progression-free survival compared to ABVD although 
no difference in OS was observed.’ In the second study, patients were 
randomized to ABVD versus four cycles of standard and four cycles 
of escalated BEACOPP with preplanned retreatment and high-dose 
therapy and autologous transplantation for treatment failures.'” This 
study also showed a significantly higher progression-free survival for 
the BEACOPP arm but no difference in OS (Table 97-5). The EORTC 
20012 Trial randomized patients with “high-risk” advanced stage Hodg- 
kin lymphoma with an international prognostic scale score of 3 to 7'*4 
to treatment with either BEACOPP (four escalated cycles + four stan- 
dard cycles) or ABVD."” Progression-free survival was improved in the 
BEACOPP arm but there was no statistically significant improvement 
in event-free or OS compared to ABVD."” In each of the four cited 
trials, the hazard ratio for relapse with BEACOPP was approximately 
0.5. Standards of care in advanced Hodgkin lymphoma continue to be 
debated in view of the lack of a survival benefit with the BEACOPP pro- 
gram, which benefits approximately 15 percent of patients while expos- 
ing 100 percent of patients to more toxicity. 

Efforts to reduce the risk of treatment-related morbidity of esca- 
lated BEACOPP have included studying the combination of four cycles 
of escalated and four cycles of standard BEACOPP and eliminating 
radiation therapy. In the GHSG HD12 trial, four standard cycles of 
BEACOPP plus four escalated cycles performed similarly to eight cycles 
of escalated BEACOPP, with freedom from treatment failure rates of 
85 percent and 86 percent, respectively, 5 years after treatment. In this 
study, there was a slight trend for worse failure-free survival in patients 
with residual radiographic masses on end-of-treatment CT imaging 
who did not received consolidative radiotherapy (90 percent after 
5 years with radiotherapy and 87 percent without it, p = 0.08).'” The 
subsequent HD15 trial randomized 2182 patients with newly diagnosed 
advanced stage cHL to receive either eight cycles of BEACOPP. atep Six 
cycles of BEACOPP. ag or eight cycles of the BEACOPP-14 regimen. 
Patients with a persistent mass after chemotherapy measuring 2.5 cm or 
larger that was FDG-avid on an end-of-treatment FDG-PET imaging 
received consolidative radiotherapy (30 Gy). Freedom from treatment 
failure was similar for all three treatment arms but 5-year OS was sig- 
nificantly better for patients receiving six cycles of BEACOPP than 


escalated 
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for 8 cycles of BEACOPP. aea (91-9 percent vs. 95.3 percent) as a result 
of higher treatment-related mortality and secondary malignancies with 
the latter regimen.” 

Numerous investigations are underway to determine if interim 
PET scans can direct more-intensive treatment with escalated BEA- 
COPP to the subgroup that benefits.%?71'74! Likewise, interim and 
end-of-treatment PET scans are being used to direct the use of consol- 
idative radiotherapy.”'”*"'” Although there is great enthusiasm regard- 
ing this approach to direct subsequent treatment, it is notable that the 
majority of patients remaining PET-positive after four cycles of esca- 
lated BEACOPP appear to be cured by the planned therapy, in contrast 
to findings with ABVD.'” 

The Stanford group took an alternate approach to advanced 
Hodgkin lymphoma by abbreviating the duration of therapy and reduc- 
ing cumulative drug doses in the Stanford V regimen.’ This approach 
appeared highly successful in institutional and phase II cooperative 
group trials; however, three randomized controlled trials have failed to 
show improved progression-free survival compared to standard ABVD 
chemotherapy.” The impressive efficacy of brentuximab vedotin 
in relapsed and refractory cHL'**"* has also led to investigations into 
its incorporation into front-line regimens. This drug consists of an 
anti-CD30 monoclonal antibody conjugated to a highly potent antitu- 
bulin cytotoxic drug, monomethyl auristatin E. Phase I studies revealed 
unacceptable pulmonary toxicity when brentuximab vedotin was 
incorporated into the full ABVD regimen, presumably as a result of 
augmenting the pulmonary toxicity of bleomycin. Omission of bleomy- 
cin, however, allows safe and effective combination therapy with bren- 
tuximab vedotin concurrently with AVD, with 96 percent of patients 
achieving complete remission.“ An international phase III randomized 
comparison of standard ABVD versus brentuximab vedotin + AVD is 
underway for patients with advanced cHL. 

The use of radiotherapy as a consolidation to combination chemo- 
therapy in advanced cHL is controversial. Encouraging data from single 
institutions in adults and children were not borne out in randomized 
trials, some of which were criticized as underpowered. Furthermore, 
chemotherapy regimens have evolved over the time span of these stud- 
ies. The application of 30 Gy involved-field radiotherapy to patients 
in complete remission after MOPP-ABV was studied in an adequately 
powered phase III trial. No significant difference in failure-free 
survival was observed. Of note, all patients in partial remission received 
40 Gy on this study and their outcome was not different from complete 
remission patients. The GHSG HD12 study randomized patients to 
observation or consolidation radiotherapy, with the incorporation of 
a central review panel, following BEACOPP. The final analysis of this 
study reported a slight decrease in the freedom from treatment fail- 
ure if radiotherapy was omitted in patients who had persistent radio- 
graphic abnormalities on CT imaging after chemotherapy (90.4 percent 
vs. 87 percent after 5 years), but no difference was seen in patients with 
bulk disease in complete response after chemotherapy. Unfortunately, 
FDG-PET imaging was not routinely used in this trial. The two Ital- 
ian studies comparing ABVD with BEACOPP mentioned above rou- 
tinely incorporated consolidation radiation therapy for residual or 
bulky disease." The HD15 study limited the use of radiotherapy to 
patients with positive PET scans after four cycles of chemotherapy. With 
this approach, only 12 percent of patients received radiotherapy and the 
progression-free survival rate among PET-negative patients, who did 
not receive radiotherapy, was 96 percent after 1 year.'” In sum, the 
data do not support the routine use of radiotherapy following a full 
course of chemotherapy in advanced Hodgkin lymphoma. However, 
the role of this potent treatment in patients with an early incomplete 
response or following a brief course of chemotherapy is likely to be 
more significant. "S 
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TABLE 97-5. Selected Randomized Clinical Therapeutic Trials in Hodgkin Lymphoma 


Study (Number of Patients) Treatment Failure-Free Survival (%) Overall Survival (%) Followup (Years) 
LIMITED STAGE, FAVORABLE AND UNFAVORABLE 
Milan (140)'*? 4 ABVD + IFRT 94 94 12 
4 ABVD + STLI 93 96 
p=NS p=NS 
NCIC-ECOG (405)'*° STLI 92 87 12 
4-6 ABVD 87 94 
p = 0.006 p=NS 
LIMITED STAGE, FAVORABLE 
EORTC/GELA HOF (783)'°° 6 EBVP + 20-IFRT 84 98 4 
6 EBVP + 36-IFRT 87 98 
6 EBVP 70 98 
p < 0.001 p=NS 
GHSG HD10 (1370)? 2 ABVD + 30-IFRT 86 94 8 
2 ABVD + 20-IFRT 86 95 
4 ABVD + 30-IFRT 87 94 
4 ABVD + 20-IFRT 90 95 
p=NS p=NS 
LIMITED STAGE, UNFAVORABLE 
EORTC/GELA H9U (808)'°° 6 ABVD + 30-IFRT 91 95 4 
4 ABVD + 30-IFRT 87 94 
4 BEACOPP + 30-IFRT 90 93 
p=NS p=NS 
GHSG HD11 (1422)"5° 4 ABVD + 30-IFRT 85 94 
4 ABVD + 20-IFRT 81* 94 
4 BEACOPP + 30-IFRT 87 95 
4 BEACOPP+ 20-IFRT 87 95 
ADVANCED STAGE 
GHSG HD9 (1201)"? 8 COPP/ABVD + RT 64 75 10 
8 BEACOPP + RT 70 80 
8 BEACOPP.....seq + RT 82 86 
p <0.0001 p <0.005 
US Intergroup (854)'*! 6-8 ABVD 74 88 5 
Stanford V 71 88 
p=NS p=NS 
Italian Intergroup (331)'” 6-8 ABVD 73 84 7 
BEACOPP (4 escalated +4 85 89 


standard cycles) 


p = 0.004 p =0.39 


ABVD, doxorubicin, bleomycin, vinblastine, dacarbazine; BEACOPP, bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, pro- 
carbazine, prednisone; COPP, cyclophosphamide, vincristine, procarbazine, prednisone; EBVP, epirubicin, bleomycin, vinblastine, prednisone; 
ECOG, Eastern Cooperative Oncology Group; EORTC, European Organization for the Research and Treatment of Cancer; GELA, Groupe d’Etude 
des Lymphomes de l'Adulte; GHSG, German Hodgkin Study Group; IFRT, involved-field radiotherapy; NCIC, National Cancer Institute of Canada; 
RT, radiotherapy; STLI, subtotal lymphoid irradiation. 


*p = 0.03 


NODULAR LYMPHOCYTE PREDOMINANT 
HODGKIN LYMPHOMA 


NLPHL presents as asymptomatic, limited-stage disease in most (~80 
percent) patients.'°*!°' Peripheral lymph nodes in the neck, axilla, or 
groin are commonly involved as stage IA disease. The European Task 
Force on lymphoma reported a 96 percent complete response rate and 
99 percent and 94 percent 8-year disease-specific survival for stages I 
and II disease, respectively.’ Because of the low likelihood of occult 
disease in nodular lymphocyte-predominant Hodgkin lymphoma and 
the tendency for the disease to remain localized for years, regional 
radiation therapy is considered the treatment of choice for early stage 
disease.’ Analyses from the GHSG demonstrate that outcomes with 
limited radiation therapy are comparable to the use of more extensive 
radiation and combined modality regimens.'*” For the 20 percent of 
patients who present with stage II or IV disease, most authorities advise 
treatment with ABVD-based chemotherapy following the paradigms 
developed for cHL, although some contend that alkylator-based regi- 
mens such as rituximab, cyclophosphamide, hydroxydaunorubicin, vin- 
cristine (Oncovin), prednisone (R-CHOP) may be equally effective and 
less toxic.'** Because of the consistent high level expression of the CD20 
antigen on the surface of NLPHL cells, the monoclonal antibody ritux- 
imab has been tested in this entity. Initial studies were conducted using 
single-agent rituximab in relapsed and refractory cases and demon- 
strated response rates of 94 to 100 percent with median durations of 
remission of 33 to 60 months, with longer remissions observed when 
maintenance rituximab was used.'**'” Based on these findings,, and the 
low toxicity of rituximab, some authorities have extrapolated its use to 
the frontline setting,'** adding it to radiotherapy for stage I or II patients 
and to ABVD for stage III or IV disease, although few data been pub- 
lished concerning the frontline use of this agent in NLPHL. 


RECURRENT DISEASE 


Historically, patients with cHL who relapsed after a full course of che- 
motherapy had a low chance for cure with second-line treatment, with 
the duration of initial remission a significant predictor of subsequent 
response and relapse-free survival. High-dose therapy and autologous 
blood stem cell transplantation improved the outlook for such patients 
and is routinely employed in first relapse for most patients younger than 
age 65 years, based on institutional and phase III trial experience.!?"'” 
Cure rates with transplantation range from 40 to 60 percent with trans- 
plant-related mortality less than 5 percent.'*?!** High-dose regimens 
include BEAM (carmustine, etoposide, cytarabine, melphalan), CBV 
(cyclophosphamide, carmustine, etoposide), and total-body irradiation 
with cyclophosphamide and etoposide. Consolidation radiotherapy is 
often employed to sites of pretransplantation bulk disease. The superi- 
ority of any single transplant conditioning regimen has not been defin- 
itively established; however, the use of high-dose sequential therapy 
coupled with tandem autologous transplantation is being tested in ran- 
domized trials. 5% In most cases, second-line chemotherapy with ICE 
(ifosfamide, carboplatin, etoposide), GVD (gemcitabine, vinorelbine, 
liposomal doxorubicin), DHAP (dexamethasone, cytarabine, cisplatin), 
or brentuximab vedotin is used to achieve a minimal disease state prior 
to stem cell mobilization and transplantation.” Treatment failures 
following autologous transplantation present a challenge, with longevity 
directly related to the time to relapse after transplantation. Allogeneic 
transplantation in multiply recurrent Hodgkin lymphoma has been lim- 
ited by significant transplant-related mortality, although long-term dis- 
ease control has been observed in a small subset together with anecdotal 
evidence of a graft-versus-Hodgkin antitumor effect. Nonmyeloabla- 
tive transplantation conditioning regimens reduce transplant-related 
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mortality but disease recurrence continues to present a major challenge, 
with failure-free survivals in the 20 to 30 percent range. 

As mentioned above, the anti-CD20 antibody rituximab achieves 
high response rates in relapsed NLPHL and can be used as retreat- 
ment or as an extended-treatment regimen.’ Monoclonal anti- 
bodies directed against the CD30 antigen are well tolerated in classical 
Hodgkin lymphoma but have limited therapeutic value.’ However, 
the anti-CD30 antibody-drug conjugate, brentuximab vedotin has 
major activity with 96 of 102 patients with relapsed or refractory CHL 
experiencing tumor shrinkage in a phase II clinical trial, including 75 
percent with objective remissions and 34 percent with complete remis- 
sions.'*’ The agent has also shown major efficacy when used as a bridge to 
allogeneic transplantation™ or in patients relapsing after allogeneic stem 
cell transplantation.” The major toxicity of this agent when used as a sin- 
gle agent is peripheral neuropathy, though mild to moderate cytopenias 
also occur. Nivolumab and pembrolizumab are PD-1 blocking antibodies 
that have recently been shown to have remarkable efficacy in patients with 
relapsed or refractory cHL, with objective remission rates of up to 87 per- 
cent observed in trials enrolling heavily pretreated patients.” 


@ COURSE AND PROGNOSIS 


The goal of treatment for Hodgkin lymphoma is to cure the greatest 
number of patients with the fewest complications. Improvements 
in management have resulted in cure for a large majority of patients 
younger than age 65 years. Survival expectations at 10 years for patients 
diagnosed from 2006 to 2010 exceed 90 percent for patients to age 
44 years, 80 percent for patients to age 54 years, and 70 percent for 
patients to age 64 years.” These outstanding results have been achieved 
by refining the use of radiotherapy and chemotherapy in the frontline 
setting and the development of improved secondary treatments for 
patients with persistent or relapsed disease. However, the late effects of 
treatment for Hodgkin lymphoma remain a concern for cured patients, 
and a small subset of patients has refractory disease. 


CLINICAL PROGNOSTIC FACTORS 


A number of complex prognostic factor schemes have been developed 
for limited Hodgkin lymphoma treated with radiotherapy alone (see 
Table 97-4). Massive mediastinal disease and constitutional symptoms 
have been consistently identified as independent predictors of relapse, 
whereas only older age was predictive of inferior survival. European and 
Canadian investigators incorporated gender, age, ESR, number of Ann 
Arbor disease sites, stage, and histology into stratifications for favorable, 
very favorable, and unfavorable disease categories. The EORTC defines 
four or more nodal sites, ESR greater than 50 in asymptomatic patients 
or ESR greater than 40 in symptomatic patients, and histology as indi- 
cators of intermediate disease, whereas the GHSG designates any one 
of the following: massive mediastinal disease, extranodal disease, ESR 
greater than 50 if asymptomatic and greater than 30 if symptomatic, 
and three or more nodal sites as intermediate disease (see Table 97-4). 
It is important to be aware of the variable eligibility criteria when inter- 
preting the literature in early stage Hodgkin lymphoma and to note that 
these clinical variables are currently used to group patients for clini- 
cal investigations. The international prognostic score, based on seven 
factors (see Table 97-4), is used in advanced disease.'*?"” Each factor 
reduced the freedom from progression by approximately 7 percent. 
Only 7 percent of patients were in the worst prognostic group (five to 
seven factors) and the freedom from progression in this subset was 
42 percent at 5 years. Consensus with regard to prognostic factors pro- 
motes uniformity in clinical trial design and provides a rationale for 


alternate approaches in high-risk subsets. The superiority of escalated 
BEACOPP was seen across the spectrum of the international prognostic 
score, but approximately 30 percent of high-risk (four to seven factors) 
patients experience treatment failure.“ Alternately, the improvement 
in progression-free survival with BEACOPP over ABVD in an Italian 
study was limited to higher-risk patients.’ Age has been a consistent 
adverse prognostic marker regardless of tumor burden, but recent gains 
eliminate this adverse factor up to approximately age 55 years.’ 
Although less-intensive treatment may explain inferior results in a sub- 
set of patients, results in older patients are worse, even when the inten- 
sity of therapy is controlled.” The BEACOPP regimen was associated 
with unacceptable toxicity and demonstrated no advance over ABVD 
for patients older than age 65 years.””° 

Normal results from FDG-PET imaging at the completion of treat- 
ment confers a high negative predictive value, ranging from 81 to 100 
percent.” The positive predictive value at the end of chemotherapy 
is more variable and is related to disease extent and use of radiother- 
apy.'°?"!7!? There is great interest in FDG-PET imaging after one to 
three cycles of chemotherapy, as several studies indicate that negative 
results predict treatment success whereas positive results predict a high 
likelihood of treatment failure.*°**°? Numerous ongoing phase II clin- 
ical trials are designed to alter treatment based on early PET results with 
a goal of achieving high cure rates and minimizing toxicity. PET sta- 
tus prior to autologous transplantation has also emerged as a dominant 
prognostic factor.” 

Adverse prognostic factors identified for patients with relapsed 
cHL undergoing autologous stem cell transplantation include (1) dura- 
tion of first complete remission less than 1 year, (2) failure to achieve a 
second complete remission with salvage chemotherapy prior to trans- 
plantation, (3) presence of B symptoms or extranodal sites of disease 
involvement, and (4) persistence of FDG-avidity on PET imaging prior 
to transplant.’ 

Patients with primary progressive Hodgkin lymphoma have the 
least-favorable prognosis. Fortunately, newer treatment approaches 
have reduced the proportion of patients in this category. 

Clinical prognostic factors are surrogates for the underlying cel- 
lular and molecular biology of Hodgkin lymphoma. Serum levels of 
cytokines, including soluble CD30, a probable marker of tumor bur- 
den, and IL-10, a measure of immunosuppression related to the micro- 
environment, are associated with adverse prognosis independent of 
clinical features.” The chemokine CCL17, secreted by Hodgkin and 
Reed-Sternberg cells, is elevated in patients’ sera and is being studied 
as a marker of response.”'”?'* Multiple, but not all, investigators found 
BCL-2 expression to be of prognostic significance.” CD20 expres- 
sion by Hodgkin and Reed-Sternberg cells has been associated with 
less-favorable outcomes in some, but not all, series.?°?24 Lack of HLA 
class II expression, which may allow immune escape of Hodgkin and 
Reed-Sternberg cells, was found to be an independent prognostic 
factor.” The prognostic significance of EBV association varies with age, 
conferring an adverse outcome in older individuals.””°”” Furthermore, 
single nucleotide polymorphisms in HLA-A2 have been associated 
with risk of EBV-positive Hodgkin lymphoma.*A number of studies 
have focused on the inflammatory microenvironment of Hodgkin lym- 
phoma. Increased numbers of T-regulatory cells have correlated with 
favorable outcomes and decreased numbers of markers for cytotoxic T 
cells have correlated with adverse outcomes in several series.” Simi- 
larly, heavy infiltration of CHL with macrophages (detected by immuno- 
histocytochemical staining for CD68), is associated with poor outcome, 
presumably because of secretion of immunosuppressive cytokines.” 
Finally, a 23-gene expression signature that can be assessed in formalin- 
fixed paraffin embedded tissue biopsies has been shown to have major 
prognostic power in patients with cHL.™ Together, these findings 


Chapter 97: Hodgkin Lymphoma 


suggest an important interplay between characteristics of Hodgkin and 
Reed-Sternberg cells and the inflammatory environment. 


COMPLICATIONS OF TREATMENT 


The treatment of Hodgkin lymphoma is associated with important 
acute and chronic side effects. Although the acute complications of che- 
motherapy and radiotherapy may be troublesome, they are relatively 
easily managed. Late-treatment effects in the form of sterility, second 
malignancy, and cardiopulmonary disease are more serious and are 
known to contribute to shortened longevity for cured patients. 145152233234 
Excess mortality from second malignancies and cardiac disease increase 
with time and are currently the leading causes of death for cHL patients. 
As treatment has evolved, the risks of radiation-related complications 
has lessened but long latency periods and uncertainty regarding associ- 
ations with lower doses make it difficult to predict individual risks. Rec- 
ognition and understanding of these problems helps to shape primary 
treatment choice and facilitate optimal followup for survivors. 

Acute leukemia and myelodysplasia were the initial second 
malignancies to be observed after successful treatment for Hodgkin 
lymphoma with MOPP chemotherapy.” The risk following MOPP 
was proportional to the cumulative dose of alkylating agents and was 
associated with recurring abnormalities of chromosomes 5 and 7.?-237 
Actuarial risks of approximately 5 percent with relative risks in excess of 
100 have been reported over a7- to 10-year period with alkylating agent- 
based therapies. The risk of secondary leukemia is greater in patients 
older than age 35 years. Prognosis for secondary leukemia is poor with 
survivals of less than 1 year.” The risk of acute leukemia is significantly 
less after ABVD chemotherapy," although it is not absent. A large inter- 
national study observed a significant reduction in excess absolute risk 
after 1984, presumably as a consequence of change in primary therapy.” 
However, acute leukemia may complicate Hodgkin lymphoma treatment 
with higher doses of etoposide and doxorubicin, such as in the BEA- 
COPP regimen.'*!*>!§ This form of leukemia tends to occur earlier and 
be associated with balanced translocations of chromosome 11. Patients 
who have received second-line therapies and autologous transplantation 
are at highest risk for myelodysplasia and secondary leukemia. 

There is an increased relative risk of non-Hodgkin lymphomas 
after treatment for Hodgkin lymphoma.” These are diffuse, aggres- 
sive B-cell lymphomas that may occur early or late after treatment. 
There is no clear relationship to the type of primary treatment. The 
incidence of secondary lymphoma in a series of 5406 patients treated 
on GHSG protocols was 0.9 percent; prognosis was worse if lymphoma 
developed within 3 months of primary therapy.’ Although prognosis 
was relatively poor in this series, the data antedated the routine use of 
rituximab in treatment regimens. It is not clear how non-Hodgkin lym- 
phomas relate to treatment-related immunodeficiency, predisposition 
to B-cell malignancy, or a shared common cell of origin. Marginal zone 
lymphomas with identical B-cell receptor genes also have been identi- 
fied.’ Diffuse large B-cell lymphoma and its variants are most frequent 
in nodular lymphocyte-predominant Hodgkin lymphoma, where they 
have been found to be genetically related.“ 

An increased risk of solid cancers after treatment for Hodgkin lym- 
phoma has long been recognized, and with time, these have emerged to 
account for 75 to 80 percent of all cases of second malignancy.'**'*?? 
The risk is related to radiotherapy exposure, with tumors occurring in 
or at the edges of the radiation field. The most common solid tumors are 
breast, lung, and gastrointestinal malignancies. The latency for devel- 
oping second cancers is an important consideration, as these typically 
develop after at least 10 years and continue to pose excess risk for as 
long as 30 years after treatment. Breast cancer is increased in women 
treated before age 30 years and is markedly increased in children and 


152,244-246 Case-control studies have examined the relation- 


ship of radiation dose to the breast and the risk of cancer, finding a 
3.2-fold increased risk with doses greater than 4 Gy and an eightfold 
risk for doses greater than 40 Gy.**”** Elimination of routine axillary 
radiation, which is now standard, results in a 2.7-fold reduction in risk 
and it is anticipated that risks may further decline with current low-dose 
or nodal radiotherapy. Cofactors are important for defining the risks of 
second breast cancer, which are highest for women younger than age 
30 years when irradiated and for those who continue to have normal 
menses.**?* 

Lung cancer risk is greatest among patients who are older than 
45 years of age when treated. Tobacco exposure has a multiplying effect 
and alkylating agent exposure also contributes to risk. Among patients 
with chest irradiation, a tobacco history, and alkylating chemotherapy, 
the lung cancer risk was 49-fold higher than in patients who had none 
of these exposures." Alkylating agent chemotherapy independently 
increases risk of lung cancer with dose-response associations reported 
in population-based studies.“74875! 

Estimates of relative risks of cardiac mortality in Hodgkin lym- 
phoma survivors range from 2.2- to sevenfold.**”**?*> Mediastinal 
radiotherapy is associated with an increased risk of cardiac disease. An 
increased risk of death from coronary artery disease and acute myocar- 
dial infarction has been identified in adults and children.*?5??5 Other 
types of cardiac disease are often asymptomatic, including valvular 
disease, conduction defects, and cardiomyopathy.**’* The risks of 
radiation-related heart disease do not appear to be influenced signifi- 
cantly by the addition of chemotherapy. The onset of increased risk is 
within 5 to 10 years. As risk is associated with the dose and volume of 
radiotherapy and the latency is 5 to 10 or more years, the hazards associ- 
ated with current lower dose and smaller fields remain to be assessed.*” 
Established cardiac risk factors, including hypertension, hypercholester- 
olemia, and smoking, significantly contribute to the subsequent risk of 
cardiac disease after therapy, offering opportunities to reduce individual 
risks.’ A British report indicated an elevated risk of cardiac mortality 
of 7.8-fold following ABVD alone, which rose to 12.1-fold when given 
with mediastinal irradiation.” These results provide a cautionary note, 
but more data are needed and these results do not address cumulative 
exposures that are lower with modern therapy. 

Noncoronary vascular complications have been reported after neck 
irradiation, with associations to dose greater than 36 Gy and cofactors of 
hypertension, diabetes and hypercholesterolemia.* In a retrospective 
cohort study, the standardized incidence ratio for was 2.2 for stroke and 
3.1 for transient ischemic attack.” However, it is important to note that 
modern approaches to Hodgkin lymphoma therapy use lower radiation 
doses, smaller fields, and planning techniques that limit dose inhomoge- 
neity and hot spots commonly seen in the neck area with older techniques. 

Approximately 90 percent of males are permanently sterilized by 
six cycles of MOPP chemotherapy.” The risk is related to the cumu- 
lative dose of alkylating agents such that two to three cycles of MOPP 
result in azoospermia in approximately 50 percent of patients.” Female 
fertility after alkylating agent-based treatment is related to age at treat- 
ment as well as cumulative alkylating agent dose.**?“ The ABVD com- 
bination is associated with temporary amenorrhea and azoospermia 
with full recovery noted in 50 to 95 percent of patients.*°* A case- 
control study found no significant reduction in fertility among women 
treated with ABVD.’” In contrast, no men had normospermia follow- 
ing treatment with BEACOPP and amenorrhea occurred in more than 
50 percent of women.'%1°7?% Several authors have described pregnancy 
outcome following treatment for Hodgkin lymphoma. No increase in 
birth defects or complications of pregnancy has been seen.” 

Thyroid dysfunction is common after neck irradiation, reaching a 
risk of 47 percent at 26 years in the Stanford series.*” Thus, patients at 
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risk should be monitored during followup observation. Rarely, hyper- 
thyroidism, Graves ophthalmopathy or thyroid neoplasms occur after 
neck radiotherapy.” Lhermitte sign, a transient complaint of an “elec- 
tric shock” sensation produced by head flexion, is a common sequela 
of mantle radiotherapy.”” The incidence of radiation pneumonitis 
depends on the volume of lung irradiated and the total dose. Symptoms 
include cough, dyspnea, and fever. Although prospective assessment of 
pulmonary function demonstrates reduction of lung volumes following 
mantle radiotherapy, recovery is seen in 12 to 24 months and symptom- 
atic radiation pneumonitis is unusual.?”!?” 

Full-dose radiation therapy interferes with normal growth and 
development in children. Current therapy programs use low-dose 
or no radiotherapy for all stages of disease. Overwhelming sepsis is a 
rare event in patients who have been splenectomized and treated for 
Hodgkin lymphoma, particularly children.” Vaccination against 
encapsulated organisms 10 to 14 days prior to the onset of treatment 
is advised. However, it must be recognized that neither vaccines nor 
antibiotic prophylaxis may provide adequate protection. Fatigue is com- 
monly reported in Hodgkin lymphoma survivors and has been related 
to pulmonary function and peak oxygen uptake.” 

With the high rates of cure currently attained in the management 
of Hodgkin lymphoma, reduction in late effects and quality of life 
assume even greater importance. Patient education is essential to pro- 
mote healthy behaviors to reduce modifiable risk factors. In addition, 
early detection and prevention strategies for second cancers and car- 
diac disease should be considered in high-risk patients. However, the 
choice and efficacy of diagnostic testing, and their optimal timing and 
frequency, require further study.’”° Most of the documented late effects 
relate to outdated chemotherapy and radiotherapy protocols, and that 
modeling, as well as recent data, indicate that lesser exposures signifi- 
cantly reduce second cancer risk.” Modern therapies will likely fur- 
ther reduce the risks of late complications. It continues to be important 
to follow long-term survivors, and the contribution of genetic and envi- 
ronmental factors is an important ongoing area of inquiry. 
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CHAPTER 98 

DIFFUSE LARGE B-CELL 
LYMPHOMA AND RELATED 
DISEASES 


Stephen D. Smith and Oliver W. Press* 


Diffuse large B-cell lymphomas (DLBCLs) comprise a heterogeneous group of 
aggressive malignancies of large, transformed B lymphocytes. DLBCL is the 
most common lymphoma in the world and accounts for approximately 25 to 
30 percent of lymphoma cases in the United States. The incidence increases 
with age, with a median age at presentation in the sixth decade. The disease 
typically presents as a rapidly growing mass that may involve either lymph 
node or extranodal sites, and often is associated with systemic symptoms. 
Approximately 50 to 60 percent of patients will present with advanced stage, 
disseminated disease. DLBCL is curable with combination chemotherapy. For 
localized disease, either three cycles of rituximab, cyclophosphamide, doxo- 
rubicin, vincristine, and prednisone (R-CHOP) plus involved-field radiation 
therapy or six cycles of (R-CHOP) is recommended, whereas for advanced 
stage DLBCL, six cycles of R-CHOP is appropriate. A large phase III intergroup 


Acronyms and Abbreviations: ABC, activated B-cell—like; ACVBP, doxorubicin 
(Adriamycin), cyclophosphamide, vindesine, bleomycin, prednisone; allo-HSCT, 
allogeneic hematopoietic stem cell transplantation; ASCT, autologous stem cell 
transplantation; BEAM, high-dose carmustine, etoposide, cytarabine, and melpha- 
lan; CHOP cyclophosphamide, doxorubicin, vincristine, prednisone; CR, complete 
remission; CytaBOM, cytarabine, bleomycin, vincristine, methotrexate (with leu- 
covorin rescue); DFS, disease-free survival; DLBCL, diffuse large B-cell lymphoma; 
EBV, Epstein-Barr virus; EFS, event-free survival; EPOCH, etoposide, prednisone, 
vincristine, cyclophosphamide, doxorubicin; ESHAP, etoposide, methylprednisolone, 
cytarabine, cisplatin; FDG, 18-fluorodeoxyglucose; GCB, germinal center B-cell—like; 
GELA, Group d'Etude des Lymphomes de I’Adulte; GVHD, graft-versus-host disease; 
ICE, ifosfamide, carboplatin, etoposide; IFRT, involved-field radiation therapy; lg, 
immunoglobulin; LDH, lactate dehydrogenase; MACOP-B, high-dose methotrexate, 
doxorubicin, cyclophosphamide, vincristine, prednisone, bleomycin; m-BACOD, mod- 
erate-dose methotrexate, bleomycin, doxorubicin, cyclophosphamide, vincristine, 
dexamethasone; MOPP, mechlorethamine, vincristine, procarbazine, prednisone; 0S, 
overall survival; PFS, progression-free survival; ProMACE, prednisone, methotrexate, 
doxorubicin, cyclophosphamide, etoposide; PTLD, posttransplantation lymphopro- 
liferative disorder; R-CHOP, rituximab plus CHOP; R-EPOCH, rituximab plus EPOCH; 
R-ICE, rituximab plus ICE; VACOP-B, vincristine, doxorubicin, cyclophosphamide, 
etoposide, prednisone, and bleomycin; WHO, World Health Organization. 


“This chapter contains elements from the chapter in the 8th edition of Williams 
Hematology written by Michael Boyiadzis and Kenneth A. Foon. 


trial testing whether a novel infusional regimen consisting of dose-adjusted 
rituximab, etoposide, prednisone, vincristine, cyclophosphamide, and doxoru- 
bicin (DA-R-EPOCH) is superior to standard R-CHOP has been completed, but 
the results not yet reported as of this writing. High-dose chemotherapy with 
autologous stem cell transplantation may be curative for patients with DLBCL 
that relapses after treatment with frontline chemotherapy. 


@ DEFINITION AND HISTORY 


Diffuse large B-cell lymphomas (DLBCLs) comprise a heterogeneous 
group of aggressive malignancies of large, transformed B cells which 
cause diffuse effacement of the normal lymph node structure. DLBCL 
has masqueraded under a variety of colorful but misleading monikers 
in early lymphoma classification systems, including “reticulum cell sar- 
coma, and “diffuse histiocytic lymphoma,’ as described in an excellent 
recent review of the history of the lymphomas.' Distinct disease enti- 
ties are distinguished based on morphologic, biologic, and clinical fea- 
tures as established by an international panel of experts on behalf of the 
World Health Organization (WHO, Table 98-1).? The disease can arise 
de novo or may transform from an indolent lymphoma, such as small 
lymphocytic lymphoma or follicular lymphoma. 


@ EPIDEMIOLOGY 


DLBCL is the most common B-cell lymphoid neoplasm in the United 
States and Europe and accounts for approximately 28 percent of all mature 
B-cell lymphomas.** Incidence varies by ethnicity, with Americans of 
European descent being more likely to develop DLBCL than Americans 
of African descent. Like most other lymphomas, there is a male pre- 
dominance. The disease most commonly presents in late middle-aged 
and older persons with a median age at diagnosis of approximately 65 
years. Because lymphoma incidence rates increased dramatically from 
the 1940s to the 1990s, numerous exogenous factors have been exam- 
ined to ascertain if one or more play a role in pathogenesis of the disease, 
including herbicides (e.g., phenoxyacids), pesticides (e.g., organochlo- 
rines), organic solvents (e.g., toluene, benzene), dark hair dyes, body 
mass index, tobacco use, alcohol use, and inflammatory states. At this 
time, no inhalant, exposure, or ingestant has been unequivocally proven 
to increase the relative risk of DLBCL.° 


@ ETIOLOGY AND PATHOGENESIS 


DLBCL is a molecularly heterogeneous disease with multiple complex 
chromosomal translocations and genetic abnormalities as identified by 
cytogenetics, gene expression profiling, and whole-genome sequenc- 
ing. The disease is derived from B cells whose immunoglobulin (Ig) 
genes have undergone somatic mutation in the lymph node germinal 
center. Approximately 40 percent of cases in immunocompetent hosts 
and approximately 20 percent of HIV-related cases display BCL6 rear- 
rangements.” Chromosomal translocations involving band 3q27 lead 
to a truncated BCL6 gene within its 5’ flanking region. Such trunca- 
tions commonly occur within the first exon or first intron, leading to 
complete removal or truncation of the promoter sequences; the coding 
sequence is left intact.” In a small number of cases, the breakpoint is 
not located in the immediate proximity of the BCL6 gene. Increased 
expression of BCL6 occurs from a process termed promoter substitution 
by which heterologous promoters are juxtaposed to the BCL6 coding 
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TABLE 98-1. Diffuse Large B-Cell Lymphoma: Variants 


and Subtypes? 


|. Diffuse large B-cell lymphoma, NOS 
A. Common morphologic variants 
1. Centroblastic 
2. Immunoblastic 
3. Anaplastic 
B. Rare morphologic variants 
C. Molecular subgroups 
1. Germinal center B-cell-like 
2. Activated B-cell-like 
D. Immunohistochemical subgroups 
1. CD5-positive DLBCL 
2. Germinal center B-cell-like 
3. Nongerminal center B-cell-like 
ll. Diffuse large B-cell lymphoma subtypes 
A. T-cell/histiocyte-rich large B-cell lymphoma 
B. DLBCL associated with chronic inflammation* 
C. EBV-positive DLBCL of the elderly* 
lll. Related mature B-cell neoplasms 
. Primary mediastinal (thymic) large B-cell lymphoma’ 
Intravascular large B-cell lymphoma 
Primary cutaneous DLBCL, leg type* 
. Lymphomatoid granulomatosis 
ALK-positive DLBCL 
Plasmablastic lymphoma (Chap. 81) 
. Large B-cell lymphoma arising in HHV-8-associated 
multicentric Castleman disease (Chap. 81)* 
H. Primary effusion lymphoma (Chap. 81) 
IV. Borderline cases 
A. B-cell lymphoma, unclassifiable, with features interme- 


diate between diffuse large B-cell lymphoma and Burkitt 
lymphoma* 


B. B-cell lymphoma, unclassifiable, with features intermediate 
between diffuse large B-cell lymphoma and classical 
Hodgkin lymphoma 


m a u o o e o 


ALK, anaplastic lymphoma kinase; DLBCL, diffuse large B-cell lym- 
phoma; EBV, Epstein-Barr virus; HHV, human herpes virus; NOS, not 
otherwise specified. 

*These represent provisional entities or provisional subtypes of other 
neoplasms. 


domain. This process occurs through reciprocal translocations between 
3q27 and chromosomal partner sites, including 14q32 (IgH), 2p11 
(Igx), and 22q11 (IgA). The BCL6 protein mediates the specific bind- 
ing of several transcription factors to DNA. It also may be involved in 
induction of germinal-center-associated functions, as it is expressed in 
germinal center B cells but not in plasma cells. Therefore, downregula- 
tion of BCL6 may be necessary for terminal differentiation of B cells to 
memory B cells and plasma cells.’ 

Approximately 30 percent of DLBCLs possess a t(14;18) translo- 
cation involving the Ig heavy-chain gene and BCL2. Such BCL2 gene 
rearrangements occur in DLBCL in either of two circumstances: (1) 
in DLBCLs arising by histologic transformation of a previous fol- 
licular lymphoma or (2) in de novo DLBCLs with a germinal center 


gene-expression profile. The presence of a p53 mutation in combination 
with BCL2 denotes that the tumor is derived from a histologic transfor- 
mation of a prior follicular lymphoma.” 

Normally, mutations in the variable region of the Ig genes confer 
antibody diversity in germinal center B cells. However, aberrant somatic 
hypermutation occurs in more than 50 percent of cases of DLBCL. Such 
alterations target multiple loci, including the protooncogenes PIM1, 
MYC, RhoH/TTF (ARHH), and PAX5." The c-MYC gene rearrange- 
ment occurs in 10 percent of patients with DLBCL. 

Gene-expression profiling studies have distinguished three molec- 
ular subtypes of DLBCL known as (1) germinal center B-cell-like 
(GCB), (2) activated B-cell-like (ABC), and (3) primary mediastinal 
B-cell lymphoma (PMBCL).'*'7 GCB DLBCLs are believed to arise 
from normal germinal center B cells, whereas ABC DLBCLs appear 
to arise from postgerminal center B cells that are arrested during plas- 
macytic differentiation, and PMBCLs arise from thymic B cells. These 
DLBCL subtypes arise by distinct pathogenetic mechanisms, as judged 
by high-resolution, genome-wide copy-number analysis coupled with 
gene-expression profiling. Furthermore, genomic studies employing 
massively parallel sequencing (genome/exome/RNAseq) have demon- 
strated common recurrent mutations in histone modification and 
chromatin remodeling genes in the GCB-DLBCL subtype of DLBCL, 
whereas mutations affecting the B-cell signaling pathway and nuclear 
factor (NF)-«B family are typical of the ABC subtype of lymphoma, as 
summarized in Table 98-2.!°* In addition, GCB DLBCLs often exhibit 
amplification of the oncogenic microRNA (miRNA)-17-92 cluster and 
deletion of the tumor-suppressor PTEN, whereas these events are rare 
in the ABC-type of DLBCL. 


@ CLINICAL FEATURES 


SIGNS AND SYMPTOMS 


Patients with DLBCL typically present with rapidly enlarging, symp- 
tomatic, lymphatic masses, typically in the neck or abdomen. B symp- 
toms (drenching night sweats, fever, weight loss) are observed in 
approximately 30 percent of patients. Extranodal disease occurs in 
approximately 40 percent of patients, most commonly involving the 
gastrointestinal tract or marrow.“ Other sites that may be affected 
include the testis, bone, thyroid, salivary glands, skin, liver, breast, nasal 
cavity, paranasal sinuses, and CNS. DLBCL may cause local compres- 
sion of vessels (e.g., superior vena cava syndrome) or airways (e.g., tra- 
cheobronchial compression) requiring urgent treatment. 

Unusual symptoms and presentations occur with some subtypes 
of DLBCL, such as intravascular large B-cell lymphoma, which may 
present with unexplained fever, or primary effusion lymphoma, which 
may present in immunocompromised hosts with human herpesvirus-8 
infection. Approximately 60 percent of patients present with dissemi- 
nated DLBCL (stage III or IV). Marrow involvement occurs in approx- 
imately 15 percent of patients. Discordant disease in which the lymph 
nodes are involved with DLBCL but the marrow contains an indolent 
lymphoma may occur. This combination is not associated with a poorer 
prognosis but increases the risk of late relapse. CNS dissemination 
occurs more frequently in patients with multiple extranodal sites of 
disease, particular testicular, paranasal sinus or marrow involvement” 
and in patients with marked elevations of serum lactic dehydrogenase 
(LDH). Patients at high risk for CNS involvement should undergo an 
examination of spinal fluid by flow cytometry for clonal B cells, which 
is the most sensitive method for detection of CNS disease. Patients with 
involvement of Waldeyer ring have an increased risk of gastrointestinal 
lymphoma. 
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TABLE 98-2. Diffuse Large B-Cell Lymphoma Subtypes Are Distinguished By Distinct Mutations in the Cells of Origin’? ? 


GCB DLBCL ABC DLBCL 
Mutation Frequency Effect Mutation Frequency Effect 
BCL2 translocation 25% Antiapoptotic PRDM1 50% Differentiation block 
EZH2 mutations 22% Histone modification A20 loss 20% NF-KB activation 
MEF2B mutations 22% Chromatin remodeling CD79B mutations 21% NF-KB/BCR signaling 
MYC translocation 5% Proliferation CARD 11 mutations 11% NF-KB activation 
TNFRSF14 mutations 13% Immune escape MYD88 mutations 29% NF-KB /JAK-STAT 

signaling 

GNA 12 & 13 29% GTPases; B-cell homing 
mutations 


ABC, activated B-cell-like; BCR, breakpoint cluster region; DLBCL, diffuse large B-cell lymphoma; GCB, germinal center B-cell-like; GTPase, gua- 
nosine triphosphatase; KAK, Janus kinase; NF-KB, nuclear factor kappaB; STAT, signal transducer and activator of transcription. 


@ LABORATORY FEATURES 
BLOOD AND MARROW 


Lymphomatous involvement of the marrow occurs in approximately 
10 to 20 percent of cases of DLBCL, with blood involvement noted on 
morphologic examination of blood films in approximately 3 to 8 per- 
cent of cases. These percentages are undoubtedly underestimates, and 
data using more sensitive tests, such as flow cytometry, are needed. 
Marrow involvement may lead to anemia, and in severe cases to leuco- 
penia and thrombocytopenia, which may worsen when cytotoxic ther- 
apy is administered. 


CELL IMMUNOPHENOTYPE 


The malignant cells of DLBCL express monoclonal surface immuno- 
globulin with « or À light-chain restriction. IgM is the most commonly 
expressed isotype of surface immunoglobulin, although occasionally 
cells may be negative for surface immunoglobulin.” The lymphoma 
cells generally express the pan-B-cell antigens, CD19, CD20, CD22, 
PAX5, and CD79a, as well as the pan-hematopoietic antigen, CD45 and, 
less commonly, CD10 or CD5.*”*8 CD5-expressing DLBCLs appear to 
be more aggressive and have a worse prognosis.” CD10+ DLBCL may 
be difficult to distinguish from Burkitt lymphoma or from grade 3 follic- 
ular lymphoma.” When a mature CD10+ B-cell phenotype is identified 
by flow cytometry, distinction between these possibilities should be fur- 
ther evaluated by morphology and genetic studies. Adhesion molecules 
such as LFA-1 (leukocyte function-associated antigen-1; CD16/CD18) 
and CD44 are expressed in 50 to 75 percent of cases of DLBCL. CD44 is 
expressed in highly aggressive subsets of DLBCL and is associated with 
disseminated disease and a poor prognosis.” 


HISTOPATHOLOGY 


Lymph nodes affected by DLBCL are usually effaced by a diffuse infil- 
trate of large lymphocytes. Three cytologic patterns are commonly rec- 
ognized, namely, centroblastic, immunoblastic, and anaplastic, which 
are distinguished based on the size of the cells, the number of nucleoli, 
the basophilia of the cytoplasm, and the presence of bizarre and pleo- 
morphic nuclei. Other rare morphologic variants occur, for example, 
with myxoid or fibrillary appearances. Although the diffuse growth 
pattern of DLBCL can be distinguished on histologic sections from the 
nodular growth pattern of follicular lymphoma, this distinction is usu- 
ally not possible in fine-needle aspirates, body fluids, blood, or marrow 
specimens. Furthermore, genotypic characteristics overlap between 


follicular lymphoma and DLBCL, with the t(14;18)(q32;q21) translo- 
cation identified in approximately 20 percent of DLBCL and approx- 
imately 85 percent of follicular lymphomas (Chap. 99). The cells in 
DLBCL undergo immunoglobulin variable-region gene rearrangement 
and are commonly somatically mutated. Furthermore, isotype switch 
variants may occur.” 


@ DIFFERENTIAL DIAGNOSIS 


The differential diagnosis of DLBCL includes nonmalignant conditions 
characterized by immunoblastic infiltrates (infectious mononucleosis), 
nonlymphoid malignancies (carcinoma), and other lymphoma sub- 
types, including Hodgkin lymphoma (Chap. 97), lymphoblastic lym- 
phoma, and Burkitt lymphoma (Chap 102). Adequate tissue sampling 
is crucial at the time of initial diagnosis, and excisional biopsies are 
strongly preferred to small core needle biopsies. Fine-needle aspirates 
are inadequate for securing a definitive diagnosis of DLBCL and are 
strongly discouraged. The presence of a neoplastic clone should be con- 
firmed with molecular or and immunophenotypic studies in most cases. 


@THERAPY 
GENERAL CONSIDERATIONS 


DLBCL is commonly curable with combination chemotherapy regi- 
mens containing an anthracycline. The best outcomes are obtained in 
patients who receive full doses of chemotherapy on schedule, without 
dose attenuations or treatment delays. Before therapy is instituted, sev- 
eral factors should be evaluated, including the patient's clinical stage, 
symptoms, and the international prognostic index (IPI). In addition, 
response to therapy should be evaluated according to defined criteria.” 
Other considerations, such as the patients age and comorbid condi- 
tions, are important before a therapeutic intervention is selected. Future 
trials and therapies may be precisely tailored to subgroups of DLBCL 
based on biologic features of the tumor, but detailed staging, recogni- 
tion of important variants, and IPI score calculation presently form the 
cornerstone of patient assessment. 


LIMITED STAGE DIFFUSE LARGE B-CELL 
LYMPHOMA (STAGES I AND II) 


Localized disease occurs in approximately 30 percent of patients, and 
historically was treated with radiation therapy alone.** However, the 
5-year disease-free survival with radiation therapy in stage I disease was 


TABLE 98-3. Treatment of Limited-Stage Aggressive 
Lymphoma 


5-Year OS 

Patient Number of (p value) 
Population Patients Treatment (%) Ref. 
Stagesland 401 8 cycles 72 41,42 
Il, nonbulky CHOP 

vs. 

3 cycles 82 

CHOP +IFRT (p= 0.05) 
Bulky stages 399 8 cycles uss 43 
|, IE, Il, and CHOP 
IIE 

vs. 

8 cycles 87 

CHOP+IFRT (p=0.24) 
Age >60 576 4 cycles 72 44 
years, IPI O CHOR 

vs. 

4 cycles 68 

CHOP +IFRT (p=0.5) 
Age <61 647 ACVBP 90 45 
years, local- Vs. 
ized stages | 
and Il, IPI O 

3 cycles 87 

CHOP +IFRT (p <0.001) 
Stagesland 60 R-CHOP + 92 46 
Il with IPI >O IFRT 


CHOP, cyclophosphamide, doxorubicin, vincristine, and prednisone; 
IFRT, involved-field radiation therapy; IPI, international prognostic 
index; OS, overall survival; R-CHOP, rituximab, cyclophosphamide, 
doxorubicin, vincristine, and prednisone. 

*OS for 172 complete remission patients randomized to observation 
versus involved-field radiation therapy. 


only 50 percent, and in stage II disease was approximately 20 percent. 
Combining chemotherapy with radiation therapy improved the control 
of local disease and resulted in a lower rate of delayed dissemination.*-” 
The role of chemotherapy alone, and cyclophosphamide, doxorubicin, 
vincristine, and prednisone (CHOP) in particular, has been studied in 
several randomized trials (Table 98-3). 

A Southwest Oncology Group study randomly assigned 401 
patients with stage I and nonbulky stage II disease to receive either eight 
cycles of CHOP chemotherapy or three cycles of CHOP plus involved- 
field radiotherapy (IFRT).*! The 5-year overall and progression-free 
survival (PFS) rates of the patients treated with the short-course, com- 
bined modality approach were significantly better (82 percent and 
72 percent, respectively, p = 0.02) than outcomes among patients treated 
with chemotherapy alone (77 percent and 64 percent, respectively, 
p = 0.03). Cardiac and hematologic toxicity was greater in patients 
treated with eight cycles of CHOP without radiation therapy. A subset 
analysis using modified IPI criteria showed that patients with poor risk 
factors had a worse overall survival. However, with longer followup, fail- 
ure-free survival curves overlapped at 7 years and the overall survival 
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(OS) curves overlapped at 9 years. The early treatment advantage of 
CHOP plus IFRT disappeared as a result of lymphoma recurrence 
between 5 and 10 years after therapy.” 

In an Eastern Cooperative Oncology Group (ECOG) trial involv- 
ing 399 patients with bulky stage I (mediastinal or retroperitoneal mass, 
or a mass >10 cm), stage IE, stage II, or stage IIE disease, patients who 
achieved complete remission (CR) after CHOP chemotherapy were ran- 
domized to observation or 30 Gy involved-field radiation.” All patients 
with partial remission received 40 Gy to the involved field and radia- 
tion to the contiguous noninvolved regions. Among 172 CR patients, 
the 6-year disease-free survival (DFS) was 73 percent for low-dose 
involved-field radiation versus 56 percent for CHOP followed by obser- 
vation only (p = 0.05) without a survival difference between the two 
arms. After 6 years failure-free survival was 63 percent in patients in 
partial remission (PR), and conversion to CR with radiation therapy did 
not influence outcome. For patients in CR after eight cycles of CHOP, 
low-dose involved-field radiation prolonged DFS and provided local 
control, but did not influence survival. 

In a Group d Etude des Lymphomes de Adulte (GELA) study, 576 
patients older than age 60 years with stages I and II disease and an IPI 
score of 0 were randomized to four cycles of CHOP with or without 
involved-field radiation (40 Gy).“ The 5-year event-free survival (EFS) 
was 61 percent for patients treated with CHOP compared to 64 per- 
cent for patients treated with CHOP plus involved-field radiation, and 
the OS was 72 and 68 percent, respectively. In another GELA study, 
647 patients younger than age 61 years with low-risk localized aggres- 
sive lymphoma were randomized to three cycles of CHOP followed by 
30 to 40 Gy of involved-field radiation or doxorubicin (Adriamycin), 
cyclophosphamide, vindesine, bleomycin, and prednisone (ACVBP) 
chemotherapy followed by consolidation chemotherapy with metho- 
trexate, ifosfamide, etoposide, and cytarabine.* The EFS (82 percent vs. 
74 percent, p = 0.001) and OS (90 percent vs. 87 percent, p <0.001) were 
significantly better for patients given intensive chemotherapy alone 
compared to patients given CHOP chemotherapy plus radiation ther- 
apy. The ACVBP regimen cannot be given in the United States, however, 
because vindesine is not available. 

These studies were conducted before the incorporation of rituximab 
into frontline regimens for DLBCL. Subsequently, in a phase II study, 60 
patients older than age 60 years with at least one adverse risk factor as 
defined by the IPI (but excluding bulky stage II disease) received rituximab 
and CHOP (R-CHOP), followed by 40 to 46 Gy involved-field radiation.“ 
PFS was 95 percent at 2 years and 88 percent at 4 years, and OS was 95 
percent at 2 years and 92 percent at 4 years. PFS and OS for historical con- 
trols not treated with rituximab were 78 percent and 88 percent at 4 years, 
respectively. Additional, retrospective analyses suggest a role for radio- 
therapy in unselected DLBCL patients (including limited stage disease) 
treated with R-CHOP,” and in subsets age 61 to 80 years with bulky disease 
(7.5 cm or greater). 

Although the data available are not clearcut, at this time either 
three cycles of R-CHOP followed by 40 to 46 Gy of involved-field radi- 
ation or six cycles of R-CHOP without radiotherapy represent standard 
therapeutic options. 


ADVANCED STAGE DIFFUSE LARGE B-CELL 
LYMPHOMA 


Combination chemotherapy (mechlorethamine, vincristine, procarba- 
zine, prednisone [MOPP]) proved so successful for treatment of Hodg- 
kin lymphoma that similar regimens were soon explored for treatment 
of DLBCL, including cyclophosphamide, vincristine, procarbazine, 
and prednisone (C-MOPP; synonym: COPP)*” and cyclophosphamide 


750 mg/m? IV, doxorubicin 50 mg/m? IV, vincristine 1.4 mg/m,’ and 
prednisone 100 mg orally administered daily for days 1 through 5 of 
each cycle (CHOP). Between 1972 and 1975, reports of CRs with 
long-lasting PFS with these regimens heralded the advent of curative 
therapy for patients with DLBCL, with CHOP administered every 21 
days for six to eight cycles emerging as the most popular regimen in the 
United States for treatment of DLBCL (Table 98-4). 
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In an effort to improve upon the efficacy of CHOP, a number of 
intensified, multidrug combinations were developed. Early single- 
institution, single-armed trials showed promising results, including 
CR rates up to 80 percent and prolonged DFS rates of 60 percent.*™*! 
Phase II trials of m-BACOD (moderate-dose methotrexate, bleomycin, 
doxorubicin, cyclophosphamide, vincristine, dexamethasone), Pro- 
MACE (prednisone, methotrexate, doxorubicin, cyclophosphamide, 


TABLE 98-4. Combination Chemotherapy for Intermediate- and High-Grade Lymphoma 


Days of Interval Between 
Regimen Dose Route Treatment Treatment Cycles (Days) Cycles 
R-CHOP-21 
Rituximab 375 mg/m? IV 1 21 6-8 
Cyclophosphamide 750 mg/m? IV 1 
Doxorubicin 50 mg/m? IV 1 
Vincristine 1.4 mg/m? IV 1 
Prednisone 100 mg/day PO 1-5 
CHOP-14 
Cyclophosphamide 750 mg/m? IV 1 14 6-8 
Doxorubicin 50 mg/m? IV 1 
Vincristine 1.4 mg/m? IV 1 
Prednisone 100 mg/day PO 1-5 
Dose-adjusted R-EPOCH* 
Rituximab 375 mg/m? IV 1 21 6-8 
Etoposide 50 mg/m?/day GIV 1-4 (96 hours) 
Doxorubicin 10 mg/m?/day CIV 1-4 (96 hours) 
Vincristine 0.4 mg/day CIV 1-4 (96 hours) 
Cyclophosphamide 750 mg/m?/day IV 5 
Prednisone 60 mg/m?/day PO 1-5 
ESHAP (for relapsed lymphoma) 
Etoposide 40 mg/m? IV 1-4 21 
Methylprednisone 500 mg/m? IV 1-5 
Cytarabine 2 mg/m? IV 5 
Cisplatin 25 mg/m? CIV 1-4 
DHAP (for relapsed lymphoma) 
Dexamethasone 40 mg/m? PO or IV 1-4 21 
Cisplatin 100 mg/m? CIV 1 
Cytarabine 2 gm/m? IVqi2h x 2 doses 2 
R+ICE (for relapsed lymphoma) 
Rituximab 375 mg/m? IV 1 14 
Mesna 5000 mg/m? IV | (day 2) 
Carboplatin AUC =5 (maximum 800 mg) IV 1 (day 2) 
Etoposide 100 mg/m? IV 1-3 
Neulasta 6mg SQ 1 (day 4) 


AUC, area under the curve; CIV, continuous intravenous infusion; |-CHOP, intensified-CHOP; SQ, subcutaneously. 


*Doses of etoposide, doxorubicin, and cyclophosphamide are increased 20% over the dose in the previous cycle if the nadir of the absolute 


neutrophil count in the previous cycle was 20.5 x 10°/L. 


The reader is advised to verify drugs, doses, and administration schedules of these regimens. 


etoposide)/CytaBOM (cytarabine, bleomycin, vincristine, methotrex- 
ate), and MACOP-B (high-dose methotrexate, doxorubicin, cyclophos- 
phamide, vincristine, prednisone, bleomycin) appeared to show superior 
response rates compared to previously published results achieved with 
CHOP.” However, the benefits demonstrated in single-institution stud- 
ies could not be replicated in multiinstitutional studies, or with extended 
followup. A prospective randomized study that compared m-BACOD 
with CHOP showed no difference in the CR rates, DFS, or OS.** Because 
of these conflicting data, a four-arm phase III study was conducted and 
enrolled patients in a randomized prospective trial comparing CHOP, 
m-BACOD, MACOP-B, and ProMACE/CytaBOM.™ This landmark 
trial enrolled 897 patients with intermediate- or high-grade lymphoma, 
of whom 85 percent had diffuse or follicular large cell lymphoma. In 
the trial, each of these regimens produced equivalent results. The 
DFS was 35 to 40 percent with a 4-year survival of 36 percent in the 
patients who received CHOP, 34 percent in the m-BACOD group, 45 
percent in those treated with ProMACE/CytaBOM, and 39 percent in 
the MACOP-B group (p = 0.14). CHOP chemotherapy was the safest 
regimen, with only 1 percent treatment-related mortality compared to 
6 percent mortality with MACOP-B. In this randomized phase III trial, 
the more intensive regimens offered no improvement in the remission 
rate, DFS, or OS compared to the simpler and safer CHOP regimen. In 
retrospect, the improved complete response rates observed in the ini- 
tial, single-institution phase II clinical trials of the augmented regimens 
appear to have been a result of enrollment of a disproportionate patients 
with favorable IPI scores. 

In 2002, a major randomized clinical trial conducted by GELA 
demonstrated not only increased efficacy, but minimal added toxicity, 
with the addition of the monoclonal antibody rituximab to CHOP in 
older adults with DLBCL.** In this study, 399 patients 60 to 80 years 
of age with newly diagnosed DLBCL were randomized to receive either 
eight cycles of CHOP given every 21 days (CHOP-21) or the same che- 
motherapy with eight infusions of rituximab. The combination of CHOP 
and rituximab significantly improved the CR rate from 63 to 76 percent, 
EFS from 38 to 57 percent, and OS from 57 to 70 percent compared 
to CHOP-21 without rituximab. There were no differences in toxicity 
other than a higher risk of minor cardiac events, many of which were 
attributed to rituximab infusion reactions. These results were confirmed 
by an ECOG group trial, in which 632 older patients were treated with 
six to eight cycles of CHOP-21 and randomized to the same chemother- 
apy plus five infusions of rituximab.” In this study, 2-year failure-free 
survival was 53 percent after a median followup of 3.5 years in patients 
receiving R-CHOP compared to 46 percent for patients receiving CHOP 
alone. A second randomization in this trial suggested that patients who 
received R-CHOP did not benefit from maintenance rituximab therapy. 
In the RICOVER-60 study, 1222 elderly patients were randomized to six 
or eight cycles of CHOP given every 14 days with leukocyte growth fac- 
tor support (CHOP-14) or six to eight cycles of R-CHOP-14.°* Six cycles 
of R-CHOP-14 significantly improved EFS, PFS, and OS compared to 
six cycles of CHOP-14. No benefit was conferred by administering eight 
cycles of R-CHOP-14 rather than six cycles of R-CHOP-14. 

The benefit of adding rituximab to CHOP-like chemotherapy in 
younger patients was subsequently confirmed by The Monoclonal 
Antibody Therapeutic International Trial (MInT) Group.” A total of 
824 patients with a good prognosis and an age-adjusted IPI of 0 or 1, 
and stage II to IV disease or stage I with bulky adenopathy, were ran- 
domized to receive six cycles of a CHOP-like regimens or the same 
regimen plus rituximab. Patients with bulky (>5 cm) disease received 
additional radiotherapy to those areas. After a median observation time 
of 34 months, the addition of rituximab increased the EFS from 59 
percent to 79 percent, and the OS from 84 percent to 93 percent, both 
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statistically significant findings (p <0.05). These results suggest that 
six cycles of rituximab with a CHOP-like regimen is the best therapy 
for young patients with good-prognosis DLBCL. Subset analysis sug- 
gested that patients with an IPI of zero and no bulky disease represent 
a very favorable subgroup with a 3-year EFS of 89 percent whereas 
patients with an age-adjusted IPI of 1 and bulky disease represent a less- 
favorable subgroup with only a 74 percent 3-year EFS. 

Investigators have attempted to improve the efficacy of R-CHOP 
by reducing the time between doses to every 14 days (R-CHOP-14), 
thereby increasing the “dose-density:’ Unfortunately, three randomized 
trials have shown no improvement in EFS, PFS, or OS with R-CHOP-14 
compared to R-CHOP-21, and the dose-dense regimen was associated 
with increased hematologic toxicity.’ On the other hand, an intensi- 
fied combination chemotherapy regimen developed for younger patients 
by GELA, known as R-ACVBP (rituximab, doxorubicin, cyclophos- 
phamide, vindesine, bleomycin, and prednisone as induction, followed 
by consolidation, including methotrexate, etoposide, and cytarabine) 
was shown to have superior EFS (81 percent vs. 67 percent) and OS 
(92 percent vs. 84 percent) compared to R-CHOP-21 in a randomized 
trial of 379 DLBCL patients younger than the age of 60 years with an 
age-adjusted IPI of 1.° However, patients experienced a substantially 
higher risk of hematologic toxicity and serious adverse events with 
R-ACVBP (42 percent vs. 15 percent with R-CHOP). 

In a novel strategy to enhance chemotherapy efficacy, investiga- 
tors at the United States National Cancer Institute developed an infu- 
sional chemotherapy regimen known as EPOCH (containing etoposide, 
prednisone, vincristine, cyclophosphamide, and doxorubicin). In this 
regimen, vincristine, etoposide, and doxorubicin are administered by 
continuous infusion over 96 hours, and cyclophosphamide is admin- 
istered as a bolus. The regimen is based on in vitro data that showed 
that lymphoma cells exhibited less chemotherapy resistance when 
exposed to prolonged low concentrations of vincristine, doxorubicin, 
and etoposide than when exposed to brief, higher concentrations of 
the same drugs. EPOCH was initially evaluated in 131 patients with 
relapsed or refractory lymphoma and demonstrated a 74 percent over- 
all response rate and tolerable toxicity.“ Pharmacokinetics demon- 
strated considerable interpatient variability and suggested the need for 
dose adjustments to optimize outcomes for individual patients.“ This 
observation led to incorporation of a dose-adjustment strategy based 
on the observed hematopoietic nadir with each cycle of treatment. 
Fifty patients with previously untreated DLBCL were treated with 
dose-adjusted EPOCH and demonstrated a complete response rate of 
92 percent with PFS and OS rates of 70 and 73 percent, respectively. 
In a subsequent trial, 72 patients with untreated DLBCL were treated 
with dose-adjusted EPOCH and rituximab with 5-year PFS and OS of 
79 percent and 80 percent, respectively.” A randomized study comparing 
rituximab plus EPOCH (R-EPOCH) to R-CHOP in untreated DLBCL 
has recently been completed but the results have not yet been reported 
(Cancer and Leukemia Group B study 50303).* 

In summary, R-CHOP administered every 21 days has emerged 
as the modern standard of care for DLBCL, based on the demonstra- 
tion of superior outcomes and acceptable toxicity compared to CHOP 
in randomized clinical trials. Neither intensifying therapy by add- 
ing chemotherapy agents, nor altering dose density, have substantially 
improved upon the therapeutic ratio of the standard R-CHOP regimen. 
As a novel approach, infusional chemotherapy with dose-adjusted R- 
EPOCH remains under investigation in a prospective randomized trial in 
the United States. An improved understanding of the heterogeneous biol- 
ogy of DLBCL, and identification of tumor-defined prognostic subgroups 
with therapy modified accordingly, may soon permit tailored treatment 
approaches to maximize cure rates for the ABC and GCB subtypes. 


ROLE OF HIGH-DOSE CHEMOTHERAPY AND 
AUTOLOGOUS STEM CELL TRANSPLANTATION 
IN INITIAL THERAPY 


High-dose chemotherapy with autologous stem cell transplantation 
(ASCT) has been established as the standard of care for patients with 
relapsed, chemotherapy-sensitive aggressive lymphomas. However, the 
role of ASCT as part of initial treatment remains very contentious.” 
A recent phase III U.S. cooperative group study evaluated this question 
by enrolling 397 patients with high-intermediate and high-risk aggres- 
sive non-Hodgkin lymphoma who were treated with CHOP or R-CHOP 
and then randomized responders (N = 253) to ASCT or further chemo- 
therapy alone.” The ASCT group achieved superior PFS after 2 years 
(69 percent vs. 55 percent for further chemotherapy, p = 0.005) but no 
difference in OS was observed (74 percent vs. 71 percent, p = 0.3). In an 
unplanned subgroup analysis, patients with high-risk DLBCL based on 
the IPI achieved superior PFS and OS with ASCT. 

A meta-analysis evaluated the role of high-dose chemotherapy 
with ASCT as part of initial treatment.” Fifteen randomized control tri- 
als including 3079 patients were eligible for this meta-analysis. Overall 
treatment-related mortality was 6 percent in the ASCT group, which 
was not significantly different than with conventional chemotherapy. 
Thirteen studies including 2018 patients showed significantly higher 
CR rates in the group receiving ASCT (p = 0.004). However, ASCT did 
not have an effect on OS, when compared to conventional chemother- 
apy. Subgroup analysis of prognostic groups according to IPI did not 
show any survival difference between ASCT and chemotherapy alone in 
12 trials. EFS also showed no significant difference between ASCT and 
conventional chemotherapy. 

High-dose chemotherapy and ASCT is not routinely recom- 
mended as part of frontline therapy of DLBCL. Some authorities believe 
that high-risk DLBCL patients who achieve at least a PR with firstline 
therapy may achieve superior outcomes if consolidated with ASCT, but 
available data supporting this approach are flawed, preventing uniform 
adoption. Because abbreviated courses of chemotherapy prior to trans- 
plantation impair outcomes, patients should receive a full course of 
standard chemotherapy even if subsequent ASCT is planned. 


RECURRENT AND REFRACTORY DIFFUSE 
LARGE B-CELL LYMPHOMA 
Chemotherapy 


Despite major advances in initial treatment of advanced DLBCL a sub- 
stantial proportion of patients is either refractory to initial induction 
chemotherapy or relapses after chemotherapy. Relapse usually occurs 
within the first 2 years after diagnosis, and the probability of long-term 
survival among immunochemotherapy-treated patients who survive 
2 years from DLBCL diagnosis without an event (relapse, retreatment, 
or death) is similar to age-matched controls.” Several second-line reg- 
imens have been evaluated in refractory and relapsed DLBCL with 
response rates of 50 to 70 percent, but none of these regimens has 
distinguished itself as the preferred regimen. The use of single agents, 
such as etoposide,” cytarabine, mitoxantrone," lenalidomide,” and 
paclitaxel,* result in response rates from 20 to 40 percent; however, 
responses to monotherapy are generally not long-lasting. 

A prospective phase II study of EPOCH was examined in 131 
patients with relapsed or resistant lymphoma. In 125 assessable 
patients, 29 (23 percent) achieved complete responses and 60 (48 per- 
cent) achieved partial responses. Among 42 patients with resistant 
disease, 57 percent responded, and in 28 patients with relapsed lym- 
phomas, 89 percent responded with 54 percent complete responses. 
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With a median followup of 76 months, the overall and EFSs were 17.5 
and 7 months, respectively. In 33 patients with chemotherapy-sensitive, 
aggressive disease who did not receive ASCT, EFS was 19 percent at 
36 months. 


The addition of rituximab to the ifosfamide-carboplatin-etoposide 
(ICE) chemotherapy regimen (R-ICE) increased the CR rate of patients 
with relapsed or primary refractory DLBCL under consideration for 
ASCT.™ The CR rate was 53 percent, significantly better than the 27 per- 
cent CR rate (p = 0.01) achieved among 147 similar, consecutive histor- 
ical control patients with DLBCL treated with ICE. PFS for patients who 
underwent transplantation after R-ICE was marginally better than those 
of 95 consecutive historical control patients who underwent transplan- 
tation after ICE (54 percent vs. 43 percent, P = 0.25). 

A prospective study of 122 patients with relapsed and refractory 
DLBCL evaluated the role of etoposide, methylprednisolone, cytara- 
bine, and cisplatin (ESHAP).* Forty-five patients (37 percent) attained 
a CR and 33 (27 percent) attained a PR, for a total response rate of 
64 percent. The median duration of CR was 20 months, with 28 percent 
in CR at 3 years. The overall median survival duration was 14 months 
with an OS rate of 31 per cent after 3 years. Only 10 percent of all 
patients were alive and disease free after 40 months, however. 

A randomized trial of second-line chemotherapy was published in 
2010, comparing three cycles of either R-ICE or R-DHAP (rituximab, 
dexamethasone, high-dose cytarabine, and cisplatin) before planned 
ASCT.* This study of 396 patients demonstrated no difference in terms 
of efficacy (response rate 64 percent vs. 63 percent) or survival (3-year 
OS 47 percent vs. 51 percent) with R-ICE or DHAP, respectively. In the 
absence of high-level evidence supporting one salvage regimen over 
another, treatment for relapsed/refractory DLBCL requires individual- 
ized consideration of comorbidities and patient factors. 


Autologous Stem Cell Transplantation 

The role of ASCT in relapsed DLBCL was demonstrated in a randomized 
trial of 109 patients who responded to salvage chemotherapy with the 
DHAP chemotherapy regimen and were randomly assigned to receive 
four courses of chemotherapy plus radiotherapy (54 patients) or radio- 
therapy plus intensive chemotherapy and ASCT (55 patients).*’ After 5 
years, the EFS was 46 percent in the transplantation group and 12 per- 
cent in the chemotherapy/radiotherapy group (p = 0.001), and the rate of 
OS was 53 and 32 percent, respectively (p = 0.038). Patients with relapsed 
or primary refractory DLBCL who achieved CR before ASCT, had bet- 
ter outcomes than those who achieved only PR. Disease sensitivity at 
the time of ASCT and time from initial diagnosis to relapse remain key 
prognostic variables for predicting treatment outcome after standard 
ASCT.***” Patients who undergo ASCT when the disease is resistant to 
the initial induction therapy have less than a 20 percent probability of 
durable DFS. 


Allogeneic Hematopoietic Stem Cell Transplantation 

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) has 
also been used in patients with DLBCL. The European Bone Marrow 
Transplant Group performed a case-controlled study by matching 101 
allo-HSCT patients with 101 ASCT patients. The PFS was similar 
in both types of transplants (49 percent for allo-HSCT vs. 46 percent 
for ASCT). The overall relapse and progression rate for the allo-H- 
SCT patients was 23 percent compared with 38 percent for the ASCT 
patients. This difference was not statistically significant. Nine patients 
who had undergone ASCT died from early procedure-related toxicity 
and 17 patients who had undergone allo-HSCT died from early pro- 
cedure-related toxicity. To reduce the treatment-related mortality asso- 
ciated with allo-HSCT, nonmyeloablative preparative regimens were 


developed to minimize the toxicity associated with standard high-dose 
chemotherapy, achieve sufficient engraftment to prevent graft rejection 
and exploit the graft-versus-tumor effect of allo-HSCT. In a prospec- 
tive study, 31 patients with DLBCL and one patient with Burkitt lym- 
phoma received allo-HSCT following 2 Gy total-body irradiation with 
or without fludarabine.* Twenty-four patients had undergone prior 
ASCT. With a median followup of 45 months, 3-year OS and PFS were 
45 percent and 35 percent, respectively. Three-year cumulative inci- 
dences of relapse and nonrelapse mortality were 41 percent and 25 
percent, respectively. Cumulative incidences of acute graft-versus-host 
disease (GVHD) grades II to IV, grades II and IV, and chronic GVHD 
were 53, 19, and 47 percent, respectively. In another study, 48 consec- 
utive patients with relapsed or refractory DLBCL (30 patients with de 
novo disease and 18 patients with transformed follicular lymphoma) 
underwent transplantation with an alemtuzumab-containing regimen.” 
The PFS and OS rates after 4 years were 48 and 47 percent, respectively. 
Seventeen percent of patients developed grades II to IV acute GVHD, 
and 13 percent experienced extensive chronic GVHD. Four-year esti- 
mated nonrelapse mortality was 32 percent, and relapse risk was 33 
percent. Although these results are promising, allo-HSCT cannot be 
recommended before ASCT except in the context of a clinical trial. 


Radioimmunotherapy 

Radioimmunotherapy as monotherapy is not recommended for 
DLBCL but its role as part of a conditioning regimen prior to ASCT 
has been encouraging. A phase II trial evaluated the safety and efficacy 
of combining Y-ibritumomab tiuxetan with high-dose carmustine, 
cytarabine, etoposide, and melphalan (BEAM) and ASCT in patients 
with lymphoma who were considered ineligible for total-body irradi- 
ation because of older age or prior radiotherapy.” The addition of *°Y- 
ibritumomab tiuxetan to BEAM with ASCT was feasible and the tox- 
icity and tolerability profile similar to that observed with BEAM alone. 
Similarly, !I-tositumomab (up to 0.75 Gy) was combined with BEAM 
followed by ASCT for the treatment of chemotherapy-resistant relapsed 
or refractory lymphoma. Short-term and long-term toxicities were sim- 
ilar to that in patients previously treated with BEAM alone, with an OS 
rate of 55 percent and an EFS rate of 39 percent.” 


Summary of Approach to Patients with Relapsed Disease 
Patients with relapsed disease should receive multidrug chemotherapy, 
such as R-ICE or R-DHAP. If chemosensitivity is demonstrated and no 
contraindications are present, ASCT should be performed. If patients are 
elderly or have comorbid conditions the goal should be palliation. Radio- 
therapy can be used to alleviate symptoms at particular sites of involvement 
in patients with relapsed DLBCL and single-agent therapy can be used but 
with low expected response rates and duration of responses. 


@ COURSE AND PROGNOSIS 
INTERNATIONAL PROGNOSTIC INDEX 


In 1993, a model was proposed to assign a prognosis to patients 
with aggressive lymphoma undergoing treatment with doxorubicin- 
containing chemotherapeutic regimens termed the international prog- 
nostic index (IPI).°*°* The model used clinical data, including (1) tumor 
stage, (2) serum LDH level, (3) number of extranodal disease sites 
involved, (4) performance status, and (5) patient age. This model resulted 
in the IPI, which is used to forecast the behavior of aggressive lymphoma 
(Table 98-5 and Fig. 98-1). For patients younger than age 60 years, an 
age-adjusted IPI has been proposed in which all the factors of the IPI are 
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TABLE 98-5. International Prognostic Factor Index for 
Non-Hodgkin Lymphoma” 


Risk factors 
Age older than 60 years 
Serum lactic dehydrogenase greater than twice normal 
Performance status >2 
Stage Ill or IV 


Extranodal involvement at more than 1 site 


Each factor accounts for 1 point, for a total score that ranges from 0 to 
3 for patients younger than 61 years of age. The latter age-adjusted 
index includes all variables except for age and extranodal sites. For 
patients 61 years of age and older, a total score ranges from 0 to 5 
and includes each variable shown in this table. 


used, except for age and presence of extranodal sites. The 5-year survival 
rates for patients age 60 years or younger with IPI scores of 0, 1, 2, and 
3 were 83, 69, 46, and 32 percent, respectively (Table 98-6).” To better 
estimate prognosis among modern DLBCL patients, a revision of the IPI 
was recently developed by the National Comprehensive Cancer Network 
(the NCCN-IPI).* This model employs the same five risk factors but uses 
a different scoring algorithm, and improves discrimination of groups 
treated with rituximab-containing chemoimmunotherapy. 


GENE-EXPRESSION PROFILING AND 
DETERMINATION OF DIFFUSE LARGE B-CELL 
LYMPHOMA SUBTYPES 


Gene-expression profiling has also been used to delineate groups of 
patients with DLBCL who may differ in their response to therapy and 
prognosis (Fig. 98-2).'*17°°°” Six genes identified by gene-expression 
analysis and detected by quantitative real-time polymerase chain reac- 
tion can identify three prognostic groups in patients with DLBCL.”* The 
six genes that were used in this model occur in the germinal center B-cell 
signature (LMO2, BCL6), activated B-cell signature (BCL2, CCND2, 
SCYA3), and lymph node signature (FN1). In this study, expression of 
LMO2, BCL6, and FN1 correlated with prolonged survival, whereas 
expression of BCL2, CCND2, and SCYA3 correlated with short survival. 
Protein immunohistochemistry (IHC) has also been used to delineate 
DLBCL subtypes, but shows imperfect concordance with gene expres- 
sion results.” Even though various algorithms have been developed for 
subtyping DLBCL by IHC, further refinement is needed prior to relying 
on IHC for management decisions and prognostication. 


SERUM LACTIC DEHYDROGENASE AND 
B,-MICROGLOBULIN 


Patients with an elevated £.-microglobulin level and high serum LDH 
have a poor prognosis, with a 26 percent survival compared to 81 
percent survival in patients without elevation of either of these markers.” 


PRESENCE OF MYC GENE REARRANGEMENT 
OR ELEVATED PROTEIN EXPRESSION 


Approximately 10 percent of DLBCL patients harbor a translocation 
involving the MYC gene. Patients with a MYC rearrangement detected 


Overall survival 
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Death rate per year 


Figure 98-1. (Left panels) Kaplan-Meier survival curves for the 
four risk groups.” (Right panels) Death rates during the study 
period. Only 2031 of the 3273 patients had sufficient relevant 
information for classification according to the international 
index. H, high risk; HI, high-intermediate risk; L, low risk; LI, 
low-intermediate risk. 
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by fluorescence in situ hybridization (FISH) have been shown to have 
an inferior 5-year survival of 33 percent when treated with standard 
R-CHOP therapy, compared to 72 percent survival for those without 
MYC rearrangements.’ Concurrent translocation of BCL2 or BCL6 
is seen in a subset of cases. These “double-hit” lymphomas are often 
classified morphologically as “B-cell lymphoma, unclassifiable, with 
features intermediate between DLBCL and Burkitt lymphoma’ using 
the 2008 WHO classification of lymphomas and have a very bad prog- 
nosis.” MYC protein overexpression by IHC is also associated with an 
inferior prognosis, particularly when accompanied by BCL2 protein 
overexpression. 00? 


POSITRON EMISSION TOMOGRAPHY 


Fluorine-18-fluorodeoxyglucose-positron emission tomography (FDG- 
PET) is used for initial staging and at the end of treatment (to assess 
remission status) in patients with DLBCL. FDG-PET is superior to 
computed tomography imaging in detecting nodal and extranodal sites 
of aggressive lymphoma, with the potential to alter stage, prognosis, and 
selection of therapy.'” In addition, FDG-PET performed at the end of 
therapy is highly informative. A negative PET predicts a high proba- 
bility of disease control, and is required to designate a CR by modern 
response criteria.*! Other uses of PET in DLBCL are investigational 
or not routinely recommended. 


TABLE 98-6. Outcome According to Risk Group Defined by the International Prognostic Index” 


Complete 


International Index No. of Risk Factors Response Rate (%) 


Relapse-Free Survival (%) Survival (%) 


INTERNATIONAL PROGNOSTIC INDEX, ALL PATIENTS 


2-Year 5-Year 2-Year 5-Year 
Low Oor1 87 79 70 84 73 
Low-intermediate 2 67 66 50 66 5il 
High-intermediate 3 55 59 49 54 43 
High 4or5 44 58 40 34 26 
AGE-ADJUSTED INTERNATIONAL INDEX, PATIENTS <61 YEARS OF AGE 

2-Year 5-Year 2-Year 5-Year 
Low 0 92 88 86 90 83 
Low-intermediate 1 78 74 66 79 69 
High-intermediate 2 57 62 58 59 46 
High 3 46 61 58 37 32 
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Figure 98-2. Overall survival in a group of patients with diffuse large 
B-cell lymphoma whose cell of origin was determined by gene-expression 
profiling." Survival of patients with diffuse large B-cell lymphoma whose 
malignant cells were thought to arise from a germinal center B cell was sig- 
nificantly better than in patients whose cell of origin arose from activated 
B cells. 


@ PRESENTATION AND THERAPY FOR 
SPECIFIC DIFFUSE LARGE B-CELL 
LYMPHOMA SUBTYPES AND RELATED 
MATURE B-CELL NEOPLASMS 


PRIMARY TESTICULAR LYMPHOMA 


Primary testicular lymphoma represents 1 to 2 percent of all lympho- 
mas, with an estimated incidence of 0.26 per 100,000 males per year." 
Even though lymphomas account for only 1 to 7 percent of all testicu- 
lar malignancies, they represent the most common testicular tumor in 
men older than 50 years of age. Histologically, 80 to 90 percent of pri- 
mary testicular lymphomas are DLBCL, with a mean age at diagnosis of 
68 years (range: 21 to 98 years).'°!"” Most patients present with stage I 
or II disease with isolated involvement of the right or left testis equal in 
frequency, whereas 6 percent of cases have bilateral involvement. Pri- 
mary testicular lymphoma shows a tendency to disseminate to several 
extranodal sites, including the contralateral testis, CNS, skin, Waldeyer 
ring, lung, pleura, and soft tissues. Treatment using radiation therapy 
alone provides suboptimal disease control, even for patients with stage 
I disease. Chemotherapy without anthracyclines was shown to produce 
inferior results compared with regimens containing anthracyclines. 
Thus, R-CHOP is the regimen recommended by most lymphoma spe- 
cialists following orchiectomy for testicular DLBCL, with a median OS 
of 4.4 years. Radiation therapy to the contralateral testis should also be 
administered.'°1°*' CNS prophylaxis with intrathecal chemotherapy 
or high-dose methotrexate should be strongly considered because of the 
observed propensity for CNS relapses. 
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LYMPHOMA DURING PREGNANCY 


Lymphoma is the fourth most frequent malignancy diagnosed during 
pregnancy, occurring in approximately 1 in 6000 deliveries." Reports 
of therapeutic interventions in pregnant patients with lymphoma are 
limited, and management recommendations are largely based on small 
retrospective studies and case reports. Both radiation therapy and che- 
motherapy during pregnancy are potentially teratogenic. Fetal exposure 
to antineoplastic agents may result in impaired growth, diminished 
neurologic and/or intellectual function, decreased gonadal and repro- 
ductive function, mutagenesis of germline tissue, and carcinogenesis." 
The risks of treatment to the fetus are greatest during the first trimester 
and therapeutic abortion is a consideration under these circumstances. 
CHOP during the second and third trimesters may be administered rel- 
atively safely with little risk of significant adverse fetal outcomes." 
The prognosis of patients who receive optimal chemotherapy is similar 
to that of nonpregnant patients." 

Only a few cases of rituximab administration during pregnancy 
have been reported, most of them for the treatment of nonmalignant 
disorders such as autoimmune diseases. Patients with supradiaphrag- 
matic stage I disease may be considered for localized radiotherapy as 
a temporary measure until the second trimester, when chemotherapy 
holds less risk for the fetus." Patients in the second or third trimester 
should be treated with full-dose chemotherapy. 


PRIMARY MEDIASTINAL LARGE B-CELL 
LYMPHOMA 


Definition 
Primary mediastinal large B-cell lymphoma arises in the mediastinal 
lymphatic structures, probably from a thymic B-cell precursor. 


Epidemiology 

This variant type of DLBCL accounts for approximately 3 percent of 
lymphomas, and is most commonly seen in young and middle-aged 
adults, with about two-thirds of cases occurring in females. 


Clinical Features 

The clinical presentation is typically with an anterior mediastinal mass 
that is locally invasive into neighboring tissues including the lungs and 
pericardium. Upper airway obstruction and superior vena cava syn- 
drome occur in approximately 40 percent of patients.'! Regional lymph 
nodes, especially the cervical chain, are often involved, but distant nodal 
involvement at presentation is uncommon with this entity. Relapses 
tend to be extranodal, including sites such as the liver, gastrointestinal 
tract, kidneys, ovaries, and CNS. Marrow involvement is very unusual. 


Laboratory Features 

PMBCL and Hodgkin lymphoma exhibit similar gene-expression pro- 
files, raising questions about biologic relationships.’*''? Sometimes 
bizarre multinucleated cells mimicking Reed-Sternberg cells are seen 
in PMBCL along with other morphologic features suggestive of Hodg- 
kin lymphoma. Fibrotic bands may be prominent in biopsies, leading to 
the appellation “primary B-cell mediastinal lymphoma with sclerosis” 
IHC may be helpful in the differential diagnosis since primary medi- 
astinal lymphoma expresses weak CD30, lacks CD15 antigen as seen 
in Hodgkin lymphoma, and expresses B-cell-associated antigens CD19, 
CD20, CD22, and CD79a.!'* Other useful markers include the melano- 
cytic marker, HMB-45, keratin, and placental leukocyte alkaline phos- 
phatase which can help distinguish PMBCL from sarcoma, melanoma, 
thymoma, and seminoma. 


Therapy 

Several regimens have been evaluated in PMBCL. A retrospective study 
compared the outcomes of 426 patients who had fibrotic tumor reac- 
tions (sclerosis) and previously untreated disease using CHOP-like regi- 
mens, third-generation (MACOP-B, VACOP-B [etoposide, doxorubicin, 
cyclophosphamide, vincristine, prednisone, and bleomycin], ProMACE 
CytaBOM) regimens, or high-dose chemotherapy with autologous hemato- 
poietic stem cell transplantation." With chemotherapy, the CR rates were 
49, 51, and 53 percent with first-generation, third-generation, and high- 
dose chemotherapy treatments, respectively. All patients who achieved CR 
or PR had radiation therapy to the mediastinum. The final CR rates were 
61 percent for CHOP-like regimens, 79 percent for MACOP-B and other 
regimens, and 75 percent for high-dose chemotherapy/autologous hemato- 
poietic stem cell transplantation. Projected 10-year PFS rates were 35, 67, 
and 78 percent, respectively, and projected 10-year OS rates were 44, 71, 
and 77 percent, respectively. 

In another retrospective study of 138 patients with PMBCL the 
effectiveness of two chemotherapy regimens (CHOP vs. MACOP-B/ 
VACOP-B) and the role of mediastinal IFRT as consolidation were eval- 
uated.” CR occurred in 51 percent of the CHOP group and 80 percent 
in MACOP-B/VACOP-B. EFS was 40 percent with CHOP and 76 per- 
cent in the MACOP-B/VACOP-B group. The addition of IFRT improved 
the outcome, regardless of the type of chemotherapy used. The incor- 
poration of rituximab in the dose-adjusted EPOCH regimen, without 
radiotherapy consolidation, resulted in 97 percent OS and 93 percent 
EFS in a nonrandomized, phase II clinical trial. Based on this study, 
which included 5-year followup data, many authorities believe that the 
dose-adjusted R-EPOCH regimen should be the preferred firstline regi- 
men for this entity, without routine incorporation of radiotherapy. 


LYMPHOMATOID GRANULOMATOSIS 


Definition 

Lymphomatoid granulomatosis is a rare lymphoproliferative disorder 
characterized by angiocentric and angiodestructive Epstein-Barr virus 
(EBV)-driven B-cell proliferation associated with extensive reactive 
T-cell infiltration.’ 


Epidemiology 
Approximately two-thirds of cases occur in males. The median age of 
presentation is in the fifth decade of life, although pediatric cases occur. 


Clinical Features 

The lung is the most common site of involvement (90 percent), fol- 
lowed by the skin (25 to 50 percent), kidney (30 to 40 percent), liver 
(29 percent), and CNS (26 percent). The spleen and the lymph nodes 
are uncommonly involved.'” Nearly all patients are symptomatic at pre- 
sentation with cough, dyspnea, chest pain, fever, weight loss, and joint 
pain. Abdominal pain and diarrhea occur as a result of gastrointestinal 
involvement and various neurologic signs, including diplopia, ataxia, 
and mental status changes may occur as a result of CNS involvement. 
Skin manifestations are clinically diverse, and include ulcerations, 
plaques, and maculopapules, although subcutaneous nodules are most 
common. 


Laboratory Features 
Imaging Studies Pulmonary involvement typically involves bilateral, 
lower lobe nodules, which frequently cavitate. Nodules may also be 
found in the brain and kidney and other locations. 

Histopathology The grading of lymphomatoid granulomato- 
sis depends upon the proportion of EBV-positive B cells identified by 
in situ hybridization with an EBV-encoded RNA probe relative to the 
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number of reactive lymphocytes in the background.” Grade 1 lesions 
contain a polymorphous lymphoid infiltrate without cytologic atypia. 
Large transformed lymphoid cells are absent or rare and EBV-positivity 
is detectable in only a few cells. Grade 2 lesions contain occasional large 
lymphoid cells or immunoblasts in a polymorphous background. In situ 
hybridization for EBV readily identifies EBV-positive cells, which are 
present at 5 to 20 per high-power field. Grade 3 lesions continue to show 
an inflammatory background, but contain frequent large atypical B cells 
that are CD20-positive. By in situ hybridization, EBV-positive cells are 
numerous (>50/high-power field). 


Therapy and Prognosis 

The clinical prognosis is variable in lymphomatoid granulomatosis 
with a median survival of 2 years.’ Poor prognostic features include 
neurologic involvement and higher pathologic grade. The disease is 
uncommon and the optimal treatment regimen is unclear. In a pro- 
spective study, patients with grades I and II disease were treated with 
interferon-a, whereas those with grade III lesions received dose- 
adjusted R-EPOCH chemotherapy.'** Among 27 patients with grade I or 
II disease treated with interferon-a, 56 percent were in continuous CR 
for a median of 52 months. Among grade III patients treated with dose- 
adjusted R-EPOCH, 40 percent achieved CR, with OS and PFS rates of 
69 and 82 percent, respectively, after a median follow up of 46 months. 


INTRAVASCULAR LARGE B-CELL LYMPHOMA 


Definition 

Intravascular large B-cell lymphoma is a rare type of extranodal large 
B-cell lymphoma characterized by selective growth of lymphoma cells 
within the lumina of vessels, sparing the large arteries and veins.” 


Epidemiology 
This tumor usually occurs in adults in the sixth and seventh decade. It 
occurs equally in men and women. 


Clinical Features 

The clinical manifestations of this lymphoma are extremely variable, 
with most symptoms related to the organs affected. Two major patterns 
of clinical presentation have been recognized: the first is in European 
countries with brain and skin involvement and the second in the Asian 
countries where patients typically present with multiorgan failure, hepa- 
tosplenomegaly, pancytopenia and hemophagocytic syndrome. -1 B 
symptoms (fever, drenching sweats, and weight loss) are common in 
both types. An isolated cutaneous variant almost unique to Western 
countries has been identified in females and is associated with a better 
prognosis.’* In this variant, skin lesions range from single to striking 
clusters of nodules and tumors which may appear as violaceous plaques, 
erythematous nodules, or ulcerating tumors, which are often painful. 
These lesions commonly appear on the arms and legs, abdomen and 
breasts, but may occur anywhere. 


Laboratory Features 

There are no laboratory findings specific for intravascular B cell lym- 
phoma. Increased LDH and £,-microglobulin levels are observed in 
most patients. An elevated erythrocyte sedimentation rate and abnor- 
malities in hepatic, renal, and thyroid function are also common. 
Tumor cells express B-cell—associated antigens and occasionally express 
CD5. 


Therapy 
Anthracycline-based chemotherapy is the standard of care for this 
type of lymphoma and retrospective studies suggest that the addition 


of rituximab improves clinical outcomes.'*’' One study analyzed 
106 patients who received chemotherapy either with rituximab (R-che- 
motherapy, n = 49) or without rituximab (chemotherapy, n = 57). 
The CR rate was 82 percent for patients in the R-chemotherapy group 
compared to 51 percent in the chemotherapy-alone group (p = 0.001). 
PFS and OS rates 2 years after diagnosis were 56 and 66 percent, respec- 
tively, in the R-chemotherapy group, compared with 27 and 46 percent 
for patients in the chemotherapy-alone group (p = 0.001 for PFS and p = 
0.01 for OS). More intensive chemotherapy including high-dose metho- 
trexate and/or high-dose cytarabine are recommended for patients with 
CNS involvement (e.g., R-CHOP with high-dose methotrexate). Many 
authorities believe that CNS prophylaxis is warranted even in cases of 
intravascular large cell lymphoma without demonstrable CNS disease at 
diagnosis, because of the high rate of CNS relapse. 


POSTTRANSPLANT LYMPHOPROLIFERATIVE 
DISORDERS 


Definition 

Posttransplantation lymphoproliferative disorders (PTLD) result from 
lymphoid or plasmacytic proliferations that develop in the setting of 
solid-organ or marrow transplantation. Although PTLD represents an 
uncommon complication in transplant patients, it is a significant cause 
of morbidity and mortality.’ 


Epidemiology 

The incidence of PTLD is approximately 1 to 2 percent in solid-organ 
transplant recipients, which is 30 to 50 times higher than the incidence 
of lymphoproliferative diseases in the immunocompetent general pop- 
ulation.’ There is a clear association between PTLD and the type of 
organ transplanted. Among the most commonly transplanted solid 
organs, heart, lung, and intestinal transplantation have the highest inci- 
dences of PTLD,'* with the highest risk occurring in the first year after 
transplantation. The incidence of PTLD after blood or marrow trans- 
plantation is lower than after solid-organ transplantation and ranges 
from 0.5 to 1.0 percent in reported series. 


Pathogenesis 

The major risk factors that have been identified for the development of 
PTLD include EBV-positive serology pretransplantation, type of organ 
transplanted, and intensity of immunosuppressive regimen used." 
The onset of posttransplantation lymphoma in most patients is related 
to B-cell proliferation induced by infection with EBV in the setting of 
chronic immunosuppression. The genome of the virus can be detected 
in the cells of the majority of cases." However, in approximately 20 to 
30 percent of cases the virus is undetectable in involved tissues.'° 
Involvement of the lymph nodes, gastrointestinal tract, lungs, and 
liver are common with all types of allografts. The majority of PTLDs 
in solid-organ transplant recipients are of host origin. In contrast, the 
majority of PTLDs in hematopoietic stem cell allografts are of donor 
origin. Involvement of the grafted organ occurs in approximately 30 per- 
cent of patients and may lead to organ damage and fatal complications."' 


Therapy 

Management of PTLD is not uniform. A wide variety of approaches, 
including decreasing the dose of immunosuppressive drugs or adminis- 
tering antiviral therapy, interferon, intravenous immunoglobulin, adop- 
tive therapy with EBV-specific cytotoxic T lymphocytes, chemotherapy, 
radiation, and rituximab therapy, have been reported. If feasible, reduc- 
tion of immunosuppression is the first step in the management of such 
patients. Many cases of polyclonal PTLD resolve completely with a 
reduction in immunosuppressive therapy. Patients with late PTLD 
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and more aggressive monoclonal PTLD are less likely to respond. Rit- 
uximab has shown promising results in the treatment of CD20+ PTLD. 
In a multicenter prospective trial, 43 patients with previously untreated 
B-cell PTLD who failed to respond to tapering of immunosuppression, 
were treated with 4 weekly injections of rituximab at 375 mg/m.“ The 
overall response rate was 44 percent, with an OS of 86 per cent after 
80 days and 67 percent after 1 year. The only baseline factor predicting 
response at day 80 was a normal level of serum LDH. A retrospective 
study evaluated the efficacy and safety of chemotherapy salvage ther- 
apies in adult recipients of solid-organ transplants with a second pro- 
gression of PTLD after initial therapy with rituximab.” CHOP therapy 
achieved a favorable overall response rate of 70 percent in this setting, 
indicating that PTLD generally remains chemotherapy-sensitive after 
progression following initial therapy with rituximab. 

A prospective trial evaluated a stepwise treatment approach 
beginning with reduction of immunosuppression, then interferon-a, 
and finally chemotherapy with ProMACE-CytaBOM plus granulo- 
cyte-monocyte colony-stimulating factor.’ Sixteen eligible patients 
began treatment with reduced immunosuppression. The response rate 
to reduced immunosuppression was zero of 16 CR and one of 16 PR 
(6 percent). Six of the 16 patients (38 percent) had documented rejec- 
tion of the transplanted organ during the period of reduced immu- 
nosuppression. Eight of the 16 patients had documented progressive 
disease during the period of reduced immunosuppression. Thirteen 
patients underwent treatment with interferon, with two patients achiev- 
ing CRs (15 percent) and two achieving PRs (15 percent). Seven eligible 
patients proceeded to ProMACE-CytaBOM chemotherapy with five 
(67 percent) attaining CR. Four of the five CRs experienced remission 
durations of more than 2 years. The median survival for the treatment 
cohort as a whole was 19 months, with a range of 5 days to 60+ months. 
Overall survival was 50 percent at 2 years, 44 percent at 4 years, and 24 
percent at 8 years. 

The following sequence is currently recommended for PTLD: The 
first intervention should be reduction in immunosuppression, followed 
by four weekly cycles of rituximab if reduction of the immunosuppres- 
sion by itself is ineffective. If PTLD does not regress with these mea- 
sures, then six cycles of R-CHOP are recommended. 


T-CELL-HISTIOCYTE-RICH LARGE B-CELL 
LYMPHOMA 


Definition 

T-cell-histiocyte-rich large B-cell lymphoma is characterized by efface- 
ment of the architecture of the lymph node by a lymphohistiocytic 
infiltrate with a diffuse or vaguely nodular growth pattern.*'” There are 
a limited number of large atypical B cells occurring singly or in small 
clusters with a predominant background infiltrate composed of T cells 
and histiocytes, the latter usually of the nonepithelioid type. 


Epidemiology 

T-cell-histiocyte-rich large B-cell lymphoma accounts for less than 
5 percent of all cases of DLBCL and occurs at a younger age on average. 
The median age of onset is in the fourth decade, compared to the sixth 
decade for DLBCL."*"*! A male predominance is noted in most series, 
in contrast to DLBCL not otherwise specified, which occurs equally in 
men and women. 


Clinical Features 

This variant more often presents with advanced stage disease, B symp- 
toms, an elevated LDH, splenic infiltration and multiple extranodal sites 
(especially the marrow and liver) compared to standard DLBCL. 148-150152 


Therapy and Prognosis 

When treated with CHOP-like regimens, most series suggest that the out- 
come for these patients is similar to patients with typical DLBCL,'°"°!""™ 
with CR rates of approximately 60 percent, and 3-year and 5-year OS rates 
of 50 to 64 percent and 45 to 58 percent, respectively. Two case-control 
analyses have been performed comparing T-cell-histiocyte-rich large 
B-cell lymphoma and DLBCL with no differences in OS observed.'*'*° 
Based on these data, this subtype of large B-cell lymphoma should be 
treated in the same fashion as traditional DLBCL. Six cycles of R-CHOP 
for advanced disease is a reasonable initial approach to therapy. 


PRIMARY CUTANEOUS DIFFUSE LARGE B-CELL 
LYMPHOMA, LEG TYPE 


Definition 
This lymphoma is a primary cutaneous lymphoma composed solely of large 
transformed B cells that exhibits a predilection for the skin of the leg. 


Epidemiology 

Primary cutaneous DLBCLs of the leg type constitute approximately 
4 percent of all primary cutaneous B-cell lymphomas.”'* The median 
age at the time of presentation is 60 to 70 years. 


Clinical Features 

These lymphomatous tumors affect the skin of the legs in most cases, 
but approximately 10 percent arise at other sites.'°°'* Multiple tumors, 
sometimes ulcerating, are associated with poorer prognosis. There are 
frequent relapses and extracutaneous dissemination may occur. 


Laboratory Features 

The malignant B cells in this entity usually express CD20, BCL2, and 
FOX-P1. FISH of the lymphoma cells often detects translocations 
involving MYC, BCL6, or IGH genes. Amplification of the BCL2 gene 
is usually responsible for the high frequency of BCL2 overexpression. 
The t(14;18) translocation is generally not observed in this lymphoma 
variant. The gene-expression profile observed in this subtype suggests 
an activated B-cell origin. 


Therapy 

Anthracycline-containing chemotherapy with rituximab should be 
considered as initial therapy. The incorporation of rituximab improves 
the response rates and OS.'°*'5§ However, because of the advanced age 
of most patients with this variant at the time of diagnosis, aggressive 
combination chemoimmunotherapy may not be feasible due to patient 
frailty or comorbidities. In such circumstances, local radiation therapy 
or less-aggressive chemotherapy are reasonable. 


ANAPLASTIC LYMPHOMA KINASE-POSITIVE 
LARGE B-CELL LYMPHOMA 


Definition 

Anaplastic lymphoma kinase (ALK)-positive large B-cell lymphoma is 
an uncommon neoplasm of large immunoblast-like B cells that stain for 
nuclear and/or cytoplasmic ALK protein. 


Epidemiology 
‘The average age at presentation is in the fourth decade with a male pre- 
dilection. Most patients present with advanced stage disease. 


Clinical Features 
Patients with anaplastic DLBCL usually present with widespread dis- 
ease, with cervical and mediastinal nodes being the most frequent sites 
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of adenopathy, and the liver, spleen, bone and gastrointestinal tract 
being the most common sites of extranodal involvement.'”'® 


Laboratory Features 

The immunoblastic cells of anaplastic DLBCL typically have a large cen- 
tral nucleolus and may exhibit maturation to plasmablastic cells. The 
lymphoma cells stain for the ALK protein by immunohistocytochem- 
istry, usually with a granular cytoplasmic appearance though nuclear 
staining may also occur. These cells are usually negative for CD3, CD20, 
CD30, and CD79a. MUC1 mucin, a high-molecular-weight transmem- 
brane glycoprotein, also known as epithelial membrane antigen and 
CD 138 are usually strongly expressed by these cells. Monoclonal (light- 
chain restricted) IgA or IgG is generally present in the cytoplasm of the 
malignant cells. Occasional cases possess a t(2;17)(p23;q23) transloca- 
tion that results in a clathrin- ALK fusion protein. 


Therapy and Prognosis 

The clinical course of ALK-positive large B-cell lymphoma is aggres- 
sive with a median survival time of 24 months. Because the tumors 
are usually negative for CD20, the utility of rituximab is dubious for 
this entity. Anthracycline-based chemotherapy is often inadequate and 
more intensive therapies should be considered.'*'® 


HUMAN IMMUNODEFICIENCY RELATED 
DIFFUSE LARGE B-CELL LYMPHOMA VARIANTS 


Primary effusion lymphoma, plasmablastic lymphoma, and large B-cell 
lymphoma arising in human herpesvirus-8-associated multicentric 
Castleman disease usually develop in the setting of acquired immuno- 
deficiency induced by HIV and are discussed in Chap. 81. 
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CHAPTER 99 
FOLLICULAR LYMPHOMA 


Oliver W. Press 


Follicular Lymphoma (FL) is an indolent, neoplastic disorder of germinal 
center-derived B lymphocytes that afflicts approximately 14,000 people in the 
United States each year. It typically presents as a disseminated disorder with 
painless, diffuse lymphadenopathy and marrow infiltration, and may be asso- 
ciated with hepatosplenomegaly and circulating lymphoma cells in the blood. 
A characteristic translocation, t(14;18), is found in the cells of 85 percent of 
patients, which deregulates BCL2 protein expression and inhibits apoptosis of 
affected B cells. The cells typically express monoclonal surface immunoglob- 
ulin, CD10, CD19, CD20, CD22, CD45, and CD79a on their cell surface, but not 
CD5 or CD23. Patients are often asymptomatic at the time of presentation, and 
may live for many years in good health without therapy. On the other hand, 
most patients eventually develop progressive lymphadenopathy, causing 
symptoms mandating intervention. Many treatment regimens are effective 
at inducing remissions, including single-agent rituximab or chlorambucil; or 
several multidrug programs, including bendamustine plus rituximab (BR), 
rituximab, cyclophosphamide, vincristine, and prednisone (R-CVP); rituximab, 
cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP). None 
of these therapies, however, is considered curative and most patients eventu- 
ally relapse with recurrent disease. Autologous and allogeneic hematopoietic 
cell transplantation (HCT) can induce prolonged remissions in many patients 
with relapsed FL, but the role of HCT in this disease is controversial. Histologic 
transformation to aggressive lymphoma occurs in 30 to 40 percent of patients, 
usually leading to death within a few years of transformation. 


@ DEFINITION AND HISTORY 


Follicular lymphoma (FL) is an indolent lymphoid neoplasm that is 
derived from mutated germinal center B cells and exhibits a nodular 
or follicular histologic pattern. It is typically composed of a mixture of 


Acronyms and Abbreviations: ADCC, antibody-dependent cellular cytotoxic- 
ity; BR, bendamustine and rituximab; CDC, complement-dependent cytotoxicity; 
CHOP, cyclophosphamide, doxorubicin, vincristine, prednisone; CR, complete response; 
CVP cyclophosphamide, vincristine, prednisone; FCM, fludarabine, cyclophosphamide, 
mitoxantrone; FDG, fluoro-2-deoxyglucose; FL, follicular lymphoma; FND, fludarabine, 
mitoxantrone (Novantrone), dexamethasone; GELF, Groupe d'Etudes des Lymphomes Fol- 
liculaires; Gy, gray; HLA, histocompatibility locus antigen; IFN, interferon; IPI, international 
prognostic index; KLH, keyhole limpet hemocyanin; LDH, lactate dehydrogenase; NHL, 
non-Hodgkin lymphoma; ORR, overall response rate; 0S, overall survival; PCR, polymerase 
chain reaction; PET, positron emission tomography; PFS, progression-free survival; PR, 
partial remission; ProMACE/MOPP, prednisone, methotrexate, doxorubicin, cyclophos- 
phamide, etoposide, mechlorethamine, vincristine, procarbazine, prednisone; R-CHOP, 
rituximab plus CHOP; R-CVP rituximab plus CVP; RIT, radioimmunotherapy; WHO, World 
Health Organization. 


small, cleaved follicle center cells (centrocytes) and large noncleaved 
follicle center cells (centroblasts). The disease has masqueraded under 
multiple monikers, including “nodular lymphoma” in the Rappa- 
port classification, and “follicle center cell lymphoma” in the Working 
Formulation.' The current World Health Organization (WHO) classi- 
fication proposes the terms follicular lymphoma, grades 1, 2, and 3, to 
differentiate cases based on the numbers of centroblasts per high-power 
microscopic field (see “Lymph Node Morphology and Lymphocyte 
Immunophenotype” below).’ 


@ EPIDEMIOLOGY 


FL accounts for approximately 20 to 25 percent of adult non-Hodgkin 
lymphomas (NHLs) in the United States, with an annual incidence 
of approximately 14,000 new cases per year.** FL is most common in 
North America and Western Europe, and much less frequent in Eastern 
Europe, Asia, Africa, and in Americans of African descent.’ The median 
age at diagnosis is 59 years, and the male-to-female ratio is 1:1.7. The 
disease is rare in persons younger than age 20 years, and pediatric cases 
appear to represent a separate disease entity that is typically localized, 
lacks the t(14;18) translocation and BCL2 expression, and has a very 
good prognosis.*° 


@ CLINICAL FEATURES 
SYMPTOMS AND SIGNS 


Patients with FL usually present with painless diffuse lymphadenopathy. 
Less frequently, patients may have vague abdominal complaints, includ- 
ing pain, early satiety, and increasing girth, which may be caused by a 
large abdominal mass or hepatosplenomegaly. Approximately 10 per- 
cent of patients present with B symptoms (fever, drenching night sweats, 
or loss of 10 percent of body weight). The disease usually is widespread 
at presentation, with involvement of multiple lymph node-bearing sites, 
liver, and spleen. The marrow is involved in 40 to 70 percent of patients 
at diagnosis. FL may occasionally present with primary involvement of 
extranodal sites, such as the skin, gastrointestinal tract, ocular adnexa, 
and breast, but CNS disease is rare, unless histologic transformation to 
diffuse large B-cell lymphoma has occurred.’ 


@ LABORATORY FEATURES 


LYMPH NODE MORPHOLOGY AND 
LYMPHOCYTE IMMUNOPHENOTYPE 


FL exhibits a predominantly nodular lymph node pattern, however, the 
neoplastic follicles are distorted and as the disease progresses, the malig- 
nant follicles efface the nodal architecture (see Chap. 96, Fig. 96-18), 
commonly resulting in the development of areas of diffuse involve- 
ment, which may predominate histologically. The WHO has developed 
a three-grade system for classifying FL according to the proportion of 
centroblasts detected microscopically: grade 1 lymphomas have 0 to 
5 centroblasts, grade 2 lymphomas have 6 to 15 centroblasts, and grade 3 
lymphomas have more than 15 centroblasts per high-power micro- 
scopic field (Fig. 99-1).? Grade 3 FL is further subdivided into grade 3A, 
in which some small centrocytes are present despite the predominance 
of centroblasts, and grade 3B, in which solid sheets of centroblasts are 
exclusively present and centrocytes are entirely absent.” Some, but not 
all, studies suggest that grades 1 and 2 lymphomas follow a more indo- 
lent course than grade 3 FL, and many authorities suggest that these 
lower grades should be treated more conservatively than grade 3 FL.’ 
Other studies indicate a similar natural history for grades 1, 2, and 3A. 
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Figure 99-1. Follicular lymphoma grading is based on the relative proportions of small cells (centrocytes) and centroblasts (centroblasts). A. Grade 1 
(0-5 centroblasts/high-powered field). B. Grade 2 (6-15 centroblasts/high-powered field). C. Grade 3A (>15 centroblasts/high-powered field). 


D and E. Grade 3B. See text for further definitions of grades 1, 2, 3A, and 3B. (Reproduced with permission from Harris NL, Swerdlow SH, Jaffe ES, et al: 
Follicular Lymphoma, in WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues, edited by Swerdlow SH, Campo E, Harris NL, et al: 


p 220-226. International Agency for Research on Cancer, Lyon, 2008.) 


Nearly all authorities now agree, however, that grade 3B FL behaves 
aggressively and should be treated with anthracycline-containing reg- 
imens (e.g., rituximab, cyclophosphamide, doxorubicin, vincristine, 
prednisone [R-CHOP]) similar to diffuse large B-cell lymphoma.” FL 
cells of all grades typically express monoclonal surface immunoglobu- 
lin, are positive for BCL-2, BCL6, and CD10, and express the pan-B-cell 
surface antigens CD19, CD20, CD22, and CD79a, but do not express 
CD5, CD23, CD1 1c, or CD43. 


CYTOGENETICS 


The classic cytogenetic finding detected in FL is the t(14;18)(q32;q21) 
translocation that juxtaposes the BCL-2 gene on band q21 of chromo- 
some 18 with the immunoglobulin heavy-chain gene on band 32 of 
chromosome 14 (Fig. 99-2).? The immunoglobulin enhancer element 
results in amplified expression of the translocated gene product and, 
thus, overexpression of BCL-2 protein leading to inhibition of apop- 
tosis of affected B cells. Quantitative real-time polymerase chain reac- 
tion (PCR) assays on blood and marrow can determine the number of 
t(14518)-expressing cells and may be useful in predicting the outcome of 
therapy. The t(14;18) translocation is found in approximately 85 percent 
of patients in the United States, but the translocation is present in a sig- 
nificantly lower percentage of Asian patients afflicted with FL. Detection 
of the t(14;18) translocation in lymphoid cells is neither necessary nor 
sufficient for the diagnosis of FL. Small numbers of B cells harboring the 
t(14;18) translocation can be detected in the blood of 25 to 75 percent 
of healthy individuals, as well as in reactive lymph nodes and tonsils if 


I: 
I: 


a very sensitive nested or reverse-transcription PCR assay is employed.? 
Additional cytogenetic abnormalities are found in the cells of 90 per- 
cent of patients with FL. The finding of multiple cytogenetic abnormal- 
ities is commonly associated with higher histologic grade and with the 
probability of transformation to aggressive lymphoma. A recent large, 
high-resolution, genome-wide copy-number analysis demonstrated that 
common recurrent chromosomal abnormalities include gains of chro- 
mosomes 2, 5, 6p, 7, 8, 12, 17q, 18, 21, and X and losses on 6q and 17p."° 
Frequent small abnormalities are also commonly observed, including 


p p 18q7 
> 
p BCL-2 
q q H-chain 
#1 h 
Antibody H a Saer 
chains —> BCL-2 
14q* 
#14 


Figure 99-2. The t(14;18)(q32;q21) translocation juxtaposes the BCL-2 
gene on band q21 of chromosome 18 with the immunoglobulin heavy- 
chain gene on band 32 of chromosome 14. 


losses of 1p36.33-p36.31,6q23.3-q24.1, and 10q23.1-q25.1 and gains of 
2p16.1-p15,8q24.13-q24.3, and 12q12-q13.13. Copy-number abnor- 
malities more commonly observed in transformed FL include gains of 
3q27.3-q28 and chromosome 11 and losses of 9p21.3 and 15q. Impor- 
tant candidate genes whose expression is affected by these copy-num- 
ber abnormalities includeTNFRSF14, PRDM16, TP73, and ARIDIA 
on chromosome 1p36; BCL10 on chromosome 1p; REL and BCL11A 
on 2p16; BCL6 on chromosome 3q27; histocompatibility locus anti- 
gen (HLA)-B, HLA-C, CCND3, and PRDM1 on chromosome 6p21; 
TNEAIP3 or PERP on chromosome 6q23; CARD11 on chromosome 
7p22; MYC on chromosome 8q24; CDKN2A or CDKN2B on chromo- 
some 9p21; STAT6 on 12q13.3; and MDM2 on 12q15."” 


STAGING THE DISEASE 


Evaluation of FL involves performance of a medical history, physical 
examination (with attention to the lymph nodes in Waldeyer ring and 
size and involvement of liver and spleen), laboratory testing (including 
a complete blood count, examination of the blood film and a differen- 
tial white cell count, lactic dehydrogenase [LDH], B,-microglobulin, 
comprehensive metabolic panel, serum uric acid level); lymph node 
biopsy; marrow aspiration and biopsy; flow cytometric analysis of blood, 
marrow, and lymph node cells; and computed tomography (CT) of the 
chest, abdomen, and pelvis.’ Excisional lymph node biopsies are strongly 
preferred for the initial histologic diagnosis of FL, although in cases in 
which nodal masses are inaccessible, generous needle-core biopsies may 
suffice. The diagnosis should not be established merely on the basis of 
flow cytometry of the blood or marrow, or on cytologic examination of 
aspiration needle biopsies of lymph node or other tissue." Hepatitis B 
serology should be assessed if rituximab therapy is contemplated, as hep- 
atitis reactivation with rituximab may occasionally be life-threatening. In 
selected circumstances, additional CT scans of the neck, measurement 
of the cardiac ejection fraction, serum protein electrophoresis, quantita- 
tive immunoglobulins, and hepatitis C testing may be useful. Patients for 
whom chemotherapy is contemplated should receive counseling regard- 
ing contraception, fertility issues, and sperm or egg banking. The role of 
fluoro-2-deoxyglucose (FDG)-positron emission tomography (PET)/ 
CT imaging in FL is rapidly evolving. Although PET/CT imaging was 
previously considered optional in FL, recent studies suggest that PET- 
negativity at the completion of induction chemotherapy is one of the most 
powerful predictors of both progression-free survival (PFS) and overall 
survival (OS) in this disease." 


@ PROGNOSTIC FACTORS 
CLINICAL AND LABORATORY VARIABLES 


An international working group developed an international prognostic 
index (IPI) based on five independent variables (age, stage, LDH level, 
performance status, and number of extranodal sites) that affected OS of 
aggressive lymphoma patients treated with anthracycline-based com- 
bination chemotherapy." The IPI was subsequently applied retrospec- 
tively to FL and found to be predictive of both OS and PFS for FL (as 
well as diffuse large B-cell lymphoma). Nevertheless, the IPI was con- 
sidered to be suboptimal for segregating indolent lymphoma patients 
into prognostic categories because only 10 to 15 percent of patients 
with FL fall into the poor risk category using this index. To redress this 
deficiency, a French cooperative group conducted a detailed prognostic 
factor analysis of 4167 patients with FL diagnosed between 1985 and 
1992 for whom prolonged followup was available to assess OS." Five 
adverse prognostic factors were detected: age (>60 years vs. <60 years), 
Ann Arbor stage (III to IV vs. I to II), hemoglobin level (<120 g/L vs. 
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Figure 99-3. Progression-free survival (PFS) of 827 patients with FL 
stratified by the Follicular Lymphoma International Prognostic Index 
(FLIPI) into low risk (O to 1 risk factors, 40% of patients, black lines), inter- 
mediate risk (2 risk factors, 33% of patients, blue lines), or high risk (3 to 
5 risk factors, 27% of patients, red lines). Of the 827 patients, 267 were 
treated with chemotherapy regimens without rituximab (dotted lines) 
and 560 were treated with rituximab-containing regimens (solid lines). 
(Data from Federico M, Bellei M, Pro B: Revalidation of FLIP! in patients with 
follicular lymphoma registered in the F2 study and treated upfront with 
immunochemotherapy. Proc Am Soc Clin Oncol 25:443s, 2007.) 


2120 g/L), number of nodal areas (>4 vs. <4), and serum LDH level 
(high vs. normal). Three risk groups were defined: low risk (zero to one 
adverse factors, 36% of patients), intermediate risk (two adverse factors, 
37% of patients, hazard ratio [HR] = 2.3), and poor risk (three or more 
adverse factors, 27% of patients, HR = 4.3). The Follicular Lymphoma 
International Prognostic Index (FLIPI) discriminated outcomes for FL 
better than the IPI, both in the original cohort and in later studies evalu- 
ating patients treated with modern combined rituximab-chemotherapy 
regimens (Fig. 99-3). A revised version of the FLIPI index (FLIPI2) 
was subsequently proposed to address perceived deficiencies in the 
original model.'® The FLIPI2 model is also based on assessment of five 
adverse risk factors, namely the presence or absence of an elevated £,- 
microglobulin level, the longest diameter of the largest involved lymph 
node (>6 cm), presence of marrow involvement, hemoglobin level less 
than 12 g/dL, and age older than 60 years. Although several studies have 
demonstrated the superiority of the FLIPI2 model compared to the 
original FLIPI model, it has not been widely adopted in North America. 
A simpler prognostic model was developed based solely on the baseline 
serum LDH and £,-microglobulin level that has been shown to be supe- 
rior to the original FLIPI model and equivalent to the FLIPI2 model in 
prognostic power for predicting outcomes for FL patients.” ° 


GENOMICS OF FOLLICULAR LYMPHOMA 


New molecular approaches are revolutionizing our understanding of the 
pathogenesis of FL and providing insights into the pathways that might 
be targeted in the future by rationally designed therapies. Early gene- 
expression profiling studies of biopsy specimens from patients with 
untreated FL identified two gene-expression signatures that allowed 
construction of a survival predictor enabling segregation of patients 
into four quartiles with disparate median lengths of survival (13.6, 11.1, 
10.8, and 3.9 years), independent of clinical prognostic variables.” One 
signature (“immune response 1”) was associated with a good prognosis 
and included genes encoding T-cell markers (e.g., CD7, CD8B1, ITK, 
LEF1, and STAT4) as well as genes that are highly expressed in macro- 
phages (e.g., ACTN1 and TNFSF13B). The “immune response 2” signa- 
ture was associated with a poor prognosis and included genes known 


to be preferentially expressed in macrophages, dendritic cells, or both 
(e.g., TLR5, FCGRIA, SEPT10, LGMN, and C3AR1). Flow cytometry 
and cell sorting confirmed that these signatures reflected gene expres- 
sion by nonmalignant tumor-infiltrating immune cells (CD19-negative 
cells) and not by the FL cells themselves (CD19-positive cells). The 
length of survival correlated with the molecular features of the nonma- 
lignant immune cells present in the tumor at diagnosis and presumably 
reflected the robustness of the immune response mounted against the 
tumor. 

“Next-generation sequencing” studies employing whole-genome 
or whole-exome sequencing and targeted mutational analyses have 
demonstrated that somatic mutations in epigenetic regulators are pres- 
ent in almost all cases of FL, including MLL2 (also known as KMT2D), a 
histone methyltransferase that is mutated in 89 percent of FL; CREBBP 
and EP300, two highly related histone and nonhistone acetyltransfer- 
ases that act as transcriptional coactivators in multiple signaling path- 
ways that are mutated in 30 percent and 11 percent of FL, respectively; 
EZH2, the catalytic subunit of PRC2 that catalyzes trimethylation of 
lysine 27 on histone H3, a repressive chromatin mark that is mutated in 
27 percent of FL; and MEF2B, a calcium-regulated gene that cooperates 
with CREBBP and EP300 in acetylating histones that is mutated in 15 
percent of FL.” Other mutational targets include genes involved in 
immune modulation (8,-microglobulin, CD58, and TNFRSF14), Janus 
kinase (JAK)-signal transducer and activator of transcription (STAT) 
signaling (SOCS1 and STAT6) and B-cell receptor—nuclear factor (NF)- 
«B signaling (BCL10, CARD11 and CD79B).” Mutations in CREBBP 
and EP300 lesions are usually heterozygous, suggesting a haploinsuf- 
ficient role in tumor suppression, apparently by impairing acetylation- 
mediated inactivation of the BCL6 oncoprotein and activation of the 
p53 tumor suppressor.”' A unifying model of the genetic evolution of FL 
postulates that the t(14;18) translocation serves as a “founder mutation” 
that is succeeded by development of additional “driver mutations” (e.g., 
CREBBP), irrelevant “passenger” mutations, and accelerator mutations 
(TNFRSF14).””? Disagreement exists over whether MLL2/KMT2D 
mutations are “driver” or “accelerator” mutations.’ Mutations in EBF1 
and in regulators of NF-«B signaling (e.g., MYD88, TNFAIP3) appear 
to be acquired at the time of histologic transformation to diffuse large 
B-cell lymphoma.” 


@THERAPY 


LIMITED STAGE I OR II FOLLICULAR 
LYMPHOMA 
Radiotherapy 


Patients with stage I or II FL represent only 10 to 30 percent of cases in 
most series.”* Standard management for stage I or limited contiguous 
stage II FL involves the administration of involved field radiotherapy (35 
to 40 Gray [Gy]).’ Adjuvant chemotherapy does not appear to improve 
survival in this setting, although some studies suggest that combined 
chemoradiotherapy may improve PFS. A retrospective review of 177 
patients with stage I or II and grade 1 or 2 FL reported a median survival 
of 14 years following radiation therapy as a single modality.” Approx- 
imately 50 percent of the patients were relapse-free after 5 to 10 years. 


Observation 

Excellent survival has also been observed in highly selected patients 
with early stage FL who received no initial therapy.” In a group of 
43 patients, 56 percent were free from the requirement for treatment 
for at least 10 years and 86 percent were alive 10 years after diagnosis. 
Based on this study, many authorities have concluded that “watchful 
waiting” is an acceptable alternative to radiotherapy for stage I or II FL. 
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A watchful waiting approach may be particularly appropriate for certain 
variants of FL, such as FL presenting in the small intestine, which pur- 
sues a remarkably indolent course, rarely exhibits progressive growth, 
very rarely disseminates (two of 63 patients) and does not transform to 
high-grade disease.” 


Chemoimmunotherapy 

A large observational study, the National LymphoCare Study, assessed 
the outcomes of 471 patients with stage I FL according to treatment 
administered, including rituximab plus chemotherapy (28 percent of 
patients), radiotherapy alone (27 percent), observation (17 percent), 
systemic therapy + radiotherapy (13 percent), rituximab monotherapy 
(12 percent), and other treatments (3 percent).”* This large, prospectively 
enrolled group of patients showed that national guidelines endorsing 
radiotherapy alone for stage I FL were not followed by practicing cli- 
nicians in the majority of cases. All treatment approaches resulted in 
excellent outcomes, though PFS was significantly better after a median 
followup of 57 months in patients treated with either rituximab plus 
chemotherapy (84 percent) or systemic therapy plus radiotherapy (96 
percent) than in patients receiving radiotherapy alone (68 percent). 
This study challenges the paradigm that radiotherapy alone should be 
the standard of care for patients with early stage indolent lymphoma, 
although the observational nature of this study, without randomization 
to treatment arm and the absence of differences in OS, attenuates the 
impact of the study. 


ADVANCED STAGE FOLLICULAR LYMPHOMA 


Observation Alone 

Many patients with FL, particularly grades 1 or 2, will exhibit an indo- 
lent, asymptomatic course despite the absence of therapy. Because there 
is no conclusive evidence that survival of FL patients is improved by 
immediate institution of therapy, or that conventional management 
(other than allogeneic stem cell transplantation) can cure the disease, 
a “watch-and-wait” approach is often recommended for patients with 
extensive stage II or stage III or IV FL. In one study, survival was 82 
percent at 5 years and 73 percent at 10 years after an initial strategy of 
observation alone, and the median time until therapy was required was 
3 years.” Spontaneous regressions occurred in 23 percent of untreated 
patients. No differences in survival were observed in a trial of 309 
patients randomized to initial watchful waiting or to chlorambucil.” In 
another trial, patients were randomized to either watchful waiting or 
to immediate aggressive combination chemotherapy with prednisone, 
methotrexate, doxorubicin, cyclophosphamide, etoposide, mechlo- 
rethamine, vincristine, procarbazine, prednisone (ProMACE/MOPP) 
chemotherapy followed by total nodal irradiation.” The OS rates for 
the two groups were similar, although the disease-free survival rate 
was naturally higher in the patients treated with combined modality 
therapy. Criteria established by the Groupe d’Etudes des Lymphomes 
Folliculaires (GELF) are useful to identify patients who may benefit 
from intervention rather than “watchful waiting.” These criteria sug- 
gest that treatment is likely to be required for patients with a maximum 
diameter of any site of disease greater than 7 cm, more than three nodal 
sites greater than 3 cm in diameter, systemic B symptoms, a spleen size 
greater than 16 cm, pleural effusions, local compressive symptoms, cir- 
culating lymphoma cells, or cytopenias as a result of the lymphoma.” 


Single-Agent Chemotherapy 

FL patients can be palliated effectively with a variety of single chemo- 
therapy agents (Table 99-1). Responses to single-agent therapy, such as 
chlorambucil, a nucleoside analogue, or bendamustine, range from 70 
to 90 percent and may last for several years.” 


TABLE 99-1. Therapeutic Regimens for Follicular Lymphoma 
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Agent(s) Dose Route Days(s) of Treatment Repeat Cycle at Day 
SINGLE AGENTS 
Chlorambucil 0.08—0.12 mg/kg PO Daily 
or 0.4-1.0 mg/kg PO 1 28 
Cyclophosphamide 50-100 mg/m? PO Daily 
or 300 mg/m? PO 1-5 28 
Fludarabine 25 mg/m?’/day IV 1-5 28 
Cladribine 0.1 mg/kg/day IV (continuous) 1-7 28 
or 0.14 mg/kg/day IV (2 h) 1-5 28 
Bendamustine 70-120 mg/m?/day IV il, 2 21 or 28 
Rituximab 375 mg/m?/day IV 1,8, 15, 22 
COMBINATION THERAPY 
Stanford CVP 
Cyclophosphamide 400 mg/m? PO 1-5 21 
Vincristine 1.4 mg/m? (maximum 2 mg) IV 1 21 
Prednisone 100 mg/m? PO 1-5 21 
R-CVP 
Rituximab 375 mg/m? IV 1 21 
Cyclophosphamide 750-1000 mg/m? IV 1 21 
Vincristine 1.4 mg/m? (maximum 2 mg) IV 1 21 
Prednisone 100 mg PO 1-5 21 
R-CHOP 
Rituximab 375 mg/m? IV 1 21 
Cyclophosphamide 750 mg/m? IV 1 21 
Doxorubicin 50 mg/m? IV 1 
Vincristine 1.4 mg/m? IV 1 
Prednisone 100 mg PO 1-5 
FND 
Fludarabine 25 mg/m? IV 1-3 28 
Mitoxantrone 10 mg/m? IV 1 
Dexamethasone 20 mg IV or PO I=5 


Monoclonal Antibody Therapy 


Rituximab is a human-mouse chimeric monoclonal antibody that binds 
to the CD20 antigen that is expressed on nearly all normal and malig- 
nant B cells but not on other human tissues. After binding to B cells, rit- 
uximab induces cell death via antibody-dependent cellular cytotoxicity 
(ADCC), complement-fixation (complement-dependent cytotoxicity 
[CDC]), induction of apoptosis, and by facilitating cross-presentation 
of lymphoma-associated antigens by dendritic cells. Rituximab was 
approved by the FDA for therapy of indolent lymphomas based on the 
results of a pivotal trial that evaluated treatment of 166 patients with 
relapsed or refractory indolent lymphoma with four weekly infusions 
of 375 mg/m’. The response rate was 48 percent, including a 6 percent 
complete response rate and a median time to progression of approxi- 
mately 1 year.** The response rate to first-line therapy with rituximab in 
newly diagnosed FL is approximately 70 to 75 percent with a complete 


remission rate of 18 to 27 percent.**** A second response to rituximab 
may be achieved in 40 percent of patients who relapse after an initial 
remission to rituximab.” Extended courses of rituximab or “rituximab 
maintenance” therapy have become popular. Various schedules are 
employed, including administration of one dose of 375 mg/m? every 2 
months for 2 years (usually as part of frontline therapy), one dose every 
3 months for 2 years (for relapsed patients), four doses every 6 months 
for 2 years, or one dose every 2 months for four doses.***? No compar- 
ative studies of these disparate “maintenance” rituximab regimens have 
been performed. Several newer, humanized or fully human anti-CD20 
monoclonal antibodies (ofatumumab, veltuzumab, obinutuzumab) 
have been engineered to exhibit superior ADCC, CDC, or improved 
induction of cell death. All are undergoing clinical trials to determine 
if they are superior to rituximab and one of them, obinutuzumab, has 
recently been approved for therapy of chronic lymphocytic leukemia 
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TABLE 99-2. Selected Randomized Studies of Chemotherapy Alone Versus Rituximab Plus Chemotherapy for First-Line 


Therapy of Follicular Lymphoma 


Treatment, No. of Median Followup Median TTP/TTF/EFS 
Study Patients (Months) ORR (%) CR (%) (Months) OS (%) 
Marcus“? CVP, 159 53 S 10 15 Z 
R-CVP, 162 81 41 34 83 
p <0.0001 p = 0.0290 
Hiddemann* CHOP, 205 18 90 17 29 74 
R-CHOP, 223 96 20 NR 87 
p <0.001 p=0.016 
Herold*” MCP, 96 47 75 25 26 74 
R-MCP, 105 92 50 NR 87 
p <0.0001 p = 0.0096 
Bachy* CHVP-IFN, 183 100 73 63 34 69 
R-CHVP-IFN, 175 84 79 66 78 at 8 years 
p = 0.0004 p = 0.076 
Hochster** CVP, 158 36 82 22 16 92 
CVP + rituximab 86 37 59 86 at 3 years 
maintenance, 153 
P=4.4x 107 p = 0.05 one sided 


CR, complete response; CHOP, cyclophosphamide, doxorubicin, vincristine, prednisone; CHVP, cyclophosphamide, doxorubicin, teniposide, 
prednisone; CVP, cyclophosphamide, vincristine, prednisone; EFS, event-free survival; IFN, interferon; MCP, mitoxantrone, chlorambucil, predni- 
sone; ORR, overall response rate; OS, overall survival; R, rituximab; TTF, time to treatment failure; TTP, time to progression. 


(CLL) (but not FL). “Biosimilar” CD20 antibodies will also soon be 
available as an alternative to rituximab. 


Rituximab Plus Chemotherapy 

The introduction of rituximab into treatment protocols for FL has 
revolutionized the management of this disease. Multiple randomized, 
controlled clinical trials have documented the superiority of combin- 
ing rituximab with chemotherapy compared to the use of chemother- 
apy alone in terms of overall response rates (ORRs), complete response 
(CR) rates, event-free survival (EFS), PFS, and OS (Table 99-2).°-*” In 
one study, induction therapy consisting of eight cycles of rituximab, 


Event-free probability 


Without stratification by center: p < 0.0001 
With stratification by center: p < 0.0001 


CVP: median 15 months 


cyclophosphamide, vincristine, and prednisone (R-CVP) was com- 
pared to eight cycles of CVP without rituximab in 321 patients with 
newly diagnosed FL (Fig. 99-4). R-CVP was superior to CVP alone 
in terms of ORR (81 percent vs. 57 percent), CR rate (41 percent vs. 
10 percent), time to progression (34 months vs. 15 months), time to 
treatment failure (27 months vs. 7 months), and OS (83 percent vs. 
77 percent at 4 years, p = 0.029).* Similarly, R-CHOP was compared to 
CHOP for first-line treatment of 428 patients with advanced stage FL. 
R-CHOP exhibited a superior ORR (96 percent vs. 90 percent), time 
to treatment failure (p <0.001), duration of response (p = 0.001), and 
OS (p = 0.016) compared to CHOP alone.“ Similar benefits have also 


Figure 99-4. Time to disease progression, relapse, or 
death after a median followup of 30 months among 321 
patients with grade 1 or 2 follicular lymphoma assigned 
to chemotherapy with CVP (cyclophosphamide, vincris- 
tine, prednisone) or with R-CVP (rituximab plus cyclophos- 
phamide, vincristine, prednisone). Solid line represents CVP; 
dotted line, R-CVP. (Reproduced with permission from Marcus R, 
Imrie K, Belch A, et al: CVP chemotherapy plus rituximab com- 
pared with CVP as first-line treatment for advanced follicular 
lymphoma. Blood 105(4):1417-1423, 2005.) 


0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 
> . Study month 
Patients at risk: 
CVP 
159 140 129 109 87 75 64 58 46 28 21 12 5 
R-CVP 


162 156 144 140 131 119 111 106 95 68 50 32 20 


10 


2 0 


been reported for the addition of rituximab to other regimens for both 
frontline therapy and relapsed FL.**”**°° The selection of the “opti- 
mal” chemotherapy regimen to combine with rituximab remains hotly 
contentious.’ Two recent large international phase II] randomized 
studies compared the efficacy and toxicity of R-CVP, R-CHOP, and rit- 
uximab-fludarabine-based therapy, which until recently were the three 
most commonly employed regimens for frontline therapy of FL. Both 
trials demonstrated superior PFS for patients treated with R-CHOP or 
rituximab-fludarabine regimens than with R-CVP, although OS did not 
differ. Both studies also concluded that regimens with fludarabine and 
rituximab had significantly more hematologic toxicity and a higher risk 
of secondary malignancies than either R-CVP or R-CHOP, making flu- 
darabine-based regimens less desirable. The investigators conducting 
these trials concluded that R-CHOP was the preferred regimen for FL, 
although some oncologists are hesitant to routinely employ R-CHOP 
in patients with indolent lymphomas because of its greater toxicity, 
including a 1 to 2 percent risk of cardiomyopathy, and the absence of 
a demonstrated OS advantage. These risks may be particularly justifi- 
able, however, for patients with grade 3 FL, as many authorities believe 
anthracycline-based regimens may be curable for high-grade FL, which 
National Comprehensive Cancer Network (NCCN) guidelines advise 
treated identically to diffuse large B-cell lymphoma.’ To further amplify 
the controversy, two recent randomized trials comparing bendamustine 
plus rituximab (BR) with R-CHOP show similar efficacy for the two 
regimens, and less toxicity for BR.” Although these studies have been 
criticized for methodologic flaws, they have been highly influential and 
have catapulted BR to prominence as the most popular frontline induc- 
tion regimen for FL, with approximately 65 to 70 percent of FL patients 
in the United States and Europe currently receiving this regimen for 
frontline therapy. 


Maintenance Rituximab 

Despite the ability to induce long-lasting remissions in the majority of 
FL patients treated with chemoimmunotherapy regimens as outlined 
above, most patients will eventually relapse. Several strategies have 
emerged to prolong the remission durations and to delay lymphoma 
recurrence. The most popular approach is to administer extended 
courses of rituximab, also known as rituximab “maintenance” to fore- 
stall reappearance of FL. The PRIMA trial randomized 1217 patients 
with FL to either maintenance rituximab (375 mg/m? every 2 months 
for 2 years) or no maintenance therapy, following frontline induc- 
tion therapy with R-CVP, R-CHOP, or rituximab, fludarabine, cyclo- 
phosphamide, and mitoxantrone (R-FCM).” This study convincingly 
demonstrated the superiority of 2 years of maintenance rituximab (PFS 
74.9 percent) compared to observation alone after induction (PFS, 
57.6 percent, p <0.0001), regardless of which induction chemotherapy 
regimen is used. Despite the marked improvement in PFS afforded by 
maintenance rituximab in PRIMA, however, there was no significant 
difference in OS between the rituximab maintenance and observation 
arms. Similar improvements in PFS but not OS have also been demon- 
strated for maintenance rituximab given for 2 years following rituximab 
monotherapy in the frontline setting” and following CHOP or R-CHOP 
induction in the relapsed setting.” 


Radioimmunotherapy 

Radiolabeled monoclonal antibodies targeting lymphoma-associated 
cell surface antigens, including idiotypic immunoglobulin, CD20, CD22, 
and HLA-DR, have emerged as effective and safe therapeutic agents for 
patients with FL. Two radioimmunoconjugates targeting the CD20 
antigen, 'iodine-tositumomab (Bexxar) and “yttrium-ibritumomab tiux- 
etan (Zevalin), have been extensively tested in indolent lymphomas.*”-? 
Radioimmunotherapy (RIT) is an attractive therapeutic option for 
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lymphomas because (1) many high-quality antibodies are available tar- 
geting pan-B-cell antigens expressed at high levels on lymphoma cells, 
(2) lymphomas are exquisitely sensitive to radiotherapy, and (3) cross- 
fire radiotherapy from f particles emitted by decaying radionuclides on 
targeted lymphoma cells can kill neighboring antigen-negative tumor 
cells (or inaccessible cells deep in tumor clumps), which would escape 
killing by nonradioactive antibodies. Several trials have demonstrated 
ORRs of 50 to 80 percent and CR rates of 15 to 40 percent in patients 
with relapsed or refractory indolent lymphoma treated with either 
Sliodine-tositumomab or *yttrium-ibritumomab tiuxetan." In a 
randomized study comparing treatment of patients with relapsed FL 
with either” Y-ibritumomab tiuxetan or rituximab, the ORR (86 per- 
cent vs. 55 percent) and the CR rate (30 percent vs. 15 percent) were 
both statistically superior in the group treated with the radioimmuno- 
conjugate. Similarly,'*! I-tositumomab was compared with unlabeled 
tositumomab in a randomized trial of relapsed indolent lymphoma and 
both the ORR (55 percent vs. 19 percent) and the CR rate (33 percent vs. 
8 percent) were higher in patients receiving the radiolabeled antibody." 

Six phase II studies have studied frontline RIT for patients with 
newly diagnosed FL, either as a single agent or in combination with 
various chemotherapy regimens, including CVP, CHOP, and fludara- 
bine. In all six studies, outstanding ORR rates (90 to 100 percent) and 
CR rates (50 to 96 percent) were observed with first-line RIT, with 
median PFSs in excess of 5 years in several of the studies. A phase III 
randomized study evaluated the utility of consolidation therapy with” 
Y-ibritumomab tiuxetan for patients with FL in remission after frontline 
chemotherapy.® In this trial, 414 patients in either partial or complete 
remission after a variety of chemotherapy induction regimens (chlo- 
rambucil, CVP, CHOP, fludarabine or rituximab combinations) were 
randomized to either consolidation with RIT or to no consolidation. 
RIT dramatically improved the median PFS in the total patient pop- 
ulation (36.5 months vs. 13.3 months, p <0.0001), and this advantage 
was observed regardless of whether patients were in partial remission 
(PR; 29.3 months vs. 6.2 months, p <0.0001) or CR (53.9 months vs. 
29.5 months, p = 0.015) at the time of consolidation. Furthermore, RIT 
consolidation converted 77 percent of patients who were in PR after 
induction chemotherapy to CR following RIT. However, a recent study 
comparing six cycles of R-CHOP with six cycles of CHOP (without rit- 
uximab) followed by a single dose of'*! I-tositumomab (CHOP-RIT) 
demonstrated similar outcomes in both treatment arms.” 

The major toxicity of RIT is myelosuppression, with cytopenic 
nadirs occurring 4 to 7 weeks after treatment and requiring 2 to 
4 weeks for recovery. Growth factor administration and transfusions 
are required in approximately 20 percent of patients. Human antimouse 
antibodies (HAMA) may develop in the serum of approximately 
1 percent of patients treated with” Y-labeled ibritumomab and in 10 
percent of patients treated with'*! I-labeled tositumomab. A potential 
long-term concern with both radiolabeled antibody formulations is the 
potential development of myelodysplasia and acute leukemia as late 
complications. Hypothyroidism may also occur as a delayed toxicity of 
8!]-labeled tositumomab in approximately 10 percent of patients. 


Interferon-a, 

Interferon (IFN)-a, has been studied in 10 large phase III studies eval- 
uating its utility in both the induction phase of treatment and for main- 
tenance therapy. A meta-analysis of 1922 newly diagnosed patients with 
FL treated in these trials concluded that the addition of IFN-a, to induc- 
tion chemotherapy did not significantly influence response rates, but did 
show a significant difference in favor of IFN-a, with regard to survival.°° 
Results differed greatly from trial to trial and further analyses were car- 
ried out to define the circumstances in which IFN-a, prolonged OS. The 
survival advantage was seen when IFN-a, was given (1) in conjunction 
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with relatively intensive initial chemotherapy (p = 0.00005), (2) at a dose 
of 5 million units or greater (p = 0.000002), (3) at a cumulative dose 
of 36 million units or greater per month (p = 0.000008), and (4) when 
given with induction chemotherapy rather than as maintenance therapy 
(p = 0.004).°° With regard to remission duration, there was also a sig- 
nificant difference in favor of IFN-a., irrespective of the intensity of che- 
motherapy used, IFN dose, or whether IFN was given as a maintenance 
strategy or with chemotherapy. Despite these salutary findings, IFN is 
rarely employed to treat FL in the United States because of its unfavor- 
able toxicity profile (asthenia, fatigue, flu-like symptoms, cytopenias) 
and because of the perception that rituximab confers similar or superior 
advantages with much less toxicity. 


Idiotype Vaccines 

The idiotypic immunoglobulin protein expressed on the surface of 
B lymphoma cells represents a true tumor-specific antigen and is an 
ideal target for immunotherapeutic strategies. Several groups have 
reported favorable phase II trials using idiotypic vaccines produced 
either by rescue hybridoma fusions or recombinant DNA approaches. 
The idiotypic immunoglobulin in most of the vaccines is coupled to 
keyhole limpet hemocyanin (KLH) and administered with sargramos- 
tim (granulocyte-macrophage colony-stimulating factor) to enhance 
immunogenicity. Specific immune responses are generated in approxi- 
mately 50 percent of immunized FL patients who are in complete remis- 
sion at the time of vaccination. Patients exhibiting immune responses 
to the vaccine experience longer remission durations and superior sur- 
vival compared to patients failing to mount immune responses to the 
vaccine. Three phase HI randomized trials have been conducted using 
idiotypic vaccination following induction therapy. Two of these studies 
found no statistical differences in PFS between an idiotypic KLH vac- 
cine and a control vaccine.’ The third study reported an improved 
disease-free survival for specifically vaccinated patients,” although the 
study has been criticized for a variety of methodologic imperfections.® 


Hematopoietic Stem Cell Transplantation 

The role of high-dose chemoradiotherapy and hematopoietic stem cell 
transplantation in the management of patients with FL remains highly 
controversial. Proponents of autologous stem cell transplantation for 
indolent NHL note the favorable outcome of a collaborative study of 
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121 adult patients conducted by St. Bartholomew’s Hospital and the 
Dana-Farber Cancer Institute, where an apparent plateau in the remis- 
sion duration curve was observed in 48 percent of patients with a median 
followup of 13.5 years.” Survival was longer in patients transplanted 
in second remission compared to those transplanted later in their dis- 
ease course. The value of autologous stem cell transplantation was also 
tested in a randomized trial of 89 patients with relapsed FL (Fig. 99-5). 
Transplanted patients experienced a marked advantage in PFS and a 
marginal OS advantage compared to patients randomized to continued 
conventional salvage chemotherapy without transplantation.” When 
used as part of initial therapy for high-risk patients, randomized stud- 
ies demonstrate a prolongation of PFS, but no improvement in OS.” 
Adverse outcomes associated with autologous stem cell transplantation 
include treatment-related mortality (3 to 5 percent) and a substantial 
increase in the incidence of secondary myelodysplasia and acute myel- 
ogenous leukemia, occurring in 7 to 19 percent of patients, particularly 
if total-body irradiation is employed in the conditioning regimen. 
Allogeneic transplantation affords long-term PFS for approximately 
40 to 50 percent of patients with relapsed FL, but widespread adoption 
of this approach has been hampered by transplant-related mortality 
ranging from 20 to 40 percent. Consequently, careful patient selection 
and informed consent are essential. When allogeneic and autologous 
stem cell transplantation are compared for patients with relapsed FL, 
the long-term survival rates are comparable.” Autologous stem cell 
transplantation is associated with a greater likelihood of dying from 
recurrent disease, and allogeneic stem cell transplantation results in a 
higher frequency of death from graft-versus-host disease, infection, and 
venoocclusive disease. Nonmyeloablative and reduced-intensity allo- 
geneic transplantation conditioning regimens have been developed to 
exploit the benefit of a graft-versus-lymphoma effect while minimizing 
transplant-related morbidity and mortality. Preliminary results of this 
approach are encouraging, with 52 to 85 percent OS and 43 to 83 percent 
PFS after 3 to 11 years with 8 to 43 percent nonrelapse mortality.”°” 


TRANSFORMED FOLLICULAR LYMPHOMA 


Approximately 30 to 40 percent of patients with FL undergo docu- 
mented transformation to a more aggressive histology, usually dif- 
fuse large B-cell lymphoma, with an annual rate of transformation of 


Figure 99-5. Progression-free survival of 70 patients with 
relapsed follicular lymphoma randomized to either conventional 
chemotherapy (solid line), or to high-dose chemoradiotherapy 
with autologous marrow transplantation using either marrow 
purged to remove tumor cells (long dashes) or unpurged marrow 
(short dashes). ABMT, autologous bone marrow transplantation. 
(Reproduced with permission from Schouten HC, Qian W, Kvaloy S, 
et al: High-dose therapy improves progression-free survival and sur- 
vival in relapsed follicular non-Hodgkin's lymphoma: results from 
the randomized European CUP trial. J Clin Oncol 21(21):3918-3927, 
2003.) 
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Figure 99-6. A. Transformation of follicular lymphoma (FL) to an histologic pattern compatible with rapid progression of disease. The line depicts 
the cumulative incidence of histologic transformation to a histologic pattern compatible with more rapid progression (e.g., diffuse large B-cell 
lymphoma) in 325 patients followed from the date of diagnosis of FL. B. The proportion of patients with FL surviving after transformation to a less- 
favorable histologic pattern. The graph shows the survival of the 88 patients from the date of their transformation to aggressive lymphoma. (Repro- 
duced with permission from Montoto S, Davies AJ, Matthews J, et al.: Risk and clinical implications of transformation of follicular lymphoma to diffuse large 


B-cell lymphoma. J Clin Oncol 25(17):2426-2433, 2007.) 


approximately 3 percent (Fig. 99-6A). Clinically, histologic transforma- 
tion is characterized by the sudden explosive growth of a single lymph 
node site (or extranodal mass). Anthracycline-based chemotherapy 
(e.g., R-CHOP) is the most appropriate therapy for patients experienc- 
ing transformation, however, most studies indicate that the prognosis 
is poor despite aggressive management. Whereas 50 to 65 percent of 
patients presenting with de novo diffuse large B-cell lymphoma are 
cured with R-CHOP chemotherapy, less than 10 percent of patients with 
diffuse large B-cell lymphoma arising by transformation from FL will 
be cured by this regimen (Fig. 99-68). Most series report median sur- 
vivals of 6 to 20 months for patients undergoing transformation,” 
although one recent study reports a 50-month median survival, with 
particularly good survival in patients experiencing transformation more 
than 18 months after initial diagnosis of FL.*! Because of the historically 
poor outcome of chemotherapy alone, some authorities advise either 
autologous or allogeneic stem cell transplantation following induc- 
tion of remission with R-CHOP. A recent multicenter cohort study of 
172 patients with transformed FL concluded that patients undergoing 
autologous stem cell transplantation had better outcomes than those 
treated with rituximab-containing chemotherapy alone. However, 
allogeneic transplantation did not improve outcomes compared with 
rituximab-containing chemotherapy because of high rates of trans- 
plant-related mortality.” 


A PRAGMATIC APPROACH TO THERAPY OF 
FOLLICULAR LYMPHOMA 


There is currently little consensus among lymphoma experts with regard 
to the optimal management of patients with either frontline or relapsed 
FL.*! Therefore, at this time all patients with FL should be considered 
for entry into clinical trials to define the best regimens and to allow 
evaluation of the multitude of promising new drugs and antibodies that 
are now available. Patients who are ineligible for trials or who decline 
enrollment should receive individualized treatment. Patients with local- 
ized stage I or II disease may be offered local radiotherapy, observation 
or chemoimmunotherapy. Elderly patients with asymptomatic, stage III 


or IV disease are best monitored with observation alone, particularly 
if their disease is of low volume and if they have multiple coexistent 
medical illnesses. Patients who are symptomatic, have cytopenias, mas- 
sive splenomegaly, effusions, or bulky adenopathy should be treated 
with rituximab plus chemotherapy. Several regimens are acceptable 
including BR, R-CVP, and R-CHOP, with the latter regimen being most 
appropriate for young patients with aggressive presentations and rapidly 
growing bulky adenopathy, B symptoms or for patients with grade 3 
FL. The roles of maintenance rituximab and consolidative RIT following 
initial induction chemoimmunotherapy of newly diagnosed patients are 
contentious. It appears that either rituximab maintenance for 2 years or 
a single dose of consolidative RIT with Y-ibritumomab tiuxetan can 
prolong initial remission duration and PFS, but neither improves OS. 
Management of FL following relapse depends on the patient's initial 
treatment and the resultant remission duration. If the first remission 
lasts many years, the initial treatment regimen may again be used (except 
for anthracycline-containing regimens). If the initial remission is short, 
an alternative second-line regimen should be selected from among the 
many available options, including BR, R-CVP, R-CHOP, R-END (ritux- 
imab, fludarabine, mitoxantrone [Novantrone], and dexamethasone), 
and RIT. In the near future, many additional attractive options will be 
available, including ibrutinib,**** idelalisib,**° ABT-199,*”** antibody- 
drug conjugates, and adoptive immunotherapy with chimeric antigen 
receptor modified T lymphocytes.” Patients with a good performance 
status, who experience very short response durations, should be con- 
sidered for autologous or allogeneic stem cell transplantation. Patients 
who undergo histologic transformation should receive R-CHOP and be 
offered the option of stem cell transplantation. 


@ COURSE AND PROGNOSIS 


FL has been considered an indolent but incurable disease for which 
the median survival of approximately 10 years is minimally affected 
by medical interventions. This attitude is no longer valid, and survival 
of FL patients has been progressively increasing over the past 20 years 
(Fig. 99-7).°** Much of the improvement in survival appears 
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Figure 99-7. Improved survival of patients with follicular lymphoma 
treated by the Southwest Oncology Group. (Reproduced with permis- 
sion from Fisher RI, LeBlanc M, Press OW, et al: New treatment options have 
changed the survival of patients with follicular lymphoma. J Clin Oncol 
23(33):8447-8452, 2005.) 


attributable to the introduction of rituximab, better salvage therapies 
(bendamustine, RIT), improved supportive care measures, and the 
wider implementation of stem cell transplantation. Controversy persists 
over whether any of the grades of FL are curable with standard che- 
moimmunotherapy regimens, although it is clear that OS has improved 
significantly in the last decade. Further clinical research will settle these 
disputes and permit formulation of a consensus standard of care for the 
management of both newly diagnosed and relapsed FL. 
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CHAPTER 100 
MANTLE CELL LYMPHOMA 


Martin Dreyling 


Mantle cell lymphoma is a distinct subtype of non-Hodgkin lymphoma with a 
pathognomonic chromosomal translocation t(11;14), leading to constitutive 
cyclin D1 overexpression. The clinical presentation usually is characterized by 
widespread disease, occurring more often in male patients older than age 
60 years. Despite high initial response rates, early relapses occur frequently 
after conventional chemotherapy resulting in a median survival of only 3 to 
5 years. However, 10 to 15 percent of patients present with a more indolent, 
chronic course. Dose-intensified treatment regimens containing cytarabine, 
rituximab, and autologous stem cell transplantation can achieve long-term 
remissions in patients fit enough to tolerate such aggressive therapy. For 
the majority of elderly patients, rituximab maintenance therapy can result 
in prolonged survival. Targeted approaches, including proteasome inhibitors, 
immunomodulatory drugs, and inhibitors of the B-cell receptor pathway, 
have proven highly efficacious in patients with relapsed disease and should be 
implemented in a multimodal treatment plan. 


@ DEFINITION AND HISTOLOGY 


Mantle cell lymphoma (MCL) was originally named centrocytic lym- 
phoma or subsumed under the term intermediate lymphocytic lym- 
phoma. In 1992, the term mantle cell lymphoma was adopted for this 
entity because of morphologic and immunophenotypic similarities 
of the malignant cells to lymphocytes of the mantle zone of germinal 
centers.' In 1994, the term mantle cell lymphoma was incorporated 
into the revised European-American classification of the International 
Lymphoma Study Group, and remains a distinctive lymphoma subtype 
in the World Health Organization classification of malignant lymphoid 
disorders.** 


Acronyms and Abbreviations: ASCT, autologous stem cell transplantation; 
ATM, ataxia-telangiectasia mutant; BR, bendamustine and rituximab; BTK, Bruton 
tyrosine kinase; CHOP, cyclophosphamide, doxorubicin, vincristine, and prednisone; 
CLL, chronic lymphocytic leukemia; DHAP, dexamethasone, high-dose cytarabine, 
and cisplatinum; E2F, elongation factor 2; LDH, lactate dehydrogenase; MCL, mantle 
cell lymphoma; MIPI, Mantle Cell Lymphoma International Prognostic Index; mTOR, 
mammalian target of rapamycin; MTX, methotrexate; NF-KB, nuclear factor-xB; PI3K, 
phosphoinositol 3’-kinase; PFS, progression-free survival; R-CHOP, rituximab, cyclo- 
phosphamide, doxorubicin, vincristine, and prednisone; R-CVP, rituximab, cyclophos- 
phamide, vincristine, and prednisone; R-hyperCVAD, rituximab, hyperfractionated 
cyclophosphamide, vincristine, doxorubicin, and dexamethasone; slg, secretory 
immunoglobulin; TBI, total-body irradiation. 


Based on cytology, the classical form is characterized by small to 
intermediate-size cells with irregular, cleaved nuclei, dense chromatin, 
and indistinct nucleoli. A small cell variant, resembling chronic lympho- 
cytic leukemia (CLL), may be associated with a more indolent course.* 
In contrast, the blastoid cell variant, including a blastic and a pleomor- 
phic phenotype, displays a more aggressive clinical course.’ 

Histologically, MCL most frequently displays a diffuse infiltration 
of the lymph nodes, less commonly a nodular pattern, and, rarely, a 
mantle zone pattern, the latter of which may represent an earlier phase 
of the disease. The immunophenotype of the cells resembles the lym- 
phocytes in the mantle zone of normal germinal follicles, and is char- 
acterized by coexpression of B-cell antigens (CD19+, CD20+, CD22+, 
CD43+, CD79+, secretory immunoglobulin [sIg] M+, sIgD+) and the 
T-cell associated marker CD5+. Based on their predominantly preger- 
minal center origin, MCL cells stain strongly for the antiapoptotic pro- 
tein BCL-2, but are negative for germinal center markers like CD10 and 
BCL-6.° 

Because of the morphologic heterogeneity of MCL, detection of 
the MCL genetic hallmark, either by immunohistochemistry (cyclin 
D1 overexpression) or fluorescence in situ hybridization (chromosomal 
translocation t[11;14][q13;q32]) is crucial to confirm the diagnosis. In 
rare cases that are negative for cyclin D1, staining for SOX11, a tran- 
scription factor specifically expressed in more than 90 percent of MCL 
cases, may help to establish the diagnosis.‘ 


@ EPIDEMIOLOGY 


MCL represents approximately 6 percent of all non-Hodgkin lympho- 
mas, although a lower incidence has also been reported.” Between 1992 
and 2004, the age-adjusted annual incidence more than doubled from 
about 0.3 to 0.7 cases per 100,000. The incidence is more than twice 
as high in males and increases with age. Median age at presentation is 
approximately 65 years. No specific etiologic agent has been associated 
with MCL. 


@ ETIOLOGY AND PATHOGENESIS 


The chromosomal translocation t(11;14) results in overexpression of 
cyclin D1, a cell-cycle protein not normally expressed in lymphoid cells. 
The very rare cyclin D1-negative cases usually overexpress cyclin D2 or 
D3.° The cytogenetic abnormality t(11;14) is the primary event in the 
pathogenesis of MCL, facilitating the deregulation of the cell cycle at the 
G,-S phase transition.’ However, additional genetic events are required 
for the clinical manifestation of MCL. Thus, a low copy-number of the 
t(11;14) translocation has been found in the blood cells of 1 to 2 percent 
of healthy individuals without evidence of clinical disease.” Cytoge- 
netic studies have identified frequent secondary genetic alterations that 
are involved in cell-cycle dysregulation and DNA repair, which may 
explain why MCL has one of the highest levels of genomic instability 
among the malignant lymphoid neoplasms. These genetic abnormalities 
include losses in chromosomes 1p13-p31, 2q13, 6q23-27, 8p21, 9p21, 
10p14-15, 11q22-23, 13q11-13, 13q14-34, 17p13, and 22q12; gains in 
chromosomes 3q25, 4p12-13, 7p21-22, 8q21, 9q22, 10p11-12, 12q13, 
and 18q11q23; and high copy-number amplifications of certain chro- 
mosomal regions." 

Figure 100-1 depicts a proposed scheme relating genetic derange- 
ments with specific MCL subtypes. Cell-cycle dysregulation is a hall- 
mark of MCL. The overexpressed cyclin D1 complexes with CDK4, 
which results in phosphorylation of the retinoblastoma gene RBI and 
release of elongation factor 2 (E2F) transcription factors and progression 
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“Transformed” (5%) 


Figure 100-1. Proposed model of molecular 
pathogenesis of mantle cell lymphoma (MCL). 
The t(11;14) translocation leads to the consti- 
tutive deregulation of cyclin D1. Acquired inac- 
tivation of DNA damage response pathways 
may facilitate additional genetic alterations 
and the development of classical MCL. Further 
genetic alterations may target genes of the cell 
cycle and senescence regulatory pathways, 
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of the lymphoma cells into S-phase. In addition, mutation of the atax- 
ia-telangiectasia mutant (ATM) gene facilitates genomic instability in 
lymphoma cells through impaired response to DNA damage. Phospho- 
inositol 3’-kinase (PI3K) and mammalian target of rapamycin (mTOR) 
are important downstream targets of this signaling pathway. Finally, 
specific gene alterations, namely p53 or p16/CDKN2, are associated with 
the blastoid variant and poor clinical outcome." 

According to the characteristic cyclin D1 overexpression, molec- 
ular profiling has identified a cell proliferation gene signature that dis- 
tinguishes patient subsets that differ by more than 5 years in median 
survival.’ A five-gene model to predict survival in MCL based on for- 
malin-fixed, paraffin-embedded tissue has been devised." In the clinical 
setting, only Ki-67 expression, a cell-cycle-related protein, as deter- 
mined by immunohistochemistry, has been prospectively confirmed as 
a reliable prognostic marker, which allows the identification of high-risk 
patients (Ki-67 >30 percent) who may qualify for more-aggressive ther- 
apeutic approaches.*'® This marker is independent of clinical features 
including the Mantle Cell Lymphoma International Prognostic Index 
(MIPI) score (see Clinical Features and Risk Factors”?! below). 


@ CLINICAL FEATURES AND RISK 
FACTORS 


MCL typically presents in an older male patient with lymphadenopa- 
thy in several sites (e.g., cervical, axillary, inguinal). The patient may 
be asymptomatic but some experience fever, night sweats, or weight 
loss (Table 100-1).*” The spleen is enlarged in 40 percent of patients. 
Marrow is involved with MCL in the vast majority of patients, and 50 
percent of patients present with blood involvement, sometimes with an 
overt leukemic phase. 

In 25 percent of cases, there is symptomatic gastrointestinal 
involvement, typically presenting as polyposis coli.'* Gastrointestinal 
symptoms may include abdominal pain and diarrhea, signs of small- 
bowel obstruction, or hematochezia. The intestinal polyps usually 
appear in the ileocecal region, and histopathologic analysis and immu- 
nocytochemistry are required to confirm the diagnosis of MCL involve- 
ment. Asymptomatic gastrointestinal involvement may be detected in 
up to 90 percent of cases; thus, endoscopy and histologic analysis of 
random biopsies are recommended, especially in the few cases with 
localized stage. 

The frequency of CNS disease is low at first diagnosis but 
increases with subsequent relapses and correlates with elevated 


NK4A/CDK4/RB 
ARF/MDM2/p53 


leading to more proliferative and aggressive 
variants of MCL. (Modified with permission from 
Jares P Colomer D, Campo E: Genetic and molec- 
ular pathogenesis of mantle cell lymphoma: 
Perspectives for new targeted therapeutics. Nat 
Rev Cancer 7(10):750-762, 2007.) 


TABLE 100-1. Patient Characteristics at Presentation (304 


Cases) 
Characteristic Number 
Age (years) 

<60 123 

>60 178 
Sex 

Male 230 

Female 71 
Stage 

-Il 28 

III-IV 267 
Status (World Health Organization) 

0-1 233 

22 43 
Lactate dehydrogenase 

Elevated 56 

Normal 140 
International Prognostic Index 

0-1 15 

22 75 
Marrow involvement 

Yes 207 

No 81 
B symptoms 

Yes 107 

No 155 
Extranodal involvement 

Yes 161 

No 16 


Data from Tiemann M, Schrader C, Klapper W, et al: European MCL 
Network: Histopathology, cell proliferation indices and clinical out- 
come in 304 patients with mantle cell lymphoma (MCL): A clinico- 
pathological study from the European MCL Network. Br J Haematol 
131(1):29-38, 2005. 


— LR, median not reached 
IR, median = 51 
HR, median = 29 


Probability of overall survival 


0 12 24 36 48 60 72 


Months since registration 
Numbers of patients at risk 


LR 180 153 131 99 69 39 
IR 145 116 83 57 37 19 
HR 84 58 29 19 8 5 


lactate dehydrogenase (LDH), blastoid cytology, and cell proliferation 
(Ki-67).'° There is no consensus on the need for CNS prophylaxis. 

Prognostic parameters include the serum level of 8,-microglobu- 
lin and LDH, blastoid cytology, age, Ann Arbor stage, extranodal pre- 
sentation, and constitutional symptoms, among others.* Most of these 
prognostic variables were determined retrospectively and are based 
on doxorubicin-containing regimens only. Thus, a prognostic model, 
the MIPI, was established, which implements four independent prog- 
nostic factors: age, performance status, LDH, and leukocyte count 
(Fig. 100-2). This score has been confirmed in numerous series, 
including in a prospective study that corroborated the reliability of this 
score for various chemotherapy-based regimens.”! 

Based on frequent marrow involvement, detection of minimal 
residual disease with patient-specific primers allows the detection of 
one malignant cell in 10° to 10° background cells. A number of reports 
have confirmed a correlation between molecular residual disease and 
clinical recurrence.””* This fact has been used in trials evaluating the 
value of preemptive treatment with rituximab prior to emergence of 
clinical evidence of recurrence. 


@ DIFFERENTIAL DIAGNOSIS 


The clinical presentation of MCL may resemble CLL or other indo- 
lent nodal lymphomas. The immunophenotype of CLL is similar with 
coexpression of immunoglobulin (Ig) M and IgD, the B-cell-associated 
antigens CD19 and CD20, and aberrant expression of the T-cell anti- 
gen CDS. In contrast to MCL cells, however, CD23 is typically highly 
expressed in CLL. Like follicular lymphoma, MCL is positive for CD20 
and BCL-2, but in contrast to follicular lymphoma, MCL is negative for 
CD10 and BCL-6. However, because these expression patterns vary, 
analysis of cyclin D1 overexpression or t(11;14) remains crucial to con- 
firm or exclude the diagnosis of MCL. 


@THERAPY 


In general, MCL is still considered incurable and most patients follow 
an aggressive clinical course. However, 10 to 15 percent of patients may 
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Figure 100-2. Overall survival according to Mantle Cell 
Lymphoma International Prognostic Index (MIPI). LR, low 
risk; IR, intermediate risk; HR, high risk. (Reproduced with 
permission from Hoster E, Dreyling M, Klapper W, et al: German 
Low Grade Lymphoma Study Group (GLSG); European 
Mantle Cell Lymphoma Network: A new prognostic index (MIPI) 
for patients with advanced-stage mantle cell lymphoma. Blood 
111(2):558-565, 2008.) 
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exhibit a more indolent evolution and may not require therapy for sev- 
eral years. These cases are commonly characterized by a nonnodal leu- 
kemic presentation with only marrow involvement and splenomegaly.‘ 
Sox-11 negativity may also identify some of these more indolent cases, 
although its role is controversial, as additional p53 mutations may cause 
an aggressive clinical evolution (see Fig. 100-1).*° Thus, the reliable 
diagnosis of indolent cases is difficult, and a short, watchful, waiting 
period under close observation seems to be appropriate in cases with 
low tumor burden.” 


LOCALIZED STAGE 


Localized disease with low tumor burden is rare. A small retrospective 
review has suggested long-term remissions after involved-field radio- 
therapy (30 to 36 Gray).” In contrast, in a randomized trial all patients 
relapsed within a year.” Thus, a shortened chemotherapy induction fol- 
lowed by radiation consolidation seems to be most appropriate. 


ADVANCED STAGE 


Conventional Chemotherapy 

Because of the typical aggressive clinical presentation, anthracycline- 
containing chemotherapy has usually been applied to MCL in the 
past, although a small randomized trial did not confirm a major clin- 
ical benefit.” Complete remission rates are only 30 to 40 percent with 
cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP), 
typically with a short duration of response of 10 to 12 months.*°”? 


Combined Immunochemotherapy 

Rituximab monotherapy achieves low response rates of approximately 
25 percent, and should be used only in medically unfit patients who are 
not able to tolerate cytotoxic therapy (Fig. 100-3). On the other hand, 
addition of rituximab to chemotherapy has been shown to significantly 
improve complete response rates, overall response rates, and overall 
survival in a systematic meta-analysis, making immunochemotherapy 
the standard of care, both in first-line and relapsed settings for patients 
with advanced stage MCL (Table 100-2).”-® In patients with an overt 


Young Patient (<65) Elderly Patient (>65) 


First line treatment 


15t relapse 


Higher relapse 
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Compromised Patient 


Figure 100-3. Clinical recommendations outside of 
studies. ASCT, autologous stem cell transplantation; BR, 
bendamustine and rituximab; hyperCVAD, hyperfraction- 
ated cyclophosphamide, vincristine, doxorubicin, and 
dexamethasone; R-BAC, rituximab, bendamustine, and 
cytarabine; R-CHOP, rituximab, cyclophosphamide, dox- 
orubicin, vincristine, and prednisone; R-DHAP rituximab, 
dexamethasone, high-dose cytarabine, and cisplatin. 
(Modified with permission from Dreyling M, European Man- 
tle Cell Lymphoma Network: Mantle cell lymphoma: Biology, 
clinical presentation, and therapeutic approaches. Am Soc 
Clin Oncol Educ Book 197-198, 2014.) 


leukemic phase and high lymphocyte counts of greater than 50 x 10°/L, 
the first dose of rituximab should be delivered with caution because of 


the risk of tumor lysis syndrome or cytokine-release syndrome. 

Inarandomized trial, rituximab with CHOP considerably improved 
response rates (94 percent vs. 75 percent), and time to treatment failure 
in comparison to CHOP chemotherapy alone.™ In contrast, rituximab 
with cyclophosphamide, vincristine, and prednisone (R-CVP) resulted 
in significantly inferior response rates and progression-free survival 
(PFS), and cannot be recommended in patients with MCL.“ Similarly, 
fludarabine combinations result in prolonged cytopenias, and resulted 
in overall survival rates significantly inferior (46 percent vs. 62 percent 
at 4 years) to those achieved with rituximab, cyclophosphamide, dox- 
orubicin, vincristine, and prednisone (R-CHOP) in a large prospec- 
tive European trial.” In contrast, a bendamustine-based combination 
resulted in similar response rates (93 percent vs. 91 percent) and PFS 
in two randomized trials, but a more favorable toxicity profile, partic- 
ularly with regard to alopecia and peripheral neuropathy, making the 
bendamustine and rituximab (BR) regimen the most commonly admin- 
istered regimen currently, especially in elderly patients.*** Finally, an 
intensified approach combining bendamustine with cytarabine resulted 
in impressive response rates (100 percent), but significant thrombocy- 
topenia, suggesting that this regimen should be used only in young, fit 
patients.” 

In conclusion, BR and R-CHOP represent the current standard 
approaches in older patients who represent the majority of MCL patients 
(see Fig. 100-3). Based on clinical presentation, BR may be preferable, 
especially in patients with CLL-like presentation, whereas CHOP seems 
to be appropriate in the more-aggressive cases with elevated LDH. Espe- 
cially in blastoid variants, one might consider cytarabine-containing 
regimens based on the improved results in younger patients.“ However, 
such an individualized approach has never been tested in a prospective 
fashion. 


Maintenance/Consolidation 
The concept of regular rituximab maintenance, previously estab- 
lished in follicular lymphoma, has also been investigated in MCL.” 


After conventional R-CHOP induction, continuous antibody main- 
tenance results in an impressive prolongation of both PFS (58 per- 
cent vs. 29 percent at 4 years) and overall survival (79 percent vs. 67 
percent at 4 years) so that rituximab maintenance is now generally 
recommended. 

Alternatively, radioimmunotherapy consolidation has been tested 
after a shortened R-CHOP induction. Again, survival rates seem to be pro- 
longed with a median time to treatment failure of 31 months, but results 
seem to be inferior to ongoing rituximab maintenance, possibly because of 
the single-application scheme used with radioimmunotherapy.” 


Intensive Chemotherapy with and without Stem Cell 
Transplantation 

In several studies, either intensified upfront therapy or the addition of 
high-dose consolidation followed by autologous stem cell transplanta- 
tion (ASCT) resulted in impressive survival rates (Table 100-3).5¢ A 
randomized trial has proven that ASCT prolongs PFS in comparison 
to CHOP-like induction therapy alone (3.3 vs. 1.4 years). In a subse- 
quent meta-analysis, overall survival was also significantly prolonged 
by ASCT, independent of the addition of rituximab.” “In vivo purging” 
with a rituximab-containing induction regimen was shown to further 
improve long-term survival. Various studies have investigated the poten- 
tial benefit of cytarabine-containing induction regimens (Table 100-3). 
Most importantly, a randomized trial demonstrated that the median 
PFS was almost doubled by the administration of the R-CHOP/ 
DHAP (dexamethasone, high-dose cytarabine, and cisplatinum) regi- 
men (7.6 vs. 3.8 years) compared to administration of R-CHOP alone 
prior to ASCT.* In contrast, a phase II study suggested that high-dose 
methotrexate (MTX) adds significant organ toxicity, but similar long 
term remissions could be also achieved with considerably reduced 
doses.” 

A study-to-study comparison suggests a benefit of a total-body irra- 
diation (TBI)-containing high-dose consolidation in patients with only 
partial remission after induction, whereas such benefit was not observed 
for the addition of conventionally dosed radioimmunotherapy.*”? 


TABLE 100-2. Conventional Immuno-Chemotherapy for Mantle Cell Lymphoma 
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Number of Median PFS 
Author (Year) Phase Patients Regimen ORR% (CR%) (Months) 2-Year OS (%) 
Howard (2002)?? II 40 R-CHOP 96 (48) 17 95 (3 years) 
Lenz (2005)** Ill 12 CHOP 75 (7) 14 (TTF) 77 
R-CHOP 94 (34) 21 (TTF) 7 
Herold (2008) Ill 90 MCP 63 (15) 18 52 (4 years) 
R-MCP 71 (32) 20 55 (4 years) 
Gressin (2010)?” II 113 R-VAD-C 73 (48) 18 (no ASCT) 62 (3 years) 
58 (ASCT) 
Sachenes (2011)8 II 20 R-chlorambucil 95 (90) 89% (3 years) 95 (3 years) 
Kenkra (201 1)?° ll 22 R-hyperCVAD 77 (64) 38 62 (4 years) 
R maintenance 
Kluin-Nelemans lll 485 R-CHOP 86 (34) 28 (TTF) 62 (4 years) 
(2012) R-FC 78 (40) 26 (TTF) 47 (4 years) 
274 | maintenance NA 29% (4 year DR) 67 (4 years) 
R maintenance 58% (4 year DR) 79 (4 years) 
Smith (2012)*° Il 50 R-CHOP 64 (46) 31 (TTF) 73 (5 years) 
90Y-Ibritumumab 
Rummel (2013) Ill 94 R-CHOP 91 (30) 21 No difference 
BR 93 (40) 35 
Visco (2013)® II 20 R-BAC 100 (95) 95% (2 years) 93 
Ruan (2011)” Il 25 R-CHOP + bortezomib 91 (72) 44% (2 years) 86 
Houot (2012)? Il 29 R-doxorubicin/ 79 (59) 26 69 
dexamethasone/ 
chlorambucil + 
bortezomib 
Chang (2014)°* II 75 R-hyperCVAD + 95 (68) 67% (3 years) 91 (3 years) 
bortezomib 
R maintenance 
Robak (2015) Ill 487 R-CHOP 89 (53) 14 54 (4 years) 
R-CHP + bortezomib 92 (42) 25 64 (4 years) 
Inwards (2014)'® iW R-cladribine + 94 (53) 19 65 


temsirolimus 


ASCT, autologous stem cell transplantation; BR, bendamustine and rituximab; CR, complete response; MCP, mitoxantrone, chlorambucil, and 
prednisolone; ORR, overall response rate; OS, overall survival; PFS, progression-free survival; R-BAC, rituximab, bendamustine, and cytarabine; 
R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone; R-CHP, rituximab, cyclophosphamide, doxorubicin, and pred- 
nisone; R-FC, rituximab, fludarabine, and cyclophosphamide; R-hyperCVAD, rituximab, hyperfractionated cyclophosphamide, vincristine, dox- 
orubicin, and dexamethasone; R-MCP, rituximab, mitoxantrone, chlorambucil, and prednisone; TTF, time to treatment failure; °°Y, yttrium-90. 


The upper panel includes six studies using immunochemotherapy; the lower panel includes five studies that combine rituximab with other 


drugs. 


An interim analysis has suggested a benefit from subsequent rituximab 
maintenance, but further followup is necessary to confirm the superior- 
ity of this approach.* 

Alternatively, upfront dose intensification may be applied. The rit- 
uximab plus hyperfractionated cyclophosphamide, vincristine, doxoru- 
bicin, and dexamethasone (R-hyperCVAD) regimen has achieved high 
complete response rates and long-term remissions in various trials.***° 
However, this regimen is hampered by significant therapy-associated 
toxicity, including secondary malignancies, and should only be consid- 
ered in young, fit patients. 


RECURRENT AND REFRACTORY DISEASE 
Salvage Chemotherapy 


The inherent resistance of MCL to conventional doses of chemother- 
apy becomes especially apparent in relapsed disease. Conventional 
immunochemotherapy options, some of them highly effective in first 
line treatment, achieve only short term remissions in relapsed disease. 
(Table 100-4).*2°°-* Thus, consolidation with ASCT deserves consid- 
eration if not already employed in the frontline setting. Unfortunately, 
long-term results of this approach in recurrent/refractory MCL are 
rather sobering. 
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TABLE 100-3. Dose-Intensified Immunochemotherapy of Mantle Cell Lymphoma 


Number of Median PFS 
Author (Year) Phase Patients Regimen ORR% (CR%) (Years) OS (%) 
Dreyling (2005)*° Ill 122 R-CHOP + ASCT 98 (81) 33 83 (3 years) 
R-CHOP + IFN 99 (37) 1.4 77 (3 years) 
De Guibert (2006)>' Il 17 R-DHAP + ASCT 100 (94) 76% (3 years) 75% (3 years) 
7 R-DHAP 86 (86) NA NA 
Damon (2009)*” Il Hil R-CHOP/MTX/Ara-C/etoposide 88 (69) 56% (5 years) 64 (5 years) 
+ ASCT 
van ‘t Veer (2009)** Il 87 R-CHOP/Ara-C + ASCT 70 (64) 36% (4 years) 56 (4 years) 
Magni (2009)* Il 28 Sequential R-chemo + ASCT 100 (100) 57% (low risk) 76 (low risk) 
34% (high risk) 68 (high risk) 
Geisler (2012)*? ll 160 R-maxiCHOP/Ara-C + ASCT 96 (54) 7.4 58 (10 years) 
Hermine (2012)* Ill 455 R-CHOP + ASCT 97 (61) 3.8 67 (5 years) 
R-CHOP/DHAP + ASCT 98 (63) 7.3 74 (5 years) 
Delarue (2013)°*° Il 60 R-CHOP/DHAP + ASCT 100 (96) 6.9 75 (5 years) 
Le Gouill (2014)°? Ill 299 R-DHAP + ASCT NA 83% (2 years) 93% (2 years) 
R-DHAP + ASCT +R maintenance NA 93% (2 years) 95% (2 years) 
Romaguera (2010)°* ll 97 R-hyperCVAD 97 (87) 4.5 64 (10 years) 
Merli (2012)*° Il 60 R-hyperCVAD 83 (72) 61% (5 years) 73 (5 years) 
Bernstein (2013)°* Il 2013 R-hyperCVAD 86 (55) 48 63 (5 years) 


Ara-C, cytarabine; ASCT, autologous stem cell transplantation; CR, complete response; DHAP, dexamethasone, high-dose cytarabine, 
and cisplatinum; IFN, interferon; MTX, methotrexate; ORR, overall response rate; OS, overall survival; PFS, progression-free survival; R, rituxi- 
mab; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone; R-DHAP, rituximab, dexamethasone, high-dose cyta- 
rabine, and cisplatinum; R-hyperCVAD, rituximab, hyperfractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone; 
R-maxiCHOP, cyclophosphamide, hydroxydaunorubicin, vincristine, and prednisone. 


The upper panel includes nine studies using sequential intensification with autologous stem cell transplantation (ASCT); the lower panel 


includes three studies that use upfront intensification. 


In younger patients responding to salvage therapy, it is recom- 
mended to discuss the option of potentially curative allogeneic trans- 
plantation, based on the observed graft-versus-lymphoma activity in 
MCL. Reduced intensity conditioning may be applicable also in patients 
older than age 60 years, but is hampered by delayed toxicities, including 
chronic graft-versus-host disease and 20 to 25 percent treatment-related 
mortality.» * 

In elderly patients, one might consider rituximab maintenance 
if not administered previously. Alternatively, radioimmunotherapy 
consolidation has achieved long-term remissions in some patients, 
although efficacy as a single approach is limited with a median time to 
progression of only 5 months.” 


Targeted Approaches 

Chemotherapy alone has only short-term activity in relapsed disease, 
and therefore a number of targeted approaches have been investigated, 
especially in relapsed MCL, both as single agents and in combination 
with chemotherapy (see Tables 100-4 and 100-5). 

Proteasome Inhibitors Bortezomib, a first-generation pro- 
teosome inhibitor, is thought to exert its effect in part through 
alterations in the nuclear factor-xB (NF-«B). In relapsed disease, 
this single agent has shown response rates of 30 to 40 percent with a 
median PFS of approximately 6 months, which led to the first Fed- 
eral Drug Administration approval of a targeted drug in relapsed 


MCL.” In subsequent trials, bortezomib was evaluated in com- 
bination with different chemotherapy regimens to further improve 
remission rates and avoid cumulative side effects (see Table 100- 
4).8-°3 Based on the encouraging data, a first-line trial has been com- 
pleted. Substituting bortezomib for vincristine (within R-CHOP) led 
to an almost doubling of PFS.” In such a combined approach, borte- 
zomib should be administered on only days 1 and 4 of each cycle to 
avoid cumulative thrombocytopenia. 

Immunomodulatory Drugs Based on its oral formulation 
and its favorable tolerability, lenalidomide represents an attractive 
option, especially in the context of continuous treatment. After long- 
term efficacy was observed in multiple myeloma, various studies 
confirmed its benefit in relapsed MCL as well, with a response rate 
of 35 to 50 percent.”*’* In a randomized phase II trial, this approach 
was superior to monochemotherapy (response rate 40 percent vs. 11 
percent).’”* Other studies have investigated combining lenalidomide 
with chemotherapy.” 

Mammalian Target of Rapamycin Inhibitors Temsirolimus 
has been registered by the European Union based on a randomized 
phase III trial proving its superiority compared to monochemo- 
therapy in a highly refractory patient population (response rate, 22 
percent vs. 2 percent).*! Combining temsirolimus with chemother- 
apy resulted in objective responses in all evaluable patients in a 
phase I trial.’ 


TABLE 100-4. Conventional Immunochemotherapy of Relapsed Mantle Cell Lymphoma 


Chapter 100: Mantle Cell Lymphoma 


Number of Median PFS Median OS 
Author (Year) Phase Patients Regimen ORR% (CR%) (Months) (Months) 
Forstpointner Ill 24 FCM 46 (0) 4 11 
(2004)°° 24 R-FCM 58 (29) 8 65% (2 years) 
Rummel (2005)°*' Il 16 BR 75 (50) 18 NA 
Robinson (2008)° II 12 BR 92 (42) 19 NA 
Weide (2007)% Il 18 BMR 78 (33) 21 60% (2 years) 
Gironella (2012)* II 28 R-GemOx 79 (75) 18 30 
Visco (2013) Il 20 R-BAC 80 (70) 87% (2 years) 93% (2 years) 
Weigert (2009)? Retrospective 8 R-Ara-C + bortezomib 50 (25) 5 16 
Ruan (2010) Il 22 R-PEP-C + 73 (32) 10 45% (2 years) 
bortezomib 
Kouroukis ll 25 Gemcitabine + 60 (11) 11 NA 
CODE bortezomib 
Friedberg (2011)” II 7 BR + bortezomib 71 (NA) NA NA 
Gerecitano II 10 R-CP + bortezomib 60 (50) NA NA 
(2011)? 
Furtado (2015)88 Il 46 
CHOP 48 (22) 8 12 
CHOP + bortezomib 83 (35) 17 36 
Ruan (2010) Il 22 R-PEP-G-t 73 (32) 10 45% (2 years) 
thalidomide 
Zaja’ ll 42 BR + lenalidomide 79 (55) 68% (1year) 82% (1 year) 
Hess (2015) | 11 BR + temsirolimus 91 (45) 22 92% (19 months) 


BR, bendamustine and rituximab; BMR, bendamustine, mitoxantrone, rituximab; CHOP, cyclophosphamide, doxorubicin, vincristine, and 
prednisone; CR, complete response; FCM, fludarabine, cyclophosphamide, and mitoxantrone; ORR, overall response rate; OS, overall survival; 
PFS, progression-free survival; R-Ara-C, rituximab and cytarabine; R-BAC, rituximab, bendamustine, and cytarabine; R-CP, rituximab, cyclo- 
phosphamide, and prednisone; R-FCM, rituximab, fludarabine, cyclophosphamide, and mitoxantrone; R-GemOx, rituximab, gemcitabine, and 
oxaliplatin; R-PEP-C, rituximab, prednisone, etoposide, procarbazine, and cyclophosphamide. 


The upper panel includes six studies using immunochemotherapy; the middle panel includes six studies that combine agents with bortezomib; 
the lower panel includes three studies combining rituximab with other therapies. 


B-Cell Receptor Pathway Small molecules targeting the B-cell 
receptor have achieved remarkable response rates in relapsed MCL. The 
Bruton tyrosine kinase (BTK)-inhibitor, ibrutinib, exhibited a response 
rate of 68 percent in relapsed disesase.** Combination with rituximab 
led to a response in all cases with low Ki-67, whereas in highly prolifer- 
ating disease, this approach was only effective in half of the patients. 
The compound is very well tolerated with only slight immunosup- 
pression, bleeding, and atrial fibrillation being the predominant side 
effects. However, early relapses with a highly aggressive course have 
been observed. Combinations of ibrutinib with chemotherapy are being 
tested in the frontline setting. 

Idelalisib achieves similar high response rates of 62 percent in 
MCL, although many of the remissions are short-lived.*° 


@ COURSE AND PROGNOSIS 


The prospects for patients with MCL have significantly improved over 
the last few years based on advances in therapy, including the addition of 
rituximab and optimization of chemotherapy regimens, both according 


to tolerability (bendamustine) as well as efficacy (cytarabine, autologous 
transplantation; see Fig. 100-3). Accordingly, overall survival has been 
observed to improve from a median of 2.7 years in the 1980s to 5.8 years 
in the 1990s.'° 

Improved diagnostic tools, which allow the detection of pathog- 
nomonic cyclin D1 overexpression, show that MCL represents a 
spectrum of disease (see Fig. 100-1). Accordingly, a few patients 
may be followed with watchful waiting, whereas others present with 
a highly proliferative disease insensitive to conventionally dosed che- 
motherapy. In the majority of cases, initial responses are followed 
by a continuous relapse pattern, although remission durations have 
significantly improved as a result of improved frontline therapeutic 
approaches. The implementation of targeted therapies with proven 
efficacy in relapsed disease represents the current challenge in treat- 
ment of MCL (see Fig. 100-3). With the possible exception of ibru- 
tinib, combined approaches are required to achieve high response 
rates and prolonged remission durations. In addition, predictive 
markers for distinct targeted therapies are urgently needed for more 
individualized treatment strategies which will allow patients to 
achieve optimal outcomes. 
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TABLE 100 Therapy for Relapsed Mantle Cell Lymphoma 


Number of Median PFS Median OS 

Author (Year) Phase Patients Regimen ORR% (CR%) (Months) (Months) 
Goy (2009) Il 141 Bortezomib 33 (8) 7 24 months 
Baiocchi (2011) Il 13 R-bortezomib 29 (29) 2 NA 
Lamm (2011)? ll 16 R-bortezomib/ 81 (44) 12 39 

dexamethasone 
Kaufmann (2004)”* ll 16 R-thalidomide 81 (31) 20 75% (3 years) 
Zinzani (2013)”° ll 57 Lenalidomide 35 (12) 4 19 
Goy (2013)’¢ II 134 Lenalidomide 28 88) 4 19 
Trneny (2014)’8 ll 170 Lenalidomide 40 (5) 9 28 

84 monochemotherapy 11 (0) 5 21 

Wang (2012)” Il 44 R-lenalidomide 57 (36) 11 24 
Witzig (2005)? ll 34 Temsirolimus 250 mg 38 (3) WAC) 12 
Ansell (2008)°®° Il AT Temsirolimus 25 mg 41 (4) 6 (TTP) 14 
Hess (2009)*! Hl 162 Temsirolimus 175/75 22 (2) 5 13 

mg 6 (0) 3 10 

Temsirolimus 175/25 2 (2) 2 10 

mg 

chemotherapy 
Ansell (201 1)® ll 69 R-temsirolimus 59 (19) 10 30 
Renner (2012)®? Il 35 Everolimus 20 (6) 6 NA 
Wang (2013) ll 111 Ibrutinib 68 (21) 14 NA 
Wang (2014) ll R-ibrutinib 

100 (low Ki-67) 90% (1 year) 90% (1 year) 
50 (high Ki-67) 13.6 13.6 

Kahl (2014)°° l 16 Idelalisib 62 (NA) 3 (RD) NA 
Davids (2013)*’ l 8 MCL Abt-199 (Venetoclax) 100 NA NA 


CR, complete response; NA, not available; ORR, overall response rate; OS, overall survival; PFS progression-free survival; R, rituximab; TTP, time 


to progression. 
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CHAPTER 101 
MARGINAL ZONE B-CELL 
LYMPHOMAS 


Pier Luigi Zinzani and Alessandro Broccoli 


Indolent B-cell lymphomas deriving from the marginal zone include three 
specific entities: extranodal marginal zone (or mucosa-associated lymphoid 
tissue) lymphoma (EMZL), splenic marginal zone lymphoma (SMZL), and 
nodal marginal zone lymphoma (NMZL). The clinical and molecular charac- 
teristics are distinctive for each of these entities, although some phenotypic 
and genetic features are overlapping. EMZL is the most common entity, arising 
at virtually any extranodal site, commonly associated with chronic antigenic 
stimulation either as a result of an external infection (e.g., Helicobacter pylori 
in the stomach) or an autoimmune disease (as Sjogren syndrome or Hashi- 
moto thyroiditis). SMZL accounts for approximately 20 percent of all mar- 
ginal zone lymphomas, with patients typically presenting with an enlarged 
spleen and involvement of marrow and splenic hilar lymph nodes. NMZL is the 
least-common entity, representing approximately 10 percent of all marginal 
zone lymphomas and typically presenting with lymph node-based disease 
without splenic or extranodal site involvement. 


@ INTRODUCTION AND CLASSIFICATION 


Marginal zone lymphomas (MZLs) represent a heterogeneous group 
of indolent lymphoproliferative disorders originating from memory 
B-lymphocytes, which are normally present in the marginal zone—that 
is, the outer part of the mantle zone—of the secondary lymphoid folli- 
cles. The spleen and the mucosa-associated lymphoid tissues (MALT) 
are the most frequently involved anatomic compartments; lymph nodes 
may also been involved, albeit rarely. The 2008 World Health Organiza- 
tion (WHO) Classification of Tumours of Haematopoietic and Lymphoid 
Tissue identifies three distinct subtypes of MZL based on the involved 
site, the clinical presentation and course of the disease, as well as the 
molecular profiles, namely, extranodal MZL of MALT type (also termed 
extranodal marginal zone lymphoma [EMZL)); splenic marginal zone 
lymphoma (SMZL); and nodal marginal zone lymphoma (NMZL).! In 


Acronyms and Abbreviations: AKT1, protein kinase Ba; BCL6, B-cell CLL/ 
lymphoma 6 gene; BCL70, B-cell CLL/lymphoma 10 gene; BCR, B-cell receptor; CD, 
cluster of differentiation; EMZL, extranodal marginal zone lymphoma; HCY, hepati- 
tis C virus; Ig, immunoglobulin; /GHV, immunoglobulin heavy-chain variable region 
gene; IPSID, immunoproliferative small intestinal disease; LDH, lactate dehydro- 
genase; LPL, lymphoplasmacytic lymphoma; MALT, mucosa-associated lymphoid 
tissue; MZL, marginal zone lymphoma; NF-xB, nuclear factor-kappa B; NMZL, nodal 
marginal zone lymphoma; PAX5, paired box gene 5; P/M7, protooncogene proteins 
pim; ROS, reactive oxygen species; SMZL, splenic marginal zone lymphoma; WHO, 
World Health Organization. 


addition, two provisional entities are recognized by the 2008 WHO clas- 
sification: splenic diffuse red pulp lymphoma and hairy-cell leukemia 
variant, which represent two subtypes of splenic lymphomas with fea- 
tures overlapping with those of MZL. 

In adults, MZLs account for 5 to 17 percent of all non-Hodgkin 
lymphomas (NHLs); MALT lymphoma is the most frequent overall, 
being the third most frequent NHL and representing 7 to 8 percent of all 
B-cell neoplasms. It mostly affects middle-aged adults, at a median age 
of 60 years, with a slight female preponderance and often in association 
with chronic antigenic stimulation, either as a consequence of a chronic 
infection or an autoimmune disease. Gastric MALT lymphoma is by far 
the most common clinical entity, displaying considerable geographic 
variability with a higher incidence in areas associated with a high inci- 
dence of Helicobacter pylori infection. SMZL and NMZL represent 
20 percent and 10 percent of MZLs, respectively, accounting for less 
than 2 percent of all NHLs. The median age at disease onset is 65 years 
for SMZL, and between 50 and 60 years for NMZL.*? 

Each lymphoma subtype is presented and discussed separately in 
terms of epidemiology, etiology and pathogenesis, clinical presentation 
and treatment strategies. 


@EXTRANODAL MARGINAL ZONE 
LYMPHOMA 


DEFINITION 


EMZL or MALT lymphoma is an extranodal lymphoma that arises both 
in organs with an anatomically well-defined MALT, such as the gut, 
the nasopharynx and the lung (in which MALT represents an acquired 
and specialized immunologic barrier associated with highly permeable 
mucosal sites in close contact with the external environment), and in 
sites which normally lack lymphoid tissue, but have accumulated B cells 
in response to a chronic infection or an autoimmune process, such as 
the salivary glands, the ocular adnexa (orbits, conjunctiva and lacrimal 
glands), the skin, the thyroid, the genitourinary tract (bladder, prostate, 
kidney, uterus), and the breasts. 


EPIDEMIOLOGY 


MALT lymphoma accounts for at least 50 percent of primary gastric 
lymphomas, typically presenting in middle-aged adults, with a female 
predominance. Gastric MALT lymphoma is particularly common in 
the north-eastern part of Italy, which is an area of high prevalence of 
H. pylori infection. In contrast, a specific subtype of small intestinal 
MALT lymphoma (termed immunoproliferative small intestinal disease 
[IPSID]) tends to be more frequent in the Middle East, on the Indian 
subcontinent, and in the Cape Region of South Africa. 


ETIOLOGY AND PATHOGENESIS 


Sustained antigenic stimulation, triggered either by a chronic infection 
or by an autoimmune process, induces an initially polyclonal B-cell 
proliferation, as well as the development of an inflammatory response, 
with the attraction of neutrophils, which release reactive oxygen spe- 
cies (ROS). ROS are genotoxic, and may induce a wide range of genetic 
abnormalities. Moreover, the prolonged proliferation of B-lymphocytes 
induced by a chronic lymphoproliferative stimulus may increase the 
risk of DNA damage (double-strand breaks and translocations), as a 
consequence of the genetic instability of B cells during somatic hyper- 
mutation and class-switch recombination. Genetic abnormalities tend 
to involve those genes related to the activation of nuclear factor-kappa B 
(NF-«B), a key transcription factor regulating the expression of several 


survival- and proliferation-related genes in B cells during immune 
responses. The constitutive activation of this signalling pathway results 
in uncontrolled B-cell proliferation and subsequent neoplastic transfor- 
mation of the involved tissue. 

The longstanding antigenic stimulation explains how lymphoid 
infiltrates—or an acquired MALT—may appear in extranodal sites 
normally lacking MALT. The MALT that organizes in proximity to 
an epithelium receives stimuli from the epithelium itself (as occurs in 
autoimmune disorders) or from antigens entering the lymphoid tissue 
through the epithelium or via the afferent lymphatics (as during exoge- 
nous infections). 

Microbial species thought to be associated with MALT lymphoma 
include: H. pylori and Helicobacter heilmannii, hepatitis C virus (HCV), 
Campylobacter jejuni, Borrelia burgdorferi, and Chlamydia psittaci. 
‘These entities have been found to be related with the development of 
MALT lymphoma of the stomach, IPSID, cutaneous MALT lymphoma 
and orbital MALT lymphoma, respectively.*’” H. pylori has been docu- 
mented as the etiologic agent in more than 90 percent of gastric MALT 
lymphoma, which arises from H. pylori-stimulated autoreactive B cells.* 
H. pylori can be demonstrated by histology, polymerase chain reaction, 
or urea breath test, and can be isolated and cultured. H. pylori appears 
to be a fundamental factor for the development of the disease, and its 
elimination often induces a remission of the lymphoma by itself without 
any other intervention, thus fulfilling all four of Koch’s postulates and 
establishing the microorganism as the main etiologic factor. However, 
because only a minority of patients with an overt H. pylori infection 
develop the disease, it is obvious that the pathogenesis of gastric EMZL 
also depends on other, largely unknown factors, perhaps related to the 
host, the environment, or the virulence of the infecting H. pylori strain. 

It has also been demonstrated that viable C. psittaci can be found 
not only in monocytes and macrophages infiltrating orbital MALT lym- 
phoma, but also in patients’ blood and conjunctiva, raising the possibil- 
ity of microbial eradication and disease remission by antibiotic therapy 
with drugs such as doxycycline.’ 

Autoreactive B cells found in autoimmune diseases, such as those 
infiltrating the thyroid in Hashimoto thyroiditis, or the salivary glands 
in Sjögren syndrome, organize progressively into a well-developed 
MALT, mimicking lymphoproliferation and eventually evolving into 
an overt lymphoma. Patients with Sjogren syndrome have a 44-fold 
increased risk of developing lymphoma, and patients with Hashimoto 
thyroiditis have a 70-fold increased risk of thyroid lymphoma." 
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GENETIC ABERRATIONS 


Recurrent genomic lesions, including chromosomal translocations and 
unbalanced aberrations, can be detected in MALT lymphomas in up 
to 40 percent of the cases, depending on the specific aberration. The 
t(11;18)(q21;q21) translocation is the most common structural chro- 
mosomal abnormality in MALT lymphoma, being demonstrated in 
15 to 40 percent of the cases, especially in gastric and lung MALT lym- 
phoma.” Other chromosomal translocations include t(14;18)(q32;q21), 
t(1;14)(p22;q32) and t(3;14)(p13;q32), all involving the immunoglob- 
ulin heavy chain variable region (IGHV) gene on chromosome 14, and 
displaying a specific anatomic distribution (Table 101-1). The pres- 
ence of any of these chromosomal alterations correlates with a lack of 
any further genetic instability or chromosomal imbalances. 

Current knowledge of the genetic lesions seen in MALT lymphoma 
suggest a model of multistage development and progression from a 
preneoplastic lesion to overt lymphoma. The accumulation of genetic 
abnormalities is associated with a loss of dependency from antigenic 
stimulation (with subsequent antibiotic resistance) and with possible 
histologic transformation. 


CLINICAL FEATURES 


EMZL mostly presents as Ann Arbor stage IE disease, which implies the 
sole involvement of the extranodal site of origin, with possible extension 
of the disease to tributary lymph nodes in close proximity to the affected 
organ. Marrow and peripheral lymph node infiltration is uncommon, 
observed in less than 20 percent of the cases at presentation. The stomach 
is the most commonly involved organ, accounting for approximately one- 
third of cases. Other typical presentations include the salivary glands, the 
orbits and the ocular adnexa, the thyroid, the lungs, the skin, the breasts, 
the liver, and other gastrointestinal sites, apart from the stomach. Dis- 
seminated disease can be documented in up to 25 percent of patients 
with gastric MALT lymphoma, although those with nongastrointestinal 
extranodal disease exhibit disseminated lymphoma in nearly half of the 
cases.“ Gastric MALT lymphoma is often multifocal, which may explain 
the high rate of relapse in the gastric stump after surgical excision. Syn- 
chronous involvement of gastrointestinal and extraintestinal sites is 
detected in approximately 10 percent of cases. 

Systemic lymphoma-related symptoms are generally uncommon, 
and the clinical aspects and presenting symptoms generally correlate 
with the primary location of the disease. 


TABLE 101-1. Common Genetic Lesions in Mucosa-Associated Lymphoid Tissue Lymphoma 


Lesion Genes Frequency Sites 
2 t(11;18)(q21;q21) BIRC3-MALT1 15-40% Stomach, lung 
2 t(14;18)(q32;q21) IGHV-MALT1 20% Lung, skin, ocular adnexa, salivary gland 
6 t(1;14)(p22;q32) IGHV-BCL10 <5% Stomach, lung 
S t(3;14)(p13;q32) IGHV-FOXP1 <5% Unclear 
(= 
2 t3; t3q 20-40% No differences in sites 
E +18; +18q 20-40% No differences in sites 
d —6q23 TNFAIP3 15-30% No differences in sites 
ó 
=] 


BCL-10, B-cell CLL/lymphoma 10 gene; BIRC3, baculoviral IAP repeat-containing 3 gene; FOXP1, forkhead box P1 gene; IGHV, immunoglobulin 
heavy-chain variable region gene; MALT1, mucosa-associated lymphoid tissue translocation gene 1; TNFAIP3, tumor necrosis factor-a-induced 
protein 3 gene. 


Gastric MALT lymphoma presents with nonspecific dyspepsia, 
epigastric pain, and nausea. Chronic bleeding may become evident 
with progressively worsening iron-deficiency anemia. The antrum is the 
most frequently involved portion of the organ, although any part of the 
stomach can be affected: intragastric nodularities, enlarged rugal folds, 
thickened gastric walls, irregularly shaped superficial erosions or shal- 
low ulcers all represent macroscopic features of this lymphoma. 

MALT lymphomas of the ocular adnexa most often arise in the 
orbit (40 percent of cases), with masses that cause progressive proptosis, 
periorbital edema and abnormalities in ocular motility and vision. The 
conjunctiva is the site of origin in approximately 35 to 40 percent of 
the cases, with bilateral involvement observed in nearly 15 percent of 
patients. More rarely, the lymphoma originates from the lacrimal gland 
(10 percent of the cases) or the eyelid. 

Cutaneous MALT lymphoma generally presents with papules, 
plaques or nodules mainly involving the trunk and the upper limbs; the 
occurrence of multiple lesions affecting noncontiguous regions is, how- 
ever, not infrequent. Lesions may show spontaneous remissions, but 
cutaneous relapses are the rule. 

Immunoproliferative small intestinal disease, which is consid- 
ered a special variant of intestinal MALT lymphoma, usually manifests 
with a severe and unremitting malabsorption. The lymphoma usually 
remains confined to the upper intestine and the regional lymph nodes, 
spreading beyond the abdomen only in advanced stages of the disease 
and upon transformation into high-grade lymphoma. 


MORPHOLOGY 


The neoplastic lymphocytes tend to infiltrate the marginal zone around 
reactive B-cell follicles, external to an intact follicular mantle. Their cyto- 
plasm is pale, and they display small to medium-sized and irregularly 
shaped nuclei, with dispersed chromatin and inconspicuous nucleoli, 
either resembling germinal center centrocytes or monocytoid elements. 
Scattered, centroblast-like large cells may be present, although never 
predominant, as well as mature plasma cells in up to a third of cases. 
Lymphoepithelial lesions are characterized by invasion or necrotic 
destruction of the glandular epithelium by infiltrating lymphoma cells: 
they are highly characteristic of MALT lymphoma, particularly gastric 
MALT lymphoma (Fig. 101-1), although they are not pathognomonic. 
Germinal centers may also be colonized by MZL cells, thus conferring a 
vaguely nodular or follicular pattern; lymphoma cells may also undergo 


Figure 101-1. Gastric mucosa-associated lymphoid tissue lymphoma 
(Giemsa stain, magnification x200). (Used with permission of Dr. Claudio 
Agostinelli.) 
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a blastic or plasma cell differentiation. Upon immunohistochemistry, 
cells are CD20+, CD79a+, CD21+, and CD35+, lacking CD5, CD23, 
and CD10, typically expressing immunoglobulin (Ig) M (less often IgA 
or IgG), with an immunoglobulin light-chain restriction. 


DIFFERENTIAL DIAGNOSIS 


A distinction between reactive (i.e., acquired) and neoplastic MALT 
is sometimes difficult, especially for MALT lymphoma at early stages 
of evolution. The demonstration of clonality by virtue of light-chain 
restriction (on immunohistochemistry or flow cytometry) is of great 
diagnostic value. Other entities to be considered are other indolent 
B-cell lymphomas involving extranodal sites, such as mantle cell lym- 
phoma, small lymphocytic lymphoma and follicular lymphoma. An 
extended immunohistochemical panel, including CD5, CD23, CD10, 
and cyclin D1, along with cytogenetic and molecular analysis is required 
to rule out other diagnoses. 


STAGING PROCEDURES 


A complete and detailed patient’s history and a full physical exam, along 
with blood studies evaluating renal and liver function, lactate dehy- 
drogenase (LDH), serum protein electrophoresis and immunofixation, 
and complete serology for HIV, HCV, and hepatitis B virus are consid- 
ered mandatory." Cryoglobulins should be measured in HCV-positive 
individuals. Computed tomography of the neck, chest, abdomen, and 
pelvis, as well as marrow aspiration and biopsy, are required. H. pylori 
status should always be evaluated on the gastric biopsy or through a 
urea breath test, and repeated after therapy if positive at baseline. Endo- 
scopic ultrasound to evaluate the regional lymph nodes and gastric wall 
infiltration is also recommended in gastric MALT lymphoma. Fluores- 
cence in situ hybridization for t(11;18) is optional, but useful to guide 
therapy. Involvement with C. jejuni, C. psittaci, or B. burgdorferi may 
be detected in tumor biopsies from intestine, ocular adnexa or skin, 
respectively, by polymerase chain reaction, immunohistochemistry or 
of in situ hybridization. 


THERAPY 


H. pylori eradication therapy should be administered to all patients with 
H. pylori-positive MALT lymphomas, independent of stage at presen- 
tation or histologic grade. The outcome of H. pylori eradication must be 
confirmed by urea breath test at least 6 weeks after eradication therapy, 
and at least 2 weeks after proton pump inhibitors withdrawal. 

Antibiotic therapy is based on the epidemiology of the infection in 
the patient’s country of residence, and should take into account locally 
expected antibiotic resistance patterns. The most common approach 
is based on three drugs: a proton pump inhibitor, in association 
with either amoxicillin or metronidazole, and clarithromycin, for 10 
to 14 days.'® 

The role of surgery has been questioned, as gastric MALT lym- 
phoma is generally multifocal, thus requiring an extensive (total or 
subtotal) gastrectomy, usually severely impairing the quality of life. 
Nevertheless, gastrectomy can be considered in cases with major hem- 
orrhage, massive infiltration of the gastric walls (with an enhanced risk 
of perforation during chemotherapy), or pyloric stenosis.” 

Patients with nongastric MALT lymphoma and gastric MALT lym- 
phoma patients who fail to respond to H. pylori eradication or who have 
no evidence of H. pylori infection should be considered for alternative 
treatments. However, there is no evidence-based consensus delineating 
optimal alternative treatment strategies. Involved field radiation ther- 
apy (25 to 35 Gy) is a reasonable option for localized disease.'*'? Che- 
motherapy or rituximab immunotherapy, or a combination of both, are 
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TABLE 101-2. Chemotherapy/Immunotherapy Experiences in Gastric Mucosa-Associated Lymphoid Tissue Lymphoma 


Study Patients Early Stage Treatment Outcomes 
Hammel” 24 71% Cyclophosphamide or Chlorambucil 75% CR 

Avilés” 83 100% CHOP x 3 + CVP x 4 100% CR 
Jäger” 19 100% Cladribine 100% CR 
Martinelli? 27 86% Rituximab 46% CR; 31% PR 
Raderer”* 7 57% R-CHOP/R-CNOP 100% CR 
Conconi? 13 100% Bortezomib 46% CR; 15% PR 
Salar 21 64% Bendamustine + rituximab 94% CR; 6% PR 


CHOP, cyclophosphamide, doxorubicin, vincristine, prednisone; CNOP, cyclophosphamide, mitoxantrone, vincristine, prednisone; CR, complete 
response; CVP, cyclophosphamide, vincristine, prednisolone; PR, partial response; R, rituximab. 


effective in the treatment of all stages of disease (Table 101-2). It is 
important to note that patients with the t(11;18) translocation are usu- 
ally unresponsive to alkylating drugs if administered as single agents. 
Fludarabine has important antitumor activity,” especially when com- 
bined with rituximab,” as has the combination of chlorambucil plus rit- 
uximab.” Radioimmunotherapy with Y-ibritumomab tiuxetan is also 
effective for patients with MALT lymphoma.” 


COURSE AND PROGNOSIS 


MALT lymphoma usually has a favorable outcome, with a 5-year overall 
survival greater than 85 percent in most series. The reported median 
time-to-progression seems to be more favorable for gastrointestinal 
MALT lymphomas than nongastrointestinal lymphomas; however, 
no significant differences in overall survival have been demonstrated 
between the two disease subgroups. Approximately 30 to 50 percent of 
patients with a H. pylori-positive gastric MALT lymphoma show per- 
sistent or progressive disease after H. pylori eradication with antibiotic 
therapy. Among complete responders, almost 15 percent relapse within 
3 years, suggesting that additional therapies are required in a significant 
percentage of patients. Histologic transformation to diffuse large B-cell 
lymphoma has been reported in approximately 10 percent of the cases, 
usually as a late event that occurs independently from dissemination. 


@SPLENIC MARGINAL ZONE LYMPHOMA 
DEFINITION AND EPIDEMIOLOGY 


SMZL is a mature B-cell neoplasm arising from postgerminal center 
lymphocytes and involving the white pulp follicles of the spleen, the 
splenic hilar lymph nodes, the marrow and often the blood, showing 
characteristic neoplastic lymphoid elements referred to as “villous 
lymphocytes.” It accounts for 1 to 2 percent of all lymphomas, with a 
median age at diagnosis of nearly 65 years (range: 30 to 90 years) anda 
slight male predominance. 


ETIOLOGY AND PATHOGENESIS 


The precise pathogenesis of SMZL is unknown: the cell of origin is a 
marginal zone B cell, which is believed to be of postgerminal center 
origin, as demonstrated by the presence of somatic hypermutations in 
IGHV genes*?”; however, up to one-third of cases are nonmutated. Con- 
versely, SMZL exhibits a low frequency of somatic mutations involving 
oncogenes such as BCL-6, PAX5, and PIM1, which suggests a pathway 
of differentiation that may not involve a transit through the germinal 
center.” 


In cases of SMZL associated with chronic HCV infection, 
longstanding antigenic stimulation of B-lymphocytes as a result of 
the interaction of the viral E2 glycoprotein with CD81 on B cells is 
responsible for lymphocytes activation through the B-cell receptor 
(BCR), which ultimately leads to an increased rate of proliferation of 
B cells. Antiviral treatments can induce remissions of SMZL, thus 
proving the causative role of the infection in the pathogenetic process 
of HCV-related SMZL.** SMZL associated with chronic HCV infec- 
tion is often associated with mixed cryoglobulinemia and the devel- 
opment of cryoglobulinemic vasculitis. 


GENETIC ABERRATIONS AND MOLECULAR 
PATHOGENESIS 


Cytogenetic abnormalities can be found in up to 80 percent of SMZL 
patients, most frequently consisting of complete or partial 3q trisomy 
(30 to 80 percent of cases) and gains of 12q (15 to 20 percent of patients). 
However, the most significant karyotype aberrations, considered typi- 
cal of SMZL, are deletions or translocations involving 7q32, which are 
reported in nearly 40 percent of the cases. Other alterations involving 
chromosomes 8, 9p34, 12q23-24, 17p, and 18q, although not typical, 
are helpful for the diagnosis of SMZL.*° 

SMZL displays a characteristic transcriptional profile with a 
molecular signature consisting of over-expression of genes involved in 
the AKT1, BCR, and NF-xB signalling pathways. Mutations in signal- 
ling pathways involved in marginal zone B-cell development are also 
observed in nearly 60 percent of SMZL, with mutations of NOTCH2 
being the most frequent, accounting for 20 percent of the cases.** As 
these mutations are restricted to SMZL, they represent a potential diag- 
nostic marker (and presumably a therapeutic target) for this lymphoma 
subtype. 


CLINICAL FEATURES 


Isolated and generally asymptomatic splenomegaly and cytopenias 
are the most significant clinical characteristics of this lymphoma. The 
majority of patients seek medical attention because of the presence of 
anemia and/or thrombocytopenia, mostly related to hypersplenism 
rather than marrow insufficiency as a consequence of disease infiltra- 
tion. Lymphocytosis is always present, and basophilic villous cells in 
blood may also be found. Splenomegaly is detectable upon physical 
examination; dyspepsia and abdominal discomfort, due to the enlarged 
(or sometimes markedly enlarged) spleen, are often reported. Massive 
splenomegaly, frequently associated with small splenic hilar lymph 
nodes, is the typical feature of advanced cases. 


Autoimmune phenomena can be associated with this lymphoma, 
a result of the production of autoantibodies sustained by the neoplastic 
clone. Hemolytic autoimmune anemia or immune thrombocytopenia 
are present in 10 to 15 percent of patients. In up to 40 percent, a serum 
monoclonal paraprotein can be detected. 


MORPHOLOGY 


A micronodular lymphoid infiltrate of small lymphocytes typically sur- 
rounds and replaces the splenic white pulp germinal centers in SMZL, 
with involvement of the red pulp also consistently observed. The malig- 
nant cells resemble those of marginal zone MALT lymphoma; although 
some are larger and resemble centroblasts or immunoblasts. Plasma- 
cytic differentiation is usually appreciated within germinal centers. 
Neoplastic lymphocytes are typically CD20+, CD23-, CD38-, CD5-, 
CD10-, cyclin D1-, IgD+. Intertrabecular lymphoid nodules in the 
marrow mimic the morphology of tumor nodules in the spleen, with 
occasional reactive germinal centers surrounded by neoplastic cells. 
Neoplastic lymphocytes can usually be recognized in the blood,” with 
the classic villous morphology, characterized by the presence of polar 
small cytoplasmic projections (seen in only a subset of cells). 


DIFFERENTIAL DIAGNOSIS 


SMZL can be distinguished from other indolent lymphomas associ- 
ated with splenomegaly by the integration of clinical, morphologic, 
immunohistochemical and genetic data. Both follicular lymphoma and 
mantle cell lymphoma may show a micronodular pattern of splenic 
involvement: however, the expression of both CD5 and cyclin D1 by 
mantle cell lymphoma and of CD10 by follicular lymphoma represent 
clear diagnostic clues differentiating these subtypes. A more challeng- 
ing distinction is with lymphoplasmacytic lymphoma because plas- 
macytic differentiation is seen in 28 percent of cases of SMZL. The 
presence of a very large IgM paraprotein spike (>10 g/L) favors the 
diagnosis of lymphoplasmacytic lymphoma (LPL) rather than SMZL, 
though small IgM paraprotein spikes may also been seen in SMZL (<10 
g/L usually). 


THERAPY 


Treatment is required only in symptomatic SMZL patients with mas- 
sive splenomegaly causing pain, early satiety or cytopenias, defined as 
hemoglobin less than 100 g/L, platelets less than 80,000/uL, or neu- 
trophils less than 1000/wL. Asymptomatic patients may be followed 
clinically without intervention for many years, since treatment does not 
influence survival.” 

When treatment is indicated because of the occurrence of clinical 
symptoms, the recommended frontline therapy is splenectomy, which 
allows a rapid correction of anemia, thrombocytopenia and neutropenia—if 
present—and the removal of the dominant focus of the disease, even 
though such management does not influence marrow infiltration or 
blood lymphocytosis. Postsplenectomy partial remissions are generally 
stably maintained for years, and patients can remain asymptomatic, 
with a median time to next treatment of 8 years.** 

Systemic therapy is required when major contraindications to 
surgery exist, in elderly patients, in those who relapse or progress after 
splenectomy and in case of advanced disseminated nodal disease or 
high-grade transformation. Rituximab, used both as a single agent or 
combined with chemotherapy, is highly effective in this subgroup of 
patients*’ and is preferred to splenectomy by some authorities. Che- 
motherapy regimens are based on alkylating agents (such as chlorambu- 
cil or cyclophosphamide), fludarabine or bendamustine.*” 
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COURSE AND PROGNOSIS 


The median overall survival for patients with SMZL is 5 to 10 years, 
although a median survival time of less than 4 years has been docu- 
mented in a subset of patients presenting with advanced or aggressive 
disease (25 to 30 percent of cases). In 10 to 20 percent of cases, histo- 
logic transformation into a diffuse large B-cell lymphoma occurs. 

A prognostic model has been recently developed and validated in 
a cohort of more than 300 patients* based on three variables: hemo- 
globin concentration (<120 g/L), LDH (if elevated at diagnosis), and 
albumin levels (<35 g/L). This model, although lacking therapeutic 
implications, allows stratification of patients into three risk-groups, 
including a low-risk group (no risk factors) with an 88 percent 5-year 
cause-specific survival rate, an intermediate-risk group (one risk fac- 
tor) with a 73 percent 5-year cause-specific survival rate, and a high 
risk group (at least two risk factors) with a 50 percent cause-specific 
survival rate. 


@ NODAL MARGINAL ZONE LYMPHOMA 
DEFINITION AND EPIDEMIOLOGY 


Nodal MZL is a mature, postgerminal center B-cell lymphoma, shar- 
ing many morphologic and immunohistochemical characteristics with 
EMZL and SMZL, although it is considered a distinct clinicopathologic 
subtype by the current WHO classification. It is a rare disease, account- 
ing for less than 2 percent of all lymphomas, with a median age at onset 
of between 50 and 60 years. The association with autoimmune phenom- 
ena is weak for this lymphoma, in contrast to other MZLs. 


GENETIC ABERRATIONS AND MOLECULAR 
PATHOGENESIS 


No typical cytogenetic aberrations have been demonstrated for NMZL: 
among the reported abnormalities are gains of chromosomes 3, 7, 12, and 
18, and structural rearrangements of chromosome 1, with breakpoints in 
1q21 or 1p34.** Gain of several regions of chromosome 3 constitute a 
common marker of NMZL, occurring in 20 to 25 percent of patients, and 
are shared with patients presenting with EMZL. More than three-quar- 
ters of patients harbor somatic IGHV gene mutations, and show a biased 
use of IGHV segments 3 and 4. These mutations are equally seen in both 
HCV-positive and HCV-negative patients; however, IGHV gene segment 
1-69 seems to be preferentially used in HCV-related cases, suggesting 
differential antigenic stimulation driving lymphoma B-cell precursor 
selection, and the possible pathogenic role of HCV itself. 


CLINICAL FEATURES 


The majority of patients affected by NMZL present with disseminated 
peripheral and abdominal nodal involvement. Marrow infiltration is 
seen in less than half of the patients, and blood involvement is rare. 
Extranodal disease is absent, by definition and the presence of sple- 
nomegaly should suggest a diagnosis of SMZL. Performance status is 
generally good with lymphoma-related symptoms reported in 10 to 40 
percent of the cases. A serum monoclonal component is detected in 
only 10 percent of patients. 


MORPHOLOGY 


Neoplastic elements within lymph nodes have a marginal zone pattern 
of infiltration, with residual follicles being well-preserved or expanded 
in some cases (“MALT-type” NMZL), diminished in other cases 
(“splenic-type” NMZL), or sometimes colonized by the lymphoma cells, 
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Figure 101-2. Nodal marginal zone lymphoma (Giemsa stain, magni- 
fication x200). (Used with permission of Dr. Claudio Agostinelli.) 


in which case marked plasmacytoid differentiation and a nodular or 
follicular growth pattern mimicking follicular lymphoma is often seen 
(Fig. 101-2). 


DIFFERENTIAL DIAGNOSIS 


Pediatric NMZL is a different clinical entity that arises in adolescent 
patients, with a striking predominance in males. Atypical cells within 
lymph nodes show a marked pleomorphism and an interfollicular dis- 
tribution with marginal zones considerably expanded.' Patients gen- 
erally present with localized stage I disease, which can be managed 
conservatively (surgical excision and observation), with low rates of 
disease recurrence. 

The pathologic distinction between NMZL, LPL and follicular 
lymphoma with marginal zone differentiation can be difficult. Immuno- 
histochemistry may be a useful diagnostic tool by demonstrating BCL6 
and CD10 expression in follicular lymphoma, whereas the demonstra- 
tion of a large IgM paraprotein spike in the serum suggests LPL rather 
than NMZL. 


THERAPY 


No specific treatment consensus guidelines have been developed for 
NMZL, and patients are generally well managed according to treatment 
paradigms developed for follicular lymphoma and other indolent NHLs. 
In limited stage disease, surgery and radiotherapy are often appropriate, 
whereas immunochemotherapy is the most suitable option for patients 
presenting with symptomatic advanced stage disease.'*** Patients with 
concomitant HCV infection and no urgency for lymphoma treatment 
should receive antiviral treatment with interferon and ribavirin.” High- 
dose therapy and autologous stem cell transplantation can be considered 
for patients with aggressive presentations and short remission durations 
following standard immunochemotherapy regimens.” 


COURSE AND PROGNOSIS 


The average 5-year survival of NMZL is approximately 60 to 70 percent, 
with an estimated 5-year event-free survival of nearly 30 percent, thus 
indicating a high tendency of disease to relapse over time, albeit with 
rare involvement of extranodal sites. 
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CHAPTER 102 
BURKITT LYMPHOMA 


Andrew G. Evans and Jonathan W. Friedberg 


Burkitt lymphoma is one of the highly aggressive B-cell lymphomas. It was the 
first tumor to be etiologically associated with (1) a virus, specifically Epstein- 
Barr virus, (2) a specific translocation involving the MYC oncogene, and (3) one 
of the first cancers shown to be curable by chemotherapy alone. It presents 
in three clinically distinct forms: endemic, sporadic, and immunodefi- 
ciency-associated. Burkitt lymphoma is an uncommon form of lymphoma 
in adults, with an incidence of approximately 1200 patients per year in the 
United States. Over the last decade, the definition of Burkitt lymphoma has 
been refined, largely as a consequence of improvements in immunohis- 
tochemical, cytogenetic, and molecular diagnostic techniques. Transcriptional 
profiling has more clearly defined Burkitt lymphoma at the molecular level, 
while whole-genome sequencing has expanded our understanding of the 
mutational landscape that underlies this disease. Despite these refinements in 
diagnostic criteria, the differential diagnosis includes several high-grade lym- 
phomas, including a group of patients with a diagnosis defined by the World 
Health Organization as intermediate between Burkitt lymphoma and diffuse 
large B-cell lymphoma. Burkitt lymphoma is a highly curable malignancy 
in the modern therapeutic era. The majority of younger patients are cured 
with intensive chemotherapeutic regimens, and increasing efficacy has been 
demonstrated in older patients with reduced intensity treatments. Remaining 
challenges include the optimal management of older patients, the develop- 
ment of therapy for patients with relapsed or refractory disease, and the trans- 
lation of gains made in treatment to the management of endemic disease. 


@ DEFINITION AND HISTORY 


Burkitt lymphoma (BL) may present in three distinct forms: endemic 
(African), sporadic, and immunodeficiency-associated.! The endemic 
form (eBL) is the most common pediatric tumor in sub-Saharan Africa 


Acronyms and Abbreviations: B-ALL, acute B-cell lymphoblastic leukemia; BCL-U, 
B-cell lymphoma—unclassifiable; BL, Burkitt lymphoma; B-LBL, B-cell lymphoblastic 
lymphoma; CODOX-M/IVAC, cyclophosphamide, doxorubicin, vincristine, methotrex- 
ate, ifosfamide, etoposide and high-dose cytarabine, with intrathecal cytarabine 
and methotrexate; DHL, double-hit lymphoma; DLBCL, diffuse large B-cell lym- 
phoma; EBER, Epstein-Barr virus-encoded RNA; eBL, endemic Burkitt lymphoma; 
EBNA, Epstein-Barr nuclear antigen; EBV, Epstein-Barr virus; FISH, fluorescence in 
situ hybridization; GEP, gene-expression profiling; HAART, highly active antiretroviral 
therapy; hyper-CVAD, fractionated cyclophosphamide, vincristine, doxorubicin, 
dexamethasone; Ig, immunoglobulin; LDH, lactate dehydrogenase; NHL, non-Hodgkin 
lymphoma; PTLD, posttransplantation lymphoproliferative disease; R-EPOCH, 
etoposide, vincristine and doxorubicin, with bolus rituximab, cyclophosphamide and 
steroids; WHO, World Health Organization. 


and other regions of the world where malaria is endemic. It typically 
presents in the jaw or maxilla, and is associated with Epstein-Barr virus 
(EBV) infection at an early age. Although there are reports dating to 
as early as 1910, it was Denis Burkitt who is credited with describing 
this malignancy in 1958 as a common tumor in children of Uganda.*? 
Originally thought by Burkitt to be a sarcoma of the jaw, it was a pathol- 
ogist named George O'Connor who, in 1960, concluded it was a lym- 
phoma.* In 1964, while studying BL samples by electron microscopy, 
Sir Michael Anthony Epstein, Yvonne Barr, and Bert Achong discov- 
ered EBV when they recognized viral particles were present in tumor 
cells, thus helping to launch the nascent field of tumor virology. Fur- 
ther studies of BL over many years led to epidemiologic associations 
with both EBV and malaria in Africa.” Tumors of a similar histologic 
appearance were subsequently identified in the United States, Middle 
East, and elsewhere (ie., nonendemic regions) and termed sporadic 
BL. Sporadic cases were found to occur in older individuals, typically 
presented in the abdomen rather than the orofacial region, and were 
infrequently associated with EBV.* In 1985, a third class of BL was iden- 
tified in immunosuppressed patients, most commonly as a result of 
infection with HIV.’ BL was referred to as “small noncleaved cell lym- 
phoma” according to the Kiel classification system proposed by Karl 
Lennert in 1977, but this designation is no longer used. In the mid- 
1970s, recurrent chromosomal translocations involving chromosomes 
8 and 14 were described in BL,"*" paving the way for the identification 
of MYC as an important human oncogene when it was shown to be the 
translocation partner involved with immunoglobulin (Ig) heavy-chain 
and light-chain translocations.'*'* Evolution in the diagnosis and treat- 
ment of BL has occurred over the past few decades. High cure rates are 
now achieved among pediatric and young adult populations in health- 
care settings capable of delivering intensive combined chemotherapy 
regimens, both with and without B-cell-directed monoclonal antibody 
therapy (i.e., rituximab). In 2006, a “molecular signature” for BL was 
developed from gene-expression profiling (GEP) data, and in 2012 the 
first whole-genome sequences were published. Despite these scien- 
tific and technologic advances in our understanding of this historically 
important disease, translation of this information into specific targeted 
therapeutics for BL (i.e., inhibitors of known dysregulated pathways or 
mutated gene products) has yet to be realized. 


@ EPIDEMIOLOGY 


The endemic form of BL is found in equatorial Africa (as well as Brazil, 
Papua New Guinea, and other malaria-endemic regions), with a peak 
age incidence at 4 to 7 years, and is nearly twice as frequent in boys as 
in girls. In Africa it accounts for 20 percent of cancers in newborns to 
14-year-olds, and for the majority of non-Hodgkin lymphomas (NHLs) 
in all age groups.” Infection by EBV is found in nearly 100 percent of 
patients with eBL, and higher titers are linked to increase risk of eBL.’ 
Although not as close, there is an epidemiologic association with 
malaria,” in addition to other environmental factors.'® Sporadic BL, 
defined as cases outside of endemic African regions, accounts for 1 to 
2 percent of NHL, is higher in males than in females, and has a median 
age of 30 years. In the United States, BL exhibits a primarily a bimodal 
age distribution, with at least two incidence peaks of approximately 10 
and 75 years of age (median age of approximately 30 years), as com- 
pared to other NHLs, which generally increase from childhood through 
adulthood." Immunodeficiency-related BL increased in incidence dur- 
ing the AIDS epidemic; however, with improved antiretroviral therapy, 
the incidence has decreased in the United States and countries with 
access to effective therapy for HIV. 


@ ETIOLOGY AND PATHOGENESIS 


MOLECULAR GENETICS 


Myc Overexpression and Gene-Expression Profiling 

The unifying feature of all three types of BL is activation of the MYC 
gene via an Ig translocation leading to high levels of MYC protein, 
which activates transcription of a variety of genes involved in cell 
growth. Translocations are thought to occur via double-stranded DNA 
breaks that occur during normal class-switch reaction and somatic 
hypermutation in mature B-cell development, which, in turn, depends 
on activation-induced cytidine deaminase.” In addition, somatic point 
mutation of growth-regulatory genes (such as MYC) which are also 
caused by activation-induced cytidine deaminase may also play an 
important role. The dominant role of MYC activation in BL patho- 
genesis is emphasized by the results of multiple independent gene- 
expression studies. GEP analysis is capable of distinguishing BL from 
diffuse large B-cell lymphoma (DLBCL), and this finding is predicated 
on identifying cases with highly expressed target genes of MYC, as well 
as markers of germinal center B cells, and lower expression of target 
genes of the nuclear factor (NF)-«B pathway.” In a separate study, a 
core group of eight cases of pediatric BL (fulfilling World Health Orga- 
nization [WHO] criteria) were used to generate a molecular signature, 
and tumors that matched this expression pattern were termed “molecu- 
lar BL’ (mBL).” Additional characteristics of this group included lower 
cytogenetic complexity (including near total absence of translocations 
involving BCL6 and/or IGH-BCL2) and the presence of MYC translo- 
cations involving Ig genes, rather than non-Ig partners, features which, 
again, distinguish BL from DLBCLs and other high-grade NHLs. 


Next Generation Sequencing and ID3/TCF3 Mutations 
Advanced sequencing analysis at the level of the whole genome, 
exome, and transcriptome has provided a more complete view of the 
spectrum of somatic mutations that occur in Burkitt lymphomagen- 
esis and identified several recurring and previously unappreciated 
determinants of molecular pathogenesis. In addition to mutations in 
MYC, as many as 70 additional genes were found to be recurrently 
mutated in BL.” Mutations in ID3, TCF3, and CCND3 are among 
the most common seen in multiple independent studies.***> ID3 is 
a member of the inhibitor of DNA binding (ID) protein family, and 
it is a negative regulator of transcription factor TCF3. The presence 
of biallelic inactivating mutations and/or deletions of ID3 suggests 
it serves as a tumor suppressor. TCF3, conversely, was shown to be 
essential for BL cell viability, and the presence of monoallelic muta- 
tions that result in substitutions among highly conserved amino acid 
residues suggests gain of function mutations in TCF3 may result. 
Overall, the mutational landscape for BL differs significantly from 
DLBCL. For example, relatively few ID3 mutations were found 
among other B-cell lymphomas, even in those with Ig-MYC translo- 
cations.” [D3 and/or TCF3 mutations were also common among all 
three epidemiologic subtypes of BL. CCND3 mutations were rare in 
eBL, but abundant in the other two subtypes.” 


ALTERED IMMUNE STATUS AND INFECTION 


HIV-Associated and Endemic Disease 

Underlying immune alteration likely plays a role in at least two 
epidemiologic subtypes of BL (endemic and immunodeficien- 
cy-associated), although teasing apart the precise role of immune 
function in BL pathogenesis has proven challenging. Immunodefi- 
ciency-associated BL occurs predominantly in HIV-positive patients. 
Its occurrence does not directly correlate with CD4+ T cell status, 
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and BL only rarely occurs with other forms of immunosuppression. 
BL is different from other EBV-associated lymphoproliferative dis- 
orders that occur with advanced HIV, yet is otherwise comparable 
to EBV-positive posttransplantation lymphoproliferative disorders 
(PTLDs) that arise in severely immunosuppressed solid-organ 
allograft recipients.” Rather, the clinical course and pathogenesis of 
immunodeficiency-associated BL more closely parallels that of spo- 
radic BL in the immunologically intact patient. In eBL, the underly- 
ing immune alteration is probably multifactorial, may be influenced 
by chronic malnutrition, and may stem from chronic immune acti- 
vation to various stimuli including holoendemic malaria, EBV, and 
possibly other environmental agents.” 


Epstein-Barr Virus and Malaria 

The clear epidemiologic and immunologic link to malaria and 
EBV-infection has led several investigators to characterize eBL as a 
“polymicrobial” disease.” Numerous biological mechanisms have 
been proposed to explain the etiologic link between eBL and each 
infection. For example, EBV may play a role prior to the MYC translo- 
cation event, simultaneously inducing proliferation (via Epstein-Barr 
nuclear antigen [EBNA]-2) and inhibiting apoptosis (via EBNA3A- and 
EBNA3C-induced epigenetic silencing of proapoptotic protein Bim 
[Bcl-2-interacting mediator of cell death], a key defender of MYC-in- 
duced tumorigenesis).*” Alternatively, inhibition of apoptosis may be 
sustained in BL tumor cells as a result of EBNA-1 expression (the only 
latency-associated viral protein consistently expressed in BL), noncod- 
ing viral RNAs (including Epstein-Barr virus-encoded RNA [EBER] 
and microRNAs), or possibly as a result of epigenetic reprogramming.’ 
Precise mechanisms for the role of malaria in eBL are less clear, but 
it has been shown that Plasmodium species can stimulate B cells in a 
polyclonal fashion,” the effects of which may modulate EBV tran- 
scriptional programs within infected B cells.” Malaria infection also 
modulates virus-specific T-cell responses to EBV.” By simultaneously 
expanding EBV-infected B cells, which may dysregulate the activation 
induced cytidine deaminase function and thereby increase the chance 
of acquiring a MYC translocation, while at the same time perturbing 
the host's antiviral immune response, malaria infection may serve as a 
critical facilitator that brings together these otherwise disparate patho- 
logic events in a manner that predisposes specific populations to devel- 
oping eBL.** Overall, these findings suggest that BL emerges in the 
setting of chronically altered but fundamentally intact immune system. 


@ CLINICAL FEATURES 


The endemic (African) form often presents as a jaw or facial bone tumor. 
It may spread to extranodal sites, especially to the marrow and menin- 
ges. Almost all cases are EBV-positive. The nonendemic or American 
form presents as an abdominal mass in approximately 65 percent of 
cases, often with ascites. Extranodal sites, such as the kidneys, gonads, 
breast, marrow, and CNS, may be involved. Involvement of the marrow 
and CNS is much more common in the nonendemic form. Patients with 
more than 25 percent marrow involvement with malignant cells often 
are referred to as having Burkitt cell leukemia (see Blood and Marrow 
below). In addition, in contrast to the endemic form, only 15 percent of 
the nonendemic cases are EBV-positive. 

Immunodeficiency-related cases often involve the lymph nodes 
and are associated with EBV in 30 percent of the cases. Staging using 
the system modified for childhood BL (Murphy staging system, 
Table 102-1) may be used rather than the Ann Arbor system, given that BL 
is largely an extranodal lymphoma. 


TABLE 102-1. Murphy Staging System for Burkitt 
Lymphoma 


Stage I: Single nodal or extranodal site excluding mediastinum or 
abdomen 


Stage Il: Single extranodal tumor with regional nodal involvement 
Two extranodal tumors on one side of diaphragm 


Primary gastrointestinal tumor with or without associated 
mesenteric nodes 


Two or more nodal areas on one side of diaphragm 
Stage IIR: Completely resected intraabdominal disease 
Stage Ill: Two single extranodal tumors on opposite sides of diaphragm 
All primary intrathoracic tumors 
All paraspinal or epidural tumors 
All extensive primary intraabdominal disease 
Two or more nodal areas on opposite sides of diaphragm 
Stage IIIA: Localized, nonresectable abdominal disease 
Stage IIIB: Widespread multiorgan abdominal disease 
Stage IV: Initial CNS or marrow involvement (<25%) 


Adapted with permisison from Perkins AS, Friedberg JW: Burkitt 
lymphoma in adults. Hematology Am Soc Hematol Educ Program 
341-348, 2008. 
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@ LABORATORY FEATURES 
BLOOD AND MARROW 


Patients with bulky disease may have Burkitt cells in marrow and blood 
with accompanying suppression of normal blood counts. Characteristic 
pathologic features of BL on smear preparation are intermediate-size cells 
with round nuclei, multiple nucleoli, strongly basophilic cytoplasm (a 
consequence of the abundant polyribosomes), and the presence of lipid- 
filled cytoplasmic vesicles, some of which overlie the nucleus (Fig. 102-1). 
Rare cases, more commonly in males, may present principally with mar- 
row and blood involvement, so-called Burkitt cell leukemia variant (pre- 
viously classified as acute lymphocytic leukemia—L3, according to the 
former French-American-British [FAB] classification). 

The serum lactic dehydrogenase (LDH) is often elevated as a 
reflection of the high cell turnover, especially in patients with bulky 
disease. 


HISTOPATHOLOGY AND CYTOLOGY 


BL is characterized by monomorphic medium-size cells with round 
nuclei, multiple nucleoli, and basophilic cytoplasm.” Burkitt cells 
have a very high proliferative rate (295 percent as determined by Ki-67 
staining) and frequent mitotic figures are usually present. BL has a dif- 
fuse pattern of growth comprised of intermediate-size B cells (12 uM 


Figure 102-1. A.Lymph node biopsy section. A monomorphic population of Burkitt lymphoma (BL) cells interspersed with macrophages engorged 
with cellular debris as a result of the high cell turnover rate (high rate of apoptosis and cell proliferation). These “tingible body macrophages,’a term 
derived from a description of phagocytized nuclear debris of small lymphocytes by macrophages in germinal centers of normal lymph nodes used 
more than 100 years ago, are embedded in the solid monomorphic infiltrate of Burkitt cells give rise to the “starry sky appearance,’ a descriptor com- 
monly used in lymph node and marrow sections in BL. B. Tumor biopsy. High-powered image showing histologic detail of a monomorphic popula- 
tion of medium-size BL cells with rounded nuclei, relatively fine chromatin, multiple prominent nucleoli, and interspersed macrophages. C. Cytologic 
smear preparation demonstrating cluster of BL tumor cells, with characteristic vacuolated, deep-blue, basophilic cytoplasm, rounded nuclei, and 
multiple nucleoli. Note the associated tingible body macrophage at center. Similar cytologic features of tumor cells are seen on blood and marrow 
aspirate smear preparations. D. Fluorescence in situ hybridization (FISH) image demonstrating the presence of IGH-MYC translocation (lower left hand 
cell). Colocalization of the IGH locus probe (labeled green) and MYC probe (labeled red) results in a fused yellow signal consistent with t(8:14) chromo- 
somal translocation. The upper right hand cell shows a normal pattern of two red and two green nontranslocated alleles. E. Ki-67 immunoperoxidase 
stain of BL showing the very high prevalence of cells in the mitotic cycle (virtually all nuclei show the reddish-brown reaction product of the stain). 
The Ki-67 monoclonal antibody identifies a nuclear protein expressed throughout the cell cycle and is a marker of cell proliferative activity. F. 
MYC immunoperoxidase stain, demonstrating upregulated nuclear expression of MYC in virtually 100 percent of cells. (A, reproduced with permission 
from Lichtman’s Atlas of Hematology, www.accessmedicine.com. D, used with permission of Dr. A. Iqbal, University of Rochester.) 


diameter on a blood or marrow film) with a high nuclear-to-cytoplas- 
mic ratio. Nuclear contours are round to oval without cleaves or folds, 
a key feature in the distinction from DLBCL. Nucleoli are typically 
multiple, small-to-intermediate in size, and the nuclear chromatin is 
relatively immature, being finely granular. Along with a high prolifer- 
ation rate these cells are characterized by a high rate of spontaneous 
apoptosis leading to the characteristic “starry sky” pattern in marrow 
and lymph nodes—a monomorphic diffuse background of lymphoma 
cells that is interspersed with reactive macrophages engulfing cellular 
debris (so-called tingible-body macrophages) (see Fig. 102-1). 


IMMUNOPHENOTYPE 


BL cells are mature B cells, positive for CD19, CD20, CD22, and CD79a, 
and have monotypic surface IgM; they lack CD5 and CD23. BL cells also 
show immunologic similarity to germinal center cells of B-cell follicles 
rather than activated B cells, being positive for BCL6, CD10, Tell, and 
CD38, negative for Mum-1, CD44, CD138, TdT (terminal deoxynu- 
cleotidyl transferase), and importantly little to no expression of BCL2. 
However, germinal center cells markers are not specific for BL, since a sig- 
nificant proportion of DLBCL also has this germinal center cell signature. 


EPSTEIN-BARR VIRUS STUDIES 


Although EBV is associated with 98 percent of eBL, it is also seen in 
20 percent of sporadic cases, and in 30 to 40 percent of HIV-associated 
cases.** It can be detected using in situ hybridization for EBER. Although 
EBV likely plays a key role in B-cell stimulation during a prelymphoma 
stage, the role for EBV after lymphoma development is unclear, as is 
whether EBV positivity is clinically meaningful. In EBV-positive 
endemic cases, CD21 (the EBV receptor) is expressed and is negative in 
most EBV-negative nonendemic BL cases. In contrast to primary effu- 
sion lymphomas and DLBCL, EBV-positive, HIV-associated BL does not 
express LMP1 or EBNA2. 


CYTOGENETICS 


Virtually all cases of BL have a translocation between the long arm of 
chromosome 8, the site of the MYC protooncogene (8q24), and one of 
three translocation partners: the Ig heavy-chain region on chromosome 
14; the x light-chain locus on chromosome 2; or the A light-chain locus 
on chromosome 22. The translocations involving MYC can be detected 
by fluorescence in situ hybridization (FISH) using so-called MYC “break 
apart” probes: a set of two fluorescently tagged DNA probes of two differ- 
ent colors that hybridize to the upstream and downstream side of the gene. 
In an unperturbed gene, they hybridize together within interphase cells 
giving a composite color, whereas with translocation, the two fluorescently 
labeled probes are separated. A key feature of BL is the relative simplicity of 
their karyotype; in the majority of cases, the MYC translocation is the sole 
abnormality. This relatively limited degree of chromosomal change has 
been confirmed by microarray studies which can detect submicroscopic 
chromosomal alterations.” Among the few changes repeatedly seen by 
microarray, MYC amplification is found in mBL cases that lack Ig-MYC 
translocation. In general, this noncomplex cytogenetic profile for BL dis- 
tinguishes it from DLBCL, which is among one of the primary consider- 
ations in the differential diagnosis with BL, as discussed below. 


@ DIFFERENTIAL DIAGNOSIS 
DIFFUSE LARGE B-CELL LYMPHOMA 


The primary pathologic diagnosis in the differential diagnosis of BL 
is DLBCL." Since the publication of the 2008 WHO guidelines,' the 
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diagnosis of BL has been refined and diagnostic criteria have been tight- 
ened. Although the majority of BL cases, even in the adult, possess all of 
the criteria for the diagnosis: high mitotic rate in an appropriate mor- 
phologic and immunophenotypic setting, together with an Ig-positive 
MYC translocation, significant overlap exists with DLBCL and a minor- 
ity of cases do not fit neatly into the diagnosis of either. Typically, this 
arises because of the absence of key morphologic features in a lesion 
that otherwise resembles BL: a nonmonomorphic nuclear morphol- 
ogy; fewer tingible-body macrophages than is typical; or an abnormal 
immunophenotype. Terms that were once frequently used to describe 
such cases, such as “atypical” BL or “Burkitt-like lymphoma,’ have fallen 
out of favor for diagnostic purposes, and these cases may be best classi- 
fied as an intermediate or unclassifiable B-cell lymphoma (see “B-Cell 
Lymphoma, Unclassifiable” below). Consequently the term “Burkitt 
lymphoma” is now reserved for a more pathologically uniform tumor 
type, and thus BL now arguably comprises one of the most homoge- 
neous subtypes of aggressive B-cell NHL. 


B-CELL LYMPHOMA, UNCLASSIFIABLE 


To address the spectrum of overlapping clinicopathologic features 
exhibited by some cases that fall outside BL, the WHO developed a 
mixed classifier, termed “B-cell lymphoma, unclassifiable, (BCL-U) 
with features intermediate between diffuse large B-cell lymphoma and 
Burkitt lymphoma.” Although some propose that this category rep- 
resents a distinct clinicopathologic entity, this designation is primarily 
reserved for cases with morphologic and/or immunophenotypic fea- 
tures that preclude more specific classification into either group. The 
BCL-U category is not intended simply to include otherwise conven- 
tional DLBCL that harbor a MYC translocation, or conversely BL for 
which a MYC translocation cannot be demonstrated. 


DOUBLE-HIT LYMPHOMA 


Another diagnostic term that has recently gained widespread use is 
“double-hit lymphoma” (DHL).* Although not a formal diagnostic cat- 
egory, DHL refers to a subset of aggressive mature B-cell (non-Burkitt) 
lymphomas that harbor translocations of MYC as well as at least one 
other protooncogene (most commonly BCL2 or BCL6). Distinction 
of such a subset is warranted given that DHL, empirically, has among 
the worst prognosis of any NHL and patients may benefit from more 
intensive chemotherapy. The prognostic implication for DLBCLs that 
overexpress both MYC and BCL2 (i.e., “double-hit” patterns of pro- 
tein expression as determined by immunohistochemistry) is similar.“ 
Whereas DHL most frequently exhibits histomorphologic features of 
DLBCL or BCL-U, and the importance of BCL2 activity clearly distin- 
guishes it from BL, the clinical aggressiveness of these tumors and critical 
importance of MYC dysregulation have prompted comparisons to BL. 


B-CELL LYMPHOBLASTIC LYMPHOMA 


Despite the fact that B-cell lymphoblastic lymphoma (B-LBL; a.k.a. 
B-cell acute lymphoblastic leukemia [B-ALL]) is a malignant neoplasm 
of immature B-cell precursors, numerous features warrant its consid- 
eration in the differential diagnosis with BL, including: anatomic dis- 
tribution (marrow, soft tissues, and nodes), high proliferation index, 
overlapping histomorphology (medium-size round-cell morphology, 
finely dispersed nuclear chromatin, high nuclear-to-cytoplasmic ratio, 
and occasional “starry sky” pattern), immunophenotype (CD 10-posi- 
tive/CD20-variable), and propensity to occur in young patients. Dis- 
tinctive features include the expression of TdT, absence of mature B-cell 
markers (e.g., surface immunoglobulin expression and BCL6), and the 
distinctive cytologic and flow cytometric features of immature blasts. 


@THERAPY 
GENERAL CONSIDERATIONS 


BL is a highly aggressive tumor; however, therapy with multiagent 
chemotherapeutic programs results in excellent long-term remission 
rates and long-term survival of up to 85 percent of children. Applying 
the same chemotherapy regimens to adults has shown dramatically 
improved response rates.***” Risk stratification allows patients with 
limited disease to be treated with less-intensive therapy than more 
advanced cases and still achieve very high responses, although the vast 
majority of patients present with advanced disease. Patients with exten- 
sive disease can achieve 80 percent long-term survival. The regimens 
employ multiple non-cross-resistant drugs used over a short period. 
These drugs include high-dose cyclophosphamide, methotrexate, vin- 
cristine, prednisone, high-dose methotrexate, high-dose cytarabine, 
etoposide, and sometimes ifosfamide. CNS prophylaxis therapy, either 
intrathecal or systemic, is given in almost all patients with BL. Radiation 
therapy does not play a role in the treatment of BL, and use of radiation 
therapy for limited-stage diseases is of no additional benefit.4” 


TUMOR LYSIS SYNDROME 


The tumor lysis syndrome is a serious metabolic complication of rap- 
idly growing tumors, of which BL is a classic example. The syndrome 
is the result of the rapid destruction of tumor cells, highly sensitive to 
chemotherapy, and can result in hyperuricemia, hyperkalemia, hyper- 
phosphatemia, secondary hypocalcemia, metabolic acidosis, and renal 
failure. In tumors such as BL the cell death rate (and proliferative rate) 
may be so substantial in patients with bulky disease that the tumor 
lysis syndrome may occur before therapy, so-called spontaneous tumor 
lysis.*° Spontaneous tumor lysis is a highly morbid phenomenon with 
a poor prognosis for a salutary outcome from therapy and a compli- 
cation with a high death rate. It occurs in patients with a high body 
burden of tumor, usually with abdominal disease, a common situation 
in BL. Its principal manifestation is the combination of hyperuricemia 
and azotemia. In BL a critical part of therapy is recognizing incipient or 
overt spontaneous tumor lysis rapidly or preventing chemotherapy-in- 
duced tumor lysis. LDH has been used as a surrogate marker for risk of 
tumor lysis with a serum level twice the upper limit of normal for the 
laboratory in question being the threshold for urgent concern. The usual 
prophylactic therapy for this situation is carefully monitored hydration 
of at least 3 L of saline per day and either allopurinol or rasburicase to 
decrease serum uric acid concentration and thereby hyperuricosuria. 
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Rasburicase acts more quickly than allopurinol and should be used if 
risk is considered high or if evidence of spontaneous tumor lysis is pres- 
ent initially.*'** Continuous venovenous hemofiltration has also been 
very useful in allowing concomitant full-dose chemotherapy and pre- 
venting tumor lysis and renal failure." 


SPECIFIC REGIMENS 


‘The specific regimens that have been developed to treat BL have his- 
torically been adapted from pediatric experience; Table 102-2 depicts 
representative trial results, including adult patients. There are no studies 
directly comparing these regimens, and comparison among the sin- 
gle-arm studies is difficult because of lack of uniform diagnostic criteria, 
staging, and the heterogeneous patient populations studied. In general, 
shorter durations of chemotherapy (i.e., 6 months) are as good as longer 
(18 months) periods of treatment. Other studies have shown a dramat- 
ically improved response with use of four cycles of chemotherapy as 
opposed to 15 cycles. BL has a high proliferative rate, so subsequent 
chemotherapy cycles should be started as soon as hematologic recovery 
occurs. Waiting for a fixed period between cycles may lead to regrowth 
of resistant tumor cells between cycles. 

Cyclophosphamide, doxorubicin, vincristine, methotrexate, ifosfa- 
mide, etoposide, and high-dose cytarabine, with intrathecal cytarabine 
and methotrexate (CODOX-M/IVAC) is among the most commonly 
used regimens in the United States for adults with BL, based upon an 
initial favorable publication from the National Cancer Institute (NCI) 
indicating extremely high response rates. Two subsequent, small, 
phase II trials have used this regimen with minor modifications, and 
have successfully enrolled greater numbers of older patients, demon- 
strating cure rates of approximately 64 percent.*°* These cure rates 
are substantially less than the initial report,” but still better than his- 
torical data with standard-dose regimens. A modification of this regi- 
men in patients with aggressive lymphomas and high proliferative rate 
as measured by Ki-67 fraction has been proposed.” BL was strictly 
defined as the following: germinal center phenotype, BCL2-negative, 
MYC-rearrangement-positive, and absence of the t(14;18) or abnor- 
malities at chromosome 3q27. Overall survival of the subgroup defined 
as BL was 67 percent in this group of older patients. Treatment-related 
mortality was 8 percent. Outcomes were similar among all age groups 
with the exception of patients older than age 65 years who clearly had 
an inferior prognosis. These results likely reflect the true outcome of 
this regimen in practice. Several groups have further modified this reg- 
imen with the addition of rituximab, demonstrating superior outcomes 


TABLE 102-2. Outcome of Burkitt Lymphoma in Larger Studies 


Citation Regimen No. of Patients 2-Year Outcome 

Hoelzer”! Short duration/dose intensive; pediatric NHL based 35 51% (estimated survival) 
Magrath* CODOX-M/IVAC 54 89% (actual survival) 

Mead?” CODOX-M/IVAC 58 64% (progression-free survival) 
Rizzieri® Short duration/dose intensive with rituximab 105 74% (3-year event-free survival) 
Thomas™ Hyper-CVAD with rituximab 31 89% (estimated survival) 
Dunleavy® Dose adjusted R-EPOCH 29 95% (event-free survival) 
Evens® R-CODOX-M/IVAC 25 80% (progression-free survival) 


CODOX-M/IVAC, cyclophosphamide, doxorubicin, vincristine, methotrexate, ifosfamide, etoposide and high-dose cytarabine, with intrathecal 
cytarabine and methotrexate; hyper-CVAD, fractionated cyclophosphamide, vincristine, doxorubicin, dexamethasone; NHL, non-Hodgkin lym- 
phoma; R-CODOX-M/IVAC, rituximab with CODOX-M/IVAC; R-EPOCH, etoposide, vincristine and doxorubicin, with bolus rituximab, cyclophos- 


phamide and steroids. 


compared with historical controls.**° Based upon these findings and 
extrapolating from studies in other histologies of lymphoma, rituximab 
should be routinely incorporated in the treatment algorithms of BL. 

The NCI has published an experience using a lower-intensity che- 
motherapy program consisting of infusional etoposide, vincristine and 
doxorubicin, with bolus rituximab, cyclophosphamide and steroids 
(dose-adjusted R-EPOCH). Nineteen patients with a median age of 25 
years with generally favorable features (only 37 percent had elevated 
LDH, and only one patient had CNS disease) achieved a 95 percent rate 
of freedom from disease progression.® Intrathecal methotrexate was 
administered to all patients for CNS prophylaxis. 

Other regimens used for the therapy of BLinclude fractionated cyclo- 
phosphamide, vincristine, doxorubicin, and dexamethasone (hyper- 
CVAD) alternating with high-dose methotrexate and cytarabine.” The 
outcome of patients at a single institution (M.D. Anderson Cancer 
Center) with BL treated with this regimen in combination with rituxi- 
mab resulted in an overall survival of 89 percent with only one death.*“ 
The Cancer and Leukemia Group B has developed an intensive short 
duration regimen consisting of cyclophosphamide, ifosfamide, methotrex- 
ate, vincristine, cytarabine, etoposide and glucocorticoids. This regimen 
was combined with rituximab in a trial enrolling high risk patients with 
a median age of 43 years, with 74 percent event-free survival at 3 years. 

No advantage of autologous stem cell transplantation in patients 
with BL has been observed, although incorporating planned autologous 
transplantation into the initial therapeutic algorithm has been used 
with reasonable results. 

Historically, patients with HIV have been managed with 
less-intensive chemotherapy because of the concern of immunosup- 
pression-related morbidity. In the highly active antiretroviral therapy 
(HAART) era, HIV-positive patients with BL should be treated simi- 
larly to nonimmunocompromised patients, and the dose-adjusted 
R-EPOCH regimen may be an excellent option for these patients. The 
rate of treatment failure in HIV-positive patients with BL was signifi- 
cantly lower with a highly aggressive protocol when compared with 
patients who were treated with less-aggressive chemotherapy. In addi- 
tion, patients tolerated the aggressive protocol reasonably well, particu- 
larly when HAART therapy was incorporated into the regimen.” 


@ COURSE AND PROGNOSIS 


To better define optimal therapy and outcome of adults with BL, an 
international effort focused on with a group of adult patients with BL.6 
Authors of 12 large treatment series (10 prospective; two retrospective) 
provided outcome information of patients enrolled on their clinical trials 
who were older than age 40 years. In this pooled analysis, patients older 
than age 40 years were underrepresented in the published literature, and 
had significantly inferior outcomes in 10 of the 12 series. Despite this, 
the majority of adult patients were cured using these regimens. 
According to data from the NCI’s Surveillance, Epidemiology, and 
End Results (SEER) program, up to 30 percent of BL diagnosis in the 
United States includes an “older” group of patients, age 60 years or older. 
Treatment options may be limited for this group of patients, as many 
older patients may not tolerate high-dose methotrexate and are not can- 
didates for autologous transplantation. Although the number of older 
patients on the dose adjusted R-EPOCH trial was limited, this regimen 
has demonstrated safety in elderly patients with DLBCL. A confirmatory 
trial conducted in several centers is ongoing and enrolling older patients. 
For patients with relapsed or refractory disease, autologous trans- 
plantation is best reserved for patients inadequately treated initially, as 
a consolidation procedure. Patients who relapse after appropriate ther- 
apy for BL tend to have highly treatment-resistant disease, with almost 
uniformly unfavorable outcome. These patients can be retreated with 
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chemotherapy and considered for allogeneic stem cell transplantation 
because autologous transplantation is often not beneficial in these 
patients.© 
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CHAPTER 103 


CUTANEOUS T-CELL 
LYMPHOMA (MYCOSIS 
FUNGOIDES AND SEZARY 
SYNDROME) 


Larisa J. Geskin 


Cutaneous T-cell lymphoma (CTCL) is a heterogeneous group of malignant 
lymphomas that share the propensity for malignant T lymphocytes express- 
ing cutaneous lymphocyte antigen to infiltrate the skin. Mycosis fungoides 
(MF) is the most common variant of CTCL, representing approximately 50 per- 
cent of all cases. Sézary syndrome (SS) is a leukemic variant of MF, affecting 
approximately 5 percent of patients with MF.’ MF and SS are the most com- 
mon malignant proliferations of mature memory T lymphocytes of the helper 
phenotype ((D4+CD45R0-+),? which renders patients immunocompromised 
even at the earliest stages of the disease. Advanced stages are associated with 
severe immune suppression. Diagnosis is established by skin biopsy, followed 
by staging work up which includes radiologic imaging and pathologic evalua- 
tion of the lymph nodes, internal organs, blood, and marrow, as appropriate, 
according to presenting manifestations of the disease. 

MF is divided into early and advanced stages for therapeutic and prog- 
nostic reasons. In early stages, the disease follows an indolent course and 
has a favorable prognosis. In advanced stages, the prognosis is poor. There 
are numerous therapeutic options. No treatment has been definitively 
proven to improve survival, but newer studies suggest that survival is lon- 
ger than historically documented.?4 Multiagent chemotherapy is not a useful 
option because it is inferior to immune modulating and biologic therapies.’ 


Acronyms and Abbreviations: ALCL, anaplastic large cell lymphoma; ALK-1, 
anaplastic lymphoma kinase-1; ATRA all-trans retinoic acid; BCNU, bis-chloroethyl- 
nitrosourea or carmustine; CLA, cutaneous lymphocyte antigen; CT, computed 
tomography; CTCL, cutaneous T-cell lymphoma; DD, denileukin diftitox; ECP, extra- 
corporeal photopheresis; EORTC, European Organisation for Research and Treatment 
of Cancer; HDACi, histone deacetylase inhibitor; HTLV-1, human T-lymphotropic virus 
type 1; Ig, immunoglobulin; IL, interleukin; LEBT, localized electron beam therapy; 
LyP, lymphomatoid papulosis; MF, mycosis fungoides; MMAE, monomethyl auristatin 
E; NBUVB, narrow band UVB; NCCN, National Comprehensive Cancer Network; NK, 
natural killer; PCALCL, primary cutaneous anaplastic large cell lymphoma; PCR, 
polymerase chain reaction; PET, positron emission tomography; PUVA, psoralen with 
UVA; RXR, retinoid X receptor; SDT, skin-directed therapy; SS, Sézary syndrome; TCR, 
T-cell receptor; Th2, T-helper type 2; TNMB, tumor, node, metastasis, blood; TSEBT, 
total-skin electron beam therapy; UV, ultraviolet; UVA, ultraviolet A; UVB, ultraviolet 
B; WHO, World Health Organization. 


Considering the overall protracted course of the disease, its indolent charac- 
ter, immunocompromised status of the patients, and absence of definitive 
therapy, aggressive multiagent chemotherapy contributing to immunosup- 
pression should be reserved for end-stage palliation or as a bridge to stem 
cell transplantation with the goal of definitive cure.** There are several 
FDA-approved single agents for therapy of MF, which are safe and effective 
against the disease and may be used in the therapeutic ladder prior to mul- 
ti-agent regimens.’ Several single agents and combinations of new and 
older agents are in clinical trials now to test for efficacy in MF and SS. Because 
no single therapy is considered to be the standard of care for MF and SS, clin- 
ical trials remain a viable option for most patients. The goal of therapy is to 
induce long-term remissions without compromising patients’ immunity and 
improvement of the quality of life. 


@ DEFINITION AND HISTORY 


In 1806, Baron Jean-Louis Alibert described a patient who presented 
with skin patches that grew into plaques and mushroom-like tumors 
and first coined the term mycosis fungoides (MF).” In 1938, Sézary and 
Bouvrain described a syndrome of pruritus, generalized exfoliative 
erythroderma, and abnormal hyperconvoluted lymphoid cells in the 
blood.” Today this condition is referred to as Sézary syndrome (SS), a 
condition seen in a subset of patients with MF. 

Prior to the 1970s, cutaneous lymphomas were believed to be cuta- 
neous counterparts of the systemic lymphomas. In 1975, Lutzner and 
associates’* suggested the term cutaneous T-cell lymphoma (CTCL), 
recognizing that despite the significant similarities of malignant cell 
morphology and phenotype to systemic T-cell lymphomas, the cuta- 
neous lymphomas represented distinct entities. Although this defini- 
tion has helped to distinguish cutaneous lymphomas from systemic 
disease, it has also led to inappropriately using the umbrella term 
CTCL interchangeably with MF. Common World Health Organization 
(WHO)-European Organisation for Research and Treatment of Can- 
cer (EORTC) classification was first developed in 2005" to resolve dif- 
ferences between various classifications (Table 103-1) and is currently 
accepted as the standard for CTCL staging and classification.'® 


@ EPIDEMIOLOGY 


MF is twice as common in males as in females. The median age at diag- 
nosis is 55 years. Americans of African descent have a higher incidence 
of MF and a poorer prognosis than Americans of European descent. 
MF occurs least often in Asians and Hispanics. Evidence for a genetic 
predisposition (germline transmission of susceptibility) in patients 
with CTCL is inconclusive. An approximately 6 percent increase in 
incidence of CTCL per decade was documented from the early 1970s 
to 1998, but the incidence subsequently leveled off and stabilized, with 
a current incidence of approximately one per 100,000.” Incidence is 
highly age-dependent, with the highest incidence of 3.6 per 100,000 of 
adults after the age of 70 years. Approximately 3000 new cases of MF are 
reported annually, comprising approximately 3 percent of all lympho- 
mas. The mortality rate varies widely according to the stage of disease. 
Stage I mortality does not differ from the mortality of age-matched con- 
trols. However, stage IV patients have a 27 percent 5-year survival and 
10 percent 15-year survival. Median survival of patients with SS is 1.5 
years. The mortality rate of MF in the United States has been declining, 
possibly because of earlier diagnosis of the disease.'"'* 
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TABLE 103-1. World Health Organization—European 
Organization for Research and Treatment of Cancer 


Classification of Primary Cutaneous T-Cell and Natural 
Killer Cell Lymphomas 


I. Mycosis Fungoides (MF) 
A. MF variants and subtypes 
1. Folliculotropic MF 
2. Pagetoid reticulosis 
3. Granulomatous slack skin 
Il. Sézary Syndrome 
Ill. Adult T-Cell Leukemia/Lymphoma 
IV. Primary Cutaneous CD30+ Lymphoproliferative Disorders 
A. Primary cutaneous anaplastic large cell lymphoma 
B. Lymphomatoid papulosis 
V. Subcutaneous Panniculitis-Like T-Cell Lymphoma 
VI. Extranodal Natural Killer/T-Cell Lymphoma, Nasal Type 
VII. Primary Cutaneous Peripheral T-Cell Lymphoma, Unspecified 


A. Primary cutaneous aggressive epidermotropic CD8+ 
T-cell lymphoma (provisional) 


B. Cutaneous yô T-cell lymphoma (provisional) 


C. Primary cutaneous CD4+ small-/medium-size pleomor- 
phic T-cell lymphoma (provisional) 


VIII. Precursor Hematologic Neoplasm 


A. CD4+/CD56+ hematodermic neoplasm (blastic NK-cell 
lymphoma) 


@ ETIOLOGY AND PATHOGENESIS 


The etiologies of MF and SS are unknown, although epidemiologic fea- 
tures are suggestive of an infectious origin, including a predilection for 
elderly individuals and a higher-than-expected incidence in immune- 
suppressed patients.'? However, studies to date have failed to reveal con- 
sistent associations between any particular infectious agent and CTCL, 
including novel infectious agents.” A “persistent antigen stimulation” 
hypothesis was proposed as an initial event after MF was observed to 
be a disease of mature CD4+ memory T cells, but the stimulating anti- 
gen is not known.’'” MF also may be viewed as a disease of immune 
dysregulation. Tumor progression is associated with decreased 
antigen-specific T-cell responses and impaired cell-mediated cytotox- 
icity. On the other hand, improved survival is associated with intact 
cell-mediated immunity. Progression of MF is associated with progres- 
sive T-helper type 2 (Th2) skewing and increased production of Th2 
cytokines. This alteration accounts for many of the immune abnormali- 
ties associated with advanced ME, such as hypereosinophilia, increased 
serum immunoglobulin (Ig) A and IgE levels, impaired natural killer 
(NK) cell function, and impaired cellular immunity.” Late-stage MF 
and SS are associated with declining immunocompetence,” resulting 
in severe life-threatening infections, and a high incidence of secondary 
malignancies. The latter increase is not attributable to prior treatment 
with carcinogenic agents alone.” Fifty percent of deaths among patients 
with MF result from infections. 

Environmental factors have been suggested in the etiology of 
CTCL in Europe,””** but have not been confirmed by epidemiologic 
studies in the United States. 


@ CLINICAL FEATURES 


The clinical presentation of MF is highly variable. Cutaneous manifesta- 
tions of the disease result from skin infiltration by malignant cutaneous 
lymphocyte antigen (CLA)-positive lymphocytes and depend on the 
extent of skin involvement. Patients initially may present with “chronic 
dermatitis” that is resistant to therapy, which is often misdiagnosed as 
spongiotic dermatitis (so-called eczema), “psoriasis-like dermatitis,” or 
other chronic, nonspecific dermatoses, usually associated with pruritus. 
Histologically, diagnosis may be difficult, especially in the early stages 
of the disease and in its erythrodermic form, as the abnormal atypical 
infiltrate can be minimal and can be masked by normal inflammatory 
infiltrates in the skin, or it can be misinterpreted as a normal inflamma- 
tory infiltrate because of its mature CD4+ phenotype. 

MF may progress through distinct stages of skin involvement, rang- 
ing from patch (Fig. 103-1A) to plaque (Fig. 103-1B) to tumor (Fig. 
103-1), but any type of lesion may progress or lesions may arise de novo. 
For descriptive purposes, the skin manifestations of MF are divided into 
patch stage (patch-only disease), plaque stage (both patches and plaques), 
and tumor stage (more than one tumor present, usually in the context 
of patches and plaques) (Fig. 103-1C). A patch is defined as a flat lesion 
with various degrees of erythema and fine scaling; it may be atrophic or 
poikilodermatous (Fig. 103-1D). A plaque is a well-demarcated 
erythematous, brownish, or violaceous lesion of at least 1 mm elevation 
with a variable amount of scale. Tumors are elevated at least 10 mm above 
the skin surface and may resemble a plaque or be dome shaped without 
significant scaling. 

Distribution of the lesions depends on the clinical stage at pre- 
sentation. In earlier stages, the lesions have a predilection for folds 
and non-sun-exposed body areas (“bathing trunk” distribution). In 
later stages, the lesions can affect the face, including development of 
ectropion, and other areas, such as palms and soles (keratoderma; see 
Fig. 103-1£). Tumors may be generalized, and ulceration is common. 
Progression through the stages is variable but commonly occurs over 
several years.” Lesions usually are associated with pruritus, which may 
range from mild to excruciatingly severe, leading to insomnia, weight 
loss, depression, and suicidal ideation. Pruritus is one of the most 
important quality-of-life issues for these patients.” 

Erythrodermic skin involvement occurs in 5 percent of patients 
with ME Manifestations range from very faint to severe, with significant 
scaling, keratoderma, painful fissures of the hands and feet, nail dystro- 
phy, and nail loss leading to the patient’s inability to walk and maintain 
daily activities. Severely inflamed skin serves as a breeding ground for 
bacteria and other pathogens, with resulting fevers, chills, and septice- 
mia.'”*! Peripheral edema of the extremities may be significant in the 
later stages and lead to cardiovascular compromise. 

Depending on the stage of presentation, patients may present with 
nodal and/or blood involvement and/or visceral metastases. The earliest 
stages of MF (e.g., Stage IA and B), may pursue a waxing and waning 
course, with minimal symptoms and may not have any negative prog- 
nostic implications for a patient. The more advanced stages usually, but 
not inevitably, present with symptoms of the disease. The symptomatol- 
ogy usually reflects the site and severity of involvement and ranges from 
completely asymptomatic to severe pain, organ malfunction, or at the 
end stage disease, multi-organ failure. 


@ LABORATORY FINDINGS 


There is no definitive marker for MF or SS. The diagnosis of CTCL 
usually is established by correlating clinical and pathologic findings. 
Early lesions may show polymorphic infiltration (containing mixed 
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Figure 103-1. Mycosis fungoides. A. Erythematous atrophic patches with fine scale. B. Extensive patches and thicker plaques. C. Tumors on the 
background of preexisting patches and plaques. D. Poikiloderma. E. Keratoderma. 


inflammatory cells) compatible with several benign dermatoses. Clas- 
sically, MF lesions show superficial band-like (lichenoid) lymphocytic 
infiltrate (Fig. 103-2A). The lymphocytes may range from small to 
large, with characteristic convoluted (cerebriform) nuclei. The hall- 
mark of the malignant infiltrate in MF is epidermotropism (presence 
of lymphocytes in the epidermis without spongiosis) with formation of 


the epidermal clusters of lymphocytes around Langerhans cells termed 
Pautrier microabscesses (Fig. 103-2B). Atypical lymphocytes line up 
along the dermoepidermal junction and are surrounded by a halo arti- 
fact (Fig. 103-2C), which is an important feature of early disease.” 
Superficial dermal collagen may be thickened, so called ropey col- 
lagen. In more advanced stages, the infiltrate is less polymorphic, 


Figure 103-2. Mycosis fungoides. Skin biopsies stained with hematoxylin and eosin. A. Lichenoid (band-like) lymphocytic infiltrate in the super- 
ficial dermis. B. Epidermotropic atypical lymphocytes lining the dermoepidermal junction in the absence of spongiosis-forming Pautrier microab- 
scesses. Note, halo artifact around lymphocytes at the dermoepidermal junction. C. Atypical lymphocytes in the epidermis. 
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Figure 103-3. Mycoses fungoides. Immunohistochemistry. A. CD4+ lichenoid infiltrate in the superficial dermis. Note Pautrier microabscess in the 


epidermis. B. Few CD8+ cells are present. C. Loss of maturation marker CD7. 


with a predominance of larger atypical cells extending deeper into the 
dermis; epidermotropism may be lost.” Transformation to large T-cell 
lymphoma (CD30+ or CD30—) may occur and carries a poor prognosis 
in the setting of ME.** 

Immunophenotyping plays an important role in diagnosis. The 
cells usually are CD3+CD4+CD45RO+CD8-, a phenotype associated 
with mature helper-inducer T lymphocytes. Loss of maturation mark- 
ers, such as CD7 and CD26 expression on CD4+ are important markers 
for malignant T lymphocytes.*”* The cells may express T-cell activa- 
tion markers, such as HLA-DR or CD25 (interleukin [IL]-2 receptor). 
Clonal rearrangement of the T-cell receptor (TCR) Vf gene can be 
identified in approximately 90 percent of advanced cases of MF, but in 
only 50 percent of early stage cases.” In rare instances, the classic clin- 
ical presentation of MF may be associated with an aberrant CD4 phe- 
notype or may have CD4—dyCD8+ T-cell phenotype*” (Fig. 103-3A 
to C). Recent molecular studies have identified several new markers, 
which may prove useful as positive markers of the disease, including 
thymocyte selection-associated high mobility group box factor 
(TOX), plastin (PLS3), and killer cell immunoglobulin-like receptor 
KIR3DL2.°* Cytogenetic abnormalities are not consistently identi- 
fied, but loss of heterozygosity on 10q and microsatellite instability may 
be seen in advanced-stage disease.“ A possible association exists with 
homozygous deletion of PTEN and CDKN2A and tumor-suppressor 
genes on 10p and 9p chromosomes, respectively. These may be silenced 
with progression of disease.**° 


STAGING 


MF is classified according to the widely accepted modified tumor, node, 
metastasis, blood (TNMB) classification, originally adopted in 1975 by 
the Mycosis Fungoides Cooperative Study Group“ and revised to 
match modern developments in the field.’* Accurate determination of 
the stage in MF and SS is of utmost importance because of its prognostic 
significance and critical role in selecting therapy. Cutaneous lesions are 
classified using the T staging system (Table 103-2). The area of the skin 
and type of the lesions were found to correlate with patient survival and 
are important prognostic predictors and need to be calculated at every 
visit to assess disease status.“ Prognosis varies according to tumor bur- 
den. The presence of tumors (T3) may indicate a worse prognosis than 
erythroderma (T4).'* 

The extent of extracutaneous disease usually correlates with the 
extent of skin involvement. In early disease, significant involvement 
of lymph nodes and blood is unlikely. However, lymphadenopathy is 
present in more than half of patients as disease advances and increases 
with progressive cutaneous involvement. Lymph nodes are assigned N 
category in the TNMB staging of MF (see Table 103-2). Computed 


tomography (CT) and positron emission tomography (PET) scans are 
used to assess involvement of lymph nodes.***! Excisional lymph node 
biopsy is usually recommended to assess the extent of the disease and 
nodal architecture, but other techniques, including fine-needle aspira- 
tion, are selectively used as well.” 


TABLE 103-2. TNMB Classification of Mycosis Fungoides 
T: Skin 
T1: Limited patches, papules, or plaques covering <10% of the 
skin surface (T1a = patch only; T1b = plaques + patches) 


T2: Generalized patches, papules, or plaques covering 10% of 
the skin surface (T2a = patch only; T2b = plaques + patches) 


T3: At least one tumor (21 cm in diameter) 

T4: Generalized erythroderma over at least 80% body surface area 
N: Lymph nodes 

NO: No clinically abnormal peripheral lymph nodes; biopsy not 

required 

N1: Clinically abnormal peripheral lymph nodes; histopathol- 

ogy Dutch grade 1 or NCI LNO to 2 


N2: Clinically abnormal peripheral lymph nodes; histopathol- 
ogy Dutch grade 2 or NCI LN3 


N3: Clinically abnormal peripheral lymph nodes; histopathol- 
ogy Dutch grades 3 to 4 or NCI LN4 
NX: Clinically abnormal peripheral lymph nodes; no histologic 
confirmation 

M: Visceral organs 
MO: No visceral organ involvement 
M1: Visceral organ involvement; requires histologic confirma- 
tion and specify organ 

B: Blood 
BO: Atypical circulating cells not present (<5%); specify “a” if flow 


cytometry is negative for clonal T lymphocytes or “b” if positive 
for clonal T lymphocytes 


B1: Atypical circulating cells present (>5%, minimal blood 


involvement); specify “a” if flow cytometry is negative for clonal 
T lymphocytes or “b” if positive for clonal T lymphocytes 


B2: Leukemia (21000 cells/uL, CD4 to CD8 ratio of 10 or higher, 
evidence of a T-cell clone in the blood) 


NCI, National Cancer Institute. 


T indicates the size of the tumor and whether it has invaded nearby 
tissue. N indicates the regional lymph nodes that are involved. M 
indicates distant metastasis. B indicates whether there are tumor 
cells in the blood. 


TABLE 103-3. Revised Staging of Mycosis Fungoides and 


Sézary Syndrome’® 


T M B 
IA 1 0 0,1 
IB 2 0 0,1 
IIA 1,2 i 0 0,1 
IIB 3 0-2 0 0,1 
Ill 4 0-2 0 0,1 
INA 4 0-2 0 0 
IIIB 4 0-2 0 1 
IVA1 1-4 0-2 0 2 
IVA2 1-4 3 0 0-2 
IVB 1-4 0-3 1 0-2 


See Table 103-2 for definitions of T1 to T4, NO to N3, and MO to M1. 


Histopathologic examination of affected lymph nodes may show 
partial or complete effacement of normal architecture, with a monomor- 
phic infiltrate of MF cells. However, in most cases, the nodal architec- 
ture is not effaced, and dermatopathic changes are present with varying 
numbers of atypical lymphocytes in the T-cell paracortical areas of the 
node. Even the presence of dermatopathic changes alone in the lymph 
nodes carries prognostic significance (see Tables 103-2 and 103-3).°**4 
Abnormal lymph nodes should be biopsied regardless of the T stage. 

Metastatic disease (including patients with positive nodes) is the 
most significant prognostic predictor (see Tables 103-2 and 103-3). 
Patients with visceral involvement that includes liver, spleen, pleura, 
and lung have a median survival of less than 1 year.” Blood involvement 
may be an important predictor of progression and survival (Figs. 103-4 
and 103-5). The number of circulating Sézary cells increases with 
advancing disease, and the cells are particularly prominent in patients 
with generalized erythroderma. However, even in early stage disease, a 
high frequency of clonal T cells in the blood may be detected using a 
highly sensitive polymerase chain reaction (PCR) technique, suggesting 
that early systemic disease is common.” Blood involvement is rated 
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as B category in the TNMB staging (see Table 103-2). For staging pur- 
poses, the B2 blood rating is equivalent to nodal involvement.” The B2 
rating is defined as (1) a Sézary cell count of 1000 cells/mm’ or more; (2) 
a CD4-to-CD8 ratio of 10 or higher caused by an increase in circulat- 
ing T cells and/or an aberrant loss or expression of pan-T-cell markers 
by flow cytometry; (3) increased lymphocyte counts with evidence of a 
T-cell clone in the blood determined by the Southern blot or PCR tech- 
nique; or (4) a chromosomally abnormal T-cell clone. Malignant cells 
also can be detected using sensitive techniques such as cytogenetics or 
TCR gene rearrangement studies.“ Patients with blood involvement 
have a higher likelihood of lymphadenopathy and visceral involvement. 
Marrow infiltration is infrequently detected by biopsy despite circu- 
lating malignant cells; it is identified at autopsy in 30 to 40 percent of 
cases. The cytologic appearance of the malignant cells in visceral organs 
is similar to that of the malignant cells in the skin.® 

In the erythrodermic subset of MF, three T4 subsets can be identi- 
fied (Table 103-4). In general, in SS, a triad of exfoliative erythroderma, 
generalized lymphadenopathy, and leukemia, has the worst prognosis 
among the forms of MF. 


@ DIFFERENTIAL DIAGNOSIS 


Diagnosis of MF is based on a constellation of findings, which include 
clinical presentation, skin and lymph node biopsies (if indicated), and 
blood evaluation. A number of benign dermatoses can mimic MF or SS, 
and may even have TCR gene rearrangements. Such benign condi- 
tions include psoriasis and psoriasiform dermatoses (such as pityriasis 
rubra pilaris, seborrheic dermatitis, contact dermatitis, and eczema), 
intertrigo, tinea, drug eruptions, and other conditions. 

Cutaneous and systemic lymphomas other than MF should be con- 
sidered in the differential diagnosis. Smoldering adult T-cell leukemia/ 
lymphoma has a number of clinical features similar to MF, but it usually 
can be distinguished by the presence of antibodies to human T-lympho- 
tropic virus type 1 (HTLV-1) and by other associated findings unusual 
in ME. However, this distinction may be difficult.” 

Pagetoid reticulosis (Woringer-Kolopp disease) is a rare skin dis- 
order that consists of solitary or localized cutaneous plaques. It affects 
young males almost exclusively. It has a benign course, and the prog- 
nosis is excellent.” It is an epidermal process, with the majority of 
atypical lymphocytes found within hyperplastic epidermis.” Although 
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Figure 103-4. Blood lymphocytes. A. Normal small lymphocyte. B. Sézary cell. Note the nuclear swirls and the light microscopic appearance of 
the Sézary cell nucleus. Without careful inspection in cases of lymphocytosis, Sézary cells can be mistaken for small lymphocytes as seen in chronic 
lymphocytic leukemia. C. Blood lymphocytes from a patient with mycosis fungoides and disseminated disease involving marrow and blood. Note 
clefted appearance of the nucleus. (Reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 


the disease usually is indolent and localized, some patients present with 
a disseminated form referred to as the Ketron-Goodman variant.” The 
histologic findings are similar to those found in Woringer-Kolopp dis- 
ease, with predominantly epidermal involvement by malignant cells and 
a poor prognosis.” This variant is a disease of an activated T lymphocyte 
that only occasionally expresses the helper T-cell CD4 antigen.”””* Like 
MF, the neoplastic cells have TCR gene rearrangements. 

Other mimics of CTCL, such as alopecia mucinosa, contact der- 
matitis, lichen planus, parapsoriasis, pediatric atopic dermatitis, pem- 
phigus foliaceus, plaque psoriasis, pustular psoriasis, and tinea corporis, 
should be considered in the differential diagnosis. The diagnosis is made 
by appropriate investigation (e.g., potassium hydroxide skin prep) and 
skin biopsy. CD30+ (Ki-1) and CD30- lymphomas can mimic tumors 
of MF; they present as erythematous or violaceous nodules that ulcer- 
ate. The critical issue is to differentiate primary cutaneous CD30+ lym- 
phoproliferative disorder from CD30+ large cell transformation of MF 
and from secondary cutaneous involvement caused by CD30+ nodal 
lymphoma. The course of CD30+ lymphomas of the skin is indolent, 
they carry a favorable prognosis and tend to regress spontaneously, 
whereas transformed MF and nodal lymphoma have poor prognoses. In 
rare instances, these lymphomas progress to systemic involvement and 
have the same prognosis as nodal CD30+ lymphomas.” Lymphoma- 
toid papulosis (LyP) is a benign counterpart of CD30+ lymphoprolifer- 
ative disorders of the skin with excellent prognosis. It usually presents 
as crops of recurrent pruritic or painful erythematous papules or nod- 
ules, which ulcerate and heal spontaneously. LyP usually runs a chronic 
course.*! LyP may be associated with other malignancies, particularly 
MF and other lymphomas, in up to 10 percent of cases. Therefore close 
observation and followup are recommended for patients with LyP. Low- 
dose oral methotrexate is the drug of choice for treatment of LyP. 


TABLE 103-4. Classification of Erythrodermic Cutaneous 
T-Cell Lymphoma 


Erythrodermic Preexisting Blood 


Subset (T4) MF 

Sézary syndrome Rarely Leukemia: B2 
Erythrodermic mycosis Always Normal or minimally 
Fungoides abnormal: BO-B1 
Erythrodermic cutaneous Absent Normal or minimally 


T-cell lymphoma, not abnormal: BO-B1 


otherwise specified 


MF, mycosis fungoides. 


Figure 103-5. Transmission electron micro- 
graphs of lymphocytes. A. Normal lymphocyte. 
B. Two lymphocytes from a patient with Sézary 
cells in the blood. The latter have the striking 
cerebriform nuclear abnormalities characteris- 
tic of Sézary cells. (Reproduced with permission 
from Lichtman'’s Atlas of Hematology, www. 
accessmedicine.com.) 


@THERAPY 


A variety of therapeutic modalities produce remissions in most patients 
with ME In general, MF therapy is divided into (1) skin-directed ther- 
apy (SDT) and (2) systemic therapy (Table 103-5). SDT is the main- 
stream therapy in early disease but also is used as an adjunct in systemic 
disease. Therapeutic decisions may be difficult and heavily depend on 
the stage at presentation. Revised practice guidelines are available on 
National Comprehensive Cancer Network (NCCN) website (www. 
nccn.org). See Fig. 103-6 for an overview of the treatment algorithm 
for ME/SS. In view of the protracted course of the disease and lack of 
curative therapies, therapeutic decisions should generally be focused 


TABLE 103-5. Therapeutic Option for Mycosis Fungoides 


and Sézary Syndrome 


Skin-Directed Therapy Systemic Therapy 


Immunomodulators 
Interferon-a 


Extracorporeal photophore- 
sis (ECP) 


Antibodies/fusion proteins 
Denileukin diftitox 


Topical therapy 
Topical glucocorticoids 


Nitrogen mustard 
(mechlorethamine) 


Carmustine (BCNU, nitrosourea) 
Retinoids (bexarotene, 


tretinoin) (ONTAK, DAB,,,-IL-2) 
Topical tacrolimus (Protopic) Alemtuzumab (Campath) 
Imiquimod (Aldara) Retinoids 


Light therapy 
UVB and PUVA 
Photodynamic therapy 
Electron beam 
Localized 
Total-skin 


Oral bexarotene (Targretin) 
Acitretin (Soriatane) 
Isotretinoin (Accutane) 
Histone deacetylase inhibitors 
Vorinostat (Zolinza) 
Romidepsin (Istodax) 


Chemotherapy (alone or in 
combinations) 


Oral prednisone, metho- 
trexate, doxorubicin, cyclo- 
phosphamide; chlorambucil; 
pentostatin, cladribine, flu- 
darabine, pralatrexate, sev- 
eral others 


PUVA, psoralen and ultraviolet radiation of the A spectrum; UVB, 
ultraviolet radiation of the B spectrum. 


Therapies for Cutaneous T-Cell Lymphomas 
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Figure 103-6. Cutaneous T-cell lym- 
phoma treatment algorithm. NBUVB, narrow- 
band ultraviolet B; PUVA, psoralen ultraviolet 
A; TSEB, total-skin electron beam; UVB, ultra- 
violet B. 
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Multiagent chemotherapy 


on induction of long-term remissions with the least toxic agents and 
regimens. A number of highly effective monotherapies were recently 
shown to be safe and effective in patients with MF and SS in prospec- 
tive clinical trials, leading to their approval by the FDA in the United 
States and abroad. Several novel agents are in clinical trials to test for 
their efficacy as monotherapy for ME In addition, there are number of 
promising combination regimens being tested in clinical trials examin- 
ing systemic multiagent therapies in advanced MF or SS to guide ther- 
apeutic decisions. 


SKIN-DIRECTED THERAPIES 


Topical Glucocorticoids 

These agents are effective during early stages of MF. They are limited to 
temporary short-term use because of suppression of collagen synthe- 
sis (skin atrophy), striae formation, skin fragility, and secondary infec- 
tions. The class of topical preparation depends on the area and the site 
of involvement. Ultrapotent topical glucocorticoids should not be used 
on the face, neck, and intertriginous areas. Topical steroids are rarely 
used as monotherapy, but may be effective as an additional modality for 
symptomatic relieve of pruritus. 

Topical Tacrolimus (Protopic) Topical tacrolimus has been 
approved for use in atopic dermatitis. It is as effective as mid- to 
low-potency glucocorticoids for use on facial skin and intertriginous 
areas in patients with ME. A major advantage of tacrolimus compared 
with steroids is that it does not suppress collagen synthesis and therefore 
does not cause skin atrophy.*? However, because the use of calcineurin 
inhibitors in CTCL is controversial,® tacrolimus use should be limited 
to short-term use on small areas. 

Topical Nitrogen Mustard (Mechlorethamine Hydrochloride) 
Topical nitrogen mustard isa topicalalkylating agent used predominantly 


in patients with early stages of the disease (stages IA and IB), but can be 
used as a part of combination therapy with systemic agents in advanced 
stages. Prior to FDA-approval of mechlorethamine hydrochloride 0.02 
percent gel in 2013," it was only available through certified compound- 
ing pharmacies in forms of solution, cream or ointment of various con- 
centrations (0.01 to 0.04 percent). The major advantage of this topical 
therapy is its relatively low toxicity. Disadvantages include the incon- 
venience of daily application to large areas of skin, allergic reactions in 
up to half of cases,” the potential for development of skin cancer, and 
the inability to cure the disease. Therapy is usually continued for up to 
12 months in responders. Frequency then is reduced to every other day 
for an additional 1 to 2 years. Therapy is discontinued after 3 years or 
when cutaneous lesions disappear completely. Mechlorethamine should 
not be used together with ultraviolet A (UVA) or ultraviolet B (UVB) 
therapy because of cumulative carcinogenic effects on the skin and sig- 
nificant increase in risk for skin cancer and melanoma. 

Topical Carmustine (Bis-Chloroethylnitrosourea [BCNU]) BCNU 
is not currently widely used for treatment of MF because of its severe 
irritant reactions and its absorption from the skin that results in sys- 
temic toxicity. The preparation ranges from 20 to 40 mg/dL in petro- 
latum ointment. It is applied at night and washed off in the morning. 
Monitoring includes biweekly complete blood counts to identify mar- 
row suppression. Carmustine causes irreversible skin thinning, telang- 
iectasias, and hyperpigmentation.*”” 

Topical Retinoids Bexarotene (Targretin) 1 percent gel, is a topi- 
cal retinoid (rexinoid) FDA-approved for treatment of MF patients who 
are refractory to at least one other topical therapy. It is a small lipophilic 
molecule related to vitamin A. It readily crosses the cytoplasmic mem- 
brane and binds to nuclear receptors (retinoid X receptors [RXRs]), 
resulting in changes in gene expression mediated through specific intra- 
cellular receptors, leading to maturating and apoptosis of malignant 


cells. Complete responses of 20 percent and overall responses of 60 
percent are reported.” It is applied in a thin layer to the patches and 
plaques twice daily. The major toxicity is irritation at the site. Oral 
administration of bexarotene is associated with severe birth defects. 
Considering potential absorption of the drug from the skin surface, 
bexarotene should not be given to pregnant women. 

Phototherapy Phototherapy is a well-established effective treat- 
ment for ME utilizing ultraviolet radiation of the UVA and UVB spectra. 
It is not FDA-approved for treatment of MF and SS because of a lack of 
prospective clinical trials, but is considered to be one of the most effective 
therapies for early disease (mainly patches and thin plaques). Photother- 
apy may result in complete clearing of the lesions. It was hypothesized 
that the mechanism of action of this therapy is Langerhans’ cells deple- 
tion from the epidermis.” 

The peak of therapeutic effectiveness of UVB is within 295 
to 313 nm. Conventional broad band UVB lamps emit wavelengths 
ranging from 280 to 330 nm, but narrow band UVB (NBUVB) emits 
only wavelengths 311 to 312 nm, eliminating harmful UV rays below 
300 nm, which can cause erythema or severe burning and increase the 
risk of skin cancer.”™* Similarly, excimer lasers emitting at 308 nm 
can be successfully used for hard to reach areas resistant to other ther- 
apy. NBUVB may be a viable alternative to psoralen with UVA radi- 
ation (PUVA) with similar response rates in a small cohort.” Therapy 
should be instituted three times per week. On average, 6 to 12 weeks 
are required to achieve response. Maintenance therapy is required after 
a response occurs for at least 2 more months, but thereafter the main- 
tenance regimen for various light sources is not well established and 
depends on the personal experience of the treating physician. 

The UVA spectrum ranges from 320 to 400 nm, therefore UVA light 
penetrates deeper than UVB, into the dermis. Phototherapy involving 
UVA radiation is used with psoralen and is referred to as PUVA. Pso- 
ralen is a phototoxic furocoumarin activated by UVA light. In its active 
form, psoralen bonds covalently and irreversibly to DNA. Therefore, 
psoralen activated by UVA light affects cells primarily in the epidermis 
and papillary dermis. A 60 percent complete remission rate and long- 
term remissions (>10 years) have been reported with PUVA; patients 
with generalized erythroderma and tumors have lower response rates 
than patients with plaques.” Psoralen usually is given at a dose of 
0.6 mg/kg orally, 2 hours before the UVA light therapy. Treatments ini- 
tially are given three times per week. Maintenance therapy may be given 
every 2 to 4 weeks for an indefinite period. Adverse effects of PUVA 
therapy include mild nausea, pruritus, and sunburn-like changes, with 
atrophy and dry skin. PUVA is not cross-resistant with other treatment 
modalities. Disadvantages of PUVA therapy are its necessity to visit 
doctor’s office frequently (from three times a week to once a month) 
and its expense. Long-term side effects include an increased incidence 
of skin cancers and melanoma.'” 

Photodynamic Therapy Photodynamic therapy is a photochem- 
otherapy that utilizes two properties of porphyrins: their selective accu- 
mulation in tumor sites (e.g., 5-aminolevulinic acid) and their ability 
to generate cytotoxic oxygen species at the tumor site after red-light 
irradiation. 5-Aminolevulinic acid is a natural porphyrin precursor and 
upon irradiation is converted in the tumor to the highly photoactive 
endogenous protoporphyrin IX. Red-light irradiation is safe and pene- 
trates deep in the tissue, allowing for treatment of thick tumors. Photo- 
dynamic therapy is especially useful in patients with limited skin area 
involved by few tumors. The main problem with the treatment is that 
the pain induced during irradiation limits its use for larger areas.!°"" It 
is used for therapy of MF off-label. 

Electron Beam Therapy Electron beam therapy is a highly effec- 
tive form of treatment of MF and can be used as a localized therapy 
(LEBT) to specific sites or lesions, or as radiation of the entire skin 
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surface (total skin electron beam therapy [TSEBT]). It delivers a uni- 
form dose from the surface to a specific depth, after which the dose 
falls off rapidly, sparing deeper normal tissues. It is usually delivered to 
penetrate only into the dermis, systemic effects are minimal, and the 
complete remission rate is 80 percent.*!*!™ Twenty percent of patients 
remain relapse free after 3 years. The relapse rate depends on the stage 
of the disease, and the relapse usually is short lived (may be as short as 
2 to 3 weeks) in patients with erythroderma or numerous tumors. In 
the past, the treatment regimen was 4 Gy per week to a total dose of 
36 Gy in 8 to 9 weeks. However, low-dose electron beam therapy has 
been shown to be nearly as effective, eliminating the usual side effects, 
such as alopecia, skin atrophy, destruction of skin adnexa, dermatitis, 
and increased risk of cutaneous malignancy.'”'* The advantage of elec- 
tron beam therapy is the high frequency of durable complete responses 
without systemic toxicity. Up to three courses of electron beam therapy 
can be safely administered when used in a highly fractionated fashion 
(1 Gy per dose). 

Imiquimod (Aldara) Imiquimod is a topical immunomodulator 
that is extremely effective in the treatment of condylomata acuminata, 
actinic keratoses, basal cell carcinomas, keratoacanthomas, and other 
cutaneous malignancies. The mode of action is not known but is thought 
to be related to induction of tumor necrosis factor-a and interferons 
resulting in activation of a Thl-type immune response and rejection of 
cancer or virally infected cells. Several groups reported the effectiveness 
of imiquimod in early patch ME" It should be used three times per 
week for 3 months. It is not FDA-approved for therapy of MF and SS. 


SYSTEMIC THERAPY 


Oral Retinoids 

Bexarotene (Targretin) is an FDA-approved RXR-selective retinoid, 
or “rexinoid,” for therapy of the ME It is a first-line systemic agent 
for patients without contraindications to retinoids. At the currently 
FDA-approved dose of 300 mg/m?/day the overall response rate to bex- 
arotene monotherapy ranges from 45 to 57 percent with at least 2 per- 
cent complete responses.''"'” Higher doses are associated with higher 
response rates and shorter time to response, but also with a higher 
incidence of adverse events. All patients on bexarotene rapidly develop 
central hypothyroidism and hyperlipidemia (most significantly hyper- 
triglyceridemia), requiring coadministration of thyroid supplements 
and lipid-lowering agents. Other rare adverse events include headaches, 
possibly a result of pseudotumor cerebri, leucopenia, and pruritus. The 
majority of side effects are laboratory findings and dose-dependent; 
bexarotene is usually well tolerated by the patients. Its use is recom- 
mended beginning with refractory or persistent stage IA disease as well 
as in more advanced stages (NCCN guidelines). Standard procedures 
for management of patients on bexarotene therapy are reviewed." 
Bexarotene is safe to use long-term for maintenance therapy. Bexaro- 
tene and other retinoids are labeled pregnancy Category X, and must 
not be given to a pregnant woman or a woman who intends to become 
pregnant. 

Other retinoids have been used for treatment of MF and SS, includ- 
ing isotretinoin, acitretin, etretinate (not available in United States), and 
all-trans retinoic acid (ATRA). Activity of these compounds in MF/SS 
has been demonstrated in case series or small open-label pilot studies, 
but there are no prospective studies formally evaluating these drugs." 

Histone Deacetylase Inhibitors Vorinostat is an oral histone 
deacetylase inhibitor (HDACi), which was FDA-approved for treat- 
ment of cutaneous manifestations of recurrent, refractory or persistent 
MF and SS in 2008 at the dose of 400 mg by mouth daily." Vorinostat 
was evaluated in an open-label phase IIb clinical trial and was shown 
to have an overall response rate of 30 percent. No complete responses 


were observed on the clinical trial. Median time to relapse in patients 
with advanced disease was 56 days. Median time to progression was 
4.9 months overall, and 9.8 months for stage IIB or higher respond- 
ers. Overall, 32 percent of patients had pruritus relief. The most com- 
mon drug-related adverse events were diarrhea (49 percent), fatigue 
(46 percent), nausea (43 percent), and anorexia (26 percent); most were 
grade 2 or lower but those grade 3 or higher included fatigue (5 percent), 
pulmonary embolism (5 percent), thrombocytopenia (5 percent), and 
nausea (4 percent). 

Romidepsin is a selective HDACi given as an intravenous infusion. 
Romidepsin was FDA-approved for therapy of CTCL based on a phase 
IIB clinical trial documenting an overall response rate of 34 percent, 
with 6 percent complete responses." The median duration of response 
was 13.7 months. Toxicities included nausea, vomiting, fatigue, and 
transient thrombocytopenia and granulocytopenia. Romidepsin was 
shown to have single-agent clinical activity with significant and durable 
responses in patients with CTCL.''° HDACi may be excellent combi- 
national agents, potentiating effects of other therapies, possessing a 
radio- and photosensitizing effects. Several clinical trials are on the way 
examining potential combinations, including electron beam.'” 

Interferon-a Interferon-a can be used as a single agent or com- 
bined with other systemic therapies. The response rate when interferon-a 
is used as a monotherapy is 50 to 70 percent at doses beginning at 3 to 
5 x 10° units/day or three times per week, either subcutaneously or 
intralesionally."” Toxicity includes acute flu-like symptoms and 
fatigue. Itis commonly used in combination with other immunothera- 
pies (such as extracorporeal photopheresis [ECP] and phototherapy), 
but this practice is based on small case series and small prospective 
studies. It is not clear if combinations truly result in improved clinical 
outcomes.'07781 

Extracorporeal Photopheresis PUVA can be delivered by an 
extracorporeal technique.'””'? White cells are collected by leukapher- 
esis, exposed to a photoactivating drug, and irradiated with UVA. The 
cells then are reinfused into the patient. The effect may be both a direct 
cytotoxic effect on the tumor cells and an immunologic effect by acti- 
vating lymphocytes against the tumor cells. Photopheresis typically is 
administered every 2 to 4 weeks until clearance of disease. Side effects 
are minimal and may be related to fluid shifts during the procedure.’ A 
recent retrospective review suggested a survival advantage for patients 
treated with ECP!” and beneficial responses in patients with early stage 
ME!» 

Monoclonal Antibodies Alemtuzumab (Campath-1H) is a 
humanized IgG1 monoclonal antibody that targets the CD52 antigen. 
A response rate of 50 percent has been reported in a small cohort of 
patients."*!” Low-dose alemtuzumab was shown to be safe and effec- 
tive in very elderly SS patients.” Alemtuzumab effectively depletes 
leukemic cells from blood of these patients. Very low doses on an as 
needed basis were reported to be effective long-term in SS patients." 
Numerous monoclonal antibodies are in clinical trials now as single 
agents and in combinations, including anti-PD-1 antibodies and anti- 
CCR4 antibody. 

Monoclonal Antibody Conjugates Brentuximab vedotin (SGN- 
35) is an anti-CD30 antibody conjugated via a protease-cleavable linker 
to the potent antimicrotubule agent monomethyl auristatin E (MMAF). 
Following binding to CD30, brentuximab vedotin is rapidly internal- 
ized and transported to lysosomes where MMAE is released and binds 
to tubulin, leading to cell-cycle arrest and apoptosis. Brentuximab 
was recently FDA-approved for CD30+ cutaneous T-cell lymphomas, 
showing durable antitumor activity with a manageable safety profile in 
patients with relapsed/refractory primary cutaneous CD30-positive lym- 
phoproliferative disorders.” The overall response rate was 73 percent, 
with 54 percent for MF and 100 percent for all other tumor types (LyP 
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and primary cutaneous anaplastic large cell lymphoma [PCALCL]). 
Response was not correlated with level of CD30 expression at baseline 
in MF. Peripheral sensory neuropathy is a significant adverse event 
associated with brentuximab vedotin administration. Neuropathy 
symptoms are cumulative and dose related. Multiple ongoing trials are 
currently evaluating brentuximab vedotin alone or in combination with 
other agents in relapsed/refractory patients, as well as patients with 
newly diagnosed disease. 

Recombinant Fusion Proteins Denileukin diftitox (DD) is an 
IL-2 diphtheria toxin fusion protein, which had full FDA approval in 
October 2008 following a phase II randomized, double-blind, placebo- 
controlled trial.'” The overall response rate was 37 percent at a dose 
of 9 ug/kg/day and 46 percent with 18 yg/kg/day, which was statisti- 
cally significant (p = 0.002) compared to placebo. Patients receiving 
18 ug/kg/day had a progression-free survival of 971+ days and duration 
of response of 220 days. Time to response was 92 days; time to treat- 
ment failure was 169 days. Importantly, 45 percent of best responses 
occurred during cycle 4 and beyond, suggesting that an appropriate 
trial of the drug is necessary to achieve optimal responses. All complete 
responses occurred after four or more cycles.’” Side effects were numer- 
ous, including a capillary leak syndrome, infection, hepatitis, increased 
fluid retention, rash, shortness of breath, and flu-like symptoms such 
as chills, fever, weakness, bone and muscle pain, headache, nausea, and 
vomiting. Cardiac arrhythmias and thrombotic emergencies have been 
reported occasionally. Usually, adverse events are most severe during 
the first two cycles, diminishing as the treatments continue. DD manu- 
facturing was discontinued and a new formulation of the same product 
is in clinical trials at this time. 

Chemotherapy Several agents have been FDA-approved for 
therapy of various subsets of MF and SS. 

Pralatrexate is a novel antifolate with high affinity for reduced 
folate carrier-1, which was recently FDA-approved for therapy of trans- 
formed MF (tMF). The recommended regimen was identified as 15 mg/ 
m°? a week for 3 of 4 weeks; the response rate was 45 percent.'*” The most 
common grade 3 adverse event (AE) was mucositis (17 percent); the 
only grade 4 AE was leukopenia (3 percent). MF patients were not able 
to tolerate the “lymphoma” dosage of pralatrexate (30 mg/m? a week for 
6 of 7 weeks) because of intolerable toxicities, including severe mucosi- 
tis. It was hypothesized that the higher incidence of mucositis was a 
result of distribution of malignant cells from the skin and mucosal sur- 
faces beyond visible lesions resulting in “localized” tumor necrosis in 
the skin with collateral damage to surrounding tissues. Administration 
of a single 10 to 15 mg dose of leucovorin 24 hours following pralatrex- 
ate infusion, completely abrogated these side effects and allowed ther- 
apy with 30 mg/m? without sacrificing efficacy.'*! 

Alkylating agents used to treat MF and SS include nitrogen 
mustard topically or systemic cyclophosphamide, or chlorambucil. 
Response rates of 60 percent, with 15 percent complete remissions, 
have been reported.'**!* Similar results are obtained with methotrex- 
ate 2.5 to 10 mg/day orally’; bleomycin 7.5 to 15 mg intramuscularly 
given twice weekly; and doxorubicin 60 mg/m? intravenously given 
once per month.'*>!*6 Pegylated doxorubicin used in advanced MF 
has resulted in an overall response of 88 percent.'*” Purine analogues 
including fludarabine and pentostatin have response rates as high as 
50 percent." Gemcitabine has a similar response rate.“ Neither 
single-agent or multiagent therapy cures MF. Chemotherapy with 
a single agent and polychemotherapy result in a higher incidence of 
transformation to large cell lymphoma, which carries a worse progno- 
sis than the original diagnosis.'**!* Because responses to therapy are 
generally higher after combination therapy, single-agent chemother- 
apy is used rarely. However, use of multiagent chemotherapy results 
in increased immunosuppression and an increased risk of serious 


infections, leading to death in the majority of patients who develop this 
complication.'** Combination therapy produces objective responses in 
greater than 80 percent of patients and complete responses in approx- 
imately one fourth of cases.”!! The duration of remission varies, with 
a median of approximately 1 year. No long-term disease-free survival 
has been reported. 

Combined Modality Therapy Several multidrug regimens 
reportedly improve clinical response in patients with MF, including 
combination of extracorporeal photophoresis with low-dose interferon-a 
and oral bexarotene; prednisone and fludarabine; and PUVA and oral 
bexarotene.*“° 

Because in general MF is an indolent malignancy of T cells with 
excellent prognosis in early stages, the treatment should be conser- 
vative, with skin-directed therapies (nitrogen mustard, topical gluco- 
corticoids, topical bexarotene) combined with light therapy, low-dose 
interferon, low-dose methotrexate, or other single-agent chemotherapy. 
The survival of patients treated with aggressive chemotherapy is not dif- 
ferent from the survival of patients treated conservatively, but aggressive 
chemotherapy results in greater toxicity. Because no curative therapy 
exists, the goal of therapy is to prevent progression to more advanced 
stages and to preserve the patient's quality of life for as long as possible. 


@PROGNOSIS 


Prognosis largely depends on the stage at presentation. Fifty percent of 
deaths among patients with MF result from infections. Septicemia and 
bacterial pneumonia are common; they usually are caused by Staphylo- 
coccus or Pseudomonas and develop from cutaneous lesions.*! Herpes 
virus infections occur in up to 10 percent of patients with advanced MF. 
Progressive MF with widespread visceral involvement late in the course 
of the disease is the next most common cause of death. 


@ PRIMARY CUTANEOUS ANAPLASTIC 
LARGE CELL LYMPHOMA 


CLINICAL FINDINGS 


CD30+ cutaneous lymphoproliferative disorders are the second most 
common CTCLs after MF and represent approximately 25 percent of 
CTCL cases.” PCALCL represents a spectrum of CD30+ lymphoprolif- 
erative disorders, including LyP and PCALCL as its malignant counter- 
part. It is defined by the presence of skin involvement without evidence 
of extracutaneous disease for at least 6 months after presentation.” Sec- 
ondary involvement of lymph nodes may not necessarily be associated 
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with a worse prognosis." In some cases, distinction between LyP and 
PCALCL cannot be made because of discrepancies between clinical fea- 
tures and histologic appearance. These cases are referred to as borderline 
lesions, and their classification should take into consideration their clin- 
ical behavior and appearance (Fig. 103-74). 

Other CD30+ cutaneous lymphoproliferative disorders include 
large cell transformation of MF, systemic anaplastic large cell lymphoma 
(ALCL), cutaneous NK/T-cell lymphoma, and Hodgkin lymphoma. 
Making the distinctions between these diagnoses is critical because 
management and prognosis are significantly different (see “Treatment” 
below). The descriptive term anaplastic could be omitted from the name 
of this lymphoma because these lymphomas may have an anaplastic, 
immunoblastic, or pleomorphic cell morphology. Regardless of patho- 
logic type, these CD30+ large cell lymphomas have a similar clinical 
course, treatment, and prognosis.$0!47"!” 

CD30+ PCALCL can occur at any age, with the peak incidence in 
patients in their 60s, with a slight male predominance.” PCALCL can 
occur anywhere on the body. The lesions are brownish to violaceous 
nodules or tumors, ranging in number from solitary (most commonly) 
to numerous with generalized involvement. They may regress sponta- 
neously. Histopathologically, at least 75 percent of the large cells should 
express CD30. Most cases are CD4+, with loss of pan-T-cell markers 
CD2, CD3, and CD5. In rare cases, the cells are CD8+CD30+. In con- 
trast to systemic ALCL, primary cutaneous large cell lymphoma is neg- 
ative for CD15 and epithelial membrane antigen.’"' In addition, primary 
cutaneous large cell lymphoma usually does not express anaplastic lym- 
phoma kinase-1 (ALK-1) or the t(2;5) chromosomal translocation. '*2"3 
Presence of ALK-1 in cutaneous lesions without systemic involvement 
does not carry a worse prognosis. 


@LYMPHOMATOID PAPULOSIS 


LyP is the benign counterpart of primary cutaneous ALCL. It is charac- 
terized by crops of erythematous, dome-shaped papules or nodules that 
may ulcerate spontaneously. It regresses over a few months with minor 
sequelae such as scarring or atrophy (see Fig. 103-7B). The three main 
histologic types of LyP are A, B, and C. The infiltrate usually is wedge 
shaped with ulcer formation. The large atypical cells of type A resemble 
immunoblasts of Reed-Sternberg cells. These cells are surrounded by 
neutrophils and eosinophils. Type B cells resemble MF, with lichenoid 
lymphocytic infiltration of cells with cerebriform nuclei and some epi- 
dermotropism. Type C cells resemble ALCL, with sheets of large CD30+ 
cells in the infiltrate. The histologic distinction between LyP and the 
corresponding condition may be difficult, and clinical correlation is 


A 


Figure 103-7. CD30+ lymphoproliferative disorders. A. Primary cutaneous anaplastic large cells lymphoma. Large cutaneous tumors on the ante- 
rior thigh. B. lymphomatoid papulosis. Numerous small erythematous papules and small nodules. Some with necrotic centers in crops. Some lesions 


show spontaneous regression. 


required.'** In rare cases, LyP evolves into more aggressive primary 
cutaneous large cell lymphoma. In addition, a higher incidence of 
lymphoid and nonlymphoid malignancies is observed in patients 
with LyP. "5 


TREATMENT 


LyP is extremely responsive to low-dose methotrexate therapy, requir- 
ing 10 to 15 mg orally weekly, with noticeable clinical response within 
a month. Brentuximab vedotin was shown to be highly effective in 
patients with PCALCL and LyP (see section Monoclonal Antibody 
Conjugates above). Other treatment options include oral PUVA ther- 
apy, retinoids, topical and systemic glucocorticoids, and intralesional 
and systemic interferon-a.*!!*”' Treatment of primary cutaneous large 
cell lymphoma depends on the extent of skin involvement. In cases of 
solitary lesions, radiotherapy is often the best initial treatment modality. 
A combination of PUVA and interferon-a may be considered for more 
disseminated disease. Combination chemotherapy should be reserved 
for resistant cases.8h!47156 
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CHAPTER 104 

MATURE T-CELL AND 
NATURAL KILLER CELL 
LYMPHOMAS 


Neha Mehta, Alison Moskowitz, and Steven Horwitz 


The mature T-cell and natural killer (NK)-cell lymphomas represent 10 to 15 
percent of the non-Hodgkin lymphomas by incidence and comprise 23 clini- 
copathologic entities in the most recent classification. They include cutaneous 
T-cell lymphomas, discussed in Chap. 103, and systemic T-cells lymphomas, 
which are discussed here. The systemic T-cell lymphomas have highly variable 
courses and are typically aggressive and frequently less responsive to con- 
ventional chemotherapy than their B-cell counterparts. The most common 
systemic T-cell and NK-cell lymphomas worldwide include peripheral T-cell 
lymphoma, not otherwise specified (PTCL-NOS) and angioimmunoblastic 
T-cell lymphoma (AITL), representing 26 percent and 19 percent of systemic 
T-cell and NK-cell lymphomas, respectively. There is considerable geographic 
variation in the incidence of certain entities, such as adult T-cell leukemia/ 
lymphoma (ATL) and extranodal NK/T-cell lymphoma (ENKTL). In view of the 
rarity of systemic T-cell and NK-cell disorders, large randomized trials are lack- 
ing to guide therapies. Treatment strategies are generally based upon the best 
data available, which includes prospective phase II studies and retrospective 
analyses. The most frequently used regimens for the more common entities, 
PTCL-NOS, AITL, and anaplastic large cell lymphoma (ALCL) are cyclophos- 
phamide, doxorubicin, vincristine, prednisone (CHOP)-based, although long- 
term outcomes are often unsatisfactory. Therefore, ongoing clinical trials are 


Acronyms and Abbreviations: AITL, angioimmunoblastic T-cell lymphoma; 
ALCL, anaplastic large cell lymphoma; ALK, anaplastic lymphoma kinase; ASCT, 
autologous stem cell transplantation; ATL, adult T-cell leukemia/lymphoma; BCCA, 
British Columbia Cancer Agency; CHOEP, cyclophosphamide, doxorubicin, vincris- 
tine, etoposide, prednisone; CHOP, cyclophosphamide, hydroxydaunorubicin (dox- 
orubicin), vincristine (Oncovin), prednisone; CR, complete response; CT, computed 
tomography; DHAP, dexamethasone, cytarabine, cisplatinum; DSHNHL, German High- 
Grade Non-Hodgkin Lymphoma Study Group; EBV, Epstein-Barr virus; EFS, event-free 
survival; ENKTL, extranodal NK/T-cell lymphoma; FFS, failure-free survival; HTLV, 
human T-lymphotrophic virus; hyper-CVAD, cyclophosphamide, vincristine, dox- 
orubicin, methotrexate, cytarabine; ICE, ifosfamide, carboplatin, etoposide; IVAC, 
ifosfamide, etoposide, cytarabine; IPI, International Prognostic Index; IPTCLP, Inter- 
national Peripheral T-Cell Lymphoma Project; LDH, lactate dehydrogenase; MACOP-B, 
high-dose methotrexate, doxorubicin, cyclophosphamide, vincristine, prednisone, 
bleomycin; NK, natural killer; ORR, overall response rate; OS, overall survival; PCR, 
polymerase chain reaction; PET, positron emission tomography; PFS, progression- 
free survival; PIT, prognostic Index for T-cell lymphoma; PR, partial response; PTCL, 
peripheral T-cell lymphoma; PTCL-NOS, peripheral T-cell lymphoma, not otherwise 
specified; SMILE, dexamethasone, methotrexate, ifosfamide, 1-asparaginase, and 
etoposide; TCR, T-cell receptor. 


aimed at improving upon CHOP by adding novel agents or using alternate reg- 
imens. Although controversial, patients are often considered for consolidation 
with autologous stem cell transplant in first remission to improve remission 
durations. Recently, targeted agents specific for particular T-cell and NK-cell 
lymphomas, such as brentuximab vedotin for ALCL and crizotinib for anaplastic 
lymphoma kinase (ALK)-positive ALCL, are now allowing the investigation 
of more individualized therapy for these entities. Furthermore, for a consid- 
erable number of the T-cell and NK-cell lymphoma entities, including ENKTL 
and ATL, CHOP-based therapy is ineffective, and treatment strategies are 
disease-specific. There is still much to learn about the biology and potential 
drug targets for these diseases and ongoing studies using gene expression 
profiling and genomics may help answer some of these questions. In addition, 
ongoing clinical trials evaluating disease-specific treatment approaches and 
employing novel and often targeted agents will hopefully lead to improved 
outcomes for patients with these diseases. 


@ OVERVIEW OF MATURE T-CELL 
LYMPHOMAS 


The peripheral T-cell lymphomas (PTCLs) represent approximately 10 to 
15 percent of non-Hodgkin lymphomas and are made up of 23 hetero- 
geneous diseases (Table 104-1).! The most common entities, peripheral 
T-cell lymphoma, not otherwise specified (PTCL-NOS), angioimmu- 
noblastic T-cell lymphoma (AITL), anaplastic lymphoma kinase 
(ALK)-positive anaplastic large cell lymphoma (ALCL), and ALK-negative 
ALCL, account for approximately 60 percent of cases. This overview 
primarily pertains to these most common subtypes of PTCL and more 
detailed discussion of other subsets of PTCL follows this discussion. 

As a result of the rarity of these disorders, there are no random- 
ized controlled clinical trials to drive treatment decisions in PTCL. Our 
most comprehensive knowledge of the expected outcomes for patients 
with PTCL is mainly based upon three large retrospective series: the 
International Peripheral T-Cell Lymphoma Project (IPTCLP), the 
British Columbia Cancer Agency (BCCA) series, and a Swedish series 
which reported outcomes on 1314 cases, 199 cases, and 755 cases, 
respectively.” * The prospective Comprehensive Oncology Measures 
for Peripheral T-Cell Lymphoma Treatment (COMPLETE) study is an 
ongoing registry of patients from the United States that has reported 
data on 253 subjects to date.* These registries underscore the geographi- 
cal variations in the incidence of these disorders (Table 104-2). 


DIAGNOSIS OF PERIPHERAL T-CELL 
LYMPHOMA 


The diagnosis of PTCL is based on histologic features, immunopheno- 
type, molecular studies, and clinical presentation. While B-cell lympho- 
mas are often characterized by a specific immunophenotypic profile, 
T-cell lymphomas are often characterized by antigen aberrancy that 
may vary within a subtype or even during the course of the disease.°” 
In the IPTCLP, a consensus diagnosis (three of four expert pathologists 
arriving at the same diagnosis) was reached only 74 to 81 percent of the 
time for ALK-negative ALCL, PTCL-NOS, and AITL. Diagnoses were 
significantly refined in 154 out of 1314 cases when clinical information 
was available.’ In establishing the diagnosis of T-cell non- Hodgkin lym- 
phoma, it is important to exclude a reactive process, particularly when 
the clinical picture is not congruent with the pathologic features, when 
the diagnostic biopsy is small, or when a clonal T-cell receptor (TCR) 
rearrangement is the primary or only reason for the diagnosis because 
reactive nonmalignant conditions often mimic PTCL.*"° 
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TABLE 104-1. 2008 WHO Classification of Mature T-Cell 


and Natural Killer—Cell Neoplasms (Excluding Primary 
Cutaneous Lymphomas) 


Peripheral T-cell lymphoma, NOS 


Angioimmunoblastic T-cell lymphoma 
Anaplastic large cell lymphoma, ALK-positive 


Anaplastic large cell lymphoma, ALK-negative 


Enteropathy-associated T-cell lymphoma 


Adult T-cell leukemia/lymphoma 


Hydroa vacciniforme-like lymphoma 


T-cell prolymphocytic leukemia 


T-cell large granular lymphocytic leukemia 


Hepatosplenic T-cell lymphoma 


Extranodal NK/T-cell lymphoma, nasal type 


Aggressive NK cell leukemia 


Systemic EBV+ T-cell lymphoproliferative disease of childhood 
(associated with chronic active EBV infection) 


Chronic lymphoproliferative disorder of NK cells* 


ALK, anaplastic lymphoma kinase; EBV, Epstein-Barr virus; NK, natural 
killer; NOS, not otherwise specified. 


“Provisional entities. 


INITIAL WORKUP 


In addition to routine physical examination, initial evaluation should 
include systemic imaging (computed tomography [CT] of the chest, 
abdomen, and pelvis with contrast or positron emission tomography 
[PET]-CT), marrow aspirate/biopsy, and laboratory evaluation (includ- 
ing complete blood count, lactate dehydrogenase or lactate dehydro- 
genase [LDH], comprehensive metabolic panel). Serologic testing for 
human T-cell lymphotrophic virus (HTLV)-1 is particularly important 
in establishing a new diagnosis of PTCL in a person from an endemic 
area as adult T-cell leukemia/lymphoma (ATL) represents approxi- 
mately 9 percent of PTCL, is associated with a different prognosis, and 
usually requires alternative therapy.’ 


Evaluating Prognosis in Peripheral T-Cell Lymphoma 

The International Prognostic Index (IPI) established for evaluating 
aggressive lymphomas has been effective in risk stratifying patients 
with PTCL, although the utility in AITL is less clear (Table 104-3)." 
The “prognostic index for T-cell lymphoma (PIT); is an improved index 
developed specifically for PTCL that includes age, performance status, 
LDH level, and marrow involvement.” Other prognostic indices, such 
as the IPTCLP score, have been suggested for PT'CL. Each has some 
value, although none provides a significant improvement over IPI in 
terms of impacting clinical management." It is important to note that 
even patients identified as low risk by these indices often experience 
disappointing outcomes. For example, in the IPTCLP, the 5-year failure- 
free survival (FFS) for patients with 0 or 1 IPI risk factors were only 
33 percent for PTCL-NOS and 34 percent for AITL. For this reason, 
the approach to management of PTCL patients usually does not dif- 
fer significantly based on IPI alone. Nevertheless, in patients with 
ALK-positive ALCL, which tends to be more responsive to chemo- 
therapy, the progression-free survivals for patients with zero/one, two, 
three, and four/five IPI risk factors are 80 percent, 60 percent, 40 per- 
cent and 25 percent, respectively." Consequently, patients with higher 
risk ALK-positive ALCL may be treated similarly to those with the less- 
favorable PTCL histologies. 


APPROACH TO INITIAL THERAPY 


CHOP (cyclophosphamide, doxorubicin, vincristine, prednisone) che- 
motherapy remains the most commonly employed backbone for upfront 
therapy of PTCL, based on extrapolation from studies done in aggres- 
sive B-cell lymphomas. In the IPTCLP, more than 85 percent of patients 
received CHOP-based therapy, and in contrast to ALK-positive ALCL 
where the 5-year FFS was 60 percent, the 5-year FFS for PTCL-NOS, 
AITL, and ALK-negative ALCL, were only 20 percent, 18 percent, 
and 36 percent, respectively (see Table 104-3). Similar outcomes were 
observed in the BCCA series with 5-year progression-free survival (PFS) 
of 29 percent, 13 percent, and 28 percent for PTCL-NOS, AITL, and 
ALCL, respectively. In the Swedish Registry study where 84 percent of 
patients were treated with CHOP-like therapy, 5-year PFSs were 21 percent, 
20 percent, and 31 percent for PTCL-NOS, AITL, and ALK-negative 
ALCL, respectively, compared to 63 percent for ALK-positive ALCL.* 
Several prospective clinical trials in PTCL are available to inform 
us on the expected response rate to CHOP. In a phase II study eval- 
uating CHOP induction therapy followed by autologous stem cell 


TABLE 104-2. Incidence of Lymphoma Subtypes By Geographic Region 


Subtype Registry PTCL-NOS AITL ALCL, ALK+ ALCL, ALK- NK/T ATL EATL 
North IPTCL 34% 16% 16% 8% 5% 2% 6% 
America 
BCCA 59% 5% 6% 9% 9% NA* 5% 
COMPLETE 34% 15% 11% 8% 6% 2% 3% 
Europe IPTCL 34% 29% 6% 9% 4% 1% 9% 
Swedish 34% 14% 9% 15% 4% NA* 9% 
Asia IPTCL 22% 18% 3% 3% 22% 25% 2% 


AITL, angioimmunoblastic T-cell lymphoma; ALCL ALK-, anaplastic large cell lymphoma anaplastic lymphoma kinase negative; ALCL ALK+, 
anaplastic large cell lymphoma anaplastic lymphoma kinase positive; ATLL, adult T-cell leukemia/lymphoma; BCCA, British Columbia Cancer 
Agency; COMPLETE, Comprehensive Oncology Measures for Peripheral T-Cell Lymphoma Treatment; EATL, enteropathy-associated T-cell lym- 
phoma; IPI, International Prognostic Index; IPTCL, International Peripheral T-Cell Lymphoma Project; NA, not available; NK/T, natural killer—cell/ 
T-cell lymphoma; NOS, not otherwise specified; PTCL, peripheral T-cell lymphoma.’ATLL patients were excluded in both the BCCA and Swedish 


Registry Studies. 


TABLE 104-3. Characteristics and Outcomes in Common Peripheral T-Cell Lymphoma Subtypes 
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PTCL Subtype Number Median Age % IPI 5 YearOS* 5-YearPFS* 5-Year OS by IPI 
0-1 2-3 4-5 0-1 4-5 
PTCL-NOS 
IPTCL 229 60 28 57 15 32% 20% 50% 11% 
BCCA 117 64 30 47 22 35% 29% 64% 22% 
Swedish 256 69 liz 59t 24t 28% 21% NA NA 
AITL 
IPTCL 213 65 14 59 28 32% 18% 56% 25% 
BCCA 10 66 0 30 70 36% 13% NA NA 
Swedish 104 70 4t 69t Dif 31% 20% NA NR 
ALCL ALK- 
IPTCL WD 58 41 44 15 49% 36% 74% 13% 
BCCA 18 55 44 22 33 34% 28%** 66%? 25%? 
Swedish 115 67 34 42 24 38% 31% NA NA 
ALCL ALK+ 
IPTCL 76 34 49 37 14 70% 60% 90% 33% 
BCCA 12 32 67 25 8 58% 28%? 66%? 25%? 
Swedish 68 41 551 39t 6t 79% 63% NA NA 
EATL 
IPTCL 62 61 25 63 13 20% 4% 29% 15% 
BCCA 9 61 0 30 70 22% 22% NA NA 
Swedish 68 68 42 44 14 20% 18% NA NA 
NK/T 
IPTCL 35 44 26 57 17 9% 6% 17% 20% 
Extranasal 92 52 51 47 2 42% 29% 57% 0% 
Nasal 17 47 47 24 29 24% 15% 38% 20% 
BCCA 33 62 33 63 4 21% 14% NA NA 
Swedish 


AITL, angioimmunoblastic T-cell lymphoma; ALCL ALK-, anaplastic large cell lymphoma anaplastic lymphoma kinase negative; ALCL ALK+, 
anaplastic large cell lymphoma anaplastic lymphoma kinase positive; BCCA, British Columbia Cancer Agency; EATL, enteropathy associated 
T-cell lymphoma; IPI, International Prognostic Index; IPTCL, International Peripheral T-Cell Lymphoma Project; NA, not available; NK/T, natural 
killer cell/T-cell lymphoma; NOS, not otherwise specified; OS, overall survival; PFS, progression-free survival; PTCL, peripheral T-cell lymphoma. 


“Data from International T-cell lymphoma project in which >85% of patients received an anthracycline-based regimen without upfront transplant. 
‘Distribution of patients with the given IPI scores is based on the number of patients for whom the score could be completely calculated. 


*BCCA ALCL reported as both ALK + and -. 


transplantation (ASCT) for untreated PTCL, the overall response rate 
(ORR) to CHOP was 79 percent with a complete response (CR) rate 
of 39 percent." Similarly, a small phase HI study of CHOP versus VIP- 
rABVD (etoposide, ifosfamide, cisplatin alternating with Adriamycin, 
bleomycin, vinblastine and dacarbazine) showed no significant 
difference in outcomes with an ORR of 70 percent and a CR rate of 
35 percent.'® 

Although the majority of patients receive CHOP, there is cur- 
rently no standard frontline treatment approach for PTCL, as there 
are no randomized data guiding a preferred approach. Many have 
sought to augment the efficacy of CHOP by adding agents to the CHOP 
backbone. Several phase II studies adding the anti-CD52 antibody, 
alemtuzumab, to CHOP demonstrated impressive CR rates of 65 to 
71 percent. However, the addition of alemtuzumab conferred signifi- 
cant toxicity including Jacob-Creutzfeldt virus encephalitis, invasive 
aspergillosis, Pneumocystis carinii pneumonia, sepsis, Epstein-Barr 
virus (EBV)-related lymphoma and cytomegalovirus reactivation. 


Similarly, in a phase II study of denileukin diftitox plus CHOP, the ORR 
and CR rates were 65 percent and 55 percent, respectively; however 
three deaths occurred following one cycle of therapy and four other 
patients were taken off study because of toxicity.” 

The German High-Grade non-Hodgkin Lymphoma Study Group 
(DSHNHL) evaluated the addition of etoposide to the CHOP regimen. 
They analyzed patients with PTCL treated on seven different pro- 
spective phase II or phase II protocols with either CHOP or CHOEP 
(cyclophosphamide, doxorubicin, vincristine, etoposide, prednisone). 
Younger patients (<60 years old) with a normal LDH exhibited better 
outcomes if treated with CHOEP than with CHOP, with 3-year event- 
free survival (EFS) of 75.4 and 51 percent, respectively, although no dif- 
ference in overall survival (OS) was observed. The benefits were greatest 
in the more favorable ALK-positive ALCL subtype but there was a trend 
toward improved EFS in favor of CHOEP in other subsets as well 
(p = 0.057). However, the addition of etoposide led to excessive toxicity 
in elderly patients. The Nordic group adopted CHOEP induction for 


subjects younger than age 60 years in a prospective study evaluating 
upfront stem cell transplantation for PTCL.” In this phase II study, 
patients received biweekly CHOEP followed by ASCT for the respond- 
ers. The ORR to CHOEP was 82 percent with a CR rate of 51 percent. 
Although one must be cautious when comparing results from differ- 
ent study populations, these results appear superior to those reported 
by Reimer and colleagues for patients treated with CHOP followed by 
ASCT, who achieved CR in only 39 percent of cases." 

There are no randomized trials assessing the controversial 
approach of performing ASCT in first remission for PTCL, although 
several prospective studies suggest the benefit of this strategy. The afore- 
mentioned Nordic study enrolled 160 patients with PTCL, including 
39 percent with PTCL-NOS, 19 percent with ALK-negative ALCL, and 
19 percent with AITL, while excluding ALK-positive ALCL.” Patients 
were treated with CHOEP for six cycles (etoposide was omitted for 
patients >60 years of age) and those in CR or partial response (PR) pro- 
ceeded to high-dose therapy with carmustine, etoposide, cytarabine, 
and melphalan (or cyclophosphamide) and ASCT. By intent-to-treat 
analysis, 71 percent of patients underwent ASCT and the 5-year OS and 
PES were 51 percent and 44 percent. Reimer and colleagues conducted 
the second largest prospective study evaluating ASCT in first remission 
following CHOP, enrolling 83 patients. A 3-year OS rate of 48 per- 
cent was observed by intent-to-treat analysis. For those who were trans- 
planted (66 percent of patients enrolled) outcomes were considerably 
more favorable with a 3-year OS of 71 percent. In a retrospective anal- 
ysis performed at Memorial Sloan Kettering Cancer Center to evaluate 
patients treated with the intent to transplant in first remission, interim 
PET imaging was found to be the most powerful predictor of outcome. 
Of the 53 percent of patients who had a negative interim PET scan after 
four cycles, 59 percent were progression free after 5 years, including 
53 percent of those with IPI of 3 or greater.” 


APPROACH TO RELAPSED OR REFRACTORY 
THERAPY 


There are no randomized data or standard of care to guide treatment 
of patients with relapsed or refractory PTCL.” In the largest series of 
patients with PTCL-NOS, AITL, and ALCL treated from 1976 to 2010, 
those with relapsed or refractory disease who did not proceed to hemato- 
poietic stem cell transplant demonstrated a median OS of 5.5 months.” 
However, the outlook for this patient population may improve as several 
new agents have been approved for this setting, including romidepsin, 
belinostat, and pralatrexate.”* In addition, brentuximab vedotin is 
listed in the National Comprehensive Cancer Network (NCCN) com- 
pendium of appropriate therapeutic agents for CD30-positive T-cell 
lymphomas (Table 104-4).3°- 
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For patients who are transplantation-eligible, allogeneic transplan- 
tation should be considered in the relapsed/refractory setting. Once 
a donor is identified, intensive salvage chemotherapy options should 
be considered, including ICE (ifosfamide, carboplatin, etoposide) or 
DHAP (dexamethasone, cytarabine, cisplatinum), as they have a high 
potential to induce major remissions that will optimize outcomes after 
transplantation.*” However, these regimens are generally only tolerated 
for three to four cycles and should be followed promptly by consoli- 
dation with transplantation. Both myeloablative and reduced intensity 
allogeneic stem cell transplantation have demonstrated up to 60 percent 
3-year PFS.*”-* The role of ASCT in relapsed/refractory PTCL is con- 
troversial. Several series suggest that ASCT rarely results in long-term 
disease control of PTCL, with the exception of patients with ALCL.** 
Other series, however, including registry data from the Center for Inter- 
national Blood and Marrow Transplant Research, report more salutary 
results for ASCT after relapse.**° 

For patients who are not transplantation-eligible, the goals of treat- 
ment are palliative, and therapy should be geared toward maintaining 
quantity and quality of life. Options for treatment include romidep- 
sin, belinostat, pralatrexate, gemcitabine, bendamustine, and alemtu- 
zumab.?” 94-2 In addition, brentuximab vedotin should be considered 
as the first choice for relapsed CD30-expressing ALCL patients, who 
have not previously received this agent.’ 

In view of the heterogeneity of PTCL, there is an increasing inter- 
est in individualizing therapy based on histology and other factors. 
For example, brentuximab vedotin, a CD30 antibody-drug conjugate, 
induced responses in patient with relapsed or refractory ALCL as well 
as those with CD30-positive AITL and PTCL-NOS.** Similarly, cri- 
zotinib, an ALK inhibitor, demonstrated significant activity in a small 
number of patients with relapsed ALK-positive ALCL and is being fur- 
ther investigated. The histone deacetylase (HDAC) inhibitors, such 
as belinostat and romidepsin, appear to have preferential activity and 
duration of response in patients with AITL (see Table 104-4).?”” 

Gene-expression profiling has identified molecular classifiers that 
improve classification and prognostication in ALK-negative ALCL, 
AITL, and PTCL-NOS.*” Furthermore, additional translocations 
and recurrent mutations have been identified that may help better 
classify PTCLs and identify potential treatment targets. Next-genera- 
tion sequencing has identified a novel translocation within ALK-neg- 
ative ALCL, t(6;7),°° which potentially identifies a unique entity within 
ALK-negative ALCL associated with a better prognosis.*! This muta- 
tion typically leads to reduced expression of the DUSP22 gene, which 
likely functions as a tumor suppressor. A translocation producing an 
ITK-SYK fusion gene, t(5;9), was initially found in a subset of PTCL- 
NOS cases.” SYK expression was subsequently evaluated in 141 PTCL 
cases by immunohistochemistry and found to be overexpressed in 


TABLE 104-4. Overall Response Rate to Agents FDA Approved for Relapsed/Refractory Peripheral T-Cell Lymphoma 


Subtype Pralatrexate* Romidepsin* Belinostat* Brentuximab Vedotin** 
PTCL-NOS 31% 29% 23% 33% 
AITL 8% 30% 46% 50% 
ALCL 29% 24% 15% 86% 


AITL, angioimmunoblastic T-cell lymphoma; ALCL, anaplastic large cell lymphoma; PTCL, peripheral T-cell lymphoma; PTCL-NOS, peripheral 


T-cell lymphoma, not otherwise specified. 
*Data extrapolated from OA O'Connor, B Pro, L Pinter-Brown, et al.”° 
‘Data extrapolated from B Coiffier, B Pro, HM Prince, et al.?” 


*Data extrapolated from S Horwitz, W Jurczak, A Van Hoof, et al. and OA O'Connor, T Masszi, KJ Savage, et al.” 
5Data extrapolated from B Pro, R Advani, P Brice, et al.22 and SM Horwitz, RH Advani, NL Bartlett, et al.?? 
"Brentuximab vedotin is National Comprehensive Cancer Network (NCCN) Compendium listed for relapsed/refractory CD30+ PTCL. 


94 percent, although the translocation was only detected in 39 percent.” 
These findings suggest a potential role for SYK inhibitors in these 
cases.** Mutations involving the TET2 gene appear to be common in 
AITL as well as PTCL-NOS expressing T-follicular helper (T,,,) cell 
markers; they are less frequent among the other PTCL-NOS cases 
(24 percent) and absent in ALCL.” TET2 is involved in epigenetic con- 
trol of transcription through DNA methylation and inactivating mutations 
of this gene were first identified in myeloid malignancies. These mutations 
signify a biologic connection between AITL and PTCL-NOS with AITL fea- 
tures (T „like PTCL-NOS) and suggest a role for hypomethylating agents. 


@ PERIPHERAL T-CELL LYMPHOMA, 
NOT OTHERWISE SPECIFIED 


DEFINITION 


PTCLs that do not fit into any of the currently recognized histopatho- 
logic categories are designated PTCL, not otherwise specified (PTCL- 
NOS; Chap. 96.) 


EPIDEMIOLOGY 


PTCL-NOS is the most common of the mature T-cell neoplasms, repre- 
senting approximately 25 to 30 percent of the total cases of T-cell lymphoma 
in Western countries.°°** In the United States, there are approximately 
0.4 cases per 100,000 adults. In Asia, PTCL-NOS accounts for 20 to 
25 percent of cases mature T-cell neoplasms (see Table 104-2).**” The 
median age of diagnosis is 60 years with a male predominance (2:1).*” 


CLINICAL FINDINGS 


In general, patients with PTCL-NOS have aggressive, rapidly growing 
disease. Diffuse lymphadenopathy, constitutional symptoms, extran- 
odal involvement, an elevated LDH level, and advanced stage disease 
are common.***” Hepatomegaly and splenomegaly occur in 17 percent 
and 24 percent of patients, respectively. Stages I, II, II, and IV disease 
are observed in approximately 14 percent, 17 percent, 26 percent, and 43 
percent of cases, respectively. The marrow is involved in approximately 
20 percent of cases.’ Pruritus, peripheral eosinophilia, hypercalcemia, 
and hemophagocytic syndrome may accompany PTCL.%! 


LABORATORY FINDINGS 
Histopathology 


The majority of cases arise in lymph nodes, which exhibit mixtures 
of small and large atypical lymphoid cells, typically admixed with an 
inflammatory background (Chap. 96). The immunophenotype is typ- 
ically that of a mature T-cell expressing either a CD4 or CD8 pheno- 
type, most commonly CD4, although CD4/CD8 double-positive and 
double-negative cases have been reported.°* Malignant cells are often 
characterized by antigen aberrancy that may vary from one patient to 
another or even vary during the course of the disease within a single 
patient.” Deletion of one or more pan-T-cell antigens is frequently 
observed,“ along with rearrangements of the TCR. 


TREATMENT AND PROGNOSIS 


As discussed previously, patients with PTCL-NOS are most commonly 
treated with CHOP-based regimens, although there is no uniform stan- 
dard of care for first-line treatment. Little prospective data exists for 
CHOP alone in PTCL, but based on clinical trials employing CHOP 
as a component of therapy, it appears that CHOP produces an ORR as 
high as 79 percent and a CR rate as high as 39 percent." However, with 
CHOP alone long-term remissions are uncommon, with PFS rates of 
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20 to 30 percent seen in the larger retrospective series.” Efforts to improve 
the efficacy of first-line therapy by adding new agents to CHOP, such 
as alemtuzumab, bortezomib, or denileukin diftitox, have not clearly 
resulted in significant benefit.” The addition of etoposide to CHOP 
appears to provide some benefit over CHOP in more favorable young 
patients, according to a retrospective analysis of seven prospective stud- 
ies conducted by the DSHNHL.” Moreover, in a prospective study of 
CHOEP followed by ASCT, the ORR to CHOEP was 82 percent, with 51 
percent achieving a CR.” Newer agents approved in the relapsed setting, 
such as romidepsin and brentuximab vedotin, are currently being com- 
bined with CHOP-based regimens and compared to standard CHOP in 
ongoing phase III clinical trials. 

Another strategy for improving frontline therapy for PTCL-NOS 
has been through consolidation with ASCT in first remission, as dis- 
cussed in “Approach to Initial Therapy” above. Even though there are no 
randomized trials of ASCT in first remission, three prospective phase II 
trials support this approach.» The largest of these studies demon- 
strated 5-year OS and PFS of 47 percent and 38 percent, respectively in 
patients with PTCL-NOS.” 

Allogeneic transplantation provides long-term disease con- 
trol for a select group of patients with relapsed PTCL-NOS. Although 
transplant-related mortality is significant, retrospective studies have 
demonstrated up to 61 percent OS at 2 years in some trials. Conse- 
quently, allogeneic transplantation is often considered for fit patients 
who fail frontline therapy.” 

Several promising new agents, including belinostat, bendamustine, 
gemcitabine, and alemtuzumab, have become available for the treatment 
of PTCL-NOS in the relapsed setting.***"” Pralatrexate, romidepsin, 
and belinostat are approved broadly for PTCL, with an approximately 
20 to 30 percent ORR in large phase II studies (see Table 104-4). 

Overall, the 5-year FFS for PTCL-NOS is 20 percent with a 5-year 
OS of 32 percent in patients treated with CHOP-based therapy.” The 
IPI and PIT have been used to risk stratify patients with PTCL-NOS 
and estimate prognosis. For patients with PIT scores of 0, 1, 2, or 3 
or greater, the 5-year FFSs are 34 percent, 22 percent, 13 percent, and 
8 percent, respectively. For patients with IPI scores of 1 or less, 2, 3, or 
4 or greater, 5-year FFSs are 36 percent, 18 percent, 15 percent, and 
9 percent, respectively.’ PIT scores have not been used to direct treat- 
ment decisions, however (see Table 104-3).!* 


@ ANGIOIMMUNOBLASTIC T-CELL 
LYMPHOMA 


DEFINITION 


AITL was initially described as angioimmunoblastic lymphadenopathy 
with dysproteinemia in 1974. It is now known that these entities are 
identical.’ 


EPIDEMIOLOGY 


AITL represents approximately 1 percent of all cases of lymphoma 
and approximately 20 percent of all T-cell lymphomas.” International 
series show that AITL represents a higher portion of T-cell lymphomas 
in Europe than North America or Asia.’ The male-to-female ratio is 
approximately 1:1 and the median age at diagnosis is approximately 
65 to 70 years.**” 


CLINICAL FINDINGS 


Common features at presentation include B symptoms (fever, drench- 
ing sweats, and weight loss), generalized lymphadenopathy, rash, poly- 
clonal hypergammaglobulinemia, blood eosinophilia, and autoimmune 
hemolytic anemia (direct Coombs positive). Some patients experience 


waxing and waning of symptoms over several years before a diagnosis 
is made. Patients with AITL can develop diffuse large B-cell lymphoma, 
which evolves from EBV-positive B cells, which usually are present in 
the lymphoid infiltrate. Emergence of diffuse large B-cell lymphoma 
can occur concomitantly with AITL at the time of diagnosis or may be 
the primary histology at relapse; therefore, repeat biopsies are strongly 
encouraged whenever relapse is suspected in order to guide therapy.” 


LABORATORY FINDINGS 


Histopathology 

AITL is characterized histologically by effacement of the normal lym- 
phoid architecture with a pleomorphic cellular infiltrate and prolifera- 
tion of small arborizing blood vessels. Small lymphocytes, plasma cells, 
immunoblasts, histiocytes, and eosinophils infiltrate involved lymph 
nodes. Asa result, the normal lymphoid architecture may be obliterated, 
with loss of germinal centers and extensive intranodal neovasculariza- 
tion and expansion of the follicular dendritic cell meshwork (CD21). 
Scattered EBV + B cells are almost always present and reflect the accom- 
panying immunodeficient state. The malignant cells are CD4+ of T cells 
with TCR-f and -y rearrangements”-” and express CD10, a marker typ- 
ical for AITL, approximately 90 percent of the time.” Abnormal karyo- 
types involving the X chromosome and chromosomes 1, 3, and 5 are 
frequently found in AITL. A complex karyotype is a negative prognostic 
factor for AITL.” The normal counterpart of AITL is suspected to be the 
follicular T-helper cell based on genomic profiling, which reveals over- 
expression of specific markers, including CXCL13 and PD1.7* A subset 
of PTCL-NOS exhibits a similar gene-expression profile, suggesting it 
may behave similarly.”° 


TREATMENT AND PROGNOSIS 


Most patients with AITL are treated with CHOP-based regimens as dis- 
cussed in the section Approach to Initial Therapy. The CR rate is similar 
to the rate observed with PTCL-NOS (approximately 50 to 60 percent). 
Nonrandomized data support upfront ASCT in patients who achieve a 
CR to first-line therapy.” Rare patients may be managed with glucocor- 
ticoid monotherapy, which can induce remissions, although responses 
are rarely sustained.” Responses to low-dose methotrexate and cyclo- 
sporine have also been reported.”-*' Finally, response rates as high as 
50 percent have been reported in CD30-positive relapsed/refractory 
AITL treated with brentuximab vedotin.” 

Both the IPI and the PIT have been used to risk stratify patients but 
have not been used to direct therapy (see Table 104-3).'*'**? One group 
has reported that immunoglobulin A levels, age older than 60 years, 
more than one extranodal site of involvement, anemia, and thrombocy- 
topenia may also be of prognostic value in this disease.” 


@ ANAPLASTIC LARGE CELL LYMPHOMA 


DEFINITION 


ALCL is defined as a CD30+ peripheral T-cell neoplasm. The disease 
has been provisionally subdivided into those that are ALK-positive 
(60 to 70 percent) or negative (30 to 40 percent).'*** In addition to the 
systemic form, there are primary cutaneous forms (Chap. 103), which 
generally behave in an indolent fashion, as well as a recently identified 
entity called breast implant-associated ALCL." 


EPIDEMIOLOGY 


ALCL accounts for 6 to 24 percent of all T-cell lymphomas.’** However, 
the prevalence of ALCL varies by geographic region (see Table 104-2). 
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ALK-positive ALCL accounts for 16 percent, 6 percent, and 3 percent 
of PTCL in North America, Europe, and Asia, respectively.’ The median 
age of ALK-positive ALCL is 30 to 40 years old. Ninety percent of chil- 
dren with ALCL are ALK-positive.™*’ In the United States and Asia, 
the ALK-positive phenotype is more common (ratio being 2:1 and 3:2, 
respectively), whereas in Europe the ALK-negative phenotype is more 
common (3:2).’ Both diseases exhibit a slight male predominance. 
ALK-negative ALCL accounts for 8 percent, 9 percent, and 3 percent of 
PTCL in North America, Europe, and Asia, respectively. The median 
age of presentation is 55 to 60 for ALK-negative ALCL.*!*%” 


CLINICAL FEATURES 


ALCL has an aggressive clinical course, frequently presenting with 
systemic symptoms, advanced disease, and extranodal localization. 
Patients with ALK-positive ALCL tend to be younger and have better 
performance statuses and lower serum LDH levels. Approximately 
8 to 12 percent of patients with ALK-positive ALCL have morphologic 
evidence of marrow involvement.** The rate of detection of marrow 
involvement doubles when immunohistochemical staining techniques 
with anti-CD30 and anti-ALK antibodies are used." 

Patients with ALK-negative ALCL tend to be older, with higher 
LDH values, and worse performance status than ALK-positive cases. 
Extranodal presentations are more common in the ALK-negative pop- 
ulation," and include sites such as the marrow, liver, lung, and skin, but 
rarely the central nervous system. Marrow involvement occurs in 12 to 
22 percent of cases of ALK-negative ALCL.” 

A new clinical variant of ALK-negative ALCL associated with tex- 
tured saline and silicone breast implants has been reported. Although 
the natural history and treatment course of this variant needs further 
elucidation, the clinical course seems to be less aggressive and patients 
with localized disease may be adequately treated merely by surgical 
removal of the implant and capsule.*****! In the largest series to date 
(60 patients), most presented with disease limited to the breast (83 per- 
cent), whereas 10 percent and 7 percent, respectively, presented with 
stage II and stage IV disease. Patients most commonly presented with an 
effusion within the breast and less frequently with a distinct breast mass.* 


LABORATORY FEATURES 


ALCL cells tend to grow cohesively and are found preferentially invad- 
ing lymph node sinuses.” There are three morphologic variants based 
on the size of the neoplastic and admixed reactive cells”: the “common 
type,” representing most cases, is characterized by large pleomorphic 
tumor cells; the “small cell variant, representing 5 to 10 percent of 
cases, has a dominant population of small- to medium-size tumor cells 
mixed with large anaplastic cells that stain for CD30 and ALK; and the 
“lymphohistiocytic variant,’ representing 5 to 10 percent of cases, that 
is closely related to the small cell variant and contains small neoplastic 
cells mixed with large anaplastic cells and a large number of histiocytes 
(Chap. 96).*4 

ALK-positive ALCL is characterized by a nonrandom t(2;5) 
(p23;q35) translocation resulting in fusion of the NPM and ALK genes.” 
The resultant NPM-ALK fusion gene encodes an 80-kDa chimeric pro- 
tein NPM-ALK (p80) that functions as an oncogene in ALK-positive 
ALCL. Of note, other translocations resulting in ALK expression in 
ALK-positive ALCL have also been identified but are rarer.°*! Thus, 
ALK immunoreactivity is a highly specific marker for this disease. *** 
Either T or null immunophenotypes may be observed in ALCL. The 
T-cell variant expresses pan-T antigens CD2, CD2, CD4, CD5, and 
CD7, whereas the null variant lacks both T-cell and B-cell antigens, but 
usually expresses cytotoxic molecules such as granzyme B and perforin, 
and has rearranged TCR genes, suggesting a T-cell origin. 1°% 


Genomic and proteomic cluster analyses strongly suggest that 
ALK-positive and ALK-negative ALCL are two distinct disease entities. 
CEBPB, PTPN12, SERPINAI, and BCL6 genes are typically overex- 
pressed in ALK-positive ALCL, and CCR7, CNTER, interleukin (IL)-21, 
and IL-22 are overexpressed in ALK-negative ALCL.’ Based on com- 
parative genomic hybridization and fluorescence in situ hybridization 
for TP53 and ATM loci, gains of 17p and 17q24, and losses of 4q13-q21 
and 11q14 are more common in ALK-positive tumors, whereas gains 
of 1q and 6p21 are preferentially observed in ALK-negative tumors.'” 
These differences are underscored by the different responses of these 
two entities to therapy.” Interestingly, cases of ALK-negative ALCL that 
express DUSP22 appear to have a similar prognosis to ALK-positive 
ALCL, while those with TP63 expression are associated with especially 
poor prognosis.” 


TREATMENT AND PROGNOSIS 


ALK-positive ALCL is the most chemosensitive of the T-cell lympho- 
mas, with rates of survival and response similar to diffuse large B-cell 
lymphomas. ALCL is commonly seen in the pediatric age group, where 
intensive anthracycline-based chemotherapy regimens have been 
studied." Approximately 90 percent of patients with ALK-positive 
ALCL treated with anthracycline-based chemotherapy achieve a tumor 
response, with 65 to 75 percent of pediatric patients remaining relapse- 
free after 5 years.’*' Among adults, treatment with CHOP-based ther- 
apy has remained the most commonly used approach as more intensive 
regimens, such as high-dose methotrexate, doxorubicin, cyclophos- 
phamide, vincristine, prednisone, bleomycin (MACOP-B) and doxoru- 
bicin, cyclophosphamide, vindesine, bleomycin, and prednisone have 
not shown superiority to CHOP-based therapy. 

The IPI appears to be particularly helpful in risk-stratification of 
ALK-positive ALCL, with some authorities suggesting that patients 
with high risk ALK-positive ALCL should be treated similarly to those 
with other forms of PTCL (see Table 104-3).?*!° The DSHNHL con- 
cluded in a retrospectively assessment of seven phase II and phase III 
trials that patients with ALK-positive ALCL who were 60 years of age 
or younger and had a normal LDH, had an improved EFS but not OS 
if treated with CHOP plus etoposide, rather than CHOP alone.” The 
Groupe d'Etude des Lymphomes de lAdulte (GELA) group has sug- 
gested that the prognostic significance of ALK expression is limited to 
those older than age 40 years.” After relapse, it appears that patients can 
be cured with intensive salvage therapy (including ASCT) at a higher 
rate compared to other T-cell lymphomas. 

Brentuximab vedotin, which combines an anti-CD30 antibody 
with monomethylauristatin E (MMAE) has demonstrated objective 
responses in more than 80 percent of patients with relapsed/refractory 
ALCL treated on a single-agent phase II trial.” The FDA approved 
brentuximab vedotin for the treatment of relapsed ALCL in 2011." 
Brentuximab vedotin in combination with chemotherapy is being 
explored as a first-line therapy in ALCL. Crizotinib, an inhibitor of ALK 
tyrosine kinase that is FDA-approved for the treatment of ALK-positive 
non-small cell lung cancer, has demonstrated encouraging responses 
in small series of ALK-positive ALCL, leading to ongoing trials in 
relapsed/refractory ALCL.“**'” 

ALK-negative ALCL typically presents with unfavorable features, 
including stages III and IV disease, B-symptoms, high IPI scores, high 
LDH serum levels, and expression of TP63.°'!'*1!5 The disease typically 
pursues an aggressive clinical course and is less responsive to chemo- 
therapy than ALK-positive ALCL. It has been common practice to 
treat patients with CHOP-like therapy, as with other forms of PTCL, as 
discussed in the previous section Approach to Initial Therapy. Similar 
to PTCL-NOS, consolidation with ASCT in first remission is often con- 
sidered for ALK-negative ALCL based upon large prospective studies 
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suggesting improved remission durations.’ The IPTCLP reported 
5-year FFS and OS rates of 36 percent and 49 percent, respectively, for 
patients with ALK-negative ALCL (see Table 104-3).? CD56 expres- 
sion has been shown to be an independent favorable prognostic factor for 
ALK-negative ALCL, as has expression of DUSP22.5!" 


@ ENTEROPATHY-ASSOCIATED T-CELL 
LYMPHOMA 


DEFINITION 


Enteropathy-associated intestinal T-cell lymphoma (EATL) is a mature 
T-cell lymphoma that presents within the gastrointestinal tract. The 
World Health Organization divided EATL into two variants—type I 
and type II—which are differentiated based on their histopathology."° 


EPIDEMIOLOGY 


EATL constitutes approximately 2 to 10 percent of all PTCL and incidence 
varies by geographic distribution.** The median patient age at diagnosis 
is 55 to 65 years with a slight male predisposition." "7 Type I EATL com- 
prises 60 to 80 percent of cases,'!° is most common in patients who have 
underlying celiac disease, and is strongly associated with the human leu- 
kocyte antigen (HLA)-DQ2 haplotype. Among European patients with 
EATL, 80 percent have type I EATL.''*!'§ Patients who have refractory 
celiac disease, which does not improve with a gluten-free diet, have a sig- 
nificantly higher risk of EATL. In particular, those with refractory celiac 
disease who demonstrate a clonal expansion of abnormal intraepithelial 
lymphocytes lacking CD3, CD8, and TCR markers, but expressing intra- 
cellular CD3, have a significantly higher risk of developing EATL."” In 
contrast, type II EATL, present in 20 to 40 percent of cases, is less fre- 
quently associated with celiac sprue and the HLA-DQ2 haplotype.'*!" 


CLINICAL FINDINGS 


The majority of patients with EATL present with acute abdominal 
symptoms that often require urgent or emergent surgical procedures, 
resulting in diagnosis of the disease.’ EATL typically presents with 
ulcerative lesions of the jejunum or ileum which may perforate, though 
other regions of the gastrointestinal tract may also be affected. As a 
result of the malabsorption that accompanies the disease, frequent pre- 
senting signs and symptoms include weight loss, diarrhea, nausea, and 
vomiting, accompanied by abdominal pain and bowel obstruction.’ 
The course can be fulminant; death may occur during treatment sec- 
ondary to the consequences of intestinal perforation. Extraintestinal 
presentation of EATL is rare, and there is little data on the manifes- 
tations of cutaneous, neuromeningeal, or pulmonary presentations. 
Systemic symptoms should be considered signs of clinical progression, 
although they occur in less than 30 percent of patients with EATL. "4+1 


LABORATORY FINDINGS 


Histopathology 

The two types of EATL are recognized on the basis of the specific 
immunophenotype: EATL type 1 is characterized by CD56 negativity 
and EATL type 2 exhibits CD56 expression." The histology of EATL 
type I demonstrates mostly medium to large tumor cells with round 
or angulated vesicular nuclei, prominent nucleoli, and pale-staining 
cytoplasm. There is often a moderate to abundant infiltrate of eosino- 
phils, histiocytes, and small lymphocytes." EATL type 1 characteristi- 
cally demonstrates the following immunophenotype: positive for CD3, 
CD7, CD 103, and usually CD30, but negative for CD4, CD5, CD8, and 
CD56. The cells also exhibit a cytotoxic phenotype and are positive for 


perforin, granzyme B, and TIA-1.'**!* EATL type 2 is characterized by a 
monomorphic infiltrate of small- to medium-size lymphocytes positive 
for CD3, CD8, CD56, and TCR-B, and negative for CD4. CD30 is often 
negative in EATL type 2.'” 


TREATMENT AND PROGNOSIS 


CHOP chemotherapy has been used most widely for both type I and 
type II EATL, with a 5-year relapse FFS of 4 to 22 percent and a 5-year 
OS of approximately 20 percent.**!° The addition of etoposide to 
CHOP does not appear to confer additional benefit. Even patients 
who initially respond to CHOP therapy usually relapse after a median 
interval of 6 months, with a median survival after relapse of approx- 
imately 6 months to 1 year.'!*!?"!? In patients who are transplantation- 
eligible, high-dose chemotherapy followed by ASCT may improve out- 
comes.'*718 The Scotland and Newcastle Group demonstrated that 
high-intensity therapy with CHOP alternating with IVE (ifosfamide, 
epirubicin, etoposide) and intermediate-dose methotrexate, followed by 
consolidation with ASCT resulted in a 5-year OS of 60 percent and PFS 
of 52 percent in the 50 percent of patients who were able to complete 
ASCT.'” Many patients could not complete the course of chemother- 
apy, however, and there were a large number of complications, including 
gastrointestinal bleeding, small bowel perforation, and enterocolic fistu- 
lae. Twelve patients required either enteral or parental feeding. 

Adverse prognostic factors include a history of celiac sprue, a large 
tumor mass (25 cm) at diagnosis, an elevated LDH, and a nonambula- 
tory performance status.''® The PIT score predicts both OS and FFS in 
EATL better than the IPI."° 


@ ADULT T-CELL LEUKEMIA/LYMPHOMA 
DEFINITION 


ATL is an uncommon lymphoproliferative neoplasm of mature 
CD4+CD25+ T-cells caused by infection with the retrovirus, HTLV-1, 
that was initially characterized in 1977.'*°"*' These cells classically have 
a leukemic “flower-cell” appearance.” At least 5 percent of circulating 
abnormal T lymphocytes are required to diagnose ATL in patients with- 
out histologically proven tumor lesions.” 


EPIDEMIOLOGY 


The incidence of ATL in the United States is approximately 0.05 cases 
per 100,000 people." The disease prevalence parallels the geographic 
distribution of the HTLV-1 virus, with the highest incidences occurring 
in southern Japan, the Caribbean, Central and South America, intertro- 
pical Africa, Romania, and northern Iran (see Table 104-2). Among 
approximately 10 to 20 million HTLV-1 carriers, the lifetime risk of 
developing ATL is approximately 2.5 to 4 percent, with a mean latency 
of greater than 50 years.14137139140 HTLV-1 is transmitted through 
breastfeeding, blood products, and unprotected sexual intercourse. The 
overwhelming majority of ATL cases occur in patients infected dur- 
ing the early years of life,'*! In addition, the prolonged infection may 
increase chances of accruing subsequent mutations, and ultimately 
malignant transformation. The mean age of patients with adult T-cell 
leukemia/lymphoma is 62 years, without a gender predominance."*'* 


CLINICAL FEATURES 


Several clinical variants of ATL have been described: acute, lymphoma, 
chronic, and smoldering; these appear to have differing genomic altera- 
tions and different clinical courses. 139143144 
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The acute variant of ATL represents 60 percent of cases and is 
characterized by patients who present with a leukemic presentation. An 
additional 20 percent of cases present with the lymphoma variant char- 
acterized by lymphadenopathy and less than 1 percent of leukemic cells 
in the blood. These subtypes exhibit an aggressive clinical course with 
a median survival of less than 1 year. The majority of patients present 
with hepatosplenomegaly (50 percent of cases), lymphadenopathy, ele- 
vated LDH, hypercalcemia (50 percent of cases), and visceral and cuta- 
neous lesions. The marrow is involved in approximately 35 percent of 
cases." Most patients have generalized lymphadenopathy, particularly 
in the retroperitoneal and hilar regions, though the nodes are often rela- 
tively small and mediastinal masses are rare. Extranodal sites of disease 
include the lung, liver, skin, gastrointestinal tract, and central nervous 
system, including cord myelopathy and spastic paraparesis. 

In contrast to the acute and lymphoma forms, the smoldering form 
of adult T-cell leukemia/lymphoma typically presents with a predom- 
inance of skin lesions or lung infiltration without visceral or marrow 
disease, and minimal blood involvement (<5 percent of lymphocytes). 
Patients with chronic ATL present with leukocytosis with lymphade- 
nopathy and organomegaly without an elevated LDH, or visceral 
involvement. Although smoldering and chronic ATL are characterized 
initially by indolent courses, the prognosis remains poor with a survival 
of 4.1 years and 49 percent progressing to acute ATL after a median of 
18.8 months."° 

Opportunistic infections are common in patients with adult 
T-cell leukemia/lymphoma, even indolent forms, including P. carinii, 
strongyloides, and cryptococcal meningitis, as well as bacterial and 
other fungal infections. 


LABORATORY FEATURES 
Histopathology 


The neoplastic cells are pleomorphic, have highly lobulated nuclei 
(“clover leaf” or “flower cell” appearances) with condensed nuclear 
chromatin, inconspicuous nucleoli, and a mature helper T-lymphocyte 
immunophenotype.” At least 5 percent of circulating abnormal T-lym- 
phocytes are required to diagnose ATL in patients without histologically 
proven tumor lesions.’ In approximately 20 percent of cases, nuclear 
lobulation is less pronounced, and the cells may be difficult to distin- 
guish from Sézary cells. These cells express the surface T-cell lympho- 
cytic markers CD2, CD4 and CD5, CD45RO, CD29, and TCR-af, and 
are usually negative for CD7, CD8, and CD26, and show reduced CD3 
expression. The lymphocytic activation markers HLA-DP, -DQ, and 
-DR, and IL-2Ra (CD25) are always present, whereas terminal deoxy- 
nucleotidyl transferase is typically absent. Rare immunophenotypic 
variants (CD4 negative, CD8-positive, double-positive or double- 
negative variants) have also been reported.'“*"'°° Although there are no 
specific chromosomal abnormalities diagnostic of ATL, the karyotype of 
ATL cells is usually complex in the aggressive variants of the disorder.'*! 
Clonal rearrangements of the TCR genes are typically present. 


Laboratory Analysis 
Patients with aggressive forms of ATL commonly present with an elevated 
LDH and hypercalcemia. 


TREATMENT AND PROGNOSIS 


Overall, prognosis in ATL remains poor with a median survival of less 
than 1 year for patients with aggressive subtypes. A multivariate analysis 
of 126 patients with acute (13 percent) and lymphoma (87 percent) sub- 
types of ATL performed by the IPTCLP indicated that the IPI was the 
only independent predictor of OS.'” Although smoldering and chronic 
ATL are characterized initially by indolent courses, the prognosis 


remains guarded with 5-year survivals of 40 percent and 50 percent, 
respectively; 49 percent of patients with the more indolent forms of ATL 
progress to acute ATL after a median time of 18.8 months. 

Despite its limited efficacy, cytotoxic chemotherapy remains the 
mainstay of therapy for this disease. A Japanese cooperative group 
developed a multidrug regimen called LSG15, which consists of seven 
cycles of VCAP (vincristine, cyclophosphamide, doxorubicin, and pred- 
nisone), AMP (doxorubicin, ranimustine, and prednisone), and VECP 
(vindesine, etoposide, carboplatin, and prednisone). LSG15 was evalu- 
ated in a phase II study that enrolled 96 patients with treatment-naive 
acute type (n = 58), lymphoma type (n = 28) or unfavorable chronic 
type (n = 10) ATL. The ORR was 81 percent, with 35 percent CRs and 
45 percent PRs.'™ In view of these results, a phase II trial of LSG15 ver- 
sus biweekly CHOP was performed in a similar patient population and 
demonstrated a superior CR rate (40 percent vs. 25 percent) and 3-year 
OS (24 percent vs. 13 percent), favoring the intensive arm; however the 
median survival was only 13 months in the LSG15 arm.'* These results 
highlight the inadequacy of CHOP in this disease, but the results seen 
with LSG15 leave significant room for improvement as well. 

The role of antiviral therapy remains controversial. A recent 
meta-analysis of 254 patients with ATL demonstrated that there appears 
to be a benefit to first-line antiviral therapy, including interferon for 
patients with acute, chronic, and smoldering ATL, whereas patients with 
the lymphoma variant did not benefit. In patients with chronic and smol- 
dering ATL treated with first-line antiviral therapy in combination with 
either chemotherapy or interferon, a 100 percent 5-year survival has been 
reported. In patients with leukemic ATL who were treated upfront with 
combined antiviral therapy and chemotherapy a 5-year OS of 28 percent 
was observed, compared to 10 percent in patients treated with first-line 
chemotherapy alone. Maintenance antiviral therapy also was reported to 
confer an improved OS in patients treated with first-line chemotherapy. 
These findings have not yet been prospectively validated, however.'** 

Additionally, mogamulizumab (anti-CCR4 monoclonal antibody) 
has been approved in Japan for the treatment of relapsed or refractory 
adult T-cell leukemia-lymphoma. In a multicenter phase II study of 
28 patients with relapsed/refractory ATL, the ORR with mogamuli- 
zumab was 50 percent, with a median OS of 13.7 months.” A random- 
ized phase II study of modified LSG15 with or without mogamulizumab 
confirmed that the combination was well tolerated and had a CR rate of 
52 percent compared to 33 percent with LGS15 alone. 5° 

A large nationwide Japanese retrospective report of 386 patients 
with ATL assessed the role of allogeneic hematopoietic stem cell trans- 
plantation in ATL and demonstrated a 3-year OS for entire cohort of 
33 percent. Among patients who underwent related donor transplan- 
tation, donor HTLV-1 seropositivity adversely affected disease-associ- 
ated mortality.’ In patients who are transplantation-eligible, allogeneic 
transplantation is therefore an attractive option, but ASCT has been 
found to be ineffective in ATL.'%!°! 


@ HEPATOSPLENIC T-CELL LYMPHOMA 


DEFINITION 


Hepatosplenic T-cell lymphoma (HSTCL) is a rare lymphoma that infil- 
trates the spleen, liver, and marrow. In the majority of cases, cells consist 
of mature y/d T-cells, however, «/$ HSTCL has also been reported.' 


EPIDEMIOLOGY 


HSTCL is a rare lymphoma representing 3 percent of all T-cell lympho- 
mas.'® This disease typically occurs in young males at a median age of 
35 years.” Immunosuppression following solid-organ transplantation 
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or from use of anti-tumor necrosis factor-« or thiopurine agents (as 
are used for Crohn disease and other autoimmune diseases) has been 
implicated as a risk factor for this disease.'**'!® 


CLINICAL FINDINGS 


Patients commonly present with isolated hepatosplenomegaly without 
lymphadenopathy, frequently accompanied by cytopenias, B symptoms, 
and an elevated serum LDH.*”'? 


LABORATORY FINDINGS 
Histopathology 


Neoplastic cells localize to sinusoids in the spleen, liver, and marrow. 
The malignant lymphocytes typically express CD3, CD56, and TCR-6, 
but are negative for CD4 and usually CD8.'* Clonal rearrangement of 
the TCR-y gene usually present, and in most cases the lymphoma cells 
have an isochromosome 7q [I’(q10)] along with trisomy 8, which also 
may be seen in the a variant of this disease." 


TREATMENT AND PROGNOSIS 


HSTCL is characterized by an aggressive course, with a median survival 
of 16 months.'” The optimal therapy for HSTCL is not known. Small 
patient series and anecdotal reports describe limited responsiveness 
and poor survival with CHOP and suggest better outcomes with other 
non-cross-resistant regimens such as ICE, hyper-CVAD (cyclophos- 
phamide, vincristine, doxorubicin, methotrexate, cytarabine), or IVAC 
(ifosfamide, etoposide, cytarabine).''!”°"'” Successful treatment with 
pentostatin has been reported as well.'*° Consolidation with either allo- 
geneic stem cell transplantation or ASCT is likely necessary to achieve 
long-term remission.'7! 


@EXTRANODAL NATURAL KILLER/T-CELL 
LYMPHOMA 


DEFINITION 


Extranodal natural killer (NK)/T-cell lymphoma (ENKTL), nasal type 
previously known as lethal midline granuloma, malignant granu- 
loma, or angiocentric lymphoma, is an uncommon subtype of T-cell 
lymphoma. 


EPIDEMIOLOGY 


ENKTL represents approximately 2 to 9 percent of T-cell lympho- 
mas.™+174-175 The disease typically afflicts middle-aged men, with a 
median age of 50 years at diagnosis, but may also affect children. 14135 
ENKTL occurs worldwide, with a strong geographic predilection for 
Asian populations from China, Japan, Korea, and Southeast Asia” and 
for Central and South American populations from Mexico,’ Peru,'” 
Argentina, and Brazil,’* constituting 5 percent to 15 percent of lympho- 
mas in these countries. Occasional case series have also been reported 
from Europe and North America (see Table 104-2).!*! 


CLINICAL FEATURES 


ENKTLs are almost exclusively extranodal.’” Initial sites involved are 
often the nose and nasopharynx and occasionally the paranasal sinuses, 
tonsil, Waldeyer ring, and oropharynx. When nasal lymphomas destroy 
the floor of the nasal cavity, a characteristic hard-palate perforation is 
found.'* Although they are usually localized, ENKTLs may disseminate 
to the skin, salivary glands, testis, and gastrointestinal tract. Interestingly, 


the lymphoma occasionally presents primarily in these sites without an 
apparent nasal primary. These “nonnasal” ENKTLs were thought to be 
more aggressive.'*’ Modern imaging technology, such as PET/CT, shows 
that most, if not all, nonnasal lymphomas are associated with occult 
nasal primaries, and imply that they are disseminated nasal lympho- 
mas.'**'*° With improved treatment strategies, primary sites of presen- 
tation are no longer an independent prognostic indicator.'** Rarely, the 
lymphoma can evolve into NK-cell leukemia, which is characterized by 
widespread systemic dissemination and involvement of the marrow and 
blood. 


LABORATORY FINDINGS 
Histopathology 


The histopathology shows angiocentric plesiomorphic small- or 
medium-size atypical lymphoid cells with vascular invasion and ische- 
mic tissue necrosis. Marrow hemophagocytosis may be present. As NK 
and T cells share a common ontogeny, the malignant cells express CD2 
and CD7 but are negative for surface CD3. They also express CD16, 
CD56, cytoplasmic CD3e, and CD57, and often demonstrate clonal 
rearrangements in the TCR genes.'!”*!* Neoplastic cells are invariably 
infected by EBV which is detected most reliably by in situ hybridization 
for EBV-encoded RNA (EBER), a diagnostic requisite.” Rare cases may 
not express CD56.' 


Laboratory Assessments 

EBV DNA polymerase chain reaction (PCR) measured in plasma has 
been found to correlate with tumor burden and serial EBV PCR moni- 
toring is useful for assessing responses and disease recurrence.'*”"** 


TREATMENT AND PROGNOSIS 


Outcomes of localized NK/T-cell lymphoma are best with combined 
chemotherapy and radiation therapy. In studies of radiation therapy 
alone, 75 to 100 percent of patients respond; however, systemic relapse 
rates are as high as 25 to 40 percent. Previously, patients were 
treated with CHOP-based therapy in combination with radiation with a 
CR rate of 59 percent and 3-year disease-free survival of 25 percent. "°! 
L-Asparaginase has a major single-agent activity in NK/T-cell lympho- 
mas, and is incorporated into most modern regimens for this disease.” 
L-Asparaginase combined with gemcitabine, oxaliplatin, and radiation 
therapy exhibits an ORR of 96 percent and a local and systemic relapse 
rate of 10 to 15 percent in a phase I study.'* Vincristine and predniso- 
lone in combination with L-asparaginase produce an ORR of 89 per- 
cent when combined with radiation therapy. SMILE (dexamethasone, 
methotrexate, ifosfamide, L-asparaginase, and etoposide) in combina- 
tion with radiation therapy demonstrates an 82 percent response rate 
with a CR rate of 78 percent. L-Asparaginase has also been studied 
in combination with methotrexate and dexamethasone with an ORR of 
78 percent.” In patients with localized ENKTL, it is standard to consol- 
idate asparaginase-based chemotherapy with radiation therapy. In the 
setting of patients with advanced stage or relapsed/refractory disease, 
combination chemotherapy remains the standard treatment.’ Stud- 
ies of SMILE demonstrate an ORR of 25 to 80 percent in disseminated 
disease.'*°'°° NK-cell leukemia is characterized by widespread systemic 
dissemination and involvement of the marrow and blood and is associ- 
ated with an extremely poor survival measured only in weeks. 

EBV DNA PCR measured in the plasma has been found to cor- 
relate with tumor burden and serial EBV PCR monitoring is useful 
for assessing responses and disease recurrence.'*”'* In view of the 
improved efficacy of L-asparaginase-based regimens, the role of ASCT 
remains unclear. 
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Even though the IPI has been found to be effective in risk strat- 
ification of ENKTL, Lee and colleagues have developed an NK/T-cell 
lymphoma-specific prognostic index that also predicts prognosis (see 
Table 104-3).?3'*° This model includes B-symptoms, elevated LDH, 
stage, and presence of regional lymph nodes. Those with no risk fac- 
tors, one risk factor, two risk factors, and three or more risk factors 
had a 5-year OS of 81 percent, 64 percent, 34 percent, and 4 percent, 
respectively.’ 


SUBCUTANEOUS PANNICULITIS-LIKE T-CELL 
LYMPHOMA 


Definition 

Subcutaneous panniculitis-like T-cell lymphoma (SPTL) is a primary 
cutaneous T-cell lymphoma presenting with painful subcutaneous 
nodules.” The lesions consist of atypical lymphoid cells, and reactive 
histiocytes with admixed adipose tissue often associated with coagu- 
lation necrosis. Histologically, the cells express an «/$ phenotype. The 
y/ô phenotype of this disease is now classified as cutaneous y/ô T-cell 
lymphoma.’ 


Epidemiology 

As discussed in a worldwide retrospective analysis, SPTL is a rare disor- 
der accounting for 0.9 percent all T-cell lymphomas.” SPTL is primar- 
ily a disorder of adults with an average age at diagnosis in the mid to late 
30s, although cases have also been reported in children.” SPTL has a 
female predominance with a male to female ratio of 0.5.°" 


Clinical Features 

Patients present with subcutaneous nodules that typically begin in the 
extremities and may spontaneously regress for a number of years, but 
eventually progress.” They may ulcerate, and patients may have systemic 
symptoms. 


Laboratory Features 

The lesions consist of atypical lymphoid cells, and reactive histiocytes 
with admixed adipose tissue often associated with coagulation necrosis. 
In most cases, the tumor is composed of mature CD8+ a cytotoxic T 
cells that express TIA-1, granzymes, and perforin genes.””?* 


Treatment and Prognosis 

Responses to combination chemotherapy have been reported but are 
usually of short duration.” Responses to glucocorticoids, interferon-«, 
zidovudine, and cyclosporine also have been reported.” Therapy 
for this disease remains controversial. Although standard chemother- 
apy may be effective, CRs are rare. Single patient cases of successful 
allogeneic stem cell transplantation have been reported, but the rarity 
of this disease hampers further investigation of this modality.2*!! The 
use of denileukin diftitox in two patients has been reported with evi- 
dence of activity, and bexarotene restored a clinical response in one of 
the patients after disease progression.” Single-agent bexarotene has 
also been shown to have significant clinical activity with an ORR of 
82 percent.” 
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CHAPTER 105 
PLASMA CELL NEOPLASMS: 
GENERAL CONSIDERATIONS 


Guido Tricot, Siegfried Janz, Kalyan Nadiminti, Erik Wendlandt, and 
Fenghuang Zhan 


Plasma cell neoplasms are tumors derived from an expansion of mutated 
mature B-cells and their precursors. These neoplasms include essential mono- 
clonal gammopathy (synonym: monoclonal gammopathy of unknown signif- 
icance; Chap. 106), smoldering myeloma (Chap. 107), myeloma (Chap. 107), 
solitary and extramedullary plasmacytomas (Chap. 107), light-chain amyloi- 
dosis (Chap. 108), and Waldenstrém macroglobulinemia (Chap. 109). The pro- 
totype ofa malignant plasma cell neoplasm is myeloma, which is characterized 
by complex genetic alterations, best assessed by metaphase cytogenetics, 
fluorescence in situ hybridization analysis, and gene-expression profiling. The 
genetic changes are more akin to solid tumors than to hematologic malignan- 
cies. Interactions between myeloma cells and the marrow microenvironment 
affect the survival, proliferation, and drug resistance of myeloma cells, and the 
development of osteoporosis or osteolysis, which is a hallmark of myeloma. As 
in most malignancies, a cancer stem cell (e.g., myeloma stem cell) has been 
identified and is the most likely site of drug resistance, which almost invariably 
develops during treatment; such cells are not affected by the typical drugs one 


Acronyms and Abbreviations: AL, light-chain amyloidosis; BAFF, B-cell activat- 
ing factor; BCR, B-cell receptor; BMSC, bone mesenchymal stem cell; BTK, Bruton 
tyrosine kinase; CDR, complementarity determining regions of the heavy chain; CR, 
complete remission; CSC, cancer stem cell; D, diversity immunoglobulin gene seg- 
ment; FISH, fluorescence in situ hybridization; FLC, free light chain; GFR, glomerular 
filtration rate; ICAM-1, intercellular adhesion molecule 1; |g, immunoglobulin; IGH, 
immunoglobulin heavy chain; IGF-1, insulin-like growth factor 1; IL, interleukin; 
IRAK, interleukin-1 receptor-associated kinase; JAK2/STAT3, Janus kinase 2/sig- 
nal transducers and activators of transcription; J, joining region immunoglobulin 
gene segment; M, monoclonal; MBD, myeloma bone disease; MPC, multiparameter 
flow cytometry; MRD, minimal residual disease; MRI, magnetic resonance imaging; 
mSMART, Mayo stratification of myeloma and risk-adapted therapy; MYD, mye- 
loid differentiation primary response gene; nCR, near complete remission; NEK2, 
a serine/threonine kinase; NF-KB, nuclear factor KB; OB, osteoblast; OC, osteoclast; 
OL, osteolytic lesion; OPG, osteoprotegerin; PCN, plasma cell neoplasm; PDGF, 
platelet-derived growth factor; PET/CT,"*F-fluorodeoxyglucose positron emission 
tomography—computed tomography; pP-7, a hyperphosphorylated protein; RAG, 
recombinase-activating genes; RANK, receptor activator of NF-KB; RARa, retinoic 
receptor a; RB, retinoblastoma gene sCR, stringent complete remission; sIFE, serum 
immunofixation electrophoresis; SMM, smoldering myeloma; SP, side population; 
SPEP, serum protein electrophoresis; TGF-8, transforming growth factor £; TLR, toll- 
like receptor; TME, tumor microenvironment; TNF-a, tumor necrosis factor a; TRAF3, 
the adaptor molecule for toll receptor; ulFE, urine immunofixation electrophoresis; 
UPEP, urine protein electrophoresis; VCAM-1, vascular cell adhesion molecule 1; VEGF, 


vascular endothelial growth factor; V,,, the variable immunoglobulin gene segment. 


uses in patients with myeloma. The best prognostic markers in myeloma in 
order of importance are the presence of (1) specific cytogenetic abnormalities, 
(2) extent of the disease by appropriate imaging techniques, such as magnetic 
resonance imaging and/or combined positron emission and computed tomo- 
graphic imaging, (3) the serum free light-chain level and kappa-to-lambda 
ratio, and (4) the use of the International Staging System. The development of 
several classes of drugs over the past decade in combination with transplanta- 
tion, has improved therapeutic outcomes significantly in patients achieving an 
unequivocal complete remission. Thus, optimal techniques to assess minimal 
residual disease have also become important. 


@ DEFINITION AND HISTORY 


Plasma cell neoplasms (PCNs) are clonal B-cell tumors that range from 
stable disease without functional abnormalities (monoclonal gammo- 
pathy, synonym monoclonal gammopathy of unknown significance) to 
one of slowly proliferating plasma cells (smoldering myeloma [SMM]), 
to one resulting in end-organ compromise (myeloma). PCNs are 
accompanied by the synthesis and release into the plasma of a mono- 
clonal (M) protein, and, in the case of myeloma, either diffuse oste- 
oporosis or osteolytic lesions. Myeloma accounts for approximately 
1 percent of all malignant diseases and 10 percent of hematologic 
malignancies. 

Approximately two-thirds of patients presenting with an M protein 
have (1) monoclonal gammopathy (Chap. 106), whereas approximately 
15 percent have (2) myeloma (Chap. 107). Other diseases associated 
with M-protein productions are (3) immunoglobulin light-chain amy- 
loidosis (AL) (10 percent; Chap. 108) resulting from the deposition of 
immunoglobulin (Ig) fragments in visceral organs a consequence of 
extensive misfolding of these Ig fragments, (4) SMM (3 percent; Chap. 
107), (5) Waldenström macroglobulinemia (3 percent; Chap. 109), (6) 
lymphoproliferative disorders (2 percent; Chap. 90), (7) solitary or 
extramedullary plasmacytomas (1 percent; Chap. 107) and (8) miscella- 
neous other diseases (2 percent).? 


@ NORMAL B-CELL DEVELOPMENT 


B-cell development is discussed in detail in Chaps. 74 and 75. In brief, 
B-cell lymphopoiesis occurs initially in the marrow and in lymphoid 
tissues. In the marrow, the pro-B-cell, undergoes rearrangement of 
immunoglobulin heavy chain (IGH) genes and, then, is designated a 
pre-B-cell, which is characterized by the presence of cytoplasmic u 
chains. Subsequent rearrangement of the light chain enables the cell to 
express surface IgM, the immature B lymphocyte phase of development. 
‘These cells leave the marrow and upon entering the blood express sur- 
face IgD, which then defines them as virgin B cells, also characterized by 
G, cell-cycle arrest. Virgin B cells enter the lymphoid tissue, where they 
are exposed to antigen-presenting cells, become activated when in con- 
tact with the corresponding antigen and differentiate into short-lived, 
low-affinity plasma cells or memory B-cells. These memory B-cells 
travel from the extra-follicular area of the lymph node to the primary 
follicles, where if confronted with an antigen, presented by follicular 
dendritic cells, a secondary response is induced. At this stage, primary 
follicles change into secondary follicles containing germinal centers. 
Through activation by an antigen, the memory B cells differentiate into 
centroblasts, resulting in Ig isotype switching and somatic mutations in 
the variable region of the immunoglobulin gene with the generation of 
high-affinity antibodies. Centroblasts progress to the centrocyte stage 


and reexpress surface Ig. The centrocytes with high-affinity antibodies 
differentiate into either memory B cells or plasmablasts, which then 
move to the marrow and terminally differentiate to plasma cells. Mar- 
row plasma cells produce most of the plasma immunoglobulins and 
have a life span of approximately 3 weeks. 

Three distinct gene segments, the variable (V,,), diversity (D), and 
joining region (J,,) genes, encode the variable region of the heavy chain, 
whereas two segments, variable (Vx or VA) and joining (Jx or JŽ) region 
genes, encode the variable fraction of the light chain. The IGH locus 
on chromosome 14q32 contains an estimated 100 to 150 V, genes, 30 
D, and six J,, gene segments. Because some of the V,, genes are nearly 
identical, it is likely that 60 to 70 V, genes are available for rearrange- 
ment. These 60 to 70 genes belong to seven families (V,, 1 to 7) whose 
members have more than 80 percent sequence homology. Of the 75 
known Vx sequences, only 36 are potentially functional and of the 36 
known VŽ sequences, only 24 are functional. Rearrangement of the V 
gene segments is dependent on the protein products of the recom- 
binase-activating genes RAG-1 and RAG-2. Recombination of V genes 
starts in lymphoid progenitors within the IGH locus of either the mater- 
nal or paternal chromosome 14. If the initial V,,-D-J,, rearrangement 
yields a sequence that cannot be translated, then rearrangement of the 
IGH locus proceeds on the other allele. The presence on the B-cell sur- 
face of a fully assembled u heavy chain rearrangement begins when 
one of the Vx genes rearranges to one of the Jx genes. If x light-chain 
rearrangement is unsuccessful on both alleles, by default 4 light chains 
will subsequently rearrange. The Ig heavy and light chains each contain 
three hypervariable complementarity determining regions segments, 
which are the areas of the immunoglobulin in direct contact with the 
antigen. In a process of trial and error, immunoglobulins increase their 
affinity for an antigen by a series of somatic mutations. The complemen- 
tarity determining regions of the IGH (CDR) 3 is the most variable por- 
tion of the Ig molecule, because it not only contains somatic mutations 
as is the case for CDR 1 and CDR 2, but it also encompasses the 3’ end 
of Vip all of D, and the 5’ end of J, It is, therefore, an ideal marker to 
detect a very small population of the malignant myeloma clone within a 
larger population of normal cells. 


@ ETIOLOGY AND PATHOGENESIS 


ETIOLOGY OF PLASMA CELL NEOPLASM 


Monoclonal Gammopathy 

Although monoclonal gammopathy (Chap. 106) shares the same con- 
stellation of risk factors and cytogenetic abnormalities with myeloma, 
it is an antecedent neoplasm that may undergo clonal evolution to any 
one of the PCNs or to a B-cell lymphoma.' Two studies have reported 
that monoclonal gammopathy is a precursor to myeloma in virtually 
all cases.” 

Retrospective population-based cohort studies have established 
that nearly 80 percent of cases of myeloma develop from IGH monoclo- 
nal gammopathy. The remaining 20 percent have serum free light chain 
(FLC) monoclonal gammopathy. The prevalence of FLC monoclonal 
gammopathy is 0.8 percent in the general population. It progresses to 
myeloma in a minority of patients at the rate of 0.3 percent per year,’ 
much lower than the conventional monoclonal gammopathy progres- 
sion rate of approximately 1 percent. 

Factors such as chronic antigen stimulation and chemical exposure 
have been suspected in the development of monoclonal gammopathy 
and other PCNs. Some studies have found a positive association,” but 
the results have not been consistent and given our current understand- 
ing of the genetic precedents of myeloma, one would have to show a 
direct effect of such agents on the causal mutations involved. 
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A familial history of monoclonal gammopathy and myeloma has 
been reported to be a risk factor for developing the disease in first-degree 
relatives, including a population-based study from the Mayo Clinic. A 
twofold increased relative risk was noted for the development of mono- 
clonal gammopathy among the first-degree relatives of myeloma and 
monoclonal gammopathy patients. In a large Swedish population study, 
among first-degree relatives of patients with monoclonal gammopathy, 
a threefold increased risk for both monoclonal gammopathy and mye- 
loma, a fourfold risk of developing Waldenström macroglobulinemia, 
and a twofold risk of developing B-cell chronic lymphocytic leukemia 
was observed.‘ These observations support the role of both germline 
susceptibility genes and possibly immune-related phenomena in the 
causation.” Because of the extremely low lifetime-risk of developing 
myeloma in the general population (0.2 percent), it would be inefficient 
to screen the first-degree relatives of persons with myeloma or mono- 
clonal gammopathy. 

Hyperphosphorylated paratarg-7, a frequent autoantigenic target 
of human paraproteins, is linked to both familial and nonfamilial forms 
of monoclonal gammopathy and myeloma.’ Paratarg-7 is the target of 
15 percent of the monoclonal proteins of the IgA and IgG type, and 
11 percent of IgM-monoclonal gammopathy or macroglobulinemia 
patients. All patients with paratarg-7-specific paraproteins were carri- 
ers of a hyperphosphorylated protein (pP-7); this hyperphosphorylation 
is inherited in a dominant fashion. Hyperphosphorylation is a result 
of inactivation of phosphatase 2A.* Hyperphosphorylated paratarg-7 
carriers are most prevalent among Americans of African wdefined sin- 
gle risk factor for monoclonal gammopathy or myeloma in all ethnic 
groups’ and is associated with a sixfold increased risk of IgM monoclo- 
nal gammopathy or macroglobulinemia."° 

Nearly 50 percent of patients with monoclonal gammopathy have 
plasma cells with translocations involving the IGH locus on chromo- 
some 14q32 and one of the five partner chromosomes: 11q13 (cyclin D1 
gene), 4q16,3 (FGFR-2 and MMSET), 6q21 (CCND3), 16q23 (c-maf), 
and 20q11 (maf-B)."!-" 

Unfortunately, none of the molecular or chromosomal abnor- 
malities associated with myeloma predict the evolution of monoclonal 
gammopathy to myeloma. Two clinical risk stratification models pro- 
pose high-risk features that can predict progression from monoclonal 
gammopathy and SMM to myeloma." While one model uses the 
type of immunoglobulin, quantity of M-protein, and the serum FLC 
ratio to determine the risk of progression, the other model is based on 
flow cytometry findings of aberrant plasma cells, marrow plasma cell 
percentage, DNA aneuploidy, and immune paresis (a decrease in 
noninvolved immunoglobulins). 


Smoldering Myeloma 

SMM is discussed in Chap. 107. In addition to the marrow plasma cell 
burden and quantitative M-protein (>3 g/dL), presence of light-chain 
proteinuria and IgA M-heavy chain were identified as separate risk fac- 
tors predicting progression to active myeloma.” The median time of 
progression to myeloma has been reported to range between 3 and 8 years 
in low-risk groups, and between 1 and 2 years in high-risk groups.'7 
Some studies have also investigated the use of magnetic resonance imag- 
ing (MRI) in detecting skeletal abnormalities not seen on a skeletal sur- 
vey; time to progression to myeloma was much shorter in patients with 
focal lesions on the MRI” and these patients should be treated. 

A number of models estimating the risk of progression to myeloma 
have been proposed. The presence of serum M-protein of greater 
than 3 g/dL, an FLC ratio outside the reference range of 0.125 to 8, 
and greater than 10 percent plasma cells in the marrow represents SMM 
with a high-risk of progression. Patients with these three risk factors 
had a cumulative risk of 76 percent of progression to myeloma within 


5 years.'°* The risk of progression decreased to 51 percent in patients 
with two of the risk factors and to 25 percent in patients with a single risk 
factor.”™*? Another clinical risk stratification model uses flow-cytometry 
of marrow aspirates. Using as risk factors (1) greater than 95 percent of 
all plasma cells being aberrant at diagnosis, (2) DNA aneuploidy, and 
(3) immune paresis, the presence of one, two, or three risk factors 
translated to 4, 46, and 72 percent risk of progression to myeloma with 
5 years of observation, respectively.'* Other researchers have found that 
in addition to the intrinsic, molecular, and cytogenetic abnormalities of 
the plasma cells, an angiogenic switch and immunologic factors play a 
key role in the transformation of SMM to established myeloma.” 


Myeloma 

The development of myeloma is a complex multistep process involving 
karyotypic instability, Ig translocations, cell-cycle abnormalities (cyclin 
Ds), and multiple other mutations” (Chap. 107). No molecular or chro- 
mosomal abnormalities can distinguish among monoclonal gammo- 
pathy, SMM, or myeloma at the time of diagnosis. Certain mutations 
occur in much higher frequencies in myeloma, such as p53 deletions, 
especially in refractory and extramedullary presentations, N-RAS 
and K-RAS mutations, chromosome 1p deletion and gain of 1q21, and 
translocations involving MYC (8q24).”* In whole-exome sequencing 
studies, intraclonal heterogeneity has been shown to be present at all 
stages of development—from monoclonal gammopathy to SMM to 
progressive myeloma.” Genetic complexity increases as the disease pro- 
gresses to myeloma. 

Effect of Endogenous Factors There is an increased relative risk 
of monoclonal gammopathy and myeloma in overweight and obese 
patients based on their body mass index (BMI). With the exception 
of elite athletes, a BMI of 25.0 to 29.9 kg/m? and 30 kg/m? or greater 
define overweight and obese individuals, respectively. Fat tissue is a 
dynamic endocrine organ, secreting adipokines, hormones that play an 
important role in energy homeostasis and inflammation. Several adi- 
pokines, such as leptin and adiponectin, have been implicated in the 
development of cancer.” Adiponectin levels are inversely correlated 
with obesity. Adiponectin serum concentrations were lower in mono- 
clonal gammopathy patients who subsequently developed myeloma. In 
the KaLwRij strain of C57 black mice, which is permissive to the growth 
of 5T myeloma, compared to the parental strain of C57B16, which is 
not, adiponectin gene expression is significantly lower than in the 
parental strain. An increased myeloma burden was found in adiponect- 
in-deficient mice, while pharmacologic enhancement of circulating 
adiponectin resulted in apoptosis of myeloma cells and also prevented 
bone disease. Fat tissue is a principal source of interleukin (IL)-6, one 
of the principal growth and antiapoptotic cytokines acting on myeloma 
cells. Obese individuals have been shown to have shorter telomeres than 
nonobese individuals. Because telomeres protect chromosomes from 
injury, including undesirable translocations, this effect may also con- 
tribute the relationship of body mass with PCN. 

Effect of Exogenous Factors Aspirin has been shown not only 
to reduce cancer incidence, but to also dramatically decrease cancer 
mortality, especially in colorectal cancer, esophageal, gastric cancer, 
breast cancer, prostate cancer, and lung cancer. Aspirin inhibits several 
pathways that are important in myeloma, including nuclear factor KB 
(NF-«B), AKT activation, and the BCL-2 family of proteins. Aspirin is 
used frequently as thromboprophylaxis in myeloma patients receiving 
immunomodulatory therapy. In a prospective study designed to exam- 
ine whether regular aspirin use influences the risk of myeloma, partic- 
ipants taking 5 or more tablets of 325 mg per week had a 39 percent 
lower myeloma incidence than nonusers. The association appeared 
stronger in men than in women.* Aspirin inhibits proliferation and 
induces apoptosis of myeloma cell lines in vitro through regulation of 
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BCL-2 and BAX and suppression of vascular endothelial growth fac- 
tor (VEGF). In addition, in vivo studies in mice showed that aspirin 
administration resulted in retardation of tumor growth and in increased 
survival.“ A number of case-control and cohort studies have established 
that smoking has no association with the incidence of myeloma. Con- 
vincing evidence has not been found linking alcohol consumption to 
myeloma development.“ 

Occupation Many studies evaluated the potential role of exposure 
to certain occupations and/or toxin and the subsequent risk of mye- 
loma development. Agricultural workers and farmers were studied in 
the United States and Europe. The majority of studies report an increase 
frequency of myeloma in agricultural workers, whereas other reports 
fail to find such a correlation.“ Exposure to toxins such as organic sol- 
vents (e.g., toluene, benzene), pesticides, paints, and others products 
with trace benzene content have been investigated for an association 
with the incidence of myeloma, but the findings are inconsistent.” 

Radiation Studies on the survivors of the atomic bombing in 
Japan have failed to establish a cause-and-effect relationship between 
high-dose radiation exposure and an increased incidence of myeloma.” 
Studies from the United Kingdom have reported no increased frequency 
of myeloma in workers exposed to ionizing radiation, nuclear plants, 
and/or plutonium.“ In a large study in China of x-ray technicians, there 
were no reported cases of myeloma or plasma cells disorders.” Thus, 
radiation exposure is not linked to the risk of myeloma. 

Chronic immune stimulation has not been shown to play a caus- 
ative role in the etiology of myeloma. No link between infections, aller- 
gic conditions, or immunizations and the development of myeloma has 
been established. Patients with autoimmune disorders, in general, have 
not been found to have an excess risk of myeloma. Some studies report 
an increased risk of myeloma in HIV! and hepatitis C patients,” 
although more convincing data are needed to establish a cause-and-effect 
relationship. 


Waldenström Macroglobulinemia 

Etiology In a small study of 65 patients and 213 controls, a pre- 
ceding autoimmune condition did not predict the development of 
Waldenström macroglobulinemia.* In contrast, many other studies 
have found such a link. In a large population-based study, that included 
146,394 hepatitis C patients and 572,293 controls, a threefold increased 
risk of macroglobulinemia was observed along with a 20 to 30 percent 
increased risk of lymphoma." In a study of 361 U.S. veterans with Wal- 
denstrém macroglobulinemia after a 27-year followup, a two- to three- 
fold increased risk of developing the disease was found in patients with 
autoimmune-related conditions, hepatitis, HIV infection, and rickettsi- 
osis.* In two Swedish population-based studies, a personal history of 
autoimmune conditions and infections was associated with an increased 
risk of macroglobulinemia.* 

Case-control studies and a large population-based study in Sweden 
have established the role of familial clustering of macroglobulinemia, 
thereby raising the concept of common susceptibility genes that 
could predispose to the disease.**°”-*' In study of macroglobuline- 
mia, 19 percent of patients had at least one identified first-degree rel- 
ative with macroglobulinemia or a B-cell disorder.® In genome-wide 
linkage analyses of high-risk families with macroglobulinemia and 
IgM monoclonal gammopathy, the strongest linkage was found to be 
chromosomes 1q, 3q, 4q, and 6q.**-* In a gene-sequencing study 
performed on marrow cells of macroglobulinemia patients, a recurrent 
somatic mutation of the gene MYD88L265P on chromosome 3 that 
encodes signal transduction and innate immunity was found to be in 
approximately 91 percent of the patients tested. 

In a novel study using expression cloning, several common 
self-antigens designated Paratarg-7 were discovered.” When carriers of 


the phosphorylated forms of Paratarg-7 were studied, they were found 
to have a 6.5-fold higher risk of developing IgM monoclonal gammopa- 
thy or macroglobulinemia. The antigen causes continuous autostimula- 
tion of cognate T-helper cells, which, in turn, specifically activate B cells 
with high affinity to Paratarg-7. 


@ GENETIC ABNORMALITIES IN PLASMA 
CELL NEOPLASM 


MYELOMA 


Plasma cell differentiation begins in lymph nodes and in the spleen 
where cells undergo changes in gene expression and cell-surface mole- 
cules followed by migration to the marrow or mucosal lamina proper.® 
The development of plasma cells alters the cellular receptor landscape 
of the cell with the deletion of important B-cell receptors and the 
addition of receptors necessary for plasma cell function and antibody 
production. Changes to cellular receptors include downregulation of 
major histocompatibility complex (MHC) class II, CD19, CD21, and 
CD22. Perhaps, the most important alterations during myeloma 
development are decreases of the B-cell receptor (BCR), CXCRS5, and 
CCR7. In contrast, plasma cells upregulate CKCR4, CD138, and CD38 
(Fig. 105-1). Plasma cells also undergo changes to transcription fac- 
tors highlighted by a decrease in PAX5, CIITA, and EB.” Further- 
more, plasma cells express genes that are present in B cells at low levels 
or not at all and are highlighted by increased expression of Blimp-1, 
IRF4, and XBP1, the only transcription factor exclusively required for 
plasma cell development.” For more information on plasma cell devel- 
opment (Chap. 74). 


Early Genetic Events in Myeloma Genesis 

Early genetic events in myeloma genesis include the accumulation 
of sequential genetic changes; however, the full mechanism remains 
elusive.” Protein kinases provide selective growth advantages to cells 
and, therefore, act as driver mutations, or inducers of early neoplas- 
tic events.” The dysregulation of the cyclin D genes exposes cells to 
additional proliferative stimuli and commonly occurs as a result of a 
translocation of the cyclin D gene to the Ig loci.“ Activation-induced 
deaminase contributes to genetic instability through its involvement 
in induction of somatic mutations in the immunoglobulin genes and 
immunoglobulin translocations.” Although important, gene alterations 
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are not the only driving force in the development of PCN. Although 
ethnicity and genealogy affect the prevalence of monoclonal gammo- 
pathy,” they do not impact the rate of progression from monoclonal 
gammopathy to myeloma. Furthermore, there is a higher incidence in 
monoclonal gammopathy in relatives of myeloma patients than seen in 
the general public.” These results demonstrate that not only are there 
somatic mutations important to the development of PCNs, but genetic 
background also contributes to the likelihood of the development of 
plasma cell diseases. 


Late Events in Myeloma Progression 
Much focus has been placed on risk factors and early genetic events 
that can be used as diagnostic and prognostic markers. However, we 
are learning more about the genetic alterations that occur throughout 
disease progression. One of the more prominent discoveries focuses on 
the activation of NF-«B. Approximately 50 percent of myeloma patients 
exhibit canonical NF-«B activation.”*° NF-«B functions, in part, by reg- 
ulating growth and survival within the myeloma cells; overexpression 
of positive regulators, such as NIK, NFKB1, NFKB2, and CD40, and 
inactivation of negative regulators, such as CLYD, TRAF2, TRAF3, and 
cIAP1/cIAP2, contribute to the constitutive activation of NF-«B within 
these cells.*° 

RAS mutations are also important contributors to the development 
of myeloma from monoclonal gammopathy. Oncogenic activation of 
RAS occurs through mutation of one of three different codons with 
mutations resulting in constitutively activated RAS. Less than 5 percent 
of cases of monoclonal gammopathy display mutations of RAS, whereas 
in newly diagnosed myeloma patients mutated RAS is found in nearly 
40 percent of patient samples, suggesting that RAS may be associated 
with the conversion of monoclonal gammopathy to myeloma.*'** 

p53, which regulates the cell cycle and acts as a tumor suppressor 
represents the most commonly inactivated tumor-suppressor gene in 
cancer.***> In newly diagnosed PCNs, p53 mutations occur in 5 percent 
of patients. The frequency of p53 mutations increases with disease pro- 
gression; while infrequent in newly diagnosed myelomas, 30 percent of 
plasma cell leukemia patients present with p53 mutations.***’ Further- 
more, p53 mutations are negatively correlated with survival." Similar in 
function to p53, the retinoblastoma (RB) gene regulates the cell cycle. 
RB functions by inhibiting the effects of the cyclin D proteins with the 
help of the p18™* proteins. However, overexpression of cyclin D or 
decreased expression of RB can lead to cell-cycle progression and neo- 
plastic growth. Decreased expression of the two RB pathway regulators 
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Figure 105-1. Overview of plasma cell differentiation. The differentiation of a plasma cell from a B-cell lineage occurs over a multistep process 
using plasmablast and short-lived plasma cell intermediates. Throughout the process, there is a profound change in gene expression and cell-surface 
markers, which allows for the identification of each stage based on the cell-surface marker expression and gene expression of transcription factors 
important to plasma cell differentiation. Depicted here are necessary changes to transcription factors and cell-surface markers that occur during each 


phase of plasma cell differentiation. 


p185“ and p18®** can inhibit the regulatory effects of RB and result 
in cell-cycle release. Decreased expression of the two proteins is consid- 
ered to be a late disease progression event.” 


Genetic Expression Changes in Myeloma 

Myeloma is genetically heterogeneous and more closely resembles solid 
tumors than other hematologic malignancies. Because of its high degree 
of tumor heterogeneity, myeloma gene-expression microarrays have 
proven invaluable to our understanding and treatment of myeloma. 
Four stratification models exist designed to classify myeloma based on 
the risk profile as determined by gene-expression profiles.” Of the four, 
one model has proven most reliable, as it retains its prognostic relevance 
with newer therapeutic regimens. This model compares the expression 
of 70 different genes to devise a scoring system that ranks a sample as 
high risk (13 percent of patients) or low risk.” Abnormalities of expres- 
sion that map to chromosome 1 are disproportionately represented 
within the model, with an impressive number of upregulated genes 
mapping to 1q and a high percentage of downregulated genes mapping 
to 1p. The 70-gene model offers a reliable method for the detection of 
high-risk myeloma. However, it does not take into account all important 
genes related to myeloma. One important gene not found in this model 
is MYC, which is a transcription factor that influences the expression 
of many genes through the binding of consensus sequences within the 
noncoding region of genes. It is thought to regulate the expression of 15 
percent of all genes.” MYC expression within myeloma and monoclonal 
gammopathy varies depending on the state of the disease. In high-risk 
monoclonal gammopathy and early stages of myeloma, the increase in 
MYC expression is primarily a result of a decrease in transcriptional 
regulation, whereas in late disease states, the 8q region encoding 
MYC translocates to the immunoglobulin loci, resulting in dysregula- 
tion of expression because of the influence of neighboring regulatory 
elements.” 


Drug Resistance 

Refractory myeloma has several causes, with dysregulation of gene 
expression contributing significantly to the overall development of drug 
resistance. The serine/threonine kinase NEK2 induces drug resistance 
in myeloma through the activation of efflux drug pumps.” Overexpres- 
sion of NEK2 results in the activation of the AKT pathway and subse- 
quently of NF-«B, which results in the upregulation of ABC drug efflux 
transporters. Overexpression of the antiapoptotic molecule MCL-1 
induces drug resistance through the inhibition of apoptosis.” More spe- 
cifically, MCL-1 overexpression results in the inhibition of the proapop- 
totic BCL-2 family members, which results in blocking apoptosis. 


Next-Generation Sequencing 

Next-generation sequencing or deep sequencing relies on the ability to 
sequence large amounts of small DNA fragments quickly and assemble 
the output into a complete coherent data set. This technique is providing 
new insights into our understanding of existing neoplastic mechanisms 
and identifying novel mechanisms and genes that had evaded detection 
thus far. One of the first reports to use next-generation sequencing was 
from a study that compared 38 whole-tumor genomes from patients 
with myeloma to matched normal DNA.” Novel genes involved in 
histone methylation, protein translation and blood coagulation were 
identified. Mutations to the toll-like receptor (TLR) 4, the adaptor mol- 
ecule TRAF3, and to the kinases CYLD, RIPK4, and BTRC also were 
discovered. A greater-than-anticipated change in NF-«B was observed, 
including identifying 11 mutated genes involved in the NF-«B pathway. 
Furthermore, the prognostic value of next-generation sequencing was 
tested by using the sequencing technology to detect minimal residual 
disease (MRD) in myeloma patient samples.” 
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Cytogenetic Microarrays 

Fluorescence in situ hybridization (FISH) has become the gold standard 
for the detection and classification of myeloma. However, FISH can- 
not provide information about chromosomal abnormalities without the 
use of large scale panels of probes. Comparative genomic hybridization 
(CGH) arrays overcome some of the short falls of FISH technology by 
providing a genome-wide view of chromosomal changes, but do so at a 
reduced resolution of 10 to 20 megabases. To combat the low resolution 
of CGH arrays, small nucleotide polymorphism (SNP)-based technol- 
ogy has been employed. SNP arrays can detect copy number changes 
and have improved the resolution of CGH arrays to a submegabase 
level. An early report validated the use of SNP arrays by comparing 
its results to those obtained by FISH analysis using identical samples. 
Furthermore, uniparental disomy (UPD) was identified as prevalent in 
myeloma samples and may occur through several mechanisms, includ- 
ing mitotic nondisjunction and mitotic recombination.” A technical 
advance was the introduction of the Affymetrix Cyto Scan HD arrays. 
The Cyto Scan arrays incorporate the most up-to-date SNP library to 
generate a 2.6-million probe library across the human genome, allow- 
ing for resolution up to 50 kb. The technology has not been published 
in a myeloma study yet, but the resolution matches that of FISH and 
can provide a wealth of knowledge related to changes in copy number, 
mosaic chromosomes and loss of heterozygosity. Using these technolo- 
gies numerous cytogenetic changes were identified that may be impor- 
tant for the development and progression of monoclonal gammopathy 
to myeloma. 


@ TECHNIQUES TO ASSESS CYTOGENETIC 
INFORMATION 


FLUORESCENCE JN SITU HYBRIDIZATION 


In PCNs, FISH has emerged as one of the most useful and reliable meth- 
ods for the detection of chromosomal abnormalities and performing 
risk assessment on newly diagnosed patients. G-banding cytogenetic 
analysis requires actively dividing cells for identification of chromoso- 
mal changes, not commonly seen in plasma cells, whereas FISH anal- 
ysis can overcome this limitation to an extent and detect structural 
abnormalities in non-dividing plasma cells.” A panel of FISH probes is 
used to query for commonly identified cytogenetic changes, including 
t(4;14), t(11;14), t(14516), t(14;20), t(6;14), del(13q14), and del(17p13), 
and probes for hyperdiploidy (5, 7, 9, 11, 15, and 17). Cytogenetic abnor- 
malities, using FISH, are observed in more than 90 percent of myeloma 
patients. Panels like the one described here provide essential informa- 
tion and paired with gene-expression profiles provides clinicians with 
essential data for diagnosis and the development of treatment regimens. 


METAPHASE CYTOGENETICS 


Approximately 30 percent of patients with newly diagnosed myeloma 
present with chromosomal abnormalities by metaphase cytogenetics, 
and this percentage increases to 50 percent in patients with relapsed 
myeloma. Cytogenetic changes broadly divide patients into one of two 
categories: patients with hyperdiploid chromosomal profile and non- 
hyperdiploid, encompassing hypodiploid and hypotetraploid cases. 
Hyperdiploid cytogenetic profiles are characterized by trisomies of 
many odd-numbered chromosomes, namely 3, 5, 7, 9, 15, 19, and 21 
and are associated with a favorable outcome.” Nonhyperdiploid profiles 
are highly enriched with translocations at the IGH loci (14q32) with 
partner chromosomes, most importantly resulting in t(4;14), t(6;14), 
t(11;14), t(14;16), and t(14;20).” However, many of the translocations 
result in the activation of cell-cycle regulators and oncogenes like cyclin 


D, MMSET and c-MAF, MAEFB. In addition, amplification of chromo- 
some 1q and deletions to chromosomes 13q and 17p are commonly seen 
within myeloma patients.** With regards to deletion of chromosome 
17p, the number of patients presenting with this abnormality increases 
as the disease progresses.’ To accommodate the variability in cytoge- 
netic markers, researchers have developed diagnostic criteria to aid in 
the management of patients with a variety of cytogenetic abnormalities 
with prognostic value and will be discussed below. 


CYTOGENETIC ABNORMALITIES AS 
PROGNOSTIC MARKERS IN PLASMA CELL 
NEOPLASM 


One model has become the standard for myeloma prognostic risk 
assessment: The Mayo stratification of myeloma and risk-adapted ther- 
apy (mSMART).”"” Historically, risk assessment was categorized into 
two groups, standard or high-risk. The mSMART guidelines add an 
intermediate-risk subgroup to better assess the appropriate treatment 
regimen. The standard-risk group consists of patients presenting with 
either the t(6;14) or t(11;14) translocation as well as the hyperdiploid 
group, whereas the intermediate-risk group comprises patients present- 
ing with the t(4;14) translocation and deletions of chromosome 13 or 
hypodiploidy; the high-risk group is made up of patients presenting 
with the t(14;16), the t(14;20), or deletion 17p13. Patients with dele- 
tion of chromosome 13 by metaphase cytogenetics (not by FISH) are 
also considered high risk. The mSMART guidelines do not take into 
account all cytogenetic abnormalities seen in myeloma samples. There 
has been considerable research performed to identify prognostic mark- 
ers within patients, including mRNAs and cell-surface receptors such as 
CD20+ samples as a prognostic marker. Chromosome 1 changes are 
important markers in myeloma; patients harboring the 1p deletion have 
a poor outcome.” The amplification of chromosome 1q has also been 
identified as an important locus in myeloma. Amplification of 1q21 is 
a poor prognosis marker in PCN and the frequency of 1q21 amplifica- 
tions increases as the disease progresses.” Furthermore, studies have 
identified the chromosome 1q genes, NEK2 and CKS1B, as markers of 
aggressive disease and poor prognosis.” Presently, alterations to chromo- 
some 1 are the only chromosomal markers not incorporated into the com- 
monly accepted prognostic models. 


GENETIC ABNORMALITIES IN 
IMMUNOGLOBULIN LIGHT-CHAIN 
AMYLOIDOSIS 


The clonal plasma cell burden in AL is usually small and similar to that 
seen in patients with monoclonal gammopathy. Because the prolifer- 
ation rate of plasma cells is very low, chromosomal aberrations need 
to be assessed by FISH analysis and not by conventional metaphase 
cytogenetics. Approximately 70 percent of patients with AL have FISH 
abnormalities, the most common being IgH translocations (48 percent), 
including t(11;14) and t(14;16). Other chromosomal abnormalities 
seen in AL include deletion 13/13q— and hyperdiploidy.'* The t(11;14) 
occurs more frequently in AL (39 percent) than in monoclonal gam- 
mopathy or myeloma.’ Although cases with t(4;14) abnormality have 
been reported, those are exceptional and deletion 17p13 is not seen in 
this form of amyloidosis. FISH analysis is important in this disease, 
because t(11;14) is associated with an inferior prognosis in amyloidosis 
in contrast to myeloma, where it is associated with a good prognosis. In 
another large study assessing the prognostic significance of cytogenetic 
abnormalities, t(11;14) was not associated with an inferior outcome, but 
gain of chromosome 1q21 clearly was. 
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GENETIC ABNORMALITIES IN WALDENSTROM 
MACROGLOBULINEMIA 


Alterations in one of myeloid differentiation primary response gene 
MYD88 have been identified in 90 percent of patients with macro- 
globulinemia.'” MYD88 is an adaptor protein important in TLR and 
IL-1 receptor (IL-1R) signaling pathways. MYD88 is recruited to the 
activated receptor complex as a homodimer that complexes with the 
IL-1R-associated kinase (IRAK) 4 to activate IRAK 1. It leads to NF-KB 
activation via IxB a phosphorylation. Cell survival is enhanced by 
MYD88 overexpression, which leads to Bruton tyrosine kinase (BTK) 
phosphorylation. Combined use of IRAK and BTK inhibitors results in 
synergistic killing of MYD88-expressing macroglobulinemia cells. High 
rates of response have been observed in a clinical trial with a BTK inhib- 
itor in relapsed and refractory patients." 


@THE MARROW MICROENVIRONMENT 


The marrow microenvironment, discussed in detail in Chap. 5, provides 
a highly supportive tumor microenvironment (TME) for the develop- 
ment, growth, and survival of neoplastic cells in patients with myeloma. 
In the great majority of cases, the clonal expansion of these cells in the 
marrow is associated with increased blood vessel formation (neoangio- 
genesis) and, more importantly, myeloma bone disease (MBD). 
Nonmalignant stromal cells in the marrow secrete cytokines and 
chemokines that promote myeloma cell growth and survival upon bind- 
ing to specific receptors on the myeloma cell surface. Tumor promoters 
include IL-6, insulin-like growth factor 1 (IGF-1), VEGE, B-cell activat- 
ing factor (BAFF), fibroblast growth factors (FGFs), stroma cell-derived 
factor la (SDF-1la, a.k.a. C-X-C motif chemokine 12 or CXCL12), and 
tumor necrosis factor a (TNF-a). Direct physical interaction of mye- 
loma and marrow stromal cells by virtue of cell-to-cell adhesion may 
further enhance the cellular signaling pathways that are activated by 
cytokines and chemokines, thereby facilitating migration of myeloma 
cells to distant marrow and/or extramedullary sites (tumor dissem- 
ination). Myeloma-to-bone mesenchymal stem cell adhesion is also 
involved in the acquisition of drug resistance by tumor cells, underlying 
tumor relapse and/or refractory disease in patients with myeloma.’® 


HOMING AND ADHESION OF MYELOMA CELLS 


Homing and adhesion of myeloma cells to the marrow microenviron- 
ment involves the CXCL12/CXCR4 pathway and a number of homo- or 
heterotypic adhesion factors, including CD44 (an anionic, nonsulfated 
glycosaminoglycan called hyaluronan), very-late antigen 4 (VLA-4, 
composed of integrins a, [CD49d] and £, [CD29]) and its receptor, vas- 
cular cell adhesion molecule 1 (VCAM-1, CD106), leukocyte function- 
associated antigen 1 (LEA-1, CD11a), neuronal cell-adhesion molecule 
(NCAM, CD56), intercellular adhesion molecule 1 (ICAM-1, CD54), 
and, importantly, syndecan 1 (CD138). Syndecan 1 is a transmembrane 
heparan sulfate-containing proteoglycan that is usually expressed at 
high levels on the myeloma cell surface. Syndecan 1-mediated adhesion 
of myeloma cells promotes adhesion-dependent drug resistance and 
bone resorption via expression of matrix metalloproteinases, among 
other mechanisms. 

Adhesion of myeloma cells to mesenchymal cells activates pleiot- 
ropic cellular signal transduction pathways that mediate the prolifera- 
tive and survival-enhancing response of myeloma cells upon interaction 
with the marrow microenvironment. Resistance of myeloma cells 
to cytotoxic drugs is also promoted. These pathways include NF-«B 
(nuclear factor kappa light-chain enhancer of activated B cells); PI3K/ 
AKT (phosphatidylinositol 3-kinase/protein kinase B/AKT oncogene), 


RAS/RAF/MEK/ERK (rat sarcoma protein subfamily of small GTPase/ 
RAF protooncogene serine and threonine protein kinase/MAPK 
kinase/extracellular signal-regulated kinase) and JAK2/STAT3 (Janus 
kinase 2/signal transducers and activators of transcription 3). Engage- 
ment of these pathways results in upregulation of proteins that control 
cell cycle progression (e.g., D cyclins and Myc) and those that protect 
myeloma cells from programmed apoptotic cell death (e.g., BCL2, BCL- 
Xp and MCL1). 

The interplay of myeloma and mesenchymal cells is not the same 
in all subtypes of the disease. Instead, the genetic makeup of myeloma 
determines, in part, the interaction of tumor with the nonmalignant 
stromal cells in the marrow environment. For instance, myeloma cells 
harboring a MAF (v-MAF oncogene homologue)-activating chromo- 
somal translocation, t(14;16), overexpress the adhesion factor, integrin 
p, This results in enhanced tumor cell adhesion to bone mesenchy- 
mal stem cells (BMSCs) relative to myeloma cells not containing a 
t(14;16). Signaling pathways that govern interactions of myeloma 
and normal marrow cells also promote neoangiogenesis in the TME. 
The formation of new blood vessels, which is driven to a large extent by 
CXCL12/CXCR4 signaling and production of VEGE, B-FGFs, matrix 
metallopeptidases (MMPs), IGF-1, interleukins (e.g., IL-8, IL-1), angio- 
poietin 1, transforming growth factor $ (TGF-f), platelet-derived 
growth factor (PDGF), and hepatocyte growth factor (HGF), is critical 
for myeloma progression and thus an important target of myeloma drug 
development. 


@ MYELOMA BONE DISEASE 


Increased bone resorption and suppressed bone formation leads to 
osteolytic lesions in patients with myeloma.''’"” The main cytokines 
involved in that process are IL-6, receptor activator of NF-«B ligand 
(RANKL)/osteoprotegerin (OPG), BAFF, chemokine (C-C motif) lig- 
and 3 (CCL3)/macrophage inflammatory protein (MIP)-la, and VEGF. 
The main cell adhesion and integrin signaling pathways involved in that 
process are VLA-4/VCAM-1 and LFA-1/ICAM-1."7!3 WNT/f-catenin 
signaling antagonists that inhibit osteoblast differentiation in myeloma 
also play an important role in the natural history of MBD. These include 
Dickkopf 1 (DKK1),'* soluble-frizzled receptor-like proteins (sFRPs), 
and sclerostin. Inhibition of osteoblast differentiation drives the bone 
disease and, presumably, facilitates the expansion of myeloma cells"! 
because upregulation of 6-catenin-dependent osteoblast activity in vivo 
results in significant inhibition of myeloma cell growth," relying on 
an ill-defined mechanism that appears to involve the small leucine-rich 
proteoglycan, decorin.'”” 


RANK/RANKL/OPG PATHWAY 


The receptor activator of NF-kB (RANK)/RANKL/OPG pathway is 
arguably one of the most important regulatory systems for homeostatic 
bone remodeling. RANK, a membrane-anchored signaling receptor of 
the TNF receptor family, is expressed on osteoclast (OC) precursors. 
Binding of its ligand, RANKL, expressed by osteoblasts (OBs) and 
BMSCs, induces osteoclastogenesis and activation of mature OCs. OPG, 
a soluble member of the TNF receptor family, is also produced by OBs 
and BMSCs. Because OPG acts as a soluble decoy receptor for RANKL, 
it blocks RANK-dependent OC maturation and activation. Thus, it 
is easy to understand that the ratio of RANKL and OPG significantly 
impacts the balance of bone resorption and bone deposition. Indeed, 
compared to normal individuals, marrow plasma of myeloma patients 
contains elevated levels of RANKL and reduced levels of OPG,” con- 
sistent with a proosteoclastogenic TME. Also, low serum levels of OPG 
correlate with advanced MBD in patients with myeloma." In mouse 
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models of MBD, treatment with OPG and OPG-like compounds pre- 
vented both bone destruction and myeloma growth in vivo." Simi- 
larly, in patients with myeloma treated with thalidomide’! or autologous 
stem cell transplantation'” responding to therapy, the RANKL-to-OPG 
ratio normalized and bone resorption was inhibited. In aggregate, these 
findings indicate the RANK-RANKL-OPG axis is an important thera- 
peutic target for MBD. 


B-CELL ACTIVATION FACTOR 


BAFF is a myeloma cell-promoting member of the TNF superfamily 
of proteins that is expressed by OCs and BMSCs. BAFF is significantly 
increased in the serum of patients with myeloma. In a preclinical study 
using a mouse model of myeloma, targeting BAFF by means of a neu- 
tralizing antibody led to reductions in tumor burden and osteolytic 
bone disease and increased survival. 

DKK1 is an inhibitor of the WNT signaling pathway that plays 
a major role in MBD."* DKK1 inhibits OB differentiation and pro- 
motes OC maturation.’” Patients responsive to myeloma drugs exhibit 
reduced serum levels of DKK1. 

Activin A, a member of the TGF- superfamily of proteins, acti- 
vates a signaling pathway that results in phosphorylation of SMADs 
(homologues of Drosophilas mothers against decapentaplegic [MAD] 
and Caeno Rhabditis elegans’ small body size [SMA] proteins) followed 
by execution of a complex SMAD-dependent gene-expression program. 
Activin A is a stimulator of osteoclastogenesis and is overexpressed in 
myeloma.’ IL-3, another stimulator of OCs, can induce the secretion 
of activin A by resident macrophages in the myeloma marrow microen- 
vironment, providing a mechanism for the upregulation of activin A in 
patients with myeloma.'” Levels of activin A in the marrow plasma of 
myeloma patients with osteolytic lesions (OLs) are increased.” RAP- 
011 is a soluble mouse activin A receptor that was shown to inhibit mye- 
loma-like tumors and prevent OLs in laboratory mice.'**'”6 Sotatercept 
(ACE-011), the human version of mouse RAP-011 is a soluble receptor 
of activin A and is undergoing clinical trials in patients with myeloma. 


BRUTON TYROSINE KINASE 


The metalloprotein, BTK, is a member of the Scr-related Tec fam- 
ily of protein kinases. BTK is a regulator of OC differentiation that is 
expressed in OCs (but not in OBs) and has been implicated in bone 
resorption. BTK is expressed in myeloma cells.” Genetic evidence 
indicates BTK may be crucial for neoplastic plasma cell development in 
laboratory mice.'” 


@ MYELOMA STEM CELL 


Major progress has been made in the treatment of newly diagnosed 
myeloma patients with 80 percent achieving either a complete remis- 
sion (CR) or near CR (nCR) and more than 50 percent surviving 
10 years.’ However, many patients ultimately relapse. Gene-expression 
profiles (GEPs) remain abnormal in myeloma patients with long- 
lasting remission (>10 years).'*' This finding suggests that the per- 
sistence of a myeloma cell population with low proliferative capacity 
and limited sensitivity to our most intensive therapies, points to the 
concept of a myeloma stem cell problem. There is no agreement on 
the specific phenotype of the myeloma stem cell, but side-population 
(SP) cells, which constitute a minor fraction of the myeloma cells, have 
the features of stem cells. Such cells have a greater clonogenic poten- 
tial and drug resistance, whether isolated from myeloma cell lines 
or primary myeloma samples." Many different groups have tried 
to identity the phenotype of myeloma stem cells. A drug-resistant 


subpopulation of memory B-cell-like cells with the CD138—/CD19+/ 
CD27+ phenotype was identified and termed myeloma stem cells.'**"*° 
The CD138- cell population derived from myeloma cell lines contains 
significantly higher levels of ALDH, a marker for stem cells. In con- 
trast to the CD138+ cells, the CD138- cells were not affected by the 
drugs we typically use in myeloma, such as lenalidomide, bortezomib, 
dexamethasone, and cyclophosphamide.'* In an earlier study, human 
CD34+/CD45,, clonotypic myeloma cells were shown to cause lytic 
bone lesions in a xenograft mouse model, and these CD34+ progen- 
itors included approximately one-third of DNA aneuploid cells. 
Mature CD138+ myeloma cell dedifferentiation to myeloma stem cells 
with a CD34+/CD138+/B7—/H1+ phenotype has been reported,” 
showing that myeloma cells have the plasticity to replenish the 
stem cell compartment if required, and that we should not think 
of stem cells as a static, but as a dynamic concept. CD38++/CD45— 
plasma cells proliferated successfully within an engrafted human fetal 
bone using the severe combined immune deficiency (SCID)-hu mouse 
model.'**!° This could have been because of dedifferentiation of these 
more mature myeloma cells. It also has been demonstrated that the SP 
cells from different myeloma cell lines are able to generate more colo- 
nies than mature plasma cells. However, this SP cell population lacked 
correlation with CD138 expression.” To isolate multiple myeloma 
stem cells (MMSCs) from primary samples, we have relied on a func- 
tional characteristic of cancer stem cells, the ability to pump out the 
Hoechst dye, rather than on membrane markers, which are more likely 
to change with changing environmental conditions. To this functional 
marker, we have added a myeloma specific marker, either surface x or 
À light chain, based on the specific M-protein. Because drug-resistant 
myeloma cells are enriched in patients relapsing early after tandem 
autologous transplants, we compared GEPs at baseline and at relapse 
in 51 patients. The gene most differentially expressed at relapse was 
the retinoic receptor a (RARa«). This receptor has two splice variants: 
a, and æ. RARa, is present on all myeloma cells; RARa, expression 
is only present in one-third of newly diagnosed patients. The latter 
patients have a significantly inferior survival after tandem autotrans- 
plants. In a subsequent study, we were able to show that increased 
RARa, expression conferred stem cell features to myeloma cells, such 
as increased drug resistance, increased clonogenic potential, activa- 
tion of pathways typically found in a cancer stem cell (CSC) such as 
the Wnt and Hedgehog pathways, increased SP and ALDH levels, and 
increased expression of embryonic stem cell genes, such as Nanog, 
Oct4, and Sox2. These same characteristics were found in the SP+ and 
surface light-chain-restricted cells of primary myeloma samples. We 
also found that RAR, expressing CD138+ myeloma cells have a much 
higher expression of Oct4, Sox2, Nanog, TCF1, CCND1, and ABCC3. 
This indicates that RARa,-positive myeloma cells show stem cell fea- 
tures and, therefore, have a worse outcome.!*! 


@ DIAGNOSIS OF PLASMA CELL 
NEOPLASM 


TESTS OF SERUM 


Because PCNs are B-cell malignancies derived from antibody-producing 
plasma cells in the marrow, which continue to secrete in the vast major- 
ity, an M-protein will be found in serum and/or urine in the majority 
of patients. The monoclonal protein is either an intact immunoglobu- 
lin or a component of the immunoglobulin. The most common types 
in myeloma are IgG and IgA; in Waldenström macroglobulinemia, it 
is IgM. The most common screening test to identify a serum M-pro- 
tein is the serum protein electrophoresis (SPEP). While the quantity of 
M-protein is often considered a marker of tumor load, myeloma cells 
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are ineffective producers of immunoglobulins and produce 10 to 100 
times less immunoglobulin per cell per day than a normal plasma cell. 
In addition, the more immature and more proliferative myeloma cells 
are, the less immunoglobulin per cell per day they secrete. In myeloma, 
there is an imbalance of heavy chains and light chains in favor of the 
light chains. In general, the more aggressive the myeloma, the more 
pronounced the imbalance in favor of excess light-chain secretion. The 
excess light chains cannot bind to heavy chains and can pass freely 
though the renal glomeruli. Monomeric FLC, characteristic K, are 
cleared from the serum in 2 to 4 hours at 40 percent of the glomeru- 
lar filtration rate (GFR), while dimeric FLC, typically 4, are cleared 
in 3 to 6 hours at 20 percent of GFR. Removal may take 2 to 3 days 
in patients with complete renal failure. This is in contrast to IgG, which 
has a plasma half-life of 21 days. 

Although it has long been possible to measure the total amount 
(free plus bound to heavy chains) of light chains in the urine, our ability 
to measure serum FLCs became a reality early in the 21st century. This 
test is not only of high affinity and allows measurement of low con- 
centrations of FLC, but it is also of high specificity and only measures 
unbound light chains. Serum FLC are several orders of magnitude lower 
than serum light chains bound to intact immunoglobulin and the test 
is based on an antibody that exclusively binds to an epitope of the FLC 
that is hidden if the light-chain molecule is bound to a heavy chain. 
Because the half-life of serum FLCs is much shorter than that of the 
intact immunoglobulin, serial serum FLCs allow assessment of success 
of therapy much earlier than serial M-protein levels. Patients with high- 
est amount of light chains have the worst outcome.” The serum FLC 
ratio is an independent prognostic factor for progression of myeloma 
in monoclonal gammopathy and SMM." Incorporation of serum FLCs 
into a staging system also improves risk stratification for patients with 
AL™ and levels of serum FLCs correlate with tumor burden in mac- 
roglobulinemia..'* The serum FLC assay is also an early indicator of 
relapse in myeloma. As explained above, both serum « and 4 concen- 
trations increase with deteriorating renal function, but the ratio only 
changes slightly; with increasing renal failure the «:/ ratio gradually 
increases. Diseases associated with generalized increased B-cell activa- 
tion frequently have high concentrations of polyclonal immunoglob- 
ulins and high polyclonal FLC, but the «:/ ratios will remain within 
normal range. 

In addition to a SPEP and serum FLCs, it is important perform 
a serum immunofixation electrophoresis (sIFE) to identify the nature 
of the M-protein, and to measure the quantitative immunoglobulins. 
Many of the IgA and some of the IgG myelomas have their M-spike in 
the 6-globulin region, where the M-protein level is less reliable because 
there is comigration of many other proteins. If an M-protein is identi- 
fied on SPEP and sIFE does not identify the heavy chain, quantitative 
analysis of IgD and IgE should be performed. Most IgD myelomas are 
associated with lambda light chains. 


TESTS OF URINE 


A typical myeloma workup will have a 24-hour urine collection for total 
protein, urine protein electrophoresis (UPEP), urine M-protein, and 
urine immunofixation electrophoresis (uIFE). In contrast to the serum 
FLCs, the role of urine FLCs is much less clear and is generally not used. 
In the era of serum FLC assays, some experts believe that urine analysis 
can be eliminated. In a study by the Mayo Clinic of 428 patients, there 
were only two cases where a urinary monoclonal protein was missed by 
omitting urine analysis (0.5 percent). These two cases did not require 
any medical intervention.'** When patients have a large amount of albu- 
minuria in the presence of PCN with or without urine M-protein, the 
possibility of AL should be entertained, either primary AL or AL in the 
context of myeloma. 


MARROW EXAMINATION 


Marrow aspirate and biopsy are essential in the workup of PCN. It is 
best not to rely solely on a marrow aspirate. Myeloma cells have the 
tendency to form small or large clusters and myeloma is not evenly dis- 
tributed throughout the marrow. The marrow may be falsely negative 
in the presence of overt myeloma. In a normal marrow with normal 
cellularity, there may be up to 2 percent plasma cells present. However, 
the percentage of plasma cells can be much higher in reactive marrows 
and hypoplastic or aplastic marrows in the absence of PCN. In a normal 
marrow, there can be some clustering of plasma cells around the blood 
vessels. However, the presence of larger clusters of plasma cells away 
from the blood vessels should alert one to the possibility of PCN, espe- 
cially myeloma. In addition to the morphologic examination, the biopsy 
slides should be stained with a CD138 monoclonal antibody, which is a 
specific immune marker for plasma cells. If the diagnosis of PCN is not 
clear based on morphology and CD 138 staining, in situ hybridization 
for cytoplasmic « and À should be used to evaluate whether the plasma 
cells are clonal (light-chain restricted). 

It is customary to perform flow cytometry, metaphase cytogenetics, 
and FISH analysis on myeloma samples. Flow cytometry at diagnosis 
is mainly performed to identify aberrant surface markers on myeloma 
cells, which can be used subsequently to assess MRD. The identification 
of an accurate gating strategy is a critical component of a reproducible 
and sensitive immunophenotypic analysis. The best gating strategy uses 
a combination of CD38, CD138, CD45, and light scatter characteristics. 
The previously used gating method of CD38 and CD45 decreases the risk 
of contamination with other cells, but excludes the CD45+ cells, which 
can constitute the majority of the plasma cells. It is recommended that 
at least a four-color instrument be used, as at least two antigens (CD38 
and CD138) are required after the initial analysis with CD138, CD38, 
CD45, and light scatter, to gate plasma cells accurately. When used for 
MRD, at least 100 neoplastic plasma cell events should be acquired. 
CD56 and CD19 should always be assessed. CD56 is negative on normal 
plasma cells but is positive on myeloma cells, while the opposite is true 
for CD19. It is also recommended to stain for CD117 and CD20, which 
are negative on normal plasma cells and can be aberrantly expressed on 
myeloma cells. CD28 and CD200 are negative or only weakly expressed 
on normal plasma cells, but can be strongly positive on myeloma cells, 
whereas CD27 and CD81 are strongly expressed on normal plasma cells, 
but weak or negative on myeloma cells. It is important to remember 
that there is no single marker that can systematically differentiate neo- 
plastic cells from normal plasma cells. Also, the percentage of plasma 
cells detected by flow cytometry is typically lower than that found by 
morphology.” The importance of metaphase cytogenetics and FISH 
analysis was outlined above in the section Techniques to assess cyto- 
genetic information. However, metaphase cytogenetic analysis remains 
important and is the best marker to differentiate between stroma- 
dependent (early) and stroma-independent (advanced) myeloma. The 
metaphases with normal cytogenetics obtained in most patients with 
myeloma are derived from the remaining normal hematopoietic ele- 
ments and not from the myeloma cells. If myeloma cells are stroma-de- 
pendent, they will die soon after being removed from their supporting 
microenvironment, while stroma-independent myeloma cells are able 
to grow and divide in the absence of a supporting microenvironment.“ 


IMAGING STUDIES 


Bone disease is present in 70 percent of patients with myeloma at diag- 
nosis. A skeletal X-ray survey has long been considered the gold stan- 
dard for assessing bone disease in myeloma. However, the sensitivity 
and specificity of a skeletal survey is low. At least 50 to 75 percent of 
trabecular bone must be lost to see a lytic lesion. The false-negative rate 
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varies between 30 and 70 percent, which leads to significant underesti- 
mation in diagnosing and staging of patients with myeloma. The skeletal 
survey does not provide us with a direct image of the tumor cells, but 
rather with the consequence of tumor cells being present or having been 
present. Bone lesions in myeloma seldom heal and in most cases, there 
is no healing at all or at the most there is a sclerotic rim around the bone 
lesion. Therefore, a skeletal survey is not a good technique to assess 
response to treatment or to diagnose early recurrence of myeloma. 
Much better imaging techniques have become available in the form 
of 'F-fluorodeoxyglucose positron emission tomography—computed 
tomography (PET/CT) and MRI. When used in combination, PET/CT 
scan and MRI were found to have specificity and a positive predictive 
value of virtually 100 percent, which is invaluable to clinicians assessing 
the efficacy of intensive and expensive treatment approaches with the 
goal to cure myeloma.'” 


Magnetic Resonance Imaging 

Between CT and MRI the latter is the more specific test. A complete 
MRI examination should include a series of sequences to permit iden- 
tification of focal and diffuse marrow involvement, including spin echo 
(T1 and T2 weighted), gradient echo (T2), and short T1 inversion 
recovery (STIR) sequences. MRI should include the axial bones with 
active hematopoiesis in adults (skull, spine, sternum, shoulders and 
upper humeri, pelvis, and upper femora). In a study from the University 
of Arkansas for Medical Sciences, using these parameters and includ- 
ing 611 myeloma patients treated uniformly with tandem transplants, 
74 percent had focal myeloma lesions compared with 56 percent on 
skeletal survey and 52 percent of patients with negative skeletal sur- 
veys had focal lesions on the MRI. Resolution of the MRI focal lesions 
after treatment occurred slowly, but ultimately was seen in 60 percent 
of patients and conferred a superior overall survival. MRI should be 
used routinely for the staging, prognosis and response assessment of 
patients treated with curative intent. 


'8F-Fluorodeoxyglucose Positron Emission 
Tomography-Computed Tomography 

One of the major advantages of the PET/CT scan is that it allows assess- 
ing the presence of extramedullary myeloma, which is present in 6 per- 
cent of the patients and associated with a significantly inferior overall 
survival based on two large studies. In a study of 239 patients receiving 
uniform therapy, the presence of more than three fluorodeoxyglucose 
(FDG)-avid focal lesions was associated with a significantly inferior 
overall and event-free survival. In contrast, complete FDG suppression 
prior to the first transplant conferred a significantly better outcome." 
These data were confirmed in an Italian study including 192 patients.’ 
A PET-CR occurs earlier than a clinical CR and a MRI-CR happens 
much later and less frequently. 


OTHER IMPORTANT TESTS 
B,-Microglobulin 


The serum £2-microglobulin (82m) is one of the most important prog- 
nostic factors in myeloma; 62m is a small protein that associates with 
human leukocyte antigen class I and is almost exclusively catabolized 
in the kidneys. Its best-characterized function is to interact with and 
stabilize the tertiary structure of major histocompatibility complexn 
(MCH) class æ chain. The main source of 62m in the serum is membrane 
turnover. It reflects tumor load and renal function; however, it predicts 
survival irrespective of renal function and Durie-Salmon stage.’** The 
exact underlying biologic significance of 62m remains obscure, but 
interactions with drug resistance pathways may exist. 82m in high con- 
centrations retards the generation of monocyte-derived dendritic cells.’ 


Serum £2m and albumin levels form the basis for the International 
Staging System, which has major prognostic significance.” 

High-risk myeloma, defined by genetic abnormalities, is indepen- 
dent of the International Staging System and the latter had only signifi- 
cant prognostic value in patients with a low-risk gene expression profile 
and normal metaphase cytogenetics.’ 


Serum Lactic Dehydrogenase Levels 

The significance of high serum lactate dehydrogenase (LDH) levels in 
the absence of any other cause, such as liver disease or hemolytic ane- 
mia, predicting poor prognosis has long been recognized in myeloma. "6 
Although rarely observed in the early phase of the disease, marked 
elevations of LDH were detected in up to 20 percent of patients with 
disease progressing after vincristine, Adriamycin, and dexamethasone 
chemotherapy. High LDH levels were associated with hypercalcemia, 
elevated serum 62m levels, extramedullary manifestations, plasmab- 
lastic morphology, and short overall survival duration, despite marked 
(usually very transient) antitumor responses to high-dose therapy. The 
same poor prognosis was noted in patients with initially normal LDH 
levels in who marked LDH increments were induced by treatment, pre- 
sumably resulting from tumor lysis syndrome as an indicator of rapidly 
proliferative myeloma.’ Close correlations with plasma cell labeling 
index and plasmablastic morphology has been demonstrated.'*’ Ele- 
vated serum LDH levels at diagnosis also emerged as a significant 
prognostic factor in an analysis of 155 newly diagnosed patients who 
received at least one course of high-dose therapy with autologous stem 
cell transplantation (ASCT), irrespective of the deletion of chromo- 
some 13.153 


MINIMAL RESIDUAL DISEASE 


Methods to assess MRD include allele-specific oligonucleotide PCR 
(ASO-PCR), multiparameter flow cytometry (MPF), fluorescent-PCR 
(F-PCR) and high-throughput sequencing-based MRD assessment. 


Allele-Specific Oligonucleotide Polymerase Chain Reaction 
ASO-PCR can detect one clonal cell in 10° normal cells. It remains a 
costly and labor-intensive assay to perform because a specific probe 
needs to be generated for each patient and it is unsuccessful in approxi- 
mately 30 percent of patients.’ In a relatively small study of 40 patients 
who achieved either a CR or very good partial response after autolo- 
gous transplantation and who received consolidation with bortezomib, 
thalidomide, and dexamethasone (VTD), eight patients achieved a 
molecular remission: two only in one sample and six had at least two 
consecutive negative samples. With a median followup of 26 months 
from study entry, no clinical relapses were seen in patients achieving a 
molecular remission, although one molecular relapse was seen, while 
eight clinical relapses occurred in patients not a achieving a molecular 
remission. Importantly, VTD consolidation decreased the tumor load 
further after transplantation.’ In contrast to earlier held opinions that 
molecular remissions could only be obtained with allotransplantation, 
this study showed that molecular remission were also seen after autolo- 
gous transplants followed by consolidation therapy with VTD. 


Multiparameter Flow Cytometry 

Multiparameter flow cytometry (MPC) has the advantage of being 
readily available and short turn-around time. It requires sophisticated 
analysis, but is automated. This technique can detect one clonal cell in 
10* normal cells. In the MRC Myeloma 9 study, MRD was assessed by 
MPF in 397 patients who received an autotransplant and 245 patients 
who were treated with a nontransplantation approach. A six-color panel 
was applied. For pretreatment samples 100,000 events were acquired, 
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while for the posttreatment samples a minimum of 500,000 events were 
analyzed. In the transplantation group, absence of MRD at day 100 after 
transplantation, observed in 62 percent of patients, was highly predic- 
tive of a favorable outcome (progression-free survival [PFS]: p <0.001; 
overall survival [OS]: p = 0.018). This outcome advantage was seen 
irrespective of cytogenetic findings, but more clearly in patients with 
adverse cytogenetics (p <0.001 vs. p = 0.014). There was no complete 
agreement between immunofixation electrophoresis (IFE)-negative CR 
and absence of MRD by MPF. Approximately 15 percent of patients in 
CR still had measurable disease by MPF, while 25 percent of MRD- 
negative patients failed to achieve a CR by IFE. The effect of thalidomide 
maintenance therapy after transplantation was also assessed. The best 
outcomes were seen in patients who achieved MRD negativity and were 
maintained on thalidomide, while the outcome was worst in patients 
who failed to achieve MRD negativity and did not receive thalidomide 
maintenance. In the MRD-positive group at day 100, 28 percent of those 
receiving thalidomide became MRD-negative, while in those not receiv- 
ing thalidomide maintenance only 3 percent became MRD-negative 
(p = 0.025). Finally, MRD assessment at the end of induction therapy in 
the nontransplantation group had no predictive value; only 15 percent 
of such patients became MRD-negative.'* It should be noted that there 
is a large heterogeneity in assessing MRD by MPF in the United States in 
terms of events acquired and number of antibodies used.'” If outcomes 
of therapies are based on MPF, it is critical that this technique becomes 
standardized and suitable quality controls are in place. 


Fluorescent Polymerase Chain Reaction 

F-PCR can detect one clonal cell in 10° normal cells and is thus less 
sensitive than ASO-PCR and MPF. However, F-PCR is rapid, affordable, 
and easy to perform. High-molecular-weight DNA is isolated from 500 
uL of marrow. Three different multiplex PCRs are used: IGH D-J, IGK 
V-J, and KDE rearrangements. The clonal population is identified at 
diagnosis. Patient with a visible lack of a clonal peak identified at diag- 
nosis were considered F-PCR-negative. MRD was assessed in 130 newly 
diagnosed myeloma patients. The test was informative in 91.5 percent 
of patients. MPC was used in parallel with F-PCR. After induction, 64 
patients achieved a molecular response and 66 did not. Median PFS was 
61 versus 36 months (p = 0.001). The corresponding PFS with MPC was 
67 versus 42 months for MPC- and MPC+ patients (p = 0.005).'* 


High-Throughput Sequencing-Based Minimal Residual 
Disease Assessment 
High-throughput sequencing-based MRD assessment relies on ampli- 
fication and sequencing of immunoglobulin gene segments using con- 
sensus primers. It employs the IGH-VDJ p IGH-DJ,, and IGK assays. 
The assay can detect one clonal cell in 10° normal cells and is 1 log more 
sensitive than ASO-PCR. The prognostic value of this test was assessed 
in 133 myeloma patients enrolled in the GEM myeloma trials and was 
compared to MPC and ASO-PCR. The test was informative in 91 per- 
cent of patients. Concordance between deep sequencing and MPC or 
ASO-PCR was 83 percent and 85 percent, respectively. Patients who 
were MRD- by deep sequencing had a significantly longer time to pro- 
gression (80 vs. 31 months; p <0.0001). In CR patients, the time to 
progression remained significantly longer in MRD- patients (131 vs. 
35 months; p = 0.0009).°° 

There is no doubt that assessment of MRD will receive more 
attention in the coming years to guide the clinicians in their treat- 
ment decisions and to individualize patient care. However, it should 
not be automatically concluded that MRD- obtained after continua- 
tion of aggressive therapy to ultimately reach MRD- status which was 
not achieved after a standard aggressive approach will have the same 
prognostic significance as MRD- obtained with standard intensive 


approaches. It will also be important to establish what degree of tumor 
reduction has the highest prognostic significance. Extremely sensitive 
techniques might not necessarily provide better prognostic information 
than somewhat less-sensitive techniques. 
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CHAPTER 106 
ESSENTIAL MONOCLONAL 
GAMMOPATHY 


Marshall A. Lichtman 


Essential monoclonal gammopathy is defined by two key features: (1) the 
presence of a monoclonal immunoglobulin or a monoclonal immunoglob- 
ulin light chain in the serum and (2) the absence of evidence for an overt 
malignancy of B lymphocytes or plasma cells (¢.g., lymphoma, myeloma, or 
amyloidosis). The prevalence of essential monoclonal gammopathy depends 
on the demographic features in the population under study. In Americans of 
European descent, the prevalence increases from approximately 2 percent in 
individuals 50 years of age to approximately 7 percent in octogenarians. It is 
two to three times as prevalent in persons of African descent. The condition has 
been reported in association with a large variety of disorders, especially non- 
lymphocytic cancers. These coincidences are thought, in most cases, to be the 
chance concurrence of conditions that have a high prevalence in older persons. 
Some cases of essential monoclonal gammopathy are symptomatic because 
in those cases the immunoglobulin can interact with plasma proteins, blood 
cells, kidney, ocular structures, or neural tissue and cause serious dysfunction, 
for example, an acquired bleeding disorder, renal insufficiency, or an incapac- 
itating neuropathy. In such cases, disability may be so great that attempts to 
remove the immunoglobulin by plasmapheresis and to suppress its production 
using immune or cytotoxic therapy can be warranted. Because myeloma or 
lymphoma may emerge at the time the monoclonal immunoglobulin is first 
detected, periodic evaluation of the patient is required to ascertain if essential 
monoclonal gammopathy is the appropriate diagnosis. Long-term followup at 
appropriate intervals is prudent to detect conversion from a stable, asymptom- 
atic condition to a progressive lymphoma or myeloma, which occurs in approx- 
imately 0.5 to 1.0 percent of cases per year. In the absence of a symptomatic 
gammopathy or evolution to a progressive clonal gammopathy, periodic fol- 
lowup is all that is required. 


@ DEFINITION AND HISTORY 


The syndrome of essential monoclonal gammopathy has two important 
characteristics. The first feature is a plasma immunoglobulin (Ig) or 
Ig light chain that has the molecular features of the product of a sin- 
gle clone of B lymphocytes or plasma cells: homogeneous electropho- 
retic migration and a single light-chain type. The second feature is the 
absence of evidence of an overt neoplastic disorder of B lymphocytes 
or plasma cells, such as lymphoma, myeloma, macroglobulinemia, or 
amyloidosis. 


Acronyms and Abbreviations: CD, cluster of differentiation; HLA, human leuko- 
cyte antigen; Ig, immunoglobulin; IL, interleukin. 


The observations that Bence Jones proteinuria could precede the 
clinical signs of multiple myeloma by many years’ and that hyper- 
globulinemia without evidence of multiple myeloma could occur in 
some patients? antedated the concept of monoclonal gammopathy as 
a syndrome. With the more frequent clinical application of zonal elec- 
trophoresis of plasma proteins during the 1950s and 1960s, patients 
were discovered who had a monoclonal Ig, either without an associ- 
ated disease or with diseases such as nonlymphoid cancers, infec- 
tions, and inflammatory disorders, which typically are not associated 
with a monoclonal proliferation of B lymphocytes.*° The presence of 
a monoclonal Ig or monoclonal free light chain in serum, if it is not 
associated with an overt neoplastic disease of lymphocytes, is referred 
to as essential monoclonal gammopathy. Several synonyms for the syn- 
drome have been used, particularly monoclonal gammopathy and benign 
monoclonal gammopathy.® Monoclonal gammopathy of unknown signif- 
icance (MGUS) has become fashionable as a designation preferable to 
benign monoclonal gammopathy because approximately one quarter of 
patients eventually progress to myeloma, macroglobulinemia, amyloi- 
dosis, or a B-cell lymphoma over decades of observation.’ The suf- 
fix “of unknown significance” was justified, it was argued, because one 
did not know in whom or when the progression might occur. Now the 
term “monoclonal gammopathy of renal significance” has been coined, 
arguing that in this case the monoclonal gammopathy is of significance. 
However, other organs (e.g., nerves, eyes, bones), plasma proteins, and 
blood cells, as well as kidneys, may be injured or inactivated by a mono- 
clonal protein (see “Functional Impairment from a Monoclonal Pro- 
tein” below) and we will have to have (an unnecessary) proliferation of 
such designations. The term essential monoclonal gammopathy seems 
best, because it neither highlights a benign process nor indicates that 
the risks of subsequent lymphoma or myeloma are unknown; that risk 
is universally appreciated. It is unnecessary to assign the postscript “of 
unknown significance” to the numerous well-defined benign neoplasms 
at risk of clonal evolution and progression, such as colonic adenoma- 
tous polyps, other adenomas, uterine leiomyomas, monoclonal B-cell 
lymphocytosis, and clonal sideroblastic anemia. Biologically, essential 
monoclonal gammopathy is one of many such well-defined examples 
of a stable (“benign”) neoplasm with the potential to evolve through 
the acquisition of additional somatic mutations to a progressive neo- 
plasm. More is known about its significance and pathobiology than 
perhaps any other benign neoplasm with a risk of clonal evolution to a 
malignant state.” As in all diseases, the physician should understand its 
pathobiology and act accordingly. 

Table 106-1 presents an immunologic classification of essential 
monoclonal gammopathy. 


@ EPIDEMIOLOGY 


Monoclonal gammopathy can occur at any age, but it is unusual before 
puberty, and its frequency increases with age.'*'> The frequency of a 
serum paraprotein using zonal electrophoresis is approximately 1 per- 
cent in persons older than age 25 years,’ approximately 3 percent in 
those older than age 70 years,*? and approximately 10 percent in those 
older than age 80 years.* A much higher prevalence of monoclonal gam- 
mopathy has been reported using more sensitive screening methods, 
such as isoelectric focusing or immunoblotting.'*’” Prevalence rates 
differ in different geographic areas and have been somewhat lower in 
the United States (Minnesota), Iceland,'* and the Netherlands.” The 
frequency of monoclonal gammopathy is less in Japanese”! and Chi- 
nese.” The prevalence rate among Africans” and Americans of African 
descent'***”’ is significantly greater than the rate among those of Euro- 
pean descent in each comparative age group. Males are more frequently 
affected than females. Familial occurrence also has been described.**-*! 


TABLE 106-1. Types of Monoclonal Immunoglobulin 


Synthesized By B-Cell Clone in Essential Monoclonal 
Gammopathy 


Serum IgG, IgA, IgM,*"? IgE,° IgD%*** 
Serum IgG + IgA, IgG + IgM, IgG + IgA + IgM*-° 


Serum Monoclonal k or A light chain*’"” 


*Urinary monoclonal immunoglobulin light chain excretion (Bence 
Jones proteinuria) may accompany serum monoclonal light chain. 


An increased incidence of monoclonal gammopathy may be associated 
with several occupational groups, including farmers and industrial 
workers, but such associations are not firmly established.” There is a 
higher frequency of monoclonal gammopathy among inhabitants of 
Nagasaki, Japan who were younger than age 20 years when exposed to 
high doses of radiation from the atomic bomb detonation in 1945 than 
among inhabitants with lower or no exposure or older than 20 years at 
time of exposure.”! 

There is a positive association of being overweight or obese with 
the incidence of a monoclonal gammopathy” and a similar positive 
association exists with the incidence of or mortality from myeloma.**”** 


@ ETIOLOGY AND PATHOGENESIS 


Monoclonal gammopathy can be compared with any benign tumor, 
such as a colonic adenomatous polyp, which can remain the same size 
indefinitely or undergo malignant transformation at an unpredictable 
future time. 

Monoclonal gammopathy is caused by the proliferation of a single 
B lymphocyte, a plasma cell progenitor, leading to a clonal population 
that reaches a steady-state at approximately 1 to 5 x 10” cells. At this 
cell-population density, marrow lymphocyte or plasma cell prevalence 
is indistinguishable from that of normal marrow. IgG and IgA monoclo- 
nal gammopathy arise from somatically mutated postswitch preplasma 
cells and may have translocations involving the Ig heavy-chain region on 
chromosome 14. IgM monoclonal gammopathy arises from a mutated 
postgerminal center lymphocyte that does not have evidence of isotype 
switching.” Not surprisingly, these origins determine the phenotype of 
the clonal B-lymphocytic diseases that may evolve. For example, IgG or 
IgA monoclonal gammopathy tend to evolve into myeloma or plasma- 
cytoma (plasma cell phenotypes) and IgM monoclonal gammopathies 
tend to evolve into lymphomas and Waldenström macroglobulinemia 
(lymphocytic phenotypes). 

The expanded clone secretes monoclonal Ig at a rate per cell suf- 
ficient for detection by standard tests. The clonal expansion, however, 
does not cause osteolysis, hypercalcemia, inhibit hematopoietic pro- 
liferation and maturation, or impair differentiation of polyclonal B 
lymphocytes to plasma cells. Polyclonal Ig synthesis usually is normal, 
and patients do not incur an increased risk of infection. The cells in the 
stable (benign) clone do not accumulate further and do not elaborate 
significant amounts of osteoclast-activating factors that are responsible 
for bone destruction. 

Despite these significant differences from myeloma in the behav- 
ior of the neoplastic B cells, cytogenetic abnormalities akin to those 
seen in myeloma may be present in plasma cells derived from patients 
with essential monoclonal gammopathy.” G-banding cytogenetic 
evaluation usually is normal in patients with monoclonal gammop- 
athy, presumably related to the unavailability of cells in the cell cycle 
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(metaphase). However, clones containing numerical abnormalities (e.g., 
trisomy or monosomy) and translocations have been identified with 
fluorescence in situ hybridization of interphase cells (see “Cytogenetic 
Analysis” below). The presence of clonal cytogenetic changes does not 
necessarily predict clonal evolution and progression. It was initially 
thought that 25 to 30 percent of patients with myeloma had an iden- 
tified antecedent period of essential monoclonal gammopathy which 
underwent clonal evolution to myeloma“; whereas more recent stud- 
ies suggest that an antecedent period of monoclonal gammopathy may 
precede all patients who develop myeloma.**’ The presence of clonal 
cytogenetic abnormalities does not correlate with such evolution, how- 
ever.” Gene-expression studies of plasma cells isolated from normal 
marrow and marrow from patients with essential monoclonal gam- 
mopathy have identified several hundred genes that are differentially 
expressed.” The predominate finding was a gradient of overexpression 
of 41 of 52 genes studied in plasma cells from normal subjects, from 
patients with monoclonal gammopathy, and from patients with mye- 
loma, respectively.*' In addition, myeloma patients could be stratified 
into those with gene-expression profiles that were more or less similar 
to that of essential monoclonal gammopathy. The group more similar 
to monoclonal gammopathy constituted approximately 30 percent of 
myeloma patients. 

Americans of African descent have a much higher frequency of an 
autosomal dominant inherited risk factor for monoclonal gammopathy 
and myeloma. Hyperphosphorylated paratarg-7 (pP-7) results from an 
inability to inactivate protein phosphatase 2A, which leads to the 
inability to dephosphorylate p-7 at serine 17. The pP-7 carrier state is asso- 
ciated with an increased risk of monoclonal gammopathy and myeloma. 
The carrier state is more than twice as prevalent in Americans of African 
descent as those of European descent and is much less prevalent in Ameri- 
cans of Asian descent than those of European descent, a gradient similar to 
the incidence of monoclonal gammopathy in those populations. 

Common single nucleotide polymorphisms at 2p23.3(1s6746082), 
3p22.1(rs1052501), 3q26.2(rs10936599), 6p21.33(rs2285803), 7p15.3 
(rs4487645), 17p11.2(1s4273077), and 22q13.1(rs877529) are associ- 
ated with increased risk of myeloma. Similarly these polymorphisms 
independently increased the risk of monoclonal gammopathy. Poly- 
morphism associations were independent; risk increased with a larger 
number of risk alleles carried, supporting a polygenic model of disease 
susceptibility to monoclonal gammopathy and, therefore, to myeloma.” 

MYD88 L265 is a somatic mutation found in approximately 
50 percent of individuals with IgM monoclonal gammopathy and in 
more than 90 percent of patients with Waldenström macroglobuline- 
mia. It is thought to represent an early oncogenic event in monoclonal 
gammopathy contributing to evolution to macroglobulinemia.**> 

The C57BL mouse provides a model of essential monoclonal gam- 
mopathy. The frequency of monoclonal gammopathy increases with age 
in these mice.** The gammopathy can be transferred to either irradiated 
or nonirradiated mice by marrow or spleen cells.” The transfer can be 
accomplished only during the first four consecutive transplantations, 
and no effect is seen on the survival of the recipient compared with 
that of appropriate control animals. In contrast, if mouse B-cell lym- 
phoma or myeloma cells are transplanted into normal mice, the engraft- 
ment frequency is higher than that of B cells from mice with essential 
monoclonal gammopathy. Passage from the original recipient to a new 
recipient is unlimited. Progressive disease develops, and survival of the 
recipient animals is impaired. Thus, an intrinsic difference exists in the 
growth potential (degree of malignancy) of these B-cell clones. The 
frequency of monoclonal gammopathy increases with age, but progres- 
sion to myeloma in the C57BL mouse is a rare event." Studies in trans- 
genic mice and their litter mates replicate the increased incidence of 
B-cell clones and gammopathy with aging.” 


Occasionally, monoclonal gammopathy is the result of exaggerated 
production of natural antibody by a B-lymphocyte clone.” For exam- 
ple, patients with cold agglutinins may have monoclonal IgM for years. 
A few monoclonal IgM antibodies act as rheumatoid factors and may 
form cryoglobulins through complex formation with IgG molecules. 


@ CLINICAL FEATURES 
BLOOD CELLS AND MARROW 


Blood counts and the marrow examination are normal. Notably anemia 
is not present and the proportion of plasma cells in marrow is less than 
10 percent. Although an increased percent of plasma cells is the most 
constant morphologic feature of myeloma, the presence of cytologic 
atypia as judged by frequent binucleate plasma cells and large plasma 
cell nucleoli are findings more specific for myeloma.“ Quantitative 
microscopy of the number of marrow microvessels per high-power 
field, using immunohistochemistry, indicates microvessel density on 
average is threefold greater than in normal persons, but far less than in 
patients with myeloma, although some overlap with myeloma occurs.” 


CYTOGENETIC ANALYSIS 


Hyperdiploidy, assessed by DNA content, is present in about half the 
cases and hypodiploidy is present in approximately 10 percent of cases 
of monoclonal gammopathy.” Use of interphase fluorescence in situ 
hybridization has uncovered numerical chromosome abnormalities in 
the plasma cells of more than 50 percent of subjects. Clones containing 
trisomy or monosomy involving chromosomes 3, 6, 7, 9, 11, 13, 17, and 
18 have been identified.” +44 Deletions of 13q14 are present in about 
one-quarter of patients and abnormalities involving 14q32, the site of 
the Ig heavy-chain genes, are present in approximately 60 percent of 
subjects.***! Chromosomal changes do not appear to be correlated with 
progression. 


MONOCLONAL PROTEIN 


Characteristically, individuals are detected by the unexpected identifi- 
cation of a monoclonal IgG or light chain in the serum in the absence 
of symptoms or signs (e.g., anemia, marrow plasmacytosis, lymph node 
enlargement, plasmacytoma, bone lesions, or amyloid deposits) caused 
by diseases associated with monoclonal proteins.©!°°7! Although 
classically a serum Ig or urine monoclonal light chain was the standard 
for diagnosis, the ability to measure serum free light chains with high 
specificity and sensitivity has replaced the necessity to measure urine 
light chain excretion for diagnosis as the latter is less sensitive than the 
former.” 

Monoclonal IgG gammopathy occurs in approximately 70 percent 
of persons and IgM and IgA in approximately 20 percent and 10 per- 
cent, respectively. A few percent of persons may have biclonal or tri- 
clonal gammopathy (see Table 106-1 ),61026063-71 

Most patients with essential monoclonal gammopathy have a 
monoclonal protein concentration of less than 30 g/L, but exceptions 
occur. The diagnosis reflects the sum of (1) the monoclonal protein 
level, (2) the marrow plasma cell concentration (<10 percent), (3) the 
absence of other features of progressive plasma cell neoplasm (e.g., 
hypercalcemia, osteolysis, otherwise unexplained anemia, otherwise 
unexplained renal disease), and (4) the absence of progression on peri- 
odic long-term followup. 

A developing consensus favors measurement of serum pro- 
tein gel electrophoresis and serum free light chain levels (and the x:A 
ratio), and serum protein immunofixation electrophoresis without 
urinary Ig measurements to detect monoclonal gammopathies.”-” 
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Some pathologists are still reluctant to give up urinary measurements 
because of the uncommon occurrence of urinary monoclonal light 
chains in the absence of evidence of an abnormality of serum mono- 
clonal light chains.” Followup of these cases has not shown any clini- 
cal consequence of these uncommon false-negative serum light-chain 
measurements. Serum protein gel electrophoresis has a limit of detec- 
tion of approximately 0.03 g/dL, if the monoclonal protein migrates in 
the y-globulin fraction. Small monoclonal proteins that migrate in the 
a- or B-globulin fraction are more difficult to identify on electrophore- 
sis. Immunofixation electrophoresis is used to confirm a monoclonal 
protein found on gel electrophoresis. Immunofixation electrophoresis 
may also detect a monoclonal protein not evident on serum protein gel 
electrophoresis, usually because the protein is in too low a concentra- 
tion or is embedded in the normal polyclonal æ- or B-globulin peak. 
Monoclonal proteins identified by immunofixation electrophoresis may 
be transient (approximately 15 to 20 percent) and have a greater like- 
lihood to progress to a disease if they are of an IgA or IgM isotype.” 
In the future, mass spectroscopy may be a more sensitive and specific 
method to identify monoclonal proteins.” 

In individuals with a serum monoclonal IgG of less than 1.5 g/dL, 
especially if of an older age and with no overt end-organ abnormality, 
marrow examination and radiographic examination of the bones have a 
very low diagnostic yield and can be omitted. A presumptive diagnosis 
of essential monoclonal gammopathy can be made with reexamination 
at approximately 6 months and at appropriate intervals, thereafter.”*° 


FUNCTIONAL IMPAIRMENT FROMA 
MONOCLONAL PROTEIN 


Interaction with Plasma Protein or Blood Cells 

Some patients have monoclonal proteins with antibody specific- 
ity directed against plasma or cell proteins, resulting in symptomatic 
pathophysiologic effects, such as immune hemolytic anemia,*! acquired 
von Willebrand disease,***! immune neutropenia,’ and other func- 
tional manifestations” (Table 106-2). 


Renal Injury 

Occasional patients may have severe renal disease associated with 
monoclonal gammopathy.” The renal disease my take the form of 
a tubular disorder, mimicking Fanconi syndrome (glycosuria, hypouri- 
cemia, proteinuria, asymptomatic renal insufficiency)”*”* or a glomer- 
ular deposition disorder resulting from the deleterious interaction of 
the monoclonal Ig or a light chain and the renal parenchyma resulting 


TABLE 106-2. Functional Abnormalities Associated with 


Essential Monoclonal Gammopathy 


Plasma protein and blood cell disturbances 


Antierythrocyte antibodies,®" acquired von Willebrand disease,°?* 
immune neutropenia,®**° cryoglobulinemia,"° cryofibrinogene- 
mia," acquired C1 esterase inhibitor deficiency (angioedema),'° 
acquired antithrombin,” insulin antibodies, antiacetylcho- 

line receptor antibodies,” “antiphospholipid” antibodies,” 
dysfibrinogenemia” 


Renal disease?! 
Oculopathies'"' 


Neuropathies'°"""' 


Deep venous thrombosis!3%'°” 


in renal insufficiency.*”*”' The term “dangerous small B-cell clone” 
has been applied to a monoclonal gammopathy that can produce dis- 
ease, often quite serious, without lymphoproliferation and progression 
of the neoplastic cell population. The principal approach to therapy is to 
attempt to suppress the small B-cell clone and, thereby, its monoclonal 
protein secretion with chemotherapy. Cyclophosphamide, thalidomide, 
bortezomib, or bendamustine are favored because they have much less 
renal toxicity than congeners such as melphalan or lenalidomide. A 
glucocorticoid and rituximab can, also, be useful.'!'"! One should also 
consider the possibility that the monoclonal protein may be secreted by 
a solitary plasmacytoma, which would be amenable to local radiation 
therapy. Thus, in the face of significant renal impairment a careful eval- 
uation, including positron emission tomography, should be considered 
to exclude a solitary lesion. In exceptional cases, ablative therapy with 
an autologous hematopoietic stem cell transplant may be considered.’ 


Ophthalmic Injury 

Corneal deposits of crystalline Ig’! and a monoclonal copper bind- 
ing Ig resulting in copper deposits in the eye,'**' each associated with 
classical monoclonal gammopathy, have led to loss of visual acuity. 
Remarkably, despite very high serum copper levels in the latter cases, no 
other organ damage ensued. Iritis, vitritus, and maculopathy with loss 
of visual acuity have also been described in association with a monoclo- 
nal gammopathy.'° 


NEUROPATHIES 


Frequency of Occurrence 

A significant association exists between the incidence of neuropathies 
and essential monoclonal gammopathy.'”"' Approximately 10 per- 
cent of patients with idiopathic neuropathy have a monoclonal Ig, a 
frequency about eight times that of age-adjusted healthy comparison 
groups.” The frequency of neuropathy among patients with mono- 
clonal gammopathy varies depending on the distribution of Ig classes, 
but is in the range of 3 to 5 percent. IgM monoclonal gammopathy has 
a significantly higher frequency of neuropathy than does IgG or IgA 
monoclonal gammopathy. 10708 


Mechanisms of Nerve Damage 

Monoclonal antibodies, especially IgM, can react with peripheral nerve 
myelin, specifically with myelin-associated glycoprotein, glycolipids, 
or sulfatides.” Although various antinerve antibodies are pres- 
ent in approximately 40 percent of patients with neuropathy and IgG 
monoclonal gammopathy, a similar frequency has been found in such 
patients without neuropathy." Neuropathy in the absence of reactivity 
of the monoclonal protein with nerve antigens implies other mecha- 
nisms also operate to cause nerve damage.'”'"!® Deposition of mono- 
clonal protein in the epineurium has been proposed as an alternative 
mechanism of nerve injury.’ Also, in one report, four of 16 patients 
with IgG monoclonal gammopathy and neuropathy had polyclonal, not 
monoclonal, antibodies against neurofilament protein.'’* In addition, a 
proportion of patients develop a detectable monoclonal protein after the 
onset of the neuropathy, sometimes years later. ™® 


Signs and Symptoms 

Patients with essential IgM monoclonal gammopathy and neuropathy 
can have dysesthesia of the hands and feet, loss of vibration and position 
sense, atrophy of distal muscles, ataxia, and intention tremor.'*!>'” The 
monoclonal antibodies reactive with nerve antigens usually are of the 
IgM type. Serum often contains antibodies to myelin-associated glyco- 
protein.: In contrast, patients with IgG or IgA monoclonal gammop- 
athy usually have chronic inflammatory demyelinating polyneuropathy; 
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a minority have sensory axonal or mixed neuropathy. 0®!1%120-122 The 
neuropathy may be (1) mild with minor motor and/or sensory signs 
with or without mild functional impairment, (2) moderately disabling 
but with full range of activities, or (3) severely disabling, interfering 
with walking, dressing, and eating." The course may be relapsing and 
remitting or progressive. IgA gammopathy is associated with dysauto- 
nomia.” The presence or absence of antibody to myelin-associated gly- 
coprotein may have an effect on the specific nature of the neuropathic 
manifestations. 0101417 


Diagnostic Findings 

Demyelinization is reflected in decreased nerve conduction velocity. 
Axonal loss is reflected in decreased sensory potentials. 10°113114120-124 
Electromyography may show denervation of muscles.: Immuno- 
fluorescence studies of sural nerve or of skin biopsies may uncover Ig 
binding to nerve. ">!" Morphologic studies of nerve biopsies may show 
decreased or absent myelinated fibers or axonal degeneration. A rare 
case of crystal formation in the epineurium has been described.’ 


Management 

At least seven treatment approaches have been used to ameliorate the 
neuropathies: (1) intravenous Ig administration; (2) glucocorticoids 
alone; (3) immunoadsorption of perfused blood with staphylococcal 
protein A; (4) plasma exchange or plasmapheresis; (5) immunosuppres- 
sive cytotoxic chemotherapy, such as cyclophosphamide, chlorambucil, 
or fludarabine with or without added glucocorticoids; (6) rituximab 
(anti-cluster of differentiation [CD]20 antibody) to deplete B cells; and 
(7) high-dose cytotoxic therapy with autologous hematopoietic stem cell 
rescue, 107-10 117118124.126-135 Tn some cases, use of plasmapheresis has been 
followed by cytotoxic therapy in an effort to produce a sustained effect. 
Plasma exchange has shown benefit in a small clinical trial. The other 
modalities of treatment await such studies.” Response rates to each 
form of therapy are low and duration of response is variable,!09118126-131 
but some patients obtain coincidental significant improvement for pro- 
longed periods. A recommendation has been made to start therapy with 
intravenous Ig, especially in essential monoclonal IgM-associated neur- 
opathy, because of the relative safety of this approach.” Mild symptoms 
and signs may not be an indication for treatment because of the low 
response rate and the potential noxious effects of therapy. 


COINCIDING DISORDERS 


Monoclonal gammopathy unrelated to a clinically evident prolifera- 
tion of B lymphocytes or plasma cells has been observed in association 
with a wide variety of conditions (‘Table 106-3).4*" Although they are 
grouped under the designation monoclonal gammopathy with a coin- 
cidental disease, few such reports have examined whether the coinci- 
dence is greater than expected in a control group matched for age and 
ethnicity, the two variables having the greatest impact on the incidence 
of monoclonal gammopathy. Non-B-cell malignancies, including solid 
tumors,*>*'6!78-18! myeloproliferative disorders,'*-' and Hodgkin and 
T-cell lymphomas," are associated with monoclonal Ig. These rela- 
tionships could result from various factors: (1) patients with a monoclo- 
nal Ig have an increased risk of developing cancer; (2) the monoclonal 
Ig is an antibody against some antigen associated with the cancer; 
(3) the monoclonal Ig is the product of cancer cells; or (4) coincidence. 
The last possibility is favored by two epidemiologic studies that found 
the same frequency of monoclonal gammopathy in a matched control 
group as in cancer patients.” Furthermore, when the monoclonal Ig is 
associated with a cancer, it usually persists after successful resection of 
the tumor. A convincing case for an association of acute myelogenous 
leukemia and myelodysplasia with monoclonal gammopathy was made 


TABLE 106-3. Disorders Reported in Coincidence with 


Monoclonal Gammopathy 


Axial bone fracture!?®199 


Connective tissue diseases and autoimmune diseases: Crohn 
disease, cryoglobulinemia, Hashimoto thyroiditis, lupus eryth- 
ematosus, myasthenia gravis, pernicious anemia, polymyalgia 
rheumatica, psoriatic arthritis, rheumatoid arthritis, scleroderma, 
Sjogren disease’ 


Corneal and other ocular diseases: pseudo-Kayser-Fleischer 
ring,” corneal gammopathy'21%244 


Cutaneous diseases: Schnitzler syndrome, urticaria, hyperkeratotic 
spicules, pyoderma gangrenosum (neutrophilic dermatoses), pso- 
riasis, scleromyxedema’*"'°6 


Diffuse idiopathic skeletal hyperostosis!*” 
Endocrine diseases: hyperparathyroidism'*'*° 
Gaucher disease, type 1160-162 

Hepatic disease: cirrhosis," hepatitis," 
Hereditary spherocytosis'® 


Infectious diseases: bacterial endocarditis, Corynebacterium 
species, cytomegalovirus, Epstein-Barr virus, human immu- 
nodeficiency virus, Mycobacterium tuberculosis, purpura 
fulminans!242-166-162.212,215 


Metabolic disease: hyperlipidemia”? 
Neutropenia, chronic®*6"7! 

Osteoporosis'72174175 

Pituitary macroadenoma’” 

Pregnancy'”* 

Systemic capillary leak syndrome '7” 
Carcinomas: colon, lung, prostate, other?*17818! 


Myeloproliferative diseases: acute and chronic myelogenous 
leukemia,'®"™ chronic neutrophilic leukemia, polycythemia 
vera '8>-189 


T-cell lymphomas, Hodgkin lymphoma'** 1? 


After chemotherapy, radiotherapy, or marrow, kidney, or liver 
transplantation i 198213-215 


Miscellaneous diseases?®-° 

Transient, monoclonal, or oligoclonal gammopathies** 2° 
Factitious hyperferremia?” 

Factitious increase in C-reactive protein? 


Vitamin B,, deficiency'°*” 


by one group of scientists'**'™* but a large longitudinal study did not 
find this association. Some observers propose that in clonal myeloid 
diseases the monoclonal protein reflects B-cell lineage involvement. 
Chemotherapy, radiotherapy, organ or marrow transplanta- 
tion,!**! and other miscellaneous disorders?”!074-26147148.200-202 are asso- 
ciated with a transient or persistent monoclonal Ig (see Table 106-3). 
The high prevalence of monoclonal proteins and associated diseases, 
especially after age 50 years, indicates some of these associations are 
coincidental. Thus, although surgical correction of hyperparathy- 
roidism is associated with disappearance of the plasma monoclonal 
protein," statistical studies of this disorder suggest a coincidental 
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relationship in most patients.” Gaucher disease type I has a high- 
er-than-expected frequency of polyclonal (approximately 40 percent) 
and monoclonal (approximately 20 percent) gammopathy, and, prob- 
ably, of myeloma.'' Elaboration of proinflammatory cytokines, 
growth factors, and chemokines, several involved in B-cell function, is 
disturbed in type I Gaucher disease. An increase of interleukin (IL)- 
10 and pulmonary and activation-regulated chemokine is notable. A 
high frequency of B-cell clonality and IgH gene rearrangements have 
also been described.'* The administration of recombinant glucocer- 
ebrosidase therapy may decrease the occurrence and progression of 
gammopathies.'! 

In inflammatory, autoimmune, and infectious diseases, the asso- 
ciation is viewed as an unusual expansion of a restricted population of 
B lymphocytes. Following marrow transplantation, the presence of oli- 
goclonal blood B-lymphocyte populations often reflects the process of 
reconstitution of the B-cell population. 


@ LABORATORY FEATURES 


PLASMA AND URINARY MONOCLONAL 


IMMUNOGLOBULINS 


The monoclonal protein usually is an IgG; however, IgM, IgA, IgD, and 
IgE, urinary light chains, double gammopathy involving IgA and IgG or 
IgM and IgA, and triple gammopathy can occur. Rare cases may have 
the isotype IgD or IgE (see Table 106-1).126-66178203 By definition, no 
findings other than a serum monoclonal Ig or monoclonal light chain 
is present with no other features of a B-lymphocyte or plasma cell 
malignancy. 

In monoclonal gammopathy of the IgG type, the concentration 
of monoclonal Ig usually is less than 3 g/dL. In the IgA or IgM type, 
the concentration usually is less than 2.5 g/dL. However, dra- 
matic exceptions to this rule exist. Occasional patients with essential 
monoclonal gammopathy have concentrations as high as 6 g/dL. Some 
patients have urinary monoclonal light chain excretion (Bence Jones 
proteinuria) as the sole manifestation of monoclonal gammopathy.'”” 
The amount of urinary light chains excreted occasionally is so large 
(>1.0 g/day) that renal dysfunction may develop.*°°*” 

Most patients with myeloma or macroglobulinemia have sig- 
nificantly depressed nonmonoclonal Ig levels. For example, patients 
with IgG myeloma usually have very low IgA and IgM concentrations 
and a reduced polyclonal IgG level. Patients with monoclonal gam- 
mopathy usually have normal polyclonal Ig levels; and, if a decrease 
of their polyclonal Ig levels is present, it is usually not as severe as in 
myeloma. 10,12,203,210 

Depression of normal polyclonal immunoglobulin concentrations 
is considered one of several factors that may portend the likelihood of 
progression to a B-cell malignancy. 


OLIGOCLONAL IMMUNOGLOBULINS 


Oligoclonal or monoclonal serum Ig levels have been detected with 
high-resolution agarose gel electrophoresis in hospitalized patients with 
acute-phase reactions or polyclonal hyperglobulinemia.*” Oligoclonal 
Ig bands are frequently seen in the cerebrospinal fluid and serum of 
patients with a variety of neurologic conditions, especially multiple scle- 
rosis, when the fluids are analyzed by isoelectric focusing.*"’ Patients 
with AIDS have B-cell activation and aberrancies of B-cell regulation. 
High-resolution electrophoresis indicates most AIDS patients with 
advanced disease have monoclonal or oligoclonal serum Ig bands. 
Persons with AIDS, lymphadenopathy syndrome, or antibody to the 
human immunodeficiency virus also have oligoclonal or monoclonal 


Ig bands by standard zonal electrophoresis." These monoclonal pro- 
teins are typically IgG. In about half the patients with AIDS who receive 
antiviral therapy the monoclonal protein disappears by 5 years of treat- 
ment. Oligoclonal or monoclonal serum Ig has also been associated 
with Epstein-Barr virus infection and in patients after liver,” heart,” 
and marrow transplantation.’ 


LYMPHOCYTE AND PLASMA CELL 
PHENOTYPES 


The concentration of plasma cells in the marrow is less than 10 per- 
cent, and the incorporation of tritiated thymidine into marrow plasma 
cells is negligible (<1 percent) in essential monoclonal gammopathy. 
Marrow plasma cells in monoclonal gammopathy do not express neu- 
ral cell adhesion molecule (CD56), whereas myeloma cells strongly 
express this surface protein.” Blood T-lymphocyte subset levels are 
normal in monoclonal gammopathy, whereas CD4+ T-cell levels are 
lower and CD8+ T-cell levels higher in myeloma and macroglobuline- 
mia.” Blood B-cell concentration is normal in monoclonal gammo- 
pathy, but often is decreased in myeloma patients. Clonally restricted, 
idiotype-positive blood B cells are characteristic of myeloma but not of 
monoclonal gammopathy.”! 

B,-Microglobulin is the light chain of cell surface human leuko- 
cyte antigen (HLA) molecules and is present in low concentrations in 
normal serum. Its concentration in serum frequently is elevated in mye- 
loma, and the magnitude of the elevation is positively correlated with 
tumor mass. 8,-Microglobulin concentration is not elevated in essential 
monoclonal gammopathy.” 

The distinction between stable essential monoclonal gammopathy 
and emerging (so-called “larval” myeloma) or low-infiltrate myeloma 
(so-called “smoldering” myeloma) with a very low tumor burden is not 
easily discerned except by following the patient’s clinical status. This 
finding has not kept investigators from looking for a distinguishing test. 
More than 40 variables have been studied as an index for discriminating 
a stable (benign) from progressive (malignant) clone (Table 106-4). No 
single test is sufficiently sensitive and specific to be useful in an indi- 
vidual patient. Periodic examination of the patient is the best method 
for detecting the emergence of myeloma or lymphoma or a related 
disease. Measurement of the concentration of the serum monoclonal 
protein, serum polyclonal proteins, serum free Ig light chains, serum £,- 
microglobulin, and hemoglobin concentration at appropriate intervals 
is required. The marrow should be reexamined if the monoclonal pro- 
tein level increases or hemoglobin concentration decreases significantly. 
Practical and sensitive methods for measuring bone density would be 
an additional useful measure of stability or progression. 


@ COURSE, PROGNOSIS, AND THERAPY 


Longitudinal studies have reported three major patterns of outcome for 
patients with essential monoclonal gammopathy.'°***° Approximately 
25 percent of patients do not progress to a lymphocytic neoplasm over 
25 to 30 years of observation. In this group, occasional patients experi- 
ence increases in monoclonal protein concentration of up to 50 percent 
of their initial diagnostic value. However, these patients restabilize and 
do not develop signs of myeloma, macroglobulinemia, amyloidosis, or 
lymphoma. About half of patients die of an unrelated cause over the 25- 
to 30-year period of observation. The remaining 25 percent of patients 
develop a plasmacytoma, myeloma, amyloidosis, macroglobulinemia, 
lymphoma, or chronic lymphocytic leukemia over several decades of 
observation. The occurrence of a lymphoma or myeloma in the latter 
group of patients continues to increase slowly without reaching a pla- 
teau. Evolution to a progressive clonal B-cell disorder has been observed 
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TABLE 106-4. Variables Used in an Attempt to 


Distinguish Essential Monoclonal Gammopathy from 
Myeloma or Lymphoma 


LYMPHOCYTES AND IMMUNOGLOBULINS 


lgx light-chain expression?” 

Ig light chains in urine” 

Polyclonal Ig serum concentration? 

B,-Microglobulin or C-reactive protein serum concentration?” 
Ig-secreting cells in blood? 

Idiotype-reactive blood T lymphocytes**“? 

CD4-to-CD8 lymphocyte ratio in blood or marrow?7:259251 
Clonally restricted B lymphocytes?2"752254 
Immunofluorescence of lymphocytes?"® 


Natural killer cell frequency”°° 


PLASMA CELLS 


Frequency®”?! 0,15,203 
Morphology?"?5*298 

MB2 antibody reactivity”? 
Proliferative index?!9720250256260 
Asynchronous replication?®! 


DNA content or interphase fluorescent in situ 
hybridization?®3943219256 


Gene-expression profile’! 


Ratio of monoclonal CD19-/CD38+/CD56++ to polyclonal CD19+/ 
CD38++/CD56- cells?” 


Blood or marrow concentration'02'? 22153 

J chains? 

Acid phosphatase?“ 

Multidrug resistance expression?® 

CD19 expression? 

CD56/neural cell adhesion molecule expression?'® 
Proportion of CD19+/CD56- plasma cells in marrow? 


5’ Nucleotidase?® 


BONE INTEGRITY 


Magnetic resonance imaging??”° 
Dual-energy x-ray absorptiometry?" 
Histomorphometry?” 


Urinary pyridinium-collagen complexes?” 


MISCELLANEOUS 


Marrow microvessel density” 

Neural cell adhesion molecules?” 

Serum IL-1?” 

Serum IL-6, IL-10, soluble CD16, soluble IL-6 receptor, IL-18275-28' 
Serum transforming growth factor-B?®* 

Urinary deoxypyridinoline excretion rate?®? 

Hemoglobin concentration®"4*'78 


Mononuclear cell E-cadherin gene methylation? 


more than 25 years after the diagnosis of monoclonal gammopathy. The 
actuarial risk of progressing to a clonal B-cell malignancy for all classes 
of monoclonal protein is approximately 0.5 to 1.0 percent per year 
depending on the population studied.'*°**?"° IgM gammopathy usually 
progresses to lymphoma, macroglobulinemia, amyloidosis, or chronic 
lymphocytic leukemia.” Although one large study found that IgM 
monoclonal gammopathy evolved to a progressive clonal lymphoid dis- 


order at a rate of approximately 1.5 percent per year,””* two other large 


studies found no significant difference in the rate of progression when 
patients with IgG or IgM were compared.” IgG or IgA monoclonal 
gammopathy evolves principally into myeloma, plasmacytoma, or amy- 
loidosis.**'”” Several studies have found a somewhat higher progression 
rate in persons with IgA monoclonal gammopathy.'*?*° 

Patients with a higher percentage of plasma cells in the marrow, 
higher monoclonal Ig levels at the time of diagnosis, lower levels of 
polyclonal Ig, an elevated erythrocyte sedimentation rate, a more dis- 
turbed serum light chain ratio, a lower relative proportion of CD19+ 
plasma cells, and more than one focal lesion in marrow as determined 
by whole-body magnetic resonance imaging evolve to a progressive 
clonal B-lymphocyte disease more frequently.” *** None of these 
variables have the specificity and sensitivity to be highly accurate in 
predicting the behavior of an individual patient. Neither the plasma cell 
gene-expression profile nor the cell population cytogenetic findings are 
sufficiently specific to predict progression from a stable to an unstable 
clone based on current studies.“ These findings indicate, not surpris- 
ingly, that the qualitative leap is between normal, polyclonal plasma cells 
(B lymphocytes) and the emergence of a monoclonal population (either 
stable or progressively growing) and that the distinctions between the 
latter two states are subtle, complex, and as yet unidentified. In rare 
patients, the monoclonal protein appears transiently in relation to a dis- 
ease (e.g., infection)” or disappears spontaneously even when not 
associated with a disease (clonal exhaustion).* 

Generally, the diagnosis of essential monoclonal gammopathy can- 
not be made with certainty at the time of the initial evaluation. Periodic 
reexamination is required to document a stable clinical course. One of 
the most subtle interfaces is between essential monoclonal gammopathy 
and smoldering myeloma (Chap. 107). In the latter, the marrow plasma 
cell concentration is between 10 and 20 percent or the monoclonal pro- 
tein concentration is greater than 3 g/dL or both. There is no anemia, 
increase in serum calcium, or evident bone or kidney disease.” Careful 
observation of patients with presumed essential monoclonal gammo- 
pathy should permit identification of those who are better categorized 
as smoldering myeloma. Although at this time treatment is not recom- 
mended for smoldering myeloma until progression, calls for clinical tri- 
als to assess whether early treatment may improve outcome have been 
made.*® Therapy is not required for essential monoclonal gammopathy 
without a confirmed diagnosis of myeloma, macroglobulinemia, amy- 
loidosis, or lymphoma with evidence of progressive disease. Therapy 
may be indicated, however, if the monoclonal protein interferes with the 
vital function of a normal plasma or tissue constituent, induces kidney 
disease, or is associated with a disabling neuropathy. 

A better understanding and an ability to identify the somatic 
mutations that underlie the evolution of monoclonal gammopathy to a 
progressive and potentially fatal B-cell neoplasm may permit the appli- 
cation of therapy at an earlier time when curability or sustained remis- 
sions would be more frequent.” -4 
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CHAPTER 107 
MYELOMA 


Elizabeth O'Donnell, Francesca Cottini, Noopur Raje, 
and Kenneth Anderson 


Myeloma derives from the proliferation of a clone of malignant plasma cells 
that secretes a complete and/or partial monoclonal immunoglobulin protein. 
It originates in most, perhaps all, cases from an antecedent monoclonal gam- 
mopathy (essential monoclonal gammopathy) that progresses by clonal evo- 
lution (acquisition of additional mutations) to a malignant B-cell malignancy, 
often myeloma, at a rate of 1 percent per year. Myeloma cells accumulate in 
the marrow microenvironment where contact with extracellular matrix and 
interaction with marrow accessory cells, such as osteoblasts, osteoclasts, and 
stromal cells, evokes cell growth and cell-survival signals, and contributes to 
resistance to therapy. Myeloma cells show a complex genomic phenotype, 
with chromosomal translocations and small copy number variations that affect 
patient prognosis. Patients with myeloma have signs resulting from marrow 
infiltration (anemia), bone destruction (bone pain, pathologic fractures), 
excessive immunoglobulin production and deposition (renal failure and amy- 
loidosis-related symptoms), and immunosuppression (e.g., infection). Clinical 
manifestations of myeloma vary as a result of the heterogeneous biology, 
spanning the entire spectrum from indolent to highly aggressive disease with 
extramedullary features. Diagnostic workup of myeloma should include serum 
protein electrophoresis together with immunoglobulin immunofixation, 
serum-free light-chain assay, a 24-hour urine collection to quantitate urinary 
protein, basic blood metabolic panel including blood counts and renal func- 
tion, and marrow aspirate or biopsy with fluorescence in situ hybridization and 
cytogenetic studies. Radiographic bone survey is used to detect osteopenia 
and bone lesions or impending fractures. Magnetic resonance imaging (MRI) 
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is more sensitive than the bone survey, can identify early bone disease and 
extramedullary disease, and can distinguish myeloma from normal marrow, 
helping in quantifying the extent of the disease. Positron emission tomogra- 
phy coupled with computed tomography (PET-CT) detects metabolically active 
intramedullary or extramedullary myeloma foci and lytic bone lesions. The 
most common staging system for myeloma is the International Staging Sys- 
tem, based on two parameters, serum B,-microglobulin (£M) and albumin; 
three stages are defined and correlate with patient outcome. Serum levels of 
BM, C-reactive protein, number of circulating plasma cells and their label- 
ing-index are related to patient prognosis. Other prognostic factors include 
the presence of specific chromosomal abnormalities (deletion of chromosome 
17p and loss of chromosome 1p/gain of chromosome 1q), altered gene expres- 
sion profiling, as well as MRI and PET-CT abnormalities. The introduction of 
the immunomodulatory drugs (IMiDs) thalidomide and lenalidomide and the 
proteasome inhibitor bortezomib have increased the 5-year relative survival 
rate to 45 percent, with some patients achieving long-term survival of more 
than 10 years. Melphalan-based autologous hematopoietic stem cell trans- 
plantation in combination with novel agents can achieve remarkable results in 
patients with good risk myeloma; patients who are not eligible for autologous 
transplant have traditionally been treated with melphalan and prednisone; 
novel agents such as bortezomib and lenalidomide are also active and well- 
tolerated also in this population. Consolidation and maintenance regimens 
based on lenalidomide as single agent or in combination with bortezomib 
have been evaluated to extend the duration of complete remission following 
autologous stem cell transplant. Finally, several novel agents can be used in 
the setting of relapsed/refractory disease including new proteasome inhibi- 
tors (carfilzomib, ixazomib, and marizomib), IMiDs (pomalidomide), histone 
deacetylase inhibitors (vorinostat, panabinostat, and ricolinostat), and mono- 
clonal antibodies (daratumumab and elotuzumab). 


@ DEFINITION AND HISTORY 


Myeloma is a disease characterized by clonal expansion of malignant 
plasma cells that accumulate in the marrow, leading to anemia and 
associated cytopenias, hypogammaglobulinemia, osteolytic bone dis- 
ease, hypercalcemia, and renal dysfunction.’ Symptoms are a result of 
tumor mass effects, cytokine release by myeloma cells, marrow stroma 
or bone cells, or deposition of myeloma proteins into target organs 
(amyloid light-chain [AL] amyloidosis and light-chain deposition dis- 
ease [LCDD]). Myeloma is part of a spectrum of diseases called plasma 
cell dyscrasias that include the following conditions: essential mono- 
clonal gammopathy (MG; also known as monoclonal gammopathy 
of undetermined significance [MGUS]), smoldering myeloma (Chap. 
106); solitary plasmacytoma, located in the bone as isolated lytic lesion 
or in the soft tissues; macroglobulinemia (Chap. 109); AL amyloidosis 
and LCDD (Chap. 108); and very rare disorders, such as osteosclerotic 
myeloma (POEMS [polyneuropathy, organomegaly, endocrinopathy, M 
protein, and skin changes] syndrome), Castleman disease, and heavy 
chain diseases (a-heavy-chain disease, -heavy-chain disease, and 
y-heavy chain disease) (Chap. 110). Myeloma derives from cells with 
plasma cell morphologic features, capable of producing immunoglob- 
ulin molecules (Chap. 75), which can be detected in the serum and/or 
urine by electrophoresis and immunofixation. By definition, plasma cell 
dyscrasias result from the expansion of monoclonal cells, with resul- 
tant monoclonal protein secretion; however, oligoclonal and polyclonal 
protein abnormalities accompany some conditions, such as Castleman 
disease. 


@ EPIDEMIOLOGY 
INCIDENCE AND PREVALENCE 


Myeloma represents the second most common hematologic cancer, 
accounting for 1.4 percent of all cancers and 10 percent of hemato- 
logic malignancies, with a prevalence of 83,367 people in 2011.? The 
American Cancer Society has estimated that 24,050 new myeloma cases 
were diagnosed in the United States in 2014, of which approximately 
11,090 will die. Most of the patients are diagnosed among people ages 
65 to 74 years, with a median age at onset of 69 years; only 4 percent of 
cases occur before age 45 years. Men are affected more frequently than 
women (1.6:1 ratio) and individuals of African descent have twice the 
prevalence of myeloma as those of European descent. Conversely, indi- 
viduals of Japanese and Spanish (Latino) descent have very low preva- 
lence rates.*° Myeloma is always preceded by a condition called MG, 
as has been demonstrated by long-term followup studies of a cohort 
of more than 70,000 banked serum samples from healthy subjects and 
from an independent military cohort.*” MGUS is present in 3.2 to 
4.0 percent of the general population,’ developing years before the 
diagnosis of myeloma, at a rate of approximately 1 percent per year 
(Chap. 106).? 


GENETIC PREDISPOSITION 


The etiology and the mechanisms of myeloma progression are still 
largely unknown.' Several epidemiologic reports have demonstrated an 
increased risk of myeloma or MG (up to fourfold) in first-degree rela- 
tives of individuals affected by plasma cell dyscrasias.'? Moreover, mye- 
loma is associated with an increased risk of prostate cancer, melanoma, 
non-Hodgkin lymphoma, and chronic lymphocytic leukemia." More 
than 100 myeloma families have been described from different geo- 
graphic areas'*; in one family, a germline mutation of the CDKN2A 
(p16) gene together with loss of heterozygosity of the other allele was 
identified as a rare low-penetrance genetic risk. Genome-wide associa- 
tion studies have identified six single nucleotide polymorphisms (SNPs) 
at chromosomes 2p23.3, 3p22.1, 3q26.2, 6p21.33, 7p15.3, 17p11.2, and 
22q13.1 that are associated with risk of myeloma. The identified genes 
(DNMT3A, ULK4, TERC, PSORSIC1, CDCA7L/DNAH1, TNFRSF13B, 
and CBX7) have never been validated as myeloma-driver genes.’*!® 
These same SNPs have also been independently associated with devel- 
opment of MG, with the risk increasing with the number of alleles 
carried.” Moreover, the presence of hyperphosphorylated paratarg-7 
(pP-7) carrier status has been reported as an autosomal dominantly 
inherited risk factor for MG and myeloma in a European population 
and in MG/myeloma cases in African Americans.'*”” 


LIFE STYLE AND OCCUPATIONAL FACTORS 


Some epidemiologic studies, including a cohort study of Swedish 
and Finnish twins and a meta-analysis," have shown an association 
between high body mass index and risk of myeloma.” Specifically, 
obese individuals have higher levels of cytokines, such as interleukin 
(IL)-6 and insulin-like growth factor (IGF-1), which also are produced 
by adipocytes and are potent growth factor for myeloma cells.” No con- 
sistent associations have been observed with any particular diet, alco- 
hol consumption, or smoking.” Occupational exposure to pesticides, 
organic solvents (benzene, petroleum derivatives, styrene) or chronic 
radiation have been alleged to be associated with myeloma in some 
studies,” but refuted by others. Furthermore, the use of thorium diox- 
ide (thorotrast), a contrast medium used in the 1950s for angiography, 
increases the risk of plasmacytomas up to fourfold.” Exposure to acute 
radiation, as in atomic bomb survivors increases the overall rate of MG 
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or myeloma after 15 to 20 years,” and accelerates MG transformation 
to myeloma.” People exposed to fresh wood, wood dust, or working in 
saw mill factories had an increased risk of myeloma in some studies.**?! 
Finally, associations between myeloma risk and autoimmune diseases 
(especially rheumatoid arthritis? or pernicious anemia™) or infections 
(HIV and hepatitis C***) have been proposed, based on a retrospec- 
tive study among American male military veterans,” suggesting an 
immune-mediated mechanism for malignant transformation. Human 
herpes virus 8 DNA sequences responsible for Kaposi sarcoma and Cas- 
tleman disease pathogenesis” have been reported by some investigators 
in marrow dendritic cells of myeloma patients, although other studies 
suggest that this is an epiphenomenon.**! 


@ ETIOLOGY AND PATHOGENESIS 
CELL OF ORIGIN 


Myeloma cells derive from postgerminal-center marrow plasmab- 
lasts/plasma cells (Fig. 107-1). Myeloma cell immunoglobulin heavy 
chain (IGH) variable genes present somatic mutations in the absence 
of intraclonal variation or ongoing somatic hypermutation, indicating 
antigen-contact selection in the germinal center.“ The existence of a 
myeloma stem cell, that is a precursor with self-renewal capacity, has 
been proposed for a long time, given myeloma’s low proliferative index 
and clonogenic efficiency. However, this remains a matter of debate.“ 
Myeloma is a multistep process, always preceded by a MG phase.*” MG 
cells share several similarities with myeloma, including a similar prev- 
alence of hyperdiploidy and of the three primary IGH rearrangements 


IL-6 dependence 
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Figure 107-1. Myeloma stages, from essential monoclonal gammo- 
pathy (MG) to plasma cell leukemia. Myeloma evolves from a benign 
condition called essential monoclonal gammopathy (or monoclonal 
gammopathy of undetermined significance), with an annual rate of 
progression of 1 percent. In some patients, a stage called smoldering 
myeloma is sometimes evident, where there is a higher number of 
monoclonal plasma cells in the marrow, but still absence of symptoms. 
At early stages during the so-called intramedullary phase, myeloma 
cells are totally dependent on marrow microenvironment to survive and 
on interleukin (IL)-6 and other cytokines. During progression, myeloma 
cells can acquire the capability of growing without microenvironmental 
support and localize to other tissues (extramedullary disease) or circu- 
late in the blood (secondary plasma cell leukemia). Active myeloma is 
characterized by onset of angiogenesis and bone lytic lesions in contrast 
to MG or smoldering myeloma; during late stages there is an increase 
in migration and invasion capabilities, as well as high proliferative rates. 


[t(6;14), t(11;14), and t(14;16)]. However, chromosome 13 deletions, 
RAS mutations and non-immunoglobulin (Ig)-locus associated MYC 
translocations are more frequent in myeloma.“ Indeed, the develop- 
ment of myeloma seems to necessitate an immortalizing event, such as a 
primary IGH translocation, an oncogene activation, or deregulation of 
a tumor suppressor, to occur in the germinal center during the switch 
recombination or somatic hypermutation, resulting in uncontrolled 
expansion of a long-lived plasmablast/plasma cell.” In early stages, 
myeloma cells are dependent on the growth support provided by bone 
marrow stromal cells (BMSCs) (intramedullary phase), but can become 
independent of their medullary environment at late stages (plasma cell 
leukemia). However, 15 to 70 percent of newly diagnosed myeloma 
patients, using conventional morphology techniques**! or multipara- 
metric flow cytometry” have circulating clonotypic myeloma cells (cir- 
culating tumor cells [CTCs]) in their blood, suggesting the presence of a 
“metastatic”/dissemination process that disseminates the disease hema- 
togenously.*? Moreover, the presence of CTCs in MG is a risk factor for 
myeloma progression, as well as a poor prognostic factor in newly 
diagnosed or relapsed/refractory myeloma patients.*°°” Myeloma CTCs 
share a similar phenotype to marrow myeloma cells, but are more quies- 
cent, have better in vitro clonogenic capacity and have lower expression 
of integrin and adhesion molecules (including CD138) making them 
less dependent on marrow niches.* 


GENOMIC ALTERATION 


Abnormal Karyotype and Common Translocations 

Myeloma is a heterogeneous disease with a complex genetic landscape, 
characterized by several numerical and structural aberrations, includ- 
ing abnormal karyotypes, chromosomal translocations and copy- 
number changes (Fig. 107-2 and Table 107-1). 

Traditionally, myeloma patients have been divided into two sub- 
groups: hyperdiploid cases with more than 46 but less than 76 chro- 
mosomes (34 to 60 percent of myeloma); and nonhyperdiploid cases, 
which include individuals with a hypodiploid (up to 44 to 45 chromo- 
somes), pseudodiploid (44/45 or 46/47 chromosomes with gains or 
losses), and near-tetraploid karyotype.** Hyperdiploid patients, nor- 
mally IgG kappa-type with bone involvement, show gains of odd-num- 
bered chromosomes, including trisomies of chromosomes 15, 9, 5, 19, 
3, 11, 7, and 21 (ordered by decreasing frequency), and have a favorable 
prognosis that can however be affected by the concomitant presence of 
additional abnormalities such as chr11 or chrlq gains or chr13 loss.®® 
Fluorescence in situ hybridization (FISH) analysis is employed to detect 
five major primary IGH translocations in myeloma,” which occur more 
frequently in nonhyperdiploid patients (85 percent vs. <30 percent).® 
Primary translocations are caused by errors during normal DNA 
recombination in isotype class switching of terminally differentiated B 
cells. Conversely, IGH translocations involving chromosome 8p24 and 
11q13 (called secondary translocations) result from errors in somatic 
hypermutation processes.” All of the translocations induce increased 
constitutive expression of specific oncogenes by their juxtaposition to 
immunoglobulin enhancer elements. The most frequent translocation 
(20 percent of cases) is t(11;14)(q13;q32),°® leading to upregulation 
of cyclin D1, a crucial promoter of G,-to-S transition via cyclin-de- 
pendent kinase (CDK)-4 or CDK6.” Rarely, cyclin D2 and cyclin D3 
can be rearranged via t(12;14) (<1 percent) or t(6;14) translocations 
(2 percent of myeloma patients), respectively.” Even in the absence of 
translocations, cyclins D1, D2, and D3 are often upregulated, creating 
specific patient subgroups with different prognoses.” Specifically, the 
CD-1 subgroup (cyclin D1-high) responds well to treatment and has 
an increased frequency of early relapse but also has an excellent long- 
term survival, while the CD-2 subgroup (cyclin D3-high) exhibits a 
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Figure 107-2. Genomic aberrations, including karyotype abnor- 
malities, chromosomal translocations, and copy number variations in 
essential monoclonal gammopathy (MG), myeloma, and plasma cell 
leukemia. Myeloma cells are characterized by several genomic aberra- 
tions, which combine differently in distinct patients. Hyperdiploidy and 
immunoglobin heavy-chain (IGH) translocations [t(11;14), t(4;14) and 
MAF translocations] are already present in the MG phase, a benign con- 
dition that can evolve to active myeloma with a rate of 1 percent per 
year. These abnormalities are not considered driver events in myeloma. 
Conversely, several groups have proposed other aberrancies, such as 
MYC translocations and increased MYC mRNA levels or RAS mutations 
as transforming events, because they are rare in MG and smoldering 
myeloma but common in myeloma. Also chromosome gains and losses, 
including deletion of chromosome 13q or monosomy 13, deletion of 
chromosome 1p, and amplification of chromosome 1q21 are seen more 
frequently in active myeloma, even though their role in myeloma pro- 
gression is still not totally elucidated. Deletion of chromosome 17p or 
TP53 mutations are rare at diagnosis, but present in advanced/relapsed 
settings, being associated with reduced response to treatment and 
unfavorable patient outcomes. The acquisition of independence from 
support by the marrow microenvironment is a feature of advanced 
myeloma, possibly leading to plasma cell accumulation in various 
organs (extramedullary disease) or in the blood (plasma cell leukemia). 
PTEN losses, methylations of p14 promoter, and RB1 inactivations are 
reported more frequently in plasma cell leukemia, suggesting a role in 
the development of extramedullary growth. 


lymphoplasmacytoid morphology. Translocation t(4;14), a poor prog- 
nostic factor, pairs MMSET/WHSCI1, a nuclear SET DOMAIN protein 
with FGFR3 (fibroblast growth factor receptor), an oncogenic tyrosine 
kinase receptor in 15 percent of patients, often in association with chro- 
mosome 13 abnormalities.” MMSET is an H3K4-, H3K27-, H3K36-, 
and H4K20-specific histone methyltransferase, that causes global 
changes in chromatin status, favoring myeloma cellular and clono- 
genic growth, adhesion, and tumorigenicity,” while FGFR3 promotes 
myeloma cell proliferation via RAS- MAPK (mitogen-activated protein 
kinase) and STAT (signal transducer and activator of transcription) 
pathways.” Additionally, activating FGFR3 mutations, mutually exclu- 
sive with RAS mutations, have also been reported in a small fraction of 


TABLE 107-1. Common Genomic Aberrations in 


Essential Monoclonal Gammopathy, Myeloma, and Plasma 
Cell Leukemia* 


Plasma Cell 
Genetic Lesion MG Myeloma Leukemia 
Hyperdiploidy 50% 60% 20% 
t(11;14) 5-10% 20% 25-60% 
t(4;14) 2-3% 15% 15-25% 
MAF translocations 5% 15-35% 
Del(13q)/ 20% 50-60% 60-80% 
Monosomy 13 
Del(1p) 4% 7-40% 
Chr 1q21 40% 70% 
amplification 
Cyclin D dysregulation 60% 80% 
RAS mutations <5% 30-50% 30% 
FAM46C, DIS3 10-21% 
NF-KB activating 15-20% 
mutations and CNVs 
IGH MYC 1-2% 15% 30-50% 
rearrangements 
UTX deletions and 30% 
mutations 
TP53 inactivations 5% 10-20% 20-80% 
(mutations + del(17p)) 
p18 and/or Rb <5% 25-30% 
inactivation 
p14 promoter <5% 25-30% 
methylation 
PTEN loss 0% <2% 8-33% 


CNV, copy number variant; IGH, immunoglobin heavy chain; MG, 
essential monoclonal gammopathy; NF-KB, nuclear factor-kappaB; 
Rb, retinoblastoma tumor-suppressor protein. 


*Myeloma is a multistep process, progressing from an indolent MG 
stage, to overt myeloma to plasma cell leukemia. Hyperdiploidy and 
IGH translocations [t(11;14), t(4;14) and MAF translocations] are pres- 
ent at similar rates in MG and myeloma. Conversely, MYC secondary 
rearrangements, deletion 13p, chromosome 1 abnormalities, and 
RAS mutations are more common in active myeloma and they have 
been postulated as driver myeloma events. Plasma cell leukemia 
shows distinct abnormalities, including p14 promoter methylation 
and PTEN losses. Frequencies of common genomic aberrancies in 
plasma cell dyscrasias are reported. Blank spaces are left in case of 
unknown data. 


patients.” MAF translocations, which include t(14;16) overexpressing 
c-MAF, t(14;20) which deregulates MAFB, and t(8;16) involving MAFA 
are relatively rare (5 percent, 2 percent, <1 percent of cases, respec- 
tively) but associated with poor prognosis.*° c-MAF, MAFA, and MAFB 
are all transcription factors involved in proliferation, responsiveness 
to IL-6 and BMSC-MM (multiple myeloma) adhesion,*! promoting 
cell-adhesion-mediated drug resistance (CAM-DR), via integrin a,/E- 
cadherin interactions. The prevalences of these three primary IGH 
rearrangements [t(6;14), t(11;14), and t(14;16)] are similar in MG, indi- 
cating the need of additional transforming events to precipitate active 
myeloma.*-* 
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Copy Number Alterations in Myeloma 

Array comparative genomic hybridization (aCGH) analysis demon- 
strates numerous copy number alterations (CNAs) in myeloma cells. 
Deletion of chromosome 13, deletion of chromosome 17p13, and 
amplification of chromosome 1q21 are genomic aberrations associated 
with poor prognosis in myeloma patients.***” Deletion of chromosome 
13 affects 50 to 60 percent of newly diagnosed myeloma, is more fre- 
quent in the nonhyperdiploid group (>70 percent) in comparison to the 
hyperdiploid group and often cooccurs with t(4;14) or t(14;16) translo- 
cations.** Among other genes, RBI and the miRNA-15a/16-1 cluster are 
deregulated in this context and may play a role in myeloma pathogen- 
esis. Despite being traditionally associated with a poor prognosis, the 
adverse impact of isolated chromosome 13 deletion is now controver- 
sial,” in view of the good response of such patients to bortezomib-based 
regimens and the close association of del13 with the t(4;14)(p16;q32) 
and hypodiploid karyotype. 

Deletions of chromosome 17p involving the TP53 locus are rare 
in newly diagnosed myeloma (5 to 10 percent), more common in 
relapsed and refractory cases (20 to 40 percent), and inevitably asso- 
ciated with negative prognosis, causing early relapse in patients treated 
with or without autologous stem cell transplantation. Mutations in 
TP53 are also often present on the second allele.” Despite having an 
unfavorable prognosis, regimens containing bortezomib can increase 
the median progression-free survival (PFS) and 3 years of patients with 
TP53 mutations (17 percent to 69 percent [P = 0.028]) in comparison 
to non-bortezomib-containing regimens, as shown by the HOVON-65/ 
GMMG-HD4 trial.” 1q21 amplification is detected by FISH in approx- 
imately 40 percent of newly diagnosed myeloma and in 70 percent of 
relapsed myeloma, and negatively affects overall survival (OS), with a 
cumulative effect based on the number of 1q21 locus copies.” Possible 
target genes of this lesion are CKS1B, a protein that regulates cyclin- 
dependent protein kinases, PSMD4, a proteasome subunit modulating 
response to bortezomib treatment, MCL1 or BCL9.”*”° Interestingly, a 
reported jumping translocation of 1q12 (JT1q12) can have a receptor 
chromosome TP53 genomic locus, causing simultaneous gain of 1q21 
and deletion of 17p.°° Additionally, deletions of lp, present in 7 to 
40 percent of patients, are linked to reduced PFS and OS despite 
autologous stem cell transplantation.” TP73, LAPTM5, CDKN2C, a 
CDK inhibitor which interacts with CDK4 or CDK6 to regulate G,/S 
phase, MTF2, TMEDS5, and FAM46C are candidate genes of the dele- 
tion. FAM46C loss or FAM46C mutations (evident in 15 percent of 
patients) are especially associated with shortened survival (median OS 
25.7 months vs. 51.3 months, P = 0.004). The biologic function of 
FAM46C is uncertain, although some data suggest it is related to mRNA 
stabilization. Other mutations include MYC rearrangements involving 
unbalanced translocations and insertions, small duplications, amplifica- 
tions, and inversions on chromosome 8p24'™-1%4; homozygous deletions 
of 11q22 locus resulting in loss of YAP1, BIRC3, and BIRC2 genomic 
region"; chromosomes 4, 14, and 16 aberrations that disrupt FGFR3, 
WWOX, and CYLD; deletions or amplifications of chromosome 6; and 
homozygous deletions of Xp11.2 locus,” involving UTX, an histone 
H3 lysine 27 (H3K27) demethylase, which is also mutated in 10 percent 
myeloma,’ are also common. The “purpose” of these multiple plasmin 
inhibitors is to guard against premature plasmin activation and subsequent 
degradation of fibrinogen, until intravascular fibrin begins to appear. 

Somatic Mutations and Interclonal Diversity Myeloma 
evolves in a stepwise process, transforming from MG to smoldering 
myeloma to overt myeloma, where mutations accumulate, conferring 
either a growth advantage (driver mutations) or are functionally irrel- 
evant (passenger mutations). So far, more than 300 myeloma patient 
DNA samples have been sequenced using whole-genome sequencing 
or whole-exome sequencing approaches.'"*"'? Specifically, 11 genes 


are commonly mutated in myeloma reaching a standard significant 
threshold.'” Five of them (KRAS, NRAS, FAM46C, DIS3, and TP53) 
are relatively frequent." Approximately 30 to 50 percent of newly 
diagnosed patients have RAS mutations at codons 12 or 13,5147 
often in association with t(11;14), but mutually exclusive with t(4;14) 
that constitutively activates the MAPK pathway via FGFR3 upregula- 
tion.''>'"§"9 Because RAS mutations are rare in MG, they are consid- 
ered a possible driver to progression.” Conversely, TP53 mutations 
are a late event in myeloma,’'''” an independent poor prognostic 
factor,” and are associated in one-third of patients with concomitant 
hemizygous deletion of chromosome 17.'** Mutations in FAM46C 
and DIS3, genes possibly involved in RNA processing, are present in 
10 to 21 percent of patients, often coupled with loss-of-heterozygosity 
in the remaining allele. Other significant genes are BRAF (4 percent of 
patients), TRAF3, CYLD, RB1, PRDM1, and ACTG1. TRAF3 and CYLD 
mutations, together with homozygous deletions in BIRC2/BIRC3, NIK 
overexpression and mutations in other genes (CARD11 and MYD88) 
contribute to constitutively activation of the NF-«B pathway, 10010107112 
Genes involved in protein homeostasis, the unfolded protein response, 
or lymphoid/plasma cell development, such as PRDM1 involved in plas- 
macytic differentiation, and XBP1, IRF4, LRRK2, SP140, and LTB form 
a cluster of genes mutated in myeloma. Other recurrent mutated genes 
are ROBOI, a transmembrane receptor involved in B-catenin and MET 
signaling; EGR1 transcription factor; FAT3, a transmembrane protein 
belonging to cadherin superfamily; and histone-modifying genes (MLL, 
MLL2, MLL3, WHSC1/MMSET, WHSCIL1, and UTX, among oth- 
ers).!0!8112 Plasma cell leukemia patients possess different aberrancies, 
including p144** promoter methylation, PTEN loss, RB1 mutations and 
higher rates of TP53 mutations and deletions.’ Finally, a novel intrigu- 
ing concept is the idea of intratumor heterogeneity in myeloma, where 
different subclones can emerge and become predominant following 
different mechanisms of evolution, including linear, branching, parallel 
or convergent evolution. Clonal diversity is indeed a fundamental 
process akin to Darwinian selection, favoring cancer progression and 
adaptation to therapy. Next-generation sequencing analyses show that 
most patients have a subclonal structure at diagnosis, with one predom- 
inant clone and several others which can reappear at different stages or 
following treatment.'"!°'" Gene-expression profiling of myeloma cells 
helps categorize patients into distinct subgroups’?”* and can predict 
therapeutic responsiveness to specific drugs, although the role of spe- 
cific genetic signatures in risk stratification is still under debate.'” 


ROLE OF MARROW MICROENVIRONMENT IN 
MYELOMA 


The marrow microenvironment is composed of extracellular matrix 
(ECM) proteins, such as fibronectin, collagen, laminin and osteopontin; 
and cells, including hematopoietic stem cells, BMSCs, and endothelial 
cells, as well as osteoclasts and osteoblasts (Fig. 107-3) (Chap. 5).8°1 
Myeloma cells physically interact with ECM proteins and accessory 
cells to gain growth, survival, and drug resistance advantages. Among 
others, CD44, very-late antigen 4 (VLA4), neuronal adhesion molecule 
(NCAM), intercellular adhesion molecule (ICAM)-1, and syndecan 
1 (CD138) mediate the adhesion of myeloma cells to the marrow and 
ECM, activating signaling pathways, such as nuclear factor-«B (NF-xB), 
to obtain CAM-DR to conventional chemotherapy.'**"*° In particular, 
CD138 (syndecan- 1) is a transmembrane heparan sulphate bearing pro- 
teoglycan, expressed during the plasma cell stage of B-cell maturation, 
that can bind to type I collagen inducing expression of metalloprotein- 
ases, and promoting bone resorption and invasion. Moreover, CD138 
can be shed in the ECM, trapping growth-promoting and proangio- 
genic cytokines. Increased soluble CD138 levels correlate with 
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tumor burden and poor outcomes.’ The SDF-1/CXCR4 axis regulates 
specific homing of myeloma cells to the marrow, but also mobilization 
or marrow egress, being possibly accountable for the multifocal mar- 
row localization and blood circulation of myeloma cells.'**"*! Moreover, 
other chemokine receptors, such as CKCR3, CCR1, CCR2, and CCR5 
can be expressed by myeloma conferring different migration capabili- 
ties to medullary and extramedullary cells.'* Accessory cells (BMSCs, 
endothelial cells, osteoclasts, and osteoblasts) secrete factors including 
IL-6,- IGF-1,'*7- vascular endothelial growth factor (VEGF),!°!>! 
tumor necrosis factor-a (TNF-«),' fibroblast growth factor (FGF),'™ 
stromal cell-derived factor la (SDF-1a),'*! and B-cell activating factor 
(BAFF)'; all capable of promoting expression of survival factors such 
as NF-xB.'* IL-6 and other survival signals also induce phosphatidyli- 
nositol 3’-kinase (PI3K)/AKT,'*'*’ STAT3 and MAPK signaling (Fig. 
107-3). BMSCs, myeloma cells and osteoclasts also secrete growth 
factors and cytokines such as VEGF, basic fibroblast growth factor 
(bFGF), and IL-8, to promote marrow angiogenesis, which increases 
delivery of oxygen and nutrients to myeloma cells. Moreover, the same 
endothelial cells produce growth factors (IL-6 and IGF-1), to favor 
plasma cell survival!*°'*'**!° and express deregulated genes important 
for ECM and bone remodeling, cell adhesion, migration and resis- 
tance to apoptosis.' The degree of marrow angiogenesis, as assessed 
by microvessel density (MVD) is higher in active myeloma compared 
with MG" and is also related to myeloma proliferation and infiltration, 
negatively affecting patient prognosis.’ Also lymphoid and myeloid 
cells are part of marrow microenvironment and can modulate myeloma 
survival. Myeloid cells, such as macrophages, mast cells and neutrophils 
control both pro- and antiinflammatory responses and regulate antigen 
presentation.’ For instance, a specific group of myeloid cells, named 
myeloid-derived suppressor cells (MDSCs),'™ are highly represented in 
the marrow of myeloma individuals in comparison to healthy persons, 
and increase with disease progression, facilitating tumor development, 
growth, and immune escape, by blocking T-cell (CD8+ T and natural 
killer [NK] T) antitumor immune responses.'® 


BONE METABOLISM 


The presence of osteolytic bone lesions, bone pain, increased risk 
of pathologic fractures and generalized bone loss (or osteoporosis) 
is a well-defined feature of myeloma.’ Indeed, as myeloma burden 
increases, an imbalance between osteoblast and osteoclast activities 
ensues, with suppression of bone formation by osteoblasts and uncou- 
pled activation of osteoclasts (Fig. 107-4).17-1° The ligand for recep- 
tor activator of NF-KB (RANKL) binds to RANK receptor to stimulate 
osteoclast differentiation, formation and survival'”; myeloma cells 
produce RANKL and upregulate RANKL expression in BMSCs and 
osteoblasts via direct contact interaction, signaling induction” or 
production of IL-7. Moreover, they promote suppression of osteopro- 
tegerin (OPG),'*"!” a decoy receptor that normally prevents RANK- 
RANKL interaction’ via soluble factors, integrin a „P -vascular cell 
adhesion molecule (VCAM)-1 interaction,'” production of Dickkopf- 
1(DKK1),'® or inactivation by syndecan-mediated internalization into 
myeloma cells.'*' Interestingly, OPG levels are decreased in the serum of 
myeloma patients and correlate with lytic bone lesion development’; 
a high RANKL-to-OPG ratio is associated with worse prognosis.'® 
Recombinant OPG constructs, soluble RANK, OPG peptidomimet- 
ics!7°178184185 and an anti-RANKL antibody, denosumab,'**'® have been 
developed to modulate the RANKL/OPG axis and reduce osteoclast 
activity in myeloma. Macrophage inflammatory protein (MIP)-1la, or 
chemokine C-C motif ligand, is also produced by myeloma cells and 
promotes maturation of precursor cells into osteoclasts'"'*; MIP-la 
signals via CCR1 and CCRS5 on osteoclasts and can further upregulate 
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Figure 107-3. Myeloma cell interaction with extracellular matrix (ECM) and accessory cells in the marrow. Myeloma cells require support from 
bone marrow stromal cells (BMSCs) during early stage disease. Adhesion between myeloma cells and BMSCs favors myeloma cell survival, growth, 


and migration via release of cytokines (IL-6, VEGF, IGF-1, SDF1a, BAFF, APRIL, 


HGF, TNF-a) from both myeloma cells and BMSCs. Among others, extra- 


cellular signal-regulated kinase (ERK); Janus kinase 2 (JAK2)—signal transducer and activa 


or of transcription 3 


STAT3); phosphatidylinositol 3’-kinase 
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RANKL in stromal cells.” MIP-1a levels are elevated in myeloma 
patients,’*!°! whereas MIP-1a silencing or blockade of CCR1 reduces 
bone disease in in vitro or animal models. IL-6, parathyroid hor- 
mone-related peptide (PTHrP),'*'” annexin II, and the ephrinB2/ 
EphB4 axis’ also promote bone reabsorption. Osteoblast suppres- 
sion is another major player in myeloma bone disease: WNT signal- 
ing antagonists, including DKK1, frizzled related protein-2 (FRP-2),”” 
and sclerostin (SOST),”°!?” interfere with osteoblast maturation. DKK1 
is expressed by myeloma cells and can upregulate RANKL levels in 
osteoblasts, increasing osteoclast activity.” DKK] levels are increased 
in the serum of myeloma patients,’ and anti-DKK1 antibodies have 
been tested in animal studies?! and are currently employed in clin- 
ical trials. Finally, high levels of Activin A, a member of transforming 
growth factor-beta (TGF-f) superfamily, IL-3 and IL-7 (via RUNX2/ 
CBFA1 blockade) can inhibit bone formation and promote bone reab- 
sorption.” =! Furthermore, the bone niche itself supports myeloma cell 
survival and prevents TNF-a-mediated apoptosis by producing various 
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molecules.'®” Indeed, bisphosphonates not only block osteoclasts and 
modulate osteoblasts, but have an effect on tumor burden.” A similar 
effect is reported with OPG peptidomimetics and RANKL constructs in 
in vivo xenograft models.” Hence, bisphosphonates, especially zoledronic 
acid, are currently used in the clinic to reduce bone disease,”®?” but are 
also associated with an increase in OS when compared to placebo based 
on a meta-analysis.” Markers of bone resorption and formation cor- 
relate with the extent of osteolytic disease.” Specifically, urine levels of 
pyridinoline (PYD) and deoxypyridinoline (DPD) crosslinks and serum 
levels of tartrate-resistant acid phosphatase isoform 5b (TRACP-5b), a 
resorption marker only produced by activated osteoclasts and of col- 
lagen degradation products, including the N-terminal crosslinking 
telopeptide of type I collagen (NTX), are elevated in myeloma patients 
compared with healthy controls and can predict early progression 
of bone disease in myeloma. Conversely, bone formation markers, 
such as bone alkaline phosphatase (bALP) and osteocalcin (OC), are 
reduced.” 
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PRECLINICAL MODELS OF MYELOMA 


Novel therapies need to be tested in preclinical in vitro/vivo models 
capable of mimicking the role of human marrow microenvironment. 
In in vitro settings, myeloma cells are cocultured in liquid or semisolid 
systems together with different cytokines (IL-6, IGF-1, TNF-a) or with 
autologous BMSCs from patients. However, these systems do not truly 
recapitulate the marrow microenvironment””*” and in vivo models 
are necessary. Two main types of myeloma animal models have been 
exploited to study human myeloma biology and response to treatment: 
xenogeneic models in immunodeficient and humanized mice or syn- 
geneic tumor models (Fig. 107-5). The xenogeneic models require 
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Figure 107-4. Mechanism of bone remodeling in nor- 
mal conditions and in the presence of myeloma cells. The 
major factors affecting osteoclast and osteoblast activa- 
tion, and thus the balance between bone formation and 
bone reabsorption, are illustrated in the upper panel. 
Receptor activator of nuclear factor-KB (RANK) receptor/ 
receptor activator of nuclear factor-kB ligand (RANKL) and 


macrophage inflammatory protein (MIP)-1a stimulate 
osteoclastogenesis and osteoclast activity, while osteopro- 
egerin (OPG) acts a decoy receptor for RANKL, reducing 
its action. DKK1 (Dickkopf-1) is an inhibitor of osteoblast 
activity. In the presence of myeloma cells in the bone, the 
normal balance between osteoblasts and osteoclasts is 
otally inverted. Specifically, myeloma cells secrete factors 
© promote osteoclast activation, a result of upregulation 
of RANKL and MIP-1a, and to inhibit osteoblasts. Increased 
evels of DKK1, activin, FRP-2 (frizzled related protein-2), 
and sclerostin are evident in myeloma patients. In red are 
marked cytokines or receptors used as targets to treat mye- 
oma bone disease. IL, interleukin. 


subcutaneous injection of tumor myeloma cells in severe combined 
immune deficiency (SCID) or nonobese diabetic (NOD)/SCID mice, 
which are immunocompromised. These models lack the complex mar- 
row-myeloma interaction, but can still be used to explore myeloma 
homing and novel drugs. Conversely, the SCID-hu or the SCID-rab 
mice models recreate a look-alike microenvironment, able to sustain 
myeloma cell growth. Specifically, primary myeloma cells or mye- 
loma cell lines are grown in human fetal bone (the SCID-hu model) 
or rabbit bone (SCID-rab model), later implanted in SCID mice. 
Myeloma cells grow inside the implanted bones, or disseminate to 
the outer surface of the implanted bone, if they derive from patients 
with extramedullary disease. Moreover, these mice have circulating 


Figure 107-5. Preclinical models of mye- 
loma. Xenogeneic and syngeneic models 
have been developed to study myeloma 
biology and test novel therapies. In xeno- 
geneic models, human myeloma (MM) cells 
are injected subcutaneously, inside human/ 
rabbit fetal bone or into synthetic scaffolds, 


a look-alike microenvironment, able to sustain 
myeloma cell growth, is present. Two types of 
MM cells + syngeneic models have been established: the 
scaffold and MSCs frst one consists in the transplant of murine 
myeloma cells into other mice (STMM), 
while the second one (Vk*MYC mouse) is a 
genetically engineered mouse where MYC 
is activated in germinal center B-cells via an 
activation-induced cytidine deaminase (AID)- 
dependent mechanism. SCID, severe com- 
bined immune deficiency. 


Transplantable murine 
MM cells 


AlID-dependent MYC 
activation in germinal 
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monoclonal immunoglobulins, osteolytic lesions, suppression of bone 
formation near myeloma foci and angiogenesis.”*** Studies propose 
novel xenogeneic models, where three-dimensional bone-like scaffolds 
are used instead of human fetal bone or rabbit bone.”®?” Specifically, 
these scaffolds are internally coated with murine/human BMSCs or 
human mesenchymal stromal cells and then implanted in SCID or 
RAG2-/-yc-/- mice, to recapitulate the autologous marrow microen- 
vironment in vivo. Myeloma cells are then loaded directly inside the 
scaffold or injected intracardiac to mimic myeloma homing. These 
models are more suitable for studying the microenvironment and also 
for drug testing, affording the opportunity to evaluate different stages or 
type of disease. Syngeneic tumor models include transplantable murine 
models like 5T33,”%””? which are mostly representative of aggressive 
late-stage disease, as well as genetically engineered mouse models, such 
as the Vk*MYC mouse,” generated from the C57BL/6 mouse strain, 
which has a high incidence of spontaneous monoclonal gammopathy 
with aging, after activation-induced cytidine deaminase-dependent 
MYC activation in germinal center B-cells. This model exhibits high 
penetrance, clonal malignant plasma cells, which produce isotype class- 
switched immunoglobulins, a similar histology and immunophenotype 
to human myeloma, and delayed onset of renal failure, bone lesions, 
and anemia. The Vk* MYC mouse model has been used for drug testing, 
strongly paralleling the drug activity observed in myeloma patients.” 


@ CLINICAL AND LABORATORY FEATURES 


Table 107-1 summarizes the signs and symptoms associated with mye- 
loma. The International Myeloma Working Group has issued simpli- 
fied criteria for the classification of myeloma and related disorders.”!”” 
Symptomatic myeloma is diagnosed by evidence of organ or tissue 
impairment (end-organ damage) manifested by anemia, hypercalce- 
mia, lytic bone lesions, renal insufficiency, hyperviscosity, amyloidosis, 
or recurrent infections, (commonly referred to as the “CRAB” crite- 
ria; namely, hypercalcemia, renal failure, anemia, and bone lesions) 
(Tables 107-2 and 107-3; Fig. 107-6). Presence of these features neces- 
sitate immediate treatment for myeloma. 


TABLE 107-2. Criteria for Diagnosis of Myeloma 


1. Clonal bone marrow plasma cells >10% of biopsy-proven bony 
or extramedullary plasmacytoma 


2. Any one or more of the following myeloma-defining events: 


e Evidence of end-organ damage that can be attributed to the 
underlying plasma cell proliferative disorder, specifically: 


e Hypercalcemia: serum calcium >0.25 mmol/L (>1 mg/dL) 
higher than the upper limit of normal or >2.75 mmol/L 
(>11 mg/dL) 


e Renal insufficiency: creatinine clearance <40 mL per min or 
serum creatinine >177 umol/L (>2 mg/dL) 


- Anemia: hemoglobin value of >20 g/L below the lower 
limit of normal, or a hemoglobin value <100 g/L 


e Bone lesions: one or more osteolytic lesions on skeletal 
radiography, CT, or PET-CT“ 


- Any one or more of the following biomarkers of malignancy: 
e Clonal bone marrow plasma cell percentage* 260% 
+ Involved: uninvolved serum free light chain ratio >100 
+ >1 focal lesions on MRI studies 


Modified with permission from Rajkumar SV, Dimopoulos MA, 
Palumbo A, et al: International Myeloma Working Group updated 
criteria for the diagnosis of multiple myeloma. Lancet Oncol 2014 
Nov;15(12):e538-e54. 


Part XI: Malignant Lymphoid Diseases 


TABLE 107-3. Symptomatic Myeloma?” 


Symptoms and Laboratory Features 


Frequency (%) 


Bone pain (spine, chest, lesscommonin 58 


long bones) 

Weakness and fatigue 32 
Anemia 73 
Elevated creatinine 48 
Hypercalcemia 28 


Serum monoclonal immunoglobulin (Ig) 82 
peak on standard electrophoresis 


Weight loss 24 (one-half of whom 


had lost =9 kg) 


Monoclonal lg peak onimmunofixation 97 
of serum or urine 


Monoclonal IgG 52 
Monoclonal IgA 21 
Monoclonal light chains only 16 
Monoclonal IgD 2 

Biclonal 2 

Monoclonal IgM 0.5 
Negative 6.5 
Urinary monoclonal light chains 75 
Marrow plasmacytosis >10% 90 


Data from Kyle RA, Gertz MA, Witzig TE, et al: Review of 1027 
patients with newly diagnosed multiple myeloma. Mayo Clin Proc 
78:21-33, 2003. 


HEMATOLOGIC ABNORMALITIES 


Myelomatous involvement of the marrow typically causes anemia, which 
is present in more than two-thirds of patients with myeloma and relates 
to the degree of marrow infiltration. The erythropoietin response is insuf- 
ficient in myeloma, owing to production of cytokines, (IL-1, TNF-, Fas 
ligand, MIP-1a, and tumor necrosis factor-related apoptosis-inducing 
ligand [TRAIL], which produce erythroblast apoptosis), increased 
serum viscosity, or concomitant renal dysfunction.**** Patients with 
myeloma have high urinary and serum hepcidin levels that inversely 
correlate with hemoglobin values.” IL-6 and bone morphogenetic 
protein (BMP)-2 mediate hepcidin transcription in the liver via STAT3 
signaling,” which, in turn, blocks iron release from macrophages and 
inhibits iron absorption from the intestine." In contrast to other lym- 
phoproliferative disorders, thrombocytopenia is uncommon at diagno- 
sis, even with extensive marrow infiltration, as IL-6 has thrombopoietic 
activity.” In some patients, thrombocytopenia might occur secondary 
to treatment or to autoimmune mechanisms (such as those accounting 
for anemia or factor VIII deficiency***™*). Specifically, bortezomib 
causes a cyclic thrombocytopenia, with a different kinetic from cyto- 
toxic drugs, appearing during the first 10 days of each cycle, but with 
a short recovery time, no cumulative or persistent effects and absence 
of marrow megakaryocyte toxic damage, as it primarily results from a 
functional alteration in platelet budding.’ Prolonged exposure to alky- 
lating agents can also promote onset of a concomitant myelodysplastic 
syndrome. Overt bleeding is a relatively uncommon presenting symp- 
tom for myeloma patients’; however it occurs more commonly with 
IgA paraproteins, in the presence of very high concentrations of serum 


i 4 Bone pain 


Chapter 107: Myeloma 


Figure 107-6. Summary of clinical manifestations of mye- 
loma. Bone destruction, immunodeficiency, and presence of 
a monoclonal protein account for the main factors capable of 
inducing symptoms in myeloma patients. Anemia, hypercalce- 


Bone destruction N mia, bone pain, and renal failure represent the classical symp- 


A 
ee release 
Anemia k 
Marrow Maian 


Albumin 
M-spike 
Myelom 
0402 B Y ee a 


Monoclonal protein E 


f | | | 
| Renal failure | Hyperviscosity || Amyloidosis Infections 
and LCDD 


immunoglobins, high serum viscosity, and a prolonged bleeding time, 
with normal platelet counts, prothrombin time (PT), activated partial 
thromboplastin time (aPTT), and thrombin time.”® Acquired von 
Willebrand factor (VWF) deficiency can develop*” as a result of plasma 
VWF¥-neutralizing antibodies, antibodies binding to the VWF glyco- 
protein 1b binding domain, or interfering with VWF binding to col- 
lagen,”*'?* or immunoglobulins that nonspecifically coat platelets or bind 
to fibrin, preventing aggregation. An asymptomatic prolonged thrombin 
time can also be present,” as a result of interference with fibrin clot for- 
mation by the monoclonal protein’; in few cases, paraproteins recog- 
nizing thrombin and factor VIII have been reported.”**”* Bleeding may 
also result from progression of disease, renal insufficiency, infections, 
therapy-related toxicity, invasive procedures, and anoxia/thrombosis in 
the capillary circulation. Bleeding is more common in systemic AL amy- 
loidosis (15 to 41 percent of patients at diagnosis),***** because of the 
deposition of free immunoglobin light chains forming insoluble fibrils 
in the small vessels or, more rarely, as a result of acquired factor X defi- 
ciency, related to absorption of factor X onto AL fibrils in the liver and 
spleen.” Amyloid splenic infiltration can cause hyposplenism and 
thrombocytosis.*® An increased risk of venous thromboembolic events 
is typical of MG and myeloma patients.” Hypercoagulable states may 
result from the pro-inflammatory activity of IL-6, abnormal interactions 
between myeloma cells, BMSCs and endothelial cells,“ paraprotein 
effects on fibrin polymerization and resistance to fibrinolysis, or rarely 
neutralizing antibodies against protein C, S, or lupus anticoagu- 
lant’ and acquired protein C resistance.” IMiDs, such as thalidomide 
and lenalidomide, have anti-angiogenic properties and are associated 
with an increased risk of venous thromboembolism (VTE), ranging 
from 5 percent** to 18 percent of treated patients,” especially when 
combined with high-dose dexamethasone, doxorubicin, or erythropoi- 
etic agents.””°”* Warfarin and low-molecular-weight heparin play a role 
in primary and secondary VTE prevention,” but aspirin is normally 
used in patients treated with IMiDs and steroids, in view of the presence 
of increased aggregation between platelet and VWF antigens.?”*?” 


IMMUNOGLOBULIN ABNORMALITIES 


The majority of myeloma patients produce and secrete a monoclonal 
immunoglobulin (M-protein or M-spike) that can be detected by pro- 
tein electrophoresis of the serum (SPEP) and/or of urine (UPEP) after 


toms of myeloma presentation, together with increased risk of 
infections. Hyperviscosity and amyloid light-chain amyloidosis 
or light-chain deposition disease (LCDD) are less common pre- 
senting situations. 


a 24-hour urine collection. The M-protein presents as a single narrow 
peak, migrating in the y, or rarely p, region of the densitometer trac- 
ing. Myeloma cells can secrete immunoglobulin heavy chains plus 
light chains, light chains alone, or neither (nonsecretory myeloma). 
In this last case, cytoplasmic immunoglobulins are detected. Immun- 
ofixation analysis identifies the unique and specific immunoglobulin 
idiotypes.” Monoclonal IgG (usually >3.5 g/dL) is present in approx- 
imately 60 percent of myeloma patients, monoclonal IgA (typically 
>2 g/dL) in 20 percent of patients, monoclonal immunoglobulin light 
chains alone are detected in 20 percent of patients, while IgD, IgM, and 
biclonal myeloma are rare (5 percent of cases). A low M-spike concen- 
tration is particularly suggestive of IgD myeloma isotype. Light-chain 
myeloma patients should be followed by UPEP and urine immunofix- 
ation and present more often with renal failure or increased creatinine 
levels. Light-chain proteinuria is frequent especially in IgD myeloma 
(see Table 107-3). Traditionally, IgA and especially IgD isotypes have 
been considered prognostically unfavorable.” Their prognostic 
value has been confirmed in patients enrolled on Total Therapy 1, 2, 
and 3 protocols; IgD was of borderline significance, mainly because of 
its rarity, but was strongly associated with elevated $,-microglobulin 
(6,M) and lactic dehydrogenase (LDH) serum levels, reflecting high 
tumor burden.’ Suppression of normal, polyclonal serum immuno- 
globulins resulting in total hypoglobulinemia and an increased risk of 
infection is present in 70 to 90 percent of patients. The x light-chain 
isotype is twice as common as the J isotype, except in IgD myeloma. 
The free light chain (FLC) assay (FREELITE assay) is a novel tech- 
nique used to detect monoclonal FLCs, and provides a FLC x: ratio 
(Fig. 107-7). The «:A ratio is considered abnormal if less than 0.26 
(A-restricted Ig) or more than 1.65 (x-restricted Ig). Because the 
half-life of FLCs is only 2 to 4 hours, in contrast to the half-life of 
the entire immunoglobulin, which is 17 to 21 days, the FLC assay 
can be used to detect early treatment responses and should be eval- 
uated routinely in patients with AL amyloidosis and oligosecretory 
myeloma.” A normal FLC ratio is also included in the criteria for 
stringent complete response (sCR).* The FLC ratio is considered a 
predictor of the risk of progression from MG or smoldering myeloma 
to active myeloma”****’ and it has prognostic value, being related to 
tumor burden.** Indeed, high baseline FLC correlates with shorter 
survival in newly diagnosed myeloma patients despite achievement 
of complete response.***** A rapid reduction in FLCs after therapy is 
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also linked to inferior overall and event-free survival, suggesting the 
presence of highly proliferative myeloma cells, particularly sensitive 
to combination chemotherapy.” 


MARROW FINDINGS 


A marrow aspirate or biopsy showing plasmacytosis is a key compo- 
nent for the diagnosis of myeloma. The marrow can be evenly infiltrated 
(diffuse involvement) but more commonly displays considerable site- 
to-site variability (focal involvement).”' The percentage of plasma cells 
can range from 10 percent to a virtual complete replacement of marrow. 
Occasionally, the biopsy specimen may contain a normal proportion 
of plasma cells as a result of the patchy marrow involvement. Myeloma 
diagnosis is also considered in the presence of less than 10 percent of 
chain restricted plasma cells if symptoms are reported or after histo- 
pathologic confirmation of an intraosseous or extraosseous plasmacy- 
toma. By light microscopy, the morphologic appearance of myeloma 
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Figure 107-7. Free light-chain assay description. Normal 
immunoglobulins are composed of two heavy chains and two 
light chains, which together form a constant region and a variable 
region, capable of recognizing specific antigens. The free light- 
chain assay is used to quantify the amount of free light chains in 
myeloma patients and to specifically recognize a “hidden” anti- 
genic region (in red) that is normally not detectable from intact 
immunoglobulins. 


plasma cells can be indistinguishable from normal plasma cells, char- 
acterized by abundant basophilic cytoplasm and round, eccentrically 
located nuclei, with “clock-face” or “spoke-wheel” chromatin without 
nucleoli, or by bizarre plasma cells with giant cellular size, open chro- 
matin, and punched nucleoli (indicating increased transcriptional 
activity), a high frequency of binucleate or multinucleate cells, and the 
presence of inclusion globules of condensed or crystallized cytoplasmic 
immunoglobulin, including Russell bodies (cherry-red refractive round 
bodies), multiple pale bluish-white, grape-like accumulations (Mott 
cells or Morula cells), crystalline rods, glycogen-rich IgA (flame cells), 
or other inclusions. These abnormal cells are characteristic of plasmab- 
lastic myeloma,” a poor prognostic type of myeloma with a high 
number of mitotic figures (Figs. 107-8 to 107-10).””* Myeloma cells are 
clonal by definition and produce either x or A light chains, which are 
present in the cytoplasm but not on the membrane surface. A x:A ratio 
greater than 4:1 (normal 2:17) or less than 1:2 is considered an index 
of x or A monoclonality, distinguishing this condition from reactive 


Figure 107-8. Marrow findings in myeloma. A. Marrow film. Infiltrate of neoplastic plasma cells (myeloma cells). These cells resemble normal 
plasma cells in their appearance with characteristic nuclear: cytoplasmic area ratio, blocky nuclear chromatin pattern, intense cytoplasmic basophilia, 
and a prominent “hof” or clear area (Golgi zone). CD138 immunohistochemistry staining is shown in the small box. B. Marrow film. Infiltrate of malig- 
nant plasma (myeloma) cells. C(A). Marrow section. Mature malignant plasma cells. C(B). Marrow film. Malignant plasma cells showing prominent 
perinuclear Golgi apparatus (Hof). C(C) and C(D). Immature plasma cells with abnormal nuclei and size and aberrant morphology. 
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Figure 107-9. Myeloma: morphologic appearances. A. Marrow film showing replacement by malignant plasma (myeloma) cells. Note classical 
oval cell shape, eccentric nucleus, striking paranuclear clear area, deeply blue cytoplasm. B. Marrow biopsy section showing replacement by mye- 
loma cells. C. Blood film in a patient with plasma cell leukemia. Three myeloma cells in the blood film field. D and E. Marrow films. Flaming-type 
giant myeloma cells. Reddish peripheral cytoplasmic coloration reflecting very high concentration of carbohydrate, characteristic of IgA myeloma. 
The peripheral cytoplasm contains numerous dilated cisterns of the endoplasmic reticulum distended with immunoglobulin. Flaming plasma cells 
may occasionally be found in IgG myeloma and in reactive plasmacytosis. F. Morula or Mott cell. Myeloma cell engorged with globules presumably 
containing immunoglobulin. These globules individually are referred to as Russell bodies and plasma cells may be found containing one, several, or 
many such bodies. G. Plasma cell with immunoglobulins containing globules overlying the nucleus but presumably cytoplasmic in location along 
with smaller cytoplasmic globular inclusions. H. Immunoglobulin crystal with several globules of immunoglobulin on either side. Note remarkable 
distortion of the cell to accommodate the crystal. I. Marrow film. Myeloma cells exhibiting cytoplasmic shedding. (Reproduced with permission from 
Lichtman's Atlas of Hematology, www.accesmedicine.com.) 


Figure 107-10. Myeloma: Additional morphologic appearances. A. Marrow film. Three characteristic malignant plasma (myeloma) cells and one in 
mitosis. B. Marrow film. Giant multinucleated myeloma cell. C. Marrow film. Tetranucleated myeloma cell. D. Marrow film. Trinucleated myeloma cell. 
E. Marrow film. Infiltrate of classical well-differentiated myeloma cells (plasma cell phenocopies). Eccentric nuclei, paranuclear clear zone, deeply blue 
(basophilic) peripheral cytoplasm. F. Infiltrate of immature myeloma cells with more circular than ovoid shapes, very large, prominent large nucleoli, 
less-intense basophilic cytoplasm, less-discrete paranuclear clear zone (plasmablasts). G to I. Marrow biopsy sections showing striking infiltrate of 
myeloma cells. G. Hematoxylin-and-eosin stain. H. Immunostained for k light chains, showing frequently positive cells evident by deep rust color in 
cytoplasm. I. Immunostained for A light chains showing negative reaction with rare positive cell. Approximately 20:1 kA ratio. (Reproduced with permis- 
sion from Lichtman's Atlas of Hematology, www.accesmedicine.com.) 


Figure 107-11. Kappa-lambda staining. 


plasmacytosis.° Two-parameter flow cytometry staining for nuclear 
DNA content by propidium iodide and anti-x and anti-A light-chains 
can also be used to quantitate marrow involvement (Fig. 107-11). 
Myeloma cells are normally CD138+, CD45-, CD38+, and CD19-*"%, 
and are CD56+ in 70 percent of patients.?*"' A few cases are CD20+°” 
or CD117+ (KIT) >” but responses to treatment with rituximab or 
imatinib mesylate are uncommon. If amyloid deposition is suspected, 
Congo red staining can be performed on the marrow biopsy, showing 
diffuse involvement or focal perivascular niche localization of amyloid 
protein. Microvessel density can be assessed by staining for endothelial 
markers such as CD131 and CD34 in specialized laboratories or during 
clinical trials.*°** Secondary myelodysplastic changes can rarely develop 
after prolonged treatment in myeloma patients, presenting with pan- 
cytopenia in the context of a hypercellular marrow, with characteristic 
FISH abnormalities (Chap. 87). Metaphase cytogenetic studies and 
interphase FISH analysis should be performed routinely on myeloma 
cells at diagnosis to evaluate the presence of abnormal karyotypes and 
poor prognostic chromosomal abnormalities, such as deletion of chro- 
mosome 17, gain of chromosome 1q, loss of chromosome Ip, deletion 
of chromosome 13, and t(4;14) or t(14;16) translocations (Figs. 107-12 
and 107~13).%°°7!° Genetic analysis should be repeated at relapse only 
in patients initially classified as genetic standard-risk to rule out emer- 
gence of a more aggressive clone.*"' The plasma cell labeling index cor- 
responds to the percentage of plasma cells in the S-phase of the cell cycle 
and is measured by immunofluorescence staining using an antibody 
against 5-bromo-2’-deoxyuridine, which is actively incorporated by 
DNA on marrow plasma cells. Actively cycling myeloma cells represent 
a small proportion of the total malignant cells, normally 0.5 percent on 
average,*!*"3!” with few patients with a labeling index of more than 5 
percent.*'*?!9 This value has been proposed as a myeloma prognostic 
marker, as patients with a labeling index of more than 0.5 percent at 
diagnosis have a shorter event-free survival (EFS) and OS.*"* 


RENAL DISEASE 


Increased creatinine levels (>1.5 to 2.0 mg/dL) occur in 30 to 50 percent 
of myeloma patients at diagnosis, while overt renal failure requiring 
hemodialysis affects up to 10 percent of patients.” Renal insufficiency 
is related to two major causes: myeloma cast nephropathy (also called 
light-chain cast nephropathy or myeloma kidney) and hypercalce- 
mia.™ In myeloma cast nephropathy, the tubular absorptive capacity 
for light chains is overwhelmed, leading to the formation in the distal 


Normal Abnormal Normal Abnormal 
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Figure 107-12. Common fluorescence in situ hybridization (FISH) abnor- 
malities in myeloma. A. t(4;14). B. t(11;14). C. Deletion 13. D. Deletion 17p. 


convoluted tubule (DCT) of the nephron of tubular casts. These tubu- 
lar casts derive from the binding of precipitated light chains to Tam- 
m-Horsfall mucoprotein (uromodulin) and can obstruct the DCT and 
parts of the ascending loop of Henle, initiating a giant cell reaction 
which leads to interstitial inflammation and fibrosis (interstitial nephri- 
tis).*™ The cast formation rate is strongly related to the urinary free-light 
chain concentration, which can be estimated by the amount of total pro- 
teinuria, based on the 24-hour urine collection or the serum light chain 
values. Conversely, the urine dipstick may be negative for protein as 
immunoglobulin light chains are often not detected by this technique. 
Lambda light chains tend to be more nephrotoxic than the x type and 
renal impairment can be present with minimal A light-chain secretion. 
Hypercalcemia (calcium >11 mg/dL), the second cause of nephrop- 
athy, is present in 15 percent of patients at diagnosis. Hypercalcemia 
creates volume depletion, natriuresis, and renal vasoconstriction, with 
an increased risk of prerenal azotemia; moreover, it can lead to intratu- 
bular calcium deposition, increasing the toxicity of filtered light chains 
or cause a reversible form of nephrogenic diabetes insipidus.*” Light- 
chain glomerulopathy is caused by the deposition of immunoglobulins 
either in the form of amyloid or nonamyloid. In AL amyloidosis, light- 
chain immunoglobulin proteinuria is associated with glomerular dam- 
age, resulting into an overt nephrotic syndrome (Chap. 108). Light 
chains are converted into insoluble fibrils or granular deposits inside 
the mesangial cells causing Congo red-positive amyloid accumulation, 
localized predominantly in the glomeruli. Vascular and tubular amy- 
loid deposits are less common, but can cause narrowing of the vascular 
lumens or tubular dysfunction such as type 1 (distal) renal tubular aci- 
dosis or nephrogenic diabetes insipidus.** AL amyloidosis with renal 
dysfunction is more common in patients with A light-chains, especially 
those with A VI light-chain subgroup.’ Kappa chains or heavy-chain 
fragments can form Congo red-negative nonfibrillar deposits with lin- 
ear involvement of the basement membrane, in a condition called LCDD 
or, more generally, monoclonal immunoglobulin deposition disease 


Chapter 107: Myeloma 


T or | at 
AG X¥ SO 2S aw RE Bs 


È è me: à 
ĝa 68 6h 
13 14 15 


a 


x a 


19 


i] à i 
20 à ë 


16 17 18 


22 Y 
61.0 x 96.0 


Figure 107-13. Abnormal karyotype in myeloma. Deletion of del(13)(q14q31). 


(MIDD). The clinical presentation of LCDD is heralded by development 
of the nephrotic syndrome followed by renal failure or acquired Fan- 
coni syndrome (more often associated with x light-chain deposition). In 
these deposition diseases, the urine dipstick for protein is positive, as a 
result of the glomerular leakage of albumin.***™ Renal enlargement can 
be caused by AL amyloidosis (Chap. 108) or, less commonly, by renal 
plasmacytomas.*” Renal vein thrombosis, hyperviscosity, dehydration, 
use of nephrotoxic drugs (antibiotics, nonsteroidal antiinflammatory 
drugs, imaging contrast agents—especially when rapidly infused),*”” 
hyperuricemia, or type I cryoglobulinemia can all induce or aggravate 
renal impairment in myeloma patients. Bisphosphonates, in particular, 
should be infused slowly, at adjusted doses, based on creatinine values. 
Renal biopsy is usually unnecessary, unless nephrotic syndrome is pres- 
ent. However, if systemic amyloidosis or, less likely, LCDD, is suspected, 
a subcutaneous fat aspirate or rectal biopsy should be performed first 
and tested for amyloid deposits.*”° Renal biopsy specimens should be 
processed fresh-frozen to allow for immunofixation studies, including 
electron microscopy and Congo red staining for amyloidosis. Support- 
ive care associated with prompt initiation of antimyeloma treatment is 
the cornerstone of the management of renal impairment in myeloma. 
To correct hypercalcemia, aggressive hydration, use of calcitonin and a 
slow infusion of one single dose of a bisphosphonate is applied. Cytore- 
ductive chemotherapy should be started as soon as possible. Rapid 
removal of light chains by plasma exchange is a controversial technique; 
the introduction of high cut-off hemodialysis, which employs novel 
dialysis filters capable of clearing away free-light chains, is showing 
promising results and improved patient outcomes. ??8-330 

In general, myeloma renal impairment is reversible in approxi- 
mately 50 percent of patients. Conversely, amyloid- and LCDD-related 
renal impairment tends to be stable or progressive. Patients presenting 
in acute renal failure have a high early mortality, with up to 30 percent 
dying within the first months. Improvements in renal function rarely 


occur after 6 months from diagnosis. Renal dysfunction is a negative 
prognostic factor, results in use of suboptimal therapies, longer hos- 
pitalization, and an increased risk of infection. Hence, patients who 
recover normal kidney function have a better outcome compared to 
those who do not.?®!-33 


PAIN 


Back or chest bone pain as result of vertebral or rib fractures at sites of 
osteopenia or from lytic bone lesions is present at the time of diagnosis 
in approximately 60 percent of patients.” The pain is usually worse with 
movement and at night. Pathologic fractures of long bones can ensue as 
well. Kyphosis or reduction of patient’s height is another common fea- 
ture. Localized pain can also derive from focal plasmacytomas, present- 
ing as expanding masses compressing the spinal cord or nerve roots. 
Amyloid deposits can provoked painful mass effects, when localizing 
into nerve sheaths, as in amyloid-associated carpal tunnel syndrome.” 


INFECTIONS 


Myeloma patients are at an increased risk for infections that represent 
a leading cause of morbidity and mortality. Several aspects contrib- 
ute to infection risk, including immune dysfunction in the innate and 
adaptive immune systems,*» extrinsic factors, like type and duration of 
therapy (e.g., cytotoxic agents, glucocorticoids, lenalidomide, autolo- 
gous/allogeneic hematopoietic stem cell transplantation), and physical 
factors, such as age, coexisting comorbidities, hypoventilation second- 
ary to pathologic fractures, indwelling vascular catheters and impaired 
mucosal integrity. A broad immune dysfunction involving B lympho- 
cytes, T lymphocytes, NK cells, and dendritic cells is noted in myeloma 
patients.” Specifically, myeloma cells or BMSCs can produce a series 
of immunologically molecules, such as TGF-f, IL-10, and IL-6. TGF-8 


and IL-10 suppress IL-2 autocrine pathways, blocking T-cell antitumoral 
responses***° and stimulate T-regulatory cell proliferation.™ Moreover, 
these cytokines sustain the immature phenotype of dendritic cells, highly 
specialized antigen-presenting cells (Chap. 21), reducing their expres- 
sion of costimulatory molecules (HLA-DR, CD40, and CD80 antigens) 
and thereby their antigen stimulatory capacity.*” IL-6 also inhibits den- 
dritic cell production from CD34+ progenitor cells.’ Normal CD19+ B 
lymphocytes at early and late stages are suppressed in myeloma, result- 
ing in hypogammaglobulinemia, inversely correlating with the disease 
stage.*# B-cell dysfunction in myeloma can be related to TGF-f effects, 
lack of stimulatory signals from helper T cells, and altered gene expres- 
sion. Hypogammaglobulinemia is particularly responsible for a myeloma 
patients’ susceptibility to encapsulated organisms, such as Streptococcus 
pneumoniae and Haemophilus influenzae. T-cell subsets are also abnor- 
mal, with inversion of the CD4:CD8 ratio’ and T-helper type 2 (Th2) 
cell-type skewing.* Moreover, global T-cell receptor (TCR) diversity is 
reduced, with the presence of oligoclonal expansions of CD4+ and CD8+ 
T cells and TCR signaling is compromised*****”; yôT cells and NK cells 
are also aberrant in myeloma. The presence of decreased B cell or T cell 
counts can negatively impact survival.** 6,M is the invariant chain of 
the major histocompatibility (MHC) class 1 molecule, which is shed by 
myeloma cells. Its levels correlates with tumor burden and are impor- 
tant for patient staging using the International Staging System (ISS)? 
(see section Staging below). B,M induces IL-6, IL-8, and IL-10 produc- 
tion and activation of STAT3. However, it also has immunosuppressive 
functions, by reducing surface expression of CD83, HLA-ABC, costim- 
ulatory molecules, and adhesion molecules on dendritic cells, impairing 
stimulatory dendritic-allospecific T-cell responses by inactivation of Raf/ 
MEK/ERK cascade and NF-«B in dendritic cells. Vaccines, prophylac- 
tic antibiotics or antivirals, and intravenous immunoglobulin are pre- 
ventative measures apt to decrease infections among myeloma patients. 
Yearly influenza vaccines and a single pneumococcal vaccine at diagno- 
sis is recommended, as myeloma patients can still mount a suboptimal 
immunologic response. Antiviral prophylaxis (e.g., acyclovir 400 mg 
twice daily or valacyclovir 500 mg once daily) is mandatory in patients 
treated with bortezomib combined with glucocorticoid regimens to 
prevent herpes zoster. Antibiotic prophylaxis is controversial. A study 
where patients were randomized on a 1:1:1 basis to receive either a daily 
quinolone, trimethoprim-sulfamethoxazole, or placebo for the first 2 
months of treatment did not show a decreased incidence of serious infec- 
tion (more severe than grade 3 and/or requiring hospitalization) nor of 
any infection within the first 2 months of treatment or any improvement 
in response rate or OS.*° However, antibiotic prophylaxis with cipro- 
floxacin or trimethoprim-sulfamethoxazole might be still beneficial in 
selected patients, such as those patients with a history of repeated infec- 
tions, those receiving more intense regimens or those with persistently 
low CD4+ counts to prevent Pneumocystis carinii pneumonia or other 
infections. Intravenous immunoglobulin (IVIG) infusion may be con- 
sidered in patients with recurrent, serious infections despite antibiotic 
prophylaxis. 


NEUROPATHY 


Local myeloma growth can cause polyneuropathy by spinal cord or 
peripheral nerve compression, even though polyneuropathy is not a 
common presenting symptom, unless in the context of perineuronal or 
perivascular (vasa nervorum) amyloid deposition.** POEMS syndrome, 
or osteosclerotic myeloma, is an exception, where complete polyneuropa- 
thy is practically always present along with organomegaly, endocrinopathy, 
monoclonal gammopathy, and skin changes.**!**? The pathogenesis of 
POEMS syndrome is largely unknown, but chronic overproduction of 
proinflammatory cytokines, such as VEGE plays a major role. 
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HYPERVISCOSITY 


Less than 10 percent of myeloma patients develop signs of hypervis- 
cosity syndrome, a condition that manifests in 10 to 30 percent of 
patients with Waldenström macroglobulinemia (Chap. 109), because 
monoclonal IgMs display a higher intrinsic viscosity than other immu- 
noglobulins.****** Cutaneous or mucosal bleeding is very common in 
hyperviscosity syndrome, together with blurred vision, headache, ver- 
tigo, dizziness, nystagmus, deafness, and ataxia. Circulatory problems, 
affecting cerebral, pulmonary and renal circulation can rarely ensue in 
the presence of high blood viscosity (see “Hyperviscosity Syndrome” 
in Chap. 109). Relative serum viscosity but not serum immunoglob- 
ulin levels correlates with onset and extent of clinical symptoms. Based 
on the specific physicochemical properties of classes and subclasses of 
immunoglobulins (Chap. 75), up to one-quarter of patients with IgA 
myeloma can have blood hyperviscosity as a result of the tendency of 
IgA to form dimers or polymers.’ Patients with IgG, subclass mye- 
loma, whose immunoglobulins have higher propensity to aggregate, can 
also manifest with hyperviscosity syndrome.*** 


PLASMA CELL LEUKEMIA AND 
EXTRAMEDULLARY DISEASE 


Plasma cell leukemia (PCL) is diagnosed when more than 2000 mye- 
loma cells/uL are present in the blood or plasmacytosis accounts for 
greater than 20 percent of the differential white cell count. PCL is rarely 
manifest at the time of primary presentation and more commonly 
arises from preexisting myeloma as end-stage disease. In this case, 
tumor cells have become microenvironment-independent and accumu- 
late in the marrow, but also recirculate in the blood (extramedullary 
disease).*° However, low levels of circulating plasma cells can be 
detected in the majority of myeloma patients. By definition, extramed- 
ullary disease (EMD) is the presence of a clonal plasmacytic infiltrate 
outside the marrow. Specifically, it is now considered EMD only if the 
infiltrate is present at anatomic sites distant from the bone or adjacent 
soft tissue, hence excluding cases where soft-tissue masses arise in con- 
tiguity with the marrow.*® Indeed, in true EMD, plasma cells have an 
immature, plasmablastic morphology and have a high proliferative 
index. According to different clinical trials, 6.0 to 7.5 percent of patients 
screened with magnetic resonance imaging (MRI) or positron emission 
tomography-computed tomography (PET-CT) have EMD at the time 
of diagnosis.*** Extramedullary masses can localize to several organs, 
including liver, lymph nodes, spleen, kidneys, breasts, pleura, meninges, 
and cutaneous sites, and are inevitably associated with elevated levels of 
LDH*® and a poor response to treatment.*” °° Leptomeningeal mye- 
lomatosis with abnormal cerebrospinal fluid findings is rare but can 
manifest at advanced stage.” EMD cells are often CD56- or '", and 
present t(4;14) and del(17p) more commonly,*”°” together with TP53 
mutations, TP53 nuclear localization,''’’” or high expression levels of 
focal adhesion kinase (FAK1).*” Additionally, it has been speculated 
that high-dose melphalan and modern salvage therapies can artificially 
increase the incidence of EMD as a result of longer duration of treat- 
ment, emergence of dormant cells, and poor penetration of the drugs to 
sanctuary sites like the central nervous system.*” 


SPINAL CORD COMPRESSION 


Spinal cord compression can result from an extramedullary plasmacy- 
toma or vertebral fracture and present acutely with severe back pain 
alongside with weakness or paresthesias of the lower extremities, or 
bladder/bowel incontinence. It should be considered a medical emer- 
gency, evaluated with MRI, and promptly treated with a combina- 
tion of local radiotherapy, decompressive laminectomy, and systemic 


chemotherapy to avoid permanent deficits. Specifically, local radiother- 
apy using less than 30 Gy is potentially curative, in the presence of a 
solitary plasmacytoma; in patients with systemic disease, the DT-PACE 
regimen, which combines high-dose dexamethasone pulsing, as part 
of the combination with oral dexamethasone, daily thalidomide, and 4 
days of continuous-infusion cisplatin, doxorubicin, cyclophosphamide, 
and etoposide, can provide effective treatment and should be followed 
by local radiation in the absence of symptom relief and lack of tumor 
shrinkage. If a singular vertebral collapse is evident without plasmacy- 
toma, decompressive laminectomy is the treatment of choice. 


@ INITIAL EVALUATION OF THE PATIENT 
WITH MYELOMA 


Minimal evaluation requirements include a complete blood count 
with differential white cell count; examination of a blood film for the 
presence of rouleaux and circulating myeloma cells; a comprehensive 
serum metabolic panel for the detection of hypercalcemia, renal failure, 
serum $,M, C-reactive protein, and elevation of LDH (Table 107-4). 
Myeloma protein studies should include serum protein electrophoresis 
to quantitate the serum protein electrophoretic pattern in combination 
with nephelometric quantitation of immunoglobulin levels, serum-free 
light-chain assay, and a 24-hour urine collection to quantitate 24-hour 
total urinary protein and determine specific urinary proteins, such as 
light chains or Bence Jones protein, using urine electrophoresis. 
Immunofixation of serum and urine is needed for the immuno- 
globulin heavy- and light-chain isotype determination. Serum-free 
light-chain assay is of particular use in the monitoring of patients with 
a plasma monoclonal immunoglobulin, the diagnosis and monitoring 
of patients who would otherwise be considered to have nonsecretory 
myeloma, and patients who only have light-chain proteinuria. Marrow 
aspiration and biopsy should include genetic studies (FISH and cyto- 
genetics) and flow cytometry. Newer modalities such as mutational 
profiling and gene expression studies are being undertaken but are not 
yet standard of care tests. Radiographic examination usually comprises 
a metastatic bone survey to detect vertebral compression fractures, 


TABLE 107-4. Assessment of Myeloma 


Complete blood count and differential count; examination of 
blood film 


Chemistry screen, including calcium, creatinine, lactate dehydro- 
genase, BNP, proBNP 


B,-Microglobulin, C-reactive protein 


Serum protein electrophoresis, immunofixation, quantification of 
immunoglobulins, serum-free light chains 


24-Hour urine collection for protein electrophoresis, immunofixa- 
tion, quantification of immunoglobulins, including light chains 


Marrow aspirate and trephine biopsy with metaphase cytogenet- 
ics, FISH, immunophenotyping; gene array, and plasma cell label- 
ing index (if available) 


Bone survey and MRI; PET-CT (if available) 


Echocardiogram with assessment of diastolic function and mea- 
surement of interventricular septal thickness; EKG (if amyloidosis 
suspected) 


BNP, brain natriuretic peptide; CT, computed tomography; EKG, elec- 
trocardiogram; FISH, fluorescence in situ hybridization; MRI, magnetic 
resonance imaging; PET, positron emission tomography; proBNP, 
prohormone B-type natriuretic peptide. 
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osteopenia, and impending fractures of long bones and pelvis. MRI and 
PET-CT are more sensitive than the bone survey, and better capture 
early bone disease, the extent of bone disease, and EMD. Both MRI and 
PET-CT findings have important prognostic implications.” These 
tests are now being used more frequently specifically in smoldering 
multiple myeloma (SMM) patients. Assessment of the heart by echocar- 
diogram and electrocardiogram is useful in the right clinical context to 
detect cardiac amyloidosis and/or LCDD, and, in selected cases, cardiac 
MRI may be helpful to demonstrate myocardial infiltration. Measure- 
ment of brain natriuretic peptide and N-terminal prohormone B-type 
natriuretic peptide are useful screening tests to detect cardiac dysfunc- 
tion caused by amyloidosis or LCDD. 


STAGING 


Multiple attempts have been made to define clinical and laboratory 
parameters that have prognostic significance in myeloma.”*'*””*” Of the 
many staging systems, the Salmon-Durie staging system was histori- 
cally the most commonly used, however, it has been replaced by newer 
staging systems, which reflect better myeloma biology.*” The Salmon- 
Durie system relates myeloma cell mass to the extent of bony disease, 
hemoglobin, and calcium levels, and the monoclonal immunoglobulin 
levels in serum and urine (Table 107-5). However, measurement of 


TABLE 107-5. Assessment of Myeloma Tumor Mass 
(Salmon-Durie) 


High tumor mass (stage Ill) (>1.2 x 10'2 myeloma cells/m?)* 
One of the following abnormalities must be present: 

A. Hemoglobin <8.5 g/dL, hematocrit <25% 

B. Serum calcium >12 mg/dL 


C. Very high serum or urine myeloma protein production 
rates: 


1. IgG peak >7 g/dL 
2. IgA peak >5 g/dL 
3. Urine light chains >12 g/24h 


D. >3 lytic bone lesions on bone survey (bone scan not 
acceptable) 


. Low tumor mass (stage 1) (<0.6 x 10'? myeloma cells/m?)* 


All of the following must be present: 
A. Hemoglobin >10.5 g/dL or hematocrit >32% 
B. Serum calcium normal 
C. Low serum myeloma protein production rates: 
1. IgG peak <5 g/dL 
2. IgA peak <3 g/dL 
3. Urine light chains <4 g/24h 
D. No bone lesions or osteoporosis 


Intermediate tumor mass (stage II) (0.6 to 1.2 x 10'? myeloma 
cells/m?)* 


All patients who do not qualify for high or low tumor mass cat- 
egories are considered to have intermediate tumor mass 


A. No renal failure (creatinine <2 mg/dL) 
B. Renal failure (creatinine >2 mg/dL) 


*Estimated number of neoplastic plasma cells. 


Reproduced with permission from Durie BG, Salmon SE: A clinical stag- 
ing system for multiple myeloma. Correlation of measured myeloma 
cell mass with presenting clinical features, response to treatment, and 
survival. Cancer 1975 Sep;36(3):842-854. 


TABLE 107-6. International Staging System 
BM <3.5 

ALB 23.5 

BLM <3.5 

ALB <3.5 

or 

B,M3.5 to 5.5 
B,M>5.5 


Stage |: 


Stage Il: 


Stage Ill: 


ALB, serum albumin in g/dL; 6,M, serum B,-microglobulin in mg/L.”*! 
Data from Greipp PR, San Miguel J, Durie BG, et al: International 


staging system for multiple myeloma. J Clin Oncol 2005 May 
20;23(15):3412-3420. 


bone disease by skeletal survey in myeloma is observer-dependent and 
potentially subjective. 

The ISS is based on two widely available parameters—serum $,M 
and albumin—and recognizes three stages (Table 107-6). Stage I is 
defined by 8,M less than 3.5 mg/L and albumin 3.5 g or greater/100 mL; 
stage ITI is characterized by a 8,M of 5.5 mg or greater/L.”*! The interme- 
diate stage II has features of neither stage I nor III. 8,M correlates with 
tumor mass and impairment in renal function, whereas a low albumin 
reflects the effect of IL-6 produced by the microenvironment of mye- 
loma cells on the liver.**°°* The different ISS stages were predictive of 
outcome in an analysis of more than 11,000 patients receiving either 
standard therapies or melphalan-based high-dose therapy followed by 
autologous hematopoietic stem cell transplantation (auto-HSCT; Table 
107-7). Although predictive of outcome, several shortcomings of the 
ISS include lack of accounting for cytogenetics and bone disease in 
patients. 


IMAGING STUDIES 


Imaging studies are an essential part of the diagnosis and manage- 
ment of myeloma. The standard of care in the initial staging of newly 
diagnosed myeloma is a complete skeletal survey, which includes a 
posteroanterior view of the chest; anteroposterior and lateral views of 
the cervical spine, thoracic spine, lumbar spine, humeri, femora, and 
skull; as well as, an anteroposterior view of the pelvis. Approximately 


Part XI: Malignant Lymphoid Diseases 


Figure 107-14. Plain x-rays of osteolytic lesions. Osteolytic lesions 
captured on plain x-rays or skeletal survey. A. Right humerus. B. Right 
femur. C. Right radius. 


80 percent of patients with myeloma will have radiologic evidence of 
bone involvement on skeletal survey. Although widely employed, this 
modality has limitations. Roentgenographically detectable osteolytic 
lesions require at least 50 to 70 percent loss of bone mass,** and hence 
represent advanced bone destruction. Conventional x-rays have lim- 
ited sensitivity and, consequently, may miss between 10 and 20 percent 
of early lytic lesions. In addition, reproducibility of skeletal survey 
results is low and dependent on the expertise of the reveiwer.** Another 
limitation of plain x-rays is that they cannot be used to assess response 
to therapy as lytic lesions seldom show evidence of healing.**° Although 
skeletal survey remains the gold standard for the initial evaluation of 
myeloma, there are limitations to this modality that necessitate the use 
of additional imaging modalities (Fig. 107-14). 

MRI is widely used in both newly diagnosed and relapsed mye- 
loma and in the event of suspected cord compression. Whole-body MRI 
can give complementary information to skeletal survey and is recom- 
mended in patients with normal plain radiography, particularly when 
symptoms are present. Numerous studies demonstrate superior sensi- 
tivity of MRI when compared to both skeletal survey**** and whole- 
body multidetector computed tomography (MDCT).*” MRI also has 


TABLE 107-7. Novel Agent Induction for Newly Diagnosed Transplant-Eligible Patients 


Study Regimen No. of Patients Cr/nCR (%) ORR (%) Outcome 
Rajkumar et al.*"* RD 223 18 79 OS 96% on Rd vs. 87% on 
RD at 1-year 
Rd 222 14 68 
Harousseau et all.°* VAD 121 6.4 62.8 PFS 36 mo Bd vs. 30 mo 
VAD at 32 mo 
Bd 121 14.8 78.5 
Reeder et all.°? CyBorD 33 39 88 N/A 
Richardson et al.*7® RVD 66 39 100 OS 97% at 18 mo 
Jakubowiak et al." CRD 53 62 98 PFS 92% at 24 mo 


Bd, bortezomib, low-dose dexamethasone; CRD, carfilzomib, lenalidomide, dexamethasone; CyBorD, cyclophosphamide, bortezomib, dex- 
amethasone; N/A not available; OS-overall survival; PFS-progression free survival; RD, lenalidomide, high-dose dexamethasone; Rd, lenalido- 
mide, low-dose dexamethasone; RVD, lenalidomide, Velcade, dexamethasone; VAD, vincristine, Adriamycin, dexamethasone. 
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Figure 107-15 A.T2-weighted axial imaging of thoracic spine. Myelomatous lesion involves T11 vertebral body and extends into left posterior ele- 
ments. B. T1-weighted sequencing. Sagittal view of thoracic spine demonstrating diffuse marrow replacement. C. T2-weighted sequencing. Sagittal 
view of thoracic spine. At T10, there is extraosseous extension of soft tissue within the paravertebral space on the right as well as the ventral epidural 
space and right lateral epidural space. Soft tissue extends laterally to partly efface the right T10-11 neural foramen. 


the ability to discriminate myeloma from normal marrow. Specifically, 
MRI allows visualization of the medullary cavity and thus direct assess- 
ment of the extent of myeloma cell infiltration of the bone.*”! In the event 
of suspected spinal cord compression, MRI is the imaging modality of 
choice for its ability to provide an assessment of the level and extent of 
cord compression, the size of the tumor mass, and the extent to which 
it is compressing the epidural space (Fig. 107-15). In the event that 
MRI is unavailable or contraindicated, urgent CT may be used for the 
evaluation of a potential cord compression. 

PET, particularly in combination with CT, can be used for the 
detection of active myeloma. Multiple studies demonstrate that PET-CT 
is able to detect lesions at least 1 cm in diameter using a standard 
uptake value (SUV) cutoff of 2.5 to indicate the presence of disease.” 
The limitation of this technology is that subcentimeter lesions may not 
be detected.** In a prospective study comparing PET-CT, MRI, and 
whole-body x-rays in newly diagnosed myeloma patients, PET-CT was 
superior to plain films in 46 percent of patients, including 19 percent 
with negative x-rays. However, PET-CT scans of the spine and pelvis 


failed to show abnormalities in 30 percent of patients in whom MRI 
had demonstrated an abnormal pattern of marrow involvement. On the 
other hand, PET-CT identified myelomatous lesions in areas that were 
out of the field of view of MRI in 35 percent of patients. The combina- 
tion of these two modalities proved the most powerful with a detection 
rate of as high as 92 percent.*” In a multivariate analysis, the same group 
also showed that persistent PET-CT positivity before and after primary 
therapy and subsequent high-dose therapy, is a predictor of prognosis 
in patients with symptomatic myeloma (Fig. 107-16).*°° CT, PET-CT, 
and MRI can be used for the diagnosis and assessment of soft-tissue 
masses. 


@ DIFFERENTIAL DIAGNOSIS 


If the initial laboratory evaluation indicates the presence of a monoclo- 
nal immunoglobulin in serum and/or urine, the finding requires further 
studies to distinguish among (1) MG; (2) solitary plasmacytoma of bone 
or soft tissue; (3) indolent myeloma; (4) immunoglobulin deposition 


Figure 107-16. Positron emission tomography—computed tomogra- 
phy (PET-CT) imaging before (A) and after (B) initial therapy for newly 
diagnosed myeloma with interval resolution of fluorodeoxyglucose 
uptake. 


diseases, such as primary amyloidosis or LCDD; and (5) symptomatic or 
progressive myeloma.**” Table 107-5 lists the important studies that can 
be done to distinguish among these possibilities. Tables 107-1 through 
107-4 indicate the findings of symptomatic myeloma. The International 
Myeloma Working Group has developed new standardized diagnostic 
criteria that have been widely adopted.’ 


@THERAPY 


MANAGEMENT OF NEWLY DIAGNOSED 
MYELOMA 


Myeloma therapy is in a period of dynamic change. The years since 
1996 have seen dramatic advances in the treatment of myeloma, begin- 
ning with the publication of a randomized trial investigating the use 
of high-dose melphalan and autologous stem cell transplant in 1996, 
followed by the introduction of IMiDs thalidomide, lenalidomide,*” 
and pomalidomide,"” and the proteasome inhibitors bortezomib’ and 
carfilzomib.**“°> With these new treatments, the 5-year relative survival 
rate has increased in the Surveillance Epidemiology and End Results 
(SEER) database from 28.8 percent from the period of 1990 to 1992 
to 34.7 percent in years 2002 to 2004 to 40.3 percent in years 2003 to 
2007.4447 Previously, most of the survival benefit observed was in 
younger patients, but one analysis showed that patients older than the 
age of 70 years were deriving benefit as well.64 Table 107-7 lists novel 
agents and combinations currently used for induction in transplant-eli- 
gible patients with newly diagnosed myeloma. 


High-Dose Therapy 

Every newly diagnosed myeloma patient should be assessed for fitness 
to undergo auto-HSCT. Although some centers use an age cutoff (usu- 
ally age 65 years or younger), it is reasonable to take performance status, 
organ function, and comorbidities into account, rather than age, when 
deciding whether a patient is eligible. The rationale for the administra- 
tion of high doses of alkylating agents (melphalan) followed by trans- 
plantation of syngeneic, allogeneic, and autologous marrow or blood 
progenitor cells (PBPCs), is based on the fact that myeloma is uniformly 
fatal and myeloma cells have demonstrated a dose-response curve to 
chemotherapy with a high proportion of patients achieving complete 
responses when higher doses of therapy are given. 


High-dose chemoradiotherapy followed by transplantation of 
either autologous marrow or PBPCs has achieved high (40 percent) com- 
plete response (CR) rates, but the median duration of these responses 
has been only 2 to 3 years. The Intergroupe Francais du Myelome (IFM 
90), a national French study, first demonstrated the efficacy of auto- 
HSCT over conventional chemotherapy in 200 myeloma patients.*” 
Several randomized trials and case-controlled studies have been per- 
formed and the results have been variable. For example, the Medical 
Research Council (MRC) randomized study confirmed a 12-month 
survival benefit for the transplanted arm.‘ In contrast, the U.S. Inter- 
group randomized trial was unable to confirm the benefits of transplan- 
tation.“ Despite the use of aggressive approaches like transplantation, 
few, if any, patients are cured. To improve upon the results of high-dose 
chemotherapy, the French group has compared single versus double 
autografts and their data suggest that two sequential transplants may 
benefit a subset of patients with myeloma who did not achieve a com- 
plete remission after the first transplant.“ This question is also being 
addressed by the ongoing phase III, multicenter trial of single autolo- 
gous transplant with or without consolidation therapy versus tandem 
autologous transplant with lenalidomide maintenance (BMT CTN 
0702). 


Novel Agents 

Beginning in the 1980s, the combination of vincristine, doxorubicin 
(Adriamycin), and dexamethasone (VAD) was used as the standard 
induction chemotherapy, but has been replaced by the advent of novel 
drugs.” Highly active regimens using IMiDs and proteasome inhib- 
itors have replaced VAD. Two studies combined thalidomide with 
dexamethasone as initial therapy for myeloma and achieved rapid 
responses in two-thirds of patients, allowing for successful harvesting of 
blood stem cells for transplantation.*""* Thalidomide/dexamethasone 
has been compared with VAD and with dexamethasone, as initial ther- 
apy for patients prior to collection of autologous stem cells and trans- 
plantation. In a case-control analysis, Cavo and colleagues showed that 
thalidomide/dexamethasone achieved higher overall response rates"? 
whereas a randomized phase III (Eastern Cooperative Oncology Group 
[ECOG]) trial showed statistically significantly higher response rates 
for thalidomide/dexamethasone than dexamethasone-treated patient 
cohorts.” This study provided the rationale for FDA approval of this 
regimen for initial treatment of myeloma. Moreover, early studies show 
91 percent responses, including 6 percent complete and 32 percent near 
complete/very good partial responses to lenalidomide combined with 
dexamethasone. 

Based on these promising results, a phase III trial in the United 
States headed by ECOG investigated the role of lenalidomide and dex- 
amethasone in newly diagnosed myeloma. The study design allowed 
all patients to stay on-study for the first four cycles only for response 
assessment, after which patients could go off-study to proceed with 
stem cell transplantation. Published safety data from this trial found 
that combining lenalidomide with the low-dose dexamethasone regi- 
men was preferable to the combination with high-dose dexamethasone, 
with a reduction in grade 3 or higher nonhematologic adverse events 
at (48 percent vs. 65 percent), including thromboembolism (12 per- 
cent vs. 26 percent), and infections (9 percent vs. 16 percent) in the two 
treatment arms of the trial.*!* The low-dose dexamethasone-containing 
regimen did lead to an increased occurrence of grade 3 or greater neu- 
tropenia (20 percent vs. 12 percent). Importantly, the combination with 
low-dose dexamethasone had a survival benefit over combination with 
high-dose dexamethasone, with a 1-year OS of 96 percent and 87 per- 
cent, respectively.***5 Prophylaxis against clotting with aspirin, Cou- 
madin, or subcutaneous heparin, is needed when patients are treated 
with lenalidomide therapy.” 


One study examined single-agent bortezomib“ and a second 
tested bortezomib combined with dexamethasone as initial therapy“; 
in both studies, high frequency and extent of response were noted. 
In the phase I/II trials, the safety and efficacy of the combination of 
lenalidomide, bortezomib, and dexamethasone (RVD) were demon- 
strated.“ The benefits of combination therapy with RVD as first-line 
therapy were documented in two phase II trials—the IFM 2008 trial 
and the EVOLUTION trial.*!**”° The overall response rate (ORR) after 
induction in the IFM trial was 97 percent (13 percent sCR, 16 percent 
CR, and 54 percent very good partial response [VGPR] or better). The 
EVOLUTION trial was designed to compare RVD with cyclophos- 
phamide, bortezomib, and dexamethasone (CyBorD) in a randomized, 
multicenter setting. The ORR for the RVD arm after primary treatment 
followed by maintenance with bortezomib for four 6-week cycles was 85 
percent (24 percent CR, 51 percent VGPR or better). 

Carfilzomib is a second-generation proteosome inhibitor that 
binds to the proteasome in a highly selective and irreversible fashion. 
Although the drug was initially approved only for relapsed or refractory 
myeloma, carfilzomib is now being studied in the upfront setting.“” In 
a dose-escalation study, the combination of carfilzomib, lenalidomide, 
and dexamethasone (CRD) has been evaluated at carfilzomib doses of 
20, 27, and 36 mg/m’ given on days 1, 2, 8, 9, 15, and 16 for eight cycles 
followed by days 1, 2, 15, and 16 with subsequent cycles. Lenalidomide 
was given at a dose of 25 mg on days 1 to 21 and dexamethasone at 40 
mg weekly for cycles one to four, then 20 mg weekly for cycles five to 
eight, with cycles of 28 days.*” After eight cycles, patients received the 
regimen every other week for eight cycles. After 24 cycles, maintenance 
with lenalidomide was recommended off-study. After a median of 12 
cycles, 62 percent achieved at least a near CR and 42 percent a sCR. The 
24-month PFS was estimated to be 92 percent. The toxicity profile was 
acceptable and notable for limited peripheral neuropathy. 

Doublet, and especially triplet, regimens of novel drugs in combi- 
nation with dexamethasone can induce complete remission rates com- 
parable to transplantation regimens.***” Examples of modern regimens 
include doublet combinations of lenalidomide and dexamethasone and 
bortezomib and dexamethasone, as well as, the triple combination of 
RVD, CyBorD, and CRD. 

Combinations that include alkylating agents should be avoided as 
damage to normal hematopoietic stem cells can be incurred, which may 
render it impossible to collect stem cells for auto-HSCT.* Lenalido- 
mide may also hamper the collection of stem cells, although stem cell 
mobilization with growth factors and chemotherapy may overcome the 
myelosuppressive effects of lenalidomide.***” The number of cycles of 
treatment, especially with lenalidomide-containing regimens is limited 
to roughly four cycles before stem cell collection, as additional cycles 
may compromise stem cell harvesting.”*8 

Combination therapy with novel drugs achieves complete remission 
rates comparable to those obtained with auto-HSCT. This has led to the 
design of ongoing studies that compare novel agents followed by auto- 
HSCT with novel agents followed by delayed auto-HSCT following disease 
relapse. Novel agents seem to be able to overcome some of the cytogenetic 
adverse prognostic factors such as del 13, t(4;14), and del 17p. However, it 
is premature to abandon auto-HSCT as the followup of clinical trials with 
new agents is too short to determine whether increased complete remis- 
sion rates will translate into durable remissions and EFS and OS. Complete 
remission rates as a surrogate marker for eventual outcome may prove to be 
inadequate. NCT01208662 is a phase III, multicenter randomized trial of 
RVD versus high-dose treatment with stem cell transplantation (SCT) for 
myeloma patients up to age 65 years, which was designed to address this 
question of the role of autologous transplantation in the context of novel 
drugs. It is likely that autologous transplantation will add to the benefits 
noted with new drugs. 
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THERAPY FOR THE 
TRANSPLANTATION-INELIGIBLE PATIENT 


The traditional age limit for auto-HSCT has been 65 years, although 
older patients should be considered for transplantation provided good 
organ function is present. Physiologic rather than chronologic age is 
more suitable for determining transplantation eligibility (Chap. 14). 

Oral administration of melphalan and prednisone (MP) has 
been the standard of care for more than 5 decades in elderly myeloma 
patients. This form of therapy produces objective response in 50 to 60 
percent of patients. The shortcomings of MP have stimulated investi- 
gators to use many combinations of chemotherapeutic agents. Several 
different combinations have been tested and two large overviews of 
more than 10,000 patients have demonstrated that MP had equivalent 
efficacy and survival to combination chemotherapy.” ** Consequently, 
MP remains a very reasonable treatment strategy for elderly myeloma 
patients. A number of new approaches promise to be improvements 
over MP, however. Palumbo and colleagues have incorporated the use of 
thalidomide in combination with MP in newly diagnosed patients with 
myeloma who are older than age 65 years.**! The addition of thalidomide 
resulted in a 76 percent complete or partial response rate compared to 
47 percent in the MP arm. This translated into a doubling of the 2-year 
EFS to 54 percent from 27 percent. Based on these data, melphalan, 
prednisone, and thalidomide (MPT) emerged as the standard of care 
for transplantation-ineligible patients. However, all studies showed an 
increase in adverse events in the MPT arm, including infections, neu- 
ropathy, and thromboembolism, suggesting that thromboprophylaxis 
and antimicrobial prophylaxis is required.” Melphalan, prednisone, 
and lenalidomide (MPR) is another effective regimen in this popula- 
tion. The GIMEMA-Italian Multiple Myeloma Network evaluated 54 
patients with this combination. The maximum tolerated dose (MTD) 
was 0.18 mg/kg melphalan, 2 mg/kg prednisone, and 10 mg lenalid- 
omide. In this study, 81 percent of patients achieved at least a partial 
response, 47.6 percent a VGPR, and 23.8 percent a CR. One-year OS 
was 100 percent.“ A subsequent study evaluated the efficacy and safety 
of induction therapy with MPR followed by lenalidomide maintenance 
therapy (MPR-R), as compared with MPR or MP without maintenance 
therapy, in patients with newly diagnosed myeloma who were ineligible 
for transplantation. At a median followup of 30 months, the median PFS 
was 31 months for MPR-R versus 14 months for MPR and 13 months 
for MP. This benefit was observed in patients 65 to 75 years of age, but 
not in patients older than 75 years. Response rates were superior for the 
lenalidomide-containing regimen: 77 percent for MPR-R and 68 per- 
cent for MPR versus 5 percent with MP. 

Randomized trials of other novel agents, like bortezomib with MP, 
have proven benefits as well. For example, the VISTA trial compared 
the regimen of bortezomib, melphalan, and prednisone (VMP) to MP 
in patients who were not candidates for autologous SCT.“ Overall sur- 
vival was significantly improved in the VMP group versus MP group, 
with 3-year OS of 68.5 percent versus 54 percent, respectively.**° 

The FIRST trial, a randomized, phase III trial, compared continu- 
ous lenalidomide with low-dose dexamethasone (Rd) against lenalido- 
mide with low-dose dexamethasone for 18 cycles (Rd18) and MPT for 12 
cycles.**” Median PFS for continuous Rd was 25.5 months versus 20.7 for 
Rd18 and 21.2 for MPT. The OS at 4 years was 59.4 percent for Rd versus 
55.7 percent for Rd18 and 51.4 percent for MPT. In the continuous Rd 
arm, the ORR was 75.1 percent (15.1 percent CR, 28.4 percent VGPR) 
versus 73.4 in Rd18 (Cr 14.2 percent, VGPR 28.5 percent) and 32.3 per- 
cent MPT (CR 9.3 percent, VGPR 18.8 percent). The safety profile with 
continuous Rd was manageable as hematologic and nonhematologic 
adverse events were as expected for Rd and MPT. Notably, the incidence 
of hematologic second primary malignancies was lower with continuous 
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TABLE 107-8. Novel Agent Induction for Newly Diagnosed Transplantation-Ineligible Patients 


Median Followup Median PFS 

Study Regimen No. of Patients (months) Median OS (months) (months) 
IFM 99-06°38 MP 196 51.5 33.2 17.8 

MPT 125 51.6 275 

MEL100 126 38.3 19.4 
IFM 01/01%° MPT 113 475 44 24.1 

MP 116 29.1 18.5 
MM-015*34 MPR-R 152 30 45.2 31 

MPR 153 NR 14 

MP 154 NR 13 
VISTA! VMP 344 60 56.4 N/A 

MP 338 43.1 N/A 
RSI” Rd 536 37 59.4 255 

Rd18 541 55.7 20.7 

MPT 547 51.4 212 


MEL 100, melphalan 100 mg/m?; MP, melphalan and prednisone; MPR, melphalan, prednisone, and lenalidomide; MPR-R, melphalan, predni- 
sone, and lenalidomide induction followed by lenalidomide maintenance; MPT, melphalan, prednisone, and thalidomide; NR, not reached; OS, 
overall survival; PFS, progression-free survival; Rd, lenalidomide and low-dose dexamethasone continuously; Rd18, lenalidomide and low-dose 
dexamethasone for 18 cycles; VMP, bortezomib, melphalan, and prednisone. 


Rd than MPT. In newly diagnosed transplantation-ineligible patients, 
the FIRST trial established continuous Rd as the new standard of care. 
There are ongoing trials evaluating three-drug combinations, including 
bortezomib, lenalidomide, and dexamethasone, at reduced doses and 
attenuated schedules in this population as well. Table 107-8 provides a 
summary of clinical trial results for novel agent induction regimen for 
newly diagnosed transplantation-ineligible patients. 


MAINTENANCE THERAPY 


Maintenance regimens have been proposed to extend the duration 
of complete remission following autologous SCT. The increased tol- 
erability and efficacy of newer antimyeloma agents has increased the 
attractiveness and the applicability of this approach; previous attempts 
at maintenance therapy with older conventional chemotherapy agents 
such as melphalan or interferon were not beneficial.** 

A meta-analysis of six randomized, controlled trials with 2786 
patients, comparing thalidomide maintenance with other regimens 
after induction chemotherapy, demonstrated that patients receiving 
thalidomide maintenance had marginally better OS (hazard ratio [HR] 
0.83, p = 0.07). The difference was most prominent in groups who 
received both thalidomide and glucocorticoids (HR 0.70, p = 0.02). 
Thalidomide improved PFS (HR 0.65, p <0.01) but was associated with 
a higher thrombotic risk (risk difference 0.024, p <0.05) and increased 
peripheral neuropathy (risk difference 0.072, p <0.01).*” 

Three randomized trials explored the use of lenalidomide as main- 
tenance therapy, with two of the trials following autologous SCT“! 
and one trial after 9 months of melphalan-based therapy in patients 
ineligible for high-dose treatment.’ In all three trials, there was a near 
doubling in PFS with lenalidomide maintenance; for example, from 27 
to 46 months in the Cancer and Leukemia Group B (CALGB) 100104 
study." Furthermore, the CALGB study showed an OS benefit with 
lenalidomide: 15 percent of the lenalidomide group had died compared 
to 23 percent in the placebo group (p <0.03) and at 3 years, the OS was 


88 percent in the lenalidomide group compared to 80 percent in the 
placebo group. 

A significant concern with maintenance therapy with lenalido- 
mide is the risk of secondary malignancy. The risk of second primary 
cancers was roughly double in the maintenance group, (7.0 to 7.7 per- 
cent) compared to the placebo group (2.6 to 3.0 percent). The second- 
ary cancers observed included both hematologic malignancies, such as 
acute myelogenous leukemia, and solid tumors. ‘The risk of a secondary 
hematologic malignancy appears to be greatest when lenalidomide is 
given in combination with oral melphalan (HR 4.86, p <0.0001).*” This 
increased risk of secondary malignancies and the risk-to-benefit ratio 
of maintenance therapy should be considered and discussed with the 
patient when initiating maintenance therapy. 

Bortezomib has also been studied as maintenance therapy. In the 
HOVON-65/GMMG-HD64 study, bortezomib was given every 2 weeks 
and was associated with increasing the near CR and CR rate from 31 
percent to 49 percent.“ Table 107-9 summarizes maintenance trials. 


CONSOLIDATION THERAPY 


‘The use of a short course of consolidation therapy after autologous SCT 
increases the CR rate and relapse-free survival. Posttransplantation 
consolidation using the combination of bortezomib, thalidomide, and 
dexamethasone made it possible to convert 22 percent of VGPR into 
full, lasting molecular responses [Polymerase chain reaction, negavtive 
(PCR-)].** Enhanced rates of CR, ranging between 10 and 30 percent, 
have been reported with post-autologous SCT use of bortezomib and 
lenalidomide as single agents.“** In the IFM 2008 pilot study (enroll- 
ment completed in December 2009), the usefulness and safety of post- 
transplantation consolidation with two cycles of the RVD regimen is 
being tested. Mature results from these trials will help to better define 
the role of consolidation in therapy for improving clinical outcomes 
after transplantation. 
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TABLE 107-9. Maintenance Therapies 


Study Regimen 


Outcome 


No. of Patients 


IFM 2005-0240 Lenalidomide vs. placebo as 


614 PFS 41 vs. 23 months 


maintenance following first or second 


ASCT 

CALGB 100104“ Lenalidomide vs. placebo as maintenance 460 TTP 46 vs. 27 months 
therapy after ASCT 

HOVON-65/GMMG-HD4*3 VAD vs. PAD followed by ASCT, then 827 PFS 28 vs. 35 months 


thalidomide or bortezomib as maintenance 


ASCT, autologous stem cell transplantation; CR, complete response; PAD, bortezomib, doxorubicin, and dexamethasone; PFS, progression-free 
survival; TTP, time to progression; VAD, vincristine, doxorubicin, and dexamethasone. 


CONTINUOUS THERAPY 


Data in the upfront setting, both in transplantation-eligible and trans- 
plantation-ineligible patients, suggest that continuous therapy may 
result in improved disease control.“ Several clinical trials have 
demonstrated superiority of maintenance strategies using thalidomide, 
lenalidomide, and bortezomib in transplantation-eligible patients. 

Thus far, the results from lenalidomide trials are perhaps the 
most convincing. The IFM 2005-02 and CALGB 100104 studies have 
both demonstrated a doubling of PFS,“ although only the CALGB 
trial has suggested an OS advantage. Lenalidomide certainly fits the 
requirements of a maintenance drug for continued use in myeloma, 
as it is administered orally and is generally well tolerated. The FIRST 
trial, comparing continuous Rd with Rd for 18 cycles and MPT, demon- 
strated that continuous treatment with lenalidomide is superior to a 
finite therapy. Thrombotic thrombocytopenic purpura (TTP) for the 
Rd arm was 32.5 months versus 21.9 months for Rd18 and 23.9 months 
for MPT.*” However, the risk of second primary malignancies, although 
low, does need to be discussed and balanced in the decision-making 
process when considering maintenance therapy with this agent. 

As far as studies of patients with relapsed/refractory myeloma are 
concerned, treatment generally continues until disease progression.” 
However, the development of toxicities is the biggest challenge of con- 
tinued therapy in this setting. Ultimately, duration of therapy must be 
balanced with the adverse events encountered by the patient. 

As yet, the optimal duration of therapy is myeloma has not been 
defined. Data suggest that patients should receive continuous antimye- 
loma therapy as long as patients are benefitting and tolerating therapy 
without excessive toxicity. 


APPROACH TO RELAPSED OR REFRACTORY 
PATIENTS 


A number of options are available for the therapy of relapsing patients. 
If the relapse occurs more than 6 months after the discontinuation of 
the initial therapy, patients may be treated with the same primary ther- 
apy. Table 107-10 summarizes trials of novel treatment regimens for 
relapsed or refractory disease. 


Proteasome Inhibitors 

Two phase II studies, SUMMIT and CREST, demonstrated activity of 
bortezomib in relapsed or refractory myeloma patients.“ An update 
of the 202 patients enrolled in the SUMMIT study showed median 
times to progression and duration of response of 7 and 13 months, 
respectively. A similar analysis of the CREST study demonstrated 
5-year survivals of 32 and 45 percent in patients treated with 1.0 mg/m? 


and 1.3 mg/m? of bortezomib, respectively.*? The randomized phase III 
APEX study comparing bortezomib with dexamethasone alone, found 
a median OS of 30 months in the bortezomib group versus 24 months 
in the dexamethasone group.*** The addition of dexamethasone to 
bortezomib monotherapy improved response in 18 to 34 percent of 
patients.*° 

A next-generation proteasome inhibitor, carfilzomib, was granted 
accelerated FDA approval as a single agent for the treatment of patients 
who have received at least two prior lines of therapy based on the results 
of the phase II of single-agent carfilzomib twice weekly that showed an 
ORR of 23.7 percent in patients who had had a median of five prior lines 
of therapy. Median duration of response was 7.8 months and median 
OS was 15.6 months. The drug was well tolerated. The most common 
side effects were fatigue, anemia, nausea, and thrombocytopenia, with 
12.4 percent reporting treatment-related peripheral neuropathy and 
cardiac.“ 

Oral proteasome inhibitors, ixazomib and oprozomib, are in 
clinical trials now and will likely gain approval. Ixazomib, has already 
demonstrated safety and efficacy in phase I trials in the relapsed, refrac- 
tory population. Of 60 patients who had received a median of six prior 
regimens including bortezomib (83 percent), there were 41 evaluable 
patients. Responses included one VGPR, five partial response (PR), one 
minimal response (MR), and 15 with stable disease. Only 10 percent of 
patients had drug-related peripheral neuropathy and none were grade 
3 or higher.** In a phase I/II trial, weekly ixazomib was evaluated in 
combination with standard dose lenalidomide and dexamethasone in 
patients with newly diagnosed myeloma. Preliminary results from 58 
response-evaluable patients demonstrated a 93 percent ORR, with 67 
percent of subjects achieving a very good response rate or better, includ- 
ing a CR rate of 24 percent.” Based on these results, ixazomib is being 
evaluated in combination with lenalidomide and dexamethasone in two 
large, international phase III trialh—TOURMALINE MM1 for relapsed, 
refractory myeloma patients, and TOURMALINE MM2 for newly diag- 
nosed patients. Oprozomib, another oral proteasome inhibitor, is also 
under investigation for the treatment of myeloma. These drugs could 
significantly impact the treatment of myeloma, allowing for completely 
oral treatment regimens and, consequently, completely outpatient care 
for patients. This could have a measurable quality-of-life benefit for 
patients, particularly in the elderly population, and may provide a con- 
venient way of incorporating proteasome inhibitor-based maintenance 
strategies. 


Immunomodulatory Drugs 

Three IMiDs, thalidomide, lenalidomide, and pomalidomide, are FDA 
approved for the treatment of relapsed or refractory myeloma. Long- 
term followup of the first thalidomide trial showed that 10 years after 
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TABLE 107-10. Novel Therapies for Relapsed or Refractory Myeloma 


Trial Phase Agent No. of Patients ORR (%) OS (months) Outcome (months) 

Richardson et al.*** IIl Bortezomib 669 43 29.8 TTP 6.2 vs. 3.5 
Dexamethasone 18 237 

Orlowski et al.*”? III Bort/PLD 646 44 76%* TTP 9.3 vs. 6.5 
Bortezomib 41 65%* 

Weber et al.*% III Lenalidomide 353 61 29.6 TTP 11.1 vs. 4.7 
Dexamethasone 20 20.2 

Dimopoulos et al.*°! III Lenalidomide 351 60 NR TTP 11.3 vs. 4.7 
Dexamethasone 24 20.6 

Richardson et al. II RVD 64 64 26 Median TTP 9.5 

Siegel et al.4% II Carfilzomib 266 24 15.6 Median PFS 3.7 

San Miguel et al.°* III Pom/LoDex 302 Bil 127 Median PFS 4.0 vs. 1.9 
Pom/HiDex 10 8.1 

Dimopoulos et al.*°° III Vor/Bort 637 56 NR Median PFS 7.6 vs. 6.8 
Bort 41 28.1 

Richardson et al.*°” HHI Pan/Bort/Dex 768 61 NR Duration of response 12 

vs. 8.1 

Bort/Dex 55 

Lokhorst et al.*”° I/II Daratumumab 32 42" NR Median PFS NR 

Lonial et al.*”? II Elo/Len/Dex 73 92+ NR Median PFS NR? 

Lentzsch et al.*”° II Benda/Len/Dex 29 52 NR Median PFS 6.1 


Benda, bendamustine; Bort, bortezomib; Dex, dexamethasone; Elo, elotuzumab; Hi, high dose; Lo, low dose; NR, not reported/reached; Pan, 
panobinostat; PLD, pegylated liposomal doxorubicin; Pom, pomalidomide; RVD, lenalidomide, bortezomib, and dexamethasone; Vor, vorinostat. 


*At 15 months. 
tOf those receiving a dose of 24 mg/kg. 
*Of those receiving dose of 10 mg/kg at 20.8 months. 


initiation of therapy 17 of the original cohort of 169 patients were alive 
and 10 had an uninterrupted remission.** The combination of thalid- 
omide and dexamethasone was superior to dexamethasone alone in 
several studies.**°-** Patients who have had prior thalidomide exposure 
should probably be treated with one of the other novel agents. Further- 
more, cytogenetic abnormalities predict for a poor long-term response 
to thalidomide.?*#5* 

Lenalidomide is more potent than its predecessor, thalidomide, and 
is not associated with sedation, peripheral neuropathy, and severe con- 
stipation. In two large, randomized phase III trials, lenalidomide with 
high-dose dexamethasone produced a superior response and delayed 
time to progression compared to dexamethasone and placebo.“ The 
combination of lenalidomide and dexamethasone had activity in both 
bortezomib-naive and previously treated patients, in thalidomide-resis- 
tant patients, and after prior auto-HSCT. An analysis of the expanded 
access lenalidomide program, enrolling 1438 patients, showed that the 
combination of lenalidomide and dexamethasone had an acceptable 
safety profile, with less than 10 percent of patients experiencing pneu- 
monia or deep vein thrombosis.“ 

Pomalidomide has also demonstrated potent antimyeloma effects. 
Several studies have evaluated pomalidomide in combination with low- 
dose dexamethasone in the relapsed population, culminating in the 
approval of pomalidomide 4 mg orally on days 1 to 21 of 28-day cycles 
until progression. The phase II, randomized, open-label study com- 
pared pomalidomide and low-dose dexamethasone with single-agent 


pomalidomide in patients with relapsed or refractory myeloma. Median 
PFS for the combination arm was 4.2 months compared to 2.7 months 
for monotherapy (HR 0.68, P = 0.003). The ORR was 33 percent with 
combination therapy versus 18 percent for pomalidomide alone. 
Median OS was 16.5 months versus 13.6 months, respectively. Refrac- 
toriness to lenalidomide and bortezomib did not affect outcomes with 
pomalidomide and dexamethasone. In the phase II European study 
comparing pomalidomide and low-dose dexamethasone with high- 
dose dexamethasone alone, PFS at the interim analysis was 3.6 months 
in the combination arm compared to 1.8 months for dexamethasone 
alone (HR 0.45; P <0.001). The most common side effects seen were 
myelosuppression and infections.**° 


Histone Deacetylase Inhibitors 

Histone deacetylase (HDAC) inhibitors are another class of drugs that 
have demonstrated activity in relapsed or refractory myeloma when 
used in combination with bortezomib. The phase III, randomized trial, 
called Vantage 088, showed the combination of vorinostat and borte- 
zomib was active and well-tolerated. When this combination was com- 
pared with bortezomib alone, the ORR for vorinostat and bortezomib 
was 56.2 percent versus 40.6 percent for bortezomib alone (p <0.0001); 
similarly, PFS was 7.63 months compared to 6.83 months, respectively 
(p = 0.01).“% Panobinostat has been combined with bortezomib and 
dexamethasone in a phase II study and compared with bortezomib and 
dexamethasone alone in the relapsed/refractory population. PFS was 


12 months versus 8.1 months (p <0.0001) for patients treated with the 
triple therapy. ORR was 61 percent versus 55 percent and duration of 
response of 13.1 months versus 10.9 months. OS data is not yet mature. 
Common side effects included myelosuppression and diarrhea.**” ACY- 
1215, a selective HDAC 6 inhibitor, is another well-tolerated HDAC 
inhibitor that is being studied in combination with both lenalidomide 
and bortezomib plus dexamethasone. The ORR in combination with 
lenalidomide and dexamethasone was 69 percent even though 13 of 16 
patients had received prior lenalidomide and three of six were refrac- 
tory to lenalidomide.** In combination with bortezomib and dex- 
amethasone, the ORR was 60 percent.’® 


Monoclonal Antibodies 

Several monoclonal antibodies have demonstrated activity in myeloma, 
including novel drugs targeting CD38, CS1, and BAFF. Daratumumab, 
a monoclonal anti-CD38 antibody, was granted Fast Track Designation 
and Breakthrough Therapy Designation by the FDA based on results 
of a phase I/II trial that demonstrated single-agent activity in relapsed, 
refractory myeloma. In the 4 mg or more/kg groups (n = 12), five PRs 
and three MRs were observed. Median PFS had not been reached by 
a data cutoff of 3.8 months.*” Daratumumab is now being studied in 
combination with lenalidomide and dexamethasone in relapsed or 
refractory disease. SAR650984, another anti-CD38 antibody, had an 
ORR of 30.8 percent as a single agent in the dose-escalation study in 
relapsed or refractory (RR) patients at the MTD.” 

Elotuzumab, a humanized monoclonal IgG, antibody directed 
against human CS1 (also known as CD2 subset-1, SLAMF7, CRACC, 
and CD319), a cell-surface antigen glycoprotein that is highly expressed 
on myeloma cells and normal plasma cells, has also been granted Break- 
through Therapy Designation by the FDA. In a phase I study, no objec- 
tive responses were seen, although 26.5 percent had stable disease by 
European Bone Marrow Transplant Group (EBMT) myeloma response 
criteria.” In combination with lenalidomide and dexamethasone, 
objective responses were obtained in 82 percent (23 of 28) of treated 
patients. After a median followup of 16.4 months, the median time to 
progression was not reached for patients in the 20 mg/kg cohort who 
were treated until disease progression. An ORR of 92 percent and a 
median PFS of 33 months was observed after a median followup of 20.8 
months at the 10 mg/kg dose which was the dose chosen for the phase 
III trial.“ Phase I results of elotuzumab in combination with borte- 
zomib and dexamethasone are also favorable. Phase I results demon- 
strate a PR or better in 48 percent of 27 evaluable patients with relapsed 
or refractory disease.*”* 

Tabalumab, is a fully human monoclonal antibody designed to 
have neutralizing activity against both membrane-bound and soluble 
BAEF, has been combined with bortezomib and dexamethasone. In the 
phase I/II study, the ORR was 45.8 percent.” A phase II trials of this 
combination has been completed but results have not yet been reported. 


Other Treatments 
Bendamustine as a single-agent or in combination with lenalidomide 
and dexamethasone is another option for patients with relapsed or 
refractory myeloma. The combination of bendamustine, lenalidomide, 
and dexamethasone was evaluated in a phase I/II trial. The median PFS 
was 6.1 months, PR rate 52 percent, and VGPR rate 24 percent.‘”° The 
MTD of bendamustine was 75 mg/m’ as compared with prior studies 
using 100 mg/m”. Toxicity was mainly hematologic arguing in favor of 
the lower dose, particularly in light of the fact that this population is 
heavily pretreated.” 

Other regimens that have been explored include bortezomib 
and pegylated doxorubicin with or without thalidomide, bortezomib 
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combined with thalidomide and dexamethasone, bendamustine with 
prednisone and thalidomide, and lenalidomide with doxorubicin and 
dexamethasone.“ There are currently many new drugs in develop- 
ment that target novel pathways. For example, filanesib, a kinesin spin- 
dle protein inhibitor, has demonstrated activity in combination with 
lenalidomide and bortezomib.**“ Several other classes of novel drugs 
are currently under investigation including the bromodomain inhibi- 
tors, CDK inhibitors, and inhibitors of the ubiquitin pathway. Data gen- 
erated from these early studies will provide a better understanding of 
how these new drugs will be incorporated into the continuum of mye- 
loma care.**>487 

Another area of interest and therapy development is the blockade 
of interactions between the tumor cells and immune cells. PD-1 and 
PD-L1 are two targets of interest. PD-1 is a molecule present on T cells 
that interacts with PD-L1 expressed on tumor cells. There are ongoing 
clinical trials exploring PD-1 blockade in combination with a dendritic 
cell/myeloma fusion vaccine in myeloma.*** 

The choice of therapy for relapsed or refractory patients depends on 
a number of factors, including time since last therapy, prior exposure to 
novel agents, alone or in combination, and drug-induced comorbidities, 
for example, neuropathy, renal malfunction, and loss of patient physio- 
logic reserve. In the past decade, there has been a dramatic increase in 
the number of therapies available to patients with relapsed or refractory 
myeloma. This is a very dynamic area within oncology and will continue 
to evolve as more new therapies enter trials and gain approval. 


ALLOGENEIC HEMATOPOIETIC STEM CELL 
TRANSPLANTATION 


Allogeneic transplantation was seen as an attractive option to treat mye- 
loma because it has the potential to be curative, provides a donor graft 
that is not contaminated with myeloma stem cells, and may establish 
a graft-versus-myeloma (GVM) effect that could eradicate any sur- 
viving myeloma cells.“ Furthermore, molecular remissions have 
been observed, which predict for longer survival.®*®? However, the 
early experience with myeloablative allogeneic transplantation has not 
been encouraging as a result of a high mortality, varying from 30 to 
50 percent, despite improvements in patient selection and supportive 
care,*93-500 

Studies from Seattle***"' and the EBMT™ have reported that some 
patients remain progression-free at long intervals after hematopoietic 
stem cell transplantation (HSCT). The EBMT has reported that actuar- 
ial OS was 32 percent at 4 years, and 28 percent at 7 years for the 72 (44 
percent) patients who achieved CR after allografting.°°*7°"> However, 
overall PFS was 34 percent at 6 years, and few patients remain in con- 
tinuing CR for more than 4 years post allograft. Favorable pre-marrow 
transplantation prognostic factors for both response and survival after 
marrow transplantation were female sex, IgA isotype, low serum BM, 
stage I disease at diagnosis, one line of previous treatment, and being in 
CR prior to marrow transplantation. Of major concern is the early 40 
percent transplant-related mortality (50 percent in males) in the EBMT 
report,“ which has subsequently been reduced to 20 to 30 percent as a 
consequence of better patient selection, early transplantation, and less 
pretransplantation treatment.” The actuarial probabilities of survival 
and progression-free survival were 0.50 +/- 0.21 and 0.43 +/- 0.17 at 
4.5 years. Adverse prognostic factors included: transplantation more 
than 1 year after diagnosis; serum $,M higher than 2.5 mg/dL at time of 
transplantation; female patients transplanted from male donors; having 
received more than eight cycles of chemotherapy; and Salmon-Durie 
stage III disease at presentation (see Table 107-5). Toxicity was sub- 
stantial, with 35 (44 percent) patients dying of transplant-related causes 
within 100 days of marrow transplantation. “45° 


Reduced-intensity conditioning regimens were introduced to 
reduce transplantation-related mortality and extend the age limit for 
allografting. “°° Autografting has been performed prior to nonmye- 
loablative transplantation by several investigators, demonstrating the 
feasibility of this approach to cytoreduce tumor and then enhance 
antimyeloma immunity.*'°°' Bruno and colleagues published a pro- 
spective trial of initial autologous SCT followed by mini-allogeneic 
transplantation versus double autologous transplantation.**°' The 
median OS was 80 months for allografting versus 54 months for dou- 
ble autografting. The CR rate after allografting was 55 percent versus 
26 percent after double autograft. In contrast, a randomized trial in 
high-risk myeloma showed that the combination of autologous SCT 
followed by dose-reduced allogeneic transplantation (IFM 99-03) was 
not superior to tandem autotransplant (IFM 99-04). BMT CTN 
0102, also evaluated autologous SCT followed by second autologous 
versus nonmyeloablative allogeneic SCT. In both standard- and high- 
risk patients, nonmyeloablative allogeneic HSCT after auto- HSCT was 
not more effective than tandem auto-HSCT.***'* Bjorkstand and col- 
leagues conducted a prospective study of single or tandem autologous 
SCT versus reduced-intensity allogeneic SCT based on availability of an 
human leukocyte antigen (HLA)-identical sibling. Long-term followup 
of 357 patients who received either autologous SCT (single or double) 
or autologous-allogeneic with HLA-identical sibling matched donor 
demonstrated that PFS was superior (35 percent versus 18 percent; 
p = 0.001) at 60 months for those receiving an autologous-allogeneic 
tandem transplantation. Nonrelapse mortality was 12 percent after 
autologous-allogeneic versus 3 percent in the autologous group 
(p <0.001) and the incidence of limited to extensive graft-versus-host 
disease (GVHD) was 31 percent and 23 percent.*”” 

The use of allogeneic transplantation as salvage therapy, while 
feasible, is unlikely to be of significant benefit in a heavily pretreated 
population. The EBMT reported on the outcomes of 229 patients who 
received reduced-intensity conditioning allogeneic SCT. Transplant-re- 
lated mortality at 1 year was 22 percent and 3-year OS and PFS were 
41 percent and 21 percent, respectively, with 25 percent of patients 
developing extensive chronic GVHD.*"* The best outcomes were seen in 
patients who received a transplant in remission and early in the course 
of the disease. Adverse OS was associated with chemoresistant disease, 
transplantation more than 1 year after diagnosis, and in male patients 
transplanted with female donors. 

In patients whose disease does not respond to or relapses after 
allogeneic SCT, donor lymphocyte infusion (DLI) can be considered. 
Molecular remissions are more common after allografting than after 
autografting,””°"?>”' and DLI can treat relapsed myeloma post allograft- 
ing indicating a clinically significant GVM effect. In an effort 
to reduce toxicity and exploit GVM, CD4+ DLI have been used at 6 
months post-CD6-depleted marrow allografting so as to enhance GVM 
and thereby improve outcome.” Although prophylactic DLI induces 
significant GVM responses after allogeneic marrow transplantation, 
only 58 percent of patients were able to receive DLI despite T-cell- 
depleted marrow transplantation. 

Allografting should only be undertaken in the context of clin- 
ical trials, which aim to reduce chronic GVHD, separate GVM from 
GVHD, and amplify the GVM effect to improve outcome by amelio- 
rating toxicity and maximizing the antimyeloma effect of immunologic 
effector cells.°”° 


ADJUNCTIVE THERAPIES 


Bone Disease 
Bone involvement is one of the defining characteristics of myeloma, 
either as lytic lesions or diffuse osteopenia. Bisphosphonates, such as 
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pamidronate and zoledronic acid, inhibit osteoclast activity and can 
palliate pain and prevent bone-related complications.” Hyper- 
calcemia is associated with increased bone resorption in myeloma, and 
bisphosphonates also play a key role in the treatment of hypercalcemia. 
Zoledronic acid, which is more potent than pamidronate, is superior to 
pamidronate for the treatment of hypercalcemia.** 

The International Myeloma Working Group (IMWG) and the 
National Comprehensive Cancer Network (NCCN) panels advocate the 
use of either pamidronate or zoledronic acid monthly for patients with 
myeloma and lytic bone disease. Both pamidronate and zoledronic acid 
are considered equally effective in reducing skeletal complications.*”** 
These guidelines recommend the use of pamidronate at 90 mg delivered 
intravenously for at least 4 hours or zoledronic acid at 4 mg intrave- 
nously for 15 minutes every 3 to 4 weeks for patients with myeloma and 
lytic bone disease. 

In addition to playing an important supportive role, bisphos- 
phonates may have a direct antitumor effect. The MRC Myeloma IX 
trial compared zoledronic acid to oral clodronic acid and found that 
zoledronic acid reduced mortality by 16 percent and increased median 
OS from 44.5 months to 50 months.*' The benefit of zoledronic acid 
on skeletal morbidity was also seen in patients without bone lesions at 
baseline.>” 

A key concern with bisphosphonates, especially zoledronic acid, is 
the risk of osteonecrosis of the jaw (ONJ).°* In the MRC Myeloma IX 
trial, the rate of ONJ was 4 percent.**' Attention to dental hygiene and 
minimizing invasive procedures may reduce the risk of ONJ.** 

Denosumab is a monoclonal antibody to RANK ligand that also 
inhibits osteoclasts; it showed promising activity in myeloma in a 
phase II trial.'** Although denosumab was superior to zoledronic acid 
in patients with solid tumors and bone metastases, denosumab was 
inferior in a subset analysis of myeloma patients in a phase II trial.’*” 
However, interpretation is limited based on the small numbers in the 
trial. A larger phase III study (NCT01345019) focusing on patients with 
myeloma is ongoing. 

Vertebroplasty (injection of methyl methacrylate or bone cement) 
and kyphoplasty (use of an inflatable balloon followed by instillation 
of bone cement) are percutaneous procedures for treating compression 
fractures, and have also been used in the setting of myeloma.**”* 


Palliative Radiation Therapy 

Radiation also plays a key role for palliation of painful bony lesions in 
myeloma. An estimated 38 percent of patients are expected to receive 
radiation over the course of their illness.*” The primary indication for 
the use of radiation therapy is palliation of bone pain. Other indications 
include impending fracture, cord compression, or relief of symptoms 
associated with a mass (i.e., cranial nerve palsies, cosmesis or organ or 
joint dysfunction). Doses of 20 to 35 Gy can be used, but it is essential to 
consider ability to retreat when designing treatment fields, particularly 
of the spine. Doses of 20 Gy, delivered in either 5 or 10 fractions, typi- 
cally provide adequate symptom relief. 


EMERGENT COMPLICATIONS OF NEW 
MYELOMA THERAPY 


Venous Thromboembolism 

Patients with myeloma are at an increased risk for deep vein thrombo- 
sis and pulmonary embolism, particularly when known risk factors are 
present (history of VTE, immobilization, dehydration, other factors).*” 
Genetic predispositions include high levels of homocysteine and defi- 
ciencies of antithrombin, protein C, and protein S, as well as muta- 
tions that predispose to thrombosis, such as the factor V Leiden allele 
and/or the prothrombin gene G20210A allele. Genetic abnormalities 


should be suspected with repeated episodes of VTE. The incidence 
of VTE is highest during the first 3 to 4 months following diagnosis 
and occurs in approximately 3 to 4 percent of patients receiving either 
dexamethasone alone or MP, but is much higher when newer agents 
are combined with dexamethasone and melphalan.?”!5853 A number 
of procoagulant abnormalities have been described in myeloma, includ- 
ing endothelial damage, paraprotein interference with fibrin structure, 
elevated von Willebrand multimers, elevated factor VIII, decreased pro- 
tein S, and acquired activated protein C resistance.™® A SNP analysis 
discovered 18 polymorphisms associated with thalidomide-induced 
VTE. These polymorphisms were involved in pathways important for 
drug transport or metabolism, DNA repair, and cytokine pathways.*” 
The precise mechanisms causing VTE in myeloma patients absent a 
known genetic predisposition remain elusive, but the type of therapy 
plays an important role. 

The incidence of VTE with single-agent thalidomide is approxi- 
mately 2 to 4 percent in newly diagnosed and in relapsed patients, com- 
parable to that observed with dexamethasone alone or MP, implying 
that thalidomide alone does not increase the risk of VTE. However, the 
risk for VTE increases significantly when thalidomide is combined with 
dexamethasone, melphalan, doxorubicin, or cyclophosphamide, or with 
multiagent chemotherapy.?”“**” The MPT combination causes VTE in 12 
to 20 percent of patients who do not receive anticoagulant prophylaxis, 
whereas the incidence of VTE with thalidomide and dexamethasone in 
newly diagnosed patients is 14 to 26 percent.” 4181538 Most VTEs occur 
within the first 60 days of therapy, coinciding with maximum cytore- 
duction. In the Total Therapy 2 study, 22 percent of patients developed a 
VTE, 95 percent of which occurred in the first 12 months of therapy.** 
Oral regimens principally promote deep vein thrombosis or pulmonary 
embolism, whereas infusional regimens can give rise to central line- 
related thrombosis in approximately 50 percent of patients.*” 

Single-agent lenalidomide does not appear to increase VTE, 
at least not in the setting of myeloma relapse, but is associated with 
a marked increase in VTE risk when lenalidomide is combined with 
dexamethasone.*” Three risk factors for lenalidomide-associated VTE 
are higher dexamethasone doses, administration of erythropoietin, 
and concomitant administration of other agents. When combined with 
cyclophosphamide, the incidence of lenalidomide-induced VTE was 14 
percent.™ Bortezomib did not seem to increase the risk of VTE, at least 
not in patients with relapsed or refractory disease.” 

Prevention of VTE is based on the assessment for known risk fac- 
tors for VTE: (1) myeloma-related (hyperviscosity, newly diagnosed sta- 
tus); (2) therapy-related (high-dose dexamethasone [2480 mg/month], 
doxorubicin, multiagent chemotherapy); (3) individual factors (age, 
history of VTE, inherited thrombophilia, obesity, immobilization, cen- 
tral venous line, infections, surgery, administration of erythropoietin); 
and (4) factors related to comorbidities (acute infection, diabetes mel- 
litus, cardiac or renal dysfunction). Therapy-related risk factors weigh 
highest in the risk equation for VTE. The following thromboprophy- 
laxis is recommended: (1) acetylsalicylic acid (aspirin) in either a stan- 
dard dose of 325 mg/day or in a low dose of 81 mg/day for patients with 
one or no risk factors or (2) low-molecular-weight heparin (LMWH) 
once a day, or full-dose warfarin for patients if two or more risk factors 
or therapy-related risks are present. The recommended duration of pro- 
phylaxis in general is 6 to 12 months.*” 

Therapy for VTE should begin with standard therapeutic doses 
of LMWH. Oral anticoagulation may be considered as a followup. If 
oral anticoagulation is deemed inappropriate in a given patient, LMWH 
should be continued as long as the patient is receiving antineoplastic 
therapy. The optimal duration of therapy is unknown but one study 
reported a recurrence of VTE of 10 percent in patients who had discon- 
tinued anticoagulant therapy,” suggesting that long-term prophylaxis 
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may be indicated in some patients. A survival benefit for patients who 
were anticoagulated for a VTE may suggest an additional effect of anti- 
coagulants on the myelomatous process.*# 


Peripheral Neuropathy 

Bortezomib-**°”’ and thalidomide-induced™**” peripheral neuropathy 
should be distinguished from other causes such as paraneoplastic neu- 
ropathies, antecedent chemotherapy with neurotoxic agents (vincristine 
or cisplatin), diabetes mellitus, and AL amyloidosis. Patients with AL 
amyloidosis of the peripheral nerves are especially sensitive to neuro- 
toxic agents. Clinical findings include bilateral tingling, and numbness 
in the toes and/or fingers and/or pain ascending in the extremities 
when neurotoxic drug therapy is continued. Symptoms are typically ina 
glove-and-stocking distribution. Neurologic examination should evalu- 
ate sensory loss, deep tendon reflexes, and distal weakness, especially in 
the lower extremities. If significant weakness or asymmetry of signs is 
present, a neurologic consultation must be obtained along with electro- 
myography and nerve conduction studies. 

Bortezomib inhibits NF-«B activation, blocking the transcription 
of nerve growth factor-mediated neuron survival. Other proposed 
mechanisms for bortezomib-induced neuropathy include mitochondria 
and endoplasmic reticulum damage because of activation of the mito- 
chondrial-based apoptotic pathway.*°°°°°*' Second-generation, more 
selective proteasome inhibitors such as carfilzomib have a reduced neu- 
rotoxicity.°” Grade 3 or 4 bortezomib-induced neurotoxicity occurs in 
approximately 20 percent of newly diagnosed patients and in 30 percent 
of patients with relapsing disease.*!7°*5 A 50 percent dose reduction 
should be made for bortezomib-induced grade 2 neuropathy while 
grade 3 or 4 neuropathy requires drug discontinuation. Improvement 
or resolution of symptoms has been reported in 3 months, whereas 
in other patients maximum improvement may take 2 years,#%93559956 
Subcutaneous dosing of bortezomib appears to be similarly effective 
to intravenous administration and has a significantly improved safety 
profile. When compared head-to-head, 38 percent of patients receiving 
bortezomib subcutaneously reported any grade of neuropathy com- 
pared to 53 percent when given IV (p = 0.044). By grade, 24 percent 
versus 41 percent (p = 0.012) had grade 2 or worse, and 6 percent versus 
16 percent (p = 0.026) had grade 3 or worse when comparing subcu- 
taneous with intravenous administration, respectively.’ Subcutaneous 
administration is now the preferred route of administration based on 
these findings. 

Daily thalidomide dose, dose intensity, cumulative dose 400 mg or 
greater, and duration of therapy are all implicated in the pathogenesis 
of thalidomide-induced neuropathy, which occurs in up to 75 percent 
of patients.*4*#555-5° Dose reduction or cessation of therapy with the 
option of switching to lenalidomide will usually improve neuropathy, 
although resolution or improvement of neuropathy can take consider- 
able time as thalidomide appears to induce an axonal-length-dependent 
neuropathy." Symptomatic treatment for thalidomide- and borte- 
zomib-induced neuropathy usually comprises gabapentin, pregabalin, 
or tricyclic antidepressants. 


Osteonecrosis of the Jaw 

ONJ is a severe “bone” disease, associated with bisphosphonate ther- 
apy that affects the jaws and typically presents as infection with necrotic 
bone in the mandible or maxilla. ONJ is characterized by the presence 
of exposed bone in the maxillofacial region that does not heal within 8 
weeks. Although asymptomatic at times, ONJ usually presents as pain 
and/or numbness in the affected area, soft-tissue swelling, drainage, and 
tooth mobility. The exact cause of ONJ is not known and is likely to be 
multifactorial. The risk of developing ONJ increases with duration of 


bisphosphonate exposure and is 5 to 15 percent at 4 years.°°°" A fur- 
ther predisposing factor for ONJ is invasive dental procedures such as 
extractions.**5° Approximately 50 percent of affected patients had den- 
tal work prior to developing ONJ.°° A genome-wide SNP analysis has 
shown that a polymorphism in the cytochrome P450-2C polypeptide is 
associated with an increased risk of developing ONJ on bisphosphonate 
therapy, although the mechanism underlying this genetic predisposi- 
tion to ONJ has as yet not been elucidated.°”°”! To prevent ONJ, patients 
should be referred for dental evaluation prior to commencing intrave- 
nous bisphosphonates and should be advised to maintain excellent oral 
hygiene and avoid dental procedures while receiving these agents.” 
Antibiotic prophylaxis before dental procedures may reduce the inci- 
dence of ONJ in patients receiving bisphosphonate therapy.” Man- 
agement is usually conservative (discontinuation of bisphosphonates, 
limited debridement, antibiotic therapy, and topical mouth rinses).°7 
Surgical resection of necrotic bone should be reserved for refractory 
cases. In a series of 97 patients, healing of ONJ was observed in 75 per- 
cent of patients. Patients who develop spontaneous ONJ have a signifi- 
cantly higher risk of nonhealing ONJ or recurrence. 


@ COURSE AND PROGNOSIS 


MONITORING DISEASE MARKERS FOR 
DOCUMENTATION OF RESPONSE AND 
RELAPSE 


The previously widely used criteria for assessing response developed by 
the EBMT Registry, also referred to as the EBMT criteria, have been 
supplanted by the International Uniform Response Criteria proposed 
by the IMWG (‘Table 107—11).*°”* The IMWG response criteria incorpo- 
rate the serum-free light-chain assay to allow for assessment of patients 
previously thought to have hyposecretory or nonsecretory disease. 
Stricter definitions of complete remission resulted in the inclusion of a 
category of stringent complete remission in which monoclonal plasma 
cells are not detectable in the marrow by immunohistochemistry or 
immunofluorescence and the free light-chain ratio is normal. The pre- 
viously used near complete remission (only positivity by serum mono- 
clonal immunoglobulin immunofixation) is now included in the new 
category of “very good partial response” and the previously used minor 
response category is eliminated. 

Survival end points include PFS, EFS, and disease-free survival. 
PFS is the time from start of therapy to myeloma progression or death 
and includes all patients. It is being used as a surrogate for OS. In the 
case of EFS, precise definition of what constitutes an event is required 
(e.g., significant drug toxicity, death, etc.). Stable disease is no longer 
used as a measure of treatment efficacy, but rather time to progression, 
which is measured from the start of therapy and, importantly, includes 
all patients entered into clinical studies. Duration of a response is cal- 
culated from the onset of response and only counts the subgroup of 
responding patients. Long-term followup is recommended to fully eval- 
uate the impact of novel treatment. Other limitations of the new criteria 
are that response is determined only by monoclonal immunoglobulin 
and marrow evaluation. Dynamic changes in skeletal events readily 
identified by modern imaging techniques such as MRI and PET-CT are 
excluded from response assessments. 

Sequencing-based platforms, quantitative polymerase chain reac- 
tion, and multiparametric flow cytometry are now being employed to 
detect minimal residual disease (MRD) in patients attaining at least a 
VGPR after primary therapy which may be of significant prognostic 
value. Martinez-Lopez and colleagues reported the results of sequenc- 
ing-based marrow evaluations on 133 patients in VGPR or better 
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TABLE 107-11. Uniform Response Criteria from the 


International Myeloma Working Group 


Response 


Subcategory* Response Criteria 


CR Negative immunofixation of the serum and urine 
and disappearance of any soft-tissue plasmacyto- 
mas and <5% plasma cells in marrow." 


sCR CR as defined above plus 


Normal FLC ratio and 


Absence of clonal cells in marrowt by immuno- 
histochemistry or immunofluorescence.* 


VGPR Serum and urine M-protein detectable by immu- 
nofixation but not on electrophoresis or 90 or 
greater reduction in serum M-protein plus urine 


M-protein <100 mg per 24h. 


PR >50% reduction of serum M-protein and reduc- 
tion in 24-h urinary M-protein by >90% or to 
<200 mg per 24h. 


If the serum and urine M-protein are unmeasur- 
able, >50% decrease in the difference between 
involved and uninvolved FLC levels is required in 
place of the M-protein criteria. 


If serum and urine M-protein are unmeasurable, 
and serum-free light assay is also unmeasurable, 
>50% reduction in plasma cells is required in 
place of M-protein, provided baseline marrow 
plasma cell percentage was >30%. 


In addition to the above listed criteria, if pres- 
ent at baseline, a >50% reduction in the size of 
soft-tissue plasmacytomas is also required. 


SD Not meeting criteria for CR, VGPR, PR, or progres- 
sive disease. 


CR, complete response; FLC, free light chain; M-protein, monoclonal 
protein; PR, partial response; sCR, stringent complete response; 
VGPR, very good partial response. 

*All response categories require two consecutive assessments made 
at any time before the institution of any new therapy; CR, PR, and 
stable disease categories also require no known evidence of pro- 
gressive or new bone lesions if radiographic studies were performed. 
Radiographic studies are not required to satisfy these response 
requirements. 

*Confirmation with repeat marrow biopsy not needed. 
*Presence/absence of clonal cells is based upon the k:A ratio of >4:1 or 
<1:2. An abnormal k:A ratio by immunohistochemistry and/or immu- 
nofluorescence requires a minimum of 100 plasma cells for analysis. 
note: SD is not recommended for use as an indicator of response; sta- 
bility of disease is best described by providing the time-to-progression 
estimates. 


following primary therapy. In patients achieving a CR, the TTP was 
131 months for MRD-negative patients compared to 35 months for 
MRD-positive patients. When stratified by level of MRD, the respec- 
tive TTP medians were 27 months for MRD 10° or greater, 48 months 
for MRD 10” to 10°, and 80 months for MRD less than 10° (p = 0.003 
to 0.0001).*” Although not currently a standard of care, MRD assess- 
ment may play an important role in evaluating disease response in the 
future. 

Disease features can change over the course of the disease. Not 
infrequently, clonal evolution occurs with successive relapses, resulting 


in the loss of previously secreted intact immunoglobulin and a switch 
to secretion of light-chains only (“Bence Jones escape”) or entire loss of 
immunoglobulin-secretory capacity, often associated with extramed- 
ullary spread, best signified by increased LDH levels and lesions found 
on PET-CT examination. Occasionally, unexplained anemia or pan- 
cytopenia accompanies the disappearance of myeloma protein mark- 
ers, necessitating prompt marrow examination to detect fulminant 
relapse. 

Many induction regimens currently affect tumor cytoreduction 
rapidly, so that monoclonal immunoglobulin reduction of 50 percent or 
more is apparent within a few months of therapy. Thus, at least monthly 
myeloma protein evaluations should be performed during induction. 
After two to four induction cycles and prior to high-dose melpha- 
lan-based auto-HSCT, the disease is restaged, to include marrow exami- 
nation with cytogenetics and MRI and/or PET-CT of indicator lesions 
in order to assess whether intramedullary or EMD has been reduced. 
Disease monitoring should be performed at least every month for the 
first year and at a minimum every other month thereafter. Marrow 
biopsy, including cytogenetic examinations, should be performed at the 
time of progression or change in therapy. Imaging should be performed 
annually or in the presence of new symptoms. 


PROGNOSIS 


The prognosis of myeloma is determined by three factors: (1) the host, 
(2) tumor biology and disease burden, and (3) the type of therapy 
applied. Host parameters, such as comorbidities, advanced age, frailty, 
and poor performance status, negatively impact overall outcome and 
increase treatment-related morbidity and mortality. With the advent of 
new drugs, used in combination or incorporated into high-dose mel- 
phalan-based auto-HSCT approaches, some poor prognostic factors 
can be overcome (see “Management of Newly Diagnosed Myeloma” 
above). 

Advances in cytogenetics, gene-expression profiling, and imaging 
(MRI and PET-CT) have greatly increased our understanding of tumor 
biology and burden. Furthermore, such variables are more powerful 
prognostic indicators than standard prognostic variables. 

Numerous individual parameters have been examined for their 
value as prognostic features. Higher labeling indices, serum IL-6 
receptor levels, increased RAS mutations, more aggressive disease, and 
shortened survival has been reported in patients with plasmablastic 
morphology.*” Serum £,M represents the light chain of the MHC com- 
plex of the cell membrane. Increased serum fM results from secretion 
by tumors with a high growth fraction and rapid cell turnover rates. In 
patients with myeloma and normal renal function, rising serum f „M 
predicts for progression.*" The labeling index (LI), a measure of DNA 
synthesis by myeloma cells, predicts for survival. It is usually low (<1 
percent) at diagnosis, higher at relapse, and lower in MG and indolent 
myeloma.*” 

Serum IL-6 levels appear to correlate both with stage of disease 
and survival.*””°’* IL-6 stimulates hepatocytes to produce acute phase 
proteins, such as C-reactive protein (CRP); CRP, therefore, may reflect 
the IL-6 level and proliferative status of marrow plasma cells. Indeed, 
CRP levels are significantly lower in patients with MG than in those 
with MM, and survival can be correlated with serum CRP level.*” High 
serum levels of soluble IL-6 receptor (sIL-6R), hepatocyte growth fac- 
tor,’ and syndecan-1,**' as well as low serum levels of hyaluronate,**” 
are independent prognostic factors predicting poor outcome. 

The percentage of circulating plasma cells in the blood and their 
labeling indices are independent prognostic factors for survival in mye- 
loma after both conventional and high-dose therapy.” Circulating 
endothelial cells also correlate with disease course and response to 
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thalidomide.™ Finally, circulating proteasome levels are an indepen- 
dent prognostic factor for survival.*” 

Many of these factors are interrelated and, therefore, of limited 
independent value. Using multivariate analysis, several groups have 
found that the best combination of variables to predict outcome was 
serum pM, reflecting both the tumor burden and the renal function; 
and the proliferative activity of plasma cells, evaluated by the LI or num- 
ber of tumor cells in S-phase. Age and performance status also improves 
the prognostic assessment.**°°*” 

Cytogenetic findings associated with poor outcome include hypo- 
diploidy and deletion 17p13, the locus of the tumor-suppressor gene 
TP53.°83372588 Gains of chromosome 1q arm and loss of 1p occur in 
tandem duplications and jumping translocations of chromosome 1, and 
signify more aggressive and more advanced myeloma.*”***”? Combin- 
ing hypodiploidy and high £,M has also been used to identify patient 
populations with a poor outcome." In contrast, hyperdiploidy, which 
accounts for almost half of the patients with abnormal cytogenetics and 
involves nonrandom gains of chromosomes 3, 5, 7, 9, 11, 15, 19, and 
21, is associated with chemosensitive disease and better OS. Translo- 
cation t(11;14) also confers a better outcome.'*' Chromosome 13 dele- 
tions are present in more than 50 percent of patients with myeloma and 
are associated with poor prognosis; however, these deletions are also 
associated with MG, and their role in transformation to myeloma 
is undefined at present. Chromosome 13 deletion is not prognostic for 
response to bortezomib, highlighting the importance of prognostic fac- 
tors for particular therapies.’ 

Interphase FISH does not depend on cycling cells and increases 
the detection of abnormal cells to 80 to 90 percent.” Interphase FISH 
can also detect cytogenetically silent translocations, for example, t(4;14), 
t(14;16), and t(14;20), and can be performed on stored material. The 
above data suggest that analysis of metaphase cytogenetic abnormalities 
and FISH can identify patients who do not do well with auto-HSCT or 
standard therapies. Individual prognostication remains highly variable 
despite the application of these more sophisticated cytogenetic tech- 
niques. The Total Therapy 2 patient data set revealed that standard prog- 
nostic variables and metaphase cytogenetic had limited ability to account 
for outcome variability with hazard ratios not exceeding 2.0." 

Gene-expression profiling on newly diagnosed patients has 
allowed for the interpretation of outcome in the context of whole 
human genomic data. Gene-expression profiling not only has the ability 
to define disease pathogenesis, but also to identify both novel prognos- 
tic factors and potential therapeutic targets.*”°”* Using tumor cells from 
532 newly diagnosed patients, Shaughnessy and colleagues defined a 
70-gene model and a 17-gene subset that have the ability to identify high- 
risk disease.*” In a study by the IFM, gene-expression profiles were gen- 
erated for 250 newly diagnosed patients. The 15 most stable genes were 
used to construct a survival model. The 15-gene model demonstrated 
an improved ability to predict survival in newly diagnosed patients with 
myeloma treated with high-dose therapy. Specifically, this work demon- 
strated that high-risk patients have a 6.8-fold hazard ratio (95 percent 
confidence interval, 3.92 to 11.73; P <0.001) of death compared with 
low-risk patients. IFM 15-gene and University of Arkansas for Medical 
Sciences (UAMS) 17-gene models, when applied to their respective data 
sets, are powerful prognostic tools that can enhance the ISS for the iden- 
tification of high-risk disease. The HOVON group developed a 92 gene 
signature which predicts for differential outcome. These gene signa- 
tures are, however, not yet generalizable, as they have not been studied 
prospectively. Moreover, an analysis of signatures defined in Arkansas, 
IFM, Millennium, and HOVON studies shows that these signatures are 
not broadly useful in myeloma.'” 

These gene-expression profiling studies also identify mechanisms 
of sensitivity versus resistance to conventional and novel myeloma 


therapies. For example, gene-expression profiling of patient tumor 
samples showed genes upregulated in patients responding to borte- 
zomib compared to patients who did not respond. Hsp27 upregula- 
tion correlated with intrinsic or acquired bortezomib resistance (Chap. 
109). Preclinical studies showed that p38™4?* inhibition downregulated 
Hsp27 expression and restored Velcade sensitivity in resistant myeloma 
cell lines and patient samples,’ providing the basis for a trial combin- 
ing these two agents. 

Gene-expression profiling data should have an important impact 
on the interpretation of future clinical trials. Validated prognostic 
models from gene microarray data are now used for improved prog- 
nostication and will ultimately be used to assist in selecting therapy for 
individual patients. 

Myeloma is a very complex disease at the genomic level. Parallel 
sequencing of paired and normal samples from 203 myeloma patients 
were performed and mutations were most frequently observed in KRAS, 
NRAS, BRAF, FAM46C, TP53, and DIS3.'” The tumors demonstrated 
significant heterogeneity. Mutations were often present in subclonal 
populations and multiple mutations within the same pathway were 
observed within the same patient. Results of whole-exome sequencing, 
copy-number profiling, and cytogenetics of myeloma samples, includ- 
ing serial samples in 15 patients, demonstrated complex clonal evolu- 
tion over time. Moreover, clonal and subclonal heterogeneity within 
the same patient without the predominant clone did not necessarily 
translate into mRNA. These and other studies demonstrate the com- 
plexity of the myeloma genome underscoring a need for rapid identifi- 
cation of possible druggable oncogenic mutations to customize therapy 
for myeloma patients. Genomic analysis technology that can facilitate 
this understanding may prove valuable in the further development of 
effective targeted therapies. Future strategies of treatment may include 
the combination of targeted therapies with existing proteosome inhib- 
itors and IMiDs. In addition, identification of mutations may provide 
important prognostic information. For example, SP140 mutations were 
associated with increased risk of relapse suggesting that this gene may 
have prognostic features in myeloma. 


@ SPECIAL DISEASE MANIFESTATIONS 
IGM MYELOMA 


A rare diagnostic dilemma concerns the existence of an IgM myeloma 
entity that is distinct from Waldenström macroglobulinemia (histo- 
pathologic diagnosis, immunocytoma).%° Upon examination, plasma 
cells, rather than the lymphoplasmacytic infiltrate, are seen to domi- 
nate the marrow of myeloma, whereas mastocytosis is a hallmark of 
immunocytoma. DNA aneuploidy and the presence of lytic bone lesions 
support a diagnosis of myeloma. Myeloma, also of the IgM isotype, is 
resistant to purine analogues, which are effective in Waldenström 
macroglobulinemia.°°” 


SOLITARY PLASMACYTOMA 


Plasmacytomas are collections of monoclonal plasma cells originating 
either in bone (solitary osseous plasmacytoma [SOP]) or in soft tissue 
(extramedullary plasmacytoma [EMP]). They comprise less than 10 
percent of plasma cell dyscrasias. Indications of systemic disease such 
as marrow plasmacytosis, anemia, renal insufficiency, or multiple lytic 
or soft-tissue lesions must be excluded before the diagnosis of either 
SOP or EMP can be made. MRI can be useful to show additional mar- 
row abnormalities consistent with myeloma.‘ The median age of diag- 
nosis of either SOP or EMP is approximately 50 years, nearly 10 years 
younger than that for myeloma.®*" Although patients with SOP and 
EMP can both progress to myeloma, persons with SOP progress in the 
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majority of cases, in contrast to EMP, where only 50 percent eventu- 
ally develop myeloma. The median survival of 86.4 months and 100.8 
months for patients with SOP and EMP, respectively, is similar; how- 
ever, PFS is markedly different, 16 percent for SOP patients versus 71 
percent for EMP patients. The persistence of stable monoclonal Ig in the 
serum and/or urine after primary treatment of plasmacytoma does not 
necessitate additional therapy, as it does not influence survival or dis- 
ease-free survival. In contrast, rising monoclonal Ig levels in a patient 
with a history of either SOP or EMP should trigger a workup for either 
recurrent plasmacytoma or myeloma. It has been suggested, as is true 
for myeloma, that serum $,M has prognostic value in patients with SOP. 
For example, 17 of 19 patients with elevated serum $,M had transfor- 
mation to myeloma and shorter survival (31 months) as compared with 
those with normal serum £,M levels.*” 

Local therapy, primarily radiotherapy, with surgery as needed for 
structural anatomic support is the standard treatment for SOP and 
EMP.“*-*!! Patients with soft-tissue solitary plasmacytomas can often 
be cured with appropriate local radiation (dose of at least 4.5 Gy). By 
contrast, this local treatment approach fails in the majority of patients 
with solitary plasmacytomas of bone.‘ The development of myeloma 
in such patients probably reflects multifocal systemic disease present at 
the outset and hitherto not detectable by standard radiographic imaging 
but readily by applying MRI‘ and PET-CT.5 

The benefit of chemotherapy, either alone or in combination with 
radiotherapy and surgery, as primary therapy for SOP or EMP has not 
been proven. Moreover, the benefit of adjuvant chemotherapy, given to 
prevent recurrent disease and/or progression to myeloma, is also unde- 
fined. Disappearance of protein after involved-field radiotherapy pre- 
dicts for long-term disease-free survival and possible cure.‘ 


AMYLOID LIGHT-CHAIN AMYLOIDOSIS 


When clinical features of congestive heart failure, nephrotic syndrome, 
malabsorption, coagulopathy, skin rash (oral mucosal rash, “raccoon’s 
eyes’) or neuropathy are present, a careful search for primary amyloi- 
dosis should be carried out (Chap. 108). LCDD may also have a similar 
clinical presentation. The primary difference between AL amyloidosis 
and LCDD is the difference in structure of the deposited protein; in AL 
amyloidosis it is fibrillar versus granular in LCDD. LCDD is usually 
associated with the x light-chain subtype, whereas AL amyloidosis is 
associated with the A light-chain subtype of myeloma. 

Primary AL amyloidosis and immunoglobulin deposition diseases 
are best characterized functionally as MG with clinical manifestations 
because of normal tissue infiltration by these processes, although they 
can also accompany overt myeloma. Further workup following suspicion 
on clinical presentation depends on the organ of concern. Cardiac amy- 
loidosis may be associated with low voltage on an electrocardiogram, 
arrhythmias, increased interventricular septal thickness greater than 12 
mm, diastolic dysfunction or speckling on echocardiogram, and eleva- 
tion of markers, such as B-type natriuretic peptide, N-terminal pro-B- 
type natriuretic protein, and cardiac troponin T."'**"” Involvement of the 
gastrointestinal tract may present with decreased albumin and preal- 
bumin. Renal involvement may present as nonspecific proteinuria with 
high total protein on 24-hour collection and low monoclonal immuno- 
globulin. Carpal tunnel syndrome and peripheral neuropathy may be 
a manifestation of amyloid, and nerve conduction studies may help in 
this diagnosis. Orthostatic hypotension also should alert to the possi- 
bility of systemic amyloidosis as a result of amyloid deposition in vasa 
nervorum of the autonomic nervous system or in adrenal glands result- 
ing in hypoadrenalism. Occasionally, primary amyloidosis presents as 
tumors either mostly consisting of amyloid or mixed with plasmacy- 
toma. Typically, MRI signals can distinguish plasmacytomas, which 


show hypointensity on T1-weighted images and hyperintensity on short 
tau inversion recovery (STIR)-weighted images, whereas amyloidoma- 
type lesions remain hypointense. 

Appropriate biopsy techniques should be applied to clarify the 
presence and extent of accompanying amyloidosis or, similarly, LCDD 
in these patients. The diagnosis of AL amyloid (Chap. 108) often can be 
made by fine-needle aspiration of subcutaneous fat or by biopsy of the 


rectal mucosa,°'* although biopsy of accessible clinically involved tissue 


is preferable. AL amyloid also may be detectable on marrow biopsy.’ 
Staining the tissue with Congo red may reveal perivascular amyloid 
with its classical apple-green birefringence when viewed under polar- 
ized light.“ Thioflavin T is also a useful stain, producing intense yellow 
green fluorescence in AL amyloidosis. LCDD require immunofluores- 
cence analysis of unfixed tissue; formalin fixation should be avoided 
whenever it is suspected. 

Even though the tumor load is very low, patients with AL amy- 
loidosis and immunoglobulin deposition disease suffer from the con- 
sequences of myeloma secretory products, even at relatively modest 
amounts, resulting in damage to kidneys, heart, gastrointestinal tract, 
liver, spleen, and peripheral and autonomic nerves. All current treat- 
ment targets the monoclonal plasma cell population and advances 
have paralleled the advances in treatment of myeloma. Whereas stan- 
dard melphalan-prednisone has been only marginally effective, high- 
dose dexamethasone pulsing plus interferon, effecting more rapid and 
profound responses in myeloma, has also shown encouraging results 
in AL amyloidosis.” Similarly, positive results have been obtained 
with dexamethasone plus melphalan.*! The Boston University group 
has pioneered the use of high-dose melphalan with auto-HSCT (see 
Fig. 107-16), which is an effective regimen in carefully selected 
patients. In a study of 312 patients, high-dose melphalan (100 to 200 
mg/m”) with auto-HSCT resulted in a median survival of 4.6 years with 
a treatment-related mortality of 13 percent.” There was also significant 
improvement in organ function. The role of allogeneic transplantation 
in AL amyloidosis is unclear. 

Incorporation of the newer agents, such as the IMiDs and pro- 
teasome inhibitors, has shown promising results in the treatment of 
patients with AL amyloidosis in combination with other agents such as 
melphalan, dexamethasone, and cyclophosphamide. In phase II trials of 
lenalidomide in combination with dexamethasone 29 percent achieved a 
CR and 38 percent achieved a PR with an OR RE of 67 percent. Lenalid- 
omide was given at a dose reduction of 15 mg/day because of poor tol- 
erability at standard dose of 25 mg/day. The safety and efficacy of the 
combination of pomalidomide and dexamethasone was also evaluated 
in a phase II clinical trial. Of 33 patients, the ORR was 48 percent. The 
time to response was 1.9 months and the median overall and PFS rates 
were 28 and 14 months, respectively. The most common side effects 
were fatigue and neutropenia.“ 

Bortezomib has also demonstrated efficacy and tolerability in the 
treatment of AL amyloidosis. In a phase II trial of 40 patients not achiev- 
ing a CR after autologous SCT, 21 patients were treated with bortezomib 
and dexamethasone. Of the 12 evaluable patients at 1-year post—autol- 
ogous SCT, ORR was 92 percent—67 percent achieved a CR and 50 
percent had organ responses.*° When used in combination with cyclo- 
phosphamide (CyBorD), high response rates are reported. Venner and 
colleagues evaluated the combination in 43 treatment-naive patients. 
The overall hematologic response rate was 81.4 percent with CRs in 39.5 
percent; 30 percent of patients reported peripheral neuropathy. This is 
likely attributable to the fact that dosing on this regimen was biweekly 
and the route of bortezomib administration was intravenous.” 

Cardiac amyloid remains the most challenging clinical condi- 
tion and is currently addressed with repeated cycles of dose-reduced 
melphalan (70 to 100 mg/m’) and stem cell support to avoid cardiac 
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catastrophes possibly linked to arrhythmias, caused by fluid overload 
or cytokines.°* There is a prevailing misconception that high-dose 
dexamethasone pulsing, alone or with added thalidomide, even at low 
doses, is safer and better tolerated than appropriately dosed melpha- 
lan with stem cell support. Owing to its hematopoietic stem cell-com- 
promising properties, melphalan, even at 50 to 70 mg/m’, is still best 
administered in the context of autologous stem cell support. 


SMOLDERING MYELOMA 


Patients with smoldering myeloma have historically been followed 
without therapy.°°-*! At this time, there is no role for treating smolder- 
ing myeloma patients. Patients should be followed at close intervals of 
every 3 to 6 months and clinical trials should be offered where available. 

At a median followup of 40 months in a small, randomized, pro- 
spective study of 125 patients with high-risk smoldering myeloma, 
treated with either lenalidomide and dexamethasone or observation,” 
TTP was not reached by the intervention arm compared to 21 months 
in the observation arm (p <0.001), and the 3-year OS was 94 percent 
versus 30 percent (p = 0.03). Despite these favorable finding, the high- 
risk criteria employed by this study are not those commonly used in 
practice. High-risk in this study was defined as having at least 10 percent 
marrow infiltration with plasma cells, a M-protein of 3 g/dL or greater, 
or a urinary Bence Jones protein level of more than 1 g/24 hours. Based 
on these criteria, some patients with active myeloma were classified as 
having high-risk smoldering myeloma, which may have contributed to 
the differences in the outcomes between the two arms of the trial. The 
IMWG has advised that those smoldering myeloma patients who have 
greater than 60 percent marrow plasma cells, «:A FLC ratios greater 
than 100,“* and two lesions on MRI or PET-CT imaging may bene- 
fit from therapy.” Further investigation of treatment in high-risk 
myeloma is warranted before changing the treatment paradigm in this 
population. 


REFERENCES 


1. Palumbo A, Anderson K: Multiple myeloma. N Engl J Med 364:1046-1060, 2011. 
. Borrow P, Lewicki H, Hahn BH, et al: Virus-specific CD8+ cytotoxic T-lymphocyte 
activity associated with control of viremia in primary human immunodeficiency virus 
type 1 infection. J Virol 68:6103-6110, 1994. 
. Cohen HJ, Crawford J, Rao MK, et al: Racial differences in the prevalence of monoclo- 
nal gammopathy in a community-based sample of the elderly. Am J Med 104:439-444, 
1998. 
. Iwanaga M, Tagawa M, Tsukasaki K, et al: Prevalence of monoclonal gammopathy of 
undetermined significance: Study of 52,802 persons in Nagasaki City, Japan. Mayo Clin 
Proc 82:1474-1479, 2007. 
. Landgren O, Gridley G, Turesson I, et al: Risk of monoclonal gammopathy of undeter- 
mined significance (MGUS) and subsequent multiple myeloma among African Ameri- 
can and white veterans in the United States. Blood 107:904-906, 2006. 
. Landgren O, Kyle RA, Pfeiffer RM, et al: Monoclonal gammopathy of undetermined 
significance (MGUS) consistently precedes multiple myeloma: A prospective study. 
Blood 113:5412-5417, 2009. 
. Weiss BM, Abadie J, Verma P, et al: A monoclonal gammopathy precedes multiple mye- 
loma in most patients. Blood 113:5418-5422, 2009. 
. Durie BG, Harousseau JL, Miguel JS, et al: International uniform response criteria for 
multiple myeloma. Leukemia 20:1467-1473, 2006. 
. Kyle RA, Therneau TM, Rajkumar SV, et al: A long-term study of prognosis in mono- 
clonal gammopathy of undetermined significance. N Engl J Med 346:564-569, 2002. 
10. Vachon CM, Kyle RA, Therneau TM, et al: Increased risk of monoclonal gammopathy 
in first-degree relatives of patients with multiple myeloma or monoclonal gammopathy 
of undetermined significance. Blood 114:785-790, 2009. 

11. Bourguet CC, Grufferman S, Delzell E, et al: Multiple myeloma and family history of 
cancer. A case-control study. Cancer 56:2133-2139, 1985. 

12. Grosbois B, Jego P, Attal M, et al: Familial multiple myeloma: Report of fifteen families. 
Br J Haematol 105:768-770, 1999. 

13. Lynch HT, Ferrara K, Barlogie B, et al: Familial myeloma. N Engl J Med 359:152-157, 
2008. 

14. Lynch HT, Sanger WG, Pirruccello S, et al: Familial multiple myeloma: A family study 
and review of the literature. J Natl Cancer Inst 93:1479-1483, 2001. 


N 


w 


A 


v 


an 


N 


Co 


\o 


15. 


16. 


17. 


18. 


19. 


20. 


21, 


22. 


23: 


24. 


25, 


26. 


27. 


28. 


29. 


30. 


31; 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


Chubb D, Weinhold N, Broderick P, et al: Common variation at 3q26.2, 6p21.33, 
17p11.2 and 22q13.1 influences multiple myeloma risk. Nat Genet 45:1221-1225, 2013. 
Morgan GJ, Johnson DC, Weinhold N, et al: Inherited genetic susceptibility to multiple 
myeloma. Leukemia 28:518-524, 2014. 

Weinhold N, Johnson DC, Rawstron AC, et al: Inherited genetic susceptibility to mono- 
clonal gammopathy of unknown significance. Blood 123:2513-2517; quiz 2593, 2014. 
Grass S, Preuss KD, Ahlgrimm M, et al: Association of a dominantly inherited hyper- 
phosphorylated paraprotein target with sporadic and familial multiple myeloma and 
monoclonal gammopathy of undetermined significance: A case-control study. Lancet 
Oncol 10:950-956, 2009. 

Zwick C, Held G, Auth M, et al: Over one-third of African-American MGUS and mul- 
tiple myeloma patients are carriers of hyperphosphorylated paratarg-7, an autosomal 
dominantly inherited risk factor for MGUS/MM. Int J Cancer 135:934-938, 2014. 
Soderberg KC, Kaprio J, Verkasalo PK, et al: Overweight, obesity and risk of haema- 
tological malignancies: A cohort study of Swedish and Finnish twins. Eur J Cancer 
45:1232-1238, 2009. 

Wallin A, Larsson SC: Body mass index and risk of multiple myeloma: A meta-analysis 
of prospective studies. Eur J Cancer 47:1606-1615, 2011. 

Calle EE, Rodriguez C, Walker-Thurmond K, et al: Overweight, obesity, and mortality 
from cancer in a prospectively studied cohort of U.S. adults. N Engl J Med 348:1625- 
1638, 2003. 

Friedman GD, Herrinton LJ: Obesity and multiple myeloma. Cancer Causes Control 
5:479-483, 1994. 

Carson KR, Bates ML, Tomasson MH: The skinny on obesity and plasma cell myeloma: 
A review of the literature. Bone Marrow Transplant 49:1009-1015, 2014. 

Alexander DD, Mink PJ, Adami HO, et al: Multiple myeloma: A review of the epidemi- 
ologic literature. Int J Cancer 120 Suppl 12:40-61, 2007. 

Riedel DA, Pottern LM: The epidemiology of multiple myeloma. Hematol Oncol Clin 
North Am 6:225-247, 1992. 

van Kaick G, Dalheimer A, Hornik S, et al: The German thorotrast study: Recent results 
and assessment of risks. Radiat Res 152:S64-S71, 1999. 

Ichimaru M, Ishimaru T, Mikami M, et al: Multiple myeloma among atomic bomb sur- 
vivors in Hiroshima and Nagasaki, 1950-1976: Relationship to radiation dose absorbed 
by marrow. J Natl Cancer Inst 69:323-328, 1982. 

Neriishi K, Nakashima E, Suzuki G: Monoclonal gammopathy of undetermined signif- 
icance in atomic bomb survivors: Incidence and transformation to multiple myeloma. 
Br J Haematol 121:405-410, 2003. 

Eriksson M, Karlsson M: Occupational and other environmental factors and multiple 
myeloma: A population based case-control study. Br J Ind Med 49:95-103, 1992. 
Kristensen P, Andersen A, Irgens LM, et al: Incidence and risk factors of cancer among 
men and women in Norwegian agriculture. Scand J Work Environ Health 22:14-26, 
1996. 

Isomaki HA, Hakulinen T, Joutsenlahti U: Excess risk of lymphomas, leukemia and 
myeloma in patients with rheumatoid arthritis. J Chronic Dis 31:691-696, 1978. 
Raposo A, Peixoto D, Bogas M: Monoclonal gammopathy and rheumatic diseases. Acta 
Reumatol Port 39:12-18, 2014. 

McShane CM, Murray LJ, Landgren O, et al: Prior autoimmune disease and risk of 
monoclonal gammopathy of undetermined significance and multiple myeloma: A sys- 
tematic review. Cancer Epidemiol Biomarkers Prev 23:332-342, 2014. 

Duberg AS, Nordstrom M, Torner A, et al: Non-Hodgkin’s lymphoma and other non- 
hepatic malignancies in Swedish patients with hepatitis C virus infection. Hepatology 
41:652-659, 2005. 

Goedert JJ, Cote TR, Virgo P, et al: Spectrum of AIDS-associated malignant disorders. 
Lancet 351:1833-1839, 1998. 

Brown LM, Gridley G, Check D, et al: Risk of multiple myeloma and monoclonal gam- 
mopathy of undetermined significance among white and black male United States vet- 
erans with prior autoimmune, infectious, inflammatory, and allergic disorders. Blood 
111:3388-3394, 2008. 

Gramenzi A, Buttino I, D’Avanzo B, et al: Medical history and the risk of multiple mye- 
loma. Br J Cancer 63:769-772, 1991. 

Soulier J, Grollet L, Oksenhendler E, et al: Kaposi’s sarcoma-associated herpesvirus-like 
DNA sequences in multicentric Castleman's disease. Blood 86:1276-1280, 1995. 
Chauhan D, Bharti A, Raje N, et al: Detection of Kaposi's sarcoma herpesvirus DNA 
sequences in multiple myeloma bone marrow stromal cells. Blood 93:1482-1486, 
1999. 

Rettig MB, Ma HJ, Vescio RA, et al: Kaposi’s sarcoma-associated herpesvirus infection 
of bone marrow dendritic cells from multiple myeloma patients. Science 276:1851- 
1854, 1997. 

Kuehl WM, Bergsagel PL: Multiple myeloma: Evolving genetic events and host interac- 
tions. Nat Rev Cancer 2:175-187, 2002. 

Kuehl WM, Bergsagel PL: Molecular pathogenesis of multiple myeloma and its prema- 
lignant precursor. J Clin Invest 122:3456-3463, 2012. 

Hajek R, Okubote SA, Svachova H: Myeloma stem cell concepts, heterogeneity and 
plasticity of multiple myeloma. Br J Haematol 163:551-564, 2013. 

Bast EJ, van Camp B, Reynaert P, et al: Idiotypic peripheral blood lymphocytes in 
monoclonal gammopathy. Clin Exp Immunol 47:677-682, 1982. 

Berenson J, Wong R, Kim K, et al: Evidence for peripheral blood B lymphocyte but not 
T lymphocyte involvement in multiple myeloma. Blood 70:1550-1553, 1987. 

Mellstedt H, Holm G, Pettersson D, et al: Idiotype-bearing lymphoid cells in plasma cell 
neoplasia. Clin Haematol 11:65-86, 1982. 


Part XI: Malignant Lymphoid Diseases 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


BEE 


56. 


57. 


58. 


59. 


60. 


6l. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


74. 


T 


76. 


77. 


Pilarski LM, Jensen GS: Monoclonal circulating B cells in multiple myeloma. A contin- 
uously differentiating, possibly invasive, population as defined by expression of CD45 
isoforms and adhesion molecules. Hematol Oncol Clin North Am 6:297-322, 1992. 
Pilarski LM, Mant MJ, Ruether BA: Pre-B cells in peripheral blood of multiple myeloma 
patients. Blood 66:416-422, 1985. 

Ruiz-Arguelles GJ, Katzmann JA, Greipp PR, et al: Multiple myeloma: Circulating lym- 
phocytes that express plasma cell antigens. Blood 64:352-356, 1984. 

Chen BJ, Epstein J: Circulating clonal lymphocytes in myeloma constitute a minor sub- 
population of B cells. Blood 87:1972-1976, 1996. 

Paiva B, Perez-Andres M, Vidriales MB, et al: Competition between clonal plasma cells 
and normal cells for potentially overlapping bone marrow niches is associated with a 
progressively altered cellular distribution in MGUS vs myeloma. Leukemia 25:697-706, 
2011. 

Ghobrial IM: Myeloma as a model for the process of metastasis: Implications for ther- 
apy. Blood 120:20-30, 2012. 

Kumar S, Rajkumar SV, Kyle RA, et al: Prognostic value of circulating plasma cells in 
monoclonal gammopathy of undetermined significance. J Clin Oncol 23:5668-5674, 
2005. 

Bianchi G, Kyle RA, Larson DR, et al: High levels of peripheral blood circulating plasma 
cells as a specific risk factor for progression of smoldering multiple myeloma. Leukemia 
27:680-685, 2013. 

Nowakowski GS, Witzig TE, Dingli D, et al: Circulating plasma cells detected by flow 
cytometry as a predictor of survival in 302 patients with newly diagnosed multiple mye- 
loma. Blood 106:2276-2279, 2005. 

Peceliunas V, Janiulioniene A, Matuzeviciene R, et al: Circulating plasma cells predict the 
outcome of relapsed or refractory multiple myeloma. Leuk Lymphoma 53:641-647, 2012. 
Paiva B, Paino T, Sayagues JM, et al: Detailed characterization of multiple myeloma 
circulating tumor cells shows unique phenotypic, cytogenetic, functional, and circadian 
distribution profile. Blood 122:3591-3598, 2013. 

Cremer FW, Bila J, Buck I, et al: Delineation of distinct subgroups of multiple myeloma 
and a model for clonal evolution based on interphase cytogenetics. Genes Chromosomes 
Cancer 44:194-203, 2005. 

Smadja NV, Fruchart C, Isnard F, et al: Chromosomal analysis in multiple myeloma: 
Cytogenetic evidence of two different diseases. Leukemia 12:960-969, 1998. 

Zandecki M, Lai JL, Facon T: Multiple myeloma: Almost all patients are cytogenetically 
abnormal. Br J Haematol 94:217-227, 1996. 

Carrasco DR, Tonon G, Huang Y, et al: High-resolution genomic profiles define distinct 
clinico-pathogenetic subgroups of multiple myeloma patients. Cancer Cell 9:313-325, 2006. 
Walker BA, Leone PE, Chiecchio L, et al: A compendium of myeloma-associated chro- 
mosomal copy number abnormalities and their prognostic value. Blood 116:e56-e65, 
2010. 

Tabernero D, San Miguel JF, Garcia-Sanz M, et al: Incidence of chromosome numeri- 
cal changes in multiple myeloma: Fluorescence in situ hybridization analysis using 15 
chromosome-specific probes. Am J Pathol 149:153-161, 1996. 

Fonseca R, Debes-Marun CS, Picken EB, et al: The recurrent IgH translocations 
are highly associated with nonhyperdiploid variant multiple myeloma. Blood 102: 
2562-2567, 2003. 

Meeus P, Stul MS, Mecucci C, et al: Molecular breakpoints of t(11;14)(q13;q32) in mul- 
tiple myeloma. Cancer Genet Cytogenet 83:25-27, 1995. 

Raynaud SD, Bekri S, Leroux D, et al: Expanded range of 11q13 breakpoints with differ- 
ing patterns of cyclin D1 expression in B-cell malignancies. Genes Chromosomes Cancer 
8:80-87, 1993. 

Ronchetti D, Finelli P, Richelda R, et al: Molecular analysis of 11q13 breakpoints in 
multiple myeloma. Blood 93:1330-1337, 1999. 

Hoyer JD, Hanson CA, Fonseca R, et al: The (11;14)(q13;q32) translocation in multi- 
ple myeloma. A morphologic and immunohistochemical study. Am J Clin Pathol 113: 
831-837, 2000. 

Soverini S, Cavo M, Cellini C, et al: Cyclin D1 overexpression is a favorable prognostic 
variable for newly diagnosed multiple myeloma patients treated with high-dose chemo- 
therapy and single or double autologous transplantation. Blood 102:1588-1594, 2003. 
Shaughnessy J Jr, Gabrea A, Qi Y, et al: Cyclin D3 at 6p21 is dysregulated by recur- 
rent chromosomal translocations to immunoglobulin loci in multiple myeloma. Blood 
98:217-223, 2001. 

Bergsagel PL, Kuehl WM, Zhan F, et al: Cyclin D dysregulation: An early and unifying 
pathogenic event in multiple myeloma. Blood 106:296-303, 2005. 

Gertz MA, Lacy MQ, Dispenzieri A, et al: Clinical implications of t(11;14)(q13;q32), 
t(4;14)(p16.3;q32), and -17p13 in myeloma patients treated with high-dose therapy. 
Blood 106:2837-2840, 2005. 

Keats JJ, Reiman T, Maxwell CA, et al: In multiple myeloma, t(4;14)(p16;q32) is an 
adverse prognostic factor irrespective of FGFR3 expression. Blood 101:1520-1529, 
2003. 
Martinez-Garcia E, Popovic R, Min DJ, et al: The MMSET histone methyl transferase 
switches global histone methylation and alters gene expression in t(4;14) multiple mye- 
loma cells. Blood 117:211-220, 2011. 
Richelda R, Ronchetti D, Baldini L, et al: A novel chromosomal translocation t(4; 14) 
(p16.3; q32) in multiple myeloma involves the fibroblast growth-factor receptor 3 gene. 
Blood 90:4062-4070, 1997. 
Chesi M, Brents LA, Ely SA, et al: Activated fibroblast growth factor receptor 3 is 
an oncogene that contributes to tumor progression in multiple myeloma. Blood 97: 
729-736, 2001. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


97. 


98. 


99. 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


Intini D, Baldini L, Fabris S, et al: Analysis of FGFR3 gene mutations in multiple mye- 
loma patients with t(4;14). Br J Haematol 114:362-364, 2001. 

Ronchetti D, Greco A, Compasso S, et al: Deregulated FGFR3 mutants in multiple 
myeloma cell lines with t(4;14): Comparative analysis of Y373C, K650E and the novel 
G384D mutations. Oncogene 20:3553-3562, 2001. 

Chesi M, Bergsagel PL, Shonukan OO, et al: Frequent dysregulation of the c-maf 
proto-oncogene at 16q23 by translocation to an Ig locus in multiple myeloma. Blood 
91:4457-4463, 1998. 

Hurt EM, Wiestner A, Rosenwald A, et al: Overexpression of c-maf is a frequent onco- 
genic event in multiple myeloma that promotes proliferation and pathological interac- 
tions with bone marrow stroma. Cancer Cell 5:191-199, 2004. 

Neri P, Ren L, Azab AK, et al: Integrin beta7-mediated regulation of multiple myeloma 
cell adhesion, migration, and invasion. Blood 117:6202-6213, 2011. 

Avet-Loiseau H, Facon T, Daviet A, et al: 14q32 translocations and monosomy 13 
observed in monoclonal gammopathy of undetermined significance delineate a mul- 
tistep process for the oncogenesis of multiple myeloma. Intergroupe Francophone du 
Myelome. Cancer Res 59:4546-4550, 1999. 

Drach J, Schuster J, Nowotny H, et al: Multiple myeloma: High incidence of chromoso- 
mal aneuploidy as detected by interphase fluorescence in situ hybridization. Cancer Res 
55:3854-3859, 1995. 

Zandecki M, Obein V, Bernardi F, et al: Monoclonal gammopathy of undetermined 
significance: Chromosome changes are a common finding within bone marrow plasma 
cells. Br J Haematol 90:693-696, 1995. 

Avet-Loiseau H, Li C, Magrangeas F, et al: Prognostic significance of copy-number 
alterations in multiple myeloma. J Clin Oncol 27:4585-4590, 2009. 

Sawyer JR: The prognostic significance of cytogenetics and molecular profiling in mul- 
tiple myeloma. Cancer Genet 204:3-12, 2011. 

Avet-Louseau H, Daviet A, Sauner S, et al: Chromosome 13 abnormalities in multiple 
myeloma are mostly monosomy 13. Br J Haematol 111:1116-1117, 2000. 

Fonseca R, Harrington D, Oken MM, et al: Biological and prognostic significance of 
interphase fluorescence in situ hybridization detection of chromosome 13 abnormal- 
ities (delta13) in multiple myeloma: An Eastern Cooperative Oncology Group study. 
Cancer Res 62:715-720, 2002. 

Lode L, Eveillard M, Trichet V, et al: Mutations in TP53 are exclusively associated with 
del(17p) in multiple myeloma. Haematologica 95:1973-1976, 2010. 

Neri A, Baldini L, Trecca D, et al: P53 gene mutations in multiple myeloma are associ- 
ated with advanced forms of malignancy. Blood 81:128-135, 1993. 

Neben K, Lokhorst HM, Jauch A, et al: Administration of bortezomib before and after 
autologous stem cell transplantation improves outcome in multiple myeloma patients 
with deletion 17p. Blood 119:940-948, 2012. 

Shaughnessy J: Amplification and overexpression of CKS1B at chromosome band 1q21 
is associated with reduced levels of p27Kip1 and an aggressive clinical course in multi- 
ple myeloma. Hematology 10 Suppl 1:117-126, 2005. 

Hanamura I, Stewart JP, Huang Y, et al: Frequent gain of chromosome band 1q21 
in plasma-cell dyscrasias detected by fluorescence in situ hybridization: Incidence 
increases from MGUS to relapsed myeloma and is related to prognosis and disease 
progression following tandem stem-cell transplantation. Blood 108:1724-1732, 2006. 
Wu KL, Beverloo B, Lokhorst HM, et al: Abnormalities of chromosome 1p/q are highly 
associated with chromosome 13/13q deletions and are an adverse prognostic factor for 
the outcome of high-dose chemotherapy in patients with multiple myeloma. Br J Hae- 
matol 136:615-623, 2007. 

Sawyer JR, Tian E, Heuck CJ, et al: Jumping translocations of 1q12 in multiple mye- 
loma: A novel mechanism for deletion of 17p in cytogenetically defined high-risk dis- 
ease. Blood 123:2504-2512, 2014. 

Boyd KD, Ross FM, Walker BA, et al: Mapping of chromosome 1p deletions in mye- 
loma identifies FAM46C at 1p12 and CDKN2C at 1p32.3 as being genes in regions 
associated with adverse survival. Clin Cancer Res 17:7776-7784, 2011. 

Leone PE, Walker BA, Jenner MW, et al: Deletions of CDKN2C in multiple myeloma: 
Biological and clinical implications. Clin Cancer Res 14:6033-6041, 2008. 

Qazilbash MH, Saliba RM, Ahmed B, et al: Deletion of the short arm of chromosome 
1 (del 1p) is a strong predictor of poor outcome in myeloma patients undergoing an 
autotransplant. Biol Blood Marrow Transplant 13:1066-1072, 2007. 

Chapman MA, Lawrence MS, Keats JJ, et al: Initial genome sequencing and analysis of 
multiple myeloma. Nature 471:467-472, 2011. 

Avet-Loiseau H, Gerson F, Magrangeas F, et al: Rearrangements of the c-myc oncogene 
are present in 15% of primary human multiple myeloma tumors. Blood 98:3082-3086, 
2001. 

Dib A, Gabrea A, Glebov OK, et al: Characterization of MYC translocations in multiple 
myeloma cell lines. J Natl Cancer Inst Monogr 39:25-31, 2008. 

Gabrea A, Martelli ML, Qi Y, et al: Secondary genomic rearrangements involving 
immunoglobulin or MYC loci show similar prevalences in hyperdiploid and nonhyper- 
diploid myeloma tumors. Genes Chromosomes Cancer 47:573-590, 2008. 

Shou Y, Martelli ML, Gabrea A, et al: Diverse karyotypic abnormalities of the c-myc 
locus associated with c-myc dysregulation and tumor progression in multiple myeloma. 
Proc Natl Acad Sci U S A 97:228-233, 2000. 

Annunziata CM, Davis RE, Demchenko Y, et al: Frequent engagement of the classical 
and alternative NF-kappaB pathways by diverse genetic abnormalities in multiple mye- 
loma. Cancer Cell 12:115-130, 2007. 

Cottini F Hideshima T, Xu C, et al: Rescue of Hippo coactivator YAP1 triggers DNA 
damage-induced apoptosis in hematological cancers. Nat Med 20:599-606, 2014. 


107. 


108. 


109. 


110. 


TL. 


112. 


113. 


114. 


115; 


116. 


117 


118. 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 


127. 


128. 


129. 


130. 


131. 


132. 


133. 


134. 


135. 


136. 


137. 


138. 


Chapter 107: Myeloma 


Keats JJ, Fonseca R, Chesi M, et al: Promiscuous mutations activate the noncanonical 
NF-kappaB pathway in multiple myeloma. Cancer Cell 12:131-144, 2007. 

Bolli N, Avet-Loiseau H, Wedge DC, et al: Heterogeneity of genomic evolution and 
mutational profiles in multiple myeloma. Nat Commun 5:2997, 2014. 

Egan JB, Kortuem KM, Kurdoglu A, et al: Extramedullary myeloma whole genome 
sequencing reveals novel mutations in Cereblon, proteasome subunit G2 and the glu- 
cocorticoid receptor in multidrug resistant disease. Br J Haematol 161:748-751, 2013. 
Egan JB, Shi CX, Tembe W, et al: Whole-genome sequencing of multiple myeloma from 
diagnosis to plasma cell leukemia reveals genomic initiating events, evolution, and 
clonal tides. Blood 120:1060-1066, 2012. 

Keats JJ, Chesi M, Egan JB, et al: Clonal competition with alternating dominance in 
multiple myeloma. Blood 120:1067-1076, 2012. 

Lohr JG, Stojanov P, Carter SL, et al: Widespread genetic heterogeneity in multiple mye- 
loma: Implications for targeted therapy. Cancer Cell 25:91-101, 2014. 

Schmidt J, Braggio E, Kortuem KM, et al: Genome-wide studies in multiple myeloma 
identify XPO1/CRM1 as a critical target validated using the selective nuclear export 
inhibitor KPT-276. Leukemia 27:2357-2365, 2013. 

Corradini P, Ladetto M, Voena C, et al: Mutational activation of N- and K-ras onco- 
genes in plasma cell dyscrasias. Blood 81:2708-2713, 1993. 

Liu P, Leong T, Quam L, et al: Activating mutations of N- and K-ras in multiple mye- 
loma show different clinical associations: Analysis of the Eastern Cooperative Oncol- 
ogy Group Phase III Trial. Blood 88:2699-2706, 1996. 

Matozaki S, Nakagawa T, Nakao Y, et al: RAS gene mutations in multiple myeloma and 
related monoclonal gammopathies. Kobe J Med Sci 37:35-45, 1991. 

Paquette RL, Berenson J, Lichtenstein A, et al: Oncogenes in multiple myeloma: Point 
mutation of N-ras. Oncogene 5:1659-1663, 1990. 

Bezieau S, Devilder MC, Avet-Loiseau H, et al: High incidence of N and K-Ras acti- 
vating mutations in multiple myeloma and primary plasma cell leukemia at diagnosis. 
Hum Mutat 18:212-224, 2001. 

Chng WJ, Gonzalez-Paz N, Price-Troska T, et al: Clinical and biological significance of 
RAS mutations in multiple myeloma. Leukemia 22:2280-2284, 2008. 

Rasmussen T, Kuehl M, Lodahl M, et al: Possible roles for activating RAS mutations in 
the MGUS to MM transition and in the intramedullary to extramedullary transition in 
some plasma cell tumors. Blood 105:317-323, 2005. 

Preudhomme C, Facon T, Zandecki M, et al: Rare occurrence of P53 gene mutations in 
multiple myeloma. Br J Haematol 81:440-443, 1992. 

Ackermann J, Meidlinger P, Zojer N, et al: Absence of p53 deletions in bone marrow 
plasma cells of patients with monoclonal gammopathy of undetermined significance. 
Br J Haematol 103:1161-1163, 1998. 

Drach J, Ackermann J, Fritz E, et al: Presence of a p53 gene deletion in patients with 
multiple myeloma predicts for short survival after conventional-dose chemotherapy. 
Blood 92:802-809, 1998. 

Chng WJ, Price-Troska T, Gonzalez-Paz N, et al: Clinical significance of TP53 mutation 
in myeloma. Leukemia 21:582-584, 2007. 

Tiedemann RE, Gonzalez-Paz N, Kyle RA, et al: Genetic aberrations and survival in 
plasma cell leukemia. Leukemia 22:1044-1052, 2008. 

Melchor L, Brioli A, Wardell CP, et al: Single-cell genetic analysis reveals the composi- 
tion of initiating clones and phylogenetic patterns of branching and parallel evolution 
in myeloma. Leukemia 28:1705-1715, 2014. 

Zhan F, Barlogie B, Mulligan G, et al: High-risk myeloma: A gene expression based 
risk-stratification model for newly diagnosed multiple myeloma treated with high-dose 
therapy is predictive of outcome in relapsed disease treated with single-agent borte- 
zomib or high-dose dexamethasone. Blood 111:968-969, 2008. 

Mulligan G, Mitsiades C, Bryant B, et al: Gene expression profiling and correlation 
with outcome in clinical trials of the proteasome inhibitor bortezomib. Blood 109:3177- 
3188, 2007. 

Amin SB, Yip WK, Minvielle S, et al: Gene expression profile alone is inadequate in 
predicting complete response in multiple myeloma. Leukemia 28:2229-2234, 2014. 
Caligaris-Cappio F, Bergui L, Gregoretti MG, et al: Role of bone marrow stromal cells 
in the growth of human multiple myeloma. Blood 77:2688-2693, 1991. 

Grigorieva I, Thomas X, Epstein J: The bone marrow stromal environment is a major 
factor in myeloma cell resistance to dexamethasone. Exp Hematol 26:597-603, 1998. 
Hallek M, Bergsagel PL, Anderson KC: Multiple myeloma: Increasing evidence for a 
multistep transformation process. Blood 91:3-21, 1998. 

Hideshima T, Mitsiades C, Tonon G, et al: Understanding multiple myeloma pathogen- 
esis in the bone marrow to identify new therapeutic targets. Nat Rev Cancer 7:585-598, 
2007. 

Damiano JS, Cress AE, Hazlehurst LA, et al: Cell adhesion mediated drug resistance 
(CAM-DR): Role of integrins and resistance to apoptosis in human myeloma cell lines. 
Blood 93:1658-1667, 1999. 

Damiano JS, Dalton WS: Integrin-mediated drug resistance in multiple myeloma. Leuk 
Lymphoma 38:71-81, 2000. 

Ridley RC, Xiao H, Hata H, et al: Expression of syndecan regulates human myeloma 
plasma cell adhesion to type I collagen. Blood 81:767-774, 1993. 

Borset M, Hjertner O, Yaccoby S, et al: Syndecan-1 is targeted to the uropods of polar- 
ized myeloma cells where it promotes adhesion and sequesters heparin-binding pro- 
teins. Blood 96:2528-2536, 2000. 

Dhodapkar MV, Abe E, Theus A, et al: Syndecan-1 is a multifunctional regulator of 
myeloma pathobiology: Control of tumor cell survival, growth, and bone cell differen- 
tiation. Blood 91:2679-2688, 1998. 


150. 


155. 


168. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


51. 


52. 


53. 


54. 


56. 


57. 


58. 


59. 


60. 


61. 


62. 


63. 


64. 


65. 


66. 


67. 


Dhodapkar MV, Kelly T, Theus A, et al: Elevated levels of shed syndecan-1 correlate 
with tumour mass and decreased matrix metalloproteinase-9 activity in the serum of 
patients with multiple myeloma. Br J Haematol 99:368-371, 1997. 

Alsayed Y, Ngo H, Runnels J, et al: Mechanisms of regulation of CXCR4/SDF-1 
(CXCL12)-dependent migration and homing in multiple myeloma. Blood 109:2708- 
2717, 2007. 

Hideshima T, Chauhan D, Hayashi T, et al: The biological sequelae of stromal cell-de- 
rived factor-lalpha in multiple myeloma. Mol Cancer Ther 1:539-544, 2002. 

Trentin L, Miorin M, Facco M, et al: Multiple myeloma plasma cells show different 
chemokine receptor profiles at sites of disease activity. Br J Haematol 138:594-602, 2007. 
Hata H, Xiao H, Petrucci MT, et al: Interleukin-6 gene expression in multiple myeloma: 
A characteristic of immature tumor cells. Blood 81:3357-3364, 1993. 

Kawano M, Hirano T, Matsuda T, et al: Autocrine generation and requirement of 
BSF-2/IL-6 for human multiple myelomas. Nature 332:83-85, 1988. 

Klein B, Zhang XG, Jourdan M, et al: Paracrine rather than autocrine regulation 
of myeloma-cell growth and differentiation by interleukin-6. Blood 73:517-526, 
1989. 

Thomas X, Xiao HQ, Chang R, et al: Circulating B lymphocytes in multiple myeloma 
patients contain an autocrine IL-6 driven pre-myeloma cell population. Curr Top 
Microbiol Immunol 182:201-207, 1992. 

Freund GG, Kulas DT, Mooney RA: Insulin and IGF-1 increase mitogenesis and glu- 
cose metabolism in the multiple myeloma cell line, RPMI 8226. J Immunol 151:1811- 
1820, 1993. 

Vanderkerken K, Asosingh K, Braet F, et al: Insulin-like growth factor-1 acts as a che- 
moattractant factor for 5T2 multiple myeloma cells. Blood 93:235-241, 1999. 
Mitsiades CS, Mitsiades NS, McMullan CJ, et al: Inhibition of the insulin-like growth 
factor receptor-1 tyrosine kinase activity as a therapeutic strategy for multiple mye- 
loma, other hematologic malignancies, and solid tumors. Cancer Cell 5:221-230, 2004. 
Podar K, Tai YT, Davies FE, et al: Vascular endothelial growth factor triggers signaling 
cascades mediating multiple myeloma cell growth and migration. Blood 98:428-435, 
2001. 
Podar K, Tai YT, Lin BK, et al: Vascular endothelial growth factor-induced migration 
of multiple myeloma cells is associated with beta 1 integrin- and phosphatidylinositol 
3-kinase-dependent PKC alpha activation. J Biol Chem 277:7875-7881, 2002. 
Hideshima T, Chauhan D, Schlossman R, et al: The role of tumor necrosis factor alpha 
in the pathophysiology of human multiple myeloma: Therapeutic applications. Onco- 
gene 20:4519-4527, 2001. 

Otsuki T, Yamada O, Yata K, et al: Expression of fibroblast growth factor and FGF-re- 
ceptor family genes in human myeloma cells, including lines possessing t(4;14) 
(q16.3;q32. 3) and FGFR3 translocation. Int J Oncol 15:1205-1212, 1999. 

Moreaux J, Legouffe E, Jourdan E, et al: BAFF and APRIL protect myeloma cells 
from apoptosis induced by interleukin 6 deprivation and dexamethasone. Blood 103: 
3148-3157, 2004. 

Chauhan D, Uchiyama H, Akbarali Y, et al: Multiple myeloma cell adhesion-induced 
interleukin-6 expression in bone marrow stromal cells involves activation of NF-kappa 
B. Blood 87:1104-1112, 1996. 

Hideshima T, Nakamura N, Chauhan D, et al: Biologic sequelae of interleukin-6 
induced PI3-K/Akt signaling in multiple myeloma. Oncogene 20:5991-6000, 2001. 
Pene F, Claessens YE, Muller O, et al: Role of the phosphatidylinositol 3-kinase/Akt and 
mTOR/P70S6-kinase pathways in the proliferation and apoptosis in multiple myeloma. 
Oncogene 21:6587-6597, 2002. 

Gupta D, Treon SP, Shima Y, et al: Adherence of multiple myeloma cells to bone mar- 
row stromal cells upregulates vascular endothelial growth factor secretion: Therapeutic 
applications. Leukemia 15:1950-1961, 2001. 

Vacca A, Ribatti D, Presta M, et al: Bone marrow neovascularization, plasma cell 
angiogenic potential, and matrix metalloproteinase-2 secretion parallel progression of 
human multiple myeloma. Blood 93:3064-3073, 1999. 

Ria R, Todoerti K, Berardi S, et al: Gene expression profiling of bone marrow endothe- 
lial cells in patients with multiple myeloma. Clin Cancer Res 15:5369-5378, 2009. 
Rajkumar SV, Mesa RA, Fonseca R, et al: Bone marrow angiogenesis in 400 patients 
with monoclonal gammopathy of undetermined significance, multiple myeloma, and 
primary amyloidosis. Clin Cancer Res 8:2210-2216, 2002. 

Kumar S, Gertz MA, Dispenzieri A, et al: Prognostic value of bone marrow angiogen- 
esis in patients with multiple myeloma undergoing high-dose therapy. Bone Marrow 
Transplant 34:235-239, 2004. 

Biswas SK, Mantovani A: Macrophage plasticity and interaction with lymphocyte sub- 
sets: Cancer as a paradigm. Nat Immunol 11:889-896, 2010. 

Gabrilovich DI, Nagaraj S: Myeloid-derived suppressor cells as regulators of the 
immune system. Nat Rev Immunol 9:162-174, 2009. 

Gorgun GT, Whitehill G, Anderson JL, et al: Tumor-promoting immune-suppres- 
sive myeloid-derived suppressor cells in the multiple myeloma microenvironment in 
humans. Blood 121:2975-2987, 2013. 

Melton LJ 3rd, Kyle RA, Achenbach SJ, et al: Fracture risk with multiple myeloma: A 
population-based study. J Bone Miner Res 20:487-493, 2005. 

Bataille R, Chappard D, Marcelli C, et al: Recruitment of new osteoblasts and osteo- 
clasts is the earliest critical event in the pathogenesis of human multiple myeloma. J Clin 
Invest 88:62-66, 1991. 

Taube T, Beneton MN, McCloskey EV, et al: Abnormal bone remodelling in patients 
with myelomatosis and normal biochemical indices of bone resorption. Eur J Haematol 
49:192-198, 1992. 


Part XI: Malignant Lymphoid Diseases 


169. 


170. 


171. 


172. 


173. 


174. 


175. 


176. 


177. 


178. 


179. 


180. 


181. 


182. 


183. 


184. 


185. 


186. 


187. 


188. 


189. 


190. 


191. 


192. 


193. 


194. 


195. 


196. 


197. 


Raje N, Roodman GD: Advances in the biology and treatment of bone disease in mul- 
tiple myeloma. Clin Cancer Res 17:1278-1286, 2011. 

Li J, Sarosi I, Yan XQ, et al: RANK is the intrinsic hematopoietic cell surface receptor 
that controls osteoclastogenesis and regulation of bone mass and calcium metabolism. 
Proc Natl Acad Sci U S A 97:1566-1571, 2000. 

Farrugia AN, Atkins GJ, To LB, et al: Receptor activator of nuclear factor-kappaB ligand 
expression by human myeloma cells mediates osteoclast formation in vitro and cor- 
relates with bone destruction in vivo. Cancer Res 63:5438-5445, 2003. 

Lai FP, Cole-Sinclair M, Cheng WJ, et al: Myeloma cells can directly contribute to the 
pool of RANKL in bone bypassing the classic stromal and osteoblast pathway of osteo- 
clast stimulation. Br J Haematol 126:192-201, 2004. 

Sezer O, Heider U, Jakob C, et al: Human bone marrow myeloma cells express RANKL. 
J Clin Oncol 20:353-354, 2002. 

Giuliani N, Bataille R, Mancini C, et al: Myeloma cells induce imbalance in the oste- 
oprotegerin/osteoprotegerin ligand system in the human bone marrow environment. 
Blood 98:3527-3533, 2001. 

Pearse RN, Sordillo EM, Yaccoby S, et al: Multiple myeloma disrupts the TRANCE/ 
osteoprotegerin cytokine axis to trigger bone destruction and promote tumor progres- 
sion. Proc Natl Acad Sci U S A 98:11581-11586, 2001. 

Shipman CM, Croucher PI: Osteoprotegerin is a soluble decoy receptor for tumor 
necrosis factor-related apoptosis-inducing ligand/Apo2 ligand and can function as a 
paracrine survival factor for human myeloma cells. Cancer Res 63:912-916, 2003. 
Simonet WS, Lacey DL, Dunstan CR, et al: Osteoprotegerin: A novel secreted protein 
involved in the regulation of bone density. Cell 89:309-319, 1997. 

Croucher PI, Shipman CM, Lippitt J, et al: Osteoprotegerin inhibits the development of 
osteolytic bone disease in multiple myeloma. Blood 98:3534-3540, 2001. 

Mori Y, Shimizu N, Dallas M, et al: Anti-alpha4 integrin antibody suppresses the devel- 
opment of multiple myeloma and associated osteoclastic osteolysis. Blood 104:2149- 
2154, 2004. 

Qiang YW, Chen Y, Stephens O, et al: Myeloma-derived Dickkopf-1 disrupts Wnt-reg- 
ulated osteoprotegerin and RANKL production by osteoblasts: A potential mechanism 
underlying osteolytic bone lesions in multiple myeloma. Blood 112:196-207, 2008. 
Standal T, Seidel C, Hjertner O, et al: Osteoprotegerin is bound, internalized, and 
degraded by multiple myeloma cells. Blood 100:3002-3007, 2002. 

Seidel C, Hjertner O, Abildgaard N, et al: Serum osteoprotegerin levels are reduced in 
patients with multiple myeloma with lytic bone disease. Blood 98:2269-2271, 2001. 
Terpos E, Szydlo R, Apperley JF, et al: Soluble receptor activator of nuclear factor kap- 
paB ligand-osteoprotegerin ratio predicts survival in multiple myeloma: Proposal for a 
novel prognostic index. Blood 102:1064-1069, 2003. 

Heath DJ, Vanderkerken K, Cheng X, et al: An osteoprotegerin-like peptidomimetic 
inhibits osteoclastic bone resorption and osteolytic bone disease in myeloma. Cancer 
Res 67:202-208, 2007. 

Body JJ, Greipp P, Coleman RE, et al: A phase I study of AMGN-0007, a recombi- 
nant osteoprotegerin construct, in patients with multiple myeloma or breast carcinoma 
related bone metastases. Cancer 97:887-892, 2003. 

Ferguson C, Body R: Towards evidence-based emergency medicine: Best BETs from the 
Manchester Royal Infirmary. Use of aspirin in acute stroke. Emerg Med J 23:804-805, 
2006. 

Henry DH, Costa L, Goldwasser F, et al: Randomized, double-blind study of deno- 
sumab versus zoledronic acid in the treatment of bone metastases in patients with 
advanced cancer (excluding breast and prostate cancer) or multiple myeloma. J Clin 
Oncol 29:1125-1132, 2011. 

Vij R, Horvath N, Spencer A, et al: An open-label, phase 2 trial of denosumab in the 
treatment of relapsed or plateau-phase multiple myeloma. Am J Hematol 84:650-656, 
2009. 

Yee AJ, Raje NS: Denosumab, a RANK ligand inhibitor, for the management of bone 
loss in cancer patients. Clin Interv Aging 7:331-338, 2012. 

Abe M, Hiura K, Wilde J, et al: Role for macrophage inflammatory protein (MIP)-1al- 
pha and MIP- 1beta in the development of osteolytic lesions in multiple myeloma. Blood 
100:2195-2202, 2002. 

Choi SJ, Cruz JC, Craig F, et al: Macrophage inflammatory protein 1-alpha is a potential 
osteoclast stimulatory factor in multiple myeloma. Blood 96:671-675, 2000. 

Han JH, Choi SJ, Kurihara N, et al: Macrophage inflammatory protein-lalpha is an 
osteoclastogenic factor in myeloma that is independent of receptor activator of nuclear 
factor kappaB ligand. Blood 97:3349-3353, 2001. 

Hashimoto T, Abe M, Oshima T, et al: Ability of myeloma cells to secrete macrophage 
inflammatory protein (MIP)-1lalpha and MIP- 1beta correlates with lytic bone lesions in 
patients with multiple myeloma. Br J Haematol 125:38-41, 2004. 

Terpos E, Politou M, Szydlo R, et al: Serum levels of macrophage inflammatory pro- 
tein-1 alpha (MIP-lalpha) correlate with the extent of bone disease and survival in 
patients with multiple myeloma. Br J Haematol 123:106-109, 2003. 

Adebanjo OA, Moonga BS, Yamate T, et al: Mode of action of interleukin-6 on mature 
osteoclasts. Novel interactions with extracellular Ca2+ sensing in the regulation of 
osteoclastic bone resorption. J Cell Biol 142:1347-1356, 1998. 

Cafforio P, Savonarola A, Stucci S, et al: PTHrP produced by myeloma plasma cells 
regulates their survival and pro-osteoclast activity for bone disease progression. J Bone 
Miner Res 29:55-66, 2014. 

Otsuki T, Yamada O, Kurebayashi J, et al: Expression and in vitro modification of para- 
thyroid hormone-related protein (PTHrP) and PTH/PTHrP-receptor in human mye- 
loma cells. Leuk Lymphoma 41:397-409, 2001. 


198. 


199. 


200. 


201. 


202. 


203. 


204. 


205. 


206. 


207. 


208. 


209. 


210. 


211. 


212. 


213. 


214. 


215. 


216. 


217. 


218. 


219. 


220. 


221. 


222. 


223, 


224. 


225. 


226. 


227. 


D'Souza S, Kurihara N, Shiozawa Y, et al: Annexin II interactions with the annexin 
II receptor enhance multiple myeloma cell adhesion and growth in the bone marrow 
microenvironment. Blood 119:1888-1896, 2012. 

Pennisi A, Ling W, Li X, et al: The ephrinB2/EphB4 axis is dysregulated in osteoprogen- 
itors from myeloma patients and its activation affects myeloma bone disease and tumor 
growth. Blood 114:1803-1812, 2009. 

Oshima T, Abe M, Asano J, et al: Myeloma cells suppress bone formation by secreting a 
soluble Wnt inhibitor, sFRP-2. Blood 106:3160-3165, 2005. 

Brunetti G, Oranger A, Mori G, et al: Sclerostin is overexpressed by plasma cells from 
multiple myeloma patients. Ann N Y Acad Sci 1237:19-23, 2011. 

Colucci S, Brunetti G, Oranger A, et al: Myeloma cells suppress osteoblasts through 
sclerostin secretion. Blood Cancer J 1:e27, 2011. 

Giuliani N, Morandi F, Tagliaferri S, et al: Production of Wnt inhibitors by myeloma 
cells: Potential effects on canonical Wnt pathway in the bone microenvironment. Can- 
cer Res 67:7665-7674, 2007. 

Giuliani N, Rizzoli V: Myeloma cells and bone marrow osteoblast interactions: Role 
in the development of osteolytic lesions in multiple myeloma. Leuk Lymphoma 48: 
2323-2329, 2007. 

Tian E, Zhan F, Walker R, et al: The role of the Wnt-signaling antagonist DKK1 in the 
development of osteolytic lesions in multiple myeloma. N Engl J Med 349:2483-2494, 
2003. 

Politou MC, Heath DJ, Rahemtulla A, et al: Serum concentrations of Dickkopf-1 pro- 
tein are increased in patients with multiple myeloma and reduced after autologous stem 
cell transplantation. Int J Cancer 119:1728-1731, 2006. 

Fulciniti M, Tassone P, Hideshima T, et al: Anti-DKK1 mAb (BHQ880) as a potential 
therapeutic agent for multiple myeloma. Blood 114:371-379, 2009. 

Heath DJ, Chantry AD, Buckle CH, et al: Inhibiting Dickkopf-1 (Dkk1) removes sup- 
pression of bone formation and prevents the development of osteolytic bone disease in 
multiple myeloma. J Bone Miner Res 24:425-436, 2009. 

Yaccoby S, Ling W, Zhan F, et al: Antibody-based inhibition of DKK1 suppresses 
tumor-induced bone resorption and multiple myeloma growth in vivo. Blood 109:2106- 
2111, 2007. 

Pozzi S, Fulciniti M, Yan H, et al: In vivo and in vitro effects of a novel anti-Dkk1 neu- 
tralizing antibody in multiple myeloma. Bone 53:487-496, 2013. 

Ehrlich LA, Chung HY, Ghobrial I, et al: IL-3 is a potential inhibitor of osteoblast dif- 
ferentiation in multiple myeloma. Blood 106:1407-1414, 2005. 

Giuliani N, Colla S, Morandi F, et al: Myeloma cells block RUNX2/CBFA1 activity in 
human bone marrow osteoblast progenitors and inhibit osteoblast formation and dif- 
ferentiation. Blood 106:2472-2483, 2005. 

Vallet S, Mukherjee S, Vaghela N, et al: Activin A promotes multiple myeloma-induced 
osteolysis and is a promising target for myeloma bone disease. Proc Natl Acad Sci US A 
107:5124-5129, 2010. 

Pozzi S, Vallet S, Mukherjee S, et al: High-dose zoledronic acid impacts bone remodel- 
ing with effects on osteoblastic lineage and bone mechanical properties. Clin Cancer Res 
15:5829-5839, 2009. 

Vanderkerken K, De Leenheer E, Shipman C, et al: Recombinant osteoprotegerin 
decreases tumor burden and increases survival in a murine model of multiple myeloma. 
Cancer Res 63:287-289, 2003. 

Mahindra A, Pozzi S, Raje N: Clinical trials of bisphosphonates in multiple myeloma. 
Clin Adv Hematol Oncol 10:582-587, 2012. 

Terpos E, Berenson J, Raje N, et al: Management of bone disease in multiple myeloma. 
Expert Rev Hematol 7:113-125, 2014. 

Mhaskar R, Redzepovic J, Wheatley K, et al: Bisphosphonates in multiple myeloma: A 
network meta-analysis. Cochrane Database Syst Rev 5:CD003188, 2012. 

Terpos E, Dimopoulos MA, Sezer O, et al: The use of biochemical markers of bone 
remodeling in multiple myeloma: A report of the International Myeloma Working 
Group. Leukemia 24:1700-1712, 2010. 

Ferrarini M, Steimberg N, Ponzoni M, et al: Ex-vivo dynamic 3-D culture of human tis- 
sues in the RCCS bioreactor allows the study of multiple myeloma biology and response 
to therapy. PLoS One 8:e71613, 2013. 

Kirshner J, Thulien KJ, Martin LD, et al: A unique three-dimensional model for evalu- 
ating the impact of therapy on multiple myeloma. Blood 112:2935-2945, 2008. 
Zdzisinska B, Rolinski J, Piersiak T, et al: A comparison of cytokine production in 
2-dimensional and 3-dimensional cultures of bone marrow stromal cells of multiple 
myeloma patients in response to RPMI8226 myeloma cells. Folia Histochem Cytobiol 
47:69-74, 2009. 
Mitsiades CS, Anderson KC, Carrasco DR: Mouse models of human myeloma. Hematol 
Oncol Clin North Am 21:1051-1069, viii, 2007. 

Yaccoby S, Barlogie B, Epstein J: Primary myeloma cells growing in SCID-hu mice: A 
model for studying the biology and treatment of myeloma and its manifestations. Blood 
92:2908-2913, 1998. 

Pennisi A, Li X, Ling W, et al: The proteasome inhibitor, bortezomib suppresses primary 
myeloma and stimulates bone formation in myelomatous and nonmyelomatous bones 
in vivo. Am J Hematol 84:6-14, 2009. 

Calimeri T, Battista E, Conforti F, et al: A unique three-dimensional SCID-polymeric 
scaffold (SCID-synth-hu) model for in vivo expansion of human primary multiple mye- 
loma cells. Leukemia 25:707-711, 2011. 

Groen RW, Noort WA, Raymakers RA, et al: Reconstructing the human hematopoietic 
niche in immunodeficient mice: Opportunities for studying primary multiple mye- 
loma. Blood 120:e9-e16, 2012. 


228. 


229. 


230. 


231. 


232. 


233. 


234. 


235. 


236. 


237. 


238. 


239. 


240. 


241. 


242. 
243. 


244. 


245. 


246. 


247. 


248. 


249. 


250. 


251. 


252. 


253. 


254. 


255. 


256. 


257. 


258. 


259. 


260. 


261. 


262. 


Chapter 107: Myeloma 


Manning LS, Berger JD, O'Donoghue HL, et al: A model of multiple myeloma: Culture 
of 5T33 murine myeloma cells and evaluation of tumorigenicity in the C57BL/KaLwRij 
mouse. Br J Cancer 66:1088-1093, 1992. 

Vanderkerken K, Asosingh K, Croucher P, et al: Multiple myeloma biology: Lessons 
from the 5TMM models. Immunol Rev 194:196-206, 2003. 

Chesi M, Robbiani DF, Sebag M, et al: AID-dependent activation of a MYC transgene 
induces multiple myeloma in a conditional mouse model of post-germinal center 
malignancies. Cancer Cell 13:167-180, 2008. 

Greipp PR, San Miguel J, Durie BG, et al: International staging system for multiple 
myeloma. J Clin Oncol 23:3412-3420, 2005. 

Kyle RA, Rajkumar SV: Criteria for diagnosis, staging, risk stratification and response 
assessment of multiple myeloma. Leukemia 23:3-9, 2009. 

Silvestris F, Cafforio P, Tucci M, et al: Negative regulation of erythroblast maturation by 
Fas-L(+)/TRAIL(+) highly malignant plasma cells: A major pathogenetic mechanism 
of anemia in multiple myeloma. Blood 99:1305-1313, 2002. 

Faquin WC, Schneider TJ, Goldberg MA: Effect of inflammatory cytokines on hypox- 
ia-induced erythropoietin production. Blood 79:1987-1994, 1992. 

Ludwig H, Pecherstorfer M, Leitgeb C, et al: Recombinant human erythropoietin for 
the treatment of chronic anemia in multiple myeloma and squamous cell carcinoma. 
Stem Cells 11:348-355, 1993. 

Singh A, Eckardt KU, Zimmermann A, et al: Increased plasma viscosity as a reason for 
inappropriate erythropoietin formation. J Clin Invest 91:251-256, 1993. 

Ganz T, Olbina G, Girelli D, et al: Immunoassay for human serum hepcidin. Blood 
112:4292-4297, 2008. 

Sharma S, Nemeth E, Chen YH, et al: Involvement of hepcidin in the anemia of multiple 
myeloma. Clin Cancer Res 14:3262-3267, 2008. 

Maes K, Nemeth E, Roodman GD, et al: In anemia of multiple myeloma, hepcidin is 
induced by increased bone morphogenetic protein 2. Blood 116:3635-3644, 2010. 
Verga Falzacappa MV, Vujic Spasic M, Kessler R, et al: STAT3 mediates hepatic hep- 
cidin expression and its inflammatory stimulation. Blood 109:353-358, 2007. 
Wrighting DM, Andrews NC: Interleukin-6 induces hepcidin expression through 
STAT3. Blood 108:3204-3209, 2006. 

Kerr R, Stirling D, Ludlam CA: Interleukin 6 and haemostasis. Br J Haematol 115:3-12, 2001. 
Glueck HI, Hong R: A circulating anticoagulant in gamma-1A-multiple myeloma: Its 
modification by penicillin. J Clin Invest 44:1866-1881, 1965. 

Kelsey PR, Leyland MJ: Acquired inhibitor to human factor VIII associated with para- 
proteinaemia and subsequent development of chronic lymphatic leukaemia. Br Med J 
285:174-175, 1982. 

Wenz B, Friedman G: Acquired factor VIII inhibitor in a patient with malignant lym- 
phoma. Am J Med Sci 268:295-299, 1974. 

Lonial S, Waller EK, Richardson PG, et al: Risk factors and kinetics of thrombocy- 
topenia associated with bortezomib for relapsed, refractory multiple myeloma. Blood 
106:3777-3784, 2005. 

Kyle RA, Gertz MA, Witzig TE, et al: Review of 1027 patients with newly diagnosed 
multiple myeloma. Mayo Clin Proc 78:21-33, 2003. 

Lackner H: Hemostatic abnormalities associated with dysproteinemias. Semin Hematol 
10:125-133, 1973. 

Perkins HA, MacKenzie MR, Fudenberg HH: Hemostatic defects in dysproteinemias. 
Blood 35:695-707, 1970. 

Federici AB, Mannucci PM: Diagnosis and management of acquired von Willebrand 
syndrome. Clin Adv Hematol Oncol 1:169-175, 2003. 

Shinagawa A, Kojima H, Berndt MC, et al: Characterization of a myeloma patient with 
a life-threatening hemorrhagic diathesis: Presence of a lambda dimer protein inhibiting 
shear-induced platelet aggregation by binding to the Al domain of von Willebrand 
factor. Thromb Haemost 93:889-896, 2005. 

van Genderen PJ, Vink T, Michiels JJ, et al: Acquired von Willebrand disease caused by 
an autoantibody selectively inhibiting the binding of von Willebrand factor to collagen. 
Blood 84:3378-3384, 1994. 

Glaspy JA: Hemostatic abnormalities in multiple myeloma and related disorders. 
Hematol Oncol Clin North Am 6:1301-1314, 1992. 

Coleman M, Vigliano EM, Weksler ME, et al: Inhibition of fibrin monomer polymer- 
ization by lambda myeloma globulins. Blood 39:210-223, 1972. 

Nijziel MR, van Oerle R, Christella M, et al: Acquired resistance to activated protein C 
in breast cancer patients. Br J Haematol 120:117-122, 2003. 

Kyle RA, Gertz MA: Primary systemic amyloidosis: Clinical and laboratory features in 
474 cases. Semin Hematol 32:45-59, 1995. 

Mumford AD, O'Donnell J, Gillmore JD, et al: Bleeding symptoms and coagulation 
abnormalities in 337 patients with AL-amyloidosis. Br J Haematol 110:454-460, 2000. 
Yood RA, Skinner M, Rubinow A, et al: Bleeding manifestations in 100 patients with 
amyloidosis. JAMA 249:1322-1324, 1983. 

Choufani EB, Sanchorawala V, Ernst T, et al: Acquired factor X deficiency in patients 
with amyloid light-chain amyloidosis: Incidence, bleeding manifestations, and response 
to high-dose chemotherapy. Blood 97:1885-1887, 2001. 

Furie B, Greene E, Furie BC: Syndrome of acquired factor X deficiency and systemic amy- 
loidosis in vivo studies of the metabolic fate of factor X. N Engl J Med 297:81-85, 1977. 
Baron JA, Gridley G, Weiderpass E, et al: Venous thromboembolism and cancer. Lancet 
351:1077-1080, 1998. 

Srkalovic G, Cameron MG, Rybicki L, et al: Monoclonal gammopathy of undeter- 
mined significance and multiple myeloma are associated with an increased incidence of 
venothromboembolic disease. Cancer 101:558-566, 2004. 


263. 


264. 


265. 


266. 


267. 


268. 


269. 


270. 


271. 


272. 


273. 


274. 


275. 


276. 


277. 


278. 


279. 


280. 


281. 


282. 


283. 


284. 


285. 


286. 


287. 


288. 


289. 


290. 


291. 


Zangari M, Elice F, Fink L, et al: Hemostatic dysfunction in paraproteinemias and amy- 
loidosis. Semin Thromb Hemost 33:339-349, 2007. 

Deitcher SR, Erban JK, Limentani SA: Acquired free protein S deficiency associated 
with multiple myeloma: A case report. Am J Hematol 51:319-323, 1996. 

Gruber A, Blasko G, Sas G: Functional deficiency of protein C and skin necrosis in 
multiple myeloma. Thromb Res 42:579-581, 1986. 

Yasin Z, Quick D, Thiagarajan P, et al: Light-chain paraproteins with lupus anticoagu- 
lant activity. Am J Hematol 62:99-102, 1999. 

Zangari M, Saghafifar F, Anaissie E, et al: Activated protein C resistance in the absence 
of factor V Leiden mutation is a common finding in multiple myeloma and is asso- 
ciated with an increased risk of thrombotic complications. Blood Coagul Fibrinolysis 
13:187-192, 2002. 

Barlogie B, Desikan R, Eddlemon P, et al: Extended survival in advanced and refractory 
multiple myeloma after single-agent thalidomide: Identification of prognostic factors in 
a phase 2 study of 169 patients. Blood 98:492-494, 2001. 

Knight R, DeLap RJ, Zeldis JB: Lenalidomide and venous thrombosis in multiple mye- 
loma. N Engl J Med 354:2079-2080, 2006. 

Rajkumar SV, Blood E: Lenalidomide and venous thrombosis in multiple myeloma. N 
Engl J Med 354:2079-2080, 2006. 

Rajkumar SV, Blood E, Vesole D, et al: Phase III clinical trial of thalidomide plus dex- 
amethasone compared with dexamethasone alone in newly diagnosed multiple mye- 
loma: A clinical trial coordinated by the Eastern Cooperative Oncology Group. J Clin 
Oncol 24:431-436, 2006. 

Richardson PG, Blood E, Mitsiades CS, et al: A randomized phase 2 study of lenalido- 
mide therapy for patients with relapsed or relapsed and refractory multiple myeloma. 
Blood 108:3458-3464, 2006. 

Zangari M, Anaissie E, Barlogie B, et al: Increased risk of deep-vein thrombosis in 
patients with multiple myeloma receiving thalidomide and chemotherapy. Blood 
98:1614-1615, 2001. 

Zangari M, Siegel E, Barlogie B, et al: Thrombogenic activity of doxorubicin in myeloma 
patients receiving thalidomide: Implications for therapy. Blood 100:1168-1171, 2002. 
Minnema MC, Breitkreutz I, Auwerda JJ, et al: Prevention of venous thromboembolism 
with low molecular-weight heparin in patients with multiple myeloma treated with tha- 
idomide and chemotherapy. Leukemia 18:2044-2046, 2004. 

Baz R, Li L, Kottke-Marchant K, et al: The role of aspirin in the prevention of throm- 
botic complications of thalidomide and anthracycline-based chemotherapy for multi- 
ple myeloma. Mayo Clin Proc 80:1568-1574, 2005. 

Hirsh J: Risk of thrombosis with lenalidomide and its prevention with aspirin. Chest 
131:275-277, 2007. 

Larocca A, Cavallo F, Bringhen S, et al: Aspirin or enoxaparin thromboprophylaxis 
for patients with newly diagnosed multiple myeloma treated with lenalidomide. Blood 
119:933-939; quiz 1093, 2012. 

Palumbo A, Cavo M, Bringhen S, et al: Aspirin, warfarin, or enoxaparin thrombo- 
prophylaxis in patients with multiple myeloma treated with thalidomide: A phase III, 
open-label, randomized trial. J Clin Oncol 29:986-993, 2011. 

Blade J, Lust JA, Kyle RA: Immunoglobulin D multiple myeloma: Presenting features, 
response to therapy, and survival in a series of 53 cases. J Clin Oncol 12:2398-2404, 
1994. 

Krejci M, Buchler T, Hajek R, et al: Prognostic factors for survival after autologous 
transplantation: A single centre experience in 133 multiple myeloma patients. Bone 
Marrow Transplant 35:159-164, 2005. 

Nair B, Waheed S, Szymonifka J, et al: Immunoglobulin isotypes in multiple myeloma: 
Laboratory correlates and prognostic implications in total therapy protocols. Br J Hae- 
matol 145:134-137, 2009. 

Drayson M, Tang LX, Drew R, et al: Serum free light-chain measurements for identi- 
fying and monitoring patients with nonsecretory multiple myeloma. Blood 97:2900- 
2902, 2001. 

Katzmann JA, Clark RJ, Abraham RS, et al: Serum reference intervals and diagnostic 
ranges for free kappa and free lambda immunoglobulin light chains: Relative sensitivity 
for detection of monoclonal light chains. Clin Chem 48:1437-1444, 2002. 

Dispenzieri A, Kyle R, Merlini G, et al: International Myeloma Working Group guide- 
lines for serum-free light chain analysis in multiple myeloma and related disorders. 
Leukemia 23:215-224, 2009. 

Dispenzieri A, Kyle RA, Katzmann JA, et al: Immunoglobulin free light chain ratio 
is an independent risk factor for progression of smoldering (asymptomatic) multiple 
myeloma. Blood 111:785-789, 2008. 

Rajkumar SV, Kyle RA, Therneau TM, et al: Serum free light chain ratio is an indepen- 
dent risk factor for progression in monoclonal gammopathy of undetermined signifi- 
cance. Blood 106:812-817, 2005. 

Kyrtsonis MC, Vassilakopoulos TP, Kafasi N, et al: Prognostic value of serum free light 
chain ratio at diagnosis in multiple myeloma. Br J Haematol 137:240-243, 2007. 
Snozek CL, Katzmann JA, Kyle RA, et al: Prognostic value of the serum free light chain 
ratio in newly diagnosed myeloma: Proposed incorporation into the international stag- 
ing system. Leukemia 22:1933-1937, 2008. 

van Rhee F, Bolejack V, Hollmig K, et al: High serum-free light chain levels and their 
rapid reduction in response to therapy define an aggressive multiple myeloma subtype 
with poor prognosis. Blood 110:827-832, 2007. 

Bartl R, Frisch B, Fateh-Moghadam A, et al: Histologic classification and staging of 
multiple myeloma. A retrospective and prospective study of 674 cases. Am J Clin Pathol 
87:342-355, 1987. 


Part XI: Malignant Lymphoid Diseases 


292. 


293. 


294. 


295. 


296. 


297. 


298. 


299. 


300. 


301. 


302. 


303. 


304. 


305. 


306. 


307. 


308. 


309. 


310. 


311. 


312. 


313. 


314. 


315. 


316. 


317. 


318. 


319. 


320. 


321. 


322. 


323. 


324. 


Greipp PR, Leong T, Bennett JM, et al: Plasmablastic morphology—An independent 
prognostic factor with clinical and laboratory correlates: Eastern Cooperative Oncol- 
ogy Group (ECOG) myeloma trial E9486 report by the ECOG Myeloma Laboratory 
Group. Blood 91:2501-2507, 1998. 

Greipp PR, Raymond NM, Kyle RA, et al: Multiple myeloma: Significance of plasmab- 
lastic subtype in morphological classification. Blood 65:305-310, 1985. 

Rajkumar SV, Fonseca R, Lacy MQ, et al: Plasmablastic morphology is an independent 
predictor of poor survival after autologous stem-cell transplantation for multiple mye- 
loma. J Clin Oncol 17:1551-1557, 1999. 

Hsu SM, Cossman J, Jaffe ES: Lymphocyte subsets in normal human lymphoid tissues. 
Am J Clin Pathol 80:21-30, 1983. 

San Miguel JF, Gutierrez NC, Mateo G, et al: Conventional diagnostics in multiple mye- 
loma. Eur J Cancer 42:1510-1519, 2006. 

Barlogie B, Alexanian R, Dixon D, et al: Prognostic implications of tumor cell DNA and 
RNA content in multiple myeloma. Blood 66:338-341, 1985. 

Bataille R, Robillard N, Pellat-Deceunynck C, et al: A cellular model for myeloma cell 
growth and maturation based on an intraclonal CD45 hierarchy. Immunol Rev 194:105- 
111, 2003. 

Harada H, Kawano MM, Huang N, et al: Phenotypic difference of normal plasma cells 
from mature myeloma cells. Blood 81:2658-2663, 1993. 

Rawstron AC, Orfao A, Beksac M, et al: Report of the European Myeloma Network on 
multiparametric flow cytometry in multiple myeloma and related disorders. Haemato- 
logica 93:431-438, 2008. 

Van Camp B, Durie BG, Spier C, et al: Plasma cells in multiple myeloma express a 
natural killer cell-associated antigen: CD56 (NKH-1; Leu-19). Blood 76:377-382, 
1990. 

Robillard N, Avet-Loiseau H, Garand R, et al: CD20 is associated with a small mature 
plasma cell morphology and t(11;14) in multiple myeloma. Blood 102:1070-1071, 2003. 
Ocqueteau M, Orfao A, Garcia-Sanz R, et al: Expression of the CD117 antigen (c-Kit) 
on normal and myelomatous plasma cells. Br J Haematol 95:489-493, 1996. 

Kumar S, Fonseca R, Dispenzieri A, et al: Bone marrow angiogenesis in multiple mye- 
loma: Effect of therapy. Br J Haematol 119:665-671, 2002. 

Barlogie B, Tricot G, Haessler J, et al: Cytogenetically defined myelodysplasia after mel- 
phalan-based autotransplantation for multiple myeloma linked to poor hematopoietic 
stem-cell mobilization: The Arkansas experience in more than 3,000 patients treated 
since 1989. Blood 111:94-100, 2008. 

Govindarajan R, Jagannath S, Flick JT, et al: Preceding standard therapy is the likely cause 
of MDS after autotransplants for multiple myeloma. Br J Haematol 95:349-353, 1996. 
Konigsberg R, Zojer N, Ackermann J, et al: Predictive role of interphase cytogenetics 
for survival of patients with multiple myeloma. J Clin Oncol 18:804-812, 2000. 

Seong C, Delasalle K, Hayes K, et al: Prognostic value of cytogenetics in multiple mye- 
loma. Br J Haematol 101:189-194, 1998. 

Tricot G, Sawyer JR, Jagannath S, et al: Unique role of cytogenetics in the prognosis of 
patients with myeloma receiving high-dose therapy and autotransplants. J Clin Oncol 
15:2659-2666, 1997. 

Zojer N, Konigsberg R, Ackermann J, et al: Deletion of 13q14 remains an independent 
adverse prognostic variable in multiple myeloma despite its frequent detection by inter- 
phase fluorescence in situ hybridization. Blood 95:1925-1930, 2000. 

Ross FM, Avet-Loiseau H, Ameye G, et al: Report from the European Myeloma Net- 
work on interphase FISH in multiple myeloma and related disorders. Haematologica 
97:1272-1277, 2012. 

Boccadoro M, Massaia M, Dianzani U, et al: Multiple myeloma: Biological and clinical 
significance of bone marrow plasma cell labelling index. Haematologica 72:171-175, 1987. 
Drewinko B, Alexanian R, Boyer H, et al: The growth fraction of human myeloma cells. 
Blood 57:333-338, 1981. 

Durie BG, Salmon SE, Moon TE: Pretreatment tumor mass, cell kinetics, and prognosis 
in multiple myeloma. Blood 55:364-372, 1980. 

Greipp PR, Witzig TE, Gonchoroff NJ, et al: Immunofluorescence labeling indices in 
myeloma and related monoclonal gammopathies. Mayo Clin Proc 62:969-977, 1987. 
Latreille J, Barlogie B, Dosik G, et al: Cellular DNA content as a marker of human mul- 
tiple myeloma. Blood 55:403-408, 1980. 

Latreille J, Barlogie B, Johnston D, et al: Ploidy and proliferative characteristics in 
monoclonal gammopathies. Blood 59:43-51, 1982. 

Greipp PR, Lust JA, O’Fallon WM, et al: Plasma cell labeling index and beta 2-micro- 
globulin predict survival independent of thymidine kinase and C-reactive protein in 
multiple myeloma. Blood 81:3382-3387, 1993. 

Witzig TE, Gonchoroff NJ, Katzmann JA, et al: Peripheral blood B cell labeling indices 
are a measure of disease activity in patients with monoclonal gammopathies. J Clin 
Oncol 6:1041-1046, 1988. 

Dimopoulos MA, Kastritis E, Rosinol L, et al: Pathogenesis and treatment of renal fail- 
ure in multiple myeloma. Leukemia 22:1485-1493, 2008. 

Solomon A, Weiss DT, Kattine AA: Nephrotoxic potential of Bence Jones proteins. N 
Engl J Med 324:1845-1851, 1991. 

Alexanian R, Barlogie B, Dixon D: Renal failure in multiple myeloma. Pathogenesis and 
prognostic implications. Arch Intern Med 150:1693-1695, 1990. 

Kyle RA, Greipp PR: Amyloidosis (AL). Clinical and laboratory features in 229 cases. 
Mayo Clin Proc 58:665-683, 1983. 

Buxbaum J: Mechanisms of disease: Monoclonal immunoglobulin deposition. Amy- 
loidosis, light chain deposition disease, and light and heavy chain deposition disease. 
Hematol Oncol Clin North Am 6:323-346, 1992. 


325. 


326. 


327. 


328. 


329. 


330. 


331. 


332. 


333. 


334. 


335. 


336. 


337. 


338. 


339. 


340. 


341. 


342. 


343. 


344. 


345. 


346. 


347. 


348. 


349. 


350. 


351. 


352. 


353. 


354. 


355. 


356. 


Solomon A, Frangione B, Franklin EC: Bence Jones proteins and light chains of immu- 
noglobulins. Preferential association of the V lambda VI subgroup of human light 
chains with amyloidosis AL (lambda). J Clin Invest 70:453-460, 1982. 

Zhang SQ, Dong P, Zhang ZL, et al: Renal plasmacytoma: Report of a rare case and 
review of the literature. Oncol Lett 5:1839-1843, 2013. 

Reeves WB, Foley RJ, Weinman EJ: Nephrotoxicity from nonsteroidal anti-inflamma- 
tory drugs. South Med J 78:318-322, 1985. 

Grima DT, Airia P, Attard C, et al: Modelled cost-effectiveness of high cut-off haemo- 
dialysis compared to standard haemodialysis in the management of myeloma kidney. 
Curr Med Res Opin 27:383-391, 2011. 

Hutchison C, Sanders PW: Evolving strategies in the diagnosis, treatment, and moni- 
toring of myeloma kidney. Adv Chronic Kidney Dis 19:279-281, 2012. 

Hutchison CA, Cockwell P, Reid S, et al: Efficient removal of immunoglobulin free light 
chains by hemodialysis for multiple myeloma: In vitro and in vivo studies. J Am Soc 
Nephrol 18:886-895, 2007. 

Blade J, Fernandez-Llama P, Bosch F et al: Renal failure in multiple myeloma: Present- 
ing features and predictors of outcome in 94 patients from a single institution. Arch 
Intern Med 158:1889-1893, 1998. 

Kastritis E, Anagnostopoulos A, Roussou M, et al: Reversibility of renal failure in newly 
diagnosed multiple myeloma patients treated with high dose dexamethasone-contain- 
ing regimens and the impact of novel agents. Haematologica 92:546-549, 2007. 
Knudsen LM, Hjorth M, Hippe E: Renal failure in multiple myeloma: Reversibility 
and impact on the prognosis. Nordic Myeloma Study Group. Eur J Haematol 65:175-181, 
2000. 

Bjerrum OW, Rygaard-Olsen C, Dahlerup B, et al: The carpal tunnel syndrome and 
amyloidosis. A clinical and histological study. Clin Neurol Neurosurg 86:29-32, 1984. 
Pratt G, Goodyear O, Moss P: Immunodeficiency and immunotherapy in multiple mye- 
loma. Br J Haematol 138:563-579, 2007. 

Jacobson DR, Zolla-Pazner S: Immunosuppression and infection in multiple myeloma. 
Semin Oncol 13:282-290, 1986. 

Ullrich S, Zolla-Pazner S: Immunoregulatory circuits in myeloma. Clin Haematol 
11:87-111, 1982. 

Campbell JD, Cook G, Robertson SE, et al: Suppression of IL-2-induced T cell prolifera- 
tion and phosphorylation of STAT3 and STATS by tumor-derived TGF beta is reversed 
by IL-15. J Immunol 167:553-561, 2001. 

Cook G, Campbell JD: Immune regulation in multiple myeloma: The host-tumour con- 
flict. Blood Rev 13:151-162, 1999. 

Cook G, Campbell JD, Carr CE, et al: Transforming growth factor beta from multiple 
myeloma cells inhibits proliferation and IL-2 responsiveness in T lymphocytes. J Leukoc 
Biol 66:981-988, 1999. 

Gorelik L, Flavell RA: Transforming growth factor-beta in T-cell biology. Nat Rev 
Immunol 2:46-53, 2002. 

Ratta M, Fagnoni F, Curti A, et al: Dendritic cells are functionally defective in multiple 
myeloma: The role of interleukin-6. Blood 100:230-237, 2002. 

Rawstron AC, Davies FE, Owen RG, et al: B-lymphocyte suppression in multiple mye- 
loma is a reversible phenomenon specific to normal B-cell progenitors and plasma cell 
precursors. Br J Haematol 100:176-183, 1998. 

Mills KH, Cawley JC: Abnormal monoclonal antibody-defined helper/suppressor 
T-cell subpopulations in multiple myeloma: Relationship to treatment and clinical 
stage. Br J Haematol 53:271-275, 1983. 
Ogawara H, Handa H, Yamazaki T, et al: High Th1/Th2 ratio in patients with multiple 
myeloma. Leuk Res 29:135-140, 2005. 
Mariani S, Coscia M, Even J, et al: Severe and long-lasting disruption of T-cell receptor 
diversity in human myeloma after high-dose chemotherapy and autologous peripheral 
blood progenitor cell infusion. Br J Haematol 113:1051-1059, 2001. 
Mozaffari F, Hansson L, Kiaii S, et al: Signalling molecules and cytokine production in T 
cells of multiple myeloma-increased abnormalities with advancing stage. Br J Haematol 
124:315-324, 2004. 

Kay NE, Leong TL, Bone N, et al: Blood levels of immune cells predict survival in 
myeloma patients: Results of an Eastern Cooperative Oncology Group phase 3 trial for 
newly diagnosed multiple myeloma patients. Blood 98:23-28, 2001. 

Xie J, Wang Y, Freeman ME 3rd, et al: Beta 2-microglobulin as a negative regulator of 
the immune system: High concentrations of the protein inhibit in vitro generation of 
functional dendritic cells. Blood 101:4005-4012, 2003. 

Vesole DH, Oken MM, Heckler C, et al: Oral antibiotic prophylaxis of early infection 
in multiple myeloma: A URCC/ECOG randomized phase III study. Leukemia 26: 
2517-2520, 2012. 

Miralles GD, O'Fallon JR, Talley NJ: Plasma-cell dyscrasia with polyneuropathy. The 
spectrum of POEMS syndrome. N Engl J Med 327:1919-1923, 1992. 

Waldenstrom JG, Adner A, Gydell K, et al: Osteosclerotic “plasmocytoma” with 
polyneuropathy, hypertrichosis and diabetes. Acta Med Scand 203:297-303, 1978. 
Preston FE, Cooke KB, Foster ME, et al: Myelomatosis and the hyperviscosity syn- 
drome. Br J Haematol 38:517-530, 1978. 

Pruzanski W, Watt JG: Serum viscosity and hyperviscosity syndrome in IgG multiple 
myeloma. Report on 10 patients and a review of the literature. Ann Intern Med 77: 
853-860, 1972. 

Somer T: Rheological basis of the hyperviscosity syndrome of plasma cell dyscrasias: A 
review. Bibl Anat 13:105-106, 1975. 

Stone MJ, Bogen SA: Evidence-based focused review of management of hyperviscosity 
syndrome. Blood 119:2205-2208, 2012. 


357. 


358. 


359. 


360. 


361. 


362. 


363. 


364. 


365. 


366. 


367. 


368. 


369. 


370. 
371. 


372. 


373. 


374. 


375. 


376. 


377. 


378. 


379. 


380. 


381. 


382. 
383. 


384. 
385. 


386. 


387. 


388. 


389. 


390. 


Chapter 107: Myeloma 


Chandy KG, Stockley RA, Leonard RC, et al: Relationship between serum viscosity 
and intravascular IgA polymer concentration in IgA myeloma. Clin Exp Immunol 46: 
653-661, 1981. 

Capra JD, Kunkel HG: Aggregation of gamma-G3 proteins: Relevance to the hypervis- 
cosity syndrome. J Clin Invest 49:610-621, 1970. 

Bichel J, Effersoe P, Gormsen H, et al: Leukemic myelomatosis (plasma cell leukemia); 
a review with report of four cases. Acta Radiol 37:196-207, 1952. 

Garcia-Sanz R, Orfao A, Gonzalez M, et al: Primary plasma cell leukemia: Clinical, 
immunophenotypic, DNA ploidy, and cytogenetic characteristics. Blood 93:1032-1037, 
1999. 
Noel P, Kyle RA: Plasma cell leukemia: An evaluation of response to therapy. Am J Med 
83:1062-1068, 1987. 
van de Donk NW, Lokhorst HM, Anderson KC, et al: How I treat plasma cell leukemia. 
Blood 120:2376-2389, 2012. 
Weinstock M, Ghobrial IM: Extramedullary multiple myeloma. Leuk Lymphoma 
54:1135-1141, 2013. 
Bartel TB, Haessler J, Brown TL, et al: F18-fluorodeoxyglucose positron emission 
tomography in the context of other imaging techniques and prognostic factors in mul- 
tiple myeloma. Blood 114:2068-2076, 2009. 

Short KD, Rajkumar SV, Larson D, et al: Incidence of extramedullary disease in patients 
with multiple myeloma in the era of novel therapy, and the activity of pomalidomide on 
extramedullary myeloma. Leukemia 25:906-908, 2011. 

Barlogie B, Smallwood L, Smith T, et al: High serum levels of lactic dehydrogenase 
identify a high-grade lymphoma-like myeloma. Ann Intern Med 110:521-525, 1989. 
Usmani SZ, Heuck C, Mitchell A, et al: Extramedullary disease portends poor progno- 
sis in multiple myeloma and is over-represented in high-risk disease even in the era of 
novel agents. Haematologica 97:1761-1767, 2012. 

Varettoni M, Corso A, Pica G, et al: Incidence, presenting features and outcome of 
extramedullary disease in multiple myeloma: A longitudinal study on 1003 consecutive 
patients. Ann Oncol 21:325-330, 2010. 

Cherng NC, Asal NR, Kuebler JP, et al: Prognostic factors in multiple myeloma. Cancer 
67:3150-3156, 1991. 

Chamberlain MC, Glantz M: Myelomatous meningitis. Cancer 112:1562-1567, 2008. 
Chang H, Sloan S, Li D, et al: Multiple myeloma involving central nervous system: High 
frequency of chromosome 17p13.1 (p53) deletions. Br J Haematol 127:280-284, 2004. 
Fassas AB, Spencer T, Sawyer J, et al: Both hypodiploidy and deletion of chromosome 
13 independently confer poor prognosis in multiple myeloma. Br J Haematol 118:1041- 
1047, 2002. 

Rasche L, Bernard C, Topp MS, et al: Features of extramedullary myeloma relapse: High 
proliferation, minimal marrow involvement, adverse cytogenetics: A retrospective sin- 
gle-center study of 24 cases. Ann Hematol 91:1031-1037, 2012. 

Sheth N, Yeung J, Chang H: P53 nuclear accumulation is associated with extramedul- 
lary progression of multiple myeloma. Leuk Res 33:1357-1360, 2009. 

Wang SY, Hao HL, Deng K, et al: Expression levels of phosphatase and tensin homolog 
deleted on chromosome 10 (PTEN) and focal adhesion kinase in patients with multiple 
myeloma and their relationship to clinical stage and extramedullary infiltration. Leuk 
Lymphoma 53:1162-1168, 2012. 

Raanani P, Shpilberg O, Ben-Bassat I: Extramedullary disease and targeted therapies for 
hematological malignancies—Is the association real? Ann Oncol 18:7-12, 2007. 
Bataille R, Durie BG, Grenier J, et al: Prognostic factors and staging in multiple mye- 
loma: A reappraisal. J Clin Oncol 4:80-87, 1986. 

Gassmann W, Pralle H, Haferlach T, et al: Staging systems for multiple myeloma: A 
comparison. Br J Haematol 59:703-711, 1985. 

Durie BG, Salmon SE: A clinical staging system for multiple myeloma. Correlation of 
measured myeloma cell mass with presenting clinical features, response to treatment, 
and survival. Cancer 36:842-854, 1975. 

Bataille R, Grenier J, Sany J: Beta-2-microglobulin in myeloma: Optimal use for staging, 
prognosis, and treatment—a prospective study of 160 patients. Blood 63:468-476, 1984. 
Garewal H, Durie BG, Kyle RA, et al: Serum beta 2-microglobulin in the initial staging 
and subsequent monitoring of monoclonal plasma cell disorders. J Clin Oncol 2:51-57, 
1984. 

Child JA, Norfolk DR, Cooper EH: Serum beta 2-microglobulin in myelomatosis. Br J 
Haematol 63:406-407, 1986. 

Resnick D KM: Plasma cell dyscrasias, in Bone and Joint Imaging. Elsevier: Canada, 2004. 
Collins CD: Multiple myeloma. Cancer Imaging 4:S47-S53, 2004. 

Singh J, Fairbairn KJ, Williams C, et al: Expert radiological review of skeletal surveys 
identifies additional abnormalities in 23% of cases: Further evidence for the value of 
myeloma multi-disciplinary teams in the accurate staging and treatment of myeloma 
patients. Br J Haematol 137:172-173, 2007. 

Wahlin A, Holm J, Osterman G, et al: Evaluation of serial bone X-ray examination in 
multiple myeloma. Acta Med Scand 212:385-387, 1982. 

Collins CD: Problems monitoring response in multiple myeloma. Cancer Imaging 
5:S119-S126, 2005. 

Ludwig H, Fruhwald F, Tscholakoff D, et al: Magnetic resonance imaging of the spine in 
multiple myeloma. Lancet 2:364-366, 1987. 

Ghanem N, Lohrmann C, Engelhardt M, et al: Whole-body MRI in the detection of 
bone marrow infiltration in patients with plasma cell neoplasms in comparison to the 
radiological skeletal survey. Eur Radiol 16:1005-1014, 2006. 

Baur-Melnyk A, Buhmann S, Becker C, et al: Whole-body MRI versus whole-body 
MDCT for staging of multiple myeloma. AJR Am J Roentgenol 190:1097-1104, 2008. 


391. 


392. 


393. 


394. 


395. 


396. 


397. 


398. 


399. 


400. 


401. 


402. 


403. 


404. 


405. 


406. 


407. 


408. 


409. 


410. 


411. 


412. 


413. 


414. 


421. 


Baur-Melnyk A, Buhmann S, Durr HR, et al: Role of MRI for the diagnosis and prog- 
nosis of multiple myeloma. Eur J Radiol 55:56-63, 2005. 

Joffe J, Williams MP, Cherryman GR, et al: Magnetic resonance imaging in myeloma. 
Lancet 1:1162-1163, 1988. 

Nosas-Garcia S, Moehler T, Wasser K, et al: Dynamic contrast-enhanced MRI for 
assessing the disease activity of multiple myeloma: A comparative study with histology 
and clinical markers. J Magn Reson Imaging 22:154-162, 2005. 

Bredella MA, Steinbach L, Caputo G, et al: Value of FDG PET in the assessment of 
patients with multiple myeloma. AJR Am J Roentgenol 184:1199-1204, 2005. 

Zamagni E, Nanni C, Patriarca F, et al: A prospective comparison of 18F-fluorodeox- 
yglucose positron emission tomography-computed tomography, magnetic resonance 
imaging and whole-body planar radiographs in the assessment of bone disease in newly 
diagnosed multiple myeloma. Haematologica 92:50-55, 2007. 

Zamagni E, Patriarca F, Nanni C, et al: Prognostic relevance of 18-F FDG PET/CT in 
newly diagnosed multiple myeloma patients treated with up-front autologous trans- 
plantation. Blood 118:5989-5995, 2011. 

International Myeloma Working G: Criteria for the classification of monoclonal gam- 
mopathies, multiple myeloma and related disorders: A report of the International Mye- 
loma Working Group.. Br J Haematol 121:749, 2003. 

Avet-Loiseau H, Durie BG, Cavo M, et al: Combining fluorescent in situ hybridization 
data with ISS staging improves risk assessment in myeloma: An International Myeloma 
Working Group collaborative project. Leukemia 27:711-717, 2013. 

Attal M, Harousseau JL, Stoppa AM, et al: A prospective, randomized trial of autolo- 
gous Bone Marrow Transplant and chemotherapy in multiple myeloma. Intergroupe 
Francais du Myelome. N Engl J Med 335:91-97, 1996. 

Singhal S, Mehta J, Desikan R, et al: Antitumor activity of thalidomide in refractory 
multiple myeloma. N Engl J Med 341:1565-1571, 1999. 

Dimopoulos M, Spencer A, Attal M, et al: Lenalidomide plus dexamethasone for 
relapsed or refractory multiple myeloma. N Engl J Med 357:2123-2132, 2007. 
Richardson PG, Siegel D, Baz R, et al: Phase 1 study of pomalidomide MTD, safety, and 
efficacy in patients with refractory multiple myeloma who have received lenalidomide 
and bortezomib. Blood 121:1961-1967, 2013. 

Richardson PG, Barlogie B, Berenson J, et al: A phase 2 study of bortezomib in relapsed, 
refractory myeloma. N Engl J Med 348:2609-2617, 2003. 

Siegel DS, Martin T, Wang M, et al: A phase 2 study of single-agent carfilzomib 
(PX-171-003-A1) in patients with relapsed and refractory multiple myeloma. Blood 
120:2817-2825, 2012. 

Vij R, Siegel DS, Jagannath S, et al: An open-label, single-arm, phase 2 study of 
single-agent carfilzomib in patients with relapsed and/or refractory multiple myeloma 
who have been previously treated with bortezomib. Br J Haematol 158:739-748, 2012. 
Brenner H, Gondos A, Pulte D: Recent major improvement in long-term survival of 
younger patients with multiple myeloma. Blood 111:2521-2526, 2008. 

Pulte D, Gondos A, Brenner H: Improvement in survival of older adults with multiple mye- 
loma: Results of an updated period analysis of SEER data. Oncologist 16:1600-1603, 2011. 
Child JA, Morgan GJ, Davies FE, et al: High-dose chemotherapy with hematopoietic 
stem-cell rescue for multiple myeloma. N Engl J Med 348:1875-1883, 2003. 

Barlogie B, Kyle RA, Anderson KC, et al: Standard chemotherapy compared with high- 
dose chemoradiotherapy for multiple myeloma: Final results of phase III US Intergroup 
Trial S9321. J Clin Oncol 24:929-936, 2006. 

Attal M, Harousseau JL, Facon T, et al: Single versus double autologous stem-cell trans- 
plantation for multiple myeloma. N Engl J Med 349:2495-2502, 2003. 

Rajkumar SV, Hayman S, Gertz MA, et al: Combination therapy with thalidomide plus 
dexamethasone for newly diagnosed myeloma. J Clin Oncol 20:4319-4323, 2002. 
Weber D, Rankin K, Gavino M, et al: Thalidomide alone or with dexamethasone for 
previously untreated multiple myeloma. J Clin Oncol 21:16-19, 2003. 

Cavo M, Zamagni E, Tosi P, et al: Superiority of thalidomide and dexamethasone over 
vincristine-doxorubicindexamethasone (VAD) as primary therapy in preparation for 
autologous transplantation for multiple myeloma. Blood 106:35-39, 2005. 

Rajkumar SV, Jacobus S, Callander NS, et al: Lenalidomide plus high-dose dexametha- 
sone versus lenalidomide plus low-dose dexamethasone as initial therapy for newly 
diagnosed multiple myeloma: An open-label randomised controlled trial. Lancet Oncol 
11:29-37, 2010. 


. Lacy MQ, Gertz MA, Dispenzieri A, et al: Long-term results of response to therapy, 


time to progression, and survival with lenalidomide plus dexamethasone in newly diag- 
nosed myeloma. Mayo Clin Proc 82:1179-1184, 2007. 


. Richardson PG, Schlossman R, Mitsiades C, et al: Emerging trends in the clinical use of 


bortezomib in multiple myeloma. Clin Lymphoma Myeloma. 6:84-88, 2005. 


. Jagannath S, Barlogie B, Berenson JR, et al: Bortezomib in recurrent and/or refractory 


multiple myeloma. Initial clinical experience in patients with impaired renal function. 
Cancer 103:1195-1200, 2005. 


. Richardson PG, Weller E, Lonial S, et al: Lenalidomide, bortezomib, and dexametha- 


sone combination therapy in patients with newly diagnosed multiple myeloma. Blood 
116:679-686, 2010. 


. Kumar S, Flinn I, Richardson PG, et al: Randomized, multicenter, phase 2 study (EVO- 


LUTION) of combinations of bortezomib, dexamethasone, cyclophosphamide, and 
lenalidomide in previously untreated multiple myeloma. Blood 119:4375-4382, 2012. 


. Roussel M, Facon T, Moreau P, et al: Firstline treatment and maintenance in newly 


diagnosed multiple myeloma patients. Recent Results Cancer Res 183:189-206, 2011. 
Jakubowiak AJ, Dytfeld D, Griffith KA, et al: A phase 1/2 study of carfilzomib in com- 
bination with lenalidomide and low-dose dexamethasone as a frontline treatment for 
multiple myeloma. Blood 120:1801-1809, 2012. 


Part XI: Malignant Lymphoid Diseases 


422. 


423. 


424. 


425. 


426. 


427. 


428. 


429. 


430. 


431. 


432. 


433. 


434. 


435. 


436. 


437. 


438. 


439. 


440. 


441. 


442. 


443. 


444. 


445. 


446. 


447. 


448. 


449. 


450. 


Lokhorst HM, Schmidt-Wolf I, Sonneveld P, et al: Thalidomide in induction treatment 
increases the very good partial response rate before and after high-dose therapy in pre- 
viously untreated multiple myeloma. Haematologica 93:124-127, 2008. 

de la Rubia J, Blade J, Lahuerta JJ, et al: Effect of chemotherapy with alkylating agents 
on the yield of CD34+ cells in patients with multiple myeloma. Results of the Spanish 
Myeloma Group (GEM) Study. Haematologica 91:621-627, 2006. 

Kumar S, Dispenzieri A, Lacy MQ, et al: Impact of lenalidomide therapy on stem 
cell mobilization and engraftment post-peripheral blood stem cell transplantation in 
patients with newly diagnosed myeloma. Leukemia 21:2035-2042, 2007. 

Mark T, Stern J, Furst JR, et al: Stem cell mobilization with cyclophosphamide over- 
comes the suppressive effect of lenalidomide therapy on stem cell collection in multiple 
myeloma. Biol Blood Marrow Transplant 14:795-798, 2008. 

Mazumder A, Kaufman J, Niesvizky R, et al: Effect of lenalidomide therapy on mobi- 
lization of peripheral blood stem cells in previously untreated multiple myeloma 
patients. Leukemia 22:1280-1281; author reply 1281-1282, 2008. 

Popat U, Saliba R, Thandi R, et al: Impairment of filgrastim-induced stem cell mobili- 
zation after prior lenalidomide in patients with multiple myeloma. Biol Blood Marrow 
Transplant 15:718-723, 2009. 

Paripati H, Stewart AK, Cabou S, et al: Compromised stem cell mobilization following 
induction therapy with lenalidomide in myeloma. Leukemia 22:1282-1284, 2008. 
Combination chemotherapy versus melphalan plus prednisone as treatment for multi- 
ple myeloma: An overview of 6,633 patients from 27 randomized trials. Myeloma Trial- 
ists’ Collaborative Group. J Clin Oncol 16:3832-3842, 1998. 

Gregory WM, Richards MA, Malpas JS: Combination chemotherapy versus melphalan 
and prednisolone in the treatment of multiple myeloma: An overview of published tri- 
als. J Clin Oncol 10:334-342, 1992. 

Palumbo A, Bringhen S, Caravita T, et al: Oral melphalan and prednisone chemo- 
therapy plus thalidomide compared with melphalan and prednisone alone in elderly 
patients with multiple myeloma: Randomised controlled trial. Lancet 367:825-831, 
2006. 
Palumbo A, Rajkumar SV, Dimopoulos MA, et al: Prevention of thalidomide- and 
lenalidomide-associated thrombosis in myeloma. Leukemia 22:414-423, 2008. 
Palumbo A, Falco P, Corradini P, et al: Melphalan, prednisone, and lenalidomide treat- 
ment for newly diagnosed myeloma: A report from the GIMEMA-—Italian Multiple 
Myeloma Network. J Clin Oncol 25:4459-4465, 2007. 

Palumbo A, Hajek R, Delforge M, et al: Continuous lenalidomide treatment for newly 
diagnosed multiple myeloma. N Engl J Med 366:1759-1769, 2012. 

San Miguel JF, Schlag R, Khuageva NK, et al: Bortezomib plus melphalan and predni- 
sone for initial treatment of multiple myeloma. N Engl J Med 359:906-917, 2008. 
Mateos MV, Richardson PG, Schlag R, et al: Bortezomib plus melphalan and predni- 
sone compared with melphalan and prednisone in previously untreated multiple mye- 
loma: Updated follow-up and impact of subsequent therapy in the phase III VISTA 
trial. J Clin Oncol 28:2259-2266, 2010. 
Facon TD, Dispenzieri M, Catalano A, et al: Initial phase 3 results of the FIRST 
(Frontline Investigation of Lenalidomide + Dexamethasone versus Standard Thalid- 
omide) Trial (MM-020/IFM 0701) in newly diagnosed multiple myeloma (NDMM) 
patients ineligible for stem cell transplantation. ASH 2013 Annual Meeting Abstract 
2, 2013. 

Ludwig H, Durie BG, McCarthy P, et al: IMWG consensus on maintenance therapy in 
multiple myeloma. Blood 119:3003-3015, 2012. 

Kagoya Y, Nannya Y, Kurokawa M: Thalidomide maintenance therapy for patients with 
multiple myeloma: Meta-analysis. Leuk Res 36:1016-1021, 2012. 

Attal M, Lauwers-Cances V, Marit G, et al: Lenalidomide maintenance after stem-cell 
transplantation for multiple myeloma. N Engl J Med 366:1782-1791, 2012. 

McCarthy PL, Owzar K, Hofmeister CC, et al: Lenalidomide after stem-cell transplan- 
tation for multiple myeloma. N Engl J Med 366:1770-1781, 2012. 

Palumbo A, Bringhen S, Kumar SK, et al: Second primary malignancies with lenalido- 
mide therapy for newly diagnosed myeloma: A meta-analysis of individual patient data. 
Lancet Oncol 15:333-342, 2014. 

Sonneveld P, Schmidt-Wolf IG, van der Holt B, et al: Bortezomib induction and main- 
tenance treatment in patients with newly diagnosed multiple myeloma: Results of the 
randomized phase III HOVON-65/GMMG-HD4 trial. J Clin Oncol 30:2946-2955, 
2012. 

Ladetto M, PaglianoG, Avonto I, et al: Consolidation with bortezomib, thalidomide 
and dexamethasone induces molecular remissions in autografted multiple myeloma 
patients. Blood 110:163a, 2007. 

Mellqvist UH, Gimsing P, Hjertner O, et al: Bortezomib consolidation after autologous 
stem cell transplantation in multiple myeloma: A Nordic Myeloma Study Group ran- 
domized phase 3 trial. Blood 121:4647-4654, 2013. 

Attal M, Lauwers-Cances V, Marit G, et al: Lenalidomide maintenance after stem-cell 
transplantation for multiple myeloma. N Engl J Med 366:1782-1791, 2012. 

Attal M, Roussel M: Maintenance therapy for myeloma: How much, how long, and at 
what cost? Am Soc Clin Oncol Educ Book 32:515-522, 2012. 

Palumbo A, Attal M, Roussel M: Shifts in the therapeutic paradigm for patients newly 
diagnosed with multiple myeloma: Maintenance therapy and overall survival. Clin Can- 
cer Res 17:1253-1263, 2011. 

Ludwig H, Sonneveld P: Disease control in patients with relapsed and/or refractory 
multiple myeloma: What is the optimal duration of therapy? Leuk Res 36 Suppl 1:S27- 
$34, 2012. 

Jagannath S, Barlogie B, Berenson J, et al: A phase 2 study of two doses of bortezomib 
in relapsed or refractory myeloma. Br J Haematol 127:165-172, 2004. 


451. 


452. 


453. 


454. 


455. 


456. 


457. 


458. 


459. 


460. 


461. 


462. 


463. 


464. 


465. 


466. 


467. 


468. 


469. 


470. 


471. 


472. 


473. 


474. 


475. 


476. 


477. 


478. 


Richardson PG, Barlogie B, Berenson J, et al: Extended follow-up of a phase II trial in 
relapsed, refractory multiple myeloma: Final time-to-event results from the SUMMIT 
trial. Cancer 106:1316-1319, 2006. 

Jagannath S, Barlogie B, Berenson JR, et al: Updated survival analyses after prolonged 
follow-up of the phase 2, multicenter CREST study of bortezomib in relapsed or refrac- 
tory multiple myeloma. Br J Haematol 143:537-540, 2008. 

Richardson PG, Sonneveld P, Schuster MW, et al: Bortezomib or high-dose dexametha- 
sone for relapsed multiple myeloma. N Engl J Med 352:2487-2498, 2005. 

Richardson PG, Sonneveld P, Schuster M, et al: Extended follow-up of a phase 3 trial 
in relapsed multiple myeloma: Final time-to-event results of the APEX trial. Blood 
110:3557-3560, 2007. 

Mikhael JR, Belch AR, Prince HM, et al: High response rate to bortezomib with or with- 
out dexamethasone in patients with relapsed or refractory multiple myeloma: Results of 
a global phase 3b expanded access program. Br J Haematol 144:169-175, 2009. 

Kumar SK, Bensinger WI , Zimmerman TM, et al: Weekly MLN9708, an investigational 
oral proteasome inhibitor (PI), in relapsed/refractory multiple myeloma (MM): Results 
from a phase I study after full enrollment. J Clin Oncol 31, 2013. 

Richardson PG, Hofmeister CC, Rosenbaum CA, et al: Twice-weekly oral MLN9708 
(Ixazomib Citrate), an investigational proteasome inhibitor, in combination with 
lenalidomide (len) and dexamethasone (Dex) in patients (Pts) with newly diagnosed 
multiple myeloma (MM): Final phase 1 results and phase 2 data. Blood Abstract 535, 
2013. 
van Rhee F, Dhodapkar M, Shaughnessy JD Jr, et al: First thalidomide clinical trial in 
multiple myeloma: A decade. Blood 112:1035-1038, 2008. 

Palumbo A, Giaccone L, Bertola A, et al: Low-dose thalidomide plus dexamethasone is 
an effective salvage therapy for advanced myeloma. Haematologica 86:399-403, 2001. 
Dimopoulos MA, Zervas K, Kouvatseas G, et al: Thalidomide and dexamethasone com- 
bination for refractory multiple myeloma. Ann Oncol 12:991-995, 2001. 
Anagnostopoulos A, Weber D, Rankin K, et al: Thalidomide and dexamethasone for 
resistant multiple myeloma. Br J Haematol 121:768-771, 2003. 

Weber DM, Chen C, Niesvizky R, et al: Lenalidomide plus dexamethasone for relapsed 
multiple myeloma in North America. N Engl J Med 357:2133-2142, 2007. 

Chen C, Reece DE, Siegel D, et al: Expanded safety experience with lenalidomide 
plus dexamethasone in relapsed or refractory multiple myeloma. Br J Haematol 146: 
164-170, 2009. 

Richardson PG, Siegel DS, Vij R, et al: Pomalidomide alone or in combination with 
low-dose dexamethasone in relapsed and refractory multiple myeloma; a randomized 
phase 2 study. Blood 123:1826-1832, 2014. 

Dimopoulos ML, Moreau M, P et al: Pomalidomide in combination with low-dose 
dexamethasone; demonstrates significant progression free survival and overall survival 
advantage, in relapsed/refractory MM: A phase 3, multicenter, randomized, open-label 
study. Blood 120, 2012. 

Dimopoulos M, Siegel DS, Lonial S, et al: Vorinostat or placebo in combination with 
bortezomib in patients with multiple myeloma (VANTAGE 088): A multicentre, ran- 
domised, double-blind study. Lancet Oncol 14:1129-1140, 2013. 

Richardson PG, Yoon V, S et al: Panorama 1: A randomized double-blind, phase 3 study 
of panobinostat or placebo plus bortezomib and dexamethasone in relapsed or refrac- 
tory multiple myeloma. J Clin Oncol 32:suppl: Abstract 8510, 2014. 

Yee AV, P, Bensinger, W et al: ACY-1215, a selective histone deacetylase (HDAC) 6 
inhibitor, in combination with lenalidomide and dexamethasone, is well tolerated with 
dose-limiting toxicity in patients with multiple myeloma (MM) at doses demonstrating 
biologic activity: Interim results of a phase Ib trial. Blood 2013. 

Raje NV, Hari D, p et al: ACY-1215, a selective histone deacetylase (HDAC) 6 inhibitor: 
Interim results of combination therapy with multiple myeloma. Blood 2013. 

Lokhorst HP, Gimsing T, P et al: Phase I/II dose-escalation study of daratumumab in 
patients with relapsed or refractory multiple myeloma. J Clin Oncol 31:suppl: Abstract 
8512, 2013. 

Martin TG, Strickland SA, Glenn M, et al: SAR650984, a CD38 monoclonal antibody 
in patients with selected CD38+ hematological malignancies—Data from a dose-esca- 
lation phase I study. Blood 2013. 

Zonder JA, Mohrbacher AF, Singhal S, et al: A phase 1, multicenter, open-label, dose 
escalation study of elotuzumab in patients with advanced multiple myeloma. Blood 
120:552-559, 2012. 

Lonial S, Vij R, Harousseau JL, et al: Elotuzumab in combination with lenalidomide 
and low-dose dexamethasone in relapsed or refractory multiple myeloma. J Clin Oncol 
30:1953-1959, 2012. 

Jakubowiak AJ, Benson DM, Bensinger W, et al: Phase I trial of anti-CS1 monoclonal 
antibody elotuzumab in combination with bortezomib in the treatment of relapsed/ 
refractory multiple myeloma. J Clin Oncol 30:1960-1965, 2012. 

Raje NF, Faber E, Richardson P, et al: Phase 1 study of tabalumab, a human anti-BAFF 
antibody and bortezomib in patients with previously-treated multiple myeloma. Blood 
2012. 

Lentzsch S, O'Sullivan A, Kennedy RC, et al: Combination of bendamustine, lenalido- 
mide, and dexamethasone (BLD) in patients with relapsed or refractory multiple mye- 
loma is feasible and highly effective: Results of phase 1/2 open-label, dose escalation 
study. Blood 119:4608-4613, 2012. 

Knop S, Straka C, Haen M, et al: The efficacy and toxicity of bendamustine in recurrent 
multiple myeloma after high-dose chemotherapy. Haematologica 90:1287-1288, 2005. 
Chanan-Khan AA, Niesvizky R, Hohl RJ, et al: Phase III randomised study of dex- 
amethasone with or without oblimersen sodium for patients with advanced multiple 
myeloma. Leuk Lymphoma 50:559-565, 2009. 


479. 


480. 


481. 


482. 


483. 


484. 


485. 


486. 


487. 


488. 


489. 


490. 


491. 


492. 


493. 


494. 


495. 


496. 


497. 


498. 


499. 


500. 


501. 


502. 


503. 


504. 


505. 


Chapter 107: Myeloma 


Orlowski RZ, Nagler A, Sonneveld P, et al: Randomized phase III study of pegylated 
liposomal doxorubicin plus bortezomib compared with bortezomib alone in relapsed 
or refractory multiple myeloma: Combination therapy improves time to progression. J 
Clin Oncol 25:3892-3901, 2007. 

Pineda-Roman M, Zangari M, van Rhee F et al: VTD combination therapy with borte- 
zomib-thalidomide-dexamethasone is highly effective in advanced and refractory mul- 
tiple myeloma. Leukemia 22:1419-1427, 2008. 

Ponisch W, Rozanski M, Goldschmidt H, et al: Combined bendamustine, prednisolone 
and thalidomide for refractory or relapsed multiple myeloma after autologous stem-cell 
transplantation or conventional chemotherapy: Results of a phase I clinical trial. Br J 
Haematol 143:191-200, 2008. 

Palumbo A, Dimopoulos M, San Miguel J, et al: Lenalidomide in combination with 
dexamethasone for the treatment of relapsed or refractory multiple myeloma. Blood 
Rev 23:87-93, 2009. 

Lonial SS, Shah J, Zonder JA, et al: Prolonged survival and improved response rates with 
ARRY-520 (Filanesib) in relapsed/refractory multiple myeloma (RRMM) patients with 
low a-1 acid glycoprotein (AAG) levels: Results from a phase 2 study. Blood Abstract 653, 
2013. 

Chari AH, Htut M, Zonder JA, et al: A phase 1 study of ARRY-520 (Filanesib) with 
bortezomib (BTZ) and dexamethasone (DEX) in relapsed or refractory multiple mye- 
loma (RRMM). Blood 2013. 

Santo L, Vallet S, Hideshima T, et al: AT7519, a novel small molecule multi-cyclin-de- 
pendent kinase inhibitor, induces apoptosis in multiple myeloma via GSK-3beta activa- 
ion and RNA polymerase II inhibition. Oncogene 29:2325-2336, 2010. 

Chaidos A, Caputo V, Gouvedenou K, et al: Potent antimyeloma activity of the novel 
bromodomain inhibitors I-BET151 and I-BET762. Blood 123:697-705, 2014. 

Chauhan D, Tian Z, Nicholson B, et al: A small molecule inhibitor of ubiquitin-specific 
protease-7 induces apoptosis in multiple myeloma cells and overcomes bortezomib 
resistance. Cancer Cell 22:345-358, 2012. 

Rosenblatt JA, Avivi I, Vasir D, et al: Blockade of PD-1 in combination with dendritic 
cell/myeloma fusion cell vaccination following autologous stem cell transplantation. 
Blood 2012. 

Lokhorst HM, Schattenberg A, Cornelissen JJ, et al: Donor leukocyte infusions are 
effective in relapsed multiple myeloma after allogeneic bone marrow transplant. Blood 
90:4206-4211, 1997. 

Tricot G, Vesole DH, Jagannath S, et al: Graft-versus-myeloma effect: Proof of principle. 
Blood 87:1196-1198, 1996. 

Bird JM, Russell NH, Samson D: Minimal residual disease after bone marrow trans- 
plant for multiple myeloma: Evidence for cure in long-term survivors. Bone Marrow 
Transplant 12:651-654, 1993. 

Corradini P, Voena C, Tarella C, et al: Molecular and clinical remissions in multiple 
myeloma: Role of autologous and allogeneic transplantation of hematopoietic cells. J 
Clin Oncol 17:208-215, 1999. 

Alyea E, Weller E, Schlossman R, et al: Outcome after autologous and allogeneic stem 
cell transplantation for patients with multiple myeloma: Impact of graft-versus-mye- 
loma effect. Bone Marrow Transplant 32:1145-1151, 2003. 

Bensinger WI, Buckner CD, Anasetti C, et al: Allogeneic marrow transplantation for 
multiple myeloma: An analysis of risk factors on outcome. Blood 88:2787-2793, 1996. 
Bjorkstrand BB, Ljungman P, Svensson H, et al: Allogeneic bone marrow transplant 
versus autologous stem cell transplantation in multiple myeloma: A retrospective case- 
matched study from the European Group for Blood and Marrow Transplantation. Blood 
88:4711-4718, 1996. 

Gahrton G, Tura S, Ljungman P, et al: Allogeneic bone marrow transplant in multiple 
myeloma. European Group for Bone Marrow Transplant. N Engl J Med 325:1267-1273, 
1991. 

Gahrton G, Tura S, Ljungman P, et al: Prognostic factors in allogeneic bone marrow 
transplant for multiple myeloma. J Clin Oncol 13:1312-1322, 1995. 

Hunter HM, Peggs K, Powles R, et al: Analysis of outcome following allogeneic haemo- 
poietic stem cell transplantation for myeloma using myeloablative conditioning—evi- 
dence for a superior outcome using melphalan combined with total body irradiation. 
Br J Haematol 128:496-502, 2005. 

Reece DE, Shepherd JD, Klingemann HG, et al: Treatment of myeloma using intensive ther- 
apy and allogeneic bone marrow transplant. Bone Marrow Transplant 15:117-123, 1995. 
Varterasian M, Janakiraman N, Karanes C, et al: Transplantation in patients with mul- 
tiple myeloma: A multicenter comparative analysis of peripheral blood stem cell and 
allogeneic transplant. Am J Clin Oncol 20:462-466, 1997. 

Bensinger WI, Demirer T, Buckner CD, et al: Syngeneic marrow transplantation in 
patients with multiple myeloma. Bone Marrow Transplant 18:527-531, 1996. 

Gahrton G, Svensson H, Bjorkstrand B, et al: Syngeneic transplantation in multiple 
myeloma-a case-matched comparison with autologous and allogeneic transplantation. 
European Group for Blood and Marrow Transplantation. Bone Marrow Transplant 
24:741-745, 1999. 

Gahrton G, Svensson H, Cavo M, et al: Progress in allogenic bone marrow and periph- 
eral blood stem cell transplantation for multiple myeloma: A comparison between 
transplants performed 1983-93 and 1994-8 at European Group for Blood and Marrow 
Transplantation centres. Br J Haematol 113:209-216, 2001. 

Giralt S, Estey E, Albitar M, et al: Engraftment of allogeneic hematopoietic progenitor 
cells with purine analog-containing chemotherapy: Harnessing graft-versus-leukemia 
without myeloablative therapy. Blood 89:4531-4536, 1997. 

Slavin S, Nagler A, Naparstek E, et al: Nonmyeloablative stem cell transplantation 
and cell therapy as an alternative to conventional bone marrow transplant with lethal 


506. 


507. 


508. 


509. 


520. 


521. 


522. 


523. 


524. 


525. 


526. 


527. 


528. 


529. 


530. 


cytoreduction for the treatment of malignant and nonmalignant hematologic diseases. 
Blood 91:756-763, 1998. 

Garban F, Attal M, Rossi JF, et al: Immunotherapy by non-myeloablative allogeneic 
stem cell transplantation in multiple myeloma: Results of a pilot study as salvage ther- 
apy after autologous transplantation. Leukemia 15:642-646, 2001. 

McSweeney PA, Niederwieser D, Shizuru JA, et al: Hematopoietic cell transplantation 
in older patients with hematologic malignancies: Replacing high-dose cytotoxic ther- 
apy with graft-versus-tumor effects. Blood 97:3390-3400, 2001. 

Michallet M, Bilger K, Garban F, et al: Allogeneic hematopoietic stem-cell transplan- 
tation after nonmyeloablative preparative regimens: Impact of pretransplantation and 
posttransplantation factors on outcome. J Clin Oncol 19:3340-3349, 2001. 

Mohty M, Fegueux N, Exbrayat C, et al: Reduced intensity conditioning: Enhanced 
graft-versus-tumor effect following dose-reduced conditioning and allogeneic trans- 
plantation for refractory lymphoid malignancies after high-dose therapy. Bone Marrow 
Transplant 28:335-339, 2001. 


. Bensinger WI, Maloney D, Storb R: Allogeneic hematopoietic cell transplantation for 


multiple myeloma. Semin Hematol 38:243-249, 2001. 


. Kroger N, Schwerdtfeger R, Kiehl M, et al: Autologous stem cell transplantation fol- 


lowed by a dose-reduced allograft induces high complete remission rate in multiple 
myeloma. Blood 100:755-760, 2002. 


. Bruno B, Rotta M, Patriarca F et al: A comparison of allografting with autografting for 


newly diagnosed myeloma. N Engl J Med 356:1110-1120, 2007. 


. Bruno B, Rotta M, Patriarca F, et al: Nonmyeloablative allografting for newly diagnosed 


multiple myeloma: The experience of the Gruppo Italiano Trapianti di Midollo. Blood 
113:3375-3382, 2009. 


. Garban F, Attal M, Michallet M, et al: Prospective comparison of autologous stem 


cell transplantation followed by dose-reduced allograft (IFM99-03 trial) with tandem 
autologous stem cell transplantation (IFM99-04 trial) in high-risk de novo multiple 
myeloma. Blood 107:3474-3480, 2006. 


. Krishnan A, Pasquini MC, Logan B, et al: Tandem autologous stem cell transplants 


(auto-auto) with or without maintenance therapy versus single autologous transplant 
followed by HLA-matched sibling non-myeloablative allogeneic stem cell transplant 
(auto-allo) for patients (pts) with high risk (HR) multiple myeloma (MM): Results from 
the Blood and Marrow Transplant Clinical Trials Network (BMT-CTN) 0102 Trial. 
Blood (ASH Annual Meeting Abstracts) 116:Abstract 526, 2010. 


. Krishnan A, Pasquini MC, Logan B, et al: Autologous haemopoietic stem-cell trans- 


plantation followed by allogeneic or autologous haemopoietic stem-cell transplantation 
in patients with multiple myeloma (BMT CTN 0102): A phase 3 biological assignment 
trial. Lancet Oncol 12:1195-1203, 2011. 


. Bjorkstrand B, Iacobelli S, Hegenbart U, et al: Tandem autologous/reduced-intensity 


conditioning allogeneic stem-cell transplantation versus autologous transplantation in 
myeloma: Long-term follow-up. J Clin Oncol 29:3016-3022, 2011. 


. Crawley C, Lalancette M, Szydlo R, et al: Outcomes for reduced-intensity allogeneic 


transplantation for multiple myeloma: An analysis of prognostic factors from the 
Chronic Leukaemia Working Party of the EBMT. Blood 105:4532-4539, 2005. 


. Cavo M, Terragna C, Martinelli G, et al: Molecular monitoring of minimal residual 


disease in patients in long-term complete remission after allogeneic stem cell transplan- 
tation for multiple myeloma. Blood 96:355-357, 2000. 

Martinelli G, Terragna C, Zamagni E, et al: Molecular remission after allogeneic or 
autologous transplantation of hematopoietic stem cells for multiple myeloma. J Clin 
Oncol 18:2273-2281, 2000. 

Willems P, Verhagen O, Segeren C, et al: Consensus strategy to quantitate malignant 
cells in myeloma patients is validated in a multicenter study. Belgium-Dutch Hematol- 
ogy-Oncology Group. Blood 96:63-70, 2000. 

Alyea EP, Soiffer RJ, Canning C, et al: Toxicity and efficacy of defined doses of CD4(+) 
donor lymphocytes for treatment of relapse after allogeneic bone marrow transplant. 
Blood 91:3671-3680, 1998. 

Verdonck LF, Lokhorst HM, Dekker AW, et al: Graft-versus-myeloma effect in two 
cases. Lancet 347:800-801, 1996. 

Alyea E, Weller E, Schlossman R, et al: T-cell-depleted allogeneic bone marrow trans- 
plant followed by donor lymphocyte infusion in patients with multiple myeloma: 
Induction of graft-versus-myeloma effect. Blood 98:934-939, 2001. 

van Rhee F: Con: Allogeneic transplantation in multiple myeloma. Clin Adv Hematol 
Oncol 4:391-394, 2006. 

Berenson J: Pamidronate in the treatment of osteolytic bone lesions in multiple 
myeloma patients—The American experience. Br J Clin Pract Suppl 87:5-7; discussion 
13-14, 1996. 
Rosen LS, Gordon D, Kaminski M, et al: Zoledronic acid versus pamidronate in the 
treatment of skeletal metastases in patients with breast cancer or osteolytic lesions of 
multiple myeloma: A phase III, double-blind, comparative trial. Cancer J 7:377-387, 
2001. 

Major P, Lortholary A, Hon J, et al: Zoledronic acid is superior to pamidronate in the 
treatment of hypercalcemia of malignancy: A pooled analysis of two randomized, con- 
trolled clinical trials. J Clin Oncol 19:558-567, 2001. 

Terpos E, Morgan G, Dimopoulos MA, et al: International Myeloma Working Group 
recommendations for the treatment of multiple myeloma-related bone disease. J Clin 
Oncol 31:2347-2357, 2013. 

National Comprehensive Cancer Network: NCCN Clinical Practice Guidelines in 
Oncology Multiple Myeloma. Version 2.2010, 2014. http://www.nccn.org/professionals/ 
physician_gls/pdf/myeloma.pdf. Last accesse August 2015. 


Part XI: Malignant Lymphoid Diseases 


531. 


532. 


533. 


534. 


535. 


536. 


537. 


538. 


539. 


540. 


541. 


542. 


543. 


544. 


545. 


546. 


547. 


548. 


549. 


550. 


551. 


552. 


553. 


554. 


555. 


556. 


557. 


558. 


Morgan GJ, Davies FE, Gregory WM, et al: First-line treatment with zoledronic acid as 
compared with clodronic acid in multiple myeloma (MRC Myeloma IX): A randomised 
controlled trial. Lancet 376:1989-1999, 2010. 

Morgan GJ, Child JA, Gregory WM, et al: Effects of zoledronic acid versus clodronic 
acid on skeletal morbidity in patients with newly diagnosed multiple myeloma (MRC 
Myeloma IX): Secondary outcomes from a randomised controlled trial. Lancet Oncol 
12:743-752, 2011. 

Woo SB, Hellstein JW, Kalmar JR: Narrative [corrected] review: Bisphosphonates and 
osteonecrosis of the jaws. Ann Intern Med 144:753-761, 2006. 

Dimopoulos MA, Kastritis E, Bamia C, et al: Reduction of osteonecrosis of the jaw 
(ONJ) after implementation of preventive measures in patients with multiple myeloma 
treated with zoledronic acid. Ann Oncol 20:117-120, 2009. 

Dudeney S, Lieberman IH, Reinhardt MK, et al: Kyphoplasty in the treatment of oste- 
olytic vertebral compression fractures as a result of multiple myeloma. J Clin Oncol 
20:2382-2387, 2002. 

Fourney DR, Schomer DF, Nader R, et al: Percutaneous vertebroplasty and kyphoplasty 
for painful vertebral body fractures in cancer patients. J Neurosurg 98:21-30, 2003. 
Featherstone C, Delaney G, Jacob S, et al: Estimating the optimal utilization rates of 
radiotherapy for hematologic malignancies from a review of the evidence: Part II-leu- 
kemia and myeloma. Cancer 103:393-401, 2005. 

Facon T, Mary JY, Hulin C, et al: Melphalan and prednisone plus thalidomide versus 
melphalan and prednisone alone or reduced-intensity autologous stem cell transplanta- 
tion in elderly patients with multiple myeloma (IFM 99-06): A randomised trial. Lancet 
370:1209-1218, 2007. 

Palumbo A, Ambrosini MT, Benevolo G, et al: Bortezomib, melphalan, prednisone, and 
thalidomide for relapsed multiple myeloma. Blood 109:2767-2772, 2007. 

Zangari M, Saghafifar F, Mehta P, et al: The blood coagulation mechanism in multiple 
myeloma. Semin Thromb Hemost 29:275-282, 2003. 

Auwerda JJ, Sonneveld P, de Maat MP, et al: Prothrombotic coagulation abnormali- 
ties in patients with newly diagnosed multiple myeloma. Haematologica 92:279-280, 
2007. 

Johnson DC, Corthals S, Ramos C, et al: Genetic associations with thalidomide medi- 
ated venous thrombotic events in myeloma identified using targeted genotyping. Blood 
112:4924-4934, 2008. 

Zangari M, Barlogie B, Cavallo F, et al: Effect on survival of treatment-associated 
venous thromboembolism in newly diagnosed multiple myeloma patients. Blood 
Coagul Fibrinolysis 18:595-598, 2007. 

Morgan GJ, Schey SA, Wu P, et al: Lenalidomide (Revlimid), in combination with 
cyclophosphamide and dexamethasone (RCD), is an effective and tolerated regimen 
for myeloma patients. Br J Haematol 137:268-269, 2007. 

Baglin T, Luddington R, Brown K, et al: Incidence of recurrent venous thromboem- 
bolism in relation to clinical and thrombophilic risk factors: Prospective cohort study. 
Lancet 362:523-526, 2003. 

Argyriou AA, Iconomou G, Kalofonos HP: Bortezomib-induced peripheral neurop- 
athy in multiple myeloma: A comprehensive review of the literature. Blood 112:1593- 
1599, 2008. 

Richardson PG, Sonneveld P, Schuster MW, et al: Reversibility of symptomatic periph- 
eral neuropathy with bortezomib in the phase III APEX trial in relapsed multiple mye- 
loma: Impact of a dose-modification guideline. Br J Haematol 144:895-903, 2009. 
Mileshkin L, Stark R, Day B, et al: Development of neuropathy in patients with mye- 
loma treated with thalidomide: Patterns of occurrence and the role of electrophysio- 
logic monitoring. J Clin Oncol 24:4507-4514, 2006. 

Plasmati R, Pastorelli F, Cavo M, et al: Neuropathy in multiple myeloma treated with 
thalidomide: A prospective study. Neurology 69:573-581, 2007. 

Pei XY, Dai Y, Grant S: Synergistic induction of oxidative injury and apoptosis in 
human multiple myeloma cells by the proteasome inhibitor bortezomib and histone 
deacetylase inhibitors. Clin Cancer Res 10:3839-3852, 2004. 

Landowski TH, Megli CJ, Nullmeyer KD, et al: Mitochondrial-mediated disregulation 
of Ca2+ is a critical determinant of Velcade (PS-341/bortezomib) cytotoxicity in mye- 
loma cell lines. Cancer Res 65:3828-3836, 2005. 

Dikic I, Crosetto N, Calatroni S, et al: Targeting ubiquitin in cancers. Eur J Cancer 
42:3095-3102, 2006. 

Badros A, Goloubeva O, Dalal JS, et al: Neurotoxicity of bortezomib therapy in multiple 
myeloma: A single-center experience and review of the literature. Cancer 110:1042- 
1049, 2007. 

Caravita TP, Spagnoli M, A, et al: Neuropathy in multiple myeloma patients treated 
with bortezomib: A multicenter experience. Blood Abstract 4823, 2007. 

Richardson PG, Briemberg H, Jagannath S, et al: Frequency, characteristics, and revers- 
ibility of peripheral neuropathy during treatment of advanced multiple myeloma with 
bortezomib. J Clin Oncol 24:3113-3120, 2006. 

Chen CI, Kouroukis CT, White D, et al: Bortezomib is active in patients with untreated 
or relapsed Waldenstrém’s macroglobulinemia: A phase II study of the National Cancer 
Institute of Canada Clinical Trials Group. J Clin Oncol 25:1570-1575, 2007. 

Moreau P, Pylypenko H, Grosicki S, et al: Subcutaneous versus intravenous administra- 
tion of bortezomib in patients with relapsed multiple myeloma: A randomised, phase 3, 
non-inferiority study. Lancet Oncol 12:431-440, 2011. 

Richardson P, Schlossman R, Jagannath S, et al: Thalidomide for patients with relapsed 
multiple myeloma after high-dose chemotherapy and stem cell transplantation: Results 
of an open-label multicenter phase 2 study of efficacy, toxicity, and biological activity. 
Mayo Clin Proc 79:875-882, 2004. 


559. 


560. 


561. 


562. 


563. 


564. 


565. 


566. 


567. 


568. 


569. 


570. 


571. 


572. 


573. 


574. 


575. 


576. 


577. 


578. 


579. 


580. 


581. 


582. 


583. 


584. 


585. 


586. 


587. 


588. 


589. 


590. 


5911. 


Ghobrial IM, Rajkumar SV: Management of thalidomide toxicity. J Support Oncol 
1:194-205, 2003. 

Bastuji-Garin S, Ochonisky S, Bouche P, et al: Incidence and risk factors for thalido- 
mide neuropathy: A prospective study of 135 dermatologic patients. J Invest Dermatol 
119:1020-1026, 2002. 

Briani C, Zara G, Rondinone R, et al: Thalidomide neurotoxicity: Prospective study in 
patients with lupus erythematosus. Neurology 62:2288-2290, 2004. 

Offidani M, Corvatta L, Marconi M, et al: Common and rare side-effects of low-dose 
thalidomide in multiple myeloma: Focus on the dose-minimizing peripheral neuropa- 
thy. Eur J Haematol 72:403-409, 2004. 

Tosi P, Zamagni E, Cellini C, et al: Neurological toxicity of long-term (>1 yr) thalido- 
mide therapy in patients with multiple myeloma. Eur J Haematol 74:212-216, 2005. 
Apfel SC, Zochodne DW: Thalidomide neuropathy: Too much or too long? Neurology 
62:2158-2159, 2004. 

Dimopoulos MA, Kastritis E, Anagnostopoulos A, et al: Osteonecrosis of the jaw in 
patients with multiple myeloma treated with bisphosphonates: Evidence of increased 
risk after treatment with zoledronic acid. Haematologica 91:968-971, 2006. 

Zervas K, Verrou E, Teleioudis Z, et al: Incidence, risk factors and management of 
osteonecrosis of the jaw in patients with multiple myeloma: A single-centre experience 
in 303 patients. Br J Haematol 134:620-623, 2006. 

Badros A, Weikel D, Salama A, et al: Osteonecrosis of the jaw in multiple myeloma 
patients: Clinical features and risk factors. J Clin Oncol 24:945-952, 2006. 

Badros A, Terpos E, Katodritou E, et al: Natural history of osteonecrosis of the jaw in 
patients with multiple myeloma. J Clin Oncol 26:5904-5909, 2008. 

Clarke BM, Boyette J, Vural E, et al: Bisphosphonates and jaw osteonecrosis: The UAMS 
experience. Otolaryngol Head Neck Surg 136:396-400, 2007. 

Sarasquete ME, Garcia-Sanz R, Marin L, et al: Bisphosphonate-related osteonecrosis of 
the jaw is associated with polymorphisms of the cytochrome P450 CYP2C8 in multiple 
myeloma: A genome-wide single nucleotide polymorphism analysis. Blood 112:2709- 
2712, 2008. 

Terpos E, Dimopoulos MA: Genetic predisposition for the development of ONJ. Blood 
112:2596-2597, 2008. 

Montefusco V, Gay F, Spina F, et al: Antibiotic prophylaxis before dental procedures 
may reduce the incidence of osteonecrosis of the jaw in patients with multiple myeloma 
treated with bisphosphonates. Leuk Lymphoma 49:2156-2162, 2008. 

Khan AA, Sandor GK, Dore E, et al: Canadian consensus practice guidelines for bis- 
phosphonate associated osteonecrosis of the jaw. J Rheumatol 35:1391-1397, 2008. 
Blade J, Samson D, Reece D, et al: Criteria for evaluating disease response and progres- 
sion in patients with multiple myeloma treated by high-dose therapy and haemopoietic 
stem cell transplantation. Myeloma Subcommittee of the EBMT. European Group for 
Blood and Marrow Transplant. Br J Haematol 102:1115-1123, 1998. 

Martinez-Lopez J, Lahuerta JJ, Pepin F, et al: Prognostic value of deep sequenc- 
ing method for minimal residual disease detection in multiple myeloma. Blood 123: 
3073-3079, 2014. 

Greipp PR: Prognosis in myeloma. Mayo Clin Proc 69:895-902, 1994. 

Bataille R, Jourdan M, Zhang XG, et al: Serum levels of interleukin 6, a potent myeloma 
cell growth factor, as a reflect of disease severity in plasma cell dyscrasias. J Clin Invest 
84:2008-2011, 1989. 

Ludwig H, Nachbaur DM, Fritz E, et al: Interleukin-6 is a prognostic factor in multiple 
myeloma. Blood 77:2794-2795, 1991. 

Bataille R, Boccadoro M, Klein B, et al: C-reactive protein and beta-2 microglobulin 
produce a simple and powerful myeloma staging system. Blood 80:733-737, 1992. 
Seidel C, Borset M, Turesson I, et al: Elevated serum concentrations of hepatocyte 
growth factor in patients with multiple myeloma. The Nordic Myeloma Study Group. 
Blood 91:806-812, 1998. 

Seidel C, Sundan A, Hjorth M, et al: Serum syndecan-1: A new independent prognostic 
marker in multiple myeloma. Blood 95:388-392, 2000. 

Dahl IM, Turesson I, Holmberg E, et al: Serum hyaluronan in patients with multiple 
myeloma: Correlation with survival and Ig concentration. Blood 93:4144-4148, 1999. 
Witzig TE, Gertz MA, Lust JA, et al: Peripheral blood monoclonal plasma cells as a 
predictor of survival in patients with multiple myeloma. Blood 88:1780-1787, 1996. 
Zhang H, Vakil V, Braunstein M, et al: Circulating endothelial progenitor cells in mul- 
tiple myeloma: Implications and significance. Blood 105:3286-3294, 2005. 

Jakob C, Egerer K, Liebisch P, et al: Circulating proteasome levels are an independent 
prognostic factor for survival in multiple myeloma. Blood 109:2100-2105, 2007. 

Blade J, Kyle RA, Greipp PR: Presenting features and prognosis in 72 patients with mul- 
tiple myeloma who were younger than 40 years. Br J Haematol 93:345-351, 1996. 

San Miguel JE, Garcia-Sanz R, Gonzalez M, et al: A new staging system for multiple 
myeloma based on the number of S-phase plasma cells. Blood 85:448-455, 1995. 
Smadja NV, Bastard C, Brigaudeau C, et al: Hypodiploidy is a major prognostic factor 
in multiple myeloma. Blood 98:2229-2238, 2001. 

Le Baccon P, Leroux D, Dascalescu C, et al: Novel evidence of a role for chromosome 
1 pericentric heterochromatin in the pathogenesis of B-cell lymphoma and multiple 
myeloma. Genes Chromosomes Cancer 32:250-264, 2001. 

Sawyer JR, Tricot G, Mattox S, et al: Jumping translocations of chromosome 1q in 
multiple myeloma: Evidence for a mechanism involving decondensation of pericentro- 
meric heterochromatin. Blood 91:1732-1741, 1998. 

Sawyer JR, Tricot G, Lukacs JL, et al: Genomic instability in multiple myeloma: Evi- 
dence for jumping segmental duplications of chromosome arm 1q. Genes Chromosomes 
Cancer 42:95-106, 2005. 


592. 


593: 


594. 


595. 


596. 


597. 


598. 


599. 


600. 


601. 


602. 


603. 


604. 


605. 


606. 


607. 


608. 


609. 


610. 


611. 


612. 


613. 


614. 


615. 


616. 


617. 


618. 


619. 


620. 


621. 


622. 


623. 


624. 


Chapter 107: Myeloma 


Facon T, Avet-Loiseau H, Guillerm G, et al: Chromosome 13 abnormalities identified 
by FISH analysis and serum beta2-microglobulin produce a powerful myeloma staging 
system for patients receiving high-dose therapy. Blood 97:1566-1571, 2001. 

Berenson JR, Jagannath S, Barlogie B, et al: Safety of prolonged therapy with borte- 
zomib in relapsed or refractory multiple myeloma. Cancer 104:2141-2148, 2005. 
Fonseca R, Barlogie B, Bataille R, et al: Genetics and cytogenetics of multiple myeloma: 
A workshop report. Cancer Res 64:1546-1558, 2004. 

Haessler J, Shaughnessy JD, Jr., Zhan F, et al: Benefit of complete response in multiple 
myeloma limited to high-risk subgroup identified by gene expression profiling. Clin 
Cancer Res 13:7073-7079, 2007. 
Shaughnessy J, Tian E, Sawyer J, et al: High incidence of chromosome 13 deletion in 
multiple myeloma detected by multiprobe interphase FISH. Blood 96:1505-1511, 2000. 
Plowright EE, Li Z, Bergsagel PL, et al: Ectopic expression of fibroblast growth factor 
receptor 3 promotes myeloma cell proliferation and prevents apoptosis. Blood 95:992- 
998, 2000. 

Zhan F, Hardin J, Kordsmeier B, et al: Global gene expression profiling of multiple 
myeloma, monoclonal gammopathy of undetermined significance, and normal bone 
marrow plasma cells. Blood 99:1745-1757, 2002. 

Shaughnessy JD Jr, Zhan F, Burington BE, et al: A validated gene expression model of 
high-risk multiple myeloma is defined by deregulated expression of genes mapping to 
chromosome 1. Blood 109:2276-2284, 2007. 

Kuiper R, Broyl A, de Knegt Y, et al: A gene expression signature for high-risk multiple 
myeloma. Leukemia 26:2406-2413, 2012. 

Chauhan D, Auclair D, Robinson EK, et al: Identification of genes regulated by dex- 
amethasone in multiple myeloma cells using oligonucleotide arrays. Oncogene 21:1346- 
1358, 2002. 

Mitsiades N, Mitsiades CS, Poulaki V, et al: Molecular sequelae of proteasome inhibi- 
tion in human multiple myeloma cells. Proc Natl Acad Sci U S A 99:14374-14379, 2002. 
Hideshima T, Podar K, Chauhan D, et al: P38 MAPK inhibition enhances PS-341 
(bortezomib)-induced cytotoxicity against multiple myeloma cells. Oncogene 23:8766- 
8776, 2004. 

Kyle RA, Garton JP: The spectrum of IgM monoclonal gammopathy in 430 cases. Mayo 
Clin Proc 62:719-731, 1987. 

Avet-Loiseau H, Garand R, Lode L, et al: Translocation t(11;14)(q13;q32) is the hallmark 
of IgM, IgE, and nonsecretory multiple myeloma variants. Blood 101:1570-1571, 2003. 
Dimopoulos MA, Panayiotidis P, Moulopoulos LA, et al: Waldenstrém’s macroglobu- 
linemia: Clinical features, complications, and management. J Clin Oncol 18:214-226, 
2000. 

Dhodapkar MV, Jacobson JL, Gertz MA, et al: Prognostic factors and response to flu- 
darabine therapy in patients with Waldenström macroglobulinemia: Results of United 
States intergroup trial (Southwest Oncology Group $9003). Blood 98:41-48, 2001. 
Moulopoulos LA, Dimopoulos MA, Weber D, et al: Magnetic resonance imaging in the 
staging of solitary plasmacytoma of bone. J Clin Oncol 11:1311-1315, 1993. 

Frassica DA, Frassica FJ, Schray MF, et al: Solitary plasmacytoma of bone: Mayo Clinic 
experience. Int J Radiat Oncol Biol Phys 16:43-48, 1989. 

Knowling MA, Harwood AR, Bergsagel DE: Comparison of extramedullary plasmacyto- 
mas with solitary and multiple plasma cell tumors of bone. J Clin Oncol 1:255-262, 1983. 
Wiltshaw E: The natural history of extramedullary plasmacytoma and its relation to 
solitary myeloma of bone and myelomatosis. Medicine (Baltimore) 55:217-238, 1976. 
Aviles A, Huerta J, Zepeda G, et al: Serum beta 2 microglobulin in solitary plasmocyto- 
mata. Blood 76:1663, 1990. 

Dimopoulos MA, Moulopoulos LA, Maniatis A, et al: Solitary plasmacytoma of bone 
and asymptomatic multiple myeloma. Blood 96:2037-2044, 2000. 

Moulopoulos LA, Maris TG, Papanikolaou N, et al: Detection of malignant bone mar- 
row involvement with dynamic contrast-enhanced magnetic resonance imaging. Ann 
Oncol 14:152-158, 2003. 

Durie BG, Waxman AD, D’Agnolo A, et al: Whole-body (18)F-FDG PET identifies 
high-risk myeloma. J Nucl Med 43:1457-1463, 2002. 

Hind CR, Gibson DG, Lavender JP, et al: Non-invasive demonstration of cardiac 
involvement in acquired forms of systemic amyloidosis. Lancet 1:1417, 1984. 

Palladini G, Campana C, Klersy C, et al: Serum N-terminal pro-brain natriuretic pep- 
tide is a sensitive marker of myocardial dysfunction in AL amyloidosis. Circulation 
107:2440-2445, 2003. 

Libbey CA, Skinner M, Cohen AS: Use of abdominal fat tissue aspirate in the diagnosis 
of systemic amyloidosis. Arch Intern Med 143:1549-1552, 1983. 

Cooper JT, Bacon CP: A histochemical construct of the amyloid fibril in Amyloidosis 
edited by EARS, p 31. John Wright and Sons, Bristol, UK, 1983. 

Dhodapkar MV, Jagannath S, Vesole D, et al: Treatment of AL-amyloidosis with dex- 
amethasone plus alpha interferon. Leuk Lymphoma 27:351-356, 1997. 

Palladini G, Perfetti V, Obici L, et al: Association of melphalan and high-dose dex- 
amethasone is effective and well tolerated in patients with AL (primary) amyloidosis 
who are ineligible for stem cell transplantation. Blood 103:2936-2938, 2004. 
Dispenzieri A, Kyle RA, Lacy MQ, et al: Superior survival in primary systemic amyloi- 
dosis patients undergoing peripheral blood stem cell transplantation: A case-control 
study. Blood 103:3960-3963, 2004. 

Skinner M, Sanchorawala V, Seldin DC, et al: High-dose melphalan and autologous 
stem-cell transplantation in patients with AL amyloidosis: An 8-year study. Ann Intern 
Med 140:85-93, 2004. 

Sanchorawala V, Wright DG, Rosenzweig M, et al: Lenalidomide and dexamethasone in 
the treatment of AL amyloidosis: Results of a phase 2 trial. Blood 109:492-496, 2007. 


625. 


626. 


627. 


628. 
629. 
630. 
631. 
632. 
633. 
634. 


635. 


636. 


Dispenzieri A, Buadi F, Laumann K, et al: Activity of pomalidomide in patients with 
immunoglobulin light-chain amyloidosis. Blood 119:5397-5404, 2012. 

Landau HH, Hassoun H, Cohen AD, et al: Adjuvant bortezomib and dexamethasone 
following high-risk melphalan and stem cell transplant in systemic AL amyloidosis 
[abstract]. J Clin Oncol 27:Abstract 8540, 2009. 

Venner CP, Lane T, Foard D, et al: Cyclophosphamide, bortezomib, and dexamethasone 
therapy in AL amyloidosis is associated with high clonal response rates and prolonged 
progression-free survival. Blood 119:4387-4390, 2012. 

Comenzo RL, Gertz MA: Autologous stem cell transplantation for primary systemic 
amyloidosis. Blood 99:4276-4282, 2002. 

Alexanian R: Localized and indolent myeloma. Blood 56:521-525, 1980. 

Kyle RA, Greipp PR: Smoldering multiple myeloma. N Engl J Med 302:1347-1349, 1980. 
Dimopoulos MA, Moulopoulos A, Smith T, et al: Risk of disease progression in asymp- 
tomatic multiple myeloma. Am J Med 94:57-61, 1993. 

Mateos MV, Hernandez MT, Giraldo P, et al: Lenalidomide plus dexamethasone for 
high-risk smoldering multiple myeloma. N Engl J Med 369:438-447, 2013. 

Rajkumar SV, Larson D, Kyle RA: Diagnosis of smoldering multiple myeloma. N Engl J 
Med 365:474-475, 2011. 

Larsen JT, Kumar SK, Dispenzieri A, et al: Serum free light chain ratio as a biomarker 
for high-risk smoldering multiple myeloma. Leukemia 27:941-946, 2013. 

Hillengass J, Fechtner K, Weber MA, et al: Prognostic significance of focal lesions in 
whole-body magnetic resonance imaging in patients with asymptomatic multiple mye- 
loma. J Clin Oncol 28:1606-1610, 2010. 

Hillengass J, Landgren O: Challenges and opportunities of novel imaging techniques 
in monoclonal plasma cell disorders: Imaging “early myeloma.” Leuk Lymphoma 54: 
1355-1363, 2013. 


Part XI: Malignant Lymphoid Diseases 


637. 


638. 


639. 


640. 


641. 


642. 


643. 


Landgren O: Monoclonal gammopathy of undetermined significance and smoldering 
multiple myeloma: Biological insights and early treatment strategies. Hematology Am 
Soc Hematol Educ Program 2013:478-487, 2013. 

Harousseau JL, Attal M, Avet-Loiseau H, et al: Bortezomib plus dexamethasone is supe- 
rior to vincristine plus doxorubicin plus dexamethasone as induction treatment prior 
to autologous stem-cell transplantation in newly diagnosed multiple myeloma: Results 
of the IFM 2005-01 phase III trial. J Clin Oncol 28:4621-4629, 2010. 

Reeder CB, Reece DE, Kukreti V, et al: Cyclophosphamide, bortezomib and dexametha- 
sone induction for newly diagnosed multiple myeloma: High response rates in a phase 
II clinical trial. Leukemia 23:1337-1341, 2009. 

Hulin C, Facon T, Rodon P, et al: Efficacy of melphalan and prednisone plus thalid- 
omide in patients older than 75 years with newly diagnosed multiple myeloma: IFM 
01/01 trial. J Clin Oncol 27:3664-3670, 2009. 

San Miguel JF, Schlag R, Khuageva NK, et al: Persistent overall survival benefit and no 
increased risk of second malignancies with bortezomib-melphalan-prednisone versus 
melphalan-prednisone in patients with previously untreated multiple myeloma. J Clin 
Oncol 31:448-455, 2013. 

Richardson PG, Xie W, Jagannath S, et al: Phase II trial of lenalidomide, bortezomib, 
and dexamethasone in patients (pts) with relapsed and relapsed/refractory multiple 
myeloma (MM): Updated efficacy and safety data after >2 years of follow-up. Blood 
(ASH Annual Meeting Abstracts) 116:Abstract 3049, 2010. 

San Miguel J, Weisel K, Moreau P, et al: Pomalidomide plus low-dose dexametha- 
sone versus high-dose dexamethasone alone for patients with relapsed and refractory 
multiple myeloma (MM-003): A randomised, open-label, phase 3 trial. Lancet Oncol 
14:1055-1066, 2013. 


CHAPTER 108 
IMMUNOGLOBULIN 
LIGHT-CHAIN AMYLOIDOSIS 


Morie A. Gertz, Taimur Sher, Angela Dispenzieri, and Francis K. Buadi 


Amyloidosis should be considered in any patient presenting with nephrotic 
range proteinuria; infiltrative cardiomyopathy or heart failure with preserved 
ejection fraction; hepatomegaly without specific imaging findings; or periph- 
eral neuropathy, particularly if a monoclonal protein is present; as well as any 
patient with atypical multiple myeloma. 

When a patient is seen with a relevant syndrome, the patient should have 
immunofixation of serum and urine proteins and measurement of x and 
Aimmunoglobulin free light chains. If all of these tests are normal, it is unlikely 
that the patient has immunoglobulin light-chain (AL) amyloidosis. 

If any of the above tests are positive, further investigation for amyloidosis 
should be undertaken. The diagnostic test of choice is subcutaneous fat aspi- 
ration; marrow biopsy is the second best procedure. With these two tests, 83 
percent of patients will have a positive result when stained with Congo red 
under green birefringence. 

All patients with biopsy proven amyloidosis should have the deposits ana- 
lyzed by laser capture microdissection mass spectroscopy to definitively clas- 
sify the exact protein subunit composing the amyloid. This technique does not 
distinguish between systemic and localized amyloidosis, however. 

The prognosis in AL amyloidosis is determined by three tests: (1) the 
N-terminal probrain natriuretic peptide, (2) serum troponin, and (3) the differ- 
ence between the involved and uninvolved immunoglobulin free light chains. 
These three tests can be combined to stage the patient from stage 1 through 
stage 4. 

Treatment of AL amyloidosis involves either standard systemic chemother- 
apy or high-dose chemotherapy with autologous stem cell transplantation. 
Fit patients who are expected to have low morbidity with transplantation 
should undergo this approach. The majority of patients, however, will not be 
candidates for transplantation and should be treated with traditional systemic 
chemotherapy; with the cyclophosphamide, bortezomib, and dexamethasone 
regimen currently favored by many investigators. 


@ DEFINITION AND HISTORY 


Amyloidosis is a heterogeneous group of diseases characterized by tis- 
sue infiltration with misfolded protein precursors as amyloid material. 
For nearly 100 years, amyloid has been defined by its staining proper- 
ties. Divry and Florkin first used Congo red to detect amyloid in the 


Acronyms and Abbreviations: CRAB, calcemia, renal insufficiency, anemia, or 
bone disease; CyBorD, cyclophosphamide, bortezomib, and dexamethasone; MRI, 
magnetic resonance imaging; NT-ProBNP, N-terminal probrain natriuretic peptide; 
TTR, transthyretin. 


brain of patients with Alzheimer disease.’ Amyloid deposits are always 
extracellular and, under the light microscope, appear amorphous and 
pink when seen after standard hematoxylin-and-eosin staining. All 
amyloid deposits bind Congo red dye and demonstrate green birefrin- 
gence under polarized light,’ and this test remains the standard diag- 
nostic procedure required to confirm a diagnosis of amyloidosis. Under 
the electron microscope, amyloid consists of rigid, linear, nonbranch- 
ing fibrils of 9.5 nm diameter.’ Historically, amyloid was defined based 
on whether there was a family history (inherited), whether it was the 
result of a chronic inflammatory condition (secondary), or whether it 
was idiopathic (primary). Today, amyloidosis is classified based on the 
protein subunit composition of the deposits. The term “primary amy- 
loid” is archaic and should not be used. Instead, such cases should be 
called “immunoglobulin light-chain (AL) amyloidosis,” reflecting the 
fact that they represent a systemic plasma cell dyscrasia. The subunit 
classification is important because AA amyloidosis (secondary) can be 
the consequence of sustained inflammation but can also be inherited, 
as in familial Mediterranean fever. Inherited forms of amyloidosis are 
generally composed of mutant transthyretin (TTR) but can also be a 
consequence of mutations in apolipoprotein, fibrinogen, and gelsolin.* 
Senile systemic amyloidosis, primarily a cardiac disorder, is being 
increasingly recognized, and is caused by deposition of wild-type TTR 
as amyloid material in patients older than age 60 years.° Table 108-1 
lists the nomenclature of the various forms of amyloidosis. Practicing 
hematologists and oncologists are not likely to see patients with forms 
of amyloidosis other than immunoglobulin light-chain (AL) amyloido- 
sis. This is the only form that is responsive to chemotherapy and is the 
focus of this chapter; additionally, the term amyloidosis, unless specified 
otherwise, refers to AL amyloidosis. 


@ EPIDEMIOLOGY 


Amyloidosis is rare, with an incidence of eight per million persons per 
year with a median age at diagnosis of 67 years.'! This makes it one- 
sixth as common as myeloma and twice as common as Waldenström 
macroglobulinemia. Conversely, a practicing oncologist should see 
approximately one light-chain amyloid patient for every six patients 
with myeloma in the oncologist’s practice. If this is not the case, there is 
a significant likelihood that the disease is going unrecognized. 


@ ETIOLOGY AND PATHOGENESIS 


The fibrils of immunoglobulin light chain amyloid are composed, in 
most patients, of fragments of immunoglobulin light chains. A normal 
immunoglobulin light chain has a molecular weight of approximately 
25 kDa, but the immunoglobulin light chains found in amyloid depos- 
its usually range from 8 kDa to 15 kDa. The fragment size is impor- 
tant because it usually reflects the deletion of the constant region of the 
immunoglobulin light chain, making immunohistochemistry a poor 
technique to identify the fibril type in paraffin-embedded tissues.° A 
fraction of patients have immunoglobulin heavy chain amyloid deposits 
where fragments of immunoglobulin G, A, or M heavy chains comprise 
the basic subunit. Whereas AL amyloidosis represents approximately 62 
percent of all amyloid patients, immunoglobulin heavy-chain amyloi- 
dosis represents less than 1 percent of all patients.” 

There is clearly something “amyloidogenic” about the immuno- 
globulin light chains in patients with AL amyloidosis. Unlike mono- 
clonal gammopathy and myeloma where the «:A ratio is 2:1, in AL 
amyloidosis, the «:A ratio is 1:3, suggesting an intrinsic propensity of 
A light chains to form amyloid. Moreover, the subgroup À, is exclu- 
sively found in patients with AL amyloidosis.’ When the light chains 
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TABLE 108-1. Nomenclature of Amyloidosis 


Clinical Organ 


Amyloid Type Subunit Protein Involvement 
AL (k or A) or AH Immunoglobulin light Heart 
or heavy chain Kidney 
May be localized or Liver 
systemic Ree 
AA Secondary serum Kidney 
amyloid A Gastrointestinal 
Thyroid 
ATTR Senile systemic Heart 
(age relelated) transthyretin Carpal tunnel 
ATTR (mutant) Familial transthyretin Heart 
Nerve 
A Lect-2 Leukocyte chemotac- Kidney 
tic factor 
No mutation found 
A Ins Insulin localized to Skin 
injection sites 
A Fib Fibrinogen A-2 Kidney 
mutation 
ABM B,-Microglobulin Soft tissue 
Chronic dialysis Joints spine 


are extracted from the urine of patients with myeloma and injected 
into mice, amyloid deposits are not seen. However, when the light 
chains from patients with amyloidosis are extracted from the urine and 
injected into mice, they will develop amyloidosis.’ The exact structural 
characteristics that lead to the misfolding of the a helical protein into 
the amyloid B-pleated sheet configuration are unknown. Patients with 
amyloidosis are classified into those with myeloma and those without 
myeloma. The percentage of plasma cells present in the marrow at the 
time of diagnosis is prognostic and predicts outcome in patients with 
amyloidosis.’ As a result, the percentage of plasma cells in the marrow 
may dictate alternate therapeutic considerations at diagnosis (see “Ther- 
apy” below). Overt myeloma with CRAB criteria (hypercalcemia, renal 
insufficiency, anemia, or bone disease) is uncommon in AL amyloidosis. 
However, an elevation in the percentage of plasma cells in the marrow of 
patients without CRAB criteria confers the same adverse prognosis as 
observed in patients who have overt symptomatic myeloma, and these 
groups can be considered as a single cohort of myeloma-associated 
amyloidosis. Patients who do not have myeloma at presentation have 
almost no chance of developing myeloma later in the course of their dis- 
ease. The plasma cells in the marrow of patients with amyloidosis tend 
to be nonproliferative and frequently lack the karyotypic abnormalities 
typically seen in myeloma, such as -17p, t(4;14), and -13. A transloca- 
tion 11;14 is commonly seen in amyloidosis and appears to confer an 
inferior outcome. Circulating plasma cells detectable by flow cytometry 
are uncommonly seen relative to their frequency in myeloma” 


@ CLINICAL FEATURES 


Unfortunately, the symptoms of amyloidosis are vague and often non- 
specific. Physical findings, when present, can be highly specific but 
are only present in a minority of patients. For a disease this rare, it 


is important for clinicians to have an operational approach to avoid 
inappropriate resource utilization. Only 1 percent of patients with AL 
amyloidosis are younger than age 40 years. Consequently, it would be 
unlikely for younger patients to have AL amyloidosis, although this age 
group regularly can be seen with secondary systemic amyloidosis. The 
majority of patients with AL amyloidosis are males (66 percent), unlike 
myeloma, where the male-to-female is 52:48." 

The most common symptoms reported by patients with amyloido- 
sis are fatigue, weight loss, and lower-extremity edema. Unfortunately, 
these symptoms are too nonspecific to be used as a trigger to screen 
patients, as the yield for these vague symptoms would be very low. The 
mechanism underlying fatigue in this disorder is usually amyloid heart 
disease, which can be an extremely subtle diagnosis and is discussed 
further under the specific amyloid syndromes. Weight loss accompany- 
ing amyloidosis can be impressive, and may exceed 20 kg. This usually 
results in an investigation for occult malignancy; but even if blind biop- 
sies are performed, the diagnosis may be overlooked if a specific request 
for amyloid stains is not made to the pathologist. Lower-extremity edema 
may be attributable to nephrotic range proteinuria, hypoalbuminemia, 
and transudation of serum into the extracellular space. Edema may also 
be seen from high filling pressures caused by the restrictive cardiomyo- 
pathy, which, again, can easily be overlooked because of the subtle diag- 
nostic testing required. These patients are often treated empirically with 
diuretics until cardiac dysfunction becomes more evident. 

The physical findings of amyloidosis are present in only one patient 
in six. Periorbital purpura is frequently cited as a diagnostic finding 
and, when present, is useful but is only seen in 15 percent of patients 
(Fig. 108-1). Sometimes, the purpura is subtle and can only be seen 
with the patient’s eyes closed. Even when purpura is present, it may lead 
to an evaluation of a coagulopathy or platelet dysfunction, which would 
invariably be negative in this setting. Purpura not only is seen on the 
eyelids but also on the face, neck, and anterior chest above the nipple 
line. Enlargement of the tongue is seen in approximately one person in 
eight (Fig. 108-2). Dental indentations on the underside of the tongue 
are characteristic. Often the patient will have sudden-onset of sleep 
apnea syndrome as a result of occlusion of the airway by the enlarged 
tongue when the patient is supine." Even when diagnostic findings 
are present, their significance is often missed, leading in many cases 
to tongue biopsy with a preoperative suspicion of tongue cancer. Most 
patients with enlargement of the tongue will also have palpable subman- 
dibular lymphadenopathy, usually caused by displacement of the nodes 
by the enlarged base of the tongue; although amyloid infiltration of the 
submandibular gland may also result in a firm palpable mass in the sub- 
mandibular region. Hepatomegaly is seen in approximately 20 percent 


Figure 108-1. Amyloid purpura. 


Figure 108-2. Macroglossia as a result of amyloid infiltration. 


of patients and may be due to direct infiltration of the liver, which will 
cause a firm markedly enlarged liver.” In some patients, however, the 
liver enlargement is a reflection of high venous filling pressures in the 
right-sided cardiac chambers and represents chronic passive conges- 
tion. Patients rarely have periarticular infiltration of the shoulders pro- 
ducing the so-called shoulder pad sign, a baseball-shaped enlargement 
of the anterior soft tissues of the shoulder. A rare patient will develop 
temporal artery infiltration and develop classic jaw claudication, as well 
as limb, buttock, and calf claudication.'* On questioning, many patients 
will have xerostomia from infiltration of the minor salivary glands; and 
at some centers, biopsy of the minor salivary glands is a preferred tech- 
nique for the diagnosis of amyloidosis."” 


@ AMYLOID SYNDROMES 


Because the symptoms of amyloidosis are highly nonspecific and the 
physical findings are specific but not very sensitive, an operational 
approach is required to ascertain which patients need investigation 
for amyloidosis. We recommend screening for AL amyloidosis when a 
patient is seen with any of the following clinical syndromes: 


e Nephrotic range proteinuria with any serum creatinine level 


e Infiltrative cardiomyopathy or heart failure with preserved ejec- 
tion fraction. A normal ejection fraction does not exclude AL 
amyloidosis 

e Hepatomegaly or alkaline phosphatase elevation without specific 
imaging abnormalities 

e A mixed axonal demyelinating peripheral sensory, motor or auto- 
nomic neuropathy, particularly when associated with a monoclonal 
gammopathy 

e A patient with myeloma with symptoms that are not typical of the 
disease, particularly profound, unexplained fatigue 
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TABLE 108-2. Amyloid Syndromes Seen at the Mayo 


Clinic 


% Present 


Kidney 67 
Heart 47 
Peripheral nerve 12 
Liver 12 
Autonomic nerve 4 

Carpal tunnel 12 
Tongue 9 


Table 108-2 gives the frequency of amyloid syndromes seen in 
patients at the Mayo Clinic. If an oncologist sees a patient with one 
of these five syndromes, or an internist is faced with an undiagnosed 
patient, laboratory evaluation is indicated, as outlined below. 


LABORATORY FEATURES 


The best screening tests for initial evaluation of patients with suspected 
amyloidosis are immunoelectrophoresis and immunofixation of both 
serum and urine and a serum immunoglobulin free light-chain assay 
(both x and A). Systemic immunoglobulin AL amyloidosis is a plasma 
cell dyscrasia, and 99 percent of patients will have a detectable abnor- 
mality of one of these three tests, reflecting synthesis by a clonal pop- 
ulation of plasma cells in the marrow. If an immunoglobulin protein is 
detected, further investigation for amyloidosis as described in the next 
section (“Differential Diagnosis”) should proceed. If a systemic plasma 
cell dyscrasia and an immunoglobulin light chain cannot be confirmed, 
three possibilities exist: (1) the patient does not have amyloidosis, 
(2) the patient does not have systemic amyloidosis, or (3) the amyloi- 
dosis is not immunoglobulin light chain in type and reflects a different 
protein subunit. 

The serum free light-chain assay is a critically important test. It 
not only heightens the suspicion of the presence of immunoglobulin 
AL amyloidosis, it also is prognostic and vital to staging the patient. 
The serum immunoglobulin free light chain is part of the response 
evaluation for this disease. A screening serum protein electrophoresis 
is insufficient as a screening technique because a visible M-spike is seen 
in less than half of patients because of the high prevalence of primary 
light-chain proteinemia. 

Finding a monoclonal protein in the serum or in the urine of 
a patient with heavy albuminuria often obviates the need for a renal 
biopsy. A patient with free light chains in the serum or urine and pro- 
teinuria can have only one of three disorders: (1) myeloma cast neph- 
ropathy, (2) AL amyloidosis, or (3) Randall-type immunoglobulin 
deposition disease (x). 

Screening for a light-chain immunoglobulin is the best noninva- 
sive approach when confronted with a patient with any of the five syn- 
dromes listed in Table 108-2. If amyloid is present but the light chains 
are normal, strong consideration of referral to a specialty center to fur- 
ther clarify the underlying form of amyloidosis should be considered. 


DIFFERENTIAL DIAGNOSIS 


Once a clinician has begun an evaluation of a patient with a compat- 
ible clinical syndrome and an immunoglobulin abnormality has been 
detected, a biopsy is required to confirm the diagnosis before therapy 
should commence. Although imaging of amyloid deposits with various 
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Figure 108-3. Technique and results of subcutaneous fat aspiration. A. Procedural technique. B. Fat stained with Congo red, note the preserved 
interstices of the fat cells. C. Viewed under polarized light to demonstrate green birefringence. 


radionuclides, most notably anti-serum amyloid P component, con- 
tinue to be explored and used in practice, they are not a substitute for 
histologic confirmation of the presence of amyloidosis.” ” In a patient 
with renal, cardiac, hepatic, or peripheral nerve amyloidosis, it is straight 
forward to establish the diagnosis by kidney, heart, liver, or nerve 
biopsy, but this is unnecessary in the majority of patients. Subcutaneous 
fat aspiration is a bedside office procedure done with local anesthesia 
and does not require an incision (Fig. 108-3). An excellent YouTube 
video has been produced by the Boston Medical Center on the technique 
(https://www.youtube.com/watch?v=tctY Tmxd9gQ). Typically, fat aspira- 
tions are reviewed at a specialty center unless the pathology department 
regularly processes fatty tissue. The fat is not paraffin-embedded and, 
therefore, it is subject to overfixation, trapping of Congo red dye, and 
the possibility of inadequate controls.” Fat aspiration is positive in 
three-quarters of patients with amyloidosis. 

A second tissue easily stained for amyloid is the marrow. Because 
AL amyloidosis patients will have a plasma cell dyscrasia, a marrow 
examination is clinically indicated to quantify the number of plasma 
cells in the marrow. Congo red staining of marrow blood vessels can 
detect amyloid deposits in half of patients with AL amyloidosis. Com- 
bining the two techniques (marrow and fat pad aspiration), establishes 
a diagnosis in 85 percent of afflicted patients. Minor salivary gland 
biopsy, endoscopic gastric biopsy, rectal biopsy, and skin biopsy can 
also be used to establish the diagnosis. If the clinical suspicion of AL 
amyloidosis is strong and these biopsies are negative, it is appropriate to 
biopsy the affected organ. 

Once tissue containing Congo red has been identified, it becomes 
imperative that the protein subunit be determined. Historically, immu- 
nohistochemistry has been used to identify the type of amyloid, but 
immunohistochemistry can be challenging because only those protein 
subunits for which antisera exist can be detected.” Second, partic- 
ularly in AL amyloidosis, the reactive epitope may have been deleted 
during the process of amyloid fibril formation and, frequently, the back- 
ground staining is high, particularly in kidney tissues. Third, because 
the protein in amyloid misfolds, even if the epitopes are present, they 
may be hidden deep within the deposits and may be inaccessible to 
commercial antisera. Not only can immunohistochemistry be unreli- 
able, it can be misleading. It is therefore recommended that laser cap- 
ture of the amyloid deposit be performed routinely followed by mass 
spectroscopic analysis.**** The subunit protein can be identified by this 
approach in the majority of cases. Even in patients who have a false-pos- 
itive Congo red stain, this technique is useful because it will not identify 
amyloid-related peptides upon analysis. With this technique, one is able 
to confirm the presence of AL amyloidosis, which represents slightly 


less than two-thirds of patients seen with amyloidosis. A full quarter of 
patients with amyloid deposits are composed of amyloidogenic tran- 
sthyretin (ATTR) (inherited) or wild-type amyloid (senile systemic). 
Less than 4 percent are amyloid A (AA) and approximately 4 percent 
represent ALect2 amyloidosis, which deposits in the kidney and causes 
proteinuria. Other forms of amyloid, which are often localized, are seen 
in less than 1 percent of patients. A particularly important form of local- 
ized amyloid occurs at the sites of subcutaneous insulin injections in 
diabetics. Crystalline insulin can form amyloid, which can cause dis- 
colored firm deposits which, when biopsied, will be Congo red-posi- 
tive, but by mass spectroscopic analysis, can be confirmed to be insulin. 
Other forms of systemic amyloidosis for which systemic chemotherapy 
is contraindicated include fibrinogen A-a amyloidosis, and amyloid 
caused by apolipoprotein-A1, and gelsolin. 

One additional advantage, particularly for those patients who have 
TTR amyloidosis is that mass spectroscopy not only identifies the pro- 
tein, in most instances, it can confirm whether the protein is wild-type 
or a mutant. We still recommend that patients who have mutant TTR 
seen on mass spectroscopy have this confirmed by DNA sequencing of 
a blood sample, which is a readily available commercial test, to confirm 
the findings on mass spectroscopy. We have investigated a small num- 
ber of patients in whom an amyloid syndrome was strongly suspected, 
a subcutaneous fat aspirate was not definitively positive, yet mass spec- 
troscopic analysis demonstrated peptides in the tissue that are associ- 
ated with amyloid including apolipoprotein-E and serum amyloid P 
component. When a pathologist makes a diagnosis of amyloid in tissue 
sections, the clinicians are required to ask what type of amyloidosis it 
represents. Although not widely available, mass spectroscopic analysis 
is the most sensitive and specific technique for identifying the amyloid 
subunit protein. 


DIAGNOSIS AND CLINICAL 
CHARACTERIZATION OF ORGAN-SPECIFIC 
SYNDROMES 


Kidney 

Kidney involvement is seen in 45 percent of patients with immuno- 
globulin AL amyloidosis. It is conspicuously absent in the majority of 
patients with TTR amyloidosis until late in the disease. Renal involve- 
ment is virtually universal in systemic AA amyloidosis as well as ALect2 
amyloidosis and A-fib a amyloidosis. Amyloid is seen in 2.5 percent 
of all renal biopsies. When limited to nondiabetics older than age 50 
years, amyloid deposits will be found in 10 percent of renal biopsies.” 


These patients present with the typical four features of the nephrotic 
syndrome: (1) nephrotic range proteinuria, (2) hypoalbuminemia, 
(3) hyperlipidemia, and (4) edema. Nearly a third of patients with 
renal amyloidosis have at least a 1-year history of dramatic elevations 
of cholesterol and triglycerides. These are often managed with statin- 
type medication and dietary modification without consideration that 
a dramatic (>100 mg/dL) rise in cholesterol and triglycerides may be 
caused by heavy proteinuria. In the majority of patients, the glomer- 
ular filtration rate (GFR) is preserved until sustained proteinuria has 
been present for years. Only a small percentage of patients, usually with 
interstitial but not glomerular amyloid, present with renal insufficiency 
in the absence of heavy proteinuria.” 

The management of the lower-extremity edema is primarily 
diuretic therapy. However, excessive diuretic use, particularly in patients 
with cardiac amyloidosis, can aggravate already reduced intravascu- 
lar volume. Diuretics can also compromise renal blood flow, increase 
orthostatic hypotension, and reduce cardiac filling pressures necessary 
for adequate cardiac output in patients that have “stiff heart syndrome.’ 
The threat of continuous proteinuria in amyloidosis is damage to the 
tubular system. One-third of patients with renal amyloidosis will ulti- 
mately require dialysis or renal transplantation.*! The serum creatinine 
level at the time of presentation is the best predictor of which patients 
are most likely to require dialysis. Clearly, the best method for preven- 
tion of the need for dialysis is effective therapy of the underlying plasma 
cell dyscrasia. There are no reported differences between outcomes for 
those patients receiving hemodialysis and those receiving peritoneal 
dialysis. 

In rare instances, patients have profound depression of the serum 
albumin below 1 g/dL. These patients often will be disabled by anasarca. 
In situations where intractable edema and anasarca makes management 
next to impossible, renal ablation has been performed to stop the uri- 
nary protein leak, normalize the serum oncotic pressure, and resolve 
the edema. Multiple techniques have been reported, including nephrec- 
tomy, ligation of the renal artery, and bilateral ureteral clips. In some 
patients, the early initiation of dialysis, even with a normal estimated 
GER, can result in anuria and restoration of normal serum albumin 
levels.” 

The correlation between the amount of amyloid detected and the 
degree of renal dysfunction is poor. The urinary sediment is nonspe- 
cific, shows fat and fatty casts, but generally does not contain red cell 
casts. The most common cause of death in patients with renal amy- 
loidosis is progressive cardiac dysfunction from infiltrative amyloid 
cardiomyopathy. 


Heart 

Unlike most cardiac disorders, which are caused by a loss of systolic 
function, the restrictive cardiomyopathy caused by amyloid infiltration 
results in poor relaxation (so-called stiff heart syndrome) and poor fill- 
ing during diastole so that the ventricular chamber has a low end-dia- 
stolic volume, which results in reduced stroke volume and a reduced 
cardiac output. This constitutes a classic example of heart failure with 
preserved systolic function. In fact, the majority of patients with amyloi- 
dosis have an echocardiographically normal ejection fraction until late 
in the disease. Cardiac amyloid is found in 40 to 50 percent of patients 
at diagnosis and is responsible for nearly 90 percent of deaths. It is the 
most challenging syndrome to diagnose because of the lack of speci- 
ficity of its symptoms. Fatigue and dyspnea on exertion are often not 
associated with cardiac disease in the presence of amyloid (1) because 
of the lack of radiographic changes of cardiomegaly, pleural effusions, 
and pulmonary vascular redistribution; (2) because echocardiography 
will demonstrate preserved ejection fraction; and (3) because coronary 
angiography is invariably normal.” This triad often leads to a diagnosis 
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Figure 108-4. Amyloid heart disease. Note thickening of heart walls 
from infiltration. White patches were responsible for the designation 
“lardaceous change” 


of noncardiac dyspnea. Even when amyloid infiltrates the myocardial 
wall and causes it to be thickened, it is often misattributed to hyperten- 
sive heart disease (hypertrophy) rather than infiltration (Fig. 108-4). 
Electrocardiographic abnormalities, including pseudoinfarction and 
low voltage, are quite common but are frequently overlooked, whereas 
a pseudoinfarction pattern is misattributed to ischemic heart disease. 

The supportive care of patients with cardiac amyloidosis can 
be strikingly different from that of ischemic or valvular heart disease. 
There is no evidence that afterload reduction with angiotensin- 
converting enzyme inhibitors or angiotensin II receptor blockers ben- 
efits patients with relaxation abnormalities, and dyspnea and reduced 
exercise tolerance frequently increase in patients treated with these 
medications. Fatigue and dyspnea on exertion can also be exacerbated 
when £ blockers are used for rate or rhythm control. 

In addition to standard echocardiography, accurate diagnosis of 
cardiac amyloid requires Doppler flow studies to demonstrate the rapid 
decline in velocity of blood inflow into the ventricular chambers and 
optimally conducted cardiac strain studies that demonstrate a decline 
in the rate of fractional shortening of the ventricular chamber. Patients 
with unexplained fatigue and/or dyspnea on exertion should have 
immunofixation of the serum and urine and free light-chain testing to 
assess for possible light-chain amyloid. However, even if light chain- 
testing is negative, age related amyloidosis may still be present because 
of the deposition of wild-type TTR in the heart.” This typically occurs 
in patients older than age 60 years, predominantly men, half of whom 
will also have carpal tunnel syndrome.**** Wild-type TTR amyloidosis 
will not be detected by screening for serum and urine light chains, and 
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Figure 108-5. A. Polarized micrograph of Congo red-stained endomyocardial biopsy demonstrates birefringence in the involved area. B. Light 
micrograph of hematoxylin-and-eosin—stained slide of the same specimen demonstrating amyloid as extracellular eosinophilic amorphous material. 


subcutaneous fat aspiration has a lower sensitivity than in AL amyloido- 
sis. These patients require recognition by echocardiography, magnetic 
resonance imaging (MRI), or endomyocardial biopsy to establish a 
diagnosis (Fig. 108-5). 

Early diagnosis of cardiac amyloid is imperative because it is this 
group that is responsible for the majority of the early deaths with this 
disorder. In our experience, 40 percent of newly diagnosed patients with 
AL amyloidosis will succumb to the disease within the first year; and 
this percentage has not changed over a quarter century. 

Echocardiography remains the most useful test for the imaging 
and diagnosis of amyloid; however, it is not particularly useful for serial 
monitoring of patients for response or progression after treatment. The 
technique still suffers from interobserver variability, and the calculations 
of the septal thickness can vary substantially on serial measurements. 
Conversely, a septal thickness greater than 15 mm would be rare with 
hypertensive cardiomyopathy and would be limited to either amyloido- 
sis or hypertrophic cardiomyopathy. Interestingly, the degree of cardiac 
infiltration in senile systemic and familial amyloid cardiomyopathy is 
substantially greater than that seen in AL amyloidosis. A patient with 
AL amyloidosis with a septal thickness greater than 18 mm will gen- 
erally have significant disability related to cardiac failure. Patients with 
TTR amyloidosis, both mutant and wild-type, will frequently have sep- 
tal thicknesses in the range of 25 mm with minimal symptomatology. 
The old echocardiographic finding of granular sparkling appearance is 
little used today. Other echocardiographic clues include thickening of 
the right ventricle and reduction in left ventricular chamber size.” Late 
consequences of cardiac involvement include valvular thickening and 
valvular regurgitation. Repair of the valve will not result in meaningful 
improvement in the patient’s aerobic exercise capacity. The restriction to 
flow seen in restrictive cardiomyopathy can be confused with restrictive 
pericardial disease; and occasionally, patients have undergone pericar- 
diectomies without benefit.** Endomyocardial biopsy is highly sensitive 
in the diagnosis of cardiac amyloidosis; and if five specimens are taken, 
recognition of the diagnosis is virtually certain. Patients with cardiac 
amyloidosis have poor atrial function and a high incidence of atrial 
standstill. Atrial and atrial appendage thrombi are well recognized and 
are potential sources of cardiac embolism.” Rare patients can develop 
amyloid deposition in the coronary microcirculation resulting in true 


ischemic symptomatology and angina with normal epicardial coronary 
artery anatomy.” 

Sudden death remains a problem in patients with amyloidosis.” 
The placement of an implantable defibrillator may not reduce the risk 
of sudden death.” Electromechanical dissociation is a common occur- 
rence and the ability of a fibrillating amyloid heart to be appropriately 
shocked internally and establish hemodynamic stability has not been 
established. 

Diuretic therapy remains the mainstay of management for cardiac 
amyloidosis; but in these patients with noncompliant ventricular cham- 
bers, higher than normal filling pressures are often required to open the 
ventricle and fill it with blood. Aggressive diuretic therapy will often 
reduce preload, and this can result in drops in systolic blood pressure, 
reduced renal blood flow, and syncope.“ 

Familial amyloid cardiomyopathy is rare, but one special TTR 
mutant known as TTRVal122Ile requires awareness. In a prospective 
study of cord blood samples, this mutation was found in 3 percent of 
newborns of American parents of African descent. This compared with 
a prevalence of 0.44 percent in Americans of European descent and 0 
percent of Americans of Hispanic descent. The degree of penetrance of 
this mutation at the clinical level has not been determined; however, in 
view of the high incidence and prevalence of this genetic abnormality, 
the diagnosis of cardiac amyloidosis in Americans of African descent 
warrants early analysis of the DNA for this mutation.**“* 

Cardiac biomarkers play an important role in the prognosis of 
amyloid as well as in its functional assessment.” Both the B-natriuretic 
peptide and troponin levels predict outcomes in patients with amyloi- 
dosis and are important parts of the staging system for this disease.” 
Staging involves assigning a point for any of the following character- 
istics: difference between the involved and uninvolved free light chain 
of greater than 180 mg/L; for a cardiac troponin T level greater than 
0.025 ng/mL; and for the N-terminal of the prohormone brain natri- 
uretic peptide (NT-proBNP) level greater than 1800 pg/mL. This creates 
four stages with median survivals ranging from 6 months (stage 4) to 
60 months (stage 1). Serialized measurements of the NT-proBNP also 
have been used to define response and progression and, in fact, have 
supplanted the use of serial echocardiography to assess changes over 
time, both in following the natural history as well as assessing response 


TABLE 108-3. Suggested Testing of a Known Amyloid 
Patient 


If mass spectroscopy identifies light-chain amyloid: 
Consider localized amyloidosis (bladder, larynx, skin, bronchi) 


If systemic (visceral involvement) perform the following tests: 
- Alkaline phosphatase 
- Aspartate aminotransferase 
+ B,-Microglobulin 
+ Bilirubin 
. Calcium 
e Creatinine 
+ Glucose 
e Complete blood count 
e Immunoglobulin free light chains 
+ Immunofixation and electrophoresis 
e Serum and 24-hour urine 
e Quantitative immunoglobulins 
+ N-terminal probrain natriuretic peptide 
¢ Troponin T 
- Factor X level 
e Chest x-ray 
+ Electrocardiogram 
e Echocardiogram 
- Doppler and strain imaging 
+ Creatinine clearance 


If mass spectroscopy identifies transthyretin (TTR) amyloid, 
perform these tests: 

+ Echocardiogram 

- Doppler and strain imaging 


e Familial amyloidosis genetic testing (mass spectroscopy of 
serum TTR; if abnormal, TTR gene sequencing) 


to therapeutic interventions.” *! All patients who present with amyloi- 
dosis, whether or not cardiac disease is suspected, should have cardiac 
biomarkers performed. Table 108-3 lists the suggested diagnostic tests 
to perform when a patient with amyloidosis is seen. 
Contrast-enhanced cardiac MRI is increasingly being used in the 
assessment of cardiac amyloid. Cardiac MRI (Fig. 108-6) can measure 
the thickness of the myocardium accurately and, after gadolinium injec- 
tion, can demonstrate delayed subendocardial enhancement that can 
be quite specific for cardiac amyloidosis.” Phase-contrast MRI pro- 
vides information on flow dynamics, diastolic filling parameters, and 
mitral peak in-flow velocity. By providing a functional assessment, this 
technique can help establish an early diagnosis and has the potential 
to assess response to therapy. MRI cannot be used in the presence of 
a pacemaker or defibrillator or if there is renal insufficiency, because 
gadolinium is contraindicated. Radionuclide scanning is being explored 
for amyloidosis. Technetium pyrophosphate is a sensitive marker for the 
presence of ATTR amyloidosis, both wild-type and mutant, whereas 
uptake is not seen in AL amyloidosis.* A recent small study assessing 
"C-labeled Pittsburgh Compound-B (''C-PiB)-based positron emis- 
sion tomography (PET) imaging identified cardiac amyloid deposits in 
all patients with light chain amyloidosis and AT'TR and was negative in 
controls.** Therefore, nuclear imaging in the future may not only help 
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confirm cardiac involvement by amyloidosis, but also help differentiate 
one type versus another. 


Liver 

Liver infiltration from amyloid can be seen in up to one-quarter 
of patients with AL amyloidosis.” These patients will present with 
hepatomegaly, elevation of the serum alkaline phosphatase with normal 
or near-normal transaminases and bilirubin. Half of the patients with 
hepatic amyloidosis have renal amyloidosis, which dominates the clini- 
cal syndrome. When a patient presents with hepatomegaly and imaging 
shows no filling defects, the presence of proteinuria, a monoclonal pro- 
tein, or the presence of Howell-Jolly bodies in a blood film indicative of 
hyposplenism are highly suggestive of amyloidosis. Most patients have 
symptoms consistent with chronic liver disease, early satiety, anorexia, 
and unexplained weight loss. It is common to find spider telangiecta- 
sias on the upper chest. Portal hypertension and ascites are uncommon, 
however.” Rare instances of both hepatic and splenic rupture have been 
reported.* The diagnosis can usually be established with fat aspiration 
and marrow biopsy, but a liver biopsy is safe and does not have a higher 
risk of bleeding complications than in other patients with liver disease. 


Nervous System 

Amyloid, by virtue of its deposition in the vasa nervorum, causes a 
mixed axonal and demyelinating peripheral neuropathy. The neuropa- 
thy is symmetric, tends to ascend beginning in the toes, and eventually 
involves the upper extremities. It causes paresthesias, often painful dys- 
esthesias, and eventually causes motor loss. Approximately half of the 
patients have an associated carpal tunnel syndrome, and approximately 
one-quarter have associated autonomic features including orthos- 
tatic hypotension, autonomic dysmotility of the gastrointestinal tract, 
including vomiting because of pseudoobstruction and alternating con- 
stipation with diarrhea, often intractable, and bladder abnormalities, 
including overflow incontinence and incomplete emptying.” The pro- 
gression of amyloid neuropathy is slow, and it is common to have delays 
of 2 to 3 years before a diagnosis is established. Electromyography is not 
particularly useful in the early diagnosis because amyloid preferentially 
affects the small unmyelinated fibers of the extremities, which are not 
well assessed with standard electrodiagnostic studies. Patients with an 
unexplained peripheral neuropathy who are not diabetic should have 
immunofixation of serum and urine and a free light-chain assay per- 
formed. A positive finding requires the consideration of amyloidosis in 
the differential; although, for patients who have an immunoglobulin (Ig) 
M monoclonal protein, the possibility that the IgM is directly responsi- 
ble for neuropathy in the absence of amyloid is significant. Sural nerve 
biopsies can usually detect the amyloid deposits, but there are reports 
in the literature of sural nerve biopsies having missed proven amyloido- 
sis. Mass spectroscopic analysis of the amyloid deposits is particularly 
important because of the high prevalence of neuropathy in patients with 
non-AL amyloidosis. 


@THERAPY 


Treatment of amyloidosis has improved significantly with the intro- 
duction of novel agents and refinements in autologous stem cell trans- 
plantation. For years, the regimen of melphalan and prednisone was the 
standard of therapy, but the response rate never exceeded 25 percent, 
and the impact on survival was unimpressive. Melphalan and predni- 
sone therapy has now been supplanted by the use of melphalan and 
dexamethasone, which has a very low therapy-related mortality and 
can be administered to patients with cardiac and renal failure as well 
as frail patients. The 5-year actuarial survival in patients treated with 
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Figure 108-6. A. Magnetic resonance imaging demonstrating thickened interventricular septum from amyloid infiltration. B. Delayed gadolinium 
enhancement on subendocardial tissue is characteristic of amyloid cardiomyopathy. 


melphalan and dexamethasone is 50 percent but is highly dependent 
on the enrolled population. Median responses as short as 10.5 and 
17.5 months have been reported and are a function of the proportion 
of patients with advanced cardiac amyloid enrolled. Retreatment with 
melphalan and dexamethasone after an initial response also can be suc- 
cessful. It is often difficult to interpret results in phase 2 trials because 
of patient heterogeneity. Stratification of patients, based on the staging 
mentioned above, is important in reporting outcomes. Melphalan and 
dexamethasone should be considered the standard of care in patients 
that are not eligible for stem cell transplantation. 


AUTOLOGOUS STEM CELL TRANSPLANT 


Most experts believe that autologous stem cell transplantation is the 
treatment of choice for patients with amyloidosis who do not have 
severe end-organ dysfunction, even though this approach has not been 
proven superior to conventional chemotherapy in prospective ran- 
domized trials or meta-analyses. However, it must be recognized that 
no more than 20 percent of patients with amyloidosis are eligible for 
stem cell transplantation. Currently, the therapy-related mortality at the 
Mayo Clinic is 2.5 percent (three out of 120), and the 10-year overall 
survival is 43 percent. Significant improvements in organ function and 
quality of life are commonly observed following stem cell transplanta- 
tion and are strongly correlated with attainment of a very good partial 
response or better.” To reduce treatment-related mortality, current 
patient selection for transplantation includes age younger than 70 years, 
serum creatinine less than 1.8 mg/dL, serum troponin T less than 0.06, 
and an NT-proBNP less than 5000 pg/mL. The median age at the time 
of transplantation at the Mayo Clinic is 57 years. The median percent 
plasma cells in the marrow of transplanted patients is 7 percent, and 
the median urinary protein loss is just under 4 g/day. Seventy percent 
of patients who receive autologous stem cell transplantation have pre- 
dominant renal involvement, 12 percent have peripheral neuropathy, 
and 14 percent have liver involvement. Patients with advanced cardiac 
involvement are generally excluded from transplantation, although half 
of transplanted patients have mild to moderate cardiac involvement as 
assessed by biomarkers and echocardiogram. 


Blood stem cells are generally mobilized using leukocyte growth 
factors alone without cytotoxic chemotherapy to avoid hemodynamic 
deterioration during the mobilization process. A median of two apher- 
eses are required to collect adequate stem cells for transplantation. The 
standard conditioning regimen is melphalan 200 mg/m’, although 
the dose may be reduced for multiorgan involvement, age, and frailty. 
Induction chemotherapy is not generally administered prior to autol- 
ogous stem cell transplantation, although this approach is considered 
in patients with significant marrow plasmacytosis, because of data 
suggesting an inferior outcome in such patients. In 2013, 40 percent of 
patients were transplanted at the Mayo Clinic without requiring hos- 
pitalization, and of the 60 percent of patients who were hospitalized, 
the median hospital stay was 6 days. Leukocyte growth factors are not 
routinely used after transplantation because they increase fluid reten- 
tion. A partial response or better is seen in 75 percent of patients. Com- 
plete hematologic responses are documented in 40 percent of patients. 
Organ responses are seen in 50 percent of patients transplanted at the 
Mayo Clinic. Median survival for complete responders has not been 
reached, whereas patients with partial response or better have a median 
survival of 107 months. Predictors of outcome following autologous 
stem cell transplantation include cardiac biomarkers, NT-proBNP, and 
troponin.” 


IMMUNOMODULATORY DRUGS 


The combination of melphalan, dexamethasone, and lenalidomide has 
been reported for the treatment of AL amyloidosis. The maximum 
tolerated dose of lenalidomide was found to be 15 mg. Melphalan doses 
lower than those recommended for myeloma patients are used (0.18 mg/ 
kg/day for 4 days every 28 days), with a complete response rate of 42 per- 
cent, an overall response rate of 58 percent, and a 2-year overall survival 
of 81 percent. Prophylaxis against deep venous thrombosis is required 
when lenalidomide is used. A combination of cyclophosphamide, tha- 
lidomide, and dexamethasone is safe and effective. In a risk-adapted 
all-oral therapy, 75 patients (with PS was 0-1) were treated, with a hema- 
tologic response in 74 percent, of which 21 percent were complete. The 
3-year estimated overall survival was 82 percent, and grade 2 toxicity 


was seen in 52 percent. Lenalidomide and dexamethasone have been 
used in amyloidosis in a fashion identical to that used for multiple mye- 
loma. It is important to remember that lenalidomide can increase the 
level of NT-proBNP and may actually aggravate heart failure.” Addi- 
tionally, the typical dose of lenalidomide used to treat multiple myeloma 
is not well tolerated by AL patients and treatment should be initiated at a 
dose of no more than 15 mg daily. There is a high discontinuation rate of 
lenalidomide within the first three cycles. Myelosuppression, skin rash, 
and fatigue are common. Ina study of lenalidomide and dexamethasone 
in patients who had failed melphalan and bortezomib, two patients died 
prior to first-response evaluation and 50 percent experienced grade 3 
or greater toxicity. The hematologic response rate was 41 percent. The 
median overall survival was 14 months. Cyclophosphamide, lenalido- 
mide, and dexamethasone have been used in the treatment of amyloi- 
dosis with lenalidomide at 15 mg per day and cyclophosphamide 100 
mg per day. A partial response or greater was observed in 55 percent of 
patients, with complete responses in 8 percent, organ responses in 40 
percent, and a 2-year overall survival of 41 percent. Cyclophosphamide, 
lenalidomide, and dexamethasone hematologic response rates ranged 
from 40 to 77 percent in three different studies. Complete responses 
did not exceed 10 percent. Lenalidomide toxicity was substantial and 
included fatigue and fluid retention. 

Pomalidomide has been used with dexamethasone in relapsed 
amyloidosis. In a population of 33 evaluable patients, the response rate 
was 48 percent with a median time to response of 2 months. Organ 
improvement was found in 15 percent. The progression-free survival 
was 14 months; overall survival was 28 months.” 

Bortezomib is highly active in the treatment of amyloidosis.” The 
combination with dexamethasone in untreated patients produces a 47 
percent complete response rate, with higher responses seen in patients 
treated with twice-weekly bortezomib. The cardiac response rate is 29 
percent. Hematologic responses are associated with cardiac response 
as measured by a reduction in NT-proBNP. Bortezomib also has been 
used with melphalan and dexamethasone, as well as cyclophosphamide 
with dexamethasone.” The CyBorD (cyclophosphamide, bortezomib, 
and dexamethasone) regimen was reported by the Mayo Clinic as a ret- 
rospective review of 17 patients with responses seen in 94 percent (71 
percent complete, 24 percent partial) and a median time to response 
of 2 months.” In many published trials, patients with severe cardiac 
involvement were excluded; as a consequence, it is difficult to determine 
the efficacy of bortezomib in this difficult subgroup.” In one study of 38 
patients with advanced cardiac disease using reduced doses of twice- 
weekly bortezomib and dexamethasone, 18 of 38 patients died during 
therapy; 21 patients achieved a hematologic response after a median 
of three cycles. In a series of 35 patients treated with bortezomib-dex- 
amethasone with subsequent addition of cyclophosphamide, 86 percent 
achieved a rapid response. A second trial of cyclophosphamide-borte- 
zomib-dexamethasone resulted in hematologic responses in 68 percent 
and a 1-year overall survival of 65 percent. Because bortezomib has 
been reported to increase the severity of heart failure in myeloma, it is 
clearly a concern that requires monitoring in patients. The oral protea- 
some inhibitor MLN9708, ixazomib, is currently under investigation. 

Bortezomib and dexamethasone have been used as consolidation 
therapy following stem cell transplantation.” Forty patients were trans- 
planted with risk-adapted melphalan; patients with less than a complete 
response received consolidation with bortezomib-dexamethasone. 
Survivals at 12 and 24 months post treatment were 88 and 82 percent, 
respectively. Of the original 40 patients, 23 received consolidation, 
and their response was enhanced in 20 (86 percent). Organ response 
occurred in 70 percent at 24 months. The use of bortezomib-dexametha- 
sone consolidation following stem cell transplantation can help deepen 
the response in patients that do not achieve a complete response. 


Chapter 108: Immunoglobulin Light-Chain Amyloidosis 


@ COURSE AND PROGNOSIS 


In spite of the introduction of new agents, late diagnosis, particularly of 
cardiac amyloid, remains a major barrier to improvement in the over- 
all survival of patients; and despite recent improvements in survival, 40 
percent of patients succumb to the disease within the first year after 
diagnosis, and this early mortality has not changed in 30 years. Patients 
can have a hematologic response and still die of end-organ damage 
because it is impossible to repair the tissue damage that has occurred 
prior to diagnosis. The prognosis in amyloidosis is determined by 
two primary factors. The first is the extent of cardiac involvement, and 
the second is the plasma cell burden seen in these patients. The for- 
mer, historically measured by echocardiography, is more reproducibly 
measured by the use of cardiac biomarkers. The percentage of plasma 
cells in the marrow has an important impact on prognosis.» The best 
surrogate and the most reproducible way to measure the plasma cell 
burden is to look at the difference between the involved and uninvolved 
light chains in the serum (dFLC). A four-stage prognostic model has 
been developed using measurements of NT-proBNP, troponin, and 
serum free light chains. One point each is assigned for a troponin T 
level of 0.025 ng/mL or greater, an NT-proBNP greater than 1800 pg/ 
mL, and a free light chain difference of greater than 180 mg/L. This 
provides almost four equal-size groups (if you have none of the 3 its 
stage 1; if you have 1 its stage 2; if you have 2 its stage 3 and if you 
have all 3 its stage 4) with median overall survivals of 94, 40, 14, and 6 
months, respectively. These serum tests are currently the standard for 
assessing prognosis in amyloidosis. Assessing response in amyloidosis is 
a twofold process. First, the hematologic response is assessed by deter- 
mining the reduction of the plasma cell burden and of the production 
of precursor amyloid light chains achieved by systemic therapy. There 
are four classes of response: (1) complete remission defined by negative 
immunofixation of serum and urine and a normal immunoglobulin free 
light-chain ratio; (2) a very good partial response that requires the dif- 
ference between involved and uninvolved serum free light chain be less 
than 40 mg/L; (3) a partial response is defined as a 50 percent decrease 
from baseline in the dFLC; and (4) failure to respond includes all other 
patients. Light-chain assessment is not only the ideal method for mea- 
suring response because of the rapid decline in levels if therapy is effec- 
tive, but it is better than the intact immunoglobulin as a measure of response 
when both are present.* Although hematologic response is the first goal, 
the purpose of therapy is preservation of organ function. Therefore, to 
have a meaningful impact, an organ response should be seen. Current 
data indicate that organ response rates are directly linked to hemato- 
logic response rates; and the deeper the hematologic response, the more 
likely there will be an organ response. A renal response is defined as 
a 50 percent decrease in 24-hour urine protein. The decrease must be 
no less than 0.5 g/day without a change in serum creatinine. A 50 per- 
cent increase in urinary protein loss to at least 1 g/day or a 25 percent 
worsening of creatinine clearance is indicative of progression. Cardiac 
response is defined primarily by changes in the NT-proBNP. A 30 per- 
cent reduction in the NT-proBNP, a minimum of 300 ng/L in patients 
whose baseline NT-proBNP is greater than 650 ng/L, constitutes a 
response. However, we have seen patients in whom fluctuations of the 
NT-proBNP of as much as 30 percent can occur as a result of changes 
in diuretics or the development of superimposed pulmonary infections 
that are unrelated to true changes in cardiac function; consequently, 
some caution is warranted in interpreting the results. An improvement 
in New York Heart Association class by two stages from 4 to 2 or 3 to 
1 also is considered a response. Historically, echocardiography has been 
used to assess response, but interobserver variability has rendered it less 
useful and echocardiography is not currently part of response criteria. 
Cardiac progression constitutes a 30 percent increase in NT-proBNP, a 


minimum increase of 300 ng/dL. Finally, liver response is defined as a 
50 percent reduction in the abnormal alkaline phosphatase value, with 
progression defined as a 50 percent increase of alkaline phosphatase 
above the lowest recorded value. Currently, consensus criteria to define 
response in soft tissues, the gastrointestinal tract, the tongue, the lung, 
or the peripheral nerve do not exist for AL amyloidosis. 
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CHAPTER 109 
MACROGLOBULINEMIA 


Steven P. Treon, Jorge J. Castillo, Zachary R. Hunter, and 
Giampaolo Merlini 


Waldenström macroglobulinemia (WM) is an indolent B-cell neoplasm 
manifested by the accumulation of clonal immunoglobulin (Ig) M secreting 
lymphoplasmacytic cells. MYD88'2" and CXCR4 WHIM (warts, hypogamma- 
globulinemia, infections, myelokathexis)-like somatic mutations are present 
in more than 90 percent, and 30 to 35 percent of WM patients, respectively, 
and impact disease presentation, treatment outcome, and/or overall survival. 
Familial predisposition is common in WM. Asymptomatic patients should 
be observed. Patients with disease-related hemoglobin of less than 10g/dL, 
platelets less than 100 x 10°/L, bulky adenopathy and/or organomegaly, 
symptomatic hyperviscosity, peripheral neuropathy, amyloidosis, cryoglobu- 
linemia, cold-agglutinin disease, or transformed disease should be considered 
for therapy. Plasmapheresis should be used for patients with symptomatic 
hyperviscosity, and prerituximab for those with high serum IgM levels to 
preempt a symptomatic IgM flare. The treatment choice should take into 
account specific goals of therapy, necessity for rapid disease control, risk of 
treatment-related neuropathy, immunosuppression and secondary malignan- 
cies, and planning for future autologous stem cell transplantation. Frontline 
treatments include rituximab alone or combined with alkylating agents (ben- 
damustine, cyclophosphamide), proteasome inhibitors (bortezomib, carfil- 
zomib), or nucleoside analogues (fludarabine, cladribine). In case of relapsed 
or treatment-resistant patients, an alternative frontline regimen or autologous 
stem cell transplantation can be considered. Novel targeted agents for the 
treatment of WM include everolimus and ibrutinib. 


@ DEFINITION AND HISTORY 


Waldenström macroglobulinemia (WM) is a lymphoid neoplasm result- 
ing from the accumulation, predominantly in the marrow, of a clonal 
population of lymphocytes, lymphoplasmacytic cells, and plasma cells, 
which secrete a monoclonal immunoglobulin (Ig) M.' WM corresponds 
to lymphoplasmacytic lymphoma (LPL) as defined in the Revised Euro- 
pean-American Lymphoma (REAL) and World Health Organization 
(WHO) classification systems.” Most cases of LPL are WM; less than 5 
percent of cases are IgA-secreting, IgG-secreting, or nonsecreting LPL. 


Acronyms and Abbreviations: CD16, FcyRllla receptor; CD40L, CD40 ligand; CDR, 
complement determination region; CHOP, cyclophosphamide, doxorubicin, vincris- 
tine, and prednisone; GM,, ganglioside M,; HCV, hepatitis C virus; Ig, immunoglob- 
ulin; IL, interleukin; x, kappa light chain; LPL, lymphoplasmacytic lymphoma; MAG, 
myelin-associated glycoprotein; R-CHOP, cyclophosphamide, doxorubicin, vincristine, 
prednisone, and rituximab; R-CP cyclophosphamide, prednisone, and rituximab; 
R-CVP, cyclophosphamide, vincristine, prednisone, and rituximab; sCD27, soluble 
CD27; WHO, World Health Organization; WM, Waldenström macroglobulinemia. 


In 1944, Jan Waldenström, a Swedish physician-scientist, reported 
in Acta Medica Scandinavica three cases of a disease, he presciently 
thought was related to myeloma but for the absence of bone involvement 
and the scarcity of plasma cells in the infiltrate of small lymphocytes. He 
noted the increase in plasma protein concentration, marked increased 
serum viscosity, exaggerated bleeding and retinal hemorrhages, and vir- 
tually every other feature of the disorder in his case descriptions. In col- 
laboration with a colleague, he showed, using ultracentrifugation and 
electrophoresis, that the abundant abnormal protein had a molecular 
weight of approximately 1 million and was not an aggregate of smaller 
proteins. The disease, which he described with such thoroughness, was 
later named in his honor. 


@ EPIDEMIOLOGY 


The age-adjusted incidence rate of WM is 3.4 per 1 million among males 
and 1.7 per 1 million among females in the United States. It increases in 
incidence geometrically with age.** The incidence rate is higher among 
Americans of European descent. Americans of African descent rep- 
resent approximately 5 percent of all patients. 

Genetic factors play a role in the pathogenesis of WM. Approx- 
imately 20 percent of WM patients are of Ashkenazi-Jewish ethnic 
background.‘ Familial disease has been reported commonly, including 
multigenerational clustering of WM and other B-cell lymphoprolifer- 
ative diseases.”"'° Approximately 20 percent of 257 sequential patients 
with WM presenting to a tertiary referral center had a first-degree rel- 
ative with either WM or another B-cell disorder.’ Familial clustering 
of WM with other immunologic disorders, including hypogammaglob- 
ulinemia and hypergammaglobulinemia (particularly polyclonal IgM), 
autoantibody production (particularly to the thyroid), and manifesta- 
tion of hyperactive B cells has also been reported in relatives without 
WM.” Increased expression of the BCL-2 gene with enhanced survival 
has been observed in B cells from familial patients and their family 
members." 

The role of environmental factors is uncertain, but chronic anti- 
genic stimulation from infections and certain drug or chemical expo- 
sures have been considered but have not reached a level of scientific 
certainty. Hepatitis C virus (HCV) infection was implicated in WM 
causality in some series, but in a study of 100 consecutive WM patients 
in whom serologic and molecular diagnostic studies for HCV infection 
were performed, no association was found.!!-! 


@ PATHOGENESIS 


NATURE OF THE WALDENSTRÖM 
MACROGLOBULINEMIA CLONE 


Examination of the B-cell clone(s) found in the marrow of WM 
patients reveals a range of differentiation from small lymphocytes with 
large focal deposits of surface immunoglobulins, to lymphoplasma- 
cytic cells, to mature plasma cells that contain intracytoplasmic IgM 
(Fig. 109-1).'* Circulating clonal B cells are often detectable in patients 
with WM, although lymphocytosis is uncommon.'*'® WM cells express 
the monoclonal IgM, and some clonal cells also express surface IgD." 
The characteristic immunophenotypic profile of WM lymphoplasma- 
cytic cells includes the expression of the pan-B-cell markers CD19, 
CD20 (including FMC7), CD22, and CD79.'”"* Expression of CD5, 
CD10, and CD23 can be present in 10 to 20 percent of cases, and their 
presence does not exclude the diagnosis of WM.” Multiparameter flow 
cytometric analysis has also identified CD25 and CD27 as being charac- 
teristic of the WM clone, and found that a CD22/CD25*/CD27*/IgM* 
population may be present among clonal B lymphocytes in patients with 
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Figure 109-1. Waldenström macroglobulinemia. A. Blood film displaying the characteristic pathologic rouleaux seen as a result of the red cell 
aggregating properties of immunoglobulin M. B. Marrow film showing characteristic infiltrate of lymphocytes, lymphoplasmacytic cells, and plasma 
cells. A mast cell is evident lower center. Although not specific for this disease, mast cells are commonly present in the marrow. C. Marrow film 
showing infiltrate of lymphocytes with occasional plasma cells and a mast cell. D. Marrow film showing lymphocytic infiltrate with a “cracked” mast 
cell sometimes seen in this disease. The fraction of plasma cells varies as shown by the somewhat higher proportion in (B) as compared to (C) and 
(D). Lymphocytes and lymphoplasmacytic cells predominate. (Reproduced with permission from Lichtman's Atlas of Hematology, www.accessmedicine.com.) 


essential monoclonal gammopathy (synonym: monoclonal gammopa- 
thy of unknown significance [MGUS)]) of the IgM type who ultimately 
progressed to WM.” 

Somatic mutations in immunoglobulin genes are present with an 
increased frequency of nonsynonymous as compared to silent mutations 
in complement determining regions, along with somatic hypermuta- 
tion, thereby supporting a postgerminal center derivation for the WM 
B-cell clone in most patients.™?” A strong preferential usage of VH3/ 
JH4 gene families without intraclonal variation, and without evidence 
for any isotype-switched transcripts is present.**** These data support 
an IgM* and/or IgM*IgD* memory B-cell origin for most cases of WM. 

In contrast to myeloma plasma cells, no recurrent translocations 
have been described in WM, which can help to distinguish WM from 
IgM myeloma cases, as IgM myeloma cases often exhibit t11;14 translo- 
cations.*”° Despite the absence of IgH translocations, recurrent chro- 
mosomal abnormalities are present in WM cells. These include deletions 
in chromosome 6q21-23 in 40 to 60 percent of WM patients, with con- 
cordant gains in 6p in 41 percent of 6q-deleted patients.” In a series 
of 174 untreated WM patients, 6q deletions, followed by trisomy 18, 13q 


deletions, 17p deletions, trisomy 4, and 11q deletions, were observed.” 
Deletion of 6q and trisomy 4 were associated with adverse prognostic 
markers in this series. As 6q deletions represent the most recurrent 
cytogenetic finding in WM cases, there has been interest in identify- 
ing the region of minimal deletion and possible target genes within this 
region. Two putative gene candidates within this region are TNFAIP3, 
a negative regulator of nuclear factor kappa B signaling (NFx«B), and 
PRDM1,a master regulator of B-cell differentiation.”*! The removal of a 
NFxB-negative regulator is of particular interest as the phosphorylation 
and translocation of NFxB into the nucleus is a crucial event for WM 
cell survival.” The success of proteasome inhibitor therapy in WM may 
occur because the degradation of negative regulators of NF«B, such as 
the inhibitor of kappa B (IxB), is blocked****. 


MUTATION IN MYD88 


A highly recurrent somatic mutation (MYD88'**") was first identified 
in WM patients by whole-genome sequencing (WGS), and confirmed 
by multiple studies through Sanger sequencing and/or allele-specific 


polymerase chain reaction (PCR) assays. MYD88'"*? is expressed in 
90 to 95 percent of WM cases when more sensitive allele-specific PCR has 
been employed, using both CD19-sorted and unsorted marrow cells.*°“° 
By comparison, MYD88'**? was absent in myeloma samples, including 
IgM myeloma, and was expressed in a small subset (6 to 10 percent) of 
marginal zone lymphoma patients, who surprisingly have WM-related 
features.*°**"! By PCR assays, 50 to 80 percent of IgM MGUS patients, 
also express MYD88'"®", and expression of this mutation was associ- 
ated with increased risk for malignant progression.****” The presence 
of MYD88"*? in IgM MGUS patient suggests a role for this mutation 
as an early oncogenic driver, and other mutations and/or copy number 
alterations leading to abnormal gene expression are likely to promote 
disease progression.” 

The impact of MYD88"**? to growth and survival signaling in 
WM cells has been addressed in several studies (Fig. 109-2). Knock- 
down of MYD88 decreased survival of MYD88"**?-expressing WM 
cells, whereas survival was enhanced by knock-in of MYD88"*? versus 
wild-type MYD88.* The discovery of a mutation in MYD88 is signifi- 
cant given its role as an adaptor molecule in toll-like receptor (TLR) 
and interleukin-1 receptor (IL-1R) signaling.“ All TLRs except for 
TLR3 use MYD838 to facilitate their signaling. Following TLR or IL-1R 
stimulation, MYD88 is recruited to the activated receptor complex as 
a homodimer which then complexes with IRAK4 and activates IRAK1 
and IRAK2.**” Tumor necrosis factor receptor—associated factor 6 is 
then activated by IRAK1 leading to NF«B activation via IxBa phospho- 
rylation.* Use of inhibitors of MYD88 pathway led to decreased IRAK1 
and IxBa phosphorylation, as well as survival of MYD88"*“? expressing 
WM cells. These observations are of particular relevance to WM since 
NFx«B signaling is important for WM growth and survival.” Bruton 
tyrosine kinase (BTK) is also activated by MYD88'"*".* Activated BTK 
coimmunoprecipitates with MYD88 that could be abrogated by use of a 
BTK kinase inhibitor, and overexpression of MYD88"***, but not wild- 
type(WT) MYD88, triggers BTK activation. Knockdown of MYD88 by 
lentiviral transfection or use of a MYD88 homodimerization inhibitor 
also abrogated BTK activation in MYD88'**’-mutated WM cells. 
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CXCR4""™ Mutations 

The second most common somatic mutation after MYD88'**? revealed 
by WGS was found in the C-terminus of the CXCR4 receptor. These 
mutations are present in 30 to 35 percent of WM patients, and impact 
serine phosphorylation sites that regulate CXCR4 signaling by its only 
known ligand, stromal cell-derived factor (SDF)-la (CXCL12).?5° 
The location of somatic mutations found in the C-terminus of CXCR4 
in WM are similar to those observed in the germline of patients with 
WHIM (warts, hypogammaglobulinemia, infections, and myelo- 
kathexis) syndrome, a congenital immunodeficiency disorder char- 
acterized by chronic noncyclic neutropenia.” Patients with WHIM 
syndrome exhibit impaired CXCR4 receptor internalization following 
SDF-1a stimulation, which results in persistent CXCR4 activation and 
myelokathexis.™* 

In WM patients, two classes of CXKCR4 mutations occur in the 
C-terminus. These include nonsense (CXCR4W4!M’NS) mutations, 
which truncate the distal 15- to 20-amino-acid region, and frameshift 
(CXCR4“#™/8) mutations, which compromise a region of up to 40 
amino acids in the C-terminal domain.” Nonsense and frameshift 
mutations are almost equally divided among WM patients with CXCR4 
somatic mutations, and more than 30 different types of CKCR4“4™ 
mutations have been identified in WM patients.” Preclinical stud- 
ies with WM cells engineered to express nonsense and frameshift 
CXCR4“"™-mutated receptors have shown enhanced and sustained 
AKT and extracellular signal-regulated kinase (ERK) signaling follow- 
ing SDF- 1a relative to CKCR4™” (see Fig. 109-2), as well increased cell 
migration, adhesion, growth and survival, and drug resistance of WM 
cells.515556 


Other Somatic Events 

Many copy number alterations have been revealed in WM patients that 
impact growth and survival pathways. Frequent loss of HIVEP2 (80 per- 
cent) and TNFAIP3 (50 percent) genes that are negative regulators of 
NFkB expression (Fig. 109-2), as well as LYN (70 percent) and IBTK 
(40 percent) that modulate B-cell receptor (BCR) signaling have been 


Figure 109-2. MYD88' and CXCR4WHM 
mutations are highly prevalent in patients 
with Waldenström macroglobulinemia, and 
trigger transcriptional factors that include 
nuclear factor KB (NFKB), AKT, and extra- 
cellular signal-regulated kinase (ERK) that 
support the growth and survival of lymp- 
hoplasmacytic cells. 
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revealed by WGS.” WGS has also revealed common defects in chroma- 
tin remodeling with somatic mutations in ARID1A present in 17 per- 
cent, and loss of ARID 1B in 70 percent of WM patients. Both ARIDIA 
and ARID1B are members of the SWI/SNF family of proteins, and are 
thought to exert their effects via p53 and CDKNIA regulation. TP53 
is mutated in 7 percent of sequenced WM genomes, while PRDM2 
and TOP1 that participate in TP53-related signaling are deleted in 80 
percent and 60 percent of WM patients, respectively.” Taken together, 
somatic events that contribute to impaired DNA damage response are 
also common in WM. 


Impact of Waldenström Macroglobulinemia Genomics on 
Clinical Presentation 

MYD88 and CXCR4 mutations are important determinants of the 
clinical presentation of WM patients. Significantly higher marrow dis- 
ease involvement, serum IgM levels, and symptomatic disease requir- 
ing therapy, including hyperviscosity syndrome was observed in those 
patients with MYD88?CXCR4¥4™NS_ mutations. Patients with 
MYD88?CXCR4™4™"S or MYD88CXCR4“ had intermediate 
marrow and serum IgM levels; those with MYD88“'CXCR4™" showed 
the lowest marrow disease burden. Fewer patients with MY D88% and 
CXCR4WHM/IFS or CXCR4YHMNS, compared to MYD88!75CXCR4¥7T 
presented with adenopathy, further delineating differences in disease 
tropism based on CXCR4 status. Despite the more-aggressive presen- 
tation associated with CXCR4WĦ™NS genotype, risk of death was not 
impacted by CXCR4 mutation status. Risk of death was found to be 
10-fold higher in patients with MYD88" versus MYD88"**” genotype.” 


MARROW MICROENVIRONMENT 


Increased numbers of mast cells are found in the marrow of WM 
patients, wherein they are usually admixed with tumor cell aggregates 
(see Fig. 109-1).'*8°’ The role of mast cells in WM was investigated in 
one study wherein coculture of primary autologous or mast cell lines 
with WM cells resulted in dose-dependent WM cell proliferation and/ 
or tumor colony formation, through CD40 ligand (CD40L) signaling.” 
WM cells release soluble CD27 (sCD27), which may be triggered by 
cleavage of membrane-bound CD27 by matrix metalloproteinase 8 
(MMP8).** sCD27 levels are elevated in the serum of WM patients, and 
follow disease burden in mice engrafted with WM cells, as well as in 
WM patients.” sCD27 triggers the upregulation of CD40L and a pro- 
liferation-inducing ligand (APRIL) on mast cells derived from WM 
patients, and mast cell lines through its receptor CD70. Modeling in 
mice engrafted with a CD70-blocking antibody shows inhibition of 
tumor cell growth, suggesting that WM cells require a microenviron- 
mental support system for their growth and survival. High levels of 
CXCR4 and very late antigen-4 (VLA-4) have also been observed in 
WM cells. In blocking experiments studies, CKCR4 supported migra- 
tion of WM cells, while VLA-4 contributed to adhesion of WM cells to 
marrow stromal cells.” 


@ CLINICAL FEATURES 


Table 109-1 presents the clinical and laboratory findings at time of diag- 
nosis of WM in one large institutional study. Unlike most indolent 
lymphomas, splenomegaly and lymphadenopathy are uncommon (<15 
percent). Purpura is frequently associated with cryoglobulinemia and 
in rare circumstances with light-chain (AL) amyloidosis (Chap. 108). 
Hemorrhagic and neuropathic manifestations are multifactorial (see 
“Immunoglobulin M-Related Neuropathy” below). The morbidity 
associated with WM is caused by the concurrence of two main com- 
ponents: tissue infiltration by neoplastic cells and, importantly, the 
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TABLE 109-1. Clinical and Laboratory Findings for 356 


Consecutive Newly Diagnosed Patients with Waldenström 
Macroglobulinemia 


Normal 
Median Range Reference Range 

Age (years) 58 32-91 NA 
Gender (male/ 215/141 NA 
female) 
Marrow involve- 30 5-95 NA 
ment (% of area 
on slide) 
Adenopathy 15 NA 
(% of patients) 
Splenomegaly 10 NA 
(% of patients) 
IgM (mg/dL) 2620 270-12,400 40-230 
IgG (mg/dL) 674 80-2770 700-1600 
IgA (mg/dL) 58 6-438 70-400 
Serum viscosity 2.0 1.1-7.2 1.4-1.9 
(cp) 
Hematocrit (%) 35 17-45 35-44 
Platelet count 275 42-675 155-410 
(x 10°/L) 
White cellcount 6.4 1.7-22 3.8-9.2 
(x 10°/L) 
BM (mg/dL) 2.5 0.9-13.7 0-2.7 
LDH (U/mL) 313 61-1701 313-618 


B,M, B,-microglobulin; cp, centipoise; LDH, lactic dehydrogenase; NA, 
not applicable. 


Data from patients seen at the Dana Farber Cancer Institute, Boston, 
MA. 


physicochemical and immunologic properties of the monoclonal IgM. 
As shown in Table 109-2, the monoclonal IgM can produce clinical 
manifestations through several different mechanisms related to its phys- 
icochemical properties, nonspecific interactions with other proteins, 
antibody activity, and tendency to deposit in tissues.°'® 


MORBIDITY MEDIATED BY THE EFFECTS OF 
IMMUNOGLOBULIN M 


Hyperviscosity Syndrome 

The increased plasma IgM levels leads to blood hyperviscosity and its 
complications.“ The mechanisms behind the marked increase in the 
resistance to blood flow and the resulting impaired transit through the 
microcirculatory system are complex.” The main determinants are 
(1) a high concentration of monoclonal IgMs, which may form aggre- 
gates and may bind water through their carbohydrate component; 
and (2) their interaction with blood cells. Monoclonal IgM increases 
red cell aggregation (rouleaux formation; see Fig. 109-1) and red cell 
internal viscosity while reducing red cell deformability. The presence 
of cryoglobulins contributes to increasing blood viscosity, as well as 
to the tendency to induce erythrocyte aggregation. Serum viscos- 
ity is proportional to IgM concentration up to 30 g/L, then increases 
sharply at higher levels. Increased plasma viscosity may also contribute 
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TABLE 109-2. Physicochemical and Immunological Properties of the Monoclonal Immunoglobulin M Protein in 


Waldenstr6m’s Macroglobulinemia 
Properties of IgM Monoclonal Protein 


Diagnostic Condition 


Clinical Manifestations 


Pentameric structure Hyperviscosity 


Headaches, blurred vision, epistaxis, retinal hemorrhages, 
leg cramps, impaired mentation, intracranial hemorrhage 


Precipitation on cooling 


Cryoglobulinemia (type 1) 


Raynaud phenomenon, acrocyanosis, ulcers, purpura, cold 
urticaria 


Autoantibody activity to myelin-associated 
glycoprotein, ganglioside M, sulfatide moi- 
eties on peripheral nerve sheaths 


Peripheral neuropathies 


Sensorimotor neuropathies, painful neuropathies, ataxic 
gait, bilateral foot drop 


Autoantibody activity to IgG 


Cryoglobulinemia (type II) 


Purpura, arthralgia, renal failure, sensorimotor 
neuropathies 


Autoantibody activity to red blood cell 
antigens 


Cold agglutinins 


Hemolytic anemia, Raynaud phenomenon, acrocyanosis, 
livedo reticularis 


Tissue deposition as amorphous aggregates Organ dysfunction 


Skin: bullous skin disease, papules, Schnitzler syndrome 


Gastrointestinal: diarrhea, malabsorption, bleeding 


Kidney: proteinuria, renal failure (light-chain component) 


Tissue deposition as amyloid fibrils (light- 
chain component most commonly) 


Organ dysfunction 


Fatigue, weight loss, edema, hepatomegaly, macroglossia, 
organ dysfunction of involved organs (heart, kidney, liver, 
peripheral sensory and autonomic nerves) 


Ig, immunoglobulin. 


to inappropriately low erythropoietin production, which is the major 
reason for anemia in these patients.” Renal synthesis of erythropoie- 
tin is inversely correlated with plasma viscosity. Clinical manifestations 
are related to circulatory disturbances that can be best appreciated by 
ophthalmoscopy, which shows distended and tortuous retinal veins, 
hemorrhages, and papilledema (Fig. 109-3). Symptoms usually occur 
when the monoclonal IgM concentration exceeds 50 g/L or when serum 


Figure 109-3. Funduscopic examination of a patient with Walden- 
ström macroglobulinemia with hyperviscosity-related changes, includ- 
ing dilated retinal vessels, hemorrhages, and “venous sausaging.’ The 
white material at the edge of the veins may be cryoglobulin. (Used with 
permission of Marvin J. Stone, MD.) 


viscosity is greater than 4.0 centipoises (cp), but there is individual vari- 
ability, with some patients showing no evidence of hyperviscosity even 
at 10 cp.“ The most common symptoms are oronasal mucosal bleeding, 
visual disturbances because of retinal bleeding, and dizziness that rarely 
may lead to stupor or coma. Heart failure can be aggravated, particu- 
larly in the elderly, owing to increased blood viscosity, expanded plasma 
volume, and anemia. Inappropriate red cell transfusion can exacerbate 
hyperviscosity and may precipitate cardiac failure. 


Cryoglobulinemia 

The monoclonal IgM can behave as a cryoglobulin in up to 20 percent 
of patients, and is usually type I and asymptomatic in most cases.'°**” 
Cryoprecipitation is mainly dependent on the concentration of mono- 
clonal IgM; for this reason plasmapheresis or plasma exchange are com- 
monly effective in this condition. Symptoms result from impaired blood 
flow in small vessels and include Raynaud phenomenon, acrocyanosis, 
and necrosis of the regions most exposed to cold, such as the tip of the 
nose, ears, fingers, and toes (Fig. 109-4), malleolar ulcers, purpura, and 
cold urticaria. Renal manifestations are infrequent. Mixed cryoglobu- 
lins (type II) consisting of IgM-IgG complexes may be associated with 
hepatitis C infections.” 


Autoantibody Activity 

Monoclonal IgM may exert its pathogenic effects through specific rec- 
ognition of autologous antigens, the most notable being nerve constitu- 
ents, immunoglobulin determinants, and red blood cell antigens. 


Immunoglobulin M-Related Neuropathy 

IgM-related peripheral neuropathy is common in WM patients, with 
estimated prevalence rates of 5 to 40 percent.” Approximately 8 per- 
cent of idiopathic neuropathies are associated with a monoclonal gam- 
mopathy, with a preponderance of IgM (60 percent) followed by IgG 
(30 percent) and IgA (10 percent) (Chap. 106).”*” The nerve damage is 
mediated by diverse pathogenetic mechanisms: (1) IgM antibody activ- 
ity toward nerve constituents causing demyelinating polyneuropathies; 
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Figure 109-4. Cryoglobulinemia manifesting with severe acrocyanosis in a patient with Waldenström macroglobulinemia before (A) and follow- 


ing warming and plasmapheresis (B). 


(2) endoneurial granulofibrillar deposits of IgM without antibody activ- 
ity, associated with axonal polyneuropathy; (3) occasionally by tubular 
deposits in the endoneurium associated with IgM cryoglobulin; and, 
rarely, (4) by amyloid deposits or by neoplastic cell infiltration of nerve 
structures.” Half of the patients with IgM neuropathy have a distinctive 
clinical syndrome that is associated with antibodies against a minor 100- 
kDa glycoprotein component of nerve known as the myelin-associated 
glycoprotein (MAG). Anti-MAG antibodies are generally monoclonal 
IgMx, and usually also exhibit reactivity with other glycoproteins or 
glycolipids that share antigenic determinants with MAG.”~” The anti- 
MAG-related neuropathy is typically distal and symmetrical, affecting 
both motor and sensory functions; it is slowly progressive with a long 
period of stability." Most patients present with sensory complaints 
(paresthesias, aching discomfort, dysesthesias, or lancinating pains), 
imbalance and gait ataxia, owing to lack proprioception; leg muscles 
atrophy in advanced stage. Patients with predominantly demyelinating 
sensory neuropathy in association with monoclonal IgM to gangliosides 
with disialosyl moieties, such as GD1b, GD3, GD2, GT1b, and GQ1b, 
have also been reported.*!*? Anti-GD1b and anti-GQ1b antibodies 
were associated with sensory ataxic neuropathy. These antiganglioside 
monoclonal IgMs present core clinical features of chronic ataxic neur- 
opathy sometimes with present ophthalmoplegia and/or red blood cell 
cold agglutinating activity. The disialosyl epitope is also present on red 
blood cell glycophorins, thereby accounting for the red cell cold agglu- 
tinin activity of anti-Pr2 specificity.*** Monoclonal IgM proteins that 
bind to gangliosides with a terminal trisaccharide moiety, including 
ganglioside M, (GM,) and GalNac-GD1A, are associated with chronic 
demyelinating neuropathy and severe sensory ataxia, unresponsive 
to glucocorticoids.* Antiganglioside IgM proteins may also cross- 
react with lipopolysaccharides of Campylobacter jejuni, whose infection 
is known to precipitate the Miller-Fisher syndrome, a variant of the 
Guillain-Barré syndrome. Thus, molecular mimicry may play a role in 
this condition. Antisulfatide monoclonal IgM proteins, associated with 
sensory-sensorimotor neuropathy, have been detected in 5 percent of 


patients with IgM monoclonal gammopathy and neuropathy.*” Motor 
neuron disease has been reported in patients with WM and monoclo- 
nal IgM with anti-GM, and sulfoglucuronyl paragloboside activity. 
Polyneuropathy, organomegaly, endocrinopathy, M protein, and skin 
changes (the POEMS syndrome) are rare in patients with WM.” 


Cold Agglutinin Hemolytic Anemia 

Monoclonal IgM may have cold agglutinin activity, that is, it can rec- 
ognize specific red cell antigens at temperatures below 37°C, producing 
chronic hemolytic anemia. This disorder occurs in less than 10 percent 
of WM patients and is associated with cold agglutinin titers greater 
than 1:1000 in most cases.” The monoclonal component is usually an 
IgMx and reacts most commonly with red cell I/i antigens, resulting 
in complement fixation and activation.”'’? Mild to moderate chronic 
hemolytic anemia can be exacerbated after cold exposure. Hemoglobin 
usually remains above 70 g/L. The hemolysis is usually extravascular, 
mediated by removal of C3b opsonized red cells by the mononuclear 
phagocyte system, primarily in the liver. Intravascular hemolysis from 
complement destruction of red blood cell membrane is infrequent. The 
agglutination of red cells in the skin circulation also causes Raynaud 
syndrome, acrocyanosis, and livedo reticularis. Macroglobulins with 
the properties of both cryoglobulins and cold agglutinins with anti-Pr 
specificity can occur. These properties may have as a common basis 
the binding of the sialic acid-containing carbohydrate present on red 
blood cell glycophorins and on Ig molecules. Several other macroglob- 
ulins with antibody activity toward autologous antigens (e.g., phospho- 
lipids, tissue and plasma proteins) and foreign ligands have also been 
described. 


Immunoglobulin M Tissue Deposition 

The monoclonal protein can deposit in several tissues as amorphous 
aggregates. Linear deposition of monoclonal IgM along the skin base- 
ment membrane is associated with bullous skin disease.°> Amorphous 
IgM deposits in the dermis result in IgM storage papules on the extensor 


surface of the extremities, referred to as macroglobulinemia cutis.” 


Deposition of monoclonal IgM in the lamina propria and/or submucosa 
of the intestine may be associated with diarrhea, malabsorption, and gas- 
trointestinal bleeding.” Kidney involvement is less common and less 
severe in WM than in myeloma, probably because the amount of light 
chain excreted in the urine is generally lower in WM than in myeloma 
and because of the absence of contributing factors, such as hypercalce- 
mia. Urinary cast nephropathy, however, has occurred in WM.” On the 
other hand, the IgM macromolecule is more susceptible to being trapped 
in the glomerular loops where ultrafiltration presumably contributes to 
its precipitation, forming subendothelial deposits of aggregated IgM pro- 
teins that occlude the glomerular capillaries.” Mild and reversible pro- 
teinuria may result and most patients are asymptomatic. The deposition 
of monoclonal light chain as fibrillar amyloid deposits (AL amyloidosis) 
is uncommon in patients with WM.” Clinical expression and prognosis 
are similar to those of other AL amyloidosis patients with involvement 
of heart (44 percent), kidneys (32 percent), liver (14 percent), lungs (10 
percent), peripheral or autonomic nerves (38 percent), and soft tissues 
(18 percent). The incidence of cardiac and pulmonary involvement is 
higher in patients with monoclonal IgM than with other immunoglobu- 
lin isotypes. The association of WM with reactive amyloidosis has been 
documented rarely.'!" Simultaneous occurrence of fibrillary glomer- 
ulopathy, characterized by glomerular deposits of wide noncongophilic 
fibrils and amyloid deposits, has been described.” 


MANIFESTATIONS RELATED TO TISSUE 
INFILTRATION BY NEOPLASTIC CELLS 


Tissue infiltration by neoplastic cells is uncommon but can involve var- 
ious organs and tissues, including the liver, spleen, lymph nodes, lungs, 
gastrointestinal tract, kidneys, skin, eyes, and central nervous system. 


Lung 

Pulmonary involvement in the form of masses, nodules, diffuse infil- 
trate, or pleural effusions is uncommon; the overall incidence of pul- 
monary and pleural findings is approximately 4 percent." Cough is 
the most common presenting symptom, followed by dyspnea and chest 
pain. Chest radiographic findings include parenchymal infiltrates, con- 
fluent masses, and effusions. 


Gastrointestinal Tract 

Malabsorption, diarrhea, bleeding, or obstruction may indicate involve- 
ment of the gastrointestinal tract at the level of the stomach, duodenum, 
or small intestine.'°! 


Renal System 

In contrast to myeloma, infiltration of the kidney interstitium with lym- 
phoplasmacytoid cell can occur in WM, and renal or perirenal masses 
are not uncommon. ™!®!! 


Skin 

The skin can be the site of dense lymphoplasmacytic infiltrates, similar 
to that seen in the liver, spleen, and lymph nodes, forming cutaneous 
plaques and, rarely, nodules.'!? Chronic urticaria and IgM gammopathy 
are the two cardinal features of the Schnitzler syndrome, which is not 
usually associated initially with clinical features of WM, although evolu- 
tion to WM is not uncommon." Thus, close followup of these patients 
is important. 


Joints 
Invasion of articular and periarticular structures by WM malignant 
cells is rarely reported." 
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Eye 

The neoplastic cells can infiltrate the periorbital structures, lacrimal 
gland, and retroorbital lymphoid tissues, resulting in ocular nerve 
palsies.'!>1!6 


Central Nervous System 

Direct infiltration of the central nervous system by monoclonal lymphop- 
lasmacytic cells as infiltrates or as tumors constitutes the rarely observed 
Bing-Neel syndrome, characterized clinically by confusion, memory loss, 
disorientation, and motor dysfunction (reviewed in Ref. 117). 


@ LABORATORY FINDINGS 
BLOOD ABNORMALITIES 


Anemia is the most common finding in patients with symptomatic WM 
and is caused by a combination of factors: decrease in red cell survival, 
impaired erythropoiesis, moderate plasma volume expansion, hepcidin 
production leading to iron reutilization defect, and blood loss from 
the gastrointestinal tract.’*''*' Blood films are usually normocytic 
and normochromic, and rouleaux formation is often pronounced (see 
Fig. 109-1). Mean red cell volume may be elevated spuriously owing 
to erythrocyte aggregation. In addition, the hemoglobin estimate can 
be inaccurate, that is, falsely high, because of interaction between the 
monoclonal protein and the diluent used in some automated analyz- 
ers.’ Leukocyte and platelet counts are usually within the reference 
range at presentation, although patients may occasionally present with 
severe thrombocytopenia. Monoclonal B-lymphocytes expressing 
surface IgM and late-differentiation B-cell markers are uncommonly 
detected in blood by flow cytometry. A raised erythrocyte sedimenta- 
tion rate is almost always present and may be the first clue to the pres- 
ence of the macroglobulinemia. The clotting abnormality detected most 
frequently is prolongation of thrombin time. AL amyloidosis should 
be suspected in all patients with nephrotic syndrome, cardiomyopa- 
thy, hepatomegaly, or peripheral neuropathy. Diagnosis requires the 
demonstration of green birefringence under polarized light of amyloid 
deposits stained with Congo red. 


MARROW FINDINGS 


Central to the diagnosis of WM is the demonstration, by trephine 
biopsy, of marrow infiltration by a lymphoplasmacytic cell population 
characterized by small lymphocytes with evidence of plasmacytoid 
and plasma cell maturation (see Fig. 109-1).''* The pattern of mar- 
row infiltration may be diffuse, interstitial, or nodular, usually with an 
intertrabecular pattern of infiltration. A solely paratrabecular pattern of 
infiltration is unusual and should raise the possibility of follicular lym- 
phoma.' The marrow cell immunophenotype should be confirmed by 
flow cytometry and/or immunohistochemistry. The cell immunoprofile: 
sIgM*CD19*CD20*CD22*CD79* is characteristic of WM.'*"°?! Up to 
20 percent of cases may express either CD5, CD10, or CD23.” In these 
cases, chronic lymphocytic leukemia and mantle cell lymphoma should 
be excluded. “Intranuclear” periodic acid-Schiff-positive inclusions 
(Dutcher-Fahey bodies)” consisting of IgM deposits in the perinuclear 
space, and sometimes in intranuclear vacuoles, may be seen occasion- 
ally in lymphoid cells. An increased number of mast cells, usually in 
association with the lymphoid aggregates is commonly found, and their 
presence may help in differentiating WM from other B-cell lympho- 
mas (Fig. 109-5). MYD88'** testing of marrow samples has been 
incorporated into many clinical laboratories, and may help in clarifying 
the diagnosis of WM from other IgM-secreting entities.” The use of 
blood B cells may also permit determination of MYD88'’*? status by 
allele-specific PCR assays, particularly in untreated WM patients. 


A 
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Figure 109-5. Marrow clot section. A. Tryptase-staining mast cells surrounding a nodule of lymphoplasmacytic cells in a patient with Waldenström 
macroglobulinemia. B. Mast cells in the same section exhibit strong CD40 ligand signaling, which has been shown to support (at least in part) the 


growth and survival of lymphoplasmacytic cells. 


IMMUNOLOGIC ABNORMALITIES 


High-resolution electrophoresis combined with immunofixation of 
serum and urine is recommended for identification and characteriza- 
tion of the IgM monoclonal protein. The light chain of the monoclonal 
IgM is x in 75 to 80 percent of patients. More than one M component 
may be present. The concentration of the serum monoclonal protein 
is very variable but in most cases lies within the range of 15 to 45 g/L. 
Densitometry should be adopted to determine IgM levels for serial eval- 
uations because nephelometry is unreliable and shows large laboratory 
variation. The presence of cold agglutinins or cryoglobulins may affect 
determination of IgM levels and, therefore, testing for cold agglutinins 
and cryoglobulins should be performed at diagnosis. If present, subse- 
quent serum samples should be analyzed at 37°C for determination of 
serum monoclonal IgM level. Although Bence Jones proteinuria is fre- 
quently present, it exceeds 1 g/24 h in only 3 percent of cases. Whereas 
IgM levels are elevated in WM patients, IgA and IgG levels are most 
often depressed and do not recover after successful treatment. !” 


SERUM VISCOSITY 


Because of its large size (almost 1,000,000 daltons), most IgM mole- 
cules are retained within the intravascular compartment and can exert 
an undue effect on serum viscosity. Serum viscosity can be measured if 
the patient has signs or symptoms of hyperviscosity syndrome, although 
serum viscosity levels are erratic because of a lack of standardization 
in most clinical laboratories.’ As such, inferences derived from serum 
IgM levels may be more reliable. Patients typically become symptomatic 
at serum viscosity levels of 4 cp and above, which relates to serum IgM 
levels above 6000 mg/dL.'*"° Patients may be symptomatic at lower 
serum viscosity and IgM levels, and in these patients cryoglobulins may 
be present. Recurring nosebleeds, headaches, and visual disturbances 
are common symptoms in patients with symptomatic hyperviscosity.'® 
Funduscopy is an important indicator of clinically relevant hyperviscos- 
ity. Among the first clinical signs of hyperviscosity are the appearance 
of peripheral and midperipheral dot and blot-like hemorrhages in the 
retina, which are best appreciated with indirect ophthalmoscopy and 


scleral depression. In more severe cases of hyperviscosity, dot, blot, 
and flame-shaped hemorrhages can appear in the macular area along 
with markedly dilated and tortuous veins with focal constrictions 
resulting in “venous sausaging,’ as well as papilledema. The effects of 
hyperviscosity are mediated by the blood viscosity as a result of IgM- 
red cell interactions but measurement of serum viscosity is much sim- 
pler than is blood viscosity and is not shear rate dependent so easier to 
related to clinical manifestations. 


IMAGING 


Magnetic resonance imaging (MRI) of the spine in conjunction with 
computed tomography (CT) of the abdomen and pelvis are useful in 
evaluating the disease status.’ Marrow involvement can be docu- 
mented by MRI studies of the spine in more than 90 percent of patients; 
CT of the abdomen and pelvis demonstrates enlarged nodes in approx- 
imately 40 percent of WM patients.'”° 


LYMPH NODE BIOPSY 


Lymph node biopsy may show preserved architecture or replacement 
by infiltration of neoplastic cells with lymphoplasmacytoid, lymphop- 
lasmacytic, or polymorphous cytologic patterns. 


POLYMERASE CHAIN REACTION 


The residual disease after high-dose chemotherapy with allogeneic or 
autologous stem-cell rescue can be monitored by PCR-based methods 
using primers specific for the monoclonal Ig variable regions. 


@TREATMENT 


DECIDING ON INITIATING TREATMENT 


As part of the Second International Workshop on Waldenström Macro- 
globulinemia, a consensus panel was organized to recommend criteria 
for the initiation of therapy in patients with WM.” The panel recom- 
mended that initiation of therapy should not be based on the IgM level 
per se, as this may not correlate with the clinical manifestations of WM. 


The consensus panel did, however, agree that initiation of therapy is 
appropriate for patients with constitutional symptoms, such as recur- 
rent fever, night sweats, fatigue as a consequence of anemia, or weight 
loss. Progressive symptomatic lymphadenopathy and/or splenomegaly 
provide additional reasons to begin therapy. Anemia with a hemoglobin 
value of 10 g/dL or less or a platelet count of 100 x 10°/L or less owing 
to marrow infiltration, also justifies treatment. Certain complications, 
such as hyperviscosity syndrome, symptomatic sensorimotor periph- 
eral neuropathy, systemic amyloidosis, renal insufficiency, or symptom- 
atic cryoglobulinemia, may also be indications for therapy.'*'”” 


INITIAL THERAPY 


The International Workshops on Waldenström Macroglobulinemia have 
also formulated consensus recommendations for both initial therapy and 
therapy for refractory disease based on the best available evidence. The 
most recent recommendations emerged from the Seventh International 
Workshop on Waldenström Macroglobulinemia.’* Individual patient 
considerations, including the presence of cytopenias, need for more 
rapid disease control, age, and candidacy for autologous transplant ther- 
apy, should be taken into account in making the choice of the drugs to 
use. For patients who are candidates for autologous stem cell transplanta- 
tion, which typically is reserved for those patients younger than 70 years 
of age, the panel recommended that exposure to alkylating agents or 
nucleoside analogues should be limited. The use of nucleoside analogues 
should be approached cautiously in patients with WM as there appears 
to be an increased risk for the development of disease transformation, as 
well as myelodysplasia and acute myelogenous leukemia. 


Oral Alkylating Agents 

Oral alkylating drugs, alone and in combination therapy with gluco- 
corticoids, have been extensively evaluated in the treatment of WM. 
Chlorambucil has been administered on both a continuous (i.e., daily 
dose schedule) and an intermittent schedule. Patients receiving chlo- 
rambucil on a continuous schedule typically receive 0.1 mg/kg per day, 
whereas on the intermittent schedule patients typically receive 0.3 mg/ 
kg for 7 days, every 6 weeks. In a prospective randomized study, no sig- 
nificant difference in the overall response rate between these schedules 
was observed,” although the median response duration was greater for 
patients receiving intermittent-dose versus continuous-dose chloram- 
bucil (46 vs. 26 months). Despite the favorable median response dura- 
tion in this study for use of the intermittent schedule, no difference in 
the median overall survival was observed. Moreover, an increased inci- 
dence for development of myelodysplasia and acute myelogenous leu- 
kemia with the intermittent (three of 22 patients) versus the continuous 
(zero of 24 patients) chlorambucil schedule prompted the preference 
for use of continuous chlorambucil dosing. The use of glucocorticoids 
in combination with alkylating agent therapy has also been explored. 
Chlorambucil (8 mg/m?) plus prednisone (40 mg/m’) given orally for 
10 days, every 6 weeks, resulted in a major response (i.e., reduction 
of IgM by more than 50 percent) in 72 percent of patients." Alkylat- 
ing agent regimens employing melphalan and cyclophosphamide in 
combination with glucocorticoids also have been examined.” This 
approach produced slightly higher overall response rates and response 
durations, although the benefit of these more complex regimens over 
chlorambucil remains to be demonstrated. Pretreatment factors associ- 
ated with shorter survival in the entire population of patients receiving 
single-agent chlorambucil were age older than age 60 years, male sex, 
hemoglobin less than 10 g/dL, leukocytes less than 4 x 10°/L, and plate- 
lets less than 150 x 10°/L. Organomegaly, signs of hyperviscosity, renal 
failure, monoclonal IgM level, blood lymphocytosis, and percentage of 
marrow lymphoid cells were not significantly correlated with survival.’* 
Additional factors to be taken into account in considering alkylating 
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agent therapy for patients with WM include necessity for more rapid 
disease control given the slow response, as well as consideration for pre- 
serving stem cells in patients who are candidates for autologous stem 
cell transplantation therapy. A large randomized study showed an infe- 
rior response rate and time to progression in WM patients receiving 
chlorambucil versus fludarabine, as well as a higher incidence of sec- 
ondary malignancies in the former. Neutropenia was, however, more 
pronounced in those patients on fludarabine.'** 


Nucleoside Analogue Therapy 

Cladribine administered as a single agent by continuous intravenous 
infusion, by 2-hour daily infusion, or by subcutaneous bolus injections 
for 5 to 7 days has resulted in major responses in 40 to 90 percent of 
patients who received primary therapy, whereas in the previously 
treated patients, responses have ranged from 38 to 54 percent. "5-1 
Median time to achievement of response in responding patients follow- 
ing cladribine ranged from 1.2 to 5 months. The overall response rate 
with daily infusion of fludarabine, administered mainly on 5-day sched- 
ules, in previously untreated and treated patients, ranged from 38 to 
100 percent and 30 to 40 percent, respectively, -7 similar to the 
responses to cladribine. Median time to achievement of response for 
fludarabine (3 to 6 months) was also similar to cladribine. In general, 
response rates and durations of responses have been greater for patients 
receiving nucleoside analogues as initial therapy, although in several 
studies in which both untreated and previously treated patients were 
enrolled, no difference in the overall response rate was reported. 

Myelosuppression commonly occurs following prolonged expo- 
sure to either of the nucleoside analogues. A sustained decrease in both 
CD4+ and CD8+ T lymphocytes, measured 1 year following initiation 
of therapy, is notable." Treatment-related mortality as a conse- 
quence of myelosuppression and/or opportunistic infections attribut- 
able to immunosuppression occurred in up to 5 percent of all treated 
patients in some series with nucleoside analogues. 

Factors predicting for a better response to nucleoside analogues 
include younger age at start of treatment (<70 years), higher pretreat- 
ment hemoglobin (>95 g/L), higher platelet count (>75 x 10°/L), disease 
relapsing off therapy, and a long interval between first-line therapy and 
initiation of a nucleoside analogue in relapsing patients.'*>'“°'“6 There are 
limited data on the use of an alternate nucleoside analogue in previously 
treated patients among whom disease relapsed or who had resistance 
when not on cladribine or fludarabine therapy." Three of four (75 
percent) patients responded to cladribine after progression following an 
unmaintained remission to fludarabine, whereas only one of 10 (10 per- 
cent) with disease resistant to fludarabine responded to cladribine.'* A 
response in two of six patients (33 percent) and disease stabilization in 
the remaining patients to fludarabine, in spite of an inadequate response 
or progressive disease, following cladribine therapy has been reported.” 

Harvesting autologous blood stem cells succeeded on the first 
attempt in 14 of 15 patients who did not receive nucleoside analogue 
therapy as compared to two of six patients who received a nucleoside 
analogue.’ A sevenfold increase in transformation to an aggressive 
lymphoma and a threefold increase in the development of myelodyspla- 
sia or acute myelogenous leukemia were observed among patients who 
received a nucleoside analogue versus other therapies for their WM." 
A meta-analysis of several trials in which patients were treated with 
nucleoside analogues in WM patients, included patients who had pre- 
viously received an alkylating agent, and showed a crude incidence of 
approximately 8 percent for development of disease transformation and 
of approximately 5 percent for development of myelodysplasia or acute 
myelogenous leukemia.’ None of the risk factors—that is, gender, age, 
family history of WM, or B-cell malignancies, typical markers of tumor 
burden and prognosis, type of nucleoside analogue therapy (cladribine 


vs. fludarabine), time from diagnosis to nucleoside analogue use, nucle- 
oside analogue treatment as primary or salvage therapy, or treatment 
with an oral alkylator (i.e., chlorambucil)—predicted for the occurrence 
of transformation or development of myelodysplasia or acute myeloge- 
nous leukemia in patients treated with a nucleoside analogue.'* 


CD20-Directed Antibody Therapy 

Rituximab is a chimeric monoclonal antibody that targets CD20, a 
widely expressed antigen on lymphoplasmacytic cells in WM.’ Several 
retrospective and prospective studies indicated that rituximab, when 
used at standard doses (i.e., 4 weekly intravenous infusions of 375 mg/ 
m°) induced major responses in approximately 30 percent of previously 
treated and untreated patients.'**'% Even patients who achieved minor 
responses benefited from rituximab by improved hemoglobin and 
platelet counts, and reduction of lymphadenopathy and/or splenomeg- 
aly.’* The median time to treatment failure in these studies was found to 
range from 8 to 27+ months. Patients on an extended rituximab sched- 
ule consisting of four weekly courses at 375 mg/m? per week, repeated 
3 months later by another 4-week course have demonstrated major 
response rates of approximately 45 percent, with time to progression 
estimates of 16+ to 29+ months.’°°*” 

In many WM patients, a transient increase or flare of the serum 
IgM may occur immediately following initiation of rituximab treat- 
ment.'**!5815° Such an increase does not herald treatment failure and 
most patients will return to their baseline serum IgM level by 12 weeks. 
Some patients continue to show a prolonged increase in IgM despite an 
apparent reduction in their marrow tumor cells. However, patients with 
baseline serum IgM levels of greater than 50 g/dL or serum viscosity of 
greater than 3.5 cp may be particularly at risk for a hyperviscosity-re- 
lated event and plasmapheresis should be considered in these patients 
in advance of rituximab therapy.'** Because of the decreased likelihood 
of response in patients with higher IgM levels, as well as the possibility 
that serum IgM and blood viscosity levels may abruptly rise, rituximab 
monotherapy should not be used as sole therapy for the treatment of 
patients at risk for hyperviscosity signs and symptoms. 156157 

Time to response after rituximab is slow and exceeds 3 months on 
the average. The time to best response in one study was 18 months.” 
Patients with baseline serum IgM levels of less than 60 g/dL are more 
likely to respond, regardless of the underlying marrow involvement by 
tumor cells.'°°!*” An analysis of 52 patients who were treated with sin- 
gle-agent rituximab found the objective response rate was significantly 
lower in patients who had either low serum albumin (<35 g/L) or a 
serum monoclonal protein greater than 40 g/L.’® The presence of both 
adverse prognostic factors was associated with a short time to progres- 
sion (3.6 months). Patients who had normal serum albumin and rela- 
tively low serum monoclonal protein levels derived a substantial benefit 
from rituximab with a time to progression exceeding 40 months. 

A correlation between polymorphisms at position 158 in the FcyRI]a 
receptor (CD16), an activating Fc receptor on important effector cells that 
mediate antibody-dependent cell-mediated cytotoxicity, and rituximab 
response was observed in WM patients.’ Individuals may encode either the 
amino acid valine or phenylalanine at position 158 in the FcyRIIa receptor. 
WM patients who carried the valine amino acid (either in a homozygous 
or heterozygous pattern) had a fourfold higher major response rate (i.e., 50 
percent decline in serum IgM levels) to rituximab versus those patients who 
expressed phenylalanine in a homozygous pattern. 


Proteasome Inhibitors 

Both bortezomib and carfilzomib have been evaluated in prospective 
studies in patients with WM, although the latter only in combination 
therapy (discussed below). In a retrospective study, 10 patients with 
refractory or relapsed WM were treated with bortezomib administered 
intravenously at a dose of 1.3 mg/m? on days 1, 4, 8, and 11 in a 21-day 
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cycle for a total of four cycles. Most patients had been exposed to all 
active agents for WM and eight patients had received three or more reg- 
imens. Six of these patients achieved a partial response which occurred 
at a median of 1 month. The median time to progression in the respond- 
ing patients is expected to exceed 11 months. Peripheral neuropathy 
occurred in three patients and one patient developed severe paralytic 
ileus in this series.” In a prospective study among 27 relapsed or refrac- 
tory patients who received up to eight cycles of bortezomib at 1.3 mg/m? 
on days 1, 4, 8, and 11, median serum IgM levels declined significantly 
from 4.7 g/dL to 2.1 g/dL.” The overall response rate was 85 percent, 
with 10 and 13 patients achieving a minor (225 percent) and major 
(250 percent) decrease in IgM level. Responses occurred at a median of 
1.4 months. The median time to progression for all responding patients 
in this study was 7.9 (range: 3.0 to 21.4+) months, and the most com- 
mon grades III/IV toxicities were sensory neuropathies (22.2 percent), 
leukopenia (18.5 percent), neutropenia (14.8 percent), dizziness (11.1 
percent), and thrombocytopenia (7.4 percent). Sensory neuropathies 
resolved or improved in nearly all patients following cessation of therapy. 
Twenty-seven patients with both untreated (44 percent) and previously 
treated (56 percent) disease received bortezomib, using the standard 
schedule until they either demonstrated progressive disease or two cycles 
beyond a complete response or stable disease.'® The overall response rate 
was 78 percent, with major responses observed in 44 percent of patients. 
Sensory neuropathy occurred in 20 patients following two to four cycles 
of therapy. Among the 20 patients developing a neuropathy, 14 showed 
resolution or improvement 2 to 13 months after therapy. 


Combination Therapies 

Because rituximab is not myelosuppressive, its combination with che- 
motherapy has been explored. A regimen of rituximab, cladribine, and 
cyclophosphamide used in 17 previously untreated patients resulted in 
a partial response in 94 percent of WM patients, including a complete 
response in 18 percent.’ No patient had relapsed with a median fol- 
lowup of 21 months. The combination of rituximab and fludarabine 
used in 43 patients of whom 32 (75 percent) were previously untreated, 
led to an overall response rate of 95.3 percent, with 83 percent of patients 
achieving a major response (i.e., 50 percent reduction in disease bur- 
den). The median time to progression was 51.2 months in this series, 
and was longer for those patients who were previously untreated and 
for those achieving a very good partial remission (i.e., 90 percent reduc- 
tion in disease) or better. Hematologic toxicity was common: grade 3 
neutropenia and thrombocytopenia observed in 27 and four patients, 
respectively. Two deaths occurred in this study from pneumonia. Sec- 
ondary malignancies including transformation to aggressive lymphoma 
and development of myelodysplasia or acute myelogenous leukemia 
were observed in six patients in this series. The addition of rituximab 
to fludarabine and cyclophosphamide has also been explored in previ- 
ously treated patients, of whom four of five patients had a response.'® In 
another combination study, rituximab along with pentostatin and cyclo- 
phosphamide given to 13 patients with untreated and previously treated 
WM or LPL resulted in a major response in 77 percent of patients.'” 
The combination of rituximab, dexamethasone, and cyclophosphamide 
was used as primary therapy to treat 72 patients with WM in whom a 
major response was observed in 74 percent of patients in this study, and 
the 2-year progression-free survival was 67 percent.'® Therapy was well 
tolerated, although one patient died of interstitial pneumonia. 

Two studies examined cyclophosphamide, doxorubicin, vin- 
cristine, and prednisone (CHOP) in combination with rituximab 
(R-CHOP). In a randomized trial involving 69 patients, most of whom 
had WM, the addition of rituximab to CHOP resulted in a higher 
overall response rate (94 percent vs. 67 percent) and median time to 
progression (63 vs. 22 months) in comparison to patients treated with 


CHOP alone.’® R-CHOP was also used in 13 WM patients, 10 of whom 
had relapsed or refractory disease.'” Among 13 evaluable patients, 10 
patients achieved a major response (77 percent), including three com- 
plete and seven partial remissions. Two other patients achieved a minor 
response. In a retrospective study of symptomatic WM patients who 
received either R-CHOP; rituximab, cyclophosphamide, vincristine, 
and prednisone (R-CVP); or cyclophosphamide, prednisone, and rit- 
uximab (R-CP) and were similar in most pretreatment variables, the 
overall response rates to therapy were comparable among all three treat- 
ment groups—R-CHOP (96 percent), R-CVP (88 percent), and R-CP 
(95 percent)—although there was a trend for more complete remissions 
among patients treated with R-CVP and R-CHOP.”! Adverse events 
attributed to therapy showed a higher incidence for neutropenic fever 
and treatment related neuropathy for R-CHOP and R-CVP versus 
R-CP. The results of this study suggest that in WM, the use of R-CP 
may provide analogous treatment responses to more intense cyclophos- 
phamide-based regimens while minimizing treatment-related compli- 
cations. The extended alkylator bendamustine has also been evaluated 
in combination with rituximab in both untreated, as well as previ- 
ously treated WM patients. A randomized study by the German STiL 
Group examined bendamustine plus rituximab (BR) versus R-CHOP in 
patients with untreated, indolent B-cell lymphomas including WM.'” 
Patients with WM in this study showed similar overall responses 
(96 percent vs. 94 percent), although progression-free survival was 
significantly longer (69 vs. 29 months) in patients who received BR 
versus R-CHOP. Treatment was also better tolerated in patients receiv- 
ing BR. In the relapsed or refractory setting, an overall response rate 
of 83 percent was observed with bendamustine in combination with a 
CD20 monoclonal antibody." The median time to progression was 13 
months in this study. Prolonged myelosuppression was more common 
in patients who received prior nucleoside analogues. 

The use of two cycles of oral cyclophosphamide along with sub- 
cutaneous cladribine to 37 patients with previously untreated WM led 
to a partial response in 84 percent of patients and the median dura- 
tion of response was 36 months.“ Fludarabine in combination with 
intravenous cyclophosphamide resulted in partial responses in six of 
11 (55 percent) WM patients with either primary refractory disease 
or who had relapsed on treatment.’ The combination of fludarabine 
plus cyclophosphamide was also evaluated in 49 patients, 35 of whom 
were previously treated. Seventy-eight percent of the patients achieved 
a response, and the median time to treatment failure was 27 months.'5 
Hematologic toxicity was frequent, and three patients died of treat- 
ment-related toxicities. Two important findings in this study were the 
development of acute leukemia in two patients, histologic transforma- 
tion to diffuse large B-cell lymphoma in one patient, and two cases of 
solid malignancies (prostate and melanoma), as well as failure to mobi- 
lize stem cells in 4 of 6 patients. 

The combination of bortezomib, dexamethasone, and rituximab 
(BDR) as primary therapy in patients with WM resulted in an overall 
response rate of 96 percent, and a major response rate of 83 percent. ”® 
The incidence of grade 3 neuropathy was approximately 30 percent, but 
was reversible in most patients following discontinuation of therapy. An 
increased incidence of herpes zoster was also observed prompting the 
prophylactic use of antiviral therapy. Alternative schedules for adminis- 
tration of bortezomib (i.e., once weekly at higher doses) in combination 
with rituximab in patients with WM have achieved overall response 
rates of 80 to 90 percent.'””'8 The European Myeloma Network (EMN) 
recently showed that transitioning bortezomib from twice weekly intra- 
venous dosing during the first cycle to weekly administration thereafter 
reduced grade 3 neuropathy to less than 10 percent in patients treated 
with BDR.” There have been no studies addressing the safety and effi- 
cacy of subcutaneous bortezomib use in WM. 
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Carfilzomib which is associated with a low risk of treatment-re- 
lated peripheral neuropathy has been evaluated in combination with 
rituximab and dexamethasone (CaRD) in WM patients.” Carfilzomib 
was administered intravenously at 20 mg/m? (cycle one), then 36 mg/m? 
(cycles two to six), together with dexamethasone (20 mg) on days 1, 2, 
8, and 9 as part of a 21-day cycle. As part of this regimen, rituximab 375 
mg/m? was given on days 2 and 9 every 21 days. Maintenance therapy 
was given 8 weeks following induction therapy with intravenous carfil- 
zomib (36 mg/m?) and dexamethasone (20 mg) administered on days 1 
and 2 and rituximab 375 mg/m? on day 2 every 8 weeks for up to eight 
cycles. Overall response rate with this regimen was 87.1 percent (one 
complete response, 10 very good partial responses, 10 partial responses, 
and six minimal responses) and was not impacted by MYD88'"*" or 
CXCR4“#™ mutation status. With a median followup of 15.4 months, 
20 patients remained progression free. Grade 2 or higher toxicities 
included asymptomatic hyperlipasemia (41.9 percent), reversible neu- 
tropenia (12.9 percent), and cardiomyopathy in one patient (3.2 per- 
cent) with multiple risk factors. Treatment-related neuropathy, which 
was grade 2, occurred in one patient (3.2 percent). Declines in serum 
IgA and IgG were common, and some patients required intravenous 
gammaglobulin therapy for recurring sinus and bronchial infections. 


Novel Therapeutics 

The use of Ibrutinib was recently approved by the FDA for the treat- 
ment of symptomatic patients with WM. Ibrutinib targets BTK, a target 
of ibrutinib that is activated by MYD88"**".* In a multicenter study that 
examined the role of ibrutinib in previously treated (median: two prior 
therapies, 40 percent refractory) WM patients, the overall response rate 
was 91 percent.'*’ Patients on this study received 420 mg/day of ibrutinib 
by mouth. Posttherapy, median serum IgM levels declined from 3610 to 
915 mg/dL; hemoglobin rose from 10.5 to 13.5 g/dL; and marrow involve- 
ment declined from 60 percent to 25 percent. Decreased or resolved 
adenopathy was observed in 60 percent of patients with extramedullary 
disease, and five of nine patients with IgM-related peripheral neuropathy 
had symptomatic improvement. The 24-month estimate for progression- 
free and overall survival was 70 percent and 95 percent, respectively. 
Although major response rates were lower in patients with MYD88”" 
and CXCR4“"™ mutations, it is not recommended that genotyping be 
used to select which patients should go on ibrutinib until further data 
is available. Grade 2 or higher treatment-related toxicities included neu- 
tropenia (25 percent) and thrombocytopenia (14 percent), which were 
more common in heavily pretreated patients; atrial fibrillation associated 
with a prior history of arrhythmia (5 percent); and bleeding associated 
with procedures and marine oil supplements (3 percent). Serum IgA and 
IgG levels were unchanged following treatment with ibrutinib, and treat- 
ment-related infections were infrequent. 

Everolimus is an oral inhibitor of the mammalian target of rapamy- 
cin (mTOR) pathway that is active in WM. A multicenter study exam- 
ined everolimus in 60 previously treated patients that showed an overall 
response rate (ORR) of 73 percent, with 50 percent of patients attaining 
a major response.'*! The median progression-free survival in this study 
was 21 months. Grade 3 or higher related toxicities were observed in 
67 percent of patients, with cytopenias constituting the most common 
toxicity. Pulmonary toxicity occurred in 5 percent of patients, and dose 
reductions as a result of toxicity occurred in 52 percent of patients. 
A clinical trial examining the activity of everolimus in 33 previously 
untreated patients with WM has also been reported that included serial 
marrow biopsies in response assessment.’ The ORR in this study 
was 72 percent, including partial or better responses in 60 percent of 
patients. However, discordance between serum IgM levels upon which 
consensus criteria for response are based, and marrow disease response 
were common and complicated response assessment. In a few patients, 


discontinuation of everolimus led to rapid increases in serum IgM lev- 
els, and symptomatic hyperviscosity. Grade 2 or higher hematologic 
and nonhematologic toxicities in this study that were related to everoli- 
mus were predominately hematologic, including anemia (40 percent), 
thrombocytopenia (12 percent), and neutropenia (18 percent). Non- 
hematologic toxicities included oral ulcerations (27 percent), which 
improved with oral dexamethasone swish and spit solution, and pneu- 
monitis (15 percent), which led to treatment discontinuation. 


Maintenance Therapy 

A large retrospective study examined the categorical responses out- 
come of rituximab-naive patients who were either observed or received 
maintenance rituximabwere .'® Categorical responses improved after 
induction therapy in 42 percent of patients who received maintenance 
rituximab versus 10 percent in patients on observation. Additionally, 
both progression-free survival (56.3 vs. 28.6 months) and overall sur- 
vival (>120 vs. 116 months) were longer in patients who received main- 
tenance rituximab. Improved progression-free survival was evident 
despite previous treatment status or induction with rituximab, either 
alone or in combination therapy. Best serum IgM response was also 
lower and hematocrit higher in those patients who received mainte- 
nance rituximab. Among patients who received maintenance rituximab 
therapy, an increased number of infectious events, predominantly grade 
1 or 2 sinusitis and bronchitis were observed, along with lower serum 
IgA and IgG levels. A prospective study examining the role of mainte- 
nance rituximab was also initiated by the German STiL group."* In this 
study, patients received up to six cycles of bendamustine and rituximab, 
and responders randomized to either observation or maintenance ritux- 
imab every 2 months for 2 years. Enrollment for this study is complete 
and response outcome for maintenance rituximab therapy is awaited. 


HIGH-DOSE THERAPY AND STEM CELL 
TRANSPLANTATION 


The European Bone Marrow Transplant Registry reported the largest 
experience for both autologous as well as allogeneic stem cell transplan- 
tation (SCT) in WM."*!8* Among 158 WM patients receiving an autol- 
ogous SCT, which included primarily relapsed or refractory patients, 
the 5-year progression-free and overall survival rate was 39.7 percent 
and 68.5 percent, respectively.'* Nonrelapse mortality at 1 year was 
3.8 percent. Chemorefractory disease, and the number of prior lines of 
therapy at time of the autologous SCT were the most important prog- 
nostic factor for progression-free and overall survival. In the alloge- 
neic SCT experience from the European Bone Marrow Transplant, the 
long-term outcome of 86 WM patients was reported.'*° A total of 86 
patients received allograft by either myeloablative or reduced-intensity 
conditioning. The median age of patients in this series was 49 years, and 
47 patients had three or more previous lines of therapy. Eight patients 
failed prior autologous SCT. Fifty-nine patients (68.6 percent) had che- 
motherapy-sensitive disease at the time of allogeneic SCT. Nonrelapse 
mortality at 3 years was 33 percent for patients receiving a myeloabla- 
tive transplant, and 23 percent for those who received reduced-intensity 
conditioning. The overall response rate was 75.6 percent. The relapse 
rates at 3 years were 11 percent for myeloablative, and 25 percent for 
reduced-intensity conditioning recipients. Five-year progression-free 
and overall survival for WM patients who received a myeloablative 
allogeneic SCT were 56 percent and 62 percent, respectively, and for 
patients who received reduced intensity conditioning were 49 percent 
and 64 percent, respectively. The occurrence of chronic graft-versus- 
host disease was associated with improved progression-free survival, 
and suggested the existence of a clinically relevant graft-versus- WM 
effect in this study. 
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@ RESPONSE CRITERIA INWALDENSTROM 
MACROGLOBULINEMIA 


Table 109-3 summarizes the response categories and criteria for pro- 
gressive disease in WM based on the most recent consensus recommen- 
dations.'*” The term overall response is used to characterize all responses, 
including minor responses. Major responses only include partial, very 
good partial, and complete responses. The attainment of very good partial 
or complete responses is associated with improved progression-free sur- 
vival, 155165176179188 Response assessments in WM rely primarily on serum 
IgM or IgM paraprotein levels, although complete responses require dis- 
appearance of the IgM monoclonal protein, and resolution of marrow and/ 
or extramedullary WM disease.'*” An important concern with the use of 
IgM as a surrogate marker of disease is that it can fluctuate, independent 


TABLE 109-3. Summary of Consensus Response Criteria 


for Waldenstrom’s Macroglobulinemia'®” 


Complete CR 
Response 


Absence of serum monoclonal IgM protein 
by immunofixation. 


Normal serum IgM level. 


Complete resolution of extramedullary dis- 
ease, i.e., lymphadenopathy/splenomegaly 
if present at baseline. 


Morphologically normal marrow aspirate 
and trephine biopsy. 


Very Good VGPR 


Partial 
Response 


Monoclonal IgM protein is detectable. 


90% reduction in serum IgM level from 
baseline, or normalization of serum IgM 
level. 


Complete resolution of extramedullary dis- 
ease, i.e., lymphadenopathy/splenomegaly 
if present at baseline. 


No new signs or symptoms of active disease. 


Partial PR 
Response 


Monoclonal IgM protein is detectable. 


250% but <90% reduction in serum IgM 
level from baseline. 


Reduction in extramedullary disease, i.e., 
lymphadenopathy/splenomegaly if present 
at baseline. 


No new signs or symptoms of active disease. 


Minor MR 
Response 


Monoclonal IgM protein is detectable. 


225% but <50% reduction in serum IgM 
level from baseline. 


No new signs or symptoms of active disease. 


Stable SD 
Disease 


Monoclonal IgM protein is detectable. 


<25% reduction and <25% increase in 
serum IgM level from baseline. 


No progression in extramedullary disease, 
i.e., lYmphadenopathy/splenomegaly. 
No new signs or symptoms of active disease. 


Progressive PD 
Disease 


>25% increase in serum IgM level from 
lowest nadir (requires confirmation) and/or 
progression in clinical features attributable 
the disease. 


Reproduced with permission from Owen RG, Kyle RA, Stone MJ, 
et al: Response Assessment in Waldenström macroglobulinemia. Br J 
Haematol 160(2):171-176, 2013. 


of tumor-cell killing with some agents. By way of example, rituximab 
can induce a flare in serum IgM levels, whereas everolimus, bortezomib, 
and ibrutinib can suppress IgM levels independent of tumor-cell killing 
in some patients, a finding referred to as IgM discordance. !98159162!8118518° 
Moreover, with selective B-cell-depleting agents such as rituximab and 
alemtuzumab, residual IgM-producing plasma cells are spared and con- 
tinue to persist, thus potentially skewing the relative response and assess- 
ment to treatment.” sCD27 levels have been investigated as an alternative 
surrogate marker in WM given their correlation with WM disease burden, 
and may remain a faithful marker of disease in patients experiencing a 
rituximab-related IgM flare, as well as after plasmapheresis.*!"' The use of 
quantitative allele-specific PCR assays to assess serial MYD88'**? burden 
in WM patients is also under investigation.**** 


@ COURSE AND PROGNOSIS 


WM typically presents as an indolent disease. The presence of 6q dele- 
tions may have prognostic significance, although this is disputed.” 
Age is an important prognostic factor (>65 years),"*!* but is influ- 
enced by comorbidities. Anemia that reflects both marrow involve- 
ment and the serum level of the IgM monoclonal protein (because of 
the impact of IgM on intravascular fluid retention) has emerged as a 
strong adverse prognostic factor with hemoglobin levels of less than 
9 to 12 g/dL associated with decreased survival in several series.” 
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Other cytopenias also may be significant predictors of survival.'”? The 
precise level of cytopenias with prognostic significance has not been 
determined. Some series have identified a platelet count of less than 100 
to 150 x 10°/L and a granulocyte count of less than 1.5 x 10°/L as inde- 
pendent prognostic factors.'*** The number of cytopenias in a given 
patient has been proposed as a prognostic factor.'”? Serum albumin lev- 
els also correlate with survival in WM patients in some studies, using 
multivariate analyses.’ Elevated serum ,-microglobulin levels (>3.0 
to 3.5 g/dL) have also shown strong prognostic correlation in WM.1°3-1%6 
Several scoring systems have been proposed based on these analyses 
(Table 109-4), including the WM International Prognostic Scoring Sys- 
tem (WM IPSS) which incorporates five adverse covariates: advanced 
age (>65 years), hemoglobin less than or equal to 11.5 g/dL, platelet 
count less than or equal to 100 x 10°/L, B,-microglobulin greater than 
3 mg/L, and serum monoclonal protein concentration greater than 7 g/ 
dL.” Among 537 WM patients evaluated in the development of WM 
IPSS, low-risk patients (27 percent) presented with none or one of the 
adverse characteristics and advanced age, intermediate-risk patients 
(38 percent) with two adverse characteristics or only advanced age, and 
high-risk patients (35 percent) with more than two adverse characteris- 
tics. Five-year survival rates for these patients were 87 percent, 68 per- 
cent, and 36 percent, respectively. Importantly, the WM IPSS retained 
its prognostic significance in subgroups defined by age, treatment 
with alkylating agent and nucleoside analogues. Recent data from the 


TABLE 109-4. Prognostic Scoring Systems in Waldenström Macroglobulinemia 


Study 
Gobbi and colleagues'® 


Adverse Prognostic Factors 


Number of Groups 


Survival 


Hgb <9 g/dL 0-1 prognostic factors Median: 48 months 
Age >70 years 2-4 prognostic factors Median: 80 months 
Weight loss 


Cryoglobulinemia 


Morel and colleagues'®° 


Age 265 years 


0-1 prognostic factors 


5 year: 87% of patients 


Albumin <4 g/dL 


2 prognostic factors 


5 year: 62% 


Number of cytopenias: 


3-4 prognostic factors 


5 year: 25% 


Hgb <12 g/dL 


Platelets <150 x 10°/L 


WEC <4 x 10°/L 


Dhodapkar and colleagues'®” 


B,M 23 g/dL B,M <3 mg/dL + Hgb 212 g/dL 5 year: 87% of patients 
Hgb <12 g/dL B,M <3 mg/dL + Hgb <12 g/dL 5 year: 63% 
IgM <4 g/dL B,M 23 mg/dL + IgM 24 g/dL 5 year: 53% 


B,M 23 mg/dL + IgM <4 g/dL 


5 year: 21% 


Application of International 
Staging System Criteria for 
Myeloma to WM Dimopoulos 
and colleagues’ 


Albumin <3.5 g/dL 


Albumin 23.5 g/dL + B,M <3.5 mg/dL 


Median: NR 


BM 23.5 mg/L 


Albumin <3.5 g/dL + B,M <3.5 or 


Median: 116 months 


B,M 3.5-5.5 mg/dL 


Median: 54 months 


B,M >5.5 mg/dL 


International Prognostic 
Scoring System for WM Morel 
and colleagues’? 


Age >65 year 


0-1 prognostic factors (excluding age) 


5 year: 87% of patients 


Hgb <11.5 g/dL 


2 prognostic factors (or age >65 years) 


5 year: 68% 


Platelets <100 x 10°/L 


3-5 prognostic factors 


5 year: 36% 


B,M >3 mg/L 


IgM >7 g/dL 


B,M, B,-microbloulin; Hgb, hemoglobulin; NR, not reported; WBC, white blood cell count. 


Surveillance, Epidemiology, and End Results (SEER) database involving 
7744 WM patients showed that the relative survival of WM patients has 
improved over time. Patients diagnosed during the years 2001 to 2010 
had higher 5-year (78 percent vs. 67 percent) and 10-year (66 percent 
vs. 49 percent) relative survival rates versus patients diagnosed during 
the years 1980 to 2000.’ A Greek study that included 345 patients with 
WM failed to show any overall or cause-specific survival improvement 
in recent years, although the study might have been too underpowered 
to detect any expected benefit.” A Swedish study of 1555 patients diag- 
nosed with WM between 1980 and 2005 showed that the 5-year relative 
survival rate improved from 57 percent in 1980 to 1985 to 78 percent in 
2001 to 2005.7” 
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CHAPTER 110 
HEAVY-CHAIN DISEASE 


Dietlind L. Wahner-Roedler and Robert A. Kyle 


The heavy-chain diseases (HCDs) are B-cell lymphoplasmacytic proliferative 
disorders in which neoplastic cells produce monoclonal immunoglobulins 
(Ig) consisting of truncated heavy chains (HCs) without attached light chains. 
The complex abnormalities of HCD proteins and the usual lack of normal light 
chains are a result of several distinct gene alterations, including somatic muta- 
tions, deletions, and insertions. HCDs involving the three main immunoglobu- 
lin classes have been described: a-HCD is the most common and has the most 
uniform presentation; y- and p-HCDs have variable clinical presentations and 
histopathologic features. The diagnosis is established from immunofixation of 
serum, urine, or secretory fluids in the case of a-HCD or by immunohistologic 
analysis of the proliferating lymphoplasmacytic cells in nonsecretory disease. 
Treatment of a-HCD consists of antibiotics. If there is no response to antibiotics 
or if aggressive lymphoma is diagnosed, chemotherapy is indicated. Treatment 
of y- and y-HCDs depends on the underlying clinicopathologic features rather 
than on the presence of the abnormal protein. Table 110—1 summarizes the 
features of the HCDs. 


@y-HEAVY-CHAIN DISEASE DEFINITION 
AND HISTORY 


y-Heavy-chain disease (HCD) is not a specific cytopathologic process; 
rather, it is a biochemical expression of a mutant B-cell clone. The disease 
should be considered a serologically determined entity with a variety of 
clinical and histopathologic features. It is defined by the recognition of 
monoclonal deleted gamma (y) chains devoid of light chains.' 

The first case of y-HCD was described in 1964 by Franklin and 
colleagues, who observed a homogeneous band between y- and 
$-globulin in an African American patient with generalized lymph- 
adenopathy. Comparison of the proteins in the urine to those in the 
serum showed that they were the same, a suggestion of the presence of 
a low-molecular-weight serum y-globulin, which then was shown to be 
a fragment of a y-heavy chain (HC). Since this first description, more 
than 130 patients with y-HCD have been described in the literature.** 


@ EPIDEMIOLOGY 


y-HCD has been described throughout the world. Although initially y- 
HCD was reported to occur equally in men and women,’ there was a 
clear predominance of women in a more recent series of 23 patients." 
The median age at diagnosis in that series was 68 years (range: 42 to 87 
years). 


Acronyms and Abbreviations: Gil (2,3, 4), constant region 1 (2, 3, 4); D, diversity; 
HC, heavy chain; HCD, heavy-chain disease; Ig, immunoglobulin; IPSID, immunopro- 
liferative small intestinal disease; J, joining; V, variable. 


@ ETIOLOGY AND PATHOGENESIS 


The etiology of y-HCD is unknown. 


@ CLINICAL FEATURES 


Originally, y-HCD was considered to be a lymphomatous illness. How- 
ever, y-HCD has various clinical and pathologic features that can be 
divided into three broad categories, as described below. 


DISSEMINATED LYMPHOPROLIFERATIVE 
DISEASE 


Disseminated lymphoproliferative disease is present in most patients at 
the time of diagnosis, and various series have reported it in 57 percent 
to 66 percent of patients.** In two different series,*> lymphadenopathy 
was present in 56 percent and 62 percent of patients, splenomegaly in 38 
percent and 52 percent, and hepatomegaly in 8 percent and 37 percent 
at the time of diagnosis. 


LOCALIZED PROLIFERATIVE DISEASE 


In approximately 25 percent of patients, the lymphoproliferative pro- 
cess is localized, which may be extramedullary or may involve only 
the marrow.*” Cutaneous involvement is the most frequently reported 
extramedullary presentation.** Patients may present with extramedul- 
lary plasmacytoma of the thyroid or parotid gland or an oropharyngeal 
mass? and hypertrophic spinal pachymeningitis.’ 


NO APPARENT PROLIFERATIVE DISEASE 


A proliferative lymphoplasmacytic disease is not apparent in 9 percent 
to 17 percent of patients. In most of these patients, an underlying auto- 
immune disorder has been reported. Autoimmune disorders with or 
without underlying lymphoid proliferation include rheumatoid arthri- 
tis, autoimmune cytopenias, systemic lupus erythematosus, Sjogren 
syndrome, myasthenia gravis, thyroiditis, and vasculitis.° 


@ LABORATORY FEATURES 


MOLECULAR BIOLOGY AND GENETICS 


Most y-HCD proteins are dimers of truncated HCs devoid of light 
chains. The molecular weight of the monomeric unit varies from 27,000 
to 49,000. The length of the truncated y chain varies, but usually it is 
one-half to three-fourths the length of the normal y chain. Structural 
analysis of the defective monoclonal y-HC of 23 patients with y-HCD 
showed several characteristic features (Fig. 110-1). The proteins usu- 
ally begin with a normal variable region. In most cases, this sequence is 
short and interrupted by a large deletion encompassing the remainder 
of the variable region, although four of the HCs shown in Fig. 110-1 
appear to have retained most or all of their variable (V), diversity (D), 
and joining (J) sequences. In all y-HCD proteins, the entire constant 
region 1 (C,,1) domain is also deleted, with normal sequence beginning 
at the hinge or occasionally at the C,,2 domain. C,,1 is responsible for 
light-chain binding. In the absence of an associated light chain, the C,,1 
domain binds to heat shock protein 78 (HC binding protein), and the 
HC undergoes proteasomal degradation rather than secretion. 

In two cases of y-HCD (OMM and RIV), genomic sequence data 
are available (Fig. 110-2). The presence of large deletions in the switch/ 
C,,1 regions of these two y-HCD genes explains why the corresponding 
HCD proteins lack C,,1. Because the normal C,,1 acceptor splice site is 
deleted, the donor splice of the leader, or the J region, is spliced directly 
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TABLE 110-1. Summary of Features of the Heavy-Chain Diseases 


Types of Heavy-Chain Diseases 


Features a Y B 

Year described 1968 1964 1969 

Incidence Rare Very rare Very rare 

Age at diagnosis Young adult (<30 years) Older adult (60-70 years) Older adult (50-60 years) 
Demographics Mediterranean region Worldwide Worldwide 

Structurally abnormal monoclo- IgA IgG IgM 

nal protein 

MGUS phase No Rarely Rarely 

Urine monoclonal light chain No No Yes 


Urine abnormal heavy chain Small amounts 


Often present Infrequent 


Small intestine, mesenteric 
lymph nodes 


Sites involved 


Lymph nodes, marrow, spleen Lymph nodes, marrow, liver, 


spleen 


Pathology Extranodal marginal zone lym- Lymphoplasmacytoid lymphoma Small lymphocytic lymphoma, 
phoma (MALT or IPSID) Gill 

Associated diseases Infection, malabsorption Autoimmune diseases None 

Therapy Antibiotics, chemotherapy Chemotherapy Chemotherapy 


CLL, chronic lymphocytic leukemia; lg, immunoglobulin; IPSID, immunoproliferative small intestinal disease; MALT, mucosa-associated lym- 
phoid tissue; MGUS, monoclonal gammopathy of undetermined significance. 


Adapted with permission from Witzig TE, Wahner-Roedler DL: Heavy chain disease. Curr Treat Options Oncol 3(3):247-254, 2002. 


to the next available functional acceptor splice site at the beginning of 
the hinge or C,,2 domain. 


SERUM AND URINE PROTEIN FINDINGS 


The serum protein electrophoretic pattern is extremely variable. A 
monoclonal peak is detected in 60 percent to 86 percent of patients.“ 
When present, it is most commonly in the £, or f, region. The median 
value of the monoclonal spike at diagnosis in 19 patients was 1.59 g/dL 
(range: 0.40 to 3.91 g/dL).> The diagnosis is established by immuno- 
fixation of the serum and a concentrated urine specimen. A mod- 
ified immunoselection technique for the diagnosis of HCD has been 
described.’ In one case of y-HCD, low concentrations of free HCs in 
serum were detected by capillary zone electrophoresis coupled with 
immunosubtraction.’ A heavy/light chain assay to identify truncated 
immunoglobulin (Ig) HCs was used on serum samples from 15 patients 
with known y-HCD. By this method, 20 percent of these patients were 
shown to also have small amounts of monoclonal free light chains."® 
The amount of HCD protein in the urine usually is small (<1 g/24 h) 
but may reach 20 g/24 h. An occasional patient with Bence Jones pro- 
teinuria has been described.* 

No standard has been established to identify the subclass of the 
HC fragment. In reported cases in which the HC fragment subclass has 
been studied, different methods have been used, ranging from Ouch- 
terlony in the earlier cases to indirect immunofluorescence staining, 
immunoblotting, amino acid sequence, immunoselection, and enzyme- 
linked immunosorbent assay." IgG subclass distribution shows a low- 
er-than-expected incidence of IgG,. The most common subclass is IgG, 
which occurs in 65 percent of cases. IgG, has been identified in 27 per- 
cent of patients, IgG, in 5 percent, and IgG, in 3 percent.* Although 
biclonal gammopathy has been reported in 1 percent to 8 percent of all 
patients with serum monoclonal components, the association between 


y-HCD and another monoclonal protein is much higher. In a series 
of 23 patients with y-HCD, 7 percent had an IgM-A intact monoclo- 
nal Ig.° No association between y-HCD and monoclonal IgA has been 
described, although the IgG-IgA association was the most frequent in 
several series of biclonal gammopathies. One patient described in the 
literature was unique in that the serum contained two deleted y chains 
of different subclasses (IgG, and IgG.)."” 


HEMATOLOGIC ABNORMALITIES 


Anemia is frequent. It is usually normochromic, normocytic, and 
moderate. Coombs-positive autoimmune hemolytic anemia has 
been reported in several cases and may be associated with throm- 
bocytopenia (Evans syndrome). The total and differential leukocyte 
counts are usually normal. Lymphocytosis may occur, and an occa- 
sional patient presents with chronic lymphocytic leukemia. In some 
cases, rare plasmacytoid lymphocytes or plasma cells have been 
noted in the blood. Plasma cell leukemia has been reported in two 
patients." 

Marrow aspirates and biopsy specimens often show an increase 
of plasma cells, lymphocytes, or plasmacytoid lymphocytes, similar to 
the marrow findings in Waldenström macroglobulinemia. The typical 
marrow features of myeloma or chronic lymphocytic leukemia are rare. 
An unusual concurrence of T-cell large granular lymphocytic leukemia 
with y-HCD has been reported. Marrow changes consistent with a 
myeloproliferative neoplasm have been noted in a few patients. 


OTHER FEATURES 


Bone lesions are rare in y-HCD. Cytogenetic studies have seldom been 
reported. No unique abnormalities or characteristics of lymphoma have 
been found. 
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Figure 110-1. Structure of various deleted y-heavy-chain disease (HCD) proteins compared with that of normal chains. *Structure shown is a 
primary synthetic product synthesized by the HCD cells. Serum protein was modified after synthesis and did not contain any amino acids before the 
hinge |H}], indicates heterogeneous amino acid sequences; E unusual and heterogeneous amino acid sequences; ff, unusual amino acid sequences; 
boxes, coding regions; lines, deletions; dashed lines, likely structures for which sequence data are missing; ?, probable missing domain based on 
molecular weight and partial protein structure analysis; V, variable region; D, diversity segment; J, joining region; H, hinge region; C,1, C2, C3, con- 
stant regions of heavy chains. OMM, WIS,°” CHI,ŝ SPA,°? ZUC,” CHA,”! BUR,” GIF, LEA,” HI,” HAR,” BAZ,”° PAR,” ZAN,” HAL,” VAU,°° LEB,®° WIN,°! UD, 
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RIV primary synthetic protein [ J 
RIV serum protein I 


HISTOPATHOLOGY 


In contrast to a-HCD, y-HCD has no consistent morphologic pattern 
and a variety of underlying lymphoproliferative disorders have been 
described. The most frequent histopathologic finding is a pleomor- 
phic malignant lymphoplasmacytic proliferation in marrow and lymph 
nodes. These lymphocytoid plasma cells express pan-B-cell markers 
and cytoplasmic y-HC without light chains and are negative for CD5 
and CD10." 

Lymphoma without any consistent morphologic type was diag- 
nosed in 18 (38 percent) of 47 patients in whom lymph nodes were 
examined. A lymphoplasmacytic proliferation was present in 36 per- 
cent and hyperplastic nodes and plasmacytoma in 11 percent each; 
there was one case of Hodgkin lymphoma and one of probable Hodgkin 
lymphoma.’ Plasmacytic infiltration may be found in the salivary glands 
or thyroid.*>"8 


@ DIFFERENTIAL DIAGNOSIS 


All patients presenting with a lymphoplasmacytic proliferative disorder 
should be evaluated for y-HCD. 


@THERAPY 


Because y-HCD is a heterogeneous condition, the choice of therapy 
depends on the clinical findings. In an asymptomatic patient with a 
monoclonal y-HC, no therapy is indicated. Any associated autoim- 
mune disease should be managed with standard therapy for that specific 
disease type. In symptomatic patients with a low-grade lymphoplas- 
macytic malignancy, a trial of chlorambucil may be beneficial. Melpha- 
lan and prednisone can be used, if the proliferation is predominantly 
plasmacytic. A trial of cyclophosphamide, vincristine, and prednisone 
with or without doxorubicin is reasonable for patients with evidence 
of a progressive lymphoplasmacytic proliferative process or high- 
grade lymphoma. One patient achieved a complete response after six 
courses of fludarabine.’ Successful treatment of y-HCD with low-dose 
etoposide has been reported.” CD20 expression has been analyzed in 
only seven cases and was detected in six of the seven, including one in 
which CD20 expression appeared transient.” Rituximab monother- 
apy was given in two cases, resulting in clinical responses in both.>”! In 
two other cases, a combination of rituximab with chemotherapy had 
an antitumor effect in lymphoplasmacytic-type y-HCD.”™ In local- 
ized extramedullary plasmacytomas treated with radiation‘ or surgical 
removal (or both), complete clinical and serologic remission has been 
achieved. 


@ COURSE AND PROGNOSIS 


The clinical course of y-HCD is extremely variable and ranges from an 
asymptomatic, benign, or transient process to a rapidly progressive neo- 
plasm leading to death within a few weeks. Patients with the features of 
only a monoclonal gammopathy have remained clinically well for 2 to 
7 years of followup.*” Spontaneous disappearance of the y-HCD pro- 
tein has been reported.* The median duration of survival in a series of 
23 patients was 7.4 years (range: 1 month to more than 21 years).° 

The amount of serum y-HCD protein usually parallels the severity 
of the associated malignant process. Disappearance of the monoclo- 
nal component from serum and urine associated with apparent com- 
plete response has been induced by chemotherapy,” radiotherapy,* or 
surgical removal of a localized process. In some instances, however, 
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the y-HCD protein does not vary in parallel with the associated pro- 
cess, and relapse can occur without the reappearance of the pathologic 
protein.* 


@ a-HEAVY-CHAIN DISEASE DEFINITION 
AND HISTORY 


«-HCD is a proliferative disorder of B-lymphoid cells involving the 
IgA secretory immune system, especially the gastrointestinal tract. It is 
defined by the recognition of internally deleted monoclonal « chains 
devoid of light chains. 

In the first case description of a-HCD, in 1968 by Seligman and 
colleagues,” an Arab woman had severe malabsorption resulting from a 
lymphoplasmacytic infiltrate in the small bowel. Since then, more than 
400 cases have been reported. 


@ EPIDEMIOLOGY 


The majority of reported cases have been from northern Africa, Israel, 
and surrounding Middle Eastern countries. A common variable for 
patients with a-HCD is a low socioeconomic status. In a study of the 
distribution of monoclonal gammopathies in Tunisia published in 1990, 
17 percent of 198 cases were attributed to a-HCD.” In a later study of 
270 cases observed between 1992 and 2000 at the university hospi- 
tal of Sfax in Tunisia, only 2.2 percent were attributed to a-HCD,” a 
finding that might be partially explained by improved socioeconomic 
conditions. Similarly, a persistent decrease in the incidence of immu- 
noproliferative small intestinal disease (IPSID) since 1986 as a result 
of improving sanitation has been reported from Iran” and Greece.” œ- 
HCD has a predilection for young adults. The prevalence of the disease 
is slightly higher in males than in females. 


@ ETIOLOGY AND PATHOGENESIS 


The cause of a-HCD is unknown. The disease might be considered 
a model showing the complex interactions of the environment with 
genetic factors and the infection-immunity-cancer interrelationships 
originating from the same proliferating clone. Although the mecha- 
nisms leading to the development of a clonal population synthesizing 
the structurally abnormal IgA are still speculative, the lymphoplas- 
macytic infiltration of the intestinal mucosa is likely a response of the 
alimentary tract immune system to protracted luminal antigenic stim- 
ulation. A causal relationship between infection and pathogenesis is 
supported by the observation that a-HCD can respond to broad-spec- 
trum antibiotics. Using molecular strategies, Campylobacter jejuni was 
detected in five of seven patients with a-HCD.*! However, no specific 
microorganism has been found in other clinical studies. The putative 
agent may be present only at the onset of the disease and absent at 
diagnosis. 


@ CLINICAL FEATURES 


In most cases, patients who have a-HCD present with the digestive 
form. The disease is characterized by malabsorption manifested by 
diarrhea, weight loss, and abdominal pain. Ascites, tetany, edema, 
and clubbing may be present. Hepatosplenomegaly and peripheral 
lymphadenopathy are infrequent. Fever is uncommon. Amenor- 
rhea, alopecia, and growth retardation in children and adolescents 
correlate with the duration and the severity of the malabsorptive 
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process. a-HCD may be confined to the respiratory tract, but this 
is extremely rare, as is a lymphomatous form characterized by gen- 
eralized lymphadenopathy. a-HCD has been reported in a patient 
with a goiter from a plasmacytoma of the thyroid?” and in a patient 
with polyneuropathy, organomegaly, endocrinopathy, monoclonal 
protein, and skin lesions (POEMS).* 


@ LABORATORY FEATURES 
MOLECULAR BIOLOGY AND GENETICS 


Most a-HCD proteins consist of multiple polymers. The molecular 
weight of the basic monomeric unit varies from 29,000 to 34,000. The 
length of the basic polypeptide subunit differs from patient to patient 
and in most instances is between one-half and three-fourths that of a 
normal a chain. Sequence data are available for several a-HCD pro- 
teins (Fig. 110-3). In all cases of a-HCD studied, the a-HCD protein 
belonged to the a, subclass. Common features of the defective a chain 
include deleted V regions, missing C,,1 domains, and the absence of 
light chains. Most of the proteins have short, non-Ig-related sequences 
of unknown origin at the amino terminus. The complete sequences of 
the genes encoding 3 a-HCD proteins are shown in Fig. 110-4. These 


three genes show striking similarity in their position and extent of the 
two main deletions, which encompass sequences in the V/J and the 
switch/C,,1 region. 


SERUM, URINE, AND INTESTINAL FLUID 
PROTEIN FINDINGS 


In contrast to other monoclonal gammopathies, the characteristic sharp 
spike of a monoclonal gammopathy is not found on serum protein elec- 
trophoresis in a-HCD. In about half of cases, an abnormal broad band is 
found in the a,- or B-globulin region, which is probably related to poly- 
merization of the a chains. In the other half of cases, serum protein elec- 
trophoresis shows no evidence of an abnormal protein. Identification of 
the «-HCD protein depends on immunoselection or immunofixation. The 
pathologic protein may easily escape detection by immunoelectrophoresis 
when its serum concentration is low. In most patients, the a-HCD protein 
can be found in the serum. During the course of the disease, the progres- 
sive diminution of mature plasma cells and their replacement by immature 
immunoblasts likely is followed by a progressive decrease in the serum con- 
centration of a-HCD protein. a-HCD protein hyposecretion also may be 
found during the early stage of the disease. 
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In most cases, the a-HCD protein also is found in the jejunal 
secretions.** a-HCD protein has been found in the intestinal or gastric 
fluid in a few cases when it was undetectable in serum and urine. The 
concentration of a-HCD protein in the urine is low. Bence Jones pro- 
teinuria has never been documented. 

Synthesis of the a-HCD protein by the proliferating cells has been 
demonstrated by immunohistochemical or immunocytochemical 
methods and by biosynthesis studies in vitro.* These techniques are 
helpful in the recognition of nonsecreting forms of a-HCD. 


HEMATOLOGIC AND METABOLIC 
ABNORMALITIES 


Mild to moderate anemia is often found. Hypokalemia, hypocalcemia, 
hypomagnesemia, and hypoalbuminemia are common. The intestinal 
isoenzyme fraction of the alkaline phosphatase level may be increased. 
Results of tests to indicate malabsorption are usually positive. 


IMAGING PROCEDURES 


Abnormal radiographic findings of the small intestine include hypertro- 
phic and pseudopolypoid mucosal folds, occasionally associated with 
strictures and filling defects. The extent of the disease should be evalu- 
ated with computed tomography. 


ENDOSCOPY 


«-HCD intestinal lesions nearly always affect the duodenum and jeju- 
num, making endoscopy with biopsy a useful tool in the evaluation of 
patients in whom a-HCD is suspected. Several endoscopic patterns 
have been defined. The infiltrated pattern is the most specific, followed 
by the nodular pattern. Other primary lesions (ulcerations, mosaic pat- 
tern, and mucosal fold thickening alone) are nonspecific. 


HISTOPATHOLOGY 


In the digestive form of a-HCD, the proliferation involves at least the 
proximal half of the small intestine and adjacent mesenteric lymph 
nodes. The whole length of the small bowel, the gastric, and the colorec- 
tal mucosae that belong to the IgA secretory system may be involved. 
The disease progresses in three histopathologic stages accord- 
ing to Galian and colleagues.” In stage A, a mature plasmacytic or 
lymphoplasmacytic infiltration of the mucosal lamina propria is 
noted. Villous atrophy is variable. Stage B is characterized by the 
presence of atypical plasmacytic or lymphoplasmacytic cells and 
more or less atypical immunoblast-like cells extending at least to 
the submucosa. Subtotal or total villous atrophy is present. Stage 
C corresponds to an immunoblastic lymphoma. Similar to the 
changes described in the small intestine, three histologic stages (A, 
B, C) have been described in the mesenteric lymph nodes. Involve- 
ment of liver, spleen, and peripheral lymph nodes is uncommon. 
The histologic lesions may progress at any given site from stage 
A to stage B or from stage B to stage C. However, different stages 
can be found at the same time in different organs or even at dif- 
ferent sites in the same organ. Thus, accurate pathologic staging 
of a-HCD requires a laparotomy with sampling of multiple sites in 
all patients with a-HCD in whom no stage C lesions are found on 
peroral biopsy. This recommendation is based on the observation 
that mesenteric lymph nodes may harbor malignant lymphoma 
when the intestinal mucosa reveals only a benign-appearing cel- 
lular infiltrate that one might be tempted to treat with antibiot- 
ics alone.” A staging system based on anatomical spread of the 
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disease, which is complementary to the Galian staging system has 
been published;** however, most physicians use the Galian staging 
system for determining prognosis and therapeutic strategies. 

In the past, confusion existed over whether Mediterranean lym- 
phoma and a-HCD were different conditions. In 1976, a consensus 
panel concluded that a-HCD and Mediterranean lymphoma constitute 
a spectrum of disease, and the term immunoproliferative small intesti- 
nal disease (IPSID) came into use. This term is applied to small intesti- 
nal lesions whose pathologic features are identical to those of a-HCD, 
regardless of the type of Ig synthesized.’ The pattern of a-HCD patho- 
logic lesions often includes clear lymphoepithelial lesions composed of 
centrocytic-like cells. This indicates that a-HCD can be considered a 
subtype of lymphoma arising from mucosa-associated lymph node tis- 
sue.” The pathologic changes in the few cases of the respiratory form 
of «-HCD are poorly documented. In a case of the lymph node or 
lymphomatous form, lymph node biopsy showed diffuse plasmacytic 
lymphoma. 


CYTOGENETICS 


Cytogenetic abnormalities have been found in the lymphoid cells of 
patients with a-HCD. The clonal proliferation in this disease appears 
to be associated with frequent alterations of chromosome 14 at band 
q32 resulting from translocations that differ from those observed in the 
vast majority of other lymphomas. Abnormal karyotypes were reported 
in three of four patients.“ Two patients had a rearrangement of 14q32 
resulting from a t(9;14)(p11;q32) and a t(2;14)(p12;q32). Cloning and 
sequencing of the der(14) breakpoint of a chromosome translocation 
involving the 14q32 Ig locus in 1 of these patients suggested that the 
translocation originated from a local pairing of the two chromosomes, 
9 and 14.” One case showed complex rearrangements, including t(5;9). 
No abnormalities were found in the intestinal tumor of the fourth case 
with immunoblastic lymphoma. 


@ DIFFERENTIAL DIAGNOSIS 


The digestive form of a-HCD must be differentiated from lymphoma, 
although this is an uncommon diagnosis in the age range typical of a- 
HCD. Other causes of malabsorption need to be considered, especially 
celiac disease. Enteric presentation of y-HCD, variable immunodefi- 
ciency, and acquired immunodeficiency syndrome with clinicopatho- 
logic features simulating IPSID should be excluded. 


@THERAPY 


Patients with stage A lesions limited to the bowel and to the mesen- 
teric lymph nodes should be treated initially with oral antibiotics. In 
the absence of a documented parasite, tetracycline, metronidazole, or 
ampicillin is appropriate. Patients with stage B or C lesions or stage A 
lesions without improvement after a 6-month course of antibiotic treat- 
ment should be given chemotherapy. The treatment regimens are those 
commonly used to treat lymphoma. There have been few controlled 
clinical trials. In a prospective randomized study, a doxorubicin-based 
regimen (cyclophosphamide, doxorubicin hydrochloride, vincristine, 
and prednisone) provided a higher response rate than a non-doxoru- 
bicin-containing protocol (cyclophosphamide, vincristine, procarba- 
zine, and prednisone) or total abdominal irradiation.” Similar results 
were noted in a retrospective study.“ Good results have been reported 
with cyclophosphamide, doxorubicin, teniposide, and prednisone, 
sometimes alternating with bleomycin, vinblastine, and doxorubicin“ 
and with cyclophosphamide, epidoxorubicin, vincristine, prednisolone, 


ifosfamide, methotrexate, etoposide (VP-16), and dexamethasone.” 
Surgical resection should be considered for focal or bulky transmural 
lymphomatous tumors and extramedullary plasmacytoma. Autologous 
hematopoietic stem cell transplantation has been recommended for 
patients with advanced or refractory disease, but to our knowledge 
there are no reports in the literature demonstrating the usefulness of 
this approach. Previous trials have not incorporated immunotherapy 
with rituximab, an anti-CD20 monoclonal antibody, in the manage- 
ment of IPSID. As expected, the centrocyte-like cells are CD20-positive, 
but the plasma cells are not. In light of the extreme plasma cell differen- 
tiation and the plasmacytic nature of large-cell IPSID lymphoma, there 
is interest in investigating the value of treating patients with IPSID with 
the novel agents (thalidomide, lenalidomide, bortezomib, pomalido- 
mide, or carfilzomib). 


@ COURSE AND PROGNOSIS 


The course of a-HCD is variable but generally progressive in the absence 
of therapy. Followup should include a periodic search for a-HCD pro- 
tein in serum and urine and, if negative, in the intestinal secretions. 
Bowel radiography, ultrasonography, and esophagogastroduodenojeju- 
nal endoscopy should be performed. A second-look laparotomy may 
be necessary.” Relapses may occur after treatment at any stage of the 
disease. The long-term prognosis for patients with a-HCD remains 
imprecise because of the lack of large series with prolonged followup. In 
a small prospective Tunisian study,“ including eight patients with stage 
A disease and 15 with stages B and C, the survival of the total group 
was 90 percent at 2 years. A series from Turkey” reported 5-year treat- 
ment results of 23 patients with IPSID, including five with secretion of a 
chains. In patients with stage A disease, tetracycline yielded a 71 percent 
complete response. The 5-year overall survival rate for the entire group 
was 70 percent. However, the median overall survival for 3 patients with 
immunoblastic lymphoma was only 7 months. 

Thirteen patients were studied who had IPSID associated with 
«-HCD.* Six patients, two with high-grade lymphoma and four with 
low-grade disease, received chemotherapy or radiotherapy or both. 
One patient died at 76 months, and five were alive at an average of 92 
months. Five patients with low-grade disease received conservative 
therapy (antibiotics and in some cases prednisone). All five patients 
were alive at an average of 40 months after presentation. Three of these 
five patients achieved remission at 5, 6, and 27 months. Two of the five 
patients had persistent disease at 20 and 25 months. Two patients did 
not receive treatment and died of high-grade lymphoma. 

Another study” described six patients who had a-HCD with lym- 
phoma. All patients responded poorly to chemotherapy; the median 
duration of survival was 10.5 months. 

A subsequent study” described 12 patients with secretory and 
nonsecretory IPSID. Six patients presented with stage A disease. Four 
patients responded to antibiotic or glucocorticoid therapy. In two 
patients, stage A disease evolved into stage C. Three patients presented 
with stage B disease. Two of these patients responded completely to che- 
motherapy, and the third refused treatment and died after 16 months. 
Three patients with stage C disease at diagnosis received aggressive 
combination chemotherapy and remained in complete remission with a 
median followup of 2.2 years. 

Preliminary results suggest that flow cytometric analysis of S-phase 
fraction™ and certain immunomarkers, such as syndecan, Bcl6, and 
p53,” may be useful prognostic indicators in the clinical management 
of patients with IPSID. Patients with a poor prognosis have a higher 
fraction of cells in S phase, lower syndecan-1 expression, and higher 
Bcl6 expression than those with a good prognosis. 
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@ u-HEAVY-CHAIN DISEASE DEFINITION 
AND HISTORY 


u-HCD is a proliferative disorder of B lymphocytes defined by the rec- 
ognition of monoclonal deleted w-HCs. In the first reported case, in 
1969 by Forte and colleagues,” the patient had chronic lymphocytic 
leukemia. Since then, approximately 34 additional cases have been 
reported.*** 


@ EPIDEMIOLOGY 


u-HCD is extremely rare. In a series of 27 patients, the majority were 
white (76 percent) and male (55 percent). The median age at diagnosis 
in 27 patients was 57.5 years (range: 15 to 80 years).™* 


@ ETIOLOGY AND PATHOGENESIS 


The cause of u-HCD is unknown. 


@ CLINICAL FEATURES 


The most common presenting symptoms of patients with “-HCD are 
those of a lymphoproliferative malignancy. An associated lymphoplas- 
macytic proliferative disorder was noted in 22 of 27 patients at some 
time during the disease and designated as chronic lymphocytic leu- 
kemia, lymphoma, Waldenström macroglobulinemia, or myeloma.™ 
u-HCD protein has been described in one patient each with systemic 
lupus erythematosus, hepatic cirrhosis, hepatosplenomegaly with 
ascites, pulmonary infection, splenomegaly with pancytopenia, and 
myelodysplasia.* Three cases of u-HCD associated with amyloidosis 
have been reported." 

Splenomegaly and hepatomegaly are common in y-HCD and were 
noted in 21 of 22 and 15 of 21 patients, respectively. Peripheral lymph- 
adenopathy was described in 10 of 25 patients.* 


@ LABORATORY FEATURES 
MOLECULAR BIOLOGY AND GENETICS 


The molecular weight of the “-HCD protein determined in eight 
patients ranged from 26,500 to 158,000. The higher molecular weights 
are thought to be the result of polymerization of the u-chain fragments. 
The u-HCD fragments from 6 patients were subjected to detailed chem- 
ical analysis. Figure 110-5 depicts the structure of these six u-HCD pro- 
teins compared with that of normal u-HC. The V,, domain is absent in 
all cases. The normal sequence began with C,1 in three cases, C,,2 in 
two cases, and C,,3 in one case. There are sequence data for only 1 gene 
coding for a u-HCD protein (Fig. 110-6). 


SERUM AND URINE PROTEIN FINDINGS 


A monoclonal spike was found on serum protein electrophoresis in less 
than half ofa series of patients with u-HCD (eight of 19). The diagnosis 
of u-HCD is made by documentation of the abnormal HC. Immunofix- 
ation of both serum and urine should be done. When these procedures 
yield ambiguous results, two-dimensional gel electrophoresis is a use- 
ful additional tool. The combination of capillary immunotyping elec- 
trophoresis and high-resolution two-dimensional electrophoresis has 
been used successfully for the detection of u-HCD in one patient,” 
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whereas in another capillary zone electrophoresis failed to detect the 
u-HCD protein.® Three of 33 reported patients with u-HCD had a 
biclonal gammopathy. Hypogammaglobulinemia was noted in 10 of 
22 patients.” Hypergammaglobulinemia with a polyclonal pattern in the 
y-globulin fraction was described in one case.” In contrast to y- and 
«-HCD in which there usually is no detectable monoclonal light chain 
in the serum and urine, Bence Jones proteinuria was found in more 
than half the cases of y-HCD (14 of 22 patients).** u-HCD protein was 
found in the urine of only two patients.** Three cases of nonsecretory 
u-HCD have been reported.‘ u-HCs were documented by immun- 
ofluorescence on the cell surface of proliferating lymphocytes in 1 case 
and in marrow plasma cells of two others. 


HEMATOLOGIC ABNORMALITIES 


Anemia is frequent, but lymphocytosis and thrombocytopenia are 
uncommon. One patient had a positive direct antiglobulin test." 
Examination of the marrow usually shows an increase in lymphocytes, 
plasma cells, or plasmacytoid lymphocytes. Plasmacytosis was noted 
in 18 of 20 cases; in 13 of these, vacuolated plasma cells were found.* 
The presence of vacuolated plasma cells in the marrow of a patient with 
a lymphoplasmacytic proliferative disorder should always suggest the 
possibility of u-HCD. 


OTHER FEATURES 


Lytic bone lesions were described in three of 15 patients™ and osteopo- 
rosis was mentioned in three others. No cytogenetic studies have been 
reported. 


HISTOPATHOLOGY 


In a literature review that included 27 documented cases of u-HCD, 22 
patients (81 percent) had an associated lymphoplasmacytic proliferative 
disorder designated as chronic lymphocytic leukemia, lymphoma, Wal- 
denstrém macroglobulinemia, or myeloma.™ 
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Cu4 Figure 110-5. Structure of various deleted u-heavy- 
chain disease proteins compared with that of normal 
chain. |_| indicates unusual amino acid sequences; 
boxes, coding regions; lines, deletions; V, variable 
region; D, diversity segment; J, joining region; Cle, 
C,3,C,4, constant regions of heavy chains. BOT,” DAG," 
GLI,” BW, ROUL,” BUR. 


@ DIFFERENTIAL DIAGNOSIS 


The differential diagnosis of “4-HCD includes all lymphoplasmacytic 
proliferative disorders. Without a suspicion for the disease, u-HCD is 
difficult to diagnose. The finding of Bence Jones proteinuria in a patient 
with a lymphoproliferative disorder and vacuolated plasma cells in the 
marrow deserves further investigation for possible w-HCD. 


@THERAPY 


There is no specific therapy for u- HCD. The finding of a u-HCD protein 
in the serum of an apparently normal patient should be considered to 
represent monoclonal gammopathy of undetermined significance, and 
the patient should be followed closely for the development of a symp- 
tomatic lymphoplasmacytic proliferative disorder. Once this develops, 
chemotherapy is indicated. Various agents have been used. Initially, a 
combination of cyclophosphamide, vincristine, and prednisone with 
or without doxorubicin is a reasonable choice. The use of fludarabine 
has been reported in two patients with v- HCD; one had an “apparent 
hematologic response,“ and the other had a partial response." Vincris- 
tine, cyclophosphamide, prednisolone, and doxorubicin in combina- 
tion with rituximab led to complete resolution of tumoral lesions in one 
patient with u-HCD.® 


@ COURSE AND PROGNOSIS 


The course of u-HCD is variable. Because of the rarity of the disease, 
no large series of patients treated systematically in a single center has 
been reported. The median duration of survival from the time of diag- 
nosis is 24 months (range: <1 month to 11 years). Because several 
of the reported patients had findings consistent with y-HCD before 
recognition of the u-HCD protein, the course is probably longer than 
reported in most patients. In one patient, the hematologic abnormalities 
became normal and the u-HC disappeared after 2 years without specific 
treatment. 
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Figure 110-6. Structure of a gene coding for a u-heavy-chain disease protein compared with that of normal u gene. Boxes indicate coding regions; 
, Switch region; ma, inserted noncoding sequence; L, leader region; V, variable region; D, diversity segment; J, joining region; S, switch region; C,1, 


C2, C3, C,4, constant regions of heavy chains; |, inserted sequence. BW.” 
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CHAPTER 111 
MEGAKARYOPOIESIS AND 
THROMBOPOIESIS 


Kenneth Kaushansky 


Each day the adult human produces approximately 1 x 10" platelets, a level of 
production that can increase 10- to 20-fold in times of increased demand and 
an additional five- to 10-fold under the stimulation of exogenous thrombopoi- 
etin mimetic drugs. Production of platelets depends on the proliferation and 
differentiation of hematopoietic stem and progenitor cells to cells committed 
to the megakaryocyte lineage, their maturation to large, polyploid megakary- 
ocytes, and their final fragmentation into platelets. The external influences 
that impact megakaryopoiesis and thrombopoiesis are a supportive marrow 
stroma consisting of endothelial and other cells, matrix glycosaminoglycans, 
and a family of protein hormones and cytokines, including thrombopoietin, 
stem cell factor, and stromal cell-derived factor-1. The role of the cytokines 
essential for these processes has been defined, the transcription factors crit- 
ical for megakaryocyte development identified, the molecular mechanisms 
that underlie the two most unusual aspects of thrombopoiesis—endomitosis 
and proplatelet formation—have been studied, and reagents to specifically 
modify platelet production have been generated. This chapter focuses on the 
development of megakaryocytes, their precursors and their progeny, and the 
hematopoietic growth factors and transcriptionally active molecules that 
control the survival, proliferation, and differentiation of these cells. 


@ KINETICS OF THROMBOPOIESIS 


The circulatory life span of a platelet is approximately 10 days in humans 
with normal platelet counts, but somewhat shorter in patients with 
moderate (7 days) to severe (5 days) thrombocytopenia, as a higher pro- 
portion of the total-body platelet mass is consumed in the day-to-day 
function of maintaining vascular integrity.' Based on a “normal” level of 
200,000 platelets/uL, a blood volume of 5 L, and a half-life of 10 days, 
1 x 10" platelets per day are produced. If 1 megakaryocyte produces 
approximately 1000 platelets, approximately 1 x 10° megakaryocytes are 
generated in the marrow each day. 

Several independent lines of evidence indicate the transit time 
from megakaryocyte progenitor cell to release of platelets into the circu- 
lation ranges from 4 to 7 days. For example, following platelet apheresis, 
the platelet count falls, recovers substantially by day 4, and completely 


Acronyms and Abbreviations: CAMT, congenital amegakaryocytic thrombocy- 
topenia; FGF, fibroblast growth factor; GP glycoprotein; HPS, Hermansky-Pudlak 
syndrome; IFN, interferon; IL, interleukin; ITP immune thrombocytopenic purpura; 
MAPK, mitogen-activated protein kinase; P4P, polyphosphate-4-phosphatase; PI3K, 
phosphoinositol 3’-kinase; SDF, stromal cell-derived factor; TGF, transforming growth 
factor. 


recovers by day 7.” In most physiologic and pathologic states, the platelet 
count is inversely related to plasma thrombopoietin levels. For example, 
liver failure is associated with moderate thrombocytopenia as a result of 
splenomegaly and thrombopoietin deficiency. Within the first week fol- 
lowing orthotopic liver transplantation, the platelet count rises substan- 
tially, with kinetics matching those of thrombopoietin infusion.** These 
findings indicate expansion of the megakaryocyte mass takes from 3 to 
4 days following a thrombopoietin stimulus in humans and, coupled 
with the approximate 12 hours required for platelet release," results in a 
relatively brisk response to thrombocytopenia. 


@ CELLULAR PHYSIOLOGY 
OF THROMBOPOIESIS 


Platelets form by fragmentation of megakaryocyte membrane exten- 
sions termed proplatelets, in a process that consumes nearly the entire 
cytoplasmic complement of membranes, organelles, granules, and solu- 
ble macromolecules. Although at first controversial, as the process was 
initially observed only in vitro, in situ microscopic studies have identi- 
fied proplatelet formation and fragmentation in living animals.° Each 
megakaryocyte is estimated to give rise to 1000 to 3000 platelets’ before 
the residual nuclear material is engulfed and eliminated by marrow 
macrophages. This process has been extensively reviewed. The con- 
tinuum of megakaryocyte development is arbitrarily divided into four 
stages. The major criteria differentiating these stages are the quality of 
the cytoplasm and the size, lobulation, and chromatin pattern of the 
nucleus (Table 111-1). 


MEGAKARYOBLAST 


Stage I megakaryocytes, also termed megakaryoblasts, account for 
approximately 20 percent of all cells destined to form platelets. These 
cells in human marrow are 8 to 24 um in spherical diameter (i.e., the 
actual size in vivo, as opposed to the apparent size of a cell on a flattened 
marrow smear), contain a relatively large, minimally indented nucleus 
with loosely organized chromatin and multiple nucleoli, and scant 
basophilic cytoplasm containing a small Golgi complex, a few mito- 
chondria and « granules, and abundant free ribosomes (Fig. 111-1). 


Surface Adhesion Molecule Expression 
Although elegant experiments clearly demonstrated that the gene for 
integrin a,,, is expressed as early as the erythroid-megakaryocytic pro- 
genitor stage’ and possibly in the common myeloid progenitor, the cell- 
surface protein becomes demonstrable and functionally important only 
at the early stages of megakaryocyte development. Integrin «,,,8, is an 
integral transmembrane protein of two subunits, but only the a sub- 
unit is megakaryocyte-lineage specific. Absence of integrin a,,,8, leads 
to Glanzmann thrombasthenia resulting from failure of the defective 
platelets to engage fibrinogen and other adhesive ligands during hemo- 
stasis (Chap. 120). Megakaryocytes and platelets contain in their cyto- 
plasmic membranes approximately twice the amount of integrin o,f, 
as is present on the cell surface. The granule compartment serves as a 
mobilizable pool that is exteriorized upon platelet activation. During 
the early and midstages of megakaryocyte development, the granule 
content of integrin rises. Moreover, as developing megakaryocytes do 
not synthesize but contain fibrinogen in their a-granules and cells from 
patients with Glanzmann thrombasthenia do not, integrin æ „b, clearly 
begins to function, at least at the level of fibrinogen binding and uptake, 
long before platelet formation. 

The glycoprotein (GP) Ib-IX complex is expressed only slightly 
after the appearance of integrin a,,f,.'° Although endothelial cells 
reportedly express GPIb,"' its levels are very low; otherwise, GPIb is the 
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TABLE 111-1. Maturation Stages of Megakaryocytes 


Term Size (uM) Morphology 

Megakaryoblast >10 Lobed nucleus, basophilic 

(stage |) cytoplasm 

Basophilic >20 Horseshoe-shaped nucleus, 

megakaryocyte basophilic cytoplasm, 

(stage Il) azurophilic granules around 
centrosome 

Granular megakary- >25-50 Large multilobed nucleus, aci- 

ocyte (stage Ill) dophilic cytoplasm, numer- 
ous azurophilic granules 

Mature megakaryo- >25-50 Pyknotic nucleus, groups of 


cyte (stage IV) 10-12 azurophilic granules 


second most abundant megakaryocyte-specific protein. Glycoprotein V 
also is expressed in complex with GPIb and GPIX, in a ratio of 1:2:2." 
However, the genetic elimination of GPV has little effect on platelet 
adhesion," and unlike GPIb and GPIX, no mutations of GPV are asso- 
ciated with Bernard-Soulier disease (Chap. 120).'! Therefore, GPV does 


Figure 111-1. Electron micrograph of a normal human megakary- 
oblast stained for platelet peroxidase. The small cell (<9 um) exhibits 
dense platelet peroxidase in the perinuclear space and endoplasmic 
reticulum (arrows) (magnification x12,150). (Inset) Enlargement of the 
Golgi zone. The Golgi saccules and vesicles are devoid of platelet perox- 
idase (open arrows), whereas the endoplasmic reticulum contains plate- 
let peroxidase activity (closed arrow) (magnification x25,000). (Used with 
permission of Dr. J. Breton-Gorius.) 


not appear to be required for the GPIb-V-IX complex to function as a 
von Willebrand factor receptor. Rather, GPV is a target of thrombin, 
potentially playing a role in platelet activation.’ 


Demarcation Membranes 

Another feature of the megakaryoblast is the initial development of 
demarcation membranes, which begin as invaginations of the plasma 
membrane and ultimately develop into a highly branched intercon- 
nected system of channels that course through the cytoplasm. The 
demarcation membrane system is in open communication with the 
extracellular space, based on studies using electron dense tracers.'° Bio- 
chemical analysis indicates the composition of these membranes is very 
similar to the plasma membrane at each stage of megakaryocyte devel- 
opment. Over the 72 hours required for stage III/IV cells to develop 
from megakaryoblasts, the demarcation membrane system grows sub- 
stantially. The demarcation membrane system provides the material 
necessary for development of proplatelet processes, structures that form 
in stage IV megakaryocytes and give rise upon fragmentation to mature 
platelets. 


Endomitosis 

One of the most characteristic features of megakaryocyte development 
is endomitosis, a unique form of mitosis in which the DNA is repeat- 
edly replicated in the absence of nuclear or cytoplasmic division. The 
resultant cells are highly polyploid. Endomitosis begins in megakary- 
oblasts (Fig. 111-2) following the many standard cell divisions required 
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Figure 111-2. Origin and development of megakaryocytes. The 
pluripotential stem cell produces a progenitor committed to megakary- 
ocyte differentiation (colony-forming unit-megakaryocyte [CFU-MK]), 
which can undergo mitosis. Eventually the CFU-MK stops mitosis and 
enters endomitosis. During endomitosis, neither cytoplasm nor nucleus 
divides, but DNA replication proceeds and gives rise to immature poly- 
ploid progenitors, which then enlarge and mature into morphologically 
identifiable, mature megakaryocytes that shed platelets. This figure 
does not necessarily imply that endomitosis and platelet formation are 
sequential but they can occur simultaneously. Meg-CFC, megakaryo- 
cyte colony-forming cells. 


to expand the number of megakaryocytic precursor cells and is com- 
pleted by the end of stage II megakaryocyte development." During the 
endomitotic phase, each cycle of DNA synthesis produces an exact dou- 
bling of all the chromosomes, resulting in cells containing DNA con- 
tent from eight to 128 times the normal chromosomal complement in 
a single, highly lobated nucleus. Although poorly understood for many 
years, the ability to produce large numbers of normal megakaryocytes 
in culture has started to shed light on this enigmatic process. Endomi- 
tosis is not simply the absence of mitosis but rather consists of recurrent 
cycles of aborted mitoses.” Cell-cycle kinetics in endomitotic cells also 
are unusual, characterized by a short G, phase, a relatively normal DNA 
synthesis phase, a short G, phase, and a very short endomitosis phase.” 
During the endomitosis phase, megakaryocytic chromosomes con- 
dense, the nuclear membrane breaks down, and multiple (at advanced 
stages) mitotic spindles form upon which the replicated chromosomes 
assemble. However, following initial chromosomal separation, individ- 
ual chromosomes fail to complete their normal migration to opposite 
poles of the cell, the spindle dissociates, the nuclear membrane reforms 
around the entire chromosomal complement, and the cell again enters 
G, phase. 


Regulation of Gene Expression 

The promoters for integrin a,,, GPIb, GPVI, GPIX, and platelet 
factor-4 genes have been the focus of several studies and are active at 
the megakaryoblast stage of development. Consensus sequences for 
both GATA-1 and members of the Ets family of transcription factors 
(e.g., Fli-1) are present in the 5’ flanking regions of these genes, dele- 
tion of which reduces or eliminates reporter gene expression,’ at least 
in mature hematopoietic cells. MafB also enhances GATA-1 and Ets 
activity during megakaryoblast differentiation,” induced by activation 
of ERK1/2, one of the primary downstream events of thrombopoietin 
stimulation.” 

Another target of GATA-1 in megakaryocytes is polyphosphate-4- 
phosphatase (P4P), which was first identified by subtraction cloning 
between normal and GATA-1 knockdown megakaryocytes.” One of 
the unexplained features of megakaryocytes in GATA-1 knockdown 
mice is that, rather than massive cell death as seen in GATA-1-deficient 
erythroid progenitors,” the aberrantly developing megakaryoblasts in 
GATA-1 knockdown marrow are highly abundant and proliferate in 
vitro far more than control cells.” P4P catalyzes hydrolysis of the D-4 
position phosphate of PI, ,P and PI, , ‚P. These membrane phospholipids 
are products of phosphoinositol 3’-kinase (PI3K) action on membrane 
phospholipids, and they play an important role in the proliferative and 
survival response to megakaryocyte growth factors. When reintroduced 
into the knockdown mice, P4P diminishes the exuberant growth char- 
acteristic of the knockdown cells.” These findings are similar to the 
phenotype of cells from PTEN or SHIP knockout mice, enzymes that 
hydrolyze the D-3 and D-5 positions of PI, , .P. 

Another transcription factor vital for megakaryoblast differentia- 
tion is RUNX1 (also termed CBFA2 and AML1), the gene responsible 
for thrombocytopenia seen in familial platelet disorder/predisposition 
to acute myelogenous leukemia (Chap. 119).*° In this disorder, hap- 
loinsufficiency of RUNX1 is associated with thrombocytopenia. As 
its genetic elimination in mice leads to significant maturation defects 
in the megakaryocyte lineage,” the human disorder almost certainly 
results from this genetic alteration. During normal megakaryoblast 
differentiation, RUNX1 levels rise and, conversely, fall during ery- 
throid differentiation. In response to phosphorylation by ERK1/2, 
RUNX1, in complex with CBF and together with GATA-1, induces 
integrin @,,, and integrin a, expression in megakaryoblast-like cells,” 
providing the beginnings of a molecular explanation for megakaryo- 
cyte development. 


Chapter 111: Megakaryopoiesis and Thrombopoiesis 


Cytokine Dependency 

The cytokines, hormones, and chemokines that affect the survival and 
proliferation of megakaryoblasts include thrombopoietin, interleukin 
(IL)-3, stem cell factor (also termed mast cell growth factor, steel factor, 
and c-kit ligand), and the chemokine CXCL12 (previously termed stro- 
mal cell-derived factor [SDF]-1). Thrombopoietin is the most critical 
(for additional details, see the more extensive discussion in “Hormones 
and Cytokines” below), as genetic elimination of the TPO gene in mice 
leads to circulating platelet levels approximately 10 percent of normal. 
Homozygous or complex heterozygous mutation of the gene encoding 
the thrombopoietin receptor cMPL leads to congenital amegakaryo- 
cytic thrombocytopenia, in which platelet levels are approximately 
10 percent of normal because of a near absence of megakaryocytic pro- 
genitors and megakaryoblasts (Chap. 117). The importance of stem cell 
factor to megakaryoblast development is revealed by experimental find- 
ings both in vitro and in vivo. Genetic reduction in expression of stem 
cell factor or its receptor c-kit leads to a 50 percent reduction in circulat- 
ing platelet levels.** The cytokine acts in synergy with thrombopoietin 
to enhance megakaryocyte production in semisolid and suspension cul- 
ture systems.** Evidence that IL-3 contributes to normal or accelerated 
megakaryopoiesis in vivo is weak. Genetic elimination of the IL-3 gene 
fails to affect platelet counts, even when combined with thrombopoie- 
tin receptor deficiency,” but the cytokine can induce growth of marrow 
progenitors into colonies containing immature megakaryocytes in vitro 
in the absence of thrombopoietin.** The chemokine CXCL12 appears 
to play a role in megakaryocyte proliferation. In vitro, the chemokine 
acts in synergy with thrombopoietin to support the survival and prolif- 
eration of megakaryocyte progenitors.” The combination of fibroblast 
growth factor (FGF)-4 and CXCL12 restores megakaryopoiesis in TPO 
and c-mpl null mice.* 


Signal Transduction 

The survival and proliferation of megakaryoblasts depends on at least 
two thrombopoietin-induced signaling pathways: PI3K and mito- 
gen-activated protein kinase (MAPK; Chap. 17). In the presence of 
chemical inhibitors of PI3K, the favorable effects of thrombopoietin 
on megakaryocyte progenitor survival and proliferation are elimi- 
nated,” although constitutively activating this pathway is not sufficient 
for thrombopoietin-induced growth. MAPK is another important sig- 
naling pathway stimulated by thrombopoietin. Using purified marrow 
megakaryocytic progenitors and model cell lines, several groups showed 
that inhibition of MAPK blocks megakaryoblast maturation’? 
because of its effect of activating Ets transcription factors. 


STAGE Il MEGAKARYOCYTES 


Stage II megakaryocytes contain a lobulated nucleus and more abun- 
dant, but less intensely basophilic, cytoplasm. Ultrastructurally, the 
cytoplasm contains more abundant «œ granules and organelles. The 
demarcation membrane system begins to expand at this stage of devel- 
opment. Stage II megakaryocytes measure up to 30 um in diameter, 
constitute approximately 25 percent of marrow megakaryocytes, and 
are the stage of development during which endomitosis is most promi- 
nent, generating cells displaying ploidy values of 8N to 64N. 


Endomitosis 

Whereas megakaryoblasts are generally thought to be able to expand 
by cell division, at an early stage of their maturation, the cells begin 
to undergo endomitosis, in which cells diverge from the normal cell 
cycle during mid- to late anaphase. Like normally mitotic cells, endomi- 
totic megakaryocytes condense their chromatin into chromosomes, 
form a spindle, dissolve the nuclear membrane, and assemble the 
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chromosomes on a metaphase plate, then the chromosomes begin to 
separate during early anaphase. However, rather than the dividing chro- 
mosomes migrating to opposite poles of the cell to allow the forma- 
tion of a cleavage furrow, the chromosomes quickly decondense, the 
nuclear membrane reforms around the entire chromosomal comple- 
ment, and the endomitotic cells reenter G, phase followed by S phase. 
A number of attempts to understand this process at the biochemical 
level have involved leukemic cell lines. Alterations in cyclin B, cdc2, 
cell-cycle kinase inhibitors, and aurora kinases have been claimed to be 
responsible for endomitosis.*“* Unfortunately, although these hypoth- 
eses possibly explain the polyploidy in various leukemic cell lines, the 
hypotheses have not been substantiated in studies of normal endomi- 
totic megakaryocytes.'’** Endomitosis departs from a normal mitotic 
cell cycle at the late anaphase stage, when furrow invagination aborts 
short of cell abscission.“ Additional studies indicate that disordered 
localization of the small G-protein RhoA may be responsible for this 
property.“ Confirmation that a decrease in proper RhoA function is 
critical for endomitosis comes from the, genetic elimination of RhoA 
from the megakaryocytic lineage; RhoA null megakaryocytes display 
enhanced polyploidy, although the released platelets are characterized 
by abnormal membrane rheology, resulting in their rapid clearance 
from the circulation.” Proper RhoA localization is controlled by its 
activation by the RhoA guanosine triphosphate (GTP) exchange factor 
(GEF) ECT2; ECT2 is down-modulated during the switch from mitosis 
to endomitosis in megakaryocytes, providing a mechanistic explanation 
for the onset of endomitosis.* 


Cytoplasmic Development 

Early in megakaryocyte development, the cytoplasm acquires a rich 
network of microfilaments and microtubules. Toward stages HI and 
IV, the proteins accumulate in the cell periphery, creating an organelle 
poor peripheral zone. Biochemically, the megakaryocyte cytoskeleton is 
composed of actin, a-actinin, filamin, nonmuscle myosin (including the 
product of the MYH9 gene), mutated in several giant platelet thrombo- 
cytopenic syndromes” (Chap. 117), B,-tubulin, talin, and several other 
actin-binding proteins. Like platelets, megakaryocytes can respond to 
external stimuli by changing shape, transporting organelles around the 
cytoplasm, and secreting granules. These functions are dependent on the 
microfilament and microtubule systems of the cell. In addition, micro- 
tubules play a vital role during the later stages of platelet formation.” 


Regulation of Gene Expression 

As discussed earlier, GATA-1 is vital for committing primitive multi- 
potent progenitors to the erythroid-megakaryocyte pathway. However, 
the transcription factor also is critical later in megakaryopoiesis, for 
cytoplasmic development. The first convincing evidence that GATA 
proteins affect megakaryocyte development came from overexpression 
studies of GATA-1 in a leukemic cell line, in which the transcription 
factor led to partial megakaryocytic differentiation." Reduction in 
GATA-1 expression also impairs cytoplasmic development in murine 
megakaryocytes, reducing demarcation membranes and platelet-spe- 
cific granules.” Additional transcription factors expressed during stage 
II megakaryocyte development include RUNX-1, Tall, and Flil, but 
these transcription factors appear to play far greater a role in megakary- 
ocyte maturation and platelet formation, and are discussed in “Stage III/ 
IV Megakaryocytes” below. 


Platelet Granule Formation 

Although more prominent in later stages of differentiation (Fig. 111-3), 
platelet-specific granules first begin to form adjacent to the Golgi appa- 
ratus as 300- to 500-nm round or oval organelles in stage II megakary- 
ocytes. Three distinct compartments are recognized in « granules: 


(1) a central, electron-dense nucleoid, containing fibrinogen, platelet 
factor-4, $-thromboglobulin, transforming growth factor (TGF)-B,, 
vitronectin, and tissue plasminogen activator-like plasminogen activa- 
tor; (2) a peripheral zone, containing tubules and von Willebrand factor 
(arranged much like that seen in endothelial cell Weibel-Palade bodies); 
and (3) the granule membrane, containing many of the critical plate- 
let receptors for cell rolling (P-selectin), firm adhesion (GPIb-V-IX), 
and aggregation (integrin ,,,8,). Proteins present in a granules arise 
from de novo megakaryocyte synthesis (e.g., GPIb-V-IX, GPIV, integ- 
rin & „p, von Willebrand factor, P-selectin, B-thromboglobulin, plate- 
let-derived growth factor), nonspecific pinocytosis of environmental 
proteins (albumin and immunoglobulin G), or cell surface membrane 
receptor-mediated uptake from the environment (e.g., fibrinogen, 
fibronectin, factor V). Insights into platelet granule formation have 
come from a molecular understanding of Hermansky-Pudlak syndrome 
(HPS). In this disorder, characterized by oculocutaneous albinism and a 
qualitative platelet bleeding disorder, a complex of at least eight proteins 
form in various granule-associated complexes such as the biogenesis of 
lysosome-related organelles complexes, which affect ô granule forma- 
tion.” These complexes are thought to be involved in cargo transport of 
a number of subcellular granules, such as lysosomes, melanosomes, and 
platelet 5 granules. 


STAGE III/IV MEGAKARYOCYTES 


Continued cytoplasmic maturation characterizes stage III/IV megakary- 
ocyte development (Fig. 111-4). Cells are extremely large (40 to 60 um 
in diameter) and display a low nuclear-to-cytoplasmic ratio. Cytoplas- 
mic basophilia disappears as cells progress from stage III to stage IV. 
The demarcation membrane system gradually replaces the endoplasmic 
reticulum and Golgi apparatus during the final stages of maturation. 
The nucleus usually is eccentrically placed. Although the nucleus some- 
times appears as several distinct nuclei in biopsy sections, it remains 
highly lobulated but single at all stages of megakaryocyte development. 
In occasional marrow sections (Fig. 111-4C), neutrophils or other 
marrow cells are seen transiting through the cytoplasm of the mature 
megakaryocyte, a process termed emperipolesis, and is of no pathologic 
significance. 


Proplatelet Formation 

Careful microscopic studies have localized marrow megakaryocytes to 
the abluminal surface of sinusoidal endothelial cells. In specially pre- 
pared specimens, the megakaryocytes can be seen issuing long, slender 
cytoplasmic processes between endothelial cells and into the sinusoidal 
lumen, structures termed proplatelet processes (Fig. 111-5). The pro- 
cesses have been reproduced in vitro and in vivo. The processes consist 
of a B-tubulin cytoskeleton and highway, transporting organelles and 
platelet constituents from the megakaryocyte to the terminal projec- 
tion, the nascent platelet.” 


Membrane Composition 

Most of the specific characteristics of platelet membranes are present 
at stages III and IV of megakaryocyte development. Megakaryocyte 
membrane lipid composition progressively changes through develop- 
ment, achieving approximately four times the content of phospholipids 
and cholesterol as found in immature cells. Megakaryocytes contain 
approximately the same amounts of membrane neutral and phospho- 
lipid as platelets, but contain relatively more phosphatidylinositol and 
less phosphatidylserine and arachidonic acid. 


Regulation of Gene Expression 
One transcription factor that plays an important role in the final stages 
of megakaryocyte maturation is nuclear factor-E2. Initially described as 
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Figure 111-3. A. Ultrastructure of the cytoplasm of a mature megakaryocyte. The majority of the granules are a granules (aGr) exhibiting dense 
nucleoid. Demarcation membranes (DM) are slightly dilated. Transverse sections of microtubules (Mt) are dispersed. At the periphery, a longitudinal 
microtubule runs under the cell membrane (arrows). Dense aggregates of glycogen (Gly), small cisternae of endoplasmic reticulum (ER), and free 
ribosomes are seen (magnification x30,320). B. Morphology of an a granule. Dense nucleoid is located at the top. In a clear zone at the opposite pole, 
four transverse sections of tubular structures are adjacent to the granule membrane (magnification 37,200). C. Dense body can be distinguished 
from a granule by the black deposit when calcium is added to the fixative (magnification x37,200). D. Cytochemical detection of acid phosphatase 
using B-glycophosphate as substrate and cerium as a trapping agent. Dense cerium-—phosphate precipitates are present in lysosomal granules, 
whereas a granules are unreactive (magnification x37,200). E. Microperoxisome visualized using alkaline diaminobenzidine. Note the small size of a 
reactive granule compared to the a granule. F. Distribution of a dense tracer filling the lumen of the demarcation membrane system in a maturing 
megakaryocyte (arrows). In contrast to the demarcation membrane system, which is open to the extracellular space, the endoplasmic reticulum (ER) 
is not labeled (magnification x9700). (Used with permission of Dr. J. Breton-Gorius.) 


Figure 111-4. Megakaryocyte morphology. A. Normal human marrow biopsy. Two megakaryocytes are evident. In one case the section is through 
the cell at the level of the nuclei (horizontal arrow), and in the other it is through the cytoplasm above or below the nucleus (vertical arrow). B. Normal 
human marrow aspirate. Mature (stage Ill) megakaryocyte with a multilobated nucleus and abundant cytoplasm. C. Normal human marrow aspirate. 
Mature megakaryocyte with a neutrophil embedded in the cytoplasm. Many ultrastructural studies have confirmed that this appearance represents 
marrow cells entering the canalicular system of megakaryocyte cytoplasm through its opening to the exterior of the cell (emperipolesis). (Reproduced 
with permission from Lichtman's Atlas of Hematology, www.accessmedicine.com.) 


Figure 111-5. Megakaryocyte proplatelet processes in the marrow 
sinusoid. Scanning electron micrograph showing the luminal view of 
the confluence of two marrow sinusoids with two proplatelet processes 
protruding through the lining endothelial cells. One of the processes has 
intermittent constrictions (arrows), indicating potential sites for platelet 
formation. Other cells depicted include lymphocytes and erythrocytes 
(magnification x3000). (Reproduced with permission from Becker RP De 
Bruyn P: The transmural passage of blood cells into myeloid sinusoids and 
the entry of platelets into sinusoidal circulation; a scanning electron micro- 
scope investigation, Am J Anat 1976 Feb;145(2):183-205.) 


an erythroid-specific, heterodimeric protein belonging to the basic leu- 
cine zipper family of transcription factors, NF-E2 is composed of a ubiq- 
uitously expressed p18 subunit, and a 45-kDa protein (p45) expressed 
only in erythroid cells and megakaryocytes.** NF-E2 binds to tandem 
AP-1-like motifs, such as those seen in the second deoxyribonuclease 
(DNAse) hypersensitive site of the B-globin locus control region, and 
is required for B-globin expression.” However, genetic elimination of 
p45 failed to significantly affect erythropoiesis. Rather, p45-deficient 
mice display prominent alterations in megakaryocyte development and 
severe thrombocytopenia, leading to death from widespread hem- 
orrhage soon after birth. Examination of the animals reveals modest 
expansion of marrow megakaryocytes but failure of the cells to produce 
platelets because of defects in cytoplasmic maturation, including sub- 
stantial reductions in platelet granules and demarcation membranes. 
Thus, the loss of either GATA-1 or NF-E2 results in failure of late aspects 
of cellular maturation. As p45 NF-E2 is induced by GATA-1/FOG,” the 
lack of cytoplasmic development in GATA-deficient mice likely is an 
indirect effect. The role of transcription factors in late megakaryopoiesis 
has been reviewed." 

Nearly all studies of megakaryopoiesis have focused on the mar- 
row. The final stages of megakaryocyte fragmentation also are proposed 
to occur in the lung, at least for some cells, a theory based on the finding 
that platelet levels in pulmonary venous blood exceed those found in 
the pulmonary artery.” Whether this process represents the migration 
and fragmentation of intact megakaryocytes in the lung or merely the 
final size reduction of large fragments of megakaryocyte cytoplasm that 
also are released into the blood is not clear. Some data exist support- 
ing the notion that lung megakaryocytes contribute to blood platelet 
production.” However, in mice administered high doses of thrombo- 
poietin, with platelet counts as high as 4 million/wm’, neither intact 
megakaryocytes nor denuded nuclei were found in the lungs of these 
animals.*! One study found that canine lungs contain 2.5 megakaryo- 
cytes per cm?.° Extrapolation of these data suggest human lungs con- 
tain approximately 6000 megakaryocytes, only enough to account for a 
small proportion (<0.1 percent) of daily platelet production. 


PLATELET FORMATION 


Numerous studies have indicated thrombopoietin is the primary reg- 
ulator of megakaryocyte maturation.*** However, despite the impor- 
tance of the hormone for generation of fully mature megakaryocytes 
from which platelets arise, elimination of the cytokine during the final 
stages of platelet formation is not detrimental.“ Although proplatelet 
formation is possible under serum-free conditions,®* most investigators 


have reported the presence of plasma and/or an integrin ligand-con- 
taining substratum (e.g., fibronectin or vitronectin) stimulates the pro- 
cess substantially. These findings suggest external signals probably 
are required for normal platelet formation. One report suggests the 
thrombin-antithrombin complex with or without high-density lipo- 
protein particles mediates the favorable effect of plasma on proplatelet 
formation,” although other data suggest prothrombin and its conver- 
sion to thrombin by megakaryocytes inhibit the process.“ Although the 
cytokine(s) required for this process is not known, activation of protein 
kinase Ca clearly is necessary for the process to occur. 

Platelet formation involves massive reorganization of megakary- 
ocyte cytoskeletal components, including actin and tubulin, during 
a highly active, motile process in which the termini of the process 
branch and issue platelets.* The size of the individual platelets formed 
is of interest. Unfortunately, little is known about this aspect of plate- 
let formation except that tubulin is proposed to act as a measuring 
device for the proper site to pinch off platelets from proplatelet pro- 
cesses. The mechanism of platelet formation clearly must be affected in 
some way by the transcription factor GATA-1, the GPIb-IX complex, 
the Wiskott-Aldrich syndrome protein, and platelet myosin, as defects 
in each of these genes leads to unusually large or small platelets (Chap. 
117). Finally, localized cytoplasmic membrane proteolysis, a suble- 
thal form of apoptosis, likely plays a role in initiating the final stages of 
platelet formation.” 


@ EXTRINSIC REGULATION OF 
MEGAKARYOCYTE PRODUCTION 


HORMONES AND CYTOKINES 


Several cytokines, first identified using alternate hematopoietic activ- 
ity assays, affect megakaryocyte development. IL-3, granulocyte-mac- 
rophage colony-stimulating factor, and stem cell factor support the 
proliferation of megakaryocytic progenitors in plasma-containing cul- 
tures.” In 1994, several groups reported the purification and/or clon- 
ing of thrombopoietin.” This cytokine clearly is the primary regulator 
of megakaryopoiesis but cannot explain thrombopoiesis in its entirety. 


Interleukin-3 

IL-3 is a 25- to 30-kDa protein produced almost exclusively by T 
lymphocytes.” The mature human protein contains 133 amino acids, 
but N-linked carbohydrate modification accounts for the larger than 
expected Mr of the cytokine. Granulocyte-macrophage colony-stimulat- 
ing factor is an 18- to 30-kDa protein also produced by T lymphocytes. 
However, endothelial cells, monocytes, and fibroblasts also produce 
the protein and, like IL-3, granulocyte-macrophage colony-stimulat- 
ing factor is highly modified with both N-linked and O-linked car- 
bohydrate.” Although the two proteins display essentially no primary 
sequence homology, their tertiary structures are highly related,” and 
the receptors for the two cytokines share a common subunit.” However, 
the physiologic relevance of IL-3 and granulocyte-macrophage colony- 
stimulating factor for steady-state thrombopoiesis is uncertain. Admin- 
istration of the cytokines to mice or humans has only minimal effects 
on thrombopoiesis, and genetic elimination of either has no impact 
on megakaryopoiesis, even when combined with elimination of other 
thrombopoietic cytokines.***! 


Interleukin-6 and Related Cytokines 

IL-6, cloned by several groups using multiple assays (hepatocyte growth, 
myeloma cell growth, immunoglobulin secretion, antiviral activity), 
enhances megakaryocyte maturation. IL-6 is a 26-kDa polypeptide 
produced by T lymphocytes, fibroblasts, macrophages, and stromal 
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cells in response to inflammatory stimuli.** The mature protein is com- 
posed of 184 amino acids, contains two disulfide bonds, and displays 
both N-linked and O-linked carbohydrate modification. Although IL-6 
alone fails to affect in vitro megakaryopoiesis, it augments the number 
of megakaryocyte colonies obtained in the presence of IL-3 or stem 
cell factor® and exerts primarily a differentiating effect.***° Adminis- 
tration of IL-6 to mice or nonhuman primates or patients results in a 
modest thrombocytosis.*** These findings suggest IL-6 contributes to 
megakaryopoiesis in vivo, a conclusion supported by its production by 
tumor cells in selected cases of paraneoplastic thrombocytosis.* How- 
ever, genetic elimination of the cytokine fails to significantly affect basal 
platelet production.” Evidence suggests the cytokine affects platelet 
production indirectly” by stimulating thrombopoietin production. 

IL-6 acts through a heterodimeric receptor, composed of a signal- 
ing subunit, termed GP130, and an affinity-converting subunit, termed 
IL-6Ra. GP130 also acts as the signaling subunit for several other 
cytokines, including IL-11 and leukemia inhibitory factor. Therefore, 
the finding that these cytokines also stimulate megakaryopoiesis in a 
manner similar to that of IL-6 is not surprising. IL-11 and leukemia 
inhibitory factor act in synergy with IL-3 or stem cell factor to aug- 
ment megakaryocyte formation. IL-11 is a 23-kDa polypeptide, initially 
cloned from a gibbon marrow stromal cell line, whose activity can sup- 
port the proliferation of an IL-6-responsive myeloma cell line.” Leu- 
kemia inhibitory factor displays a wide range of activities, including 
(1) inducing the acute phase hepatic response, (2) inducing an adren- 
ergic-to-cholinergic switch in neurons, (3) inhibiting lipoprotein lipase 
in adipocytes, and (4) maintaining pluripotentiality in embryonic cells. 

Like IL-6, IL-11 and leukemia inhibitory factor enhance megakary- 
ocytic maturation in vitro” and augment the effects of IL-3 and stem 
cell factor on primitive hematopoietic cells. Consistent with the in vitro 
findings, administration of either recombinant IL-11 or leukemia inhib- 
itory factor to rodents, nonhuman primates, or humans produces mod- 
est thrombocytosis.°”-' Despite the in vitro and in vivo findings, genetic 
elimination of either leukemia inhibitory factor or the IL-11 receptor 
has no effect on thrombopoiesis,'"' even when combined with elimina- 
tion of the thrombopoietin receptor.” 


Stem Cell Factor 

In contrast to the hematopoietic cytokine family, stem cell factor is 
more closely related to other hematopoietic proteins that utilize pro- 
tein tyrosine kinase receptors, such as macrophage colony-stimulating 
factor and the flt-3 ligand.” Nevertheless, stem cell factor stimulates 
megakaryocyte colony growth when used in combination with other 
cytokines.'* Moreover, genetic elimination of its receptor c-kit reduces 
megakaryocyte production’ and the rebound thrombocytosis that 
occurs following immunosuppressive therapy.'°°'” 

Stem cell factor was first identified using several different biologic 
assays (in addition to this term, the cytokine has been dubbed c-kit 
ligand, mast cell growth factor, and steel factor). Later studies indi- 
cate the cytokine acts primarily on primitive cells of the hematopoi- 
etic, melanogenic, and germ cell lineages. Stem cell factor is a dimeric 
protein composed of two identical noncovalently linked polypeptides. 
The soluble form monomer contains 165 residues,'” derived by prote- 
olytic cleavage of a membrane-bound splice form of the molecule." 
The membrane bound form is more active than the soluble cytokine, 
as intracellular signaling in response to membrane-bound stem cell 
factor is prolonged in receptor-bearing cells. Moreover, a naturally 
occurring mutant allele of the gene (SI), which allows production of 
the soluble but not the membrane-bound form of the cytokine, results 
in a phenotype nearly identical to deletion of the entire locus,'” again 
pointing to the importance of the membrane-bound form present on 
marrow stromal cells. 
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Fit-3 Ligand 

The flt-3 ligand initially was identified as a ligand for a novel member 
of the protein tyrosine kinase family of receptors.’ This growth factor 
also affects megakaryocyte formation. Like stem cell factor, to which it 
is most closely related, flt-3 ligand is found in both soluble and mem- 
brane-bound forms, is a noncovalently linked dimer, and affects pri- 
marily primitive hematopoietic cells. Although several studies have 
shown that flt-3 ligand used alone does not support megakaryocyte 
colony formation, some studies suggest it works in synergy with other 
megakaryocyte stimulatory agents to augment the proliferation of 
megakaryocytic progenitor cells in culture.!'*’5 Administration of flt-3 
ligand to mice expands the number of marrow and splenic progenitor 
cells that can give rise to megakaryocytes in vitro." However, genetic 
elimination of either flt-3 ligand or its receptor does not produce a 
platelet phenotype. 


Thrombopoietin 

The term thrombopoietin was first coined in 1958 to describe the primary 
regulator of platelet production.'” A major impetus to the discovery of 
thrombopoietin in 1986 was the identification of the myeloproliferative 
leukemia virus (MPLV), which induces a vast expansion of hematopoi- 
etic cells." The responsible viral oncogene was characterized in 1990," 
and its cellular homologue c-Mpl was cloned in 1992. Based on the 
presence of two copies of the hematopoietic cytokine receptor motif"! 
and the ability of a fusion of c-Mpl and the IL-4 receptor to signal in fac- 
tor dependent cells,’ c-Mpl clearly encoded a growth factor receptor, 
but its ligand was not known. Using three distinct strategies, four sepa- 
rate groups were able to clone complementary DNA for the correspond- 
ing hormone and report their results in 1994 (reviewed in Ref. 75). The 
gene for thrombopoietin encodes a 36-kDa polypeptide,’ which also is 
predicted to be extensively posttranslationally modified, resulting in an 
approximately 50- to 70-kDa protein. 

Thrombopoietin bears striking homology to erythropoietin, the 
primary regulator of erythropoiesis, within the aminoterminal half of 
the predicted polypeptide. The two proteins are more closely related 
than any other two cytokines within the hematopoietic cytokine fam- 
ily, sharing 20 percent identical amino acids, an additional 25 per- 
cent conservative substitutions, and identical positions of three of the 
four cysteine residues. Unlike any of the other cytokines in the family, 
thrombopoietin contains a 181-residue carboxyl-terminal extension, 
which bears homology to no known proteins. Two functions have been 
assigned to this region: it prolongs the circulatory half-life of the hor- 
mone,’ and it aids in its secretion from the cells that normally synthesize 
the hormone.'* 

The biologic activities of thrombopoietin have been demonstrated 
in vitro and in vivo, in mice, rats, dogs, nonhuman primates, and man. 
Incubation of marrow cells with thrombopoietin stimulates megakary- 
ocyte survival and proliferation, alone and in combination with other 
cytokines.** In vivo, thrombopoietin stimulates platelet production in 
a log-linear manner to levels 10-fold higher than baseline**” without 
affecting the blood red or white cell counts. In addition, because of its 
effect on hematopoietic stem cells (Chap. 16), the number of erythroid 
and myeloid progenitors and mixed myeloid progenitors in marrow and 
spleen also are increased,'*!” an effect that is particularly impressive 
when the hormone is administered following myelosuppressive ther- 
apy. 61812 This effect likely results from the synergy between thrombo- 
poietin and the other hematopoietic cytokines circulating at high levels 
in this condition. 

Based on genetic studies, thrombopoietin clearly is the primary 
regulator of thrombopoiesis. Elimination of either the c-Mpl or Tpo 
gene leads to profound thrombocytopenia in mice as a result of a greatly 
reduced number of megakaryocyte progenitors, mature megakaryocytes, 


and the reduced polyploidy of the remaining megakaryocytes.’ A 
similar result occurs in humans. Patients with congenital amegakary- 
ocytic thrombocytopenia (CAMT) display numerous homozygous or 
compound heterozygous nonsense or severe missense mutations of the 
thrombopoietin receptor c-Mpl (Chap. 117).'°'' The effect of throm- 
bopoietin on hematopoietic stem cells is particularly revealed by con- 
sideration of children with CAMT. Within 5 years of birth, nearly every 
patient with CAMT develops aplastic anemia as a result of stem cell 
exhaustion. 

The thrombopoietin gene displays an unusual 5’ flanking struc- 
ture. Unlike the majority of genes that initiate translation of the encoded 
polypeptide with the first ATG codon present in the mRNA, throm- 
bopoietin translation initiates at the eighth ATG codon located within 
the third exon of a full-length transcript.’ However, because the eighth 
ATG of thrombopoietin mRNA is embedded in the short, open read- 
ing frame of the seventh ATG, its translation is particularly inefficient 
because of the mechanism of ribosomal initiation.'** As such, little 
thrombopoietin protein is produced for any given amount of mRNA. 
Although this molecular arrangement has no known physiologic conse- 
quences, it forms the basis for an unusual form of disease, a disorder of 
translation efficiency. Four cases of autosomal dominant familial throm- 
bocytosis have been linked to mutations in the region surrounding the 
initiation codon. In two families, a single mutation in different nucleo- 
tides of the intron 3 splice donor sequence results in alternate splicing 
of the primary thrombopoietin transcript, eliminating the seventh and 
eighth ATG codons, creating a new aminoterminus by fusing of the fifth 
open reading frame with the thrombopoietin coding sequence. This 
novel thrombopoietin mRNA is efficiently translated, resulting in sup- 
raphysiologic levels of hormone production and nonclonal expansion of 
thrombopoiesis.'**'* In another mutant thrombopoietin allele, deletion 
of a single nucleotide within the seventh open reading frame leads to 
its fusion with the thrombopoietin coding sequence and now enhanced 
translation of thrombopoietin from the seventh ATG codon.” A fourth 
mutation has been described within the seventh open reading frame, 
leading to premature termination of that short peptide, preventing its 
interference with translation initiation from the usual eighth initiation 
codon,’** again enhancing thrombopoietin production (reviewed in 
Ref. 139). Of note, while reactive thrombocytosis is not thought to lead 
to hypercoagulability (Chap. 119), several patients in these pedigrees 
developed thromboses, raising the physiologic question of why should 
chronic stimulation of platelets with enhanced levels of thrombopoietin 
lead to hypercoagulability. 

The physiologic regulation of thrombopoietin production has 
received much attention. Experimental induction of immune-mediated 
thrombocytopenia results in relatively rapid restoration of platelet lev- 
els, followed by a brief period of rebound thrombocytosis. In these 
experimental cases and in most naturally occurring cases of thrombo- 
cytopenia, plasma hormone concentrations vary inversely with platelet 
counts, rising to maximal levels within 24 hours of onset of profound 
thrombocytopenia.'*' Two non-mutually exclusive models have been 
advanced to explain these findings. In the first model, thrombopoie- 
tin production is constitutive, but its consumption, and hence the level 
remaining in the blood to affect megakaryopoiesis, is determined by 
the mass of c-Mpl receptors present on platelets and megakaryocytes 
accessible to the plasma.” In this way, states of thrombocytosis result in 
increased thrombopoietin consumption (by the expanded platelet mass 
of c-Mpl receptors), reducing megakaryopoiesis. Conversely, throm- 
bocytopenia reduces blood thrombopoietin destruction, resulting in 
elevated blood levels of the hormone that drive megakaryopoiesis and 
platelet recovery. This model is based on one of the mechanisms reg- 
ulating macrophage colony-stimulating factor levels. The invariable 
levels of thrombopoietin-specific mRNA present in the liver and kidney 


of experimental animals and patients with thrombocytopenia or throm- 
bocytosis support this model.'*'° Moreover, thrombopoietin knock- 
out mice display a gene dosage effect.'*° Platelet levels in heterozygous 
mice are intermediate between that seen in wild-type and nullizygous 
animals, suggesting active regulation of the remaining thrombopoietin 
allele cannot compensate for the mild (60 percent of normal) thrombo- 
cytopenia induced by the loss of one allele. 

A second model suggests thrombopoietin expression is a regu- 
lated event. Very-low platelet levels can induce thrombopoietin-specific 
mRNA production. Several studies show that thrombopoietin mRNA 
levels are modulated in response to moderate to severe thrombocytope- 
nia, at least in the marrow.” The signal(s) responsible for this form 
of thrombopoietin regulation is being uncovered, but is, at least in part, 
mediated by transcriptional enhancement.'** CD40 ligand, platelet-de- 
rived growth factor, FGF, TGF-f, platelet factor-4, and thrombospondin 
modulate thrombopoietin production from marrow stromal cells.'4?'%° 

The human thrombopoietin gene 5’ flanking region lacks a TATA 
box or CAAT motif and directs transcription initiation at multiple sites 
over a 50-nucleotide region.’*' Reporter gene analysis in a hepatocyte 
cell line identified an Ets2 transcription factor-binding motif respon- 
sible for high-level expression of the gene. The 5’ flanking region also 
includes SP-1, AP-2, and nuclear factor-«B binding sites,” although 
the contribution of these transcription factors to thrombopoietin gene 
expression, either under steady-state or inflammatory conditions, has 
not been studied. 


CXCL12 (Stromal Cell-Derived Factor-1) 

Chemokines are members of a rapidly growing class of molecules 
that play multiple roles in blood cell physiology.'* Initially defined 
as substances that induce leukocyte chemotaxis, four classes of the 
8- to 12-kDa polypeptides have been recognized, based on the spac- 
ing of cysteine residues close to the aminoterminus of the proteins. An 
equally rapidly growing family of chemokine receptors also has been 
discovered, classified by the subfamily of chemokines they serve. All 
chemokine receptors are members of the seven-transmembrane family 
of receptors that signal through heterotrimeric G proteins. 

Most work has been conducted with the CC and CXC subfamilies 
of chemokines, molecules that display modest inhibitory effects on cell 
proliferation when used alone and potent effects when used in com- 
bination on hematopoietic progenitors at all levels of development.'™ 
On many levels, the CXC chemokine CXCL12 (previously termed SDF- 
1) and its receptor CXCR4 are notable exceptions to the many features 
shared by most members of the chemokine and chemokine receptor 
families. For example, although all the other genes for the known CXC 
chemokines reside on the long arm of human chromosome 14, CXCL12 
localizes to the long arm of chromosome 10.'*° Moreover, most chemok- 
ine receptors can be activated by multiple ligands. For example, the 
chemokine CCL3 (macrophage inflammatory protein [MIP]-1la) can 
bind and activate CCR1 and CCRS, and IL-8 can bind both CXCR1 
and CXCR2.'* In contrast, as the phenotype of genetic elimination of 
both CXCR4 and CXCL12 are almost identical,'*”'5* CXCR4 appears to 
be the only receptor for CXCL12, and CXCL12 is the only ligand for 
CXCR4. 

The marrow stroma is the primary source of CXCL12, and most 
of the cell types known to express CXCR4 are hematopoietic in ori- 
gin. One of the major phenotypes in CXCL12- or CXCR4-deficient 
neonatal mice is marrow aplasia, thought to be secondary to failure 
of perinatal hematopoietic stem cell homing (Chap. 16).!° In addi- 
tion, megakaryocytes display CXCR4'® and migrate in response to an 
CXCL12 concentration gradient.’*' Several groups have shown that 
CXCL12 augments thrombopoietin-induced megakaryocyte growth in 
suspension culture.*”'® Later studies have shown the synergy between 
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CXCL12 and other stimuli on megakaryocyte growth extends to cell 
surface adhesion." 


Transforming Growth Factor-B 

In addition to the many positive regulators of megakaryopoiesis, several 
substances down-modulate their development. Five isoforms of TGF- 
p have been identified, all disulfide-linked homodimers each contain- 
ing 112 residues.'* TGF-B, is the predominant type of TGF found in 
hematopoietic tissues. Platelet a granules are a particularly rich source 
of the cytokine. In general, transforming growth factors are inhibitors 
of hematopoiesis,’ particularly of megakaryocyte development.'°' 
The best understood TGF-f growth inhibitory effects are exerted on 
cell-cycle progression. After binding to one of five receptors, two path- 
ways that block cell-cycle progression are activated. pRb is hypophos- 
phorylated,'” antagonizing the effects of G,-phase cyclin-dependent 
kinases, and cell-cycle inhibitors, including p27 and p15'%, are upregu- 
lated, affecting cell-cycle progression.'*'® In contrast to these negative 
effects of TGF-f on cell proliferation, the cytokine enhances megakary- 
ocyte differentiation. 


Interferon-a 

A second class of cytokines that negatively impact thrombopoiesis are 
the interferons (IFNs), proteins first defined by their ability to induce 
an antiviral state in mammalian cells.’ Biochemical fractionation has 
revealed three classes of IFNs: IFN-«, a family of 17 distinct but highly 
homologous molecules; IFN-f, a single molecule more distantly related 
to the various isoforms of IFN-a; and IFN-y, a unique molecule that 
shares functional properties but not structure with the others. IFNs 
exert profound inhibitory effects on hematopoiesis.” 

The genes for the IFN-a/f subfamily cluster on the short arm of 
chromosome 9 and encode 165- to 172-residue polypeptides, of which 
35 percent are invariant across the family of IFN-a molecules. IFNs of 
the a/f type are produced by transcriptional upregulation in fibroblasts 
and leukocytes in response to viruses and other infectious agents and 
to inflammatory cytokines. Once bound to the IFN receptors, a cascade 
of kinases and intracellular mediators are triggered, initiated by JAKs 
(Janus family kinases), STAT (signal transducer and activator of tran- 
scription) factors, and p38 MAPK (Chap. 17), resulting in changes in 
gene transcription. 

IFN-a@ inhibits megakaryopoiesis, the clinical use of which is 
responsible for modest to severe thrombocytopenia in a significant 
number of patients undergoing therapy for chronic viral hepatitis. "%7 
The mechanisms responsible for the inhibitory effect of IFN-a are 
multifactorial. Some studies suggest a direct inhibitory effect of IFN- 
a on growth factor-induced proliferation pathways. For example, the 
cytokine augments double-stranded RNA-activated protein kinase 
activity, inhibiting translation initiation factor-2, implicating reduction 
of the growth factor-induced protein synthesis necessary for growth 
factor response.’ IFN- induces expression of the cell-cycle inhibi- 
tor p27*', arresting cells in G,/G, '” Other studies have demonstrated 
IFN-a induces a SOCS (suppressor of cytokine signaling)-1—-based 
feedback mechanism that cross-reacts and depresses thrombopoie- 
tin signaling.'” Thus, in addition to the multiple positive mediators of 
megakaryopoiesis, several cytokines block the process and can lead to 
thrombocytopenia. 


MEGAKARYOCYTE MICROENVIRONMENT 


Chapter 5 details the role of the marrow microenvironment in hemato- 
poiesis. This chapter discusses only aspects particularly vital for 
megakaryocyte growth. The cellular concentration within the marrow 
is estimated to be 10°/mL. Consequently, cell-cell and cell-matrix 
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interactions will occur.” A particularly important interaction for 
thrombopoiesis is between the marrow sinusoidal endothelial cell and 
the mature megakaryocyte. Studies using in situ videomicroscopy indi- 
cate that proplatelet processes extend through the sinusoids into the 
vascular lumen, where the shear stress of flowing blood liberates sin- 
gle platelets. Marrow stromal cells influence hematopoiesis in a num- 
ber of other ways, perhaps the most prominent through production 
of several cytokines that positively or negatively affect megakaryocyte 
growth.'*>78-!8 Stromal cells are the origin of a number of extracellu- 
lar matrix proteins and glycomucins that either directly affect hemato- 
poietic cells or indirectly affect hematopoietic cells by binding growth 
factors and presenting them in a functional context.'*"'’ Stromal cells 
also bear ligands for Notch proteins, cell-surface receptors that are crit- 
ical mediators of cell fate decisions.’ Notch and its ligands Delta and 
Jagged play important roles as regulators of hematopoietic progenitor 
cell proliferation’ and play a potential role in influencing the lineage 
fate choice between erythropoiesis and megakaryopoiesis.'* Cell-cell 
interactions mediated by integrins present on hematopoietic cells and 
counterreceptors on stromal cells are very important for megakaryo- 
poiesis,'*° both by bringing hematopoietic cells into close proximity 
to stromal cells producing soluble or cell-bound cytokines and more 
directly by triggering or augmenting intracellular signaling, promoting 
entry into the cell cycle, and preventing programmed cell death. 


@THERAPEUTIC MANIPULATION OF 
THROMBOPOIESIS BY NATURALLY 
OCCURRING CYTOKINES 


Thrombocytopenia is a major clinical problem with multiple origins 
(Chap. 117). Primary marrow diseases, certain infections, and solid 
tumors with a high propensity for marrow metastases directly affect 
platelet production. Nearly all leukemias, advanced lymphomas, and 
myelomas ultimately cause thrombocytopenia by this mechanism. 
Hypersplenism and thrombopoietin deficiency contribute to platelet 
sequestration and reduced platelet production in patients with hepatic 
failure. Consumptive coagulopathies, initiated by infection, tumors, or 
severe injury, can be responsible for severe thrombocytopenia. In other 
patients, autoimmune thrombocytopenia arises during the course of 
disease or is a primary disease. However, the most common cause of 
significant thrombocytopenia is iatrogenic: the use of potentially cura- 
tive or palliative chemotherapy or radiation therapy in patients with 
malignancy. An estimated 300,000+ persons yearly worldwide undergo 
courses of chemotherapy adequate to produce clinically significant 
thrombocytopenia. Recovery from the marrow suppressive effects of 
most chemotherapeutic agents occurs within 1 to 3 weeks following dis- 
continuation of therapy. However, some agents, including mitomycin C 
or nitrosoureas, can produce prolonged periods of marrow suppression. 
Moreover, the widespread use of IFN-a@ for chronic hepatitis C infec- 
tion adds large numbers of patients who experience thrombocytopenia 
as a dose-limiting toxicity. Tumor- or treatment-related thrombocy- 
topenia often delays much needed additional therapy, may necessitate 
potentially complicated platelet transfusions (Chap. 139), and causes 
significant morbidity and occasional mortality. Given the increased 
understanding of the humoral basis for megakaryopoiesis and throm- 
bopoiesis, numerous attempts have been made to manipulate these pro- 
cesses for therapeutic benefit. 


INTERLEUKIN-11 


IL-11 augments the growth of megakaryocytic progenitors in the pres- 
ence of IL-3'*”'** and acts to promote megakaryocyte maturation rather 


than proliferation.’ The preclinical effects of IL-11 were evaluated in 
mice, rats, and subhuman primates and revealed moderate activity in 
normal animals and following cytoreductive therapy.” 

The first clinical trials of IL-11 were reported in abstract form in 
1993 and 1994." Randomized clinical trials were reported a few 
years later." Most studies reported IL-11 ameliorated drug-induced 
thrombocytopenia. For example, IL-11 administered to patients with 
advanced stages of breast cancer undergoing multiple courses of anthra- 
cycline-based chemotherapy significantly reduced the need for platelet 
transfusions by 27 percent. However, use of the drug in patients under- 
going autologous stem cell transplantation did not enhance platelet 
recovery or other indices of hematopoiesis. Although chemical evidence 
of an acute-phase response was noted in many of the patients treated in 
these studies, the drug was generally well tolerated, even though fluid 
retention has been a significant side effect, often necessitating concomi- 
tant use of diuretics. IL-11 (oprelvekin, Neumega) was approved by the 
Food and Drug Administration in 1998 for use in patients undergoing 
chemotherapy who have evidence of previous drug-induced thrombo- 
cytopenia (Chap. 119). 


INTERFERON-a 


As noted in “Hormones and Cytokines” above, IFN suppresses hemato- 
poiesis and thrombopoiesis by multiple mechanisms. As a consequence, 
IFN-« has been used to reduce platelet counts in patients with many 
forms of myeloproliferative disease. The first reported clinical trial was 
performed in patients with a mixture of these disorders. The trial found 
the mean platelet count decreased significantly from 1050 x 10°/L to 
340 x 10°/L." Long-term therapy with IFN also was shown to be effec- 
tive and safe.!” From these and other studies, IFN (2 to 5 million units 
3 times per week) clearly effectively reduces the platelet count toward 
normal in most patients with myeloproliferative disease. More aggres- 
sive regimens (2 to 6 million units daily) result in complete hematologic 
remissions but with no evidence that the clonal disorder responsible 
has been affected.” Not surprisingly, reduced energy level, weight loss, 
myalgia, and depression have been consistently reported, forcing dis- 
continuation of the drug in approximately one-third of patients taking 
low to moderate doses of various forms of IFN-«.”"' Of some concern 
and possibly related to its effects on the immune system, a significant 
number of patients treated with IFN for thrombocytosis have devel- 
oped antibodies to the administered drug, with subsequent reduced 
efficacy.” 


THROMBOPOIETIN 


Clinically, the most important activity of thrombopoietin likely is its 
effects on megakaryopoiesis, potentially ameliorating the thrombocy- 
topenia that occurs in natural and iatrogenic states of marrow failure. 
In this regard, a number of promising results in preclinical trials of the 
cytokine were reported.'°!75° In general, in rodent, dog, and non- 
human primates, almost every model of myelosuppression or immune- 
mediated platelet destruction has responded favorably to parenteral 
administration of thrombopoietin. In addition to the favorable effects 
on platelet recovery, many of these studies also reported enhanced 
recovery or hematopoietic progenitors of all lineages, accelerated recov- 
ery of erythrocytes or leukocytes, or both. The only exception to these 
generally favorable results has been reported in animal models of stem 
cell transplantation, where negligible to minimal acceleration of blood 
cell recovery was found, unless the stem cell donor was treated with the 
hormone.?*?05 

A number of clinical trials in patients with cancer undergo- 
ing cytotoxic therapy have been conducted. Results were varied, with 
the hormone helpful in many patients,” but not in all clinical 


situations.” In general, the hormone has been useful in patients who 
were administered moderately aggressive chemotherapeutic regimens 
that produce clinically important thrombocytopenia. However, the 
hormone has not been helpful in the setting of high-dose, prolonged 
cytotoxic therapy, as in the treatment of acute myelogenous leukemia, 
or in stem cell transplantation, unless, as in the animal studies, it is 
administered to the stem cell donor.”" Thrombopoietin also reportedly 
increases platelet levels in patients with immune-mediated thrombocy- 
topenia.*” The timing of drug administration can significantly impact 
both the total amount of drug required and its efficacy.’* For example, 
administration of one dose of drug before and once following myelo- 
suppressive therapy was as effective as any other multidose regimen. 
This regimen resulted in significant reductions in nadir platelet counts 
and the need for platelet transfusion during chemotherapy cycles sup- 
plemented with thrombopoietin. Nevertheless, use of a modified form 
of recombinant thrombopoietin is associated with antibody formation 
to the drug, which cross-reacts with and neutralizes the native hor- 
mone, resulting in thrombocytopenia.’ Although this effect has not 
been reported with a nonmodified recombinant thrombopoietin, most 
efforts using thrombopoietin in patients with thrombocytopenia are 
focusing on small peptide or organic mimics that bind to and activate 
the thrombopoietin receptor (reviewed in Ref. 218).?'*?!” Both types 
of thrombopoietin mimetic agents have been tested in clinical trials 
(Chap. 117). Two lead indications have been tested; primary immune 
thrombocytopenia (ITP) and IFN-induced thrombocytopenia in 
patients being treated for chronic hepatitis C infection. The results of 
these trials have been very promising. For example, in a randomized 
control phase III clinical trial of a peptibody bearing four copies of a 
c-Mpl receptor-stimulating peptide on an immunoglobulin scaffold, 84 
percent of heavily pretreated patients with ITP responded to treatment, 
with rates being slightly lower or higher depending on whether they had 
previously undergone splenectomy.” Likewise, the administration of a 
small, orally available organic thrombopoietin mimetic to patients with 
ITP resulted in 81 percent of patients achieving a platelet count above 
50 x 10°/L.”° These studies have led to FDA approval of the two throm- 
bopoietin agonists for use in patients with ITP. The same molecule was 
administered to patients with modest hepatic insufficiency undergoing 
IFN/ribavirin therapy for hepatitis C; 75 percent of such patients were 
able to complete 3 months of therapy without IFN dose reduction, com- 
pared to 6 percent of patients given placebo.™! 

Thrombopoietin mimics have also been tested in combination 
with other agents for the treatment of chronic ITP. For example, the 
combination of recombinant human thrombopoietin plus rituximab 
results in higher response rates and longer duration of response than 
rituximab alone.?” 

A number of studies have suggested that thrombopoietin mimics 
could lead to marrow fibrosis, particularly if used for long periods of 
time. For example, in a series of patients treated with several different 
thrombopoietin mimics over 60 patients were shown to develop modest 
degrees of marrow fibrosis, that progressed with time.” Careful study 
of these patients will be required to assess the true incidence and predic- 
tors of such complications of therapy. 
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CHAPTER 112 

PLATELET MORPHOLOGY, 
BIOCHEMISTRY, AND 
FUNCTION 


Susan S. Smyth, Sidney Whiteheart, Joseph E. Italiano Jr., Paul Bray, 
and Barry S. Coller 


The approximately 1 trillion platelets that circulate in an adult human are 
small anucleate cell fragments adapted to adhere to damaged blood vessels, 
to aggregate with one another, and to facilitate the generation of thrombin. 
These actions contribute to hemostasis by producing a platelet plug and then 
reinforcing plug strength by the action of thrombin converting fibrinogen 
to fibrin strands. To accomplish these tasks, platelets have surface receptors 
that can bind adhesive glycoproteins; these include the GPlb/IX/V complex, 
which supports platelet adhesion by binding von Willebrand factor, especially 
under conditions of high shear, and the a,,8, (GPllb/Illa) receptor, which is 
platelet-specific and mediates platelet aggregation by binding fibrinogen 
and/or von Willebrand factor. Other receptors for adhesive glycoproteins (inte- 
grin a,B  [GPla/lla], GPVI, and perhaps others for collagen; integrin a,b, [GPlc*/ 
lla] for fibronectin; integrin aß, [GPIc/lla] for laminin; and CLEC-2 for podo- 
planin) also contribute to platelet adhesion, but their precise contributions are 
less-well defined. Activated platelets express both surface P-selectin, which 
mediates interactions with leukocytes, and CD40 ligand, which activates a 


number of proinflammatory cells, and release chemokines and a soluble form 
of CD40 ligand, thus initiating an inflammatory reaction. Platelet coagulant 
activity results from the exposure of negatively charged phospholipids on the 
surface of platelets and the generation of platelet microparticles, along with 
release and activation of platelet factor V and perhaps exposure of specific 
receptors for activated coagulation factor. Platelets change shape with activa- 
tion as a result of a complex reorganization of the platelet membrane skeleton 
and cytoskeleton. With activation, platelets undergo release of a granules, 
dense bodies, and lysosomes, the contents of which work to restore vascular 
integrity. The activation process involves a number of receptors for agonists 
such as adenosine diphosphate, epinephrine, thrombin, collagen, thrombox- 
ane (TX) A,, vasopressin, serotonin, platelet activating factor, lysophosphatidic 
acid, sphingosine-1-phosphate, and thrombospondin, as well as several signal 
transduction pathways, including phosphoinositide metabolism, arachidonic 
acid release and conversion into TXA,, and phosphorylation of a number of 
different target proteins. Increases in intracellular calcium result from, and fur- 
ther contribute to, platelet activation. Platelet activation results in a change in 
the conformation of the integrin a „8, receptor, leading to high affinity ligand 
binding and platelet aggregation. 

Platelets also act as storehouses for a variety of molecules that affect plate- 
let function, inflammation, innate immunity, cell proliferation, vascular tone, 
fibrinolysis, and wound healing; these agents are actively released upon plate- 
let activation. Other vasoactive and platelet activating substances are newly 
synthesized when platelets are activated. Through cooperative biochemical 
interactions, platelets can communicate with, and are affected by, other blood 
cells and endothelial cells. 

Quantitative and qualitative disorders of platelets produce hemorrhagic 
diatheses (Chaps. 119 to 122). In pathologic states, uncontrolled platelet 
thrombus formation can lead to vasoocclusion and ischemic tissue necrosis, 
as, for example, in myocardial infarction and stroke (Chap. 135). Platelets may 
also facilitate tumor cell growth and metastasis. 


Acronyms and Abbreviations: AA, arachidonic acid; ADAM, a disintegrin and metallo- 
protease; ADMIDAS, adjacent to metal ion-dependent adhesion site; Angll, angiotensin Il; 
APP, amyloid precursor protein; AP3, activator protein 3; BTK, Bruton tyrosine kinase; CIB, 
calcium and integrin binding protein; CLEC, C-type lectin-like receptor; COX, cyclooxyge- 
nase; DAG, diacylglycerol; DTS, dense tubular system; EDTA, ethylenediaminetetraacetic 
acid; EGF, epidermal growth factor; EMMPRIN, matrix metalloproteinase inducer; ERK, 
extracellular signal-regulated kinase; FAK, focal adhesion kinase; FOG, friend of GATA; 
FERM, four point one, ezrin, radixin, and moesin; Gas, growth arrest-specific gene; GP 
glycoprotein; GPCR, G-protein—coupled receptor; GPI, glycosylphosphatidylinositol; 
GSK, glycogen synthase kinase; HDL, high-density lipoprotein; HPETE, hydroxyeicosate- 
traenoic acid; hTRPC, human canonical transient receptor potential; ICAM, intercellular 
adhesion molecule; IL, interleukin; IP., inositol-1,4,5-trisphosphate; ITAM, immunore- 
ceptor tyrosine-based activation motif; ITIM, immunoreceptor tyrosine-based inhibitory 
motif; ITSM, immunoreceptor tyrosine-based switch motif; JAM, junctional adhesion 
molecule; LAMP, lysosome-associated membrane protein; LDL, low-density lipoprotein; 
LIBS, ligand-induced binding site; LIMBS, ligand-associated metal binding site; LOX, 
lipoxygenase; LPA, lysophosphatidic acid; LPC, lysophosphatidy! choline; LPS, lipopoly- 
saccharide; LT, leukotriene; LX, lipoxin; MAPK, mitogen-activated protein kinase; MIDAS, 
metal ion-dependent adhesion site; miRNA, microRNA; MLC, myosin light chain; MMP, 


matrix metalloproteinase; MRP, myeloid-related protein; MVB, multivesicular body; NAP, 
neutrophil-activating peptide; NET, neutrophil extracellular trap; NMR, nuclear mag- 
netic resonance; NO, nitric oxide; PAF, platelet-activating factor; PAR, protease-activated 
receptor; PDGF, platelet-derived growth factor; PDI, protein disulfide isomerase; PDZ, 
postsynaptic density protein (PSD95), Drosophila disk large tumor suppressor (Dlg1), 
and zonula occludens-1 protein (zo-1); PECAM, platelet-endothelial cell adhesion mol- 
ecule; PG, prostaglandin; PH, pleckstrin homology; PI, phosphoinositol; PIPK, phospho- 
inositol phosphate kinase; PIP., phosphoinositol 4,5-bisphosphate; PKC, protein kinase 
G PL, phospholipase; PNH, paroxysmal nocturnal hemoglobinuria; PPAR, peroxisome 
proliferator-activated receptors; PSGL, P-selectin glycoprotein ligand; PTB, phos- 
photyrosine binding; RIAM, Rap1GTP-interacting adapter molecule; SERT, serotonin 
transporter; SNP single nucleotide polymorphism; $1P, sphingosine-1-phosphate; SR, 
scavenger receptor; STIM, stromal interaction molecule; SyMBS, synergy metal binding 
site; TFPI, tissue factor pathway inhibitor; TGF, transforming growth factor; TLR, toll-like 
receptor; TLT, TREM-like transcript; TNF, tumor necrosis factor; TP, thromboxane prost- 
anoid receptor; TRAIL, TNF-related apoptosis-inducing ligand; TREM, triggering receptors 
expressed on myeloid cells; TSP, thrombospondin; TX, thromboxane; VASP, vasodilator- 
stimulated protein; VEGF, vascular endothelial growth factor; VWF, von Willebrand factor; 
WASP, Wiskott-Aldrich syndrome protein. 
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@ OVERVIEW OF PLATELET ADHESION, 
AGGREGATION, AND PLATELET 
THROMBUS FORMATION 


The hemostatic system is under elaborate control mechanisms lest the 
response be either inadequate to meet the hemorrhagic challenge or 
result in inappropriate thrombosis in response to trivial provocation. 
Evolutionary pressures have probably favored a more active hemostatic 
system as individuals with more active hemostatic systems were more 
likely to avoid death from hemorrhage prior to attaining sexual matu- 
rity or in association with childbirth. Our active hemostatic system may 
be less-well adapted to our modern age, which is characterized by long 
life spans and progressive vascular disease, given that the deposition of 
a platelet-fibrin thrombus on a damaged atherosclerotic plaque is the 
cause of most myocardial infarctions and many strokes. 

The platelet’s major function is to seal openings in the vascular 
tree. It is appropriate, therefore, that the initiating signal for platelet 
deposition and activation is exposure of underlying portions of the 
blood vessel wall that are normally concealed from circulating platelets 
by an intact endothelial lining (Fig.112-1).! Additional parameters that 
probably control the platelet response are: (1) the depth of injury, with 
deeper damage exposing more platelet-reactive materials and tissue 
factor (Chap. 115); (2) the vascular bed, with the blood vessels serving 
mucocutaneous tissues especially dependent on platelets for hemostasis, 
in contrast to the vascular beds in muscles and joints, which rely more 
on the coagulation mechanism; (3) the age of the individual, because 
the composition of the blood vessel wall probably changes with age; 
(4) the hematocrit, because increased numbers of erythrocytes enhance 


platelet interactions with the blood vessel wall by forcing platelets to 
the periphery of the bloodstream (as the erythrocytes disproportion- 
ately occupy the axial region), by imparting radially directed energy to 
platelets as the erythrocytes engage in flip-flop motions, and perhaps 
by releasing the platelet activator adenosine diphosphate (ADP) at sites 
of vascular injury”; and (5) the speed of blood flow and the size of the 
blood vessel, which will determine the number of platelets passing by a 
single point in a given time interval, the amount of time a platelet has 
to interact with the blood vessel wall or other platelets, the rate of dilu- 
tion of platelet activating agents, and the forces tending to pull a platelet 
from the vessel wall or another platelet (shear rate).*** The vasospastic 
response that accompanies vascular injury, to which platelets contribute 
by release of thromboxane (TX) A, and serotonin, probably plays a key 
role in decreasing hemorrhage and facilitating platelet and fibrin depo- 
sition via its effect on blood flow. 

The initial adhesion of platelets occurs to the adhesive proteins 
within the subendothelial layer immediately subjacent to the endo- 
thelium" or to activated endothelium. The platelet expresses many 
receptors that participate in adhesive interactions (Table 112-1). 
Intravital microscopy and ex vivo flow chamber studies indicate that 
discoid platelets that show minimal or no evidence of activation can 
form the initial layers of platelet aggregates when laminar flow is dis- 
rupted by a stenotic lesion, but that stable thrombus development 
requires the generation and/or release of soluble activators.* Mem- 
brane tethers, which can undergo restructuring and stabilization, are 
important in achieving interactions with matrix proteins and other 
platelets. 

The shear rate differentially affects platelet adhesion to sur- 
faces.*+7" Shear rates, which reflect the differences in flow velocity 
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Figure 112-1. Platelet adhesion, activation, aggregation, and platelet-leukocyte interactions. A. Endothelial cells limit platelet deposition because 
they separate platelets from the adhesive proteins in the subendothelial area, produce two inhibitors of platelet function (nitric oxide [NO] and 
prostacyclin [PGI,]), and contain a potent enzyme (CD39) that can digest adenosine diphosphate (ADP) released from platelets. Platelet adhesion 


is initiated by loss of endothelial cells 


proteins such as collagen and von Willebrand factor (VWF) in the subendothelium. In addition, VWF and perhaps othe 
plasma deposit in the damaged area, in part by binding to collagen. Platelets adhere 


or, in the case of an atherosclerotic lesion, rupture or erosion of the plaque), which exposes adhesive glyco- 


adhesive glycoproteins in 


o the subendothelium via receptors that bind to the adhesive 


glycoproteins. Glycoprotein (GP) Ib binding to VWF plays a prominent role, but integrin a8, (GPla/Ila) and GPVI binding to collagen and other platelet 


receptors (see Table 112-4) probably also play a role. After platelets adhere, they undergo an activation process that leads 
B, receptors involving headpiece extension and leg separation (see Fig. 


in integrin Gib 


o a conformational change 
12-5), resulting in their ability to bind with high-affinity select 


multivalent adhesive proteins, most prominently fibrinogen and VWF, including the VWF that binds to collagen in the subendothelial area. 
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Figure 112-1. B. Platelet aggregation occurs when the multivalent adhesive glycoproteins bind simultaneously to integrin a,,B, receptors on two 
different platelets, resulting in receptor crosslinking. Clustering of the receptors probably also contributes to the stability of the aggregates (not shown). 
C. After platelets adhere and aggregate, they help to initiate coagulation by binding tissue factor-containing vesicles circulating in the plasma, exposing 
negatively charged phospholipids on their surface (not shown), releasing platelet factor V (not shown), and releasing procoagulant microparticles. Acti- 
vated platelets also express P-selectin on their surface, which leads to recruitment of leukocytes viainteractions between platelet P-selectin and P-selectin 
glycoprotein ligand-1 (PSGL-1) expressed on the surface of leukocytes. Other interactions between platelets and leukocytes are detailed in Fig. 112-9. 
Thrombus formation is a dynamic cyclical process, with platelets repeatedly adhering, aggregating, and then breaking off and embolizing downstream. 
Platelet-leukocyte aggregates, platelet aggregates, platelet microparticles, thrombin, thromboxane A, (TXA,), leukotrienes (LTs), and serotonin prob- 
ably all go downstream and affect the microvasculature. Ultimately, the vessel either becomes fully occluded or loses its thrombogenic reactivity; 
that is, it becomes passivated. 


as a function of distance from the blood vessel wall, vary considerably Willebrand factor (VWF) binding to glycoprotein (GP) Ib/IX followed 
throughout the vasculature, being highest in small arterioles and low- by intracellular signaling, leading to activation of integrin æ p," 
est in large arteries and veins; very high rates are observed at the tips Platelets contribute more significantly to arterial thrombi than to 
of severely stenotic atherosclerotic arteries.*'"” Very high shear rates venous thrombi, perhaps as a result of differences in the shear rates in 
can cause platelets to aggregate via a mechanism that involves von the different beds.* 
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TABLE 112-1. Platelet Cytoskeletal Proteins* 


Protein 


Properties 


Actin'®" 


Mr = 42,000 

20-30% of total platelet protein (0.55 M; 2 x 10° per platelet) 

Band y forms present at a ratio of 5:1 

Monomeric actin (G-actin) bound to calcium-ATP (or adenosine diphosphate [ADP]) 
Polymerization requires energy (ATP—>ADP) and produces F-actin 


F-actin filaments: two strands of intertwined helices with polarity based on ability to interact with myosin frag- 
ment (“pointed” and “barbed” ends) 


Steady-state polymerization: monomers lost from pointed end while others join barbed end (“treadmilling”) 


Profilin'®”? 


Mr = 15,200 

Forms 1:1 reversible complex with actin monomer 
Prevents actin polymerization 

May help “recharge” actin monomers with ATP 


Gelsolin'®!? 


Mr = 81,000 (5 uM; 2 x 10* per platelet) 

Binds to barbed end of F-actin filaments 

Severs actin filaments 

Facilitates nucleation 

Produces shorter filaments with gel—sol transformation 


Thymosin B,7°77° 


Mr = 5000 (0.55 M; 2 x 10° per platelet) 
Binds actin monomer 
Inhibits actin polymerization 


Tropomyosin'®"* 


Mr = 28,000; rod-shaped dimer of 35-nm length 
Binds to groove on actin filaments (6 actins:1 tropomyosin) 
Not all actin filaments have bound tropomyosin 


Caldesmon'8"5 


Mr = 80,000; asymmetric 
Binds to actin, tropomyosin, myosin, and calmodulin 
May control actin filament bundling and actomyosin adenosine triphosphatase (ATPase) 


Filamin A (X) and B 
(3) (actin-binding 


proteini oo lez tele 1317 


Filamin A-to-B = 10:1 

Mr = 260,000 subunit; tail-to-tail dimer; elongated 162-nm flexible rod composed of 24 immunoglobulin-like 
domains; phosphorylated 

2-3% of platelet protein 

Binds actin with 1 actin binding protein molecule per 14 actin molecules 

Binds glycoprotein (GP) Iba and integrin B subunit cytoplasmic domains and links GPIb/IX to actin 


Binds small guanosine triphosphatases (GTPases) ralA, ras, rho, Cdc-42, as well as kinases and phosphatases, and 
exchange factors 


Trio and Toll 
Crosslinks actin filaments to form a gel 
Dephosphorylation leads to loss of activity 


Migfilin'4212"8 


Mr = 50,000; binds kindling-2 and vasodilator-stimulated protein (VASP) 
Can displace filamin from £, cytoplasmic domain, facilitating binding of talin 


Talin'42-245:1818-1820 


Mr = 235,000 
3% of platelet protein 


Binds to B, integrin cytoplasmic tail to activate a,,6,; also binds vinculin and a-actinin; cleaved and activated by 
calpain 


a-Actinin'®'? 


Mr = 100,000 and 102,000; dimer 
Binds actin at 1:10 stoichiometry; binds Ca?* 
Forms gel with F-actin; cooperates with actin-binding protein; promotes actin polymerization 


Vinculin26% 18211822 


Mr = 130,000 
Binds to talin; may link actin to membrane proteins at adhesion sites 


(Continued) 


TABLE 112-1. Platelet Cytoskeletal Proteins* (Continued) 


Protein Properties 
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Myosin [| 1823,1824 


Mr = 480,000 (2 x 200,000; 2 x 20,000; 2 x 16,000) 


2-5% of platelet protein; 325 x 111-nm filaments 
Myosin light chain (M, = 20,000); phosphorylated; required for ATPase activity 


Myosin light-chain Mr = 105,000 


kinase'®> 


Calmodulin'® Mr = 17,000 


Phosphorylates myosin light chain and activates actomyosin ATPase leading to contraction 


Binds four calciums and activates myosin light-chain kinase 


Gapz ie Mr = 36,000 and 32,000 (5 uM; 2 x 10* per platelet) 
Heterodimer 
Binds barbed ends of actin filaments 

Cofilin'*42"¢ Mr = 20,000 


Accelerates depolymerization of actin filaments 


Fimbrin (L-plastin) Mr = 68,000 
Bundles actin filaments 


Found in microvilli 


VASP 154216 Mr = 50,000 
Tetrameric 


Binds profilin, vinculin, zyxin 


GTPases'54229.249 Cdc42-filopodia 
Rho-stress fibers 
Rac-lamellipods and ruffles 


Rap1b-a,,,8, control 


Tyrosine kinases pp60%< 
pp125™*-a „b, signaling 


pp72%*-GPVI signaling 


14-3-3¢-binds to GPlba 
Pleckstrin-phosphorylated on activation 


Adaptor proteins 


PI kinases PI-3 kinase 
P|,P-5 kinase 
Spectrin a,B heterodimers form head to head tetramers 
Bind to actin filaments 
a,y Adducins Cap barbed ends of actin filaments and bind to spectrin 


Phosphorylated with platelet activation and cleaved by calpain 


*See Refs. 216, 249, 261, 266, and 1827. 


Platelets also interact directly with exposed collagen, including 
types I, HI, and VI, via GPVI and integrin ap, (GPlIa/IIa), or perhaps 
one or more of the many other receptors implicated in platelet-collagen 
interactions (e.g., CD36 [GPIV], p65). 7> The interaction of platelets 
with collagen is most evident at relatively low shear rates. Depending on 
the vascular bed, available adhesive glycoproteins, and shear conditions, 
it is likely that various combinations of platelet receptors, including 
GPIba, integrin af i (GPla/IIa), GPVI, and integrin HPs act in concert 
to transform the tethering and slow translocation of platelets initiated 
by GPIba interacting with VWF into stable platelet adhesion.'***!°'6>8 

For platelet plug formation to occur, platelets must undergo acti- 
vation as well as adhesion. Adhesion of platelets to subendothelial 
structures, in particular VWF at high shear, may itself lead to plate- 
let activation, including the generation of TXA,, release of ADP 
and serotonin, and activation of the integrin OP, receptors on the 


luminal side of the platelet so that they adopt their high-affinity ligand- 
binding conformation(s).'° These positive feedback mechanisms insure 
an adequate hemostatic response. Depending on the nature of the surface 
to which they adhere, platelets also undergo variable spreading reactions 
and become anchored by a process that at least partially involves integrin 
& „p; ligation and clustering, leading to “outside-in” signaling, cytoskel- 
etal reorganization, and tyrosine phosphorylation; these reactions also 
contribute to initiating the release reaction.” In addition, platelet acti- 
vators, such as ADP, are released or synthesized at the site of vascular 
injury, resulting in a local response. Cooperative biochemical interactions 
between erythrocytes and platelets may enhance platelet activation.” 
Activated luminal integrin @,,, receptors on adherent platelets 
bind VWE fibrinogen, and other adhesive glycoproteins, and await the 
interaction with another platelet, which itself may have undergone acti- 
vation of its integrin a,,,8, receptors as a result of exposure to released 
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ADP and TXA.. Alternatively, a platelet may become activated and bind 
VWE or fibrinogen while still circulating, in which case the platelet- 
ligand complex may bind directly to an activated integrin « „b, receptor 
on the luminal surface. The binding of adhesive ligands to platelet recep- 
tors then repeats itself, resulting in the recruitment of additional layers 
of platelets, and ultimately the formation of a hemostatic plug. Intravital 
videomicroscopy of the mesenteric and cremasteric circulations of mice 
after endothelial cell damage demonstrates that, at least in these vascu- 
lar beds, platelet thrombus formation is initially a very dynamic process, 
with many platelets depositing but then embolizing.** The thrombus 
grows relatively slowly compared to what its growth would be if all of the 
platelets that deposited remained attached to the surface.” 

The integrin «,,,8, receptor occupies a central role in determin- 
ing the extent of platelet aggregation, in part because it is present at 
an extraordinarily high density on the platelet surface (approximately 
50,000 receptors per platelet, such that receptors are probably less than 
20 nm apart).*°***5 This permits it to rapidly initiate platelet aggre- 
gation. On the other hand, the receptor is not in its high-affinity lig- 
and-binding state on resting platelets but rather needs to be activated 
by agonists, including ADP, serotonin, thrombin, collagen, and TXA, 
that are localized to sites of vascular injury.™**+*6 As a result, platelets can 
circulate in plasma containing high concentrations of the integrin a „b, 
ligands fibrinogen and VWF without ongoing platelet thrombus forma- 
tion. The agonists that activate the integrin «,,,8, receptor are likely to 
work in combination in vivo. In fact, the mixture of agonists present 
is likely to change as the process unfolds, with collagen perhaps more 
important at the beginning, thrombin more important later on, and the 
other agonists in varying mixtures throughout. The platelet activation 
effects of multiple agonists may be additive or synergistic, depending on 
the mechanism(s) involved.*”* 

A number of mechanisms stabilize platelet aggregates. These 
include absence of fibrinogen (presumably limiting fibrin formation),” 
leptin,“ CD40 ligand,” growth arrest-specific gene 6 product (Gas6) 
and its receptors (Axl, Sky, and Mer),°*-*’ Eph kinases and ephrins,** fac- 
tor XII,” plasminogen activator inhibitor-1 and vitronectin,” or inhibi- 
tion of select regions of fibrinogen.” 

Activated platelets can facilitate thrombin generation by one or 
more different mechanisms, including recruitment of bloodborne tissue 
factor, synthesis or activation of tissue factor, formation of procoagu- 
lant microvesicles, exposure of activated factor V, exposure of negatively 
charged phospholipids, and perhaps activation of the contact system. The 
thrombin thus generated further activates platelets, leading to more exten- 
sive degranulation; it also further activates coagulation and initiates the 
deposition of fibrin strands that reinforce the platelet thrombus and serve 
as sites for additional VWF deposition.“ Thrombin also helps to consol- 
idate the plug by initiating platelet-mediated clot retraction (see section 
“Platelet Shape Change, Spreading, Contraction and Clot Retraction” 
below). Finally, thrombin affects the surface membrane receptors, down- 
regulating GPIb/IX and upregulating integrin a,,f,, perhaps facilitating 
the transition from platelet adhesion to platelet aggregation.” © 

Release of vasoactive and mitogenic agents, as well as chemok- 
ines, from platelets contributes to the inflammatory response, as does 
the appearance of P-selectin on the surface of activated platelets and 
endothelial cells, because P-selectin and other platelet receptors recruit 
leukocytes to the damaged region. Finally, after contributing to 
hemostasis and initiating an inflammatory response, platelet-fibrin 
thrombi eventually resolve, most likely by a combination of emboliza- 
tion, fibrinolysis, and macrophage removal of debris. 

Several inhibitory factors serve to balance platelet activation and 
thus prevent excessive platelet deposition. The dilutional effects of flow- 
ing blood are probably most important; thus, alterations in the surface 
of the blood vessel that produce local areas of stasis in which platelets 


and coagulation factors may concentrate are prothrombogenic.*° Endo- 
thelial cells can synthesize two potent inhibitors of platelet activation, 
prostacyclin and nitric oxide (Chap. 115).°-” Generation of prostacy- 
clin at sites of vascular injury or inflammation may provide a mecha- 
nism to limit platelet accumulation. Nitric oxide, which is synthesized 
by endothelial cells, is a potent inhibitor of ex vivo platelet adhesion 
and aggregation. Endothelial cells and lymphocytes also have CD39, an 
ecto-ATP diphosphohydrolase (ecto-ADPase) that can digest ATP and 
ADP to adenosine monophosphate (AMP), and thus limit the effects of 
released ADP.” They also have CD73, which can convert AMP into 
the platelet inhibitor adenosine. 


@ PLATELET MORPHOLOGY AND 
BIOCHEMISTRY 


MICROSCOPIC APPEARANCE 


On films made from blood anticoagulated with the strong calcium 
chelating agent ethylenediaminetetraacetic acid (EDTA) and treated 
with Wright stain, platelets appear as small bluish-gray, oval-to-round 
shaped cell fragments with several purple-red granules. The mean diam- 
eter of platelets varies in different individuals, ranging from approx- 
imately 1.5 to 3.0 um, approximately one-third to one-fourth that of 
erythrocytes. There is also considerable variability in the size of platelets 
in a single individual, with occasional platelets in normal blood sam- 
ples having diameters greater than half the diameter of erythrocytes. 
Overall, platelet size appears to follow a log normal distribution with an 
average volume of approximately 7 fL.” When unanticoagulated blood 
is used to prepare blood films, platelets undergo variable activation and 
spreading, and thus platelet aggregates are commonly seen; platelets 
from such specimens may demonstrate three or four very long finger- 
like processes extending out from the body of the platelet (filopodia), 
and some platelets may be devoid of granules. 

Electron microscopy reveals a fuzzy coat (glycocalix) extending 14 
to 20 nm from the platelet surface, which is thought to be composed 
of membrane GPs, glycolipids, mucopolysaccharides, and adsorbed 
plasma proteins (Fig. 112-2).”* Platelets move in an electric field as if 
they have a net negative surface charge; sialic acid residues attached to 
proteins and lipids are major contributors to this negative charge.” The 
electrostatic repulsion created by the negative surface charge may help 
prevent resting platelets from attaching to each other or to negatively 
charged endothelial cells. 

Indentations on the platelet surface are thought to be the open- 
ings of the open canalicular system, which is an elaborate channel sys- 
tem composed of invaginations of the plasma membrane that extend 
throughout the platelet (see Fig. 112-2 and “Membrane Systems” 
below). The contents of platelet granules can gain access to the outside 
when the granules fuse with either the plasma membrane or any region 
of the open canalicular system. Similarly, glycoproteins contained 
within granule membranes can join the plasma membrane after granule 
fusion with either the plasma membrane or the open canalicular system. 


MEMBRANE SYSTEMS 


The Plasma Membrane 

The plasma membrane is a trilaminar unit composed of a bilayer of phos- 
pholipids embedded with cholesterol, glycolipids, and glycoproteins.”°”8 
Platelets prepared by the freeze-fracture technique demonstrate more 
intramembranous particles embedded in the outer platelet membrane 
leaflet than in the inner leaflet, which is the reverse of findings in ery- 
throcytes; this observation presumably reflects the many external 
receptors that mediate platelet interactions. The plasma membrane is 
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Figure 112-2. A and B. Discoid platelets. The lentiform shape of blood platelets is well preserved in samples fixed in glutaraldehyde and critical 


point 
cate s 


dried for study in the scanning electron microscope. The indentations apparent on the otherwise smooth surfaces of the platelets (arrows) indi- 
ites where channels of the open canalicular system (OCS) communicate with the cell exterior. (Magnification: A, x13,200; B, x35,000.) C, D, and 


E. Ultrastructural features observed in thin sections of discoid platelets cut in the equatorial plane (C and D) or cross-section (E). Components include 
the exterior coat (E.C.), trilaminar unit membrane (CM), and submembrane area containing the specialized filaments of the membrane skeleton (SMF). 
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at the 
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asma membrane indentations form the walls of the channels of the surface-connected open canalicular system (C.S. and OCS). The circumfer- 
band of microtubules (M.T.) is seen as a continuous band beneath the plasma membrane on the equatorial section and as small open cylinders 
ends of the platelet on the cross-section. Glycogen granules (Gly) are prominent punctate structures in the cytoplasm, and residual Golgi zones 
an also be identified. Organelles include mitochondria (M.), dense bodies (D.B.), and a granules (G.), many of which have regions of electron 


densi 


y (nucleoids). The dense tubular system (DS), the platelet equivalent of the sarcoplasmic reticulum sequesters calcium. (Magnification: C, 


x30,000.) F. Platelet shape change. Platelets exposed to adenosine diphosphate and then fixed and examined by scanning electron microscopy. The 
platelets lose their discoid shape and become spiny spheres with long extensions, variably referred to as filopodia or pseudopodia. (Magnification: 
17,000.) (Reproduced with permission from Bloom AL, et al: Hemostasis and Thrombosis, Edinburgh: Churchill Livingstone; 1994.) 
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thought to contain the sodium- and calcium-adenosine triphosphatase 
(ATPase) pumps that control the intracellular ionic environment of the 
platelet. Approximately 60 percent of platelet phospholipids are con- 
tained in the plasma membrane. The phospholipids are asymmetrically 
organized in the plasma membrane; the negatively charged phospholip- 
ids are almost exclusively present in the inner leaflet, whereas the others 
are more evenly distributed.” The negatively charged phospholipids, 
especially phosphatidylserine, are able to accelerate several steps in the 
coagulation sequence and so their presence in the inner leaflet of rest- 
ing platelets, separated from the plasma coagulation factors, is thought 
to be a control mechanism for preventing inappropriate activation of 
the coagulation system.***' During platelet activation induced by select 
agonists, the aminophospholipids may become exposed on the plate- 
let surface or on the surface of microparticles (see “Platelet Coagulant 
Activity” below).*°-* 

The phospholipid asymmetry in resting platelets may be main- 
tained by an ATP-dependent aminophospholipid translocase that 
actively moves phosphatidylserine and phosphatidylethanolamine from 
the outer to the inner leaflet. Interactions of negatively charged phos- 
pholipids with cytoskeletal or other cytoplasmic elements may also con- 
tribute to the asymmetry.*°*)° 

Lipid rafts are dynamic, cholesterol- and sphingolipid-rich mem- 
brane microdomains that are important in signaling and intracellular 
trafficking. In platelets the cholesterol-to-phospholipid molar ratio is 
twofold higher in rafts than in bulk membranes, with sphingomyelin 
accounting for the majority of total raft lipids.” Platelet lipid rafts con- 
tain the marker proteins flotillin 1, flotillin 2, stomatin, and the gan- 
glioside GM; the rafts are also notable for being devoid of caveolin. 
Other proteins, such as CD36, CD63, CD9, integrin æ „p, and glucose 
transporter (GLUT)-3, are present in rafts prepared from resting plate- 
lets.” Upon activation of GPVI, Fc gamma chain, FcyRIa, and GPIb/ 
IX/V partition into the lipid rafts, as do c-Src,” phosphatidic acid, 
and phosphoinositol (PI) 3’-kinase (PI3K) products.*”*! Factor XI binds 
to extracellularly-oriented lipid rafts and undergoes activation.” The 
calcium entry channel hTRPcl is associated with lipid rafts in platelets 
and, upon platelet activation, contributes to calcium entry that is regu- 
lated by the state of intracellular calcium stores (store-mediated calcium 
entry). The functionally detrimental effects of chilling platelets are 
thought to be mediated, at least in part, by the temperature-dependent 
coalescence of platelet lipid rafts.” 

Open Canalicular System The surface-connected open canalicu- 
lar system is an elaborate series of conduits that begin as indentations of 
the plasma membrane and tunnel throughout the interior of the plate- 
let.” Tracer studies demonstrate that the open canalicular system is 
contiguous with the exterior of the platelet, even though elements of the 
open canalicular system may appear as closed vesicles or vacuoles by 
electron microscopy of sectioned platelets.”°°>-°” 

The open canalicular system may serve several functions. It pro- 
vides a mechanism for entry of external elements into the interior of 
the platelet. It also provides a potential route for the release of granule 
contents to the outside, eliminating the need for granule fusion with the 
plasma membrane itself.” This latter function is especially important 
because, under most circumstances, platelet granules appear to move 
to the center of the platelet upon platelet activation rather than to the 
periphery.” Controversy remains, however, regarding the relative 
frequency with which secretion occurs via the open canalicular system 
versus direct fusion with the plasma membrane.”°>' 

The open canalicular system also represents an extensive internal 
store of membrane. Both filopodia formation and platelet spreading 
after adhesion require a dramatic increase in surface plasma membrane 
compared to the plasma membrane of resting platelets, and it is not pos- 
sible for new membrane to be synthesized during the short time-course 


of these phenomena. Thus, the membrane of the open canalicular sys- 
tem most likely contributes to the increase in plasma membrane under 
these conditions; the membranes of a granules, dense bodies, and, to a 
lesser extent, lysosomes may also contribute, but only if the stimulus is 
sufficient to induce the fusion of these organelles with the plasma mem- 
brane (release reaction). Finally, the membrane of the open canalicular 
system may serve as a storage site for plasma membrane glycoproteins. 
For example, under certain conditions, platelet activation by thrombin 
leads to a consistent, selective loss of GPIb/IX from the platelet surface 
and data from electron microscopy indicate that the GPIb/IX becomes 
sequestered in the open canalicular system.**!"' Plasmin may produce 
a similar phenomenon.'®*’'” Platelet activation leads to an increase in 
surface integrin «,,,6,, and although much of this receptor is thought to 
derive from a-granule membranes, at least some may come from inte- 
grin & „p, in the membranes of dense bodies and the open canalicular 
system.'°'! Similarly, GPVI, the P2Y, ADP receptor, and the TXA, 
receptor, and perhaps other receptors are present in the open canalicular 
system and can be recruited to the platelet surface with activation.’' 

Dense Tubular System/Sarcoplasmic Reticulum The dense 
tubular system (DTS) is a closed-channel network of residual endoplas- 
mic reticulum characterized histocytochemically by the presence of per- 
oxidase activity.”°'°°'°* The channels of the DTS are less extensive than 
those of the open canalicular system and tend to cluster in regions in 
close approximation to the open canalicular system.” The DTS is anal- 
ogous to the sarcoplasmic reticulum of muscle because it can sequester 
Ca™ and release it when platelets are activated, leading to shape change, 
granule centralization, and secretion.’ Calreticulin, a calcium bind- 
ing protein found in the DTS/sarcoplasmic reticulum, probably helps 
to sequester ionized calcium.''"'” Release of Ca™ from the DTS/sar- 
coplasmic reticulum involves the binding of inositol-1,4,5-trisphos- 
phate (IP,), a messenger molecule formed during signal transduction, 
to IP, type II receptors on the DTS/sarcoplasmic reticulum membrane 
(Fig. 112-3)."34 Cyclic AMP inhibits Ca** release from the DTS/sar- 
coplasmic reticulum, either by enhancing the calcium pumping mecha- 
nism!" or by inhibiting release induced by IP,''* NO inhibits Ca’* uptake 
by the DTS/sarcoplasmic reticulum at high concentrations and stimu- 
lates uptake at low concentrations by effects on the calcium ATPase(s) 
SERCA26 and SERCA3.""'® Depletion of intracellular calcium stores 
activates store-operated calcium entry (SOCE) into platelets (reviewed 
in Ref. 119). The depletion of Ca” from the DTS/sarcoplasmic reticulum 
is sensed by stromal interaction molecule 1 (STIM1), a transmembrane 
protein with a Ca™ binding motif (EF hand) in the DTS/sarcoplasmic 
reticulum.'”!” Loss of Ca** binding to STIM1 results in translocation 
and activation of Orail, a calcium release activated calcium (CRAC) 
channel in the plasma membrane,’ that allows Ca’ entry into the 
platelet. Although mice with defects in STIM1 and Orail have demon- 
strated abnormalities in platelet function,” humans with mutations 
in these proteins have had immune dysfunction, but no overt hemo- 
static or thrombotic abnormalities." The human canonical transient 
receptor potential 1 (hTRPC1) has also been implicated in regulating 
platelet SOCE, but mice deficient in this protein do not have a defect in 
platelet Ca? entry.!?°"1°° 

The DTS membrane is also probably a major site of prostaglandin 
and TX synthesis"; in fact, the peroxidase activity used to identify 
the DTS is an enzymatic component of prostaglandin synthesis.’°"'* 


Cytoskeletal Elements 

The discoid shape of the resting platelet is maintained by a well-defined 
and highly specialized cytoskeleton. This system of molecular struts and 
girders preserves the shape and integrity of the platelet as it encounters 
high shear forces in the circulation. The platelet cytoskeleton is oper- 
ationally defined as proteins that are insoluble in the presence of the 


ADP,TXA, 
thrombin 


Collagen CLEC-2 
GPVI 


PL 
FcRy va ‘a 
FeyRlla A >) 


Integrin X X 


Chapter 112: Platelet Morphology, Biochemistry, and Function 


2 
vod 
WOWd 


Cc a2 


Figure 112-3. Platelet calcium homeostasis. Upon receptor activation different phospholipase (PL) C isoforms hydrolyze phosphatidylinosi- 
tol-4,5-bisphosphate (PIP,) to inositol-1,4,5-trisphosphate (IP,) and diacylglycerol (DAG). IP, releases Ca** from the intracellular stores in the dense 
tubular system (DTS)/sarcoplasmic reticulum. The transmembrane protein stromal interaction molecule 1 (STIM1) senses the reduction in Ca** 
through a decrease in Ca** occupancy of its EF hand domain, and then opens Orail Ca?* channels in the plasma membrane, a process called store- 
operated calcium entry, whereas DAG mediates calcium entry through canonical transient receptor potential channel 6 (TRPC6). Additionally, a direct 
receptor-operated calcium (ROC) channel, P2X,, and a Na*/Ca** exchanger (NCX) contribute to the elevation in Ca* in the platelet cytoplasm. The 
counteracting mechanisms to replenish DTS/sarcoplasmic reticulum Ca% stores involve Ca** adenosine triphosphatases (ATPases) (SERCAs). Plasma 
membrane Ca? ATPases (PMCAs) pump Ca% through the plasma membrane out of the cell. ADP, adenosine diphosphate; CLEC-2, C-type lectin-like 
receptor 2; FcRy, Fc receptor y chain; FcyRlla, Fc y receptor Ila; GPVI, glycoprotein VI; IP,R, IP,-receptor; Pl,-K, phosphatidylinositol 3-kinase; Syk, spleen 


tyrosine kinase. Because of controversies about the localization and role of TRPC 


in the literature, this protein is not depicted in the figure. (Adapted 


with permission from Varga-Szabo D, Braun A, Nieswandt B: Calcium signaling in platelets. J Thromb Haemost 7(7):1057-1066, 2009.) 


nonionic detergent Triton X-100 under defined ionic conditions. The 
three major cytoskeletal elements are the spectrin membrane skeleton, 
the marginal microtubule coil, and the actin cytoskeleton. 

Membrane Skeleton The plasma membrane and open canalic- 
ular system of the resting platelet are supported by a highly structured 
cytoskeletal system (see Figs. 112-2 and 112-4). This two-dimensional 
network, located just beneath the plasma membrane, has remarkable 
structural resemblance to its red blood cell counterpart. Thus, both 
involve the self-assembly of elongated spectrin strands that intercon- 
nect through their binding to actin filaments, generating triangular 
pores. Platelets contain approximately 2000 molecules of spectrin."'° 
The spectrin network coats the cytoplasmic surfaces of both the plasma 
membrane and the open canalicular system. In contrast to the ery- 
throcyte membrane skeleton, however, in which spectrin molecules 
connect on short actin filaments, in platelets, spectrin joins into a net- 
work by binding to the ends of actin filaments in close apposition to the 
plasma membrane. As a result, the spectrin lattice is assembled into a 
continuous network by its association with actin filaments. Moreover, 
tropomodulins, which are abundant in erythrocytes, are not expressed 
at significant levels in platelets and thus are unlikely to play a role in 
capping the pointed ends of actin filaments. Instead, these ends appear 
to be free in resting platelets. Finally, the protein adducin is abundantly 
expressed in platelets and appears to cap the majority of the barbed 
ends of the filaments making up the resting platelet cytoskeleton.” This 
serves to target them to the spectrin-based membrane skeleton, as the 
affinity of spectrin for adducin-actin complexes is greater than for either 
adducin or actin alone.!38-140 

The platelet spectrin-actin filament network is fortified by inter- 
actions with filamin A (actin binding protein), a noncovalent dimer 
of two identical Mr 280,000 protein subunits that fastens GPIb/IX/V 
complexes to the sides of actin filaments. By interacting with both the 


transmembrane glycoprotein GPIba and the actin immediately below 
the membrane, filamin A connects these components to the spectrin 
network and the resulting membrane cytoskeleton, probably contribut- 
ing to the platelet’s discoid shape. In addition, the association of GPIba 
with the membrane skeleton restricts the expansion of the spectrin net- 
work and probably helps to organize receptors into linear arrays on the 
platelet surface, thus enhancing receptor cooperation (see Fig.112-4).'* 
Filamin also binds to the cytoplasmic domains of the f, subunits of inte- 
grin receptors and this keeps the receptor in a low affinity state.4!"'" 
Other proteins that have been found in the membrane skeleton include 
talin, vinculin, dystrophin-related protein, molecules implicated in sig- 
nal transduction, and several isoenzymes of protein kinase C.'* 

Talin has been implicated in controlling integrin a,,$, activa- 
tion, by binding to the cytoplasmic domain of integrin 8, when phos- 
phorylated and/or cleaved by calpain (see “Integrin ap, below and 
Fig. 112-4). Migfilin (filamin-binding LIM protein-1) is a 373- 
amino-acid protein of Mr 50,000 that can displace filamin from the 
integrin f, cytoplasmic domain, thus facilitating talin binding and acti- 
vation. Moreover, joining integrin œ „8, to the membrane skeleton via 
an integrin £, linkage creates the possibility for an actin-myosin con- 
traction process to supply sufficient force to integrin a,,8, to induce 
conformational changes in the receptor that result in high affinity ligand 
binding.” The protein vimentin (Mr 58,000), which is an important 
component of intermediate filaments, is present in platelets and con- 
tributes to the membrane cytoskeleton. When platelets are activated, 
vitronectin-plasminogen activator inhibitor-1 (PAI-1) complexes 
bind to surface vimentin where they are strategically located to inhibit 
fibrinolysis.’ With platelet activation, integrins «a „8, and afp, join the 
cytoskeleton. Thus, the cytoskeleton may affect whether receptors are 
free to move in the plane of the membrane; it may also have a role in 
moving certain receptors from the surface to the interior of platelets and 
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vice versa via the open canalicular system. ®™! The membrane skeleton 
may also be important in platelet spreading after adhesion. 

Microtubules One of the most distinguishing features of the rest- 
ing platelet is its marginal microtubule coil (see Fig. 112-2). Located 
below the plasma membrane, it plays an important role in platelet 
formation from megakaryocytes and maintaining the platelet’s dis- 
coid shape.”*"*''** Microtubules are the largest cytoskeletal filaments 
(25 nm) and are comprised of hollow polarized polymers composed of 
13 protofilaments made up of af tubulin dimers (each of Mr 110,000) 
that associate with several high-molecular-weight proteins (micro- 
tubule-associated proteins).'*'° Motor proteins of the dynein and 
kinesin families are also associated with microtubules.'5*"* In cells, af 
tubulin subunits are in dynamic equilibrium with assembled microtu- 
bules such that reversible cycles of assembly and disassembly of micro- 
tubules are frequently observed.'® The critical concentration for tubulin 
polymerization is 5 uM, which is well below the tubulin concentration 
in platelets (70 uM) and thus 60 percent of platelet tubulin is present 
as polymer.'**'® On cross-section, approximately eight to 12 separate 
hollow structures are observed at the tapered ends of the platelet (see 
Fig. 112-2). Direct visualization of microtubule assembly in resting 
mouse platelets indicates that the circumferential coil in platelets is 
composed of at least 8 actively polymerizing microtubules.’ Microtu- 
bule dynamics allows for necessary changes in platelet shape that occur 
during the platelet life span and with activation. Tubulin is acetylated 
in resting platelets and undergoes deacetylation by histone deacetylase 
(HDAC) 6 with activation in association with the dissolution of the 
marginal band.'*"! 

Platelets contain four different tubulin isoforms ($, $, Pp B,), but 
P, is dominant and is specific for megakaryocytes and platelets. Targeted 
gene deletion of f, tubulin in mice results in thrombocytopenia and 
abnormal platelet and microtubule morphology.’ 8,-Tubulin-deficient 
platelets are spherical in shape, probably as a result of having defective 


Figure 112-4. Diagrammatic depiction of 
established and hypothetical connections 
between select platelet transmembrane gly- 
coproteins and the underlying membrane 
skeleton. Although evidence exists for direct 
interactions between llb 3 with talin and Src 
and between GPlb with 14-3-3 and filamin, 
the remainder of the interactions are only 
hypothetical and are based on the recovery of 
proteins in the membrane skeleton fraction of 
solubilized platelets. (Adapted with permission 
from Colman RW: Hemostasis and Thrombosis: 
Basic Principles and Clinical Practice, 4th edition. 
Philadelphia, PA: Williams & Wilkins; 2001.) 


marginal bands with fewer (approximately two to three) than normal 
(approximately eight) microtubule coils." A heterozygous polymor- 
phism of human £ -tubulin (Q43P) has been described in association 
with macrothrombocytopenia,'™ but it is probably not causal, and 
individuals homozygous for the Q43P variant have low platelet counts, 
abnormal platelet ultrastructure, and decreased tubulin, but normal 
platelet length, width, and area.’ A heterozygous £ -tubulin muta- 
tion (R207H) in a strategically located region of the molecule has been 
reported in association with macrothrombocytopenia as has an F260S'” 
mutation and an R318W mutation!® (Chap. 120).1* 

Actin Filaments Actin is the most abundant of all platelet pro- 
teins, with 2 million molecules expressed per platelet (0.5 mM).'® 
Like tubulin, actin is in dynamic monomer-polymer equilibrium, with 
40 percent of the actin subunits polymerized to form 2000 to 5000 linear 
actin filaments in resting platelets (Fig. 112-5). The rest of the actin in 
the platelet cytoplasm is maintained in storage as a 1:1 complex with 
P thymosin; this stored actin is converted to filaments during plate- 
let activation to drive cell spreading.'” Thus, actin filaments crisscross 
the interior of the cell, interconnected at various points into a rigid 
cytoplasmic network by abundantly expressed actin crosslinking pro- 
teins, including filamin and «-actinin.'"'” Filamin exists in solution 
as homodimers of subunits that themselves are elongated strands com- 
posed primarily of 24 repeats, each approximately 100 amino acids in 
length, that are folded into immunoglobulin (Ig) G-like 6 barrels. 74175 
There are three filamin genes and they are located on the X chromo- 
some, chromosome 3, and chromosome 7.'7°'” Filamin A and filamin B 
are expressed in platelets, with filamin A accounting for approximately 
90 percent of total filamin. 

Filamin is a prototypical scaffolding protein that attracts bind- 
ing partners, including the small guanosine triphosphatase (GTPase), 
RalA, Rac, Rho, and Cdc42," and positions them adjacent to the 
plasma membrane.'” Approximately 90 percent of the filamin in resting 
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Figure 112-5. Control of platelet acti 
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platelets interacts with the cytoplasmic tail of the GPIba subunit of the 
GPIb-IX-V complex via a binding site in filamin’s second rod domain 
(repeats 17 to 20).'*°!*! This interaction has three consequences. First, it 
positions filamin’s self-association domain and associated partner pro- 
teins at the plasma membrane while presenting filamin’s actin-binding 
sites into the cytoplasm. Second, because a large fraction of filamin is 
also bound to actin, it aligns the GPIb-IX-V complexes into rows on 
the plasma membrane surface of the platelet over the underlying actin 
filaments. Third, because the filamin linkages between actin filaments 
and the GPIb-IX-V complex pass through the pores of the spectrin 
lattice, it restrains the molecular movement of the spectrin strands in 
this lattice and holds the lattice in compression. The filamin-GPIba 
connection is essential for the formation and release of discoid platelets 
by megakaryocytes, as platelets lacking this connection are produced 
in lower numbers and the ones that are produced are abnormally large 
and fragile. Platelets deficient in GPIb (Bernard-Soulier syndrome; 
Chap. 120) are very large, perhaps as a result of abnormalities in orga- 
nizing the cytoskeleton. 


@ PLATELET ENERGY METABOLISM 


Platelets have sizable stores of glycogen that can often be seen on elec- 
tron microscopy (see Fig. 112-2). Glycogen can be broken down into 
glucose 1-phosphate, and platelets can also take up glucose from their 
surrounding medium. Platelet glycolysis rates significantly exceed those 
of erythrocytes and skeletal muscle.'*? Oxidative metabolism probably 
contributes to energy production in resting platelets, but it has been 
estimated that less than 1 percent of the pyruvate produced by glycolysis 
actually enters the citric acid cycle. The remainder is either converted to 
lactate or remains as pyruvate; both leave the platelet.'* Platelet mito- 
chondria are capable of oxidation of fatty acids, but its importance to 
energy production is unclear.'*'*’ Platelets can actively metabolize 
acetate, which has been exploited to improve platelet storage condi- 
tions.'**'8§ Amino acids may also serve as energy sources and feed into 
the citric acid cycle, but their contributions are uncertain. 

As in all cells, ATP consumption by platelets is partially devoted 
to maintaining ionic and osmotic homeostasis.’ In addition, the 
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continuous polymerization and depolymerization of actin involves 
conversion of ATP to ADP, and this may account for as much as 40 
percent of the ATP consumption in resting platelets." The continuous 
polymerization and depolymerization of tubulin that occurs in the coil 
of resting platelet involves conversion of guanosine triphosphate (GTP) 
to guanosine diphosphate (GDP), and thus consumes energy.’” Contin- 
uing dephosphorylation and rephosphorylation of phosphatidylinosi- 
tols, which are important in signal transduction, has been estimated to 
consume as much as 7 percent of the total ATP produced.'” Protein 
phosphorylation also occurs as an ongoing process, but its fractional 
use of ATP is not clear in resting cells. Platelet stimulation leads to a 
marked increase in both glycolytic activity and oxidative ATP produc- 
tion, perhaps as a result of the abrupt decrease in ATP that occurs with 
platelet activation or the increase in cytoplasmic pH.'*” The increased 
ATP appears to be used, at least in part, for phosphatidylinositide and 
protein phosphorylation. 

Platelet stimulation is accompanied by a marked increase in both 
glycolytic activity and oxidative ATP production, perhaps through a 
feedback mechanism in response to the abrupt decrease in ATP that 
occurs with platelet activation or as a result of the increase in cytoplas- 
mic pH.’ The increased ATP appears to be utilized, at least in part, in 
phosphoinositide phosphorylation and protein phosphorylation. 


Organelles 
Peroxisomes In platelets, some of the main metabolic functions of 
peroxisomes include fatty acid B-oxidation, plasmalogen (a phospho- 
lipid) synthesis, and synthesis of platelet-activating factor (PAF).'** They 
contain acyl-CoA:dihydroxyacetone phosphate acyltransferase, which 
catalyzes the first step in the synthesis of ether-containing phospholip- 
ids. Deficiencies of this enzymatic activity have been identified in the 
cerebrorenal Zellweger syndrome, and the platelet activity can be used 
to diagnose the disorder. "° 

Mitochondria Platelets contain approximately four to seven 
mitochondria of relatively small size, often located near the plasma 
membrane; they are involved in oxidative energy metabolism. -19 
Control of mitochondrial Bcl-2 family proteins, including Bcl-xl and 
Bak, directly affects a platelet’s life span and alterations in these pro- 
teins can produce thrombocytopenia (Chaps. 111 and 117). Release 
of mitochondria upon platelet activation, either in microparticles or 
free in the circulation, may contribute to inflammation and nonhemo- 
lytic transfusion reactions.’ Abnormalities of mitochondrial enzymes, 
including the reduced form of nicotinamide adenine dinucleotide 
(NADH) coenzyme Q reductase (complex I), have been implicated 
in the pathophysiology of aging and several neurodegenerative disor- 
ders, including Alzheimer disease, schizophrenia, and some forms of 
Parkinson disease. Assays of platelet mitochondrial enzyme levels have 
been used in these studies.” In addition, hyperglycemia-induced 
mitochondrial superoxide generation may contribute to the enhanced 
platelet aggregation observed in diabetes.” Loss of the mitochondrial 
inner leaflet potential has been associated with surface expression of 
platelet procoagulant activity and coated platelet formation (see “Plate- 
let Coagulant Activity” below).?°°! 


@ PLATELET SHAPE CHANGE, SPREADING, 
CONTRACTION, AND CLOT RETRACTION 


OVERVIEW 


The cytoskeleton establishes the platelets native structure and its ability 
to respond to stimuli through changes in shape and force generation; 
as such, the cytoskeleton can be considered analogous to an animal's 


bones and muscles. Table 112-1 lists the major components of the plate- 
let contractile system. These elements are thought to contribute to plate- 
let shape change, secretion, and clot retraction after platelet activation. 

When exposed to a variety of agonists, platelets undergo dramatic 
changes in shape within seconds. Shape change follows a reproduc- 
ible sequence of events during which the resting platelet cytoskeleton 
is dismantled and reorganized. The first noticeable change following 
activation is the dismantling of the microtubule coil and conversion 
from discs to spheres. Filopodia and lamellipodia, generated by new 
actin filament assembly, then extend from the plasma membrane. At 
the same time, intracellular organelles and granules, and the dismantled 
microtubule coil, are compressed into the center of the platelet. Once 
shape change is finished, the actin cytoskeleton is used as a platform 
for contraction, and contractile tension is exerted between platelets and 
between platelets and the adjacent fibrin strands. 


PLATELET SHAPE CHANGE 


Platelet shape change occurs in response to many different agonists. It 
involves loss of the platelet’s normal discoid shape (approximately 1.5 
to 2.5 um diameter and approximately 0.5 to 0.9 wm width) and trans- 
formation to a spiny sphere with long, thin filopodia extending sev- 
eral micrometers out from the platelet and ending in points that are as 
small as 0.1 um in diameter (see Fig. 112-2). In the aggregometer, 
it has been generally assumed that the initial decrease in light trans- 
mission immediately after adding certain agonists is a reflection of 
platelets undergoing shape change,” but this interpretation has been 
challenged by the suggestion that microaggregation rather than shape 
change accounts for this phenomenon.’ Although the reason platelets 
undergo shape change is unclear, one possibility is that it reduces elec- 
trostatic repulsion between two negatively charged platelets or between 
a platelet and a negatively charged surface or cell without the need to 
reduce surface charge density. Thus, after changing shape, the tip of a 
platelet filopodium can more easily approach and make contact with a 
surface or a cell because the great bulk of the repulsive surface charge is 
now at a distance from the tip.’ 

A change in platelet shape from disk to sphere is the first event 
that is observed as the platelet is activated. Agonist binding to select 
receptors activates phospholipase (PL) C$, which hydrolyzes mem- 
brane-bound PI-4,5-bisphosphate to inositol-1,4,5-triphosphate (IP,) 
and diacylglycerol. IP, then binds to receptors on the DTS/sarcoplasmic 
reticulum, generating a rise in cytosolic calcium concentrations to 5 to 
10 uM. While calcium can influence the activity of many actin-binding 
proteins, one of the major proteins that is activated is gelsolin, which 
is present in platelets at a concentration of approximately 5 uM. Actin 
filaments in resting platelets are relatively stable because their barbed 
ends (the end from which they can grow by adding additional actin 
monomers), are capped with the protein CapZ and a,y-adducins (see 
Fig. 112-5). Calcium-activated gelsolin both severs existing actin fila- 
ments and caps the newly created barbed ends. This increases the num- 
ber of actin filaments by an estimated 10-fold, and substitutes gelsolin 
for CapZ and a,y-adducins as the actin filament capping protein.” Sev- 
ering of actin filaments that interact with the planar lattice composed of 
filamin A (actin binding protein), GPIb/IX, and spectrin in the mem- 
brane cytoskeleton releases the constraints on the spectrin network. 
This allows the membrane skeleton to swell (but not produce filopodia) 
(see Fig. 112-5) by incorporating into the plasma membrane the mem- 
branes from the open canalicular system, and later the membranes from 
the granules that release their contents. 

The protrusive force for lamellipodia and filopodia formation 
comes from new actin polymerization, such that there is a doubling of 
actin filament content. This burst of actin filament assembly is powered 


by the generation of barbed-end nucleation sites after receptor activa- 
tion. These nucleation sites are generated de novo by the activation of 
the Arp2/3 complex or by the exposure of the barbed ends of preexisting 
filaments.” Because barbed ends have a higher affinity for actin mole- 
cules than do the actin sequestering proteins, they have the capacity to 
initiate actin filament polymerization. 

Platelets contain two proteins whose main function is to bind and 
sequester actin monomers. The first is profilin, which is present at a 
concentration of 50 uM. Profilin can sequester actin monomers from 
the pointed ends of actin filaments, but not the barbed ends. Profilin 
also functions as a major transfer factor in actin filament polymeriza- 
tion. The second and more abundant protein involved in sequestration 
of actin monomers and stimulation of the polymerization of actin is 
thymosin-£,. With a platelet concentration of 55 mM, it is equimolar to 
actin. Thymosin-f, binds actin molecules with an affinity that is greater 
than that of the pointed end of the actin filament, allowing it to com- 
pete effectively for molecules from the pointed end. Thymosin-f, has 
a lower affinity for actin monomer than actin has for the barbed end 
of the filament, resulting in filament assembly when barbed ends are 
free. Thymosin-8, maintains a large pool of unpolymerized actin, and 
60 percent of the total actin in the platelet is bound to thymosin-£,. The 
affinity of thymosin-f, for actin monomer is regulated by the nucleotide 
that is bound to actin. 

The platelet actin assembly reaction that follows the addition of 
agonists starts when free barbed ends are formed (see Fig. 112-5). 
Barbed ends are generated by the uncapping of filament ends and the 
de novo assembly of filaments by the Arp 2/3 complex. Platelets contain 
high concentrations of barbed-end capping proteins that regulate the 
accessibility of these ends to regulate actin dynamics. Platelets contain 
5 uM each of gelsolin?” and capZ,”° and 3 mM of adducin.”! Uncap- 
ping of the actin filaments appears to be accomplished by the inactiva- 
tion of capping proteins by phosphoinositides that are produced during 
platelet activation, including PI-3,4-bisphosphate (PI, aP) PI Py and 
PI, , P,.”° The uncapped actin filaments act as nuclei onto which actin 
monomers (which are maintained in an available pool by association 
with thymosin-$,) can assemble on the barbed ends of the filaments. 
Profilin accelerates actin polymerization by facilitating the transfer of 
actin from the actin-thymosin-6, complex to the barbed ends of the 
actin filaments. In addition to exposing new filament ends as a source 
of nuclei, new nucleation sites are generated by activation by the 
Arp 2/3 complex. The Arp 2/3 complex mimics the pointed ends of 
actin filaments and stimulates barbed-end assembly of actin filaments. 
The Arp 2/3 complex is made up of seven polypeptides, two of which 
have actin-related sequences, Arp2 and Arp3.”” Platelets contain 
high concentrations of the Arp2/3 complex (2 to 10 uM). Approximately 
30 percent of the Arp2/3 complex is bound to the resting platelet 
cytoskeleton. Once platelets are activated, the Arp2/3 complex redis- 
tributes to the cytoskeleton, increasing three-fold and concentrating 
in the lamellipodial zone of actin filament assembly. Several signal- 
ing pathways regulate the activity of the Arp2/3 complex, including 
Wiskott-Aldrich syndrome protein (WASP) family members. Muta- 
tions in the WASP gene result in Wiskott-Aldrich syndrome, an inher- 
ited X-linked recessive disorder characterized by thrombocytopenia 
and T-cell immunodeficiency (see Chap. 121). 

Simultaneous with these changes, the peripheral microtubule coil 
becomes constricted and fragmented, and is ultimately compressed 
into the center of the cell. As the filopodia form, the platelet’s granules 
and organelles move to the center, surrounded by the microtubule coil, 
resulting in an increase in electron density. Activation of myosin II via 
phosphorylation of myosin light chain kinase, contributes to the inward 
contractile force by its interaction with the actin fibers. 
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PLATELET SPREADING AND 
SURFACE-INDUCED ACTIVATION 


After platelets adhere to surfaces, they undergo variable degrees of 
spreading and activation. The patterns of spreading and activation 
depend primarily on the protein surface on which they spread, with col- 
lagen consistently inducing the most activation.”*” In addition to the 
nature of the surface, the protein density, especially in the case of fibrin- 
ogen, can dramatically affect the signaling systems that are activated 
in the adherent platelets.” Activation can result in release of granule 
contents and exposure of activated integrin œ „$, receptors on the lumi- 
nal surface of the platelets, where they are strategically located to bind 
adhesive glycoprotein ligands that can recruit additional platelets.” If 
the surface density of platelets is sufficient, the platelets can also enter 
into lateral associations, which appear to depend on integrin apb, 
In general, platelet spreading results in the development of broad 
lamellipodia rather than spike-like filopodia (see Fig. 112-2). The 
different morphologies of platelet spreading reflect differences in the 
organization of the network of actin filaments. Ultrastructural exami- 
nation of lamellipodia reveals them to be replete with actin filaments 
that are organized into orthogonal networks. This organization is estab- 
lished by the actin filament crosslinking protein filamin A. In contrast, 
filopodia contain long actin filaments that are organized as tight bun- 
dles. These structural differences reflect the different signals initiated 
by the adhesion process, and both PIs and the small GTPase molecules 
Rac and Cdc42 appear to be particularly important in this process.'™ 
In platelets, Rac is activated by thrombin receptor ligation and it stim- 
ulates actin filament uncapping.’” Proteins that have been implicated 
in organizing the tips of the filopodia where the actin bundles attach to 
the plasma membrane are the small GTPase Cdc42, the exchange pro- 
tein WASP, vinculin, vasodilator-stimulated protein (VASP), zyxin, and 
profilin." Pleckstrin, a platelet protein that is phosphorylated during 
platelet activation, appears to participate in this process by binding to 
PIs and affecting Rac via an exchange factor.”™™? Platelets from mice 
deficient in pleckstrin have a defect in granule secretion, integrin «,,8, 
activation, and aggregation mediated by protein kinase C. Thrombin 
can overcome this abnormality via a pathway involving PI3K.’* Sig- 
naling after adhesion results from the assembly of protein complexes 
on the cytoplasmic surfaces of the receptor(s) involved in the adhesion 
process, including focal adhesion kinase (FAK), which is activated by 
integrin ligation and colocalizes with a number of cytoskeletal proteins. 
Deletion of FAK in megakaryocytes and platelets results in defects in 
platelet spreading.** These complexes then initiate local cytoskeletal 
rearrangements as well as the generation of signaling molecules that 
act throughout the platelet to produce a variety of effects, including the 
translation of new proteins.” The nature and extent of the signaling 
may determine whether the adherent platelets recruit additional plate- 
lets or white blood cells. In particular, the conversion of spread platelets 
to a microvesiculated procoagulant form has been associated with the 
recruitment of neutrophils.” Additionally, spread platelets can assem- 
ble fibronectin matrix on their surface, which may be important in sta- 
bilizing platelet-platelet interactions.” 

Membrane glycoproteins are affected by cytoskeletal rearrange- 
ments associated with platelet shape change and spreading. Activation 
of platelets in suspension under certain conditions results in movement 
of GPIb/IX receptors from the surface of platelets to the open cana- 
licular system.” With adherent platelets, the GPIb internalization is 
much slower.'" The initial effect of activation on integrin œ, „ĝ, is an 
approximate doubling of these receptors on the plasma membranes, 
as preassembled receptors in a granules, and perhaps dense bodies 
and the open canalicular system, join the plasma membrane. Inside- 
out activation of integrin « „p, has been associated with cytoskeletal 
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changes, in particular, the binding of talin to the integrin $, cytoplasmic 
domain.” Tyrosine kinases, including FAK,***”’ and Src,” may play 
a role in this process, along with cortactin, a protein of Mr 85 kDa that 
is phosphorylated on tyrosine, and small GTP binding proteins such as 
Rho, Rac, and Cdc42.7!%?948249 When the attachment of integrin O35 
to the cytoskeleton includes actin and myosin, the force produced by 
the cytoskeleton on the integrin may supply the energy to produce the 
conformational changes that lead to higher ligand binding affinity.” 
After activation, more integrin O PBs molecules become associated with 
the cytoskeleton, and this presumably reflects the interaction with talin 
and other cytoskeletal proteins and ligand-induced integrin clustering, 
resulting in the development of protein complexes, including cytoskel- 
etal proteins, on the cytoplasmic surface of the receptor.” When 
ligand-coated beads are added to adherent platelets and bind to integrin 
& „p, receptors, the beads are transported to the center of the platelets, 
indicating that the cytoskeleton can move integrin receptors that have 
bound ligand.” 

Platelets contain calpains, which are calcium-dependent, sulfhydryl- 
containing, neutral proteases composed of two subunits that preferen- 
tially cleave cytoskeletal proteins, in particular filamins and talin,” 
but have also been reported to cleave the cytoplasmic domain of integrin 
py, and a number of molecules involved in signaling, including kinases 
and phosphatases (see “Calcium-Dependent Proteases [Calpains]” 
below). “-Calpain requires micromolar calcium and m-calpain requires 
millimolar calcium for activation. It has been proposed that calpains 
are involved in cytoskeletal reorganization upon platelet activation, spe- 
cifically via cleavage of the integrin f, cytoplasmic tail and talin upon 
ligand engagement.” Calpain cleavage of the integrin f, cytoplas- 
mic tail may switch the function of the integrin from promoting plate- 
let spreading to mediating clot retraction.** Calpains have also been 
implicated in platelet spreading, microparticle formation, and the gen- 
eration of platelet coagulant activity.’ Mice lacking -calpain have 
reduced platelet aggregation and clot retraction, but normal bleeding 
time.” 


PLATELET CONTRACTION AND CLOT 
RETRACTION 


The contractile mechanism involving actin and myosin is thought to 
facilitate granule secretion, but the details remain obscure.**'”® In fact, 
mice with nearly complete disruption of the platelet heavy-chain myo- 
sin gene, Myh9, have a defect in secretion, but only in response to low 
concentrations of select agonists.*” The cytoskeleton of resting plate- 
lets consists of the membrane skeleton described above, which lies just 
beneath the membrane, and a lacy cytoplasmic actin filament network 
composed of 2000 to 5000 linear actin polymers, which also contains 
a-actin, filamins (actin binding proteins) A and B, tropomyosin, vin- 
culin, and caldesmon. 617724824264268 The contractile response is also 
thought to be initiated by an increase in cytosolic calcium, which results 
in the formation of a calcium-calmodulin complex that then activates 
myosin light-chain kinase; phosphatases and cyclic adenosine mono- 
phosphate (CAMP) kinase can modulate this response. After the ini- 
tial platelet shape change, actin becomes organized centrally into thick 
filamentous masses, where it probably associates with phosphorylated 
myosin filaments.” The centralization of organelles within a contrac- 
tile ring correlates with secretion.” There is controversy, however, as to 
whether platelets secrete their granular contents by fusion with the open 
canalicular system in the center of the platelet or by direct fusion with 
the plasma membrane, or both.?*! 

When blood initially clots in vitro, the fibrin mesh extends 
throughout, trapping virtually all of the serum in a gel-like state. 
If platelets are present, within minutes to hours, the clot retracts, 


extruding a very large fraction of the serum.” This process is thought 
to mimic in vivo phenomena that result in consolidation of thrombi 
and perhaps enhancement of wound healing. Clot retraction has also 
been implicated in decreasing porosity and solute transport so as to 
concentrate intrathrombus thrombin,”” as well as decreasing the effi- 
ciency of thrombolysis, which may partially account for the resistance 
of platelet-rich thrombi to fibrinolytic agents.” The platelet require- 
ment for clot retraction is indisputable as is a requirement for integrin 
a,,,3, and a contractile mechanism involving actin and myosin.” In 
fact, nearly complete selective disruption of the myosin Myh9 gene in 
murine megakaryocytes gives rise to a phenotype characterized by mac- 
rothrombocytopenia; absence of clot retraction; reduced secretion in 
response to low concentrations of agonists, but not high concentrations; 
prolonged bleeding time; and protection from thrombus formation.*® 
The mice do not, however, spontaneously bleed.” Myosin activation 
involves phosphorylation of the myosin light chain, a process that is 
governed by calcium-regulated myosin light-chain kinase activity and 
Rho kinase-regulated myosin phosphatase activity. Calpain-cleavage 
of the cytoplasmic tail of integrin f, may promote RhoA activity and 
serve a molecular switch to convert platelet spreading to clot retrac- 
tion.” Other signaling molecules appear to contribute to clot retrac- 
tion, including the Eph kinase EphB2,’” protein phosphatase 2B,” 
and PI3K.”’ Despite these data, no model describing the details of the 
clot retraction process has gained acceptance.” Proposed mechanisms 
include movement of platelet filopodia along fibrin strands, tugging of 
fibrin strands by filopodia, and internalization of fibrin by the action of 
the membrane skeleton .?4775?79-2™ 

Platelet integrin æ „b, is required for clot retraction, as demon- 
strated by studies of patients with Glanzmann thrombasthenia 
(Chap. 121) and studies of normal platelets in the presence of agents 
that block either the integrin æ „p, receptor™’*** or the fibrinogen 
y-chain C-terminal sequence that mediates interactions with the inte- 
grin. It also requires disulfide bond exchange™ and the tyrosine res- 
idues on the integrin f, subunit that are phosphorylated upon platelet 
activation and contribute to outside-in signaling.” Clot retraction cor- 
relates temporally with an integrin a,,8,-dependent decrease in protein 
tyrosine phosphorylation, presumably via activation of one or more 
phosphatases,” and may require both integrin-mediated mitogen-ac- 
tivated protein kinase (MAPK) activation”? and translation of proteins 
such as Bcl-3, with the latter facilitated by ligand binding to integrin 
dga Results with integrin OB, antagonists demonstrate, however, 
differences in their ability to inhibit clot retraction that do not cor- 
relate with their ability to block fibrinogen binding to platelets," and 
patients with Glanzmann thrombasthenia differ in the extent of their 
defect in clot retraction. Some integrin a,,,8, mutations, such as integ- 
rin f, L262P, interfere with interactions with fibrinogen but do not pre- 
vent interactions with fibrin and clot retraction.’ Of particular note, 
fibrinogen lacking the y-chain C-terminal sequence (amino acids 400 to 
411) that mediates binding to platelet integrin «,,,8,, as well as the two 
Arg-Gly-Asp (RGD)-containing regions in fibrinogen, is still capable of 
supporting clot retraction.” It is well established that when fibrino- 
gen converts to fibrin, new sites become exposed on the surface of the 
molecule. Therefore, one possible explanation for this paradox is that 
additional or alternative integrin binding sequences in the fibrinogen 
y-chain (e.g., 316 to 322, 370 to 383, or other regions) may be able to 
mediate clot retraction.” Potential binding sites for the y370 to 381 
sequence, which is better expressed on fibrin than fibrinogen, on the 
integrin «,,, 6-propeller region, were identified and peptides from these 
regions inhibit clot retraction.” Factor XIII also plays an important 
role in clot retraction; it has been proposed to mediate the translocation 
of the fibrinogen/fibrin-integrin œ „$, complex to sphingomyelin-rich 
lipid rafts in the platelet membrane as well as crosslink the complex to 


cytoskeletal and contractile elements.*”*” It is also possible that GPIb/ 
IX contributes to clot retraction by virtue of the binding of GPIba to the 
thrombin and/or VWF bound to the fibrin.’ Thus, while integrin 
& „p; is required for clot retraction, the process is not a simple reflection 
of fibrinogen binding to integrin a „b, 


@ PLATELET SECRETORY MACHINERY 
AND SECRETION 


Platelets possess secretory granules and mechanisms for cargo release 
to amplify responses to stimuli and influence the surrounding environ- 
ment. Platelet granule structures include a- and dense granules, lys- 
osomes, and peroxisomes. 


SECRETARY ORGANELLES 


Lysosomes 

Lysosomes are produced from the endosomal membrane system 
through a complex mechanism involving membrane and protein sort- 
ing and trafficking.*” Platelets lysosomes contain acid hydrolases typi- 
cal of these organelles (e.g., 6-glucuronidase, cathepsins, ary] sulfatase, 
B-hexosaminidase, $-galactosidase, endoglucosidase [heparitinase], 
B-glycerophosphatase, elastase, and collagenase). With activation, 
platelets secrete some of these enzymes; however, lysosomal contents are 
more slowly and less completely released than are those from « granules 
and dense bodies.” Thus, stronger agonists are required to induce 
lysosomal enzyme release than release from the other granules, and 
their appearance on the platelet plasma membrane serves as a marker 
of high-level platelet activation.*”*" The elastase and collagenase activi- 
ties released from platelet lysosomes may contribute to vascular damage 
at sites of platelet thrombus formation.*"' The heparitinase may be able 
to cleave heparin-like molecules from the surface of endothelial cells, 
and the resulting soluble molecules appear to inhibit growth of smooth 
muscle cells.’ 


Dense Bodies 

Platelets contain approximately three to eight electron-dense organ- 
elles, 20 to 30 nm in diameter (see Fig. 112-2).”’* The intrinsic elec- 
tron density of dense bodies when viewed as unstained whole mounts 
derives from their high content of calcium’*’*’; the granules are also 
dense when viewed by transmission electron microscopy because they 
are highly osmophilic.*” Dense granules contain high concentrations 
of serotonin, which is taken up from plasma by a plasma membrane 
carrier and then trapped in the dense bodies.*” Trapping of serotonin 
may occur as a result of the lower pH (approximately 6.1) maintained 
in dense granules as a result of the action of a proton pumping ATPase 
on the dense-body membrane.*” ADP and ATP are also highly con- 
centrated in dense bodies.” There is more ADP than ATP in the dense 
bodies (ATP to ADP ratio = 2:3), which is the reverse of their relative 
concentrations in the cytoplasm (ATP to ADP ratio = 8:1). As there is 
little connection between the pools of adenine nucleotides in the cyto- 
plasm and the dense bodies, they have been respectively designated 
as the metabolic and storage pools of adenine nucleotides.” Storage 
of adenine nucleotides at such a high concentration in dense bodies 
appears to be achieved by stacking the ATP and ADP purine rings verti- 
cally in aggregates that are stabilized by the interactions of calcium ions 
with the polyphosphate groups.’**"* The planar hydroxyindole rings 
of serotonin may also enter these stacks, providing a molecular basis 
for the trapping mechanism. Trapping of serotonin must differ from 
that of adenine nucleotides, however, because dense granule serotonin 
exchanges readily with external serotonin.” Transport and delivery of 
platelet-derived serotonin may play an important role in a variety of 
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biologic phenomena including vasospasm, platelet coagulant activity, 
and liver regeneration." 

The membrane of dense granules contains glycoproteins that are 
also found on the plasma membrane and the membranes of æ granules 
and lysosomes, including CD36, LAMP-2, CD63, P-selectin, œ „b, and 
GPIb/IX. Abnormalities of eight different genes have been implicated 
in the Hermansky Pudlak syndrome (HPS) (Chap. 121), an autosomal 
disorder characterized by a deficiency of dense bodies, and so these 
genes are presumed to participate in dense body formation. As with lys- 
osomes, dense bodies are thought to derive from endosomes, via differ- 
ent types of multivesicular bodies (MVBs). The eight genes associated 
with HPS are thought to affect sorting and/or trafficking of membrane 
structures through participation in protein complexes that mediate 
these phenomena.*'®*”” These complexes include three biogenesis of lys- 
osome-related organelles complexes (BLOCs) and the activator protein 
3 (AP3) complex.’ Similarly, the product of the LYST gene, which is 
abnormal in some patients with Chediak-Higashi syndrome (who also 
have abnormal dense bodies), has been proposed to associate with the 
dense granule membrane (Chap. 121).*'* The LYST gene product may 
associate with the AP3 complex.*” 

The abnormalities of in vitro platelet function in patients 
with HPS suggest that released dense granule contents contrib- 
ute to platelet activation through a positive feedback mechanism. 
Release of ADP, which is a potent platelet activator, and serotonin, a 
weaker agonist (see section “Signaling Pathways in Platelets” below), 
probably account for most of the positive feedback effects on 
platelet aggregation. ATP is a partial antagonist of ADP-induced acti- 
vation, but as ATP is rapidly catabolized to ADP in plasma (T „ = 
1.5 min), and ADP is rapidly catabolized to AMP (T, » = 4 min) and 
then to adenosine,” a platelet inhibitor," it is difficult to predict the 
overall effect of ATP release. Adding to the complexity in vivo is the 
presence of an ecto-ADPase (CD39; ecto-ADPase) present on endothe- 
lial and lymphoid cells, which can metabolize ATP and ADP to AMP 
and thus probably limits the amount of ADP present.” ATP released 
from platelets may also serve as a high energy phosphate source for 
platelet ecto-protein kinases, which can phosphorylate several proteins, 
including CD36 (GPIV).°°°” 


a Granules 

An important platelet function is storage and release of a variety of 
bioactive substances packaged in a granules. a Granules are the most 
abundant granule type of platelets, numbering approximately 50 to 80 
per platelet.**°* They are approximately 200 nm in diameter on cross- 
section and demonstrate internal variation in electron density, often 
with an eccentric area of accentuated electron density, termed a nucle- 
oid, in which £-thromboglobulin, platelet factor 4 (PF4), and proteo- 
glycans are concentrated (see Fig. 112-2). The more electron-lucent 
areas contain tubular elements in which VWE, multimerin, and factor 
V are preferentially localized.” Proteomic analysis of the releasate of 
activated human platelets has identified more than 300 proteins, most 
of which are stored within a granules.”*** The list of a-granule proteins 
includes adhesive proteins, coagulation factors, protease inhibitors, 
chemokines, and angiogenesis regulatory proteins. Some of the most 
important proteins present in a granules are described in detail below. 
Platelets contain distinct subpopulations of « granules that undergo 
differential release of a-granule cargo during activation. For exam- 
ple, some «œ granules contain proangiogenic proteins, such as vascular 
endothelial growth factor (VEGF), whereas others contain antiangio- 
genic factors, such as endostatin (Fig. 112-6). These two subclasses 
of w granules can be differentially induced to undergo degranulation by 
exposure of human platelets to agonists specific for either protease-ac- 
tivated receptor (PAR)-1 or PAR-4. Fibrinogen and VWF are localized 
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Figure 112-6. Platelets contain separate and distinct a-granule populations. A, B, and C. Specific pro- and antiangiogenic regulators organize 
into separate, distinct a granules in resting platelets. Double immunofluorescence microscopy of resting platelets using antibodies against vascular 
endothelial growth factor (VEGF) (A) and endostatin (B) and an overlay (C). D. Localization of proteins in resting, human platelets using immunoelec- 
tron microscopy of ultrathin cryosections. Double immunogold labeling on platelet sections was performed with the use of anti-VEGF antibody 
and antiendostatin antibodies. Large gold particles representing anti-VEGF staining (15 nm, arrows) are evident on one population of a granules and 
small gold particles (5 nm) representing endostatin staining are abundantly present on a different population of a granules (arrowheads). E, F, and 
G. Pro- and antiangiogenic regulatory proteins are also segregated into separate, distinct a granules in megakaryocyte proplatelets. Megakaryocytes 
generate platelets by remodeling their cytoplasm into long proplatelet extensions, which serve as assembly lines for platelet production. Distinct a 
granules are visualized along proplatelets. Shown is a double immunofluorescence microscopy experiment of proplatelets using antibodies against 
VEGF (E) and endostatin (F), and an overlay (G). (Reproduced with permission from Italiano, J.E., Jr, et al, Angiogenesis is regulated by a novel mechanism: 
pro- and antiangiogenic proteins are organized into separate platelet alpha granules and differentially released, Blood 1;111(3):1227-1233, 2008.) 


in separate a granules,” and glass activation of platelets results in the 
selective release of the fibrinogen-containing granules. 

The @ granule acquires its protein content by both biosynthesis 
(predominantly at the megakaryocyte level) and endocytosis (at both 
the megakaryocyte and circulating platelet levels). Small amounts of 
virtually all plasma proteins are nonspecifically taken up into a gran- 
ules, and thus the plasma levels of these proteins determines their plate- 
let levels.**!°* For example, the a-granule pool of immunoglobulins 
contains most of the platelet immunoglobulin; therefore, total platelet 
immunoglobulin is more affected by changes in plasma immunoglobu- 
lin levels than by changes in surface immunoglobulin.” 

The cell biologic pathways that regulate «-granule assembly are 
not fully understood, but several studies suggest MVBs play a crucial 
intermediary role in a-granule biogenesis.*'*** These membranous 
sacs, containing numerous small vesicles, develop from budding vesi- 
cles in the Golgi complex within megakaryocytes and can interact with 
endocytic vesicles. They are abundant in immature megakaryocytes and 
decrease in number with cellular maturation, suggesting that they are 
the precursors of « granules and/or dense bodies. MVBs may also func- 
tion as a sorting hub to rout proteins into distinct classes of « granules. 

The platelet-specific proteins (PF4 and the 6-thromboglobulin fam- 
ily) are present in « granules at concentrations that are approximately 
20,000 times higher than their plasma concentrations (when each is 
expressed as a fraction of total protein in platelets or plasma, respec- 
tively).***3°5 These Mr 7000 to 11,000 proteins all bind to heparin, but 
with varying affinities. They also share amino acid sequence homology 
with each other and with other members of the “intercrine-cytokine” 
family of molecules, such as interleukin (IL)-8 (neutrophil-activating 
peptide 1 [NAP1]), which are active in inflammation, cell growth, and 
malignant transformation.**** 

PF4 is a CXC chemokine (CXCL4) that does not contain the 
Glu-Leu-Arg (ELR) conserved sequence.’ It binds to heparin with 
high affinity and can neutralize heparin’s anticoagulant activity.°*!*¥ 


PF4 tetramers complex with a proteoglycan carrier.“ Specific PF4 
lysine residues (amino acids 61, 62, 65, and 66) are implicated in its 
binding to heparin, and X-ray crystallography indicates that these 
lysines are on the surface of the PF4 tetramer and interact with nega- 
tively charged heparin molecules that wind around this core.*4* 

After PF4 is released from platelets, it binds to heparin-like mol- 
ecules on the surface of endothelial cells.” Heparin administration 
can mobilize this endothelial-bound pool of PF4 into the circula- 
tion.” PF4-heparin complexes and PF4-heparin-like molecule com- 
plexes on endothelial cells have been implicated as the target antigens 
in heparin-induced thrombocytopenia with thrombosis.*?*° PF4 
also binds to hepatocytes, which take it up and catabolize it.**' PF4 is 
a weak neutrophil and fibroblast attractant.*°° It inhibits angiogen- 
esis, perhaps through inhibition of endothelial cell proliferation.** A 
large number of other activities have been ascribed to PF4, including 
histamine release from basophils; inhibition of both tumor growth*** 
and megakaryocyte maturation***”; reversal of immunosuppres- 
sion**355; enhancement of fibroblast attachment to substrata*’; poten- 
tiation of platelet aggregation*®; inhibition of contact activation*”'; and 
enhancement of both polymorphonuclear leukocyte responsiveness to 
the activating peptide f-Met-Leu-Phe and monocyte responsiveness to 
lipopolysaccharide.*?** 

The $-thromboglobulin family of proteins are CXC chemokines 
that contain the conserved Glu-Leu-Arg (ELR) sequence. They include 
platelet basic protein, low-affinity PF4 (connective tissue-activating 
peptide HI [CTAP-III]), 6-thromboglobulin, and B-thromboglobulin-F 
(NAP2, CXCL7).***°°*°° All of these proteins share the same carboxy 
terminus but differ in the length of their amino termini, presumably 
as a result of proteolytic digestion of the parent molecule, platelet basic 
protein. These proteins bind to heparin but with lower affinity than 
PF4, and thus neutralize heparin less well. Unlike PF4, they are cleared 
from the circulation by the kidney rather than the liver.’ CTAP-III is 
a weak fibroblast mitogen, and B-thromboglobulin is a chemoattractant 


for fibroblasts.*”° 6-thromboglobulin-F NAP2 (CXCL7) binds to CKCR2 
and is chemotactic for granulocytes and activates them to undergo 
endocytosis.*”*“°*% Platelet æ granules also contain additional chemok- 
ines that can variably activate leukocytes and platelets.*” 

The biochemistry of the adhesive glycoproteins contained in a 
granules and others variably present in plasma and extracellular matrix 
is described in Table 112-2 and in other chapters (e.g., Chaps. 113 and 
125 for fibrinogen and Chap.126 for VWF). Their relative concentra- 
tions in « granules varies significantly. Their localization in platelet œ 
granules allows them to achieve high local concentrations when released 
from platelets at the site of vascular injury. 

Multimerin comprises a family of disulfide-linked homomultim- 
ers, ranging in molecular weight from 450,000 to many millions.** The 
Mr 450,000 multimer is thought to be a trimer of a single subunit of 
either Mr 167,000°° or Mr 155,000°* that is synthesized in megakary- 
ocytes and endothelial cells and stored in the electron-lucent region of 
« granules in platelets and dense-core granules in endothelial cells.*” It 
colocalizes with VWF in platelets, but not endothelial cells. Although 
multimerin’s multimeric structure is similar to that of VWE, the deduced 
amino acid sequence of its subunit is not homologous to that of VWE** 
The prepromultimerin subunit contains 1228 amino acids. It undergoes 
glycosylation and proteolysis during synthesis. It is composed of a num- 
ber of domains, including an aminoterminal region that includes an 
RGD sequence, coiled coil sequences, epidermal growth factor (EGF)- 
like domains, and a carboxyterminal globular head similar to that found 
in the complement protein Clq. Multimerin binds both factor V and 
factor Va, and all of the biologically active factor V in platelets is bound 
to multimerin.** With thrombin activation of platelets, factor V sep- 
arates from multimerin, and the higher molecular weight multimerin 
multimers bind to platelets. Multimerin does not circulate in plasma at 
an appreciable concentration, but it may act as an adhesive extracellular 
matrix protein. 

Fibrinogen is concentrated in « granules as judged by the ratio of 
platelet-to-plasma fibrinogen. Megakaryocytes do not appear to synthe- 
size fibrinogen; instead, it is taken up from plasma by a process that 
involves the æ „p, receptor.” Because fibrinogen molecules that con- 
tain altered sequences in the y chain are not stored in a granules, even 
when the molecules are heterodimeric (i.e., contain one normal and one 
abnormal y chain), it is possible that uptake requires simultaneous bind- 
ing of a single fibrinogen molecule to two different æ „b, receptors via 
the y-chain carboxyterminal sequence (see æ „b, in the section “Platelet 
Membrane Glycoproteins” below and Chap. 121).?71°” 

The VWF stored in platelet a granules appears to contribute to 
hemostasis because in certain pathologic states it correlates better with 
bleeding symptoms than does plasma VWF concentration (Chap. 126). 
VWF is synthesized in megakaryocytes and endothelial cells. The mul- 
timeric structure of platelet VWF is thought to reflect endothelial VWF 
more nearly than plasma VWE as higher Mr multimers are present. 

Fibronectin is present in a granules, but no clear role in platelet 
function under normal conditions has been identified for this adhesive 
protein. Paradoxically, in murine models fibronectin has been reported 
to both support platelet thrombus formation and inhibit platelet aggre- 
gation and thrombus formation*!”; the former effect may be mediated 
by insoluble fibronectin fibrils whereas the latter may be mediated by 
soluble fibronectin.*” 

Vitronectin, which gets its name from its propensity to bind to 
glass, also binds to PAI-1, the urokinase receptor (uPAR), collagen, and 
heparin; it also forms ternary complexes with serine proteases and ser- 
pins in the coagulation and complement systems. It is present in plate- 
lets at levels that suggest it is concentrated,*” but it does not appear to be 
synthesized in megakaryocytes. The binding of PAI-1 with vitronectin 
stabilizes PAI-1 in its active conformation, and it has been proposed that 
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only the approximately 5 percent of PAI-1 complexed with vitronec- 
tin in platelet a granules is active." Mice deficient in vitronectin have 
been reported to be protected from, or have a predisposition to develop, 
thrombosis, depending on the method of inducing thrombosis.*7**” 

Thrombospondin-1 is unique among the adhesive glycoproteins 
in blood in that it is present almost exclusively inside the platelet.°”**' 
It constitutes approximately 20 percent of the released platelet proteins. 
Thrombospondin-1 is synthesized by megakaryocytes, cultured endo- 
thelial cells, and other cultured cells.’ Although integrin OP, GPIb/ 
IX, integrin æ f, proteoglycans, integrin-associated protein (CD47 or 
IAP), and CD36 (GPIV) have all been implicated as receptors for throm- 
bospondin,™ CD47 appears to be most important in initiating plate- 
let activation by thrombospondin (see “Signaling Pathways in Platelet 
Activation and Aggregation” below).***°**”*"! The phosphorylation state of 
CD36 (GPIV) may affect its ability to bind thrombospondin.** Throm- 
bospondin contains an RGD (RGD) sequence, which may contribute to 
its binding to platelets, but other regions are probably also involved.**'°” 
The conformation of thrombospondin varies with the calcium concen- 
tration of the surrounding environment. Thrombospondin can interact 
with many other adhesive glycoproteins, including fibronectin and fibrin- 
ogen,?!°°334 and it is a component of the extracellular matrix.’ Throm- 
bospondin appears to stabilize platelet aggregates that are formed*; it 
may also act as a negative regulator of angiogenesis, modulate fibrinoly- 
sis, and contribute to activation of latent transforming growth factor 
(TGF)-B, released from platelets (see below in this section).*””*”* 

Platelets contribute approximately 20 percent of the factor V pres- 
ent in whole blood, with nearly all of it in a granules.*“*"' Human 
platelet factor V appears to be taken up from plasma rather than being 
synthesized in megakaryocytes, which is in stark contrast to the sit- 
uation in mice. When stored in a granules, factor V associates with 
multimerin.*”“ Platelet-derived factor V appears to undergo unique 
posttranslational modifications and proteolytic activation, resulting 
in resistance to protein C-catalyzed inactivation.“ Evidence from 
patients with inhibitors and deficiencies of plasma and platelet factor V 
indicate that platelet-derived factor V has an important role in hemo- 
stasis.*°°*°7*8 Platelets undergo microvesiculation when activated, and 
the microvesicles, which are rich in factor V, are potent promoters of 
coagulation.“ 

Protein S (Chap. 114), plasminogen activator-1 (Chap. 135), and 
& -plasmin inhibitor (Chap. 135) are also contained in « granules and 
can be released from platelets. Similarly, tissue factor pathway inhibitor 
(TFPI; Chap. 114), æ -protease inhibitor, and C-1 inhibitor (Chap. 114) 
have also been identified in a granules. 

Gas6 is a 75-kDa vitamin K-dependent protein that contains y- 
carboxyglutamic acids and is similar in structure to protein S.4!°*"! Gas6 
was originally isolated as a growth arrest-specific gene from quiescent 
fibroblasts, but subsequently was found to enhance platelet aggrega- 
tion and secretion in response to several agonists.*'* Mice deficient in 
Gas6 have abnormalities in platelet aggregation and are protected from 
experimental thrombosis.‘” Gas6 is present in a granules and secreted 
with platelet activation. Platelets also express Mer, a tyrosine kinase 
receptor for Gas6, and mice deficient in Mer demonstrate both abnor- 
malities in platelet aggregation and protection from thrombosis, but not 
to the same extent as mice deficient in Gas6.""**"* Other Gas6 receptors 
in the same family as Mer also appear to contribute to platelet thrombus 
stability.7°-*”” 

Platelet-derived growth factor (PDGF) is a disulfide-linked 
dimeric molecule of approximately Mr 30,000 that is mitogenic for 
smooth muscle cells.*!* Platelet a granules contain a mixture of the 
homodimer PDGF-BB (30 percent) and the heterodimer PDGF-AB 
(70 percent); the different forms appear to have different functional 
activities.” PDGF may play a role in normal cell proliferation, as well 
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TABLE 112-2. Adhesive Glycoproteins 


Unusual 1° Domain Homol- 
Structural Features ogies & Binding Mature Protein Mature Protein 
Protein Subunit,kDa & Modifications Regions Composition M, Known Interactions 
Collagens 95-180 Gly-Pro-X repeating RGD Tropocollagen = Variable 
sequence Right-handed tri- 3 chains Thrombospondin 
Hydroxylysine ple helix 
Hydroxyproline 
Type | a(l) DGEAt [a (I)],a,(I) (major Fibronectin 
a(l) VWEC component) von Willebrand factor 
la, (11, 
Type lll a, (Ill) VWEC [ar (INI)I, 
Type VI a,(Vl) 3 VWFA a,(Vi)a,(Vi)a,(VI) 
a,(VI) 3 VWFA 
a,(VI) 12 VWFA 
von 220 (2050 Large propeptide (741 a, 8, - RGD Dimer = 880,000- Collagen 
Willebrand amino acids) amino acids); A, B, C, D, 1789-1791 I protomer Multim- ~20,000,000 Heparin 
factor E repeats Domains ers of protomers Factor VIII 
GPlb - 230-310 from 2-~40 via Fibrin 
disulfide bonds 
Fibrinogen Aa=63 (625 Alternately spliced y 2 RGDs in Aa (95-97  2Aa,2BB,2yvia 340,000 Thrombospondin 
amino acids) chains and 572-574) disulfide bonds ?Collagen 
BB = 56 (461 Phosphorylation of Aa aß, - RGD Staphylococci 
amino acids) 572-574 Factor XIII 
y = 47 (427 a,,,8,-C-terminal y - Thrombin 
amino acids) chain dodecamer 
(400-411) 
Vitronectin 1 chain =75 Met > Thr RGD Same as subunits 75,000 and Glass 
(458 amino polymorphism Somatomedin B 65,000+10,000 Plastic 
acids) 2 Hemopexin Heparin 
2 chain = Serine protease: 
65 + 10 via serpin complexes 
disulfide bonds PAI-1 
uPAR 
Factor XIII 
Fibronectin 220 (2355 Types |, Il, and Ill RGD (1493-1495) Heterodimer via 440,000 Fibrin 
amino acids) repeats disulfide bonds Heparin 
Alternately spliced Collagen 
forms DNA 
Staphylococci 
Thrombo- 180 (1150 RGD (?functional) Trimer via 450,000 Calcium 
spondin 1 amino acids) VTCGt disulfide bonds Plasminogen 
a(l) Collagen Collagen 
Epidermal growth Fibrinogen 
factor Histidine-rich 
Malaria antigen glycoprotein 
Fibronectin 
Laminin 
Heparin 
Osteopontin 32(298 amino Phosphorylation RGD Hydroxyapatite 
acids) Sulfation Plaque components 
Laminin A=400 YIGSRt A,B,,B,, via disul- 850,000 Collagen type IV 
B, =215 (1765 RGD (?functional) fide bonds Nidogen/entactin 
amino acids) EGF Osteonectin 
B, = 205 (1576 Heparin sulfate 
amino acids) Clq 
Plasminogen 
Plasmin 
Multimerin 155 0r167kDa_ Large prepro-peptide RGD in N-terminal 450,000- Factor V 
(1228 amino acids) region ~5,000,000 
EGF 


EGF, epidermal growth factor; PAI-1, plasminogen activator-1; RDG, arginine-glycine-aspartic acid sequence; uPAR, urine-type plasminogen 
activator receptor; VWFA, VWFC, von Willebrand factor A and C repeats. 
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Platelet Con- Ratio 
Known Platelet Plasma Concentration, _centration,* Platelet/ 
Receptors Electron Microscopy Structure mcg/mL mcg/mL Plasma Sites of Synthesis 
a,B, (GPla/lla; CD49b/ Tropocollagen = rodlike coil, 15x - - - Fibroblasts 
CD29; VLA-2) GPVI 3000; other forms have variable 
GPIV (CD36)? degrees of fibril formation 
GPIb (CD42b, c) Elliptical, nodular coil, length 10 34 3.4 Endothelial cells 
ab, (GPIIb/Illa; CD41/ 5000, but with some 11,000 A Megakaryocytes 
CD61) 
a „B, (GPllb/Illa;CD41/  Trinodular, asymmetrical; 475A 3000 7300 2.4 Hepatocytes 
CD61) diameter 
a. B, (CD51/CD61) 
ab, (GPIlb/Illa; CD41/ 350 800 23 ?Hepatocytes 
CD61) 
aß, (CD51/CD61) 
a.b, (GPlc*/lla(CD49e/ Extended antiparallel dimeric 300 315 ile Hepatocytes 
CD29; VLA-5) structure Fibroblasts 
a8, (GPIIb/Illa; CD41/ ?Endothelial cells 
CD61) Megakaryocytes 
Monocytes, etc. 
GPIV (CD36) 3 Asymmetrical dumbbells, 0.16 4900 30,625 Megakaryocytes 
aß, (GPIlb/Illa;CD41/ joined near smaller globular Many cultured 
CD61)? domains cells 
Integrin associated pro- 
tein (CD47) 
a,B, - - - Bone 
?Other cells 
a,b, (GPlc/lla; CD49/ Cross-like structure = = = Fibroblasts 
CD29; VLA-6) Many other cell 
types 
Unknown Unknown - - - Megakaryocytes 


Endothelial cells 


*Assumes 10" platelets per mL of packed platelets. 


*DGEA, VTCG, and YIGSR are other amino acid sequences involved in function. 
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as in the development of atherosclerosis, tumor growth, wound repair, 
and fibroproliferative responses.*”°” After it was discovered in platelets 
and termed PDGF other tissues were found to produce the same factor; 
thus, despite its name, PDGF is not exclusively derived from platelets. 
PDGF is structurally related to the transforming protein p28% of simian 
sarcoma virus,’ and its receptor is in the tyrosine kinase family.” 
Recombinant human PDGF-BB (becaplermin) is approved as adjunc- 
tive therapy to improve healing of foot ulcerations in diabetics.” 

Platelets contain high concentrations of VEGE, an important stim- 
ulator of angiogenesis, and can release VEGF after stimulation in vitro 
and during the hemostatic response to a bleeding time wound.*7-#° 
Megakaryocytes express mRNA of the three VEGF isoforms (121, 165, 
and 189 amino acids), and by immunoblot VEGF protein bands of 
apparent molecular weights 34,000 and 44,000 are identifiable in plate- 
lets.“ Platelets and megakaryocytes also express the gene transcript for 
the VEGF receptor termed KDR.*” Another endothelial growth fac- 
tor structurally related to VEGE VEGF-C, has also been identified in 
platelets.*** Platelet levels of VEGF have been reported to be increased 
in malignancies, and so elevated levels of platelet VEGF may be a can- 
cer biomarker.***** Platelet VEGF has also been postulated to play 
in role in tumor growth*® and proliferative retinopathy in sickle cell 
disease.“ 

EGF has also been identified in platelets, but the kinetics of its 
release upon thrombin or collagen stimulation differs from that of other 
granule proteins.*” 

Platelets contain the highest levels of all peripheral tissues of 
amyloid precursor protein (APP), which contains the sequence for 
the self-aggregating 40- to 43-amino-acid-residue peptide, Af, that 
has been strongly implicated in the pathogenesis of Alzheimer dis- 
ease.“ The isoforms containing the Kunitz protease inhibitor domain 
(APP 770 and APP 751) predominate in platelets. Although synthesized 
as a membrane protein, platelet APP is cleaved by a-, B-, and y-secretase 
activities, producing all of the fragments produced by neurons, as well 
as the soluble sAPPa, sAPP, and Af peptides, and the correspond- 
ing remaining C-terminal membrane-associated fragments. "042443 
Calpain, which is present in platelets, can also cleave platelet APP.“ 
Approximately 90 percent of platelet APP is soluble and stored in a 
granules, but full-length APP surface expression is increased threefold 
by thrombin stimulation. Platelets are the major source of plasma 
sAPPs and A$.“ APPs released by platelets are potent inhibitors 
of factor XIa“ and IXa,“** and also can inhibit platelet aggregation 
induced by ADP or epinephrine. In contrast, AB appears to enhance 
ADP-induced platelet aggregation and support platelet adhesion. It is 
possible, but not certain, that plasma Af contributes to brain Af in 
Alzheimer disease.“ Patients with Alzheimer disease have been 
reported to display altered platelet APP metabolism.*** 

Factor XIII is present in the cytoplasm of platelets; it differs from 
plasma factor XIII in having only the “a” subunits (Chap. 113).°°*? 
Platelet factor XIII accounts for approximately 50 percent of total blood 
factor XII,***” and platelet factor XIII may contribute to the plasma 
pool.* Upon platelet activation, factor XIII redistributes to the plate- 
let periphery where it associates with the cytoskeleton and crosslinks 
filamin and vinculin.*" It may also crosslink thymosin £, to fibrin after 
thrombin stimulation*’ and, in concert with calpain, decrease integ- 
rin & pĝ, adhesive function in thrombus formation on collagen.*®” 
Transglutaminase-mediated conjugation of serotonin to -granule pro- 
teins after platelet stimulation with collagen and thrombin results in the 
generation of a subpopulation of platelets that are coated with fibrino- 
gen, thrombospondin, factor V, VWF, and fibronectin, either directly 
through ligand-receptor interactions or through interactions between 
the serotonin conjugates and platelet surface fibrinogen or thrombo- 
spondin (COAT platelets).“**° 


Platelet « granules contain a high concentration of TGF-f,, an 
Mr 25,000 homodimeric protein that promotes the growth of certain 
cells and inhibits the growth of others.“ For example, TGF-6 can 
increase thrombopoietin production by marrow stromal cells. In turn, 
thrombopoietin induces both increased megakaryocyte production 
and megakaryocyte expression of TGF-f receptors. The interaction of 
TGF-£ with these receptors then results in inhibition of megakaryocyte 
maturation.” TGF-£, also induces synthesis of extracellular matrix pro- 
teins, PAI-1, and metalloproteinases. It has been implicated in wound 
healing, malignancy, and tissue fibrosis.‘”! In addition, TGF- has been 
reported to enhance platelet aggregation through a nontranscriptional 
effect.” Migration of endothelial cells is inhibited by TGF-£., but it acts 
as a chemoattractant for monocytes and fibroblasts. TGF-f exists in 
three isoforms (TGF-6,, TGF-f,, and TGF-£,), but platelets contain only 
TGF-B,. TGF-f, released from platelets can stimulate smooth muscle 
cells to express and release VEGF, thus perhaps supporting reendotheli- 
alization after vascular injury.“ 

TGF-B, released from platelets is inactive (latent) because it 
is complexed with the remaining portion of its precursor protein 
(latency-associated peptide [LAP]).* LAP, in turn, is covalently cou- 
pled to another protein, the latent TGF-$-binding protein-1 (LTBP-1), 
which localizes the complex to the extracellular matrix.” Activation 
of latent TGF-£, is a complex process that is thought to involve a con- 
formational change in LAP that results in altering its ability to shield 
the active site in TGF-B,.*” Activation of latent TGF-, can be achieved 
by several different mechanisms, including acidification; proteolysis by 
plasmin, a furin-like enzyme, or other enzymes; traction produced by 
LTBP-1 binding to extracellular matrix and LAP interaction with integ- 
rin «f, or & Py interaction with thrombospondin-1 or a small peptide 
derived from thrombospondin-1; or exposure to stirring or shear.“ 
The interaction of LAP with integrin receptors via its RGD sequence 
probably plays a dominant role as mice with a mutation in this sequence 
have a phenotype like that of TGF-8, null mice. The ability of throm- 
bospondin-1 to activate TGF-f, is of special interest because both TGF- 
p, and thrombospondin-1 are present in a granules. However, data from 
mice suggest a minor role for platelet thrombospondin in either TGF-f, 
packaging or activation.“ Only a very small percentage of the TGF- 
B, released from platelets with thrombin stimulation becomes activated, 
but this amount is sufficient to activate synthesis of PAI-1.4798h48?484 
Based on animals models, TGF-8, released from platelets has been 
implicated in promoting tumor metastases and cardiac fibrosis in 
response to constriction of the aorta or aortic valve stenosis.“ Active 
TGF-£ can bind to three different cell surface proteins, a proteoglycan 
(B-glycan), and two serine/threonine kinases.“7"“°-*** 

Platelets may also release proteins that affect the uptake of oxidized 
low-density lipoproteins by macrophages, furnishing another potential 
link between platelet activation and atherosclerosis.“ 


Exosomes 

In addition to the contents of a granules, activated platelets release both 
microparticles (see “Platelet Coagulant Activity” below), which are 
derived from the plasma membrane, and exosomes, which are internal 
membrane MVBs.*”° Exosomes are smaller than microparticles (40 to 
100 nm vs. 100 to 1000 nm), enriched in CD63 and tetraspanins (see 
section “Platelet Membrane Glycoproteins” below), and relatively defi- 
cient in membrane proteins such as GPIb/IX and platelet-endothelial 
cell adhesion molecule (PECAM)-1. Unlike microparticles, exosomes 
are not highly procoagulant as judged by their inability to bind proth- 
rombin or factor X, or to present negatively charged phospholipids on 
their surface. They may, however, contain NAD(P)H oxidase activity, 
which has the potential to generate reactive oxygen species that contrib- 
ute to endothelial cell apoptosis in sepsis.“ 


PLATELET SECRETION 


An intricate pathway of protein-protein interactions has been proposed 
for platelet secretion in which granules tether and dock to the inner 
leaflet of the plasma membrane, after which fusion of the two oppos- 
ing lipid bilayers mediates cargo release.** Docking and tethering are 
thought to be, in part, mediated by small GTP-binding proteins of the 
Rab family. Platelets have been reported to contain at least 11 Rabs, 
although only a few have been shown to be functionally relevant. Rab27s 
a and b are important for both granule biogenesis and secretion,” while 
Rab 4 appears to have a role in secretion.** The a-granule-associated 
Rabé6 was shown to be phosphorylated upon thrombin stimulation in a 
protein kinase C (PKC)-dependent manner and phosphorylation seems 
to increase its GTP-loading.**® 

Platelet granule-plasma membrane fusion is analogous to exocyto- 
sis in neurons, where detailed studies have shown the importance of a 
core set of integral membrane proteins called soluble N-ethylmaleimide- 
sensitive factor (NSF) attachment protein receptors (SNAREs).**° It 
is generally accepted that vesicle/granule-target membrane fusion is 
governed by the binding of a SNARE from the cargo-containing gran- 
ule or vesicle (v-SNARE), with a heteromeric protein complex in the 
target membrane (t-SNAREs). The resulting, trans-bilayer complex is 
minimally sufficient for membrane fusion.*”” In human platelets, the 
v-SNAREs are vesicle-associated membrane protein (VAMP)-2/synap- 
tobrevin, VAMP-3/cellubrevin, VAMP-7/TI-VAMP, and VAMP-8/endo- 
brevin, with the latter being most abundant.***” There are two classes 
of t-SNAREs: the synaptosome-associated protein (SNAP)-23/25/29 
type and the syntaxin type. Human platelets contain syntaxins 2, 4, 7, 
and 1148- as well as SNAP-23, -25, and -29.5504 Functional studies 
using in vitro assays and genetically engineered mice, have established 
that VAMP-8 is the primary v-SNARE required for secretion from all 
three classes of platelet granules.™™*? VAMP-2 or VAMP-3 can also play 
a role at higher levels of stimulation. As for t-SNAREs, SNAP-23 and 
syntaxin 2 are required for each secretion event. Syntaxin 4 appears to 
also play a role, but only in a granule and lysosome release.*° 5" 

Although the SNARE proteins are sufficient to mediate membrane 
fusion, they do so inefficiently and thus require accessory proteins to 
control where and when they interact. Many of these regulators may be 
sensitive to second messengers such as diacylglycerol (DAG) and Ca”, 
while others are substrates for kinases, such as PKC. The Munc18 family 
(a, b, and c) control syntaxins and are critical for platelet secretion.°°*"' 
Studies show that Muncl8a and c are phosphorylated by PKC upon 
platelet activation and that this affects Munc18/syntaxin binding affin- 
ity.'°°"' At least two members of the Munc13 family are present in plate- 
lets (Munc13-1 and Munc13-4) (Schraw TD, Ren Q, and Whiteheart 
SW, unpublished data).5'? Munc13-4 appears to be important for dense 
granule release and functions through its interactions with Rab27.513514 
Muncl3s have Ca** and DAG binding sites and thus may be regulated 
by the secondary messengers generated during platelet activation. 

Munc13-4 has drawn particular attention based on its involvement 
in familial hemophagocytic lymphohistiocytosis (FHL) and Griscelli 
syndrome. Munc13-4 is mutated in type 3 FHL*" and interacts with the 
protein mutated in type 2 Griscelli syndrome, namely Rab27a.*'° One 
feature common to both diseases is the inability of T-cells to properly 
organize the cytotoxic synapse required for toxin secretion and target 
cell killing.” For FHL patients, it is not clear whether they have bleed- 
ing-time defects as they generally receive marrow transplants very early 
in life. 


PLATELET EXOCYTOSIS 


Platelet granule-plasma membrane fusion is mechanistically analogous 
to exocytosis in neurons and other secretory cell types, where detailed 
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studies have demonstrated the importance of a core set of integral mem- 
brane proteins called SNAREs.*'”°"* It is generally accepted that vesi- 
cle/granule-target membrane fusion, and thus granule content release, 
require the binding of a SNARE from the cargo-containing granule or 
v-SNARE, with a heteromeric protein complex in the t-SNAREs. The 
resulting, trans-bilayer complex is minimally sufficient for membrane 
fusion.” In human platelets, the detectable v-SNAREs are VAMP-2/ 
synaptobrevin, VAMP-3/cellubrevin, VAMP-4, VAMP-5, VAMP-7/ 
TI-VAMP, and VAMP-8/endobrevin, with VAMP-8 being most abun- 
dant.5°15520-523 There are two classes of t-SNAREs: the SNAP-23/25/29 
type and the syntaxin type. Human platelets contain syntaxins 2, 4, 
6, 7, 8, 11, 12, 16, 17, and 18.5°1502520-524 SNAP-23, -25, and -29 are all 
detectable, but SNAP-23 is the most abundant.*'°>>** Functional stud- 
ies, using in vitro assays and genetically altered mice, established that 
VAMP-8 is the primary v-SNARE required for secretion from all three 
classes of platelet granules; however, platelets lacking VAMP-8 do release 
their contents at attenuated rates, suggesting roles for other VAMPs.°” 
Differential usage of the VAMPs may allow platelets to fine tune their 
release of cargo. For t-SNAREs, patients with FHL4, who are deficient in 
syntaxin 11, show robust platelet secretion defects from all three granule 
types.’ Studies of mouse platelets suggest a minor role for syntaxin 8° 
but loss of syntaxin 2 and/or syntaxin 4 had no effect.*”” Syntaxins form 
a heterodimeric complex with SNAP-23/25-like t-SNAREs. In platelets, 
SNAP-23 is the critical family member, based on its abundance and 
results from in vitro assays.*°°°*’* SNAP-23 phosphorylation, by IxB 
kinase (IKK), is important for SNARE complex assembly, membrane 
fusion, and secretion. Platelet-specific loss of IKK or its pharmacologi- 
cal inhibition leads to bleeding.*” 

Although the SNARE proteins mediate membrane fusion, they do 
so inefficiently and thus require accessory proteins to control where, 
when, and how they interact. Many of these regulators are sensitive to 
second messengers (e.g., calcium). The Secl/Munc18 (SM) proteins are 
syntaxin chaperones that control how the t-SNAREs interact with other 
SNAREs.*05°°-533 Although several isoforms are present, only Munc18b 
is important for platelet exocytosis.°°°** It chaperones syntaxin 11 
and is defective in FHL5 patients. Other SM proteins (e.g. Vps33a/b) 
are important for granule biogenesis.™ Another syntaxin regulator, 
tomosyn1/syntaxin binding protein 5 (STXBP5), binds to syntaxin/ 
SNAP-23 heterodimers and affects access to v-SNAREs.*” Genome- 
wide association studies (GWAS) suggest that alterations in STXBP5 
are linked to venous thrombosis risk resulting from increased plasma 
VWE. Surprisingly, mice lacking STXBP5 have a severe arterial 
bleeding diathesis as a result of their defective platelet secretion. 

Munc13 family members contain binding sites for calcium, phos- 
phatidylserine, DAG, and calmodulin.” Two major family members, 
Munc13-2 and Munc13-4, are detectable in platelets, although only 
Munc13-4 is functionally relevant.*!*! Munc13s are generally thought 
to be docking factors that localize granules for membrane fusion. Both 
FHL3 patients and the Unc13d™ mouse strain lack Munc13-4 and have 
robust granule-release defects and bleeding diatheses.*'**” Muncl3-4 
binds to a small GTP-binding protein called Rab27, which is also impor- 
tant for platelet exocytosis and is defective in Griscelli syndrome. 
Another Rab27-binding protein, called synaptotagmin-like protein 4/ 
granuphilin, is also reported to be important for platelet exocytosis." 

Three types of FHL are caused by defects in genes encoding pro- 
teins that are important in platelet secretion: Muncl3-4/FHL3, syn- 
taxin 11/FHL4, and Muncl8b/FHL5. Rab27a is defective in a related 
disease, Griscelli syndrome. One feature common to both diseases is the 
inability of T cells to properly organize the cytotoxic synapse required 
for toxin secretion and target cell killing. This suggests that these T-cell 
populations and platelets share common secretory machinery elements. 
For FHL patients, it is unclear whether bleeding or defective platelet 
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function can be used as diagnostic criteria, but they have been reported 
as symptoms.” 


@ PLATELET GENOMICS, THE PLATELET 
TRANSCRIPTOME, AND PLATELET 
PROTEOMICS 


PLATELET GENOMICS 


The Homo sapiens genome is comprised of approximately 3.2 billion 
base pairs and has approximately 3.5 million single nucleotide poly- 
morphisms (SNPs) that occur at frequencies of 1 percent or greater, 
but continued sequencing of more genomes indicates there are at least 
an additional 43 million rare or “private” SNPs. dbSNP (www.ncbi.nlm 
.nih.gov/projects/SNP) maintains information about sequence varia- 
tion, allele frequencies, differences in frequencies between populations 
of different ethnicity and their functional consequences. New technol- 
ogies, such as next-generation sequencing, and new analytic method- 
ologies have driven and continue to drive expansion of genomics at a 
very rapid pace. Both epidemiologic and experimental approaches have 
been and are used to assess significance and functionality of platelet 
gene variants and gene expression, including genetic epidemiology, bio- 
chemistry, cell biology, physiology, and animal studies. 


GENE VARIANTS ASSOCIATED WITH DISEASE 


Candidate Genes 

Because platelets play a central role in acute ischemic syndromes, anti- 
platelet therapy is a mainstay of therapy. Platelets may also contribute 
to the pathophysiology of the chronic process of atherosclerosis,™* 
although the data are less consistent than with thrombosis. The earli- 
est platelet genetic association studies considered associations between 
atherothrombotic disease outcomes and candidate platelet gene vari- 
ants that altered amino acids in platelet membrane adhesion receptors. 
Numerous studies reported associations between myocardial infarction 
and stroke with SNPs in integrin £, (ITGB3), integrin a, (ITGA2), and 
GPIba (GP1BA) and GPVI (GP6).*”’ In these relatively small studies, 
positive associations were more likely to be observed in patients with 
acute thrombosis and less likely in patients with stable atherosclerosis. 


However, there were inconsistent and conflicting results in these candi- 
date studies. 


Genome-Wide Associations Studies 

No unbiased GWAS has been performed using documented arterial 
thrombosis as the clinical phenotype, but many have been performed 
with coronary artery disease (CAD). Multiple studies have demon- 
strated that the Chr9p21.3 locus is associated with both myocardial 
infarction (MI) and CAD. A meta-analysis of all CAD GWAS studies 
that included 63,746 patients with acute and chronic CAD and 130,681 
controls identified 46 loci meeting genome-wide significance.“ These 
loci explain less than 11 percent of CAD heritability and although a 
substantial proportion of the identified genes regulate lipid metabolism 
and inflammation, most loci are not located in previously well-known 
or well-characterized platelet genes. Few of these loci have been tested 
for functional effects in platelets. There are numerous possible explana- 
tions for the non-association with well-studied platelet candidate genes, 
including small platelet gene effect sizes in under-powered heteroge- 
neous clinical phenotypes.*” 


Whole-Exome Sequencing 
Whole exome-sequencing is well-suited to identify variants in protein- 
coding genes and was used to identify NBEAL2 as the causative gene in 
the gray platelet syndrome.***! 


Pharmacogenetics 

The CYP2C19#2 allele (681G>A; rs4244285) causes a loss of function 
of the CYP2C19 enzyme and reduced platelet inhibition by clopido- 
grel as a result of decreased conversion to the active metabolite." It 
could account for approximately 12 percent of the variation in plate- 
let inhibition in response to clopidogrel.** Several large meta-analyses 
have shown the loss-of-function CYP2C19*2 allele is associated with 
both stent thrombosis and cardiovascular ischemic events or death in 
patients undergoing percutaneous coronary interventions." 


GENE VARIANTS ASSOCIATED WITH PLATELET 
TRAITS 


Many cellular pathways in multiple tissues contribute to the patho- 
genic processes resulting in an atherothrombotic event (Fig. 112-7), 
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Figure 112-7. Intermediate phenotypes in association studies. Atherothrombosis 
traits, of which platelet reactivity is only one. Because a large number of genes contribute 
rombotic events, such as myocardial infarction, is small. This highly simplified diagram assume 


is acomplex phenotype that is regulated by many intermediate 
o multiple traits, the effect of any one gene on atheroth- 
five traits each contribute 20 percent to the complex 


n 


trait (heavy solid arrows) and two different genes equally regulate each intermediate trait. Thus, each gene contributes 50 percent to the intermediate 
trait (thin arrows), but only 10 percent to the clinical end point (faint dashed arrows). Thus, for any given sample size, there is more power to detect 
genetic associations with intermediate phenotypes than with complex traits. (Reproduced with permission from Bray PF: Platelet genomics beats the 


catch-22. Blood 13;114(7):1286-1287, 2009.) 


increasing the “noise” in genetic epidemiology studies testing for asso- 
ciations with complex phenotypes. The use of intermediate phenotypes 
as outcomes in genetic association studies has enhanced power to detect 
gene associations because the number of genes potentially responsible 
for the phenotype is reduced, thereby increasing the fraction of the vari- 
ance explained by any single factor or gene. Despite large interindivid- 
ual variability in platelet reactivity, light transmission aggregometry has 
been shown to be reproducible and heritable, with the reproducibility 
persisting for years.°°°°” 


Candidate Functional Platelet Genes 

The Leu33Pro variant of integrin f, (rs5918 of ITGB3) is responsible 
for human platelet alloantigen 1a/b (PI*'/PI*?).> Fibrinogen and proth- 
rombin binding is enhanced to the Pro” isoform of purified integrin 
«,,3, Compared to cell lines expressing Leu33 variant of integrin, 
Pro33 cells have increased adhesion, spreading, actin cytoskeletal reor- 
ganization and migration under static*°*" and shear conditions.*” This 
prothrombotic phenotype of Pro33 is mediated by enhanced outside-in 
platelet signaling through integrin a „b, Notably, this variant does 
not affect inside-out signaling, as assessed by standard platelet light 
transmission aggregometry of human platelets. Additional support 
for the prothrombotic nature of the Pro33 variant of integrin 6, comes 
from mice made homozygous for Pro33. These animals have reduced 
bleeding, increased in vivo thrombosis and enhanced outside-in integ- 
rin & „p, signaling, but normal inside-out signaling.*° 

Laboratory evidence for functional effects of genetic variants in the 
gene encoding GPIbf has been inconsistent. Variants in the two plate- 
let collagen receptors, GPVI and integrin a, subunit (of integrin a ß,) 
alter receptor expression and adhesion to collagen using in vitro per- 
fusion assays.**”-*® Functional variants in the genes encoding FcyRIIA 
(FCGR2A), P2Y ,, (P2RY12), GPIV (CD36), and PAR-1 (F2R) have also 
been reported. 

Associations between SNPs in 97 hematopoietic cell genes were 
tested and 17 novel associations with platelet responses to crosslinked 
collagen-related peptide (CRP) and ADP were identified, including 
genes encoding cell surface receptors (CD36, GP6, ITGA2, PEAR1, and 
P2Y12), kinases JAK2, MAP2K2, MAP2K4, and MAPK14), and other 
signaling molecules (GNAZ, VAV3, ITPR1, and FCERG1).*” Variants 
at the Chr9p21.3 locus are associated with the platelet aggregation 
response to low (0.5 mcg/mL) but not higher concentrations of collagen 
in a large cohort with two replication studies.*”! 


Genome-Wide Association Studies 

The first GWAS reported for platelet reactivity tested association of 2.5 
million SNPs with platelet aggregation responses to ADP, collagen, and 
epinephrine. The primary cohorts were generally healthy, European- 
ancestry populations from the Framingham Heart Study (FHS) (n = 
2753) and the GeneSTAR cohorts (n = 1238). SNPs at seven loci (PEAR1, 
MRVI1, SHH, ADRA2A, PIK3CG, JMJD1C, and GP6) met genome- 
wide statistical significance and were replicated in an African-ancestry 
cohort (n = 840). A second platelet function GWAS identified SNPs in 
SVIL (encodes supervillin) as associated with closure time in the in vitro 
platelet function analyzer PFA-100.° Human platelet gene expression 
studies and data with Svil -/- mice demonstrated an inhibitory role for 
supervillin in platelet adhesion and thrombus formation under high- 
shear but not low-shear conditions. A meta-analysis by the HaemGen 
consortium of 66,867 individuals identified 43 and 25 loci associated 
with platelet number and mean platelet volume (MPV), respectively.°” 
These loci accounted for 4.8 percent of the phenotypic variance in plate- 
let number and 9.9 percent in MPV and included well-known platelet 
regulators (ITGA2B, GP1BA, and F2R). These investigators identified 
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11 of the genes as novel regulators of blood cell formation using gene 
silencing in Danio rerio and Drosophila melanogaster. 


@ PLATELET GENE EXPRESSION 
TRANSCRIPTOMICS 


The Homo sapiens genome includes approximately 21,000 protein- 
coding genes (genome build GRCh38). To date, more than 10 times this 
number of protein-coding transcripts have been identified, primarily 
as a result of alternate exon splicing, and more are being continually 
discovered. Platelets from healthy subjects contain approximately 2.20 
femtograms (fg) of total RNA per cell, which is approximately 1000- 
fold less than nucleated blood cells. Platelets can splice pre-mRNA into 
mature mRNA, which is translated into proteins.*”**”> Characterization 
of the transcriptome enables quantitative assessment of gene expression 
in the tissue of interest and identification of alternately spliced tran- 
scripts. Genome-wide transcriptome studies have enabled dissection of 
the molecular basis of inherited platelet disorders and a better under- 
standing of the relationship between gene expression and megakaryo- 
cyte and platelet differentiation. In addition, platelet RNA profiles may 
have utility as biomarkers.*” 

Technologic advances have greatly facilitated understanding the 
platelet transcriptome. Early studies using serial analysis of gene expres- 
sion and microarrays estimated approximately 6000 mRNAs in the 
human platelet.” Platelet RNA-sequencing (RNA-seq) has demon- 
strated an unexpected complexity to the transcriptome and substantive 
differences between the human and mouse platelet transcriptome.” The 
exquisite sensitivity of RNA-seq provided estimates of approximately 
9,000 protein-coding genes in platelets (Fig. 112-8), although only 
approximately 7800 are commonly expressed*’ in human platelets. 
Approximately half of the transcripts in platelets encode mitochondrial 
genes.”*' Platelet mitochondrial mRNAs are inversely correlated with 
subject age," and mitochondrial function may regulate platelet apopto- 
sis? and support optimal platelet function during storage,™ but plate- 
let mitochondria diseases have not been described. The S-shaped curves 
in Fig. 112-8 illustrate several features of the human platelet transcrip- 
tome: (1) estimates of expressed protein-coding genes are more simi- 
lar amongst different subjects for high abundance genes (leftwards in 
Fig. 112-8) and (2) there is substantial interindividual variation in total 
transcript estimates when considering the less abundant genes (right- 
ward in Fig. 112-9). Furthermore, it is not known what is the biologi- 
cally relevant copy number of transcripts in any cell, and the arbitrary 
choice of “threshold” could dramatically affect the number of reported 
genes expressed in platelets. Transcriptomes of primary megakaryo- 
cytes have not been determined, but RNA profiling of megakaryocytes 
derived from cultured CD34+ hematopoietic stem cells has identified 
transcripts that are differentially expressed upon differentiation and 
between normal subjects and patients with essential thrombocytosis 
(ET) 585586 


Platelet mRNAs Associated with Disease 

Platelet mRNA profiling in patients with acute ST-segment-elevation 
MI and stable CAD demonstrated that S100A9 (myeloid-related 
protein-14 [MRP-14]) was expressed at higher levels in patients than 
controls.” This discovery was validated in the Women’s Health Study 
and PROVE IT-TIMI 22 trials.*”°** Platelet mRNA expression profiling 
can distinguish essential thrombocythemia (ET) patients from healthy 
subjects*” and levels of HIST1H1A, SRP72, C20orf103, and CRYM can 
predict JAK2 V617F-negative ET in 87 percent of patients.” mRNA 
expression profiling identified reduced MYL9 transcripts in platelets of 
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Figure 112-8. Estimates of platelet expressed mRNAs. Platelet total RNA was extracted from four normal donors, depleted of ribosomal RNA (rRNA) 
and subjected to RNA-seq. The number of platelet-expressed mRNAs (y axis) was plotted against RNA-seq read number in log2 ratios normalized to 


B-actin. (Reproduced with permission from Bray, PF, et al: The complex transcriptional landscape of the anucleate human platelet. BMC Genomics 16;14:1, 
2013.) 
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Figure 112-9. Platelet-leukocyte interactions. A number of interactions can occur between platelets and leukocytes, including neutrophils and 
monocytes. The interaction between platelet P-selectin and leukocyte P-selectin glycoprotein ligand-1 (PSGL-1) probably is the most important initial 
interaction (and can lead to tissue factor synthesis by monocytes), but fibrinogen binding simultaneously to activated a,,8, on leukocytes and either 
apb; or a8, on platelets may play a role under certain circumstances. Platelets can release platelet-activating factor (PAF), which can interact with a 
PAF receptor (PAFR) on leukocytes, leading to a,,8, activation and binding of fibrinogen and factor X. Leukocyte a,,8, can also interact with platelet 
junctional adhesion molecule-3 (JAM-3) or GPlb. Platelets can release chemokines (e.g., ENA-78, GRO-a, and RANTES [regulated upon activation, 
normal T-cell expressed and secreted]), and B-thromboglobulin (BTG) released by platelets can be converted by leukocyte cathepsin G (CG) into the 
potent chemotactic CXC chemokine NAP-2. Some of the chemokines, in turn, activate leukocytes by binding to the chemokine receptor CXCR2. 
Platelets also contain the potent immune-stimulating molecule CD40 ligand (CD40L), and both express it on the platelet surface and release it into 
the circulation upon platelet activation. The interaction between thrombospondin and CD36 molecules on both platelets and some leukocytes and 
he presence of CD40 on platelets are not shown. VWF, von Willebrand factor. 


a patient with an inherited platelet defect.” Platelet RNA-seq was also 
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used to identify NBEAL2 as causing the gray platelet syndrome. 


Platelet mRNAs Associated with Platelet Traits 

An unbiased genome-wide platelet RNA expression study identified an 
association between expression of PEAR1 with and platelet activation.” 
A similar approach identified 290 differentially expressed transcripts 
between hyperreactive versus hyporeactive platelets.°* mRNA and pro- 
tein levels of VAMP-8, a critical v-SNARE involved in platelet granule 
secretion, were significantly higher in hyperreactive platelets. Another 
study identified 63 genes differentially expressed according to platelet 
activation by ADP and/or CRP.” Two of these genes, COMMD7 and 
LRRFIP1, were associated with early-onset MI.°* The Platelet RNA and 
Expression-1 (PRAX1) study phenotyped platelet function and per- 
formed genome-wide platelet RNA expression profiling on 70 black and 
84 white subjects.*°° PAR4-mediated platelet aggregation and calcium 
mobilization were greater in black subjects than white subjects. A novel 
platelet gene encoding phosphatidylcholine transfer protein (PC-TP) 
showed a strong correlation with race and with PAR-4 reactivity and 
a PC-TP-specific inhibitor blocked PAR-4- but not PAR-1-mediated 
platelet aggregation. This finding underscores the genetic basis for inter- 
individual variation in platelet function and the potential need to con- 
sider race and genetic factors when treating patients with anti-platelet 
therapies. 


Platelet Noncoding RNAs 
The best studied of the noncoding RNAs are microRNAs (miRNAs), 
which regulate expression of more than 60 percent of protein cod- 
ing genes.” Human platelets express approximately 200 annotated 
miRNAs, some of which are differentially expressed according to platelet 
reactivity and may predict platelet responsiveness to activation, and 
some of which are differentially expressed by age, gender, and race.5**°°° 
Indirect evidence indicates strong correlations between megakaryo- 
cyte and platelet miRNA levels. miR-155 maintains megakaryocyte 
progenitors in an undifferentiated state,’ whereas miR-150 and miR- 
125b-2 drive megakaryocyte differentiation.’ Loss of expression of 
miR-145 in the 5q- syndrome leads to an increase in the megakaryocyte 
Fli-1 transcription factor, thus enhancing megakaryocyte production.™ 
Platelet miRNA profiles are more stable than mRNA profiles and 
are useful as biomarkers.*” Levels of miR-26b and miR-28 are associ- 
ated with myeloproliferative neoplasms,“ whereas levels of miR- 10a, 
miR-148a, and miR-490-5p discriminate ET from secondary thrombo- 
cytosis.” Specific sets of platelet miRNAs have associated with MI.” 
Antiplatelet therapies alter platelet miRNA levels.“°*' Relationships 
between platelet miRNAs, mRNAs, and physiology in the same subjects 
permit prediction of miRNA function and discovery of novel platelet 
genes.*” This approach identified PRKAR2B as associated with plate- 
let reactivity, and a functional effect was confirmed in murine platelets 
lacking Prkar2b.*” A similar approach was used to demonstrate platelet 
miR-376c levels were higher in white subjects compared to black sub- 
jects and these levels correlated with PCTP mRNA, PC-TP protein and 
platelet PAR-4 reactivity.” miR-376c directly targets the PCTP 3’UTR 
and represses its expression." 


PROTEOMICS 


Disease pathophysiology is dictated by the effects of proteins, including 
their levels, structures and posttranslational modifications. Cataloging 
platelet proteomes in health and disease and under different activation 
states provides information not achievable from genomics or transcrip- 
tomics, including protein isoforms, localization, stoichiometry, and 
posttranslational modifications. Early proteome-wide studies of platelet 
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lysates utilized two-dimensional gel electrophoresis (2D-GE).°” How- 
ever, technologic advances using nongel approaches with proteolytic 
peptide analyses have largely replaced 2D-GE, and include surface- 
enhanced laser desorption/ionization (SELDI), isotope-coded affinity 
tags (iCAT), and isotope tags for relative and absolute quantification 
(i{TRAQ).°"°"* These improved technologies have provided an estimate 
of approximately 20 million protein molecules per platelet and have 
updated estimates of the number of detectable different proteins in the 
platelet proteome to nearly 5000.6 Pathway and gene ontology analyses 
reveal most highly expressed platelet proteins localize to the cytoplasm, 
with substantial percentages in the membrane or secretome,'® and 
fall into expected functional categories of cytoskeletal rearrangement, 
membrane trafficking, and intracellular signal transduction." 

Platelet protein levels are regulated by mRNA translation in 
megakaryocytes and platelets, uptake of plasma proteins, and protein 
degradation,*”**"’ although the relative contribution of each mechanism 
to the platelet proteome in health and disease is unknown. The dynamic 
nature of the platelet proteome is illustrated by alterations with disease, 
aging, gender, and other environmental factors,®® as well as differential 
sorting of proteins between megakaryocytes and platelets.*'* Infectious 
agents, such as dengue virus, stimulate blood platelet mRNA translation 
into protein.” Posttranslational modifications of platelet proteins, such 
as phosphorylation, have critical effects on platelet activation. Plate- 
lets from healthy individuals exhibit marked interindividual variation 
in function,™ and unbiased genome-wide approaches have identified 
variation in proteins regulating the corresponding function.** Compo- 
nents of protein ubiquitination and degradation have been identified in 
platelets, but their function is poorly understood. 


Cataloging the Platelet Proteome 

Most platelet proteomic analyses to date have studied platelets from 
small numbers of healthy donors. Analyses of resting whole platelets 
have provided global protein profiles. Fractionation of platelet 
lysates has been used to assess the a granule,®! dense granule,“ and 
membrane proteomes.*** Proteins with posttranslational modifica- 
tions have been identified for phosphorylation,** palmitoylation,” 
and glycosylation. After platelet activation, hundreds of proteins have 
been identified in releasates (secretomes) °° and microparticles." 


Platelet Proteome Association Studies 

Platelet proteome-wide analyses were used to identify NBEAL2 as 
the gene responsible for the gray platelet syndrome**! and to unravel 
the molecular basis of the Quebec platelet disorder.’ Differentially 
expressed platelet proteins involved in integrin & „p, signaling were 
observed in the myelodysplastic syndrome. Proteomic approaches 
have consistently identified platelet septin and actin as increasing over 
time in storage. A small study suggested platelet protein post- 
translational modifications may be associated with acute coronary 
syndromes.*** 


Relationship Between Platelet Proteome and Transcriptome 

Transcriptomic approaches have identified about twice as many genes 
expressed in platelets as have proteomic approaches, primarily because 
the former has greater sensitivity. Correlations between 10 platelet 
RNA-seqs and the most quantitatively robust proteomic analyses to 
date has been reported.” Most (87.8 percent) proteins had a detect- 
able corresponding mRNA and the relative abundances showed a sig- 
nificantly positive, albeit weak, correlation. Platelet proteins that lack a 
corresponding mRNA are likely to be taken up from plasma rather than 
being synthesized in megakaryocytes, and include fibrinogen, albumin, 
and immunoglobulins, all of which were suspected to fall into this cate- 
gory based on other studies.“ Platelet mRNAs that lack a corresponding 
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protein may be vestigial from the megakaryocyte. Some of these could 
be translated subsequently by the platelet under physiologic demands. 
Combining “multiomic” data with phenotyping can provide important 
insights as demonstrated by a study in which transcriptomic and pro- 
teomic analysis identified six platelet transcripts associated with aspirin 
resistance.’ The expression of these genes was associated with death 
or MI. In addition, platelet phenotyping and genome-wide genotyping 
and platelet mRNA and miRNA profiling led to the identification of 
novel protein-coding and noncoding transcripts associated with plate- 
let activation.°”* 


@ PLATELET COAGULANT ACTIVITY 


In resting platelets, negatively charged phospholipids, including phos- 
phatidyl serine (PS) and phosphatidylethanolamine (PE), are almost 
exclusively present in the inner leaflet of the cell membrane and phos- 
phatidylcholine predominates in the outer leaflet. This asymmetry is 
maintained by ATP-dependent “flippase” transporters, which restrict 
PS to the inner membrane surface and “floppases,” which promote out- 
ward-directed lipid transport.***5* When platelets are activated by 
strong agonists, negatively charged phospholipids redistribute to the 
outer leaflet of the platelet plasma membrane. This involves a putative 
calcium-dependent “scramblase” that transports lipids bidirectionally 
and, when active, collapses membrane asymmetry and results in PS 
exposure on the outer leaflet. The eight transmembrane domain con- 
taining protein TMEM16F serves as a Ca**-activated, nonselective cat- 
ion channel that is crucial for Ca?*-dependent phospholipid scrambling 
and PS exposure on activated platelets.‘ 

Platelet activation with strong agonists also results in the forma- 
tion of microparticles, which are particularly rich in surface-exposed 
negatively charged phospholipids. Microparticles also are rich in factor 
Va and thus actively support thrombin generation.*?>* Microparticle 
formation can be induced in vitro by activation of platelets with iono- 
phore A23187, complement C5b-9, or the combination of thrombin and 
collagen; by adding tissue factor to recalcified platelet-rich plasma; or by 
high shear stress.***7-°? Elevations of cytosolic Ca”, calpain activation, 
cytoskeletal reorganization, protein phosphorylation, and phospholipid 
translocation have all been implicated in microparticle formation. 

The biologic relevance of platelet microparticles is supported by 
the finding of increased circulating levels of platelet microparticles in 
patients with activated coagulation and fibrinolysis, diabetes mellitus, 
sickle cell anemia, human immunodeficiency virus infection, unsta- 
ble angina, heparin-induced thrombocytopenia with thrombosis, and 
respiratory distress syndrome.*** Microparticles can bind to fibrin 
thrombi via one or more of the receptors present on their surface, 
including integrin Bs» GPIb/IX, P-selectin, and possibly P-selectin 
glycoprotein ligand (PSGL)-1.°™ 

Microparticles bind factors VHI, Va, and Xa, allowing them to 
form both the factor Xase and prothrombinase complexes on their sur- 
face.“ They can also bind protein S and facilitate inactivation of factors 
Va and VIIa which could serve an anticoagulant function.®*** In addi- 
tion, microparticles can activate platelets by supplying arachidonic acid. 

Evidence supporting the importance of platelet microparticle 
formation to platelet coagulant activity has been gathered from obser- 
vations of patients who have significant bleeding diatheses in associa- 
tion with defects in platelet microparticle formation (Scott syndrome; 
Chap. 121).°7-6° Platelets from the most intensively studied patient 
had an impaired ability to accelerate the activation of both factor X and 
prothrombin. In addition, this patient’s platelets exhibited both abnor- 
mal factor V binding and abnormal exposure of negatively charged 
phospholipids. 


Activated platelets synthesize tissue factor by splicing pre-mRNA 
into mature mRNA and then translating the tissue factor protein.°" 
Additionally, platelet thrombi can recruit tissue factor from blood by 
binding leukocyte-derived, tissue factor-containing microparticles or by 
binding an alternatively spliced, soluble form of tissue factor.*66472662-665 
The interaction between PSGL-1 on the surface of leukocyte-derived 
microparticles and P-selectin on the surface of activated platelets 
appears to play an important role in the binding of microparticles to 
platelet thrombi.“ Interactions between platelets and leukocytes, 
and perhaps leukocyte-derived microparticles, reportedly enhance 
(“de-encrypt” or decrypt) tissue factor activity, probably by supplying 
negatively charged phopholipids®® and/or the oxidoreductase enzyme 
protein disulfide isomerase (PDI).°” 

Platelet dense granules contain polyphosphate, a linear polymer of 
inorganic phosphate synthesized by inositol hexakisphosphate 6 kinase. 
Polyphosphates are released during platelet activation and promote clot 
formation. Polyphosphates affect many steps in coagulation. Polyphos- 
phates accelerate factor V and factor XII“ and alter the structure of 
fibrin clots. In the presence of polyphosphates, fibrin clots have thicker 
fibers and are more resistant to fibrinolysis.“ In contrast to bacterial 
polyphosphates, which are long-chain structures, platelet polyphos- 
phates have shorter chain length and are more effective in increasing 
factor V and TFPI activity. 

Incontrovertible evidence exists that platelets accelerate thrombin 
formation.°* °°” Platelets accelerate the activation of factor X by 
factors [Xa and VIIa and the activation of prothrombin by factors 
Xa and Va. However, only a subpopulation of platelets develops 
a procoagulant phenotype with activation, as only a fraction of acti- 
vated platelets display high levels of factors Va and Xa, termed “coat” 
platelets.*°*4°°°°? The assembly of the factor [Xa/factor VIIa/platelet 
complex increases the catalytic efficiency of factor X activation (k.,,/K,, 
[turnover number/Michaelis-Menten dissociation constant]) by a fac- 
tor of 2.4 x 106. Prothrombin binds to approximately 20,000 sites on 
activated platelets with a K, equal to its plasma concentration (approx- 
imately 0.15 #M).°” Integrin a, „$, binds prothrombin through its RGD 
domain, and may contribute to the localization of prothrombin to the 
surface of unactivated and activated platelets.*”° 

In addition to accelerating coagulation, the binding of activated 
coagulation factors to the surface of platelets appears to protect them 
from inactivation by inhibitors in plasma and platelets.” The bleeding 
diathesis in patients with Quebec platelet syndrome, who have prote- 
olysis of their platelet a-granule factor V, supports the potential impor- 
tance of platelet factor V in normal hemostasis (Chap. 121), as do the 
studies of another patient with abnormal platelet factor V.°° 

Other connections between platelets and the coagulation sys- 
tem include: (1) the presence of fibrinogen in platelet « granules and 
perhaps on the surface of platelets, where it is strategically located for 
interactions with locally generated thrombin*’’*”; (2) the presence of 
intracellular VWF and the binding of extracellular VWF to platelets 
(via GPIb/X and integrin a,,8,), with the potential colocalization of 
factor VIII attached to the VWF (Chap. 126); (3) activation of factor 
XI by thrombin on the platelet surface,°°” with the dimeric structure 
of factor XI allowing it to interact both with the platelet and factor IX 
simultaneously’; (4) a factor XI-like protein associated with platelet 
membranes, which may be an alternatively spliced form of factor XI 
lacking exon V; the level of this factor appears to correlate better with 
hemorrhagic symptoms than does the level of plasma factor XI”; 
(5) the presence of cytoplasmic factor XII (Chap. 113); (6) the presence 
of inhibitors of coagulation (a,-protease inhibitor, C-1 inhibitor, TFPI, 
the thrombin inhibitor protease nexin I, and the factors [Xa and XIa 
inhibitor protease nexin II or fp- APP); and (7) promotion of factor 
XII activation by ADP-treated platelets.*” 


@ PLATELETS AND THROMBOLYSIS 


The interactions between platelets and the fibrinolytic system are com- 
plex; Table 112-3 contains a partial listing of reported findings.“’™ 
Both profibrinolytic*****” and antifibrinolytic”* effects of platelets 
have been described, and so it is difficult to predict the net effect. Since 
platelet-rich thrombi are known to resist thrombolysis in animal models, 
the antifibrinolytic effects of platelets appear to predominate in vivo.” 


TABLE 112-3. Platelets and Thrombolysis 
Profibrinolytic effects of platelets 


Tissue plasminogen activator (t-PA) and single-chain urokinase- 
type t-PA identified on or in platelets. 


Unactivated platelets bind plasminogen, and binding is enhanced 
by thrombin. 


Thrombospondin, a plasminogen-binding protein, is expressed 
on the surface of platelets after activation. 


Activation of plasminogen by t-PA is enhanced by platelets. 
Clot lysis is enhanced by platelets in some model systems. 
Antifibrinolytic effects of platelets 


Plasminogen activator inhibitor-1 and a,-antiplasmin are present 
in platelet granules. 


Platelets contain protease nexin-1, a serpin that inhibits plasmino- 
gen activators and plasmin. 


Platelets contain factor XIII, which can crosslink fibrin, making 
it resist fibrinolysis, and can crosslink a,-antiplasmin to fibrin, 
enhancing its antifibrinolytic effects. 


Platelets contain tissue factor pathway inhibitor-2, which inhibits 
tissue plasminogen activator. 


Platelet a, 6, can bind plasma factor XIlla directly or indirectly, 
localizing it to the site of thrombus formation. 


Platelets facilitate clot retraction, which diminishes the efficiency 
of fibrinolysis. 


Platelet-activating effects of thrombolytic agents 
Streptokinase and t-PA activate platelets in vivo and in vitro. 
Plasmin, at high doses, can aggregate platelets. 


Thrombolytic agents may paradoxically generate the potent 
platelet agonist thrombin or release it from thrombi. 


Thrombolytic agents may blunt the prostacyclin increase that 
accompanies acute thrombosis. 


Platelet-inhibiting effects of thrombolytic agents 


Plasmin, at low doses, can inhibit platelet activation and 
aggregation. 


Platelets can be disaggregated by t-PA by selective lysis of 
platelet-bound fibrinogen. 


Plasmin can cause redistribution and/or cleavage of platelet 
glycoprotein Ib. 


Inhibition of platelet aggregation by the depletion of plasma 
fibrinogen, if severe, and generation of fibrin (ogen) degradation 
products. 


Proteolysis of plasma von Willebrand factor. 
Prolongation of the bleeding time. 


Adapted with permission from Fozzard HA, et al: The Heart and 
Cardiovascular System. New York, NY: Raven Press; 1991. 
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The effects of fibrinolytic agents on platelets are similarly complex. 
For example, there is considerable evidence that fibrinolytic agents 
can activate platelets soon after administration,”*”™ via either a direct 
effect of plasmin,”"’" perhaps acting on PAR-4”" or an indirect effect 
through the paradoxical generation of thrombin.**”!>-”§ Interpretation 
of the latter studies are complicated by the ability of tissue plasminogen 
activator to release fibrinopeptides from fibrinogen, one of the biomark- 


ers used to assess thrombin activation.” 


Stimulation of platelets by thrombolytic agents may prolong the 
time required for reperfusion of thrombosed blood vessels and may 
contribute to reocclusion after successful reperfusion. In animal 
models and in humans, potent antiplatelet agents can, in fact, speed 
reperfusion, abolish reocclusion, and diminish the size of myocardial 
infarcts.” In human studies, the benefits of combining integrin o,f, 
antagonists with fibrinolytic agents in enhancing coronary thromboly- 
sis have been counterbalanced by an increase in major hemorrhage.” 
Combining a potent integrin ,,,6, antagonist with a reduced dose of 
a fibrinolytic agent in acute ST-elevation MI when patients are rapidly 
treated with percutaneous coronary intervention has demonstrated evi- 
dence for more rapid reperfusion, but clinical benefit has been variable 
and bleeding has been increased.” In experimental models of stroke, 
paradoxically, early treatment with integrin ,,,6, antagonists reduces 
the hemorrhage associated with thrombolytic therapy, perhaps by pre- 
venting platelet aggregation in the microcirculation and the release of 
agents that can damage the vasculature and diminish its integrity.” 7> 
In human studies, however, a potent integrin ,,6, antagonist given 
alone did not improve clinical outcomes.”°*! 

With prolonged use of thrombolytic agents, inhibition of plate- 
let function can occur via a variety of mechanisms. '°%707708732-744 These 
effects may contribute to some of the hemorrhagic phenomena observed 
with this therapy. One proposed mechanism is that the thrombolytic 
agents make platelets refractory to further stimulation by agonists. 


@ PLATELETS IN INFLAMMATION 
AND INFECTION 


Leukocytes can bind to activated platelets and in model systems 
transmigrate through a platelet monolayer (reviewed in Ref. 745; see 
Fig. 112-9). Animal models and studies of human tissue demonstrate 
that within hours after vascular injury, leukocytes become enmeshed in 
platelet thrombi and/or transiently form a monolayer on top of adher- 
ent or aggregated platelets.“°’"” These interactions may be important 
at sites of vascular injury or inflammation where leukocytes have been 
shown to deposit on adherent and aggregated platelets. Platelet recruit- 
ment of leukocytes has been associated with a number of systemic and 
inflammatory processes in animal models, including the development 
of intimal hyperplasia after vascular injury,“ ischemia-reperfusion 
injury, alloimmunity-mediated transplant rejection,” obesity,” and 
acute lung injury.” By depositing chemokines such as CCL5 (also 
termed RANTES [regulated upon activation, normal T-cell expressed 
and secreted]) on activated endothelium’”’® or by direct interactions 
with leukocytes,” platelets may also enhance leukocyte recruitment 
to inflamed or atherosclerotic endothelium and thereby promote the 
development and progression of atherosclerosis. 

Many mechanisms of platelet-leukocyte interactions have been 
defined, but the initial interaction appears to be mediated primarily by 
the interaction between P-selectin (CD62P) expressed on the surface of 
activated platelets and PSGL-1 on the surface of neutrophils and mono- 
cytes.”°-7! P-selectin-PSGL-1 interactions are characterized by rapid 
on-and-off rates that promote tethering and rolling of leukocytes along 
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adherent platelets. In addition to PSGL-1, leukocyte CD24 may also bind 
P-selectin. The transient P-selectin-mediated interactions are stabilized 
by subsequent contacts mediated, in large part, by activation of leuko- 
cyte p, integrins. Platelet surface-immobilized and released chemokines 
promote firm leukocyte adhesion and arrest by acting through G- 
protein-coupled receptors to activate leukocyte ß, integrins. Platelets 
can synthesize and release PAF, which can activate leukocyte a,,f.. 
CCLS5 and the CXC chemokines ENA-78 and GRO-a, released by acti- 
vated platelets, can also activate leukocytes. The chemokine neutrophil- 
activating peptide-2 (NAP-2) can be produced by the action of leukocyte 
cathepsin G on £-thromboglobulin secreted by platelets.””* Activated 
& „b, on leukocytes can interact with platelet GPIba’™ as well as with 
platelet-bound fibrinogen via a region(s) on the y chain (amino acids 
190 to 202,’° and 377 to 395). Thrombospondin may serve as a bridg- 
ing molecule between CD36 (GPIV) receptors, which are expressed on 
both platelets and mononuclear cells.” Platelets also have intercellular 
adhesion molecule (ICAM)-2 on their surface, which is a ligand for the 
leukocyte integrin receptor a f}; although this ligand-receptor interac- 
tion appears to have only a minor role in platelet-leukocyte adhesion, 
it may be more important in leukocyte tethering.”® Platelet junctional 
adhesion molecule (JAM)3 has also been suggested as a counterrecep- 
tor for leukocyte «,,B,.”°” The immunoreceptor tyrosine-based activa- 
tion motif (ITAM)-associated receptors GPVI and C-type lectin-like 
receptor-2 (CLEC-2) also promote platelet-leukocyte interactions dur- 
ing inflammation via their respective counterreceptors matrix metallo- 
proteinase inducer (EMMPRIN) on neutrophils and macrophages and 
podoplanin on inflammatory macrophages. 

Transcellular metabolism of eicosanoids can result in production 
of unique products (Fig. 112-10) and leukocytes can modify platelet 
activation.” In a complementary fashion, the intimate relationship 
between leukocytes and platelets allows the latter to contribute to the 
inflammatory response, including the release of chemokines that can 
activate leukocytes; PDGF can affect fibroblast and smooth muscle cells; 
TGF-f, both stimulates and inhibits cellular growth; and PF4 primes 
neutrophils and has antiangiogenic activity. Platelets synthesize the 
cytokine IL-1, an important mediator of the inflammatory response.” 
Platelets contain FcyIIA receptors that can localize IgG and immune 
complexes, resulting in complement activation. Platelets express CD40L 
on their surface after activation, and this molecule can interact with 
CD40, a member of the tumor necrosis factor (TNF) receptor family, 
on leukocytes and endothelial cells, leading to their activation and their 
elaboration of a number of proinflammatory molecules’””’” (see “CD40 
Ligand (CD40L, CD154) and CD40”). Platelet CD40L also promotes 
procoagulant activity in endothelial cells.” Finally, platelet-leukocyte 
interactions can promote the generation of reactive oxygen species, but 
platelets can also generate signals to stop their production.” 

Platelet-leukocyte interactions may be important in the initiation 
of coagulation and fibrin formation through a P-selectin-dependent 
pathway. In fact, platelet-leukocyte aggregates facilitate thrombin gen- 
eration to a greater extent than either platelets or leukocytes alone.””*””* 
Coincubation of platelets and leukocytes generates tissue factor activity, 
in part, through P-selectin-PSGL-1 interactions. The induction of tis- 
sue factor activity involves both de novo protein synthesis and exposure 
(“deencryption”) of latent tissue factor. The latter may occur by P- 
selectin-mediated production of tissue factor containing microparti- 
cles from leukocytes. Real-time imaging of platelet thrombus forma- 
tion in vivo indicates that tissue factor accumulates in growing thrombi 
before leukocytes become associated with the thrombus. The accumu- 
lation of tissue factor and fibrin formation in thrombi depend on both 
platelet P-selectin and PSGL-1. These observations, coupled with the 
finding of bloodborne tissue factor antigen in the circulation,” has led 


to a model in which platelet P-selectin recruits tissue factor-contain- 
ing leukocyte microparticles to platelet-rich thrombi.”* Neutrophil- 
derived microparticles express active integrin a,,8,, which can interact 
with platelets by binding to GPIba. This, in turn, can initiate platelet P- 
selectin expression, which will enhance the interactions with neutrophil 
microparticles containing the counterreceptor PSGL-1.”” In mice, 
increases in soluble P-selectin levels promote a procoagulant state asso- 
ciated with elevated levels of leukocyte-derived microparticles,” and 
a P-selectin-immunoglobulin chimeric molecule can increase levels of 
leukocyte-derived microparticles in vitro and normalize the bleeding 
time in hemophilia A mice.” 

Several clinical observations support a potential role for platelet- 
leukocyte interactions in vascular disease, including the presence of 
circulating platelet-leukocyte aggregates in patients with unstable 
angina’ and after coronary artery angioplasty”; in the latter situation, 
the presence of such aggregates appears to confer a worse prognosis 
for ischemic vascular complications.” Circulating platelet-leukocyte 
aggregates are perhaps the most sensitive indicator of systemic plate- 
let activation, reflecting the expression of P-selectin on the surface of 
platelets." Analysis of polymorphisms of PSGL-1 involving variable 
numbers of tandem repeats indicates that the longer PSGL-1 molecules 
are better able to form platelet-leukocyte aggregates; in some, but not 
all, studies, the longer molecules were associated with increased risk 
of some forms of thrombotic vascular disease.” The $100 calcium- 
modulated protein family member MRP-14 (also known as S100A9), 
which is abundant in neutrophils and released by activated platelets, 
promotes platelet thrombus, at least in part through CD36.”! 

Platelets can contribute to both innate and adaptive immunity 
in several ways. Bacterial endotoxin binding to toll-like receptors can 
activate platelets (see “Toll-Like Receptors'****”), enhance platelet- 
neutrophil interactions, and promote bacterial trapping by stimulating 
the production of neutrophil extracellular traps (NETs) composed of 
DNA, histones, and enzymes that degrade pathogens.” The produc- 
tion of NETs confers resistance to a variety of pathogens, including Gram- 
positive (Staphylococcus aureus, Streptococcus pneumoniae, and Group 
A streptococci) and Gram-negative (Salmonella typhimurium, Shigella 
flexneri, and Escherichia coli) bacteria. A number of Gram-positive 
bacteria can activate and aggregate platelets and the platelet immune 
receptor RcyRIIA, integrin OB» Src, and Syk, along with PF4, ADP, 
and TXA, all play a role in the process.” Platelets release mitochondria, 
which are related to bacteria in composition, when activated either in 
microparticles or free into plasma, where they associate with neutrophils 
and the platelet enzyme PLA2 IIA, which hydrolyzes mitochondrial and 
bacterial membranes, releasing a variety of proinflammatory molecules, 
including mitochondrial DNA, arachidonic acid, and lysophospholipids 
that are themselves capable of initiating NET formation.”® Release of 
platelet mitochondria during storage for transfusion has been suggested 
as being a contributor to platelet-associated nonhemolytic transfusion 
reactions.” 

Thrombocytopenia is often present in association with bloodborne 
bacterial infections (sepsis) and the severity of the thrombocytopenia 
mirrors the severity of the infection and prognosis. Platelet factor V 
contributes to resistance to Group A streptococcal infection” by pro- 
moting thrombin generation and fibrin deposition, which may help to 
wall off the bacteria.” Platelets also influence the function of lympho- 
cytes.” They enhance cytolytic T-cell proliferation and antibody pro- 
duction by B cells. Platelets can inhibit the responses of helper T-cells, 
and via release of TGF-£,, increase regulatory T (Treg) cells. Finally, 
platelets can bind to malarial-infected erythrocytes and both suppress 
the growth of the parasites and destroy the intraerythrocytic malarial 
parasites.” 


PGE synthase 
(from neighboring cells) 
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Figure 112-10. Select aspects of transcellular eicosanoid metabolism. At sites of platelet-white blood cell (WBC) interactions, free arachidonic acid 
(AA) can be generated by both activated platelets and leukocytes and exchanged between the cells. In the platelet, cyclooxygenase 1 (COX-1), the 


target for aspirin, generates the major AA-metabolite prostaglandin (PG) G,, 


the precursor for PGH, that, in turn, is converted by thromboxane (TX) 


synthase to TXA,. TXA, and PGH, promote platelet activation and inflammation through binding to thromboprostanoid (TP) receptors. TXA, is rapidly 
converted to TXB.. Platelets also express platelet-type 12-lipoxygenase (LOX) that converts AA to the relatively unstable intermediate 12-hydroper- 
oxy-5,8,10,14-eicosatetraenoic acid (12-HPETE), which is subsequently converted to 12-hydroxyeicosatetraenoic acid (12-HETE). Platelets from most 
mammalian species do not possess 5-LOX and, therefore, cannot generate leukotriene A, (LTA,) from AA. However, LTA, produced by leukocytes can 
be transferred to interacting platelets, where it can be metabolized by glutathione-S-transferase to LTC, or by platelet 12-LOX to the antiinflamma- 
tory mediator lipoxin (LXA,). In endothelial cells, AA can also be released from membrane phospholipids, but unlike in the platelet, it is sequentially 
metabolized by COX-1 or COX-2 and prostacyclin synthase to PGI, which inhibits platelet activation by effects on the platelet inhibitory prostanoid 
(IP) receptor. Endothelial cells can also serve as a source of PGH, that is metabolized by PGE synthase to PGE,. At high concentrations, PGE, inhibits 
platelet activation, and at lower concentrations (<10-° M), it activates platelets through the EP3 receptor. (Used with permission of Matt Hazard, Teach- 


ing and Academic Support Center, The University of Kentucky.) 


@ PLATELETS IN VESSEL INTEGRITY 
AND DEVELOPMENT 


Platelets are essential to maintain the integrity of the vasculature, espe- 
cially in inflammatory sites, although the mechanisms are not fully 
understood. Platelets store a number of barrier-stabilizing cytokines 
and growth factors that may be released constitutively or in a stimulus- 
dependent manner, including sphingosine-1-phosphate (S1P), which 
is essential for barrier function, ADP, serotonin, VEGF, and thrombo- 
spondin. While platelet G-protein-coupled signaling is essential for 
hemostasis and thrombosis after vascular injury, these pathways do not 
appear to be required for hemostasis during inflammation. And func- 
tional platelet ITAM motif receptors, CLEC-2 and GPVI, are required 
to maintain vascular integrity during inflammation, likely by triggering 
a unique response in the setting of inflammation.*” 

‘The partitioning between lymphatic and blood vessels during devel- 
opment requires normal platelet function. Platelets regulate lymphangio- 
genesis, at least in part, through interactions between platelet CLEC-2 
and podoplanin on lymphatic endothelial cells. In addition, downstream 
ITAM signaling, mediated by Syk, SLP-76, and PLCy,, is also required. 


Platelet activation along lymphatic endothelium may result in secretion 
of angiogenic factors. Importantly, platelet adhesion may result in intra- 
vascular hemostasis that promotes the lymphovenous junction, in that 
mouse embryos lacking CLEC-2, podoplanin, Syk, or SLP-76 display 
blood-filled lymphatic vessels. The requirement for platelets in main- 
taining blood—lymphatic separation extends beyond embryogenesis into 
adulthood. Importantly, the requirement for lymphovenous hemostasis 
are different from arterial and venous hemostasis, likely because of the 
low-flow, low-shear environment and intact lymphatic endothelium. 


@ PLATELET MEMBRANE GLYCOPROTEINS 


Platelet membrane glycoproteins mediate most of the interactions between 
platelets and their external environment. Receptors can receive signals 
from outside the platelet and transmit signals inside. In addition, glyco- 
protein receptors receive signals from inside the platelet that affect their 
external domain functions. Platelet glycoprotein receptors are grouped 
into several different receptor families (integrins, leucine-rich glyco- 
proteins, immunoglobulin cell adhesion molecules, selectins, tetrasp- 
anins, and seven-transmembrane domain receptors; see Table 112-4). 
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TABLE 112-4. Important Platelet Surface Proteins 


M, 
Platelet 
Chain Integrin VLA*Des- CDt Non- 
Gene Family Common Name Designation Designation ignation Designation Reduced Reduced 
Integrin Fibrinogen/receptor abb; a,,8,-CD41a io 145,000 a, 125,000 
a,,-CD41b ; 90,000 aB 23,000 
B,-CD61 114,000 
Collagen receptor GPla/lla aÊ, VLA-2 a,-CD49b a, 150,000 148,000 
B,-CD29 B, 138,000 
Fibronectin receptor CPlc*/Ila ab, VLA-5 a,-CD49e a, 140,000 148,000 
B,-CD29 B, 138,000 
Laminin receptor GPlc/Ila ap, VLA-6 a,-CD49f a, 140,000 148,000 
B,-CD29 B, 138,000 
Vitronectin receptor a/GPllla a b, a -CD51 a, 150,000 a, 125,000 
B,-CD61 B, 90,000 a, 25,000 
114,000 
Leucine-rich von Willebrand GPlb/Ix Ib/Ix-CD42 GPib 170,000 GPlba 145,000 
repeat factor receptor Ib/a-CD42b GPIbB 22,000 
glycoproteins Ib/B-CD42c 
Ix-CD42a GPIX 17,000 17,000 
GPV GPV 82,000 82,000 
Immunoglob- PECAM-I CD31 130,000 
ulin family Fcy-RIl CD32 40,000 
cel adhesion “HLA-C 
ICAM-2 CD102 59,000 
GPVI 62,000 65,000 
IAP CD47 50,000 
Selectins P-Selectin (GMP 140; CD62P 140,000 
PADGEM) 
Tetraspanins p24 CD9 24,000 
CD63 
PETA-3 CD151 27,000 
Lamp 3 (granulophysin) CD63 53,000 
Miscellaneous GPIV CD36 88,000 
CLEC-2 CD94 
TLR(1-6) 
Lamp 1 CD107a 110,000 
Lamp 2 CD107b 120,000 
67 kDa Laminin 67,000 
receptor 
ADP P2X1 receptor 70,000 
Leukosialin, sialophorin CD43 90,000 
Seven trans- PAR-1 70,000 
membrane PAR-4 
AE E Thromboxane A, 55,000 
receptor 
a -Adrenergic receptor 64,000 
Vasopressin receptor 125,000 
ADP P2Y, receptor 
ADP P2Y,, receptor 
Serotonin 5-HT2A 53,000 


Fib, fibrinogen; Fn, fibronectin; GP, glycoprotein; HLA, human leukocyte antigen; IAP, integrin-associated protein; ICAM, intercellular adhesion 
molecule; lamp, lysosome-associated membrane protein; PAR, protease-activated receptor; PECAM, platelet-endothelial cell adhesion mole- 
cule; PSGL-1, P-selectin glycoprotein ligand-1; TSP, thrombospondin; TX, thromboxane; Vn, vironectin; vwf, von Willebrand factor. 
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Phos- Molecules on 
Carbo- phory- Chromo- Platelet Platelet Surface 
Amino Acids hydrate Lipid lated some Ligands Specific Function (S) or Internal (I) 
a,,,1039 + = = 17 Fib, VWF, Fn, Vn, ?TSP + Adhesion, aggregation, (S)80,000 
d protein trafficking (1)40,000 

B,762 + - + 17 
a,1152 5 Collagen = Adhesion (S)1000 
B,778 10 3 
a,1008 12 Fn = Adhesion (S)1000 
B,778 10 
a,1067 2 Laminin = Adhesion (S)1,000 
B,778 10 
a 1048 2 Vn, Fib, VWF, Fn, ?TSP, ?Adhesion, (S)100 

Osp ?Protein trafficking 
GPIlla 762 + - 17 
GPlba610(8)* ar = = 1 VWF, Thrombin ard Adhesion (high shear), (S)25,000 
GPlbB181(1)* + + + 22 +? ?thrombin activation (S)25,000 
GPIX 160(1)* + + 5) +? (S)25,000 
GPV 544(15)* + + + 3 +? (S) 12,500 
PECAM-1 738 + ? + 17 Heparin - ?Adhesion (S) 8000 
FcyRIl 324 + ate 1 Immune complexes = Immune complex binding (s) ~1000 
HLA + 6 = Histocompatibility (S) 
ICAM-2 274 17 LFA-1 - Platelet-leukocyte adhesion (S) 2600 
GPVI 316 + - ? Collagen + Activation (S) ~2000 
IAP 287 + 3 TSP - Activation 
P-Selectin 830 + + d Sialyl-le* Platelet-leukocyte adhesion (I) 20,000 

PSGL-1 
CD9 228 + ? - Activation (S) 40,000 
CD151 253 + - - 11 ? - Activation (I) ~2000 
Lamp 3 238 + (I) 10,000 
GPIV 471 + qF 7 Collagen, TSP = Adhesion (S) 20,000 
GEEG 2229 ar ar 12 Podoplanin = adhesion/activation 
TLR Pathogen- = activation 

associated molecular 

patterns 
Lamp 1 389 + 13 ? - ? (I) 1200 
Lamp 2 381 + X ? 
67 kDa ?295 X Laminin = Adhesion 
P2X, 399 + 17 ATP, ADP - Activation (S) 13-130 
CD43 400 ar + 16 ICAM-1 = Adhesion 
PAR-1 425 5 Thrombin - Activation (S) ~1800 
PAR-4 385 + ar 19 Thrombin = Activation 
TXA, 343 19 PGH,/thromboxane = Activation ~200 

A 
a,-Adrenergin 10 Epinephrine = Activation ~250 
450 
Vasopressin x Vasopressin = Activation ~75 
418 
PANE S/S) + ADP = Activation 
PYRA ADP + Activation 
5-HT2A + ap is} Serotonin = activation 


*Number of leucine-rich repeats. 
+CD, cluster of differentiation (see Chap. 15); VLA, very-late antigen. 
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Figure 112-11. a,,B, Integrin structure and activation. A. Model for a „B, integrin inside-out activation and outside-in signaling. The a subunit is 
in blue and the B subunit is in red. The bent, inactive receptor is depicted in (A). Under resting condition, the integrin 8, cytoplasmic domain appears 


to interact with filamin. Cellular stimulation induces migfllin to displace filamin from the integrin B, cytop 
change in talin that alters the interactions between the talin head and rod domains and exposes the talin 
head then binds to the integrin 6, cytoplasmic domain, which unclasps the inter-subunit cytoplasmic and 
plex with the integrin £, cytoplasmic and transmembrane domains. Kindlin-3 binding to the integrin B, cy 
ing and appears to be required for the conversion to the high-affinity state. The binding of talin then lead 
tails and may diminish the interaction of the integrin headpiece with the tails. Although small ligands ca 


asmic domain as well as a conformational 
head domain. The FERM F3 domain in the 
transmembrane domains from their com- 
toplasmic domain may facilitate talin bind- 
s to separation of the ectodomain subunit 
n bind to the receptor without headpiece 


extension, the large glycoprotein ligands may require extension to facilitate access to the ligand binding site. Extension (B) may occur spontaneously 


after leg separation, or may result from traction force exerted on the integrin B, cytoplasmic domain vi 


a talin’s association with the cytoskeleton 


One member of the integrin family, integrin «,,8,, is virtually unique to 
platelets (and their precursors, megakaryocytes), whereas the leucine-rich 
glycoproteins GPIb/IX and GPV appear to have highly restricted but 
not uniquely platelet expression patterns, including cytokine-activated 
endothelial cells.®™®? All of the other receptors are expressed more 
widely on other cell types. 


INTEGRINS 


Integrin receptors are heterodimeric complexes composed of an a sub- 
unit containing three or four divalent cation binding domains and a 
p subunit rich in disulfide bonds. Both subunits are transmembrane 
glycoproteins and are coded by different genes. There are at least 18 a 
subunits and eight 6 subunits.“*°** Three major families of integrin 
receptors are recognized based on the f subunit: £, p, and £. Integrins 
are widely distributed on different cell types, and each integrin dem- 
onstrates unique ligand-binding properties. Integrin receptors mediate 
interactions between cells and proteins or proteins on cells; they are also 
involved in protein trafficking in cells. Integrin receptors can also trans- 
duce messages from outside the cell to inside the cell, and from inside 
the cell to outside the cell. 


Integrin a,,B, (Also Termed GPIlb/Illa, Fibrinogen Receptor, 
and CD41/CD61) 

The integrin æ „$, complex, a member of the f, integrin receptor fam- 
ily, is the dominant platelet receptor, with 80,000 to 100,000 receptors 
present on the surface of a resting platelet (Fig. 112—11).8°*" Another 
20,000 to 40,000 receptors are present inside platelets, primarily in 
«-granule membranes, but also in dense bodies and membranes lining 
the open canalicular system; these receptors are able to join the plasma 
membrane when platelets are activated and undergo the release reac- 
tion.**-** On average, integrin & „b, receptors are less than 20 nm apart 
on the platelet surface and thus are among the most densely expressed 
adhesion/aggregation receptors present on any cell type. 

On resting platelets, integrin a,,8, has low affinity for fibrinogen 
in solution, but when platelets are activated with ADP, epinephrine, 
thrombin, or other agonists, integrin o,,,8, binds fibrinogen relatively 
strongly.***'* Activation induces changes in the integrin a,,,8, receptor 
itself that are responsible for the change in fibrinogen-binding affin- 
ity, but changes in the microenvironment surrounding integrin «pb, 
may also be involved. The integrin æ „b, receptors in æ granules appear 
to cycle to and from the plasma membrane.*”” This recycling helps to 
explain the ability of the integrin to take up fibrinogen from plasma and 
transport it to a granules, where it is concentrated.*”>*" 
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Data from other integrin receptors identified a cell recognition 
sequence composed of RGD in the ligand fibronectin,*!*” and this 
same sequence is important in ligand binding to integrins a8, and 
& „b> Fibrinogen contains one RGD sequence near the carboxy termi- 
nus of each of the two Aq chains (amino acids 572 to 574) and another 
at amino acids 95 to 97.*" In addition, the carboxyterminal 12 amino 
acid region of each of the two y chains (amino acids 400 to 411) contains 
a sequence that includes Lys-Gln-Ala-Gly-Asp-Val, which is the most 
important in the binding of fibrinogen to platelets.*"* VWF contains 
an RGD sequence in its carboxyterminal domain and that region medi- 
ates the binding to integrin «,,,8,.°°*!°* Small, synthetic peptides con- 
taining the RGD or y-chain sequence inhibit the binding of fibrinogen 
to platelets, and these observations have been exploited to produce ther- 
apeutic agents (tirofiban and eptifibatide) to inhibit platelet thrombus 
formation®”’ (Chap. 134). Similarly, monoclonal antibodies that inhibit 
binding of ligands to integrin a „b, have been developed and a mouse/ 
human chimeric Fab fragment of one of them has been developed into a 
drug (abciximab) that is an effective antiplatelet agent. 

The binding of fibrinogen to integrin a,,6, appears to be a mul- 
tistep process*****?; (1) the initial interaction is most likely via the 
y-chain carboxyterminal region(s) and divalent cation-dependent**5; 
(2) subsequent interactions enhance the binding and internalization 
of the fibrinogen and render it irreversible, even when divalent cat- 
ions are removed**; (3) binding of fibrinogen induces changes in the 
receptor that can be recognized by antibodies (ligand-induced binding 
sites [LIBSs])***’*; (4) binding of fibrinogen to integrin æ, induces 
changes in fibrinogen (receptor-induced binding sites) that can be rec- 
ognized by antibodies and may involve exposure of the Aa chain Arg- 
Gly-Asp-Phe sequence at amino acids 95 to 988687; and (5) fibrinogen 
binding induces receptor clustering.” 

By electron microscopy, the receptors have a globular head of 
8 x 12 nm and two 18-nm long tails representing the carboxyterminal 
regions of each subunit, including their hydrophobic transmembrane 
domains.®™®®™ Crystallographic, electron microscopic, electron and 
neutron scattering, and biochemical data from integrin CANA and the 
related integrin «,ß, receptor indicate that the unactivated receptors are 
in a bent conformation and that activation involves both extension of 
the receptor head and a swing out motion in the f, subunit. 14877841-853 
A three-dimensional reconstruction of integrin a,,f, in a lipid bilayer 
nano disc from negative-stain electron microscopy images supports a 
compact conformation of the inactive receptor, but unlike the crystal 
structure of the ectodomain, the legs are not parallel and straight.** 

Integrin «,,,8, shares the same basic structural features of all integ- 
rin receptors (Table 112-4).*°** The « subunit, Č n is a transmembrane 


= 


and actin-myosin contractile force. Ligand binding to the integrin is associated with a swing out motion of the integrin B, hybrid domain from the 
BA\(|) domain (C), which results in both increased ligand affinity via alterations in the ADMIDAS (adjacent to metal ion-dependent adhesion site) and 
MIDAS (metal ion-dependent adhesion site) regions of integrin 6, and greater leg separation. This conformational change may initiate outside-in 
signaling. The ligated integrins may then cluster (not shown). The structure in panel (A) is based on the crystal structure of the ectodomain (PDB 
3FCS)*°° and the nuclear magnetic resonance (NMR) structure of the transmembrane and cytoplasmic domains (PDB 2K9J).8 The structure in (B) is 
based on the same ectodomain crystal structure, but with extension at the genus of the subunits (PDB 3FCS),*° the NMR structures of the separated 
transmembrane and cytoplasmic domains,” and the structure of the complex between the 6, cytoplasmic domain and the talin F3 domain (PDB 
2H7E).°° The structure in (C) is based on crystal structure of the liganded receptor (PDB 2VDN) headpiece,®*”” the extended structure of ectodomain 


(PDB3FCS),?°° and the monomeric transmembrane structures connected to unstructured cytosolic tails. B. Domain structure of structure of integrin 
Qp The individual domains and the ligand binding pocket are identified in the model of the extended integrin. I-EGF, Integrin epidermal growth 
factor; PSI, plexins, semaphorins, integrins. C. The integrin transmembrane complex. Selected views of the NMR structure of the a „ (red) and B, (blue) 
transmembrane complex. The left panel depicts contacts involved in the outer membrane clasp and the right panel depicts the contacts involved in 
the inner membrane clasp. Note that after the integrin a, helical region ends at V990, the next 5 residues (GFFKR) reenter the membrane; the two 
aromatic F residues make hydrophobic contacts with 6, and a, R995 makes a salt bridge with integrin B, D723. (A, reproduced with permission from 
Lau TL, Kim C, Ginsberg MH, et al: The structure of the integrin alphallbbeta3 transmembrane complex explains integrin transmembrane signalling. EMBO J 
28(9):1351-1361, 2009. B, reproduced with permission from Zhu, J, et al: Structure of a complete integrin ectodomain in a physiologic resting state and activa- 
tion and deactivation by applied forces. Mol Cell 32(6):849-861, 2008. C, reproduced with permission from Lau TL, Kim C, Ginsberg MH, et al: The structure of 
the integrin alphallbbeta3 transmembrane complex explains integrin transmembrane signalling. EMBO J 28(9):1351-1361, 2009.) 
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protein with four characteristic divalent 
(see Fig. 112-11). The mature protein contains 1008 amino acids 
with one transmembrane domain; during processing, it is cleaved into a 
heavy chain and a light chain connected by a disulfide bond. The f sub- 
unit, By» contains 762 amino acids and is rich in cysteine residues, with a 
characteristic cysteine-rich region near its transmembrane domain.****° 
The integrin a, and f, cytoplasmic tails consist of 20 and 47 amino 
acids, respectively. The genes coding for a,,, and £, are very close to 
each other on chromosome 17 at q21.32, but are not so close as to share 
common regulatory domains.***” Both proteins are synthesized in 
megakaryocytes and join to form a calcium-dependent, noncovalent 
complex in the rough endoplasmic reticulum.** Calnexin probably 
serves as a chaperone for integrin a,,,*° but it is unclear which chaper- 
one(s) are involved in integrin £, folding and/or integrin æ „8, complex 
formation. The integrin a „p, complex subsequently undergoes further 
processing in the Golgi apparatus, where the carbohydrate structures 
undergo maturation and the pro-GPHb molecule is cleaved into its 
heavy and light chains by furin or a similar enzyme.*°*" Approximately 
15 percent of the mass of both integrins a, and f, are composed of car- 
bohydrate.*” The mature integrin a,,,8, complex is then transported to 
the plasma membrane or the membranes of « granules or dense bodies. 
If integrins «,,, and £, do not form a proper complex, either because of a 
structural abnormality in either subunit or the failure to synthesize one 
of the subunits, the subunit(s) that are synthesized are rapidly degraded 
and so are not expressed on the membrane surface (Chap. 121). Deg- 
radation of integrin a,,, appears to involve retro-translocation from the 
endoplasmic reticulum into the cytoplasm, ubiquitination, and prote- 
olysis by the megakaryocyte proteasome." 

Both integrins a,, and f, are composed of a series of domains 
(see Fig. 112-11). The aminoterminal region of integrin a,,, contains a 
seven-blade $-propeller domain, and each blade is composed of four f 
strands connected by loops. The propeller interacts with the BA (I-like) 
domain of integrin f., forming the globular head region observed in 
electron micrographs. The four calcium ions bound by the propeller 
domain interact with f hairpin loops in blades four to seven that extend 
away from the interface with integrin ,. In addition, there is a unique 
integrin «,,, cap subdomain made up of four loops from blades one to 
three that are unique to œ „ and contribute to its ligand binding speci- 
ficity. The remainder of the extracellular components of integrin a,,, are 
made up of a thigh, genu (knee-like), and two calf domains,” much 
like the structure of the related integrin a, subunit.*"*“ The cytoplasmic 
domain of integrin &„ interacts with the cytoplasmic domain of integ- 
rin f, and the interaction is important in controlling activation of the 
holoreceptor.****® The cytoplasmic domain of integrin a, has a GFFKR 
sequence near the membrane that is thought to control inside-out acti- 
vation of the integrin receptors because mutations or deletions in this 
region result in the receptor adopting a conformation with high affinity 
for fibrinogen.*” *” A number of studies using mutagenesis and nuclear 
magnetic resonance (NMR) identified different structures for the trans- 
membrane and cytoplasmic domains, and differences in the relative roles 
of heterodimeric and homodimeric associations.***”**”> Disrupting the 
conformation of this region also results in a constitutively high-affinity 
receptor,*”°*’” which has led to the conclusion that inside-out activation 
of integrin «,,8, requires separation of the transmembrane and cyto- 
plasmic domains, but it remains possible that more subtle changes in the 
cytoplasmic and transmembrane domains may be sufficient.** 

The integrin f, subunit domains are not linearly arranged because 
the first domain (PSI [plexins, semaphorins, and integrins]) was sub- 
jected to the insertion of a hybrid domain, which itself was subjected 
to the insertion of a BA (I-like) domain; the latter domain is homol- 
ogous to the VWF A domain and integrin I domains, both of which 
bind ligands (see Fig. 112-11).*’”*”* The double insertion in the PSI 


cation-binding _ sites 
43,854 


domain explains why there is a “long range” disulfide bond extending 
from C13 to C435; thus, even though the BA domain makes contact 
with the integrin æ „ propeller (via Arg261 and other residues that inter- 
act with two rings of hydrophobic residues in the integrin a,, “cage”), 
it is not the aminoterminus of the molecule. The PSI domain contains 
Leu33, which defines the PI^ (HPA-1a) specificity, as opposed to the 
alloantigen Pl’? (HPA-1b), which is produced by a Pro33 polymor- 
phism (Chap. 137). The integrin £, leg is composed of four integrin 
EGF domains that are rich in disulfide bonds. In the crystal structure, 
this region interacts with the integrin «œ „ stalk region and the globu- 
lar head in the bent, unactivated receptor, but these interactions are 
less prominent in the three-dimensional reconstruction of the inactive 
receptor not in the activated receptor.**””*8 Mutations in the integrin 
EGF domains, including cysteine residues, can activate the receptor as 
can the binding of monoclonal antibodies.*”-*” The importance of the 
normal disulfide bond pairings in integrin f, is further supported by 
data demonstrating that certain reducing agents can cause activation of 
integrin & „b, fibrinogen binding, and platelet aggregation,**** and an 
enzyme capable of catalyzing the exchange of thiol groups and disulfide 
in proteins (PDI) has been identified on the surface of platelets and in 
platelet releasates.******” Thiol-disulfide exchange in integrins œb; 
and «fp, is implicated as a contributor to clot retraction. Moreover, 
regions in integrin £, itself have the same consensus sequence (CGXC) 
present in PDI that is thought to mediate the catalysis.* One model 
suggests that integrin æ „$, can achieve a low level of activation without 
alterations in disulfide bonds, but that maximal activation requires PDI 
or similar activity along with a source of thiols such as plasma glutathi- 
one or a membrane NAD(P)H oxidoreductase system.** Inhibition of 
PDI and other enzymes that mediate thiol-disulfide exchange (ERp57, 
ERp5) reduces platelet thrombus formation.®®®® It is still unclear, how- 
ever, whether disulfide bond alterations contribute to activation in vivo 
under physiologic or pathologic conditions. 

Transmembrane domain structures of integrin æ and integrin 
p, have been proposed based on NMR and structural modeling stud- 
ies.871873874892-86 Because the integrin a,,, transmembrane helix is shorter 
than the integrin f, helix, they traverse the membrane at an angle of 
approximately 25 degrees. The association of the integrin «,,, and inte- 
grin f, ectodomains near the site of entry into the membrane results 
in the transmembrane helices being directly juxtaposed in the region 
of the membrane closest to the ectodomain (outer membrane clasp). 
Near the cytoplasmic end of the membrane the helices are held together 
by an inner membrane clasp composed of the integrin a, residues 
immediately after the end of the helix (GFFKR), with the membrane 
reimmersion of F992 and F993 filling the gap and interacting with inte- 
grin $, W715 and 1719, with integrin a, R995 creating a salt bridge 
with integrin f, 723 and perhaps residue 726.”** Of note, these regions 
are conserved in many other integrins receptors and so the basic mech- 
anism may be common to many of the receptors. 

Inside-out signaling is accomplished by the talin F3 domain bind- 
ing to the integrin f, cytoplasmic domain, which is proposed to disrupt 
the inner membrane Clasps oP Be ROA BOS ROO ROR AOR 8 (O82 897.200 This may be 
facilitated by migfilin displacing filamin from the integrin £, cytoplas- 
mic domain as the latter interaction may prevent talin binding.” Talin 
binding results in dissociation of the transmembrane helices and reor- 
ganization of the cytoplasmic region of integrin £, into a more extended 
helix. Integrin «,,8, ectodomain chain separation, headpiece exten- 
sion, and integrin 8, swing out then follow, either spontaneously or as 
a result of the traction force generated by the cytoskeleton on integrin 
p, through talin. Outside-in signaling is presumed to be initiated by 
loss of ectodomain interactions between the membrane-proximal regions 
of integrins a, and £, perhaps as a result of ligand binding producing 
even greater integrin $, swing out, resulting in disruption of the outer 


membraneclaspandsubsequentdissociation of the transmembranehelices. 
This potentially may facilitate the interaction of the cytoplasmic 
domains with cytoskeletal elements and signaling molecules. 

The integrin £, tail also contains two NXXY motifs and Y747 and 
Y759 within one of these motifs are phosphorylated upon platelet aggre- 
gation, thus producing docking sites for signaling molecules.” Studies 
in mice and in recombinant systems demonstrate a role for the sites in 
clot retraction and platelet aggregate stability.’ 

A number of proteins have been shown to bind to the cytoplasmic 
domains of integrin ,,, and/or f, either directly or through interac- 
tions with other proteins, including signaling molecules (Src, Shc, FAK, 
paxillin, and ILK, all of which bind to integrin b3), cytoskeletal proteins 
(kindlin-3, skelemin, a-actin, and myosin, which bind to integrin By 
and filamin and talin, which bind to integrins On and/or b3), and other 
proteins (8,-endonexin and CD98, which bind to integrin 6,, and CIB 
and calreticulin, which bind to æ „) (Fig. 112-12).244866203-919 These inter- 
actions are important in mediating inside-out signaling and outside-in 
signaling.” JAM-A is a negative regulator of outside-in activation 
by integrin «,,,6, that acts by regulating activation of Src.” Similarly, 
PECAM-1 serves as an inhibitor of integrin «,,,8, activation through a 
sequential phosphorylation mechanism.”'*” Force on the integrin $, 
cytoplasmic domain by actin-myosin action may supply the energy for 
the conformational change in integrin a8, from bent to extended.*” 

The junction between the integrin a, propeller and the £, BA 
(I-like) domain is the site of ligand binding to integrin a,,8, (see 
Fig. 112-11). This region of integrin £, contains three divalent cation 
binding sites: MIDAS (metal ion-dependent adhesion site), ADMIDAS 
(adjacent to MIDAS), and SyMBS (synergy metal binding site).*° The 
latter was previously termed the ligand-associated metal binding site 
(LIMBS) based on the crystal structure of integrin a,p,.°*** 

The crystal structure of integrin a8, demonstrated that an RGD 
peptide bound primarily via interactions between the Arg in the pep- 
tide and two Asp residues (D150 and D218) in integrin a, and between 
the Asp in the peptide and the MIDAS cation. The binding pocket 
in integrin «,,,8, is similar but differs in that only one Asp in integrin 
æ p (D224) is available to interact with an Arg (or Lys as in the fibrino- 
gen y-chain peptide), the distance between D224 in integrin a, and the 
MIDAS cation is longer, and a cap subdomain of the integrin a, pro- 
peller contributes Phe160 to a hydrophobic exosite in combination with 
Tyr190.'*”” As a result, the pocket is able to accommodate the longer 


<— Inside-Out Signaling ——~> 


Figure 112-12. Protein interactions with the cytoplasmic domains of a 
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fibrinogen y-chain C-terminal peptide better, with the peptide’s Asp and 
C-terminal Val carboxyls interacting with the MIDAS and ADMIDAS 
cations, respectively.” It also explains why integrin a,,,8, can bind pep- 
tides containing the longer Lys residue (KGD peptides).°* Crystal struc- 
tures are also available for the integrin æ „8, receptor with the drugs 
eptifibatide and tirofiban, which are effective antithrombotic agents 
because of their ability to block ligand binding to integrin aß, and 
demonstrate specificity for integrin a,,8, compared to integrin a,f,.°” 
‘The basis of the specificity of these agents involves in part their interac- 
tion with the integrin a, -specific exosite and the greater length between 
their positive and negative charges.*” The third integrin a „b, antagonist 
drug, abciximab, is a chimeric murine monoclonal antibody Fab frag- 
ment. Its epitope has been localized to a region on integrin f}, very close 
to the MIDAS, suggesting that it works by steric interference with ligand 
binding, disruption of the binding pocket, or both mechanisms. 

Two major conformational changes in integrin æ „b, have been 
described in association with activation: headpiece extension and inte- 
grin f, hybrid and PSI domain swing-out (see Fig. 112—-11).**78* 
Headpiece extension can contribute to ligand binding by enhancing 
access to the binding site; it can also contribute to platelet aggrega- 
tion by extending the receptor out further from the platelet surface,” 
thus facilitating the ability of fibrinogen to bridge between platelets. 
The integrin f, hybrid and PSI domain swing-out motion appears to 
enhance ligand binding, but the precise mechanism is unclear.**°*7*°° 
Swing-out is associated with movement of the ADMIDAS metal ion and 
the «,-B, loop toward the MIDAS with the latter movement stabilized 
by the interaction of two backbone nitrogens in the «,-6, loop with the 
ligand carboxyl oxygen, thus reinforcing the binding to the MIDAS 
metal ion. Mutations that produce swing-out of the hybrid and PSI 
domains result in constitutive ligand binding to integrin ap,” 

Binding of fibrinogen to platelet integrin æ, „p, leads to plate- 
let aggregation, presumably via crosslinking of integrin molecules on 
two different platelets by fibrinogen.“ The dimeric and relatively rigid 
structure of fibrinogen, and the location of the binding sites at the ends 
of the y chains are all consistent with such a model as the two bind- 
ing sites on a single fibrinogen molecule are probably more than 45 nm 
apart. Soon after fibrinogen binds, it can be dissociated from the platelet 
by chelating the divalent cations, but the binding becomes irreversible 
within an hour.“ Fibrinogen binding alone is not sufficient for platelet 
aggregation, but the events necessary after fibrinogen binding, which 


<———— Outside-In Signaling ——————> 


B, regulate inside-out and outside-in signaling. Shown are some, but not 


all, of the proteins reported to associate with the a,,6, cytoplasmic domains, many in a dynamic fashion. Some are associated with resting plate- 
lets, while others are recruited to, or dissociate from, the integrin during inside-out or outside-in signaling, leading to F-actin assembly. In addition, 
several proteins with enzymatic function become activated (asterisks) after fibrinogen binding to aß, Not shown are the many additional adapter 
molecules, enzymes, and substrates that may become recruited through more indirect interactions. CIB, calcium and integrin-binding 1; Csk, c-Src 
tyrosine kinase; ILK, integrin-linked kinase; ITAM, a yet-to-be identified protein with one or more immunoreceptor tyrosine activation motifs; PKCS, 
protein kinase CB; PP1c, protein phosphatase 1c; RACK1, receptor for activated C kinase 1; Syk, spleen tyrosine kinase. (Reproduced with permission 
from Coller, B.S. and SJ. Shattil, The GPlib/illa (integrin alphallbbeta3) odyssey: A technology-driven saga of a receptor with twists, turns, and even a bend. 
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probably include ligand- and/or cytoskeletal-mediated receptor clus- 
tering, are not well understood.’™®627 After ligands bind to integrin 
& „py outside-in” signaling through the integrin can occur, resulting in 
a number of phosphorylation events, changes in the platelet cytoskele- 
ton, platelet spreading, and even initiation of protein translation. ”6?3728 

In addition to fibrinogen, several other proteins can bind to integ- 
rin OP, on activated platelets, including VWE fibronectin, vitronectin, 
thrombospondin, and prothrombin*”**>°”; each of these contains an 
RGD sequence in the region implicated in the initial interaction with 
platelets. There are subtle differences in the binding of each of these lig- 
ands, however, with regard to divalent cation preference and competent 
activating agents. The binding of all of these other ligands can also be 
inhibited by RGD-containing peptides, indicating a common require- 
ment for the interaction between the RGD sequence in the protein and 
the RGD-binding site in integrin a, „b, 

Platelet aggregation measured in the aggregometer ex vivo depends 
upon fibrinogen binding to integrin æ „p, It is less clear whether fibrin- 
ogen is the most important ligand supporting platelet aggregation in 
vivo since studies performed in model systems under flowing condi- 
tions indicate that VWF is the major ligand at higher shear rates.” Even 
in the aggregometer, VWF can partially substitute for fibrinogen if the 
fibrinogen concentration is very low.’ In vivo, mice deficient in both 
VWE and fibrinogen still make platelet thrombi in response to vascular 
injury.”***** Although fibronectin was initially implicated in supporting 
the development of such thrombi, mice deficient in fibrinogen, VWF 
and fibronectin have paradoxically increased platelet aggregation and 
thrombus formation, suggesting that fibronectin may play an inhibiting 
role in thrombus formation under certain circumstances.*” 

Although resting platelets do not bind soluble fibrinogen (or other 
adhesive glycoproteins) to an appreciable extent, they can adhere to 
fibrinogen immobilized on a surface.**°”” This activation-independent 
adhesion may be from alterations in the structure of fibrinogen when it 
is immobilized on a surface.****** Alternatively, there may always be a few 
integrin & „b, receptors that are transiently in the proper conformation 
to bind fibrinogen, and immobilization may result in high local density 
of fibrinogen and favorable kinetics for adhesion. Finally, it is possible 
that even low-affinity fibrinogen interactions with integrin ,,,f, are suf- 
ficient to initiate integrin interactions with the cytoskeleton such that 
actin-myosin-induced contraction provides the energy required for the 
conformational changes needed to achieve higher affinity binding.*° 

Fibrinogen and/or fibrin have been identified on the surface of 
damaged blood vessels; thus it is possible that integrin a8, mediates 
platelet adhesion under those circumstances.”” In contrast, integrin 
æ pp; on resting platelets does not appear to be able to mediate adhe- 
sion to VWF or fibronectin™; if platelets are activated, however, inte- 
grin a „b, can support adhesion to these glycoproteins.” In models of 
platelet accumulation under flowing conditions, œ „p, acts in synergy 
with GPIb/IX, VWF, and fibrinogen at the apex of thrombi, where shear 
forces are greatest.°°” The integrin œ „p, has also been implicated 
in platelet spreading after adhesion,” and it is necessary for clot 
retraction (see above) and the uptake of plasma fibrinogen into platelet 
« granules.*8°# 

Less-well-defined roles for integrin a „p, have been suggested in 
the binding of plasminogen,“ calcium transport across the platelet 
membrane,” IgE binding to platelets leading to parasite cytotoxic- 
ity,“ and interactions with the Borrelia species spirochetes that cause 
Lyme disease” and hantavirus.”” Integrin ,,6, also mediates factor 
XIIa binding to platelets, but this is primarily as a result of factor XIII’s 
association with fibrinogen.** Factor XIIa and calpain have also been 
implicated in limiting platelet—platelet interactions after activation by 
adhesion to collagen.” 


Integrin aß (Also Termed GPla/lla, Collagen Receptor, VLA-2 
and CD49b/CD29) 

Integrin af, (GPIa/a) is widely distributed on different cell types and 
can mediate adhesion to collagen.’””°****”’ The integrin a, subunit (GPIa) 
contains a region of 220 amino acids inserted in the aminoterminal 
B-propeller region (I domain) that is homologous to similar regions in 
other proteins that are known to interact with collagen, including VWF 
and cartilage matrix protein.” This region has a MIDAS and crystallo- 
graphic data of the a, I domain in complex with a CRP containing the 
type I collagen sequence GFOGER (where O indicates hydroxyproline) 
demonstrated that the glutamic acid in the peptide coordinates Mg”* 
binding in the MIDAS.”™-*! The integrin «f, I domain can assume a 
variety of conformations, going from inactive (closed), through inter- 
mediate or low affinity, to active high affinity?" 

Both integrin a}, and GPVI appear to participate in platelet inter- 
actions with collagen.**°* Bleeding defects have been described in 
patients with decreased levels of integrin «f, and GPVI, but the pre- 
cise contributions of the decreases in these receptors is uncertain (Chap. 
121). Although integrin «f, is capable of supporting adhesion to col- 
lagen without exogenous activators, like integrin a,,,, it appears to be 
able to increase its affinity for ligand in response to inside-out activa- 
tion.°%°* Potential initiators of integrin «f, activation include signaling 
after GPVI interaction with collagen and GPIb-mediated adhesion to 
VWE, perhaps acting via actin polymerization.°*’*°” Thus, one pos- 
sible scenario is that following GPIb-mediated adhesion to VWF and 
collagen adhesion and activation mediated by GPVI, integrin a8, may 
promote firm adhesion to collagen, stabilize thrombus growth on col- 
lagen, and promote procoagulant activity.””’”” In addition, the affinity 
of integrin a f, may also be modulated by alterations in disulfide bonds 
since inhibition of platelet PDI and sulfhydryl blocking agents inhibit 
integrin «f -mediated platelet adhesion to type I collagen and to the 
related peptide GFOGER.®* The state of the collagen may also influ- 
ence whether integrin a,8, or GPVI mediates the interaction with col- 
lagen, because GPVI appears to mediate adhesion to fibrillar collagen 
whereas integrin « f}, preferentially adheres to collagen that has been 
treated with partial protease digestion.*°” 

Ligand binding to integrin a8, is enhanced in the presence of 
magnesium or manganese and is inhibited by calcium, and thus the 
conditions in human blood, where calcium concentrations are higher 
than those of magnesium, do not provide optimal cation concentrations 
for the receptor’s function.” Integrin a p, can, however, mediate plate- 
let adhesion to collagen in heparinized blood***’” and inhibitors of inte- 
grin a p, inhibit thrombus formation in animal models.” Regions of 
collagen type I have been implicated as potential binding sites for inte- 
grin a f”; the peptide sequence 502 to 516 of collagen type I a, chain, 
which contains a Gly-Glu-Arg (GER) sequence, may be of particular 
importance, but other regions of the collagen molecule may also be 
important.” In type III collagen, amino acids 522 to 528 of fragment a, 
(IIT) CB4 contains a binding region for a p,” 

Three different alleles for the integrin a, gene, which differ at 
nucleotides 807 (T or C) and 1648 (G or A), have been described. 
The 807 substitution does not affect the amino acid sequence, but the 
1648 substitution causes a change from Glu to Lys, resulting in the Br? 
and Br* alloantigens (HPA-5a and HPA-5b) (Chap. 137). Allele 1 (T-G) 
is present in 39 percent of individuals, allele 2 (C-G) in 53 percent, and 
allele 3 (C-A) in 7 percent.” Individuals with allele 1 have higher 
integrin æ f, platelet density than individuals with allele 2, and indi- 
viduals with allele 3 have the lowest density; the density of integrin 
«p correlates with platelet deposition on collagen under flow. The asso- 
ciation of these polymorphisms with cardiovascular disease morbidity 
and mortality, including the risk of developing MI°****’ and stroke,” has 


been extensively study without firm conclusions, although there is some 


suggestion that they may be associated with cardiovascular risk.?®98-92 


Integrin «f, is probably linked to the membrane skeleton.” Its 
ligand specificity appears to be determined by the cell on which it is 
expressed, since on endothelial cells it functions as a laminin recep- 
tor as well as a collagen receptor.”* Engagement of integrin œf, is 
capable of initiating platelet protein synthesis.” Integrin a,B, has been 
implicated in megakaryocyte development and platelet formation. In 
particular, loss of activated integrin æa}, receptors on the surface of 
megakaryocytes, as a result of interacting with collagen, has been impli- 
cated in the transition from the marrow to the peripheral circulation,” 
and conditional targeting of megakaryocyte and platelet integrin o,8, in 
mice is associated with reduced MPV.””° 


Integrin aß, (Also Termed GPlc*/lla, Fibronectin Receptor, 
VLA-5 and CD49e/CD29) 

Integrin «f, is a receptor that is expressed on a wide variety of differ- 
ent cells and mediates adhesion to fibronectin.***!**” It is important for 
interactions with extracellular matrix, and data from cells other than 
platelets indicate a role for this receptor in developmental biology and 
metastasis formation. The RGD sequence in fibronectin is crucial for 
cell adhesion, but other regions in fibronectin probably also contribute. 
RGD-containing peptides can inhibit cell adhesion mediated by integ- 
rin a,8,. As with other integrin receptors, adhesion depends on the pres- 
ence of divalent cations. Integrin æf, is competent to mediate adhesion 
of resting platelets to fibronectin,” but its affinity may be modulated 
by activation.” The biologic role of this receptor on platelets is not clear. 
Although it may be involved in hemostasis and/or thrombosis, it is also 
possible that its function is primarily related to megakaryocyte binding 
to marrow matrix and proplatelet formation." Integrin a p, is not the 
only fibronectin receptor on platelets, since with appropriate activation, 
integrin & „b, can also bind fibronectin.°*'™ 


Integrin a b, (Also Termed GPIc/lla, Laminin Receptor, VLA-6 
and CD49f/CD29) 

Platelet adhesion to select laminins, which are variably found in base- 
ment membranes and extracellular matrix, can be mediated by integ- 
rin afp, Because VWF can bind to some laminins, GPIb can 
also contribute to platelet adhesion to laminin." This adhesion is best 
demonstrated with magnesium and manganese; calcium does not sup- 
port adhesion. This receptor is competent on resting platelets, but its 
role in platelet physiology is not clear. Mice deficient in integrin a f}, do 
not bleed pathologically but are protected against thrombosis. The 
integrin appears to be able to signal in platelets via PI3 kinase to induce 
morphological changes." An approximate Mr 67,000 laminin receptor 
has also been identified on platelets; this receptor is present on other 
cells as well.’ 


Integrin a B, (Also Termed Vitronectin Receptor and CD51/ 
CD61) 

Integrin a8, receptor shares the same f subunit as integrin «83 
(GPIIb/IIIa) (see Fig. 112-11).8°*8°°1°7 The integrin a, and «,,, sub- 
units display 36 percent sequence identity.” Integrin a8, differs dra- 
matically, however, from integrin «,,8, in its platelet surface density, 
because there are only approximately 50 to 100 integrin a8, receptors 
per platelet." The crystal structure of the external domains of integ- 
rin a8, alone and in complex with a peptide containing the RGD cell 
recognition sequence found in a number of ligands have been solved 
at high resolution.**** Such RGD peptides inhibit ligand binding to 
integrin a f, The most important findings were: (1) the receptor adopts 
a bent conformation in which the globular headpiece composed of the 
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N-terminal 6-propeller region of «, and the BA (I-like) domain of inte- 
grin f, lies near the legs of the integrin a, and f, subunits, and (2) 
the RGD peptide binds to the headpiece with the Arg (R) making con- 
tact with integrin @,, and the Asp (D) making contact with the MIDAS 
domain in 8,. Current evidence suggests that the bent conformation is 
the inactive one and that activation results in extension of the head- 
piece and pivoting between the integrin 6, BA and hybrid domains in 
association with leg separation.°7**'"" Integrin a8, can mediate 
adhesion to vitronectin, but only in the presence of magnesium or man- 
ganese, not calcium." It can also mediate interactions with fibrinogen, 
VWE prothrombin, and thrombospondin.***!°'?""!5 Platelet stimulation 
can activate integrin a,,8,, analogous to activation of integrins œ „b, 
and «,f,. Activated integrin a8, may uniquely mediate adhesion to 
osteopontin, a protein found in high concentrations in atherosclerotic 
plaque.‘ The receptor’s role in platelet physiology is not defined, but 
it may contribute to the development of platelet coagulant activity. 

The integrin a8, receptor is also present on endothelial cells,*°*' 
osteoclasts, smooth muscle cells and other cells; it has been impli- 
cated in bone resorption,’ endothelial—-matrix interactions,*?'°? 
lymphoid cell apoptosis,” neovascularization,™ tumor angiogen- 
esis,- intimal hyperplasia after vascular injury," sickle 
cell disease,’°-!! focal segmental glomerulosclerosis'**!? and 
scleroderma.’ 

The presence or absence of integrin a,8, on the platelets of 
patients with Glanzmann thrombasthenia can help localize the abnor- 
mality to either integrin a, (if integrin a8, is present in normal or 
increased amounts) or integrin £, (if integrin a8, is reduced or absent) 
(Chap. 121). 
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GPIb/GPIX/V (CD42) 
GPIb is composed of GPIba (CD42b) (610 amino acids) disulfide- 
bonded to two GPIbf subunits (CD42c) (122 amino acids).80?1035-1043 
GPIb appears to exist on the surface of platelets in a 1:1 complex with 
GPIX (160 amino acids) and a 2:1 complex with GPV (Fig. 112-13). The 
GPIba gene is on the short arm of chromosome 17 and the GPIbf gene 
is on the long arm of chromosome 22. The GPIX gene is on the long arm 
of chromosome 3.'"!™6 GPIX is required for efficient surface expres- 
sion of GPIb,"” but beyond that, its function is unknown. GPIb/IX is 
expressed on megakaryocytes and platelets; there is controversy as to 
whether GPIb/IX is expressed on endothelial cells, either constitutively 
or after cytokine activation.*” The promoters for GPIb/IX lack TATA or 
CAAT boxes, but contain binding sites for the GATA and ETS families 
of transcription factors, which, along with the expression of the cofac- 
tor FOG (friend of GATA-1), may account for the limited expression of 
GPIb/IX, 1048-1956 

A genetic polymorphism in GPlba affects the number of repeating 
13-amino-acid units (1, 2, 3, or 4) and produces changes in the molecu- 
lar weight of GPIba.'°” The 2 repeat variant is most common, but there 
is considerable ethnic variation in the frequency of the different num- 
bers of repeats. This molecular weight polymorphism has been linked 
to the Sib and Ko alloantigens, which have been localized to a T>M 
variation at amino acid 145 of GPIba, with M associated with either 
3 or 4 repeats and T associated with either 1 or 2 repeats.** Some, but 
not all reports suggest an association between the alleles with the larger 
number of repeats and vascular disease.°?°'10%! Two other GPIba 
polymorphisms have been described: (1) C or T at position -5 from 
the ATG start codon (RS system), and (2) a nucleotide dimorphism at 
the third bases of the codon for Arg 358.1019! A C at position -5 is 
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present in only 8 to 17 percent of individuals, and more closely resem- 
bles the sequence surrounding the ATG start codon (Kozak sequence) 
considered optimal for translation. In fact, this polymorphism is asso- 
ciated with higher levels of platelet surface GPIb, and may be a risk fac- 
tor for ischemic vascular disease.!"®-107 GPIb has been implicated as a 
target antigen in autoimmune thrombocytopenia and in quinine and 
quinidine-induced thrombocytopenia (Chap. 117). 

GPIb« has a large number of O-linked carbohydrate chains termi- 
nating in sialic acid residues," and the latter contribute significantly to 
the negative charge of the platelet membrane.” Electron micrographic 
analysis indicates that GPIb exists as a long flexible rod (approximately 
60 nm) with two globular domains of approximately 9 and 16 nm. 
Thus, GPIb probably extends much further out from the platelet’s surface 
than does integrin & „b, which may account for its primacy in platelet 
adhesion, as well as the increased risk of cardiovascular disease in indi- 
viduals with longer GPIb molecules because of an increased number of 
13-amino-acid repeats. The long extension may also make it susceptible 
to conformational changes induced by shear forces.® The extracellular 
region of GPIba is readily cleaved by a variety of proteases, including 
platelet calpains,’ yielding a soluble fragment named glycocalicin that 
circulates in normal plasma at 1 to 3 mg/L.'°” In vivo, platelet shedding 
of glycocalicin from GPIba is mediated by a disintegrin and metallo- 
protease (ADAM)-17 (also termed TACE) cleaving a juxtamembrane 
sequence”; shedding is controlled by GPIbf interactions with an 
unidentified protein, calpain, and reactive oxygen species. 77-10 Levels 
of plasma glycocalicin correlate with platelet production and thus can 
been used to differentiate thrombocytopenia based on decreased plate- 
let production from thrombocytopenia as a result of increased platelet 
destruction. 1°81 

GPIbf and GPIX have free sulfhydryl groups in their cytoplasmic 
domains that undergo palmitoylation, at least in part, further anchoring 
the protein to the membrane.'**'*” The penultimate serine residue at 
the C-terminus of GPIba is phosphorylated, providing an attachment 
site for the signal-complex protein 14-3-3¢. Similarly, GPIbB can 


Figure 112-13. The organization of GPIb/IX 
complex. GPlba (green), GPlbB (blue), and GPIX 
purple) subunits are colored differently. Left: 
A cartoon illustration of the GPIb/IX complex 
argely drawn in ribbon diagrams. Various parts of 
GPlba are labeled on the left. Right: The top view 
of the membrane-proximal portion of GPIb/IX 
hat contains the stalk region of GPlba, the extra 
cellular domains of GPlbB and GPIX, and a por- 
ion of the transmembrane (TM) helical bundle. 
The disulfide bonds between GPlba and GPIbg 
are highlighted in red. Side chains of Tyr106 in 
GPIbB are shown in blue spheres, one of which 
is located at the interface 1 between GPlbB 
and GPIX. Residue Pro74 in GPlbB are shown in 
orange spheres, one of which is located at or close 
to the interface 2. (Reproduced with permission 
from Li R and Emsley J: The organizing principle of 
the platelet glycoprotein Ib-IX-V complex, J Thromb 
Haemost 2013 Apr;11(4):605-614.) 
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undergo phosphorylation of Ser 166 in its cytoplasmic domain as a result 
of protein kinase A activation via cAMP, providing another binding site 
for 14-3-3¢ (see Fig. 112-13).'°-!! The cytoplasmic domain of GPIba 
connects GPIb to filamin A (actin-binding protein), thus connecting 
GPIb to the platelet cytoskeleton.*'!3 Coordinated expression of 
GPIba and filamin is required for efficient expression of both proteins 
and imbalances result in abnormalities in platelet size.!°*1° Alterations 
in the cytoskeleton can affect GPIb functional activity.'0°°!* 14-3-3¢ 
can bind PI3 kinase and has been implicated in GPIb-mediated intra- 
cellular signaling that results in integrin æ „8, activation; Lyn; Vav, Racl, 
Alet, and Lim kinase-1 also have been implicated in GPIb/IX-mediated 
signaling.”!°-!!°! GPIb also appears to be in close proximity to FcyRHUA 
and the Fc receptor y-chain, two receptors that can initiate signaling 
via tyrosine phosphorylation of their cytoplasmic ITAM sequences by 
Src family kinases and recruitment of the tyrosine kinase syk."°" 
Engagement of GPIb by VWF may lead to clustering of GPIb-IX-V 
complexes in glycolipid-enriched microdomains or lipid rafts, which 
may serve to concentrate signaling molecules; clustering also increases 
ligand avidity.'!°° 

GPIba has eight leucine-rich repeats in the aminoterminal 
region of its extracellular domain, whereas GPIbf and GPIX have one 
each. 1010421045 These repeats are consensus sequences of 24 amino 
acids with seven regularly spaced leucines; well-defined disulfide loop 
sequences flank the repeats.® Similar leucine-rich repeats are present 
in a variety of other proteins. 

Crystal structures of the N-terminus of GPIba (amino acid residue 
1-305) alone, and in complex with native and mutated Al domains of 
VWF provide important information on the interactions between these 
proteins (Fig. 112—14)."7"8 This region of GPIba adopts a curved 
shape made up of an N-terminal f-hairpin flanking sequence (fin- 
ger) containing a C4-C17 disulfide loop (H1-D18), eight leucine-rich 
repeats (K19-W204), a B-switch region (V227-S241), and a C-termi- 
nal sulfated anionic region (D269-D287), with Y276, Y278, and Y279 
undergoing posttranslation sulfation.'*’" The VWF-Al domain, 


which has alternating f} strands and « helices organized into a central 
B-sheet surround by amphiphatic « helices, interacts with the concave 
face of GPIba with two areas of tight interactions, at the N-terminal 
B-hairpin + first leucine-rich repeat (with VWF A1 domain loops «f, 


3,» and ap PA and a more extensive interaction at leucine-rich repeats 
5 to 8 + the $ switch region (with VWF A1 domain helix 0A loop af > 
and strand f,). The structure of the VWF A1 domain when not bound 
to GPIba differs from that of the bound VWF A1 in that the œ £, loop 
protrudes in a way that would prevent interaction with GPIba.'! This 
observation and others related to differences in the ability of differ- 
ent-sized fragments of VWF and GPIbe to interact indicate that other 
regions of both proteins probably contribute to both the binding and 
activation of the receptor. The crystal structure of GPIba with the nat- 
urally occurring mutation M239V in the $-hairpin region that results 
in platelet-type (pseudo-) von Willebrand disease (Chap. 126) has also 
been obtained," and demonstrates a more stable 6-hairpin conforma- 
tion, which probably accounts for the approximately sixfold increase in 
binding affinity, primarily through an increase in the association rate. 
Leucine-rich repeats 3 to 5 do not demonstrate interaction with the 
normal VWF A domain in the crystal structure, but they are impor- 
tant in ristocetin-induced platelet agglutination, and platelet adhesion 
at high shear; they do participate to some extent in crystal structures 
with gain of function mutations in VWF A1."°7"!11122 Tt has been pro- 
posed that hydrodynamic forces produced at high shear alter the Al 
domain and expose regions that interact with these repeats in GPIb.™" 
Other natural and site-directed mutation causing the platelet-type von 
Willebrand disease pattern of enhanced VWF binding (G233V, V234G, 
D235V, K237V) also affect the 6-hairpin region. A number of Bernard- 
Soulier syndrome mutations that cause loss of VWF binding to GPIba 
localize to the concave face of leucine-rich repeats 5, 6, and 7 (L129P, 
A156V, and L179del) and to the sides of leucine-rich repeat 2 (C65R 
and L57P)."!° 

The GPIb ectodomain crystal structure has been determined, con- 
firming the four predicted conserved disulfide bonds (C1-C7, C5-C14, 
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Figure 112-14. Structural, binding, and mutational fea- 
tures of the A1 domain (cyan) bound to GPlba (magenta). 
Disulfides are in yellow stick. The A1l-GPlba complex forms 
a super B-sheet at the interface between the Al 83 and 
GPlba 814 strands. Platelet-type von Willebrand disease 
(VWD) mutations (green Ca atom spheres) stabilize the 
B-switch in its bound over its unbound conformation. VWD 
type 2B mutations (red Ca spheres) locate distal from the 
GPlba interface, near to the A2 termini where elongational 
force is applied. VWD type 2B mutations are hypothesized to 
stabilize an alternative, high-affinity conformation. A region 
of GPlba that is important for interaction with A1 in high 
shear [leucine-rich repeats (LRR) 3-5] and with ristocetin is 
shown in gray. (Adapted with permission from Li R and Emsley 
J: The organizing principle of the platelet glycoprotein Ib-IX-V 
complex, J Thromb Haemost 2013 Apr;11(4):605-614.) 


C68-C93, and C70-C116), along with the unpaired C122, which cross- 
links to GPIba.'""* The two former disulfides are in the N-capping 
region and the two latter are in the C-capping region flanking the single 
leucine-rich repeat." Using a chimeric GPIbB/GPIX ectodomain pro- 
tein, the likely contacts between GPIb and GPIX were identified. The 
structure proposed is a tetramer of one GPIba, two GPIbfs, and one 
GPIX in which GPIX interacts with one of the GPIbf molecules, 103710401043 

Plasma VWF will not bind to GPIb under static conditions unless 
the antibiotic ristocetin or the snake venom botrocetin is added. The 
mechanism by which ristocetin induces VWF binding to GPIb is 
unclear, but effects on VWF as well as on platelet surface charge have 
been described, and dimerization of ristocetin molecules and multim- 
erization of VWE, as well as stabilization of an Al domain conforma- 
tion with high affinity for GPIb have also been implicated,801113.1115-1118 
Botrocetin binds to VWE exposing the site that binds to GPIb.'"” Pep- 
tide studies implicate the anionic, sulfated tyrosine region of GPIb as 
the binding site for botrocetin-treated VWE*” 

Unlike integrin RBs, which requires intact, activated platelets to 
bind to VWE, GPIb-mediated VWF binding does not require platelet 
activation or even platelet metabolic integrity, because fixed platelets are 
readily agglutinated in the presence of VWF and either ristocetin or 
botrocetin.'"'° This observation forms the basis of the assay of plasma 
VWE activity. 

Platelets will adhere to VWF when the latter is immobilized on a 
surface, even in the absence of ristocetin or botrocetin. "62-122 Under 
these circumstances, the VWF is believed to undergo a conformational 
change that allows for direct interactions. It may not, however, be nec- 
essary to propose a change in VWF conformation as the interaction 
between VWF and GPIb appears to have both high association and 
dissociation rates, permitting tethering and translocation on a surface 
coated with a high density of VWE, but minimal interaction in fluid 
phase.*® Similarly, VWF associated with fibrin can interact with platelet 
GPIb without ristocetin or botrocetin.'''? The C1C2 domains of VWF 
appears to contain a fibrin binding site.” 
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Shear stress is an important factor in GPIb-mediated adhe- 
sion of platelets to immobilized VWF and subendothelial sur- 
faces, 1041113.1120-1122,1124.1125 Platelets deficient in GPIb or platelets in which 
GPIb has been blocked with monoclonal antibodies!!! adhere poorly 
to subendothelial surfaces at all shear rates, but the defect in blood from 
patients with von Willebrand disease is manifest primarily at higher 
shear rates.'°"!!* In what may be a related phenomenon, subjecting 
platelets to high shear stresses can induce platelet aggregation, which is 
mediated by VWF binding to GPIb, followed by platelet activation and 
integrin «,,,8,-dependent platelet aggregation.'*!>'!”° Whether the shear 
rates generated in vivo in stenotic blood vessels are of sufficient magni- 
tude and duration to produce a similar degree of platelet activation is 
unknown. It is also uncertain as to whether the effect of shear is acting 
on GPIb, on VWE, or on both,” but shear-induced changes in 
the structure of VWF, leading to a more extended conformation and 
conformational changes in the Al domain, have been defined. 31127 
GPIb forms catch bonds with VWF, meaning that increasing force first 
prolongs and then shortens bond lifetimes. 1118 

GPIb also functions as a platelet binding site for thrombin. ®0™!1291130 
The regions between amino acids 216 and 240 and amino acids 269 
and 287 were proposed as thrombin binding sites based on biochem- 
ical data, with the latter region demonstrating similarity to hirudin, a 
thrombin-binding protein.®™>"?! Sulfation of the three tyrosine residues 
in the latter region is particularly important for thrombin binding.” 

Two somewhat different crystal structures of the interactions 
between thrombin and the negatively charged tail region of GPIb have 
been reported, but in both cases two molecules of thrombin bind to 
each GPIb molecule using different regions on thrombin (exosites I and 
II). This raises the possibility that free thrombin or thrombin adherent 
to fibrin can cluster GPIb/IX/V complexes."*” 

Binding of thrombin to platelet GPIb appears to contribute to 
thrombin-induced activation of platelets, even when PAR-1 and PAR-4 
are desensitized, and platelets lacking GPIb (Bernard-Soulier syn- 
drome) do, in fact, have blunted responses to thrombin. GPIb has been 
proposed as the high-affinity binding site for thrombin,'*" but there 
are only approximately 50 high-affinity thrombin-binding sites and 
approximately 25,000 GPIb molecules per platelet, >" raising the 
possibility that only the subpopulation of GPIb molecules in lipid rafts 
are able to function in activating platelets.’ Binding of thrombin to 
GPIb may also facilitate its effect on one or more of the other thrombin 
receptors, and there is experimental support for this hypothesis. "1351136 

GPIb has also been demonstrated to interact with P-selectin in a 
cation-independent manner.” Although GPIb shares a number 
of features with the P-selectin ligand, PSGL-1 (both are sialomucins and 
have analogous anionic/sulfated tyrosine sequences), the interaction 
between GPIb and P-selectin appears to be more like the interaction 
between P-selectin and heparin." In inflamed mesenteric venules 
in animals, platelets are observed to roll on the activated endothe- 
lium" and so it is possible that platelet GPIb interacts with endothelial 
P-selectin in this interaction.'”? PSGL-1, a well-documented ligand for 
P-selectin on leukocytes, has also been identified on the surface of plate- 
lets," and so may also contribute to this interaction. 

GPlIba also binds to high molecular weight kininogen and factor 
XII, and both of these interactions interfere with thrombin-induced 
platelet activation." Factor XI also binds to GPIba, where it under- 
goes activation by thrombin.’ Activated leukocyte integrin aß» 
also can bind to GPIba via the I-domain of the integrin,''” and this 
interaction has been proposed to play an important role in transmigra- 
tion of leukocytes through platelet thrombi at sites of vascular injury. 
GPIb plays complex roles in inflammation and endotoxemia in murine 
models, demonstrating both proinflammatory and antiinflammatory 


effects. GPIb has also been implicated in supporting metastases 
in murine models.''* 

GPV, the third member of the GPIb/IX/V complex, has a Mr 
82,000 and is composed of 544 amino acids, including 15 leucine-rich 
repeats. GPV appears to form a noncovalent complex with GPIb, 
mediated through association of their transmembrane domains," 
but because the number of GPV molecules on the surface of platelets 
is approximately 50 percent of the number of GPIb and GPIX mole- 
cules," it has been suggested that the basic unit consists of two GPIb 
molecules, two GPIX molecules, and one GPV molecule.*!!0:1038 
GPV is deficient in platelets from patients with Bernard-Soulier syn- 
drome (Chap. 121), but GPV is not required for surface expression of 
the GPIb/IX complex.' A soluble fragment of Mr 69,000 is cleaved 
from GPV by thrombin, but cleavage does not correlate with thrombin- 
induced platelet activation.'' Platelets from mice lacking GPV appear 
to respond more actively to thrombin and ADP than wild-type mice, 
raising the possibility that GPV inhibits platelet activation.' The plate- 
lets from these mice also adhere to immobilized VWF and can bind 
VWF in the presence of botrocetin, indicating that GPV is not required 
for the interaction between VWF and the GPIb/IX/V complex.''* It has 
been proposed that removing a portion of GPV by thrombin proteolysis 
allows thrombin access to GPIba, thus facilitating its ability to activate 
platelets. In support of this model, thrombin’s ability to activate platelets 
does not require proteolytic activity if GPV is absent, suggesting a direct 
nonproteolytic effect mediated via GPIba.'!"! 


IMMUNOGLOBULIN FAMILY OF 
CELL-SURFACE ADHESION RECEPTORS AND 
THEIR ASSOCIATED MEMBRANE PROTEINS 


Platelet-Endothelial Cell Adhesion Molecule-1 (Also Termed 
CD31) 
PECAM-1 is a transmembrane glycoprotein of the immunoglobulin 
gene family with six immunoglobulin-like domains of the C2 group 
and a Mr 130,000."?"!55 In addition to platelets and endothelial cells, 
PECAM-1 is expressed on monocytes, myeloid cells, and some lym- 
phocyte subsets. There are approximately 8000 PECAM-1 molecules on 
the surface of platelets." PECAM promotes homophilic interactions 
via a homophilic binding domain in the immunoglobin-like repeats. 
The cytoplasmic tail of PECAM is 118 amino acids in length and con- 
tains a palmitoylation site (C595), an immunoreceptor tyrosine-based 
inhibitory motif (ITIM) including Y663, an immunoreceptor tyrosine- 
based switch motif (ITSM) including Y686, and a lipid-interacting a 
helix that contains Y686 and S702, which undergoes inducible phos- 
phorylation." Upon phosphorylation, the ITIMs recruit and acti- 
vate phosphatases, such as SHP-2 and to a lesser extent SHP-1, SHIP, 
and PP2A,'!% via their SH2 domains.'? PECAM-1 undergoes homo- 
typic interactions that lead to signaling and crosslinking." PECAM-1 
activation overall thus induces inhibitory activity as the phosphatases 
counteract the effects of stimulating kinases, but are complex and ago- 
nist specific. PECAM-1 activation decreases platelet responses to ADP 
and thrombin and PECAM-1 platelet expression correlates inversely 
with platelet sensitivity to these agonists. PECAM-1 also nega- 
tively regulates collagen-induced platelet activation mediated by the 
ITAM-bearing GPVI/FcRy-chain complex, GPIb/IX/V signaling, and 
laminin-induced activation." Platelets from mice lacking PECAM-1 
are hyperresponsive to subthreshold doses of collagen, and when com- 
pared to wild-type mice, form larger platelet thrombi on VWF and in 
experimental settings in vivo. 

Crosslinking PECAM-1 molecules on the platelet surface with anti- 
bodies enhances platelet adhesion and aggregate formation, suggesting 


that under certain circumstances PECAM-1 might be a costimulatory 
agonist, working in concert with platelet integrin œ „p, "® Moreover, 
mice lacking PECAM-1 can undergo normal inside-out activation 
of integrin & „b, but have a partial defect in integrin æ „p, mediated 
outside-in signaling. PECAM-1 crosslinking may also lead to GPIb 


internalization, resulting in decreased platelet adhesion." 


In endothelial cells, PECAM-1 is localized to the contact areas 
between endothelial cells, in the lateral border recycling compartment, 
where it is involved in controlling stimulus-specific transmigration of 
leukocytes.!!>"!™ It appears to be capable of both homotypic and het- 
erotypic interactions, with the latter mediated by CD177 on neutrophils 
(and perhaps glycosaminoglycans, integrin a,f,, or CD38) interact- 
ing with the fifth or sixth PECAM-1 immunoglobulin domain. 11551165 
PECAM-1 engagement triggers signaling and leukocyte integrin 
receptor activation that facilitates transmigration, with activation of 
the laminin receptor, integrin a f}, of particular importance. Endothe- 
lial PECAM-1 is also important in maintaining vascular integrity and 
endothelial and leukocyte PECAM-1 mediate both proinflammatory 
and antiinflammatory phenomena in model systems." 


Triggering Receptors Expressed on Myeloid Cells—Like 
Transcript-1 

Triggering receptors expressed on myeloid cells (TREM)-like transcript-1 
(TLT-1) is a receptor whose external domain is homologous to those in 
the family termed TREM. Like those receptors, it contains a single V-set 
immunoglobulin domain, but its cytoplasmic domain is much longer, is 
palmitoylated and carries a canonical ITIM capable of becoming phos- 
phorylated and binding the Src homology-containing protein, tyrosine 
phosphate-1 (SHP-1).%”!'® The phosphatase can then dephosphorylate 
signaling molecules, leading to inhibition of platelet activation. PECAM-1 
has a similar ability to bind SHP-1. TLT appears to be restricted in expres- 
sion to platelets and megakaryocytes. It is primarily in a-granule mem- 
branes in resting platelets and joins the plasma membrane when platelets 
are activated. 


GPVI 


GPVI is a Mr 62,000 transmembrane glycoprotein of 316 amino 
acids.'881197' Tt belongs to the immunoglobulin superfamily, 
and is the major platelet signaling receptor for collagen. It may also 
mediate platelet interactions with monocytes by binding the ligand 
EMMPRIN."'® GPVI on the platelet surface exists in a complex with 
Fc receptor (FcR) y-chain. Because the latter is a dimer, two GPVI mol- 
ecules associate with one FcR y-chain, forming a high-affinity com- 
plex." The GPVI extracellular region contains two immunoglobulin 
C2-like domains and its transmembrane domain contains an Arg resi- 
due that is essential for association with the FcRy-chain. The 51-amino- 
acid cytoplasmic domain contains a proline-rich sequence that binds 
SH3 (Src homology 3) domains of Src family tyrosine kinases. GPVI 
signals through the FcRy-chain, which contains an ITAM. An unpaired 
thiol in the cytoplasmic tail of GPVI can undergo oxidation, resulting 
in homodimer formation," required for high-affinity interactions with 
collagen peptides and GPVI-mediated signaling.'!”""!” Resting platelets 
have approximately 29 percent of their GPVI molecules in dimers and 
interactions with CRPs or thrombin activation increase the percentage 
of GPVI in dimers.'’”’ When GPVI binds collagen, the ITAM domain of 
the FcRy-chain becomes phosphorylated by the Src kinases Fyn and/or 
Lyn, resulting in the formation of large complex of signal-transducing 
proteins (for a discussion of the role of GPVI as a receptor for collagen, 
see “Signaling Pathways in Platelets” below.).!%"!!* GPVI is required for 
stable platelet thrombus formation on collagen surfaces in vitro. Mice 
lacking GPVI have a relatively mild phenotype and are protected from 
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thrombosis in some but not all experimental models. GPVI and FcRy- 
chain appear to play important roles in ferric chloride-mediated arte- 
rial thrombosis in mice, but not in laser-induced thrombosis, perhaps 
because the former, but not the latter, injury elicits collagen exposure 
along the damaged vessel. Inherited and acquired defects in human 
platelet GPVI have been reported (Chap. 121) and the associated bleed- 
ing disorders have been variably described as mild to severe. 11-176 Two 
alternatively spliced forms and several polymorphisms have been iden- 
tified for GPVI and variably linked to alterations in platelet function or 
risk of thrombotic disease. 1177178 


Fc Receptor y-Chain 

The FcRy-chain"” exists as a homodimer of Mr 20,000 that physically 
and functionally associates with GPVI"® and GPIb/IX." In mouse 
platelets, the absence of FcRy-chain results in lack of surface expres- 
sion of GPVI. The FcRy-chain, along with FcyRIIA, are the only known 
platelet proteins with ITAMs.''™ Phosphorylation of the ITAM domain 
serves to recruit proteins with Src homology 2 (SH2) domains, which 
are essential for collagen-mediated signaling through the GPVI/FcRy- 
chain pathway.'°°*"8! The FcRy-chain may also contribute to GPIb/ 
IX-mediated intracellular signaling after VWF binding. 10511021105 


Fcy Receptor IIA (FcyRIIA, Also Termed CD32) 

The FcyRIIA is a low affinity immunoglobulin receptor of Mr 40,000 
that is widely distributed on hematopoietic cells.° Three different 
mRNA transcripts (A, B, and C) make similar FcyRIIA molecules!” and 
these are preferentially expressed on different cells. FeyRIIA contains an 
ITAM domain and thus may be important for signaling by its associated 
proteins, including GPIb and select integrins, as well as through direct 
stimulation by immune complexes. Crosslinking of FcyRIIA initiates 
tyrosine phosphorylation, PI metabolism, activation of PLCy,, calcium 
signaling, and cytoskeletal rearrangements.” FcyRIIA appears to be 
in close proximity to the GPIb/IX/V complex in lipid rafts,” and signal 
transduction that accompanies V WF binding to GPIb may be mediated 
at least in part through FcyRHA.**°”! FcyRIA is also be important in 
mediating integrin & „p, outside-in signaling, including effects on plate- 
let spreading, clot retraction, and thrombus formation.''**"!** Platelet 
12(S)-lipoxygenase (LOX) is required for platelet activation mediated 
by FcyRITA.""% 

The FcyRIIA on platelets may bind immune complexes generated 
in certain diseases, and by engaging these complexes the platelets may 
become sensitized to other stimuli.'"*""** It may also provide a second 
binding site for antibodies that bind to platelets via their antibody- 
binding site (see “CD9” below). This second interaction can potentially 
lead to bridging between platelets, with the antibody binding to an anti- 
gen on one platelet and an FcyRIIA receptor on another platelet.'® It is 
also possible that antibodies can bind to both an antigen and an FcyRHA 
on a single platelet. These interactions can lead to platelet activation 
through engagement of FcyRIIA, followed by crosslinking of FeyRIIA 
receptors, which can lead to tyrosine phosphorylation, PI metabolism, 
activation of PLCy,, calcium signaling, and cytoskeletal rearrange- 
ments.''!"'!! This type of interaction appears to play an important role 
in heparin-induced thrombocytopenia (Chap. 117). FcyRIIA under- 
goes proteolysis when platelets are activated and FcyRIIA proteolysis 
has been proposed as an assay for heparin-induced thrombocytope- 
nia." >13 Cooperation between FcyRIIA and Clq receptor has been 
reported.'!™ A variety of viruses and bacteria can interact with, and acti- 
vate platelets and this is variably mediated by FcyRIIA, with or without 
immunoglobulin.”5"!9516 FeyRIA may also contribute to cancer cell 
activation in platelets." 
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FcyRIIA expression on platelets shows considerable variation 
among individuals (approximately 600 to 1500 molecules per plate- 
let), and this variation correlates with FcyRI[A-mediated function.!!** 
This variation in receptor density may explain individual differences 
in immune-mediated disorders such as heparin-induced thrombocy- 
topenia with thrombosis." An H131R polymorphism within FeyRHA 
affects the binding of different IgG subclasses." The H131R poly- 
morphism may also have clinical significance because the R131 allele is 
associated with increased binding of activation-dependent antibodies 
to platelets." A variety of associations have been identified between 
the H131ER polymorphism and different aspects of heparin-induced 
thrombocytopenia and immune thrombocytopenia, but the data differ 
from study to study and no consensus has yet emerged.” 


Intercellular Adhesion Molecule-2 (CD102) 

ICAM-2, a member of the immunoglobulin family of receptors, is an 
endothelial cell ligand for the 8,-integrin a f, (LFA-1) on lymphocytes 
and myeloid cells.” Approximately 2600 ICAM-2 molecules are pres- 
ent on platelets, distributed on the membrane surface and open cana- 
licular system.” Platelet ICAM-2 may contribute to platelet-leukocyte 
interactions (see “Platelet-Leukocyte Interactions” below). 


FceRI 

Platelets express the high affinity IgE receptor FceRI and appear to par- 
ticipate in both defense against parasitic diseases, including malaria, 
and allergic phenomena, 7?°!209-1211 


Junctional Adhesion Molecule-A (A Also Termed F11) 

JAM-A was identified on platelets by the ability of a monoclonal anti- 
body directed against the receptor to initiate platelet activation via 
crosslinking to FcyRIIA.'27"7!° It is phosphorylated during platelet 
activation and loss of JAM-A in a mouse model results in a prothrom- 
botic phenotype." JAM-A appears to inhibit outside-in signaling via 
integrin æ „b, by recruiting Csk, which, in turn, phosphorylates Src at 
Y529.12171218 Tt is also able to interact with the integrin a, 8, receptor on 
leukocytes, and in endothelial cells it participates in tight junction for- 
mation and leukocyte recruitment and transmigration.*” 


Junctional Adhesion Molecule-C 

The JAM-C transmembrane protein has an Mr of 43,000 and 279 amino 
acids. It contains two C2-type immunoglobulin domains in its extracel- 
lular domain and three potential tyrosine phosphorylation sites in its 
cytoplasmic domain.””°” JAM-C is expressed on platelets but not gran- 
ulocytes, monocytes, lymphocytes, or erythrocytes. It shares 32 percent 
homology with JAM-A. Based on monoclonal antibody binding studies, 
platelets contain approximately 1600 copies of JAM-C. Platelet JAM-C 
acts as a counterreceptor for leukocyte integrins w,,8, and a,f, and con- 
tributes to platelet-leukocyte interactions under some conditions.”” Its 
precise role in platelet physiology is uncertain, but it has been impli- 
cated in binding CD34 stem cells.” 


LECTIN-CONTAINING RECEPTORS 


P-Selectin (Also Termed GMP140, PADGEM, and CD62P) 
P-selectin, which has a Mr of 140,000, is a glycoprotein present in 
«-granule membranes in resting platelets that joins the plasma mem- 
brane when platelets are activated.” Approximately 13,000 P- 
selectin molecules are detected by antibodies on the surface of activated 
platelets. The expression of P-selectin on circulating platelets has, there- 
fore, been used as an indicator of their in vivo activation.'”>*”* It is also 
present in the Weibel-Palade body membranes of endothelial cells; as 
in platelets, it joins the plasma membrane when endothelial cells are 
activated.” 


P-selectin has a modular structure in which the aminoterminal 
region has a calcium-dependent lectin domain that binds carbohydrates. 
Adjacent to the lectin domain is an EGF domain, followed by nine 
repeats that are homologous to complement regulatory proteins (“sushi” 
domains), a transmembrane domain, and a cytoplasmic domain.” 
The cytoplasmic domain contains Ser, Thr, Tyr, and His residues that can 
be phosphorylated. In addition, a Cys residue becomes acylated with 
stearic or palmitic acid. Alternatively spliced forms of P-selectin may 
be produced in which sushi domains are omitted. The selectin family 
also includes E-selectin (ELAM-1; CD62E), which is expressed on the 
surface of activated endothelial cells, and L-selectin (LAM-1; CD62L), 
which is expressed on the surface of myeloid and lymphoid cells.’ 

Soluble P-selectin is present in plasma from humans and mice. 
Alternative splicing generates a soluble form of human P-selectin that 
lacks the transmembrane domain.” In mice, at least a portion of solu- 
ble P-selectin is derived from proteolytic cleavage of surface P-selectin 
by an unidentified protease.” 

Recognition of ligand by P-selectin requires specific carbohydrate 
and protein structures. Fucose and sialic acid are important carbohydrate 
components, with sialyl-3-fucosyl-N-acetyllactosamine (SLe*; CD15S) a 
preferred ligand structure.7”®!??8-1230 Myeloid and tumor cell sulfatides 
may also act as ligands for P-selectin.'?!?* PSGL-1, a mucin-like trans- 
membrane glycoprotein homodimer (Mr 220,000) expressed on neu- 
trophils, monocytes, lymphocytes, and to a small extent on platelets, is 
an important ligand for P-selectin.™%?3-123 Both sulfation of tyrosine 
residues contained in an anionic region and branched fucosylation of 
O-linked carbohydrates are required for optimal binding to P-selectin. 

P-selectin can mediate the attachment of neutrophils and mono- 
cytes to platelets and endothelial cells. Thus, neutrophils and monocytes 
may be recruited to sites of vascular injury where platelets deposit and 
become activated (see “Platelet-Leukocyte Interactions” below). Platelet 
P-selectin can also recruit procoagulant monocyte-derived micropar- 
ticles containing both PSGL-1 and tissue factor to growing thrombi 
in vivo.” Binding of P-selectin to PSGL-1 on monocytes can trigger 
tissue factor synthesis” and infusing a P-selectin chimeric molecule 
into mice results in the generation of procoagulant microparticles.” 
In a reciprocal fashion, P-selectin engagement of PSGL-1 may lead to 
platelet activation.” Soluble P-selectin may also promote a prothrom- 
botic state in humans by increasing tissue factor-expressing micropar- 
ticles in plasma. Indeed, the risk of future cardiovascular events is 
elevated in apparently healthy women with the highest levels of soluble 
P-selectin.’ 

In intact blood vessels, the rapid on and off rates of the interactions 
between PSGL-1 on neutrophils and P-selectin on endothelial cells 
allows leukocytes to roll on the endothelium, the first step in leuko- 
cyte transmigration (Chap. 66).'*“° The rapid upregulation of P-selectin 
after endothelial cell activation allows for a quick response. Platelets 
have been reported to roll on activated endothelium, and this appears 
to result from an interaction between endothelial P-selectin and per- 
haps either platelet GPIba’*"'”” or platelet PSGL-1.'*!*4! Upon their 
corelease from endothelial Weibel-Palade bodies, P-selectin may tether 
ultralarge VWF to the surface of activated endothelium, and thereby 
promote platelet GPIba-mediated platelet rolling.’ 

Genetic and pharmacologic targeting of P-selectin or PSGL-1 in 
experimental animal models suggests that these receptors may modulate 
thrombolysis, sickle cell vasoocclusion, restenosis, deep venous throm- 
bosis, cerebral ischemia and infarction, atherosclerosis, metastasis, and 
thrombotic glomerulonephritis (reviewed in Refs. 1243 to 1246). 


C-Type Lectin-Like Receptor-2 
Podoplanin is a sialoglycoprotein present on a variety of tumor cells, 
lymphatic endothelial cells, kidney podocytes, lung epithelial cells, 


lymph node stromal cells, and the choroid plexus epithelium that can 
aggregate platelets.” Its receptor on platelets is CLEC-2, a C-type 
lectin-like receptor selectively expressed on megakaryocytes and plate- 
lets (approximately 2,000 copies per platelet) that binds podoplanin 
and the snake venom platelet-activating protein rhodocytin. 5-1 The 
cytoplasmic tail of CLEC-2 contains an atypical ITAM (hemITAM) 
with a single YITL sequence that can be tyrosine phosphorylated by Src 
kinases when platelets are activated. Because CLEC-2 exists as a dimer, 
it can supply two ITAMS and lead to activation of Syk and, ultimately, 
PLCy,.™ This signaling system is similar to that of GPVI in combi- 
nation with the FcRy-chain. Activation of CLEC-2 leads to proteolytic 
cleavage of GPVI and FcyRIIa.'* In experimental tumor models, inhib- 
iting the podoplanin/CLEC-2 system reduces metastases." CLEC-2 
interaction with podoplanin on lymphatic endothelial cells, followed by 
platelet activation and CLEC-2-podoplanin clustering, is required for 
the separation of blood and lymph vessels during development.!?57-125° 
CLEC-2 also plays a role in lymph node development and mainte- 
nance.!”°° HIV-1 can also bind to CLEC-2. 


TETRASPANINS 


Tetraspanins are a family of four-transmembrane-domain-containing 
proteins that have conserved Cys residues that form crucial disulfide 
bonds. The extracellular and intracellular loops in these proteins con- 
tain many motifs that mediate interactions with other proteins.’* 
While the specific function(s) of tetraspanins is not yet clear, these 
proteins are able to associate with several membrane proteins and have 
been reported to modulate integrin function, perhaps in part by orga- 
nizing membrane and intercellular signaling molecules in cholesterol- 
associated microdomains distinct from lipid rafts.’ CD9, CD63, and 
CD151 have juxtamembrane Cys residues that can be palmitoylated and 
this modification may contribute to assembly of complexes with other 
proteins and localization to lipid microdomains.’ Studies in mice 
implicate CD151 and TSSC6 in outside-in signaling of integrin a „b,“ 
Oligomers of tetraspanins are known to facilitate the formation of larger 
complexes of membrane proteins that could serve as scaffolds for sev- 
eral platelet signaling events. CD9 is the most abundant platelet 
tetraspanin (approximately 40,000 molecules per platelet), followed by 
CD151, Tspan9, and CD63." The levels of TSSC6 are not known. 


CD9 (5H9; BA2; P24; GIG2; MIC3; MRP-1; BTCC-1; DRAP-27; 
TSPAN29) 

CD9 is a 228-amino-acid tetraspanin that is present on platelets, endo- 
thelial cells, smooth muscle cells, cultured fibroblasts, some lympho- 
blasts, eosinophils, basophils, and other cells.’ It colocalizes with 
integrin «,,,8, on the inner surface of œ granules in resting platelets and 
on pseudopods of activated platelets.” Binding of monoclonal anti- 
bodies specific for CD9 to platelets results in platelet aggregation by 
triggering phosphatidylinositol metabolism via a mechanism that also 
requires binding to the platelet FcyRIIA receptor." The platelet 
activation induced by the binding of such antibodies requires exter- 
nal calcium and results in an association between CD9 and integrin 
œ pp” CD9 has been proposed to play a role in microparticle release 
from platelets." Studies in mice lacking CD9 suggest that CD9 is a 
negative regulator of integrin a,,,8, signaling, as the mice have enhanced 
platelet aggregation, fibrinogen binding, and thrombus formation.'?” 


CD63 (Also Termed Granulophysin and LAMP-3) 

CD63 (Mr 53,000) appears to be present in both lysosomal and dense 
granule membranes in platelets.*°!””7 CD63 is also present in 
Weibel-Palade bodies in endothelial cells, the lysosomal membranes 
of a variety of other cells, as well as the membranes of melanosomes. 
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It appears on the surface membrane when platelets are activated, mak- 
ing it a useful marker for platelet activation.’ CD63 colocalizes 
with integrin æ „p, and CD9 on the surface of activated platelets in a 
process that appears to require CD63 palmitoylation.” CD63 is mark- 
edly reduced or absent from the dense bodies of patients with Herman- 
sky-Pudlak syndrome,” who have oculocutaneous albinism and a 
defect in platelet dense bodies (Chap. 121). The amino acid sequence of 
CD63 has been deduced from complementary DNA (cDNA) cloning.” 


CD151 (Also Termed GP27, MER2, RAPH, SFA1, PETA-3, and 
TSPAN24) 

CD151, a glycoprotein of Mr 27,000 is present on platelets, endothelial 
cells, and many other cells.’””""*' Antibodies to CD151, like those to 
CD39, can initiate platelet aggregation by binding to both CD151 and 
FcyRIA.'° The role of CD151lin platelet physiology remains to be 
firmly established but it may participate with FcyRIJA as a signal trans- 
duction complex.'*° CD151 appears to functionally associate with inte- 
grin a,,,8, and, in mice, loss of CD151 impairs platelet aggregation, clot 
retraction,'?* and thrombus formation. 18 


TSSC6 (PHMX, PHEMX FLJ17158, FLJ97586, MGC22455, 
TSPAN32) 

TSSC6 is a 340-amino-acid tetraspanin that is expressed in marrow, 
spleen, thymus, and several hematopoietic cell types.** It is present in 
platelets and has been reported to interact with integrin «œ „b, Mice 
deficient in TSSC6 display a slightly prolonged bleeding time and a 
significantly increased rebleeding.’ Platelets lacking TSSC6 show 
impaired aggregation and clot retraction. 


GLYCOSYLPHOSPHATIDYLINOSITOL- 
ANCHORED PROTEINS (CD55, CD59, CD109, 
PRION PROTEIN) 


At least five separate platelet proteins are attached to the membrane 
through a GPI link. These include proteins involved in complement 
regulation (CD55, decay accelerating factor, and CD59, membrane 
inhibitor of reactive lysis)“; CD109, a Mr 170,000 protein present 
on platelets, endothelial cells, hematopoietic cells, and fibroblasts that 
carries both ABO oligosaccharides and an alloantigen (HPA-15, Gov) 
involved in neonatal isoimmune thrombocytopenia!***!*; and a Mr 
500,000 protein of unknown identity. Patients with paroxysmal noc- 
turnal hemoglobinuria (PNH) have abnormalities in the GPI anchor 
and thus variably lack all of the GPI-linked proteins. The diagnosis of 
PNH can be established by assessing platelet expression of these pro- 
teins.*”1787288 Patients with PNH have been reported to have platelet 
function abnormalities,’ raising the possibility that one or more of 
these proteins has a role in platelet function, but no specific plate- 
let function roles have yet been assigned to the proteins. Of particu- 
lar interest is the presence of the normal prion protein, which is a Mr 
27,000 to 30,000 GPI-linked protein that is both upregulated and shed 
from the platelet surface with platelet activation.’°-” In fact, platelets 
contain the majority of the prion protein present in normal blood. 


TYROSINE KINASE RECEPTORS 
Eph Kinases and Ephrin Ligands 


Eph kinase receptors comprise the largest family of cell surface- 
associated tyrosine kinases with 14 members identified in mammals. Eph 
kinases have a conserved structure consisting of an N-terminal extra- 
cellular ephrin-binding domain, two fibronectin type II repeats, and 
intracellular kinase, sterile a motif (SAM), and PDZ binding domains 
[defined by the first three proteins to display this protein-protein 
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domain, post synaptic density protein (PSD95), Drosophila disk large 
tumor suppressor (Dlg1), and zonula occludens-1 protein (zo-1)]. A 
total of eight ephrins have been identified that serve as cell-surface lig- 
ands for the Eph kinases. In general, Eph A kinases recognize ephrins 
that contain a GPI anchor (ephrin A family), while Eph B kinases bind 
to ligands with a transmembrane domain (ephrin B family). The Eph 
receptors and the ephrins appear to signal bidirectionally at sites of 
cell-to-cell contact. Platelets contain Eph kinases EphA4 and EphB1, 
and their ligand ephrin B1, as well as EphB2.*”°? Messenger RNA for 
ephrinA3 has also been detected in platelets, but confirmation of the 
presence of ephrinA3 protein in platelets is lacking. Forced clustering 
of either Eph kinases or ephrins in platelets promotes cytoskeletal reor- 
ganization, adhesion, granule secretion, and Rap1b activation in con- 
cert with other platelet stimuli.” Eph kinase-ephrin interactions 
may stabilize platelet aggregates and thrombus formation after platelet- 
platelet contact has occurred.?”!5 


Thrombopoietin Receptor (c-mpl, CD110) 

The thrombopoietin receptor (c-mpl; Mr 80 to 85,000) is expressed at 
low levels on platelets (approximately 25 to 224 per platelet) and binds 
thrombopoietin with high affinity. (K, approximately 0.50 nM).’°°" 
Steady-state plasma levels of thrombopoietin are maintained, in part, 
by platelets and megakaryocytes, which bind thrombopoietin via the 
thrombopoietin receptor and then internalize and degrade the growth 
factor. Additional mechanisms for regulation of thrombopoietin levels 
have been described (Chap. 111). Although its major function is to stim- 
ulate megakaryocyte growth and maturation (Chap. 111), thrombopoi- 
etin also is able to sensitize platelets to activation by agonists.'°°°'°5 
Mutations of the receptor have been associated with inherited throm- 
bocytopenia (Chap. 117) and myeloproliferative neoplasms (Chaps. 83 
to 85).1°°°"” Tt can also contribute to hematopoiesis through effects on 
hematopoietic stem cells and other progenitors. 


SCAVENGER RECEPTORS 


CD36 (GPIV) 
CD36 (GPIV) is a Mr 88,000 glycoprotein that is highly, but variably, 
expressed on platelets (approximately 20,000 copies per platelet). 1309-1313 
The nucleotide sequence of CD36 (GPIV) cDNA encodes a protein of 
471 residues with a predicted Mr of 53,000 and 10 potential N-linked 
glycosylation sites,’ accounting for the difference between predicted 
and experimentally determined Mr. It is unusual in having two putative 
transmembrane domains and two short cytoplasmic tails. The cytoplas- 
mic regions may associate with intracellular tyrosine kinases of the Src 
family and undergo phosphorylation." Antibodies to CD36 (GPIV) 
have been reported to produce neonatal alloimmune thrombocytopenia 
(Chap. 117).'*!° Biochemical data suggest that it may form dimers and 
multimers.” Increased platelet surface expression of CD36 (GPTV) has 
been described in patients with myeloproliferative neoplasms.'*!* CD36 
(GPIV) is also expressed on phagocytic cells (with the exception of 
neutrophils), fat and muscle cells, cardiac myocytes, and microvascular 
endothelial cells. The phosphorylation status of the extracellular region 
of the protein may control its ligand-binding properties,” offering a 
potential explanation for some of the variable results obtained under 
different conditions. 10813191320 

CD36 (GPIV) plays an important role in long-chain fatty acid 
transport in the heart, fat, and muscle, and may contribute to athero- 
sclerosis and insulin sensitivity. ™™™!? Oxidized low-density lipopro- 
teins (LDL), which can be produced by the effects of endothelial cell 
or platelet nitric oxide (NO) on LDL, bind to CD36 and, perhaps in 
concert with scavenger receptor (SR)-A, can increase platelet reactivity 


to agonists via signal transduction mediated in part by Src kinases and a 
MAPK." The variability in platelet CD36 expression may account 
for the variability in platelet hyperreactivity in response to elevated lev- 
els of oxidized LDL.”* CD36 can also mediate microparticle binding 
to platelets, which augments platelet-mediated thrombosis in model 
systems.” Thus, CD36 has been reported to contribute to athero- 
genesis, diabetes, the metabolic syndrome, angiogenesis, and inflam- 
mation.“ =!! CD36 also interacts with the $100 calcium-modulated 
protein family member myeloid-related protein (MRP)-14 (also known 
as S100A9), which can be released from activated neutrophils and plate- 
lets. It has been proposed as a platelet receptor for thrombospondin'*” 
and collagen,'***"** but the functional significance of these interactions 
remains unclear because individuals who lack CD36 on an inherited 
basis (Nak*-negative) do not have a bleeding disorder’* (Chap. 121). 
CD36 may play a role in the thrombospondin-mediated interaction 
reported between platelets and sickle erythrocytes," apoptosis, innate 
immunity, and in the binding of Plasmodium falciparum-infected ery- 
throcytes to endothelial cells and monocytes.'*"*"* 


Scavenger Receptor-Bl (SCARB1; CLA-I) 

The class B SR-BI (CLA-I) is related to CD36 and is expressed on plate- 
lets, endothelial cells, and hepatocytes." It transports the cholesteryl 
esters from high-density lipoprotein (HDL) cholesterol and facilitates 
bidirectional flux of free cholesterol between cells and lipoproteins. 
Oxidized, but not unoxidized, HDL can inhibit platelet aggregation via 
binding to SR-BI.'**” SR-BI has many other lipid ligands, however, and it 
is uncertain how these interact under physiologic conditions. A number 
of mutations are associated with elevated HDL levels." A heterozygous 
missense mutation has been associated with increased platelet unester- 
ified cholesterol and both increased and decreased platelet function.'*** 
Mouse studies indicate that disrupting the SR in nonhematopoietic 
tissues can affect platelet function via alterations in plasma lipids and 
alterations in the platelet SR can protect against hyperactivity induced 
by increased platelet cholesterol content." 


MISCELLANEOUS 


CD40 Ligand (CD40L, CD154) and CD40 
CD40 ligand (CD40L, CD154) is a trimeric transmembrane protein 
(Mr 33,000) of the tumor-necrosis family that localizes to a granules 
in resting platelets and rapidly appears on the surface of platelets upon 
activation. Within minutes to hours of platelet activation, an Mr 18,000 
fragment of CD40L is released from the platelet surface, perhaps medi- 
ated in part by matrix metalloproteinase (MMP-2) bound to integrin 
a,” This soluble form of CD40L circulates as a trimer. The bulk 
of soluble CD40L in plasma is derived from activated platelets and, 
hence, can serve as a marker for platelet activation in vivo. Elevated 
levels of soluble CD40L are observed in acute coronary syndromes, fol- 
lowing percutaneous coronary intervention, in the setting of coronary 
artery bypass surgery, and in peripheral vascular disease!” (reviewed 
in Refs. 1341 and 1342). Soluble CD40L activates neutrophil integrin 
Bos enhances neutrophil adhesion, and induces the neutrophil oxida- 
tive burst." Moreover, elevated levels of soluble CD40L are associated 
with recurrent cardiovascular events in the setting of acute coronary 
syndromes'™“*!*# and restenosis following percutaneous coronary inter- 
vention.’ CD40L and, to a lesser extent, its counterreceptor CD40 
have been implicated in the progression of atherosclerosis in animal 
models, 13461347 

The extracellular portion of CD40L binds to CD40, a Mr 48,000 
transmembrane receptor. Approximately 600 to 1000 copies of CD40 
are present on both resting and activated platelets," and while CD40L 


has been reported to initiate platelet activation via binding to CD40," 
the functional significance of CD40-CD4O0L interactions in platelet 
physiology remains to be determined. CD40L also contains a KGD 
sequence (RGD in mice) that has been implicated in binding to integ- 
rin & „p, In mice, CD40L-a „b, interactions appear to stabilize throm- 


bus growth,’ perhaps by activating receptor mediated signaling." 


Additionally, integrin «,,6, antagonists block the release of soluble 
CD40L from activated platelets. Both platelet-associated and soluble 
CD40L may stimulate leukocytes to release proinflammatory cytok- 
ines; CD40L may also inhibit endothelial cell migration after vascular 
injury. The inhibitory effects of CD40L on reendothelialization may 
partially explain why elevated levels of soluble CD40L are associated 
with higher rates of clinical restenosis." Finally, platelet CD40L may 
modulate adaptive immunity by serving as a costimulatory signal for 
antigen presenting cells. 15153 


Fas Ligand, LIGHT and TRAIL 

Fas ligand (FasL), LIGHT (also termed TNF superfamily member 
14), and TNF-related apoptosis-inducing ligand (TRAIL), along with 
CD4OL, belong to the TNF family of cytokines.'** With activation, plate- 
lets express FasL, LIGHT, and TRAIL on their surface and release solu- 
ble forms of these receptors,'**'*° analogous to activation-dependent 
CD40L platelet expression and release. The receptor Fas (Apo-1, CD95), 
is expressed on a wide variety of normal and malignant cells. Engage- 
ment of Fas by FasL initiates signaling that results in apoptosis, and this 
process is important in embryonic development, cellular hemostasis, 
and immune regulation.'** The surface-expressed FasL on platelets is 
biologically active and can initiate apoptosis. The soluble form of FasL 
may act as an inhibitor of apoptosis induced by surface-expressed 
FasL." Similarly, platelet-derived LIGHT is biologically active and can 
initiate inflammatory responses in monocytes and endothelial cells.'**° 


Lysosome-Associated Membrane Proteins 1 and 2 (CD107a, 
CD107b) 

LAMP-1 and LAMP-2 are lysosome-associated membrane proteins that 
are approximately 30 percent homologous and constitute approximately 
50 percent of lysosomal membrane proteins." They are integral mem- 
brane glycoproteins of Mr 110,000 and 120,000, respectively, that are 
contained within lysosomal membranes.'*** When platelets undergo the 
release reaction, they join the plasma membrane. Each protein has two 
extracellular disulfide-bonded loops containing 36 to 38 amino acids. 
The loops are separated by a region rich in Pro and Ser that shares 
homology with the hinge region of IgA. There are multiple N-linked 
glycosylation sites on each glycoprotein and they contain more than 60 
percent carbohydrate. Among the carbohydrate residues are polylac- 
tosaminoglycans that may possess sialylated Lewis* structures, which 
are thought to interact with selectins. LAMP-1 and LAMP-2 play roles 
in control of lysosome fusion in autophagosomes and phagosomes. 57 


C1q Receptors 

Platelets have several receptors for Clq, a Mr 460,000 glycoprotein com- 
posed of six globular domains attached to a short collagen-like triple 
helix.'*°°"*! One is for the collagen-like domain (cClqR, Mr 60,000 
to 67,000 nonreduced and 72,000 to 75,000 reduced), and another is 
for the globular domain (gC1qR, Mr 28,000 to 33,000).'°° A third 
receptor of Mr 126,000 enhances phagocytosis." Clq circulates with 
Clr and Cls as a calcium-dependent complex, but interaction with 
immune complexes leads ultimately to dissociation of the complex 
and release of free Clq, with its collagen-like domain exposed. cClqR 
has sequence homology to calreticulin and can modulate platelet- 
collagen interactions at low collagen concentrations. It may also localize 
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immune complexes, and when crosslinked by aggregated Clq, it can 
initiate platelet activation, aggregation, secretion, and expression of 
platelet coagulant activity. "66 Thus, the binding of Clq monomers 
to platelets inhibits collagen-induced platelet aggregation but has lit- 
tle effect on platelet adhesion to collagen. Clq multimers support 
platelet adhesion and can induce aggregation via activation of integrin 
æ pp, ° Clq can also augment platelet aggregation induced by aggre- 
gated IgG." The gC1qR may self-associate to form a doughnut-shaped 
ternary complex.'*® In addition to binding Clq, this receptor can bind 
S. aureus protein A on endothelial cells, where it functions as a receptor 
for high-molecular-weight kininogen."® It may, therefore, participate 
in contact activation. 


GMP-33 (Thrombospondin N-Terminal Fragment) 

A Mr 33,000 a-granule membrane protein was initially identified as 
an activation-dependent protein that joins the plasma membrane 
when platelets undergo the release reaction. Approximately 4000 anti- 
body molecules directed against GMP-33 bind to resting platelets, and 
19,000 bind to activated platelets." Subsequent studies identified this 
antigen as a membrane-associated fragment from the N-terminal of 
thrombospondin.'*7 


Leukosialin, Sialophorin (CD43) 

Leukosialin, a glycoprotein of Mr 90,000, may act as a ligand for ICAM- 
1.°” It is expressed on myeloid and some lymphoid cells. Abnormalities in 
leukosialin have been described in Wiskott-Aldrich syndrome (Chap. 121). 


Toll-Like Receptors 1, 2, 4, 6, 9 

Toll-like receptors (TLRs) are involved in innate immunity by virtue of 
their ability to sense products of protozoa, fungi, viruses, and bacteria, 
including endotoxin (lipopolysaccharide [LPS]), and then activate intra- 
cellular signaling pathways to initiate the inflammatory response." 
TLRs 1, 2, 4, 6, and 9 have been identified in platelets.197°9"* Activation of 
TLR-1 and TLR-2 can lead to platelet activation via a GPVI-like mecha- 
nism with TLR-4 through the nuclear factor (NF)-«B pathway. All of 
the components of the LPS signaling complex, including relatively high 
levels of TLR-4°” and CD14, MD2, and MyD88, have been identified 
in platelets. LPS binding to platelets stimulates secretion and potentiates 
agonist-activation by signaling thru the TLR-4 complex.” LPS binding 
to platelet TLR-4 causes release of CD40L'*” and modulates the release 
of cytokines by platelets." In experimental animal models, TLR-4 
may mediate LPS-induced microvascular thrombosis and thrombocy- 
topenia. 6"! TLR-4-null mice have prolonged times to vasoocclusion 
after vascular injury, but endothelial TLR-4 rather than platelet TLR-4 
seems to be more important in supporting platelet thrombus forma- 
tion. The interactions of LPS, produced by toxigenic E. coli, with 
platelet TLR-4 has been proposed to contribute to the pathophysiology 
of hemolytic uremic syndrome." Ligand binding to platelet TLR-4 also 
promotes platelet-neutrophil interactions, neutrophil activation, and 
along with TLR-2, the formation of NETs, which capture and seques- 
ter bacteria from the circulation.””'** Activation of TLR-9 with protein 
adducts leads to Src-dependent platelet activation. "* 


Peroxisome Proliferator-Activated Receptors 

Peroxisome proliferator-activated receptors (PPARs) belong to a 
nuclear hormone receptor family of ligand-activated transcription fac- 
tors.'*** PPARy is one of the three PPAR family members and is widely 
expressed in white adipose tissue, macrophages, B and T lymphocytes, 
smooth muscle cells, fibroblasts, and endothelial cells. It has been impli- 
cated in metabolism, insulin responsiveness, adipocyte differentiation, 
immune function, and inflammation. The thiazolidinedione class of 
insulin-sensitizing drugs used to treat type 2 diabetic patients act by 
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binding PPARy. Both PPAR#/é and PPARy are present in platelets. 
PPARy agonists decrease thrombin-induced platelet aggregation and 
release of ATP, TX, and CD40L.'** Thus, PPARy appears to downreg- 
ulate platelet activation. Activated platelets release PPARy complexed 
with the retinoid X receptor.'**> Treatment with select thiazolidinedi- 
ones has been associated with reductions in markers of platelet activa- 
tion, including aggregation and P-selectin expression. PPAR ligands 
synergize with NO to inhibit platelet function.**'” The antiplatelet 
effects of the calcium channel blocker nifedipine may be mediated 
through PPAR receptors.” 


Matrix Metalloproteinases 

Platelets contain a number of MMPs, as well as MMP activators and 
inhibitors." MMP-1 can be activated by collagen and, in turn, 
cleave PAR-1 at a site two amino acids N-terminal to the site of thrombin 
cleavage.'*° This cleavage, like thrombin’, activates PAR-1 by activating 
a tethered ligand. Thus, MMP-1 can augment collagen-induced platelet 
activation mediated by GPVI and integrin a,8,. MMP-2 cleavage has 
been implicated in enhancing platelet aggregation via cleavage of talin 
and activation of integrin «,,,8,.'° It exists in an inactive form in resting 
platelets and it is cleaved into its active form when platelets are activated, 
probably by platelet-type von Willebrand disease (MT1-MMP)."! It 
then moves to the surface via binding to integrin a,,8, and may then 
go on to cleave CD40 ligand." MMP-2 is released into the coronary 
circulation of patients with acute coronary syndromes.'** ADAM-17 
(TACE) is important in the cleavage of GPIb and the release glyco- 
calicin.1°”* MMP-9, which is increased in plasma in models of sepsis, can 
also cleave platelet CD40L.'*’ Other related proteins in platelets include 
MMP-9 and -14, ADAM-10, and tissue inhibitor of metalloproteinase 
(TIMP)- 1, -2, and -3. Platelets also contain ADAMTS-13, which cleaves 
VWE thus controlling hemostasis and thrombosis (Chap. 126). 


@ SIGNALING PATHWAYS IN PLATELETS 
OVERVIEW 


Platelets generally circulate in a quiescent state, but are poised to be 
activated in response to a variety of agonists that become available at 
sites of vascular injury or ruptured atherosclerotic plaques. Agonists 
differ in their intrinsic ability to produce these phenomena, and added 
complexity derives from differences in dose responses to each agonist 
and the synergistic effects of agonists used in combination. Agonists are 
diverse and include small and large soluble molecules, enzymes, and 
immobilized adhesive glycoproteins. They can be classified as either 
“strong” or “weak,” depending on whether full activation, including 
the release reaction, can be initiated without the augmenting effect of 
platelet aggregation itself. Low doses of strong agonists behave like weak 
agonists. Most agonists are released, synthesized, or formed at the site 
of vascular injury, and this undoubtedly serves to localize the response. 

Agonists bind to receptors of two general categories: seven- 
transmembrane G-protein-coupled receptors and receptors that can 
initiate phosphorylation of target proteins (Fig. 112-15). In both cases, 
a sequence of signaling events ultimately leads to platelet activation. 
Physiologic responses of platelets to agonists lead to the activation of 
the integrin a „8, receptor to a high-affinity ligand binding state and 
subsequent platelet aggregation. Moreover, binding of ligands to plate- 
lets and platelet aggregation itself further propagates signals that are 
required for stabilization of the platelet aggregates and clot retraction. 
In this section, the major agonists, receptors, and signaling pathways 
involved in early stages of platelet activation that lead to shape change, 
granule secretion, and platelet aggregation, as well as postaggregation 
signaling events are described. 


AGONIST-INDUCED PLATELET ACTIVATION 


Many platelet agonists initiate platelet activation by binding to seven- 
transmembrane heterotrimeric G-protein-coupled receptors (see 
Fig. 112-15). When such receptors are activated, the Ga subunit 
exchanges GDP for GTP and dissociates from the B/y complex. The 
free Ga subunit, and in some cases, the B/y complex can activate some 
relatively common downstream pathways and initiate positive feed- 
back loops. Activation of these pathways is usually intertwined. One 
common pathway involves the activation of one or more isozymes of 
PLC, leading to phosphoinositide hydrolysis. Three classes of PLC (f, 
y, and 5), have been described, and multiple isozymes exist within each 
class.” The best-studied PLCs in platelets include PLCf and PLCy,. 
PLC is often activated downstream of the seven-transmembrane, 
G-protein-coupled, receptor family, whereas PLCy, can be activated 
by phosphorylation on tyrosine, which is a downstream signal from 
other types of agonist receptors. PLC of either type hydrolyzes phos- 
pholipids between the glycerol backbone and the phosphate moiety; the 
PLC§ class is relatively specific for phosphoinositides, whereas PLCy 
can cleave other types of phospholipids as well. The hydrolysis of one 
particular phosphoinositide, PI 4,5-bisphosphate (PIP.), by either class 
of PLC is critical in platelet function, since it results in the formation of 
two important products, IP, and DAG. IP, binds to specific receptors on 
the DTS/sarcoplasmic reticulum, causing a release of intracellular Ca”. 
Increases in intracellular Ca are important for activation of a number 
of signaling enzymes and proteins involved in cytoskeletal reorganiza- 
tion. Increases in calcium are also important in granule fusion and the 
release reaction. DAG binds to PKC and participates in its conversion 
to an active enzyme. For many agonists, activation of one or more of the 
multiple isozymes of PKC is an obligatory step in the conversion of inte- 
grin & „h, to a high affinity fibrinogen receptor and subsequent platelet 
aggregation.’!®136137 One consequence of PKC activation is to cause 
the release of ADP from dense granules. Released ADP acts at its own 
seven-transmembrane G-protein-coupled receptor(s) to potentiate the 
action of numerous agonists. The precise mechanism(s) by which PKC 
causes integrin OP, activation, however, remains unclear. 

Activation of a number of receptors also leads to the activation 
of PLA,, which releases arachidonic acid from membrane lipid stores. 
Arachidonic acid is rapidly converted to prostaglandin (PG) products, 
PGH, and TXA, which are themselves potent activators of platelet 
aggregation. 


Adenosine Diphosphate: P2Y , P2Y,,, P2X, 

Platelets express receptors for both ADP and ATP. Both nucleotides 
are present in platelet dense granules and are secreted when platelets 
are activated by adequate concentrations of most, if not all, agonists. 
Another source of these nucleotides is the red blood cell (RBC); dam- 
aged RBCs or those subjected to high shear stress, may release ADP 
and ATP, increasing their local concentrations. ADP is an especially 
important physiologic agonist, not only because it can induce plate- 
let aggregation independent of other agonists, but because secreted 
ADP contributes significantly to the full aggregation response induced 
by many other agonists. This has been convincingly demonstrated in 
experimental systems in which secreted ADP is rapidly degraded or 
inhibited. Moreover, submaximal concentrations of ADP synergize 
with other agonists, and this has been best studied with epinephrine. 
ADP induces or contributes to a variety of responses in platelets: shape 
change, granule release, TXA, production, activation of integrin OB» 
and platelet aggregation. Recent pharmacologic and cloning and 
sequencing studies suggest that ADP exerts its full effect on platelets 
through at least two different receptors. These receptors, P2Y, and 
P2Y,,, are G-protein—coupled, and are responsible for most of the phys- 
iologic effects of ADP." 
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Figure 112-15. Role of G-protein-coupled receptors in platelet activation. Under basal conditions, prostacyclin produced by endothelial cells 


ADP) secretion and subsequent activation of both P2Y 


12! 


inhibits platelet activation by binding to its platelet receptor IP and increasing cyclic adenosine monophosphate (cAMP). When the endothelium is 
denuded, collagen interaction with GPVI can initiate signaling via the FcRy-chain. In addition, the GPlb/V/IX complex can mediate adhesion of plate- 
ets to the newly exposed or deposited von Willebrand factor. This, in turn, can lead to platelet activation directly by a pathway not shown. GPIb/V/ 
X can also contribute to platelet activation by thrombin by facilitating the cleavage of protease-activated receptor (PAR)-1. Not shown is another 
pathway to PAR-1 cleavage and activation via collagen-induced release of matrix metalloproteinase 
initiates intracellular signaling pathways through molecular switches from the Gy Giy and G, protein families. This results in adenosine diphosphate 
and P2Y,. A number of signals can also initiate the synthesis of thromboxane (TX) A,, which 
can exit from the platelet and activate the same or other platelets by binding to its own receptor, TP. Ultimately, activation of phospholipase C (PLC) 8 
and y, and released calcium (Ca*) initiate a series of steps that terminate in talin and kindlin binding to the cytoplasmic domain of 6, and activation of 
he glycoprotein (GP) a,,,8, receptor to its high affinity ligand binding state. CalDAG-GEF1, calcium and diacylglycerol-regulated guanine-nucleotide 


MMP)-1. In concert with PAR-4, cleaved PAR-1 


exchange factor 1; PKC, protein kinase C; RIAM, Rap1-guanosine triphosphate (GTP)-interacting adapter molecule. (Reproduced with permission from 
Smyth SS, Woulfe DS, Weitz JI, et al: G-protein-coupled receptors as signaling targets for antiplatelet therapy. Arterioscler Thromb Vasc Biol 29(4):449-457, 


2009.) 


The platelet P2Y,, receptor, which is the target of the thienopyri- 
dine class of drugs (ticlopidine, clopidogrel, prasugrel, and ticagrelor) 
that are used in the treatment of acute coronary syndromes and periph- 
eral vascular disease, as well as to prevent thrombosis following per- 
cutaneous vascular interventions, has been cloned and sequenced." 
It couples to Gai!" to inhibit adenylyl cyclases, a class of enzymes 
that produce cAMP, which, in turn, activates type A protein kinases that 
inhibit platelet activation by a variety of effects. VASP is phosphory- 
lated in response to P2Y,,-mediated activation of protein kinase A and 
so the extent of VASP phosphorylation in response to a combination 
of ADP and an agent that stimulates cAMP formation can be used as 
a marker for receptor blockade (see “Nitric Oxide” below). Decreases 
in cAMP level alone are likely insufficient to activate platelets, 
and ADP-activation of platelets requires synergistic effects between 
the signaling pathways of the P2Y, and P2Y,, receptors (and perhaps 
the P2X, ATP receptor.) Regulation of P2Y,, is complex and involves 
homologous desensitization, internalization, and recycling.” Studies 
of P2Y,, knockout mice demonstrate that P2Y,, contributes to multiple 


steps during thrombosis, including platelet adhesion and activation, 
thrombus growth, and thrombus stability.“* Platelets obtained from 
P2Y,,-deficient mice respond only weakly to ADP and less vigor- 
ously than normal to other agonists such as collagen and thrombin." 
A minor P2Y,, haplotype (H2) has been associated with enhanced 
ADP-induced platelet aggregation, as well as resistance to the antiplate- 
let effects of clopidogrel.'#!0'4" 

The platelet P2Y, receptor, the other G-protein-coupled ADP 
receptor on platelets, has been cloned and sequenced and a high- 
resolution crystal structure demonstrating two disparate ligand binding 
sites is available.'*’* Data from experiments with inhibitors of P2Y, and 
mice lacking P2Y, suggest that stimulation of this receptor is necessary, 
but not sufficient, to induce platelet aggregation. Thus, platelets from 
P2Y -null mice are unable to change shape or aggregate in response to 
ADP; however, ADP activation does cause a decrease in cAMP via its 
effects on P2Y,,.*"** P2Y, couples to heterotrimeric G-proteins con- 
taining Gaq. The importance of Gaq can be inferred from the observa- 
tion that platelets from mice that do not express Gaq do not aggregate 
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in response to ADP and that patients with abnormalities in Gaq have a 
bleeding disorder and abnormal platelet function (Chap. 121). Acti- 
vation of PLC and subsequent phosphoinositide hydrolysis has been 
linked to both shape change and platelet activation. 

P2X,, the third purine nucleotide receptor on platelets is P2X, a 
member of the P2X family of ligand-gated ion channels rather than a 
G-protein-coupled receptor.“ This receptor is predicted to span the 
plasma membrane twice and is largely extracellular.” While P2X, 
has been described as both an ATP and an ADP receptor, the bulk of 
current evidence suggests that it is an ATP receptor that is antagonized 
by ADP.''*!4° Because ATP antagonizes the P2Y,, receptor, the over- 
all contribution of P2Xx,, which is stimulated by ATP, to platelet acti- 
vation, is not clear. Nonetheless, ATP is released from platelets upon 
stimulation with agonists such as collagen” and ATP binding to P2X, 
causes a rapid Ca” influx.'! However, Ca” influx induced by stimula- 
tion of this receptor alone appears to be insufficient to induce platelet 
shape change or aggregation." It does, however, synergize with the 
P2Y platelet ADP receptors." This synergy is likely caused by the spe- 
cific downstream signaling events evoked by ATP stimulation of this 
receptor, which include Ca” influx and MAPK activation.” Support 
for a biologically important role for this receptor comes from data in 
both mice with targeted deletions of P2X,, which have impaired in vivo 
thrombus formation," and mice that overexpress P2X,, which have a 
prothrombotic phenotype.” A variant of P2X, P(2X1del), which lacks 
17 amino acids, has been described in megakaryocyte-like cell lines,'*”* 
but its functional role is uncertain." 

Several antiplatelet agents inhibit ADP-induced platelet activation. 
Thus, metabolites of ticlopidine, clopidogrel, and prasugrel inhibit the 
P2Y „ receptor’ (Chap. 134), whereas soluble CD39 catabolizes ADP 
and ATP." 


Epinephrine: a2A Adrenergic Receptors 
When added to platelet-rich plasma, epinephrine uniquely-initiates 
a first phase of aggregation without first inducing shape-change; after 
a plateau period, a second wave of aggregation occurs. The ability of 
epinephrine to synergize with other agonists, such as ADP, is well doc- 
umented, but there is controversy as to whether epinephrine, in the 
absence of released ADP or TXA, is sufficient to initiate platelet aggre- 
gation." Epinephrine can cause an elevation in intracellular Ca”, 
even in aspirin-treated platelets,” possibly by opening an external 
channel or causing release of calcium from membrane sources!*’*""”; 
it does not appear to mobilize intracellular Ca**or generate measur- 
able amounts of IP,. Analysis of the purified epinephrine receptor and 
its nucleotide sequence identified it as a seven-transmembrane, G- 
protein-coupled, «2A adrenergic receptor of Mr 64,000.'°°'*! It cou- 
ples to Gai family members, primarily Gaz, to inhibit adenylyl cyclase 
and thus prevent formation of cAMP.'*” The reduction in cAMP caused 
by epinephrine is probably not sufficient, however, to initiate platelet 
aggregation, and it is likely that other effectors are required for plate- 
let activation.’**-**° Platelets from a patient with a chronic bleeding 
disorder contained reduced amounts of Gail and displayed impaired 
epinephrine-induced aggregation, suggesting that Gail may also con- 
tribute to epinephrine-mediated responses.” Polymorphisms of the 
a2A adrenergic receptor have been associated with enhanced platelet 
reactivity and signaling. 914 

The physiologic and pathologic significance of epinephrine-induced 
platelet activation remain unclear, but there is a possibility that sympa- 
thetic stimulation may contribute to enhanced platelet activation." 
In particular, in animal models, infusion of epinephrine can enhance 
platelet thrombus formation and can overcome the inhibition produced 
by aspirin." Increased sympathetic tone may thus account for the 
resistance to antiplatelet agents during acute coronary syndromes.‘ 


Thromboxane A, and Other Arachidonic Acid Metabolites: 
Thromboxane Prostanoid Receptor 

The metabolism of arachidonic acid (AA) to TXA, is a fundamental 
pathway contributing to agonist-induced platelet activation and aggre- 
gation. Many agonists stimulate the release of AA from phosphatidyl- 
choline (PC) and PE in the plasma membrane.!* Most AA is released 
by the action of PLA, but some is also released by the concerted actions 
of PLC and DAG kinase, followed by PLA, and perhaps by the action of 
PLC followed by the action of DAG lipase. PLA, is a cytosolic enzyme, 
with multiple isoforms in platelets.“ PLA, acts on the C2 position of 
triacylglycerols such as PC and PE to form free AA and the resulting 
lysophospholipid. PLA, also converts phosphatidic acid into lysophos- 
phatidic acid, which is also a platelet agonist. Some PLA, isozymes are 
activated by the rise in intracellular platelet Ca** that occurs during 
agonist-stimulated activation, whereas other isozymes are activated in 
a Ca**-independent manner. Studies in mice’ and in a patient with 
recurrent small intestinal ulcers and platelet dysfunction” have identi- 
fied cytosolic PLA,@ as the principal PL responsible for the liberation of 
the AA that is essential for eicosanoid biosynthesis in platelets. Ligand 
binding to integrin «,,,8, activates cytosolic PLA,a, perhaps through 
one or more intermediary proteins.'** 

AA is subsequently metabolized by cyclooxygenase (COX) to 
generate PGs and TX and by LOX to generate leukotrienes (LTs) and 
hydroxyeicosatetraenoic acids (HPETEs). The main COX in platelets, 
COX-1, metabolizes AA to PGG,, which is subsequently converted to 
PGH, ee? TX synthase next converts PGH, to TXA,, which is spon- 
taneously and rapidly converted to the inactive metabolite, TXB,.'*" 
TXA, and its precursor, PGH,, can both stimulate platelet TX recep- 
tors to induce platelet aggregation.'*!"* An inducible COX (COX-2) is 
present in many cells involved in mediating the inflammatory response 
and megakaryocytes, but only trace amounts are present in normal 
platelets.'#°*!*°° COX inhibitors such as aspirin inhibit platelet function 
by inhibiting COX-1 and decreasing TXA, production.’ It has been 
hypothesized that some patients whose platelets are resistant to aspirin 
inhibition may have increased amounts of COX-2, which is not as read- 
ily inhibited by aspirin as COX-1.'*” Selective COX-2 inhibitor drugs 
are associated with increased risk of thrombosis and this is ascribed to 
their inhibition of endothelial cell prostacyclin production without the 
compensatory inhibition of TXA production via COX-1.'°° 

TXA, is a potent platelet agonist that exerts its effects via inter- 
action with specific members of the thromboxane prostanoid receptor 
(TP) family of G-protein-coupled receptors. There are two TP isoforms 
in human platelets (TPa and TP§), which arise from alternative splic- 
ing of exon 3 of the TP gene; TP, but not TPa, undergoes agonist- 
induced internalization.” Although both TPa and TPB mRNA can be 
detected in platelet lysates, it appears that TPa is the dominant form. +° 
The TXA, receptor has been localized to the platelet plasma membrane 
and on sodium dodecylsulfate (SDS)-polyacrylamide gel electrophore- 
sis it migrates as a broad band of Mr 55,000 to 57,000,'**4 the range 
a result of variability in glycosylation." Pharmacologic studies suggest 
the existence of two distinct TXA, receptor subtypes based on differ- 
ing affinities for agonist ligands. The low-affinity binding sites may 
mediate platelet aggregation and granule secretion, whereas the high- 
affinity sites seem to be associated with platelet shape change.'“*! Stud- 
ies of TP-deficient mice demonstrate that this gene locus is responsible 
for most, if not all, the biologic effects attributed to TXA, “° Bleeding 
times in these mice are prolonged, confirming the importance of this 
pathway in normal hemostasis. Platelet aggregation to collagen, but not 
ADP, is delayed, demonstrating the importance of TXA, production to 
the collagen response in platelets. TXA, pathways activate Gag, 5146 
Gal2 and Ga13,!641465 G11, and Gai2.467" Activation of Gaq is 
essential for aggregation and secretion whereas the Ga12/13-pathways 


contribute to shape change and aggregation.” It is unclear whether 
TP directly couples to Gal’*” or activates this pathway indirectly via 
released ADP.“ A significant portion of PGH,/TXA,-induced 
platelet aggregation is actually mediated by secreted ADP, because ADP 
scavenger systems inhibit aggregation induced by a stable PGH,/TXA, 


analogue either partially (30 percent)'*” or totally.'*” 


AA can also be converted to LTs and lipoxins by the sequential 
actions of LOX and other enzymes. Platelets from most animal species 
lack 5-LOX, but possess 12-LOX. Consequently, AA liberated by cyto- 
solic PLA,a can be oxygenated by 12-LOX to generate 12-HPETE, an 
unstable intermediate that is reduced by glutathione peroxidase or other 
mechanisms to generate HETE. The generation of 12-HPETE in platelets 
is slower and more sustained than the generation of TXA.'*” Platelets 
from mice deficient in the platelet-type 12-LOX are hypersensitive to 
stimulation by ADP, suggesting an inhibitory role for this pathway in 
platelet activation by ADP.“ 12-LOX activity in platelets can be regu- 
lated by signaling through the GPVI collagen receptor.‘ Because they 
lack 5-LOX, platelets do not generate LTB, nor do they appear to possess 
LTB, receptors." However, they participate in LT and lipoxin (LX) gen- 
eration through transcellular metabolism involving leukocytes. Leuko- 
cyte metabolism of AA, some of which may be derived from platelets, by 
5-LOX generates LTA „ which is then released and can be transformed by 
glutathione-S-transferase in platelets to LTC." The generation of LTC, 
by platelets requires P-selectin-mediated adhesion to leukocytes.'*” 
Leukocyte-derived LTA, can also be converted by platelets to the anti- 
inflammatory metabolite LXA, by the actions of 12-LOX in platelets. "8° 


Thrombin 

Thrombin is derived from the inactive zymogen, prothrombin, which 
circulates in plasma. When acted upon by the prothrombinase complex 
(FXa, FVa, Ca?*) assembled on the membrane of activated platelets and 
other cells, prothrombin is cleaved into thrombin™*! (Chap. 113), one of 
the most potent platelet agonists. The proteolytic activity of thrombin is 
required for its role as a platelet agonist." Thrombin activates PAR-1, 
a seven-transmembrane G-protein-coupled receptor on platelets and 
other cells,5™414831484 by cleaving an extracellular 41-amino-acid pep- 
tide from the N-terminus of the receptor (Fig. 112-16). Removal of 
this peptide results in a new aminoterminus, which acts as a “tethered 
ligand,” by binding to another region of PAR-1 to activate the recep- 
tor and initiate signal transduction. Short peptides modeled after the 
“tethered ligand” region (e.g., SFLLRN) also activate PAR-1 signaling. 
The 41-amino-acid cleavage product of PAR-1 can also induce plate- 
let aggregation by a poorly defined mechanism.'**° PAR-1 can also be 
cleaved to an active form by MMP-1 when platelets are stimulated with 
collagen, but the cleavage site is two amino acids N-terminal to the 
thrombin cleavage.’ A crystal structure of PAR-1 bound to vorapaxar, 
a small molecule antagonist recently approved for secondary prophy- 
laxis of cardiovascular disease," has been solved and provides insights 
into PAR-1 activation by the SFLLRN-tethered ligand.'4*” 

Cloning of PAR-1 and gene deletion experiments in mice led to 
the discovery of additional members of the PAR family'*%*'*": PAR-1 
and PAR-4 are the main thrombin signaling receptors on human plate- 
lets; PAR-3 and PAR-4 mediate thrombin activation on mouse platelets; 
and PAR-2 is a receptor for trypsin and other proteases. Short endoge- 
nous peptide sequences that function as selective agonists have been 
identified for PAR-1 (SELLR), PAR-2 (SLIGK), and PAR-4 (GYPGQV). 
On human platelets, a full response to thrombin requires both PAR-1 
and PAR-4."14 The receptors display distinct kinetics of activation 
and desensitization; PAR-1 mediates a substantial portion of thrombin 
signaling, but PAR-4 contributes at high doses of thrombin.’°°"% 
PAR-3 and PAR-4 serve as thrombin receptors on murine platelets,'*** 
where PAR-4 is the primary signaling molecule’ and PAR-3 functions 
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Figure 112-16. Protease-activated receptor (PAR)-1 activation by 
thrombin. Thrombin cleaves PAR-1 N-terminus and exposes a new N- 
terminal peptide SFLLRN, which can bind to and activate the transmem- 
brane core of PAR-1. PAR-1 can activate several G proteins, including 
Gi Gia and Gy (Reproduced with permission from Zhang G, Srinivasan 
Y, Arlow DH, et al: High-resolution crystal structure of human protease- 
activated receptor 1. Nature 492(7429):387-392, 2012.) 

as a cofactor for the cleavage and activation of PAR-4 by thrombin.” 
Deficiency of either PAR-4 or PAR-3 results in a bleeding defect and 
protection from experimental thrombosis in mice. 414% 

When platelets are exposed to a subaggregating concentration of 
thrombin, they become relatively insensitive to subsequent stimula- 
tion with an aggregating concentration of thrombin, a process termed 
homologous desensitization. This involves rapid receptor internaliza- 
tion and alterations in the thrombin receptor signaling systems.” Traf- 
ficking of the thrombin receptor to lysosomes is dictated by the amino 
acid sequence in the cytoplasmic tail of PAR-1 and requires phosphory- 
lation. In comparison with PAR-1, activation-dependent internalization 
of PAR-4 occurs to a lesser extent and termination of PAR-4 signaling 
occurs more slowly,” resulting in distinct patterns of signaling through 
each receptor. 

PAR-1 activation can be either proinflammatory or antiinflamma- 
tory, depending on the dose of thrombin. PAR-1 activation in nonhe- 
matopoietic cells contributes to the innate immune response to viral 
infection with influenza A and coxsackievirus B3 in animal models'*” 
but in other models PAR-1 activation enhances influenza A pathoge- 
nicity in response to severe infection and PAR-1 deficiency offers pro- 
tection.’ Thus, the relative roles of platelet PAR-1 and tissue-specific 
PAR-1 in viral infections are complex." 

Thrombin can bind to GPIba, and platelets from patients lack- 
ing the GPIb/IX complex (Bernard-Soulier syndrome) have decreased 
thrombin-induced platelet aggregation (Chap. 121). A region on GPIba 
with three sulfated tyrosines and a large number of anionic amino acids, 
with homology to the high-affinity thrombin inhibitor hirudin, contains 
the thrombin binding site." Tertiary structures of the extracellular, 
aminoterminal domain of GPIba bound to thrombin indicate that two 
thrombin molecules interact with each GPIba.'*!* This bivalent inter- 
action may allow thrombin to serve as a bridge linking GPIba receptors 
on the same or adjacent platelets." Binding of thrombin to GPIb 
may also enhance activation via PAR-1. Thrombin can activate platelets 
via interaction with GPIb even when both PAR-1 and PAR-4 have been 
desensitized, and there may be a still unidentified mechanism by which 
thrombin activates platelets independent of PAR-1, PAR-4, and GPIb.*” 
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Tachykinins: Substance P and Endokinins A and B 

The tachykinin neurotransmitter substance P induces platelet aggrega- 
tion and the release reaction at micromolar concentrations and enhances 
aggregation induced by other agonists at lower concentrations.’ 
Platelets express two seven-transmembrane G-coupled-receptors for 
substance P (NK, and NK,) and NK, has been implicated in mediat- 
ing the response to substance P.” In addition, an amidated peptide 
from the C-terminus of the related tachykinins, endokinins A and B 
(GKASQFFGLM-NH.), initiates platelet aggregation. Substance P has 
also been identified in platelets and platelets secrete substance P when 
activated. 


Chemokines: Chemokine Receptors CCR1, CCR3, CCR4, 
CXCR1, CXCR4 

Based on monoclonal antibody binding and/or mRNA expression 
studies, platelets and/or megakaryocytes have been reported to express 
the seven-transmembrane G-protein-coupled chemokine receptors 
CCR1, CCR3, CCR4, CXCRI1, and CXCR4 (reviewed in Refs. 762 and 
1508). These receptors may play a role in megakaryopoiesis and plate- 
let production. In addition, a number of chemokines, in particular PF4 
(CXCL4), CXCL12, CCL13, and CCL22, have been variably found to be 
able to either augment platelet activation and aggregation induced by 
other agonists, or to actually fully initiate platelet adhesion, activation, 
and aggregation. Because high concentrations of the chemokines rela- 
tive to plasma concentrations are required to demonstrate these effects, 
it is unclear what role these receptors play in platelet physiology, but it is 
possible that local chemokine levels are higher in areas of inflammation. 


Lipid Mediators (Platelet-Activating Factor, Lysophosphat- 
idic Acid, and Sphingosphine-1-Phosphate) 

PAF (a mixture of 1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocho- 
line and 1-O-octadecyl-2-acetyl-sn-glycero-3-phosphocholine’™’) is a 
phospholipid ether produced by platelets, leukocytes, and other cells. 
PAF is a potent platelet agonist and mediator of inflammation. Cellu- 
lar responses to PAF are mediated by a specific seven-transmembrane 
G-protein-coupled receptor.'5!°'5!! PAF induces G-protein-dependent 
inhibition of adenylyl cyclase and activation of PLC,™'? which cause 
phosphoinositide turnover, leading to the activation of PKC and an 
increase in intracellular Ca™.™ PAF also indirectly activates PLA, 
which causes release of AA from the platelet membrane.” All of these 
effects contribute to the overall platelet response to PAF. PAF is catabo- 
lized by PAF acetylhydrolase and this enzyme may play an important 
role in inflammation and atherosclerosis." 

LDLs activate human platelets, and oxidized LDLs are more potent 
platelet activators. One active component in oxidized LDLs is oxidized 
phosphatidylcholine (oxPC,,), which increases with diet-induced 
hyperlipidemia. oxPC,, signals through CD36'”° via phosphorylation 
of the MAPKs p38 and c-Jun N-terminal kinase.'*”? Platelet activation 
by oxidized LDLs in the absence of hyperlipidemia may also require SR 
A.**** Increases in levels of oxPC,, with hyperlipidemia may provide an 
explanation for observations that atherogenic mice have a prothrom- 
botic phenotype as indicated in vivo by decreased tail-bleed time and 
propensity to thrombosis in response to either ferric chloride or pho- 
tochemical injury, and in vitro by increased platelet aggregation. 1571515 

Activated platelets likely contribute to lysophosphatidic acid (LPA) 
generation in blood'*’* via lysophospholipase D (lysoPLD)-catalyzed 
hydrolysis of a lysophosphatidyl choline (LPC). Autotaxin, initially 
identified as a tumor-cell derived motility factor, appears to be respon- 
sible for the majority of lysoPLD activity in serum; it is also responsible 
for the formation of LPA from LPC‘ and release of autotaxin from 
platelets may promote tumor cell metastasis through the generation of 


LPA.'*!° Mild oxidation of LDL generates LPA, and the LPA component 
of oxidized LDL in the lipid-rich thrombogenic core of atherosclerotic 
lesions exposed during plaque rupture may be an important platelet 
activator." 

In human platelets, LPA elicits shape change,™! platelet- 
monocyte aggregate formation,” and fibronectin-matrix assembly’”; 
it also potentiates ADP-induced platelet aggregation. LPA signaling 
pathways couple by activation of the small G-protein Rho,’*”' Src kinase 
activity, and calcium entry,'* with little activation of Gq-dependent 
pathways.” Some of the platelet responses to LPA in whole blood 
are attenuated by P2Y, and P2Y,, receptor antagonists, suggesting that 
released ADP may play an important role in mediating aspects of the 
response to LPA.'™ The platelet receptor(s) responsible for LPA signal- 
ing are not known. 

S1P is a weaker activator of platelets than LPA and requires high 
concentrations (>10 uM) to induce platelet aggregation,” raising the 
possibility that a contaminant or a S1P-derived metabolite may account 
for its biologic activity.” S1P elicits platelet shape change," acti- 
vates protein kinases, and stimulates fibronectin matrix assembly.’ 
Paradoxically, S1P has also been reported to inhibit thrombin- and 
epinephrine-induced platelet aggregation.” 


Serotonin 
Platelets serve as the major serotonin (5-hydroxytryptophan [5HT]) 
storage site in the circulation because they have the capacity to take 
it up actively and store it in dense granules. The release of serotonin 
from dense granules during platelet activation may amplify platelet 
aggregation and granule release. Serotonergic receptors, which are 
seven-transmembrane G-protein-coupled receptors, exist in seven main 
subfamilies termed 5HT, to 5HT,,.'*° The receptor that mediates sero- 
tonin’s effects on platelet function is of the SHT,, subtype and is identi- 
cal to the SHT,, receptor present in the brain frontal cortex.'*°!"™ The 
5HT, receptor-blocking compound ketanserin antagonizes serotonin’s 
stimulatory effects on platelets and neurons. Two naturally occurring 
amino acid substitutions have been identified in the receptor." Plate- 
lets from patients heterozygous for the H452Y polymorphism have a 
blunted calcium response when stimulated with serotonin compared to 
platelets from patients homozygous for H452." Silent polymorphisms 
in the 5HT,, gene (T102C in exon 1 and -1438A/G in the promoter 
region) have been correlated with nonfatal acute MIs and enhanced 
5HT,, receptor-mediated small platelet aggregate formation.” Many 
studies have been performed correlating platelet serotonin transporter 
activity and 5HT,, receptors with a number of neuropsychiatric dis- 
orders.'°*8-'5 There is some concern, however, about the correlation 
between 5HT,, receptors on platelets and those in the brain.” Hyper- 
responsive 5HT,, receptors have been implicated in the association 
between depression and increased risk of cardiovascular events.'** 

Addition of serotonin in micromolar concentrations to plate- 
lets in vitro causes elevation of intracellular calcium, PLC activation, 
protein phosphorylation, and mild aggregation." In whole blood, 
serotonin does not itself cause platelet aggregation, but it does enhance 
aggregation induced by ADP and thrombin. Serotonin released from 
platelets can cause vasoconstriction of blood vessels that have suffered 
endothelial damage,'“* further promoting thrombus formation. Inhi- 
bition of serotonin’s action has a favorable effect in animal models of 
thrombosis and vascular damage, but it is not clear whether the benefit 
derives from effects on platelet aggregation or vasoconstriction.!® Mice 
deficient in serotonin have prolonged bleeding times, suggesting a phys- 
iologic role for serotonin in hemostasis.'**° 

A role for serotonin in linking procoagulant proteins to activated 
platelets has been described. Serotonin can attach via a transglutaminase- 
dependent reaction to multiple substrates, including fibrinogen, VWF, 


thrombospondin, fibronectin, and «,-antiplasmin. These serotonylated 
proteins then associate to a subpopulation of activated platelets termed 
“coated” platelets, perhaps via interactions with fibrinogen or throm- 
bospondin.'***'5*! Tissue transglutaminase in platelets can also catalyze 
the addition of serotonin to the small G-proteins Rab4 and RhoA in a 
reaction that renders them constitutively active and promotes a-granule 


secretion. 


The serotonin transporter (SERT), which takes up and releases 
serotonin, contributes to platelet stores of serotonin. Expression of 
SERT is required for normal ADP- and thrombin-mediated aggrega- 
tion of mouse platelets." Furthermore, SERT activity is enhanced by 
ligand binding to integrin & „8, Case reports have suggested an asso- 
ciation between the use of a serotonin reuptake inhibitor and bleeding 
abnormalities." Reports conflict as to whether these antidepressants 
may protect from MI or reduce the complications of acute thrombosis. 
In mice, platelet release of serotonin is essential for liver regeneration 
following partial hepatectomy." 


Vasopressin: V -Type Receptor 

Vasopressin interacts with platelets to induce shape change, aggrega- 
tion, and dense granule release.'*** These events follow an induced rise 
in intracellular calcium and PLC activation.'*” The platelet binding site 
is classified pharmacologically as a V,-type receptor,'** and radiola- 
beled vasopressin binds with a K, of 1 to 10 nM. Unlike the case 
with V, receptors that activate adenylate cyclase, the V, receptors appear 
to activate PLC,’ perhaps via coupling through Gaq11.'°*' There are 
fewer than 100 binding sites for vasopressin per platelet,” and there is 
controversy as to whether physiologic concentrations of vasopressin are 
sufficiently high to activate platelets directly“; even if vasopressin 
does not directly activate platelets, it may be able to enhance platelet 
activation induced by other agonists. Vasopressin V, receptor antago- 
nists inhibit vasopressin-induced platelet aggregation. 15651566 


Angiotensin II: AT1-Type Receptor 

Platelets express angiotensin II (AngII) AT1-type receptors.” AngII 
treatment of platelet-rich plasma results in shape change but not plate- 
let aggregation.''*'5® Infusion of AngII into normal volunteers results 
in platelet activation as assessed by plasma f-thromboglobulin levels 
and platelet surface expression of P-selectin and fibrinogen binding 
sites.” Certain AT1 receptor antagonists, such as losartan and irbe- 
sartan, competitively inhibit TXA, receptors on platelets.°°'7)"? AT1 
receptor antagonists stimulate NO release from isolated platelets. In 
hypertensive rats treated with losartan, platelet function appears to be 
attenuated,'’*“ but data in humans on the effects of administering AT1 
receptor antagonists are inconsistent, 13-1578 


Thrombospondin: Integrin-Associated Protein (Cd47) 

Thrombospondin (TSP), a large disulfide-bonded trimer (subunit Mr 
160,000), is both a platelet a-granule protein and an extracellular matrix 
protein present in the subendothelium. TSP is rapidly released from 
platelets upon thrombin stimulation. In addition to its role as an adhe- 
sive protein, TSP also functions as an agonist to stimulate integrin œb- 
mediated platelet aggregation.**"°” Multiple potential TSP receptors 
are present on platelets, including CD36, integrins a,,6, and a,,B,, and 
integrin-associated protein (termed CD47). Of these receptors, CD47 
is most strongly implicated as the major signaling receptor in response 
to TSP. CD47 was first discovered as a protein that copurifies with inte- 
grins, including integrins a,,8,,°°° ap, and a f, The sequence of 
CD47 indicates that it has a single immunoglobulin-like extracellular 
domain, five membrane spanning regions, and a short cytoplasmic 
tail.°°?!5758 CD47 probably generates signals independent of integrins 
and affects integrin function via downstream effects. CD47 couples 
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physically and functionally to the large G-protein, Gal, which is of 
note because all known large G-proteins couple to receptors with seven 
rather than five transmembrane spanning regions. Further downstream 
signaling probably involves the activation of tyrosine kinases, including 
Syk, Lyn, and Fak, as well as PLCy2.'5* Studies of mice with targeted 
deletions of CD47 indicate that it may block the inhibitory effects of NO 
on platelets,’** which may contribute to its role in stimulating platelet 
adhesion to activated endothelium under low shear rates.'°*° 

How other TSP binding sites on platelets contribute to the over- 
all response induced by TSP is not clear. CD36 copurifies with several 
tyrosine kinases, including Fyn, Lyn, and Yes.'*!5 However, whether TSP 
binding to CD36 activates these kinases and whether they then contrib- 
ute to the observed platelet response is unknown. 

TSP also functions as a reductase for VWF; in a granules it appears 
to reduce VWF multimer size.!°**!°*” In contrast, TSP also binds to the 
A3 domain of plasma VWF, where it competes for ADAMTS- 13 bind- 
ing, thus slowing the rate of VWF cleavage, thus favoring large mul- 
timers." TSP also makes a small, but significant, contribution to the 
conversion of latent TGF-f, released from platelets to active TGF-B..*”* 


Collagen: GPVI and Integrin a b, 
Upon vascular injury, collagens in the subendothelium become exposed 
to flowing blood and promote both platelet attachment and activation, 
thereby contributing to normal hemostasis. Collagen is also one of the 
most thrombogenic substances in atherosclerotic plaques, and upon 
plaque rupture it is believed to contribute to platelet aggregation and 
thrombus formation, leading to ischemic damage (Fig. 112~17).'°** The 
types of collagen present in the subendothelium include: I, HL IV, V, 
VI, VIII, and XIII,” the most abundant being types I and III (greater 
than 95 percent). Under conditions that mimic physiologic blood flow, 
platelets adhere tightly to collagen types I, III, and IV, weakly to types 
VI, VII, and VIII, and not at all to type V. However, under static condi- 
tions, platelets can adhere to types I to VIII.” Collagens are normally 
acid insoluble fibers, but can form spiral microfibrils when subjected to 
proteolysis. Differences in the nature of the collagen surface influence 
its recognition by platelets. 15° 

Collagen-induced platelet activation probably involves multiple 
receptors, most notably GPVI and integrin æ f}, with indirect activa- 
tion of PAR-1 via activation of MMP-1."° GPVI is a Mr 62,000 gly- 
coprotein from the immunoglobulin superfamily’ that functions 
in concert with the FcRy-chain, with the latter initiating intracellular 
signaling.8%11671168.15°5-15°8 Other collagen receptors on platelets include 
CD36" and a Mr 65,000 protein termed GP65.’”” The I (inserted) 
domain in the a, subunit of integrin «f, is homologous to a number of 
collagen-binding domains in other proteins and mediates adhesion of 
the receptor to collagen. Integrin a f, recognizes spiral microfibrils, but 
not the acid insoluble form of collagen in which the monomers assume 
a banded pattern.'° The potential interrelation of all of the collagen 
receptors is unknown, but GPVI appears to be responsible for platelet 
interactions with insoluble collagens and GPVI and @,8, work in con- 
cert to recognize collagen spiral microfibrils, perhaps by assembling 
intracellular proteins into complexes. ’6+1600,1601 

GPVI exists as both monomer and dimer in a stable physical com- 
plex with the dimeric FcRy-chain; FcRy-chain is absent from GPVI- 
deficient platelets.""6%11711180 The tertiary structure of GPVI revealed 
a dimeric structure with parallel orientation of the collagen binding 
domains, separated by a distance (5.5 nm) that matches the orientation 
of the collagen triple helix. Molecular docking studies suggested that 
collagen interacts with a shallow groove on the surface. The addition of 
either collagen or an antibody that can crosslink GPVI induces tyrosine 
phosphorylation of the FcRy-chain.''* The kinases contributing to this 
event are probably Fyn and/or Lyn.!?!!%!6” Tyrosine phosphorylation 


Part XII: Hemostasis and Thrombosis 


Man, 


2B,  MMP-1 


ia Thrombin 


= rs 
4 Se 
“Ley 
Activated la 


Figure 112-17. Collagen activation of platelets. The platelet collagen receptor GPVI is physically and functionally coupled to the immunoreceptor 
tyrosine-based activation motif (ITAM)-containing FcRy-chain. Upon collagen binding to GPVI, GPVI dimerizes as a result of oxidation of intracytoplas- 
mic thiol groups (not shown) and then tyrosine motifs within the FcRy-chain are phosphorylated (P) by the Src family kinase Fyn. This action initiates 
a chain of events that includes recruitment of the tyrosine kinase Syk, which is phosphorylated and activated by Fyn and Lyn, and phosphorylation 
of adaptor proteins LAP and SLP76. A signaling cascade activates Bruton tyrosine kinase (BTK), phospholipase C (PLC)-2, protein kinase C (PKC), and 
phosphoinositol 3’-kinase (PI3K). Ultimately integrins a,8, and a,,8, are converted to a high-affinity (“active”) state. Activation of a,8, promotes firm 


adhesion to collagen and reinforces intracellular signaling pathways. 


of the ITAM on the FcRy-chain increases the motif’s affinity for pro- 
teins containing SH2 domains, resulting in the recruitment of such 
proteins to the FcRy-chain."“"""™ The nonreceptor tyrosine kinase Syk 
contains two adjacent SH2 domains and a tyrosine kinase domain. In 
platelets from normal mice, Syk physically associates with the FcRy- 
chain and becomes phosphorylated and activated after collagen stim- 
ulation,'° whereas in platelets from mice lacking FcRy-chain, collagen 
is unable to induce Syk phosphorylation and activation.” Similarly, in 
platelets lacking GPVI or in platelets in which integrin «,8, is blocked, 
collagen-induced Syk phosphorylation is also inhibited, demonstrating 
that GPVI, integrin «f, and Syk all participate in the platelet response 
to collagen. The £ subunit of the integrin «f, also displays Tyr residues 
spaced in a manner reminiscent of an ITAM motif, and thus it is possi- 
ble that Syk might also associate with this collagen receptor. In addition 
to Syk,'*” Src also becomes tyrosine phosphorylated in response to col- 
lagen. Although Src is an abundant kinase in platelets, its role in platelet 
signaling is unclear, as mice lacking Src do not suffer from any obvious 
bleeding disorder.’ Syk, on the other hand, appears to play a criti- 
cal role in collagen activation of platelets as platelets from mice lacking 
Syk do not aggregate or undergo secretion in response to collagen.” 


Collagen stimulation of platelets also results in tyrosine phosphoryla- 
tion and activation of PLCy,,' and activation of this enzyme causes PI 
hydrolysis, leading to integrin a,,8, activation. PLCy, activation occurs 
downstream of Syk, as evidenced by the findings that collagen is unable 
to activate PLCy, in platelets pretreated with a Syk-selective inhibi- 
tor!” or in platelets from Syk knockout mice.” It is unknown whether 
Syk activates PLCy, directly, but Bruton tyrosine kinase (BTK) might 
be positioned between Syk and PLCy, because patients lacking BTK 
not only exhibit the B-cell deficiency X-linked agammaglobulinemia, 
but also show reduced platelet responsiveness to collagen and dimin- 
ished phosphorylation of PLCy,.'* Signaling via GPVI also activates 
the other major collagen receptor integrin o,8,,'°°!° perhaps via talin 
binding to the f, cytoplasmic domain,” elimination of an inhibitory 
influence of the «, cytoplasmic domain,” and/or extracellular disulfide 
exchange.” 

Intermediate events of GPVI signaling involve the activation of a 
small G-protein, Rap-1, which has been implicated in integrin activa- 
tion in platelets and megakaryocytes.'*!! Full GPVI-induced Rap-1 acti- 
vation appears to involve both release of ADP (acting on the P2Y,, ADP 
receptor) and ADP receptor-independent pathways.'*” GPVI signaling 


also results in the activation of at least one negative regulator of platelet 
function, c-CBL, which is tyrosine phosphorylated and activated down- 
stream of Src kinases. Platelets deficient in c-CBL show enhanced aggre- 
gation responses in response to GPVI engagement.'*? While much of 
the GPVI-mediated signaling occurs via the associated FcRy, the cyto- 
plasmic domain of GPVI also contains a highly basic region that binds 
calmodulin and a Pro-rich region that binds Src kinases, which also 
appear to contribute to GPVI-mediated signaling.’** GPVI signaling 
also leads to the generation of reactive oxygen species.'°° 

Integrin æ f, can also signal in response to collagen, independent 
of GPVI and induce phosphorylation and activation of many of the 
same signaling components attributed to the GPVI-induced signal- 
ing cascade, such as Src, Syk, SLP-76, and PLC2. Other components 
include plasma membrane calcium ATPase and FAK."*'° However, sep- 
arate studies indicate that integrin a,8, must be in an active conforma- 
tion in order to participate in this signaling.” Thus it appears that 
collagen-induced signaling via GPVI activates integrin «f, allow- 
ing both receptors to participate in the signaling necessary for a full 
response to collagen.'*”” 

‘The inactive form of MMP-1 (proMMP-1) is associated with integ- 
rin w,B,,'°° as well as integrin a 8,.'°'* With collagen activation, MMP-1 
becomes activated and then can cleave the N-terminal region of PAR-1, 
resulting in the generation of a new N-terminal that can insert into the 
receptor and initiate downstream signaling through the p38 MAPK, 
Rho-GTP pathway. Of note, the cleavage of PAR-1 by MMP-1 is at a 
site two amino acids N-terminal to the cleavage site of thrombin. The 
combined activation of PAR-1, integrin ap, and GPVI may account for 
the high thrombogenicity of collagen surfaces. 

The levels of GPVI and integrin a p, expressed on platelets vary 
among individuals, but it is unclear whether there is a correlation 
between the levels of expression of each of them.**'*!?"!! The level of 
expression of these receptors correlates with the ability of platelets to be 
stimulated by collagen. GPVI is present on the membranes of the open 
canalicular system and a granules, but these pools are not detectable 
on the surface of resting platelets. These pools merge with the plasma 
membrane pool in stimulated platelets, increasing the apparent surface 
expression of GPVI by approximately 60 percent.'©” 

CD36 can also bind collagen and antibodies to CD36 partially 
inhibit platelet adhesion to collagen.’*! Platelets from patients 
lacking CD36 responded normally to collagen in one study,'** but 
showed a minor defect in adhesion to collagen under flow conditions 
in another. 

Platelets stimulated with collagen exhibit several distinct responses. 
Although elevated cAMP levels normally inhibit platelet aggrega- 
tion, collagen-stimulated platelets are relatively resistant to inhibition 
by cAMP.” This may be related to the fact that collagen stimulates 
the PLCy isotype, which is insensitive to cAMP-mediated inhibition, 
whereas other agonists such as thrombin stimulate PLC, which is 
inhibited by cAMP. In addition, phosphatase inhibition decreases col- 
lagen-, but not thrombin- or ADP-induced platelet aggregation, sug- 
gesting that one or more phosphatases are critical in collagen-induced 
platelet aggregation. 


GPIb/IX/V 

The GPIb/IX/V complex promotes the initial interactions of platelets 
with VWE, particularly under conditions of high shear, resulting in 
platelet tethering. GPIb/IX/V can also initiate signals that activated 
the integrin æ „p, receptor, resulting in firm platelet adhesion and 
aggregation.” Some of the first evidence that the GPIb/IX/V com- 
plex could serve as a signaling receptor came from studies in which 
antibodies to integrin a,,6, partially inhibited ristocetin-induced 
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platelet aggregation.’ Subsequently, ristocetin-mediated interaction of 
VWF with platelets was observed to cause PIP, metabolism, activation 
of PKC, and an increase in intracellular Ca**. Likewise, shear forces ini- 
tiate signaling through the binding of VWF to GPIb/IX/V.'*” In heter- 
ologous systems such as Chinese hamster ovary (CHO) cells expressing 
both GPIb/IX and integrin & „p, occupancy of GPIb/IX by VWF can 
lead to activation of œ „p, 6% In platelets, the GPIb/IX/V complex 
associates with signaling proteins with ITAM motifs, such the FeyRIIA 
receptor? and FcRy-chain'!; however, engagement of GPIb/IX/V 
alone is sufficient to activate integrin a,,,B,.'°° The signaling pathway 
triggered by engagement of GPIb/IX/V is incompletely understood but 
appears to involve activation of Src'**!*'* and PI3K, and recruitment 
of the adaptor proteins SLP-76 and ADAP (SLAP- 130).'** The result is 
activation of PLCy,,'*° PKC, and integrin «,,,6,. Signaling through the 
GPIb/IX/V complex also causes release of AA and generation of TXA.. 
A cyclic guanosine monophosphate (CGMP) and MAPK-dependent 
pathway for GPIb/IX-mediated activation of integrin « „p, has also 
been reported." The GPIb/IX/V complex binds several intracellular 
proteins, including filamin (actin binding protein), calmodulin,'*” 
and 14-3-3¢.10%16816 Activation of c-RAF by 14-3-3¢ may link GPIb/ 
IX/V signaling to the MAPK signaling pathway; moreover, protein 
14-3-3¢ exists as a dimer, which may allow it to bridge and dimerize 
GPIb molecules.'*” In CHO cells, clustering of GPIb/IX promotes stable 
adhesion via integrin æ pp, 

The GPIb/IX/V complex also appears to be involved in transmit- 
ting at least one cAMP-dependent inhibitory signal. Thus, elevated 
cAMP, which activates protein kinase A (PKA), induces phosphory- 
lation of GPIbf on Ser 166.'°! Elevated cAMP also normally inhibits 
agonist-induced platelet actin polymerization. However, in platelets 
from patients with Bernard-Soulier syndrome, which lack GPIb/IX/V, 
actin polymerization proceeds normally after collagen stimulation, even 
when cAMP is elevated, suggesting that cAMP-mediated phosphoryla- 
tion of GPIbf may be required for the cAMP-mediated inhibition.’“! 

GPV, a Mr 82,000 membrane-spanning protein that is a member 
of the leucine-rich repeat family and complexes with GPIb/IX, is a sub- 
strate for thrombin.'*” GPV-null platelets display enhanced responses to 
thrombin" and GPV-null mice have accelerated thrombus growth in 
response to vascular injury." Proteolytically inactive thrombin selec- 
tively activates mouse platelets lacking GPV and induces thrombosis in 
GPV-deficient but not wild-type mice." Together, these observations 
suggest that GPV may function as a negative regulator of thrombin sig- 
naling through GPIb/IX, and in its absence, thrombin may function as 
a ligand for GPIb/IX. 


ADDITIONAL INTERMEDIATE SIGNALING 
MOLECULES 


Calcium 

Elevation of intracellular Ca’* has a multitude of effects on platelet 
physiology. "#16 The concentration of Ca’ in resting platelets (100 to 
500 nM) is very low compared to the plasma concentration of Ca” 
(approximately 2 mM). Exposure of platelets to most agonists is accom- 
panied by a rapid, transient rise in the intracellular free Ca** concen- 
tration to micromolar levels, followed by a less-rapid return to normal 
resting levels. The cytoplasmic Ca% concentration at any given time is a 
result of the rates of passive Ca* influx, active Ca™ extrusion across the 
plasma membrane, and both active release and/or uptake of Ca” by the 
DTS/sarcoplasmic reticulum (see “Dense Tubular System/Sarcoplasmic 
Reticulum” above), which is a Ca” storage depot in platelets analogous 
to the sarcoplasmic reticulum in muscle. Active Ca™ extrusion and 
uptake of Ca**are mediated by several pumps (see Fig. 112-3). The cyto- 
solic pool of Ca% turns over rapidly as a result of a plasma membrane 
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Na*/Ca** antiporter, whereas the DTS/sarcoplasmic reticulum contains 
a more slowly exchanging pool of Ca’ regulated by a Ca**/Mg”* ATPase 
(sarco-/endoplasmic reticulum Ca?*- ATPase 3 [SERCA3]), a pump that 
also appears to be located in the plasma membrane.“ During ago- 
nist stimulation, most Ca’ enters the platelet cytosolic compartment 
through receptor-operated calcium channels (reviewed in Ref. 1646) 
in the plasma membrane. Collagen, for example, causes Na‘ entry 
into platelets, which reverses the Na*/Ca™ antiporter to promote Ca** 
entry, thus contributing to platelet aggregation.’ Release of intracel- 
lular Ca** from the DTS/sarcoplasmic reticulum also occurs rapidly in 
response to agonist stimulation, in large a result of the IP, generated as 
part of the phosphoinositide cycle.’*°'’ The release of internal stores 
of Ca** results in translocation of STIM1 from the DTS/sarcoplasmic 
reticulum, followed by activation of the plasma membrane Ca™ channel 
Orail, leading to store-operated Ca’* entry." Calcium entry is also sup- 
ported by TRPC6 mediating non-store-operated mechanisms, induced 
by DAG.**°' The role of TRPC1 remains to be defined.*!!*!* Integ- 
rin @,,,8, may also participate in Ca** entry.’ 

An intracellular rise of Ca” levels induces numerous downstream 
events, including activation of Ca’‘-sensitive forms of PLA,’ and 
PKC'*'!; calmodulin-dependent enzymes such as myosin light-chain 
kinase, which phosphorylates myosin light chain’? and promotes 
cytoskeletal rearrangements required for platelet shape change; and 
gelsolin, which facilitates actin severing and rearrangement, secretion, 
and aggregation. In addition, Ca** probably plays a direct role in con- 
trolling the secretory machinery, which mediates the membrane fusion 
events that result in degranulation and the release reaction. Calcium- 
dependent proteases or calpains also become activated and play an 
important role in postaggregation events. The Ca** binding protein CIB 
(calcium and integrin binding protein)'* binds to the membrane prox- 
imal region of a,“ and contributes to platelet spreading.”' 


Phosphoinositide 3’-Kinases 

PI3Ks are a family of lipid kinases that phosphorylate the D-3 hydroxyl 
group of the myoinositol ring of phosphoinositides.'°'%* Class I PI3Ks 
are heterodimeric protein complexes containing both adaptor and cat- 
alytic subunits that use PI, PI(4)P, and PI(4,5)P, as substrates to form 
PI(3)P, PI(3,4)P.,, and PI(3,4,5)P., respectively. Class Ia (PI3Ka, PI3KB, 
and PI3K6) and class Ib (PI3Ky) have distinct subunits and regulatory 
features. The catalytic subunit of class Ia PI3K is a Mr 110,000 to 120,000 
protein; the adaptor subunit, p85 (PI3K p85«), has two SH2 domains, 
a breakpoint cluster region homology domain, a Pro-rich region, and 
a single SH3 domain. Members of this class of PI3K possess intrinsic 
serine-threonine protein kinase activity in addition to lipid kinase activ- 
ity, and they appear to be regulated, at least in part, by binding of the p85 
subunit to tyrosine-phosphorylated proteins. Although platelets possess 
PI3Ka and PI3K6, the main class Ia member that is thought to contrib- 
ute to platelet function is PI3K$. PI3Ky has been isolated from plate- 
lets and neutrophils and contains both regulatory (p101) and (p110y) 
subunits; the latter is activated by the B/y subunit of heterodimeric G 
proteins. Both isoforms of PI3K appear to associate with the platelet 
cytoskeleton after agonist activation. 

In platelets, 3-phosphorylated phosphoinositides are produced in 
response to a variety of agonists, including thrombin, TXA,, LPA, ADP, 
and collagen, and may mediate early signaling events that precede integ- 
rin OB, activation, as well as late events involved in stabilizing fibrino- 
gen binding and platelet aggregation.'°*'*” Thrombin stimulates rapid 
accumulation of PI(3,4,5)P, and PI(3,4)P and late production of 
PtdIns(3,4)P.; the latter requires fibrinogen binding to OP, and calpain 
activity. Collagen promotes the association of class Ia P13K via the 
SH2 domains with tyrosine-phosphorylated forms of FcRy-chain and 
the regulatory protein, linker-for-activator T cells, to modulate PI3K.'*° 


Platelets from mice lacking PI3K p85a aggregate normally to ADP, 
thrombin, U46619 and phorbol esters, but display impaired responses 
to collagen and CRP and diminished tyrosine phosphorylation of the 
PI3K effectors Btk, Tec, Akt, and PLCy,.'°! FcyRITA-induced platelet 
aggregation requires PI3K activity, which is upstream of PLCy, in the 
pathway.'** Genetic deletion of PI3Kf in mice results in embryonic 
lethality, but mice possessing a kinase dead form of the enzyme have 
been generated. Platelets from these mice have defects in G-protein- 
coupled receptor (GPCR)-, collagen-, and integrin-mediated signaling 
pathways.'°® Platelets from mice lacking PI3Ky isoform aggregate nor- 
mally to thrombin and collagen but have impaired responses to ADP, 
and PI3Ky-deficient mice are protected from ADP-induced throm- 
boembolism.’™ Platelets from mice expressing a kinase dead form of 
PI3Ky have defective GPCR-induced activation of Rap1 and aggrega- 
tion, but normal responses through GPVI-activated pathways.’ A 
working model to explain the observations is that PI3Kf serves as a 
common intermediary of signals elicited by GPCR, collagen, and integ- 
rin ligation, whereas PI3Ky primarily affects GPCR- initiated pathways. 
Many of the biologic actions of PI3K are mediated by their phospholipid 
products, which bind to specific sequences in proteins. The pleckstrin 
homology (PH) domains (approximately 100-amino-acids long) present 
in pleckstrin and other platelet proteins involved in signal transduction, 
recognize either PI(3,4)P, or PI(3,4,5)P,. Binding of PI(3,4,5)P, to the 
aminoterminal PH domain in PLCy enhances its activity." PI(3,4,5) 
P, binding to PH domains in BTK’*” targets BTK to the plasma mem- 
brane, where it is further phosphorylated and activated. 66° PI(3,4)P, or 
PI(3,4,5)P, binding to the PH domains in the serine/threonine kinase 
Akt (or protein kinase B) changes the conformation of Akt, permitting 
it to become activated by phosphorylation on Ser and Thr by Akt-ki- 
nase (PDK1).'°'*” Akt activation is biphasic, occurring before and 
after platelet aggregation.*” Two isoforms of Akt are present in human 
platelets (Akt1 and Akt2).'°”' The Akt isoforms have multiple substrates 
in platelets. One prominent substrate is glycogen synthase kinase 
(GSK)-38, which is inactivated by Akt-mediated phosphorylation. 
GSK-3 suppresses platelet function and thrombosis in mice.'*” Akt 
activation also stimulates NO production and resultant protein kinase 
G (PKG)-dependent degranulation.'*” Finally, Akt has been implicated 
in activation of a cAMP-dependent phosphodiesterase (PDE3A), which 
plays a role in reducing platelet cAMP levels after thrombin stimula- 
tion." Each of these Akt-mediated events is expected to contribute to 
platelet activation. Deficiency of Akt2 in mice impairs platelet aggre- 
gation, secretion, and fibrinogen binding in response to low doses of 
thrombin and U46619, but has minimal effects on collagen signaling.'*” 
Akt2 null mice have normal bleeding times, but are protected from 
experimental thrombosis, as are mice with a deficiency of Akt1.!67'6” 
Interestingly, in platelets containing either kinase dead PI3Kf or PI3Ky, 
activation of Akt by ADP was abolished, and yet under the same condi- 
tion, aggregation was only modestly affected,’** which raises questions 
about the role of Akt in these events. 


Small G Proteins 

Overview The Ras superfamily of small GTPases are intracellular 
transducers that act as “on-off” switches to facilitate the response to 
extracellular stimuli. Platelets contain members of the Ras subfamily 
(Ras, Ral, and Rap), the Rho subfamily (Rho, Rac, and Cdc42), the Rab 
subfamily (Rab 1, 3, 4, 6, 8, 11, 27, 31, 32),'°’7-' and the Arf subfamily 
(Arfl or 3 and 6).!°*! 

Rho family GTPases are regulators of cytoskeletal remodeling: 
Cdc42 for filopodia formation, Rac for lamellipodia and membrane 
ruffling, and Rho for focal adhesion and stress fiber formation. '63%168 
Platelets have Cdc42,' Racl,'** and RhoA.'*” Resting platelets have 
very low levels of the GTP-bound forms of these GTPases,'**'** but all 


are converted to their GTP-bound states upon platelet activation. "63160 
Thus, receptor-mediated signaling activates Rho family GTPases. Cdc42 
and Racl are activated at a very early phase of stimulation (approxi- 
mately 10 sec) and reach maximal activation 30 seconds after stimu- 
lation with collagen, thrombin, or ADP.6871688.16901691 This temporal 
response is consistent with an early role for these GTPases in filopodia 
and lamellipodia formation. Integrin-dependent secondary signaling is 
required for full activation of RhoA,'** but not Cdc42 or Rac1,1%°716 
suggesting a role for RhoA in both early (adhesion/aggregation) and late 
(clot retraction) stages of platelet activation. More detailed descriptions 
of each subfamily follows. 

Ras Platelets contain at least one Ras isoform (H-Ras).'” Despite 
its intensively studied functions in proliferation, differentiation, and cell 
survival in nucleated cells,'°*!°* the exact role of Ras and its signal- 
ing in platelets is unclear. Platelets do contain most of the downstream 
Ras effectors: Raf-1, MEK (MAPK/ERK kinase), and ERK (extracellular 
signal-regulated kinase). Ras and ERK are both known to be acti- 
vated upon platelet stimulation.'”° 

Rho Inactivation of RhoA with C3 exoenzyme treatment inhibits 
agonist induced shape change,'”” '” adhesion/aggregation, 161981700170! 
and formation of focal adhesions.'”" Platelets treated with the exoen- 
zyme also show decreased stress fibers formation, a process medi- 
ated by Rho kinase-dependent phosphorylation of myosin light chain 
(MLC), !686:1897,1700 

Rac In nucleated cells, Racl functions in actin remodeling via 
activation of three downstream effectors; phosphatidylinositol 4- 
phosphate 5-kinase type Ia, p21-Cdc42/Rac-activated kinase, and sup- 
pressor of cyclic AMP receptor/WASP-family verprolin-homologous 
protein.” The roles of Racl in lamellipodia formation and aggregation 
have been examined using platelets from mice lacking Racl. Rac] dele- 
tion does not affect platelet production’ or filopodia formation, 
but does affect lamellipodia formation upon stimulation with thrombin 
and collagen.’ Aggregation was diminished in Racl~ platelets when 
stimulated with low-dose of thrombin or collagen, or when subjected to 
shear stress under flow condition. 04105 

Cdc42 The assessment of Cdc42 function in platelets is less clear. 
Wiskott-Aldrich syndrome is caused by a defect in WASP, which is a 
downstream effector of Cdc42. However, the platelets from affected 
individuals have normal shape change, including filopodia formation 
and Arp2/3 activation (Chap. 121).! One study suggested that Cdc42 
might function in GPVI-mediated integrin a f, activation and subse- 
quent platelet adhesion on collagen-coated surfaces.*” 

Rap Rap GTPases participate in cell adhesion, cell-cell junction 
formation, and the development of cell polarity in nucleated cells.” In 
platelets, Rapla, Rap1b, and Rap2 are all activated upon platelet stimu- 
lation." Platelets from Rap1b~~ mice have a defect in platelet aggre- 
gation and decreased integrin a,,,8, activation upon platelet stimulation 
with ADP or PAR-4 peptide.’ With the discovery of the important 
role of CalDAG-GEF1, an exchange factor for Rap] in platelet function, 
Rap1’s role in integrin signaling has been a major focus of research.'7” 
Platelets lacking CalDAG-GEF1 have decreased Rap1B activation and 
integrin & „b, activation.” Integrin & „p, activation could be com- 
pletely blocked by treating CalDAG-GEF1~“ platelets with a PKC inhib- 
itor, suggesting that CalDAG-GEF1 and PKC function independently 
to activate integrin «,,,6,.'7° Studies using CHO cells reconstituted 
with integrin OB» talin, and Rap1GTP-interacting adapter molecule 
(RIAM) showed that Rap1GTP-dependent talin recruitment to integrin 
p, by RIAM is required for integrin a „p, activation." The function of 
Rap2 remains to be determined; CalDAG-GEF1 does not interact with 
7t.175 

Ral In nucleated cells, Ral GTPases (RalA and RalB) are thought 
to function in regulated exocytosis by recruiting a multisubunit 
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complex termed “exocyst” for targeting secretory vesicles to specific 
plasma membrane domains.” Both RalA and RalB in platelets are 
associated with platelet dense granules,” and become rapidly activated 
in a Ca**-dependent manner upon platelet activation." A recombinant 
Ral-interacting domain of Sec5, a downstream effector of RalA in exo- 
cyst complex, inhibits serotonin release from platelet dense bodies, sug- 
gesting a role for Ral exocyst in platelet granule release.” 

Rab Rab GTPases are the largest family of small GTPases; 63 
members are detected in the human genome.’”° They are highly com- 
partmentalized to different organelle membranes and function by coor- 
dinating vesicle transport, including vesicle formation and tethering to 
their target compartments.” Rab proteins have been shown to play 
roles in both granule biogenesis and secretion. 

Arf Arf family GTPases, in nucleated cells, function in secretory 
and cytoskeletal processes. Platelets contain Arfl or 3 and Arf6. Func- 
tional studies of Arf6 show that unlike other platelet GTPases, it is in 
the GTP-bound state in resting platelets and there is a conversion to the 
GDP-bound state upon platelet activation.’*' Inhibitors of this transi- 
tion disrupt aggregation, secretion, and clot retraction. Further analysis 
suggests that the Arf6-GTP to Arf6-GDP transition is required for acti- 
vation of Rho family proteins in platelets. 


Calcium-Dependent Proteases (Calpains) 

After ligand binding, integrin clustering, and platelet aggregation, neu- 
tral, cysteine proteases termed calpains become activated by a rise in 
intracellular Ca**.”” The most important and best-studied calpains in 
platelets are: y-calpain (calpain-1), which is activated by micromolar 
concentrations of Ca** and accounts for 80 percent of the Cys protease 
activity in platelets, and m-calpain (calpain-2), which requires millimo- 
lar levels of Ca** for activation.'”! Each calpain consists of a common 
Mr 30,000 regulatory subunit paired with a unique catalytic subunit of 
Mr 80,000. Activated u-calpain cleaves numerous proteins,” including 
cytoskeletal proteins (e.g., filamin [actin binding protein], talin, WASP, 
and cortactin), tyrosine kinases (e.g., BTK, Src, Syk, and FAK), tyrosine 
phosphatases (e.g., protein tyrosine phosphatase 1B [PTP1B also called 
PTPN1], SHP-1, and PTPMEG), as well as other important platelet 
proteins (e.g., integrin £, SNAP-23, Vav, PLC-£), and certain isoforms 
of PKC.'! Cleavage of talin by calpain in vitro enables talin to acti- 
vate integrin & „b, but the role of calpain in activation of integrin 
& „b, by talin in intact platelets is uncertain. Calpain also appears to be 
upstream of, and able to affect, the activation of the small G proteins 
Rac and RhoA. Calpain’s role in platelet secretion has not been defined, 
although it is clear that the t-SNARE, SNAP-23 is inactivated by calpain- 
mediate cleavage.’ Thus calpains, through their effects on structural 
and signaling molecules, appear to affect multiple aspects of platelet 
function. Mice deficient in -calpain demonstrate abnormal platelet 
aggregation, decreased clot retraction, and reduced tyrosine phospho- 
rylation of several platelet proteins, including the f subunit of integrin 
œ pp, These abnormalities in platelet function can be reversed by inhi- 
bition of tyrosine phosphatases or by deletion of PTP1B, suggesting that 
u-calpain’s effects on platelet kinases and phosphatases may be central 
to its role in platelet function.” 


Inside-Out Activation of Integrin a,,B, and Outside-in 
Signaling By Activated Integrina,,B, 

The active state of integrin a8, is defined as the conformation that 
is competent to bind large, soluble, adhesive proteins, such as fibrin- 
ogen and VWF, with relatively high affinity. Precise regulation of the 
activation state of integrin æ „b, is essential for maintenance of nor- 
mal hemostasis, such that integrin æ „b, activation only occurs upon 
vascular injury. Crystallographic and electron microscope studies 
suggest that the extracellular portion of both integrin a,,8, and the 
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related integrin «,f,, are in a bent conformation when inactive and an 
extended conformation when activated.'****“ The activation state of 
integrin «8, is controlled by the cytoplasmic domains of this integ- 
rin in concert with specific intracellular binding proteins. Thus, under 
basal conditions, interactions between the cytoplasmic domains of inte- 
grins a,,, and f, maintain the receptor in the resting state. Interrupt- 
ing the interactions between the cytoplasmic domains results in long 
range conformational changes that convert the extracellular portion 
of the integrin to an active state.’ Interactions between regions of 
the integrins a, and 8, transmembrane and cytoplasmic domains near 
the membrane involve upper and lower membrane clasps and a salt 
bridge between acidic and basic amino acid residues of each subunit (see 
“Integrin a pp; above).°7*!>176 Mutations that disrupt these interac- 
tions result in integrin «,,,8, activation.*7**'”* Cytoskeletal restraints 
appear to further maintain integrin a,,f, in an inactive conformation, 
because treatment of platelets with low doses of the actin depolymeriz- 
ing agents activate the integrin.” Upon agonist activation, the binding 
of the cytoskeletal linking proteins talin and kindlin to integrin $, may 
play a key role in the conversion of integrin æ „$, as well as several 
other integrins, to an active conformation.” One model suggests that 
filamin binding to the f subunit cytoplasmic tail maintains the receptor 
in an inactive state by presenting talin binding. The cytoskeletal adap- 
ter protein migfilin can displace filamin from the integrin f, subunit 
and facilitate the binding of talin.” Talin itself can exist in a confor- 
mation that is either less or more favorable for binding to integrin f, at 
multiple sites. The affinity of talin for 6 integrins increases in response 
to PI(4,5)P, binding to talin.'”” PIP, may be generated locally from PI 
via the enzyme phosphatidylinositol phosphate kinase type 1y, which 
can bind to talin.!”*!”” Talin is composed of a Mr 47,000 head domain 
and a Mr 190,000 rod domain. The head contains a “FERM” domain 
named for the proteins four point one (4.1), ezrin, radixin, and moesin, 
that promotes specific interactions with cytoplasmic regions of multi- 
ple proteins. The F3 region of the FERM domain, which resembles a 
phosphotyrosine binding (PTB) domain,” binds sequentially to mem- 
brane distal and proximal regions of integrin £, in addition to establish- 
ing electrostatic interactions with the lipid head groups, disrupting its 
interaction with the membrane and integrin a,,.**87)8*617°077* This 
binding site is not available when PI phosphate kinase (PIPK)I is bound 
to talin, so presumably any prebound PIPKI would be displaced from 
talin upon talin interaction with integrin £,.'”° After talin binding the 
reorganization of the transmembrane and intracytoplasmic domains 
disrupt the interaction of integrins a,, and f, and this is transmitted 
to the ectodomain.*’**"”* The $, cytoplasmic domain can also bind 
proteins that connect it to the cytoskeleton such as a-actinin, ICAP 1, fil- 
amin, Src, and skelemin, and so it has been proposed that interactions of 
the integrin 6, subunit with the actin-myosin contraction apparatus via 
the cytoskeleton may supply the energy needed to adopt the extended 
conformation of integrin æ „p, with the swing out of the of integrin £, 
hybrid domain away from the of BA (I-like) domain.” The rod-like 
region of talin has also been reported to interact with integrin p," and 
an unknown region of talin has been reported to interact with integrin 
& n 7 While these interactions may serve to stabilize or subsequently 
cluster the integrin, their exact roles are unknown. 

Members of the kindlin family of focal adhesion proteins that 
contain PTB domains serve as integrin activators,'”*'”" perhaps func- 
tioning to facilitate talin-integrin interactions. Kindlin-2 binds the 
C-terminus of integrin £, in a region containing the conserved TS(752) 
T sequence and NIT Y(759) motif and acts synergically with talin to pro- 
mote integrin & „b, activation in a recombinant expression system." 
Whereas kindlin-2 is widely distributed, kindlin-3 expression is limited 
to hematopoietic cells, including platelets. Genetic deletion of kindlin-3 
in mice results in a severe bleeding phenotype and defective activation 


of integrin a8, on platelets.’ Mutations in kindlin-3 have been 
described in patients with leukocyte adhesion deficiency-III, which is 
characterized by abnormalities in leukocyte and platelet integrin acti- 
vation and function (Chap. 121).'?-!* In fact, the bleeding symptoms 
are even more severe than those in Glanzmann thrombasthenia and the 
platelet aggregation defects are similar. Mutational analysis also iden- 
tified the NXXY motif (Tyr795) and preceding threonine-region in 
kindlin binding to integrin £.“ Finally, based on model systems, it has 
been proposed that a „ transmembrane and cytoplasmic domains from 
adjacent integrin &, „b, receptors may form homodimers and integrin 
fp, transmembrane and cytoplasmic domains may form homotrimers, 
resulting in stabilization of the activated state and clustering of integ- 
rin OP, receptors,” but it is not clear that these interactions are 
favored under biologic conditions.®™* 

Platelet aggregation is commonly described as progressing through 
two phases: an initial reversible aggregation phase, which is often the 
response observed with low concentrations of agonists, followed by a 
stronger, irreversible phase. The irreversible phase of aggregation cor- 
relates with TXA, production and platelet secretion of ADP. Fibrinogen 
binding to integrin & „$, and the platelet-platelet contacts that occur 
during the initial phase of aggregation initiate specific signal transduc- 
tion events, resulting in positive feedback loops that promote irrevers- 
ible aggregation, maintain secretion, and initiate later events like clot 
retraction.” 

Fibrinogen or VWF binding to the extracellular region of integ- 
rin æ „b, transmits long-range conformational changes to the integrin 
cytoplasmic domains, perhaps via a pivot action between the integrin 
p, BA (I-like) and hybrid domains*” that induce signaling from out- 
side the platelet to inside the platelet (outside-in signaling).*”**” These 
conformational changes, along with integrin clustering,** are likely to 
be the basis for outside-in signal transduction through integrin ab» 
perhaps by altering the association of the cytoplasmic domains with one 
another and initiating recruitment of proteins with enzymatic activity 
to the cytoplasmic tails, forming complexes capable of generating sig- 
naling molecules. 

One important signaling molecule that is constitutively associated 
with the integrin f, cytoplasmic tail is the tyrosine kinase, Src.!7*8-175° 
Src binds to the C-terminus of the integrin in resting platelets via its 
SH3 domain independent of its catalytic activity.'“* This pool of Src in 
unstimulated platelets appears to exist in a minimally active state with 
its activity suppressed in part by the Src regulator Csk, which phospho- 
rylates Src at Tyr 529. Platelet adhesion to fibrinogen increases the Src 
activity associated with integrin a,,8, in part because of the dissocia- 
tion of Csk and subsequent dephosphorylation of Src 529.'° Full Src 
activation occurs upon integrin & „b, clustering and transphosphoryla- 
tion of Src on Tyr 418. Src activation is required for several subsequent 
signaling events such as the activation of the tyrosine kinase Syk. Syk, 
along with Src, is required for platelet spreading on fibrinogen.’ Syk 
binds to unphosphorylated integrin f, via its N-terminus. "™!5? Some 
of these events have now been visualized in living platelets.’ Negative 
regulators of Src activation include PECAM-1, which can recruit the 
protein tyrosine phosphatases SHP-1 and SHP-2 via its ITIMs!41754-1757; 
carcinoembryonic antigen-related cell adhesion molecule-1, which also 
possess ITIMs'’**; and perhaps G6b-B”°-7® and TLT- 1.1% 

When platelets are aggregated in response to one of multiple ago- 
nists, the integrin B, cytoplasmic domain becomes phosphorylated on 
Tyr. Two sites of potential tyrosine phosphorylation exist on the $, 
cytoplasmic domain and both may be utilized. Several molecules have 
been identified that bind specifically to the tyrosine-phosphorylated 
cytoplasmic domain of integrin £. A synthetic integrin 6, cytoplasmic 
domain peptide containing phosphate groups on the two candidate Tyr 
residues binds to the contractile protein myosin,” and this interaction 


may facilitate the transmission of cytoskeletal tension from inside 
the platelet to outside, and thus initiate clot retraction. Recombinant, 
mutated integrin £, that cannot be phosphorylated is unable to support 
extensive clot retraction when expressed in a cell line.” Other pro- 
teins that bind to the diphosphorylated integrin f, cytoplasmic domain 


include the SHC adapter proteins,” which also become tyrosine phos- 


phorylated during platelet aggregation. Therefore, it is possible that 
the SHC adapter proteins may link diphosphorylated integrin £, to the 
MAPK pathway.” Mice containing mutated integrin 6, molecules 
that cannot be phosphorylated exhibit a mild bleeding disorder as evi- 
denced by occasional rebleeding of tail cuts. Moreover platelets derived 
from these mice form abnormally loose thrombi when activated by 
shear forces.’ Other integrin p, cytoplasmic domain binding proteins 
have been described, including skelemin, a member of a family of pro- 
teins that regulate myosin,” and talin. 

Some signaling events that occur downstream of integrin «pb, 
require only integrin clustering, whereas other events require clustering, 
ligand binding, and/or platelet aggregation. For example, the tyrosine 
kinase Syk becomes activated in response to integrin æ „p, clustering, 
independent of cytoskeletal assembly, whereas activation of the tyrosine 
kinase FAK requires integrin clustering, ligand binding and cytoskel- 
etal assembly.’ In studies conducted in cell lines, activation of Syk 
downstream of integrin « „b, leads to phosphorylation of Vavl, a gua- 
nine nucleotide exchange factor for Rac, and lamellipodia formation. 
Syk and Vav1 cooperate to activate Jun N-terminal kinase, ERK2, and 
Akt.“ These pathways are also likely to be involved in postaggregation 
events in the platelet. 

Proteins other than the well-described integrin «8, ligands 
fibrinogen and VWF also induce signaling events via binding to inte- 
grin app, One such protein is CD40L, a TNF family member that is 
expressed on a variety of cells including activated platelets. Platelets 
are also the major source of a soluble form of CD40L.’° In addition 
to binding to its classical receptor, CD40, CD40L also binds to integrin 
& „p, on platelets and induces signaling events'*” that are required for 
normal arterial thrombus formation in mice.’** CD40L may also initi- 
ate platelet aggregation by binding to CD40 on platelets.'*” 


INHIBITORY PATHWAYS IN PLATELETS 


Prostaglandins 

Prostaglandins that inhibit platelet activation include PGE, (at high 
concentrations) and PGI, (at low concentrations) (also termed prosta- 
cyclin) (reviewed in Refs. 1766 and 1767). In the vasculature, the endo- 
thelium produces PGI, and PGE,, which are important in maintaining 
vascular patency.'”* Inhibition is initiated by the binding of these PGs 
to their own specific GPCR.'!”” PG receptor occupancy converts the 
Ga subunit to the GTP bound, active form, which then activates ade- 
nylyl cyclase. Adenylyl cyclase catalyzes the formation of cAMP. The 
exact amount of cAMP present in the cell is also determined by its rate 
of breakdown by phosphodiesterases (PDEs). Biochemical studies and 
studies from gene targeted mice support a primary role for PDE3A in 
platelets. 71-173 Therefore, agents that inhibit PDE, such as theophylline, 
caffeine, and the drug cilostazol, also elevate cAMP levels in platelets 
and other cells.'”* cAMP then activates PKA, which phosphorylates 
specific target proteins. PKA inhibits platelet activation by several path- 
ways. One mechanism involves PKA-dependent phosphorylation of 
VASP (discussed under “Nitric Oxide” below). A separate mechanism 
involves the phosphorylation and inhibition of Ga13, which couples to 
the TXA, receptor, thus impairing this activation pathway.” Also, PKA 
phosphorylates GPIbf on Ser 166, and negatively regulates the ability of 
GPIb to bind VWE” In addition, PKA may phosphorylate and inhibit 
the IP, receptor, which would repress agonist-induced intracellular 
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Ca?*-mobilization.!””” PI metabolism is also affected, as the activities of 
both PLC and PLA, are suppressed." Moreover, PKA also phospho- 
rylates Raf kinase on three sites, which inhibits Raf kinase function in 
part by inhibiting its binding to the activating protein RasGTP.7!7® 
Finally, the small G protein, Rap1b, which contributes to integrin OB 
activation,'*"' is phosphorylated by PKA,'”* although it appears that this 
phosphorylation event does not inhibit platelet function’ and may, in 
fact, contribute to Rap1b activation.’ 

Paradoxically, in contrast to the inhibitory effects of high levels of 
PGE, low levels of PGE, (<10 M) potentiate agonist-induced plate- 
let aggregation by acting via the EP3 receptor to decrease intraplatelet 
cAMP levels.'**'”*° Mice lacking the EP3 receptor are protected from 
AA-induced thrombosis’; thus it is possible that PGE, present in ath- 
erosclerotic lesions contributes to atherothrombosis. 


Nitric Oxide 

NO is synthesized from L-arginine by NO synthase in endothelial cells, 
platelets, and other cells. The formation of NO is enhanced at sites of 
shear stress and by platelet agonists (e.g., thrombin or ADP),”®” and it 
readily diffuses into platelets.'”**'”” Similar to PGI, or PGE,, NO pre- 
treatment of platelets inhibits platelet activation and can reverse platelet 
aggregation soon after initiation. However, NO works not by elevating 
cAMP, but instead by increasing cGMP.’ NO synthase activity in 
platelets increases during platelet activation, suggesting that NO pro- 
duction is a normal negative feedback mechanism that limits further 
platelet aggregation. NO and PGI, act together synergistically to inhibit 
platelet activation.’ 

Elevation in intracellular cGMP levels activates cGMP-dependent 
PKG, whose downstream targets include ERK and the TXA, recep- 
tor.” In mice, the absence of PKG results in enhanced platelet accu- 
mulation along damaged vessels after ischemic injury, supporting an 
important role for PKG in platelet deposition.” VASP, a member of the 
Pro-rich, actin-regulatory Ena/VASP protein family, is phosphorylated 
in response to elevations in either cAMP or cGMP!™ and both PKA 
and PKG phosphorylate VASP in vitro.'”° A role for VASP in inhibition 
of platelet function was established in studies of VASP-deficient mice: 
platelets obtained from the mice display increased P-selectin expression 
and integrin & „b, activation in response to agonists,’”° and platelet 
adhesion at sites of vascular injury or atherosclerosis is enhanced in 
VASP-deficient mice.” The enhanced platelet adhesion in VASP-null 
mice is not corrected by NO, suggesting that VASP may be a key nega- 
tive regulator of platelet function in the cGMP-mediated pathways. 

Elevation in intracellular cGMP can also increase cAMP levels 
via inhibition of PDE activity.’”* This crosstalk between cGMP and 
cAMP-dependent pathways may synergize to contribute to the inhib- 
itory effects of NO on platelet function. 


CD39 (ATP Diphosphohydrolase; Ecto-ADPase) 

Vascular endothelium regulates platelet function by producing pros- 
tacyclin and NO, as well as by expressing CD39 NTPDasel, a plasma 
membrane-associated ectonucleotide (ATP diphosphohydrolase; ATP- 
Dase; ecto-ADPase; EC 3.6.1.5) that converts extracellular ATP to ADB, 
and ADP to AMP.'”°-!8! CD39 limits the platelet-activating effects of 
ADP released by damaged tissues, RBCs, and activated platelets; further- 
more, AMP generated by CD39 is degraded by an ecto-5’-nucleotidase 
(CD73; EC 3.1.3.5) to adenosine, an inhibitor of ADP-induced platelet 
activation, that increases cAMP binding to the A2a adenosine receptor 
on platelets.!® Adenosine deaminase (EC 3.5.4.4) degrades adenosine 
to inosine. CD39 is a Mr 95,000 cell-surface glycoprotein expressed on 
endothelial cells, subsets of activated natural killer (NK) cells, B cells, 
monocytes, and T cells. Small amounts may also be on platelets and 
erythrocytes. It is present in the lymphocytes in chronic lymphocytic 
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leukemia, which may partially account for the thromboprotection noted 
in that disorder. CD39 is localized to lipid raft-like caveolae in the 
plasma membrane, and the cholesterol content may control enzymatic 
activity. It contains two putative transmembrane regions separated by 
an extracellular domain with six glycosylation sites and apyrase-like 
regions that confer the ecto-ADPase activity. A related molecule, ATP- 
and ATPase 2, which is found on the basolateral surface of endothelial 
cells, the adventitia of some blood vessels, and microvascular pericytes, 
is relatively selective for ATP, and thus it has the capacity to increase 
platelet aggregation by enhancing the production of ADP from ATP.” 
The physiologic roles of the NTPDases are complex because of their 
production of variably prothrombotic and antithrombotic agents. It has 
been postulated that recruitment of microparticles enriched in mono- 
cyte CD39/NTPDasel to thrombi could contribute to the limitation of 
the size of platelet thrombi. A role for CD39/NTPDasel in ischemia 
reperfusion and allograft rejection has also been proposed. Mouse mod- 
els support the potential of modulating graft rejection and thrombosis 
by using gene therapy to increase CD39/NTPDasel. A soluble recombi- 
nant form of CD39 inhibits platelet aggregation and recruitment in vitro 
and may have potential as an anti-thrombotic agent in vivo.'** 
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CHAPTER 113 

MOLECULAR BIOLOGY AND 
BIOCHEMISTRY OF THE 
COAGULATION FACTORS AND 
PATHWAYS OF HEMOSTASIS 


Mettine H. A. Bos, Cornelis van ‘t Veer, and Pieter H. Reitsma 


The coagulation cascade consists of a complex network of reactions that are 
essential for the conversion of zymogens into enzymes and of inactive pro- 
cofactors into cofactors. Most of these reactions take place on a membrane 
surface, which restricts coagulation to the site of injury. Upon initiation, these 
reactions serve to produce the fibrin that is necessary for the formation of a 
stable hemostatic plug. In addition, these reactions provide feedback loops 
that limit and localize thrombus formation and regulate thrombus resolution. 
This chapter highlights key biochemical characteristics of the individual coag- 
ulation factors, essential aspects regarding their synthesis, and the clinical 
importance of acquired or inherited variations that affect their quantity or 
function. The coagulation factors are grouped as (1) the vitamin K-dependent 
zymogens (prothrombin, factor VII, factor IX, factor X, and protein C); (2) the 
procoagulant cofactors (factor V, factor VIII); (3) the soluble cofactors (pro- 
tein S, von Willebrand factor); (4) factor XI and the contact system (factor XII, 
prekallikrein, and high-molecular weight kininogen); (5) the cell-associated 
cofactors (tissue factor, thrombomodulin, endothelial protein C receptor); 
(6) the fibrin network (fibrinfogen], factor XIII, thrombin-activatable fibrinoly- 
sis inhibitor); and (7) inhibitors of coagulation (antithrombin, tissue factor 
pathway inhibitor, protein Z/protein Z-dependent protease inhibitor). lable 
113-1 summarizes the major features of the coagulation factors addressed 
in this chapter. The final sections of this chapter present an overview of the 
coagulation cascade in which the pathways of hemostasis including the contri- 
bution of endothelial cells, blood platelets, and immune cells are described. 


Acronyms and Abbreviations: APC, activated protein C; ADP, adenosine diphos- 
phate; AT, antithrombin; C4BP, complement 4b—binding protein; COX, cycloox- 
ygenase; EGF, epidermal growth factor; EPCR, endothelial protein C receptor; 
ER, endoplasmatic reticulum; ERGIC, ER-Golgi intermediate compartment; Gla, 
y-carboxy glutamic acid; GP glycoprotein; HK, high-molecular-weight kininogen; 
LMAN1, mannose-binding lectin-1; PAI-1, plasminogen activator inhibitor type 1; 
PAR, protease-activated receptor; PK, prekallikrein; poly-P, polyphosphate; RVV, 
Russell's viper venom; SHBG, sex hormone—binding globulin; TAFI, thrombin-activat- 
able fibrinolysis inhibitor; TFPI, tissue factor pathway inhibitor; UFH, unfractionated 
heparin; VWD, von Willebrand disease; VWF, von Willebrand factor; ZPI, protein Z- 
dependent protease inhibitor. 


@ MOLECULAR BIOLOGY AND 
BIOCHEMISTRY OF THE COAGULATION 
FACTORS 


THE VITAMIN K-DEPENDENT ZYMOGENS: 
PROTHROMBIN, FACTOR VII, FACTOR IX, 
FACTOR X, AND PROTEIN C 


The vitamin K-dependent zymogens circulate in an inactive state and 
require proteolytic activation to function as a serine protease. All share 
a similar domain structure of a C-terminal serine protease domain and 
an N-terminal y-carboxy glutamic acid (Gla) domain, which are con- 
nected by two epidermal growth factor (EGF)-like domains or kringle 
domains (Fig. 113-1). Each protein domain has a well-defined function 
and facilitates substrate recognition, interaction with protein cofactors, 
or binding to a negatively charged lipid surface, such as that of activated 
platelets or endothelial cells, thereby restricting coagulation to the site 
of injury. The latter is mediated via the Gla domain, a domain that is 
characteristic to the vitamin K-dependent proteins. 

The high level of protein and gene homology suggests that the vita- 
min K-dependent zymogens originate from a common ancestral gene 
as a result of gene duplications.' Exon shuffling and tandem duplication 
may account for the generation of the ancestral gene, in which the func- 
tional domains that are encoded by a single exon each were combined 
and duplicated.’ This process may also account for the presence of the 
kringle domains as opposed to EGF-like domains in prothrombin. 

The Gla domain refers to the 42-residue region located in the 
N-terminus of the mature protein that comprises 9 to 12 glutamic acid 
residues that are posttranslationally y-carboxylated into Gla residues 
by a specific y-glutamyl carboxylase in the endoplasmatic reticulum of 
hepatocytes.* This y-carboxylase requires oxygen, carbon dioxide, and 
the reduced form of vitamin K for its action, hence the name vitamin 
K-dependent proteins. For each Glu residue that is carboxylated, one 
molecule of reduced vitamin K is converted to the epoxide form 
(Fig. 113-2). Vitamin K epoxide reductase converts the epoxide form of 
vitamin K back to the reduced form.* Warfarin and related 4-hydroxy- 
coumarin-containing molecules inhibit the activity of vitamin K epox- 
ide reductase, thereby preventing vitamin K recycling and inhibiting 
y-carboxylation. This results in a heterogeneous population of circulat- 
ing undercarboxylated forms of the vitamin K-dependent proteins with 
reduced activity. Because warfarin blocks the reductase and not the car- 
boxylase, the inhibitory effect of warfarin can be (temporarily) reversed 
by administration of vitamin K. Recognition by and interaction with 
y-carboxylase is facilitated by the propeptide sequence that is located 
C-terminal to the signal peptide. The propeptide is highly conserved 
among the vitamin K-dependent proteins, and amino acids at positions 
-18, -17, -16, -15, and -10 are critical to recognition by the y-carboxylase.*° 
Following y-carboxylation, the propeptide is removed through limited 
proteolysis prior to secretion of the mature protein. 

A correctly y-carboxylated Gla domain is essential for interac- 
tion of the vitamin K-dependent proteins with phosphatidylserine, 
a negatively charged phospholipid. Under normal conditions, phos- 
phatidylserine is not exposed on the outer membrane leaflet of cells. 
However, in activated endothelial cells or platelets, phosphatidylserine 
is part of the extracellular cell surface where it supports blood coagu- 
lation reactions. The Gla domain interacts with the anionic cell surface 
in a calcium-dependent manner. These calcium ions are coordinated 
by Gla residues and induce a conformational change in the Gla domain 
that is characterized by the appearance of a hydrophobic surface loop 
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TABLE 113-1. Characteristics of Coagulation Proteins 


Protein Plasma Concentration Mr Plasma Half-Life 
(ug/mL) (nmol/L) (kDa) (Hours) 
ZYMOGENS 
+ Gla domain Prothrombin (factor II) 100 1400 72 60 
Factor VII 0.5 10 50 3-6 
Factor IX 5 90 55 18-24 
Factor X 10 170 59 34-40 
Protein C 4 65 62 6-8 
- Gla domain Factor XI 5 30 160 60-80 
Factor XII 40 500 80 50-70 
Prekallikrein 40 490 85 35 
Factor XIIIA** = - 83 - 
Factor XIIIB* y 94 76.5 = 
Factor XIll 30 94 320 240 
TAFI 4-15 70-275 60 - 
COFACTORS 
Soluble Factor Vt 5-10 20 330 12-36 
Factor VIII 0.2 0.7 300 8-12 
VWF varies 10 500-20,000 8-12 
Protein S* 25 350 75 42 
Protein Z° 25 40 62 60 
HK 80 670 120 150 
Cellular Tissue factor - - 47 - 
Thrombomodulin = - 78 - 
EPCR - - 49 - 
STRUCTURAL PROTEIN Fibrinogen 2500 7400 340 72-120 
Aa chain - - 66.5 - 
BB chain - = 52 - 
y Chain - - 46.5 - 
INHIBITORS Antithrombin 150 2500 58 60-72 
TFPla’ 0.01 0.25 40 0.03 
ZPIS 4 60 72 60 


EPCR, endothelial protein C receptor; HK, high-molecular-weight kininogen; TAFI, thrombin-activatable fibrinolysis inhibitor; TFPI, full-length 
tissue factor pathway inhibitor; VWF, von Willebrand factor; ZPI, protein Z-dependent protease inhibitor. 


“All of the factor XIIIA chain is in complex with factor XIIIB chain; only half of factor XIIIB is in complex with factor XIIIA, the rest is free in plasma. 
‘Platelets carry significant amounts of factor XIIIA and factor V (20% of circulating factor V). 
*Approximately 60% of protein S is in complex with C4b-binding protein; the remainder circulates as free protein S. 


SZPI circulates in complex with protein Z. 


‘TFPI circulates in plasma at 2.5 nM in multiple forms; only 10% of circulating TFPI is the full-length TFPla. 


(Fig. 113-3). Membrane binding by the Gla domain occurs when this 
hydrophobic surface loop penetrates into the hydrophobic portion of 
the phospholipid bilayer, which is facilitated by the interaction of the 
Gla-bound calcium ions with the phosphate head groups of phos- 
phatidylserine.”* It has been shown that the phosphate head groups of 
exposed phosphatidylethanolamine are also capable of coordinating 
calcium ions, thereby contributing to the interaction of the Gla domains 
with the negatively charged membrane surface.” 


‘The serine protease domains of the vitamin K-dependent proteins 
are highly homologous, as they bear a chymotrypsin-like fold and dis- 
play trypsin-like activity.” Once activated, they cleave peptide bonds 
following a positively charged amino acid (Lys or Arg). Activation pro- 
ceeds through proteolysis at one or more sites N-terminal to the ser- 
ine protease domain (see Fig. 113-1). Subsequently, the newly formed 
N-terminus inserts into the serine protease domain to form a salt 
bridge with an Asp residue, which is associated with conformational 
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Figure 113-1. Vitamin K-dependent schematic of the vitamin K-dependent zymogens. Each circle represents an amino acid. The prepro leader 
sequence contains the signal peptide as well as the propeptide that directs y-carboxylation of glutamic acid (Gla) residues. Cleavage of the prepro 
sequence from the mature protein is indicated by the separation between the two. The Gla domains are indicated with the Gla residues in blue. 
Prothrombin has a finger loop followed by two kringle domains. Factors VII, IX, X, and protein C have epidermal growth factor (EGF)-like domains. 
Prothrombin, factor VII, and factor IX circulate as single-chain molecules. Factor X and protein C circulate as two chains that are disulfide linked. All 
have homologous serine protease (“catalytic”) domains (shown in light red), in which the active site His, Asp, and Ser residues are indicated in dark red. 
Cleavages that convert the zymogen to an active enzyme are indicated by the red arrows. In factor IX, factor X, and protein C, the released activation 
peptide is indicated in yellow. After proteolytic activation, all of the molecules are two-chain disulfide-linked molecules, with the cysteines forming a 
disulfide bridge (black line) indicated in green. All catalytic domains but that of prothrombin remain attached to the Gla domain following activation. 


Epoxide reductase 
changes in the serine protease domain. These lead to an optimal con- 


Warfarin ae 

figuration of the active site through alignment of the active site residues 

Vitamin K Vitamin K His, Ser, and Asp, and to formation of the substrate-binding exosites, 

fe) hydroquinone epoxide O allowing for substrate conversion. The substrate-binding exosites are 
C=0 o) C=0 ened 7 aia reir aaa Lace and are ss ae for 
their hi specific substrate recognition and associated function in 

H-Ç-H Carboxylase O=C-C-H ai. p g 

H-Ç-H fag Interaction of the vitamin K-dependent proteases with spe- 
-N-C-C- (0) -N-C-C- cific cofactors on a (anionic) membrane surface (Table 113-2) further 
H Oo Oxygen o=c H ë ọ enhances substrate recognition, as the cofactors interact with both the 
Glutamate y-Carboxy- protease and the substrate, bridging the two together. This results in a 
glutamate dramatic enhancement of the catalytic activity (Table 113-3), thereby 


making the cofactor-protease complex the physiologic relevant enzyme. 
The increase in catalytic rate has also been attributed to a cofactor- 
induced conformational change in the protease.'' However, whether 
this molecular mechanism holds true for all cofactor-protease com- 


Figure 113-2. Vitamin K-dependent y-carboxylation. Glutamic acid 
residues are converted to y-carboxy glutamic acid (Gla) residues by a 
specific y-carboxylase. This reaction requires oxygen, carbon dioxide 


(shown in green), and reduced vitamin K in the form of a hydroquinone. 
Carbon dioxide is incorporated onto the y-carbon, providing a sec- 
ond carboxylate group on that residue. In the process of this reaction, 
reduced vitamin K is converted to an epoxide. Reduced vitamin K is 
recycled by a specific epoxide reductase, a reaction that can be blocked 


by warfarin and warfarin analogues. 


plexes remains to be determined. Tissue factor is the cofactor for fac- 
tor VIIa, factor VIIa is the cofactor for factor IXa, and factor Va is the 
cofactor for factor Xa, while thrombin does not require a cofactor for 
its procoagulant activity. However, upon association with the cofactor 
thrombomodulin, thrombin’ specificity is changed from procoagulant 
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Figure 113-3. Calcium-dependent association of the glutamic acid 
(Gla) domain with the anionic phospholipid surface. Non-calcium 
bound [Protein Data Bank (PDB) structure 2PF2] and calcium bound 
(PDB structure 1WHE) molecular models of the Gla domain of proth- 
rombin are shown. Circles represent amino acids, with the Gla (GLA) 
residues indicated in red. Hydrophobic residues involved in membrane 
insertion are shown in blue. In the absence of calcium, the negatively 
charged Gla residues are exposed to the solution and the hydrophobic 
residues are buried. Association of calcium ions (in black) to the Gla res- 
idues provides sufficient energy to alter the overall conformation of the 
Gla domain and expose the hydrophobic residues. Membrane binding 
by the Gla domain occurs when this hydrophobic surface loop pene- 
trates into the hydrophobic portion of the phospholipid bilayer (drawn 
schematically), which is facilitated by interaction of the Gla-bound cal- 
cium ions with the negatively charged phosphate head groups. 


to anticoagulant (cleaving and activating protein C). The complexes are 
also named for their physiologic substrate: the factor VIIa-factor IXa 
complex is termed the “tenase” or “intrinsic tenase” complex; the tis- 
sue factor—factor VIIa complex is termed the “extrinsic tenase” complex; 
and the factor Va-factor Xa complex is termed the “prothrombinase” 
complex. 


PROTHROMBIN (FACTOR II) 


Prothrombin, or factor II, which was discovered by Pekelharing in 
1894, is one of the four coagulation factors that were described by Paul 
Morawitz in 1905, in addition to fibrinogen (factor I), thromboplastin 


TABLE 113-2. Protease—Cofactor Complexes 


Cellular 

Protease Cofactor Substrate Location 
Factor Vila Tissue factor Factor IX Many cells” 

Factor X 
Factor IXa Factor Villa Factor X Platelets 
Factor Xa Factor Va Prothrombin Platelets 
Thrombin Thrombomodulin Protein C Endothelium 
Activated Protein S Factor Va Endothelium 
protein C Factor Villa 


“Tissue factor is constitutively expressed on many extravascular 
cells (e.g., stromal cells, epithelial cells, astrocytes) and is induced by 
inflammatory mediators in many other cells (e.g., monocytes, endo- 
thelial cells). 


TABLE 113-3. Cofactor Enhancement of Serine Protease 
Activity 


Cofactor-Protease’ Fold Increase* 
TM-Thrombin 11,000 

TF-Vila 31,000 
Villa-IXa 9,000,000 
Va-Xa 390,000 


TF, tissue factor; TM, thrombomodulin. 


“Macromolecular enzyme complexes assembled in the presence of 
anionic phospholipids and calcium. 

‘Relative rates of enzymatic activity represent fold increase of the 
reaction rate (k_./Km) observed for the cofactor-protease complex 
relative to the reaction rate (k_,/Km) observed for the protease in 
absence of the cofactor (see KG Mann, ME Nesheim, WR Church, et al: 
Surface-dependent reactions of the vitamin K-dependent enzyme 
complexes. Blood 76:1-16, 1990; and R Rawala-Sheikh, SS Ahmad, B 
Ashby, PN Walsh: Kinetics of coagulation factor X activation by plate- 
let-bound factor IXa. Biochemistry 29:2606-261 1,1990). 


(thrombokinase, factor III, now tissue factor), and calcium (factor 
IV).’* The zymogen prothrombin is primarily synthesized in the liver 
and circulates in plasma as a single-chain protein of 579 amino acids 
(Mr ~72,000) at a concentration of 1.4 uM with a plasma half-life of 60 
hours (see Table 113-1). 


Protein Structure 

Prothrombin is composed of fragment 1 (F1), fragment 2 (F2), and the 
serine protease domain. F1 consists of the Gla domain, which comprises 
10 Gla residues, and the kringle 1 domain; F2 contains the kringle 2 
domain (see Fig. 113-1). The two kringle domains, which replace the 
EGF-like domains present in most vitamin K-dependent zymogens, 
are conserved secondary protein structures that fold into large loops 
that are stabilized by three disulfide bonds and schematically resemble 
a Danish pastry called a “kringle” Their primary function is to bind 
other proteins such as the cofactor Va and serine protease factor Xa that 
activate prothrombin. 

Other than y-carboxylation of Glu residues, prothrombin is post- 
translationally modified via N-glycosylation in the kringle 1 (Asn78, 
Asn143) and serine protease domains (Asn373), which contributes to 
the stability of the prothrombin precursor during processing in the 
endoplasmatic reticulum. "4+" 


Prothrombin Activation and Thrombin Activity 

Prothrombin is proteolytically activated by the prothrombinase com- 
plex (i.e., factor Va, factor Xa, calcium, and anionic phospholipids) that 
cleaves at Arg271 and Arg320 (see Fig. 113-1). Cleavage at Arg320 opens 
the active site of the protease domain, while cleavage at Arg271 removes 
the activation fragment F1.2 (F1.2). Both cleavages are necessary to gen- 
erate procoagulant a-thrombin (IIa) (Fig. 113-4). The composition of 
the membrane surface directs the cleavage order in prothrombin and 
the formation of either the zymogen prethrombin 2 (initial cleavage at 
Arg271) or the proteolytically active intermediate meizothrombin (ini- 
tial cleavage at Arg320).'°!” Meizothrombin has impaired procoagulant 
activity as compared to «-thrombin, but superior anticoagulant activity 
as it displays increased thrombomodulin-dependent protein C activa- 
tion, which is likely facilitated by membrane binding of meizothrombin 
through its Gla domain.'* The snake venom protease Ecarin is capable 
of generating meizothrombin specifically through proteolysis at Arg323 
only. However, this meizothrombin is instable as a result of autocatalysis 
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at Arg155, thereby removing the Gla domain containing F1. The so 
formed meizo-des-F1 can be converted to thrombin by prothrombi- 
nase, but at a slower rate as it is incapable of membrane binding. Assess- 
ment of F1.2 levels reflects prothrombin activation and is commonly 
used as a marker for thrombin generation. 

Thrombin (IIa) is a two-chain serine protease (Mr ~37,000) com- 
prising a light chain of 49 residues (A chain; Mr ~6000) that is cova- 
lently linked to the catalytic heavy chain of 259 residues (B chain; 
Mr ~=31,000). Thrombin’s main function is to induce the formation of 
a fibrin clot by removing fibrinopeptides A and B from fibrinogen to 
form fibrin monomers, which then spontaneously polymerize. In addi- 
tion, thrombin is able to cleave a wide variety of substrates with high 
specificity, which is mediated via its negatively charged, deep active site 
cleft and via the anion binding exosites I and II that specifically interact 
with cofactors and/or substrates.” The dynamic structural conforma- 
tion of thrombin allows for binding to diverse ligands, and the subse- 
quent ligand-induced conformational stabilization, known as thrombin 
allostery, regulates and controls thrombin activity.”°”! 

Thrombin initiates important procoagulant pathways by proteo- 
lytic activation of the cofactors V and VIII and zymogen factor XI that 
collectively amplify thrombin and fibrin formation, and by activating 
factor XIII that crosslinks and stabilizes the fibrin polymers. Another 
procoagulant function of thrombin is to inhibit fibrinolysis by proteo- 
lytic activation of the thrombin-activatable fibrinolysis inhibitor (TAFI), 
a reaction enhanced by the endothelial-bound cofactor thrombomod- 
ulin. Thrombin also has an anticoagulant function and upon binding to 
the cofactor thrombomodulin, it is capable of proteolytically activating 
protein C, which inactivates the cofactors Va and VIIIa. 

Thrombin activates the seven-transmembrane domain, G-protein- 
coupled protease-activated receptors (PARs) PAR1, PAR3, and PAR4 
that are expressed on a wide range of cell types in the vasculature by 
proteolytic cleavage of their N-terminal extracellular domains.” 
Thrombin is one of the strongest platelet activators in vivo and activates 
platelet-expressed PARI and PAR4.” The platelet glycoprotein (GP) Ib 
(GPIb) serves as a cofactor for thrombin in PARI cleavage (Chap. 112). 
Thrombin-mediated activation of endothelial-PAR1 triggers release of 
von Willebrand factor (VWF) and P-selectin, which promote rolling 
and adhesion of platelets and leukocytes. In addition, this stimulates the 
endothelial production of platelet-activating factor, a potent platelet and 
leukocyte activator, as well as the production of chemokines, cyclooxy- 
genase (COX)-2, and prostaglandins.” Thrombin-mediated PAR activa- 
tion is not only critical for coagulation, but also plays an important role 
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Figure 113-4. Prothrombin to thrombin conversion. 
A molecular model of prothrombin comprising the 
y-carboxy glutamic acid (Gla; GLA) domain, both kringle 
domains, and the catalytic domain is shown (PDB struc- 
tures 2PF2, 1HAG, 1A0H, 1HAI). Gla domain-bound cal- 
cium ions are indicated in black. Cleavage by the factor 
Va-Xa complex at Arg271 and Arg320 releases thrombin 
(with the A chain and catalytically active B chain) from 
the rest of the molecule (fragment 1.2). 


A chain 


Thrombin 


in inflammatory and proliferative responses associated with vascular 
injury, such as in atherosclerosis and cancer.” 

The physiologic inhibitors of thrombin are the serine protease 
inhibitors (serpins) antithrombin, heparin cofactor II, protein C inhib- 
itor, and protease nexin 1, with antithrombin being the primary plasma 
inhibitor. For all four serpins, the rate of thrombin inhibition can be 
accelerated by glycosaminoglycans, such as heparin (Table 113-4), 
through mutual binding to the serpin and thrombin (see Fig. 113-2), 
which ensures rapid inhibition of thrombin at the intact endothelial cell 
surface where heparin-like glycosaminoglycans are found. 

Heparin and heparin-derivatives are clinically used as anticoagu- 
lants to inhibit thrombin via antithrombin. Hirudin, which originates 
from the salivary glands of medicinal leeches, and its recombinant 
and synthetic derivatives are potent and highly specific inhibitors 
that directly target the active site and exosite I of thrombin.” The 
target-specific oral anticoagulant dabigatran also inhibits thrombin 
directly with high specificity and reversibly binds the active site of 
thrombin.?””* 


TABLE 113-4. Antithrombin Inhibition of Coagulation 


Proteases 


Second-Order Association Rate Constants (M"'s"') 


Protease - Heparin +H5 + UFH 
Thrombin UH SS TOF ESPO 4.7 x 10’ 
Factor Xa 2.6 x 10? MONO 6.6 x 10° 
Factor IXa 58 3.1 x 10* 6.2 x 10° 
TF-Factor Vlla 33 4.9 x 10? 1.5 x 10* 
Factor Xia HSS 0? doll & 1@F 1.8 x 10° 
Factor XIla 39 1.9 x 10° 6.6 x 10* 
APC 0.08 1.9 Dal 


APC, activated protein C; TF, tissue factor. 


The association rate constants characterizing the antithrombin inhi- 
bition of coagulation proteases in the absence of heparin or accel- 
erated by H5, the synthetic pentasaccharide fondaparinux, or UFH, 
unfractionated heparin, which comprises long heparin molecules. 
In vivo, natural glycosaminoglycan molecules on endothelium and 
other cells accelerate the rate of inhibition. (See ST Olson, R Swanson, 
E Raub-Segall, et al.3?') 
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Figure 113-5. Relationship of gene structure to protein structure in 
prothrombin. The exons, introns, mRNA, and protein structure are as 
indicated. The mRNA is 2 kb with small 5’ and 3’ untranslated regions 
(shown in light blue). In the protein, Pro indicates the prepro leader 
sequence, GLA indicates the y-carboxy glutamic acid (Gla) domain, 
Kringles 1 and 2 are indicated, LC indicates the light chain (also known 
as the A chain), and the serine protease (catalytic) domain is indicated. 


Exon 
Protein 


Gene Structure and Variations 

Prothrombin is encoded by a gene (F2) on chromosome 11p11.2 that 
is approximately 20 kb long.” The coding sequence is divided over 
14 exons that range in size from 25 to 315 bp (Fig. 113-5). The reference 
sequence of prothrombin mRNA comprises 2018 bases. There are no 
common, well characterized, splicing variants with known biology. 

Homozygosity or compound heterozygosity for loss of function 
mutations in the prothrombin gene leads to a bleeding tendency. This 
condition is quite rare with perhaps one case per 2,000,000 newborns.” 
Heterozygous carriers of loss-of-function mutations are without a 
bleeding phenotype. Mutations have been characterized in a relatively 
small number of cases with homozygous or compound heterozygous 
prothrombin deficiency (consult the human gene mutation database at 
http://www.hgmd.org for details). The majority of mutations underlying 
prothrombin deficiency are missense mutations, but several small dele- 
tions/insertions have also been reported. 

Gain-of-function mutations in the prothrombin gene increase 
thrombotic risk. The best known variation is G20210A.* This vari- 
ation of the last nucleotide preceding the poly(A)-tail of the mature 
mRNA has an effect on 3’-end mRNA processing and increases the 
level of prothrombin in plasma by approximately 10 to 20 percent in 
heterozygous individuals.” This relatively small increase in the level of 
prothrombin results in a two- to threefold enhanced risk for venous 
thrombosis. Homozygotes for the G20210A variation are quite rare, 
and the risk associated with homozygosity has not been measured with 
certainty. The G20210A variation is relatively common in whites, with 
a strong south-north gradient in that the variation is most common in 
southern Europe.” 


FACTOR VII 


Factor VII, which was discovered around 1950,” is synthesized in the 
liver and circulates in plasma as a single-chain zymogen of 406 amino 
acids (Mr ~50,000) at a concentration of 10 nM with a short plasma 
half-life of 3 to 6 hours (see Table 113-1). 


Protein Structure 

Factor VII consists of a Gla domain with 10 Gla residues, two EGF-like 
domains, a connecting region, and the serine protease domain (see Fig. 
113-1). Calcium coordination in EGF-1 is mediated by partial hydroxy- 
lation of Asn63 and O-linked fucosylation of Ser60.** Further posttrans- 
lational modifications of factor VII consist of O-linked (Ser52 in EGF-1) 


and N-linked (Asn154 in the connecting region, Asn322 in the serine 
protease domain) glycosylation. 


Factor VII Activation and Factor Vila Activity 

Factor VII is proteolytically activated once it has formed a high-affin- 
ity complex with its cofactor tissue factor. A number of coagulation 
proteases including thrombin and factors [Xa and XIIa are capable of 
cleaving factor VII at Arg152 to generate factor VIIa (see Fig. 113-1), 
with factor Xa being considered the most potent and physiologically 
relevant activator of factor VII. Autoactivation can also occur, which 
is initiated by minute amounts (approximately 0.1 nM) of preexisting 
factor VIIa.” 

Factor VIIa is a two-chain serine protease composed of a light 
chain (Mr ~20,000) comprising the Gla and EGF domains and the cata- 
lytic heavy chain (Mr ~30,000), which are covalently linked via a disul- 
fide bond. Factor VIIa activity is only expressed when bound to tissue 
factor, which induces an active conformation of the factor VIIa serine 
protease domain (Fig. 113-6).'' Factor VIIa interacts with tissue factor 
via its Gla and EGF domains. 

The tissue factor-factor VIIa complex activates both coagulation 
factors IX and X, which is considered to be the main initiating step of 
the extrinsic pathway of coagulation. In addition, the tissue factor- 
factor VIIa (-factor Xa) complex is not only critical to processes in 
coagulation, but also to wound healing, angiogenesis, tissue remodel- 
ing, and inflammation through proteolytic activation of PAR2.**° 

The ternary tissue factor-factor VIla—factor Xa complex is inhib- 
ited by the tissue factor pathway inhibitor (TFPI). Tissue factor-factor 
VIIa is also inhibited by antithrombin, but only in the presence of hep- 
arin (see Table 113-4). 


Gene Structure and Variations 
The gene encoding factor VII (F7) is located on chromosome 13q34, 
is almost 15 kb in length, and comprises 9 exons (Fig. 113-7). The 
canonical mRNA encoding factor VII comprises 3000 bases.“ Alterna- 
tively spliced transcript variants encoding multiple isoforms have been 
observed, but their biology is not well characterized.” 

Inherited factor VII deficiency is a rare autosomal recessive dis- 
order that affects approximately one in 500,000 newborns.” Factor VII 
deficiency is the most common of the inherited rare bleeding disorders, 


Catalytic 


<- 


TREE 


Tissue factor 


are EER 


Factor Vila 


Figure 113-6. The tissue factor-factor Vila complex. A molecular 
model of factor Vila (PDB structures 1QHK, 1WHF, 1RFN, 1DAN) and the 
crystal structures of the tissue factor-factor Vila complex (PDB struc- 
ture 1DAN) and the extracellular domain of tissue factor (PDB structure 
2HFT) are shown. The y-carboxy glutamic acid (Gla; GLA) domain, epi- 
dermal growth factor (EGF)-like domains 1 and 2, and serine protease 
(catalytic) domain of factor Vila are indicated. Binding to tissue factor 
alters the overall structure of factor Vila. 
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Figure 113-7. Relationship of gene structure to protein structure in 
factor VII. The exons, introns, mRNA, and protein structure are as indi- 
cated. The mRNA is 2.7 kb with a small 5’ untranslated region and a 
relatively large 3’ untranslated region (light blue). In the protein, Pro indi- 
cates the prepro leader sequence, GLA indicates the y-carboxy glutamic 
acid (Gla) domain, and epidermal growth factor (EGF)-1 and -2, as well 
as the serine protease (catalytic) domain, are indicated. CR indicates the 
connecting region that comprises the site of proteolytic activation. 


although the reported prevalences vary between countries. Homozy- 
gotes and compound heterozygotes develop a hemorrhagic diathesis 
that may vary from mild to severe. 

The human gene mutation database (http://www.hgmd.org) lists 
258 mutations in the factor VII gene. The majority of these are missense 
mutations, but splicing and regulatory mutations also occur. Small 
deletions account for almost 10 percent of the documented mutations. 
Other gross gene abnormalities appear to be uncommon. 

The factor VII gene harbors many common polymorphisms of 
which three are notable: Arg353Gln in the catalytic domain, a 10-bp 
insertion in the promotor region, and a variable number of 37 bp repeats 
in intron 7. The minor alleles of these polymorphisms are associated 
with decreased levels of factor VII and explain up to 30 percent of the 
variation in activated factor VII levels. Furthermore, the minor alleles 
have been claimed to lower the risk of myocardial infarction. However, 
this finding has not led to routine genotyping in the management of this 
disorder. The relationship between factor VII levels, factor VII polymor- 
phisms, and venous thrombosis has not been established with certainty. 


FACTOR IX 


Factor IX was originally reported in 1952 as “Christmas factor,’ named 
after one of the first identified hemophilia B patients.**“* Factor IX is 
synthesized in the liver and circulates in plasma as a single-chain 
zymogen of 415 amino acids (Mr ~55,000) at a concentration of 90 nM 
with a half-life of 18 to 24 hours (see Table 113-1). 


Protein Structure 

Factor IX consists of a Gla domain, two EGF-like domains, a 35-resi- 
due activation peptide, and the serine protease domain (see Fig. 113-1). 
The Gla domain contains 12 Gla residues, of which the 11th and 12th 
Gla (Glu36 and Glu40) are not evolutionary conserved in other vita- 
min K-dependent proteins and are not essential for normal factor IX 
function.* 

Factor IX comprises several posttranslational modifications that 
are not only important for its structure and function, but are also 
involved in the plasma clearance and distribution of factor IX.” Factor 
IX is sulfated at Tyr155 and phosphorylated at Ser158 in the activation 
peptide. Hydroxylation of Asp64 in EGF 1 mediates calcium binding, 
and while only approximately 40 percent of total plasma factor IX car- 
ries this modification, complete absence because of a point mutation 
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at this position dramatically reduces factor IX activity resulting in 
hemophilia B.“ An O-linked fucose (Ser61) and glucose (Ser63) are 
found in the EGF 1 domain, in addition to several O-linked glycans in 
the activation peptide (Thr159, Thr169, Thr172, and Thr179). Further 
modification of the activation peptide includes N-linked glycosylation 
of Asn residues 157 and 167, which modulates the circulating levels of 
factor IX.*°-° 


Factor IX binds with high affinity to the extracellular matrix com- 
ponent collagen IV via residue Lys5 in the Gla domain.” Although 
factor IX variants incapable of collagen IV binding exhibit a greater 
recovery, collagen IV association generates an extravascular reservoir 
of factor IX that enables prolonged action of factor IX at a hemostatic 
relevant region. 


Factor IX Activation and Factor IXa Activity 

Limited proteolysis of factor IX at both Arg145 and Arg180 by either 
the tissue factor—factor VIIa complex or factor XIa results in the release 
of the activation peptide and generation of factor IXa (see Fig. 113-1). 
Cleavage at Arg180 generates factor IXa, which displays catalytic activ- 
ity toward synthetic substrates only, whereas fully active factor IXaf is 
formed following cleavage at Arg145.°>4 

Factor [Xa is a two-chain serine protease (Mr ~45,000) that is com- 
posed of a light chain of 145 residues (Mr ~17,000) and the catalytic 
heavy chain of 235 residues (Mr ~28,000), which are covalently linked 
via a disulfide bond. 

Factor IXa has a low catalytic efficiency as a result of impaired 
access of substrates to the active site that results from steric and elec- 
trostatic repulsion.” Reversible interaction with the cofactor VIIa on 
anionic membranes and subsequent factor X binding leads to rear- 
rangement of the regions surrounding the active site and proteolytic 
factor X activation. 

The primary plasma inhibitor of factor IXa is the serpin anti- 
thrombin, and this inhibition is enhanced by heparin (see Table 113-4), 
which induces a conformational change in antithrombin that is required 
for simultaneous active site and exosite interactions with factor IXa." 


Gene Structure and Variations 

The gene encoding factor IX (F9) is located on chromosome Xq27.1 and 
covers nearly 25 kb.* It is divided into eight exons from which a mature 
mRNA molecule is transcribed with an ultimate length of 2802 bases 
(Fig. 113-8). 
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Figure 113-8. Relationship of gene structure to protein structure in 
factor IX. The exons, introns, mRNA, and protein structure are as indi- 
cated. The mRNA is 2.8 kb with a small 5° untranslated region and a 
relatively large 3’ untranslated region (light blue). In the protein, Pro indi- 
cates the prepro leader sequence, GLA indicates the y-carboxy glutamic 
acid (Gla) domain, and epidermal growth factor (EGF)-1 and -2, as well 
as the serine protease (catalytic) domain are indicated. AP indicates the 
activation peptide that is released after cleavage of two bonds. 


A defect or deficiency in factor IX leads to hemophilia B. Chap- 
ter 123 discusses the prevalence, clinical characteristics, and molecular 
genetics of hemophilia B in detail. 

Conversely, increased levels of factor IX are a strong risk fac- 
tor for venous thrombosis.** This is in agreement with a rare gain of 
function mutation (Arg335Leu; factor IX Padua), which renders the 
protein hyperfunctional and is associated with familial early-onset 
thrombophilia.” 


FACTOR X 


Factor X was originally reported in the late 1950s as the “Stuart-Prower 
factor, named after the first two identified factor X-deficient patients. 
Factor X is primarily synthesized in the liver and circulates in plasma as 
a two-chain zymogen of 445 amino acids (Mr ~59,000) at a concentra- 
tion of 170 nM with a half-life of 34 to 40 hours (see Table 113-1). 


Protein Structure 
Factor X is synthesized as a single-chain precursor and during intracel- 
lular processing, the three-amino acid peptide Arg140-Lys141-Arg142 
is excised. The resulting two-chain zymogen consists of a light chain 
(Mr ~16,000), comprising the Gla domain with 11 Gla residues and the 
EGF domains, which is linked via a disulfide bond to the heavy chain 
(Mr ~42,000) that consists of a 52-residue activation peptide and the 
serine protease domain (see Fig. 113-1). 

Hydroxylation of Asp63 mediates calcium binding to the EGF 
1 domain and orients the Gla domain, which is essential for factor X 
clotting activity.” N-linked glycosylation of the activation peptide resi- 
dues Asn181 and Asn191 has been implicated in prolonging the factor 
X half-life. Further posttranslational modification of factor X consists 
of O-linked glycosylation at Thr159 and Thr171 in the activation pep- 
tide and Thr443 in the serine protease domain. There is some evidence 
that glycosylation of the human factor X activation peptide may also 
contribute to substrate recognition by the intrinsic or extrinsic factor 
X-activating complex. 


Factor X Activation and Factor Xa Activity 

Factor X is proteolytically activated by either the factor VIIa—factor IXa 
(“intrinsic tenase”) or the tissue factor—factor VIIa (“extrinsic tenase”) 
enzyme complexes following cleavage at Arg194 in the heavy chain (see 
Fig. 113-1). This results in the release of the activation peptide and gen- 
eration of factor Xa, also known as factor Xaa. A snake venom protease 
from Russell's viper venom (RVV-X) is capable of generating factor Xa 
in a similar manner. 

Factor Xa consists of the Gla and EGF domains-comprising light 
chain (Mr ~16,000) and the catalytic heavy chain (Mr ~29,000) that are 
covalently linked via a disulfide bond. Factor Xa reversibly associates 
with its cofactor factor Va on an anionic membrane surface in the pres- 
ence of calcium ions to form prothrombinase, the physiologic activator 
of prothrombin. Factor Xa is also involved in the proteolytic activation 
of factors V, VII, and VIII.°°* 

Similar to thrombin, factor Xa plays a role in other biologic and 
pathophysiologic processes that are not directly related to coagulation. 
Factor Xa triggers intracellular signaling via activation of PAR] and/or 
PAR2. Factor Xa cleaves PAR2 by itself as well as in complex with tissue 
factor-factor VIIa. These direct cellular effects of factor Xa contribute 
to wound healing, tissue remodeling, inflammation, angiogenesis, and 
atherosclerosis, among others.” 

Further autocatalytic cleavage at Arg429 near the C-terminus of 
the factor Xa heavy chain leads to release of a 19-residue peptide, yield- 
ing the enzymatically active factor Xa$.”-” Plasmin-mediated cleavage 
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of factor Xa at adjacent C-terminal Arg or Lys residues also results in 
the generation of factor Xaß and factor Xaf derivatives.””* While the 
coagulation activity is eliminated in the factor Xaf derivatives, they are 
capable of interacting with the zymogen plasminogen and enhance its 
tissue plasminogen activator-mediated conversion to plasmin, thereby 
promoting fibrinolysis.” 

A primary plasma inhibitor of factor Xa is the serpin anti- 
thrombin, and this inhibition is enhanced by heparin (see Table 113-4), 
which induces a conformational change in antithrombin that is required 
for simultaneous active site and exosite interactions with factor Xa.’ 
Another potent factor Xa inhibitor is TFPI, which inhibits both the 
ternary tissue factor-factor VHa-factor Xa complex as well as free fac- 
tor Xa, for which protein S functions as a cofactor.” Free factor Xa is 
also inhibited by the protein Z/protein Z-dependent protease inhibitor 
(ZPI) complex on membranes.” 

Low-molecular-weight heparin and synthetic derivatives (e.g. 
fondaparinux) are clinically used as anticoagulants to enhance factor 
Xa inhibition by antithrombin specifically. The target-specific oral anti- 
coagulants rivaroxaban, apixaban, edoxaban, and analogues directly 
inhibit both free factor Xa and prothrombinase complex-assembled 
factor Xa with high specificity through a high-affinity, reversible inter- 
action with the factor Xa active site.*°* 


Gene Structure and Variations 

The gene encoding factor X (F10) is located on chromosome 13q34 and 
spans almost 27 kb. The 8 exons in the factor X gene give rise to a 
mature mRNA of 1560 bases (Fig. 113-9). There are no common alter- 
native splice variants with known biology. 

Loss of function mutations in the factor X gene lead to a rare bleed- 
ing disorder with a recessive mode of inheritance. Factor X deficiency 
occurs in approximately one in every 1,000,000 newborns. Most cases of 
documented factor X deficiency experience serious bleeding problems. 
In fact, factor X deficiency may be the most severe of the rare congenital 
bleeding disorders.” Well over 100 mutations have been documented in 
cases with factor X deficiency (http://www.hgmd.org). The majority of 
these mutations are missense and nonsense mutations. 

Gain-of-function mutations in factor X could potentially increase 
thrombotic risk, but such mutations have not been documented. There 
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Figure 113-9. Relationship of gene structure to protein structure in 
factor X. The exons, introns, mRNA, and protein structure are as indi- 
cated. The mRNA is 1.5 kb with a relatively large 5’ untranslated region 
and a small 3’ untranslated region. In the protein, Pro indicates the pre- 
pro leader sequence, GLA indicates the y-carboxy glutamic acid (Gla) 
domain, and epidermal growth factor (EGF)-1 and -2, as well as the ser- 
ine protease (catalytic) domain, are indicated. AP indicates the activa- 
tion peptide. Before secretion, cleavage in this domain processes factor 
X to the two-chain mature zymogen. A second cleavage releases the 
activation peptide and generates factor Xa activity. 


is uncertainty about whether common gene variations influence the 
level of factor X in plasma.* 


PROTEIN C 


Protein C, which plays a central role in the anticoagulant pathway, 
was discovered in 1960, and being the third protein peak (“peak C”) 
observed in a vitamin K-dependent plasma protein purification, it was 
named protein C.***’ Protein C is synthesized in the liver and circulates 
in plasma as a two-chain zymogen of 417 amino acids (Mr ~62,000) at a 
concentration of 65 nM with a half-life of 6 to 8 hours (see Table 113-1). 


Protein Structure 

Protein C is synthesized as a single-chain precursor and during intracel- 
lular processing amino acids Lys146-Arg147 are excised. The resulting 
two-chain zymogen consists of a light chain (Mr =21,000) comprising 
the Gla domain with nine Gla residues and the EGF domains, which is 
linked via a disulfide bond to the heavy chain (Mr ~41,000) that consists 
of the 12-residue activation peptide and the serine protease domain (see 
Fig. 113-1). 

In addition to y-carboxylation, protein C is hydroxylated at Asp71 
in the EGF-1 domain, which coordinates calcium binding.” N-linked 
glycosylation of Asn97 in EGF-1 and Asn248, Asn313, and Asn329 in 
the serine protease domain are important for efficient protein secretion, 
proteolytic processing of Lys146-Arg147, and proteolytic activation.**”° 
Some of the total plasma protein C is not glycosylated at either Asn329 
(B-protein C) or at both Asn329 and Asn248 (y-protein C), of which the 
impact on protein function remains unclear.” 


Protein C Activation and Activated Protein C Activity 

Protein C is proteolytically activated by a-thrombin in complex with 
the endothelial cell surface protein thrombomodulin following cleav- 
age at Arg169 (see Fig. 113-1). The activation peptide is released and 
the mature serine protease activated protein C (APC) is formed. Acti- 
vation of protein C is enhanced by its localization on the endothelial 
surface through association with the endothelial cell protein C receptor 
(EPCR).” Several snake venom proteases (RVV-X and Protac) are also 
capable of activating protein C. 

APC consists of the disulfide-linked light chain comprising the 
Gla and EGF domains (Mr ~21,000) and the catalytic heavy chain 
(Mr ~32,000). In complex with its cofactor protein S, APC proteolyti- 
cally inactivates factors Va and VIIa in a calcium- and membrane-de- 
pendent manner. Intact factor V has been reported to function as a 
cofactor for the inactivation of factor VIIa in the presence of protein S.” 

Downregulation of thrombin formation through inactivation of 
these cofactors seems to occur preferentially on the endothelial cell 
surface as opposed to that of platelets,” where it prevents coagulation 
and potential thrombosis. However, protein C activation is also acceler- 
ated by platelet factor 4 (PF4), which is secreted by activated platelets. 
Upon interaction with the Gla domain of protein C, PF4 modifies the 
conformation of protein C, thereby enhancing its affinity for the throm- 
bomodulin-thrombin complex.” This ensures APC generation in close 
proximity of the injury site where platelets are activated, which serves to 
impede dissemination of coagulation. 

APC also plays a major role in the cytoprotective pathway to pre- 
vent vascular damage and stress.” These activities include antiapop- 
totic activity, antiinflammatory activity, alterations of gene-expression 
profiles, and endothelial barrier stabilization. Most of these functions 
require binding to EPCR and PARI cleavage. 

APC is primarily inhibited by the heparin-dependent ser- 
pin protein C inhibitor and by plasminogen activator inhibitor-1 
(PAI-1). Because PAI-1 is the major inhibitor of tissue plasminogen 
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Figure 113-10. Relationship of gene structure to protein structure 
in protein C. The exons, introns, MRNA, and protein structure are as indi- 
cated. The mRNA is 1.8 kb with a small 5’ untranslated region coded for 
by exon 1 and a relatively small 3’ untranslated region (light blue). In the 
protein, Pro indicates the prepro leader sequence, GLA indicates the y- 
carboxy glutamic acid (Gla) domain, and epidermal growth factor (EGF)-1 
and -2, as well as the serine protease (catalytic) domain, are indicated. AP 
indicates the activation peptide. Before secretion, cleavage in this domain 
processes protein C to the two-chain mature zymogen. A second cleav- 
age releases the activation peptide and generates activated protein C. 


activator, inhibition through complex formation with APC contributes 
to enhanced fibrinolysis. Chapter 114 discusses these and other factors 
that attenuate the anticoagulant activity of APC. 


Gene Structure and Variations 
The protein C gene (PROC) is located on chromosome 2q14.3 and spans 
almost 11 kb.” The gene is divided into nine exons and the mature 
mRNA has a length of 1790 bases (Fig. 113-10). There are no alternative 
mRNA species with known biology. 

Loss-of-function mutations cause protein C deficiency. In homozy- 
gous or compound heterozygous form this leads to life-threatening pur- 
pura fulminans at birth which, if left untreated, is fatal.” In cases where 
there is still some protein C activity detectable, symptoms may be much 
milder. 

Heterozygous protein C deficiency increases the risk of venous 
thrombosis. This is true for most deficiencies of natural anticoagulants 
and sets them apart from rare bleeding disorders where heterozygos- 
ity for loss of function mutations is mostly asymptomatic. The risk for 
venous thrombosis is increased approximately 10-fold in heterozygotes 
for protein C deficiency, albeit that the risk estimates vary consider- 
ably between studies.” Family studies in particular suggest a high risk, 
whereas case-control studies may show markedly lower estimates.’ 

Heterozygous protein C deficiency can be categorized as type I or 
type II. In type I deficiency, antigen levels are approximately 50 percent 
of normal, whereas in type II deficiency, antigen levels are (near) nor- 
mal but activity levels are decreased by 50 percent. 

The genetic basis of protein C deficiency, consistent with what is 
observed in general for congenital loss of function disorders, is hetero- 
geneous. In line with this, more than 300 mutations have been docu- 
mented and are tracked in the human gene mutation database (http:// 
www.hgmd.org). Two-thirds of these documented mutations are mis- 
sense or nonsense. 

Several common polymorphisms, in particular in the promotor 
region of the protein C gene, are known to have a small but measurable 
effect on plasma protein C levels. Alleles of these polymorphisms that 
are associated with lower protein C levels are also associated with an 
increased thrombotic risk, albeit that the effect is small.!°! Therefore, it 
is not surprising that measurement of these polymorphisms have not 
found any clinical application. 
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@THE PROCOAGULANT COFACTORS 
V AND VIII 


Factors V and VIII both function as cofactors in coagulation and dra- 
matically enhance the catalytic rate of their macromolecular enzyme 
complexes, resulting in the generation of thrombin and factor Xa, respec- 
tively. Apart from their functional equivalence, they also share similar 
gene structures, amino acid sequences, and protein domain structures, 
which is not surprising considering that factors V and VIII are assumed 
to descend from the common ancestral Al-A2-A3 domain-containing 
copper-binding plasma protein ceruloplasmin through a gene duplica- 
tion event. After acquiring C-type domains as well as the central B 
domain, a second gene duplication ultimately separated the ancestral 
genes of factors V and VIII. 

Factors V and VIII undergo similar mechanisms of intracellular 
processing in the endoplasmic reticulum (ER) and Golgi apparatus. 
Trafficking through this early secretory pathway involves interaction of 
factors V and VIII with a receptor complex that consists of the man- 
nose-binding lectin-1 gene product LMANI (also called ER-Golgi 
intermediate compartment (ERGIC)-53) and multiple coagulation defi- 
ciency protein 2 (MCFD2).' Defects or deficiencies in one of the two 
subunits of the receptor complex can result in a combined deficiency of 
factors V and VIII (Chap. 124). 


FACTOR V 


In 1943, Norwegian physician Paul Owren discovered the fifth coag- 
ulation factor thus far known and named it factor V.'1° Factor V is 
synthesized in the liver and circulates in plasma as a large single-chain 
procofactor of 2196 amino acids (Mr ~330,000) at a concentration of 20 
nM with a half-life of 12 to 36 hours (see Table 113-1). 

Approximately 20 percent of the total factor V in blood is stored 
in the a-granules of platelets. Although it was originally thought that 
megakaryocytes synthesize factor V, studies in humans indicate that 
platelet factor V originates from plasma through endocytic uptake. 10-1% 
Platelet factor V is modified intracellularly such that it is functionally 
unique compared to its plasma-derived counterpart. It is partially acti- 
vated, more resistant to inactivation by APC, and has several different 
posttranslational modifications.'"° 

Platelet factor V is associated with the large multimeric protein 
multimerin.'"’ Multimerin has a massive repeating structure, with some 
of the multimers having molecular weights of several million daltons. 
Although the function of this platelet factor V-specific multimeric 
chaperon protein is similar to that of VWE, the multimeric chaperon 
protein of factor VIII in plasma, multimerin and VWF share no struc- 
tural homology. 

Following platelet activation, platelet factor V becomes available 
at the site of injury and can reach local concentrations that exceed the 
factor V plasma concentration by more than 100-fold.'”” Interestingly, 
the origin of factor V in mouse platelets differs from humans in that it 
is synthesized in megakaryocytes and stored into the a-granules before 
platelets are released from the marrow.'!*!4 


Protein Structure 
Factor V has an Al-A2-B-A3-C1-C2 domain structure (Fig. 113-11). 
The three A-type domains share significant homology with those 
of ancestral ceruloplasmin as well as with the factor VIII A domains 
(approximately 50 percent sequence identity). The two C-type domains 
belong to the family of discoidin domains, which are generally involved 
in cell adhesion, and share approximately 55 percent sequence identity 
with the factor VIII C domains. The C domains mediate binding to the 
anionic phospholipid surface, thereby localizing factor V to the site of 
injury and facilitating interaction with factor Xa and prothrombin.'*""8 
In contrast, the large central B domain of factor V shows weak homol- 
ogy to the factor VIII B domain or to any other known protein domain. 
However, this domain comprises so-called basic and acidic regions that 
are highly conserved throughout evolution and serve to negatively regu- 
late factor V function and prevent activity of the procofactor.'!”'” 
Factor V undergoes extensive posttranslational modifications, 
including sulfation, phosphorylation, and N-linked glycosylation.’ 
Sulfation at sites in the A2 and B domain are involved in the thrombin- 
mediated proteolytic activation of factor V." Phosphorylation at Ser692 
in the A2 domain enhances the APC-dependent inactivation of the 
cofactor Va.'* N-linked glycosylation occurs throughout the whole pro- 
tein; however, the majority of carbohydrates are linked to Asn residues 
within the B domain and play a role in the LMAN1-MCDF2 receptor 
complex-mediated trafficking of factor V from the ER to the Golgi in 
the early secretory pathway.’ Partial glycosylation at Asn2181 in the 
C2 domain of factor V results in a lower binding affinity for negatively 
charged membranes of the glycosylated form, thereby reducing the fac- 
tor V procoagulant activity, particularly at low phospholipid concen- 
trations.’**!*5 Furthermore, factor V comprises several disulfide bonds 
that are important for the three-dimensional structure of the A and C 
domains.” 


Factor V Procofactor Activation and Factor Va Cofactor 
Function 

Sequential proteolytic cleavage of the procofactor factor V at Arg709, 
Arg1018, and Arg1545 in the B domain results in release of the inhib- 
itory constraints exerted by the B domain and in the generation of the 
heterodimeric cofactor Va (see Fig. 113-11). Maximal cofactor activ- 
ity correlates with cleavage at Arg1545, which is consistent with the 
observation that a snake venom protease from RVV-V, which cleaves 
only at Arg1545, results in full activation. Thrombin has generally been 
recognized to be the principal activator of factor V. However, recent 
findings suggest that in the initiation phase of coagulation factor V is 
primarily activated by factor Xa.!” Factor Xa initially cleaves factor V at 
Arg1018, followed by proteolysis at Arg709 and Arg1545.' 

Factor Va is composed of a heavy chain (Mr ~105,000) compris- 
ing the Al-A2 domains and the A3-C1-C2 light chain (Mr ~74,000), 
which are noncovalently associated via calcium ions. Factor Va is a 
nonenzymatic cofactor within the prothrombinase complex that greatly 
accelerates the ability of factor Xa to rapidly convert prothrombin to 
thrombin.’” APC catalyzes the inactivation of factor Va by cleavage at 
the main sites Arg306 and Arg506, upon which the cleaved A2 fragment 
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Figure 113-11. The domain structure of factor V. Schematic A1-A2-B-A3-C1-C2 domain representation of factor V. Thrombin cleavage sites (Arg709, 
Arg1018, Arg1545) are indicated by green arrows, and activated protein C (APC) cleavage sites (Arg306, Arg506) by red arrows. The blue and red boxes 
in the B domain represent the basic and acidic region, respectively, that are highly conserved throughout evolution and serve to negatively regulate 


factor V function and prevent activity of the procofactor V. 
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Figure 113-12. Relationship of gene structure to protein structure 
in factor V. The exons, introns, MRNA, and protein structure are as indi- 
cated. The mRNA is 7 kb with some 5’ and 3’ untranslated sequences 
(light blue). In the protein, P indicates the propeptide leader sequence, 
and the A1-A2-B-A3-C1-C2 domains are indicated. 


dissociates and factor Va can no longer associate with factor Xa. A 
common Arg506GlIn mutation in factor V leads to resistance to inacti- 
vation by APC (factor V Leiden) and is associated with an increased risk 
of venous thromboembolism (Chap. 133). 

Both factor V and an alternatively spliced isoform of factor V 
(factor V-short), which lacks the major part of the B domain (residues 
756 to 1458) and normally circulates in low abundance, interact with 
full-length TFPI (TFPIa), most likely through the acidic B domain 
region.'**!* The linkage of factor V and TFPIa is considered to atten- 
uate the bleeding phenotype in factor V-deficient patients, as the low 
TFPIa levels in these patients allow the residual platelet factor V to be 
sufficient for coagulation.’**'** Conversely, increased factor V-short 
expression caused by an A2440G mutation in the factor V gene leads to 
a dramatic increase in plasma TFPIa, resulting in a bleeding disorder.’ 


Gene Structure and Variations 

The gene for factor V (F5) is located on chromosome 1q23. It is located 
very close to the genes for the selectin family of leukocyte adhesion 
molecules. The factor V gene spans approximately 70 kb and consists of 
25 exons (Fig. 113-12). The gene structure is very similar to that of the 
factor VIII gene, with exon-intron boundaries occurring at exactly the 
same location in 21 out of 24 cases." 

Homozygosity or compound heterozygosity for loss-of-function 
mutations in the factor V gene lead to a bleeding disorder (termed par- 
ahemophilia or Owren parahemophilia).'*° At the time of writing, 152 
mutations in the factor V gene have been collected in the human gene 
mutation database (www.hgmd.org). 

Gain-of-function mutations in the factor V gene increase the 
risk of thrombosis. This is particularly the case for venous thrombosis 
and not so much for arterial thrombosis. In whites, the most common 
gain-of-function mutation in the factor V gene is factor V Leiden (Arg- 
506Gln), which leads to a plasma abnormality known as APC resistance 
(Chap. 133).0°71° 
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FACTOR VIII 


Factor VIII (antihemophilic factor) was first discovered in 1937, but it 
was not until 1979 that its purification by Tuddenham and coworkers 
led to the molecular identification of the protein." Factor VIII is 
synthesized as a single-chain preprocofactor of 2351 amino acids and, 
subsequent to intracellular processing, is secreted as a series of metal 
ion-linked heterodimers due to proteolysis at the A3-B junction and dif- 
ferential processing in the central B domain (Fig. 113-13). The mature 
factor VIII procofactor comprises 2332 amino acids (Mr ~300,000) and 
circulates in a high-affinity complex with its carrier protein VWF at a 
concentration of approximately 0.7 nM and a circulatory half-life of 8 
to 12 hours (see Table 113-1). Complex formation with VWF protects 
factor VIII from proteolytic degradation, premature ligand binding, and 
rapid clearance from the circulation. 

The primary source of factor VIII is the liver, “>! but extrahepatic 
synthesis of factor VIII also occurs." While contradictory evidence 
exists on the cellular origin of both hepatic and extrahepatic factor VIII 
synthesis, recent studies in mice support that endothelial cells from 
many tissues and vascular beds synthesize factor VIII, with a large con- 
tribution from hepatic sinusoidal endothelial cells." This is consis- 
tent with observations on factor VIII expression in human endothelial 
cells from the liver and lung." 

Factor VIII is less-efficiently secreted from the cell as compared 
to factor V, because it interacts with the ER-chaperon proteins calnexin 
and calreticulin, whereas factor V interacts with calreticulin only.'° 
Both chaperons preferentially interact with GPs comprising mono- 
glucosylated N-linked oligosaccharides and promote correct folding of 
proteins that enter the secretory pathway and target misfolded proteins 
for degradation. Factor VIII, but not factor V, also interacts with the 
ER-chaperon immunoglobulin-binding protein (BiP/GRP78), which 
appears to enhance the stability of factor VIII, but also retards its secre- 
tion.’*! Factor VIII trafficking from the ER to the Golgi is mediated via 
the LMAN1-MCDEF2 receptor complex, similar to factor V.'% 

Several clearance receptors are responsible for actively removing fac- 
tor VIII from the circulation, which include the low-density lipoprotein 
(LDL) receptor-related protein 1 (LRP1), the LDL receptor, and receptors 
that specifically interact with carbohydrate structures on factor VIIL.'?"!6 


Protein Structure 

The Al-A2-B-A3-C1-C2 domain structure of factor VIII shares 
significant homology with factor V except in the B domain region 
(see Fig. 113-13). In contrast to factor V, the factor VIII B domain is 
dispensable for procoagulant activity. The mature factor VIII proco- 
factor comprises a variably sized heavy chain (A1-A2-B; Mr ~200,000 
to 90,000 depending on the extent of proteolysis) and a light chain 
(A3-C1-C2; Mr ~80,000). The C-terminal regions of the Al and A2 
domains and the N-terminal portion of the A3 domain contain short 
segments of 30 to 40 negatively charged residues known as the al, a2, 
and a3 regions. Interaction with VWF is facilitated by the a3 region and 
C1 domain.’*”'* The C domains mediate binding to the anionic phos- 
pholipid surface, thereby localizing factor VIII to the site of injury and 
facilitating interaction with factor [Xa and factor X.'°"!®! 
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Figure 113-13. The domain structure of factor VIII. Schematic A1-a1-A2-a2-B-a3-A3-C1-C2 domain representation of factor VIII. The acidic regions 
denoted by a1, a2, and a3 are indicated, thrombin cleavage sites (Arg372, Arg740, Arg1689) are indicated by green arrows, and activated protein C 
(APC) cleavage sites (Arg336, Arg562) by red arrows. The variably sized B domain as a result of differential proteolytic processing is indicated. 
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Factor VIII is heavily glycosylated and the majority of the N-linked 
glycosylation sites are found in the B domain, which mediate interac- 
tion with the chaperons calnexin and calreticulin and, in part, with the 
LMANI1-MCDE2 receptor complex.'°*'5°'® Sulfation of tyrosine resi- 
dues is required for optimal activation by thrombin, maximal activity 
in complex with factor IXa, and maximal affinity of factor VIIa for 
VWE! Factor VIII comprises two phosphorylation sites that are 
located in the Al (Thr351) and B (Ser1657) domains. 


Factor VIII Procofactor Activation and Factor Villa Cofactor 
Function 

Thrombin and factor Xa are the principal activators of the procofac- 
tor VIII and generate the cofactor VIIa through sequential proteoly- 
sis at Arg740, Arg372, and Arg1689.'°'**1° The heterotrimeric factor 
VIIIa is composed of the Al (Mr ~50,000), A2 (Mr ~43,000), and the 
A3-C1-C2 light chain (Mr ~73,000) subunits (see Fig. 113-13). The Al 
and A3-C1-C2 subunits are noncovalently linked through calcium ions, 
whereas A2 is associated with weak affinity primarily by electrostatic 
interactions.!*”!® Once activated, factor VIIIa functions as a cofactor 
for factor [Xa in the phospholipid-dependent conversion of factor X to 
factor Xa. The rapid and spontaneous loss of factor VIIa cofactor activ- 
ity is attributed to A2 domain dissociation from the heterotrimer. 166° 
Additional proteolysis by APC, factor Xa, or factor IXa also results in 
the downregulation of factor VIIa cofactor activity.' 


Gene Structure and Variations 

The factor VIII encoding gene (F8) is situated at chromosome Xq28. The 
factor VIII gene contains 26 exons (Fig. 113-14), one more than factor 
V, because exon 5 of factor V corresponds to exons 5 and 6 of the factor 
VIII gene.'” In addition, the gene for factor VIII is much larger than 
that of factor V, spanning approximately 190 kb. This is largely because 
six of the introns in the factor VIII gene are much larger than the corre- 
sponding F5 introns. The mRNA for factor VIII is also much larger than 
the factor V mRNA because of a 1.8 kb 3’-untranslated region. 

A defect or deficiency in factor VIII leads to hemophilia A. 
Chapter 123 discusses the prevalence, clinical characteristics, and 
molecular genetics of hemophilia A in detail. 

High levels of factor VIII are a common and strong risk factor for 
venous thrombosis. It has been suspected that certain genetic variations 
in the factor VIII gene might play a role in determining the level of fac- 
tor VIII; however, such variations have not been identified.” The ABO 
blood group does play a role in determining the level of factor VHI, but 
probably indirectly through an effect on the level of VWE. ">° 
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Figure 113-14. Relationship of gene structure to protein structure 
in factor VIII. The exons, introns, mRNA, and protein structure are as 
indicated. The mRNA is 9 kb with some 5’ untranslated sequence and 
a large 3’ untranslated region (light blue). In the protein, P indicates the 
propeptide leader sequence, and the A1-A2-B-A3-C1-C2 domains are 
indicated. 


@THE SOLUBLE COFACTORS PROTEIN S 
AND VON WILLEBRAND FACTOR 


PROTEIN S 


Protein S, which is named after the city (Seattle) where it was discov- 
ered by the group of Earl Davie in 1977, is a vitamin K-dependent 
single-chain GP of 635 amino acids (Mr ~75,000) that circulates with a 
plasma half-life of 42 hours (see Table 113-1). Part of the total protein 
S pool circulates in a free form at a concentration of 150 nM, whereas 
the majority (approximately 60 percent; 200 nM) circulates bound to 
the complement regulatory protein C4b-binding protein (C4BP). 
Protein S is primarily synthesized in the liver by hepatocytes, in addi- 
tion to endothelial cells, megakaryocytes, testicular Leydig cells, and 
osteoblasts. 174-8 


Protein Structure 

The protein structure of protein S differs from the other vitamin 
K-dependent proteins as it lacks a serine protease domain and, con- 
sequently, is not capable of catalytic activity. Protein S is composed of 
a Gla domain comprising 11 Gla residues, a thrombin-sensitive region 
(TSR), four EGF domains, and a C-terminal sex hormone-binding 
globulin (SHBG)-like region that consists of two laminin G-type 
domains (Fig. 113-15). The SHBG-like domain is involved in the inter- 
action with the 6-subunit of C4BP. 

Apart from y-carboxylation of Glu residues, protein S is posttrans- 
lationally modified via N-glycosylation in the second laminin G-type 
domain of the SHBG-like region (Asn458, Asn468, Asn489). 
B-Hydroxylation of Asp95 or Asn residues (Asn136, Asn178, Asn217) 
in each EGF domain allows for calcium binding that orients the four 
EGF domains relative to each other.” 


Protein S Cofactor Function 

Free protein S serves as a cofactor for APC in the proteolytic inactiva- 
tion of factors Va and VIIIa.'”"*° Interaction of protein S with APC on 
a negatively charged membrane surface alters the location of the APC 
active site relative to factor Va,'*! which accounts for the selective pro- 
tein S-dependent rate enhancement of APC cleavage at Arg306 in factor 
Va.'* C4BP-bound protein S also exerts a similar stimulatory effect on 
Arg306 cleavage, albeit to lower extent, whereas it inhibits the initial 
APC-mediated factor Va cleavage at Arg506, resulting in an overall 
inhibition of factor Va inactivation.’ Cleavage of the TSR by thrombin 
and/or factor Xa results in a loss of APC-cofactor activity." Protein S 
also functions as a cofactor for TFPI« in the inhibition of factor Xa, 
which is mediated by the SHBG-like region in protein 8.7% 

Protein S has been implied to play a role in phagocytosis of apop- 
totic cells, cell survival, activation of innate immunity, vessel integrity 
and angiogenesis, and local invasion and metastasis through interaction 
with a family of protein tyrosine kinase receptors referred to as Tyro-3, 
Axl and Mer (TAM) receptors. 186187 


Gene Structure and Variations 
The gene encoding protein S (PROS1) is located on the long arm of 
chromosome 3 (3q11.1), very close to the centromere. A highly homol- 
ogous protein S pseudogene (PROSP) is located on the other side of the 
centromere. This pseudogene is inactive, as it is not transcribed into 
mRNA." The active protein S gene encompasses 15 exons and covers 
a little more than 100 kb (Fig. 113-16). The mRNA sequence consists 
of 3560 bases. Several alternative transcripts have been identified, but 
none of these have known biology. 

Loss-of-function mutations in PROS] lead to protein S deficiency. 
Several cases of homozygous and compound heterozygous protein S 
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Figure 113-15. Protein S, factor XI, factor XII, and tissue factor pathway inhibitor (TFPI). Schematic of protein S, factor XI, factor XII, and TFPla. Each 
circle represents an amino acid. For protein S: the prepro leader sequence comprising the signal peptide as well as the propeptide is indicated, the 
y-carboxy glutamic acid (Gla) domain is indicated with the Gla residues in blue, TSR represents the thrombin-sensitive region, the four epidermal 
growth factor (EGF) domains are indicated, and SHBG represents the sex hormone-binding globulin-like region. For factor XI: the four apple domains 
are indicated, and the serine protease (catalytic) domain is shown. Cys321 in the apple 4 domain that forms a disulfide link with Cys321 in the other 
factor XI subunit, thereby mediating dimerization, is indicated in yellow. For factor XII: types | and Il represent the fibronectin types | and Il domains, the 


two EGF-like domains are indicated, the kring 


e domain is indicated, Pro indicates the proline-rich region, and the serine protease (catalytic) domain 


is indicated. For TFPla: the three Kunitz domains are indicated and the C-terminal sequence of basic residues is indicated in light blue. Factors XI and 
XII have homologous serine protease (“catalytic”) domains (shown in light red), in which the active site His, Asp, and Ser residues are indicated in dark 
red. Cleavages that convert the zymogens factor XI and factor XII to an active enzyme are indicated by the red arrows. Cysteine residues that form a 


disulfide bridge (black line) are indicated in green. 


deficiency have been described with extremely low protein S levels. 
‘These very rare cases suffer from life-threatening purpura fulminans at 
birth.! 

Much more common are heterozygous deficiencies of protein S, 
which can be categorized into three types of deficiency. Type I defi- 
ciency is characterized by antigen levels that are approximately 50 per- 
cent of normal. In type II deficiency, antigen levels are (near) normal 
while activity levels are decreased by 50 percent. Type III deficiency is 
defined by a low level of free protein S. In keeping with this classifica- 
tion, clinical chemistry laboratories may offer a protein S activity assay, 
free antigen assay, or total antigen assay (or a combination thereof). 
‘These assays are not without problems and the evaluation of protein S 
levels is fraught with complications that need careful attention before a 
final diagnosis can be made.” 


The genetic basis of protein S deficiency is highly heterogeneous 
and there are more than 200 entries in the human gene mutation data- 
base (www.hgmd.org). Most of these are missense mutations. However, 
protein S deficiency is often characterized by gross gene deletions, that 
sometimes even involve neighboring genes.” The reason for this pre- 
ponderance of gross gene abnormalities remains unknown. 

It is commonly assumed that protein S deficiency increases venous 
thrombotic risk by 10-fold.’ This assertion is mainly based on studies 
in thrombophilic families. In population-based case-control studies, 
however, the risk increase appears to be much more modest, if present 
at all. The reason for this discrepancy between family and popu- 
lation-based studies remains enigmatic. The findings argue against 
including tests for protein S deficiency in a thrombophilia workup of 
venous thrombosis cases with a negative family history. 
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Figure 113-16. Relationship of gene structure to protein structure 
in protein S. The exons, introns, mRNA, and protein structure are as 
indicated. The mRNA is 2.3 kb with small 5’ and 3’ untranslated regions 
(light blue). In the protein, Pro indicates the prepro leader sequence, 
GLA indicates the y-carboxy glutamic acid (Gla) domain, T indicates 
the thrombin-sensitive region; E indicates the epidermal growth factor 
(EGF)-like domains, and the glucocorticoid hormone-binding domain 
represents the sex hormone-binding globulin (SHBG)-like domain. 


VON WILLEBRAND FACTOR 


Chapter 126 discusses the structure, function, and molecular biology of 
VWF in detail. VWF is a large multimeric GP that is required for nor- 
mal platelet adhesion to components of the vessel wall and that serves as 
a carrier for factor VIII. It is exclusively synthesized in megakaryocytes 
and endothelial cells and stored in specialized organelles in platelets and 
endothelial cells. Release of VWF multimers from these organelles fol- 
lows upon a stimulus or via unstimulated basal secretion from endothe- 
lial cells.” VWF multimers circulate at a concentration of 10 nM with 
a half-life of 8 to 12 hours (see Table 113-1). Clearance of VWF multi- 
mers is mainly mediated by macrophages from the liver and spleen.'”* 

Large VWF multimers are cleaved by the plasma protease 
ADAMTS-13 (a disintegrin and metalloproteinase with thrombospon- 
din motifs 13). This cleavage produces the smaller size VWF multim- 
ers that circulate in plasma. Reduced ADAMTS-13 activity is linked to 
various microangiopathies with increased platelet activity. 


Protein Structure 

The precursor protein of VWF is composed of a 22-residue signal pep- 
tide and of a proVWF protein comprising 2791 amino acids that has 14 
distinct domains in the order of D1-D2-D’-D3-A1-A2-A3-D4-B1-B2- 
B3-C1-C2-CK.'* Upon translocation to the ER, the signal peptide is 
cleaved off, and the proVWF dimerizes in a tail-to-tail fashion through 
cysteines in its cysteine knot (CK) domain. During transit through 
the Golgi apparatus, proVWF dimers multimerize in a head-to-head 
fashion through the formation of disulfide bonds between cysteine 
residues in the D3 domain. At the same time, D1 and D2 domains 
are cleaved off as a single fragment to form the VWF propeptide (741 
amino acids), while the remaining domains comprising 2050 amino 
acid residues and up to 22 carbohydrate chains form mature VWF. 
In the trans-Golgi network, the VWF propeptide promotes mature VWF 
to assemble into high-molecular-weight multimers (Mr ~500,000 to 
20,000,000). These multimers subsequently aggregate into tubular 
structures that are packaged into a-granules in megakaryocytes and 
into Weibel-Palade bodies in endothelial cells. 


von Willebrand Factor Function 

Upon exocytosis from Weibel-Palade bodies and at high shear rates, 
multimeric VWF unrolls from a globular to a filamental conformation 
(often called VWF strings), up to many microns long, which becomes a 
high-affinity surface for the platelet GPIb-V-IX complex. Large VWF 


multimers are more active than smaller multimers, which is explained 
by the fact that the former contain multiple domains that support the 
interactions between platelets, endothelial cells, and subendothelial 
collagen. 

VWF binds to matrix collagens via its Al and A3 domains. The Al 
domain also mediates binding to platelet GPIb, which is required for 
the fast capture of platelets.” Platelet adhesion to VWF is further sup- 
ported by VWF immobilization on a surface (collagen, other platelets) 
and by high shear stress. 

VWE complexes with factor VIII through the first 272 residues in 
the N-terminal region of the mature VWF protein subunit,'* thereby 
protecting factor VIII from proteolytic degradation, premature ligand 
binding, and rapid clearance from the circulation. 


Gene Structure and Variations 

The VWE gene (VWF) is located on chromosome 12p13.3, spans 
approximately 180 kb, and contains 52 exons.’ The VWF mRNA is 
8.7 kb long. There are no alternative transcripts with known biology. A 
partially inactive pseudogene that includes exons 23 to 34 is located on 
chromosome 22p11-13.'” The VWF gene is very polymorphic, which 
makes it sometimes difficult to distinguish between disease causing 
mutations and neutral gene variations. 

Qualitative or quantitative deficiencies in VWF cause von Wille- 
brand disease (VWD), a mild to severe bleeding disorder. Quantitative 
deficiency of VWF leads to type 1 or type 3 VWD, whereas functional 
defects lead to type 2 VWD. Type 1 VWD is the most common form, 
but type 3 VWD is the most severe. Chapter 126 discusses VWD in 
detail. 

High levels of VWF are a risk factor for venous and arterial throm- 
bosis. Genome-wide association studies led to the identification of sev- 
eral genomic loci that influence the level of VWE, including the VWF 
gene itself, the ABO blood group, STXB5, and SCARA5.* Polymor- 
phisms in several of these loci are also associated with thrombotic risk.””! 


@ FACTOR XI AND THE CONTACT SYSTEM 
FACTOR XI 


Factor XI, which was discovered in the early 1950s,” is synthesized 
in the liver and secreted as a single-chain zymogen of 607 amino acids 
(Mr ~80,000). In the circulation, factor XI is found as a homodimer 
(Mr ~160,000) at a concentration of 30 nM with a plasma half-life of 
60 to 80 hours (see Table 113-1). All factor XI homodimers circulate in 
complex with high-molecular-weight kininogen (HK).*“ HK is thought 
to mediate binding of factor XI to negatively charged surfaces, thereby 
facilitating factor XI activation.” There is conflicting evidence suggest- 
ing that HK may be also involved in the interaction of factor XI with the 
activated platelet surface via GPIb.?” 


Protein Structure 
Each factor XI subunit comprises four apple domains and a serine pro- 
tease domain (see Fig. 113-15). The apple domains are structured by 
three disulfide bonds and form a disk-like platform on which the serine 
protease domain rests.” The dimerization of two factor XI subunits is 
mediated by interactions between the two apple 4 domains that involve 
a disulfide bond between the Cys321 residues, hydrophobic interac- 
tions, and a salt bridge, of which only the latter two are required for 
dimerization.” The domain structure of factor XI is highly similar to 
that of the monomer prekallikrein (PK), the zymogen of the protease 
kallikrein, which also circulates in complex with HK. 

Factor XI does not bear a Gla domain and thus does not require 
y-carboxylation to exert its procoagulant activity. N-linked glycosylation 


occurs at three sites in the apple 1, 2, and 4 domains (Asn82, Asn114, 
Asn335) and at two sites in the serine protease domain (Asn432, 
Asn473). 


Factor XI Activation and Activity 

Activation of a factor XI subunit to factor XIa proceeds through prote- 
olysis at Arg369 in the N-terminal region of the serine protease domain 
and yields two-chain activated factor XIa. There are several catalysts 
capable of factor XI activation, which include the contact factor XIa, 
thrombin, or factor XIa itself in the presence of negatively charged 
surfaces.”8? However, their mechanisms differ as factor XI must be a 
dimer to be activated by factor XIa, whereas thrombin and factor XIa 
lack this requirement.’ An activated factor XI dimer may comprise 
either one (1/2-factor XIa) or two factor XIa subunits.”"! 

Following activation of factor XI, binding sites for the substrate 
factor IX become available in the apple 3 domain and serine protease 
domain of factor XIa.” Factor XIa proteolytically activates factor IX 
to factor IXa in a calcium-dependent but phospholipid-independent 
manner. Both forms of the factor XIa dimer as well as monomeric factor 
XIa activate factor IX in a similar manner." 

Accumulating evidence supports the notion that factor XIa- 
dependent activation of factor XI is not essential to normal hemostasis, 
but is important in pathologic thrombus formation.” Thrombin- 
mediated activation of factor XI, on the other hand, seems most signifi- 
cant under conditions of low tissue factor and is assumed to enhance 
clot stability through thrombin-activation of TAFI.7”78 

Factor XI has been reported to interact with platelet GPIb, which is 
mediated through a site within the apple 3 domain, and to platelet apo- 
lipoprotein E receptor 2 (ApoER2).”!**”° It has been proposed that the 
dimeric structure allows for simultaneous interaction with the platelet 
by one subunit, thereby localizing factor XI to the site of clot formation, 
while binding to factor IX with the other subunit." 

Factor XIa function is regulated by the serpins protease nexin 1, 
antithrombin, C1-inhibitor, & -protease inhibitor, protein Z-dependent 
protease inhibitor, and w,-antiplasmin.”'*’” Platelets also contain a fac- 
tor XIa inhibitor, the Kunitz-type inhibitor protease nexin 2.” 


Gene Structure and Variations 
The human factor XI gene (F11) is 23 kb in length and is localized to 
chromosome 4q35. It consists of 15 exons and 14 introns (Fig. 113-17). 
Each of the four apple domains is encoded by two exons. The serine 
protease domain is encoded by five exons, with an organization similar 
to the homologous protein PK. 
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Figure 113-17. Relationship of gene structure to protein structure 
in factor XI. The exons, introns, mRNA, and protein structure are as indi- 
cated. The mRNA is 2.1 kb with small 5’ and 3’ untranslated regions (light 
blue). In the protein, Pro indicates the prepro leader sequence, A1 to 
A4 indicate apple domains 1 to 4, and the serine protease (catalytic) 
domain is indicated. 
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Deficiencies of factor XI in humans can lead to a bleeding ten- 
dency, although not as severe as in hemophilia A or B. Deficiency of 
factor XI is relatively common among Ashkenazi Jews in Israel.”° The 
human gene mutation database lists 232 mutations in the factor XI gene 
(www.hgmd.org). 

Increased levels of factor XI are a risk factor for venous throm- 
bosis.”* Genetic variations in the form of common single nucleotide 
polymorphisms (SNPs) seem to play a role in determining the level of 
factor XI and contribute to thrombotic risk.” 


@THE CONTACT SYSTEM: FACTOR XII, 
PREKALLIKREIN, AND HIGH-MOLECULAR 
WEIGHT KININOGEN 


Factor XII, HK, and PK are part of the contact system in blood coag- 
ulation, which is triggered following contact activation of factor XII 
mediated via a negatively charged surface. PK is synthesized in the liver, 
circulates as a zymogen, and is highly homologous to factor XI (see 
Table 113-1). Conversion into the serine protease proceeds through 
limited proteolysis by activated factor XII, and the generated kallikrein 
reciprocally activates more factor XII. HK, which is also synthesized in 
the liver, is a nonenzymatic cofactor that circulates in complex with fac- 
tor XI or PK (see Table 113-1). HK is cleaved at two sites by kallikrein 
to release the bioactive nonapeptide bradykinin, a potent vasodilator. 

The contact system is at the basis of the activated partial throm- 
boplastin time (APTT) assay that is widely used in clinical practice. In 
this clinical laboratory test, the negatively charged surface is provided 
by reagents such as glass, kaolin, celite, or ellagic acid. Factor XIa acti- 
vates factor XI, which then activates factor IX. Despite HK and PK 
being required for a normal APTT, they appear to be dispensable for 
coagulation in vivo.” Individuals who are deficient in any of these fac- 
tors do not have a bleeding tendency, even after significant trauma or 
surgery. However, factor XII, HK, and PK do participate in bacteremia 
or inflammatory responses in acute-phase reactions that do not involve 
the coagulation, but the classical complement system.”* 


FACTOR XII 


Factor XII was originally reported in 1955 as the “Hageman factor,” 
named after the first identified factor XII-deficient patient.” Factor 
XII is synthesized in the liver and circulates in plasma as a single-chain 
zymogen of 596 amino acids (Mr ~80,000) at a concentration of 500 nM 
with a half-life of 50 to 70 hours (see Table 113-1). 


Protein Structure 

Factor XII, which is homologous to plasminogen activators, consists 
of an N-terminal fibronectin type I domain, an EGF-like domain, 
a fibronectin type II domain, a second EGF-like domain, a kringle 
domain, a proline-rich region, and a C-terminal serine protease domain 
(see Fig. 113-15). The proline-rich region is unique to factor XII, as it is 
not found in any of the other serine proteases. 

Factor XII comprises an O-linked fucose in EGF 1 (Thr90), 
N-linked glycosylation sites in the kringle domain (Asn230) and the 
serine protease domain (Asn414), and several O-linked glycosylation 
sites in the kringle domain and proline-rich region.*°*! 


Factor XII Activation and Activity 

Limited proteolysis by kallikrein at Arg353 in factor XII yields the acti- 
vated two-chain a-factor XIIa, in which the heavy chain (the fibronec- 
tin types I and II domains, both EGF domains, the kringle domain, 
and proline-rich region; Mr ~52,000) and light chain (serine protease 
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domain; Mr ~28,000) are linked via a Cys340-Cys467 disulfide bond 
(see Fig. 113-15). Once activated, a-factor XIa activates factor XI to 
factor XIa. Furthermore, a-factor XIIa activates PK, thereby contribut- 
ing to its own feedback activation.” 

Factor XII is also known to acquire a-factor XIa activity upon 
contact with a negatively charged surface, the latter inducing a confor- 
mational change in factor XII.” This conformational change induces 
a limited amount of proteolytic activity in factor XII, known as auto- 
activation.”*?5 Furthermore, the surface-induced active conforma- 
tion of factor XII is suggested to enhance the proteolytic conversion to 
a-factor XIa.’*° The fibronectin types I and II domains, EGF-2, the 
kringle domain, and the proline-rich region are reported to contribute 
to interaction with a negatively charged surface.” These naturally 
occurring surfaces include platelet polyphosphate (poly-P), micropar- 
ticles derived from platelets and erythrocytes, RNA, and collagen.“ -4 

Further cleavage of a-factor XIa by kallikrein at Arg334 and 
Arg343 in the light chain (proline-rich region) results in the generation 
of B-factor XIa, which comprises a nine-residue heavy-chain fragment 
that is disulfide-linked to the light chain.” Given the absence of the 
heavy chain, B-factor XIa does not interact with anionic surfaces. Even 
though f-factor XIIa is still capable of activating PK, it no longer acti- 
vates factor XI.“ 

Despite its contribution to fibrin formation in vitro, factor XII has 
long been considered to be dispensable for coagulation in vivo, because 
factor XII deficiency is not associated with a bleeding.” However, 
newer in vivo studies indicate that factor XII contributes to surface- 
induced pathologic thrombosis via activation of factor XI.?15°424748 

The serpin C1 inhibitor is the main plasma inhibitor of a-factor 
XIIa and $-factor XIIa. In addition, antithrombin (AT) and PAI-1 also 
inhibit factor XIa activity. Conditions in which the factor XIIa activity 
is not properly controlled, such as in C1 inhibitor deficiency states or 
in case of a constitutively active form of factor XIIa, can result in the 
disorder hereditary angioedema.*” 


Gene Structure and Variations 

The gene for factor XII is located on chromosome 5q35.3, spans approx- 
imately 12 kb, and contains 14 exons.’ The intron-exon structure of the 
gene is similar to the plasminogen activator family of serine proteases. 
Portions of the gene are homologous to domains found in fibronectin 
and tissue-type plasminogen activator. 

Loss-of-function mutations in the factor XII gene do not cause clini- 
cal symptoms in the form of a bleeding tendency in homozygous or com- 
pound heterozygous individuals, although they have a prolonged APTT. 

Several common allelic variations in the factor XII gene have been 
examined to determine whether these variations influence plasma fac- 
tor XII levels and whether these are associated with thrombotic risk. 
Best studied is a 46C>T transition four nucleotides upstream of the start 
codon. TT homozygotes have lower plasma factor XII levels than CC 
homozygotes, but there was no relationship with risk for venous throm- 
bosis or myocardial infarction. 


@THE CELL-ASSOCIATED COFACTORS 
TISSUE FACTOR, THROMBOMODULIN, 
AND ENDOTHELIAL PROTEIN C 
RECEPTOR 


TISSUE FACTOR 


Tissue factor, also known as thromboplastin or CD 142, is the cellular 
receptor and cofactor for factors VII and VIIa (see Fig. 113-6) and was 
first described in 1905.” Tissue factor is expressed in extravascular 


tissue, particularly fibroblasts and smooth muscle cells, where it serves 
as a hemostatic “envelope,” poised to activate coagulation upon vas- 
cular damage. Generally, tissue factor is not exposed to the blood, but 
endothelial cells and adhered leukocytes may express tissue factor in 
response to injury or stimuli such as endotoxin or cytokines. 


Protein Structure 

Although many of the coagulation factors share some degree of homol- 
ogy, the structure of tissue factor is unique. It is the only procoagulant 
protein that is an integral membrane protein and shares structural 
homology with class II interferon receptors. Tissue factor consists of 
263 amino acids (Mr ~47,000) and comprises a 219-residue extracel- 
lular domain, a 23-residue hydrophobic transmembrane portion, and 
a short 21-residue intracellular tail.” The extracellular domain is made 
up of two fibronectin type IH domains, which each comprise a disulfide 
bond (Cys49-Cys57, Cys186-Cys209). Elimination of the second disul- 
fide link distorts the coagulant activity of tissue factor. 


Tissue Factor Activation and Cofactor Function 

The tissue factor-factor VIIa complex is generally acknowledged to 
be the major physiologic initiator of blood coagulation. The process 
of coagulation is initiated when an injury ruptures a vessel and allows 
blood to come into contact with extravascular tissue factor. Escape of 
blood from the vessel allows factor VII to bind to extravascular tissue 
factor and initiate coagulation. However, it is very likely that in the 
absence of injury, tissue factor located in close proximity of the vessels is 
already associated with factor VIa.** An injury allows the extravascular 
tissue factor-factor VIIa complexes to come into contact with blood and 
initiate thrombin generation on activated platelet surfaces. Interaction 
of tissue factor with factor VII induces conformational changes in the 
serine protease domain of factor VIIa (see Fig. 113-6), thereby allowing 
the latter to proteolytically activate factors IX and X." 

Tissue factor does not require proteolytic activation to express its 
activity. However, it appears that tissue factor can occur in an inactive or 
“encrypted” state, and procoagulant activity follows after an appropriate 
stimulus. Even though the exact nature of the molecular mechanism 
remains to be identified, several models explaining tissue factor decryp- 
tion have been put forward. 

Originally, it was assumed that tissue factor encryption-decryption 
depends on the phospholipid environment, with decryption follow- 
ing upon expression of negatively charged phosphatidylserine on the 
membrane surface. Interaction of tissue factor with phosphatidylser- 
ine restricts the orientation of the tissue factor-factor VIIa complex, 
thereby ensuring correct alignment of the factor VIIa active site with 
the membrane-bound substrates factors X and IX.” Encryption of tis- 
sue factor has been proposed to occur upon localization into lipid rafts, 
which are known to be poor in phosphatidylserine. In endothelial cells, 
assembly of the ternary tissue factor-factor VIla—factor X complex does 
result in tissue factor translocation to caveolae, which renders tissue fac- 
tor inactive.” In addition, cell-membrane anchoring of tissue factor via 
acylation of palmitic and stearic acids may serve to target tissue factor 
to specific lipid domains.’ 

In a second model, the tissue factor-dependent procoagulant 
activity is explained by oxidation and reduction of the Cys186-Cys209 
bond. This disulfide bond is less stable because of its strained conforma- 
tion, and disruption of this link may cause conformational changes that 
alter the affinity of tissue factor for factor VIIa.” The breaking and 
formation of this disulfide link is suggested to be modulated by protein 
disulfide isomerases.”* 

A final model assumes that decryption relies on the dimerization 
of tissue factor. Like other members of the class II interferon receptors, 
tissue factor is capable of dimerization in a manner determined by the 
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Figure 113-18. Relationship of gene structure to protein structure 
in tissue factor. The exons, introns, mRNA, and protein structure are 
as indicated. The mRNA is 2.3 kb with a 5’ untranslated region and a 
large 3’ untranslated region (light blue). Pro indicates the prepro leader 
sequence, the extracellular domain is indicated, Tran indicates the trans- 
membrane region, and Cyto indicates the cytoplasmic domain. 


redox (oxidation-reduction) environment and the exposure of phos- 
phatidylserine. However, both monomeric and dimeric forms of tissue 
factor appear to possess procoagulant activity.” 

Tissue factor is not only the primary initiator of the extrinsic 
pathway of coagulation, it also supports activation of PAR2 on endo- 
thelial cells and smooth muscle cells. Activation of PAR2 by the tissue 
factor-factor VIla(-factor Xa) complex is not necessarily directly rel- 
evant for coagulation, but it is currently speculated that this event is 
important for wound healing, angiogenesis, tissue remodeling, and 
inflammation.*” 


Gene Structure and Variations 

The human tissue factor gene is located on chromosome 1p21-p22. 
The DNA sequence of the tissue factor gene has been determined and 
consists of six exons and five introns that span approximately 12 kb 
(Fig. 113-18). 

The primary transcript encoding full-length tissue factor contains 
six exons, but an alternatively spliced form of tissue factor (asTF) also 
exists in which exon 5 is spliced out. Because of a 3’ frameshift muta- 
tion, the full-length tissue factor transmembrane and cytoplasmic tail 
are replaced with a hydrophobic C-terminal domain, which renders the 
asTF soluble. asTF is expressed in lung, pancreas, placenta, heart, endo- 
thelium, and monocytes." Although the level of asTF in human 
plasma may be substantial and amounts to 10 to 30 percent of total tis- 
sue factor,” it remains a matter of debate whether asTF contributes to 
coagulation. 

In theory, variations in the tissue factor gene could influence 
thrombotic and bleeding risk. There are claims that polymorphisms in 
the tissue factor gene influence thrombotic risk but these claims have 
not been sufficiently confirmed.” 

No relationship between loss-of-function mutations and bleeding 
has been described. This is perhaps not surprising in view of the fact 
that mice lacking tissue factor die early in gestation. 


THROMBOMODULIN 


Thrombomodulin, which was first identified by Esmon and colleagues 
in the early 1980s,”**® is a predominantly endothelial transmembrane 
protein and functions as an endothelial receptor for thrombin. In addi- 
tion to endothelium, thrombomodulin has also been detected on a 
number of other cell types, including megakaryocytes, monocytes, and 
neuthrophils.*® 
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Protein Structure 


Mature single-chain thrombomodulin comprises 557 residues (Mr 
~78,000) and is composed of a lectin-like domain, a hydrophobic 
region, six EGF-like domains, a serine- and threonine-rich region, a 
transmembrane domain, and a 23-residue cytoplasmic tail. The highly 
charged lectin-like domains bear homology to the C-type lectins. Post- 
translational modifications include five N-linked glycosylation sites that 
are located in the lectin-like and EGF-4 and -5 domains. O-linked gly- 
cosylation in the serine- and threonine-rich region (Ser474) supports 
attachment of a glycosaminoglycan, a chondroitin sulfate moiety, which 
forms a low-affinity binding site for thrombin. 


Thrombomodulin Cofactor Function 

Thrombomodulin interacts with thrombin through its EGF-5 and -6 
domains in a calcium-dependent manner.*” As a result, thrombin’s pro- 
coagulant exosite I is shielded, which causes thrombin’s specificity to 
switch to the anticoagulant substrate protein C, requiring EGF domains 
4 to 6 of thrombomodulin, and to TAFI, requiring EGF-3 to -6.”* Throm- 
bomodulin enhances the thrombin-dependent activation of protein C 
more than 1000-fold. 

As a result of the relatively large endothelial surface area in cap- 
illary beds, the thrombomodulin-dependent activation of protein C 
proceeds efficiently in the microcirculation, which serves a major role 
in preventing thrombosis from occurring on intact endothelium.” In 
larger vessels where the endothelial surface area-blood volume ration is 
low, the presence of EPCR aids in the interaction with and presentation 
of protein C to the thrombomodulin-thrombin complex.” 

Thrombomodulin also enhances the thrombin-mediated con- 
version of single-chain urokinase-type plasminogen activator to 
thrombin-cleaved two-chain urokinase-type plasminogen activa- 
tor, which interferes with the generation of plasmin. Furthermore, 
thrombomodulin is a negative regulator of PAR signaling, as throm- 
bomodulin-bound thrombin is incapable of PAR activation.””' Based 
on this and because thrombomodulin is the cofactor responsible for 
APC generation, thrombomodulin plays an important role, albeit 
indirect, as an antiinflammatory protein. A direct contribution to sup- 
press inflammation has been attributed to the lectin-like domains and 
hydrophobic region of thrombomodulin, independent of its anticoag- 
ulant activity.’ 

Protein C inhibitor is an effective inhibitor of the thrombomod- 
ulin-thrombin complex.” 

Proteolysis of thrombomodulin by neutrophil-derived metallo- 
proteinases and possibly rhomboids results in the generation of soluble 
thrombomodulin.?“ Normal plasma levels of soluble thrombomodulin 
are 3 to 50 ng/mL, but may increase as a result of vascular damage asso- 
ciated with infection, sepsis, or inflammation.?” 


Gene Structure and Variations 

The human thrombomodulin gene (THBD) is located on chromo- 
some 20p11.2, spans approximately 3.5 kb, and consists of a single 
exon (Fig. 113-19). Intronless genes are uncommon in eukaryotes and 
include rhodopsin, angiogenin, mitochondrial genes, interferons a- and 
f-adrenergic receptors. Intronless genes represent recent additions to 
the genome, created mostly by retroposition of processed mRNAs with 
retained functionality. Genetic variation in thrombomodulin has been 
studied in conjunction with venous thrombosis, bleeding and atypical 
hemolytic uremic syndrome (aHUS). 

There are early reports that mutations in thrombomodulin are 
present in patients with venous thrombosis, but it was difficult to 
prove causality.” More recent work that made use of thrombomodulin 
sequencing in relatively large studies support the putative relationship 
between thrombomodulin function and venous thrombosis.’ Such 
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Figure 113-19. Relationship of gene structure to protein structure 
in thrombomodulin. The thrombomodulin gene has no introns. The 
exon, MRNA, and protein structure are as indicated. The mRNA is 3.7 kb, 
with a small 5’ untranslated region and a large 3’ untranslated region 
(light blue). In the protein, Pro indicates the prepro leader sequence, the 
lectin-like domain is indicated, E indicates the epidermal growth factor 
(EGF)-like domains, S/T indicates the serine- and threonine-rich region, 
M indicates the transmembrane region, and Cyt indicates the cytoplas- 
mic domain. 


mutations, however, do not explain a large proportion of the heritability 
of venous thrombosis as they seem to be quite rare. 

Recently a novel thrombomodulin mutation, p.Cys537Stop, was 
described in a family with a history of posttraumatic bleeding.” The 
endogenous thrombin potential was markedly reduced at low tissue fac- 
tor concentrations in heterozygous carriers. Plasma thrombomodulin 
levels were elevated (433 to 845 ng/mL, normal range 2 to 8 ng/mL), 
and the addition of exogenous protein C further decreased thrombin 
generation. It was surmised that as a consequence of the premature stop 
codon, the truncated thrombomodulin is shed from the endothelial sur- 
face into the blood plasma, which would promote systemic protein C 
activation, thereby explaining the bleeding phenotype. 

Missense mutations in thrombomodulin were also reported 
in patients with aHUS and this involvement in aHUS is probably 
related to the role of thrombomodulin in the complement system.’ 
Thrombomodulin binds to C3b and factor H and negatively regulates 
complement by accelerating factor I-mediated inactivation of C3b. 
In addition, by promoting activation of TAFI, thrombomodulin also 
accelerates the inactivation of C3a and C5a. Thrombomodulin vari- 
ants associated with aHUS had diminished capacity to inactivate C3b 
and to activate TAF] and were thus less protected from activated com- 
plement, thereby providing an explanation for their involvement in 
aHUS. 


ENDOTHELIAL PROTEIN C RECEPTOR 


The EPCR, a single-chain transmembrane receptor discovered in 1995 
by Fukodome and Esmon,”” binds both protein C and APC. EPCR 
increases the rate of activation of protein C” and alters the function of 
APC from anticoagulant to cytoprotective.” EPCR is mainly expressed 
by endothelial cells but also by leukocytes and other cell types. 


Protein Structure 

EPCR is homologous to CD1 and major histocompatibility class I pro- 
teins and folds with a 6-sheet platform supporting two a-helical regions 
that form the potential binding pocket for protein C and APC. The 
mature protein (Mr ~49,000) consists of 223 amino acids and is glycosy- 
lated through four N-linked glycosylation sites (Asn30, Asn47, Asn119, 
Asn155). EPCR contains a 25-residue long C-terminal transmembrane 
region with a short 3-residue cytoplasmic tail. 


Endothelial Protein C Receptor Function 

EPCR enhances the activation of membrane-bound protein C by the 
thrombomodulin-thrombin complex,” thereby enhancing the APC- 
mediated anticoagulant pathway. 

APC bound to membrane-associated or soluble EPCR is disabled 
in its anticoagulant capacity. Instead, EPCR-bound APC activates PAR] 
in an alternative manner by noncanonical cleavage at a Arg46,™' result- 
ing in an increased barrier function of endothelial cells mediated via 
the B-Arrestin/PI3K (phosphatidylinositide 3’-kinase)/AKT/Rac1 path- 
way. This is in contrast to the barrier-disruptive Arg41 cleavage of PAR1 
by thrombin that activates the G-protein/ERK (extracellular regulated 
kinase) 1.2/RhoA pathway.” 

EPCR is essential at the maternal-embryonic interface on tro- 
phoblast giant cells where it prevents fibrin formation. Consequently, 
complete EPCR deficiency leads to embryonic lethality. EPCR-deficient 
embryos rescued by the presence of EPCR in the trophoblast are viable 
and thrive, which seems to indicate that EPCR is not essential to blood 
circulation, at least in mice.” Additional ligands for EPCR have been 
discovered such as factor VIIa, Plasmodium falciparum erythrocyte 
membrane protein, and the V(y)4V(6)5 T-cell receptor.’ These addi- 
tional ligands indicate potential involvement of EPCR in the therapeu- 
tic effect of factor VIIa in hemophilia patients, and roles for EPCR in 
malaria, cytomegalovirus infection, and cancer. 


Gene Structure and Variations 
The chromosomal location of the EPCR gene (PROCR) is 20q11.2 and it 
contains four exons and spans 6 kb. Exon 1 encodes for the 5’-untrans- 
lated region and the signal peptide; exons 2 and 3 encode for almost the 
entire extracellular region; and exon 4 encodes for the transmembrane 
domain and cytoplasmic tail. One single mRNA encodes the centroso- 
mal protein CCD41 and EPCR. Deletion of the signal sequence confers 
the centrosomal location of CCD41, while the unprocessed protein is 
incorporated into cell membranes as EPCR. 

Variants of EPCR with reduced protein C affinity or increased cel- 
lular shedding are reported to be associated with unprovoked venous 
thromboembolism.** 


@THE FIBRIN NETWORK: FIBRIN(OGEN), 
FACTOR XIII, AND THROMBIN- 
ACTIVATABLE FIBRINOLYSIS INHIBITOR 


FIBRINOGEN 


Fibrinogen, when converted to fibrin, forms the structural meshwork 
that consolidates an initial platelet plug into a solid hemostatic clot. 
Fibrinogen is synthesized in the liver and circulates in a concentration 
of approximately 7.4 uM. The plasma half-life of fibrinogen is 3 to 5 
days, with only a small proportion of the catabolism caused by con- 
sumption.” Fibrinogen is also found in the a-granules of platelets. It 
was initially assumed that megakaryocytes synthesized fibrinogen. 
However, although some y-chain transcripts are present in marrow pre- 
cursors, it appears that most of the fibrinogen found within platelets is 
taken up from the plasma by endocytosis.**°”*” 


Protein Structure 

Chapter 135 provides a detailed description of the biochemistry of 
fibrinogen and of fibrin formation and degradation. Fibrinogen is a 
dimeric GP (Mr =340,000) and each of the two subunits contains three 
disulfide-linked polypeptide chains that are referred to as the Aw (Mr 
~66,500), BB (Mr ~52,000), and y (Mr ~46,500) chains. A trinodular 
model of fibrinogen structure has been established from the crystal 
structure of fibrinogen (Fig. 113-20).** 
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Figure 113-20. Structure of fibrinogen. Fibrinogen is a dimer. Each 
monomer consists of three chains: Aa shown in light blue, BB shown in 
pink, and y shown in dark blue. The disulfides that link the two monomers 
are in the central E domain. The D domains consist primarily of the C-ter- 
minal regions of the BB and y chains. The helical region connecting the 
two domains consists of all three chains intertwined. (Reproduced with per- 
mission from Côté HC, Lord ST, Pratt KP: Gamma-Chain dysfibrinogenemias: 
Molecular structure-function relationships of naturally occurring mutations 
in the gamma chain of human fibrinogen. Blood 92(7):2195—-2212, 1998.) 


Because human fibrinogen is subject to modification at a number of 
different sites both during and after biosynthesis, the fibrinogen present 
in the circulation is a heterogeneous mixture of molecules. These nor- 
mal variants are caused by alternative splicing, modification of certain 
amino acids by sulfation, phosphorylation, and hydroxylation, different 
degrees of glycosylation, and proteolysis. It has been estimated that the 
number of nonidentical fibrinogen molecules that can be produced by 
these mechanisms is in excess of 1 million.” Some of these variations 
may have significant functional consequences. For example, the level of 
one variant of fibrinogen with an alternatively spliced y chain (fibrino- 
gen-y’) is associated with a risk of venous thrombosis.” 


Fibrinogen Activation and Fibrin Function 

Thrombin binds to the central domain of fibrinogen and proteolytically 
releases two fibrinopeptides A (Aq, residues 1 to 16) and two fibrinopep- 
tides B (Bf, residues 1 to 14) from each fibrinogen molecule.” Release 
of the fibrinopeptides exposes binding sites in the E domain that have 
complementary sites in the D domains of other fibrin monomers.” 
These complementary binding sites lead to the initial formation of 
two-stranded protofibrils with a half-staggered overlap configuration 
(Fig. 113-21). Protofibrils then aggregate into thick fibers that branch 
into a meshwork of interconnected thick fibers.” The half-staggered 
overlap of the fibrin monomers gives a characteristic cross-banded pat- 
tern on electron micrographs.”° 
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During fibrin monomer polymerization, other plasma proteins 
also bind to the surface of the developing meshwork. These include ele- 
ments of the fibrinolytic system and a variety of adhesive proteins, such 
as fibronectin, thrombospondin, and VWF. These surface proteins influ- 
ence the generation, crosslinking, and lysis of fibrin. Fibrin(ogen) also 
has specific integrin-binding sites that are essential for platelet binding. 
The thrombin that initiates fibrin polymerization also activates factor 
XII, which stabilizes the fibrin polymer by crosslinking. Factor XIa 
also crosslinks other bound proteins, for example, PAI-1, vitronectin, 
fibronectin, and «,-antiplasmin, to the fibrin network. 

Once formed, the fibrin mesh can be degraded by the fibrinolytic 
system. Plasmin cleaves fibrin and fibrinogen in an ordered sequence 
at arginyl and lysyl bonds, giving rise to a series of soluble degrada- 
tion products.” In this process, the crosslink between two D fragments 
remains intact, resulting in the formation of a fragment consisting of 
two D domains and one E domain, called D-dimer. Circulating 
D-dimer concentrations are often measured as a surrogate marker of 
activated coagulation. 

In addition to its obvious procoagulant role in stabilizing the initial 
platelet hemostatic plug, fibrin can also act as an important inhibitor of 
thrombin generation. Fibrin functions as “antithrombin I” by seques- 
tering thrombin in the developing fibrin clot, and also by reducing the 
catalytic activity of fibrin-bound thrombin.” 


Gene Structure and Variations 

The genes for the three chains of fibrinogen are found within a 50-kb 
region on chromosome 4 at q23-q32 (Fig. 113-22). The genomic 
sequences show a high degree of homology, suggesting they were 
derived through duplication of a common ancestral gene. The homol- 
ogy extends to sites upstream of the gene, suggesting that common reg- 
ulatory elements may reside in these areas, thus helping to coordinate 
synthesis of the three chains. 

The physiologic importance of fibrinogen is underscored by the 
bleeding diathesis associated with afibrinogenemia and some dysfibrin- 
ogenemias (Chap. 125). Other dysfibrinogenemias are associated with 
thromboembolic disease. Although afibrinogenemia is associated with 
a bleeding tendency, it is usually not as severe as classical hemophilia. 


FACTOR XIII 


The GP factor XIII is a protransglutaminase that, upon activation, 
crosslinks and stabilizes fibrin clots.” Plasma factor XIII is a het- 
erotetramer consisting of two factor XIIIA subunits (731 amino 
acids; Mr ~83,000) bound to two factor XIIIB subunits (641 amino 


Figure 113-21. Cleavage of fibrinogen and polymeriza- 
tion of fibrin. The structure of fibrinogen is indicated sche- 
matically. Cleavage sites for fibrinopeptide A by thrombin are 
shown. Cleavage of the B peptide is not shown in this fig- 
ure. Release of fibrinopeptide A exposes binding sites in the 
E domain that match complementary sites in the D domain. 
Fibrin monomers polymerize by half-staggered overlaps. Poly- 
merization can also lead to branched structures. (Reproduced 
with permission from Côté HC, Lord ST, Pratt KP: Gamma-Chain 
dysfibrinogenemias: Molecular structure-function relationships 
of naturally occurring mutations in the gamma chain of human 
fibrinogen. Blood 92(7):2195-2212, 1998.) 
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Figure 113-22. Relationship of gene structure to protein structure 
in fibrinogen. The exons, introns, MRNA, and protein structure for the 
three chains of fibrinogen are shown. The Bf chain is translated in the 
opposite direction from the Aa and y chains. Lighter colors in the mRNA 
indicate 5’ and 3’ untranslated regions. In the proteins, P designates the 
prepro leader sequence, f designates fibrinopeptide (A in Aa and B in 
BB), E designates residues in the E domain, H designates residues in the 
helical connecting region, and D designates residues in the D domain. 
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acids; Mr ~76,500) that circulates in plasma as an A2B2 complex (Mr 
~320,000) at a concentration of 94 nM with a plasma half-life 
of 10 days (Fig. 113-23; see Table 113-1). Factor XIII circulates in 
plasma associated to fibrinogen via interaction of the factor XIIIB sub- 
unit with the fibrinogen y’ chain. 

The A and B subunits of factor XIII are synthesized and expressed 
separately and assemble in the circulation to the heterotetramer factor 
XHI-A2B2.”° Factor XIIIA is synthesized in monocytes/macrophages, 
megakaryocytes, and hepatocytes, whereas factor XIIIB is synthesized 
exclusively in the liver and kidney. 


Protein Structure 
The factor XIIIA subunit consists of an activation peptide, a $-sand- 
wich, a catalytic transglutaminase, and two 6-barrel domains.”* Factor 
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Figure 113-23. Factor XIII (FXIII) activation. TI 
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he structure of the FXIIIA and FXIIIB subunits are indicated schematically. Plasma FXIII (FXIII-A2B2) con- 


XIIIB acts as a carrier protein providing the long plasma half-life of fac- 
tor XIII. Factor XIIIB consists of 10 Sushi domains in tandem, of which 
the first two Sushi domains are crucial for the binding to factor XIIIA. 


Factor XIII Activation and Factor XIIla Activity 

Factor XIIIA is a proenzyme that is proteolytically activated by thrombin 
via cleavage at Arg37 (see Fig. 113-23), resulting in release of the acti- 
vation peptide and dissociation of the factor XIIIB subunit from fac- 
tor XIII-A2B2, thereby exposing the active site Cys314 of factor XIITA. 
Cofactors for the activation of factor XIIIA by thrombin are calcium and 
fibrin(ogen). Platelets only contain the factor XHIA (cfactor XIII-A2) 
dimer that is activated intracellularly in a proteolytic-independent man- 
ner through a rise in cytosolic calcium and subsequent conformational 
change before secretion by the stimulated platelet (see Fig. 113-23).°° 

Activation of factor XIII by thrombin is not a late event in blood 
coagulation, as it is activated with the same velocity by thrombin as the 
cleavage of the fibrinopeptides of fibrinogen.*' Factor XIII can also be 
alternatively activated and inactivated by neutrophil elastase.” 

Factor XIa consists of a factor XII-A2 dimer comprising two 
activated factor XIITA subunits that result from either thrombin-acti- 
vation (factor XIIIa*) or conformational-activation (factor XIIH]a°). The 
transglutaminase activity of factor XIa crosslinks a y-carbon of gluta- 
mine in one protein chain to the e-amino group of lysine in another pro- 
tein chain in a reaction named transamidation. The specificity of factor 
XIa crosslinking of proteins stems mainly from the recognition by fac- 
tor XIIa of specific glutamines, while the crosslink to lysine appears to 
be random and limited to the ones that are in the vicinity. 

When thrombin cleaves the fibrinopeptides A and B of fibrinogen 
molecules, the binding site on the central E domain for the D domain of 
other fibrin molecules is uncovered. This initiates lateral aggregation 
of protofibrils and fiber formation. Factor XIa stabilizes the forming 
of protofibrils by linking two y chains in adjacent D domains in fibrin 
polymers. Binding of Arg158 in one subunit of the factor XIa dimer 
to the aC region residue AaG1u396 of fibrin facilitates crosslinking via 
«C chains to a next fibrin molecule by the other activated factor XINA 
subunit in factor XMa. 

The crosslinking of fibrin y-chains or a-chains by factor XMa 
has independent and specific effects on clot formation and structure. 
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sists of two FXIIIA (A, in red) subunits bound to two FXIIIB (in green) subunits. Cleavage of the activation peptides from FXIIIA by thrombin releases the 
FXIIIB subunits (B chains) and induces a conformational change in the FXIIIA subunits that opens the active site. This thrombin cleaved form of FXIIIA 
is known as FXIlla or FXilla. Cellular FXIII (cFXIII-A2) found in platelets and macrophages consists only of the FXIIIA2 (cFXIII-A2) dimer. Before release 
by activated platelets, the cFXIII-A2 dimer becomes activated by an increase in intracellular calcium ions (Ca’*) that induces the active conformation 


without proteolysis of the activation peptide. T 


his calcium activated form of cFXIIIA (CFXIII-A) is known as FXilla. 


Crosslinks stabilize a clot by incorporation of the plasmin inhibi- 
tor a,-antiplasmin which makes it resistant to fibrinolytic attack by 
plasmin.™ 

Several other processes during clotting are factor XI1I-dependent, 
among which red blood cell incorporation in clots,” complement fac- 


tor 3 (C3) crosslinking to fibrin,” and clot retraction by platelets.*” 
Factor XII also plays a role in the functioning of multiple adhesive and 
contractile proteins and in angiotensin type I receptor crosslinking.*”* 
Fetal specific crosslinking of Fas by factor XIII dampens apoptosis, 
suggesting that factor XIII may play a role in cell survival prenatally.* 
Related to its expression by monocytes/macrophages, factor XIII levels 
may drop after inhibition of IL-6 receptor signalling by tocilizumab.*"” 
Besides its crucial role in hemostasis, factor XIII has important func- 
tions during tissue regeneration and infection.*"’ Factor XIII is neces- 
sary to prevent bleeding/stroke, maintain pregnancy, and aids in wound 
healing.” 


Gene Structure and Function 

The factor XHIA chain gene (F13A1) has been localized to chromosome 
6 p25.1.°" It contains 15 exons, and is larger than 160 kb (Fig. 113-24). 
The fibrin-binding domain is encoded by exons 2 to 12. The active site, 
with its reactive thiol at Cys314, is present in exon 7. The gene encod- 
ing the factor XIIIB (F13B) chain has been localized to chromosome 
1q31.3. It has 12 exons and is approximately 28 kb (Fig. 113-25). Each 
Sushi domain is encoded by a single exon. The regulation of factor XIIIB 
expression is poorly understood. A total of 30 potential start sites are 
located upstream of the initial methionine. 

Homozygosity or compound heterozygosity for loss-of-function 
mutations in the factor XIITA or XIIIB genes leads to a severe bleeding 
disorder that is rare (1 in 2,000,000 of the population).?"* Factor XII- 
deficient newborns often present with bleeding from the umbilical cord. 
The natural course is characterized by a life-long bleeding tendency and 
spontaneous miscarriages in affected women. Acquired factor XII 
deficiency by development of an inhibitory antibody may lead to fatal 
bleeding if not treated.* 

Mutations underlying factor XIII deficiency are more commonly 
found in the gene encoding factor XIIIA than the one encoding factor 
XIIIB. In accordance with this, the human gene mutation database lists 
107 mutations in the factor XIIIA gene and 19 mutations in the factor 
XIIIB gene. Mutations in the gene encoding factor XIIIB often lead low 
levels of both factor XIII subunits. This is probably because free factor 
XIIA has a short plasma half-life. 
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Figure 113-24. Relationship of gene structure to protein structure 
in the factor XIIIA chain. The exons, mRNA, and protein structure of the 
factor XIIIA chain are shown. The mRNA is 4 kb with some 5’ untrans- 
lated sequence coded in exon 1 and a large 3’ untranslated region (light 
blue). In the protein, AP indicates the activation peptide, and the cata- 
lytic domain is indicated. 
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Figure 113-25. Relationship of gene structure to protein structure in 
the factor XIIIB chain. The exons, introns, MRNA, and protein structure 
are as indicated. The mRNA is 2.2 kb with small 3’ and 5’ untranslated 
noncoding regions (light blue). In the protein, Pro indicates the propep- 
tide, S1 to $10 indicates the Sushi 1 to 10 domains, and the C-terminal 
region is indicated by Carb. 


A Val34Leu polymorphism associated with fatal atherothrom- 
botic ischemic stroke results in a faster factor XIITA activation rate by 
thrombin, which affects clot structure.*!® 


THROMBIN-ACTIVATABLE FIBRINOLYSIS 
INHIBITOR 


TAFI is the zymogen of a zinc-bound metalloprotease, and is also 
known as carboxypeptidase B, R, or U. TAFI is synthesized in the liver. 
Most TAFI present in the blood is in the plasma compartment, which 
circulates at 70 to 275 nM (see Table 113-1). 


Protein Structure 

TAFI is a 401-amino-acid proenzyme (Mr ~60,000) and consists of an 
N-terminal activation peptide (residues 1 to 76), a linker region (res- 
idues 77 to 92), and a catalytic domain (residues 93 to 401). Twenty 
percent of the protein mass of TAFI is accounted for by carbohydrate 
side chains that are attached to four sites within the activation pep- 
tide (Asn22, Asn51, Asn63) and linker region (Asn86). The active site 
residues (Glu271, Arg125) and zinc-binding residues (His67, Glu70, 
His196) in TAFI are conserved between other members of the carboxy- 
peptidase A family. 


Thrombin-Activatable Fibrinolysis Inhibitor Activation and 
Thrombin-Activatable Fibrinolysis Inhibitor-a Activity 
TAF] is proteolytically activated by plasmin or thrombin, reactions that 
are accelerated 1000-fold when thrombin is bound to thrombomod- 
ulin. Both enzymes cleave TAFI at Arg92 to give rise to activated TAFI 
(TAFIa; Mr ~37,000) upon release of the activation peptide. TAFla cat- 
alyzes removal of C-terminal lysine and arginine residues from fibrin 
and fibrin cleavage products. These residues are important for binding 
and activation of plasminogen, and removal of these residues by TAFla 
reduces formation of plasmin on clots resulting in decreased clot lysis. 

TAFIa may also have an antiinflammatory role as it can efficiently 
cleave C-terminal arginines of anaphylatoxins such as bradykinin and 
the complement activation peptides C3a and C5a. 

Inhibitors of TAFla have not been identified. Rather, the primary 
regulatory mechanism of TAFI activity involves its intrinsic thermal 
instability with a half-life of less than 15 minutes at 37°C. 


Gene Structure and Variations 

The gene for TAFI (CPB2) has been localized to 13q14.13. The gene con- 
tains 11 exons with 10 introns and spans 48 kb. Homozygosity or com- 
pound heterozygosity for mutations in the gene encoding TAFI have 
not been described. 
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In total, 19 SNPs have been identified in the gene encoding TAFI, 
of which six are in the coding region. Of the latter SNPs, two lead to an 
amino acid substitution: an Ala/Thr substitution at position 147 and 
a Thr/Ile substitution at position 325.” There appears to be a strong 
correlation between plasma levels of TAFI and polymorphisms in the 
promoter and 3’-region, but their clinical significance is unclear. 

Epidemiologic studies have indicated that elevated TAFI levels 
are correlated with an increased risk of venous thrombosis, albeit that 
methods to quantify TAFI or TAFIa have limitations.*"* 


@ INHIBITORS OF COAGULATION: 
ANTITHROMBIN, TISSUE FACTOR 
PATHWAY INHIBITOR, AND PROTEIN Z/ 
PROTEIN Z-DEPENDENT PROTEASE 
INHIBITOR 


ANTITHROMBIN 


AT was previously known as AT III as a result of a classification of sev- 
eral AT activities in plasma discovered in the 1950s.* AT is mainly syn- 
thesized in the liver and circulates in plasma as a single-chain GP of 432 
amino acids (Mr ~58,000) at a concentration of 2.5 uM with a half-life 
of 60 to 70 hours (see Table 113-1). AT is a member of the large serpin 
family and is known as SERPINC1 in the systematic nomenclature. 


Protein Structure 

AT consists of an N-terminal heparin-binding domain, a carbohy- 
drate-rich domain, and a C-terminal serine protease-binding region 
that comprises the long, flexible, and surface-exposed reactive center 
loop. Structural stability is provided by three disulfide bonds, two of 
which are located in the N-terminal region and one in the serine pro- 
tease-binding region. Posttranslational modifications comprise four 


Protease 


Antithrombin 


N-glycosylation sites, with three in the carbohydrate-rich domain 
(Asn96, Asn135, Asn155) and one in the serine protease-binding region 
(Asn192). 


Antithrombin Function 

The primary proteases targeted by AT are thrombin, factor Xa, and 
factor IXa. In addition, AT also inhibits factors XIa and XIIa, as well 
as tissue factor-factor VIIa; however, the latter is only inhibited in the 
presence of heparin. 

Similar to other serpins, AT acts as a “suicide” substrate for its tar- 
get proteases. These cleave at site Arg393 in the reactive center loop of 
AT, upon which AT is, unlike normal substrates, not released, but forms 
a 1:1 covalent complex with the protease, thereby blocking the active 
site. This complex is facilitated by a conformational change of the reac- 
tive center loop that folds into the N-terminal region of AT. By doing so, 
the covalently attached protease is dragged along, resulting in distortion 
of its serine protease domain and effectively converting the protease 
back into a zymogen-like state.*”° 

Heparin and related molecules, such as endothelial-bound gly- 
cosaminoglycans, dramatically accelerate the rate of protease inhi- 
bition by AT (see Table 113-4) through two distinct mechanisms 
that characterize inhibition of either factors IXa and Xa or thrombin 
(Fig. 113-26). In case of the former, binding of a specific pentasaccha- 
ride sequence in heparin results in a conformational change in the reac- 
tive center loop of AT, which allows for enhanced access by the target 
protease and is known as allosteric activation of AT (Fig. 113-26, middle 
panel). This results in a 500-fold acceleration of inhibition of factors 
IXa and Xa.*”' The pentasaccharide sequence is present in all forms of 
heparin including low-molecular-weight heparin and fondaparinux, a 
synthetic pentasaccharide. Heparin-accelerated thrombin inhibition 
involves bridging of AT to the protease, which serves to align the two 
molecules and enhances the rate of complex formation (Fig. 113-26, 
right panel).****> This mechanism, also known as the template mech- 
anism, requires longer heparin molecules found in unfractionated 


Figure 113-26. Effect of glycosaminoglycans 
on antithrombin inhibition. Left panel: Structures of 
thrombin (PDB structure 1TB6, cyan) and antithrombin 
(PDB structure 1T1F, green) with Arg393 (P1 residue, 
red) in the reactive center loop of antithrombin are 
shown. Middle panel: Binding of a specific pentasac- 
haride sequence (low-molecular-weight heparin 
LMWH], blue) to antithrombin (PDB structure 2GD4) 
ters the conformation of the reactive center loop, 
hereby increasing exposure of the P1 residue and 
lowing for access of the target protease (allosteric 
activation). Right panel: A long heparin molecule (blue) 
interacts with both thrombin and antithrombin (PDB 
structure 1TB6), which aligns the two molecules and 
enhances the rate of complex formation (template 
mechanism). 
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heparin (UFH). Heparin-bridging of AT also contributes to some extent 
to the AT-mediated inhibition of factors [Xa and Xa, but the majority of 
rate enhancement is provided by the allosteric activation of AT. 
Protease-AT complexes are cleared from the circulation by lipoprotein 
receptor-related protein (LRP)-1—mediated endocytosis in the liver.**5 


Gene Structure and Variations 

The 13.5-kb AT gene (SERPINCI1) is localized on chromosome 1q25.1 
and consists of seven exons. The cDNA is 1395 bp long, whereas the 
mRNA is approximately 1.4 kb. 

Because of its essential role as an inhibitor of coagulation, indi- 
viduals who are heterozygous for loss-of-function mutations are at 
increased risk for thrombosis. The prevalence of this condition in the 
general population is approximately one in 5000 individuals,*” while it 
occurs in approximately 5 percent of patients with a history of thrombo- 
embolic disease.*”” AT deficiency can be categorized into type I and type 
II deficiencies.” Type I deficiency is characterized by reduced plasma 
levels of AT; however, homozygous type I deficiency is not compatible 
with life. Type II deficiency covers all functional AT defects. 

The human gene mutation database (www.hgmd.org) lists 274 
mutations. Mutations resulting in type I deficiency consist of large dele- 
tions, frameshift mutations, premature stop codons, splice-site muta- 
tions, and missense mutations. Mutations observed in type II deficiency 
impair heparin binding or affect the overall protein structure. Chapters 
130 and 133 provide a more detailed description of the clinical signifi- 
cance of AT deficiency. 


TISSUE FACTOR PATHWAY INHIBITOR 


TFPI is a Kunitz-type protease inhibitor that inhibits factor Xa and tissue 
factor-factor VIIa activity and was discovered by Broze and Miletich in 
1987. TFPI circulates in plasma at 2.5 nM in multiple forms of which 
the majority is either truncated at the C-terminus or lipoprotein-asso- 
ciated. Only 10 percent of the circulating TFPI is the full-length TFPla 
form of 276 amino acids (Mr ~40,000; see Table 113-1).**° The half-life 
of TFPI« in the circulation is only 2 minutes because it readily associ- 
ates with the vessel wall endothelium. 


Protein Structure 

Full-length TFPIa consists of three tandem Kunitz domains and a C-ter- 
minus that contains a basic region (see Fig. 113-15).**' However, TFPI 
is very heterogeneous as a result of proteolysis and alternative splicing. 
The latter gives rise to TFPIf that lacks the third Kunitz domain and 
C-terminus, but instead includes a sequence that facilitates anchorage 
to the endothelial cell membrane via GPI linkage.*” 

Endothelial cells and platelets are the main producers of TFPI, with 
endothelial cells expressing both TFPIa and f, while platelets only pro- 
duce TFPI« that is secreted upon platelet activation. Although a signifi- 
cant fraction of TFPI$ is GPI-linked to the endothelial cells, it is also 
found in plasma. In vivo, most of the full-length TFPIa appears to be 
bound to endothelial heparan sulphate proteoglycans through its posi- 
tively charged C-terminus. This because total plasma TFPI levels rise by 
approximately threefold upon heparin treatment, which is completely 
attributable to an increase in TFPlIa. In addition, TFPIa also circulates 
in complex with factor V. 


Tissue Factor Pathway Inhibitor Function 

The physiologic relevance of TFPI stems from its ability to regulate 
tissue factor-dependent coagulation as well as its direct inhibition of 
factor factor Xa. TFPI inhibits the tissue factor-factor VIIa complex in 
a two-step mechanism. TFPI will bind via its second Kunitz domain to 
the active site of factor Xa, thereby inhibiting the proteolytic capacity of 
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factor Xa.**' This step is accelerated profoundly via protein S through 
interactions with the third Kunitz domain of TFPI.**** The following 
step is the inhibition of the catalytic activity of tissue factor-factor VIIa 
complexes by formation of the quaternary tissue factor-factor V Ha-fac- 
tor Xa-TFPI complex. This complex formation depends on the binding 
of Kunitz 1 to the factor VIIa active site. Overall, the effects of TFPI 
as regulator of tissue factor-initiated thrombin generation appear to 
depend on the fast protein S-dependent TFPI interaction with factor 
Xa.” 

TFPI that is truncated at the C-terminus is effective in inhibiting 
tissue factor-factor VIIa activity; however, this seems to occur too slow 
to control thrombin generation at least in vitro. In contrast, inhibition 
of tissue factor-factor VIIa activity by GPI-anchored TFPI£ is effective 
and independent of protein S.*** GPI-anchored TFPI also acts as an 
inhibitor of tissue factor-factor VIIa signaling by PARs, a function that 
TFPIa seems to lack. 

TFPI may prevent prothrombinase formation by factor Xa in the 
presence of the procofactor factor V, factor V that is partially activated 
by factor Xa, or platelet factor V. However, the factor Va-factor Xa 
prothrombinase complex is not inhibited by TFPI as a result of compe- 
tition by prothrombin. 

The heterogeneity and different activities of the multiple forms of 
TFPI have frustrated the measurement of TFPI for clinical purposes. 
However, tests that estimate the free full-length form in plasma indi- 
cate an association of low TFPIa levels with venous thrombosis.*** Low 
levels of TFPIa are observed in protein S-deficient patients, which may 
be the result of a lack of association of TFPI with protein S in the cir- 
culation and faster clearance of free TFPIa.*” High TFPIa levels have 
been observed in patients with increased expression of a splice vari- 
ant of factor V, known as factor V-short. Factor V-short, which lacks 
the major part of the B domain, interacts with the basic C-terminus of 
TFPIa, most likely through the acidic B domain region in factor V.1%!3 
Increased factor V-short levels lead to a dramatic increase in plasma 
TFPla, resulting in a bleeding disorder. 

TFPI activity is downregulated by proteolysis at the C-terminus, 
upon which the basic C-terminal region or the third Kunitz domain are 
removed, thereby impairing inhibition of factor Xa and tissue factor- 
factor VIIa. Complete inactivation of TFPI is observed after proteoly- 
sis by the neutrophil derived proteases elastase and cathepsin G, which 
also cleave in between Kunitz 1 and 2. In this way, tissue factor—fac- 
tor VIIa activity may be protected or reactivated during inflammatory 
processes.” 

The in vivo relevance of TFPI was shown by the sensitization of 
rabbits to tissue factor-triggered disseminated intravascular coagula- 
tion after immunodepletion of TFPI.” Furthermore, mice lacking the 
first Kunitz domain of TFPI are not viable.’ 


Gene Structure and Variations 

The human TFPI gene (TFPI) is located on chromosome 2q31-q32.1 
and has nine exons that span 70 kb. TFPI is synthesized in two alter- 
natively spliced forms, a and $.** TFPI£ is formed by an alternative 
splice event after exon 7 such that TFPI lacks the third Kunitz domain 
and instead has a unique C-terminus. Exon 2 appears to downregulate 
translation of the TFPI splice variant by a unique interaction with a 
sequence in the 3’-end of the TFPI mRNA. 

Homozygosity or compound heterozygosity for loss of function 
mutations in the gene encoding TFPI has not been described. Several 
genetic polymorphisms have been identified and their relationship with 
venous thrombosis has been investigated. There is one report describing 
that a T33C polymorphism in intron 7 is highly associated with total 
TFPI antigen and protects against venous thrombosis,™! but this rela- 
tionship with thrombosis was not confirmed in a subsequent study.*” 
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PROTEIN Z/PROTEIN Z-DEPENDENT PROTEASE 
INHIBITOR 


ZPI is a serine protease inhibitor (Mr ~72,000; SERPINA10 in the sys- 
tematic nomenclature) that inhibits coagulation factors Xa and XIa. ZPI 
circulates in plasma at 60 nM with a half-life of 60 hours (see Table 
113-1). The ZPI-dependent inhibition of factor Xa is enhanced in 
the presence of protein Z.” Protein Z is a vitamin K-dependent plasma 
GP (Mr ~62,000) that circulates at 40 nM (see Table 113-1). In normal 
plasma, which has a molar excess of ZPI over protein Z, all protein Z 
circulates in complex with ZPI.*“ 


Protein Structure 

ZPI displays 25 to 30 percent homology with other serpins such as AT. 
Based on this homology, Tyr387 was predicted and confirmed as P1 res- 
idue in the reactive center loop of ZPI and shown pivotal for inhibition 
of factor Xa.** Unlike other serpins, the N-terminal region of ZPI con- 
tains a very acidic domain. 

Protein Z consists of a Gla domain, a hydrophobic region, and 
two EGF-like domains. Even though the C-terminal region of protein 
Z contains a domain that is homologous to the serine protease domains 
of the other Gla-containing proteins, it lacks the His and Ser active site 
residues characteristic for trypsin-like serine proteases.*° Thus, protein 
Z has no protease activity. 


Protein Z/Protein Z-Dependent Protease Inhibitor Function 
The protein Z-ZPI complex associates with anionic phospholipid mem- 
branes in a calcium-dependent manner mediated by the Gla domain 
of protein Z, which facilitates formation of the ternary protein Z- 
ZPI-factor Xa complex. Furthermore, protein Z has also been suggested 
to induce conformational changes in ZPI, resulting in alignment of the 
reactive center loop and P1 site of ZPI with the factor Xa active site.*”” 
Together, these effects of protein Z enhance the inhibitory activity of 
ZPI to factor Xa by 1000-fold. In contrast, ZPI inactivation of factor 
XIa is protein Z-independent.” Similar to other serpins, ZPI acts as a 
“suicide” substrate. However, factors Xa and XIa eventually cleave ZPI at 
the P1 residue Tyr387, which results in release of a 4.2-kDa C-terminal 
ZPI peptide.” 

The combination of protein Z and ZPI dramatically delays the ini- 
tiation and reduces the ultimate rate of thrombin generation in mixtures 
containing prothrombin, factor V, phospholipids, and calcium. How- 
ever, in similar mixtures containing factor Va, protein Z and ZPI do not 
inhibit thrombin generation.” Thus, the major effect of protein Z and 
ZPI is to dampen the coagulation response prior to the formation of the 
prothrombinase complex. 

In mice, protein Z and ZPI deficiency is associated with a proth- 
rombotic phenotype and both deficiencies dramatically increase mor- 
tality in animals with the factor V Leiden mutation. This indicates that 
protein Z and ZPI deficiency may be risk factors for thrombotic disease 
in humans.** Indeed, low protein Z levels appear weakly associated 
with thrombosis and ischemic stroke in subgroups of some small stud- 
ies. However, these studies lack power to show a definite interaction 
with vascular disease.” Other studies demonstrate a possible associ- 
ation of protein Z and ZPI mutations with thrombosis and pregnancy 
complications.**° 


Gene Structure and Variations 

The chromosomal location of the ZPI gene (SERPINA10) is 14q32.13. 
The gene encodes six exons and spans almost 10 kb. The gene for protein 
Z (PROZ) is on the long arm of chromosome 13 (q34) in close proximity 
to the genes for factor X and factor VII. The protein Z gene spans 14 kb 
and consists of nine exons. The intron/exon boundaries are identical to 


the other Gla-containing coagulation proteins. There is an alternative 
exon that codes for a unique peptide of 22 amino acids in the prepro 
leader sequence. The gene is transcribed into a 1.6-kb mRNA. 

Several mutations and polymorphisms have been described for the 
gene encoding ZPI,™ but the association between such gene variations 
and risk of venous thrombosis has not been established with certainty." 

The human gene mutation database lists nine loss-of-function 
mutations in the protein Z gene. The relationship between these muta- 
tions and disease is uncertain at best, but a relationship with ischemic 
stroke and recurrent fetal loss cannot be excluded.*°**° 


PATHWAYS OF HEMOSTASIS 


Early Coagulation Schemes 

With the accumulated knowledge of the biochemistry of hemophilia it 
was recognized in the 1960s that blood coagulation was regulated by a 
sequential series of steps in which activation of one clotting factor led to 
the activation of another, finally leading to a burst of thrombin genera- 
tion.” Each clotting factor was thought to exist as a proenzyme that 
could be converted to an active enzyme. 

Since then the original waterfall reaction scheme of enzymes has 
been modified extensively. Factors V and VIII were identified as nonen- 
zymatic procofactors for factors Xa and IXa, respectively, and the subse- 
quent clotting events were divided into so-called extrinsic and intrinsic 
systems (Fig. 113-27). The extrinsic system was shown to consist of 
factor VIIa and tissue factor, the latter being viewed as extrinsic to the 
circulating blood. The tissue factor pathway could be activated in clot- 
ting tests by a brain tissue extract. The factor XII-dependent intrinsic 
system could even be activated by china clay (kaolin) and was viewed 
as being intravascular. Both pathways activate factor X, which, in com- 
plex with the activated cofactor Va, converts prothrombin to thrombin. 
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Figure 113-27. Cascade model of coagulation. This model shows 
successive activation of coagulation factors proceeding from the top of 
the schematic to thrombin generation and fibrin formation at the bot- 
tom of the schematic. The intrinsic and extrinsic pathways are indicated. 
HK, high-molecular-weight kininogen; PK, prekallikrein; TF, tissue factor. 


Although these earlier concepts of coagulation were extremely valuable, 
investigators recognized that the intrinsic and extrinsic systems could 
not operate independently. The pivotal role of factor XII for the initi- 
ation of intrinsic thrombin generation and lack of bleeding tendency 
of factor XII deficient individuals was inconsistent with the extreme 
bleeding associated with a deficiency in factor VIII or IX, participants 
of the same intrinsic pathway, which urged investigators to search for 
additional links in the cascades. 


Revision of the Coagulation Scheme 

Key to the revision of the coagulation model was the purification and 
characterization of the transmembrane protein tissue factor.*** A cru- 
cial observation was that the tissue factor-factor VIIa complex not only 
activates factor X, but also factor IX.*” This showed that factor VIII or 
IX deficiencies, which result in hemophilia A or B, respectively, are in 
fact abnormalities of the tissue factor-factor VIIa pathway, even though 
factors VIII and IX are components of the intrinsic system. With the 
notion that traces of tissue factor-factor VIIa are rapidly inactivated by 
TFPI, it became clear that factor VIIa-factor IXa activity is necessary to 
sustain hemostatic factor Xa and thrombin generation.*" *“ The embry- 
onic lethality caused by both tissue factor as well as TFPI deficiency in 
mice underscores the importance of tissue factor-mediated thrombin 
generation and the control thereof.*°® Finally, it was observed that 
thrombin could directly activate factor XI, thus providing an ampli- 
fication loop once thrombin generation has been initiated: thrombin 
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> factor XIa > factor IXa > FXa > thrombin. This model explains the 
mild bleeding tendency observed in factor XI-deficient patients and the 
absence of bleeding in factor XII-deficient individuals. A revised coag- 
ulation scheme is depicted in Fig. 113-28. This scheme builds on the 
conclusion that the major initiating event in hemostasis in vivo is the 
formation of the tissue factor-factor VIIa complex at the site of injury.*” 

It was also recognized that in vivo coagulation is regulated by con- 
trol mechanisms, one of which is the localization of the coagulation 
reactions to cell surfaces. In addition, earlier and more recent obser- 
vations emphasized the importance of plasma inhibitors targeting each 
step of the coagulation process. These include (1) TFPI, which controls 
tissue factor—factor VIIa and factor Xa activity in cooperation with pro- 
tein S,%! (2) thrombomodulin and APC, which inactivate thrombin 
and factors Va and VIIa, the latter also in cooperation with protein 
S,°6 (3) AT, which inhibits thrombin and other coagulation proteases,* 
and (4) ZPI, which inhibits factor Xa on phospholipid surfaces in 
cooperation with protein Z prior to incorporation of factor Xa into the 
prothrombinase complex.” See also Fig. 113-28 for an overview of the 
inhibitory mechanisms of coagulation. 

Most of the essential pathways of tissue factor-dependent 
thrombin generation and inhibitory control have been captured in a 
mathematical model based on the empirically derived rate constants of 
the individual reactions.*” Completion and refinement of such mod- 
els will aid our understanding of the biochemistry of the coagulation 
reactions on artificial membranes, given that the enzymatic events on 


Figure 113-28. Revised model of coag- 
ulation. Schematic overview of the coagu- 
ation reactions in which several revisions 
have been made as compared to the classic 
cascade model of coagulation. The tissue 
factor-factor Vila complex of the extrin- 
sic pathway also activates factor IX, and 
hrombin activates factor XI, in a positive 
feedback loop. The factor !X-dependent 
amplification of factor Xa generation is nec- 
essary for hemostatic fibrin formation at low 
issue factor concentrations, because tissue 
factor-factor Vila-mediated factor X acti- 
vation is inhibited by tissue factor pathway 
inhibitor (TFPI). Procoagulant extrinsic path- 
way components are indicated in black, the 
part of the intrinsic coagulation pathway 
hat is not necessary for hemostasis is indi- 
cated in gray. Anticoagulant mediators are 
indicated in red. AP, antiplasmin; APC, acti- 
vated protein C; AT, antithrombin; Hep, hep- 
arin; HK, high-molecular-weight kininogen; 
PAI, plasminogen activator inhibitor; PZ, pro- 
tein Z; TAFI, thrombin-activatable fibrinolysis 
inhibitor; TF, tissue factor; Tm, thrombomod- 
ulin; tPA, tissue plasminogen activator; uPA, 
urokinase plasminogen activator; ZPI, pro- 
tein Z-dependent protease inhibitor. 
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cellular membranes under (reduced) flow are still complicated, which 
hampers their incorporation into a mathematical model.*” 


A Cell-Based Scheme of Coagulation 

The goal of coagulation is to produce a fibrin clot that seals the site of 
injury in the vessel wall. This process is initiated when tissue factor- 
bearing cells are exposed to blood at the damaged site. Tissue factor is 
anchored to cells via a transmembrane domain and acts as a receptor for 
plasma factor VII. Both trace amounts of factor VIIa as well as zymogen 
factor VII that is rapidly converted to factor VIIa by factor Xa and/or 
autoactivation bind to tissue factor. Tissue factor is expressed around 
vessels and in the epithelium, where it forms a “hemostatic envelope.” 
The tissue factor surrounding the vessels may already be in complex 
with factor VIIa, even in the absence of an injury.” 

‘The tissue factor-factor VIIa complex catalyzes two very impor- 
tant reactions: (1) activation of factor X to factor Xa and (2) activation 
of factor IX to IXa. The initial factors Xa and IXa formed on tissue fac- 
tor-bearing cells may have distinct functions in initiating the process 
of blood coagulation.*”" When a vessel is damaged, the blood delivers 
platelets to the site of injury. These bind to extravascular matrix com- 
ponents to produce the primary hemostatic plug and become partially 
activated in the process. The platelets are consequently localized in close 
proximity to active tissue factor—-factor VIIa complexes. 

The factor Xa formed on the tissue factor-bearing cell interacts 
with factor Va to form prothrombinase complexes that generate small 
amounts of thrombin (Fig. 113-29). Although this amount of thrombin 
may not be sufficient to clot fibrinogen, it is sufficient to initiate events 
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Figure 113-29. Cellular model of tissue factor-factor Vlla-mediated 
hrombin generation on tissue factor-bearing cells and propagation on 
platelets. After the initial generation of factor Xa on tissue factor-bear- 
ing cells, subsequent factor Xa generation is shutdown when tissue fac- 
or pathway inhibitor (TFPI) reacts with factor Xa to inactivate the tissue 
factor-factor Vlla complex. The small amount of thrombin generated 
on the tissue factor-bearing cell plays a critical role in priming plate- 
ets for subsequent coagulation steps. This thrombin activates platelets, 
eleases factor V from platelet a-granules, activates factor V, activates 
factor VIII and releases it from von Willebrand factor (VWF), and activates 
factor XI. Factor IXa, generated on tissue factor-bearing cells, is only 
slowly inhibited by plasma inhibitors and can therefore make its way 
o the primed platelet surface where it binds to factor Vllla. This factor 
Villa-IXa complex activates factor X on the platelet surface. The gen- 
erated factor Xa complexes with factor Va and subsequently activates 
prothrombin, which leads to the burst of thrombin generation respon- 
sible for cleaving fibrinogen. Additional factor IXa is supplied by factor 
Xla on the platelet surface. 


that “prime” the clotting system for a subsequent burst of thrombin 
generation. Experiments using tissue factor-activated whole blood 
and cell-based systems have shown that platelets can be activated by 
thrombin that is generated by direct tissue factor-factor VIa activation 
of factor Xa.’””-3 The small amounts of factor Va required for proth- 
rombinase assembly are likely provided by activated platelets, by factor 
Xa activation, or potentially by noncoagulation proteases secreted by 
the tissue factor-bearing cells.335374375 

The small amounts of thrombin generated are capable of accom- 
plishing the following: (1) activating platelets; (2) activating factor V; 
(3) activating factor VIII and dissociating factor VIII from VWF; and 
(4) activating factor XI (see Fig. 113-29).°*”°” The activity of the fac- 
tor Xa formed by the tissue factor-factor VIa complex will be mostly 
restricted to the tissue factor—bearing surface because free factor Xa that 
diffuses off the cell surface is rapidly inhibited by TFPI, AT, and/or the 
protein Z-ZPI complex. Factor IXa, on the other hand, will most likely 
act on activated platelets in close proximity to the tissue factor—bearing 
cell. This is because factor IXa can diffuse to adjacent cell surfaces as it is 
not inhibited by TFPI and ZPI, while the rate of factor IXa inhibition by 
AT is much lower than that of factor Xa (see Table 113-4). 


The Role of Activated Platelets 

Platelets also play a major role in localizing clotting reactions to the 
site of injury, as they adhere and aggregate at the same location where 
tissue factor is exposed to blood. Platelet localization and activation are 
mediated by VWE thrombin, platelet receptors, and vessel wall com- 
ponents such as collagen (Chap. 112). Once platelets are activated, the 
cofactors Va and VIIIa are rapidly localized to the platelet membrane 
surface (see Fig. 113-29). Cofactor binding is mediated in part by the 
exposure of phosphatidylserine on the platelet membrane, a process 
resulting from a flip-flop mechanism whereby phosphatidylserine on 
the inner leaflet of the membrane bilayer flips to the outer membrane 
leaflet.*”° Endothelial cells, platelets, and leukocytes also generate pro- 
coagulant microvesicles that sustain thrombin generation. While the 
procoagulant characteristics of microvesicles have been studied in 
detail in vitro, their relative contribution to coagulation in vivo is still 
subject of debate. 

Factor Xa generation is amplified on platelets by localization of 
factors IXa and XIa through specific binding sites,” and thrombin- 
mediated factor XI activation is enhanced by poly-P that is released 
by activated platelets (see Fig. 113-29).*°” Once formed, factor Xa 
associates with factor Va on the platelet surface to generate a burst of 
thrombin that is sufficient to clot fibrinogen and form a hemostatic 
plug. Subsequently, thrombin-activated factor XIII crosslinks fibrin 
and stabilizes the hemostatic plug, thereby rendering it impermeable. 
Thrombin also activates TAFI, which helps to stabilize the fibrin clot. 
The factor Xla-mediated feedback loop has been implicated to generate 
ample thrombin required for TAFI activation.** 

It should be noted that the balance between the pro- and anticoag- 
ulant reactions, the pro- and antifibrinolytic potential, as well as stress 
on the local vasculature vary greatly in the different the organs, muscles, 
joints, and other sites in the body. This is probably fundamental to the 
variation in bleeding phenotypes observed in various coagulation fac- 
tor deficiencies.**' The notion that factors XI and XII are not crucial to 
hemostasis, but are involved in thrombosis, has led to their identifica- 
tion as new targets to improve the safety of anticoagulant therapy by 
reducing the risk of bleeding complications.****? 


The Role of Immune Cells 

It has become clear that thrombi may have a major physiologic role 
in immune defense. This so-called immunothrombosis may aid in the 
recognition, containment, and killing of pathogens.*** However, if not 
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Figure 113-30. The role of immune cells: immunothrombosis. Endothelial cell activation by perturbation or infection causes neutrophil adhesion 
and monocyte activation. Induced tissue factor (TF) expression causes initial fibrin formation, while neutrophil activation by platelet interactions 
results in depolymerization of the DNA that bursts out the neutrophil as a mesh-generating neutrophil extracellular trap (NET). NETs may trap bacteria 
as innate immune defense, but also cause thrombosis by DNA-dependent factor XII activation and histone-dependent platelet activation. Further- 
more, von Willebrand factor (VWF) may interact with DNA, which enhances platelet interaction with NETs. 


controlled, it may contribute to thrombosis.** Figure 113-30 provides 
an overview of immunothrombosis. 

The tight link between immune host defense and thrombosis is 
further demonstrated by the fact that immune cells play an active role 
in clot formation through several processes. First, monocytes express 
tissue factor upon activation by pathogens, which leads to thrombin 
generation by the extrinsic pathway.*** Second, activated endothelium 
recruits neutrophils and, as a result of platelet-neutrophil interplay, 
neutrophil extracellular traps (NETs) can be formed,**” which consist 
of decondensated chromatin fibers and DNA released by neutrophils.** 
NET-related proteins, such as histones and neutrophil elastase, activate 
platelets and inactivate TFPI, respectively, with both processes driving 
clot formation.*****’ Moreover, NET DNA activates factor XH, resulting 
in enhanced thrombus formation mediated by the intrinsic pathway.** 
NETs also interact with VWE, which facilitates platelet binding to NETs. 

The decondensation of chromatin that contributes to NET forma- 
tion is caused by PAD4 relocalization to the neutrophil nucleus where 
it citrullinates histones. This results in unwinding of the DNA, which 
subsequently bursts out of the neutrophil.*** The crucial role that PAD4- 
mediated NET formation may play in thrombosis has been shown 
in a physiologically relevant inferior vena cava thrombosis model in 
mice.’ Consistent with this, NETs have been shown to be an inte- 
gral component of human thrombi.*! The notion that DNA is involved 
in pathologic thrombus formation opens doors to alternative ways of 
anticoagulation. 


The Role of Endothelial Cells 

Once a blood clot is formed to seal the injury, the clotting process must 
be terminated to avoid thrombotic occlusion in the adjacent, nonper- 
turbed vascular bed. If the coagulation reactions are not controlled, 
clotting could occur throughout the entire vasculature, even after a 
modest procoagulant stimulus. 

Endothelial cells play a major role in confining the coagulation 
reactions to the site of injury and preventing clot extension to areas 
where the endothelium is intact (Chap. 115). Endothelial cells have two 
major types of anticoagulant/antithrombotic activities, as illustrated in 


Fig. 113-31. First, the protein C/protein S/thrombomodulin/EPCR sys- 
tem is activated in response to thrombin generation. This was demon- 
strated by Hanson and colleagues who showed that thrombin infusion 
in vivo is anticoagulant in a protein C-dependent manner.*” This indi- 
cates that thrombin present at sites other than that of vascular damage 
is able to generate APC, which subsequently inactivates the cofactors 
Va and VIIa, thereby terminating or preventing downstream thrombin 
generation. 

Second, the protease inhibitors AT and TFPI are bound to heparan 
sulfates expressed on the endothelial surface, where they can inactivate 
proteases.” GPI-anchored TFPI£ may also play a role in controlling 
intravascular thrombin generation.*” Furthermore, endothelial cells 
inhibit platelet activation by releasing the inhibitors prostacyclin (PGL) 
and nitric oxide (NO), as well as degrading adenosine diphosphate 
(ADP) by their membrane ecto-ADPase, CD39. 
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Figure 113-31. The role of endothelial cells. Activated coagulation 
proteins generated on platelets localized to the site of injury need to be 
confined to the site of injury. Activated coagulation factors that move 
to an endothelial cell surface are rapidly inhibited by antithrombin (AT), 
which is associated with glycosaminoglycans (GAG) on the endothelial 
surface. Furthermore, thrombin that reaches the endothelial cell surface 
binds to thrombomodulin (TM). Once bound, thrombin can no longer 
cleave fibrinogen. Instead, this thrombin activates protein C (APC), lead- 
ing to the formation of APC-protein S (PS) complexes on the endothe- 
lial cell surface. APC-PS on the endothelial cell surface inactivates the 
procoagulant cofactors Va (to IV) and Villa (to iVIII). PC, protein C; TF, tis- 
sue factor. 
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Role of Plasma Protease Inhibitors 

Circulating protease inhibitors are also critical for localizing the coagu- 
lation reactions to specific cell surfaces by directly inhibiting proteases 
that diffuse away from the site of clot formation. Not only are the plasma 
protease inhibitors key players in confining a clot to the proper location, 
their synergistic action imposes a threshold effect on the coagulation 
process.**9>° Thus, in the presence of inhibitors, coagulation does not 
proceed unless procoagulant factors are generated in sufficient amounts 
to overcome the inhibitory mechanisms. In case the triggering event 
is inadequate, the system returns to baseline rather than continuing 
through the coagulation process. Under pathologic conditions, the trig- 
ger for clotting may be so strong as to overwhelm the control mecha- 
nisms, leading to disseminated intravascular coagulation or thrombosis 
(Chaps. 129 and 133). 


ROLE OF FIBRINOLYSIS 


Once a hemostatic clot has been formed and protected from fibrinolysis 
by the action of factor XIII and TAFI, some provision must be made 
for its eventual removal as wound healing takes place. Dissolution of 
clots is accomplished by the fibrinolytic system, as discussed in detail 
in Chap. 135. 


The Concept of Basal Coagulation and Anticoagulation 

The coagulation process only proceeds when enough thrombin is gen- 
erated on or near the tissue factor-bearing cell to trigger activation of 
platelets and cofactors. One may wonder, however, if minute hemostatic 
plugs are not constantly formed throughout the body to maintain the 
integrity of the vasculature. Indeed, a low level of coagulation factor 
activation probably occurs at all times.” More than 30 years ago, it 
was shown that fibrinopeptides are continuously cleaved from fibrin- 
ogen at low levels in normal individuals.** Minute amounts of factor 
Vila as well as the activation peptides of factors IX and X have also 
been demonstrated to circulate in the bloodstream of normal individ- 
uals.*”" This is known as basal coagulation or idling. Basal activation 
of coagulation factors likely results from minor injuries that occur dur- 
ing normal daily activities. The basal coagulation must be balanced by 
basal activity of the anticoagulation and fibrinolytic systems. This is evi- 
denced by the presence of low levels of the protein C activation peptide 
and tissue plasminogen activator activity in normal individuals.*” 
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CHAPTER 114 
CONTROL OF COAGULATION 
REACTIONS 


Laurent 0. Mosnier and John H. Griffin 


SUMMARY 


The blood coagulation system, like a powerful idling engine, is always active 
and generating thrombin at very low levels, poised for explosive thrombin 
generation. Positive feedback activation of factors V, VII, VIII, and XI imparts 
special threshold properties to blood coagulation, making the coagulant 
response nonlinearly responsive to stimuli. Overt blood coagulation represents 
a threshold system with apparent all-or-none responses to various levels of 
stimuli, and an ensemble of opposing reactions determines the ultimate 
upregulation and downregulation of thrombin generation both locally and 
systemically. Cellular and humoral anticoagulant mechanisms synergize with 
plasma coagulation inhibitors to prevent massive thrombin generation in the 
absence of a substantial procoagulant stimulus. This chapter highlights mech- 
anisms that inhibit blood coagulation, with an emphasis on defects of plasma 
proteins that cause hereditary thrombophilias. Major thrombophilic defects 
involve the anticoagulant protein C pathway, comprising multiple cofactors 
or effectors that additionally include thrombomodulin, endothelial protein C 
receptor, protein S, high-density lipoprotein, and factor V. Activated protein C 
exerts multiple protective homeostatic actions, including proteolytic inactiva- 
tion of factors Va and Villa, as well as direct cell-signaling activities involving 
protease activated receptors 1 and 3, endothelial cell protein C receptor, inte- 
grin C(D11b/CD18, and apolipoprotein E receptor 2. The factor V Leiden variant 
causes hereditary activated protein C resistance by impairing the ability of the 
protein C pathway to inhibit coagulation because it cannot properly cleave 
factor Va Leiden. Plasma protease inhibitors are also key to block coagulation. 
Antithrombin inhibits thrombin and factors Xa, IXa, Xla, and XIla, in reactions 
stimulated by physiologic heparan sulfate or pharmacologic heparins. Tissue 
factor pathway inhibitor neutralizes the extrinsic coagulation pathway factors 
Vila and Xa. Other plasma protease inhibitors can also neutralize various coag- 
ulation proteases. 

Control of coagulation reactions is essential for normal hemostasis. As part 
of the tangled web of host defense systems that respond to vascular injury, the 
blood coagulation factors (Chap. 113) act in concert with the endothelium and 
blood cells, especially platelets, to generate a protective fibrin-platelet clot, 
forming a hemostatic plug. Pathologic thrombosis occurs when the protective 


Acronyms and Abbreviations: APC, activated protein C; apoER2, apolipoprotein E 
receptor 2; (D11b/CD18, Mac-1; EPCR, endothelial cell protein C receptor; GLA, y-car- 
boxyglutamic acid; GPI, glycosylphosphatidylinositol; HDL, high-density lipoprotein; 
NMDA, N-methyl-p-aspartate; PAR-1, protease-activated receptor-1; serpin, serine 
protease inhibitor; SHBG, sex hormone—binding globulin; TFPI, tissue factor pathway 
inhibitor; TNF, tumor necrosis factor; ZPI, protein Z—dependent protease inhibitor. 


clot is extended beyond its beneficial size, when a clot occurs inappropri- 
ately at sites of vascular disease, or when a clot embolizes to other sites in 
the circulatory bed. For normal hemostasis, both procoagulant and anticoag- 
ulant factors must interact with the vascular components and cell surfaces, 
including the vessel wall (Chap. 115) and platelets (Chap. 112). Moreover, the 
action of the fibrinolytic system must be integrated with coagulation reactions 
for timely formation and dissolution of blood clots (Chap. 135). This chapter 
on control of coagulation highlights the major physiologic mechanisms for 
downregulation of blood coagulation reactions and the plasma proteins that 
inhibit blood coagulation, with an emphasis on those mechanisms whose 
defects are clinically significant based on insights gleaned from consideration 
of the hereditary thrombophilias (Chap. 130). Chapter 113 provides a complete 
description of blood coagulation factors and hemostatic pathways. 


@ BLOOD COAGULATION PATHWAYS 
ANDTHE PROTEIN C PATHWAYS 


Although decades have elapsed since the elaboration of the cascade 
model’? for blood coagulation (see Chap. 113, Fig. 113-27), the basic 
outline of sequential conversions of protease zymogens to active ser- 
ine proteases is still useful, albeit with important modifications (see 
Chap. 113, Fig. 113-28), to represent blood coagulation reactions. The 
major conceptual advances for procoagulant pathways in the past two 
decades emphasize both positive and negative feedback reactions affect- 
ing thrombin generation as depicted in Fig. 114-1. 

In positive feedback reactions, procoagulant thrombin activates 
platelets and factors V, VIII, and XI (Chap. 113). Small amounts of 
thrombin can be generated by trace amounts of tissue factor via the 
extrinsic pathway. Subsequently, thrombin can activate factors XI, VIII, 
and V, thereby stimulating each of the steps in the intrinsic pathway, 
thereby amplifying thrombin generation (see Fig. 114-1). 

In negative feedback reactions, anticoagulant activated protein 
C (APC) that is generated on endothelial cell surfaces®* (Fig. 114-2) 
downregulates coagulation (see Figs. 114-1 and 114-3). Furthermore, 
APC can exert direct cytoprotective effects on cells via reactions that 
involve certain receptors, including endothelial cell protein C recep- 
tor (EPCR) and protease-activated receptor-1 (PAR-1) (Fig. 114-4), 
PAR-3, integrin CD11b/CD18, and possibly apolipoprotein E receptor 2 
(apoER2).”* APC’s cytoprotective effects include antiinflammatory and 
antiapoptotic activities, as well as alterations of gene-expression profiles 
and stabilization of endothelial barriers (see “Activated Protein C Activ- 
ities” below). Because inflammation, apoptosis, and vascular barrier 
breakdown contribute significantly to reactions that promote thrombin 
generation, such direct cytoprotective effects of APC on cells indirectly 
downregulate thrombin generation.”* 

For APC generation by the protein C cellular pathway, binding 
of thrombin to thrombomodulin converts the bound thrombin from 
a procoagulant enzyme to an anticoagulant enzyme that converts the 
protein C zymogen to an anticoagulant serine protease, APC (see Figs. 
114-1 and 114-2). This surface-dependent reaction is enhanced by the 
EPCR that binds protein C.°°"° With the aid of its nonenzymatic cofac- 
tor, protein S, as well as other potential lipid and protein cofactors, APC 
inactivates factors Va and VIIIa by highly selective proteolysis, yielding 
inactive (i) cofactors, that is, factors V, and VIII, (see Fig. 114-3 and 
Chap. 113, Figs. 113-11 and 113-13). Protein S also can directly inhibit 
factors VIIIa, Xa, and Va." Thus, APC and protein S inhibit multiple 
steps in the intrinsic coagulation pathway. 
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Figure 114-1. Blood coagulation pathways and protein C antico- 
agulant pathway. Thrombin can be either a procoagulant (left) or an 
anticoagulant (right), depending on cofactors and surfaces. Coagulant 
thrombin clots fibrinogen and activates platelets and factors V, VIII, XI, 
and XIII. Conversion of zymogen protein C to the active protease, APC, 
by thrombomodulin-bound thrombin is enhanced by endothelial pro- 
tein C receptor (EPCR). APC with its nonenzymatic cofactor, protein S, 
inactivates factors Va and Villa by highly selective proteolysis (e.g., at 
Arg506 and Arg306 in factor Va), yielding inactivated (i) factors V, and 
VIIL. This anticoagulant action may be enhanced by phospholipid (Pho- 
sLipid) surfaces on platelets, endothelial cells, or their microparticles. 
High-density lipoprotein (HDL) can also provide protein S-dependent 
anticoagulant APC-cofactor activity. Similarly, neutral glycosphingo- 
lipids such as glucosylceramide (GLcCer) can enhance APC anticoag- 
ulant activity. GPlb, glycoprotein Ib; PAR, protease-activated receptor. 
(Adapted with permission from Griffin JH: Blood coagulation. The thrombin 
paradox. Nature 378(6555):337-338, 1995.) 


At each step in the coagulation pathways, each clotting protease 
can be inhibited by one or more plasma protease inhibitors in reactions 
stimulated by negatively charged glycosaminoglycans such as heparan 
sulfate or heparin (see “Inhibition of Coagulation Proteases by Protease 


Figure 114-2. Protein C activation on endothelial cell surface. On an 
endothelial surface, activated protein C (APC) generation follows bind- 
ing of protein C (PC) to endothelial protein C receptor (EPCR) where PC 
is activated by limited proteolysis by the thrombin (lla)-thrombomodulin 
(TM) complex. This action of thrombin liberates a dodecapeptide (resi- 
dues 158 to 169) from protein C to generate the multifunctional protease 
APC. (Adapted with permission from Mosnier LO, Zlokovic BV, Griffin JH: The 
cytoprotective protein C pathway. Blood 109(8):3161-3172, 2007.) 
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Figure 114-3. Activated protein C (APC) exerts its anticoagulant 
activity by proteolytic inactivation of factors Va and VIlla on membrane 
surfaces containing phospholipids that are derived from cells, lipopro- 
teins, or cellular microparticles. A variety of lipid and protein cofactors 
(see Fig. 114-1 legend and text) accelerate the inactivation of factors Va 
and Villa to yield the irreversibly inactivated factors Vi and VIIli. (Adapted 
with permission from Mosnier LO, Zlokovic BV, Griffin JH: The cytoprotective 
protein C pathway. Blood 109(8):3161-3172, 2007.) 


Inhibitors” below). Given the highly nonlinear nature of the coagula- 
tion pathways with both positive and negative feedback reactions, syn- 
ergy between the protein C pathway and plasma protease inhibitors is 
important for regulating thrombin generation. 

There is continuous activation of coagulation factors at a basal 
physiologic low level. Plasma from all normal subjects contains circu- 
lating active enzymes, factor VIIa, and APC," as well as various poly- 
peptide fragments generated by the action of clotting proteases, namely 
fibrinopeptides,'*’” prothrombin fragment 1+2,'* and activation peptides 
for factors IX and X."*° The presence of multiple clotting factors that 
require positive feedback activation (e.g., factors V, VIII, XI, and VII) 
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Figure 114-4. Paradigm for activated protein C (APC)'s initiation of 
cell signaling and multiple cytoprotective effects. Direct effects of APC 
on cells are initiated by activation of the G-protein—coupled receptor, 
protease-activated receptor-1 (PAR-1), by endothelial protein C recep- 
tor (EPCR)-bound APC. The y-carboxyglutamic acid (GLA) domain of 
APC binds to EPCR to help position APC’s protease domain for efficient 
cleavage of the extracellular N-terminal tail of PAR-1, which results in 
G-protein—coupled receptor activation and subsequent antiinflamma- 
tory and antiapoptotic effects, alterations of gene expression profiles, 
and stabilization of endothelial junctions. (Adapted with permission from 
Mosnier LO, Zlokovic BV, Griffin JH: The cytoprotective protein C pathway. 
Blood 109(8):3161-3172, 2007.) 


imparts special threshold properties to the blood coagulation pathways, 
making the coagulant response nonlinearly responsive to stimuli. The- 
oretical analysis of blood coagulation as a threshold system suggests 
there can be an all-or-none response to various levels of stimulation, 
depending on the ensemble of activating and inhibitory reactions that 
defines upregulation and downregulation of thrombin generation.” 
The coagulation system is active, but idling, and is poised for extensive 
and explosive generation of thrombin. Because of synergy among var- 
ious cellular and humoral anticoagulant mechanisms that establish a 
threshold system, the presence of multiple coagulation inhibitors with 
complementary modes of action prevents massive thrombin generation 
in the absence of a substantial procoagulant stimulus. 


@ HEREDITARY DEFICIENCIES 
ASSOCIATED WITH THROMBOTIC 
DISEASE 


Evidence for the physiologic importance of specific factors for control- 
ling coagulation reactions comes from clinical observations and animal 
model studies. Major identified genetic risk factors for venous throm- 
bosis involve protein structural defects in factor V, protein C, protein 
S, and antithrombin (Chap. 130). There are also gene regulatory defects 
associated with thrombotic disease, such as the G20210A polymorphism 
in the prothrombin gene that causes elevated levels of prothrombin, and 
defects in protein C gene regulatory elements that decrease the expres- 
sion of protein C. Deficiencies of thrombomodulin might also be associ- 
ated with increased risk of arterial thrombosis. Association of hereditary 
abnormalities of EPCR with increased risks of thrombosis has been sug- 
gested, but this remains somewhat controversial. 


@ PROTEIN C PATHWAY COMPONENTS 


Figure 114-5 is a schematic of the structures of protein C, protein S, 
thrombomodulin, and EPCR. These proteins contain multiple domains, 
each of which may mediate different molecular functions. Values for 
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the molecular weight, normal plasma concentration, chromosomal 
location, and gene structures of these factors are given in Table 114-1. 
Factors Va and VIIIa, as substrates of APC, are also participants in the 
reactions of the anticoagulant protein C pathway. Moreover, factor V, 
but not factor V Leiden, appears to act as an APC cofactor for the inac- 
tivation of factor VIIa (see “Factor V as Activated Protein C Cofactor” 
below). 


PROTEIN C 


In 1976, Stenflo designated a bovine plasma vitamin K-dependent pro- 
tein that eluted in the third peak (peak C) from an anion exchange col- 
umn as bovine “protein C” Protein C, actually previously described 
as the anticoagulant factor autoprothrombin II-A,” is a plasma serine 
protease zymogen that can be converted to an active serine protease by 
the action of thrombin. 

Protein C is synthesized in the liver as a polypeptide precursor of 
461 residues, with a prepropeptide of 42 amino acids that contains the 
signal for carboxylation of Glu residues by a carboxylase that forms nine 
y-carboxyglutamic acid (GLA) residues and secretion of the mature 
protein.**** The mature glycoprotein of Mr 62,000 contains 419 residues 
(see Chap. 113, Fig. 113-1 and Fig. 114-5) and N-linked carbohydrate, 
and the majority of the secreted protein C molecules are cleaved by a 
furin-like endoprotease that releases Lys156-Arg157 and generates a 
two-chain zymogen that circulates in plasma at 65 nM (4 mcg/mL).” 
The heavy and light chains of plasma protein C are covalently linked by 
a disulfide bond that keeps the serine protease globular domain (resi- 
dues 170 to 419) covalently tethered to the N-terminal string of three 
domains, the GLA domain and the epidermal growth factor (EGF)-like 
domains EGF1 and EGF2.***° 

The GLA domain of protein C (residues 1 to 42) and APC is impor- 
tant for a number of functions, including binding to phospholipid- 
containing membranes (see Chap. 113, Fig. 113-3), thrombomodulin, 
and EPCR; thus, incomplete carboxylation impairs the functional anti- 
coagulant activity of APC.*!*’ The two EGF modules in the light chain 
may contribute to interactions of APC with protein S and of protein C 
with thrombomodulin. 


TM Figure 114-5. Membrane-bound protein C, 


protein S, thrombomodulin (TM) and endothe- 
lial cell protein C receptor (EPCR). Each protein is 
a multidomain protein that extends above the 
surface of cell membranes, and different domains 
mediate different functions of each protein. Protein 
Cand protein S can bind reversibly to phospholipid 
membranes through their NH,-terminal y-carboxy- 
glutamic acid (GLA) domains which contain nine or 
11 GLA residues that bind four to six Ca™ ions. TM 
and EPCR are integral membrane proteins that are 
embedded in cell membranes by a single hydro- 
phobic transmembrane sequence. (Adapted with 


EPCR permission from Esmon CT: The roles of protein C and 
thrombomodulin in the regulation of blood coagula- 
tion. J Biol Chem 264(9):4743-4746, 1989.) 
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TABLE 114-1. Characteristics of Blood Coagulation Regulatory Molecules 


Molecular Plasma Concentration Half-Life Gene Exon 
Weight (kDa) (mcg/mL) (h) Chromosome (kb) (N) Function 
Protein C 62 4 6 2q13-14 lil 9 Anticoagulant protease 
Protein S 75 26 42 3p11.1-11.2 80 15 Activated protein C 
(APC)-cofactor and 
coagulation inhibitor 
Thrombomodulin 60-105 0.020 ND 20p11.2-cen 37 1 Receptor for thrombin/ 
protein C 
Endothelial protein 46 0.098 ND 20q11.2 6 4 Receptor for protein C/ 
C receptor (EPCR) APC 
Protease-activated 68 NA NA 5q13 27 2. G-protein-coupled 
receptor-1 (PAR-1) receptor 
Antithrombin 58 150 70 1q23-25 14 Protease inhibitor 
Tissue factor path- 34 0.1 ND 2q31-32.1 85 9 Protease inhibitor 
way inhibitor (TFPI) 
Heparin cofactor II 66 70 60 22q11 16 Protease inhibitor 
Protein Z 70 7 60 13q34 9 Plasma protein 
Protein Z-dependent 72 ile 14q32.13 Protease inhibitor 


protease inhibitor 
(ZBI 


NA, not applicable; ND, not determined. 


The serine protease domain of protein C is homologous to other 
trypsin-like proteases, and three-dimensional modeling™* and X-ray 
crystallographic structures” reflect the structural similarity of APC to 
members of the serine protease family of which chymotrypsin is the 
prototype (see Mather and colleagues” for conversion of protein C to 
chymotrypsin numbering). APC’s trypsin-like protease domain exerts 
its anticoagulant activity by highly specific interactions with factors 
Va and VIIa followed by cleavage at only two Arg-containing peptide 
bonds in factors Va and VIIIa (see “Factors Va and VIIa as Substrates 
for Activated Protein C” below). These stereo-specific interactions 
involve both the APC enzymatic active site region and a number of 
APC residues that are termed exosites because they are not located in the 
immediate vicinity of APC’s enzymatic active site. Such APC exosites 
are essential for specific recognition of the macromolecular substrates, 
factors Va and VIIIa as well as recognition of cellular APC receptors.» 


Protein C and Activated Protein C Therapy 

Purified plasma protein C concentrate (Ceprotin) is FDA-approved 
for treating protein C-deficient patients.“ Recombinant APC (Xigris) 
reduced all-cause 28-day mortality in severe sepsis adult patients in the 
PROWESS phase III trial in 2001 and was FDA-approved for this indica- 
tion.“ This successful therapy of adult severe sepsis using APC followed 
preclinical antithrombotic and sepsis studies in baboons.“ However, 
a decade later, in the PROWESS-SHOCK trial, recombinant APC did 
not reduce mortality in adult severe sepsis patients,*-*' and Xigris was 
withdrawn from the market. Animal injury model studies have also shed 
light on in vivo mechanisms for APC beneficial effects in many preclin- 
ical injury models and in many models the pharmacologic benefits of 
APC appear to be independent of APC’s anticoagulant actions (see “Acti- 
vated Protein C Direct Cellular Activities” below).”* 


Protein C Gene 
The protein C gene, comprising nine exons and eight introns, is located 
on chromosome 2q14-21 and spans 11 kb (see Chap. 113, Fig. 113-10, 


and Table 114-1).* The protein C gene is homologous to the genes for 
factors VII, IX, and X (Chap. 113). 


Protein C Mutations 

Hereditary protein C deficiency associated with thrombosis is caused by 
numerous mutations (see protein C mutation databases).**** Based on 
three-dimensional structures of the protein C, the structural basis for 
hereditary protein C defects has been rationalized.™ Most mutations 
that cause type I protein C deficiency, characterized by parallel reduc- 
tions in activity and antigen, involve amino acid residues that form the 
hydrophobic cores of the two folded globulin-like domains that are 
characteristic of serine proteases. These mutations destabilize either the 
process or the product of protein folding, and they result in unstable 
molecules that are poorly secreted and/or exhibit a very short circu- 
latory half-life. In contrast, most mutations that cause type II defects 
(reduced anticoagulant or enzymatic activity but normal antigen levels), 
that is, circulating dysfunctional molecules, involve polar surface resi- 
dues that do not affect polypeptide folding or thermodynamic stability; 
these polar residues presumably are involved in protein-protein inter- 
actions important for expression of anticoagulant activity. 

Rare variants derived from a founder’s mutation appear to be dis- 
tinctive for races. Two protein C mutations, Arg147Trp and a Lys150 
deletion, are significant venous thrombosis risk factors in Chinese but 
not in Americans of European descent or Japanese.5”-° 

Severe protein C deficiency as a consequence of homozygous 
knockout of the mouse protein C gene showed a similar phenotype as 
severe human protein C deficiency (Chap. 130), with perinatal con- 
sumptive coagulopathy in the brain and liver and either death or mas- 
sive thrombosis that occurred either intrauterine or shortly after birth. 


PROTEIN S 


Plasma “protein S; which was named in honor of Seattle, the city of its 
discovery, is a vitamin K-dependent glycoprotein" that is synthesized 


by hepatocytes, neuroblastoma cells, kidney cells, testis, megakaryo- 
cytes, and endothelial cells, and is also found in platelet a-granules.” 

Protein S is synthesized as a precursor protein of 676 amino acids, 
which gives rise to a mature secreted single-chain glycoprotein of 635 res- 
idues with three N-linked carbohydrate side chains (see Fig. 114—5).°* 
Eleven GLA residues in the N-terminal region of mature protein S con- 
tribute to Ca”*-mediated binding of the protein to phospholipid mem- 
branes. The thrombin-sensitive region, residues 47 to 72, follows the 
GLA-domain (see Fig. 114-5). 

The C-terminal region of protein S, residues 270 to 635, the sex 
hormone-binding globulin-like (SHBG) region contains binding sites 
for C4b-binding protein (see “Activated Protein C-Independent Anti- 
coagulant Activity of Protein S” below)® and for factor V, as well as fac- 
tor Va.°*’ Protein S, like the homologous gas6, also binds to receptor 
tyrosine kinases, for example, Axl, and initiates cell signaling, and the 
SHBG region binds the receptor.® Thus, for the expression of its multi- 
ple activities, different domains of protein S exhibit a number of differ- 
ent binding sites for different proteins. 


Protein S Gene 

The protein S gene, comprising 15 exons and 14 introns, is located on 
chromosome 3p11.1-11.2 and spans 80 kb (see Fig. 113-16 and Table 
114-1).°” The protein S gene has limited homology with other genes 
for vitamin K-dependent factors in the GLA and EGF domains and 
notable homology of the region coding for residues 240 to 635 with 
genes of the SHBG family. Humans contain a protein S pseudogene that 
contains several stop codons and is not translated and that is located 
very near the normal protein S gene on chromosome 3. 


Protein S Mutations 

The molecular basis for hereditary protein S deficiency associated 
with venous thrombosis (Chap. 130) is linked to more than 100 differ- 
ent mutations.” A protein S polymorphism that is strongly linked to 
risk for venous thrombosis in Japanese subjects is known as protein S 
Tokushima. It involves K155E, which ablates APC-cofactor activity.°”” 
But the K155E apparently is not present in Americans of European 
ancestry or Chinese populations, thus mirroring the presence of factor 
V Leiden and prothrombin G20210A that are risk factors in Americans 
of European decent but not in the Japanese, Chinese, or Americans 
of African descent populations.” Another single nucleotide polymor- 
phism present in approximately 1 percent of Americans of European 
descent is S460P, which is designated protein S Heerlen; it results in 
absence of N-linked carbohydrate on Asn458 but has no accepted sig- 
nificant functional consequence.” 


THROMBOMODULIN 


Thrombomodulin was discovered as an endothelial cell surface receptor 
that binds protein C and thrombin, thereby accelerating protein C acti- 
vation.” Binding of thrombin to thrombomodulin converts thrombin 
from a procoagulant enzyme to an anticoagulant enzyme because 
thrombomodulin-bound thrombin loses its normal ability to clot 
fibrinogen or activate platelets.” Thrombomodulin is a multidomain 
transmembrane protein comprising an N-terminal lectin-like domain, 
six EGF domains, a Ser/Thr-rich region, a single membrane-spanning 
sequence, and an intracellular C-terminal tail (see Fig. 114-5).5875-8 
EGF domains 4, 5, and 6 are essential for activation of protein C, with 
the latter two domains binding thrombin and the first domain binding 
protein C. The mature protein has 557-amino-acid residues and vari- 
able amounts of N- and O-linked carbohydrate modifications that cause 
variability in molecular size. Glycosaminoglycans, notably chondroitin 
sulfate, covalently attached to the Ser/Thr-rich region, contribute to 
the functional properties of thrombomodulin by enhancing either 
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protein C activation by thrombin or by accelerating neutralization of 
thrombin by protease inhibitors. Modulation of the substrate specificity 
of thrombin by thrombomodulin involves conformational changes in 
thrombin caused by binding of thrombomodulin. 

Low levels of soluble thrombomodulin circulate in plasma, pre- 
sumably as a result of limited proteolysis of the protein near its trans- 
membrane cell surface anchor. The functional significance of circulating 
thrombomodulin is unknown, although variations in its plasma level 
arise in different clinical conditions. 

Recombinant soluble thrombomodulin has been developed for its 
potential therapeutic value for disseminated intravascular coagulation 
and has been approved for this indication in Japan.””** 


Thrombomodulin Gene 

The thrombomodulin gene, which lacks introns, is located on chromo- 
some 20p11.2 and spans 3.7 kb (see Chap. 113, Fig. 113-19, Fig. 114-5, 
and Table 114-1).”"* Deletion of the thrombomodulin gene in mice 
is embryonically lethal. Downregulation of thrombomodulin gene 
expression is promoted by a variety of inflammatory agents, including 
endotoxin, interleukin-1, and tumor necrosis factor (TNF)-a, whereas 
its expression is upregulated by retinoic acid.*-****” Generally, throm- 
bomodulin is a key member among the counterbalancing factors that 
contribute to inflammation, thrombin generation, and coagulation in 
the endothelium. 


Thrombomodulin Mutations 

Thrombomodulin mutations are well documented in atypical hemolytic 
uremic syndrome patients, and they may also be associated with an 
increased risk of arterial thrombosis and myocardial infarction. In contrast, 
there is less supportive data for association with risk for venous thrombosis 
(Chap. 130).®- Atypical hemolytic uremic syndrome is strongly linked 
to excessive complement activation, and thrombomodulin’s lectin-like 
domain inhibits complement activation.” Furthermore, besides pro- 
moting protein C activation by thrombin, thrombomodulin also supports 
activation of the carboxypeptidase, also known as thrombin-activatable 
fibrinolysis inhibitor (TAFI) that is a potent inactivator of bradykinin and 
of the activated complement components, C3a and C5a.”® 


ENDOTHELIAL PROTEIN C RECEPTOR 


EPCR binds both protein C and APC with similar affinities through 
their GLA domains and mediates multiple activities of this zymogen or 
its activated protease, APC.*'°%38°7-107 The mature EPCR glycoprotein 
contains 221-amino-acid residues and N-linked carbohydrate, giving 
an Mr of 46,000. EPCR is an integral membrane protein that is homol- 
ogous to CD1/major histocompatibility complex class I molecules. The 
N-terminus is part of an extracellular domain, which is connected to 
a single transmembrane sequence that is followed by a short Arg-Arg- 
Cys-COOH cytoplasmic tail (see Fig. 114-5). The cytoplasmic tail can be 
palmitoylated, and this modification may help localize EPCR to certain 
lipid rafts or caveolae. The three-dimensional structure of EPCR deter- 
mined by X-ray crystallography or inferred by molecular modeling estab- 
lished that the GLA domain of protein C and APC binds to EPCR.1°7"% 
EPCR on endothelial surfaces enhances by greater than fivefold the rate of 
activation of protein C by thrombin-thrombomodulin (see Fig. 114-2). 
EPCR is also required for the cytoprotective activities of APC by promot- 
ing the cleavage of PAR-1 by APC to induce cell-signaling pathways (see 
Fig. 114-4). Notably, the cytoprotective actions of APC are completely 
independent of its anticoagulant activity and are based on cell signaling 
actions (see “Activated Protein C Direct Cellular Activities” below).7°1°1! 

The presence of functional EPCR on the cell surface is regulated by 
two mechanisms, namely generation of EPCR and clearance of EPCR. 
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Inflammatory mediators induce EPCR ectodomain shedding from the 
endothelial cell surface by metalloproteinase TNF-a converting enzyme 
(known as “TACE”).!? The soluble EPCR ectodomain is found in nor- 
mal human plasma at 100 ng/mL; however, carriers of the H3 EPCR 
haplotype that includes a Ser219Gly polymorphism (rs867186) have 
threefold higher soluble EPCR plasma levels." Higher plasma levels 
of soluble EPCR are found in patients with disseminated intravascular 
coagulation or systemic lupus erythematosus, although plasma EPCR 
levels are not correlated with pathology-related alterations in circulating 
thrombomodulin levels.!!"+ Soluble EPCR binds the protein C and APC 
via their GLA domains with an affinity similar to the membrane-bound 
receptor. Because binding of the APC GLA domain to negatively charged 
phospholipid membranes is required for its anticoagulant activity, solu- 
ble EPCR at relatively high levels in purified reaction mixtures inhibits 
the anticoagulant action of APC against factor Va, although it does not 
block the reaction of APC with protease inhibitors. 186991153 

The EPCR crystal structure surprisingly revealed a single phos- 
pholipid molecule bound in a surface groove on the protein.” Secreted 
phospholipase A, group V can modify the lipid in EPCR and cause 
EPCR to lose its ability to bind protein C and APC."*'”” The presence 
of functional EPCR on the cell surface has important implications for 
thrombotic and inflammatory vascular disease because EPCR inacti- 
vation in vivo increases susceptibility to thrombotic and inflammatory 
diseases.'?*°” 

The physiologic requirement for EPCR in mice was established by the 
embryonic lethality observed for knockout of the murine EPCR gene.’ 

EPCR has functionally important interactions with multiple mol- 
ecules beyond protein C and APC. It binds factor VII and factor VIIa. 
Furthermore, EPCR was recently implicated to play a potentially impor- 
tant role in the pathogenesis of severe malaria. "°="? 


Endothelial Protein C Receptor Gene 
The EPCR gene, comprising four exons and three introns, is located on 
human chromosome 20q11.2 and spans 6 kb (see Table 114-1). 


PROTEASE-ACTIVATED RECEPTOR-1 


PAR-1, discovered as a high-affinity human platelet receptor for 
thrombin,’ is the prototype of a four-member subfamily of G-protein- 
coupled receptors that share an unusual mechanism of activation, 
namely activation by proteases." Each PAR contains seven trans- 
membrane helical domains and an extracellular N-terminal tail that 
is cleaved by an activating protease such that the newly generated 
aminoterminus is a tethered ligand that triggers activation of the cou- 
pled G-protein. Human platelets employ PAR-1 and PAR-4 for activa- 
tion by thrombin whereas, curiously, murine platelets that are devoid 
of PAR-1 require PAR-3 and PAR-4 for thrombin’s normal effects. 15131 
PAR-1 is activated by various plasma proteases’! and is generally 
required for APC’s cytoprotective activities (see “Cellular Receptors for 
Physiologic Effects of Activated Protein C on Cells” below).”*"°'™ 


Protease-Activated Receptor-1 Gene 

The PAR-1 gene contains only two introns, is located on chromosome 
5q13, and spans 25 kb (see Table 114-1).”?5 Much is known about many 
factors that can either upregulate or downregulate the PAR-1 gene.’*1*° 


@ ACTIVATION OF PROTEIN C 


Protein C is activated from zymogen to active protease as a result of 
cleavage by thrombin at the Arg169-Leu170 peptide bond in a reaction 
that is accelerated by thrombomodulin and EPCR (see Fig. 114-2 and 
“Thrombomodulin” above).>”*”*!*° Thrombin infusions into animals 


generate anticoagulant activity because of APC.'**'’ Interestingly, 
thrombin infusion into hyperlipidemic monkeys with atherosclerosis 
generates less APC and causes a poorer ex vivo response to APC com- 
pared with normolipidemic control monkeys," showing that hyperlipi- 
demia and vascular disease can affect protein C activation. 

Ischemia causes protein C activation in vivo. A brief occlusion 
of the left anterior descending coronary artery in pigs results in APC 
generation.” During cerebral ischemia in humans undergoing routine 
endarterectomy, APC increases in the venous cerebral blood. Protein 
Cis significantly activated during cardiopulmonary bypass, mainly dur- 
ing the minutes immediately after aortic unclamping in the ischemic 
vascular beds.’ Streptokinase therapy for acute myocardial infarction 
increases circulating APC." 

Circulating APC concentration in normal human subjects is 
highly correlated with circulating levels of protein C zymogen.'* Based 
on protein C infusion studies in protein C-deficient subjects, the level of 
circulating APC is strongly determined by the concentration of protein 
C.' EPCR appears to be required for normal protein C activation in 
response to thrombin infusions in experimental animals.’ EPCR and 
thrombomodulin must be in close proximity on cell surfaces (see Fig. 
114-2), although this has yet to be experimentally demonstrated. 

Thrombomodulin and EPCR appear to differ markedly in their rel- 
ative distribution densities on blood vessels as the former is abundantly 
present in the small blood vessels but less so in large vessels, whereas the 
latter is more abundant in large vessels than in small vessels.*°°°'**!*7 Low 
levels of thrombomodulin are expressed in brain, and brain-specific 
activation of protein C in humans occurs during carotid occlusion.” 

Proteolytic cleavage and activation of protein C can also be effected 
by meizothrombin, plasmin, or factor Xa."*-1 On the surface of cul- 
tured endothelial cells, negatively charged sulfated polysaccharides in 
the presence of phospholipid vesicles containing phosphatidyletha- 
nolamine can enhance the rate of protein C activation by factor Xa to 
approach the protein C activation rate of thrombin:thrombomodulin.'” 
No data yet indicate whether protein C activation by meizothrombin, 
plasmin, or factor Xa is physiologically relevant. 

Protein C activation is stimulated by platelet factor 4. Both in vitro 
and in vivo data imply that platelet factor 4 may play a physiologic role 
in enhancing APC generation and influencing the activities of the pro- 
tein C system. 154157 


@ ACTIVATED PROTEIN C ACTIVITIES 


The clinical phenotype of severe protein C deficiency in neonatal pur- 
pura fulminans implies that APC exerts multiple physiologically essen- 
tial activities, including potent anticoagulant and antiinflammatory 
actions (Chap. 130). Recent advances establish that APC’s antiinflam- 
matory actions are but one manifestation of its ability to interact directly 
with cell receptors to provide multiple cytoprotective activities.”°'10'" 
These two distinct types of activities of APC—intravascular anticoag- 
ulant activity and initiation of cell signaling—are mediated by different 
sets of molecular interactions, and both types of activities are clinically 
relevant. 


ACTIVATED PROTEIN C ANTICOAGULANT 
ACTIVITY 


Mechanisms for APC’s direct anticoagulant activity involve factors V 
and VIII, the two homologous coagulation cofactors that circulate as 
inactive molecules and that are converted to active cofactors by lim- 
ited proteolysis (see Chap. 113, Figs. 113-11 and 113-13). APC circu- 
lates at 40 pM (picomolars) in normal humans, and there is an inverse 
correlation between fibrinopeptide A, the product that is cleaved 


from fibrinogen by thrombin, and APC levels in healthy nonsmok- 
ing adults, suggesting APC is a significant regulator of basal thrombin 
activity. >! 

Factors V and VIII are synthesized as large single-chain precursor 
coagulation cofactors of Mr 330,000, consisting of three homologous A 
domains (A1, A2, and A3) and two homologous C domains (C1 and C2) 
with a very large intervening, generally nonhomologous domain, desig- 
nated the B domain, that connects the A2 and A3 domains (Chap. 113). 
Activation of the inactive precursor form of the two cofactors V and 
VIII involves limited proteolysis.**!°""™ Factor V activation involves 
cleavages at Arg709, Arg1018, and Arg1545 by thrombin, factor Xa, or 
other proteases.*'*' Cleavage at Arg1545 is the key step for gener- 
ating factor Va activity because this proteolysis releases the B domain 
that blocks binding of factor Xa to factor Va.'**'® The various forms 
of factor Va (see Chap. 113, Fig. 113-11) are composed of two poly- 
peptide chains, one bearing the Al-A2 domains and the other bearing 
the A3-C1-C2 domains. Although generally similar to factor V activa- 
tion, factor VIII activation (see Fig. 113-13) involves formation of a 
heterotrimer of polypeptide chains containing the Al domain, the A2 
domain, and the A3-C1-C2 domains, respectively. In contrast to het- 
erodimeric factor Va, heterotrimeric factor VIIa is intrinsically unsta- 
ble as a consequence of spontaneous dissociation of the A2 domain. ° 


Factors Va and Villa as Substrates for Activated Protein C 

Irreversible proteolytic inactivation of factors Va and VIIIa by APC 
can be accomplished by proteolysis at Arg506 and Arg306 in factor Va 
and Arg562 and Arg336 in factor VIIa (see Chap. 113, Figs. 113-11 
and 113-13). Currently, the most common identifiable venous 
thrombosis risk factor involves a mutation of Arg506 to Gln in fac- 
tor V that results in APC resistance (Chap. 130). The complexities of 
APC-dependent inactivation of factor Va and VIIa are compounded 
by the number of different molecular forms of Va and VIIa that can be 
generated by limited proteolysis by a variety of proteases and by their 
differing susceptibilities to APC and to the different APC cofactors. 


Activated Protein C Resistance 

APC resistance is defined as an abnormally reduced anticoagulant 
response of a plasma sample to APC (Chap. 130) and can be caused by 
many potential abnormalities in the protein C anticoagulant pathway. 
Such abnormalities could include defective APC cofactors, defective 
APC substrates, or other molecules that interfere with the normal func- 
tioning of the protein C anticoagulant pathway (e.g., autoantibodies 
against APC, APC cofactors, or APC substrates). 

A report of familial venous thrombosis associated with APC resis- 
tance without any identifiable defect in four Swedish families'” led to an 
intensive search for a genetic explanation that was soon found to involve 
replacement of G by A at nucleotide 1691 in exon 10 of the factor V gene 
which causes the amino acid replacement of Arg506 by Gln.'!”’ This 
factor V variant, like the prothrombin variant nt G20210A, arose in a 
single white founder some 18,000 to 29,000 years ago’*!” and is known 
as Gln506-factor V or factor V Leiden. This mutation is currently a com- 
mon, but not the only, cause of APC resistance (Chap. 130). 

The molecular mechanism for APC resistance of Gln506-factor V 
is based on the fact that the variant molecule is inactivated 10 times 
slower than normal Arg506-factor Va.**!778°-'® The variant factor Va 
exhibits only a partial resistance to APC because cleavage at Arg306 in 
factor Va also occurs, causing complete loss of factor Va activity. 

Plasma and recombinant factor V can exist in two biochemically 
distinct forms, designated factor V1 and factor V2 that differ in N-linked 
carbohydrate on Asn2181, near the phospholipid binding region of the 
C2 domain as factor V2 has none.'**'* Because the N-linked carbohy- 
drate appears to decrease the apparent affinity of factor V1 or Val for 
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phospholipid, it reduces the specific clotting activity and susceptibil- 
ity to APC. Normal plasma contains a mixture of factors V1 and V2. 
Removal of the carbohydrate attached to factor V increases the rate of 
inactivation of factor Va by APC, although the clinical significance of 
this phenomenon is unknown." 

APC resistance with no identifiable genetic or acquired abnormal- 
ities is well described in patients with venous and arterial thrombosis 
and, at least for research purposes, should be therefore examined in 
patients with a suspected thrombophilia. Further studies are needed to 
identify the causes of APC resistance in such patients.'**!** One major 
challenge involves defining the normal range for the clotting assays that 
are actually used to characterize APC resistance and the multiple plasma 
analytes or nonplasma assay components that are present in the assays. 
For example, activated partial thromboplastin time-based assays are not 
equivalently sensitive as are dilute tissue-factor-based assays to plasma 
high-density lipoprotein (HDL) levels or oral contraceptive use. 
Plasma variables, such as elevated prothrombin levels,'*!°> may affect 
the response to APC by inhibiting APC anticoagulant actions. Endoge- 
nous thrombin potential assays involving dilute tissue factor as the 
procoagulant initiator provide additional tools for defining and charac- 
terizing APC resistance and extend the tools for shedding light on the 
gray area of APC resistance found in some thrombosis patients that is 
not linked to currently known factors. 


ACTIVATED PROTEIN C ANTICOAGULANT 
COFACTORS 


APC anticoagulant activity is enhanced by a number of factors that may 
be termed APC anticoagulant cofactors; these include Ca** ions; certain, 
but not all, phospholipids; protein S; factor V; certain glycosphingolip- 
ids; and HDL. 


Phospholipids as Activated Protein C Cofactors 

Certain phospholipids, such as phosphatidylserine, phosphatidyletha- 
nolamine, and cardiolipin, enhance the anticoagulant activity of APC. 
In addition, phosphatidylethanolamine and cardiolipin stimulate the 
APC anticoagulant pathway activities much more than they stimulate 
the procoagulant pathway activities.!*1°” 


Protein S as Activated Protein C Cofactor 

Protein S structure-activity relationships are informed by much bio- 
chemical work and the large number of mutations.’""°* Protein S, as 
an anticoagulant APC cofactor, forms a 1:1 complex with APC and 
enhances by 10- to 20-fold the rate of APC’s cleavage at Arg306 in fac- 
tor Va but not the Arg506 cleavage.'*"*? Part of the mechanism for this 
activity of protein S may be related to its ability to bring the active site 
of APC closer to the plane of the phospholipid membrane on which the 
APC-protein S complex is located when the complex is formed. "200 
Protein S also facilitates the action of APC against factor VIIa. Protein 
S enhances APC’s action, in part at least, by ablating the ability of factor 
Xa to protect factor Va from APC.” The GLA domain, thrombin- 
sensitive region, and EGF1 and EGF2 domains of protein S are impli- 
cated in binding APC for expression of anticoagulant activity by the 
APC-protein S complex.'*?°-°° Cleavage of the thrombin-sensitive 
region by thrombin abolishes normal binding of protein S to phospho- 
lipid and its normal APC-cofactor anticoagulant activity.” 


Factor V as Activated Protein C Cofactor 

Factor V apparently can have anticoagulant as well as procoagulant 
properties because it enhances the anticoagulant action of APC against 
factors VIIa and Va in a reaction in which protein S acts synergisti- 
cally with factor V.7?°*?"! Cleavage at Arg1545, which optimizes factor 
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Va procoagulant activity, ablates the molecules anticoagulant cofactor 
activity. However, when factor V is cleaved at Arg506 by APC, its APC 
cofactor activity is increased 10-fold. This suggests that Gln506-factor V 
has two potential prothrombotic defects, namely, resistance of the vari- 
ant factor Va to APC inactivation and resistance of the variant factor V 
to activation of its APC cofactor function.” 7" 


High-Density Lipoprotein as Activated Protein C Cofactor 
HDL can exert antithrombotic activity through multiple mechanisms.”” 
HDL enhances the anticoagulant activity of APC both in plasma and in 
purified reaction mixtures, and this APC cofactor activity requires protein 
S and involves, at least in part, stimulation of APC’s cleavage at Arg306 
in factor Va.'*’'*° HDL is heterogeneous in both protein and lipid com- 
position, and the components responsible for this activity have not been 
identified, although large HDL, but not small HDL, possesses APC anti- 
coagulant cofactor activity." Venous thrombosis in males and in subjects 
experiencing venous thrombosis recurrence are associated with a pattern 
of dyslipoproteinemia and low HDL, consistent with the hypothesis that 
deficiency of large HDL is a risk factor for venous thrombosis.*°7"* 


Glycosphingolipids as Activated Protein C Cofactors 

Although both procoagulant and anticoagulant reactions are markedly 
enhanced by the presence of negatively charged phospholipid surfaces 
in vitro, certain lipoproteins, for example, HDL,’® and certain lipids, 
for example, glycosphingolipids and sphingosine,”*~' selectively 
enhance anticoagulant reactions in plasma. Plasma glucosylceramide 
deficiency is a biomarker and may be a potential risk factor for venous 
thrombosis.” Sphingosine and several of its common analogues are 
potent inhibitors of thrombin generation in plasma and on cell surfaces 
because they inhibit interactions between factors Va and Xa.’"* Further 
studies are needed to characterize the anticoagulant or procoagulant 
properties of minor abundance plasma and their significance for clini- 
cal thrombotic events. 


ACTIVATED PROTEIN C DIRECT CELLULAR 
ACTIVITIES 


As noted in Chap. 113, control of coagulation reactions does not occur 
in the absence of an integrated host defense system that involves a num- 
ber of biologic processes involving multiple overlapping and integrated 
pathways. Reactions of the innate and acquired immune system includ- 
ing inflammatory processes, blood coagulation reactions, fibrinolysis, 
and thrombotic processes are intertwined in vivo via multiple molecular 
and cellular mechanisms.*7**!6872!2219220 Ty addition to its anticoagu- 
lant activity, APC acts directly on cells to cause multiple cytoprotective 
effects. Cytoprotective actions of APC include antiapoptotic and anti- 
inflammatory activities, beneficial changes in gene-expression profiles, 
and endothelial barrier stabilization. These cytoprotective activities of 
APC generally require EPCR, involve APC’s ability to activate PAR- 
1, and may also require additional receptors such as PAR-3, sphin- 
gosine-1-phosphate receptor 1, integrin CD11b/CD18, apoER2, EGF 
receptor, and/or Tie2,7886110221-227 

Pharmacologic APC infusions showed benefits in numerous animal 
injury model systems, with the most informative animal studies to date 
being in sepsis models and in neuroprotection experiments.”6110111226227 
Protein engineering permitted the molecular dissection of APC’s anti- 
coagulant activity from its cytoprotective activities’**”° 48 and led to 
proof of principle that APC’s cell signaling activities are both necessary 
and most likely sufficient for reducing lethality in murine septic shock 
models?” and for providing neuroprotective effects in ischemic stroke 
models.”6*7230-232 Notably, recombinant APC mutants that have little 
anticoagulant activity (<10 percent) but normal cell-signaling activity 


are able to convey beneficial effects in multiple injury and disease mod- 
els with diminished risks for bleeding that would be anticipated with 
wild-type APC therapy.*“°# 


Activated Protein C Neuroprotective Effects 

Neuroprotective effects of APC have been convincingly demonstrated 
in rodent ischemic stroke models and N-methyl-D-aspartate (NMDA) 
excitotoxic injury models.*?7776?77791235-24 APC not only provides direct 
cytoprotection in vitro and in vivo for brain endothelium against ische- 
mic injury but also directly protects neurons against NMDA-induced 
excitotoxic injury both in vivo and in vitro. APC mutants with reduced 
anticoagulant activity were as neuroprotective as wild-type APC, and 
certain cellular receptors were required for APC’s neuroprotection, 
strongly implying that neuroprotection by APC involves its actions 
directly on the endothelium and on neurons. Remarkably, in the ische- 
mic penumbra in a murine stroke model, APC caused neovasculariza- 
tion and neurogenesis.”**#°*4-5 The extensive preclinical studies on 
APC’s neuroprotective effects paved the pathway for translation of the 
3K3A-APC variant to potential neuroprotective therapy for acute ische- 
mic stroke.” Because of the greatly reduced anticoagulant activity of 
3K3A-APC (<10 percent of normal), high-dose bolus dosing in healthy 
volunteers can achieve circulating APC levels that are 100-fold higher 
than those used in the PROWESS or PROWESS-SHOCK sepsis trials 
without notable anticoagulant effects.“ 


Cellular Receptors for Physiologic Effects of Activated Protein 
Con Cells 
The ability of exogenously administered APC to alter gene-expression 
profiles of cultured endothelial cells, to stabilize endothelial barriers, to 
reduce lethality caused by endotoxin in murine sepsis models, to pre- 
vent apoptosis of stressed endothelial cells, and to provide neuroprotec- 
tion requires EPCR and PAR-1, strongly supporting the EPCR-PAR-1 
cell-signaling pathway as key for APC’s pharmacologic benefits (see 
Fig. 1 e E 509 2 eS / AeE 

Although few details are known about intracellular mechanisms 
for APC’s multiple cytoprotective actions, some mechanistic details for 
APC’ cell signaling have become clear, as depicted in Fig. 114—6.8 Mul- 
tiple considerations help explain how PAR-1 can mediate thrombin’s 
disruption of endothelial barrier leading to vascular leakage while, 
paradoxically, the same receptor mediates APC’s endothelial barrier 
protection, preventing vascular leakage.“ First, PAR-1-mediated 
APC signaling occurs in caveolae microdomains that contain EPCR 
whereas PAR-1-mediated thrombin signaling is not limited to caveolae 
(Fig. 114-6). Second, different cleavages in the extracellular N- 
terminus of PAR-1, either at the canonical Arg41 thrombin-cleavage site 
(i.e., widely recognized as the essential thrombin cleavage site) or at the 
novel Arg46 APC-cleavage site, results in very different signaling initi- 
ated by different tethered N-terminal peptide sequences which begin at 
either residue 42 or residue 47.44253 Third, following thrombin cleav- 
age at Arg41, PAR-1 initiates signaling involving G proteins, extracel- 
lular signal-regulated kinase (ERK)1/2 and RhoA, whereas, following 
APC cleavage at Arg46, PAR-1 initiates signaling involving f-arrestin-2, 
phosphatidylinositide 3’-kinase (PI3K)/Akt, and Racl.*° Fourth, pep- 
tides mimicking the N-terminus of cleaved PAR-1 are peptide agonists 
with pharmacologic effects resembling those of the respective proteases 
that cleave PAR-1 differentially. For example, “thrombin receptor acti- 
vating peptides (TRAPs)” that begin with Ser 42 promote G-protein- 
mediated signaling similar to thrombin. In contrast, peptides that begins 
with Asn 47 (TR47) promote APC-like signaling.** TRAP but not TR47 
promotes ERK1/2 phosphorylation on endothelial cells whereas TR47 
but not TRAP promotes Akt phosphorylation. The different and oppo- 
site induction of signaling pathways is also mirrored in different and 
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Figure 114-6. Biased protease-activated receptor (PAR)-1 signal- 
ing dependent on activation by thrombin or activated protein C 
(APC). Activation of PAR-1 by thrombin results in endothelial barrier- 
disruptive signaling (A) but activation of PAR-1 by APC in caveolae 
that also contain endothelial cell protein C receptor (EPCR) results in 
endothelial barrier-protective signaling (B). The different PAR-1 
signaling induced by thrombin and APC are caused by different 
proteolysis cleavage sites in PAR-1 for thrombin and APC.”4Thrombin 
activates PAR-1 by cleavage at Arg41 (C). Synthetic agonist peptides 
with the N-terminal tethered-ligand sequence beginning with res- 
idue 42 are known as TRAP (thrombin receptor-activating peptide) 
and cause thrombin-like effects on cells. APC activates PAR-1 by 
cleavage at Arg46 (C). A synthetic agonist peptide with the N-ter- 
minal tethered-ligand sequence beginning with residue 47 (TR47) 
causes APC-like effects on cells. Activation of PAR-1 by thrombin or 
TRAP induces PAR-1 conformations such that the intracellular loops 
of PAR-1 preferentially interact with G proteins (termed “G-protein 
biased”) resulting in G-protein-dependent signaling whereas acti- 
vation of PAR-1 by APC or TR47 induces PAR-1 conformations that 
preferentially interact with B-arrestin-2 (termed “B-arrestin biased") 
resulting in B-arrestin-2-dependent signaling (D). The impli- 
cation of biased PAR-1 signaling are evident by the differences in 
phosphorylation of extracellular signal-regulated kinase (ERK)1/2 
compared to Akt because TRAP, but not TR47, induces phosphoryla- 
tion of ERK1/2, whereas TR47 but not TRAP induces phosphorylation 
of Akt (E).2°* (Reproduced with permission of Griffin JH, Zlokovic BV, Mos- 
nier LO: Activated protein C: Biased for translation. Blood 125(19):2898- 
2907, 2015.) 


Part XII: Hemostasis and Thrombosis 


opposite functional effects, as thrombin peptide and TRAP cause endo- 
thelial barrier disruption and proinflammatory effects whereas APC and 
the TR47 peptide cause barrier-protective and antiinflammatory effects. 
Thus, PAR-1 displays biased signaling depending on the activation cleav- 
age sites and the generated tethered-ligand with absolutely opposing 
outcomes for the cell, the tissue, and the host depending on which coag- 
ulation system protease, thrombin or APC, is cleaving PAR-1. 

Other receptors are recognized that may also play key roles for 
APC’s beneficial signaling effects, including PAR-3 and sphingosine-1- 
phosphate receptor-1.4°?5957258 ApoER2 can initiate Disabled-1-depen- 
dent pathway activation of the PI3K-Akt cell-survival pathway, which 
may ultimately help explain additional aspects of APC’s cytoprotection.”” 

Although most studies demonstrating the cell-signaling activities 
of APC have focused on pharmacologic levels of APC, several reports 
of murine injury models demonstrate the physiologic importance of 
cell signaling by endogenous APC,” implying that defects in APC’s 
endogenous cytoprotective actions might have pathophysiologic rele- 
vance. Future investigations on APC cellular receptors and on intracel- 
lular mechanisms involved in the protein C cellular pathway will likely 
provide novel clinical insights with diagnostic and therapeutic potential. 


@ INHIBITION OF ACTIVATED PROTEIN C 


Blood contains circulating APC in a well-defined normal concentration 
range that contributes to antithrombotic surveillance mechanisms and 
possibly to homeostatic cell signaling." Circulating APC levels 
are determined by the balance between countervailing mechanisms for 
APC generation and for APC inhibition and clearance. APC genera- 
tion is influenced by protein C zymogen levels, endogenous thrombin 
generation, and the availability of thrombomodulin and EPCR. Clear- 
ance of circulating APC is based on inhibition of APC by protease 
inhibitors and clearance of APC:inhibitor complexes.” The major 
plasma inhibitors of APC include «,-antitrypsin, protein C inhibitor, 
and @,-macroglobulin. 


@ ACTIVATED PROTEIN C-INDEPENDENT 
ANTICOAGULANT ACTIVITY OF 
PROTEIN S 


Because hereditary protein S deficiency” is strongly linked to 
increased venous thrombosis risk (Chap. 130), protein S is a significant 
physiologic anticoagulant factor.”"'°* In addition to its anticoagulant 
cofactor activity for APC, protein S can also inhibit coagulation reac- 
tions independently of APC. Several plausible mechanisms have been 
described for protein S's anticoagulant activity independent of APC. 
First, protein S can bind directly to procoagulant factors Xa and Va and 
thereby inhibit directly the activity of the prothrombinase complex. "=" 
The thrombin-sensitive region and the EGF3 domains of protein S 
(see Fig. 114-5) likely bind factor Xa, contributing to APC-indepen- 
dent anticoagulant activity.” Second, protein S can also bind fac- 
tor VIIa and inhibit activation of factor X by factor [Xa—factor VIIa 
complexes.’”*?’* Third, protein S binds tissue factor pathway inhibitor 
(TFPI) and enhances its ability to inhibit factor Xa.*””-*” Zn** ions might 
play a key role for APC-independent protein S activity.” It is not easy to 
decipher the relative importance of each of these or other mechanisms 
for APC-independent anticoagulant activities of protein S or to estab- 
lish their physiologic relevance, but infusions of protein S without APC 
are antithrombotic in baboon thrombosis models.”*! 

The activities of protein S can be strongly influenced by C4b-binding 
protein, a plasma protein that enhances inactivation of the complement 


cascade by binding to C4b and promoting its proteolytic inactivation 
by the protease, factor I. C4b-binding protein reversibly binds protein S 
with high affinity,- and formation of this complex affects some but 
not all of the anticoagulant activities of protein S.7"!°*7!* Because of 
the influence of C4b-binding protein on protein S activities and plasma 
levels, interpretation of clinical assays for protein S requires evaluation 
of free and bound protein S as plasma contains approximately 240 nM 
protein S-C4b-binding protein complexes and 120 nM free protein S.’*° 
C4b-binding protein is a heteropolymer containing six or seven a chains 
that are disulfide-linked to a single 6 chain that binds protein 8.256297 
Residues 30 to 45 of the f chain bind with high affinity to the C-ter- 
minal SHBG domain of protein S.°?**’* During an acute phase reac- 
tion, the level of the C4b-binding protein « chain, but not the £ chain, 
is increased, so that the acute phase change in total C4b-binding protein 
does not alter the level of free and bound protein S.””° 

Another potential mechanism for the antithrombotic actions pro- 
tein S is based on its APC-independent direct interactions with cells 
that might contribute to its antithrombotic actions. Protein S promotes 
clearance of apoptotic cells,%7"1*?!-"* and this antiapoptotic activity of 
protein S might contribute to its antithrombotic activity. Protein S has 
direct effects on cells by activating one or more transmembrane receptor 
tyrosine kinases.*'°*”” Protein S is a potent neuroprotectant as it can pro- 
tect brain endothelium against ischemic injury in murine stroke models 
and can protect neurons against NMDA-induced excitotoxic injury, pre- 
sumably acting via transmembrane receptor tyrosine kinases.” 


@ INHIBITION OF COAGULATION 
PROTEASES BY PROTEASE INHIBITORS 


Antithrombin, initially designated antithrombin II, is clinically the best 
known inhibitor of clotting factor proteases. Antithrombin can neutral- 
ize all coagulation proteases in reactions that are enhanced by hepa- 
rin and related glycosaminoglycans (see Chap. 113 and Fig. 113-28). 
However, antithrombin does not inhibit the anticoagulant protease 
APC. TFPI can neutralize factors VIIa and Xa, proteases of the extrin- 
sic coagulation pathway.”778301-303 In addition, other plasma protease 
inhibitors such as a,-antitrypsin, heparin cofactor II, protein C inhib- 
itor, a,-macroglobulin, or protein Z-dependent protease inhibitor, can 
neutralize various coagulation proteases, although the ultimate clinical 
significance of these reactions is less-well defined than the clinical rele- 
vance of antithrombin for thrombophilia (Chap. 130). Antithrombin is 
key for anticoagulant therapy based on the heparin-stimulated inhibi- 
tion of thrombin and factor Xa. 


ANTITHROMBIN AND HEPARINS 


Antithrombin is synthesized in the liver and is present in plasma at 
150 mcg/mL, and it is a typical member of the serine protease inhibitor 
(SERPIN) superfamily and is denoted as SERPINC1.°%*° Based on 
X-ray crystallographic studies,*”*!! models of serpin-protease com- 
plexes in various reaction states have emerged and the mechanism for 
the effects of heparin on the reaction of thrombin with antithrombin is 
reasonably clear. 

The neutralization of proteases by antithrombin is a result of a 
stable enzyme-antithrombin complex that is formed by a molecular 
mechanism characteristic of inhibitory serpins.*°**°7°°3" Following 
binding of a protease to a “reactive site” loop in a serpin, a single pep- 
tide bond in the serpin is cleaved with formation of an acyl-enzyme 
intermediate via the active site Ser residue. This metastable enzyme- 
serpin complex can either break apart because of deacylation, or it can 
form a more stable covalent enzyme-serpin complex. To break apart 
the enzyme-serpin covalent complex, deacylation liberates the cleaved 


product and regenerates the active site Ser residue of the protease. 
However, serpins have an ability to undergo major conformational 
changes following cleavage at the reactive site residue that can distort 
that protease’s active site region and lock the enzyme into the protease- 
serpin complex in which both the serpin and the protease are essentially 
deformed.** °°" The dominant structural feature of native serpins 
is a large five-stranded $-sheet that defines the structure of an ellipsoidal 
protein. Following cleavage at the reactive residue in the reactive center 
loop by a protease, this extended loop is able to partially or completely 
insert itself into the five-stranded $-sheet, forming a very stable six 
-stranded $-sheet. If this insertion reaction proceeds before deacylation 
occurs, then the protease remains covalently attached to the reactive 
center P1 residue through the protease’s active site Ser residue, and a sta- 
ble covalent protease-inhibitor complex with each protein in an altered 
conformation is formed. 

Heparin enhancement of the rate of reaction between antithrombin 
and thrombin or other clotting factors is caused by two distinct effects 
of heparin, one involving conformational effects on antithrombin and 
the other involving “approximation” effects on both antithrombin and 
thrombin.®?307308311-313 For the first effect, a particular pentasaccharide 
sequence within heparin binds antithrombin and potently causes a con- 
formational change that converts antithrombin from its native state of 
moderate reactivity to a conformation with relatively high reactivity. This 
pentasaccharide contains a specific sulfated sequence of glucosamine 
and iduronic acid residues,*°°*°7*3""35 and when it is present in a 
large heparin molecule, in low-molecular-weight heparin, or in a syn- 
thetic pentasaccharide, it alters antithrombin conformation and greatly 
accelerates the reaction of antithrombin, especially with factor Xa. Syn- 
thetic pentasaccharides, such as fondaparinux, which are analogues of 
the naturally occurring sequence, are often termed to be indirect factor 
Xa inhibitors and have significant clinical utility. For the second mech- 
anistic effect, namely the approximation effect, unfractionated heparin 
or low-molecular-weight heparins simultaneously bind to antithrombin 
and the target protease to promote frequent and geometrically produc- 
tive encounters between protease and inhibitor, thus increasing the reac- 
tion rate. Heparan sulfates to some extent can also act in this manner. 

The mature antithrombin polypeptide chain contains 432-amino- 
acid residues after cleavage of a propeptide from a 464-amino-acid-resi- 
due precursor.*"* It has four sites for N-linked carbohydrate attachment, 


Protein S 


TFPla 
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one of which (Asn135) is variably glycosylated, giving rise to a B-i- 
soform that has higher affinity for heparin.*'”** Heparin binding to 
antithrombin is mediated by a number of positively charged Arg and 
Lys residues in the N-terminal region of the molecule, including Lys11, 
Arg13, Arg47, Lys114, Lys125, and Arg129, whereas the reactive center 
loop containing the scissile peptide bond at Arg393-Ser394 is near the 


C-terminus.*"! 


ANTITHROMBIN GENE 


The antithrombin gene comprising seven exons and six introns spans 
13.4 kb and is located on chromosome 1q23-25 (see Table 114-1).*1°”° 


ANTITHROMBIN MUTATIONS 


Hereditary deficiencies of antithrombin are risk factors for venous 
thrombosis (Chap. 130). More than 100 different antithrombin muta- 
tions are associated with thrombosis. An extensive database of muta- 
tions is published?! and is available at http://www1.imperial.ac.uk/ 
departmentofmedicine/divisions/experimentalmedicine/haematology/ 
coag/antithrombin/. 

Mutations that cause antithrombin deficiency are scattered through- 
out the gene. Molecular defects can be classified as type I, characterized 
by parallel decreases in antigen and activity, or type II, characterized 
by circulating dysfunctional molecules such that plasma has decreased 
functional activity but normal or near-normal antigen levels. Type II 
defects are further classified based on whether the dysfunction involves 
only reactive center defects that can be tested in the absence of hepa- 
rin, only heparin-binding defects that can be tested only in the presence 
of heparin, or both of these defects (pleiotropic effects). Reactive center 
defects carry the largest risk of thrombosis, whereas heparin-binding 
defects are associated with less risk of venous thrombosis (Chap. 130). 


@TISSUE FACTOR PATHWAY INHIBITOR 


TFPI, also known as lipoprotein-associated coagulation inhibitor or extrinsic 
pathway inhibitor, has a predicted mature protein sequence of 276 residues 
and a Mr of 34,000. However, TFPI is a complex protein and has at least 
three isoforms in blood vessels.””*"'**”°” There are two alternatively 
spliced forms of TFPI designated TFPIa and TFPI (Fig. 114-7). 


TFPIB 


Figure 114-7. Tissue factor pathway inhibitor (TFPI) exists in multiple forms, TFPla and TFPIB, because of alternative splicing. Mature, full-length 
TFPla is a multivalent protease inhibitor containing three Kunitz-type protease inhibitor domains (K1, K2, and K3) and a highly positively charged basic 
amino acid cluster near the C-terminus (blue circles). TFPIB contains K1 and K2 but lacks K3 and the basic amino acid cluster, but it can acquire a glyco- 
sylphosphatidylinositol (GPI) moiety that anchors it to cell membranes. As indicated by color overlays, K1 and K2 inhibit factor (F) Vila and FXa, respec- 
tively. Both TFPla and TFPIG can form a quaternary complex with tissue factor (TF), FVIla and FXa. However, TFPla but not TFPI6 can interact with protein 
S or certain forms of FVa/FV via K3 or the positive amino acid cluster, respectively. Via such interactions, protein S or FVa/FV can promote inhibition of 
FXa with no involvement of FVlla or tissue factor. TFPla is the predominant form in plasma, whereas TFPIG is the predominant form on the endothe- 
lium. (Reproduced with permission from Wood JP Ellery PE, Maroney SA, Mast AE: Biology of tissue factor pathway inhibitor. Blood 123(19):2934-2943, 2014.) 
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TFPI« is the full-length mature protein that contains an acidic N-termi- 
nal sequence, three homologous but distinct Kunitz-type protease inhib- 
itor domains (K1, K2, K3), and a C-terminal positively charged basic 
amino acid sequence (Fig. 114-7). TFPI$ contains K1 and K2 but an 
unrelated sequence replaces the K3 domain and the C-terminus. TFPI$ 
can be covalently modified by addition of glycosylphosphatidylinositol 
(GPI) that localizes TFPI to cell membranes (Fig. 114-7). Some TFPI in 
plasma is present as a disulfide-linked heterodimer of TFPI-apolipopro- 
tein A-II,””*** but the functional significance of the apoA-II appendage 
is unknown. TFPI in its multiple forms is a significant inhibitor of the 
coagulation pathways that can function synergistically with the protein C 
pathway and antithrombin to suppress thrombin generation. 

TFPI is synthesized by endothelial cells, megakaryocytes, and 
smooth muscle cells.*°'* Free TFPI in plasma is TFPla but it is a 
minor fraction of the amount of TFPI in blood vessels. More than half 
of TFPIa in plasma is associated with lipoproteins, especially HDL and 
low-density lipoprotein. TFPIa is also the main form within platelet and 
it is secreted by activated platelets. A substantial amount of TFPIa is 
released from the vessel wall when heparin is infused.’ TFPI is mem- 
brane bound, especially to endothelium, because of its GPI anchor. 

The interaction of TFPI with lipoproteins reduces its anticoagulant 
activity measured in vitro though the physiologic significance of TFPI’s 
binding to various lipoproteins remains uncertain. In addition to bind- 
ing lipoproteins, TFPIa but not TFPI binds to protein S and to cer- 
tain forms of factor Va/factor V. Different regions of TFPIa, 
namely the K3 domain or the basic amino acid cluster, respectively, are 
responsible for binding protein S or factors Va/V (see Fig. 114-7). Inhi- 
bition of factor Xa by TFPIa is accelerated by protein S and by certain 
but not all forms of factor Va (see below). 

TFPI neutralizes factors Xa and VIIa by multiple complicated mech- 
anisms.?””"°!-3° In each mechanism, the K1 domain binds and inhibits 
factor VIIa while the K2 domain inhibits factor Xa (see Fig. 114-7). 
No protease has yet been identified as the target of the K3 protease 
inhibitor domain. In one mechanism, initially the K2 domain of TFPI 
reacts with and inhibits the enzyme activity of factor Xa. Subsequently, 
this binary complex reacts with factor VIIa in the tissue factor-factor 
Vila complex to form a quaternary protein complex on a membrane 
with both proteases neutralized. In an alternative proposed scheme, 
TFPI first reacts with factor VIIa in a tissue factor—factor VIIa com- 
plex that has generated factor Xa, and thereafter it rapidly reacts with 
factor Xa before it can dissociate from the ternary tissue factor-factor 
Vila-factor Xa complex. Possibly each proposal is valid. Some argue 
that because some kinetic studies showed that TFPI requires factor Xa 
for kinetically favorable reactions with factor VIa, TFPI does not shut 
off the initiation of the extrinsic pathway by tissue factor until some 
significant though small amount of factor Xa is generated, in which case 
TFPI provides negative feedback inhibition of the generation of factor 
Xa by the factor VIla-tissue factor complex. An additional property 
of TFPIa involves its inhibition of factor Xa in the absence of factor 
Vila, and this reaction is accelerated by protein S and by certain forms 
of factor Va.?””*730-333 In contrast to the anticoagulant factors, anti- 
thrombin, protein C, and protein S, for which hereditary deficiencies 
are linked to significantly increased risk for venous thrombosis (Chap. 
130), no clear pattern for increased risk of thrombosis has been defin- 
itively established for TFPI deficiency in humans. In mice, knockout 
of TFPI is embryonically lethal.** In a highly informative kindred that 
presented with a serious bleeding diathesis, highly elevated plasma 
TFPI levels were linked to increased bleeding risk, indicating that TFPI 
functions in man as a physiologically significant inhibitor of coagula- 
tion.***” The genetic mutation causing elevated plasma TFPI levels was 
in the factor V gene, not the TFPI gene. The mutated factor V, named 
“factor V-short;’ has a higher affinity for TFPI« than wild-type factor 


V, thereby binding more TFPIa and prolonging its half-life. Factor 
V-short may also enhance inhibition of factor Xa by TFPI with the effect 
of increasing bleeding risk. This genetic disorder, as well as previous 
studies showing that inhibition of TFPI reduced bleeding in preclinical 
hemophilia models, lends support for ongoing efforts to develop TFPI 
inhibitors for reducing bleeding in some hemophilia subjects, especially 
those with anti-factor VIII inhibitors. 


TFPI GENE 


The sequence of TFPI was established from cloning of its complemen- 
tary DNA. The gene contains nine exons, spans 85 kb, and is located on 
chromosome 2q31-32.1 (see Table 114-1). 


@ OTHER PROTEASE INHIBITORS 
HEPARIN COFACTOR II 


Heparin cofactor II, a serpin whose inhibitory activity is enhanced by 
dermatan sulfate, inhibits thrombin in vivo and in vitro by an approx- 
imation mechanism.**”*° A few reports link heparin cofactor II defi- 
ciency to venous thrombosis, but no significant clinical relevance has 
been established.*' Curiously, a severe heparin cofactor II deficiency 
was reported in an asymptomatic subject.” Some studies imply that 
heparin cofactor II may play significant roles in arterial vascular wall 
processes, but definitive mechanisms remain to be elucidated. 


PROTEIN Z-DEPENDENT PROTEASE INHIBITOR 


Protein Z-dependent protease inhibitor (ZPI) is a plasma serpin that 
inhibits factors Xa, XIa, and IXa, but not factor XIIa or thrombin.**° 
Protein Z, which is a vitamin K-dependent protein that contains a GLA 
domain, two EGF-like domains, and a protease-like domain,” stimu- 
lates factor Xa inhibition by ZPI. Curiously, the protease-like domain of 
protein Z lacks any protease activity because it has mutations at two of 
the three active site triad residues. The major hypothesis for stimulation 
of inhibition of factor Xa by protein Z is based on a structural model 
in which three proteins assemble on a phospholipid membrane via the 
two GLA domains (see Fig. 114-7). In this putative ternary complex, 
the protease-like domain and the second EGF-like domain of protein Z 
bind ZPI in an alignment that facilitates reaction of factor Xa with the 
reactive center loop of ZPI. 

In plasma, ZPI is in slight protein molar excess over protein Z with 
which it associates noncovalently, and it has been speculated, but not 
proven, that almost all plasma protein Z is associated with ZPI.*°?*” If 
the ZPI is a physiologic coagulation inhibitor, the deficiency of either 
protein Z or ZPI might be associated with thrombosis. Knocking out 
the protein Z gene in a mouse does not produce a remarkable pheno- 
type unless protein Z deficiency coexists with factor V Leiden, in which 
case the mouse exhibits a hypercoagulable, prothrombotic state.” This 
murine observation is mirrored by one clinical report that subnormal 
levels of protein Z are associated with venous thrombosis in subjects 
who are heterozygous for factor V Leiden.*** Some associations between 
venous thrombosis and defects in protein Z or ZPI have been reported 
but not uniformly confirmed.***5**57 An association with peripheral 
arterial disease was reported.*** However, to date no convincing pattern 
between thrombosis and defects in either protein Z or ZPI has been 
firmly established. 


OTHER MINOR PROTEASE INHIBITORS 


Thrombin in plasma can be inhibited not only by antithrombin but also 
by «,-macroglobulin, an acute-phase reactant. No association between 


defects in bleeding or thrombosis has been confirmed for this inhibitor. 
In purified reaction mixtures, protein C inhibitor also efficiently neu- 
tralizes thrombin in the presence of thrombomodulin,*” although no 
studies show that this is a physiologic reaction or that it is associated 
with thrombosis. 
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CHAPTER 115 
VASCULAR FUNCTION IN 
HEMOSTASIS 


Katherine A. Hajjar, Aaron J. Marcus*, and 
William Muller 


Blood vessels, especially their endothelial lining, play a critical role in the 
maintenance of vascular fluidity, arrest of hemorrhage (hemostasis), pre- 
vention of occlusive vascular phenomena (thrombosis), and regulation of 
inflammatory cell processes. The endothelium extends to all recesses of the 
body and maintains an intimate association with flowing blood and blood 
cells. However, endothelial cell morphologies, gene-expression profiles, 
and functions vary among different vascular beds. For example, in straight 
arterial segments, but not at branch points or curvatures of the arteries 
or veins, endothelial cells align themselves in parallel to the direction of 
blood flow. Similarly, endothelial cells in post capillary venules are primar- 
ily responsible for mediating adhesion and transmigration of leukocytes, 
whereas arteriolar endothelium is important for regulation of vasomotor 
tone. Proteomic studies have revealed that endothelial cells have the unique 
capacity to express and elaborate thromboregulatory molecules, which 
can be classified according to their chronologic appearance following vas- 
cular injury. Early thromboregulators appear prior to thrombin formation 
and late thromboregulators arrive after thrombin has formed. This chap- 
ter reviews some of the mechanisms by which the vascular wall regulates 
hemostasis, and discuss their implications for vascular health and disease 
(Table 115-1). 


Acronyms and Abbreviations: APC, activated protein C; Apo, apolipoprotein; 
APS, antiphospholipid syndrome; C5a, complement factor 5a; CAM, cell adhesion 
molecule; COX, cyclooxygenase; DAG, diacylglycerol; DDAVP, deamino D-arginine 
vasopressin; EPCR, endothelial protein C receptor; GMP, guanosine monophosphate; 
IL, interleukin; IP., inositol triphosphate; Lp(a), lipoprotein(a); NFkB, nuclear factor 
kappa B; NO, nitric oxide; NOS, nitric oxide synthase; PAF, platelet-activating fac- 
tor; PDGF, platelet-derived growth factor; PECAM, platelet endothelial cell adhe- 
sion molecule; PGL, prostacyclin; PGIS, prostacyclin synthase; PSGL, P-selectin 
glycoprotein ligand; scu-PA, single-chain urokinase-type plasminogen activator; 
TAFI, thrombin-activatable fibrinolysis inhibitor; TF, tissue factor; TFPI, tissue factor 
pathway inhibitor; TM, thrombomodulin; TNF, tumor necrosis factor; t-PA, tissue- 
type plasminogen activator; VWF, von Willebrand factor. 
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@®VASCULAR FUNCTION IN HEMOSTASIS: 
INTRODUCTION 


The endothelium represents a dynamic interface between flowing blood 
and the vessel wall, and produces a variety of factors that regulate blood 
fluidity (Fig. 115-1). Endothelial cells are subject to unique shear stress 
forces, to soluble factors in the blood, and to signals emanating from 
cells in the circulation, vascular wall, and tissues, all of which create 
region-specific phenotypes.’* In addition to modulating vascular 
permeability and fragility, the endothelium regulates the fluid state of 
blood through its thromboresistant nature, profibrinolytic properties, 
and antiinflammatory potential. These activities maintain vascular p 
atency.* 


ENDOTHELIAL CELL HETEROGENEITY 


The heterogeneity of endothelial cells is mediated by two mecha- 
nisms.** First, extracellular biochemical and biomechanical signals 
trigger posttranscriptional and/or posttranslational changes that vary 
across the vascular tree. Second, certain site-specific properties of the 
endothelium are genetically programmed, and therefore, independent 
of the extracellular milieu. This phenotypic variability serves at least 
two important purposes: (1) It allows endothelial cells to meet the spe- 
cific metabolic needs of the surrounding tissue. For example, the tight 
junctions of the blood-brain barrier protect neurons from fluctuations 
in composition of the aqueous blood supply, whereas the fenestrated 
discontinuous endothelium of hepatic sinusoids allows ready access of 
nutrient-rich portal venous blood for the metabolic systems in hepa- 
tocytes; and (2) phenotypic variability provides endothelial cells with 
site-specific mechanisms for thriving within many different microen- 
vironments. For example, endothelial cells in the inner medulla of the 
kidney must survive the relatively hypoxic and hyperosmolar local envi- 
ronment, whereas endothelial cells in the pulmonary capillary bed have 
adapted to an oxygen-rich environment. 

A rapid endothelial cell response is required for sudden envi- 
ronmental perturbations. Translational control mechanisms, which 
are more immediate than transcriptional changes, provide regulatory 
responses for up to 10 percent of genes expressed in endothelial cells.’ 
Because of their close association with both flowing blood and solid 
tissues, endothelial cells are subject to a broad spectrum of agonistic 
and inhibitory external signals that frequently require rapid functional 
and phenotypic responses. Clinically, such stimuli are associated with 
sepsis, inflammation, ischemia-reperfusion injury, and direct mechan- 
ical vascular trauma induced clinically by stents, balloon catheters, and 
graft procedures. 


ENDOTHELIAL PRODUCTION OF 
THROMBOREGULATORY MOLECULES 


Thromboregulatory compounds, such as eicosanoids, nitric oxide, 
and the ecto-ATP/Dase-1/CD39, control platelet and vascular reac- 
tivity during the early stages of thrombus formation (Table 115-2). 
Eicosanoids are hydrocarbon compounds derived from essential fatty 
acids in the diet. The most important endothelial eicosanoid is prostacy- 
clin (PGL), which blocks platelet reactivity, induces vascular relaxation, 
and stimulates cytokine production.’ Nitric oxide (NO) is a naturally 
occurring gas released from vascular endothelial cells in response to 
binding of vasodilators to endothelial cell membrane receptors. Thus, 
it is a short-lived vasodilator and inhibitor of platelet reactivity. By 
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TABLE 115-1. Chronology of Endothelial Cell 
Thromboregulators 


Early thromboregulators 
Nitric oxide (NO) 
Eicosanoids (prostacyclin and prostaglandin D.) 
Endothelial cell CD39/ENTPDase1 
Endothelin 
Late thromboregulators 
Endothelin 
Antithrombin 
Endothelial cell/heparin proteoglycans 
Tissue factor pathway inhibitor 
Thrombomodulin-protein C-protein S pathway 


Fibrinolytic system (plasminogen activators, inhibitors, and 
receptors) 


Inflammatory thromboregulators 
Thrombomodulin-protein C-protein S pathway 
Cellular adhesion molecules 

Selectins 


Figure 115-1. Schematic of endothelial cell thromboregulatory mol- 
ecules. Products that are secreted and exert their effects in the fluid 
phase are represented by arrows. Cell-surface—associated molecules are 
shown as rectangles. Metabolites synthesized by endothelial cells are 
indicated. Thromboregulators that modulate platelet activation, recruit- 
ment, and blood vessel contractility are shown on the left. Agents that 
regulate components of the coagulation cascade and/or fibrinolytic sys- 
tem are located at the top. Inflammatory molecules whose expression 
or activity is directed by inflammatory mediators are shown at the right. 
A2, annexin 2; AT, antithrombin; CAMs, cellular adhesion molecules; 
CD39, endothelial cell ecto-ADPase/CD39; EPCR, endothelial cell protein 
C receptor; ET, endothelin; FVlla, factor Vila; HS, heparan sulfate; JAMs, 
junctional adhesion molecules; NO, nitric oxide; PC, protein C; PGI, pros- 
tacyclin; PLG, plasminogen; TF, tissue factor; TFPI, tissue factor pathway 
inhibitor; TM, thrombomodulin; t-PA, tissue plasminogen activator; u-PA, 
urokinase plasminogen activator; uPAR, urokinase plasminogen activa- 
tor receptor. These components are discussed further in the text. 


activating guanylate cyclase, the resulting increase in cyclic guanylate 
monophosphate (GMP) inhibits platelet function and induces vascu- 
lar relaxation." Endothelial cell ecto-ATP/Dase-1/CD39 is a mem- 
brane-associated apyrase that metabolizes adenosine diphosphate 
(ADP) in the primary platelet releasate, preventing further platelet acti- 
vation and recruitment.” 

Late thromboregulators produced by endothelial cells act either 
to prevent excessive thrombin generation or to promote lysis of intra- 
vascular thrombi (see Table 115-1). Antithrombin, a natural anticoag- 
ulant, acts as an inhibitor of thrombin and factor Xa in the circulation. 
Endothelial cell heparan proteoglycans act as cofactors for antith- 
rombin. The tissue factor pathway inhibitor (TFPI) inhibits the com- 
plex between factor VIIa and tissue factor (TF). The thrombomodulin/ 
endothelial cell protein C receptor (EPCR)/protein C system in the 
vascular wall regulates hemostasis through inactivation of procoagu- 
lant cofactors, and antiinflammatory activity.'* The fibrinolytic system 
is intimately involved with the vascular endothelium because endo- 
thelial cells not only synthesize and secrete tissue plasminogen activa- 
tor (t-PA), but also regulate formation of plasmin from its precursor, 
plasminogen, through the expression of receptors. Impairment of 
fibrinolytic potential can play a central role in the etiology of occlu- 
sive vascular disease.'® Finally, endothelial cell adhesion molecules, 
including the cell adhesion molecules (CAMs: mucosal addressin cell 
adhesion molecule [MAdCAM]-1, intercellular adhesion molecule 
[ICAM]-1, vascular cell adhesion molecule [VCAM]-1, and plate- 
let endothelial cell adhesion molecule [PECAM]-1) and the selectins 
(P- and E-selectin), are glycoproteins that modulate multiple inter- 
actions between the endothelium and various classes of circulating 
leukocytes, thereby modulating vascular patency.” Together, these 
mechanisms define thromboregulation, the processes by which blood 
cells and cells of the vessel wall, through their close proximity, interact 
to facilitate or inhibit thrombus formation.'* 

The physiologic defense systems that render endothelial surfaces 
and blood cells antithrombotic can be overwhelmed by excessive shear 
stress, increased turbulence, injury, inflammation, and severe athero- 
sclerosis. These events transform the endothelial cells into a proth- 
rombotic and antifibrinolytic phenotype,” which is accompanied by 
upregulation of leukocyte and endothelial CAMs, increased expression 
of TE, and accumulation of monocytes/macrophages in the vessel wall.” 
These events commonly occur at the site of fissured atherosclerotic 
plaques in the coronary and cerebrovascular circulation.” Because the 
eicosanoids such as PGI, (prostaglandin [PG]I,), as well as NO, and 
the ecto-ATP/Dase-1/CD39 group reach peak activity very early in the 
hemostatic/thrombotic cascade (Figs. 115-2 to 115-4), they represent 
potential targets for therapeutic intervention in the sequence of events 
beginning with platelet activation, and leading to coagulation, throm- 
bosis, and atherogenesis.” Finally, functional and physical contacts 
between platelets and endothelial cells are of critical importance for the 
maintenance of vascular integrity and cell permeability.” 


TABLE 115-2. Early Pro- and Antithrombotic Thromboregulators Associated with Human Endothelial Cells 


Class Type Site of Action Aspirin Sensitivity Mode of Action 

Eicosanoids PGI, PGD, Fluid phase autacoid Sensitive Elevation of platelet cAMP 
Nitrovasodilators EDRF/NO Fluid phase autacoid Insensitive Elevation of platelet cGMP 
Ectonucleotidases CD39/ENTPD1 Endothelial cell surface Insensitive Enzymatic removal of secreted ADP 
Thromboxane TXA, Fluid phase vasoconstrictor Sensitive Lowers platelet cAMP and platelet agonist 
Endothelins ETHIMETE2 Fluid phase vasoconstrictor Insensitive Direct vasoconstrictor peptide 


ADP, adenosine diphosphate; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; EDRF, endothelium-derived 
relaxing factor; ET, endothelin; NO, nitric oxide; PGD, prostaglandin D,; PGI, prostacyclin; TXA,, thromboxane A.. 
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@THE EICOSANOID PATHWAY IN 
BIOLOGY AND MEDICINE: CELL-CELL 
INTERACTIONS AND TRANSCELLULAR 
METABOLISM 


Dietary fatty acids give rise to arachidonic acid, the starting point for 
synthesis of other eicosanoids. Originating from different cells, inter- 
mediates in the arachidonic acid pathway can interact with each other 
to produce new products with new biologic activities. Oxygenation 
and further enzymatic transformation of arachidonic acid gives rise 
to eicosanoids (formerly classified as PGs) and hydroxy acids, such 
as the leukotrienes. Eicosanoids are autocoids, an important group of 
transient, physiologically active endogenous substances, that act within 
the immediate environment of the cell, where they promote or inhibit a 
biologic function.” These autacoids have a very short life span and may 
act within a few seconds, a phenomenon that is clinically important but 
difficult to study experimentally. 

In 1975, Hamberg and colleagues discovered that a new eicosanoid, 
PGL, was derived from arachidonic acid in endothelial cells.” Soon 
thereafter, Moncada realized that the effects of PGI, opposed those of 
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Figure 115-2. Following injury to the blood vessel wall, platelets 
adhere to the damaged surface of the endothelial cell. Concomitant 
with adhesion platelets and endothelial cells become activated. 
P-selectin is expressed on the endothelial cell surface. Platelet sur- 
face receptors glycosylphosphatidylinositol (GPI)ba and P-selectin 
glycoprotein ligand (PSGL)-1 interact with endothelial P-selectin, 
hereby mediating platelet rolling. Firm adhesion is mediated by 
he integrin a,,6,. In parallel with these intercellular events, platelet 
activation and release occur. The enzyme CD39 on the endothe- 
ial surface modulates the ambient concentration of adenosine 
diphosphate (ADP) by metabolizing it.’ 5-HT, 5-hydroxytryptam- 
ine; TXA,, thromboxane A.. (Adapted with permission from Gawaz M, 
Langer H, May AE: Platelets in inflammation and atherogenesis. J Clin 
nvest 11(12):3378-3384, 2005.) 


thromboxane, namely vasodilation and inhibition of platelet aggrega- 
tion.” The biologic half-life of PGI, was found to be 10 to 20 seconds. 
In addition, it was determined that the first step in arachidonic acid oxi- 
dation and conversion, which is carried out by cyclooxygenase (COX)-1, 
is inhibited by aspirin (acetylsalicylic acid), which donates an acetyl 
group that inactivates COX-1 and inhibits platelet function.” 


BIOSYNTHESIS OF PROSTACYCLIN IN 
ENDOTHELIAL CELLS 


PGI, is the major and most important eicosanoid produced by endothe- 
lial cells. A broad range of stimuli, including hormones, biochemicals, 
or physical forces such as shear stress can elicit release of PGL. Kinetic 
studies revealed two distinct patterns of PGI, production: (1) rapid 
release, independent of new COX-1 mRNA or protein synthesis, and 
(2) slower production reflecting increased COX-2 expression. 

In the case of rapid stimulation of PGI, production, as induced 
by thrombin, histamine, bradykinin, and ionophore, the response pla- 
teaus at 10 minutes.” These agonists activate phospholipase C which 
generates inositol trisphosphate (IP,) and diacylglycerol (DAG). The 
released IP, induces an elevation of intracellular calcium, which translo- 
cates phospholipase A to the outer portion of the nuclear envelope and 


Figure 115-3. Adherent activated platelets induce an 


; 4 ~ Adhesion, , . ; inflammatory response in endothelial cells. Platelet adhesion 
Adhesion Secretion Chemotaxis migration Proteolysis Thrombosis involving a,,B, induces exposure of P-selectin (CD62P) and 
elease of platelet CD40 ligand (CD40L) and interleukin (IL)-16 

-selectin which then stimulate endothelial cells to respond with an 

} B inflammatory reaction that supports prothrombotic and 

W ; K Tig oa proatherogenic alterations in the endothelium. IL-8 and MCP-1 

eB IMPs (monocyte chemoattractant protein-1) are the principal che- 

es j moattractants for neutrophils and monocytes. ICAM, intercel- 

Platelet ular adhesion molecule; MMP, matrix metalloproteinase; u-PA, 
urokinase plasminogen activator; uPAR, urokinase plasmino- 


gen activator receptor; VCAM, vascular cell adhesion mole- 
cule. (Adapted with permission from Gawaz M, Langer H, May AE: 
Platelets in inflammation and atherogenesis. J Clin Invest 11(12): 
3378-3384, 2005.) 
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Figure 115-4. Adherent/activated platelets promote an inflamma- 
tory response in monocytes. The platelets mainly interact with mono- 
cyte P-selectin glycoprotein ligand (PSGL)-1 with monocytic PSGL-1 via 
P-selectin and with monocyte Mac-1 (a,,8,) via aß, (and fibrinogen 
bridging) or glycosylphosphatidylinositol (GPl)ba. Through this mech- 
anism platelets initiate monocyte secretion of chemokines, cytokines, 
and procoagulant tissue factor. These serve to upregulate and activate 
adhesion receptors and proteases. In parallel, they induce monocyte 
differentiation into macrophages. Therefore platelet-monocyte interac- 
tions provide a prothrombotic and atherogenic milieu at the vascular 


wall, which can eventually support plaque formation. IL, interleukin; 
JAM, junctional adhesion molecule; MCP, monocyte chemoattractant 
protein; MIP, macrophage inhibitory protein; MMP, matrix metallopro- 
teinase; NFkB, nuclear factor kappa B; u-PA, urokinase plasminogen 


activator; uPAR, urokinase plasminogen activator receptor; TNF, tumor 
necrosis factor; VLA, very late antigen. (Adapted with permission from 
Gawaz M, Langer H, May AE: Platelets in inflammation and atherogenesis. 
J Clin Invest 11(12):3378-3384, 2005.) 


endoplasmic reticulum. Phospholipase A then couples functionally to 
COX-1, which is located on the luminal membrane. Prostacyclin syn- 
thase (PGIS) colocalizes with COX-1 in endothelial cells. Activated 
phospholipase A2 (cPLA2) catalyzes the release of arachidonic acid 
from membrane phospholipids, and the free arachidonate interacts 
with COX-1 and is converted to the endoperoxide PGH,. PGIS converts 
prostaglandin H, (PGH,) to PGI, The half-life of COX-1 is approxi- 
mately 10 minutes, whereupon it autoinactivates. 

Stimulation of PGI, production by proinflammatory cytokines and 
growth factors, such as lipopolysaccharide (LPS), interleukin (IL)-1f, 
tumor necrosis factor (TNF)-a, and platelet-derived growth factor 
(PDGF), is a slower, more sustained process.” In response to these ago- 
nists, PGI, production occurs within 30 to 60 minutes, and parallels the 
time course of production induced by COX-2, but not COX-1. 


THE TWO ISOFORMS OF PROSTACYCLIN G/H 
SYNTHASE 


The recognition that there was a constitutive and an inducible cycloox- 
ygenase (COX-1 and COX-2, respectively), was a major advance.*” Clon- 
ing studies of an immediate to early response gene from 3T3 fibroblasts 
revealed that the COX-2 complementary DNA was highly homologous to 


that of COX-1.°°** COX-2 is inducible in endothelial cells by prothrom- 
botic, inflammatory, or mitogenic stimuli, and in neutrophils by inflam- 
matory stimuli.**° 

Within a specific species, there is approximately 60 percent homol- 
ogy between deduced amino acid sequences of COX-1 (576 residues) and 
COX-2 (587 residues). The C-terminal sequence of 18 amino acids in 
COX-2 is absent in COX-1. Therefore, antibodies directed at this C-ter- 
minal sequence can identify COX-2 in tissues by immunoblot. The cata- 
lytic activity of both COX enzymes are similar and all amino acids critical 
for COX-1 activity are conserved in COX-2. The active site in COX-1 
is slightly larger than that of COX-2, a fact that has impacted design of 
COX inhibitors. COX-2 contains mannose, and an N-glycosylation site 
within the 18-amino acid C-terminal sequence. An N-glycosylation site at 
Asn410 is required for COX-1 to fold into its active conformation. 

The gene for COX-1 is located on chromosome 9 and spans 22 kb of 
genomic DNA, while the gene for COX-2 is located on chromosome 1 and 
spans 8 kb of DNA. Transcription of COX-2 proceeds via several signal- 
ing mechanisms initiated by cyclic adenosine monophosphate (cAMP)/ 
protein kinase A, protein kinase C, tyrosine kinases, and pathways acti- 
vated by growth factors, endotoxin, and cytokines.**”® The discoveries of 
COX-1 and COX-2 were of great importance and have led to new concepts 
concerning the structure and function of COX-induced autacoids.” 


PROSTACYCLIN AS AN AUTACOID 


PGI, is released from stimulated endothelial cells by a broad range of 
agonists, and plays a critical role in the maintenance of vascular integ- 
rity by promoting thromboresistance and inhibiting inflammatory 
responses in the vasculature. Production of PGI, is dynamically regu- 
lated to meet the challenges arising from frequent prothrombotic and 
proinflammatory events.” As an autacoid, PGI, has a half-life of 3 min- 
utes, whereupon it undergoes chemical hydrolysis to 6-keto-PGF a. It 
acts on the type I platelet PG receptor (IP) by increasing cAMP levels 
in a paracrine manner.” IP is a 7-transmembrane, G-protein- and ade- 
nylyl cyclase-coupled receptor. The latter binds to and activates protein 
kinase A (PKA), resulting in inhibition of platelet activation and recruit- 
ment.” Physical or chemical perturbation of endothelial cells results in 
enhanced PGI, production, which increases platelet cAMP resulting in 
abolition of platelet shape change, inhibition of platelet secretion and 
recruitment, and impaired binding of von Willebrand factor (VWF) 
and fibrinogen to the platelet surface. PGI, also inhibits platelet adhe- 
sion to subendothelium, especially at high shear rates.“ 

The discovery of PGI, revealed that the vascular endothelium had a 
protective effect on blood fluidity.’* It also meant that PGI, released from 
endothelial cells could counteract the effect of excessive thromboxane for- 
mation. In addition, it was appreciated that intermediates in the synthesis 
of PGI, from arachidonic acid could interact with other cells and tissues. 
Thus, PGI, could be synthesized from platelet-derived endoperoxides by 
cultured human endothelial cells.“ Because of a low threshold for toxicity 
(hypotension and diarrhea), PGI, does not display a satisfactory thera- 
peutic window. An interesting compendium of eicosanoid-related disor- 
ders is described in a review on eicosanoids in health and disease.“ 


@ NITRIC OXIDE: AN ENDOTHELIAL 
VASODILATOR AND INHIBITOR 
OF PLATELET ACTIVATION AND 
RECRUITMENT 


In vascular endothelial cells, NO synthase (NOS) catalyzes formation of 
NO from L-arginine, in the presence of nicotinamide adenine dinucleo- 
tide phosphate (NADPH) and oxygen.“ The L-arginine is subsequently 


converted to citrulline and NO. The endothelial cell isoform of NO syn- 
thase (eNOS or the NOS3 gene product) functions constitutively, and is 
further activated by receptor-agonists that elevate intracellular calcium. 
Major stimuli include ADP, thrombin, bradykinin, and shear stress.“ 
Shear forces induce transcriptional activation of the eNOS gene because 
its promoter contains a shear response consensus sequence (GAGACC). 
The NO that forms activates guanylate cyclase, thereby generating cyclic 
GMP. NO becomes oxidized to nitrite and then to nitrate, which is mea- 
surable in blood samples. NO in the circulation is rapidly inactivated 
by erythrocytes.'"*”*8 NO has a vasodilatory effect on the pulmonary 
vasculature, and, in patients with congestive heart failure, its inhala- 
tion decreases pulmonary hypertension and increases pulmonary ven- 
tilation.'°""*7-** Acetylcholine released by activated nerve terminals in 
the vessel wall activate the endothelial cell to produce and release NO. 
This NO effect also explains the action of nitroglycerin, which has long 
been used to treat patients with angina resulting from coronary artery 
disease.** 

Importantly, production of NO by endothelial cells is impaired in 
the presence of the thiol-containing amino acid, homocysteine. Cyn- 
omolgus monkeys with diet-induced hyperhomocysteinemia demon- 
strated reduced blood flow in the lower extremity and an impaired 
response to endothelial cell-dependent vasodilators.*! Similarly, pro- 
duction of NO by endothelial cells in vitro is significantly inhibited 
in the presence of homocysteine, possibly by a mechanism involving 
impairment of the enzyme glutathione peroxidase.*”° 


STRUCTURE AND BIOCHEMICAL PROPERTIES 
OF NITRIC OXIDE SYNTHASE 


There are two isoforms of NOS, the constitutive form (eNOS), syn- 
thesized by the endothelial cell and regulated by Ca** and calmod- 
ulin, and the cytokine-inducible, posttranscriptionally regulated form 
(iNOS) .” Both constitutive and inducible forms are mainly cytosolic, 
although a membrane-bound constitutive NOS isoform containing a 
myristoylation consensus sequence has been isolated from bovine aor- 
tic endothelial cells.“ eNOS has a molecular mass of 144 kDa and shares 
57 percent amino acid sequence identity with neuronal NOS. The cofactor 
(6R-tetrahydro-L-biopterin [H,B]) participates in inducible and con- 
stitutive NOS isoform reactions. It is thought that H,B stabilizes the 
enzyme in a manner allowing for maximum activity of the NOS subunit 
to which the pterin binds. !%114754 


BLOCKADE OF PLATELET AGGREGATION AND 
SECRETION BY NITRIC OXIDE 


Platelet activation and recruitment in response to all agonists, such as 
ADP, collagen, epinephrine, and thrombin, is blocked by NO. Blockade 
also occurs in vivo via formation of NO from endothelium.’ Impor- 
tantly, the inhibitory action of NO is not affected by aspirin either in 
vivo or ex vivo. Therefore, NO production is not caused by participation 
of endothelial cell eicosanoids. 

In addition to eNOS, the NOS3 gene product, endothelial cells 
stimulated by agonists such as cytokines express the inducible form of 
NO synthase, iNOS, the NOS2 gene product. Through this mechanism, 
NO can further inhibit platelet reactivity and reduce basal vessel tone by 
inducing relaxation of vascular smooth muscle. The biochemical basis 
for the reaction is that NO binds to the heme prosthetic group of gua- 
nylyl cyclase. The inhibitory effect of NO on platelet activation can be 
monitored by measuring surface expression of P-selectin. The ability of 
NO to inhibit mobilization of intracellular platelet calcium results in 
reduction of the conformational changes in platelet membrane glyco- 
protein (GP)IIb/II]a, an absolute requirement for fibrinogen binding 
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and subsequent platelet aggregation. There is a broad spectrum of other 
effects of NO, including inhibition of leukocyte adhesion to endothelial 
cell surfaces, inhibition of smooth muscle migration, and reduction of 
smooth muscle cell proliferation. These phenomena suggest that secre- 
tion of NO into the microenvironment is a major component of the 
response to vascular injury” 


@ INHIBITION OF PLATELET ACTIVATION 
AND RECRUITMENT BY ECTO-ATP/ 
DASE1-CD39 


In addition to the platelet inhibition by PGI, and NO, endothelial cells 
inhibit platelet function via the action of endothelial cell ecto-ATP/ 
Dase-1/CD39, an ecto-apyrase with ADPase and adenosine triphos- 
phatase (ATPase) activities. The cluster designation symbol for this 
compound is CD39, the product of the ENTPD1, ectonucleotide tri- 
phosphate diphosphohydrolase gene.” CD39 is localized mainly in 
endothelial cells and leukocytes. In endothelial cells, CD39 is located on 
the cell surface with the major portion of the molecule facing the vessel 
lumen.'*"*°* The enzyme has both N- and C-terminal transmembrane 
regions with small cytosolic portions anchoring the molecule.” In addi- 
tion to CD39, CD73 (5’-nucleotidase) is present on vascular cells and 
converts the adenosine monophosphate (AMP) generated from CD39 
metabolism to adenosine (Fig. 115-5). In contrast to all other known 
platelet inhibitors, acting in concert with CD73, CD39 can convert the 
local environment from a prothrombotic ADP/ATP-rich entity to an 
antithrombotic adenosine-rich environment.” This phenomenon was 
evident from observations that platelets became unresponsive to all ago- 
nists when in motion or in proximity to endothelial cells, even when 
eicosanoid and NO production were blocked.’ Importantly, CD39 and 
CD73 do not exert their action on the platelet per se but act in series to 
metabolize ATP and ADP secreted from activated platelets to AMP and 
hence to adenosine.’** ADP released from activated platelets is metab- 
olized by CD39, thereby inhibiting ADP-induced platelet activation, 
release and aggregation (Fig. 115-5). 

Most platelet agonists initiate secretion of dense granule contents 
within 15 to 20 seconds. The enhanced metabolism of ATP and ADP by 
therapeutically administered soluble CD39 would also reduce second- 
ary autoamplification and recruitment, and, consequently, thrombus 
formation.*””® Because CD39 and CD73 are probably acting together, 
they will theoretically increase levels of endogenous adenosine and 
elevate the threshold for platelet activation in the local microenviron- 
ment. In a murine model, soluble CD39 administration ameliorates 
the extent of stroke and reverses excessive platelet reactivity without 
bleeding complications, even if administered 3 hours following stroke 
induction.“ Therapeutic benefit of soluble CD39 has also been demon- 
strated in animal models of cardiac ischemia,” in the development of 
atherosclerosis,* regulation of leukocyte proinflammatory activity,“ 
inhibition of metastasis,® and in transplantation medicine.“ That the 
preclinical therapeutic use of soluble CD39 could abrogate thrombosis 
without inducing the hemorrhage seen with the use of existing anti- 
platelet therapies” could provide a therapeutic advantage over existing 
therapies for thrombotic disorders, including those who are resistant to 
existing therapeutic paradigms.’ CD39 represents a major control sys- 
tem for blood fluidity. 


@THE PROTEIN C PATHWAY 


The protein C pathway” plays a critical role in the prevention of throm- 
bosis and is an integral part of the host inflammatory response. This 
pathway is initiated on the endothelial cell surface when thrombin 
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Figure 115-5. Released platelet adenosine diphos- 
phate (ADP) is a major control system for hemostasis: 
ADP — adenosine monophosphate (AMP) — ade- 
nosine. Perturbation of endothelial cells, as a con- 
sequence of vascular injury, initiates the release of 
newly synthesized prostacyclin as well as nitric oxide, 
both of which inhibit platelet reactivity in the fluid 
phase. The apyrase CD39 is a cell-associated inhibitory 
thromboregulator. CD39 is substrate-activated and, in 
concert with CD39, CD73 brings the reaction to com- 
pletion with the formation of adenosine." The early 
metabolic deletion of ADP from the system may serve 
as a biologic safeguard to avoid excessive platelet accu- 
mulation, which would result in thrombosis.?!2309310 
NO, nitric oxide; PGI, prostacyclin. 
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combines with the endothelial receptor protein thrombomodulin 
(TM). Although thrombin is capable of slowly activating protein C, this 
reaction is markedly inhibited in the presence of physiologic concen- 
trations of calcium ions. Upon binding of thrombin to TM, the rate of 
protein C activation is dramatically enhanced and becomes dependent 
on the presence of calcium. The detailed biochemistry of this activa- 
tion reaction has been reviewed elsewhere.” Another protein found 
predominantly in large vessels, the EPCR, can bind protein C and fur- 
ther augment its activation by the thrombin-TM complex.” Activated 
protein C (APC) can dissociate from EPCR and interact with protein 
S on either the endothelial cell or other membrane surface to exert its 
anticoagulant function. The function of APC can be found in several 
reviews. "4717 

By far, the best known function of TM is its role in protein C acti- 
vation. When thrombin is bound to TM, it is no longer able to clot 
fibrinogen, activate platelets, activate factors V and VIII,” or interact 
with the protease-activated receptors.’*”° Instead, thrombin-TM acts as 
a direct anticoagulant. TM also promotes the activation by thrombin of 
the plasma thrombin-activatable fibrinolysis inhibitor (TAFI).” TAFI 
inhibits plasmin-mediated fibrinolysis by removing carboxy-terminal 
lysine residues from fibrin, thereby reducing available binding sites for 
plasminogen and t-PA. In addition, TAFI is the major enzyme respon- 
sible for the removal of a C-terminal arginine from complement factor 
5a (C5a),”” leading to the inactivation of this potent anaphylotoxin 
generated during complement activation. Other vasoactive substances 
may also be inactivated by this enzyme. TM also accelerates the prote- 
olytic inactivation of prourokinase (also called single-chain urokinase- 
type plasminogen activator [scu-PA]) by thrombin,***! which may affect 
both fibrinolysis and tissue remodeling.” Despite these antifibrinolytic 
effects of TM, many in vivo experiments have demonstrated that soluble 
TM infusion results in a net antithrombotic and/or antiinflammatory 
effect." 

Independent of its effect on hemostasis, TM is essential to normal 
fetal development. When the TM gene is deleted by homologous recom- 
bination in mice, embryos die on day 8.5, prior to the development of a 
functional cardiovascular system,** implying that TM has functions in 
addition to its anticoagulant and antifibrinolytic properties. Both TM® 


Resting 
cell 


and EPCR® are highly expressed on the giant trophoblast cells of the 
placenta. If TM expression is maintained on these cells, the TM null 
embryos survive past this blockade point.'”** 

The EPCR is a 220-amino-acid, type 1 transmembrane protein.” 
EPCR has two extracellular domains that show structural homology 
with the w and B domains of major histocompatibility complex (MHC) 
class 1 molecules, most notably the CD1d family. Because there are 
three Cys residues in the extracellular domain, the possibility of cross- 
linking with another protein exists. The cytoplasmic domain of human 
EPCR is only three amino acids long, Arg-Arg-Cys. The terminal Cys 
can be acylated with palmitate, which may have functional conse- 
quences.” Both protein C and APC bind to EPCR with similar affinity, 
approximately 30 nM.® Binding requires the presence of calcium and 
is enhanced in the presence of magnesium ions. In addition, a soluble 
form of EPCR found normally in plasma” is also capable of binding 
both protein C and APC with equivalent affinity. 

EPCR augments protein C activation by the thrombin-TM com- 
plex in vitro and in vivo, primarily by decreasing the K „ (Michaelis- 
Menten dissociation constant) for protein C. Just as thrombin 
changes its function from procoagulant to anticoagulant when it binds 
to TM, it appears that APC bound to EPCR undergoes a similar switch 
from anticoagulant to antiinflammatory molecule.”** Unfortunately, 
however, early studies that suggested a possible therapeutic role for APC 
in human sepsis have not been borne out in clinical trials.” Deletion of 
the EPCR gene by homologous recombination leads to early embryonic 
lethality around day 9.5, at which time EPCR is highly expressed in 
the giant trophoblasts of the placenta, but not in the embryo itself.** 
In contrast to TM knockout animals,” the placentas of EPCR knock- 
out embryos show significant fibrin deposition at the fetal maternal 
interface. 


@ VASCULAR FIBRINOLYSIS 


Plasmin, the major clot-dissolving protease in humans, is formed upon 
the cleavage of a single peptide bond within the zymogen plasmino- 
gen (Chap. 135). This tightly regulated reaction is strongly influenced 
by cells of the blood vessel wall, including endothelial cells, smooth 


muscles cells, and macrophages, which express plasminogen activators, 
plasminogen activator inhibitors, and fibrinolytic receptors. 


ENDOTHELIAL CELL PRODUCTION OF 
FIBRINOLYTIC PROTEINS 


In 1958, Todd demonstrated that human blood vessels possess fibrino- 
lytic activity that is dependent upon an intact endothelium. >! We 
now know that the endothelium is the principal source of t-PA in vivo 
where it appears to be highly restricted to small blood vessels in specific 
anatomic locations, a pattern that likely reflects the heterogeneity of 
endothelial cells as they respond to a myriad of tissue-specific cues.'°*'° 
In the baboon, for example, sites of t-PA production include 7 to 30 um 
precapillary arterioles and postcapillary venules, but not large arteries 
and veins.” In the mouse lung, similarly, bronchial, but not pulmonary, 
endothelial cells express t-PA. Moreover, enhanced expression of t-PA 
at branch points of pulmonary blood vessels may reflect stimulation by 
laminar shear stress. In addition, peripheral sympathetic neurons that 
invest the walls of small arteries may represent a significant source of 
circulating t-PA.’ 

Although in vitro studies suggest that t-PA expression in cultured 
endothelial cells is regulated by a wide array of factors, only a few of these 
pathways have been confirmed in vivo. Thrombin," histamine, "1"? 
oxygen radicals, phorbol myristate acetate!“ DDAVP (deamino 
D-arginine vasopressin), and butyric acid liberated from dibutyryl 
cAMP!" all increase t-PA mRNA in cultured endothelial cells. Both 
thrombin and histamine appear to act via receptor-mediated activation 
of the protein kinase C pathway. Laminar shear stress stimulates both 
t-PA secretion’!” and steady-state mRNA levels.''* Hyperosmotic stress 
and repetitive stretch also enhance t-PA expression.'’*””° In addition, 
differentiating agents, such as retinoids,’!” stimulate transcription of 
t-PA in endothelial cells in vitro. 
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In vivo, the circulating half-life of t-PA is approximately 5 min- 
utes. Infusion of DDAVP, bradykinin, platelet-activating factor (PAF), 
endothelin, or thrombin is associated with an acute release of t-PA, 
and a burst of fibrinolytic activity can be detected within minutes.’ In 
the mouse lung, exposure to hyperoxia leads to 4.5-fold upregulation 
of t-PA mRNA in small-vessel endothelial cells.!°” In humans, infusion 
of TNF into patients with malignancy is associated with an increase in 
plasma t-PA.'” Deficient release of t-PA in response to venous occlusion 
in humans is associated with deep venous thrombosis, as well as atro- 
phie blanche and other cutaneous vasculitides.'° 

In vivo, urokinase plasminogen activator (u-PA) is not a product 
of resting endothelium,’ but is produced primarily by renal tubular 
epithelium.'”” Expression of u-PA mRNA in endothelium, however, is 
strongly stimulated during wound repair and physiologic angiogenesis 
within ovarian follicles, corpus luteum, and maternal decidua.” Endo- 
thelial cells passaged in culture do synthesize u-PA,' and expression of 
its mRNA is stimulated by TNF-« by 5- to 30-fold.'*° Small increases in 
u-PA have also been observed in vitro in response to IL-1 and LPS." 

The association of u-PA with the blood vessel wall appears to reflect 
its association with the u-PA receptor (uPAR) which may fulfill a variety 
of nonproteolytic functions ranging from directed cell migration to cel- 
lular adhesion, differentiation, and proliferation (Fig. 115-6). In the 
adult mouse, uPAR mRNA is not normally detected by in situ hybrid- 
ization in the endothelium of either large or small blood vessels.'** 
However, upon stimulation with endotoxin, expression is detected in 
endothelium lining aorta, as well as arteries, veins, and capillaries in 
heart, kidney, brain, and liver,'* and in renal tubular epithelial cells. "7 

Plasminogen activator inhibitor (PAI)-1 is likely to function as a 
major regulator of plasmin generation in the vicinity of the endothelial 
cell. Thrombin, IL-1, transforming growth factor 6, TNF, lipoprotein(a) 
(Lp[a]), and LPS all induce dramatic increases in steady state PAI-1 
message levels. 1031132136137 Heparin-binding growth factor 1 reduces 
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Figure 115-6. Schematic of principal endothelial cell fibrinolytic receptors. A. The annexin A2/S100A10 heterotetrameric complex. Annexin A2 
consists of a hydrophilic aminoterminal tail domain (A-Tail, approximately 3 kDa), and a membrane-oriented carboxyl terminal core domain (approxi- 
mately 33 kDa)2"'*"* The tail domain contains residues required for tissue-type plasminogen activator (t-PA) binding. The core domain is composed of 
four homologous annexin repeats (A1, A2, A3, and A4), each consisting of five a-helical regions that contribute to calcium-dependent phospholipid 
binding sites. Repeat 2 appears to be most important for the interaction of annexin A2 with the endothelial cell surface. Plasminogen (PLG) binding 
requires lysine residue 307 within helix C of repeat 4. B. Urokinase plasminogen activator receptor (UPAR) is a 55- to 60-kDa, glycosylphosphatidyli- 
nositol-linked protein that consists of three disulfide-linked domains (U1, U2, U3)2"* Domain 1 contains sequences required for urokinase plasmino- 
gen activator (u-PA) binding, while domains 2 and 3 mediate the receptor’s interaction with matrix proteins such as vitronectin. Domain 3 contains 
glycosylphosphatidylinositol-linked membrane anchor. (A, adapted with permission from Gerke V, Creutz CE, Moss SE: Annexins: linking Ca2+ signalling to 


membrane dynamics. Nat Rev Mol Cell Biol 6(6):449-46 1.) 
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PAI-1 mRNA production by cultured endothelial cells, but has no effect 
on t-PA." Thus, synthesis and secretion of PAI-1 by the endothelial cell 
in vitro appears to be regulated independently of t-PA. 

In vivo, elevated levels of circulating PAI-1 have been linked epi- 
demiologically to risk for myocardial infarction.'** Although the liver 
is the major source of plasma PAI-1, endothelial expression of PAI-1 is 
detected near neovascular sprouts during decidual neovascularization 
in the ovary.'”* In addition, inflammatory cytokines are powerful stimuli 
for induction of PAI-1 in a variety of tissues including liver, as injection 
of TNF in both rats and humans with active malignancy results in a 
striking increase plasma concentrations of PAI-1.!!% 

The endothelial cell coreceptor for t-PA and plasminogen, the 
annexin A2/S100A10 complex (see Fig. 115-6), appears to be expressed 
constitutively in vivo by endothelial cells in a wide variety of tissues in 
the chicken,’ mouse,” rat,’ and human. Annexin A2 is upregu- 
lated transcriptionally by hypoxia both in vivo and in endothelial cells 
in vitro,'* and by nerve growth factor in neuronal-like PC12 cells.'“* In 
addition, the in vitro transition of human monocyte to macrophage is 
associated with a severalfold increase in both annexin A2 protein and 
steady state mRNA expression.'* 

The evidence that the annexin A2 system plays a role in main- 
taining vascular patency includes the findings that (1) overexpression 
of annexin A2 in blast cells in acute promyelocytic leukemia blast cells 
increases plasmin production and contributes to hyperfibrinolytic 
bleeding,” (2) systemic injection of annexin A2 diminishes throm- 
botic vascular occlusion resulting from vascular injury in experimen- 
tal animals, (3) annexin A2-deficient mice display fibrin deposition 
on microvessels and impaired clearance of arterial thrombi following 
vascular injury," (4) high titer antibodies directed against annexin A2 
are associated with thrombosis in antiphospholipid syndrome and in 
individuals with cerebral venous thrombosis,'*”'* and (5) that polymor- 
phisms in the ANXA2 gene are associated with cerebral vascular occlu- 
sion and osteonecrosis of bone in patients with sickle cell disease.’ '*° 
Whether defects in S100A10, which could serve either as a chaperone 
for annexin A2 or as a direct binding site for plasminogen,” might also 
be associated with these clinical entities remains to be determined. 


NONFIBRINOLYTIC VASCULAR FUNCTIONS 
OF PLASMIN 


Although not yet demonstrated in vivo, plasmin may inactivate factor 
Va in vitro by cleaving both the heavy and light chains of this 168-kDa 
protein, in a manner that is distinct from the action of activated protein 
C. Plasmin can also inactivate factor VIIa, a procoagulant cofactor 
that is structurally related to factor Va.'® In addition, platelet GPIb/IIa 
and GPIb, the cell surface receptors for fibrinogen and VWF, respec- 
tively, are both plasmin substrates.'*''® Thus, plasmin formation in the 
vicinity of a hemostatic plug could lead to impaired adhesion and poor 
aggregation in response to agonists. In vivo, prolonged bleeding times 
were found in patients 90 minutes after t-PA infusion for thrombolysis, 
suggesting early impairment of platelet function upon plasmin gen- 
eration.’ However, there is also evidence that platelets may promote 
thrombotic reocclusion following successful thrombolytic therapy.’ 


FIBRINOLYTIC FUNCTION IN 
VASCULAR INJURY 


Transgenic mouse models of vascular disease have helped to eluci- 
date the complex role of the fibrinolytic system in atherosclerosis 
(Table 115-3).'%1°° In mice, the general effects of plasminogen defi- 
ciency include runting, fibrin deposition in intra- and extravascu- 
lar locations, and premature death.'*”' In addition, the mice display 


TABLE 115-3. The Fibrinolytic System in Cardiovascular 


Disease—Transgenic Mouse Models 


Genotype Result Reference(s) 
Atherogenesis: 

PLG- ApoE’ Increased atherogenesis 178 

t-PA’ ApoE’ Unchanged atherogenesis 179 

u-PA’ ApoE’ Unchanged atherogenesis 179 

PAI-1-“ ApoE’ Decrease in early plaque size; 180-182 


increase in advanced plaque size 


Transplant arteriosclerosis: 


BIGI Reduced leukocyte invasion in 185 
transplantation model; reduced 


extent of disease 


Coronary ligation: 


u-PA-⁄^ Protection from ventricular rup- 186 
ture; but poor revascularization 
and late death from heart failure 
t-PA’ No protection 186 
uPAR’ No protection 186 
Aortic aneurysm: 
u-PA’ ApoE’ Protected 179 
t-PA’ ApoE” Not protected 179 
Early oxidative injury: 
PAI-1-" Attenuated thrombotic occlu- 194 
sion (Rose Bengal) 
PAI-1-~ Attenuated thrombotic occlu- 195 
sion (FeCl,) 
u-PAY Increased thrombosis (FeCl,) 196 
t-PA’ Increased thrombosis (FeCl,) 196 
A2: Increased thrombosis (FeCl) 155 
Restenosis with prominent thrombosis: 
PAI-1-" No neointima (Cu cuff) 199 
PAI-1-/- Reduced neointima (ligation) 37 
PAI-1-~ Reduced neointima (FeCl) S117 
PAI-1-- ApoE’ Reduced neointima (FeCl,) 198 
Restenosis without prominent thrombosis: 
RiGee Reduced neointima (electrical) 187, 188 
t-PA’ No change (electrical or 187, 189 
mechanical) 
u-PAY Reduced neointima (electrical or 187, 189 
mechanical) 
u-PA* t-PA’ Reduced neointima (electrical or 187, 189 
mechanical) 
uPAR’ No change (electrical) 190 
PAI-1-" Increased neointima (ligation) 318 
PAI-1-~ Increased neointima (electrical 191 


or mechanical) 


A2, annexin A2; ApoE, apolipoprotein E; PAI-1, plasminogen-activator 
inhibitor-1; PLG, plasminogen; t-PA, tissue-type plasminogen activa- 
tor; u-PA, urokinase plasminogen activator; uPAR, u-PA receptor. 


impaired healing of cutaneous wounds,'® a response that appears to 


depend largely on the fibrinolytic action of plasmin as loss of fibrinogen 
eliminates these defects.'” Mice doubly deficient in plasminogen and 
apolipoprotein E (ApoE) showed an increased predisposition to athero- 
sclerosis compared to animals deficient in ApoE alone (Fig. 115-7A)."! 
Mice with ApoE deficiency combined with deficiency of either u-PA or 
t-PA showed the same predilection for early fatty streaks and advanced 
plaques as was observed in mice with isolated ApoE deficiency, suggest- 
ing that complete elimination of plasmin generating activity is required 
to exacerbate the proatherogenic state.” Finally, mice doubly deficient 
in ApoE and PAI-1 exhibit no change in early plaque size at the aortic 
root,'”*!”* decreased early plaque size at the carotid bifurcation,’ '”* but 
increased advanced plaque size with accelerated deposition of matrix.'” 

Once the atherosclerotic plaque is established, plasmin may affect 
its evolution by mediating invasion of leukocytes (see Table 115-3).'” 
In the peritoneal cavity, recruitment of inflammatory cells is profoundly 
influenced by the presence or absence of plasminogen.'” In trans- 
plant-associated arteriosclerosis, the extent of disease is significantly 
reduced in plasminogen-deficient mice, reflecting, at least in part, 
reduced influx of macrophages, with an associated reduction in medial 
necrosis, fragmentation of elastic laminae, and remodeling of the adven- 
titia.” Thus, the role of plasmin in degrading fibrin and other matrix 
constituents in the early lesion limits atherosclerosis, whereas its ability 
to promote cellular invasion later on appears to promote atherogenesis. 

During aortic aneurysm formation in mice, deficiency of u-PA, but 
not t-PA, was associated with reduced medial destruction and impaired 
activation of downstream plasmin-dependent matrix metalloprotein- 
ases (Fig. 115-7B and Table 115-3).'” Similarly, u-PA-, but not t-PA-, 
deficient mice were protected from cardiac rupture secondary to ven- 
tricular aneurysm. In this study, temporary administration of PAI-1 or 
the general matrix metalloproteinase inhibitor, tissue inhibitor of metal- 
loproteinase (TIMP)-1, completely protected wild-type mice from aor- 
tic rupture, reinforcing the concept that plasmin-based protease activity 
promotes aneurysm progression.'” 

Vascular remodeling may occur following acute arterial injury 
induced by interventions for vascular compromise, leading to vascular 


Perturbed EC 
ZS 
SSS 


SITS 


Lumen 


Fibrin Lumen 


eer NN 


Se Se 
<> aA © 2a — 
RAE S 


OAN > 
SSS 


Chapter 115: Vascular Function In Hemostasis 


restenosis (Fig. 115-7C and Table 115-3). This process reflects leu- 
kocyte invasion, proliferation and migration of smooth muscle cells, 
deposition of extracellular matrix, and reendothelialization. Electrical 
or mechanical injury studies in gene-targeted mice indicate that neo- 
intima formation, an initial step in restenosis, requires intact expres- 
sion of plasminogen and u-PA, but not t-PA.'**' Interestingly, loss of 
uPAR has no effect on neointima formation,!* whereas loss of PAI-1 is 
associated with increased neointimal stenosis.'**'* In these injury mod- 
els, which do not induce severe thrombosis, it is thought that vascular 
occlusion, reflecting migration of smooth muscle cells and leukocytes, 
is impaired when fibrinolytic potential is attenuated.'** 

In the ferric chloride, Rose Bengal, and copper cuff models, on the 
other hand, thrombosis is observed within minutes of arterial injury 
(see Fig. 115-7 and Table 115-3). In these systems, deficiency of PAI-1 
is associated with later and less-extensive thrombotic occlusion of the 
injured artery,'*”'** while loss of u-PA is associated with more rapid and 
more significant thrombotic occlusion.’ At the same time, the absence 
of PAI-1 led to reduced vascular stenosis, regardless of whether ApoE 
was absent™®!"! or present.’*! In balloon-injured rat carotid arter- 
ies, finally, transduction of a PAI-1-expressing gene led to increased 
restenosis of the vessel, again suggesting that clearance of the initial 
thrombus may have longterm effects on vessel patency and neointima 
formation. In these models, the predominant effect of the fibrinolytic 
system may be to clear the initial thrombus, which may provide a provi- 
sional scaffolding for later restenosis. 


@FIBRINOLYTIC ASSEMBLY AND 
VASCULAR DISEASE 


Endothelial cells use receptors, primarily uPAR and the annexin A2/ 
S100A10 system, to assemble the fibrinolytic system on their sur- 
face (Chap. 135; Fig. 115-6). Recent evidence suggests that impair- 
ment of receptor-mediated fibrinolytic assembly may lead to vascular 
compromise. 


Figure 115-7. Working model for the actions of the 


EC fibrinolytic system in vascular disease. A. Plaque formation. 
Intima Atheromatous plaque is thought to form in response to 
IEL ; endothelial cell (EC) (orange) injury or perturbation. Follow- 
Media ing the initial injury, perturbed endothelial cells may fail to 
EEL 7 clear fibrin on the blood vessel surface, and may also pro- 
Adventitia mote adhesion and invasion of leukocytes (blue). In addition, 
smooth muscle cells arising in the tunica media invade the 
EC developing plaque within the intima (green). Endothelial 
mima cells may utilize cell-surface receptors for focal activation 
IEL of plasmin to maintain a thromboresistant vascular surface. 
Media Leukocytes, macrophages, and smooth muscle cells may use 
EEL plasmin to migrate into the evolving plaque (cells outlined 
Adventitia in red). B. Aneurysm. Fragmentation and dissolution of the 
elastic laminae of the arterial wall may occur may occur upon 
matrix metalloproteinase activation via plasmin-dependent 
pathways, possibly mediated by smooth muscle cells. Cells 
migrating outward toward the adventitial surface of the ves- 
EC sel induce further matrix degradation, and the potential for 
Intima rupture. C. Restenosis. In response to vascular injury, smooth 
IEL muscle cells proliferate and, together with leukocytes, invade 
Media the subendothelial space establishing a thickened neointima 
EEL that compromises vascular patency. In all three scenarios, cell 
Adventitia migration is thought to require plasmin activity, possibly in 
association with cell surfaces. EEL, external elastic lamina; IEL, 
internal elastic lamina. 
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LIPOPROTEIN(A) 


Lp(a) is a low-density lipoprotein (LDL)-like particle that is an inde- 
pendent risk factor for atherosclerosis.'°*-!”” In addition to the apolipo- 
protein B-100 found on LDL, Lp(a) contains a disulfide-linked moiety 
called apolipoprotein(a) [apo(a)]. Apo(a) shares a remarkable degree of 
homology with plasminogen, as it possesses multiple tandem repeats 
of a kringle IV-like domain, a single domain resembling kringle V, and 
a pseudoprotease domain.'*' Plasminogen and apo(a), furthermore, 
are closely linked on chromosome 6 and appear to have arisen from a 
common ancestral gene.” 

Whereas Lp(a) levels are only transiently responsive to diet,” 
plasma levels appear to be subject to mendelian inheritance.” *” 
Plasma Lp(a) concentrations correlate inversely with the ratio of kringle 
IV to kringle V encoding domains within the apo(a) gene,” such that 
larger apo(a) gene products are associated with lower plasma concen- 
trations of apo(a). In addition, Lp(a) is an acute phase reactant in the 
postsurgical and post-myocardial infarction setting, and in patients 
with cancer,” suggesting a role for soluble inflammatory mediators in 
regulating its synthesis or assembly. Apo(a) possesses a high-affinity 
lysine binding site within kringle 4 that closely resembles that of krin- 
gle 1 of plasminogen,” and kringle 37 of the originally cloned apo(a) 
resembles the lysine-binding plasminogen kringle 4 of plasminogen.” 
In vivo, Lp(a) colocalizes histologically with fibrin in atheromatous 
tissue.” 

When apo(a) is overexpressed in transgenic mice,”"' cell-associated 
plasmin activity is reduced such that the animals are resistant to t-PA 
thrombolysis.*” Three potential explanations for the prothrombotic, 
proatherogenic effect of Lp(a) include (1) the observation that both 
Lp(a) and apo(a) inhibit Lys-plasminogen binding to endothelial cells 
(half-maximal inhibitory dose [ID,,] = 36-fold excess),’” and to annexin 
A2,” with affinity similar to that for plasminogen***”; (2) endothe- 
lial cell exposure to Lp(a) in vitro enhances expression of PAI-11*’; and 
(3) Lp(a) may act as a competitive inhibitor of t-PA in the presence of 
fibrinogen,” or as an uncompetitive inhibitor of the fibrin-dependent 
enhancement of t-PA-induced plasmin generation.” Overexpression 
of Lp(a) in mice receiving a high-fat diet results in atherosclerosis-like 
lesions containing anti-apo(a) cross-reactive material.” Deposition of 
both lipid and apo(a) was reduced in mice expressing apo(a) in which 
lysine binding sites had been mutated.™! Thus, lysine binding sites of 
apo(a) appear to allow it to compete with plasminogen for cell surface 
receptors, thereby increasing atherogenicity. 
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HOMOCYSTEINE 


Homocysteine is a thiol-containing amino acid that accumulates in 
nutritional deficiencies of vitamin Bo vitamin B,,, or folic acid, or in 
inherited abnormalities of cystathionine B-synthase, methylene tetrahy- 
drofolate reductase, or methionine synthase.” Multiple studies have 
shown homocysteine to be an independent risk factor for atherosclero- 
sis,” venous thromboembolism, and death.”* Homocysteine lowering 
in patients with inborn errors of homocysteine metabolism leads to a 
striking reduction in cardiovascular morbidity, but supplementation 
with B vitamins in patients with established cardiovascular disease is 
of no benefit?” In vitro, homocysteine-treated endothelial cells bound 
approximately 50 percent less t-PA than untreated cells, and activated 
approximately 50 percent less plasminogen.” Mass spectrometry 
studies indicate that homocysteine directly disables the t-PA binding 
domain of annexin A2 by forming a covalent adduction product with 
cysteine 9 within the tail domain of purified annexin A2, thus inhibit- 
ing its ability to bind t-PA.” Mice on a high homocysteine-generating 
diet, moreover, displayed dysfunctional annexin A2, and loss of both 
fibrinolytic and angiogenic potential. This phenotype mimicked that of 


annexin A2-deficient mice, and was overcome upon intravenous infu- 
sion of unmodified annexin A2.”% 


ANTIPHOSPHOLIPID SYNDROME 


Antiphospholipid syndrome (APS) is an autoimmune disorder char- 
acterized by thrombosis, recurrent pregnancy loss, and persistently 
positive antiphospholipid antibodies.” Compared to patients 
with lupus erythematosus, nonimmune thrombosis, or healthy con- 
trols, a relatively high proportion of patients with APS and severe 
thrombosis (22 percent) has antibodies directed against annexin A2. 
Antiannexin A2 antibodies may block t-PA-dependent cell-surface 
plasmin generation, and also induce expression of procoagulant mol- 
ecules, such as TF.'” These events may require crosslinking of B,-GPI 
bound to closely associated cell-surface A2,”'** and signaling via 
myeloid differentiation protein 88 (MyD88) and nuclear factor kappa 
B (NFxB)-dependent pathway.’* Additional evidence shows that A2 
is required for the pathogenic effects of antiphospholipid antibodies 
in mice.” High-titer antiannexin A2 antibodies are also associated 
with cerebral vein thrombosis in patients without the full diagnostic 
criteria for APS." 


@ ROLE OF ADHESION MOLECULES 


A proinflammatory environment is also prothrombotic. Endothelial 
cells express molecules that regulate binding of leukocytes to their sur- 
face during inflammation. These interactions have both direct and indi- 
rect roles in hemostasis and thrombosis, and, in some cases, interactions 
of leukocytes and platelets with inflamed endothelial cells feed forward 
to promote thrombosis.” Moreover, the inflammatory response itself 
results in the expression of adhesion molecules and mediators that sec- 
ondarily promote hemostasis. In addition, membrane microparticles 
derived from platelets, leukocytes, and perhaps endothelium, provide 
circulating sources of TE, proinflammatory lipids, and other molecules 
that have the potential to regulate thrombosis and inflammation at a 
distance from the primary site.”°*” 


@ MOLECULAR CHANGES IN AN 
INFLAMMATORY MILIEU 


IMMEDIATE CHANGES 


Either histamine or thrombin produced locally at the site of inflam- 
mation by degranulation of resident tissue mast cells stimulates the 
overlying endothelial cells to express P-selectin on their surfaces.” 
This change occurs within minutes and is caused by the rapid fusion of 
Weibel-Palade bodies, with the plasma membrane bringing P-selectin to 
the surface. Along with P-selectin expression, fusion of the Weibel- Palade 
bodies also results in the release of VWF into the local environment. 
P-selectin serves as a leukocyte receptor for P-selectin glycoprotein 
ligand (PSGL)-1, L-selectin, and other ligands.” PSGL-1 is a specific 
sialomucin containing sialylated, fucosylated O-linked oligosaccharides 
as well as an unusual sulfated tyrosine residue motif.” Dimerization of 
PSGL-1 is required for optimal recognition of P-selectin.** Adhesive 
interactions between P-selectin and its ligands result in the tethering 
of passing leukocytes to, and rolling on, the surface of the endothelial 
cell as the first step in leukocyte emigration. PSGL-1 also interacts with 
P-selectin expressed on platelets that have become activated and adher- 
ent to endothelium.***“* L-selectin, another member of the selectin fam- 
ily, is constitutively expressed on most leukocytes. It binds to sialylated, 
fucosylated GP ligands expressed by endothelial cells in response to 


inflammation, as well as to CD34 constitutively expressed by cells of the 
high endothelial venules. 

Adhesion of leukocytes to the endothelium at the site of inflamma- 
tion results in their rolling along the luminal surface, which slows their 
movement and brings them into contact with a wide variety of chemi- 
cal mediators that trigger the next stage of leukocyte emigration—tight 
adhesion to the endothelial surface. These mediators include sur- 


face-bound chemokines,”* new adhesion molecules expressed by the 


endothelium in response to inflammatory cytokines,” PAF,“* soluble 
chemokines,” and ligands that crosslink leukocyte CD31*°*” and 
seem to work by stimulating the activation of leukocyte integrin adhe- 
sion molecules by so-called inside-out signaling. This process involves 
a conformational change and/or clustering of the two chains of these 
heterodimeric surface molecules such that the affinity or avidity, respec- 
tively, for their ligands on the surfaces of endothelial cells is increased. 
The ligands identified are members of a third family of adhesion mole- 
cules, the immunoglobulin gene superfamily. 

Table 115-4 lists some of the more common leukocyte/endothelial 
CAM pairs participating in the inflammatory response. It is interesting 
to note that the mucosal addressin MAdCAM-1, a unique molecule 
expressed by endothelial cells of high endothelial venules of mesenteric 
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lymph nodes and Peyer patches, has structural features of both a 
mucin and an immunoglobulin superfamily molecule. It can bind both 
L-selectin and the leukocyte integrin a}, expressed by a subset of 
memory T cells. It is believed to interact with L-selectin through its 
mucin (carbohydrate) domain and with a f, through its immunoglob- 
ulin domains. Until recently, identified protein ligands for L-selectin 
(MAdCAM-1 and CD34) have been demonstrated to bind to L-selectin 
only in the context of lymphocyte homing, although recent evidence 
now suggests that they may play a role in rolling during inflammation.” 
Interestingly, intravital microscopy shows that leukocytes may roll on 
already adherent leukocytes and platelets through the interactions of 
L-selectin and PSGL-1 to amplify the inflammatory process.**°’*” 

PAF is made and secreted acutely by leukocytes, mast cells, and 
endothelial cells at the site of inflammation. PAF (1-alkyl-2-acetyl-sn- 
glycero-3-phosphocholine) is produced enzymatically from phosphati- 
dyl choline in the plasma membrane. Although its role as an activator of 
neutrophils in this environment has been established,’ it appears to be 
a relatively weak agonist of platelet activation in this location. 

Adherent leukocytes migrate to nearby interendothelial junc- 
tions by repeated cycles of adhesion in the front and disadhesion in 
the rear.** At the junction, additional distinct molecular interactions 


TABLE 115-4. Common Leukocyte-Endothelial Cell Adhesion Molecule Pairs in Inflammation 


CD and Integrin Leukocytes Endothelial Counter 
Leukocyte Molecule Nomenclature Expressing Action Ligand CD Number 
L-selectin CD62L PMN, Mo, T, B, NK Tethering, rolling MAdCAM-1° Pending 
GP105-120 CD34 
PSGL-1 CD162 PMN, Mo, T, B, NK Tethering, rolling P-selectin CD62P 
Sialyl LewisX CD15s PMN, Mo, T, B, NK Tethering, rolling E-selectin CD62E 
ESL-1*, CLAt 
LFA-1 CD11a/CD18 PMN, Mo, T, B, NK Tight adhesion ICAM-1 CD54 
(a b.) ICAM-2 CD102 
ICAM-3 CD50 
Adhesion, diapedesis JAM-A Pending 
Mac-1 CD11b/CD18 PMN, Mo, NK Tight adhesion ICAM-1 CD54 
VLA-4 CD49d/CD29 Mo, B, Eo* > NK, T Tight adhesion VCAM-1 CD106 
Rolling 
PECAM-1 CD31 PMN, Mo, NK Diapedesis PECAM-1 CD31 
Subsets of T 
CD99 CD99 All leukocytes to Diapedesis CD99 CD99 
varying degrees 
JAM-C? Pending I Diapedesis JAM-C? Pending 


B, B lymphocytes; CLA, cutaneous lymphocyte antigen; Eo, eosinophils; ESL-1, E-selectin ligand; GP, glycoprotein; ICAM, intercellular adhesion 
molecule; JAM, junctional adhesion molecule; MAdCAM-1, mucosal addressin cell-adhesion molecule; Mo, monocytes; NK, natural killer cells; 
PECAM, platelet endothelial adhesion molecule; PMN, polymorphonuclear neutrophils; PSGL, P-selectin glycoprotein ligand; T, T lymphocytes 
VCAM, vascular cell adhesion molecule; VLA, very-late antigen. 


PMN, neutrophils;*MAdCAM-1 and CD34 have been shown to be important for homing of T cells to lymph nodes via high endothelial venules. 
The protein structures bearing the L-selectin ligands, including CD15s, at sites of inflammation have not been identified. 

tESL-1, a protein with homology to fibroblast growth factor receptor, has been identified in mice. CLA, a molecule on the surface of skin-homing 
T cells related to PSGL-1, directs them to skin via E-selectin expressed on dermal venules. 


*Expression of VLA-4 on granulocytes is limited to eosinophils and basophils. Adult human neutrophils do not express it under normal 
circumstances. 


SAlthough VLA-4/VCAM-1 interactions are generally thought to be important for tight adhesion of leukocytes to endothelium, there are 
reports?'**”° that leukocytes can use VLA-4 to roll on endothelial VCAM-1, as well. 
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between leukocytes and endothelial cells regulate transendothelial 
migration for the vast majority of neutrophils, monocytes, and nat- 
ural killer (NK) cells. Transendothelial migration and the nomencla- 
ture of the junctional adhesion molecule (JAM) family are reviewed 
elsewhere." PECAM/CD31 on the leukocyte contacts the same 
molecule concentrated at the endothelial junctions in a homophilic 
manner.” ’* Although the relevant signal(s) transduced by this inter- 
action remain unclear, a transient rise in endothelial cell intracellular 
calcium is required for transmigration.’ Blocking the function of 
either leukocyte PECAM or endothelial cell PECAM arrests the leu- 
kocyte poised over the junction,” a phenotype very similar to 
that seen when the rise in intracellular calcium is blocked by the chela- 
tor, bis(2-amino-5-methylphenoxy)ethane-N,N,N’,N’-tetraacetic acid 
tetraacetoxymethyl ester (MAPTAM).** 

Because anti-PECAM reagents never block diapedesis completely, 
PECAM-independent pathways of transendothelial migration must 
exist. The leukocyte integrins a,8, (very-late antigen [VLA]-4) and 
a p/a p, (lymphocyte function-associated antigen [LFA]-1/macro- 
phage [Mac]-1) and their endothelial counter-receptors VCAM-1 and 
ICAM-1, have been implicated in transmigration. Interaction of leu- 
kocyte LFA-1 with JAM-A on endothelial cells has also been implicated 
in leukocyte recruitment.” Antibodies directed against JAM-C also 
blocked migration of lymphocytes across endothelial cell monolay- 
ers, implicating its role in lymphocyte migration.” In addition, under 
certain specialized conditions, there appear to be pathways across the 
endothelial cell that bypass the intercellular junction.*°”” 

CD99 is a GP expressed on leukocytes, platelets, and erythrocytes, 
and concentrated at the endothelial cell borders. CD99 controls a step 
in diapedesis distal to the step controlled by PECAM both in vitro and 
in vivo,” °?” by interfering with homophilic interaction between leuko- 
cyte CD99 and endothelial cell CD99-arrested monocytes. Their lead- 
ing edges were below the endothelial cell monolayer, while their trailing 
uropods remained on the apical surface of the endothelial cell. 

At the onset of most acute inflammatory responses, vascular 
permeability transiently increases as a result of histamine release. The 
endothelial junctions are soon re-established, and the junctions are 
closed to the leukocytes that arrive at the scene over the next hour. Stud- 
ies performed both in vivo and in vitro indicate that, during subsequent 
diapedesis, leukocytes penetrate the vessel wall without further com- 
promising the vascular permeability barrier.*’’* Cortactin-deficient 
mice, for example, have constitutively leaky vascular junctions in the 
postcapillary venule circulation, and an exaggerated response to his- 
tamine, yet leukocyte recruitment is diminished because of inefficient 
clustering of ICAM-1,”” which prevents exposure of subendothelial col- 
lagen and VWF deposits to circulating platelets. Although PECAM-1 
has no known role in binding platelets to endothelial cells, it has been 
hypothesized to maintain the tight apposition of endothelial cells and 
leukocytes during diapedesis.*” 


ACUTE CHANGES 


In addition to stimulating endothelial cell immediate responses, cytok- 
ines and inflammatory mediators released at the site of inflammation 
activate new endothelial cell genetic programs. Within several hours of 
exposure to mediator, de novo synthesis of mRNA and protein estab- 
lishes an inflammatory endothelial cell phenotype that is both procoag- 
ulant and proadhesive. 

Inflammatory cytokines such as TNF-a and IL-1 induce endo- 
thelial cell surface expression of several important CAMs. Expression 
of E-selectin peaks at 4 to 6 hours in vitro, but may be maintained by 
interferon (IFN)-y for several days in vivo.”6?” E-selectin mediates the 
slow rolling of leukocytes bearing sialylated, fucosylated carbohydrate 


receptors similar to sialylated Lewis X antigen.” Endothelial cell P-se- 
lectin stimulated by thrombin or histamine is transient, but can be 
prolonged to hours or days by IL-3, IL-4, or oncostatin M stimulation 
of human endothelium, and by TNF-a stimulation of murine, but not 
human endothelium.” 

In general, expression of the immunoglobulin superfamily mem- 
bers ICAM-1 and VCAM.-1 is induced by the same stimuli that induce 
E-selectin. Some specializations exist, at least in vitro. For example, IL-4 
induces VCAM-1 but not E-selectin or ICAM-1 in microvascular endo- 
thelial cells.” These molecules serve as counter-receptors for the leu- 
kocyte integrins in the tight adhesion step. 


CHRONIC CHANGES 


Stimulation of endothelial cells over several days with IFN-y leads to 
surface expression of MHC class II molecules (human leukocyte anti- 
gen [HLA]-DR and -DQ). In human tissues such as skin and gut, class 
II is commonly seen even in the absence of overt inflammation, and is 
thought to be a result of chronic exposure of these sites to subclinical 
inflammation and antigenic stimulation. When costimulatory mole- 
cules such as CD40, ICAM-1, or LFA-3 are induced by inflammatory 
stimuli, the endothelial cell becomes capable (at least in vitro) of act- 
ing as an antigen presenting cell that can stimulate CD4+ memory T 
cells. This mechanism may stimulate graft rejection by the host when 
the endothelium belongs to an organ graft with foreign MHC class 
JI.285-287 

In contrast, the expression of the adhesion molecule ICAM-2 does 
not change in response to inflammatory mediators. PECAM-1 shows 
a unique expression pattern in response to IFN-y in vitro” and in 
vivo, ® as its distribution becomes diffuse over the surface of the cell, 
rather than being concentrated at intercellular borders. In vitro chronic 
exposure of human umbilical vein endothelial cells to a combination 
of IFN-y and TNF-a at relatively high doses leads to a decrease in total 
PECAM.-1 expression.” Such a response has not been described to date 
in vivo. 


ADHESION MOLECULES INA 
THROMBOTIC MILIEU 


Activation of the hemostatic system exposes leukocytes to ligands that 
promote their adhesion and recruitment to the vessel wall. For exam- 
ple, in vitro thrombin induces E-selectin expression and IL-8 secretion 
by human umbilical vein endothelial cells.” These changes are clas- 
sically induced by inflammatory cytokines such as IL-1 and TNF-a. 
Table 115-5 lists some mediators that could have dual roles in inflam- 
mation and hemostasis/thrombosis. 


LEUKOCYTE-PLATELET AND ENDOTHELIAL 
CELL-PLATELET INTERACTIONS 


Activated platelets bind to circulating lymphocytes in a P-selectin- 
dependent manner. This interaction can facilitate leukocyte rolling on 
the endothelium?” and also allows homing of lymphocytes to periph- 
eral lymph nodes in the absence of L-selectin, because P-selectin on 
the adherent platelets will interact with the peripheral lymph node 
addressin.** In vitro, neutrophils are capable of rolling on immobi- 
lized platelets via PSGL-1 on the leukocyte interacting with degranu- 
lated P-selectin on the platelet membranes.** Moreover, a,,8, (CD11b/ 
CD18)-dependent arrest and tight adhesion of neutrophils to bound 
platelets following P-selectin-dependent rolling has been described.***”"> 
The endothelial ligand for this is not known. ICAM-2 has been found 
on the surface of activated platelets, but it is not a ligand for «,,8,. In 


TABLE 115-5. Dual Roles of Inflammatory Mediators in 


Thrombosis and Hemostasis 


Mediator 


Role in 
Inflammation 


Role in Thrombosis 
or Hemostasis 
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Histamine, thrombin 


P-selectin expres- 
sion induced on vas- 
cular endothelium 


Degranulation 

of Weibel-Palade 
bodies; extrusion of 
VWF 


Platelet-activating 
factor 


Activation of leuko- 
cyte integrins 


Activation of 
platelets 


Expression of P- 
selectin glyco- 
protein ligand 1 
(PSGL-1) 


Adhesion of leuko- 
cytes to endothelial 
P-selectin 


Adhesion of platelets 
to adherent leuko- 
cytes via P-selectin 
bidirectionally 


Adherent platelets 


Leukocyte rolling on 
platelet P-selectin; 


Thrombosis 


tight adhesion to 
platelet membrane 
component 

Fibrinogen Adhesion of leuko- Bridging of platelets 
cytes to fibrinogen to VWF and matrix 
via CD11b/CD18 via a,,/B,, 

Thrombin Induction of E-selec- Fibrinogen forma- 


tin expression and 
IL-8 secretion by 
endothelial cells 


tion and platelet 
aggregation 


Leukocyte Integrin 
CD11b/CD18 


Adhesion of leuko- 
cytes to endothe- 
lium; phagocytosis 
CD11b/CD18 


Binding and acti- 
vation of factor X, 
adhesion of plate- 
lets via GPlba; adhe- 


sion of platelets via 
JAM-C 


GP, glycoprotein; IL, interleukin; JAM, junctional adhesion molecule; 
VWF, von Willebrand factor. 


fact, antibodies against neither ICAM-2 nor its neutrophil receptor a, 
(CD11) blocked this adhesion.”™?* On the other hand, neutrophil «f, 
reportedly binds to fibrinogen, which may be present on the surfaces of 
activated platelets bound to æ „$, (GPIIb/IIIa). Two additional plate- 
let surface molecules, GPIba and JAM-C, have been demonstrated as 
ligands for leukocyte CD11b/CD18. GPIba is part of the GP1b-IX-V 
complex,” and JAM-C was originally described as a component of 
epithelial and endothelial cell tight junctions. 

Platelets can interact with activated endothelial cells. Platelets 
express PSGL-1 and can use this expression to interact with P-selectin 
on the surfaces of activated endothelial cells.” Activated platelets can 
also bind to endothelial cells via fibrinogen, fibrin, or VWF, forming a 
molecular bridge between platelet GPIIb/IHIa and endothelial cell inte- 
grin a p, and ICAM-1. 

Ultralarge VWF molecules are stored in Weibel-Palade bodies and 
released upon inflammatory endothelial cell activation. Ultralarge VWF 
molecules are normally cleaved by endothelial cell-surface proteases, 
notably the metalloprotease ADAMTS13 (a disintegrin and metallo- 
protease with thrombospondin repeats 13). Data in mice suggest that 
ADAMTS13 plays a homeostatic role in dampening inflammation.*” 
In ADAMTS13-deficient mice, platelets bound to ultralarge VWF mol- 
ecules on the endothelial surface and supported slower leukocyte roll- 
ing on venules at rest and greater leukocyte extravasation in models of 
inflammation.*” 


LEUKOCYTE-ENDOTHELIAL CELL 
MATRIX INTERACTIONS THAT 
PROMOTE COAGULATION 


The same proinflammatory stimuli that stimulate de novo expression of 
E-selectin and VCAM-1, and augment expression of ICAM-1 for the 
recruitment of leukocytes, may stimulate synthesis and expression of TF 
by endothelial cells. Furthermore, adhesion of monocytic cell lines to 
cytokine-activated endothelial cells in culture leads to rapidly increased 
TF-related procoagulant activity. This effect is partially blocked by a 
monoclonal antibody directed against E-selectin on endothelium and 
is mimicked by crosslinking Le* on the monocyte cell lines.*” A similar 
increase in TF gene expression can be induced by crosslinking a, or £, 
integrin chains, the components of VLA-4 on monocytic cell lines. 

During prolonged interaction of peripheral blood monocytes with 
human endothelial cells, monocytes that migrated across endothelial 
cell monolayers expressed functional cell surface TF.* Over the next 
several days, approximately half of these monocytes differentiated into 
immature dendritic cells bearing even higher levels of TE, and migrated 
back across the intact endothelial cell monolayer. This migration could 
be blocked by soluble fragments of TF. Therefore, in this system, TF 
was hypothesized to support both adhesion and a possible procoagulant 
role. 

Leukocytes that bind to P-selectin exposed on the surfaces of 
platelets on adherent thrombi promote the conversion of fibrinogen to 
fibrin.” The leukocyte integrin CD11b/CD18 has been shown to bind 
fibrinogen.” The same integrin has a conformational form that binds 
coagulation factor X.°” Monocytic cells are capable of activating the 
bound factor X to factor Xa when activated,** defining a pathway for 
activation of factor X that is independent of TF. 
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CHAPTER 116 
CLASSIFICATION, CLINICAL 
MANIFESTATIONS, AND 
EVALUATION OF DISORDERS 
OF HEMOSTASIS 


Marcel Levi, Uri Seligsohn, and Kenneth Kaushansky 


Evaluation of a hemostatic disorder is commonly initiated when (1) a patient 
or referring physician suspects a bleeding tendency, (2) a bleeding tendency 
is discovered in one or more family members, (3) an abnormal coagulation 
assay result is obtained from an individual as part of a routine examination, 
(4) an abnormal assay result is obtained from a patient during preparation 
for surgery, or (5) a patient has unexplained diffuse bleeding during or after 
surgery or following trauma. Evaluation of a possible hemostatic disorder in 
each of these scenarios is a stepwise process that requires knowledge of the 
various classes of hemostatic disorders commonly found under the particular 
circumstances. The patient's history, the results of physical examination, and 
an initial set of hemostatic tests usually enable a tentative diagnosis. However, 
more specific tests are commonly necessary to make a definitive diagnosis. 
This chapter reviews the necessary steps. 


@ CLASSIFICATION OF HEMOSTATIC 
DISORDERS 


Hemostatic disorders can conveniently be classified as either hereditary 
or acquired (Table 116-1). Alternatively, hemostatic disorders can be 
classified according to the mechanism of the defect. Of the acquired 
disorders, the thrombocytopenias are the most frequently encountered 
entities. Thrombocytopenias can result from reduced production of 
platelets, excessive destruction caused by antibodies or other consump- 
tive processes, or pooling of platelets in the spleen, as in hypersplenism 
(Chap. 119); however, if hypersplenism is the sole cause of a hemostatic 
disorder, it is rarely severe enough to cause pathologic bleeding. 


@ BLEEDING HISTORY 


The bleeding history is a crucial element in the evaluation of a patient 
with a hemorrhagic disorder. The bleeding history helps define the 
subsequent diagnostic approach and the likelihood of future bleeding. 


Acronyms and Abbreviations: aPTT, activated partial thromboplastin time; DIC, 
disseminated intravascular coagulation; ELISA, enzyme-linked immunosorbent 
assay; PT, prothrombin time; RCF, ristocetin cofactor. 


Eliciting and interpreting all of the relevant information requires a 
systematic and methodical approach. The following points are worth 
considering: 


1. Patients vary in their responses to hemorrhagic symptoms. Some 
patients ignore significant symptoms, whereas other patients are 
highly sensitive to even minor symptoms. When asked in stan- 
dardized questionnaires, many normal, healthy people indicate 
they have excessive bleeding or bruising.'” Therefore, some experts 
believe the question “Do you bruise easily?” is virtually worthless. 
Women are more likely to respond that they have excessive bleed- 
ing or bruising than are men. 

2. Patients with severe hemorrhagic disorders invariably have very 
abnormal bleeding histories, for example, severe hemophilia A or 
hemophilia B, type 3 (homozygous) von Willebrand disease, and 
Glanzmann thrombasthenia. Importantly, these patients may expe- 
rience spontaneous bleeding episodes. 

3. The diagnostic value of any specific symptom varies in the differ- 
ent disorders. Therefore, recognizing typical patterns of bleeding 
is important (Table 116-2). Unprovoked hemarthroses and muscle 
hemorrhages suggest one of the hemophilias, whereas mucocu- 
taneous bleeding (epistaxis, gingival bleeding, menorrhagia) are 
more characteristic of patients with qualitative platelet disorders, 
thrombocytopenia, or von Willebrand disease. 

4. Assessing the extent of hemorrhage against the background of any 
trauma or provocation that may have elicited the hemorrhage is 
important. If a patient has never had a significant hemostatic chal- 
lenge, such as tooth extraction, surgery, trauma, or childbirth, 
the lack of a significant bleeding history is much less valuable in 
excluding a mild hemorrhagic disorder. For example, a significant 
percentage of patients with mild von Willebrand disease or mild 
forms of hemophilia may have negative bleeding histories,' even 
though they may be at considerable risk for excessive bleeding after 
surgery or other interventions. Thus, these diagnoses must be con- 
sidered even in elderly patients if their first severe hemostatic chal- 
lenge occurs at that age. 

5. Obtaining objective confirmation of the subjective information 
conveyed in the bleeding history is valuable. Objective data include 
(1) previous hospital or physician visits for bleeding symptoms, 
(2) results of previous laboratory evaluations, (3) previous transfu- 
sions of blood products for bleeding episodes, and (4) a history of 
anemia and/or previous treatment with iron. 

6. Although self-administered questionnaires may provide useful 
background information, they cannot substitute for a dialogue 
between the physician and the patient. Thus, history taking in gen- 
eral, but especially in the often subtle histories related to hemostatic 
disorders, is an intellectually active process involving data collec- 
tion, hypothesis development, new question formulation, addi- 
tional data gathering, and new hypothesis development. However, 
this iterative procedure has its limitations even when it is carefully 
pursued.** 

7. A medication history is a crucial component of the bleeding history, 
with particular attention to nonprescription drugs, such as aspi- 
rin and nonsteroidal antiinflammatory agents, which may affect 
bleeding symptoms. A medication history is especially impor- 
tant in patients with thrombocytopenia, because drug-induced 
thrombocytopenia is common (Chap. 120 and see Table 116-1). 
Medication also may affect hemostasis through deleterious effects 
on the liver or kidney functions. The increased use of herbal and 
alternative medicines poses particular problems, because patients 
may not readily share information about what they are taking, and 
the dose they are taking of any particular active ingredient may 
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TABLE 116-1. Classification of Disorders of Hemostasis 


Major Types Disorders Examples 

Acquired Thrombocytopenias Autoimmune and alloimmune, drug-induced, hypersplenism, hypoplastic (primary, myelosup- 
pressive therapy, myelophthisic marrow infiltration), disseminated intravascular coagulation (DIC), 
thrombotic thrombocytopenic purpura, hemolytic-uremic syndrome (Chaps. 117, 129, and 132) 

Liver diseases Cirrhosis, acute hepatic failure, liver transplantation (Chap. 128), thrombopoietin deficiency 

Renal failure 

Vitamin K deficiency Malabsorption syndrome, hemorrhagic disease of the newborn, prolonged antibiotic therapy, mal- 
nutrition, prolonged biliary obstruction 

Hematologic Acute leukemias (particularly promyelocytic), myelodysplasias, monoclonal gammopathies, essen- 

disorders tial thrombocythemia (Chaps. 85-87 and 106) 

Acquired antibodies Neutralizing antibodies against factors V, VIII, and XIII, accelerated clearance of antibody-factor 

against coagulation complexes, e.g., acquired von Willebrand disease, hypoprothrombinemia associated with anti- 

factors phospholipid antibodies (Chaps. 126, 127, and 131) 

DIC Acute (sepsis, malignancies, trauma, obstetric complications) and chronic (malignancies, giant 
hemangiomas, retained products of conception) (Chap. 129) 

Drugs Antiplatelet agents, anticoagulants, antithrombins, and thrombolytic, hepatotoxic, and nephro- 
toxic agents (Chaps. 25 and 133-135) 

Vascular Nonpalpable purpura (“senile,’ solar, and factitious purpura), use of corticosteroids, vitamin C defi- 
ciency, child abuse, thromboembolic, purpura fulminans; palpable-purpura (Henoch-Schonlein, 
vasculitis, dysproteinemias; Chap. 122), amyloidosis 

Inherited Deficiencies of Hemophilia A (factor VIII deficiency), hemophilia B (factor IX deficiency), deficiencies of fibrinogen 


coagulation factors 


factors Il, V, VII, X, XI, and XIII and von Willebrand disease (Chaps. 123-126) 


Platelet disorders 


Glanzmann thrombasthenia, Bernard-Soulier syndrome, platelet granule disorders (Chap. 120) 


Fibrinolytic disorders 


a,-Antiplasmin deficiency, plasminogen activator inhibitor-1 deficiency (Chap. 135) 


Vascular 


Hemorrhagic telangiectasias (Chap. 122) 


Connective tissue 
disorders 


Ehlers-Danlos syndrome (Chap. 122) 


10. 


be difficult to determine. Ginkgo biloba and ginseng are the most 
commonly used herbals that can cause platelet dysfunction and 
induce bleeding.’ Other dietary supplements can display similar 
effects.*° 


. A nutrition history should be obtained to assess the likelihood 


of (1) vitamin K deficiency, especially if the patient also is taking 
broad-spectrum antibiotics, (2) vitamin C deficiency, especially if 
the patient has skin bleeding consistent with scurvy (perifollicular 
purpura), and (3) general malnutrition and/or malabsorption. 


. Several tissues have an increased local fibrinolytic activity. Such 


tissues include the urinary tract, endometrium, and mucous 
membranes of the nose and oral cavity. These sites are particularly 
likely to have prolonged oozing of blood after trauma in patients 
with hemostatic abnormalities. Excessive bleeding following tooth 
extraction is one of the most common manifestations. Bleeding 
resulting from defects in fibrin crosslinking (factor XIII deficiency) 
or fibrinolytic defects may often manifest as delayed bleeding after 
trauma. 

Bleeding isolated to a single organ or system (e.g., hematuria, 
hematemesis, melena, hemoptysis, or recurrent nosebleeds) is less 
likely to result from a hemostatic abnormality than from a local 
cause such as neoplasm, ulcer, or angiodysplasia. Thus, careful 
anatomic evaluation of the involved organ or system should be 
performed. 


id; 


12. 


13. 


Bleeding may result from blood vessel disorders such as hered- 
itary hemorrhagic telangiectasias, Cushing disease, scurvy, or 
Ehlers-Danlos syndrome. Many primary dermatologic disorders 
also have a purpuric or hemorrhagic component and must also be 
considered in the differential diagnosis (Chap. 122). 

A family history is particularly important when hereditary disor- 
ders are considered. Patients usually will not spontaneously offer a 
history of consanguinity, so specific inquiry should be made about 
this possibility. A diagram of the patient’s genealogic tree, extending 
back at least two generations, should be included to document con- 
sideration of genetic disorders. A sex-linked pattern of inheritance 
is consistent with hemophilia A or B (Chap. 123). An autosomal 
dominant pattern is characteristic of most forms of von Willebrand 
disease (Chap. 126). An autosomal recessive pattern is typical for all 
other coagulation factor deficiencies (Chap. 124), inherited platelet 
disorders (Chap. 120), and the rare, severe (homozygous), type 3 
von Willebrand disease. Population genetic information may be 
helpful; for example, the higher prevalence of factor XI deficiency 
in Ashkenazi Jews (Chap. 124). 

The history should include information on diseases and organs 
that may affect hemostasis, such as cirrhosis, renal insufficiency, 
myeloproliferative neoplasms (e.g., essential thrombocythemia), 
acute leukemia, myelodysplasia, systemic lupus erythematosus, and 
Gaucher disease. 


TABLE 116-2. Clinical Manifestations Typically Associated 


with Specific Hemostatic Disorders 


Clinical Manifestations 


Hemostatic Disorders 


Mucocutaneous bleeding 


Thrombocytopenias, platelet 
dysfunction, von Willebrand 
disease 


Cephalhematomas in newborns, 


hemarthroses, hematuria, and 
intramuscular, intracerebral, and 
retroperitoneal hemorrhages 


Severe hemophilias A and B, 
severe deficiencies of factor 
VII, X, or XIII, severe type 3 
von Willebrand disease, 


afibrinogenemia 


Injury-related bleeding and mild 
spontaneous bleeding 


Mild and moderate hemo- 
philias A and B, severe factor 
XI deficiency, moderate defi- 
ciencies of fibrinogen and 
factors Il, V, VII, or X, combined 
factors V and VIII deficiency, 
a,-antiplasmin deficiency 


Bleeding from stump of umbilical 
cord and habitual abortions 


Afibrinogenemia, hypofibrino- 
genemia, dysfibrinogenemia, 
factor XIII deficiency 


Impaired wound healing 


Factor XIII deficiency 


Facial purpura in newborns 


Glanzmann thrombasthenia, 
severe thrombocytopenia 


Recurrent severe epistaxis and 
chronic iron deficiency anemia 


Hereditary hemorrhagic 
telangiectasias 


@ CLINICAL MANIFESTATIONS 


Individual hemorrhagic symptoms often require detailed analysis 
before the significance of the symptoms and the resulting diagnosis or 
therapy can be determined. Some of the more common symptoms are 
discussed below, and Table 116-2 summarizes clinical manifestations 
that are typical for specific hemostatic disorders. 


1. Epistaxis is one of the most common signs of platelet disorders and von 


Willebrand disease. It also is the most common symptom of hereditary 
hemorrhagic telangiectasia. In the latter condition, epistaxis almost 
always becomes more severe with advancing age. Epistaxis is not 
uncommon in normal children, but it usually resolves before puberty. 
Dry air heating systems can provoke epistaxis even in otherwise 
normal individuals. Bleeding confined to a single nostril more likely 
results from a local vascular problem than a systemic coagulopathy. 
Gingival hemorrhage is very common in patients with both qual- 
itative and quantitative platelet abnormalities and von Willebrand 
disease. Occasional gum bleeding occurs in normal individuals, 
especially if they use a hard bristle tooth brush and dental hygiene 
procedures. Thus, establishing whether the bleeding is excessive 
may be difficult. Frequent gingival hemorrhage can occur in indi- 
viduals with normal hemostasis if they have gingivitis. 

Oral mucous membrane bleeding in the form of blood blisters is a 
common manifestation of severe thrombocytopenia. Such bleeding 
usually has a predilection for sites where teeth can traumatize the 
inner surface of the cheek. 

. Skin hemorrhage in the form of petechiae and ecchymoses are com- 
mon manifestations of hemostatic disorders. However, skin hem- 
orrhage also is common among individuals without hemostatic 
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10. 


11. 


12. 


disorders. Excessive bruising is more common in women than men. 
Moreover, women frequently note that the severity of their bruising 
varies with the phase of their menstrual cycle, although the most 
severe phase of the cycle may differ in different women. Features that 
help establish the severity of skin hemorrhage include the size of the 
bruises, the frequency of bruising, whether the bruises occur sponta- 
neously or only with trauma, and the appearance of bruises on regions 
of the body that usually are not traumatized, such as the trunk and 
back. The color of the bruise may yield information. Red bruises on 
the extensor surfaces of the arms and hands indicate loss of support- 
ing tissues, as occurs in Cushing syndrome, glucocorticoid therapy, 
senile purpura, and damage from chronic sun exposure. Jet-black 
bruises may be caused by warfarin-induced skin necrosis and similar 
disorders. Easy bruising can also occur in patients with Ehlers-Danlos 
syndrome manifested by distensible skin or extraordinary ligament 
laxness, and in patients with hyperflexibility of the thumb.* 

Tooth extractions are common hemostatic challenges and may be 
helpful in defining the risk of bleeding. Molar extractions are greater 
hemostatic challenges than extractions of other teeth. Objective data 
regarding excessive bleeding based on the need for blood products 
or the need to pack or suture the extraction site are valuable. 
Excessive bleeding in response to razor nicks is common in patients 
with platelet disorders or von Willebrand disease. 

Hemoptysis almost never is the presenting symptom of a bleeding 
disorder and is rare even in patients with serious bleeding disor- 
ders. However, blood-tinged sputum in association with upper 
respiratory tract infections may be more common in patients with 
hemostatic disorders. 

Hematemesis, like hemoptysis, almost never is the presenting 
symptom of a hemostatic disorder. However, a hemostatic disor- 
der may lead to hematemesis because of an anatomic abnormal- 
ity in the upper gastrointestinal tract and bleeding may be more 
severe than expected. Some hemostatic disorders more likely result 
in hematemesis because of a combination of effects, such as liver 
disease with deficient synthesis of coagulation proteins and with 
esophageal varices and aspirin ingestion with gastritis. 

Hematuria is rarely the presenting symptom of a hemostatic disor- 
der except for the hemophilias. However, hemostatic disorders can 
exacerbate hematuria caused by other disorders, including simple 
urinary tract infections. 

Rectal bleeding in individuals with normal hemostasis most often 
results from hemorrhoids. However, von Willebrand disease and 
platelet disorders may contribute to repeated episodes of rectal 
bleeding when associated with a number of different underlying 
causes, including diverticula, hemorrhoids, or angiodysplasia. 
Melena is also only rarely the presenting symptom of a hemor- 
rhagic disorder. However, repeated episodes of melena may occur 
in patients with hemorrhagic disorders. 

Menorrhagia is common in women with platelet disorders and von 
Willebrand disease. In general, menstrual bleeding is considered 
excessive if the patient indicates she has heavy flow for more than 
3 days or total flow for more than 7 days. However, an objective 
distinction between menorrhagia (loss of more than 80 mL blood 
per period) and normal blood loss can only be made by a visual 
assessment technique using pictorial charts of towels or tampons.’ 
Postpartum hemorrhage. Childbirth poses a considerable hemo- 
static challenge. Consequently, patients with bleeding disorders 
commonly manifest excessive bleeding during or after labor neces- 
sitating blood transfusion. An exception may be mild and moderate 
von Willebrand disease due to the vast increase in von Willebrand 
factor during pregnancy. 
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13. Habitual spontaneous abortions raise the possibility that the 
patient has a quantitative or qualitative abnormality of fibrinogen 
(Chap. 125), factor XIII deficiency (Chap. 124), or the antiphospho- 
lipid syndrome (Chap. 131). There is also an association between 
infertility and spontaneous abortion in patients with inherited 
thrombophilia (Chap. 130). 

14. Hemarthroses are the hallmark abnormality in the hemophiliac; 
they are rare in other disorders except in severe factor VII defi- 
ciency and type 3 von Willebrand disease (Chaps. 124 and 126). 
Because discoloration of the skin overlying the joint with hemar- 
throses does not occur, patients may not recognize that their 
symptoms (pain, swelling, and limitation of motion) are caused by 
bleeding into their joints. 

15. Excessive hemorrhage associated with surgical procedures is com- 
mon in patients with hemorrhagic disorders. Procedures involving 
tissues with increased local fibrinolytic activity like urinary tract, 
nose, tonsils and oral cavity are particularly prone to bleed. 

16. Excessive bleeding following circumcision is common in males with 
severe hemostatic disorders such as hemophilia A, hemophilia B, or 
Glanzmann thromboasthenia, and often is the patient’s first symptom. 

17. Bleeding from the umbilical stump is characteristic of factor XIII 
deficiency (Chap. 124) and afibrinogenemia (Chap. 125). 


@ PHYSICAL EXAMINATION 


Physical examination is essential for identifying signs of bleeding or 
their sequelae and for signs of a possible underlying disorder that can 
cause the hemostatic derangement (see Table 116-1). Careful exami- 
nation of the skin is essential for detecting petechiae and ecchymoses. 
These signs may be prominent on the legs, where the hydrostatic pres- 
sure is greatest, or around the hair follicles in vitamin C deficiency. 

Telangiectasias may range from pinpoint erythematous dots that 
blanch with pressure to classic cherry angiomata ranging in size up to 
several centimeters. Many normal individuals develop increasing num- 
bers of telangiectasias with aging. Patients with hereditary hemorrhagic 
telangiectasia have more florid lesions that characteristically affect the 
vermilion border of the lips and the tongue (including the underside 
of the tongue), but not all patients have these classic features. Thus, a 
systematic search of the integument is necessary. Spider telangiectasias 
found in patients with chronic liver disease have a more splotchy and 
serpiginous appearance than the telangiectasias associated with heredi- 
tary hemorrhagic telangiectasia. In addition, the telangiectasias tend to 
be concentrated on the shoulders, chest, and face. 

Chapter 122 details the differential diagnosis of nonpalpable pur- 
puras and palpable purpuras. Hematomas, ecchymoses, and protracted 
oozing should be sought at venipuncture sites, injection sites, and arte- 
rial and venous catheter insertion sites. Joint deformities and limited 
joint mobility are suggestive of severe hemophilia A or B, severe defi- 
ciency of factor VII, or type 3 von Willebrand disease (Chaps. 123, 124, 
and 126). Hyperelasticity of the skin and hyperextensibility of joints are 
typical of Ehlers-Danlos syndrome, and hyperextensibility of only the 
thumb probably is a variant.® 


@ EVALUATION BASED ON BLEEDING 
HISTORY, PHYSICAL EXAMINATION, 
AND BASIC LABORATORY TESTS 


The patient’s history and results of physical examination provide 
important information on the likelihood of the patient having a hemo- 
static defect and the possible cause of the defect, if one is present. 


However, performing an initial set of widely available and inexpensive 
tests, including prothrombin time (PT), activated partial thromboplas- 
tin time (aPTT), and platelet count, is important for the following rea- 
sons: (1) The patient’s history sometimes is unreliable; (2) the patient 
may have a mild hemostatic abnormality that has not manifested itself 
for lack of hemostatic challenge; (3) the patient may have developed 
an acquired hemostatic defect that has remained asymptomatic; and 
(4) the tests may reveal more than one abnormality.’ 

Figure 116-1 shows a series of algorithms that integrate the 
patient's bleeding history and the results of the initial hemostatic tests. 
A prolonged aPTT as a sole abnormality can be caused by a deficiency 
of factor VIII, IX, XI, or XII; presence of heparin; or by an inhibitor, 
which can be either factor specific, such as an antibody against factor 
VIII, or factor nonspecific, such as the presence of heparin or a lupus 
anticoagulant (Fig. 116-1A). A prolonged PT as the sole finding can 
indicate a factor VII deficiency, a mild vitamin K deficiency, or the pres- 
ence of an inhibitor (Fig. 116-1B). Abnormalities of both PT and aPTT 
may indicate a deficiency of fibrinogen, prothrombin, factor V or factor 
X, an inhibitor to one of these factors, or a combined deficiency of coag- 
ulation factors (Fig. 116-1C). 

To distinguish between a deficiency state and the presence of an 
inhibitor, repeating the abnormal test, the PT and/or aPTT, using a 1:1 
mixture of the patient’s plasma and normal plasma is useful. If the mix- 
ture normalizes the prolonged PT or aPTT, a deficiency state is likely, as 
most coagulation tests are calibrated to produce a normal result if each 
of the relevant factor levels are 50 percent of normal or greater. If the 
mixture still yields a significantly prolonged PT or aPTT, an inhibitor 
probably is present. Some inhibitors, such as antibodies to factor VIII, 
require time to inhibit the factor VIII activity in the assay, whereas 
other inhibitors, such as lupus anticoagulant or heparin, do not. Conse- 
quently, incubating the mixture for 1 or 2 hours at 37°C before perform- 
ing the coagulation assay is desirable. 

When none of the initial test results (PT, aPTT, and platelet count) 
is abnormal and the patient exhibits bleeding manifestations, ristocetin 
cofactor (RCF) or von Willebrand factor activity and examination of 
the blood film can be helpful for distinguishing among various candi- 
date hemostatic abnormalities. The bleeding time is not used anymore 
because the test is highly operator and situational (room temperature, 
skin circulation, etc.) dependent and is not sufficiently reliable to be 
useful in the diagnostic process. Instead, many laboratories have intro- 
duced the platelet function analyzer (PFA) to detect qualitative defects 
in primary hemostasis. Figure 116-2 shows an algorithm that includes 
these secondary tests. Patients with type 1 and type 2 von Willebrand 
disease often have normal findings on initial laboratory tests because 
factor VIII levels are sufficiently high (>30 U/dL) for a normal aPTT 
result (Chap. 126). Examination of the blood film is helpful for distin- 
guishing between Bernard-Soulier syndrome and von Willebrand dis- 
ease because giant platelets are characteristic of the former (Chap. 120). 
Distinguishing mild-type von Willebrand disease from normal is diffi- 
cult because levels of von Willebrand factor in the normal population is 
highly variable, partly accounted for by differing von Willebrand factor 
levels in individuals with different ABO blood types. In fact, some inves- 
tigators have questioned whether patients with von Willebrand factor 
levels as low as 35 percent should be labeled as having von Willebrand 
disease." The likelihood of having von Willebrand disease is a function 
of bleeding history, the von Willebrand factor level, and the number 
of first-degree family members with reduced von Willebrand factor 
levels." 

The ristocetin-induced platelet aggregation test is useful for dis- 
tinguishing type 2B and platelet-type von Willebrand disease from the 
other types of von Willebrand disease. In type 2B and platelet-type 
von Willebrand disease, an enhanced response to low concentrations 


Bleeding No bleeding 


e Deficiency of factor XII, e Severe factor VII 


HMWK, or PK 
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Bleeding No bleeding 


e Mild factor VII deficiency 


Mainly injury related Unprovoked : deficiency e Controlled oral anticoagulant 
e Severe factor XI deficiency = Eulpue anlopegillant therapy 
e Mild to moderate =L Sl a 
hemophilia A or B Minor Major 
e VWd e Severe hemophilia A and 


hemophilia B 
e Severe (type 3) VWd 


e Acquired inhibitor to factor VIII 


e Acquired VWd 


Bleeding 

e Afibrinogenemia 

e Severe deficiencies of factor 
Il, V, or X 

e Combined factors V and VIII 
deficiency D 

e Combined deficiency of the vitamin K- 
dependent factors 

e Acquired inhibitors to factors Il and V 

e Acquired factor X deficiency (amyloidosis) 


Cc 


No bleeding 

e Hypofibrinogenemia 

e Mild deficiencies of ° DIC 
factor Il, V, or X 


of ristocetin is observed, whereas in the other types of von Willebrand 
disease, a decreased response is found. Total absence of platelet aggre- 
gates in a blood film prepared from non-anticoagulated blood and 
absent clot retraction are characteristic of Glanzmann thrombasthenia 
(Chap. 120). 

Another simple test that may be useful for distinguishing among 
hemostatic disorders is the thrombin time (i-e., time for plasma to clot 


BT-N BTt 
e Factor XIII deficiency 
e d-Antiplasmin deficiency 


e Dysfibrinogenemia RCF} HOEN 
e Hereditary hemorrhagic e VWd 
telangiectasia CR-Abn CR-N 
e Glanzmann 


thrombasthenia 


e Liver disease 
e Lupus anticoagulant 


Bleeding or no bleeding 


Figure 116-1. Measures for establishing a tentative 
diagnosis of a hemostatic disorder using basic tests 
of hemostasis and the patient's history of bleeding. J, 
Decrease; 7, increase; aPTT, activated partial throm- 
boplastin time; BT, bleeding time; DIC, disseminated 
intravascular coagulation; HMKK, high-molecular-weight 
kininogen; N, normal; PK, prekallikrein; PLT, platelets; PT, 
prothrombin time; VWD, von Willebrand disease. 


after adding thrombin). The thrombin time is prolonged in (1) afibrin- 
ogenemia, hypofibrinogenemia, and dysfibrinogenemias (Chap. 125), 
(2) the presence of heparin, (3) disseminated intravascular coagulation 
(DIC) causing increased levels of fibrin(ogen) degradation products, 
which inhibit fibrin monomer polymerization (see Fig. 116-1D and 
Chap. 129), and (4) patients with amyloidosis and an immunoglobulin 
inhibitor of thrombin.” 


Figure 116-2. Tentative diagnoses in patients with bleed- 
ing manifestations and normal primary hemostatic tests using 
secondary tests. }, Decrease; 7, increase; Abn, abnormal: aPTT, 
activated partial thromboplastin time; BT, bleeding time; CR, 
clot retraction; N, normal; PK, prekallikrein; PLT, platelets; PT, 
prothrombin time; RCF, ristocetin cofactor activity; VWD, von 
Willebrand disease. 


e Hereditary and 
acquired platelet 
disorders 
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@ PREOPERATIVE ASSESSMENT OF 
HEMOSTASIS 


Because surgical procedures are a great challenge to the hemostatic 
system, careful assessment of the risk of bleeding in every patient is 
important. The risk assessment is based on the bleeding history, physi- 
cal examination, the underlying disorder if any, the type and site of sur- 
gery that is planned, and the results of basic hemostatic tests (PT, aPTT, 
platelet count). Several studies indicate that unselected coagulation tests 
have no significant predictive value of perioperative bleeding, and that 
patients with a negative bleeding history do not require routine coag- 
ulation screening. However, this conclusion does not consider that 
patients with mild to moderate bleeding disorders who can bleed exces- 
sively following surgery may have a negative bleeding history because 
they have not been challenged; obtaining a good bleeding history is 
an expertise that is not shared by all physicians; and if bleeding occurs 
during or after surgery for whatever reason, the basic tests performed 
preoperatively are an essential reference for determining the cause of 
bleeding. 

Table 116-3 lists low-risk and high-risk conditions. A critical anal- 
ysis of each potential cause of bleeding should be undertaken for the 
high-risk conditions. In addition to the extent of the surgical trauma, 
the magnitude of the fibrinolytic activity at the surgical site must be 
considered. For example, prostatectomy carries considerable risk of 
prolonged bleeding because of the presence of high fibrinolytic activ- 
ity in the urine. Some surgical procedures can be anticipated to cause 
hemostatic abnormalities, such as operations in which extracorporeal 
circulation is used (because the extracorporeal circuits and/or the anti- 
coagulation cause platelet dysfunction) and operations on patients with 
extensive malignancies or brain injury, which can give rise to DIC. 
Finally, the ability to institute local hemostatic measures should be 
considered. Thus, liver, lung, and kidney biopsies, although considered 
minor procedures, have a significant risk of bleeding because local mea- 
sures, such as direct pressure, cannot be used to control bleeding. 


TABLE 116-3. Evaluation of Bleeding Risk During Surgery 


Risk of Bleeding 


Assessed Factor Low High 
Bleeding history Negative Positive’ 
Underlying condi- Absent Present 
tions that compro- 

mise hemostasis 

(see Table 116-1) 

Initial hemostatic Normal Abnormal 
tests 

Type of surgery Minor Major 


Not expected to 
induce a hemostatic 
defect at a site with- 


Expected to induce 
a hemostatic defect* 
at a site with local 


out local fibrinolysis _ fibrinolysis* 

Local hemostatic Local hemo- 

measures effective static measures 
ineffective’ 


“Spontaneous bleeding episodes or injury-related hemorrhage. 
‘Open heart surgery or brain surgery. 

*Prostatectomy, tonsillectomy, oral or nasal surgery. 

SLiver, lung, or kidney biopsy. 


@ SPECIFIC ASSAYS FOR ESTABLISHING 
THE DIAGNOSIS 


A tentative diagnosis can be made by following the stepwise process of 
evaluation outlined in Figs. 116-1 and 116-2. However, further testing 
usually is required to establish a definitive diagnosis. 


THROMBOCYTOPENIAS 


When the laboratory reports an abnormally low platelet count, look- 
ing at the blood film to exclude pseudothrombocytopenia as a result 
of anticoagulant-induced platelet clumping (e.g., induced by ethylene- 
diaminetetraacetic acid [EDTA]) is essential.'* Examination of the blood 
film also can reveal the presence of giant platelets, as in some inherited 
thrombocytopenias; giant platelets and Dohle bodies in leukocytes, 
as in May-Hegglin and other MYH9 platelet syndromes; moderately 
enlarged platelets, as in immune thrombocytopenia or other condi- 
tions associated with shortened platelet survival; small platelets, as in 
Wiskott-Aldrich syndrome; schistocytes and burr cells, as in the hemo- 
lytic uremic syndrome and thrombotic thrombocytopenic purpura, and 
occasionally in DIC; rouleaux formation, as in monoclonal gammopa- 
thies; macrocytosis and/or hypersegmentation, as in vitamin B, or folic 
acid deficiency; and abnormal white blood cells, as in leukemias and 
myeloproliferative disorders. Chapter 117 further discusses the evalua- 
tion and differential diagnosis of the thrombocytopenias. 


FACTOR DEFICIENCIES 


Coagulation factors usually are assayed by measuring their clotting activ- 
ity. The most common assays analyze the ability of dilutions of the patient’s 
plasma to correct the clotting time of a plasma known to be deficient in 
the factor being measured (substrate plasma). The results are compared 
to the ability of dilutions of a normal reference plasma to correct the 
abnormality in the substrate plasma. The activities of factors II, V, VIL 
and X usually are determined in PT-based assays, whereas the activities 
of factors VIII, IX, XI, and XII, prekallikrein, and high-molecular-weight 
kininogen are measured in aPT'T-based assays. The plasma level of fibrin- 
ogen most commonly is measured by assessing the time required for 
thrombin to clot the patient’s diluted plasma (Clauss method).'> Several 
assays of transglutaminase activity are available for measuring factor XIII 
activity,“ but a simple qualitative test based on dissolving a fibrin clot 
in 5 M urea usually is sufficient (Chap. 124). The RCF function of von 
Willebrand factor can be measured by the ability of the patient's plasma to 
support the agglutination of a suspension of formaldehyde-fixed normal 
platelets by ristocetin.’’ This activity is defined as RCF activity. As with the 
coagulation factor assays, the results using patient plasma are compared 
to the results obtained with a normal reference plasma. 

To determine whether a coagulation factor activity deficiency results 
from a quantitative decrease in protein or a qualitative abnormality in the 
protein, immunologic assays can be performed using specific polyclonal 
or monoclonal antibodies to assess the presence of the protein, indepen- 
dent of its function. Electroimmunoassays, enzyme-linked immunosor- 
bent assays (ELISAs), and immunoradiometric assays all have been used 
successfully. Crossed immunoelectrophoresis measures both the immu- 
nologic reactivity and the mobility of the protein in an electric field; thus, 
it can detect protein abnormalities that affect electrophoretic migration. 
The abnormalities include the presence of antibody-antigen complexes 
that migrate differently from the protein itself, such as antiprothrombin- 
prothrombin complexes in patients with systemic lupus erythematosus 
or antiphospholipid syndrome. Diagnosis of the specific type of von 
Willebrand disease requires additional tests of the multimeric structure 
of plasma and, perhaps, platelet von Willebrand factor. 


INHIBITORS TO COAGULATION FACTORS 


If an inhibitor is suspected as a result of a prolonged PT or aPTT per- 
formed on a 1:1 mixture of the patients plasma and normal plasma, 
further studies can help define the nature of the inhibitor and its titer. 
Among inhibitors that do not require incubation (i.e., immediate-type), 
perhaps the most common cause is the presence of heparin in the sam- 
ple. This cause can be verified by finding a prolonged thrombin time 
on a test of the patient’s plasma that is corrected with toluidine blue or 
other agents that neutralize heparin. The lupus anticoagulant also does 
not require incubation, and several methods for its detection are avail- 
able (Chap. 131). However, with lupus anticoagulant, the PT usually is 
less prolonged than is the aPTT, and aPTT reagents have markedly dif- 
ferent sensitivity to lupus-type anticoagulant depending on the amount 
of phosphatidyl serine present in each reagent. 

Immunoglobulin inhibitors to specific coagulation factors may 
develop either after factor replacement therapy in patients with inher- 
ited deficiencies of coagulation factors (Chaps. 123 and 124) or sponta- 
neously in patients without factor deficiencies (Chap. 127). Antibodies 
that neutralize factor activity frequently can be detected by incubating 
the patient’s plasma with normal plasma, usually for 2 hours at 37°C, 
and then assaying the specific factor. The Bethesda assay originally was 
designed to quantify factor VIH inhibitors but can be modified to detect 
other inhibitors of coagulation factors (Chap. 123).'* Some inhibitors 
do not directly neutralize clotting activity; instead they reduce factor 
levels by forming complexes with coagulation factors, which then are 
rapidly cleared from the circulation. Such plasmas do not produce pro- 
longed clotting times when mixed 1:1 with normal plasma and thus may 
be confused with inherited deficiency states. More elaborate assays are 
required to identify this type of inhibitor, which may, for example, pro- 
duce severe deficiency of prothrombin in some patients with the anti- 
phospholipid syndrome (Chap. 131) and deficiency of von Willebrand 
factor in some acquired forms of von Willebrand disease (Chap. 126).” 


PLATELET FUNCTION DISORDERS 


Some laboratories nowadays routinely use an automated PFA to detect 
qualitative defects in primary hemostasis. Use of the RCF activity assay, 
platelet aggregation, and/or clot retraction are useful for assessing 
whether the patient has von Willebrand disease or a platelet function 
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disorder (see Fig. 116-2). Chapter 120 contains a flow diagram of the 
steps required to diagnose the different qualitative disorders of platelet 
function. Additional platelet function assays and glycoprotein analysis 
may be required to establish the diagnosis. 
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CHAPTER 117 
THROMBOCYTOPENIA 


Reyhan Diz-Kiiciikkaya and José A. Lopez 


Thrombocytopenia is one of the most frequent causes for hematologic consul- 
tation in the practice of medicine, and may be life threatening. Although the 
normal platelet count in humans (150 to 400 x 10°/L) far exceeds the minimal 
level required to avoid pathologic hemorrhage (<50 x 10°/L), a number of 
medical conditions either increasing the destruction of platelets or reduc- 
ing their production, enhance the risk of bleeding. This chapter discusses an 
approach to the diagnosis of thrombocytopenia, grouping various causes by 
mechanism of action, and describing our current understanding of the patho- 
genesis, treatment and prognosis. In the vast majority of patients, a cause for 
thrombocytopenia can be identified, and effective therapy instituted. 


@ DEFINITION AND HISTORY 


Platelets are anucleate blood cells produced in the marrow by poly- 
ploid cells termed megakaryocytes and were described in the 19th 
century after the application of the improved compound microscope 
allowed these very small cellules, approximately 2 uM in diameter, 


Acronyms and Abbreviations: ACOG, American College of Obstetricians and Gyne- 
cologists; ADP, adenosine diphosphate; AFLP, acute fatty liver of pregnancy; AML, 
acute myelogenous leukemia; APLA, antiphospholipid antibody; APS, antiphospho- 
lipid syndrome; ARC, arthrogryposis—renal dysfunction—cholestasis; ASH, Ameri- 
can Society of Hematology; ATG, antithymocyte globulin; ATRUS, amegakaryocytic 
thrombocytopenia with radioulnar synostosis; CAMT, congenital amegakaryocytic 
thrombocytopenia; CAPTURE, c7E3 Fab Antiplatelet Therapy in Unstable Refractory 
Angina; CTP, cyclic thrombocytopenia; CVID, common variable immunodeficiency; 
DIC, disseminated intravascular coagulation; EDTA, ethylenediaminetetraacetic acid; 
EPIC, Evaluation of 7E3 for the Prevention of Ischemic Complications; EPILOG, Evalua- 
tion of Percutaneous Transluminal Coronary Angioplasty to Improve Long-term Out- 
come of c7E3 GPllb-Illa Receptor Blockade; EPISTENT, Evaluation of Platelet IIb/Illa 
Inhibitor for Stenting; Flt1, fms-like tyrosine kinase-1; FPD/AML, familial platelet dis- 
order with propensity to acute myeloid malignancy; GP, glycoprotein; HCV, hepatitis C 
virus; HELLP hemolysis, elevated liver enzymes, low platelets; HIT, heparin-induced 
thrombocytopenia; HUS, hemolytic uremic syndrome; HPA, human platelet allo- 
antigen; ICSH, International Council for Standardization in Hematology; IDA, iron- 
deficiency anemia; IPD, inherited platelet disorder; ITP immune thrombocytopenia; 
IVIG, intravenous immunoglobulin; IWG, International Working Group; LTA, light 
transmission aggregometry; MACE, modified antigen capture enzyme-linked immu- 
nosorbent assay; MAIPA, monoclonal antibody-specific immobilization of platelet 
antigens; MDS, myelodysplastic syndrome; MHC, major histocompatibility complex; 
NAIT, neonatal alloimmune thrombocytopenia; PAlgG, platelet-associated immuno- 
globulin G; sFlt1, soluble Flt1; SLE, systemic lupus erythematosus; TAR, thrombocy- 
topenia with absent radii; TPO, thrombopoietin; Treg, T-regulatory; TTP, thrombotic 
thrombocytopenic purpura; VEGF, vascular endothelial growth factor; VWD, von 
Willebrand disease; VWF, von Willebrand factor. 


to be identified. Many early investigators are associated with the dis- 
covery of blood platelets, including Donné, Hayem, Bizzozero, and 
Osler, but it was James Homer Wright who, in 1906, using his spe- 
cial stain (later called Wright stain), described the morphology of 
platelets with their central granular area and marginal hyaline zone 
and established that they were the product of the fragmentation of 
marrow megakaryocytes. Clot retraction was discovered long before 
platelets, but Hayem, through a series of studies, showed retraction 
to be dependent on platelets. During the mid-20th century the aggre- 
gation of platelets, their adherence to collagen of damaged tissues, 
their acceleration of blood coagulation, and their relationship to the 
bleeding time and the biochemistry underlying several of these pro- 
cesses were described by scientists, among whom were Paul Owren, 
Kenneth Brinkhaus, Edwin Chargaff, Ernst Ltisher, Marjorie Zucker, 
and William Duke. 

Platelets circulate in close contact with the endothelium, contin- 
ually monitoring its integrity. When the vessel wall is damaged, plate- 
lets bind to subendothelial proteins, initiating the process of primary 
hemostasis. At sites of blood loss, the platelets aggregate to form a vessel 
sealing plug to halt bleeding. Activated platelets at sites of injury also 
provide a surface for assembly of coagulation reactions, resulting in the 
production of fibrin and consolidation of the thrombus. Both qualita- 
tive and quantitative deficiencies of the platelets cause bleeding. Plate- 
lets also have important functions in inflammation, tissue remodeling 
and wound healing.’ 

Approximately 1 x 10" platelets are produced per day by an adult 
human, a number that can be increased 20-fold or more, if necessary.’ 
One-third of the platelets are stored in the spleen, the remaining two- 
thirds circulate in blood vessels.’ Disorders that increase splenic volume 
cause more platelets to be trapped in the spleen, lowering the concen- 
tration of circulating platelets, although alone, this redistribution rarely 
causes a significant bleeding diathesis. 

Under normal conditions, human platelets have a mean life span 
in the circulation of between 7 and 10 days.*° Patients with thrombo- 
cytopenia secondary to platelet destruction have a markedly decreased 
platelet survival.®’ Patients with thrombocytopenia from marrow fail- 
ure have mildly decreased platelet survival, mostly because the body's 
fixed daily consumption of platelets accounts for a progressively larger 
fraction of the reduced total daily production as the platelet count 
drops.® Platelet turnover is a measure of the net effect of platelet pro- 
duction and platelet destruction under steady-state conditions.’ Sev- 
eral studies using '''In oxine-labeled platelets have established that, 
under normal conditions, platelet turnover in humans ranges from 40 
to 50 x 10°/L per day.’ Although a high platelet turnover is expected 
in patients with immune thrombocytopenia (ITP), platelet produc- 
tion is not always increased in this disorder.’ Low platelet production 
may result from binding of the antiplatelet antibodies to megakary- 
ocytes, inhibiting their maturation or leading to their destruction, 
causing an inappropriately muted marrow response to the degree of 
thrombocytopenia.’ 

Every day approximately 10 to 12 percent of circulating platelets 
are removed by the mononuclear phagocyte system, primarily by mac- 
rophages in the spleen and liver. Although the precise mechanisms of 
platelet clearance are not completely understood, changes that occur as 
the platelets circulate are thought to lead them to be recognized by mac- 
rophages. One of these changes is the progressive loss of sialic acid from 
platelet surface proteins. Studies in animals and humans with antican- 
cer drugs that inhibit apoptotic pathways have also identified a role for 
apoptotic proteins in platelet survival and clearance. According to these 
studies, a classical intrinsic apoptosis pathway regulates the life span of 
circulating platelets, and antiapoptotic proteins, especially Bcl-,,, main- 
tain platelet viability by restraining apoptosis." 
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THE PLATELET COUNT 


The normal platelet count (defined as the values between percentiles 
2.5 to 97.5 in normal individuals) is given as 150 to 400 x 10°/L; classi- 
cally, thrombocytopenia is defined as a platelet count of less than 150 x 
10°/L. However, a sustained lower platelet count (100 to 150 x 10°/L) 
can be seen in otherwise healthy individuals.'''* Long-term observation 
of individuals with platelet counts between 100 and 150 x 10°/L showed 
that 88 percent of these individuals had subsequently reached normal 
platelet counts or remained stable. In those individuals, the probability 
of developing ITP was 6.9 percent, an autoimmune disease other than 
ITP 12 percent, and myelodysplastic syndrome (MDS) 2 percent, after 
64 months of followup. All patients with MDS in this cohort were found 
to be older than age 65 years." 


THROMBOCYTOPENIA 


Thrombocytopenia can be classified as severe (platelet count less than 20 
x 10°/L), moderate (platelet count 20 to 70 x 10°/L), or mild (above 70 x 
10°/L).'* Although easy bruising occurs in patients with platelet counts 
less than 50 x 10°/L and spontaneous life-threatening bleeding can be 
expected in patients with platelet counts less than 15 x 10°/L, bleeding 
symptomatology is largely determined by comorbid conditions affecting 
platelets or the coagulation system, including liver cirrhosis, uremia, dis- 
seminated intravascular coagulation (DIC), or antiplatelet drug usage. 

In clinical practice, platelet counting is automated, and includes sev- 
eral different technologies: impedance, optical, two-dimensional laser, 
and optical-fluorescence methods. Although automated cell counter tech- 
nology has progressed considerably during recent decades, the analytic 
performances of these machines for platelet counts and platelet indices is 
still not perfect, especially in patients with severe thrombocytopenia and 
macrothrombocytopenia.'*'” Each step between the sampling of blood 
and its analysis is important: the blood sample should be obtained by a 
clean venipuncture without dilution with other IV solutions or drugs. 
Blood/anticoagulant ratio should be as recommended. The International 
Council for Standardization in Hematology (ICSH) recommends use of 
ethylenediaminetetraacetic acid (EDTA) as the anticoagulant. Adequate 
mixing of the blood sample with EDTA (the final EDTA concentration 
should be 1.5 to 2.2 mg/mL) is crucial to prevent clumping of the platelets. 
Blood samples should be kept at room temperature and analyzed within 6 
hours of phlebotomy. If a sample is to be analyzed more than 6 hours after 
it is drawn, it can be kept at 4°C for 24 hours. The blood count analyzer 
should be cleaned according to laboratory standards.” 

Although thrombocytopenia is variably attributed to single factors 
such as decreased platelet production, increased platelet destruction, or 
abnormal splenic pooling, combinations of factors are often involved in 
clinical settings. For instance, the thrombocytopenia seen in patients 
with viral infection can result from many factors, including platelet 
destruction (e.g., through an autoimmune mechanism or drug toxic- 
ity) or decreased platelet production because of direct megakaryocyte 
infection by the virus. Table 117-1 lists the multiple causes of thrombo- 
cytopenia and classifies them by pathogenesis. 


@ PSEUDO (SPURIOUS) 
THROMBOCYTOPENIA 


Pseudothrombocytopenia (or spurious thrombocytopenia) is a rela- 
tively uncommon phenomenon with multiple causes, including ex vivo 
agglutination of platelets, the presence of abnormally large platelets 
(improper counting), or improper preparation of blood samples. 

The incidence of pseudothrombocytopenia reported in different stud- 
ies ranges from 0.09 to 0.21 percent, which accounts for 15 to 30 percent of 


TABLE 117-1. Classification of Thrombocytopenia 


I. Pseudo (spurious) thrombocytopenia 
A. Antibody-induced platelet aggregation 
B. Platelet satellitism 
C. Antiphospholipid antibodies 
D. Glycoprotein Ilb/Illa antagonists 
E. Miscellaneous 


Il. Thrombocytopenia resulting from impaired platelet 
production 


A. Inherited platelet disorders 
B. Acquired marrow disorders 


1. Nutritional deficiencies and alcohol-induced 
thrombocytopenia 


2. Clonal hematological diseases (myelodysplastic syn- 
drome, leukemias, myeloma, lymphoma, paroxysmal 
nocturnal hemoglobinuria) 


3. Aplastic anemia 
4. Marrow metastasis by solid tumors 


5. Marrow infiltration by infectious agents (HIV, tuberculo- 
sis, brucellosis, etc.) 


6. Hemophagocytosis 

7. Immune thrombocytopenia (ITP) 

8. Drug-induced thrombocytopenia 

9. Pregnancy-related thrombocytopenia 


III. Thrombocytopenia resulting from increased platelet 
destruction 


A. Immune thrombocytopenia 


1. Autoimmune thrombocytopenia (primary and second- 
ary ITP) 


2. Alloimmune thrombocytopenia 


. Thrombotic microangiopathies (TTP, hemolytic uremic syn- 
drome [HUS]) 


. Disseminated intravascular coagulopathy (DIC) 
. Pregnancy-related thrombocytopenia 
Hemangiomas (Kasabach-Merritt phenomenon) 


Drug-induced immune thrombocytopenia (quinidine, hep- 
arin, abciximab) 


G. Artificial surfaces (hemodialysis, cardiopulmonary bypass, 
extracorporeal membrane oxygenation) 


H. Type 2B von Willebrand disease 


IV. Thrombocytopenia resulting from abnormal distribution 
of the platelets 


A. Hypersplenism 
B. Hypothermia 
C. Massive blood transfusions 
D. Excessive fluid infusions 
V. Miscellaneous Causes 


A. Cyclic thrombocytopenia, acquired pure megakaryocytic 
thrombocytopenia 
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all cases of isolated thrombocytopenia.'** Pseudothrombocytopenia has 
been reported in association with the use of EDTA as an anticoagulant, 
with platelet cold agglutinins, and with myeloma.” A very interesting 
report demonstrates pseudothrombocytopenia caused by platelet phago- 
cytosis ex vivo in the presence of EDTA anticoagulant.” An example of 


ex vivo platelet clumping is shown in Chap. 1, Fig. 1-6H, accompanied by 
platelet-neutrophil satellitism (see “Platelet Satellitism” below). 


ANTIBODY-INDUCED PLATELET 
AGGLUTINATION 


Platelet agglutination ex vivo can be induced by antiplatelet antibodies 
or by activation of the platelets during collection. The responsible anti- 
bodies do not appear to be associated with a pathologic process, as they 
are found in normal individuals. One hypothesis put forth to explain 
their presence is that the antibodies are responsible for clearing aged 
and damaged platelets. Most antibodies implicated in pseudothrombo- 
cytopenia recognize platelet membrane glycoproteins that are modified 
to expose new epitopes when calcium is chelated. Typically, the artifact 
is most prominent in the presence of EDTA, but other anticoagulants 
can also cause platelet clumping, including sodium citrate, sodium 
oxalate, acid citrate dextrose, and heparin. The antibodies usually are 
of the immunoglobulin (Ig) G type; IgM and IgA antibodies also have 
been described.” Most antibodies react at room temperature; thus, 
the reaction can be prevented by keeping the blood sample at 37°C. In 
20 percent of cases, however, the antibodies, usually of the IgM type, are 
reactive at both 22°C and 37°C.* Clumping usually is evident within 60 
minutes after the blood is drawn, but may require incubations of 2 to 
3 hours. Agglutination can be reproduced by incubating plasma from 
patients with pseudothrombocytopenia with blood from normal indi- 
viduals in the presence of EDTA. 

In most cases, the antibodies are directed against the integrin 
& „p, (also termed glycoprotein [GP] IbIIIa), a conclusion supported 
by the observation that platelets from patients with Glanzmann throm- 
basthenia, who lack the integrin «,,,8, complex, fail to agglutinate in the 
presence of patient sera.*? Moreover, pretreatment of fresh blood with 
anti-integrin & „p, dramatically reduces EDTA-induced platelet agglu- 
tination.** The responsible epitope normally is cryptic and located in the 
integrin æ „ subunit. Low temperature and calcium chelation combine 
to change the conformation of integrin «,,,8, and expose the epitope.** 


PLATELET SATELLITISM 


Antibodies directed against integrin 8, may react simultaneously 
with the leukocyte Fcy receptor II (FcyRIII) and attach the plate- 
lets to neutrophils and monocytes, inducing a phenomenon known as 
platelet-leukocyte satellitism,* another form of pseudothrombocytopenia 
(Fig. 117-1). These antibodies fail to produce satellitism in the presence 
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of platelets from patients with type I Glanzmann thrombasthenia or in 
the presence of neutrophils from patients with congenital absence of 
FcyRIII.” Typically, the platelets form a rosette around the periphery of 
leukocytes. Neutrophils are most frequently involved, but the phenom- 
enon also is occasionally observed with monocytes.” These antibodies 
also are naturally occurring, and their presence does not clearly correlate 
with any specific clinical situation, disease, or drug. As with the anti- 
bodies that induce only platelet clumping, exposure of a cryptic antigen 
on EDTA-treated platelets and leukocytes may trigger this phenomenon. 


ANTIPHOSPHOLIPID ANTIBODIES 


Some antiplatelet antibodies from patients with pseudothrombocytope- 
nia crossreact with negatively charged phospholipids and may exhibit 
anticardiolipin activity. The sera of these patients lose their ability to 
clump platelets when adsorbed onto either cardiolipin or activated nor- 
mal platelets, supporting the hypothesis that antibody subpopulations 
directed against negatively charged phospholipids can bind to antigens 
modified by EDTA on the platelet membrane. Another possibility is that 
the antigens in this case are negatively charged phospholipids on the 
surface of platelets. 


INTEGRIN a, 8, ANTAGONISTS 


Thrombocytopenia has been described in patients suffering from acute 
coronary syndromes treated with the abciximab and other integrin 
& „p, antagonists.*° *' Abciximab is associated with both pseudothrom- 
bocytopenia and true thrombocytopenia. The mechanism for platelet 
clumping with abciximab is unknown; the drug itself likely is not cross- 
linking the platelets because it is monovalent. More likely, other agglu- 
tinins bind integrin & „8, at new epitopes induced by the combination 
of abciximab binding and calcium chelation. True abciximab-induced 
thrombocytopenia occurs in approximately 0.3 to 1 percent of patients 
treated with the drug.” The mechanism is incompletely understood, 
but likely includes reaction of preformed antibodies with a neoepitope 
expressed after binding of abciximab to integrin a,,, (ligand-induced 
binding sites) or abciximab-induced platelet activation with subsequent 
platelet sequestration from the circulation. In some abciximab-treated 
patients, high antibody titers are detected in the plasma. 

The incidence of pseudothrombocytopenia and thrombocy- 
topenia related to abciximab was determined in four large placebo- 
controlled trials:*° c7E3 Fab Antiplatelet Therapy in Unstable Refractory 
Angina (CAPTURE), Evaluation of 7E3 for the Prevention of Ischemic 


Figure 117-1. Platelet satellitism. A. Direct (non-anticoagulated) marrow film. No platelet satellitism. B. A concentrated marrow film anticoagu- 
lated with disodium ethylenediaminetetraacetic acid (Na,EDTA) from same specimen as in (A). Note platelets are adherent to the mature neutrophil 
surface (satellitism) in the presence of Na,EDTA. The neutrophil precursors do not have surface features that interact with platelets, apparently a 
feature only present after the final steps in maturation. (Reproduced with permission from Lichtman’s Atlas of Hematology, www.accessmedicine.com.) 
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Complications (EPIC), Evaluation of Percutaneous Transluminal Cor- 
onary Angioplasty to Improve Long-term Outcome of c7E3 GPIIb-II]a 
Receptor Blockade (EPILOG), and Evaluation of Platelet IIb/IIIa Inhib- 
itor for Stenting (EPISTENT). In these studies, pseudothrombocytope- 
nia accounted for more than one-third of low platelet counts in patients 
undergoing coronary interventions and treated with abciximab. These 
studies demonstrated that pseudothrombocytopenia is a benign labora- 
tory condition not associated with increased bleeding, stroke, transfu- 
sion requirements, or the need for repeat revascularization. 


MISCELLANEOUS ASSOCIATIONS 


Some studies suggest that platelet agglutinins occur more frequently in 
hospitalized patients and in association with medical conditions such as 
autoimmune diseases, malignancy, liver disease, and sepsis.****“* How- 
ever, others found no association with any particular pathology or with 
use of specific drugs.” 

One study showed that antibodies from patients with pseudoth- 
rombocytopenia can induce agglutination of donor platelets in the pres- 
ence of EDTA. This agglutination was prevented by warming the donor 
platelets to 37°C or by pretreating the platelets with aspirin, prostaglan- 
din E., apyrase, and monoclonal antibodies against integrin a,,f, that 
block the binding site for fibrinogen and von Willebrand factor (VWF), 
or arg-gly-asp (RGD) peptide, which binds the site on integrin o,f, 
that recognizes cytoadhesive proteins.” Whether the same reaction 
occurs in vivo is not known, but in that case the antibodies should have 
a slow reactivity, or else bleeding would sometimes occur. 


MANAGEMENT OF THE PATIENTS WITH 
PSEUDOTHROMBOCYTOPENIA 


An (unexpected) low platelet count reported by automated cell count- 
ers should be confirmed by microscopic examination of the blood film. 
Automated cell counters identify platelets merely based on their small 
volumes in comparison to those of other blood cells, generally defined 
as volumes between 2 and 20 fL. Because platelet clumps tend to exceed 
20 fL, the clumps may be counted as leukocytes," and even if counted 
as platelets, several platelets are counted as one. Thus, pseudothrom- 
bocytopenia may be accompanied by pseudoleukocytosis.*?'***” The 
greater the delay in processing of anticoagulated blood, the greater is 
the degree of platelet clumping and the greater the potential for arti- 
fact.” Platelet clumping can be prevented by collecting the sample in 
EDTA and maintaining its temperature at 37°C. Even with these mea- 
sures, however, clumping will still occur in approximately 20 percent 
of cases.” 

Another alternative is use of sodium citrate, which chelates cal- 
cium more weakly than does EDTA but still causes platelet clumping in 
approximately 10 to 20 percent of cases with EDTA-induced clumping. 
In some patients, an accurate platelet count can be obtained only by 
sampling blood directly into ammonium oxalate and manually count- 
ing the platelets using a Bruker chamber.” Flow cytometry may help for 
determining exact platelet number by immunostaining of the platelets. 

Platelet agglutinins are not associated with bleeding or throm- 
bosis, so they appear to have no clinical implications, except that they 
may lead to unnecessary therapy because of misdiagnosis. Trans- 
placental transmission of agglutinins has been documented, but the 
pseudothrombocytopenia induced by these antibodies in the neonate 
resolves spontaneously.***” No complications have been reported when 
platelet agglutinins are discovered during pregnancy.’ Transfu- 
sion of blood products from patients with pseudothrombocytopenia 
produces an acceptable corrected count increment in the recipient, 
again supporting its benign nature.” Thus, the clinical importance of 


pseudothrombocytopenia concerns conditions with which it is con- 
fused rather than any pathology associated with the condition. It is 
important that this syndrome be recognized promptly to avoid unnec- 
essary diagnostic tests and treatment. 


@ INHERITED PLATELET DISORDERS 


Megakaryopoiesis and thrombopoiesis are regulated by a number of 
hematopoietic growth factors and transcription factors (Chap. 113). 
Any genetic defect affecting platelet production, function or morphol- 
ogy may cause inherited platelet disorders (IPDs; Chap. 121). In recent 
decades, knowledge of normal megakaryocyte and platelet physiology 
has grown enormously,” aided in part by the study of IP Ds." 

IPDs are a very heterogeneous group of disorders. Some dis- 
orders, such as Bernard-Soulier syndrome, appear to be restricted 
to platelets, whereas others appear as a part of a complex pathol- 
ogy, as seen in thrombocytopenia with absent radii (TAR) syndrome 
(Fig. 117-2). In some IPDs, the platelet count may be normal despite 
severely impaired platelet function, such as in Glanzmann throm- 
basthenia. Other disorders are accompanied by abnormal platelet 
numbers, usually thrombocytopenia. Table 117-2 summarizes the 
inherited thrombocytopenias. 

Severe forms of IPDs that present as a bleeding tendency early in 
childhood are rare. IPD patients usually present with mucocutaneous 
bleeding, such as with purpura, epistaxis, and/or gingival bleeding. 
Menorrhagia and bleeding during pregnancy and labor are common 
problems in female patients. Spontaneous life-threatening bleeding is 
rare, including intracranial hemorrhage, massive gastrointestinal or 
genitourinary bleeding. Recent molecular investigations of IPD patients 
and their families with bleeding diathesis demonstrated that most IPDs 
cause mild bleeding tendencies, and IPDs may be more prevalent than 
previously thought.* In these milder cases, a bleeding diathesis may 
only be diagnosed after an episode of excessive bleeding, such as during 
surgery or following trauma. 

Diagnosis of IPD presents a significant challenge because of the 
heterogeneity of clinical and laboratory findings of the patients with 
the same disorder, even in the same family. IPD patients with isolated 
macrothrombocytopenia share common clinical and basic laboratory 
features with certain acquired platelet disorders and are sometimes mis- 
diagnosed. It is very important to distinguish IPD patients from those 
with acquired platelet disorders, such as ITP, to avoid unnecessary or 
potentially harmful treatments. Helpful in this regard is information 
obtained during the history, including a family history of bleeding and 
consanguinity in the family, because the majority of IPDs are inherited 
as autosomal recessive traits. Because some IPDs are associated with 
increased risk of developing myeloid malignancies, the patient and fam- 
ily should be asked about a family history of myeloid malignancies. The 
presence of skeletal, facial, ocular, audiologic, neurologic, renal, cardiac, 
and immune problems associated with platelet disorders may also sug- 
gest IPD. 

Laboratory evaluation of a potential IPD should start with a 
careful blood film investigation, which could be helpful for patients 
with MYH9-related diseases (giant platelets and Dohle-like inclusion 
bodies within leukocytes; Fig. 117-3), Bernard-Soulier syndrome 
(macrothrombocytopenia), Gray platelet syndrome (pale platelets), 
and sitosterolemia (giant platelets surrounded by a circle of vacuoles, 
stomatocytosis). Platelet function analyzer (PFA-100) occlusion times 
are usually found to be prolonged. The skin bleeding time is not recom- 
mended for screening, because it is invasive and poorly reproducible. 
Although the PFA-100 test is very sensitive in detecting Bernard-Soulier 
syndrome and platelet-type von Willebrand disease (VWD), it may be 
normal in patients with variant forms of these disorders, or patients 
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with storage pool deficiencies.” Light transmission aggregometry 
(LTA) using different concentrations of adenosine diphosphate (ADP), 
collagen, ristocetin, epinephrine, and arachidonic acid is accepted as a 
gold standard in diagnosing IPDs, but, again, may be normal in variant 
forms of IPDs and in some patients with storage pool diseases. Mea- 
surement of platelet nucleotide content and release is recommended in 
patients with platelet granule deficiencies. Flow cytometric analysis is 
very informative in patients with platelet surface GP deficiencies such 
as Bernard-Soulier syndrome. Marrow biopsy is needed in patients who 
have pancytopenia or severe thrombocytopenia, as in Fanconi anemia 
and congenital amegakaryocytic thrombocytopenia (CAMT), respec- 
tively. Unfortunately, these tests may help diagnose only a small por- 
tion of the IPD patients. Further tests are only available in specialized 
centers, and include electron microscopy, Western blotting, and oth- 
ers. Electron microscopy is able to define characteristic ultrastructural 
abnormalities; Western blotting, enzyme-linked immunosorbent assay 
(ELISA), or radioimmunoassay can be used for qualitative and quanti- 
tative analysis of specific platelet proteins.°!** Even with these expensive, 
complicated, and time-consuming tests, the results are inconclusive in 
nearly half of patients being evaluated for IPD." Genetic analysis is 
often able to determine the underlying molecular pathology, but the 
very large number of candidate genes limits the traditional target gene 
approach. Within the past decade, next-generation sequencing tech- 
niques have not only improved the speed and cost of genetic investi- 
gations, but have also begun to generate very interesting data about the 
genetic causes of IPD.**°? 
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Figure 117-2. Thrombocytopenia with absent radii (TAR) 
syndrome. Radiograph of right forearm. A 48-year-old woman 
with repeated platelet counts in the range of 85 to 100 x 
10°/L. Bleeding time was 11 minutes. No laboratory evidence 
of von Willebrand disease. Marrow examination was normal. 
Both forearms were short and bowed with angulated wrists 
and normal hands. No family history of forearm deformity. 
A. Anterior-posterior film of right arm. B. Lateral film of right 
arm. Absence of radius and bowed, hypertrophied ulna (arrows). 
Angulation deformity at wrist. (Reproduced with permission from 
Lichtman'’s Atlas of Hematology, www.accessmedicine.com. 
Kindly provided for the Atlas by Timothy J. Woodlock, Unity Health 
Systems, Rochester, NY) 
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@ NUTRITIONAL DEFICIENCIES 
AND ALCOHOL-INDUCED 
THROMBOCYTOPENIA 


Iron, vitamin B, and folic acid deficiencies are the nutrient deficiencies 
most widely recognized to impair blood cell production. Severe nutri- 
tional deficiencies primarily cause anemia, rarely causing bicytopenia or 
pancytopenia. Isolated thrombocytopenia is rare in patients with nutri- 
tional deficiencies. 

Iron is present in all human cells, and mediates electron transfer 
reactions. Iron is a key component of hemoglobin, and iron deficiency 
causes a hypochromic and microcytic anemia (Chap. 42). Iron-defi- 
ciency anemia (IDA) generally develops after acute or chronic bleeding, 
and is usually accompanied by thrombocytosis rather than thrombo- 
cytopenia. Thrombocytopenia associated with IDA is relatively rare, 
reported in only 2.3 percent and 2.4 percent of pediatric and adult IDA 
patients, respectively.**°° 

Cobalamin (vitamin B,,) and folate are both required for DNA 
synthesis and repair, but humans can synthesize neither vitamin. 
Dietary deficiencies, impaired absorption, or inhibition with drugs (as 
seen in methotrexate therapy) of these vitamins can cause megaloblas- 
tic anemia (Chap. 41). Mild thrombocytopenia occurs in approximately 
20 percent of patients with megaloblastic anemia resulting from vita- 
min B,, deficiency in the United States. The frequency may be higher 
in patients with folic acid deficiency because of the high frequency of 
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TABLE 117-2. Inherited Thrombocytopenia 


I. Congenital hypo-/amegakaryocytic thrombocytopenias 
A. Congenital amegakaryocytic thrombocytopenia (CAMT) 


B. Congenital hypo-/amegakaryocytic thrombocytopenia 
with skeletal abnormalities 


1. Thrombocytopenia with absent radii (TAR) syndrome 


2. Amegakaryocytic thrombocytopenia with radioulnar 
synostosis (ATRUS) 


3. Fanconi anemia 
ll. MYH9-related diseases 


A. Macrothrombocytopenia, Döhle-like inclusion bodies in 
leukocytes; nephritis + hearing loss + cataracts 


lll. Platelet granule deficiencies (storage pool disease) 
A. a-Granule defects 
1. Gray platelet syndrome 
2. Paris-Trousseau syndrome 
3. Quebec platelet syndrome 
4 


. Arthrogryposis-renal dysfunction—cholestasis (ARC) 
syndrome 


B. Dense granule defects: 
1. Hermansky-Pudlak syndrome 
2. Chédiak-Higashi syndrome 
3. Griscelli syndrome 
C. a- and dense granule defects 
IV. Disorders of platelet surface receptors 
A. Glycoprotein (GP) Ib-IX-V defects 
1. Bernard-Soulier syndrome 
2. Platelet-type von Willebrand disease 
3. Velocardiofacial syndrome 


B. Integrin apb defects: variant forms of Glanzmann 
thrombasthenia 


V. Wiskott-Aldrich syndrome (WAS) protein-related 
disorders 


A. Classical Wiskott-Aldrich syndrome 
B. X-linked thrombocytopenia 
C. X-linked neutropenia 
VI. GATA-1 mutations 
A. X-linked thrombocytopenia 


B. X-linked thrombocytopenia and thalassemia-like 
phenotype 


C. Congenital erythropoietic porphyria 
Vil. Ankyrine repeat domain (ANKRD)-26 mutations 


A. Moderate thrombocytopenia with mild bleeding ten- 
dency, dysmegakaryopoiesis, increased risk of myeloid 
malignancies 


Vill. RUNX-1 mutations 


A. Familial platelet disorder with propensity to myeloid 
malignancy (FDP/AML) 


IX. Miscellaneous 
A. Sitosterolemia 
B. Montreal platelet syndrome 
C. Others 


concomitant alcohol abuse (Chap. 41). One large study of 139 patients 
examined the rates of cytopenias associated with megaloblastic anemia 
in India.“ In this study, 76 percent had isolated vitamin B, deficiency, 
7 percent had isolated folate deficiency, 9 percent had a combined defi- 
ciency, and 8 percent had normal vitamin levels. All were anemic by 
definition, and 80 percent had thrombocytopenia with mild to mod- 
erate depression of the platelet count. More than half of those with 
thrombocytopenia were also neutropenic. The authors of this study 
suggested that the cytopenias tended to progress from isolated anemia, 
to anemia plus thrombocytopenia, to pancytopenia, with the degree of 
cytopenia related to the severity of vitamin deficiency. Occasionally, 
thrombocytopenia is severe in patients with megaloblastic anemia and, 
when accompanied by fever, hepatomegaly, and splenomegaly, and 
may suggest a diagnosis of acute leukemia. In these syndromes, the pri- 
mary mechanism of thrombocytopenia is ineffective platelet produc- 
tion”; marrow megakaryocyte number usually is normal or increased. 
Abnormalities of megakaryocyte morphology are much less distinctive 
than the characteristic erythroid and myeloid defects, but often nuclear 
abnormalities are seen, with nuclei of larger size and dispersed nuclear 
segments, rather than single polyploid nuclei.” Thrombocytopenia 
may be seen in association with vitamin B,, deficiency when the lat- 
ter results from autoantibodies against parietal cells or intrinsic factor 
and is associated with ITP. Various other autoimmune disorders 
can coexist with pernicious anemia, including autoimmune vitiligo 
and autoimmune thyroiditis. Abnormalities of platelet function are 
sometimes seen associated with vitamin B,, deficiency.*”* Diminished 
platelet aggregation and reduced release of ADP and ATP from granule 
stores in response to different agonists have been reported, and vita- 
min deficiency has been suggested to induce an acquired storage pool 
disease (Chap. 41).% 

Copper deficiency is usually seen in patients who have undergone 
gastric bypass surgery, and may cause anemia, leukopenia, and throm- 
bocytopenia associated with neurologic deficits resembling vitamin B, 
deficiency. Patients with copper deficiency also may be misdiagnosed as 
having MDS, because increased ring sideroblasts and dysplastic precur- 
sor cells can be seen on marrow smears.” 

Acute and chronic alcohol (ethanol) consumption affects hemato- 
poiesis and blood cell survival both directly and indirectly. Alcohol is 
one of the leading causes of thrombocytopenia in Western countries. 
Acute ethanol intoxication in healthy volunteers induces thrombocy- 
topenia.” Platelet counts in these cases are usually mildly decreased 
(generally more than 100 x 10°/L); severe thrombocytopenia is quite 
rare. Acute ethanol-induced thrombocytopenia usually resolves within 
5 to 21 days with cessation of ethanol ingestion, sometimes with a tran- 
sient rebound thrombocytosis that may reach up to 1,000,000 x 10°/L.” 
Although the mechanism of acute alcohol-related thrombocytopenia is 
not clear, it has been suggested that metabolites of ethanol, especially 
acetaldehyde, impair the late stages of platelet production and increase 
platelet destruction.” Thus, thrombocytopenia associated with acute 
alcohol ingestion would be expected to be more frequent in those with 
poor nutrition (delayed oxidation of acetaldehyde) and those with par- 
tial acetaldehyde dehydrogenase defiance. Thrombocytopenia induced 
by alcohol ingestion is accompanied by a decreased number of mar- 
row megakaryocytes. Vacuolated proerythroblasts and granulocyte 
precursors are sometimes seen, as are multinuclear erythroblasts and 
megaloblasts.”* Vacuolization of the periphery of mature megakaryo- 
cytes has been reported.” Alcoholism (chronic ethanol consumption, 
which is defined as consumption of more than 80 g of ethanol per day), 
on the other hand, may cause thrombocytopenia by other mechanisms, 
such as alcoholic liver cirrhosis (both splenomegaly and thrombopoi- 
etin deficiency), folic acid deficiency, and alcohol-induced marrow 
suppression.” 7’ 
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Figure 117-3. MYH9 abnormality. A. Blood film. May-Hegglin anomaly. Macrothrombocytes, thrombocytopenia, and light-blue cytoplasmic inclu- 
sions in neutrophils. Note two giant platelets approximately the diameter of red cells. The neutrophil has a large gray-blue inclusion in the cytoplasm 
at the 9 oclock position. B. Blood film. Neutrophil of an individual with a mutation (E1841K) in exon 38 of the MYH9 gene. This mutation results in 
macrothrombocytopenia and Dohle-body-like inclusions in neutrophils (arrow). C. Blood film. Immunofluorescent analysis with antibodies to the A 
heavy chain of nonmuscle myosin in the neutrophils of the same patient as in (B). The fluorescent body in the neutrophil indicates that the inclusion 
contains precipitated nonmuscle myosin heavy chains, characteristic of this family of disorders. (Reproduced with permission from Lichtman's Atlas of 
Hematology, www.accessmedicine.com. Images B and C kindly were provided for the Atlas by Dr. Shinji Kunishima, the Japanese Red Cross Aichi Blood Center, 


Nagoya, Japan.) 


@ ACQUIRED PURE AMEGAKARYOCYTIC 
THROMBOCYTOPENIA 


Thrombocytopenia attributable to pure aplasia or hypoplasia of 
megakaryocytes is rare.” More common are instances in which 
amegakaryocytic thrombocytopenia anticipates the development 
of full-blown MDS or aplastic anemia and is associated with subtle 
abnormalities of other lineages, such as macrocytosis and dyserythro- 
poiesis.®-* Most commonly the disorder is caused by autoimmune 
suppression of megakaryocyte development, either idiopathic,” asso- 
ciated with autoimmune disorders such as systemic lupus erythema- 
tosus (SLE)* and eosinophilic fasciitis, or associated with infections 
such as hepatitis C.” Antibodies against thrombopoietin (TPO)® have 
been described to cause the disorder, as have antibodies against the 
TPO receptor.® Patients may achieve durable remission with therapies 
designed to blunt the autoimmune response, such as cyclosporine or 
antithymocyte globulin (ATG).”° 


IMMUNE THROMBOCYTOPENIA 


Table 117-3 summarizes the various types of ITP. 


PRIMARY IMMUNE THROMBOCYTOPENIA 


ITP, formerly known as autoimmune thrombocytopenic purpura, is 
the most common cause of isolated thrombocytopenia in clinical prac- 
tice. ITP is characterized by immune-mediated platelet destruction and 
impaired platelet production. ITP occurs in every age group. Childhood 
ITP typically is acute in onset, often developing after a viral infection 
or vaccination. Although thrombocytopenia may be severe, it usually 
resolves spontaneously, within a few weeks up to 6 months.” In contrast 
to childhood ITP, adult ITP generally is a chronic disease of insidious 
onset and rarely resolves spontaneously. 

“Purpura” was recognized by Hippocrates (c. 460 to c. 370 BC) 
and Galen (AD 129 to c. 200/c. 216) as a sign associated with fever. 
Chronic purpura was first described in details by Ibn-i Sina (Avicenna, 
c. 980 to c. 1037) in his famous book “The Canon of Medicine.” In 1705, 
Werlof suggested that purpura was related to infections and described 
it as “morbus maculosus haemorrhagicus.” Patients with purpura were 


diagnosed as having “Werlof disease” for centuries. After the discovery 
of platelets and their role in hemostasis, the relationship between pur- 
pura and low-platelet count was understood.” 

In 1915, Erich Frank renamed this disorder as “essential throm- 
bocytopenia,’ and suggested that platelet production from megakary- 
ocytes was impaired because of a toxic substance produced by the 
spleen.” Kaznelson, inspired by Frank’ theory, proposed splenectomy 
for a patient with chronic thrombocytopenic purpura. The treatment 
was successful, and splenectomy was first-line therapy for ITP until the 
introduction of glucocorticoids in 1950s. 

In the first issue of the journal Blood (in 1946) Damashek and 
Miller reviewed the megakaryocyte count and marrow morphology of 
patients with “idiopathic thrombocytopenic purpura.’”* They showed 
that most ITP patients had an increased number of megakaryocytes, but 
very few of them were producing platelets, so “actual platelet-producing 
tissue” might be decreased.” 


TABLE 117-3. Immune-Mediated Thrombocytopenia 


|. Auto-antibody-mediated thrombocytopenia 
A. Primary immune thrombocytopenia 
B. Secondary immune thrombocytopenia 


1. Antiphospholipid syndrome, systemic lupus erythema- 
tosus, and other connective tissue disorders 


2. Infections: HIV, hepatitis C virus, hepatitis B virus, Helico- 
bacter pylori, and others 


Vaccination 

Drugs and chemical substances 

Malignancies including lymphoproliferative disorders 
Transplantation 

7. Common variable immune deficiency 


ll. Alloantibody-mediated thrombocytopenia/platelet 
destruction 


A. Fetal/neonatal alloimmune thrombocytopenia 
B. Posttransfusion purpura 
C. Platelet alloimmunization after platelet transfusions 
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Although Marino first showed that antiplatelet antibodies might 
cause thrombocytopenia in animal studies in 1905, the Harrington- 
Hollingsworth experiment (1951) was an important milestone in the 
understanding of autoantibody-directed platelet destruction in the 
pathophysiology of ITP. In this pioneering work, normal volunteers 
(including Harrington himself, who received the highest dose) were 
infused with the plasma from patients with ITP, resulting in severe 
thrombocytopenia in the recipients, and they postulated that ITP could 
be caused by antiplatelet antibodies.” Subsequently, Shulman and 
coworkers” showed that the thrombocytopenic effect of ITP plasma 
was dose-dependent and associated with the globulin fraction. In the 
1950s, glucocorticoids began to be used to treat ITP, and they became 
first-line therapy for adults. Shortly thereafter other immunosuppres- 
sive agents were introduced for the treatment of chronic ITP.” 

In the early 1970s, two groups showed that platelets from chronic 
ITP patients had elevated levels of platelet-associated immunoglobu- 
lin G (PAIgG). In 1982, the first platelet target was identified: auto- 
antibodies from patients with ITP failed to bind platelets deficient 
in the integrin a,,6, complex (i.e., from patients with Glanzmann 
thrombasthenia).'” In the late 1980s, two specific assays for the target 
antigens were described: the immunobead assay’ and the monoclo- 
nal antibody-specific immobilization of platelet antigens (MAIPA) 
assay.'” These assays showed that the majority of antiplatelet anti- 
bodies in patients with ITP are directed against integrin 0,8, p15.111¢) 
(approximately 80 percent), and the remainder are against the GPIb- 
IX-V complex and other platelet GPs such as GPIV and integrin o,f, 
(GPIa-Ia). "> Some sera contain antibodies that recognize several 
antigens. Most antiplatelet autoantibodies are IgG; the remainder are 
IgM and IgA. Unfortunately, elevated levels of PAIgG later were found 
in patients with non-ITP. Therefore, PAIgG could not be used as a spe- 
cific laboratory test for ITP in the same way that the direct antiglobulin 
test is used for the diagnosis of autoimmune hemolytic anemia. °!” To 
date there is still no specific laboratory test for ITP, the diagnosis of ITP 
being based on exclusion of other causes. 

Antibody-coated platelets bind tissue macrophages through Fcy 
receptors, leading to their destruction primarily in the spleen and, to a 
lesser extent, in the liver and marrow.” In 1981, Imbach reported 
successful treatment of pediatric ITP with intravenous immunoglobu- 
lin (IVIG) and suggested that the mechanism could involve blockade of 
macrophage Fc receptors. IVIG became first-line therapy in children, 
and now is also used in adults when a prompt increase is the platelet 
count is desired.” 

Early studies of PAIgG reported that the antibodies in ITP were 
polyclonal." However, later studies showed that at least some ITP 
patients had clonal B-cell proliferation, as determined by DNA anal- 
ysis for immunoglobulin heavy- and light-chain rearrangements and 
by flow cytometry of B cells from blood and spleen for surface Ig light 
chains.!!™!? This led to the use in ITP of the chimeric anti-CD20 mono- 
clonal antibody, rituximab, which was designed for the treatment of 
CD20-positive B-cell lymphomas. The rapid elimination of B cells with 
rituximab encouraged the use of this agent in the treatment of ITP. 

Numerous abnormalities in cell-mediated immunity have been 
described in patients with ITP, including abnormalities in antigen- 
presenting cells, T lymphocytes, and cytokine release. Under normal 
conditions, antigen-presenting cells recognize and process foreign 
antigens and express the antigens on their surface in association with 
major histocompatibility complex (MHC) molecules. MHC-antigen 
complexes activate resting (naive) CD4+ T cells to differentiate into a 
variety of phenotypes such as T-helper 1 (Th1) and T-helper 2 (Th2), 
Th17, and T-regulatory (Treg) cells. Th1 cells are involved in cell-medi- 
ated immunity and host defense against intracellular bacteria and pro- 
tozoa. Th2 cells are involved in humoral immunity and host defense 


against extracellular parasites. Th17 cells are involved in host defense 
against extracellular bacteria and fungi. Treg cells (formerly known as 
suppressor T cells) play an important role in self-tolerance by inhibit- 
ing autoimmune responses. Abnormal T-cell responses drive the dif- 
ferentiation of autoreactive B-cell clones and autoantibody secretion. 
In patients with ITP, both Thl and Th17 cells have been found to be 
upregulated, whereas the number and the suppressor functions of the 
Treg cells were found to be decreased.'!*"'!> This imbalance is believed 
to induce an autoimmune responses against the platelets. It is unclear 
whether these abnormalities are causative or represent an epiphenom- 
enon. "+13 In addition, CD8+ cytotoxic T cells might be involved in the 
pathogenesis of ITP through cell-mediated destruction of platelets and 
megakaryocytes and through suppression of megakaryocytes, impair- 
ing platelet production. -17 

Antiplatelet autoantibodies may also activate platelet destruction 
by activating complement through the classical complement pathway. 
Increased platelet-associated C3, C4, and C9 have been demonstrated 
on the platelets from patients with ITP."*!"° In vitro studies show that, 
in the presence of antiplatelet antibodies, C3 and C4 can bind plate- 
lets, increase the phagocytosis of the platelets by macrophages, and 
can cause their lysis by stimulating assembly of the membrane attack 
complex.!?°!?! 

Early studies demonstrated that platelet survival is shortened in 
ITP patients and returns to normal after splenectomy-induced remis- 
sion.'” Platelet transfusion only transiently increases a patient’s plate- 
let count, and the transfused platelets also have a shortened survival, 
reflecting the fact that the major problem in ITP is platelet destruc- 
tion. However, later studies showed that platelet life span was not short 
enough to account for the observed thrombocytopenia on the basis of 
destruction alone, again suggesting a concomitant defect in platelet 
production.'”’ Potential mechanisms for this observation were provided 
by later studies that autoantibodies against platelet surface GPs might 
interfere with the maturation of megakaryocytes, resulting in reduced 
platelet production, contributing to the severity of thrombocytopenia 
in some ITP patients.’ Antibodies that target the GPIb-IX-V com- 
plex may induce thrombocytopenia by decreasing platelet production, 
as GPIb autoantibodies inhibit megakaryopoiesis in vitro,’* and GPIb 
monoclonal antibodies inhibit proplatelet formation in vitro." 

In 1958, a hematopoietic growth factor regulating platelet produc- 
tion was proposed and named TPO by Kelemen.” Although interleu- 
kin (IL)-3, IL-6, IL-11, granulocyte-macrophage colony-stimulating 
factor, and c-KIT ligand increase megakaryocyte or platelet counts in 
vivo and in vitro, animal studies of these factors proved that they are 
not the main regulator of megakaryopoiesis.’” In 1994, TPO was first 
characterized by five independent groups. TPO binds to its receptor 
MPL (formerly known as c-MPL), enhances megakaryocyte colony for- 
mation, and increases the size, number, and ploidy of megakaryocytes, 
and platelet production (Chap. 113).'*1°° TPO is synthesized in greatest 
quantity in the liver but is found in other organs (kidney, muscle, and 
marrow stromal cells). TPO is also required to maintain the viabil- 
ity of hematopoietic stem cells.'*! The regulation of TPO production is 
complex. Hepatic production of TPO is both constitutive (in the steady 
state) and inducible (by inflammation), and the concentration of TPO 
to which megakaryocytes are exposed is also determined by the platelet 
concentration. Platelets, bearing TPO receptors, remove the hormone 
from the circulation, at least partially accounting for the inverse rela- 
tionship between TPO and platelet levels. TPO levels are markedly 
elevated in patients with thrombocytopenia associated with megakary- 
ocytic hypoplasia, including disorders such as aplastic anemia or acute 
leukemia. In most reports, ITP patients have normal or slightly elevated 
TPO levels whether measured in plasma or serum, but the levels are 
always lower than the concentrations found in thrombocytopenias 


resulting from megakaryocytic hypoplasia.’*'°'*'* Initial studies 
with recombinant and pegylated TPO molecules showed successful 
responses in patients with thrombocytopenia, but development of auto- 
antibodies against these molecules restricted their use in clinical set- 
tings. Based on the success of creating erythropoietin receptor agonist 
peptides, a number of screening efforts were undertaken to design small 
peptides or organic molecules that might bind to the TPO receptor and 
stimulate thrombopoiesis. One such molecule contains four copies 
of a 14-amino-acid peptide grafted onto an Ig Fc domain, forming a 
“peptibody” termed romiplostim. This agent, which binds to a region 
of the TPO receptor that overlaps that bound by authentic TPO, was 
shown to increase platelet counts in patients with ITP who had failed 
other modalities,’ and was approved by the FDA for this indication 
in 2008. Another small organic thrombopoietic molecule, eltrombopag, 
was developed almost simultaneously'* and approved in 2008 by FDA 
for the same indications.'”” This agent activates TPO receptor signaling 
by binding to the transmembrane domain of the receptor, a site quite 
distinct from the binding site for TPO and romiplostim. Both TPO- 
receptor agonists are currently being evaluated for additional clinical 
indications in clinical trials.'*° 

Some patients with ITP appear to display a genetic predisposi- 
tion. ITP has been documented in monozygotic twins ’ and shown to 
be highly prevalent in some families." In addition to contributing to 
the development of ITP, like in other autoimmune disorders heredity 
may also affect the response to ITP therapy. Human leukocyte antigen 
(HLA) class I and class II allele frequencies in patients with ITP have 
been studied by several investigators, with inconsistent results. Some 
investigators reported an increased frequency of HLA-Aw32, -DRw2, 
and -DRB1'0410.%13-141 Investigation has focused on genetic differ- 
ences associated with dysregulation of immune tolerance and humoral 
immunity, but results have been inconclusive. For example, genetic 
polymorphisms of cytotoxic T-lymphocyte antigen (CTLA)-4, tumor 
necrosis factor, and Fcy receptors IIA and IIIA have been suggested to 
influence the development of ITP and the response to therapy," but 
as yet no strong association has been found. 

Accumulating data indicate that the pathophysiology of ITP is 
more complex than previously thought, with ITP comprising a heter- 
ogenous group of disorders with different etiologies and responding to 
different treatment modalities. The identification of the different subsets 
of ITP patients will help to better define treatment options. 


Definition and Classification 

Although ITP has been recognized for centuries, there is as yet no 
consensus on either the definition or management of the disease. In 
1996, the American Society of Hematology (ASH)'“ published practice 
guidelines for the diagnosis and management of ITP. In 2003, the Brit- 
ish Committee for Standards in Haematology published its own guide- 
lines.'* In spite of these guidelines, the heterogeneity of the definitions 
and clinical criteria used in different studies has made it difficult to 
interpret the data regarding the incidence, pathogenesis, and treatment 
of ITP. In 2008, the International Working Group (IWG) proposed a 
standardization of terminology, definitions, and outcome criteria for 
ITP patients. In 2010, an international consensus report on the inves- 
tigation and management of ITP was published.'”” Shortly thereafter, in 
2011, ASH updated its 1996 ITP guidelines." 

The IWG definition proposed use of the term “immune throm- 
bocytopenia” instead of “idiopathic thrombocytopenic purpura” as the 
basis for the ITP acronym, because the immune nature of ITP is clear but 
most ITP patients do not have purpura. A platelet count of 100 x 10°/L 
was proposed as the threshold level to entertain the diagnosis of ITP, 
because a sustained lower platelet count (100 to 150 x 10°/L) can be seen 
in otherwise healthy individuals,’ and long-term observation of these 
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indicate that 88 percent reach normal platelet counts or remain stable." 
ITP is classified based on the absence or presence of other diseases as 
“primary” or “secondary.” “Primary ITP” denotes the absence of any 
other identified pathology. All other autoimmune thrombocytopenias 
are classified as “secondary ITP” (see Table 117-3), and the associated 
primary disorder is indicated in parenthesis, for example “secondary 
ITP (SLE-associated)” or “secondary ITP (drug-induced)? Heparin- 
induced thrombocytopenia (HIT) or alloimmune thrombocytopenias 
are not classified as ITP, and maintain their standard classifications. '“° 

The IWG described three phases of ITP: (1) newly diagnosed ITP 
(within 3 months of diagnosis); (2) persistent ITP (patients who do not 
achieve a stable remission between 3 and 12 months after diagnosis); 
and (3) chronic ITP (continuing for more than 12 months). ITP was for- 
merly classified as mild, moderate, and severe depending on the plate- 
let counts. However, the degree of thrombocytopenia does not always 
correlate with bleeding. The IWG proposed that the term “severe ITP” 
only be used for patients with clinically significant bleeding requiring 
additional therapy regardless of platelet count."** 

One of the major problems with comparing ITP studies had been 
the definition of response to therapy. The IWG proposed the following 
terms and criteria for response to ITP treatment: “complete response, 
CR” (platelet count exceeding 100 x 10°/L and no bleeding symptoms), 
“response, R” (platelet count higher than 30 x 10°/L or at least a two- 
fold increase from the baseline count and no bleeding symptoms), “no 
response, NR” (platelet count below 30 x 10°/L or less than a twofold 
increase from the baseline count, or presence of bleeding symptoms). 
“Duration of response” is measured from the time between first mea- 
sured CR or R to relapse. “Corticosteroid dependence” is defined as the 
need for ongoing or repeated glucocorticoid use for at least 2 months 
to maintain CR or R. Patients who relapsed after splenectomy (failure 
to maintain CR or R) and required therapy are classified as “refractory 
ITP” “On-demand therapy” is a term used for therapies employed to 
temporarily increase the platelet count in special situations such as 
trauma or surgery. “Adjunctive therapies” are treatments that are not 
designed to increase platelet counts, but that may decrease bleeding 
symptoms by other means, for example, treatment with oral contracep- 
tives or antifibrinolytic drugs.'° 
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Incidence 

ITP is relatively common, but demographic studies have yielded a wide 
range of incidence rates largely because of differences in the age and 
gender distribution of the populations studied and differences in cut- 
off platelet counts used to define the disease. ITP can affect males and 
females of any age. In one detailed study, the reported incidence of ITP 
was 3.9 per 100,000 per year. Although the overall incidence was higher 
in women than in men, a male predominance was seen in patients 
younger than 18 years of age and older than 65 years of age.' 


Clinical Features 

ITP is of acute onset in children, often developing after vaccination or 
after a viral illness, and resolves spontaneously in 90 percent of cases. In 
adults, however, ITP usually is a chronic disease. Table 117-4 highlights 
the differences in ITP in children and adults. Approximately 25 per- 
cent of adult ITP patients are diagnosed incidentally on routine com- 
plete blood counts. Symptoms and signs of ITP depend not only on the 
platelet count, but also on the nature of coexisting conditions that can 
increase the tendency to bleed, such as uremia, trauma, and ingestion 
of drugs that affect platelet function (Table 117-5). Approximately one- 
third of patients have platelet counts greater than 30 x 10°/L at diag- 
nosis and no significant bleeding.’ Common bleeding signs include 
purpura (ecchymoses and petechiae), epistaxis, menorrhagia, and gin- 
gival bleeding. Hematuria, hemoptysis, and gastrointestinal bleeding 
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TABLE 117-4. Clinical Features of Idiopathic Thrombocy- 


topenic Purpura in Children and Adults 


Children Adults 
Occurrence 
Peak age (years) 2-4 15-40 
Sex (Female-to-Male) Equal 1.2-1.7 


Presentation 


Onset Acute (most with Insidious (most with 
symptoms lasting symptoms lasting 
<1 week) >2 months) 

Symptoms Purpura (<10% Purpura (typically 
with severe bleeding not severe) 
bleeding) 

Platelet count Most cases Most cases 
<20,000/uL <20,000/uL 

Course 

Spontaneous 83% 2% 

remission 

Chronic disease 24% 43% 

Response to 71% 66% 

splenectomy 

Eventual complete 89% 64% 

recovery 

Morbidity and 

mortality 

Cerebral hemorrhage <1% 3% 

Hemorrhagic death <1% 4% 

Mortality of chronic 2% 5% 


refractory disease 


are less common. Intracerebral hemorrhage is rare and generally occurs 
in patients with platelet counts less than 10 x 10°/L and usually is asso- 
ciated with trauma or vascular lesions. The incidence of life-threatening 
complications is highest in patients older than age 60 years.!™-1 The 
majority of ITP patients have a good prognosis, the mortality rate being 
only slightly higher than that of the general population. However, ITP 


TABLE 117-5. Situations That Increase the Bleeding Risk 
in Immune Thrombocytopenia Patients 
Drugs: Anticoagulants, antiplatelet drugs, nonsteroidal antiinflam- 


matory drugs, chemotherapy 


Gastrointestinal pathologies that may cause bleeding (e.g., active 
peptic ulcer, inflammatory bowel disease) 


Miscellaneous disorders that disturb hemostasis (e.g., congenital 
bleeding disorders, hepatic cirrhosis, uremia) 


Older age (>60 years) 

Nutritional factors such as herbal teas, kinin, and tonic water 
Previous history of bleeding 

Sport and occupational activities that increase bleeding risk 
Trauma, surgery, and childbirth 

Uncontrolled hypertension 


patients who present with severe thrombocytopenia (<30 x 10°/L) and 
do not respond to any therapy within 2 years, have a fourfold increased 
risk of death compared to the general population.” 

The purpuric lesions seen in ITP are not palpable, do not blanch 
with pressure, and often develop on distal regions of the extremities 
and on skin areas exposed to pressure (e.g., around tight belts and 
stockings and at tourniquet sites). Hemorrhagic bullae, which may 
develop in the buccal mucosa, generally reflect acute, severe throm- 
bocytopenia. Bleeding after surgery, trauma, or tooth extraction is 
common. 

Besides the physical findings associated with platelet-type bleed- 
ing, the history and physical examination are usually unremarkable, 
except for the possibility of similar symptoms in other family members. 
Family history is especially important to discriminate familial thrombo- 
cytopenic syndromes from ITP. The spleen usually is not enlarged but 
may be palpable in some patients, a finding considered to occur with the 
same incidence as in normal adults.’ Constitutional symptoms, such 
as fever, significant weight loss, marked splenomegaly, hepatomegaly, 
and lymphadenopathy provide evidence that the thrombocytopenia has 
another cause. The presence of skeletal, cardiac, renal abnormalities, 
hearing loss, albinism. or immune deficiencies in patients with throm- 
bocytopenia should trigger suspicion of IPDs. 

Fatigue is one of the common, but often neglected, complaints 
of patients with primary ITP. In a survey including UK and U.S. ITP 
cohorts, the prevalence of fatigue was found to be significantly higher in 
adult primary ITP patients (39 percent and 22 percent for the UK and 
US. cohorts, respectively) compared with healthy controls.” Fatigue 
has also been described in 20 percent of pediatric patients with ITP; 
fatigue resolved with the elevation of platelet counts.'** Although gluco- 
corticoids and immunosuppressive agents may induce fatigue, fatigue 
can occur in untreated ITP patients. The mechanism of fatigue in 
patients with ITP is unknown. 

Patients with ITP are at slightly increased risk of venous and arte- 
rial thrombosis.’ A recent retrospective study evaluating 986 patients 
with ITP showed the cumulative incidences of venous and arterial 
thrombosis to be 1.4 percent and 3.2 percent, respectively. This study 
found that increased thrombotic risk was associated with splenectomy, 
older age (>60 years), with the presence of more than two thrombotic 
risk factors at the time of diagnosis, and with glucocorticoid therapy.’ 


Laboratory Features 

In ITP patients the blood film usually demonstrates isolated throm- 
bocytopenia without erythrocyte or leukocyte abnormalities. Platelet 
anisocytosis is a common finding. Mean platelet volume and platelet 
distribution width are increased. Platelets may be abnormally large or 
abnormally small. The former reflect accelerated platelet production,’ 
and the latter represent platelet fragments associated with platelet 
destruction.’ The observation of giant platelets should trigger consid- 
eration of IPDs, which often are misdiagnosed as ITP.’* The bleeding 
time correlates inversely with platelet count if the count is less than 
50 x 10°/L, but may be normal in patients with mild or moderate throm- 
bocytopenia,'™ making it an unreliable test for use in such patients. The 
ultrastructure of ITP platelets viewed by electron microscopy is similar 
to that of normal platelets.’ 

Hemoglobin concentration and hematocrit are generally normal 
in patients with ITP. Anemia that is not easily explained (e.g., resulting 
from iron deficiency in bleeding patients or associated with thalassemia 
minor in endemic areas) must be investigated further. Autoimmune 
hemolytic anemia with a positive direct antiglobulin (Coombs) test and 
reticulocytosis may accompany ITP; this association is termed Evans 
syndrome.‘ Neither erythrocyte poikilocytosis nor schistocytes should 
be present. Total leukocyte counts and differential are generally normal. 


Although atypical lymphocytes and eosinophilia may occur in children 
with ITP, leukocytosis and leukopenia with immature cells are not con- 
sistent with the diagnosis. 

Marrow examination, which is not always required to make a 
diagnosis of ITP in adults, generally reveals a normal or increased 
number of megakaryocytes of normal morphology, although a 
decreased number of megakaryocytes does not rule out ITP. Erythro- 
poiesis and myelopoiesis are normal. The international consensus 
report states that a marrow examination should usually be reserved 
for patients older than age 60 years, for those with systemic symptoms 
or other signs, and for those for whom splenectomy is contemplated. 
Biopsy for morphologic examination should be carried out, along with 
aspirate for flow cytometric and cytogenetic analysis.'*” The ASH 2011 
guidelines, however, conclude that a marrow examination is unneces- 
sary when the presentation is typical, even if the patients are older or 
being considered for splenectomy.'* 

In ITP patients, initial workup should be targeted to exclude sec- 
ondary causes of thrombocytopenia (see Table 117-3). Testing for viral 
etiology (hepatitis C virus [HCV], HIV, and in endemic areas hepati- 
tis B virus [HBV]) and Helicobacter pylori is also recommended. 
Quantitative immunoglobulin assessment should be considered 
for pediatric cases to rule out common variable immunodeficiency 
(CVID).'” Mild thrombocytopenia has been reported in patients with 
hypo- or hyperthyroidism, which returns to normal after appropriate 
therapy. Thyroid-stimulating hormone (TSH) and antithyroid anti- 
bodies may help to evaluate thyroid status in those patients. Other 
tests to consider include blood group analysis and a pregnancy test 
for female patients of childbearing age, antiphospholipid antibodies, 
antinuclear antibody (ANA), viral polymerase chain reaction (PCR) 
for parvovirus, and cytomegalovirus (CMV). The results of these tests 
can change the treatment strategy.'*” On the other hand, the ASH 2011 
guidelines do not recommend routine testing for antiphospholipid 
antibodies and ANAs in the initial workup of ITP,“ unless signs or 
symptoms of an autoimmune disorder are present in the patient. Other 
tests, such as TPO levels, reticulated platelets, PAIgG, platelet survival 
studies, bleeding time, and serum complement levels are not recom- 
mended for the diagnosis and management of ITP patients in either of 
these guidelines." 


Therapy and Course 

What little is known of the natural course of moderate or severe ITP 
derives from before the glucocorticoid era, and suggests that left 
untreated, ITP in adults typically is a chronic disease, in contrast to ITP 
in children. In adults, the rate of spontaneous remission is reported as 
9 percent,'” and can occur even after 3 years in patients who present 
with severe thrombocytopenia.'® Although ITP is a benign disease, side 
effects of the therapies can cause serious morbidity and even mortal- 
ity. Treatment for patients with ITP should be based on bleeding signs 
and symptoms and on the presence of factors that increase the bleeding 
risk (see Table 117-5). Possible side effects of the drugs and other treat- 
ments used in ITP should always be considered. 


Initial Management 

Observation Because a significant portion of ITP patients are diag- 
nosed incidentally in routine evaluation, signs and symptoms of bleed- 
ing are important in determining whether any treatment is required. 
The primary therapeutic goal is not simply to increase the platelet count, 
but to reach a safe platelet count where the risk of bleeding is minimal. 
Patients with no bleeding and consistent platelet counts in excess of 
30 x 10°/L do not require treatment and can be observed periodically. 
‘These patients are at low risk for clinically important bleeding. Simple 
observation is not recommended for patients with platelet counts lower 
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than 10 x 10°/L, in those with platelet counts between 10 and 30 x 10°/L 
and significant mucosal bleeding, or in those with risk factors for bleed- 
ing (see Table 117-5).' The presence of extensive purpura or hemor- 
rhagic bullae in mucosal tissues (wet purpura) should be regarded as 
a harbinger of life-threatening bleeding and treated as such. Because 
ITP patients often have large platelets that may not be recognized by 
automated cell counters, a blood film should be evaluated before start- 
ing therapy in ITP patients with very-low platelet counts who are not 
bleeding. Identification of secondary ITP cases is very important, and 
management of these patients should include treatment of the underly- 
ing pathology, if possible. 


Emergency Treatment of Acute Bleeding Resulting from Severe 
Thrombocytopenia Bleeding symptoms generally are not severe in 
adult patients with ITP, even with very-low platelet counts. However, 
life-threatening bleeding can occur, especially after trauma. Emergency 
treatment should be instituted in patients with intracranial or gastro- 
intestinal bleeding, massive hematuria or internal hematoma, or those 
in need of emergency surgical intervention or about to go into labor. 
Patients who experience significant bleeding should be hospitalized and 
monitored closely. Recommended treatment includes IVIG and parent- 
eral glucocorticoids in combination. IVIG is given as 1 g/kg per day for 
2 days, and high-dose parenteral glucocorticoid therapy includes high- 
dose prednisone or methylprednisolone (1 g/day for 1 to 3 days). In 
most patients, IVIG increases the platelet count within 2 to 3 days. 14 
Although platelet transfusions may not increase the platelet counts 
because the transfused platelets are destroyed rapidly, they nevertheless 
may contribute to the formation of platelet plugs at sites of bleeding 
and improve hemostasis. Platelet transfusion following IVIG infusion 
may increase the platelet count because IVIG may improve platelet sur- 
vival.!47-"48170 A minocaproic acid, which inhibits fibrinolysis, can be used 
to reduce bleeding’” and is safe except in the presence of hematuria, in 
which case it can cause thrombi of the glomeruli, renal pelves, and ure- 
ters. This agent does not affect platelet count or function. Aminocaproic 
acid is usually administered intravenously (initial dose 0.1 g/kg over 30 
minutes, then given either by continuous infusion at 0.5 to 1.0 g/h or 
as an equivalent intermittent dose every 2 to 4 hours). Aminocaproic 
acid also can be administered orally in a similar dose in emergency 
situations because it is absorbed very rapidly from the gastrointestinal 
tract.'47""8 Vincristine can be used in combination with glucocorti- 
coids and IVIG in older patients. Other hemostatic therapies, such as 
recombinant factor VIIa and fibrinogen infusions, have been reported 
to be effective in some ITP patients with life-threatening bleeding, but 
the risk-to-benefit ratio needs to be evaluated in controlled studies. 7»? 
Emergency splenectomy has been reported to be successful in refrac- 
tory ITP with bleeding, but reports of its use in this situation are rare.’” 
Because of this, this therapy should only be considered in the most dire 
circumstances. Although there are some case reports describing suc- 
cessful results with plasmapheresis, this treatment is not recommended 
in current ITP guidelines. 78 


Glucocorticoid Therapy Glucocorticoids are accepted as the standard 
therapy for initial treatment in adult patients with ITP. Glucocorti- 
coids increase the platelet count in several ways, including by inhibiting 
phagocytosis of antibody-coated platelets by macrophages, decreasing 
autoantibody production, and improving marrow platelet produc- 
tion.'”*!”° These agents also appear to reduce capillary leakage, thereby 
decreasing blood loss.” The major drawback of glucocorticoid therapy 
is that often the adverse effects of the treatment are worse than the dis- 
ease itself. Important side effects, which can be severe, include facial 
swelling (chipmunk or moon facies), weight gain, folliculitis, hyper- 
glycemia, hypertension, cataracts, osteoporosis, aseptic bone necrosis, 
opportunistic infections, and behavioral disturbances. 718 


Part XII: Hemostasis and Thrombosis 


Still under investigation is which glucocorticoid and dosing reg- 
imen is best for raising the platelet count. Prednisolone, dexametha- 
sone and methylprednisolone are all used. Generally, oral prednisone 
1 to 2 mg/kg per day (or methylprednisolone at equivalent doses) is 
preferred as first-line therapy." Patients usually respond to predni- 
sone therapy within 3 weeks. In approximately two-thirds of patients, 
platelet counts increase to greater than 50 x 10°/L within 1 week, but 
decrease again when the prednisone dose is decreased.'**!”” Although 
no consensus exists regarding the duration of initial therapy, treatment 
should continue until platelet counts reach a safe range. In patients who 
respond, the recommendation is to continue glucocorticoid therapy 1 
mg/kg per day for a total of 3 weeks before initiating a slow tapering of 
doses." Sustained remission rates with glucocorticoid therapy are vari- 
able, reported rates ranging from 5 to 50 percent.'*!°!77 If the patient 
does not respond to 3 weeks of prednisone therapy, other therapeutic 
options should be considered. 

In addition to the standard 1 to 2 mg/kg per day dose of predni- 
sone, lower'”'* and higher doses'*’"'™ of prednisone, dexamethasone, 
and methylprednisolone have been investigated, with good results. The 
major aim of the high-dose glucocorticoid regimes is to reduce duration 
of therapy, and therefore reduce the side effects of the glucocorticoids. 
Studies with dexamethasone 40 mg/day for 4 consecutive days for one 
course, or with the same dose for four courses given every 2 weeks have 
been reported to produce responses in 50 percent and 89.2 percent of 
newly diagnosed ITP patients, respectively.'**'*° High-dose methylpred- 
nisolone therapy has also been shown to be effective, with an 80 percent 
response rate.'*” Despite the favorable results of these studies, high-dose 
glucocorticoid regimens as first-line therapy still have not been vali- 
dated with randomized controlled trials. ASH 2011 guidelines recom- 
mend longer courses of standard doses of glucocorticoids (prednisone 1 
to 2 mg/kg per day) as a first-line treatment of ITP." 


Splenectomy Splenectomy was demonstrated to be an effective treat- 
ment for patients with ITP a century ago’ and after the glucocorticoid 
era, it has been used for decades as a standard second-line therapy. The 
spleen is the major site both for synthesis of antiplatelet antibodies and 
for destruction of antibody-coated platelets. Splenectomy will decrease 
antibody production and platelet destruction, and will be effective in 
patients in whom antibody-mediated platelet destruction rather than 
platelet production is the major cause of thrombocytopenia. Although 
splenectomy has been reported to be less preferred in recent ITP cohorts 
because of the emergence of new therapies such as TPO receptor ago- 
nists and rituximab,'® splenectomy still produces the highest cure 
rates for ITP patients compared to all other therapies. Approximately 
85 percent of patients with persistent or chronic ITP respond well to 
splenectomy, and 60 to 66 percent of the patients remain in remission 
after 5 years.’*""! These high cure rates makes splenectomy an impor- 
tant therapeutic option in the treatment of chronic ITP. The duration 
of the disease prior to splenectomy does not affect the outcome of the 
procedure, as it can be effective even years after ITP is diagnosed." 
Splenectomy can be performed during pregnancy (preferably during 
the second trimester), and does not affect the response rates to other 
treatments except anti-D therapy in chronic ITP patients. Also, the cost 
of splenectomy is lower than that of newer treatments such as rituximab 
and TPO-receptor agonists.'”! 

On the other hand, splenectomy is an invasive procedure, causes 
the permanent loss of an organ, and increases the risk of serious bacte- 
rial infection, bleeding and thrombosis. Because ITP can remit sponta- 
neously, splenectomy should be postponed at least 6 to 12 months after 
diagnosis if possible.'4”"* Splenectomy is not recommended in patients 
with CVID, with chronic infections such as chronic hepatitis and HIV, 
or with known thrombophilia. 


No validated clinical or laboratory tests exist that can predict 
whether splenectomy will be effective in elevating platelet counts in ITP 
patients. Although it has been suggested that ITP patients with predom- 
inant splenic sequestration (as determined by radioisotope techniques) 
have better response rates than patients with predominantly nonsplenic 
sequestration, these data have not been validated in other studies’ and 
the required radioisotope techniques are not widely available. 

Over the past decade minimally invasive laparoscopic splenec- 
tomy has gained preference over open splenectomy. Modern laparo- 
scopic approaches reduce mortality rates (<1 percent), even in patients 
with severe thrombocytopenia.’ The mortality rate increases in older 
patients, in patients with severe thrombocytopenia, and in the presence 
of coexisting illnesses.” Postsplenectomy sepsis is a major cause of 
morbidity and mortality in ITP. Extended steroid or other immunosup- 
pressive therapy preceding splenectomy may increase the risk of periop- 
erative infection. To minimize the risk of sepsis, patients should be 
immunized at least 2 weeks before splenectomy with polyvalent pneu- 
mococcal vaccine, Haemophilus influenzae type B vaccine, and qua- 
drivalent meningococcal polysaccharide vaccine.’ Interestingly, newer 
studies of ITP patients undergoing splenectomy show enteric organ- 
isms to be responsible for most of the cases of postsplenectomy sepsis, 
probably because of the widespread vaccination of ITP patients.” Sple- 
nectomized patients should be informed to be alert for the symptoms 
and signs of infection and be prepared for an emergency situation. Any 
fever should be carefully evaluated, and the patient treated with broad- 
spectrum antibiotics. 

Splenectomy also increases the risk of thrombosis in ITP patients. 
In a large cohort of 9976 ITP patients, in whom 1762 underwent sple- 
nectomy; the cumulative incidences of abdominal venous thromboem- 
bolism and deep vein thrombosis/pulmonary embolism were increased 
in splenectomized patients compared to nonsplenectomized patients 
(1.6 percent vs. 1 percent for abdominal venous thrombosis, 4.3 per- 
cent vs. 1.7 percent for deep vein thrombosis-pulmonary embolism, 
respectively). Several mechanisms may contribute to this enhanced 
risk for thrombosis, including postsplenectomy thrombocytosis and a 
failure to clear platelets, other cells and microparticles that express the 
procoagulant lipid phosphatidylserine. Perioperative measures such as 
antiembolic stockings and anticoagulant prophylaxis should be consid- 
ered in those cases. 

Both the time required to reach a normal platelet count and the 
magnitude of platelet recovery are accepted as useful predictors of the 
long-term efficacy of splenectomy. In most cases, platelet counts recover 
within 10 days. Patients who attain a normal platelet count within 3 
days of splenectomy generally have a good long-term response.’”* In 
patients refractory to splenectomy, the presence of accessory splenic 
tissue should be suspected, particularly if the blood film shows no evi- 
dence of splenectomy (i.e., pitting and Howell-Jolly bodies are absent 
in the erythrocytes; Chap. 55). Such patients should be screened with 
sensitive radionuclide or magnetic resonance scans to identify residual 
or accessory splenic tissue. 


Intravenous Immunoglobulin IVIG was first shown to be effective in 
childhood ITP in 1981,” then later in adult patients." IVIG rapidly 
increases the platelet count in more than 75 percent of patients with 
chronic ITP and normalizes the platelet count in approximately 50 per- 
cent of the patients." The effect of IVIG is similar whether or not 
the patient has undergone splenectomy and is transient, generally last- 
ing only 3 to 4 weeks. Postulated mechanisms for the action of IVIG 
include blockade of macrophage Fc receptors, which slows clearance 
of antibody-coated platelets, antiidiotype neutralization of antiplatelet 
autoantibodies, cytokine modulation, immunomodulation (increased 
suppressor T-cell function and decreased autoantibody production), 


complement neutralization, and dendritic cell priming. ”®%1 The rec- 
ommended total dose of IVIG is 2 g/kg administered either as 0.4 g/kg 
per day on 5 consecutive days or as 1 g/kg per day on 2 consecutive 
days. If the need to increase the platelet count is urgent, the preferred 
dosing is 1 g/kg per day for 2 days combined with glucocorticoids.“ 
For maintenance therapy, 0.5 to 1.0 g/kg as a single dose may be used, 
administered every 3 to 4 weeks, or as needed. Although the annual 
total world consumption of IVIG exceeds 100 tons, the cost of IVIG 
is still high, and this also limits the use of IVIG in adults.” Adverse 
effects of IVIG therapy include headache, backache, nausea, fever, asep- 
tic meningitis, alloimmune hemolysis, hepatitis, renal failure, pulmo- 
nary insufficiency, and thrombosis. Anaphylactic reactions may occur 
in patients with congenital IgA deficiency.’” The patient may become 
refractory to the effect with repeated infusions of IVIG.” IVIG is used 
as a first-line therapy in childhood ITP, because the thrombocytope- 
nia is usually transient. In adult ITP, however, IVIG is usually reserved 
for patients with life-threatening bleeding, when a prompt increase in 
platelet count is needed,'*”"* or as first-line therapy when glucocorti- 
coids are contraindicated."** 


Anti-(Rh)D Anti-(Rh)D is a polyclonal y-globulin containing high 
titers of antibodies against the Rh (D) antigen of erythrocytes. It is 
administered intravenously for treatment of ITP. Anti-(Rh)D binds 
Rh-positive erythrocytes and leads to their destruction in the spleen. 
Because splenic Fc receptors are blocked, more antibody-coated 
platelets survive in the circulation.2“’ Anti-(Rh)D also can also 
modulate Fcy receptor expression and regulate the production of var- 
ious cytokines, including IL-6, IL-10, and tumor necrosis factor-a.” 
A positive direct antiglobulin test, a decrease in serum haptoglobin 
levels, and mild and transient hemolysis occur in all Rh-positive 
patients after anti-(Rh)D infusion, generally without requiring a 
blood transfusion.” The rate of serious hemolytic reactions has been 
estimated as one in 1115 patients; any reaction occurs within 4 hours 
of administration in almost all cases.” Anti-(Rh)D therapy is not 
effective in patients who have undergone splenectomy or in Rh-neg- 
ative patients, and is not recommended in patients with a positive 
direct antiglobulin test." 

It is recommended that anti-(Rh)D be given as a single dose of 
50 to 100 mcg/kg by intravenous infusion over 3 to 5 minutes.*°*78? 
Adverse effects of anti-(Rh)D therapy resemble those observed with 
both y-globulin infusion and autoimmune hemolytic anemia; symp- 
toms include headache, asthenia, chills, fever, abdominal pain, diarrhea, 
vomiting, dizziness, and myalgia. Patients can experience immediate 
anaphylactic reactions and both type I (IgE-mediated) and type III 
(immune complex-mediated) hypersensitivity reactions,?"*705208210.211 
Although anti-(Rh)D reportedly increases platelet counts within 1 
week in more than 70 percent of patients who are Rh-positive and have 
their spleen,” and may obviate the need for splenectomy,’ a random- 
ized, controlled trial comparing anti-(Rh)D with conventional therapy 
showed no differences in the rates of spontaneous remission or the need 
for splenectomy.”” Anti-(Rh)D is listed in current ASH ITP guidelines 
as a first-line agent when glucocorticoids are contraindicated.’ Anti- 
(Rh)D is currently not available in Europe. 


Rituximab B lymphocytes play many roles in the pathophysiology of 
ITP, including producing antibodies, presenting antigens, and regu- 
lating the functions of T cells and dendritic cells. B cells are targeted 
therapeutically with rituximab, a chimeric monoclonal antibody against 
CD20, which binds B cells and causes Fc-mediated lysis, thereby deplet- 
ing these cells from blood, lymph nodes, and marrow. Rituximab rap- 
idly depletes B cells in patients with autoimmune diseases, with the 
effect usually lasting 6 to 12 months. "14213-217 


Chapter 117: Thrombocytopenia 


The optimal dosing regimen and duration of therapy have not been 
determined for patients with ITP. Usual rituximab doses are in the range 
of 100 to 375 mg/m. Most studies have used weekly infusion for 4 con- 
secutive weeks at, the dose used to treat B-cell lymphoma (375 mg/m’). 
Studies with low-dose rituximab (100 mg weekly for 4 weeks) showed 
similar activity to the standard dose.”"* Published studies with rituximab, 
however, have generally not been controlled and are extremely hetero- 
geneous in terms of rituximab dosing and response criteria. Approx- 
imately 40 to 60 percent of the ITP patients demonstrate a response 
to rituximab at 1 year, and 20 to 25 percent of those have a long-term 
response (at 5 years). Splenectomy does not affect response rates to 
rituximab therapy.” In ITP patients who have relapsed more than 
1 year after rituximab therapy, retreatment with the drug will induce 
similar responses in 75 percent of patients who responded initially.”” 
In spite of the apparent benefit of rituximab, its use is still considered 
“off-label” for ITP. 

Different patterns of response have been reported in ITP patients 
treated with rituximab. Although the majority of patients responded 
within 4 to 6 weeks (early responders), response was delayed for sev- 
eral months in some patients (late responders). In ITP patients who 
responded to rituximab, the increase in platelet count was associated with 
reduction in the quantity of platelet-associated autoantibodies. Rituxi- 
mab also indirectly affects T cells, as depletion of autoreactive B cells pre- 
vents T-cell activation. Interestingly, despite the depletion of peripheral B 
cells, platelet-associated autoantibodies were still found in the plasma of 
ITP patients who do not respond to rituximab.”' A study analyzing the 
spleens of ITP patients who did not respond to rituximab therapy demon- 
strated the presence in the spleen of long-lived plasma cells that produced 
antiplatelet antibodies for as long as 6 months after rituximab therapy 
ended. However, this class of cells was not found in the spleens of patients 
who had not received rituximab. The authors of this study suggested that 
depletion of peripheral B cells by rituximab promotes the differentiation 
of long-lived plasma cells in the spleen of ITP patients, which might be 
responsible for the persistence of antiplatelet antibodies.*” 

In a meta-analysis of 306 ITP patients treated with rituximab, 
adverse reactions were reported as mild-to-moderate in 66 patients (21.6 
percent) and life-threatening in 10 patients (3.7 percent); nine patients 
(2.9 percent) died.™™ Although some of these deaths were attributed to 
ITP-related complications and not to rituximab itself, this mortality 
rate is higher than expected. Infusion-related reactions in rituximab 
therapy can be severe, and rarely fatal. Premedication with methylpred- 
nisolone is recommend to avoid these reactions.” The risk of infection 
can increase as a result of depletion of B cells, decreased antibody pro- 
duction, and, rarely, neutropenia." Treatment can also reactivate latent 
viruses, especially hepatitis B. Alteration of T- and B-cell populations, 
and decreased antibody titers against HBV may stimulate HBV repli- 
cation, and rarely cause fatal fulminant hepatitis. All patients should 
be screened for HBV before rituximab therapy.” Although preventive 
lamivudine or entecavir can be used in HBV-positive ITP patients, it 
is instead recommended that alternative therapies be used.” Other 
viral reactivation syndromes are less common; progressive multifocal 
leukoencephalopathy (caused by reactivation of polyomavirus JC) is 
extremely rare. 


Thrombopoietin Receptor Agonists The observation that platelet 
production in patients with ITP is impaired, the massive megakaryo- 
poiesis seen in the marrow of mice and humans treated with recom- 
binant TPO (far greater than seen in patients with ITP), and the 
unexpectedly normal or only modestly elevated TPO levels in patients 
with ITP suggested the potential benefit of megakaryocyte-stimulation 
therapy in patients with refractory ITP. Early use of an altered form of a 
recombinant TPO molecule to stimulate platelet production in normal 
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platelet donors was halted because of its stimulation of autoantibodies 
that cleared endogenous TPO. Because of this untoward effect, the use 
of recombinant TPO was abandoned, and a search for molecules that 
might bind to and stimulate the TPO receptor ensued. Since then, the 
TPO receptor agonists romiplostim and eltrombopag have been clini- 
cally shown to stimulate platelet production.” 


Romiplostim This drug is a peptibody that carries four copies of a 
14-amino-acid TPO-receptor-binding peptide fused to an immuno- 
globulin scaffold, and binds to the TPO-binding site of the TPO recep- 
tor with high affinity. The TPO receptor agonist induces megakaryocyte 
proliferation and differentiation by activating Janus-type tyrosine 
kinase (JAK)-signal transducer and activator of transcription (STAT) 
and mitogen-activated protein (MAP) kinase pathways.” The inser- 
tion of dimeric peptide into the IgG, heavy chain increases the half-life 
of the molecule.” Romiplostim has no homology with endogenous 
TPO, thus the risk of the development of antibodies against TPO is 
very low. Romiplostim and TPO may also increase platelet responses to 
agonists. Weekly subcutaneous injection of romiplostim at doses of 1 
to 3 mcg/kg produced a dose-dependent increase in the platelet count, 
starting from day 5, with peak platelet levels reached by days 12 to 15, 
and platelet counts returning to baseline by day 28.1224 Therapy for 
ITP is usually initiated at a dose of 1 mcg/kg per week, and the dose 
is then increased by 1 mcg/kg to a maximum of 10 mcg/kg until the 
patient reaches target platelet counts (>50 x 10°/L). Higher starting 
doses up to the maximum dose can be used in emergency situations. If 
the platelet count does not increase to safe levels after 4 weeks of romi- 
plostim treatment at the maximum dose, the drug should be discon- 
tinued. Because platelet responses are highly variable, patients should 
be evaluated periodically, and the dose adjusted based on the platelet 
counts. Although discontinuation of romiplostim is recommended 
when the platelet count exceeds 400 x 10°/L, it should be kept in mind 
that platelet counts can drop to extremely low levels. Close monitoring 
of the platelet counts is therefore crucial. Romiplostim can be used in 
patients with hepatic or renal insufficiency, but is not recommended 
in pregnant patients because it can cross the placenta. Two parallel 
placebo-controlled trials examined response rates to romiplostim in 
both splenectomized and nonsplenectomized patients treated for 24 
weeks.'*4 Durable platelet responses and overall platelet responses were 
achieved by 38 percent and 79 percent of splenectomized patients, and 
by 61 percent and 88 percent of nonsplenectomized patients who were 
given the drug. A newer study evaluating long-term (up to 5 years) 
results of romiplostim therapy showed that a platelet count of greater 
than 50 x 10°/L was achieved at least once by 95 percent of treated ITP 
patients.” 

Eltrombopag This agent is a small (442 Da) nonpeptide molecule that 
binds to the transmembrane domain of the TPO receptor and triggers 
megakaryocyte growth and differentiation, increasing platelet produc- 
tion. Eltrombopag has some distinctive features compared to recombi- 
nant human thrombopoietin (rhTPO) and romiplostim: Eltrombopag 
does not compete with TPO binding, and while it induces the phospho- 
rylation of STAT proteins, it does not affect the AKT pathway.” Eltrom- 
bopag has no effect on platelet activation in response to agonists.” In 
healthy volunteers, daily doses given for 10 days elevated platelet counts 
beginning at 8 days and peaking at 16 days. Eltrombopag is used orally 
at daily doses of 25 to 75 mg, and should be given 2 hours before or 
after meals because food can affect its absorption. Ethnic differences 
in eltrombopag pharmacokinetics have been described. Lower initial 
doses and slower titration is preferred in East Asian patients.” Diva- 
lent cations such as calcium interfere with absorption of the drug, so 
it should not be taken with dairy products or antacids. Eltrombopag 
can also interfere with the uptake and metabolism of statins, increasing 


their plasma concentrations. Eltrombopag is metabolized in the liver, 
and causes liver function abnormalities in approximately 13 percent of 
patients administered the drug. Reduced initial doses are recommended 
in patients with liver disease.”° Eltrombopag increases platelet counts 
(50 x 10°/L) in 80 percent of splenectomized and 88 percent of nonsple- 
nectomized chronic ITP patients.” A newer study evaluated repeated 
short-term doses of eltrombopag (50 mg daily for up to 6 weeks fol- 
lowed by up to 4 weeks off therapy over three cycles) and suggested that 
eltrombopag can be used as on-demand therapy and repeated courses 
would be effective and safe.” 


Newer Thrombopoietin Receptor Agonists Other congeners are cur- 
rently being evaluated. An oral, nonpeptide TPO-receptor agonist, 
avatrombopag, binds to the transmembrane domain of TPO receptor, 
and increases platelet counts. Lack of significant food interaction is an 
important feature of this new drug.'* Its use is pending FDA approval. 

Common side effects of TPO receptor agonists include mild head- 
ache, arthralgia, nasopharyngitis, fatigue, diarrhea, and nausea. These 
side effects are generally mild and usually of insufficient severity to 
cause the discontinuation of the drugs. Abnormalities of liver function 
tests (elevated alanine aminotransferase [ALT], aspartate aminotrans- 
ferase [AST], and bilirubin levels) occur in approximately 2 percent 
of ITP patients receiving eltrombopag therapy but not with romiplos- 
tim.” Autoantibodies against romiplostim may develop but rarely have 
neutralizing activity. 

TPO-receptor agonists can induce extreme thrombocytosis, some- 
times exceeding 1000 x 10°/L. Careful dose titration is very important, 
because cessation of the TPO-receptor agonists cause rebound throm- 
bocytopenia in approximately 10 percent of ITP patients.”> Rates of 
thromboembolic events were reported as 6.5 percent and 4 percent with 
extended romiplostim and eltrombopag treatment, respectively.”>?* 
The authors of these studies concluded that thromboembolic events are 
not associated with the dose of TPO receptor agonists or platelet counts, 
and at least one acquired and inherited thrombotic risk factor was pres- 
ent in most of the patients who experienced thrombosis while they 
were taking TPO-receptor agonists.” Nevertheless, the frequency of 
thrombosis in these studies was slightly higher than observed in other 
ITP studies.’ Secondary myelofibrosis (increased marrow reticulin) is 
sometimes associated with therapy with TPO receptor agonists, and is 
usually reversible. Concerns have also been expressed that these drugs 
might accelerate the progression of hematologic and solid malignancies. 
Under normal circumstances, expression of the TPO receptor (mpl) is 
highly restricted to hematological tissues including marrow, spleen, 
placenta, brain and fetal liver cells. TPO receptor expression has been 
demonstrated on the leukemic cells of patients with acute myelogenous 
leukemia (AML) and MDS, but not in lymphoid malignancies, mye- 
loproliferative neoplasms, or other nonhematologic malignancies.™! 
Although romiplostim therapy was discontinued in a study of its use 
in patients with low-/intermediate-risk MDS and thrombocytopenia 
because of increased blast and AML rates (interim hazard ratio: 2.51), 
long-term analysis of the study showed similar survival and AML rates 
in the romiplostim and control groups.*” The question of whether use 
of TPO-receptor agonists increases the risk of leukemia warrants fur- 
ther study. 


Azathioprine This purine analogue is converted to 6-mercaptopurine 
following gastrointestinal absorption and works by suppressing the 
immune response. At least 4 months of azathioprine therapy at doses 
ranging from 50 to 250 mg/day are necessary to evaluate therapeutic 
efficacy. One study reported that azathioprine produced a sustained 
normalization of the platelet counts in up to 45 percent of patients with 
refractory ITP?” Azathioprine can be used in pregnancy if necessary 
(see “Thrombocytopenia During Pregnancy” below). As with other 


immunosuppressive drugs, major adverse effects are marrow suppres- 


sion and possible increased risk of secondary malignancy. 


Cyclophosphamide ‘This alkylating drug can be used orally (50 to 200 
mg/day) or parenterally (1.0 to 1.5 g/m? IV every 4 weeks) in patients 
with refractory ITP.” It increases platelet counts in 60 to 80 percent 
of patients with ITP, and 20 to 40 percent of those patients will remain 
in remission for 2 to 3 years'” after receiving 2 to 3 months of ther- 
apy. Its beneficial action is linked to its immunosuppression. The major 
complications of cyclophosphamide therapy are marrow suppression, 
hemorrhagic cystitis, infertility, alopecia, and secondary malignancy. 


Cyclosporine Cyclosporine is an immunosuppressive drug inhibiting 
T-cell function, and is primarily used to prevent rejection in patients 
with organ transplantation. Although cyclosporine may induce a 
durable remission in patients with ITP when used at relatively low 
doses (2.5 to 3.0 mg/kg/day),”” experience with cyclosporine in ITP 
patients is usually based on small case series. Cyclosporine has several 
side effects, some potentially serious, including fever, increased risk of 
opportunistic infections, gingival hyperplasia, diarrhea, peptic ulcer, 
pancreatitis, renal dysfunction, elevated liver enzymes, hypertension, 
peripheral neuropathy, convulsions, hirsutism, and increased risk of 
secondary malignancy. 


Danazol This synthetic androgen, with reduced virilizing effects com- 
pared to other androgens, has been used to treat patients with refractory 
ITP. Given at doses of 400 to 800 mg/day for at least 6 months, reported 
response rates range from 10 to 80 percent.'”””* Danazol is postulated to 
decrease Fc receptor numbers on phagocytic cells by antagonizing the 
effects of estrogens.'*? Danazol should not be given to pregnant women 
or patients with liver disease. Common side effects of danazol therapy 
are weight gain, fluid retention, seborrhea, hirsutism, secondary amen- 
orrhea, vocal changes, acne, hepatic toxicity, headache, lethargy, cho- 
lesterol spectrum abnormalities (i.e., reduced high-density lipoprotein 
[HDL] cholesterol) and myalgia. Because liver dysfunction is common 
with these doses of danazol therapy, liver function should be evaluated 
monthly. 9317724 


Dapsone Dapsone possesses antibacterial and antiinflammatory 
effects; it is primarily used for leprosy, malaria, and some types of der- 
matitis. When used at a dose of 75 to 100 mg/day, dapsone may increase 
platelet counts in patients with persistent, refractory, or chronic 
ITP.4755239 The median time to response is long, up to 2 months. Partial 
and CR rates are approximately 50 percent and 20 percent, respectively, 
but platelet counts return to baseline levels after discontinuation of the 
therapy.” The mechanism of dapsone action in ITP is not known. 
The most important side effects are nausea, headache, skin rashes, hep- 
atitis, cholestasis, dose-dependent hemolysis, and methemoglobinemia. 
Dapsone should not be given to patients with glucose-6-phosphate 
dehydrogenase deficiency. 


Vinca Alkaloids Both vincristine and vinblastine transiently increase 
the platelet count in approximately 70 percent of ITP patients within 
5 to 21 days, but produce sustained remissions in only 10 percent of 
treated patients. "0153177234 The recommended dose of vincristine is 1 to 
2 mg and of vinblastine is 0.1 mg/kg (maximum: 10 mg), both given 
by bolus injection at 1-week intervals for a minimum of three courses. 
It has been proposed that vinca alkaloids bind to platelet microtubules 
and thereby are transported to the spleen, where they subsequently 
inhibit the phagocytic functions of splenic macrophages. They may also 
stimulate megakaryopoiesis. Peripheral neuropathy, neutropenia, jaw 
pain, alopecia, and constipation are complications of treatment with 
vinca alkaloids.**4740°? 
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Other Therapies ITP patients with H. pylori infection should receive 
eradication therapy. Many other therapies, including interferon-a," 
immunoadsorption with staphylococcal protein A,™ ascorbic acid,” 
colchicine,’ and plasmapheresis,” have been studied for refractory 
ITP cases, but none has been clearly demonstrated to be effective. 


Accessory Therapies Adjunctive therapies include agents designed 
to reduce bleeding without necessarily affecting the platelet count. 
Aminocaproic acid or tranexamic acid, both of which inhibit fibrinoly- 
sis, can be used for excessive mucosal bleeding. Local bleeding can be 
controlled by compression and use of gelatin sponges, fibrin sealants, 
or antifibrinolytic-embedded gauze. Avoiding the use of antiplatelet 
drugs, contact sports, and activities that increase bleeding risk, and 
educating patients about maintaining dental hygiene are very impor- 
tant. Menorrhagia is a common problem in patients with chronic ITP; 
gynecologic evaluation of uterine problems is crucial. Oral contra- 
ceptives and hormonal intrauterine devices together with antifibrino- 
lytic drugs may help to reduce excessive menstrual bleeding in these 
patients. 


SECONDARY IMMUNE THROMBOCYTOPENIA 


Secondary ITP is defined as immune-mediated platelet destruction 
in the presence of other conditions, including infections, lymph- 
oproliferative disorders, solid tumors, SLE, or the antiphospholipid 
syndrome (APS) (Fig. 117-4). ITP can sometimes be the presenting 
sign of the illness, or may develop during the course of the disease or 
with certain therapies. Thrombocytopenia in a patient with chronic 
disease may develop for other reasons, and the diagnosis of immune- 
mediated platelet destruction may require more detailed tests. Generally, 
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Figure 117-4. Estimated fraction of the various forms of secondary 
TP based on clinical experience of the authors. The incidence of Heli- 
cobacter pylori (HP) ranges from approximately 1 percent in the United 
States to 60 percent in Italy and Japan. The incidence of the HIV and 
hepatitis C virus approximates 20 percent in some populations. Mis- 
cellaneous causes of immune thrombocytopenia, for example, post- 
ransfusion purpura, myelodysplasia, drugs that lead to the production 
of autoantibodies, and other conditions, are not discussed further in 
his chapter. Post marrow or solid-organ transplantation autoimmune 
ymphoproliferative syndrome (ALPS) occurred in approximately 1 per- 
cent of the authors’ patients. In the absence of a systematic analysis of 
he incidence of secondary ITP, the data shown represent the authors’ 
assessment based on our experience and the findings reported in the 
iterature. APS, antiphospholipid syndrome; CLL, chronic lymphocytic 
eukemia, CVID, common variable immune deficiency; SLE, systemic 
upus erythematosus. (Reproduced with permission from Cines DB, Bussel 
JB, Liebman HA, Luning Prak ET. The ITP syndrome: Pathogenic and clinical 
diversity. Blood 113(26):6511-6521, 2009.) 
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thrombocytopenia is not severe in patients with secondary ITP, but 
bleeding risk may be enhanced at a particular platelet count because of 
the underlying disorder. The treatment strategy should be tailored to the 
individual patient. 


IMMUNE THROMBOCYTOPENIA IN PATIENTS 
WITH ANTIPHOSPHOLIPID SYNDROME, 
SYSTEMIC LUPUS ERYTHEMATOSUS AND 
OTHER CONNECTIVE TISSUE DISORDERS 
Thrombocytopenia in the Antiphospholipid Syndrome 


APS is characterized by recurrent arterial and/or venous thrombo- 
sis and well-defined morbidity during pregnancy in the presence of 
antiphospholipid antibodies (APLAs) (Chap. 132). APS may affect 
any organ in the body, including the heart, brain, kidney, skin, lung, 
and placenta. This syndrome predominantly affects females (female- 
to-male ratio 5:1), especially during the childbearing years.” APLAs 
(lupus anticoagulant; anticardiolipin antibodies; anti-B,-GPI anti- 
bodies) represent a heterogeneous family of antibodies that react with 
anionic phospholipids and phospholipid—protein complexes. Despite 
overwhelming evidence that APLAs are associated with thrombosis, 
the mechanisms remain uncertain. Many have been proposed, includ- 
ing endothelial cell damage and apoptosis, inhibition of prostacyclin 
release from endothelial cells, inhibition of the protein C-protein S 
anticoagulant system, induction of tissue factor, activation of platelets 
and the complement system, interference with antithrombin, impair- 
ment of fibrinolytic activity, and inhibition of annexin V binding to 
membrane phospholipids, eliminating the antithrombotic effect of 
annexin V.*!-*4 APS is considered one of the most common causes of 
acquired thrombophilia.*>?* 

Thrombocytopenia is reported in approximately 20 to 40 percent 
of patients with APS, usually is mild (70 to 120 x 10°/L), and does not 
require clinical intervention. Severe thrombocytopenia (platelet counts 
<50 x 10°/L) occurs in 5 to 10 percent of patients.” Although throm- 
bocytopenia was a clinical criterion used to define the syndrome in the 
initial classification of APS,*® it was not included in the most recently 
proposed classification.” Because ITP patients who present with 
APLAs are at increased risk for thrombosis,” measurement of APLA, 
especially lupus anticoagulant, in patients diagnosed with ITP may 
identify a subgroup at high risk for developing APS. The pathogenesis 
of thrombocytopenia in APS is not clear. Potential mechanisms explain- 
ing thrombocytopenia in APS patients include APLA-related direct 
platelet destruction, immune platelet destruction by antibodies against 
platelet GPs, complement-mediated platelet destruction, and platelet 
aggregation and consumption. Evidence indicates APLAs bind platelet 
membranes and cause platelet destruction, but the link is not definitive. 
Some investigators suggest that antibodies against platelet GPs, rather 
than APLAs, are responsible for thrombocytopenia in patients with 
APS. Antibodies against the integrin a,b, or GPIb-IX-V complexes are 
found in approximately 40 percent of thrombocytopenic patients with 
APS.** Such antibodies do not cross-react with antibodies against phos- 
pholipids or 8,-GPI.** Immunosuppressive treatment in these patients 
increases the platelet count and reduces the titers of anti-GP antibodies 
but not the titers of APLAs.”® These data suggest that thrombocytopenia 
is a secondary immune phenomenon that develops concomitantly with 
APS. Against this conclusion, platelet antigens in thrombocytopenic 
patients with APS were found to be different from those in ITP and 
the antibodies to display virtually no reactivity with membrane GPs.” 
CD40 ligand on platelets is another possible antibody target. Anti-CD40 
ligand antibodies have been found in patients with APS (13 percent) 
and ITP (12 percent), but not in healthy controls; and it was suggested 


that these antibodies cause thrombocytopenia.” Platelet activation, 
aggregation, and consumption (APS-associated thrombotic microan- 
giopathy) may also contribute to thrombocytopenia.*” Another issue 
of clinical importance in evaluating thrombocytopenia associated with 
APS is the risk for future development of thrombosis. In one study in 
which APS patients were divided into three groups according to platelet 
counts as normal, moderately thrombocytopenic (50 to 100 x 10°/L), or 
severely thrombocytopenic (<50 x 10°/L), the rates of future thrombosis 
were 40 percent, 32 percent, and 9 percent, respectively.’ These data 
show that moderate thrombocytopenia does not prevent thrombosis in 
patients with APS. Antithrombotic prophylaxis should be considered in 
these patients whenever it is possible.” 

Although thrombocytopenia is a common finding in patients 
with APS, bleeding complications are rare, even with severe throm- 
bocytopenia. Bleeding in an APS patient with moderate thrombocy- 
topenia should trigger evaluation for the presence of antiprothrombin 
antibodies*® and other disorders that may affect hemostasis, such as 
DIC, liver insufficiency, and uremia. Severe thrombocytopenia may 
require therapy, with treatment strategies similar to those used for 
patients with ITP. Glucocorticoids are effective in only 15 percent of 
patients.” IVIG and immunosuppressive drugs such as azathioprine 
and cyclophosphamide can be used in patients with severe bleeding 
and “catastrophic” APS. In general, splenectomy should be postponed 
as long as possible, and is only preferred in patients with severe bleed- 
ing. Splenectomy may produce sustained remission in approximately 
two-thirds of patients as in patients with primary ITP." Because 
of their increased risk of thrombosis, patients should be prophylacti- 
cally anticoagulated in the immediate postoperative period. Rituximab 
has been used to treat refractory thrombocytopenia in patients with 
APS, with a wide range of results.”*’” Although there is no consen- 
sus on dosing and schedule with rituximab therapy, it is generally 
administered as in patients with ITP (see ITP therapy in “Therapy and 
Course” above). TPO receptor agonists may increase thrombosis risk 
in patients with APS and SLE and these diagnoses in a patient with 
ITP were accepted as exclusion criteria in some randomized controlled 
studies of TPO-receptor agonists.'** Two case reports described acute 
renal failure (one was a result of thrombotic microangiopathy) after use 
of eltrombopag.””*’” 


Thrombocytopenia in Patients with Systemic Lupus 
Erythematosus and Other Connective Tissue Disorders 

SLE is a complex autoimmune disease that primarily afflicts women 
of childbearing age. The autoimmune attack in SLE is not organ spe- 
cific; it may affect any tissue in the body. The diagnostic criteria for 
SLE are based on a classification system proposed by the American 
College of Rheumatology.”””’” The presence of hematologic findings 
(leukopenia, thrombocytopenia, or hemolytic anemia) is one of the 
criteria in the diagnosis and classification of SLE. Thrombocytopenia 
is common in patients with SLE, occurring in 20 to 40 percent of 
patients, and may be a presenting symptom.” Immunologic destruc- 
tion of platelets is also seen in several other autoimmune conditions, 
including polyarteritis nodosa, rheumatoid arthritis, mixed connec- 
tive tissue disease, and Sjogren syndrome, albeit at much lower rates 
than in SLE. 

The causes of thrombocytopenia in SLE are many and include 
platelet destruction (ITP, DIC, thrombotic thrombocytopenic purpura 
[TTP] or hemolytic uremic syndrome [HUS], sepsis, drugs), ineffec- 
tive hematopoiesis (megaloblastic anemia), abnormal platelet pooling 
(hypersplenism), marrow hypoplasia (from drugs and infections), and 
dilutional thrombocytopenia related to therapy. Severe thrombocy- 
topenia is relatively rare, occurring in 5 percent of patients.”” Although 
clinically significant bleeding is uncommon even in patients with severe 


thrombocytopenia, fatal gastrointestinal, cerebral, and pulmonary 
bleeding have been reported. Among the many potential contributors to 
thrombocytopenia in SLE patients, platelet destruction by autoantibod- 
ies is the major mechanism. Antiplatelet antibodies are present in up to 
60 percent of SLE patients.” The presence of antiplatelet antibodies 


is correlated with low platelet counts and increased disease severity.”® 


Besides the antiplatelet antibodies, APLAs (see “Thrombocytopenia in 
the Antiphospholipid Syndrome” above) and circulating immune com- 
plexes that bind platelets may nonspecifically accelerate platelet destruc- 
tion.’ Specific antiplatelet antibodies, especially those against integrin, 
have an important role in the pathogenesis of thrombocytopenia in 
SLE patients.**'** In general, marrow megakaryocytes are normal or 
increased, and platelet production is not affected in SLE patients with 
thrombocytopenia. However, decreased numbers of megakaryocytes 
and even amegakaryocytic thrombocytopenia have been reported. 
High levels of TPO in the plasma, and both anti-TPO and anti-TPO 
receptor antibodies have been reported in SLE patients,” the latter 
associated with a decrease in marrow megakaryocytes and thrombocy- 
topenia.” Thrombocytopenia in SLE is associated with serious organ 
pathology, leading to neuropsychiatric disease,” renal disease,**’” 
and APS,” and is an independent indicator of poor prognosis.**9!?° 
A study of selected SLE families in which at least one affected member 
was thrombocytopenic reported genetic linkage to loci at chromosomes 
11p13 and 1q22-23.”° A severe lupus phenotype was much more com- 
mon in patients with thrombocytopenia and their affected family mem- 
bers than in patients from families with no thrombocytopenic patients. 
Therefore, thrombocytopenia in a family member may herald severe 
lupus in familial SLE. 

There are no well-established treatment strategies for severe throm- 
bocytopenia in patients with SLE. Because SLE ranges in severity from 
milder forms with easily controlled symptoms and signs to severe forms 
that can be fatal, the treatment of severe thrombocytopenia should be 
tailored to the individual patient. Patients with severe thrombocytope- 
nia are generally treated with glucocorticoids as first-line therapy, but 
sustained remission is infrequent. Because most patients with severe 
thrombocytopenia also have nephritis and neurologic symptoms, they 
receive immunosuppressive therapy either alone or combination with 
glucocorticoids.”**”” IVIG is reserved for use in patients with severe 
bleeding.***”” It is well-known that B lymphocytes play an important 
role in the pathogenesis of SLE. Although lymphopenia is common in 
patients with active SLE, autoantibody-producing B cells have been 
shown to be expanded, and B cells were found to be more sensitive 
to inflammatory cytokines.” B-cell targeted therapy—rituximab—is 
effective in the treatment of refractory SLE patients, especially those 
with nephritis and severe thrombocytopenia.*” A retrospective study 
evaluating the long-term effects of rituximab therapy in 65 patients with 
refractory ITP associated with SLE and mixed connective tissue disease 
reported an overall response rate of 80 percent.*”’ Although case series 
indicate that splenectomy yields sustained remission in 61 percent of 
SLE patients with severe thrombocytopenia” and is relatively safe in 
terms of perioperative complications,“ splenectomy may increase 
the risk of thrombotic complications in SLE patients,” and may also 
increase the risk of infection if the patients require further immunosup- 
pressive therapy. 


THROMBOCYTOPENIA IN INFECTIOUS 
DISEASES 


The first recorded observation of purpura was made in patients with 
fever, and purpura was accepted as a sign of severe infections for cen- 
turies. Thrombocytopenia can be seen in patients with viral, bacterial, 
fungal and parasitic infections. Infection can decrease platelet levels 


Chapter 117: Thrombocytopenia 


in several ways: by decreasing production in the marrow, by increased 
immune destruction, or by inducing microangiopathy as seen in 
patients with infection induced DIC or HUS. In addition, drugs used 
for the treatment of an infection can contribute to thrombocytopenia 
(see “Drug-Induced Thrombocytopenia” below). 

Viral infections are an important cause of secondary ITP. ITP can 
be seen after a viral infection, especially in children, and usually resolves 
within 2 to 8 weeks. In patients with viral infections such as rubella, 
mumps, and infectious mononucleosis, thrombocytopenia can be pres- 
ent with other clinical signs and symptoms. Adult patients with isolated 
thrombocytopenia with no obvious causes should be screened for HIV, 
HCV and, in endemic areas, for HBV. Because other clinical symptoms 
and signs associated with infection with these viruses may not be pres- 
ent initially, and it may not be possible to distinguish these cases from 
primary ITP. 

HIV is a leading cause of isolated thrombocytopenia in Western 
countries. Thrombocytopenia associated with HIV infection has 
numerous causes, many of which can be present simultaneously. These 
include accelerated platelet destruction primarily related to immune 
complexes, decreased platelet production, especially in advanced dis- 
ease, splenic sequestration, and, rarely, platelet consumption associ- 
ated with TTP. Medications, concurrent infections such as hepatitis C, 
and hematologic malignancies may contribute to the development of 
thrombocytopenia (Chap. 83).°°*°° 

HCV is another important cause of thrombocytopenia in adults. It 
is a hepatotrophic RNA virus of the Flaviviridae family. HCV infection is 
chronic in approximately 85 percent of the infected individuals and pro- 
gresses to cirrhosis in 20 percent of these individuals. The World Health 
Organization (WHO) estimates that approximately 3 percent of the 
world’s population is infected with HCV, the prevalence ranging from 
0.5 to 2 percent in Western countries to 20 percent in some underde- 
veloped countries. HCV causes thrombocytopenia through different 
mechanisms, including hypersplenism, decreased TPO level associated 
with liver insufficiency, the effect of drugs (pegylated interferon [IFN] 
and ribavirin), and immune-mediated platelet destruction.” Immune 
dysregulation in HCV is associated with several autoimmune disorders, 
including arthritis, Sjogren syndrome, cryoglobulinemia, and immune 
cytopenias.*”° As a potential mechanism of immune destruction, one 
study demonstrated binding of both free and IgG-complexed HCV to 
platelets.” In secondary ITP associated with HCV infection, antiviral 
therapy with pegylated IFN and ribavirin will decrease viral load and 
may also treat thrombocytopenia. However, platelet counts can be unaf- 
fected or even decrease after these therapies. Severe thrombocytopenia 
interferes with optimal HCV treatment, and may increase bleeding risk. 
In this situation, the ASH 2011 guideline recommends IVIG as a first- 
line therapy, because glucocorticoids may increase viral load." Gluco- 
corticoids and splenectomy both appear to be effective treatments for 
thrombocytopenia, but their use should be balanced against other con- 
siderations after discussion with a hepatologist. TPO receptor agonists 
may increase the risk of abdominal thrombosis in HCV patients with 
liver cirrhosis.*” 

The potential role of H. pylori in the pathogenesis of chronic ITP 
is controversial. Japanese and Italian studies showed that eradication of 
H. pylori with antibiotics resulted in marked platelet count increases in 
patients with ITP. However, this success was not reproduced in Amer- 
ican and other European studies.*” It appears that response rates are 
higher in countries where H. pylori infection is endemic. ITP patients 
treated for H. pylori had higher platelet counts than untreated ITP 
patients, even if the therapy was unsuccessful in eradicating the infec- 
tion.* It has therefore been speculated that the antibiotic therapy, 
rather than eradication of H. pylori, may be the factor improving platelet 
counts. However, meta-analysis found that H. pylori eradication therapy 
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was much more likely to increase platelet counts in patients with 
H. pylori infection than in uninfected patients,*’* strengthening the case 
for a causal relationship between infection and thrombocytopenia. On 
the other hand, eradication was shown to be less effective in patients 
with severe thrombocytopenia.*” The recent ASH ITP guideline sug- 
gests that ITP patients be screened for H. pylori and for eradication 
therapy to be used if testing is positive. 


@THROMBOCYTOPENIA DURING 
PREGNANCY 


Thrombocytopenia is the second most common hematologic prob- 
lem in pregnancy, after anemia. Table 117-6 lists the major causes 
of thrombocytopenia in pregnancy (Chap. 7). Platelet counts tend 
to decrease during normal pregnancy, and mild thrombocytopenia 
(platelet counts ranging from 120 to 150 x 10°/L) occurs with mod- 
erate frequency, especially during the third trimester.*'**” Bleeding 
symptoms are generally mild, even in patients with severe thrombo- 
cytopenia, probably because of the procoagulant state of pregnancy. 
Nevertheless, it is important to investigate the cause of thrombocy- 
topenia and exclude the disorders associated with significant morbidity 
such as eclampsia and hemolysis, elevated liver enzymes, low platelets 
(HELLP) syndrome (Table 117-6). A medical history should include 
previous blood counts, history of other diseases, nutritional status, and 
intake of drugs and herbal supplements. It is important to be alert to 
constitutional symptoms including fever, and, especially, weight loss; 
neurologic abnormalities, arthritis, rash, and icterus. Key steps in the 
evaluation of thrombocytopenia in a pregnant woman include blood 
pressure measurement, evaluation of coagulation parameters, liver 
and kidney function tests, and examination of the blood film. Physi- 
cal examination of the abdomen may be difficult in the third trimester 
and abdominal ultrasound may be required to detect organomegally. If 
there are no suspicious clinical or laboratory findings, marrow aspira- 
tion is considered unnecessary.*!”°"* 


TABLE 117-6. Causes of Thrombocytopenia During 
Pregnancy 


Acute fatty liver of pregnancy 

Antiphospholipid syndrome and systemic lupus erythematosus 
Marrow disorders (e.g., aplastic anemia, acute leukemia) 
Disseminated intravascular coagulation 

Drugs (mostly heparins and antibiotics) 

Gestational thrombocytopenia 


Hemolysis, elevated liver function tests, low platelets (HELLP) 
syndrome 


Hypersplenism 

Immune thrombocytopenic purpura 

Nutritional deficiencies including folate deficiency 
Preeclampsia, eclampsia 
Pseudothrombocytopenia 


Thrombotic thrombocytopenic purpura—hemolytic uremic 
syndrome 


Viral infections 


GESTATIONAL THROMBOCYTOPENIA 


Gestational thrombocytopenia is detected in 5 to 7 percent of otherwise 
healthy pregnant women, accounting for 64 to 80 percent of patients 
with thrombocytopenia at term.*””*! Gestational thrombocytopenia is 
a benign disorder and is not associated with an increased risk of bleed- 
ing. Platelet counts are greater than 70 x 10°/L'°*!”°° and return to 
normal after delivery. 

The pathogenesis of gestational thrombocytopenia is unknown. 
Several mechanisms have been proposed, including hemodilution, a 
compensated state of subclinical coagulopathy, endothelial cell injury, 
and immune destruction. Some authors have proposed platelet con- 
sumption by the placenta and hormonal depression of megakaryo- 
poiesis as causes of gestational thrombocytopenia, as suggested by the 
rapid return of the platelet count to normal after delivery and by the 
transient normalization of the platelet count during pregnancy in some 
cases of essential thrombocythemia.*-** Discriminating gestational 
thrombocytopenia from ITP can be difficult because ITP is also com- 
mon in young women, and is often exacerbated by pregnancy. Neither 
condition can be definitively diagnosed by currently available tests. The 
diagnosis of ITP is favored if the patient had a previous episode of ITP 
unassociated with pregnancy or if the thrombocytopenia is severe and 
associated with bleeding that occurs in the first trimester. In healthy 
pregnant women, a platelet count greater than 70 x 10°/L late in preg- 
nancy does not require intensive investigation, because bleeding is not 
likely in the woman or her newborn child.** 


IMMUNE THROMBOCYTOPENIA 
IN PREGNANCY 


ITP is responsible for 4 to 5 percent of all cases of pregnancy-asso- 
ciated thrombocytopenia.**”' Pregnancy itself may induce ITP, or 
exacerbate preexisting ITP, but generally the platelet count returns to 
the prepregnancy level after delivery. Diagnosis of ITP in a pregnant 
woman requires the exclusion of other causes of thrombocytopenia as 
in a nonpregnant woman, but also requires the evaluation of other preg- 
nancy-related causes (see Table 117-6). However, the management of 
ITP during pregnancy is different than in nonpregnant women. First, 
many of the drugs used to treat ITP may complicate pregnancy-related 
problems such as gestational diabetes, hypertension, and psychiatric 
disorders. Second, the fetus can also be affected by ITP and its treat- 
ment. Antiplatelet antibodies can cross the placenta, decrease the fetal 
platelet count, and sometimes cause bleeding.*” ITP drugs can affect 
fetal development and growth, a fact to be considered in selecting ther- 
apy during pregnancy. And third, all pregnancies will end with delivery 
of the baby, a process that may happen unexpectedly. Preparation for 
delivery in a pregnant ITP patient requires close collaboration between 
the hematologist, the obstetrician, and the neonatologist. 

In the management of pregnancy-related ITP, bleeding symp- 
toms and platelet counts should be considered." Although previous 
guidelines have defined threshold platelet levels for treatment during 
pregnancy and labor, these numbers are arbitrary and not based on ran- 
domized controlled studies. Generally, observation without therapy is 
appropriate if the platelet count is greater than 30 x 10°/L and the patient 
has no bleeding symptoms. Therapy is required for a pregnant woman 
who is bleeding, has a platelet count less than 20 x 10°/L in any trimes- 
ter, or has a platelet count of 20 to 30 x 10°/L in the third trimester. 118 
Platelet counts should be increased to safe levels (generally >30 x 10°/L) 
if invasive procedures are planned. Glucocorticoids are the preferred 
initial therapy for these patients. Because of their side effects, glucocorti- 
coids should be used at the minimal dose that will keep platelet counts in 
asafe range. The recommended starting dose of prednisone is 10 mg/day, 


which can be modified as appropriate.'”*'* Fetal side effects will be min- 
imal with a low-dose glucocorticoid regimen, because approximately 
90 percent of the glucocorticoid dose is metabolized in the placenta.*!” 
IVIG is indicated in pregnant patients who do not respond to or tolerate 
glucocorticoid treatment, or when it is necessary to rapidly increase the 
platelet count. A dose of 1 g/kg per day for 2 days, or 400 mg/kg per day 
for 5 days can be used alone, or combined with low-dose prednisone. If 
the initial therapy with glucocorticoids and IVIG fails, all second-line 
therapies generate some concern. Anti-(Rh)D can cause severe hemo- 
lytic reactions in both the mother and the fetus, and should be used 
only in patients refractory to glucocorticoids and IVIG."**'* Experience 
with azathioprine and cyclosporine in pregnancy is largely based on the 
case series from patients with rheumatologic disorders and solid-organ 
transplantation. These studies reported that exposure to these drugs 
during pregnancy was not associated with an increase in the risk of neg- 
ative pregnancy outcomes and had no significant toxicity to the fetus.*” 
Splenectomy can be used in pregnant ITP patients who are unrespon- 
sive or intolerant to available drugs and at significant risk of bleeding. If 
splenectomy is necessary, it is preferable that it be performed during the 
second trimester. 4°! 

Rituximab is not an optimal drug for use during pregnancy. It can 
cross the placenta, and transfer from mother to fetus increases with ges- 
tational age. The half-life of the drug is also very long; rituximab can be 
found in blood 6 months after of an infusion. In a review evaluating 231 
pregnancies with rituximab exposure reported in the literature, most of 
the patients had SLE, rheumatoid arthritis. and B-cell lymphoma, with 
rituximab being used in combination with other drugs. This retrospec- 
tive study showed low risk of premature births, hematologic abnormali- 
ties and birth defects. However, because of the lack of controlled studies, 
it is recommended that women avoid pregnancy for 1 year after rituxi- 
mab infusion.*” 

TPO receptor agonists were found to cause fetal loss and reduced 
fetal body weight in animal studies, and there is no data on humans.** 
Vinca alkaloids, cyclophosphamide, and danazol are not recommended 
during pregnancy. 

The optimal mode of delivery in pregnant ITP patients has not 
been determined. Because earlier studies reported that thrombocy- 
topenic neonates have an increased risk for intracranial hemorrhage, 
some physicians recommend delivering the baby by cesarean section in 
women with ITP to avoid injuries to the fetus during passage through 
the birth canal.*”” However, because of the rarity of intracerebral hem- 
orrhage, there are no data proving the effectiveness of cesarean delivery 
in reducing the occurrence of intracerebral hemorrhage in the throm- 
bocytopenic fetus.*”? Measurement of platelet counts in infants before 
delivery, such as by percutaneous umbilical cord blood sampling or fetal 
scalp vein sampling after cervical dilatation, is not recommended rou- 
tinely because the risk of bleeding during these procedures is high.*°* 
The mother’s platelet count at delivery does not correlate with the 
infant’s platelet count. In ITP patients who gave birth more than once, 
however, the first infant’s platelet count at birth may be a predictor of 
severe thrombocytopenia in subsequent pregnancies and may justify 
further obstetric management.***7!*% On the other hand, discordances 
in degree of thrombocytopenia between dichorionic twins in ITP indi- 
cate that fetal factors also are important.” In conclusion, there is as 
yet no definitive method to predict fetal platelet count in pregnant ITP 
patients, and the method of delivery should be determined by obstetri- 
cal evaluation. During vaginal delivery, the target maternal platelet 
count should be 50 x 10°/L or higher. If cesarean section or epidural 
anesthesia is required, the platelet count should be maintained over 70 
to 80 x 10°/L.47"*83!8 Glucocorticoids, IVIG and platelet transfusions 
may help to keep platelet counts in a safe range in these patients. Blood 
products should be available for possible severe bleeding during labor, 
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although it is quite rare even in ITP patients with platelet counts lower 
than 20 x 10°/L. 

Severe neonatal thrombocytopenia (platelet counts <20 x 10°/L) 
occurs in 3 to 5 percent of ITP pregnancies and moderate neonatal 
thrombocytopenia (platelet counts <50 x 10°/L) in 9 percent.” Severe 
bleeding occurs in less than 1 percent of the babies. If the newborn is 
thrombocytopenic, the platelet count should be measured daily for 
1 week. IVIG is preferred in neonates with severe thrombocytope- 
nia. Platelet transfusions and glucocorticoids are added if bleeding is 
life-threatening. 

If thrombocytopenia associated with SLE and APS has been com- 
plicated with prior pregnancy loss and thromboembolism, pregnant 
patients should receive antithrombotic prophylaxis with low molecular 
heparin and/or aspirin if possible. Although there is no defined thresh- 
old platelet level for these patients, platelet counts over 50 x 10°/L are 
considered safe for both anticoagulant and antiplatelet therapy.*!* 


MICROANGIOPATHIC DISORDERS IN 
PREGNANCY: PREECLAMPSIA-ECLAMPSIA, 
HELLP, THROMBOTIC THROMBOCYTOPENIC 
PURPURA-HEMOLYTIC UREMIC SYNDROME, 
AND ACUTE FATTY LIVER OF PREGNANCY 


Preeclampsia 

This condition is a systemic disorder characterized by new onset hyper- 
tension after 20 weeks of gestation, and primarily occurs near term. 
Although proteinuria occurs in the majority of these cases, the Amer- 
ican College of Obstetricians and Gynecologists (ACOG) 2012 classi- 
fication accepts the presence of one of the following in the absence of 
proteinuria: thrombocytopenia (less than 100 x 10°/L), abnormal liver 
function tests, renal insufficiency, pulmonary edema, or cerebral and 
visual symptoms. Eclampsia is defined by the occurrence of epileptic 
seizures in a preeclamptic woman during the peripartum period.??-337 
Preeclampsia complicates 5 to 8 percent of all pregnancies, and is 
a major contributor to maternal and fetal morbidity and mortality 
(Chap. 7). Thrombocytopenia is seen in approximately 50 percent 
of women with preeclampsia, with the severity of thrombocytopenia 
correlating with the severity of the preeclampsia.*” 

Attempts to define the pathogenesis of preeclampsia have engen- 
dered numerous theories.“ One clear aspect of the pathogenesis is 
the requirement for a placenta, given that the condition can be pro- 
duced in abdominal pregnancies and molar pregnancies.*” The dis- 
ease appears to be initiated by defective invasion of the uterine spiral 
arteries by placental cytotrophoblasts. During normal implantation, 
these cells convert from epithelial to endothelial morphology, a process 
called pseudovasculogenesis.**** In preeclampsia, this process is defec- 
tive, resulting in diminished maternal blood flow to the placenta and 
placental hypoxia. Through unknown mechanisms, the production of 
membrane and soluble forms of the vascular endothelial growth factor 
(VEGF) receptor fms-like tyrosine kinase-1 (Flt1) is increased," with 
resultant increases of soluble Flt1 (sFlt1) in the amniotic fluid** and 
maternal circulation.*° sFltl is the product of an alternately spliced 
form of the Flt] messenger RNA that lacks the transmembrane and 
cytoplasmic domains present in the full-length receptor. A large vol- 
ume of evidence implicates sFltl as playing a key role in the patho- 
genesis of preeclampsia. By binding to VEGF and the related placental 
growth factor, sFlt1 blocks their favorable effects on vascular endothe- 
lium. Its expression in rats produces a syndrome akin to preeclampsia: 
hypertension and proteinuria associated with glomerular endothelio- 
sis (occlusion of glomerular capillaries by swollen endothelial cells). 
Endoglin is another angiogenic receptor expressed on endothelial cells 
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and placental syncytiotrophoblasts, functioning as a coreceptor for the 
potent angiogenic factor transforming growth factor-$.*” Expression of 
its messenger RNA is increased in preeclamptic placenta.*”” The levels 
of the soluble extracellular domain, produced by proteolysis, are ele- 
vated in the blood of preeclamptic patients. In pregnant rats, soluble 
endoglin works synergistically with sFlt1 to produce vascular damage 
and a HELLP-like syndrome.*” These findings strongly suggest that a 
tonic level of VEGF-like angiogenic factors is required to maintain the 
normal function of vascular endothelial cells and that this process is 
dysregulated during preeclampsia/eclampsia. 

The connection between preeclampsia and thrombocytopenia is 
not clear, although many cases have evidence of activation of blood 
coagulation detected by elevated levels of fibrin-degradation products 
and thrombin-antithrombin complexes.*”' Low levels of the VWF- 
cleaving metalloprotease ADAMTS13 (a disintegrin and metallopro- 
tease with a thrombospondin type 1 motif member 13) have also been 
described,** as have elevated levels of VWE, including the hyperadhe- 
sive ultralarge forms.*” 


HELLP Syndrome 

This syndrome occurs in the peripartum period and is defined by the 
presence of microangiopathic hemolytic anemia, elevated liver enzymes, 
and low platelets. In approximately 70 to 80 percent of patients, HELLP 
occurs in the setting of preeclampsia.**° Microangiopathic hemolysis 
results from shearing of the erythrocytes as they pass through arterioles 
occluded by platelet-fibrin deposits. Adhesion and aggregation of plate- 
lets on damaged and activated endothelium presumably accounts for 
the low platelet count (Chap. 114). HELLP shares a number of features 
with TTP, including the presence of microangiopathic hemolysis and 
thrombocytopenia. Involvement of the central nervous system is a more 
prominent feature of TTP, whereas HELLP more commonly displays 
severe liver function abnormalities (Chaps. 7, 49, and 124).*' Because 
the two syndromes can be confused with one other, one study attempted 
to distinguish the two by measuring the activity of ADAMTS13, which 
usually is absent or severely deficient in TTP.“* The study found that 
essentially all 17 patients in a cohort with the HELLP syndrome had 
mild to moderate reductions in the activity of ADAMTS13 in the 
plasma, and none was severely deficient. 


Acute Fatty Liver of Pregnancy 
This abnormality is a very severe, but fortunately very rare (1 in 20,000 
to 100,000 pregnancies) condition that occurs during the third trimes- 
ter of pregnancy or early postpartum period. Acute fatty liver of preg- 
nancy (AFLP) is characterized by microvesicular fatty infiltration of 
liver resulting in hepatic failure and encephalopathy. The “Swansea Cri- 
teria’ used for the diagnosis of AFLP include encephalopathy, vomiting, 
abdominal pain, polydipsia/polyuria, elevated transaminases, elevated 
ammonia, elevated uric acid, elevated bilirubin, leukocytosis, coagulop- 
athy, renal impairment, hypoglycemia, ascites or bright liver on ultra- 
sound evaluation, and microvesicular steatosis on liver biopsy. Six or 
more of these criteria should be present in a patient who has no obvious 
reason for hepatic failure. Both maternal and fetal mortality rates are 
high, ranging from 7 to 18 percent and 9 to 23 percent, respectively.” 
Delivery of the fetus is the most effective treatment for preeclamp- 
sia, HELLP syndrome and AFLP. The platelet count nadir and the peak 
of serum lactate dehydrogenase may occur postpartum, during the first 
postpartum day in most patients, but as late as 5 to 7 days in some. For 
patients with severe thrombocytopenia and microangiopathic hemo- 
lytic anemia, plasma exchange may be indicated if the fetus cannot be 
delivered or if improvement does not follow delivery. This treatment is 
empirically based on the similarity of the clinical picture to that of TTP. 
Postpartum day 3 often is considered the limit for supportive therapy 


in anticipation of a spontaneous recovery.** If thrombocytopenia and 
hemolysis (as assessed by serum lactate dehydrogenase levels) con- 
tinue to worsen beyond this time, intervention with plasma exchange 
is appropriate for the presumed diagnosis of TTP-HUS (Chap. 133). 
At this point, TTP-HUS cannot be distinguished from atypical preec- 
lampsia/HELLP syndrome, for which plasma exchange treatment may 
be beneficial.** Earlier intervention with plasma exchange is indicated 
for more severe clinical problems, such as neurologic abnormalities or 
acute, anuric renal failure. In patients with AFLP, however, liver insuf- 
ficiency, encephalopathy and coagulopathy may not improve despite 
immediate delivery and intensive supportive care. These patients may 
require liver transplantation.*” 


@ NEONATAL ALLOIMMUNE 
THROMBOCYTOPENIA 


The platelet count in the fetus reaches normal adult levels (>150 x 10°/L) 
after the first trimester, and is maintained throughout gestation. How- 
ever, thrombocytopenia is more common in preterm infants, of sev- 
eral potential etiologies. Severe thrombocytopenia (<50 x 10°/L) is 
an important finding in neonates, and should be carefully managed 
because of high bleeding risk (Chap. 6).** 

Fetal-neonatal alloimmune thrombocytopenia (NAIT) is a lead- 
ing cause of severe thrombocytopenia and life-threatening bleeding in 
neonates. NAIT is caused by the transplacental transfer of maternal 
alloantibodies against fetal platelet antigens inherited from the father. 
NAIT resembles neonatal alloimmune hemolytic anemia (Rh hemo- 
lytic disease of the newborn) in many aspects. In both diseases, mater- 
nal alloantibodies against fetal blood cell antigens cross the placenta 
and destroy antigen-positive fetal cells, resulting in significant fetal/ 
neonatal morbidity and mortality. However, unlike neonatal alloim- 
mune hemolytic anemia, which tends to spare the first-born child, the 
first child is affected in 40 to 60 percent of NAIT cases.*”” Transplacen- 
tal transfer of antiplatelet antibodies can also occur in babies born from 
mothers with ITP. Nevertheless, maternal ITP rarely causes serious 
thrombocytopenia or bleeding in the fetus, whereas thrombocytope- 
nia tends to be more severe and the rate of intracranial hemorrhage 
is higher (10 to 20 percent) in NAIT. In contrast to maternal ITP, in 
NAIT the maternal platelet count is normal, a key differential diagnos- 
tic finding. 


PREVALENCE AND PATHOGENESIS 


The estimated frequency of NAIT varies from 1 in 500 to 1 in 2000 
livebirths.™* Maternal alloantibodies against human platelet alloan- 
tigens (HPAs) are responsible for platelet destruction in NAIT. In pop- 
ulations of European ancestry, the most frequently implicated antigens 
are HPA-la or PI“ (78 percent of cases) and HPA-5b or Br* (19 per- 
cent of cases).**” These antigens are rare in Asian populations. HPA-4a 
(80 percent of cases) and HPA-3a (15 percent of cases) are responsible 
for platelet destruction in the majority of Asian NAIT cases. Besides 
targeting the HPA system, anti- HLA-2 antibodies have been reported, 
but whether they are responsible for NAIT is not clear.?55358359 

The frequency of NAIT in populations of European ancestry is 
lower than would be expected given that the prevalence of HPA-la 
negativity is 2.5 percent. Only 10 percent of HPA-la-negative mothers 
exposed to HPA- 1a-positive platelets during pregnancy become immu- 
nized. HPA alloimmunization is strongly correlated with the presence 
of specific class II HLA antigens, with increased risk demonstrated 
in HPA-la-negative mothers expressing HLA-B8, HLA-DR3, and 
HLA-DR52a antigens.*!”**"! The presence of the HLA-DRB3‘0101 


allele in HPA-1a-negative women increases the NAIT risk as much as 
140-fold.** 

NAIT tends to be clinically more severe in cases with alloantibod- 
ies against HPA-1a.’*° HPA-1 (PI^) antigens are expressed on platelet 
integrin f, Anti-HPA-la antibodies possibly impair platelet aggrega- 


tion, which may explain the severity of bleeding symptoms.*” 


CLINICAL FEATURES 


IgG alloantibodies can cross the placenta as early as week 14 of preg- 
nancy, and placental passage increases with gestational age.” These 
antibodies bind to fetal platelets and lead to their destruction. In severe 
cases, intracranial hemorrhage and hydrocephalus may develop and 
cause fetal death or severe neurologic sequelae. The diagnosis can be 
difficult in the first affected fetus in a family. Ultrasonography is usually 
not helpful unless it detects bleeding or hydrocephalus. Unexplained 
fetal deaths in the maternal history or fetal hydrocephalus or bleeding in 
previous pregnancies may alert the physician to the possibility of NAIT. 
Usually the diagnosis of NAIT is possible after birth. NAIT should be 
suspected in a thrombocytopenic neonate with extensive purpura or 
visceral hemorrhage but no evidence of sepsis, skeletal anomalies, or 
other systemic diseases that may cause thrombocytopenia, including 
maternal ITP. Affected babies may have no signs or symptoms (13 to 59 
percent of cases), or they may have signs of bleeding (18 to 65 percent of 
cases) or intracranial hemorrhage (22 to 23 percent of cases).** In a case 
series of 88 infants with NAIT resulting from anti- HPA-1a antibodies, 
90 percent had purpura, 66 percent had hematomas, 30 percent had 
gastrointestinal bleeding, and 14 percent had intracerebral hemorrhage. 
Bleeding may be delayed, as the platelet count usually falls further dur- 
ing the first several days of life. Death or neurologic impairment occurs 
in up to 25 percent of infants. Platelet counts recover to normal in 1 to 
2 weeks.** 

The diagnosis of NAIT usually can be confirmed by tests for cir- 
culating maternal alloantibodies against fetal antigens (usually by 
MAIPA) or modified antigen capture enzyme-linked immunosorbent 
assay (MACE) or by platelet typing of the parents and neonate by either 
genotyping or ELISA. These tests may fail to yield the diagnosis because 
private HPA antigens may be responsible for NAIT.717°*?*7 


MANAGEMENT 


Postnatal 

In the clinical setting, the confirmation of a diagnosis of NAIT by plate- 
let genotyping, MAIPA, or MACE will require days; thus, an infant born 
with severe thrombocytopenia with no obvious cause such as sepsis 
should be regarded as having NAIT. The alternatives in the management 
of affected neonates are IVIG, glucocorticoids (alone or combined with 
IVIG), and platelet transfusions. IVIG and/or glucocorticoid therapy 
may increase platelet counts rapidly, although a substantial increase of 
platelet counts usually occurs after 24 to 72 hours.’ In cases with severe 
bleeding, platelets should be transfused. Transfused platelets should be 
ABO and (Rh)D compatible and HPA-1a—negative if possible.*® If such 
platelet suspensions are not available, transfusion of washed and irra- 
diated maternal platelets to the affected fetus is another alternative.’ 
Repeated platelet transfusions may be required.*”” All affected infants 
should be screened with ultrasound for intracranial hemorrhage.*® 


Prenatal 

Pregnant women who had a previous thrombocytopenic infant attribut- 
able to NAIT should be carefully monitored in a center with experience 
with NAIT, because thrombocytopenia will be more severe in a second 
affected child. Current therapeutic alternatives for antenatal manage- 
ment of NAIT are unsatisfactory. Fetal platelet typing is important, but 
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available tests usually require invasive procedures such as amniocentesis 
or fetal blood sampling. Cell-free fetal DNA obtained from maternal 
blood has been studied for fetal platelet genotyping.*” However, these 
tests need validation. The treatment options in high-risk NAIT are 
weekly IVIG administration to the mother, with or without glucocorti- 
coids, serial in utero platelet transfusions, in utero IVIG administration, 
and early delivery (after 32 weeks of gestation). Maternal IVIG adminis- 
tration at a dose of 1 g/kg per week with or without glucocorticoids may 
increase fetal platelet counts,** although not all studies support this 
conclusion.**°* IVIG can be administered directly to severely throm- 
bocytopenic fetuses, although this also may fail to raise fetal platelet 
counts.™® In patients who do not respond to IVIG and glucocorticoid 
administration, serial transfusion of matched platelets should be con- 
sidered. Matched platelet transfusions will only transiently increase the 
fetal platelet count because the transfused platelets also are targeted by 
the offending antibodies.’ Serial platelet transfusions may increase 
the cumulative risk of hemorrhage and procedure-related hemorrhage 
and fetal loss.*” In severely thrombocytopenic fetuses, early delivery 
by cesarean section may reduce the risk of intracranial hemorrhage.*” 
New therapeutic strategies are under investigation, including vac- 
cines and competitive molecules that competitively bind anti-HPA-1la 
antibodies.** 


@ ABNORMAL PLATELET DISTRIBUTION 
OR POOLING 


SPLENOMEGALY AND HYPERSPLENISM 


Splenomegaly may lead to thrombocytopenia by inducing a revers- 
ible pooling of up to 90 percent of total body platelets.*”*”! This pro- 
cess can be thought of as an exaggeration of normal splenic pooling, in 
which approximately one-third of the platelet mass is contained within 
the spleen at any one time (Chap. 55). The survival of platelets within the 
spleen can be normal or moderately reduced. Thus, the total blood 
platelet pool in a patient with splenomegaly could be normal even when 
the counts measured in venous blood are only 20 percent of normal. 
Platelet production is usually normal in patients with splenomegaly, as 
estimated by dividing the total body platelet mass by the platelet life 
span.*” This finding provides further evidence that platelet production 
is more closely tied to total platelet mass than to circulating platelet 
count. 

The most common disorder causing thrombocytopenia because of 
splenic pooling is chronic liver disease with portal hypertension and 
congestive splenomegaly. In patients with cirrhosis and portal hyper- 
tension, moderate thrombocytopenia is the rule. However, in such cases 
the thrombocytopenia often results from both splenic pooling and 
reduced hepatic production of TPO. 

Thrombocytopenia associated with splenomegaly is often of no 
clinical importance and generally does not require therapy. Signs and 
symptoms are related to the primary disorder, and bleeding manifes- 
tations result primarily from coagulation abnormalities caused by the 
underlying liver disease. This finding is consistent with the relatively 
moderate degree of thrombocytopenia, the near-normal total body con- 
tent of platelets,” and the ability to mobilize platelets from the spleen to 
replenish losses.” When splenectomy is performed for another reason, 
however, the platelet count predictably returns to normal or thrombo- 
cytosis may even occur.*” Platelet counts may also return to normal in 
patients following surgical correction of portal hypertension by porto- 
systemic shunting.*” Platelet transfusions usually are not needed for 
splenomegaly-associated thrombocytopenia and rarely produce signifi- 
cant increases in the platelet count because as much as 90 percent of the 
transfused platelets will be sequestered in the spleen. 
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HYPERSPLENISM 


Hypersplenism is distinguished from uncomplicated splenomegaly 
in that pooling is accompanied by increased destruction of platelets, 
leukocytes, and erythrocytes in association with increased marrow 
precursors of the deficient lines and correction of the cytopenia by 
splenectomy.*”**” The clinical manifestations, laboratory findings, and 
specific treatment are aimed at the underlying disease (Chap. 55).°” 

Imaging studies, such as computed tomographic scans, can be use- 
ful for defining the size of the spleen and identifying intrasplenic and 
extrasplenic disease. Magnetic resonance imaging defines the blood 
flow pattern, which is especially useful for detecting portal or splenic 
vein thromboses. Cell survival studies using radiolabeled platelets 
or red blood cells can be helpful for identifying hypersequestration 
when weighing the need for splenectomy. Most patients with sple- 
nomegaly require therapy for the underlying disease rather than for 
thrombocytopenia. 


@THROMBOCYTOPENIA ASSOCIATED 
WITH MASSIVE TRANSFUSION 


Several definitions are used for massive transfusion including transfu- 
sion of one blood volume or more than 10 units of packed red blood 
cells (RBCs) in 24 hours and transfusion of more than 4 units of 
packed RBC over 1 hour.*” Massive transfusion is required in patients 
with uncontrolled and heavy bleeding. One study of patients requir- 
ing massive transfusion demonstrated that mild thrombocytopenia 
(47 to 100 x 10°/L) occurred in all patients after transfusion of 15 red 
cell units, and more severe thrombocytopenia (25 to 61 x 10°/L) devel- 
oped after 20 red cell units.**°**' Several factors contribute to thrombo- 
cytopenia in massive transfusion, including direct loss of platelets in 
the exsanguinated blood, dilution of platelets by the transfused RBCs, 
DIC triggered by the disease responsible for the blood loss or that devel- 
ops after trauma, and hypothermia (Chap. 140). Massively transfused 
patients should be treated with fresh-frozen plasma to replace coagu- 
lation factors, and with platelets.’ The precise ratio of platelets to red 
cells has not been determined, but studies show that massively trans- 
fused trauma patients demonstrated improved survival with increased 
transfusion of platelet concentrates.***** 


@THROMBOCYTOPENIA RESULTING 
FROM HYPOTHERMIA 


Transient thrombocytopenia occurs during hypothermia, in both 
animals and humans, when the body temperature falls below 25°C.**° 
The degree of thrombocytopenia correlates with the degree of the 
body temperature drop. Thus, thrombocytopenia is less severe in car- 
diac surgery patients supported by normothermic systemic perfusion 
(35°C to 37°C) than in those supported by moderately hypothermic 
systemic perfusion (25°C to 29°C).** In this case, the drop in platelet 
count likely results from splenic and hepatic pooling*” and from cold 
activation and clearance of platelets. Cold induces clustering of the 
GPIb complex and rearrangement of its carbohydrate chains, which 
then serve as ligands for the macrophage integrin a,,8,, which mediates 
their clearance in hepatic macrophages.***** In hypothermic dogs, rad- 
iolabeled platelets are sequestered in the spleen, liver, and other organs; 
the platelets return to the circulation when normal body temperature is 
restored.™ The clinical relevance of these observations is illustrated 
by reports of patients, often elderly, who are hypothermic after peri- 
ods of unconsciousness in inadequately heated rooms. In one report, 
a 69-year-old woman had 13 admissions over an 8-year period with 


repeated hypothermia, her temperature ranging from 31°C to 34°C dur- 
ing the hospitalizations. On each admission she was thrombocytopenic 
(platelet count 7 to 39 x 10°/L). With no therapy other than rewarming, 
platelet counts returned to normal in 4 to 10 days.’ However, a review 
of 75 patients admitted with hypothermia (body temperatures 26°C to 
35°C) demonstrated that only three patients were thrombocytopenic.” 


@THROMBOCYTOPENIA RESULTING 
FROM PLATELET TRAPPING: 
KASABACH-MERRITT SYNDROME 


Kasabach-Merritt syndrome is defined as profound thrombocytopenia 
related to platelet trapping within a vascular tumor, either a Kaposi- 
like hemangioendothelioma or a tufted angioma.” *” The syndrome 
presents predominantly during infancy, but several adult cases have 
been reported.” These vascular tumors should be differentiated from 
vascular malformations such as classic benign hemangiomas. Benign 
hemangiomas usually are superficial, multiple, not associated with 
severe thrombocytopenia or DIC (Chap. 130), and usually disappear 
during childhood. On the other hand, Kaposi-like hemangioendothe- 
lioma and tufted angioma are low-grade malignant vascular tumors 
associated with high morbidity and mortality. 

Vascular tumors usually are solitary, can reach 20 cm in diame- 
ter, and can be superficial or invade internal organs and the retroperi- 
toneum.**”-*” Superficial tumors can be recognized by the local red to 
purple discoloration of the skin. The histologic types more frequently 
associated with Kasabach-Merritt syndrome are Kaposi-like heman- 
gioendothelioma and tufted angiomas or angioblastomas.*”*?*#! 
Kaposi-like hemangioendothelioma is a locally aggressive, low-grade 
malignant tumor characterized by infiltrating sheets or lobules of poorly 
formed vascular channels and aberrant lymphatic vessels. These tumors 
are composed predominantly of plump, round, oval, and/or spindled 
endothelial cells with hemosiderin deposits.*” A tufted angioma is a 
lesion characterized by the presence of vascular tufts and aggregates 
of round dilated capillaries, lymphangiomatosis, microthrombi, and 
hemosiderin deposits.*?*°344°3 Electron microscopic examination 
shows abnormal endothelial cells with prominent cytoplasmic pro- 
jections and wide intercellular gaps, fibrin deposition, and platelet 
aggregates within the vessels.*”* The histology of the tumor is useful for 
differentiating the vascular tumors associated with Kasabach-Merritt 
syndrome from benign capillary hemangiomas.“ 

Thrombocytopenia in Kasabach-Merritt syndrome usually is 
severe and associated with DIC.“ Contributing factors include “platelet 
trapping” by abnormally proliferating endothelium within the heman- 
gioma***” and platelet consumption associated with DIC. Platelet trap- 
ping has been demonstrated by immunohistochemical staining of the 
tumors with anti-CD61 antibodies (a marker of platelets and megakary- 
ocytes)** and by nuclear studies using *'Cr-labeled platelets*” and "In 
platelet scintigraphy to monitor response to therapy.*!**"' How platelets 
become trapped is not clear. Initial physical entrapment of the platelets 
within twisted abnormal vessels may favor their adhesion to abnormal 
endothelium, which can lead to platelet activation and aggregation fol- 
lowed by activation of the coagulation cascade, fibrin deposition, and 
formation of microthrombi. Excessive flow and shear rates generated 
by arteriovenous shunting within the tumor further increase the level 
of platelet activation. Continuous thrombus formation leads to platelet 
consumption and activation of the fibrinolytic cascade. Severe throm- 
bocytopenia and DIC result. 

The mainstay of treatment is eradication of the tumor. Several 
specific therapeutic modalities have been proposed, but none has 
been established as consistently effective.” Among the therapies are 
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high-dose glucocorticoids," IFN-a,"’“° vincristine, 


cyclophos- 
phamide,*'* combination chemotherapy,"° and radiation.“ For 
severe cases, interventions such as arterial embolization,”°”! surgical 
resection,” and pneumatic compression can be attempted. 

The mortality rate for advanced Kasabach-Merritt syndrome is 
approximately 12 percent; the rate is higher when associated with retro- 
peritoneal or intraabdominal tumors. Patients die of complications 
resulting from DIC, low platelet count, and infections secondary to 
immunosuppression. 
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@ CYCLIC THROMBOCYTOPENIA 


Cyclic thrombocytopenia (CTP) is a very rare acquired disorder charac- 
terized by a periodic decrease in the platelet count, sometimes followed 
by rebound thrombocytosis without therapy (>500 x 10°/L).*** Fluctuat- 
ing levels of endogenous TPO, inversely related to the platelet count, was 
reported in one case.” Each thrombocytopenic cycle typically spans a 
period of 3 to 6 weeks, and women are more often affected than men. 
The platelet counts may fluctuate across a wide range. In reported cases, 
the median nadir and peak platelet counts were 10 x 10°/L (range: 1 to 
90 x 10°/L) and 330 x 10°/L (range: 72 to 2300 x 10°/L), respectively.’ 
Rebound thrombocytosis is an important and distinctive feature of 
CTP. Although some cases are reported as associated with myelopro- 
liferative neoplasms, most CTP cases are idiopathic.” The patho- 
physiology is unclear and a number of potential mechanisms have been 
proposed, including autoimmune platelet destruction, megakaryocytic 
hypoplasia/aplasia, infections, and hormonal disturbances. Although 
most premenopausal female CTP patients studied have had low plate- 
let counts during their menstrual periods, hysterectomy with bilateral 
salpingo-oophorectomy has not been shown to affect the course of the 
platelet fluctuations.“ 

The clinical presentation of CTP is similar to that of ITP. The bleed- 
ing tendency ranges from asymptomatic, to easy bruising, gingival 
bleeding, recurrent epistaxis, menorrhagia, and hematuria, to more 
serious bleeding, including gastrointestinal or central nervous system 
hemorrhage.*° CTP is rarely considered in the differential diagnosis 
of thrombocytopenia, so patients are usually diagnosed and treated as 
having ITP. CTP is a rare disorder, but the diagnosis should be con- 
sidered in patients with “ITP” who have not responded to therapies 
such as glucocorticoids, splenectomy, and IVIG, and who have rebound 
thrombocytosis. Responses have been reported to respond to hormone 
therapy and cyclosporine. In female patients, oral contraceptives may 
be useful to prolong the menstrual cycle and cover low-platelet-count 
days. Antifibrinolytic drugs such as aminocaproic acid or tranexamic 
acid may also be useful to decrease bleeding symptoms. 


@ DRUG-INDUCED THROMBOCYTOPENIA 


Development of thrombocytopenia after quinine was first described by 
Vipan in 1865, and since then a large number of drugs have been found 
to cause thrombocytopenia. Drugs should be considered as poten- 
tially causative in any thrombocytopenic patient on medication, taking 
herbal remedies, or using iodinated radiocontrast solutions.” Drug-in- 
duced thrombocytopenia generally affects only a small percentage of 
patients taking a particular drug, and is usually not severe, although it 
can be fatal. Genetic and environmental factors both influence suscep- 
tibility to drugs. Discontinuation of the causative drug(s) is the main 
treatment strategy; glucocorticoids may help in some patients. Drugs 
may cause thrombocytopenia by different mechanisms. Dose-depen- 
dent myelosuppression and immune destruction of the platelets are 
two well-known causes. One of the most severe and life-threatening 
forms of drug-induced thrombocytopenia is HIT, an immune-mediated 
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disorder caused by antibodies that recognize a neoepitope in platelet 
factor 4 that is exposed when platelet factor 4 binds heparin. The result 
is activation of platelets and the coagulation cascade and, ultimately, 
venous and arterial thrombosis. HIT affects up to 5 percent of patients 
exposed to therapeutic doses of unfractionated heparin (Chap. 133). 
This section discusses drugs, other than heparins, that cause isolated 
thrombocytopenia by immune platelet destruction; Chap. 34 discusses 
drug-induced aplastic anemia with thrombocytopenia. 


ETIOLOGY 


Reviews of drug-induced thrombocytopenia often contain such exten- 
sive lists of implicated drugs, many of which are commonly used, that 
they are not helpful for decisions regarding which therapy to interrupt 
first. To address the issue of which drugs most likely cause thrombocy- 
topenia, a systematic review of all published case reports defined lev- 
els of evidence to document the causal relation between the drug and 
thrombocytopenia.*” This review distinguished drugs with definite or 
probable causal relationships from those for which the evidence was 
weaker.* Table 117-7 lists the drugs for which there is definite evidence 
of a causal role in producing thrombocytopenia (which includes recur- 
rent thrombocytopenia with rechallenge in the same patient) and drugs 
for which the causal relation to thrombocytopenia has been validated by 
at least two reports with probable evidence (thus meeting all of the crite- 
ria for definite evidence except for the lack of rechallenge). Quinidine is 
by far the most commonly cited drug. Other commonly cited drugs are 
similar to drugs documented in a case-control study.’ A remarkable 
observation from the systematic review was how many case reports did 
not provide sufficient clinical information to allow a determination of 
even a probable causal relation.*!” 


PATHOGENESIS 


Thrombocytopenia is usually assumed to result from immune platelet 
destruction by drug-dependent antibodies.” Most of these antibodies 
bind the platelets only in the presence of the offending drugs. Drugs 
may trigger different immune mechanisms, as depicted in Table 117-8. 

Drugs may bind covalently to membrane proteins, and may induce 
hapten-dependent antibodies in patients receiving penicillin and 
cephalosporin. In quinine-induced thrombocytopenia, antibodies bind 
to membrane proteins only in the presence of soluble drug. In patients 
receiving tirofiban or eptifibatide, the drug binds to integrin a,,f,, cre- 
ating a conformation-dependent neoepitope and inducing antibody 
production. Gold salts and procainamide, however, may induce true 
autoantibodies, with those induced by gold being unique in targeting 
platelet GPV.** These antibodies can bind and destroy platelets in the 
absence of the drug. In HIT, heparin-platelet factor 4 complexes induce 
autoantibodies. 

Initial experimental observations suggested that drug-antibody 
complexes bind to platelets via the platelet Fcy receptor. This mech- 
anism is confirmed for HIT (see below in this section), but for other 
drugs, the drug-dependent antibodies appear to bind to platelets via 
their Fab regions.“ 

The target antigens are the major platelet surface GPs (GPIb-IX-V 
and integrin a,,,8,). Different drugs may provoke drug-dependent anti- 
bodies that preferentially react with one of these GPs, or drug-depen- 
dent antibodies from a single patient may react with multiple epitopes 
on both GPs. For example, a study of sera from 15 patients with qui- 
nine-induced thrombocytopenia demonstrated that, in the presence of 
quinine, the antibodies bound to two distinct domains on GPIb-IX, one 
on GPIba, and one on GPIX. Some patients had only one of the anti- 
bodies; some had both.*** The same domains on GPIb-IX also appear 
to be the antigenic targets for quinidine- and ranitidine-dependent 


TABLE 117-7. Drugs Causing Thrombocytopenia 
CASES: 1 


Adefovir dipivoxil (1, 0) 


Diflunisal (0, 1) 


Isotretinoin (0, 1) 


Penicillin (0, 1) 


Alatrofloxacin (0, 1) 
Albendazole (0, 1) 


Digitoxin (0, 1) 
Diltiazem (0, 1) 


Itraconazole (0, 1) 
Lithium (1, 0) 


Pentoxifylline (1, 0) 
Piperazine (0, 1) 


Alprenolol (1, 0) 


Doxepin (0, 1) 


Lopinavir/ritonavir (1, 0) 


Primidone (0, 1) 


Amlodipine (0, 1) 


Eflornithine (1, 0) 


Losartan (0, 1) 


Pyrazinamide (0, 1) 


Anakinra (0, 1) 


Ezetimibe (0, 1) 


Mebhydroline (0, 1) 


Recombinant hepatitis B 


Apalcillin (0, 1) 


Famotidine (0, 1) 


Meloxicam (0, 1) 


vaccine (0, 1) 


Aspirin (0, 1) 


Felbamate (0, 1) 


Meprobamate (0, 1) 


Rifampicin (1, 0) 


Atorvastatin (1, 0) 
Bismuth (0, 1) 


Fenoprofen (0, 1) 
Feprazone (0, 1) 


Mesalamine (1, 0) 
Methazolamide (0, 1) 


Rituximab (1, 0) 
Rofecoxib (0, 1) 


Butoconazole (0, 1) 


Finasteride (0, 1) 


Mexiletine (0, 1) 


Rosiglitazone (0, 1) 


Cefamandole (0, 1) 


Formestane (0, 1 


Minoxidil (1, 0) 


Sodium stibogluconate 


Cephalothin (1, 0) 


) 
G-CSF (filgrastim) (0, 1) 


Mirtazapine (0, 1) 


(0, 1) 


Chlorpheniramine (0, 1) 


Haloperidol (1, 0) 


Morphine (0, 1) 


Sulfadiazine (0, 1) 


Chlorpromazine (1, 0) 


Inamrinone (1, 0) 


Naphazoline (1, 0) 


Sulfamethoxazole (0, 1) 


Ciprofloxacin (0, 1) 


Indomethacin (0, 1) 


Nimesulide (0, 1) 


Sulfathiazole (1, 0) 


Clarithromycin (0, 1) 


Infliximab (0, 1) 


Nitroglycerin (1, 0) 


Suramin (0, 1) 


Clopidogrel (0, 1) 


Influenza vaccine (0, 1) 


Novobiocin (1, 0) 


Teicoplanin (1, 0) 


Deferoxamine (1, 0) 


Interferon 2b (0, 1) 


Octreotide (1, 0) 


Thiothixene (1, 0) 


Desipramine (0, 1) 


locetamic acid (0, 1) 


Oxcarbazepine (0, 1) 


Tiagabine (0, 1) 


Diazepam (1, 0) 


lopamidol (0, 1) 


Oxytetracycline (0, 1) 


Tolmetin (1, 0) 


Diazoxide (1, 0) 


Iron dextran (0, 1) 


Penicillamine (0, 1) 


Tranilast (0, 1) 


Diethylstilbestrol (1, 0) 


Isoniazid (1, 0) 


CASES: 2 TO 4 


Acetazolamide (1, 2) 


Etretinate (0, 2) 


Naproxen (0, 4) 


Sulindac (0, 2) 


Aminoglutethimide (2, 1) 
Aminosalicylic acid (2, 1) 


Fluconazole (0, 2) 
Glibenclamide (0, 2) 


Oxaliplatin (0, 2) 
Oxprenolol (2, 1) 


Sulfamethoxypyridazine 
(0, 3) 


Amphotericin b (2, 1) 


Ibuprofen (0, 2) 


Oxyphenbutazone (0, 2) 


Sulfasalazine (1, 2) 


Ampicillin (0, 2) 


Indinavir (3, 0) 


Phenytoin (0, 3) 


Tamoxifen (2, 1) 


Captopril (0, 2) 


Interferon (0, 4) 


Piperacillin (1, 1) 


Terbinafine (0, 2) 


Chlordiazepoxide (0, 2) 


lopanoic acid (1, 1) 


Roxifiban (0, 2) 


Ticlopidine (0, 3) 


Chlorothiazide (1, 3) 


Levamisole (2, 0) 


Simvastatin (0, 2) 


Trastuzumab (0, 2) 


Digoxin (3, 0) 
Ethambutol (1, 1) 


Meclofenamate (2, 0) 
Methicillin (2, 0) 


Sulfapyridine (0, 2) 


Vancomycin (3, 0) 


CASES: 5 TO 10 


Abciximab c7e3 Fab (1, 6) 


Danazol (3, 4) 


Hydrochlorothiazide (0, 5) 


Procainamide (0, 7) 


Amiodarone (2, 0) 


Diatrizoate meglumine/ 


Interferon-a (1, 6) 


Ranitidine (0, 5) 


Acetaminophen (3, 4) 


diatrizoate sodium (3, 2) 


Lotrafiban (0, 5) 


Rifampin (5, 5) 


Carbamazepine (0, 10) Diclofenac (2, 3) Methyldopa (3, 3) Sulfisoxazole (1, 4) 
Chlorpropamide (0, 5) Efalizumab (Raptiva) (0, 6) Nalidixic acid (1, 5) Tirofiban (1, 6) 
Cimetidine (1, 5) Eptifibatide (0, 7) 

CASES: >10 

Gold (0, 11) Quinidine (26, 32) Quinine (14, 9) Sulfamethoxazole (3, 12) 


G-CSF, granulocyte colony-stimulating factor. 


Table of drugs that cause thrombocytopenia supported by one or more patient case reports with level | (definite) or level II (probable) clinical 
evidence. The table is broken down by the total number of single case reports with the individual number of level | cases and level II reports 
denoted in parentheses, respectively. The full list of articles reviewed, the methodology for establishing levels of evidence, and a complete 
updated database are available at www.ouhsc.edu/platelets/. 


Data from www.ouhsc.edu/platelets/ditp.html. 
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TABLE 117-8. Mechanisms Underlying Drug-Induced Immune Thrombocytopenia 


Classification Mechanism 


Incidence Example 


Hapten-dependent 


antibody induces drug-specific immune response 


Hapten links covalently to membrane protein and 


Very rare Penicillin, possibly some 


cephalosporin antibiotics 


Quinine-type drug 
protein in presence of soluble drug 


Drug induces antibody that binds to membrane 


Quinine, sulfonamide anti- 
biotics, nonsteroidal antiin- 
flammatory drugs 


26 cases per 1 million users of 
quinine per week; probably 
fewer cases with other drugs 


Fiban-type drug 


Drug reacts with glycoprotein IIb/Illa to induce a 


0.2-0.5% Tirofiban, eptifibatide 


conformational change (neoepitope) recognized by 


antibody (not yet confirmed) 


Drug-specific 


Antibody recognizes murine component of chime- 


0.5-1.0% after first exposure; Abciximab 


antibody ric Fab fragment specific for platelet membrane 10-14% after seconds exposure 
glycoprotein Illa 
Autoantibody Drug induces antibody that reacts with autologous 1% with gold; very rare with Gold salts, procainamide 


platelets in absence of drug 


procainamide and other drugs 


Immune complex 


Drug binds to platelet factor 4, producing immune 
complex for which antibody is specific; immune 
complex activates platelets through Fc receptors 


3-6% among patients treated 
with unfractionated heparin for 
7 days; rare with low-molecu- 
lar-weight heparin 


Heparins 


Reproduced with permission from Aster RH, Bougie DW. Drug-induced immune thrombocytopenia. N Engl J Med 2007 Aug 9;357(6):580-587. 


antiplatelet antibodies.**** Definition of the specific epitope involved 
in patient reactions with drug-dependent antibodies may not only 
elucidate the mechanism of drug-induced thrombocytopenia but also 
identify polymorphisms in GPIb-IX that cause sensitivity in produc- 
ing drug-dependent antiplatelet antibodies. Sulfonamides, quinidine, 
and quinine are frequent causes of drug-induced thrombocytopenia. 
Studies of sera from 15 patients with thrombocytopenia caused by sul- 
famethoxazole or sulfisoxazole demonstrated that the antigenic epitope 
was part of integrin a,,f,.°° Some antibodies from patients with qui- 
nidine- and quinine-dependent antiplatelet antibodies also react with 
integrin & pp,” 

In addition to specificity for discrete epitopes on platelet surface 
GPs, drug-dependent antibodies are highly specific for the structure of 
the drug. For example, no cross-reactivity occurs between quinidine 
and quinine-dependent antibodies or between sulfamethoxazole and 
sulfisoxazole-dependent antibodies, even though both pairs of drugs 
have similar structures. Therefore, the neoantigens produced by drug 
binding to platelets create discrete epitopes that are sensitive to minor 
changes in drug structure. 

The implications of this mechanism for platelet destruction are 
apparent. A patient with prior sensitivity to the drug has preformed 
antibodies that immediately react with the altered platelets upon repeat 
drug exposure, as demonstrated. An exception to this situation is the 
immediate acute thrombocytopenia that may occur with initial admin- 
istration of antithrombotic agents that bind platelet integrin pb,” 
especially abciximab. Abciximab is a humanized monoclonal antibody 
fragment that lacks the Fc domain, so thrombocytopenia is not caused 
by phagocytosis of the platelets by macrophages. Patients experiencing 
thrombocytopenia after receiving integrin æ „p, inhibitors have been 
postulated to have preformed antibodies to epitopes exposed on the 
integrin by drug binding. These could be the same antibodies that cause 
in vitro EDTA-dependent platelet agglutination and pseudothrombocy- 
topenia (see “Pseudo (Spurious) Thrombopenia” above) .***9"° 


DIAGNOSIS 


The diagnosis of drug-induced thrombocytopenia can be made only 
by recovery from thrombocytopenia upon discontinuation of the drug 
and can be confirmed if thrombocytopenia recurs with rechallenge by 


the drug. Prompt recovery within 5 to 7 days is usual. Gold-induced 
thrombocytopenia is an exception because gold salts are retained for 
long periods of time within the body and thrombocytopenia can persist 
for months, becoming indistinguishable from ITP.“! Rechallenge with 
a suspected drug is dangerous, because severe thrombocytopenia can 
develop rapidly with even very small drug doses. However, when mul- 
tiple drugs are potentially involved and all are important for manage- 
ment, it may be appropriate to reintroduce them individually, followed 
by several days of close observation. In general, the smallest possible 
dose of the drug should be administered. The administration should be 
performed under direct supervision of the patient, with platelets avail- 
able for bleeding should it occur. If rechallenge leads to thrombocytope- 
nia, the patient should be advised to wear a Medic Alert bracelet. For 
common drugs, especially those that can be purchased without a pre- 
scription, it may be safer to supervise a rechallenge and unequivocally 
document risk rather than risk future unintentional use. 

Laboratory assays can detect drug-dependent antibodies, and pos- 
itive results can support a clinical diagnosis. However, the laboratory 
role remains largely investigational because results are not promptly 
available when a clinical decision must be made about discontinuing a 
drug. Furthermore, no laboratory test has been validated that supports 
continuing a suspected drug with no adverse effects following a negative 
laboratory test. 

Drug-dependent antibodies can be detected by flow cytometric 
techniques, MAIPA,*” and solid-phase red cell adherence assays.” 
Strongly positive tests are apparent, but distinction of positive from 
negative tests is arbitrary and not yet clinically validated. Positive tests 
for heparin-dependent antibodies have been reported in patients with- 
out thrombocytopenia,“** and patients with clinical evidence for 
drug-induced thrombocytopenia may have negative tests using multiple 
techniques.*°°*” 


CLINICAL AND LABORATORY FEATURES 


In patients with newly discovered thrombocytopenia, all medications 
should be identified. Not only should the history explore use of prescrip- 
tion medications, use of nonprescription drugs should also be queried, 
including products containing acetaminophen,*” and drinks that may 
contain quinine (“tonic water”). Drug-induced thrombocytopenia 
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is typically severe. Among the 247 case reports with evidence for a def- 
inite or probable causal relation of the drug to thrombocytopenia, 23 
patients (9 percent) had major bleeding, including two patients who 
died of bleeding,“ and 68 patients (28 percent) had overt but minor 
bleeding; 96 patients (39 percent) had only purpura or trivial bleed- 
ing, and the remainder had no bleeding.“ The time from beginning 
the drug to the initial occurrence of thrombocytopenia varies from 1 
day to 3 years, but the median time is 14 days. With rechallenge, acute 
thrombocytopenia may occur within minutes but almost always within 
3 days.*® Patients may have other signs and symptoms of drug sensitiv- 
ity, such as nausea and vomiting, rash, fever, and abnormal liver func- 
tion tests.* Laboratory data may demonstrate leukopenia, indicating 
that the drug-dependent antibodies target multiple cell types.*” Patients 
who have systemic adverse reactions to drugs manifesting as TTP or 
HUS are described in Chap. 133. 


TREATMENT 


Withdrawal of the offending drug is the most important therapeutic 
measure. Prednisone is commonly given because the distinction of 
drug-induced thrombocytopenia from ITP is almost never clear ini- 
tially; however, glucocorticoids do not appear to speed recovery.“ In 
patients with major bleeding, emergency treatment should be the same 
as for ITP: platelet transfusions, high doses of parenteral methylpred- 
nisolone, and possibly IVIG.*” 
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CHAPTER 118 
HEPARIN-INDUCED 
THROMBOCYTOPENIA 


Adam Cuker and Mortimer Poncz 


Heparin-induced thrombocytopenia (HIT) is a prothrombotic complication 
of treatment with heparin. It is associated with mild-to-moderate throm- 
bocytopenia, although the main clinical concern is the high frequency of 
both arterial and venous thromboembolism, which may be limb- or life- 
threatening. HIT is an immune complex-based disorder involving platelet 
factor 4 complexed to negatively charged multimeric molecules, especially 
surface heparan side chains. It is initiated by exposure to heparin, particularly 
unfractionated heparin. There is growing understanding of the unusual nature 
of the underlying immune response in HIT, why certain individuals develop 
this disorder, and why HIT is prothrombotic. Diagnosis is based upon an assess- 
ment of clinical probability and specialized laboratory testing. Management 
involves immediate cessation of heparin and initiation of parenteral inhibitors 
of thrombin or factor Xa. 


@ DEFINITION AND HISTORY 


Heparin-induced thrombocytopenia (HIT) is a complication of heparin 
therapy in which there is a fall in platelet count and an unusually high 
incidence of arterial and/or venous thromboembolic complications in 
association with heparin therapy. 

Although clinical usage of heparin as an anticoagulant began in 
the late 1950s, it was not until the early 1970s that a small percentage 
of treated patients were noted to develop a complication consisting of 
thrombocytopenia with paradoxical, life-threatening thromboemboli 
(for a historical review see Ref. 1). In the 1980s, it became clear that HIT 
was caused by immunoglobulin (Ig) G antibodies that activate platelets. 
It was also recognized that HIT could be divided into two types, the 
classic immune-mediated prothrombotic disease that is the focus of this 
chapter (formerly called HIT type II), and a benign nonimmune con- 
dition associated with a mild, immediate, and transient drop in platelet 
count and no increased risk of thrombosis (formerly called HIT type I).” 
In this chapter, “HIT” means the immune-mediated form of the disease. 

In the 1970s and 1980s, it became clear that HIT antibodies acti- 
vated both platelets and endothelial cells.*+ Further analysis showed 
that blocking platelet FcyRIA inhibited platelet activation by HIT 
sera in vitro,’ suggesting that platelet activation involved an immune 


Acronyms and Abbreviations: Cl, confidence interval; DIC, disseminated intra- 
vascular coagulation; GAG, glycosaminoglycan; HIT, heparin-induced thrombocyto- 
penia; INR, international normalized ratio; LMWH, low-molecular-weight heparin; 
MTHFR, methylenetetrahydrofolate reductase; PF4, platelet factor 4; UFH, unfrac- 
tionated heparin. 


complex. In the early 1990s, this complex was identified as heparin 
bound to the platelet-specific chemokine, platelet factor 4 (PF4).° Over 
the past 20 years, additional insights into the mechanism(s) underlying 
this immune complex disorder have emerged that have advanced our 
understanding of why this disorder is particularly prothrombotic and 
occurs in a only a small subset of patients. Additionally, advances have 
been made on the clinical side with respect to prevention, diagnosis, 
and treatment. 


@ EPIDEMIOLOGY 


The frequency of HIT in heparin-treated patients ranges from less than 
0.1 percent to 5.0 percent, depending on patient- and heparin-specific 
risk factors. These include the patient population, gender, nature of the 
heparin used, and duration of heparin exposure (Table 118-1). 

The most important determinant of risk is the patient population. 
In a meta-analysis of seven prospective studies, the incidence of HIT 
was greater among surgical than medical patients (odds ratio [OR]: 
3.25; 95 percent confidence interval [CI]: 1.98 to 5.35).” The incidence of 
HIT approaches 5 percent in patients who receive unfractionated hepa- 
rin (UFH) after major orthopedic surgery.* Patients undergoing surgery 
with cardiopulmonary bypass have a very high frequency of anti-PF4/ 
heparin antibody seroconversion (50 to 75 percent by postoperative day 
10), but a lesser incidence of HIT (0.5 to 1.0 percent).*! HIT occurs 
in 0.5 to 1.0 percent of medical patients’ and in less than 0.1 percent 
of pregnant women'"” and children.” In a randomized trial of trauma 
patients, major trauma was associated with a significantly greater inci- 
dence of HIT than minor trauma (2.2 percent vs. 0.0 percent, p = 0.01) 
despite identical heparin exposure." 

Female sex is also a risk factor for HIT. A meta-analysis found an 
approximately twofold greater risk of HIT in women than men (OR: 
2.37; 95 percent CI: 1.37 to 4.09). Analyses of a German database 
and a randomized trial of UFH versus low-molecular-weight heparin 
(LMWH) after orthopedic surgery yielded similar findings.’ 

HIT is more common with UFH than LMWH in surgical patients. 
In a meta-analysis of 15 studies, primarily involving orthopedic surgery 
patients, the incidence of HIT with UFH and LMWH was 2.6 percent 
and 0.2 percent, respectively." Data are conflicting on whether the risk 
of HIT is reduced with LMWH in medical patients.”'*'” Fondapari- 
nux, a synthetic pentasaccharide anticoagulant, is associated with a 
nearly negligible risk of HIT, although several cases of fondaparinux- 
associated HIT have been reported." 

Duration of heparin exposure also influences the risk of HIT. In a 
meta-analysis of 3529 patients receiving UFH thromboprophylaxis for 
6 or more days, the incidence of HIT was 2.6 percent." Review of a hos- 
pital database indicated that briefer courses induce a substantially lower 
incidence of HIT (0.2 percent). 

High-quality data on the impact of dose and route of administra- 
tion of heparin on the risk of HIT are lacking. Some studies suggest a 
lower rate of HIT with prophylactic dose subcutaneous UFH than ther- 
apeutic dose intravenous UFH,” but these analyses are confounded by 
differences in the patients that receive these treatments including the 
clinical indication for heparin. Rarely, HIT has been reported with very 
low doses of heparin such as with use of heparin flushes or heparin- 
bonded catheters.””! 


@ ETIOLOGY AND PATHOGENESIS 


The development of HIT antibodies is nonclassical in that these anti- 
bodies typically begin as IgG and not IgM,” may disappear after a few 
months, and may not reappear with heparin reexposure.” It has been 
proposed that the initial antigen exposure involves PF4 complexed with 


Part XII: Hemostasis and Thrombosis 


TABLE 118-1. Heparin-Induced Thrombocytopenia Risk 


Factors 


Patient-Specific Factors Heparin-Specific Factors 


Patient population (surgical > 
medical > obstetric > pediatric) 


Type of heparin (unfractionated 
heparin > low-molecular- 
weight heparin) 


Major trauma > minor trauma Duration of heparin (~5 days 


> shorter courses) 


Sex (female > male) 


bacterial wall (Fig. 118-1) and that antibodies against this complex may 
be an important antimicrobial defensive mechanism.” These antigenic 
complexes, as well as circulating PF4—heparin complexes, are detected 
by splenic marginal B cells that subsequently produce pathogenic HIT 
antibodies.” 

The nature of the antigenic heparin-PF4 complex has been par- 
tially defined. At the concentrations reached at sites of injury, PF4 
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exists as a tetramer. Crystal structure analysis shows that this tetramer 
is encircled by a ring of positive charge (Fig. 118-2), and heparin 
is thought to bind to this region.” There are two closely spaced HIT 
antibody recognition domains (Fig. 118-2). These domains are dis- 
tinct from the heparin-binding domain. About half of patients have 
antibodies that react with one or the other HIT antigenic domain 
and one-third of patients do not have antibodies that react to either 
domain, suggesting that there are other HIT antigenic sites on PF4. 
Studies of antihuman PF4 monoclonal antibodies suggest that unlike 
nonpathogenic anti-PF4 antibodies, HIT antibodies markedly increase 
their binding affinity for PF4 maintained in a tetrameric as opposed 
to dimeric state.” Moreover, tetrameric PF4 and UFH need to be at 
approximately 1:1 molar ratio for optimal HIT antigenicity.*°*' At this 
ratio, ultralarge complexes (>670 kDa) of PF4 and heparin form that 
appear as visible colloidal complexes, and these are likely to be the anti- 
genic source in HIT.” At higher or lower ratios, PF4 predominantly 
forms smaller and less antigenic PF4—heparin complexes. Ultralarge 
complexes are inefficiently formed with LMWH, offering a potential 
explanation as to why this class of agents is associated with a lower 
incidence of HIT compared with UFH. Fondaparinux does not form 
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Figure 118-1. Proposed etiology of the immune response in heparin-induced thrombocytopenia (HIT). A. Proposed first exposure to HIT antigenic 
complex either during microbial invasion’ or within growing atherosclerotic plaques, which are known to contain both platelet factor 4 (PF4) and 
immune-responsive cells.*? In both cases, soluble PF4 and negatively charged molecules must be presented to B cells and result in an initial immu- 
noglobulin M—perhaps low affinity—response. B. On exposure to heparin, especially unfractionated heparin, complexes form with free PF4 and 
are presented to splenic marginal B cells,” which subsequently produce pathogenic HIT antibodies that bind with high affinity to PF4 complexed 
to surface GAG complexes.” The concentrated binding of HIT antibodies to surface PF4-GAG complexes may enhance FcyRIIA aggregation and 


subsequent platelet activation. 
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Figure 118-2. Platelet factor 4 (PF4) tetramer structure. At the top is the linear sequence of PF4. The regions that are known to contribute to 
heparin-induced thrombocytopenia (HIT) antigenicity when PF4 is complexed to heparin are boxed. Below are three views of the PF4 tetramer with 
the positively charged residues shown in both light and dark blue. Sites at which HIT neoepitopes are exposed on the PF4 tetramer are indicated. 
(Adapted with permission from Li ZQ, Liu W, Park KS, et al: Defining a second epitope for heparin-induced thrombocytopenia antibodies using KKO, a murine 
HIT-like monoclonal antibody. Blood 99(4):1230-1236, 2002.) 


large complexes with PF4, explaining the negligible incidence of HIT 
with this agent and supporting its potential utility in the prevention or 
treatment of HIT. 

A passive immunization murine model of HIT has been used to 
demonstrate the following components are necessary to induce both 
thrombocytopenia and a prothrombotic state in HIT: the presence of 
human PF4 in platelets, FeyRIIA on the surface of platelets and pos- 
sibly other vascular cells, and the presence of a pathogenic HIT-like 
antibody.** Heparin has a more complex relationship to the pathogen- 
esis of HIT (Fig. 118-3). In the passive immunization model of HIT, 


wherein a pathogenic HIT-like antibody is infused into mice expressing 
both human PF4 and FcyRIIA, heparin infusion is not needed to cause 
thrombocytopenia and a prothrombotic state.” The explanation for a 
lack of need to infuse heparin in this model is as follows: One important 
potential role of heparin in the pathogenesis of HIT is to form solu- 
ble, circulating PF4-heparin complexes that induce anti-PF4-heparin 
antibody production by presentation of the complex to splenic mar- 
ginal B cells (see Figs. 118-1 and 118-3).” Passive immunization with 
HIT antibodies in these mice obviates the need for delivery of soluble 
antigenic complexes to the spleen. Another role for infused heparin is 
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Figure 118-3. The role(s) of heparin in heparin-induced thrombocytopenia (HIT). On the left is depicted a quiescent platelet surface with GAG- 
expressing proteins as well as individual FcyRIIA receptors. Platelet factor 4 (PF4) is normally released by platelets in the steady-state, especially in 
individuals with underlying inflammation and/or atherosclerosis. Additionally, individuals have a wide range of platelet PF4 content, and this, too, 
contributes to having individuals with different levels of surface PF4 binding. Heparin infusions leads to HIT immunoglobulin G formation (see Fig. 
118-1B), but also removes surface-bound PF4. If the individual has little initial surface-bound PF4, the surface of the platelets will be wiped clean of 
bound PF4 by the infused heparin and not be targeted by the HIT antibodies (right, top) so that HIT antibodies circulate but HIT does not develop. 
If there is significant residual surface-bound PF4 after heparin infusion, HIT antibodies will attach to the cell surface and activate the platelets (right, 
bottom), potentially leading to HIT. 
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counterintuitive in that it may prevent HIT by partially or completely 
removing surface-bound PF4 (Fig. 118-3).*° If the level of circulat- 
ing, free human PF4 in the mice was initially low relative to the level 
of infused heparin, all surface-bound PF4 and detectable surface anti- 
genicity would be removed and the circulating HIT antibodies would 
have no targets on platelets and other vascular cells (Fig. 118-3). HIT 
therefore would not develop in spite of the presence of heparin and cir- 
culating HIT antibody. On the other hand, if the level of circulating free 
human PF4 in the mice was initially high relative to the infused heparin, 
not all surface-bound PF4 would be removed. Circulating HIT antibod- 
ies could then target and activate platelets and other vascular cells, lead- 
ing to thrombocytopenia and thrombosis (Fig. 118-3). 

Most patients likely begin with little PF4 bound to surface gly- 
cosaminoglycans (GAGs). After therapeutic heparinization, the level of 
surface PF4 goes down markedly so that the platelets cannot be tar- 
geted by anti-PF4-heparin HIT antibodies. However, patients with high 
levels of surface PF4 and significant surface PF4 antigenic complexes 
remaining after heparinization may be at risk for binding of pathogenic 
anti-PF4-heparin HIT antibodies to platelets and other vascular cells. 
Bound pathogenic antibodies lead to thrombocytopenia by clearance 
of antibody-coated platelets by the reticuloendothelial system. Bound 
antibodies also lead to platelet activation through FcyRIIA and the 
formation of procoagulant platelet microparticles that contribute to 
thrombosis.*° 

As part of this activation, HIT antibodies also bind to endothelial 
cells likely via PF4-surface GAG complexes,*”” leading to local vascular 
activation and contributing to further local thrombosis. Additionally, 
HIT antibodies activate PF4-targeted monocytes**” and neutrophils.” 
Monocyte activation may involve its surface Fcy receptors"! with subse- 
quent increased tissue factor expression and other changes consistent 
with a prothrombotic and inflammatory state. Monocyte and neu- 
trophil GAGs are more complex than GAGs on the surface of platelets, 
which are mostly chondroitin sulfate” and have relatively low affinity 
for PF4.® Monocytes and neutrophils bind PF4 with greater avidity 
and are more resistant to removal of bound PF4 by circulating heparin 
than platelets. In HIT, they may be preferentially targeted and activated 
relative to the platelets, contributing to the prothrombotic state of this 
immune thrombocytopenia.“ 

Are there any genetic polymorphisms that are associated with an 
increased risk of developing HIT or developing thrombosis after HIT 
begins? No clear linkage has been shown with known thrombophilic poly- 
morphisms including Factor V'“, Prothrombin®!, MTHFR" 
& pp, and a p,“ Studies addressing a functional FcyRIIA®""! polymor- 
phism had varied outcome.**”’ It is unclear whether patients with HIT 
have a higher density of FcyRIIA on their platelets.“ High IgG affinity 
for the heparin-PF4 complex appears to affect the risk of developing 
HIT. 

The model shown in Fig. 118-3 suggests that individuals with 
high PF4 content in their platelets and/or sustained platelet activation 
as might be seen in patients with significant atherosclerosis, a postsur- 
gery state, or trauma would be most likely to develop HIT after hep- 
arinization and HIT antibody development. However, a relationship 
between formation of HIT antibodies and the degree of atherosclero- 
sis in patients undergoing cardiopulmonary bypass surgery was not 
noted.” If levels of PF4 on the surface of circulating cells determine risk 
of developing HIT, this would offer a potential method for prescreening 
patients prior to heparinization and eliminate those at increased risk of 
HIT or as a useful tool in heparinized patients who develop thrombocy- 
topenia to see whether they potentially can develop HIT. Theoretically, 
only those heparinized individuals with detectable surface PF4 would 
be potential candidates for developing HIT if they concurrently develop 
pathogenic antibodies. 


@ CLINICAL DIAGNOSIS 


The clinical hallmark of HIT is development of thrombocytopenia in 
the setting of a proximate heparin exposure. The combination of throm- 
bocytopenia and heparin exposure in hospitalized patients is common 
and has poor specificity for HIT.” Therefore, other clinical clues must 
be sought in estimating the clinical likelihood of HIT. These include 
timing, degree of platelet count fall, nadir platelet count, presence of 
thromboembolism or hemorrhage, and the likelihood of other causes 
of thrombocytopenia. 


TIMING 


The platelet count in HIT characteristically begins to fall 5 to 10 days 
after initial heparin exposure.” There are three exceptions to this 
rule: (1) in rapid-onset HIT, patients with recent heparin exposure 
(within the previous 90 days) and preformed anti-PF4-heparin IgG 
experience a fall in platelet count immediately upon reexposure; (2) 
in delayed-onset HIT, clinical manifestations develop a median of 10 
to 14 days after heparin is discontinued*; and (3) a small number 
of patients with spontaneous HIT have been reported. These patients 
present with a thrombotic thrombocytopenic disorder reminis- 
cent of HIT in the absence of recognized heparin exposure.” Both 
delayed-onset HIT and spontaneous HIT occur in the absence of 
circulating heparin and may involve pathogenic HIT antibodies that 
recognize complexes of PF4 and endogenous GAGs on blood and vas- 
cular cells. 


DEGREE OF FALL IN PLATELET COUNT 


The percentage fall in platelet count is measured from the peak platelet 
count after initiation of heparin to the nadir platelet count. Most patients 
with HIT experience a 50 percent or greater fall in platelet count; a more 
modest decline (30 to 50 percent) occurs in approximately 10 percent 
of patients. 


NADIR PLATELET COUNT 


As opposed to most other forms of drug-induced immune thrombo- 
cytopenia, thrombocytopenia associated with HIT is characteristically 
mild or moderate. The median nadir platelet count is approximately 
60 x 10°/L and rarely falls below 20 x 10°/L in the absence of concomi- 
tant disseminated intravascular coagulation (DIC).™ The nadir platelet 
count in HIT need not meet the traditional definition of thrombo- 
cytopenia (<150 x 10°/L). For example, patients with postoperative 
thrombocytosis may experience a subsequent greater than 50 percent 
decline in platelet count attributable to HIT that does not fall below this 
threshold.* 


THROMBOSIS 


Thromboembolism is the presenting feature in up to 25 percent of 
patients with HIT and complicates approximately half of all cases.°°*” 
Lower-extremity deep vein thrombosis and pulmonary embolism are 
the most common thrombotic manifestations, outnumbering arte- 
rial events by approximately 2:1.5° Major venous obstruction can lead 
to limb gangrene. Catheter-associated upper extremity deep venous 
thrombosis is common.” Arterial thromboembolism most frequently 
involves the extremities, but may also manifest as stroke or myocar- 
dial infarction." Thrombosis of other vascular beds including cerebral 
sinuses, mesenteric vessels, and adrenal veins is well-documented as 
is thrombotic occlusion of vascular grafts, fistulas, and extracorporeal 
circuitry. 


HEMORRHAGE 


In contrast to most other forms of drug-induced immune thrombocytope- 
nia, spontaneous hemorrhage is rare in HIT, even when thrombocytopenia 
is severe. In a prospective study, bleeding complications were not increased 
in HIT patients compared with nonthrombocytopenic controls.” 


UNUSUAL CLINICAL MANIFESTATIONS 


Rare sequelae of HIT include anaphylactoid reactions after intravenous 
heparin bolus, transient global amnesia, and skin necrosis at subcutane- 
ous heparin injection sites.*' Curiously, these phenomena may occur 
in the absence of thrombocytopenia. Nonnecrotizing erythematous 
injection site lesions are generally caused by delayed type IV hypersen- 
sitivity rather than HIT.” 


OTHER CAUSES 


The likelihood of other etiologies of thrombocytopenia must be care- 
fully considered in patients with suspected HIT. Common causes of 
hospital-acquired thrombocytopenia include infection; drugs other 
than heparin; DIC; dilution; and intravascular devices and extracor- 
poreal circuits such as intraaortic balloon pumps, cardiopulmonary 
bypass, and extracorporeal membrane oxygenation.® 

Clinical scoring systems have been developed to permit estima- 
tion of the probability of HIT based on the aforementioned features. 
The most extensively studied of these systems, the 4T score,“ classifies 
the probability of HIT as low, intermediate, or high on the basis of four 
criteria: Thrombocytopenia, Timing, Thrombosis or other sequelae, and 
the likelihood of other causes of thrombocytopenia (Table 118-2). In a 
meta-analysis of 13 studies, the negative predictive value of a low proba- 
bility 4T score was 99.8 percent (95 percent CI: 97.0 to 100.0). The positive 
predictive value of an intermediate and high probability 4T score was 14 
percent (95 percent CI: 9 to 22) and 64 percent (95 percent CI: 40 to 82), 
respectively.® The 4T score is limited by moderate interobserver agree- 
ment.“ An alternative scoring system, the HIT Expert Probability (HEP) 
Score, exhibited improved reliability and favorable operating characteris- 
tics in a retrospective study, but remains to be prospectively validated.” 


@ LABORATORY DIAGNOSIS 


In light of the complexity and limited positive predictive value of clinical 
diagnosis, clinicians rely heavily on laboratory testing to aid in diag- 
nosis. Laboratory assays for HIT fall into two categories: immunoassays 
and functional assays. 
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IMMUNOASSAYS 


‘These assays detect the presence of circulating anti-PF4—heparin anti- 
bodies, irrespective of whether they are able to activate platelets and 
cause disease. The prototypical immunoassay is the solid-phase enzyme- 
linked immunosorbent assay (ELISA), in which dilute patient serum 
is added to microtiter wells coated with complexes of PF4—heparin (or 
PF4-polyvinylsulfonate).° The polyspecific ELISA detects circulating 
anti-PF4—heparin IgG, IgM, and IgA. At the manufacturer-recommended 
cutoff, the sensitivity and specificity of this assay for HIT are 94 to 
100 percent and 81 to 93 percent, respectively.*°*-” 

A key limitation of the polyspecific ELISA is its specificity. False- 
positive results are common and may result from detection of nonpatho- 
genic anti-PF4—heparin antibodies® or antiphospholipid antibodies against 
either PF4” or PF4-bound f,-glycoprotein I.” Specificity may be improved 
by raising the optical density (OD) cutoff. OD is directly associated with 
the 4T and HEP scores,” the risk of thrombosis,” and the likelihood of 
a positive functional assay.” In a Canadian study, only one of 37 patient 
samples exhibiting a weakly positive OD (0.40 to 0.99) demonstrated 
heparin-dependent platelet activation compared with 33 out of 37 samples 
with a strongly positive OD (>2.0).” In a recent analysis of 1958 patients, 
increasing the cutoff from a manufacturer-recommended threshold of 
0.4 to 0.8 OD units increased specificity from 85 percent to 93 percent with 
a slight reduction in sensitivity from 100 percent to 98 percent.” 

Several modifications have been made to the PF4-heparin ELISA 
with the goal of improving specificity. Because pathogenic antibodies 
are primarily of the IgG class, detection systems specific for IgG have 
been developed. In a pooled analysis of studies comparing the IgG-spe- 
cific and polyspecific ELISA, the former showed greater specificity (93.5 
percent vs. 89.4 percent) at the cost of reduced sensitivity (95.8 percent 
vs. 98.1 percent).” Another modification involves the addition of a high 
heparin confirmatory step, in which reduction of the OD by 50 percent 
or more with the addition of excess heparin (100 U/mL) is considered 
to affirm the presence of heparin-dependent antibodies.” This method 
improves specificity, but false-positives remain common and false- 
negatives may also occur, particularly at high OD values.*” 

Another limitation of the PF4-heparin ELISA is turnaround time. 
Although the analytical turnaround time of the ELISA is only approx- 
imately 2 hours, the assay is most cost-effective when multiple samples 
are run in batch. Consequently, many laboratories perform the ELISA 
only once or twice a week, leaving clinicians to make critical initial 
management decisions without the benefit of laboratory results. This 
drawback of the ELISA has spawned the development of several rapid 
immunoassays, which are designed to accommodate single samples and 


TABLE 118-2. The 4T Score* 


Points Per Category 


Clinical Sign 0 1 2 
Thrombocytopenia (acute) Very low nadir (<10 x 10°/L) or Low nadir (10-20 x 109/L) or 30-50% Moderate nadir (20-100 x 10°/L) 
<30% fall fall or >50% fall 


Timing of first event (throm- 
bocytopenia or thrombosis) 


<4 Days (unless prior heparin 
exposure in last 3 months) 


Within 5-10 days (but not well docu- 
mented) or <1 day (with exposure in 
last 3 months) 


Documented occurrence in 5-10 
days or <1 day with recent prior 
exposure 


Thrombotic-related event None 


Progressive, recurrent, or suspected 
(unconfirmed) thrombosis; erythe- 
matous nonnecrotic skin lesions 


New thrombosis (confirmed) or 
skin necrosis or systemic reac- 
tion after heparin bolus 


Thrombocytopenia (other 
causes) 


Definite other cause is present 


Possible other cause is present 


No other strong explanation for 
thrombocytopenia 


*Scores of 0-3, 4-5, and 6-8 are classified as low, intermediate, and high probability, respectively. 
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TABLE 118-3. Properties of Rapid Platelet Factor 4-Heparin Immunoassays 


Antibody Class TurnaroundTime Regulatory 
Assay Detection Sensitivity Specificity (Minutes) Approval 
Particle gel immunoassay®*°*! IgG 0.91-0.94 0.87-0.95 20 Asia, Canada, Europe 
Lateral flow immunoassay®°* IgG 0.98-1.00 0.82-0.93 15 Europe 
Latex particle-enhanced immunoturbi- IgG, IgA, IgM 1.00 0.76 ie Europe 
dimetric assay®?** 
Chemiluminescence assay™®* IgG, IgA, IgM 0.98-1.00 0.73-0.82 30 Europe 
Chemiluminescence assay**®° IgG 0.96-1.00 0.85-0.97 30 Europe 


Ig, immunoglobulin. 


yield results in minutes. Table 118-3 summarizes the properties of these 
rapid assays.**°** The latex particle-enhanced immunoturbidimetric 
assay and chemiluminescence assays are instrument-based and must 
be performed on proprietary analyzers. A rapid particle immunofiltra- 
tion assay is approved in the Unites States, but published data suggest 
that it has unacceptable diagnostic accuracy.” A modified version of the 
assay“ requires further study. 


FUNCTIONAL ASSAYS 


Functional assays are more specific than commercial immunoassays 
because they detect only the subset of antibodies capable of inducing 
platelet activation in a heparin-dependent manner. The prototypical 
functional assays are the C-serotonin release assay (SRA) and the 
heparin-induced platelet-activation assay (HIPA). In the SRA, various 
concentrations of heparin and heat-inactivated patient serum are added 
to washed donor platelets radiolabeled with C. A positive test is signi- 
fied by heparin-dependent release of '‘C-serotonin.® The HIPA is based 
on a similar principle, but uses visual assessment of platelet aggregation 
as an end point.” The sensitivity and specificity of the SRA and HIPA 
are said to exceed 95 percent, but universally accepted reference stan- 
dards against which to measure their performance do not exist. 

Washed platelet functional assays are technically demanding. Both 
the SRA and HIPA require reactive donor platelets and the SRA requires 
radioisotope. Because these reagents are impracticable for most clinical 
laboratories, functional assays are performed at only a small number 
of reference laboratories around the world. Even among such labora- 
tories, test methodology, result interpretation, and reporting are not 
well-standardized.”' 

Novel immunoassays and functional assays for HIT designed to 
overcome the limitations of assays currently in use are in development.””? 


@ MANAGEMENT 
NONHEPARIN ANTICOAGULANTS 


Management of HIT requires immediate withdrawal of heparin, 
including cessation of heparin flushes and removal of heparin-coated 
catheters. However, discontinuation of heparin alone is insufficient to 
prevent thromboembolism. Historical studies of untreated patients 
document a 5 to 10 percent daily risk of thrombosis in the first 48 hours 
after heparin is stopped and a 30-day cumulative incidence of throm- 
bosis of approximately 50 percent.*”” Discontinuation of heparin must 
therefore be accompanied by initiation of a rapid-acting, parenteral, 
nonheparin anticoagulant.” Table 118-4 summarizes the properties of 
nonheparin anticoagulants used to treat HIT. 

Argatroban and bivalirudin are direct thrombin inhibitors. Arga- 
troban is the only FDA-approved drug for treatment of HIT available in the 


United States. Its approval was based on two open-label single-arm studies 
in which argatroban-treated subjects were compared with untreated his- 
torical controls.” In a pooled analysis of these two studies, argatroban 
reduced the relative risk of new thrombosis by two-thirds. The incidence 
of major bleeding was approximately 1 percent per day. An important 
limitation of these studies was that serologic confirmation of HIT was not 
required for enrollment. Indeed, 36.4 percent of subjects were found to be 
anti- PF4-heparin antibody-negative on post hoc testing,” suggesting that a 
sizable proportion of the study population did not have HIT. 

Bivalirudin is a hirudin analogue. It is approved for patients with 
and without HIT undergoing percutaneous vascular procedures. It is 
not approved for treatment of HIT, although it has been used off-label 
for this indication, particularly in patients with critical illness and mul- 
tiorgan failure’ and those undergoing cardiac surgery.” Published evi- 
dence supporting its use is limited to retrospective single-center cohort 
studies. 100,102,103 

Two other direct thrombin inhibitors have been studied as treatments 
for HIT. Lepirudin, a recombinant hirudin, was shown to reduce the risk of 
thromboembolism compared with untreated historical controls, but is no 
longer available.” A randomized clinical trial of desirudin closed because 
of poor accrual after only 16 subjects had been randomized.™ 

Danaparoid and fondaparinux are indirect factor Xa inhibitors. 
Danaparoid is approved for treatment of HIT in multiple jurisdictions, but 
is no longer marketed in the United States and drug shortages have limited 
its availability elsewhere. In an open-label randomized trial, 42 patients 
with HIT complicated by thrombosis were allocated to receive either 
danaparoid or dextran 70. Significantly more subjects in the danaparoid 
arm were judged to have complete recovery from thrombosis at hospital 
discharge (56 percent vs. 14 percent; p = 0.02). In vitro crossreactivity 
of HIT antibodies with danaparoid occurs in some patients, although the 
clinical relevance of this phenomenon has not been established. 

Fondaparinux in not approved for treatment of HIT, nor is it recom- 
mended in the 2012 American College of Chest Physicians Guidelines.” 
Its use is supported by several small case series and retrospective cohort 
studies.!'”-"° In a pooled analysis involving 71 patients, no new throm- 
botic events were reported. Four patients suffered major hemorrhage.” 
A small number of cases of HIT induced or exacerbated by fondaparinux 
have been reported, although the attribution to fondaparinux in at least 
some of these cases remains uncertain. Fondaparinux is more conve- 
nient to use than other agents given the ease of once-daily administration 
and a potential lack of need for monitoring (see Table 118-4). This may, 
in part, account for its increasing use. In a recent multicenter German 
registry of patients with suspected HIT, a greater proportion of patients 
were treated with fondaparinux (40 percent) than with danaparoid 
(23.6 percent) or argatroban (16.4 percent).'” 

Oral direct inhibitors of thrombin (e.g., dabigatran) and fac- 
tor Xa (e.g., rivaroxaban, apixaban, edoxaban) do not induce platelet 
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TABLE 118-4. Anticoagulants Used to Treat Heparin-Induced Thrombocytopenia 


Clearance 
Drug Initial Dosing Monitoring (Half-Life) 
DIRECT THROMBIN INHIBITORS 
Argatroban Bolus: None Adjust dose to aPTT of Hepatobiliary 
Continuous infusion: 1.5-3.0 x patient baseline (40-50 min) 
Normal organ function > 2 mcg/kg/min 
Liver dysfunction (total bilirubin >1.5 mg/dL), heart failure, 
postcardiac surgery, anasarca > 0.5-1.2 mcg/kg/min 
Bivalirudin Bolus: None Adjust dose to aPTT of Enzymatic and 


Continuous infusion: 
Normal organ function > 0.15 mg/kg/h 


1.5-2.5 x patient baseline renal (25 min) 


Renal or hepatic insufficiency — consider dose reduction 


INDIRECT FACTOR Xa INHIBITORS 


Bolus: 
<60 kg — 1500 U 
60-75 kg — 2250 U 
75-90 kg — 3000 U 
>90 kg > 3750 U 
Accelerated initial infusion: 
400 U/h x 4h, then 300 U/hx 4h 
Maintenance infusion: 
Normal renal function —> 200 U/h 
Renal insufficiency — 150 U/h 


Danaparoid 


Adjust to anti-factor Xa of Renal (24 h) 


0.5-0.8 U/mL 


Fondaparinux <50 kg > 5 mg SC daily 

50-100 kg > 7.5 mg SC daily 
>100 kg > 10 mg SC daily 

Cl., 30-50 mL/min — use caution 


Cl, <30 mL/min — contraindicated 


None Renal (17-20 h) 


aPTT, activated partial thromboplastin time; Cl_, creatinine clearance. 


aggregation or PF4 release in the presence of HIT-positive sera in vitro’ 
and constitute biologically rational approaches to the treatment of 
HIT. However, clinical evidence is limited to a small number of case 
reports'’*''® and use of these agents for HIT cannot be recommended 
outside of a clinical trial. One such trial of rivaroxaban in patients with 
suspected HIT began enrollment in 2013 and is ongoing.’ 

An important toxicity of anticoagulants used for treatment of HIT 
is major bleeding, a risk compounded by the absence of effective rever- 
sal agents. Novel therapeutic approaches that target pathways proxi- 
mal to activation of coagulation may provide effective antithrombotic 
therapy without the degree of bleeding risk associated with anticoag- 
ulants. Candidate strategies include a desulfated form of heparin with 
minimal anticoagulant activity’ and small molecule PF4 antagonists," 
which interfere with formation of PF4-heparin complexes; inhibitors 
of FcyRIIA-mediated platelet activation by HIT immune complexes; 
and inhibitors of splenic tyrosine kinase and Ca**'” and diacylglycerol- 
regulated guanine nucleotide exchange factor I," which disrupt intra- 
cellular transduction triggered by immune complex binding. 


WHO TO TREAT 

Because of the frequency of heparin use and thrombocytopenia among 
hospitalized patients, the modest specificity of immunologic assays, and 
clinicians’ fears of missing a case of HIT, overdiagnosis and unnecessary 


treatment with nonheparin anticoagulants of patients without HIT 
is common.’” Inappropriate use of these agents is associated with 
increased costs and bleeding risk.” In light of the very-high negative 
predictive value (99.8 percent) of a low-probability 4T score,” a reason- 
able first step toward reducing unnecessary treatment is to avoid use of 
nonheparin anticoagulants in patients with a low-probability 4T score. 
Heparin should be discontinued and a nonheparin anticoagulant initi- 
ated in patients with an intermediate- or high-probability 4T score until 
the results of HIT laboratory testing become available.®°>!” 


TRANSITIONING TO A VITAMIN K ANTAGONIST 


Warfarin and other vitamin K antagonists should not be prescribed as 
the initial anticoagulant in patients with acute HIT because their use 
increases the risk of venous limb gangrene as a result of rapid lowering 
of protein C activity.” For patients receiving a vitamin K antagonist at 
the time HIT is diagnosed, the vitamin K antagonist should be discon- 
tinued and its effects reversed with vitamin K. A vitamin K antagonist 
may be initiated once the platelet count has recovered to a stable pla- 
teau. Large loading doses (e.g., warfarin >5 mg/day) should be avoided. 
The vitamin K antagonist should be overlapped with a parenteral non- 
heparin anticoagulant for at least 5 days and until the international nor- 
malized ratio (INR) has reached its intended target. If the patient 
is being transitioned from argatroban to warfarin, guidelines regarding 


Part XII: Hemostasis and Thrombosis 


the appropriate INR target should be followed,’ because both arga- 
troban and warfarin increase the INR. This target will vary according 
to the sensitivity of the prothrombin time reagent to argatroban used in 
each institution. 


DURATION OF ANTICOAGULATION 


Patients with HIT-associated thromboembolism are typically treated 
with therapeutic anticoagulation for 3 to 6 months. The optimal dura- 
tion of anticoagulation in patients with HIT without thrombosis (i.e., 
isolated HIT) is unknown. In a historical series of untreated patients 
with isolated HIT, the cumulative incidence of thromboembolism at 30 
days was 53 percent.” Most events occurred within 10 days of heparin 
cessation, corresponding to the platelet recovery phase. It is therefore 
generally accepted that anticoagulation be continued in patients with 
isolated HIT until platelet count recovery. Some authorities recommend 
longer courses (e.g., 4 weeks).!” 


PLATELET TRANSFUSION 


There is a long-held concern that platelet transfusion may precipitate 
thrombosis in HIT by “adding fuel to the fire.” Two case series chal- 
lenge this dogma. Collectively, these series included 41 patients with 
suspected HIT who underwent platelet transfusion. None developed 
thrombosis during extended followup.'*!”° Nevertheless, because HIT 
is characteristically prothrombotic rather than prohemorrhagic, pro- 
phylactic platelet transfusion is rarely indicated. Transfusion may be 
considered in the setting of clinically significant bleeding, high bleeding 
risk, or diagnostic uncertainty. 


HEPARIN REEXPOSURE IN PATIENTS 
WITH A HISTORY OF HEPARIN-INDUCED 
THROMBOCYTOPENIA 


In general, heparin reexposure should be avoided in patients with a his- 
tory of HIT because of the risk of reoccurrence.'”” An exception to this 
tule is the use of intraoperative heparin in patients with a history of HIT 
who are undergoing cardiovascular surgery. The HIT immune response 
wanes over time. Functional assays become negative at a median of 
50 days after heparin cessation, whereas anti-PF4-heparin antibody 
titers decline more slowly and are no longer detectable in 60 percent 
of patients by day 100.” HIT laboratory testing can be used to deter- 
mine the safety of heparin reexposure during cardiovascular surgery. 
Patients with a negative immunologic and functional assay may safely 
receive UFH during surgery. This was first demonstrated in 10 patients 
with a history of HIT undergoing cardiac surgery, none of whom devel- 
oped clinical reoccurrence.’ In a newer report, 11 of 17 such patients 
developed recrudescence of anti-PF4-heparin antibodies, but only one 
developed HIT.” Heparin should be strictly avoided in patients with 
a positive functional assay. If possible, surgery should be delayed in 
these individuals until functional and immunologic assays become neg- 
ative. If surgery cannot be delayed, a nonheparin anticoagulant (e.g., 
bivalirudin) should be used.” Appropriate intraoperative anticoag- 
ulation of patients with a functional assay that has become negative, 
but an immunologic assay that remains positive is uncertain. The 2012 
American College of Chest Physicians Guidelines recommend a non- 
heparin anticoagulant in this setting.” However, intraoperative heparin 
was used uneventfully in three such patients undergoing urgent heart 
transplantation.” When heparin is administered to patients with HIT, 
it should be limited to the intraoperative setting. Pre- and postopera- 
tive exposure should be scrupulously avoided, though patients with a 
history of HIT who are (inadvertently) reexposed to longer courses of 
heparin do not always develop recurrent HIT.” 


In light of its documented efficacy and safety in large coronary 
angiography trials, bivalirudin is recommended over heparin in patients 
with a history of HIT who require percutaneous vascular procedures, 
irrespective of the results of HIT laboratory testing.” 


HEMODIALYSIS 


Although approximately 10 percent of patients on chronic hemodialy- 
sis develop circulating anti-PF4—-heparin antibodies,'*' the incidence of 
HIT in this population is less than 1 percent.’ Ongoing heparin expo- 
sure during dialysis in patients with a history of HIT is contraindicated. 
Alternative strategies including regional citrate, saline flushing, danap- 
aroid, argatroban, and vitamin K antagonists use have been reported.” 


PREGNANCY 


HIT is rare (<0.1 percent) in pregnant women exposed to heparin.'"” 
When it does occur, initiation of a nonheparin anticoagulant is war- 
ranted. The largest published experience is with danaparoid. A ret- 
rospective cohort of 30 women with acute HIT received danaparoid 
during pregnancy." Five patients developed thrombosis and three 
developed major bleeding. Danaparoid does not cross the placenta 
and there was no measurable anti-Xa activity in the cord blood of six 
neonates who were tested after delivery. If danaparoid is unavailable, 
fondaparinux may be considered though evidence supporting its use 
in pregnant women with HIT is limited to case reports'**!* and partial 
transplacental passage has been demonstrated.'*° 
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CHAPTER 119 
REACTIVE 
THROMBOCYTOSIS 


Kenneth Kaushansky 


The three major pathophysiologic causes of thrombocytosis are (1) clonal, 
including essential (or primary) thrombocythemia and other myeloprolifera- 
tive neoplasms; (2) familial, including rare cases of nonclonal myeloprolifera- 
tion resulting from thrombopoietin and thrombopoietin receptor mutations; 
and (3) reactive, in which thrombocytosis occurs secondary to a variety of 
acute and chronic clinical conditions. This chapter deals with the latter causes 
of thrombocytosis. 


The upper limit of the normal platelet count in most clinical labora- 
tories is between 350,000/uL (350 x 10°/L) and 450,000/uL (450 x 
10°/L). In a sample of 10,000 healthy individuals 18 to 65 years of age, 
1 percent had platelet counts greater than 400,000/uL. Only in eight 
of these 99 individuals was thrombocytosis confirmed 6 months to 1 
year later.’ Nevertheless, it is clear that thrombocytosis is a feature of 
several important disorders, including cancer, and that even a high 
normal platelet count is associated with morbidity and mortality. In a 
longitudinal study of healthy Norwegian men, a platelet count in the 
top quartile of the normal range (from 275 x 10°/L to 350 x 10°/L) was 
associated with a twofold increase in cardiovascular mortality over a 
12-year followup.” Whether the platelet count per se, or an underlying 
inflammatory condition resulting in both thrombocytosis and acceler- 
ated atherogenesis is responsible for these observations is not certain. 
The causes of thrombocytosis in which the platelet count exceeds the 
upper limit can be broadly categorized as (1) clonal, including essential 
thrombocythemia and other myeloproliferative neoplasms, (2) familial, 
and (3) reactive, or secondary (see Chap. 85, Table 85-1). This chapter 
focuses on the causes and molecular mechanisms that underlie reactive, 
or secondary, thrombocytosis; clonal and familial thrombocytosis are 
discussed in detail in Chap. 85. 


@ NORMAL THROMBOPOIESIS 


The regulation of platelet production is discussed extensively in Chap. 111, 
but a brief discussion here provides the appropriate background for 
discussion of reactive thrombocytosis. Thrombopoietin (TPO), the 


Acronyms and Abbreviations: EPO, erythropoietin; ESA, erythropoiesis- 
stimulating agent; FGF, fibroblast growth factor; GM-CSF, granulocyte- 
macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; JAK, 
Janus kinase; LIF, leukemia inhibitory factor; MHC, major histocompatibility 
complex; NF, nuclear factor; SDF, stromal cell-derived factor; STAT, signal 
transducer and activator of transcription; TPO, thrombopoietin. 


ligand for the megakaryocytic growth factor receptor c-Mpl, is the 
major humoral regulator of megakaryocyte survival, growth, and 
development, although, curiously, it does not stimulate the final step 
in thrombopoiesis: platelet release from megakaryocyte proplatelet pro- 
cesses. Although TPO supports the entire continuum of megakaryocyte 
development from stem cell to mature megakaryocyte,’ other cytokines 
including interleukin (IL)-6,* IL-3,°° IL-11,” leukemia inhibitory factor 
(LIF),*° fibroblast growth factor (FGF)-4, stromal cell-derived factor 
(SDF)-1,'°"' interferon (IFN)-y,” and granulocyte-macrophage colony- 
stimulating factor (GM-CSF)! also affect thrombopoiesis, both in vitro 
and in vivo. Many of these cytokines act in synergy with other cytok- 
ines, including TPO."""*"* 

The regulation of thrombopoiesis occurs primarily by humoral 
mechanisms, with the levels of TPO inversely related to platelet 
counts.'*!° In contrast, other cytokines shown to affect megakaryopoie- 
sis in vitro do not vary with platelet levels.” Despite these important 
insights, the regulation of TPO blood levels is complex, and incom- 
pletely understood. The liver produces approximately half of all the 
hormone that circulates, based on platelet production in liver specific 
knockout mice.'* However, platelet levels do not affect hepatic TPO 
production; instead, platelets themselves have an important role in reg- 
ulating plasma levels, as their receptors for TPO (c-mpl) remove it from 
plasma.” Thus, as the platelet count drops, increased free plasma TPO 
levels stimulate megakaryopoiesis; conversely, as the platelet count rises, 
depletion of free plasma TPO decreases platelet production. This modu- 
latory mechanism results in the steady-state level of platelet production. 
However, marrow stromal cells also produce TPO,” and are responsive 
to platelet products which serve to down-modulate expression of the 
hormone.” A third mechanism by which platelets regulate TPO levels 
occurs through the Ashwell-Morell hepatocyte receptor, whereby their 
binding of senescent platelets leads to stimulation of hepatocyte signal- 
ing pathways and subsequent expression of TPO.” 


@ ENHANCED THROMBOPOIESIS 
IN PATHOLOGIC STATES 


THROMBOCYTOSIS IN INFLAMMATORY 
CONDITIONS 


Inflammation is the most common cause of secondary thrombocytosis. 
In one survey, thrombocytosis was believed secondary to one or more 
inflammatory conditions in nearly 80 percent of all patients with an ele- 
vated platelet count. Table 119-1 lists the clinical conditions associated 
with reactive thrombocytosis. The most common diagnoses in such 
patients are inflammatory bowel disease and rheumatoid arthritis,” 
although most conditions in which the erythrocyte sedimentation rate 
or C-reactive protein is elevated have been reported to cause secondary 
thrombocytosis. Although several cytokines and lymphokines are ele- 
vated in the blood of such patients, the most compelling evidence sug- 
gests that IL-6 and IFN-y are responsible for the thrombocytosis seen in 
patients with inflammation. 


Interleukin-6 

IL-6 was cloned by several groups of investigators using a number of 
distinct assays, including antiviral activity, myeloma cell growth, hepa- 
tocyte growth, and immunoglobulin secretion.” The recombinant pro- 
tein was later found to affect megakaryocyte growth and differentiation, 
both in vitro and in vivo.**”* The IL-6 gene is present on the short arm 
of human chromosome 7, and encodes a 26-kDa polypeptide produced 
in almost all tissues from T cells, fibroblasts, macrophages, and stromal 
cells, and is a key regulator of the inflammatory response.” 


Part XII: Hemostasis and Thrombosis 


TABLE 119-1. Major Causes of Thrombocytosis 


A. Reactive (secondary) thrombocytosis 
1. Transient reactive processes 
2. Acute blood loss 
3. Recovery (“rebound”) from thrombocytopenia 
4. Acute infection, inflammation 
5. Response to exercise 
B. Sustained processes 
1. Iron deficiency 
2. Postsplenectomy, asplenic states 
3. Malignancies 
4 


. Chronic inflammatory and infectious diseases (inflam- 
matory bowel disease, rheumatoid arteritis, tuberculosis, 
chronic pneumonitis) 

5. Response to drugs (vincristine, epinephrine, all-trans-retinoic 
acid, some antibiotics, cytokines, and growth factors) 


6. Hemolytic anemia 


IL-6 production is dependent on the presence of IL-1 and tumor 
necrosis factor (TNF)-a, cytokines produced by lymphocytes and 
monocytes in response to phagocytosis of microorganisms, the bind- 
ing of immune complexes, and several other innate immune stimuli. 
IL-6 production is regulated primarily by transcriptional enhancement; 
regulatory elements responsible for IL-6 promoter activation include 
nuclear factor-xB (NF«B), adapter protein (AP)-1, CCAAT/enhancer 
binding protein (C/EBP) a and C/EBPP. 

Although not critical for steady-state thrombopoiesis, as the com- 
bined genetic elimination of c-mpl and the signaling component of the 
IL-6 receptor (gp130) produces no more severe thrombocytopenia 
than elimination of c-mpl alone,” IL-6 contributes to inflammatory 
thrombopoiesis, primarily by stimulating the hepatic production of 
TPO.” Most studies report that patients with inflammation display an 
increased level of TPO,**” but TPO is not the only cytokine responsi- 
ble for this effect,” especially when corrected for the thrombocytosis, 
which would normally act to reduce levels of the hormone. Stimulation 
of hepatocytes with IL-6 results in enhanced production of TPO mRNA 
and protein.***° 


INTERFERON-y 


A second inflammatory cytokine that contributes to inflammatory 
thrombopoiesis is IFN-y. The interferons are proteins first defined by 
their ability to induce an antiviral state in mammalian cells. Biochem- 
ical fractionation revealed three classes of interferons: IFN-a, a family 
of 17 distinct but highly homologous molecules; IFN-f, a single mole- 
cule more distantly related to the various isoforms of IFN-a; and IFN-y, 
a unique molecule that shares functional properties but not structure 
with the others. IFN-y exerts the most profound hematologic effects 
of the three classes of protein, including direct suppression of ery- 
throid colony-forming cell growth and the activation of macrophages 
to secrete a number of inflammatory cytokines; several comprehensive 
reviews on IFN-y have been published.**” 

IFN-y is produced by activated T lymphocytes and natural killer 
(NK) cells in response to T-cell antigen crosslinking and in response to 
stimulation by the inflammatory mediators TNF-a, IL-12, and IL-15.** 
Prominent hematologic effects include activation of macrophages to 
assume an inflammatory phenotype (e.g., secretion of TNF-a and 
enhanced tumor cell killing), upregulation of major histocompatibility 


complex (MHC) class I and class II molecules enhancing antigen rec- 
ognition responses,” and inhibition of proliferative responses in stem 
cells and erythroid progenitors.” These latter effects accounts for the 
association of IFN-y and aplastic anemia*! are discussed more fully in 
Chap. 35. However, in stark contrast to the inhibitory effects of IFN-y 
on erythropoiesis, the cytokine stimulates megakaryocyte growth and 
differentiation.” This is likely related to its stimulation of signal trans- 
ducer and activator of transcription (STAT)-1 in megakaryocytes, as 
transgenic expression of the transcription factor mimics the effect of the 
cytokine, and corrects the thrombocytopenia seen in a genetic model 
system.“ These findings argue that IFN-y also contributes to the throm- 
bocytosis seen in inflammatory states in humans. 

Notwithstanding the above two mechanisms, patients with inflam- 
matory conditions and thrombocytosis might have an additional cause 
of the elevated platelet count. The evaluation of iron deficiency is often 
difficult in patients with inflammation, as the most reliable indicator of 
tissue iron stores, serum ferritin, is an acute-phase reactant, possibly 
obscuring a diagnosis of iron deficiency in patients with an inflamma- 
tory condition. In a recent study of patients with inflammatory bowel 
disease, thrombocytosis was eliminated in half of the subjects by the 
administration or iron.“ 


THROMBOCYTOSIS CAUSED BY 
IRON DEFICIENCY 


Although most patients with inflammation-related thrombocytosis dis- 
play increased production of the hormone, TPO levels in patients with 
iron deficiency and thrombocytosis are not elevated.“ In contrast, ery- 
thropoietin (EPO) levels are elevated in patients with iron-deficiency 
anemia, and are thought by some to be the responsible for the throm- 
bocytosis seen in iron deficiency, at least in part. Consistent with this 
hypothesis, administration of EPO to animals and humans leads to a 
modest increase in the platelet count.“ Although some have suggested 
that this is a result of cross-reactivity of EPO on the TPO receptor,” 
direct EPO- and TPO-receptor binding studies refute this hypothesis. 
Rather, megakaryocytic progenitors display EPO receptors, and their 
binding of the hormone leads to many of the same intracellular bio- 
chemical signals as induced by TPO (Chap. 17). 

However, several lines of evidence indicate that pathophysiologic 
mechanisms other than anemia must be responsible, at least in part, for 
the thrombocytosis seen in patients with iron deficiency. For example, 
many patients with iron-deficiency anemia do not have thrombocytosis.* 
Moreover, EPO levels are elevated in nearly all types of anemia, but iron 
deficiency is the only type of anemia that is regularly associated with 
thrombocytosis, other than the anemia of chronic inflammation, in which 
the inflammatory state that causes the anemia by modulation of hepcidin 
levels (Chap. 37) also causes thrombocytosis (as discussed in “Thrombo- 
cytosis in Inflammatory Conditions” above). Thus, although several lines 
of evidence suggest that enhanced levels of EPO as a consequence of the 
anemia associated with iron deficiency contribute to this form of reactive 
thrombocytosis, elevated EPO levels cannot completely account for it. 


THERAPEUTIC ERYTHROPOIETIN AND 
ENHANCED CARDIOVASCULAR MORTALITY 


Several reports have linked the use of large doses of EPO or other 
erythropoiesis-stimulating agents (ESAs) to enhanced cardiovascular 
mortality,” and in patients with renal insufficiency, to progression to 
dialysis in patients with renal insufficiency,” although not all studies 
concur with these landmark results.*! Although also discussed in Chap. 
18, this finding is presented here because evidence is accumulating that 
the rapid expansion of erythropoiesis caused by pharmacologic levels of 


EPO often induces functional iron deficiency. If so, because iron defi- 
ciency leads to thrombocytosis, the excessive cardiovascular morbidity 
and mortality associated with the administration of EPO and ESAs to 
patients is hypothesized to be secondary to the thrombocytosis. Consis- 
tent with this view is that even a high normal platelet count was found 
associated with enhanced cardiovascular morbidity and mortality in 
a longitudinal study of healthy Norwegian men.’ In support of this 
hypothesis (that the excessive cardiovascular morbidity and mortality is 
secondary to the thrombocytosis) is the finding that patients with renal 
insufficiency on high therapeutic doses of EPO (>20,000 U/week) and 
hemoglobin (Hgb) values in excess of 13 g/dL are more likely to develop 
functional iron deficiency and thrombocytosis, and that those individu- 
als in whom the platelet count exceeds 300,000/uL display a statistically 
significantly higher 3-year mortality rate.” An alternate explanation is 
that EPO directly increases thrombopoiesis independently of iron defi- 
ciency and/or enhances the vascular reactivity of platelets. This hypoth- 
esis is based on the finding that megakaryocytes and platelets bear 
EPO receptors,” and that TPO, which stimulates very similar signaling 
pathways as EPO in receptor-bearing cells (Chap. 17), primes platelets 
to enhanced aggregation responses to classic platelet agonists.™ Still 
other researchers have hypothesized that an alternate form of the EPO 
receptor, made up of the classic EPO receptor and the f} subunit of the 
GM-CSF, IL-3, and IL-5 receptors, is displayed on vascular endothelial 
cells,” and in that site could mediate enhanced vascular events. Thus, 
given the widespread use of ESAs in patients with anemia caused by 
cancer, kidney failure, myelodysplastic syndromes, and many other con- 
ditions, verifying these hypotheses or disproving them and establishing 
new ones appears to be important and a field ripe for new discovery. 


@ CLINICAL FEATURES OF REACTIVE 
THROMBOCYTOSIS 


The clinical features of secondary thrombocytosis are almost always 
a result of the underlying disorder provoking the reaction, usually an 
inflammatory condition or iron-deficiency anemia. It is also highly 
unusual for the thrombocytosis per se to provoke any untoward symp- 
toms. Although pathologic thrombosis is a major feature of primary 
thrombocythemia (Chap. 85), it is virtually absent in reactive thrombo- 
cytosis, unless provoked by other features of the underlying condition 
(e.g., vasculitis) or completely unrelated conditions in the patient (e.g., 
atherosclerotic disease). Whether this is because patients with reac- 
tive thrombocytosis do not have as high platelet counts, on average, as 
patients with primary thrombocythemia*; or because they have smaller 
mean platelet volumes”; or are a result of the activated signaling char- 
acteristic of the platelets or other blood cells in patients with myelopro- 
liferative diseases; or because of the presence of a mutant Janus kinase 
(JAK) 2,” or a constitutively active TPO receptor," is uncertain at this 
time. Nevertheless, because vascular complications of reactive throm- 
bocytosis are so unlikely to be a consequence of the elevated platelet 
count, treatment of the thrombocytosis per se is not recommended in 
reactive thrombocytosis except in very unusual circumstances. 
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CHAPTER 120 
HEREDITARY QUALITATIVE 
PLATELET DISORDERS 


A. Koneti Rao and Barry S. Coller 


Abnormalities of platelet function manifest themselves primarily as excessive 
hemorrhage at mucocutaneous sites, with ecchymoses, petechiae, epistaxis, 
gingival hemorrhage, and menorrhagia most common. Both quantitative and 
qualitative platelet abnormalities can produce these symptoms, so it is neces- 
sary to exclude thrombocytopenia (Chap. 117) by performing a platelet count. 
Chapter 121 discusses acquired qualitative platelet abnormalities and this 
chapter discusses the hereditary qualitative platelet abnormalities. 

The hereditary qualitative platelet disorders can be classified according to 
the major locus of the defect (see Table 120—1 and Fig. 120-1). Thus, abnor- 
malities of platelet glycoproteins, platelet granules, and signal transduction 
and secretion can all result in hemorrhagic diatheses and prolonged bleeding 
times. Glanzmann thrombasthenia results from abnormalities in one of two 
integrin subunits, either Qi, (glycoprotein [GP] IIb) or b, (GPllla), resulting in loss 
or dysfunction of the a,, 6, (GPIIb/Illa) receptor. This results in a profound defect 
in platelet aggregation and secondary defects in platelet adhesion, secretion, 


@ PLATELET FUNCTION IN HEMOSTASIS 


Abnormalities of platelet function manifest themselves primarily 
as excessive hemorrhage at mucocutaneous sites, with ecchymoses, 
petechiae, epistaxis, gingival hemorrhage, and menorrhagia being most 
common. Mild platelet function abnormalities will not cause sponta- 
neous bleeding but may cause (excessive) hemorrhage after trauma 
or medical interventions. Both quantitative and qualitative plate- 
let abnormalities can produce these symptoms, so it is necessary to 
exclude thrombocytopenia (Chap. 117) by performing a platelet count. 
Although no longer performed widely, a prolonged bleeding time in a 
patient with a normal platelet count is suggestive of a qualitative plate- 
let abnormality. Some patients may have abnormalities in both plate- 
let number and function. Chapter 121 discusses acquired qualitative 


Acronyms and Abbreviations: ADP, adenosine diphosphate; BSS, Bernard- 
Soulier syndrome; FTG, B-thromboglobulin; BLOC, biogenesis of lysosome- 
related organelles complex; cAMP, cyclic adenosine monophosphate; EDTA, 
ethylenediaminetetraacetic acid; GF11b, growth factor independent 1B; GPS, 
gray platelet syndrome; GT, Glanzmann thrombasthenia; HLA, human leuko- 
cyte antigen; HPS, Hermansky-Pudlak syndrome; Ig, immunoglobulin; LAD, 
leukocyte adhesion deficiency; MIDAS, metal ion-dependent adhesion site; 
PAR, protease-activated receptor; PF4, platelet factor 4; PKC; protein kinase 
C; PLC, phospholipase C; rFVIla, recombinant factor Vila; TGF, transforming 
growth factor; TXA,, thromboxane A, VWD, von Willebrand disease; VWF, 
von Willebrand factor. 


and platelet coagulant activity. Heterozygous gain of function mutations in 
a „b; can result in a syndrome of macrothrombocytopenia. Loss of the platelet 
GPIb—IX-V complex because of abnormalities in GPlba, GPlb, or GPIX results 
in the Bernard-Soulier syndrome, which is characterized by giant platelets and 
modest thrombocytopenia. The major defect is in platelet adhesion because of 
a decrease in platelet interactions with von Willebrand factor, but abnormal- 
ities in a,b, activation and thrombin-induced aggregation are also present. 
A gain of function defect in GPlba (platelet-type [pseudo-] von Willebrand 
disease) can produce a hemorrhagic disorder via depletion of high-molecular- 
weight von Willebrand multimers. Inherited defects in platelet dense or a 
granules, agonist receptors, or proteins and mechanisms involved in signal 
transduction and secretion also lead to platelet dysfunction and produce hem- 
orrhagic symptoms. 

Abnormalities of platelet coagulant activity, that is, the ability of platelets to 
facilitate thrombin generation (Chap. 112), can lead to a hemorrhagic diathesis. 
Impaired platelet function may occur in association with mutations in transcrip- 
tion factors RUNX1, GATA-1, FLI-1, and GFI1B, and these patients have throm- 
bocytopenia as well. 


platelet abnormalities and this chapter discusses hereditary qualitative 
platelet abnormalities. 

Following injury to the blood vessel, platelets adhere to exposed 
subendothelium by a process that involves, among other events, the 
interaction of a plasma protein, von Willebrand factor (VWF), and a 
specific glycoprotein complex on the platelet surface, the glycoprotein 
(GP) Ib-IX-V complex. Adhesion is followed by recruitment of addi- 
tional platelets that form clumps (aggregation), which involves binding 
of fibrinogen to specific platelet surface receptors, a complex comprised 
of integrin & „b, (GPIIb-Ila). Platelet activation is required for fibrino- 
gen binding; resting platelets do not bind fibrinogen. Activated platelets 
release the contents of their granules (secretion), including adenosine 
diphosphate (ADP) and serotonin from the dense granules, which 
causes the recruitment of additional platelets. Moreover, platelets play 
a major role in coagulation mechanisms; several key enzymatic reac- 
tions occur on the platelet membrane phospholipid surface. A number 
of physiologic agonists interact with platelet surface receptors to induce 
responses, including a change in platelet shape from discoid to spheri- 
cal (shape change), aggregation, secretion, and thromboxane A, (TXA,) 
production. The binding of agonists to their platelet receptors initiates 
numerous intracellular events (Chap. 112) including the production or 
release of several messenger molecules. One pathway leads to the hydro- 
lysis of phosphoinositide (PI) by phospholipase C leading to the forma- 
tion of diacylglycerol and inositol 1,4,5-triphosphate [IP,]). These and 
other mediators induce or modulate the various platelet responses of 
Ca” mobilization, protein phosphorylation, aggregation, secretion, and 
thromboxane production. Numerous other mechanisms, such as activa- 
tion of tyrosine kinases and phosphatases, are also triggered by platelet 
activation (Chap. 112). Inherited or acquired defects in the above and 
other platelet mechanisms may lead to impaired platelet function and a 
bleeding diathesis. 


@ CLASSIFICATION OF HEREDITARY 
QUALITATIVE PLATELET DISORDERS 


The hereditary qualitative platelet disorders can be classified accord- 
ing to the major locus of the defect (Table 120-1 and Fig. 120-1). Glanz- 
mann thrombasthenia (GT) is caused by abnormalities in either integrin œ, 
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TABLE 120-1. Inherited Disorders of Platelet Function 


|. Abnormalities of glycoprotein adhesion receptors 


A. Integrin a,,8, (Glycoprotein Ilb/Illa; CD41/CD61): Glanzmann 
thrombasthenia 


B. Glycoproteins Ib (CD42b,c)/IX (CD42a)/V: Bernard-Soulier 
syndrome 


C. Glycoprotein Iba (CD42b,c): Platelet-type (Pseudo-) von 
Willebrand disease 


D. Integrin a,B, (Glycoprotein la/lla; VLA-2; CD49b/CD29) 
E. CD36 (Glycoprotein IV) 
F. Glycoprotein VI 
Il. Abnormalities of platelet granules 
A. 6-Storage pool deficiency 
B. Gray platelet syndrome (a-storage pool deficiency) 
C. a,6-Storage pool deficiency 
D. Quebec platelet disorder 
Ill. Abnormalities of platelet signaling and secretion 


A. Defects in platelet agonist receptors or agonist-specific 
signal transduction (thromboxane A, receptor defect, ade- 
nosine diphosphate [ADP] receptor defects [P2Y ., P2X,], 
epinephrine receptor defect, platelet activating factor 
receptor defect) 

B. Defects in guanosine triphosphate (GTP)-binding proteins 
(Gaq deficiency, Gas hyperfunction and genetic variation in 
extra-large Gas, Gail deficiency, Ca_DAG-GEFI deficiency) 

C. Phospholipase C (PLC)-B, deficiency and defects in PLC 
activation 

D. Defects in protein phosphorylation protein kinase C (PKC)-8 
deficiency 

E. Defects in arachidonic acid metabolism and thromboxane 
production (phospholipase A, deficiency cyclooxygenase 
[prostaglandin H, sythase-1 deficiency], thromboxane syn- 
thase deficiency) 

IV. Abnormalities of platelet coagulant activity (Scott syndrome) 


V. Abnormalities of a cytoskeletal structural protein: B, tubulin, 
filamin A 

VI. Abnormalities in cytoskeletal linking proteins 

A. Wiskott-Aldrich syndrome protein (WASP) 

B. Kindlin-3: Leukocyte adhesion defect (LAD)-III; LAD-1 vari- 
ant; integrin activation deficiency disease defect (IADD) 

Abnormalities of transcription factors leading to functional 

defects 

A. RUNX1 (familial platelet dysfunction with predisposition to 
acute myelogenous leukemia) 

B. GATA-1 

C. FLI1 (dimorphic dysmorphic platelets with giant a gran- 


ules and thrombocytopenia; Paris-Trousseau/Jacobsen 
syndrome) 


D. GFI1B 


VII. 


(GPIIb) or $, (GPIIIa), resulting in loss or dysfunction of the integrin 
æ pb; receptor. This results in a profound defect in platelet aggregation 
and secondary defects in platelet adhesion, secretion, and coagulant 
activity. Loss of the platelet GPIb-IX-V complex because of abnormali- 
ties in GPIba, GPIb£, or GPIX results in the Bernard-Soulier syndrome 
(BSS), which is characterized by giant platelets and thrombocytopenia. 
The major defect is in platelet adhesion owing to a decrease in platelet 


interactions with VWF. A gain-of-function defect in GPIba (platelet- 
type [pseudo] von Willebrand disease [VWD]) can also produce a 
hemorrhagic disorder via depletion of high-molecular-weight VWF 
multimers. Defects in secretion of granule contents because of deficien- 
cies in the granules or in the mechanisms that mediate secretion results 
in impaired platelet function. Inherited defects in agonist receptors or 
proteins or mediators involved in signal transduction or thromboxane 
synthesis may also produce hemorrhagic symptoms. Abnormalities 
of platelet coagulant activity, that is, the ability of platelets to facilitate 
thrombin generation (Chap. 113), and in cytoskeletal-linking proteins, 
can also lead to a hemorrhagic diathesis. Lastly, it is becoming clear that 
some patients may have abnormalities multiple aspects of platelet func- 
tion and number related to a mutation in a hematopoietic transcription 
factor that regulates gene expression in megakaryocytes and platelets. 


@ CLINICAL MANIFESTATIONS 


Disorders of platelet function are characterized by highly variable 
mucocutaneous bleeding manifestations and excessive hemorrhage 
following surgical procedures or trauma. These include ecchymoses, 
petechiae, epistaxis, gingival bleeding, and menorrhagia. Spontane- 
ous hemarthrosis are distinctly rare, distinguishing them from the 
hemophilias, and deep hematomas and spontaneous central ner- 
vous system bleeding are highly unusual in these patients. Postpar- 
tum hemorrhage and postsurgical bleeding may be severe in some 
patients. In general, most patients with platelet function defects 
have mild to moderate bleeding manifestations, but may be severe in 
some entities, such as the GT and the BSS. Individual patients with 
the same functional defect or even the same genetic defect may also 
vary in the intensity of bleeding manifestations, suggesting one or 
more disease-modifying genes exist. Moreover, the severity of bleed- 
ing symptoms may vary over the lifetime of the same individual, 
implying that factors in addition to the platelet defect may be con- 
tributing to the bleeding risk. Sometimes, a mild platelet function 
defect becomes clinically manifest when the patient uses medication 
interfering with primary hemostasis (e.g., nonsteroidal antiinflam- 
matory drugs [NSAIDs]). 

Although normal in many of the inherited platelet function 
defects, the platelet count may be decreased in some entities, such as the 
BSS and the gray platelet syndrome (GPS) and in association with muta- 
tions in hematopoietic transcription factors. Most patients with platelet 
function defects, but not all, have a prolonged bleeding time, a test no 
longer available in most centers because of its inherent inaccuracies. In 
vitro platelet aggregation and secretion studies provide evidence for the 
dysfunction but are not generally predictive of the severity of clinical 
manifestations. In some patients, such as those with abnormal platelet 
coagulant activities, these studies may be normal. Some patients with 
platelet dysfunction are initially detected through abnormalities on test- 
ing with the platelet function analyzer (PFA-100). 


@ GENERAL APPROACH TO PATIENTS 
WITH MUCOCUTANEOUS BLEEDING 
SYMPTOMS FOR ABNORMALITIES IN 
PLATELET NUMBER OR FUNCTION 


Platelet disorders are characterized by alterations in platelet number or 
function or both. A general approach is shown in Fig. 120-1. A reduced 
platelet count can occur as an isolated platelet disorder (inherited or 
acquired) or with evidence of a concomitant defect in platelet function. 
Platelet size and examination of the blood film may provide insights 
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Figure 120-1. Evaluation of patients for inherited abnormalities in platelet number or function. The major and well-recognized entities are shown here. 
A reduced platelet count occurs in patients with purely quantitative platelet disorders (inherited or acquired) as well as in patients who have inherited 
qualitative platelet disorders. Chapter 117 discusses inherited thrombocytopenias. Notable among patients with thrombocytopenia and inherited plate- 
let dysfunction is the Bernard-Soulier syndrome (BSS), which is characterized by giant platelets. Patients with the Gray platelet syndrome are characterized 
by thrombocytopenia and gray appearance of platelets on the blood smear due to paucity of granules. Platelet aggregation studies can provide clues 
regarding the nature of the underlying platelet abnormality. Decreased response to ristocetin alone with normal responses to other agonists is found in 
the BSS and von Willebrand disease (VWD; type | and type Ill). The response to ristocetin is enhanced in VWD type IIB and the platelet-type VWD. Impaired 
response to collagen or epinephrine alone may suggest a defect in their respective receptors. Patients with adenosine diphosphate (ADP) and thrombox- 
ane receptor defects have impaired responses to multiple agonists because of the feedback amplification provided by ADP and thromboxane A, (TXA,) 
when activated by different agonists. Absence of both primary and secondary waves of aggregation in response to all physiologic agonists occurs in 
Glanzmann thrombasthenia (GT). A heterogeneous group of platelet defects are characterized by a decreased secondary wave of platelet aggregation in 
response to ADP and epinephrine, and diminished responses to low doses of collagen, TXA, and thrombin. They can be broadly separated into granule 
defects (involving dense [ô] or both dense and a granules) and defects in the platelet secretion or release reaction associated with normal dense granule 
stores. The granule defects may occur in isolation or in association with other syndromes. Secretion abnormalities arise from defects in mechanisms that 
regulate the release of granule contents, and include defects at the level of platelet receptors (ADP, TXA,), signaling events involving guanosine triphos- 
phate (GTP)—-binding proteins that link surface receptors to intracellular enzymes, phospholipase C activation, and protein phosphorylation (protein 
kinase C [PKC]-6). They may also arise from defects in TXA, synthesis because of deficiencies of phospholipase A, (PLA,), cyclooxygenase, or thromboxane 
synthase, Patients with the Scott syndrome are characterized by a normal bleeding time, normal responses in aggregation studies, and a shortened 
prothrombin time, which reflects the defect in the platelet-coagulant protein interactions. Additional details on the various entities are described in the 
section “General Approach to Patients with Mucocutaneous Bleeding Symptoms for Abnormalities in Platelet Number or Function.’ GP, glycoprotein; 
PLA2, phospholipase A2; PLC, phospholipase C; SPD, storage pool deficiency; u-PA, urokinase plasminogen activator; VWF, von Willebrand factor. 
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into the underlying mechanism or cause. Platelet size provides clues 
in some entities (Chap. 117).'* Decreased platelet size is characteris- 
tic of the Wiskott-Aldrich syndrome. In the Paris-Trousseau/Jacobsen 
syndrome, thrombocytopenia is associated with giant « granules in a 
subpopulation of platelets in association with mutations in the tran- 
scription factor FLI1. Transcription factor RUNX1 mutations are asso- 
ciated with familial thrombocytopenia, abnormal platelet function, and 
predisposition to leukemia. Large platelets that lack the purple granules 
on the peripheral smear are observed in the GPS (a-storage pool dis- 
ease). The diagnosis is obtained with biochemical analysis of «-granule 
contents. Patients with platelet-type (pseudo-) VWD and type 2b VWD 
have moderate thrombocytopenia and large platelets. Studies of GPIb 
function and biochemistry establish the diagnosis. Patients who are 
hemizygous for GPIbf because of deletion of 22q11.2, those with muta- 
tions in transcription factor GATA-1 or f, tubulin (R318W), and some 
patients who are heterozygous for defects in GPIb/IX have variable 
thrombocytopenia and large platelets. Mutations that activate « „b, are 
also associated with large platelets and thrombocytopenia. The platelets 
in BSS are truly giant; the diagnosis is confirmed with biochemical and 
functional analyses of the GPIb-IX-V complex. 

A variety of methods have been developed to assess platelet func- 
tion and new instrumentation continues to be developed.** Platelet 
aggregation studies performed using platelet-rich plasma can loosely sep- 
arate patients into those with defects in the primary wave of platelet aggre- 
gation (dependent on either fibrinogen, VWE their respective receptors, 
or agonist receptors for collagen, ADP, TXA,) and those with defects in 
the secondary wave of aggregation. Enhanced ristocetin-induced plate- 
let aggregation at low doses of ristocetin is characteristic of patients with 
platelet-type VWD (who have a defect in the GPIb receptor) and patients 
with type 2b VWD (who have gain-of-function defect in VWF) (Chap. 
126). These two diseases differ in the binding of the patient’s VWF to 
normal platelets, or the ability of purified VWE, cryoprecipitate or asia- 
lo- VWF to aggregate patient platelets; the diagnosis of platelet-type VWD 
or its confirmation requires genetic analysis of GPIb. 

Neither ristocetin nor the snake venom botrocetin induces plate- 
let aggregation if the plasma lacks functional VWF, as in VWD (Chap. 
126), or if the platelets lack functional GPIb-IX complexes, as in BSS. 
The defect in VWD, but not BSS, can be corrected by adding normal 
plasma or purified VWF Direct analysis of VWF and the platelet GPIb- 
IX complex are used to confirm the diagnosis. 

Patients whose plasma lacks fibrinogen (afibrinogenemia; Chap. 125) 
or whose platelets cannot bind fibrinogen because of abnormal «b; 
receptors (GT) or inability to activate integrin a,,8, (leukocyte adhesion 
deficiency [LAD]-3) as the result of a kindlin-3 abnormality will have no 
primary wave of platelet aggregation in response to all physiologic ago- 
nists, including ADP, epinephrine, collagen, TXA, and thrombin. Simple 
coagulation tests (prothrombin time, partial thromboplastin time, and 
measurement of plasma fibrinogen) and analysis of platelet integrin app, 
receptors, and kindlin-3 can differentiate between these two groups. Iso- 
lated defects in the primary response to collagen have been observed in 
patients with abnormalities in platelet integrin a f, (GPla/Ia) or GPVI. 
Platelet glycoprotein analysis can separate these from each other. Because 
antibodies to GPVI can result in receptor depletion from circulating 
platelets, a search for anti-GPVI should be undertaken in patients with 
reduced platelet GPVI. Defects in ADP, epinephrine, or TXA, receptors 
will result in decreased platelet aggregation in response to the specific 
agonist. However, patients with isolated ADP and TXA, receptor abnor- 
malities have impaired aggregation in response to other agonists as well 
because of the feedback potentiation provided by ADP and TXA.. 

A very heterogeneous group of platelet defects can result in a 
decreased secondary wave of platelet aggregation in response to ADP 
and epinephrine and diminished responses to low doses of collagen 


and thrombin. They can be separated into granule defects and defects 
in platelet secretion or the release reaction. Operationally, these two 
groups can be separated on the basis of their release of dense granule 
contents in response to high doses of thrombin. High-dose thrombin 
activation can overcome most or all of the release reaction (secretion) 
abnormalities, so platelets from patients with these disorders will release 
normal amounts of granule contents; in contrast, patients with reduced 
granule contents have abnormal granule release responses even when 
using high doses of thrombin. a-Granule contents and dense-body 
contents can be measured immunologically and biochemically; elec- 
tron microscopy can establish granule defects. Specific analysis of the 
genes or proteins implicated in the different granule biogenesis abnor- 
malities (Wiskott-Aldrich syndrome [WASP], Hermansky-Pudlak syn- 
drome [HPS1-9], Chédiak- Higashi syndrome [LYST], Paris-Trousseau/ 
Jacobson syndrome [FLI1], and inherited platelet disorder with predis- 
position to leukemia [RUNX1]) can establish the diagnosis. The Quebec 
platelet disorder is characterized by increased urokinase plasminogen 
activator (u-PA) in a-granules and degradation of several a-granule 
proteins. The diagnosis can be established by immunoblot analysis or 
analysis of u-PA activity and confirmed by genetic analysis of u-PA. 
Secretion abnormalities arise as a result of defects in mechanisms that 
regulate the secretion of granule contents, and may include abnormal- 
ities at various levels, including surface receptors, guanosine triphos- 
phate (GTP)-binding proteins that link surface receptors to intracellular 
enzymes, phospholipase C (PLC) activation, and protein phosphory- 
lation (protein kinase C [PKC]-0). They also arise from defects in 
TXA, synthesis caused by deficiencies of phospholipase A, (PLA,), 
cyclooxygenase, or thromboxane synthase. Specific studies on signal 
transduction mechanisms, PI metabolism, Ca** mobilization, protein 
phosphorylation, and thromboxane production are needed to define 
these defects. Because transcription factor abnormalities can affect the 
expression of multiple proteins involved in megakaryopoiesis and plate- 
let function, they can simultaneously produce alterations in platelet 
count, structure, and function. 

In the disorder of platelet coagulant activity (Scott syndrome) 
platelet aggregation studies are normal and the serum prothrombin 
time is the preferred screening assay. Other tests of platelet coagulant 
activity, microvesiculation, and phospholipid transfer are used to estab- 
lish the diagnosis. 

The introduction of microfluidic multiparameter assessments of 
platelet function,” coupled with advances in proteomics, RNA expres- 
sion profiling, and DNA sequencing are shifting the diagnosis of platelet 
function disorders from a target gene approach to one in which unbiased 
comprehensive functional and genetic analyses are employed. These 
methods have identified mutations in RUNX1 and FLI-1° in patients 
with platelet function disorders, in NBEAL2 in GPS,- in TMEM16 in 
the Scott syndrome,” and in RBM8A in thrombocytopenia with absent 
radii (TAR) syndrome.’** Many additional genetic alterations, includ- 
ing ones that affect multiple systems, are likely to be identified in the 
near future as these techniques are employed more broadly. 


@ ABNORMALITIES OF ADHESION 
RECEPTORS 


INTEGRIN aß, (GLYCOPROTEIN IIB/IIIA; 


CD41/CD61)-GLANZMANN THROMBASTHENIA 


Definition and History 

GT is an inherited hemorrhagic disorder characterized by a severe 
reduction in, or absence of, platelet aggregation in response to mul- 
tiple physiologic agonists as a result of qualitative or quantitative 


abnormalities of platelet integrin a 
(GPIIIa; CD61).!° 

In 1918, Eduard Glanzmann, a Swiss pediatrician, described a 
group of patients with hemorrhagic symptoms and a defect in platelet 
function, namely the ability to retract clots (“weak” platelets or throm- 
basthenia).'7 Subsequent studies demonstrated that thrombasthenic 
patients have prolonged bleeding times and that their platelets fail to 
aggregate in response to physiologic agonists'**' and have markedly 
reduced'*”"-” platelet fibrinogen. In the mid-1970s, Nurden and Caen” 
and Phillips and colleagues™ discovered that thrombasthenic platelets 
are deficient in both integrin a, and B,. Later studies demonstrated that 
integrin a, and £, form a calcium-dependent complex in the platelet 
membrane that functions as a receptor for fibrinogen and other adhe- 
sive glycoproteins.” Cloning and sequencing of the complementary 
DNAs for integrin a „” and fp identified them as separate protein 
subunits that are members of the integrin receptor superfamily* and 
permitted the molecular biological characterization of patients with the 
disorder (see database of Glanzmann patients http://med.mssm.edu/ 
glanzmanndb). 


(GPIIb; CD41) and/or integrin f, 


IIb 


Etiology and Pathogenesis 

GT is a rare disorder characterized by autosomal recessive inheritance 
with a worldwide distribution. In regions where consanguineous mat- 
ings are common, groups of patients with the disorder have been identi- 
fied, and in several populations founder mutations have been identified 
by analyzing polymorphisms in the DNA surrounding the affected 
mutation. These include 42 patients from South India; 39 patients from 
the Iraqi-Jewish population in Israel; 46 Arab patients from Israel, 


Op: 17921.32 
Ba: 17921.32 


N-linked 
glycosylation 


Figure 120-2. Biogenesis of integrin a,,8, and integrin a,B, receptors. 
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Jordan, and Saudi Arabia; 30 patients from Italy; a smaller number of 
patients from three Gypsy families; and 43 patients from Pakistan.”*?” 
Perhaps the highest frequency of a GT mutation is found in the Iraqi- 
Jewish population where the most common mutation causing GT was 
found in six of 700 individuals.” 

The platelet integrin æ „b, receptor is required for platelet aggrega- 
tion induced by all physiologic agonists (ADP, epinephrine, thrombin, 
collagen, TXA,) (Chap. 112). Consequently, abnormalities in the 
receptor result in a failure of platelet plug formation at sites of vascular 
injury, and excessive bleeding. 

The integrin a,,8, receptor is also responsible for the uptake of 
fibrinogen from plasma into a granules,” hence, patients with GT have 
markedly reduced platelet fibrinogen.'*”°*!** Clot retraction requires 
platelets with intact integrin OB; receptors, and is, therefore, usu- 
ally abnormal in GT."* 

Defects in either integrin «,„ or f, result in the same functional 
defect because both subunits are required for receptor function (Chap. 112). 
Biosynthetic studies indicate that integrin a, and f, form a com- 
plex soon after protein synthesis in the rough endoplasmic reticu- 
lum; subsequent posttranslational processing” and transport to the 
platelet membrane require that the complex be intact (Fig. 120-2).5!* 
Complex formation protects each of the glycoproteins from proteolytic 
digestion,” so if either integrin a,,, or f, is absent or unable to form a 
normal complex, the other subunit will be rapidly degraded, most likely 
through a proteasomal mechanism. Thus, a deficiency in either glyco- 
protein produces a deficiency in both. Because complex formation and 
vesicular transport are also required for proteolytic processing of pro- 
a,,, into its constituent oa and ah subunits,” if these processes do 
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by ribosomes attached to the membranes of the endoplasmic reticulum (ER). The proteins undergo initial glycosylation and form the integrins a, 6, 


and a,b, heterodimers in the ER. It is presumed that many more integrin a 
of platelet integrin a,B, receptors is approximately 100,000 whereas it is on 
B, versus aß, complex formation. The heteroduplexes are transported to the Golgi where the carbohydrate 
chains undergo modification to their mature structures and both a, and a 
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resulting in two-chain forms of the receptor subunits. Mature integrin a „b; 
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B, complexes form than a6, complexes because the final copy number 
y 50 to 100 for a,B,. This is shown schematically by the differences in the 


\ subunits undergo proteolytic cleavage within a disulfide-bonded loop, 
eceptors are transported to a-granule membranes, where they undergo 


cycling to and from the plasma membrane. This process results in the internalization of fibrinogen and perhaps other plasma proteins. Integrin a,b; 
may be transported directly to the plasma membrane and is transported to a granule membranes. Of the total of approximately 100,000 integrin 
a,,B, receptors, approximately two-thirds are on the surface at any given time and the remaining one-third can be brought to the surface by plate- 
let activation. The distribution of integrin a8, between the plasma membrane and a granules, and the potential cycling of the receptors between 
a granules and the plasma membrane have not be defined. (Used with permission from Dr. W. Beau Mitchell, New York Blood Center, New York, NY.) 
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not occur normally, the very small amount of residual integrin o,,, will 
be pro-a,,, not mature a Pro-a,, has been reported to bind to the 
membrane-bound endoplasmic reticulum chaperone calnexin, provid- 
ing a potential mechanism for assessing whether the protein has under- 
gone proper folding (calnexin cycle) and perhaps explaining how the 
receptor adopts a bent configuration.*** 

Integrin 6, (GPIIla) can also combine with the integrin a, 
(CD51) subunit to form the integrin a f, “vitronectin” receptor**°**” 
(see Fig. 120-2; Chap. 112). This receptor can bind many of the same 
adhesive glycoproteins as integrin a,,8,, although there are some dif- 
ferences in ligand preference and binding sequences.*”-*! A small num- 
ber of integrin a8, receptors are present on platelets (50 to 100 per 
platelet); osteoclasts, endothelial cells, macrophages, vascular 
smooth muscle, and uterine cells, among others, also have integrin a8, 
receptors.“ In general, GT patients with defects in integrin f, also 
are deficient in integrin «f, whereas patients with defects in integrin 
a,,, have either normal or increased numbers of platelet integrin o,f, 
receptors. +8 One exception to this rule is a patient with a defect 
in p, (H280P) that interferes with integrin & „p, biogenesis to a much 
greater extent than integrin a6, biogenesis.” At present, there is no 
evidence that patients who lack integrin « f, receptors in addition to 
lacking integrin a „b, receptors have a more-severe hemorrhagic diath- 
esis or suffer from any other abnormalities, perhaps because alternative 
receptors containing integrin a, associated with other f subunits can 
substitute for integrin a,f,.° Upregulation of integrin a8, on osteo- 
clasts of Iraqi-Jewish patients with GT has been reported as a potential 
compensatory mechanism to explain the lack of bone changes despite 
the deficiency in osteoclast integrin a,,8,.” 

The molecular biologic abnormalities in more than 100 patients 
with GT have been identified and they are listed in an internet database 
that is updated continuously”! (http://med.mssm.edu/glanzmanndb). 
Figure 120-3 contains information on mutations of particular interest. 


Of note, many of the patients with identified mutations are compound 
heterozygotes rather than homozygotes, indicating that a sizable num- 
ber of silent carriers are present in the population. Where consanguinity 
is common, the disorder is more likely to be caused by a homozygous 
mutation arising in a founder, but even under these circumstances, more 
than one mutation may be present. Thus, in the Iraqi-Jewish population, 
in which consanguinity has been present from 586 Bce to the present, 
two separate mutations have been identified in more than one family.” 
Most of the missense mutations result in decreased expression of integ- 
rin & „b, on the surface of platelets. This probably reflects the stringent 
structural requirements for proper folding and complex formation. 
Mutations in Integrin a,,6, Within the Metal lon-Dependent 
Adhesion Site of Integrin f, and the Interface with the Integrin a, 
B-Propeller A metal coordination site or MIDAS domain, which is 
highly conserved in six integrin receptor a-chain subunits and required 
for ligand-binding, is also present in the B-A (or I-like) domain of the 
integrin f, subunit.” Mutagenesis and molecular modeling experi- 
ments suggested that a highly conserved DxSxS amino acid sequence” 
motif plus additional coordinating residues are brought together in the 
three-dimensional structure of the 6, subunit to form a cation-binding 
sphere of the MIDAS domain,” and this was confirmed by the crys- 
tal structures of integrin a8, and later integrin a „b, (see Chap. 112, 
Fig. 112-111, and Fig. 120-3). Thus, the $, MIDAS is composed 
of Asp", Ser’, Ser’, Glu”°, and Asp*'. A region originally termed 
the ligand-associated metal binding site (LIMBS) in integrin a,8,,” but 
now termed the synergy metal binding site (SyMBS) in integrin a,,f,,” 
binds a Ca’ ion and is required for binding of ligands to the MIDAS. It 
is composed of atoms from D158, N215, D217, P219, and E220. Integrin 
p, residues 214 and 216 are in close proximity with both the SyMBS 
residues and the interface with the a,,, subunit. Adjacent to the MIDAS 
domain is a metal ion site termed the ADMIDAS (adjacent to metal 
ion-dependent adhesion site), in which calcium is coordinated by 


Figure 120-3. Diagram of a,b, structure and identification of 
select mutations causing Glanzmann thrombasthenia. The web- 
site http://med.mssm.edu/glanzmanndb contains a full listing of 
reported Glanzmann thrombasthenia mutations. The a,,8, struc- 
ure depicted is a composite of data from crystal and NMR struc- 
ures, as well as molecular modeling of missing regions. Among 
he missense mutations identified are ones that (1) interfere with 
inside-out and outside-in signaling (6, S752P); (2) interfere with 
igand binding to either the metal ion-dependent adhesion site 
(MIDAS) in B, (8, D119Y and D119N) or the a,, component of the 
igand binding site (Y143H, P145L/A, insert R160/T161); (3) result in 
receptors that are sensitive to dissociation by divalent cation chela- 
ion (B, R214W, R214Q, R216Q); (4) result in a constitutively active 
receptor (8, C560R); (5) alter the interface between a, and £, and 
disrupt ligand binding (6, L262Y); (6) result in a 6, protein that can 
complex more effectively with aV than a (S162L, R216Q, H280P); 
or (7) alter the a, propeller structure and prevent normal a,,, 
complex formation, processing, and/or transport. The mutations 
identified by number 8 in a, (G991C and R995Q/W) and 6, (L718P 
and D723H) are gain-of-function mutations associated with macro/ 
anisothrombocytopenia. (Reproduced with permission from Dr. Ana 
Negri based on PDBids 3FCS, 3G9W, 2K9J, 2KNC, and 2KV9 and molec- 
ular modeling of the missing segments of the a, calf domain, the B3 
hybrid domain, and the link between the B3 EGF-1 and EGF-2 domains.) 


Ser’, Asp’, Asp’”’, and Met*® in unliganded integrin a P, and inte- 
grin a,,,8,, but Asp™' substitutes for Met** in the ligand-bound struc- 
tures of both integrin a f, and integrin & „p, The crystal structures also 
demonstrated that peptide ligands containing the Arg-Gly-Asp (RGD) 
cell adhesion sequence interact with integrin a „p, and integrin a,b, 
in part by coordination of the metal ion in the MIDAS by the aspartic 
acid in the RGD peptide.””” The low-molecular-weight drugs eptifibat- 


ide and tirofiban, which block ligand binding to the & p Subunit, have 
negatively charged regions that also interact with the MIDAS cation.” 
The fibrinogen y-chain C-terminal dodecapeptide mediates binding 
to integrin & „b, and a crystal structure of the complex demonstrates 
that an aspartic acid carboxyl oxygen coordinates the MIDAS cation 
whereas the carboxy terminal valine interacts with the nearby cation 
in the ADMIDAS.”” A number of mutations in patients with GT 
have been identified within the cation-binding sphere of the MIDAS 
domain (see Fig. 120-3, and Chap. 112, Fig. 112-11). Two mutations 
D119Y (Cam variant)*® and D119N (patient NR),*' are located within 
the conserved DxSxS amino acid motif and produce severe abnormal- 
ities of ligand binding to integrin & „p, but do not affect its surface 
expression. Mutations at residues R214 and R216 result in abnormal 
integrin a,,8, receptors that cannot bind ligand and are very sensitive 
to dissociation by calcium chelation, perhaps because they are at the 
integrin & „~f, interface.*** Disrupting the SyMBS with a D217V 
mutation also leads to GT despite the expression of normal amounts 
of the integrin protein.* Further support for the importance of the 
MIDAS domain, SyMBS, and adjacent residues comes from studies in 
which the mutations D119N, R214W, D217N, E220Q, and E220K were 
introduced into Chinese hamster ovary CHO cells in vitro and shown 
to result in functional abnormalities. 

The interface between the a,,, $-propeller and the f, subunit also 
involves, in part, the interaction between B, R261, contained in a four- 
amino-acid 3, helix, with a number of hydrophobic residues in the On 
B-propeller arranged as inner and outer rings, making up a cage.” A f, 
subunit L262Y mutation, adjacent to R261 results in disruption of the 
helix and an unstable integrin a,,8, complex that is expressed on the 
surface of platelets but is unable to bind fibrinogen.” The platelets of 
the patient with this mutation were able to bind fibrin and support clot 
retraction, suggesting different requirements for fibrinogen and fibrin 
binding. 

Mutations in Integrin a,, 8, Within the a,, -Propeller Sequence 
Based on their homology to another integrin æ subunit, the aminoter- 
minal 450 amino acids of integrin a@,, and the homologous region in 
integrin æ, which contain the minimal ligand-binding sequence,* were 
predicted to fold into seven repeat (blade) 6-propellers, containing four 
cation-binding sites,” and this prediction was confirmed by the crystal 
structures of both a, and «,, integrin subunits.” The upper surface of 
the propeller interacts with the 8, subunit B-A (or I-like) domain to form 
the head of the integrin a „p, complex, which is the site of ligand binding. 
Each repeat (blade) contains four £ strands that are connected by loops. 
The four calcium-binding sites in the œ „ subunit, which are in 6-hairpin 
structures, are located in loops on the undersurface of the propeller. Lig- 
and binding in integrin a, has been localized to a hydrophobic (F160, 
Y190, F231) and negatively charged (D224) pocket that lies adjacent to 
the MIDAS domain in the p; subunit, and is composed of contributions 
from the loops that link blade 2 to blade 3 (residues 144 to 171), f strand 
2 to f strand 3 in blade 3 (residues 186 to 193), and blade 3 to blade 4 (res- 
idues 223 to 236). Integrin a, contains a unique “cap” subdomain made 
up of four insertions in f propeller loops (residues 72 to 88, 111 to 126, 
147 to 166, 200 to 217) that also plays a role in ligand binding.” 

GT missense mutations located within the integrin «,,, -propeller 
(see Fig. 120-3) primarily affect transport of the integrin æ, „p, complex 
to the cell surface,’ *? but several missense mutations and an insertion 
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result in functionally defective receptors. Thus, Y143H affects soluble 
ligand binding but not adhesion or clot retraction,” and P145A, which 
has been identified in several kindreds,**°> and P145L, prevent ligand 
binding. A two-amino-acid insertion at residues 161 and 162, as well 
as a T176I missense mutation, also affect ligand binding.*°* A L183P 
mutation, which is near to, but not in the loop containing Y190, affects 
both receptor expression and function.” 

Mutations in Integrin a,,B, That Affect Receptor Activation 
Several $, subunit missense mutations (C560R, V193M) result in the 
receptor adopting a high-affinity ligand binding state, which is par- 
adoxical as it results in a bleeding diathesis.''"' A f, subunit $527F 
mutation in the third I-EGF domain was also associated with a con- 
stitutively active receptor, presumably because it prevents the recep- 
tor from assuming a bent, inactive conformation. The cytoplasmic 
domain of the $, subunit plays a functional role in integrin activation 
and the regulation of ligand binding." Two GT mutations have been 
identified in this region. One is an R724X nonsense mutation (patient 
RM)" that results in the deletion of the carboxyterminal 39 residues 
of integrin f, and the other is a 8, subunit S752P missense mutation 
(patient P or Paris I).'°°!* This latter patient is unusual in that he had a 
generally mild history of excessive hemorrhage, but he did have a pro- 
longed bleeding time and his platelets did not aggregate in response 
to ADP. These mutations do not severely affect surface expression of 
platelet integrin a,,8, complexes, but both mutant receptors are unre- 
sponsive to agonist stimulation. Mammalian cell expression studies of 
these mutations show normal adhesion to immobilized fibrinogen, but 
abnormal cell spreading. Cells expressing the $752P mutant receptors 
have reduced focal adhesion plaque formation and cells expressing the 
R724X mutant receptors have undetectable tyrosine phosphorylation of 
focal adhesion kinase, pp125™*. These mutations provide evidence for 
the role of the £, subunit cytoplasmic tail in inside-out signaling (ie., 
platelet signals that lead to integrin a,,,8, adopting a high-affinity lig- 
and-binding conformation) and outside-in signaling (i.e., signaling to 
the interior of the platelet as a result of integrin a „p, binding ligand; see 
Chap. 112, Figs. 112-3, 112-4, and 112-12). 

Variants of Integrin aß, in the Population The application 
of missense variant whole-exome and whole-genome sequencing to 
large numbers of individuals has provided valuable information on the 
frequency of missense variants in the general population and the fre- 
quency of the genetic alterations leading to GT. For the most part, the 
frequency of a variant in a population is a reflection of its impact on 
reproductive fitness and when it entered the population, with lower 
frequencies for variants that entered the population more recently. 
Thus, variants with minor allele frequencies (MAFs) of approximately 
0.5 percent or less probably entered the population fewer than 2500 years 
ago, when the recent explosive growth in human populations 
began. Data from a study’ involving approximately 33,000 alle- 
les from approximately 16,500 people demonstrated the presence 
of 114 novel missense variant affecting approximately 10 percent 
of the integrin a, amino acids and approximately 9 percent of the 
p, subunit amino acids. Thus, approximately 1.1 percent of the popula- 
tion studied carried at least one missense variant. None of the known 
GT mutations was observed in any of the alleles studied, indicating 
that they have MAFs of less than 0.01 percent and thus entered the 
population very recently. In fact, studies of two GT populations with 
high intragroup marriages, Palestinian Arabs and French Manouche 
gypsies, estimated that the GT mutations entered the population 
approximately 300 to 600 and approximately 300 to 400 years ago, 
respectively.!!°'"! Several novel missense variants identified in this 
study affected one of the amino acids mutated in patients with GT, and 
in two cases these variants were shown to profoundly affect expression 
of the receptor. In one case, a missense variant reduced expression by 
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approximately 50 percent but did not alter function. A series of pre- 
diction tools indicated that somewhere between 45 and 74 percent of 
the 114 novel missense mutations may be deleterious. Thus, perhaps 
approximately 0.6 percent of individuals in the general population is 
a silent carrier for a GT variant that profoundly affects structure and/ 
or function. In addition, some of the rare individuals in the healthy 
population with levels of integrin a,,8, receptor expression intermedi- 
ate between those of obligate GT carriers and normal individuals may 
reflect heterozygosity for “hypomorphic” variants that partially affect 
receptor expression, but not function.'” 


Clinical Features 

Table 120-2 summarizes the clinical manifestations of 177 patients 
with GT obtained from two reviews.” Menorrhagia occurs in nearly 
all female patients. Purpura can be present immediately after birth but 
often is not dramatic. Petechiae of the face and subconjunctival hem- 
orrhage associated with crying may be the first symptoms in neonates 
and babies. Spontaneous hemarthroses and central nervous system 
bleeding are very rare. The hemorrhagic diathesis in patients with GT 
is notable for its variability and the lack of correlation between the 
biochemical platelet abnormalities and clinical severity.” Even within 
groups of patients such as the Iraqi Jews, most of whom share the same 
genetic a, or fp, subunit abnormalities, there is a wide spectrum of 
clinical severity.*“? Moreover, the severity of bleeding symptoms can 
vary significantly during the lifetime of individual patients. GT does not 
appear to protect against the development of atherosclerosis as judged 
by the carotid artery intima-to-media ratio.’ Carriers of GT are usually 
asymptomatic or only mildly symptomatic and generally have normal 
results in platelet function tests.??391!214115 


TABLE 120-2. Bleeding in Patients with Glanzmann 
Thrombasthenia 


No. of Affected Frequency 
Patients (%) 
SYMPTOMS 
Menorrhagia 54/55 98 
Easy bruising, purpura 152/177 86 
Epistaxis 129/177 73 
Gingival bleeding 97/177 55 
Gastrointestinal hemorrhage 22/177 12 
Hematuria 10/177 6 
Hemarthrosis 5/177 3 
Intracranial hemorrhage 3/177 2 
Visceral hematoma 1/177 1 
SEVERITY 
Requirement for red cell transfusions 
Patients from literature* 32/48 67 
Paris patients 54/64 84 


*Data are from 177 patients reviewed by George and colleagues” of 
whom 113 were from the literature and 64 were studied in Paris. 


Reproduced with permission from Coller BS. Inherited disorders of 
platelet function. In: Bloom AL, editor. Hemostasis and Thrombosis. 
UK: Churchill Livingstone p. 721-766, 1992. 


Laboratory Features 
Table 120-3 provides characteristic laboratory findings in GT. Patients 
have normal platelet counts and morphology, prolonged bleeding 
times, decreased or absent clot retraction, and abnormal platelet aggre- 
gation responses to physiologic stimuli. The initial slope of high-dose 
ristocetin-induced aggregation is normal (or near normal), reflecting 
the normal plasma VWF and the normal platelet GPIb/IX content; at 
lower doses of ristocetin, however, where GPIb/IX-mediated activation 
of integrin & „b, (Chap. 112) normally contributes to the aggregation 
response, patients have decreased second wave aggregation.” GT plate- 
lets undergo normal shape change in response to ADP and thrombin, 
demonstrating their ability to undergo metabolic and cytoskeletal 
changes in response to these agents. Similarly, high doses of thrombin 
and collagen produce normal release of dense body and a-granule con- 
tents!®?°”; the decreased secretion observed with lower doses of these 
agents reflect the lack of augmentation of the release reaction normally 
produced by platelet aggregation. "8116118179 

Platelets in whole blood or platelet-rich plasma adhere to glass 
because fibrinogen first becomes deposited on the glass and the platelets 
then adhere to the immobilized fibrinogen.'’*”"” Platelets from patients 


TABLE 120-3. Laboratory Features of Glanzmann 
Thrombasthenia 


|. Platelet count: Normal 
Il. Bleeding time: Markedly prolonged 
Ill. Tests of platelet function 
A. Platelet aggregation 
1. Epinephrine—no observable response 
2. ADP and thrombin—shape change, but no aggregation 


3. Collagen—shape change followed by variable increase 
in light transmission most likely from progressive adhe- 
sion to collagen fibers (pseudoaggregation) 

4. Ristocetin—normal initial slope of aggregation; at low 
doses, inhibition of second wave; at high doses, cyclical 
aggregation-disaggregation 

B. Aperture closure time (PFA-100): Prolonged 

C. Clot retraction: Absent or reduced 

D. Platelet release reaction: Decreased with epinephrine and 
low-dose adenosine diphosphate (ADP), thrombin, and 
collagen; normal with high-dose thrombin and collagen 


E. Interaction with glass (platelet retention test): Absent or 
reduced 


. Platelet coagulant activity: Variably abnormal 
G. Microparticle formation: Variably abnormal 


H. Ex vivo interaction with deendothelialized blood vessels in 
flow chambers: Marked abnormality in platelet thrombus 
formation and defective platelet spreading; decreased 
platelet adhesion at high shear rates 


IV. Tests of a, „b, and a,B, receptors: Number and functional 
integrity 
A. apb, content: Reduced or absent, except in variants 


B. a,b, content: Reduced or absent in patients with B, 
defects; normal or increased in patients with a, defects 

C. Platelet binding of fibrinogen and other adhesive glyco- 
proteins to a,,B,: Reduced or absent 


D. Platelet fibrinogen content: Markedly reduced, except in 
some variants 


al 


with GT fail to adhere to glass," and this forms the basis of their 
abnormality in the glass bead retention assay.” Platelet coagulant activ- 
ity has been variably reported as normal or abnormal.'*-?)*"6 A defect 
in platelet microparticle formation and support of thrombin generation 
has been identified in some patients,” but not in all patients.'” Inte- 
grins & „b, and a fp, bind prothrombin, probably accounting for some 
of the abnormalities identified. 1%! 


In flow-chamber studies, thrombasthenic platelets adhere nor- 
mally to deendothelialized blood vessels at low and intermediate 
shear rates, but do not spread normally or form platelet thrombi.'*!* 
A defect in adhesion occurs at higher shear rates. A paradoxical 
increase in fibrin formation on these surfaces has been observed with 
thrombasthenic platelets, but the explanation for this phenomenon 
remains unknown." In contrast to normal blood, blood from nearly 
all patients with GT fails to occlude a 150-um PFA-100 aperture in 
collagen-coated membranes under high sheer, either in the presence 
of ADP or epinephrine. "4137 

Platelet integrins «,,,8, and «8, can be quantitated by several tech- 
niques, including, monoclonal antibody binding (using flow cytome- 
try or radiolabeled binding), immunoblotting, and surface-labeling 
followed by sodium dodecylsulfate polyacrylamide gel electrophoresis 
(SDS-PAGE). Based on such studies, GT patients are subcategorized by 
integrin & „b, content into those with less than 5 percent of normal (type I), 
5 to 20 percent (type II), or 50 percent or more (variants).””'** In one 
review of 64 patients, 78 percent were type I, 14 percent were type II, 
and 8 percent were variants.” This subtyping predated the identification 
of integrin a,,8, abnormalities as the cause of GT and was based on 
functional data; this categorization provides only limited information. 

Measuring integrin a8, content is technically more demanding 
than measuring that of integrin a,,6, because there are only approxi- 
mately 50 to 100 integrin a,,8, receptors per platelet.” The integrin ap, 
level is very useful, however, in making a preliminary assessment of 
whether the patient has a defect in the Op OF B, subunits, because, in 
general, patients who lack integrin a $, receptors have a defect in the 
p, rather than a „ subunit.’ A p, subunit missense mutation (H280P) 
that differentially affected integrin «,,,8, more than o,f, has, however, 
been described.” 

Fibrinogen-binding studies assess the function of the integrin 
& „p, complex.” Early studies used radiolabeled fibrinogen to the bind- 
ing of fibrinogen when the platelets are stimulated with ADP” or a sim- 
ilar agonist. Fibrinogen can also be labeled with a fluorescent molecule 
and then flow cytometry can be used to measure fibrinogen binding. 
‘These techniques are most useful in detecting qualitative abnormalities 
of integrin æ „b, in patients with variant GT. The binding of a monoclo- 
nal antibody (PAC1) to platelets gives similar information because the 
antibody only binds to the activated form of the integrin." 

Carriers of GT have essentially normal platelet function. Their 
platelets, however, only contain approximately 60 percent of the normal 
number of integrin a,,6, receptors; the overlap in values between nor- 
mal individuals and carriers, however, doesn't permit for unequivocal 
diagnosis of carriers by this technique.'” Carrier detection is most accu- 
rately performed by DNA analysis. 

Platelet fibrinogen is reduced to approximately 10 percent of normal 
in patients with marked reductions in integrin œ „p, but is variably 
reduced in patients with significant amounts of integrin a pp, e 


Therapy and Prognosis 

Therapy of GT patients is discussed in the section entitled “Manage- 
ment of Inherited Platelet Function Disorders.” Although GT is a severe 
disease, the prognosis for survival is generally good. In one series, two of 
64 patients died of hemorrhage and in another series, three of 43 patients 
died of hemorrhage.”* A nationwide survey in Japan identified 98 GT 
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patients in 1976 and 192 in 1991.'* The mortality rate decreased sub- 
stantially during this time interval. 

a,,8,: Select Macrothrombocytopenias Five heterozygous 
missense mutations in four different amino acids in integrin «pb; (@,,, 
G991C, R995Q, and R995W, and f, L718P and D723H), as well as sev- 
eral different deletions, lead to variably mild reductions in both inte- 
grin & „p, expression and platelet aggregation, as well as constitutively 
active receptors, in patients with inherited aniso- and macrothrombo- 
cytopenia.'**' The defects cluster on both sides of the transmembrane 
domains, and include both members of the a, R995-, D723 salt bridge 
proposed to maintain the receptor in a low affinity state.'*! Proplatelet 
formation has been reported to be abnormal in several reported cases. 


GLYCOPROTEIN Ib (CD42b,c)-IX (CD42a)-V: 
BERNARD-SOULIER SYNDROME 


Definition and History 
BSS is an inherited disorder of the platelet GPIb-IX-V complex charac- 
terized by thrombocytopenia, giant platelets, and a failure of the plate- 
lets to bind GPIb ligands, most importantly, VWF and thrombin. 5-155 
In 1948 Bernard and Soulier described two children from a con- 
sanguineous family who had a severe bleeding disorder characterized 
by mucocutaneous hemorrhage, variable thrombocytopenia, and giant 
platelets.’°'*’ Beginning in the early 1970s, BSS platelets were shown 
to have a functional defect in VWF-dependent platelet adhesion and 
agglutination.'**'!© In 1975, Nurden and Caen identified an abnormal- 
ity in platelet GPIb as the cause of the functional defect.’*! Later studies 
confirmed the defect in VWF-GPIb interactions" and identified 
additional defects in platelet GPV and GPIX.'®'® Subsequent studies 
have identified additional ligands for the GPIb-IX complex, including 
thrombin,’ P-selectin,'* leukocyte integrin a,,8,,’° high-molecular- 
weight kininogen,'” thrombospondin-1,'’! and coagulation factors XI”? 
and XII' (Chap. 112), but the precise contributions of these interac- 
tions to the disorder are not well defined. Molecular defects in the genes 
for GPIba, GPIbf, and GPIX, but not GPV have been identified in BSS. 
Mouse models of BSS have been produced by gene targeting of GPIba’”* 
and GPIbf,'* and like humans, mice deficient in GPV do not demon- 
strate the typical features of human BSS.176!”7 


Etiology and Pathogenesis 

This rare disease, with a prevalence estimated as less than one in 
1,000,000, has been reported from countries around the world. 15>!54157-165 
Both autosomal recessive (“biallelic”) and autosomal dominant 
(“monoallelic”) forms of the disorder have been described, with the 
biallelic producing the most severe symptoms and the monoallelic 
causing macrothrombocytopenia and a mild or no bleeding syndrome. 
Consanguinity is common in the biallelic form, with 85 percent of the 
reported cases being homozygous for the causative mutation." 

Six different features of BSS may contribute to the hemorrhagic 
diathesis: thrombocytopenia, abnormal platelet adhesive interactions 
with VWF, abnormal platelet interactions with thrombin, abnormal 
platelet coagulant activity, abnormal platelet interactions with P-selectin, 
and abnormal platelet interactions with leukocyte integrin «,,f.. 

The pathophysiology of the thrombocytopenia is uncertain. Early 
studies suggested a marked shortening of platelet survival, presumably 
from the decrease in platelet surface charge resulting from the GPIb 
defect.'*'” Later studies using ''In-oxine to label platelets reported 
more modest or no shortening of platelet survival, indicating that inef- 
fective thrombopoiesis and/or decreased thrombopoiesis may contrib- 
ute to the thrombocytopenia.'**"*! Morphologic abnormalities have 
been identified in BSS megakaryocytes and these may contribute to 
abnormal platelet production.'* Based on observations in other giant 
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platelet syndromes (Chap. 117), the large size of Bernard-Soulier plate- 
lets would tend to diminish the adverse hemostatic effects of the throm- 
bocytopenia because the platelet mass is better preserved. With only rare 
exceptions, however, the bleeding diathesis with BSS is more severe 
than expected from the thrombocytopenia, reinforcing the conclusion 
that a qualitative platelet defect is the predominant problem.'*”!** 

The platelet GPIb-IX complex functions as a receptor for VWF 
(Chaps. 112 and 126).*"*>'8° This interaction is crucial in the adhe- 
sion of platelets to subendothelial surfaces, especially under high shear 
conditions, where VWF acts as a bridge between the subendothelial 
matrix and the platelet.'**"*4 The relative roles of subendothelial VWF, 
plasma VWF, and platelet VWF have not been completely defined, but 
they probably all contribute to platelet adhesion.’ The interaction of 
VWF with GPIb/IX initiates activation of integrin a,,8,,'°" which can 
also bind to VWE, but at a different site on the molecule.!” The interac- 
tion of GPIb/IX with VWF also directly contributes to platelet-platelet 
interactions. "11° 

GPIb/IX-VWF interactions can also occur in platelet suspensions 
at high shear rates; this can lead to platelet activation, with subsequent 
aggregation mediated by integrin a,,,f,.°7*"°° Whether sustained 
shear rates in vivo ever reach the levels required to initiate VWF bind- 
ing, however, is not established. 

Abnormalities of the GPIb-IX complex can be a result of genetic 
defects in GPIba, GPIbB, or GPIX, all of which are required for surface 
expression. BSS is the most severe form of the disease and is caused by 
defects in both alleles of one of the proteins as a result of a homozygous 
mutation, compound heterozygosity, or a combination of hemizygos- 
ity of GPIbB because of a microdeletion and a mutation affecting the 
other GPIbf allele. These abnormalities have been termed the biallelic 
forms.’** A macrothrombocytopenic syndrome associated with a mild 
bleeding syndrome has been reported with heterozygous defects in 
GPIba and GPIbf.'** Because obligate heterozygotes for the biallelic BSS 
mutations do not commonly demonstrate macrothrombocytopenia, 
the heterozygous defects associated with macrothrombocytopenia may 
exert a dominant negative effect.“ 

The platelets of patients with BSS have a decreased response to 
platelet activation by thrombin, especially at limiting concentrations of 
thrombin.” BSS platelets are deficient in two different proteins that 
interact with thrombin, namely GPIba, which binds thrombin,’ and 
GPV, which is a thrombin substrate (Chap. 112). The precise nature of 
the interactions of thrombin with GPIba and its biologic consequences 
are still unclear, but binding of thrombin to GPIba can initiate signal- 
ing within the platelet, perhaps directly through GPIb« crosslinking 
or indirectly by augmenting activation of other thrombin receptors 
(protease-activated receptors [PARs] 1 and 4) or other thrombin- 
dependent events at the platelet surface.’ Paradoxically, mice deficient 
in GPV actually have increased sensitivity to thrombin activation and 
variably increased thrombus formation, perhaps because GPV limits 
access of thrombin to GPIb.””"' Because thrombin is one of the major 
physiologic activators of platelets, the loss of thrombin binding to 
GPIba may contribute to the hemorrhagic diathesis. 

Platelets from patients with BSS are defective in supporting 
thrombin generation as judged by the serum PT,” a test performed 
with whole blood, but in other tests of platelet coagulant activity, BSS 
platelets support coagulation as well as, or better than, normal plate- 
lets.'**? Defects in collagen-induced coagulant activity and the associ- 
ation of factors V, VIII, and XI with BSS platelets have been described,”™ 
but their significance is unclear. Similarly, GPIb/IX has been iden- 
tified as a binding site for other proteins involved in coagulation, 
including high-molecular-weight kininogen and factor XII, but the 
contributions of these interactions to the coagulant abnormality are 
also uncertain.'”"”*'” Binding of VWF to GPIb/IX has been implicated 


in fibrin-dependent, but not fibrin-independent, augmentation of 
platelet coagulant activity and thus fibrin-dependent coagulant activ- 
ity is likely to be abnormal in BSS.” This finding may partially explain 
the variability in findings between the serum PT and some of the other 
assays as fibrin only forms in the serum PT. Abnormal membrane lipids 
have also been reported.” 

The mechanism(s) producing the giant platelets in BSS has not 
been identified, but since giant platelets are found in BSS variants in 
which GPIb/IX is present, but unable to bind ligand, it has been postu- 
lated that the abnormality is a result of the inability of GPIb/IX to bind 
an unknown marrow ligand.’ It cannot be because of an inability to 
bind VWF as, with only rare exceptions,” patients lacking VWF do 
not have large platelets. Moreover, in a mouse model of BSS, restoring a 
receptor with the GPIb transmembrane and cytoplasmic domains, but 
not the ligand-binding domain, partially corrected both the thrombo- 
cytopenia and large platelet size.” A defect in GPIb/IX-mediated sig- 
naling has also been proposed to cause the large platelets as a deficiency 
of PLC has also been described in BSS.” A mechanical alteration in 
the plasma membrane of BSS platelets has been identified by micropi- 
pette experiments, showing the plasma membrane to be more deform- 
able than normal.” Megakaryocytes in BSS have increased ploidy and 
volume, as well as alterations in the membrane demarcation system, 
granules, and microtubules.'*''* Both the increased size and deform- 
ability may reflect the loss of the normal interaction of GPIb/IX with the 
cytoskeleton via actin-binding protein (filamin-1; Chap. 112). 

Platelets from patients with BSS are deficient not only in GPIba, 
GPIbf, and GPIX, which are known to be associated as a complex, 
but also in GPV (Chap. 112).'°*1°° All of these proteins share highly 
conserved leucine-rich regions.'*'*7 One possible explanation for 
the loss of surface expression of all the proteins is that they need to 
form a complex during biosynthesis in order to be transported to the 
surface’; evidence supports the need for GPIba, GPIbf, and GPIX to 
all be present for optimal surface expression,” but data from mice defi- 
cient in GPV indicate that this glycoprotein is not required for surface 
expression of the GPIb-IX complex.” GPV may, however, improve the 
efficiency of expression of the other members of the complex.” More- 
over, data from the BSS mouse expressing a chimeric GPIba molecule 
in which the leucine-rich repeat domain was replaced with the external 
domain of another receptor indicate that complex formation does not 
require the GPIba leucine-rich domain.” 

At the molecular level, the platelets from different patients with 
BSS are heterogeneous, with many having no detectable GPIb and 
others having variable amounts, up to 50 percent of normal. !%207:211-214 
There also is variability in the degree of concordance in the reduction of 
GPIb and the other deficient proteins.*!5?'6 

Molecular Defects The molecular biologic basis of BSS has been 
determined in 161 patients from 132 unrelated families'™ and an online 
registry of defects is available at http://www.bernardsoulier.org/.”” An 
international consortium reported on 211 families with the recessive 
form of BSS, which they termed “biallelic.”’™ In total, 45 different muta- 
tions have been reported in GPIba, 52 in GPIbB, and 28 in GPIX. No 
defects in GPV have been identified in patients with BSS. The associa- 
tion with consanguineous matings was reinforced as 85 percent of the 
families had homozygous mutations and 13 percent were compound 
heterozygotes for defects in one of the genes. None of the variants were 
identified in several gene variant databases,’ suggesting that they are 
all rare and likely entered the population relatively recently. A number 
of likely founder mutations have been identified in each of the three 
genes in different populations.'***!* The ancestry of seven apparently 
unrelated families with a GPIbB W89D mutation was traced to a com- 
mon ancestor in 1671 in India.”"* Five mutations in GPIX account for 
137 of the 184 affected GPIX alleles and GPIX N61S is found in 64 
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Figure 120-4. Localization of select missense mutations causing 
platelet-type von Willebrand disease (VWD) and Bernard-Soulier syn- 
drome (BSS) in the GPlba N-terminal domain. Ribbon diagram of the 
topology of GPlba N-terminal domain viewed from the side. The regu- 
latory loop is colored blue with activating platelet-type VWD mutations 
G233V and M239V indicated as open black balls. Five BSS mutations, 
which cause loss of von Willebrand factor binding, are shown as blue 
balls. LS7F and C65R localize to leucine-rich repeat (LRR) 2 with L129P, 
A156V, and L179del localized to the LRR5, LRR6, and LRR7 6-strands, 
respectively. The molecular structure of the sulfated tyrosine residues 
276, 278, and 279 are shown. (Adapted with permission from Uff S, Clem- 
etson JM, Harrison T, et al: Crystal structure of the platelet glycoprotein Ib(al- 
pha) N-terminal domain reveals an unmasking mechanism for receptor 
activation. J BiolChem 277(38):35657-35663, 2002.) 


European families. A number of mutations have been identified to cause 
the heterozygous monoallelic form, including the GPIba A172V muta- 
tion, which has been associated with biallelic and monoallelic forms of 
the disorder in 42 apparently unrelated families with macrothrombo- 
cytopenia in Italy.'** Many of the defects affect the leucine-rich repeats 
or the conserved flanking sequences, supporting the importance of 
these structural elements in the biogenesis and surface expression of 
the GPIb-IX-V complex (see Chap. 112, Fig. 112-14, and Fig. 120-4). 
Three patients have been described who are homozygous for a deletion 
in the last two bases of codon 492 of GPIba, resulting in a frameshift 
that alters the membrane spanning region and results in premature ter- 
mination, and another patient has been described who is heterozygous 
for this deletion and a missense mutation of GPIba.’!°*” These defects 
appear to result in a poorly anchored GPIba with GPIba antigen pres- 
ent in plasma. GPIbf mutations have affected the promoter region, at a 
binding site for the GATA-1 transcription factor,” the signal peptide,” 
and the transmembrane and intracellular domains.” A homozygous 
Y88C defect in GPIbf has been reported to cause BSS in two Japanese 
families and heterozygotes with this mutation have a giant platelet syn- 
drome.”!”* Similarly, a patient heterozygous for a GPIbB R17C muta- 
tion also had a giant platelet syndrome.” An N45S mutation in GPIX, 
affecting leucine rich repeat 1, has been reported in at least 12 different 
white patients, including four patients from a large Swiss family with 
variable clinical manifestations*** and one Turkish patient.”*! 

BSS has been reported in seven patients in association with hemizy- 
gous deletion of GPIbf and several neighboring genes on chromosome 
22q11.2, leading to variable manifestations of the DiGeorge syndrome, 
including cardiac defects, dysmorphic facial features, thymic hypopla- 
sia, and velopharyngeal insufficiency.'*?** Hemizygous mutations 


in the remaining GPIbf allele have included P96S and P29L.”***” In 
other studies of patients with the 22q11.2 deletion syndrome, modest 
reductions in platelet count and increases in platelet volume, as well as 
reduced platelet agglutination to ristocetin and decreased platelet GPIb/ 
IX expression, have been variably reported, consistent with hemizygos- 
ity for GPIbB.°** 

A number of monoallelic, heterozygous mutations in the genes 
of the GPIb-IX complex have been described as causing macrothrom- 
bocytopenia, some, but not all, of which have also been implicated in 
causing the biallelic form either because of homozygosity or compound 
heterozygosity.’ These include a heterozygous mutation in the second 
leucine-rich repeat (L57F)*° in which the affected patients have mod- 
erate bleeding symptoms, moderate thrombocytopenia, and giant plate- 
lets. Additional monoallelic mutations of GPIba that appear to produce 
dominant effects are N41H™* and Y54D."” 

The “Bolzano” defect, which involves a mutation in the sixth 
leucine-rich repeat of GPIba (A156V), results in a GPIba molecule that 
has reduced ability to bind VWE, but can bind thrombin. It has been 
described in both biallelic and monoallelic forms. Two patients with bial- 
lelic forms have been described. In one patient, the Bolzano defect was 
homozygous, and the patient had a lifelong history of mucocutaneous 
hemorrhage in association with an approximately 50 percent reduction 
in GPIb surface expression and total loss of ability to bind VWE.* In 
the other, the Bolzano mutation coexisted with a 12-amino-acid deletion 
and an amino acid substitution (Q181K).*” The monoallelic form of the 
Bolzano defect has been reported in more than 100 patients from 48 ped- 
igrees, primarily from southern Italy. Most patients have no bleeding 
symptoms, but some have mild to moderate bleeding symptoms. Mild 
thrombocytopenia, increased mean platelet volume, reduced expression 
of GPIb/IX/V, and normal or borderline abnormal values for ristocet- 
in-induced platelet aggregation are characteristic of this disorder. 


Clinical Features 

Epistaxis is the most common symptom of BSS (70 percent); also 
common are ecchymoses (58 percent), menometrorrhagia (44 percent), 
gingival hemorrhage (42 percent), and gastrointestinal bleeding 
(22 percent).'*” The combination of BSS with angiodysplasia can result 
in particularly severe recurrent hemorrhage.” Hemorrhagic symp- 
toms that occur with lower frequency include posttraumatic bleeding 
(13 percent), hematuria (7 percent), cerebral hemorrhage (4 percent), 
and retinal hemorrhage (2 percent). There is considerable variability in 
symptoms among patients, even among patients within a single fam- 
ily.’*?** A review that includes brief descriptions of the clinical features 
of 55 patients, reported through 1998, has been published.'” 


Laboratory Features 
Thrombocytopenia is present in nearly all patients, but is variable in 
its severity, ranging from approximately 20 x 10° platelets/L to near- 
normal levels. Platelets are large on smear, with more than one-third 
usually having diameters greater than 3.5 wm, and some being as large 
or larger than lymphocytes. By electron microscopy, platelets display 
only minor variations in vesicular structures and the open canalicular 
system,'*” but megakaryocytes have more notable abnormalities in their 
demarcation membranes.’ The cell membranes of platelets from patients 
with BSS appear to be more deformable than normal,” perhaps because 
GPIb ordinarily interacts with the platelet cytoskeleton’ (Chap. 112). 
Closure times of the apertures of collagen-coated membranes 
are markedly prolonged in the presence of ADP or epinephrine 
(PFA-100).'*° The hallmark findings in the BSS are the failure of platelets 
to aggregate in response to ristocetin’” or botrocetin,"®? agents that 
require VWF-GPIb interactions. In VWD, but not BSS, this defect can 
be corrected by adding normal plasma (or VWF). 
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Although, the large size of the platelets in BSS and the thrombo- 
cytopenia make it technically difficult to perform platelet aggregation 
studies, in general, aggregation induced by ADP, epinephrine, or col- 
lagen is either normal or enhanced.'**’?58 The aggregation response 
to thrombin is usually dose-dependent, being essentially normal in 
response to high doses of thrombin but characterized by a prolonged 
lag phase and diminished aggregation in response to low doses of 
thrombin.” 


Platelet Coagulant Activity The coagulant activity of platelets 
from patients with BSS has been variably reported as reduced, nor- 
mal, or increased.!*4° The variable presence of fibrin in the different 
assays used to assess platelet coagulant activity may account for these 
inconsistent results as GPIb-VWF interactions enhance platelet coagu- 
lant activity when fibrin is present, but not when it is absent.’ 


Platelet-Thrombin Interactions Both GPIb and the seven- 
transmembrane domains PAR-1 and PAR-4 receptors are required for 
maximal response to thrombin. Two different crystal structures 
of the interactions between thrombin and GPIba have been reported; 
in one, two molecules of thrombin bind to each GPIba molecule, rais- 
ing the possibility that free thrombin or thrombin adherent to fibrino- 
gen can cluster GPIb-IX-V complexes.'*”?*6! GPV, which is missing 
from the platelet surface in BSS, is cleaved by thrombin, but the cleay- 
age is neither necessary nor sufficient for thrombin-induced platelet 
activation.*® In fact, platelets of mice lacking GPV have increased 
responsiveness to thrombin, perhaps because GPV ordinarily limits 
access of thrombin to GPIba or inhibits GPIba crosslinking.” 


ExVivo|nteraction with Subendothelial Surfaces Plateletsfrom 
patients with BSS demonstrate defective adhesion to subendothelial 
surfaces, especially at shear rates greater than 650 s71.1914158264 The 
results are similar to those in patients with VWD. 


Shear-Induced Platelet Aggregation Unlike normal plate- 
lets, platelets from patients with BSS are not aggregated by high shear 
rates.”*! The initial interaction in this process appears to be bind- 
ing of VWF to GPIb,’*” with subsequent activation of integrin æ „p 
perhaps through signaling via the protein 14-3-3¢ associated with the 
cytoplasmic domain of GPIba,'°°* Fey receptor ILA, GPVI, and/or 
the Fc receptor y chain (Chap. 112).’%*?® Pathologic shear stress has 
been reported to increase binding of a-actin to GPIb/IX as part of the 
signaling process.***?” 


Therapy 

The therapy of BSS is described in the section “Management of Inherited 
Platelet Function Disorders” below. Splenectomy has been performed 
when the diagnosis of immune thrombocytopenia was mistakenly 
made, but this usually does not normalize the platelet count or improve 
the bleeding diathesis.”” 


GPlba (CD42b,c): PLATELET-TYPE (PSEUDO-) 
VON WILLEBRAND DISEASE 


Definition and History 

A heterogeneous group of patients has been described with mild to 
moderate bleeding symptoms, variably enlarged platelets, variable 
thrombocytopenia, and diminished plasma high-molecular-weight 
VWF multimers.” The fundamental defect in these patients is thought 
to be an enhanced interaction between an abnormal platelet GPIb/IX 
receptor and normal plasma VWF.” Because these patients have 
some of the hallmarks of VWD, but the defect is in platelet GPIb/IX, it 


has been termed both pseudo- VWD and platelet-type VWD. At present, 
55 patients are listed in the database of patients with this disorder (www 
.pt-vwd.org).78278 


Etiology and Pathogenesis 

A qualitative abnormality in GPIb is responsible for this disorder, with 
ongoing in vivo binding of high-molecular-weight VWF multimers to 
platelets causing depletion of the plasma high-molecular-weight mul- 
timers. In addition, the binding of the VWF to platelets may lead to 
shortened platelet survival, perhaps accounting for the variable throm- 
bocytopenia. Inheritance is autosomal dominant. 

Abnormalities in the Mr of GPIb were identified in two families,” 
but these may have resulted from a now-recognized polymorphism in 
GPIb (Chap. 112) rather than being related to the functional disorder. 
Heterozygous point mutations in the GPIba gene causing a variety of 
missense alterations (G233V, G233S, M239V, D235Y, W230L) have 
been found in several different families.?”7’"**** The G238V muta- 
tion is the most common among the patients in the database, affect- 
ing 31 of 35 patients. All of these mutations are in the R-loop (also 
termed f-switch) in the carboxyterminal flanking sequence of the 
leucine-rich repeats, a region implicated in ligand binding (see 
Fig. 120-4).'°218729293 Molecular modeling suggests that the M239V 
substitution produces a significant conformational change in the mol- 
ecule,** and this was confirmed by crystallographic analysis.” It has 
been proposed that the platelet-type VWD mutations either destabilize 
the compact triangular structure of the R-loop by interfering with the 
D235-K237 salt bridge or stabilizing the extended $-hairpin form of the 
R-loop, which is better able to engage the VWF A1 domain.” A mouse 
model of the GPIba G233V mutation recapitulated many of the human 
manifestations and had an unexpected increase in bone mass.” Recom- 
binant GPIba fragments containing the G233V and M239V mutations 
demonstrated enhanced interactions with VWF in several different 
systems, including ones under shear stress.” An increase in platelet 
GPIb/IX expression has also been reported.”®®! An in-frame 27-base- 
pair (bp) deletion in the macroglycopeptide region of GPIb« has also 
been reported to cause platelet-type VWD.’” Because the deletion may 
lead to the loss of up to four glycosylation sites, it has been proposed 
that the glycans play a negative regulatory role in ligand binding.” 


Clinical Features 

Patients have variable thrombocytopenia and mild to moderate 
mucocutaneous hemorrhage. A study of 13 patients with six different 
mutations using a standardized bleeding assessment tool found a wide 
range of clinical severity, with approximately 40 percent having a nor- 
mal bleeding score and the remainder having a wide range of abnor- 
mal scores.” Bleeding scores did not correlate with age or sex, but did 
correlate with reductions in both platelet count and ristocetin cofactor 
activity. All patients had macrothrombocytopenia. Of note, pregnancy 
may exacerbate the thrombocytopenia and bleeding symptoms.’ 


Laboratory Features and Differential Diagnosis 

Mild thrombocytopenia and somewhat enlarged platelets are present 
in some, but not all, patients. Plasma VWF levels are variably reduced, 
with a disproportionate reduction in plasma high-molecular-weight 
multimers. Platelet VWF multimers are normal. 

The most characteristic laboratory finding in platelet-type VWD 
is enhanced platelet aggregation in response to low concentrations of 
ristocetin’”” "88 or botrocetin.*” This same abnormality is present 
in patients with type 2b VWD, as is selective depletion of plasma high- 
molecular-weight VWF multimers (Chap. 126). In platelet-type VWD, 
however, the defect is in platelet GPIba, whereas in type 2b VWD, the 


defect is in the VWF. In one study comparing platelet-type and type 
2b VWD, patients with type 2b VWD had more severe bleeding, espe- 
cially menorrhagia, and lower platelet counts.” Several assays can help 
differentiate between these abnormalities™*300-302; (1) normal VWF 
(purified or in cryoprecipitate) will aggregate platelets from patients 
with platelet-type VWD, but not platelets from patients with type 2b 
VWD; (2) isolated platelets from patients with platelet-type VWD will 
bind normal VWE at lower concentrations of ristocetin than will nor- 
mal platelets or platelets from patients with type 2b VWD; (3) plasma 
VWF from patients with type 2b VWD will bind to normal platelets 
at lower-than-normal concentrations of ristocetin, whereas higher- 
than-normal concentrations of ristocetin are required to promote the 
plasma VWF from patients with platelet-type VWF to bind to normal 
platelets™; and (4) VWF lacking sialic acid residues (asialo-VWF) 
will agglutinate platelets from patients with platelet-type VWD in the 
presence of ethylenediaminetetraacetic acid (EDTA).** A number of 
patients with platelet-type VWD were originally diagnosed as having 
type 2b VWD, leading to the conclusion that platelet-type VWD may 
be underdiagnosed, and an international registry based study supports 
this contention.?”®?80304 


Therapy 

Because normal VWF (especially the high-molecular-weight forms) 
can bind excessively to the platelets of patients with platelet-type VWD 
and potentially lead to rapid platelet clearance from the circulation, 
increasing the VWF level by any means (desmopressin infusion or 
VWF replacement with cryoprecipitate or VWF concentrates) poses a 
potential risk of inducing thrombocytopenia.™® It may be possible to 
estimate this risk by assessing whether the patient’s platelets aggregate 
ex vivo in response to VWF (as in cryoprecipitate).’”? Low-dose cry- 
oprecipitate has successfully supported hemostasis, without inducing 
thrombocytopenia.” Currently, cryoprecipitate is generally less 
favored for VWF replacement therapy than plasma-derived factor VIII 
concentrates such as Humate-P, which is approved in the United States 
for the therapy of VWD, because the plasma-derived factor VIII con- 
centrates have a reduced risk of viral infection. Consideration should 
also be given to platelet transfusion in appropriate circumstances. 
Recombinant factor VIIa infusion may be beneficial and is licensed for 
this indication in Europe, but this therapy is not yet approved by the 
FDA; it has the theoretical advantage of avoiding excessive interactions 
between VWF and the abnormal GPIba receptor.?0208 


INTEGRIN a, B, DEFICIENCY 
(GLYCOPROTEIN la/Ila; VLA-2; CD49B/CD29) 


Integrin aß, (GPlIa/Ia) can mediate platelet adhesion to collagen and 
platelet activation under certain conditions (Chap. 112). A female 
patient with excessive posttraumatic bruising and menorrhagia but no 
epistaxis, gum bleeding, or excessive bleeding after tonsillectomy or 
appendectomy was described whose platelets selectively failed to aggre- 
gate or undergo shape change in response to collagen.*”*”° The bleeding 
time was markedly prolonged, and the patient’s platelets failed to adhere 
and spread normally on subendothelial surfaces. The patient's platelets 
only contained approximately 15 to 25 percent of the normal amount of 
integrin ,,*°*!' and a reduction in the £, subunit was also apparent.*” 
It is difficult to draw conclusions about the physiologic role of integrin 
œ pin platelet function from this patient because her «œp, deficiency 
was incomplete, her bleeding symptoms were mild and variable, and 
some of the platelet function abnormalities (e.g., abnormal platelet- 
collagen interactions in the presence of the divalent chelating agent 
EDTA) are difficult to ascribe to the deficiency in «8, °°!” 
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Another patient with integrin a, deficiency has been described.*” 
She had a history of mucocutaneous and postoperative bleeding. Her 
bleeding time was prolonged and platelet aggregation in response to 
collagen was selectively reduced, but not absent. In addition to her a, 
subunit defect, she also had little or no intact thrombospondin, and 
exogenous thrombospondin corrected the defect in platelet aggrega- 
tion. The patients hemorrhagic symptoms and platelet defects disap- 
peared when she entered menopause. 

The variation in platelet integrin a,8, expression in healthy indi- 
viduals is very wide (10-fold) and platelet levels have been correlated 
with allelic variants.** Reduced «œ f, expression has been associated 
with alterations in megakaryocyte production and decreased mean 
platelet volume.*”° 

Mice with targeted deletion of integrin «,8, do not have a hem- 
orrhagic phenotype or prolonged tail bleeding times but they do have 
reduced platelet adhesion to collagen and reduced thrombus formation 
after vascular injury*'®; mice with a conditional loss of integrin a p, in 
megakaryocytes and platelets have a decreased mean platelet volume.’ 


CD36 (GPIV; FATTY ACYL TRANSLOCASE [FAT]; 
SCAVENGER RECEPTOR CLASS B, MEMBER 3 


[SCARB3]) 


CD36 (GPIV) is a highly, but variably expressed platelet glycoprotein 
that is present on many cell types and documented to participate in 
long-chain fatty acid transport (Chap. 112). Approximately 3 percent of 
Japanese, 2 percent of African Americans, and 0.3 percent of whites in 
the United States have platelets that lack CD36 (GPIV).*!”*"* Although 
CD36 (GPIV) has been implicated in platelet interactions with collagen, 
thrombospondin, advanced glycation products,*”” and myeloid-related 
protein (MRP)-14,*°- as well as in platelet-monocyte interactions, 
individuals lacking CD36 (GPIV) do not have a hemorrhagic diathesis. 
Platelets from these patients can bind thrombospondin via alternative 
receptors** and there are differing data on its role in adhesion to col- 
lagen.****** A multiparameter analysis of platelet thrombus formation 
to different matrix proteins at differing shear rates identified a role for 
CD36 at low, but not high, shear rates." CD36 (GPIV) has also been 
implicated as a receptor for oxidized low-density lipoprotein (LDL), and 
the binding of very-low-density lipoprotein (VLDL) to CD36 (GPIV) 
has been reported to enhance collagen-induced platelet aggregation and 
thromboxane production.*” CD36 (GPIV) platelet expression varies 
widely among healthy individuals (200 to 14,000 molecules per platelet) 
and correlates with activation by oxidized LDL and genetic single-nu- 
cleotide variants.’ 

Two forms of CD36 (GPIV) deficiency have been described in 
Japan: type I in which both platelets and monocytes are deficient, and 
type II in which only platelets are deficient.” A P90S substitution 
that also leads to abnormal posttranslational modification is a common 
abnormality contributing to both type I and type II deficiencies. In the 
type I form, patients are homozygous for the abnormality, whereas in 
type II deficiency, patients are doubly heterozygous for the P90S abnor- 
mality and an unidentified platelet-specific expression defect.°*'**°* 
Other abnormalities that have been associated with type I deficiency 
include a dinucleotide deletion(539-540) in exon 5, a 161-bp dele- 
tion®!-®! corresponding to loss of exon 4, a nucleotide insertion at 
position 1159 in codon 317 leading to a frameshift and premature stop, 
and splice-site mutations.****** Other mutations have been identified in 
other populations. 

CD36 (GPIV) deficiency can result in refractoriness to platelet 
transfusions because of isoimmunization and has been implicated in 
posttransfusion purpura (Chap. 117), as well as thrombocytopenia 
caused by the passive transfer of anti-CD36 antibodies.*° 
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GLYCOPROTEIN VI DEFICIENCY 


GPVI can mediate platelet adhesion to collagen and is important in 
collagen-induced signal transduction (Chap. 112). Twelve patients 
with mild to moderate bleeding disorders and variable deficiencies of 
platelet GPVI or signaling have been described; one had concomitant 
GPS (a-granule deficiency). -° The others had selective abnormal- 
ities in platelet-collagen interactions. Platelet GPVI deficiency asso- 
ciated with an autoantibody to GPVI has been described in several 
patients, one of whom also had systemic lupus erythematosus and 
another of whom had coexisting antibodies to integrin @ „p, 
Antibody to GPVI may be detectable in eluates prepared from patient 
platelets even when it is not detectable in patient plasma.** Acquired 
forms of GPVI-specific signal transduction have also been described in 
patients with myelodysplastic syndromes and chronic lymphocytic leu- 
kemia.*” Studies in mice and primates demonstrated that antibodies 
to GPVI can result in loss of GPVI from the platelet surface through 
either proteolytic shedding or a cyclic adenosine monophosphate 
(cAMP)-mediated internalization mechanism, even though the plate- 
lets continue to circulate.***°* Thus, it is likely that the deficiency of 
GPVI most commonly results from the autoantibodies.*® It is unclear 
whether the patients reported earlier as having GPVI deficiency might 
also have had an immune basis for their GPVI deficiency. 

Three different inherited forms of GPVI deficiency have been 
described. One patient with a lifelong history of “mild” mucocuta- 
neous, posttraumatic, and postsurgery bleeding had a marked defi- 
ciency of platelet membrane GPVI resulting from both a 16-base 
out-of-frame deletion and a S175N missense mutation.*° The patient's 
platelets failed to respond to collagen, convulxin, or collagen-related 
peptide. Of note, FcRy expression was normal. Another patient with 
easy bruising, a prolonged bleeding time, abnormal PFA-100 closure 
time to collagen/epinephrine, and no platelet aggregation in response 
to collagen had a combination of a R38C mutation in one allele and 
a five-nucleotide duplication insertion in the other, leading to a non- 
sense codon.’ The R38C mutation led to misfolding of the protein, 
reduced surface expression, and a qualitative defect in collagen bind- 
ing. Five subjects from four apparently unrelated families in Chile 
with variable histories of easy bruising, epistaxis, excessive bleeding 
after minor trauma, and gingival bleeding were found to have no 
platelet aggregation in response to collagen, convulxin, or collagen-re- 
lated peptide.’ DNA analysis showed a homozygous adenine inser- 
tion between bases 711 and 712. Heterozygotes were asymptomatic 
and had nearly normal platelet function. 


@ ABNORMALITIES OF PLATELET 
GRANULES 


Platelets contain at least three types of granules: dense or 6 granules 
containing ADP, ATP, calcium, serotonin, and pyrophosphate; œ gran- 
ules containing a variety of proteins, some derived from plasma, oth- 
ers synthesized by the megakaryocyte; and lysosomes containing acid 
hydrolases. Following platelet activation, the contents of the a and 
dense granules are secreted. Inability to release these granule contents 
by virtue of a deficiency of the granules or their contents or in the cel- 
lular mechanisms governing the secretory process is associated with 
impaired platelet function. A heterogeneous group of disorders involv- 
ing platelet granules has been described. They are broadly categorized 
into defects affecting dense granules (d-storage pool deficiency [SPD]), 
a granules (a-SPD, or GPS), or both dense bodies and a granules 
(aô-SPD). Another disorder affecting granules is the Quebec platelet 
disorder, which affects the a-granules. 


6-STORAGE POOL DEFICIENCY 


Definition and History 

In 1969, a family with impaired platelet aggregation was described 
whose platelets displayed decreased levels of ADP.** Holmsen and 
Weiss subsequently established that the defect was a deficiency in the 
nonmetabolic pool or “storage pool” of ADP present in the dense gran- 
ules.*” 5-SPD is a heterogeneous disorder characterized by a bleeding 
tendency, abnormalities in the second wave of platelet aggregation, and 
variable deficiencies of platelet dense granule contents. 


Etiology and Pathogenesis 
Normal platelets contain two pools of adenine nucleotides that exchange 
very slowly.*° One pool is a metabolic nongranule pool in which the 
ratio of ATP to ADP content is 8 to 10:1. The second pool is the “stor- 
age pool” present in the dense granules and contains 65 percent of the 
platelet adenine nucleotides with an ATP-to-ADP ratio of 2:3. It is this 
storage pool that is deficient in 6-SPD. Dense granules also contain 
serotonin, which is taken up from plasma at a ratio of approximately 
1000:1 via a pH-dependent amine trapping mechanism. Platelet seroto- 
nin levels are also decreased in 5-SPD. 

6-SPD can be a primary, inherited platelet disorder or a compo- 
nent of a multisystem (syndromic) disorder, such as the Hermansky- 
Pudlak syndrome (HPS)**'-** (variable oculocutaneous albinism, hemor- 
rhagic disorder, and neurologic manifestations), the Chédiak-Higashi 
syndrome**'*6° (partial oculocutaneous albinism, giant lysosomal 
granules, and frequent pyogenic infections), and the Wiskott-Aldrich 
syndrome**'**** (see below and Chap. 80). Other diseases associated 
with 5-SPD are Ehlers-Danlos syndrome,*® osteogenesis imperfecta,*” 
and TAR syndrome.**'*”! The mode of inheritance in 6-SPD is not well 
defined, but an autosomal dominant pattern for the primary form has 
been identified in some patients.*” The inheritance pattern of the syn- 
dromic forms follows the autosomal recessive and X-linked patterns 
characteristic of those disorders. Essential criteria for the diagnosis of 
HPS are the tyrosinase-positive oculocutaneous albinism and the -SPD 
in platelets.” The hallmarks of albinism are diffuse hypopigmentation 
of skin, iris, hair and retina, although there is phenotypic heterogeneity. 

Studies from animal models and, particularly, in patients with 
the syndromic variants indicate that defects in biogenesis of lysosome- 
related organelles form the basis of the disorders.**'*”* These organelles 
share features with lysosomes but have distinct morphology, composi- 
tion, and functions, and include melanosomes in melanocytes, platelet 
6-granules, and Weibel-Palade bodies in endothelial cells.*°'*”4 In 6-SPD 
associated with HPS, there may be a total failure of 6-granule formation 
as judged by electron microscopy of platelets and megakaryocytes*”* and 
the absence of CD63 (granulophysin; ME491; LIMP-1; LAMP-3), a lys- 
osomal and dense granule membrane protein of Mr 40,000 that is also 
found in melanosomes.**'*%"”7 The defect in melanosomes accounts 
for the oculocutaneous albinism. The defect in lysosomes results in 
accumulation of ceroid lipofuscin, a lipid-protein complex leading to 
granulomatous colitis and pulmonary fibrosis, which are variably mani- 
fest in these patients. Abnormalities of nine genes have been implicated 
in causing HPS (Fig. 120-5). Ultrastructural studies in patients with a 
variety of types of HPS indicate that a granules and other organelles 
are unaffected.” Mutations in HPS-associated genes result in defects 
in intracellular protein trafficking and in the biogenesis of lysosomes 
and lysosomes-related organelles.” The HPS gene products operate in 
distinct complexes termed biogenesis of lysosome-related organelles com- 
plexes (BLOCs), which consist of multiple proteins.**' HPS is unusually 
common in patients from northwest Puerto Rico (frequency: 1:1800), 
and linkage analysis of these patients led to the identification of the 
abnormality in HPS gene (HPS1). The gene encodes a 700-amino-acid 
protein that participates in the complex of proteins called BLOC-3.*°'3% 
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Figure 120-5. Hypothetical model of platelet granule formation and location of defects resulting in Hermansky-Pudlak syndrome (HPS). Early 
endosomes derive from invaginations from the plasma membrane whereas membrane-bound structures from the Golgi and endoplasmic reticulum 
contribute to the production of coated endosomes and late endosomes. Three multiprotein complexes termed biogenesis of lysosome related organ- 
elles complexes (BLOCS) are involved in the transport and interconversion of the different endosomal species. The gene products of HPS1 and HPS4 are 
involved in BLOC-3, whereas those of HPS3, HPS5, and HPS6 are involved in BLOC-2, and those of HPS7, HPS8, and HPS9 contribute to BLOC-1. HPS2 
is a result of mutations in adaptor complex-3 (AP-3). It has not yet been determined which endosomal species contribute to a granules, lysosomes, 
and dense bodies, but all three organelles are affected in HPS. a Granules are in dynamic exchange with the plasma membrane, selectively taking 
up fibrinogen via integrin a „8, receptors. (Used with permission of Dr. Marjan Huizing and Dr. William Gah, National Human Genome Research Institute, 


National Institutes of Health.) 


The mutation in the Puerto Rican kindreds is a 16-bp duplication in 
HPS1 exon 15; other mutations of the same gene have been identified 
in patients from this region and in other ethnic groups.*%”"*" HPS2 
is caused by mutations in the gene AP3B1 (HPS2), which codes for the 
B,A subunit of the heterotetrameric adaptor complex-3 (AP-3), which, 
in turn, facilitates the formation of vesicles of lysosomal lineage from 
membranes of the trans-Golgi network or late endosomes. Patients with 
mutations in this protein tend to also have neutropenia and childhood 
infections.*7*! 

Defects in the HPS3 gene cause a relatively mild form of HPS and 
pulmonary involvement is usually minimal.**” HPS4 encodes a protein 
that interacts with the HPS1 protein in the BLOC-3 complex.** Patients 
with mutations in this gene tend to have severe disease, and like patients 
with defects in HPS1, pulmonary involvement is common. The gene 
products of HPS5 and HPS6 interact with the HPS3 gene product to 
form BLOC-2.***+%*5 Proteins implicated in HPS7 (encoded by DTNBP1) 
and HPS8 (encoded by BLOC1S3) are components of BLOC-1.***°*” 
Improper trafficking of melanocyte-specific proteins, including tyrosi- 
nase, has been found in the melanosomes of patients with HPS5.*** HPS 
is also associated with mutations in pallidin (BLOC1S6/PLDN), a pro- 
tein of BLOC-1 and labeled as HPS9.*” 

Not all patients with 5-SPD have HPS. Some of the patients 
described to have 6-SPD have been subsequently shown to have muta- 
tions in RUNX 1 ,252372:390,391 

In other forms of 6-SPD, data obtained with uranaffin, a dye 
that specifically stains amine-containing granules, indicate that dense 
granule membranes are formed but are not properly filled.°?-** The 
defects in the different substances contained in dense granules are also 
heterogeneous, with some patients able to secrete significant amounts 
of calcium and pyrophosphate even when adenine nucleotide secretion 
is nearly absent.” 

Chédiak-Higashi syndrome results from mutation of the LYST 
gene, which encodes a protein of estimated molecular mass of 429 kDa, 


predicted from domain analysis to participate in vesicle transport 
and to interact with microtubules; an HPSI-like region is also 
present.*°16¢ 

Numerous animal models of human 6-SPD and HPS have been 
reported and several represent specific counterparts of the human dis- 
ease. Thus, more than 20 separate inherited mouse defects have been 
reported to include dense granule deficiencies; of these, pale ear (ep) 
is linked to the mouse equivalent of the HPS1 gene; pearl (pe) to the 
mouse equivalent of HSP2 (FA subunit of AP-3 complex); cocoa to 
HPS3; light ear (le) to HPS4; ruby-eye-2 (ru2) to HPSS; ruby-eye (ru) to 
HPS6; sandy (sdy) to HPS7; and pallid to HPS9 (PLDN).**"*”* The beige 
mouse and rat serve as models for Chédiak-Higashi syndrome.*™ 


Clinical Features 

Patients with 5-SPD as part of the HPS may have severe, or even lethal, 
hemorrhage.*® For all other forms of the disorder, the bleeding ten- 
dency is variable, and mild to moderate. 


Laboratory Features 

When tested with the PFA-100 instrument, both prolonged and normal 
closure times have been reported, akin to prior findings with bleeding 
times.” Interestingly, flow-dependent thrombus formation, assessed 
using a multisurface and multiparameter flow assay, is reported to be 
decreased.’ In platelet aggregation studies, ADP and epinephrine induce 
a normal primary wave of aggregation, but the secondary wave is vari- 
ably abnormal. The abnormal platelet response is more easily discernible 
at low collagen doses than high doses. Secretion of ATP from platelets 
can be measured by luminescence simultaneously with platelet aggrega- 
tion using a specially designed instrument.“ ATP release in response to 
activation is absent or decreased in ô-SPD patients. Thrombin at high 
doses causes maximal release of platelet dense body contents, even in 
patients with secretion abnormalities unrelated to granule deficiency, 
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and, therefore, this reagent may distinguish between -SPD (dimin- 
ished release) and abnormalities of platelet secretory mechanisms, 
wherein the release may be normal or near-normal. 

Measurement of platelet granule contents can establish further 
the platelet abnormality. The total platelet content of adenine nucleo- 
tides is reduced in 5-SPD, and the ratio of total platelet ATP to ADP 
is increased because it more closely reflects the ratio in the cytoplas- 
mic, “metabolic” pool of adenine nucleotides (approximately 8:1) 
than in the “storage” pool in dense granules (approximately 2:3).°°"! 
Platelet serotonin is variably reduced.” Serotonin is taken up by plate- 
lets of patients with 6-SPD, but because it cannot be stored in dense 
granules, it is rapidly catabolized.*” Abnormalities in platelet secretion 
and arachidonic acid metabolism have been identified, but are quite 
variable.“ Reduced plasma and platelet VWF activity in association 
with a decrease in plasma high-molecular-weight multimers has been 
reported in HPS,**#°5 and may reflect abnormalities involving the endo- 
thelial Weibel-Palade bodies. 

The decrease or absence of platelet dense bodies can be confirmed by 
electron microscopy, using either whole mounts or thin sections of plate- 
lets fixed in the presence of calcium, although it requires expertise to inter- 
pret the results.*“°° Some patients have abnormal granules. Uranaffin and 
osmium may help to identify dense granules. The fluorescent amine mepa- 
crine can be used to quantify dense bodies by fluorescent microscopy or by 
flow cytometry.“ Immunoblot analysis of skin fibroblasts in HPS may 
facilitate identification of the protein responsible for the defect. 


Therapy, Course, and Prognosis 

The general principles of patient management are similar to those 
described for all patients with platelet function defects. Patients with 
HPS suffer from a number of specific problems related to their albi- 
nism, colitis, and pulmonary fibrosis.*” In particular, they should avoid 
sun exposure. An antifibrotic agent, pirfenidone, demonstrated modest 
benefit in the initial study.“ A second study*" failed to confirm this and 
was terminated because of futility. 


GRAY PLATELET SYNDROME 
(a-STORAGE POOL DEFICIENCY) 


Definition and History 

The GPS is a markedly heterogeneous bleeding disorder characterized 
by selective deficiency of platelet a-granules and their contents, in com- 
bination with thrombocytopenia and large platelet size.*!* The name 
derives from the initial observation by Raccuglia, in 1971,“ of the gray 
appearance of platelets with paucity of granules on peripheral blood 
films from a patient with a life-long bleeding disorder. 


Etiology and Pathogenesis 
Normal platelets contain approximately 50 spherical or elongated a 
granules that contain a large number of proteins, some relatively specific 
for platelets (platelet factor 4 [PF4], 6-thromboglobulin [STG)), others 
that are also found in plasma, and yet others whose role in platelets is 
poorly understood.*’”*>""° Plasma proteins present in a granules include 
fibrinogen, VWF, albumin, coagulation factor V, immunoglobulin (Ig) 
G, fibronectin, and several protease inhibitors. Some of these proteins, 
such as VWF are synthesized by megakaryocytes, whereas others, such 
as albumin and IgG, are incorporated into platelets by endocytosis. The 
a-granule membrane contains several proteins present in the platelet 
plasma membrane (integrin «pp, GPIb-IX-V) and some specific for a 
granules (P-selectin and osteonectin). 

The molecular mechanisms leading to a-granule deficiency in GPS 
and the combined a6-SPD are also heterogeneous; thus, they have been 


attributed to failure of a-granule maturation during MK differentia- 
tion, transport or targeting of proteins to a granules, and/or synthesis of 
granule membranes. “#5 Proteomic studies in a GPS patient suggested 
a failure to incorporate endogenously synthesized MK proteins into 
a granules.“ Some GPS patients have elevated plasma PF4*” 
suggesting that PF4 synthesis was normal and the primary defect 
was impaired granule biogenesis with leakage of PF4. Some patients 
with decreased a-granule contents have a mutation in the gene for the 
transcription factor RUNX1%> and PF4 is a transcriptional target 
of RUNX1.*”’ This suggests that decreased platelet PF4 levels in these 
patients represents a defect in transcriptional regulation and syn- 
thesis of PF4. GPS has been reported in association with a X-linked 
thrombocytopenia, thalassemia, and an R216N mutation in GATA-1, 
a major regulator of megakaryopoiesis.*'* Autosomal dominant GPS 
resulting from mutations in transcription factor gene GFI1B has been 
reported in two kindreds.*"°”° 

‘Three groups!” have reported mutations in NBEAL2 in patients 
with GPS, a gene that encodes for a protein linked to vesicle transport 
in neuronal cells. These studies implicate defective vesicle transport 
as a major mechanism in many forms of GPS. Studies in Nbeal2- 
deficient mice provide evidence»? that Nbeal2 is required for 
a-granule biogenesis, platelet function, and MK survival, devel- 
opment and platelet production—key evidence linking GPS and 
Nbeal2. These mice were also found to have abnormalities in arterial 
thrombosis, inflammation, and wound repair. A mutation in the gene 
encoding the VPS33B protein (a member of the Secl/Munc18 protein 
family) involved in vesicle trafficking has also been associated with 
human a-granule deficiency in the arthrogryposis multiplex congen- 
ital, renal dysfunction, and cholestasis (ARC) syndrome.*? A muta- 
tion in VPS16B gene has also been linked to a-granule deficiency in 
the ARC syndrome, and it appears that VPS16B and VPS33B interact 
with each other.*** Thus, multiple mechanisms can lead to GPS. The 
inheritance of a-granule deficiency has been autosomal recessive in 
most reports, but autosomal dominant and sex-linked cases have also 
been described.*77°0412418 


Clinical Features 
GPS patients have a lifelong mild to moderate bleeding diathesis, which 
is variable in its manifestations.“ 


Laboratory Features 
Platelets appear as larger-than-normal, pale, ghost-like, oval forms on 
blood films and often difficult to identify (Fig. 120-6). Thrombocytope- 
nia is variable but can be moderately severe, with counts below 50,000/uL. 
Platelet aggregation abnormalities vary considerably.*°*°> 7 A DP- 
and epinephrine-induced aggregation is normal or nearly normal. 
Collagen- and thrombin-induced aggregation tend to be more abnor- 
mal, but this is not a consistent finding. Concomitant GPVI deficiency 
was reported in one patient and if the association is more widespread, 
it may explain the variable abnormalities in collagen-induced aggrega- 
tion.™® Studies in one patient showed flow-dependent thrombus for- 
mation to be decreased.* Additional abnormalities in PI metabolism, 
protein phosphorylation, calcium mobilization, platelet factor Va, and 
platelet secretion have been described***” and may contribute to the 
platelet aggregation abnormalities and clinical symptoms. The failure 
of exogenous a-granule proteins to fully correct the aggregation defects 
suggests that these abnormalities may be important in the overall plate- 
let dysfunction in GPS.*” 

Under the electron microscope platelets and megakaryocytes 
from GPS patients reveal absent or markedly decreased a granules 
(Fig. 120-6).*” The platelets are deficient in a-granule proteins: PF4, 
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Figure 120-6. Gray platelet syndrome (a-granule deficiency). A. Blood film. Note gray-staining of many, but not all, platelets with loss of internal 
granular structure. Two are megathrombocytes, one platelet being very large, almost the size of a red cell (giant platelet). B. Blood film. Treated with 
periodic acid—Schiff (PAS) stain for carbohydrate. Note large “gray platelet” stained with PAS (arrow) and typical PAS staining of neutrophil cytoplasm. 
C. Transmission electron microscopy of normal human platelets with abundant electron-dense a granules. D. Transmission electron microscopy of 
platelets from a patient with gray platelet syndrome. Note profound reduction in electron-dense a granules. (Reproduced with permission from Licht- 


man’s Atlas of Hematology, www.accessmedicine.com.) 


PTG, VWE, thrombospondin, fibronectin, factor V, high-molecu- 
lar-weight kininogen, transforming growth factor (TGF)-8,, and 
platelet-derived growth factor (PDGF); albumin and IgG may also be 
decreased. There is increased reticulin in the marrow of some patients 
with GPS,®'-3 which may be associated with splenomegaly and evi- 
dence of extramedullary hematopoiesis.*'*** The marrow fibrosis has 
been attributed to elevated marrow levels of PDGF and TGF-f, leaked 
from megakaryocytes." Megakaryocytes show emperipolesis and the 
capture of neutrophils. P-selectin is a protein present in the a-granule 
membranes and translocates to platelet surface on platelet activation. 
The content and surface expression of P-selectin has been reported as 
normal*!*°5 or decreased,**° which underscores the heterogeneity of 
the GPS. 


a,6-STORAGE POOL DEFICIENCY 


This disorder is characterized by moderate to severe defects in both 
a and ô granules, with heterogeneous expression in the few patients in 
whom it has been reported.*” Clinical and laboratory features are sim- 
ilar to those of 6-SPD. In general, the functional consequences of the 
defect in dense granules is more severe than the defect in a granules. 


QUEBEC PLATELET DISORDER 


Quebec platelet disorder (QPD) is an autosomal dominant bleeding 
disorder associated with reduced platelet counts and decreased a-granule 
proteins as a result of increased plasmin-mediated degradation of 
the a-granule proteins.**”** Originally described as factor V Quebec, 
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the early description of this disorder included severe bleeding after 
trauma, mild thrombocytopenia, decreased functional platelet fac- 
tor V, and normal plasma factor V.****° The bleeding time is normal 
to mildly prolonged and epinephrine-induced platelet aggregation is 
selectively decreased. Aggregation response to other agonists is vari- 
able. Platelets from patients with QPD display reduced levels of several 
a-granule proteins (factor V, fibrinogen, VWF, fibronectin, thrombo- 
spondin, multimerin, and osteonectin) as a consequence of enhanced 
proteolysis.” The excessive plasmin generation inducing the deg- 
radation of a-granule proteins results from increased megakaryocyte 
expression of u-PA because of a tandem duplication mutation of the cis 
regulatory elements of the u-PA gene (PLAU). Plasma tests of sys- 
temic fibrinolysis (fibrinogen, D-dimer, plasminogen, plasmin-a, anti- 
plasmin complexes, and u-PA), are normal in these patients. Genetic 
testing for the PLAU mutation provides a definitive diagnosis. Treat- 
ment with fibrinolytic inhibitors appears to be effective in controlling 
bleeding.*”” 


@ ABNORMALITIES OF PLATELET 
SIGNALING AND SECRETION 


A sizable percentage of patients with variably severe mucocutaneous 
bleeding manifestations, mostly mild, have defects in platelet aggre- 
gation and secretion. In most of these patients the underlying platelet 
molecular mechanisms are unknown. The most common pattern 
on laboratory studies is blunted platelet aggregation and absence of 
the second wave of aggregation on exposure to ADP, epinephrine, 
collagen, or U46619, and decreased dense granule secretion. Such 
patients have been lumped together, more out of convenience than 
because of an understanding of the mechanisms, categorized as primary 
secretion defects, activation defects, or signal transduction defects.4-“° 
Simplistically, platelet activation is a complex process involving agonist 
binding to surface receptors; signal transduction through G-protein- 
coupled receptors and other types of receptors; phosphoinositol metab- 
olism resulting in calcium mobilization and phosphorylation of target 
proteins; arachidonic acid metabolism leading to TXA, production; 
activation of the integrin «,,,6, receptor; and release of granule contents 
(Chap. 112). Defects involving these and other processes can result in 
impaired platelet function. 


DEFECTS IN PLATELET AGONIST 
RECEPTORS OR AGONIST-SPECIFIC 
SIGNAL TRANSDUCTION 


Thromboxane A, Receptor Defect 

Platelets contain two different isoforms of the TXA, receptor. Both 
forms activate PLC, but they differ in their effects on adenylyl cyclase, 
with one stimulating and the other inhibiting this enzyme.” A muta- 
tion in the first cytoplasmic loop of the TXA, receptor (R601L) has 
been described as causing an inherited bleeding disorder in several 
families from Japan.“**® The platelets of these patients do not aggre- 
gate in response to TXA, mimetics. The aggregation defect also extends 
to other agonists, such as ADP, in which TXA, made by activated plate- 
lets and released into the surrounding medium, augments the response. 
The defect appears to be in signal initiation rather than ligand bind- 
ing. TXA,-induced activation of PLC (measured as Ca™ mobilization, 
inositol trisphosphate, and phosphatidic acid formation) is impaired 
while PLA, activation and TXA, production is normal. Of note, the 
mutation appears to inhibit PLC activation by both receptor isoforms 
and impairs adenylyl cyclase stimulation by one of the isoforms; it does 
not, however, affect the inhibition of adenylyl cyclase produced by the 


other isoform. Both dominant and recessive inheritance patterns have 
been reported. The abnormal aggregation responses in heterozygous 
family members suggests a dominant negative effect of the mutation.” 
Another report*® describes a heterozygous D304N substitution in the 
seventh transmembrane region of the TXA, receptor associated with 
a bleeding history, a 50 percent reduction in ligand binding and loss 
of receptor function. A heterozygous TXA,R mutation (V2416) in the 
third intracellular loop has been reported’ in a subject without any 
bleeding symptoms. This subject had impaired aggregation and Ca’ 
mobilization in response to U46619, normal platelet receptor levels 
and had aspirin resistance in microfluidic experiments assessing plate- 
let deposition under flow. 


Adenosine Diphosphate Receptor Defects (P2Y,, and P2X ) 
Multiple receptors (P2Y,,, P2Y,, and P2X,) mediate ADP interactions 
with platelets (Chap. 112).*' P2Y, receptors induce PLC activation, 
intracellular Ca** mobilization, and shape change, while P2Y,, recep- 
tors mediate inhibition of cAMP formation by adenylyl cyclase. ADP- 
induced platelet aggregation requires activation of both P2Y, and P2Y,, 
receptors. P2X, receptors function as an ATP- and ADP-gated cation 
channel (Chap. 112). Patients with P2Y,, receptor abnormalities have 
blunted ADP-induced platelet aggregation responses, impaired sup- 
pression of prostaglandin E, (PGE,)-induced elevations in cAMP, and 
normal ADP-stimulated shape change.****° Bleeding symptoms have 
been variable, with some demonstrating moderately severe hemorrhage 
in association with surgery and trauma. Because ADP released from 
platelets potentiates the responses to other agonists, such as collagen 
and TXA,, platelet aggregation in response to these agonists is also 
abnormal in these patients. Platelet binding of ADP or the ADP ana- 
logue 2-methylthio- ADP*?***° was decreased in all but one patient 
studied.**’ Decreased platelet 2-methylthio-ADP binding has also been 
reported in other patients with impaired aggregation and secretion in 
response to several agonists, including ADP.*” 

The genetic defects have been defined in some of these patients. 
In three patients, homozygous deletions have been demonstrated in 
the P2Y,, gene, resulting in premature termination and a lack of P2Y,, 
protein.“8*5° A homozygous missense mutation in the translation 
initiation codon was described in another patient,‘ and another 
patient was reported to have a two-nucleotide deletion (at amino acid 240) 
in one P2Y,, gene allele, resulting in a frameshift and a premature 
stop codon.**** Although this last patient had one P2Y „ allele with a 
normal coding region, the patient’s platelets lacked P2Y,, receptors, 
suggesting repression of the normal allele or an unrelated abnormal- 
ity in its transcriptional regulation. In contrast, platelets from the 
patient’s daughter had an intermediate number of ADP-binding sites, a 
normal platelet response to ADP, and one frame-shifted allele and one 
normal allele, suggesting that the mutant allele does not act in a dom- 
inant negative manner.“ Studies in yet another patient with abnormal 
ADP-induced aggregation revealed a compound heterozygous state 
with one allele containing an R256N substitution in the sixth trans- 
membrane domain, and the other allele containing an R265W substi- 
tution in the third extracellular loop of the receptor.*” Platelet binding 
of #P-2MeS ADP was normal; neither mutation affected the translo- 
cation of the P2Y,, receptor to the cell surface, but ADP-induced 
inhibition of adenylyl cyclase was partially reduced, indicating a func- 
tionally abnormal receptor. A heterozygous mutation (K174E) in the 
second extracellular loop of P2Y,, was identified in one patient*»; this 
was associated with decreased 2-methylthio-ADP binding. Another 
heterozygous mutation, P258T in the third extracellular loop has been 
described in association with a bleeding diathesis.**' Interestingly, a 
heterozygous mutation in P2Y,, (P341A) has been shown to induce 
altered interaction with Rab guanosine triphosphatases (GTPases) 


and endosomal trafficking of the receptor leading to its decreased sur- 


face expression.*” 


A defect in the P2X, purinergic receptor has been described in 
a 6-year-old patient with bleeding manifestations.** The patient had 
isolated impairment of ADP-induced platelet aggregation and was 
heterozygous for a deletion of a single leucine in a stretch of four 
leucine residues*!*™ in the second transmembrane domain of P2X.. 
The mutant protein apparently caused a dominant negative effect on 
P2X -mediated calcium channel activity. 


Epinephrine Receptor Defects 

Abnormalities of a-adrenergic receptors or a-adrenergic-specific sig- 
nal transduction have been described in several patients,“ but the 
relationship to bleeding manifestations remains unclear, particularly 
because responses to epinephrine are blunted even in some otherwise 
normal individuals. Responses to epinephrine are blunted in the QPD.*”” 


Platelet-Activating Factor Receptor Defect 
A defect in the platelet-activating factor receptor or platelet-activating 
factor-specific signal transduction has been reported.*” 


GUANOSINE TRIPHOSPHATE-BINDING 
PROTEIN DEFECTS 


GTP-binding proteins are a heterotrimeric class of proteins (consist- 
ing of a, p, and y subunits) that link surface receptors and intracellular 
enzymes (Chap. 112). Abnormalities involving Gaq, Gai,, and Gas pro- 
teins have been described. 


Gaq Deficiency 

Gaq plays a major role in mediating platelet responses to activation 
of G-protein-coupled receptors. One patient has been described with 
a selective platelet Gaq deficiency in association with a mild bleeding 
disorder, abnormal platelet aggregation and secretion in response to 
a number of agonists, and diminished GTPase activity (a reflection of 
Ga-subunit dysfunction) in response to platelet activation.“*"® The 
downstream events from Gagq, including Ca** mobilization, release of 
arachidonic acid from phospholipids, and activation of integrin œb, 
receptors, were impaired. The Gaq coding sequence in this patient was 
normal, but Gaq mRNA levels were decreased in platelets, suggesting 
a potential defect in transcriptional regulation of the gene. This abnor- 
mality appeared to be selective for platelets as the patient’s neutrophils 
had normal Gaq protein.*” 


Gas Hyperfunction and Genetic Variation in Extra Large Gas 

Two unrelated families have been described with inducible hyper- 
activity of Gas.*”! These patients had a bleeding diathesis, prolonged 
bleeding times, variable mental retardation, and mild skeletal malfor- 
mations. Platelet aggregation responses to physiologic agonists were 
normal, but the platelets showed increased sensitivity to inhibition 
by agents (PGE,, prostacyclin [PGI]) that elevate cAMP. Platelet Gas, 
which when activated increases platelet cAMP levels and inhibits plate- 
let aggregation and secretion, was increased in these patients. The Gas 
gene (GNAS1) has multiple alternative promoters and isoforms as a 
result of alternative splicing, including extralarge Gas (XLas). XLas is 
imprinted and thus normally only expressed from the paternal allele. 
A heterozygous 36-bp insertion and a 2-bp substitution were identified 
in exon 1 of the paternal XLas gene in these patients. Because XLas is 
not activated by the usual platelet Gas-coupled receptors, the mecha- 
nisms leading to increased cAMP levels and enhanced expression of 
Gas protein is unclear. Of note, 2.2 percent of control subjects also had 
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the same polymorphism, but only those individuals inheriting it from 
their father had inducible Gas hyperfunction and increased platelet 
Gas protein. 

Platelet Gas deficiency has also been described in a patient with 
pseudohypoparathyroidism Ib in association with disturbed imprinting 
and altered methylation in the GNAS1 gene cluster that encompasses 
the four GNAS1 splice variants, including the Gas subunit.’ The Gas 
coding sequence was normal. As expected from the deficiency in Gas 
protein, there was decreased platelet cAMP formation upon activation 
of receptors linked to Gas. The authors did not indicate whether the 
patient had a bleeding diathesis. 


Gail Deficiency 

Platelet Gail deficiency has been reported in association with a bleeding 
disorder and abnormalities in integrin ,,8, activation, platelet aggre- 
gation, and dense granule secretion upon activation with one or more 
agonists.*”* In keeping with the known function of Gai in inhibiting the 
activation of adenylyl cyclase and the subsequent increases in cAMP 
levels, the patient's platelets failed to inhibit forskolin-stimulated cAMP 
levels on activation. Platelet Gail protein was decreased by 75 percent, 
whereas other members of the Gai family (Gai2, Gai3, Gaiz) and Gaq 
were normal. Although a large subset of patients has been considered as 
having a defect in Gi signaling,’”* this is based on abnormal responses 
on platelet aggregation and secretion studies to ADP and epinephrine, 
and direct evidence at the molecular level to support this conclusion has 
not been provided. 


CalDAG-GEFI Deficiency 

Three siblings from first cousin parents and severe mucocutaneous bleed- 
ing manifestations, had prolonged bleeding times and reduced platelet 
aggregation in response to ADP or epinephrine, and to low doses, but not 
high doses, of a thrombin receptor-activating peptide and collagen.*” 
Clot retraction was normal. Whole-exome analysis revealed a homozy- 
gous G248W mutation in RAS guanyl-releasing protein-2 (RASGRP2), 
the gene for the protein calcium- and diacylglycerol (DAG)-regulated 
guanine exchange factor-1 (CalDAG-GEFI), affecting the CDC25 cata- 
lytic domain critical for interacting with GTPases. The platelets demon- 
strated decreased Rap] activation and fibrinogen binding and abnormal 
adhesion and spreading on immobilized fibrinogen and collagen. These 
results support a model of platelet activation in which CalDAG-GEFI 
stimulates GTP loading of Rap1 and Rac] in response to an increase in 
intracellular Ca** and the activated Rap1 leads to integrin æ „b, activa- 
tion and the activated Racl enhances platelet spreading. The heterozy- 
gotes were asymptomatic but their platelets had a defective spreading.“ 


PHOSPHOLIPASE C-B, DEFICIENCY AND 
DEFECTS IN PHOSPHOLIPASE C ACTIVATION 


Several investigators have described patients with relatively mild 
bleeding diatheses and impaired platelet aggregation and dense gran- 
ule secretion, despite normal granule stores and the ability to synthe- 
size TXA,.“°67"*8 An early event after stimulating several platelet 
G-protein-coupled receptors is activation of PLC-f, leading to for- 
mation of the intracellular mediators IP, and DAG (Chap. 112); the 
former mediates Ca** mobilization and the latter for PKC-induced 
protein phosphorylation. Defects in one or more of these responses 
has been documented in several patients. In one study of eight 
patients with abnormal platelet aggregation and secretion in response 
to several different receptor-mediated agonists, Ca™ mobilization 
and/or pleckstrin phosphorylation was abnormal in seven patients, 
suggesting that the impaired secretion and aggregation resulted from 
upstream abnormalities in early signaling events. Specific defects 
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at the level of PLC-£,,477° Gaq,*® and PKC-6**! were identified in 
these eight patients. In another study, eight patients were described 
who had decreased initial rates and extents of platelet aggregation 
in response to ADP, epinephrine, and the TXA, mimetic U44069%5; 
subsequent studies in one patient demonstrated impaired phosphat- 
idylinositol hydrolysis, phosphatidic acid formation, and pleckstrin 
phosphorylation.“ 

In two related patients described with PLC-£, deficiency, platelet 
aggregation and secretion were impaired in association with impaired 
IP, and DAG formation, calcium mobilization, and pleckstrin phospho- 
rylation following activation with ADP, collagen, platelet-activating fac- 
tor, or thrombin, indicating a defect in PLC activation.’” These patients 
had a mild bleeding disorder. Human platelets contain at least seven 
PLC isozymes and a selective decrease was observed in only the PLC-B, 
isozyme.” The decreased platelet PLC-£, protein levels were associ- 
ated with a normal gene coding sequence but with diminished PLC-B, 
mRNA levels in platelets, but not neutrophils, suggesting a hemato- 
poietic lineage-specific defect in PLC-B, gene regulation.“* Defects in 
phosphatidylinositol metabolism and protein phosphorylation have 
been described in other such patients, although the primary protein 
abnormalities were not defined.*8%483485-488 


DEFECTS IN PROTEIN PHOSPHORYLATION: 
PROTEIN KINASE C-O DEFICIENCY 


PKC isozymes, a family of serine- and threonine-specific protein 
kinases, phosphorylate a wide array of proteins involved in signal 
transduction. PKC enzymes regulate several aspects of platelet func- 
tion, including activation of integrin æ „p, receptors, platelet aggrega- 
tion and secretion, and platelet production (Chap. 112). Deficiency of 
a human platelet PKC isozyme (PKC-@) has been described in a patient 
with lifelong mucocutaneous bleeding manifestations, mild throm- 
bocytopenia, and markedly abnormal platelet aggregation (including 
primary wave) and dense granule secretion in response to multiple ago- 
nists.**!“*° Agonist-induced phosphorylation of pleckstrin and myosin 
light chain were diminished in the patient's platelets. This subject was 
subsequently shown to have a heterozygous mutation in a transcription 
factor, RUNX1 (also termed core-binding factor A2, CBFA2, or AML1), 
which has been linked to a familial platelet function defect, associated 
with thrombocytopenia and predisposition to acute leukemia***” (see 
“Transcription Factor Mutations and Associated Platelet Dysfunction” 
below). Platelet expression of myosin light chain (MYL9) was also 
decreased in this patient.“ 


DEFECTS IN ARACHIDONIC ACID METABOLISM 
AND THROMBOXANE PRODUCTION 


Defects in Arachidonic Acid Release from Phospholipids 

Release of free arachidonic acid from phospholipids, mediated by cyto- 
solic PLA, is the initial and rate-limiting step in thromboxane synthe- 
sis upon platelet activation. Several patients have been described with 
abnormalities in the release of arachidonic acid.“°**°*°?- In general, 
their platelets aggregated normally in response to arachidonic acid 
but not to ADP, epinephrine, and/or collagen. In one of these patients 
this defect was related to an upstream abnormality in Gaq (see “Gaq 
Deficiency” above).** Another patient had the HPS with 5-SPD and 
abnormal PLA, activity. An inherited deficiency in cytosolic PLA, 
has been reported in a patient with recurrent small intestinal ulcer- 
ation, markedly decreased eicosanoid synthesis (including in throm- 
boxane, 12-hydroxyeicosatetraenoic acid [12-HETE], and leukotriene B,) 
and impaired aggregation with ADP and collagen but normal with 
arachidonic acid.** This patient had two heterozygous single-base-pair 


mutations in the PLA, coding region, leading to $111P and R485H sub- 
stitutions. Another report documents twins with a history of gastro- 
intestinal ulcers, associated with similarly impaired platelet function 
associated with a homozygous D575H mutation in PLA, (PLA2G4A)."* 
‘These patients had mildly decreased plasma factor XI as well. 


Cyclooxygenase (Prostaglandin H, Synthase-1) Deficiency 
Deficient platelet cyclooxygenase (prostaglandin H, synthase-1) activ- 
ity leading to impaired platelet function and a mild bleeding disorder 
has been identified in a number of patients.**°” Platelets from such 
patients cannot make thromboxane from arachidonic acid but can make 
it from cyclic endoperoxides (prostaglandin G, and prostaglandin H,). 
While some patients have had decreased platelet cyclooxygenase pro- 
tein, others have had evidence of a dysfunctional molecule." 


Thromboxane Synthase Deficiency 

Presumed platelet thromboxane synthase deficiencies have been iden- 
tified in two families based on the failure of cyclic endoperoxides to be 
converted into TXA,.°°°" 


@ ABNORMALITIES OF PLATELET 
COAGULANT ACTIVITY (SCOTT 
SYNDROME) 


DEFINITION AND HISTORY 


Activated platelets play an essential role in providing the membrane 
surface on which specific blood coagulation reactions occur leading 
to thrombin generation.*°”* Patients whose platelets fail to facilitate 
thrombin generation are defined as having defects in platelet coagulant 
activity (PCA) (Chap. 112). Only a few patients have been described 
with isolated defects in PCA and normal aggregation and secretion 
responses.*°°°°7->!3 Defects in PCA may also be secondary to abnormal- 
ities in platelet aggregation, such as in patients with SPD and throm- 
basthenia.*” Patients with isolated abnormalities in PCA are referred to 
as having the Scott syndrome after the first patient described in 1979 by 
Weiss and colleagues*°5”-5° 


ETIOLOGY AND PATHOGENESIS 


The main functional abnormality in the Scott syndrome is the impaired 
ability of activated platelets to promote coagulation reactions; a sec- 
ond abnormality in these patients is a defect in release of microvesicles 
on cell activation.*°' In resting platelets, membrane phospholipids 
are asymmetrically distributed, with the aminophospholipids phos- 
phatidylserine (PS) and phosphatidylethanolamine (PE) concen- 
trated in the inner membrane leaflet, and phosphatidylcholine (PC) 
and sphingomyelin concentrated in the outer leaflet. Cell activation 
induces phospholipid translocation, with PS moving to the outer leaf- 
let. This process is regulated by several proteins that are descriptively 
identified by their functions. They include a “flippase” (i.e., an amino- 
phospholipid translocase identified as a P4 adenosine triphosphatase 
[ATPase] ), which promotes inward transport of lipids; a “floppase” that 
regulates outward phospholipid transport (encoded by gene ABCC1); 
and one or more “scramblase” that promotes bidirectional move- 
ment of lipids between the two layers.*° Surface expression of PS is 
essential for platelets to accelerate coagulation reactions, in particu- 
lar, activation of the tenase complex leading to the activation of factor X 
to Xa and of the prothrombinase complex that converts prothrombin to 
thrombin (Chaps. 113 and 114). Scott syndrome platelets have a defect 
in PS translocation resulting in decreased binding of factors Va-Xa 


and VHIa-IXa,°* thus leading to impaired blood coagulation. Ery- 
throcytes and lymphocytes also demonstrate similar defects in both 
microvesicle formation and coagulant activity.5°°!? In a French family 
with Scott syndrome,” the propositus platelets were found to have a 
defect in protein tyrosine phosphorylation, suggesting an additional 


defect in signal transduction.*”° 


Apart from the above patients with the Scott syndrome, four 
patients from three unrelated families have been reported to have 
abnormal PCA, a bleeding disorder, impaired serum prothrombin con- 
sumption, and reduced microparticle formation.*'© However, in contrast 
to the Scott syndrome, the prothrombinase activity was normal. 

The inheritance pattern in the Scott syndrome appears to be 
autosomal recessive.™5° A heterozygous missense mutation has 
been reported in one patient in the gene ABCA1, which encodes the 
ATP-binding cassette transporter protein implicated in PS transloca- 
tion; the significance of this remains unclear.*'7 Mutations in TMEM16F 
have been identified in two patients with Scott syndrome. The patient 
Scott was found to have a homozygous mutation at the splice acceptor 
site for intron 12 of TMEM16F, resulting in a frameshift and premature 
termination of protein translation.*!* A second patient had compound 
heterozygosity for a mutation at the donor splice site of intron 6 and a 
single nucleotide insertion in exon 12, causing a frameshift and prema- 
ture termination of translation.'* While these findings constitute strong 
evidence linking TMEM16F mutations to Scott syndrome, they leave 
open whether TMEM16F is itself the membrane scramblase or a protein 
that regulates the scramblase. 


CLINICAL AND LABORATORY FEATURES 


The bleeding symptoms in patients with the Scott syndrome are simi- 
lar to those with other platelet defects. In contrast to other qualitative 
platelet abnormalities, the bleeding time in Scott syndrome patients is 
normal.5850%514 The serum PT, which reflects the completeness of clot- 
ting of whole blood and consumption of prothrombin, is abnormally, 
indicating incomplete coagulation.*”~” More specific assays of “platelet 
factor 3; the phenomenologic designation of the platelet contribution 
to accelerating clot formation, are also abnormal.’ 

Patients with the Scott syndrome have normal platelet aggregation 
and secretion in response to the usually used agonists.” The patient 
Scott also had normal platelet phospholipid content, normal to 
enhanced platelet adhesion to subendothelium with diminished throm- 
bus formation, diminished factor Va binding to platelets and platelet 
microparticles, and diminished platelet acceleration of both factor X 
activation and prothrombin activation. Abnormalities in exposure of 
negatively charged phospholipids and shedding of microparticles have 
been consistent findings in all patients described.°°°°°” 


TREATMENT 


Platelet or whole blood transfusions have been effective as prophylaxis 
and as therapy for bleeding episodes.*5%-5 Prothrombin complex 
concentrates were effective in the patient Scott,” but these preparations 
may be associated with thrombotic complications. 


@ ABNORMALITIES OF A CYTOSKELETAL 
STRUCTURAL PROTEIN: $ -TUBULIN 
AND FILAMINA 


Megakaryocytes and platelets express primarily and selectively the 
p, isoform of tubulin. A heterozygous f -tubulin Q43P polymor- 
phism was identified in a group of patients with a recessive form of 
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macrothrombocytopenia; the polymorphism could not account fully 
for the macrothrombocytopenia because of the difference in inheri- 
tance and its presence in approximately 11 percent of the normal pop- 
ulation.*”° Individuals heterozygous for the polymorphism had normal 
platelet counts, relatively high mean platelet volume values, abnormally 
rounded platelets with abnormal marginal bands of microtubules, and 
mild abnormalities of platelet aggregation, secretion, and adhesion to col- 
lagen. One study found the polymorphism was associated with decreased 
collagen-induced platelet aggregation and increased risk of intracerebral 
hemorrhage in men.” 

Subsequently, two patients with macrothrombocytopenia from a 
single kindred were reported to be heterozygous for a R318W £, tubu- 
lin mutation.*” The mutation is strategically located at the a-f tubulin 
interface. Of note, the Q43P polymorphism and an R207H substitution 
were also found in this family, but neither was judged to be responsible 
for the macrothrombocytopenia. 

Filamins are large dimeric actin-binding proteins that stabilize 
actin filament networks. Filamin A is the predominant platelet fil- 
amin. Several patients have been reported with dominant mutations of 
X-linked Filamin A (FLNA) gene associated with thrombocytopenia, 
and abnormalities in platelet aggregation, secretion, GPVI signaling 
and thrombus growth on collagen.*** 


@ ABNORMALITIES OF CYTOSKELETAL 
LINKING PROTEINS 


WISKOTT-ALDRICH SYNDROME PROTEIN 


The Wiskott-Aldrich syndrome (WAS) is an X-chromosome-linked 
inherited disorder characterized by small platelets, thrombocytopenia, 
recurrent infections, eczema, and an increased incidence of autoim- 
munity and malignancies.**°* In addition, a variety of immunologic 
abnormalities affecting T-lymphocyte function, Ig levels, cellular immu- 
nity, and responsiveness to polysaccharide antigens are commonly 
present. Death from infection, hemorrhage, or malignancy is common 
before adulthood. Some patients with WAS mutations may have only 
thrombocytopenia (X-linked thrombocytopenia [XLT]) without other 
features. WAS is caused by mutations in the WAS gene which encodes 
the WAS protein (WASP), a multidomain protein that relays signals 
from the cell surface to the actin skeleton and modulates the latter's 
reorganization. In platelets, WASP is localized to the cytoskeleton.” 
It is phosphorylated on platelet activation by several different protein 
kinases, including Btk, Grb2, PLC-y,, PKC-6, and SGK1.°4 

Microthrombocytopenia is a consistent feature of WAS and XLT 
and the major contributor to the bleeding diathesis, which may be 
life-threatening in some patients because of gastrointestinal hemor- 
rhage or intracranial hemorrhage. Marrow megakaryocytes are normal 
in number, but platelet formation is abnormal and platelet survival is 
decreased.” 

Abnormalities in platelet surface glycoprotein sialophorin (CD43, 
gp115, leukosialin), GPIb, platelet integrin a,, integrin OB, and GPIV 
have been reported in some WAS patients.*°°”” Platelets from patients 
with WAS also have qualitative defects, including SPD*’**°*s and 
impaired energy metabolism.***” 

Platelet aggregation in WAS has been reported to be reduced, nor- 
mal, or enhanced.**5*°-* Interpreting these studies is confounded by 
the low platelet count, methodological differences, and timing in rela- 
tion to splenectomy.** Despite the role of WASP in cytoskeletal reor- 
ganization, shape change and actin polymerization are normal in WAS 
platelets.5?!534535 

WASP has been implicated in regulating responses dependent 
on integrin & „p, outside-in signaling.™® Although Pac-1 binding is 
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normal in WAS platelets, there is decreased spreading on fibrinogen 
and decreased clot retraction associated with enhanced PS exposure." 

Splenectomy usually improves the thrombocytopenia." Hemato- 
poietic stem cell transplantation is the accepted curative approach for 
WAS and can correct all aspects of the disease provided reconstitution is 
achieved.” Autologous gene-modified hematopoietic stem cell trans- 
plantation is an emerging therapy for WAS patients.°°*°"* 


@KINDLIN-3 (LEUKOCYTE ADHESION 
DEFECT-3; LEUKOCYTE ADHESION 
DEFECT—1 VARIANT; INTEGRIN 
ACTIVATION DEFICIENCY DISEASE) 


DEFINITION AND HISTORY/ETIOLOGY 
AND PATHOGENESIS 


A syndrome with the features of both mild LAD-1 and GT was first 
described in 1997°7 and termed LAD-1 variant or LAD-3. Since 
then more than 10 families have been reported, with several from 
Turkey." The etiology is a deficiency or defect in the cytoskeletal 
linking protein kindlin-3 (FERMTS3). Kindlin-3 is a protein expressed 
exclusively in hematopoietic cells with homology to talin that also binds 
to the cytoplasmic domain of the f, subunit of integrin a,,8, (Chap. 112). 
It has been implicated in the inside-out activation of integrin o,f, 
in mice.*” It also participates in the activation of leukocyte integrins, 
which accounts for the defects in immune function. It may also affect 
red blood cell structure. Defects in CALDAGGEF1, the gene for another 
exchange factor, also cause abnormalities in platelet function and are 
discussed in the section on Guanosine Triphosphate-Binding Protein 
Defects.**° 

The disorder is characterized by a hemorrhagic diathesis in com- 
bination with a variable predisposition to infections and inflamma- 
tion without pus formation, poor wound healing, delayed umbilical 
cord stump detachment, and variable osteopetrosis. Intracerebral 
hemorrhage at birth or soon thereafter has been reported in several of 
the patients, as well as relatively severe mucosal and gastrointestinal 
bleeding. Thus, the bleeding diathesis is more severe than is found 
in patients with GT, perhaps because of additional abnormalities in 
blood vessels. The need for red blood cell transfusions in infancy 
has been reported in several patients as a result of blood loss from 
mucosal surfaces and perhaps red blood cell abnormalities. Leukocy- 
tosis, as is found in other LAD syndromes is a constant finding. Nor- 
mal platelet counts are the usual finding, but thrombocytopenia has 
been reported. Platelet aggregation studies demonstrate defects simi- 
lar to those observed in GT.*!*5 Hematopoietic stem cell transplan- 
tation has been successful in restoring normal hematopoietic function 
in patients with life threatening hemorrhagic and infectious compli- 
cations of the disease.™*! 


@ TRANSCRIPTION FACTOR MUTATIONS 
AND ASSOCIATED PLATELET 
DYSFUNCTION 


Transcription factors, and the cis-regulatory sequences to which they 
bind, regulate lineage-specific gene expression. Transcription factors 
RUNX1, FLI1 (a member of the ETS [E-twenty-six] family), GATA-1, 
and GFI1B (growth factor independent 1B) are important regulators of 
hematopoietic lineage differentiation, megakaryopoiesis, and platelet 


production. “#054 They interact in a combinatorial manner in regulat- 
ing megakaryocytic genes. A single transcription factor mutation may 
alter expression of numerous genes, affect diverse cellular mechanisms, 
and lead to defects in both platelet number and function. Until recently 
the pursuit of the molecular mechanisms in patients with platelet dys- 
function has focused on delineating mutations in the genes encoding 
postulated candidate proteins. Therefore, the increasing spotlight on 
transcription factor mutations to explain platelet dysfunction is a para- 
digm shift.2°495454 


RUNX1 (FAMILIAL PLATELET DISORDER WITH 
PREDISPOSITION TO ACUTE MYELOGENOUS 
LEUKEMIA) 


An association between inherited platelet dysfunction, thrombocytope- 
nia, and a predisposition to acute myeloid leukemia has been reported 
in several families in which the platelet abnormalities antedated the leu- 
kemia.??®*0546-551 Inherited mutations in RUNX1 (AMLI, CBFA2) is the 
basis for this constellation, which is inherited as an autosomal dominant 
trait, because of haploinsufficiency.*° Patients generally display mild 
thrombocytopenia from birth and a bleeding disorder disproportionate 
to the thrombocytopenia. Approximately one-third of patients develop 
leukemia, with a median age of onset of 33 years." 

Platelet abnormalities reported in patients with RUNX1 muta- 
tions include decreased aggregation, secretion, protein phosphorylation 
(myosin light chain and pleckstrin), production of 12-hydroxyeicosap- 
entaenoic acid; decreased integrin «,,8, activation upon platelet acti- 
vation; ô and/or a-granule SPD; and a selective decrease in one PKC 
isoform (PKC-6).3723553-55 Of note, several patients described earlier as 
having SPD (ô or «æ granules) have been subsequently shown to harbor 
RUNX1 mutations.***°”?°*"! In one patient, platelet albumin and IgG 
were diminished, suggesting a defect in the uptake and packaging of 
these proteins into « granules.“ 

Most mutations of RUNX1 have been in the conserved Runt 
domain,*” although a mutation in the transactivating domain (Y260X) 
has been reported.*” Platelet transcript expression profiling in a patient 
with RUNX1 haploinsufficiency revealed downregulation of numer- 
ous genes involved in platelet structure and function, including MYL9 
(myosin light chain), ALOX12 (12-lipoxygenase), PF4, and PRKCQ 
(PKC-6).294954-556 ALOX12, PRKCQ, PF4, and MYL95*556 are direct 
transcriptional targets of RUNX1. Patients with RUNX1 haploinsuf- 
ficiency also have impaired megakaryopoiesis*” and decreased plate- 
let thrombopoietin receptors (Mpl).**' Targeted correction of RUNX1 
mutation in induced pluripotent stem cells (iPSCs) developed from skin 
fibroblasts from two patients resulted in normalization of the defect in 
megakaryopoiesis.*”' These studies raise the potential for targeted gene 
therapy for this disorder. Using next-generation sequencing, Stockley 
and colleagues’ identified mutations in RUNX1 and FLI1, in six of 
13 patients with excessive bleeding, and impaired aggregation and 
platelet dense granule secretion in response to multiple agonists. Thus, 
transcription factor mutations are an important mechanism for inher- 
ited platelet dysfunction. 


GATA-1 


GATA-1 is a critical regulator of both megakaryocyte and erythroid 
development. GATA-1 mutations have been associated with an X-linked 
syndrome consisting of dyserythropoiesis, anemia, thrombocytopenia, 
and large platelets’; selectively impaired responses to collagen and ris- 
tocetin related to abnormalities in GPIbB*”°"*; diminished platelet Gas 
protein and mRNA*”; and a form of GPS (with R216N mutation).*8 


FLI-1 (DIMORPHIC DYSMORPHIC PLATELETS 
WITH GIANT A-GRANULES AND 
THROMBOCYTOPENIA (PARIS-TROUSSEAU/ 
JACOBSEN SYNDROME)) 


The Paris-Trousseau syndrome, a variant of Jacobsen syndrome, isa 
rare autosomal dominant disorder*?* characterized by mental retar- 
dation, congenital macrothrombocytopenia, giant a granules (1 to 2 wm 
in diameter) in a subpopulation (1 to 5 percent) of circulating platelets, 
and marrow dysmegakaryopoiesis in association with deletion of the 
distal part of either the maternally or paternally derived chromosome 
11 (11q23.3-24). Among the genes deleted is the transcription factor 
FLI1, which is important in megakaryocyte development via its effects 
on expression of several genes, including ITGA2, GPIX, GPIba, and 
c-MPL- Although platelet survival is normal, there is dramatic expan- 
sion of marrow megakaryocytes resulting from arrested megakaryocyte 
development. Thrombin-induced platelet release of a-granule contents 
is impaired.*” Both the inheritance pattern and the dimorphic popula- 
tion of normal and dysmorphic giant a granules are explained by the 
observation that during a period in early megakaryocyte development, 
only one of the two FLII alleles appears to be expressed in any single 
megakaryocyte precursor." 


GFI1B 


Two studies“ implicate autosomal dominant mutations in GFI1B 
with a bleeding disorder and multiple alterations in platelet number and 
function, and red cell anisopoikilocytosis. In one study, the affected 
family members had a single nucleotide insertion in exon 7 of GFIIB 
leading to a frameshift mutation associated with macrothrombocytope- 
nia, impaired platelet aggregation responses, «-granule deficiency, and 
decreased platelet P-selectin, fibrinogen, GPIba, and integrin By The 
second study identified‘? a dominant-negative truncating mutation 
(c.859C to T) in the zinc finger 5 region of GFI1B in a family originally 
reported in 1968 with macrothrombocytopenia and platelet dysfunc- 
tion.** The family members had decreased platelet æ granules, PF4, 
PTG, and GP1ba, and deficiency of platelet factor 3. There was myelofi- 
brosis and emperipolesis in the marrow. 


@ MISCELLANEOUS INHERITED 
DISORDERS ASSOCIATED WITH 
PLATELET FUNCTION DEFECTS 


The TAR syndrome is characterized by a reduction in platelet counts, 
absence of the radius bone in the forearm, skeletal abnormalities, 
and decreased marrow megakaryocytes. Dense granule SPD and 
impaired platelet aggregation and secretion have also been reported 
in TAR syndrome.” Early studies reported that majority of these 
patients have a deletion on chromosome 1q21.1,'° and later studies 
showed that these patients have both a rare null allele of RBM8A 
along with one of two low-frequency single nucleotide polymor- 
phisms (SNPs) in the genes regulatory regions.'* RBM8A encodes 
for the Y14 subunit of the exon-junction complex (EJC), which plays 
an essential in RNA processing. 

Platelet function abnormalities have also been reported in inher- 
ited connective tissue disorders such as osteogenesis imperfecta, the 
Ehlers-Danlos syndrome, and the Marfan syndrome*?*”"**5; bleed- 
ing manifestations are more likely caused by the underlying connec- 
tive tissue defect than by the platelet dysfunction. Abnormalities in 
platelet responses and or granules have been reported in patients with 
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hexokinase deficiency,™ glucose-6 phosphatase deficiency (glycogen 


storage disease, type I),**”°* and the Down syndrome.*”*? In glu- 
cose-6 phosphatase deficiency the platelet abnormalities were reversed 
following total parenteral nutrition for 10 to 12 days**’°* indicating 
that the platelets may be intrinsically normal. The MYH9-related 
disorders (May-Hegglin anomaly) are characterized by giant plate- 
lets, thrombocytopenia, and basophilic granulocyte inclusions; some 
patients with this anomaly have platelet function and ultrastruc- 
tural abnormalities.*°*° Despite the large platelet size, the surface 
membrane glycoproteins appear to be normal.*”° Markedly impaired 
platelet responses to multiple agonists have been reported with par- 
tial trisomy 18p associated with three copies of the PACAP (pituitary 
adenylate cyclase-activating polypeptide) gene and elevated plasma 
levels of PACAP, which induces increased platelet cAMP levels via 
stimulation of Gas.” 

Familial hemophagocytic lymphohistiocytosis (FHLH) is a genetic 
disorder of lymphocyte cytotoxicity associated with mutations in the 
gene encoding perforin or proteins important for vesicular traffick- 
ing and exocytosis. Flow cytometric analyses of the platelets of FHLH 
type 5 patients, who have MUNC18-2 (STXBP2) mutations, revealed 
that thrombin-induced secretion from both æ and 6 granules is 
impaired.5*°” Platelets from an FHLH type 4 patient with a mutation 
in syntaxin-11 (STX11) also had a defect in agonist-induced secretion 
associated with normal cargo levels.**° 


@ MANAGEMENT OF INHERITED 
PLATELET FUNCTION DISORDERS 


Management of patients with inherited platelet function disorders 
needs to be individualized because of the wide variation in clinical man- 
ifestations, even in patients with the same defect. A general approach 
is described here; additional features specific to some individual enti- 
ties are provided in their respective descriptions. Management of these 
patients involves preventive measures and treatment of specific bleed- 
ing episodes.**'**’ Dental hygiene is important in minimizing gingival 
hemorrhage. Antiplatelet agents should be avoided as they increase 
the bleeding manifestations. Iron and folate supplementation may be 
needed in patients with chronic hemorrhage. Hepatitis B vaccine should 
be administered early in life. 


PLATELET TRANSFUSIONS AND GENERAL 
APPROACHES 


Transfusion of platelets (Chap. 139) is a time-tested therapy for serious 
bleeding and as prophylaxis prior to surgery or invasive procedures. In 
addition to the usual risks associated with transfusions (transmission of 
infections, allergic reactions, Rh-immunization in Rh-negative individ- 
uals, and rarely hemolytic reactions) patients with GT and the BSS may 
develop specific antibodies against the missing glycoproteins, which 
may seriously compromise efficacy of future platelet transfusions.®®™®? 
This occurs particularly in patients whose platelets have no detectable 
integrin a,,f,. Therefore, platelet transfusions should be kept to a 
minimum. Transfusions of both platelets and red blood cells should 
be given with leukocyte depletion filters to decrease the risk of alloim- 
munization and cytomegalovirus transmission. It is reasonable to use 
human leukocyte antigen (HLA)-matched and ABO-matched platelets 
to minimize the risk of alloimmunization and side effects.®-58 
Treatment with 1-deamino-8-p-arginine vasopressin (DDAVP; 
desmopressin) may shorten the bleeding time and/or improve hemo- 
stasis in some, but not all, patients with platelet function defects.585-588 
Responses to DDAVP appear dependent on the cause of the platelet 
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dysfunction.**°°*”°*8 Most patients with thrombasthenia do not respond 
to DDAVP with a shortening of the bleeding time*°*”*” with excep- 
tions,’ but it is unknown whether DDAVP improves hemostasis 
in these patients despite a lack of shortening of the bleeding time. 
Responses to DDAVP in SPD patients have been variable with a short- 
ening of the bleeding time in some patients**”' but not others." In 
uncontrolled studies it has been feasible to manage selected patients 
with inherited platelet defects undergoing surgical procedures with 
DDAVP alone.***5*” However, this approach needs to be individualized 
based on the nature and location of the surgery and the intensity of 
the patient’s bleeding symptoms, and platelet need to be readily avail- 
able for transfusion in the event of excess hemorrhage. The abnormal 
in vitro platelet aggregation or secretion responses in patients with 
platelet defects are usually not corrected by DDAVP.**’*”? It has been 
proposed that one mechanism by which DDAVP improves platelet 
function is via increased formation of procoagulant “COAT” platelets 
induced by combined activation by collagen and thrombin.*” 

Investigators have reported the successful use of recombinant fac- 
tor VIIa (rF VIIa) in the management of bleeding events in patients with 
inherited platelet defects, including GT (including patients with anti- 
bodies to integrin «,,,8,), the BSS and SPD.5®:583593-5% rFVIIa is thought 
to increase thrombin generation through both tissue factor dependent 
and independent mechanisms. 

The antifibrinolytic agents epsilon-aminocaproic acid (EACA) and 
tranexamic acid,*'°** which may be given orally, intravenously, or top- 
ically have been successfully used in patients with coagulation disorders 
and platelet function abnormalities.” Antifibrinolytic agents are useful 
in patients with gingival bleeding, epistaxis, and menorrhagia, and those 
undergoing dental extractions. A tranexamic acid mouthwash (10 mL of 
a 5 percent solution used four times daily) has been found effective in 
controlling gum bleeding and bleeding after tooth extractions.*’ A short 
3- to 4-day course of prednisone (20 to 50 mg)*** has also been used. 

Topical agents can also help arrest bleeding and have been used in 
GT patients. Gelfoam (a form of resolvable, oxidized, regenerated cel- 
lulose) soaked in either tranexamic acid or topical thrombin may be 
effective.” Fibrin sealants prepared from a source of fibrinogen and a 
source of thrombin (exogenous or from the patient’s own plasma), with 
or without antifibrinolytic agents or other components” have been 
used successfully in patients with GT. Some preparations of bovine 
thrombin induced antibody formation to itself and contaminated fac- 
tor V and factor XI and have been associated with serious hemorrhage; 
recombinant human thrombin is now available and appears to have low 
immunogenicity. 

Allogeneic marrow transplantation has successfully in treated 
patients with GT, BSS," LAD-3,*4 and WAS.*°*4 Progress has been 
made in gene therapy approaches to correcting the genetic defect in 
GT in megakaryocytes." Several GT animal models are available, 
including the integrin subunits a,,, and f, -null mouse models,” and 
dog models involving mutations in the a,,, subunit.°*°°°” With respect 
to BSS, in mouse models, lentiviral transduction of hematopoietic stem 
cells with human GPIb« under the control of the integrin a,,, promoter 
has been effective in improving hemostasis when transplanted into ani- 
mals. Thus, as methods of marrow transplantation and gene trans- 
fer therapy improve, it will be important to reassess the risk-to-benefit 
ratios of these therapies for individual patients with GT. 


BLEEDING AT SPECIFIC SITES 


Control of epistaxis can be particularly difficult in some patients.“ 
When topical measures fail, platelet transfusions or factor VIIa should 
be considered. Nosebleeds occur primarily along the anterior nasal sep- 
tum at the Kiesselbach area,°* posterior nosebleeds can occur either 


along the septum or the lateral nasal wall. Self-administered home 
therapy for anterior hemorrhage consists of pinching the outer aspect 
of the nose against the septum for 15 minutes to tamponade the sep- 
tal vessels. If this fails, topical application by medical personnel of 
an anesthetic such as lidocaine in combination with a vasoconstrictor 
such as phenylephrine or oxymetazoline is commonly effective. Electri- 
cal cautery sometimes is effective when chemical cauterization fails. In 
many cases anterior or posterior packing may be needed for persistent 
severe epistaxis. 

Menarche may be associated with the severe bleeding manifesta- 
tions and require transfusions in some patients. Antifibrinolytics have 
been used for menorrhagia; hormonal therapy with progesterone alone 
or combined progesterone-estrogen is effective in those with persistent 
hemorrhage.**'** 


PREGNANCY 


Management during pregnancy and delivery requires close interac- 
tion between the hematologist and the obstetrician. Most patients with 
severe bleeding symptoms, particularly those with GT and the BSS, will 
need platelet transfusions during childbirth and this need may continue 
for several days after delivery.**'5*? Postpartum bleeding may occur 
2 to 4 weeks after delivery in some patients. rFVI]a has been used suc- 
cessfully in women with GT with persistent bleeding despite platelet 
transfusions, and those with integrin OB, antibodies.*8!-8:0!0 Of 
note, fetal thrombocytopenia and intracranial hemorrhage may occur 
because of transplacental passage of the antibodies. 


SURGERY 


Management during surgical procedures needs to be individualized and 
depends on the bleeding history of the patient, the nature of the surgery, 
and on information such as alloimmunization and refractoriness to 
prior transfusions. Therapeutic options include DDAVP, platelet trans- 
fusions, rFVIIa and ancillary measures, such as antifibrinolytics, which 
may be continued for several days postsurgery.**! 5 
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CHAPTER 121 
ACQUIRED QUALITATIVE 
PLATELET DISORDERS 


Charles S. Abrams, Sanford J. Shattil, and Joel S. Bennett 


Acquired qualitative platelet disorders are frequent causes of abnormal plate- 
let function measured in vitro, although by themselves are usually associated 
with little or no clinical bleeding. However, there are important exceptions. 
Nevertheless, their major clinical impact becomes apparent in the additional 
presence of thrombocytopenia, or additional acquired or congenital disorders 
of hemostasis. Acquired disorders of platelet function can be conveniently 
classified into those that result from drugs, hematologic diseases, and systemic 
disorders. Drugs are the most frequent cause of acquired qualitative platelet 
dysfunction. Aspirin is the most notable drug in this regard because of its fre- 
quent use, its irreversible effect on platelet prostaglandin synthesis, and its 
documented effect on hemostatic competency, although this effect is minimal 
in normal individuals. Other nonsteroidal antiinflammatory drugs reversibly 
inhibit platelet prostaglandin synthesis and usually have little effect on hemo- 
stasis. The antiplatelet effects of a number of drugs have proven useful in pre- 
venting arterial thrombosis, but as would be anticipated, excessive bleeding 
can be a complication of their use. In addition to aspirin, these drugs include 
the P2Y,, adenosine diphosphate receptor antagonists, clopidogrel, prasugrel 
and ticagrelor, vorapaxar, an inhibitor of the PAR1 thrombin receptor, and 
drugs that specifically inhibit adhesive ligand binding to platelet integrin a, 6, 
(GPllb/Illa). Other drugs used to treat thrombosis, such as heparin and fibrino- 
lytic agents, may also impair platelet function in vitro and ex vivo, but the clin- 
ical significance of these observations is uncertain. High doses of the B-lactam 
antibiotics can impair platelet function in vitro, whereas clinically significant 
bleeding is unusual in the absence of a coexisting hemostatic defect. Sim- 
ilarly, a number of miscellaneous drugs, including a variety of psychotropic, 
chemotherapeutic and anesthetic agents, as well as a number of foods and 
food additives, can affect platelet function in vitro, but do not appear to be 
of clinical significance by themselves. Hematologic diseases associated with 
abnormal platelet function include marrow processes in which platelets may 


Acronyms and Abbreviations: ADP adenosine diphosphate; BCNU, bis- 
chloroethylnitrosourea; BTK, Bruton tyrosine kinase; cAMP, cyclin adenosine mono- 
phosphate; cGMP, cyclic guanosine monophosphate; COX, cyclooxygenase; coxibs, 
COX inhibitors; CYP cytochrome P; DDAVP, desmopressin or 1-desamino-8-D-arginine 
vasopressin; DIC, disseminated intravascular coagulation; EPO, erythropoietin; GP 
glycoprotein; Ig, immunoglobulin; ITP, immune thrombocytopenia; KGD, lysine- 
glycine-aspartic acid tripeptide; NO, nitric oxide; NSAID, nonsteroidal antiin- 
flammatory drug; PAR, protease-activated receptor; PCI, percutaneous coronary 
interventions; PG, prostaglandin; PGL, prostacyclin; PKC, protein kinase C; RGD, 
arginine-glycine-aspartic acid tripeptide; SLE, systemic lupus erythematosus; TXA., 
thromboxane A,; t-PA, tissue plasminogen activator; TTP, thrombotic thrombocy- 
topenic purpura; VWF, von Willebrand factor. 


be intrinsically abnormal such as the myeloproliferative neoplasms, leukemias, 
and myelodysplastic syndromes; dysproteinemias in which monoclonal immu- 
noglobulins can impair platelet function; and acquired forms of von Willebrand 
disease. Of the systemic diseases, renal failure is most prominently associated 
with abnormal platelet function because of the retention in the circulation of 
platelet inhibitory compounds. Platelet function may also be abnormal in the 
presence of antiplatelet antibodies, following cardiopulmonary bypass, and in 
association with liver disease or disseminated intravascular coagulation. 


Platelet function may be adversely affected by drugs and by hematologic 
and nonhematologic diseases. Because the use of aspirin and other non- 
steroidal antiinflammatory agents is pervasive, acquired platelet dysfunc- 
tion is much more frequent than inherited platelet dysfunction. Acquired 
disorders of platelet function can be classified according to the under- 
lying clinical conditions with which they are associated (Table 121-1). 

It is important to have a balanced view of the clinical significance 
of acquired disorders of platelet function. On the one hand, their sever- 
ity is usually mild. On the other hand, there are important exceptions 
to this rule, particularly when platelet dysfunction is associated with 
other hemostatic defects. If a patient does not present with a history of 
bleeding, it may be difficult to predict the risk of future bleeding. This 
is not surprising since even patients with thrombocytopenia may expe- 
rience little or no spontaneous bleeding until their platelet count is less 
than 10 x 10°/L. Furthermore, clinical assessment of these disorders is 
made problematic by difficulties in standardization and interpretation 
of laboratory tests of platelet function, including platelet aggregometry. 
These tests are more useful in diagnosing platelet dysfunction than in 
predicting the risk of bleeding." 


@ DRUGS THAT AFFECT PLATELET 
FUNCTION 


Drugs are the most common cause of platelet dysfunction (Table 121-2). 
For example, in an analysis of 72 hospitalized patients with a prolonged 
bleeding time (a test no longer considered reliable), 54 percent were 
receiving large doses of antibiotics known to prolong the bleeding time 
and 10 percent were taking aspirin or other nonsteroidal antiinflamma- 
tory drugs.* Some drugs can prolong the bleeding time and either cause 
or exacerbate a bleeding diathesis. Other drugs may prolong the bleed- 
ing time but not cause bleeding, while many only affect platelet function 
ex vivo or when added to platelets in vitro. It is important for the hema- 
tologist to understand the clinical significance of these distinctions. 


ASPIRIN AND OTHER NONSTEROIDAL 
ANTIINFLAMMATORY DRUGS 

Aspirin 

Aspirin irreversibly inactivates the enzyme cyclooxygenase (COX), also 
known as prostaglandin endoperoxide H synthase, by acetylating a ser- 
ine residue at position 529.* Two isoforms of COX have been identified 
(COX-1 and COX-2),° as well as a splice variant of COX-1, COX-1b 
(COX-3), whose functional significance is uncertain.* COX-1 is con- 
stitutively expressed by many tissues, including platelets, the gastric 
mucosa, and endothelial cells (Chap. 134 discusses the use of aspirin 
as an antithrombotic agent).° COX-2 is undetectable in most tissues, 
but its synthesis is rapidly induced in cells such as endothelial cells, 
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TABLE 121-1. Acquired Qualitative Platelet Disorders 


Drugs that affect platelet function 
Aspirin and other nonsteroidal antiinflammatory drugs 
P2Y,, antagonists (clopidogrel, prasugrel, ticagrelor) 
PAR1 thrombin receptor antagonist (vorapaxar) 


Integrin a,,,8, receptor antagonists (abciximab, eptifibatide, 
tirofiban) 


Drugs that increase platelet cyclic adenosine monophosphate 
Antibiotics 
Anticoagulants and fibrinolytic agents 
Cardiovascular drugs 
Volume expanders 
Psychotropic agents and anesthetics 
Oncologic drugs 
Foods and food additives 
Hematologic disorders associated with abnormal platelet function 
Chronic myeloproliferative neoplasms 
Leukemias and myelodysplastic syndromes 
Dysproteinemias 
Acquired von Willebrand syndrome 
Systemic disorders associated with abnormal platelet function 
Uremia 
Antiplatelet antibodies 
Cardiopulmonary bypass 
Liver disease 
Disseminated intravascular coagulation 
Infection with HIV 


fibroblasts, and monocytes by growth factors, cytokines, endotoxin, 
and hormones.’ Platelets express only COX-1, whereas endothelial cells 
can express both COX-1 and COX-2.”* In the cardiovascular system, 
COX products regulate complex interactions between platelets and 
the vessel wall. The platelet product of COX-1 mediated prostaglandin 
synthesis, thromboxane A, (TXA,), produces vasoconstriction and is a 
receptor-mediated agonist for platelet aggregation and secretion.* Thus, 
inactivation of COX-1 by aspirin prevents platelet synthesis of TXA,, 
thereby inhibiting platelet responses that depend on this substance. 
Accordingly, platelet responses to adenosine diphosphate (ADP), epi- 
nephrine, low doses of collagen and thrombin, and arachidonic acid 
are affected (arachidonic acid completely), but there is almost no effect 
on the responses to higher doses of collagen or thrombin.” On the 
other hand, the endothelial cell prostaglandin (PG) product, prostacy- 
clin (PGL), produces smooth muscle cell relaxation and vasodilation 
and increases the platelet content of cyclic adenosine monophosphate 
(AMP), thereby decreasing overall platelet reactivity." 

Platelet PG synthesis in an adult is nearly completely inhibited by a 
single 100-mg dose of aspirin or by 30 mg taken daily for 7 to 10 days.* 
Although single doses of aspirin irreversibly inhibit platelet and endo- 
thelial cell COX,” they have no lasting effect on PG synthesis by endo- 
thelial cells because of the ability of these cells to synthesize additional 
COX unaffected by aspirin.” In vitro studies also suggest that the pres- 
ence of erythrocytes contributes to agonist-stimulated platelet reactiv- 
ity,“ an effect that can be inhibited by aspirin at doses greater than those 
required to inhibit platelet COX-1.'"° A meta-analysis of clinical trials 
indicates that aspirin doses varying from 50 to 1500 mg daily are equally 


TABLE 121-2. Drugs That Affect Platelet Function 


Nonsteroidal antiinflammatory drugs 


Aspirin, ibuprofen, sulindac, naproxen, meclofenamic 
acid, mefenamic acid, diflunisal, piroxicam, tolmetin, 
zomepirac, sulfinpyrazone, indomethacin, phenylbutazone, 
celecoxib 

P2Y,, antagonists 
Clopidogrel, prasugrel, ticagrelor 

PAR1 receptor antagonist 
Vorapaxar 


Integrin a,,,8, antagonists 
Abciximab, eptifibatide, tirofiban 


Drugs that affect platelet cyclic adenosine monophosphate levels 
or function 


Prostacyclin, iloprost, dipyridamole, cilostazol 
Antibiotics 
Penicillins 


Penicillin G, carbenicillin, ticarcillin, methicillin, ampicillin, 
piperacillin, azlocillin mezlocillin, sulbenicillin, temocillin 


Cephalosporins 
Cephalothin, moxalactam, cefoxitin, cefotaxime, cefazolin 
Nitrofurantoin 
Miconazole 
Anticoagulants, fibrinolytic agents, and antifibrinolytic agents 
Heparin 
Streptokinase, tissue plasminogen activator, urokinase 
€-aminocaproic acid 
Cardiovascular drugs 


Nitroglycerin, isosorbide dinitrate, propranolol, nitroprusside, 
nifedipine, verapamil, diltiazem, quinidine 


Volume expanders 
Dextran, hydroxyethyl starch 
Psychotropic drugs and anesthetics 
Psychotropic drugs 


Imipramine, amitriptyline, nortriptyline, chlorpromazine, 
promethazine, fluphenazine, trifluoperazine, haloperidol 


Anesthetics 
Local 


Dibucaine, tetracaine, Cyclaine, butacaine, nupercaine, 
procaine, cocaine 


General 
Halothane 

Oncologic drugs 

Mithramycin, daunorubicin, BCNU, ibrutinib 
Miscellaneous drugs 

Ketanserin 
Antihistamines 

Diphenhydramine, chlorpheniramine, mepyramine 
Radiographic contrast agent 


lopamidol, iothalamate, ioxaglate, meglumine diatrizoate, 
sodium diatrizoate 


Foods and food additives 


w-3 Fatty acids, ethanol, Chinese black tree fungus, onion 
extract ajoene, cumin, turmeric 


efficacious in preventing adverse cardiovascular and cerebrovascular 
events.’® This has led many to suggest that the lowest effective doses 
should be prescribed to minimize gastrointestinal toxicity. Nonetheless, 
even low doses of aspirin can be associated with significant gastrointes- 
tinal hemorrhage.!”"” 

Aspirin is one of the relatively few drugs that prolongs the bleeding 
time in humans and appears to do so by blocking aggregation rather 
than adhesion. In normal individuals, the effect on the bleeding time is 
slight (generally no more than 1.2 to 2.0 times the preaspirin bleeding 
time),”°! observed in both males and females, and requires that almost 
all the COX in the circulating platelets be inhibited." The sensitivity of 
the bleeding time to aspirin is dependent on such technical variables as 
the direction of the incision on the forearm and the degree of hydro- 
static pressure applied to the arm,” and hence the current view that 
the test is unreliable. The bleeding time may remain prolonged for 1 to 
4 days after aspirin has been discontinued, and platelet aggregation tests 
may remain abnormal for up to a week until platelets affected by aspirin 
are replaced as the result of thrombopoiesis.” 

The significance of aspirin ingestion on the hemostatic competency 
of normal individuals appears to be minimal. Nevertheless, patients tak- 
ing aspirin chronically report significant increases in bruising, epistaxis, 
and gastrointestinal blood loss.” Gastrointestinal blood loss appears 
to be the result of a direct effect of aspirin on the gastric mucosa.” 
Furthermore, there is an increase in the incidence of hemorrhagic 
stroke when aspirin is used in the primary and secondary prevention 
of vascular disease, as well as an increase in major gastrointestinal and 
other extracranial bleeding.” Aspirin may also increase bleeding in the 
mother and the neonate during parturition.” In addition, some studies 
show that aspirin taken preoperatively increases the amount of blood 
loss following cardiothoracic surgery.*” In contrast, a retrospective 
analysis has documented the safety of performing epidural and spinal 
anesthesia in patients who had ingested aspirin. Aspirin may increase 
the amount of blood loss following general surgery.” The significance 
of aspirin ingestion in this setting was tested in the POISE-2 study” 
in which patients at risk for vascular complications were randomized 
to aspirin or placebo prior to their noncardiac surgery. Although tak- 
ing aspirin did not reduce the incidence of cardiovascular events, there 
was a small increase in hemorrhagic complications. This suggests that 
discontinuing aspirin prior to surgery is a useful practice, particularly 
prior to plastic or neurosurgical procedures in which the limits of tol- 
erable bleeding are narrow.* On the other hand, patients taking aspi- 
rin and other antiplatelet agents for severe cardiovascular disease may 
be at risk for thrombosis if these medications are discontinued. Thus, 
the clinician must thoroughly weigh the potential risks and benefits 
of discontinuing aspirin prior to noncardiac surgery. This is especially 
true in patients with other hemostatic disorders; for example, aspirin 
precipitates hemorrhage in individuals with von Willebrand disease, 
hemophilia A, warfarin ingestion, uremia, and disorders of platelet 
function.**** Infusion of desmopressin (DDAVP) has been effective in 
correcting a prolonged bleeding time caused by aspirin.*”** 

Resistance to the antiplatelet effects of aspirin (“aspirin-resistance”) 
is a controversial topic and whether it exists depends to large extent 
on whether resistance is considered from a biochemical or clinical per- 
spective.” Biochemical resistance to the platelet inhibitory effects of 
aspirin, that is, the failure to achieve pharmacologic inhibition of TXA, 
production, is uncommon.” For example, when healthy subjects were 
given either standard or enteric-coated aspirin, 49 percent given a single 
dose of enteric-coated aspirin failed to inhibit TXA, synthesis, whereas 
the failure to inhibit TXA, synthesis was never seen in subjects given 
standard aspirin.“ Nevertheless, subjects given enteric-coated aspirin 
eventually responded when taking it daily, implying that although some 
patients absorb enteric-coated aspirin preparations poorly, they will 
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ultimately absorb sufficient amounts of aspirin to prevent platelet TXA, 
synthesis. Most commonly, aspirin-resistance occurs because patients 
are non-adherent with aspirin therapy, often because of gastrointesti- 
nal toxicity.“ Clinically, the term aspirin-resistance has been applied 
to patients who develop cardiovascular events despite taking aspirin. 
Given that aspirin treatment selectively inhibits platelet synthesis of 
only one endogenous platelet agonist, TXA,, it is not surprising that 
aspirin does not completely abolish platelet-mediated vascular events. 


Traditional Nonsteroidal Antiinflammatory Drugs 

Unlike aspirin, nonsteroidal antiinflammatory drugs (NSAIDs), such 
as ibuprofen, naproxen, diclofenac, sulindac, piroxicam, indomethacin, 
and sulfinpyrazone, reversibly inhibit COX enzymes.” Although these 
drugs can cause a transient prolongation of the bleeding time when 
given in therapeutic doses, this is usually not clinically significant.“ 
Population studies have suggested that concurrent treatment with 
NSAIDs and anticoagulants increases the risk of bleeding complica- 
tion, but many bleeding events were limited to the gastrointestinal tract 
where NSAIDs are known to induce gastritis and peptic ulcerations.“ 
As evidence of the modest effect of NSAIDs on platelet function, ibu- 
profen has been given safely to patients with hemophilia A.**° None- 
theless, care must be taken when ibuprofen is given to patients with 
hemophilia and HIV infection receiving zidovudine because increased 
bleeding has been reported in this circumstance.” Because ibuprofen, 
and probably other NSAIDs, binds to COX-1, blocking its acetylation 
by aspirin,” coadministration of NSAIDs and aspirin may impair the 
irreversible, antithrombotic effects of aspirin on platelets.“ For this rea- 
son, patients who require both medications should ingest aspirin at least 
2 hours prior to the ingestion of traditional NSAIDs. 


Coxibs (COX-2 Inhibitors) 

COX-1 is present in the gastric mucosa where its products protect the 
integrity of the gastric lining cells. In inflammatory cells, COX-2 prod- 
ucts such as PGE, and PGI, elicit an increased sense of pain and per- 
petuate the inflammatory process.“ Thus, the coxibs (COX inhibitors), 
designed to be relatively more specific for COX-2 versus COX-1, were 
intended to reduce pain and inflammation with fewer gastric side effects 
than traditional NSAIDs.*°? However, clinical trials revealed that coxib 
administration was associated with cardiovascular toxicity (myocar- 
dial infarction, stroke, edema, exacerbation of hypertension), partly 
because of inhibiting PGI, synthesis.''“°>? On the basis of these results, 
rofecoxib and valdecoxib were withdrawn from the market (valdecoxib 
was also associated with cases of Stevens-Johnson syndrome) and a 
black box warning regarding serious cardiovascular events was added 
to prescribing information for celecoxib, the only coxib now available 
in the United States.” Nonetheless, clinical evidence suggests there is 
no excess cardiovascular risk from daily doses of celecoxib of 200 mg or 
less.*! Traditional NSAIDs also inhibit COX-2 to a variable extent and 
several observational trials have revealed excess cardiovascular events 
associated with use of these drugs.**°** Thus, a warning has also been 
added to their prescribing information. If indicated, analgesics such as 
acetaminophen, sodium or choline salicylate and narcotics may be sub- 
stituted for aspirin and NSAIDs for treating musculoskeletal pain.” One 
report suggests that acetaminophen can selectively inhibit COX-2,*° but 
the clinical significance of this observation is not clear. 


THIENOPYRIDINES 


Ticlopidine, clopidogrel, and prasugrel are thienopyridines that are 
used as antiplatelet agents in arterial diseases (Chap. 134) with results at 
least comparable to aspirin in the secondary prevention of cerebrovas- 
cular and cardiovascular events.'°*” 
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Thienopyridines differ from aspirin in their mechanism of anti- 
platelet activity and their toxicity profile. All three thienopyridines 
are prodrugs that depend on oxidation by cytochrome P450 (CYP) 
enzymes in the liver (ticlopidine and clopidogrel) or in liver and intes- 
tine (prasugrel) to form the active metabolites that irreversibly inhibit 
the platelet P2Y,, ADP receptor. Ticlopidine at 250 mg twice a day, 
clopidogrel at 75 mg once per day, and prasugrel at 10 mg once a day 
inhibit platelet aggregation ex vivo in humans. The extent of this effect 
is equivalent to or greater than that of aspirin and the effect of thieno- 
pyridines and aspirin appears additive.** When given at their usual 
oral doses, the effect of thienopyridines on platelet aggregation and 
the bleeding time can be seen within hours of the first dose, but are 
not maximal for 4 to 6 days. A 300-mg loading dose of clopidogrel or 
60 mg of prasugrel, followed by their usual daily doses, shortens the 
time required for their maximal antiplatelet effect to a few hours. 
The common CYP polymorphism CYP2C19 results in lower levels of 
active clopidogrel and ticlopidine metabolites and has been reported to 
be associated with decreased platelet inhibition and an elevated risk for 
major adverse cardiovascular events.” Because the enzyme CYP3A 
is present in the intestine and can oxidize prasugrel to its pharmacologi- 
cally active metabolite, intestinal metabolism may account for the rapid 
appearance and higher levels of the active metabolite in plasma after 
an oral dose.*'**-” Furthermore, prasugrel metabolism and inhibition 
of platelet function are not affected by CYP2C19 polymorphisms.°'*” 

The clinical efficacy of prasugrel has been compared to clopido- 
grel in patients with acute coronary syndrome scheduled for percuta- 
neous coronary intervention in the Triton-TIMI 38 trial. Patients who 
received prasugrel had a significantly decreased incidence of ischemic 
events compared to patients who received clopidogrel (9.9 percent vs. 
12.1 percent, p <0.001).° However, major bleeding was also signifi- 
cantly increased in patients receiving prasugrel compared to clopidogrel 
(2.4 percent vs. 1.8 percent, p <0.03). Thus, although prasugrel appeared 
to be more efficacious than clopidogrel, this benefit was partially offset 
by a higher rate of hemorrhage.” 

The platelet inhibitory effects of thienopyridines persist for 4 to 
10 days after the drugs have been discontinued, either because of their 
extended half-life after multiple dosing or their irreversible effect on 
platelets.** Ticlopidine administration is associated with potentially 
serious hematologic complications, including neutropenia (neutrophils 
<1200 x 10°/L in 2.4 percent of individuals)**’!” and, less commonly, 
aplastic anemia, and thrombocytopenia.*” In addition, at least one 
in 5000 patients develop a thrombotic thrombocytopenic purpura 
(TTP)-like syndrome.”*” Results from a large clinical trial suggest that 
hematologic complications may be less common with clopidogrel or 
prasugrel.*” Clopidogrel may also be rarely associated with a TTP-like 
syndrome (one in 270,000),” although this rate is close to the TTP inci- 
dence in the general population. Because of its toxicity profile, ticlopi- 
dine has been replaced by the other thienopyridines in the United States. 

Because aspirin and the thienopyridines inhibit platelet function 
by different mechanisms, their antithrombotic effects may be additive. 
In theory, this would be beneficial in the treatment of diseases asso- 
ciated with platelet activation such as ischemic heart disease, periph- 
eral vascular disease, and ischemic strokes.°>”*° This hypothesis was 
tested in the CURE trial of patients with acute coronary syndromes.” 
Although clopidogrel plus aspirin decreased the combined incidence 
of cardiovascular deaths, myocardial infarctions, and strokes from 11.4 
percent to 9.3 percent, the benefit was partially offset by an increase in 
severe bleeding from 2.7 to 3.7 percent. Similarly, in the CHARISMA 
trial of a broad population of patients at risk for cardiovascular events, 
there were 94 fewer ischemic events in patients treated with both 
clopidogrel and aspirin, but this occurred at the expense of 93 more 


moderate or severe bleeding events.*' Furthermore, a meta-analysis of 
seven randomized controlled trials involving more than 39,000 patients 
confirmed that intracranial hemorrhage was more frequent in patients 
who received both clopidogrel plus aspirin compared to clopidogrel 
alone. Thus, except for special circumstances such as coronary artery 
stenting, it appears that the added benefit of dual antiplatelet therapy is 
small and has the added risk of increased bleeding.” 


OTHER ADENOSINE DIPHOSPHATE RECEPTOR 
ANTAGONISTS 


Ticagrelor, cangrelor, and elinogrel are oral, reversible, nonthienopyri- 
dine P2Y,, receptor antagonists. Because they are not prodrugs and do 
not require metabolic activation, the onset of their inhibitory activity is 
more rapid than that of the thienopyridines. A novel, and as yet unex- 
plained, side effect of treatment with this class of the P2Y,, antagonists 
is the occurrence of dyspnea which can complicate the management of 
patients with coronary artery disease. 

Ticagrelor, the first drug of the class, has been approved for use in 
acute coronary syndromes. Its efficacy versus clopidogrel was tested in 
the PLATO trial in which patients with an acute coronary syndrome 
were randomized to treatment with either ticagrelor or clopidogrel.” 
At 1 year, the combined end point of death, myocardial infarction, 
and stroke was 9.8 percent in patients treated with ticagrelor com- 
pared to 11.7 percent in patients treated with clopidogrel.** Although 
stent thrombosis was also decreased in the ticagrelor-treated group, 
major bleeding not associated with coronary artery bypass surgery was 
increased in this group. The incidence of fatal intracranial hemorrhage 
was also greater in the ticagrelor-treated patients, but it was a rare event 
(0.1 percent of treated patients). In the ATLANTIC trial, patients suf- 
fering from an ST-segment elevation myocardial infarction were ran- 
domized to receive ticagrelor in the ambulance or in the catheterization 
laboratory. Although initiating therapy before hospitalization was safe 
and lowered the incidence of stent thrombosis, there was no overall 
improvement in preventing major cardiovascular adverse events. Thus, 
ticagrelor, like prasugrel appears to be more efficacious than clopido- 
grel at preventing adverse cardiovascular events, but with more hemor- 
rhagic complications. 


THROMBIN RECEPTOR ANTAGONISTS 


Thrombin is the most potent physiologic platelet agonist. Three G- 
protein-coupled thrombin receptors have been identified in humans 
(protease-activated receptors [PARs] 1, 3, and 4). Although human 
platelets express both PAR-1 and PAR-4, the major platelet thrombin 
receptor is PAR-1 and can be activated by nanomolar concentrations 
of thrombin. PAR-4 signaling appears to be unnecessary for platelet 
activation if PAR-1 signaling is intact.” Vorapaxar is a potent, selective, 
long-acting, oral PAR-1 inhibitor generated from the naturally occur- 
ring muscarinic receptor antagonist himbacine.’! A high-resolution 
crystal structure of vorapaxar bound to PAR-1 revealed that the binding 
pocket for the drug is unusual for a peptide-activated G-protein—cou- 
pled receptor in that it consists of a superficial tunnel with little of the 
bound drug surface exposed to aqueous solvent, perhaps accounting for 
the very slow dissociation rate of vorapaxar from PAR-1.” 

The efficacy of vorapaxar for the secondary prevention of arte- 
rial thrombosis was examined in the phase III TRA 2P-TIMI 50 trial 
in which patients with a history of myocardial infarction, stroke, or 
peripheral arterial disease were randomized between vorapaxar and pla- 
cebo.” Most patients were also taking either aspirin or a thienopyridine. 
Because of a high incidence of intracranial bleeding in the first years of 


the study, entry criteria were modified to eliminate patients with a his- 
tory of a stroke. At 3 years, the incidence of the primary end point (car- 
diovascular death, myocardial infarction, and stroke) was significantly 
reduced in vorapaxar-treated patients (9.3 percent vs. 11.2 percent, 
p <0.001). However, moderate to severe bleeding, including intracranial 
bleeding, was significantly increased in the vorapaxar-treated patients 
(4.2 percent vs. 2.5 percent, p <0.001). Nonetheless, based on efficacy, 
vorapaxar received FDA approval in 2014. Atopaxar, a second PAR-1 
antagonist, is currently being evaluated in clinical trials.” Atopaxar has 
a shorter half-life than vorapaxar, suggesting that potential bleeding 
complications might be easier to manage. 


INTEGRIN a,, 8, RECEPTOR ANTAGONISTS 


Drugs that specifically impair the function of the major platelet integrin 
& „p, (GPIIb/IIa) have been developed for short-term use as antithrom- 
botic agents in the setting of ischemic coronary artery disease.” Inte- 
grin & pb, mediates platelet-platelet cohesion by binding the divalent 
ligand fibrinogen, thereby crosslinking the integrin on adjacent plate- 
lets, causing the formation of platelet aggregates.” Thus, integrin anb, 
is a viable therapeutic target to prevent arterial thrombosis. Abciximab, 
eptifibatide, and tirofiban are three FDA-approved structurally dissim- 
ilar integrin a,,8, inhibitors that rapidly impair platelet aggregation. 
Abciximab is a human-murine chimeric Fab fragment, eptifibatide is a 
cyclic heptapeptide based on the sequence Lys-Gly-Asp (KGD), and tiro- 
fiban is an Arg-Gly-Asp (RGD)-based peptidomimetic. All three drugs 
have demonstrated efficacy in the management of patients with acute 
coronary syndromes, particularly in the setting of percutaneous coro- 
nary interventions (PCI) where iatrogenic artery wall injury occurs.” 

Inherited integrin a „p, abnormalities cause the bleeding disorder 
Glanzmann thrombasthenia (Chap. 120). Thus, it is not surprising 
that integrin a,,,6, antagonists can predispose to bleeding. In EPIC, a 
clinical trial of abciximab in patients undergoing PCI, 14 percent of 
patients given abciximab experienced major bleeding compared to 
7 percent of patients given placebo.’ However, patients were also 
given aspirin and heparin. When the heparin dose was decreased in the 
subsequent EPILOG trial, the incidence of major bleeding in patients 
receiving abciximab decreased to 2.0 percent compared to 3.1 percent 
in the control group receiving heparin and aspirin alone.” Nonethe- 
less, in both EPIC and EPILOG, minor bleeding was significantly more 
frequent in patients given abciximab and standard-dose heparin com- 
pared to patients given standard-dose heparin alone, attesting to the 
ability of an integrin æ, „p, antagonist to impair normal hemostasis. In 
the PRISM-PLUS trial of tirofiban and the PURSUIT trial of eptifibat- 
ide, major and minor bleeding were slightly more frequent in patients 
receiving the study drug compared to controls." Similarly, patients 
receiving the oral integrin a,,8, inhibitors xemilofiban and sibrafiban 
for 30 and 28 days, respectively, frequently experienced mucocutaneous 
bleeding similar to that experienced by patients with congenital throm- 
basthenia.''° Although short-term use of the parenteral integrin œp, 
antagonists is often beneficial in patients with acute coronary syndrome 
of following PCI, paradoxically the long-term use of oral integrin a „b, 
inhibitors was associated with an increase in mortality.'°° The cause of 
this paradoxical effect is not clear, but has been attributed by some to an 
antagonist-induced conformational change in integrin a,,6, simulating 
the effect of physiologic platelet agonists. 

The risk of bleeding in patients undergoing PCI in the presence 
of integrin æ „b, antagonists can be minimized by using heparin on 
a weight basis,” by avoiding treatment of patients who are receiving 
warfarin at therapeutic doses, by early vascular sheath removal, and by 
meticulous care of vascular puncture sites. Platelet transfusions can 
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rapidly reverse the platelet function defect in patients receiving abcixi- 
mab, presumably by decreasing the overall extent of integrin blockade. 
The ability of platelet transfusion to reverse the effects of the other inte- 
grin & „b, antagonists is less clear, but these drugs have very short half- 
lives if renal and hepatic function are normal. 

Thrombocytopenia occurring within 24 hours of initiating therapy 
has been observed in small numbers of patients following the adminis- 
tration of all integrin a „p, antagonists.’ In EPIC, the incidence 
of platelet counts of less than 100 x 10°/L and of less than 50 x 10°/L 
in patients receiving abciximab for the first time was 3.9 percent and 
0.9 percent, respectively.'” Thrombocytopenia has also been reported in 
patients receiving eptifibatide, tirofiban, and a variety of small molecule 
RGD- and non-RGD-based integrin a,,,8, inhibitors with an incidence 
of up to 13 percent, 10710109115 

The mechanism responsible for thrombocytopenia following the 
administration of these drugs is uncertain, but may be related to the 
presence of preexisting antiintegrin a,,B, antibodies that recognize 
epitopes exposed by the antagonist, or, in the case of abciximab, to 
murine sequences incorporated into the abciximab Fab fragment.' The 
thrombocytopenia usually reverses readily when the drug is stopped, but 
it may also be reversed by platelet transfusion if clinically indicated.’ 
Thrombocytopenia in patients receiving integrin a,,8, antagonists must 
be differentiated from pseudothrombocytopenia as a result of drug- 
induced platelet clumping, from heparin-induced thrombocytopenia 
in patients receiving heparin concurrently, and from other causes of 
thrombocytopenia, depending on the clinical circumstances.''*'"° It is 
important to identify thrombocytopenia early because integrin «pp, 
antagonists are administered as long infusions and the drug should 
be stopped as soon as true thrombocytopenia has been confirmed. 
In most cases of profound thrombocytopenia, a platelet count obtained 
2 to 4 hours after initiating therapy will provide evidence of a significant 
decrease in platelet count, although cases of delayed thrombocytopenia 
have been observed after treatment with abciximab." 


DRUGS THAT AFFECT PLATELET CYCLIC 
NUCLEOTIDE LEVELS OR FUNCTION 


The pyrimidopyrimidine derivative, dipyridamole, inhibits plate- 
let cyclic nucleotide phosphodiesterase, resulting in the intraplatelet 
accumulation of the inhibitory cyclic nucleotide cyclic AMP (cAMP). 
Dipyridamole may also inhibit the breakdown of cyclic guanosine 
monophosphate (cGMP), resulting in potentiation of the platelet inhib- 
itory effect of nitric oxide.” Although the platelet inhibitory effects 
of dipyridamole are seen in vitro, the clinical utility of dipyridamole 
has been controversial." A meta-analysis failed to demonstrate the 
clinical benefit of adding dipyridamole to aspirin.'* However, many 
older dipyridamole trials used formulations with limited dipyridamole 
bioavailability.’ In the European Stroke Prevention Study 2 (ESPS 2), 
dipyridamole was beneficial in preventing stroke and transient ischemic 
attack, but there was no difference in mortality between patients tak- 
ing dipyridamole and placebo or among patients taking dipyridamole 
plus aspirin compared to either dipyridamole or aspirin alone.'*! The 
basis for the benefit of dipyridamole in the ESPS 2 trial is unclear, but 
could be from a higher dipyridamole dosage or to the sustained-release 
dipyridamole preparation used in the trial. 

Intravenous infusions of PGE, PGL, or stable PGI, analogues stim- 
ulate platelet adenylyl cyclase, causing an increase in platelet cAMP and 
a decrease in platelet responsiveness.'” These agents cause a transient 
inhibition of platelet shape change, aggregation, and secretion. However, 
their clinical utility is limited by their short half-life and side effects that 
include peripheral vasodilation.’ Cilostazol, a phosphodiesterase III 
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inhibitor has been approved in the United States for the treatment of 
peripheral vascular disease'* and may have utility in the prevention of 
cardiac stent occlusion.'*> Nitric oxide (NO) and organic nitrates such 
as nitroglycerin inhibit platelet function in vitro, probably by activat- 
ing guanylyl cyclase, thereby increasing cGMP." Their effect on in vivo 
platelet function is uncertain. High concentrations of caffeine and the- 
ophylline also inhibit platelet phosphodiesterases in vitro. 


ANTIBIOTICS 


Penicillins contain a 6-lactam ring and a unique side chain. Most cause 
a dose-dependent prolongation of the bleeding time in normal vol- 
unteers.'”” Because they reduce platelet aggregation and secretion, as 
well as ristocetin-induced platelet agglutination, they may affect both 
platelet adhesion and platelet activation. Tests of platelet aggregation 
are abnormal in 50 to 75 percent of individuals receiving large doses 
(at least several grams per day) of carbenicillin, penicillin G, ticarcillin, 
ampicillin, nafcillin, and azlocillin and in 25 to 50 percent of patients 
taking piperacillin, azlocillin, or mezlocillin.’”"'” Differences in the 
antiplatelet effects of these antibiotics probably relate to differences in 
blood levels and drug potency. Their effect on platelets is maximal after 
1 to 3 days of administration and may remain for several days after the 
antibiotic has been stopped, suggesting that the effect of these antibiot- 
ics on platelets in vivo is irreversible. 

Penicillins can impair the interaction of agonists and von Wille- 
brand factor (VWF) with the platelet membrane.” Indeed, when many 
penicillins are incubated with washed platelets, albeit at concentra- 
tions higher than those attained in vivo, they inhibit the interaction of 
VWE and agonists, such as ADP and epinephrine, with their platelet 
receptors.'*! The relative in vitro antiplatelet potency of the penicil- 
lins correlates well with their lipid solubility and with the inhibitory 
potency of the isolated side chains." Moreover, the inhibitory effect 
of penicillin G on platelet function in vitro is potentiated by the pres- 
ence of probenecid. When platelet function was tested after intrave- 
nous administration of penicillin, oxacillin or mezlocillin for 3 to 17 
days to patients or normal volunteers, irreversible inhibition of ago- 
nist-induced aggregation was noted, along with a 40 percent reduction 
in low-affinity TXA, receptors.’ Thus, penicillins probably inhibit 
platelet function by binding to one or more membrane components 
necessary for adhesive interactions with the vessel wall or for stimu- 
lus-response coupling. 

Although clinically significant bleeding is associated with the use 
of carbenicillin, penicillin G, ticarcillin, and nafcillin, it is far less com- 
mon than prolongation of the bleeding time.” Patients with coexist- 
ing hemostatic defects (e.g., thrombocytopenia, vitamin K deficiency, 
uremia) may be particularly prone to this complication. On the other 
hand, high doses of penicillin G did not increase gastrointestinal blood 
loss in a thrombocytopenic rabbit model.'** In our experience, bleeding 
attributable to antibiotic-induced platelet dysfunction is uncommon 
and unpredictable. Because $-lactam-induced platelet dysfunction 
resolves with time following cessation of the drug, this class of drugs 
should only be considered as a cause of bleeding in the appropri- 
ate clinical setting. A similar pattern of platelet dysfunction has been 
reported with some cephalosporins or related antibiotics, but not with 
others.!!37138 Broad-spectrum antibiotics can also cause a bleeding 
diathesis attributable to killing of gut flora, resulting in vitamin K defi- 
ciency. Nitrofurantoin, a structurally unrelated antibiotic, may cause a 
mild prolongation of the bleeding time and impair platelet aggregation 
when blood levels of the drug are higher than 20 uM, as may occur 
in patients with renal insufficiency.” Miconazole, an antifungal agent, 
inhibits human and rabbit platelet COX in vitro and rabbit platelet COX 
after intravenous infusion.’ 


ANTICOAGULANTS, FIBRINOLYTIC AGENTS, 
ANTIFIBRINOLYTIC AGENTS 


Heparin predisposes to bleeding primarily through its anticoagulant 
effect, but it may also impair platelet function. For example, a bolus 
injection of heparin (100 U/kg) can cause a significant prolongation of 
the bleeding time in normal subjects and in patients prior to cardio- 
pulmonary bypass, suggesting that therapeutic doses of heparin may 
impair platelet function.’ Heparin likely impairs platelet function 
by inhibiting the generation and action of the potent platelet agonist 
thrombin. On the other hand, in vitro studies suggest that heparin can 
enhance platelet aggregation induced by other platelet agonists.“ Hep- 
arin binds to a single class of high-affinity binding sites on resting plate- 
lets and to an additional class of lower-affinity binding sites on fully 
activated platelets." High heparin doses also impair VWF-dependent 
platelet function, possibly by binding to the heparin-binding domain 
of VWE"® The contributions of these effects on platelet function to the 
bleeding complications of heparin therapy are uncertain. 

Bleeding during fibrinolytic therapy is predominantly a result 
of the combined effects of structural lesions in blood vessels and the 
fibrin(ogen)olytic activity of the agent used. However, pharmacologic 
doses of streptokinase, urokinase, and tissue plasminogen activator 
(t-PA) can affect platelet function.'* High concentrations of plasmin 
ex vivo cause platelet aggregation.'** Moreover, marked increases in the 
urinary excretion of the TXA, metabolite 2,3-dinor-TXB, have been 
detected in patients receiving streptokinase or t-PA for coronary throm- 
bolysis, suggesting that in vivo platelet activation had occurred during 
infusion of the drug.'*'”” Nevertheless, several in vitro studies indicate 
that plasmin generation has an inhibitory effect on platelet function. 
First, very high levels of fibrin(ogen) degradation products, coupled 
with very low levels of fibrinogen, may impair platelet aggregation.’ 
Second, plasminogen can bind to platelets’ and after its conversion to 
plasmin, enzymatically degrade platelet glycoprotein (GP) Ib, impairing 
the interaction of platelets with VWE ™®"! Third, plasmin can inhibit 
platelet arachidonic acid metabolism.’ Fourth, t-PA promotes the 
disaggregation of platelet aggregates, presumably by inducing lysis of 
the fibrinogen that mediates aggregate formation.’ Finally, after initial 
activation, platelets incubated with plasmin and recombinant t-PA in 
vitro become refractory to activation by other agonists.'** Whether any 
of these in vitro and ex vivo observations apply to the in vivo situation 
and are clinically significant remains uncertain.'* The antifibrinolytic 
drug, e-aminocaproic acid, can increase the bleeding time when admin- 
istered for several days at doses 24 g/day or greater.'*° 


CARDIOVASCULAR DRUGS 


Administration of nitroprusside, which increases platelet cGMP,!56-160 
nitroglycerine," and propranolol,’!® can decrease platelet aggrega- 
tion and secretion ex vivo. Nitroprusside can increase the bleeding time 
twofold when administered at infusion rates of 6 to 8 mcg/kg/min.'°"* 
Inhalation of NO advocated for the treatment of pulmonary hyperten- 
sion and the adult respiratory distress syndrome, can impair agonist- 
induced platelet aggregation ex vivo, although the clinical significance 
of these observations is unclear.'*-'* Calcium channel blockers such 
as verapamil, nifedipine, and diltiazem inhibit platelet aggregation 
when added at very high concentrations to washed platelets.” This 
effect is seen primarily with epinephrine-induced aggregation and does 
not appear to be related to calcium channel blockade.’* At therapeu- 
tic doses, calcium channel blockers do not prolong the bleeding time, 
although one agent, nisoldipine, has been reported to inhibit agonist- 
induced calcium transients and platelet aggregation after ten days of 
oral administration.’® At high concentrations, the antiarrhythmic drug 


quinidine has been reported to cause a mild prolongation of the bleed- 


ing time and to potentiate the effect of aspirin.'”” 


VOLUME EXPANDERS 


Dextran is a neutral polysaccharide that is heterogeneous in molecu- 
lar size. Two preparations with average molecular weights of 40,000 and 
70,000 are in clinical use. Although dextran infusions may prolong the 
bleeding time of normal subjects and patients with von Willebrand 
disease, this phenomenon has not been observed in most normal 
subjects.”’”!'” Infused dextran adsorbs to the platelet surface and can 
impair platelet aggregation, secretion, and procoagulant activity. The 
maximal effect of dextran may require several hours, suggesting that 
larger molecules with a slower rate of clearance are responsible.’ Curi- 
ously, the drug has no effect when added to platelet-rich plasma.’ Dextran 
infusion produces a modest reduction in plasma VWF antigen levels and 
ristocetin cofactor activity.” Despite these effects on primary hemostasis, 
prospective studies indicate that dextran is not associated with significant 
postoperative bleeding, unless it is administered together with low-dose 
heparin.’”'”* Hydroxyethyl starch, another volume expander, while gen- 
erally safe, may prolong the bleeding time and predispose to hemor- 
rhage, particularly if it is administered in doses exceeding 20 mL/kg of 
a 6-percent solution. Lower doses of hydroxyethyl starch may contribute 
to bleeding if administered simultaneously with low-dose heparin or if 
given to patients with preexistent hemostatic defects or after major car- 
diothoracic surgery.: Different hydroxyethyl starch preparations vary 
in the average number of hydroxymethyl groups per glucose unit, and 
this may affect both intravascular survival and effects on hemostasis. "7°80 


PSYCHOTROPIC DRUGS, ANESTHETICS, 
AND COCAINE 


Platelets from patients taking antidepressants or phenothiazines may 
exhibit impaired aggregation, but this is not associated with bleed- 
ing.'*''* The effect on aggregation has been attributed to inhibition 
of intracellular signaling molecules such as protein kinase C (PKC).'* 
Selective serotonin reuptake inhibitors such as paroxetine, have been 
shown to decrease platelet serotonin storage.’ Fluoxetine does not 
appear to impair platelet aggregation in vitro and has only rarely been 
associated with clinical bleeding.'**'** General anesthesia with hal- 
othane or propofol may cause a slight prolongation of the bleeding 
time, most likely the result of an effect on calcium signaling, but this 
has no adverse effect on surgical hemostasis.'*”'** In addition to an asso- 
ciation with thrombocytopenia, cocaine has been reported to either 
inhibit'**° or stimulate platelet activation.'*' It has been suggested that 
heroin decreases platelet NO production. The clinical relevance of 
these observations is unknown. 


ONCOLOGIC DRUGS 


Administering mithramycin to a total dose of 6 to 21 mg decreases plate- 
let aggregation and is associated with mucocutaneous bleeding.’ An 
ex vivo defect in platelet secretion and secondary aggregation has been 
reported in patients with solid tumors within 48 hours of receiving infu- 
sions of autologous marrow and high-dose chemotherapy consisting of 
cisplatin, cyclophosphamide, and either bis-chloroethylnitrosourea 
(BCNU) or melphelan.' Both daunorubicin and BCNU can inhibit 
platelet aggregation and secretion when added to platelet-rich plasma, 
but they have not been shown to cause clinically significant platelet dys- 
function.” Administration of recombinant forms of thrombopoie- 
tin to thrombocytopenic patients with cancer results in the production 
of normally functioning platelets.” Dasatinib, the broad-spectrum 
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protein tyrosine kinase inhibitor, impairs collagen-induced platelet 
activation in vitro and increases tail bleeding times in mice, perhaps 
explaining some bleeding episodes in patients with chronic myelog- 
enous leukemia who have been treated with the drug.” Ibrutinib, a 
Bruton tyrosine kinase (BTK) inhibitor efficacious in a wide variety 
of lymphoid malignanies,””” is associated with hemorrhagic compli- 
cations in up to half of patients, with significant hemorrhagic toxicity 
in 5 percent.” Exposing platelets to ibrutinib ex vivo can produce 
defective platelet adhesion. Furthermore, humans or mice lacking 
BTK have impaired ex vivo platelet function, although the impairment 
is quite mild.” Whether the hemorrhagic toxicity of ibrutinib is 
caused by platelet BTK inhibition or by an off-target effect remains to 
be determined. 


MISCELLANEOUS AGENTS 


The immunosuppressive drug cyclosporine has been reported to 
enhance ADP-stimulated platelet aggregation in vitro.” It is unclear 
whether this contributes to the TTP-like syndrome associated with this 
drug. Antihistamines, the serotonin antagonist ketanserin,” and cer- 
tain radiographic contrast agents*!°"’ can impair platelet aggregation 
responses ex vivo by unknown mechanisms. 


FOODS AND FOOD ADDITIVES 


Certain foods and food additives affect platelet function in vitro, and it 
is conceivable that some may affect hemostasis, particularly in associa- 
tion with other hemostatic defects. For example, diets rich in fish oils 
containing w-3 fatty acids (eicosapentaenoic acid; docosahexaenoic 
acid) cause a slight prolongation of the bleeding time.” These fatty 
acids act by reducing the platelet content of arachidonic acid and by 
competing with arachidonic acid for COX.*4?"* Easy bruising noted 
after eating Chinese food has been attributed to an antiplatelet effect 
of the black tree fungus.” A component of extract of onion can inhibit 
platelet arachidonic acid metabolism.” Ajoene, a component of garlic, 
is an inhibitor of fibrinogen binding and platelet aggregation.” Extracts 
of two commonly used spices, cumin and turmeric, also inhibit platelet 
aggregation and eicosanoid biosynthesis.” 


@ HEMATOLOGIC DISORDERS 
ASSOCIATED WITH ABNORMAL 
PLATELET FUNCTION 


CHRONIC MYELOPROLIFERATIVE NEOPLASMS 


Definition and History 

Bleeding and thrombosis are significant causes of morbidity and mortal- 
ity in the chronic myeloproliferative neoplasms, particularly in essential 
thrombocythemia, polycythemia vera, and primary myelofibrosis.” 
Thrombocytosis is a constant finding in essential thrombocythemia, but 
the differential diagnosis includes these other myeloproliferative neo- 
plasms, including chronic myelogenous leukemia, as well as other dis- 
eases associated with reactive thrombosis (Chap. 119).?????3 Most of the 
information about platelets, bleeding and thrombosis in the myelopro- 
liferative neoplasms comes from studies of essential thrombocythemia 
and polycythemia vera. 


Etiology and Pathogenesis 

Several factors contribute to the hemostatic abnormalities in the 
myeloproliferative neoplasms: (1) Increased whole-blood viscosity in 
polycythemia vera: The engorgement of blood vessels associated with 
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polycythemia is a risk factor for thrombosis and bleeding, particularly 
in postoperative situations.” (2) Intrinsic defects in platelet func- 
tion: Many intrinsic platelet function defects have been reported in 
the myeloproliferative neoplasms, although their precise relationships 
to clinical bleeding are generally unclear.””* (3) Elevated platelet 
counts: The contribution of an elevated platelet count, per se, to the 
risk of hemorrhage and thrombosis in myeloproliferative neoplasms 
is controversial, as the risk does not extend to patients with reactive 
thrombocytosis.”””*° A number of retrospective studies indicate that 
the risk of abnormal hemostasis cannot be confidently predicted from 
the degree of thrombocytosis.””” On the other hand, acquired von Wille- 
brand syndrome, which represents a potential major cause of bleeding 
in the chronic myeloproliferative neoplasms, is most frequently associ- 
ated with extreme elevations of the platelet count (e.g., 21000 to 1500 x 
10°/L)?3!-*5; in some, the VWF abnormality can be corrected, albeit tran- 
siently, by infusion of DDAVP or factor VIII/VWE concentrates, while 
in others it can be partially or completely corrected by cytoreductive 
therapy.” (4) Leukocytosis may represent a risk factor for thrombosis 
in the myeloproliferative neoplasms.”'”* In this context, leukocyte and/ 
or endothelial dysfunction may contribute to the thrombotic phenotype 
in some individuals with polycythemia vera??? or essential thrombo- 
cythemia*” through leukocyte-platelet and leukocyte-endothelial cell 
interactions.*8?? 

Under the light or electron microscope, platelets in these dis- 
orders may be larger or smaller than normal, may be abnormally 
shaped, and may exhibit a reduction in the number of storage gran- 
ules. In essential thrombocythemia, platelet survival may be modestly 
reduced.” A number of functional and biochemical abnormalities have 
been described in platelets from patients with myeloproliferative neo- 
plasms. The most frequently encountered functional abnormality is a 
decrease in platelet aggregation and granule secretion in response to 
epinephrine, ADP, or collagen.” The defect in epinephrine-induced 
aggregation often includes absence of the primary wave of aggregation, 
which is unusual in other conditions. This is not simply the result of an 
elevated platelet count, because it is not encountered in reactive throm- 
bocytosis.””*” Thus, loss of platelet responsiveness to epinephrine may 
help to support the presence of a myeloproliferative neoplasm in other- 
wise ambiguous cases, although the discovery of genetic abnormalities 
(e.g., JAK2, thrombopoietin receptor [MPL], calreticulin) is beginning 
to eliminate all ambiguity in the diagnosis of a myeloproliferative neo- 
plasm (Chaps. 84 to 86). 

Reduced platelet aggregation and secretion in the myeloprolifera- 
tive neoplasms is associated with one or more of the following: decreased 
agonist-induced release of arachidonic acid from membrane phospho- 
lipids”; reduced conversion of arachidonic acid to PG endoperox- 
ides or lipoxygenase products’; reduced platelet responsiveness to 
TXA; decreased numbers of & -adrenergic receptors associated with 
reduced or absent platelet responses to epinephrine”; deficiency of 
integrin «f, resulting in variable changes in platelet responsiveness 
to collagen’; diminished stimulus-response coupling downstream 
of several agonists associated with reduced activation of phosphati- 
dylinositide 3’-kinase, Rap1 and integrin o,,$,°°; and deficiency of 
dense or @ granules.” Reduction in platelet procoagulant activity 
has been reported in some patients with myeloproliferative neoplasms 
and thrombocytosis,”** as have specific platelet membrane abnormali- 
ties, including decreased expression and activation of integrin Rina 
decreased amounts of the GPIb- V-IX complex, resulting in an acquired 
form of Bernard-Soulier syndrome’; decreased numbers of receptors 
for PGD,”* increased numbers of FcyRHa receptors’; an increase in 
GPIV (CD36) with**”» or without a corresponding decrease in GPIb; 
and impaired expression of MPL in polycythemia vera” and essential 
thrombocythemia." 


On the other hand, evidence for in vitro platelet or coagulation 
hyperactivity has been reported in the myeloproliferative neoplasms. 
This includes spontaneous platelet aggregation in a patient with essen- 
tial thrombocythemia and thrombosis,” increased thromboxane bio- 
synthesis by platelets from patients with essential thrombocythemia”® 
or polycythemia vera, and increased “procoagulant imbalance” in 
patients manifested by increased endogenous thrombin potential’® and 
increased procoagulant activity in circulating microparticles.” 

Several features of these protean in vitro platelet functional defects 
require emphasis relative to the clinical setting. First, none are unique to 
a particular myeloproliferative neoplasm. Second, their relative frequen- 
cies have varied widely in reported series. Third, none has been prospec- 
tively shown to be predictive of bleeding or thrombosis. Fourth, although 
the chronic myeloproliferative neoplasms comprise several distinct clini- 
copathologic entities, they represent clonal abnormalities of hemato- 
poiesis.” Consequently, megakaryocytes and their platelet progeny 
may acquire genetic, biochemical, and structural abnormalities as they 
develop from clones of abnormal progenitors. Examples of clonal defects 
in the chronic myeloproliferative neoplasms are acquisition of activating 
mutations in JAK2 (e.g., V617F in polycythemia vera, essential thrombo- 
cythemia, and myelofibrosis; or in exon 12 in polycythemia vera)***” or 
MPL (W515L/K in essential thrombocythemia and myelofibrosis).?”*?” 
Mutations in the calreticulin gene have been found in most of the essential 
thrombocythemia and myelofibrosis patients who lack activating muta- 
tions in JAK2 or MPL.”®*?” It is biologically plausible that mutations in 
these or other leukocyte and platelet proteins might influence hemostatic 
mechanisms, including the activation state of platelets.” °” However, the 
precise impact of their presence or allele burden on human platelet func- 
tion and on thrombotic risk is only now beginning to be understood.”””*° 
For example, most,””?* but not all,”*”**! studies have concluded that the 
presence of the JAK2 (V617F) mutation or a high JAK2 (V617F) allele 
burden confers increased thrombotic risk in essential thrombocythe- 
mia, the latter in part a result of higher hemoglobin values. On the other 
hand, essential thrombocythemia or myelofibrosis patients with calreti- 
culin mutations tend to have higher platelet counts, lower hemoglobin 
and leukocyte values, and fewer thromboses compared to patients with 
JAK2 mutations.” *”®-8 The same may hold true for rare patients with 
familial essential thrombocythemia or myelofibrosis and somatically- 
acquired calreticulin mutations.” 


Clinical and Laboratory Features 

Pathologic bleeding occurs in approximately one-third of patients 
with myeloproliferative neoplasms and contributes to mortality in 
10 percent of those affected patients. Thrombosis also occurs in one- 
third of patients with myeloproliferative disorders, contributing to 
mortality in 15 to 40 percent of affected patients.”*’” Most symptom- 
atic patients experience either bleeding or thrombosis; however, some 
develop both complications during the course of their disease. Bleeding 
usually involves the skin or mucous membranes, but may also occur 
after surgery or trauma. Thrombosis can involve arteries or veins and 
may occur in unusual locations such as abdominal wall vessels or the 
hepatic, portal, and mesenteric circulations.” Indeed, full-blown 
or latent chronic myeloproliferative neoplasms account for a substan- 
tial proportion of patients with splanchnic vein thrombosis.**°?!?* 
Individuals with essential thrombocythemia may experience ischemia 
and necrosis of the fingers and toes from digital artery thrombosis, 
microvascular occlusion in the coronary circulation, or transient neu- 
rologic symptoms, including headaches,” because of cerebrovascular 
occlusion.” A syndrome of redness and burning pain in the extremities, 
termed erythromelalgia, is strongly associated with essential thrombo- 
cythemia and polycythemia vera and is thought to be partly caused by 
arteriolar platelet thrombi, although it may also have vasculopathic and 


neuropathic components.” It has been difficult to predict the risk of 
bleeding or thrombosis in an asymptomatic patient,” but an increase in 
leukocyte count”? or the number of reticulated platelets in patients 
with thrombocytosis, thought to reflect an increase in platelet turnover, 
has been associated with an increased risk for thrombosis.” Vascu- 


lar complications are also more likely to occur in patients older than 
60 years of age and, most importantly, in patients with other cardiovas- 
cular risk factors, such as diabetes, hypertension, hyperlipidemia and 
obesity.27130 3% 


Therapy 
Therapy should be risk-adapted and considered for symptomatic 
patients, for patients with a history of thrombosis or bleeding, for 
those with standard cardiovascular risk factors, for patients older than 
60 years of age, and for individuals about to undergo surgery. Readers 
are referred to expert recommendations for a summary of the treatment 
of essential thrombocythemia and polycythemia vera, with particular 
relevance to risk factors for hemostasis and thrombosis (Chaps. 84 and 
85).771792301303-3 Treatment includes phlebotomy to correct the poly- 
cythemia and maintenance of a normal red cell mass, with the goal to 
achieve a hematocrit of less than 45 percent,’>*°”°" as well as therapy 
of the underlying disorder.”*?**° Platelet count reduction to less 
than 400 x 10°/L in patients with thrombocytosis, either by platelet- 
pheresis or cytoreductive agents, has been considered to be a target 
value associated with clinical improvement in patients with essential 
thrombocythemia, ??8302311 

Effective cytoreductive agents include the ribonuclease reductase 
inhibitor hydroxyurea,” interferon-a (most recently the pegylated 
form of interferon alfa-2a), and anagrelide.*'*!'*"33" In a prospective, 
randomized trial of 114 “high-risk” individuals with essential thrombo- 
cythemia who were either older than 60 years of age or had a previous 
history of thrombosis, hydroxyurea significantly reduced the incidence 
of new thrombosis from 24.0 to 3.6 percent.*”” Anagrelide, an imidazo- 
quinazoline derivative, is thought to decrease platelet counts by impair- 
ing megakaryocyte maturation.’ Anagrelide has essentially no effect 
on red and white cell counts and is not known to be leukemogenic. 
Nevertheless, 10 to 20 percent of patients experience neurologic, gas- 
trointestinal, and cardiac side effects, in particular fluid retention, often 
necessitating discontinuation of the drug.*'**'*!7 When hydroxyurea 
and anagrelide were compared head-to-head in a randomized trial of 
809 patients with essential thrombocythemia (all of whom were tak- 
ing aspirin), subjects in the anagrelide group showed an increased rate 
of arterial thrombosis, major bleeding, and transformation to myelo- 
fibrosis relative to the group treated with hydroxyurea; however, the 
anagrelide group showed a relative decreased rate of venous throm- 
bosis.*'* Progression to myelofibrosis despite treatment with anagre- 
lide has also been observed in a phase II study.’ However, in a newer, 
although relatively small, randomized, phase III study of 259 previously 
untreated high-risk patients with essential thrombocythemia, anagre- 
lide was found to be noninferior to hydroxyurea in the prevention of 
arterial or venous thrombotic complications.*” It should be noted that 
this study used a long-lasting anagrelide drug that is not currently avail- 
able in the United States. During an episode of acute bleeding in the 
chronic myeloproliferative neoplasms, DDAVP infusion may temporar- 
ily improve hemostasis if the patient has an acquired storage pool defect 
or acquired von Willebrand syndrome.”***”' In the case of acquired von 
Willebrand syndrome, cytoreduction to reduce the platelet count may 
also ameliorate the process, although this may take time and require 
more temporizing interventions including DDAVP or factor VIH/VWF 
concentrates.” 

Low-dose aspirin (~80 to 100 mg/day) may be useful in patients 
with essential thrombocythemia and thrombosis, particularly those with 
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erythromelalgia or with digital or cerebrovascular ischemia.?®1232298.322 
However, the evidence to date remains largely anecdotal, and aspirin 
can exacerbate a bleeding tendency in patients with myeloproliferative 
neoplasms, particularly in those individuals with acquired von Wille- 
brand syndrome or with World Health Organization (WHO)-defined 
prefibrotic myelofibrosis masquerading as essential thrombocythe- 
mia.??!301303323 Consequently, even though a single, daily, low-dose 
aspirin is recommended for thromboprophylaxis in essential thrombo- 
cythemia, a risk-adapted approach is advised.” In addition, because 
platelet volume and turnover may be enhanced in essential thrombo- 
cythemia and polycythemia vera, the platelets of some individuals may 
not achieve total COX-1 inhibition with a single daily dose of aspirin. 
In such circumstances, 12-hour dosing may be considered, although 
this protocol has not been formally evaluated in a prospective clinical 
trial. 324325 

In a double-blind, placebo-controlled study of 518 patients with 
polycythemia vera who were judged to have no contraindications to 
daily low-dose (100 mg) aspirin, subjects in the aspirin arm exhibited a 
reduced risk of nonfatal arterial and venous cardiovascular end points. 
Although aspirin was well-tolerated, there was no effect of aspirin on 
overall and cardiovascular mortality.” As has been noted,*” this study 
population was heavily pretreated to normalize the platelet count, 
although some individuals may have had residual elevations in red cell 
mass. Consequently, the safety and efficacy of aspirin as observed in this 
study may not be relevant to all patients with polycythemia vera. 

Pregnant women with essential thrombocythemia or polycythe- 
mia vera pose special challenges because of an apparent increased risk 
of unsuccessful pregnancy, thrombotic or bleeding complications, and 
potential teratogenicity of hydroxyurea.” In essential thrombocythe- 
mia, the risk of first trimester miscarriages may be higher among women 
with the JAK2 (V617F) mutation.** Although evidence-based recom- 
mendations are not available, Barbui and Finazzi recommend a risk- 
adapted approach to management in pregnancy. High-risk women are 
defined as those with previous major bleeding or thrombotic episodes, 
previous pregnancy complications, or a platelet count greater than 
1500 x 10°/L.*” Low-risk individuals are recommended to be main- 
tained at a hematocrit of less than 45 percent and to receive aspirin, 
100 mg/day during pregnancy and low-molecular-weight heparin, 4000 
U/day for 6 weeks after delivery. Interferon-a, rather than aspirin, is 
considered if there has been previous major bleeding or if platelets 
are greater than 1500 x 10°/L. High-risk patients are recommended to 
receive low-molecular-weight heparin throughout pregnancy. 


LEUKEMIAS AND MYELODYSPLASTIC 
SYNDROMES 


Clinical and Laboratory Features 

The most frequent cause of bleeding in patients with leukemia or a myel- 
odysplastic syndrome is thrombocytopenia. However, abnormal platelet 
function in vitro has been described in acute myelogenous leukemia, 
and in some patients this may be clinically significant. In acute myel- 
ogenous leukemia and its variants, platelets may be larger than normal, 
abnormally shaped, and exhibit a marked variation in the number of 
granules. There may be decreased aggregation and serotonin release in 
response to ADP, epinephrine, or collagen, decreased surface P-selectin 
expression in response to platelet activation via the PAR-1 thrombin 
receptor, and decreased platelet procoagulant activity. These functional 
abnormalities may be caused by either acquired storage pool deficiency 
or a defect in the process of platelet activation through one or more 
signaling pathways.” These defects are intrinsic to the platelet and 
probably relate to the fact that the megakaryocytes from which platelets 
were derived originated from a leukemic stem cell. Indeed, in a familial 
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platelet disorder with a predisposition to acute leukemia, platelet dys- 
function prior to the development of leukemia occurs, at least in part, 
because of downregulation of genes such as NF-E2 or ALOX12, them- 
selves target genes of RUNXI, a transcription factor that is germline- 
mutated in these individuals.” 

As discussed in the section on oncology drugs, drugs used to treat 
acute leukemias may affect platelet function, at least in vitro.*°*7*** 
Bleeding in the acute leukemias usually responds to platelet transfu- 
sions and to treatment of the underlying disease. Similar in vitro platelet 
abnormalities may be seen in the myelodysplastic syndromes, sometimes 
accompanied by clinical bleeding disproportionate to that expected for 
the degree of thrombocytopenia,- In these syndromes, platelets 
may be less uniformly affected; perhaps because there is a residual popu- 
lation of normal platelets admixed with those from the malignant clone. 

Reduced platelet aggregation has been reported in children with 
acute lymphocytic leukemia.**! Unless the leukemia is biphenotypic, it is 
difficult to ascribe the platelet defect to the leukemic process itself. Plate- 
lets are normal in children with acute lymphoblastic leukemia in com- 
plete remission.**° Single cases have been reported of patients with acute 
B-lymphoblastic leukemia™ or Hodgkin lymphoma” whose severe 
bleeding was attributed, in part, to acquired Glanzmann thrombasthe- 
nia associated with antiintegrin & „b, antibodies. Hairy cell leukemia is 
a lymphoproliferative disease in which platelet dysfunction may rarely 
complicate the clinical picture; bleeding is usually due to thrombocy- 
topenia rather than platelet dysfunction.** Some patients may exhibit 
storage pool deficiency or a defect in the process of platelet activation. 
These abnormalities have been reported to disappear following splenec- 
tomy,*” which usually corrects the thrombocytopenia as well. Acquired 
von Willebrand syndrome has been reported in association with hairy 
cell leukemia.” 


DYSPROTEINEMIAS 


Definition and History 

Platelet dysfunction is observed in approximately one-third of patients 
with Immunoglobulin (Ig) A multiple myeloma or Waldenström mac- 
roglobulinemia, 15 percent of patients with IgG myeloma, and in 
occasional patients with monoclonal gammopathy of undetermined 
significance (Chap. 106).**'* In addition to platelet dysfunction, other 
causes of bleeding should be considered in these patients, including 
the hyperviscosity syndrome,** thrombocytopenia, complications of 
amyloidosis such as amyloid angiopathy** or acquired factor X defi- 
ciency***°*), and rarely, a circulating heparin-like anticoagulant*”* or 
systemic fibrino(gen)lysis.*°°" The monoclonal immunoglobulin may 
also affect in vitro coagulation tests by interfering with fibrin polymer- 
ization and with the function of other coagulation proteins. On occasion, 
paraproteins can impair in vivo hemostasis as well. 


Etiology and Pathogenesis 
The bleeding time may be prolonged in patients with dysproteinemias, 
even in the absence of clinical bleeding. The platelet defect is caused 
by the monoclonal protein. It has been suggested that some mono- 
clonal immunoglobulins interact with the platelet surface to interfere 
nonspecifically with platelet adhesion or stimulus-response coupling. 
This concept is supported by the observations that platelet dysfunction 
is more common when the concentration of the paraprotein in plasma 
or on the platelet membrane is very high*”; that platelet aggregation, 
secretion, clot retraction, and platelet procoagulant activity may all be 
affected; and that normal platelets can acquire these defects when incu- 
bated with the purified monoclonal immunoglobulin.** 

In some cases, specific interactions of the monoclonal protein 
with platelets or with components of the extracellular matrix have been 


described. One reported IgA myeloma protein inhibited the ability 
of a suspension of aortic connective tissue to aggregate normal plate- 
lets.” The bleeding time and bleeding diathesis of the patient from 
whom this myeloma protein was obtained were corrected by removal 
of the protein by plasmapheresis. In another patient with IgDA mye- 
loma, A dimers were found to bind to the Al domain of VWE, inhib- 
iting shear-induced platelet aggregation.*® In still another patient, an 
IgG myeloma protein bound specifically to the platelet integrin f, sub- 
unit. Both the intact immunoglobulin and its F(ab’)2 fragment inhibited 
the binding of fibrinogen to activated integrin @,,8,, thus inducing a 
thrombasthenic-like state.” A number of patients with myeloma, 
monoclonal gammopathy of undetermined significance, lymphoma, or 
chronic lymphocytic leukemia have been reported to have an acquired 
form of von Willebrand disease in which the level of plasma VWF is 
reduced or the high-molecular-weight multimers of VWF are selec- 
tively reduced 371357367374 


Therapy 

When clinically significant platelet dysfunction occurs in a patient 
with a dysproteinemia, cytoreductive therapy should be considered as 
a means to reduce the production and plasma level of the monoclo- 
nal immunoglobulin.**'*** Plasmapheresis can also control bleeding by 
reducing the level of the abnormal protein and can be lifesaving during 
acute bleeds.**°757’6 Cryoprecipitate, DDAVP and/or plasmapheresis 
may be transiently effective in patients with acquired von Willebrand 
syndrome.??»368377378 However, high-dose intravenous gamma globulin 
(IVIG) appears to be particularly effective in individuals with acquired 
von Willebrand syndrome associated with an IgG monoclonal gammop- 
athy of undetermined significance, although intermittent infusions may 
be required at approximately 3-week intervals (Chap. 126).35%36°-371379-381 
The reported experience with rituximab for the latter condition is 
extremely limited, but so far disappointing.*” 


ACQUIRED VON WILLEBRAND SYNDROME 


Acquired von Willebrand syndrome is a relatively rare disorder that 
typically occurs in the setting of an autoimmune or clonal hematologic 
disease.??™381383-385 It is being increasingly recognized in conditions asso- 
ciated with high shear and turbulence in the circulation, such as severe 
aortic stenosis, hypertrophic obstructive cardiomyopathy and circula- 
tory assist devices.******” It also can occur in association with a number 
of other unrelated medical conditions,’ including Gaucher disease,” 
hypothyroidism? and Noonan syndrome.** As discussed above, it 
can represent one cause of bleeding in multiple myeloma,” Wal- 
denstrém macroglobulinemia,*”* monoclonal gammopathy of undeter- 
mined significance,” low grade non-Hodgkin lymphoma,”**”” chronic 
lymphocytic leukemia,” and chronic myeloproliferative neoplasms, the 
latter particularly in association with very high platelet counts.” 

The pathophysiology of acquired von Willebrand syndrome 
involves a reduction in circulating VWF (and its associated factor VIII 
molecule), generally because of rapid VWF turnover in the circula- 
tion.**' VWF levels and multimer patterns may simulate type I, II or 
III von Willebrand disease. In lymphoproliferative disorders, a specific, 
often nonneutralizing anti-V WF antibody is present,*!*>?*”7"? whereas 
in autoimmune disorders, anti- VWF antibodies are part ofa generalized 
autoimmune response.” In other situations, the syndrome may result 
from increased adsorption of VWF by tumor cells (e.g., Wilms tumor, 
osteosarcoma”) or platelets (myeloproliferative neoplasms),3!5350402-404 
increased VWE proteolysis (e.g. aortic stenosis, ventricular assist 
devices), or decreased VWF production (hypothyroidism ).381405406 

Mucocutaneous bleeding should raise the suspicion of acquired 
von Willebrand syndrome in patients without a prior personal or 


family history of bleeding. This is especially important in patients with 
a known autoimmune, lymphoproliferative, or myeloproliferative dis- 
order.*!5**! Diagnostic evaluation includes measurements of factor VIII 
activity, VWF antigen, ristocetin cofactor activity, and VWF multimer 
analysis.“” The presence of an in vitro inhibitor may, or may not, be 
detected depending on whether the antibody binds to VWF and neu- 
tralizes its function or merely leads to accelerated VWF clearance by 
the reticuloendothelial system.™ An abnormally high ratio of VWF 
propeptide to von Willebrand antigen may be present as a result of the 
rapid clearance of von Willebrand antigen but not VWE“ 

Given the uncommon prevalence of this syndrome, reports of 
patient management have been retrospective and largely anecdotal. 
Treatment should be reserved for patients with active bleeding or those 
who are likely to bleed if left untreated.*”*"' Infusions of DDAVP*)°84°° 
or factor VIII/V WE concentrates*** may be useful, although the rapid 
clearance of VWF may limit efficacy. Treatment has included gluco- 
corticoids or rituximab in patients with lupus,*'*!° and recombinant 
factor VIla,*"' or high-dose IVIG.****”? High-dose IVIG is particularly 
effective when acquired von Willebrand syndrome is associated with a 
lymphoproliferative disorder or, as discussed in the section “Dyspro- 
teinemias.” with an IgG monoclonal gammopathy of undetermined 
significance. IVIG likely acts by delaying VWF clearance via reticu- 
loendothelial cell blockade, although other mechanisms have been 
postulated.7° 7703793809713 Treatment of the underlying disease can be 
effective in some situations*'*"**" (e.g., hypothyroidism with thyroid 
replacement,*'**"” Gaucher disease with enzyme replacement therapy,” 
and extreme thrombocytosis with cytoreduction”?*>°%'*), As with 
inherited von Willebrand disease, longstanding acquired von Wille- 
brand syndrome can be associated with and complicated by gastrointes- 
tinal tract arteriovenous malformations, resulting in severe bleeding.“ 
An example of such gastrointestinal bleeding is found in patients with 
severe aortic stenosis and referred to as Heyde syndrome. In this situa- 
tion, valve replacement can correct the hemostatic defect.3*”"”° 


@SYSTEMIC DISORDERS ASSOCIATED 
WITH ABNORMAL PLATELET 
FUNCTION 


UREMIA 


Definition and History 

In the predialysis era, hemorrhage occurred in approximately 50 per- 
cent of uremic patients and was a cause of death in approximately 
30 perccent.’”'*” With the advent of dialysis, the frequency of sponta- 
neous hemorrhage in patients with renal failure has decreased.*”” Expe- 
rience with percutaneous renal biopsy in several thousand patients with 
renal disease supports the notion that the hemostatic defect in patients 
with renal disease is usually mild. Although the incidence of small peri- 
renal hematomas following biopsy may be as high as 85 percent when 
patients are examined by computerized tomography, gross hematuria is 
observed in only 5 to 10 percent of cases and is usually transient.*“* 
Severe bleeding following biopsy requiring surgical intervention is 
even less common and usually can be attributed to factors other than 
a uremic hemostatic defect, such as needle lacerations of the kidney or 
spleen, anomalous vessels, heparin anticoagulation, or the presence of 
amyloid in the kidney. 


Etiology and Pathogenesis 

The hemostatic defect in uremia has been attributed to defects in plate- 
let function and appears to be multifactorial.” One prominent fac- 
tor is renal failure-associated anemia.’ A lowered hematocrit ex vivo 
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induces a defect in platelet adhesion that can be corrected by increasing 
the hematocrit to 30 percent or more.*” In uremic patients, success- 
ful treatment of anemia with red blood cell transfusion or recombinant 
human erythropoietin (EPO) results in partial or complete correction 
of prolonged bleeding times when the hematocrit is increased to 27 
to 32 percent.’ The effect of anemia on primary hemostasis is not 
unique to uremia. In normal individuals, the bleeding time correlates 
with the hematocrit and bleeding times can be prolonged in patients 
with severe anemia of any etiology.*® Red cells may have a beneficial 
effect on hemostasis both because they displace platelets toward the 
periphery of the column of circulating blood*” and they may enhance 
platelet reactivity.” 

Because correction of anemia does not always return the bleeding 
time to normal, other factors present in renal failure may perturb plate- 
let function.”” Ristocetin-induced platelet aggregation, a surrogate for 
VWF binding to the platelet GPIb-IX-V complex, may be decreased in 
uremia. However, plasma VWE concentrations are normal or elevated 
in renal failure and qualitative VWF abnormalities have not been 
uniformly observed.****> Mixing studies using uremic platelets and 
normal plasma, and vice versa, do not demonstrate consistent quan- 
titative or qualitative abnormalities in GPIb-IX-V.*****° Nonetheless, 
uremic plasma can inhibit the adhesion of normal platelets to deen- 
dothelialized human umbilical artery segments, whereas uremic plate- 
lets adhere normally in the presence of normal plasma.*** Because the 
defective adhesion appears independent of VWF, an unidentified com- 
ponent of uremic plasma may be responsible for the adhesion defect.** 
Uremic platelets also exhibit markedly reduced spreading on the sub- 
endothelium of rabbit vessels, a defect attributed to impaired VWF 
binding to platelet integrin æ „b,“ Because VWF binding to integrin 
& „p, requires platelet stimulation, this observation suggests a uremia- 
induced defect in platelet signal transduction. 

There are a number of reports describing defective agonist- 
induced platelet activation in uremic patients, including reduced 
fibrinogen binding, aggregation, and secretion. These abnormalities 
may be retained after platelets are separated from uremic plasma and 
in some cases, uremic plasma imparts the defect to normal platelets.“ 
Furthermore, the ability of activated platelets to express procoagulant 
activity is reduced in uremia.*” These functional defects likely result 
from uremia-induced abnormalities in platelet biochemistry, includ- 
ing reduced agonist-induced increases in cytoplasmic free calcium,“ 
reduced release of arachidonic acid from platelet phospholipids,*! and 
reduced conversion of released arachidonic acid to PG endoperoxides 
and TXA Pee 

A number of dialyzable and nondialyzable substances have been 
reported to be responsible for the platelet function defects in uremia, 
but urea itself is not responsible. Ex vivo platelet aggregation can be 
inhibited by small dialyzable substances, such as guanidinosuccinic 
acid and phenolic acids, as well as by poorly characterized “middle 
molecules” at concentrations found in uremic plasma.**** Venous and 
arterial segments from uremic patients have been reported to produce 
more PGI, than segments from normal individuals, an abnormality not 
corrected by dialysis.““° Altered NO metabolism has been observed in 
uremia.“ In a uremic rat model, defective platelet adhesion was nor- 
malized by an inhibitor of NO formation,” suggesting that increased 
NO synthesis by endothelial cells or platelets is at least partially respon- 
sible for the defective platelet function.” Why renal failure increases 
NO synthesis is not entirely clear, although exposing endothelial cells 
to guanidinosuccinic acid can mimic the effects of NO, suggesting that 
retained guanidinosuccinic acid may be the relevant substrate.*! Uremia 
has been reported to upregulate the y*L system for L-arginine transport 
into platelets, enabling platelets to maintain or enhance NO synthe- 
sis, even in the face of low circulating L-arginine concentrations.**** 
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By contrast, some substances found in high concentrations in uremic 
plasma, such as urea and parathyroid hormone, appear to play no role 
in platelet dysfunction.** 

Concurrent medications and thrombocytopenia must always be 
considered when a patient with renal failure exhibits a bleeding ten- 
dency. Aspirin can prolong the bleeding time inordinately in uremia. 
Unlike aspirin’s effect on COX, this effect is transient and correlates with 
blood levels of aspirin.™* Bleeding may be potentiated by the admin- 
istration of heparin during hemodialysis; in this situation, the use of 
an ethylene-vinyl alcohol copolymer hollow fiber dialyzer or intermit- 
tent saline infusion and high blood flow rates may eliminate the need 
for heparin.“ B-Lactam antibiotics that prolong the bleeding time may 
have a greater effect in uremic patients and increase the occurrence of 
bleeding.“ 

Mild thrombocytopenia has been reported in chronic renal failure, 
particularly in patients on dialysis,“” as a result of diminished marrow 
production and decreased platelet survival.“ Serum thrombopoietin 
levels in hemodialysis patients are increased,*’*” perhaps reflecting 
increased platelet turnover or a decrease in megakaryocyte mass. But 
when platelet counts are greater than 100 x 109/L, it is necessary to con- 
sider whether a systemic disease or medication, such as multiple mye- 
loma, systemic vasculitis, hemolytic uremic syndrome, eclampsia, renal 
allograft rejection, or heparin, could be responsible for bleeding in a 
uremic patient. 


Clinical and Laboratory Features 

Despite dialysis, abnormal platelet function in uremia remains a clin- 
ical issue because it may contribute to bleeding following surgery or 
trauma or in conjunction with anatomic lesions of the gastrointestinal 
tract.“ The bleeding time has often been used as an indication of 
hemorrhagic risk in uremia, but critical reviews of the literature indicate 
that it is not appropriate to use for this purpose.***! 


Therapy 

Abnormal platelet aggregation is common in uremic patients, but by 
itself is not an indication for therapeutic intervention.“ The frequency 
of excessive bleeding after biopsies or other surgical procedures in ure- 
mic patients who have not received specific treatment is not known, 
but may be uncommon. Thus, if bleeding does complicate a procedure, 
a thorough search for causes of bleeding other than uremia should be 
initiated without assuming that uremia is the etiology. However, when 
therapy for a uremic bleeding diathesis is necessary, the uremic platelet 
defect can usually be successfully treated. 

There are several therapeutic maneuvers that can either partially 
or completely correct an abnormal bleeding time in uremic patients and 
anecdotal observations indicate that they may also improve hemosta- 
sis. Because prospective studies comparing various treatment regimens 
have not been performed, the choice of therapy should be based on the 
severity of the bleeding, the anticipated severity of the hemostatic stress 
imposed by surgery or trauma, the predicted duration of the therapeutic 
effect, and the risks of therapy. 

The mainstay of therapy is dialysis. Intensive dialysis can correct 
the bleeding diathesis in many patients, but is only partially effective in 
others.*? Peritoneal dialysis and hemodialysis are equally effective?“ 
If a patient undergoing dialysis bleeds, it may be worthwhile to increase 
the intensity of the dialysis. 

In uremic individuals, increasing the hematocrit by transfusion or 
treatment with recombinant human EPO to 27 to 32 percent is often 
associated with diminished clinical bleeding.“**°**** A number of 
reports suggest that EPO has an effect on platelets independent of an 
increase in hematocrit,“ perhaps the result of an increase in the num- 
ber of young platelets in the circulation.“ 


DDAVP, a vasopressin analogue whose pressor effects are substan- 
tially less than its antidiuretic effects, causes the release of VWF from 
tissue stores, has been reported to shorten the bleeding time in 50 to 
75 percent of patients with uremia. In many cases, surgery has been car- 
ried out safely after administration of this drug, although no controlled 
trials have been performed.“ DDAVP is usually administered intrave- 
nously in a dose of 0.3 mcg/kg over 15 to 30 minutes (maximum dose: 
20 mcg) but it is also effective at this dose when given subcutaneously.*” 
Alternatively, the drug can be given intranasally.“ Improvement in the 
bleeding time is seen within 30 to 60 minutes of administration, lasts 
for approximately 4 hours, and roughly correlates with the rise in the 
plasma levels of VWF and the appearance in the circulation of high- 
molecular-weight VWF multimers.*” In some patients, the drug has 
been given repeatedly at 12- to 24-hour intervals, although tachyphy- 
laxis can occur.“ 

Side effects of DDAVP have been mild and uncommon and have 
included a 10 to 15 percent decrease in mean arterial pressure, a 20 to 
30 percent increase in pulse rate, facial flushing, water retention, and 
hyponatremia leading to seizures; the latter is more common after 
repeated administration and when fluids are given freely.“ Water reten- 
tion and hyponatremia have not been observed in patients whose kid- 
neys cannot respond to the hormone. Several uremic and nonuremic 
individuals with atherosclerosis have been reported to develop stroke 
or myocardial infarction after DDAVP administration, although such 
complications appear to be rare.” If dialysis is not effective, DDAVP 
is the treatment of choice for uremic bleeding, particularly if only a 
short-term effect is required.*” 

Conjugated estrogens at a dose of 0.6 mg/kg intravenously for 
5 days have also been reported to shorten the bleeding time in most, 
but not all, uremic individuals, both in uncontrolled studies and in ran- 
domized, double-blind studies.***”*”* They may also be useful in some 
patients with uremia who bleed from gastrointestinal telangiectasia.‘ 
No changes in the plasma levels or multimer distribution of VWF have 
been noted with this treatment and it has been postulated that the active 
component in conjugated estrogens, 17$-estradiol, acts through an 
estrogen receptor mechanism.*”° 

Lastly, uncontrolled studies suggest that infusions of cryoprecip- 
itate can shorten the bleeding time in uremic patients and ameliorate 
bleeding.” However, others have reported inconsistent results,” and 
because of concerns of viral contamination, cryoprecipitate is very 
rarely used for this indication. 


ANTIPLATELET ANTIBODIES 


Definition and History 

Antibody binding to platelets in several pathologic conditions, includ- 
ing immune thrombocytopenia (ITP), systemic lupus erythematosus 
(SLE), and platelet alloimmunization can cause thrombocytopenia as 
a result of decreased platelet survival. Less commonly, bleeding times 
may be shorter than expected for the degree of thrombocytopenia, sug- 
gesting enhanced platelet function.’ On occasion, platelet function is 
impaired in ITP.“ 


Etiology and Pathogenesis 

The mechanism by which autoantibodies or alloantibodies impair 
platelet function is likely antibody binding to specific platelet GPs. Most 
antiplatelet antibodies are directed against integrin & „p, °“ but anti- 
bodies directed against GPIb-IX-V, integrin af n and GPIV have been 
detected as well.“**“* In most instances, the functional consequences 
of antibody binding are obscured by the presence of thrombocytope- 
nia. However, patients have been reported with normal platelet counts, 
absent platelet aggregation, autoantibodies against integrin œb» 


and a bleeding diathesis reminiscent of Glanzmann thrombasthe- 
nja, “9-482486-48 Similarly, autoantibodies against GPIb and integrin æ f, 
have been detected that selectively inhibit ristocetin-induced platelet 
aggregation“®®! and collagen-induced platelet aggregation, ®® respec- 
tively. A patient with ITP has also been identified whose anti-GPVI 
autoantibody produced GPVI shedding from the platelet surface and 


platelets unresponsive to stimulation by collagen.‘ 


Besides interfering with platelet function, some autoantibodies can 
activate platelets and induce aggregation and secretion in vitro. Such 
antibodies can activate platelets through immune complex binding to 
platelet Fc receptors, by depositing sublytic quantities of the membrane 
attack complex of complement (C5b-9) on the cell surface,” or by bind- 
ing to a specific membrane antigen.” The prototypic example of this 
phenomenon is heparin-induced thrombocytopenia in which antibodies 
bound to neoepitopes exposed on the platelet factor 4 molecule by hepa- 
rin activate platelets after binding to platelet Fc receptors (Chap. 118).*”° 


Clinical Laboratory Features and Therapy 

Platelet dysfunction should be suspected in any patient with ITP or SLE 
who has mucocutaneous bleeding witha platelet count that is not ordinar- 
ily associated with bleeding (e.g., equal to or greater than approximately 
30 x 10°/L). Likewise, this scenario has been described occasionally in 
patients with Hodgkin disease,*”*° non-Hodgkin lymphoma and mye- 
loma,®”®! and hairy cell leukemia.” The clinical spectrum of autoim- 
mune platelet dysfunction may also include some individuals with “easy 
bruising” and a normal platelet count. These patients may have ITP with 
“compensated thrombocytolysis,” as a substantial proportion have circu- 
lating antiplatelet antibodies and large platelets.°” 

Patients with antiplatelet antibodies may exhibit defective platelet 
function in vitro, even if they do not manifest a prolonged bleeding time 
or excessive bleeding. These deficits include impaired platelet aggregation 
to ADP, epinephrine, and collagen,” as well as impaired adhesion to 
the subendothelial matrix.” The most frequently reported abnormalities 
are absence of platelet aggregation in response to low concentrations of 
collagen and absence of the second wave of aggregation in response to 
ADP or epinephrine. This pattern is identical to that seen in individuals 
with inherited storage pool disease. In fact, both ITP and SLE may be 
associated with an acquired form of storage pool disease manifested by 
a reduced platelet content of dense- and a-granule components.“ In 
one report, platelets in ITP also exhibited an activation defect manifested 
by impaired conversion of arachidonic acid to TXA,.°”° 

Because antibody-mediated platelet dysfunction and bleeding 
almost always occur in the setting of ITP, therapeutic efforts should be 
directed to the treatment of these disorders. 


CARDIOPULMONARY BYPASS 


Definition and History 

Circulating blood through an extracorporeal bypass circuit during 
cardiac surgery induces a variety of hemostatic defects. The most sig- 
nificant of these are thrombocytopenia, platelet dysfunction, and hyper- 
fibrinolysis.°°” At their extreme, these defects can result in substantial 
postoperative bleeding that may last hours to days after bypass. Approx- 
imately 5 percent of patients experience excessive postoperative bleed- 
ing after extracorporeal bypass; roughly half of the bleeding is from 
surgical causes; much of the remainder is caused by qualitative platelet 
defects and hyperfibrinolysis. 


Etiology and Pathogenesis 

Thrombocytopenia is a consistent feature of bypass surgery.’ Typ- 
ically, platelet counts begin to decrease to approximately 50 percent 
of presurgical levels within the first half hour after the initiation of 
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bypass, but thrombocytopenia can occur within 5 minutes and often 
does not nadir for the first few days.*’”°°"? The major factor respon- 
sible for thrombocytopenia is hemodilution from priming the pump 
with colloid or crystalloid solutions, but it is often more profound than 
can be accounted for by hemodilution alone.*”*"' Platelet adhesion 
to artificial surfaces in the circuit has been demonstrated by scanning 
electron microscopy.” The mechanism of this interaction is uncertain, 
but it may be a result of the deposition of fibrinogen on the bypass cir- 
cuit and platelet adhesion mediated by integrin œ, „p, Less-common 
causes of thrombocytopenia during bypass are disseminated intravas- 
cular coagulation, sequestration of damaged platelets in the liver, and 
heparin-induced thrombocytopenia.** Like antibodies against the 
complex of platelet factor 4 and heparin that are commonly detected 
after bypass surgery and can be responsible for heparin-induced throm- 
bocytopenia,® antibodies against protamine and protamine/heparin 
complexes are commonly detected as well.*?5!5°!° Such antibodies may 
contribute to the thrombocytopenia and possibly to thromboembolic 
events following cardiopulmonary bypass.*”” 

Qualitative platelet defects are the primary nonstructural hemo- 
static defects induced by the bypass circuit**°'* and are manifest as 
abnormal ex vivo platelet aggregation, decreased ristocetin-induced 
platelet agglutination, deficiency of platelet œ and ô granules, release 
of soluble CD40 ligand, and the generation of platelet microparti- 
cles,507509310519-522 The severity of these abnormalities correlates with the 
duration of extracorporeal bypass” and they generally resolve within 
2 to 24 hours.’ 

Bypass-induced defects in platelet function are likely caused 
by platelet activation and fragmentation,*!°* hypothermia, contact 
with fibrinogen-coated synthetic surfaces, contact with the blood-air 
interface, cardiotomy suction and retransfusion of cardiotomy suc- 
tion blood, and platelet exposure thrombin, plasmin, ADP, or com- 
plement.®!>519325-528 Drugs such as heparin, protamine, integrin o,f, 
antagonists, and aspirin, as well as the production of fibrin degradation 
products, can also impair platelet function.”65-531 Controversy exists 
about the significance of these defects in vivo. Some investigators sug- 
gest that the entire qualitative platelet defect is a result of the use of 
heparin during bypass and its inhibitory effect on thrombin activity”; 
however, this would not account for the bleeding diathesis that can exist 
hours after heparin reversal. 

Hyperfibrinolysis may also contribute to the bleeding diathe- 
sis associated with cardiopulmonary bypass.*°* This is likely from 
thrombus formation in the pericardial cavity followed by local, and 
subsequently systemic, fibrinolysis.*** The relevance of hyperfibrinoly- 
sis to postbypass bleeding is bolstered by the efficacy of antifibrinolytic 
therapy in minimizing cardiopulmonary bypass surgery blood loss. 


Therapy 

A preoperative evaluation of cardiac surgical candidates should include 
a history of bleeding in either the patient or family member. Some 
authors recommend a screening prothrombin time, partial proth- 
rombin time, and bleeding time even in individuals with no history of 
bleeding.*** However, the validity of this approach is controversial.” 
Regardless, prophylactic transfusion of allogeneic blood components 
is not indicated.5%9*°°°7 Preoperative administration of recombinant 
human EPO has been reported to reduce the need for allogeneic blood 
transfusion in undergoing elective open-heart surgery.**-*' Cell savers 
are now often used during bypass surgery and the collected washed 
autologous red blood cells are reinfused after completion of cardiopul- 
monary bypass. In addition, blood collected from chest tube drainage 
has been reinfused to minimize allogeneic transfusions.™! The safety of 
transfusing large quantities of blood by this technique has not fully been 
established.5*5” 


Part XII: Hemostasis and Thrombosis 


A number of maneuvers have been taken to reduce the hemostatic 
abnormalities associated with cardiac surgery. These include coating the 
artificial surfaces of cardiopulmonary bypass devices with heparin,- 
using centrifugal rather than roller pumps,” use of a number of phar- 
macologic agents,” and performing coronary artery surgery without 
bypass." Off-pump coronary artery bypass surgery appears to pre- 
serve platelet function, but concerns have been raised about adverse 
thromboembolic events postsurgery because of the concurrence of nor- 
mal platelet function, late thrombin generation, and reduced fibrinoly- 
sis.*°!°°3 Several pharmacologic maneuvers have been tried to assist in 
the management of postoperative bleeding. Postoperative patients with 
a prolonged bleeding time and excessive blood loss may respond to 
DDAVP, as evidenced by a shortening of the bleeding time. However, 
results of trials using this agent have been contradictory, some stud- 
ies showing a reduced blood loss and most showing no benefit.**+°°° 
Based on the assumption that platelet activation during bypass could be 
a major cause of postoperative platelet dysfunction, infusion of platelet 
activation inhibitors such as PGE,, PGI, or stable PGI, analogues have 
been carried out in animal models and in humans. By increasing plate- 
let cAMP and reducing platelet responsiveness, these agents prevent 
bypass-induced thrombocytopenia and platelet dysfunction. However, 
randomized trials using PGI, and its analogue, iloprost, have not shown 
a clear overall benefit, in part because of significant toxicity, including 
hypotension.” Recombinant factor VIIa has been recommended to 
treat uncontrolled postoperative bleeding that has not responded to 
routine hemostatic therapy.” However, the off-label use of recombinant 
factor VIIa is associated with an increased risk for arterial and venous 
thromboembolism*” and a retrospective case-matched review of patients 
who had received recombinant factor VIIa perioperatively during major 
cardiac surgery indicated that it was associated with worse survival.” 
Nonetheless, it remains a potentially useful therapeutic consideration 
in view of the prognosis of uncontrolled postoperative hemorrhage.*” 
Based primarily on the cardiovascular complications encountered by 
patients in two randomized studies of the use of parecoxib/valdecoxib 
to treat pain after cardiac surgery, the use of coxibs as well as traditional 
NSAIDs appears contraindicated in this setting.*°° 

Inhibiting fibrinolysis using ¢-aminocaproic acid or tranexamic 
acid during cardiopulmonary bypass can reduce mediastinal blood 
loss and transfusion requirements.’ Aprotinin (Trasylol), a broad- 
spectrum protease inhibitor, was also used for this purpose, but obser- 
vational studies,°°*© as well as a blinded clinical trial,” revealed that its 
use is associated with serious end-organ damage and a higher mortality 
than the use of e-aminocaproic acid or no antifibrinolytic agent. 

The most important determinant of blood loss following cardio- 
pulmonary surgery is the surgical procedure itself. If excessive nonsur- 
gical postoperative bleeding occurs, one should verify that the patient is 
no longer hypothermic and that heparin has been fully reversed. At this 
point, the administration of pharmacologic agents, along with judicious 
transfusions of platelets, cryoprecipitate, fresh frozen plasma and red 
blood cells is appropriate. 


MISCELLANEOUS DISORDERS 


Measurements of hemostatic function are frequently abnormal in 
patients with end-stage and fulminant liver disease and result from 
decreased coagulation factor production, fibrinolysis, dysfibrinogen- 
emia, thrombocytopenia as a result of hypersplenism and thrombo- 
poietin deficiency, as well as disseminated intravascular coagulation 
(DIC).*°°* However, the clinical consequences of these laboratory 
abnormalities have been reassessed because they do not take into 
account that both anti- and prohemostatic pathways are perturbed in 
liver disease.**°° Thus, hemostasis in liver disease is considered to be 


“rebalanced,” although it remains unstable, with patients prone to both 
bleeding and thrombosis. Chronic liver disease can be associated with 
a prolonged bleeding time and reduced platelet aggregation and proco- 
agulant activity," but there is no evidence for a platelet function 
defect specific to liver disease.” Rather, they are the result of multiple 
factors, including thrombocytopenia, hypofibrinogenemia, and anemia, 
none of which imply an intrinsic defect in platelet function.*” Regard- 
less, the prolonged bleeding in these patients may respond to infusion 
of DDAVP,*” but clinical relevance of this observation is uncertain.*” 

Patients with DIC may exhibit reduced platelet aggregation and 
acquired storage pool deficiency.” These result from platelet activa- 
tion in vivo by thrombin or other agonists. Alternatively, elevated levels 
of fibrin(ogen) degradation products and the low fibrinogen levels that 
accompany DIC may contribute to the platelet defect. Although puri- 
fied low-molecular-weight fibrinogen-degradation products can impair 
platelet aggregation, this effect requires concentrations of degradation 
products unlikely to occur in vivo.5”* Moreover, it is difficult to assess the 
significance of platelet dysfunction in most patients with DIC because 
of the simultaneous presence of thrombocytopenia and other hemo- 
static defects. 

Decreased platelet aggregation and secretion in response to ADP 
and epinephrine has been reported in Bartter syndrome, a group of rare 
inherited disorders characterized by severe restrictions of salt reabsorp- 
tion by the thick ascending limb of Henle, perhaps caused by excessive 
PGE, synthesis.*”**? However, reviews of series of patients with Bartter 
syndrome make no mention of hemostatic problems” so that the clin- 
ical significance of the platelet aggregation abnormalities is doubtful. 

In addition to thrombocytopenia, platelet dysfunction has been 
observed in some patients with hemorrhagic fevers caused by Dengue, 
Hanta, Lassa, Junin, and Ebola viruses.** There are also isolated reports 
of a slight prolongation of the bleeding time and/or ex vivo platelet func- 
tion defects in a number of other clinical conditions. These include non- 
thrombocytopenic purpura with eosinophilia," atopic asthma and 
hay fever,™ acute respiratory failure,** and Wilms tumor elaborating 
hyaluronic acid. The clinical significance of these associations is not clear. 
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CHAPTER 122 
THE VASCULAR PURPURAS 


Doru T. Alexandrescu and Marcel Levi 


Purpura, the clinical manifestation of blood extravasation into mucosa or skin, 
results from various conditions, including rheumatologic, infectious, derma- 
tologic, traumatic, and hematologic disorders. This chapter does not detail 
purpura resulting from quantitative or functional defects in hemostasis and 
coagulation, such as deficiencies of platelets or coagulation factors; these 
causes are discussed in other chapters (e.g., thrombocytopenia in Chap. 117; 
coagulation factor deficiencies in Chaps. 123 and 124). 

The differential diagnosis of the disparate causes of noncoagulopathic 
purpura is best approached by stratifying purpura into three types of lesions: 
(1) palpable or retiform and noninflammatory, such as hyperglobulinemic 
purpura of Waldenström; (2) palpable or nonpalpable but inflammatory, such 
as Henoch-Schönlein purpura; and (3) nonpalpable and noninflammatory, 
such as senile purpura. By accounting for palpability, presence of inflamma- 
tion, size, and shape, the differential diagnosis of a particular lesion can be 
significantly reduced. 


@ DEFINITION AND DIAGNOSTIC 
APPROACH 


Purpura refers to visible hemorrhage into mucous membranes or skin, 
which corresponds to extravasation of red blood cells around small der- 
mal vessels and chronic hemosiderin deposition. Purpuric lesions, by 
definition, do not blanch completely upon compression, as opposed to 
erythema. Blanching is commonly tested by compression of skin lesions 
with a glass slide, referred to as diascopy (Fig. 122-1). Certain condi- 
tions give rise to lesions that mimic purpura with incomplete blanch- 
ing upon diascopy, but are not purpura because no hemorrhage has 
occurred. Examples include disorders that impede on the red cell flow, 
such as tortuous veins.’ 

Assessing lesion palpability is the first step in evaluating purpuric 
lesions (Fig. 122-2). The causes for palpability are varied and include 
fibrin deposition, localized edema, significant cellular infiltration, and 
subcutaneous extravasation of red blood cells. 

Inspecting the lesion for inflammatory changes is the next step in 
evaluating purpuric lesions. The presence of pain, erythema, and palpa- 
tion for warmth and localized swelling are signs of inflammation and 
suggest a vasculitis or immune complex disorder. 


Acronyms and Abbreviations: ANCA, antineutrophil cytoplasmic antibody; APS, 
antiphospholipid syndrome; CSS, Churg-Strauss syndrome; DIC, disseminated intra- 
vascular coagulation; HCV, hepatitis C virus; HHT, hereditary hemorrhagic telang- 
iectasia; HP, hypergammaglobulinemic purpura; HSP, Henoch-Schénlein purpura; 
MELAS, mitochondrial encephalopathy, lactic acidosis, stroke-like; SLE, systemic 
lupus erythematosus; WG, Wegener granulomatosis. 


The shape of a purpuric lesion, either round or retiform (branch- 
ing), is important in assessing the lesion. In the absence of accompa- 
nying inflammation, retiform purpuric lesions suggest small vessel 
occlusion. A retiform, inflammatory purpuric lesion supports the diag- 
nosis of vasculitis as a result of immunoglobulin (Ig) complex for- 
mation.’ Small, focal areas of hemorrhage are referred to as petechiae 
(<4 mm). Larger lesions are referred to as intermediate or midsize pur- 
pura (>4 mm, <1 cm) or ecchymosis (21 cm).’ 

Purpuric lesions frequently appear purple; however, they can 
take on a variety of colors, according to the age of the lesion and 
the oxygen saturation of the hemoglobin in the extravasated blood. 
Ecchymosis usually starts as blue or purple, evolves to a greenish 
brown (a mixture of blue and yellow), and ultimately changes with 
variable speed to yellow as hemoglobin degrades to bilirubin.* These 
examples of hemorrhage into the dermis must be distinguished from 
telangiectasia, which are vascular anomalies that blanch with pressure 
(see Fig. 122-1). Tables 122-1 through 122-3 classify the etiologies 
for purpura discussed in this chapter. 


@ PALPABLE NONINFLAMMATORY 
PURPURIC LESIONS 


See Table 122-1. 


DYSPROTEINEMIAS 


Cryoglobulinemia 

Cryoglobulinemia refers to the presence in plasma of cold-insoluble 
immunoglobulins,’ and is a secondary finding associated with several 
disease states. Cryoglobulins are commonly present in low concentra- 
tions, therefore approximately 90 percent of patients are asymptom- 
atic or have minimal symptoms.‘ Symptoms occur when the abnormal 
protein precipitates at the temperatures present in superficial venules 
in the skin and acral parts of the body. Cryoglobulinemia syndromes 
are divided into three main types based on the immunoglobulin 
composition of the precipitate. Type I cryoglobulinemia results from 
the accumulation of monoclonal IgG, IgM, or IgA. It is most com- 
monly seen in association with lymphoproliferative disorders, such 
as myeloma, Waldenström macroglobulinemia, or lymphoma. Type 
II, or mixed cryoglobulinemia involves formation of complexes com- 
posed of polyclonal IgG with monoclonal immunoglobulins, typically 
IgM with anti-IgG specificity. Exposure to various exogenous anti- 
gens appears to cause polyclonal immunoglobulin production, with 
activity against bacteria, viruses, and fungi. Mixed cryoglobulinemia 
is commonly seen secondary to hepatitis C virus (HCV) infection,’ 
HIV, collagen vascular disorders, and hematologic neoplasias.*’ In 
mixed cryoglobulinemia secondary to HCV infection, the presence 
of active cutaneous vasculitis correlates with increased levels of the 
B-cell-attracting chemokine 1 (CXCL13). This process manifests 
with petechiae of the legs, palpable purpura, and necrotic skin ulcer- 
ations. First-line treatment includes use of interferon-a or other anti- 
viral agents, often with adjunct glucocorticoids or plasmapheresis." 
Direct treatment of the HCV infection with ribavirin, interferon, or 
other antiviral therapy, such as the protease inhibitors, ameliorates 
this associated lymphoproliferative disorder.'? Deposition of immune 
complexes on vessel walls leads to tissue damage in the vasculature, 
nerves, joints, and skin leading to the hallmark findings of mixed 
cryoglobulinemia: weakness, arthralgia, and purpura. This purpura 
often is palpable and is accompanied by areas of hemorrhagic necrosis 
(Fig. 122-3) and occasionally follicular pustular purpura. Other cuta- 
neous manifestations include lower-extremity ulcerations, urticaria, 
Raynaud phenomena, and subungual purpura (Fig. 122-4). Type I 


Part XII: Hemostasis and Thrombosis 


TABLE 122-1. Palpable Noninflammatory Purpuric Lesions 


A. Dysproteinemias 
1. Cryoglobulinemia (see Figs. 122-3 and 122-4) 
2. Waldenström hyperglobulinemic purpura (see Fig. 122-5) 
3. Light-chain vasculopathy 
4. Cryofibrinogenemia 
B. Thrombotic 
Heparin necrosis 
Warfarin necrosis (see Fig. 122-6) 
Protein C and protein S deficiencies 
Paroxysmal nocturnal hemoglobinuria 
Antiphospholipid syndrome (see Fig. 122-8) 
. Livedoid vasculitis 
C. Embolic 
1. Cholesterol emboli (see Fig. 122-9) 
2. Cutaneous calciphylaxis 
3. Emboli from intracardiac thrombi 
D. Arthropod bites 


Ea A ES AD 


TABLE 122-2. Palpable and Nonpalpable Inflammatory 
Purpuric Lesions 


Pyoderma gangrenosum (see Fig. 122-7) 

Sweet syndrome (see Fig. 122-10) 

Behçet disease 

Serum sickness (Fig. 122-11) 

Henoch-Schönlein purpura (see Fig. 122-12) 
Infections 

Erythema multiforme (see Fig. 122-20) 

Cutaneous polyarteritis nodosum (see Fig. 122-21) 
Paraneoplastic vasculitis 

Drug-induced vasculitis 

Antineutrophilic cytoplasmic antibody-associated vasculitides 
1. Wegener granulomatosis (see Fig. 122-23) 

2. Churg-Strauss 


Figure 122-1. A. Spider telangiectasia. B. Blanching of spider telang- 
iectasia. Note that spider telangiectasia blanches with diascopy. 


Is purpuric 
lesion palpable? 


TABLE 122-3. Nonpalpable, Noninflammatory, Round 
Purpuric Lesions 


A. Increased transmural pressure gradient and trauma 


YES NO B. Drug reactions 
| | C. Coagulation disorders 
D. Decreased vessel integrity without trauma 
n there : IFYES. see E ! 1. Senile purpura 
evidence o y boo ——__ evidence o Aes 7 LR 
inet Table 122-2 MANAON? 2. Excess glucocorticoid (Cushing syndrome, glucocorticoid 
treatment) 
| 3. Scurvy—vitamin C deficiency (see Fig. 122-25) 
If NO, consider If retiform, If NO. is 4. Systemic amyloidosis 
vascular consider vascular | < estan eat 5. Connective tissue disorders (Ehlers-Danlos syndrome, 
occlusion; see occlusion; see roind? pseudoxanthoma elasticum) 
Table 122-1 Table 122-1 j i r EE 
6. Mitochondrial encephalomyopathy with lactic acidosis and 
stroke-like syndrome (MELAS) 
If round, E. Waldenström hypergammaglobulinemic purpura (see 
*Retiform refers to branching, stellate pattern see Table 122-3 Table 122-1 and Fig. 122-5) 


F. Rendu-Osler-Weber disease (see Fig. 122-26) 


Figure 122-2. Bedside approach to purpuric lesion diagnosis. 


Figure 122-3. Cryoglobulinemia: peripheral purpura. 


cryoglobulinemia associates polyclonal IgG and IgM complexes, also 
resulting in symptoms of mixed cryoglobulinemia.° It is associated 
with a variety of infections, systemic lupus erythematous (SLE), and 
poststreptococcal glomerulonephritis. 


Waldenström Hyperglobulinemic Purpura 

A polyclonal increase of immunoglobulins, most commonly IgG,, 
appears to be responsible for the varied cutaneous findings seen in 
this hypergammaglobulinemic purpura (HP). Waldenström first 
described a hyperproteinemic syndrome characterized by hypergam- 
maglobulinemia, recurrent purpura, elevated erythrocyte sedimenta- 
tion rate, and anemia." Most commonly seen in young women, this 
syndrome is associated with a large number of autoimmune disorders, 
including rheumatoid arthritis, Sjogren syndrome, SLE, hepatitis C, 
polymyositis, and sarcoidosis. Discrete to confluent collections of 
lower limb petechiae are its most common skin findings (Fig. 122-5), 
but lesions can occur in various body locations." Although lesions 
are usually self-limited and resolve in 7 to 10 days, recurrence of 
purpura is common and is associated with exposure to cold temper- 
atures or increases in hydrostatic pressure, such as with the use of 
tight stockings or prolonged standing.” Clinical manifestations con- 
sist of palpable purpura or diminutive macular erythematous lesions 
occurring on the lower legs. A reticulate pattern of purpura has been 
described. Development of edema and arthralgia has also been 
described.” 


Figure 122-4. Cryoglobulinemia: subungual purpura. 


Figure 122-5. Waldenström hyperglobulinemic purpura. Note dis- 
crete and coalescing petechiae on lower limb. 


Common histologic findings include perivascular infiltrates, hem- 
orrhage, and vascular necrosis. In addition to a polyclonal increase in 
either IgA, IgM, or IgG, serology may reveal cryoglobulinemia, rheu- 
matoid factor, or antinuclear antibodies." Imbalances in IgG subclass 
expression, usually because of a decrease in IgG,, appear to be associ- 
ated with recurrent infections.” Development of antilymphocyte anti- 
bodies results in lymphopenia. Anti-Ro/SSA antibodies occur in up to 
78 percent of HP patients, suggesting that screening for anti-Ro/SSA 
should be considered in cases suspicious for Waldenström.” 


Light-Chain Vasculopathy 

Precipitates of immunoglobulin light chains that form crystalline 
deposits in the skin cause hemorrhagic palpable purpura. A nonamyloid 
monoclonal light chain of predominant x type is involved in two-thirds 
of the cases.”°?! Crystalline deposits are present in the skin and other 
tissues. Although the clinical presentation may mimic a systemic vas- 
culitis, no histologic signs of inflammation are seen. Light-chain vascu- 
lopathy with cutaneous findings has also been described in association 
with multiple myeloma. Intravascular deposition of crystals containing 
IgG and A light chains were found on immunohistochemical analysis 
and manifested with gangrene of the feet and intestinal perforation.” 


Cryofibrinogenemia 

First described by Korst and Kratochvil in 1955, cryofibrinogene- 
mia is a form of serum dysproteinemia characterized by formation of 
an abnormal cold-precipitable fibrinogen. Cutaneous manifestations 
include cyanosis, erythema, Raynaud phenomenon, and palpable pur- 
pura of the nose, ears, and distal extremities.” Tissue ischemia and 
gangrene may result. Pathogenesis of cryofibrinogenemia may involve 
an inhibition of normal fibrinolysis produced by a high plasma level 
of a,-antitripsin and æ -macroglobulin proteases.” Cryofibrinogene- 
mia is commonly secondary to thromboembolic disorders, metastatic 
malignancies, infections, and collagen vascular disease.” Treatment 
modalities include avoidance of cold, plasmapheresis, and danazol, an 
anabolic glucocorticoid, or immunosuppression with glucocorticoids 
or cytotoxic agents. 


THROMBOTIC PURPURA 


Heparin Necrosis 

Cutaneous reactions to heparin administration vary greatly from a type I 
urticarial rash to purpuric plaques with cutaneous ulceration or necro- 
sis.® The syndrome occurs after both subcutaneous and intravenous 
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Figure 122-6. Coumadin necrosis. Develops in acral areas and areas 
of fat deposition such as buttocks or breast. Typically, lesions develop 
3 to 10 days after initiation of anticoagulant treatment and are caused 
by rapid clearing of protein C. The lesions are characterized microscopi- 
cally by small-vessel thrombosis. 


administration of unfractionated heparin, but it has also been rarely 
described after low-molecular-weight heparin.” A delayed-type hyper- 
sensitivity reaction to the medication is involved. Skin lesions appear 
within 1 to 2 weeks after treatment initiation and include necrotic pur- 
puric lesions.” Development of cutaneous lesions is closely related to 
heparin-induced thrombocytopenia (Chap. 118), which involves anti- 
platelet factor 4 antibody-mediated platelet aggregation with develop- 
ment of thrombosis and microvascular occlusion.” 


Warfarin Necrosis 

The development of painful erythematous plaques and nodules is 
a potential complication of warfarin therapy (Fig. 122-6). These 
lesions can rapidly become hemorrhagic and necrotic, leading to 
large areas of infarct with black eschar formation and subsequent 
skin sloughing. Purpura, vesicular, maculopapular, or urticarial 
eruptions can be encountered.! Warfarin-induced necrosis has a 
prevalence between 0.01 and 0.1 percent and presents typically 3 to 
10 days after initiation of anticoagulant treatment.” However, an 
atypical presentation can occur much later, for example, in a patient 
with protein S deficiency.*!** Although warfarin necrosis tends to 
develop in areas of greatest fat deposition, such as breasts, thighs, 
and buttocks, acral areas, including penis, fingers, and toes, can also 
be involved.** Warfarin necrosis results from the rapid decrease of 
vitamin K-dependent coagulation factors of relatively short half-life, 
such as proteins C and S, while longer-lasting coagulation factors, 
such as factor II and factor X, are not yet decreased, resulting in a 
net procoagulant state. Microvascular occlusion of small dermal and 
subcutaneous vessels by fibrin deposits is seen on histologic analysis, 
but true vasculitis is infrequent.” Treatment involves prompt cessation 
of the vitamin K antagonist, along with administration of heparin and 
vitamin K, and occasionally surgical debridement. Because patients 
with protein C or S deficiency are at increased susceptibility to warfarin 
necrosis, heparin should always be administered in these patients prior 
to initiation of Coumadin.” 


Proteins Cand S Deficiencies 

Clinical manifestations of proteins C and S deficiencies include venous 
thromboembolism, warfarin-induced skin necrosis, and neonatal pur- 
pura fulminans (Chap. 129). Congenital and acquired deficiencies in 
these proteins can lead to palpable necrotic purpura and ecchymosis.**° 


Erythematous purpuric lesions associated with homozygous protein C 
deficiency can develop within hours of birth and can rapidly progress to 
hemorrhagic necrosis.” Acquired deficiencies of protein C are associ- 
ated with autoantibodies to protein C, antibiotics administration, septic 
shock, HIV, and liver disease (Chap. 127). Acquired protein S defi- 
ciency may occur after varicella infection, when it is associated with 
the generation of antiprotein S immunoglobulins.” Protein repletion 
with fresh-frozen plasma or protein C concentrate is effective as initial 
treatment for protein C deficiency to help clear both cutaneous lesions 
and venous occlusion, while lifelong anticoagulant treatment is used to 
prevent recurrence.” 


Paroxysmal Nocturnal Hemoglobinuria 

Paroxysmal nocturnal hemoglobinuria (Chap. 40) is a hematopoietic 
clonal disorder resulting in defective production of cell surface-binding 
proteins.“ Cutaneous manifestations are secondary to a hypercoag- 
ulable state and include palpable purpura, petechiae, ecchymosis, leg 
ulcers, plaques, necrosis, and hemorrhagic bullae.” Parvovirus B19 may 
play an etiologic role in the development of cutaneous necrosis.” An 
association with pyoderma gangrenosum (Fig. 122-7)“ and occurrence 
of purpura fulminans® have been described. Histology reveals forma- 
tion of microvascular fibrin thrombi.” 


Antiphospholipid Syndrome 

Antiphospholipid syndrome (APS) is a disease characterized by hyper- 
coagulability associated with the presence of antibodies against phos- 
pholipids, such as anticardiolipin and lupus anticoagulant (Chap. 131).*° 
Approximately 40 percent of patients with APS present with cutane- 
ous lesions secondary to both large-vessel and microvascular throm- 
bosis.” Skin manifestations include ecchymosis, livedo reticularis and 
racemosa, leg ulcerations, bullae, splinter hemorrhages, livedoid vascu- 
lopathy, superficial venous thrombosis, atrophie blanche, and extensive 
necrosis (Fig. 122-8).‘”** Presence of livedo reticularis is frequently the 
presenting symptom of APS, most commonly when the syndrome is sec- 
ondary to SLE, and its presence commonly precedes vascular events.” 
Development of acute bullous purpura has been described. Treatment 
includes anticoagulant agents with immunosuppressant administra- 
tion for associated thrombocytopenia. Prevention of thromboembolic 
events with aspirin is of uncertain value." 


Figure 122-7. Pyoderma gangrenosum. A large number of systemic 
diseases are associated with pyoderma gangrenosum, including inflam- 
matory bowel diseases, hematologic and solid malignancies, and rheu- 
matologic disorders. Microscopically, the lesions are characterized by 
central necrotizing, neutrophilic infiltration, and a surrounding perivas- 
cular and intramural lymphocytic infiltration. 
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Figure 122-8. A. Antiphospholipid antibody syndrome. A number of skin lesions can be seen, including ecchymosis, livedo reticularis and 
racemosa, leg ulcerations, bullae, splinter hemorrhages, superficial venous thrombosis, atrophie blanche, and, as shown here, extensive necrosis. 


B. Anticardiolipin antibody. C. Lupus anticoagulant. 


Livedoid Vasculitis 

Livedoid vasculitis (segmental hyalinizing vasculitis) is a chronic 
recurrent thrombo-occlusive disorder characterized by the initial 
development of erythematous purpuric lesions with telangiectasis and 
peripheral petechiae, and lower-extremity ulcerations. Subsequent 
healing leads to atrophie blanche, a term that refers to the appear- 
ance of ivory-white stellate scars commonly surrounded by hyperpig- 
mented areas and telangiectasia. These lesions appear to be caused by 
small-vessel fibrin thrombi in the middle and lower dermis as a result 
of a procoagulant tendency.” Although most commonly arising with- 
out associated cause, livedoid vasculitis is associated with polyarteritis 
nodosa, APS, and SLE.**** Although not consistently beneficial, com- 
mon therapies include discontinuation of oral contraceptives, antico- 
agulation and antiplatelet medications, glucocorticoids, and dapsone. 
Ketanserin, an S, serotoninergic receptor blocker, psoralen plus ultra- 
violet A therapy, and intravenous immunoglobulins also have been 
used successfully.* 


EMBOLIC PURPURA 
Cholesterol Crystal Emboli 


Also known as atheroemboli, cholesterol crystal emboli are responsi- 
ble for a syndrome characterized by lower extremity pain and livedo 
reticularis with preservation of peripheral pulses. Other common cuta- 
neous findings include gangrene, purpura, ulcerations, cyanosis, and 


nodules (Fig. 122-9).*% Clinical symptoms include fever, myalgia, and 
altered mental status. Laboratory features include an elevated erythro- 
cyte sedimentation rate, eosinophilia, and acute renal failure. Onset 
of symptoms varies from immediate after physical dislodgement of 
plaque, up to months later when caused by anticoagulant therapy.’ A 
blue toe syndrome is, in fact, rare, and most atheroemboli are clinically 
silent.” Atherosclerotic lesions in the descending aorta are the most 
common source of cholesterol emboli. This explains the propensity for 
lower-extremity findings during intravascular procedures or initiation 
of thrombolytic or anticoagulant therapy. Histologic evaluation can 
offer a definitive diagnosis with findings of intraluminal birefringent 
cholesterol crystals within blood vessel lumen, in the absence of vas- 
culitis.** No effective treatment is available. Nevertheless, supportive 
care with proper hydration and dialysis may lessen the potential for 
end-organ damage. 


Cutaneous Calciphylaxis 

Calciphylaxis (calcific uremic arteriolopathy)® is a thrombo-occlusive 
disorder involving formation of cutaneous, subcutaneous, and vascu- 
lar calcifications. It is most commonly seen in patients with end-stage 
renal disease, classically caused by the development of secondary 
hyperparathyroidism.” Approximately 4 percent of hemodialysis- 
dependent patients suffer from calciphylaxis. Survival is less than 
50 percent at 5 years after diagnosis." Other etiologies include primary 
hyperparathyroidism, malignancy, alcoholic liver disease, and collagen 
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tissue disorders.” Cutaneous lesions present initially as reddish-purple 
plaques, evolving to tender, gangrenous ulcers or reticular hemorrhagic 
necrosis. Treatment involves a combination of medical and surgical 
interventions, such as parathyroidectomy, renal transplantation, wound 
debridement, and amputation." 


Emboli from Intracardiac Thrombi 

Acral purpuric lesions secondary to emboli arise from left atrial myx- 
omas or right atrial clots through paradoxical embolization.” These 
purpuric lesions include palpable purpura, livedo reticularis, erythema- 
tous macules and papules, cyanosis, petechiae, splinter hemorrhages, 
ulcerations, and cutaneous necrosis. Cyanosis, livedo reticularis, and 
lower-extremity ulcerations can also be seen.™ 


ARTHROPOD BITES 


Purpuric lesions are not uncommon after arthropod bites. Bites from 
bed bugs, Cimex lectularius, can give rise to localized purpuric macules 
or papules, while bites from kissing bugs, Reduviidae, often manifest as 
urticaria with hemorrhagic bulla. Cutaneous findings after envenoma- 
tion from a brown recluse spider, Loxosceles reclusa, include purpuric 
necrosis with surrounding erythema evolving to ulcer formation. 


@ PALPABLE AND NONPALPABLE 
INFLAMMATORY PURPURIC LESIONS 


See Table 122-2. 


PYODERMA GANGRENOSUM 


Pyoderma gangrenosum is an idiopathic inflammatory skin condi- 
tion characterized by early follicular erythematous papules and pus- 
tules or tender, fluctuant nodules with surrounding erythema that 
spread peripherally and ulcerate, surrounded by a violaceous rim 
(see Fig. 122-7).°° In 50 percent of cases of pyoderma gangrenosum, 
there is an associated disorder, such as inflammatory bowel disor- 
ders (classically ulcerative colitis), arthritis, hematologic disorders, 


Figure 122-9. A. Cholesterol emboli. 
B. Rupture of an atherosclerotic plaque 
can result in showers of microemboli that 
lodge in distal arterioles, causing splinter 
hemorrhages. 


and solid tumors.” All four main clinical variants (ulcerative, pus- 
tular, bullous, and vegetative) share the histopathologic finding of a 
sterile abscess with central necrotizing neutrophilic infiltration, and 
a surrounding perivascular and intramural lymphocytic infiltration. 
First-line treatment involves wound care and immunosuppressants, 
such as glucocorticoids, cyclosporine, dapsone, azathioprine, and 
infliximab.® 


SWEET SYNDROME 


Also referred to as acute, febrile neutrophilic dermatosis, Sweet syn- 
drome is characterized by the acute manifestation of painful erythe- 
matous and violaceous papules, nodules, and plaques accompanied 
by fever and elevated neutrophil count (Fig. 122-10).° These papules, 
which most commonly appear on face, neck, and upper extremities, 
present a central yellowish discoloration and tend to coalesce, form- 
ing well-circumscribed, irregularly bordered plaques. Other organs 
can be involved, including the central nervous system, kidneys, lungs, 


Figure 122-10. Sweet syndrome. The lesions are characterized by 
nonvasculitic neutrophilic infiltration, commonly on the face. 


and bones.” Classically more prominent in middle-aged women, this 
syndrome associates a complex cytokine dysregulation. Other mani- 
festations include respiratory and urinary infections and autoimmune 
disorders (including rheumatoid arthritis), SLE, inflammatory bowel 
disease). Histologic analysis shows a distinct nonvasculitic neutrophilic 
infiltrate in the superficial dermis with dermal edema. Systemic glu- 
cocorticoid treatment is the standard treatment, while clofazimine, 
dapsone, colchicine, indomethacin, and cyclosporine have also been 
used successfully.” 


BEHCET DISEASE 


Besides its classification as a neutrophilic dermatosis, Behçet disease 
is also an inflammatory disorder that affects multiple organ systems. 
Clinical features include chronic and relapsing cutaneous manifesta- 
tions, such as palpable purpura, infiltrative erythema, and papulopus- 
tular lesions, as well as oral mucosal and genital ulcers, arthralgias, and 
gastrointestinal and central nervous system involvement.” Genetic 
studies show an association between Behcet disease and human leu- 
kocyte antigen B51.” Histologic features include leukocytoclastic or 
lymphocytic vasculitis, hence its previous classification as a vasculitis. 
Antitumor necrosis factor-a directed therapies (infliximab, etanercept), 
interferon-a, immunosuppressive and immunomodulatory agents such 
as thalidomide, intravenous immunoglobulin, and even stem cell trans- 
plantation are used in Behçet disease.”*”° 


SERUM SICKNESS 


Serum sickness reflects the clinical manifestations of immune complex 
formation and deposition. Cutaneous lesions such as urticarial and 
morbilliform eruptions predominate, though palpable purpura and 
erythema multiforme can also be encountered. Serum sickness asso- 
ciated with infection or medical therapy can result in specific charac- 
teristic lesions. The use of antithymocyte globulin for marrow failure, 
for instance, results in 75 percent of patients developing serpiginous 
bands of erythema and purpura on the sides of their hands and feet 
(Fig. 122-11).”° These characteristic lesions consistently appear 
1 to 2 days prior to the onset of systemic symptoms of serum sickness, 
which include fever and malaise. Analysis of biopsies by direct immu- 
nofluorescence reveals deposition of IgM, IgE, IgA, and C3. This depo- 
sition appears to activate neutrophils leading to release of lysosomal 
enzymes and the development of dermal vasculitis.” 


Figure 122-11. Serum sickness caused by antithymocyte globulin. 
The lesions consist of immunoglobulins and neutrophils. 
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HENOCH-SCHONLEIN PURPURA 


Henoch-Schonlein purpura (HSP), is a predominantly pediatric vas- 
culitic syndrome characterized by the acute onset of abdominal pain 
and lower-extremity eruption of diffuse urticarial plaques and palpa- 
ble purpura. It was first described in 1801 by Dr. William Heberden.”* 
HSP predominantly affects patients 2 to 20 years of age, 90 percent 
of patients being younger than 10 years old.” Several environmental 
triggers precede HSP onset, such as viral (upper respiratory infec- 
tions, hepatitis B virus, HCV, parvovirus B19, and HIV) and bacterial 
(Streptococcus spp., Staphylococcus aureus, and Salmonella spp.) infec- 
tions in children. Adult disease may be precipitated by medications 
(nonsteroidal antiinflammatory drugs [NSAIDs], angiotensin-convert- 
ing enzyme inhibitors, and antibiotics), food allergies, vaccinations, 
and insect bites.® The pathogenesis of HSP leukocytoclastic vasculitis 
is complex. It appears to involve IgA, immune complex and comple- 
ment deposition on vessel walls. Elevated values of thrombomodulin, 
tissue plasminogen activator, and plasminogen activator inhibitor-1 
appear to correlate with endothelial injury and fibrinolytic activity in 
the acute phase of HSP.*! 

Cutaneous eruptions often begin acutely as urticarial papules and 
plaques evolving to petechiae, ecchymoses, and palpable and nonpal- 
pable purpura over the lower extremities and buttocks (Fig. 122-12). 
Palpable purpura is a universal finding, being present in one series 
in 98.6 percent of patients. Clinically, lesions may take the form of 
retiform or patterned purpura, presence of a retiform edge of various 
inflammatory lesions, or skin necrosis.’ Other common manifestations 
include localized subcutaneous edema, glomerulonephritis, arthritis, 
and (severe) abdominal pain. 

In spite of its chronic relapsing pattern, the long-term evolution is 
benign in the majority of patients.” The self-limited course of HSP may 
be contributed by an enhanced apoptosis of immune cells, which dimi- 
nishes the severity of the acute inflammatory response.** Consequently, 
treatment is frequently supportive. Immunosuppressive drugs, including 
glucocorticoids, are typically reserved for cases with renal involvement.” 


Figure 122-12. Henoch-Schénlein purpura. Urticarial papules and 
plaques can evolve into palpable purpura. The lesions are characterized 
by leukocytoclastic vasculitis. 


Part XII: Hemostasis and Thrombosis 


Persistent purpura, severe abdominal symptoms, and diminished 
plasma coagulation factor XIII activity are predictive of renal involve- 
ment, requiring initiation of glucocorticoids. 


INFECTIONS 


Careful analysis of skin lesions of infectious etiology can provide 
important hints toward identifying the responsible pathogen. Purpura 
can arise through a variety of pathophysiologic mechanisms associ- 
ated with infection: (1) vascular effects of toxins, (2) septic emboli, 
(3) direct invasion of vessels with subsequent vascular occlusion, and 
(4) immune complex formation.** Although the morphology of such 
purpuric lesions may be nonspecific, many pathogens lead to charac- 
teristic findings. 


Bacterial 

Gram-positive and Gram-negative infections may give rise to a large 
array of purpuric patterns depending on organism virulence and patient 
immune status. Skin lesions range from simple macules and papules to 
bullae, ulcers, and necrosis. 

Purpura fulminans, a hemorrhagic infarction syndrome consist- 
ing of disseminated intravascular coagulation (DIC), acral purpura, 
and shock may manifest in the setting of bacterial sepsis with encapsu- 
lated organisms (Chap. 129).” Most commonly seen in immunocom- 
promised hosts, purpura fulminans can also be produced by bacterial 
pathogens in immunocompetent patients.** This syndrome can be 
associated with asplenism or functional hyposplenism.” Although 
most patients are younger than the age of 10 years, adults can also 
be affected.” Retiform purpuric lesions result from fibrin-induced 
microvascular occlusion, and commonly have a rapid evolution toward 
necrosis and eschar formation. Adult patients with purpura fulminans 
as a result of meningococcemia have significantly depressed proteins C 
and S levels, which may explain the tendency toward fibrin deposition 
and development of cutaneous ischemic lesions, such as symmetrical 
peripheral gangrene.” Facial purpura and livedo reticularis may be 
seen during fulminant pneumococcal infection in asplenic patients.” 
Postinfectious purpura fulminans may also occur after infections 
with streptococci or varicella zoster,” and was associated with devel- 
opment of anti-protein S antibodies. Another characteristic lesion is 
the development of ecthyma gangrenosum in immunocompromised 
hosts (Fig. 122-13). 


Figure 122-13. Ecthyma gangrenosum. Associated with Gram-negative 
sepsis, disseminated fungal infection, or other serious infectious dis- 
eases, these hemorrhagic bullae evolve from erythematosus plaques, 
both of which are shown here. 


Figure 122-14. Lyme disease. Erythema migrans with a central hem- 
orrhagic bulla is the characteristic lesion. 


In children, more than 20 percent of cases admitted to the hospital 
with petechiae and fever were found to have invasive bacterial infections 
(Neisseria meningitidis, Haemophilus influenzae type B, and Streptococ- 
cus pneumoniae), and approximately 7 percent of cases were diagnosed 
with meningiococcemia.”* Sepsis secondary to N. meningitidis can pro- 
duce a characteristic pattern of purpuric lesions. Erythematous papules 
can quickly progress to numerous petechiae combined with violaceous 
reticular purpuric lesions.” A retiform aspect can be seen during pro- 
gression of the infection to purpura fulminans. The finding of petechiae 
on a patient with symptoms and signs of bacterial meningitis is predic- 
tive of meningococcal meningitis.” 

Borrelia burgdorferi infection gives rise to erythema migrans, the 
characteristic lesion of Lyme disease. Skin lesion is classically a nonpru- 
ritic annular erythematous expanding plaque, occasionally including 
a central hemorrhagic bullae (Fig. 122-14). Other reported cutane- 
ous findings associated with this infection include papular urticaria, 
Henoch-Schénlein-like purpura, and morphea.” 


Viral 

Purpuric lesions can also be a manifestation of a viral infection. For 
example, the adenoviruses and enteroviruses have been associated with 
fever and petechiae in children.” Similarly, parvovirus B19 can produce 
a syndrome of petechiae or purpuric papules progressing to confluent 
purpuric papules or plaques in a sharply demarcated glove-and-sock 
distribution.” In addition to the cutaneous findings, the “gloves-and- 
socks syndrome” is characterized by fever and occasionally leukope- 
nia, and can also be produced by the measles virus.” Purpura in the 
axilla and chest also has been described during parvovirus B19 infec- 
tion (Fig. 122-15). Histopathologic analysis of these purpuric lesions 
show an evolution from superficial perivascular lymphocytic infiltrate 
to a dermatitis accompanied by necrotic keratinocytes and hemor- 
rhage. Hantavirus causes a syndrome of hemorrhagic fever and renal 
failure accompanied by headache, cutaneous and mucosal petechiae, 
and purpuric lesions.' 


Fungal 

Fungal infections in the immunocompromised population are a grow- 
ing medical issue, given the increasing number of patients receiving 
immunosuppressants for organ transplantation or malignancy. Dissem- 
inated or locally invasive infections can give rise to petechiae and hem- 
orrhagic necrosis. Common fungal pathogens in disseminated disease 
includes Candida (Fig. 122-16), Aspergillus (Fig. 122-17), Histoplasma, 
and Fusarium. Disseminated candidiasis can manifest as ecthyma 


Figure 122-15. Parvovirus B19 erythema and petechiae. The classic 
slapped-cheek rash on the face can appear on other areas of the body, 
sometimes punctuated with petechiae of unclear etiology. 


gangrenosum in immunocompromised patients, suggesting consid- 
eration for a skin biopsy.’ Cutaneous aspergillosis can also occur in 
immunocompetent individuals, and manifest as eruptive maculopap- 
ules, necrotizing plaques, or subcutaneous granulomas.'” 


Parasitic 

Immunocompromised patients are at risk of developing purpuric 
lesions secondary to parasitic infections, such as Pneumocystis jiroveci. 
Disseminated strongyloidiasis is characterized by larva currens, a ser- 
piginous urticarial eruption caused by the migration of filiform larvae 
through the dermis. Other cutaneous lesions include generalized 
petechiae and widespread reticular purpura of the arms, legs, and 
abdomen (Fig. 122-18), with a characteristic thumbprint periumbilical 
distribution.” 


Rickettsial 

Infections caused by Rickettsia species can also lead to purpuric 
lesions as a result of their direct invasion of endothelial cells. This is 
followed by medial and intimal necrosis with subsequent thrombo- 
sis and hemorrhage.“ Cutaneous lesions in Rocky Mountain spotted 
fever range from petechiae to acral purpuric lesions and hemorrhagic 
necrosis (Fig. 122-19). Maculopapular and vesicular rashes along with 


Figure 122-16. Disseminated candidiasis. Purpuric nodules in a 
patient with acute myelogenous leukemia. Ecthyma gangrenosum can 
also occur in this disease. 
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Figure 122-17. Aspergillosis: primary cutaneous inoculation from 
contaminated armboard. 


Figure 122-18. Disseminated strongyloidiasis. 


Figure 122-19. Rocky Mountain spotted fever. This rickettsial disor- 
der can present with petechiae on the dorsum of the hand. 
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ire 0. Erythema multiforme. This hypersensitivity reaction, 
cay to one of various drugs, characteristically presents with targetoid 
lesions. 


lower-extremity eschars produced by Rickettsia africae may also occur 
in travelers to sub-Saharan Africa." 


ERYTHEMA MULTIFORME 


Erythema multiforme (EM) is a cutaneous disorder characterized 
by the development of crops of well-demarcated, erythematous tar- 
get lesions with central clearing, most commonly representing a 
hypersensitivity reaction triggered by infection or drug exposure 
(Fig. 122-20). The severity of this disorder ranges from mild (EM 
minor), to severe (EM major or Stevens-Johnson syndrome). EM has 
been reported to be triggered by a number of viruses (most commonly 
herpes simplex, but also adenovirus, cytomegalovirus, and HIV), "° 
and medications (sulfonamides, penicillins, bupropion, phenylbuta- 
zone, phenytoin, NSAIDs, adalimumab).'” A cellular allergic reaction 
coupled with impaired histamine metabolism because of a decrease in 
histamine-N-methyltransferase activity may be causative.’ Treatment 
for mild cases is supportive, while the use of glucocorticoids is war- 
ranted in severe cases. 


CUTANEOUS POLYARTERITIS NODOSA 


Classic polyarteritis nodosa represents a systemic small- and medium- 
size vessel vasculitis most commonly involving the skin, heart, liver, 
and kidneys. A relatively benign cutaneous form exists that lacks sig- 
nificant systemic involvement’ and consistently involves the deep 
dermis and panniculus.''® Lesions develop as tender erythematous 
nodules''® with occasional retiform purpura and livedo reticularis 
localized to the upper and lower extremities, but the trunk, neck, and 
face can also be involved (Fig. 122-21). The duration of lesions var- 
ies from days to a few months." Histologic analysis of involved skin 
shows deep dermal artery necrosis with infiltration of neutrophils 
and eosinophils, and fibrin deposition. Treatment typically involves 
the use of NSAIDs and glucocorticoids, alone or in combination. 
Some cases of cutaneous polyarteritis nodosa are reported to have 
progressed on long-term followup,” hence the need for close mon- 
itoring of patients diagnosed with an apparently benign, cutaneous 
form of disease.” 


PARANEOPLASTIC VASCULITIS 


Most common vasculitis associated with neoplasia are cutaneous 
leukocytoclastic vasculitis, paraneoplastic vasculitis, and HSP."'*!° 


Figure 21. Polyarteritis nodosa. Acral purpura accompanying 
tender erythematous nodules. 


Paraneoplastic vasculitis is most commonly associated with hemato- 
logic neoplasia," and is commonly a result of paraproteinemia. How- 
ever, an association with carcinomas of the lung, colon, breast, and 
cervix has been observed.'’”™™ Solid tumors predominate in certain 
types of paraneoplastic vasculitis, such as the HSP.’* Cutaneous man- 
ifestations include petechiae, urticaria, and palpable purpura, and are 
often intensely pruritic. In hematologic disorders, these lesions often 
precede the development of malignancy by an average of 10 months.’ 
Histologic examination shows necrotizing leukocytoclastic vasculitis 
with neutrophilic infiltration. 


DRUG-INDUCED VASCULITIS 


A long list of drugs are reported to cause a vasculitis resulting in 
erythematous purpuric lesions. One-fifth of all cutaneous vasculi- 
tis are produced by drugs, including allopurinol, cefaclor, colony- 
stimulating factors, D-penicillamine, furosemide (Fig. 122-22), 
hydralazine, isotretinoin, methotrexate, phenytoin, minocycline, 


and propylthiouracil.'”” 


Leukocytoclastic vasculitis secondary to furosemide. 


à 


Figure 122-23. Wegener granulomatosis. 


ANTINEUTROPHIL CYTOPLASMIC 
ANTIBODY-ASSOCIATED VASCULITIS 


Wegener Granulomatosis 

This small- to medium-vessel vasculitis most commonly affects upper 
and lower respiratory tracts and kidneys and is strongly associated with 
the development of circulating antineutrophil cytoplasmic antibodies 
(ANCAs).!”8 Skin involvement has been reported in 35 to 50 percent of 
cases.'”° Cutaneous manifestations include a combination of palpable 
purpura, oral ulcers, and erythematous cutaneous and subcutaneous 
nodules (Fig. 122—23).'° Necrotizing vasculitis, palisading granulomas, 
and granulomatous vasculitis are characteristic histologic findings.'*! 


Churg-Strauss Syndrome 

Churg-Strauss syndrome (CSS) is characterized by granuloma- 
tous inflammation in the lungs associated with asthma and eos- 
inophilia.'** Cutaneous findings such as ulcers, papules, palpable 
purpura, cutaneous nodules, and infarcts of fingers and toes are 
encountered in 50 to 80 percent of cases.'*° CSS limited to the skin 
was described." Eosinophilia accompanies elevated IgE levels and 
a positive perinuclear ANCA. Granulomatous inflammation and 
necrotizing vasculitis of small- to medium-size blood vessels are 
present histologically." 


@ NONPALPABLE, NONINFLAMMATORY, 
ROUND PURPURIC LESIONS 


See Table 122-3. 


INCREASED TRANSMURAL PRESSURE 
GRADIENT AND TRAUMA 


Acute increases in vascular transmural pressure gradients lead to 
extravasation of red blood cells resulting in nonpalpable, noninflamma- 
tory petechial and larger purpuric lesions. Examples include postictal 
purpura," weightlifting,’ postemesis facial purpura,'* prolonged Val- 
salva, and childbirth. Acute decreases in extravascular negative pres- 
sure, referred to as suction purpura from gas mask, kissing, or cupping, 
can also increase this gradient, resulting in well-circumscribed lesions 
in the shape of the causative device.” The development of petechiae 
in mountain climbers, is presumably caused by significantly reduced 
atmospheric pressures at high elevations." Lower-extremity venous 
incompetence, predominantly at the medial ankle, can result in macules 
or patches of yellowish-brown purpura. 
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Focal ecchymosis and other purpuric lesions can manifest as a 
result of trauma. Characteristic patterns of purpuric lesions are com- 
monly used in forensic science. Traumatic asphyxia, for instance, is 
characterized by cervicofacial cyanosis and swelling, petechiae, and 
subconjunctival hemorrhage.'® Factitious purpura, often related to 
deliberate suction purpura, should be considered in the differential for 
purpura.’ Other physical causes of purpura consist of physical rem- 
edies, such as spooning (Quat Sha) or coin rubbing (Cao Gio). Exer- 
cise-induced purpura results in purpuric, erythematous, or urticarial 
lesions distributed on the lower legs.'*! 


THROMBOCYTOPENIAS 


Disseminated Intravascular Coagulation 

DIC is defined as widespread, amplified and uncontrolled intravascular 
coagulation with a range of causes including sepsis, trauma, and malig- 
nancy." Petechiae and purpuric plaques result from thrombocytope- 
nia, and are common manifestations of DIC (Chap. 129). 


Immune Thrombocytopenia Purpura 

Immune (or idiopathic) thrombocytopenia purpura is an acquired dis- 
ease characterized by autoantibody-mediated platelet destruction com- 
monly resulting in purpuric lesions of the skin and mucosa as well as 
other sites of abnormal bleeding (Chap 117). 


Thrombotic Thrombocytopenia Purpura 

Thrombotic thrombocytopenia purpura is characterized by nonim- 
mune platelet consumption, microvascular hemolysis, and organ 
damage. It is associated with a deficiency in the von Willebrand factor 
cleaving protease, ADAMTS-13 (a disintegrin and metalloproteinase 
with thrombospondin domain 13; Chap. 132). Petechiae and pur- 
puric plaques may occur. 


DRUG REACTIONS 


A large number of medications are reported to result in vasculitic and 
nonvasculitic purpuric eruptions.” Nevertheless, any drug on the med- 
ication list of a patient with a purpuric lesion (within 2 weeks of start- 
ing a new drug or a few days if prior sensitization is suspected) may be 
involved.'*° 


COAGULATION DISORDERS 


A large number of disorders manifest with thrombocytopenia or 
impaired thrombocyte function, that result in increased bruising. Also, 
impaired fibrin formation, resulting from coagulation factor deficien- 
cies, the use of anticoagulants, vitamin K deficiency, or poor hepatic 
function may cause bruising and hematomas. 


DECREASED VESSEL INTEGRITY 
WITHOUT TRAUMA 


Senile Purpura 

Synonymous with actinic purpura, senile purpura refers to the easy 
bruising seen in the aged and sun-damaged skin, commonly appear- 
ing on the dorsal aspect of the hands and forearms (Fig. 122-24). One 
proposed etiology is the degeneration of skin extracellular matrix com- 
ponents that leaves dermal capillaries unsupported and vulnerable to 
shearing injuries,” but zinc deficiency is also suspected."* 


Excess Glucocorticoid 
The presence of excess endogenous (Cushing syndrome) or exoge- 
nous (iatrogenic) glucocorticoid use can result in dermal thinning and 
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Figure 122-24. Senile purpura. Note accompanying skin atrophy. 


vessel fragility. Consequently, bright red, nonpalpable purpuric lesions 
tend to arise after slight or even undetected trauma and manifest in a 
linear or geometric pattern.” 


Scurvy—Vitamin C Deficiency 

Vitamin C (ascorbic acid) deficiency occurs because of reduced dietary 
intake or absorption. A consequent disruption in normal collagen pro- 
duction results in blood vessel fragility leading to petechiae, perifollic- 
ular hemorrhage, and larger purpuric plaques, most commonly on the 
lower extremities (Fig. 122—25).!°° Thus, scurvy is usually a clinical diag- 
nosis. Cutaneous features can also include follicular hyperkeratotic pap- 
ules, poor wound healing, and bent or corkscrew-shaped body hairs.'*! 
Vitamin C supplementation is rapidly effective. 


Systemic Amyloidosis 

Systemic amyloidosis is characterized by a clonal proliferation of plasma 
cells with consequent immunoglobulin light-chain deposition in vital 
organs. Microscopic 8 to 10 nm protofilaments aggregate to form 
fibrils. It can present as a primary disorder or secondarily to multiple 
myeloma (Chaps. 107 and 108). Characteristic features are periorbital 
“pinch purpura,’ “raccoon eyes,’ and macroglosia.'’* 

Waxy, purpuric cutaneous and mucocutaneous lesions manifest 
when light-chain aggregates deposit in dermal blood vessels. Although 
rare, palmodigital purpura has been reported as the sole cutaneous find- 
ing in a case of myeloma-associated systemic amyloidosis.’ A distinct 


Figure 122-25. Parafollicular purpura characteristic of scurvy. 


localized form, primary cutaneous amyloidosis, is caused by local der- 
mal infiltration of plasma cells.’ 


CONNECTIVE TISSUE DISORDERS 


Ehlers-Danlos Syndrome 

A rare autosomal dominant syndrome, Ehlers-Danlos syndrome is a 
consequence of a mutation in collagen synthesis, tenascin X, or lysyl 
hydroxylase, and others. This leads to loss of skin elasticity, delayed 
wound healing, easy bruising, joint hypermobility, and systemic organ 
and tissue fragility. Cutaneous findings include thin skin and a ten- 
dency to develop nonpalpable purpuric lesions." 


Pseudoxanthoma Elasticum 

Pseudoxanthoma elasticum is genetic disorder characterized by min- 
eralization and fragmentation of elastin in the skin, retina, and blood 
vessels.'** This autosomally inherited disease is associated with a muta- 
tion in the ABCC6 gene, an ATP-binding cassette transporter, which 
may play an important role in connective tissue turnover.” Cutaneous 
lesions include small white or yellow papules classically appearing on 
the neck in a “gooseflesh” aspect, ' but systemic hemorrhagic events 
are also encountered. 


Melas Syndrome 

Nonpalpable purpuric lesions can occur on the palms and soles in mito- 
chondrial encephalomyopathy with lactic acidosis and stroke-like epi- 
sodes (MELAS) syndrome.’*' MELAS syndrome, one of a family of 
mitochondrial encephalomyopathies, has been associated with a mutation 
in a mitochondrial transfer RNA (tRNA) or the reduced form of nico- 
tinamide adenine dinucleotide (NADH) dehydrogenase complex I.’ 
Skin manifestations can also include hypertrichosis, ichthyosis, and 
vitiligo.’ 


RENDU-OSLER-WEBER DISEASE (HEREDITARY 
HEMORRHAGIC TELANGIECTASIA) 


Rendu-Osler-Weber disease is an autosomal dominant hereditary 
disorder characterized by local angiodysplasia, mostly present in the 
skin, mucous membranes, and often in organs such as the lungs, liver, 
and brain.'® It may lead to nose bleeding, acute and chronic digestive 
tract bleeding, and various problems resulting from the involvement of 
other organs. Vascular malformations may present as telangiectasias 


E 


Figure 122-26. Rendu-Osler-Weber disease (hereditary hemorrhagic 
telangiectasia). 


(small vascular malformations) in the skin (Fig. 122-26). Subcutane- 
ous bleeding may occur as well, presenting as non-palpable purpuric 
lesions. Angiodysplasia in Rendu-Osler-Weber disease is caused by a 
defect in angiogenesis. Five genetic types of hereditary hemorrhagic 
telangiectasia (HHT) are recognized. More than 80 percent of all cases 
of HHT are caused by mutations in either ENG (endoglin, HHT1) or 
ALK1 (ACVRL1, HHT2).'® Treatment of the disease is symptomatic, for 
example, by iron administration when iron-deficiency anemia occurs, 
or by laser treatment of small (bleeding) malformations in mucous 
membranes or embolization of larger arteriovenous malformations. 
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CHAPTER 123 
HEMOPHILIA A AND 
HEMOPHILIAB 


Miguel A. Escobar and Nigel S. Key 


Hemophilias A and B are the only two bleeding disorders inherited in a 
sex-linked fashion. The gene for both disorders is on the long arm of the 
X-chromosome. Both disorders appear as otherwise clinically indistinguish- 
able hemorrhagic diseases of mild, moderate, or life-threatening severity. In 
the most-severe form, both hemophilias A and B are characterized by mul- 
tiple bleeding episodes into joints and other tissues leading to chronic crip- 
pling hemarthropathy and internal organ hemorrhage unless treated early or 
prophylactically with factor VIII or IX concentrates, respectively. Even though 
phenotypically similar, both diseases are genetically heterogeneous with more 
than 1000 mutations leading to the absence of or dysfunctional factor VIII or 
IX molecules that do not support normal thrombin generation nor adequate 
fibrin clot formation. 

Despite similarities in hemorrhagic symptoms, there are major differences 
between hemophilias A and B. Hemophilia A is about five times more common 
than hemophilia B, and is caused by defects in the factor VIII gene, a large 
186-kb gene with 26 exons. A common mutation results from inversion and 
crossing over of intron 22 during meiosis. This mutation leads to severe hemo- 
philia, and because no factor VIII protein is made, these patients are prone 
to developing antibody inhibitors to therapeutically administered factor VIII 
that neutralize its coagulant function, making adequate therapy problem- 
atic. Approximately 20 percent of severely affected hemophilia A patients 
develop such inhibitors, whereas only 3 percent or fewer of severely affected 
hemophilia B patients develop inhibitors against factor IX. About one-third of 
the mutations in hemophilias A and B arise de novo at CpG “hotspots.” These 
mutations are apt to occur in the germ cells of a maternal grandfather whose 
daughters will be carriers and whose grandsons will have a 50 percent chance 
of having hemophilia. 

Replacement therapy is available for both hemophilia A and hemophilia B 
patients. Safe, effective, and highly purified factor VIII and factor IX concen- 
trates derived from plasma or made by recombinant technology are available 
for prophylactic therapy to prevent bleeding episodes or prompt treatment of 


Acronyms and Abbreviations: AAV, adeno-associated virus; aPTT, activated partial 
thromboplastin time; BT, bleeding time; BU, Bethesda unit; CGA, cytosine, guanine, 
adenine; CJD, Creutzfeldt-Jakob disease; COX, cyclooxygenase; CRM, cross-reacting 
material; CT, computerized tomography; DDAVP, 1-desamino-8-p-arginine vaso- 
pressin, desmopressin; DVT, deep vein thrombosis; EACA, ¢-aminocaproic acid; FEIBA, 
factor VIII inhibitor bypassing activity; GLA, y-carboxyglutamic acid; Ig, immunoglob- 
ulin; PT, prothrombin time; PTC, plasma thromboplastin component (factor IX); RFLP, 
restriction fragment length polymorphism; TCT, thrombin clotting time; VWD, von 
Willebrand disease; VWF, von Willebrand factor. 


hemorrhagic events. Prophylaxis is the treatment of choice and can prevent 
disabling joint disease and other hemorrhagic events such that patients can 
expect a relatively normal life span provided that adequate replacement ther- 
apy is available. For patients with inhibitors, factor Vila and factor VIII inhibitor 
bypassing activity can be used to“bypass” the factor VIII or factor IX deficiency. 
Both disorders are good candidates for gene therapy that may eventually lead 
to their cure. 


@ HEMOPHILIA A (CLASSIC HEMOPHILIA, 
FACTOR VIII DEFICIENCY) 


DEFINITION AND HISTORY 


Hemophilia A is an X-linked hereditary disorder caused by defective 
synthesis of factor VIII. Hemophilia A is less common than von Wille- 
brand disease (VWD; Chap. 126), but it is more common than other 
inherited clotting factor abnormalities. The estimated incidence of 
hemophilia A is one in every 5000 to 7000 live male births. It occurs in 
all ethnic groups in all parts of the world.’ 

Sex-linked hemophilia was recognized at least as early as the 
2nd century, when a rabbi correctly deduced that sons of hemophilic 
carriers were at risk for bleeding following circumcision.’ In the 19th 
century, several authors noted the sex-linked inheritance pattern of the 
disease and ascribed the hemorrhagic episodes to delayed blood coag- 
ulation. Morawitz’ developed the classic theory of blood coagulation, 
which recognized two major reactions: (1) conversion of prothrombin 
to thrombin by a tissue substance that Morawitz termed thrombokinase, 
and (2) conversion of fibrinogen to fibrin by thrombin. In 1911, Addis* 
demonstrated that thrombin formed more slowly in hemophilic blood 
than in normal blood and that the defect could be corrected by small 
amounts of normal plasma. However, he incorrectly theorized that 
hemophilia resulted from prothrombin deficiency. As protein purifi- 
cation techniques improved throughout the 1930s and 1940s, throm- 
bokinase was resolved into several distinct components. Brinkhous* 
demonstrated that the prothrombin content of hemophilic plasma was 
normal and that the basic defect in hemophilia was the delayed con- 
version of prothrombin to thrombin. The defect could be corrected by 
a fraction of normal plasma containing the antihemophilic factor, later 
named factor VIII. In 1947, Pavlovsky‘ observed that when blood from 
one patient with hemophilia was transfused into another patient with 
a similar clinical phenotype, the prolonged clotting time in the recipi- 
ent was corrected. At the time, Pavlovsky did not recognize that he was 
dealing with two different types of hemophilia. This fact was recognized 
by Aggeler and coworkers’ in 1952, when they described a patient defi- 
cient in “plasma thromboplastin component’, a blood clotting factor 
different from factor VII. A deficiency of “plasma thromboplastin 
component, later termed factor IX, was identified as the cause of hemo- 
philia B. A month later, Biggs and colleagues described a similar patient 
whose surname was Christmas, thus the synonym “Christmas disease.”* 
Hemophilias A and B are the only two hereditary clotting factor defects 
inherited in a sex-linked pattern, and they are clinically indistinguish- 
able, although data suggest that on the whole, hemophilia B may be less 
severe than hemophilia A.? However, in an individual patient, the dis- 
orders cannot be distinguished without a specific assay for factor VIII 
or IX. 

In 1964, a proposal to organize the growing number of coagulation 
factors into a cascade or waterfall mechanism was put forth by Davie 
and Ratnoff and by Macfarlane.'*"! In this scheme, each zymogen clot- 
ting factor was sequentially activated to a protease that subsequently 
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activated the next zymogen until thrombin ultimately was produced. 
In this scheme, factors VIII and IX were considered to be proenzymes. 
Later, however, factor VIII, when activated by thrombin, was shown 
not to be a proenzyme but rather an essential cofactor for factor IXa. 
‘The waterfall hypothesis has been modified so that the primary role of 
the tissue factor-factor VII complex in the initiation of coagulation is 
emphasized (Chap. 113). 


ETIOLOGY AND PATHOGENESIS 


Hemophilia A is a heterogeneous disorder resulting from defects in the 
factor VIII gene that leads to absent or reduced circulating levels of func- 
tional factor VIII. The reduced activity can result from a decreased amount 
of factor VIII protein, the presence of a functionally abnormal protein, 
or a combination of both. For factor VIII to be an effective cofactor for 
factor IXa, it must first be activated by thrombin, a reaction that results 
in the formation of a heterotrimer composed of the A,, A,, A, C,, and 
C, domains of factor VIII in a complex with calcium (Chap. 113).' 
Activated factor VIII (factor VIIa) and activated factor IX (factor IXa) 
associate on the surface of activated platelets, forming a functional factor 
X-activating complex (“tenase” or “Xase”).'* In the presence of factor VIIIa, 
the rate of factor X activation by factor [Xa is dramatically enhanced. That 
hemophilia A and hemophilia B have similar clinical manifestations is not 
surprising, because both factor VIIIa and factor IXa are required to form 
the Xase complex. The lack of either activated protein leads to a similar 
lack of platelet surface Xase activity with subsequent decreased thrombin 
generation. In patients with hemophilia, clot formation is delayed because 
of the decreased thrombin generation. The clot that is formed is friable, 
easily dislodged, and highly susceptible to fibrinolysis, all of which lead to 
excessive bleeding and poor wound healing.” 


GENETICS 


Hemophilia A results when mutations occur in the factor VIII gene 
located on the long arm of the X-chromosome (X-q28). The disease 
occurs almost exclusively in males. Figure 123-1 shows the inheritance 
pattern of hemophilia A and hemophilia B. All the sons of affected 
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Figure 123-1. Inheritance pattern of hemophilia. All daughters of a 
hemophilic male are carriers of hemophilia, whereas all sons are nor- 
mal. Daughters of carriers have a 50 percent chance of being a carrier, 
whereas sons of carriers have a 50 percent chance of having hemophilia. 
X, normal; X", abnormal X chromosome with the hemophilic gene; X"Y, 
hemophilic male; XX, normal female; XX", carrier female; XY, normal 
male; Y, normal. 


hemophilic males are normal, whereas all the daughters are obligatory 
carriers of the factor VIII defect. Sons of carriers have a 50 percent 
chance of being affected, whereas daughters of carriers have a 50 percent 
chance of being carriers themselves. 

The factor VIII gene is very large, approximately 186 kb, with 
approximately 9 kb of exons. The gene contains 26 exons and 25 introns. $ 
Based on the sequence of the factor VIII gene in normal individuals and 
patients with hemophilia A, numerous specific mutations have been 
described!*"’; as of 2015, more than 2000 specific variants in the factor 
VIII gene resulting in classic hemophilia have been described.” 

Hemophilia A can result from multiple alterations in the factor VIII 
gene. These include gene rearrangements; missense mutations, in which 
a single base substitution leads to an amino acid change in the molecule; 
nonsense mutations, which result in a stop codon; abnormal splicing 
of the gene; deletions of all or portions of the gene; and insertions of 
genetic elements.'* The genetic defects leading to hemophilia have been 
reviewed." 

One of the most common mutations, accounting for 40 to 
50 percent of severe hemophilia A patients, is a unique “combined 
gene inversion and crossing over” that disrupts the factor VIII gene.” 
Figures 123-2 and 123-3 schematically depict the factor VIII gene and 
the mechanism of the “inversion-crossing over”! Within intron 22 are 
two other genes: (1) F8A(a,), which is transcribed in the 5’ direction, 
and (2) F8B, which is transcribed in the 3’ direction of the factor VIII 
gene. The hatched boxes in Figure 123-3 show two other extragenic 
homologous sequences (a,,a,) 5’ to the F8A gene that lies within intron 
22 (a,). The presence of extragenic F8A sequences 5’ to the F8A gene 
within intron 22 is central to the inversion and translocation of part of 
the factor VIII gene from exon 1 to exon 22. The mechanism is homol- 
ogous recombination between the F8A sequence that lies within intron 
22 and one of the homologous extragenic sequences of the F8A gene 
5’ to the factor VIII gene. During meiosis, crossing over of homolo- 
gous sequences occurs between the F8A gene lying within intron 22 and 
one of the extragenic homologous F8A sequences 5’ to intron 22. Thus, 
the transcription of the complete factor VIII sequence is interrupted 
(Fig. 123-3). Figure 123-3 shows a common inversion and crossing 
over, but homologous recombinations can occur with either of the 
extragenic genes. Approximately 2 to 5 percent of the severe cases of 
hemophilia A carry the intron 1 inversion resulting in the separation of 
the F8 promoter-exon 1 sequence from the remainder of the F8 gene.” 
The “inversion-crossing over” mutations result in severe hemophilia, 
and approximately 20 percent of these patients are susceptible to devel- 
oping antibody inhibitors that neutralize factor VIII coagulant function. 

Of the different insertions in the factor VIII gene that have been 
reported, a few are long interspersed elements (LINEs) that are trans- 
poson sequences; that is, sequences that have been inserted frequently 
throughout the genome.” Most of these insertions result in severe 
hemophilia. 

In many cases of hemophilia, there is no family history of the dis- 
ease, and at least 30 percent of the cases of hemophilia are a result of 
spontaneous (de novo) mutations. Most of these occur at CpG dinucleo- 
tides in the factor VIII gene.” De novo occurrences of hemophilia usu- 
ally result from a mutation in the gamete of a normal male; for example, 
a mutation in the germ cell of a maternal grandfather will give rise to 
the hemophilia gene in his daughters such that his grandsons may have 
hemophilia.'* Codons for the amino acid arginine (CGA [cytosine, gua- 
nine, adenine]) are frequently affected by mutations at CG doublets. A 
C>T transition often results in a stop codon with synthesis of a trun- 
cated factor VII molecule and usually is associated with severe hemo- 
philia A. However, a G>A transition results in a missense mutation, 
which often leads to a dysfunctional factor VIII molecule that may be 
associated with mild, moderate, or severe hemophilia. Some missense 
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Figure 123-2. Schematic of the factor VIII gene (FVIII). The FVIII gene is located at q28 on the long arm of the X chromosome. The region of the FVIII 
gene is enlarged on the second line. Note that two genes, designated a, and a, are 5’ to the FVIII gene. The hatched area indicated on FVIII corresponds 
to intron 22 shown on the third line. Within intron 22 (fourth line) are two nested genes, one designated F8A, which is transcribed in a direction opposite 
to that of the whole FVIII and is homologous to the a, and a, genes shown on line 2. G6PD, glucose-6-phosphate dehydrogenase. (Reproduced with 
permission from Scriver CR, Beaudet AL, Sly WS et al: Metabolic and Molecular Basis of Inherited Diseases, 8th ed. McGraw-Hill, New York, 1995.) 
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Figure 123-3. Schematic of inversion and crossing over at intron 22. Inversion and crossing-over of the a, gene with its homologous sequence a, 
nested within intron 22 are shown. Middle panel: When crossing over of the a, gene nested within intron 22 and the a, gene extragenic to FVIII occurs, 
a portion of FVIII is transcribed in a reverse manner from exon 1 through exon 22. Homologous recombination with the extragenic a, gene is also 
possible. In some individuals there are two a, or a, extragenic sequences giving rise to four possible types of the “inversion—crossing over” mechanism. 
(Reproduced with permission from Antonarakis SE, Kazazian HH, Tuddenham EG: Molecular etiology of factor VIII deficiency in hemophilia A. Hum Mutat 
1995;5(1):1-22.) 
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mutations result in the production of normal or near-normal amounts 
of factor VIII antigen, while the coagulant activity may be dramatically 
or only slightly reduced. Many other single-base substitutions have been 
described, resulting in hemophilia of varying degrees of severity. 

Large deletions in the factor VIII gene almost always are associated 
with severe hemophilia. On the other hand, a small deletion that does 
not change the reading frame of the gene may result in milder disease. 
Patients with large deletions who have no detectable factor VIII antigen 
are more susceptible to the development of anti-factor VIII antibodies, 
although antibodies clearly also occur in patients without deletions.'*”? 

Hemophilia A in females is extremely rare, although an affected 
female offspring from a hemophilic father and carrier mother have been 
reported. Hemophilia A may occur in females with X chromosomal 
abnormalities such as Turner syndrome, X chromosomal mosaicism, 
and other X chromosomal defects.” If the normal X chromosome is 
inactivated disproportionately (“imbalanced X inactivation’) in a car- 
rier female, factor VIII levels may be sufficiently low to cause bleeding 
manifestations. Usually these manifestations are mild, but they may be 
serious during surgical procedures or following significant trauma. 


PRENATAL DIAGNOSIS AND 
CARRIER DETECTION 


A careful and complete family history is important for carrier detec- 
tion.” All daughters of a hemophilic father are obligatory carriers of the 
hemophilic defect. If a known carrier has a daughter, that daughter has 
a 50 percent chance of being a carrier. 

Carrier detection is important when a daughter of a known carrier 
or a female offspring of a hemophilic patient wishes to become pregnant. 
At times, the history of hemophilia in the family is in a distant blood 
relative, and the gene for hemophilia may skip several generations. The 
current standard for identifying carrier status is through direct gene 
sequencing. Carriers who harbor the intron 22 inversion or intron 1 
inversion can be identified using the Southern blot technique and poly- 
merase chain reaction, respectively.” If these mutations are found to 
be absent, sequencing of the complete coding region is performed.” 

Use of markers for restriction fragment length polymorphism 
(RFLP) is simpler than direct sequencing of the coding region of the 
factor VIII gene, but use of the RFLP technique requires that the ped- 
igree analyses include at least one hemophilic male whose mother is 
heterozygous for one or more RFLP markers.”””* This technique is no 
longer considered to be the optimal approach in genotyping of affected 
males or carrier females. 

Prenatal diagnosis of hemophilia now can be performed almost 
routinely.” Ifa carrier female has a fetus that can be identified as a female 
by chromosomal analysis of cells obtained by amniocentesis (at approx- 
imately 16 weeks of gestation), analysis of free fetal DNA, ultrasound or 
by chorionic villus sampling at week 10 of gestation, little concern exists 
regarding whether the female fetus is a carrier because carriers usually 
have no bleeding tendency. If the fetus is a male, sufficient cells can be 
obtained to perform DNA analysis using the methods described above. 
The decision on whether to carry an affected male fetus to term should 
be decided by the parents after they are appropriately counseled and 
provided with all the necessary genetic, clinical, and therapeutic infor- 
mation about hemophilia. As the treatment for hemophilia A improves, 
the decision to continue an affected pregnancy should become far easier. 


CLINICAL FEATURES 


Hemophilia A is characterized by excessive bleeding into various tissues 
of the body, including soft-tissue hematomas and hemarthroses that 
can lead to severe crippling hemarthropathy. Recurrent hemarthroses 
are characteristic of the disease. The disease has been broadly classified 


TABLE 123-1. Clinical Classification of Hemophilia 


Classification Factor VIII Level Clinical Features 


<1% of normal ile 
(<0.01 U/mL) 


Severe Spontaneous hemor- 


rhage from early infancy 


2. Frequent spontane- 
ous hemarthroses and 
other hemorrhages, 
requiring clotting factor 
replacement 


1-5% of normal ils 
(0.01-0.05 U/mL) 


Moderate Hemorrhage secondary 


to trauma or surgery 


2. Occasional spontaneous 
hemarthroses 


Mild 6-40% of normal 1. 


(0.06-0.40 U/mL) 


Hemorrhage secondary 
to trauma or surgery 


2. Rare spontaneous 
hemorrhage 


as mild, moderate, and severe, although overlap exists between these 
categories. Table 123-1 shows a classification based on the severity of 
clinical manifestations. A range of plasma factor VIII concentrations 
in percentages of normal and in units per milliliter is given for each 
category. Approximately 10 percent of individuals with factor VIII lev- 
els compatible with severe hemophilia may exhibit milder symptoms.” 
Among other explanations, this phenotypic heterogeneity could be a 
result of coinheritance of thrombophilic mutations, such as the factor V 
Leiden mutation (R506Q).*! Severely affected patients (<1 percent fac- 
tor VIII) frequently experience “spontaneous” bleeding without known 
trauma other than that associated with the usual day-to-day activi- 
ties. Without effective treatment, recurrent hemarthroses, resulting in 
chronic hemophilic arthropathy, occur by young adulthood and are 
highly characteristic of the severe form of the disorder. However, bleed- 
ing episodes are intermittent, and some patients do not bleed for weeks 
or months. Except for intracranial bleeding, sudden death because of 
hemorrhage is rare in societies where clotting factor concentrates are 
freely available. 

Moderately affected patients with hemophilia may have occasional 
hematomas. Hemarthroses, usually associated with a known trauma, 
may occur as well. These patients have greater than 1 percent but less 
than 5 percent of normal factor VIII activity. 

Mildly affected patients with hemophilia, who have factor VIII 
levels between 6 to 40 percent, have infrequent bleeding episodes. The 
disease may go undiagnosed and be discovered only because of exces- 
sive hemorrhage postoperatively, following trauma, or after the toss and 
tumble of contact sports. 

Most carriers have approximately 50 percent factor VIII activity 
and experience no bleeding symptoms, even with surgical procedures. 
Carriers with factor VIII levels significantly less than 50 percent, as a 
result of imbalanced X chromosome inactivation, may experience 
excessive bleeding after trauma (e.g., childbirth or surgery). Therefore, 
measurement of factor VIII level is recommended in all carriers. 


Hemarthroses 

Bleeding into joints accounts for approximately 75 percent of bleeding 
episodes in severely affected patients with hemophilia A.” The normal 
synovium has few cells, but numerous capillaries beneath the synovial 
layer can be damaged by the mechanical trauma associated with daily 
use of joints. The joints most frequently involved, in decreasing order 
of frequency are knees, elbows, ankles, shoulders, wrists, and hips. 
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Figure 123-4. Hemophilic arthropathy. The chronic effects of repeated hemorrhage into the knees of a severely affected hemophilic patient are 


seen. Note contractures, and deformity with atrophy of muscle tissue. 


Hinge joints are much more likely to be involved than are ball- 
and-socket joints. Hemarthroses usually occur when an affected child 
begins to walk. 

Hemarthroses are heralded by an aura of mild discomfort that, 
over a period of minutes to hours, becomes progressively painful. The 
joint usually swells, becomes warm, and exhibits limited motion. Occa- 
sionally, the patient experiences a mild fever. Significant and sustained 
fever, however, suggests an infected joint. When joint bleeding does 
not respond to replacement therapy, one should suspect the presence 
of an inhibitor of factor VIII or an infected joint. Bleeding into the knee 
joint is more easily detected by physical findings than is bleeding into 
either the elbow or shoulder. When bleeding stops, the blood resorbs, 
and the symptoms gradually subside over a period of several days. If 
hemarthroses are treated early, pain usually subsides in 6 to 8 hours 
and disappears in 12 to 24 hours. However, repeated hemorrhage into 
the joints eventually results in extensive destruction of articular carti- 
lage, synovial hyperplasia, and other reactive changes in the adjacent 
bone and tissues. Iron deposits from residual blood is a major factor 
in the pathogenesis of hemophilic arthropathy.** Acute bleeding into a 
chronically affected joint may be difficult to distinguish from the pain 
of degenerative arthritis. 

A major complication of repeated hemarthroses is joint deformity 
complicated by muscle atrophy and soft-tissue contractures (Fig. 123-4). 
Figure 123-5 shows the various radiologic stages of progressive destruc- 
tion of joint cartilage and adjacent bone. Osteoporosis and cystic areas 
in the subchondral bone may develop, and progressive loss of joint 
space occurs. Figure 123-6 shows a magnetic resonance image (MRI) of 
a normal knee in comparison to a knee from an individual with severe 
hemophilia with arthropathy. Figure 123-7 depicts bleeding into a 
hemophilic ankle. 


Repeated bleeding into a joint results in synovial hypertrophy and 
inflammation. The synovium is thickened and folded, leading to limited 
joint motion. The result is a tendency for repeated hemorrhages leading 
to a so-called target joint.” Indeed, a target joint is defined by the occur- 
rence of three or more spontaneous bleeds within a 6-month period. 
The joints most often involved are the knees, ankles, and elbows, which 
become chronically swollen. Chronic synovitis may persist for months 
or years unless the condition is adequately treated. 

Infection of hemophilic joints is not common but must be sus- 
pected in all patients with fever, leukocytosis, or other systemic man- 
ifestations. Rapid diagnosis is mandatory, because infection of such 
joints leads to rapid loss of joint architecture and function. A painful 
and swollen joint may require aspiration, which should be performed by 
experienced personnel using meticulous aseptic techniques and appro- 
priate factor replacement therapy prior to aspiration. 


Hematomas 

Soft-tissue hematomas are also characteristic of hemophilia A. Hemor- 
rhage into subcutaneous connective tissues or into muscles may occur 
with or without a known trauma. Hematomas, once formed, may sta- 
bilize and slowly resorb. However, in moderately and severely affected 
patients, hematomas have a tendency to enlarge progressively and to 
dissect in all directions, unless appropriately treated. Rarely, retroperi- 
toneal hematomas, after beginning in the iliopsoas muscle, can dissect 
superiorly through the diaphragm, into the chest, and sometimes even 
into the soft tissues of the neck, compromising the airway. A retro- 
peritoneal hematoma is more likely to compromise renal function by 
causing ureteral obstruction. Figure 123-8 shows the computed tomog- 
raphy (CT) scan of a patient with a retroperitoneal hemorrhage. Other 
hematomas expand locally and may compress adjacent organs, blood 
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Figure 12 


5. Various radiologic stages of hemophilic arthropathy. Stages 0 (normal joint) and 1 (fluid in the joint) are not shown. A. Stage 2. Some 


osteoporosis and epiphyseal overgrowth are present in knee 2. Epiphysis is wider in knee 2 than in knee 1 (arrows). B. Stage 3. Subchondral bone cysts 
(arrowheads). Joint spaces exhibit irregularities. C. Stage 4. Prominent bone cysts with marked narrowing of joint space (arrow). D. Stage 5. Obliteration 


of joint space with epiphyseal overgrowth (arrow). 


vessels, and nerves. A rare, and often fatal, complication of an abdomi- 
nal hematoma is perforation and drainage into the colon. Subcutaneous 
hematomas may dissect into muscle. Pharyngeal and retropharyngeal 
hematomas, sometimes complicating simple colds, may enlarge and 
obstruct the airway. Hemorrhage in or around the airway is a poten- 
tially life-threatening situation that requires prompt administration of 
factor VIII. 

Hemorrhages occur into muscle in the following order of fre- 
quency: calf, thigh, buttocks, and forearm. Recurrent or unresolved 
hematomas may lead to muscle contractures, nerve palsies, and muscle 


atrophy. Bleeding into the tongue (Fig. 123-9) or frenulum is particu- 
larly frequent in young children and usually is caused by trauma. 

Bleeding into fascia and muscle can result in a so-called compart- 
ment syndrome. This results when hemorrhage in a confined space 
compresses the arterial vasculature resulting in ischemic muscle injury. 
Compartment syndrome tends to occur in the distal part of the extrem- 
ities, particularly in the flexor muscles, and sometimes requires urgent 
fasciotomy under cover of clotting factor replacement therapy. Bleeding 
into the myocardium or erect penis is very unusual, perhaps explained 
by the high concentration of tissue factor in these tissues. 


Figure 3-6. Magnetic resonance imaging (MRI) of normal and 
hemophilic knees. A. MRI of normal knee. B. A transverse T2-weighted 
spin-echo image of the knee shows an effusion (*) and multiple 
foci of hemosiderin deposition (arrows) along the synovium lining 
the suprapatellar bursa. C. A sagittal T2-weighted spin-echo image 
of the knee shows dark foci of synovial hemosiderin deposition 
(white arrows) accompanied by narrowing of the femorotibial joint 
(black arrow). D. A sagittal STIR (short tau inversion recovery) image 
of the knee (in the same patient as B) demonstrates an effusion in 
the suprapatellar bursa (asterisks). The irregular, lumpy surface of the 
bursa represents thickened, hemosiderin-laden synovium. Femo- 
rotibial joint narrowing (black arrow) is associated with edema in the 
subchondral bone of the femoral condyle (white arrow). (Used with 
permission of Dr. Jordan Renner, University of North Carolina.) 
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Figure 123-7. A. A sagittal STIR (short tau inversion recovery) image 
of an ankle shows an effusion (white arrow). Edema in the distal tibia 
(asterisks) surrounds a debris-filled defect in the subchondral bone 
of the distal tibia (black arrows). B. A coronal proton density of the ankle 
in the same patient as in A shows the defect in the subchondral bone of 
the distal tibia (white arrow). Mild narrowing of the tibiotalar joint (black 
arrows) is more apparent laterally. 


Figure 123-8. Computed tomography scan of a retroperitoneal 
hematoma in a patient with severe hemophilia A. Extent of the hema- 
toma is indicated by the arrows. 
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Figure 123-9. Photograph of a tongue hematoma caused by trauma. 


Pseudotumors (Blood Cysts) 

Pseudotumors are blood cysts that occur in soft tissues or bone. They 
are rare but dangerous complications of hemophilia (Fig. 123-10).** 
They are classified into three types. One type is a simple cyst that is con- 
fined by tendinous attachments within the fascial envelope of a muscle. 
The second type initially develops as a simple cyst in soft tissues such as 
a tendon, but it interferes with the vascular supply to the adjacent bone 
and periosteum, resulting in cyst formation and resorption of bone. The 
third type is thought to result from subperiosteal bleeding that sepa- 
rates the periosteum from the bony cortex. Most pseudotumors are not 
associated with pain unless rapid growth or nerve compression occurs. 
As the volume of the cyst increases, the cyst compresses and destroys 
the adjacent muscle, nerve, and/or bone or expands around structures 
like ureters causing renal failure. Pseudotumors usually contain either 
serosanguineous fluid or a viscous brownish material surrounded by 
a fibrous membrane (Fig. 123-10). Pseudotumors have a tendency to 
expand over several years and eventually become multiloculated. Some 
reach enormous size and involve so many structures that make them 
inoperable. Erosion through surrounding tissues and penetration into 
viscera or through the skin can occur, usually as a late event. Sinus tracts 
from the pseudotumor predispose to infection and septicemia. Pseu- 
dotumors often develop in the lower half of the body, usually in the 
thigh, buttock, or pelvis, but they can occur anywhere, including the 
temporal bone. CT or MRI is useful for diagnosis. Needle biopsies of 
pseudotumors should be avoided because of the risk of infection and 
hemorrhage. A reliable treatment is operative removal of the entire 
mass because the pseudotumor likely will reform if it is not completely 
removed. Embolization, percutaneous drainage, and radiotherapy of a 
pseudotumor have been reported and may be of value in hemophili- 
acs with inhibitors when surgery is not possible.” Surgical treatment 
of patients with large pseudotumors should be done in a hemophilia 
treatment center with a specialized multidisciplinary team of experts.*° 


Hematuria 

Many severely affected patients with hemophilia experience episodes of 
spontaneous and asymptomatic hematuria. The urine may be brown or 
red, depending upon the rate of bleeding. Most bleeding arises from 
the renal pelvis, usually from one kidney but occasionally from both. 
Appropriate studies to exclude a structural lesion in the kidneys should 
be performed. Administration of factor replacement and hydration is 
usually sufficient to arrest the bleeding. Antifibrinolytic agents, such as 
aminocaproic acid and tranexamic acid should be avoided in individu- 
als with hematuria because of the risk of forming clots and producing 
obstructing clots in the ureter. 


Neurologic Complications 

Intracranial bleeding is one of the most dangerous hemorrhagic events 
in hemophilic patients.” Currently, bleeding into the brain is a leading 
cause of death in hemophilic patients. Hemorrhage into the central ner- 
vous system may be “spontaneous” but usually follows trauma, which 
may be trivial. Symptoms often occur soon after trauma, but some- 
times are delayed. For example, symptoms of a subdural hematoma 
may be delayed for days or several weeks. Hemorrhage into the brain 
parenchyma or a subdural or epidural hematoma should always be sus- 
pected in hemophilic patients with unusual headaches. When intracra- 
nial bleeding is suspected, the patient should be treated immediately 
with factor VIII and diagnostic procedures, such as CT scans or MRI 
studies should be delayed until after treatment is initiated. Although 
lumbar puncture has been performed safely in severe hemophilic 
patients without replacement therapy, replacing factor VIII to a level of 
approximately 50 percent of normal prior to the procedure is advisable. 
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Hemorrhage into the spinal canal is an uncommon neurologic 
complication in hemophilia, mostly related to trauma that can result 
in paraplegia. Bleeding may occur within the spinal cord itself, but epi- 
dural bleeding compressing the cord is more common. 

Peripheral nerve compression is a frequent complication of muscle 
hematomas, particularly in the extremities. Compression of the femoral 
nerve by a hematoma in the iliopsoas muscle can result in sensory loss 
over the lateral and anterior thigh, weakness and atrophy of the quad- 
riceps, and loss of the patellar reflex. The ulnar nerve is the next most 
frequently involved peripheral nerve. Bleeding may occur in any muscle 
and may compress local neural blood supply. This situation can be fol- 
lowed by permanent neuromuscular defects and multiple contractures. 


Mucous Membrane Hemorrhage 

Mucous membrane bleeding is common in hemophilia. Epistaxis and 
hemoptysis, often resulting from allergic reactions or trauma, can be 
associated with local structural lesions involving the upper and/or lower 
respiratory tract. Treatment of epistaxis by cautery or nasal packing 
sometimes is followed by recurrent bleeding because of sloughing of the 
cauterized area or dislodging of a poorly formed clot when the pack- 
ing is removed. Gastrointestinal hemorrhage has a 1.3 percent annual 
incidence and is mostly associated to older age and complications of 
advanced liver disease. Ingestion of antiinflammatory drugs for relief of 
pain of hemophilic arthropathy is a frequent cause of upper gastrointes- 
tinal hemorrhage, and a history of ingestion of aspirin and other anti- 
inflammatory drugs should be specifically addressed (and proscribed) 
when assessing the etiology of such bleeding.** 


Dental and Surgical Bleeding 

Hemophilic patients are treated with clotting factor preoperatively and 
postoperatively to prevent bleeding. Mildly or sometimes moderately 
affected patients may go unrecognized until surgery results in excessive 


Figure 123-10. Retroperitoneal pseudotumor. 
A and B. Magnetic resonance imaging and com- 
puted tomography scan of pseudotumor arising 
from the iliopsoas muscle compressing the kid- 
ney and other adjacent structures. Loculations 
and calcifications can be seen. C. Gross specimen 
after surgical removal, weighting approximately 
6 pounds. D. Cross-section of pseudotumor shows 
peripheral red hemorrhage, centrally caseified 
blood and necrosis. Note the thick capsule that 
surrounds the tumor. 


bleeding at the surgical site. Bleeding may be delayed for several hours 
or, occasionally, for several days. Surgery in such patients is character- 
ized by delayed wound healing because of poor clot formation." Pro- 
longed bleeding and subsequent infection of the wound hematoma may 
further complicate healing. Appropriate factor VIII replacement ther- 
apy, sometimes supplemented by anti-fibrinolytic agents, can prevent 
intraoperative and postoperative hemorrhages. 

Dental extraction is the most frequent surgical procedure per- 
formed on hemophilic patients. Loss of deciduous teeth seldom causes 
excessive bleeding, but extraction of permanent teeth may result in 
excessive hemorrhage that can persist intermittently for several days to 
weeks unless appropriate treatment is administered. In the untreated 
patient with severe hemophilia, life-threatening, dissecting pharyngeal 
and/or sublingual hematomas may result from dental procedures or 
from administration of regional block anesthesia. 


LABORATORY FEATURES 


Patients with severe hemophilia A have a prolonged activated par- 
tial thromboplastin time (aPTT). The prothrombin time (PT) and 
thrombin clotting time (TCT) are normal. Different combinations of 
aPTT reagents and instrumentation exhibit varying sensitivities to fac- 
tor VIII levels. In mild hemophilia, the aPTT may be only slightly pro- 
longed or at the upper limit of normal, especially if factor VIII activity 
is 20 percent or greater. The aPTT is corrected when hemophilic plasma 
is mixed with an equal volume of normal plasma. If the hemophilic 
plasma contains an anti-factor VIII inhibitor antibody, the aPTT on 
a similar mixture is prolonged, but incubation of the mixture for 1 or 
2 hours at 37°C is sometimes required to detect the prolongation. 
A definitive diagnosis of hemophilia A should be based on a specific 
assay for factor VIII activity. 


Functional factor VIII coagulant activity is measured by one-stage 
clotting assays based on the aPT'T. Chromogenic assays for factor VIII 
activity also are used widely, but do not always agree with one-stage 
assays.” Although infrequently measured in practice, factor VIII anti- 
gen is measured by immunologic assays, which detect normal and most 
abnormal factor VHI molecules. If the factor VIII antigen level is nor- 
mal but the clotting activity is reduced, the patient has a dysfunctional 
factor VIII molecule. Such patients have antigen-positive hemophilia, 
also referred to as cross-reacting material (CRM)-positive.”° Patients in 
whom both the factor VIII antigen level and activity are nearly unde- 
tectable are said to be CRM-negative. 


DIFFERENTIAL DIAGNOSIS 


VWD sometimes is confused with hemophilia A. The basic defect in 
VWD is reduced activity of von Willebrand factor (VWF), which acts 
as a carrier of factor VIII in vivo (Chap. 126). Thus, in VWD, factor VIII 
levels are reduced, although considerable variability exists. Although 
factor VIII is synthesized normally in patients with VWD, the half-life 
of factor VIII is markedly shortened because the VWF “carrier” mole- 
cule is decreased or absent. Other abnormalities in VWD that distin- 
guish VWD from hemophilia A are decreased VWF antigen level, and 
decreased VWF activity, often measured using the ristocetin cofactor 
activity assay and a prolonged closure time using the platelet function 
analyzer PFA-100. In type III VWD, factor VIII levels may be very low 
(<5 percent of normal), making it difficult to distinguish from classical 
hemophilia. The lack of a sex-linked pattern of inheritance in the family 
will help in the differential diagnosis. 

Another variant of VWD that is particularly difficult to distinguish 
from hemophilia A is VWD-Normandy, in which VWF multimers are 
normal but plasma factor VIII levels are low.*! Several mutations caus- 
ing VWD-Normandy have been described, but all of them result in 
decreased binding of factor VIII to VWE” The result is shortening of the 
intravascular survival of factor VIII and thus reduced factor VIII activity. 
The Normandy variant of VWD should be suspected in patients with 
mild hemophilia A who do not exhibit a sex-linked recessive inheri- 
tance pattern. 

Hemophilia A must be distinguished from other hereditary blood 
clotting factor deficiencies that exhibit a prolonged aPTT, including defi- 
ciencies of factors IX, XI, and XII, prekallikrein, and high-molecular- 
weight kininogen. Only deficiencies of factors VIII and IX cause chronic 
crippling hemarthroses with a family history suggestive of an X-linked 
bleeding disorder. Only specific assays can distinguish hemophilia A 
from factor IX deficiency (hemophilia B). Factor XI deficiency occurs 
in males and females and is a milder hemorrhagic disorder compared 
to severe hemophilia A or B. Factor XI deficiency can be confused with 
mild hemophilia A or B on screening laboratory tests, but specific assays 
distinguish them. Deficiencies of factor XII, prekallikrein, and high-mo- 
lecular-weight kininogen can be distinguished from hemophilia because 
they are not associated with bleeding. Mild hemophilia A, with factor 
VIII levels of approximately 10 to 20 percent of normal, must be distin- 
guished from combined deficiency of factors V and VIII.“ Both the PT 
and aPTT are moderately prolonged in the combined disorder.“ 


THERAPY 


General 

General principles applicable to therapy for hemophilia A include 
avoidance of aspirin, nonsteroidal antiinflammatory drugs, and other 
agents that interfere with platelet aggregation. Acetaminophen or rel- 
atively specific cyclooxygenase (COX)-2 inhibitors such as celecoxib 
have been recommended, but these drugs can be harmful when taken 
in excessive doses or for prolonged periods. Patients should be advised 
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of the numerous nonprescription analgesics and herbals that contain 
aspirin or other antiplatelet agents. Addictive narcotic agents should be 
used with great caution and only when clearly indicated, because drug 
dependency can be a major problem for patients with hemophilia. In 
general, intramuscular injections should be avoided unless the patient 
receives adequate replacement therapy. In the absence of prophylactic 
therapy, patients with hemophilia A must be treated as early as pos- 
sible to avoid bleeding complications. Surgical procedures in hemo- 
philic patients should be scheduled early in the week to avoid “weekend 
crises.” Ample supplies of factor VIII should be available in the blood 
bank or pharmacy to ensure rapid access to treatment when needed. All 
hemophilic patients should have access to home treatment and periodic 
examinations at a comprehensive hemophilia treatment center. Prophy- 
lactic therapy is recommended in all severely affected patients, and it 
should be initiated before the onset of recurrent hemarthroses (primary 
prophylaxis) or as directed. Secondary prophylaxis for an established 
“target” joint may be necessary.“ 


Factor VIII Replacement Therapy 

Hemorrhagic episodes in patients with hemophilia A can be managed 
by replacing factor VIII. Several products are available for use in raising 
factor VIII to hemostatic levels (Table 123-2). Fresh-frozen plasma and 


TABLE 123-2. Currently Available Factor VIII Products? 


Origin Viral Inactivation 
Intermediate purity 
Humate P? Plasma Pasteurization‘ 
High purity 
Koate DVI? Plasma Solvent-detergent’, heat 
Alphanate® Plasma treated! 
Solvent-detergent, heat 
treated! 
Ultrapure® 
Hemofil M Plasma Solvent-detergent? 
Monoclate P Plasma Pasteurization‘ 
Recombinant 
Advate” CHO cells‘ Solvent-detergent? 
Recombinate® CHO cells‘ 
Kogenate FS° BHK cells? Solvent-detergent 
Helixate FS° BHK cells? Solvent-detergent 
Xyntha*’ CHO cells‘ Solvent-detergent, 
nanofiltration 
Eloctate*" HEK cells’ Solvent-detergent 


*Extended half-life FVIII product. 

"Additional concentrates are available in Europe. 

’Contains von Willebrand factor (VWF). 

‘Pasteurization at 60°C for 10 hours. 

4Solvent-detergent: tri-n-butyl phosphate (TNBP) + polysorbate 80. 
‘Human albumin added; insignificant VWF. 

‘Chinese hamster ovarian cells. 

9Baby hamster kidney cells. 

hNot exposed to human or animal protein during manufacture. 
‘Heat treated at 80°C for 72 hours. 

/Human embryonic kidney cells. 
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cryoprecipitate both contain factor VIII and once were the only prod- 
ucts available for treatment. A disadvantage of plasma is that large vol- 
umes must be infused to achieve and maintain even minimal factor VIII 
levels. The highest factor VIII level that can be achieved with plasma 
is approximately 20 percent of normal, which is not always attainable 
or sufficient for hemostasis. Cryoprecipitate, containing approximately 
80 U of factor VIII in 10 mL of solution, can be used to attain nor- 
mal factor VIII levels, but individual bags of cryoprecipitate must be 
pooled; the factor VII dose can only be estimated; and the product 
must be stored frozen. Several commercial lyophilized factor VIII con- 
centrates, using cryoprecipitate of pooled normal human plasmas as 
starting material (2000 to 20,000 donors), are available and do not have 
the disadvantages of plasma and cryoprecipitate (Table 123-2). Factor 
VIII concentrates have been sterilized by heating in solution, by super- 
heating to 80°C after lyophilization, and by exposure to organic sol- 
vent-detergents that inactivate lipid-enveloped viruses, including HIV 
and hepatitides B and C viruses, but do not inactivate parvovirus or 
hepatitis A.°*” Parvovirus infection does not occur frequently in hemo- 
philia A patients because parvovirus is transmitted by cellular elements 
of the blood. Nevertheless, seroconversion to B19 parvovirus has been 
observed in patients receiving plasma-derived concentrates undergoing 
solvent-detergent extraction or pasteurization. 

Some of these products contain significant amounts of VWF (see 
Table 123-2). Plasma-derived factor VIII concentrates prepared by 
monoclonal antibody techniques, and subjected to viral inactivation 
techniques, are highly purified and, barring breakdown in manufactur- 
ing procedures, are considered to be safe in terms of transmission of 
viral diseases. 

Factor VIII produced by recombinant DNA techniques is avail- 
able, safe, and effective. There are new “third-generation” factor VIII 
products that are manufactured without exposure to animal or human 
protein. Although all factor VIII products, both recombinant and 
plasma-derived, are currently safe and effective, some physicians and 
patients prefer products that are not exposed to human or animal pro- 
teins during the manufacturing process. 

The dose of factor VIII can be determined as follows. If 1 U of 
factor VIII per milliliter of plasma is considered 100 percent of nor- 
mal, the dose required to raise the level to a given value depends upon 


the patient’s plasma volume (approximately 5 percent of body weight 
in kilograms) and the level to which factor VIII is to be raised. Thus, 
the plasma volume of a 70 kg adult is approximately equivalent to 
3500 mL (5 percent x 70 kg = 3.5 kg = 3500 g, approximately equivalent 
to 3500 mL). To achieve normal factor VIII levels of 1 U/mL (100 percent), 
3500 U of factor VIII should be given. This scenario assumes a 100 
percent recovery of the administered dose. Recovery has approached 
100 percent in studies, but depends upon the method of assay and the 
factor VIII standard used for comparison.“ After the initial dose of 
factor VIII, further doses of factor VIII are based on a half-life of 8 to 
12 hours. Thus, after a loading dose of 3500 U of factor VIII, a dose of 
1750 U could be given in 12 hours. However, for practical purposes, the 
dose of factor VIII is based on the knowledge that 1 U of factor VIII 
per kilogram of body weight raises the circulating factor VIII level by 
approximately 0.02 U/mL. Thus, to raise the factor VIII level to 100 per- 
cent, that is, 1 U/mL, the dose of factor VHI required is approximately 
50 U per kilogram of body weight, assuming the patient's baseline factor 
VIII level is less than 1 percent of normal. The site and severity of hem- 
orrhage determine the frequency and dose of factor VIII to be infused. 

Table 123-3 summarizes the recommended doses of factor VIII 
for various types of hemorrhage.“ These doses are not based on rigor- 
ous randomized studies, and recommendations vary among hemophilia 
centers. Given the high cost of factor VII, some physicians prefer to use 
lower doses. 

Factor VIII can be given as a constant infusion to hospitalized 
patients. Following a loading dose to raise factor VIII to the desired 
level, 150 to 300 U of factor VIII per hour can be infused. Factor VIII 
levels can be conveniently monitored in blood obtained from veins 
other than the vein into which factor VIII was infused intravenously.” 
In selected patients, factor VIII can be given outside the hospital in a 
continuous infusion using pump devices.” 


DDAVP (Desmopressin) 

During the 1970s, 1-desamino-8-D-arginine vasopressin (DDAVP; 
desmopressin) was found to cause a transient increase in factor VIII 
in normal subjects and in patients with mild to moderate hemophilia. 
After a dose of DDAVP (0.3 mcg per kilogram body weight), given 
intravenously or subcutaneously, factor VIII levels increase two- to 


TABLE 123-3. Doses of Factor VIII for Treatment of Hemorrhage* 


Desired Factor VIII Level 


Factor VIII Dose* (U/kg 


Frequency of Dose* 


Site of Hemorrhage (% of Normal) Body Weight) (Every No. of Hours) Duration (Days) 
Hemarthroses 30-50 ~25 12-24 1-2 

Superficial intramuscular 30-50 ~25 12-24 1-2 

hematoma 

Gastrointestinal tract 50-100 50 12 7-10 

Epistaxis 30-50 ~25 12 Until resolved 
Oral mucosa 30-50 ~25 12 Until resolved 
Hematuria 30-100 ~25-50 12 Until resolved 
Central nervous system 50-100 50 12 At least 7-10 days 
Retropharyngeal 50-100 50 12 At least 7-10 days 
Retroperitoneal 50-100 50 12 At least 7-10 days 


*Mild or moderately affected patients may respond to 1-deamino-8-p-arginine vasopressin (DDAVP), which should be used in lieu of blood or 


blood products whenever possible. 


‘Factor VIII may be administered in a continuous infusion if the patient is hospitalized. After initial bolus, approximately 2 to 5 U/kg/h of factor 
VIII usually are sufficient in an average-size adult. Bolus doses are given every 12 to 24 hours. 


*The frequency of dosing and duration of therapy can be adjusted, depending on the severity and duration of the patient’s bleeding episode. 


threefold above baseline in most, but not all, mildly or moderately 
affected hemophilia A patients. Patients with severe hemophilia A do 
not respond to DDAVP.*! A concentrated intranasal spray of DDAVP 
also can be used (150 mcg in each nostril for adults and 150 mcg in one 
nostril for children weighing less than 50 kg). The degree of response 
to the drug should always be determined in patients before a bleeding 
episode, because occasionally mildly or moderately affected patients 
do not respond. The peak response to DDAVP usually occurs 30 to 
60 minutes after dosing. In patients with mild or moderate hemophilia 
A and in carriers whose baseline factor VIII levels are less than 0.5 U/mL, 
DDAVP may be used in lieu of blood products. The mechanism by 
which DDAVP increases factor VIII is unknown. 

Repeated administration of DDAVP results in a diminished 
response to the agent (tachyphylaxis). In many patients, the response 
to the second DDAVP dose averages 30 percent less than the response 
to the first dose, and the response rate may be even less after additional 
doses.” DDAVP is a potent antidiuretic. As a result, hyponatremia has 
been reported in some patients whose water intake exceeds approxi- 
mately 1 L per 24 hours after dosing. There is no convincing evidence to 
indicate that DDAVP administration is associated with thrombosis in 
hemophilic patients. 


Antifibrinolytic Agents 

Antifibrinolytic agents, such as ¢-aminocaproic acid (EACA) and 
tranexamic acid, have been used to enhance hemostasis in patients 
with hemophilia A.**™ Fibrinolytic inhibitors may be given as adjunc- 
tive therapy for bleeding from mucous membranes and are particularly 
valuable as adjunctive therapy for dental procedures. The usual oral 
dose of tranexamic acid for adults is 1 g four times per day. EACA can 
be given as a loading dose of 4 to 5 g followed by 1 g/h by continu- 
ous IV infusion in adults. Another regimen of EACA is 4 g every 4 to 
6 hours orally for 2 to 8 days, depending upon the severity of the bleeding 
episode. Antifibrinolytic therapy is contraindicated in the presence of 
hematuria because clots resistant to lysis may obstruct the ureters. 


Fibrin Glue 

Fibrin glue, otherwise known as fibrin tissue adhesive, has been used 
as adjunctive therapy to factor VIII in hemophilic patients.” Briefly, 
fibrin glue contains fibrinogen, thrombin, and factor XIII. Fibrinolytic 
inhibitors are added to some commercial products. The fibrinogen- 
factor XHI mixture is placed on the injury site and clotted with a human 
thrombin solution containing calcium. As a result, the fibrin clot is 
crosslinked and anchored to tissue. It is especially useful for hemostasis 
in patients undergoing dental surgery who receive a preextraction bolus 
of factor VIII followed by application of fibrin glue to the tooth socket. 
Fibrin glue also has been used as adjunctive therapy to factor VIII 
following orthopedic procedures and circumcision. It is very valuable 
for controlling bleeding when applied to the bed of a surgical wound 
following removal of large pseudotumors. Some hemophilia centers 
prepare their own “homemade” fibrin glue using cryoprecipitate as a 
source of fibrinogen and factor XIII. 


Treatment of Minor or Moderate Hemorrhage 
On occasion, superficial cuts and abrasions are managed with local 
measures, that is, application of pressure sometimes suffices to con- 
trol bleeding, although oozing may continue intermittently for several 
hours. Topical thrombin is of little value in this type of bleeding. In gen- 
eral, cautery should be avoided because bleeding may restart when the 
cauterized area is sloughed. 

When replacement therapy for epistaxis is needed, the factor VIII 
level should be raised to approximately 30 to 50 percent of normal. For 
treatment of hematuria, patients should be instructed to drink large 
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quantities of fluids. If hematuria is mild, uncomplicated, and painless, 
factor VIII replacement may not be necessary unless the hematuria 
persists. Gross or protracted hematuria requires replacement therapy. 
In these patients, factor VIII levels of at least 50 percent of normal or 
higher are needed, probably because urine is rich in urokinase that rap- 
idly lyses clots. 

Hemophilic patients requiring endoscopic procedures first 
should be treated with factor VIII to raise levels to at least 0.5 U/mL 
before the procedure. Only one dose may be necessary if endoscopy 
is uncomplicated. In cases of biopsies, severe abrasions or perforations 
following endoscopy, factor VIII replacement should be continued until 
healing of the lesion is complete. For expanding soft-tissue hematomas, 
factor VIII therapy should be started immediately and maintained until 
the hematoma begins to resolve. With effective therapy, the patient usu- 
ally experiences rapid relief from pain. For treatment of acute hemar- 
throses, prompt administration of factor VIII decreases the occurrence 
of extensive degenerative joint changes, deformity, and muscle wasting. 
For chronic synovitis and for bleeding into “target” joints, daily admin- 
istration of factor VIII to raise levels to 100 percent of normal for 6 to 
8 weeks (“secondary prophylaxis”) is usually indicated. 


Treatment of Major Nonsurgical Hemorrhages 

Any hemorrhage in a patient with hemophilia A may become major, but 
the following hemorrhages are common and frequently life-threatening: 
retropharyngeal, retroperitoneal, and central nervous system bleeding, 
whether subdural, subarachnoid, or into the brain parenchyma.” 

For treatment of retropharyngeal bleeding, particularly that asso- 
ciated with a sensation of tightness in the throat, pain in the neck, 
dysphagia, or difficulty breathing, patients should receive factor VIII 
immediately in doses sufficient to raise factor VIII levels to normal 
(1.0 U/mL). Near-normal levels should be maintained until bleeding 
ceases and the hematoma begins to resolve. For retroperitoneal hemor- 
rhage, early treatment is required, and therapy should be continued for 
7 to 10 days; otherwise, bleeding may recur upon resumption of activity. 

Immediate administration of factor VIII, sufficient to raise the 
level to normal, should be started upon the first sign of an intracra- 
nial hemorrhage or following a history of head trauma. Even asymp- 
tomatic patients with a history of head trauma should receive at 
least one dose of factor VIII as a prophylactic measure, and this dose 
should be given before diagnostic procedures such as a CT scan. Treat- 
ment of a known intracranial hemorrhage should be maintained for a 
minimum of 7 to 10 days, and the circulating factor VIII level should be 
kept normal throughout this period. Prolonged secondary prophylaxis 
is often indicated following an intracerebral hemorrhage, particularly 
in patients with HIV disease, who seem to have a high recurrence rate. 
Evacuation of subdural hematomas and surgical removal of hematomas 
involving the brain parenchyma can be performed, depending upon 
location. Despite aggressive replacementtherapy, however, mortality from 
central nervous system bleeding is high. 


Replacement of Factor VIII for Surgical Procedures 

For major surgical procedures, factor VIII should be raised to normal 
levels before operation and maintained for 7 to 10 days or until heal- 
ing is complete. Treatment can be started a few hours before surgery 
and continued intraoperatively using a continuous infusion or boluses 
every 8 to 12 hours. Postoperatively, factor VII levels should be mon- 
itored at least one or two times per day to ensure that adequate levels 
are maintained. Because factor VIII may be “consumed” during surgery, 
factor VIII levels should be monitored intraoperatively and doses of 
factor VIII higher than normal may be required. Bone and joint sur- 
gery may require longer periods of factor VIII coverage. Replacement 
of knee, hip, ankle, and elbow joints may be required for intractable 
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pain associated with loss of function, and several weeks of replacement 
therapy may be needed postoperatively.” 


Home Therapy 

Home therapy using available factor VIII concentrates was introduced 
in the United States in 1977 and was a major advance in the treatment 
of all forms of hemophilia.” Current practice for home therapy is to 
treat patients at home using a regular prophylactic regimen. Patients, 
age 6 years and older, can be taught to treat themselves with factor VIII. 
The training of patients and their families for home therapy is best 
accomplished in a regional comprehensive hemophilia diagnostic and 
treatment center or an affiliate of one of these centers. Patients are given 
an adequate quantity of factor concentrates and the supplies required 
for intravenous administration. Prompt treatment of hemarthroses and 
hematomas made possible by home therapy has markedly improved the 
morbidity and mortality associated with hemophilia. In addition, the 
quality of life of hemophilia A patients has improved dramatically.* 


Prophylactic Therapy 

The advent of stable and safe factor VIII concentrates has made pro- 
phylactic therapy for hemophilia A in severely affected patients feasi- 
ble. Such therapy is now the treatment of choice for all severely affected 
hemophilia patients (unfortunately, such treatment is not available or 
affordable for all patients). Administration of 25 to 40 U of factor VIII 
per kilogram of body weight three times per week or every other day 
markedly decreases the frequency of hemophilic arthropathy and other 
long-term effects of hemorrhagic episodes.” Primary prophylaxis is 
usually initiated before the age of 2 years or after the first joint bleed, 
which is usually when the child begins to walk. Central venous cathe- 
ters may be required sometimes for very young children; however, they 
are associated with a risk of infections and thrombosis.° Secondary 
prophylaxis is started after the onset of hemarthrosis and can be used 
for short periods of time or to manage target joints. The consumption 
of factor concentrate is higher when patients are on prophylaxis when 
compared to on-demand but analysis of the economic impact of pro- 
phylactic therapy, weighing the benefits against the high costs of factor VIII 
concentrates, suggests the clinical benefit of prophylaxis is warranted, 
as evidenced by significant improvement in the clinical condition of 
patients and improvement in the quality of life. 


COURSE AND PROGNOSIS 


After the advent of factor VIII concentrates in the 1960s, the morbidity 
and mortality from bleeding in hemophilia were significantly reduced, 
and by the late 1970s the life expectancy of hemophilia A patients began 
to approach that of normal individuals in those populations. However, 
use of replacement therapy has not been without significant complica- 
tions. Prior to 1985, common and serious adverse side effects of treat- 
ment included chronic liver disease resulting from hepatitides B and C 
and, from about 1978, infection with HIV." Factor VIII concentrates 
were prepared from many thousands of donors, making contamination 
of factor VIII concentrates by bloodborne viruses highly likely. With 
the introduction of heat- or solvent-detergent-treated concentrates in 
1985, contamination of blood products with these viruses has been 
eliminated for all practical purposes. However, AIDS became a leading 
cause of death in older patients with hemophilia. Chronic liver disease 
in hemophilia A patients resulting from transfusion-related hepatiti- 
des B and C may be accelerated by HIV infection and by the associated 
hepatotoxicity of antiviral drug therapy.“ Fortunately, patients treated 
prophylactically after 1985 can expect almost normal life spans free of 
the complications of hepatitis, AIDS, and other currently recognized 
bloodborne viral diseases. However, the development of inhibitor 


antibodies against factor VIII has been, and continues to be, one of the 
more serious complications of replacement therapy. 


Factor VIII Inhibitors 

Other than the transmission of viral diseases by factor VIII infu- 
sions, the main complication of hemophilia A replacement therapy is 
the development of specific inhibitor antibodies that neutralize factor 
VIII.” The reported prevalence of anti-factor VIII inhibitors in severe 
hemophilia A patients is variable, ranging from 3.6 percent to 27 per- 
cent. In the white population the estimated prevalence is approximately 
13 percent, compared to 27 percent and 25 percent in the black and 
Hispanic population, respectively.‘ The risk of inhibitor development 
is higher in patients with large deletions and nonsense mutations when 
compared to small deletions/insertions and missense mutations. Fre- 
quent testing for inhibitors in previously untreated patients receiving 
newer highly purified factor VII products from plasma or by recombi- 
nant technology revealed the frequent occurrence of transient inhibitors 
to factor VIII, many of which were of low titer and did not necessitate 
cessation of treatment with the same product. Although still controver- 
sial, some believe that the risk of inhibitors does not appear to be higher 
with the use of highly purified products than the risk reported in ear- 
lier studies using products of intermediate purity that contain VWE 6-74 
Some studies have reported that VWF is immunomodulatory, so that 
products containing VWF may be less likely to induce inhibitors com- 
pared to highly purified products. One outbreak of inhibitors in Europe 
appeared to be related to the neoantigenicity of an intermediate-purity 
plasma-derived factor VIII concentrate. Fortunately, inhibitors disap- 
peared from affected patients when use of the product was stopped.” 

Table 123-4 lists the risk factors that have been associated with 
the development of inhibitors. They arise most frequently in severely 
affected patients, following treatment at an early age. Many have gross 
gene rearrangements or the intron 22 inversion abnormality of the fac- 
tor VIII gene. 

Factor VIII inhibitors are antibodies, most often of the immuno- 
globulin (Ig) G class and frequently restricted to the IgG, subclass.” 
Antibodies against the A, and C domains of factor VIII are most com- 
mon. These antibodies interfere with the interactions of factor VIII with 
other hemostatic components.*””® 

Early diagnosis of factor VIII inhibitors is essential. Although 
the presence of an inhibitor can be suspected on clinical grounds, as 
when a patient does not respond to conventional doses of factor VIII, 


TABLE 123-4. Risk Factors for Development of 


Anti-Factor VIII Antibodies in Hemophilia A Patients 


Disease severity: 80% of hemophilia A patients with inhibitors 
have <1% factor VIII activity 


Early exposure to factor VIII concentrates: majority of high-titer 
inhibitors develop after <90 days of exposure to factor VIII 


Genetic factors 
1. Family history of inhibitor development 
2. Ethnic background: Blacks > Hispanics > whites 


3. Molecular defects: inversion and crossing over defect in intron 
22, gene deletions, and nonsense point mutations resulting in 
patients without factor VIII antigen 


Method of purification of factor VIII concentrate 


Adapted and modified from Roberts HR: Inhibitors and their man- 
agement, in Hemophilia & Other Bleeding Disorders, edited by Rizza, 
G Lowe, p 371. WB Saunders, New York, 1997. 


laboratory diagnosis is required for confirmation. Factor VIII inhibitors 
are time and temperature dependent in vitro. The prolonged aPTT of 
the plasma of a patient without an inhibitor is corrected when mixed 
1:1 with normal plasma even after incubation at 37°C for 1 to 2 hours. 
In contrast, the aPTT of a 1:1 mixture of plasma from a patient with an 
inhibitor and normal plasma is significantly prolonged after incubation 
at 37°C for 1 to 2 hours. Specific diagnosis rests upon demonstrating that 
an appropriate dilution of the patient's plasma, when added to normal 
plasma, specifically neutralizes factor VIII and not other blood clotting 
factors that influence the aPTT (i-e., factors IX, XI, XU, prekallikrein, 
high-molecular-weight kininogen). The demonstration that the inhib- 
itor is specific for factor VIII distinguishes it from inhibitors of other 
clotting factors, for example, the lupus anticoagulant, and nonspecific 
inhibitors. A common assay used for inhibitor detection and quantifica- 
tion is the Bethesda assay.” In the Bethesda assay, the patients plasma 
is diluted such that, when the plasma is mixed with an equal volume of 
normal pooled human plasma and incubated for 2 hours at 37°C, the 
factor VIII activity in the mixture is decreased by 50 percent. A modi- 
fication of the Bethesda assay is the Nijmegen assay, in which buffer is 
used instead of factor VII-deficient plasma. This method has shown 
to be more dependable at detecting low concentration of inhibitors.” 
Several approaches to treatment of factor VIII inhibitors are 
available (‘Table 123-5). Use of these treatments requires knowledge of 
whether the patient with an inhibitor is a “high” or “low” responder and 
whether the bleeding episode requiring treatment is minor or major.” 
High-Responder Patients Approximately 60 percent of patients 
who have inhibitors are high responders. High responders are defined 
as patients whose inhibitor titer is higher than 5 Bethesda units (BU) 
at baseline or whose initial inhibitor titer is less than 5 BU but rises 
to greater than 5 BU after administration of factor VIII. Thus, high 
responders who are not treated with factor VIII for long periods may 
have a sustained high level of inhibitor, or they may have a very low to 
undetectable level of inhibitor until they are challenged with factor VIII. 
Major bleeding episodes in a high-responder patient whose 
initial inhibitor titer is less than 5 BU can be treated with human 
factor VII concentrate (see Table 123-5). When the initial titer is low, 
sufficient factor VIII can be administered in high doses to neutralize the 
inhibitor and attain adequate factor VIII levels for hemostasis. Although 
factor VIII inhibitor bypassing agents can be used (see below), they 
are not as reliable as factor VII in achieving hemostasis, and their 
effect cannot be adequately monitored with specific laboratory tests. If 
factor VIII is used, a loading dose of 10,000 to 15,000 U may be required, 
followed by up to 1000 U of factor VIII per hour, depending upon the 
factor VIII level. One can expect an anamnestic response approximately 
5 days after administration of factor VIII. 
In high-responder patients whose initial inhibitor titer is less than 
5 BU and who experience a minor bleeding episode, the agent of choice 
is a factor VIII inhibitor bypassing agent. Recombinant factor VIIa in 


TABLE 123-5. Treatment of Inhibitors in Hemophilia A Patients 
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doses of 90 to 120 mcg per kilogram of body weight or higher every 2 to 
3 hours is safe and effective in most hemorrhagic episodes.” The dosing 
frequency is based on a factor VIIa plasma half-life of approximately 
2 to 3 hours. The mechanisms of action of factor VIIa have been inves- 
tigated using in vitro techniques. After coagulation is initiated by the 
tissue factor-factor VIIa pathway, factor VIIa at recommended doses 
is hypothesized to activate factor X on the surface of activated plate- 
lets, even in the absence of additional tissue factor activity.*° Factor Xa 
then can associate with factor Va and convert prothrombin to thrombin. 
Because activated platelets are localized to the site of vessel injury, 
thrombin generation by factor VIIa is localized to the site of bleed- 
ing. This process may account for the reported safety of factor VIIa.*° 
Factor VIII inhibitor bypassing activity (FEIBA), a plasma-derived 
agent, has also been used successfully to treat bleeding episodes in 
inhibitor patients and is both safe and effective’! given at a recom- 
mended dose of 50 to 100 U per kilogram body weight every 8 to 
12 hours (not to exceed 200 U per kilogram per day). 

High-responder patients whose initial inhibitor titer is greater 
than 5 BU usually do not respond to even very high doses of human 
factor VIII. Thus, recombinant factor VIla or FEIBA should be used.*! If 
these agents are not available, nonactivated prothrombin complex con- 
centrates or plasma exchange with high dose replacement factor VIII 
can be considered. 

Low-Responder Patients Low-responder patients are arbitrarily 
defined as patients whose inhibitor titer is less than 5 BU even after 
a challenge with factor VIII. For major bleeding episodes, high doses 
of human factor VIII can be used as recommended above. For minor 
bleeds, recombinant factor VIIa or FEIBA are recommended because 
some “low” responders may convert to high responders when they are 
challenged repeatedly with factor VIII. 

Nonactivated or activated prothrombin complex concentrates both 
contain variable amounts of activated factors, including factors VIIa, 
IXa, and Xa. The activated products have higher concentrations of acti- 
vated factors than do nonactivated products. FEIBA contains a complex 
of prothrombin and factor Xa that can bind to membrane surfaces and 
enhance thrombin generation in the absence of factors VIII or IX.*°*! 

Surgery in Inhibitor Patients The question of whether major sur- 
gery can be performed in patients with hemophilia A or B with inhib- 
itors arises now that joint replacement is possible.” Knee, ankle, hip, 
and elbow replacements have been carried out successfully in patients 
with inhibitor antibodies using bypassing agents. Basically, the patient is 
given a loading dose of factor VIIa followed by bolus doses of factor VIIa 
and use of fibrin sealant and antifibrinolytic therapy until healing is 
complete. FEIBA has also been successfully used in surgery in hemo- 
philic patients with inhibitors.* 

Immune Tolerance Removal of the antibody is the definitive goal 
of inhibitor management. Plasmapheresis, adsorption of the antibody 
on an affinity column during plasma exchange, and administration of 


Type of Patient Initial Titer Minor Hemorrhage* Major Hemorrhage* 

High responder <5 BU Recombinant factor Vlla; FEIBA Factor VIII*; recombinant factor Vila; FEIBA 

High responder >5 BU Recombinant factor Vila; FEIBA Recombinant factor Vila; FEIBA; plasma exchange 
Low responder <5 BU Recombinant factor Vlla; FEIBA High-dose factor VIII; recombinant factor Vlla; FEIBA 


BU, Bethesda unit; FEIBA, factor VIII inhibitor bypassing activity. 


*Choice of agents for treatment of major and minor hemorrhage are listed. Some physicians will choose the first product listed as the agent of 


choice, but the choice varies among physicians. 


tHigh dose of factor VIII may overcome an initial low-titer inhibitor, although an anamnestic response can be expected in high responders. 
Data from Hoffman M, Dargaud Y: Mechanisms and monitoring of bypassing agent therapy. J Thromb Haemost 10(8):1478-1485, 2012. 
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TABLE 123-6. Examples of Tolerance Protocols for 


Hemophilia A Inhibitor Patients with Good-Risk Factors 


Immune Tolerance 


Time to Negative 


Protocols Dose Inhibitor 

High-dose regimen 200 U/kg factor VIII 4.6 months 
per day 

Low-dose regimen 50 U/kg factor VIII 9.2 months 
three times per 
week 


Data from DiMichele DM: Immune tolerance in haemophilia: The long 
journey to the fork in the road. Heamophilia 159(2):123-134, 2012. 


intravenous y-globulin have been used in patients with an inhibitor. 
The Malmö protocol uses nearly all of these approaches in combina- 
tion, including extracorporeal adsorption of antibody to a Sepharose A 
column, administration of cyclophosphamide, daily administration of 
factor VIII, and intravenous y-globulin. 

The most promising approach to eradication of an inhibitor is use 
of immune tolerance regimens. The basis of this approach is adminis- 
tration of frequent (daily or thrice weekly) doses of factor VIII until the 
inhibitor titer is undetectable.* Low- and high-dose regimens have been 
described (Table 123-6). Predictors of success have been described in 
clinical studies in patients with high titer inhibitors and include young 
age at detection of inhibitor; inhibitor titer less than 10 BU before start- 
ing immune tolerance induction (ITI); peak titer less than 100 BU after 
starting ITI; historical peak titer less than 200 BU; age less than 5 years 
old between diagnosis and start of ITI; and genotype (small deletions 
and insertions, and missense mutations). Factor VII inhibitor bypass- 
ing agents are used for prevention and treatment of acute bleeds that 
occur during immune tolerance induction. 

Other approaches to treatment of factor VHI inhibitors include 
immunosuppressive drugs, like cyclosporine and rituximab.*-*” How- 
ever, these drugs, although occasionally successful, seem to be more 
effective in patients with acquired hemophilia resulting from autoanti- 
bodies against factor VII. 


Infectious Complications 
Hepatitis Almost all multitransfused patients with hemophilia treated 
before 1985 were infected with one or more viruses that caused hepati- 
tis. Although many infected patients did not suffer acute symptoms, at 
least 50 percent developed chronic persistent or chronic active hepatitis 
that in many cases, resulted in cirrhosis. Hepatitis C and B viruses are 
commonly associated with chronic liver disease. Many adult hemophilia 
patients treated with concentrates before 1985 have circulating antibod- 
ies to hepatitis B surface antigen, and hepatitis C. Hepatitis C infection 
progresses more rapidly in the presence of HIV infection. Until recently, 
therapy with pegylated interferon, and ribavirin reduced viral load and 
improve survival of many affected patients; however, newer approaches 
using serine protease inhibitors and nucleotide polymerase inhibitors 
has led to a high rate of sustained virologic responses.** All patients with 
hemophilia should be vaccinated against hepatitis A and hepatitis B. 
Human Immunodeficiency Virus Many of the older, severely 
affected hemophilia A patients who were treated before 1985 have 
antibodies to HIV, indicating infection with the virus. The incidence 
of HIV antibodies in mildly affected patients is much lower and cor- 
relates with treatment with factor VIII concentrates before viral inacti- 
vation procedures were used. In one study, 14 percent of patients treated 
only with cryoprecipitate from 1979 to 1985 were infected with HIV, 
whereas 88 percent of patients treated with factor VIII concentrates 
became infected. Screening of donor populations and new techniques 


for preparing factor VIII concentrates since 1985 have eliminated the 
risk of HIV transmission. 

Risk of Viral Disease Transmission By New Factor VIII Products 
All available factor VIII concentrates, both plasma-derived and recom- 
binant products, are considered safe and effective with almost no risk 
of transmitting currently known viral diseases. However, occasional 
exceptions have been observed. For example, solvent-detergent treat- 
ment does not inactivate viruses without lipid envelopes, including the 
hepatitis A virus and parvovirus. As a result, outbreaks of hepatitis A 
have been reported in patients receiving some solvent detergent-treated 
products. These outbreaks of viral diseases usually have been related to 
breakdowns in the manufacturing process. 

Prions Prions are infectious particles consisting of proteinaceous 
material devoid of a nucleic acid genome.” They are thought to be vari- 
ant forms of a normal protein with an altered conformation. The “infec- 
tious” nature of prions may result from their ability to bind to other 
proteins and induce similar conformational changes in them such that 
new “infectious” particles can be generated. Prions are responsible for 
several neurodegenerative disorders, including Creutzfeldt-Jakob dis- 
ease (CJD) in humans, scrapie in sheep, and spongiform encephalopathy 
in cows. Prions are resistant to most currently available viral inactiva- 
tion techniques. Removal of prion particles using iodine column chro- 
matography has been claimed.” Although prion diseases generally are 
transmitted by ingestion of infected neural tissues, a new variant of CJD 
appears to occur in people who have eaten beef from cows infected with 
a form of prion causing bovine spongiform encephalopathy. This form 
of CJD has been reported mainly in the United Kingdom and in certain 
other European countries and has been related to the bovine disease.” 
For example, prions have been found in tonsillar tissue of patients with 
new-variant CJD, heightening concern about whether prions of this 
type might be transmitted by blood products.” Conclusive data about 
possible prion infection of hemophilic patients are lacking, so contin- 
ued vigilance is necessary. 


@ HEMOPHILIA B (FACTOR IX DEFICIENCY, 
CHRISTMAS FACTOR DEFICIENCY) 


ETIOLOGY AND PATHOGENESIS 


Hemophilia B occurs in one of every 25,000 to 30,000 live male births. 
As with hemophilia A, hemophilia B is found in all ethnic groups and 
has no geographic predilection. 

Factor IX is a vitamin K-dependent, single-chain glycoprotein con- 
sisting of 415 amino acids. It is activated by the factor VIIa-tissue factor 
complex, or factor XIa, forming the active enzyme factor [Xa (Chap. 113). 
Once activated, factor IXa activates factor X in the presence of factor 
VIlla, phospholipid (activated platelets), and calcium. Factor VIIa is 
a necessary cofactor for activity of factor IXa. Therefore, deficiency 
of either factor IX or VIII leads to a similar lack of factor X-activating 
activity on the platelet surface. Factor Xa converts prothrombin to 
thrombin in the presence of factor Va, activated platelets, and calcium. 
Hemophilia B can result from either the absence or the dysfunction 
of factor IX molecules. Clinical severity of hemophilia B is roughly 
correlated with factor IX functional activity. 


GENETICS AND MOLECULAR BIOLOGY 


The factor IX gene is located on the long arm of the X chromosome. It is 
approximately 33 kb long, which is much smaller than the gene for fac- 
tor VIII.” Because it is less complex, the factor IX gene has been studied 
in greater detail than the factor VIII gene. Figure 123-11 is a schematic 
of the gene and the protein product. The protein consists of a signal 
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Figure 123-11. Schematic of the factor IX gene, the messenger RNA, and the protein. Exons are depicted by the tan boxes. The light 3’ portion of 
the mRNA is untranslated. The diagram of the protein shows the domains and the exons that encode each portion of the protein. The cleavage sites 


of factor Xla or factor Vila—tissue factor complex are indicated by asterisks. 


peptide that targets the protein for secretion from the hepatocyte to the 
circulation. The propeptide is necessary for posttranslational modifi- 
cation of 12 aminoterminal glutamic acid residues by an intracellular 
vitamin K-dependent carboxylase. The propeptide is cleaved from the 
mature protein before it enters the circulation. The aminoterminus of 
factor IX contains 12 y-carboxyglutamic acid (GLA) residues necessary 
for calcium-dependent lipid binding. The activation peptide is cleaved 
from the zymogen form of factor IX by either factor VIla/tissue factor 
or factor XIa, resulting in the two-chain active enzyme, factor [Xaf. The 
catalytic triad (His 221, Asp 229, ser 365) resides on the heavy chain 
(Chap. 113). 

There are more than 1000 distinct mutations or deletions in the 
factor IX gene reported in the factor IX database, including more 
than 900 distinct amino acid substitutions and numerous complete 
gene deletions.” More than 30 percent of factor IX mutations occur 
at CpG dinucleotides. These mutations often involve critical Arg resi- 
dues that result in a dysfunctional molecule.*** Many mutations have 
been reported in more than one kindred, and some of these mutations 
derive from the same “founder”! As predicted by genetic theory of 
X chromosome-linked recessive disorders, approximately one-third of 
mutations resulting in hemophilia B arise de novo. 

Mutations in regulatory regions of the factor IX gene have been 
identified. Particularly interesting examples are mutations in the 5’ pro- 
moter region that lead to the hemophilia B Leyden phenotype.’ This 
disorder is characterized by very low levels of factor IX antigen and 
activity at birth and during early childhood. The factor IX levels gradu- 
ally rise to 60 percent of normal or greater following puberty, possibly 
caused by the age-related stability element/age-related increase element 
mediated genetic mechanism.” Several different mutations in the pro- 
moter region of the factor IX gene disrupt binding of transcription 
factors, resulting in reduced transcription of the factor IX gene.10™3 


The hormonal changes occurring at puberty apparently can overcome 
the transcription defect and maintain hemostatic levels of factor IX. 

Hemophilia B inheritance is similar to that of hemophilia A. All 
daughters of affected males are obligate carriers, whereas all sons are 
normal. Female carriers may have factor IX levels ranging from less 
than 10 to 100 percent of normal, but the mean level is approximately 
50 percent. Carriers of hemophilia B usually are asymptomatic, except 
in cases of extreme X chromosome inactivation, X mosaicism, Turner 
syndrome, or testicular feminization.’“ When the level of factor IX 
activity is less than 25 percent of normal, abnormal bleeding may occur, 
especially after trauma and surgery. 


Carrier Detection and Prenatal Diagnosis 

Factor IX genotyping is achieved by direct sequencing. Prenatal diag- 
nosis may be accomplished by analysis of DNA obtained by chorionic 
villus sampling as early as 8 to 10 weeks after conception.'” This pro- 
cedure also can be performed on fetal cells obtained by amniocentesis 
and is more accurate than fetal blood sampling for factor IX activity 
and factor IX antigen. Large deletions are relatively rare in severe hemo- 
philia B, but are associated with a higher risk of factor IX inhibitors 
when present. 


CLINICAL FEATURES 


Bleeding episodes in patients with hemophilia B are clinically indis- 
tinguishable from patients with hemophilia A, although as stated else- 
where, the hemophilia B population as a whole seem to have fewer and 
less-severe complications than severely affected hemophilia A patients’ 
(see “Clinical Features” under “Hemophilia A’ above). When patients 
are inadequately treated, repeated hemarthroses leading to chronic, 
crippling hemarthropathy occur. Hematoma formation with dissection 
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into surrounding tissues is possible. Hematuria, bleeding from mucous 
membranes, and other bleeding manifestations are as described in the 
section on hemophilia A. The physical, psychological, vocational, and 
social aspects of the disease are similar to those encountered with hemo- 
philia A. Classification of hemophilia B is based on clinical severity and 
roughly correlates with the level of factor IX coagulant activity. Severe 
disease usually is associated with factor IX levels of less than 1percent 
of normal; moderate disease is associated with factor IX levels of 1 to 
5 percent; and mild disease is associated with factor IX levels ranging 
from 5 to 40 percent. 

The occurrence of factor IX inhibitor antibodies is much less com- 
mon in hemophilia B patients than in hemophilia A patients, and is 
very rare in nonsevere disease. Only approximately 3 percent of severely 
affected patients develop inhibitors. 


LABORATORY FEATURES 


The screening tests used in the diagnosis of hemophilia A also are used 
in the diagnosis of hemophilia B. In most cases of hemophilia B, PT 
is normal and aPTT is prolonged. However, specific assay of factor IX 
coagulant activity is required for definitive diagnosis. The most com- 
monly used test is a one-stage clotting assay based on aPTT. Determi- 
nation of factor IX antigen levels is valuable in further classifying the 
disorder. 


DIFFERENTIAL DIAGNOSIS 


Hemophilia B must be distinguished from hemophilia A. Both forms 
are inherited as X-linked recessive disorders, and both have almost 
identical hemorrhagic and clinical manifestations. The only method for 
differentiating hemophilia B from hemophilia A is performing specific 
assays for factors VIII and IX on the patient’s plasma. 

Inherited and acquired deficiencies of other vitamin K-dependent 
factors, liver disease, and warfarin overdose must be distinguished from 
hemophilia B. In these cases, not only factor IX but all other vitamin 
K-dependent clotting factors, including prothrombin, factor VII, and 
factor X, are decreased. Acquired antibodies specific for factor IX occur 
in nonhemophilic patients but are very rare. 


THERAPY 


Factor IX Replacement 

The basic treatment of hemophilia B is replacement of factor IX. 
Several products are available for use (Table 123-7). The older factor 
IX-containing products often are referred to as prothrombin complex 
concentrates. These products, which are prepared from large pools of 
human plasma (several thousand donors), contain not only factor IX 
but also prothrombin, factors VII and X, and proteins C and S. In addi- 
tion, the products may contain small amounts of activated factors, such 
as factors VIIa, IXa, and Xa. Some of these products are associated with 
thromboembolic events, presumably resulting from contamination with 
the activated components. Deep venous thrombosis (DVT) and dissem- 
inated intravascular coagulation have been reported in some patients 
who receive large doses of prothrombin complex concentrates, but these 
complications seem to occur less frequently with currently available 
purified factor IX products than with earlier preparations. Prothrombin 
complex concentrates are no longer the optimal choice for replacement 
therapy in hemophilia B, even though they are much less expensive than 
the highly purified factor IX concentrates. When prothrombin complex 
concentrates are used for replacement therapy, factor IX levels greater 
than 50 percent of normal should not be exceeded in order to mini- 
mize the risk of thrombosis. Use of these products in factor [X-deficient 
patients with liver dysfunction may be hazardous because the activated 


TABLE 123-7. Currently Available Factor IX Products* 
Origin 


Viral Inactivation 


Intermediate purity (prothrombin complex concentrates) 


Profilnine SD Plasma Solvent-detergent 
Bebulin VH Plasma Vapor heating 
High purity 
Mononine Plasma Ultrafiltration; 
chemical 
AlphaNine Plasma Solvent-detergent; 
virus filtered 
Recombinant 
BeneFIX CHO cells Solvent-detergent 
Nanofiltration 
Rixubis CHO cells Solvent-detergent 
Nanofiltration 
Alprolixt HEK cells Nanofiltration 


Chromatography 


CHO, Chinese hamster ovary; HEK, human embryo kidney. 
*Additional factor IX concentrates are available in Europe. 
tExtended half-life factor IX product. 


factors contaminating these preparations may not be cleared efficiently 
by a diseased liver, and thrombosis might be induced. 

Table 123-7 lists the highly purified factor IX products. Some 
products are prepared from human plasma; at present, three products 
are produced by recombinant DNA technology. Although all available 
factor IX concentrates are considered safe and effective, the recombi- 
nant product undergoes a final viral inactivation step. In addition, the 
recombinant products are not exposed to human albumin or bovine 
serum during preparation. Thus, even the theoretical risk of transmis- 
sion of prion diseases is averted with this preparation. Some clinicians 
consider the recombinant product to be the agent of choice, although 
it has a major drawback in that the intravascular recovery of factor IX 
generally is lower than the recovery of highly purified factor IX product 
prepared from plasma.’ The recombinant factor IX products are not 
thought to be thrombogenic. New factor IX products have been recently 
approved and others undergoing clinical trials or currently being devel- 
oped, some of them with extended half-life (see Table 123-7).!” Dif- 
ferent technologies have been applied to extend the half-life of factor 
IX including Fc-fusion, recombinant albumin fusion and PEGylation 
(glycoPEGylation), so one can expect the number of available factor IX 
products to increase in the near future. 


Dosing of Factor IX 

The dose calculations for all factor IX products are different from those 
used in hemophilia A because intravascular recovery of factor IX is 
only approximately 50 percent, and the recovery is even lower with 
the recombinant product. The reason for this finding is unclear, but as 
factor IX binds to type IV collagen, a component of the vascular wall, 
infused factor IX adsorption may contribute to the reduced recovery.’ 
The dose of factor IX can be estimated by assuming that 1 U of factor IX 
per kilogram body weight increases circulating factor IX by 1 percent of 
normal or 0.01 U/mL.’ Thus, to achieve 100 percent of normal (using 
only highly purified factor IX products) in a severely affected patient, 
100 U of factor IX per kilogram body weight should be given as a bolus, 


followed by half this amount every 12 to 18 hours. Dosing should be 
monitored by assays of factor IX before and after bolus administration. 
Factor IX also can be administered as a constant infusion in hospital- 
ized patients after the bolus administration. The dose of factor IX to be 
infused per hour can be estimated based on a factor IX half-life of 18 to 
24 hours. Thus, in a 60-kg adult who receives highly purified factor IX, 
6000 U of the factor should raise the factor IX level to approximately 
100 percent of normal. Over the next 12 to 18 hours, the level decreases 
by approximately 50 percent. Thus, the patient needs approximately 
3000 U of factor IX during that period or 250 U of factor IX per hour 
as an infusion.' These calculations are only estimates of aver- 
age responses, so factor IX dosing should be monitored by factor 
IX assays and the dose adjusted appropriately. Prophylactic therapy 
for hemophilia B also can be attempted in individuals selected in the same 
manner as that described for hemophilia A patients. The prophylactic 
dose of factor IX is 25 to 40 U/kg of body weight two times per week or 
50 to 100 U/kg every 7 to 10 days if using extended half-life products. 

Although currently available factor IX concentrates are safe in 
terms of transmission of HIV and hepatitides B and C viruses, patients 
treated prior to 1985 may have been infected with these agents. 


COURSE AND PROGNOSIS 


Unless treated properly, severe hemophilia B is fraught with the same 
complications of recurrent hemorrhages as hemophilia A. Thus, hemar- 
throses and chronic hemophilic arthropathy are common in inade- 
quately treated patients. In addition to joint deformities, chronic active 
hepatitis is common in patients treated before 1985. Approximately 
50 percent of older and severely affected patients now are HIV-positive. 
Patients treated after 1985, when HIV testing became available, are not 
likely to have contracted HIV. 

Patients with severe hemophilia B may develop inhibitory antibod- 
ies against factor IX, making treatment very difficult."°!"! Approximately 
3 percent of patients with severe hemophilia B develop specific inhibitor 
antibodies, frequently restricted in immunoglobulin composition to the 
IgG, subclass and x light chains.’"' Most inhibitors can be detected when 
the aPTT of a mixture of normal plasma and the patient’s plasma is pro- 
longed. In contrast to the inhibitors in hemophilia A patients, inhibitor 
antibodies against factor IX are not time and temperature dependent; 
thus, incubating the mixtures for 2 hours at 37°C usually is unnecessary. 
Inhibitors to factor IX can be quantitated by modifying the Bethesda 
method for detecting factor VIII inhibitors. Many patients with inhib- 
itors have mutations that result in the absence of circulating factor IX 
antigen, most commonly because of deletions and nonsense mutations. 


TREATMENT OF PATIENTS WITH FACTOR IX 
INHIBITOR ANTIBODIES 


When the inhibitor titer is less than 5 BU/mL, the factor IX inhibitor 
possibly can be neutralized using large doses of highly purified factor IX 
concentrates. However, when the inhibitor titer is greater than 5 BU/mL, 
acute bleeding in patients should be treated with the same agents 
used to bypass factor VIII inhibitors (see Table 123-5). Recombinant 
factor VIIa in doses of 90 to 120 mcg per kilogram body weight admin- 
istered intravenously every 2 to 3 hours can be used. Alternatively, 
FEIBA at a dose of 50 to 100 U per kilogram body weight every 8 to 
12 hours (not to exceed 200 U/kg per day) or nonactivated prothrombin 
complex concentrates can be used. 

Induction of immune tolerance can be attempted in hemophilia 
B patients using daily infusions of purified factor IX preparations. 
However, significant adverse reactions, including anaphylaxis and 
nephrotic syndrome, have been reported in severely affected patients 
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with inhibitors.'’’ Of the reported cases, many patients were younger 
than 12 years of age, and suffered from severe hemophilia B as a result 
of large deletions of the factor IX gene. The nephrotic syndrome may 
be transient and remit upon cessation of factor IX replacement. The 
pathogenesis of the nephrotic syndrome is not known. Patients with 
hemophilia B and factor IX antibodies who experience anaphylaxis with 
factor IX infusions and have hemorrhage should be treated with factor 
VIIa concentrates because both unactivated prothrombin complex con- 
centrates and FEIBA contain factor IX.'” 


Curative Approaches for Hemophilia: Liver Transplantation 
and Gene Therapy 

Normal livers have been transplanted successfully into patients with 
hemophilia A or B, with resulting cure of the hemophilic condition."'*!" 
The procedure is most often performed for end-stage chronic viral hep- 
atitis that afflicts many older hemophilic patients. However, given the 
obvious limitations of this approach, it cannot be considered a viable 
treatment option to treat hemophilia per se. 

On the other hand, gene replacement therapy for hemophilia 
offers an ideal theoretical approach for prophylactic therapy or even for 
a definitive cure. Proof of concept of gene therapy as a viable long-term 
option for the treatment of hemophilia B has been established, as dis- 
cussed below. Currently, however, the challenges associated with gene 
transfer of the much larger FVIII gene have slowed down progress in 
the development of gene therapy for hemophilia A, although these lim- 
itations are being addressed. 

There are several approaches by which the defective gene encoding 
factor VIII or factor IX can be introduced into a congenitally deficient 
host (Chap. 29). Viruses have evolved to introduce genetic material into 
target cells, and are usually employed as the vector, or “Trojan Horse” 
to allow transfection or transduction of the genetic information. "6 
Several potential vectors have been used in clinical gene therapy studies 
for hemophilia and other single gene disorders over the past 2 decades, 
including adenoviruses, recombinant adeno-associated viral vectors 
(rAAVs), and retroviral vectors, which include the lentiviral vectors 
based on HIV-1. At present, rAAVs are favored by the majority of 
ongoing trials in hemophilia, although preexisting immunity to some 
of these naturally occurring serotypes, which limits their use, is quite 
prevalent (up to 40 percent) in human populations. Although concerns 
exist about oncogenic genotoxicity (also known as insertional mutagen- 
esis) associated with the earlier generation lentiviral vectors, they also 
have theoretical benefits; specifically, they are capable of infecting both 
dividing and nondividing cells with resultant persistent expression after 
integration into the host cell genome. In addition, they avoid the vector- 
mediated cytotoxicity (such as hepatic transaminitis) and immunologic 
reactions associated with rAAV.'” 

Certain vectors (such as rAAV) can be injected intravenously— 
usually on a single occasion—with resultant tropism of the vector and its 
payload to the liver. Previously, gene transfer via multiple intramuscular 
injections was also evaluated, and while not unduly toxic, sustained lev- 
els of factor IX greater than 1 percent were not maintained long-term. 
These “in vivo” gene transfer protocols vary from “ex vivo” gene therapy, 
in which a specific type of cell is targeted before being reintroduced into 
the host. Target cells used for gene transfer in hemophilia have included 
human fibroblasts, hematopoietic stem cells, and platelets. 

Despite a number of early phase clinical trials over 20+ years, it was 
not until 2011 that the first report of predictable and consistent mainte- 
nance of factor IX levels (in the range of 1 to 6 percent of normal) was 
achieved in six subjects with hemophilia B. The bleeding frequency and 
clotting factor usage was reduced by 90 percent in these patients. This 
experience, from the groups at University College London and St. Jude’s 
Research Hospital in Memphis, Tennessee, was updated with a followup 
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of up to 3 years in the original cohort of six patients, together with 
an additional four treated individuals." The protocol consisted of a 
single intravenous injection of a self-complementary rAAV-8; at the 
highest vector doses used, biochemical transaminitis occurred in some of 
the patients. This hepatotoxicity was mediated by a host cytotoxic 
T-lymphocyte response to viral capsid antigens expressed on trans- 
fected hepatocytes. Fortunately, however, there was a consistently bene- 
ficial and prompt response to modest doses of oral prednisolone. 

This milestone study has prompted a resurgent interest in gene 
therapy for hemophilia, with several phase I studies now underway. 
Remaining challenges include the use of purer vector preparations (with 
fewer empty capsids) and strategies to circumvent the natural immu- 
nity to AAV." These modifications should permit this approach to be 
applicable in a greater proportion of patients, and result in even higher 
long-term expression of factor IX. 

Finally, utilization of the same approach to hemophilia A is limited 
by the inefficient expression of factor VIII, as well as the large size of the 
coding sequence, even in the absence of the B domain. However, the use 
of B-domain-deleted codon optimized factor VIII molecules has pro- 
duced encouraging results in animal models of gene therapy. It is hoped 
that these preclinical data translate into persistent factor VIII expression 
levels in patients with hemophilia A. It remains to be seen how often 
inhibitors to factor VIII occur in these patients. 


@ SPECIAL PROBLEMS ASSOCIATED 
WITH HEMOPHILIAS A AND B 


Unusual problems are occasionally encountered in both hemophilia A 
and B. Some of these are discussed in a brief publication." For example, 
scuba diving can be dangerous in severely affected hemophiliacs and 
should be avoided. Hemophilic patients requiring laser treatment for 
visual problems may not require replacement therapy provided that a 
surgical incision is not required during such therapy. Carriers of either 
hemophilia A or B may have bleeding problems during delivery or sur- 
gery and will require replacement therapy. Carriers whose fetuses have 
hemophilia may require cesarean section if vaginal delivery is found to 
be difficult. Forceps and mechanical devices should be avoided during 
delivery of infants who are hemophilic. Some patients with hemophilia 
may also have another familial bleeding disorder, such as VWD. 

Hemophilic patients that survived the HIV epidemic are aging and 
are developing comorbidities similar to nonhemophilia males, includ- 
ing hypertension, cardiovascular disease, renal failure, and dyslipi- 
demias. The deficiency of either factor VIII or IX seems to provide some 
protection against thrombosis.’ However, myocardial infarction has 
been reported in hemophilic patients even without treatment.’ DVT 
has also been reported following replacement therapy in both hemo- 
philia A and hemophilia B. Acute DVT can be treated with heparin for 
7 to 10 days as long as the patient receives factor replacement therapy. 
Thereafter, anticoagulation is not recommended. Thromboembolic epi- 
sodes in hemophilia B are much less common since the advent of highly 
purified factor IX products. 

The management of cardiovascular disease in the hemophilia pop- 
ulation is a challenge." The use of antiplatelet therapy seems safe in 
mild and moderate individuals; for the severely deficient patient, how- 
ever, prophylaxis with factor VIII or factor IX should be used. For anti- 
coagulation with heparin or vitamin K antagonists, factor trough levels 
above 0.25 U/L are recommended. For the management of acute coro- 
nary syndromes and arrhythmias requiring intervention, replacement 
with adequate factor concentrate should be done without exceeding lev- 
els above 80 to100 percent of normal. Radial artery access rather than 
femoral and bare metal stents are preferred over drug-eluting stents. 


Individuals requiring valve replacement should receive a biologic rather 
than a mechanical valve when possible. 

Hemophilia patients who have atrial fibrillation should undergo 
cardioversion when possible. If cardioversion is not successful, some 
physicians recommend treatment with aspirin but anticoagulants 
should be used with caution taking into consideration the severity of 
the hemophilia and the risk of stroke. 
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CHAPTER 124 

INHERITED DEFICIENCIES OF 
COAGULATION FACTORS II, V, 
V+VIII, VII, X, XI, AND XIII 


Flora Peyvandi and Marzia Menegatti* 


Rare bleeding disorders (RBDs), accounting for the 3 to 5 percent of patients 
with abnormal hemostasis, include the nonhemophilia inherited deficiencies 
of the coagulation factor II (prothrombin), factor V, combined factor V/VIII, 
factor VII, factor X, factor XI, factor XIII, and fibrinogen. The prevalence of 
RBDs is variable, both the relative frequency among the different factors and 
frequency in different regions of the world. The genetic transmission of these 
disorders is usually autosomal recessive. Bleeding manifestations caused by 
these inherited deficiencies are of variable severity and usually related to the 
extent of the decreased activity of the particular coagulation factor. Usually, 
only homozygous and compound heterozygous patients are symptomatic, 
although occasionally heterozygotes display a bleeding tendency. On the 
whole, the most typical symptom, common to all RBDs, is the occurrence 
of mucosal bleeding, while life-endangering bleeding, such as the central 
nervous system or umbilical cord bleeding, are more frequent only in the 
some deficiencies, such as afibrinogenemia and severe factor XIII and factor 
X deficiencies, characterized by very low or undetectable coagulant activity. 
Treatment of patients affected with the various coagulation factor deficiencies 
could be (1) on demand for spontaneous bleeding episodes, (2) after surgical 
procedures, and (3) for prevention (prophylaxis). Because of the rarity of these 
disorders and the technical limitations of laboratory testing and the lack of 
specific concentrates, a unified, evidence-based therapeutic approach to many 
such patients is not always clear. To overcome these limitations, new strate- 
gies, such as the creation of global partnerships and networking between 
treatment centers, have been developed to increase our knowledge and create 
platforms for researchers and clinicians to exchange information. 


Acronyms and Abbreviations: aPTT, activated partial thromboplastin time; 
COPII, coat protein complex II; EGF, epidermal growth factor; ELISA, enzyme-linked 
immunosorbent assay; ERGIC, endoplasmic reticulum—Golgi intermediate com- 
partment; FFP, fresh-frozen plasma; GGCX, y-glutamyl carboxylase; Gla, y-carbox- 
yglutamic acid; LMAN, mannose-binding lectin; MCFD, multiple combined-factor 
deficiency; PAR, protease-activated receptor; PCC, prothrombin complex concen- 
trate; PPH, postpartum hemorrhage; PT, prothrombin time; TAFI, thrombin-activat- 
able fibrinolysis inhibitor; TF, tissue factor; TT, thrombin time; VKORC1, vitamin K 
epoxide reductase—oxidase complex. 


“The authors would like to thank Dr. U. Selighson and Dr. O. Salomon who wrote 
the chapter “Inherited Deficiencies of Coagulation Factors II, V, VII, X, XI, and 
XII and Combined Deficiencies of Factors V and VIII and of the Vitamin K- 
Dependent Factors” contained in the previous edition of this book. 


Rare congenital deficiencies of plasma proteins involved in blood 
coagulation, such as fibrinogen, prothrombin, and factors V, V+VII, 
VIL, X, XI, and XIII, generally lead to lifelong bleeding disorders. These 
disorders have been described in most populations with an incidence 
varying from one case in 500,000 for factor VII deficiency, to one case 
in 2 to 3 million for prothrombin and factor XIII deficiency.'? How- 
ever, their relative frequency varies among populations, being higher in 
regions where consanguineous or endogamous marriages are common, 
partly as a result of increased high frequencies of specific mutant genes 
in these inbred populations.** Two large surveys were made by the 
World Federation of Hemophilia (WFH; www.wth.org) and the European 
Network of the Rare Bleeding Disorders (EN-RBD; www.rbdd.eu), with 
the aim of collecting epidemiologic data and providing information to 
hemophilia organizations and treatment centers to reduce and prevent 
complications of bleeding. Data collected by these surveys showed that 
factor VII and factor XI deficiencies are the most prevalent rare bleeding 
disorders (RBDs), each accounting for approximately one-third of all 
RBDs, while the rarest disorders are factor II (prothrombin) deficiency 
and combined deficiency of factors V and VIII (Table 124-1). The sever- 
ity of bleeding manifestations in affected patients is variable. The most 
typical symptom, common to all RBDs, is bleeding from the mucosal 
tracts or at the site of invasive procedures; life- and limb-endangering 
symptoms, such as umbilical cord and central nervous system bleeding, 
recurrent hemarthroses, and soft tissue hematomas, occur with higher 
frequency only in some severe deficiencies.” * Although heterozygotes 
for the coagulation factor deficiencies usually do not manifest a bleed- 
ing tendency, some cases of postdelivery and post-dental-extraction 
bleeding in heterozygotes for factor X deficiency have been reported.'® 


@ LABORATORY DIAGNOSIS 


The complexity of blood coagulation and the large number of proteins 
and nonprotein substances involved necessitate that a global test be 
used to simply and reproducibly assess its function: the screening tests 
such as prothrombin time (PT) and activated partial thromboplastin 
time (aPTT) are the first step in evaluating patients reporting a clin- 
ical and family history of bleeding. The PT interrogates the extrinsic 
coagulation pathway, its prolongation is indicative of the deficiency of 
factor VII; a normal aPTT is highly dependent on the intrinsic coagu- 
lation pathway, so that its prolongation is indicative of deficiencies of 
factors XI, VIII, IX, and XH. However, all patients homozygous or com- 
pound heterozygous for factor XI deficiency have aPTT values longer 
than 2 SD above the normal mean,” while heterozygotes substantially 
overlap the normal range.'”'* Consequently, screening of patients for a 
hemostatic abnormality prior to surgery (which is recommended for 
Jewish patients because of the high prevalence of factor XI deficiency) 
identifies patients with severe factor XI deficiency. The prolongation 
of both the PT and aPTT indicates the lack of a factor belonging to 
the common pathway, including prothrombin, factor V or factor X. 
However, patients with factor X deficiency harboring mutations that 
cause a defect only in the tissue factor (TF) pathway will only display 
a prolonged PT and their aPTT will be normal. Other patients who 
carry mutations that only affect the intrinsic pathway activity of factor 
X, will exhibit a normal PT and prolonged aPTT. Abnormal results 
of either of these screening tests should be followed by mixing studies 
where equal amounts of patient plasma and normal plasma are mixed 
and retested; the relevant test time is normalized in patients with factor 
deficiencies, but is not corrected or only minimally corrected in patients 
with factor inhibitors. In case of correction, specific coagulation assays 
are then performed to make the diagnosis of the specific factor defi- 
ciency. To evaluate fibrinogen deficiency, all coagulation tests that 
depend on the formation of fibrin as the end point are necessary; hence, 
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TABLE 124-1. Worldwide Distribution of Rare Bleeding 
Disorders Derived from the World Federation of 


Haemophilia and the European Network of the Rare 
Bleeding Disorders Surveys 


Deficiency WFH Survey (%) EN-RBD Database (%) 
Fibrinogen 7 8 

Factor Il 1 1 

Factor V 9 10 

Factor V + Factor VIII 3 3 

Factor VII 36 39 

Factor X 8 8 

Factor XI 30 24 

Factor XIII 6 7 


EN-RBD, European Network of the Rare Bleeding Disorders (www 
.rbdd.eu); WFH, World Federation of Haemophilia (www.wfh.org). 


beside PT and aPTT, thrombin time (TT) has to be also performed. 
In factor XIII deficiency, PT and aPTT are normal. Diagnosis of factor 
XIII deficiency is established by demonstrating increased clot solubil- 
ity in 5 M urea, dilute monochloroacetic acid, or acetic acid. However, 
this method, quantitative and not yet standardized, detects only severe 
factor XIII deficiency (with activity <5 percent), thus leading to a possi- 
ble underdiagnosis of factor XIII deficiency. The factor XIII deficiency 
diagnosis protocol requires a number of assays, which test for both 
activity as well as antigen levels. In the case of estimation of factor XIII 
activity using quantitative (e.g., photometric assays, which measure the 
ammonia released during a transglutaminase reaction) or incorpora- 
tion assays (dansylcadaverine-casein assay which measures the level of 
incorporation of a labeled amine into a protein substrate) during trans- 
glutaminase mediated cross linking,” the plasma blanking procedure 
is mandatory to avoid the factor XIIIa-independent ammonia release 
that could lead to incorrect results in the low-activity range (below 
5 to 10 percent).”"”? Factor XIII A-subunit antigen can be measured by 
enzyme-linked immunosorbent assay (ELISA).* Factor antigen assays 
are not strictly necessary for diagnosis and treatment but are necessary 
to distinguish type I from type II deficiencies that become very impor- 
tant in fibrinogen or prothrombin deficiency, where normal antigen 
levels and reduced coagulant activity (dysfibrinogenemia and dysproth- 
rombinemia) are associated with higher risk of thrombosis. Hereditary 
factor V deficiency is also a peculiar case that can be confused with 
combined deficiency of factor V + factor VIII because the two entities 
have similar manifestations, and are characterized by prolonged PT and 
aPTT. Consequently, assays of factor V and factor VIII are mandatory 
for making the distinction. 


CLASSIFICATION 


The development of guidelines for classification of RBDs has been his- 
torically hampered by a lack of sufficient knowledge about epidemiol- 
ogy and clinical outcomes, the difficulty in recognizing affected patients 
and collecting longitudinal clinical data, the limits of laboratory assays, 
and a lack of consensus concerning the criteria by which these disor- 
ders are classified. Classification of RBDs based on the residual level 
of plasma coagulant activity of the missing factor has considered for 
many years all RBDs as a single entity and a mild, moderate, or severe 
classification as in hemophilia was adopted (except for some disorders 


such as afibrinogenemia and factor XIII deficiency). In 2012, the Rare 
Bleeding Disorders Working Group, under the umbrella of the Fac- 
tor VIII & Factor IX Scientific and Standardisation Committee (SSC) 
of the International Society on Thrombosis and Haemostasis (ISTH), 
analyzed the results of data coming from four registries (EN-RBD, the 
United Kingdom Haemophilia Centre Doctors’ Organization registry, 
the North American Rare Bleeding Disorders Registry, and the Indian 
registry) for a total of 4359 patients. Despite the large number of patients 
evaluated in this overview (both from the literature and the aforemen- 
tioned registries), there is a large heterogeneity in the preassigned sever- 
ity definitions for both coagulant activity and bleeding symptoms.™ At 
the same time the EN-RBD, based on a cross-sectional study using data 
from 489 patients and involving 13 European treatment centers, for 
the first time evaluated the correlation between the coagulant residual 
plasma activity level and clinical bleeding severity in each RBD. Clinical 
bleeding episodes were classified into four categories of severity based 
on the location and the potential clinical impact, as well as the trigger 
of bleeding (spontaneous, after trauma or drug induced). By means of 
linear regression analysis, this study found a strong association between 
coagulant activity level and clinical bleeding severity for fibrinogen, 
combined factors V + VIII, X and XIII deficiencies. A weak associa- 
tion with clinical bleeding severity was present for factors V and VII 
deficiencies, while coagulation activity level of factor XI did not predict 
clinical bleeding severity. From the same study it also clear that the min- 
imum level to ensure complete absence of clinical symptoms is different 
for each disorder, leading to the conclusion that RBDs should not be 
considered as a single class of disorders, but instead studies should focus 
on the evaluation of specific aspects of each single RBD and different 
from hemophilia.” 


MOLECULAR ANALYSIS 


The molecular diagnosis of RBDs is based on the mutation search in 
the genes encoding the corresponding coagulation factor. Exceptions 
are the combined deficiency of coagulation factors V+VIII, caused 
by mutations in genes encoding proteins involved in the factor V and 
factor VIII intracellular transport (multiple combined-factor defi- 
ciency [MCFD] 2 and mannose-binding lectin [LMAN] 1) and the 
combined deficiency of vitamin K-dependent proteins (prothrombin 
and factors VII, IX, and X), caused by mutations in genes that encode 
enzymes involved in posttranslational modifications” and in vitamin 
K metabolism (y-glutamyl carboxylase [GGCX] and vitamin K epox- 
ide reductase-oxidase complex [VKORC1]).”” Coagulant factors genes 
are located on different chromosomes except for the genes of factor VII 
(F7), factor X (F10), fibrinogen (FGA, FGB, FGG), and factor XI (F11) 
(Table 124-2). In particular F10 lays only 2.8 kb downstream of the F7 
thus the combined deficiency of the two factors can be also the result 
of chromosomal abnormalities of the long arm of chromosome 13.” 
The strategy for molecular analysis is generally based on polymerase 
chain reaction amplification followed by Sanger sequencing of all exons, 
flanking intronic sequence and 5’ and 3’ untranslated regions. In con- 
trast with hemophilia A, caused in approximately half of the patients 
by an inversion mutation involving introns 1 or 22 of the factor VIII 
gene, RBDs are often caused by mutations unique for each kindred 
and scattered throughout the genes. Information on already identified 
mutations causing RBDs is traceable from the mutation database on the 
ISTH website (http://www.isth.org/?MutationsRareBleedin). Missense 
mutations are the most frequent gene abnormalities, representing 50 to 
80 percent of all identified mutations, except for LMAN1 variants where 
the most frequent mutations are insertions/deletions (50 percent). 
Insertion/deletion mutations represent 20 to 30 percent of the gene vari- 
ations of the fibrinogen, factor V (F5), MCFD2, and factor XIII (F13A) 


TABLE 124-2. General Genetic Features of Coagulation Factors 
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Deficiency Gene Chromosome Reference 

Factor Il F2 11p11-q12 58 

Factor V F5 1q21-25 84 

Factors V + VIII LMAN1 8q21.3-q22 M27 13; 126 
MCFD2 2p21-p16.3 26 

Factor VII F7 13q34 30, 151 

Factor X F10 13q34-qter 192 

Factor XI* Pili 4q34-35 235) 236 

Factor XIII F13A 6p24-p25 293, 294 
F13B 1q31-q32.1 296, 297 


*F11 gene is located on the same chromosome of fibrinogen genes (fibrinogen deficiency is not discussed in this chapter) 


genes, and less than 15 percent of the remaining coagulation factor gene 
mutations. Splicing and nonsense mutations comprise 5 to 15 percent 
of all identified mutations in all coagulation factors, with a maximum 
rate of 20 percent in the LMAN1 gene. Variants located in the 3’ and 5’ 
untranslated regions of the genes are the least-frequent types of muta- 
tion (<5 percent) found only at the fibrinogen, factor VII, factor XI, and 
factor XIII loci. The combined presence of more than one recessively 
transmitted coagulation factor defect may also rarely occur resulting in 
combined deficiency of factors VII and X®™-? and combined deficiency 
of factors VII and V, VIII, X, or XI.* Despite significant advances in our 
knowledge of the genetic basis of the RBDs, in 5 to 10 percent of patients 
affected with severe clotting factor deficiencies, no genetic defect can be 
found. In these patients, the use of next-generation sequencing might 
help to identify novel pathways in coagulation disorders. 


@TREATMENT 


Treatment of RBDs is a difficult task because the absence of longitudinal 
clinical data and the limitations of available laboratory assays make it 
difficult to develop evidenced-based guidelines for the diagnosis and 
treatment of RBDs. A patient's personal and family history of bleeding 
are important guides for management. Dosages and frequency of treat- 
ment depend on the minimal hemostatic level of the deficient factor, its 
plasma half-life (see Table 124-3) and the type of bleeding episode. At 
variance with patients affected with hemophilia A or B who have vastly 
improved the quality of life from advances in the manufacture of safe 
and effective products,” patients with RBDs have seen less progress. The 
main treatments in RBDs are represented by replacement therapy of the 
deficient coagulation factor and nontransfusional adjuvant therapies 
(antifibrinolytic amino acids, estrogen/progestin). Fresh-frozen plasma 
(FFP) and cryoprecipitate are the backbone of RBD treatment, particu- 
larly in those countries with low economic resources. However, specific 
plasma-derived concentrates are currently available only for fibrinogen 
and factors VII, XI, and XIII, and they are licensed only in some Euro- 
pean countries; replacement therapy of coagulation factors may require 
the prescription of unlicensed products that are not readily available. 
Prothrombin and factor X deficiencies are often treated with 
prothrombin complex concentrates (PCCs), which often also contain 
uncontrolled amounts of factor II, factor VII, and factor X. Products 
to cover the need for a dedicated therapy of patients with factor V defi- 
ciency and to facilitate the prophylaxis scheme in patients with factor 
X deficiency are of recent production. Finally, only two recombinant 
products are currently available for treatment of RBDs: recombinant 


factor VIa (rFVIIa; see factor VII deficiency paragraph) and rFXIII 
(see “Factor XIII Deficiency” below). Although there are a number of 
reports available in the literature reporting on treatment on demand 
and by prophylaxis in RBDs,***’ no clear cut guidelines are yet available 
apart from those of the United Kingdom Haemophilia Centre Doctors’ 
Organization.** Table 124-3 shows available treatment for each defi- 
ciency and suggested dosages. 


@WOMEN WITH RARE BLEEDING 
DISORDERS 


Women with RBDs require specific attention and care because in addi- 
tion to experiencing the common associated bleeding symptoms, they 
may also experience bleeding complications from regular hemostatic 
challenges during menstruation, pregnancy, and childbirth, as well as 
from other gynecologic conditions, such as hemorrhagic ovarian cysts, 
endometriosis, hyperplasia, polyps, and fibroids. Menorrhagia, defined 
as blood loss of more than 80 mL per menstruation, is reported to be 
one of the most important symptoms in women with RBDs.***° Men- 
struation may be quite problematic for women with coagulation disor- 
ders who have excessive blood loss, which can have a major impact on 
their quality of life and employment. 

Pregnancy and childbirth pose particular clinical challenges to 
women with RBDs, as apart from factor XI deficiency, detailed infor- 
mation about these issues and their management are very scarce and 
limited to just a few case reports.*!” Pregnancy is accompanied by 
increased concentrations of fibrinogen, factor VII, factor VIII, factor 
X, and von Willebrand factor, particularly marked in the third trimes- 
ter. In contrast, prothrombin, factor V, factor IX, and factor XIII are 
relatively unchanged.“ All of these changes contribute to the hyperco- 
agulable state of pregnancy and, in women with RBDs, contribute to 
improved hemostasis. Despite improved hemostasis, however, women 
with factor deficiencies do not achieve the same factor levels as those of 
women without factor deficiencies,” increasing the possibility of preg- 
nancy loss or bleeding complications, especially if the defect is severe. 


@ PROTHROMBIN DEFICIENCY 
DEFINITION 


Inherited prothrombin deficiency is one of the rarest coagulation fac- 
tor deficiencies. It presents in two forms: type I, true deficiency (hypo- 
prothrombinemia), and type I, in which a dysfunctional prothrombin 
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TABLE 124-3. Treatment of Inherited Coagulation Disorders 


Recommended Trough Levels 
After Publication of the EN-RBD 


Deficient Recommended Results to Maintain Patient 
Factor Plasma Half-Life Trough Levels On-Demand Dosages Asymptomatic 
Fibrinogen 2-4 days 0.5-1.0 g/L Cryoprecipitate (5-10 bags) 1 g/L 
SD-treated plasma (15-30 mL/kg) 
Fibrinogen concentrate (50-100 mg/kg) 
Prothrombin 3-4 days 20-30% SD-treated plasma (15-20 mL/kg) >10% 
PCC (20-30 units/kg) with dosing based 
on labeled factor IX units 
Factor V 36 hours 10-20% SD-treated plasma (15-20 mL/kg) 10% 
FactorsVand Factor V 36hours 10-15% As for factor V 40% 
vl Factor VIII 10-14 
hours 
Factor VII 4-6 hours 10-15% Factor VII concentrate (30-40 mL/kg) >20% 
PCC (20-30 units/kg) 
rFVIla (15-30 mcg/kg every 4-6 hours) 
Factor X 40-60 hours 10-20% SD-treated plasma (10-20 mL/kg) >40% 
PCC (20-30 units/kg) 
Factor X/factor IX concentrate 
(10-20 units/kg) 
Factor XI 50 hours 15-20% SD-treated plasma (15-20 mL/kg) 15-20% 
Factor XI concentrate (15-20 units/kg) 
Factor XIII 9-12 days 2-5% Cryoprecipitate (2-3 bags) 30% 


SD-treated plasma (3 mL/kg) 


Factor XIII concentrate (50 units/kg for 
high hemorrhagic events) 


PCC, prothrombin complex concentrate; rFVlla, recombinant factor Vlla; SD, solvent-detergent. 


is produced (dysprothrombinemia). These autosomal recessive disor- 
ders are genetically heterogeneous, and characterized by a mild to mod- 
erate bleeding tendency. Both types of prothrombin deficiency impair 
the generation or function of thrombin, the central enzyme of the blood 
coagulation system. 


PROTEIN 


Prothrombin, approximate Mr 72,000, is structurally homologous with 
other members of the vitamin K-dependent proteins, factors VIL, IX, 
and X, proteins C, S, and Z, and bone y-carboxyglutamic acid (Gla) 
protein. Prothrombin is synthesized in the liver as a prepropeptide of 
622 amino acids and its plasma concentration is 100 to 150 mcg/mL. 
The circulating protein in its mature form is a single chain glycoprotein 
of 579 residues, composed of the Gla domain (residues 1 to 37) and the 
catalytic domain (residues 272 to 579), where a light A chain is disul- 
fide-bonded to the heavy B chain containing the catalytic triad. In the 
zymogen molecule there are several exodomains, such as two kringle 
domains—kringle 1 domain (F1; residues 38 to 155), kringle 2 domain 
(F2; residues 156 to 271)—and the prepropeptide regions.**” The pre- 
propeptide domain is responsible for protein processing, targeting, 
and carboxylation, and it is removed prior to secretion from the cell. 
The Gla domain constitutes the aminoterminus of the mature proth- 
rombin molecule and contains the 10 glutamic acid residues that are 
posttranslationally modified through action of vitamin K-dependent 


carboxylase to Gla. As a result of this modification, prothrombin 
acquires the capacity to bind calcium and membranes containing acidic 
phospholipids. The kringle domain contains two extensively folded, 
disulfide-bonded “kringle” motifs. They are present in diverse proteins 
and are thought to mediate protein-protein interactions. For example, 
the second kringle mediates interaction of prothrombin with activated 
factor V.*° Notably, previous data shows that the kringle 2 domain, gen- 
erated from the precursor prothrombin that is endogenously expressed 
in human, mouse, and rat brains, including in dopaminergic neurons 
in the nervous system,*™ is able to activate in vitro microglia cells and 
may be involved in the neuropathologic processes of dopaminergic 
neuronal death occurring in Parkinson disease.” However, the real 
clinical significance of these in vitro findings is still to be unraveled. 
The catalytic domain contains the enzyme active site, which is respon- 
sible for fibrinogen cleavage. The residues characteristic for the serine 
protease family, His363, Asp419, and Ser525, constitute a charge relay 
system responsible for bond cleavage. The crystal structure of proth- 
rombin has not been determined, but the crystal structure of human 
a-thrombin complexed with D-Phe-Pro-Arg chloromethylketone (an 
inhibitor that is a transition state analogue covalently bound to the 
enzyme) has been determined.” 

Prothrombin plays a central role in coagulation, functioning in 
both TF and contact activation pathways. Prothrombin is converted to 
its proteolytically active form thrombin by the prothrombinase complex 
consisting of activated factor X, factor Va, and phospholipid surface of 


platelets and other cells. Two forms of thrombin are generated: meizoth- 
rombin, if prothrombin is cleaved at residue 320, and a-thrombin, if 
cleavage occurs first at residue 271, removing prothrombin fragment 
1.2, and subsequently cleaved at residue 320. The a-thrombin A-chain 
(residues 272 to 320) formed by factor Xa cleavage is encoded by exons 
8 and 9. The B-chain (residues 321 to 579) containing the catalytic site 
and regulatory elements is encoded by exons 9 to 14. Thrombin is a 
multifunctional serine protease. In addition to converting fibrinogen to 
fibrin, thrombin also exerts functions in the coagulation cascade, con- 
sisting of both pro- and anticoagulant effects™ and activates platelets by 
cleavage of the protease-activated receptor (PAR)-1 and PAR-4, initiat- 
ing signals leading to platelet adhesion and aggregation.*** Thrombin 
also stimulates wound healing through its action as a growth factor and 
its proangiogenic activity.” 


GENETICS 


The prothrombin gene is located on the short (p) arm of chromosome 
11.* It is 20-kb long and consists of 14 exons separated by 13 introns. 
Fifty-four mutations that cause prothrombin deficiency have been iden- 
tified, of which 42 are missense, three nonsense, seven deletions/inser- 
tions, and two splicing mutations (see mutation database on the ISTH 
website, http://www.isth.org/?MutationsRareBleedin and Ref. 9). Type 
II deficiency (dysprothrombinemias) results from missense mutations 
that are located throughout the gene. As expected, many mutations are 
in the catalytic domain, imparting catalytic dysfunction on thrombin. 
Other mutations give rise to abnormally slow activation of proth- 
rombin. Only about 10 mutations were identified in patients with type 
I deficiency, of which five were present in homozygotes. Globally, there 
is a clear prevalence of patients with a Latin/Hispanic origin, as nearly 
70 percent of all patients with thrombin gene defects come from such 
areas (Barcelona, Padua, Segovia, and Puerto Rico).’ 

A number of polymorphisms have been identified in the proth- 
rombin gene. One of these polymorphisms, a G>A change at nucleotide 
20210 in the 3’ untranslated region of the prothrombin gene, is asso- 
ciated with increased plasma levels of prothrombin and an increased 
tendency to venous thrombosis (Chap. 130).°° 


CLINICAL MANIFESTATIONS 


According to a recent classification by the SSC of the ISTH, proth- 
rombin deficiency may be classified as severe, moderate, and mild 
corresponding to blood levels of less than 5 percent, 5 to 10 percent, 
and greater than 10 percent, respectively.“ In severely prothrombin- 
deficient patients, bleeding may be marked, including spontaneous 
hemarthroses; less-severe patients may show mild to moderate mucocu- 
taneous and soft-tissue bleeding that usually correlates with the degree 
of functional prothrombin deficiency. Heterozygous subjects, having 
plasma prothrombin levels between 30 and 60 percent of normal, are 
usually asymptomatic; however, occasionally, excessive bleeding after 
moderate-intensity trauma, tooth extractions, or after surgical proce- 
dures may occur. Patients with dysprothrombinemias show a variable 
bleeding tendency that is usually less severe than in type I deficiency. 
Women with prothrombin deficiency may suffer from menorrhagia. 
Because of the extreme rarity of such deficiency, reports on event dur- 
ing pregnancy/delivery are very scarce, being only one describing in 
four of eight pregnancies in a hypoprothrombinemic woman.” In the 
same report, one postpartum hemorrhage (PPH) episode on the four- 
term pregnancies was reported, despite administration of clotting fac- 
tor concentrate; however, this data was not confirmed by a following 
Iranian series, including a total of 14 patients with the same deficiency 
(coagulant activity levels 4 to 10 percent).” 
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Undetectable plasma prothrombin probably is incompatible with 
life, as inferred from the partial embryonic and neonatal lethality of 
prothrombin knockout mice, which do not survive to adulthood.® 


THERAPY 


Replacement therapy is needed only in severe patients, in case of bleed- 
ing or to ensure adequate prophylaxis before surgical procedures. In 
severe clinical settings, higher levels of prothrombin may be achieved 
with FFP, or with PCCs, which avoids the risk of volume overload 
sometimes associated with the use of FFP.“ However, PCCs contain 
other vitamin K-dependent coagulation factors (VII, IX, and X) and 
small amounts of their activated forms, which could potentially induce 
thrombotic complications; those containing an amount of factor VII 
below 10 percent are commonly known as three-factor PCCs. These 
concentrates are heated or treated with solvent-detergent, processes 
that remove HIV, hepatitis B, hepatitis C, and other viruses, but which 
do not remove parvovirus B19 or hepatitis A virus”; the latter viruses 
can be effectively removed by dry heat and nanofiltration.“* However, 
transmission of other possible bloodborne agents, such as prions 
causing Creutzfeldt-Jakob disease and its new variant, have not been 
totally eliminated. Bruises and mild superficial bleeding generally do 
not require replacement therapy. Antifibrinolytic agents (tranexamic 
acid and gabexate mesylate) have also been used for minor surgical 
procedures. The oral contraceptives have been shown to exert bene- 
ficial effects on menometrorrhagia in women characterized by proth- 
rombin coagulant levels less than 3 percent.’ Thromboprophylaxis in 
dysprothrombinemic patients considered at high risk for a thrombotic 
event (e.g., orthopedic surgery) is a controversial issue. It is likely that 
administering low-molecular-weight heparin prophylactically to sur- 
gical patients at the same doses and schedules as those recommended 
for nondefect patients having similar procedures may be a valuable and 
safe procedure after correction of factor II deficiency by FFP or PCC 
infusion. 


@ FACTOR V DEFICIENCY 
DEFINITION AND HISTORY 


Hereditary factor V deficiency was initially termed parahemophilia 
because of its similarities with classical hemophilia.” In most of the 
affected individuals the phenotype is characterized by the concomitant 
deficiency of factor V activity and antigen (type I deficiency); however, 
approximately 25 percent of the patients have normal antigen levels 
(type II deficiency), thus indicating the presence of a dysfunctional 
protein.” 


PROTEIN 


Factor V is synthesized by the liver’! and its plasma concentration is 
approximately 20 nM (7 mcg/mL).”-” Factor V is a high-molecular- 
weight (Mr ~330,000), single-chain, large glycoprotein that consists of 
2196 amino acids that bears significant, regional sequence homology 
to factor VIII. Analysis of the approximately 7-kb factor V comple- 
mentary DNA showed that the protein is organized according to the 
following domain structure: A,-A,-B-A,-C -C,. The A and C domains 
have approximately 40 percent homology with analogous domains 
in factor VIII.” The large B domain shows no homology with the 
corresponding B domain of factor VIII. Factor V is converted to its 
activated form following several proteolytic cleavages by thrombin” 
or factor Xa.” These cleavages remove the B domain and yield factor 
Va, which consists of a heavy chain (A,-A, domains) associated by 
Ca** with a light chain (A,-C,-C, domains). The light chain contains 


Part XII: Hemostasis and Thrombosis 


the binding sites for membrane phospholipids, prothrombin, and 
activated protein C; both light and heavy chains probably are nec- 
essary for factor Xa binding. Assembly of factors Va and Xa on the 
phospholipid membrane of platelets in the presence of calcium ions 
forms the prothrombinase complex, which catalyzes the conversion 
of prothrombin to thrombin. The contribution of factor Xa in the 
absence of factor Va to overall thrombin generation is relatively minor. 
Importantly, incorporation of the cofactor into the macromolecular 
enzyme complex enhances prothrombin activation by several orders 
of magnitude.” 

In addition to hepatocytes, the primary site of factor V secretion, 
approximately 20 percent of the protein in whole blood is localized in 
the a granules of platelets, where it is complexed with an extremely 
large protein, multimerin.” Megakaryocytes do not synthesize factor V; 
rather, endocytosis of plasma-derived factor V accounts for the platelet 
factor V pool.* Following endocytosis factor V is modified intracellu- 
larly; these changes to platelet factor V appear to provide the cofactor 
with unique physical and functional characteristics, which render it 
more procoagulant compared with its plasma counterpart.*' Platelet 
degranulation and release of platelet factor V at the site of vascular injury 
is thought to be a critical contributor to the local factor V concentration. 
Furthermore, there is some evidence that, because platelet factor V is 
locally released in high concentrations, it is less susceptible to inhibition 
and may function normally in hemostasis. Factor Va is inactivated by 
activated protein C through limited proteolysis at Arg506, Arg306, and 
Arg679 in the presence of protein S, calcium ions, and either platelet 
or endothelial cell membrane phospholipids.” Partial protection from 
this cleavage is provided by factor Xa when bound to factor Va on the 
surface of platelets. 


GENETICS 


The factor V gene maps to chromosome 1q21-25.™ It is greater than 
80 kb in length and the coding sequence is divided into 25 exons, rang- 
ing in size from 72 to 2820 base pairs (bp), and 24 introns, varying 
between 0.4 kb and 11 kb.” The sequence encoding the large B domain 
is contained within exon 13. 

A total of 132 distinct mutations of the factor V gene have been 
identified, of which 64 are missense, 36 are insertions/deletions, 17 
are nonsense, 15 are splice site mutations, and one is a deletion of 
the whole gene (see http://www.isth.org/?MutationsRareBleedin and 
Ref. 10). Most mutations cause truncations and are localized through- 
out the gene. Several mutations have interesting features. One, a 
Tyr1702Cys transition, was identified in eight unrelated families, of 
whom six were Italian. The frequency of this mutant allele in Italy is 
0.002.% Another mutation, an Ala221 Val (New Brunswick) alteration, 
characterized in the homozygous state by activity and antigen levels of 
29 and 39 percent of normal, respectively displays decreased stability 
of the expressed protein and was the first genetic defect reported to 
be associated with type II deficiency.” Additional mutations exhibit 
decreased secretion of the protein from producing cells.***’ Remark- 
ably, the Gln773ter and Arg1133ter mutations and a 4-bp deletion 
mutation, all present in exon 13 and predicted to result in partial 
truncation of the B-domain and complete truncation of the A3-, Cl-, 
and C2-domains, cause no bleeding or only a mild bleeding tendency 
in affected patients having factor V antigen and activity levels 1 per- 
cent of normal.” 

Factor V Leiden (Arg506GIn) is a highly prevalent (up to 5 percent 
in some populations) polymorphism in the factor V gene that decreases 
the efficiency of factor Va inactivation by activated protein C.” Patients 
with factor V Leiden are at increased risk of unprovoked thrombosis, 


with homozygotes at greater risk than heterozygotes. The trans associ- 
ation of factor V Leiden and a mutation in factor V that causes factor 
V deficiency results in a prothrombotic state comparable to factor V 
Leiden homozygosity. This is sometimes termed “pseudohomozygous” 
activated protein C resistance and does not cause bleeding despite low 
factor V antigen levels.” Among several polymorphisms detected in 
the factor V gene, His1299Arg in exon 13 is particularly interesting 
because it is associated with a reduced plasma factor V level and mild 
activated protein C resistance.” His1299Arg co-segregates with several 
other polymorphisms encoding several amino acid changes, together 
named R2 haplotype.” In two heterozygotes for factor V Arg506GIn 
mutation who presented with venous thrombosis, reduced factor V 
activity resulting from the His1299Arg polymorphism harbored by 
the non-Leiden chromosome, imparted a pseudohomozygous pheno- 
type for activated protein C resistance.” Additional polymorphisms or 
mutations in the factor V gene have been observed to increase the risk 
of venous thrombosis.” 

In addition, there are at least two examples in which platelet fac- 
tor V is reduced. In the Quebec platelet disorder, initially described as 
an autosomal dominant disorder with severe bleeding manifestations, 
platelet factor V levels are reduced because of enhanced proteolysis 
resulting from overexpression of urokinase-type plasminogen activa- 
tor,” as they are in factor V New York.'” 


CLINICAL MANIFESTATIONS 


Factor V deficiency is inherited as an autosomal recessive trait. Het- 
erozygotes, whose plasma factor V activity ranges between 25 and 60 
percent of normal, usually are asymptomatic, although an American 
registry recorded mild bleeding in 50 percent of the cases. Accord- 
ing to a recent classification by the SSC of the ISTH, factor V defi- 
ciency may be classified as severe, moderate, and mild when factor V 
levels are undetectable, less than 10 percent, and 10 percent or greater, 
respectively. 

Common manifestations include ecchymoses, epistaxis, gin- 
gival bleeding, hemorrhage following minor lacerations, and men- 
orrhagia.'°"! Severe deficiency typically presents at birth or in early 
childhood, but depending on factor levels some patients remain asymp- 
tomatic. Bleeding from other sites is less common, but instances of 
hemarthroses unrelated to trauma and intracerebral hemorrhage have 
been reported. Trauma, dental extractions, and surgery confer a high 
risk of excessive bleeding. 

PPH occurs in more than 50 percent of pregnancies in women 
with factor V deficiency,'*!® especially those with low factor V activity 
levels. Venous and arterial thromboses have been described in patients 
with factor V levels ranging between 2 and 14 percent of normal.’ 
Factor V deficiency deprives activated protein C of one of its essen- 
tial substrates, thereby downregulating the inhibitory function of the 
protein C system. 

Development of a functional factor V inhibitor after receiving 
plasma transfusions was reported in only two patients with hereditary 
deficiency; the inhibitor disappeared in one patient, but a low titer of the 
inhibitor persisted in the other patient.” Factor V is indispensable 
for life, as was demonstrated by experimental knockout mice lacking 
the factor V gene, which die either in utero at embryonic day 9 or 10 
because of defects in yolk-sac vasculature and somite formation; the 
remaining half develop to term but die of massive hemorrhage within 
hours of birth.” The expression of a minimal factor V activity because 
of the introduction of a liver-specific transgene, below the sensitivity 
threshold of the detection assay (<0.1 percent), leads to the survival of 
mice. 


THERAPY 


Patients with epistaxis and gingival bleeding may respond to tranex- 
amic acid (1 g four times daily), and local hemostatic measures may 
suffice for minor lacerations. Menorrhagia can also be managed directly 
using oral contraceptives, progestin-containing intrauterine devices, 
endometrial ablation, or hysterectomy. If these measures fail, severe 
spontaneous bleeding occurs, or surgery is performed, treatment option 
is limited to FFP replacement as no specific factor V concentrate is yet 
available on the market and factor V is not present in cryoprecipitate 
or PCCs. However, a new factor V concentrate has been developed for 
clinical use in patients deficient in factor V and preclinical studies are 
currently being performed for the orphan drug designation applica- 
tion to the European Medicine Agency (EMA) and the Food and Drug 
Administration (FDA) so as to make it available on the market as soon 
as possible. 


@ COMBINED DEFICIENCY OF 
FACTORS V AND VIII 


DEFINITION AND HISTORY 


Combined deficiency of factors V and VIII (F5F8D) is completely sep- 
arate from factor V deficiency and factor VIII deficiency. The latter 
two are transmitted with different patterns of inheritance (autosomal 
recessive for factor V, X-linked for factor VIII) and involve proteins 
encoded by two different genes (F5 gene and F8 gene). F5F8D was first 
described in 1954''; however, the molecular mechanism of the associ- 
ation of the combined factor deficiency was not understood until late 
1990s,'?"'? when null mutations in the endoplasmic reticulum-Golgi 
intermediate compartment (ERGIC)-53 gene, now called the LMANI 
gene, were determined to be causative. In 2003, a second locus associ- 
ated with the deficiency in approximately 15 percent of affected families 
with no mutation in LMANI was identified”: the MCFD2 gene encod- 
ing for a cofactor for LMAN1. Even if a debate were carried out on the 
possible existence of other loci involved in the intracellular transport 
of factors V and VIII and associated with the disease, until now previ- 
ous biochemical studies failed to identify additional components of the 
LMANI1-MCED2 receptor complex,’ supporting the idea that F5F8D 
might be limited to the LMANI and MCFD2 genes.’ The disorder 
has been detected in many populations, but a relatively high frequency 
occurs among Tunisian and Middle Eastern Jews residing in Israel'’® 
and among Iranians." 


PROTEIN 


Factors V and VIII are essential coagulation factors that circulate in 
plasma as precursors. Upon limited proteolysis by thrombin or fac- 
tor Xa and in concert with negatively charged phospholipid surfaces, 
factors VIIa and Va exhibit profound cofactor activities for activation 
of factor X by factor IXa and for activation of prothrombin by factor 
Xa, respectively. Inactivation of factors Va and VIIa is accomplished 
by activated protein C in the presence of protein S and phospholipids 
through several proteolytic cleavages at distinct sites. Factor V and fac- 
tor VIII have similar domain organizations with partial homology (see 
“Factor V Deficiency” above). 

The pathogenesis of combined deficiency of factors V and VIII 
puzzled investigators for more than 40 years. The enigma was resolved 
by the finding that the disease stems from the deficiency of either one 
of two interacting proteins, LMAN1 and MCFD2, which play a role in 
the intracellular transport of factors V and VIII. LMAN1 is a 53-kDa 
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type 1 transmembrane nonglycosylated protein with homology to legu- 
minous lectin proteins." It displays different oligomerization states— 
monomer, dimer, and hexamer—which have been implicated in its exit/ 
retention within the endoplasmic reticulum (ER), and is thought to 
bind correctly folded glycosylated cargo proteins, including factors V 
and VIII in the ER, recruiting the cargo for package into coat protein 
complex II (COPII)-coated vesicles and to transport them first to the 
ERGIC and then to the Golgi. MCFD2 is a small (146 residues) solu- 
ble protein of 16 kDa with a signal sequence mediating translocation 
into the ER and two EF-hand motifs that may bind Ca** ions in the 
C-terminal region." MCFD2 forms a Ca**-dependent 1:1 stoichiomet- 
ric complex with LMAN1, which works as a cargo receptor for efficient 
ER-Golgi transfer of coagulation factors V and VIII during their secre- 
tion. Although several proteins have been identified as cargo of LMAN1 
(factor V, factor VIII, cathepsin C, cathepsin Z, nicastrin, and a, -antit- 
rypsin),'?°"!3 MCFD2 is only known to be required for transport of the 
blood coagulation factors, suggesting a possible role for MCFD2 as a 
specific recruitment factor for this subset of LMAN1 cargo proteins.” 
The three-dimensional structure of the complex between MCFD2 and 
the carbohydrate recognition domain (CRD) of LMAN1 was deter- 
mined and a model of functional coordination between the two pro- 
teins was proposed: MCFD2 is converted into the active form upon 
complex formation with LMANI, thereby becoming able to capture 
polypeptide segments of factors V and VIII. The coagulation factors 
bind the LMAN1 oligomer in the ER, but are released upon arrival in 
the acidic post-ER compartments because the sugar-binding of ERGIC- 
53 is pH-dependent.’ 


GENETICS 


Homozygosity mapping and positional cloning in nine unrelated Jew- 
ish families demonstrated that the LMAN1, composed of 13 exons, 
localizes on the long arm of chromosome 18.11312 Using a similar 
approach in other families with the combined factors V and VIII defi- 
ciency identified the short MCFD2, made up of four exons on the short 
arm of chromosome 2.”° Thirty-four mutations identified in LMANI 
predicted either a truncated protein product or no protein at all, being 
more than 90 percent deletion/insertion, null, or splicing mutations. 
In contrast, of the 22 mutations identified in the MCFD2, 11 are mis- 
sense and 11 are null mutations. Missense mutations are located at the 
EF-2 domains, giving rise to defective binding to LMAN1.”’A distinct 
founder haplotype was found in patients belonging to six unrelated 
families of Tunisian-Jewish origin bearing a donor splice-site mutation 
in intron 9 of LMANI1."*'” All six families originated from an ancient 
Jewish community that has resided on the island of Djerba for more 
than 2 millennia. A survey of this community, which presently lives in 
Israel, disclosed that the mutation is prevalent at an allele frequency of 
0.0107.'*8 Another founder effect for a G insertion in exon 1 of LMANI1 
was observed in eight unrelated Jewish families of Middle Eastern ori- 
gin."*'?7 A Met to Thr mutation in LMANI has been detected in several 
unrelated Italian families, implying another founder effect.’”” 


CLINICAL MANIFESTATIONS 


Symptoms of F5F8D are generally mild. Comparison of relatively 
large cohorts of F5F8D in India, Iran, and Israel indicates that bleed- 
ing from trauma/surgery is the most frequently reported clinical man- 
ifestation. 161112130 This observation likely reflects the fact that often 
F5F8D is brought to the attention of physicians following excessive 
bleeding during and after trauma, surgery, and labor. Homozygous 
patients exhibit spontaneous and posttraumatic bleeding. Menorrha- 
gia, epistaxis, easy bruising, hemarthrosis and gingival hemorrhage 
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are commonly observed, and is unrelated to trauma in approximately 
20 percent of cases.''”'?! Hematuria, GI, and spontaneous CNS bleeding 
is less common.” There is insufficient data on the incidence of bleeding 
during pregnancy and PPH in women with combined factor V+VIIL 

Heterozygotes exhibit slight but significantly reduced mean lev- 
els of factors V and VIII." In a literature survey of 161 heterozygotes, 
22 reported having significant bleeding manifestations.’ However, no 
correlation between the factor V or factor VIII levels and bleeding ten- 
dency was noted.” 

LMANI gene knockout mice duplicate the F5F8-deficient phe- 
notype in humans, albeit with a milder presentation, resulting from a 
lesser reduction in plasma levels of factors V and VIII.'* The partial 
perinatal lethality observed in LMAN1-deficient mice on some genetic 
backgrounds was unexpected and has been explained as the result of a 
further drop in the level of LMAN1-dependent protein(s) below a criti- 
cal threshold, or because of a strain-specific difference in another cargo 
receptor whose function overlaps with LMANI. 


THERAPY 


Because of the mild-to-moderate bleeding symptoms, treatment is on 
demand, depending on the severity of bleeding. According to a recent 
result from the EN-RBD project, however, the level of F5F8 to ensure 
the absence of bleeding symptoms should be greater than 40 percent.” 
The recommended therapy includes FFP, which provides factor V, and 
factor VIII concentrate, which compensates for the shorter half-life of 
plasma factor VIII. An antifibrinolytic agent such as tranexamic acid or 
g€-aminocaproic acid can be helpful in patients exhibiting menorrhagia, 
epistaxis, or gingival bleeding. DDAVP (1-deamino-8-D-arginine vaso- 
pressin, desmopressin) could be administered for less-severe bleeding. 
Patients with severe bleeding episodes or patients undergoing surgical 
procedures, including dental extractions, should receive FFP as replace- 
ment for factor V and cryoprecipitate or factor VIII concentrate as a 
source of factor VIII. DDAVP can be used to increase factor VIII level, 
but this treatment sometimes fails.'** 


@ FACTOR VII DEFICIENCY 
DEFINITION AND HISTORY 


Factor VII was first identified as serum prothrombin conversion 
accelerator or proconvertin and its hereditary deficiency described 
by Alexander and colleagues in 1951." Among the rare clotting fac- 
tor deficiencies, the relative frequency of factor VII deficiency is high 
(see Table 124-1).'°'' A presumptive diagnosis can be easily made 
because, except for very rare cases of factor X deficiency only affect- 
ing the TF pathway of coagulation (see “Laboratory Diagnosis” below), 
factor VII deficiency is the only coagulation disorder that produces a 
prolonged PT and a normal aPTT. 


PROTEIN 


Human factor VII is a single-chain glycoprotein (Mr ~50,000) that is 
secreted from the liver parenchymal cells as a zymogen. The mature 
protein consists of 406 amino acids organized in three main domains: 
a Gla domain at the N-terminus containing 10 Gla residues, an epider- 
mal growth factor (EGF) domain in the center, and a serine protease 
domain at the C-terminus.'** Factor VII zymogen circulates in blood at 
an extremely low concentration (~500 ng/mL)'” and has the shortest 
half-life of all coagulation factors (4 to 6 hours; see Table 124-3). Factor 
VII is converted to the activated form, factor VIla, by cleavage of an 
Arg152-Ile153 bond, resulting in a two-chain molecule held together 


by a disulfide bond. Factor VII can be converted to factor VIIa by factor 
Xa,'°* factor [Xa,!*? factor XIIa, thrombin,” and factor VIIa in the 
presence of TF, in an autoactivation reaction." Binding of factor VII to 
TF strikingly enhances these reactions. -146 

The initial generation of thrombin that heralds blood coagulation 
occurs when blood is exposed to TF present in the subendothelium in 
tissues, or on the surface of stimulated monocytes or microparticles. 
The exposed TF forms a complex with circulating factor VIIa and sup- 
ports the initiation of coagulation by converting factors IX and X into 
their active forms (factor [Xa and factor Xa). Following the genera- 
tion of trace amounts of factor VIIa there is a feedback amplification of 
the signal, as factor VII bound to TF: factor VIa is both self-activated, 
and activated by factor [Xa and factor Xa. Hence, the TF-factor VIla 
complex has two roles: to increase the conversion of factor VII to factor 
VIIa and to increase the proteolytic activity of factor VIIa toward its 
substrates, factors IX and X. Factors [Xa and Xa may remain associated 
with cells that display the TE or disseminate in the blood and bind to 
the surface of activated platelets, which form the initial platelet plug.” 


GENETICS 


The factor VII gene (F7) spans approximately 12.8 kb'™™ and is located 
on chromosome 13q34,**"*! 2.8 kb upstream from the factor X gene.'” 
‘The gene contains a prepro leader sequence and eight exons that encode 
the mature protein. Promoter and silencer elements of the 5’ flanking 
region have been characterized.'**!™ The disorder manifests in homozy- 
gotes or compound heterozygotes, some of which are also homozygotes 
for polymorphisms associated with reduced factor VII levels.'*°"° 

More than 240 mutations have been reported (see http://www.isth. 
org/?MutationsRareBleedin and Ref. 12). The mutations are distributed 
throughout the gene, and most are missense mutations (62.2 percent); 
other type of mutations are equally present (ranging from approximately 
6.2 percent of mutations in 3’-5’ untranslated region [UTR] to 12.3 per- 
cent of deletions/insertions [del/ins]). Most mutations causing factor 
VII deficiency have been observed in individual patients. However, 
one missense mutation (Ala244Val) was detected in 102 (84 percent) 
of 121 independent mutant alleles discerned in 88 unrelated patients in 
Israel.'*’ Most subjects were of Iranian and Moroccan-Jewish origin and 
shared an identical haplotype, consistent with a founder effect. In the 
general Iranian-Jewish and Moroccan-Jewish populations, the preva- 
lence of the Ala244Val allele are 0.023 and 0.025, respectively.’ Several 
additional clusters of patients with a specific mutation were reported: 
(1) Ala294Val, with or without a deletion of nt C, at position 11128, pre- 
vails in patients from Poland and Germany but has also been identified 
in other Europeans'**'; (2) 12 unrelated families from Norway who 
carry Gln100Arg™®; (3) IVS75G>A, which was detected in six unre- 
lated patients from the Lazio region in Italy, all of whom bear the same 
haplotype, suggesting a founder effect’; and (4) Gly331Ser, which was 
identified in 10 Italian and four German patients on one haplotype.’ 
The widely distributed and common Arg304Gln mutation probably is a 
recurrent mutation.’ 

Three polymorphisms in the factor VII gene are also associated 
with reduced plasma levels of the factor. The first polymorphism, an 
Arg353Gln substitution, results in impaired secretion of factor VII from 
cells!“ and gives rise to a 20- to 25-percent decrease in plasma factor 
VII level in heterozygotes and a 40- to 50-percent decrease in homozy- 
gotes.'* °° The second polymorphism associated with a diminished fac- 
tor VII level is a decanucleotide insertion upstream from the 5’ end of 
the gene at —323, which confers a 33 percent decrease in the promoter 
activity.'* A third polymorphism associated with factor VII level is a 
hypervariable region 4 polymorphism (HVR4) in intron 7.7 The vari- 
able number of tandem repeats (five to eight copies of 37 bp) apparently 
influences the splicing efficiency. The effect of the variable repeats on 


factor VII level is less conspicuous than the decanucleotide insertion at 
the promoter region and the Arg353Gln polymorphism. 


CLINICAL FEATURES 


Bleeding manifestations occur in homozygotes and in compound hete- 
rozygotes for factor VII deficiency. However, a typical feature of this dis- 
ease is its clinical heterogeneity: some patients do not bleed at all after 
major hemostatic challenge, while others with similar levels report fre- 
quent bleeding episodes. Life- or limb-endangering bleeding manifes- 
tations are relatively rare, the most frequent symptoms being epistaxis 
and menorrhagia. However, CNS bleeding was also reported to have 
high incidence (16 percent) in a series of 75 infants,’® the authors con- 
cluding that the greatest risk factor for this development was trauma 
related to the birth process. In addition, heterozygotes who have partial 
factor VII deficiency may present with bleeding; a recent survey of 499 
heterozygotes revealed that 19 percent reported pathologic bleeding." 
Dental extractions, tonsillectomy, and surgical procedures involving the 
urogenital tracts frequently are accompanied by bleeding when no prior 
therapy is instituted. Normal pregnancy is accompanied by increased 
concentrations of fibrinogen and factor VII, nonetheless, cases of mis- 
carriages and PPH, albeit at relatively low rates, have been observed in 
patients with factor VII deficiency.'!” 

Thrombotic episodes have also been reported in 3 to 4 percent of 
patients with factor VII deficiency, particularly in the presence of sur- 
gery and replacement treatment, but spontaneous thrombosis may also 
occur. A survey of 514 cases with severe or partial factor VII deficiency 
recorded seven patients with venous thrombosis and one patient with 
arterial thrombosis.'”' Most of the cases presented with associated risk 
factors, mainly surgery, prolonged immobilization, and treatment with 
PCCs.'” 

When factor VII is completely lacking, as in knockout mice, 
there is no embryonic lethality; however, fatal hemorrhage occurs 
perinatally. 7374 


THERAPY 


As for all the other congenital bleeding disorders, replacement therapy 
is essential in patients who present with severe hemorrhage, such as 
hemarthrosis or intracerebral bleeding, surgical hemostasis, and for indi- 
viduals with a bleeding history. Factor replacement therapy may also be 
used for prophylaxis in children with severe factor VII deficiency." The 
EN-RBD study suggests a trough factor VII activity level of 25 percent is 
needed for patients to remain asymptomatic”; prophylactic treatment 
is usually recommended for patients with major bleeding episodes such 
as CNS and gastrointestinal bleeding and hemarthroses. A number of 
replacement therapeutic options have been administered to patients 
with factor VII deficiency, including FFP, PCCs, plasma-derived fac- 
tor VII concentrates (volume overload should be expected if plasma is 
used as the replacement material) and rF VIIa. rFVIla has been success- 
ful in managing patients with hemarthroses and during surgery,'”°'” 
and is the only treatment supported by substantial literature'*'”’ (see 
Table 124-3). PCCs containing activated clotting factors can be used, 
but they confer a risk of thrombosis,’ while specific factor VII concen- 
trates have been used successfully in series of patients.” The treatment 
of factor VII deficiency is sometimes challenging, because of the short 
in vivo half-life of factor VII, its low recovery, and its rapid clearance, 
which is more evident in children.’ Because of these features, replace- 
ment regimens require frequent dosing. A significant rise in the factor 
VII level is observed during pregnancy in women with mild/moderate 
forms of factor VII deficiency (heterozygotes), but not in women 
with severe deficiency.'”"'” Therefore, in women with mild/moderate 
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deficiency, replacement therapy may not be required during labor and 
delivery, while it would be required in women with low factor VII coag- 
ulant activity levels or a positive bleeding history who are more likely 
to be at risk of PPH.'*!*-!® A recent review of the literature noted that 
hemorrhage rates were equivalent in women with and without prophy- 
laxis, thus concluding that use of hemostatic prophylaxis should not 
be considered mandatory, but as part of an individualized discussion 
taking into consideration response to previous hemostatic challenges 
and mode of delivery.'*° Replacement therapy is unnecessary for minor 
bleeding episodes. Local hemostasis for skin lacerations and admin- 
istration of an antifibrinolytic agent for menorrhagia, epistaxis, and 
gingival hemorrhage usually are sufficient to arrest bleeding. Asymp- 
tomatic patients undergoing minimally invasive surgery, such as dental 
procedures, can be successfully treated with tranexamic acid given both 
orally or intravenously at the usual dosages. 


@ FACTOR X DEFICIENCY 
DEFINITION AND HISTORY 


Inherited factor X deficiency was identified by two independent groups, 
each of which described a patient with a bleeding diathesis that could 
not be attributed to deficiencies in other known coagulation factors. The 
factor in both patients was subsequently named factor X.'*7-' 


PROTEIN 


Factor X is mainly synthesized by the liver as a 488-amino-acid pro- 
tein and circulates in plasma at a concentration of 8 to 10 mcg/mL.'” 
Its primary structure is homologous to that of other vitamin K-depen- 
dent proteins, such as prothrombin, factor VII, factor IX, protein C, 
and protein S.” The first 40-amino-acid residues, the prepropep- 
tide, contain the hydrophobic signal sequences targeting the protein 
for secretion.” The Gla domain forms the N-terminus of the mature 
protein and contains 11 Gla residues that are responsible for calcium 
and phospholipid binding. Adjacent to the Gla domain is a short 
aromatic amino acid stack of predominantly hydrophobic amino 
acids, followed by the EGF domain, believed to mediate protein- 
protein interactions. The heavily glycosylated 52-amino-acid activation 
peptide of factor X separates the EGF domain from the C-terminal cat- 
alytic domain. Factor X undergoes proteolytic processing in the ER so 
that circulating factor is a two-chain, disulfide-linked protein consisting 
of a 17-kDa light chain made up of the Gla and EGF domains and a 
40-kDa heavy chain made up of the activation and catalytic domains.'™ 
The heavy chain contains the activation peptide (residues 143 to 195) 
and the catalytic serine protease domain, structurally homologous to 
that of other coagulation serine proteases containing the catalytic site 
formed by residues His236, Asp282, and Ser379. The 52-residue acti- 
vation peptide is released after factor X is converted to its active form 
factor Xa by the cleavage between residues Arg194 and Ile195. Phys- 
iologically factor X is activated by TF/factor VIa (extrinsic pathway) 
and factor [Xa/factor VIIa (intrinsic pathway), but it can also be 
activated in vitro by Russel viper venom.’ In turn, factor Xa catalyses 
thrombin formation. In presence of factor Va, Ca**, and phospholipid 
membrane, factor Xa forms the prothrombinase complex that acceler- 
ates to 280,000-fold thrombin formation.'” 


GENETICS 


The factor X gene spans approximately 25 kb and is made up of eight 
exons.'” The factor X gene shows significant homology with the genes 
of other vitamin K-dependent serine proteases, which suggests all of 
these multidomain genes evolved from a common ancestral gene.'** 


Part XII: Hemostasis and Thrombosis 


The currently described 105 mutations that cause factor X 
deficiency include large deletions, small frameshift deletions, nonsense 
mutation, and missense mutations; the missense mutations group is the 
largest (80 percent), while mutations in the 3’- and 5’-UTRs are com- 
pletely absent (see http://www.isth.org/?MutationsRareBleedin and 
Ref. 13). Activation through the TF pathway may be affected when the 
mutations are located, for example, in the Gla domain, as in Glu7Gly 
(St. Louis II) or Glul9Ala.’*'? Activation through factor IXa is 
affected by, for example, Thr318Met (Roma).”"' Activation of factor X 
through Russell viper venom is almost intact in the Pro343Ser (Fri- 
uli) mutation.” Two interesting clusters of unrelated families were 
described in Algeria, with Phe31Ser mutation,’ and in the border 
region between Turkey and Iran, with the Gly222Asp mutation.™ 


CLINICAL MANIFESTATIONS 


The clinical manifestations of factor X deficiency are related to the 
functional levels of the protein. According to the recent results of the 
EN-RBD study, strong associations between clinical bleeding sever- 
ity and coagulation factor activity level were shown in factor X defi- 
ciency; consequently, patients with factor X activity levels less than 10 
percent of normal have a higher occurrence of spontaneous major 
bleeding.” Bleeding occurs primarily into joints and soft tissues, from 
the umbilical cord and mucous membranes.” The bleeding tendency 
may appear at any age, although patients with factor X activity less than 
2 percent present early in life with, for instance, umbilical-stump or 
CNS hemorrhage.'*70 

Inan analysis of 102 patients from Europe and Latin America, three 
mutations were associated with intracerebral hemorrhage (Gly380Arg, 
IVS7-1G>A, and Tyr163delAT) and Gly~*°Arg mutation was associ- 
ated with severe hemarthrosis.*” The most common bleeding symp- 
tom reported at all levels of severity of the deficiency is epistaxis. 
Patients with severe deficiencies commonly experience hemarthrosis 
and hematomas, but gastrointestinal and umbilical cord bleeding, 
hematuria, and CNS bleeding also occur. In a small group of patients 
with factor X deficiency, one-third of heterozygous patients who had 
dental extraction, surgery, or delivery without prophylactic replace- 
ment therapy showed postoperative bleeding which required treat- 
ment.’ Menorrhagia is a common symptom affecting women with all 
degrees of severity and PPH was also reported in 4 of 14 pregnancies.” 
Two successful pregnancies out of four pregnancies were reported in a 
woman only when receiving regular prophylaxis; the other two preg- 
nancies, without regular prophylaxis, resulted in preterm labor (both 
babies died in the neonatal period). Other case reports, however, 
have described successful term pregnancies in women with severe fac- 
tor X deficiency without antenatal prophylaxis.” Knockout mice 
show partial embryonic lethality (E11.5-E12.5); complete absence of 
factor X is incompatible with murine survival to adulthood, but min- 
imal factor X activity (range: 1 to 3 percent) is sufficient to rescue the 
lethal phenotype.” 


THERAPY 


Therapy for inherited factor X deficiency usually is administration of 
heated and solvent-detergent-treated PCCs containing factor X, in 
addition to factors II, VII, and IX. Use of these concentrates carries 
a low risk of transmission of bloodborne viruses. However, a risk of 
thrombosis, including venous thromboembolism, diffuse intravascular 
coagulation, and myocardial infarction has been reported. 

For soft-tissue, mucous membrane, and joint hemorrhage, the aim 
of treatment should be maintaining a factor X level that is at least 10 to 
20 percent of normal. For more serious hemorrhage, a factor X level 


that is greater than 40 percent of normal should be the goal.” In patients 
with particularly severe bleeding manifestations, prophylactic therapy 
should be considered. FFP also can be used to treat patients with factor 
X deficiency, however, the administration of FFP can be associated with 
complications, particularly in children and elderly patients with cardiac 
disease, because of fluid overload.** The arrival on the market of a new 
freeze-dried human factor X concentrate has facilitated prophylaxis in 
patients with factor X deficiency (Factor X P Behring)”; however, fac- 
tor X P Behring also contains factor IX, although in a known amount. 
A clinical trial investigating the pharmacokinetics of a new high-purity 
factor X concentrate has been completed (ClinicalTrials.gov identifier: 
00930176). 


@ FACTOR XI DEFICIENCY 
DEFINITION AND HISTORY 


Factor XI deficiency initially was described as a “new hemophilia” in 
two sisters and their maternal uncle by Rosenthal and colleagues in 
1953." Because it manifested in both sexes—two sisters and their 
maternal uncle—the clinical features were not consistent with hemo- 
philia A or B and was called hemophilia C.” The deficiency was erro- 
neously thought to be transmitted as an autosomal dominant disorder 
with variable expressivity. Later studies clearly established that, in most 
cases, the mode of transmission of factor XI deficiency is autosomal 
recessive.” Affected subjects have been described in most populations, 
but the disorder is common in Jews, particularly those of Ashkenazi 
origin.”"° 

Factor XI deficiency as a result of a dysfunctional protein is rare, as 
only a few patients with deficiency of factor XI activity and seemingly 
normal antigen levels have been described thus far.”!”-”° 


PROTEIN 


Factor XI is a glycoprotein that consists of two identical 80-kDa poly- 
peptide chains linked by a disulfide bond.” Each subunit contains 607 
amino acids with a serine protease domain at the C-terminus and four 
tandem repeats of 90 or 91 amino acids, designated “apple domains,’ at 
the N-terminus. The described crystal structure of factor XI dimer?” 
defined the interface of the monomers in apple 4 domains in which 
three residues—Leu284, Ile290, and Tyr329—are essential for nonco- 
valent binding between the monomers. This binding enables the for- 
mation of a disulfide bond between Cys321 residues in the fourth apple 
domain of each monomer. 

Although factor XI is synthesized by the liver, very low levels of 
factor XI transcript can also be detected in megakaryocytes and plate- 
lets, renal tubules, and pancreatic islet cells.” Factor XI circulates in 
blood as an equimolar complex with high-molecular-weight kininogen 
(HK) at a concentration of 3 to 7 mcg/mL. The importance of the 
factor XI-HK interaction is not fully understood. Activation of factor 
XI involves cleavage of an Arg369-Ile370 bond, yielding a heavy chain 
containing the four apple domains linked by a disulfide bond to a light 
chain that contains the catalytic domain.” The physiologic activator of 
factor XI during hemostasis has long been debated. The original scheme 
of the coagulation cascade—according to which factor XI is activated 
by factor XIa through the intrinsic pathway (the “contact phase”)—was 
challenged by the observation that deficiencies of factor XII as well as of 
the other contact factors (HK and prekallikrein) are not associated with 
a bleeding diathesis."* 

The major activator of factor XI in vivo is thrombin.” Factor XI 
binds through its apple 3 domain to lipid rafts on platelets containing 
glycoprotein Ib-IX-V complex. This glycoprotein complex also binds 
thrombin; thus, both substrate and enzyme are colocalized at the same 


site.” Factor XI activation also can occur on the fibrin surface after a 


clot forms.?” Factor XIa, once generated, activates factor IX by limited 
proteolysis of two peptide bonds in the presence of calcium ions.” 
The presence of factor XI contributes to the activation of thrombin- 
activatable fibrinolysis inhibitor (TAFI), that once activated, removes 
terminal lysine residues from fibrin, which impairs binding of cer- 
tain forms of plasminogen to fibrin and disrupts tissue plasminogen 
activator-induced plasmin generation in the blood clot.” Large 
amounts of thrombin are necessary for TAFI activation, but the reaction 
is substantially augmented when thrombin is bound to thrombomod- 
ulin.” It follows that impaired generation of thrombin, for example, in 
inherited deficiency of factor VIII, IX, or XI, not only delays clot forma- 
tion but also enhances premature lysis of clots.” These data fit well with 
clinical observations in factor XI-deficient patients who are particularly 
susceptible to bleeding following injury at sites exhibiting local fibrino- 
lytic activity." 


GENETICS 


The 23-kb gene encoding for factor XI consists of 15 exons and 
14 introns and is located on chromosome 4q34-35.7°7°° 

Three mutations, designated types I, IL, and III, were first described 
in six Ashkenazi-Jewish patients with severe factor XI deficiency.?” 
The types II and III, a change in exon 5 at Glul17 leading to a stop 
codon and a change in exon 9 that results in a substitution of Phe283 by 
Leu, respectively, account for 95 percent of cases in Ashkenazi Jewish 
patients.**” Most patients with factor XI deficiency are Jewish.'*?'*?* A 
recent study indicated that both type II and type HI mutations are also 
prevalent in the Italian population, although at a much lower rate.” In 
patients belonging to different ethnic groups, a significantly higher level 
of allelic heterogeneity has been reported. Remarkable exceptions are 
represented by some “closed populations” harboring mutations compat- 
ible with a founder effect: Cys38Arg in French Basques,” Gln88Stop 
in French families from Nantes,’ Cys128Stop in Britons,‘ Ile436Lys in 
Northeastern Italy, and Q263X in Korean patients.” 

As of this writing, 220 mutations have been reported in non-Jew- 
ish and Jewish patients of various origins, including 154 missense, 23 
nonsense, and 23 del/ins mutations, with the remaining being splice site 
(18 mutations) and 5’- and 3’-UTR (2 mutations). Inheritance of factor 
XI deficiency is usually autosomal recessive, as other RBDs, although 
some missense mutations exert a dominant negative effect through het- 
erodimer formation between the mutant and wild-type polypeptides, 
resulting in a pattern of dominant transmission.** 


CLINICAL FEATURES 


Factor XI deficiency is the only RBD in which the EN-RBD study showed 
no association between clinical bleeding severity and coagulation factor 
activity level.” This disorder manifests as a mild to moderate bleeding 
manifestations and most bleeding episodes of patients with severe FXI 
deficiency are injury-related. Most bleeding manifestations of patients 
with severe FXI deficiency are injury-related. Some patients with severe 
factor XI deficiency may not bleed at all following trauma.” The phe- 
notype of bleeding is not correlated with the genotype but frequently 
with site of injury.'®? Surgical procedures involving tissues with high 
fibrinolytic activity (urinary tract, tonsils, nose, tooth sockets) frequently 
are associated with excessive bleeding in patients with severe factor XI 
deficiency, irrespective of the genotype.” 

Most women with severe factor XI deficiency are asymptomatic 
or minimally so. During 93 deliveries (85 vaginal, eight cesarean), 43 
of 62 women did not experience PPH despite no prophylactic treat- 
ment,“ which was confirmed not to be mandatory for these women, by 
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a subsequent study of 33 women who had approximately 70 uneventful 
pregnancies out of 105 pregnancies. In the subsequent study, only three 
women had factor XI activity less than 15 IU/dL, and none of them had 
PPH.” 

Whether heterozygotes exhibit a bleeding tendency (except for 
those bearing mutations causing a dominant negative effect) is contro- 
versial because there are reports on both heterozygotes with no bleeding 
complications following a variety of surgical procedures, and reports 
that 20 to 48 percent of heterozygotes do bleed.7!°798243746247 

In regard to venous thrombosis, it was reported that in five patients, 
two developed pulmonary embolism following infusion of factor XI 
concentrate” and a third patient developed thrombus in the inferior 
vena cava following cryptococcal infection. In contrast, severe factor XI 
deficiency was shown to confer protection against ischemic stroke.” 

Mice homozygous for a knockout factor XI allele show a tendency for 
slightly prolonged tail transection bleeding times and are protected from 
vessel-occluding fibrin formation after transient ischemic brain injury." 


THERAPY 


Available treatments for patients with the severe form of factor XI defi- 
ciency are FFP and factor XI concentrate. Factor XI concentrates cur- 
rently available (Bio Products Laboratory, United Kingdom, and LFB 
Biomedicaments, France) are associated with thrombosis even after 
adding heparin to the antithrombin in the Bio Products Laboratory 
product, and antithrombin and heparin to the C1 esterase in the LFB Bio- 
medicaments product.'**™ Therefore, it is advisable to monitor patients 
for clinical and laboratory signs of coagulation activation, in particu- 
lar in elderly patients, in those with cardiovasclar disease and in those 
undergoing surgery with thrombotic potential, especially when factor 
XI concentrate’ or rF VIIa is considered.” In addition, the presence 
of an inhibitor, particularly in patients with less than 1 percent of factor 
XI activity and previously exposed to plasma, factor XI concentrates, 
or immunoglobulins, should be evaluated. Low doses of rFVIla along 
with tranexamic acid seem promising in the treatment of patients with 
inhibitors. When procedures are planned at tissues exhibiting fibrino- 
lytic activity, which is associated with higher risk of bleeding in com- 
parison to sites without fibrinolytic activity, the use of antifibrinolytic 
agents alone or in combination with other treatments is recommended. 
Patients undergoing dental extractions do not require replacement ther- 
apy. No plasma replacement therapy is necessary during or after labor 
unless excessive bleeding occurs. Patients with factor XI deficiency and 
inhibitor do not bleed spontaneously. Acquired inhibitors that neutral- 
ize the activity of factor XI have been described in patients with severe 
factor XI deficiency and baseline activity of less than 1 IU/dL after being 
exposed to plasma,” after injections of Rh immunoglobulin and with- 
out previous exposure to blood products,” or after exposure to factor 
XI concentrates. Use of PCCs*?% and rFVIIa'’* have been successful for 
major surgical procedures, and an in vitro study revealed that abnormal 
thrombin generation in the plasma of patients with an inhibitor was cor- 
rected by adding moderate amounts of rF VIIa.” 


@ FACTOR XIII DEFICIENCY 
DEFINITION AND HISTORY 


The first clinical report of factor XIII deficiency was in 1960”; since 
then, more than 500 cases of factor XIII deficiency have been identified 
worldwide, with an incidence of one individual in 1 to 3 million popu- 
lation.” Congenital factor XIII deficiency is characterized by severe 
delayed spontaneous bleeding and recurrent abortion with normal 
coagulation screening tests. 


Part XII: Hemostasis and Thrombosis 


PROTEIN 


Factor XIII (fibrin-stabilizing factor) is a plasma transglutaminase that 
crosslinks y-glutamyl-e-lysine residues of fibrinogen chains, thereby 
stabilizing the fibrin clot. Plasma factor XIII is an Mr 340,000 hetero- 
tetramer composed of two catalytic A subunits and two carrier B sub- 
units linked by noncovalent bonds. The average concentration of the 
A,B, tetramer in plasma is approximately 22 mcg/mL, and its half-life 
is 9 to 14 days.?® Intracellularly, factor XIII is found as a homodimer 
composed of two A subunits (A,).”?* Factor XIII-A subunit is mainly 
synthesized in macrophages and megakaryocytes.” Because factor 
XIII-A subunit lacks a signal sequence, it cannot be released by the 
classic secretory pathway through the Golgi apparatus. Conceivably, 
factor XIII-A subunit is released into the circulation from cells as a 
consequence of cell injury.** Structurally, each A monomeric subunit 
(Mr ~82,000) is composed of an activation peptide, that is removed 
by thrombin cleavage of an Arg37-Gly38 bond in the presence of cal- 
cium ions, and four distinct domains: 6-sandwich, central core, barrel 
1, and barrel 2 regions. The central core domain contains a catalytic 
triad (common to the transglutaminase family) formed through hydro- 
gen bond interactions between Cys314, His373, and Asp396.°°*” It is 
structurally homologous with the « chain of tissue transglutaminase,” 
the « chain of keratinocyte transglutaminase,’ and band 4.2 of ery- 
throcytes,’”* although the latter lacks transglutaminase activity. 

The site of synthesis for factor XHI-B subunit has been suggested 
to be the liver.” The B subunit (Mr 76,500) is composed of 10 tandem 
repeats of complement control protein (CCP) modules designated as 
Sushi domains, which are also observed in proteins of the complement 
system.”’”*’”” The two B subunits of factor XIII function as carrier pro- 
teins for the A subunits,”*”” stabilizing them in the circulation and reg- 
ulating the calcium-dependent activation of factor XIII. 

On activation by thrombin and Ca** the A and B subunits dis- 
sociate. Proteolytic activation by thrombin involves the cleavage of a 
N-terminal 37-residue activation peptide. The cleavage and the calcium 
binding both serve to induce structural changes that open up the cata- 
lytic triad to substrate access. This process is accelerated by fibrin.**' 7% 
The clot stabilizing effect of factor XIII is achieved by the crosslinking of 
fibrinogen chains, between the y-carbonyl group of glutamine and the 
é-amino group of lysine. In fibrin, this amide bond is located between 
Aa-chain sequences and between y-chain sequences*****; factor XIHA 
also crosslinks a, antiplasmin to the a-chain fibrin,” thereby increasing 
the resistance of fibrin to plasmin degradation, and crosslinks fibronec- 
tin to the w-chain of fibrin,” thereby affecting the mechanical proper- 
ties of the clot and increasing cell adhesion.” 

In addition to fibrinogen and @,-antiplasmin, factor XIII has many 
other substrates, including fibronectin, vitronectin, collagen, factor V, 
von Willebrand factor, a,-antiplasmin, actin, myosin, vinculin, throm- 
bospondin, plasminogen-activating inhibitor (PAI), TAFI 2, and AT1 
receptor dimers of monocytes, implicating multiple and different roles 
for factor XIII in various systems other than coagulation.’ 


GENETICS 


The gene for the factor XIII A-subunit is located on chromosome 6p24- 
p25. It spans more than 170 kb and is composed of 15 exons.” The 
B-subunit gene is located on chromosome 1q31-q32.1.?***” The gene for 
the B subunit spans 28 kb and is composed of 12 exons.””” 

One hundred and twenty-one mutations causing factor XIII 
A-subunit deficiency have been reported as of this writing, of which 
only one maps to the promoter region, 57 are missense, 11 are non- 
sense, 17 are splice-site, and 35 are del/ins mutants (http://www.isth. 
org/?MutationsRareBleedin and Ref. 298). A homozygous four-bases 


insertion in exon 14 (c.2116insAAGA) introducing a frameshift that 
after seven altered amino acids results a stop codon and a protein 
with AQ3 truncated second f-barrel domain (p.Pro675TyrfsX7)*” has 
been reported to cause an extremely rare type II variant. The mutant 
protein lost its activity, but the plasma factor XIII antigen level was at 
the lower limit of the reference interval. This finding suggests that the 
C-terminal part of $-barrel 2 is essential for the expression of factor 
XIII activity. 

Splice-site mutation in intron 5 (IVS5-1 G>A) seems to be the 
most common mutation as it has already been reported in six unrelated 
families from six different European countries, whereas the Arg660Pro 
was found in Palestinian Arabs, consistently with founder effects.” It 
is likely that the Arg661stop mutation in Finnish patients and the Arg- 
77Cys mutation in Swiss patients are also a result of founder effects, 
although both are at CpG dinucleotides and therefore can be consid- 
ered recurrent mutations.” Another mutation, Ser295Arg, was 
identified in six Pakistani families and may also stem from a common 
founder, but this remains to be established.*” Six nonsynonymous/cod- 
ing polymorphisms in the factor XIIIA1 (F13A1) gene,” Val34Leu in 
exon 2, Tyr204Phe in exon 5, Pro(CCA)331(CCC)Pro in exon 8, Glu(- 
GAA)567Glu(GAG) and Pro564Leu in exon 12, and Val650Ile and 
Glu651GlIn in exon 14 have been analyzed in an association study. The 
study showed that only the Val34Leu is a true functional polymorphism 
and the rest are in linkage disequilibrium with this polymorphism. In 
this study, only haplotypes containing the “34Ľ allele affected factor 
XIII function.” However, a larger number of synonymous/noncod- 
ing polymorphisms (>500) are known for the F13A1 gene.*™ Only 16 
different mutations have been reported so far for the FXIIIB gene.*** 


CLINICAL MANIFESTATIONS 


Factor XIII deficiency causes formation of blood clots that are unsta- 
ble and susceptible to fibrinolytic degradation by plasmin. As a result, 
affected individuals have an increased tendency to bleed and rebleed- 
ing. Delayed umbilical cord bleeding reported in 80 percent of patients 
with factor XIII deficiency can be considered as diagnostic symp- 
tom of the deficiency. CNS bleeding is reported in approximately 30 
percent of cases% making primary prophylaxis mandatory in 
patients affected with severe factor XIII deficiency. Ecchymoses, intra- 
muscular and subcutaneous hematomas, oral cavity, mouth and gingival 
bleeding, and prolonged bleeding following trauma are also character- 
istic symptoms.” 

Delayed wound healing occurs in approximately 15 percent 
of patients deficient in factor XIII. The exact mechanism by which 
factor XIII, or factor XIIa, exerts its beneficial effect on wound healing 
is unknown. A proangiogenic effect of factor XIIa was described, sug- 
gesting that decreased vascularization of wounds results in improper 
repair.’ 

In a review of the literature on 121 women with factor XIII defi- 
ciency, menorrhagia and ovulation bleeding were found to be common 
gynecologic problems, affecting 26 and 8 percent of women, respec- 
tively.” Of 192 pregnancies, 127 (66 percent) resulted in a miscarriage 
and 65 (34 percent) reached viability stage, whereas of 136 pregnancies 
without prophylactic therapy, 124 (91 percent) resulted in a miscarriage 
and 12 (9 percent) progressed to viability stage. In affected women, for- 
mation of the cytotrophoblastic shell is impaired.” Conceivably, fac- 
tor XIII A-subunit deficiency at the implantation site abrogates fibrin/ 
fibronectin crosslinking, which is essential for attachment of the pla- 
centa to the uterus.*” 

Placental abruption, preterm delivery, and PPH could be also 
problem if not adequately treated.” 


No large clinical reports on heterozygous patients with factor XIII 
deficiency are available, thus not allowing to draw evidence-based con- 
clusion on the prevalence of clinical symptoms in this group of patients. 
Recently, a subset of 28 heterozygotes for factor XIII deficiency among 
350 carriers of an autosomal recessive inherited coagulation disorders 
show an association with prolonged or massive bleeding after minor 
trauma.*!° However, these data need to be confirmed in other cohorts 
of patients. 

Factor XIII A-subunit knockout mice manifest no excess embry- 
onic lethality or bleeding into the thoracic cavity, peritoneum, or skin, 
compatible with survival to adulthood. However, the survival rate of 
knockout males was markedly lower than that of the wild-types.*” 
Female factor XIII knockout mice show intrauterine bleeding during 
pregnancy, similar to women with severe factor XIII A-subunit defi- 
ciency who experience the same problem, as well as recurrent abor- 
tions. Factor XIIIB knockout mice show a prolonged bleeding time at 
variance with patients with a complete factor XIII B-subunit deficiency, 
who report only mild bleeding symptoms and display normal bleeding 
times.?!2745 


THERAPY 


According to the EN-RBD results, blood levels of factor XIII that are 
30 percent of normal are necessary to assure an asymptomatic state. 
This goal may be reached via a number of options. Many case reports 
show improved bleeding symptoms in patients on prophylactic ther- 
apy.™ Plasma replacement therapy is highly satisfactory because of the 
long half-life of factor XIII (9 to 12 days). Plasma-derived, virus-inac- 
tivated concentrates of factor XIII are available?’ and are the treatment 
of choice. The development of adverse events after treatment is rare. The 
most dreaded adverse event is the development of inhibitors, although 
its incidence is rare.’ A RBD registry created in North America dis- 
covered that 3 percent of factor XHI-deficient patients who received 
FFP or factor XIII concentrate treatment developed inhibitors. A new 
rFXIIIA, concentrate has become available and a phase III clinical trial 
(Clinical Trials.gov identifier: 00713648) has been completed, establish- 
ing that rFXIII is safe and effective in preventing bleeding episodes in 
patients with congenital factor XIII A-subunit deficiency. The rFXIII 
was recently approved for the treatment of factor XIITA deficiency in 
Australia, Canada, the European Union, Switzerland, and the United 
States.*!” 


@ ACQUIRED DEFICIENCIES 


Acquired coagulation factor deficiencies may occur in patients with 
liver disease, amyloidosis (specifically factor X), autoimmune dis- 
orders, patients on oral anticoagulant therapy, and, rarely, in patients 
who develop nonneutralizing antibodies that remove the protein from 
the circulation. Such antibodies directed against prothrombin” and 
factor VII*”' have been described in patients with lupus anticoagulants. 
Rare instances of an acquired factor V inhibitor as a result of exposure 
to bovine thrombin preparations and drugs, or because of an unknown 
cause, should also be considered.*” Acquired isolated factor X defi- 
ciency with severe bleeding manifestations occurs rarely because of the 
formation of specific antibodies with no underlying autoimmune dis- 
order*” or in association with upper respiratory tract infections, burns, 
and leprosy.***”* Inhibitors of factor X with no known precipitating 
factors have also been described.’ Acquired factor XIII deficiency 
with significant reductions in factor XIII levels (down to as low as 20 
percent of normal) as a result of decreased synthesis or increased con- 
sumption, has been reported in several medical conditions, including 
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pulmonary embolism, Crohn disease, ulcerative colitis, Henoch-Schén- 
lein purpura, liver cirrhosis, and sepsis. There are several case reports of 
an autoimmune bleeding disorder, designated as autoimmune/acquired 
hemorrhaphilia, being caused by anti-factor XII inhibitors.** The anti- 
factor XIII inhibitors tend to be more severe than regular hemorrhagic- 
acquired factor XIII deficiency and requires both immunosuppressive 
therapy to eradicate autoantibodies and factor XIII replacement therapy 
to stop the bleeding.*” 
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CHAPTER 125 
HEREDITARY FIBRINOGEN 
ABNORMALITIES 


Marguerite Neerman-Arbez and Philippe de Moerloose* 


Hereditary fibrinogen abnormalities make up two classes of plasma fibrinogen 
defects: (1) type I, afibrinogenemia or hypofibrinogenemia, in which there 
are low or absent plasma fibrinogen antigen levels (quantitative fibrinogen 
deficiencies), and (2) type Il, dysfibrinogenemia or hypodysfibrinogenemia, 
in which there are normal or reduced antigen levels associated with dispro- 
portionately low functional activity (qualitative fibrinogen deficiencies). In 
afibrinogenemia, most mutations of the three encoding genes of fibrinogen 
chains are null. In some cases, missense or late-truncating nonsense muta- 
tions allow synthesis of the corresponding fibrinogen chain, but intracellular 
fibrinogen assembly and/or secretion is impaired. In certain hypofibrinogen- 
emic cases, the mutant fibrinogen molecules are produced and retained in 
the rough endoplasmic reticulum of hepatocytes in the form of inclusion 
bodies, causing endoplasmic reticulum storage disease. Afibrinogenemia 
is associated with mild to severe bleeding, whereas hypofibrinogenemia is 
often asymptomatic. Thromboembolism may also occur and affected women 
may suffer from recurrent pregnancy loss. Hereditary dysfibrinogenemias are 
characterized by biosynthesis of a structurally abnormal fibrinogen molecule 
that exhibits reduced functional properties. Dysfibrinogenemia is commonly 
associated with bleeding, thrombosis, or both thrombosis and bleeding, but 
in many patients it is asymptomatic. Hypodysfibrinogenemia is a subcategory 
of this disorder. Certain mutations involving the C-terminus of the fibrinogen 
a chain are associated with amyloidosis, in which an abnormal fragment from 
the fibrinogen a C domain is deposited in the kidneys. The cause for throm- 
bophilia in type II fibrinogen abnormalities often is uncertain but may involve 
defective calcium binding, impaired tissue-type plasminogen activator-medi- 
ated fibrinolysis, resistance to fibrinolysis, or reduced thrombin binding to 
fibrin. Replacement therapy with fibrinogen concentrates has proven to be 
useful for management of fibrinogen disorders but should be adapted to each 
patient, based on the personal and family history. 


Acronyms and Abbreviations: FFP, fresh-frozen plasma; FGA, fibrinogen Aa-chain 
gene; FGB, fibrinogen BB-chain gene; FGG, fibrinogen y-chain gene; FpA, fibrino- 
peptide A; FpB, fibrinopeptide B; LMWH, low-molecular-weight heparin; PCR: 
polymerase chain reaction; TAFI, thrombin-activatable fibrinolysis inhibitor; t-PA, 
tissue-type plasminogen activator. 


“The authors thank Dr. Alessandro Casini for helpful comments and suggestions. 


Several detailed and thoroughly annotated reviews of mutations 
causing inherited fibrinogen disorders have been published’ and the 
previous version of this chapter published in the eighth edition* con- 
tained tables compiling causative mutations identified before 2009. 
In addition, a registry for hereditary fibrinogen abnormalities* can 
be accessed at http://www.geht.org/databaseang/fibrinogen/ that lists 
variants reported in publications, conference abstracts, and submitted 
online, with original references. This chapter discusses the major molec- 
ular mechanisms leading to disease, as well as the laboratory and clin- 
ical aspects of fibrinogen disorders and their treatment, without listing 
all fibrinogen gene anomalies. 


@ INTRODUCTION 


Fibrinogen plays a major role in hemostasis as the precursor molecule 
for the insoluble fibrin clot (Fig. 125-1). In addition fibrinogen par- 
ticipates in numerous other biologic processes, such as inflammation, 
wound healing, and angiogenesis. Fibrinogen binds plasminogen, 
a-antiplasmin, fibronectin, and factor XIII, among other proteins. It 
also binds to platelets and supports platelet aggregation. After fibrino- 
gen is converted to fibrin by thrombin, it provides nonsubstrate bind- 
ing sites for thrombin; consequently, fibrinogen is sometimes termed 
antithrombin I.6 Fibrinogen also binds to vascular endothelial and other 
cells, plasma or tissue matrix components such as fibronectin and gly- 
cosaminoglycans, and peptide growth factors. Fibrin provides a tem- 
plate for assembly and activation of the fibrinolytic system components 
and is the major substrate for the enzyme plasmin (Chap. 135). Both 
fibrinogen and fibrin serve as substrates for plasma factor XIa that 
catalyzes covalent crosslinking/ligation. 


@ STRUCTURE AND SYNTHESIS 


Fibrinogen is a 340-kDa glycoprotein synthesized in hepatocytes’ that 
circulates in plasma at a concentration of 1.5 to 3.5 mg/mL (~4 to 10 uM). 
Each fibrinogen molecule is approximately 45 nm in length. The core 
structure consists of two outer D regions (or D domains) and a cen- 
tral E region (or E domain) connected through coiled-coil connectors 
(Fig. 125-2).8 The molecule exhibits a twofold axis of symmetry per- 
pendicular to the long axis, consisting of two sets of three polypeptide 
chains (Aa, BB, y) that are joined in their aminoterminal regions by 
disulfide bridges to form the E region. The outer D regions contain the 
globular C terminal domains of the Bf chain ($C) and y chain (yC). 
The BC and yC domains, which are highly conserved in vertebrates, are 
members of the FreD (fibrinogen-related domain) family of proteins. 
Unlike the BC and yC domains, the C-terminal domains of the Aa chain 
(aC) are intrinsically unfolded and flexible and tend to be noncovalently 
tethered in the vicinity of the central E region (Fig. 125-2). The three 
genes encoding fibrinogen Bf (FGB), Aa (FGA), and y (FGG), ordered 
from centromere to telomere, are clustered in a region of approximately 
50 kb on human chromosome 4.° FGA and FGG are transcribed from 
the reverse strand, in the opposite direction to FGB. Alternative splic- 
ing" results in two isoforms for the fibrinogen a chain: the common Aa 
chain, encoded by exons 1 to 5, and an extended Aa-E isoform, encoded 
by exons 1 to 6 which represents only 1 to 2 percent of transcripts. Alter- 
native splicing for FGG also produces two transcripts: the major mRNA 
species contains all 10 exons and encodes the common y chain (or yA), 
while the minor product (y’) does not splice out intron 9 and the corre- 
sponding open reading frame replaces the four codons of exon 10 with 
20 alternative codons. FGB encodes a single 1.9-kb transcript with a 
1.5-kb coding sequence. Each gene is separately transcribed and trans- 
lated to produce nascent polypeptides of 644 amino acids (Aq), 491 
amino acids (Bf), and 437 amino acids (y). 
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Figure 125-1. Colorized scanning electron micrograph of a whole blood clot. The fibrin mesh is shown in green, and trapped platelets and ery- 
throcytes are colored violet and red, respectively. (Used with permission of Yuri Veklich and John W. Weisel, University of Pennsylvania School of Medicine.) 


During translocation of the single chains into the lumen of the 
endoplasmic reticulum (ER), a signal peptide is cotranslationally 
cleaved from each chain. The resulting chains have 625 amino acids 
(Aq), 461 amino acids (Bf), and 411 amino acids (y). Assembly pro- 
ceeds in the ER with the formation of an Aa-y or Bp-y intermediate. 
The addition of either a Bf or Aa chain gives rise to a [AaB y] half-mol- 
ecule, which dimerizes to form the functional hexamer." The protein 
undergoes several posttranslational modifications in the Golgi complex, 
including maturation of N-linked oligosaccharides, phosphorylation, 
hydroxylation, and sulfation.” 

Following assembly, which is completed within minutes, the 
mature molecule is constitutively secreted into the circulation, where 
it exhibits a half-life of approximately 4 days." In addition to plasma 
fibrinogen, blood contains an internalized intracellular fibrinogen pool 
that is stored within platelet æ granules. Both megakaryocytes and plate- 
lets are capable of internalizing plasma fibrinogen via the fibrinogen 
integrin a, „8, receptor, which binds to a C-terminal platelet recogni- 
tion sequence that is present on yA chains but is absent from y’ chains. 
Consequently, internalized platelet fibrinogen molecules contain only 
yA chains.” 


@ FIBRINOGEN CONVERSION TO FIBRIN 
AND NETWORK ASSEMBLY 


Fibrin polymerization consists of several consecutive reactions, each 
affecting the ultimate structure and properties of the fibrin scaffold, 
which, in turn, determines the development and outcome of numerous 
diseases including coagulopathies and thrombosis.'*'7 Conversion of 
fibrinogen to a fibrin clot"? occurs in three distinct phases: (1) enzymatic 
cleavage by thrombin to produce fibrin monomers; (2) self-assembly of 
fibrin units to form an organized polymeric structure; and (3) covalent 
crosslinking of fibrin by factor XIIa. In the first phase of conversion to 


fibrin, cleavage of fibrinogen at AaR35/G36 (R16/G17)* and later BB 
R44/G45 (R14/G15) results in release of fibrinopeptides A (FpA) and B 
(FpB), respectively, thus exposing “A” knobs and “B” knobs (Fig. 125-3). 
The “A” knob located at the new aminoterminal end of the fibrin « chain 
starts with the GPRV amino acid sequence. The “A’ knob in fibrin inter- 
acts with the constitutive complementary association site known as hole 
“a? in another molecule to initiate the fibrin assembly process. Hole “a” 
is encompassed by residues 363 to 405 (337 to 379) of the y chain. 

A knob-hole a (A:a) interaction results in formation of double- 
stranded fibrils in which fibrin molecules become aligned in an end-to- 
middle, staggered overlapping arrangement (see Fig. 125-3).'*'* Fibrils 
subsequently undergo branching by lateral fibril associations in which two 
fibrils converge to form a four-stranded “bilateral” fibril junction. Pro- 
gressive lateral associations among fibrils result in larger fibril bundles or 
fibers. A second type of junction, termed equilateral branching, is formed 
by three fibrils converging to form a three-member junction.” Both types 
of branch junctions provide scaffolding for the clot network, the ultimate 


“The recommendation of the Human Genome Variation Society (HGVS) is to 
number amino acid residues from the initiator Met, with the protein reference 
sequences representing the primary translation product, not the processed, 
mature, protein. This is the standard nomenclature used by geneticists. For 
fibrinogen, however, as for many other secreted proteins, such as the coagula- 
tion factors, this is not the nomenclature used in earlier publications (historically 
fibrinogen residues are numbered according to the secreted product lacking the 
signal peptide). In this text both nomenclatures are used: amino acid residues 
and substitutions are described first according to HGVS guidelines followed in 
brackets by the corresponding amino acid in the mature chain lacking the signal 
peptide. To convert from the HGVS nomenclature to the mature protein nomen- 
clature, subtract 19 for Aa, 30 for BB, or 26 for y. A one-letter abbreviation for 
amino acids is used in this chapter. A, alanine; C, cysteine; D, aspartic acid; E, 
glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; 
L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, 
serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine. 
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Figure 125-2. Ribbon representation of native chicken fibrinogen” modified from PDB file 1M1J (www.pdb.org/pdb/). a Chains are in green, 8 
chains are in purple, and y chains are in blue. The globular C-terminal domains of the BB and y chains forming the D regions are shown, as well as the 
central E region, which contains the N-terminal portions of all three chains. Unlike the BC and yC domains, the C-terminal domains of the Aa chain 
(aC) are flexible and tend to be noncovalently tethered in the vicinity of the central E region. 


structure of which is governed by several variables, including salt concen- 
tration, pH, fibrinogen concentration and thrombin concentration. 612 

Fibrinopeptide B (FpB) release occurs more slowly than fibrino- 
peptide A (FpA) release and exposes another polymerization site 
known as the “B” knob beginning with the amino acid sequence GHRP. 
GHRP interacts with a constitutive hole “b” in the 6 chain encompassed 
by residues 427 to 462 (397 to 432). FpB cleavage is accelerated by fibrin 
polymerization, whereas FpA cleavage is independent of fibrin polymer- 
ization. B:b interactions are not required for lateral fibril associations, 
but they contribute to lateral association by inducing rearrangements in 
BC that allow BC:BC contacts to occur.*!” 

The flexible aC domains also participate in fibrin polymerization.” 
Fibrin clots made from plasma fibrinogen molecules lacking more 
than 100 C-terminal residues from the aC domain display prolonged 
thrombin times, reduced turbidity, and produce thinner fibers, indicat- 
ing that aC domains participate in lateral fibril associations. In addition, 
aC domains become dissociated as a result of FpB cleavage. This allows 
aC domains to participate in noncovalent interactions with other aC 
domains, thereby promoting lateral fibril associations and fibrin net- 
work assembly. Finally, additional self-associating sites in the D region 
participate in fibrin assembly. These are the D:D sites and y, sites that 
promote end-to-end alignment of assembling fibrin units and factor 
XIa crosslinking, respectively. 


e FpA Hole “b” 


© FpB Hole “a” 


Fibrinopeptide cleavage by thrombin 


Knob “A” 
Knob “B” 


@ CROSSLINKING BY FACTOR XIII 


The clot formed by fibrin polymerization requires further stabiliza- 
tion to increase its mechanical strength and resist immediate deg- 
radation by the fibrinolytic pathway. Factor XIa (a heterotetramer 
FXII-A2B2) is a transglutaminase that stabilizes the elongating pro- 
tofibril by crosslinking adjacent y chains through the formation of 
é-(y-glutamyl) lysine isopeptide bonds.” These occur between lysine 
432 (406) of one y chain and glutamine 424 (398) or 425 (399) of 
another chain. Crosslinking increases the resistance of the clot to 
deformation. The same process occurs, but at lower rate, between a 
chains and also between « chains and y chains. In the presence of 
factor XIIa, a-antiplasmin becomes covalently bound to the distal a 
chains of fibrin or fibrinogen.” The factor XIII binding site for fibrin 
has been characterized: residues in the Aa-C domain, that is, 408 to 
421 (389 to 402) bind a cleft in FXHI-A2 that is exposed only after 
cleavage of the activation peptide by thrombin.” Fibronectin is also 
incorporated into the fibrin clot. This occurs by noncovalent inter- 
actions between the two proteins through specific binding sites, fol- 
lowed by their covalent crosslinking with factor XIa.” Fibronectin 
incorporation appears to affect the adhesion and migration of cells at 
sites of fibrin deposition, thereby contributing to wound healing and 
other cell-dependent processes. 


Figure 125-3. First steps of fibrinogen conversion to fibrin 
and fibrin assembly. A. Schematic of fibrinogen showing 
fibrinopeptides A (FpA) and B (FpB), the constitutive holes 
ʻa" and “b” in the globular C-terminal domains of the y chains 
and B chains, respectively, and the “A” and “B” knobs, which are 
exposed only after FpA and FpB cleavage by thrombin. Here 
the globular BC and yC domains are shown separately, BC in 
purple, yC in blue as in Fig. 125-2. B. Self-assembly of fibrin 
units to form an organized polymeric structure. Here, for sim- 
plicity, the D regions are represented as a single globular unit. 
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@ FIBRINOLYSIS 


Plasminogen and tissue-type plasminogen activator (t-PA) binding sites 
in the D regions (i.e., y 337 to 350) (312 to 324), and aC domains (i.e., Ax 
167 to 179) (148 to 160), are cryptic in fibrinogen and become exposed 
during fibrin assembly or during formation of crosslinked fibrinogen 
fibrils (Chap. 135).”- Two phases can be distinguished in the t-PA 
induced lysis of a fibrin clot.*'. In the first, slow, phase, t-PA activates 
plasminogen on the intact fibrin surface. The generation of C-terminal 
lysine residues in partially degraded fibrin (by plasmin) in the second 
phase of clot lysis may result in accumulation of plasminogen at the clot 
surface and a concomitant increase in lysis rate. Thrombin-activatable 
fibrinolysis inhibitor (TAFI) removes C-terminal lysine residues, result- 
ing in a strongly reduced binding of plasminogen and in an inhibition 
of the second phase of clot lysis by a reduction of the activation of plas- 
minogen on the fibrin surface. TAFI, as well as «-antiplasmin, lipopro- 
tein(a), and histidine-rich glycoprotein, bind to fibrin and all have an 
inhibitory effect on fibrinolysis through various mechanisms. 


@ ANTITHROMBIN ACTIVITY OF FIBRIN 


Thrombin binds to its substrate, fibrinogen, through a fibrinogen recog- 
nition site in thrombin, referred to as exosite 1. The fibrin clot itself also 
exhibits significant thrombin-binding potential; this nonsubstrate bind- 
ing potential of fibrin for thrombin is referred to as antithrombin activity 
1.6 This activity is defined by two classes of nonsubstrate thrombin-bind- 
ing sites in fibrin, one of “low-affinity” in the E-region and the other 
of “high-affinity” in D regions of fibrin(ogen) molecules containing the 
variant y’ chain. Altogether, heterodimeric yA/y’ and homodimeric 
molecules y’/y’ chains make up 8 to 15 percent of the total y-chain pop- 
ulation. Low-affinity thrombin-binding activity reflects thrombin exo- 
site 1 binding in the E region of fibrin, whereas high-affinity thrombin 
binding to y’ chains takes place through exosite 2. The binding affinity 
of thrombin for y’-containing fibrin molecules is increased by concom- 
itant fibrin binding to thrombin exosite 1. Antithrombin I (fibrin) is an 
important inhibitor of thrombin generation that functions by sequester- 
ing thrombin in the forming fibrin clot, and also by reducing the cata- 
lytic activity of fibrin-bound thrombin. Vascular thrombosis may result 
from absence of antithrombin I (as in afibrinogenemia; see “Afibrino- 
genemia and Hypofibrinogenemia” below), reduced plasma y’-chain 
content,” or defective thrombin binding to fibrin as found in certain 
dysfibrinogenemias (see “Dysfibrinogenemia and Hypodysfibrinogene- 
mia” below). In contrast, an increased susceptibility to arterial throm- 
bosis has been reported when y’-chain levels are significantly elevated. 
Moreover, thrombin bound to y,/y’-fibrin is protected from inhibition 
by antithrombin to a greater extent than thrombin bound to y,/y,-fibrin. 
Thus, y „ly -fibrin serves as a reservoir of active thrombin, which may 
contribute to the prothrombotic nature of thrombi.” 


@ AFIBRINOGENEMIA AND 
HYPOFIBRINOGENEMIA 


DEFINITION, HISTORY, AND EPIDEMIOLOGY 


Type I disorders (afibrinogenemia and hypofibrinogenemia) affect the 
quantity of fibrinogen in circulation. Type II disorders (dysfibrino- 
genemia and hypodysfibrinogenemia) affect the quality of circulating 
fibrinogen.’ While the first dysfibrinogenemia mutation was identified 
as early as 1968,** the molecular basis of afibrinogenemia was elucidated 
much later.” This disorder is characterized by autosomal recessive 
inheritance and the complete absence of fibrinogen in plasma. 


The disease, originally described in 1920,*° has an estimated prev- 
alence of approximately one in 1,000,000. In populations where consan- 
guineous marriages are common, the prevalence of afibrinogenemia, is 
increased.” Because hypofibrinogenemia (fibrinogen levels below 1.5 g L~) 
is often caused by heterozygosity for a fibrinogen gene mutation, this 
is much more frequent than afibrinogenemia. If one applies the Hardy 
Weinberg binomial distribution of alleles in the population to afibrino- 
genemia, carriers of fibrinogen deficiency causing mutations could be as 
frequent as 1 in 500. 


ETIOLOGY AND PATHOGENESIS 


Since the identification of the first causative mutation for congenital 
afibrinogenemia in 1999,* approximately 100 distinct mutations, the 
majority in FGA, have been identified in patients with afibrinogenemia 
(in homozygosity or in compound heterozygosity) or in hypofibrino- 
genemia. Causative mutations can be divided into two main classes: null 
mutations with no protein production at all and mutations producing 
abnormal protein chains which are retained inside the cell.! 


Large Deletions 

The first causative mutation for afibrinogenemia was identified in a 
nonconsanguineous Swiss family with two pairs of afibrinogenemic 
brothers.* In a first step toward establishing whether or not the disease 
was linked to the fibrinogen gene cluster on chromosome 4, haplotype 
data were obtained for five microsatellite markers surrounding this 
locus. One of these, FGAi3, a (TCTT)n polymorphic marker located 
in intron 3 of the FGA gene, was found to be deleted in all four affected 
individuals and was hemizygous in the obligate carriers, implying that 
homozygous deletion of at least part of the FGA gene was responsible 
for the congenital afibrinogenemia in this family. Indeed, the genetic 
defect was found to be a recurrent deletion of approximately 11 kb of 
DNA, with breakpoints in FGA intron 1 and the FGA-FGB intergenic 
region, resulting in an absence of fibrinogen. 

Three other large deletions in the fibrinogen gene cluster have been 
identified, all involving part of the FGA gene. These are: a deletion of 1.2 
kb eliminating the entire FGA exon 4 in a Japanese patient’; a deletion 
of 15 kb, with breakpoints situated in FGA intron 4 and in the FGA-FGB 
intergenic region in a Thai patient”; and a 4.1-kb deletion encompassing 
FGA exon 1 in an Italian patient.” All patients were homozygous for the 
identified deletions except for the Thai patient, for whom complete mater- 
nal uniparental disomy was confirmed for the deleted chromosome 4.” 


Splice-Site Mutations 

Several splice-site mutations have been identified in all three fibrino- 
gen genes. In afibrinogenemic patients of European origin, the most 
common mutation is a donor splice mutation in intron 4, c.510+1G>T 
(previously described as IVS4+1 G>T).'*' Haplotype data suggest that 
this mutation, like the FGA 11-kb deletion, is also recurrent, or a very 
ancient mutation, because the c.510+1G>T mutation is found on mul- 
tiple discrete haplotypes. 


Frameshift Mutations 

Frameshift mutations have been identified in all three fibrinogen genes. 
FGA exon 5, the largest fibrinogen-coding exon has the most frameshift 
mutations. Interestingly, seven single base-pair deletions in FGA exon 
5 result in usage of the same new reading frame. All seven mutations 
are predicted to encode a long stretch of aberrant amino acids before 
terminating at the same premature stop codon, 69 to 158 codons down- 
stream.” The aberrant amino acid sequence (if the abnormal protein 
is synthesized and stable, which remains to be determined) may lead 
to abnormal folding of the Aq chain, thus affecting fibrinogen chain 
assembly or secretion. 


Nonsense Mutations 

Many nonsense mutations accounting for afibrinogenemia and hypo- 
fibrinogenemia have been identified. Of the nine nonsense mutations 
identified in FGB, four are located in FGB exon 8." In particular, two 
FGB nonsense mutations—W467X (W437X) and W470X (W440X)— 
are localized very close to the $-chain C-terminus and are expected to 
cause the synthesis of BC chains truncated of only 25 and 22 residues, 
respectively.“ Expression studies in transfected COS cells performed 
for both mutations showed that the mutations allowed individual chain 
synthesis and intracellular assembly of the hexamer but impaired secre- 
tion, suggesting that an intact FGB C-terminal domain is necessary for 
fibrinogen secretion into the circulation.” 


Missense Mutations 
Null mutations, that is, large deletions, frameshift, early truncating 
nonsense, and splice-site mutations account for the majority of afibrin- 
ogenemia alleles, as expected. Missense mutations leading to complete 
fibrinogen deficiency are therefore particularly interesting, revealing 
the functional importance of individual residues or three-dimensional 
structures. Missense mutations are clustered in the highly conserved 
C-terminal globular domains of the y and Bf chains.” Expression stud- 
ies in transfected cells for five FGB missense mutations, all identified in 
homozygosity or compound heterozygosity in afibrinogenemic patients, 
showed that these mutations, like the late-truncating nonsense mutations 
discussed previously, allowed individual chain synthesis and intracellu- 
lar assembly of the hexamer but again impaired secretion.“-® Further 
characterization of the FGB G444S (G414S) mutant using immunostain- 
ing for fibrinogen and visualization by confocal microscopy revealed that 
the secretion-impaired mutant was retained in the ER proving the exis- 
tence ofan efficient quality control mechanism for fibrinogen secretion.” 
Several missense mutations have been identified in FGG in het- 
erozygosity in patients with hypofibrinogenemia. For the majority of 
these mutations, analysis of patient plasma fibrinogen by mass spec- 
trometry confirmed absence of the mutant y chain in the circulation. 
Others have been studied at the functional level in transfected cells: 
fibrinogen Matsumoto IV C179R (C153R) was found to impair intra- 
cellular hexamer assembly,*! whereas fibrinogen Bratislava W253C 
(W227C) was found to impair fibrinogen secretion. 


Mutations Causing Hepatic Endoplasmic Reticulum 
Retention and Hypofibrinogenemia 

In the majority of patients with afibrinogenemia or hypofibrinogenemia 
there is no evidence of intracellular accumulation of the mutant fibrino- 
gen chain. This implies the existence of an efficient degradation pathway 
for fibrinogen mutants that allow individual chain synthesis and assem- 
bly but not secretion. Four mutations, all in FGG, are known to cause 
hypofibrinogenemia accompanied by hepatic storage disease. These 
are three missense mutations (fibrinogen Brescia, Aguadilla, and Al 
duPont, and a 15-bp deletion at the end of FGG exon 8 (fibrinogen 
Angers),*° which creates a new FGG exon 8-intron 8 junction and donor 
splice site. All four mutations cause fibrinogen deficiency in the hete- 
rozygous state because of the absence of the mutant y chain in patient 
plasma, but also progressive liver disease associated with hepatocellular 
cytoplasmic inclusions. The molecular mechanism by which these muta- 
tions, localized in the five-stranded $-sheet of yC and hole “a? which are 
crucial for fibrin polymerization, leads to impaired secretion, retention 
in the ER, and formation of aggregates remains to be determined. 


CLINICAL FEATURES 


Afibrinogenemia 
Bleeding because of afibrinogenemia usually manifests in the neona- 
tal period, with 85 percent of cases presenting umbilical cord bleeding, 
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but a later age of onset is not unusual. Bleeding may occur in the skin, 
gastrointestinal tract, genitourinary tract, or the central nervous sys- 
tem with intracranial hemorrhage being the major cause of death. Joint 
bleeding, which is common in patients with severe hemophilia, is less 
frequent: in a series of 72 patients with severe fibrinogen deficiency, 
hemarthrosis was observed in 25 percent of cases.” There is an intrigu- 
ing susceptibility of spontaneous rupture of the spleen in afibrinogene- 
mic patients. Bone cysts have also been described as a rare complication 
of afibrinogenemia and appear to benefit from prophylactic therapy 
with fibrinogen concentrate." 

Menstruating women may experience menometrorrhagia but 
some have normal menses. First trimester abortion is usual in afibrin- 
ogenemic women. The importance of fibrinogen in pregnancy was 
demonstrated in studies with fibrinogen knockout mice that cannot 
carry fetuses to term.” Women may also have antepartum and postpar- 
tum hemorrhage. Hemoperitoneum after rupture of the corpus luteum 
has also been observed. 

Paradoxically both arterial and venous thromboembolic compli- 
cations are observed in afibrinogenemic patients. These complications 
can occur in the presence of concomitant risk factors such as a coin- 
herited thrombophilic risk factor or after replacement therapy. However, 
in many patients, no known risk factors are present. Many hypotheses 
have been put forward to explain this predisposition to thrombosis. One 
explanation is that even in the absence of fibrinogen platelet aggrega- 
tion is possible because of the action of von Willebrand factor and, in 
contrast to patients with severe hemophilia, afibrinogenemic patients 
are able to generate thrombin, both in the initial phase of limited pro- 
duction and also in the secondary burst of thrombin generation. In 
some patients, an increase of prothrombin activation fragments or 
thrombin-antithrombin complexes has been observed, which may 
reflect enhanced thrombin generation.” These abnormal levels can be 
normalized by fibrinogen infusions. 

As previously mentioned, fibrin also acts as antithrombin I by 
both sequestering and downregulating thrombin activity.° Thrombin 
which is not trapped by the clot is available for platelet activation and 
smooth muscle cell migration and proliferation, particularly in the 
arterial vessel wall. Thrombus formation is maintained in fibrinogen- 
deficient mice,“ and in fibrinogen-deficient zebrafish,” but the throm- 
bus is unstable and has a tendency to embolize. Similarly, the absence of 
fibrinogen in human plasma results in large but loosely packed thrombi 
under flow conditions. 


Hypofibrinogenemia 

Hypofibrinogenemia patients are very often heterozygous carriers of afi- 
brinogenemia mutations.’ These patients are usually asymptomatic with 
fibrinogen levels of approximately 1.0 g L~, levels which are in theory 
high enough to protect against bleeding and maintain pregnancy. How- 
ever they can bleed when exposed to trauma, or if they have a second 
associated hemostatic abnormality. Hypofibrinogenemic women may 
also suffer from pregnancy loss. 


LABORATORY FEATURES 


The clinical diagnosis is established by functional and immunologic 
measurements of fibrinogen concentration backed by genetic analyses. 


Phenotype Analysis 

Absence of immunoreactive fibrinogen is essential for the diagnosis of 
congenital afibrinogenemia. All coagulation tests that depend on the for- 
mation of fibrin as the end point—that is, prothrombin time (PT), par- 
tial thromboplastin time (PTT), or thrombin time (TT)—are infinitely 
prolonged. Plasma activity of all other clotting factors is usually normal. 
Some abnormalities in platelet functions tests can be observed which 
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can be reversed upon addition of fibrinogen. Because fibrinogen is one 
of the main determinants of erythrocyte sedimentation, it is not surpris- 
ing that afibrinogenemic patients have very low erythrocyte sedimenta- 
tion rates. When skin testing is performed for delayed hypersensitivity, 
there is no induration because of the lack of fibrin deposition. 

Hypofibrinogenemia is defined as a proportional decrease of func- 
tional and immunoreactive fibrinogen. Coagulation tests depending on 
the formation of fibrin as well as the assays used are variably prolonged, 
the most sensitive assay being the TT. 


Genotype Analysis 

The large number of mutations identified in patients with afibrinogen- 
emia allows the design of an efficient flow-chart for mutation detection 
in new cases.“ Two common mutations are found in individuals of 
European origin, both in FGA: the c.510+1G>T intron 4 donor splice- 
site mutation and the FGA 11-kb deletion, both found on multiple hap- 
lotypes. In all new patients of European origin, the FGA c.510+1G> 
T should be the first mutation to be screened. Southern blot or poly- 
merase chain reaction (PCR) analysis of the FGA 11-kb deletion should 
also be performed, because it is the second most common mutation in 
patients of European origin and because of the risk of diagnostic error: 
a nonconsanguineous patient who appears to be homozygous for a 
mutation in FGA exons 2 to 6 may in reality be a heterozygous carrier 
of the large 11-kb deletion.® Given the high frequency of mutations in 
FGA, the other FGA exons (starting with exon 5) should then be stud- 
ied for mutations before screening FGB (starting with exon 8) and FGG 
(starting with exons 7 and 8). The same strategy can also be applied to 
afibrinogenemic patients of non-European origin for whom recurrent 
mutations have yet to be identified. If the patient comes from a geo- 
graphical region or population in which a mutation has already been 
identified, that mutation should be the first to be screened for. Screen- 
ing of patients with hypofibrinogenemia can follow the same strategy 
apart from patients with ER fibrinogen-positive liver inclusions, for 
which four mutations in FGG are known so far to cause hepatic storage 
disease. 

Prenatal diagnosis has been performed in a few cases.® This is 
important for families with afibrinogenemia and access to adequate 
treatment because the prenatal diagnosis of an affected infant allows 
initiation of treatment immediately after birth before the first bleeding 
manifestation. 


Genotype—Phenotype Correlations: Potential Importance 

of Global Assays 

Current diagnostic tests are appropriate for establishing the diagnosis 
but clearly additional tests are required for a more accurate prediction 
of the clinical phenotype of a patient and consequently the appropri- 
ate treatment. Indeed, although in afibrinogenemia all patients have 
unmeasurable functional fibrinogen, the severity of bleeding is highly 
variable amongst patients, even amongst those with the same genotype. 
Similarly, there is no clear relationship between the molecular defect 
and the risk of thrombosis. 

One possible explanation for the observed variability of clinical 
manifestations is the existence of modifier genes/alleles: some variants 
may increase the severity of bleeding while others may ameliorate the 
phenotype. Such modifiers have yet to be identified. However, the com- 
mon thrombophilias (e.g., factor V Leiden) most certainly play a role in 
decreasing the severity of bleeding. The existence of modifying genes/ 
polymorphisms is also strongly suspected in the previously discussed 
cases of hypofibrinogenemia associated with fibrinogen inclusion bod- 
ies in hepatocytes. Indeed, all individuals heterozygous for one of the 
four FGG causative mutations have hypofibrinogenemia, but not all 
have fibrinogen aggregates and associated liver disease. 


Global assays, such as thromboelastography and thrombin gener- 
ation test, may provide a complementary and in some cases a better 
evaluation of an individual’s hemostatic state. Such global assays could 
be useful for the design of individual therapeutic strategies.” 


DIFFERENTIAL DIAGNOSIS 


Inherited afibrinogenemia and hypofibrinogenemia have to be distin- 
guished from acquired disorders. These include disseminated intra- 
vascular coagulation, primary fibrinolysis, liver disease, and can be 
caused by certain drugs (e.g., thrombolytic agents and L-asparaginase). 
In addition, one should be aware that artifactually low levels of fibrin- 
ogen can be observed with samples that have clotted as a result of 
improper collection. In most cases, the clinical context as well as the 
association with other laboratory abnormalities will allow differenti- 
ation of inherited from acquired disorders. Identification of a caus- 
ative mutation in one of the three fibrinogen genes will confirm the 
diagnosis. 


THERAPY 


Available Treatments and Modalities 

Replacement therapy is effective in treating bleeding episodes in con- 
genital fibrinogen disorders. Depending on the country of residence, 
patients receive fresh-frozen plasma (FFP), cryoprecipitate, or fibrino- 
gen concentrates.” Fibrinogen concentrate preparations include safety 
steps for inactivation or removal of viruses, which make them safer 
than cryoprecipitate or FFP. Furthermore, more precise dosing can be 
accomplished with fibrinogen concentrates because their potency is 
known, in contrast to FFP or cryoprecipitates. 

The conventional treatment is on demand, in which fibrinogen 
is administered as soon as possible after onset of bleeding. Another 
approach is primary prophylaxis that includes administration of fibrin- 
ogen concentrates from an early age to prevent bleeding and, in the case 
of pregnancy, to prevent miscarriage. Effective long-term secondary 
prophylaxis with administration of fibrinogen every 7 to 14 days (par- 
ticularly after central nervous system bleeds) has been advocated. The 
frequency and dose of fibrinogen concentrates should be adjusted to 
maintain a level above 0.5 g L~.“ 

The United Kingdom guidelines on therapeutic products for coag- 
ulation disorders® provide recommendations about the best treatment 
options (dosage, management of bleeding, surgery and pregnancy as 
well as prophylaxis). According to these guidelines, in case of bleed- 
ing fibrinogen levels should be increased to 1.0 g L and maintained 
above this threshold until hemostasis is secured, and above 0.5 g L“? 
until wound healing is complete. To increase the fibrinogen concentra- 
tion of 1 g L”, a dose of approximately 50 mg/kg is required. The doses 
and duration of treatment also vary depending on the type of injury or 
operative procedure and on the patient’s personal and familial history of 
bleeding and thrombosis. 

Women with congenital afibrinogenemia are able to conceive and 
embryonic implantation is normal, but the pregnancy usually results 
in spontaneous abortion at 5 to 8 weeks of gestation unless fibrinogen 
replacement is given.® Maintaining the fibrinogen level above 0.6 g L7 
and if possible higher than 1.0 g L™ is recommended. Lower fibrinogen 
concentrations (<0.4 g L~) have proven adequate to maintain pregnancy 
but not to avoid hemorrhagic complications. Continuous infusion of 
fibrinogen concentrate should be performed during labor to main- 
tain fibrinogen higher than 1.5 g L~ (ideally greater than 2.0 g L7). 
Thromboembolic events can occur, particularly with the use of cryo- 
precipitates that contain appreciable quantities of factor VIII and von 
Willebrand factor in addition to fibrinogen. 


In addition to fibrinogen substitution, antifibrinolytic agents may 
be given, particularly to treat mucosal bleeding or to prevent bleeding 
following procedures such as dental extraction. Fibrin glue is useful to 
treat superficial wounds or following dental extractions. Oral contra- 
ceptive preparations are useful in case of menorrhagia. Oral iron prep- 
arations can be given in cases with associated iron-deficiency anemia. 
Routine vaccination against hepatitis, as well as a regular surveillance 
for both the disease and treatment-related complications in a compre- 
hensive care setting, is highly recommended.“ 

Finally, orthotopic liver transplantation is a possible rescue treat- 
ment for failure of fibrinogen replacement therapy. This procedure suc- 
cessfully restored normal hemostasis in an afibrinogenemic patient with 
severe Budd-Chiari syndrome and inferior cava vein thrombosis” and 
in one of the four afibrinogenemic patients homozygous for the 11-kb 
FGA mutation.**” 


Complications of Therapy 

In many countries only FFP or cryoprecipitate are available, which is 
problematic because the viral inactivation process is in general not as 
efficient as it is for fibrinogen concentrates (although emerging non- 
viral pathogens such as the prion responsible for variant Creutzfeldt- 
Jacob disease must be considered, even for concentrates). Even if viral 
inactivation steps are performed, these preparations (particularly FFP) 
can induce volume overload. There is also a risk of transfusion-related 
acute lung injury, because of the presence of cytotoxic antibodies in the 
infused plasma. 

Acquired inhibitors to fibrinogen after replacement therapy have 
been reported in only two cases. It is not clear why afibrinogenemic 
patients do not develop inhibitors more frequently. One explana- 
tion for some cases is that minute amounts of fibrinogen, which can 
only be detected by highly sensitive immunoassays, are present in the 
circulation. 

One of the major complications in afibrinogenemic patients is 
thrombosis, which can occur spontaneously following blood com- 
ponent therapy. Some clinicians give small doses of heparin or low- 
molecular-weight heparin (LMWH) during administration of fibrin- 
ogen. Before surgery, patients with a thrombotic phenotype should 
be treated with compression stockings and LMWH. Successful use of 
lepirudin has been reported for an afibrinogenemic patient who suf- 
fered recurrent arterial thrombosis despite treatment with heparin 
and aspirin.” Thromboembolic complications are difficult to manage 
because both anticoagulants and fibrinogen preparations have to be 
administered. 


New Preparations 

The increasing need for fibrinogen preparations in congenital but also 
in acquired deficiencies has stimulated some companies to improve 
existing preparations or to develop new ones. A recombinant fibrinogen 
molecule is also under development.”* 


@ DYSFIBRINOGENEMIA AND 
HYPODYSFIBRINOGENEMIA 


DEFINITION, HISTORY, AND EPIDEMIOLOGY 


The second class of hereditary fibrinogen abnormalities comprises the 
type II disorders, that is, dysfibrinogenemia and hypodysfibrinogene- 
mia. Dysfibrinogenemia is defined by the presence of normal levels of 
functionally abnormal plasma fibrinogen. Hypodysfibrinogenemia is 
defined by low levels of a dysfunctional protein. As in afibrinogenemia 
and hypofibrinogenemia, both are heterogeneous disorders caused by 
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many different mutations in the three fibrinogen-encoding genes. Dys- 
fibrinogenemias and hypodysfibrinogenemias are autosomal dominant 
disorders. Most affected patients are heterozygous for missense muta- 
tions in the coding region of one of the three fibrinogen genes. Because 
the secreted fibrinogen hexamer contains two copies of each of the three 
fibrinogen chains, and the resulting fibrin network contains multiple cop- 
ies of the molecule, heterozygosity for one mutant allele is sufficient to 
impair the structure and function of the fibrin clot (Fi J: 


Figure 125-4. Scanning electron micrographs showing structural 
variations in clots formed from dysfibrinogens. Top. Control clot from 
normal purified fibrinogen clotted with thrombin showing relatively 
uniform distribution of fibers forming a branched network. Middle. Clot 
from fibrinogen Caracas |% showing very thin fibers, indicating a defect 
in lateral aggregation. Bottom. Clot from fibrinogen Caracas VI” show- 
ing a nonuniform distribution of thin and thick fibers in the clot, with 
bundles of fibers, larger pores, and more fiber ends than control clots. 
Magnification bar: 5 um. (Used with permission of John W. Weisel and Rita 
Marchi.) 
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As of this writing, more than 100 distinct mutations have been 
identified in patients with dysfibrinogenemia and hypodysfibrinogene- 
mia. The described mutants are very often named after the city of origin 
of the family or the city of the laboratory characterizing the mutation. 
Many cases are asymptomatic and are only identified as a result of rou- 
tine coagulation screening. Indeed, a compilation of approximately 250 
cases revealed that 55 percent of patients were asymptomatic, 25 percent 
had a history of bleeding, and 20 percent, a tendency toward throm- 
bosis.”> However, our retrospective multicentric study of the long-term 
outcomes of 101 genotyped patients suggests that bleeding and throm- 
botic events are more frequent.” 


ETIOLOGY AND PATHOGENESIS 


Dysfibrinogenemic abnormalities usually are reflected in one or more 
phases of the fibrinogen-fibrin conversion and fibrin assembly process, 
notably impaired release of fibrinopeptides and defective fibrin poly- 
merization or factor XIIJa~mediated crosslinking.”””* Other abnormal- 
ities involve abnormal tissue deposition such as in renal amyloidosis,” 
defective fibrinolysis,*° abnormal interactions with platelets,”® and 
defective calcium binding.*! 


Mutations Resulting in Abnormal “A” Knobs or Deficient 
Fibrinopeptide Release 
Fibrinogen Detroit was the first abnormal fibrinogen in which the 
specific mutation was identified at the protein level.* This FGA R38S 
(R19S) mutation is located in the “A’ knob (ie., GPRV) resulting in 
impaired fibrin polymerization and a bleeding tendency. Other substi- 
tutions involving residue R38 (R19) have been found to be associated 
with bleeding in some cases, for example, Munich I, R38N (R19N), 
and Mannheim I, R38G (R19G), and with thrombosis in other cases, 
for example, Aarhus and Kumamoto, which are also a result of R38G 
(R19G). The mechanism for thrombophilia remains unclear, but coex- 
isting risk factors may contribute to the clinical manifestations. Further- 
more, the inability of a mutant fibrin to effectively bind and sequester 
thrombin may play a role in such a clinical presentation. Bleeding that 
occurs under conditions involving defective fibrinopeptide release or 
production of a defective “A” knob is most likely related to the reduced 
polymerization potential of the mutant fibrins that are produced, with 
resulting defective clot formation.® 

Missense mutations at residue FGA R35 (R16) which is part of the 
thrombin cleavage site in the fibrinogen « chain appear to be the most 
common causative mutations accounting for dysfibrinogenemia, based 
on information compiled in the GEHT registry for hereditary fibrin- 
ogen abnormalities.* The R35 (R16) residue can be mutated to either 
H (CGT>CAT) or C (CGTSTGT) leading to delayed or absent FpA 
release, respectively, and subsequent delayed polymerization. A pro- 
longed reptilase time is observed for both variants. Most patients do 
not have a bleeding tendency. Some patients have been found to be 
homozygous for these mutations or phenotypically homozygous,® as a 
result of compound heterozygosity for an R35 (R16) missense mutation 
and the large 11-kb FGA deletion first characterized in afibrinogenemia. 
In these cases, a mild bleeding tendency is observed. 

Missense mutations in FGB affecting FpB release have been iden- 
tified,® but are much less common than those affecting FpA release. 


Mutations Leading to Polymerization Defects in the D Region 
Sites in the D region important for fibrin polymerization are affected in 
many dysfibrinogenemias. Mutations affecting hole “a” in the y chain 
are numerous, while no naturally occurring mutation involving hole “b” 
in the Bf chain has been described, compatible with the view that A:a 


interactions are the driving force of fibrin polymerization.” The inter- 
face for the end-to-end D:D site in the y chain lies between R301 (R275) 
and $326 (S300), with T306 (T280) contacting R301 (R275) at the D:D 
interface. Mutations at the R301 (R275) residue to C (CGT>STGT) or 
H (CGT>CAT) are the second most common cause of dysfibrinogene- 
mia, accounting for around 10 percent of fibrinogen variants.’ Impaired 
polymerization has been observed for all substitutions at this position. 
Most of these cases are asymptomatic, but some patients heterozygous 
for R301C (R275C) have thrombophilia, sometimes in association with 
an additional thrombotic risk factor such as factor V Leiden.** 


Mutations Accounting for Hypodysfibrinogenemia 
Hypodysfibrinogenemia which is defined by low levels of a dysfunc- 
tional protein can be caused by different molecular mechanisms. One 
mechanism is heterozygosity for a single mutation that leads to syn- 
thesis of an abnormal fibrinogen chain which is secreted less efficiently 
than normal fibrinogen, for example, fibrinogen Kyoto IV. Another 
mechanism is the presence of two different mutations with one muta- 
tion responsible for the fibrinogen deficiency (the “hypo phenotype”) 
and one mutation responsible for the abnormal function of the mole- 
cule (the “dys phenotype”). For example, in fibrinogen Keokuk,* there 
is compound heterozygosity for the common afibrinogenemia splice- 
site mutation c.510GT and a premature truncating nonsense mutation 
in FGA Q347X (Q328X). Another example is fibrinogen Leipzig II in 
which the common hypofibrinogenemia mutation FGG A108G (A82G) 
and FGG G377S (G351S) are located on the same allele.” Homozygosity 
for a single mutation, which allows reduced secretion of a functionally 
impaired molecule, has been described in fibrinogens Otago™ and Mar- 
burg.” Finally, maternal uniparental disomy for a nonsense mutation in 
FGB, W323X (W293X), was found to be the cause of severe hypodysfi- 
brinogenemia in a Chinese patient.” 


CLINICAL FEATURES 


Patients with inherited dysfibrinogenemia are frequently asymptom- 
atic and can be discovered incidentally because of abnormal coagula- 
tion tests. A compilation of more than 260 cases of dysfibrinogenemia 
revealed that 55 percent of the patients had no clinical complications 
while 25 percent exhibited bleeding, and 20 percent had a tendency to 
thrombosis, mainly venous.” However, when 2376 patients with deep 
vein thrombosis were screened for thrombophilia, the prevalence of 
dysfibrinogenemia was very low (0.8 percent) and hence testing for 
dysfibrinogenemia in patients with deep vein thrombosis is not recom- 
mended.” Patients with dysfibrinogenemia associated with hemorrhage 
bleed most often after trauma, surgery, or during the puerperium.” 
Thrombosis may also occur during pregnancy and in the postpartum 
period. Women with dysfibrinogenemia can also suffer from spontane- 
ous abortions. The problems during and after pregnancy are not neces- 
sarily correlated to the fibrinogen concentration. 

Some mutations in the Aq chain of fibrinogen are associated with 
a particular form of hereditary amyloidosis.”°? The E545V (E526V) 
amino acid substitution is the most common of these mutations.” The 
abnormal fibrinogen fragments form amyloid fibrils and the extracel- 
lular deposition of these fibrils leads to renal failure. Chronic renal 
dialysis is performed for managing renal failure. Renal transplanta- 
tion can be envisaged as an alternative to chronic dialysis. However, 
continuous fibrinogen-related amyloid deposition ultimately results 
in allograft destruction. Combined liver and kidney transplantation 
prevents further amyloid deposition in the renal allograft and else- 
where but is associated with additional perioperative and subsequent 
risks. 


LABORATORY FEATURES 


Phenotype Analysis 

Initial screening tests for fibrinogen dysfunction should include fibrin- 
ogen concentration, measured functionally and immunochemically, 
TT, and reptilase time. Dysfibrinogenemia is diagnosed by a discrep- 
ancy between clottable and immunoreactive fibrinogen. However, even 
in specialized laboratories, this diagnosis can be difficult because the 
sensitivity of the tests depends on the specific mutation, reagents, and 
techniques.**°* 

In classical dysfibrinogenemias, the functional assay of fibrinogen 
yields low levels compared with the immunologic assays, but levels are 
sometimes concordant and the functional level may even be normal 
(as well as TT). The determination of the precise nature of a fibrinogen 
defect has to be performed in highly specialized laboratories since it 
involves purification of fibrinogen, measurement of the rate of fibrino- 
peptide cleavage, analysis of fibrin monomer polymerization, and 
fibrinolysis. Thromboelastography, commonly used for decision mak- 
ing for fibrinolytic and anticoagulant therapy, may be particularly useful 
for investigation of dysfibrinogenemia. The thromboelastography signal 
is fibrin dependant, its amplitude is enhanced by platelets and reflects 
the stretch and recovery of the clot during its formation.” 


Genotype Analysis 

The gold standard for the diagnosis of dysfibrinogenemia is the char- 
acterization of the molecular defect. However, although advances in 
DNA analysis have made mutation detection easier, it is not always 
clear whether the identified mutation is the cause of the presenting 
phenotype. Family studies showing segregation of the mutation with 
the phenotype, exclusion that the DNA alteration is a common poly- 
morphism in the general population, and structural correlations are 
necessary for establishing the link between the DNA alteration and the 
disorder. As previously mentioned, two mutations “hotspots” are of 
prime interest in screening for dysfibrinogenemia mutations: residue 
R35 (R16) situated in FGA exon 2, and residue R301 (R275) in FGG 
exon 8. Other causative mutations are common in the surrounding 
residues. Thus, it is recommended to initially screen FGA exon 2 and 
FGG exon 8 in cases of dysfibrinogenemia. In our recent study of 101 
dysfibrinogenemia cases,” 87 percent of the causative mutations were 
located in these two exons. Here, mutations of FGG R301 (R275) were 
more common than mutations of FGA R35 (R16), 52 percent and 23 
percent, respectively. 


Genotype—Phenotype Correlations 

As previously discussed, the clinical manifestations of dysfibrinogen- 
emia are highly variable and may relate in some cases to differences in 
clot strength, structure and stability.''” In a few cases, mutations are 
predictive of the clinical phenotype, such as the R573C (R554C) sub- 
stitution in the Aa chain (e.g., fibrinogens Chapel Hill III, Paris V, and 
Dusart) that predisposes patients to thrombosis. Impaired fibrinoly- 
sis exhibited by this dysfibrinogen appears to be responsible for the 
thrombotic complications. Other examples associated with thrombosis 
include dysfibrinogens Barcelona III, Haifa I, or Bergamo II as a result 
of the common y R301H (R275H) mutation and Cedar Rapids I caused 
by y R301C (R275C). However, in fibrinogen Cedar Rapids I, only 
patients heterozygous for both factor V Leiden and the FGG R301C 
(R275C) substitutions were symptomatic, suggesting that this mutation 
causes thrombosis when associated with another defect. On the other 
hand, several mutations in the aminoterminal region of the Aq chain, 
such as fibrinogen Detroit R38S (R19S) and Mannheim I R38G (R19G), 
are associated with bleeding. 
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DIFFERENTIAL DIAGNOSIS 


Inherited dysfibrinogenemia has to be distinguished from acquired 
dysfibrinogenemia. Liver diseases (e.g., cirrhosis, chronic active liver 
disease, hepatoma, liver failure) are the main causes of acquired dysfi- 
brinogenemia. L-Asparaginase treatment also may result in the produc- 
tion of abnormal fibrinogen. In addition, there are a few case reports of 
acquired dysfibrinogenemia secondary to pancreatitis, paraneoplastic 
syndrome, and renal carcinoma. The acquired dysfibrinogenemias rep- 
resent a heterogeneous group of disorders with multiple pathogenetic 
mechanisms, the most clearly defined fibrinogen abnormalities being 
an increase in carbohydrate content in patients with liver disease. These 
abnormal fibrinogens are usually characterized by prolonged thrombin 
and reptilase times, by abnormal fibrin monomer polymerization 
but with normal fibrinopeptide release. Fibrinogen concentration is 
variable. 

In some cases no underlying disease is found, and to determine 
whether a fibrinogen abnormality is congenital or acquired may be diffi- 
cult. The demonstration of the same fibrinogen abnormality in another 
family member is a strong argument for a congenital disorder. When 
measured in newborns, fibrinogen levels should be interpreted with 
caution because neonatal fibrinogen has an altered content of carbo- 
hydrate that can mimic dysfibrinogenemia in certain laboratory tests. 

Rare cases of circulating autoantibodies to fibrinogen, for example 
in systemic lupus erythematosus and in patients receiving surgical seal- 
ants containing bovine fibrinogen, have also been reported. 


THERAPY 


Any treatment considered in patients with dysfibrinogenemia should 
be based on the personal and family history. Indeed, as already dis- 
cussed, subjects with hereditary dysfibrinogenemias may be asymp- 
tomatic throughout their whole life or may suffer from bleeding and/or 
thrombotic complications.’”*”* In patients who bleed, functional levels 
of fibrinogen should be raised above 1.0 g L~ and maintained above this 
threshold until hemostasis is secured and above 0.5 g L~ until wound 
healing is complete. Topical fibrin glue or antifibrinolytic agents may be 
used for superficial bleeds. In pregnant women with a bleeding pheno- 
type, the recommendations for afibrinogenemia and hypofibrinogene- 
mia can be followed. With a personal or familial history of thrombosis, 
thromboprophylaxis and antithrombotic treatments may be proposed 
after a careful analysis of each particular situation. Long-term manage- 
ment strategies for thrombophilic dysfibrinogenemia are the same as 
the strategies for patients with recurrent thromboembolism and may 
include long-term anticoagulant therapy. 
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CHAPTER 126 
VON WILLEBRAND DISEASE 


Jill Johnsen and David Ginsburg 


von Willebrand factor (VWF) is a central component of hemostasis, serving 
both as an adhesive link between platelets and the injured blood vessel wall 
and as a carrier for clotting factor VIII (FVIII). Abnormalities in VWF function 
result in von Willebrand disease (VWD), the most common inherited bleeding 
disorder in humans. The overall prevalence of VWD has been estimated to be as 
high as 1 percent of the general population, although the prevalence of clin- 
ically significant disease is probably closer to 1:1000. VWD is associated with 
either quantitative deficiency (type 1 and type 3) or qualitative abnormalities 
of VWF (type 2). The uncommon type 3 variant is the most severe form of 
VWD and is characterized by very low or undetectable levels of VWF, a severe 
bleeding diathesis, and a generally autosomal recessive pattern of inheritance. 
Type 1 VWD, the most common variant, is characterized by VWF that is normal 
in structure and function but decreased in quantity (in the range of 20 to 50 
percent of normal). In type 2 VWD, the VWF is abnormal in structure and/or 
function. Type 2A VWD is associated with selective loss of the largest and most 
functionally active VWF multimers. Type 2A is further subdivided into group 
1, as a result of mutations that interfere with biosynthesis and secretion, and 
group 2, in which the mutant VWF exhibits an increased sensitivity to proteoly- 
sis in plasma. Type 2B VWD is caused by mutations clustered within the VWF A1 
domain, in a segment critical for binding to the platelet glycoprotein Ib recep- 
tor. These mutations produce a “gain of function” resulting in spontaneous VWF 
binding to platelets and clearance of the resulting platelet complexes, leading 
to thrombocytopenia and loss of the most active (large) VWF multimers. Type 
2N VWD is characterized by mutations within the FVIII binding domain of VWF, 
leading to disproportionately decreased factor VIII and a disorder resembling 
mild to moderate hemophilia A, but with autosomal rather than X-linked 
inheritance. Type 1 VWD can often be effectively managed by treatment with 
DDAVP (1-deamino-8-D-arginine vasopressin, desmopressin), which produces 
a two- to threefold increase in plasma VWF level due to release from endo- 
thelial storage sites in the vessel wall. Response to DDAVP is generally poor in 
type 3 and some type 2 VWD variants. These disorders often require treatment 
with factor replacement in the form of VWF/FVIII concentrates containing large 
quantities of intact VWF multimers. 


Acronyms and Abbreviations: ADAMTS13, a disintegrin and metalloprotease with 
thrombospondin type 1 motifs; aPTT, activated partial thromboplastin time; DDAVP 
1-desamino-8-D-arginine vasopressin or desmopressin; ER, endoplasmic reticulum; 
GP glycoprotein; HHT, hereditary hemorrhagic telangiectasia; PCR, polymerase chain 
reaction; RIPA, ristocetin-induced platelet aggregation; VWD, von Willebrand dis- 
ease; VWF, von Willebrand factor. 


@ DEFINITION AND HISTORY 


In 1926, Eric von Willebrand described a bleeding disorder in 24 of 66 
members of a family from the Aland Islands.' Both sexes were afflicted, 
and the bleeding time was prolonged despite normal platelet counts and 
normal clot retraction. von Willebrand distinguished this condition 
from the other hemostatic diseases known at the time and recognized 
its genetic basis, calling the disorder “hereditary pseudohemophilia, 
but incorrectly characterizing the inheritance as X-linked dominant. 
von Willebrand’s confusion about the inheritance pattern was probably 
the result of, at least in part, the greater recognition of bleeding symp- 
toms in women because of the hemostatic stresses of menstruation and 
parturition. The proband in the original family, Hjördis, was 5 years old 
at the time of von Willebrand’s initial evaluation and ultimately died at 
age 13 years during her fourth menstrual cycle. Four of Hjördis’ sisters 
died between the ages of 2 and 4 years, and deaths in the family were 
also noted during childbirth. 

An apparently similar disorder was independently reported in the 
United States by Minot and others in 1928. The original family in the 
Aland Islands was reexamined by von Willebrand and Jürgens in 1933, 
leading to the conclusion that the defect in this disorder was caused by 
an impairment of platelet function. It was not until 1953 that Alexan- 
der and Goldstein demonstrated reduced levels of coagulation factor 
VIII (FVII) in von Willebrand disease (VWD) patients, along with 
prolonged bleeding time. This observation was confirmed by others, 
including studies of the original von Willebrand pedigree by Nilsson 
and coworkers. In the late 1950s, Nilsson and coworkers demonstrated 
that a fraction of plasma referred to as “I-O” could correct the FVIII 
deficiency and normalize the bleeding time, indicating that the defect 
in VWD was a result of the deficiency of a plasma factor rather than 
an intrinsic platelet abnormality. Infusion of fraction I-O promptly 
increased the FVIII level in a hemophilic patient, while in VWD the 
FVIII level rose gradually, peaking at 5 to 8 hours. Fraction I-O pre- 
pared from a hemophilia A patient was also shown to correct the defect 
in VWD, demonstrating that these disorders were caused by deficien- 
cies of distinct plasma factors (reviewed in Refs. 2 and 3). 

It was not until 1971 that Zimmerman, Ratnoff, and Powell pre- 
pared the first antibodies against what was thought to be a highly puri- 
fied form of FVIII.* This FVIII-related antigen was found to be normal 
in hemophilia A patients but decreased in VWD. This puzzle was finally 
resolved with the demonstration that von Willebrand factor (VWF) and 
FVIII are closely associated, with more than 98 percent of the mass of 
the complex made up of VWF (see section The Function of von Wille- 
brand Factor below). Thus, antibodies raised against this complex pre- 
dominantly recognize VWF. The first direct assay of VWF function was 
based on the observation that the antibiotic ristocetin induced throm- 
bocytopenia and the demonstration by Howard and Firkin‘ that risto- 
cetin-induced platelet aggregation (RIPA) was absent in some VWD 
patients. Weiss and coworkers‘ used this observation to develop a quan- 
titative assay for VWF function that remains a mainstay of laboratory 
evaluation for VWD to this day. In 1973, several groups succeeded in 
dissociating VWF from FVIII procoagulant activity.”* 

Final proof that VWF and FVIII are independent proteins encoded 
by distinct genes came with the complementary DNA (cDNA) clon- 
ing of the two molecules in 1984 and 1985.’ These discoveries also 
marked the beginning of the molecular genetic era for the study of 
VWF and FVIII, leading to the identification of gene mutations in many 
patients with hemophilia and VWD, as well as considerable insight into 
the structure and function of these related proteins. 

Table 126-1 summarizes the current nomenclature and terminol- 
ogy for FVIII and VWF. VWD is a heterogeneous disorder with more 


Part XII: Hemostasis and Thrombosis 


TABLE 126-1. von Willebrand Factor and Factor VIII 
Terminology 


Factor VIII 


Antihemophilic factor, the protein that is reduced in plasma of 
patients with classic hemophilia A and most von Willebrand dis- 
ease (VWD) and is measured in standard coagulation assays 


Factor VIII activity (factor VIII:C) 


The coagulant property of the factor VIII protein (this term is 
sometimes used interchangeably with factor VIII) 


Factor VIII antigen (VIII:Ag) 


The antigenic determinant(s) on factor VIII measured by 
immunoassays, which may employ polyclonal or monoclonal 
antibodies 


von Willebrand factor (VWF) 


The large multimeric glycoprotein that is necessary for normal 
platelet adhesion, a normal bleeding time, and stabilizing 
factor VIII 


von Willebrand factor antigen (VWF:Ag) 


The antigenic determinant(s) on VWF measured by immunoas- 
says, which may employ polyclonal or monoclonal antibodies; 
inaccurate designations of historical interest only include factor 
Vill-related antigen (VIIIR:Ag), factor VIII antigen, AHF antigen, 
and AHF-like antigen 


Ristocetin cofactor activity (VWF:RCo) 


The property of VWF that supports ristocetin-induced aggluti- 
nation of washed or fixed normal platelets 


von Willebrand factor collagen-binding activity (VWF:CB) 


The property of VWF that supports binding to collagen, mea- 
sured by enzyme-linked immunosorbent assay (ELISA) 


than 20 variants described. The previous complex and confusing classi- 
fication has been consolidated and simplified into six distinct types,’ as 
summarized in Table 126-2. Type 3 VWD is associated with very low or 
undetectable levels of VWF and severe bleeding. Type 1 VWD is char- 
acterized by concordant reductions in FVIII activity, VWF antigen, and 
ristocetin cofactor activity, generally to the range of 20 to 30 percent of 
normal, but sometimes up to 50 percent of normal, in association with a 
normal VWF multimer distribution. Type 2 VWD is heterogeneous and 
further divided into four subtypes (2A, 2B, 2M, and 2N) by the nature of 
the VWF qualitative dysfunction. Type 2A VWD results from abnormal 
VWF secretion or proteolysis and is characterized by a disproportion- 
ately low level of ristocetin cofactor activity relative to VWF antigen 
and absence of large and intermediate-sized multimers. Type 2B VWD 
results from an abnormal VWF molecule with increased affinity for 
platelet glycoprotein Ib (GPIb), and can also be associated with reduced 
high-molecular-weight VWF multimers and thrombocytopenia. Func- 
tional abnormalities in VWF can also result in defective interactions 
with platelets, as in type 2M VWD, or decreased FVIII binding to VWE 
designated type 2N VWD and characterized by mild to moderate FVIII 
deficiency. Many other subtypes have been reported, including platelet- 
type (pseudo-) VWD, which is actually an intrinsic platelet disorder 
caused by mutations in GPIb (Chap. 120). Finally, acquired forms of 
VWD also occur, such as in patients with antibodies to VWF or throm- 
bocytosis secondary to myeloproliferative neoplasms, resulting in accel- 
erated loss of circulating VWF. 


@ ETIOLOGY AND PATHOGENESIS 


VWE is synthesized exclusively in endothelial cells and megakaryo- 
cytes. The VWF monomer is assembled into higher-order multimers, 
a structure required for optimal adhesive function, and performs two 
major functions in hemostasis. First, VWF serves as the initial critical 
bridge between circulating platelets and the injured blood vessel wall, 
accounting for the apparent defect in platelet function and prolonged 
bleeding times historically observed in VWD patients. Second, VWF 
serves as the carrier in plasma for FVIII, ensuring its stability and local- 
izing it to the initial platelet plug for participation in thrombin gen- 
eration and fibrin clot formation (Chap. 113). This tight, noncovalent 
interaction between VWF and FVIII accounts for the copurification of 
these two molecules and the resulting initial confusion as to the origin 
of hemophilia and VWD. FVIII is encoded by the F8 gene on the X 
chromosome (Chaps. 113 and 123), while VWF is encoded by the VWF 
gene on human chromosome 12. 


THE VON WILLEBRAND FACTOR GENE AND 
COMPLEMENTARY DNA 


The VWF cDNA was initially cloned from endothelial cells," and 
the corresponding gene mapped to the short arm of chromosome 12 
(12p13.3)."' The VWF mRNA is approximately 9 kb in length, encod- 
ing a primary translation product of 2813 amino acid residues with an 
estimated Mr of 310,000. Comparison of the primary peptide sequence 
obtained from plasma VWF" with the VWF cDNA sequence estab- 
lished the prepropolypeptide nature of VWE” Prepropolypeptide VWF 
is composed of a 22-amino-acid signal peptide, a 741-amino-acid pre- 
cursor polypeptide known as the VWF propeptide (VWF pp), and the 
mature subunit.'''””° Cleavage of the 741-amino-acid propeptide from 
the amino terminus produces the mature VWF monomer subunit of 
2050 amino acids (Fig. 126-1). 

Analysis of the VWF sequence identifies four distinct types of 
repeated domains: three A domains, three B domains, two C domains, 
and four D domains,'*”' within which appear additional repeating 
motifs (schematic in Ref. 22). The first pair of D domains is tandemly 
arranged in the VWFpp, followed by a partial and full D domain at the 
N terminus of the mature subunit. The final complete D domain is sep- 
arated by a segment of more than 600 amino acids containing the tripli- 
cated A domains. The repeated domain structure of VWF suggests that 
the gene may have evolved via a complex series of partial duplications, 
although exon structure is not highly conserved between homologous 
domains. 

Comparison of the VWF amino acid sequence to other proteins 
identifies a superfamily of related proteins that share sequence sim- 
ilarity with the VWF A domains.” The common theme among these 
potentially evolutionarily related genes is a role in extracellular matrix 
or adhesive function. Consistent with this notion, VWF functional 
domains for binding to the platelet receptor GPIb and specific lig- 
ands within the extracellular matrix have been localized to the VWF 
A repeats. A potential relationship between the VWF C domains and 
portions of thrombospondin and procollagen has also been proposed.” 

The VWF gene spans 178 kb and is divided into 52 exons.” Exons 
range in size from 40 bases to 1.4 kb (exon 28). Exon 28 is unusually 
large, encoding the entire Al and A2 domains and containing most of the 
known type 2A and all of the type 2B VWD mutations. The concentra- 
tion of these defects within one exon has facilitated the identification of 
human mutations responsible for these VWD variants (see “Molecular 
Genetics of von Willebrand Disease,” below). A partial, nonfunctional 
duplication of the VWF gene, termed a pseudogene, is located on human 
chromosome 22.”* The pseudogene, known as VWFP1, duplicates the 


TABLE 126-2. Classification of von Willebrand Disease 
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Ristocetin Plasma VWF 
Molecular Factor VIII Cofactor Multimer 

Type Characteristics Inheritance Frequency Activity VWF Antigen Activity RIPA Structure 

Type 1 Partial quantitative Autosomal 1-30:1000; Decreased Decreased Decreased Decreased Normal 
VWF deficiency dominant, most com- ornormal distribution 

incomplete mon VWD (mutant 
penetrance variant (>70% subunits 
of VWD) permitted) 

Type 3 Severe quantita- Autosomal 1-5:1,000,000 Markedly Verylowor Very low or Absent Usually 
tive reduction or recessive (or decreased absent absent absent 
absence of VWF codominant) 

Type 2A Qualitative VWF Usually ~10-15% of Decreased Usually low Markedly Decreased Largest and 
defect; loss of autosomal clinically sig- to normal decreased intermediate 
large VWF multi- dominant nificant VWD multimers 
mers, decreased absent 
VWF-dependent 
platelet adhesion 

Type 2B Qualitative VWF Autosomal Uncommon Decreased Usuallylow Decreasedto Increased Largest 
defect; increased dominant variant (<5% to normal normal to low multimers 
VWF-platelet of clinical concen- reduced/ 
interaction (GPlb) VWD) trations of absent 

ristocetin 

Type 2M Qualitative VWF Usually Rare (case Variably Variably Decreased Variably Normal and 
defect; decreased autosomal reports) decreased decreased decreased occasionally 
VWF-platelet dominant ultralarge 
interaction, no forms 
loss of large VWF 
multimers 

Type 2N Qualitative VWF Autosomal Uncommon; Decreased Normal Normal Normal Normal 
defect; decreased recessive heterozygotes 
VWF-factor VIII may be prev- 
binding capacity alent in some 

populations 

Platelet- Platelet defect; Autosomal Rare Decreased Decreasedto Decreased Increased Largest 

type decreased dominant tonormal normal to low multimers 

(pseudo-) platelet-VWF concen- absent 
interactions trations of 

ristocetin 


GPIlb, glycoprotein Ib; RIPA, ristocetin-induced platelet aggregation; VWD, von Willebrand disease; VWF, von Willebrand factor. 


VWF GENE (82 introns, 178 kb) [chr. 12] 


Figure 126-1. Schematic of the human VWF gene, mRNA, and 
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middle portion of the VWF structural gene, spanning exons 23 to 34 
and the intervening noncoding sequences. VWFP1 is approximately 
97 percent identical in sequence to the authentic VWF gene, indicating 
that it is of fairly recent evolutionary origin.” Gene conversion involv- 
ing the VWFP1 pseudogene, possibly through recombination with the 
large homologous exon 28 sequence, has been proposed as a mecha- 
nism for introducing mutations into the VWF gene.” 

VWF is synthesized exclusively in megakaryocytes and endothelial 
cells and, as a result, has frequently been used as a specific histochemical 
marker to identify cells of endothelial cell origin. Although generally 
assumed to mark all endothelial cells, VWF is expressed at widely vary- 
ing levels among endothelial cells, depending on the size and location of 
the associated blood vessel.***’ A careful survey in the mouse identified 
wide differences in the level of VWF mRNA, with 5 to 50 times higher 
concentrations in the lung and brain, particularly in small vessels, than 
in comparable vessels in the liver and kidney. In general, the higher lev- 
els of VWF mRNA and antigen were found in the endothelial cells of 
large vessels rather than in microvasculature, and in venous rather than 
arterial endothelial cells. 

Specific DNA sequences within or near the proximal promoter 
of the VWF gene appear to be required for endothelial-specific gene 
expression,**” although it is likely that additional important regulatory 
elements exist outside of this region, some of which may lie at a great 
distance.“ VWF is expressed in most, but not all, endothelial cells,“ and 
this vascular-bed specific gene expression program is likely a result of 
the concerted action of multiple regulatory elements. Endothelial VWF 
gene expression also appears to be upregulated by exposure to shear 
stress. The length of a polymorphic GT repeat in the proximal VWF 
promoter correlates with the magnitude of this response, and several 
other more distal DNA sequences are predicted to be involved in a shear 
stress response.” However, this GT repeat does not appear to influence 
circulating VWF levels.” 


VON WILLEBRAND FACTOR BIOSYNTHESIS 


The processing steps involved in the biosynthesis of VWF are similar 
in megakaryocytes and endothelial cells (reviewed in Refs. 46 and 47). 
VWF is first synthesized as a large precursor monomer polypeptide, 
depicted schematically in Fig. 126-1. VWF is unusually rich in cysteine, 
which accounts for 8.3 percent of its amino acid content. All cysteines 
in the mature VWF molecule are thought to be involved in disulfide 
bonds,“ although these bonds may be exposed in circulating mature 
VWF by shear stress.” Pro- VWF monomers are assembled into dimers 
through disulfide bonds at both C termini, and only dimers are exported 
from the endoplasmic reticulum (ER).**°°*! 

Glycosylation begins in the ER, with 12 potential N-linked glycosy- 
lation sites present on the mature subunit and three on the propeptide. 
Extensive additional posttranslational modification of VWF occurs in 
the Golgi apparatus, including the addition of multiple O-linked car- 
bohydrate structures, sulfation, and multimerization through the for- 
mation of disulfide bonds at the N termini of adjacent dimers. It is 
unusual for a protein to undergo extensive disulfide bond formation 
at this late stage, and this process appears to be catalyzed by disulfide 
isomerase activity present within the VWFpp.* Mutations at either of 
two specific cysteines within the propeptide that are thought to be crit- 
ical for disulfide isomerase activity, or a shift in the spacing between 
them, results in loss of multimer formation.” An intermediate species 
with disulfide bonds between the propeptide and VWF D’D3 domain 
appears briefly in either the late ER or early Golgi,” which may position 
these domains for subsequent multimerization. The multimerization 
process appears to require the slightly acidic environment of the distal 
Golgi. The VWFpp self-associates and may also serve to align VWF 


subunits for multimer assembly.” However, the propeptide facilitates 
multimer assembly even when coexpressed as a separate molecule from 
the mature VWF monomer.***” 

Propeptide cleavage occurs late in VWF synthesis or just prior to 
secretion. Cleavage occurs adjacent to two basic amino acids, Lys-Arg 
at positions -2 and -1. An Arg at position —4 is also required for rec- 
ognition by the intracellular protease responsible for propeptide cleav- 
age.** Multimerization and propeptide cleavage are not linked to each 
other. The multimers secreted by cultured endothelial cells contain both 
pro-VWE and mature subunits,” and recombinant VWF with a point 
mutation inhibiting propeptide cleavage is still assembled into normal 
multimer structures.“ Although propeptide cleavage appears to occur 
primarily intracellularly, cleavage may also occur after secretion. 

VWF is stored in tubular structures within the a-granules of 
platelets and within the Weibel-Palade bodies in endothelial cells** 
(reviewed in Ref. 64). These large VWF structures form by tubular pack- 
ing of the VWF N-terminal domains within the secretory granules.® 
Weibel-Palade bodies are derived from the Golgi apparatus and are 
found in most endothelial cells, although the number varies consider- 
ably between endothelial cell beds. It has been shown that VWF and 
FVIII colocalize in storage granules. Although VWF is not required 
to traffic FVIII to platelets, VWF appears to play a role in trafficking 
FVIII to Weibel-Palade bodies in endothelial cells. Weibel-Palade 
bodies mature as they move to the periphery of the cell in an ordered 
process dependent on Rab proteins and Rab effector proteins, which 
act as chaperones and organizers of the various stages of Weibel-Palade 
body maturity and subsequent exocytosis (reviewed in Ref. 69). The 
transmembrane glycoprotein P-selectin is also found in the membranes 
of both the a-granule and the Weibel-Palade body.” The VWF D’D3 
domain has been shown in vitro to associate with P-selectin and to be 
necessary for the recruitment of P-selectin to Weibel-Palade bodies.” 
There appears to be heterogeneity within Weibel-Palade body popula- 
tions both in relative content of VWF and P-selectin and in response 
to regulated secretion by different stimuli.” In addition to VWF and 
P-selectin, the Weibel-Palade body also contains tissue-type plasmino- 
gen activator (t-PA), a thrombolytic secreted protein that also may 
be released distinctly from VWE” and several other proteins that are 
known to participate in inflammation or angiogenesis (for a complete 
list of Weibel-Palade contents see Ref. 74). 

VWE is secreted from endothelial cells continuously via consti- 
tutive and constitutive-like (or basal) pathways and upon stimulated 
release of storage granules via a classic regulated pathway.**” Regulated 
secretion of VWF from its storage site in the Weibel-Palade body is 
triggered by a number of secretagogues, including thrombin,” fibrin,” 
histamine,”* the C5b-9 complement complex,” and several inflamma- 
tory cytokines.* Recent in vitro data suggests that there may also be 
suppression of regulated VWF secretion by statins.®™® The secretagogue 
desmopressin acetate (DDAVP), a vasopressin analogue, is used clini- 
cally for its capacity to cause a marked release of VWF and FVIII in vivo 
by acting through type 2 vasopressin receptors to induce secretion from 
the Weibel-Palade bodies in endothelial cells.** Constitutive-like secre- 
tion of VWF occurs evenly at the luminal and abluminal surface, while 
regulated secretion from the Weibel-Palade body is highly polarized 
in the luminal direction (Fig. 126-2).”** While constitutively secreted 
multimers are of relatively small size, the multimers stored within the 
Weibel-Palade body are the largest, most biologically potent form.**** 
The VWF stored in platelet a-granules is also enriched for large mul- 
timers.” The N-terminal D domains appear to be required for VWF 
storage, with deletion of any of the individual domains resulting in 
constitutive secretion.**® It also appears that cleavage of the VWFpp is 
required for efficient formation of storage granules.” 
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Figure 126-2. Schematic of von Willebrand factor (VWF) processing and secretion from endothelial cells. VWF dimers are formed in the endoplas- 
mic reticulum, where VWF begins to be glycosylated. VWF dimers are transported to the Golgi, where the VWF undergoes further glycosylation and 
sulfation. Multimerization begins in the Golgi and continues within the secretory granules (Weibel-Palade bodies). A small amount of immature VWF 
is released constitutively (i.e., without regulation or storage) from endothelial cells as dimers or very small multimers. VWF is also released continuously 
from both the luminal and abluminal endothelial cell surfaces by constitutive-like (or basal) secretion. This VWF has been processed in the Golgi and 
may be transiently stored in an intermediate secretory granule or Weibel-Palade bodies. Mature VWF is packaged and stored as ultralarge multimers 
in Weibel-Palade bodies. This ultralarge VWF is released from the luminal surface of stimulated endothelial cells by regulated secretion. Once in circu- 
lation, VWF multimers undergo proteolysis by ADAMTS13 (a disintegrin and metalloprotease with a thrombospondin type 1 motif member 13) under 
moderate to high shear conditions. (Adapted with permission from Johnsen J, Lopez JA. VWF secretion: What's ina name? Blood 112(4):926-927, 2008.) 


The concentration of VWF in plasma is approximately 10 mcg/ 
mL, with approximately 15 percent of circulating VWF localized to the 
platelet compartment.” Marrow transplants between normal and VWD 
pigs demonstrate that platelet VWF is derived entirely from synthesis 
within marrow megakaryocytes and does not contribute to the nor- 
mal plasma VWF pool.”-* These studies also demonstrate that both 
the plasma and the platelet VWF pools are required for full hemostasis, 
although the plasma pool appears to be more critical. 

Plasma VWF is further processed in the circulation through cleav- 
age by a specific protease, ADAMTS13 (a disintegrin and metallopro- 
tease with thrombospondin type 1 motifs-13), resulting in reduction in 
the size of the largest multimers (reviewed in Ref. 95). After regulated 
secretion in vitro, ultralarge VWF multimers may anchor to the endo- 
thelial cell surface via P-selectin” resulting in shear stress and VWF 
cleavage by ADAMTS13. The major proteolytic cleavage site maps to the 
peptide bond between Tyr1605 and Met1606 in the VWF A2 domain,” 
and recombinant VWF missing the A2 domain is resistant to proteoly- 
sis.” VWF carrying a subgroup of type 2A VWD mutations exhibits 
increased susceptibility to cleavage by this protease,'” and this is the pro- 
posed mechanism for the selective loss of large VWF multimers in this 
group of patients (see “Molecular Genetics of von Willebrand Disease,” 
below). Increased VWF susceptibility to proteolysis by ADAMTS13 has 
also been described in a subset of type 1 VWD patients, but the clin- 
ical significance of this is unclear as increased proteolysis appears to 
only occur under certain conditions. Decreased ADAMTS13 activity, 
either because of congenital deficiency or acquired inhibitors, plays a 
central role in the pathophysiology of thrombotic thrombocytopenic 
purpura (Chap. 132). 


THE FUNCTION OF VON WILLEBRAND FACTOR 


VWF is a large multivalent adhesive protein that plays an important 
role in platelet attachment to subendothelial surfaces, platelet aggrega- 
tion at sites of vessel injury, and stabilization of coagulation FVIII in the 
circulation. Not only is the interaction of VWF and FVIII important for 


the protection of FVIII from inactivation or degradation, FVIII bound 
to VWF may localize to cells and/or sites where it can more readily 
participate in the promotion of blood coagulation and/or thrombus 
formation. 

VWF is required for the adhesion of platelets to the subendothe- 
lium, particularly at moderate to high shear force. VWF performs this 
bridging function by binding to two platelet receptors, GPIb and GPIIb/ 
TIa, as well as to specific ligands within the exposed subendothelium 
at sites of vascular injury (reviewed in Ref. 103). Binding of VWF to 
its platelet receptors generally does not occur in the circulation under 
normal conditions. However, the interaction of VWF with exposed 
ligands in the vessel wall, combined with high shear stress conditions, 
facilitates VWF binding to platelet GPIb and subsequent platelet adhe- 
sion and activation. Activation of platelets leads to the exposure of the 
GPIIb/Ila complex, an integrin receptor that can bind to fibrinogen, 
VWE, and other ligands, to form the platelet—platelet bridges required 
for thrombus propagation. Platelet adhesion to VWF immobilized at a 
site of injury appears to be a two-step process, with the initial tethering 
of the rapidly moving platelet dependent on the VWF-GPIb interaction 
and subsequent firm adhesion occurring through GPIb/IlIa after plate- 
let activation.'!* VWF may also play a role in inflammation by directly 
interacting with leukocytes,'® but the clinical significance of this obser- 
vation is not clear. 


Von Willebrand Factor Binding to the Vessel Wall 

VWF binds to the vessel wall at sites of vascular endothelial injury 
(reviewed in Ref. 106). VWF binds to several different types of col- 
lagens, including types I through VI. Distinct binding domains for the 
fibrillar collagens, types I and III, have been localized to specific seg- 
ments within the VWF A1 and A3 repeats (see Fig. 126-1), and a 
potential third domain has been identified in the VWFpp.’” Studies of 
recombinant VWF suggest that the A3 collagen-binding domain may 
be the most important. ™®™! VWF has also been shown to bind to the 
nonfibrillar collagen type VI, which is resistant to collagenase’? and 
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colocalizes with VWF in the subendothelium.'” Type VI collagen sup- 
ports the binding of VWF under high shear through cooperative inter- 
actions between binding domains within the VWF A1 and A3 repeat.’ 
Although VWF binding has also been demonstrated to a number of 
other potential components of the subendothelium, including gly- 
cosaminoglycans,''*"!* sulfatides,” and VWF itself,''* the biologic 
significance of these interactions remains to be demonstrated. 


Von Willebrand Factor Binding to Platelets 

VWF interacts with platelets both to mediate platelet aggregation and 
platelet localization to sites of vascular injury (reviewed in Ref. 106). 
Circulating VWF does not spontaneously interact with platelets, but 
once bound to an injured vessel wall VWF is subjected to higher shear 
stresses and a platelet-binding site in the VWF A1 domain is uncovered. 
VWF interacts with a receptor complex on the surface of platelets com- 
posed of the disulfide-linked GPIba and GPIbf chains noncovalently 
associated with GPIX and GPV. The binding site for VWF is within a 
293-amino-acid segment at the N-terminus of GPIb and requires sul- 
fation of several key tyrosine residues for optimal binding." The GPIb 
binding domain within VWF lies within the Al segment, within the 
disulfide loop formed between the cysteine residues at 1272 (amino acid 
509 in mature VWF) and 1458 (695) (see Fig. 126-1)."°!”! GPIb binding 
to the Al domain enhances proteolysis of recombinant VWF fragments 
by ADAMTS13 and suggests a feedback mechanism for limiting throm- 
bus propagation in vivo.'” Scanning mutagenesis studies of recombi- 
nant VWF characterized a number of amino acid residues within the 
VWF A1 domain that are critical for binding to GPIb and for interaction 
with botrocetin.'’” Several mutations were also identified that increase 
platelet binding, an effect similar to that of mutations associated with 
type 2B VWD (see “Molecular Genetics of von Willebrand Disease,” 
below). These natural and synthetic mutations cluster in a small area on 
the surface of the VWF A1 domain structure, as revealed by x-ray crys- 
tallographic studies.'’* The complexity of the VWF A1-GPIb interac- 
tion is evidenced by the ability of gain-of-function and loss-of-function 
VWF A1 mutants to counterbalance each other in mice.'” The structure 
of the Al domain closely resembles that of other previously studied A 
domains, including the VWF A3 domain.!®-?8 The structure of GPIb 
in complex with the VWF A1 domain provides insight into the struc- 
tural basis for the gain of function mutations associated with type 2B 
VWD."” The abundant plasma protein £,-glycoprotein I can bind the 
VWF A1 domain when VWF is structurally open to GPIba binding. 
This may result in biologically relevant inhibition of the VWF-platelet 
interaction, as inhibitory anti-6,-glycoprotein I autoantibodies found 
in some patients with antiphospholipid antibody syndrome are associ- 
ated with thrombosis." 

Ristocetin binds to both VWF and platelets, but the mechanism 
by which it enhances the VWEF/GPIb interaction is still poorly under- 
stood.'3'! The snake venom botrocetin appears to induce GPIb bind- 
ing through a different alteration in the VWF A1 domain and is also 
used to study this interaction.” Heparin binds the VWF A1 domain 
within the loop formed by the disulfide bond formed between the 
residues Cys1272 and Cys1458,'* where it appears to competitively 
inhibit VWF binding to GPIb’**"* and enhance VWF proteolysis by 
ADAMTS13 in vitro. Although it has been suggested that this may 
account for hemorrhage not predicted by conventional heparin mon- 
itoring, the clinical significance of the VWF-heparin interaction is 
not clear. 

The arg-gly-asp-ser (RGDS) sequence at amino acids 2507 to 2510 
of the mature VWF subunit serves as the binding site within VWF for 
GPIIb/IIIa. The GPIIb/IIIa complex, also known as integrin «,,,8,, is 
a member of the integrin family of cell surface receptors. GPIIb/II]a 
undergoes a conformational change to a high-affinity ligand-binding 


ay 2M 
3A 2N 34 
> A E EA 


VWF Exon 3-10 11-17 18-20 20-28 fj 


Figure 126-3. von Willebrand disease (VWD) mutations. The von 
Willebrand factor domain locations of all reported mutations associated 
with type 2A, 2B, 2M, and 2N VWD. Lettering size represents the pro- 
portion of total mutations reported within the designated VWF domain 
for that subtype, with larger letters indicating more mutations. Shown 
below are the relative positions of the VWF gene exons. Type 1 and type 
3 VWD associated mutations have been reported throughout the VWF 
gene. (Mutation data from Nichols WC and Ginsburg D: von Willebrand 
disease. Medicine (Baltimore) 76(1):1-20, 1997 and the VWD mutation 
database at www.vwf.group.shefac.uk.) 


state following platelet activation which, in addition to VWE can bind 
a number of other adhesive proteins, including fibrinogen. Although 
VWF is present in blood at much lower concentrations than is fibrin- 
ogen, evidence suggests that VWF may be a critical ligand. VWF 
participates in platelet tethering and adhesion to fibrin under flow con- 
ditions,!*!*” where the C1C2 domains of VWF are required for fibrin 
binding.'** An RGD sequence is also present in the VWFpp, although 
its functional significance is unknown. 


The Interaction of von Willebrand Factor with Factor VIII 

The noncovalent interaction between FVIII and VWF is required for 
the stability of FVIII in the circulation, as is evident from the FVIII 
levels of less than 10 percent that are observed in most severe VWD 
patients. Although each VWF subunit appears to carry a binding site 
for FVIII, the stoichiometry for the VWF-FVIII complex found in 
normal plasma is approximately one to two FVIII molecules per 100 
VWF monomers.” FVIII bound to VWF is also protected from prote- 
olytic degradation by activated protein C (reviewed in Ref. 140). FVIII 
also appears to increase the susceptibility of VWF to proteolysis by 
ADAMTS13 under shear conditions. 

The FVIII binding domain within VWF has been localized to 
the first 272 N-terminal amino acids of the mature subunit.! In mice, 
expression of the VWF D’-D3 domains alone has been shown to be suf- 
ficient to stabilize FVIII levels.'* Antibody studies suggest a particularly 
critical role for amino acids 841 to 859.'*'* The mutations identified 
in patients with type 2N VWD, in which VWF binding to FVIII is spe- 
cifically affected (see “Molecular Genetics of von Willebrand Disease,” 
below), are all clustered in this region, including the most common type 
2N mutation Arg854Gln.“° The corresponding binding site for VWF 
on FVIII includes an acidic region at the N-terminus of the light chain 
(residues 1669 to 1689)'”” and requires sulfation of Tyr1680 for optimal 
binding.'* Overlay of VWD 2N mutations with the crystal structure 
of the VWF A1-FVIII domains shows the 2N mutations clustered in a 
dynamic VWF TIL’ domain (shown in Fig. 126-3), implicating a need 
for flexibility in this domain for normal FVIII binding.” Thrombin 
cleavage after Arg1689 in FVIII activates and releases FVIII from VWF. 
Thus, VWF may serve to efficiently deliver FVIII to the sites of clot for- 
mation, where it can complex with factor [Xa on the platelet surface. 


MOLECULAR GENETICS OF 
VON WILLEBRAND DISEASE 


VWD is an extremely heterogeneous and complex disorder, with more 
than 20 distinct subtypes reported (referenced in Ref. 150). A large 


number of mutations within the VWF gene have been identified (see 
Fig. 126-3). However, because of both the genetic complexity of VWD 
and the practical considerations of VWF gene sequencing in most clin- 
ical settings, a VWF gene mutation is not required for the diagnosis of 
VWD." A list is maintained by a consortium of VWD investigators 
and can be accessed through the Internet at http://www.vwf.group.shef 
.ac.uk/. These findings form the basis for the simplified classification 
of VWD outlined in Table 126-2'*! and used throughout this chapter. 
Types 1 and 3 VWD are defined as pure quantitative deficiencies of 
VWF that are either partial (type 1) or complete (type 3). Type 2 VWD 
is characterized by qualitative abnormalities of VWF structure and/or 
function. The quantity of VWF found in type 2 VWD may be normal, 
but it is usually mildly to moderately decreased (see Table 126-2). 

The diagnosis of VWD, particularly type 1 VWD, can be con- 
founded by the incomplete penetrance of the disease and the wide range 
of VWF levels in normal populations (see “Laboratory Features” below). 
Nonpathogenic variation can impact laboratory assays in vitro, as is the 
case with Asp1472His, which alters VWF-ristocetin interactions but 
has no impact on hemostasis in vivo.” Ethnicity should also be con- 
sidered. European ancestries were overrepresented in the studies which 
informed laboratory cutoffs, while African Americans exhibit generally 
higher VWF and FVIII levels. Additionally, there are numerous VWF 
gene “mutations” previously thought to be causative of VWD which are 
now known to be common in African Americans’**!** who have normal 
VWF and FVIII levels,” including the Asp1472His variant." 


Type 1 von Willebrand Disease 

Type 1 VWD is the most common form, accounting for approximately 

70 percent of patients with the disease. Type 1 VWD is generally 

autosomal dominant in inheritance and is associated with coordinate 

reductions in FVIII, ristocetin cofactor activity, and VWF antigen 

with maintenance of the full complement of multimers (Fig. 126-4). 
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Figure 126-4. Agarose gel electrophoresis of plasma von Willebrand 
factor (VWF). VWF multimers from plasma of patients with various sub- 
ypes of von Willebrand disease (VWD) are shown. The brackets to the 
eft encompass three individual multimer subunits, including the main 
band and its associate satellite bands. N indicates normal control lanes. 
Lanes 5 through 7 are rare variants of type 2A VWD. The former desig- 
nations for these variants are indicated in parentheses below the lanes 
IIC through E). (Adapted with permission from Zimmerman TS, Dent JA, 
Ruggeri ZM, Nannini LH: Subunit composition of plasma von Willebrand 
factor. Cleavage is present in normal individuals, increased in IIA and IIB von 
illebrand disease, but minimal in variants with aberrant structure of indi- 
vidualoligomers (types IIG, IID, and IIE). J Clin Invest 1986 Mar;77(3):947-95 1.) 
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Subgroups within type 1 VWD have been proposed based on the rel- 
ative levels of VWF present in the plasma and platelet pools,’°*'” but 
with the exception in some circumstances for an accelerated VWF 
clearance phenotype (unofficially termed VWF type 1C'®), subtype 
distinctions in type 1 VWD are not generally used in clinical practice. 

Type 1 VWF was previously assumed to simply represent the het- 
erozygous form of type 3 VWD. However, in a large Canadian study, 
48 percent of heterozygous carriers of type 3 VWD gene mutations 
carried a diagnosis of type 1 VWD, while the remainder were asymp- 
tomatic.’*' Furthermore, in two large studies of type 1 VWD families, 
numerous putative VWF mutations were identified, but very few were 
predictive of VWF null alleles.*"'” Thus, some, but probably not all (see 
section Clinical Features below), type 1 VWD is the result of defects 
within the VWF gene. Studies of type 1 VWD mutations in patients, 
in vitro, and in animal models have characterized diverse mechanisms 
underlying type 1 VWD, including decreased VWF production,'® reten- 
tion of VWF in the ER,!' impaired VWF secretion,'*!® and decreased 
VWF survival.’*'®'*” Mutations that give rise to defective VWF subunits 
that interfere in a dominant negative way with the normal allele may be 
particularly likely to cause symptomatic VWD in the heterozygote.'* For 
example, mutations at several cysteine residues in the VWF D3 domain 
and in the VWF pp of patients with moderately severe type 1 VWD. VWF 
carrying one of these mutations is retained in the ER, where it is proposed 
to exert a dominant negative effect on VWF derived from the normal 
allele via heterodimerization and degradation." 

To date, most mutation studies and genetic linkage analysis of 
type 1 VWD have been consistent with defects within the VWF gene. 
Although no single mutation can explain the majority of type 1 VWD, 
common VWF founder mutations can occur within populations, such as 
Tyr1584Cys identified in 14 percent of Canadian type 1 VWD patients, 
and possibly a similar proportion of patients in Europe.'®'7! The 
Tyr1584Cys mutation is associated with decreased VWF survival, likely 
a result of increased susceptibility to proteolysis by ADAMTS13.!7-18 
These large multicenter studies of type 1 VWD families found candi- 
date VWF mutations in 63 to 70 percent of families with type 1 VWD, 
leaving 37 to 40 percent of type 1 VWD index cases without a putative 
mutation in VWF.'"7! Cases with VWF gene mutations tend to be more 
severe and highly heritable, while cases without an identifiable VWF 
mutation generally have higher VWF antigen (VWF:Ag) levels (>30 
IU/dL).*! In a large, multicenter European study of 150 type 1 VWD 
families, about one-third of cases historically diagnosed to have type 
1 VWD were found to have abnormal multimers, and of these nearly 
all (95 percent) had a putative VWF gene mutation and significantly 
lower VWF: Ag, VWF ristocetin cofactor activity (VWF:RCo), assay of 
FVIII activity (FVII:C), and VWF collagen-binding assay (VWF:CB) 
levels. Conversely, index cases with normal multimers had higher lab- 
oratory VWF values and fewer identifiable VWF mutations (55 per- 
cent), suggesting that the pathogenic mechanism(s) underlying this 
cohort of “true” type 1 VWD patients is more genetically complex.’ 
Given the complex biosynthesis and processing of VWE, defects at a 
number of other loci could also be expected to result in quantitative 
VWE abnormalities (reviewed in Ref. 176). This concept is supported by 
families with type 1 VWD in which bleeding histories and low ristoce- 
tin cofactor activities do not always cosegregate with genetic markers at 
the VWF locus,*"'”” while one or more genetic factors outside the VWF 
locus may be associated with the variation in bleeding severity observed 
within VWD pedigrees.'*"” It is interesting to note that a spontane- 
ous mouse model of type 1 VWD exhibits up to 20-fold reductions in 
plasma VWF as a result of an unusual mutation in a glycosyltransfer- 
ase gene, leading to aberrant posttranslational processing of VWF and 
accelerated clearance from plasma.'® Similar mechanisms affecting 
VWF survival, perhaps combined with altered proteolysis,'*'"'*? may 
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explain the observed modifying effect of the ABO blood group glyco- 
syltransferases on plasma VWF survival.“ Additional genetic factors 
have been implicated to influence VWF via altered survival, including 
the clearance receptors CLEC4M and LRP1 (CD91) (reviewed in Ref. 
185). The biologic consequences of VWF modifiers identified in normal 
populations are unclear, and studies are needed to determine their sig- 
nificance in VWD. 


Type 3 von Willebrand Disease 
Patients with type 3 VWD account for 1 to 5 percent of clinically signifi- 
cant VWD, have very low or undetectable levels of plasma and platelet 
VWF:Ag and VWE:RCo, and generally present early in life with severe 
bleeding.’ FVIII coagulant activity is markedly reduced but usually 
detectable at levels of 3 to 10 percent of normal. Type 3 VWD has gen- 
erally been considered an autosomal recessive disorder, but in a recent 
Canadian study of 100 individuals in 34 families, 48 percent of “carri- 
ers” had a diagnosis of type 1 VWD,'® suggesting the dominant type 1 
VWD pattern of inheritance is common in type 3 VWD families. 
Mutations associated with type 3 VWD have been reported 
throughout the VWF gene (http://www.vwf.group.shef.ac.uk/). Gross 
VWF gene deletion detectable by Southern blot”*'*”'” or multiple liga- 
tion-probe amplification'®''”! is the molecular mechanism for type 3 
VWD in only a small subset of families. However, large deletions may 
confer an increased risk for the development of alloantibodies against 
VWE. A similar correlation between gene deletion and risk for 
alloantibody formation has been observed in hemophilia (Chap. 123). 
Comparative analysis of VWF genomic DNA and platelet VWF mRNA 
has identified nondeletion defects resulting in complete loss of VWF 
mRNA expression as a molecular mechanism in some patients with 
type 3 VWD. A number of nonsense and frameshift mutations that 
would be predicted to result in loss of VWF protein expression or in 
expression of a markedly truncated or disrupted protein have been iden- 
tified in some type 3 VWD families.'°"°*"°° A frameshift mutation in 
exon 18 appears to be a particularly common cause of type 3 VWD in 
the Swedish population and has been shown to be the defect responsi- 
ble for VWD in the original Aland Island pedigree. This mutation 
results in a stable mRNA encoding a truncated protein that is rapidly 
degraded in the cell.” This mutation also appears to be common among 
type 3 VWD patients in Germany,” but not in the United States.” 


Type 2A von Willebrand Disease 
Type 2A is the most common qualitative variant of VWD and is gener- 
ally associated with autosomal dominant inheritance and selective loss 
of the large and intermediate VWF multimers from plasma (see Fig. 
126-4). A 176-kDa proteolytic fragment present in normal individuals 
is markedly increased in quantity in many type 2A VWD patients. This 
fragment is consistent with proteolytic cleavage of the peptide bond 
between Tyr1605 and Met1606.%”” Based on this observation, initial 
DNA sequence analysis in patients centered on VWF exon 28, in the 
region encoding this segment of the VWF protein, leading to the iden- 
tification of the first point mutations responsible for VWD.”” Since that 
time, a large number of mutations have been identified, accounting for 
the majority of type 2A VWD patients.'”* Many of these mutations are 
clustered within a 134-amino-acid segment of the VWF A2 domain 
(between Gly1505 and Glu1638; see Fig. 126-3), and the most common, 
Arg1597Trp, appears to account for about one-third of type 2A VWD 
patients,1941954 

Type 2A VWD mutations have been grouped by two distinct molec- 
ular mechanisms. In the first subset, classified as group 1, the type 2A 
VWD mutation has been commonly considered a defect in intracellu- 
lar transport, with retention of mutant VWF in the ER. In addition to 
retention or degradation of mutant VWF in the ER, type 2A mutations 


can also disrupt intracellular processing and secretion via defective mul- 
timerization and/or loss of regulated storage.” In the second subset, or 
group 2, mutant VWF is normally processed and secreted in vitro, and 
thus loss of multimers in vivo is presumed to occur based on increased 
susceptibility to proteolysis in plasma’ at the Tyr1605-Met1606 
site cleaved by ADAMTS13.'"”" The susceptibility of type 2A VWD 
mutations to proteolysis by ADAMTS13 in vitro supports accelerated 
proteolysis as a mechanism for the loss of high-molecular-weight VWF 
multimers in these patients.” 

The multimer structure of platelet VWF correlates well with the 
underlying type 2A mechanisms. Group 1 patients show loss of large 
VWF multimers within platelets as a result of defective synthesis, while 
group 2 patients have normal VWF multimers within the protected 
environment of the a granule.” These observations confirm the earlier 
subclassification of type 2A VWD based on platelet multimers.'°° Sub- 
classification into group 1 or 2 might be expected to predict response to 
DDAVP therapy, although this remains to be demonstrated. 

In addition to the major classes of type 2A VWD described above, 
a number of rare variants historically classified as types IIC to IIH, type 
IB, and “platelet discordant” are included in the more general type 2A 
category. Most of these rare variants were distinguished on the basis 
of subtle differences in the multimer pattern (see Fig. 126-4; multimer 
changes relative to the location of type 2 mutations is reviewed in Ref. 
211). The IIC variant is usually inherited as an autosomal recessive trait 
and is associated with loss of large multimers and a prominent dimer 
band. Several mutations have been identified in the VWFpp of these 
patients,- presumably interfering with multimer assembly and/or 
trafficking to storage granules. A mutation at the C terminus of VWF 
interfering with dimer formation, was described in a patient with the 
IID variant.” Most of the other reported variants of type 2A VWD are 
quite rare, often limited to single case reports. 


Type 2B von Willebrand Disease 

Type 2B VWD is usually inherited as an autosomal dominant disorder 
and is characterized by thrombocytopenia and loss of large VWF mul- 
timers. The plasma VWE in type 2B VWD binds to normal platelets 
in the presence of lower concentrations of ristocetin than does normal 
VWE and can aggregate platelets spontaneously. Accelerated clearance 
of the resulting complexes between platelets and the large, most adhe- 
sive forms of VWF accounts for the thrombocytopenia and the charac- 
teristic multimer pattern (see Fig. 126-4). 

The peculiar functional abnormality characteristic of type 2B 
VWD suggested a molecular defect within the GPIb binding domain 
of VWE. For this reason, initial DNA sequence analysis focused on 
the corresponding portion of VWF exon 28.77!” Type 2B mutations 
are located within the VWF A1 domain at one surface of the described 
crystallographic structure.'’*'” The four most common mutations are 
clustered within a 36-amino-acid stretch between Arg1306 and Arg1341 
(see Fig. 126-3); together, these account for more than 80 percent of 
type 2B VWD patients.’ Functional analysis of mutant recombinant 
VWF”? confirms that these single-amino-acid substitutions are suf- 
ficient to account for increased GPIb binding and the resulting charac- 
teristic type 2B VWD phenotype. Structural studies of type 2B VWD 
mutations show that these residues interact with the leucine rich repeats 
of GPIb thought to be critical to the VWF A1-GPIb interactions under 
shear.” Type 2B mutations have now been modeled extensively in mice, 
all of which exhibited accelerated VWF clearance, as expected." Type 
2B VWD mice also had short-lived platelets, with evidence of macro- 
phage-mediated platelet clearance.”* In these models, platelets were 
observed to be coated by type 2B VWE,” a phenomenon that may con- 
tribute to a previously unsuspected acquired platelet function defect.” 
Interestingly, mice with the same type 2B mutations exhibit variable loss 
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sim- 


of large multimers 
ilar to the variation observed in human pedigrees. Individual type 2B 
patients can also exhibit varying multimer structure and platelet counts 
over time. For example, two siblings with the Arg1306Trp mutation and 
abnormal multimers intermittently regained normal VWF multimer 


and varying degrees of thrombocytopenia, 


distribution during periods of thrombocytopenia.” 


Families have been described that exhibit enhanced VWF binding 
to GPIb but a normal distribution of VWF multimers. These variants, 
previously referred to as type I New York, type I Malmé, and type I 
Sydney, are now all designated as type 2B VWD. Type I New York and 
type I Malmö are caused by the same VWF mutation, Pro1266Leu. This 
mutation is located within the cluster of type 2B mutations in the VWF 
A1 domain and results in a similar increase in platelet GPIb binding.” 


Type 2N von Willebrand Disease 

As described in Chap. 123, hemophilia A results from defects in the 
FVIII gene and is inherited in an X-linked recessive manner. Distinct 
from hemophilia A, families have been reported in which the inheri- 
tance of low FVIII appeared to be autosomal, based on the occurrence 
of affected females or direct transmission from an affected father.*°??! 
Several cases of an apparent autosomal recessive decrease in FVIII were 
shown to be caused by decreased VWF binding of FVIII,” now 
referred to as VWD type 2N, after the Normandy province of origin 
of the first patient. DNA sequence analysis has identified more than 37 
distinct mutations?” associated with this disorder, most located at the 
VWE N terminus (see Fig. 126-3) (curated in the Scientific and Stan- 
dardisation Committee of the International Society on Thrombosis and 
Haemostasis VWF Database, http://www.vwf.group.shef.ac.uk/). One of 
these mutations, Arg854Gln, appears to be particularly common, may 
contribute to variability in the severity of type 1 VWD in some cases,” 
and may also cause a VWF secretion defect.” Rare cases of misdiagnosis 
of type 2N have led to treatment with recombinant FVIII for presumed 
hemophilia A, with poor responses and adverse clinical outcomes.”** 


Type 2M von Willebrand Disease 

This category was classically reserved for rare VWD variants in which 
a defect in VWF platelet-dependent function leads to significant bleed- 
ing but VWF multimer structure is not affected (although some have 
subtle multimer abnormalities). Most contemporary type 2M variants 
are indeed associated with absent ristocetin cofactor activity but normal 
platelet binding with other agonists. A total of 28 type 2M VWD muta- 
tions have been described,”* including a number of other families with 
normal VWF multimers and disproportionately decreased ristocetin 
cofactor activity,’ families with a combination of defects in VWF:CB 
and VWF-GPIb interactions of varying severities,“ and mutations 
with isolated defects in VWF:CB with normal VWF:RCo activity.” 
Several families have also been described with a VWD variant (VWD 
Vicenza) characterized by larger-than-normal VWF multimers and 
classified as either type 1 or type 2M VWD.*# Genetic linkage analy- 
sis indicates that the Vicenza defect lies within the VWF gene,” and 
mutations within the VWF gene have been reported to be associated 
with VWD Vicenza.” The underlying molecular mechanism responsi- 
ble for the VWD Vicenza phenotype remains controversial,” although 
recent kinetic modeling suggests that altered VWF survival alone could 
account for the VWF perturbations observed in this disorder.” 


@ CLINICAL FEATURES 
INHERITANCE 


Type 1 VWD is generally transmitted as an autosomal dominant dis- 
order, and accounts for approximately 70 percent of clinically signifi- 
cant VWD. However, disease expressivity is variable, and penetrance is 
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incomplete.’ Laboratory values and clinical symptoms can vary con- 
siderably, even within the same individual, and establishing a definite 
diagnosis of VWD is often difficult. In two large families with type 1 
VWD, only 65 percent of individuals with both an affected parent and 
an affected descendent had significant clinical symptoms.” For com- 
parison, 23 percent of the unrelated spouses of the patients, who pre- 
sumably did not have a bleeding disorder, were judged to have a positive 
bleeding history. 

A number of factors have long been known to modify VWF levels, 
including ABO blood group, secretor blood group, estrogens, thyroid 
hormones, age, and stress.*°-**? ABO blood group is the best character- 
ized of these factors. Genome-wide linkage has repeatedly confirmed 
strong linkage between the ABO locus and VWF levels (reviewed in 
Ref. 253). Mean VWF: Ag levels are approximately 75 percent for type 
O individuals and 123 percent for type AB individuals when compared 
to a pool of normal donor plasmas. Thus, it may be difficult to differen- 
tiate between a low-normal VWF value and mild type 1 VWD in blood 
group O individuals. In recent years, additional modifiers of VWF 
have been identified in large genetic association studies,**’ including 
genes associated with VWF intracellular trafficking (STXBP5°°°**’) and 
VWF clearance (CLEC4M***). Additionally, a genome-wide association 
study identified a novel genetic locus on chromosome 2 contributing to 
variation in plasma VWE.” The variable expressivity and incomplete 
penetrance of type 1 VWD and overlap in VWF levels between mild 
type 1 VWD and normal populations has complicated the determina- 
tion of accurate incidence figures for VWD, with estimates ranging from 
as high as 1 percent**”*! to as low as 2 to 10 per 100,000 population.” 

In general, the type 2 VWD variants, which comprise 20 to 30 per- 
cent of all VWD diagnoses,’ are more uniformly penetrant. Type 2A 
and type 2B VWD account for the vast majority of patients with quali- 
tative VWF abnormalities. Types 2A, 2B, and 2M are generally autoso- 
mal dominant in inheritance, although Type 2N and other rare cases of 
apparent recessive inheritance have been reported. 

Estimates of prevalence for severe (type 3) VWD range from 0.5 to 
5.3 per 1,000,000 population.” Although this variant is frequently 
defined as autosomal recessive in inheritance, this is not a consistent 
finding. As described above, one or both parents of a severe VWD 
patient can be clinically asymptomatic and have entirely normal lab- 
oratory test results, although in many families one or both parents 
appear to be affected with classic type 1 VWD. Thus, in some families, 
severe VWD may represent the homozygous form of type 1 VWD. In 
this model, the apparent recessive inheritance in a subset of families 
could simply be the result of the incomplete penetrance of type 1 VWD. 
Alternatively, there may be a fundamental difference in the molecular 
mechanisms responsible for type 1 and type 3 VWD.'® 

Compound heterozygosity (the presence of more than one VWF 
gene mutation) can occur, and the clinical presentation in such cases can 
depend on the interaction between the different mutant VWF proteins. 
Compound heterozygosity can impact response to therapy because of a 
complex VWD phenotype and has implications for genetic counseling. 
If compound heterozygosity is deduced from the family history and/or 
laboratory studies or discovered during genetic testing, the most recent 
update to the VWD nomenclature represents both types separated by a 
slash (/), such as VWD type 2B/2N.""! 


CLINICAL SYMPTOMS 


Mucocutaneous bleeding is the most common symptom in patients 
with type 1 VWD.”” It is important to note that more than 20 percent 
of normal individuals may give a positive bleeding history.’ Bleeding 
assessment scores have evolved over many years,” leading the Inter- 
national Society on Thrombosis and Haemostasis to propose a unified 
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Bleeding Assessment Test*® for research purposes. Although high 
bleeding scores are suggestive of a bleeding diathesis and can predict 
future bleeding,’” no bleeding questionnaire as yet is clearly diagnos- 
tic for VWD. These observations, together with the limited sensitivity 
and specificity of the currently available laboratory tests (see below), 
makes the diagnosis of mild VWD quite difficult and probably contrib- 
utes to the wide range of prevalence figures for type 1 VWD currently 
in the literature. A National Heart Lung and Blood Institute Expert 
Panel has proposed clinical guidelines for evaluating patients to deter- 
mine whether laboratory testing for VWD or other bleeding disorders 
is warranted. ° 

Epistaxis occurs in approximately 60 percent of type 1 VWD 
patients, 40 percent have easy bruising and hematomas, 35 percent have 
menorrhagia, and 35 percent have gingival bleeding. Gastrointestinal 
bleeding occurs in approximately 10 percent of patients. An appar- 
ent association between hereditary hemorrhagic telangiectasia (HHT) 
and VWD has been reported in several families. The causative genes 
in HHT were identified and are located on chromosomes 9q33-34, 
and 12q13’” (Chap. 122), distinct from the VWF gene on chromo- 
some 12p13. However, because inheriting VWD is likely to increase the 
severity of bleeding from HHT, the diagnosis is more likely to be made 
in patients inheriting both defects.” Mucocutaneous bleeding is com- 
mon after trauma, with approximately 50 percent of patients reporting 
bleeding after dental extraction, approximately 35 percent after trauma 
or wounds, 25 percent postpartum, and 20 percent postoperatively. 
Hemarthroses in patients with moderate disease are extremely rare 
and are generally only encountered after major trauma. The bleeding 
symptoms can be quite variable among patients within the same family 
and even in the same patient over time. An individual may experience 
postpartum bleeding with one pregnancy but not with others, and clin- 
ical symptoms in mildly to moderately affected type 1 individuals often 
ameliorate by the second or third decade of life. Aside from an infre- 
quent type 3 patient, death from bleeding rarely occurs in VWD. 

Thrombocytopenia is a common feature of type 2B VWD and is 
not seen in any other form of VWD. Most patients only experience 
thrombocytopenia at times of increased VWF production or secretion, 
such as during physical effort, in pregnancy, in newborn infants, post- 
operatively, or if an infection develops. The platelet count rarely drops to 
levels thought to contribute to clinical bleeding.*”*’” Infants with type 
2B VWD may present with neonatal thrombocytopenia, which could be 
confused with neonatal alloimmune thrombocytopenia, neonatal sep- 
sis, or congenital thrombocytopenia. 

Patients who are homozygous or compound heterozygous for 
type 2N VWD generally have normal levels of VWF:Ag and VWF:RCo 
and normal VWF platelet adhesive function. However, FVIII levels are 
moderately decreased, resulting in a mild to moderate hemophilia-like 
phenotype.’ In contrast to patients with classic hemophilia A (FVIII 
deficiency), these patients do not respond to infusion of purified FVIII 
and should be treated with VWF-containing concentrates.” Heterozy- 
gotes for this disorder may have mildly decreased FVIII levels but are 
generally asymptomatic. Although type 2N VWD appears to be con- 
siderably less common than classic hemophilia A, it should be con- 
sidered in the differential diagnosis of FVIII deficiency, particularly if 
any features suggest an autosomal pattern of inheritance. Although the 
FVIII level rarely drops below 5 percent, type 2N VWD mutation can 
be associated with FVIII levels as low as 1 percent, when co-inherited 
with a type 3 VWD allele.’” The latter observation further suggests that 
a diagnosis of type 2N VWD should also be considered in patients with 
marked reductions of FVIII. 

Patients with type 3 VWD can suffer from severe clinical bleed- 
ing and experience hemarthroses and muscle hematomas, as in severe 


hemophilia A (Chap. 123). After infusion of VWF-containing plasma 
fractions, some of these patients develop anti- VWF antibodies that neu- 
tralize VWF (reviewed in Ref. 277). 

Other heritable coagulopathies can coexist with VWF deficiency. 
An evaluation for other factor deficiencies or platelet disorders should 
be considered in patients that have a suggestive family history, a bleed- 
ing phenotype out or proportion or inconsistent with an expected VWD 
pattern, or a poor response to therapy. In VWD patients with combina- 
tion coagulopathies, treatment of both disorders may be necessary to 
achieve a good clinical result.” 


@ LABORATORY FEATURES 


In the initial laboratory evaluation of patients suspected by history 
of having VWD, the following tests are routinely performed: assay of 
FVII:C, VWF:Ag, and VWF:RCo. Other tests that are commonly used 
include RIPA, VWE:CB, and VWF multimer analysis. Routine coagula- 
tion studies, such as prothrombin time (PT) or activated partial-throm- 
boplastin time (aPTT), are generally not useful in the evaluation of 
VWD. However, the aPTT can be prolonged in subjects with VWF defi- 
ciency,” or in patients with homozygous type 2N VWD, because of the 
reduction in FVIII level. The wide range of normal and the considerable 
overlap with the levels observed in type 1 VWD make borderline levels 
difficult to interpret. A variety of concurrent diseases and drugs may 
modify the results of individual tests. Many conditions, such as recent 
exercise, age, pregnancy, time of the menstrual cycle, estrogen ther- 
apy, hypo- or hyperthyroidism, diabetes, uremia, liver disease, infec- 
tion, myeloproliferative neoplasms, or malignancy can affect the FVIII 
activity, VWF:Ag, and ristocetin cofactor activity levels. These values 
can be regarded as acute-phase reactants, and even minor illnesses can 
increase the levels in a VWD patient to normal. Appropriate process- 
ing of laboratory specimens is also critical as VWF parameters can be 
artifactually skewed (either high or low) by phlebotomy conditions or 
specimen handling (reviewed in Ref. 150). Even controlling for many 
of these factors, the coefficients of variation of repeated VWF:Ag and 
ristocetin cofactor assays in a single person are quite large, and can be 
influenced by numerous factors including diurnal variation.’ For this 
reason, repeated measurements are usually necessary, and the diagnosis 
of VWD or its exclusion should generally not be based on a single set of 
laboratory values. 

The laboratory diagnosis of type 1 VWD can be confounded by 
the wide range of VWF levels in “normals” and borderline laboratory 
results. An alternative strategy is to classify some patients for whom the 
diagnosis of VWD is ambiguous as “low VWF’ recognizing that these 
patients may have an increased risk of bleeding without labeling them as 
type 1 VWD.***?* In response to this need to distinguish those patients 
with VWD from nonbleeding individuals with moderately low levels 
of VWE (30 to 50 IU/dL), a threshold of less than 30 IU/dL has been 
recommended.'® In clinical practice there remains wide variation in the 
assignment of normal VWF ranges and in the interpretation of labora- 
tory results to make a VWD diagnoses.*****° 


FACTOR VIII 


FVIII levels in VWD patients are generally coordinately decreased 
along with plasma V WE, although skewing of FVII-to- VWF ratios can 
be observed.”*” Levels in type 3 VWD generally range from 3 to 10 per- 
cent. In contrast, the levels in type 1 and the type 2 VWD variants (other 
than 2N) are variable and usually only mildly or moderately decreased. 
The FVIII level in type 2N VWD is more severely decreased, but rarely 
to less than 5 percent. 


VON WILLEBRAND FACTOR ANTIGEN 


Plasma VWF:Ag is usually quantitated by electroimmunoassay or an 
enzyme-linked immunosorbent assay (ELISA) technique. In type 1 
VWD, the VWF:Ag assay usually parallels VWF:RCo, but it has lower 
specificity and sensitivity than the VWF:RCo assay. In patients with 
type 2 VWD, the VWF:Ag is variably decreased but can be normal 
(see Table 126-2). 


RISTOCETIN COFACTOR ACTIVITY 


The standard measure of VWF activity, the VWF:RCo quantitates the 
ability of plasma VWF to agglutinate platelets via platelet membrane 
GPlba in the presence of ristocetin.*** In the most common method, 
normal platelets washed free of plasma VWF are used either as fresh 
platelets or after formaldehyde fixation. This assay has long been 
reported to be the most sensitive and specific single test for the detec- 
tion of VWD.*” Numerous alternative methods have been proposed 
as adjuncts or replacements of the standard platelet-based ristocetin 
cofactor activity assay. However, none as yet can serve as a surrogate for 
VWE:RCo (reviewed in Ref. 290). 

Ristocetin cofactor activity is generally decreased coordinately 
with VWF:Ag and FVIII in type 1 VWD patients. In type 2 VWD vari- 
ants, ristocetin cofactor activity can be disproportionately decreased, 
as is usually the case in type 2A variants (and sometimes type 2B), 
because of the greater dependence of the ristocetin-mediated platelet- 
VWF interaction on the presence of larger VWF multimers, and in type 
2M, because of decreased VWF-platelet interactions (see Table 126-2). 
Thus, the VWF:RCo-to-VWF:Ag ratio has been proposed as a means 
to distinguish between type 1 and type 2 VWD, with a ratio of VWF:R- 
Co-to- VWF: Ag of less than 0.7 being indicative of a qualitative (type 2) 
VWF defect.'>! However, in patients with very low VWF:Ag levels this 
ratio may not be reliable because of the limits of sensitivity of most 
VWE:RCo assays. The VWF:RCo assay is uninformative in the pres- 
ence of the VWF Asp1472His variant, which interferes with the VWF- 
ristocetin interaction in vitro.'* 


RISTOCETIN-INDUCED PLATELET 
AGGLUTINATION 


Similar to the ristocetin cofactor assay above, the RIPA assay also 
measures platelet agglutination caused by ristocetin-mediated VWF 
binding to platelet membrane GPIba. In the case of RIPA, ristocetin is 
added directly to patient platelet-rich plasma and platelet aggregation 
is measured. Hyperresponsiveness to RIPA results either from a type 
2B VWD mutation or an intrinsic defect in the platelet (platelet-type or 
pseudo-VWD). In these disorders, patient platelet-rich plasma aggluti- 
nates spontaneously or at low ristocetin concentrations of only 0.2 to 0.7 
mg/mL. At these concentrations, normal platelet-rich plasma does not 
agglutinate. Type 2B and platelet-type VWD can be distinguished by 
RIPA experiments performed with separated patient platelets or plasma 
mixed with the corresponding component from a normal individual 
or paraformaldehyde-fixed platelets. The RIPA is generally reduced in 
most other subtypes of VWD (see Table 126-2). 


MULTIMER ANALYSIS 


Analysis of plasma VWF multimers is critical for the proper diagnosis 
and subclassification of VWD (see Fig. 126-4). This is generally accom- 
plished by agarose gel electrophoresis of plasma VWF to separate VWF 
multimers on the basis of molecular size, with the largest multimers 
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migrating more slowly than the intermediate or smaller multimers. 
The multimers may be visualized by autoradiography after incubation 
with '°I-monospecific antihuman VWF antibody or, more commonly, 
by nonradioactive immunologic techniques. The normal multimeric 
distribution is an orderly ladder of major protein bands of increasing 
molecular weight, going from the smallest to the largest VWF multim- 
ers (see Fig. 126-4). Each normal multimer has a fine structure consist- 
ing of one major component and two to four satellite bands.” Type 2B 
and most of the type 2A variants were initially distinguished from each 
other on the basis of subtle variations in the satellite band pattern. In a 
large European multicenter type 1 VWD study, careful analysis of VWF 
multimers in subjects historically diagnosed as type 1 VWD, including 
patients diagnosed at experienced centers, found one-third of “type 1” 
VWD patients had subtly abnormal multimers.” Although this pre- 
viously would have required reclassification of these patients as type 
2 VWD, the most recent update on the classification of VWD by the 
International Society on Thrombosis and Haemostasis Subcommittee 
on von Willebrand Factor expanded the category of type 1 VWD to 
permit subtle VWF multimer abnormalities." The authors of the Euro- 
pean type 1 VWD study note that having samples from the index case, 
affected family members, and unaffected family members on one gel 
made qualitative defects more readily detectable, and that intermedi- 
ate-resolution multimer gels were superior to low-resolution multimer 
gels in detecting abnormalities in this population. Use of VWF tests sen- 
sitive to VWF multimer structure have been proposed by some experts 
as proxies for VWF multimer testing, such the VWF:RCo-to-VWF:Ag 
ratio (VWF RCo:Ag ratio) or VWE:CB assay.” In studies comparing 
these approaches as surrogates for VWF multimer assays, the (VWF 
RCo:Ag ratio) ratio was found to be less sensitive than multimer gel 
techniques in identifying qualitative VWF defects,” while VWF:CB 
an detect some type 2M VWD patients who have normal VWF 
multimers.”*? These observations support a continued important role 
for VWF multimer analysis in the laboratory evaluation of VWD. 


ADDITIONAL LABORATORY TESTS 


As a result of the variable sensitivity and specificity of laboratory testing 
for VWD, additional diagnostic studies may be useful in the classifica- 
tion of VWD patients. The VWF:CB measures VWF binding to col- 
lagen (type I, type IHI, type VI, or mixed) by ELISA. As above, assays 
based upon VWF:CB can complement the VWF:RCo in detecting type 2 
VWD variants,”**” and an abnormal VWF:CB-to- VWF:Ag ratio (VWF 
CB:Ag ratio) is suggestive of a qualitative VWF defect.'*' Abnormalities 
in VWE:CB can reflect loss of high-molecular-weight multimers and/ 
or the discrete loss of collagen binding caused by a type 2M mutation. 
Use of VWE:CB assays is expanding in clinical practice, with select sites 
including this test routinely in initial VWD diagnostic laboratory testing. 

Another group of tests are included in the term VWF “activity” 
(VWF:Act). These tests seek to assess VWF-GPIb binding capacity 
independent of ristocetin, usually by using antibodies to the VWF Al 
domain in ELISAs. These tests are easily confused with the VWF:RCo, 
which has also been referred to as “VWF activity.’ None of these tests 
measures activity; rather both VWF:RCo and VWF:Act are sensitive to 
VWE conformation. The VWF:Act does not always provide the same 
results as VWF:RCo, particularly with regards to type 2M VWD, and 
is not considered a substitute for the VWF:RCo (reviewed in Ref. 290). 

When type 2N VWD is suspected, VWF:FVIII binding capac- 
ity can be measured.™ Specific assays of FVIII binding to VWF 
(VWF:FVIIB) have been developed and can be used to confirm the 
diagnosis of type 2N VWD.**"! Type 2N carriers do not always exhibit 
a decrease in VWF:FVIIIB, but a decreased VWF:FVIIIB-to- VWF:Ag 
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ratio may correlate with heterozygosity for a type 2N VWF mutation.*” 


Although this assay is widely used in European hemostasis laboratories, 
its availability in the United States is currently limited to a few special- 
ized reference laboratories. 

An assay measuring the VWFpp can be used to calculate the 
VWFpp:antigen ratio (VWFpp:Ag ratio) to detect a subset of VWD 
patients with decreased VWE survival. Good correlation has been 
reported between subjects with significantly shortened VWF half-life 
after DDAVP challenge and an increased VWFpp:Ag ratio.?®03304 This 
assay is currently available in a few reference laboratories. A normal 
platelet VWF:Ag in the setting of decreased plasma VWF laboratory 
parameters also suggests an accelerated clearance phenotype such as 
that seen in VWD type Vicenza,” but platelet VWF:Ag testing also is 
not widely available in clinical laboratories. 

A number of other assays for VWF activity have been developed. 
The PFA-100 system, which measures platelet binding under high 
shear,” is controversial in the diagnosis or monitoring of VWD. 
Although the PFA-100 is usually abnormal in type 2 VWD and in more 
severe type 1 and type 3 VWD cases, milder type 1 VWD and some 
type 2 VWD patients can have normal results. Other VWF assays can 
measure binding of an antibody to the GPIb binding site on VWF as a 
proposed screening test for VWD.** 3"! Additional assays can measure 
platelet agglutination induced by botrocetin (which is no longer com- 
mercially available) and other snake venom proteins.*”” In the National 
Heart Lung and Blood Institute Expert Panel guidelines (http://www. 
nhlbi.nih.gov/files/docs/guidelines/vwd.pdf), none of these tests are 
recommended for screening for VWD.'*° 

With advances in understanding the molecular genetics of VWD, 
it is now possible to precisely diagnose and subclassify many variants of 
VWD on the basis of DNA mutations (reviewed in Ref. 313). DNA test- 
ing, particularly for type 2 VWD mutations which cluster within spe- 
cific regions of the VWF gene (see Fig. 126-3), can be used to confirm 
the diagnosis and is available in specialized reference laboratories. The 
analysis of type 3 and type 1 VWD is more complex, as the currently 
known mutations are scattered throughout the gene** and account only 
for a subset of patients. 

The bleeding time is mentioned here for historical purposes only, 
as it was used as a screening test for VWD and other abnormalities of 
platelet function. Bleeding time varied considerably with the experience 
of the operator and a variety of other factors, did not prolong with FVIII 
deficiency, and correlated poorty with bleeding risk. Thus, the bleeding 
time is no longer recommended in the evaluation of VWD.'° 


@ PRENATAL TESTING 


Given the mild clinical phenotype of most patients with the common 
variants of VWD, prenatal diagnosis for the purpose of deciding on 
terminating a pregnancy is rarely performed. However, type 3 VWD 
patients often have a profound bleeding disorder, similar to or more 
severe than classic hemophilia, and some families may request prena- 
tal diagnosis. In those cases of VWD in which the precise mutation is 
known, DNA diagnosis can be performed rapidly and accurately by 
polymerase chain reaction (PCR) from amniotic fluid or chorionic villus 
biopsies (reviewed in Ref. 313) and would be expected to be compatible 
with new noninvasive prenatal testing methods.*™ In those cases where 
the mutation is unknown, diagnosis can still be attempted by genetic 
linkage analysis using the large panel of known polymorphisms within 
the VWF gene.* Although all cases of VWD analyzed to date appear to 
be linked to the VWF gene, the possibility of locus heterogeneity (i.e., 
a similar phenotype caused by a mutation in a gene other than VWF) 
should be considered.** As with all DNA testing, if prenatal testing is 


being considered, genetic counseling should be provided before the 
decision to test is made as well as following the procedure. 


@ DIFFERENTIAL DIAGNOSIS 


PLATELET-TYPE (PSEUDO-) VON 
WILLEBRAND DISEASE 


Platelet-type (pseudo-) VWD is a platelet defect that phenotypically 
mimics VWD (Chap. 120). Patients have mucocutaneous bleeding, 
plasma VWF often lacks the largest multimers, RIPA is enhanced at low 
concentrations of ristocetin, and thrombocytopenia of variable degree 
is often present. Molecular analysis has identified missense mutations 
within the GPIba gene as the molecular basis for pseudo-V WD. These 
mutations are located within the segment of GPIb that encodes the 
VWF binding domain and appear to induce the conformational change 
complementary to that produced in VWF by type 2B VWD mutations 
(reviewed in Ref. 316). 

The specialized RIPA test should be performed at low ristocetin 
concentrations to distinguish type 2B and platelet type VWD from type 
2A VWD. In this test, purified normal plasma VWF or cryoprecipitate 
added to platelet preparations from patients with platelet-type VWD 
causes platelet aggregation, distinguishing this disorder from type 2B 
VWD where patient platelets aggregate only at higher ristocetin con- 
centrations. In addition, type 2B VWD plasma transfers the enhanced 
RIPA to normal platelets, whereas plasma from patients with platelet- 
type VWD interacts normally with control platelets. 


ACQUIRED VON WILLEBRAND SYNDROME 


Acquired VWD, or acquired von Willebrand syndrome (AVWS), is 
a relatively rare acquired bleeding disorder that usually presents as a 
late-onset bleeding diathesis in a patient with no prior bleeding his- 
tory and a negative family history of bleeding (reviewed in Ref. 317). 
Decreased levels of FVIII, VWF:Ag, and VWF:RCo are common, and 
VWE multimers can be abnormal. AVWS is usually associated with 
another underlying disorder and has been reported to occur in patients 
with myeloproliferative neoplasms,*'* amyloidosis,*” benign or malig- 
nant B-cell disorders,” hypothyroidism,”' autoimmune disorders,*” 
several solid tumors (particularly Wilms tumor),’” cardiac or vascu- 
lar defects (such as aortic stenosis),*** ventricular assist devices,” or 
in association with several drugs, including ciprofloxacin and valproic 
acid.326327 

The mechanisms that cause AVWS can generally be attributed to 
an associated medical condition. A variety of B-cell disorders have been 
associated with the development of anti-VWF autoantibodies. In most 
cases the AVWS appears to be due to rapid clearance of VWF induced 
by the circulating inhibitor, although these antibodies may also interfere 
with VWF function. Hypothyroidism results in decreased VWF syn- 
thesis.” In some cases of malignancy, AVWS is thought to be due to 
selective adsorption of VWF to the tumor cells or in myeloproliferative 
neoplasms, clearance/alterations of VWF by the high circulating plate- 
let mass. AVWS associated with valvular heart disease, ventricular assist 
devices, or certain drugs, VWF may be lost by accelerated destruction 
or proteolysis under shear.” 

Although the VWF multimers in AVWS usually exhibit a type 
2A pattern with relative depletion of the large multimer forms, AVWS 
can manifest as a wide range of VWD phenotypes.*”°** Distinguishing 
AVWS from genetic VWD can be difficult, as testing for the associated 
autoantibodies is generally not available in the clinical setting. The diag- 
nosis often rests on the late onset of the disease, the absence of a family 
history, and the identification of an associated underlying disorder. 


Management of AVWS is generally aimed at treating the underly- 
ing disorder. VWF levels and bleeding symptoms often improve with 
successful treatment of hypothyroidism or an associated malignancy. 
Refractory patients have been treated with glucocorticoids, plasma 
exchange, intravenous gamma globulin, rituximab, DDAVP, and VWF- 
containing FVIII concentrates.” 


@THERAPY, COURSE, AND PROGNOSIS 


The mainstays of therapy for VWD are DDAVP, which induces secre- 
tion of both VWF and FVIII (reviewed in Ref. 330), and replacement 
therapy with VWF-containing plasma concentrates. The choice of treat- 
ment in any given patient depends upon the type and severity of VWD, 
the clinical setting, and the type of hemostatic challenge that must be 
met. Type 1 patients are most often treated with DDAVP alone, types 
2A and 2B with a combination of DDAVP and a VWF-containing FVIII 
product, and type 2N and type 3 patients with VWF-containing con- 
centrates.'*° A previous history of trauma or surgery and the success 
of previous treatment are important parameters to include in assessing 
the risk of bleeding. Prophylaxis is used in anticipation of hemostatic 
challenges,'® such as dental extractions, and is efficacious in preventing 
recurrent bleeding in severe VWD patients.**' Although in general there 
is a correlation between normal hemostasis and correction of VWF and 
FVIII activity, this does not occur in all cases. 


DESMOPRESSIN 


DDAVP is an analogue of antidiuretic hormone that acts through type 
2 vasopressin receptors to induce secretion of FVIII and VWF, likely via 
cyclic adenosine monophosphate-mediated secretion from the Weibel- 
Palade bodies in endothelial cells.** When DDAVP is administered to 
healthy subjects, it causes sustained increases of FVIII and ristocetin 
cofactor activity for approximately 4 hours.*” Patients with type 1 VWD 
treated with DDAVP release unusually high-molecular-weight VWF 
multimers into the circulation for 1 to 3 hours after the infusion.***** 
Therapy with DDAVP often increases the FVIII activity, VWF:Ag, and 
ristocetin cofactor activity to two to five times the basal level. 

DDAVP has become a mainstay for the treatment of mild hemo- 
philia and VWD™* because it is relatively inexpensive, widely avail- 
able, and avoids the risks of plasma-derived products. Approximately 
80 percent of type 1 VWD patients have excellent responses to DDAVP, 
although this figure may be substantially lower depending on the cri- 
teria for diagnosis and response.** It is regularly used in the setting of 
mild to moderate bleeding and for prophylaxis of patients undergoing 
surgical procedures. DDAVP is administered at a dose of 0.3mcg/kg 
continuous intravenous infusion over 30 minutes. DDAVP is also avail- 
able for subcutaneous injection (at the same 0.3mcg/kg dose) and in 
intranasal form (at a fixed dose of 300mcg for adults and 150mcg for 
children), which appears to be similar in efficacy to intravenous admin- 
istration,*****’ although the response may be more variable. 

The response to DDAVP in any given individual with VWD is gen- 
erally reproducible and predicts response to future doses as long as the 
follow doses are at least 2 to 4 days later. In one study, 22 type 1 VWD 
patients showed a departure of less than 20 percent from the mean FVIII 
peak level calculated from two separate infusions. In addition, the con- 
sistency of response in one patient reliably predicted the future response 
of that patient and other affected family members.** In a study of 77 
type 1 VWD patients, DDAVP response was associated both with VWF 
mutation and baseline multimeric pattern, although subtle abnormali- 
ties in VWF multimers did not preclude a patient response to DDAVP. 
Interestingly, patients with the same VWF mutation did not necessar- 
ily exhibit the same degree of responsiveness to DDAVP, implying the 
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influence of other factors in the magnitude of DDAVP effect.*” For 
patients requiring repeated infusions of DDAVP, the FVII activity and 
VWF responses may not be of the same magnitude as after the first 
infusion. Although this decay in response has considerable individual 
variability, after one infusion of DDAVP per day for 4 days it was found 
that the responses on days 2 to 4 were reduced approximately 30 percent 
compared to day 1,3638340 

Therefore, in patients for whom DDAVP is potentially the treat- 
ment of choice, a test dose should be given at the planned therapeutic 
dose and route in advance of the first required course of treatment with 
measurements of before and after VWF and FVII:C levels to ensure 
an adequate therapeutic response. Sampling additional time points 
after DDAVP infusion should be considered as some type 1 and type 2 
VWD patients have a significantly shortened VWF half-life and it may 
be more appropriate to treat with VWF replacement therapy in clini- 
cal scenarios requiring more durable therapy to maintain hemostasis. 
For patients with type 1 VWD who are undergoing surgical procedures, 
DDAVP can be administered 1 hour before surgery and approximately 
every 12 hours thereafter for up to two to four doses before loss of clin- 
ically significant response. Patients should be monitored for response 
of FVIII and ristocetin cofactor activity and side effects, particularly 
hyponatremia (and then should be water restricted), when DDAVP is 
administered at frequent intervals. VWF-containing FVIII concentrates 
should be available for infusion as backup. 

Approximately 20 to 25 percent of patients with VWD do not 
respond adequately to DDAVP. Type 2 VWD patients are less likely to 
have a response than type 1 patients,*"'** and virtually no patients with 
type 3 VWD respond. The response to DDAVP of patients with type 
2A VWD is variable. Although most patients respond only transiently, 
some patients exhibit complete hemostatic correction after DDAVP 
infusion.*”** It has been hypothesized that the differences in DDAVP 
efficacy among type 2A patients may correspond to the type of muta- 
tion, with better responses predicted in patients with group 2 mutations. 
A prospective study of the biologic response to DDAVP in well-charac- 
terized VWD patients included type 2A VWD patients with both group 
1 and group 2 defects. Although patients with group 2 mutations had 
greater improvements in VWF:RCo and shortening of bleeding times 
than patients with group 1 defects, neither groups could be classified as 
responders.’ 

Common side effects of DDAVP administration are mild cutane- 
ous vasodilation resulting in a feeling of heat, facial flushing, tachycar- 
dia, tingling, and headaches. The potential for dilutional hyponatremia, 
especially in elderly and very young patients and with repeat dosing, 
requires appropriate attention to fluid restriction, as it may result in 
seizures. There have been isolated reports of acute arterial thrombo- 
sis associated with administration of DDAVP, but the risk appears to 
be very low when judged against the total number of patients treated. 
DDAVP is contraindicated in patients with unstable coronary artery 
disease because of increased risk of thrombotic events, such as myocar- 
dial infarction.*“ Patients receiving DDAVP at closely spaced intervals 
of less than 24 to 48 hours can develop tachyphylaxis.*” 

Many experts consider DDAVP to be contraindicated in the treat- 
ment of type 2B VWD, as the high-molecular-weight VWF released 
from storage sites has an increased affinity for binding to GPIb and 
might be expected to induce spontaneous platelet aggregation and wors- 
ening thrombocytopenia.” However, there are reports of DDAVP used 
successfully in type 2B VWD patients, with an associated shortening 
of bleeding times and variable thrombocytopenia.***° Although type 
2N patients can exhibit increased FVII:C levels after DDAVP, in some 
cases the FVIII:C levels rapidly decline, likely a result of the absence of 
stabilizing normal VWF, attenuating clinical efficacy. Type 2M patients 
generally do not have a satisfactory response to DDAV P. 
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VON WILLEBRAND FACTOR REPLACEMENT 
THERAPY 


It is important to determine the response to DDAVP for each individual 
so as to avoid the unnecessary use of plasma products. For type 3 VWD 
patients and other patients unresponsive to DDAVP, the use of selected 
virus-inactivated, VWF-containing FVIII concentrates is generally safe 
and effective.'*° Humate-P, Alphanate, Wilate, and Koate are all accept- 
able commercial VWF-containing plasma concentrates that have been 
evaluated in VWD replacement therapy in clinical studies, and other 
VWF-containing FVIII concentrates may also be effective. A plasma- 
free recombinant VWF-recombinant FVIII combination (rVW- 
F-rF VIII) shows promise in clinical trials and may become available in 
the near future.” Cryoprecipitate was useful in the past, but because it 
is not generally treated to inactivate bloodborne pathogens, is less tar- 
geted to correcting the VWD hemostatic defect, and its administration 
is associated with a large volume load, it is less desirable. It is impor- 
tant to note that most standard FVIII concentrates and all recombinant 
FVIII products are not effective in VWD because they lack clinically 
significant quantities of VWF. Although such products can substantially 
increase circulating FVII:C, the infused factor is short-lived in the cir- 
culation in the absence of stabilizing VWE*” Only preparations that 
contain large quantities of VWF with well-preserved multimer struc- 
ture are suitable for use in VWD patients. 

In practice, VWD replacement therapy dosing and timing has 
been largely empiric. Recommendations for therapy have been outlined 
based upon the degree and nature of hemorrhage and experience in 
clinical practice.’ The objective is to elevate FVII:C and VWF:RCo 
until bleeding stops and healing is complete. In general, replacement 
goals of FVII:C and VWF:RCo should be initial replacement to greater 
than 100 IU/dL and maintenance of greater than 50 IU/dL for 7 to 14 
days for major trauma, surgery, or central nervous system hemorrhage; 
greater than 30 to 50 IU/dL for 3 to 5 days for minor surgery or bleed- 
ing; greater than 50 IU/dL for delivery and continued for at least 3 to 
5 days in the postpartum period; greater than 30 to 50 IU/dL for 1 to 
5 days for dental extractions and minor surgery; and greater than 20 
to 50 IU/dL for mucous membrane bleeding or menorrhagia. Labora- 
tory monitoring of posttreatment FVII:C and VWF levels is impor- 
tant in guiding therapy and avoidance of supratherapeutic replacement 
doses (>200 IU/dL VWF:RCo, >250 IU/dL FVII), which are associated 
with an increased risk of thrombosis.'°*°***! Although thrombosis is 
rare overall, VWD patients on prolonged therapy or with central access 
catheters appear to be at higher risk.” 

In patients who have concomitant thrombocytopenia associated 
with or in addition to VWD, it may be necessary to transfuse plate- 
lets in addition to factor concentrates. If clinical bleeding continues, 
additional replacement therapy must be given and searches undertaken 
for other hemostatic defects. Type 3 VWD patients receiving multiple 
transfusions can develop antibodies directed against VWF (reviewed 
in Ref. 277). Continued replacement with VWF-containing concen- 
trates is contraindicated because of the risk of anaphylaxis. A variety 
of approaches to the management of VWD inhibitors, similar to the 
treatment of FVIII inhibitors in hemophilia A (Chap. 123), have been 
attempted. Immunosuppression, recombinant FVIII, and recombinant 
factor VIIa have been reported to be useful in patients with type 3 VWD 
who have developed anti- VWF antibodies. 


OTHER NONREPLACEMENT THERAPIES 


Fibrinolytic inhibitors, such as ¢-aminocaproic acid or tranexamic 
acid, have been used effectively in some VWD patients. Antifibrino- 
lytics are commonly used alone or in conjunction with DDAVP or a 


plasma-derived VWF replacement product in patients with gyneco- 
logic bleeding, mucous membrane bleeding, or undergoing dental 
procedures.' Fibrinolytic inhibitors can be delivered systemically or 
topically and are generally well tolerated, but rarely can cause nausea 
or diarrhea and are contraindicated in patients with gross hematuria. 

Estrogens or oral contraceptives have been used empirically in 
treating menorrhagia. In addition to their effects on the ovaries and 
uterus, some estrogens can increase plasma VWE levels. Patients 
with VWD frequently normalize their levels of FVIII, VWF:Ag, and 
VWE:RCo during pregnancy (Chap. 8). Postpartum hemorrhage within 
the first few days after parturition may be related to the relatively rapid 
return of FVIII and VWF activities to prepregnancy levels, and post- 
partum hemorrhage in all forms of VWD may occur as long as 1 month 
postpartum. In pregnant patients with type 1 VWD, the FVIII and ris- 
tocetin cofactor activities usually rise above 50 percent. These patients 
usually do not require any specific therapy at the time of parturition. In 
contrast, individuals who have 30 percent or less FVII or variant forms 
of VWD are more likely to require prophylactic therapy before deliv- 
ery. Ina recent study, women receiving treatment for VWD postpartum 
were unexpectedly found not to have corrected to target levels.” There- 
fore, laboratory testing is recommended at term and should be consid- 
ered in the postpartum period in patients at risk for immediate and/or 
delayed bleeding complications or receiving therapy. 

Recombinant activated factor VII (rFVIIa, or NovoSeven) has 
also been successfully used in VWD patients with severe hemorrhage 
refractory to VWF replacement therapy and in bleeding patients with 
anti-VWE antibodies (reviewed in Ref. 354). In the case of minor acces- 
sible bleeding, topical drugs such as fibrin sealants or topical bovine 
thrombin may also be considered when standard VWD therapies fail to 
provide adequate local hemostasis.’ 
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CHAPTER 127 
ANTIBODY-MEDIATED 
COAGULATION FACTOR 
DEFICIENCIES 


Sean R. Stowell, John S. (Pete) Lollar, and Shannon L. Meeks 


Clinically significant autoantibodies to coagulation factors deficiencies are 
uncommon, but can produce life-threatening bleeding and death. The most 
commonly targeted coagulation factor in autoimmunity is factor VIII. Acquired 
hemophilia A, which results from these antibodies, can either be idiopathic 
or associated with older age, other autoimmune disorders, malignancy, the 
postpartum period, and the use of drugs such as penicillin and sulfonamides. 
Bleeding in acquired hemophilia A is treated with factor VIII bypassing agents. 
The underlying autoimmune disorder frequently responds to immunosuppres- 
sive medication. Antiprothrombin antibodies usually are found in patients 
with lupus anticoagulant and are associated with bleeding. Antibodies of von 
Willebrand factor are found in patients with type 3 von Willebrand disease in 
response to infusion of plasma concentrates containing von Willebrand factor. 
Antibodies to factor V can occur as autoantibodies or as cross-reacting antibo- 
vine factor V antibodies that develop after exposure to bovine thrombin prod- 
ucts that are contaminated with factor V. Pathogenic autoantibodies also have 
been described that target thrombin, factor IX, factor XI, factor XIII, protein C, 
protein S, and the endothelial cell protein C receptor. 


@ DEFINITION AND HISTORY 


Antibodies directed against coagulation factors can develop as an 
acquired, autoimmune phenomenon. These “circulating anticoagu- 
lants” or “inhibitors” were recognized as early as 1906 as a cause of an 
acquired bleeding disorder.’ The most common coagulation factor tar- 
geted in autoimmunity is factor VIII. The key feature that distinguishes 
antibody-mediated from other acquired coagulation factor deficiencies, 
such as impaired synthesis (e.g., a result of vitamin K deficiency) or 
increased consumption (e.g., in disseminated intravascular coagula- 
tion), is the ability of the patient’s plasma to inhibit the coagulation of 
normal plasma. Inhibitors also can develop in response to replacement 
therapy in patients with congenital coagulation factor deficiencies as 
discussed in Chap. 123. 


Acronyms and Abbreviations: APC, activated protein C; aPCC, activated proth- 
rombin complex concentrate; aPTT, activated partial thromboplastin time; BU, 
Bethesda units; CTLA4, cytotoxic T-lymphocyte associated protein 4; DAMP, 
damage-associated molecular patters; EACH, European Acquired Hemophilia 
Registry; FEIBA, factor eight inhibitor bypasssing agent; PAPP, pathogen-asscoiated 
molecular patterns; rVIla, recombinant activated factor VII. 


@ ACQUIRED HEMOPHILIA A 


DEFINITIONS AND EPIDEMIOLOGY 


The incidence of autoantibodies to factor VIII, which is the most com- 
monly targeted coagulation factor in autoimmunity, is 1.4 per million 
people per year.** The associated clinical condition is called acquired 
hemophilia A. Approximately 40 to 50 percent of acquired hemophilia 
A patients have underlying conditions, including other autoimmune 
disorders (e.g., rheumatoid arthritis and systemic lupus erythematosus), 
malignancy, pregnancy, or a history consistent with a drug reaction.’ The 
remaining idiopathic cases most commonly occur in elderly patients of 
either sex with the median age at diagnosis being in the mid-70s. 


MECHANISMS OF ANTIBODY DEVELOPMENT 


Even though adaptive immunity provides a unique ability to recognize 
a nearly infinite range of antigenic determinants, mechanisms of immu- 
nologic tolerance exist that reduce the probability of autoimmunity.® 
Self non-self discrimination provides the key foundation upon which 
immune activity can be specifically directed toward potential patho- 
gens.° However, self non-self discrimination alone does not possess the 
capacity to distinguish innocuous antigens from antigens associated 
with a real threat of infection.’ Asa result, an elaborate network of innate 
immune factors also exist that recognize potential danger in the form 
of cellular injury or conserved determinants on pathogens themselves, 
often referred to as damage-associated molecular patterns (DAMPs) 
and pathogen-associated molecular patterns (PAMPs), respectively.”* 
Activation of immune cell function following exposure to PAMPs or 
DAMPs provide the necessary signals required for an efficient immuno- 
logic response to foreign antigen.” 

The development of anti-factor VIII antibodies following fac- 
tor VIII infusion in individuals with hemophilia A provides a classic 
example of the deleterious outcome of alloantibody formation follow- 
ing exposure to alloantigen. In this scenario, the factor VII protein is 
foreign to the patients; consequently, central tolerance to the factor VIII 
protein does not occur. In contrast, acquired hemophilia results from 
loss of previous tolerance to a self antigen. 

For alloantibody development in patients with hemophilia A, 
individual variability in factor VIII levels accounts for some of the 
divergent level of tolerance to factor VIII observed. However, some 
individuals with undetectable levels of factor VIII antigen fail to gener- 
ate factor VIII inhibitors, regardless of factor VIII exposure. Although 
these individuals would not be predicted to be tolerized to factor VIII, 
70 to 80 percent of patients with baseline factor VIII levels of less than 
1 percent do not develop an immune response to repeated dosing 
and are considered tolerized.'*!° For the 20 to 30 percent of patients 
who develop inhibitors there are both genetic and nongenetic risk 
factors for inhibitor development. Patients with a positive family his- 
tory of inhibitors, those who have large factor VIII gene deletions, and 
nonwhites have a higher risk of inhibitor development.” The non- 
factor VIII genes—interleukin-10, tumor necrosis factor-a, and cyto- 
toxic T-lymphocyte antigen 4-318 allele—are associated with inhibi- 
tor development.” Nongenetic risk factors, such as infusing factor at 
the time of a “danger” signal (e.g., a surgical procedure), intense factor 
exposure, and prophylaxis versus no prophylaxis, also are associated 
with inhibitor development.’ Patients who receive factor at the time of 
a “danger” signal may experience sufficient tissue injury to provide the 
necessary immune activation through DAMPs. Furthermore, it remains 
possible that low grade and potentially clinically undetectable infection 
may provide low levels of PAMPs that could likewise stimulate anti-fac- 
tor VIII antibodies following factor VIII exposure. However, while PAMPs 
and/or DAMPs may provide the important immune activation signals," 
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several studies using animal models suggest that significant factor 
VIII antibody development can occur in the absence of known tissue 
injury or DAMP exposure.” Consistent with this, immune activation 
can occur in the apparent absence of DAMPs or PAMPs toward sev- 
eral model antigens.” Unique B-cell populations, especially those in the 
spleen, can rapidly respond to bloodborne antigens in the absence of 
any identifiable PAMPs or tissue injury, suggesting that these cells may 
be uniquely poised to respond to factor VIII.” Consistent with this, in 
experimental models, splenectomy can significantly inhibit factor VIII 
inhibitor development following factor VIII exposure,” suggesting 
that several of these unique B-cell populations may be involved in the 
development of factor VIII antibodies irrespective of DAMP or PAMP 
exposure.””° 

Although examples of antigens inducing B-cell activation in the 
absence of known DAMPs or PAMPs exist, most of these antigens require 
crosslinking of cell-surface B-cell receptors for efficient activation and 
therefore reflect highly repetitive antigenic structures.” In contrast, fac- 
tor VIII represents a soluble antigen with little inherent predicted cross- 
linking ability. Most soluble antigen of this type actually induce tolerance 
following injection, likely because of the inability of soluble monovalent 
antigens to adequately crosslink and thereby stimulate B-cell recep- 
tors. Although factor VIII can exist in a soluble, monovalent form, it 
remains possible that factor VIII may form complexes with higher- 
molecular-weight species and thus form a network of factor VIII anti- 
gens that may serve as a suitable substrate for efficient B-cell receptor 
crosslinking and subsequent activation. Consistent with this, induction 
of tolerance to factor VIII by exposure to high levels of factor VIII may 
partially reflect a saturation of sites for factor VIII complex formation,” 
which may, in turn, result in B-cell exposure to high levels of soluble, 
monovalent factor VIII. However, if this occurs, studies suggest that it 
likely takes place independent of interactions with von Willebrand fac- 
tor, the primary binding partner of factor VIII, or its own coagulant 
activity.” Clearly, there is much more to learn regarding the immuno- 
logic factors responsible for factor VIII inhibitor development. 

In contrast to generating alloantibodies following factor VIII infu- 
sion, some patients generate autoantibodies against factor VIII, which can 
result in acquired factor VIII deficiency. As coagulation typically occurs 
at sites of inflammation and injury where DAMPs presumably are gener- 
ated, tolerance to factor VIII may unfortunately be lost in these settings. 
Additionally, nonproteolytic and proteolytic degradation of coagulation 
proteins potentially could present neoepitopes. However, the fact that the 
development of acquired factor VIII deficiency is rare (1.4 per million 
population) provides a testimony to the ability of the immune system to 
discriminate efficiently between infectious non-self from noninfectious 
self.!? Essentially, nothing is known about the breakdown of tolerance in 
patients that develop autoantibodies to coagulation factors. 


MOLECULAR PATHOLOGY 


Factor VIII inhibitors in congenital and acquired hemophilia nearly 
always consist of a polyclonal immunoglobulin (Ig) G population. 
Although IgG, accounts for only 5 percent of the total IgG in normal 
plasma, it usually is a major, but not the sole, component of the anti- 
factor VIII antibody population.*! IgG, antibodies do not fix comple- 
ment, which has been cited as a reason that immune complex disease 
is not observed in factor VIII inhibitor patients. However, it is more 
likely that factor VIII simply is not present in sufficient quantity to form 
enough immune complex deposition to mediate tissue damage. 

Factor VIII contains a sequence of domains designated A1-A2- 
B-ap-A3-C1-C2 (Chap. 123). During the activation of factor VIII 
by thrombin, the B and ap domains are released, producing an A1/ 
A2/A3-C1-C2 activated factor VIII heterotrimer.” Anti-factor VIII 


antibodies in both congenital and acquired hemophilia A inhibitor are 
primarily directed to the A2 and C2 domains, although antibodies to 
all domains have been described.*** The similarity in the properties of 
antibodies in congenital and acquired hemophilia, which represent very 
different immunologic settings, suggests that intrinsic structural features 
in the factor VIII molecule are an important determinant driving the 
immune response. Epitope spreading from a single “problem” epitope, 
which has been implicated in some autoantibody phenomena,* does 
not appear to be a property of factor VIII inhibitors because anti-C2 
antibodies can occur in the absence of anti-A2 antibodies and vice versa. 

The only known biologic function of factor VIII is to become 
proteolytically activated and participate as a cofactor for factor IXa 
during intrinsic pathway factor X activation on phospholipid mem- 
branes. Theoretically, antibodies could inhibit factor VIII procoagu- 
lant function in several ways, including blocking the binding of factor 
VIIIa to factor IXa, factor X, or phospholipid, or by interfering with the 
proteolytic activation of factor VIII. Some anti-A2 antibodies map to 
a region bounded by Arg484-Ie508” and inhibit activated factor VIII 
by blocking its ability to bind factor X.** Anti-C2 antibodies bind to the 
NH,-terminal half of the C2 domain.” Anti-C2 antibodies have been 
identified that inhibit the binding of activated factor VIII to phospho- 
lipid membranes,“ which is critical for its interaction with the platelet 
surfaces. However, the C2 domain also apparently contributes to the 
binding of factor VIII to its activators, thrombin and factor Xa.“-® Con- 
sistent with this, anti-C2 inhibitors have been identified that block fac- 
tor VIII activation.“ 

Factor VIII inhibitors also have been identified in approximately 
20 percent of normal healthy donors.“ These inhibitors inhibit factor 
VIII activity in pooled normal plasma, but not autologous plasma, 
indicating that they are not autoantibodies, but rather alloantibodies 
directed against an unidentified polymorphism. Anti-factor VIII IgG 
also has been identified in all normal plasmas tested by affinity chro- 
matography on immobilized factor VIII.“ The increased sensitivity of 
the method is a consequence of its ability to resolve anti-factor VIII 
antibodies from anti-anti-factor VIII idiotypic antibodies that also are 
present. Idiotypic regulation has been proposed as a mechanism for 
controlling autoantibody activity in vivo.” 


CLINICAL FEATURES 


Acquired hemophilia A patients usually present with spontaneous bleed- 
ing, which often is severe and life- or limb-threatening, although large 
cohort studies have shown that approximately 30 percent of patients do 
not require hemostatic management.” Patients with acquired hemo- 
philia are more likely to have a severe bleeding diathesis than congenital 
hemophilia A inhibitor patients.” Additionally, in contrast to patients 
with congenital hemophilia A, hemarthrosis in these patients is rare. The 
reasons for these differences is puzzling, especially in light of the fact that 
the properties of factor VII inhibitors in the two patient populations is 
similar. As noted above, inhibitors can block factor VIII function in sev- 
eral ways. Conceivably, unidentified mechanistic differences in inhibitor 
action account for the difference in clinical severity. Factor VIII inhib- 
itors sometimes resolve spontaneously. However, it is not possible to 
predict in which subset of patients this will occur. 


LABORATORY FEATURES AND DIFFERENTIAL 
DIAGNOSIS 


The new onset of an acquired bleeding disorder should immediately 
lead to screening tests that include an activated partial thromboplastin 
time (aPTT), a prothrombin time, and a platelet count. Patients with 
acquired hemophilia A have a prolonged aPTT resulting from decreased 


or absent factor VIII activity in the intrinsic pathway of blood coag- 
ulation. The autoantibody inhibits the factor VIII in the plasma from 
normal individuals, which forms the basis of mixing study that is used 
to screen for inhibitors. The presence of a prolonged aPTT in a mixing 
study establishes the diagnosis of a circulating anticoagulant. Specific 
factor assays then are performed to determine whether a specific coag- 
ulation factor inhibitor or a lupus anticoagulant is present. The activity 
of other intrinsic pathway coagulation factors may be decreased in the 
presence of high titer factor VIII inhibitors. However, the levels of these 
factors normalize at increasing dilutions of patient plasma, whereas fac- 
tor VIII activity remains decreased. 

Once the identity of an inhibitor has been established, its titer is 
determined using the Bethesda assay.” Inhibitors frequently take min- 
utes to hours to maximally inhibit factor VIII. Therefore, dilutions of 
patient plasma are preincubated with normal plasma for 2 hours at 
37°C. The inhibitor titer is defined as the dilution of patient plasma 
that produces 50 percent inhibition of the factor VIII activity and is 
expressed in Bethesda units per milliliter (BU/mL). Inhibitors are clas- 
sified informally as low titer or high titer when the titers are less than 
5 BU/mL or greater than 5 to 10 BU/mL, respectively. The Bethesda 
assay has been modified by the addition of 0.1 M imidazole, pH 7.4, and 
by diluting test plasma into factor VIII-deficient plasma during the pre- 
incubation phase to prevent assay variation resulting from pH changes 
and adsorptive losses of factor VIII.“ This “Nijmegen” modification 
of the Bethesda assay decreases false-positive low-titer inhibitors.” 
Patients with acquired hemophilia often have measurable residual fac- 
tor VIII activity. This activity may cause an underestimate of the inhib- 
itory titer. Preanalytical heat treatment has been proposed as a simple 
way to denature factor VIII to allow for more accurate determination 
of titer in both patients with acquired hemophilia A and patients with 
congenital hemophilia A who may have infused factor VIII.**** 

Factor VIII inhibitors are classified based on the kinetics and 
extent of inactivation of factor VIII in plasma.” Type I inhibitors follow 
second-order kinetics and inactivate factor VIII completely, which 
would be expected for a simple bimolecular antigen-antibody reaction. 
Type II inhibitors inactivate factor VIII incompletely and display more 
complex kinetics of inhibition. Hemophilia A inhibitor patients and 
acquired hemophilia A patients tend to have type I and type II inhibi- 
tors, respectively.** However, the borderline between type I and type II 
inhibitors is not always clear and the distinction is not useful clinically. 
Additionally in a recent observational study of patients with acquired 
hemophilia in the United Kingdom, factor VIII levels and inhibitor 
titers at presentation were not predictive of the severity of bleeding 
events. The median factor VIII level and inhibitory titers were nearly 
identical for patients with fatal bleeding events compared to those who 
did not require treatment for their bleeding symptoms.’ 


TREATMENT 


The severe bleeding that often is the presenting feature of this disorder 
requires urgent action to establish a diagnosis and initiate therapeutic 
measures. Ideally, this is carried out in a setting where factor VIII inhib- 
itors can be identified and quantitated and where there is subspecialty 
expertise in the management of bleeding disorders. Invasive procedures 
should be performed only if absolutely necessary and venipuncture 
should be kept to a minimum given the risk of significant bleeding.” 
Treatment of patients with acquired hemophilia A depends on the 
inhibitor titer. Although no prospective trials are available, clinical expe- 
rience indicates that patients with a factor VIII inhibitor titer of less than 
5 BU/mL often are treated successfully with sufficient doses of recombi- 
nant or plasma-derived factor VIII to neutralize the inhibitor. Patients 
with titers between 5 and 10 BU/mL also may respond to factor VIII, 
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whereas those with titers greater than 10 BU/mL generally do not 
respond. Formulas exist to calculate the amount of factor VIII needed 
to treat a patient, but these are rough estimates at best. The efficacy of 
factor VIII concentrates was lower than that of bypassing agents in a 
large registry study, which was likely secondary to challenges in appro- 
priately dosing the factor VIII concentrate.” 

Desmopressin can be administered by intravenous, subcutaneous, 
or intranasal routes and results in an increase in plasma von Willebrand 
factor levels and factor VIII activity.” Its potential use is in patients with 
baseline factor VIII levels greater than 5 IU/dL and minor bleeding. 
However, like factor VIII concentrates, response is not predictable and 
close monitoring of hemostatic efficacy and factor VIII levels is needed. 

Factor VIII bypassing agents, which drive the coagulation mecha- 
nism through the extrinsic pathway, are the mainstays of management 
of patients with a high titer of an inhibitor. Two agents, recombinant 
activated factor VII (rFVIa; NovoSeven RT) and plasma-derived anti- 
inhibitor coagulant complex (AICC; FEIBA VH Immuno, also called 
activated prothrombin complex concentrate [aPCC]) are commercially 
available and approved by the U.S. Food and Drug Administration for 
treatment of acquired hemophilia A. Although no comparative tri- 
als have been done, analysis of the European Acquired Haemophilia 
(EACH2) Registry showed similar hemostatic efficacy between rFVHa 
and aPCC at approximately 90 percent.“ Similar hemostatic efficacy 
between rFVIIa and aPCC has been seen in the treatment of congen- 
ital hemophilia A with inhibitors.” The recommended dose range of 
rFVIla for the treatment of patients with acquired hemophilia is 70 to 
90 mcg/kg repeated every 2 to 3 hours until hemostasis is achieved. 
aPCC is given at doses of 50 to 100 U/kg every 8 to 12 hours, but should 
not exceed 200 U/kg per day. Lower doses (50 to 75 U/kg) are used for 
mild bleeding, whereas higher doses (100 U/kg) are given for severe 
limb or life-threatening bleeding. Treatment should be continued until 
there are clear signs of clinical improvement. 

Although there are similar rates of efficacy between the two avail- 
able bypassing agents, not all patients respond. Additionally, there are 
no widely accepted methods available for predicting response to ther- 
apy or monitoring patients on therapy. The use of thromboelastography 
and the thrombin generation assays as a predictor of response to ther- 
apy in congenital hemophilia A and inhibitors has been reported but 
large clinical studies linking clinical data to outcome are lacking, leaving 
clinical response as the only available monitoring option.” 

The major serious adverse event associated with bypassing agents 
is thrombosis. The EACH2 Registry reported similar rates in patients 
treated with rFVIla or aPCC.** However, the risk of thrombosis is con- 
sidered low when used for approved indications at the recommended 
doses. The incidence of thrombosis in patients with acquired hemo- 
philia A treated with bypassing agents appears higher than that for 
patients with congenital hemophilia. This is probably because of car- 
diovascular risk factors in the acquired hemophilia population given 
their age and associated medical conditions. Escalating doses of either 
bypassing agent or combination of the two agents should be done with 
caution, especially in older patients. 

Factor VIII inhibitors usually cross-react poorly with porcine fac- 
tor VIL‘! A commercial plasma-derived porcine factor VIII concen- 
trate was useful in the treatment of factor VIII inhibitor patients for 
approximately 20 years,” but was discontinued in 2004 because of viral 
contamination of the product. Porcine factor VIII has the advantage of 
potentially being guided by laboratory monitoring of recovery of factor 
VIII activity in plasma. However, the development of antiporcine factor 
VIII antibodies may preclude its long-term use. A phase I/II clinical 
trial of a recombinant porcine factor VIII product has been completed 
in patients with acquired hemophilia A® and a phase II trial has been 
completed in congenital hemophilia inhibitor patients.” 
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Although acquired inhibitors may remit spontaneously, fatal 
bleeding may occur up to several months after the initial diagnosis, even 
in patients who present with mild bleeding. Therefore, immunosuppres- 
sive therapy at the time of diagnosis to eradicate the inhibitor is rec- 
ommended.” A variety of immunosuppressive agents have been used, 
including cyclophosphamide, azathioprine, cyclosporine, intravenous 
immunoglobulin, and rituximab. Immune tolerance induction using 
human factor VIII similar to what is done for patients with congenital 
hemophilia A and inhibitors has been used successfully. Additionally, 
plasmapheresis and immunoadsorption of the inhibitory antibody have 
been used. 

First-line immunosuppressive regimens at many centers consist 
of glucocorticoids alone or glucocorticoids combined with cyclophos- 
phamide.® No appropriately powered randomized studies have been 
performed, so the information available is from a single small random- 
ized study, case reports, national surveys, and large registry data. The 
single randomized trial of 31 patients comparing prednisone and cyclo- 
phosphamide showed no difference in the treatment arms. A national 
registry study also showed no difference with 76 percent of patients 
achieving complete remission in the steroid arm and 78 percent in the 
steroids plus cytotoxic agent arm.“ The EACH2 Registry has the largest 
reported experience with 331 patients and reported a higher rate of sta- 
ble complete remission at 70 percent for patients treated with steroids 
and cyclophosphamide compared with 48 percent for steroids alone 
and 59 percent for rituximab containing regimens. Extensive analysis 
to control for potential confounding factors in this non-randomized 
study confirmed that stable complete remission was more likely with a 
steroid and cyclophosphamide than steroids alone (odds ratio of 3.25). 
The median time to remission was 5 weeks in patients treated with ste- 
roids alone or steroids and cyclophosphamide and 10 weeks in patients 
treated with rituximab. There have been no studies that have shown 
a difference in long-term outcomes including survival and sustained 
remission.*”” 

The rarity of this disease, the severity of bleeding at onset, and 
the delay in diagnosis of these patients has all contributed to the lack 
of controlled trials. Given the lack of controlled trial clinical manage- 
ment decisions are guided from the limited data available and clinical 
judgment. 


@ ACQUIRED ANTIBODIES TO OTHER 
COAGULATION FACTORS 


ANTI-FACTOR V AND ANTITHROMBIN 
ANTIBODIES 


Thrombin and factor V inhibitors are discussed together because of 
their frequent coexistence in immune responses to commercial prod- 
ucts that contain thrombin. Thrombin products have been used widely 
in surgical and endoscopic procedures. It has been estimated that more 
than 500,000 patients are treated annually with products containing 
thrombin. Thrombin is used either alone or as a component of fibrin 
sealants, which consist of fibrinogen and thrombin preparations that are 
mixed together at the wound site to form a topical fibrin clot.” Addi- 
tionally, factor XIII sometimes is added to crosslink and stabilize the 
clot. 

Fibrin sealants contain thrombin and fibrinogen derived from 
human plasma, whereas stand-alone thrombin products are prepared 
from bovine plasma. Both types of products are heavily contaminated 
with other plasma proteins, including factor V and prothrombin.” 
Almost all patients exposed to bovine proteins develop a detectable 
immune response. In half of these patients antibovine antibodies 


cross-react with human thrombin, factor V, or prothrombin.® Usually, 
these antibodies are subclinical.” However, mild to life-threatening 
hemorrhage can occur, especially if the titer of anti-human factor V 
antibodies is high. The risk of bleeding is higher in patients who receive 
bovine thrombin products more than once because of the development 
of a secondary immune response. 

There have been no clinical trials comparing the safety and effi- 
cacy of fibrin sealants to stand-alone thrombin products. Because fibrin 
sealants are composed mainly of human proteins, they may be less 
immunogenic. However, anti-factor V antibodies have been reported 
in a patient receiving fibrin sealant.” There currently is no stand-alone 
human thrombin product. It seems likely that the development of 
highly purified plasma-derived or recombinant products containing 
human thrombin in the presence or absence of human fibrinogen would 
decrease the incidence of antithrombin and anti-factor V antibodies.” 

Autoantibodies to thrombin are rare. However, the mechanisms 
of action of antithrombin antibodies have been studied extensively 
because of the wealth of information about thrombin structure and 
function.”*” In contrast, approximately half of the 105 cases of inhibi- 
tory anti-factor V antibodies reported and reviewed between 1955 and 
1997 appeared to be autoantibodies not associated with the exposure 
to bovine thrombin products.” B-Lactam antibiotics also are associated 
with anti-factor V autoantibodies and may partly explain the increased 
incidence with surgery. In approximately 20 percent of cases of autoan- 
tibody formation, no underlying disease was identified. Anti-factor V 
autoantibodies have been identified rarely in patients with autoimmune 
diseases, solid tumors, and monoclonal gammopathies. In addition 
to autoantibody formation, alloantibodies to factor V have developed 
in patients with severe factor V deficiency in response to replacement 
therapy with fresh-frozen plasma. 

Patients with inhibitory antibodies to factor V have prolonged 
prothrombin and aPTT, low factor V levels, and a normal thrombin 
time. The diagnosis of a factor V inhibitor is based on the specific loss of 
factor V coagulant activity when patient and normal plasma are mixed in 
a coagulation assay. The antibody titer can be defined as in the factor VIII 
Bethesda assay as the dilution of test plasma that produces 50 percent 
inhibition of factor V activity. 

Not all patients with factor V inhibitors have hemorrhagic manifes- 
tations. Factor V inhibitors anecdotally produce a less serious bleeding 
disorder than factor VIII inhibitors. The relationship between inhibitor 
titer and bleeding has not been studied. The reported incidence of bleed- 
ing has been higher in patients with autoantibodies to factor V com- 
pared to anti-factor V antibodies in patients receiving bovine thrombin. 
However, this may reflect a bias resulting from the reason the patient 
sought medical attention. 

Factor V contains an Al-A2-B-A3-C1-C2 domain structure that 
is homologous to factor VIII. Also, like factor VIII, the N-terminal half 
of the factor V C2 domain contains a phospholipid-binding site”that is 
necessary for normal procoagulant function” and is targeted by factor 
V inhibitors.°* 


ANTIPROTHROMBIN ANTIBODIES 


Antiprothrombin antibodies are most commonly associated with the 
antiphospholipid syndrome. The antiphospholipid syndrome is caused 
by lupus anticoagulants, which are defined as antibodies that produce 
phospholipid-dependent prolongation of in vitro coagulation assays. 
Anionic phospholipids participate as cofactors for the lupus antico- 
agulant binding to protein antigens, primarily $,-glycoprotein I* and 
prothrombin.* The antibody-antigen complexes compete for the bind- 
ing of coagulation factors to the phospholipid present in coagulation 
assays and produce the lupus anticoagulant phenomenon. 


The role of prothrombin in the generation of lupus anticoagulant 
activity initially was suggested from studies of a bleeding patient with 
severe hypoprothrombinemia. However, in the absence of hypoproth- 
rombinemia, lupus anticoagulants do not produce a bleeding diathe- 
sis and bleeding in patients with lupus anticoagulants is uncommon.™ 
Antiprothrombin antibodies are associated with an increased incidence 
of thrombosis in these patients.” In patients with antiprothrombin 
antibodies and hypoprothrombinemia, precipitating, noninhibitory 
antibodies are present and prothrombin antigen levels are low, indi- 
cating that the hypoprothrombinemia is the result of rapid clearance 
of antigen-antibody complexes.** However, most patients with lupus 
anticoagulants have demonstrable antiprothrombin antibodies but 
do not have hypoprothrombinemia.” Thus, antibody-mediated hypo- 
prothrombinemia appears to represent a relatively uncommon evolu- 
tion of the autoimmune response to prothrombin in patients with lupus 
anticoagulants. 


ANTIBODIES TO COMPONENTS OF 
THE PROTEIN C SYSTEM 


An acquired inhibitor to protein C associated with a fatal thrombotic 
disorder has been reported,” but evidently is rare. In contrast, there 
is a relatively high prevalence of pathogenic anti-protein S antibodies. 
Inhibitory antibodies to protein S were detected in five of 15 patients 
with acquired protein S deficiency. Anti-protein S antibodies, but not 
antibodies to cardiolipin, 8,-glycoprotein I, prothrombin, or protein C, 
appear to be a risk factor for acquired activated protein C (APC) resis- 
tance, defined as APC resistance in the absence of the factor V Leiden 
mutation, and for deep venous thrombosis.” Additionally, antibodies to 
the endothelial cell protein receptor have been identified that are associ- 
ated with fetal death in patients with the antiphospholipid syndrome.” 


ACQUIRED ANTIBODIES TO OTHER 
COAGULATION FACTORS 


Clinically significant antibodies to coagulation factors other than factor 
VIII, factor V, and prothrombin that produce acquired bleeding disor- 
ders are sufficiently rare that they merit case reports, which are only 
incompletely listed here. In contrast to acquired hemophilia A, acquired 
hemophilia B is extremely rare.” Patients with antifibrinogen anti- 
bodies have been identified either who are asymptomatic with abnor- 
mal laboratory values“or who have abnormal bleeding.” Patients with 
abnormal bleeding associated with acquired inhibitors to factor VII,” 
factor X,” factor XI,” or factor XIII’ also have been described. The 
development of alloantibodies against von Willebrand factor occurs in 
patients with type 3 von Willebrand disease in response to treatment 
with plasma concentrates that contain von Willebrand factor. Acquired 
von Willebrand disease can be caused by adsorption of von Willebrand 
factor to tumor cells, loss of high-molecular-weight von Willebrand fac- 
tor multimers at as well as by autoantibodies to von Willebrand factor.’” 
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CHAPTER 128 

HEMOSTATIC ALTERATIONS 
IN LIVER DISEASE AND LIVER 
TRANSPLANTATION 


Frank W.G. Leebeek and Ton Lisman 


In patients with acute liver failure or chronic liver disease, many changes in 
the hemostatic system occur. The liver is the site of synthesis of nearly all 
coagulation factors, both pro- and anticoagulant proteins. A reduced synthesis 
function of the liver will lead to reduced levels of these factors in circulation. 
In addition, the liver is involved in the clearance of many activated coagu- 
lation factors and protein-inhibitor complexes from the circulation, which, 
in turn, can lead to activation of the coagulation system if liver function is 
impaired. Furthermore, the liver is involved in the synthesis and clearance of 
pro- and antifibrinolytic proteins, which may lead to a shift in the balance of 
the fibrinolytic system. Also primary hemostasis might be affected in liver dis- 
ease because of thrombocytopenia and impaired platelet function, which is 
frequently encountered in these patients. It is evident that patients with liver 
disease have frequent bleeding episodes, mainly in the gastrointestinal tract, 
such as variceal bleeding. It has been a longstanding dogma that patients with 
liver disease are at a high risk of bleeding caused by the above mentioned 
hemostatic changes. However, in recent years this cause of the bleeding ten- 
dency has been questioned because of the concomitant reductions of pro- and 
anticoagulant factors and pro- and antifibrinolytic factors. More recent studies 
using more sophisticated coagulation tests showed that thrombin genera- 
tion is normal in patients with chronic liver failure and that some may even 
have a prothrombotic phenotype. This led to the development of a model of a 
rebalanced hemostatic system in these patients, which may have immediate 
implications for treatment. Hematologists and other clinicians taking care of 
patients with acute liver failure of chronic liver disease, such as cirrhosis, are 
still faced with the questions whether these patients need correction of the 
changes in hemostasis before interventions such as paracentesis, biopsies, 
dental care, and surgery. It was generally believed that replacement therapy 
with frozen plasma or prothrombin complex concentrate was indicated. How- 
ever, based on these new findings, physicians should now be more restrictive 
in the use of hemostatic agents and blood products in these patients both in 
liver disease and during liver transplantation. 


Acronyms and Abbreviations: ADAMTS13, a disintegrin-like and metalloprotease 
with thrombospondin domain 13; aPTT, activated partial thromboplastin time; 
DDAVP, 1-deamino-8-p-arginine vasopressin; DIC, disseminated intravascular coag- 
ulation; FFP, fresh-frozen plasma; HAT, hepatic artery thrombosis; INR, international 
normalized ratio; ISI, international sensitivity index; MELD, model of end-stage liver 
disease; PAI-1, plasminogen activator inhibitor 1; PFA, platelet function analyzer; PT, 
prothrombin time; PVT, portal vein thrombosis; TAFI, thrombin-activatable fibrinoly- 
sis inhibitor; t-PA, tissue-type plasminogen activator; VWF, von Willebrand factor. 


The liver plays a central role in the hemostatic system. Liver parenchy- 
mal cells are the site of synthesis of most coagulation factors (except 
factor VIII), the natural inhibitors of coagulation, including protein C, 
protein S, and antithrombin, and essential components of the fibrino- 
lytic system, such as plasminogen, a,-antiplasmin, and thrombin acti- 
vatable fibrinolysis inhibitor (TAFI). The liver also regulates hemostasis 
and fibrinolysis by clearing activated coagulation factors and coagu- 
lation factor-inhibitor complexes from the circulation. In addition, 
changes in primary hemostasis mediated by platelets, von Willebrand 
factor (VWF) and ADAMTS13 (a disintegrin-like and metalloprotease 
with thrombospondin type 1 repeats) may occur. Therefore, when acute 
or chronic liver dysfunction is present in patients with liver disease, 
complicated hemostatic derangement may occur, which can lead to 
bleeding, thrombosis, or neither bleeding nor thrombosis. 


@ HEMOSTATIC ALTERATIONS IN 
CHRONIC LIVER DISEASE 


PRIMARY HEMOSTASIS 


More than 75 percent of patients with chronic liver disease, especially 
in moderate to severe cirrhosis (Child B and C) have reduced levels of 
platelets (<150,000/wL) and 13 percent have platelet counts between 
50,000 and 75,000/uL.’ This may be caused by splenomegaly resulting in 
sequestration of platelets in the spleen, reduced synthesis of thrombopoi- 
etin by the diseased liver, or consumption coagulopathy.” In addition, it 
has been suggested that autoantibodies against platelets may reduce the 
half-life of platelets in cirrhosis.° Primary hemostasis may also be defec- 
tive by a reduced platelet function. In vitro platelet aggregation studies 
in response to various agonists is frequently diminished in patients 
with liver disease. Defective platelet function may result from impaired 
signal transduction, acquired storage pool deficiency, proteolysis of 
platelet membrane proteins, and increased production of the endothelial- 
derived platelet inhibitors, nitric oxide and prostacyclin. (reviewed in 
Ref. 7). A reduced hematocrit may contribute to defective platelet-vessel 
wall interaction. Platelet adhesion defects were also found under con- 
ditions of flow, but were in some studies attributed to thrombocytope- 
nia and a low hematocrit.*"° Platelet procoagulant activity measured by 
a thrombin generation assay using platelet-rich plasma was similar in 
patients and healthy controls, which casts additional doubt on the extent 
of the functional defects of platelets in patients with liver disease.” 

VWE antigen levels are strongly elevated in patients with liver 
disease. It has been suggested that this is the result from endothelial 
damage possibly mediated by endotoxemia (bacterial infection). 
VWE mRNA and protein expression in the liver itself are substan- 
tially increased in cirrhosis, but VWF ristocetin cofactor activity is 
variable.’*'*"'® The high levels of VWF may ameliorate the hemostatic 
defect caused by thrombocytopenia and platelet function defects.” 
In a flow-based model, platelet adhesion to collagen was normalized 
in thrombocytopenia because of the high levels of VWF in cirrhotic 
plasma. In patients with liver disease the regulation of VWF multi- 
mer size and activity can be impaired because of reduced synthesis of 
the VWF-cleaving protease ADAMTS13 by stellate cells in the liver.” 
Several studies showed, however, that the most active high-molecu- 
lar-weight multimers of VWF are diminished in plasma of patients with 
cirrhosis, which may be mediated by plasmin or other proteases.'*!® 
Classical tests of primary hemostasis, such as bleeding time, which is 
becoming obsolete as a result of its assay-variability and inability to pre- 
dict bleeding, may still be abnormal in patients with liver disease. Also 
newer global tests of primary hemostasis, such as platelet function ana- 
lyzer (PFA), show prolonged closure times with various agonists, but its 
value in prediction of bleeding in liver disease is unknown.” 
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SECONDARY HEMOSTASIS: COAGULATION 
AND ANTICOAGULATION 


The liver is the site of synthesis of most procoagulant proteins. As 
a result, decreased levels of coagulation factors II, V, VH, IX, X, and 
XI are commonly observed in patients with liver failure.” In contrast, 
factor VIII levels are increased, which may be related to the elevated 
level of its carrier protein VWF and to decreased clearance of factor VIII 
from the circulation by the liver low-density lipoprotein-related recep- 
tor. Factor VIII is synthesized primarily in hepatic sinusoidal endo- 
thelial cells, whose function is preserved in liver disease." Acquired 
vitamin K-dependent carboxylation deficiency may lead qualitative 
defects in coagulation factors. Because of vitamin K deficiency or 
decreased production of gamma-glutamyl carboxylase, circulating vita- 
min K-dependent coagulation factors II, VIL IX, and X may be deficient 
in y-carboxylated glutamic acid residues in their GLA domains, giving 
rise to impaired function of these factors.” On the other hand, levels 
of anticoagulant protein C, protein S, antithrombin, heparin cofactor 
II, and œ -macroglobulin are also decreased in patients with liver dis- 
ease.” Fibrinogen levels are frequently in the normal range in patients 
with chronic liver disease, but may be decreased in patients with dec- 
ompensated cirrhosis or acute liver failure.” A qualitative defect in 
fibrinogen may be found in patients with liver disease.” Screening tests 
of coagulation, such as the prothrombin time (PT) or activated partial 
thromboplastin time (aPTT), are frequently prolonged in patients with 
chronic liver disease. These results have been traditionally interpreted to 
reflect a hypocoagulable state. The PT and aPTT are sensitive to levels of 
procoagulant proteins in plasma, but not to the natural anticoagulants, 
proteins C, protein S, and antithrombin. The use of a more sophisti- 
cated test of coagulation, such as total thrombin generation test, illus- 
trates the limitation of the PT and aPTT. In a thrombin-generation test 
measuring the total amount of thrombin generated during coagulation, 
decreased total thrombin generation is measured in patients with cir- 
rhosis compared to controls.” Yet, when measured in the presence 
of thrombomodulin to enable protein C activation and thereby also tak- 
ing into account the contribution of the main inhibitor of coagulation 
protein C, thrombin generation was indistinguishable from controls, 
despite abnormal conventional coagulation tests. Others found normal 
thrombin generation without addition of thrombomodulin and even 
increased thrombin generation with addition of thrombomodulin.””° 
These results suggest that thrombin generation in vivo can be normal 
in patients with liver failure, and that a prolonged PT does not per se 
indicate a bleeding risk. These findings indicate that a concomitant 
decrease of pro-and anticoagulant factors result in a rebalanced hemo- 
static system.*! 

Despite the limitations of the use of the PT in patients with liver 
disease the international normalized ratio (INR), which is a derivative 
of the PT, is still used in prognostic scores for patients with acute or 
chronic liver disease. The model of end-stage liver disease (MELD) 
score is used to prioritize patients for liver transplantation. The INR 
was originally developed and validated only to monitor anticoagulant 
therapy with vitamin K antagonists. The interlaboratory variation of the 
INR in patients with liver disease is substantial, and its use results in 
significant differences in MELD scores when a single patient sample is 
tested in different laboratories using various PT reagents.” The use 
of alternative international sensitivity index (ISI) values obtained by 
calibration against plasma samples from patients with liver disease was 
shown to decrease this variability.*** 


FIBRINOLYSIS 


Except for tissue-type plasminogen activator (t-PA) and plasminogen- 
activator inhibitor (PAI)-1, all proteins involved in fibrinolysis, both 


pro- and antifibrinolytic, are synthesized by the liver.** Therefore, 
chronic liver disease leads to decreased plasma levels of plasminogen, 
a,-antiplasmin, TAFI, and factor XIII. Plasma levels of t-PA are elevated 
as a result of increased secretion from endothelial cells and/or reduced 
clearance by the diseased liver. Plasma levels of PAI-1 also are increased 
but not to the same extent as t-PA, which may lead to a shift in balance 
in the fibrinolytic system.” It has long been assumed that most patients 
with chronic liver disease had accelerated fibrinolysis. This was based 
on in vitro assays, including various clot lysis assays and on measure- 
ments of increased fibrin(ogen) degradation products, D-dimer and 
plasmin-antiplasmin complexes (reviewed in Ref. 36). However, more 
recent studies found no evidence of hyperfibrinolysis in the majority 
of patients with cirrhosis despite decreased levels of TAFI and ele- 
vated D-dimer levels.” This conclusion was recently challenged by a 
study that used two assays to detect fibrinolysis in patients with various 
degrees of severity of cirrhosis. In both tests approximately 40 percent 
of patients had evidence of hyperfibrinolysis, and in 60 percent of the 
patients, one of the tests revealed an increased fibrinolytic capacity, 
especially in those with severe liver dysfunction.” Hyperfibrinolysis in 
patients with cirrhosis may also occur secondary to low-grade dissem- 
inated intravascular coagulation (DIC) induced by endotoxemia and is 
manifested by concomitant increased levels of prothrombin fragment 
1+2, fibrinopeptide A, D-dimer, thrombin-antithrombin complex, and 
plasmin-antiplasmin complex.“ However, it has been argued that the 
increased levels of these markers may result from their decreased clear- 
ance by the liver rather than from DIC. In patients with liver disease who 
presented with gastrointestinal bleeding or soft-tissue bleeding after 
trauma, in vitro signs of increased fibrinolysis have been reported.** 


@ A REBALANCED HEMOSTATIC SYSTEM 
IN CHRONIC LIVER DISEASE 


It has been a longstanding dogma that patients with liver disease are 
at a high risk of bleeding due to reduction of synthesis of coagulation 
factors and other changes in hemostasis. More recent studies using 
more sophisticated coagulation tests have shown that thrombin gener- 
ation is normal in patients with chronic liver failure and that some may 
even have a prothrombotic phenotype.” Because both procoagulant 
and anticoagulant proteins decline in patients with chronic liver dis- 
eases, it has been postulated that the hemostatic system is rebalanced 
(Table 128-1).%*345 In addition reductions of platelet number and 
impairment of platelet function is counteracted by high levels of VWF 
and in many patients the decline in profibrinolytic factors is balanced 
by the reduction of inhibitors of fibrinolysis." This led to the model 
of a rebalanced hemostatic system in these patients, which has impor- 
tant implications for treatment.**' This model also explains why most 
patients with liver disease usually do not exhibit severe bleeding mani- 
festations—neither during minor invasive procedures, such as biopsies 
and paracentesis, nor during major surgeries, including liver trans- 
plantation.**”” Furthermore, patients with liver disease may even have 
increased risk of venous thromboembolism, not only liver-specific 
thrombosis, but also deep vein thrombosis.“ The hemostatic balance 
in patients with liver disease is, however, quite delicate and vulnerable 
to be tipped toward bleeding or thrombosis. So far it is impossible to 
identify which patients are more prone to bleeding or to thrombosis 
based on current laboratory assays. The complex changes in hemostasis 
encountered in patients with liver disease are depicted in Table 128-1. 
The delicate hemostatic balance in patients with liver disease may be 
changed by comorbidities, such as bacterial infections and renal failure 
frequently observed in these patients. It is of major importance to treat 
these comorbidities so as to reduce the risk of bleeding and thrombosis.*! 


TABLE 128-1. Changes in the Hemostatic System in 


Patients with Liver Disease That Contribute to Bleeding 
(Left) or Contribute to Thrombosis (Right) 


Changes That Impair 
Hemostasis 


PRIMARY HEMOSTASIS 
Thrombocytopenia 


Changes That Promote 
Hemostasis 


Elevated levels of VWF 
Decreased levels of ADAMTS13 


Platelet function defects 


Enhanced production of nitric 
oxide and prostacyclin 


SECONDARY HEMOSTASIS 


Low levels of factors II, V, VII, 
IX, X, and XI 


Vitamin K Deficiency 


Elevated levels of factor VIII 


Decreased levels of protein C, 
protein S, antithrombin, a,-mac- 
roglobulin, and heparin cofactor 
Il 


Dysfibrinogenemia 
FIBRINOLYSIS 


Low levels of a,-antiplasmin, 
factor XIII, and TAFI 


Low levels of plasminogen 
Increase in PAI-1 levels 


Elevated t-PA levels 


ADAMTS13, a disintegrin-like and metalloprotease with thrombo- 
spondin domain 13; PAI-I, plasminogen activator inhibitor 1; TAFI, 
thrombin-activatable fibrinolysis inhibitor; t-PA, tissue-type plas- 
minogen activator; VWF, von Willebrand factor. 


@ HEMOSTATIC ALTERATIONS IN 
ACUTE LIVER FAILURE 


Patients presenting with acute liver failure, for instance in acetaminophen 
intoxication, have profound changes in the hemostatic system. A severe 
decrease of coagulation factors is observed, with strongly increased 
INR.” However, an intact thrombin generation has been observed in 
acute liver failure patients and hardly any changes were observed using 
thromboelastography.™* In contrast to chronic liver disease, patients 
with acute liver failure frequently have normal platelet counts. Highly 
elevated levels of VWF are observed and strongly decreased levels of 
ADAMTS13. This imbalance may lead to a prothrombotic state.* In 
patients with acute liver failure, there is an increased level of PAI-1, and 
reduced levels of plasminogen which is consistent with a hypofibrino- 
lytic state. A strong increase of procoagulant microparticles has been 
observed in acute liver failure.” Spontaneous bleeding is not frequently 
encountered in patients with acute liver failure." 


@ HEMOSTATIC ALTERATIONS DURING 
LIVER TRANSPLANTATION 


Liver transplantation performed in patients in acute or chronic liver 
failure has always been complicated by significant and sometimes 
life-threatening bleeding problems requiring massive use of coagula- 
tion factors and erythrocyte transfusion.” Therefore blood products 
were also transfused before and during transplantation to correct the 
hemostatic dysfunction. Improved surgical techniques and anesthe- 
siologic care have led to a remarkable reduction of blood loss during 
liver transplantation. Currently, no blood transfusion is given in up to 
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50 to 80 percent of patients undergoing a liver transplantation, depend- 
ing on the center. This improvement is also because of a better 
understanding of the coagulation profile during the various stages of 
the surgical intervention. During the first stage of liver transplantation, 
the removal of the diseased liver, no significant worsening of the preop- 
erative hemostatic status occurs.” After removal of the diseased liver, the 
so-called anhepatic stage, significant hemostatic changes occur. Because 
activated coagulation factors are not cleared from the circulation, DIC 
can develop, with consumption of platelets and coagulation factors 
and secondary hyperfibrinolysis. Moreover, hyperfibrinolysis may also 
occur as a result of defective clearance of t-PA.“ The most severe hemo- 
static changes during liver transplantation occur immediately after 
reperfusion of the donor liver. Platelets are trapped in the graft, giv- 
ing rise to an aggravation of thrombocytopenia and causing damage to 
the graft by induction of endothelial cell apoptosis.“ Release of tissue 
factor and t-PA from the reperfused graft causes DIC with primary or 
secondary fibrinolysis. Moreover, the graft also releases heparin-like 
substances that can inhibit coagulation.® In addition, other factors such 
as hypothermia, metabolic acidosis, and hemodilution adversely affect 
hemostasis during this phase. 

During transplantation, the balance between VWF and ADAMTS13 
changes because levels of VWF remain high, the functional properties 
of VWE improve, and the levels of ADAMTS13 decline, which may par- 
tially compensate for the hemostatic dysfunction.“ The platelet count 
and hemostatic proteins are at their nadir after reperfusion and rise 
gradually during the early postoperative period. However, the levels of 
procoagulant factors rise more rapidly than the levels of anticoagulant 
factors, which results in a temporary hypercoagulable state.” A tran- 
siently increased level of PAI-1 immediately after surgery can result in 
a hypofibrinolytic state that may aggravate the hypercoagulable status. 


@ CLINICAL PROBLEMS ENCOUNTERED 
IN PATIENTS WITH LIVER DISEASE 


BLEEDING IN PATIENTS WITH LIVER DISEASE 


Although sophisticated hemostatic tests have now shown that disorders 
of primary hemostasis, a hypocoagulable status, and hyperfibrinolysis 
are generally not encountered or are only seen in a minority of patients 
with chronic liver disease, bleeding still may occur in these patients.” This 
is because individual patients still may have a compromised hemostatic 
function or because patients bleed for nonhemostatic reasons.® The most 
severe bleeding manifestation in patients with liver disease is bleeding from 
ruptured esophageal varices. This results from local vascular abnormalities 
and portal hypertension and not from deranged hemostasis. Occasionally, 
impaired hemostasis does cause easy bruising, purpura, epistaxis, gingival 
bleeding, menorrhagia and gastrointestinal bleeding. Also in acute liver 
failure bleeding has frequently been reported in the past, but more recent 
studies clearly indicate that spontaneous bleeding occurs rarely.** 


HEMOSTATIC MANAGEMENT OF PATIENTS 
WITH LIVER DISEASE 


Hemostatic Management of Bleeding Episodes 

Variceal bleeding in patients with liver disease should be imme- 
diately managed by local interventions, such as endoscopy and 
rubber band ligation or even shunt (transjugulair intrahepatic por- 
tosystemic shunt [TIPS]) placement.” Fluid resuscitation should be 
given in case of hypotension and restricted blood transfusion in case 
of severe drop of hemoglobin level.” Because there is no evidence that 
changes in hemostasis are associated with the risk of variceal bleed- 
ing, treatment with coagulation factor concentrates is not indicated. 
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Infusion of plasma may even lead to more bleeding as a result of an 
increase of portal pressure.”’”’ Upper gastrointestinal bleeding from 
peptic ulcer disease also occurs frequently in patients with liver dis- 
ease. Infusion of recombinant factor VIa did not result in reduction of 
blood loss or mortality in randomized clinical studies in patients with 
upper gastrointestinal bleeding and is not indicated.” Recently the use 
of hemostatic powder was used in patients who did not respond to 
other measures and was successfully used in some cases, but its value 
should be tested in larger randomized studies before it will be regis- 
tered and can be recommended in this setting.*”* The most important 
intervention is to prevent variceal bleeding by prophylactic measures, 
such as rubber band ligation. 

Minor bleeding, including bruising, purpura and gingival bleeding 
occur more frequently in patients with liver disease, but do not always 
need treatment, or can be managed by local measures. Mucocutaneous 
bleeding, such as epistaxis, can be treated with fibrinolysis inhibitors, 
for instance tranexamic acid, and menorrhagia by oral contracep- 
tives. In case of bleeding in patients with severe thrombocytopenia 
(<50,000/uL) platelet transfusion should be given, as would also be indi- 
cated in patients without underlying liver disease. 


Hemostatic Management Before Interventions and Surgical 
Procedures 
Traditional guidelines have advised not to perform invasive procedures 
in patients with liver disease when routine hemostatic tests are abnor- 
mal unless they are corrected by blood products or pharmacologic pro- 
hemostatic agents. The rationale for such a prophylactic approach has 
been questioned for several reasons. First and most important because 
abnormal coagulation tests in patients with liver disease are not nec- 
essarily associated with a bleeding risk.** As mentioned before, these 
results have been traditionally interpreted to reflect a hypocoagulable 
state, but appeared to have no impact on the bleeding risk after inva- 
sive procedures.” 7 For instance, in a large prospective study there was 
no evidence that prolongation of the INR was associated with bleed- 
ing after large-volume paracentesis in patients with liver disease and 
ascites.” Furthermore normalization of traditional coagulation tests 
is rarely achieved by infusion of plasma products and the efficacy of 
prophylactic treatment has not been proven.”*” In addition, transfusion 
of blood products carry a substantial risk of allergic reactions, volume 
overload and potential transmission of pathogens.*° Consequently, the 
current guideline of the American Association for the Study of Liver 
Diseases (AASLD) do not recommend the routine use of fresh-frozen 
plasma (FFP) transfusion for prophylactic correction of an abnormal 
PT before interventions, such as liver biopsy,*' whereas other guidelines 
advise the use of FFP with low grade of evidence.” Vitamin K is gen- 
erally recommended in patients with liver disease and prolonged INR, 
however its clinical benefit has been questioned.™ 

Thrombocytopenia in patients with cirrhosis is often mild and 
does not cause spontaneous bleeding or bleeding following minimally 
invasive procedures. There is little evidence that tests showing platelet 
dysfunction, including prolonged bleeding time or closure time mea- 
sured with the PFA-100 predict bleeding in patients with cirrhosis. 
Nevertheless, an early study showed that a prolonged bleeding time 
was associated with a fivefold increase in the risk of bleeding after 
liver biopsy.** Although shortening of the bleeding time was achieved 
by administration of 1-deamino-8-p-arginine vasopressin (DDAVP) 
in patients with liver disease,” no effect of DDAVP was observed in 
patients with bleeding from esophageal varices or on the blood loss in 
patients undergoing hepatectomy* or liver transplantation. * Although 
this has not been addressed in many studies yet, it has been shown that 
bleeding complications during interventional procedures are associated 
with a low preprocedural platelet count.” If platelet counts are below 


50 x 10°/L, platelet transfusion is recommended before any intervention, 
as in other patients without underlying liver disease.” In case of neu- 
rosurgical interventions platelets should be transfused up to a level of 
100 x 10°/L.” A novel strategy to improve primary hemostasis in patients 
with hepatitis C is the administration of a thrombopoietin analogue 
(Eltrombopag). In the ELEVATE study, a short course of Eltrombopag 
was used to elevate the platelet count prior to invasive procedures. Use 
of Eltrombopag was associated with a higher rate of thrombosis, but no 
difference in bleeding was observed in this study, which may be related 
to the highly elevated VWF levels in patients with liver disease.”°? 
Eltrombopag is not indicated for the treatment of thrombocytopenia in 
patients with chronic liver disease before surgical interventions. 

In individuals with generalized mucosal bleeding symptoms, 
which may be indicative of disorders of primary hemostasis or hyper- 
fibrinolysis, treatment with fibrinolysis inhibitors such as tranexamic 
acid after the procedure should be considered. Tranexamic acid is 
also advised in case of dental extractions because of the high fibrinolytic 
activity in the oral mucosa. 

The use of fibrin sealant has been studied to reduce blood loss in 
patient undergoing liver surgery. Although these products reduce the 
time to hemostasis when applied on the transected liver surface, no 
improvement in postoperative complications was observed. Therefore 
its value in these settings has not yet been established.” 


Hemostatic Management During Liver Transplantation 
For many years excessive blood loss during liver transplantation has 
been recognized as an important cause of morbidity and mortality; 
consequently, transfusion of a combination of blood products has been 
advocated for correction of the hemostatic derangements.” Experiments 
in experimental animal models have shown that the quality of the graft 
determines the extent of hemostatic changes following reperfusion.” 
Indeed, blood loss following graft reperfusion is substantially increased in 
recipients of “extended criteria’ donor livers (i.e., grafts with poorer quality 
because of, e.g., elevated donor age or prolonged cold ischemia times).°”° 
Because prophylactic transfusion of blood products may be associ- 
ated with serious side effects, many centers have discontinued to attempt 
to improve hemostatic functions by administration of blood products 
prior to liver transplantation.® Liver transplantation procedures can now 
be performed without a requirement for transfusion of blood products in 
a substantial proportion of patients. One study reported that 79 percent of 
patients could be transplanted without the use of any blood product, pro- 
vided the patient’s central venous pressure was controlled through restric- 
tion of volume replacement, and by using intraoperative phlebotomy 
during the transplantation.“ Increased experience and improvements 
in surgical technique, anesthesiologic care, and better graft preserva- 
tion methods have contributed to a steady decrease in blood transfusion 
requirements. When uncontrolled bleeding does occur, packed red cells, 
platelets, FFP, or fibrinogen concentrate can be transfused guided by lab- 
oratory values or thromboelastography.” Hyperfibrinolysis is thought 
to contribute significantly to impaired hemostasis during the anhepatic 
and reperfusion phases.“ Use of synthetic antifibrinolytic agents, such 
as tranexamic acid (a lysine analogue) and aprotinin (a serine protease 
inhibitor) have reduced red cell and plasma transfusion.*®” Aprotinin 
was taken off the market in 2008 because of severe adverse events and 
mortality in patients undergoing cardiac surgery.” 


THROMBOSIS IN PATIENTS WITH 
LIVER DISEASE 


Deep Vein Thrombosis and Pulmonary Embolism 
The reappraisal of changes in the hemostatic system in patients with 
liver disease has indicated that the coagulopathy of liver disease may not 


only reflect a reduced bleeding risk, but may even lead to a prothrom- 
botic state.” Studies indicate that deep vein thrombosis and pulmonary 
embolism can occur in patients with cirrhosis.“ A large nation- 
wide population-based case-control study in Denmark indicated that 
patients with liver disease have a substantially increased risk for venous 
thromboembolism compared to controls with an odds ratio of 1.7 for 
patients with cirrhosis, and an odds ratio of 1.9 for patients with other 
liver diseases.* Between 0.5 and 1.8 percent of all hospitalized patients 
with cirrhosis developed venous thrombosis. Therefore liver disease 
should not be considered a contraindication for thromboprophylaxis 
with low-molecular-weight heparin (LMWH). Thromboprophylaxis is 
warranted in patients that are immobilized or undergo surgery and in 
hospitalized patients with active cancer. Treatment of venous thrombo- 
embolism in patients with liver disease is difficult, because of a higher 
risk of bleeding associated with anticoagulant treatment than in healthy 
individuals, although recent data suggest that therapeutic dose LMWH 
is safe.!°'-'" This, again, indicates that the balanced hemostatic system 
in patients with cirrhosis involves a narrow safety margin. Furthermore, 
the choice of anticoagulant may be difficult. LMWH or unfractionated 
heparin may be difficult to monitor as a result of low levels of antith- 
rombin. Anti-factor Xa measurement seems to be unreliable in patients 
with liver disease because of analytical problems.” Also monitoring 
of treatment with vitamin K antagonists is difficult and may not be reli- 
able based on the preexistent prolongation of the PT as a result of the 
underlying disease.’ Considering the lack of studies, it is advised how- 
ever to maintain the INR between 2.0 and 3.0.” 


Portal Vein Thrombosis 

Patients with advanced liver disease may develop thrombosis in the 
portal and mesenteric veins. These complications are not only related to 
decreased levels of the natural inhibitors of coagulation, antithrombin, 
protein C, and protein S, but occur also more often in individuals car- 
rying common inherited thrombophilia’s such as factor V Leiden muta- 
tion and prothrombin G20210A variant.” A decreased blood flow in 
the splanchnic venous circulation because of portal hypertension has 
also been indicated as a risk factor for portal vein thrombosis (PVT). 
The prevalence of PVT in patients with cirrhosis increases with the 
progression of the disease, being less than 1 percent in patients with 
compensated cirrhosis, and 8 to 25 percent in liver transplantation can- 
didates.*+!°* Prophylactic treatment of patients with cirrhosis with low- 
dose of LMWH reduced the risk of PVT and even increased survival. 
The optimal treatment of PVT in cirrhosis patients remains to be estab- 
lished. Although randomized trials are still lacking, treatment with 
anticoagulants, such as LMWH of vitamin K antagonists may prevent 
progression of thrombosis and may achieve recanalization in patients 
with PVT with or without cirrhosis.’ !!° However not all patients 
with cirrhosis and PVT will benefit and an individualized approach 
seems warranted.’ Recently the new direct oral anticoagulants have 
been approved for use in patients with venous thrombosis. Their use 
is not yet recommended in patients with liver disease, but recently 
some case reports have been published in patients with splanchnic vein 
thrombosis.'”” 


Thrombosis Following Liver Transplantation 

Following liver transplantation, both immediate and delayed throm- 
botic complications frequently occur." Hepatic artery thrombosis 
(HAT) occurs in 1.6 to 8.9 percent of patients and may lead to graft 
failure, requiring retransplantation.'*'!'> Thrombosis of the portal vein 
or inferior caval vein are much less common." Although HAT has been 
considered a surgical complication, recent evidence suggests that exces- 
sive coagulation activation or inherited thrombophilia also may con- 
tribute to HAT.” Postoperative use of anticoagulants has been limited 
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in liver transplant recipients as a result of the perceived bleeding risk. 
However, thrombotic complications do occur, and liver-related throm- 
bosis in particular, such as HAT and PVT, are of concern as they often 
lead to graft loss. A single, uncontrolled retrospective study showed 
aspirin to substantially reduce the risk of posttransplantation HAT, 
without increase of bleeding." Pulmonary emboli and intracardiac 
thrombosis may occur during liver transplantation, indicating that the 
hemostatic system may also tip toward thrombus formation during this 
procedure. Whether or not other anticoagulants will prevent postop- 
erative thrombosis remains to be established. 


Role of Coagulation in Fibrosis of the Liver 

Thrombin, the key mediator of coagulation, also has several cellular 
effects mediated by protease-activated receptors (PARs). These PARs are 
expressed on hepatic stellate cells (HSCs), which are mediators of liver 
fibrosis. Thrombin generation leads to activation of HSCs and fibrogen- 
esis.” Indeed, patients with prothrombotic phenotypes, such as carriers 
of the factor V Leiden mutation of antithrombin-deficient individuals 
were shown to have enhanced progression of liver fibrosis in viral hep- 
atitis.?™? In line with these observations, fibrogenesis may be reduced 
by using anticoagulant treatment, however this has to be established in 
clinical studies.“ 
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CHAPTER 129 
DISSEMINATED 
INTRAVASCULAR 
COAGULATION 


Marcel Levi and Uri Seligsohn 


When procoagulants are produced or introduced into the blood and overcome 
the anticoagulant mechanisms of coagulation, intravascular thrombin is gen- 
erated systemically, which can lead to disseminated intravascular coagulation 
(DIC). The clinical manifestations of intravascular coagulation include (1) mul- 
tiorgan dysfunction caused by microthrombi; (2) bleeding caused by consump- 
tion of platelets, fibrinogen, and other coagulation factors; and (3) secondary 
fibrinolysis. Exposure of blood to tissue factor is the most common trigger. This 
event can occur when mononuclear cells and endothelial cells are induced to 
generate and express tissue factor during the systemic inflammatory response 
syndrome (e.g., Gram-negative and Gram-positive infections, fungemia, burns, 
severe trauma), or when contact is established between blood and tissue factor 
constitutively present on membranes of cells foreign to blood (e.g., malignant, 
placental, brain, adventitial cells, or traumatized tissues). Laboratory features 
include thrombocytopenia, reduced levels of fibrinogen and other coagula- 
tion factors (leading to prolonged partial thromboplastin, prothrombin, and 
thrombin times), and elevated levels of D-dimer and fibrin(ogen) degradation 
products. Several underlying disorders affect these hemostatic parameters and 
can lead to a false-positive diagnosis of DIC (e.g., liver disease-related coag- 
ulation abnormalities and thrombocytopenia) or to a false-negative diagnosis 
(e.g., pregnancy-related high fibrinogen levels). Reexamining these variables 
every 6 to 8 hours may permit a specific diagnosis. Early detection, vigorous 
treatment of the underlying disorder, and support of vital functions are essen- 
tial for survival of affected patients. Blood component therapy is effective in 
patients who bleed excessively, whereas heparin administration is indicated in a 
limited number of circumstances. Intravascular coagulation and the underlying 
disorders causing it contribute to a high rate of mortality. The severity of the 
organ dysfunction and extent of hemostatic failure, as well as increasing patient 
age, have been associated with a grave prognosis. 


Acronyms and Abbreviations: APACHE, acute physiology and chronic health 
evaluation; APC, activated protein C; APL, acute promyelocytic leukemia; aPTT, 
activated partial thromboplastin time; ARDS, adult respiratory distress syndrome; 
AT, antithrombin; DIC, disseminated intravascular coagulation; EPCR, endothelial 
protein C receptor; FDP fibrinogen degradation product; HELLP, hemolysis, elevated 
liver enzymes, low platelet count; IL, interleukin; LCAD, long-chain acyl-coenzyme A 
dehydrogenase; LPS, lipopolysaccharide; PAI, plasminogen-activator inhibitor; PAR, 
protease-activated receptor; TAFI, thrombin-activatable fibrinolysis inhibitor; TAT, 
thrombin—antithrombin; TF, tissue factor; TFPI, tissue factor pathway inhibitor; TNF, 
tumor necrosis factor; t-PA, tissue-type plasminogen activator. 


@ DEFINITION AND HISTORY 


Disseminated intravascular coagulation (DIC) is a clinicopathologic 
syndrome in which widespread intravascular coagulation occurs as a 
result of exposure or production of procoagulants insufficiently bal- 
anced by natural anticoagulant mechanisms and endogenous fibrinoly- 
sis. Perturbation of the endothelium in the microcirculation along with 
stimulated inflammatory cells and release of inflammatory mediators 
play a key role in this mechanism. DIC may cause tissue ischemia from 
occlusive microthrombi, and bleeding from the consumption of plate- 
lets and coagulation factors and, in some cases, an excessive fibrinolytic 
response. DIC complicates a variety of disorders, and the complexity of 
its pathophysiology has made it the subject of a voluminous literature.” 

In 1834, Dupuy reported that injection of brain material into 
animals caused widespread clots in blood vessels, thus providing the 
first description of DIC.’ In 1865, Trousseau described the tendency 
to thrombosis, sometimes disseminated, in cachectic patients with 
malignancies.’ In 1873, Naunyn showed that disseminated thrombo- 
sis could be evoked by intravenous injection of dissolved red cells, and 
Wooldridge demonstrated that the procoagulant involved was a sub- 
stance contained in the stroma of the red cells. =? 

In 1955, Ratnoff and associates described the hemostatic abnor- 
malities, which we would currently classify as DIC, that occur in women 
with fetal death or amniotic fluid embolism.” The mechanism by which 
DIC can lead to bleeding was clarified only in 1961, when Lasch and 
coworkers introduced the concept of consumption coagulopathy, and 
McKay established that DIC is a pathogenetic feature of a variety of dis- 
eases.!!* Sizable series of cases were first described in the late 1960s, 
following the introduction of defined laboratory criteria for DIC." Yet 
despite the vast experience that has been accumulated, DIC still consti- 
tutes a major clinicopathologic and therapeutic challenge. 


@ PATHOLOGY 


Diffuse multiorgan bleeding, hemorrhagic necrosis, microthrombi in 
small blood vessels, and thrombi in medium and large blood vessels 
are common findings at autopsy, although patients who had unequiv- 
ocal clinical and laboratory signs of DIC may not have had confirming 
postmortem findings.'*!” Conversely, some patients in whom clinical 
and laboratory signs were not consistent with DIC had typical autopsy 
findings.’*!? This occasional lack of correlation among clinical, labora- 
tory, and pathologic findings is partly a result of extensive postmortem 
changes in the blood, for example, excessive fibrinolysis, but remains 
unexplained in most instances.” Organs most frequently involved by 
diffuse microthrombi are the lungs and kidneys, followed by the brain, 
heart, liver, spleen, adrenal glands, pancreas, and gut. Specific immu- 
nohistologic techniques and ultrastructural analysis have revealed that 
most thrombi consist of fibrin monomers or polymers in combination 
with platelets. In addition, involvement of activated mononuclear cells 
and other signs of inflammatory activation are frequently present.” In 
cases of long-lasting DIC, organization and endothelialization of the 
microthrombi are often observed. Acute tubular necrosis is more fre- 
quent than renal cortical necrosis.'® 

A significant proportion of patients with chronic DIC have non- 
bacterial thrombotic endocarditis involving mainly the mitral and 
aortic valves.” Moreover, in a retrospective pathologic study, approxi- 
mately 50 percent of patients with nonbacterial thrombotic endocarditis 
had DIC.'* These heart lesions can be a source of arterial embolization, 
leading to infarction of the brain, kidneys, and myocardium. 
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@ PATHOGENESIS 


INFLAMMATION AND ENDOTHELIUM IN 
DISSEMINATED INTRAVASCULAR 
COAGULATION 


Various triggers cause an hemostatic imbalance that gives rise to a pro- 
coagulant state (Fig. 129-1). The most important mediators responsi- 
ble for this imbalance are cytokines.” There is an extensive crosstalk 
between coagulation and inflammatory systems, whereby inflammation 
leads to activation of coagulation, and coagulation stimulates inflam- 
matory activity.” These interactions are highlighted in sepsis-induced 
systemic activation of coagulation and inflammation that lead to spe- 
cific organ dysfunctions.” The endothelium of the capillary bed is the 
most important interface in which the interaction between inflamma- 
tion and coagulation takes place. Endothelial cells may be a source of 
tissue factor and can thereby be involved in the initiation of coagulation 
activation. All physiologic anticoagulant systems and various adhesion 
molecules that may modulate both inflammation and coagulation are 
connected to the endothelium. In sepsis, endothelial glycosaminogly- 
cans present in the glycocalyx are downregulated by proinflammatory 
cytokines, thereby impairing the functions of antithrombin (AT), tis- 
sue factor pathway inhibitor (TFPI), leukocyte adhesion, and leukocyte 
transmigration. Because the glycocalyx also plays a role in other endo- 
thelial functions, including maintenance of the vascular barrier func- 
tion, nitric oxide-mediated vasodilation, and antioxidant activity, all 
these processes can be impaired in DIC (see “Role of Oxidative Stress 
and Vasoactive Molecules” below). Moreover, specific disruption 
of the glycocalyx results in thrombin generation and platelet adhesion 
within a few minutes.” 


Endothelial 
\ cells 


ao 


E&E > _ Inflammatory cells 


>=> Cytokines 


‘ Tissue factor : 
' expression ! 


Impairment of ! 
physiologic : 
anticoagulant : 
mechanisms ; 


! Inhibition of ' 
ı fibrinolysis | 
‘because of | 
i high 
i levels of PAI-1 | 


Figure 129-1. Schematic presentation of pathogenetic pathways 
involved in the activation of coagulation in disseminated intravascular 
coagulation (DIC). In DIC, both perturbed endothelial cells and activated 
mononuclear cells may produce proinflammatory cytokines that medi- 
ate coagulation activation. Activation of coagulation is initiated by tissue 
factor expression on activated mononuclear cells and endothelial cells. 
In addition, downregulation of physiologic anticoagulant mechanisms 
and inhibition of fibrinolysis by endothelial cells further promote intra- 
vascular fibrin deposition. PAI-1, plasminogen-activator inhibitor type 1. 


Endothelial perturbation constitutes a sine qua non for most 
patients with DIC. Following injury or infection, the integrity of the 
endothelium is compromised, mononuclear cells are activated by cytok- 
ine and hormonal signals, additional cytokines and surface receptors 
are upregulated, procoagulant proteins and platelets are activated, the 
endothelium changes from an anticoagulant to procoagulant surface, 
and fibrinolysis is impeded. This sequence of events is typical for the 
systemic inflammatory response syndrome and can lead to microvascu- 
lar thrombosis with ensuing multiorgan dysfunction and eventually to 
multiorgan failure. 


ROLE OF CYTOKINES AND TISSUE FACTOR 


Tissue factor (TF) plays a central role in the initiation of inflammation- 
induced coagulation in DIC.” Blocking TF activity completely inhibits 
inflammation-induced thrombin generation in experimental models of 
endotoxemia or bacteremia.” Most cells constitutively expressing TF 
are found in tissues not in direct contact with blood, such as the adven- 
titial layer of larger blood vessels. TF becomes exposed to blood upon 
disruption of the vascular integrity, or when cells present in the circula- 
tion, such as monocytes, are triggered to express TF. The in vivo expres- 
sion of TF is dependent on interleukin (IL)-6 generation; inhibition of 
IL-6, unlike inhibition of other proinflammatory cytokines, completely 
abrogates TF-dependent thrombin generation in experimental endotox- 
emia.”'*' In severe sepsis, monocytes, stimulated by proinflammatory 
cytokines, express TF, which leads to systemic activation of coagula- 
tion.” Even in experimental low-dose endotoxemia in healthy subjects, 
a 125-fold increase in TF mRNA levels in blood monocytes can be 
detected.** A potential alternative source of TF may be endothelial cells, 
polymorphonuclear cells, and other cell types. It is hypothesized that 
TF from these sources is shuttled between cells through microparticles 
derived from activated mononuclear cells.** However, it is unlikely that 
cells other than monocytes synthesize TF in substantial quantities. 
Tumor necrosis factor (TNF)-« and IL-1, also generated during inflam- 
mation, impair the physiologic anticoagulant pathways.*17°°” 


AMPLIFYING ROLE OF THROMBIN 
AND PLATELETS 


The TF-factor VIIa complex catalyzes the conversion of factor X to Xa, 
and factor Xa, in turn, forms the prothrombinase complex with fac- 
tor Va, prothrombin (factor II), and calcium ions, thereby generating 
thrombin, and converting fibrinogen into fibrin. The TF-factor VIIa 
complex can also activate factor IX, and factor IXa forms the tenase 
complex with activated factor VIII and calcium ions, generating addi- 
tional factor Xa, thereby forming an essential amplification loop of 
thrombin generation. The assembly of the prothrombinase and tenase 
complexes are markedly facilitated if a suitable phospholipid surface is 
available, such as the membrane of activated platelets. In the setting of 
inflammation-induced activation of coagulation, platelets can be acti- 
vated directly by endotoxin or by proinflammatory mediators, such as 
the membrane of platelet-activating factor. Thrombin itself is one of the 
strongest platelet activators (Chap. 115). 

Activation of platelets may also accelerate fibrin formation by 
another mechanism. The expression of TF on monocytes is markedly 
stimulated by the presence of platelets and granulocytes in a P-selectin- 
dependent reaction.” This effect may be the result of nuclear factor 
kappa B (NF-«B) activation induced by binding of activated platelets 
to neutrophils and mononuclear cells.” This cellular interaction also 
markedly enhances the production of IL-1f, IL-8, monocyte chemotac- 
tic protein (MCP)-1, and TNF-a.” 

Thrombin generated by the TF pathway amplifies both clotting and 
inflammation through the following activities: (1) it activates platelets, 


giving rise to platelet aggregation and augmenting platelet functions 
in coagulation; (2) it activates factors VIII, V, and XI, yielding fur- 
ther thrombin generation; (3) it activates proinflammatory factors via 
protease-activated receptors (PARs); (4) it activates factor XIII to factor 
XIIa, which crosslinks fibrin clots; (5) it activates thrombin-activatable 
fibrinolysis inhibitor (TAFI), making clots resistant to fibrinolysis; and 
(6) it increases expression of adhesion molecules, such as L-selectin, 
thereby promoting the inflammatory effects of leukocytes.” 

Paradoxically, at low concentrations, thrombin exhibits both anti- 
inflammatory and anticoagulant effects because it binds to thrombo- 
modulin and activates protein C to the activated form, which, in turn, 
downregulates inflammation and serves as an “off switch” for further 
thrombin generation (Chap. 116). 


ROLE OF COAGULATION PROTEASES IN 
UPREGULATING INFLAMMATION 


Coagulation proteases and protease inhibitors not only interact with 
coagulation proteins, but also with specific cell receptors to induce sig- 
naling pathways. In particular, protease interactions that affect inflam- 
matory processes may be important in critically ill patients. Coagulation 
of whole blood in vitro results in a detectable expression of IL-1 mRNA 
in blood cells,” and thrombin markedly enhances endotoxin-induced 
IL-1 activity in culture supernatants of guinea pig macrophages. Simi- 
larly, clotted blood produces IL-8 in vitro.“ 

Factor Xa, thrombin, and fibrin can also activate endothelial cells, 
eliciting the synthesis of IL-6 and IL-8.**° Coagulation proteases such 
as thrombin, factor Xa, and factor VIla-TF complex induce inflamma- 
tory upregulation via leukocyte, endothelial cell, and platelet PAR-1, 
PAR-2, PAR-3, and PAR-4, which are located on leukocytes, endothelial 
cells, and platelets.” PARs have an extracellular domain, seven trans- 
membrane domains, and an intracellular domain that is coupled to spe- 
cific G-proteins that transmit signaling. PAR-1, PAR-3, and PAR-4 are 


rvomberodutY 4 


Protein C 


Endothelial 
protein C receptor 


Tissue factor 
pathway inhibitor 


Chapter 129: Disseminated Intravascular Coagulation 


, (Fasiorvaa 


activated by thrombin through cleavage of a specific aminoterminus bond 
creating a tethered ligand that activates the receptor. PAR-2 can be cleaved 
by factor Xa-TF-factor VIIa complex and by other proteases.“ Activated 
PARs then lead through mitogen-activated protein kinase and NF-«B 
signaling pathways to cell motility, shape change, proliferation, endoge- 
nous secretagogue release, and apoptosis. The activated protein C (APC)- 
endothelial protein C receptor complex (see “Role of Natural Antico- 
agulant Pathways” below) appears to be the “off switch” for PAR activa- 
tion by the proteases. These counterbalances determine the magnitude 
of coagulation and inflammatory upregulation by PARs. For exam- 
ple, factor VIla-TF binding to PAR-2 in the lungs is proinflamma- 
tory and appears to play a role in acute respiratory distress syndrome 
(ARDS), raising the possibility that TFPI might be therapeutic in this 
circumstance.” This finding is consistent with data from animal stud- 
ies demonstrating that TFPI can protect baboons from a LD100 of 
Escherichia coli, likely by impeding factor VIla-TF activation of PAR-2 
and thereby attenuating release of IL-6 and other proinflammatory agents. 


ROLE OF FIBRINOGEN AND FIBRIN 


Fibrinogen and fibrin directly influence the production of proinflamma- 
tory cytokines and chemokines (including TNF-a, IL-16, and MCP-1) 
by mononuclear cells and endothelial cells. Fibrinogen-deficient mice 
display inhibition of macrophage adhesion and less thrombin-mediated 
cytokine production in vivo. The effects of fibrinogen on mononuclear 
cells seem to be mediated by toll-like receptor-4, which is also the recep- 
tor of endotoxin. 


ROLE OF NATURAL ANTICOAGULANT 
PATHWAYS 


Procoagulant activity is regulated by three important anticoagulant 
pathways: AT, the protein C system, and TFPI. In DIC, the function of 
all three pathways can be impaired (Fig. 129-2).” 


Figure 129-2. Schematic of the three important physiologic 
anticoagulant mechanisms and their point of impact in the coagu- 
ation system. In sepsis, these mechanisms are impaired by various 
mechanisms (green arrows). The protein C system is dysfunctional 
as a result of low levels of zymogen protein C, downregulation of 
hrombomodulin and the endothelial protein C receptor, and low 
evels of free protein S because of acute phase-induced high levels 
of its binding protein (i.e, C4b-binding protein). There is a relative 
insufficiency of the endothelial cell-associated tissue factor pathway 
inhibitor. The antithrombin system is defective because of low lev- 
els of antithrombin and impaired glycosaminoglycan expression on 
perturbed endothelial cells. 
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The serine protease inhibitor AT is the main inhibitor of thrombin 
and factor Xa. Without heparin, AT neutralizes coagulation enzymes in 
a slow, progressive manner.” Heparin induces conformational changes 
in AT that result in at least a 1000-fold enhancement of AT activity. 
‘Thus, the clinical efficacy of heparin is attributed to its interaction with 
AT. Endogenous glycosaminoglycans, such as heparan sulfate, also pro- 
mote on the vessel wall AT-mediated inhibition of thrombin and other 
coagulation enzymes. During severe inflammatory responses, AT levels 
are markedly decreased because of impaired synthesis, degradation by 
elastase from activated neutrophils, and consumption as a consequence 
of ongoing thrombin generation.” Proinflammatory cytokines also 
cause reduced synthesis of glycosaminoglycans on the endothelial sur- 
face, thereby reducing AT function.” 

APC appears to play a central role in the pathogenesis of sepsis and 
associated organ dysfunction.” There is ample evidence that decreased 
function of the protein C pathway contributes to the derangement of 
coagulation in sepsis.“ The circulating zymogen protein C is activated 
by thrombin when it is bound to thrombomodulin at the endothelial cell 
surface.” APC acts with its cofactor protein S and degrades the essen- 
tial cofactors Va and VIIIa, and hence, is an effective anticoagulant. The 
endothelial protein C receptor (EPCR) accelerates the activation of pro- 
tein C several-fold, and also serves as a receptor for APC, thereby aug- 
menting APC’s anticoagulant and antiinflammatory activities." 

In patients with severe inflammation, the protein C pathway mal- 
functions at virtually all levels. Plasma levels of the zymogen protein C 
are decreased because of impaired synthesis, consumption, and deg- 
radation by proteolytic enzymes, such as neutrophil elastase.“ Fur- 
thermore, a significant downregulation of thrombomodulin, caused 
by proinflammatory cytokines such as TNF-a and IL-1, results in 
diminished protein C activation.® Low levels of free protein S may 
further compromise the function of the protein C system. In plasma, 
60 percent of protein S is complexed with a complement regulatory 
protein, C4b-binding protein (C4bBP), and exhibits no activity. The 
remaining protein S in plasma is free and functional. It was suggested 
that increased plasma levels of C4bBP caused by the acute phase reac- 
tion in inflammatory diseases results in a relative protein S deficiency, 
which further contributes to a procoagulant state during sepsis. Indeed, 
infusion of C4bBP in combination with a sublethal dose of E. coli into 
baboons resulted in a lethal response with severe organ damage because 
of DIC. 

In sepsis, the EPCR is downregulated, which further impairs the 
function of the protein C pathway.® Sepsis can also cause resistance 
toward APC because of a substantial increase in factor VIII levels. 

A third inhibitory mechanism of thrombin generation involves 
TFPI, the main inhibitor of the TF-factor VIIa complex and factor Xa. 
The role of TFPI in the regulation of inflammation-induced coagulation 
activation is not completely clear. Administration of recombinant TFPI 
blocks inflammation-induced thrombin generation in humans, and 
pharmacologic doses of TFPI prevent mortality during systemic infec- 
tion and inflammation in experimental animals suggesting that TFPI 
can modulate TF-mediated coagulation.*"* 


NATURAL ANTICOAGULANTS 
AND INFLAMMATION 


AT possesses antiinflammatory properties, many of which are mediated 
by its actions in the coagulation cascade.” By inhibiting thrombin, AT 
blunts activation of many inflammatory mediators released by plate- 
lets and endothelial cells that recruit and activate leukocytes.” At high 
concentrations, AT also possesses potent antiinflammatory properties 
that are independent of its anticoagulant activity.” Another effect of 
AT is the induction of prostacyclin release from endothelial cells.7~” 


Prostacyclin inhibits platelet activation and aggregation, blocks neu- 
trophil tethering to blood vessels, and decreases endothelial cell pro- 
duction of various cytokines and chemokines.” 

AT also interacts directly with leukocytes and lymphocytes. It 
binds to receptors, such as syndecan-4, on the cell surfaces of neu- 
trophils, monocytes, and lymphocytes, thereby blocking the adhesion 
of these cells to endothelial cells, their activation and migration. This 
effect, in turn, ameliorates the severity of capillary leakage and subse- 
quent organ damage. 

The protein C system also has an important function in modulat- 
ing inflammation.” Blocking the protein C pathway in septic baboons 
exacerbates the inflammatory response, and in contrast, administration 
of APC ameliorates the inflammatory activation upon the intravenous 
infusion of E. coli.” Support for the notion that APC has antiinflam- 
matory properties comes from in vitro observations, demonstrating an 
APC binding site on monocytes, that may mediate downstream inflam- 
matory processes,”*” and from experiments showing that APC can 
block NF-«B nuclear translocation, which is a prerequisite for increased 
proinflammatory cytokine levels and adhesion molecules. These 
in vitro findings are supported by in vivo studies in mice with targeted 
disruption of the protein C gene. In these mice with genetic deficiencies 
of protein C, endotoxemia was associated with a more marked increase 
in proinflammatory cytokines and other inflammatory responses as 
compared with wild-type mice." 

It is likely that the antiinflammatory effects of APC are mediated 
by the EPCR.” Binding of APC to EPCR influences gene expression 
profiles of cells by inhibiting NF-«B nuclear translocation.” The 
EPCR-APC complex itself can translocate from the plasma membrane 
into the cell nucleus, which may be another mechanism of modulat- 
ing gene expression, although the relative contribution of this nuclear 
translocation and cell surface signaling is uncertain. Like APC, EPCR 
itself may have antiinflammatory properties. Blocking the EPCR with a 
specific monoclonal antibody aggravates both the coagulation and the 
inflammatory response to E. coli infusion.® 

Apart from the effect on cytokine levels, APC causes diminished 
leucocyte chemotaxis and adhesion to the activated endothelium.** 
A localized antiinflammatory effect of APC has been demonstrated 
in the lung.** One mechanism for this effect may be inhibition of the 
expression of platelet-derived growth factor in the lung.” Also, APC 
protects against the disruption of endothelial cell barrier in sepsis.**-”° 
APC also inhibits endothelial cell apoptosis by a mechanism that seems 
to be mediated by binding of APC to EPCR and requires PAR-1.”'” Sig- 
naling through this pathway can affect Bcl-2 homologue protein, which 
can inhibit apoptosis, and further suppresses p53, that is a proapoptotic 
transcription factor.” 


DYSREGULATION OF FIBRINOLYSIS 


In experimental models of DIC, fibrinolysis is initially activated but 
subsequently inhibited, because of an increased release of plasmino- 
gen activator inhibitor-I (PAI-1) by endothelial cells.” These effects are 
mediated by TNF-a and IL-1.°°”” In a study of 69 DIC patients (31 with 
multiorgan failure), higher levels of tissue-type plasminogen activator 
(t-PA) antigen and PAI-1 with depressed levels of a,-antiplasmin were 
observed in patients with DIC and multiorgan failure compared to DIC 
patients without multiorgan failure.” This finding supports the conclu- 
sion that fibrinolysis is an important mechanism in preventing multi- 
organ failure. 

Experiments in mice with targeted disruptions of genes encod- 
ing components of the plasminogen-plasmin system confirm that 
fibrinolysis plays a major role in inflammation. Mice with a deficiency 
of plasminogen activators have more extensive fibrin deposition in 


organs when challenged with endotoxin, whereas PAI-1 knockout mice, 
in contrast to wild-type controls, have no microvascular thrombosis 
upon endotoxin administration.” 

TAFI, like PAI-1, may play a role in impeding fibrinolysis and 
in augmenting formation of microvascular thrombi. Studies in a DIC 
cohort demonstrated very low levels of TAFI proportionate to thrombin 
generation in such patients, particularly in those with infection- 
associated DIC.’ Hence, TAFI may contribute (along with PAI-1) to 
microvascular thrombosis-induced ischemia in organs resulting in 
multiorgan dysfunction. 


ROLE OF OXIDATIVE STRESS AND VASOACTIVE 
MOLECULES 


Superoxides and hydroxyl radicals are generated during sepsis and 
other organ injury states that predispose to DIC. Each is a proinflam- 
matory agent that may lead to recruitment of neutrophils, formation 
of chemotactic factors, lipid peroxidation, and stimulation of NF-«B, 
which induces cytokine upregulation.” In addition, formation of per- 
oxynitrite by these radicals exacerbates inflammation by (1) deacti- 
vating superoxide dismutase, which ordinarily would eliminate these 
superoxides and other radicals, and (2) exerting damaging effects on 
deoxyribonucleic acid, nicotinamide adenine dinucleotide, and ATP. 
For example, evidence indicates that the poor response to pressors in 
shock-like states associated with DIC may be directly related to their 
deactivation by superoxides. 

Adding further insult, high levels of superoxide impair vascular 
response to nitrous oxide, thereby creating an imbalance in the signal- 
ing to vascular cells. Because of the strategic importance of an intact 
endothelium for attenuating any microangiopathic process, the most 
devastating effect of excessive generation of superoxides and associated 
free radicals may be their role in inducing endothelial apoptosis, which 
exacerbates capillary leak.” 

Vasoactive substances play a critical role in the evolution of DIC. 
The vasodilatory agent nitric oxide (NO) and the vasoconstrictor endo- 
thelin have been measured in experimental rat models of DIC induced 
by both TF infusion and lipopolysaccharide (LPS) infusion." LPS 
infusion increased both NO and endothelin remarkably, whereas TF 
infusion increased NO more than did LPS but did not stimulate endo- 
thelin significantly. The differential stimuli-response mechanisms may 
explain why LPS-induced DIC so prominently displays tissue infarction 
leading to multiorgan dysfunction (e.g., sepsis) compared to DIC that is 
predominately induced by TF exposure (e.g., head trauma). 


METABOLIC MODULATION OF COAGULATION 
IN DISSEMINATED INTRAVASCULAR 
COAGULATION 


Because there is a tight relationship between plasma lipoproteins and 
coagulation, it has been suggested that lipoprotein metabolism mod- 
ulates coagulation in DIC.!® In vitro experiments showed that plasma 
large very-low-density lipoprotein, small very-low-density lipoprotein, 
intermediate-density lipoprotein, and low-density lipoprotein stimulate 
activation of coagulation by supporting factor VII activation or by stim- 
ulating monocytes to express TF. Lipid infusion potentiates in animals 
endotoxin-induced coagulation activation, as indicated by increased 
plasma levels of prothrombin fragments 1 and 2, thrombin-AT III 
complex, and PAI-1.'° High-density lipoprotein (HDL) exerts opposite 
effects. Administration of recombinant HDL (rHDL) ameliorates the 
inflammatory response, inhibits coagulation, and augments fibrinoly- 
sis,” as reflected by reduced thrombin generation and increased levels 
of t-PA antigen following administration of endotoxin. 
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Endogenous lipid levels may have similar effects. Human subjects 
with low endogenous HDL-cholesterol plasma levels injected with small 
doses of endotoxin had a more pronounced increase in markers of coag- 
ulation activation in comparison with subjects with high endogenous 
HDL levels.'” Also, patients heterozygous for familial hypercholester- 
olemia whose low-density lipoproteins level is increased were more 
prone to activation of coagulation upon an inflammatory stimulus.’ 

Hyperglycemia and hyperinsulinemia, as seen in type 2 diabetes 
mellitus and the associated metabolic syndrome, affect hemostasis.'°-"! 
In these circumstances, there is a marked decrease of endogenous 
fibrinolysis because of increased upregulation of plasma levels of PAI-1. 
Also, a modulatory effect of glucose/insulin on coagulation in an 
inflammatory setting has been described. Inflammation-induced TF 
gene expression was elevated in the brain, lung, kidney, heart, liver, and 
adipose tissues of diabetic mice compared with controls. Administra- 
tion of insulin to lean mice induced enhanced inflammation-driven TF 
mRNA in the kidney, brain, lung, and adipose tissue.'” In a hyperglyce- 
mic normoinsulinemic study in healthy subjects, there was an increased 
sensitivity toward endotoxin exhibited by upregulation of TF expres- 
sion.’ Strict glucose regulation in critically ill patients improves sur- 
vival and reduces morbidity that is probably related to a better control 
of the derangement of coagulation and a faster resolution of coagulation 
abnormalities. 


CONSUMPTION OF HEMOSTATIC FACTORS 


The widespread generation of thrombin in DIC induces deposition of 
fibrin, which leads to the consumption of substantial amounts of plate- 
lets, fibrinogen, factors V and VIII, protein C, AT, and components of 
the fibrinolytic system. This situation results in massive depletion of 
these components that is further aggravated because of their decreased 
synthesis by the liver, which frequently is affected in DIC. Depend- 
ing on the magnitude and nature of component depletion, bleeding, 
enhanced thrombosis, or both can result. Bleeding can be promoted 
by fibrinolysis-derived fibrin degradation products (FDPs) that exhibit 
anticoagulant and antiplatelet aggregation effects (see Fig. 129-1). 
Microangiopathic hemolytic anemia also occurs as a result of blood 
cells passing through vessels that are partially occluded by thrombi. 


@ CLINICAL FEATURES 


Numerous disorders can provoke DIC, but only a few constitute 
major causes, as can be inferred from retrospective clinical studies 
(Table 129-1).' Infectious diseases and malignant disorders together 
account for approximately two-thirds of DIC cases in the major series 
(Table 129-2). Trauma was a major cause of DIC in some series, probably 
reflecting the specialized nature of the clinical practice in those centers. "5 

Clinical manifestations are attributable to DIC, the underlying dis- 
ease, or both (‘Table 129-3). Bleeding manifestations were common in 
all series of DIC cases, but considerable variation existed in the relative 
frequency of shock and of dysfunction of the liver, kidney, lungs, and 
central nervous system. These variations probably reflect the different 
nature of the underlying disorders in the respective series. 


BLEEDING 


Acute DIC frequently is heralded by hemorrhage into the skin at mul- 
tiple sites." Petechiae, ecchymoses, and oozing from venipunctures, 
arterial lines, catheters, and injured tissues are common. Bleeding also 
may occur on mucosal surfaces. Hemorrhage may be life-threatening, 
with massive bleeding into the gastrointestinal tract, lungs, central ner- 
vous system, or orbit. Patients with chronic DIC usually exhibit only 
minor skin and mucosal bleeding. 
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TABLE 129-1. Clinical Conditions That May Be 


Complicated By Disseminated Intravascular Coagulation 


Infectious diseases 
Purpura fulminans 
Malignancy 
Solid tumors 
Leukemias 
Trauma 
Brain injury 
Burns 
Liver diseases 
Heat stroke 
Severe allergic/toxic reactions 
Snake bites 
Vascular abnormalities/Hemangiomas 
Kasabach-Merritt syndrome 
Other vascular malformations 
Aortic aneurysms 
Severe immunologic reactions (e.g., transfusion reaction) 
Obstetrical conditions 
Abruptio placentae 
Amniotic fluid embolism 
Preeclampsia/eclampsia 


HELLP (hemolysis, elevated liver enzymes, and low platelet 
count) syndrome 


Sepsis during pregnancy 
Acute fatty liver 


THROMBOSIS AND THROMBOEMBOLISM 


Extensive organ dysfunction can result from microvascular thrombi 
or from venous and/or arterial thromboembolism (Table 129-4). For 
example, involvement of the skin can cause hemorrhagic bullae, acral 
necrosis, and gangrene. Thrombosis of major veins and arteries and pul- 
monary embolism occur but are rare. Cerebral embolism can compli- 
cate nonbacterial thrombotic endocarditis in patients with chronic DIC. 


SHOCK 


Both the diseases underlying DIC and the DIC itself can cause shock. 
For example, septicemia and excessive blood loss because of trauma 
or obstetric complications by themselves can cause shock. Whatever 
the cause of shock, its advent in cases with DIC is a serious adverse 
event. 


RENAL DYSFUNCTION 


Renal cortical ischemia induced by microthrombosis of afferent glomer- 
ular arterioles and acute tubular necrosis related to hypotension are the 
major causes of renal dysfunction in DIC. Oliguria, anuria, azotemia, 
and hematuria were observed in 25 to 67 percent of cases in all series 
(see Table 129-3). 


LIVER DYSFUNCTION 


Hepatocellular dysfunction sufficient to cause jaundice has been 
reported in 20 to 50 percent of patients with DIC.*"" Infectious diseases 
and prolonged hypotension contribute to hepatic dysfunction. 


CENTRAL NERVOUS SYSTEM DYSFUNCTION 


Microthrombi, macrothrombi, emboli, and hemorrhage in the cerebral 
vasculature all have been held responsible for the nonspecific neurologic 
symptoms and signs displayed by patients with DIC." These manifes- 
tations include coma, delirium, transient focal neurologic symptoms, 
and signs of meningeal irritation. Careful exclusion of causes other than 
DIC is essential. 


PULMONARY DYSFUNCTION 


Symptoms and signs of respiratory dysfunction in DIC range from tran- 
sient hypoxemia in mild cases to pulmonary hemorrhage and ARDS in 
severe cases." Pulmonary hemorrhage is heralded by hemoptysis, 
dyspnea, and chest pain. Physical examination reveals rales, wheezing, 
and occasionally a pleural friction rub. Chest imaging shows diffuse 
infiltration resulting from excessive intraalveolar hemorrhage. ARDS 
is characterized by tachypnea, auscultatory silence, hypoxemia, low 
lung compliance, normal wedge pressure, and “white lungs” on chest 
images.’” It stems from severe damage to the pulmonary vascular endo- 
thelium, which permits egress of blood components into the pulmonary 
interstitium and alveoli. This situation leads to intraalveolar hyaline 
membrane formation and severe respiratory insufficiency. ARDS can 
be caused by septic shock, severe trauma, fat embolism, amniotic fluid 


TABLE 129-2. Relative Frequency (%) of Major Underlying Diseases in Case Series of Patients with Disseminated 


Intravascular Coagulation 


Number of Infectious Trauma and Malignant Obstetric Miscellaneous 
Study Patients Disease Major Surgery Disease Liver Disease Complications Diseases 
Minna etal 60 41 30 2 5 2 20 
Siegal et al." 118 40 24 7 4 4 21 
Spero et al.'22 346 26 19 24 8 0 23 
Matsuda 503 15 2 61 6 4 12 
et all> 
Kobayash et 345 16 — 55 4 5 20 
al.13? 
Larcan et al 361 15 14 6 3 38 24 
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TABLE 129-3. Frequency (%) and Type of Organ Dysfunction or Other Clinical Manifestations in Case Series of Patients with 


Disseminated Intravascular Coagulation 


Number of Thrombo- Renal Liver Respiratory CNS Acral 

Study Patients Bleeding embolism Failure Failure Failure Manifestation Shock Cyanosis“ 
Minna et al. 60 87 22 67 NR 78 65 NR 14 
Al-Mondhiry 89 76 23 39 NR NR 11 NR 0 
et al.1"° 
Siegal etal." 118 64 8 25 22 16 2 14 0 
Matsuda et 47 87 47 40 NR 38 NR NR NR 
al348 
Spero etal.’ 346 77 NR NR NR NR NR NR NR 
Larcan et al. 361 73 11 61 57 37 ils 55 18 

NR, not reported. 

*Including necrotizing purpura and acral gangrene. 

embolism, and heat stroke, all of which can also incite DIC. Yet only a e 

fraction of patients with ARDS exhibit signs of DIC. When DIC and LABORATORY FEATURES 

ARDS are simultaneously triggered, each aggravates the other. Regard- AND DIAGNOSIS 


less of the mechanism, ARDS is a serious complication in patients with 
DIC. 


MORTALITY 


Both DIC and its underlying disorders contribute to the high mortality 
rate. Mortality correlates independently with the extent of organ dys- 
function," the degree of hemostatic failure, and increasing age.'” 
Mortality rates in major series of patients with DIC ranged from 31 to 
86 percent,’ whether or not heparin was administrated. Of note, 
there is a clear correlation between the severity of DIC and the mortality 
rate,!?1123124 In patients with sepsis, the presence of DIC is one of the 
strongest predictors of 28-day mortality.’ 


TABLE 129-4. Organ Dysfunction Associated with Severe 
Disseminated Intravascular Coagulation 


Organ Manifestation 


Skin 


Purpura, bleeding from injury sites, 
hemorrhagic bullae, focal necrosis, acral 
gangrene 


Cardiovascular Shock, acidosis, myocardial infarction, cer- 
ebrovascular events, thromboembolism in 


all types and caliber blood vessels 


Renal Acute renal insufficiency (acute tubular 
necrosis), oliguria, hematuria, renal cortical 
necrosis 

Liver Hepatic failure, jaundice 

Lungs Adult respiratory distress syndrome, 


hypoxemia, edema, hemorrhage 


Gastrointestinal Bleeding, mucosal necrosis and ulceration, 


intestinal ischemia 


Central nervous 
system 


Coma, convulsions, focal lesions, bleeding 


Adrenals Adrenal insufficiency (hemorrhagic 


necrosis) 


No single laboratory test is sensitive or specific enough to allow a def- 
inite diagnosis of DIC (Table 129-5). However, some sophisticated 
laboratory tests, for example, thrombin-AT complex, prothrombin frag- 
ment 1.2, are sensitive to ongoing activation of coagulation pathways. 
Determination of soluble fibrin in plasma is one of the best parameters 
for detection of ongoing DIC*"8; when the concentration is above a 
defined threshold, a diagnosis of DIC is likely.'”"*° Most of the other 
parameters show a sensitivity of 90 to 100 percent for the diagnosis of 
DIC but have a rather low specificity, and a wide discordance among 
various assays.’ FDPs may be detected by specific enzyme-linked 
immunosorbent assays or by latex agglutination assays, allowing rapid 
and bedside determination.'* None of the available assays discriminates 


TABLE 129-5. Routine Laboratory Value Abnormalities in 
Disseminated Intravascular Coagulation 


Causes Other Than DIC 
Contributing to Test 


Test Abnormality Result 

Platelet count Decreased Sepsis, impaired pro- 
duction, major blood 
loss, hypersplenism 

Prothrombin time Prolonged Vitamin K deficiency, 
liver failure, major 
blood loss 

aPTT Prolonged Liver failure, heparin 
treatment, major blood 
loss 

Fibrin degradation Elevated Surgery, trauma, infec- 

products tion, hematoma 

Protease inhibitors Decreased Liver failure, capillary 


(e.g., protein C, AT, 
protein S) 


leakage 


aPTT, activated partial thromboplastin time, AT, antithrombin; DIC, 
disseminated intravascular coagulation. 
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between degradation products of crosslinked fibrin and fibrinogen, a 
situation that may cause spuriously high results." The specificity of 
high levels of FDPs is therefore limited and many other conditions, such 
as trauma, recent surgery, inflammation or venous thromboembolism, 
are associated with elevated FDPs. 

Newly developed tests are aimed at the detection of neoantigens 
on degraded crosslinked fibrin, one of which detects an epitope related 
to plasmin-degraded crosslinked y-chain, associated with D-dimer for- 
mation. These tests better differentiate degradation of crosslinked fibrin 
from fibrinogen or fibrinogen degradation products." D-dimer level is 
substantially elevated in patients with DIC, but this poorly distinguishes 
patients with DIC from patients with venous thromboembolism, recent 
surgery, or inflammatory conditions. "7 

In routine practice, simple laboratory tests in conjunction with 
clinical considerations are used for establishing the diagnosis of DIC. 
The simple tests include platelet count, prothrombin time, fibrinogen 
level, and fibrin-related markers, such as FDP or D-dimer. Caution 
should be exercised when using these laboratory parameters in the 
algorithms described below, because an underlying disease by itself can 
cause an abnormality. For example, impairment of hemostasis and/or 
thrombocytopenia unrelated to DIC can arise from hepatic disease and 
from marrow involvement by leukemia. Impaired hemostasis also may 
occur normally in the neonatal period. Conversely, the elevated levels of 
some hemostatic components that are normally observed during preg- 
nancy may obscure the presence of DIC. These limitations in laboratory 
diagnosis of DIC can be overcome by repeated testing, thereby follow- 
ing the dynamics of the process. 

A scoring system utilizing the simple laboratory tests has been 
developed by the subcommittee on DIC of the International Society on 
Thrombosis and Haemostasis, and Table 129-6 summarizes a five- 
step diagnostic algorithm to calculate a DIC score. Tentatively, a score 
of 5 or more is compatible with DIC, whereas a score of less than 5 may 


TABLE 129-6. Diagnostic Algorithm for the Diagnosis of 


Overt Disseminated Intravascular Coagulation* 


1. Presence of an underlying disorder known to be O 
associated with DIC (see Table 129-2) 


(no = 0, yes = 2) 
2. Score global coagulation test results m) 
Platelet count (>100 = 0; <100 = 1; <50= 2) 


Level of fibrin markers (soluble fibrin monomers/fibrin U 
degradation products) 


(no increase: 0; moderate increase: 2; strong increase: 3) 


Prolonged prothrombin time Lm 
(<3 s= 0; >3 s but <6 s= 1; >6 5 = 2) 
Fibrinogen level O 
(>1.0 g/L =0; <1.0g/L = 1) 

3. Calculate score Q 


4. If >25: compatible with overt DIC; repeat scoring daily 


If <5: suggestive (not affirmative) for nonovert DIC; 
repeat next 1-2 days 


DIC, disseminated intravascular coagulation. 


*According to the Scientific Standardization Committee of the Inter- 
national Society of Thrombosis and Haemostasis." 


Data from Taylor FBJ, Toh CH, Hoots WK, et al: Towards definition, 
clinical and laboratory criteria, and a scoring system for disseminated 
intravascular coagulation. Thromb Haemost 86(5):1327-1330, 2001. 
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Figure 129-3. Number of points on the International Society of 
Thrombosis and Haemostasis disseminated intravascular coagulation 
(DIC) score and 28-day mortality in patients with severe sepsis. Data 
were derived from the placebo group (n = 840) in the Prowess trial on 
the efficacy of activated protein C in sepsis. 


be indicative but is not affirmative for nonovert DIC. By using receiver- 
operating characteristics curves, an optimal cutoff for a quantitative 
D-dimer assay was determined, thereby optimizing sensitivity and the 
negative predictive value of the system.’*' Prospective studies show 
that the sensitivity of the DIC score is 93 percent, and the specificity 
is 98 percent.” The severity of DIC according to this scoring system is 
related to the mortality in patients with sepsis (Fig. 129-3).”* Linking 
prognostic determinants from critical care measurement scores such as 
acute physiology and chronic health evaluation (APACHE-II) to DIC 
scores is an important means to assess prognosis in critically ill patients. 
In addition, certain biochemical indicators of organ dysfunction may 
imply a DIC risk. For example, serial assessment of arterial lactate has 
proved to be a reliable prognostic indicator of DIC development among 
patients with the systemic inflammatory response syndrome.’ 

Criteria for less-overt DIC have been more difficult to estab- 
lish.'**""° In the algorithm for nonovert DIC, the global coagulation tests 
are scored as with the overt DIC algorithm; however, when scoring by 
the algorithm is being serially repeated, improvement in any laboratory 
test confers a negative score (rather than a zero or neutral score). This 
“trend” scoring allows longitudinal assessment of the patient’s microan- 
giopathy and, when therapy has been instituted, inference on whether 
the therapy has improved the course of the disease.'*”"*' Measurements 
of several markers for assessing the risk of progression from nonovert 
to overt DIC and prediction of multiorgan dysfunction are potentially 
valuable and in the future can be accommodated in the nonovert DIC 
score. For example, impaired fibrinolysis may play a particularly impor- 
tant role in multiorgan dysfunction resulting from DIC of sepsis.’ 
Therefore, assaying PAI-1, plasmin-antiplasmin complexes, or TAF] in 
septic patients may be important. Another highly sensitive early marker 
of impending DIC is a monoclonal antibody against APC that identifies 
a calcium ion-dependent epitope involved in factor Va inactivation. 
Whether serial measurement of von Willebrand factor-cleaving pro- 
tease also will identify individuals at risk early in their disease course, 
or will help differentiate individuals with microangiopathy who are not 
prone to progress, needs further data. "414 

Techniques, such as rotational thrombelastography (ROTEM) 
enable bedside performance of this test and has again become pop- 
ular recently in acute care settings.’ The theoretical advantage of 


thrombelastography (TEG) over conventional coagulation assays is that 
is provides an idea of platelet function as well as fibrinolytic activity. 
Hyper- and hypocoagulability as demonstrated with TEG was shown 
to correlate with clinically relevant morbidity and mortality in sev- 
eral studies, although its superiority over conventional tests has not 
unequivocally been established." Even though there are no systematic 
studies on the diagnostic accuracy of TEG for the diagnosis of DIC, 
the test may be useful for assessing the global status of the coagulation 
system in critically ill patients." 


@ SPECIFIC UNDERLYING DISORDERS 
INFECTIOUS DISEASES 


Bacterial infections are among the most common causes of DIC.” 
Certain patients are particularly vulnerable to infection-induced DIC, 
such as immune-compromised hosts, asplenic patients whose ability to 
clear bacteria, particularly pneumococci and meningococci, is impaired, 
and newborns whose coagulation inhibitory systems are immature. 
Infections are frequently superimposed on trauma and malignancies, 
which themselves are potential triggers of DIC. In addition, infections 
can aggravate bleeding and thrombosis by directly inducing thrombo- 
cytopenia, hepatic dysfunction, and shock associated with diminished 
blood flow in the microcirculation.’ Clinically overt DIC may occur 
in 30 to 50 percent of patients with Gram-negative sepsis.'*''* DIC is 
similarly common in patients with Gram-positive sepsis." Extreme 
examples of sepsis-related DIC are (1) group A streptococcus toxic 
shock syndrome, characterized by deep tissue infection, vascular col- 
lapse, vascular leakage, and multiorgan dysfunction; a streptococcal M 
protein forms complexes with fibrinogen, and these complexes bind to 
p, integrins of neutrophils leading to their activation’; and (2) menin- 
gococcemia, a fulminant Gram-negative infection characterized by 
extensive hemorrhagic necrosis, DIC, and shock. The extent of hemo- 
static derangement in patients with meningococcemia correlates with 
prognosis.'**'” More frequent Gram-negative infections associated 
with DIC are caused by Pseudomonas aeruginosa, E. coli, and Proteus 
vulgaris. Patients affected by such bacteremias may have only laboratory 
signs of activated coagulation or may present with severe DIC, espe- 
cially when shock develops.'**'” 

Severe secondary deficiency of a disintegrin-like metalloprotease 
with thrombospondin type 1 repeats (ADAMTS13), the von Willebrand 
cleaving protease, occurs in patients with sepsis-induced DIC and is 
associated with a high incidence of acute renal failure.’ 

Among the Gram-positive infections, Staphylococcus aureus 
bacteremia can cause DIC accompanied by renal cortical and dermal 
necrosis. The mechanism by which DIC is elicited may be related to 
an «-toxin that activates platelets and induces IL-1 secretion by mac- 
rophages.'! Streptococcus pneumoniae infection is associated with the 
Waterhouse-Friderichsen syndrome,” particularly in asplenic patients. 
Initiation of DIC in these conditions is ascribed to the capsular antigen 
of the bacterium and to antigen-antibody complex formation.’* Other 
Gram-positive bacteria that can cause DIC are the anaerobic clostridia. 
Clostridial bacteremia is a highly lethal disease characterized by septic 
shock, DIC, renal failure, and hemolytic anemia.’ 

Activation of the coagulation system has also been documented 
for nonbacterial pathogens, that is, viruses (causing hemorrhagic 
fevers), protozoa (Malaria), "7 and fungi. Common viral 
infections, such as influenza, varicella, rubella, and rubeola, rarely are 
associated with DIC.’ However, purpura fulminans associated with 
DIC has been reported in patients with infections and either heredi- 
tary thrombophilias,'”!”! or acquired antibodies to protein S.'” Other 
viral infections can cause “hemorrhagic fevers” characterized by fever, 
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hypotension, bleeding, and renal failure. Laboratory evidence of DIC 
can accompany Korean, rift valley, and dengue-related hemorrhagic 
fevers.!-'5 Release of TF from cells in which viruses replicate* and 
increased levels of proinflammatory cytokines have been suggested as 
mechanisms for initiation of the TF pathway in these conditions.’ 


PURPURA FULMINANS 


Purpura fulminans is a severe, often lethal form of DIC in which 
extensive areas of the skin over the extremities and buttocks undergo 
hemorrhagic necrosis.” The disease affects infants and children pre- 
dominantly, and occasionally adults.” Diffuse microthrombi in 
small blood vessels, necrosis, and occasionally vasculitis are pres- 
ent in biopsies of skin lesions. Onset can be within 2 to 4 weeks of a 
mild infection such as scarlet fever, varicella, or rubella, or can occur 
during an acute viral or bacterial infection in patients with acquired 
or hereditary thrombophilias affecting the protein C inhibitory path- 
way.'5*!77 Homozygous protein C deficiency presents in neonates soon 
after birth as purpura fulminans, with or without extensive thrombo- 
sis.'”*'® Patients affected by purpura fulminans are acutely ill with fever, 
hypotension, and hemorrhage from multiple sites; they frequently have 
typical laboratory signs of DIC.” Excision of necrotic skin areas and 
grafting are indispensable at a later stage. 


SOLID TUMORS 


Trousseau was the first to describe the propensity to thrombosis of 
patients with cancer and cachexia, and evidence for malignancy-related 
primary fibrinolysis and/or DIC was provided 75 years ago.”5™82 

In 182 patients with malignant disorders, excessive bleeding was 
recorded in 75 cases, venous thrombosis in 123, migratory throm- 
bophlebitis in 96, arterial thrombosis in 45, and arterial embolism 
resulting from nonbacterial thrombotic endocarditis in 31.'° Multifocal 
hemorrhagic infarctions of the brain, caused by fibrin microemboli and 
manifested as disorders of consciousness, have been described. Patients 
with solid tumors and DIC are more prone to thrombosis than to bleed- 
ing, whereas patients with leukemia and DIC are more prone to hemor- 
rhage. The incidence of DIC in consecutive patients with solid tumors 
was 7 percent.“ 

Solid-tumor cells can express different procoagulant molecules 
including TF, which forms a complex with factor VII(a) to activate fac- 
tors IX and X, and a cancer procoagulant, a cysteine protease with factor 
X activating properties.'**** In breast cancer, TF is expressed by vascu- 
lar endothelial cells as well as the tumor cells.'*”!** TF also appears to 
be involved in tumor metastasis and angiogenesis.'*”'”' Cancer proco- 
agulant is an endopeptidase that can be found in extracts of neoplastic 
cells but also in the plasma of patients with solid tumors.'”!* The exact 
role of cancer procoagulant in the pathogenesis of cancer-related DIC 
is unclear. 

Interactions of P- and L-selectins with mucin from mucinous 
adenocarcinoma can induce formation of platelet microthrombi and 
probably constitute a third mechanism of cancer-related thrombo- 
sis.'°* Depending on the rate and quantity of exposure or influx of shed 
vesicles from tumors containing TE, a nonovert or overt DIC devel- 
ops.**%8° For instance, a patient may be asymptomatic or present 
with venous thromboembolism if the tumor cells expose or release TF 
slowly or intermittently and the ensuing utilization of fibrinogen and 
platelets is compensated by increased production of these components. 
Conversely, massive thrombosis or severe bleeding may supervene in a 
patient whose circulation is deluged by TE.**/8° 

Another mechanism by which tumor cells may contribute to the 
pathogenesis of DIC is by expressing fibrinolytic proteins.” Despite 
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the ability of many malignant cells to express urokinase-type plasmino- 
gen activator and t-PA, most tumors induce a hypofibrinolytic state. 
Because DIC is commonly characterized by a shutdown of the fibrino- 
lytic system, mostly because of high levels of PAI-1, this may represent 
an alternative mechanism for the development of DIC in cancer. 

Virtually all pathways that contribute to the occurrence of DIC 
are driven by cytokines. IL-6 has been identified as one of the most 
important proinflammatory cytokines that is able to induce TF expres- 
sion on cells.” Indeed, inhibition of IL-6 results in an inhibition of 
endotoxin-stimulated activation of coagulation. In contrast, changes 
in fibrinolysis and microvascular physiologic anticoagulant pathways 
are mostly dependent on TNF-a.” Other cytokines that participate 
in the systemic activation of coagulation are IL-1} and IL-8, whereas 
antiinflammatory cytokines, such as IL-10, are able to inhibit DIC.?%-2° 
Because many types of tumors have the ability to synthesize and release 
cytokines or to stimulate other cells to activate the cytokine network, 
it is likely that cytokine-dependent modulation of coagulation and 
fibrinolysis plays a role in cancer-related DIC. 

Patients with solid tumors are vulnerable to risk factors and addi- 
tional triggers of DIC that can aggravate thromboembolism and bleed- 
ing. '® Risk factors include advanced age, stage of the disease, and use of 
chemotherapy or antiestrogen therapy.” Triggers include septicemia, 
immobilization, and involvement of the liver by metastases that impede 
the function of the liver in controlling DIC. Microangiopathic hemo- 
lytic anemia frequently is induced by DIC in patients with malignan- 
cies and is particularly severe in patients with widespread intravascular 
metastases of mucin-secreting adenocarcinomas.” 


LEUKEMIAS 


Numerous reports on DIC and fibrinolysis complicating the course of 
acute leukemias have been published. In 161 consecutive patients who 
presented with acute myeloid leukemia, DIC was diagnosed in 52 (32 
percent).?” In acute lymphoblastic leukemia, DIC was diagnosed in 
15 to 20 percent.” Some reports indicate that the incidence of DIC in 
acute leukemia patients might further increase during remission induc- 
tion with chemotherapy.” In patients with acute promyelocytic leuke- 
mia (APL), DIC is present in more than 90 percent of patients at the 
time of diagnosis or after initiation of remission induction.?!°*!! 

The pathogenesis of hemostatic disturbance in APL is related to 
properties of the malignant cells and their interaction with the host’s 
endothelial cells." APL cells express TF and the cancer procoagulant 
that can initiate coagulation, and they release IL-1} and TNF-a, which 
downregulate endothelial thrombomodulin, thereby compromising 
the protein C anticoagulant pathway. APL cells also express increased 
amounts of annexin II, which mediates augmented conversion of plas- 
minogen to plasmin (Chap. 135). The overall results of these processes 
are DIC and hyperfibrinolysis, followed by major bleeding that can 
lead to death.?” All-trans-retinoic acid, used for induction and main- 
tenance therapy of APL, inhibits in vitro and in vivo the deleterious 
effect of APL cells and has led to a reduced frequency of early hemor- 
rhagic death; however, all-trans-retinoic acid may induce thrombotic 
complications. ">13 


TRAUMA 


When DIC complicates trauma, it usually occurs in severely injured 
patients. Extensive exposure of TF to the blood circulation and hemor- 
rhagic shock probably are the most immediate triggers of DIC in such 
instances, although direct proof of this mechanism is lacking. An alter- 
native hypothesis is that cytokines play a pivotal role in the occurrence 
of DIC in trauma patients. In fact, the changes in cytokine levels are 


virtually identical in trauma patients and septic patients.’ The levels 
of TNF-a, IL-1, PAI-1, circulating TF, plasma elastase derived from 
neutrophils, and soluble thrombomodulin all can be elevated in patients 
with signs of DIC, predicting multiorgan dysfunction (ARDS included) 
and death.”!?!° Careful monitoring of laboratory signs of DIC, reduced 
fibrinolytic activity, and perhaps low AT levels also are useful for pre- 
dicting the outcome of such patients.” 

DIC can be aggravated in patients with severe trauma who require 
massive blood replacement because stored blood components are 
diluted and do not contain sufficient amounts of viable platelets and 
factors V and VIII. Moreover, in such patients, there is an activation of 
fibrinolysis that further aggravate bleeding in combination with acido- 
sis, and hypotension.”**”! Infection commonly occurs in such patients 
and may contribute to the DIC. 

‘The time interval between trauma and medical intervention cor- 
relates with the development and magnitude of DIC. Experience during 
wars proved that fast evacuation and prompt medical care reduce the 
risk of DIC.” 


BRAIN INJURY 


Brain injury can be associated with DIC, most likely because the injury 
exposes the abundant TF of brain to blood. Specimens of contused brain, 
obtained during surgery in patients with head injury and of liver, lungs, 
kidneys, and pancreas obtained during autopsy, revealed microthrombi 
in arterioles and venules.” In adults and children with head injuries, 
a high rate of mortality occurred when DIC was present.” A labora- 
tory DIC score has predictive value for prognosis in patients with head 
injuries, thereby supplementing the Glasgow coma score.” Bleeding 
in patients with DIC that is related to brain injury can be managed by 
replacement therapy. 


BURNS 


TF exposed to blood at sites of burned tissue, the systemic inflam- 
matory response syndrome induced by the burn, and the common 
presence of superimposed infections, all can trigger DIC.” Bleeding, 
laboratory tests indicative of DIC, and vascular microthrombi in biop- 
sies of undamaged skin have been described in patients with extensive 
burns.” Kinetic studies with labeled fibrinogen and labeled platelets 
disclosed that, in addition to systemic consumption of hemostatic fac- 
tors, significant local consumption occurs in burned areas.”! Labora- 
tory signs of DIC are associated with organ failure; the extent of protein 
C and AT deficiencies correlates with a poor outcome.”” A clinico- 
pathologic study of 139 patients who died during treatment for a severe 
burn disclosed that 18 percent had cerebral infarctions caused by septic 
arterial occlusions or DIC and approximately 4 percent had intracranial 
hemorrhage.”” 


LIVER DISEASES 


Very complicated derangements of hemostasis occur in patients with 
severe liver disease and during liver transplantation (Chap. 129). Syn- 
thesis of most coagulation factors and natural anticoagulants (protein 
C, protein S, and AT) and of the main components of the fibrinolytic 
system (plasminogen, TAFI, and «,-antiplasmin) is reduced. The capac- 
ity of the liver to clear the circulation of activated factors IX, X, and XI, 
and of t-PA is decreased. Moreover, thrombocytopenia is common as a 
result of hypersplenism and decreased production of thrombopoietin 
by the liver. The similarities between the hemostatic defects observed 
in patients with liver disease and in patients with DIC are striking and 
have evoked an ongoing controversy as to whether or not DIC contrib- 
utes to hemostatic derangements associated with liver disease.” 


Several laboratory and clinical observations support the hypothe- 
sis that DIC accompanies hepatic disorders. They include a shortened 
half-life of radiolabeled fibrinogen and prolongation of fibrinogen 
half-life by administration of heparin’™?*; failure of replacement ther- 
apy to significantly increase the levels of hemostatic factors (suggest- 
ing continuous consumption); and increased blood levels of D-dimer, 
thrombin-AT (TAT) complexes, and fibrinopeptide A, all consistent 


with ongoing thrombin generation.**** 


Other observations and considerations argue against the hypoth- 
esis that DIC accompanies liver diseases. They include (1) a very low 
incidence (2.2 percent) of microthrombosis in the tissues of patients 
who die of liver disease and (2) causes other than, or inconsistent with, 
DIC for the deranged findings in liver disease.”*” Examples of alterna- 
tive explanations include the following: (1) a prolonged thrombin time 
may result from acquired dysfibrinogenemia*”; (2) low levels of coag- 
ulation factors and inhibitors may result from reduced synthesis™®; 
(3) increased FDP levels may be a consequence of primary fibrinoge- 
nolysis induced by reduced synthesis of «,-antiplasmin and PAI-1 and 
by decreased clearance of t-PA; (4) factor VIII levels are commonly 
increased rather than decreased’; (5) the kinetic data show that the 
apparently excessive consumption of fibrinogen can be explained by 
loss of fibrinogen into extravascular spaces’; and (6) fibrinogen and 
plasminogen do not appear to be removed rapidly when labeled endoge- 
nously by” Se-selenomethionine.*” 

A third hypothesis maintains that patients with liver disease usu- 
ally do not present with DIC but are extremely sensitive to the various 
triggers of DIC because of their impeded capacity to clear procoagu- 
lants and to synthesize essential components of the coagulation, inhib- 
itory, and fibrinolytic systems. Patients with primary or metastatic liver 
disease who undergo a peritoneovenous shunt operation for severe 
ascites are more likely to develop DIC than are patients with ascites who 
undergo the same procedure because of other causes.” 

What, then, should be the approach to patients with liver disease 
and bleeding without an apparent local cause? First, possible underlying 
causes of DIC should be considered and identified, and then a hemo- 
static profile should be examined at frequent intervals so as to detect 
any dynamic changes that may be helpful in recognizing DIC. The sen- 
sitive assays that reflect thrombin generation (TAT complex and proth- 
rombin fragments 1.2) or concomitant thrombin and plasmin generation 
(D-dimer), as well as finding a normal or decreased level of factor VIII 
may help establish the diagnosis of DIC in a patient with liver disease.** 


HEAT STROKE 


In 1841, James Wellstead published his book Travels to the City of the 
Caliphs (currently known as Baghdad) and vividly described that on 
an extremely hot day in the Persian Gulf the decks of the ship Liverpool 
resembled a slaughterhouse, so numerous were the bleeding patients.””* 
This is probably one of the first written reports on the occurrence of 
DIC in humans who suffer from heatstroke.’” Heat stroke is a syndrome 
characterized by a rise in body temperature to higher than 42°C, which 
follows collapse of the thermoregulatory mechanism. The following 
predisposing factors have been identified: high environmental tem- 
perature, strenuous physical activity, infection, dehydration, and lack 
of acclimatization.” Extensive hemorrhage, unclottable blood, and 
venous engorgement were found as early as 1838 in postmortem exami- 
nations of patients who died of heat stroke.“ Investigations confirm 
that a severe hemorrhagic diathesis and multiple organ failure often 
accompany heat stroke.””**-*! Diffuse fibrin deposition and hemor- 
rhagic infarctions are found in fatal human cases. DIC associated with 
profound fibrin(ogen)olysis is evident in patients with heat stroke. The 
possible triggers of DIC in patients with heat stroke include endothelial 
cell damage and TF released from heat-damaged tissues.” 
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In a series of 18 critically ill patients from Paris with heat stroke 
during the 2003 heat wave in Western Europe that caused numerous 
deaths in France alone,” patients had very high levels of IL-6 and 
IL-8. In addition, there was a striking activation of white blood cells, 
as demonstrated by f,-integrin upregulation and increased production 
of reactive oxygen species. All patients also had evidence of a signifi- 
cant systemic activation of coagulation and DIC was present in approx- 
imately 35 percent of patients. There was a marked correlation between 
the extent of inflammation and coagulation activation and the clinical 
severity of the heat stroke. 

The severity of the syndrome and the stage of its development affect 
the type and magnitude of hemostatic alterations. Thus, in a study of 56 
patients, three groups were discernible: nonbleeders, bleeders without 
DIC but with slight consumption of hemostatic factors, and bleeders 
with typical signs of DIC.” Prompt cooling and support of vital func- 
tions have substantially reduced the high mortality that was commonly 
observed in early studies. 


SNAKE BITES 


Several species of snakes belonging to the Viperidae family produce 
venoms that have a wide range of activities affecting hemostasis. Prom- 
inent among these species are the Vipera, Echis (E. carinatus or E. color- 
atus), Aspis, Crotalus, Bothrops, and Agkistrodon. Venoms of these snakes 
contain enzymes or peptides that exert the following activities****: 
(1) thrombin-like activity, cleaving fibrinopeptide A from the Aa chain 
of fibrinogen (Agkistrodon rhodostoma); (2) activation of prothrombin 
even in the absence of calcium ions (E. carinatus); (3) activation of factors 
X and V (Russell viper venom); (4) fibrinogenolytic activity (Agkistro- 
don acutus); (5) induction of thrombocytopenia by platelet aggregation; 
(6) inhibition of platelet aggregation by the low-molecular-weight argin- 
ine-glycine-aspartic acid-containing peptides from a variety of snake 
species; (7) activation of protein C; and (8) activities causing damage to 
endothelial cells, leading to bleeding, tissue ischemia, and edema. Inter- 
estingly, victims of snake bites rarely experience excessive bleeding or 
thromboembolism, in spite of the serious derangements in hemostatic 
tests and findings that are sometimes consistent with DIC.?56-258 

The major symptoms and signs related to envenomation are vomit- 
ing, diarrhea, apprehension, hypotension, local swelling, ischemia, and 
necrosis. Consequently, treatment for victims of snake bites consists of 
immediate immobilization, administration of antivenom and fluids, 
and other general measures to preserve vital functions. Local incisions, 
cooling, and application of tourniquet should be avoided.” 


HEMANGIOMAS 


In 1940, Kasabach and Merritt described the association between giant 
hemangioma and a bleeding tendency occurring mainly in infants. The 
pathogenesis and management of this syndrome have been reviewed.” 
Studies using radiolabeled fibrinogen and platelets provided evidence 
that within the hemangioma, consumption of platelets and fibrino- 
gen occurs because of localized intravascular clotting and excessive 
fibrinogenolysis.***' Conceivably, concomitant local activation of the 
coagulation pathway and release of large amounts of t-PA by the abnor- 
mal endothelium lining the tumor vessels occur. Microangiopathic 
hemolytic anemia and laboratory signs of DIC and fibrinolysis have 
been demonstrated in patients with giant hemangiomas.” Accelerated 
growth of these hemangiomas in infants is associated with augmented 
consumption of hemostatic factors, and can be effectively treated with 
glucocorticoids. Radiotherapy and interferon-a are also effective, but 
should only be used in life-threatening circumstances after failure of 
glucocorticoid therapy because of severe adverse events.” Spontaneous 
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mild to moderate bleeding manifestations have been observed, but 
severe bleeding generally occurs only after surgery or trauma. 

Extensive vascular malformation may persist and cause pain, 
probably resulting from thrombosis, and bleeding following trauma, 
which is related to the localized or generalized consumption of clotting 
factors and platelets and hyperfibrinolysis.*“* Graded permanent elastic 
compression, when possible, and low-molecular-weight heparin consti- 
tute the only effective treatment in such cases. 


AORTIC ANEURYSM 


An association between aortic aneurysm and DIC is well docu- 
mented.”** In a series of patients with aortic aneurysm, 40 percent 
had elevated levels of FDPs, but only 4 percent had significant bleeding 
and laboratory evidence of DIC.*® Several factors predispose patients 
with aortic aneurysms to the development of DIC: a large surface area, 
dissection, and expansion of the aneurysm.’ Clinical and laboratory 
signs of DIC should be carefully sought in patients with an aortic aneu- 
rysm because bleeding may seriously complicate surgical repair of the 
aneurysm.”*”*® The initiation of localized and generalized intravascular 
coagulation can be ascribed to activation of the TF pathway by the abun- 
dant amounts of TF present in atherosclerotic plaques.” When patients 
present with significant bleeding or when surgery is planned, hemostatic 
defects should be sought and ongoing coagulation activation may be 
corrected by (low-molecular-weight) heparin.” Stent-grafting, which is 
a common procedure for repair of aortic aneurysms, was complicated by 
DIC and death in two patients, of whom one had cirrhosis and the other 
underwent a lengthy procedure.” However, a study of 31 such patients 
failed to detect DIC following stent-grafting of thoracic aneurysms.” 


TRANSFUSION REACTION 


DIC accompanies incompatible blood transfusion, in which massive 
hemolysis is commonly associated with excessive bleeding with wide- 
spread thrombosis in fatal cases (Chap. 138). The trigger of DIC in 
these cases cannot be simply ascribed to the release of red cell stroma, 
as patients with massive oxidative hemolysis because of glucose-6- 
phosphate dehydrogenase deficiency do not develop DIC.*” Rather, 
extensive antigen-antibody reaction appears to cause DIC as a result of 
release of elastase and TNF-a from neutrophils, and activation of mono- 
cytes that release TNF-a express TF and complement, with assembly of 
the membrane attack complex inflicting damage to endothelial cells.””*’”* 


DISSEMINATED INTRAVASCULAR 
COAGULATION DURING PREGNANCY 


Pregnancy predisposes patients to DIC for at least four reasons: (1) 
pregnancy itself produces a hypercoagulable state, manifested by evi- 
dence of low-grade thrombin generation, with elevated levels of fibrin 
monomer complexes and fibrinopeptide A; (2) during labor, leakage of 
TF from placental tissue into the maternal circulation causes a hyper- 
coagulable state; (3) pregnancy is associated with reduced fibrinolytic 
activity because of increased plasma levels of PAI-1; and (4) pregnancy 
is associated with a decline in the plasma level of protein S. DIC may 
be difficult to diagnose during pregnancy because of the high initial 
levels of coagulation factors such as fibrinogen, factor VIII, and factor 
VIL?’%?77 Progressive reductions in these factors, however, can confirm 
or exclude the diagnosis of DIC in suspected cases. Thrombocytopenia 
may be particularly helpful in determining whether DIC is present, pro- 
vided other causes of thrombocytopenia are excluded.” 


Abruptio Placentae 
The dramatic clinical presentation of abruptio placentae was first 
reported by DeLee in 1901,” but the immediate cause of sudden 


rupture of uterine spiral arteries and detachment of the placenta is still 
unknown. Placental abruption is a leading cause of perinatal death.**° 
Older multiparous women or patients with one of the hypertensive dis- 
orders of pregnancy are thought to be at highest risk. The severe hemo- 
static failure accompanying abruptio placentae is the result of acute 
DIC emanating from the introduction of large amounts of TF into the 
blood circulation from the damaged placenta and uterus.’ Amniotic 
fluid is able to activate coagulation in vitro, and the degree of placental 
separation correlates with the extent of DIC, suggesting that leakage of 
thromboplastin-like material from the placental system is responsible 
for the occurrence of DIC. Abruptio placentae occurs in 0.2 to 0.4 per- 
cent of pregnancies,” but only 10 percent of these cases are associated 
with DIC.” Different grades of severity are found among those who 
develop DIC, with only the more severe forms resulting in shock and 
fetal death. Rapid volume replenishment and evacuation of the uterus is 
the treatment of choice. Transfusion of cryoprecipitate, fresh-frozen 
plasma, and platelets should be given when profuse bleeding occurs. 
However, in the absence of severe bleeding, administration of blood 
components may not be necessary because depleted coagulation factors 
increase rapidly following delivery. Heparin or antifibrinolytic agents 
are not indicated. 


Amniotic Fluid Embolism 

This rare catastrophic disorder, described by Steiner and Lushbaugh in 
1941, occurs only in one in 8000 to one in 80,000 deliveries.*** A mater- 
nal mortality rate of 86 percent was reported in a 1979 review of 272 
cases, but in a later population-based study, the maternal mortality 
(26.4 percent) was significantly lower.™™*?® Patients predisposed to 
amniotic fluid embolism are multiparous women whose pregnancies 
are postmature with large fetuses and women undergoing a tumultuous 
labor after pharmacologic or surgical induction. Apparently, amniotic 
fluid is introduced into the maternal circulation through tears in the 
chorioamniotic membranes, rupture of the uterus, and injury of uterine 
veins.” The trigger of DIC probably is TF present in amniotic fluid.*°’*” 
The mechanical obstruction of pulmonary blood vessels by fetal debris, 
meconium, and other particulate matter in the amniotic fluid enhances 
local fibrin-platelet thrombus formation and fibrinolysis. The extensive 
occlusion of the pulmonary arteries and an acute anaphylactoid response 
reminiscent of severe systemic inflammatory response syndrome pro- 
voke sudden dyspnea, cyanosis, acute cor pulmonale, left ventricular dys- 
function, shock, and convulsions. These symptoms are followed within 
minutes to several hours by severe bleeding in 37 percent of patients.” 
Hemorrhage is particularly severe from the atonic uterus, puncture sites, 
gastrointestinal tract, and other organs. The best prospect for decreas- 
ing mortality lies in early termination of parturition in patients at high 
risk and prevention of hypertonic and tetanic uterine contractions dur- 
ing labor. When the syndrome is recognized, immediate termination of 
pregnancy under pulmonary and cardiovascular support is essential. 


Preeclampsia and Eclampsia 

Thrombocytopenia described in early reports of eclampsia and wide- 
spread deposition of fibrin in blood vessels observed in fatal cases were 
interpreted as evidence of DIC triggered by placental TF exposure to 
the circulation.’ A critical analysis of the literature concluded that the 
thrombocytopenia in these patients stems from endothelial injury rather 
than DIC.” However, other investigators provided evidence for signifi- 
cant DIC in preeclampsia and eclampsia.” Moreover, in a large series 
of patients, a good correlation was noted between the clinical severity 
and abnormalities in platelet counts and FDPs.” Also consistent with 
DIC were results of assays of sensitive parameters of thrombin gener- 
ation and activation of fibrinolysis, such as TAT complexes, D-dimer, 
and fibrinopeptide B61-42. Despite these observations, administration 


of heparin to patients with preeclampsia and eclampsia has not resulted 


in convincing benefits.” 


HELLP Syndrome 

The syndrome of hemolysis (H), elevated liver enzymes (EL), low plate- 
let count (LP), and severe epigastric pain is a complication of pregnan- 
cy-induced hypertension.’ Seventy percent of the cases occur during 
the third trimester of pregnancy and 30 percent occur during the post- 
partum period.** HELLP syndrome occurs more often in whites, mul- 
tipara, and women older than 35 years.” Liver biopsy findings of fibrin 
deposition in hepatic blood vessels and laboratory tests consistent with 
DIC ina significant proportion of patients imply that DIC plays a role in 
the pathogenesis of the syndrome.”***** Hepatic imaging in 33 patients 
revealed subcapsular hematomas in 13 and intraparenchymal hemor- 
rhage in 6.” What actually triggers DIC in these cases is not known 
but has been related to endothelial dysfunction.” Multiple organ dys- 
functions manifested by acute renal failure, ascites, pulmonary edema, 
and severe hemorrhage resulting from DIC may develop, leading to sig- 
nificant maternal and perinatal mortality rates. Management of patients 
with HELLP syndrome consists of supportive care, careful monitor- 
ing, and blood component replacement therapy. With few exceptions, 
immediate delivery, not necessarily by cesarian section, is indicated. 
HELLP syndrome tends to recur in subsequent gestations.”* 


Sepsis During Pregnancy 
Gram-negative bacteria, group A streptococci, and Clostridium perfrin- 
gens are among the more common causes of sepsis during pregnancy. 
These infections are frequently associated with fulminant DIC. The 
pathogens gain entry into the circulation during abortion, via amni- 
onitis that may follow invasive procedures or rupture of membranes, by 
endometritis developing during labor, and by way of the urinary tract. 
Approximately 40 percent of bacteremic patients experience shock, 
which is associated with significant mortality.” In addition, a high rate 
of bleeding and organ dysfunction affects the kidneys, lungs, and cen- 
tral nervous system. 

Treatment of all cases of sepsis-related DIC should include antibi- 
otics, support of vital functions, and surgical intervention to remove any 
local nidus of infection. Abortion or hysterectomy may be considered. 


Dead Fetus Syndrome 

Several weeks after intrauterine fetal death, approximately one-third of 
patients may exhibit laboratory signs of DIC, occasionally accompanied 
by bleeding.”* Apparently, TF from the retained dead fetus or placenta 
slowly enters the maternal circulation and initiates DIC, which some- 
times is accompanied by significant fibrinolysis. This complication 
currently is rarely observed because labor is induced promptly after the 
diagnosis of fetal death is made. However, if labor induction is unavoid- 
ably delayed, serial blood coagulation tests should be performed. 

The entity of fetal death and DIC can occur following the demise 
of one of multiple gestations. If it occurs at term, therapy is started as 
discussed. If it occurs prior to fetal maturity, prolonged administration 
of heparin can be useful. Interestingly, when selective termination of 
the life of an anomalous fetus is performed in women with multiple 
pregnancies, hemostatic abnormalities develop in only approximately 
3 percent of cases.*”' 


Acute Fatty Liver 

Acute fatty liver of pregnancy is a rare disorder that occurs during the 
third trimester of pregnancy.*” It can lead to hepatic failure, encepha- 
lopathy, and death of the mother and fetus.***" In 15 to 20 percent of 
cases, acute fatty liver of pregnancy is associated with fetal homozygos- 
ity or compound heterozygosity for long-chain acyl-coenzyme A dehy- 
drogenase (LCAD) deficiency.*” Infants born with LCAD deficiency 
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fail to thrive and are prone to liver failure and death. LCAD is one of 
four enzymes taking part in B-oxidation of fatty acids in mitochondria. 
When it is deficient, accumulation of medium- and long-chain fatty 
acid occurs. One predominant mutation (G1528C) accounts for 65 to 
90 percent of cases with the deficiency. The precise mechanism by which 
LCAD deficiency in the fetus causes the severe liver disease in the het- 
erozygous mother is unclear. The acute fatty liver disease of pregnancy 
is characterized by severe liver dysfunction, renal failure, hypertension, 
and signs of DIC.*™*3°8 The typical histologic feature is microvesicular 
fatty infiltration of the liver. Exceedingly low levels of AT and other lab- 
oratory signs of DIC were observed in a series of 28 patients, but no def- 
inite clinical benefit from AT concentrate infusion was achieved.™ The 
primary therapy for these patients is early delivery and supportive care, 
which yield a maternal survival of 90 percent and perinatal survival of 
more than 85 percent.**” Pancreatitis is a potentially lethal complica- 
tion of acute fatty liver of pregnancy.*”” 


NEWBORNS 


Newborns have a limited capacity to cope with triggers of DIC for sev- 
eral reasons: (1) their ability to clear soluble fibrin and activated fac- 
tors is reduced; (2) their fibrinolytic potential is decreased because of a 
low plasminogen level; and (3) their capacity to synthesize coagulation 
factors and inhibitors is limited.*!’*? Criteria for diagnosis of DIC in 
newborns are different from those for diagnosis in adults.*? Important 
to consider are the physiologic hemostatic findings common at this age, 
which include low levels of the vitamin K-dependent factors, reduced 
AT and protein C levels, and prolonged thrombin time. The laboratory 
evidence of DIC in the newborn is based on the progressive decline of 
hemostatic parameters, thrombocytopenia, and reduced levels of fibrin- 
ogen, factor V, and factor VIIL.3!13!4315 

DIC occurs in sick neonates and particularly in those who are 
premature. More than one underlying cause usually can be identified 
in newborns with DIC. The most frequent underlying conditions are 
sepsis, hyaline membrane disease (respiratory distress syndrome), 
asphyxia, necrotizing enterocolitis, intravascular hemolysis, abruptio 
placentae, and eclampsia.?!?°"° 

Bleeding from multiple sites is the most common manifestation 
of DIC in newborns, with intracranial hemorrhage being the most 
life-threatening condition. No clinical manifestations of DIC are appar- 
ent in approximately 20 percent of neonates,*" so a high index of suspi- 
cion in patients at risk is essential. 


@THERAPY 


Controlled studies of patients with DIC are difficult to perform in view 
of the variabilities in DIC triggers, clinical presentations, and grades 
of severity. Figure 129-4 shows general guidelines for management of 
patients with DIC, but decisions regarding treatment must be individu- 
alized after careful consideration of all clinically important aspects. 


TREATMENT OF UNDERLYING DISORDERS AND 
VITAL SUPPORT 


The survival of patients with DIC depends on vigorous treatment of the 
underlying disorder to alleviate or remove the inciting injurious cause. 
For sepsis-induced DIC, treatment includes aggressive use of intrave- 
nous organism-directed antibiotics and source control (e.g., by surgery 
or drainage). Other examples of vigorous treatment of underlying con- 
ditions are cancer surgery or chemotherapy, uterus evacuation or even 
hysterectomy in patients with abruptio placentae, resection of aortic 
aneurysm, and debridement of crushed tissues. 
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Diagnosis of DIC 


Vigorously treat underlying 
disease, correct hypotension, 
tissue perfusion, acidosis, and 
hypoxia 


Suggestive evidence of DIC— Unequivocal evidence of DIC— 
score less than 5 score 5 or more 


Consider replacement therapy 

and/or continuous heparin infusion | | Consider only 

in cases with: replacement therapy 
Major thromboembolism in all cases but 
Purpura fulminans particularly in those 
Acute promyelocytic leukemia with: 

Hemangioma Brain gunshot injury 
Aneurysm (before surgery) Emergency surgery 
Amniotic fluid embolism Abruptio placentae 
Septic abortion Severe bleeding 
Dead fetus (prior to evacuation) 


Wait for success of Consider waiting for Consider APC 
treatment but be alert to success of treatment if infusion in sepsis 
deterioration patient’s condition is 

stable 


Every 6-8 hours 
reevaluate clinical and 
laboratory parameters 


If bleeding is the major problem: 


Give replacement therapy every 8 hours 
If above fails, consider adding 
If improved, continue same continuous heparin infusion If thromboembolism is the 
treatment until recovery If concomitant primary fibrinolysis major problem, consider 
is evident, consider adding an continuous heparin 
antifibrinolytic agent with heparin infusion 


Figure 129-4. General guidelines for initial treatment and follow up of patients with disseminated intravascular coagulation (DIC). The success 
of management is related to taking rapid, vigorous measures against the underlying disease, support of vital functions, close clinical observation, 
thoughtful consideration in each individual patient, availability of 24-hour coagulation laboratory services, and an adequate supply of platelet 
concentrate, cryoprecipitate, fresh-frozen plasma, and packed red cells for replacement therapy. Heparin, when indicated, should be adminis- 
tered by continuous infusion. The basis and limitations of each of the outlined recommendations are detailed throughout the text. APC, activated 
protein C. 


Intensive support of vital functions is required. Volume replace- 
ment and correction of hypotension, acidosis, and oxygenation may 
improve blood flow and oxygen delivery to the microcirculation. 
Careful monitoring of pulmonary, cardiac, and renal function enables 
prompt institution of supportive measures, such as use of a respirator for 
respiratory support, inotropic and vasoactive drugs for improvement of 
organ perfusion, renal function, and maintenance of electrolyte balance. 


BLOOD COMPONENT THERAPY 


Treatment of the underlying disease and vital support are necessary but 
usually insufficient to treat DIC or forestall progression of nonovert 
DIC to overt DIC. Additional supportive treatment directly aimed at 
the coagulation system may be required. These interventions include 
replacing the coagulation factors, natural anticoagulant, fibrinolytic 
proteins, and platelets that are actively consumed during DIC.*”” 

Low levels of platelets and coagulation factors may increase the risk 
of bleeding. However, plasma or platelet substitution therapy should not 
be instituted on the basis of laboratory results alone; it is indicated only 
in patients with active bleeding and in those requiring an invasive pro- 
cedure or are at risk for bleeding complications.*'**”” The suggestion that 
administration of blood components might “add fuel to the fire” has 
never been proven in clinical or experimental studies. The presumed 
efficacy of treatment with plasma, fibrinogen concentrate, cryopre- 
cipitate, or platelets is not based on randomized controlled trials but 
appears to be rational therapy in bleeding patients or in patients at risk 
of bleeding who have a significant depletion of these hemostatic fac- 
tors.*! One of the major challenges of infusion of fresh-frozen plasma in 
these dire circumstances is the propensity of the added volume, which is 
necessary to correct the coagulation defect, to exacerbate capillary leak. 
This situation can increase the risk of inducing or worsening pulmo- 
nary edema and, by extension, predispose to ARDS, and induce ascites. 
Coagulation factor concentrates, such as prothrombin complex concen- 
trate, may partially overcome this obstacle, but do not contain essen- 
tial factors, such as factor V. Moreover, caution is advocated with the 
use of prothrombin complex concentrates in DIC, as it may worsen the 
coagulopathy because of traces of activated factors that are present in 
these concentrates. Specific deficiencies of coagulation factors, such as 
fibrinogen, may be corrected by administration of purified coagulation 
factor concentrates. 

Platelet transfusion is often required in patients with DIC to pre- 
vent bleeding into already ischemic or damaged organs (particularly 
the central nervous system). The threshold platelet count that should 
prompt transfusion is patient and disease specific. Cryoprecipitate can 
be used to rapidly raise the fibrinogen and factor VIII levels, particularly 
when bleeding is part of the DIC and fibrinogen level is less than 1 g/L. 
Cryoprecipitate has at least four to five times the mass of fibrinogen 
per milliliter of infusate compared to fresh-frozen plasma. Fresh-fro- 
zen plasma contains fibrinogen in sufficient amounts for treatment of 
patients with mild to moderate hypofibrinogemia. 

Replacement therapy for thrombocytopenia should consist of 5 to 
10 units of platelet concentrate or single-donor apheresis-derived plate- 
lets to raise the platelet count to 20 to 30 x 10°/L, and in patients who 
need an invasive procedure, to 50 x 10°/L. 


RESTORATION OF PHYSIOLOGIC 
ANTICOAGULANT PATHWAYS 


Because the levels of the physiologic anticoagulants are reduced in 
patients with DIC, restoration of these inhibitors may be a rational 
approach.“ Based on successful preclinical studies, the use of AT con- 
centrates and heparin in patients with DIC has been examined mainly in 
randomized controlled trials, that included patients with sepsis, septic 
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shock, or both. All trials have shown some beneficial effect in terms 
of improvement of laboratory parameters, shortening of the duration 
of DIC, or even improvement in organ function.®'” In several small 
clinical trials, use of very high doses of AT concentrate showed a modest 
reduction in mortality, but without being statistically significant.?”-5 
A large-scale, multicenter, randomized controlled trial also showed no 
significant reduction in mortality of patients with sepsis.*”° Interestingly, 
post hoc subgroup analyses of the latter study indicated some benefit in 
patients who did not receive concomitant heparin, but this observation 
needs validation. In a small randomized trial in patients with burns and 
DIC, AT administration decreased mortality, reduced multiple organ 
failure, and improved coagulation parameters compared to placebo- 
control patients.*”” 

Because a decreased function of the protein C system contributes 
to the pathogenesis of DIC, therapy by an APC concentrate was pre- 
dicted to be beneficial.** Indeed, a dose-ranging controlled trial using 
continuous infusion of recombinant human APC disclosed that a dose 
of 24 mcg/kg per hour was optimal, judged by a decrease of D-dimer 
level in plasma.*” A subsequent phase III trial of APC concentrate in 
patients with sepsis was prematurely stopped because of efficacy in 
reducing mortality in these patients.*° All-cause mortality at 28 days 
after inclusion was 24.7 percent in the APC group versus 30.8 percent 
in the control group (a 19.4 percent relative risk reduction). Amelio- 
ration of coagulation abnormalities and less organ failure were noted 
in patients who received the concentrate.**' However, meta-analyses 
of subsequent trials concluded that the basis for treatment with APC, 
even in patients with a high disease severity, was not very strong.” 
A recently completed placebo-controlled trial in patients with severe 
sepsis and septic shock was prematurely stopped because of the lack 
of any significant benefit of APC.** Subsequently, the manufacturer of 
APC has decided to withdraw the product from the market, which has 
resulted in a revision of current guidelines for treatment of DIC.** 


HEPARIN ADMINISTRATION AND OTHER 


ANTICOAGULANTS 


Although the question of heparin therapy in patients with DIC has 
been studied by several investigators, this therapy remains controver- 
sial. Experimental studies show that heparin can at least partly inhibit 
the activation of coagulation in DIC.*****” However, a beneficial effect 
of heparin on clinically important outcome events in patients with 
DIC has not been demonstrated in controlled clinical trials.*** Also, the 
safety of heparin treatment is debatable in DIC patients who are prone 
to bleeding. A large trial in patients with severe sepsis showed a slight, 
but nonsignificant benefit, of low-dose heparin on 28-day mortality in 
patients with severe sepsis.*” 

Notwithstanding these considerations, administration of heparin 
is beneficial in some categories of chronic DIC, such as metastatic car- 
cinomas, purpura fulminans, and aortic aneurysm (prior to resection). 
Heparin also is indicated for treating thromboembolic complications in 
large vessels and before surgery in patients with chronic DIC (see Fig. 
129-4). Heparin administration may be helpful in patients with acute 
DIC when intensive blood component replacement fails to improve 
excessive bleeding or when thrombosis threatens to cause irrevers- 
ible tissue injury (e.g., acute cortical necrosis of the kidney or digital 
gangrene). 

Heparin should be used cautiously in all these conditions. In 
patients with chronic DIC because of metastatic carcinoma or aortic 
aneurysm, continuous infusion of heparin 500 to 750 U/h without a 
bolus injection may be sufficient. If no response is obtained within 24 
hours, escalating dosages can be used. In hyperacute DIC cases, such 
as mismatched transfusion, amniotic fluid embolism, septic abortion, 
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and purpura fulminans, intravenous bolus injection of 5000 to 10,000 
U heparin may be given simultaneously with replacement therapy with 
blood products. Some experts would not administer a bolus dose of 
heparin even under these circumstances. Continuous infusion of 500 
to 1000 U/h heparin may be necessary to maintain the benefit until the 
underlying disease responds to treatment.*” 

Theoretically, the most logical anticoagulant agent to use in DIC is 
directed against TF activity. Potential agents include recombinant TFPI, 
inactivated factor VIIa, and recombinant nematode anticoagulant pro- 
tein c2 (NAPc2), a potent and specific inhibitor of the ternary complex 
of TF-factor VIIa and factor Xa.*° Phase II trials of recombinant TFPI 
in patients with sepsis showed promising results,’ but a phase III trial 
did not show an overall survival benefit in patients who were treated 
with TFPI.’ ® 

Recombinant human soluble thrombomodulin binds to thrombin 
to form a complex that inactivates thrombins coagulant activity and 
activates protein C, and thus, is a potential drug for the treatment of 
patients with DIC. In a phase HI randomized double-blind clinical trial 
in patients with DIC, administration of the soluble thrombomodulin 
had a significantly better effect on bleeding manifestations and coagula- 
tion parameters than heparin.™® Ongoing trials with soluble thrombo- 
modulin focus on DIC, organ failure, and mortality rate. 


INHIBITORS OF FIBRINOLYSIS 


Patients with DIC should not be treated with antifibrinolytic agents 
such as €-aminocaproic acid or tranexamic acid because these drugs 
block fibrinolysis that preserves tissue perfusion in patients with DIC. 
Use of these agents in patients with DIC has been complicated by severe 
thrombosis.*#** 

A different situation prevails in patients with DIC accompanied by 
primary fibrino(geno)lysis, as in some cases of APL, giant hemangioma, 
heat stroke, amniotic fluid embolism, some forms of liver disease, and 
metastatic carcinoma of the prostate. In these conditions, the use of 
fibrinolytic inhibitors can be considered,*’ provided (1) the patient is 
bleeding profusely and has not responded to replacement therapy and 
(2) excessive fibrino(geno)lysis is observed, that is, rapid whole blood 
clot lysis or a very short euglobulin lysis time. In such circumstances, 
use of antifibrinolytic agents should be preceded by replacement of 
depleted blood components and continuous heparin infusion (see 
Fig. 129-4). 
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CHAPTER 130 
HEREDITARY 
THROMBOPHILIA 


Saskia Middeldorp and Michiel Coppens 


Thrombophilia refers to laboratory abnormalities that increase the risk of 
venous thromboembolism (VTE). Over the last several decades numer- 
ous factors have been identified. The most prevalent examples of hered- 
itary forms of thrombophilia include the factor V Leiden and prothrombin 
G20210A mutations; deficiencies of the natural anticoagulants antith- 
rombin, protein C, and protein S; persistently elevated levels of coagulation 
factor VIII; and mild hyperhomocysteinemia. Taken together, some form 
of hereditary thrombophilia can be identified in more than 50 percent of 
patients with VTE who are without obvious reasons for VTE, such as trauma 
or prolonged stasis. Moreover, hereditary thrombophilia has been associ- 
ated with arterial cardiovascular disease and obstetric complications such 
as (recurrent) pregnancy loss and preeclampsia. The high yield of throm- 
bophilia testing has led to widespread testing for these abnormalities in 
patients. Nevertheless, thrombophilia testing remains a topic of ongoing 
debate, mostly because of the lack of therapeutic consequences. While 
hereditary thrombophilia is a clear risk factor for a first VTE, the risk for 
recurrent episodes is hardly increased compared with nonaffected patients 
and prolonged anticoagulation is not warranted unless VTE is recurrent. 
A similar lack of therapeutic consequences applies to patients with arterial 
cardiovascular disease and women with obstetric complications. Throm- 
bophilia testing in asymptomatic relatives of patients with VTE may be use- 
ful in families with antithrombin, protein C, or protein S deficiency, or for 
siblings of patients who are homozygous for factor V Leiden, and is limited 
to women who intend to become pregnant or who would like to use oral 
contraceptives. Careful counseling with knowledge of absolute risks helps 
patients to making an informed decision in which their own preferences can 
be taken into account. 


To our knowledge, the term thrombophilia was first used by Nygaard 
and Brown in 1937, when they described sudden occlusion of large 
arteries, sometimes with coexistent venous thrombosis.! In 1956, 
Jordan and Nandorff extensively reviewed their own and previously 


Acronyms and Abbreviations: 95% CI, 95% confidence interval; APC, activated 
protein C; ASA, acetylsalicylic acid; HELLP, hemolysis, elevated liver enzymes, low 
platelets; LMWH, low-molecular-weight heparin; MTHFR, methylenetetrahydro- 
folate reductase; OR, odds ratio; VKA, vitamin K antagonist; VTE, venous thromboem- 
bolism; VWF, von Willebrand factor. 


published cases on the familial tendency in thromboembolic dis- 
ease.” The term thrombophilia was then used to describe patients with 
prominent manifestations of venous thromboembolism (VTE; venous 
thrombosis in any site or pulmonary embolism) such as recurrent 
spontaneous VTE, VTE at young age, a strong family history of VTE, 
or thrombosis in an unusual site, such as the splanchnic veins or cere- 
bral sinuses. Currently, the term thrombophilia is generally used for 
laboratory abnormalities, usually in the coagulation system, which 
increase the risk of VTE. Thrombophilia can be either acquired or 
hereditary. An example of acquired thrombophilia is the antiphospho- 
lipid syndrome, which is characterized by a tendency toward venous 
or arterial thrombosis or pregnancy complications, in combination 
with persistent lupus anticoagulant or antibodies to cardiolipin or 
B,-glycoprotein-1 (Chap. 131). Furthermore, there are many acquired 
and transient conditions that lead to a prothrombotic state, including 
cancer, surgery, strict immobilization, pregnancy and the postpartum 
period, and the use of estrogen-containing medication, such as oral 
contraceptives and hormone replacement therapy. 

Patients with hereditary thrombophilia have an increased risk 
of developing VTE and just like in patients without thrombophilia, 
approximately half of patients will develop their first episode in rela- 
tion to an acquired prothrombotic risk factor. Moreover, despite 
young age being a criterion for thrombophilia and the mean age at 
time of a first thrombosis being approximately 10 years lower than in 
the general population, the majority of patients with thrombophilia 
will have the first episode later in life.’ The theoretical concept is that 
patients with thrombophilia have an intrinsic prothrombotic state, 
which in itself is insufficient to cause thrombosis, but may lead to 
an event when superimposed upon (clinical) risk factors, including 
increasing age.’ 

The role of hereditary thrombophilia in arterial cardiovascular 
disease has been extensively studied.** Most of those studies did not 
demonstrate significant associations between hereditary thrombophilia 
and arterial disease with the exception of patients with events before the 
age of 55 years.° Moreover, the relative risk increase was very modest 
(odds ratios [OR] of 1.1 to 1.8) in studies that did find significant asso- 
ciations, indicating that hereditary thrombophilia is not a major risk 
factor for arterial cardiovascular disease.* 

Like the acquired antiphospholipid syndrome, most hereditary 
thrombophilias are also modestly associated with pregnancy related 
disorders such as (recurrent) miscarriage, stillbirth, intrauterine growth 
retardation, preeclampsia and the hemolysis, elevated liver enzymes, 
and low platelets (HELLP) syndrome of pregnancy, although for later 
pregnancy complications this association is controversial.** 

In the past decades, hereditary thrombophilia has evolved from a 
very rare genetic disorder to a prevalent trait. This evolution is a direct 
consequence of increasing insight into the blood coagulation system, 
as well as advanced genetic research tools that allowed the search for 
abnormalities in candidate coagulation proteins and their encoding 
genes. At present, some form of thrombophilia can be identified in 
about half of the patients presenting with VTE. Likely inspired by 
the high yield of thrombophilia testing, testing has increased tre- 
mendously for various indications,’ but whether the results of such 
tests help in the clinical management of patients has still not been 
settled.'°"' This chapter provides an overview of the most impor- 
tant hereditary thrombophilias and of the history of thrombophilia 
research. It reviews the risks associated with the most commonly 
tested thrombophilias and provides guidance on the indications and 
potential implications of the results of thrombophilia testing in vari- 
ous patient groups. 
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@ HISTORY, CLASSIFICATION, 
PATHOPHYSIOLOGY, AND PREVALENCE 
OF THROMBOPHILIA 


HISTORY OF THROMBOPHILIA RESEARCH 


Research into thrombophilia began with the investigation of candi- 
date coagulation proteins and their genes in highly thrombophilic 
families and linking abnormalities with the clinical phenotype within 
these families. As a next step, findings were confirmed in case-con- 
trol studies, which yielded risk increases compared to controls, often 
derived from the general population. For clinicians and patients how- 
ever, absolute risk estimates were needed to guide decisions regarding 
prevention or treatment. These were sought again in family studies 
of consecutive probands with a specific thrombophilic defect. The 
major progress in genetic and bioinformatics techniques now allows 
investigation in populations of patients with VTE, as well as in throm- 
bophilic families." 

In 1965, deficiency of the natural anticoagulant antithrombin 
became the first hereditary thrombophilia when Egeberg reported a 
Norwegian family with a remarkable tendency to VTE." Deficiencies of 
the other anticoagulant proteins, that is, protein C and protein S, were 
discovered as hereditary risk factors for VTE in the early 1980s.'*"” By 
that time, genes could be cloned and numerous mutations in the genes 
encoding antithrombin, protein C, and protein S had been identified as 
underlying causes of low plasma levels of the anticoagulant proteins.'*”° 
Another decade later, in 1993, Dahlback and colleagues described the 
phenomenon of activated protein C (APC) resistance, a poor anticoag- 
ulant response to APC, in a Swedish family with an increased tendency 
to develop VTE.” The genetic basis for this APC resistance was discov- 
ered independently in several laboratories in 1995 and is caused by a 
single point mutation in the factor V gene which was termed factor V 
Leiden.”-* In 1996, genetic analysis of prothrombin revealed a G-to-A 
transition at position 20210 that was more common in patients with 
VTE and a strong family history of this disease than in healthy con- 
trols without VTE.” In the 1970s, it was found that individuals with 
non-O blood group have an increased risk of VTE.” Individuals with 
non-O blood group have higher levels of von Willebrand factor (VWF) 
and factor VIII than people with blood group O, which was the pre- 
sumed mechanism of increased risk. In 1995, data from the Leiden 
Thrombophilia Study, a case-control study of patients with VTE and 
matched healthy controls, demonstrated that increased factor VIII (FVIII) 
activity, but not VWF activity, was independently associated with an 
increased risk of VTE.” Homocysteine is an intermediary amino acid 
formed by the conversion of methionine to cysteine. Homocystinuria 
or severe hyperhomocysteinemia is a rare autosomal recessive disorder 
characterized by severe elevations in plasma and urine homocysteine 
concentrations. This disease is characterized by developmental delay, 
osteoporosis, ocular abnormalities, and severe occlusive vascular dis- 
ease. About half of the vascular complications are of venous origin.” 
Mild hyperhomocysteinemia was therefore studied as a risk factor for 
VTE in the 1990s and homocysteine levels exceeding the 95th percentile 
of the normal population were confirmed to be a risk factor for VTE.” 

Since then, numerous genetic variants that increase the risk of 
VTE to a more or lesser extent have been identified and are variably 
included in diagnostic panels of thrombophilia testing.*! Essentially, 
the majority of hereditary thrombophilias exert their effect either by 
upregulation of procoagulant clotting factors, or by downregulation of 
anticoagulant factors (Fig. 130-1). An overview of the common hered- 
itary thrombophilias that increase the risk at least twofold, and their 
prevalence in patients with VTE and in the general population is pre- 
sented in Table 130-1. For these more common thrombophilias a large 
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Figure 130-1. Regulation of blood coagulation. Coagulation is initi 
ated by a tissue factor (TF)-factor Vila complex that can activate factor 
IX or factor X. At high TF concentrations, factor X is activated primarily 
by the TF-Vila complex, whereas at low TF concentrations, the contri- 
bution of the factor IXa—factor Vllla complex to the activation of factor 
X becomes more pronounced. Coagulation is maintained through the 
activation by thrombin of factor XI. The coagulation system is regulated 
by the protein C pathway. Thrombin activates protein C. Together with 
protein S, activated protein C (APC) is capable of inactivating factors Va 
and Villa, which results in a downregulation of thrombin generation and 
consequently in an upregulation of the fibrinolytic system. The activity 
of thrombin is controlled by the inhibitor antithrombin. The solid arrows 
indicate activation and the broken arrows inhibition. 


number of clinical studies provided reliable estimates of the relative and 
absolute risk for VTE. 


CLASSIFICATION, PATHOPHYSIOLOGY AND 
PREVALENCE OF COMMON HEREDITARY 
THROMBOPHILIA 


Deficiencies of the Natural Anticoagulants Antithrombin, 
Protein C, and Protein S 

Deficiencies of the natural anticoagulants antithrombin, protein C, and 
protein S, were among the first established hereditary thrombophilias. 
For antithrombin and protein C, two types of deficiencies are distin- 
guished. In type I deficiency, levels of both antigen and activity are 


TABLE 130-1. Prevalence of Common Hereditary 
Thrombophilia 


Patients with 
General Population VTE 


Antithrombin, proteinS, 1%% 7%"! 
or protein C deficiency 
Factor V Leiden Whites 4-7%*6""8 21%” 


Nonwhites 0-1% 


Prothrombin G20210A Whites 2-3%°61"9 6% 
Nonwhites 0-1% 

Elevated FVIII:c levels ter 25% 

Mild SG 10%*° 


hyperhomocysteinemia 


FVIII, factor VIII; VTE, venous thromboembolism. 


reduced and in type II, antigen levels are normal, but one or more func- 
tional defects in the molecule lead to a decreased activity. Type II antith- 
rombin deficiencies are further subdivided according to the site of the 
defect in antithrombin. The defect is located in the thrombin binding 
domain (i.e., the reactive site) in type Ila deficiency, in the heparin bind- 
ing domain in type IIb deficiency, and type IIc deficiency comprises a 
pleiotropic group of mutations.” Interestingly, patients with type Ib 
deficiency seem to have a significantly lower risk of VTE than other 
types.» Protein S circulates in two forms: free protein S (approximately 
40 to 50 percent) which functions as a cofactor for APC, and protein S 
bound to complement component C4b-binding protein. In type I defi- 
ciency, total and free antigen levels and activity are all reduced, in type 
II deficiency, total and free antigen are normal, but activity is reduced, 
and in type III deficiency, activity and free antigen are reduced, while 
total antigen is low to normal. Type I and type III are probably pheno- 
typical variants of the same disease as family members with the same 
DNA mutation can present with either type I or type III deficiency.” 
Whether this classification into various subtypes is truly clinically rel- 
evant for any of the deficiencies of the natural anticoagulants is largely 
unknown. Moreover, most laboratory panels now only test the activity 
of antithrombin, protein C, or protein S, and thereby do not distinguish 
between different types of deficiencies. Homozygous antithrombin defi- 
ciency is extremely rare and the only reported cases involve type Ib 
deficiencies.** Homozygous type I deficiency has never been described 
in humans and is believed to be incompatible with life. Complete 
antithrombin deficiency in knockout mice leads to embryonic death.* 
Homozygous protein C and protein S deficiencies are also very rare 
and these are associated with neonatal purpura fulminans and massive 
thrombosis.***’ In a similar fashion, warfarin-induced skin necrosis has 
been described in patients with heterozygous protein C or S deficien- 
cies after initiation of vitamin K antagonists (VKAs).***” The concept is 
that after VKA initiation vitamin K-dependent protein C and S levels 
drop sooner than levels of factors II, IX, and X, thereby temporarily 
causing a paradoxal procoagulant state.“ This is, however, a rare clin- 
ical complication, possibly resulting from concomitant treatment with 
(low-molecular-weight) heparin in the acute phase of VTE. Deficien- 
cies can be caused by a large number of mutations, that are recorded in 
occasionally updated databases.'**° Overall, deficiencies of the natural 


Chapter 130: Hereditary Thrombophilia 


anticoagulants are rare (see Table 130-1). In cohorts of consecutive 
patients with VTE, the prevalence of a deficiency of one of the natu- 
ral anticoagulants is below 10 percent.“ In the general population, the 
prevalence of the deficiencies combined is approximately 1 percent.“ 


Factor V Leiden/Factor VG1691A 

In 1993, Dahlback and colleagues first described APC resistance in a 
Swedish family with a high tendency of VTE.” In the original paper, 
Dahlback proposed that APC resistance was best explained by an 
hereditary deficiency of a previously unrecognized cofactor to APC, 
after having ruled out several possible mechanisms, including deficien- 
cies of protein S and protein C, or linkage with polymorphisms in the 
FVIII or VWF genes. He then showed that this "cofactor" was identical 
to coagulation factor V.” Soon thereafter, several laboratories indepen- 
dently from each other reported the underlying genetic defect, a single 
G-to-A substitution in the gene of factor V at nucleotide position 1691, 
resulting in an amino acid change from Arginine (Arg) to Glutamine 
(Gln) at position 506, the first cleavage site of factor Va for APC” 
(Fig. 130-2). The mutation was named factor V Leiden after the city 
in the Netherlands in which the group with the first publication was 
located.” The proteolytic inactivation of activated factor V (FVa) is 
approximately 10 times slower for Gln506-FVa compared with Arg506- 
FVa, which explains the partial, but not full, resistance to APC.*° Factor 
V Leiden is the most common hereditary thrombophilia. In unselected 
consecutive patients with VTE, the prevalence is 20 to 25 percent.” The 
prevalence in the general population varies considerably between differ- 
ent ethnic groups. Factor V Leiden is very rare among Asians and Afri- 
cans but has a high prevalence (approximately 5 percent) among whites 
(see Table 130-1). Within Europe, the prevalence is higher in the 
north than in the south.** This implies a founder effect that suggests that 
the mutation occurred after the separation of non-Africans from Afri- 
cans and after the divergence of whites and Asians. Studies using linkage 
disequilibria between factor V Leiden and specific markers indicate that 
the mutation occurred around 21,000 years ago.” The high prevalence 
of factor V Leiden suggests an evolutionary benefit.“ The presumed 
mechanism is reduced peripartum and menstrual blood loss in affected 
female carriers. More recently, factor V Leiden was associated with 
increased sperm counts and a shorter conception time in affected male 


HN — a Lf -EE COOH Figure 130-2. Pathophysiology of the factor V Leiden 
Arg308 Arg5% Arg676 mutation. A. Activated protein C inactivates factor Va by 
cleaving the protein at the Arginine (Arg)°® cleavage site. 
B. In carriers of the factor V Leiden mutation, a point muta- 
tion in the gene coding for factor V, causes replacement of 
HN — H -= COOH the amino acid Arginine by Glutamine (Gln) at position 506 
Arq30 Arq®79 of the protein, making factor Va resistant to inactivation by 
/ rg N / g N activated protein C (i.e. APC resistance). 
HN — — COOH 
HN — H H — — COOH 
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and female carriers, suggesting another evolutionary benefit.’ The 
mechanism for this increased fertility is unknown. 


Prothrombin G20210A 

The prothrombin G20210A mutation was discovered in 1996 by genetic 
analysis of the prothrombin gene in families with a strong tendency of 
VTE and confirmed in a case-control study of patients with VTE.” The 
mutation is located in the 3’-untranslated region of the prothrombin 
gene and augments translation and stability of prothrombin messen- 
ger RNA." This leads to an average 32 percent higher blood levels of 
the zymogen prothrombin that is structurally identical to the protein 
produced by patients with the wild-type gene.” In unselected patients 
with VTE, the prevalence of prothrombin G20210A is approximately 6 
percent.” Like factor V Leiden, the prothrombin G20210A mutation is 
found largely in whites and genetic linkage disequilibrium studies date 
the mutation back to 24,000 years ago.“ Within Europe, the prevalence 
of the mutation increases from 3 to 5 percent in Southern Europe and 
the Middle East to 1 to 2 percent in Northern Europe, which opposes 
the observed geographical gradient of factor V Leiden.” 


Increased Levels of Factor VIII 

Most of coagulation FVIII circulates in complex with VWE. Therefore, 
determinants of VWE, including ABO-blood group and endothelial 
stimulation, indirectly also determine FVIII levels.” Furthermore, 
many other factors have been associated with high FVIII levels, 
including increasing age, high body mass index, diabetes mellitus, and 
hypertriglyceridemia.*” High FVIII levels are part of acute phase reac- 
tions and sustained increases are observed during pregnancy, surgery, 
chronic inflammation, malignancy, liver disease, hyperthyroidism, 
renal disease. In most of these conditions, there is a concordant increase 
of FVIII and VWF levels.” Apart from ABO blood group, the genetic 
causes of high FVIII levels are largely unknown. Nevertheless, persis- 
tence over time and familial clustering of high FVIII levels in patients 
with VTE implies that genetic factors are prevalent. In a family study of 
consecutive patients with persistently elevated levels of FVIII of at least 
150 percent and venous or arterial thrombosis, the prevalence of high 
FVIII in first degree family members was 40 percent, which is almost in 
the range to what one would expect from an autosomal dominant inher- 
itance.** Despite the uncertainty about the mechanisms of high FVIII 
levels, the association between high FVIII levels and venous thrombosis 
is well established. The very clear dose-dependent relationship between 
FVIII levels and the risk of VTE suggests that elevated FVIII is causative 
for thrombosis.” Interestingly, increased FVIII levels in patients with 
VTE are usually not influenced by acute-phase reactions.” The preva- 
lence of elevated FVIII levels is high: 25 percent of patients with a first 
episode of deep-vein thrombosis and 11 percent of healthy control sub- 
jects have FVIII levels of 150 percent or higher.” Hence, an increased 
level of FVIII is the most common familial, albeit not monogenetic, 
thrombophilia with an estimated population attributable risk of 15 per- 
cent.” Whether measurement of FVIII levels should be part of a heredi- 
tary thrombophilia panel is debatable as FVIII levels may be transiently 
increased by a multitude of external factors including the acute VTE 
episode itself (Table 130-2). This leads to a significant proportion of 
"false-positive" test results, a necessity for repeat testing, and potentially 
unnecessary concern among tested patients. 


Mild Hyperhomocysteinemia 

Homocysteine is an intermediate in the metabolism of the amino acids 
methionine and cysteine and participates in several metabolic path- 
ways. Some of the enzymes involved in homocysteine metabolism 
are dependent on vitamin Bo folic acid, and vitamin B» and deficien- 
cies lead to hyperhomocysteinemia. A polymorphism in the enzyme 


TABLE 130-2. Acquired Conditions That Can Yield 


False-Positive Thrombophilia Test Results 


Acquired Conditions That Can 


Test Cause Abnormal Test Results 


Increased activated protein 
C (APC) resistance 


Pregnancy, use of oral contracep- 
tives, stroke, presence of lupus 
anticoagulant, increased factor 
VIII levels, autoantibodies against 
APC 


Factor V Leiden — 
Prothrombin G20210A — 
Hyperhomocysteinemia 


Deficiencies of folate (vitamin B, ,), 
vitamin B,„ or vitamin B,, old age, 
renal failure, excessive consump- 
tion of coffee, smoking 


Increased factor VIII levels Pregnancy, use of oral contracep- 
tives, exercise, stress, older age, 
acute phase response, liver dis- 


ease, hyperthyroidism, cancer 


Liver disease, use of vitamin 

K antagonist (VKA), vitamin 

K deficiency, childhood, dissemi- 
nated intravascular coagulation, 
presence of autoantibodies 
against protein C 


Decreased level of 
protein C 


Liver disease, use of VKA, vitamin 
K deficiency, pregnancy, use of 
oral contraceptives, nephrotic 
syndrome, childhood, presence 
of autoantibodies against protein 
S, disseminated intravascular 
coagulation 


Decreased level of 
free protein S 


Decreased level of 
antithrombin 


Use of heparin, thrombosis, 
disseminated intravascular coag- 
ulation, liver disease, nephrotic 
syndrome 


methylenetetrahydrofolate reductase (MTHFR), c.C677T, leads to an 
alanine to valine substitution at position 222 resulting in a variant enzyme 
with reduced activity and increased thermolability. Homozygosity for this 
polymorphism leads to 24 percent increased homocysteine levels and is 
the most common genetic cause of mild hyperhomocysteinemia.*” The 
prevalence is 10 to 20 percent in whites and 10 percent in Orientals, but 
it is rare in Africans.® Many other conditions are associated with hyper- 
homocysteinemia, including renal failure, hypothyroidism, smoking, 
excessive coffee consumption, inflammatory bowel disease, psoriasis, 
and rheumatoid arthritis.® Severe hyperhomocysteinemia (plasma levels 
exceeding 100 mol/L), also named homocystinuria, is a rare autosomal 
recessive disorder clearly associated with vascular occlusive disease.” 
Because of this association, mildly increased levels (exceeding the 95th 
percentile of the normal population) were studied as a risk factor for 
venous and arterial thrombosis. In the Leiden Thrombophilia Study mild 
hyperhomocysteinemia was associated with a 2.5-fold increased risk of 
first VTE.” Interestingly, the association of homocysteine levels with 
VTE was stronger in men than in women and increased with age.” The 
mechanism by which hyperhomocysteinemia would lead to thrombosis 
is unknown. A 2005 meta-analysis that included more than 50 studies 
with more than 8000 cases of VTE confirmed the association of VTE 
with hyperhomocysteinemia and also demonstrated a 20 percent higher 
VTE risk in MTHFR 677TT carriers compared with 677CC carriers.” 


The association between homocysteine levels is again under scrutiny in 
newer studies. The single largest case-control study of more than 4000 
patients with a first VTE found no association between MTHFR 677TT 
and VTE.® Furthermore, a family study of probands with mild hyperho- 
mocysteinemia and venous or arterial thrombosis found that the asso- 
ciation between homocysteine and VTE disappeared after adjustment 
for FVIII levels.“ Finally, homocysteine lowering by B vitamins did not 
reduce the incidence of recurrent events both in patients with VTE as well 
as in patients with arterial cardiovascular disease. As a result of these 
studies, homocysteine testing (either its levels of polymorphisms) as part 
of a thrombophilia panel has been largely abandoned. 


PITFALLS IN LABORATORY TESTING FOR 
HEREDITARY THROMBOPHILIA 


Testing for hereditary thrombophilia is performed in many patients, 
or family members of patients, with various thromboembolic diseases 
or pregnancy complications.’ However, it is important to realize that 
many acquired, often transient, conditions may affect the test results. 
Most known is the use of VKAs, which reduces the levels of anticoag- 
ulant factors protein C and protein S, which can thereby mimic severe 
deficiencies. Another example is pregnancy that reduces free protein S 
levels and increases APC resistance and FVIII levels.” However, other 
factors can also affect test results and should be considered in the inter- 
pretation of results or, better yet, in the timing of testing. Table 130-2 
presents an overview of acquired conditions that can yield false-positive 
thrombophilia tests. For deficiencies of the natural anticoagulants as 
well as for elevated FVIII levels, repeated testing should be performed to 
exclude spuriously abnormal tests. Genetic testing for deficiencies of the 
natural anticoagulants is not performed because of the large number of 
known mutations. The hereditary nature of deficiencies must be estab- 
lished by confirming the abnormality in a first-degree family member. 


@ HEREDITARY THROMBOPHILIA AND 
THE RISK OF DISEASE 


VENOUS THROMBOEMBOLISM 


The relative risk of a first episode of VTE in individuals with a form of 
common hereditary thrombophilia ranges from 2 to 11 (Table 130-3). 
These figures were derived from family and population-based cohort 
or case-control studies." Individuals homozygous for the prothrombin 
G20210A or factor V Leiden mutations are at higher risk for VTE than 
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heterozygotes. Likewise, patients with combined thrombophilic disor- 
ders have a higher risk of VTE than those with a single defect." One can 
estimate the absolute risk of VTE by multiplying the relative risk with 
the absolute incidence in cohorts from the general population, in which 
the risk of first VTE is approximately 0.2 to 0.3 per 100 person-years.®* 
Because this may however lead to imprecise estimates, it is prefera- 
ble to use absolute risk estimates derived from cohort studies. Retro- 
spective cohort studies may produce less-reliable incidence estimates 
because retrospective studies carry the risk of (unconscious) selection 
of patients and data and the clinical diagnosis of VTE may not have 
been confirmed by objective tests. Prospective cohort studies of asymp- 
tomatic carriers of hereditary thrombophilic defects are probably better 
suited to estimate the true incidence of thrombosis in thrombophilic 
patients. It is important to note that cohort studies have been mainly 
performed in relatives of (consecutive) patients with a particular throm- 
bophilic defect. Absolute risk estimates from family studies are higher 
than from population based studies. Even in the absence of any hered- 
itary thrombophilia, the risk of VTE is still twofold increased in first 
degree family members of patients with VTE.” This suggests cosegre- 
gation of other, unmeasured or unknown thrombophilias. ‘Table 130-4 
presents absolute risk estimates for a first-episode VTE for asymptom- 
atic carriers with a family history of VTE. These risk estimates can be 
used to counsel both affected and unaffected family members about 
their risk of VTE. These studies also provide absolute risk estimates for 
VTE associated with exogenous additional risk factors such as surgery, 
trauma or immobilization, and pregnancy or use of hormonal contra- 
ception (Table 130-4). These incidences are derived from retrospective 
family studies, as prospective studies are limited by shorter followup 
duration and reduced power. 


Thrombophilia and the Risk of Recurrent Venous 
Thromboembolism 

Regardless of thrombophilia, the absolute risk of a recurrent episode is 
much higher than the risk of a first episode of VTE. The most impor- 
tant determinant of recurrence is the presence of transient clinical risk 
factors during the time of the first episode.” After an unprovoked first 
episode of VTE, the risk of recurrence is approximately 10 percent in 
the first year after cessation of anticoagulation and approximately 5 per- 
cent per year thereafter.” The risk is lower after VTE that was associated 
with a transient risk factor, with an incidence in the first 2 years of 0.7 
percent per year for surgery-provoked VTE and 4.2 percent per year for 
VTE provoked by estrogen use, pregnancy, temporary immobilization, 
or trauma.” Other determinants for recurrence are male sex, proximal 


TABLE 130-3. Relative Risk Estimates for Common Hereditary Thrombophilias and Venous or Arterial Thrombosis and 


Pregnancy Complications 


Relative Risk 
First VTE Recurrent VTE Arterial Thrombosis Pregnancy Complications 

Antithrombin deficiency 5-10 1.9-2.6 No association 1.3-3.6 

Protein C deficiency 4-6.5 1.4-1.8 No consistent association 1.3-3.6 

Protein S deficiency 1-10 1.0-1.4 No consistent association 1.3-3.6 

Factor V Leiden 275 1.4 ile 1.0-2.6 

Prothrombin G20210A 2-3 1.4 0.9 0.9-1.3 

Persistently elevated FVIII 2-11 6-11 - 4.0 

Mild hyperhomocysteinemia 2.5-2.6 2.6-3.1 - No consistent association 


FVIII, factor VIII; VTE, venous thromboembolism. 
Risk estimated are derived from studies reviewed in detail elsewhere." 
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TABLE 130-4. Absolute Incidences for a First Episode of Venous Thromboembolism in Asymptomatic Family Members of 


Consecutive Patients with Venous Thromboembolism 


Surgery, Trauma, Pregnancy (% Per Oral Contraceptive 
Incidence Any Immobilization Pregnancy Including Use (% Per Year of 
VTE (% Per Year) (% Per Episode) Postpartum Period) Use) 
Antithrombin, protein C, or protein 
S deficiency’? 
Affected family members 1.0 (0.7-1.4) 8.1 (4.5-13.2) 4.1 (1.7-8.3) 4.3 (1.4-9.7) 
Unaffected family members 0.1 (0.0-0.2) 0.9 (0.3-3.2) 0.5 (0.0-2.8) 0.7 (0.0-3.3) 
Factor V Leiden’! 
Affected family members 0.5 (0.3-0.6) 1.8 (0.7-4.0) 2.1 (0.7-4.9)* 0.5 (0.1-1.4) 
Unaffected family members 0.1 (0.0-0.2) 0.7 (0.1-2.7) 0.0 (0.0-1.9)* 0.2 (0.0-0.8) 
Prothrombin G20210A*122123 
Affected family members 0.4 (0.1-1.1) 2.0 (0.8-4.2) 2.8 (1.0-6.0) 0.2 (0.0-0.9) 
Unaffected family members 0.1 (0.0-0.7) 2.4 (1.0-4.9) 1.2 (0.1-4.2) 0.3 (0.0-1.1) 
Persistently elevated FVIII5®*! 
Affected family members 2.3 (1.2-4.2) 1.2 (0.4-2.8) 1.3 (0.4-3.4) 0.6 (0.2-1.5) 
Unaffected family members 0.5 (0.1-1.2) 1.5 (0.6-3.1) 0.0 (0.0-1.1)* 0.3 (0.1-0.8) 
Mild hyperhomocysteinemia'**' 
Affected family members 0.2 (0.1-0.3) 0.6 (0.2-2.3) 1.9 (0.7-4.7) 0.4 (0.1-1.0) 
Unaffected family members 0.1 (0.1-0.2) 1.7 (0.8-3.5) 0.7 (0.2-2.6) 0.0 (0.0-0.3)* 


FVIII, factor VIII; VTE, venous thromboembolism. 
*Does not apply to homozygous carriers; see Table 130-5. 


‘The population risk of pregnancy-related VTE is 0.2% per pregnancy.” 


(vs. distal) deep venous thrombosis (DVT), and elevated D-dimer levels 
after stopping anticoagulation.” 

Although individuals with hereditary thrombophilia have a higher 
risk of developing a first episode of VTE, the risk increases for recurrent 
events in patients with prior VTE are much lower. Numerous case-control 
studies in VTE patients with a specific thrombophilia with nonthrom- 
bophilic VTE patients as controls yield relative risks of 1.5 to 2.0 for most 
hereditary thrombophilias.”"”° Patients develop VTE when the combi- 
nation of individual susceptibility (including hereditary thrombophilia) 
and acquired, sometimes transient, risk factors are sufficient to cause 
VTE. This individual susceptibility is constant throughout life. Therefore, 
patients with a previous episode of VTE have proven to have sufficient 
individual susceptibility, irrespective of hereditary thrombophilia being 
part of that susceptibility. This explains why the risk for recurrence is at 
best only marginally increased for carriers of hereditary thrombophilia.” 


ARTERIAL THROMBOEMBOLIC DISEASE 


The increased risk of VTE in patients with hereditary thrombophilia has 
led to many studies investigating the association of thrombophilia with 
arterial thromboembolic disease. Factor V Leiden and prothrombin 
G20210A are the most extensively studied as risk factors for arterial 
disease. The largest meta-analysis of case-control studies of patients 
with myocardial infarction found an OR of 1.17 (95% confidence inter- 
val [95% CI] 1.08 to 1.28) for factor V Leiden (60 studies with 42,390 
patients) and 1.31 (95% CI 1.12 to 1.52) for prothrombin G20210A (40 
studies with 26,087 patients). The association between these muta- 
tions and myocardial infarction is stronger when analyses are limited 
to patients with myocardial infarction below the age of 55 years with 
ORs of 1.34 (95% CI 0.94 to 1.91) for factor V Leiden and 1.86 (95% CI 


1.00 to 3.51) for prothrombin G20210A.° Meta-analyses of studies in 
patients with ischemic stroke have shown similar modest risk increases 
in patients with factor V Leiden or prothrombin G20210A.* 

Deficiencies of the natural anticoagulants are less prevalent than 
factor V Leiden and prothrombin G20210A and as a result, the asso- 
ciation with arterial thromboembolic disease has not been extensively 
studied. Although various case reports of patients with antithrombin, 
protein C, or protein S deficiency have been published, most case-con- 
trol studies have failed to demonstrate a significant association with 
myocardial infarction and ischemic stroke.” A retrospective cohort 
study of 552 first-degree family members of patients with venous or 
arterial thrombosis and a deficiency of either antithrombin, protein C 
or protein S found no increased risk of arterial cardiovascular disease in 
affected family members older than age 55 years.” However, in persons 
younger than age 55 years, protein C and protein S were associated with 
a five- to ninefold increased risk, whereas antithrombin deficiency did 
not confer an increased risk. 

Several case-control studies have found associations with elevated 
FVIII levels and myocardial infarction.” Furthermore, prospective 
cohort studies of healthy individuals have demonstrated marginally 
increased risks of myocardial infarction and stroke in patients with ele- 
vated FVIII levels (ORs between 1.0 and 1.4).” In a prospective family 
study of asymptomatic first-degree family members of patients with ele- 
vated FVIII and either VTE or premature arterial thrombosis, the risk of 
arterial thromboembolism was increased 4.5-fold compared with fam- 
ily members with normal FVIII levels.*' However, elevated FVIII levels 
are associated with several well-known risk factors for arterial cardio- 
vascular disease, including obesity, high glucose levels, increasing age, 
chronic inflammatory diseases, and renal disease.” It is possible that 
studies evaluating the association between elevated FVIII and arterial 


thromboembolic disease have not been able to sufficiently adjust for 
known and unknown confounders. Moreover, acute myocardial infarc- 
tion and ischemic stroke may cause acute-phase reactions that tran- 
siently increase FVIII levels, hampering interpretation of case-control 
or retrospective cohort studies. However, patients with hemophilia A, a 
genetic cause of decreased FVIII levels, have an approximate 80 percent 
lower risk of death from ischemic heart disease, indicating a potential 
causal relation between FVIII levels and arterial thrombosis.” 

Mild hyperhomocysteinemia and MTHFR 677TT have been 
extensively studied in relation to arterial thromboembolic disease. A 
meta-analysis of studies that included more than 5000 patients with 
ischemic heart disease and more than 1000 patients with ischemic stroke 
demonstrated a significant correlation between homocysteine level and 
the risk of arterial thrombosis.* The risk increase in was higher in ret- 
rospective studies than in prospective studies in which homocysteine 
levels are measured before the thrombotic episodes. This could, in part, 
be explained by the observed association between hyperhomocysteine- 
mia and other well-known risk factors for arterial cardiovascular dis- 
ease, including smoking, chronic inflammatory disorders, and renal 
failure.“ Like with elevated FVIII levels, it is uncertain whether studies 
that investigate the relation between homocysteine and arterial cardio- 
vascular disease have been able to sufficiently adjust for confounding 
variables. The association between MTHFR 677TT and ischemic heart 
disease has shown mixed results with no association in studies in North 
American patients and a modest 16 percent risk increase in studies in 
European patients.” It was initially hypothesized that this difference is 
attributable to a lower dietary folate intake in Europe. However, this 
hypothesis conflicts with the results of trials in patients with vascular 
disease in whom homocysteine lowering with folic acid and B vitamins 
did not reduce the risk of recurrent episodes. 


PREGNANCY COMPLICATIONS 


Although many studies have observed a relationship between heredi- 
tary thrombophilia and pregnancy complications, including recurrent 
miscarriage, late pregnancy loss, preeclampsia, intrauterine growth 
restriction, and placental abruption, this should be regarded as contro- 
versial. Most associations are modest in strength and vary with type of 
thrombophilia and type of pregnancy complication.***** Furthermore, 
the most recent and larger prospective cohort studies found lower ORs 
for hereditary thrombophilia than older and smaller case-control stud- 
ies, which may point to a bias in the observed associations.**”** The 
mechanisms of how thrombophilia would lead to pregnancy compli- 
cations remain largely unknown. It is unlikely that mere hypercoagula- 
bility with thrombosis of placental vasculature is the pathophysiologic 
substrate for an association with thrombophilia. Animal and in vitro 
studies have implicated a role for both procoagulant and inflammatory 
pathways in pregnancy failure and interesting effects of acetylsalicylic 
acid (ASA) and heparin.” For instance, in a murine high-risk preg- 
nancy model, heparin rescued factor V Leiden-associated placental 
failure, but this was independent of anticoagulation.” 


@ CLINICAL IMPLICATIONS OF 
THROMBOPHILIA INCLUDING TESTING 


GENERAL CONSIDERATIONS OF 
THROMBOPHILIA TESTING 


Several arguments against testing for thrombophilia should be consid- 
ered.” First, an obvious disadvantage of testing for thrombophilia is the 
high cost. Although two studies concluded that testing for thrombophilia 
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in some scenarios could be cost-effective, the underlying assumptions 
from inconsistent observational studies seriously hamper their inter- 
pretation.”!*? Second, although the psychological impact and conse- 
quences of knowing that one is a carrier of a (genetic) thrombophilic 
defect are considered limited, a qualitative study described several neg- 
ative effects of both psychological and social origins.” Difficulties in 
obtaining life or disability insurance are frequently encountered by indi- 
viduals who are known carriers of thrombophilia, regardless of whether 
they are symptomatic or asymptomatic.” Third, the most compelling 
argument against testing is the potential false reassurance that may arise 
from a negative thrombophilia test for individuals who come from fam- 
ilies with a thrombotic tendency. For example, Table 130-4 indicates 
that in these families, women without thrombophilia have a markedly 
increased risk of oral contraceptive-related VTE compared to pill users 
from the general population (0.7 percent in women with a natural anti- 
coagulant deficiency versus 0.04 percent per year of use), reflecting a 
selection of families with a strong thrombotic tendency in which yet 
unknown thrombophilias have co-segregated. 

The following paragraphs discuss the potential scenarios for 
thrombophilia testing in more detail. 


TESTING FOR THROMBOPHILIA TO 
MODIFY THE RISK OF A FIRST VENOUS 
THROMBOEMBOLISM 


Having a family history of VTE is a poor predictor of the presence of 
thrombophilia.” Still, a potential advantage of testing patients with 
VTE for thrombophilia may be the identification of asymptomatic fam- 
ily members in order to take preventive measures if tested positive, and 
to withhold such measures if relatives have tested negative. An impor- 
tant requisite is that a test result indeed dichotomizes carriers and non- 
carriers in terms of their risk for a first episode of VTE. 

Based on the absolute risks for a first episode of VTE 
(see Table 130-4), it is clear that the 1 to 3 percent annual major bleed- 
ing risk associated with continuous oral anticoagulant treatment out- 
weighs the risk of VTE.” Table 130-4 also shows that during high-risk 
situations such as surgery, immobilization, trauma, pregnancy, and the 
postpartum period, and during the use of oral contraceptives, the abso- 
lute risk is generally low, with the exception of women with a natural 
anticoagulant deficiency who use oral contraceptives or are pregnant. 

Estimates of the effect of avoidance of oral contraceptives on the 
number of prevented episodes of VTE by means of thrombophilia 
testing can be calculated for women who have a positive first-degree 
relative with VTE in whom the thrombophilic defect is known.” To 
avoid one VTE event, 28 women with antithrombin, protein C or pro- 
tein S deficiency, and a positive family history for VTE would need 
to refrain from oral contraceptives, and to identify these women, 56 
female relatives would need to be tested.” For factor V Leiden or the 
prothrombin 20210A mutation, approximately 333 women would need 
to avoid oral contraceptives and 666 female relatives would need to be 
tested. Although the number of tested women for the natural deficien- 
cies seems quite acceptable, the major argument against this scenario is 
that a normal level of antithrombin, protein C, or protein S in women 
from these families does not exclude a strongly increased risk of VTE 
during oral contraceptive use, as compared to the general population 
(see Table 130-4). The same, but to a lesser extent, is true for women 
from thrombophilic families who do not carry either the factor V 
Leiden or prothrombin mutation, but here also the number needed to 
screen is unacceptably high. 

Table 130-5 indicates the estimated number needed to test to ini- 
tiate prophylactic measurements around pregnancy, again applicable 
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TABLE 130-5. Estimated Number of Asymptomatic Thrombophilic Women Who Should Use Low-Molecular-Weight 


Heparin Prophylaxis During Pregnancy and/or the Postpartum Period to Prevent Pregnancy-Related Venous 
Thromboembolism, and Estimated Number Needed to Test 


Number Using Number of 
Risk of VTE Per Risk Difference Prophylaxis to Female Relatives 
Thrombophilia Pregnancy*, % Per 100 Women Prevent 1 VTE? to Be Tested 
Antithrombin, protein C, or protein S deficiency 
Deficient relatives 4.1* 3.6 28 56 
Nondeficient relatives OS? 
Factor V Leiden or prothrombin 20210A mutation, 
heterozygous 
Relatives with the mutation 2.0* 15) 66 132 
Relatives without the mutation OS? 
Factor V Leiden or prothrombin 20210A mutation, 
homozygous 
Homozygous relatives 16.0 155 6 24 
Relatives without the mutation OP 


VTE, venous thromboembolism. 
*Antepartum and postpartum combined. 


‘These estimates apply to women with a positive family history of VTE and assume an unrealistic 100% efficacy of prophylaxis with low-molec- 


ular-weight heparin. 
*Based on family studies as outlined in Table 130-4. 


‘Summary estimate of the data as outlined in Table 130-4, combined for factor V Leiden and prothrombin mutation. 


to women from thrombophilic families. Only for women with antith- 
rombin, protein C, or protein S deficiency, or those who are homozy- 
gous for factor V Leiden (Table 130-5), the risks of 4 and 16 percent 
respectively during pregnancy and the postpartum period may outweigh 
the nuisance of daily subcutaneous low-molecular-weight heparin 
(LMWH) injections with frequently occurring skin reactions, and the 
very small risk for severe complications of anticoagulant therapy during 
pregnancy.” Furthermore, the numbers in Table 130-5 underesti- 
mate the number of women that need to use prophylaxis (and be tested 
prior to this decision) in order to avoid pregnancy-related VTE, because 
a 100 percent efficacy of prophylaxis is assumed in these calculations. 
Whether the absolute risks of pregnancy-related VTE justifies prophy- 
laxis for 8 months during pregnancy, or the shorter postpartum period 
of 6 weeks is a matter of the physicians’ and patients’ preference.'” The 
risk of pregnancy-related VTE in women from these families who do 
not have the hereditary thrombophilic defect is approximately 0.5 per- 
cent, compared to 0.2 percent in the general population.’ Hence, with- 
holding prophylaxis to women from thrombophilic families who do not 
have the defect is supported by evidence from well-designed studies of 
individuals in the same clinical context. 


THROMBOPHILIA TESTING IN PATIENTS WITH 
VENOUS THROMBOEMBOLISM 


Thrombophilia testing is most often considered in patients with VTE, 
particularly if they are young, have recurrent episodes, have thrombosis 
at unusual sites, or have a positive family history for the disease. How- 
ever, although such a strategy may lead to an increased yield of testing, 
the main question is whether a positive test result should alter manage- 
ment. As previously discussed, thrombophilia is a very poor predictor 
of recurrent VTE, and whether the very modest risk increase warrants 
prolongation of the duration of anticoagulation, particularly after 


provoked VTE, is a matter of debate.”'™ Furthermore, given the rarity 
of homozygous or double heterozygous thrombophilias in unselected 
patients with VTE, the efficiency of testing is obviously very low.'®'® 
A randomized controlled trial of testing for thrombophilia in patients 
with a first episode of VTE would provide the ultimate evidence to 
decide whether this is justified, but no such trials have been successfully 
performed.’ To investigate whether testing for thrombophilia reduced 
the risk of recurrent VTE, 197 patients who had had a recurrent event 
were compared to 324 patients who did not have a recurrence.'” The 
OR for recurrence was 1.2 (95% CI 0.9 to 1.8) for tested versus non- 
tested patients, indicating that testing, with real life clinical decisions 
based on the outcome of testing, did not reduce the risk of recurrent 
VTE in patients after a first episode. 


THROMBOPHILIA TESTING IN PATIENTS WITH 
ARTERIAL CARDIOVASCULAR DISEASE 


The association between hereditary thrombophilia and arterial cardio- 
vascular disease is questionable, or at least much weaker than for VTE. 
The association is stronger in patients with events before the age of 55 
years. As a result, thrombophilia test panels are often ordered in with 
arterial cardiovascular disease. In a survey among Dutch physicians that 
ordered thrombophilia tests in 2000 consecutive patients in 2003 and 
2004, arterial cardiovascular disease, mainly ischemic stroke, was the 
indication for testing in 23 percent of patients.’ Interestingly, only 54 
percent of those patients were younger than 50 years of age. Testing for 
hereditary thrombophilia in patients with (premature) arterial cardio- 
vascular disease could only be justified if the test results would mandate 
different secondary prevention. However, more vigorous secondary 
prevention such as long-term dual antiplatelet therapy or oral anticoag- 
ulation instead of ASA monotherapy is not beneficial for most patients 
with arterial cardiovascular events, mainly because of the increased 


risk of bleeding. Whether such a strategy is beneficial for patients with 
hereditary thrombophilia has never been tested, but is very unlikely 
given the very modest risk increases associated with hereditary throm- 
bophilia. Therefore, testing in this setting is not justified. 


THROMBOPHILIA TESTING INWOMEN WITH 
PREGNANCY COMPLICATIONS 


Thrombophilia testing in women with pregnancy complications would 
be indicated if a test result would alter management. However, to date, 
testing for hereditary thrombophilia in this setting cannot be justi- 
fied'®' for the following reasons. For women at moderate to high risk 
of preeclampsia, ASA provides a modest benefit in reducing the risk of 
preeclampsia, but this is regardless of the presence of hereditary throm- 
bophilia.'°*'* Whether anticoagulant treatment with heparin or LMWH 
improves the chance of a successful pregnancy outcome in women with 
pregnancy complications is presently unknown as results from random- 
ized clinical trials are extremely inconsistent." It is also uncertain 
whether presence of hereditary thrombophilia is a prerequisite for an 
assumed beneficial effect, if any. Only three randomized controlled tri- 
als have been exclusively dedicated to women with hereditary throm- 
bophilia and recurrent miscarriage, a single fetal loss, or late pregnancy 
complications. The first trial found promising results in women with 
heterozygous factor V Leiden mutation, prothrombin G20210A muta- 
tion, or protein S deficiency and a single previous pregnancy loss 
after 10 weeks gestation.'’* Women who were allocated to enoxaparin 
had a much higher chance of a livebirth than those allocated to ASA 
(86 percent and 29 percent, respectively; OR 15.5; 95% CI 7 to 34), 
but several methodologic issues were raised, and the results of this 
single study have not been confirmed by other trials.°>" Second, in 
the FRUIT trial, women with hereditary thrombophilia and a history 
of preeclampsia or intrauterine growth restriction requiring delivery 
before 34 weeks of gestation, were randomized between dalteparin with 
ASA and ASA alone.''® The primary outcome (recurrence of a hyper- 
tensive disorder, e.g., preeclampsia, HELLP, or eclampsia) did not differ 
between the two groups, but none of the women in the LMWH/ASA 
group developed recurrent hypertensive disorders prior to 34 weeks ges- 
tational age, whereas six women in the ASA-only group delivered before 
34 weeks because of recurrent hypertensive disorders (risk difference 
8.7 percent; 95% CI 1.9 to 15.5 percent). Finally, the TIPPS study 
included thrombophilic women at high risk for pregnancy complications 
or at increased risk of VTE and randomized them between dalteparin 
and no dalteparin.'* The primary composite outcome (severe or early 
onset preeclampsia, small-for-gestational-age infant, pregnancy loss, 
or VTE) did not differ between the groups. Hence, to date, there is no 
evidence from sufficiently powered and adequately designed clinical 
trials that justify use of heparin to improve pregnancy outcome in 
women with hereditary thrombophilia, and heparin should only be 
given in the context of a clinical trial." 


@ CONCLUSIONS 


The knowledge about the hereditary contribution to the etiology of 
VTE has increased tremendously over the past decades. Still, testing for 
thrombophilia serves only a limited purpose and should not be per- 
formed on a routine basis. Thrombophilia testing in asymptomatic rela- 
tives may be useful in families with antithrombin, protein C, or protein 
S deficiency, or for siblings of patients who are homozygous for factor 
V Leiden, and is limited to women who intend to become pregnant 
or who would like to use oral contraceptives. Careful counseling with 
knowledge of absolute risks helps patients make an informed decision 
in which their own preferences can be taken into account, and in which 
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the clinician should be cautious to not provide false reassurance in case 
of a negative test result. Observational studies show that patients who 
have had VTE and have thrombophilia are at most at a slightly increased 
risk for reoccurrence. Other determinants, including circumstances 
during the first VTE, elevated D-dimer levels, and male sex, are better 
predictors of recurrent VTE.” Furthermore, no beneficial effect on the 
risk of recurrent VTE was observed in patients who had been tested for 
inherited thrombophilia. In the absence of trials that compared routine 
and prolonged anticoagulant treatment in patients testing positive for 
thrombophilia, testing for such defects to prolong anticoagulant therapy 
cannot be justified. Finally, there is at present no reason to test patients 
with arterial cardiovascular disease, or women with recurrent miscar- 
riage or late pregnancy complications for hereditary thrombophilia, in 
the absence of evidence-based guidelines for changes in management. 
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CHAPTER 131 
THE ANTIPHOSPHOLIPID 
SYNDROME 


Jacob H. Rand and Lucia Wolgast 


The antiphospholipid (aPL) syndrome (APS) is an acquired thrombophilic 
disorder in which patients have vascular thrombosis and/or pregnancy com- 
plications attributable to placental insufficiency, accompanied by laboratory 
evidence for the presence of antiphospholipid antibodies in blood. The dis- 
order is referred to as primary APS when it occurs in the absence of systemic 
lupus erythematosus (SLE), and secondary APS in its presence. Any portion of 
the circulatory tree can be affected, although the most frequently affected 
vessels are the deep veins of the lower extremities. Abnormalities that have 
been reported in association with the syndrome include virtually all other 
autoimmune disorders, immune thrombocytopenia, acquired platelet func- 
tion abnormalities, hypoprothrombinemia, acquired inhibitors of coagulation 
factors, livedo reticularis, heart valve abnormalities, atherosclerosis, pulmo- 
nary hypertension, and migraine. Rare patients have a catastrophic form of 
APS (CAPS) in which there is disseminated thrombosis in large- and small- 
vessel thrombi, often after a triggering event such as infection or surgery, and 
often with multiorgan ischemia and infarction. 

APS is a misnomer, the main antigenic targets for thrombogenic aPL anti- 
bodies are epitopes on phospholipid-binding proteins, the most important 
of which appears to be B,-glycoprotein | (6,GPI). The syndrome is identified 
by persistent abnormalities of laboratory tests for antibodies against these 
phospholipid—protein cofactor complexes, detected by immunoassays and by 
coagulation assays (also known as “lupus anticoagulant assays”) that, paradox- 
ically, report the inhibition of phospholipid-dependent coagulation reactions. 
Long-term warfarin anticoagulant therapy is the usual treatment for throm- 
bosis in patients with APS, although there is some controversy about whether 
treatment of patients with APS stroke might be better treated with aspirin. 
Patients with recurrent spontaneous pregnancy losses and APS generally are 
treated with aspirin and heparin for prophylaxis against deep vein thrombosis 


Acronyms and Abbreviations: aCL, anticardiolipin; APC, activated protein C; aPL, 
antiphospholipid; APS, antiphospholipid syndrome; aPTT, activated partial throm- 
boplastin time; ARDS, acute respiratory distress syndrome; ASIA, autoimmune/ 
autoinflammatory syndrome induced by adjuvants; AVWS, acquired von Willebrand 
syndrome; BFP syphilis test, biologic false-positive serologic test for syphilis; B,GPI, 
B,-glycoprotein |; CAPS, catastrophic APS; CMV, cytomegalovirus; dRVVT, dilute Rus- 
sell viper venom time; ELISA, enzyme-linked immunosorbent assay; HCQ, hydroxy- 
chloroquine; Ig, immunoglobulin; IL, interleukin; LA, lupus anticoagulant; LDL, 
low-density lipoprotein; LMWH, low-molecular-weight heparin; MAPK, mitogen- 
activated protein kinase; NOACs, new oral anticoagulants; RVV, Russell viper venom; 
SCR, short consensus repeat; SLE, systemic lupus erythematosus; TLR, toll-like recep- 
tor; TM, thrombomodulin; t-PA, tissue-type plasminogen activator; UFH, unfraction- 
ated heparin; VWF, von Willebrand factor. 


during their pregnancies and the postpartum period. CAPS patients have a 
high mortality and, in addition to anticoagulants, often require plasmaphere- 
sis and immunosuppressive agents. Patients without clinical manifestations of 
APS or a history of SLE should generally not undergo diagnostic screening for 
aPL antibodies and, if tested and found to be positive, should not be commit- 
ted to antithrombotic therapy solely on the basis of laboratory abnormalities. 


@ DEFINITION AND HISTORY 


The antiphospholipid (aPL) antibody syndrome (APS) is a disorder in 
which vascular thrombosis or pregnancy complications attributable to 
placental insufficiency occur in patients with laboratory evidence for 
antibodies directed against proteins that bind to phospholipids. The 
syndrome was first proposed to be a distinct entity, “the anticardiolipin 
(aCL) syndrome,” in 1985' and soon was renamed APS.’ While precise 
data are not available, the syndrome is thought to affect approximately 
10 percent of patients with venous thrombosis,** and approximately 
20 percent of women with three unexplained fetal losses before 
12 weeks of gestation, or at least one intrauterine fetal death after 12 weeks 
of gestation. 

The term “aPL antibodies” can refer to (1) antibodies that rec- 
ognize protein-phospholipid complexes as in cofactor-dependent 
aCL assays, (2) antibodies that recognize the proteins directly as in 
anti-B,glycoprotein I assays (anti-ß GPI), (3) an abnormal coagulation 
test in several assays that report inhibition of phospholipid-dependent 
coagulation reactions, collectively as termed lupus anticoagulant (LA) 
tests, and (4) antibodies that recognize phospholipid directly as in 
syphilis and are not associated with the APS disease entity. 

A brief review of the history of APS** helps explain the confusing 
terminology (Table 131-1); the reader is referred to references 6 to 8 
for more detailed accounts. In retrospect, the first assay for aPL auto- 
antibodies was Moore and Mohr’s report of the “biologic false-positive” 
serologic tests for syphilis (BFP syphilis test) in 1952°; this abnormality 
came to be associated with systemic lupus erythematosus (SLE). The 
contemporaneous introduction, of the activated partial thromboplas- 
tin time (aPTT), which used cephalin, a phospholipid extract of ani- 
mal brains, as the “partial thromboplastin” (distinct from the “complete 
thromboplastin,’ tissue factor, and phospholipid),"! led to the recogni- 
tion of a unique type of anticoagulant in patients with SLE, that was 
frequently associated with BFP syphilis tests.” Because the of its initial 
association with SLE this phenomenon was misnamed LA.” It became 
recognized that the LA was purely an in vitro phenomenon that was 
not limited to SLE and that was not associated with bleeding complica- 
tions unless another hemostatic defect was present.° Furthermore, the 
LA came to be associated with recurrent pregnancy losses’™*" and with 
thrombotic and embolic manifestations.'* The development, in 1983, of 
the aCL antibody assay, that measured antibodies against the anionic 
phospholipid, cardiolipin (diphosphatidylglycerol), the primary antigen 
in the syphilis test reagent,” was the advance that led to the identifi- 
cation of a new syndrome. Within a few years, it became recognized 
that aPL antibodies did not bind phospholipids directly but instead were 
directed against proteins that bound to the phospholipid, primarily 
B,GPI (see “Pathogenesis” below). This information became important 
in helping to unravel the mechanisms for APS and in advancing diag- 
nostic testing toward the goal of distinguishing between the syndrome 
and incidental false-positive tests. Table 131-2 describes the current 
consensus investigational criteria for diagnosing APS."* 

Most patients with elevated aPL antibodies do not have the syn- 
drome; elevated aPL antibody levels can occur in patients with several 
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TABLE 131-1. Paths of Development of Antiphospholipid 


Assays: Historical Summary 


Immunoassay Path Coagulation Path 


1950s: Syphilis testing 1950s: Partial thromboplastin 
time inhibitor 
1970s: Lupus anticoagulant (LA) 


1980s: Recognition that LAs 
are inhibitors of phospholipid- 
dependent coagulation 
reactions 


1980s: Antiphospholipid 

(aPL) antibody enzyme-linked 
immunosorbent assay (ELISA; 
e.g., anticardiolipin [aCL] 
immunoassays) 


1990s: Anticofactor ELISA 
(anti-B,-glycoprotein | [6,GPI], 
antiprothrombin, etc.) 


2004: Demonstration that 
resistance to the anticoagulant 
effect of annexin A5 correlates 
with thrombosis in antiphos- 
pholipid syndrome 


2005: Demonstration that 

antibodies against domain | 
of B,GPI are associated with 
increased risk of thrombosis 


types of infections that induce formation of antibodies recognizing 
anionic phospholipids directly, patients taking medications such as 
chlorpromazine or procainamide, and even in normal healthy individ- 
uals. Testing of patients who have neither clinical manifestations of the 
disorder or SLE for aPL antibodies should be discouraged because it 
incurs the risk of inappropriate diagnostic and treatment decisions. 


TABLE 131-2. Sydney Investigational Criteria for Diagnosis 


of Antiphospholipid Syndrome 


Clinical 


Vascular thrombosis (one or more episodes of arterial, venous, 
or small vessel thrombosis). For histopathologic diagnosis, there 
should not be evidence of inflammation in the vessel wall. 


Pregnancy morbidities attributable to placental insufficiency, 
including three or more otherwise unexplained recurrent spon- 
taneous miscarriages, before 10 weeks of gestation. Also, one 
or more fetal losses after the 10th week of gestation, stillbirth, 
episode of preeclampsia, preterm labor, placental abruption, 
intrauterine growth restriction or oligohydramnios that are oth- 
erwise unexplained. 


Laboratory 


+ aCL or anti-B,GPI IgG and/or IgM antibody present in medium 
or high titer on two or more occasions, at least 12 weeks apart, 
measured by standard ELISAs. 


Lupus anticoagulant in plasma, on two or more occasions, at 
least 12 weeks apart detected according to the guidelines of 
the International Society of Thrombosis and Hemostasis Scien- 
tific Standardization Committee on Lupus Anticoagulants and 
Phospholipid-Dependent Antibodies. 


“Definite APS” is considered to be present if at least one of the 
clinical criteria and one of the laboratory criteria are met. 


aCL, anticardiolipin; aPL, antiphospholipid; B,GPI, B,-glycoprotein |; 
ELISA, enzyme-linked immunosorbent assay; lg, immunoglobulin. 
Data from Miyakis S, Lockshin MD, Atsumi T et al: International con- 
sensus statement on an update of the classification criteria for defi- 
nite antiphospholipid syndrome (APS). J Thromb Haemost 4:295-306, 
206. 


@ ETIOLOGY AND PATHOGENESIS 
ETIOLOGY 


As with most autoimmune conditions, the etiology of APS is not 
understood. It has been demonstrated that even normal healthy indi- 
viduals have memory B cells that produce aPL antibodies. In a study 
of patients with infectious mononucleosis, 10 to 60 percent of immu- 
noglobulin (Ig) M aPL-producing cells expressed CD27, the marker 
of memory B cells. The affinity of aPL antibodies for their target 
becomes increased by the inclusion of amino acids lysine, arginine, 
and asparagine within the complementary determining regions of the 
heavy and light chains.” 

Although antibodies against anionic phospholipid moieties arise 
during the course of infections such as syphilis and Lyme disease, those 
are distinct from antibodies generated by patients with the syndrome 
because they generally recognize phospholipid epitopes directly (also 
referred to as “cofactor independent”) and are not associated with the 
clinical manifestations of the syndrome. There are intriguing hints 
for molecular mimicry mechanisms and that infection and vaccina- 
tion-induced APS could be related to autoimmune/autoinflammatory 
syndrome induced by adjuvants (ASIA).” aPL antibodies have been 
reported in patients who developed thrombosis after varicella infec- 
tion,*?? and in patients with hepatitis C.” aPL antibodies were 
reported in a patient with cytomegalovirus (CMV) infection, mesen- 
teric and femoropopliteal thrombosis.” $ GPI cofactor-dependent 
antibodies against cardiolipin, phosphatidyl serine, and phosphatidyl 
ethanolamine have been identified in sera from patients with parvovi- 
rus B19.” Bacterial infections are a predisposing risk factor for the cat- 
astrophic form of APS (CAPS).” A high proportion of HIV-1 patients 
have aPL antibodies; more than 40 percent in one study, in which 
18 percent had aCL and 30 percent had anti-,GPI (mostly of the IgA 
isotype),*°; however, positivity for these antibodies was not associated 
with thrombosis. A link has been proposed between the cardiac valvu- 
lar disease in acute rheumatic fever and the presence of aPL antibod- 
ies.’ aCL antibodies having 6,GPI dependence and LA activity have 
been generated in rabbits immunized with lipid A and lipoteichoic 
acid, suggesting that some bacteria can contribute to the production 
of pathogenic aPL antibodies.” It has also been proposed that cellu- 
lar apoptosis, with the resulting exposure of anionic phospholipids on 
cell surfaces, may trigger the generation of aPL antibodies.**** Molec- 
ular mimicry between $,GPI-related synthetic peptides and structures 
within bacteria, viruses, and tetanus toxoid** have been demonstrated 
in an experimental model for APS.” Mice immunized with a CMV-de- 
rived peptide developed aPL antibodies and thrombosis, and showed 
evidence for endothelial cell activation.* 

Reports of familial clustering of raised aPL antibody levels” indi- 
cate that genetic susceptibility can play a role in their development. In 
one study of 84 APS patients, more than 35 percent had at least one rela- 
tive, and more than 20 percent had two or more relatives, with evidence 
of at least one clinical feature of APS, such as thrombosis or recurrent 
fetal loss.“ 


PATHOGENESIS 


Experimental Evidence That Antiphospholipid Antibodies 
Are Pathogenic 

It has been clearly established in a number of experimental animal mod- 
els for APS that aPL antibodies play a causal role in the development of 
thrombosis and pregnancy loss.*'* Although it is reasonable to assume 
that the same holds for the human disorder, the epitopic specificities 
of the autoantibodies that cause disease and the mechanisms by which 
they produce clinical manifestations require further elucidation. 


Antigenic Specificities 

Antibodies against phospholipid that arise during the immunologic 
response to syphilis and other infections (with the notable exception of 
leprosy“) recognize anionic phospholipid epitopes directly,” whereas 
pathogenic aPL antibodies recognize phospholipid-binding proteins, 
primarily p GPI.“ 

p,GPI (also named apolipoprotein H), a member of the comple- 
ment control protein or short consensus repeat superfamily,” is a highly 
glycosylated single-chain plasma protein composed of 326 amino 
acids, with a molecular weight of approximately 50 kDa (Fig. 131-1). 
p,GPI has five short consensus repeat (SCR) stretches of approximately 
60 amino acids” (also referred to as complement control protein [CCP] 
repeats). Epitopic specificities for individual domains may have patho- 
genic and prognostic significance (see “Immunoassays” below).*'™* 

The affinity of 8,GPI for anionic phospholipids derives from cat- 
ionic residues from its aminoterminus that have affinity for anionic 
polar heads of phospholipids and a hydrophobic loop which inserts into 
the lipid bilayer. 8 GPI has five domains for which antibodies have been 
identified. IgG antibodies against an epitope comprising Gly40-Arg43 
in the domain I of $ GPI have been reported to have a stronger correla- 
tion with thrombosis than antibodies against other epitopes.*’ Recent 
data support the concept that f GPI undergoes conformational changes 
that may be important for the APS disease process. By transmission 
electron microscopy, unbound f GPI appears to be in a closed confor- 
mation because of the affinity of a portion of carboxyterminal domain 
V for the protein’s amninoterminal domain I, where the phospholipid 
binding site is located near the carboxy-terminus of SCR domain 
V (see Fig. 131-1).* The binding of B,GPI to anionic phospholipid 
membranes, requires a conformational change which exposes an 
epitope in domain I that had been cryptic in the unbound conformation 
(see Fig. 131-1). 

Although £,GPI bind to phospholipids, its role in aPL-mediated 
cell signaling (described in the section Proposed Pathogenic Mecha- 
nisms), is mediated via binding to toll-like receptors (TLRs) and not by 
direct binding to the lipid bilayer. 

While the in vivo biologic function(s) of the protein has (have) 
not been defined, several interesting properties have been demon- 
strated. The molecule binds to apoptotic cells,*° and may play a role in 
their phagocytosis and clearance.” $, GPI binds to oxidized low-density 


Arg 39 & 34 
=~ Lys 19 


Binding site 
of antibodies 


Lys 305 & 317 


Figure 131-1. Schematic of the conformational states of B,GPI. The 
unbound protein is in a closed conformation in which the epitope 
on domain | (DI) is shielded by a portion of domain V (DV). Binding 
to phospholipid membranes via a “barb; consisting of a hydrophobic 
loop formed by Ser311 to Lys317, near the carboxyterminus of DY, 
requires the protein to open and exposes an immunogenic epitope 
near the aminoterminal portion of the molecule. (Reproduced with 
permission from Rand JH A snappy new concept for APS. Blood 2010 Aug 
26;116(8):1193-1194.) 
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lipoprotein (LDL) and may play a role in its clearance." f GPI binds to 
lipopolysaccharide and the scavenged complex is taken up by mono- 
cytes/macrophages.” $,GPI reduces platelet adhesion to collagen in 
flow chambers by interfering with the platelet-von Willebrand factor 
(VWF) interaction by binding to its A2 domain, thereby interfering 
with its binding to the platelet glycoprotein Ib complex.” f GPI may 
also promote fibrinolysis as a cofactor for tissue-type plasminogen acti- 
vator (t-PA) via its SCR domain V, which increases fibrinolytic activity.” 
The protein may have a further effect on fibrinolysis by binding to endo- 
thelial cells via annexin A2, a protein that also serves as a receptor for 
plasminogen and t-PA.” Homozygous $,GPI-null mice have not been 
demonstrated to display a thrombotic phenotype.* However, the pro- 
tein may play a role—though not a critical one—in the reproductive 
process, as there was a reduction in the number of viable implantation 
sites in B,GPI-null mice and reduced fetal weight and fetal-to-placen- 
tal weight ratio in late gestation, suggesting compromised placental 
function.“ 

In addition to £,GPI, a number of other antigenic targets have been 
identified for aPL, including, but not limited to, prothrombin, coagula- 
tion factor V, protein C, protein S, annexin A2, annexin A5, high- and 
low-molecular-weight kininogens, and factors VH/VIIa and vimentin- 
cardiolipin complex. 


Proposed Pathogenic Mechanisms 

Table 131-3 and Fig. 131-2 summarize several of the main current 
hypotheses for pathogenic mechanisms in APS. The mechanisms of the 
human APS disease process have been difficult to elucidation, mainly 
for two reasons: (1) The phenotypes of vascular thrombosis and preg- 
nancy morbidity are not unique to APS, so it is difficult to ascertain 
whether the candidate mechanism is playing a causal role or is incidental. 
(2) Antibodies isolated from APS patients recognize a multiplicity of 
antigenic determinants” that can have a broad range of effects, so it is 
difficult to determine which specificities and effects are responsible for 
disease manifestations in humans. 


TABLE 131-3. Proposed Pathogenic Mechanisms for 


Antiphospholipid Syndrome 


|. Disruption of endothelial surface and annexin A5 anticoagu- 
lant shield 


Il. Enhanced cell signaling 
A. Mediated by antibodies against annexin A2 
B. Mediated by antibodies to ApoE2R 
C. Induction of endothelial surface proadhesive molecules 
D. 


Induction of tissue factor expression on monocytes and 
endothelial cells 


E. Complement-mediated signaling and injury 
Ill. Impeding of fibrinolysis and endogenous anticoagulation 


A. Interference with plasminogen and tissue plasminogen 
activator 


B. Interference with components of the protein C activation 
pathway 


IV. Activation of platelets 


A. Interference with B,-glycoprotein | dampening of von 
Willebrand factor-mediated platelet adhesion 


V. Other mechanisms 


A. Mammalian target of rapamycin complex pathway- 
mediated vasculopathy 
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s Conformationally changed 8,GPI 
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3. Impede fibrinolysis & anticoagulation 


Figure 131-2. Multiple pathogenic mech- 
anisms of aPL antibodies. (1) On a disrupted 
endothelial surface, anti-6,GPI-6,GPI complexes 
bind through the cationic domain V of 8,GPI to 
anionic structures, such as heparan sulfate to 
provide a prothrombotic surface. (2) In addition, 
anti-B,GPI-8,GP! complexes activate endothe- 
ial cell receptors such as ApoE2, TLR2/TLR4 and 
annexin A2 to promote downstream signaling 


Paai 


Prot C 


4. Activation pathways involving p38 mitogen-activated pro- 


of platelets ein kinase (938 MAPK) and nuclear factor-KB 
NF-kB), leading to the upregulation of tissue 


= a DD 


SIGNALING — p38 MAPK/NF-«B 


Disruption of the Endothelial Surface and Annexin A5 Anti- 
coagulant Shield Annexin A5 is a potent anticoagulant protein with 
high affinity for phospholipid membranes that contain anionic phos- 
pholipids, specifically phosphatidyl serine.” Annexin A5 forms two- 
dimensional crystals over the phospholipid bilayers that shield them 
from binding coagulation factors” and it has been proposed that the 
protein may play a thrombomodulatory role on the surfaces of cells 
lining the placental and systemic vasculatures. Annexin A5 is highly 
expressed on the apical membranes of placental syncytiotrophoblasts, 
the location where maternal blood interfaces with fetal cells.” Preg- 
nant annexin A5-null mice develop placental infarctions of fetuses and 
yield reduced litter sizes.’ Pregnant mice treated with anti-annexin A5 
antibodies developed placental necrosis, fibrosis, and pregnancy loss.” 
Dissociation of annexin A5 from the surface of human placental tro- 
phoblasts and human umbilical vein endothelial cells accelerates the 
coagulation of plasma exposed to those cells.” Annexin A5 binds to the 
surfaces of endothelial cells and inhibits thrombin formation.” 

aPL antibody-antigen complexes disrupt the crystallization of 
annexin A5 and displace the protein from phospholipid membrane sur- 
faces (Fig. 131—3).”**! In contrast to the LA phenomenon, aPL antibodies 


Annexin A5 shield 


Antibody/antigen 
complexes 


1. Disruption of endothelial surface, and 
annexin A5 anticogulant shield 


factor (TF) and adhesion molecules (AM) and 
a proinflammatory/prothrombotic phenotype. 
3) Anti-B,GPI-B,GP! complexes also impede 
fibrinolysis and anticoagulation by impeding 
plasmin, annexin A5 anticoagulant activity, 
and the protein C (Prot C) pathways. (4) Anti- 
B,GPI-B,GPI complexes bind to directly to activate 
platelets (Plt) and promote aggregation. 


accelerate coagulation reactions in systems that include annexin A5.7®%- 
* IgG fractions from APS patients reduce the quantity of annexin A5 on 
cultured placental trophoblasts”** and endothelial cells”**’ and acceler- 
ate the coagulation of plasma exposed to these cells.” This effect of aPL 
antibodies on annexin A5 binding has been correlated with IgG anti- 
bodies that recognize a specific epitope—domain I of B,GPI in patients 
with APS who have thrombosis” and spontaneous pregnancy losses. 
Figure 131-2 includes a model for this mechanism. 

Binding to Endothelial Surface Receptors Enhances Cell 
Signaling aPL antibodies can bind, injure, and activate cultured vascu- 
lar endothelial cells.**°' Cultured endothelial cells incubated with aPL 
antibodies with specificity for cell surface B,GPI express increased lev- 
els of cell adhesion molecules” triggered by their binding to cell surface 
B,GPL” Annexin A2 serves as a receptor for 6,GPI,° and anti-B,GPI 
antibodies may thereby stimulate expression of tissue factor on endothe- 
lial cells.** In animal models, the signaling effects of aPL antibodies were 
significantly reduced in mice treated with an anti-annexin A2 monoclo- 
nal antibody and also in annexin A2-null transgenic mice.” These effects 
of the aPL antibodies may be mediated by TLR-4 of the innate immu- 
nity system,”*”” although there are data indicating participation of other 


Figure 131-3. Disruption of annexin A5 shield by 
monoclonal antiphospholipid antibodies and 8,-gly- 
coprotein | (B,GPI). Atomic force microscopy picture 
showing the effect of a monoclonal aPL antibody 
on a preformed annexin A5 crystal. The figure dem- 
onstrates the smooth lipid bilayer covered by the 
annexin A5 crystals, disrupted by antibody—B,GPI 
complexes (white circles) and exposing anionic phos- 
pholipids (black holes) to coagulation factors and 
accelerated coagulation. (Modifed with permission from 
Rand JH, Wu XX, Quinn AS, et al: Human monoclonal 
antiphospholipid antibodies disrupt the annexin A5 
anticoagulant crystal shield on phospholipid bilayers: 
evidence from atomic force microscopy and functional 
assay. Am J Pathol 163(3):1193-1200, 2003.) 


Exposed anionic 
phospholipids 


TLRs, particularly TLR-2.** This binding results in downstream signaling 
that involves TRAF6 (tumor necrosis factor receptor-associated factor 
6) and MyD88 (myeloid differentiation factor 88). Increased expres- 
sion of tissue factor is mediated by p38 mitogen-activated protein kinase 
(MAPK).! 

Binding of autoantibodies to annexin A2 may also promote 
thrombosis by inhibiting fibrinolysis. APS patients have increased titers 
of antibodies against annexin A2, an endothelial surface receptor for 
t-PA, and plasminogen.’ The blocking of annexin A2 by aPL antibodies 
impedes plasmin generation in a t-PA-dependent generation assay, and 
inhibits cell surface plasmin generation on human umbilical vein endo- 
thelial cells.” Several additional mechanisms have been identified by 
which aPL antibodies can interfere with fibrinolysis. 8,GPI is a cofac- 
tor for t-PA-mediated activation of plasminogen, and aPL antibodies 
against f „GPI interfere with its binding to t-PA, thereby downregulating 
plasminogen activation.” Finally, fibrinolysis may also be impaired by 
autoantibodies directed against the catalytic site of plasmin or t-PA,'!% 
by an increased level of plasminogen activator inhibitor-1,'* and by 
inhibition of autoactivation of factor XII with ensuing reductions of 
kallikrein and urokinase.” 

Apolipoprotein E receptor 2 (apoER2), a member of the LDL- 
receptor family is found on endothelial surfaces, monocytes,” and 
platelets, and may also serve as receptor for anti-6,GPI-B,GPI complexes 
where it can also trigger the phosphatidylinositol 3’-kinase (PI3K)/Akt 
pathway’ and increase tissue factor and cell adhesion molecule expres- 
sion. IgG-mediated dimerization of 8,GPI and binding to ApoER2’ 
increases the sensitivity of platelets to agonists of aggregation. 

Complement-Mediated Injury Complement activation may 
play a role in the APS disease process. The IgG, subtype of aPL most 
closely correlates with thrombosis.'’°""’ Blockade of complement activa- 
tion using a C3 convertase inhibitor or genetic deletion of C3 protected 
mice from pregnancy complications induced by aPL antibodies.''*"“ 
‘These effects involve the aPL-stimulated expression of tissue factor by 
myeloid cells," and to involve proteinase-activated G-protein-coupled 
receptor (PAR)-2 signaling," indicating that complement activation 
can be pathogenic via both direct injury and downstream signaling. 

Induction of Tissue Factor Activity in Leukocytes aPL antibodies 
can promote tissue factor expression by leukocytes.'*!'7" The specific 
binding site on these cells has not been elucidated. 

Inhibition of Fibrinolysis and Endogenous Anticoagulation 
aPL antibodies can interfere with fibrinolysis in several ways. Antibod- 
ies against annexin A2, an endothelial surface receptor for t-PA and 
plasminogen, can interfere with binding of plasminogen and t-PA and 
thereby reduce plasmin formation and fibrinolysis.” Monoclonal 
aPL antibodies derived from APS patients can directly inhibit plasmin’s 
enzymatic activity." $ GPI is a cofactor for t-PA-mediated activation 
of plasminogen,'” and anti-£,GPI can interfere with this activity. Also, 
it has been reported that women with APS have significantly increased 
levels of circulating plasminogen activator inhibitor-1 (PAI-1), imply- 
ing impaired fibrinolysis." 

Interference with Components of the Protein C Activation 
Pathway The protein C pathway (Chaps. 114 and 139) is initiated 
by thrombin binding to thrombomodulin (TM), which activates pro- 
tein C bound to the endothelial protein C receptor (EPCR). Activated 
protein C (APC), together with free protein S, then proteolyses coag- 
ulation factors Va and VIIIa. APC also modulates signaling events by 
interfering with PAR-1 signalling.” ™” aPL antibodies can interfere with 
the activation of protein C by TM-thrombin and with the activity of 
APC, as well as protect factors Va and VIIa from proteolysis by APC.‘ 
Acquired APC resistance has been described in APS plasmas!” and has 
been correlated with anti-B,GPI domain I antibodies,” a risk factor for 
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thrombosis. The presence of antibodies against EPCR in APS patients 
was proposed to be a risk factor for fetal death." 

Antiphospholipid Antibodies Activate Platelets An experi- 
mental animal model that includes in vivo imaging has provided data 
indicating that aPL-induced thrombosis is a consequence of platelet 
activation that then promotes endothelial activation and fibrin forma- 
tion.’ aPL antibodies can induce platelet aggregation,” an effect that 
might be promoted via signaling through apoER2 receptors; the 8,GPI 
binding site for apoER2 on platelets was localized to its domain V.'** As 
described above (see “Antigenic Specificities”), 8,GPI also has a damp- 
ening effect on platelet adhesion by interfering with the platelet- VWF 
interaction, and consequently aPL antibodies, by interfering with this 
B,GPI-mediated dampening, can increase platelet adhesion in flow 
systems.” 

Other Mechanisms APS patients have been shown to have 
autoantibodies against tissue factor pathway inhibitor.’ Some aPL 
antibodies cross-react with heparin and heparinoid molecules, which 
are highly polyanionic, and hence, inhibit their contribution to antith- 
rombin activity.” aPL antibodies show cross-reactivity against oxidized 
LDL™ and are associated with an increased risk of atherosclerosis." 
Antibodies against 8 ,GPI-oxidized LDL complexes have been proposed 
to be atherogenic by reducing their clearance.” Finally, in addition to 
promoting thrombosis, aPL antibodies may contribute to other vascu- 
lar lesions by stimulating the mammalian target of rapamycin complex 
(mTORC) pathway (Fig. 131-4). 
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Figure 131-4. Pathogenesis of vasculopathy in the antiphospholipid 
syndrome. In addition to promoting thrombosis, antiphospholipid anti- 
bodies also trigger vasculopathy by binding to vascular endothelial cells 
and activating the mammalian target of rapamycin (mTOR) signaling 
pathway. Extracellular and intracellular signals through the phosphati- 
dylinositide 3’-kinase (PI3K)-AKT pathway activate mTOR pathway which 
regulates cell growth, proliferation and survival. The mTOR enzyme is a 
component of two complexes, mammalian target of rapamycin com- 
plex (mTORC) 1 and mTORC2. The activity of mTORC1 is regulated by 
a subunit of the regulatory-associated protein of mTORC1 (RAPTOR), 
whereas the activity of mTORC2 is regulated by a subunit of the rapamy- 
cin-insensitive companion of mTOR (RICTOR). (Modifed with permission 
from Eikelbloom JW, Weitz JI: The mTORC pathway in the antiphospholipid 
syndrome. N Engl J Med 371(4):369-371, 2014.) 
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@ CLINICAL FEATURES 


Table 131-4 summarizes the clinical features of APS. Patients generally 
present with thrombotic manifestations, that is, evidence for vasooc- 
clusion or end-organ ischemia or infarction, and/or pregnancy losses 
and complications attributable to placental insufficiency. The usual age 
at presentation with thrombosis is approximately 35 to 45 years. Except 
for patients with SLE, men and women are equally susceptible to throm- 
botic manifestations. No differences have been observed between the 
arterial and venous distributions of thromboses of primary and second- 
ary APS patients. 


SYSTEMIC VASCULAR THROMBOSIS 


Patients can present with spontaneous venous and/or arterial throm- 
bosis or embolism in any site; however, about half of all patients have 
deep vein thrombosis of the lower extremities.'*°'** Other sites of 
venous thromboembolic events include pulmonary embolism, tho- 
racic veins (superior vena cava, subclavian vein, or jugular vein), and 
abdominal or pelvic veins." Approximately one-fourth of patients 
present with arterial thromboses; the remainder present with concur- 
rent arterial and venous thrombosis. Patients may also present with 
stroke, cerebral venous thrombosis, upper-extremity venous thrombo- 
sis, myocardial infarction, adrenal infarction, acalculous gallbladder 
infarction, aortic thrombosis with renal infarction,’”° and mesenteric 
artery thrombosis.'*”!** Thrombosis may occur spontaneously or in the 
presence of some other risk factor such as estrogen replacement therapy, 
oral contraceptives, +" vascular stasis, surgery, or trauma. Women are 
at particularly high risk for venous thrombosis during pregnancy and in 
the postpartum period.'** Some APS patients with venous thrombosis 
have concurrent genetic thrombophilic conditions such as the factor V 
Leiden variant, and it has been postulated that this may increase the 
risk of thrombosis. '“°-' Concurrent positivity for all three aPL antibody 


TABLE 131-4. Clinical Manifestations Associated with APS 


e Venous and arterial thromboembolism* 


Pregnancy complications attributable to placental insufficiency, 
including spontaneous pregnancy losses as detailed in Table 
132-3, intrauterine growth restriction, preeclampsia, preterm 
labor, and placental abruption* 


Thrombocytopenia 

Thrombotic and embolic stroke* 

Cerebral vein thrombosis* 

Livedo reticularis, necrotizing skin vasculitis 
Coronary artery disease 

Valvular heart disease 

Kidney disease 


Pulmonary hypertension 

Acute respiratory distress syndrome 
Atherosclerosis and peripheral artery disease 
Nonthrombotic retinal disease 

Adrenal failure, hemorrhagic adrenal infarction* 


Budd-Chiari syndrome, mesenteric and portal vein obstructions, 
hepatic infarction, esophageal necrosis, gastric and colonic 
ulceration, gallbladder necrosis* 


Catastrophic antiphospholipid syndrome with thrombotic 
microangiopathy” 


*Manifestations that qualify as consensus criteria for diagnosis of 
antiphospholipid syndrome.'® 
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Figure 131-5. Average annual rates of first cardiovascular events 
(including venous thromboembolism) among antiphospholipid (aPL) 
antibody—-negative and aPL antibody-positive populations. Concur- 
rent positivity for all three aPL antibody assays—that is, “triple posi- 
tivity" for the aCL antibody assay, anti-B,GPI antibody assay, and the 
lupus anticoagulant assay—is a highly significant risk factor for a first 
thrombotic event. (Modified with permission from Pengo V, Ruffatti A, 
Legnani C et al: Incidence of a first thromboembolic event in asymptomatic 
carriers of high-risk antiphospholipid antibody profile: A multicenter pro- 
spective study. Blood 118(17):4714-4718, 2011.) 


assays—that is, the aCL antibody assay, anti-6,GPI antibody assay, and 
the LA assay—appears to be a highly significant risk factor for having 
an initial thrombotic event (Fig. 131-5). If this finding is confirmed, 
it could identify a group of patients who might warrant consideration 
for prophylactic treatment. A history of having had a thromboem- 
bolic event is probably the most significant risk factor for recurrence 
of venous thromboembolism in APS, with a reported frequency that 
reached approximately 30 percent in patients followed for 4 years after 
the first episode." The risk of recurrent thromboembolism correlates 
with the titer of antibodies," and with the presence of LA. In addi- 
tion, it appears that the presence of anti-6,GPI domain I antibodies 
significantly increase the risk of thrombosis, compared to patients who 
have antibodies that are not domain I dependent and LA that is not 
domain I dependent.*! 


SYSTEMIC LUPUS ERYTHEMATOSUS AND 
OTHER AUTOIMMUNE CONDITIONS 


APS patients frequently present with other autoimmune conditions. 
A significant proportion of SLE patients have elevated aPL antibodies, 
with estimates ranging between 12 and 30 percent for aCL antibodies 
and 15 and 34 percent for LA antibodies.” APS has been associated 
with the concurrence of other autoimmune conditions including, but 
not limited to, rheumatoid arthritis,“ Sjogren syndrome,'” myasthe- 
nia gravis,’ Budd-Chiari syndrome in the setting of SLE,™! Graves 
disease,” autoimmune hemolytic anemia, progressive systemic sclero- 
sis,’ Evans syndrome,’ Takayasu arteritis, polyarteritis nodosa," 
and immune thrombocytopenia (see section Thrombocytopenia below 
and also Chap. 117). 


STROKE AND OTHER NEUROLOGIC 
CONDITIONS 


The most common neurologic manifestations of APS are stroke or tran- 
sient ischemic attacks (TIAs), which were the initial presentation of up 
to 30 percent of adults with APS in a large European cohort.'*” In the 
European Catastrophic Antiphospholipid Antibody Syndrome (CAPS) 


Registry, cerebral manifestations occurred in 62 percent of patients 
and caused 13 percent of deaths.! Recurrent strokes are more likely 
in patients with APS and other risk factors for cerebrovascular disease, 
such as cigarette smoking, hypertension hyperlipidemia, oral contra- 
ceptive use, and SLE.?!© 

Most APS patients with stroke have arterial thromboembolic occlu- 
sive events that are clinically indistinguishable from the more common 
arteriosclerotic strokes. APS should be suspected in young patients with 
TIAs or stroke, particularly when the more typical risk factors for cer- 
ebrovascular disease are absent.'*' Cerebral venous thrombosis is less 
common in APS patients and presents at a younger age, and is more 
extensive than in non-APS patients with the disorder.'® In one series of 
40 cases of cerebral venous thrombosis, three patients (8 percent) had 
elevated aPL antibody levels.'* Superior sagittal sinus thrombosis has 
been reported with primary APS.’ 

There is controversy about whether migraines in patients with aPL 
antibodies should be regarded as thromboocclusive events.’ Other 
neurologic abnormalities reported to be associated with aPL antibodies 
include seizures/epilepsy,'® chorea, Guillain-Barré syndrome, transient 
global amnesia, dementia, diabetic peripheral neuropathy, and ortho- 
static hypotension.’ Recurrent acute transverse myelopathy has been 
described with APS.'%*'” However, in one study of 315 SLE patients, 
including 10 with a history of transverse myelopathy, that disorder was 
not associated with aPL antibodies.’ Multiple sclerosis patients have a 
high incidence of elevated aCL antibody levels (in one series, 9 percent 
had IgG antibodies and 44 percent had IgM antibodies),'” however, no 
clinical distinctions were found between aPL-positive and aPL-negative 
patients and the antibodies do not appear to be associated with throm- 
bosis. Patients with psychotic disorders have an increased prevalence of 
LA and aCL antibodies, even in the absence of treatment with antipsy- 
chotic drugs.’” 


CATASTROPHIC ANTIPHOSPHOLIPID 
SYNDROME 


CAPS is a relatively infrequent but devastating presentation of APS, 
is characterized by severe widespread vascular occlusions.’ Diag- 
nostic criteria for CAPS include evidence of involvement of at least 
three organs, systems, and/or tissues; development of manifestations 
simultaneously or in less than 1 week; histopathologic confirmation of 
small-vessel occlusion; and laboratory confirmation of the presence of 
aPL antibodies.” According to the CAPS Registry, a web-based data- 
base of 433 patients with CAPS (https://ontocrf.costaisa.com/en/web/ 
caps/), the majority of CAPS patients are female (69 percent), in their 
late thirties (mean age of 38.5 years), but the condition can present at 
any age (range: 0 to 85 years). In half of the CAPS cases, the patients’ 
catastrophic event was their first APS manifestation. Precipitating fac- 
tors of CAPS include infections, drugs (sulfur-containing diuretics, cap- 
topril, and oral contraceptives), surgical procedures, and cessation of 
prior anticoagulant therapy. In 26.9 percent of cases, the patients also 
had SLE. The most frequently affected organ was the kidney (73 percent 
of episodes), followed by lungs (58.9 percent), the brain (55.9 percent), 
the heart (49.7 percent), and the skin (45.4 percent). Other organs were 
also affected, including the peripheral vessels, intestines, spleen, adrenal 
glands, pancreas, retina, and marrow. Patients present with evidence for 
severe multiorgan ischemia/infarction, often with concurrent dissemi- 
nated microvascular thrombosis. Patients with CAPS can present with 
renal insufficiency, respiratory failure resulting from acute respiratory 
distress syndrome (ARDS) and pulmonary emboli, cerebral manifes- 
tations such as encephalopathy, stroke and seizures, cardiac problems 
such as heart failure, myocardial infarction and valvular defects, and 
skin complications such as livedo reticularis and skin necrosis.” Most 
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patients show histologic evidence of microangiopathy mainly affecting 
small vessels of the kidneys, lungs, brain, heart, and liver. Only a minor- 
ity of patients experience large-vessel occlusions. Laboratory evidence 
for disseminated intravascular coagulation is frequently present. An LA 
is present in 81.7 percent of patients, and the aCL IgG is the most com- 
mon positive aPL antibody.” Improved treatment has reduced mor- 
tality from approximately 50 percent to approximately 20 percent.'” 
Relapse is rare in survivors. The only identified predictive factor for 
adverse outcome is underlying SLE.'” 


PREGNANCY LOSSES, OBSTETRIC 
COMPLICATIONS, AND INFERTILITY 


At this time, aPL screening of otherwise asymptomatic with no history 
of prior complications obstetrical patients is not warranted because of 
the high frequency of false-positive tests; most studies have estimated 
the prevalence of aPL antibodies among general obstetric populations 
to be approximately 5 percent or less and most of these aPL-positive 
patients are not clinically affected.'*° 

Among obstetric patients with recurrent fetal losses, approximately 
16 to 38 percent have aPL antibodies. In addition, pregnant women 
with elevated aPL antibodies had significantly more obstetric compli- 
cations, including preeclampsia, abruption placentae, miscarriage, pre- 
maturity, intrauterine fetal demise, intrauterine growth restriction, and 
oligohydraminos, than aPL antibody-negative pregnant women. '*!"'!* In 
approximately half of patients, the pregnancy losses occur in the first 
trimester. Other patients present with later losses, most in the second 
trimester, but some even later, including stillbirth. Pregnancy complica- 
tions attributable to APS include three or more recurrent spontaneous 
first trimester miscarriages, one or more fetal losses during the second 
trimester, stillbirth, episode of preeclampsia, preterm labor, placental 
abruption, intrauterine growth restriction, and oligohydramnion.'**"'*° 
Pregnant patients with APS are also more prone to developing deep 
vein thrombosis during pregnancy or the puerperium. Rarely, pregnant 
patients develop CAPS.'*”'* The best predictor for pregnancy loss in 
a patient who tests positive for aPL antibodies has been demonstrated 
to simply be a previous history of pregnancy loss, complications, or 
thrombosis.'**"* A recent study reported that any aPL antibody-positive 
women with an unexplained early loss prior to 10 weeks have a higher 
risk of complications in their second pregnancy” but the degree of lab- 
oratory abnormalities were not associated with increased risk. Positivity 
by more than one assay appears to correlate with increased pregnancy 
morbidities.'**!°' Histologic abnormalities were found in many, but 
not all, placentas of aPL patients.” Studies of placental pathology in 
patients with aPL antibodies, but without a prior history of fetal loss, 
showed that approximately half had evidence of uteroplacental vascu- 
lar pathology, approximately half had evidence of thrombotic occlu- 
sion, and approximately one-third had chronic villitis and/or decidual 
plasma cell infiltrates.'°>!" 

Overall, it appears that the presence of aPL antibodies does not 
affect the success rate of implantation. Although one group has reported 
data that indicated that women with recurrent implantation failure were 
more likely to have positive assays for aPL antibodies compared to fer- 
tile negative controls,’ a review of 29 studies showed mixed results. 
Many of the studies were noted to have limitations, including problems 
with study design and statistical power. The current consensus is that 
aPL antibodies are not a cause of infertility.” Recently, the14th Inter- 
national Congress on Antiphospholipid Antibodies Task Force also 
concluded that “there are no data to support the inclusion of infertility 
as criteria for APS and investigation of APS in patients with infertility 
should not be done in routine clinical practice, being reserved only for 
research purposes.” 1% 
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CUTANEOUS MANIFESTATIONS 


The cutaneous manifestations of APS may comprise the first signs of 
APS in some patients.'*!*° Livedo reticularis is relatively common, 
occurring in 24 percent of a series of 1000 aPL patients,” and occa- 
sionally presents in a necrosing form.” Noninflammatory vascular 
thrombosis is the most frequent histopathologic feature. Necrotizing 
vasculitis, livedoid vasculitis, thrombophlebitis, cutaneous ulceration 
and necrosis, erythematous macules, purpura, ecchymoses, painful skin 
nodules, and subungual splinter hemorrhages, anetoderma (macular 
atrophy), discoid lupus erythematosus, and cutaneous T-cell lymphoma 
have all been reported. 


CORONARY ARTERY DISEASE 


aPL antibodies are associated with increased susceptibility to coro- 
nary artery disease,” particularly premature atherosclerosis.”*? APS 
should be considered in patients who lack the usual risk factors for 
coronary artery disease and in patients with evidence for thrombotic 
or embolic coronary artery occlusion that lack angiographic evidence 
of atherosclerotic disease. aPL antibodies appear to be a risk factor 
for adverse outcomes following all coronary revascularization proce- 
dures,” and for restenosis after percutaneous transluminal coronary 
angioplasty." An ultrasound study of carotid arteries provided evi- 
dence supporting an association of aPL antibodies with premature ath- 
erosclerosis; relatively young primary APS patients (mean age: 37 + 11 
years) had significantly increased intimal medial thickness compared to 
control non-APS groups.” 


VALVULAR HEART DISEASE 


Approximately 35 percent of patients with primary APS have cardiac 
valvular abnormalities detected by echocardiography.” In one study, 
approximately 20 percent of cardiac patients with valvular heart dis- 
ease had evidence for aPL antibodies compared with approximately 
10 percent of matched control subjects.” Valvulopathy includes leaf- 
let thickening, vegetations, regurgitation, and stenosis.” The mitral 
valve is mainly affected, followed by the aortic valve.*!! Histologically, 
APS valvular lesions consist mainly of superficial or intravalvular fibrin 
deposits in association with variable degrees of vascular proliferation, 
fibroblast influx, fibrosis, and calcification. These can result in valve 
thickening, fusion, and rigidity, and lead to functional abnormalities.” 
Deposits of immunoglobulins, including aCL antibodies, and of com- 
plement components are commonly found in the affected valves.?!? 


PERIPHERAL VASCULAR DISEASE 


Approximately one-third of patients with peripheral arterial disease 
undergoing bypass grafting procedures had elevated aPL antibody lev- 
els (mostly aCL antibodies). Intraarterial thromboembolic events are 
common at presentation of these patients and may complicate surgical 
management. However, these patients did not have an increased risk for 
reocclusion, a finding that was attributable to the use of anticoagulant 
therapy. 


PULMONARY MANIFESTATIONS 


Patients with APS may present with in situ thrombosis in pulmonary 
vessels. aPL antibodies are associated with pulmonary hypertension.” 
In one prospective trial of 38 consecutive patients with precapillary 
pulmonary hypertension, approximately 30 percent had aPL antibod- 
ies with various phospholipid specificities.”® An interinstitutional study 
of 687 patients with chronic thromboembolic pulmonary hyperten- 
sion reported that aPL antibodies were a significant risk factor.” The 


majority of patients with CAPS (see “Catastrophic Antiphospholipid 
Syndrome” above) have dyspnea, and most of these individuals have 
ARDS.?!8 


ABDOMINAL MANIFESTATIONS 


The liver is the most frequently affected abdominal organ in APS, with 
occlusion of hepatic vessels, including those supplying the biliary tree.” 
aPL antibody levels frequently are elevated in patients with chronic liver 
disease of various causes. In one prospective study of patients with liver 
disease, approximately half of patients with alcoholic liver disease and 
one-third of patients with chronic hepatitis C virus had elevated aPL 
antibody levels. The frequency was even higher in patients with more 
severe cirrhosis.”° A review reported that approximately 20 percent of 
patients with chronic hepatitis B and hepatitis C had aPL antibodies, 
most of which were cofactor independent.” Some patients with hepati- 
tis C present with true autoimmune aPL antibodies, the most common 
features reported being intraabdominal thrombosis and myocardial 
infarction.” 

Reported gastrointestinal manifestations of APS also include 
esophageal necrosis with perforation, intestinal ischemia and infarc- 
tion, pancreatitis, and colonic ulceration. Primary biliary cirrhosis,” 
acute acalculous cholecystitis with gallbladder necrosis,”*?*> and giant 
gastric ulceration are associated with APS.” APS has been reported in 
patients with mesenteric inflammatory venoocclusive disease?” and in 
patients with mesenteric and portal venous obstruction.” 


THROMBOCYTOPENIA 


Approximately 20 to 40 percent of patients with APS have varying 
degrees of thrombocytopenia. The decrease in platelet count is gener- 
ally mild or moderate and is rarely significant enough to cause bleed- 
ing complications or affect anticoagulant therapy.” The majority 
of patients with APS and thrombocytopenia have antibodies against 
æ „p, integrin and/or glycoprotein Ib-IX complex.” Patients present- 
ing with immune thrombocytopenic purpura frequently have elevated 
aPL antibodies, and these patients are more prone to thrombosis.’”” 
aPL antibodies and antibodies against platelet membrane glycoprotein 
were present simultaneously in approximately 70 percent of patients 
with immune-mediated thrombocytopenia.** Thrombocytopenia itself 
is not protective against thrombosis in these patients. In a prospec- 
tive cohort study, 5-year thrombosis-free survival of aPL-positive and 
aPL-negative immune thrombocytopenic purpura patients were 39 per- 
cent and 98 percent, respectively.” 


BLEEDING 


The presence of a concurrent hemostasis defect needs to be con- 
sidered when patients with APS exhibit a bleeding tendency (Table 
131-5). Acquired hypoprothrombinemia with severe bleeding has 
been reported.” This diagnosis may be missed when coagulation 
abnormalities are attributed only to the LA effect, so a specific assay 


TABLE 131-5. Causes of Bleeding in Antiphospholipid 


Syndrome 

+ Hypoprothrombinemia 

+ Thrombocytopenia 

e Acquired platelet function abnormality 

e Acquired inhibitor to specific coagulation factor, e.g., factor VIII 
e Acquired von Willebrand syndrome 


for prothrombin should be performed when the prothrombin time is 
prolonged. Other causes of bleeding in APS include acquired throm- 
bocytopathies, thrombocytopenia (see “Thrombocytopenia,” above), 
acquired inhibitors against specific coagulation factors, such as factor 


VIII, and the acquired von Willebrand syndrome (AVWS). 


RETINAL ABNORMALITIES 


The diagnosis of aPL antibody retinopathy should be suspected in 
patients with diffuse retinal vasoocclusion, particularly when char- 
acterized by involvement of arteries and veins, neovascularization at 
presentation, and symptoms of systemic rheumatologic disease.*” aPL 
antibodies were present in 5 to 33 percent of patients with retinal vein 
occlusion.”**”* Cilioretinal artery occlusion,” optic neuropathy,” and 
severe vasoocclusive retinopathy” have been described with APS. 


KIDNEY DISEASES 


APS may affect the renal system. Patients may present with renal artery 
stenosis and/or thrombosis, renal infarction, renal vein thrombosis, and 
glomerulonephritis that is distinct from vasoocclusive disease.” An 
entity named “APS nephropathy” has been described, which consists 
of a vasoocclusive disease of small-size intrarenal vessels.” This neph- 
ropathy features fibrous intimal hyperplasia, focal cortical atrophy, and 
thrombotic microangiopathy. A review of 29 consecutive renal biopsies 
from patients with primary APS, performed at two institutions over 
22 years, described 20 cases of APS nephropathy and nine cases with 
other distinct pathologic features. These features included membra- 
nous nephropathy, minimal change disease/focal segmental glomeru- 
lonephritis, mesangial C3 nephropathy, and pauci-immune crescentic 
glomerulonephritis. 


ANTIPHOSPHOLIPID SYNDROME AND AIDS 


Although patients with HIV-1 infection frequently have elevated aPL anti- 
body levels, they do not often have thrombotic manifestations. A review 
indicated that approximately 50 percent of HIV-1 patients test positive 
for aPL antibodies, most of which are not cofactor dependent.” HIV- 
infected patients with manifestations of APS have also presented with 
avascular bone and cutaneous necrosis.” 


ANTIPHOSPHOLIPID SYNDROME IN CHILDREN 


Increasingly, APS has become recognized in children, in whom 
diverse clinical features are common. The results of a European regis- 
try have been reported. Review of 121 cases indicated that although 
the thrombotic manifestations were similar to adults with APS, there 
was a difference between children with primary APS and the secondary 
APS; the children with primary APS were younger and had a higher fre- 
quency of arterial thrombotic events, whereas the children with second- 
ary APS patients had a higher frequency of venous thrombotic events 
associated with hematologic and skin manifestations. CAPS has been 
reported in children, but is rare.” 

Thrombosis is rare in newborns delivered from mothers with APS, 
and only a few cases are reported, mostly associated with other proth- 
rombotic factors.” aPL antibodies have been found in up to 30 percent 
of offspring of mothers with APS.” 

In a recent European prospective study, 17 percent of neonates 
born to APS mothers were premature; however, no specific complica- 
tions were found during the 5-year followup.” The study did show a 
higher rate of neurodevelopmental abnormalities with learning dis- 
abilities similar to two retrospective reports where learning disabilities 
without other neurodevelopmental abnormalities were present in 15 to 
20 percent of cases.”°??5 
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OTHER MANIFESTATIONS 


Acute adrenal failure secondary to bilateral infarction of the adrenal 
glands has been reported as the first manifestation of primary APS.” 
Adrenal hemorrhage has been reported.’ aPL antibodies have been 
associated with marrow necrosis.” 


@ LABORATORY FEATURES 


Diagnosis of APS requires the demonstration of antibodies against 
phospholipids and/or relevant protein cofactors (Table 131-6). The cur- 
rent tests for APS recommended by the most recent consensus on inves- 
tigational criteria’ and the Scientific Standardization Committee of the 
International Society of Thrombosis and Hemostasis are aCL, anti-f, 
GPI (IgG and IgM), and LA.*” The laboratory diagnosis of APS fre- 
quently is problematic, with limitations that have been detailed.***?° 
aCL IgG and IgM assays are the most sensitive, but the least specific. 
Anti-B,GPI IgG and IgM assays are more specific but less sensitive. 
LA assays, of which the dilute Russell viper venom time (dRVVT) is 
the most common, generally tend to be the least sensitive but the most 
specific. The current recommended tests are less than ideal because 
they are empirically derived tests and do not yet measure antibodies 
directed against disease specific epitopes or functional parameters that 
correlate with disease mechanisms. Despite these limitations, positiv- 
ity for all three criteria assays (“triple positivity”) has been correlated 
with an increased risk for a future thrombotic event (see Fig. 131-5).'* 
Investigational criteria have been developed to identify patients with 


TABLE 131-6. Diagnostic Tests for Antiphospholipid 


Syndrome 


Immunoassays 

Anticardiolipin IgG and IgM antibodies* 
Anti-8,GPI IgG and IgM antibodies* 

Serologic test for syphilis (“biologic false-positive”) 
Antiphosphatidyl serine antibodies 
Antiprothrombin antibodies 


Coagulation Tests’ 


Dilute Russell viper venom time with mixing incubations and neu- 
tralization with excess phospholipid 


aPTT with mixing incubation and neutralization with excess 
phospholipids 

aPL-sensitive and -insensitive reagents and platelet neutralization 
procedure 


Kaolin clotting time 


Dilute prothrombin time (a.k.a tissue thromboplastin inhibition 
test) 


Hexagonal phase array test 
Textarin/ecarin test 


aPL, antiphospholipid; APS, antiphospholipid syndrome; aPTT, acti- 
vated partial thromboplastin time; 8,GPI, B,-glycoprotein |; Ig, immu- 
noglobulin; LA, lupus anticoagulant. 


*Recommended by the International Society on Thrombosis and 
Haemostasis (ISTH) Scientific and Standardisation Committee (SSC) 
Subcommittee on Lupus Anticoagulants and Antiphospholipid 
Antibodies.**® 


‘The committee recommended that two coagulation assays be per- 
formed if LA or APS are suspected, preferably the dilute Russell viper 
venom time (dRVVT) and aPTT. 
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the “definite” autoimmune APS (see Table 131-3).'* Because no single 
test is sufficient for diagnosing the disorder, a panel of tests, including 
antibodies against cardiolipin, and $ GPI, and coagulation tests for LA 
should be performed when APS is suspected.*” The investigational cri- 
teria require that positive results have to be obtained on two or more 
occasions at least 12 weeks apart to qualify for diagnosis. 


IMMUNOASSAYS 


Anticardiolipin Antibody Assays 
Most patients with APS are identified by elevated levels of aCL anti- 
bodies, a test with high sensitivity but poor specificity. The prevalence 
of positive tests in the asymptomatic healthy population has generally 
ranged from approximately 3 to 10 percent. In a prospective study of 
2132 consecutive Spanish patients with venous thromboembolism, 4.1 
percent had elevated levels of aCL antibodies (i.e., about the same prev- 
alence as in the asymptomatic healthy population), but in a group 
of healthy young women in another study, the prevalence of elevated 
levels of aCL was 18.2 percent.” Many individuals have antibody lev- 
els that are elevated in response to infections that are not associated 
with thrombotic complications. Patients with syphilis, Lyme disease, 
and other infections may be misdiagnosed with APS based on elevated 
aCL antibody levels when concurrent stroke or arterial thrombosis is 
present, so these conditions must always be ruled out in susceptible 
patients. In a systematic literature review, 15 of 28 studies showed sig- 
nificant associations between aCL antibodies and thrombosis.” In all 
cases, a correlation existed between high antibody titers and a high risk 
of thrombosis. Elevated levels of aCL antibodies, whether high or low 
titer, were significantly associated with both myocardial infarction and 
cerebral stroke. Only high-titer aCL antibodies significantly increased 
the risk of deep vein thrombosis. During a 10-year followup of patients 
with elevated levels of aCL antibodies, approximately 50 percent of 
patients who presented with the antibodies but without clinical man- 
ifestations of the syndrome subsequently developed the APS.** The 
presence of elevated titers of aCL antibodies 6 months after an episode 
of venous thromboembolism is a predictor for increased risk of recur- 
rence and of death.'** Women with aCL IgM antibodies, or with an aCL 
IgG antibody titer less than 20 IgG-binding units, and without a posi- 
tive LA do not appear to be at risk for APS.” In contrast, women with 
an aCL IgG titer greater than 20 binding units or a positive LA were 
more likely to develop complications.” With respect to pregnancy 
losses, a meta-analysis of 25 studies on aPL antibodies in women with 
recurrent fetal losses showed a significant correlation with increased 
aCL IgG, and particularly with the LA.2? 

With respect to stroke, elevated levels of aCL antibodies of IgG or 
IgM isotype were reported to be significant risk factors.*” aPL antibodies 
also are an independent risk factor for stroke in young women.” 

Approximately 20 percent of patients taking procainamide have 
moderate to high levels of aCL antibodies.”” In these patients, the anti- 
bodies are associated with anti-ß GPI specificity. There have been case 
reports of associated thrombosis. Treatment with chlorpromazine has 
been associated with the development of aCL antibodies, although 
more recent data indicate that aPL antibodies are frequently elevated 
in patients with severe psychiatric disorders whether or not they are 
treated with antipsychotic medications.” 


Anti-B, Glycoprotein | Antibody Assays 

B,GPI is believed to be the major protein cofactor for aPL antibodies. 
Enzyme-linked immunosorbent assays (ELISAs) for anti-6,GPI anti- 
bodies are considered to be more specific but less sensitive to APS 
than to aCL assays.” In a systematic literature review, 34 of 60 studies 
showed significant associations between anti-$,GPI antibodies and 


thrombosis.” None of the studies were prospective. Of the 10 studies 
that included multivariate analysis, only two confirmed that anti-6,GPI 
IgG antibodies were independent risk factors for venous thrombosis. 
Anti-B,GPI antibodies were more often associated with venous than 
arterial thrombosis. Anti-8,GPI IgA antibodies were significantly asso- 
ciated with thrombosis. 

Although these antibodies usually are present in conjunction with 
abnormal aCL and antiphosphatidyl serine antibodies, some patients 
with APS present solely with antibodies to 6,GPI.””’” Despite their 
higher specificity for APS (98 percent), p GPI antibodies alone cannot 
be relied upon for the diagnosis because of their low sensitivity (40 to 50 
percent).”*? Also, interlaboratory variability is a significant problem 
with anti-6,GPI antibody assays.’”° 

Epitope-specific anti-8,GPI antibodies, not yet in general use, 
may offer a better predictive value for diagnosis and prognosis of APS. 
A recent analysis of 198 samples from patients with a variety of auto- 
immune conditions revealed that the 52 patients with anti- GPI IgG 
antibodies could be divided into those that recognize domain I alone 
and those with reactivity for all domains”'; the former were positive for 
LA and were associated with an increased risk for thrombosis. As men- 
tioned earlier, positivity for this assay has been correlated with positivity 
for a functional coagulation assay that measures resistance to annexin 
A5 anticoagulant activity.” 


Assays for Antibodies Against Prothrombin and Phosphatidyl 
Serine 

Prothrombin is considered the second major cofactor for aPL antibod- 
ies. In a systematic literature review, 17 of 46 studies showed significant 
associations between antiprothrombin antibodies and thrombosis.” Of 
the eight studies that included multivariate analysis, two confirmed that 
antiprothrombin antibodies were independent risk factors for throm- 
bosis, and three other studies showed that antiprothrombin antibod- 
ies added to the risk borne by LA or aCL antibodies. A recent study 
indicated that the sensitivity of antiprothrombin immunoassays in the 
primary aPL syndrome is too low to warrant inclusion in recommenda- 
tions for APS testing.” 

Tests for antibodies against phosphatidyl serine have been hypoth- 
esized to be more relevant than antibodies against cardiolipin, because 
the latter are present in intracellular membranes, whereas phosphatidyl 
serine is exposed on syncytialized cells, on apoptotic cells, and on acti- 
vated platelets. Antibodies against phosphatidyl serine were reported to 
correlate more specifically with APS than aCL antibodies, particularly 
in arterial thrombosis.” However, antiphosphatidyl serine antibody 
tests are not included as an international consensus criterion.?*” 

Newer studies indicate that assays for detecting autoantibodies 
that recognize prothrombin complexed to the anionic phospholipid, 
phosphatidyl serine, may have improved utility for diagnosing APS by 
identifying patients suspected for the disorder but with negative results 
in the conventional assays; in one series of 728 patients who were sus- 
pected of having APS but tested negative by conventional assays, 41 
were found to be positive for anti-prothrombin/phosphatidyl serine.” 
It has also been suggested that positivity for these assays may correlate 
with positivity for LA assays.”**" 


Assays for Antibodies Against Other Phospholipids 

Some investigators have advocated testing for antibodies against a 
panel of phospholipids other than cardiolipin,*** but others have 
disagreed.’ Although one review has indicated that measurement for 
antiphosphatidyl ethanolamine antibodies may identify some patients 
whose conventional tests are negative for aPL antibodies,” the current 
consensus holds that no benefit has been demonstrated for tests for anti- 
bodies against panels of different phospholipids.’*” 


COAGULATION TESTS 


Lupus Anticoagulants 

One of the most intriguing aspects of APS is the LA phenomenon.”**?* 
The various LA tests all report the inhibition of phospholipid-depen- 
dent blood coagulation reactions,° but by different detection methods. 
These include modifications of the aPTT test with LA-sensitive and 
LA-insensitive reagents, the kaolin clotting time, the dRVVT, the tis- 
sue thromboplastin inhibition time, the hexagonal phase array test, and 
the platelet neutralization procedure. Readers who are interested in 
the latest consensus recommendations on details of the procedures are 
directed to reference 257. 

‘The results of LA tests can be so variable that even specialized lab- 
oratories will disagree as to the results of LA tests. For example, three 
surveys in the United Kingdom have shown that although most labo- 
ratories agreed on identification of plasmas containing strong positive 
LA activity, they frequently have disagreed about samples with a weak 
LA activity.” 

Despite these limitations, the presence of a positive LA appears to 
be the strongest predictive diagnostic test for future thrombosis. In a 
meta-analysis of the risk for aPL-associated venous thromboembolism 
in individuals with aPL antibodies without an underlying autoimmune 
disease or previous thrombosis, the mean odds ratios were 1.6 for aCL 
antibodies, 3.2 for high titers of aCL, and 11.0 for LA.” In a system- 
atic literature review, 12 of 12 studies showed significant associations 
between LA and thrombosis, with odds ratios from 5.7 to 9.4.7 LA 
increased the risks of arterial and venous events to the same extent. Pos- 
itivity for both LA and aCL, but not for aCL alone, predicted a higher 
risk of recurrent thromboocclusive events in patients with first ischemic 
stroke." In a prospective study of pregnant women, the PROMISSE 
study (Predictors of Pregnancy Outcome: Biomarkers in Antiphospho- 
lipid Antibody Syndrome and Systemic Lupus Erythematosus study), 
LA was the primary predictor of adverse pregnancy outcome after 
12 weeks’ gestation in aPL-associated pregnancies.; aCL antibody and 
anti-6,GPI, did not predict adverse pregnancy outcome if LA was not 
also present.” 

In patients with SLE as well, the presence of LA activity is more 
predictive and more specific for the occurrence of thrombosis or preg- 
nancy loss than aCL assays.” This was also found in a meta-analysis of 
women without autoimmune conditions who had recurrent pregnancy 
losses.” 


Dilute Russell Viper Venom Time 

dRVVT is considered to be one of the most sensitive of the LA tests. The 
assay uses Russell viper venom (RVV) in a system containing limiting 
quantities of diluted rabbit brain phospholipid. RVV directly activates 
coagulation factor X, leading to formation of fibrin clot. LA prolongs 
dRVVT by interfering with assembly of the prothrombinase complex; 
however, the prolongation is reversed by adding excess phospholipid 
to the reaction (sometimes referred to a “confirmatory test”). To ensure 
that prolongation of the clotting time is not a result of a factor deficiency, 
the procedure includes mixture of patient and control plasmas. Antico- 
agulant therapy with heparin, warfarin, or direct thrombin inhibitors 
can yield falsely abnormal test results. 


Activated Partial Thromboplastin Time Tests 

Prolongation of the aPTT detects some LAs, and prolonged aPTTs in 
otherwise healthy individuals are most frequently caused by LAs.”* The 
various commercial aPTT reagents vary widely with regard to sensitiv- 
ity to LA, so it is important to know the characteristics of the particu- 
lar reagent(s) that is (are) being used. When the aPTT of a particular 
plasma sample is prolonged and not correctable by immediate mixture 
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with normal plasma, the presence of an LA should be suspected, espe- 
cially if the patient does not have bleeding symptoms. The LA needs 
to be differentiated from inhibitors of specific coagulation factors and 
from anticoagulants such as heparin. Besides specific assays to exclude 
the latter two possibilities, the clinician should check whether the aPTT 
normalizes when an LA-insensitive aPTT reagent is used or when the 
assay is performed using frozen washed platelets as the source of phos- 
pholipid, a procedure referred to as the platelet neutralization procedure. 
The effects of incubation with normal plasma may be helpful in differ- 
entiating LAs from coagulation factor inhibitors. aPTTs performed on 
mixtures of normal plasma and plasma containing a factor VIII inhibi- 
tor usually show no prolongation immediately after mixing but marked 
prolongation following incubation for 1 to 2 hours at 37°C, whereas LA- 
containing plasmas usually prolong the aPTT immediately after mixing 
with normal plasma and show no further prolongation with incubation. 
The clinician should be aware that both types of anticoagulants, LA and 
specific coagulation factor inhibitors, may coexist in rare patients and 
yield confusing laboratory results. Specific coagulation factor inhibitor 
assays and using an aPTT reagent that is insensitive to LA are helpful 
for clarifying most of these cases. LAs may result in artifactual decreases 
in contact activation pathway coagulation factor assays, because these 
assays are based on aPTT. Consequently, these patients are sometimes 
misdiagnosed as having multiple coagulation factor deficiencies. This 
problem can be handled by repeating the coagulation factor assays fol- 
lowing dilution of the plasma samples; this usually results in complete 
or partial normalization of coagulation factor levels with progressive 
dilution. The use of an aPTT reagent that is insensitive to LA for specific 
factor assays is another way to solve this problem. 


Other Methods for Detecting Lupus Anticoagulant 
The dilute prothrombin time (dPT) (also known as the tissue throm- 
boplastin inhibition test [TTIT]) is essentially a prothrombin time assay 
done with diluted tissue factor-phospholipid complex. It can be per- 
formed with standard or recombinant tissue factor.” The results are 
expressed as a ratio of the patient-to-control clotting times. 

The kaolin clotting time (KCT) depends on the ability of aPL anti- 
bodies to block the coagulant activity of trace amounts of phospholipid 
present in centrifuged plasma. Some authors maintain that the KCT-LA 
test reflects dependence on prothrombin as a cofactor and is less likely 
to be associated with thrombosis than the dRVVT, which appears to be 
more dependent on f GPI.” The hexagonal phase array test is based 
on a prior idea that aPL antibodies recognize phosphatidyl ethanola- 
mine directly in the hexagonal phase array configuration but not in the 
lamellar phase. Although this assay remains in use, the correction of 
the prolonged clotting time with hexagonal phase phosphatidyl etha- 
nolamine is probably similar to the confirmatory step used in the other 
LA assays, that is, a result of the excess of phospholipid in the reaction. 

The textarin/ecarin test depends on the difference in phospho- 
lipid dependence of coagulation mechanisms triggered by two snake 
venoms: textarin, which activates prothrombin via a phospholipid- 
dependent pathway, and ecarin, which activates prothrombin directly 
without phospholipid.””° 


Annexin A5 Resistance Assay 

In addition to the various LA tests, there is a coagulation test that reports 
on a thrombogenic mechanism—resistance to annexin A5 anticoagu- 
lant activity.® This assay has been correlated with an immunoassay for 
IgG antibodies against domain I of f GPI.” The assay has two stages: a 
first, in which a tissue factor-phospholipid suspension is exposed to test 
plasma, and a second, in which the washed suspension is used to coag- 
ulate pooled normal plasma in the presence and absence of annexin A5. 
Patients with annexin A5 resistance show a less-than-expected annexin 
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A5 anticoagulant effect, reported as a reduction in the annexin A5 
anticoagulant ratio. In contrast to the lupus “anticoagulant” effect, this 
assay measures and reports a procoagulant effect for the antibodies.” 
(Disclosure: One of the authors (J.H.R.) is inventor of this assay, U.S. 
Patents #6284475 and #7252959.) 


@ DIFFERENTIAL DIAGNOSIS 


Chapters 133 and 134 address the general subject of vascular thrombo- 
sis and its differential diagnosis. When vascular occlusion occurs in the 
setting of a known autoimmune disorder such as SLE, the possibility 
of a vasculitis, rather than a thrombotic condition, should be consid- 
ered. Patients with CAPS may, at first, appear to have other multisystem 
vasoocclusive disorders, such as thrombotic thrombocytopenic purpura 
or disseminated vasculitis, and may also manifest laboratory findings of 
disseminated intravascular coagulation. 

The differential diagnosis of a prolonged aPTT includes hereditary 
and acquired coagulation factor deficiencies, inhibitors to coagulation 
proteins (e.g., acquired hemophilia A; Chap. 128), and the presence, 
or use, of anticoagulants. The diagnosis of LA is substantiated through 
plasma mixing studies and specific factor assays. A positive immunoassay 
for aPL—that is, aCL and/or anti-6,GPI antibodies—helps confirm the 
diagnosis. 

When an elevated level aPL antibody level is detected, the clinician 
must exclude the possibility of an infectious etiology for the antibodies; 
these occur frequently in syphilis, Lyme disease, HIV-1, and hepatitis 
C. Occasional patients may have artifactually elevated antibodies from 
increased polyclonal immunoglobulin levels.” In such cases, diagno- 
sis is aided by specific tests for suspected infection, quantitative mea- 
surement of serum immunoglobulins, and subtraction of background 
controls using uncoated microtiter wells. Antipsychotic or other medi- 
cations should be excluded as causative agents. 


PREGNANCY COMPLICATIONS 


A systematic review of treatments given to maintain pregnancy in 
women with prior miscarriages and APS concluded that combined 
unfractionated heparin and aspirin may reduce pregnancy loss by 
54 percent compared to aspirin alone.*” Three trials of aspirin alone 
showed no significant reduction in pregnancy loss*”; intravenous 
immunoglobulin, whether in combination with or without unfrac- 
tionated heparin (UFH) and aspirin, was associated with an increased 
risk of pregnancy loss or premature birth when compared to UFH or 
low-molecular-weight heparin (LMWH) combined with aspirin. 
Taking together the available data, women with a history of three 
or more spontaneous pregnancy losses and evidence of aPL antibod- 
ies should be treated with a combination of low-dose aspirin (75 to 81 
mg/day) and prophylactic doses of UFH (i.e., 5000 U every 12 hours 
subcutaneously). Treatment should be started as soon as pregnancy is 
documented and continued until delivery so as to reduce the rate of late 
complications.'***"' In especially high-risk situations, induction of early 
delivery may be necessary. Unfractionated heparin at the prophylactic 
dosage of 5000 U q12h subcutaneously should be started approximately 
4 to 6 hours after delivery, if significant bleeding has ceased, and con- 
tinued at least until the patient is fully ambulatory. Many physicians 
recommend continuing prophylactic therapy for 6 weeks after delivery 
even if the patients have not experienced thrombosis. For patients who 
experienced thromboembolism, prophylaxis by heparin or oral antico- 
agulant therapy is warranted for at least 6 weeks after delivery. 
Although treatment with LMWH has become widely used for 
recurrent fetal loss as a replacement for prophylactic dose UFH, a 
prospective randomized controlled trial has questioned the benefit of 


LMWH treatment versus aspirin therapy. In the LMWH/aspirin group 
35/47 (77.8%) had a livebirth, and in the aspirin group 34/43 (79.1 per- 
cent) had a livebirth (p = 0.7). 

The presence of positive aPL laboratory assays alone is not an indi- 
cation for treatment in pregnant women without a history of sponta- 
neous pregnancy losses, other attributable pregnancy complications, 
thrombosis, or SLE. Therefore, the inclusion of aPL tests in routine pre- 
natal testing panels should be discouraged. 

Although prednisone was reported to possibly improve the out- 
come of pregnancy in women with APS, those benefits are associated 
with significant toxicity.” Glucocorticoids or intravenous IgG should 
be considered only for patients who are refractory to anticoagulant 
therapy, who have a severe immune thrombocytopenia or a significant 
contraindication to heparin therapy. Treatment with the combination of 
prednisone and heparin is associated with an increased risk of osteope- 
nia and vertebral fractures. 


@ THERAPY, COURSE, AND PROGNOSIS 


There is general agreement that APS patients with recurrent spontane- 
ous thrombosis require long-term, and perhaps lifelong, anticoagulant 
therapy and APS patients with recurrent spontaneous pregnancy losses 
require antithrombotic therapy for most of the gestational period. There 
are differences of opinion among experts regarding the approaches 
to treatment of patients with a single thrombotic event, patients with 
a history of thrombotic events in the distant past (>5 years), patients 
with stroke, and patients with thrombotic events that were associated 
with a provocative factor such as trauma, surgery, stasis, pregnancy, and 
estrogens. 


THROMBOSIS 


The accumulated evidence from randomized controlled trials indicates 
that patients with APS and thrombosis should be treated with warfarin 
for the long-term, and maintained at a therapeutic international nor- 
malized ratio (INR) of 2.0 to 3.0.°% Patients with arterial thrombosis 
may require a higher anticoagulant intensity as a retrospective study 
showed that a higher intensity (INR >3.0) was necessary for prevent- 
ing recurrences in this group of patients, but this issue is controver- 
sial. Two other studies reported no benefit for high-intensity warfarin 
but the number of patients with arterial thrombosis was not high.?”??% 
The issue of appropriate antithrombotic treatment of aPL-associated 
stroke is even more controversial. One major study concluded that 
there was no benefit for warfarin anticoagulation compared to aspirin 
therapy.” 

For patients treated acutely with intravenous UFH, care must be 
taken to determine whether the patient has a preexisting LA that can 
interfere with aPTT monitoring of heparin levels. This problem can be 
circumvented by using an LA-insensitive aPTT reagent or be avoided by 
treatment, where appropriate, with a LMWH. 

An important practical consequence of the LA effect is that proth- 
rombin time and INR results can be artifactually elevated in some 
patients with APS and LAs treated with warfarin anticoagulant ther- 
apy.™ A multicenter study reported that all but one of the commercial 
thromboplastins in use at nine centers provided acceptable INR values 
for APS patients with LA.” New thromboplastins should be checked 
for their responsiveness to LA prior to their use in monitoring oral anti- 
coagulant treatment in patients with APS. Chromogenic factor X (CFX) 
assays can be used as an alternative to INR for APS patients, especially in 
patients with a prolonged baseline prothrombin time prior to initiating 
warfarin therapy, those who are persistently positive for LA and those 
patients who continue to have recurrent venous thromboembolism 


(VTE).*"° Therapeutic CFX values range from 20 to 40 percent; thus, 
a CFX of 40 percent would approximate an INR of 2.0, and a CFX of 
20 percent would approximate an INR of 3.0. 

New oral anticoagulants (NOACs), either direct factor Xa or 
thrombin inhibitors, are effective for treatment of VTE.*!! However, 
their use specifically in APS patients has not been thoroughly evaluated. 
In two recent case studies, NOACs have failed to prevent thrombosis in 
APS patients. Of six APS patients studied, five suffered recurrent VTE 
and one suffered a recurrent TIA after transitioning to NOACs.**!? At 
the time of writing, a prospective randomized controlled trial of war- 
farin versus rivaroxaban named “RAPS” (Rivaroxaban in Antiphos- 
pholipid Syndrome) is ongoing in patients with thrombotic APS (study 
ISRCTN68222801). Until the trial is concluded (expected completion 
in 2015), caution should be applied in using NOACs for APS patients. 

Fibrinolytic treatment has been reported for patients with primary 
APS and extensive thrombosis of the common femoral and iliac veins 
extending to the lower vena cava,’ acute ischemic stroke,’ and acute 
myocardial infarction.’ 

The antimalarial drug hydroxychloroquine (HCQ) is associ- 
ated with reduced risk of thrombosis in patients with APS%1-27317-319 
and SLE.*-*! The potential effectiveness of this treatment has been 
supported by an animal model for aPL thrombosis?” and by a recent 
report that HCQ directly disrupts aPL IgG-6,GPI complexes,” and 
also reverses the aPL antibody-mediated disruption of annexin A5 
binding on phospholipid bilayers** and on human placental syncitio- 
trophoblasts.*” In a longitudinal cohort study consisting of 272 patients 
with the APS and 152 taking HCQ (17 of 272 patients on warfarin, 203 
were on prednisolone, 112 on azathioprine, 38 on aspirin) investigators 
found fewer thrombotic complications for patients on HCQ (odds ratio 
[OR] 0.17, 95% confidence interval [CI] 0.07 to 0.44; p <0.0001).*° In 
asymptomatic aPL antibody-positive patients with SLE, primary pro- 
phylaxis with aspirin and HCQ appeared to reduce the frequency of 
thrombotic events.*” A published prospective, nonrandomized study 
compared oral anticoagulant plus HCQ versus oral anticoagulant alone. 
In this study, 30 percent (6/20) of patients had a thrombotic event if they 
were on oral anticoagulant alone, despite therapeutic range INR, versus 
no thrombotic events in the oral anticoagulant plus HCQ group (0/20). 
This study, however, was limited given the small number of patients 
studied and short followup. Recently, the natural 4-aminoquinolone, 
quinine, was shown in vitro to disrupt the immune complexes bound 
to phospholipid layers.*”? However, both HCQ and quinine will require 
clinical testing in appropriately designed clinical trials. A prospective 
randomized controlled trial comparing HCQ to placebo in aPL-positive 
patients without a prior history for thrombosis is currently in progress. 

Other proposed treatments for APS include statins, rituximab 
and vitamin D. Statins have immunomodulatory, antiinflammatory 
and antithrombotic properties that may benefit APS patients. In recent 
studies, APS patients treated with statins demonstrated downregulation 
of tissue factor and reduced proinflammatory/prothrombotic markers 
such as interleukin-1/, vascular endothelial growth factor, tumor necro- 
sis factor a, interferon-inducible protein 10, and soluble CD40L.*°**" It 
has been suggested that a B-cell inhibitor such rituximab may be useful 
in reducing aPL antibody titers in APS patients. The Rituximab in Anti- 
phospholipid Syndrome (RITAPS) trial did not show reduction in aPL 
antibody profiles by rituximab; however, rituximab may be effective in 
controlling noncriteria manifestations of APS.*” Because low vitamin D 
levels correlate with arterial and venous thrombosis as well as noncri- 
teria APS manifestations,’ it is recommended that vitamin D defi- 
ciency (<10 to 20 ng/mL) and insufficiency (<30 ng/mL) be corrected in 
aPL antibody-positive patients. 

Conventional anticoagulant therapy is usually not sufficient for 
treatment of CAPS; these patients require aggressive treatment because 
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of the high mortality.’ Treatment for CAPS is directed toward the 
thrombotic events and suppression of the cytokine cascade. This 
includes anticoagulation with heparin and immunosuppressive therapy 
in the form of high-dose glucocorticoids. A triple therapy strategy of 
anticoagulation, glucocorticoids, and either intravenous immunoglob- 
ulin or plasma exchange or both has improved outcomes. Cyclophos- 
phamide is recommended for patients with CAPS and inflammatory 
features of SLE or high-titer aPL antibodies. Rituximab may be useful in 
refractory or relapsing cases of CAPS.’ 


PREGNANCY COMPLICATIONS 


The current approach to treating pregnant women with APS and recur- 
rent pregnancy losses or the other aPL antibody-associated complica- 
tions of pregnancy includes daily low-dose aspirin (75 to 81 mg/day) 
and either UFH or LMWH. *%7338 Although clinical studies have 
shown efficacy with UFH, most clinicians treat with LMWH because 
it has a better pharmacokinetic profile and a lower risk of heparin- 
induced thrombocytopenia and osteopenia. Heparin is then withheld 
when labor begins or 24 hours prior to a cesarean section. Anticoagu- 
lation is resumed 6 weeks postpartum because of the increased risk of 
VTE in this time period.*” Interestingly, the current standard of care 
for pregnant APS patients is based on two randomized controlled trials 
conducted prior to 2000 that included only 150 patients. Newer trials 
show conflicting results, with some showing no difference in prevention 
of pregnancy loss in APS patients receiving aspirin alone versus aspirin 
and LMWH,” and others showing a small benefit.*”” With this manage- 
ment, the likelihood of a good pregnancy outcome in women with APS 
has been estimated to be approximately 75 to 80 percent. 

Other treatment modalities such as glucocorticoids or intravenous 
IgG (IVIG) should be considered only for patients who are refractory to 
anticoagulant therapy, who have a severe immune thrombocytopenia, 
or who have a significant contraindication to heparin therapy. The addi- 
tion of glucocorticoids has shown no clear benefits and has been associ- 
ated with premature rupture of membranes or preeclampsia; however, a 
newer study showed that for patients with refractory APS, the addition 
of low-dose prednisolone (10 mg) from time of a positive pregnancy 
test up to 14 weeks’ gestation may help to increase livebirth rates.*”° 
Although the addition of IVIG has not been shown to be superior to 
heparin and aspirin in large multicenter clinical trials,*" it has shown 
some efficacy in patients with refractory APS in small case studies." 
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CHAPTER 132 
THROMBOTIC 
MICROANGIOPATHIES 


J. Evan Sadler 


Thrombotic microangiopathy is a general term for the combination of microan- 
giopathic hemolytic anemia and thrombocytopenia, often accompanied by 
signs and symptoms consistent with disseminated microvascular thrombosis. 
Thrombotic thrombocytopenic purpura (TTP) refers to thrombotic microan- 
giopathy, without an obvious predisposing condition, and without oliguric 
renal failure. TTP is caused by autoantibodies to ADAMTS13 (a disintegrin and 
metalloprotease with a thrombospondin type 1 motif member 13), a plasma 
metalloprotease that normally cleaves von Willebrand factor (VWF) and regu- 
lates VWF-dependent platelet aggregation. Inherited deficiency of ADAMTS13 
causes congenital TTP which typically responds to plasma infusion. Most 
patients with acquired TTP respond to plasma exchange, although many have 
relapsing disease. Hemolytic uremic syndrome (HUS) refers to thrombotic 
microangiopathy that usually causes oliguric or anuric renal failure. Ingestion of 
Shiga toxin-producing Escherichia coli can cause the most common or “typical” 
form of HUS that is usually preceded by bloody diarrhea. Inherited or acquired 
defects in the regulation of the alternative complement pathway cause HUS 
referred to as “atypical” because it occurs without a prodrome of bloody diar- 
thea. Secondary thrombotic microangiopathy can occur in association with 
metastatic cancer, infections, organ transplantation, and certain drugs. These 
variants of thrombotic microangiopathy differ in pathogenesis and prognosis, 
but can be difficult to distinguish because their clinical features often overlap. 


@ THROMBOTIC THROMBOCYTOPENIC 
PURPURA 


DEFINITION AND HISTORY 


Thrombotic thrombocytopenic purpura (TTP) refers to thrombotic 
microangiopathy without another apparent cause and without acute 
renal failure, although mild or modest renal insufficiency may be seen. 


Acronyms and Abbreviations: ADAMTS, a disintegrin and metalloprotease 
with thrombospondin repeats; aHUS, atypical hemolytic uremic syndrome; ANA, 
anti-nuclear antibody; APS, antiphospholipid syndrome; aPTT, activated partial 
thromboplastin time; CFH, complement factor H; CFHR, complement factor H-related 
protein; DDAVP desmopressin; DGKE, diacylglycerol kinase €; Gb3, globotriaos- 
ylceramide 3; HELLP hemolysis, elevated liver enzymes, low platelet count; HIT, 
heparin-induced thrombocytopenia; HUS, hemolytic uremic syndrome; LDH, lactate 
dehydrogenase; MCP membrane cofactor protein; MMACHC, methylmalonic aciduria 
and homocystinuria type C protein; PT, prothrombin time; SLE, systemic lupus eryth- 
ematosus; STEC, Shiga toxin-producing Escherichia coli; Stx, Shiga toxin; TM, throm- 
bomodulin (gene name THBD); TTP, thrombotic thrombocytopenic purpura; VEGF, 
vascular endothelial growth factor; VWF, von Willebrand factor. 


Tissue injury can affect almost any organ but often results in neuro- 
logic damage. TTP is associated with autoantibodies against the plasma 
metalloprotease ADAMTS13 (a member of the “a disintegrin and 
metalloprotease with thrombospondin repeats” family) that reduce 
plasma ADAMTS13 activity to less than 10 percent of normal. 

Eli Moschcowitz reported the first detailed description of TTP 
in 1924.' The patient was a 16-year-old girl with fever, severe anemia, 
leukocytosis, petechiae, and hemiparesis. Her renal function was not 
impaired, but the urine contained albumin, hyaline casts, and granular 
casts. She became comatose and died 2 weeks after her first symptoms. 
At autopsy, hyaline thrombi were found diffusely in terminal arterioles 
and capillaries, particularly of the heart and kidney. For many years, 
patients with similar findings were said to have Moschcowitz disease. 
The name TTP was proposed in 1947’ and widely adopted thereafter. 

In 1966, a review of 272 published cases defined the major clinical 
features of TTP? Most patients were females between the ages of 10 and 
39 years. The symptoms and physical findings included thrombocytope- 
nia, hemolytic anemia with numerous fragmented red cells or schisto- 
cytes, neurologic findings, renal damage, and fever. Mortality exceeded 
90 percent; the average hospital stay was only 14 days before death, and 
80 percent of patients lived fewer than 90 days after the onset of symp- 
toms. However, dramatic recoveries occurred in some cases following 
splenectomy. 

This grim prognosis was recorded before a report in 1976 that 
whole blood exchange transfusions induced prompt remissions in eight 
of 14 patients.‘ Similar responses were described after plasmapher- 
esis with plasma replacement.* One remarkable case report showed 
that plasmapheresis was effective if the replacement fluid was plasma 
or cryoprecipitate-depleted plasma, but ineffective if the replacement 
fluid contained just albumin.° Furthermore, simple plasma infusions 
without plasmapheresis could induce sustained remissions, suggesting 
that replacement of a missing plasma factor sometimes was sufficient to 
ameliorate TTP.‘ 

‘These reports led to the widespread adoption of plasma therapy for 
TTP, and two studies published in 1991 provided compelling evidence 
for its efficacy. Plasma infusion was associated with 91 percent survival 
in 108 patients, an impressive improvement over historical experi- 
ence.’ The same year, a prospective randomized comparison of plasma 
exchange and plasma infusion in 102 patients with TTP was reported.’ 
Long-term survival was 78 percent for the plasma exchange group and 
63 percent for the plasma infusion group, a significant difference in 
favor of plasma exchange. 

A link between TTP and von Willebrand factor (VWF) was pro- 
posed in 1982, based on studies of four patients with chronic relapsing 
TTP? Their plasma VWF multimers were much larger than those of 
healthy controls and similar in size to the VWF multimers secreted by 
endothelial cells. Patients with TTP were proposed to lack a depoly- 
merase activity, perhaps a protease or a reductase, that shortens newly 
secreted VWF multimers in vivo and produces the multimer distribu- 
tion of normal plasma. The absence of this depolymerase would cause 
the persistence of “unusually large” VWF, which promotes intravascular 
platelet aggregation, thrombocytopenia, and microvascular thrombo- 
sis. Plasma exchange therapy could provide the missing depolymerase 
activity, or remove other factors that provoke clinical relapses. 

A candidate depolymerase was identified in 1996, when a metal- 
loprotease in plasma was shown to cleave VWF multimers subjected to 
high fluid shear stress or to mild protein denaturants.'*"! Soon thereafter, 
children with congenital TTP were shown to have inherited deficiency 
of this metalloprotease," and adults with acquired TTP were shown 
to have autoantibody inhibitors of the enzyme." The VWF cleaving 
protease was purified,’>!® cloned,’”"* and named ADAMTS13, a new 
member of the ADAMTS family of metalloproteases. Simultaneously, 
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the ADAMTS13 locus was identified by linkage analysis in families 
affected by congenital TTP and causative ADAMTS13 mutations were 
characterized.” 


ETIOLOGY AND PATHOGENESIS 


TTP is caused by unregulated VWF-dependent platelet thrombosis. 
Large VWF multimers mediate platelet adhesion at sites of vascular 
injury by binding to connective tissue and to glycoprotein Ib (GPIb) 
on the platelet surface (Chap. 120). The VWF subunit from which mul- 
timers are constructed has a modular structure consisting of five types 
of conserved structural motifs (Fig. 132-1). VWF multimers bind to 
collagen through domain A3, and to platelet GPIb through domain 
Al. When platelets bind to VWF under conditions of high fluid shear 
stress, the VWF multimer is stretched and the Tyr'®-Met!®® bond 
within domain A2 becomes accessible to ADAMTS13, which cleaves it 
and thereby can release any adherent platelets. ADAMTS13 deficiency 
prevents this feedback inhibition of platelet adhesion and leads to 
widespread microvascular thrombosis. ADAMTS13 levels greater than 
10 percent appear sufficient to prevent thrombotic microangiopathy. 

ADAMTS13 deficiency in TTP is caused by polyclonal auto- 
antibodies against ADAMTS13, usually immunoglobulin (Ig) G but 
occasionally IgA or IgM.'*"* These antibodies almost always bind the 
ADAMTS13 spacer domain, and often bind to the CUB domains 
and first thrombospondin-1 repeat; they bind less frequently to other 
thrombospondin-1 repeats, the metalloprotease domain, or the pro- 
peptide.”” Most patients have autoantibodies that inhibit ADAMTS13 
activity. The rest have noninhibitory antibodies that are likely to medi- 
ate clearance of ADAMTS13 from the circulation.” 


EPIDEMIOLOGY 


The annual incidence of TTP reportedly is two to six per million popula- 
tion in the United States and approximately 2.2 per million in the United 
Kingdom.*” Seasonal or geographical trends have not been observed 
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consistently. The demographics of TTP are similar to those of systemic 
lupus erythematosus (SLE). TTP is relatively uncommon before age 20 
years, with a peak incidence between ages 30 and 50 years.***> Across 
many reports the female-to-male ratio averages approximately 2:1, but 
female preponderance is more pronounced below age 50 years and the 
ratio approaches equality above age 60 years.”*”° Other risk factors for TTP 
include African ancestry% and obesity.” Women have a tendency to 
present during late pregnancy or peripartum (reviewed in Refs. 29 and 30). 
HLA-DRB1*11 is overrepresented severalfold in whites with TTP.) 


CLINICAL FEATURES 


The onset of TTP can be dramatically acute or insidious, developing 
over weeks. Approximately one-third of patients have symptoms of 
hemolytic anemia.*”” Thrombocytopenia typically causes petechiae or 
purpura; oral, gastrointestinal or genitourinary bleeding is less common 
but can be severe. Many patients describe an antecedent upper respira- 
tory tract infection or flu-like illness. Abdominal pain and tenderness 
are common. Nausea, vomiting, and diarrhea may occur, but bloody 
diarrhea is uncommon. 

Systemic microvascular thrombosis typically affect the kid- 
ney, heart, brain, pancreas, adrenals, skin, spleen, marrow, and most 
other tissues except the lungs, which are spared. Renal involvement 
is common, but acute renal failure occurs in fewer than 10 percent of 
cases.”°*”? Neurologic findings can be transient or persistent and may 
include headache, visual disturbances, vertigo, personality change, con- 
fusion, lethargy, syncope, coma, seizures, aphasia, hemiparesis, and 
other focal sensory or motor deficits.*”? The frequency of neurologic 
findings or fever has decreased from more than 90 percent to approxi- 
mately 50 percent over the past 40 years,**”%”° probably because these 
features no longer are recognized as necessary to diagnose TTP. 

The symptoms of TTP sometimes can be quite atypical, either 
at first presentation or upon relapse. Thrombocytopenia without 
hemolytic anemia may herald the onset of disease. In rare instances, 
visual disturbances, pancreatitis, stroke, or other thrombosis may 


Figure 132-1. Structure of von Willebrand factor 
(VWF). Multimeric VWF (top) is composed of identical 
subunits with four kinds of structural motifs, including 
hree A domains, six C domains and a homologous D4N 
domain, two complete and one partial D domains, and 
a cystine knot (CK) domain. Subunits (middle) are linked 
into multimers by disulfide bonds between C-terminal 
CK domains and N-terminal D3 domains. Domain A1 
bottom) binds platelet glycoprotein Iba (GPlba), domain 
A3 binds collagen in extracellular matrix, and domain A2 
contains a Tyr-Met bond that is susceptible to cleavage 
by ADAMTS13 (a disintegrin and metalloprotease with a 
hrombospondin type 1 motif member 13). 


precede overt thrombotic microangiopathy by days to months.**** 


Macrovascular venous or arterial thrombosis occurs in up to one-half 
of patients.” 

Cardiac involvement may cause chest pain, myocardial infarction, 
congestive heart failure or arrhythmias.”** Direct pulmonary involve- 
ment is uncommon but severe acute respiratory distress syndrome may 
occur, possibly secondary to cardiac failure.” Gastrointestinal symp- 
toms are common and can include abdominal pain, nausea, vomiting, 
and diarrhea.*”? Physical examination may suggest acute pancreatitis or 
mesenteric ischemia. Infrequent findings include Raynaud phenome- 
non, arthralgia, myalgia, and retinal hemorrhage or detachment.*” 


LABORATORY FEATURES 


The symptoms and signs of TTP are nonspecific. The diagnosis depends 
on laboratory testing to document microangiopathic hemolytic ane- 
mia and thrombocytopenia, without another predisposing cause. Ane- 
mia is almost universal with a mean hemoglobin of approximately 
8 g/dL.” Thrombocytopenia typically is severe, with a mean platelet 
count of approximately 20 x 10°/L.*6°?“° Hemolysis is indicated by an 
elevated reticulocyte count and serum lactate dehydrogenase (LDH), 
undetectable serum haptoglobin, and increased total and unconjugated 
bilirubin. Coombs test is almost always negative.”* Renal microvascu- 
lar injury is common with microhematuria, granular or red cell casts, 
and proteinuria, but the serum creatinine is often normal and seldom 
greater than 2 mg/dL.” Approximately 50 percent of patients have a 
positive anti-nuclear antibody (ANA) test.“ 

Almost all patients have normal values for plasma fibrinogen, 
prothrombin time (PT) and activated partial thromboplastin time 
(aPTT),”* reflecting a minor role of blood coagulation in TTP. Evidence 
of myocardial damage is common, with elevated troponin levels.***° 

The characteristic morphological feature of TTP on the blood film 
is a marked increase in schistocytes. Schistocytes are helmet cells, or 
small irregular triangular or crescent shaped cells with pointed projec- 
tions, that lack central pallor (Chap. 2)."' Patients with TTP often have 
markedly increased schistocytes; in a study of six patients, schistocytes 
comprised a mean of 8.3 percent of all red cells with a range of 1 percent 
to 18.4 percent.” Spherocytes also may be seen. 

ADAMTS13 activity is characteristically less than 10 percent and 
this degree of acquired ADAMTS13 deficiency appears to be specific 
for TTP.'*!4+84 Tf adult patients with thrombotic microangiopathy are 
selected with no plausible secondary cause, no diarrheal prodrome, and 
no features suggestive of hemolytic uremic syndrome (HUS) (e.g., olig- 
uria, severe hypertension, dialysis, serum creatinine >3.5 mg/dL), then 
at least 80 percent of those selected have ADAMTS13 activity less than 
10 percent of normal. The majority of patients with severe ADAMTS13 
deficiency have autoantibody inhibitors'*’*** and almost all patients 
have autoantibodies that bind ADAMTS13 by enzyme-linked immuno- 
sorbent assay (ELISA). 

Depending on the clinical context, laboratory tests should be 
considered to detect conditions that may cause thrombotic microan- 
giopathy by mechanisms other than ADAMTS13 deficiency such as 
pregnancy, cobalamin deficiency, SLE and other autoimmune diseases, 
antiphospholipid syndrome (APS), HIV, and Shiga toxin-producing 
organisms. 

The histologic appearance of microvascular lesions in TTP is con- 
sistent with a pathophysiologic role of VWF-dependent platelet throm- 
bosis. Amorphous thrombi and subendothelial hyaline deposits may be 
found in the small arterioles and capillaries of any organ, but are par- 
ticularly common (in order of decreasing severity) in the myocardium, 
pancreas, kidney, adrenal gland and brain. The liver and lung are rela- 
tively spared. The lesions consist mainly of platelets and VWE, with little 
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fibrin and few inflammatory cells. They often include focal endothelial 


cell proliferation.“ 


DIFFERENTIAL DIAGNOSIS 


The diagnosis of TTP should be entertained for any patient with 
microangiopathic hemolytic anemia and thrombocytopenia, without 
evidence for disseminated intravascular coagulation, and without fea- 
tures associated with Shiga toxin-producing Escherichia coli (STEC)- 
HUS such as a prodromal diarrheal illness and acute oliguric or anuric 
renal failure. These criteria can only be approximate, however, because 
many diseases associated with secondary thrombotic microangiopathy 
can produce overlapping clinical and laboratory findings. As a conse- 
quence, making a diagnosis of TTP can be a challenge and a wide differ- 
ential diagnosis often must be considered (‘Table 132-1). 

Schistocytes occur in a variety of conditions besides TTP, although 
the level seldom enters the 1 to 18 percent range typical of TTP. For 
example, schistocytes were seen in the blood film of 58 percent of healthy 
controls, with a mean of 0.05 percent and a range of 0 to 0.27 percent of 
all red cells.” Up to 0.6 percent schistocytes were observed in patients 
with chronic renal failure, preeclampsia, or properly functioning 


TABLE 132-1. Classification and Differential Diagnosis of 


Thrombotic Microangiopathy 


Thrombotic Thrombocytopenic Purpura (TTP) 
Autoimmune, with antibodies against ADAMTS13 


Congenital Thrombotic Thrombocytopenic Purpura 
(Upshaw-Schulman Syndrome) 


Inherited ADAMTS13 deficiency, with mutations in ADAMTS 13 


Shiga Toxin-Producing Escherichia Coli Hemolytic Uremic 
Syndrome (STEC-HUS) 


Atypical Hemolytic Uremic Syndrome (aHUS) 
Alternative complement pathway defects 
Diacylglycerol kinase £ (DGKE) defects 


Secondary Thrombotic Microangiopathy 
Disseminated intravascular coagulation 
Infections (viral, bacterial, fungal) 
Streptococcus pneumoniae 

Tissue transplant-associated 
Chemotherapy or radiation injury 
Tissue rejection 
Graft-versus-host disease 

Cancer 


Pregnancy associated (preeclampsia, eclampsia, HELLP 
[hemolysis, elevated liver enzymes, low platelet count] 
syndrome) 


Autoimmune disorders 
Systemic lupus erythematosus and other vasculitides 
Antiphospholipid syndrome 
Drugs (commonly implicated) 
Immune (quinine, ticlopidine) 
Toxic (cyclosporine, tacrolimus, mitomycin C, gemcitabine) 
Cobalamin metabolic defects 
Malignant hypertension 


Mechanical hemolysis (e.g., malfunctioning aortic or mitral 
valve prosthesis) 


Part XII: Hemostasis and Thrombosis 


prosthetic heart valves.” Severe hemolysis and marked schistocyto- 
sis occur in patients with defective mechanical heart valves. Patients 
receiving marrow allografts or autografts for a variety of indications had 
a mean of 0.7 percent schistocytes 6 weeks after transplantation, with a 
range of 0 to approximately 4 percent schistocytes.**” Approximately 
10 percent of patients had at least 1.3 percent schistocytes, placing them 
at risk for a diagnosis of thrombotic microangiopathy.” 

ADAMTS13 levels are normal to moderately decreased in new- 
borns, during pregnancy, after surgery, and in chronic liver cirrhosis, 
chronic renal insufficiency, acute inflammatory states, and a variety 
of thrombocytopenic disorders other than TTP.“ Severe sepsis may 
sometimes cause acquired severe ADAMTS13 deficiency, although the 
incidence and clinical significance of the finding remain uncertain. 
Some patients with acute viral hepatitis, severe liver cirrhosis” or 
venoocclusive disease after stem cell transplantation” have had severe 
ADAMTS13 deficiency (<10 percent) at least transiently, which is con- 
sistent with the synthesis of ADAMTS13 in liver. =" 


THERAPY 


Plasma Exchange 

The mainstay of therapy for TTP is plasma exchange, which removes 
antibody inhibitors of ADAMTS13 and replenishes the enzyme. After 
diagnosing TTP, or determining that the diagnosis is sufficiently likely 
to justify treatment, plasma exchange therapy should be started as 
soon as feasible. Studies establishing the value of plasma therapy have 
excluded secondary thrombotic microangiopathy,” so the efficacy of 
plasma exchange has been demonstrated directly only for TTP. The 
optimal dose of plasma is not known, but a common practice is to per- 
form plasma exchange once daily at a volume of 40 or 60 mL/kg, equiv- 
alent to 1.0 or 1.5 plasma volumes. For refractory disease, the intensity 
of plasma exchange can be increased to 1 plasma volume twice daily. 
Prompt treatment is important and if plasma exchange must be delayed 
more than a few hours, plasma should be given by simple infusion at 20 
to 40 mL/kg total dose per day, consistent with the patient's ability to 
tolerate the fluid load.” 

The replacement fluid should contain ADAMTS13. Satisfactory 
results have been obtained with fresh-frozen plasma,”* plasma cryosu- 
pernatant,°*** and various pathogen-inactivated plasma products.” The 
incidence of allergic reactions and transfusion-associated lung injury 
may be lower with solvent/detergent-treated plasma than with fresh- 
frozen plasma,” but the incidence of thrombosis may be increased with 
some preparations.*”*! Cryosupernatant is depleted in the largest VWF 
multimers but has normal ADAMTS13 levels, which could make cryo- 
supernatant particularly suitable for the treatment of TTP. Nevertheless, 
small randomized trials suggest that cryosupernatant is not superior 
to fresh-frozen plasma for the initial treatment of TTP.*°*” Methylene 
blue-treated plasma may be less effective than fresh-frozen plasma, 
despite having a similar concentration of ADAMTS13.” 

Plasma exchange should be continued daily until the patient has 
a treatment response as shown by a platelet count greater than 150 x 
10°/L for at least 2 days. Whether plasma exchange then should be 
simply stopped or tapered is not known. A typical strategy is to reduce 
the frequency of plasma exchange to every other day (or twice per week) 
for several days. If the disease remains quiescent, then treatment can be 
stopped and the patient monitored closely for recurrence. Alternatively, 
plasma exchange can be stopped abruptly with monitoring for recurrent 
thrombocytopenia over several days. 


Glucocorticoids 
TTP is an autoimmune disease and the use of glucocorticoids is logi- 
cal, although a beneficial effect has not been demonstrated conclusively. 


Common practice is to give prednisone or equivalent at a total daily dose 
of 1 mg/kg, in one or two doses, for the duration of plasma exchange, 
followed by tapering. An alternative regimen is methylprednisolone 1 g 
intravenously daily for 3 days.” 


Antiplatelet Agents 

The use of antiplatelet agents in TTP is controversial. Aspirin and 
dipyridamole often are combined with plasma exchange but have not 
been shown conclusively to modify the course of TTP.** Low-dose 
aspirin (e.g., 80 mg/day) has been suggested for thromboprophylaxis, 
once the platelet count exceeds 50 x 10°/L.5 


Platelet Transfusion 

Transfusion of platelets may correlate with acute deterioration and 
death in TTP.””*-° Therefore, platelet transfusions are relatively con- 
traindicated and should be reserved for the treatment of life-threaten- 
ing hemorrhage, preferably after plasma exchange treatment has been 
initiated. Platelets generally need not be given prophylactically before 
establishing venous access for plasma exchange.” Platelets have been 
transfused before emergency surgery, immediately after preparation by 
intensive plasma exchange.‘ 


Rituximab 

TTP that is refractory to plasma exchange usually responds to rituximab 
(e.g., 375 mg/m? weekly for 4 doses). At least 80 percent of patients have 
complete responses within 1 to 3 weeks of starting treatment,” includ- 
ing a normal ADAMTS13 level and disappearance of anti-ADAMTS13 
antibodies (if present). Relapses occur in a minority of patients after 
successful treatment, usually after intervals of 6 months to 4 years, and 
most such patients respond to retreatment. 

Acute reactions to rituximab are controlled by premedication with 
glucocorticoids, antihistamines, and analgesics. Because rituximab is 
removed by plasma exchange, it should be administered immediately after 
plasma exchange to maximize the interval until the next plasma exchange. 

Rituximab has been given together with plasma exchange at the 
time of initial diagnosis, which may shorten the time to treatment 
response and reduce the incidence of relapse.” Rituximab also has 
been administered preemptively to patients with persistent or recurrent 
severe ADAMTS13 deficiency after achieving remission of TTP, and 
this approach may prevent subsequent relapses.”””! 

In some settings, rare but serious complications associated with 
rituximab have included bronchospasm, hypotension, serum sickness, 
susceptibility to infections, and progressive multifocal leukoencephal- 
opathy.” Such events have been very rare for patients with autoimmune 
diseases like TTP.” 

Patients who have not been vaccinated for hepatitis B should be 
screened for hepatitis B infection before receiving rituximab. Those 
with evidence of past infection should be considered for antiviral pro- 
phylaxis as well as monitoring for hepatic injury and viral reactivation 
for 6 to 12 months after treatment.” 


Splenectomy 

Splenectomy can result in lasting remissions or reduce the frequency 
of relapses for some patients with TTP that is refractory to plasma 
exchange or immunosuppressive therapy, presumably by removing a 
major site of anti-ADAMTS13 antibody production.”’* Laparoscopic 
splenectomy can be performed safely in most patients regardless of 
platelet count.” 


Other Treatments 
Anecdotal experience suggests that vincristine may be beneficial 
for refractory TTP, although its efficacy is difficult to assess. Dosing 


schedules have included 2 mg intravenously on day 1 followed by 1 
mg on days 4 and 7,” or 2 mg intravenously per week for 2 to 14 weeks.” 
Prostacyclin analogues***' or high-dose intravenous immunoglobulins? 
have been used without convincing evidence of efficacy. 

Although cyclosporine can cause secondary thrombotic microan- 
giopathy, apparent responses, with normalization of ADAMTS13 activity, 
have been observed with cyclosporine 2 to 3 mg/kg daily in two divided 
doses as an adjunct to plasma exchange. 

Other treatments have included oral or intravenous cyclo- 
phosphamide, oral azathioprine,” bortezomib,** mycophenolate, 
N-acetylcysteine,” combination chemotherapy with cyclophos- 
phamide, doxorubicin, vincristine, and prednisone," and autologous 
stem cell transplantation.” Agents that prevent the binding of VWF 
to platelets are under development and may prove useful for the treat- 
ment of TTP.” 


Supportive Therapy 
Daily laboratory monitoring should include complete blood count with 
platelet count, LDH, electrolytes, blood urea nitrogen and creatinine. 
Because of the high incidence of cardiac damage,” continuous electro- 
cardiographic monitoring and periodic assessment of cardiac enzymes 
should be considered. Patients should receive supplemental folic acid 
and vaccination for hepatitis B.” Allergic reactions, metabolic alkalo- 
sis, and hypocalcemia associated with plasma exchange should be pre- 
vented or treated by appropriate adjustments in therapy. 

After the platelet count increases to above 50 x 10°/L, prophylaxis 
for venous thromboembolism may be instituted with low-molecular- 
weight heparin“ and low-dose aspirin.” 


COURSE AND PROGNOSIS 


The platelet count normalizes after a median of 11 plasma exchanges, 
with a wide range of four to 55 sessions.” Normalization of serum LDH 
lags behind the platelet count by approximately 9 days and persistent 
elevation of LDH does not correlate with the risk of exacerbation or 
relapse.” 

Exacerbations are defined as TTP recurring within 30 days after a 
treatment response and 25 to 50 percent of patients have an acute exac- 
erbation within 2 weeks that requires further treatment with plasma 
exchange. Some have repeated exacerbations over several months.” 
A durable treatment response, lasting more than 30 days, is achieved 
eventually in approximately 80 percent of patients.” 

Relapses, defined as recurrences more than 30 days after a complete 
response, occur in up to one-third of patients within 2 years after treat- 
ment with plasma exchange and glucocorticoids alone. Most relapses 
occur during the first year, but have occurred 13 years or more after 
diagnosis.**** Evaluation for relapsing TTP should be considered for 
any symptom compatible with thrombotic microangiopathy, especially 
in association with a common trigger of relapse such as infection, sur- 
gery, or pregnancy.**°> Relapsing patients typically respond to plasma 
exchange. Relapses in TTP are associated with severe ADAMTS13 defi- 
ciency and detectable ADAMTS13 autoantibody inhibitors. Conversely, 
patients without severe ADAMTS13 deficiency at diagnosis rarely 
relapse (approximately 9 percent across several studies) (reviewed in 
Ref. 96). 

Serious catheter-related complications of plasma exchange therapy 
occur in approximately 26 percent of patients with TTP and include 
pneumothorax and hemorrhage, cardiac perforation, venous thrombo- 
sis, catheter thrombosis, and bacterial or fungal infections.” 

Hives or pruritic reactions to fresh-frozen plasma occur in one- 
to two-thirds of patients but usually can be managed by premedication 
with antihistamines. High-volume plasma exchange causes metabolic 
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alkalosis and hypocalcemia, and may cause unintentional platelet 
removal. Serious complications attributable to plasma are less common, 
occurring in approximately 4 percent of patients, and include broncho- 
spasm, anaphylaxis, hypotension, hypoxia, and serum sickness.” 

The mortality rate for TTP treated with plasma exchange ranges 
from 10 to 20 percent. Most deaths occur within a few days after presen- 
tation, and almost all occur within the first month.”*764 

Late sequelae of TTP may include long-term deficits in quality 
of life and cognition in many patients,” severe persistent neuro- 
logic deficits in 5 to 13 percent,’ chronic renal insufficiency in up to 
25 percent,'” and dialysis dependent renal failure in 3 to 8 percent of 
patients.1°°1! 


@ CONGENITAL THROMBOTIC 
THROMBOCYTOPENIC PURPURA 


DEFINITION AND HISTORY 


Congenital TTP, or Upshaw-Schulman syndrome, refers to TTP that is 
caused by inherited deficiency of ADAMTS13. 

Schulman and colleagues!” and Upshaw’® first described a con- 
genital disorder resembling TTP characterized by autosomal recessive 
inheritance and chronic relapsing thrombotic microangiopathy from 
infancy. Congenital TTP, or Upshaw-Schulman syndrome, shared many 
features with acquired TTP in adults, including the consistent response 
to plasma.'” 


ETIOLOGY AND PATHOGENESIS 


Congenital TTP is caused by homozygosity or compound heterozygos- 
ity for inactivating mutations in the ADAMTS13 gene” on chromosome 
9q34 (reviewed in Ref. 104). The mutations usually impair the synthesis 
or secretion of ADAMTS13. As yet no evidence convincingly indicates 
locus heterogeneity in congenital TTP. 


EPIDEMIOLOGY 


Congenital TTP is autosomal recessive and affects the genders almost 
equally.’ The prevalence of congenital TTP is approximately one per 
million population in Japan! and appears to be similar elsewhere. Con- 
genital TTP accounts for a few percent of patients presenting with TTP. 


CLINICAL FEATURES 


The clinical features of congenital TTP are similar to those of acquired 
TTP, except for age of onset. Most children with congenital ADAMTS13 
deficiency have neonatal jaundice and hemolysis but no evidence of 
ABO blood group or Rh incompatibility. Approximately half of the 
children continue to have a chronic relapsing course from infancy. The 
remaining children usually develop symptoms in their late teens or early 
twenties. In either case, acute exacerbations often are triggered by infec- 
tions, otitis media, surgery, or other inflammatory stress."°'” Patients 
may suffer an acute attack after receiving desmopressin (DDAVP), 
which stimulates the release of VWF from endothelial cell stores; one 
such patient was receiving a low dose of intranasal DDAVP for enure- 
sis." As in acquired TTP, most patients with congenital TTP have some 
renal involvement with proteinuria, hematuria, or a mildly elevated 
serum creatinine during acute attacks. Chronic renal failure can occur, 
usually after a prolonged course of relapsing disease.” 

Females often present during their first pregnancy, possibly because 
VWE levels are increased late in pregnancy. If untreated, pregnancies 
usually end in spontaneous abortion, stillbirth or premature delivery. 
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TTP usually occurs in the third trimester or postpartum, whereas fetal 
loss is most common in the second trimester.'” 


LABORATORY FEATURES 


Severe congenital ADAMTS13 deficiency (<5 percent) is characteristic 
of congenital TTP. Alloantibodies to ADAMTS13 as a consequence of 
treatment with plasma are extremely rare in congenital TTP; only one 
such patient has been reported. Other laboratory findings in congen- 
ital TTP are similar to those in acquired TTP. The histologic features of 
congenital TTP are similar to those of acquired TTP." 


DIFFERENTIAL DIAGNOSIS 


For patients presenting during early childhood, other causes of throm- 
botic microangiopathy to consider include STEC-HUS, atypical HUS 
and secondary thrombotic microangiopathy associated with disorders 
that are characteristic of childhood. For adolescents and adults, the dif- 
ferential diagnosis is the same as for acquired TTP (see Table 132-1). 

Testing of stool and urine for STEC should be considered for all 
patients with thrombotic microangiopathy because a significant frac- 
tion of patients with STEC infection never have bloody diarrhea. 


THERAPY 


Congenital TTP can be treated with periodic infusions of fresh-frozen 
plasma or an equivalent virucidally treated product, if available. The 
half-life of ADAMTS13 is 2 to 3 days'” and the level of ADAMTS13 
required to avoid symptoms is approximately 5 percent of normal; 
5 to 20 mL/kg of plasma every 2 to 3 weeks usually is sufficient to main- 
tain ADAMTS13 at a greater than 5 percent level and prevent symp- 
toms.‘ Patients with severe allergic reactions to plasma have been 
treated successfully with plasma-derived factor VIII/VWF concentrates 
that contain significant amounts of ADAMTS13.° 


Pregnancy Management 

Fetal loss and premature birth can be prevented by plasma infusions 
10 mL/kg every 2 weeks beginning at 8 weeks of gestation, increasing 
to weekly in the second trimester. Any sign of thrombotic microangio- 
pathy is an indication to increase the volume or frequency of plasma 
infusion. Plasma exchange may be necessary to avoid fluid overload. 


COURSE AND PROGNOSIS 


The severity of congenital TTP varies considerably and correlates 
to some extent with the underlying genotype and residual plasma 
ADAMTS13 activity. Patients with ADAMTS13 activity of less than 2.5 
percent of normal tend to have their first TTP episode in childhood, 
have more than one episode of TTP per year, and require regular plasma 
prophylaxis. Conversely, patients with ADAMTS13 activity of 2.5 to 
6.0 percent tend to present in adulthood and have infrequent episodes 
of disease.''*!!4 Some of these patients have prolonged symptom-free 
intervals and can be treated on demand. However, inadequately treated 
patients are at risk for developing chronic renal failure and stroke.“ 


@ SHIGA TOXIN ESCHERICHIA 
COLI-ASSOCIATED HEMOLYTIC 
UREMIC SYNDROME 


DEFINITION AND HISTORY 


HUS refers to thrombotic microangiopathy that mainly affects the 
kidney and usually causes oliguric or anuric renal failure. Ingestion of 


STEC causes HUS (STEC-HUS) that is usually is associated with a pro- 
drome of diarrhea. Other names in the literature for STEC-HUS include 
diarrhea-associated HUS (D+HUS) and “typical” HUS. 

In 1955, the term HUS was proposed for thrombotic microan- 
giopathy occurring in children and associated with acute anuric renal 
failure, which is uncommon in TTP’? HUS was often preceded by a 
diarrheal illness and, unlike TTP in adults, the prognosis was relatively 
favorable. Most patients survived and recovered normal renal function 
with only supportive care." Although cases were known to cluster in 
endemic areas, the cause of HUS was unknown until 1983, when E. coli 
O157:H7 was shown to express a Shiga-like toxin and cause epidemic 
hemorrhagic colitis that could evolve into HUS. "="? 


ETIOLOGY AND PATHOGENESIS 


STEC may make two types of Shiga toxin (Stx) that are similar in struc- 
ture and function to ricin. Stx1 is identical to Shigella dysenteriae sero- 
type 1 toxin. Stx2 is approximately 50 percent identical in sequence to 
Stxl and occurs in several closely related forms. Both toxins consist 
of pentameric B subunits that bind globotriaosylceramide (Gb3) on 
cell surfaces and a single A subunit that is responsible for cytotoxicity. 
Pathogenic E. coli almost always express a variant of Stx2 and approxi- 
mately two-thirds express Stx1.'”° 

When STEC colonize the gut they damage the epithelium and 
secrete Stx that is delivered to target organs through the blood, probably 
by neutrophils. Stx bound to Gb3 on cell surfaces is endocytosed and 
transported in a retrograde fashion through the secretory pathway to 
the endoplasmic reticulum, where the A subunit is translocated into the 
cytoplasm. The A subunit is an N-glycosidase that removes a specific 
base from the large ribosomal subunit, which inhibits protein synthesis 
and activates a response pathway that leads to apoptosis. The observed 
predilection for renal injury is a result of the relatively high expression 
of Gb3 on renal tubular epithelial, mesangial, and glomerular endothe- 
lial cells. 


EPIDEMIOLOGY 


STEC-HUS can occur at any age but affects mainly children younger 
than age 5 years and is rare before age 6 months. The disease occurs spo- 
radically and in epidemics, associated with ingestion of foods or other 
materials contaminated with Stx-producing bacteria. E. coli O157:H7 
accounts for at least 80 percent of cases in many series, but STEC-HUS 
can be caused by other toxin-bearing E. coli serotypes'*""” or by S. dys- 
enteriae type 1. Most cases occur in summer and autumn in rural envi- 
ronments. The incidence is approximately 10 to 30 per million children 
per year, but depends on the risk of exposure, which varies considerably 
with the time of year, location, and other factors. STEC-HUS is a com- 
mon cause of chronic renal failure in children.'”° 


CLINICAL FEATURES 


Patients develop abdominal pain, tenderness and diarrhea between 2 
and 12 days after ingesting STEC, with a mean incubation period of 3 
to 7 days and a median of 3 days. The diarrhea usually becomes bloody 
within 1 to 3 days, at which time patients are typically afebrile. Nausea 
and vomiting are common. The abdominal pain is greater than is typical 
for other causes of gastroenteritis, and defecation is often painful. Most 
patients recover spontaneously within a few days. Of children younger 
than 10 years of age with bloody diarrhea and E. coli O157:H7 infec- 
tion, approximately 15 percent will develop STEC-HUS with the acute 
onset of microangiopathic hemolytic anemia, thrombocytopenia, and 
renal injury an average of 7 days (range: 5 to 13 days) after the start of 
diarrhea.’ 


LABORATORY FEATURES 


Aside from signs of dehydration or electrolyte imbalances from diar- 
rhea or vomiting, laboratory testing may be unremarkable before 
bloody diarrhea develops. Thrombocytopenia and hemolysis with 
associated laboratory abnormalities develop after bloody diarrhea and 
usually before renal failure. The platelet count falls to an average of 
40 x 10°/L. Renal signs may include a rising creatinine, proteinuria, 
hematuria, hypertension, and oliguria or anuria. Usually the PT and 
aPTT are normal or minimally prolonged, plasma fibrinogen is normal 
or elevated, and fibrin degradation products may be moderately ele- 
vated.'!”> ADAMTS13 levels are normal. "+! 

Stool should be cultured on selective media for E. coli 0157:H7 
and tested for Stxs to detect non-O157 strains. STEC in the stool are 
found in at least 90 percent of patients during the first 6 days but in less 
than 30 percent of patients at later times. Fecal leukocytes are not always 
present and generally are not abundant. 

Serologic testing for antibodies to STEC surface antigens at diag- 
nosis and after 2 weeks can facilitate the diagnosis of STEC-HUS if stool 
cultures are not informative. Titers rise after infection and persist for 
8 to 12 weeks. 

STEC-HUS mainly affects the renal cortex, which often shows 
extensive necrosis. Lesions occur less frequently in the pancreas, brain, 
adrenal glands, and myocardium. The thrombi of HUS typically involve 
glomerular capillaries and arterioles and are composed mainly of fibrin 
and red cells with few platelets. “$ 


DIFFERENTIAL DIAGNOSIS 


Unlike STEC-HUS, bloody diarrhea caused by Salmonella, Shigella, or 
Clostridium difficile is likely to be accompanied by fever and prostration. 
Coinfection with STEC and C. difficile can occur. Otherwise the differ- 
ential diagnosis of apparent STEC-HUS includes unusual presentations 
of other causes of thrombotic microangiopathy (see Table 132-1). 


THERAPY 


Patients with acute bloody diarrhea should be admitted to the hospital 
for diagnosis and management of presumed STEC infection as well as 
infection control. Early intravenous hydration to maintain renal perfu- 
sion protects against the development of HUS. Most patients require 
red cell transfusions. Daily monitoring of hemoglobin, platelet count, 
electrolytes, blood urea nitrogen (BUN), and creatinine is important. 

The risks and benefits of antibiotic use in STEC-HUS may depend 
on the stage of illness. Antibiotics should not be used early in the course 
of acute diarrheal illness caused by E. coli 0157:H7 because antibiotics 
increase the risk of HUS.” However, retrospective analysis of a 2011 
outbreak of E. coli O104:H4 infection suggests that treatment with mul- 
tiple antibiotics after the development of HUS may have reduced the 
incidence of seizures and death.” 

Antimotility agents and narcotics increase the risk of HUS and 
neurologic complications. Nonsteroidal antiinflammatory drugs and 
antihypertensives that reduce renal perfusion such as angiotensin-con- 
verting enzyme inhibitors and angiotensin receptor blockers should be 
avoided. No convincing data indicate that antiplatelet agents, anticoag- 
ulants, plasma exchange, glucocorticoids, rituximab, or an inhibitor of 
the terminal components of complement, eculizumab, add benefit to 
supportive therapy and dialysis, for children or adults.5*'70' 


COURSE AND PROGNOSIS 


Patients often have a degree of diffuse vascular injury and may become 
edematous with intravenous hydration. Consequently more sodium 
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than expected may be required for adequate volume replacement, and 
monitoring for fluid overload and hypertension is essential. A rising 
platelet count signals the end of the period of risk for developing HUS. 
For patients with HUS, hemolysis can persist as the HUS resolves and 
require additional red cell transfusions. 

Extrarenal involvement is common, although the incidence of spe- 
cific complications varies widely. Depending on the outbreak, central 
nervous system involvement (seizures, coma, or stroke) occurs in 10 to 
65 percent of cases and is more common in older patients. Cardiac dys- 
function is associated with ischemia or congestive heart failure. Patients 
may require mechanical ventilation for seizures, coma, pulmonary 
edema, or pneumonia. Gastrointestinal involvement can include hem- 
orrhagic colitis, necrosis, perforation, peritonitis, pancreatitis, diabetes 
mellitus, and rectal prolapse. 10128129 

The incidence of death and end-stage renal failure also varies 
widely, but correlates with the need for initial dialysis and central ner- 
vous system involvement. In a meta-analysis of more than 3400 patients 
with STEC-HUS, an average of 9 percent died and 3 percent devel- 
oped permanent end-stage renal failure 1 or more years later. Another 
25 percent had persistent hypertension, proteinuria, or chronic renal 
insufficiency." 

Inability to detect STEC may not strongly affect the clinical course. 
In a study of 268 patients with HUS, 59 percent had prodromal diarrhea 
plus bacteriologic or serologic evidence of infection by STEG; 21 per- 
cent had only diarrhea, and 10 percent had only positive bacteriologic 
or serologic studies. All three groups had similar outcomes: approxi- 
mately 1 percent died and 73 percent recovered normal renal function. 
In contrast, the 11 percent of patients with neither diarrhea nor docu- 
mented STEC infection had a significantly worse outcome; 10 percent 
died and only 34 percent recovered normal renal function.’*! Most of 
these latter patients probably had “atypical hemolytic uremic syndrome 
(aHUS); which has a distinct cause and prognosis. 


@ ATYPICAL HEMOLYTIC UREMIC 
SYNDROME 


DEFINITION AND HISTORY 


Diarrhea-negative or aHUS is not associated with diarrhea or Stx- 
producing organisms and occurs in patients without an obvious predis- 
posing condition. 

Reporting on patients seen in southern Africa in 1965, Bar- 
nard and Kibel first distinguished typical diarrhea-associated HUS 
from “atypical” patients who did not have diarrhea.'*' In the 1970s, 
Kaplan proposed that recurrent familial cases of HUS represented a 
distinct genetic illness.'**'*? By 1993, aHUS was an accepted diagno- 
sis of uncertain cause,'™ although increased consumption of com- 
plement C3 and deficiency of factor H had been described in some 
patients." In 1998, Warwicker and colleagues showed that muta- 
tions in complement factor H (CFH) caused familial HUS, and 
mutations in other proteins of the alternative complement pathway 
quickly followed. These results provided a rationale for treating 
aHUS with inhibitors of complement activation, which has proved 
very effective.'*” 


ETIOLOGY AND PATHOGENESIS 


The alternative complement pathway drives the pathogenesis of aHUS. 
Complement component C3 is spontaneously converted to C3b at a 
low rate and deposited on cell surfaces. Under normal circumstances 
this C3b is promptly cleaved and inactivated by the serine protease 
factor I, and this reaction is accelerated by factor H or membrane 
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TABLE 132-2. Complement Defects in Atypical Hemolytic 


Progression 


Gene or Prevalence to End-Stage 
Subgroup in aHUS LowC3 Renal Disease Death 
CFH 25-30% 50-60% 50-60% 5-20% 
CFI 4-10% 20-50%  ~60% 0-10% 
MCP 7-10% 6-30% 6-35% 0% 
CFB <1.5% <100%  ~50% 0% 

Gy 4-8% 70-80% 55-70% 0% 
THBD (TM)* <5% ~50% ~50% ~30% 
Anti- 3-7% ~40% 30-60% 0% 
complement 

factor H 

antibody 

No mutation 30-50% ~20% ~40% 3-7% 


Based on outcomes after 5 years from the International Registry of 
Recurrent and Familial HUS/TTP'*® and after 3 years from the French 
Study Group for aHUS."9 


*THBD is the gene for thrombomodulin. 


cofactor protein (MCP, CD46). These cofactors are structurally and 
functionally similar, but factor H is a plasma protein whereas MCP 
is a transmembrane protein found on the surface of almost all cells. 
If not restrained by these inhibitors, C3b interacts with factor B to 
form a potent C3 convertase that amplifies the deposition of C3b, 
which attracts phagocytes and promotes membrane attack complex 
formation on renal glomerular and arteriolar endothelium and base- 
ment membrane. The resultant vascular damage causes thrombotic 
microangiopathy. 

Heterozygous mutations in alternative complement pathway pro- 
teins have been identified in 60 to 70 percent of patients with aHUS 
(Table 132-2). These include loss-of-function mutations in factor H, 
MCP, factor I, complement factor H-related proteins 1 and 3 (CFHR1, 
CFHR3), and thrombomodulin (TM); and gain-of-function mutations 
in factor B and C3. In addition, autoantibodies to factor H have been 
identified in some patients with aHUS, often in association with muta- 
tions in CFHR1 and CFHR3. Patients sometimes have mutations at 
more than one locus, or a combination of autoantibodies to CFH and 
mutations. °81°9 

Homozygous or compound heterozygous mutations in diacylglyc- 
erol kinase e (DGKE) cause aHUS with high penetrance that presents 
before 1 year of age with hypertension, hematuria, and proteinuria. 
How DGKE mutations cause aHUS is not established. DGKE mutations 
may account for a few percent of aHUS. 


EPIDEMIOLOGY 


Atypical HUS affects approximately 5 percentas many children as develop 
STEC-HUS, with an estimated incidence of two per million population 
per year."! Approximately one-half of patients are younger than age 
18 years. Approximately 60 percent of affected children have their first 
episode of aHUS before age 2 years, and 25 percent before age 6 months. 
In contrast, STEC-HUS is rare before age 6 months. Most adults have 
their first episode of aHUS between ages 20 and 40 years. Childhood 
aHUS affects males and females equally, whereas onset in adults dis- 
proportionately affects females mainly because of disease triggered by 
pregnancy. Analysis of relatives of probands shows that the penetrance 


of aHUS may be approximately 50 percent for mutations in any of the 
predisposing genes.'**'° 


CLINICAL FEATURES 


Approximately 20 percent of patients have a subacute or chronic course 
of mild anemia, variable thrombocytopenia and relatively normal renal 
function. However, patients usually present acutely with thrombotic 
microangiopathy and renal failure, sometimes with progressive hyper- 
tension. Most patients report a possible triggering event such as a viral 
or bacterial upper respiratory infection, gastroenteritis, or pregnancy. 
aHUS is not classically preceded by bloody or painful diarrhea.'**!° 

Women with pregnancy-associated aHUS usually present postpar- 
tum. Most of the rest develop symptoms in the third trimester, some- 
times complicated by fetal loss and preeclampsia.'” 

Extrarenal symptoms occur in 10 to 20 percent of patients. Central 
nervous system involvement is most common. Myocardial infarction, 
pancreatitis, and necrosis of skin or digits have been reported. Extrare- 
nal involvement is relatively uncommon for aHUS caused by MCP 
mutations.'**1*° 


LABORATORY FEATURES 


Patients have the laboratory findings characteristic of microangiopathic 
hemolysis, as observed for TTP and STEC-HUS. The mean platelet 
count in aHUS is 40 x 10°/L, typically higher than in TTP. Serum crea- 
tinine can be markedly elevated, with microhematuria and proteinuria 
if the patient is not anuric. 

Complement C4 is usually normal and C3 may be low, consistent 
with activation of the alternative complement pathway, but the likeli- 
hood of a low C3 level varies considerably and depends on the involved 
locus (see Table 132-2). Approximately 3 to 7 percent of patients have 
autoantibodies against CFH that can be detected by ELISA. In favor- 
able cases, flow cytometry on peripheral blood leukocytes can identify 
cell-surface MCP deficiency for patients with MCP mutations. Assays of 
CFH and CFI may be useful to identify specific deficiencies, but patients 
are usually heterozygous and mutations at these loci may not clearly 
decrease the factor levels.°*"” 

DNA sequencing should be considered to detect mutations in 
CFH, CFI, MCP, C3, CFB and TM before renal transplantation because 
the risk of relapse and need for subsequent prophylaxis depends on the 
affected locus. Candidate mutations in one of these loci or antibodies to 
CFH can be found in approximately 70 percent of patients with aHUS. 
Sequencing of DGKE should be considered for patients presenting 
before age 1 year. 

As in STEC-HUS, renal lesions in aHUS are rich in fibrin but poor 
in platelets or VWE. 


DIFFERENTIAL DIAGNOSIS 


Signs and symptoms consistent with aHUS may occur in TTP or STEC- 
HUS, and distinguishing among these entities is important because they 
are treated differently. Correct diagnosis is not always straightforward. 
For example, MCP mutations may cause thrombotic microangiopathy 
without renal insufficiency that resolves coincidentally during a course 
of plasma exchange and therefore resembles TTP except for normal 
ADAMTS13 activity.’ Infection with STEC may be difficult to doc- 
ument, and some patients with STEC-HUS do not have a diarrheal 
prodrome.’ 

Secondary causes of thrombotic microangiopathy should be con- 
sidered (see Table 132-1). For children, conditions that usually present 
in that age group deserve special attention such as Streptococcus pneu- 
moniae infections and inherited cobalamin defects. 


THERAPY 


Plasma Exchange 

For patients without a previous diagnosis of aHUS, plasma exchange 
should be started at 1 to 2 volumes daily for adults or 50 to 100 mL/kg 
for children. Plasma exchange can induce responses at least tran- 
siently for patients with deficiency of plasma complement proteins or 
autoantibodies to CFH but not for deficiency of the membrane protein 
MCP. If an isolated MCP mutation is identified, plasma exchange can 
be stopped. 


Eculizumab 

After excluding severe ADAMTS13 deficiency, STEC and secondary 
causes of thrombotic microangiopathy, plasma exchange can be stopped 
and eculizumab started for presumptive aHUS at 900 mg intravenously 
every week for 4 weeks, followed by 1200 mg in week 5 and every other 
week thereafter, in many cases indefinitely. For patients younger than 
18 years of age, doses are adjusted based on body weight. Supplemen- 
tary doses are recommended during plasma exchange or infusion,'” 
but concurrent plasma exchange and eculizumab is not beneficial and 
should be avoided. 

Adverse reactions to eculizumab during the treatment of aHUS 
have included infections, fever, hypertension, headache, diarrhea, 
abdominal pain, nausea, and vomiting. Adverse reactions are common 
but seldom require discontinuation of therapy. 

Ideally, patients should be vaccinated against Neisseria meningiti- 
des at least 2 weeks before treatment. If timely vaccination is not possible 
or the available vaccine does not cover prevalent strains, then antibiotic 
prophylaxis should be considered. Children also should be vaccinated 
for S. pneumoniae and Haemophilus influenzae type b. 


Rituximab 

Rituximab and glucocorticoids can be added to eculizumab for treat- 
ment of aHUS caused by autoantibodies to CFH. If the autoantibodies 
are eradicated, then eculizumab can be discontinued. 


Renal Transplantation 

Patients with end-stage renal disease that does not improve on eculi- 
zumab may be treated by renal transplantation. Living related donors 
generally are not used because the donated kidney may be at risk for 
aHUS and the donor may have the same risk factors as the recipient and 
develop aHUS after donation. 

Mutation screening should be performed before transplantation to 
guide subsequent therapy. Unless patients are treated preemptively with 
eculizumab, aHUS recurs predictably in transplanted kidneys. Isolated 
MCP deficiency is an exception because normal membrane-bound 
MCP in the transplanted kidney protects it from complement attack. 
HUS has not recurred after renal transplantation in children with 
DGKE mutations." 

Liver transplantation or combined liver-kidney transplantation 
can cure aHUS caused by deficiency of plasma complement proteins 
that are synthesized in the liver. However, the risk and complications 
of liver transplantation can be avoided by prophylactic treatment with 
eculizumab after renal transplantation. "+! 


COURSE AND PROGNOSIS 


Treatment of aHUS with just plasma exchange and supportive care is 
associated with up to 8 percent mortality during the first episode of dis- 
ease and rapid progression to end stage renal failure in many survivors. 
Mortality at 1 year appears substantially higher for children but progres- 
sion to end-stage renal failure is more common for adults. MCP muta- 
tions are associated with a less-aggressive clinical course: patients may 
improve during plasma exchange but have similar outcomes without 
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plasma exchange, with 90 percent alive and dialysis free after several 
years (see Table 132-2). 
Treatment with eculizumab is associated with sustained resolu- 


tion of thrombotic microangiopathy, improvement in renal function 
and prevention of relapses. The platelet count normalizes in approxi- 
mately 50 percent of patients by day 7 and in 80 to 90 percent of patients 
by week 26. Earlier initiation of eculizumab is associated with greater 
improvement in renal function.” 

Most patients are likely to need lifelong treatment to prevent 
recurrent thrombotic microangiopathy and progressive renal failure. 
Some patients with aHUS and no remaining renal function may still 
benefit from eculizumab to prevent the progression of neurologic or 
other extrarenal injury. Patients with MCP mutations can have a rel- 
atively mild course with normal renal function and long intervals 
between exacerbations; they may not need chronic prophylaxis with 
eculizumab.'**1°° 

DGKE mutations are associated with the development of nephrotic 
syndrome," which is otherwise uncommon in aHUS. Case reports sug- 
gest that aHUS caused by DGKE mutations is associated with comple- 
ment activation and can respond to plasma therapy.'**'° The efficacy of 
eculizumab is not known. HUS has not recurred after renal transplanta- 
tion in children with DGKE mutations. 140145146 


@ SECONDARY THROMBOTIC 
MICROANGIOPATHY 


Secondary thrombotic microangiopathy occurs in patients with pre- 
disposing medical conditions such as metastatic cancer, malignant 
hypertension, systemic infection, solid-organ or hematopoietic stem 
cell transplantation, vasculitis, catastrophic APS, radiation exposure, 
chemotherapy, certain other drugs, inherited or acquired metabolic dis- 
orders, and various causes of disseminated intravascular coagulation. 
Endothelial injury may be a common cause, although the mechanism of 
disease varies and in most cases is not understood. 

The clinical features of secondary thrombotic microangiopathy 
usually are dominated by the predisposing illness, and the most impor- 
tant clinical intervention is correcting the underlying “primary” condi- 
tion. The clinical history and laboratory testing can identify most causes 
of secondary thrombotic microangiopathy. Severe ADAMTS13 defi- 
ciency almost never occurs in secondary thrombotic microangiopathy, 
and treatment with plasma exchange, rituximab, or eculizumab is not 
known to be beneficial. 


DISSEMINATED INTRAVASCULAR 
COAGULATION 


Conditions resulting in disseminated intravascular coagulation some- 
times cause microangiopathic changes and thrombocytopenia with lit- 
tle change in blood coagulation tests, which can suggest a diagnosis of 
TTP. 


INFECTIONS 


Infections may trigger disease in patients with severe ADAMTS13 defi- 
ciency, but infections typically cause secondary thrombotic microangio- 
pathy by other mechanisms. Secondary thrombotic microangiopathy 
caused by infections may respond to antimicrobial or antiviral therapy, 
but not to plasma exchange. 

Thrombotic microangiopathy, often with acute renal failure, is a 
rare complication of invasive infections with S. pneumoniae in chil- 
dren. A surveillance study in Atlanta, Georgia, identified HUS in 0.6 
percent of pneumococcal infections in children younger than 2 years of 
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age." Patients usually have complicated pneumococcal pneumonia or 
meningitis, with normal plasma fibrinogen and normal or minimally 
prolonged PT and aPT'T. The pathophysiology is thought to involve bac- 
terial neuraminidase, made by S. pneumoniae and some other organ- 
isms, which removes sialic acid residues from cell surface glycoproteins 
and exposes Thomsen-Friedenreich antigen (T antigen). T antigen is 
recognized by naturally occurring antibodies that fix complement, 
causing hemolysis and damaging the renal microvasculature. Because 
donor blood usually contains high levels of antibodies against T antigen, 
red cells and platelets should be washed before transfusion, and plasma 
should not be used as a replacement fluid. Exchange transfusion has 
been proposed to stop hemolysis by replacing T-antigen-bearing red 
blood cells and removing circulating neuraminidase, but the efficacy of 
this treatment is uncertain." 


TISSUE TRANSPLANTS 


Recipients of solid-organ transplants can develop thrombotic microan- 
giopathy, often dominated by renal involvement associated with immu- 
nosuppression by cyclosporine or tacrolimus. These drugs appear 
to damage renal endothelial cells directly and can cause neurotoxicity, 
adding another feature suggestive of TTP. Similarly, hematopoietic stem 
cell transplant recipients may develop thrombotic microangiopathy 
associated with high-dose chemotherapy or radiation, immunosuppres- 
sive drugs, graft-versus-host disease, or infections. ADAMTS13 levels 
are normal’ and plasma therapy is ineffective.'*' 


CANCER 


Thrombotic microangiopathy occurs in a small fraction of patients 
with cancer, most commonly with adenocarcinoma of the pancreas, 
lung, prostate, stomach, colon, ovary, breast, or unknown primary site 
that usually is widely metastatic. These cancers also are associated with 
Trousseau syndrome or paraneoplastic hypercoagulability and throm- 
bosis. Patients often have variable prolongation of the PT and aPTT 
and increased fibrin degradation products. The thrombosis of Trous- 
seau syndrome may respond to anticoagulation with heparin but not 
warfarin. Abundant schistocytes also have been described in acute 
erythroleukemia.'™* Plasma exchange is ineffective.*””'* 


PREGNANCY-ASSOCIATED THROMBOTIC 
MICROANGIOPATHY 


The differential diagnosis of thrombotic microangiopathy in pregnancy 
includes preeclampsia, eclampsia, HELLP syndrome (hemolysis, ele- 
vated liver enzymes, low platelet count), acute fatty liver of pregnancy, 
abruptio placenta, amniotic fluid embolism, and retained products of 
conception (Chap. 129). Severe ADAMTS13 deficiency has not been 
observed in these conditions." Pregnancy also can trigger disease in 
patients with congenital or acquired ADAMTS13 deficiency or defects 
in the alternative complement pathway. 


AUTOIMMUNE DISORDERS 


Autoimmune thrombocytopenia may be confused with TTP if other 
causes of microangiopathic hemolytic anemia are present. Asymptom- 
atic thrombocytopenia also may sometimes be the only finding in TTP. 
Patients have been described in whom TTP and autoimmune throm- 
bocytopenia appeared to occur simultaneously or sequentially." Evan 
syndrome (autoimmune hemolytic anemia with autoimmune thrombo- 
cytopenia) usually can be distinguished from TTP by a positive Coombs 
test and the prominence of spherocytes relative to schistocytes in the 


blood film. Heparin-induced thrombocytopenia (HIT) may sometimes 
resemble TTP (Chap. 118). 

SLE can cause autoimmune hemolysis and thrombocytopenia, and 
lupus vasculitis can cause microangiopathic changes, renal insufficiency, 
and neurologic defects consistent with TTP. Vasculitis associated with 
other autoimmune disorders can pose a similar diagnostic problem. 
Although ADAMTS13 deficiency is uncommon among patients with 
SLE,'” in rare cases they develop autoimmune ADAMTS13 deficiency 
and TTP that responds to plasma exchange.'** Conversely, patients with 
TTP and autoantibodies against ADAMTS13 may have other markers 
of autoimmune disease, including ANA or anti-DNA antibodies, pol- 
yarthritis, discoid lupus, or ulcerative colitis.'°"1° 

Thrombotic microangiopathy can develop in patients with APS, 
with or without concurrent SLE. 

Thrombotic microangiopathy occurs in patients with progressive 
systemic sclerosis, particularly in association with acute scleroderma 
renal crisis and malignant hypertension. Treatment with angiotensin- 
converting enzyme inhibitors may be effective.” 


DRUG-INDUCED THROMBOTIC 
MICROANGIOPATHY 


Nearly 80 drugs are associated with thrombotic microangiopathy, and evi- 
dence supports a definite or probable causal association for approximately 
44 of them. Three drugs (quinine, cyclosporine, tacrolimus) account for 
60 percent of the patient reports with definite evidence.'*! Some agents 
cause disease by an immune mechanism and others by direct toxicity; 
a few drugs reportedly act by either mechanism. With the exception of 
ticlopidine-induced disease, plasma exchange appears to be ineffective or 
possibly harmful for drug-induced thrombotic microangiopathy.'? 


Immune Mechanisms 

Quinine is the most common cause of drug-induced thrombotic 
microangiopathy. Most patients are women. Severe thrombotic micro- 
angiopathy occurs suddenly within several hours after ingestion of 
a quinine tablet or a beverage containing it such as tonic water, with 
fever, abdominal and back pain, nausea, vomiting, diarrhea, rash, and 
oliguric renal failure. Neurologic changes are common.’ ADAMTS13 
levels are normal.’* The mechanism involves a broad range of 
quinine-dependent antibodies against platelets, endothelium, and other 
cells. Most patients recover with normal renal function over several 
weeks, although some develop end stage renal disease. 

The antiplatelet drug ticlopidine is unusual because it induces 
autoantibody inhibitors of ADAMTS13, effectively causing TTP that 
responds to plasma exchange.'® The related thienopyridine drugs clop- 
idogrel, prasugrel and ticagrelor do not appear to cause thrombotic 
microangiopathy by this mechanism. 


Direct Toxicity 
Cyclosporine and tacrolimus are structurally distinct immunosuppres- 
sive drugs that indirectly inhibit calcineurin and suppress T-cell activa- 
tion. Both agents cause dose-dependent nephrotoxicity, neurotoxicity, 
and thrombotic microangiopathy.'*~! The renal damage is thought to 
involve toxic effects on endothelium.’ Thrombotic microangiopathy 
can develop during the first few weeks of treatment, although graft 
rejection, graft-versus-host disease, or systemic infections can cause 
similar microangiopathic changes. The thrombotic microangiopathy 
often remits with dose reduction or substitution of other immuno- 
suppressive drugs and may not recur if therapy with cyclosporine or 
tacrolimus is reinstituted. 

Mitomycin C is an alkylating agent that is used for anal carcinoma 
and for some adenocarcinomas. It appears to cause dose-dependent 


nephrotoxicity, with renal failure occurring in approximately 16 percent 
of patients who receive a cumulative dose of at least 50 mg.’® About half 
of the patients with renal toxicity also develop thrombotic microangio- 
pathy, usually 4 to 8 weeks after the latest dose. Mitomycin C-induced 
thrombotic microangiopathy does not respond to plasma exchange and 
has a high mortality rate of approximately 70 percent within 4 months 
of onset.'” 


Gemcitabine is a nucleoside analogue often used for carcinoma 
of the pancreas, bladder, or lung. Thrombotic microangiopathy with 
renal failure occurs with an incidence of approximately 0.3 percent.” 
The median time to develop thrombotic microangiopathy is 7 months 
with a median cumulative dose of 22 g/m’, although the range of doses 
is broad and very low doses have been associated with thrombotic 
microangiopathy.'” Death or disability usually results from cancer pro- 
gression or renal failure, not from extrarenal manifestations of throm- 
botic microangiopathy. 

Drugs that inhibit vascular endothelial growth factor (VEGF) 
signaling like sunitinib and bevacizumab are associated with 
proteinuria, hypertension, and mild thrombotic microangiopathy that 
usually improve when the drug is discontinued. Inhibition of VEGF 
produced within the kidney appears to damage glomerular endothe- 
lium.” In some cases disease has responded to an angiotensin receptor 
blocker, allowing continued treatment with the VEGF inhibitor.’ 


COBALAMIN METABOLIC DEFECTS 


Cobalamin C deficiency is a rare autosomal recessive condition caused 
by mutations in the MMACHC (methylmalonic aciduria and homo- 
cystinuria type C protein) gene. Clinical features may include devel- 
opmental delay, ataxia, seizures, cognitive impairment, pulmonary 
hypertension, thrombotic microangiopathy and renal failure. Symp- 
toms usually appear during infancy but can occur later in childhood or 
rarely in adulthood. Laboratory studies show elevated plasma methyl- 
malonic acid and homocysteine, low plasma methionine, and normal or 
elevated plasma vitamin B,,. Treatment with high-dose hydroxycobala- 
min and betaine may reverse or prevent HUS.'” 

The abnormal red cell and platelet morphology in adults with severe 
vitamin B, deficiency rarely may suggest thrombotic microangiopathy. 


MALIGNANT HYPERTENSION 


Malignant hypertension is associated with microangiopathic hemo- 
lytic anemia, thrombocytopenia, neurological symptoms and renal 
insufficiency.” 


MECHANICAL HEMOLYSIS 


A malfunctioning aortic or mitral valve prosthesis may sufficiently 
increase the fluid shear stress experienced by the blood to cause sig- 
nificant hemolysis, with schistocytes and thrombocytopenia, suggesting 
a diagnosis of thrombotic microangiopathy.*'” Such patients also are 
likely to have acquired von Willebrand syndrome. 


REFERENCES 


1. Moschcowitz E: Hyaline thrombosis of the terminal arterioles and capillaries: A 
hitherto undescribed disease. Proc N Y Pathol Soc 24:21, 1924. 

2. Singer K, Bornstein FP, Wile SA: Thrombotic thrombocytopenic purpura. Hemorrhagic 
diathesis with generalized platelet thromboses. Blood 2:542, 1947. 

. Amorosi EL, Ultmann JE: Thrombotic thrombocytopenic purpura: Report of 16 cases 
and review of the literature. Medicine (Baltimore) 45:139, 1966. 

4. Bukowski RM, Hewlett JS, Harris JW, et al: Exchange transfusions in the treatment of 
thrombotic thrombocytopenic purpura. Semin Hematol 13:219, 1976. 

. Bukowski RM, King JW, Hewlett JS: Plasmapheresis in the treatment of thrombotic 
thrombocytopenic purpura. Blood 50:413, 1977. 


Yw 


w 


Chapter 132: Thrombotic Microangiopathies 


an 


N 


co 


\o 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32, 


33. 


34. 


35. 


36. 


. Byrnes JJ, Khurana M: Treatment of thrombotic thrombocytopenic purpura with 


plasma. N Engl J Med 297:1386, 1977. 


. Bell WR, Braine HG, Ness PM, Kickler TS: Improved survival in thrombotic throm- 


bocytopenic purpura-hemolytic uremic syndrome. Clinical experience in 108 patients. 
N Engl J Med 325:398, 1991. 


. Rock GA, Shumak KH, Buskard NA, et al: Comparison of plasma exchange with 


plasma infusion in the treatment of thrombotic thrombocytopenic purpura. Canadian 
Apheresis Study Group. N Engl J Med 325:393, 1991. 


. Moake JL, Rudy CK, Troll JH, et al: Unusually large plasma factor VIII:von Willebrand 


factor multimers in chronic relapsing thrombotic thrombocytopenic purpura. N Engl 
J Med 307:1432, 1982. 


. Furlan M, Robles R, Lammle B: Partial purification and characterization of a protease 


from human plasma cleaving von Willebrand factor to fragments produced by in vivo 
proteolysis. Blood 87:4223, 1996. 


. Tsai H-M: Physiologic cleavage of von Willebrand factor by a plasma protease is depen- 


dent on its conformation and requires calcium ion. Blood 87:4235, 1996. 


. Furlan M, Robles R, Solenthaler M, et al: Deficient activity of von Willebrand factor- 


cleaving protease in chronic relapsing thrombotic thrombocytopenic purpura. Blood 
89:3097, 1997. 


. Furlan M, Robles R, Galbusera M, et al: Von Willebrand factor-cleaving protease in 


thrombotic thrombocytopenic purpura and the hemolytic-uremic syndrome. N Engl 
J Med 339:1578, 1998. 


. Tsai HM, Lian EC: Antibodies to von Willebrand factor-cleaving protease in acute 


thrombotic thrombocytopenic purpura. N Engl J Med 339:1585, 1998. 


. Fujikawa K, Suzuki H, McMullen B, Chung D: Purification of human von Willebrand 


factor-cleaving protease and its identification as a new member of the metalloprotein- 
ase family. Blood 98:1662, 2001. 


. Gerritsen HE, Robles R, Lammle B, Furlan M: Partial amino acid sequence of purified 


von Willebrand factor-cleaving protease. Blood 98:1654, 2001. 


. Zheng X, Chung D, Takayama TK, et al: Structure of von Willebrand factor-cleaving 


protease (ADAMTS13), a metalloprotease involved in thrombotic thrombocytopenic 
purpura. J Biol Chem 276:41059, 2001. 


. Soejima K, Mimura N, Hirashima M, et al: A novel human metalloprotease synthesized 


in the liver and secreted into the blood: Possibly, the von Willebrand factor-cleaving 
protease? J Biochem 130:475, 2001. 


. Levy GG, Nichols WC, Lian EC, et al: Mutations in a member of the ADAMTS gene 


family cause thrombotic thrombocytopenic purpura. Nature 413:488, 2001. 


. Klaus C, Plaimauer B, Studt JD, et al: Epitope mapping of ADAMTS13 autoantibodies 


in acquired thrombotic thrombocytopenic purpura. Blood 103:4514, 2004. 


. Luken BM, Turenhout EA, Hulstein JJ, et al: The spacer domain of ADAMTS13 con- 


ains a major binding site for antibodies in patients with thrombotic thrombocytopenic 
purpura. Thromb Haemost 93:267, 2005. 

Zheng XL, Wu HM, Shang D, et al: Multiple domains of ADAMTS13 are targeted by 
autoantibodies against ADAMTS13 in patients with acquired idiopathic thrombotic 
hrombocytopenic purpura. Haematologica 95:1555, 2010. 

Scheiflinger F, Knobl P, Trattner B, et al: Nonneutralizing IgM and IgG antibodies to 
von Willebrand factor-cleaving protease (ADAMTS-13) in a patient with thrombotic 
hrombocytopenic purpura. Blood 102:3241, 2003. 

Miller DP, Kaye JA, Shea K, et al: Incidence of thrombotic thrombocytopenic purpura/ 
hemolytic uremic syndrome. Epidemiology 15:208, 2004. 

Terrell DR, Williams LA, Vesely SK, et al: The incidence of thrombotic thrombocy- 
topenic purpura-hemolytic uremic syndrome: All patients, idiopathic patients, and 
patients with severe ADAMTS- 13 deficiency. J Thromb Haemost 3:1432, 2005. 

Zheng XL, Kaufman RM, Goodnough LT, Sadler JE: Effect of plasma exchange on 
plasma ADAMTS13 metalloprotease activity, inhibitor level, and clinical outcome in 
patients with idiopathic and nonidiopathic thrombotic thrombocytopenic purpura. 
Blood 103:4043, 2004. 

Kremer Hovinga JA, Vesely SK, Terrell DR, et al: Survival and relapse in patients with 
hrombotic thrombocytopenic purpura. Blood 115:1500, 2010. 

Nicol KK, Shelton BJ, Knovich MA, Owen J: Overweight individuals are at increased 
risk for thrombotic thrombocytopenic purpura. Am J Hematol 74:170, 2003. 

Ridolfi RL, Bell WR: Thrombotic thrombocytopenic purpura. Report of 25 cases and 
review of the literature. Medicine (Baltimore) 60:413, 1981. 

McMinn JR, George JN: Evaluation of women with clinically suspected thrombotic 
thrombocytopenic purpura-hemolytic uremic syndrome during pregnancy. J Clin 
Apher 16:202, 2001. 

Coppo P, Busson M, Veyradier A, et al: HLA-DRB1*11: A strong risk factor for acquired 
severe ADAMTS13 deficiency-related idiopathic thrombotic thrombocytopenic pur- 
pura in Caucasians. J Thromb Haemost 8:856, 2010. 

Scully M, Brown J, Patel R, et al: Human leukocyte antigen association in idiopathic 
thrombotic thrombocytopenic purpura: Evidence for an immunogenetic link. J Thromb 
Haemost 8:257, 2010. 

OBrien TE, Crum ED: Atypical presentations of thrombotic thrombocytopenic pur- 
pura. Int J Hematol 76:471, 2002. 

Sarode R: Atypical presentations of thrombotic thrombocytopenic purpura: A review. 
J Clin Apher 24:47, 2009. 

Imanirad I, Rajasekhar A, Zumberg M: A case series of atypical presentations of throm- 
botic thrombocytopenic purpura. J Clin Apher 27:221, 2012. 

Htun KT, Davis AK: Neurological symptoms as the sole presentation of relapsed throm- 
botic thrombocytopenic purpura without microangiopathic haemolytic anaemia. 
Thromb Haemost 112:838, 2014. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


Sl. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


61. 


62. 


63. 


64. 


65. 


66. 


67. 


Part XII: Hemostasis and Thrombosis 


Camous L, Veyradier A, Darmon M, et al: Macrovascular thrombosis in critically ill 
patients with thrombotic micro-angiopathies. Intern Emerg Med 9:267, 2014. 

Hawkins BM, Abu-Fadel M, Vesely SK, George JN: Clinical cardiac involvement in 
thrombotic thrombocytopenic purpura: A systematic review. Transfusion 48:382, 2008. 
Hughes C, McEwan JR, Longair I, et al: Cardiac involvement in acute thrombotic 
thrombocytopenic purpura: Association with troponin T and IgG antibodies to 
ADAMTS 13. J Thromb Haemost 7:529, 2009. 

Benhamou Y, Assie C, Boelle PY, et al: Development and validation of a predictive 
model for death in acquired severe ADAMTS13 deficiency-associated idiopathic 
thrombotic thrombocytopenic purpura: The French TMA Reference Center experi- 
ence. Haematologica 97:1181, 2012. 
Zini G, @Onofrio G, Briggs C, et al: ICSH recommendations for identification, diagnos- 
tic value, and quantitation of schistocytes. Int J Lab Hematol 34:107, 2012. 

Burns ER, Lou Y, Pathak A: Morphologic diagnosis of thrombotic thrombocytopenic 
purpura. Am J Hematol 75:18, 2004. 
Veyradier A, Obert B, Houllier A, et al: Specific von Willebrand factor-cleaving 
protease in thrombotic microangiopathies: A study of 111 cases. Blood 98:1765, 2001. 
Bianchi V, Robles R, Alberio L, et al: Von Willebrand factor-cleaving protease 
(ADAMTS13) in thrombocytopenic disorders: A severely deficient activity is specific 
for thrombotic thrombocytopenic purpura. Blood 100:710, 2002. 

Tsai HM: Is severe deficiency of ADAMTS-13 specific for thrombotic thrombocy- 
topenic purpura? Yes. J Thromb Haemost 1:625, 2003. 

Asada Y, Sumiyoshi A, Hayashi T, et al: Immunohistochemistry of vascular lesion in 
thrombotic thrombocytopenic purpura, with special reference to factor VIII related 
antigen. Thromb Res 38:469, 1985. 

Hosler GA, Cusumano AM, Hutchins GM: Thrombotic thrombocytopenic purpura 
and hemolytic uremic syndrome are distinct pathologic entities. A review of 56 autopsy 
cases. Arch Pathol Lab Med 127:834, 2003. 

Zomas A, Saso R, Powles R, et al: Red cell fragmentation (schistocytosis) after bone 
marrow transplantation. Bone Marrow Transplant 22:777, 1998. 

Kanamori H, Takaishi Y, Takabayashi M, et al: Clinical significance of fragmented red 
cells after allogeneic bone marrow transplantation. Int J Hematol 77:180, 2003. 
Mannucci PM, Canciani MT, Forza I, et al: Changes in health and disease of the metal- 
loprotease that cleaves von Willebrand factor. Blood 98:2730, 2001. 

Kremer Hovinga JA, Zeerleder S, Kessler P, et al: ADAMTS-13, von Willebrand factor 
and related parameters in severe sepsis and septic shock. J Thromb Haemost 5:2284, 
2007. 

Uemura M, Fujimura Y, Matsumoto M, et al: Comprehensive analysis of ADAMTS13 
in patients with liver cirrhosis. Thromb Haemost 99:1019, 2008. 

Park YD, Yoshioka A, Kawa K, et al: Impaired activity of plasma von Willebrand factor- 
cleaving protease may predict the occurrence of hepatic veno-occlusive disease after 
stem cell transplantation. Bone Marrow Transplant 29:789, 2002. 

Nguyen L, Li X, Duvall D, et al: Twice-daily plasma exchange for patients with refrac- 
tory thrombotic thrombocytopenic purpura: The experience of the Oklahoma Registry, 
1989 through 2006. Transfusion 48:349, 2008. 

Scully M, Hunt BJ, Benjamin S, et al: Guidelines on the diagnosis and management 
of thrombotic thrombocytopenic purpura and other thrombotic microangiopathies. 
Br J Haematol 158:323, 2012. 

Zeigler ZR, Shadduck RK, Gryn JE, et al: Cryoprecipitate poor plasma does not improve 
early response in primary adult thrombotic thrombocytopenic purpura (TTP). J Clin 
Apher 16:19, 2001. 

Rock G, Anderson D, Clark W, et al: Does cryosupernatant plasma improve outcome in 
thrombotic thrombocytopenic purpura? No answer yet. Br J Haematol 129:79, 2005. 
Michael M, Elliott EJ, Craig JC, et al: Interventions for hemolytic uremic syndrome and 
thrombotic thrombocytopenic purpura: A systematic review of randomized controlled 
trials. Am J Kidney Dis 53:259, 2009. 

Prowse C: Properties of pathogen-inactivated plasma components. Transfus Med Rev 
23:124, 2009. 

McCarthy LJ: Evidence-based medicine for apheresis: An ongoing challenge. Ther 
Apher Dial 8:112, 2004. 

Yarranton H, Cohen H, Pavord SR, et al: Venous thromboembolism associated with the 
management of acute thrombotic thrombocytopenic purpura. Br J Haematol 121:778, 
2003. 

Allford SL, Harrison P, Lawrie AS, et al: Von Willebrand factor—Cleaving protease 
activity in congenital thrombotic thrombocytopenic purpura. Br J Haematol 111:1215, 
2000. 

del Rio-Garma J, Alvarez-Larran A, Martinez C, et al: Methylene blue-photoinacti- 
vated plasma versus quarantine fresh frozen plasma in thrombotic thrombocytopenic 
purpura: A multicentric, prospective cohort study. Br J Haematol 143:39, 2008. 
Bobbio-Pallavicini E, Gugliotta L, Centurioni R, et al: Antiplatelet agents in thrombotic 
thrombocytopenic purpura (TTP). Results of a randomized multicenter trial by the 
Italian Cooperative Group for TTP. Haematologica 82:429, 1997. 

Coppo P, Lassoued K, Mariette X, et al: Effectiveness of platelet transfusions after 
plasma exchange in adult thrombotic thrombocytopenic purpura: A report of two 
cases. Am J Hematol 68:198, 2001. 

Goel R, Ness PM, Takemoto CM, et al: Platelet transfusions in platelet consumptive 
disorders are associated with arterial thrombosis and in-hospital mortality. Blood 
125:1470, 2015. 

Doerfler ME, Kaufman B, Goldenberg AS: Central venous catheter placement in 
patients with disorders of hemostasis. Chest 110:185, 1996. 


68. 


69. 


70. 


71. 


72. 


73. 


74. 


75. 


76. 


77. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


97. 


98. 


Rizvi MA, Vesely SK, George JN, et al: Complications of plasma exchange in 71 
consecutive patients treated for clinically suspected thrombotic thrombocytopenic 
purpura-hemolytic-uremic syndrome. Transfusion 40:896, 2000. 

Lim W, Vesely SK, George JN: The role of rituximab in the management of patients with 
acquired thrombotic thrombocytopenic purpura. Blood 125:1526, 2015. 

Westwood JP, Webster H, McGuckin S, et al: Rituximab for thrombotic thrombocy- 
topenic purpura: Benefit of early administration during acute episodes and use of pro- 
phylaxis to prevent relapse. J Thromb Haemost 11:481, 2013. 

Hie M, Gay J, Galicier L, et al: Preemptive rituximab infusions after remission efficiently 
prevent relapses in acquired thrombotic thrombocytopenic purpura. Blood 124:204, 
2014. 

Carson KR, Evens AM, Richey EA, et al: Progressive multifocal leukoencephalopa- 
thy after rituximab therapy in HIV-negative patients: A report of 57 cases from the 
Research on Adverse Drug Event and Reports project. Blood 113:4834, 2009. 

Bharat A, Xie F, Baddley JW, et al: Incidence and risk factors for progressive multifocal 
leukoencephalopathy among patients with selected rheumatic diseases. Arthritis Care 
Res (Hoboken) 64:612, 2012. 

Lunel-Fabiani F, Masson C, Ducancelle A: Systemic diseases and biotherapies: Under- 
standing, evaluating, and preventing the risk of hepatitis B reactivation. Joint Bone 
Spine 81:478, 2014. 

Aqui NA, Stein SH, Konkle BA, et al: Role of splenectomy in patients with refractory or 
relapsed thrombotic thrombocytopenic purpura. J Clin Apher 18:51, 2003. 
Kappers-Klunne MC, Wijermans P, Fijnheer R, et al: Splenectomy for the treatment of 
thrombotic thrombocytopenic purpura. Br J Haematol 130:768, 2005. 

Katkhouda N, Hurwitz MB, Rivera RT, et al: Laparoscopic splenectomy: Outcome and 
efficacy in 103 consecutive patients. Ann Surg 228:568, 1998. 

Ferrara F, Annunziata M, Pollio F, et al: Vincristine as treatment for recurrent episodes 
of thrombotic thrombocytopenic purpura. Ann Hematol 81:7, 2002. 
Bobbio-Pallavicini E, Porta C, Centurioni R, et al: Vincristine sulfate for the treatment 
of thrombotic thrombocytopenic purpura refractory to plasma-exchange. The Italian 
Cooperative Group for TTP. Eur J Haematol 52:222, 1994. 

Bobbio-Pallavicini E, Porta C, Tacconi F, et al: Intravenous prostacyclin (as epopros- 
tenol) infusion in thrombotic thrombocytopenic purpura. Four case reports and 
review of the literature. Italian Cooperative Group for Thrombotic Thrombocytopenic 
Purpura. Haematologica 79:429, 1994. 

Sagripanti A, Carpi A, Rosaia B, et al: Iloprost in the treatment of thrombotic microan- 
giopathy: Report of thirteen cases. Biomed Pharmacother 50:350, 1996. 

Dervenoulas J, Tsirigotis P, Bollas G, et al: Efficacy of intravenous immunoglobulin in 
the treatment of thrombotic thrombocytopaenic purpura. A study of 44 cases. Acta 
Haematol 105:204, 2001. 

Anderson D, Ali K, Blanchette V, et al: Guidelines on the use of intravenous immune 
globulin for hematologic conditions. Transfus Med Rev 21:S9, 2007. 

Cataland SR, Jin M, Lin S, et al: Cyclosporin and plasma exchange in thrombotic 
thrombocytopenic purpura: Long-term follow-up with serial analysis of ADAMTS13 
activity. Br J Haematol 139:486, 2007. 

Shortt J, Oh DH, Opat SS: ADAMTS13 antibody depletion by bortezomib in throm- 
botic thrombocytopenic purpura. N Engl J Med 368:90, 2013. 

Ahmad HN, Thomas-Dewing RR, Hunt BJ: Mycophenolate mofetil in a case of relapsed, 
refractory thrombotic thrombocytopenic purpura. Eur J Haematol 78:449, 2007. 

Li GW, Rambally S, Kamboj J, et al: Treatment of refractory thrombotic thrombocy- 
topenic purpura with N-acetylcysteine: A case report. Transfusion 54:1221, 2014. 
Spiekermann K, Wormann B, Rumpf KW, Hiddemann W: Combination chemother- 
apy with CHOP for recurrent thrombotic thrombocytopenic purpura. Br J Haematol 
97:544, 1997. 

Passweg JR, Rabusin M, Musso M, et al: Haematopoetic stem cell transplantation for 
refractory autoimmune cytopenia. Br J Haematol 125:749, 2004. 

Callewaert F, Roodt J, Ulrichts H, et al: Evaluation of efficacy and safety of the anti- 
VWE Nanobody ALX-0681 in a preclinical baboon model of acquired thrombotic 
thrombocytopenic purpura. Blood 120:3603, 2012. 

Cataland SR, Peyvandi F, Mannucci PM, et al: Initial experience from a double-blind, 
placebo-controlled, clinical outcome study of ARC1779 in patients with thrombotic 
thrombocytopenic purpura. Am J Hematol 87:430, 2012. 

O’Brien KL, Price TH, Howell C, Delaney M: The use of 50% albumin/plasma replace- 
ment fluid in therapeutic plasma exchange for thrombotic thrombocytopenic purpura. 
J Clin Apher 28:416, 2013. 

Zhan H, Streiff MB, King KE, Segal JB: Thrombotic thrombocytopenic purpura at 
the Johns Hopkins Hospital from 1992 to 2008: Clinical outcomes and risk factors for 
relapse. Transfusion 50:868, 2010. 

Bandarenko N, Brecher ME: United States Thrombotic Thrombocytopenic Purpura 
Apheresis Study Group (US TTP ASG): Multicenter survey and retrospective analysis 
of current efficacy of therapeutic plasma exchange. J Clin Apher 13:133, 1998. 

Tsai H-M, Shulman K: Rituximab induces remission of cerebral ischemia caused by 
thrombotic thrombocytopenic purpura. Eur J Haematol 70:183, 2003. 

Sadler JE: Von Willebrand factor, ADAMTS13, and thrombotic thrombocytopenic 
purpura. Blood 112:11, 2008. 

McClain RS, Terrell DR, Vesely SK, George JN: Plasma exchange complications 
in patients treated for thrombotic thrombocytopenia purpura-hemolytic uremic 
syndrome: 2011 to 2014. Transfusion 54:3257, 2014. 

Kennedy AS, Lewis QF, Scott JG, et al: Cognitive deficits after recovery from throm- 
botic thrombocytopenic purpura. Transfusion 49:1092, 2009. 


99. 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


112. 


113. 


114. 


115, 


116. 


117; 


118. 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 


127. 


128. 


Lewis QF, Lanneau MS, Mathias SD, et al: Long-term deficits in health-related quality 
of life after recovery from thrombotic thrombocytopenic purpura. Transfusion 49:118, 
2009. 

Hayward CP, Sutton DM, Carter WH Jr, et al: Treatment outcomes in patients with 
adult thrombotic thrombocytopenic purpura-hemolytic uremic syndrome. Arch Intern 
Med 154:982, 1994. 

Coppo P, Bengoufa D, Veyradier A, et al: Severe ADAMTS13 deficiency in adult idio- 
pathic thrombotic microangiopathies defines a subset of patients characterized by 
various autoimmune manifestations, lower platelet count, and mild renal involvement. 
Medicine (Baltimore) 83:233, 2004. 

Schulman I, Pierce M, Lukens A, Currimbhoy Z: Studies on thrombopoiesis. I. A factor 
in normal human plasma required for platelet production; chronic thrombocytopenia 
due to its deficiency. Blood 16:943, 1960. 
Upshaw JD Jr: Congenital deficiency of a factor in normal plasma that reverses 
microangiopathic hemolysis and thrombocytopenia. N Engl J Med 298:1350, 1978. 
Zheng XL, Sadler JE: Pathogenesis of thrombotic microangiopathies. Annu Rev Pathol 
3:249, 2008. 
Furlan M, Lammle B: Aetiology and pathogenesis of thrombotic thrombocytopenic 
purpura and haemolytic uraemic syndrome: The role of von Willebrand factor-cleaving 
protease. Best Pract Res Clin Haematol 14:437, 2001. 

Miyata T, Kokame K, Matsumoto M, Fujimura Y: ADAMTS13 activity and genetic 
mutations in Japan. Hamostaseologie 33:131, 2013. 

Loirat C, Girma JP, Desconclois C, et al: Thrombotic thrombocytopenic purpura related 
to severe ADAMTS13 deficiency in children. Pediatr Nephrol 24:19, 2009. 

Veyradier A, Meyer D, Loirat C: Desmopressin, an unexpected link between noctur- 
nal enuresis and inherited thrombotic thrombocytopenic purpura (Upshaw-Schulman 
syndrome). J Thromb Haemost 4:700, 2006. 

Scully M, Thomas M, Underwood M, et al: Thrombotic thrombocytopenic purpura and 
pregnancy: Presentation, management, and subsequent pregnancy outcomes. Blood 
124:211, 2014. 

Raval JS, Padmanabhan A, Kremer Hovinga JA, Kiss JE: Development of a clinically 
significant ADAMTS13 inhibitor in a patient with hereditary thrombotic thrombocy- 
topenic purpura. Am J Hematol 90:E22, 2015. 

Wallace DC, Lovric A, Clubb JS, Carseldine DB: Thrombotic thrombocytopenic 
purpura in four siblings. Am J Med 58:724, 1975. 

Furlan M, Robles R, Morselli B, et al: Recovery and half-life of von Willebrand factor- 
cleaving protease after plasma therapy in patients with thrombotic thrombocytopenic 
purpura. Thromb Haemost 81:8, 1999. 

Lotta LA, Wu HM, Mackie JJ, et al: Residual plasmatic activity of ADAMTS13 is cor- 
related with phenotype severity in congenital thrombotic thrombocytopenic purpura. 
Blood 120:440, 2012. 

Camilleri RS, Scully M, Thomas M, et al: A phenotype-genotype correlation of 
ADAMTS13 mutations in congenital thrombotic thrombocytopenic purpura patients 
treated in the United Kingdom. J Thromb Haemost 10:1792, 2012. 

Gasser C, Gautier E, Steck A, et al: Hamolytisch-iiramische Syndrome: Bilaterale 
Nierenrindennekrosen bei akuten erworbenen hamolytischen Anamien. Schweiz Med 
Wochenschr 85:905, 1955. 
Kibel MA, Barnard PJ: The haemolytic-uraemic syndrome: A survey in Southern 
Africa. S Afr Med J 42:692, 1968. 
Karmali MA, Steele BT, Petric M, Lim C: Sporadic cases of haemolytic-uraemic 
syndrome associated with faecal cytotoxin and cytotoxin-producing Escherichia coli in 
stools. Lancet 1:619, 1983. 
O’Brien AO, Lively TA, Chen ME, et al: Escherichia coli O157:H7 strains associated with 
haemorrhagic colitis in the United States produce a Shigella dysenteriae 1 (SHIGA) like 
cytotoxin. Lancet 1:702, 1983. 

Riley LW, Remis RS, Helgerson SD, et al: Hemorrhagic colitis associated with a rare 
Escherichia coli serotype. N Engl J Med 308:681, 1983. 

Tarr PI, Gordon CA, Chandler WL: Shiga-toxin-producing Escherichia coli and haemo- 
lytic uraemic syndrome. Lancet 365:1073, 2005. 

Gianviti A, Tozzi AE, De Petris L, et al: Risk factors for poor renal prognosis in children 
with hemolytic uremic syndrome. Pediatr Nephrol 18:1229, 2003. 

Frank C, Werber D, Cramer JP, et al: Epidemic profile of Shiga-toxin-producing Escher- 
ichia coli 0104:H4 outbreak in Germany. N Engl J Med 365:1771, 2011. 

Proesmans W: The role of coagulation and fibrinolysis in the pathogenesis of diar- 
rhea-associated hemolytic uremic syndrome. Semin Thromb Hemost 27:201, 2001. 

Tsai HM, Chandler WL, Sarode R, et al: Von Willebrand factor and von Willebrand fac- 
tor-cleaving metalloprotease activity in Escherichia coli 0157:H7-associated hemolytic 
uremic syndrome. Pediatr Res 49:653, 2001. 

Hunt BJ, Lammle B, Nevard CH, et al: Von Willebrand factor-cleaving protease in 
childhood diarrhoea-associated haemolytic uraemic syndrome. Thromb Haemost 
85:975, 2001. 

Inward CD, Howie AJ, Fitzpatrick MM, et al: Renal histopathology in fatal cases of 
diarrhoea-associated haemolytic uraemic syndrome. British Association for Paediatric 
Nephrology. Pediatr Nephrol 11:556, 1997. 

Wong CS, Mooney JC, Brandt JR, et al: Risk factors for the hemolytic uremic syndrome 
in children infected with Escherichia coli O157:H7: A multivariable analysis. Clin Infect 
Dis 55:33, 2012. 

Menne J, Nitschke M, Stingele R, et al: Validation of treatment strategies for entero- 
haemorrhagic Escherichia coli O104:H4 induced haemolytic uraemic syndrome: 
Case-control study. BMJ 345:e4565, 2012. 


Chapter 132: Thrombotic Microangiopathies 


129. 


130. 


131. 
132. 
133. 
134. 
135; 
136. 
137. 


138. 
139. 


140. 


141. 
142. 
143. 


144. 


145. 


146. 
147. 
148. 
149. 


150. 
151. 
152. 
153. 


154. 


155, 


156. 


157. 
158. 
159. 


160. 


Braune SA, Wichmann D, von Heinz MC, et al: Clinical features of critically ill patients 
with Shiga toxin-induced hemolytic uremic syndrome. Crit Care Med 41:1702, 2013. 
Garg AX, Suri RS, Barrowman N, et al: Long-term renal prognosis of diarrhea- 
associated hemolytic uremic syndrome: A systematic review, meta-analysis, and 
meta-regression. JAMA 290:1360, 2003. 

Barnard PJ, Kibel M: The haemolytic-uraemic syndrome of infancy and childhood. 
A report of eleven cases. Cent Afr J Med 11:31, 1965. 

Kaplan BS, Chesney RW, Drummond KN: Hemolytic uremic syndrome in families. 
N Engl J Med 292:1090, 1975. 

Kaplan BS: Hemolytic uremic syndrome with recurrent episodes: An important subset. 
Clin Nephrol 8:495, 1977. 

Fitzpatrick MM, Walters MD, Trompeter RS, et al: Atypical (non-diarrhea-associated) 
hemolytic-uremic syndrome in childhood. J Pediatr 122:532, 1993. 

Thompson RA, Winterborn MH: Hypocomplementaemia due to a genetic deficiency of 
beta 1H globulin. Clin Exp Immunol 46:110, 1981. 

Warwicker P, Goodship TH, Donne RL, et al: Genetic studies into inherited and 
sporadic hemolytic uremic syndrome. Kidney Int 53:836, 1998. 

Legendre CM, Licht C, Muus P, et al: Terminal complement inhibitor eculizumab in 
atypical hemolytic-uremic syndrome. N Engl J Med 368:2169, 2013. 

Noris M, Caprioli J, Bresin E, et al: Relative role of genetic complement abnormalities 
in sporadic and familial aHUS and their impact on clinical phenotype. Clin J Am Soc 
Nephrol 5:1844, 2010. 

Fremeaux-Bacchi V, Fakhouri F, Garnier A, et al: Genetics and outcome of atypical 
hemolytic uremic syndrome: A nationwide French series comparing children and 
adults. Clin J Am Soc Nephrol 8:554, 2013. 

Lemaire M, Fremeaux-Bacchi V, Schaefer F, et al: Recessive mutations in DGKE cause 
atypical hemolytic-uremic syndrome. Nat Genet 45:531, 2013. 

Taylor CM, Machin S, Wigmore SJ, et al: Clinical practice guidelines for the manage- 
ment of atypical haemolytic uraemic syndrome in the United Kingdom. Br J Haematol 
148:37, 2010. 

Fakhouri F, Roumenina L, Provot F, et al: Pregnancy-associated hemolytic uremic syn- 
drome revisited in the era of complement gene mutations. J Am Soc Nephrol 21:859, 
2010. 

Rossio R, Lotta LA, Pontiggia S, et al: A novel CD46 mutation in a patient with 
microangiopathy clinically resembling thrombotic thrombocytopenic purpura and 
normal ADAMTS13 activity. Haematologica 100:e87, 2015. 

Noris M, Remuzzi G: Managing and preventing atypical hemolytic uremic syndrome 
recurrence after kidney transplantation. Curr Opin Nephrol Hypertens 22:704, 2013. 
Sanchez Chinchilla D, Pinto S, Hoppe B, et al: Complement mutations in diacylglycerol 
kinase-epsilon-associated atypical hemolytic uremic syndrome. Clin J Am Soc Nephrol 
9:1611, 2014. 

Westland R, Bodria M, Carrea A, et al: Phenotypic expansion of DGKE-associated 
diseases. J Am Soc Nephrol 25:1408, 2014. 

Cabrera GR, Fortenberry JD, Warshaw BL, et al: Hemolytic uremic syndrome associ- 
ated with invasive Streptococcus pneumoniae infection. Pediatrics 101:699, 1998. 
Copelovitch L, Kaplan BS: Streptococcus pneumoniae-associated hemolytic uremic 
syndrome. Pediatr Nephrol 23:1951, 2008. 

Singh N, Gayowski T, Marino IR: Hemolytic uremic syndrome in solid-organ trans- 
plant recipients. Transpl Int 9:68, 1996. 

Arai S, Allan C, Streiff M, et al: Von Willebrand factor-cleaving protease activity and 
proteolysis of von Willebrand factor in bone marrow transplant-associated thrombotic 
microangiopathy. Hematol J 2:292, 2001. 

Ho VT, Cutler C, Carter S, et al: Blood and marrow transplant clinical trials network 
toxicity committee consensus summary: Thrombotic microangiopathy after hemato- 
poietic stem cell transplantation. Biol Blood Marrow Transplant 11:571, 2005. 

Sack GH Jr, Levin J, Bell WR: Trousseau’s syndrome and other manifestations of chronic 
disseminated coagulopathy in patients with neoplasms: Clinical, pathophysiologic, and 
herapeutic features. Medicine (Baltimore) 56:1, 1977. 

Elliott MA, Letendre L, Gastineau DA, et al: Cancer-associated microangiopathic 
hemolytic anemia with thrombocytopenia: An important diagnostic consideration. Eur 
J Haematol 85:43, 2010. 

Domingo-Claros A, Larriba I, Rozman M, et al: Acute erythroid neoplastic prolifera- 
ions. A biological study based on 62 patients. Haematologica 87:148, 2002. 

Lattuada A, Rossi E, Calzarossa C, et al: Mild to moderate reduction of a von Wille- 
brand factor cleaving protease (ADAMTS-13) in pregnant women with HELLP 
microangiopathic syndrome. Haematologica 88:1029, 2003. 

Baron BW, Martin MS, Sucharetza BS, et al: Four patients with both thrombotic throm- 
bocytopenic purpura and autoimmune thrombocytopenic purpura: The concept of a 
mixed immune thrombocytopenia syndrome and indications for plasma exchange. 
J Clin Apher 16:179, 2001. 

Mannucci PM, Vanoli M, Forza I, et al: Von Willebrand factor cleaving protease 
(ADAMTS-13) in 123 patients with connective tissue diseases (systemic lupus erythe- 
matosus and systemic sclerosis). Haematologica 88:914, 2003. 

Güngör T, Furlan M, Lammle B, et al: Acquired deficiency of von Willebrand 
factor-cleaving protease in a patient suffering from acute systemic lupus erythematosus. 
Rheumatology (Oxford) 40:940, 2001. 

Ahmed S, Siddiqui AK, Chandrasekaran V: Correlation of thrombotic thrombocy- 
topenic purpura disease activity with von Willebrand factor-cleaving protease level in 
ulcerative colitis. Am J Med 116:786, 2004. 

Steen VD: Scleroderma renal crisis. Rheum Dis Clin North Am 29:315, 2003. 


161. 


162. 


163. 


164. 


165. 


166. 


167. 


168. 


Part XII: Hemostasis and Thrombosis 


Al-Nouri ZL, Reese JA, Terrell DR, et al: Drug-induced thrombotic microangiopathy: 
A systematic review of published reports. Blood 125:616, 2015. 

Schwartz J, Winters JL, Padmanabhan A, et al: Guidelines on the use of therapeutic 
apheresis in clinical practice-evidence-based approach from the Writing Committee of 
the American Society for Apheresis: The sixth special issue. J Clin Apher 28:145, 2013. 
Kojouri K, Vesely SK, George JN: Quinine-associated thrombotic thrombocytopenic 
purpura-hemolytic uremic syndrome: Frequency, clinical features, and long-term out- 
comes. Ann Intern Med 135:1047, 2001. 

Dlott JS, Danielson CF, Blue-Hnidy DE, McCarthy LJ: Drug-induced thrombotic 
thrombocytopenic purpura/hemolytic uremic syndrome: A concise review. Ther Apher 
Dial 8:102, 2004. 

Bennett CL, Kim B, Zakarija A, et al: Two mechanistic pathways for thienopyri- 
dine-associated thrombotic thrombocytopenic purpura: A report from the SERF-TTP 
Research Group and the RADAR Project. J Am Coll Cardiol 50:1138, 2007. 

Remuzzi G, Bertani T: Renal vascular and thrombotic effects of cyclosporine. Am 
J Kidney Dis 13:261, 1989. 

Bechstein WO: Neurotoxicity of calcineurin inhibitors: Impact and clinical manage- 
ment. Transpl Int 13:313, 2000. 

Scott LJ, McKeage K, Keam SJ, Plosker GL: Tacrolimus: A further update of its use in the 
management of organ transplantation. Drugs 63:1247, 2003. 


169. 


170. 


171. 


172. 


173. 


174. 


175. 


176. 


Valavaara R, Nordman E: Renal complications of mitomycin C therapy with special 
reference to the total dose. Cancer 55:47, 1985. 

Lesesne JB, Rothschild N, Erickson B, et al: Cancer-associated hemolytic-uremic syn- 
drome: Analysis of 85 cases from a national registry. J Clin Oncol 7:781, 1989. 
Humphreys BD, Sharman JP, Henderson JM, et al: Gemcitabine-associated thrombotic 
microangiopathy. Cancer 100:2664, 2004. 

Glezerman I, Kris MG, Miller V, et al: Gemcitabine nephrotoxicity and hemolytic ure- 
mic syndrome: Report of 29 cases from a single institution. Clin Nephrol 71:130, 2009. 
Eremina V, Jefferson JA, Kowalewska J, et al: VEGF inhibition and renal thrombotic 
microangiopathy. N Engl J Med 358:1129, 2008. 

Bollee G, Patey N, Cazajous G, et al: Thrombotic microangiopathy secondary to VEGF 
pathway inhibition by sunitinib. Nephrol Dial Transplant 24:682, 2009. 
Carrillo-Carrasco N, Chandler RJ, Venditti CP: Combined methylmalonic acidemia 
and homocystinuria, cblC type. I. Clinical presentations, diagnosis and management. 
J Inherit Metab Dis 35:91, 2012. 

van den Born BJ, van der Hoeven NV, Groot E, et al: Association between throm- 
botic microangiopathy and reduced ADAMTS13 activity in malignant hypertension. 
Hypertension 51:862, 2008. 


CHAPTER 133 
VENOUS THROMBOSIS 


Gary E. Raskob, Russell D. Hull, and Harry R. Buller 


Venous thromboembolism, consisting of deep vein thrombosis and/or pul- 
monary embolism, is a common disorder with an estimated 900,000 patients 
each year in the United States and more than 1 million each year in the Euro- 
pean Union. Approximately one-third of these cases are fatal pulmonary 
emboli, and the remaining two-thirds are nonfatal episodes of symptomatic 
deep vein thrombosis or pulmonary embolism. The majority of fatal events 
occur as sudden death, underscoring the importance of prevention as the crit- 
ical strategy for reducing death from pulmonary embolism. Of the nonfatal 
cases, approximately 60 percent present clinically as deep vein thrombosis 
and 40 percent present as pulmonary embolism. Most clinically important 
pulmonary emboli arise from proximal deep vein thrombosis of the leg (pop- 
liteal, femoral, or iliac vein thrombosis). Upper-extremity deep vein throm- 
bosis also may lead to clinically important pulmonary embolism. The clinical 
features of deep vein thrombosis and pulmonary embolism are nonspecific. 
Objective diagnostic testing is required to confirm or exclude the presence 
of venous thromboembolism. A validated assay for plasma D-dimer, if avail- 
able, provides a simple, rapid, and cost-effective first-line exclusion test in 
patients with low, unlikely, or intermediate clinical probability. Compression 
ultrasonography is highly sensitive and specific for clinically important deep 
vein thrombosis and is the primary imaging test for symptomatic patients. 
Compression ultrasonography of the proximal veins performed at presenta- 
tion, and if normal, repeated once 5 to 7 days later, can safely exclude clini- 
cally important deep vein thrombosis. In centers with the expertise, a single 
comprehensive evaluation of the proximal and calf veins with duplex ultra- 
sonography is sufficient. In patients with suspected pulmonary embolism, 
computed tomographic angiography, with or without additional testing using 
computed tomographic venography or compression ultrasonography of the 
legs, provides a definitive basis to give or withhold antithrombotic therapy in 
90 percent of patients. Anticoagulant therapy is the preferred treatment for 
most patients with acute venous thromboembolism. Initial treatment with 
heparin or low-molecular-weight heparin, followed by long-term treatment 
with an oral vitamin K antagonist such as warfarin, is highly effective for pre- 
venting recurrent venous thromboembolism, and has been the traditional 
standard care. More recently, the direct oral anticoagulants including the 
thrombin inhibitor dabigatran, and the factor Xa inhibitors rivaroxaban, apix- 
aban, and edoxaban, have been established to be as effective and safer than 


Acronyms and Abbreviations: aPTT, activated partial thromboplastin time; CDT, 
catheter-directed thrombolysis; CT, computed tomography; CTA, computed tomo- 
graphic angiography; CTV, computed tomographic venography; DOAC, direct-acting 
oral anticoagulant; DVT, deep vein thrombosis; ELISA, enzyme-linked immunosor- 
bent assay; INR, international normalized ratio; LMW, low molecular weight; PE, 
pulmonary embolism; PIOPED, Prospective Investigation of Pulmonary Embolism 
Diagnosis; VTE, venous thromboembolism. 


traditional standard anticoagulant therapy. Rivaroxaban and apixaban can be 
used as a single drug approach. Dabigatran and edoxaban are preceded by at 
least 5 days of heparin or low-molecular-weight heparin treatment. The direct 
oral anticoagulants are preferred over the vitamin K antagonists in most new 
patients commencing anticoagulant therapy. In cancer patients with venous 
thromboembolism, treatment with low-molecular-weight heparin for at least 
6 months is the recommended approach. Thrombolytic therapy is indicated for 
patients with pulmonary embolism who present with hypotension or shock, 
and in selected patients who have impaired right ventricular function who are 
at high risk of hemodynamic collapse. Insertion ofa vena cava filter is indicated 
for patients who have an absolute contraindication to anticoagulant therapy 
or who have recurrent venous thromboembolism despite adequate antico- 
agulant treatment. Anticoagulant treatment should be continued for at least 
3 months in all patients, and 3 months is a sufficient duration for patients with 
first episode of venous thromboembolism secondary to a reversible risk factor. 
Indefinite anticoagulant therapy should be considered for patients with unpro- 
voked (idiopathic) venous thromboembolism, and those with recurrent venous 
thromboembolism. 


@ DEFINITION AND EPIDEMIOLOGY 


Venous thrombosis commonly develops in the deep veins of the leg or 
the arm or in the superficial veins of these extremities. Venous throm- 
bosis of superficial veins is a relatively benign disorder unless exten- 
sion into the deep venous system occurs. Confusingly, one of the major 
deep veins in the leg is called the superficial femoral vein. Thrombosis 
involving the deep veins of the leg is divided into two prognostic catego- 
ries: (1) calf vein thrombosis, in which thrombi remain confined to the 
deep calf veins, and (2) proximal vein thrombosis, in which thrombosis 
involves the popliteal, femoral, or iliac veins.’ 

Pulmonary emboli originate from thrombi in the deep veins of the 
leg in 90 percent or more of patients. Other less common sources of 
pulmonary embolism (PE) include the deep pelvic veins, renal veins, 
inferior vena cava, right side of the heart, and axillary veins. Most 
clinically important pulmonary emboli arise from proximal deep vein 
thrombosis (DVT) of the leg. Upper-extremity DVT also may lead to 
important PE.* DVT and/or PE are referred to collectively as venous 
thromboembolism (VTE). 

VTE is a common disorder.* The estimated annual incidence of 
clinically evident VTE ranges between 0.75 and 2.7 per 1000 population 
based on studies done in North America, Western Europe, Australia, 
and Argentina.’ The literature indicates a strong and consistent associ- 
ation of increasing incidence of VTE with increasing age. The annual 
incidence increased to between 2 and 7 per 1000 population among 
those 70 years of age, and to between 3 and 12 per 1000 population 
among those 80 years of age or older.* Although the incidence is lower 
in individuals of Chinese and Korean ethnicity,’ their disease burden is 
not low because of population aging. The high incidence of VTE in the 
elderly likely reflects the high prevalence of comorbid acquired risk fac- 
tors in these patients, especially malignancy, heart failure, and surgery 
or hospitalization for medical illness, which account for the majority of 
the population-attributable risk of VTE in older individuals. 

VTE causes a major burden of disease across low-, middle-, and 
high-income countries. VTE associated with hospitalization was the 
leading cause of premature death and years lived with disability in low- 
and middle-income countries, and second in high-income countries, 
and responsible for more premature death and disability than nosoco- 
mial pneumonia, catheter-related bloodstream infections, and adverse 
drug events.’ 
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The direct ascertainment of deaths from VTE is difficult because of 
the low rate of autopsy in most countries, and because autopsy studies 
have consistently demonstrated that PE is often not diagnosed antemor- 
tem. The strongest evidence comes from the study by Cohen and col- 
leagues, who used an incidence-based model in six European countries 
to estimate that there were 534,454 deaths related to VTE across the 
European Union in 2004.’ A similar approach applied to the data from 
the United States suggested approximately 300,000 deaths from VTE 
each year.* The majority of deaths from VTE occur as sudden death, 
underscoring the critical role of prevention for reducing death from 
VTE. 

Effective prophylaxis against VTE is available for most high-risk 
patients. Use of prophylaxis is more effective for preventing death 
and morbidity from VTE than is treatment of the established disease. 
Evidence-based recommendations for prevention are available.’ Mul- 
tifaceted interventions with alerts, such as computerized reminders or 
stickers on patient charts, are effective for increasing the prescription of 
appropriate thromboprophylaxis in hospitalized adult medical or surgi- 
cal patients.” There is also evidence that inclusion of VTE risk assess- 
ment at the time of hospital admission and the provision of appropriate 
prophylaxis is effective for reducing VTE-related death and readmission 
with nonfatal VTE. "™!? 

Historically, the majority of the disease burden from VTE occurred 
in hospitalized patients. The burden of illness from VTE has shifted to 
the community setting such that most patients now present as outpa- 
tients to their primary care physician or to the emergency department. 
The main reason for this shift is the greatly reduced length of hospi- 
tal stay for most surgical procedures or medical conditions, such that 
patients are discharged from the hospital either before the period of risk 
of VTE has ended or who have subclinical venous thrombi that subse- 
quently evolve to symptomatic DVT or PE. The shift in burden of illness 
from the hospital to the community setting has led to an emphasis on 
effective and safe methods for outpatient prophylaxis, diagnosis and 
treatment. 


@ ETIOLOGY AND PATHOGENESIS 


Venous thrombi are composed mainly of fibrin and red blood cells, with 
variable numbers of platelets and leukocytes. The formation, growth, 
and breakdown of venous thromboemboli reflect a balance between 
thrombogenic stimuli and protective mechanisms. The thrombogenic 
stimuli first identified by Virchow in the 19th century are (1) venous 
stasis, (2) activation of blood coagulation, and (3) vascular damage. 
The protective mechanisms are (1) inactivation of activated coagulation 
factors by circulating inhibitors (e.g., antithrombin and activated pro- 
tein C), (2) clearance of activated coagulation factors and soluble fibrin 
polymer complexes by mononuclear phagocytes and the liver, and (3) 
lysis of fibrin by fibrinolytic enzymes derived from plasma and endo- 
thelial cells. 

PE occurs in at least 50 percent of patients with documented prox- 
imal vein thrombosis.’ Many of these emboli are asymptomatic. The 
clinical importance of PE depends on the size of the embolus and the 
patient's cardiorespiratory reserve. Usually only part of the thrombus 
embolizes, and 30 to 70 percent of patients with PE detected by angi- 
ography also have identifiable DVT of the legs.'*'* DVT and PE are not 
separate disorders but a continuous syndrome of VTE in which the ini- 
tial clinical presentation may be symptoms of either DVT or PE. There- 
fore, strategies for diagnosis of VTE include both tests for detection of 
PE (e.g., computed tomography [CT] or lung scanning)'*'* and tests 
for DVT of the legs (e.g., ultrasonography)" (see “Objective Testing 
for Pulmonary Embolism” and “Objective Testing for Deep Vein 
Thrombosis” below). 


TABLE 133-1. Risk Factors for Thromboembolism* 
Hereditary Thrombophilias* 


Acquired 


Advancing age (age >40 years) Activated protein C resistance 


History of prior Prothrombin G20210A 


thromboembolic event 


Recent surgery Antithrombin deficiency 


Recent trauma Protein C deficiency 


Prolonged immobilization Protein S deficiency 


Certain forms of cancer Dysfibrinogenemia 


Congestive heart failure 


Recent myocardial infarction 


Paralysis of legs 


Use of female hormones 


Pregnancy or postpartum 
period 


Varicose veins 
Obesity 


Antiphospholipid antibody 
syndrome** 


Hyperhomocysteinemia 


*See also Chap. 130 
**See also Chap. 131 


Acquired and inherited risk factors for VTE have been identi- 
fied”? and are shown in Table 133-1 (Chap. 130). Aging is the dom- 
inant risk factor for VTE (population attributable risk >90 percent). 
Comorbidities, such as malignancy and heart failure, contribute to a 
higher population-attributable risk in older patients (265 years).” The 
risk of VTE increases when more than one risk factor is present.”* 

Activated protein C resistance is the most common hereditary 
abnormality predisposing to VTE. The defect results from substitution 
of glutamine for arginine at residue 506 in the factor V molecule, mak- 
ing factor Va resistant to proteolysis by activated protein C. The gene 
mutation is commonly designated factor V Leiden and follows autoso- 
mal dominant inheritance. Patients who are homozygous for the factor 
V Leiden mutation have a markedly increased risk of VTE and present 
with clinical thromboembolism at a younger age (median age: 31 years) 
than those who are heterozygous (median age: 46 years). Factor V 
Leiden is present in approximately 5 percent of the normal popula- 
tion of European descent, 16 percent of patients with a first episode of 
DVT, and up to 35 percent of patients with unprovoked (idiopathic) 
DVT.” Prothrombin G20210A is another common gene mutation 
that predisposes to VTE. It is present in approximately 2 to 3 percent of 
apparently healthy individuals and in 7 percent of those with DVT.” An 
inherited abnormality cannot be detected in up to 40 to 50 percent of 
patients with unprovoked DVT, suggesting that as yet undefined gene 
mutations are present that have an etiologic role (Chap. 130). 


@ CLINICAL FEATURES 
VENOUS THROMBOSIS 


The clinical features of DVT include leg pain, tenderness, and swell- 
ing, a palpable cord representing a thrombosed vessel, discoloration, 
venous distention, prominence of the superficial veins, and cyanosis. 


The clinical diagnosis of DVT is highly nonspecific because each of the 
symptoms or signs can be caused by nonthrombotic disorders. The rare 
exception is the patient with phlegmasia cerulea dolens (occlusion of the 
whole venous circulation, extreme swelling of the leg, and compromised 
arterial flow), in whom the diagnosis of massive iliofemoral thrombosis 
is obvious. This syndrome occurs in less than 1 percent of patients with 
symptomatic venous thrombosis. In most patients, the symptoms and 
signs are nonspecific. In 50 to 85 percent of patients, the clinical sus- 
picion of DVT is not confirmed by objective testing.” Patients with 
minor symptoms and signs may have extensive deep venous thrombi. 
Conversely, patients with florid leg pain and swelling, suggesting exten- 
sive DVT, may have negative results by objective testing. 

Although the clinical diagnosis is nonspecific, prospective stud- 
ies have established that patients can be categorized as low, moder- 
ate, or high probability for DVT using a clinical prediction rule that 
incorporates signs, symptoms, and risk factors. A systematic review? 
of the studies found that the prevalence of DVT in the low, moderate, 
and high probability categories, respectively, was 5 percent (95 percent 
confidence interval [95% CI]: 4 to 8 percent), 17 percent (95% CI: 13 to 
23 percent), and 53 percent (95% CI: 44 to 61 percent). The prevalence 
in the pretest category of “low probability” is not sufficiently low to 
withhold further diagnostic testing and treatment, and the prevalence 
in the “high probability” category is not sufficiently high to give antico- 
agulant therapy without performing further diagnostic testing. Conse- 
quently, the key role for clinical pretest categorization is for use within 
integrated diagnostic strategies employing measurement of D-dimer 
and venous imaging. 


PULMONARY EMBOLISM 


The clinical features of acute PE include the following symptoms 
and signs that may overlap: (1) transient dyspnea and tachypnea in 
the absence of other clinical features; (2) pleuritic chest pain, cough, 
hemoptysis, pleural effusion, and pulmonary infiltrates noted on chest 
radiogram caused by pulmonary infarction or congestive atelectasis 
(also known as ischemic pneumonitis or incomplete infarction); (3) severe 
dyspnea and tachypnea and right-side heart failure; (4) cardiovascular 
collapse with hypotension, syncope, and coma (usually associated with 
massive PE); and (5) several less common and nonspecific clinical pre- 
sentations, including unexplained tachycardia or arrhythmia, resistant 
cardiac failure, wheezing, cough, fever, anxiety/apprehension, and con- 
fusion. All of these clinical features are nonspecific and can be caused by 
a variety of cardiorespiratory disorders. Patients can be assigned to cate- 
gories of pretest probability using implicit clinical judgement, or clinical 
decision rules such as the Geneva score or approach of Wells.?”-*° How- 
ever, the prevalences of PE in these categories are not sufficiently low or 
high to withhold further investigation altogether, and the measurement 
of D-dimer and/or diagnostic imaging is mandatory to exclude or con- 
firm the presence of PE. The assessment of clinical pretest probability is 
an important first step in integrated diagnostic strategies that employ, 
for example, D-dimer, computed tomographic angiography (CTA), and 
objective testing for DVT.” 


@ LABORATORY FEATURES 


VTE is associated with nonspecific laboratory changes that constitute 
the acute-phase response to tissue injury. This response includes ele- 
vated levels of fibrinogen and factor VIII, increases in leukocyte and 
platelet counts, and systemic activation of blood coagulation, fibrin 
formation, and fibrin breakdown, with increases in plasma concen- 
trations of prothrombin fragment 1.2, fibrinopeptide A, complexes of 
thrombin-antithrombin, and fibrin degradation products. All of these 
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changes are nonspecific and may occur as a result of surgery, trauma, 
infection, inflammation, or infarction. None of the above reported lab- 
oratory changes can be used to establish the diagnosis of VTE or predict 
its development with high probability. The fibrin breakdown frag- 
ment D-dimer can be measured by an enzyme-linked immunosorbent 
assay (ELISA) or by a latex agglutination assay. Some of these assays 
have a rapid turnaround time and some are quantitative. A negative 
D-dimer result is useful for excluding the diagnosis in many patients 
with suspected DVT or suspected PE (see “Objective Testing for Deep 
Vein Thrombosis” and “Objective Testing for Pulmonary Embolism” 
below).'*?7?83! A positive result is highly nonspecific. 


@ DIFFERENTIAL DIAGNOSIS OF 
DEEP VEIN THROMBOSIS 


The differential diagnosis in patients with clinically suspected 
DVT includes muscle strain or tear, direct twisting injury to the leg, 
lymphangitis or lymphatic obstruction, venous reflux, popliteal cyst, 
cellulitis, leg swelling in a paralyzed limb, and abnormality of the knee 
joint. An alternate diagnosis frequently is not evident at presentation, 
so excluding DVT is not possible without objective testing. The cause 
of symptoms often can be determined by careful followup once DVT 
has been excluded by objective testing. In approximately 25 percent of 
patients, however, the cause of pain, tenderness, and swelling remains 
uncertain even after careful followup.” 


@ OBJECTIVE TESTING FOR DEEP VEIN 
THROMBOSIS 


D-DIMER ASSAY 


Measurement of plasma D-dimer has been extensively evaluated as 
an exclusion test in patients with clinically suspected DVT.” The dif- 
ferent D-dimer assays (ELISA, quantitative rapid ELISA, latex agglu- 
tination, and whole-blood agglutination) have different sensitivities, 
specificities, and likelihood ratios for DVT. ELISA and quantitative 
rapid ELISA have high sensitivity (96 percent) and negative likelihood 
ratios of approximately 0.10 for DVT in symptomatic patients. Thus, 
for excluding DVT in symptomatic patients with a low or intermediate 
clinical pretest probability, a negative D-dimer result by a quantitative 
rapid ELISA technique is as diagnostically useful as a negative result 
by duplex ultrasonography.*! Measurement of D-dimer using an appro- 
priate assay method can also be combined with ultrasonography imag- 
ing. If the two tests are negative at presentation, repeat ultrasonography 
imaging is unecessary.” Use of the D-dimer test for patient care deci- 
sions depends on the local availability of an appropriate assay that has 
high sensitivity and has been validated by clinical outcome studies. The 
use of age-adjusted D-dimer cut-off levels for a negative result enhance 
the clinical utility of the test. Figure 133-1 shows a practical approach 
for the diagnosis of suspected DVT. 


IMAGING TESTS 


The objective diagnostic imaging tests that have a role in patients with 
clinically suspected DVT are ultrasonography and venography. Both 
of these tests have been validated by properly designed clinical trials, 
including prospective studies with long-term followup that have estab- 
lished the safety of withholding anticoagulant treatment in patients with 
negative test results.'”'°*? Ultrasonography is the preferred imaging 
test for most patients. The role of venography is for selected patients, 
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Figure 133-1. Diagnosis of pa 
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ients with suspected first episode of deep vein thrombosis (DVT). *Negative D-dimer can be used to exclude acute 


DVT, without the need for further diagnostic testing with compression ultrasonography (CUS), if the patient has low, unlikely, moderate, or interme- 
diate clinical probability.”?! Ultrasonography should be performed in patients with a high clinical probability. A negative D-dimer can also be used 
with a negative CUS at presentation to exclude acute DVT without the need for a repeat CUS.**** **CUS is performed with imaging of the common 


femoral vein in the groin and of 
7 days to detect extending calf vein thrombi.!” In centers with 


he popliteal vein in the popliteal fossa extending distally 10 cm from midpatella. A repeat CUS is required in 5 to 
he expertise, a single negative result of full-leg duplex ultrasonography (CUS plus flow 


evaluation) is sufficient to exclude acute DVT.'*** *CUS that indicates noncompressibility of deep vein segments is highly predictive of DVT (>95%) 


and provides an indication for antithrombotic therapy in mos 


patients. If CUS is positive at a single site isolated 


in the groin, additional testing with 


venography, computed tomography, or magnetic resonance imaging should be performed because of the potential for false-positive CUS results 


from disorders producing vein compression in the groin (e.g. 


such as those in whom ultrasonography is unavailable or inconclusive. 
Ultrasonography using vein compression is effective for identifying 
patients with proximal vein thrombosis. Compression ultrasonography 
of the proximal veins performed at presentation (and, ifnormal, repeated 
once 5 to 7 days later) is a safe approach in symptomatic patients.” In 
centers with experienced ultrasonography staff, a single comprehensive 
evaluation of the proximal and calf veins with duplex ultrasonography 
is sufficient and, if negative, a repeat test is not required.'* A random- 
ized trial supports the equivalence of a comprehensive whole-leg color- 
coded Doppler ultrasonography approach to that of an approach using 
combined D-dimer testing and repeated ultrasonography for the man- 
agement of suspected DVT.* 

The positive predictive value of a positive ultrasonography result 
isolated to the calf veins may vary among centers based on expertise and 
thrombosis prevalence. Therefore, the number of repeat ultrasonogra- 
phy evaluations avoided by evaluating the calf veins may be partially 
offset by an increased number of patients with positive ultrasonogra- 
phy results confined to the calf, for whom additional diagnostic testing 
and/or anticoagulant treatment is required. Most patients with a nega- 
tive ultrasonographic result at presentation require a followup visit to 
establish the alternate diagnosis and to guide further care, so the return 
visit for repeat ultrasonography at 5 to 7 days may have added practical 
value.” 

Diagnosis of acute recurrent DVT is particularly challenging 
because recurrent symptoms such as pain and swelling are common in 
patients with DVT despite adequate anticoagulant therapy, and because 
both ultrasonography and venography have limitations for excluding 
the presence of acute recurrent DVT.” Compression ultrasonography 
may remain abnormal for 1 year in 50 percent of patients, and for even 
longer in some patients,™® because of persistent noncompressibility 
of the vein caused by fibrous organization of the original thrombus. 


umor mass). 


Venography is of limited value for excluding the diagnosis of recurrent 
DVT because of obliteration or recanalization of the previously affected 
venous segments or nonfilled venous segments. Thus, measurement 
of plasma D-dimer may be particularly useful as an exclusion test in 
patients with suspected acute recurrent DVT. However, use of D-di- 
mer must be evaluated separately in this patient group because many 
patients with a past history of VTE are receiving long-term oral antico- 
agulant therapy, which has the potential to cause a false-negative D-di- 
mer result. Promising initial results were obtained in one study,” but 
further studies in larger numbers of patients are needed before using 
a negative D-dimer alone to exclude acute recurrent DVT can be rou- 
tinely recommended. 


@ DIFFERENTIAL DIAGNOSIS OF 
PULMONARY EMBOLISM 


The differential diagnosis in patients with suspected PE includes car- 
diopulmonary disorders for each of the modes of presentation (see 
“Pulmonary Embolism” above). For the presentation of dyspnea and 
tachypnea, they include atelectasis, pneumonia, pleuritis, pneumotho- 
rax, acute pulmonary edema, bronchitis, bronchiolitis, and acute bron- 
chial obstruction. For pulmonary infarction exhibited by pleuritic chest 
pain or hemoptysis, they include pneumonia, pneumothorax, pericarditis, 
pulmonary or bronchial neoplasm, bronchiectasis, acute bronchitis, 
tuberculosis, diaphragmatic inflammation, myositis, muscle strain, and 
rib fracture. For the clinical presentation of right-side heart failure, they 
include myocardial infarction, myocarditis, and cardiac tamponade. For 
cardiovascular collapse, they include myocardial infarction, acute mas- 
sive hemorrhage, Gram-negative septicemia, cardiac tamponade, and 
spontaneous pneumothorax. 


@ OBJECTIVE TESTING FOR PULMONARY 
EMBOLISM 


The objective diagnostic imaging tests include CT, CTA, radionuclide 
lung scanning, selective pulmonary arteriography, and objective testing 
for DVT. Measurement of plasma D-dimer is useful as an exclusion test 
in patients with an unlikely or intermediate clinical probability. 


D-DIMER ASSAY 


The assay for plasma D-dimer is useful as an exclusion test, provided an 
appropriately validated test is available. A negative result by the rapid 
quantitative ELISA for D-dimer has a negative likelihood ratio similar 
to that of a normal perfusion scan.” A positive D-dimer result is not 
useful diagnostically. Several management studies have found that PE 
can be excluded without performing imaging studies in patients with 
a low, intermediate, or unlikely clinical probability.** When combined 
with pretest clinical probability assessment, the use of an age-adjusted 
D-dimer cutoff value instead of a fixed D-dimer cutoff of 500 mcg/mL, 
improves the utility of the test, and enables more patients to have the 
diagnosis of PE safely excluded.” 


COMPUTED TOMOGRAPHY IMAGING 
AND ANGIOGRAPHY 


CT imaging is the primary imaging test for the diagnosis of PE in most 
centers. Single-detector spiral CT is highly sensitive for large emboli 
(segmental or larger arteries), but is much less sensitive for emboli in 
subsegmental pulmonary arteries'**; such emboli may be clinically 
important in patients with severely impaired cardiorespiratory reserve. 
Therefore, a negative result by single-detector spiral CT should not be 
used alone to exclude the diagnosis of PE. A filling defect of a segmental 
or larger artery on single-detector spiral CT is associated with a high 
probability (>90 percent) of PE.” 

The development of multidetector row CT, together with the use 
of contrast enhancement, has established CT as the preferred diagnos- 
tic imaging test in most patients.“ Contrast-enhanced CTA has the 
advantage of providing clear results (positive or negative), with a low 
rate of nondiagnostic test results, good characterization of nonvascu- 
lar structures for alternate or associated diagnoses, and the ability to 
simultaneously evaluate the deep venous system of the legs (computed 
tomographic venography [CTV]). 

The accuracy and clinical utility of multidetector CTA and com- 
bined CTA-CTV were evaluated in the Prospective Investigation of Pul- 
monary Embolism Diagnosis (PIOPED) II study. Among 824 patients 
with a reference diagnosis and a completed CT study, CTA was incon- 
clusive in 51 (6 percent) because of poor image quality. The sensitivity of 
CTA was 83 percent and the specificity was 96 percent. CTA-CTV was 
inconclusive in 87 (11 percent) of 824 patients because the image quality 
of either CTA or CTV was poor. Multidetector CTA-CTV had a higher 
sensitivity (90 percent) than CTA alone (83 percent), with similar spec- 
ificity (~95 percent for both testing techniques). Positive results on CTA 
in combination with a high probability or intermediate probability of 
PE by the clinical assessment, or normal findings on CTA with a low 
clinical probability had a predictive value (positive or negative) of 92 to 
96 percent.” Such values are consistent with those generally considered 
adequate to confirm or rule out the diagnosis of PE. Additional testing is 
necessary when the clinical probability is discordant with CTA or CTA- 
CTV imaging results.“ 

Figure 133-2 summarizes the approach to diagnosis of suspected 
PE using CTA or CTA-CTV as the primary imaging test. A high-quality 
image by CTA is sufficient to establish or exclude the diagnosis of PE 
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with high predictive value in most patients, and withholding anticoagu- 
lant therapy based on a negative CTA alone is associated with a low rate 
of subsequent VTE on followup.“ Objective testing for DVT is useful 
in patients in whom the CTA image is of poor quality or inconclusive, 
and in patients who also have symptoms suggesting DVT. CTV has the 
advantage of being easily performed at the time of CTA, but incurs the 
risk of added radiation exposure for the patient. Compression ultra- 
sonography can also be used, and avoids added radiation exposure and 
can be performed serially if needed. 


RADIONUCLIDE LUNG SCANNING 


Radionuclide lung scanning continues to have a role in the diagnosis of 
suspected PE A normal perfusion lung scan excludes the diagnosis of 
clinically important PE. A normal perfusion lung scan is found in 
approximately 10 percent of all patients with suspected PE seen at aca- 
demic health centers or tertiary referral centers. A high-probability lung 
scan result (i.e., large perfusion defects with ventilation mismatch) has 
a positive predictive value for PE of 85 percent and provides a diagnos- 
tic end point to give antithrombotic treatment in most patients. 14647 A 
high-probability lung scan is found in approximately 10 to 15 percent of 
symptomatic patients. For patients with a history of PE, careful compar- 
ison of the lung scan results to the most recent lung scan is required to 
ensure the perfusion defects are new. Further diagnostic testing is indi- 
cated for patients with a high-probability lung scan who have a “low” 
pretest clinical suspicion, and in those who are at high risk for major 
bleeding, to reduce the likelihood of a false-positive diagnosis. 

The major limitation of lung scanning is that the results are incon- 
clusive in most patients, even when considered together with the pretest 
clinical probability. The nondiagnostic lung scan patterns are found in 
approximately 70 percent of all patients with suspected PE.'*!>*” These 
lung scan results have historically been called “low probability” (match- 
ing ventilation-perfusion abnormalities or small perfusion defects), 
“intermediate probability,’ or “indeterminate” (because the perfusion 
defects correspond to an area of abnormality on chest radiograph). 
Further diagnostic testing is required in most of these patients because, 
regardless of the pretest clinical suspicion, the posttest probabilities of 
PE associated with these lung scan results are neither sufficiently high to 
give antithrombotic treatment nor sufficiently low to withhold therapy. 
The uncommon exception is the patient with a low clinical suspicion 
and a so-called low-probability lung scan result. However, even in these 
patients, objective testing for DVT with ultrasonography and/or mea- 
surement of plasma D-dimer is without risk for the patient and may 
provide added diagnostic value (see “Objective Testing for Deep Vein 
Thrombosis” below). A randomized trial has established that CTA is not 
inferior to using ventilation—perfusion lung scanning for excluding the 
diagnosis of PE when either test is used in an algorithm together with 
venous ultrasonography of the legs.** 

In centers where CTA is available, the major role for lung scanning 
is in select patients; for example, in younger women to reduce radiation 
exposure to the breast. Lung scanning can be useful in such patients 
who are less likely to have comorbid cardiorespiratory disorders and 
therefore a higher proportion of diagnostic scan results (normal or high 
probability). 


MAGNETIC RESONANCE ANGIOGRAPHY 


The accuracy of magnetic resonance angiography for diagnosing PE, 
with or without the addition of magnetic resonance venography, was 
evaluated in the PIOPED III study.” This was a prospective study of 
371 adults with suspected PE recruited from seven hospitals and their 
emergency services. Magnetic resonance angiography was technically 
inadequate in 25 percent of patients (92 of 371); this rate ranged from 
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Figure 133-2. Integrated strategy for diagnosis of patients with suspected pulmonary embolism (PE) using computed tomographic angiography 
(CTA) as the primary imaging test. *Negative D-dimer alone can be used as an exclusion test with high negative predictive value (>96%) in patients 
with low or moderate probability by the clinical assessment.’”*°*' Patients with a high clinical probability should undergo imaging with CTA or 
combined CTA-computed tomographic venography (CTV). **Positive results on CTA or combined CTA-CTV, in patients with a high or moderate 
probability of pulmonary embolism by the clinical assessment, have positive predictive value of 90% or more for venous thromboembolism. Similarly, 
abnormal results by compression ultrasonography (CUS) of the proximal deep veins of the legs have high positive predictive value for proximal vein 
thrombosis and provide an indication to give antithrombotic therapy. If the patient has a low probability by the clinical assessment, positive results by 
CTA or CTA-CTV in the main or lobar pulmonary arteries are still highly predictive (97%) for the presence of pulmonary embolism*?; further testing is 
recommended for patients with low clinical probability and positive CTA results only of segmental or subsegmental arteries, and the options include 
pulmonary arteriography or serial CUS. *Negative results by CTA or by combined CTA-CTV have high negative predictive value (96%) in patients with 
low probability by the clinical assessment.” For patients with moderate clinical probability, the negative predictive value for combined CTA-CTV is 
also high (92%), but slightly lower for CTA alone (89%)*; in CTA-alone group, and in patients with a high probability by the clinical assessment, serial 


CUS or pulmonary arteriography are recommended options. 


11 percent to 52 percent among the centers. If a technically adequate 
image was obtained, magnetic resonance angiography had a sensitivity 
of 78 percent and a specificity of 99 percent, and combined magnetic 
resonance angiography and venography had a sensitivity of 92 percent 
and a specificity of 96 percent. However, 52 percent of patients (194 of 
370) had technically inadequate results with the combined approach.” 
Based on these findings, magnetic resonance angiography has a very 
limited role in the diagnosis of PE. In centers that routinely perform 
it well with a high rate of technically adequate images, magnetic reso- 
nance angiography and venography may be useful for patients in whom 
CTA or lung scanning are contraindicated. 


PULMONARY ANGIOGRAPHY 


Pulmonary angiography using selective catheterization of the pulmo- 
nary arteries is a relatively safe technique for patients who do not have 
pulmonary hypertension or cardiac failure.’*"° If the expertise is avail- 
able, pulmonary angiography should be used when other approaches 
are inconclusive and when definitive knowledge about the presence or 
absence of PE is required, because the risk of angiography in properly 


selected patients is less than the risk of unnecessary anticoagulant 
therapy. 


OBJECTIVE TESTING FOR DEEP VEIN 
THROMBOSIS 


Objective testing for DVT is useful in patients with suspected PE, par- 
ticularly those with nondiagnostic lung scan results?” or inconclusive 
CT results.” Detection of proximal vein thrombosis by objective testing 
provides an indication for anticoagulant treatment, regardless of the 
presence or absence of PE, and prevents the need for further testing. 
However, a negative result by objective testing for DVT does not exclude 
the presence of PE.'*"* If the patient has adequate cardiorespiratory 
reserve, then serial ultrasonography testing for proximal vein thrombo- 
sis can be used as an alternative to pulmonary angiography in patients 
with nondiagnostic lung scan or inconclusive CT results, and withhold- 
ing anticoagulant therapy is safe if repeated ultrasonography testing of 
the legs is negative. The rationale is that the clinical objective in 
such patients is to prevent recurrent PE, which is unlikely in the absence 
of proximal vein thrombosis. Selective pulmonary angiography should 


be done among patients with features suggesting a possible alternate 
source of embolism to proximal DVT of the leg (e.g., upper-extremity 
thrombosis, renal vein thrombosis, pelvic vein thrombosis, or right- 
heart thrombus). 


@ THERAPY, COURSE, AND PROGNOSIS 


CLINICAL COURSE OF VENOUS 
THROMBOEMBOLISM 


Proximal Vein Thrombosis 

Proximal vein thrombosis is a serious and potentially lethal condition. 
Untreated proximal vein thrombosis is associated with a 10 percent rate 
of fatal PE. Inadequately treated proximal vein thrombosis results in a 
20 to 50 percent risk of recurrent VTE events.” Prospective studies of 
patients with clinically suspected DVT or PE indicate that new VTE 
events on followup are uncommon (<2 percent) among patients in 
whom proximal vein thrombosis is absent by objective testing. 73334750 
The aggregate data from diagnostic and treatment studies indicate that 
the presence of proximal vein thrombosis is the key prognostic marker 
for recurrent VTE. 


Calf Vein Thrombosis 

Thrombosis that remains confined to the calf veins is associated with 
low risk (<1 percent) of clinically important PE. Extension of throm- 
bosis into the popliteal vein or more proximally occurs in 15 to 25 
percent of patients with untreated calf vein thrombosis.’ Patients with 
documented calf vein thrombosis should either receive anticoagulant 
treatment to prevent extension or undergo monitoring for proximal 
extension using serial ultrasonography. 


Postthrombotic Syndrome 

The postthrombotic syndrome is a frequent complication of DVT.” 
Patients with the postthrombotic syndrome complain of pain, heavi- 
ness, swelling, cramps, and itching or tingling of the affected leg. Ulcer- 
ation may occur. The symptoms usually are aggravated by standing or 
walking and improve with rest and elevation of the leg. A prospective 
study documented a 25 percent incidence of moderate-to-severe post- 
thrombotic symptoms 2 years after the initial diagnosis of proximal vein 
thrombosis in patients who were treated with initial heparin and oral 
anticoagulants for 3 months.” The study also demonstrated that ipsilat- 
eral recurrent venous thrombosis is strongly associated with subsequent 
development of moderate or severe postthrombotic symptoms. Thus, 
prevention of ipsilateral recurrent DVT likely reduces the incidence of 
the postthrombotic syndrome. Application of a properly fitted graded 
compression stocking, as soon after diagnosis as the patient's symptoms 
will allow, can improve edema and pain in the acute stage of DVT and 
may also help control or relieve symptoms in patients who develop the 
postthrombotic syndrome. Conflicting findings have been found in 
randomized trials of graded compression stockings for preventing the 
development of the postthrombotic syndrome.™*”* 


Chronic Thromboembolic Pulmonary Hypertension 

Chronic thromboembolic pulmonary hypertension is a serious com- 
plication of PE. Historically, thromboembolic pulmonary hypertension 
was believed to be relatively rare and to occur only several years after 
the diagnosis of PE. A prospective cohort study provides important 
information on the incidence and timing of thromboembolic pulmo- 
nary hypertension.” The results indicate that thromboembolic pulmo- 
nary hypertension is more common and occurs earlier than previously 
thought. On prospective followup of 223 patients with documented 
PE, the cumulative incidence of chronic thromboembolic pulmonary 
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hypertension was 3.8 percent at 2 years after diagnosis, despite state-of- 
the-art treatment for PE. The strongest independent risk factors were a 
history of PE (odds ratio: 19) and idiopathic PE at presentation (odds 
ratio: 5.7).°° 


OBJECTIVES AND PRINCIPLES OF 
ANTITHROMBOTIC TREATMENT 


The objectives of treatment in patients with established VTE are to (1) 
prevent death from PE, and (2) prevent morbidity from recurrent DVT 
or PE, especially the postthrombotic syndrome and chronic pulmonary 
hypertension. 

For most patients, these objectives are achieved by providing ade- 
quate anticoagulant treatment. Thrombolytic therapy is indicated in 
selected patients (see “Thrombolytic Therapy” below). Use of an infe- 
rior vena cava filter is indicated to prevent death from PE in patients 
in whom anticoagulant treatment is absolutely contraindicated and in 
other selected patients (see “Anticoagulant Therapy” below). These rec- 
ommendations and those below are linked to the strength of the evi- 
dence from clinical trials and evidence-based guidelines.”*°*”** 


ANTICOAGULANT THERAPY 


Anticoagulant therapy is the treatment of choice for most patients 
with proximal vein thrombosis or PE.*°”°* Patients with proximal DVT 
require both adequate initial anticoagulant treatment with heparin or 
low-molecular-weight (LMW) heparin and adequate long-term anti- 
coagulant therapy to prevent recurrent VTE.*'® Anticoagulant ther- 
apy for at least 3 months is required to prevent a high frequency (15 to 
25 percent) of symptomatic extension of thrombosis and/or recurrent 
venous thromboembolic events.°"*' Adequate anticoagulant treatment 
reduces the incidence of recurrence during the first 3 months after diag- 
nosis to 5 percent or less.°!°°"! 

The absolute contraindications to anticoagulant treatment include 
intracranial bleeding, severe active bleeding, recent brain, eye, or spinal 
cord surgery, and malignant hypertension. Relative contraindications 
include recent major surgery, recent cerebrovascular accident, active 
gastrointestinal tract bleeding, severe hypertension, severe renal or 
hepatic failure, and severe thrombocytopenia (platelets <50 x 10°/L). 


Parenteral Anticoagulants 

Heparin and Low-Molecular-Weight Heparin Initial therapy with 
continuous intravenous heparin was the standard approach to treat- 
ment of VTE during the 1970s and 1980s. During the 1990s, LMW hep- 
arin given by subcutaneous injection once or twice daily was evaluated 
by clinical trials and shown to be as effective and safe as continuous 
intravenous heparin for the initial treatment of patients with proximal 
DVT and submassive PE.*”**° The advantage of LMW heparin is that it 
does not require anticoagulant monitoring. LMW heparin given subcu- 
taneously once or twice daily is preferred over intravenous unfraction- 
ated heparin for the initial treatment of most patients with either DVT 
or PE. LMW heparin enables outpatient therapy for many patients 
with uncomplicated DVT and selected patients with PE. Intravenous 
unfractionated heparin remains a useful approach for initial anticoagu- 
lant therapy in patients with severe renal failure. Initial treatment with 
LMW heparin or unfractionated heparin should be continued for at 
least 5 days. Table 133-2 lists the specific LMW heparin regimens for 
the treatment of VTE. 

If unfractionated heparin is used for initial therapy, it is important 
to achieve an adequate anticoagulant effect, defined as an activated partial 
thromboplastin time (aPTT) above the lower limit of therapeutic range 
within the first 24 hours. Failure to achieve an adequate aPTT effect 
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TABLE 133-2. Anticoagulant Drug Regimens for 


Treatment of Venous Thromboembolism 


Drug Regimen 
LOW-MOLECULAR-WEIGHT HEPARINS 


Enoxaparin 1.0 mg/kg BID* 
Dalteparin 200 IU/kg once daily* 
Tinzaparin 175 IU/kg once daily* 
Nadroparin 6150 IU BID for 50-70 kg 
4100 IU BID if patient weighs <50 kg 
9200 IU BID if patient weighs >70 kg 
Reviparin 4200 IU BID for 46-60 kg 


3500 IU BID if patient weighs 35-45 kg 
6300 IU BID if patient weighs >60 kg 
INDIRECT FACTOR Xa INHIBITOR 
Fondaparinux 7.5 mg once daily if patient weight 50-100 kg 
5.0 mg once daily if patient weight <50 kg 
10.0 mg once daily if patient weight >100 kg 
DIRECT ORAL ANTICOAGULANTS 
Dabigatran 


150 mg BID after 5 days of parenteral 
low-molecular-weight heparin or heparin 


Rivaroxaban 15 mg BID for 21 days, then 20 mg once daily 


Taken with food 


Apixaban 10 mg BID for 7 days, then 5 mg BID 
After 6 months, 2.5 mg BID for extended therapy 
Edoxaban 60 mg once daily after 5 days of parenteral 


low-molecular-weight heparin or heparin’ 


*A once-daily regimen of 1.5 mg/kg can be used but probably is less 
effective in patients with cancer. 

tAfter 1 month, can be followed by 150 IU/kg once daily as an alterna- 
tive to an oral vitamin K antagonist for long-term treatment. 

*This regimen can also be used for long-term treatment as an alterna- 
tive to an oral vitamin K antagonist. 

530 mg once daily if patient’s creatinine clearance is 30-50 mL/min or 
weight is <60 kg or if patient is taking strong P-glycoprotein inhibitor 
drugs. 


early during therapy is associated with a high incidence (25 percent) of 
recurrent VTE.® Two-thirds of the recurrent events occur between 2 and 
12 weeks after the initial diagnosis despite treatment with oral anticoag- 
ulants, and the initial management with either unfractionated heparin or 
LMW heparin is critical to the patient's long-term outcome.** 
Fondaparinux The synthetic pentasaccharide fondaparinux, 
which is an indirect inhibitor of factor Xa, has been evaluated by large 
randomized clinical trials.6*% These studies indicate fondaparinux is as 
effective and safe as LMW heparin for treatment of established DVT 
and as effective and safe as intravenous heparin for treatment of symp- 
tomatic PE. Fondaparinux is given subcutaneously once daily at a dose 
of 7.5 mg for patients weighing between 50 and 100 kg (85 percent of 
all patients evaluated in the clinical trials), 5 mg for patients weighing 
less than 50 kg, and 10 mg for patients weighing more than 100 kg.%* 


Oral Anticoagulants 

Vitamin K Antagonists Oral anticoagulant treatment using a vitamin 
K antagonist (e.g., sodium warfarin) has been the standard approach for 
long-term treatment in most patients for more than 60 years. Treatment 


with a vitamin K antagonist is started with initial heparin or LMW 
heparin therapy and overlapped for 4 to 5 days. 

The preferred intensity of the anticoagulant effect of treatment 
with a vitamin K antagonist has been established by clinical trials.°-” 
The dose of vitamin K antagonist should be adjusted to maintain the 
international normalized ratio (INR) between 2.0 and 3.0. High-inten- 
sity vitamin K antagonist treatment (INR 3.0 to 4.0) should not be used 
because it has not improved effectiveness in patients with the antiphos- 
pholipid syndrome and recurrent thrombosis’! and has caused more 
bleeding.” Low-intensity therapy (INR 1.5 to 1.9) is not recommended 
because it is less effective than standard-intensity treatment (INR 2.0 to 
3.0) and does not reduce bleeding complications.” 

Long-term treatment with LMW heparin is indicated for select 
patients in whom vitamin K antagonists are contraindicated (e.g., preg- 
nant women), and in patients with concurrent cancer for whom LMW 
heparin regimens are more effective. 76 

Direct Oral Anticoagulants Oral anticoagulants that bind directly 
to the target coagulation enzyme of either thrombin or factor Xa have 
been evaluated in phase III clinical trials for the treatment of patients with 
VTE (Chap. 25).”*”* The advantages of these drugs are: (1) they can be 
administered orally once or twice daily without the need for anticoag- 
ulant monitoring and dose titration; (2) they have fewer clinically rele- 
vant drug interactions; (3) because of a fast onset of anticoagulant action, 
similar to that of LMW heparin, they can simplify treatment for many 
patients by replacing the standard approach ofa parenteral drug (heparin, 
LMW heparin or fondaparinux) followed by an oral vitamin K antago- 
nist with a single drug given for both initial and long-term therapy; and 
(4) they result in less clinically important bleeding. Table 133-2 lists the 
direct-acting oral anticoagulant (DOAC) regimens that have been evalu- 
ated by clinical trials for the treatment of established VTE. 

Six phase HI clinical trials evaluating the DOACs for the treatment 
of acute VTE have been completed and published.” Table 133-3 
outlines the design features of these trials and the efficacy and bleeding 
results. Each of these trials met the prespecified criteria for noninferior- 
ity of the efficacy of the DOAC for preventing recurrent VTE. 

The six trials included more than 27,000 patients with acute VTE, 
and meta-analyses of these studies has been done.” The meta-anal- 
yses provide added clinically useful information regarding specific 
major bleeding outcomes (intracranial bleeding and fatal bleeding), 
and regarding the risk-to-benefit profile in key patient subgroups 
commonly encountered by the clinician. These subgroups are patients 
presenting with symptomatic PE or symptomatic DVT, the elderly 
(age =75 years), the obese, patients with moderate renal impairment 
(creatinine clearance 30 to 49 mL/min), and patients with cancer. The 
DOACSs were associated with clinically important reductions in major 
bleeding (relative risk [RR] 0.61), intracranial bleeding (RR 0.37), and 
fatal bleeding (RR 0.36).” For each of these outcomes, the results are 
consistent among the trials; none of the trials have a point estimate for 
these outcomes in favor of the vitamin K antagonists (supplementary 
data online”). The number of patients who would need to be treated 
with a DOAC rather than a vitamin K antagonist to avoid one event of 
intracranial bleeding is 588, and for fatal bleeding is 1250. In view of 
the large number of VTE patients each year, and the devastating nature 
of these bleeding events, these are important impacts on population 
health. The results of cost-effectiveness studies have shown the DOACs 
to be cost-effective. 

Regarding the key patient subgroups evaluated, the noninferior 
efficacy of the DOACs was consistent across all subgroups, with pos- 
sibly superior efficacy in the elderly and in cancer patients.” The safety 
advantage of reduced major bleeding was also consistent across the sub- 
groups, except possibly in cancer patients, in whom the pooled estimate 
of a 33 percent risk reduction did not achieve statistical significance. 
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TABLE 133-3. Clinical trials of direct oral anticoagulants for treatment of venous thromboembolism. 


Hokusai-VTE” AMPLIFY” EINSTEIN-DVT”* EINSTEIN-PE” RE-COVER II”* RE-COVER I7? 
Drug Edoxaban Apixaban Rivaroxaban Rivaroxaban Dabigatran Dabigatran 
Study Double-blind Double-blind Open label Open label Double-blind Double blind 
design 
Heparin At least 5 days None None None At least 5 days At least 5 days 
lead-in 
Regimen 60mg QD 10 mg BID x 15 mg BID x 21 days 15mg BID x 21 days 150 mg BID 150 mg BID 
30 mg QD if CrCl 7 daysthen5mg then 20mg QD then 20 mg QD 
30-50 mL/min, BID 
bw <60 kg or 
P-gp inhibitors 
Sample 8292 5400 3449 4832 2568 2564 
size 
Treatment Flexible: 3-12 6 months Prespecified: 3,6,o0r12 Prespecified:3,6,or | 6months 6 months 
duration months months 12 months 
Recurrent Edoxaban3.2%* Apixaban 2.3% Rivaroxaban 2.1% Rivaroxaban 2.1% Dabigatran 2.4%  Dabigatran 
VTE LMW(Hep)/ Enoxaparin/ Enoxaparin/VKA Enoxaparin/VKA 1.8% Warfarin 2.1% 2.3% 
warfarin 3.5%* warfarin 2.7% 3.0%** P=0.003 P <0.001 Warfarin 2.2% 
P <0.001 P <0.001 P <0.001 noninferiority noninferiority noninferiority P <0.001 
noninferiority noninferiority noninferiority 
Major Edoxaban 1.4% Apixaban 0.6% Rivaroxaban 0.8% Rivaroxaban 1.1% Dabigatran 1.6% Dabigatran 
bleeding  LMW(Hep)/ Enoxaparin/ Enoxaparin/VKA 1.2% — Enoxaparin/VKA 2.2% Warfarin 1.9% 1.2% 
warfarin 1.6% warfarin 1.8% P = 0.003 superiority Warfarin 1.7% 
P <0.001 
superiority 
CRNM Edoxaban 7.2% Apixaban 3.8% Rivaroxaban 7.3% Rivaroxaban 9.5% Dabigatran 5.6%° Dabigatran 
bleeding  LMW(Hep)/ Enoxaparin/war-  Enoxaparin/VKA 7.0% — Enoxaparin/VKA 9.8% Warfarin 8.8% 5.0%? 
warfarin 8.9% farin 8.0% P = 0.002 Warfarin 7.9% 
P = 0.004 P <0.001 superiority P <0.05 
superiority superiority superiority 


bw, Body weight; CrCl, creatinine clearance; CRNM, clinically relevant non-major bleeding; Hep, heparin; LMW, low molecular weight; P-gp, P 


glycoprotein; VKA, vitamin K antagonist; VTE, venous thromboembolism. 


*During overall study period. On-treatment rates were 1.6% for edoxaban and 1.9% for heparin/warfarin. The analysis for all the other studies 


used rates on treatment. 


**Either warfarin or acenocoumarol was used for the vitamin K antagonist therapy. 
Rates are for the composite of major and clinically relevant nonmajor bleeding. 


Adapted with permission from Raskob G, Buller H, Prins M, et al: Edoxaban for the long-term treatment of venous thromboembolism: Ratio- 
nale and design of the Hokusai-venous thromboembolism study—Methodological implications for clinical trials. J Thromb Haemost 11(7): 


1287-1294, 2013. 


The DOACs are preferred over vitamin K antagonists in most new 
patients commencing anticoagulant treatment for VTE. The exceptions 
are patients with severe renal impairment (creatinine clearance <30 
mL/min), because they were not included in the clinical trials, and can- 
cer patients, because only relatively small numbers of selected cancer 
patients were included, and because clinical trials comparing DOACs to 
the currently recommended standard therapy with LMW heparin have 
not been performed. For patients already taking long-term vitamin K 
antagonist therapy who are well controlled with a high proportion of 
time in therapeutic range, and for whom regular anticoagulant moni- 
toring is not a burden, switching treatment to a DOAC is not indicated 
unless a clinical reason develops. 

Some practical issues remain incompletely resolved. Rivarox- 
aban and apixaban can be used as a single-drug approach, whereas 
dabigatran and edoxaban are preceded by at least 5 days of heparin or 
LMW heparin treatment. Whether DOAC monotherapy is sufficient for 


the full spectrum of VTE severity, or whether “lead-in” heparin treat- 
ment is preferred in some patients, such as those with PE who have 
right ventricular dysfunction,” remains uncertain. The DOACs cur- 
rently lack a specific reversal agent. In general, this should not be a rea- 
son to withhold from most patients the benefit of significantly reduced 
risks of major bleeding, intracranial bleeding and fatal bleeding with the 
DOACs. For the near term, vitamin K antagonists may be preferred in 
patients in whom prompt and measurable reversal of the anticoagulant 
effect will be required because of planned surgery or invasive proce- 
dures. Multiple rapid reversal agents for the DOACs are currently in 
development. Because the DOACs do not require laboratory monitor- 
ing, patients receiving DOACs may have less-frequent contact with their 
physician or anticoagulation clinic, and nonadherence to the prescribed 
therapy may not be detected as readily. Physicians and health systems 
should employ evidence-based strategies to enhance adherence and 
should evaluate patients at intervals to assess if ongoing anticoagulant 
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therapy is appropriate and adhered to. The effectiveness and safety of 
the DOACs compared with LMW heparin treatment in cancer patients 
with VTE has not been evaluated, and LMW heparin remains indicated 
for these patients. 


Duration of Anticoagulant Therapy 

Anticoagulant treatment should be continued for at least 3 months in all 
patients with VTE.” Stopping treatment at 4 to 6 weeks resulted in 
an increased incidence of recurrent VTE during the following 6 months 
(absolute risk increase: 8 percent).°” -° In contrast, treatment for 3 to 6 
months resulted in a low rate of recurrence during the following 1 to 2 
years (annual incidence 3 percent).®-8 

The decision to stop anticoagulant therapy, or continue treatment 
after 3 months is influenced mainly by the patient’s clinical presentation 
of thromboembolism as either “provoked,” which refers to VTE occur- 
ring in association with known risk factors, or “unprovoked, in which 
identifiable risk factors for VTE are absent. Approximately 20 to 40 per- 
cent of all symptomatic patients present as unprovoked VTE. 

In patients with a first episode of DVT or PE provoked by a revers- 
ible risk factor (e.g., surgery), treatment for 3 months is usually suffi- 
cient if the risk factor(s) is no longer present. If the risk factor(s) persist, 
for example prolonged immobility or cancer, treatment should be con- 
tinued until the risk factor is reversed. It has been a customary practice 
to treat patients with PE for 6 months rather than 3 months, but the 
clinical trials indicate there is little to no added benefit of doing so, with 
a small but additional risk of bleeding.* Thus, for patients with DVT or 
PE provoked by a risk factor that has reversed, 3 months is sufficient and 
recommended over longer therapy.” 

Patients with a first episode of unprovoked VTE should be consid- 
ered for indefinite anticoagulant therapy.*”** The term “indefinite” refers 
to continued treatment without a scheduled stopping date; treatment 
may be stopped in the future if the patient’s risk-to-benefit profile or 
preference for continued treatment changes. The decision to stop or 
continue anticoagulation after 3 months in patients with a first episode 
of unprovoked VTE should take into consideration the risk of recurrent 
VTE, the risk of bleeding, and patient preference. If indefinite antico- 
agulant treatment is chosen, the risks and benefits of continuing such 
treatment should be reassessed at periodic intervals.” 

There has been significant research to develop strategies to aid the 
clinician in assessing the risk of recurrent VTE in patients with unpro- 
voked VTE. The presence of residual DVT assessed by compression 
ultrasonography,* elevated levels of plasma D-dimer after discontin- 
uing anticoagulant treatment," and male gender” are associated with 
an increased incidence of recurrent thromboembolism. The challenge, 
however, has been to identify the subgroup of patients with a sufficiently 
low annual risk of recurrence to warrant stopping anticoagulant ther- 
apy. Palaretti and colleagues evaluated an approach for patients with a 
first episode of unprovoked VTE or VTE associated with a minor risk 
factor (e.g., estrogens, pregnancy, or travel related thrombosis) which 
combined evaluation of the presence or absence of residual thrombosis 
by ultrasonography with serial D-dimer measurement to guide the deci- 
sion to stop or continue anticoagulant therapy.* Patients in whom resid- 
ual vein thrombosis was absent after 3 months of treatment, or in those 
with residual vein thrombosis who had been treated for at least 1 year, 
and who had serially negative D-dimer measurements for 3 months 
after stopping vitamin K antagonist treatment, had an annual rate of 
recurrent VTE of 3 percent during followup off anticoagulant therapy; 
this compared to 0.7 percent per year in 373 patients who resumed anti- 
coagulation because of an elevated D-dimer measurement, and 8.8 per- 
cent per year among the 109 patients with elevated D-dimer who did 
not continue anticoagulant therapy.*® An annual risk of recurrent VTE 
of 3 percent may be low enough to discontinue therapy in patients in 


whom the annual risk of bleeding, especially major bleeding, is similar 
or higher. However, if the risk of major bleeding is low, for example 1 
percent per year or lower, then the annual risk of recurrent VTE of 3 
percent may not be sufficiently low to stop anticoagulation, especially 
if the patient’s preference is on avoiding further recurrent VTE events. 

A variety of thrombophilic conditions have been identified and can 
be evaluated in the laboratory. These include deficiencies of the natu- 
rally occurring inhibitors of coagulation such as antithrombin, protein 
C, and protein S; specific gene mutations including factor V Leiden 
and prothrombin 20210A; elevated levels of coagulation factor VIII; 
and the presence of antiphospholipid antibodies (Chap. 131). The role 
of the presence or absence of thrombophilia in guiding decisions about 
duration of therapy has been controversial and is incompletely resolved. 
Indefinite anticoagulant treatment should be considered in patients with 
a first episode of VTE and antiphospholipid antibodies or the presence 
of one or a combination of the more potent thrombophilias (deficiency 
of antithrombin, protein C or protein S, homozygous factor V Leiden, 
or prothrombin 20210A gene mutation, or one of these with a family 
history of VTE). Again, patient preference is important to the decision. 

The DOACs have been evaluated by randomized trials for the 
extended treatment of patients with VTE who have completed an initial 
course of 6 months of anticoagulant therapy.”**”° Most of the patients in 
these trials had unprovoked VTE at their initial presentation and all had 
clinical equipoise about the benefit to risk tradeoff of receiving extended 
anticoagulant therapy. The results of the trials are consistent. The DOACs 
produced 80 percent or greater reductions in the annual incidence of 
recurrent VTE of 7 to 9 percent per year in patients receiving placebo to 
approximately 2 percent per year in those given DOACs.”**”-® The rates of 
major bleeding were 0.1 to 0.7 percent. Clinically relevant nonmajor bleed- 
ing occurred in 3 to 4 percent of patients.” In the AMPLIFY Exten- 
sion trial,” the rate of major bleeding for the 2.5 mg apixaban regimen was 
0.2 percent per year, compared with 0.5 percent for placebo. The low rates 
of major bleeding, coupled with the advantage of not requiring laboratory 
monitoring of the anticoagulant effect, will likely tip the balance in favor of 
extended treatment for more patients with unprovoked VTE. 

Aspirin has also been evaluated for the extended treatment of 
patients with a first episode of unprovoked VTE who have received a 
course of 6 months or more of anticoagulant therapy.”’*' Aspirin pro- 
duced a statistically significant 42 percent RR reduction in recurrent 
VTE in one study (from 11.2 percent to 6.6 percent per year), and 
a nonsignificant (p = 0.09) 26 percent RR reduction in the second 
study (from 6.5 percent to 4.8 percent per year).”’ The rates of major 
bleeding for aspirin (0.5 to 0.6 percent per year) were similar to pla- 
cebo. Although intuitive to the clinician, there is no data to indicate that 
aspirin causes less major bleeding than the DOACs, although it is likely 
that the efficacy for preventing recurrent VTE is significantly less (only 
about half as effective as the DOACs). 

Oral anticoagulant treatment should be given indefinitely for most 
patients with a second episode of unprovoked VTE,”*” because stop- 
ping treatment at 3 to 6 months in these patients results in a high inci- 
dence (21 percent) of recurrent VTE during the following 4 years.” The 
risk of recurrent thromboembolism during 4-year followup was reduced 
by 87 percent (from 21 percent to 3 percent) by continuing anticoagulant 
treatment”; this benefit is partially offset by the risk of bleeding. 


Anticoagulant Therapy of Venous Thromboembolism in 
Cancer Patients 

Use of LMW heparin for long-term treatment of VTE has been eval- 
uated in clinical trials.” The studies indicate that long-term treat- 
ment with subcutaneous LMW heparin for 3 to 6 months is at least as 
effective as, and in cancer patients is more effective than, an oral vita- 
min K antagonist adjusted to maintain the INR between 2.0 and 3.0. 


Therefore, patients with VTE associated with concurrent cancer should 
be treated with LMW heparin for the first 3 to 6 months of long-term 
treatment.°*’** The patients then should receive anticoagulation indef- 
initely or until the cancer resolves. The regimens of LMW heparin that 
are established as effective for long-term treatment are dalteparin 200 
U/kg once daily for 1 month, followed by 150 U/kg daily thereafter, or 
tinzaparin 175 U/kg once daily. 


Anticoagulant Therapy During Pregnancy 

LMW heparin or adjusted-dose subcutaneous heparin are the options for 
anticoagulant therapy of pregnant patients with VTE. °° LMW heparin 
is preferred because it has the safety advantages of causing less thrombo- 
cytopenia and probably less osteoporosis than unfractionated heparin An 
additional advantage is that LMW heparin is effective when given once 
daily, whereas unfractionated heparin requires twice-daily injection. A 
study indicates no major change in the peak anti-factor Xa levels over 
the course of pregnancy in most patients treated with a once-daily thera- 
peutic LMW heparin regimen (tinzaparin 175 U/kg). Measurement of 
the anti-factor Xa level may provide reassurance that major drug accu- 
mulation is not occurring. However, the appropriate dose adjustments in 
response to a decreased anti-factor Xa level are uncertain. The DOACs 
have not been evaluated in pregnant patients. Evidence-based guidelines 
for antithrombotic therapy during pregnancy are available.” 


Side Effects of Anticoagulant Therapy 

Bleeding Bleeding is the most common side effect of anticoagulant 
therapy. Bleeding can be classified as major or clinically relevant non- 
major according to standardized international criteria. Major bleeding is 
defined as clinically overt bleeding resulting in a decline of hemoglobin 
of at least 2 g/dL, transfusion of at least 2 U of packed red cells, or bleed- 
ing that is retroperitoneal or intracranial, or occurs into other critical 
spaces. The rates of major bleeding in contemporary clinical trials of ini- 
tial therapy with intravenous heparin, LMW heparin, or fondaparinux 
are 1 to 2 percent.**”*s Patients at increased risk of major bleeding are 
those who have undergone surgery or experienced trauma within the 
previous 14 days; those with a history of gastrointestinal or intracranial 
bleeding, peptic ulcer disease, or genitourinary bleeding; and those with 
miscellaneous conditions predisposing to bleeding, such as thrombocy- 
topenia, liver disease, and multiple invasive lines. 

Major bleeding occurs in approximately 1 to 2 percent of patients 
during the first 3 months of oral anticoagulant treatment using a vita- 
min K antagonist and in 1 to 3 percent per year of treatment thereafter.” 
A meta-analysis suggests the clinical impact of major bleeding during 
long-term oral vitamin K antagonist treatment is greater than widely 
appreciated.” The estimated case fatality rate for this major bleeding 
is 13 percent, and the rate of intracranial bleeding was 1.15 per 100 
patient-years. These risks are important considerations in the decision 
about extended or indefinite anticoagulant therapy in patients with 
VTE. As noted above, clinical trials of the DOACs and meta-analysis 
indicate clinically important lower rates of bleeding, including major, 
intracranial, and fatal bleeding than the vitamin K antagonists.”*” 

Heparin-Induced Thrombocytopenia (See also Chap. 118.) 
Heparin or LMW heparin may cause thrombocytopenia. In large clini- 
cal studies of acute VTE treatment, thrombocytopenia occurred in less 
than 1 percent of more than 2000 patients treated with unfractionated 
heparin or LMW heparin.“ Nevertheless, heparin-induced thrombocy- 
topenia can be a serious complication when accompanied by extension or 
recurrence of VTE or the development of arterial thrombosis. Such com- 
plications may precede or coincide with the fall in platelet count and are 
associated with a high rate of limb loss and a high mortality. Heparin in 
all forms should be discontinued when the diagnosis of heparin-induced 
thrombocytopenia is made on clinical grounds, and treatment with an 
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alternative anticoagulant, such as danaparoid, bivalirudin, or argatroban, 
should be initiated. The DOACs have potential to be useful for anticoag- 
ulant therapy in patients with heparin-induced thrombocytopenia, but 
their use has not been evaluated by clinical trials in this patient group. 

Heparin-Induced Osteoporosis Osteoporosis may occur as 
a result of long-term treatment with heparin or LMW heparin (usu- 
ally after more than 3 months). The earliest clinical manifestation of 
heparin-associated osteoporosis usually is nonspecific low back pain 
primarily involving the vertebrae or the ribs. Patients also may pres- 
ent with spontaneous fractures. Up to one-third of patients treated 
with long-term heparin may have subclinical reduction in bone den- 
sity. Whether these patients are predisposed to future fractures is not 
known. The incidence of symptomatic osteoporosis in clinical trials of 
LMW heparin treatment for 3 to 6 months was very low and are not 
increased compared to warfarin treatment. Patients with osteoporosis 
or fractures often had other risk factors such as bone metastases. 

Other Side Effects of Heparin Heparin or LMW heparin 
may cause elevated liver transaminase levels. These elevations are of 
unknown clinical significance and usually return to normal after the 
heparin or LMW heparin is discontinued. Awareness of this biochemi- 
cal effect is important so as to avoid unnecessary interruption of hepa- 
rin therapy and unnecessary liver biopsies in patients who may develop 
elevated transaminase levels during heparin or LMW heparin therapy. 
Additional rare side effects of heparin include hypersensitivity and skin 
reactions, such as skin necrosis, alopecia, and hyperkalemia occurring 
as a result of hypoaldosteronism. 


THROMBOLYTIC THERAPY 


Thrombolytic therapy is indicated for patients with PE who present 
with hypotension or shock, and for select patients with PE who have 
evidence of right ventricular dysfunction and are at high risk of hemo- 
dynamic collapse.” Thrombolytic therapy provides more rapid lysis of 
pulmonary emboli and more rapid restoration of right ventricular func- 
tion and pulmonary perfusion than does anticoagulant treatment.*°”*”” 
Effective regimens are 100 mg of recombinant tissue plasminogen 
activator by intravenous infusion over 2 hours (50 mg/h), or 30 to 50 
mg (depending on body weight) of tenecteplase given as a single bolus 
injection.” Heparin then is given by continuous infusion once the 
thrombin time or aPTT is less than twice the control value.” The 
starting infusion dose is 1000 U/h. Chapters 25 and 135 provide further 
details of thrombolytic therapy. 

The recently reported PEITHO trial” evaluated the effectiveness 
and safety of thrombolysis with tenecteplase followed by anticoagulant 
therapy compared with anticoagulant therapy alone in 1006 patients 
with PE and evidence of both right ventricular dysfunction by echocar- 
diography or CT scan, and evidence of myocardial injury by the results 
of troponin I or troponin T measurement. The primary outcome of death 
or hemodynamic compensation (or collapse) within 7 days occurred in 
13 of 506 patients (2.6 percent) given thrombolysis, compared with 28 
of 499 (5.6 percent) receiving anticoagulant therapy alone (p = 0.02). ° 
Stroke occurred in 12 patients (2.4 percent) in the thrombolysis group, 
compared with one (0.2 percent) in the anticoagulant alone group 
(p = 0.003). Extracranial bleeding occurred in 32 patients (6.3 percent) 
given thrombolysis, and in six patients (1.2 percent) receiving anti- 
coagulant therapy alone (p <0.001). At day 7, death had occurred in 
six patients (1.2 percent) given thrombolysis and in nine patients 
(1.8 percent) given anticoagulant therapy alone; the corresponding rates 
at day 30 were 2.4 percent and 3.2 percent, respectively.” The findings 
indicate thrombolytic therapy prevented hemodynamic decompensa- 
tion, but increased the risk of major bleeding and stroke. The study was 
not large enough to resolve the key question of whether thrombolysis 
will improve survival. At present, the risk of thrombolysis outweighs 
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the benefit for most patients with PE who do not have hypotension but 
who do have evidence of right ventricular dysfunction. Further trials 
are needed in this group of patients. 

The role of thrombolytic therapy in patients with DVT is limited. 
Thrombolytic therapy may be indicated in patients with acute massive 
proximal vein thrombosis (phlegmasia cerulea dolens with impending 
venous gangrene) or in occasional patients with extensive iliofemoral 
vein thrombosis who have severe symptoms because of venous outflow 
obstruction. Thrombolytic therapy can be given by systemic infusion 
or catheter-directed infusion. Catheter-directed thrombolysis (CDT) is 
probably effective for reducing the incidence of the postphlebitic syn- 
drome.’ Although it was hoped that the catheter-directed approach 
might be associated with a lower risk of major bleeding, particularly 
intracranial bleeding, than systemic injection, comparative effectiveness 
research data suggest the risks of bleeding still outweigh the benefits of 
this approach.” From a national database of more than 90,000 patients 
with a principal diagnosis of proximal DVT or thrombosis involving the 
vena cava, the outcomes of the 3600 patients who received CDT with 
a similar number of propensity-matched patients treated with antico- 
agulation alone were compared. The CDT patients were more likely to 
have intracranial bleeding (0.9 percent vs. 0.3 percent), and transfusion 
(11.1 percent vs. 6.5 percent), and more likely to have filter placement 
(34.8 percent vs. 15.6 percent) and to experience PE (17.9 percent vs. 
11.4 percent).'"' The important message from this analysis of CDT use 
in practice is that the rate of intracranial bleeding is appreciable (0.9 per- 
cent) and not sufficiently low to recommend the use of CDT for DVT, 
other than exceptional circumstances such as threatened limb viability. 


INFERIOR VENA CAVA FILTER 


Insertion of an inferior vena cava filter is indicated for patients with 
acute VTE and an absolute contraindication to anticoagulant therapy 
and also indicated for the rare patients who have objectively docu- 
mented recurrent VTE during adequate anticoagulant therapy. 

Insertion of a vena cava filter is effective for preventing PE. How- 
ever, use of a permanent filter results in an increased incidence of recur- 
rent DVT 1 to 2 years after insertion (increase in cumulative incidence 
at 2 years increases from 12 percent to 21 percent). Therefore, if the 
indication for filter placement is transient, such as a contraindication 
to anticoagulation as the result of a temporary high risk of bleeding, a 
retrievable vena cava filter should be used. A retrievable filter can then 
be removed in the several weeks to months later, once the filter is no 
longer required. If a permanent filter is placed, long-term anticoagulant 
treatment should be given as soon as safely possible to prevent morbid- 
ity from recurrent DVT. 
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CHAPTER 134 
ATHEROTHROMBOSIS: 
DISEASE INITIATION, 
PROGRESSION, AND 
TREATMENT 


Emile R. Mohler IIl and Andrew I. Schafer 


The consequences of atherosclerotic vascular disease are the leading cause 
of morbidity and mortality in the developed countries of the world and are 
rapidly approaching that status in the developing world. This chapter reviews 
the pathologic mechanisms of atherosclerotic disease development and pro- 
gression, and details the interaction of these processes with the coagulation 
system. The earliest morphologically visible lesion of arterial atherosclerosis, 
the fatty streak, already is an advanced metabolic and immunologic locus that 
manifests as abnormalities of vascular tone, inflammation, cellular growth, 
and endothelial cell dysfunction. After years to decades, the lesions advance 
to form plaques that grow and eventually either impinge on the arterial lumen 
or rupture. Rupture of a vulnerable plaque is a catastrophic event that, through 
activation of both platelets and the coagulation cascade, triggers thrombo- 
sis, which leads to complete occlusion, and unless collateral circulation has 
already been established, results in tissue ischemia. Based on an increased 
understanding of the pathogenesis and consequences of atheromatous plaque 
development and progression, medical management of atherothrombotic 
syndromes has improved and is reviewed for the coronary, cerebrovascular, 
and peripheral arteries. 


Acronyms and Abbreviations: ACC, American College of Cardiology; ACCP American 
College of Chest Physicians; ACS, acute coronary syndrome; AHA, American Heart 
Association; apo, apolipoprotein; aPTT, activated partial thromboplastin time; CABG, 
coronary artery bypass graft; CAD, coronary artery disease; CAPRIE, Clopidogrel Versus 
Aspirin in Patients at Risk of Ischaemic Events; CCL, CC chemokine ligand; CK, creatine 
kinase; CVD, cardiovascular disease; ECG, electrocardiogram; eNOS, endothelial nitric 
oxide synthase; EPC, endothelial progenitor cell; EV, extracellular vesicle; HAART, 
highly active antiretroviral therapy; HDL, high-density lipoprotein; hsCRP, high- 
sensitivity C-reactive protein; IFN, interferon; Ig, immunoglobulin; IL, interleukin; 
LDL, low-density lipoprotein; Lp-PLA, lipoprotein phospholipase A,; MCP, monocyte 
chemoattractant protein; MHC, major histocompatibility complex; MI, myocardial 
infarction; NO, nitric oxide; NOX, nicotinamide adenine dinucleotide phosphate 
oxidase; NSTEMI, non—ST-segment elevation myocardial infarction; PAD, peripheral 
arterial disease; PAI, plasminogen-activator inhibitor; PCI, percutaneous coronary 
intervention; SLE, systemic lupus erythematosus; SNP, single nucleotide polymor- 
phisms; TF, tissue factor; TFPI, tissue factor pathway inhibitor; TGF, transforming 
growth factor; Th, T helper; t-PA, tissue-type plasminogen activator; VCAM, vascular 
cell adhesion molecule; VLDL, very-low-density lipoprotein; VWF, von Willebrand 
factor. 


@ ATHEROSCLEROSIS 


Atherothrombosis describes a disease process that begins with ath- 
erosclerosis and predisposes to thrombosis in the artery. In the 1850s, 
Virchow' described atherosclerosis as an inflammatory and prothrom- 
botic process. Rokitansky, and later Duguid, posited that atherosclerotic 
lesions are initiated by incorporation of platelet lipids into the vessel 
wall (“encrustation’) following thrombosis. It was subsequently demon- 
strated that insudation of plasma lipoproteins is responsible for most 
of the lipid content of the atherosclerotic lesions. In 1913, Anitschkow 
noted atherosclerosis developing in rabbits fed a relatively high choles- 
terol diet. Although the involvement of inflammation in atherosclerosis 
has been known for more than 100 years, the molecular mechanisms 
of atherosclerotic disease initiation and progression have become 
clearer only in the recent past.’ It is now understood that the classical 
disagreement between the “lipid” hypothesis and the “inflammation” 
hypothesis of atherogenesis can be reconciled because there is direct 
linkage between cholesterol deposition and arterial inflammation in the 
process.*# 

Lipid accumulation in the arterial intima, termed a fatty streak, 
can occur in adolescents and may progress in paroxysmal fashion to 
a hemodynamically significant lesion causing arterial insufficiency. 
Autopsy studies of young soldiers and young trauma victims indi- 
cated that occult coronary atherosclerotic plaques are commonly 
present in healthy individuals in their teens and twenties.°° In 
addition, intracoronary ultrasonograph studies demonstrated the 
presence of coronary atherosclerosis in 37 percent of healthy heart 
donors age 20 to 29 years, 60 percent of those age 30 to 39 years, 
and 85 percent of those older than age 50 years.’ Several theories are 
espoused for this propitious condition. One well-recognized theory 
is the response to injury hypothesis whereby the inciting event that 
predisposes to atherosclerosis is injury to the endothelial lining of the 
artery. This hypothesis was formulated in animal studies that showed 
vessel narrowing and intimal thickening after endothelial denudation 
with angioplasty.*? However, human pathologic studies of early ath- 
erosclerotic plaques indicate that endothelium is structurally present 
but is dysfunctional. The dysfunctional state of endothelium induces 
abnormalities in vascular tone, inflammation, growth, and thrombo- 
sis. Atherosclerotic risk factors contribute to endothelial dysfunction 
and promote atherosclerosis. This section describes the mechanisms 
responsible for endothelial dysfunction and the impact of atheroscle- 
rotic risk factors. 


ATHEROSCLEROTIC RISK FACTORS 


Increasing age, male gender, and heredity are the major athero- 
sclerotic cardiovascular disease risk factors that cannot be modified 
(Table 134-1). Abnormal lipids, smoking, improperly controlled hyper- 
tension, improperly controlled diabetes mellitus, abdominal obesity, 
physical inactivity, and psychosocial factors are established risk factors 
that can be modified, accounting for most of the risk of myocardial 
infarction worldwide in both sexes and at all ages." 

In addition to these traditional risk factors, newer risk factors have 
been recognized." With the use of highly active antiretroviral ther- 
apy (HAART), HIV-infected patients have demonstrated a dramatic 
overall increase in life expectancy.” At the same time, HAART-treated 
HIV patients also have an increased risk of developing premature car- 
diovascular disease over time. Both HIV viral proteins and the antiret- 
roviral drugs themselves cause endothelial dysfunction. They activate 
cell signaling cascades, induce oxidative stress, disturb mitochondrial 
function, alter gene expression, and impair lipid metabolism in vascular 
cells, macrophages, and adipocytes.’ 
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TABLE 134 Cardiovascular Risk Factors That Cause 
Impaired Endothelium-Dependent Vasodilation 
Smoking 

Dyslipidemia 


Hypertension 
Diabetes mellitus 
Hyperhomocysteinemia 


Cardiovascular morbidity and mortality is also recognized to be 
exceedingly high in patients with chronic renal failure.'*'® Increased 
risk of premature atherosclerotic cardiovascular disease in patients 
on chronic hemodialysis has been known for many years, but recent 
studies point to an increased risk even at early stages of chronic kidney 
diseases. Low glomerular filtration rates and/or proteinuria are inde- 
pendently associated with increased rates of cardiovascular disease." 
Other factors, such as sympathetic overactivity," are likely to contribute 
to the pathophysiology of cardiac risk in these patients. Among other 
emerging risk factors is obstructive sleep apnea, in which treatment may 
improve cardiovascular outcomes." 


ENDOTHELIAL DYSFUNCTION 


Cardiovascular risk factors and abnormal blood rheology are thought 
to result in endothelial dysfunction that predisposes the aorta and arter- 
ies to atherosclerotic plaque development, sparing the arterioles and 
capillaries (Fig. 134-1). Endothelial dysfunction is a term that encom- 
passes perturbations in the diverse physiologic functions of normal 
arteries, including regulation of vascular tone, inflammation, growth, 
and preservation of blood fluidity. Lipid accumulation” and endothelial 


dysfunction are intimately connected and seminal to the initiation and 
progression of atherosclerosis. Endothelial dysfunction occurs early in 
the development of plaque and is systemic in nature, afflicting vessels 
throughout the arterial circulation without gross evidence of atheroscle- 
rotic plaque formation. Emerging data indicate that proatherosclerotic 
genes are upregulated and antiatherosclerotic genes are downregulated 
in areas of turbulent blood flow, as seen at branch points of arteries,” 
resulting in vascular adhesion molecule expression and recruitment of 
monocytes.” The atherosclerotic plaque initially may expand outward 
rather than inward into the vessel wall, making some significant lesions 
difficult to visualize by angiography. The components of the mature ath- 
erosclerotic lesion include smooth muscle cells, macrophages, T lym- 
phocytes, and calcification, in addition to accumulation of lipoproteins.” 
Neutrophils and mast cells also are implicated in the atherosclerotic 
process.” Later in the process, increased activity of matrix metallo- 
proteinases in the atherosclerotic cap predisposes to plaque rupture or 
ulceration, resulting in tissue factor (TF) exposure and platelet adhe- 
sion, culminating in thrombus formation.” The thrombus may undergo 
endogenous fibrinolysis with plaque healing or become occlusive and 
produce organ damage (e.g., myocardial infarction [MI]). In severe 
lesions, lamellar bone, presumably from endochondral calcification, may 
appear.” There is evolving evidence that extracellular vesicles (EVs), also 
known as microparticles, are involved in the atherosclerotic process.” 
The following sections describe in detail the major manifestations of 
endothelial dysfunction that occur early in the atherosclerotic process. 


Abnormal Vascular Tone 

The importance of the endothelium in maintaining vascular tone 
was first recognized when endothelial cells of rabbit aorta were inad- 
vertently removed and resulted in paradoxical vasoconstriction after 
administration of acetylcholine.” The major endothelium-dependent 
vasodilator normally produced was found to be nitric oxide (NO), a free 
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Figure 134-1. Schematic showing the life span of the atherosclerotic plaque, beginning with the fatty streak and resulting in a thrombotic event. 
Cardiovascular risk factors and disturbed blood flow at branch points of vessels are thought to cause endothelial dysfunction that results in athero- 
sclerotic plaque development in the aorta and conduit arteries. Early lipid accumulation in the intimal layer is called the fatty streak. A series of stimuli, 
including lipid peroxidation, are thought to signal adhesion molecule expression on the endothelium, which results in monocyte adhesion and 
diapedesis into the intimal space. The monocytes develop into macrophages and become sessile with accumulation of lipid (foam cells). Smooth 
muscle cells, primarily from the media, enter the plaque and participate in cap formation. The plaque accumulates hydroxyapatite mineral and forms 
calcific deposits. Matrix metalloproteinases also accumulate in the lesion and may predispose to plaque rupture or ulceration resulting in tissue factor 
exposure and thrombus formation. Risk factor modification favors a more stable plaque, which may have relatively less lipid accumulation and more 
sclerotic tissue than an unstable plaque. Severe lesions may even develop lamellar bone. ACS, acute coronary syndrome; MI, myocardial infarction; 


TIA, transient ischemic attack. 


radical gas with multiple physiologic properties,” including inhibition 
of platelet aggregation and inflammation and stimulation of angiogene- 
sis. Numerous studies indicate that the endothelium does not vasodilate 


appropriately in the setting of traditional and emerging cardiovascular 
risk factors. Cardiovascular risk factors are thought to reduce NO avail- 
ability through a variety of mechanisms, including increased oxidative 
stress, through generation of reactive oxygen species, and in so doing 
create an environment conducive to development of atherosclerosis.” 
Major sources of reactive oxygen species are nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidases (NOXs). The catalytic sub- 
units of the NOXs are the NOX proteins and are found in atheroscle- 
rotic lesions.” A reduction in NO synthesis is thought to occur because 
of decreased availability of tetrahydrobiopterin, an essential cofactor for 
synthesis of NO.*' Administration of sepiapterin, a substrate for tetrahy- 
drobiopterin, improves endothelial dysfunction.” Also, recent evidence 
indicates that the transcription factor p53 and the adaptor protein Shc 
both play essential roles in impairing endothelium-dependent vascu- 
lar relaxation.” High cholesterol levels are thought to produce oxygen 
free radicals that may inactivate NO. NO synthases are the enzymes 
responsible for converting L-arginine to NO (Fig. 134-2) (Chap. 115). 
The enzyme may be perturbed by modified low-density lipoprotein 
(LDL), resulting in decreased NO production. Supplementation of the 
diet with L-arginine leads to improvement in endothelial-dependent 
vasodilation.** Elevated levels of asymmetric dimethylarginine, an 
endogenous competitive inhibitor of NO synthase, found in patients 
with hypercholesterolemia and diabetes, also may result in decreased 
NO availability.” Oxidized LDL is thought to increase the elaboration 
of asymmetric dimethylarginine by endothelial cells and decrease its 
degradation by the enzyme dimethylarginine dimethylaminohydro- 
lase.** Administration of acetylcholine to patients with elevated serum 
LDL” and relatively low high-density lipoprotein (HDL)** may result in 
abnormal vasoconstriction, which can be reversed with nitroglycerin 
(an endothelium-independent vasodilator). Intravenous infusion of 
HDL improves endothelial-mediated vasodilation through improved 
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Figure 134-2. Vascular tone depends on endothelial production 
and release of various vasoconstricting and vasodilating substances. 
The endothelial-derived vasodilators include nitric oxide (NO) and 
prostacyclin. NO is generated from the amino acid l-arginine by con- 
stitutive endothelial NO synthase (eNOS, or NOSIII). The enzyme is 
stimulated by blood flow across the endothelial surface (shear stress) 
or by chemical mediators, such as acetylcholine, which stimulate recep- 
tors on the endothelial surface. NO diffuses to the underlying smooth 
muscle cells (SMCs), where it stimulates guanylate cyclase to generate 
cyclic guanosine V monophosphate (cGMP), which causes smooth 
muscle relaxation and vasodilation. It also diffuses into blood, where it 
increases intraplatelet CGMP and thereby inhibits platelet adhesion and 
aggregation. 
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NO availability.” The decreased vasodilatory capacity because of dyslip- 
idemia may facilitate the development of coronary ischemia. 

Impaired endothelial vasodilation is noted with advanced aging,“ 
when the hands are exposed acutely to cold, and during mental stress. 
The impairment may be mediated by increased production of endothe- 
lin, a potent vasoconstrictor.” Sex differences are also seen in endothe- 
lial function as women in middle age tend to have more endothelial 
vasodilation than men at any age. Proinflammatory cytokines may 
induce formation of endothelial-derived EVs making them a surrogate 
marker for endothelial dysfunction“ and a biomarker for cardiovascu- 
lar events.* Infection with concomitant inflammation is associated with 
impaired endothelial vasodilation. For example, repeated infection with 
Chlamydia pneumoniae results in endothelial dysfunction via impaired 
NO availability. The combination of coronary artery disease and ele- 
vated serum levels of high-sensitivity C-reactive protein (hsCRP) is an 
independent predictor of abnormal endothelial vasoreactivity.” Exter- 
nal radiation therapy also results in endothelial dysfunction and may 
explain the increased risk of atherosclerosis in patients receiving mantle 
irradiation for Hodgkin lymphoma.* 


Endothelial Inflammation 

The endothelium does not routinely interact with inflammatory cells but 
is poised to express adhesion molecules after stimulation with inflam- 
matory mediators. An inflammatory response is thought to begin in the 
vessel wall after “invasion” of pathogenic lipoproteins.” The presence of 
lipoproteins, especially oxidized LDL, results in expression of adhesion 
molecules such as vascular cell adhesion molecule (VCAM)-1 on the 
luminal surface of endothelial cells, leading to adherence of monocytes 
(Fig. 134-3).*° Endothelial cell expression of adhesion molecules and 
accumulation of monocytes can be regarded as endothelial dysfunction 
because these events may occur in the absence of morphologic changes 
in the vessel wall. Inflammation may develop without the demonstrable 
presence of an external microbial pathogen. It is now recognized that 
diseases with inflammatory component such as psoriasis and systemic 
lupus erythematosus (SLE) confer an increased risk for atherosclerosis 
and MI.°' The complex interactions of inflammation and the endothe- 
lium on the initiation and progression of atherosclerosis are reviewed in 
more detail in “Inflammation and Atherosclerosis” below. 


Abnormal Control of Vascular Growth: Smooth Muscle Cells 
and Extracellular Matrix 

Normal endothelium inhibits vascular smooth muscle cell prolifer- 
ation.” The specific function of vascular smooth muscle cells in ath- 
erosclerosis is unclear. However, evidence indicates that, in early 
atherosclerosis, vascular smooth muscle cells contribute to the develop- 
ment of atheroma through production of proinflammatory mediators 
such as CC chemokine ligand (CCL)2 (previously termed monocyte che- 
moattractant protein, or MCP-1) and VCAMs. Although smooth mus- 
cle cells primarily play a role in modulating vascular tone, they also are 
involved in the control of extracellular matrix formation and degrada- 
tion through matrix modulators such as proteases, protease inhibitors, 
matrix proteins, and integrins (Fig. 134-4). 

The importance of vascular smooth muscle cells in controlling the 
synthesis of matrix molecules is evident at the clinical level. They pro- 
vide a thick, fibrous cap that promotes stability and inhibits plaque rup- 
ture and ulceration. Factor VIJ-activating protease, thought to play a 
role in coagulation and fibrinolysis, is also a potent inhibitor of vascular 
smooth muscle cell proliferation, and migration in vitro and local appli- 
cation of factor VII-activating protease (but not Marburg I variant) 
in animal models reduces neointima formation.” Furthermore, it has 
been localized to unstable atherosclerotic plaques and may contribute 
to plaque instability. 
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Figure 134-3. Atherosclerotic lesion initiation is stimulated by oxi- 
dized low-density lipoprotein (OxLDL). Induction of inflammatory gene 
products in vascular cells is activated by the transcription factor nuclear 
factor-kB, which results in increased expression of cellular adhesion mol- 
ecules. The adhesion molecules have specific functions for endothelial 
eukocyte interaction. The selectins tether and trap monocytes and 
other leukocytes. Vascular cell adhesion molecule-1 (VCAM-1) and intra- 
cellular adhesion molecule-1 (ICAM-1) mediate firm attachment of these 
eukocytes to the endothelial layer. OxLDL also augments expression 
of monocyte chemoattractant protein-1 (MCP-1 or CCL2) and macro- 
phage colony-stimulating factor (M-CSF). MCP-1 mediates the attrac- 
ion of monocytes and leukocytes and facilitates diapedesis through 
he endothelium into the intima. M-CSF is an important cytokine for the 
ransformation of monocytes to macrophage foam cells. Macrophages 
express scavenger receptors and internalize oxidized low-density lipo- 
protein (LDL) during their transformation into foam cells. Smooth mus- 
cle cells migrate from the media into the intima and participate in the 
formation of a fibrous atheroma. (Adapted with permission from S Kinlay, 
AP Selwyn, P Libby: Inflammation, the endothelium, and the acute coronary 
syndromes. J Cardiovasc Pharmacol 32/[Supp! 3]:S62, 1998.) 
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Evidence indicates that vascular smooth muscle cells that undergo 
apoptosis, especially at the shoulder region of the plaque, may cre- 
ate a more unstable cap.™* Both intact vascular smooth muscle cells 
and fibroblasts are thought to stabilize plaques through modulation of 
extracellular calcification and formation of a fibrocalcific plaque. 

Vascular smooth muscle cells arise primarily from the medial layer 
and are considered monoclonal in origin.” Evidence also indicates that 
vascular smooth muscle cells may originate from the adventitia. The 
rate and timing of smooth muscle cell replication is unclear. It may 
occur at a constant low rate throughout the development of the ath- 
erosclerotic lesion or episodically at a higher rate. Animal studies indi- 
cate that new intimal cells may originate from outside the vessel wall 
from subpopulations of marrow- and non-marrow-derived circulating 
cells.” Smooth muscle progenitor cells circulating in blood may con- 
tribute to the arterial remodeling that occurs after angioplasty and after 
bypass graft surgery.” 

Vascular proliferation and inflammation are linked processes. 
Inflammation-induced impaired NO bioactivity contributes to vascular 
smooth muscle proliferation.” Overexpression of NO synthase results 
in reduction of atherosclerotic or restenotic lesion formation in rabbits 
through both inhibition of vascular smooth muscle cell proliferation 
and inhibition of adhesion and chemoattractant molecule expression, 
with subsequent reduction of vascular mononuclear cell infiltration.” 
Thus, the vascular smooth muscle cell participates in the atherosclerotic 
process by affecting lipoprotein retention, modulating inflammation, 
and controlling plaque stability through formation of the fibrous cap. 
Several vascular disorders involve vascular smooth muscle proliferation 
as the primary pathophysiologic mechanism, including in-stent rest- 
enosis, transplant vasculopathy, and vein bypass graft failure. The con- 
trol of smooth muscle proliferation is thought to involve NR4A nuclear 
receptors that are expressed in atherosclerotic lesion macrophages, 
smooth muscle cells, and endothelial cells, and are induced by athero- 
genic stimuli. Inhibition of the transcriptional activity of the NR4A 
nuclear receptors results in enhanced smooth muscle proliferation.” 
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Figure 134-4. Vascular smooth muscle cells mediate vascular proliferation, inflammation, matrix composition, and contraction. Many of these 
mediators have multiple functions. For example, angiotensin is a vasoconstrictor, but it also stimulates proliferation and inflammation. This is only a 
partial list of mediators secreted by vascular smooth muscle cells. bFGF, Basic fibroblast growth factor; EGF, epidermal growth factor; G-CSF, granu- 
locyte colony-stimulating factor; GM-CSF, granulocyte-monocyte colony-stimulating factor; ICAM, intracellular adhesion molecule; IGF, insulin-like 
growth factor; MCP, monocyte chemoattractant protein; MMPs, matrix metalloproteinases; PAI, plasminogen-activator inhibitor; PDGF, platelet- 
derived growth factor; TGF-B, transforming growth factor-B; TIMP, tissue inhibitor of metalloproteinases; TNF, tumor necrosis factor; uPA, urokinase- 
type plasminogen activator; VCAM, vascular cell adhesion molecule. (Adapted with permission from Dzau VJ, Braun-Dullaeus RC, Sedding DG: Vascular 
proliferation and atherosclerosis: New perspectives and therapeutic strategies. Nat Med 8(11):1249-1256, 2002.) 


The NR4A nuclear receptors are also expressed in vein segments 
exposed to arterial pressure and it is postulated that they are responsible 
for an inhibitory feedback mechanism that occurs in activated vascular 
cells. Drug-eluting vascular stents that release agents such as sirolimus 
and paclitaxel interfere with the cell cycle and inhibit restenosis in part 
via decreased smooth muscle cell proliferation.” 


Abnormal Endothelial Control of Blood Fluidity 

Endothelial cells normally elaborate a number of antithrombotic sub- 
stances. Some of these substances are released into blood whereas 
others are properties of the unactivated endothelial cell surface. These 
antiplatelet, anticoagulant, and profibrinolytic activities of endothe- 
lium, some of which also possess vasodilatory properties (e.g., pros- 
tacyclin, NO), act in concert to promote blood fluidity under normal 
circumstances. Acute activation or chronic dysfunction of endothelial 
cells alters the hemostatic balance, transforming them from predomi- 
nantly antithrombotic to prothrombotic cells.” 

To this end, endothelial cells modulate the activities of thrombin 
in health and disease. In the presence of intact and normally function- 
ing endothelium, the prothrombotic actions of thrombin are quenched 
and the antithrombotic actions of the enzyme predominate. Thrombin 
binds to thrombomodulin, an integral membrane protein expressed 
by endothelial cells, and activates protein C (accelerated in the pres- 
ence of endothelial protein C receptor, another endothelial cell protein) 
(Chap. 116). Activated protein C, in concert with its cofactor, protein S, 
has anticoagulant and profibrinolytic actions. It degrades by proteolytic 
digestion factors Va and VIIIa, and inactivates plasminogen-activator 
inhibitor (PAI)-1. Simultaneously, by binding to thrombomodulin, 
enzymatically active procoagulant thrombin is removed from the cir- 
culation, thereby limiting its availability to catalyze fibrin formation. 
Endothelial dysfunction causes loss of thrombomodulin activity from 
the vascular surface. In fact, increased circulating plasma levels of free 
(truncated) thrombomodulin represent a marker of endothelial damage. 
In addition to the role of thrombomodulin in clearance of circulating 
thrombin, the procoagulant activity of thrombin is normally blocked 
by endothelial cells through the action of antithrombin, which binds 
to heparin-like glycosaminoglycans on their luminal surface, thereby 
catalyzing the inactivation of thrombin by antithrombin. Like throm- 
bomodulin, this thrombin-neutralizing action of endothelial heparan 
sulfate glycosaminoglycans is lost with endothelial dysfunction. 

Endothelial cells do not normally express TE, but they do so upon 
activation by inflammatory cytokines or exposure to endothelium- 
activating levels of homocysteine or free thrombin. The procoagu- 
lant effects of expression of TF by dysfunctional endothelial cells are 
potentially compounded by the loss of TF pathway inhibitor (TFPI), 
which normally is synthesized by endothelial cells. Studies show that 
monocyte-derived EVs (or microparticles) express TF and platelet- 
derived EVs express phosphatidylserine and thus support coagulation 
complex formation.“ There is also evidence that P-selectin on platelets 
binds to P-selection protein ligand-1 on EVs.® 

Normal endothelium is profibrinolytic. It synthesizes and releases 
tissue-type plasminogen activator (t-PA); it possesses binding sites 
for t-PA and plasminogen to provide a surface for the concentrated 
assembly of the fibrinolytic complex and thereby enhance local plas- 
min generation; and it fails to produce significant amounts of PAI-1. 
This profibrinolytic state is converted to an antifibrinolytic state in 
the presence of endothelial dysfunction. In activated or dysfunctional 
endothelium, PAI-1 gene expression and PAI-1 secretion are induced; 
simultaneously, the profibrinolytic properties of normal endothelium 
are lost (Chap. 135). 

The antithrombotic profile of normal endothelium also manifests 
through the elaboration of several antiplatelet substances. NO is con- 
stitutively released into blood by normal endothelial cells and inhibits 


Chapter 134: Atherothrombosis: Disease Initiation, Progression, and Treatment 


platelet adhesion and aggregation by stimulating platelet soluble guany- 
lyl cyclase and raising intraplatelet levels of cyclic guanosine monophos- 
phate (see Fig. 134-2).°° Physiologic flow and shear forces maintain the 
activity of endothelial (endothelium-derived) NO synthase (eNOS)%” 
under normal circumstances. Vascular cell-derived carbon monoxide, a 
product of heme catabolism by heme oxygenase, may have similar anti- 
platelet activity.°®° Prostacyclin (prostaglandin L) likewise is released 
basally by normal endothelial cells and inhibits platelet aggregation 
by inducing platelet adenylyl cyclase and raising intraplatelet levels of 
cyclic adenosine monophosphate.” 

NO, carbon monoxide, and prostaglandin I, are labile autacoids, 
acting only in the immediate vicinity of their release into blood from 
endothelial cells. An endothelial surface ecto-adenosine diphosphatase 
(CD39) also blocks platelet activity by metabolizing and disposing of 
platelet agonist adenosine diphosphate (ADP).”! In endothelial dysfunc- 
tion, these various antiplatelet activities are lost, and endothelial release 
of von Willebrand factor (VWF) is increased, which promotes platelet 
adhesion. In the case of NO, oxidative stress in the microenvironment 
of endothelial dysfunction actually “uncouples” eNOS activity®” to 
preferentially generate superoxide over NO. Oxygen free radicals bind 
any remaining available NO to produce the toxic product peroxynitrite. 
Bioactive NO is further reduced in endothelial dysfunction by the pres- 
ence of asymmetric dimethylarginine, which competes to block eNOS 
and limit NO production.” 


Progenitor Cells and Atherosclerosis 

Endothelial progenitor cells (EPCs) are heterogenous in origin and par- 
ticipate in endothelial cell regeneration and neovascularization of ische- 
mic tissue. The mobilization of EPCs from the marrow is stimulated 
by hypoxia, cytokines such as vascular endothelial growth factor, hor- 
mones such as erythropoietin, and statin drugs, whereas mobilization 
is inhibited in the diabetic state.” The role of EPCs in atherosclerosis is 
unclear as there are conflicting data.” A study in apolipoprotein (apo) 
E-/- mice showed that there is rapid turnover of endothelial cells in 
atherosclerosis-prone areas and marrow derived EPCs are recruited to 
sites of atheroprogression.”° 


INFLAMMATION AND ATHEROSCLEROSIS 


Innate Immunity and Atherosclerosis 

The endothelial response to injury manifests as a chronic inflammatory 
response that involves both innate and adaptive immunity.” Innate 
immunity provides the first line of defense for the host and involves 
several cell types, most importantly macrophages and dendritic cells, 
which express a limited number of highly conserved sensing molecules 
such as scavenger receptors and toll-like receptors.” Microbial infec- 
tion can be detected by pathogen-associated molecular patterns, which 
are present in bacteria, viruses, and yeasts, but not in mammalian cells, 
and are recognized by the toll-like receptors.” Ligation of a pathogen 
or other substances containing pathogen-associated molecular patterns 
(such as lipopolysaccharides, aldehyde-derivatized proteins, mannans, 
teichoic acids) elicits endocytosis or activation of endothelial cells (e.g., 
through nuclear factor-«B) that results in an inflammatory response 
(Chaps. 17 and 18). Proinflammatory cytokines, such as tumor 
necrosis factor, nuclear factor-«B and interleukin (IL)-1, magnify the 
innate inflammatory response. 

Innate defense involves soluble factors, such as complement, 
which is involved in atherosclerotic lesion formation. hsCRP has been 
found to be an important and independent predictor for cardiovascular 
events.” Natural antibodies that are generated in the absence of known 
antigen stimulation, mainly immunoglobulin (Ig) M, provide an imme- 
diate response against bacteria and viruses but also may be involved 
in atherosclerosis. For example, innate B lymphocytes, the so-called 
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B1 cells, express a restricted set of germline-encoded antigen receptors 
that may bind oxidized LDL. 


Adaptive Immunity and Atherosclerosis 

Compared to innate immunity, adaptive immunity is slower but more 
precise (Chap. 77). T cells can be activated by dendritic cells and 
macrophages, whereas most antigens cannot stimulate B cells with- 
out assistance from CD4+ T cells, which recognize the peptide-major 
histocompatibility complex (MHC) complexes on B cells. By genetic 
recombination, the number of T-cell and B-cell receptors that can be 
formed is almost unlimited and far exceed the number of pattern rec- 
ognition receptors used by the innate immune system. Most CD4+ 
cells are cytokine-secreting T-helper (Th) cells and express «B-T-cell 
receptors, which interact with MHC class II molecules. A smaller 
number of Th cells express yd-T-cell receptors, which interact with 
the nonpolymorphic, nonclassic MHC molecules, CD1, which present 
certain antigens (particularly lipids and glycolipids). Th cells are classi- 
fied according to the cytokines they secrete. Th1 cells secrete interferon 
(IFN)-y and IL-2 and promote cell-mediated immunity (Chap. 78). 
Th2 cells secrete IL-4, IL-5, IL-10, and IL-13, and help B cells produce 
antibodies. CD8+ T cells are primarily cytotoxic killer cells, although 
they can secrete cytokines, such as tumor necrosis factor-a, IFN-y, 
and lymphotoxin. Some thymus-independent antigens can activate 
these cells without the help of T cells. Oxidized LDL is considered such 
an antigen because it expresses multiple copies of oxidation-specific 
epitopes on a single LDL particle. 


Adhesion Molecules and Atherosclerosis 

Monocyte recruitment to inflammatory foci initially involves the 
expression of endothelial cell selectins, which mediate monocyte roll- 
ing on the endothelium (see Fig. 134-3). The rolling phenomenon is 
followed by a firmer attachment to endothelial cells mediated by integ- 
rins. Perhaps the most important of these is VCAM-1, which is upregu- 
lated in cultured endothelial cells in the presence of oxidized LDL. The 
appearance of this molecule before the development of grossly visible 
atherosclerotic lesions supports oxidized LDL as an initial recruiter 
of macrophages. The finding of reduced atherosclerosis in VCAM- 
1-deficient mice further supports the important role of macrophages 
and VCAM.-1 in the pathogenesis of atherosclerosis.*'*” Other adhesion 
molecules, such as P-selectin and intracellular cell adhesion molecule-1, 
also may be involved in monocyte adhesion at sites of lesion forma- 
tion.® The entry of monocytes into the vascular intima leads to their 
differentiation into resident macrophages. Here they take up cholesterol 
that has also accumulated in the vascular intima, thereby becoming 
cholesterol-engorged foam cells.** It has been demonstrated that the 
accumulation of macrophage foam cells in established atherosclerotic 
lesions actually originates mainly from the proliferation of macrophages 
within the lesion rather than from the recruitment of circulating mono- 
cytes.*® Platelet-derived EVs contain and deliver the chemokine “regu- 
lated upon activation, normal T-cell expressed and secreted” (RANTES) 
to activate endothelium in atherosclerosis to promote attraction of 
monocytes.** 


Lipoprotein Phospholipase A, and Atherosclerosis 

Lipoprotein phospholipase A, (Lp-PLA,) is an inflammatory enzyme 
belonging to the large family of phospholipases that are capable of 
hydrolyzing the sn-2 ester bond of phospholipids of cell membranes 
and lipoproteins.” This enzyme, produced by macrophages, circulates 
bound to LDL and in the intimal space of the artery can produce oxi- 
dized fatty acids and lysophosphatidyl choline. These molecules have 
a range of potentially atherogenic effects, including chemoattrac- 
tion of monocytes, increased expression of adhesion molecules, and 


inhibition of endothelial NO production.* Although originally desig- 
nated as platelet-activating factor acetylhydrolase because of its abil- 
ity to degrade platelet-activating factor, the clinical importance of this 
effect is not thought significant. Numerous epidemiologic studies show 
that Lp-PLA, is a significant biomarker associated with cardiovascular 
events. The selective inhibition of Lp-PLA, with the drug darapladib 
reduced development of advanced coronary atherosclerosis in diabetic 
and hypercholesterolemic swine.” A phase 2 clinical study of patients 
with cardiovascular disease showed that sustained inhibition of plasma 
Lp-PLA, activity with background of intensive atorvastatin therapy 
resulted in reduction in IL-6 and hsCRP after 12 weeks of darapladib 
160 mg, suggesting a possible reduction in inflammatory burden.” 
However, a prospective double-blind phase III trial of 15,828 patients, 
darapladib did not reduce the composite end point of cardiovascular 
death, MI, or stroke. There was a significant reduction in major coro- 
nary events and total coronary events.” 


Immune Cells and Atherosclerosis 

Macrophages are essential for the clearance of modified lipoproteins 
and the efflux of lipoprotein-derived cholesterol to HDL receptors for 
reverse cholesterol transport, the process by which HDL removes cho- 
lesterol from cells. Multiple lines of evidence indicate that macrophages 
promote lesion initiation and progression. For example, hypercholes- 
terolemic mice become markedly resistant to atherosclerosis if they are 
bred to macrophage-deficient animals.” 

The earliest grossly visible sign of atherosclerosis is the fatty streak, 
which is composed mainly of macrophage foam cells containing rel- 
atively large amounts of cholesterol. Foam cells also can derive from 
smooth muscle cells, as these cells can express scavenger receptors when 
appropriately activated.*** Formation of the fatty streak is thought to 
begin with adherence of circulating monocytes to activated endothelial 
cells at sites in the arterial system prone to atherosclerotic disease, such 
as at branch points in vessels. Multiple chemoattractant molecules have 
been identified in these nascent lesions, which recruit monocytes and 
induce their diapedesis into the subendothelial space where they further 
differentiate into macrophages. As noted above, however, more recent 
evidence indicates that microenvironment-supported macrophage pro- 
liferation in situ within the atherosclerotic lesion is likewise a key event 
in atherogenesis.™* 

The chemoattractant CCL2 (MCP-1) facilitates recruitment of 
monocytes to atherosclerotic lesions, as noted in studies of mouse mod- 
els of atherosclerosis, such as apoE-/- or LDL receptor (LDLR-/-)- 
deficient mice fed a Western-style diet. When these mice are crossed 
to the model lacking CCL2, or its receptor CCR-2, lesion development 
decreases significantly.” 

Macrophages and T cells were once thought to be the only inflam- 
matory cells to significantly promote angiogenesis. More recent data 
showing that neutrophils are found at sites of plaque rupture or erosion 
and in thrombus from patients with acute coronary artery syndromes 
indicate that they also have an important role in atherothrombosis." 
Mast cells have been found in the adventitia of lesions and in areas of 
plaque hemorrhage; they have been implicated in macrophage apopto- 
sis, increased vascular permeability, degradation of HDL and reduced 
cholesterol efflux.” Neutrophils and mast cells are recruited to athero- 
sclerotic lesions in response to CXC-chemokine receptor 2 (CXCR2) 
signals. The mobilization of neutrophils to atherosclerotic lesions 
is inhibited by CXC-chemokine receptor 4 (CXCR4) and its ligand 
CXC-chemokine ligand 12 (CXCRL12; also known as stromal-derived 
factor (SDF) 1. A subset of CD31+ T cells, so called Tas cells, was shown 
to promote endothelial repair and revascularization, and to be inversely 
correlated with age and cardiovascular disease (CVD) risk in patients 
undergoing coronary angiography.’ 


Lipid Peroxidation and Atherosclerosis 

Macrophages control the amount of cholesterol loading by downreg- 
ulating the native LDL receptor. Therefore, knowing how cholesterol 
is taken up into macrophages is important. Cell culture experiments 
revealed a “foam cell paradox,’ in which macrophages engulf only mod- 
ified lipids. Treatment of native LDL with copper or acetic anhydride 
(causing acetylation) led to increased LDL uptake through use of the 
scavenger receptor, leading to the formation of lipid-laden macrophages. 
‘These experiments led to the peroxidation theory of atherosclerosis,” 
whereby LDL modification is an essential step in the development of 
foam cells. Although the precise mechanisms responsible for LDL oxi- 
dation remain unclear, enzymes including myeloperoxidase, inducible 
NO synthase, and NADPH oxidases are involved in the process.” ' Of 
note, macrophages express each of these enzymes, which normally are 
used as antimicrobial reactive oxygen species essential for innate immu- 
nity.” Thus, accumulation of cholesterol in the macrophage occurs via 
scavenger (not LDL) receptors of oxidized (and not native) LDL. Mye- 
loperoxidase is an enzyme thought to cause lipid peroxidation in the 
intimal space and circulating levels are associated with adverse clinical 
outcomes in the setting of acute coronary syndromes and predictive of 
major adverse cardiovascular events.” 


Scavenger Receptors and Atherosclerosis 

Conserved pattern recognition receptors expressed by macrophages 
include scavenger receptors A and B1 and CD36, all of which internalize 
oxidized LDL.'*!°* Macrophages express various genes in response to 
oxidized LDL, including peroxisome proliferator-activated receptor-y 
and adenosine triphosphate-binding cassette transporter Al, which 
profoundly influence macrophage-mediated inflammation and athero- 
sclerotic activity. 

Cell culture studies indicate that scavenger receptor A recognizes 
acetylated LDL but, unlike the LDL receptor, is not downregulated in 
response to increased cholesterol content and thus likely accounts for 
foam cell formation.’ However, no evidence indicates that acetyl LDL 
is generated in vivo, indicating other modifications of LDL, such as oxi- 
dation, may be required for foam cell formation.’°!° Another scaven- 
ger receptor presumed to be involved in the atherosclerotic process is 
CD36, a receptor that avidly binds oxidized LDL. 

Circulating IgG and IgM antibodies against products of lipid per- 
oxidation are present in the plasma of animals and humans." These 
antibodies closely correlate with measures of lipid peroxidation and 
with atherosclerotic progression and regression in murine models.’ 
Immunization of hypercholesterolemic rabbits and mice with products 
of oxidized LDL, such as malonyldialdehyde LDL or copper-oxidized 
LDL, inhibits the progression of atherosclerotic lesion formation.'?"” 
These experiments have been interpreted to indicate that an immuno- 
logic response to oxidized LDL components can alter the atheroscle- 
rotic process. 

Leukocyte-derived 5-lipoxygenase also contributes to atheroscle- 
rosis susceptibility in mice.’ Animal studies indicate the importance of 
lipoxygenases in atherosclerosis as disruption of the 12,15-lipoxygenase 
gene diminishes atherosclerosis in apoE-deficient mice, and overex- 
pression of 15-lipoxygenase in vascular endothelium accelerates early 
atherosclerosis in LDL receptor-deficient mice.''*'5 This enzyme is 
under study as a potential target to inhibit the atherosclerotic process." 

Gut Microbiome There are newer data indicating that intes- 
tinal microbes are involved in cardiometabolic diseases.''” Systemic 
inflammation is activated is the setting of chronic bacterial transloca- 
tion (secondary to increased intestinal permeability) leading to mac- 
rophage influx into adipose tissue resulting in insulin resistance and 
nonalcoholic fatty liver disease. The increased inflammation may also 
be secondary to trimethylamine-N-oxide via influx of macrophages 
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and cholesterol accumulation via upregulation of macrophage scaven- 
ger receptors and reduction in reverse cholesterol transport. Thus, gut 
microbiota may accelerate atherosclerosis risk. 


Accumulation of Low-Density Lipoprotein in the 

Vascular Wall 

Three potential factors lead to accumulation of LDL in the vascular wall: 
increased permeability of the endothelium, prolonged retention of lipo- 
proteins in the intima, and slow removal of lipoproteins from the vessel 
wall." Rabbits fed a high-cholesterol diet develop aortic wall lesions 
at specific lesion-susceptible sites; however, endothelial permeability is 
not increased at those sites, indicating that LDL is selectively retained in 
these regions." Retention of LDL molecules likely results from their 
adherence to proteoglycans in the vessel wall.’*! LDL genetically engi- 
neered to not bind to proteoglycans is hypothesized to be less athero- 
genic than native LDL.” 

Oxidized LDL and its products, oxidized phospholipids and 
oxysterols, have other properties that make them potentially proathero- 
genic.'* These properties include proinflammatory characteristics, 
such as chemotactic signaling for monocytes, smooth muscle cells, and 
T lymphocytes (but not for B lymphocytes or neutrophils, neither of 
which is found in lesions) and increased expression of VCAM-1 on, 
and stimulation of CCL2 release from, endothelial cells." Oxidized 
LDL also may contribute to instability of the atherosclerotic plaque via 
induction of type 1 metalloproteinase expression and increase in TF 
activity.’ For oxidized LDL to be a ligand for the scavenger receptor, 
extensive degradation of the polyunsaturated fatty acid in the sn-2 posi- 
tion of phospholipids by oxidation is essential. 

To test the oxidized LDL hypothesis, several clinical studies have 
been conducted using antioxidant vitamins, most commonly vitamin E; 
however, most of the completed studies gave negative results. ?*6 At the 
present time, treatment with vitamin E does not appear to be beneficial 
in preventing cardiovascular events. 


High-Density Lipoprotein and Atherosclerosis 
A low level of HDL cholesterol is a strong predictor of adverse cardiovas- 
cular events, presumably because the low level is associated with insuf- 
ficient reverse cholesterol transport. Animal studies using liver-directed 
gene transfer of human apoA-apol resulted in significant promotion of 
reverse cholesterol transport and regression of preexisting atheroscle- 
rotic lesions in LDL receptor-deficient mice.” The HDL level may 
not be as important as amount of reverse cholesterol transport. For 
example, the capacity of HDL to accept cholesterol from macrophages 
is predictive of atherosclerotic burden.” However, HDL has additional 
antiatherogenic properties that may confer protection against athero- 
sclerosis." For example, HDL is protective against oxidation of LDL, 
at least in part because of paraoxonase, an enzyme physically associated 
with HDL that degrades organophosphates.'*! Paraoxonase polymor- 
phisms are associated with increased risk of CVD, also indicating that 
oxidized LDL is an important factor in atherosclerotic development.'” 
Research studies currently are evaluating novel ways to increase 
HDL levels or to use apoA-apol variants and mimetics that hopefully 
will cause regression of atherosclerosis. So far, initial clinical studies 
were not successful. Cholesteryl ester transfer protein promotes the 
transfer of cholesteryl esters from antiatherogenic HDLs to proathero- 
genic apoB-containing lipoproteins, including very-low-density lipo- 
proteins (VLDLs), VLDL remnants, intermediate-density lipoproteins, 
and LDLs. A deficiency of this molecule results in increased HDL levels 
and decreased LDL levels, a lipid profile that is antiatherogenic. A large 
clinical study in humans showed that inhibition of the transfer protein 
with torcetrapib increased HDL levels but was associated with increased 
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mortality and hypertension.’ It is supposed that the increase in mor- 
tality was a result of an off-target effect of the drug increasing blood 
pressure and not because of cholesterol ester transfer protein inhibition. 
Clinical trials evaluating the effect of other inhibitors of cholesteryl ester 
transfer protein on atherosclerosis and cardiovascular events have not 
shown clinical efficacy thus far. Along similar lines, delivery of a mutant 
form of apoA1 (apoA1 Milano) resulted in regression of plaque size as 
measured by intravascular ultrasound in a small phase H clinical trial.’* 
However, studies evaluating the effect of apoAl mimetics on athero- 
sclerosis also are have not shown compelling data regarding reducing 
plaque size or cardiovascular events." 


CD40, CD40 Ligand, and Atherosclerosis 

Studies indicate that human atherosclerotic lesions express the immune 
mediator CD40 and its soluble ligand, sCD40L. Increasing evidence 
indicates that the CD40-sCD40L signaling pathway plays a central role 
in several inflammatory processes, including atherosclerosis and graft 
rejection following transplantation.'** Interruption of CD40 signaling 
in hyperlipidemic mice reduces the size of aortic atherosclerotic lesions 
and their lipid, macrophage, and T-lymphocyte content.” Atorvastatin, 
lovastatin, pravastatin, and simvastatin reduce IFN-y-induced CD40 
expression in a dose-dependent manner. Activation of atheroma-asso- 
ciated cells with human recombinant sCD40L is reduced when cells are 
treated with statins. In addition, retrospective ex vivo immunostaining 
of human carotid atherosclerotic lesions of patients treated with sim- 
vastatin for more than 3 months revealed less CD40 expression and 
atheroma-associated cells compared with patients who were not treated 
with the drug. A reduction in sCD40L is associated with pravastatin or 
cerivastatin therapy.'** These findings support the notion that statins are 
antiinflammatory, in addition to their cholesterol-lowering effects. 


Transforming Growth Factor-B and Atherosclerosis 
Transforming growth factor (TGF)-f is a cytokine secreted by macro- 
phages, smooth muscle cells, and the Th3 subset of Th cells that has 
multiple regulatory functions. TGF-$ is speculated to contribute to 
plaque stabilization because it stimulates collagen synthesis and is fibro- 
genic. One study found that inhibition of TGF- signaling by neutraliz- 
ing antibodies led to a larger plaque size with an unstable phenotype." 
Further studies are needed to clarify the role of TGF-f in atherosclerotic 
plaque initiation and growth. 

ABO Blood Type and Cardiovascular Risk The ABO blood 
group is determined from presence of A and B antigens on the surface of 
the red blood cells and is thought to confer cardiovascular risk.'*° These 
antigens are also expressed on the surface of platelets and the endothe- 
lium and consist of terminal carbohydrate molecules which are synthe- 
sized by the sequential action of the ABO glycosyltransferases. Genetic 
studies showed that carriers of single nucleotide polymorphisms (SNPs) 
that mark non-O blood group types have higher levels of plasma VWF 
when compared to O individuals. Epidemiologic and genetic studies 
show that the non-O blood group is associated with adverse cardiovas- 
cular events. One study demonstrated that the SNP rs514659 was asso- 
ciated with coronary artery diseases (CADs) when complicated by MI 
but not with CAD without MI, suggesting that the primary relationship 
of ABO to clinical CAD is through modulation of coronary thrombosis 
or plaque rupture in patients with established coronary atherosclerosis 
rather than through primary promotion of atherosclerosis per se. 


Infection and Atherosclerosis 

Several infectious agents have been implicated as pathogens in 
atherosclerosis.'*! A well-studied infectious pathogen is C. pneumoniae. 
Animals infected with this agent develop atherosclerosis, and patients 


with CVD have higher titers of antibodies against this pathogen. 
Viruses, such as herpes simplex and cytomegalovirus, also are impli- 
cated in human atherosclerotic lesion formation. Gingivitis as a conse- 
quence of poor dental hygiene or smoking may lead to cellular immune 
activation and provoke atherosclerosis by cytokines or antibodies.’ 
Endogenous proteins, such as heat shock proteins, also are implicated 
in atherosclerosis. One study showed that progression of carotid disease 
correlated with antibodies against heat shock proteins 65 and 60." 


Splenectomy and Atherosclerosis 

The relationship between the immune system and atherosclerosis is 
complex, as evident from an animal study that showed that splenectomy 
of cholesterol-fed apoE-/- mice led to significantly increased athero- 
sclerosis.'* This proatherogenic effect was rescued by transfer of either 
purified B cells or T cells from the spleens of atherosclerotic apoE-/- 
donors. A long-term study of soldiers who underwent splenectomy 
after trauma found the soldiers had a twofold increased incidence of 
CAD, providing evidence that the spleen has antiatherogenic activity.'* 
Further studies are needed to determine if splenectomy significantly 
impacts the atherosclerotic process, and if so, by what mechanism. 


Genetics and Myocardial Infarction 

Atherosclerotic disease is a complex human trait involving multiple 
genes and environmental factors. Through the study of linkage analysis 
of families and sibling pairs as well as candidate genes and genome-wide 
association studies, the genetic predisposition to MI is starting to be 
understood.'® The clinical importance of this knowledge is the poten- 
tial identification of markers of disease for risk prediction and potential 
intervention to lower the risk of atherosclerotic-based cardiovascular 
events. 

The use of genome-wide linkage analyses of families or sib-pairs 
has identified chromosomal loci linked to or genetic variations in the 
arachidonic 5-lipoxygenase-activating protein gene (ALOX5AP)'”’ and 
leukotriene A, hydrolase gene (LTA H). The genes are both involved 
in inflammation-related pathway of leukotriene B, production. Inter- 
estingly, a small molecule inhibitor of ALOX5AP was shown to reduce 
leukotriene production and plasma levels of C-reactive protein. 

Several association studies of unrelated individuals have identified 
genetic variations that confer susceptibility to atherosclerotic disease 
and cardiovascular events. Studies using genome-wide linkage analysis 
identified four SNPs on chromosome 9p21.3 that were associated with 
MI in white cohorts.'*°'* Other genetic polymorphisms also contribute 
to increased risk of CVD through a variety of mechanisms. 


ATHEROSCLEROTIC PLAQUE 


Plaque Classification 

The American Heart Association classification of atherosclerotic plaques 
into types I through VIII is based on lesion composition and structure 
(Fig. 134—5).* Types I through III atherosclerotic plaques have foam 
cells organized in a fatty streak, ranging from those not visible on close 
examination (type I) to those that are apparent on examination (type III). 
Types I through II lesions are small and clinically silent, whereas types 
IV through VI lesions may obstruct the lumen and produce a clinical 
event. Type IV lesions contain a confluent pool of lipid and in most 
patients do not cause anginal symptoms because of the ability of the 
artery to remodel outward. Type V lesions contain a fibromuscular cap 
resulting from replacement of tissue disrupted by accumulated lipid and 
hematoma or organized thrombotic deposits. Type VI lesions involve 
thrombosis that may be either mural or obstructive. Of note, a type IV 
lesion may develop type VI changes without ever passing through a type 
V change and accumulating significant fibrous tissue. Plaques that are 
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rather than moderately 
susceptible sites 


Il. Multiple foam cell layers formed 
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Ill. Isolated extracellular lipid pools added 


VII. Calcification predominates 


VIII. Fibrous tissue changes predominate 


IV. Confluent extracellular lipid core formed 
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and stiffness 
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may result in lesion 
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Figure 134-5. Flow diagram in center column indicates pathways in evolution and progression of human atherosclerotic lesions. Roman numerals 
indicate histologically characteristic types of lesions. The direction of arrows indicates sequence in which characteristic morphologies may change. 
From type | to type IV, changes in lesion morphology occur primarily because of increasing accumulation of lipid. The loop between types V and VI 
illustrates how lesions increase in surfaces. Thrombotic deposits may develop repeatedly over varied time spans in the same location and may be the 


principal mechanism for gradual occlusion of medium-sized arteries. 


complex and primarily composed of calcium are type VII lesions or, if 
fibrous tissue predominates, are type VIII lesions. 


Vulnerable Plaque and the Vulnerable Patient 
The pathologic mechanisms responsible for converting chronic coronary 
atherosclerosis to an acute coronary event result, in part, from plaque dis- 
ruption, a term that was synonymously used with plaque rupture.'>!'? The 
term vulnerable plaque was used by Muller and colleagues'*'™ to describe 
rupture-prone plaques as the underlying cause of most clinical coronary 
events. The current definition for “vulnerable plaque” includes all throm- 
bosis-prone plaques and those with a high probability of undergoing 
rapid progression, thus becoming culprit plaques (Fig. 134—6).' Criteria 
for development of the vulnerable plaque have been proposed based on 
histopathologic study of culprit plaques (‘Table 134-2).! The major crite- 
ria involve the presence of active inflammation, a thin cap with large lipid 
core, endothelial denudation with superficial platelet aggregation, a fis- 
sured plaque, and stenosis greater than 90 percent. The minor criteria for 
a vulnerable plaque include superficial calcified nodule, glistening yellow 
plaque, intraplaque hemorrhage, endothelial dysfunction, and outward 
(positive) remodeling. Some studies indicate plaques that are heavily 
calcified and without a significant lipid core are more stable.** 

An important concept concerning plaque remodeling is that athero- 
sclerotic plaques commonly grow outward (positive remodeling) before 
a luminal stenosis occurs. Therefore, a contrast dye coronary angiogram 


may underestimate the plaque burden in the vessel. Arterial thrombo- 
sis may result from plaque hemorrhage (majority of events) or occur in 
an area of endothelial denudation (30 to 40 percent) without breach of 
the intimal space.'** Thrombosis has also been reported in plaques that 
have a superficial calcified nodule protruding into the lumen.'*° Most ath- 
erosclerotic plaques that underlie a fatal or nonfatal MI are, as shown by 
angiography, less than 70 percent stenosed.'*” Some patients have more 
than one vulnerable plaque, which underscores the importance of medi- 
cal therapy in addition to coronary revascularization.'* Several technol- 
ogies are currently being tested to identify the location of the vulnerable 
plaque.’ Hopefully these developing technologies will shed more light 
on the natural history of the vulnerable plaque and afford the ability to 
conduct studies using local or regional antiatherosclerotic therapy. 
Because of the dynamic interaction of atherosclerotic plaque with 
circulating blood, the term cardiovascular vulnerable patient has been 
proposed to define subjects susceptible to an acute coronary syndrome 
(ACS) or sudden cardiac death based on atherosclerotic plaque or 
blood or myocardial vulnerability." The vulnerable (thrombogenic) 
blood includes serum markers of atherosclerosis and inflammation, 
such as hsCRP, inflammatory cytokines (e.g., IL-6, sCD40L), EVs, and 
hypercoagulable factors. The blood markers of vulnerability that reflect 
the hypercoagulable state include those of the fibrinolytic system and 
platelets (Table 134—3).'®' Patients may have an MI because of a non- 
fatal or fatal arrhythmia as a result of coronary atherosclerosis or other 
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Figure 134-6. Different types of vulnerable plaque as underlying cause of acute coronary events and sudden cardiac death. A. Rupture-prone plaque with large lipid core and thin fibrous 
cap infiltrated by macrophages. B. Ruptured plaque with subocclusive thrombus and early organization. C. Erosion-prone plaque with proteoglycan matrix in a smooth muscle cell-rich 
plaque. D. Eroded plaque with subocclusive thrombus. E. Intraplaque hemorrhage secondary to leaking vasa vasorum. F. Calcific nodule protruding into the vessel lumen. G. Chronically 
stenotic plaque with severe calcification, old thrombus, and eccentric lumen. (Reproduced with permission from Naghavi M, Libby P Falk E et al: From vulnerable plaque to vulnerable patient: A call 
for new definitions and risk assessment strategies: Part |. Circulation 108(14):1664-1672, 2003.) 
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TABLE 134-2. Criteria for Defining the Vulnerable Plaque, 
Based on the Study of Culprit Plaques 


MAJOR CRITERIA 
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TABLE 134-4. Pathophysiologic Differences Between 
Arterial and Venous Thrombi 


Arterial Thrombosis Venous Thrombosis 


Active Inflammation (monocyte/macrophage and sometimes 
T-cell infiltration) 


Thin cap with large lipid core 

Endothelial denudation with superficial platelet aggregation 
Fissured plaque 

Stenosis >90% 

MINOR CRITERIA 

Superficial calcified nodule 

Glistening yellow 

Intraplaque hemorrhage 

Endothelial dysfunction 

Outward (positive) remodeling 


Reproduced with permission from Naghavi M, Libby P, Falk E, et al: 
From vulnerable plaque to vulnerable patient: A call for new defi- 
nitions and risk assessment strategies: Part |. Circulation 2003 Oct 
7;108(14):1664-1672. 


nonatherosclerotic disease, such as hypertrophic cardiomyopathy or 
right ventricular dysplasia. Thus, a vulnerable patient should be con- 
sidered from the standpoint of the combined presence of a vulnerable 
atherosclerotic plaque, vulnerable blood (prone to thrombosis), and/or 
vulnerable myocardium (prone to life-threatening arrhythmia). 


Arterial Thrombosis 

Atherothrombosis refers to the occurrence of thrombosis upon athero- 
sclerotic lesions,“ the typical setting for arterial thrombosis. It rep- 
resents the acute event that converts chronic atherosclerosis—a silent, 
asymptomatic, progressive disease—into symptomatic, life-threatening 


TABLE 134-3. Blood Hypercoagulability Factors That 


May Contribute to Patient Vulnerability to Coronary Heart 
Disease Events 


1. Markers of blood hypercoagulability 


Decreased anticoagulation factors (e.g., proteins C and S and 
antithrombin) 


Prothrombotic gene polymorphisms (e.g., factor V Leiden, 
G20210A prothrombin mutation) 


Increased coagulation factors (e.g., fibrinogen, factor VII, factor 
VIII, von Willebrand factor) 


2. Increased platelet activation (e.g., gene polymorphisms of 
platelet integrin al „6, integrin a,8,, glycoprotein |b/IX) 

3. Decreased endogenous fibrinolysis activity (e.g., reduced 
tissue-type plasminogen activator, increased plasminogen- 
activator inhibitor (PAI)-1, certain PAI-1 polymorphisms) 


4. Other thrombogenic factors (e.g., anticardiolipin antibodies, 
thrombocytosis, sickle cell disease, polycythemia, diabetes 
mellitus, hyperhomocysteinemia, hypercholesterolemia) 

5. Increased viscosity 


6. Transient hypercoagulability (e.g., smoking, dehydration, infec- 
tion, adrenergic surge, cocaine, estrogens, postprandial) 


Data from Naghavi M, Libby P, Falk E, et al: From vulnerable plaque 
to vulnerable patient: A call for new definitions and risk assessment 
strategies: Part |. Circulation 2003 Oct 7;108(14):1664-1672. 
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clinical complications, including acute MI, stroke, and critical limb 
ischemia. The previous section described in detail the current concepts 
of the consecutive stages of atherosclerotic lesion development. 

However, thrombosis is not simply the final occlusive event. It also 
contributes to atherosclerosis lesion development. Intraplaque hemor- 
rhage and in situ thrombosis localizes thrombin activity within plaques. 
Thus, atheroma evolution is not only a proliferative process but also 
involves thrombosis.'” 


Pathobiology of Arterial Thrombi 

Fundamental pathologic and pathophysiologic distinctions exist 
between arterial and venous thrombi (Table 134-4). Arterial thrombi 
usually are occlusive in smaller arteries and arterioles. Nonocclusive 
mural thrombi often occur in the lumina of the heart chambers and 
large arteries, such as the aorta and the iliac and common carotid arter- 
ies. In any arterial vessel, however, thrombi develop almost invariably 
upon preexisting abnormal intimal surfaces, which typically are ath- 
erosclerotic lesions. Less commonly, arterial thrombosis is superim- 
posed on other forms of vascular disease, such as vasculitis or traumatic 
injury.’ Thus, in the high-flow and high-pressure arterial system, 
thrombi form in response to increased local shear forces and exposure 
of thrombogenic substances on damaged vascular surfaces. Arterial 
thrombi, referred to as white thrombi, are composed mainly of platelets 
and relatively little fibrin or red cells. Leukocytes are likewise actively 
recruited into growing, platelet-rich arterial thrombi.’ 

‘Thus, at sites of atherosclerotic plaque rupture, circulating platelets 
are activated not only by thrombogenic substances exposed to them by 
a disrupted plaque but also directly by the locally increased shear forces 
the platelets encounter. At any given point in the circulation, shear 
rates are maximal adjacent to the vessel wall (measured as “wall shear 
rates”), and they are minimal in the center of the vessel lumen where 
velocity of flowing blood is the greatest. Normally, wall shear rates are 
in the range of 300 to 800 s~ in large arteries, and they increase to about 
500 to 1600 s” in arterioles of the microcirculation. However, in patho- 
logically stenotic vessels the wall shear rates can reach 10,000 s” or even 
higher. Increased shear stress in the microenvironment of an athero- 
sclerotic plaque is usually compounded by turbulent blood flow. These 
locally abnormal hemodynamic forces can directly activate platelets as 
they pass through the region. Disturbed flow can simultaneously cause 
localized endothelial dysfunction. '® 

High shear stresses, especially in the presence of marked shear gra- 
dients around stenotic sites, are sufficient to cause the release of VWF 
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from endothelial cells, and promote the unfolding and binding of VWF to 
its receptors on platelet surface glycoprotein (GP) Ib-V-IX. This interac- 
tion, which does not occur in the normal circulation, mediates the adhe- 
sion of platelets to the intimal surface and triggers GPIb- V-IX-dependent 
platelet thrombus formation. The mechanisms of arterial thrombogenesis 
are further elaborated below in the section on “Platelet Activation.” 

In contrast, wall shear rates are much lower in the venous circula- 
tion where the hemodynamic forces are insufficient to directly activate 
platelets.°° Venous thrombi are almost always occlusive and may form 
virtual casts of the vessel in which they arise. Unlike the setting for arterial 
thrombi, gross vascular damage generally is not found at sites of venous 
thrombosis. Any ultrastructural abnormalities of adjacent endothelium 
likely are the consequences rather than the causes of thrombus forma- 
tion. Therefore, in the low-flow and low-pressure venous system, reduced 
blood flow (stasis) and systemic activation of the coagulation cascade 
play the primary pathophysiologic roles. Venous thrombi are composed 
predominantly of red cells enmeshed in fibrin and contain relatively few 
platelets; hence, they have been described pathologically as red thrombi. 

The generalizations described are consistent with the following 
clinical observations: (1) hereditary hypercoagulable states (also called 
“thrombophilias”), characterized by chronic hyperactivity of the coagu- 
lation system, are primarily associated with venous rather than arterial 
thrombosis; and (2) anticoagulants that prevent fibrin formation (e.g., 
heparin, warfarin) are generally used to prevent venous thrombosis, 
whereas antiplatelet agents (e.g., aspirin) are more effective in prevent- 
ing arterial thrombosis. The differences between arterial and venous 
thrombosis are not, however, absolute because both types of thrombi 
are composed of different amounts of platelets, fibrin, and leukocytes. 
In addition, all thrombi continually undergo propagation, organization, 
embolization, lysis, and rethrombosis, and this dynamic remodeling 
results in their constantly changing compositions. 


Site-Specific Arterial Thrombosis 

The model of atherothrombosis described is best characterized in cor- 
onary arteries. This pathophysiology may not be entirely applicable to 
arterial thrombosis at other sites. It cannot be assumed that the local 
determinants of thrombosis that are operative in the coronary arteries 
are identical to those encountered in the cerebrovascular and peripheral 
arterial circulations. Basic regional differences may involve (1) distribu- 
tion and composition of atherosclerotic lesions, (2) variable local rheol- 
ogy, and (3) underlying vascular cell heterogeneity. 

Atherosclerosis is highly localized within the systemic vasculature. 
Lesion formation particularly affects the carotid artery bifurcation, cor- 
onary arteries (especially the left coronary artery bifurcation), abdomi- 
nal aorta (especially its posterior wall downstream of the renal arteries, 
but with little disease usually present in the upstream thoracic aorta), 
and profunda femoral arteries. These lesion-prone sites in the arterial 
circulation correspond to regions where wall shear stress is very low and 
may even oscillate between positive and negative directions (ie., rever- 
sal of flow) during the cardiac cycle. A strong correlation exists between 
local hemodynamic conditions of low shear stress and the development 
of atherosclerotic plaque formation and intimal thickening. How- 
ever, as arteries become progressively diseased and as stenoses develop 
at these sites, local hemodynamics change. Stenotic flows are char- 
acterized by sharp increases in shear rate that achieve their peak just 
upstream of the stenosis throat, with development of intensive turbu- 
lence downstream of the stenosis. The mechanisms of platelet activation 
and accumulation that initiate arterial thrombosis at these high-shear 
sites are further described in “Platelet Activation” below. 

Striking heterogeneity is seen in the composition of atherothrom- 
botic plaques, even within the same individual. In addition to plaque 
composition, the basic structural differences between specific arteries 


contribute to differences in thrombogenic substrates that are exposed 
upon arterial injury. For example, carotid and iliac arteries contain 
relatively more elastic fibers and proportionately fewer smooth mus- 
cle cells than coronary arteries.'” Furthermore, ACSs typically result 
from disruption of only modestly stenotic, lipid-rich plaques, whereas 
disruption-prone, high-risk plaques in the carotid arteries usually are 
severely stenotic. Thus, a proposed more appropriate term is high-risk 
plaque rather than vulnerable plaque (which connotes its composition) 
to define a disruption-prone or thrombosis-prone plaque in different 
parts of the circulation.” 

The pathophysiology of arterial thrombosis at different sites 
in the circulation may also be determined in part by vascular bed- 
specific heterogeneity of endothelial and smooth muscle cells. Endothelial 
cell-derived anticoagulant and procoagulant activities are differentially 
expressed throughout the vascular tree. Endothelial cell heteroge- 
neity throughout the circulation is a function of varying organ- and 
tissue-specific microenvironments, hemodynamic forces, and site- 
specific changes in epigenetic footprinting. The heterogeneity of endo- 
thelial cells and the vascular bed-specific signaling pathways that control 
endothelial gene expression have been considered to play an important 
role in the localization of arterial thrombosis.’ Heterogeneity of vascu- 
lar smooth muscle cells likewise exists throughout the arterial tree. They 
vary in embryonic origin, sources of progenitors, and lineage. With 
subsequent development, they acquire various phenotypes that can be 
traced to preferential sites within vessel walls. 

Less is known about the pathophysiology of cerebrovascular 
thrombosis, and even less about peripheral arterial thrombosis, than 
about coronary artery thrombosis. Future research in these areas should 
permit the development of more rational antithrombotic strategies in 
noncoronary artery thrombosis. 


Overview of Arterial Thrombotic Process 

Arterial thrombosis typically occurs in the presence of underlying 
atherosclerosis (hence the term “atherothrombosis”). Less frequently, 
however, it may also occur in nonatherosclerotic arteries, such as in the 
setting of vasculitis. 

Atherothrombosis Disruption of an atherosclerotic plaque 
triggers an explosive cascade of events that results in the formation 
of a platelet-rich thrombus at the site of arterial injury.” Focal loss of 
the antithrombotic and the vasodilatory properties of endothelium is 
compounded by plaque rupture or erosion. These events induce the 
local activation of platelets and the coagulation system by exposure of 
blood to previously encrypted thrombogenic substances (e.g., suben- 
dothelial cells, such as smooth muscle cells and fibroblasts; subendo- 
thelial structures, such as collagen; and subendothelial prothrombotic 
substances, such as TF, from all of which flowing blood is normally 
insulated by the barrier of a healthy endothelial monolayer). The local 
milieu for thrombus formation is aggravated by focal vasoconstriction, 
rapidly increased shear forces, and platelet-mediated recruitment of 
leukocytes. Platelet and coagulation activation are inseparable, recip- 
rocally self-amplifying processes. Activation of platelets generates 
procoagulant properties on their cell surfaces. Combined with non- 
platelet-dependent local activators of the coagulation cascade, platelet 
activation culminates in the formation of thrombin, which itself is a 
potent stimulus for further platelet activation. Superimposed on these 
local determinants of arterial thrombosis, the thrombotic process may 
be modulated by systemic, circulating factors. The factors include the 
systemic state of activation of platelets and coagulation, which may be 
governed by acquired or genetic factors and by hormonal influences 
(e.g., adrenergic state). 

Arterial thrombi generally are localized to the site of acute vascu- 
lar injury. They are prevented from extending beyond this site by the 


restoration of hemostatic balance that promotes blood fluidity along 
healthy endothelial surfaces immediately adjacent to the site of injury. 
Thrombus propagation may occur, however, through a bloodborne pool 
of thrombogenic substances that originate at the site of vascular injury 
and thrombosis. These substances can be in the form of platelets, leuko- 
cytes, red cells, sloughed endothelial cells, other cellular microparticles, 
and circulating active TF derived from leukocytes activated within the 


thrombus.'”*!” In fact, cellular microparticles’” constitute the main res- 
ervoir of bloodborne TF, the principal initiator of coagulation. 

Thrombus persistence within an artery depends on the local bal- 
ance between prothrombotic, antithrombotic, and fibrinolytic factors. 
Ulcerated and thrombotic atherosclerotic plaques, particularly in the 
aorta, tend to persist or recur.'”” Atherosclerotic plaques of the aortic 
arch have been detected in almost one-third of patients with crypto- 
genic stroke. Although aortic arch atheroma are more frequent and 
more severe causes of cryptogenic stroke in individuals older than 
55 years of age, patent foramen ovale (and presumably paradoxical 
embolism) are more strongly associated with cryptogenic stroke in 
those younger than 55 years of age.'”* 

Advances in the development of coronary stents have created 
a new form of arterial thrombosis that usually can only be prevented 
by administration of two different platelet inhibitors (e.g., aspirin in 
combination with a thienopyridine derivative, such as clopidogrel or 
prasugrel). Although drug-eluting stents that deliver sirolimus or pacl- 
itaxel have been successful in reducing the problem of restenosis that 
is caused by smooth muscle cell proliferation and intimal hyperplasia 
following the coronary intervention, they have actually increased the 
occurrence of “late stent thrombosis” compared to bare metal stents. 
This form of arterial thrombosis, which typically occurs after discontin- 
uation of (dual) antiplatelet therapy, is probably caused by eluting drugs 
interfering with endothelialization of the stent surface.” 

Thrombosis in Nonatherosclerotic Arteries Thrombosis may 
occur in arteries that are affected by vasculitis.° As both SLE and 
atherosclerosis are immune-driven processes, it is to be expected 
that some patients with active SLE are more susceptible to acceler- 
ated atherosclerosis (and related atherothrombosis) resulting from 
autoantibody-mediated proatherogenic mechanisms.’*''** However, 
even in the absence of underlying atherosclerosis, various types of 
arterial thrombosis can complicate active vasculitis. For example, 
patients with SLE may have MI with angiographically normal coronary 
arteries. Giant cell arteritis, which characteristically targets the extracra- 
nial carotid and vertebral arteries, leads to inflammation and necrosis 
of the arterial wall and subsequent arterial occlusions in a distribution 
that is quite different from that of atherosclerosis. Takayasu arteritis has 
an unusual predilection for the aortic arch and its branches, leading to 
panarteritis, medial layer enlargement with luminal narrowing, and 
sometimes thrombotic occlusion. Other types of vasculitis and autoim- 
mune processes that may cause arterial thrombosis include polyarteritis 
nodosa, Behçet disease, and antiphospholipid antibody syndrome. 

Arterial thrombosis in the absence of atherosclerosis is also seen 
with immune- and nonimmune disorders of platelets and/or the vas- 
cular endothelium, such as heparin-induced thrombocytopenia (with 
arterial thrombosis most commonly occurring in the aorta, iliofemoral 
arteries, as well as in cerebral and coronary arteries),'** and in the mye- 
loproliferative neoplasms (e.g., essential thrombocythemia, polycythe- 
mia vera; Chaps. 84 to 86).!8*18° 


Platelet Activation 

Disruption of an advanced atherosclerotic plaque results in abrupt 
exposure of highly thrombogenic material to flowing blood. This pro- 
cess leads locally to both thrombin generation and platelet activation, 
which operate simultaneously in a mutually self-amplifying process. 
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As noted above in the section on “Pathobiology of Arterial Thrombi,’ 
plaque rupture and the development of new intimal surface irregulari- 
ties also suddenly alter local rheologic characteristics, increasing local 
shear rates. Increased shear stress resulting from sudden changes in 
degree of stenosis following rupture is compounded by increased focal 
vasoconstriction induced by thrombin, thromboxane Ay and other 
vasoactive substances released in the milieu of acute injury. 

At high shear rates (>1000 s~'), platelets must be initially tethered 
to the vascular surface through a shear-activated interaction between 
the platelet membrane GPIba (of the GPIb-IX-V complex) and its 
adhesive ligand, VWE.!%-!° Platelet adhesion also involves collagen 
binding to platelet collagen receptors (integrin «,8, and GPVI). Other 
matrix constituents that become exposed to platelets and serve as adhe- 
sive ligands include fibronectin, laminin, fibrinogen, and fibrin. These 
initial adhesive interactions induce intracellular signaling pathways 
that activate platelets. High shear stress also activates platelets both 
directly,” as noted previously, and by lowering the threshold of platelet 
activation by chemical agonists to which platelets are simultaneously 
exposed in the microenvironment of the arterial thrombus." Thus, fol- 
lowing adhesion, platelets are explosively activated by several interact- 
ing pathways: (1) intracellular signaling initiated by the adhesion event 
itself, (2) direct action of locally increased shear stress, and (3) agonists 
released (e.g., ADP, thromboxane A.) and generated (e.g., thrombin) at 
the site of vascular injury. 

Finally, the occlusive arterial platelet thrombus is created by the 
aggregation of platelets. This process is mediated by several alterna- 
tive ligands (VWE fibrinogen, fibronectin) that bind to their activated 
receptors in the platelet integrin a „8, complex. Stability of the plate- 
let aggregate is conferred by additional ligand-receptor interactions, 
including CD40L binding to integrin a,,,f,.'” Platelet thrombus stabili- 
zation is designed to counteract shear forces that promote not only the 
formation of arterial thrombi but also their embolization. 

The importance of the inflammatory component of arterial throm- 
bosis,'“ which is characterized by complex interactions among leuko- 
cytes, endothelial cells, and platelets, is increasingly being recognized. 
Activated platelets recruit leukocytes to the site of vascular damage, 
promoting their adhesion to endothelium and their activation on endo- 
thelium-bound chemokines. In fact, the presence of leukocytosis in 
myeloproliferative neoplasms is a better predictor of pathologic throm- 
bosis than the platelet count. 


Tissue Factor and Phospholipids 

Tissue factor is a cell-surface-bound transmembrane protein that nor- 
mally is not exposed to circulating blood. When expressed, TF initiates 
coagulation by binding to factor VIIa and activates factors IX and X, 
thereby triggering the common pathway of coagulation and the for- 
mation of thrombin. Strong evidence indicates that TF is the principal 
thrombogenic factor in the lipid-rich core of atherosclerotic plaques. 
While much of this TF is associated with monocytes/macrophages and 
vascular smooth muscle cells, more recent studies suggest that TF- 
positive microparticles are the most abundant sources of TF in athero- 
sclerotic plaques. The main inhibitor of TF-mediated coagulation is 
TFPI. In atherosclerotic plaques TFPI colocalizes with TF and therefore 
may play an atheroprotective role.'*! 

Upon rupture of the atherosclerotic plaque, exposure of vascular TF 
to flowing blood initiates the coagulation cascade. Coagulation reactions 
are accelerated on the surfaces of activated platelets, microparticles, and 
on other activated cells in the microenvironment of vascular injury. The 
surfaces of these activated cells express anionic phospholipids, particu- 
larly phosphatidylserine. Apoptotic cells, with which advanced lesions 
are enriched, likewise translocate phospholipids from the inner to the 
outer leaflet of the cell membrane.’ Plasma lipoproteins can provide a 
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phospholipid surface for the assembly of enzymatic complexes of the 
coagulation cascade; in particular, oxidized LDL, LDL, and VLDL have 
procoagulant effects.” In contrast, HDL has multiple antithrombotic 
actions, including suppression of the coagulation cascade, stimulation 
of fibrinolysis, and stimulation of endothelial cell release of prostacyclin 
and NO, which are inhibitors of platelet activation.” 

Arterial thrombosis is triggered by the acute exposure of cir- 
culating blood to TF and anionic phospholipids, leading to explosive 
thrombin formation. Thrombin, a potent platelet agonist, further fuels 
the platelet activation process described in the previous section. These 
reactions create a self-amplifying process that is tightly localized to the 
site of vascular injury. The arterial thrombus is further contained to this 
site by the restoration of normal, antithrombotic endothelium in adja- 
cent areas of the vessel wall. 


Systemic Factors 

As described above in “Overview of Arterial Thrombotic Process,” 
the pathophysiology of arterial thrombosis is primarily determined 
by local, “solid-state” factors that operate in concert in the immediate 
microenvironment of acute vascular injury, typically disruption of an 
atherosclerotic plaque. However, interindividual differences in systemic, 
circulating factors can modify susceptibility to the focal formation of an 
arterial thrombus.’ Systemic determinants of blood thrombogenicity 
(i.e., hypercoagulability) can enhance the local risk of arterial throm- 
bosis. There is increasing evidence for an association between venous 
and arterial thrombosis, with several studies now showing that patients 
with venous thromboembolism (deep vein thrombosis and/or pulmo- 
nary embolism) are at increased risk of having coexisting asymptomatic 
atherosclerosis or subsequent symptomatic atherothrombotic events. 
Conversely, patients with clinically overt atherosclerotic CVD are at 
increased risk of venous thromboembolism.’ In addition to certain 
thrombophilic abnormalities, such as antiphospholipid antibody syn- 
drome, hyperhomocysteinemia, and the myeloproliferative neoplasms, 
which are known to predispose individuals to both venous and arterial 
thromboembolism, some traditional cardiovascular risk factors (e.g., 
advanced age, obesity, metabolic syndrome, abnormal lipid profiles, 
immobility, estrogens) also appear to be independent risk factors for 
venous thromboembolism.*?*™ 

Genetic determinants of the coagulation system may exert modi- 
fying effects on susceptibility to arterial thrombosis. The known hyper- 
coagulable states that predispose to venous thrombosis (e.g., factor V 
Leiden, prothrombin gene mutation, antithrombin deficiency, protein C 
and protein S deficiencies) generally are weakly’ or not at all asso- 
ciated with increased risk of arterial thrombosis. However, decreased 
mortality from ischemic heart disease has been noted in patients with 
hemophilia A or B and even in carriers of hemophilia.” This finding 
most likely results from reduced arterial thrombotic tendency in these 
individuals because early atherogenesis itself does not appear to be sig- 
nificantly affected by the coexistence of hemophilia.” Conversely, some 
epidemiologic studies have correlated elevated levels of fibrinogen and 
some other coagulation factors with both subclinical atherosclerosis 
and clinical cardiovascular events,” although cause-and-effect rela- 
tionships between elevated levels of hemostatic factors and cardiovascu- 
lar risk have not been established. 

Several lines of evidence suggest that genetic determinants of 
increased platelet reactivity likewise enhance focal determinants of arte- 
rial thrombosis. Animal models of atherosclerosis in pigs and mice with 
von Willebrand disease suggest that an extremely low or absent VWF 
level exerts a protective effect on the development and distribution of 
atherosclerotic lesions,”'®’" although these observations are inconclu- 
sive. Whether or not von Willebrand disease protects against develop- 
ment of human atherosclerosis remains in dispute. 


Platelet membrane glycoproteins are highly polymorphic and 
can be recognized as alloantigens or autoantigens. Polymorphisms 
in platelet membrane glycoprotein receptors have been considered 
to increase platelet reactivity, thereby potentially contributing to sus- 
ceptibility to arterial thrombosis.**?"* The first such genetic variation 
reported involves the HPA-la/HPA-1b polymorphism, which results 
in a Leu33Pro substitution in the f, subunit of the platelet integrin 
æ „p; complex. The 33Pro (HPA-1b) allele was found to be associated 
with risk of MI in young individuals.” Most, but not all, subsequent 
studies have agreed that the HPA-1b allele represents an inherited risk 
factor for ACS. Other platelet receptor polymorphisms that have 
been inconclusively linked to risk of CVD include three different poly- 
morphisms of the integrin a,,, (HPA-3), GPIb gene, and a polymor- 
phism of the collagen receptor integrin a}, However, as is the case 
for the soluble hemostatic factors, lack of a clear relationship among 
genotype, phenotype, and clinical manifestations has failed to estab- 
lish convincing cause-and-effect relationships for any of these genetic 
variations. 

Although none of these individual hemostatic proteins or plate- 
let polymorphisms plays a clear, dominant role in the pathophysiology 
of arterial thrombosis, future application of platelet proteomics?™ and 
genomics are likely to reveal new disorders of platelet activation associ- 
ated with arterial thrombosis. 

High blood levels of catecholamines likely contribute systemi- 
cally to localized arterial thrombus formation. Catecholamines may 
be increased by physical or emotional stress or by cigarette smoking, 
thereby triggering acute cardiovascular events in these settings. In addi- 
tion to their vasoactive actions, catecholamines are direct platelet ago- 
nists and enhance shear stress-induced platelet activation.'?!7! 

Changes in lipid metabolism may exert systemic prothrombotic 
actions. The thrombogenicity of lipoprotein(a) has been attributed to 
its structural similarity to plasminogen, leading to reduced plasmin 
formation and impaired thrombolysis.’ Elevated LDL cholesterol can 
contribute to blood hypercoagulability.” The prothrombotic state of 
diabetes involves multiple mechanisms, including platelet hyperreactiv- 
ity and increased leukocyte procoagulant activity.'”” 


@ ISCHEMIC VASCULAR DISEASE 
MYOCARDIAL INFARCTION 


MI is a term that reflects necrosis of cardiac myocytes caused by pro- 
longed ischemia. In the past, MI was defined by the combination of 
two of three characteristics: typical symptoms (i.e., chest discomfort), 
a rise in serum enzymatic markers derived from myocardial cells, and 
a typical electrocardiographic pattern involving the development of 
Q waves. The advent of sensitive and specific serologic biomarkers 
and precise imaging techniques has led to the development of revised 
criteria for MI.” For example, patients can be diagnosed with a 
“ST-segment elevation MI”? or “non-Q-wave or non-ST-segment 
elevation” MI (NSTEMI)*” if certain criteria are met. The criteria agreed 
upon by the American College of Cardiology for acute, evolving, or 
recent MI’"* are as follows: 


1. Typical rise and gradual fall (troponin) or more rapid rise and fall 
(creatinine kinase-MB isoform) or biochemical markers of myo- 
cardial necrosis with at least one of the following: (A) ischemic 
symptoms; (B) development of pathologic Q waves on the electro- 
cardiogram (ECG); (C) electrocardiographic changes indicative of 
ischemia (ST segment elevation or depression); or (D) coronary 
artery intervention (e.g., coronary angioplasty). 

2. Pathologic findings of an acute MI. 


The criteria for established MI?" (i.e., event that occurred in the 
past) is any one of the following: 


1. Development of new pathologic Q waves on serial ECGs. The patient 
may or may not remember previous symptoms. Biochemical mark- 
ers of myocardial necrosis may have normalized, depending on the 
length of time since the infarct developed. 

2. Pathologic findings of a healed or healing MI. 


Clinical Features of Acute Coronary Syndromes 

Stable angina pectoris is ischemic discomfort symptomatology caused 
by a narrowed coronary artery that does not allow sufficient oxygen 
delivery to meet the metabolic demands of the myocardium. Unstable 
angina is defined clinically as a change in the pattern of stable angina to 
more frequent or more severe symptoms, uninterrupted angina symp- 
toms for 20 minutes or more, or the development of angina at rest. The 
term acute coronary syndrome has evolved as a useful description of the 
spectrum of patients presenting with angina pectoris caused by unsta- 
ble angina through MI.” The underlying pathologic mechanism for 
the development of ACS is usually a vulnerable atherosclerotic plaque 
with either plaque rupture or plaque ulceration leading to thrombosis. 
Unstable angina and NSTEMI are differentiated by pathologic elevation 
in the levels of cardiac biomarkers that confirm MI. 

Angina pectoris can be associated with other symptoms, such as 
diaphoresis, dizziness, nausea, clamminess, and fatigue. Some patients 
with ACS present with atypical symptoms rather than chest pain. The 
presentation may be dyspnea alone, nausea and/or vomiting, palpita- 
tions/syncope, or cardiac arrest. Rarely, patients with diabetes mellitus 
and other patients have a “silent MI” diagnosed incidentally on ECG or 
cardiac imaging study. 

The initial ECG is often not diagnostic in patients with ACS. In 
one clinical study, the ECG was not diagnostic in approximately 45 per- 
cent and was normal in 20 percent of patients who subsequently were 
shown to have experienced an acute MI.”! ST-segment elevation and 
Q waves are consistent with ST-segment elevation myocardial infarc- 
tion (STEMI), but other conditions, such as acute pericarditis with early 
repolarization variant and hypertrophic cardiomyopathy with Q waves, 
may mimic the ECG manifestations of STEMI. 


Laboratory Features of Acute Myocardial Infarction 

A variety of serum biomarkers are used to evaluate patients with sus- 
pected acute MI. The three most commonly used tests are (1) troponin I 
and troponin T, (2) creatine kinase (CK) and its isoform CK-myocardial 
band (MB), and (3) myoglobin. An elevated serum concentration of one 
or more of the three biomarkers is seen in almost all patients with acute 
MI. The preferred biomarkers are the troponins because the troponin 
assays are more specific than the other tests. 


Therapy for Acute Coronary Syndromes 


Therapy for Acute Myocardial Infarction The initial management of 
patients with STEMI depends upon prompt recognition and therapy to 
reduce morbidity and mortality. A carefully coordinated plan of care is 
essential for optimal results in patients with STEMI, given that multi- 
ple therapies usually are initiated simultaneously. The goals of therapy 
are to reduce ischemic pain, stabilize hemodynamic status, and quickly 
establish myocardial reperfusion. The American College of Cardiology 
(ACC)/American Heart Association (AHA) guidelines for management 
of patients with acute MI are available at the ACC website.?” 
Antiplatelet Agents Unless contraindicated, all patients with 
acute MI should be given antiplatelet therapy. The Antiplatelet Trialists’ 
Collaboration indicated a 30 percent reduction in vascular events with 
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an absolute benefit of 38 vascular events prevented per 1000 patients 
at 1 month with antiplatelet therapy.” Aspirin 325 mg/day or a P2Y,,- 
receptor antagonist such as clopidogrel is commonly used in the setting 
of MI. Vorapaxar, a protease-activated receptor-1 (PAR-1) antagonist, is 
indicated for the reduction of thrombotic events in patients with a his- 
tory of MI or with peripheral artery disease (PAD).”” Contraindications 
to antiplatelet therapy include active bleeding, coagulopathy, and severe, 
untreated hypertension (a relative contraindication). The combination 
of dipyridamole and aspirin has not been proven to provide incremental 
clinical benefit over aspirin alone. 

B-Adrenergic Blockade The control of heart rate with 6-adrenergic 
blocker agents has been efficacious in the setting of acute MI or unstable 
angina.”” According to guidelines, oral 6-blocker should be initiated 
during the first 24 hours of care of STEMI. Intravenous administration 
of B-blockers should be given only to selected, hemodynamically stable 
patients according to guidelines. 

Management of Chest Pain A cornerstone of ischemic pain 
management has been intravenous nitroglycerin (beginning at 5 to 
10 mcg/min) in combination with morphine sulfate if necessary. Nitro- 
glycerin also may improve hypertension and symptoms of heart fail- 
ure, if present. Intravenous nitroglycerin therapy has not been proven 
to improve mortality and usually is discontinued within 24 to 48 hours 
of presentation.” Patients who have taken drugs (e.g., sildenafil) for 
erectile dysfunction within the preceding 24 hours are at increased risk 
for vasodilation and hypotension, so caution is advised in these patients 
when intravenous nitroglycerin is given. 

Reperfusion Therapy The overriding goal of treatment of 
STEMI is restoration of myocardial blood flow and salvage of myo- 
cardial tissue. A decision should be made immediately whether the 
patient will undergo a primary (direct) percutaneous coronary inter- 
vention (PCI) or receive a fibrinolytic agent. The currently preferred 
approach is PCI, but the relative advantages and limitations of each 
therapy should be considered. The most important factor to consider 
is whether PCI is immediately available. Several randomized trials 
indicate enhanced survival with PCI compared to fibrinolysis, with a 
lower rate of intracranial hemorrhage and recurrent MI.”*? Transfer 
to a center that can provide PCI, if necessary, should be accomplished 
in less than 2 hours.” 

Fibrinolytic therapy should be given immediately if PCI cannot 
be performed promptly.’ Prior to fibrinolysis, the patient should be 
initially assessed for possible contraindications, which include active 
bleeding, history of cerebrovascular disease, intracranial neoplasm, 
drug allergy, and trauma. A systolic blood pressure greater than 175 torr 
is a relative contraindication but should not prohibit therapy, especially 
if the pressure can be rapidly controlled. Many different fibrinolytic reg- 
imens with different dosing schemes are available. Streptokinase was 
the first thrombolytic agent tested but has proved less effective than 
alteplase.*” In addition, streptokinase is antigenic and can cause an 
allergic reaction, particularly with repeat administration. Other throm- 
bolytic agents, such as tenecteplase and reteplase, have reportedly sim- 
ilar results compared to alteplase.*** Tenecteplase is popular on hospital 
formularies because of its relatively easy single-bolus administration 
and reported lower rate of noncerebral bleeding.” 

Anticoagulation Heparin, both unfractionated and low molecu- 
lar weight, is commonly used in patients with STEMI.’ The exact role 
of heparin therapy with different fibrinolytic agents is evolving. Patients 
who undergo primary PCI usually are given unfractionated heparin 
7500 U subcutaneously twice daily or low-molecular-weight heparin, for 
example, enoxaparin, 1 mg/kg twice daily unless contraindications are 
evident. For patients receiving intravenous unfractionated heparin, the 
recommended dose is an initial 60 to 70 U/kg bolus (maximum: 5000 U) 
followed by 12 to 15 U/kg per hour (maximum: 1000 U/h) as continuous 


Part XII: Hemostasis and Thrombosis 


infusion with monitoring of the activated partial thromboplastin time 
(aPTT) measured at 6 hours. The heparin dose is adjusted to maintain 
an aPTT between 50 and 75 seconds. 

Current guidelines recommend maintaining the aPTT at 50 to 
75 seconds for short-term use. Heparin should be continued beyond 
this period only in the case of high risk of systemic or venous thrombo- 
embolism. Patients can be switched to a subcutaneously administered 
heparin or converted to oral warfarin during the high-risk period. The 
anticoagulant drugs unfractionated heparin, enoxaparin, fondaparinux, 
and bivalirudin are all excreted by the kidneys; consequently, although 
the first dose is usually safe, longer-term therapy should be guided by 
assessment of creatinine clearance.” The Coumadin-Aspirin Reinfarc- 
tion Study (CARS) did not show a significant benefit with the combina- 
tion of low-dose warfarin (1 or 3 mg) and aspirin 80 mg daily compared 
to aspirin 160 mg daily monotherapy on cardiovascular morbidity in 
patients who had an MI.” 

Statins All patients with MI should be started on a 3-hydroxy- 
3-methylglutaryl-coenzyme A reductase inhibitor (statin) unless the 
MI was caused by a nonatherosclerotic process such as coronary vaso- 
spasm, vasculitis, or embolus. Numerous studies indicate that statins 
reduce the risk of subsequent MI by approximately 30 to 50 percent.?” 
Current evidence suggests that a serum LDL level less than 80 mg/dL 
with statin treatment is more efficacious in retarding atherosclerotic 
disease progression than a serum LDL level of 100 mg/dL or above.”® 
Other nonstatin drugs, such as ezetimibe, PCSK9 inhibitors, and 
microsomal triglyceride transfer protein inhibitors, also reduce choles- 
terol levels but relative reduction in cardiovascular events compared to 
statins is not yet clear. 

Therapy for Unstable Angina Pectoris and Non-ST-Elevation 
Myocardial Infarction The distinction between unstable angina and 
NSTEMI initially may be difficult because levels of troponins and/or 
CK-MB may not be elevated until hours after presentation. Similar to 
STEMI, the initial treatment of unstable angina and NSTEMI includes 
supplemental oxygen, pain control, and bed rest.*” Nitrates, given either 
intravenously or subcutaneously, are the treatment of choice for angina 
pectoris. Oral -blockers also are routinely given to patients with unsta- 
ble angina to relieve symptoms of angina and to reduce the risk of pro- 
gression to MI. 

Treatment of unstable angina and NSTEMI involves administra- 
tion of an antiplatelet agent and anticoagulation.*” Fibrinolytic therapy 
is not beneficial in patients with unstable angina, and its use is asso- 
ciated with unacceptably high bleeding risk. Antiplatelet treatment, 
most commonly aspirin at a dose of 325 mg daily, was shown in the 
Antithrombotic Trialists’ Collaboration to reduce the combined end 
point of subsequent nonfatal MI, nonfatal stroke, or vascular death 
(8.0 percent vs. 13.3 percent) in patients with non-ST-segment eleva- 
tion ACS. Clinical trials involving patients with non-ST-segment 
elevation ACS have demonstrated significantly reduced cardiovascular 
events and mortality with aspirin administration, mostly at a lower dose 
of 80 to 100 mg orally once per day.” **” Some patients do not benefit 
from aspirin, and this finding has generated an interest as to whether 
these patients are “aspirin resistant? Nonrandomized studies indicate 
that aspirin resistance may occur, but because of the limitations of these 
studies, the definition and prognostic significance of this phenomenon 
are uncertain.”*** 

The thienopyridine clopidogrel (75 mg/day) is effective in reduc- 
ing the risk of MI and mortality in patients with unstable angina.” 
The combination of aspirin and clopidogrel has been tested in patients 
with NSTEMI and unstable angina. The combination of these anti- 
platelet agents resulted in improved survival and decreased progres- 
sion to MI.*” The patients with non-ST-segment elevation ACS who 
underwent PCI benefited the most from the combination of aspirin 


and clopidogrel.” However, the combination was associated with an 
increase in major bleeding and reoperation for bleeding in patients 
who underwent coronary artery bypass grafting (CABG). Therefore, a 
5-day, but preferably a 7-day, period off clopidogrel is recommended 
before CABG.™! 

A meta-analysis of randomized clinical trials found that intra- 
venous platelet integrin IIb/IIIa inhibitors substantially benefited 
patients with non-ST-segment elevation ACS undergoing coronary 
intervention.*” The integrin a Êm, receptor antagonist abciximab 
(ReoPro) is a monoclonal antibody fragment that reduces short-term 
and long-term clinical events in patients with ACS undergoing angio- 
plasty with or without stent placement. Other platelet integrin a,,f,,,, 
antagonists, such as tirofiban and Integrilin, also are effective and 
safe in treating unstable angina when combined with heparin anti- 
coagulation.” Guidelines from an ACC/AHA task force recommend 
administration of an integrin O Pinta inhibitor, in addition to aspirin 
and heparin, for patients with unstable angina/NSTEMI undergoing 
planned PCI.” 

Unfractionated heparin reduces the rate of MI and death, and 
relieves anginal pain, when used in combination with an antiplatelet 
agent.” Intravenous heparin usually is given as a 5000-U bolus fol- 
lowed by continuous infusion. Low-molecular-weight heparins can 
be substituted for unfractionated heparin. Some studies have shown 
superior efficacy of low-molecular-weight heparins, but other studies 
have not indicated a significant difference. Direct thrombin inhibi- 
tors, such as hirudin and bivalirudin, have been shown to reduce the 
rate of death, nonfatal MI, and refractory angina compared to hepa- 
rin?“ The American College of Chest Physicians (ACCP) recom- 
mends lepirudin (recombinant hirudin), argatroban, bivalirudin, or 
danaparoid in patients with a history of heparin-associated thrombo- 
cytopenia,™ although some of these agents are no longer available in 
the United States. 

Therapy for Stable Angina Pectoris Patients with stable angina 
pectoris can be treated with either medical management or revasculari- 
zation.” Limited clinical trial data comparing revascularization, either 
percutaneous or surgical, to medical therapy are available. The older 
trials evaluating percutaneous and surgical revascularization were lim- 
ited by several factors: antiplatelet treatment, angiotensin-converting 
enzyme inhibitors, and aggressive lipid lowering with statins were not 
given as background medical therapy of angina. Given these limitations, 
determining whether revascularization is better than medical manage- 
ment for long-term care of patients with stable angina in modern prac- 
tice is difficult. 

Both PCI and coronary bypass surgery significantly reduce 
angina. The Coronary Artery Surgery Study (CASS) showed more 
patients remained symptom-free after CABG compared to medical 
therapy 5 years after the procedure.** At 10 years, however, no sig- 
nificant difference in symptoms was observed. Clinical trials showed 
significant improvement in angina with PCI compared to medical 
therapy; however, patients who underwent the former had similar 
rates of death and MI as those undergoing medical therapy and were 
less likely to have angina and more likely to have undergone a coro- 
nary bypass graft.” 

Restenosis is a complex process involving inflammation, cellular 
proliferation, thrombosis, and matrix deposition. Restenosis occur- 
ring after PCI may result in flow-limiting luminal narrowing in 20 to 
30 percent of therapeutically dilated vessels.” Numerous pharma- 
cologic agents, including heparin,**’ have been given in an attempt 
to reduce the restenosis rate but have met with limited or no success. 
Intraarterial radiation (brachytherapy) reduces the restenosis rate 
but is cumbersome to perform because of radiation safety issues and 
has fallen out of favor. Drug-eluting arterial stents, including the 


immunosuppressive macrocyclic lactone rapamycin (sirolimus)*” and 
the chemotherapeutic agent paclitaxel (Taxol),”” significantly reduce 
the rate of restenosis. Because drug-eluting stents were not available at 
the time of the previous clinical trials, extrapolating the benefits of PCI 
versus CABG or over medical therapy is difficult. The medical manage- 
ment of patients with stable angina pectoris should include antiplatelet 
therapy, statin drug treatment, a 6-blocker, an angiotensin-converting 
enzyme inhibitor, and a long-acting nitrate. 


PERIPHERAL ARTERY DISEASE 


PAD isa term that encompasses any arterial disease of the lower extrem- 
ities, upper extremities, and iliac vessels. It most commonly results from 
atherosclerosis. Patients who have atherosclerotic disease that compro- 
mises blood flow to the extremities may present with exertional pain in 
a muscle group, called claudication (derived from the Latin claudicare 
meaning “to limp”). Claudication is an intermittent but reproducible 
discomfort of a defined group of muscles that is induced by exercise 
and relieved with rest.” Acute limb ischemia is a relatively rare prob- 
lem in patients with PAD. In general, it is caused by in situ thrombo- 
sis or an embolic event from arrhythmias, such as atrial fibrillation, or 
after manipulation of an artery or aorta with a catheter. Approximately 
4 percent of patients with claudication progress to critical limb ischemia, 
which is defined as rest pain and/or foot ulceration that heralds impending 
tissue loss. 

The 5-year mortality rate is estimated to be 30 percent in patients 
with lower-extremity PAD.*° Approximately 75 percent of mortal- 
ity results from a cardiovascular event, such as MI or stroke.” The 
ankle-brachial index is a noninvasive measure of limb vascular pressure 
in the lower extremities and has been noted in several studies to be pre- 
dictive of cardiovascular events.?”™ However, a decreased index is not 
just a predictor; it also is a physical finding that indicates significant ath- 
erosclerotic plaque burden is present. Other noninvasive imaging stud- 
ies for PAD include the combination of segmental pressures and pulse 
volume recordings, duplex Doppler ultrasound, computed tomographic 
angiography and magnetic resonance imaging.*°°*” 

Medical therapy for patients with PAD includes risk-factor mod- 
ification, antiplatelet therapy, and treatment of claudication symptoms 
with exercise rehabilitation and possible pharmacologic agents. The 
risk factors for development of peripheral atherosclerosis include cig- 
arette smoking, diabetes mellitus, hypertension, and dyslipidemia.’ 
Aggressive management of risk factors for PAD is recommended to 
prevent disease progression.” Treatment with antiplatelet agents 
reduces the risk of cardiovascular events, such as MI and stroke, in 
patients with PAD.’ The Antithrombotic Trialists’ Collaboration 
evaluated 9214 patients with PAD enrolled in 42 trials and found that 
use of antiplatelet drugs, such as aspirin 75 to 325 mg/day, resulted in 
a proportional reduction of 23 percent in serious vascular events.” 
Evaluation of patients with PAD in the Physicians’ Health Study found 
that aspirin 325 mg every other day decreased the need for peripheral 
artery surgery.” However, no difference between the aspirin and pla- 
cebo groups with regard to development of claudication was observed. 
Several studies have evaluated the ADP receptor blockers ticlopidine 
and clopidogrel. Clopidogrel was evaluated in 19,185 patients in the 
Clopidogrel Versus Aspirin in Patients at Risk of Ischaemic Events 
(CAPRIE) study.** A dose of clopidogrel 75 mg/day had a modest but 
significant advantage over aspirin 325 mg/day in preventing stroke, 
MI, and peripheral vascular disease. Subgroup analysis revealed that 
the patients with PAD benefited the most with clopidogrel treatment. 
One study evaluating the effect of aspirin, 100 mg, compared to pla- 
cebo in asymptomatic patients with diabetes mellitus and PAD found 
no benefit in reducing cardiovascular events.” The PAR-1 antagonist, 
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vorapaxar, is approved to prevent cardiovascular events in patients 
with PAD.”* The clinical consensus is that antiplatelet therapy should 
be offered to all patients with PAD unless contraindicated by allergy 
or comorbidities.” 

The options for treating claudication symptoms include exercise 
rehabilitation, pharmacologic agents, and a revascularization pro- 
cedure. Several studies indicate exercise rehabilitation improves the 
symptoms of claudication, and a supervised program is better than an 
unstructured program, and comparable to percutaneous revasculariza- 
tion.” Two drugs are approved by the FDA for treatment of claudi- 
cation symptoms: pentoxifylline, a methylxanthine derivative that may 
improve abnormal red cell deformability and reduce blood viscosity, 
and cilostazol, a type III phosphodiesterase inhibitor with antiplatelet 
and vasodilating properties. Cilostazol is generally considered more 
effective than pentoxifylline for improving walking distance in patients 
with claudication.” The addition of cilostazol to either aspirin or 
clopidogrel does not increase the bleeding risk.” A revascularization 
procedure in patients with stable, intermittent claudication generally is 
reserved for those with severe lifestyle-limiting symptoms or manifes- 
tation of critical limb ischemia. 


CEREBROVASCULAR DISEASE 


The etiology of ischemic stroke is multifactorial and can be categorized 
into embolic, small-vessel disease, large-vessel disease, and crypto- 
genic. Carotid artery disease accounts for approximately 30 percent of 
strokes. Major risk factors for developing carotid artery atherosclero- 
sis are hypertension, diabetes, smoking, and dyslipidemia.” Emerging 
risk factors for stroke include hyperhomocysteinemia and an elevated 
plasma level of lipoprotein(a). An elevated hsCRP level is a risk factor 
associated with ischemic stroke in both men and women. However, at 
this time hsCRP is not routinely measured as an additional marker for 
increased risk of stroke. Similar to CAD and PAD, control of athero- 
sclerotic risk factors is essential in the primary prevention of stroke in 
patients with evidence of carotid atherosclerosis and for those who have 
undergone carotid endarterectomy.*”’” 

Carotid endarterectomy is indicated for patients with symptoms 
and a greater than 50 percent stenosis” or for patients who are asymp- 
tomatic with a greater than 60 to 99 percent stenosis of the common 
carotid or internal carotid arteries.” Carotid stent with embolic protec- 
tion is a therapy used for treatment of carotid atherosclerosis in selective 
patients.’ 

Two antiplatelet drug regimens are approved for prevention of 
stroke: clopidogrel (Plavix) and the combination of aspirin 25 mg and 
dipyridamole 200 mg daily. Approval of clopidogrel is based on the 
CAPRIE study, which showed a reduction in the combined end point 
of stroke, MI, and death in patients treated with clopidogrel 75 mg/ 
day compared to those treated with aspirin 325 mg/day.** The FDA 
indication for dipyridamole/aspirin is primarily based on the European 
Stroke Protection Study 2, which noted a reduction in stroke with 
the combination of dipyridamole 200 mg and aspirin 25 mg given 
together (Aggrenox) twice per day.”* The Prevention Regimen for 
Effectively Avoiding Second Strokes (PRoFESS) trial was a second- 
ary stroke-prevention trial comparing the combination of aspirin 
and extended-release dipyridamole (Aggrenox) versus clopidogrel 
(Plavix) in preventing stroke recurrence after a first event. The 
difference between the agents was not statistically significant for the 
primary outcome of recurrent stroke.” Fish oil (omega-3 fatty acids) 
lowers triglycerides and VLDLs and may reduce serum viscosity by 
lowering fibrinogen. Some studies suggest that fish oil consumption 
lowers the risk of ischemic stroke. The effect of fish oils on carotid 
atherosclerosis is unknown.’ 
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@ ATHEROEMBOLISM 


Atheromatous embolism refers to the dislodgment into the bloodstream 
of arterial plaque material, including cholesterol crystals (“cholesterol 
embolism”) from ulcerated vascular plaques. The cholesterol embol- 
ization syndrome involves systemic microembolism to the end arteries 
of almost any circulatory bed. Atheroembolism most characteristically 
originates from lesions in the abdominal aorta and ileofemoral arter- 
ies. Cholesterol emboli that lodge in an arteriole incite an acute inflam- 
matory response, followed by a foreign-body reaction, intravascular 
thrombus formation, endothelial proliferation, and eventually fibrosis. 
These processes generally result in ischemia that sometimes leads to 
infarction and necrosis.” Mortality rate of clinically diagnosed athe- 
roembolism can be as high as 80 percent, depending on the anatomic 
location and size of the vascular beds involved.” 

Patients with atheroembolism, including the cholesterol embol- 
ization syndrome, generally have advanced atherosclerosis, often com- 
plicated by a history of hypertension, diabetes mellitus, renal failure, 
or aortic aneurysms. Atherosclerotic plaques can disrupt and embolize 
spontaneously; however, the clinical syndrome typically is triggered 
by vascular intervention, including vascular surgery, catheteriza- 
tion, angioplasty, endarterectomy, or angiography. Anticoagulation or 
thrombolytic therapy may be risk factors with atheroembolism.”” Clin- 
ical presentation depends on the sites of embolization. When these sites 
involve the distal extremity microcirculation, the “blue toe syndrome” 
may develop. The syndrome presents with the acute appearance of pain- 
ful and tender discoloration or mottled blue and patchy appearance of 
one or more toes that may progress to ulceration and gangrene. Other 
common cutaneous manifestations are livedo reticularis involving the 
legs, buttocks, or abdomen, painful nodules, and purpura. Cerebrovas- 
cular embolism can cause transient neurologic abnormalities. Choles- 
terol emboli lodged in retinal arterial bifurcations can be visualized by 
ophthalmoscopy as bright, refractile, yellow rectangular crystals. Vis- 
ceral organs most commonly affected by atheroembolism include the 
kidneys, sometimes causing renal failure, and the gastrointestinal tract, 
where abdominal pain, ischemic colitis, and bleeding may ensue. 

Diagnosis is based on clinical presentation associated with imaging 
evidence of atherosclerosis of the arterial supply of affected organs.’ 
Transient eosinophilia occurs in most cases.” Treatment of athero- 
embolism should include surgical removal or bypass of the source of 
emboli. No medical treatment modalities have been established to be 
effective. Anticoagulation or fibrinolytic therapy may increase the risk 
of further atheroembolism. 
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CHAPTER 135 
FIBRINOLYSIS AND 
THROMBOLYSIS 


Katherine A. Hajjar and Jia Ruan 


Improved understanding of the molecular mechanisms of fibrinolysis has led 
to major advances in fibrinolytic and antifibrinolytic therapy. Characterization 
of the genes for all the major fibrinolytic proteins has revealed the structure of 
the relevant serine proteases, their inhibitors, and their receptors. The devel- 
opment of genetically engineered animals deficient in one or more fibrinolytic 
protein(s) has revealed both expected and unexpected functions. In addition, 
we now have a catalog of acquired and inherited disorders reflective of either 
fibrinolytic deficiency with thrombosis or fibrinolytic excess with hemorrhage. 
These advances have led to development of more effective and safer protocols 
for both pro- and antifibrinolytic therapy in a variety of circumstances. 


@ BASIC CONCEPTS OF FIBRINOLYSIS 


In response to vascular injury, fibrin, the insoluble end product of 
the action of thrombin on fibrinogen, is deposited in blood ves- 
sels, thus stemming the flow of blood. Once the vessel has healed, the 
fibrinolytic system is activated, converting fibrin to its soluble deg- 
radation products through the action of the serine protease, plasmin 
(Fig. 135-1A). Fibrinolysis is subject to precise control because of the 
actions of multiple activators, inhibitors, and cofactors.' In addition, 
receptors expressed by endothelial, monocytoid, and myeloid cells pro- 
vide specialized, protected environments where plasmin can be generated 
without compromise by circulating inhibitors (Fig. 135-1B). Beyond 
its more traditional role in fibrin degradation, the fibrinolytic system 
also supports a variety of tissue remodeling mechanisms. This chapter 
reviews the fundamental features of plasmin generation, considers the 
major clinical syndromes resulting from abnormalities in fibrinolysis, 
and discusses approaches to fibrinolytic and antifibrinolytic therapy. 


@ COMPONENTS OF THE FIBRINOLYTIC 
SYSTEM 


PLASMINOGEN 


Synthesized primarily in the liver,*> plasminogen is a Mr approximately 
92,000 single-chain proenzyme that circulates in plasma at a concen- 
tration of approximately 1.5 uM‘ (Table 135-1). The plasma half-life of 


Acronyms and Abbreviations: a,-Pl, alpha-2 plasmin inhibitor; APL, acute 
promyelocytic leukemia; IL, interleukin; MMP, matrix metalloproteinase; 
Plg, plasminogen; PAI, plasminogen activator inhibitor; TAFI, thrombin- 
activatable fibrinolysis inhibitor; TGF-8, transforming growth factor beta; 
t-PA, tissue-type plasminogen activator; u-PA, urokinase-type plasminogen 
activator; uPAR, urokinase-type plasminogen activator receptor. 


plasminogen in adults is approximately 2 days.’ Its 791 amino acids are 
crosslinked by 24 disulfide bridges, 16 of which give rise to five homol- 
ogous triple loop structures called “kringles” (Fig. 135-2).§ The first 
(K1) and fourth (K4) of these 80-amino-acid, Mr approximately 10,000 
structures impart high- and low-affinity lysine binding, respectively.’ 
The lysine-binding domains of plasminogen appear to mediate its spe- 
cific interactions with fibrin, cell surface receptors, and other proteins, 
including its circulating inhibitor «,—plasmin inhibitor («,-PI). "=" 

Posttranslational modification of plasminogen results in two 
glycosylation variants (forms 1 and 2; see Table 135-1).!*!7 O-linked 
oligosaccharide, consisting of sialic acid, galactose, and galactosamine 
resident on Thr345, is common to both forms. Only form 2, however, 
contains N-linked oligosaccharide on Asn 288 that is comprised of sialic 
acid, galactose, glucosamine, and mannose. The carbohydrate portion 
of plasminogen appears to regulate its affinity for cellular receptors, and 
may also specify its physiologic degradation pathway. 

Activation of plasminogen results from cleavage of a single Arg- 
Val peptide bond at position 560-561,° giving rise to the active pro- 
tease, plasmin (see Table 135-1). Plasmin contains a typical serine 
protease catalytic triad (His 602, Asp 645, and Ser 740), but exhibits 
broad substrate specificity when compared to other proteases of this 
class.'* The circulating form of plasminogen, aminoterminal glutamic 
acid plasminogen (Glu-Plg), can be converted by limited proteolysis to 
several modified forms known collectively as Lys—Plg.'”’? Hydrolysis of 
the Lys77-Lys78 peptide bond gives rise to a conformationally modi- 
fied form of the zymogen that more readily binds fibrin, displays two- 
to threefold higher avidity for cellular receptors, and is activated 10 to 
20 times more rapidly than Glu-Plg'!?'? Lys-Plg does not normally 
circulate in plasma,” but has been identified on cell surfaces.**** 

Spanning 52.5 kb of DNA on chromosome 6q26-27, the Plg gene 
consists of 19 exons™? and directs expression of a 2.7-kb mRNA‘ 
(see Fig. 135-2). The 5’ upstream region of the Plg gene contains two reg- 
ulatory elements common to genes for acute-phase reactants (CTGGGA) 
and six interleukin (IL)-6 response elements.” Plg gene activity, more- 
over, is stimulated by the acute-phase-mediator IL-6 both in vitro and 
in vivo.” The gene is closely linked and structurally related to that of 
apolipoprotein(a), an apoprotein associated with the highly atherogenic 
low density lipoprotein-like particle lipoprotein(a),”* and more distantly 
related to other kringle-containing proteins such as tissue-type plas- 
minogen activator (t-PA), urokinase-type plasminogen activator (u-PA), 
macrophage-stimulating protein, and hepatocyte growth factor.” 


The Physiologic Functions of Plasmin(ogen) 

Mice made completely deficient in Plg through gene targeting undergo 
normal embryogenesis and development, are fertile, and survive to 
adulthood (Table 135-2). These animals display runting and ligne- 
ous conjunctivitis,” and harbor spontaneous thrombi in the liver, stom- 
ach, colon, rectum, lung, and pancreas, as well as fibrin deposition in 
the liver and ulcerative lesions in the gastrointestinal tract and rectum. 
These results suggested that Plg is not strictly required for normal devel- 
opment, but does play a central role in fibrin homeostasis. In humans, 
Plg deficiency presents most often with ligneous mucositis as a result of 
fibrin deposition, and is rarely a cause of macrovascular thrombosis (see 
Fibrinolytic Deficiency and Thrombosis below). 


PLASMINOGEN ACTIVATORS 


Tissue-Type Plasminogen Activator 

One of two major endogenous Plg activators, t-PA consists of 527 
amino acids comprising a glycoprotein of Mr approximately 72,000 
(see Table 135-1).** t-PA contains five structural domains including a 
fibronectin-like “finger; an epidermal growth factor-like domain, two 
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Fibrin 


Fibrin clearance 


Platelets 


MMP activation 


Figure 135-1. Overview of the fibrino- 
lytic system. A. Fibrin—based plasminogen 
activation. The zymogen plasminogen (Plg) 
is converted to the active serine protease, 
plasmin (PN), through the action of tis- 
sue plasminogen activator (t-PA) or uroki- 
nase (u-PA). The activity of t-PA is greatly 
enhanced by its assembly with Plg through 
lysine residues (K) on a fibrin-containing 
thrombus. u-PA acts independently of fibrin. 
Both t-PA and u-PA can be inhibited by plas- 
minogen activator inhibitor—1 (PAI-1), the 
main physiologic regulator of plasminogen 
activator activity. By binding to fibrin, PN 
is protected from its major inhibitor, a,— 
plasmin inhibitor (a,-PI). Fibrin-bound 
plasmin degrades crosslinked fibrin, giving 
rise to soluble fibrin degradation products 
(FDPs). B. Cell surface plasminogen acti- 
vation. Although many cell types express 
receptors for Plg, urokinase, and t-PA, only 
the endothelial cell is depicted here. The 
annexin A2 heterotetramer, consisting of 
two copies each of annexin A2 (A2) and 
protein p11 (p11), binds both t-PA and 
Plg, thereby augmenting the efficiency of 
plasmin generation on endothelial cells. 
Plg may also bind to other endothelial cell 
receptors, including histone H2B (H2B), 
a-enolase, and may be activated by u-PA 
bound to its receptor, uPAR, to effect plas- 
min generation. 


TABLE 135-1. Fibrinolytic Proteins 
A. MAJOR PROTEASES 


Property Plasminogen t-PA u-PA 
Molecular mass 92,000 72,000 54,000 
Amino acids 791 527 411 
Chromosome 6 8 10 
Site of synthesis Liver Endothelium Endothelium, kidney 
Plasma concentration 
nM 1500 0.075 0.150 
mcg/mL 140 0.005 0.008 
Plasma half-life 48h 5 min 8 min 
N-glycosylation (%) 2 13 y 
Form 1 - Asn117, Asn184, Asn448 Asn302 
Form 2 Asn288 Asn117,-, Asn448 - 
O-Glycosylation 
a-Fucose - Thr61 Thr18 
Complex Thr345 - - 


(continued) 


TABLE 135-1. Fibrinolytic Proteins (Continued ) 


Two-chain cleavage site 


Arg560-Val561 


Arg275-lle276 
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Lys158-lle159 


Heavy chain domains 


Finger No Yes No 
Growth factor No Yes Yes 
Kringles (no.) 5 2 1 


Light-chain catalytic triad 


His602, Asp645, 
Ser740 


His204, Asp255, Ser356 


B. MAJOR SERPIN INHIBITORS 


Property a,-Pl PAI-1 PAI-2 
Molecular mass 70,000 52,000 60,000 (glycosylated) 
47,000 (nonglycosylated) 
Amino acids 452 402 393 
Chromosome 18 7 18 
Sites of synthesis Kidney, liver Endothelium Placenta 
Monocytes/macrophages Monocytes/macrophages 
Hepatocytes Tumor cells 
Adipocytes 
Plasma concentration 
nM 900 0.1-0.4 ND 
mcg/mL 50 0.02 ND 
Serpin reactive site Arg364—Met365 Arg346-Met347 Arg358-Thr359 
Specificity Plasmin u-PA = t-PA u-PA > t-PA 
C. MAJOR ACTIVATION RECEPTORS 
Property uPAR Annexin A2 p11 Plg-R,. Histone 2B 
Molecular mass 55,000-60,000 36,000 11,000 17,000 17,000 
Amino acids 313 339 4544 147 126 
Chromosome 19 15 12 9 6 
Source Endothelial cells Endothelial cells Endothelial cells - Endothelial 
cells 
Monocytes Monocytes Monocytes Monocytes Monocytes 
Macrophages Macrophages Macrophages Macrophages Macrophages 
Fibroblasts Myeloid cells Myeloid cells Myeloid cells Neutrophils 
Tumor cells Tumor cells Tumor cells Tumor cells 
Ligand(s) u-PA t-PA, Plg Plg Plg 


a,-Pl, a,-plasmin inhibitor; ND, not determined; PAI-1, plasminogen activator inhibitor type 1; PAI-2, plasminogen activator inhibitor type 2; 


Plg, plasminogen; Plg-R 


KT 


“kringle” structures homologous to those of Plg, and a serine protease 
domain (see Fig. 135-2). Cleavage of the Arg275-Ile276 peptide bond by 
plasmin converts t-PA to a disulfide-linked, two-chain form.” Although 
single-chain t-PA is less active than two-chain t-PA in the fluid phase, 
both forms demonstrate equivalent activity when fibrin—bound.” 

The two glycosylation forms of t-PA are distinguishable by the pres- 
ence (type 1) or absence (type 2) of a complex N-linked oligosaccharide 
moiety on Asn184 (see Table 135-1).*°*! Both types, however, contain 
high mannose carbohydrate on Asn 117, complex oligosaccharide on 


plasminogen receptor with terminal lysine; PN, plasmin; t-PA, tissue-type plasminogen activator; u-PA, urokinase 
plasminogen activator; uPAR, urokinase plasminogen activator receptor. 


Asn448, and an O-linked a-fucose residue on Thr61.* The carbohy- 
drate moieties of t-PA may modulate its functional activity, regulate its 
binding to cell surface receptors, and specify its degradation pathways. 
Located on chromosome 8p12-q11.2, the gene for human t-PA is 
encoded by 14 exons spanning a total of 36.6 kb (see Fig. 135-2).°* 
Although exon 1 encodes a 58-nucleotide mRNA leader sequence, 
each of the structural domains of t-PA is encoded by one or two of the 
remaining 13 exons. This arrangement suggests that the t-PA gene arose 
by an evolutionary process called “exon shuffling,” whereby functionally 
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Plasminogen 


Tissue plasminogen activator 


Urokinase 
A 


Figure 135-2. Alignment of the intron-exon structure of plasminogen, tissue plasminogen activator, and urokinase genes showing functional pro- 
tein domains. Protein domains are labeled signal peptide (SP), preactivation peptide (PAP), “kringle” domains (K), flbronectin-like “finger” (F), epidermal 
growth factor-like domain (EGF), and protease (P). The position of catalytic triad amino acids histidine (H), aspartic acid (D), and serine (S) are shown 
within individual protease domains. The positions of individual introns relative to amino acid encoding exons are indicated with inverted triangles. 


related genes evolved through rearrangement of exons encoding auton- 
omous domains. Consistent with this hypothesis, deletion of exons 
encoding the fibronectin-like finger or kringle 2, but not kringle 1, 
domains of t-PA results in expression of mutants resistant to the cofac- 
tor activity of fibrin, while catalytic activity in the absence of fibrin 
remains intact. 

The proximal promoter of the human t-PA gene contains binding 
sequences for potentially important transcriptional factors including 
AP1, NF1, SP1, and AP2,”* as well as a potential cyclic adenosine 
monophosphate (cAMP)-responsive element (CRE). In vitro, many 
agents have been shown to exert small effects on the expression of t-PA 
mRNA, but relatively few enhance t-PA synthesis without augmenting 
plasminogen activator inhibitor (PAI)-1 synthesis as well. Agents that 
regulate t-PA gene expression independently of PAI-1 include hista- 
mine, butyrate, retinoids, arterial levels of shear stress, and dexametha- 
sone." Forskolin, which increases intracellular cAMP levels, has been 
reported to decrease synthesis of both t-PA and PAI-1.*** 

In the vascular system, t-PA is synthesized and secreted primar- 
ily by endothelial cells belonging to a restricted set of blood vessels. In 
rodents, t-PA expression appears in 7- to 30-um diameter precapillary 
arterioles in the lung, postcapillary venules, and vasa vasorum; much 
less expression is seen in endothelial cells of the femoral artery, femo- 
ral vein, carotid artery, or aorta.” In the mouse lung, bronchial arteri- 
olar endothelial cells express t-PA antigen, especially at branch points, 
while pulmonary blood vessels are uniformly negative.*'°*® t-PA has 


also been detected in sympathetic neurons associated with the blood 
vessel wall.“ Release of t-PA is governed by a variety of stimuli such 
as thrombin, histamine, bradykinin, epinephrine, acetylcholine, argin- 
ine vasopressin, gonadotropins, exercise, venous occlusion, and shear 
stress.%°5}6 Its circulating half-life is exceedingly short (~5 minutes). 
Alone, t-PA is actually a poor activator of Plg, but, in the presence of 
fibrin, the catalytic efficiency of t-PA-dependent plasmin generation 
(k.,,/K,,) increases by at least two orders of magnitude.” This is the 
result of a dramatic increase in affinity (decreased K, ) between t-PA and 
its substrate Plg in the presence of fibrin. Although it is also expressed 
by extravascular cells, t-PA appears to represent the major intravascular 
activator of Plg.'* 


Urokinase 

The second endogenous Plg activator, single-chain u-PA or prourok- 
inase, is a Mr approximately 54,000 glycoprotein consisting of 411 
amino acids (see Table 135-1). u-PA possesses an epidermal growth 
factor-like domain, a single Plg-like “kringle; and a classical catalytic 
triad (His204, Asp255, Ser356) within its serine protease domain (see 
Fig. 135-2). Cleavage of the Lys158-Ile159 peptide bond by plasmin 
or kallikrein converts single-chain u-PA to a disulfide-linked two- 
chain derivative.® Located on chromosome 10, the human u-PA gene 
is encoded by 11 exons spanning 6.4 kb, and expressed by activated 
endothelial cells, macrophages, renal epithelial cells, and some tumor 
cells.°°* Its intron-exon structure is closely related to that of the t-PA 


TABLE 135-2. Mouse Gene Deletion Models Relevant to 
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Fibrinolysis 
Genotype Some Phenotypic Features References 
Plasminogen 
Plg-/- Spontaneous thrombosis, 35, 36 
runting, premature death 
Fibrin in liver, lungs, stomach; 35, 36 
gastric ulcers 
Impaired wound healing 243, 244 
Ligneous mucositis 37 
Impaired monocyte 245 
recruitment 
Impaired neointima forma- 246 
tion after electrical injury 
Impaired dissemination of 247 
Borrelia burgdorferi 
Plasminogen Activators 
t-PA-/- Reduced lysis of fibrin clot 84 
Increased endotoxin-induced 84 
thrombosis 
u-PA-/- Occasional fibrin in liver/ 84 
intestine 
Rectal prolapse, ulcers of eye- 84 
lids, face, ears 
Reduced macrophage degra- 84 
dation of fibrin 
Increased endotoxin-induced 84 
thrombosis 
u-PA-/- t-PA-/- Reduced growth, fertility and 84 
life span; cachexia 
Fibrin deposits in liver, 84 
gonads, lungs 
Ulcers in intestine, skin, ears; 84 
rectal prolapse 
Impaired clot lysis 84 
Inhibitors 
GUE Reduced fibrin deposition 90 
following endotoxin 
Enhanced lysis of injected 90 
plasma clots 
PAI-1-/- Mildly increased lysis of fibrin 123 
clot 
Resistance to endotoxin-in- 124 
duced thrombosis 
TAFI-/— Increased clot lysis 140, 142 
Reduced injury-related 141 
venous thrombosis 
Receptors 
uPAR-/- Normal development and 163 
fertility 
Normal clot lysis 164 
Annexin A2-/— Fibrin deposition in 205 
microvasculature 
Impaired clearance of arterial 205 
thrombi 
Impaired postnatal 198, 205, 
neoangiogenesis 270 
S$100A10-/- Reduced baseline fibrin 199 


deposition 


gene. u-PA expression appears to be induced during neoplastic trans- 
formation, possibly through the action of transcription factors AP1 
and AP2.® Other in vitro u-PA inducers include hormones, angiogenic 
growth factors, and cAMP,” as well as tumor necrosis factor and trans- 
forming growth factor-B (TGF-f).°-” 

Two-chain u-PA occurs in both high- (Mr 54,000) and low- 
molecular-weight (Mr 33,000) forms that differ by the presence or 
absence, respectively, of a 135-residue aminoterminal fragment released 
by plasmin cleavage between Lys135 and Lys136.”” Although both 
forms are capable of activating Plg, only the high-molecular-weight 
form binds to the u-PA receptor (see Urokinase Plasminogen Activator 
Receptors below). u-PA has much lower affinity for fibrin than t-PA, 
and is an effective Plg activator both in the presence and in the absence 
of fibrin." 


Accessory Plasminogen Activators and Fibrinolysins 

Under certain conditions, proteases traditionally classified within the 
intrinsic arm of the coagulation cascade have been shown to be capable 
of activating Plg directly. These include kallikrein, factor XIa, and factor 
XIIa." These proteases, however, normally account for no more than 
15 percent of total plasmin generating activity in plasma.” In addition, 
the membrane type 1 matrix metalloproteinase (MT1- MMP) appears 
to exert fibrinolytic activity in the absence of Plg, and may explain the 
unexpectedly mild phenotype observed in Plg-deficient mice.*° 


Physiologic Function of the Plasminogen Activators 

Because there are no clinical examples of complete deficiency of t-PA or 
u-PA in humans, except for patients with deficient release in the setting 
of chronic renal disease and hypertension," the most compelling data 
regarding the physiologic functions of t-PA and u-PA come from gene 
disruption analysis in mice.“ Both u-PA and t-PA null deletion mice 
exhibit normal fertility and embryonic development. However, u-PA-/- 
mice develop rectal prolapse, nonhealing ulcerations of the face and 
eyelids, and occasional fibrin deposition in tissues. Although they show 
normal lysis rates of pulmonary clots injected via the jugular vein, 
endotoxin-induced microvascular thrombus formation is significantly 
enhanced. t-PA-deficient mice also display a normal spontaneous phe- 
notype, but have a decreased rate of lysis of artificially induced pulmo- 
nary thrombi, as well as enhanced thrombus formation, in response to 
injection of endotoxin. Like Plg-/- mice, mice doubly deficient in t-PA 
and u-PA (t-PA-/-; u-PA-/-) exhibit rectal prolapse, nonhealing ulcer- 
ation, runting, and cachexia, with extensive fibrin deposition in liver, 
intestine, gonads, and lung. Not surprisingly, clot lysis is also markedly 
impaired. 


INHIBITORS OF FIBRINOLYSIS 


Plasmin Inhibitors 
The action of plasmin is negatively modulated by a family of serine 
protease inhibitors, called serpins (see Table 135-1).*° Serpins form an 
irreversible complex with the active site serine of their target protease 
following proteolytic cleavage of the inhibitor by the target protease. 
Within such a complex, both protease and inhibitor lose their activity. 
A single-chain glycoprotein of Mr approximately 70,000, a,-PI 
is synthesized primarily in the liver, circulates in plasma at relatively 
high concentrations (~0.9 uM), and enjoys a plasma half-life of 2.4 days 
(see Table 135-1).*° This serpin contains approximately 13 percent car- 
bohydrate by mass and consists of 452 amino acids with two disulfide 
bridges.” In humans, the gene is located on chromosome 18 and con- 
tains 10 exons distributed over 16 kb of DNA.® The promoter region 
of the «,-PI gene contains a hepatitis B-like enhancer element that 
directs tissue-specific expression in the liver.” w,-PI is also a constituent 
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of platelet æ granules. Plasmin released into flowing blood or in the 
vicinity of a platelet-rich thrombus, is immediately neutralized upon 
forming an irreversible 1:1 stoichiometric, lysine-binding site-dependent 
complex with «,-PI. Interaction with plasmin is accompanied by 
cleavage of the Arg364—Met365 peptide bond, and the resulting cova- 
lent complexes are cleared in the liver. Mice globally deficient in a,-PI 
display reduced fibrin deposition, following treatment with endotoxin 
and enhanced lysis of injected plasma clots, but no spontaneous bleeding 
(see Table 35-2). 

Several additional proteins can act as plasmin inhibitors (see 
Table 135-1). a,—Macroglobulin is a Mr 725,000 dimeric protein synthe- 
sized by endothelial cells and macrophages, and found in platelet œ gran- 
ules. This nonserpin inhibits plasmin with approximately 10 percent of 
the efficiency exhibited by «,-PI by forming noncovalent complexes with 
several distinct serine proteases.” C -esterase inhibitor can inhibit t-PA in 
plasma” and protease nexin may function as a noncirculating cell surface 
inhibitor of trypsin, thrombin, factor Xa, urokinase, or plasmin, result- 
ing in protease-inhibitor complexes that are endocytosed via a specific 
nexin receptor.”*** The purpose of these multiple plasmin inhibitors is to 
guard against premature plasmin activation and subsequent degradation 
of fibrinogen, until intravascular fibrin begins to appear/. 


Plasminogen Activator Inhibitors 

Plasminogen Activator Inhibitor-1 Of the two major Plg activa- 
tor inhibitors, PAI-1 is the most ubiquitous (see Table 135-1).*° This 
Mr approximately 52,000 single-chain, cysteine-less glycoprotein is 
released by endothelial cells, monocytes, macrophages, hepatocytes, 
adipocytes, and platelets.**°* Release of PAI-1 is stimulated by many 
cytokines, growth factors, and lipoproteins common to the global 
inflammatory response.”””'!°! The PAI-1 gene consists of nine 
exons, spanning 12.2 kb on chromosome 7q21.3-q22.'” The serpin- 
reactive site is located at Arg346-Met347, and activity of this labile 
serpin is stabilized upon complex formation with vitronectin, a compo- 
nent of plasma and pericellular matrix.'!°*'! 

Regulation of PAI-1 gene expression is complex.” The upstream 
regulatory region of the human PAI-1 gene contains a strong endothe- 
lial cell/fibroblast-specific element’®'” a glucocorticoid—-responsive 
enhancer,'” and TGF-f responsive elements." TGF-6 is known to 
stimulate fos and jun, the two components of the AP1 complex, and 
an AP1 binding site (GGAGTCA) is located upstream of the PAI-1 cap 
site.""' Agents shown to enhance expression of PAI-1 at the message 
level, the protein level, or both, without affecting t-PA synthesis, include 
the inflammatory cytokines lipopolysaccharide, IL-1, tumor necrosis 
factor-q,®709112113 TGF-B and basic fibroblast growth factor”!!! 
very-low-density lipoprotein and lipoprotein(a),'*!'® angiotensin I," 
thrombin,''*"” and phorbol esters.'”° In addition, endothelial cell PAI-1 
is downregulated by forskolin® and by endothelial cell growth factor in 
the presence of heparin." 

PAI-1 is the most important and rapidly acting physiologic inhib- 
itor of both t-PA and u-PA. Transgenic mice that overexpress PAI-1 
exhibit thrombotic occlusion of tail veins and swelling of hind limbs 
within 2 weeks of birth.'?? Mice deficient in PAI-1, on the other hand, 
exhibit normal fertility, viability, tissue histology, and development, and 
are resistant to endotoxin-induced thrombosis, but show no evidence 
of overt hemorrhage (see Table 135-2).'*!*4 These observations con- 
trast with the moderately severe bleeding disorder observed in a human 
patient with complete PAI-1 deficiency.” 

Plasminogen Activator Inhibitor-2 Originally purified from 
human placenta, PAI-2 is a 393-amino-acid member of the serpin 
family whose reactive site is the Arg358-Thr359 peptide bond’ (see 
Table 135-1). The gene encoding PAI-2 is located on chromosome 
18q21-23, spans 16.5 kb, and contains eight exons.'?” PAI-2 exists as 


both a Mr 47,000 nonglycosylated intracellular form and an Mr 60,000 
glycosylated form secreted by leukocytes and fibrosarcoma cells. Func- 
tionally, PAI-2 inhibits both two-chain t-PA and two-chain u-PA with 
comparable efficiency (second order rate constants 10° Mst). How- 
ever, it is less effective toward single-chain t-PA (second order rate con- 
stant 10° M's”), and does not inhibit prourokinase. 

Significant levels of PAI-2 are found in human plasma primarily 
during pregnancy. The genes 5’-untranslated region contains a potent 
silencer, the PAUSE-1 element, which may be responsible for its low 
level of expression in nonpregnant individuals.'””'* The 3’-downstream 
sequences include the TTATTTAT motif which has been identified 
with inflammatory mediators. ”®!° In macrophages in vitro, secretion 
of PAI-2 is enhanced by endotoxin and phorbol esters'’**!*' and dex- 
amethasone decreases PAI-2 expression in HT-1080 cells.” 


Thrombin-Activatable Fibrinolysis Inhibitor 
Thrombin-activatable fibrinolysis inhibitor (TAFI) is a plasma carboxy- 
peptidase with specificity for carboxy terminal arginine and lysine resi- 
dues.'*” The action of TAFI eliminates binding sites for Plg and t-PA on 
fibrin.’ This single-chain Mr 60,000 polypeptide circulates in plasma at 
concentrations of approximately 75 nM, and undergoes limited prote- 
olysis in the presence of thrombin, which leads to its activation.4*"'° 
The profibrinolytic effect of activated protein C in plasma is a result of 
its ability to inactivate coagulation factors Va and VIIIa, which reduces 
activation of thrombin, the primary activator of TAFI.'” The profi- 
brinolytic effect of activated protein C in an in vitro plasma-based sys- 
tem was TAFI-dependent,'” and, in a system of purified components, 
TAFI has been shown to downregulate t-PA-induced fibrinolysis half- 
maximally at a concentration of approximately 1 nM, which is 2 percent 
of its concentration in plasma.'** Inhibition of either the intrinsic path- 
way of coagulation or TAF] itself results in a doubling of endogenous clot 
lysis in an in vivo rabbit jugular vein model of thrombolysis." TAFI- 
deficient mice display increased lysis of plasma clots and reduced injury- 
induced venous thrombosis (see Table 135-2). In plasma, TAFI may 
regulate Plg binding to both cell surface receptors and to fibrin.'* 


CELLULAR RECEPTORS 


A large number of structurally diverse fibrinolytic “activation” and “clear- 
ance” receptors have been described. Here, we focus on endothelial cell 
activation receptors that are likely to contribute to homeostatic control 
of plasmin activity (see Table 135-1).’ Clearance receptors eliminate 
plasmin and Plg activators from the blood or focal microenvironments. 


Activation Receptors 

Plasminogen Receptors Proposed Plg receptors include a-enolase, 
glycoprotein IIb/IIIa complex, the Heymann nephritis antigen, 
amphoterin, the annexin A2/S100A10 complex, histone H2B, and 
plasminogen receptor-KT (Plg-R,..)**; these are expressed on a wide 
spectrum of cells, including monocytoid cells, platelets, renal epithe- 
lial cells, neuroblastoma cells, endothelial cells, and tumor cells.'44!*! 
Typically, Plg receptors interact with the kringle structures of Plg through 
carboxyl-terminal lysine residues that are either present on the native 
protein, or generated by limited proteolysis.’ 

Urokinase Plasminogen Activator Receptor The u-PA receptor 
(uPAR) is expressed on monocytes, macrophages, fibroblasts, endo- 
thelial cells, and many tumor cells (see Table 135-1).'*'? uPAR com- 
plementary DNA (cDNA) was cloned and sequenced from a human 
fibroblast cDNA library’* and encodes a protein of 313 amino acids 
with a 21-residue signal peptide. The gene consists of seven exons dis- 
tributed over 23 kb of genomic DNA, and places this glycoprotein within 
the Ly-1/elapid venom toxin superfamily of cysteine rich proteins. "56 


uPAR is anchored to the plasma membrane through glycosylphosphat- 


idylinositol linkages.” u-PA bound to its receptor maintains its activity 


and susceptibility to the physiologic inhibitor, PAI-1.'* Formation of 
u-PA-PAI-1 complexes hastens clearance of u-PA by hepatic or mono- 
cytoid cells. 158-16 

Although originally thought to function only as a means of localiz- 
ing Plg activation to the cell surface, uPAR now appears to play a central 
role in cellular signaling and adhesion events.'**' The uPAR-deficient 
mouse has normal development and fertility, and unimpaired fibrin clot 
lysis (see Table 135-2).'%! uPAR binds the adhesive glycoprotein vit- 
ronectin at a site distinct from the u-PA binding domain'®!® and u-PA 
transfected renal epithelial cells acquire enhanced adhesion to vitronec- 
tin while they lose their adhesion to fibronectin.” uPAR, furthermore, 
colocalizes with integrins in focal contacts and at the leading edge of 
migrating cells,’* and also associates with caveolin, a major component 
of caveolae, structures abundant in endothelial cells and thought to par- 
ticipate in signaling events.'’®-'7! In addition, cleaved and soluble forms 
of uPAR have recently been detected in the sera of patients with cancer, 
and these modified forms are thought to regulate the activity of several 
receptors involved in inflammatory and angiogenic responses." 

The Annexin A2-S100a10 System Annexin A2, a Mr 36,000, 
339-amino-acid member of the annexin superfamily of calcium- 
dependent, phospholipid-binding proteins, forms a heterotetramer with 
the S100 family protein, $100A10 (see Table 135-1)."”""™ It is highly con- 
served, and abundantly expressed on endothelial cells," monocyte/ 
macrophages, '”"* early myeloid cells,“ developing neuronal cells,'** and 
some tumor cells.'**"'*° All of the more than 60 annexin family members 
have in common a conserved membrane-binding C-terminal “core” 
region and a more variable N-terminal “tail”! The human annexin A2 
gene consists of 13 exons distributed over 40 kb of genomic DNA on 
chromosome 15 (15q21).'*” 

Annexin A2 is unique among fibrinolytic receptors in that it 
possesses binding affinity for both Plg (Kd 114 nM)" and t-PA (Kd 
30 nM), but not u-PA.™ In a fluid phase system of purified proteins, 
native human annexin A2 stimulates the catalytic efficiency of t-PA- 
dependent Plg activation by 60-fold.'** This effect is completely inhib- 
ited in the presence of lysine analogues or upon treatment of annexin 
A2 with carboxypeptidase B, an agent that removes basic carboxyl- 
terminal amino acids. Although it lacks a classical signal peptide, 
annexin A2 is constitutively translocated to the endothelial cell surface 
within 16 hours of its biosynthesis. This translocation event can be stimu- 
lated either by thrombin or by heat stress, in a process that requires phos- 
phorylation of annexin A2 at Tyr23, the action of a Src family kinase, and 
the presence of the annexin A2 binding protein p11 (S100A10)."” 

At the cell surface, A2 binds phospholipid via core repeat 2, which 
contains the linear amino acid sequence KGLGT and downstream 
aspartate residue (Asp 161); together these moieties constitute a clas- 
sical “annexin” motif.” The annexin A2 heterotetramer, which consists 
of two A2 monomers and two protein p11 subunits and constitutes the 
cell surface form of A2, appears to have even greater stimulatory effects 
on t-PA-dependent plasmin generation.” Interestingly, A2 regulates 
endogenous levels of protein p11 in the endothelial cell by masking 
a polyubiquitination site on p11, which otherwise directs p11 to the 
proteasome where it is rapidly degraded."*! 

Plg and t-PA appear to bind to distinct domains. Lys307 appears 
to be crucial for the effective interaction of Plg with annexin A2, and 
may be revealed upon limited proteolysis of the parent protein.'** The 
atherogenic low-density lipoprotein (LDL)-like particle, lipoprotein(a), 
competes with Plg for binding to annexin A2 in vitro,” thereby reduc- 
ing cell surface plasmin generation. t-PA binding to annexin A2 requires 
a domain consisting of residues 8 to 13 (LCKLSL) within the receptor’s 
amino terminal “tail” domain.'” This region is a target for homocysteine 
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(HC), a thiol-containing amino acid that accumulates in association 
with nutritional deficiencies of vitamin Bo vitamin B.,, or folic acid, or in 
inherited abnormalities of cystathionine B-synthase, methylenetetrahy- 
drofolate reductase, or methionine synthase,’ and is associated with 
atherothrombotic disease.” In vitro, HC impairs t-PA-dependent 
plasmin generation at the endothelial cell surface by approximately 50 
percent!” by forming a covalent derivative with Cys,” and mice with diet- 
induced hyperhomocysteinemia have deficient annexin A2 function’”® 
The half-maximal dose of HC for inhibition of t-PA binding to annexin 
A2 is approximately 11 uM HC, a value close to the upper limit of nor- 
mal for HC in plasma (12 uM). 

The important role of $100A10 in fibrin balance has recently been 
underscored. $100A10-/- mice display increased deposition of fibrin 
in the vasculature and reduced clearance of batroxobin-induced vas- 
cular thrombi, and $100A10-deficient endothelial cells demonstrate 
a 40 percent reduction in Plg binding and plasmin generation in vitro 
(see Table 135-2).'” S100A10 also appears to contribute to Plg-dependent 
macrophage invasion in vitro by enhancing plasmin-dependent activa- 
tion of matrix metalloporetinase-9.” 

Several studies suggest a physiologic role for the annexin A2 sys- 
tem in fibrin homeostasis. First, blast cells from human patients with 
acute promyelocytic leukemia overexpress annexin A2 in proportion to 
their degree of hyperfibrinolytic coagulopathy’; $100A10 also appears 
to be upregulated by the PML-RAR-« oncoprotein,’ and both annexin 
A2 and S100A10 are downregulated by treatment with all-trans-retinoic 
acid. Second, in rats, arterial thrombosis can be significantly attenuated 
by pretreatment with intravenous annexin A2.”” Third, the prevalence 
of high-titer anti-annexin A2 antibodies correlates with a history of 
severe thrombosis in humans with antiphospholipid syndrome and in 
a cohort of individuals with cerebral venous thrombosis.” Finally, 
mice with total deficiency of annexin A2 display impaired clearance of 
artificial arterial thrombi, fibrin deposition in the microvasculature, and 
angiogenic defects in a variety of tissues (see Table 135-2). 


Clearance Receptors 

Clearance of serpin-enzyme complexes, such as t-PA-PAI-1 and u-PA- 
PAI-1, occurs mainly in the liver, and is mediated by a large two-chain 
receptor called the LDL receptor-related protein 1 (LRP1).%°°” LRP1 
binds a large number of serpin-protease complexes and other ligands, 
indicating a multifunctional role in mammalian physiology. An addi- 
tional Mr 39,000 “receptor associated protein” copurifies with LRP1 and 
appears to regulate the binding and uptake of LRP1 ligands.”* Inter- 
estingly, LRP1 “knockout” embryos undergo developmental arrest by 
13.5 days after conception, suggesting that regulation of serine pro- 
tease activity may be crucial for early embryogenesis.” Although 
PAI-1-independent clearance pathways for t-PA have been proposed 
involving the mannose receptor,” or an a—-fucose-specific receptor,” 
in vivo studies in mice suggest that LRP1 and the mannose receptor play 
a dominant role in t-PA clearance.” 


@ THE FIBRINOLYTIC ACTIONS 
OF PLASMIN 


DEGRADATION OF FIBRINOGEN AND FIBRIN 


Fibrinogen 

Plasmin releases carboxyl-terminal Aa and N-terminal fibrinopep- 
tide B moieties from fibrinogen (Fig. 135-3). This reaction is distinct 
from the proteolytic cleavage of fibrinogen by thrombin, which releases 
fibrinopeptide A, exposing the Gly-Pro-Arg tripeptide sequence 
and allowing fibrinogen to polymerize and form insoluble fibrin.” 
Plasmin cleavage of fibrinogen (Mr 340,000) initially produces 
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Figure 135-3. Degradation of fibrinogen and crosslinked fibrin by plasmin. Top panel: On fibrinogen, plasmin initially cleaves the C-terminal 
regions of the a and £ chains within the D domain, releasing the Aa and BB fragments. In addition, a fragment containing fibrinopeptide B (FPB) 
from the N-terminal region of the 6 chain is released giving rise to the intermediate fragment known as “fragment X” Subsequently, plasmin cleaves 
the three connecting polypeptide chains connecting D and E domains, giving rise to fragments D, E, and Y. Bottom panel: Upon polymerizatoin by 
thrombin, fibrinogen forms fibrin. When degrading crosslinked fibrin, plasmin initially cleaves the C-terminal region of the a and B chains within the 
D domain. Subsequently, some of the connecting regions between the D and E domains are severed. Fibrin is ultimately solubilized upon hydrolysis 
of additional peptide bonds within the central portions of the coiled-coil connectors, giving rise to fibrin degradation products such as D-dimer. 
(Reproduced with permission Nathan DG, Orkin SH, Ginsburg D, et al: Hematology of Infancy and Childhood. 6th edition. Philadelphia, PA: WB Saunders; 


2003.) 


carboxyl-terminal fragments from the a chain within the D domain 
of fibrinogen (Aa fragment).”-*°7!>718, Simultaneously, but more 
slowly, the N-terminal segments of the £ chains are cleaved, releasing 
a peptide containing fibrinopeptide B. The resulting Mr approximately 
250,000 molecule is termed fragment X and represents a clottable form 
of fibrinogen. Additional cleavage events may release the Bf fragment 
from the £ chains carboxyl-terminus, and, in a series of subsequent 
reactions, plasmin cleaves the three polypeptide chains that connect 
the D and E domains giving rise to free D domain (Mr ~100,000) plus 
the binodular D-E fragment known as fragment Y (Mr ~150,000). 
Finally, domains D and E are separated from each other, and some of 
the N-terminal fibrinopeptide A sites on domain E are also modified. 
Although fragment X can be converted to fibrin by thrombin, the frag- 
ments Y, D, and E are all nonclottable, and, in fact, may inhibit poly- 
merization of fibrinogen.’ 


Fibrin 

Plasmin degradation of fibrin leads to a distinct set of molecular prod- 
ucts (see Fig. 135-3). Species similar to fragments Y, D, and E, but 
lacking fibrinopeptide sites, are released from noncrosslinked fibrin. 
If fibrin has been extensively crosslinked by factor XIII, however, the 
resulting D fragments are crosslinked to an E domain fragment. Assay 
of crosslinked D-dimer fragments is employed clinically to identify dis- 
seminated intravascular coagulation-like states associated with exces- 
sive plasmin-mediated fibrinolysis. Several biologic activities, including 
inhibition of platelet function,” potentiation of the hypotensive effects 


of bradykinin,’ chemotaxis,” and immune modulation, have been 
ascribed to fibrin breakdown products. 


TISSUE-TYPE PLASMINOGEN ACTIVATOR - 
MEDIATED PLASMINOGEN ACTIVATION 


With or without fibrin, t-PA-mediated activation of Plg follows 
Michaelis-Menten kinetics.” In the absence of fibrin, t-PA is a weak 
activator of Plg. However, in the presence of fibrin, the catalytic effi- 
ciency (k /K„) of t-PA-dependent Plg activation is enhanced by 
approximately 500-fold. This is the basis for its specificity as a lytic agent 
in the treatment of thrombosis. The affinity between t-PA and Plg in 
the absence of fibrin is low (K,, 65 uM), but increases significantly in its 
presence (K 0.16 uM), even though the catalytic rate constant remains 
essentially unchanged (kcat ~0.05 sec). When plasmin forms on the 
fibrin surface, both its lysine binding sites and its active site are occupied. 
Thus, it is relatively protected from its physiologic inhibitor, a,-PI.”” 

The interaction of t-PA with fibrin is probably initiated by its “fin- 
ger” domain. However, once fibrin is modified by plasmin, carboxy- 
terminal lysine residues are generated, and these become binding sites 
for “kringle” 2 of t-PA and “kringles” 1 and 4 of Plg.” Therefore, fibrin 
accelerates its own destruction by (1) enhancing the catalytic efficiency 
of plasmin formation by t-PA, (2) protecting plasmin from its physio- 
logic inhibitor, a,-PI, and (3) providing new binding sites for Plg and 
t-PA once its degradation has begun. 


UROKINASE-TYPE PLASMINOGEN ACTIVATOR- 
MEDIATED PLASMIN GENERATION 


For the activation of Glu-Plg by u-PA in a fibrin-free system, reported 
Michaelis constants (K „) vary from 1.4 to 200 uM, while catalytic rate 
constants (kcat) range from 0.26 to 1.48 sec™'.! Interestingly, activation 
of Glu-Plg by two-chain u-PA is increased in the presence of fibrin by 
approximately 10-fold even though u-PA does not bind to fibrin.””” In 
contrast, single-chain u-PA has considerable fibrin-specificity. This may 
reflect neutralization by fibrin of components in plasma that impair Plg” 
also reflect a conformational change in Plg upon binding to fibrin.” It is 
important to recognize, however, that the intrinsic Plg activating poten- 
tial of single-chain u-PA is less than 1 percent of that of two-chain u-PA. 
Two-chain u-PA has been used effectively as a thrombolytic agent for 


many years.” 


@ THE NONFIBRINOLYTIC ACTIONS OF 
PLASMIN 


PLASMIN AS A TISSUE REMODELER 


A large number of in vitro studies suggest a role for plasmin in tissue 
remodeling. Basement membrane proteins such as thrombospondin,””* 
laminin,” fibronectin,” and fibrinogen,” are readily degraded by 
plasmin in vitro, suggesting possible roles in inflammation,” tumor cell 
invasion,’ embryogenesis,” ovulation,” neurodevelopment,”***” and 
prohormone activation.’ Plasmin also activates MMPs 3 and 13 in 
the mouse, thereby facilitating the degradation of matrix proteins such 
as the collagens, laminin, fibronectin, vitronectin, elastin, aggrecan, and 
tenascin C.*” On the other hand, activation of other MMPs apparently 
proceeds in the absence of Plg, possibly providing the basis for the mild 
phenotype observed in Plg-null homozygote animals.” 

Roles for plasmin in tissue remodeling and host defense mech- 
anisms are further supported by in vivo observations in Plg-deficient 
mice (see Table 135-2). Impaired wound healing is observed in the Plg 
“knockout,” and is reversed upon simultaneous deletion of fibrin- 
ogen.™ Plg-deficient mice also display diminished recruitment of 
monocytes in response to intraperitoneal thioglycolate,” and impaired 
neointima formation following electrical injury to blood vessels.” In 
studies involving Borrelia burgdorferi, the agent of Lyme disease, dis- 
semination of the spirochete within its arthropod vector Ixodes dam- 
mini is absolutely dependent upon host Plg even though the deer tick 
contains no fibrin.” Furthermore, kainate-induced excitotoxicity and 
attendant neuronal cell dropout in the hippocampus is not observed 
in Plg knockout mice but does occur in fibrinogen-deficient animals.** 
The latter two studies may define new roles for plasmin, which appear 
to be unrelated to degradation of fibrin. 

In the lung, the fibrinolytic system mediates lung matrix remod- 
eling, through mechanisms that appear to be independent of fibrin 
degradation.*” In mice, deficiency of fibrinogen has no effect on the 
development of bleomycin-induced pulmonary fibrosis.” Mice lack- 
ing either PAI-1 or TAFI are protected from lung fibrosis in the same 
model,”5!-*55 whereas inducible expression of u-PA within alveoli abro- 
gates the fibrotic response.?* 

Plasmin may play a role in the activation of growth factors. TGF-B 
is a Mr 25,000 homodimeric polypeptide that regulates vascular cell 
responses and epithelial-mesenchymal transformation in development 
and in tissue fibrosis.”*°°* In culture, cell-associated plasmin appears to 
convert latent TGF-f to its physiologically relevant active state. Inhibi- 
tion of wound healing in this system was dependent upon active TGF-B, 
and activation of this agent could be blocked in the presence of plasmin 
inhibitors such as aprotinin or a,-PI. Activation of TGF- by plasmin 
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may reflect alteration of its tertiary structure upon cleavage of an 
aminoterminal glycopeptide.” Once activated by plasmin, TGF-f can 
stimulate production of PAI-1, thus impairing further activation of Plg. 

The role of the fibrinolytic system in vascular remodeling during 
atherosclerosis appears to be complex.” In the evolution of an injury to 
the endothelial cell lining of blood vessels, deposition of intravascular 
fibrin and organization of a thrombus occurs.” As the injury resolves, 
fibrin participates in plaque growth and luminal narrowing. Evidence 
of the importance of fibrinolytic balance in this process is that, in the 
absence of PAI-1, there is less neointima formation and reduced luminal 
stenosis, possibly because of more rapid resolution of fibrin.* In areas 
of the vasculature where injury is not associated with fibrin deposition, 
however, absence of PAI-1 may lead to enhanced lesion formation, as 
cells that invade the developing plaque may require plasmin activity for 
their directed migration. 


FIBRINOLYSIS AND ANGIOGENESIS 


Although the fibrinolytic system has generally been assumed to be 
proangiogenic by virtue of its ability to promote “tunneling” of endo- 
thelial cells through fibrin-containing matrices, its effect, in actuality, 
appears to be context specific. PAI-1 deficiency in mice, for exam- 
ple, seems to prevent tumor vascularization in a malignant keratinocyte 
model.’ The same mice are also resistant to laser-induced neovascu- 
larization of the choroid.” The paradoxical proangiogenic effect of 
PAI-1 in some settings may relate to its ability to protect endothelial 
cells from apoptosis mediated by FasL, which is activated by plasmin.” 

In the mouse cornea, absence of t-PA, u-PA, or TAFI, had no effect 
on neovascularization, whereas loss of Plg, PAI-1, or annexin A2 sig- 
nificantly diminished this response.” Within the atherosclerotic 
plaque, moreover, expression of a truncated form of PAI-1 (rPAI-1,,) 
was antiangiogenic, inhibiting the proliferation of vasa vasorum, and 
reducing overall plaque area and plaque cholesterol in the descend- 
ing aorta.” As a gene product that is transcriptionally upregulated 
by hypoxia, annexin A2 is required for the normal corneal angiogenic 
response to growth factor stimulation, and also for hypoxia-induced 
retinal angiogenesis. '°®20%270 


@ DISORDERS OF PLASMIN GENERATION 
FIBRINOLYTIC DEFICIENCY AND THROMBOSIS 


Although partial human Plg deficiency was first described in a young 
man with a history of venous thrombosis and pulmonary embolism,” 
there is currently little evidence that hypoplasminogenemia alone is a 
significant cause of deep venous thrombosis.” In a study of 23 consec- 
utive patients with thrombophilia, the prevalence of Plg deficiency was 
only 1.9 percent.’ Approximately half of these individuals had other 
risk factors such as deficiency of antithrombin, protein C, or protein S, 
or resistance to activated protein C. Among 93 patients with type I Plg 
deficiency, the prevalence of thrombosis was 24 percent, or 9 percent 
when the propositi were excluded.” Two additional epidemiologic 
studies concluded, moreover, that isolated hypoplasminogenemia is not 
a risk factor for thrombosis.?”°?”° 

Although there are no reported cases of complete absence of Plg 
in humans, a large number of Plg polymorphisms and dysplasmino- 
genemias have been reported.”” Congenital Plg deficiency has been 
classified into two types: in type I the concentration of immunoreactive 
Plg is reduced in parallel with functional activity,” whereas in type II 
(dysplasminogenemia), immunoreactive protein is normal while func- 
tional activity is reduced.’ Patients with type I Plg deficiency are most 
likely to present with ligneous conjunctivitis, which resolves completely 
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upon infusion of Lys-Plg.’”?* In a study of a Japanese cohort, approx- 
imately 27 percent of individuals with type II deficiency had a clini- 
cal history of thrombosis, but it is not clear whether there were other 
explanations for thrombophilia in these individuals.’ Acquired Plg 
deficiency may occur in liver disease, sepsis, and Argentine hemor- 
rhagic fever due to decreased synthesis and/or increased catabolism,” 
but associated thrombosis may be due to abnormalities in other hemo- 
static factors in these very ill patients. Similarly, there are no reported 
cases of complete t-PA or u-PA deficiency in humans, and no mutations 
or polymorphisms in these genes have so far been clinically linked to 
thrombophilia. Defects in Plg activator release, as well as increased inhi- 
bition of t-PA by PAI-1, have been reported in associated with thrombo- 
sis, and with chronic renal disease and hypertension.’ 

Global deficiency in fibrinolytic function, moreover, is associated 
with increased risk for venous thrombosis, as well as first myocardial 
infarction in young men.’®?% Increased circulating PAI-1 appears to 
represent an independent risk factor for vascular reocclusion in young 
survivors of myocardial infarction.*” In addition, increased levels 
of PAI-1 have been associated with deep vein thrombosis in patients 
undergoing hip replacement surgery’ and in individuals with insu- 
lin resistance.” Although a 4G versus 5G polymorphism in the PAI-1 
promoter has been reported, the 4G form being associated with higher 
PAI-1 plasma levels, it is not yet established as to whether this allele cor- 
relates with elevated thrombotic risk.””*' With regard to such studies, 
one should bear in mind that PAI-1 is itself an acute phase reactant, and 
thus may not be directly responsible for the observed prothrombotic 
tendency.” 


ENHANCED FIBRINOLYSIS AND BLEEDING 


Enhanced fibrinolysis resulting from congenital or acquired loss of 
fibrinolytic inhibitor activity may be associated with a bleeding diath- 
esis.” Patients with congenital deficiency of a,-PI may present with 
a severe hemorrhagic disorder as a result of impaired inactivation 
of plasmin and premature lysis of the hemostatic plug.” Acquired 
a -PI deficiency may be seen in patients with severe liver disease from 
decreased synthesis, disseminated intravascular coagulation from con- 
sumption, nephrotic syndrome from urinary losses, or during throm- 
bolytic therapy, which induces excessive utilization of the inhibitor. 
TAFI levels are markedly reduced in liver cirrhosis, correlating with 
enhanced plasma fibrinolysis, and serving as an independent predictor 
of mortality.’ 

Patients with acute promyelocytic leukemia demonstrate excessive 
expression of annexin A2 on their developmentally arrested promyelo- 
cytes. Bleeding in this disorder is accompanied by evidence of high lev- 
els of plasmin generation and depletion of «,-PI. Bleeding resolves upon 
initiation of all-trans-retinoic acid therapy, which eliminates expression 
of promyelocyte annexin A2, probably through a transcriptional mech- 
anism.'*! In this setting, A2 acts most likely in concert with $100A10, 
which is also upregulated in an acute promyelocytic leukemia (APL) 
cell lirie, 

Complete loss of PAI-1 expression resulting in hemorrhage in a 
9-year-old child was associated with severe hemorrhage in the setting of 
trauma or surgery.” This autosomal recessive trait reflected a frameshift 
mutation within exon 4 that induced a premature stop codon. This case 
demonstrates that PAI-1 is a central regulator of fibrinolysis in humans. 


DEVELOPMENTAL REGULATION OF THE 
FIBRINOLYTIC SYSTEM 


In the resting, nonstressed state, the plasmin-generating potential in 
the newborn is significantly less than that of the adult.”*’” Although 


the amino acid composition and apparent molecular mass of neonatal 
Plg are indistinguishable from those of the adult protein,’ plasma 
concentrations of Plg in the neonate are approximately 50 to 75 percent 
of those observed in adults.*°°*°?3° On the other hand, levels of histi- 
dine-rich glycoprotein, a carrier protein that may limit Plg’s interaction 
with fibrin, are also reduced by 50 to 80 percent in healthy, term new- 
borns.** Neonatal Plg is heavily glycosylated, less readily activated by 
t-PA, and only weakly bound to the endothelial cell surface. Through- 
out childhood, global plasma fibrinolytic activity and plasmin genera- 
tion are decreased in comparison to adults, and this relative deficiency 
may contribute to the high frequency of thrombosis associated with 
central venous line placement, Kawasaki disease, and Henoch-Schonlein 
purpura in this age group.*” 

Although t-PA antigen and activity levels are reduced by 50 to 
75 percent compared with adult values throughout childhood,’ stressed 
infants, such as those with severe congenital heart disease or respiratory 
distress syndrome, may have t-PA antigen levels that are increased by up 
to eightfold because of the t-PA release response.***” In contrast, the 
principal plasmin inhibitors undergo only minimal change from birth to 
adulthood.*”***?" Thus, reduced fibrinolytic activity may contribute to 
the thrombogenic state commonly observed in the newborn,*"' but this 
predilection may be reversed under conditions of physiologic stress. 


FIBRINOLYTIC ACTIVITY DURING PREGNANCY 


AND PUERPERIUM 


Pregnancy is a hypofibrinolytic state.™™™ Both Plg and fibrinogen lev- 
els in plasma increase by 50 to 60 percent in the third trimester. How- 
ever, overall fibrinolytic activity, as reflected in euglobulin lysis activity, 
is reduced, and increased fibrin deposition is suggested by increasing 
D-dimer levels throughout pregnancy.’ Between the 20th week of 
pregnancy and term, PAI-1 levels increase to three times their normal 
level, while PAI-2 levels rise to 25 times their level in early pregnancy.*”” 
Less dramatic increases in both u-PA and t-PA levels are also observed. 
Within 1 hour of delivery, however, concentrations of both PAI-1 and 
PAI-2 begin to decrease, and return to normal within 3 to 5 days.3” 

In preeclampsia, the hemostatic and fibrinolytic imbalances seen 
in pregnancy are further exaggerated.*"* Circulating PAI-1 levels exceed 
those in normal pregnancy, and fibrin deposition is seen in the glom- 
erular capillaries and spiral arteries of the placenta. Interestingly, levels 
of PAI-2, a marker of placental function, are reduced during preec- 
lampsia compared with normal pregnancy, and this decrease correlates 
with intrauterine growth retardation of the fetus. Elevated TAFI levels 
may be a cause of fibrin deposition and occlusion of placental vessels in 
preeclampsia.” 


@ FIBRINOLYTIC THERAPY 


The goal of thrombolytic therapy is rapid restoration of flow to an 
occluded vessel achieved by accelerating fibrinolytic proteolysis of the 
thrombus.” The fibrinolytic system functions physiologically to remove 
fibrin deposits through the action of plasmin, but this is often too slow 
to prevent tissue injury following acute vascular occlusion. Because arte- 
rial thrombosis immediately renders distal tissue ischemic with rapid 
onset of dysfunction and necrosis, a critical problem is minimizing time 
to restoration of flow. Thrombolytic therapy should be viewed as one 
part of an overall antithrombotic plan that frequently includes antico- 
agulants, antiplatelet agents, and mechanical approaches, all designed 
to rapidly restore flow, prevent reocclusion, and promote healing. Here 
we review thrombolytic approaches to stroke and peripheral vascular 
disease. Thrombolytic therapy for deep vein thrombosis, pulmonary 
embolism, and myocardial infarction are discussed elsewhere. 


PRINCIPLES OF THERAPY 


The basic principle of all fibrinolytic therapy is administration of suf- 
ficient Plg activator to achieve a high local concentration at the site of 
the thrombus, thereby accelerating conversion of Plg to plasmin, and 
increasing the rate of fibrin dissolution. However, if large amounts of 
Plg activator overwhelm the natural regulatory systems, plasmin may 
be formed in the blood, resulting in degradation of susceptible proteins, 
the “lytic state”?! In addition, if high concentrations of activator reach 
fibrin deposits at sites of injury, bleeding, often exacerbated by plasmic 
proteolysis of other proteins in the blood may ensue. 

Several therapeutic agents, from both recombinant and natural 
sources, are available and approved for thrombolytic use (‘Table 135-3). 
The degree of “fibrin specificity,’ is critical in determining the intensity 
of action at the site of a thrombus. The plasma half-life of most agents 
is short, ranging, for example, from 5 to 70 minutes for t-PA and anis- 
treplase, respectively. Decisions to administer by bolus versus contin- 
uous infusion, as well as the duration of therapy, are determined by 
the agent’s half-life and the condition being treated. Regarding site of 
delivery, systemic therapy via peripheral vein is simpler and does not 
require specialized facilities, but results in greater systemic complica- 
tions. Regional delivery with a catheter placed close to the proximal end 
of the thrombus can provide a high local concentration with a smaller 
total dose, thereby increasing the local effect and limiting systemic 
exposure. Fibrinolytic therapy is often administered in combination 
with an anticoagulant to block fibrin formation and with an antiplatelet 
agent to limit continued platelet deposition. Anticoagulant therapy is 
routinely continued after completion of fibrinolytic therapy to prevent 
reocclusion. In addition, mechanical approaches such as percutaneous 
coronary intervention often play a vital role in removing the underlying 
cause of thrombosis. 

The activation of plasmin has effects beyond the thrombus, 
including a reduction in fibrinogen, increase in fibrinogen degrada- 
tion products, and depletion of Plg and a,-plasmin inhibitor. Screening 
coagulation tests, including the activated partial thromboplastin time 
(aPTT), prothrombin time (PT), and thrombin clotting time, will be 


TABLE 135-3. Comparison of Plasminogen Activators 


Agent Half-Life 
(Regimen) Source (Approved) Antigenic (min) 
Streptokinase Streptococcus (Y) Yes 20 
(infusion) 

Urokinase Cell culture; No 15 
(infusion) recombinant (Y) 

Alteplase (t-PA) | Recombinant (Y) No 5 
(infusion) 

Anistreplase Streptococcus + No 70 
(bolus) plasma product (Y) 

Reteplase Recombinant (Y) No 15 
(double bolus) 

Saruplase Recombinant (N) No 5 
(scu-PA) 

(infusion) 

Staphylokinase | Recombinant (N) Yes 

(infusion) 

Tenecteplase Recombinant (Y) No 15 


(bolus) 


N, no; scu-PA, single chain urokinase-type plasminogen activator; 
t-PA, tissue-type plasminogen activator; Y, yes. 
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prolonged depending on the intensity of the lytic state. Tests reflecting 
Plg activation, such as the euglobulin clot lysis time, will be abnormal. 
Platelet membrane proteins may also be degraded, resulting in abnor- 
mal platelet function.*°*” Overall, these effects contribute to a hypoco- 
agulable lytic state that may be beneficial for vessel patency, but may 
also exacerbate a bleeding complication. High doses of a nonspecific 
activator, such as streptokinase, will cause a more marked lytic state, 
compared to that seen with a fibrin-specific agent such as reteplase. 

Patient selection for fibrinolytic therapy depends on careful con- 
sideration of risks and benefits (Table 135-4). For patients with acute 
myocardial infarction or stroke there is a higher tolerance of bleeding 
complications, because lytic therapy can be lifesaving and limit disabil- 
ity. Timing of treatment is also critical, with greater benefit achieved with 
earlier administration. Whereas fibrinolytic therapy for acute pulmonary 
embolism may be lifesaving, the potential benefits for venous disease are 
less clear and more likely to be associated with bleeding problems. 


THROMBOLYTIC THERAPY FOR STROKE 


Stroke is the third leading cause of death, and the leading cause of seri- 
ous disability in the United States.” Its incidence has been declining in 


TABLE 135-4. Selection of Patients for Thrombolytic 
Therapy 


Treat those most likely to respond and benefit 


Acute MI: Within 12 hours of onset; consider percutaneous 
intervention 


Stroke: Ischemic stroke within 4.5 hours of symptom onset 
Peripheral arterial obstruction 

Acute occlusions 

Distal obstruction not correctable by surgery 
Deep vein thrombosis 


Large proximal thrombi with symptoms for less than 7 days 
(Chap. 134) 


Pulmonary embolism 


Massive or submassive embolism, especially with hemody- 
namic compromise 


Avoid bleeding complications 
Major contraindications 
Risk of intracranial bleeding 
Recent head trauma or central nervous system surgery 
History of stroke or subarachnoid bleed 
Intracranial metastatic disease 
Risk of major bleeding 
Active gastrointestinal or genitourinary bleeding 
Major surgery or trauma within 7 days 
Dissecting aneurysm 
Relative contraindications 
Remote history of gastrointestinal bleeding 
Remote history of genitourinary bleeding 
Remote history of peptic ulcer 
Other lesion with potential for bleeding 
Recent minor surgery or trauma 
Severe, uncontrolled hypertension 
Coexisting hemostatic abnormalities 
Pregnancy 
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recent years due to control of risk factors, but total numbers are increas- 
ing as a consequence of aging of the population. Although aspirin and 
anticoagulants may be useful in prevention, thrombolytic therapy is the 
only available intervention during the acute stage. 

The appropriate use of thrombolytic therapy for stroke is based 
on an understanding of its pathogenesis. Ischemic stroke is most com- 
monly caused by rupture of an atherosclerotic plaque within a large 
or medium-sized artery in the neck or cranium. In addition, transient 
ischemic attacks (TIAs) and strokes involving small arteries can result 
from embolization of platelet-fibrin thrombi that form on atheroscle- 
rotic vessels in the neck and ascending aorta, or from embolization of 
thrombi that form in the heart in association with atrial fibrillation, 
valve dysfunction, artificial valves, or endocardial thrombi. Up to 
30 percent of strokes have no defined etiology. 

Current approaches to thrombolytic therapy for stroke are based on 
imaging to define the etiology, results of clinical trials, and the experience 
with thrombolysis for acute myocardial infarction. Modern computed 
tomography (CT) imaging and magnetic resonance imaging (MRI) can 
identify ischemic areas and localize areas of hemorrhage quite early. 
Additionally, arteriography can identify obstructed vessels and follow 
the course of recanalization during thrombolytic therapy. Clinical stud- 
ies have generally followed the successful designs used for myocardial 
infarction that demonstrated the critical pathologic role of the occluded 
vessel, the importance of early recanalization in preserving myocardium, 
and the impressive decrease in morbidity and mortality resulting from 
early reperfusion. They have also characterized the bleeding risk. 

The experience with thrombolytic treatment for stroke also high- 
lights important differences from myocardial infarction. The arterial 
anatomy of the brain is more complex, the time from onset of ischemia to 


TABLE 135-5. Major Fibrinolytic Therapy Trials in Stroke 


irreversible necrosis is shorter, the risk and consequences of bleeding are 
greater, and there is more variability in the thrombo(embolic) occluding 
lesion. Further, the occlusive platelet-fibrin thrombus that precipitates a 
myocardial infarction is quite small, whereas the occlusive lesion caus- 
ing ischemic stroke may be a large in situ thrombus, small platelet-fibrin 
embolus, or large embolus of varying age and composition originating 
from the left atrium. Thrombolysis has had a smaller impact for stroke 
than it has for myocardial infarction, based largely on these differences. 


Early Thrombolytic Studies 

The current therapeutic approach began with small, open-label stud- 
ies that used intravenous or intraarterial streptokinase, urokinase, and 
t-PA to determine dose, recanalization rate, hemorrhagic potential, and 
clinical predictors of response.**** These studies demonstrated that 
recanalization could be achieved, that early treatment was essential, 
and that the rate of intracranial hemorrhage and hemorrhagic trans- 
formation within the ischemic area was high. Phase II studies defined 
the optimum dosage and time window for intravenous t-PA and served 
as the basis for larger phase II] trials that led to the current t-PA-based 
approach to thrombolytic therapy for stroke (Table 135-5). At present, 
the only FDA-approved therapy for acute stroke is intravenous alteplase 
(recombinant t-PA) given within 3 hours of symptom onset. 


Tissue Plasminogen Activator Therapy 

The National Institute of Neurological Disorders and Stroke (NINDS) 
Study was a two-part randomized, double-blind, placebo-controlled 
study* to test whether t-PA improved clinical outcome at 24 hours and 
3 months. All patients were treated within 3 hours of symptom onset 
with a total dose of 0.9 mg/kg of t-PA. The combined results showed a 


Study No. of Patients Time Drug Thrombolytic Dose*t Main Efficacy Result 

NINDS 624 <3h t-PA, IV 0.9 mg/kg Reduced disability at 3 months 
ECASS | 620 <6h t-PA, IV 1.1 mg/kg No significant difference 

ECASS II 800 <6h t-PA, IV 0.9 mg/kg No significant difference 

ECASS III 821 3-4.5 h t-PA, IV 0.9 mg/kg Improved outcome at 3 months 
ATLANTIS 613 <6 h* t-PA, IV 0.9 mg/kg No significant difference 
SITS-ISTR* 11,865 vs. 664 <3 vs. 3-4.5 h t-PA, IV 0.9 mg/kg No significant difference 

ASK 340 <4h SK, IV 1.5 million units Increased morbidity and mortality 
MAST-I 622 <6h SK, IV" 1.5 million units Increased mortality 

MAST-II 310 <6h SK, IVS 1.5 million units Increased mortality 

PROACT II 180 <6h pro-UK,l 1A 9 mg Improved 3-month outcome 
MELT 114 <6h u-PA, IA variable No significant difference in favorable 


outcome; significant difference in 
excellent functional outcome 


ASK, Australian Streptokinase; ATLANTIS, Alteplase Thrombolysis for Acute Noninterventional Therapy in Ischemic Stroke; ECASS, European 
Cooperative Acute Stroke Study; IA, intraarterial; MAST, Multicentre Acute Stroke Trial; MELT, The Middle Cerebral Artery Embolism Local 
Fibrinolytic Intervention Trial; NINDS, National Institute of Neurological Disorders and Stroke; Pro-UK, pro-urokinase; PROACT Il, Prolyse in 
Acute Cerebral Thromboembolism Il; SITS-ISTR, Safe Implementation of Treatments in Stroke—International Stroke Thrombolysis Registry; SK, 
streptokinase; t-PA, tissue-type plasminogen activator; u-PA, urokinase plasminogen activator. 


*All placebo controlled. 

tAIl given over 1 h except PROACT II, which was 2 h. 

*547/613 within 3-5 h. 

*Observational study without placebo arm. 

12 x 2 factorial design with acetylsalicylic acid (ASA) 300 mg/day. 
SAcetylsalicylic acid (ASA) 100 mg/day. 

IPro-UK and placebo group also received heparin. 


“Mean doses of u-PA in patients with good and poor outcome were 555,000 IU and 789,000 IU. 


30 percent improvement in clinical outcomes at 3 months and the ben- 
efit persisted at 12 months, despite a 10-fold increase in early symp- 
tomatic intracranial hemorrhage. At 3 months, there was no difference 
in mortality between the groups. This study formed the basis of the 
approval by the FDA of intravenous t-PA for stroke in 1996. 

Early randomized trials of IV t-PA did not show clear benefit for 
patients treated beyond 3 hours after stroke onset. In the European 
Cooperative Acute Stroke Study (ECASS) Study, subjects with moderate 
to severe symptoms were randomized to placebo or t-PA within 6 hours 
of symptom onset™; results showed no significant difference in either 
the primary end point of functional status at 90 days or in 30-day mor- 
tality. In the ECASS II, in which patients were randomized and stratified 
for presentation up to 3 hours after symptom onset or between 3 and 
6 hours, there was no significant benefit of thrombolytic therapy using 
the primary end point of functional capacity of 90 days.*” The Alteplase 
Thrombolysis for Acute Noninterventional Therapy in Ischemic Stroke 
(ATLANTIS) Study evaluated the safety of recombinant t-PA (rt-PA) in 
a double-blind, placebo controlled study with administration of drug 
between 3 and 5 hours after symptom onset,*” and the primary end 
point of excellent neurological recovery was observed in 32 percent of 
placebo and 34 percent of rt-PA-treated patients. Early symptomatic 
intracranial hemorrhage occurred in 1.1 percent of control and 7.0 per- 
cent of rt-PA-treated patients. There was a nonsignificant trend toward 
increased mortality with rt-PA treatment at 90 days (6.9 percent vs. 11.0 
percent, p = 0.09). A meta-analysis pooling data from NINDS, ATLAN- 
TIS, and ECASS II patients who received either alteplase or placebo 
within 6 hours showed that the odds of a favorable 3-month outcome 
decreased as the interval from stroke onset to the start of alteplase treat- 
ment increased. Furthermore, the study alluded to the potential bene- 
fit of extending the treatment window to 4.5 hours with favorable but 
decreasing odds ratio for alteplase treatment beyond 3 hours.** 

The benefit of IV t-PA for treatment beyond the 3-hour window 
was established by the ECASS III trial. This study showed that IV 
t-PA treatment initiated at 3 to 4.5 hours after ischemic stroke onset 
led to a modest improvement in the 3-month outcome. More patients 
had a favorable outcome with t-PA than with placebo (52.4 percent vs. 
45.2 percent; odds ratio: 1.34; 95 percent CI 1.02 to 1.76). While the 
incidence of intracranial hemorrhage was higher with t-PA treatment 
(2.4 percent vs. 0.2 percent; p = 0.008), there was no difference in mor- 
tality between the two groups. 

The effect of alteplase given beyond 3 hours after stroke on infarct 
growth and reperfusion was studied in the Echoplanar Imaging Throm- 
bolytic Evaluation Trial (EPITHET) trial. Alteplase was shown to 
be significantly associated with increased reperfusion in patients who 
had mismatch at baseline (p = 0.001), better neurologic outcome 
(p <0.0001), and better functional outcome (p = 0.010). The observa- 
tional Safe Implementation of Treatment in Stroke International Stroke 
Thrombolysis Register (SITS-ISTR) study further supported the safety 
of administering IV t-PA between 3 and 4.5 hours after acute ische- 
mic stroke.*”*“* Compared to patients treated within less than 3 hours 
(n = 11,865), those treated at 3 to 4.5 hours (n = 664) had similar rates 
of independence, symptomatic intracranial hemorrhage, and mortal- 
ity. An updated pooled analysis of ECASS, ATLANTIS, NINDS, and 
EPITHET trials continues to demonstrate that patients with ischemic 
stroke, selected by clinical symptoms and CT, benefit from intravenous 
alteplase when treated no later than 4.5 hours.*” 


Streptokinase Therapy 

Streptokinase has been evaluated in three large stroke trials. The Aus- 
tralian Streptokinase (ASK) study showed an increase in death rate at 
90 days in streptokinase-treated patients, and the study was prematurely 
terminated.*° The Multicentre Acute Stroke Trial-Italy (MAST-I) study 
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examined benefits and risks of streptokinase treatment with or without 
aspirin in patients with acute ischemic stroke who presented within 
6 hours of symptom onset.**! An interim analysis resulted in early ter- 
mination because streptokinase treatment was associated with a 2.7-fold 
increase in fatality at 10 days among patients receiving both streptokinase 
and aspirin. In the Multicenter Acute Stroke Trial-Europe (MAST-E) 
trial, the mortality rate at 10 days was higher in patients who received 
streptokinase (34.0 percent) compared with placebo (18.2 percent, p 
<0.02) primarily because of hemorrhagic transformation of infarcts.*? 


Tenecteplase Therapy 

Tenecteplase is a genetically modified and genetically engineered 
recombinant t-PA; it has a higher fibrin specificity and greater resis- 
tance to inactivation by its endogenous inhibitor (PAI-1) compared to 
native t-PA. In a phase IIB study, there were no significant differences 
in intracranial bleeding or other serious adverse events in patients 
receiving alteplase versus tenecteplase.**? However, the two tenecteplase 
groups had greater reperfusion (p = 0.004) and clinical improvement 
(p <0.001) at 24 hours compared with the alteplase group. The study 
outcome supports ongoing phase I-III trials of tenecteplase ver- 
sus alteplase in the time window that is currently approved for stroke 
thrombolysis (NCT01472926 and NCT01949948). 


Intraarterial Thrombolysis 

Intraarterial administration allows delivery of a high concentration of 
a Plg activator in proximity to the thrombus, more accurate anatomic 
diagnosis, the ability to observe the course of recanalization, and lower 
total doses of drug that might reduce intracranial hemorrhage. On the 
other hand, this approach requires specialized facilities and experienced 
personnel to perform arteriography and selective catheterization, which 
may delay treatment. Several small open-label trials observed a high 
rate of recanalization and apparent clinical benefit with intraarterial 
therapy using urokinase, streptokinase or t-PA, but hemorrhagic trans- 
formation was a frequent problem.?®7331334337,354-360 

The Prolyse in Acute Cerebral Thromboembolism (PROACT) 
and PROACT II trials evaluated recombinant human prourokinase by 
catheter-directed intraarterial administration.**'°° In the PROACT 
trial, a significantly higher recanalization rate was observed with 
prourokinase treatment with no increase in intracranial hemorrhage. 
This led to the larger PROACT II trial, which revealed a significantly 
higher recanalization rate with prourokinase (66 percent vs. 18 percent, 
p <0.001), and superior functional improvement at 90 days.*3% 
Symptomatic intracranial hemorrhage occurred in 10 percent of 
patients treated with prourokinase and 2 percent of controls. Although 
promising, these results did not lead to FDA approval of intraarterial 
prourokinase for treatment of stroke. 

A third study, the Middle Cerebral Artery Embolism Local 
Fibrinolytic Intervention Trial (MELT), was underpowered because 
of premature study closure.** A favorable, but not statistically signifi- 
cant, outcome at 90 days was more likely with intraarterial urokinase 
compared with placebo. The proportion of patients with an excel- 
lent functional outcome was significantly better in the intraarterial 
urokinase group (42 percent vs. 23 percent, p = 0.045). Intracerebral 
hemorrhage within 24 hours of treatment occurred in 9 percent and 
2 percent, respectively (p = 0.206). This study suggested that intraarte- 
rial fibrinolysis has the potential to increase the likelihood of excellent 
functional outcome in appropriate clinical settings. 

Overall, these studies show that treatment of acute stroke with 
thrombolytic therapy can lead to recanalization of the occluded artery 
and improvement in clinical outcomes. The need for early treatment, 
which improves outcome, is currently the single largest limitation 
to greater application of thrombolytic therapy for stroke, and less 
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than 5 percent of stroke patients currently receive t-PA treatment, indi- 
cating the need for focused community educational efforts.*°°* Ran- 
domized studies with rt-PA have shown that intravenous thrombolytic 
therapy can be safely extended to 4.5 hours after symptom onset in 
selected patients, whereas streptokinase was associated with an unac- 
ceptably high rate of intracranial hemorrhage.*****” In addition, intra- 
cranial hemorrhage can be reduced by identifying patients at greatest 
risk using MRI diffusion-perfusion mismatch to identify reversible 
ischemia.****°-*”! The combination of potent antiplatelet therapy using 
a glycoprotein IIb/IIIa antagonist with a lower dose of a thrombolytic 
agent may improve results.*7-°”” 

In summary, current recommendations limit thrombolytic therapy 
for stroke to patients presenting within 3 hours of symptom onset.****” 
The approved therapy is with 0.9 mg/kg (maximum: 90 mg) of t-PA 
administered intravenously with 10 percent as an initial bolus and the 
remainder infused over 60 minutes. The best results are obtained in 
patients who meet strict eligibility requirements (Table 135-6). Patients 
should be closely monitored for bleeding complications, especially 
intracranial hemorrhage, and careful attention should be paid to blood 
pressure and other comorbidities. 


PERIPHERAL VASCULAR DISEASE 


Acute peripheral arterial occlusion presents with the sudden onset of 
new, severe leg symptoms or acute worsening of chronic ischemia, and 
often involves embolic or thrombotic occlusion of leg arteries. The goals 
of treatment are to preserve limb function through restoration of flow. 


TABLE 135-6. Guidelines for Tissue-Type Plasminogen 


Activator Therapy in Stroke 


Eligibility 
Time from symptom onset to therapy <3 hours 


Results from European Cooperative Acute Stroke Study (ECASS) 
Ill trial suggest treatment within 4.5 h of onset is beneficial 


Exclusions 
Prior intracranial hemorrhage 
Major surgery within 14 days 
Gastrointestinal or urinary tract bleeding with 21 days 
Arterial puncture in noncompressible site 
Recent lumbar puncture 


Intracranial surgery, serious head trauma, or prior stroke within 
3 months 


Minor neurologic deficit 

Seizure at time of stroke onset 

Clinical findings of subarachnoid hemorrhage 
Active bleeding 


Persistent systolic blood pressure (BP) >185 and/or diastolic BP 
>110 or requiring aggressive treatment 


Arteriovenous malformation or aneurysm 

Evidence of hemorrhage on computed tomography scan 
Platelets <100,000/uL 

International normalized ratio >1.5 on warfarin 

Elevated partial thromboplastin time on heparin 

Blood glucose <40 or >400 mg/dL 


ECASS Ill additionally excluded patients >80 years old, patients 
with a combination of previous stroke and diabetes mellitus, 
and patients with an National Institutes of Health Stroke Scale 
score of >25. 


Anticoagulation is useful to prevent thrombus extension, while throm- 
bolytic therapy or surgery can restore perfusion. 

Early approaches to acute peripheral arterial occlusion involved 
streptokinase. Several small studies demonstrated reperfusion in 
approximately 40 percent of patients, with greatest success when occlu- 
sions were recent; bleeding complications occurred in up to one-third 
of subjects.**’ Following the report in 1974 by Dotter* of successful 
thrombolysis in peripheral arterial occlusion using locally administered 
thrombolysis, practice moved progressively to the nearly exclusive use 
of local intraarterially administered treatment. Advantages include 
delivery of a high concentration of drug directly to the site of throm- 
bosis, the ability to follow the course of treatment using the treatment 
catheter, and identification of local vascular lesions requiring endovas- 
cular or surgical treatment after recanalization. 

Treatment involves arterial access from a remote site followed by 
fluoroscopic guidance of the catheter to administer drug directly into 
the thrombus. Therapy is delivered by continuous infusion over hours 
to days and requires close monitoring and a large dose of thrombolytic 
agent. Successful reperfusion occurs in approximately three-quarters 
of cases.** Ouriel and colleagues reported that thrombolytic therapy 
resulted in a 70 percent recanalization rate, and a frequency of limb 
salvage that mirrored that of operative intervention. There was, how- 
ever, a survival advantage in patients receiving primary thrombolytic 
therapy resulting primarily from a decrease in the occurrence of in- 
hospital complications. The Surgery versus Thrombolysis for Ischemia 
of the Lower Extremity (STILE) trial, which compared the optimal sur- 
gical procedure to catheter directed thrombolysis with either t-PA or 
urokinase, was terminated prematurely because of ongoing or recurrent 
ischemia at 30 days in surgically treated patients.’ More than half of 
patients receiving thrombolysis had a decrease in the magnitude of the 
surgical procedure eventually required, with significant reductions in 
the 1-year rate of major amputation. In addition, there was no difference 
in outcome with t-PA versus urokinase. 

The Thrombolysis or Peripheral Arterial Surgery (TOPAS) I study 
compared recombinant urokinase or surgery for initial therapy of acute 
lower-extremity ischemia of less than 14 days duration.*** The 1-year 
mortality and amputation-free survival were similar in the urokinase 
and surgery groups. There was a significant reduction in the frequency 
and magnitude of surgical interventions eventually required in patients 
randomized to initial thrombolysis. The larger TOPAS II study showed 
recanalization in 80 percent of patients who received urokinase.**” 
Amputation-free survival at 1 year was not significantly different 
between the surgical and thrombolysis groups, 70 percent and 65 per- 
cent, respectively. Major hemorrhagic complications were significantly 
more frequent with urokinase (13 percent) compared to 6 percent with 
surgery (p = 0.005). 

In other studies, reteplase appears to be equally effective as t-PA or 
urokinase with comparable recanalization rates, and clinical outcomes 
and bleeding complications.**** Prourokinase also gave similar overall 
results to urokinase in a phase II study.*” In an open-label trial, staph- 
ylokinase, a highly fibrin-specific Plg activator, resulted in revascular- 
ization in 83 percent of subjects with occluded arteries.’ Occasional 
allergic reactions occurred, and severe bleeding complications were 
comparable to those with other agents. The addition of abciximab, a 
glycoprotein IIb/IIIa, inhibitor, to urokinase resulted in more rapid clot 
like lysis in a randomized study,” and good results were also reported 
with reteplase and abciximab.” Intraoperative thrombolysis during 
thromboembolectomy has been used successfully to improve clear- 
ance of distal thromboemboli with or without adjunctive mechanical 
thrombectomy.***°"* 

Thrombolysis should be viewed as one part of a combined, com- 
prehensive management approach to peripheral arterial occlusion. 


Key points include early, accurate angiographic diagnosis, appropri- 
ate intrathrombic catheter positioning, and, in some cases, definitive 
endovascular or surgical procedures.*”“* Evidence favors mechanical 
thromboembolectomy as adjunctive therapy for acute limb ischemia 
resulting from peripheral arterial occlusion.“ 


OTHER INDICATIONS 


Thrombolytic therapy has been useful in treating acute venous and 
arterial occlusions in a wide variety of sites. Reports document suc- 
cessful treatment of intraabdominal thrombosis including Budd- 
Chiari Syndrome, portal vein thrombosis,“ and mesenteric vein 
thrombosis.” Thrombolytic agents are frequently used to open 
thrombosed central venous catheters,*!°!? as well as access devices for 
hemodialysis.“ 


MANAGEMENT OF BLEEDING COMPLICATIONS 


Bleeding complications are more frequent with fibrinolytic than with 
anticoagulant therapy and require rapid diagnosis and management. 
The most serious complication, intracranial hemorrhage, occurs in 
approximately 1 percent of patients and is associated with a high mor- 
tality and serious disability in survivors. Risk factors for intracranial 
hemorrhage, including prior stroke, serious head trauma, intracranial 
surgery, tumor or vascular disease such as aneurysms or arteriovenous 
malformation and uncontrolled hypertension, are strong contraindica- 
tions to fibrinolytic therapy.“ Bleeding is most common at sites of inva- 
sive vascular procedures or preexisting gastrointestinal or genitourinary 
lesions, and should not interrupt therapy if it can be managed with local 
pressure or other simple measures. 

Treatment of bleeding involves local measures as well as correc- 
tion of the systemic hypocoagulable state resulting from proteolysis of 
plasma proteins and platelets (Table 135-7). The fibrinolytic agent 
should be discontinued, and most will be cleared rapidly, because of 
the short half-life. For serious bleeding, an antifibrinolytic agent such 
as epsilon aminocaproic acid can be administered, but will be effec- 
tive only if the fibrinolytic agent remains in the blood. Replacement of 
fibrinogen and other hemostatic proteins can be accomplished with cry- 
oprecipitate and fresh frozen plasma, respectively; treatment should be 
monitored with repeated coagulation tests. Administration of platelet 
concentrates may also be useful because fibrinolytic therapy results in 


TABLE 135-7. Treatment of Fibrinolytic Bleeding 


If intracranial bleeding is suspected, obtain imaging, consult 
neurosurgery, and correct hemostasis as below. 


For major bleeding: 


Send diagnostic test: activated partial thromboplastin time 
(aPTT), platelet count, and fibrinogen. 


Attend to local hemostatic problems. Apply pressure if bleeding 
related to arterial puncture. Proceed with general supportive 
measures, including intravenous fluid hydration and transfu- 
sion of packed red cells if indicated. Proceed with diagnostic 
evaluation for gastrointestinal or genitourinary tract bleeding. 


Correct abnormal hemostasis: 


Prevent further fibrinolysis: stop fibrinolytic therapy; consider 
€-aminocaproic acid or tranexamic acid. 
Replacement therapy to repair hemostasis defect induced by 


fibrinolytic therapy: give cryoprecipitate 5-10 U and 2 U fresh- 
frozen plasma; consider platelet transfusion. 


Correct other hemostatic defects: stop anticoagulant and anti- 
platelet agents; consider protamine to reverse heparin. 
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TABLE 135-8. Principal Uses of Antifibrinolytic Agents 


Condition Comment 
SYSTEMIC FIBRINOLYSIS 


a,-Plasmin inhibitor or 
plasminogen activating 
inhibitor (PAI)-1 deficiency 


Acute promyelocytic 
leukemia 


Rare inherited disorders 


Must distinguish fibrinolysis 
from disseminated intravascu- 
lar coagulation (DIC) 


Occasional cases of cirrhosis; 
common in anhepatic phase of 
liver transplantation 


Occasional cases of prostate 
and other carcinomas 

DIC Must be used with caution; 
thrombosis can result 
Decreases blood loss and 
transfusion needs 


Can be used in treating 
bleeding complications 


Cirrhosis and liver 
transplantation 


Malignancy 


Cardiopulmonary bypass 
Fibrinolytic therapy 


Localized fibrinolysis 


Hemophilia and von Willebrand Decreases bleeding after dental 


disease extractions and possibly other 
procedures 

Prostatectomy Can decrease postoperative 
bleeding 


Kasabach-Merritt syndrome 
Menorrhagia 


May shrink hemangioma 
Often decreases bleeding 


platelet dysfunction from proteolysis of surface proteins. Heparin can 
be reversed by administration of protamine sulfate, and 1-deamino-8- 
D-arginine vasopressin (DDAVP) may have some value in reversing 
platelet dysfunction. 


@ ANTIFIBRINOLYTIC THERAPY 


Pharmacologic agents can be used to inhibit fibrinolytic bleeding, but 
care must be exercised given the risk of thrombosis (Table 135-8). For 
example, in patients with consumption coagulopathies there may be 
excessive activation of both the coagulation and fibrinolytic systems, 
resulting in clinical manifestations of both bleeding and thrombosis. In 
this situation, inhibiting fibrinolysis to treat bleeding can precipitate or 
worsen thrombosis. 


@ ANTIFIBRINOLYTIC AGENTS 


Both e-aminocaproic acid and tranexamic acid are synthetic lysine ana- 
logues. These agents inhibit fibrinolysis by competitively blocking bind- 
ing of Plg to lysine residues on fibrin.“’** Both can be administered 
orally or intravenously, have rapid absorption after oral administration 
and are excreted primarily through the kidneys. Only e-aminocaproic 
acid is approved for use in the United States, with the exception that 
tranexamic acid can be used for treatment of menorrhagia. Pharma- 
cologically, tranexamic acid is approximately 10-fold more potent than 
é-aminocaproic acid because of its higher binding affinity. Both drugs 
have a short half-life of 2 to 4 hours and must, therefore, be admin- 
istered frequently. e-Aminocaproic acid can be administered intra- 
venously with a loading dose of approximately 100 mg/kg over 30 to 
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60 minutes followed by a continuous infusion of up to 1 g/h, or the 
dose can be divided for intermittent administration. For oral treatment, 
the same loading dose can be administered followed by a maximum 
dose of 24 g/day in divided doses given every 1 to 6 hours as indicated. 
The use of tranexamic acid follows similar principles. The intravenous 
dose is 10 mg/kg followed by 10 mg/kg every 2 to 6 hours as needed. It 
can also be administered orally in a dose of 25 mg/kg given three or four 
times daily. Both e-aminocaproic acid and tranexamic acid are generally 
well tolerated, but patients must be observed for possible thrombotic 
complications. Additionally, thrombotic ureteral obstruction can occur 
in patients with upper urinary tract bleeding, and such patients should 
be treated only after careful consideration. The risks of ureteral obstruc- 
tion can be decreased by insuring high urine flow. Thrombotic compli- 
cations can occur in patients with hypercoagulability, and thrombotic 
events can be precipitated or worsened in patients with disseminated 
intravascular coagulation (DIC). Myonecrosis is a rare complication. 
Minor complications, including rash, abdominal discomfort, nausea, 
and vomiting, are reported. 

Aprotinin is a naturally occurring, broad-spectrum, proteinase 
inhibitor derived from bovine lung.”*-””’ It has both antiinflamma- 
tory and antifibrinolytic properties. Until recently, aprotinin was used 
in the United States for reducing perioperative blood loss and blood 
transfusions in patients undergoing cardiopulmonary bypass. How- 
ever, its use is associated with an increased risk of postoperative renal 
dysfunction, cardiac and cerebral events,’**” and of increased short- 
and long-term mortality in patients who received aprotinin compared 
to e-aminocaproic acid, tranexamic acid, or placebo. In a retrospective 
analysis of electronic records from 33,517 aprotinin recipients and 
44,682 e-aminocaproic acid recipients, the unadjusted risk of death 
within the first 7 days after coronary artery bypass graft was 4.5 percent 
for aprotinin recipients compared to 2.5 percent for e-aminocaproic 
acid recipients. The relative risk of death was significantly increased in 
the aprotinin group (relative risk: 1.64; 95 percent CI 1.50 to 1.78).4° 
Another retrospective study found that use of aprotinin was associated 
with both a significantly increased mortality risk at 1 year, and a larger 
risk-adjusted increase in serum creatinine (p <0.001).**' The prospec- 
tive Blood Conservation Using Antifibrinolytics in a Randomized Con- 
trolled Trial (BART), which was designed to randomize a total of 3000 
patients to either aprotinin, aminocaproic acid or tranexamic acid to 
further assess the safety of aprotinin, was terminated early because of a 
significantly higher death rate from any cause at 30 days in the aprotinin 
recipients.’ Based on these studies, aprotinin was removed from U.S. 
market in May 2008, and its access is limited to investigational use. 

Excessive systemic fibrinolytic activation can lead to bleeding 
and may result in a shortened euglobulin clot lysis time, decreased 
Plg, decreased æ -plasmin inhibitor, increased plasmin-antiplasmin 
complexes, decreased fibrinogen and increased fibrinogen degradation 
products. Screening tests including the PT and aPTT may be prolonged. 
It may be difficult to distinguish between abnormal hemostasis caused 
by DIC versus systemic fibrinolysis. Useful features include a more 
prominent decrease in fibrinogen and increase in fibrinogen degrada- 
tion products and relatively less thrombocytopenia, and elevation of 
D-dimer with primary fibrinolysis. Homozygous deficiencies of either 
«,-plasmin inhibitor or of PAI-1 can cause a lifelong bleeding disorder 
and have been treated effectively with antifibrinolytic agents.””***° 

APL is often associated with a severe bleeding disorder that may 
have elements of both DIC and systemic fibrinolysis in addition to 
thrombocytopenia. Administration of e-aminocaproic acid to inhibit 
fibrinolysis can be useful, but must be given with care to avoid throm- 
bosis.*”” In severe liver disease, fibrinolysis caused by reduced inhib- 
itor synthesis can contribute to bleeding and may occasionally be the 
primary abnormality.“ During orthotopic liver transplantation, 


accelerated fibrinolysis often contributes to bleeding, particularly dur- 
ing the anhepatic phase. Treatment with antifibrinolytic agents can 
improve bleeding complications and decrease blood loss.**-*” 

Primary fibrinolysis with bleeding may rarely occur with some 
malignant tumors including prostatic carcinoma,“**? and also with 
heat stroke.“ Fibrinolytic activation routinely occurs as a compensa- 
tory mechanism in consumption coagulopathy. If fibrinolytic activation 
is prominent in DIC and other measures do not control bleeding, use of 
antifibrinolytic therapy can be helpful, but must be used with caution, to 
avoid exacerbation of underlying thrombotic events. 

The contact system is activated during cardiopulmonary bypass, 
resulting in alterations in the coagulation, fibrinolytic and complement 
systems****° and both postoperative bleeding and the need for large 
transfusion volumes can be a major problems. Several trials of antifi- 
brinolytic therapy have established that total blood loss and transfusion 
requirements can be reduced, with aminocaproic acid and tranexamic 
acid often used for this purpose.*°°5!574 A ntifibrinolytic therapy can 
also be useful in treating bleeding associated with some snakebites and 
following administration of fibrinolytic therapy. 

In hemophilia or von Willebrand disease, bleeding associated with a 
local lesion such as dental extraction may also respond to antifibrinolytic 
therapy. Both the oral and urinary mucosas are rich in fibrinolytic activ- 
ity, and inhibition of normal fibrinolysis can prevent local bleeding, such 
as after prostatectomy.**'“® Similarly, endometrial fibrinolysis contrib- 
utes to menstrual bleeding, and antifibrinolytic therapy can be useful in 
treating menorrhagia.***** Antifibrinolytic therapy may also be useful in 
rare cases of Kasabach-Merritt syndrome in which a giant hemangioma 
is associated with consumption coagulopathy.“ Antifibrinolytic ther- 
apy has been used in treating gastrointestinal or genitourinary bleeding 
in patients with severe thrombocytopenia, ulcerative colitis, hereditary 
hemorrhagic telangiectasia, traumatic hyphema, following tonsillectomy, 
and with subarachnoid hemorrhage. However, caution is advised in the 
latter condition, as rebleeding may be decreased with antifibrinolytic 
therapy, but vasospasm and distal ischemia may worsen.*” 
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CHAPTER 136 
ERYTHROCYTE ANTIGENS 
AND ANTIBODIES 


Marion E. Reid and Christine Lomas-Francis 


Blood group antigens are structures on the outer surface of human red blood 
cells (RBCs) that can be recognized by the immune system of individuals who 
lack that particular structure. Identification of RBC antigens and antibodies has 
been the basis of pretransfusion compatibility testing and the safe transfu- 
sion practices used today and also can provide insights into understanding the 
etiology of hemolytic disease of the fetus and the newborn. Biochemical and 
molecular studies have led to definition of the biologic functions of molecules 
expressing blood group antigens. These molecules play a critical role in suscep- 
tibility to infection by malarial parasites, some viruses, and bacteria. Alteration 
of RBC antigen expression is associated with many molecular backgrounds and 
some play a role in the clinical manifestations of certain diseases. Erythrocytes, 
far from being inert containers of hemoglobin, are active in a variety of phys- 
iologic processes. 


@ DEFINITIONS AND HISTORY 


A blood group system consists of a group of antigens encoded by alleles 
at a single gene locus or at gene loci so closely linked that crossing over 
does not occur or is very rare. An antigen collection consists of antigens 
that are phenotypically, biochemically, or genetically related, but the 
genes encoding them have not been identified.' Placement of a blood 
group antigen into a system or collection begins with the discovery of 
an antibody, usually in the serum of a multiparous woman or a multiply 
transfused recipient, with a unique pattern of reactivity. The antibody 
can be used to study basic biochemical properties of the corresponding 
antigen, to enable recognition of the pattern of inheritance of the anti- 
gen in families and in populations, to identify red blood cells (RBCs) 
that lack the antigen, and to search for an antithetical antigen. Identified 
characteristics, such as prevalence of positive reactions or sensitivity 
or resistance to specific enzymes, are compared to antigens in known 
systems and collections. A newly recognized antigen is also evaluated 


Acronyms and Abbreviations: AET, 2-aminoethylisothiouronium bromide; 
CD, cluster of differentiation; DTT, dithiothreitol; GPA, glycophorin A; GPB, 
glycophorin B; GPC, glycophorin C; GPD, glycophorin D; GPI, glycosylphos- 
phatidylinositol; HDFN, hemolytic disease of the fetus and newborn; HEM- 
PAS, hereditary erythroblastic multinuclearity with a positive acidified serum 
test; Ig, immunoglobulin; ISBT, International Society of Blood Transfusion; 
LAD, leukocyte adhesion deficiency; 2-ME, 2-mercaptoethanol; PNH, parox- 
ysmal nocturnal hemoglobinuria; RBC, red blood cell. 


using biochemical and molecular genetic methods. Orphan antigens of 
low or high prevalence are placed in “holding tanks” until the gene that 
encodes them is established. 

The majority of genes encoding blood group antigens have been 
cloned and sequenced,’ and the molecular bases of most blood group 
antigens have been determined.** Details on the alleles associated 
with blood group antigens and phenotypes can be obtained from the 
National Center for Biotechnology Information (NCBI) “dbRBC” 
website: http://www.ncbi.nlm.nih.gov/gv/mhc/xslcgi.cgi¢cmd=bgmut/ 
home and from the International Society of Blood transfusion (ISBT) 
website: www.isbt-web.org. 

RBC antigens are inherited carbohydrate or protein structures 
located on the outside surface of the RBC membrane (Fig. 136-1). 
Although most of the protein blood group antigens are carried on inte- 
gral transmembrane proteins (either single-pass type I or type II, or 
multipass; Fig. 136-1), a few are carried on glycosylphosphatidylinosi- 
tol (GPI)-linked proteins or adsorbed from plasma. Some carbohydrate 
antigens are attached to proteins or lipids and some require a combi- 
nation of a specific portion of protein and carbohydrate. Blood group 
antigens have revealed that certain transmembrane proteins interact 
with other transmembrane proteins (e.g., band 3 and glycophorin A 
[GPA]; Kell and Kx; Rh and RhAG), with lipids (e.g., Rh), or with pro- 
teins in the membrane skeleton (e.g., band 3 and ankyrin, glycopho- 
rin C [GPC], and protein 4.1 and p55). Many of the proteins carrying 
blood group antigens reside in the erythrocyte membrane as com- 
plexes.” Many components carrying blood group antigens have been 
assigned cluster of differentiation (CD) numbers (Table 136-1). In human 
blood grouping, agglutination of RBCs usually serves as the detectable 
end point, but it can also be hemolysis." Our ability to detect and iden- 
tify blood group antigens and antibodies has contributed significantly 
to current safe blood transfusion practice, reducing death from hemo- 
lytic disease of the fetus and newborn (HDEN) from 40 percent to less 
than 2 percent, and supporting patients receiving chemotherapy or 
organ transplantation. 

The naming of blood group antigens usually does not follow the 
classic convention wherein dominant traits are given capital letters 
and recessive traits are designated with lowercase letters. For example, 
in the ABO blood group system, A and B are codominant and the 
recessive O phenotype is encoded by a gene designated O, whereas 
in the MNS system the genes S and s are codominant. To standardize 
terminology used to describe RBC blood groups, the ISBT Working 
Party for Terminology for Red Cell Surface Antigens recommended 
using the traditional name for an antigen for verbal communication 
and a numerical system in computer databases (see Blood Group Ter- 
minology website at www.isbt-web.org). The working party has placed 
blood group antigens into four categories: (1) genetically discrete 
blood group systems; (2) serologically, biochemically, or genetically 
related antigens in blood group collections; (3) series of low-incidence 
antigens; and (4) series of high-incidence antigens. Each system and 
collection has been given a number and letter designation, and each 
antigen within the system is numbered sequentially in order of dis- 
covery. At the time of going to press (2015), 35 blood group systems 
and 6 antigen collections are defined (see Table 136-1; www.isbt- 
web.org).'**!7"'4 Over time, notations devised to describe blood group 
antigens have changed. A single letter (e.g., A, D, K), a symbol with 
a superscript (e.g., Fy’, Jk”, Lu’), a symbol with a number (e.g., Fy3, 
Lu4, K12), and three to four letters (e.g., Vel, JMH, ELO, FPPT) are 
all used, sometimes within the same blood group system. The ISBT 
Working Party name has changed to ISBT Working Party on Red Cell 
Immunogenetics and Blood Group Terminology, which reflects that 
DNA testing is now often used to predict a blood group. 
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Figure 136-1. Membrane structures carrying blood group activity. 


@BLOOD GROUP SYSTEMS 


Tables 136-1 and 136-2 summarize the characteristics of common 
blood group antigens. The following sources provide more detail: 
Issitt and Anstee,* Reid, Lomas-Francis and Olsson,° Reid and Lomas- 
Francis,” Mollison and colleagues,'® Daniels, and Fung and associ- 
ates." In the interest of space, reviews or books are referenced in place 
of original reports. 


ABO BLOOD GROUP SYSTEM 


The ABO blood group system was the first system described and remains 
the most significant in transfusion medicine. A mismatch of ABO may 
be fatal, whereas a mismatch of other blood groups initially mostly is 
harmless. This situation occurs because anti-A and anti-B antibodies 
usually are present in the blood of adults lacking the corresponding 
antigen. These antibodies are stimulated by the ubiquitous distribution 
of the antigen that forms part of the membrane structure of many bacte- 
ria, plants, and animals. For this reason, all donor blood for transfusion 
is tested and labeled with the ABO group. The four main phenotypes are 
A, B, AB, and O, the latter indicating a lack of A and B antigens. The sug- 
ars defining A and B antigens are added to carbohydrate chains carrying 
the H antigen (fucose), which is “hidden” by the A (GalNAc) or B (Gal) 
sugar. Thus, group A or B erythrocytes appear to have less H antigen 
than group O cells. Nonetheless, H is found on all human erythrocytes 
except those from rare individuals of the O, (Bombay) phenotype. 

Anti-A or anti-B immunoglobulins can cause intravascular hemo- 
lysis when ABO-incompatible RBCs are transfused. Because A and B 
antigens also are expressed on most tissue cells, ABO compatibility is a 
significant consideration in solid-organ transplantation. However, ABO 
incompatibility only rarely causes severe HDFN because antibodies 
directed against A and B antigens are predominantly immunoglobulin 
(Ig) M, which do not cross the placenta, in addition, A and B antigens 
are not fully developed on RBCs from a fetus (Chap. 55). 
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Although the ABO blood group system has only four phenotypes, 
hundreds of alleles have been identified by DNA analyses. The ABO 
gene was cloned in 1990 following purification of A transferase.” A 
and B transferases have only four amino acid differences in the cata- 
lytic domain, two of which (Leu266Met and Gly268Ala) are primarily 
responsible for substrate specificity.'? The group O phenotype results 
from nucleotide changes in A and/or B alleles that cause loss of gly- 
cosyltransferase activity. The most common group O (O,) results from 
a single nucleotide deletion near the 5’ end of the gene that causes a 
frameshift and early termination with no active enzyme production.” 
The ABO gene has seven exons, and A or B subgroups (with only 
few exceptions) result from a variety of nucleotide changes in exon 7 
that cause alterations in the catalytic domain of the glycosyltransfer- 
ase (reviewed by Chester and Olsson”). The rare B(A), A(B), and 
cis- AB phenotypes expressing both A and B antigens result from variant 
glycosyltransferases that have a combination of A- and B-specific 
residues.” Numerous common and rare ABO alleles have been reported, 
and current information is available on websites: http://www.ncbi.nlm. 
nih.gov/gv/mhc/xslcgi.cgi?cmd=bgmut/home and www.isbt-web.org. 
In addition to nucleotide changes, recombinations and gene rearrange- 
ments can result in hybrid alleles that encode for unexpected transferase 
activity. This situation makes typing of ABO by DNA analysis difficult 
to interpret.” The function of the ABO system is not known, although 
several disease associations are well established.” 


Rh BLOOD GROUP SYSTEM 


The Rh (not Rhesus) system is the second most important blood group 
system in transfusion medicine because antigen-positive RBCs fre- 
quently immunize antigen-negative individuals through transfusion and 
pregnancy. 

Inheritance of Rh antigens is determined by a complex of two 
closely linked genes: one encodes the protein carrying D antigen (RhD); 
the other encodes the protein carrying C or c and E or e antigens (RhCE). 
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TABLE 136-1. Characteristics of International Society of Blood Transfusion Defined Blood Group Systems and Antigen 


Collections 
Function of RBC 
ISBT ISBT Gene Membrane 
Conventional Symbol Chromosome Name(ISGNIf Associated Antigens Component 
Name (No.) Location Different) [Null Phenotype] (CD No.) Disease Association 
BLOOD GROUP SYSTEMS 
ABO ABO (001) 9q34.2 ABO A, B, A, B, A1 Glycocalyx Altered expression in 
[group O] some hematologic 
disorders 
MNS MNS (002) 4q31.21 MNS (GYPA, M, N, S, s, U, and 43 Binds microbe Decreased Plasmodium 
GYPB) more [En(a-); U-; glycocalyx, falciparum invasion, may 
MEM] complement regu- be receptor for Escherichia 
lation, chaperone coli 
for band 3 (CD235) 
P1PK P1PK (003) 22q13.2 P1 (A4GALT) P1, PK, NOR Glycocalyx 
Rh RH (004) 1p36.11 RHD, RHCE (RH) D, C, E, c, e, and 49 Possibly transports Hemolytic anemia, hered- 
more [Rh un] CO, or NH, (CD240) itary stomatocytosis, 
hematologic malignancies 
Lutheran LU (005) 19q13.32 LU Lu’, Lu’, Lu3, and Binds laminin Increased expressions 
18 more [recessive (CD239) possibly involved in 
Lu(a-b-)] vasoocclusion in sickle cell 
disease 
Kell KEL (006) 7q34 KEL K, k, Kp, Kp’, Js?, Js’, Cleaves big endo- 
and 29 more [K, or thelin-3 to ET-3, a 
Ker potent vasocon- 
strictor (CD238) 
Lewis LE (007) 19p13.3 LE (FUT3) Le?, Le’, and 4 more Glycocalyx, Le” is Increased expression in 
[Le(a—b-)] receptor for Helico- fucosidosis, Lewis anti- 
bacter pylori bodies may be important 
in graft rejection 
Duffy FY (008) 1q23.2 FY (DARC) Fy?, Fy’, Fy3, Fy5,Fy6 Chemokine, Plas- Resistance to P. vivax 
[Fy(a—-b-)] modium vivax invasion 
receptor (CD234) 
Kidd JK (009) 18q12.3 JK(HUT11, Jk’, Jk’, Jk3 Uk(a-b-)] Urea transporter Impaired urea transport, 
SLC14Al) urine-concentrating 
defect 
Diego DI (010) 17q21.31 DI(SLC4A1;AE1)  Di?, Di, Wre, Wr’, and Anion exchanger Southeast Asian ovalocy- 
18 more (CD233), Band tosis, hereditary sphero- 
3 cytoskeletal cytosis, renal tubular 
protein acidosis 
Yt YT(011) 7q22.1 Yt (ACHE) YED Acetylcholin- Absent from PNH III RBCs 
esterase 
Xg XG (012) Xp22.33 XG (XG, MIC2) Xg?, CD99 Adhesion mole- 
cules (CD99) 
Scianna SC (013) 1p34.2 SC (ERMAP) Sc1, Sc2, Sc3, and 4 Possible adhesion 
more [SC: -1, -2, -3] 
Dombrock DO (014) 12p12.3 DO (ART4) Do?, Do’, Gy?, Hy, Jo? Enzymatic (CD297) Absent from PNH III RBCs 
and 3 more [Gy(a-)] 
Colton CO (015) 7p 14.3 CO (AQP1) Co?, Cot, Co3, Co4 Water transport Monosomy 7, inability to 
[Co(a-b-)] maximally concentrate 
urine, congenital dysery- 
thropoietic anemia 
Landsteiner- LW (016) 19p13.2 LW (ICAM4) Lwe, Lwe?, Lw> Binds CD11/CD18, Depressed in pregnancy 
Wiener [LW(a-b-)] ligand for integrins and some malignant 
(CD242) diseases 
Chido/Rogers CH/RG 6p21.32 C4A,C4B CH1, RGI, and 7 more Complement Certain phenotypes have 
(017) components increased susceptibility to 


certain autoimmune con- 
ditions and infections 
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TABLE 136-1. Characteristics of International Society of Blood Transfusion Defined Blood Group Systems and Antigen 


Collections (Continued) 


Function of RBC 
ISBT ISBT Gene Membrane 

Conventional Symbol Chromosome Name (ISGNIf Associated Antigens Component 

Name (No.) Location Different) [Null Phenotype] (CD No.) Disease Association 

H H (018) 19q13.33 H (FUT1) H [Bombay, O,] Glycocalyx (CD Decreased in some tumor 
ZS) cells, increased in hemato- 

poietic stress 

Kx XK (019) Xp21.1 XK Kx [McLeod] Possible neuro- Acanthocytosis, muscular 
transmitter, func- dystrophy, hemolytic ane- 
tion in RBCs not mia; McLeod syndrome 
known sometimes associated 

with CGD, peripheral neu- 
ropathy, cardiomyopathy 
seizures, a late-onset 
dementia, and behavioral 
changes 

Gerbich GE (020) 2q14.3 GE (GYPC) Ge2, Ge3, Ge4, Membrane attach- Hereditary elliptocyto- 
and 8 more [Leach ment; interacts sis, hemolytic anemia, 
phenotype] with 4.1Rand p55 decreased 4.1R and p55 

(CD236) 
Cromer CROM 1q32.2 CROM (CD55; Ce EL We? eS, DIE, Complement Absent from PNH III RBCs, 
(021) DAF) and 13 more [Inab regulation, binds Dr? is the receptor for uro- 
phenotype] C3b, disassembles pathogenic E. coli 
C3/C5 convertase 
(CD55) 

Knops KN (022) 1932.2 KN (CR1) Kn?, Kn’, McC’, Sle, Yk?, Complement reg- Antigens depressed in 
and 4 more [Helge- ulation, binds C3b certain autoimmune and 
son phenotype] and C4b, mediates malignant conditions 

phagocytosis 
(CD35) 

Indian IN (023) 11p13 IN (CD44) In?, In’, INFI, INJA Binds hyaluronic Depressed in pregnancy, 
acid, mediates congenital dyserythropoi- 
adhesion of leuko- etic anemia 
cytes (CD44) 

Ok OK (024) 19p13.3 OK (BSG) Ok?, OKGV, Possible adhesion 

OKVM (CD147) 

Raph RAPH (025) 11p15.5 MER2 (CD151) MER2 [RAPH. ,] Adhesion molecule Renal disease, associated 
involved in kidney with pretibial epidermoly- 
function (CD151) sis bullosa and sensori- 

neural deafness 

John Milton JMH (026) = 15q24.1 JMH (SEMA7A) JMH, and 5 more Adhesion mole- Absent from PNH III RBCs 

Hagen cule, function in 
RBCs not known 
(CD108) 

| 1 (027) 6p24.2 GCNT2 | [l-; i adult] Glycocalyx Congenital cataracts in 

Asians 
GLOB Globoside 3q26.1 P (B3GALNT1) P, PX2 [P-] Glycocalyx Receptor E. coli and parvo- 
(028) virus B19 

Gil GIL (029) 9p 13.3 GIL (AQP3) GIL [GIL-] Glycerol/water/ 
urea transporter 

Rh-associated RHAG (030) 6p21.3 RHAG Duclos, and 3 more Possibly trans- Hemolytic anemia, heredi- 

glycoprotein ports CO., or NH, tary stomatocytosis 
(CD241) 

FORS FORS (031) 9934.2 GBGT1 FORS1 Glycocalyx 

JR JR (032) 4q22.1 JR, ABCG2 Jre [Jr(a-)] ATP-dependent 
transporter 

Lan LAN (033) 2q36 LAN, ABCB6 Lan [Lan-] ATP-dependent 
transporter 
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TABLE 136-1. Characteristics of International Society of Blood Transfusion Defined Blood Group Systems and Antigen 


Collections (Continued) 


Function of RBC 
ISBT ISBT Gene Membrane 
Conventional Symbol Chromosome Name(ISGNIf Associated Antigens Component 
Name (No.) Location Different) [Null Phenotype] (CD No.) Disease Association 
Vel VEL (034) 1p36.32 VEL, SMIM1 Vel [Vel-] CD59 
CD59 CD59 (035) 113.33 CD59 CD59.1 [CD59-] Complement regu- Absent from PNH III RBCs 


lation (CD59) 


Antigen Collections 


Cost COST (205) — — (Co (CS? 
li | (207) — — i 
Er ER (208) — — ae lar, es} 
GLOB (209) — — LKE, 
Unnamed: — — Les, Led 
(210) 
MN CHO = = Hu, M,, Tm, Can, Sext, 
(213) Sj 
Low-incidence — (700) — — 7 
series 
High-incidence — (901) — — At?, Emm, AnWj, Sd?, 
series PEL, ABTI, MAM 


CGD, chronic granulomatous disease; ISGN, International Society for Gene Nomenclature; PNH, paroxysmal nocturnal hemoglobinuria; RBC, 


red blood cell. 


Data from Daniels GL, Anstee DJ, Cartron J-P, et al: Blood group terminology 1995. ISBT working party on terminology for red cell surface 
antigens. Vox Sang 69:265, 1995; Issitt PD, Anstee DJ: Applied Blood Group Serology, 4th ed. Montgomery Scientific, Durham, NC, 1998; Reid 
ME, Lomas-Francis C, Olsson ML: Blood Group Antigen FactsBook, 3rd. Academic Press, San Diego, 2012; Reid ME, Lomas-Francis C: Blood Group 


Antigens & Antibodies: A Guide to Clinical Relevance & Technical Tips. Star Bright Books, New York, 2007; www.isbt-web.org. 


TABLE 136-2. Summary of Common Blood Group Systems or Collections and Their Antigens 


Antigen 
Blood No. Antigen Distribution 
Group Frequency Copies on in Blood, 
(Year Common White/ Adult RBC Dosage (See Cord Cell Fluids, and 
Reported) Phenotypes Black (%) x 10° Text) Expression Biochemistry Tissues Comments 
ABO (1900) A 40/27 AB: A/B: not Weak: Carbohy- RBC, lymphs, Most significant 
B 11/20 ~800-1000 evident ~1/3 adult drate on plts antigens in 
expression types 1, 2, 3, transfusion and 
AB 4/4 and 4 precur- transplantation 
sor chains 
H (1948) O 45/29 H: ~1700 Hexpression Weak Attached Plasma, Weak subgroups 
depends Main RBC to lipids in secretions; result from variant 
on ABO: carrier:bands Plasmaand broad tissue transferases 
O>A,>B> Zand45 protein in distribution; 
A,B>A,>A,B secretions most epithe- 
lial/endothe- 
lial cells 
Rh (1939) R, Dce 42/17 D on RR; D: not Normal adult Multipass, Erythroid D most significant 
rce 37/26 1523 evident nonglycosy- specific antigen after A 
eee ee Lud cokes 3032 ee : ze causes for 
R, Dce 4/44 Ror: 12-20 Fonde yes kDa;417aa transport weak D expression 
ice 2/2 Ri 9-14 C: serine Possible (see text) 
(cE 1/0 con cc: 103/c: pro- role in RBC  Nulls: amorphic 
70-85 line 103 membrane type and regulator 
E: proline integrity type 
226/e: 
alanine 226 
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TABLE 136-2. Summary of Common Blood Group Systems or Collections and Their Antigens (Continued) 


Antigen 
Blood No. Antigen Distribution 
Group Frequency Copies on in Blood, 
(Year Common White/ Adult RBC Dosage (See Cord Cell Fluids, and 
Reported) Phenotypes Black(%) x 10° Text) Expression Biochemistry Tissues Comments 
R, DCE <1 Cc: 37-53 Forms “Rh 
ø” CE <1 e on ee: complex” 
18-24 with LW, 
GPB, and 
Ee: 13-14 Rh-related 
glycoprotein 
(chromo- 
some 6) 
Lewis Le(a+b-) 22/23 Le?: ~3 Not evident Weak:adult | Carbohy- Plasma and Le antigens 
(1946) Le(a-b+) 72/55 expression at drateontype secretion depend on Le/Se 
age 2 years 1 precursor antigen; on interaction; Le/Se 
Le(a-b-) 6/22 chains only RBC, lymphs, = Le(a-b+), ABH 
Le(a+b+) Rare in rachel pltsonlyby secretor; lele/sese 
European to lipids in adsorption = Le(at+b-), ABH 
popu- plasma and of plasma nonsecretor; lele = 
lations; protein in antigen Le(a—-b-), Sese sta- 
found in searnions tus not apparent 
Australasian Le(a-b+) express 
popula- some Le?, do not 
tions; 10 in make anti-Le?. 
Japanese Women test 
Le(a-b-) during 
pregnancy 
| (1956) ladult(TTNi) Common l:~500 Notevident Strong i; Carbohy- Broad tissue land i expression 
i cord (LITi) Common weak I. drate on ABH distribution; are inversely pro- 
Tenik <1:10,000 Adult expres- T chains; RBCs, plts, portional but not 
: i i ipid on RBC; lymphs, products of alleles 
UTT) sions atage 2 on | 
years protein in granules, 
plasma monos; also 
in plasma, 
secretions 
(e.g., milk, 
saliva, urine) 
P1PK and GLOB 
P1 (1927) Pg 79/94 P1: ~500 Not evident, Weak:adult | Carbohy- RBC, lymphs, P1-like antigen 
GLOB Be 21/6 Globoside: butinherited expression drateonRBC plts, monos, is associated 
(1951) P P-P R ~15,000 variations by 7 years and plasma fibroblasts, with pigeon and 
prn Ree í exist; e.g., P1 glycolip- uroepithelial earthworm pro- 
may be nor- ids; notin cells tein and parasitic 
mal, strong, secretions infections 
or weak 
MNS M+N- 28/26 GPA: ~800 Yes Normal adult Single-pass RBCs plus GPA and GPB carry 
M+N+ 50/44 GPB: ~200 sialogly- T Behl Sree 
coprotein capillar and man rids 
(M: 1927) M-N+ 22/30 ae 1 ERA of GPA_GPB. 
(S: 1947) S+s- 11/3 GPA: 43 kDa, endothelium Can have absence 
S+s+ 44/28 131 aa, car- of GPA, GPB, or 
Sagi 45/69 ries MN both 
GE 0/<1 GPB: 25 kDa, 
72 aa, Carries 
SsU; part of 
Rh complex 
Kell (1946) K-k+ 91/98 Kell: 2-6 Yes Normal adult Single-pass Kell: RBC plus System of 
glycoprotein marrowand _high- and low- 
type Il highly fetal liver frequency 
folded: tissue;noton antigens 
93kDa, 732 brain, kidney, 
aa adult liver 
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TABLE 136-2. Summary of Common Blood Group Systems or Collections and Their Antigens (Continued) 


Antigen 
Blood No. Antigen Distribution 
Group Frequency Copies on in Blood, 
(Year Common White/ Adult RBC Dosage (See Cord Cell Fluids, and 
Reported) Phenotypes Black (%) x 103 Text) Expression Biochemistry Tissues Comments 
Kp?/Js*: K+k+ 8.8/2 K/k Met 193. Kx: RBC plus Common 
(1957) Krk- 0.2/rare Thr skeletal/ phenotype: k, 
Kp(a-b+)  97.7/100 po ae MINI ee 
281 Arg neurologic Kell antigen 
Kp(atb+) 2.3/rare Js?/Js?: Pro tissues expression 
Kp(at+b-) Rare/O 597 Leu depends on both 
Js(a-b+) 100/80 Kell and Xk genes 
Js(at+b+) Rare/19 Ku lacks Kell anti- 
Js(atb-) 0/1 geneaha: K 
Kx, lacks Kx, 
has poor Kell 
antigen expres- 
sion (McLeod 
phenotype) 
Other causes of 
poor Kell expres- 
sion: cis Kp?, Ge-, 
K œ autoantibody 
Duffy Fy(a+b-) 17/9 Fy’: 6-13 Yes, but not Normal: Multipass RBC plus Fy(a-b-) blacks 
(1950) Fy(a+b+) 49/1 always evi- adult levels glycoprotein: brain, colon, do not express 
dent because at12weeks 35-45 kDa, lung, spleen, Fy’ on their RBC, 
Fy(a-b+) 34/22 of Fy gene 338 aa thyroid, thy- but express it on 
Fy(a-b-) Rare/68 Fy:/Fy’Gly Mus, kidney, other tissues and 
42Asp endothelium; seldom make 
not in liver anti-Fy> 
or placenta 
tissue 
Kidd (1951) Jk(a+b-) 28/57 Jke: ~14 Yes Normal adult Multipass RBC specific Important cause 
Jk(a+b+) 49/34 protein: ~43 of DHTR 
kDa, 391 aa Nulls are unable 
Jk(a-b+) 23/9 i 
; 1 potential to fully concen- 
Jk(a-b-) <1% N-glycan Jk?/ trate urine; dom- 
Polynesians UKE: Asp284 inant inhibitor 
Asn In(Jk) has weak Jk 
antigen 
Lutheran Lu(a+b-) 0.15/- Lu’: 1.5-4 Yes, but fam- Weak:adult Single-pass RBC plus System of high- 
(1951) Lu(a+b+) 7.5/0 ily variations level at glycoprotein brain, heart, and low- 
exist 15 years type I: kidney, lung, frequency 
Lu(a-b+) 92.3/- 85kDa,597 pancreas, antigens 
Lu(a-b-) Very rare aa 78 kDa placenta, Dominanninhile 
Sigsuper- skeletal itor In(Lu) and 
family muscle X-linked inhibitor 
domains: (XS2) cause greatly 
two vari- reduced Lu 
able, three expression 
consent First known auto- 
B-CAM somal linkage 
Lu?/Lu?: to Se 
His77Arg 


aa, amino acids; B-CAM, B-cell adhesion molecule; DHTR, delayed hemolytic transfusion reactions; GPA, glycophorin A; GPB, glycophorin B; 
granulos, granulocytes; lg, immunoglobulin; ISBT, International Society of Blood Transfusion; lymphs, lymphocytes; monos, monocytes; plts, 


platelets; RBC, red blood cell. 
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RBCs from Rh-positive people have both RhD and RhCE, whereas 
Rh-negative RBCs have only RhCE. In the Rh system, eight common 
antigen combinations or haplotypes are possible: Dce (Rp Rh,), DCe 
(Rp Rh,), DcE (R, Rh,), DCE (R, Rh,), ce (r, rh), Ce (r’, rh’), cE (r”, 
rh”), and CE (r’, rh’). The letter “d” is commonly used to designate the 
lack of D, but there is no d antigen or anti-d. 

Several nomenclatures can be used to describe Rh genes and antigens. 
The Fisher-Race nomenclature, which uses CDE terminology, is more 
commonly used for antigens; the Wiener nomenclature, which uses Rh/ 
rh (or R/r) designations, is favored for haplotypes and gene complexes; and 
the Rosenfield and Rubinstein nomenclature, which uses numerical desig- 
nations, was introduced to allow interpretation without bias.” 

The Rh blood group system has over 50 antigens (the ABO system 
has 4). By far the most important and immunogenic antigen is D (Rh, 
in Wiener terminology, referring to Wiener’s discovery that a rhesus 
monkey injected with human RBCs would produce antibody that agglu- 
tinated the RBCs of 85 percent of white New Yorkers). For most clini- 
cal purposes, testing individuals for the D antigen and classifying them 
as D+ (or Rh-positive), or D- (or Rh-negative) is sufficient. Approxi- 
mately 85 percent of the white population is Rh-positive, and 15 percent is 
Rh-negative. Most Rh-negative recipients produce anti-D if they receive 
Rh-positive blood. Anti-D can cause hemolysis in adults following an 
Rh-mismatched transfusion and in the newborn (HDEN) if antibod- 
ies were made by the mother from a prior transfusion or pregnancy. 
Thus, donors and recipients are routinely typed and matched for D. 
The risk of anti-D sensitization by transfusion is essentially eliminated 
by matching. The risk of anti-D sensitization in pregnancy is minimized 
by passive immunization of mothers at risk against D. 

The antigens C, c, E, and e are less immunogenic and become 
important in patient care only after the corresponding antibody devel- 
ops or when the basic Rh haplotype must be determined. The remain- 
ing 45+ antigens are other Rh protein epitopes whose corresponding 
antibodies are seldom encountered. Some are encoded by variant Rh 
alleles and appear as antithetical antigens to C, c, E, or e, or as related 
“extra” antigens. Others are referred to as compound antigens or 
cis gene products. For example, the protein produced by RHCE*ce 
encodes c and e antigens, and the compound f (or ce) antigen. Other 
compound antigens include Ce (rh,), cE and CE. Still other Rh anti- 
gens are related to the complex “mosaic” nature of D and e, and less 
commonly C, c and E antigens. If immunized, individuals who lack a 
part of an antigen and who make antibody to the portion they lack, 
can present with a challenging serologic picture. For example, the 
D+ person who lacks part of the D antigen and makes an antibody 
to the missing portion appears to make alloanti-D because normal 
D+ RBCs carry all D epitopes.” 

Some, but not all, individuals who lack part of the D antigen (par- 
tial D) have weak expression of D on their red cells that is detected 
only by the antiglobulin test. Having a RHCE*C gene in trans position 
to a RHD gene (e.g., Dce/Ce or DCe/Ce genotypes) also can weaken 
expression of D in some individuals. A third type of weak D expression 
results from inheriting a RHD gene that encodes all epitopes of D, but 
in less-than-normal quantity. 

DNA analyses have revealed the molecular basis underlying anti- 
gens and phenotypes. A list of the alleles that have been described to 
date is available at: http://www.ncbi.nlm.nih.gov/gv/mhc/xslcgi.cgi?- 
cmd=bgmut/home and www.isbt-web.org. Rh blood group orthologs 
are present in nonhuman primates and other species on the evolution- 
ary tree.” The RhD and RhCE proteins complex with the Rh-associated 
glycoprotein (RhAG) in the membrane. RhAG acts as a transporter of 
gases, most likely for ammonium, nitrous oxide, CO, and/or O, but 
confirmation is needed as to which it is. 


OTHER BLOOD GROUP SYSTEMS 


In terms of transfusion and HDEN, the other blood group systems and 
their antigens become clinically relevant only when antibody devel- 
ops. Transfusion service laboratories identify (antibody identification) 
the specificity and characterize the reactivity of antibodies detected in 
routine testing (antibody screening). Once this information is known, 
the blood bank assesses the clinical significance of the antibody and 
selects the most appropriate blood for transfusion. Tables 136-1 and 
136-2 summarize the number of antigens in each blood group system 
and other relevant information. A detailed description of all the blood 
group antigens is beyond the scope of this chapter. Because the molec- 
ular bases of most blood group antigens and phenotypes are known,‘ 
DNA analysis can be used to predict the type of transfused patients and 
to identify the fetus at risk for HDFN.”’ 


@ GENERAL IMMUNOLOGY OF BLOOD 
GROUP ANTIGENS 


An antigen is a substance that can evoke an immune response when 
introduced into an immunocompetent host and react with the antibody 
produced from that immune response. An antigen can have several 
epitopes, which together are called an antigenic determinant, each of 
which is capable of eliciting an antibody response. 

The ability of an antigen to stimulate an immune response is called 
immunogenicity, and its ability to react with an antibody is called antige- 
nicity. These primary characteristics are affected by antigen size, shape, 
rigidity, and the number and location of the determinants on the red 
cell membrane. 


IMMUNOGENICITY 


Immunogenicity depends on many antigen characteristics, not just 
the number of antigen sites. Relative immunogenicity is estimated by 
comparing the actual observed incidence of an antibody to the calcu- 
lated likelihood of a possible immunizing event. After A and B, the D 
antigen is most immunogenic (early work suggested that approximately 
80 percent of Rh-negative individuals produce anti-D after receiving a 
single Rh-positive RBC component but more recent studies indicate it is 
more like 20 to 30 percent*), followed by K, which stimulates anti-K in 
approximately 10 percent of cases.'* The antigens c and E are one-third 
as immunogenic; Fy* is one-twenty-fifth as potent; and Jk’ is one-fiftieth 
to one-one hundredth times as potent as K.” It should be noted that 
immunogenicity does not always correlate with the hemolytic potential 
of an antibody specificity; for example, K is more immunogenic than Jk* 
but anti-Jk* is more likely to cause hemolysis. 


@ ANTIGEN EXPRESSION 
NUMBER OF ANTIGEN SITES 


The number of antigen sites per RBC has been estimated by measuring 
the uptake of I-labeled antibody or of ferritin-conjugated anti-IgG. 
Numbers vary widely among blood group systems from a few hundred 
to over a million (see Table 136-2). Also, estimates for any given anti- 
gen can vary greatly. 


ANTIGEN DEVELOPMENT ON FETAL 
ERYTHROCYTES 


Most RBC antigens can be detected early in fetal development (A, B, 
and H antigens can be detected at 5 to 6 weeks’ gestation), but not all 
are fully developed at birth. A, B, H, I, P1, Lu’, Lu’, Yt’, Xg*, Vel, Bg, 


Chapter 136: Erythrocyte Antigens and Antibodies 


Do’, Do?, and Kn? antigen expression is considerably weaker on cord 
RBCs than on RBCs from adults. Le*, sometimes Le’, Ch/Rg, AnWj, 
and Sd’, are not readily detectable, although 50 percent of cord sam- 
ples type Le(a+) with more sensitive test methods. Full expression of 
A, B, H, I, and Lewis antigens usually is present by age 3 years, whereas 
full expression of P1 and Lutheran antigens may not occur until 
age 7 years. 


VARIATION IN ANTIGEN EXPRESSION 


RBCs from individuals who are homozygous for an allele typically have 
a greater number of antigen sites than do RBCs from individuals who 
are heterozygous. Consequently, their RBCs can react more strongly 
with antibody. This difference in expression and antigen-antibody reac- 
tivity because of zygosity is known as dosage. For example, RBCs from 
a homozygous MM individual carry a double dose of M antigen and 
react more strongly with anti-M than do RBCs from a MN heterozygous 
individual carrying only a single dose of M. Antithetical antigens C/c, 
E/e, M/N, S/s, and Jk*/Jk® commonly show dosage effect. Dosage is less 
obvious with D, K/k, and Lu‘/Lu? antigens. It typically is more apparent 
within a family than between families. Dosage within the Duffy system 
also may not be serologically obvious because Fy(a+b-) or Fy(a-b+) 
phenotypes are seen in either homozygous (Fy*Fy* or Fy’Fy>) or hemizy- 
gous (Fy*Fy or Fy*Fy) individuals. 

Some blood group antigens are inherited as closely linked genes 
or haplotypes. Haplotype pairings and gene interaction (either cis or 
trans) also can affect phenotypic expression. For example, the pairing 
of RHCE*C in trans position to RHD can result in weak expression of D 
(see “Rh Blood Group System” above), whereas RHCE*E in cis position 
with RHD is associated with strong expression of D. Among the com- 
mon phenotypes, R,R, RBCs carry the strongest expression of D. In the 
Kell system, Kp* is associated with weakened expression of in cis k and 
Js antigens. 

Still other antigens are affected by regulator genes.” The dominant 
type of the Lu(a—b-) phenotype [In(Lu)] results from heterozygosity for 
an allele of the KLFI gene, the gene that encodes erythroid Kriippel-like 
factor (EKLF). The dominant inhibitor gene KLF1 suppresses expres- 
sion of Lutheran, P1, i, and many other antigens.*® The dominant inhib- 
itor In(Jk) suppresses expression of Jk* and Jk’ antigens.*! Rare variants 
of the RHAG gene depress or prevent expression of the Rh antigens (see 
“Rh, Syndrome” below). 


null 


@ BIOCHEMISTRY OF ERYTHROCYTE 
ANTIGENS 


An antibody typically recognizes an epitope consisting of four to five 
amino acids on linear proteins or one to seven sugars. Alternatively, the 
antibody-binding site may encompass a more complex three-dimensional 
structure with branches or folds, and recognition may depend on 
both amino acids and sugars. Tables 136-2 and 136-3 and Fig. 136-1 
summarize blood group biochemistry and antigen structure.**"® 


CARBOHYDRATE ANTIGENS 


Polysaccharides with blood group activity are made by sequential addition 
of specific sugars (or sugar derivatives) to specific precursors in specific 
linkages by specific transferases. Sugars commonly involved are galactose 
(Gal), N-acetyl-D-galactosamine (GalNAc), N-acetylglucosamine (Glc- 
NAc), fucose (Fuc), and N-acetylneuraminic acid (NeuAc). 


Antigens in ABO, LE, P1PK, and GLOB blood group systems 
depend on an immunodominant sugar, usually terminally located, the 
polysaccharide to which the sugar is attached, and the type of linkage 
involved. I/i specificity is defined by a series of sugars on the inner 
portion of ABH saccharide chains. The presence of at least two repeat- 
ing Gal(61-4)GlcNAc($1-3)Gal units in a linear structure defines i 
activity. I activity involves these same sugars in branched form (see 
Table 136-3). The gene for I (GCNT2) encodes the transferase respon- 
sible for branching (6(1-6) glucosaminyltransferase). During the first 
years of a child’s life, linear chains are modified into branched chains, 
resulting in the appearance of I antigens.” The I antigen is reduced on 
RBCs from fetuses and infants. A rare i phenotype occurs in adults 
(see “I-Negative Phenotype [i Adult]” below). 

Polysaccharide chains are attached to glycoproteins in secretions 
(on type 2 chains), to glycolipids in plasma (on type 1 chains), and to 
both on the RBC membrane. Approximately 70 percent of A, B, H, and I 
antigens on the RBC membrane are carried on glycoproteins, primarily 
on the anion transporter, but also on the glucose transporter, the RhAG, 
and others. Approximately 10 percent of these antigens are on NeuAc- 
rich glycoproteins, 5 percent on simple glycolipids, and the remainder 
on polyglycosylceramide.'* P1, PX, and P antigens are found on glycolip- 
ids both on the membrane and in plasma.” 

Lewis antigens are unique because they occur only on type 1 
polysaccharide chains, which are found in plasma and secretions but 
not made by RBCs. Hence, they exist on RBCs only by adsorption 
of Lewis substance from plasma. The Le (or FUT3) gene encodes an 
«(1-4)fucosyltransferase. Whether the resulting antigen is Le* or Le? 
depends on the secretor gene Se (or FUT2), which encodes an a(1-2) 
fucosyltransferase. 


PROTEIN ANTIGENS 


Protein structures that carry blood group antigens can be grouped 
into three categories: (1) those that make a single pass through the 
erythrocyte membrane, (2) those that make multiple passes through 
the membrane, and (3) those that are attached to the membrane 
through a covalent linkage to lipid (GPI-linked; see Fig. 136-1). 

Single-pass proteins include GPA with M and N antigens, gly- 
cophorin B (GPB) with S, s, and U antigens, GPC and glycophorin D 
(GPD) with Gerbich antigens, and the Lutheran, LW, Indian, Knops, 
Xg, Ok, and Scianna proteins (see Fig. 136-1). These proteins have an 
extracellular amino-terminus and an intracellular carboxyl-terminus 
(referred to as type I). In contrast, the Kell glycoprotein has an extracel- 
lular carboxyl-terminus and an intracellular amino-terminus (referred 
to as type I). 

Most proteins that carry blood group antigens and make multi- 
ple passes through the erythrocyte membrane have both carboxyl- and 
amino-terminal ends that are intracellular, are hydrophobic, and have a 
transport function. Rh, RhAG, Diego, Colton, Kidd, Kx, GIL, and Raph 
proteins are included in this category. Duffy and Lan are multipass pro- 
teins, but they have an extracellular amino-terminus. Duffy has homol- 
ogy with a family of cytokine receptors and the Lan protein belongs to 
the family of ATP-binding cassettes.**** 

Lipid-linked proteins have their carboxyl-terminus attached to 
the lipid GPI and are said to be GPI-linked or anchored. Cromer, Yt, 
Dombrock, and JMH proteins belong to this category. GPI-linked 
proteins are of special interest to hematologists because defective 
synthesis of the GPI anchor is responsible for paroxysmal noctur- 
nal hemoglobinuria (PNH). Thus, PNH-III RBCs lack all proteins 
attached by a GPI anchor, including those carrying blood groups 
(Chap. 40). 
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@ EFFECT OF ENZYMES AND OTHER 
CHEMICALS ON ERYTHROCYTE 
ANTIGENS 


Expression of an RBC antigen is determined by its exposure as a result 
of its position on the cell surface and its biochemical structure. Expres- 
sion can be modified with treatment of RBCs by enzymes and other 
chemicals. These reagents are used to help identify complex mixtures of 
antibodies and to help characterize antibody specificity when identity is 
not readily apparent. 

Proteolytic enzymes, such as ficin, papain, bromelin, trypsin, and 
«-chymotrypsin, cleave proteins from the erythrocyte membrane at 
specific amino acids. Enzyme treatment of RBCs cleaves certain protein 
antigens and allows carbohydrate and other resistant protein antigens 
to react more strongly with their antibody. The reactivity of antibodies 
with antigens in ABO, I, P1PK, LE, RH, and JK systems is enhanced 
after enzyme treatment of the RBCs, whereas reactivity of antibodies to 
M, N, Fy’, Fy’, and many minor antigens (Xg*, Ch, Rg, JMH, In’, Ge2, 
Ge4, Pr, Tn, and some examples of Yt?) is reduced or eliminated. S and 
s are variably affected by enzyme treatment, and Kell and Scianna anti- 
gens are relatively unaffected.** 

Reagents that reduce disulfide bonds, such as 2-mercaptoethanol 
(2-ME), dithiothreitol (DTT), and 2-aminoethylisothiouronium bro- 
mide (AET), denature Kell blood group antigens but enhance Kx. 
Reducing reagents also denature antigens in LW, SC, IN, JMH, and YT 
systems and weaken antigens in LU, DO, CROM, KN, and RAPH sys- 
tems and the AnWj antigen.*® 

Acid treatment of RBCs (ethylenediaminetetraacetic acid [EDTA]/ 
glycine/acid reagent), which is frequently used to remove IgG from 
RBCs, can weaken or completely denature antigens in the KEL blood 
group system. Chloroquine treatment of erythrocytes (also sometimes 
used to remove IgG from RBCs) at room temperature has little effect on 
most antigens. However, treatment for 30 minutes at 37°C can weaken 
expression of many antigens, including Fy’, Lu’, Yt*, JMH, and those in 
the RH, DO, and KN systems. 


@ GENETICS OF ERYTHROCYTE ANTIGENS 


Protein antigens are direct gene products: The gene encodes a protein 
that expresses one or more antigens. Carbohydrate antigens, made 
by transferase action, are indirect gene products. Most blood group 
genes are located on autosomes; only two, Xg and XK, are located 
on the X chromosome (see Table 136-1 for locations of genes on 
chromosomes). 

Most genes that encode blood groups have two or more alleles. 
Individuals who inherit two identical alleles are homozygous and 
make a double dose of a single gene product, whereas those who 
inherit two different alleles are heterozygous and make single dose 
of each of two gene products. Males are hemizygous for the genes 
located on their single X chromosome and make a single gene prod- 
uct. In contrast, females produce a double dose of the Xg and XK 
gene products, as X-chromosome inactivation does not involve Xg* 
or Kx antigens.*° 


ALLELES 


Alleles encoding blood group antigens commonly arise from only a 
single or a few nucleotide changes. For example, A and B alleles differ 
by only seven DNA base substitutions, which result in four amino acid 
substitutions in their respective transferases.‘ The common O allele is 
similar to A except for a single base deletion at nucleotide 261 that shifts 


the reading frame during RNA translation. The resulting protein is trun- 
cated and has no transferase activity. Another variant O allele encodes a 
transferase identical to that of B except it has arginine instead of alanine 
at amino acid position 268, which blocks the enzyme activity. A com- 
prehensive listing of blood group alleles is available at the following 
websites: http://www.ncbi.nlm.nih.gov/gv/mhc/xslcgi.cgi¢cmd=bgmut/ 
home and www.isbt-web.org. 


GENE COMPLEXES 


Some blood group genes are complexes of several closely linked genes 
or loci that evolved through duplication of an ancestral gene. The anti- 
gens they encode are inherited as a haplotype with no or few crossovers. 
Blood group examples include the Rh system with genes RHD and 
RHCE, and the MNS system with genes GYPA, GYPB, and GYPE. 

RHD and RHCE show remarkable homology between them and 
with RHAG, which encodes the RhAG. GYPA and GYPB probably arose 
by duplication of an ancestral GYPA gene encoding the N antigen.” The 
most common MNS complex is Ns, followed by Ms, MS, and NS. 

In both RH and MNS systems, other antigens arose by further 
nucleotide changes, deletions, or rearrangements within the gene com- 
plex. Unequal pairing of GYPA and GYPB during meiosis, with sub- 
sequent recombination, resulted in several hybrids, such as GYP(A-B) 
(called Lepore type, by analogy with a similar hemoglobin hybrid), 
which encodes a protein with the amino-terminal end of GPA but the 
carboxyl-terminal end of GPB. Anti-Lepore-type hybrids, GYP(B-A) 
(amino-terminal end of GPB and carboxyl-terminal end of GPA), and 
other rearrangements (e.g., GYP[B-A-B] and GYP[A-B-A]) are known. 
Within the Rh complex, numerous hybrids of RH(D-CE-D) and RH(CE- 
D-CE) have been identified. Such hybrids can result in altered antigen 
expression and new antigens.*® 

Kell and Lutheran proteins are single-gene products that carry 
multiple antigens. The most common alleles in humans are kKpJs?K"! 
and Lu’LuSLu*Au’. Antigens of lower prevalence (K, Kp*/Kp‘ or Js*, and 
Lu’, Lu9, Lul4, or Au’) arise from separate nucleotide changes. 


SILENT ALLELES 


Some blood group alleles are amorphs, or silent; that is, they do not 
produce a recognizable antigen, although they may encode a product 
that is simply not detected with standard test methods. As discussed 
with regard to the ABO system, A and B genes produce transferases 
that add GalNAc or Gal, respectively, to the same precursors, but O 
produces no active enzyme. AB individuals express both A and B anti- 
gen, but AA and AO individuals express A, and BB and BO individu- 
als express B. Amorphic alleles are recognized only in a homozygous 
state, and the result is a “null” phenotype. Null phenotypes exist in 
most blood group systems (see Table 136-1). Group O is the most 
common, followed by Fy(a-b-) and Le(a-b-) in Africans. Other null 
phenotypes are rare. 

The Fy(a-b-) phenotype is especially interesting. Fy(a—b-) 
Africans have Fy” genes that express normal Fy” glycoprotein on tissue 
cells but not on RBCs. A nucleotide change that disrupts the GATA-1 
binding site for RBC transcription is present in these individuals,” 
which helps explain why many Fy(a—-b-) Africans do not make anti-Fy? 
despite exposure to antigen-positive RBCs from transfusion. 


GENE FREQUENCIES 


Gene and phenotype frequencies vary widely with race and geograph- 
ical boundaries.*'"'* This information is useful when estimating the 
availability of compatible blood and the probability of HDFN. 
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@RED CELL ANTIGENS IN HEALTH AND 
DISEASE 


EXPRESSION OF RED CELL ANTIGENS IN 
OTHER BODY TISSUES AND FLUIDS 


Antigens in the RH and JK blood group systems are present only on 
RBCs and have not been detected on platelets, lymphocytes, or granulo- 
cytes or in plasma, other body tissues, or secretions (saliva, milk, amni- 
otic fluid).**'* Antigens in MNS, LU, KEL, and FY systems are found on 
RBCs and other body tissues (see Table 136-2). 

ABH antigens have broad tissue distribution. In embryos, A, B, and 
H antigens are detectable on all endothelial cells and all epithelial cells 
except those of the central nervous system. Antigens in ABO, P1PK, LE, 
H, and I systems are in plasma and on platelets and lymphocytes. Gran- 
ulocytes carry I antigen but no ABH. ABH on platelets and lymphocytes 
may be acquired at least in part by adsorption from plasma. Lewis anti- 
gen is acquired by RBCs by adsorption. Secretions (saliva, milk, sweat, 
semen, and urine, but not cerebral spinal fluid) contain soluble A, B, H, 
I, and Le* and Le? antigens but no P1PK or GLOB system antigens. Sd* 
antigen is found in most body secretions, with the greatest concentra- 
tion in urine.*'® 


@ ASSOCIATIONS OF RED CELL 
ANTIGENS WITH DISEASE 


ANTIGENS ASSOCIATED WITH POSSIBLE 
SUSCEPTIBILITY TO DISEASE 


Some blood groups are statistically associated with medical conditions 
or disease (Table 136-4).*-*'* For example, blood group A is more com- 
mon in persons with cancer of the salivary glands, stomach, colon, or 
ovary and with thrombosis (because of higher levels of coagulation fac- 
tors VIII, V, and IX). Blood group O is more common in patients with 
duodenal and gastric ulcers, rheumatoid arthritis, and von Willebrand 
disease. 

Associations with infection arise when microorganisms carry 
structures homologous with blood group activity. The presence of 
blood group antibody and/or soluble blood group antigen in secretions 
may help confer protection. Having anti-B may offer protection against 
Salmonella, Shigella, Neisseria gonorrhoeae, and some Escherichia coli 
infections. An association exists between nonsecretion of ABH antigen 
and susceptibility to Candida albicans, Neisseria meningitidis, Strepto- 
coccus pneumoniae, and Haemophilus influenzae.° 

A number of disease associations with globoside have been iden- 
tified. Streptococcus suis, which can cause meningitis and septicemia in 
humans, binds exclusively to P* antigen. A class of toxins secreted by 
Shigella dysenteriae, Vibrio cholerae, and Vibrio parahaemolyticus have 
binding specificity for Gal(a1-4)-Gal(61-4). In addition, globoside is 
the receptor of human parvovirus B19. Some strains of E. coli use the 
disaccharide receptor Gal(a1-4)-Galf on uroepithelial cells to gain 
entry to the urinary tract receptors associated with P1, P*, and P anti- 
gens.*** People with the rare p phenotype lack this disaccharide and are 
not susceptible to acute pyelonephritis from such E. coli strains nor to 
infection by human parvovirus B19. 


PHENOTYPES ASSOCIATED WITH DISEASE 


RESISTANCE 


Erythrocytes lacking Fy and Fy? antigens are not infected by the 
malarial parasite Plasmodium vivax or by the simian malarial parasite 


Plasmodium knowlesi. These parasites attach to the Fy(a-b-) RBC mem- 
brane, but penetration does not take place. The Fy6 antigen is the crit- 
ical receptor for P. vivax attachment.’ Plasmodium falciparum attaches 
to RBC glycophorins and their O-linked oligosaccharides (carrying 
NeuAc). RBCs with the following phenotypes have a decreased rate of 
infection: M-N- (GPA-deficient), S-s-U- (GPB-deficient), Ge- (Leach 
type or GPC/GPD-deficient), and Cad-positive and Tn-positive RBCs 
(which have abnormal O-linked sugars). 


DISEASES ASSOCIATED WITH ALTERED 
ANTIGEN EXPRESSION 


Antigen expression can be altered with inherited or acquired disease. 
Inherited changes are fixed and consistent; acquired changes can disap- 
pear with remission or recovery. In some diseases, antigen expression 
weakens; in others, antigen expression increases or new antigens appear. 

Weakened ABH expression on RBCs has been noted in acute 
myeloid leukemias and may result from reduced transferase activity.”"* 
Normal antigen expression returns with disease remission. Transient 
weakened expression of target antigen also occurs in some cases of auto- 
immune hemolytic anemia. Weak Rh, Kell, Kidd, LW and AnWj blood 
group activity has been reported with concurrent autoantibody.*'* 

Increased expression of i on RBCs is associated with inherited 
disorders, such as thalassemia, sickle cell disease, Diamond-Blackfan 
syndrome, and hereditary erythroblastic multinuclearity with a positive 
acidified serum test (HEMPAS). Increased i expression also is noted 
with acquired conditions that decrease the red cell maturation time in 
the marrow, such as myeloblastic or sideroblastic myeloblastic erythro- 
poiesis, refractory anemia, and excessive phlebotomy.'*”? Expression of 
the de novo antigen Tn is caused by a galactosyltransferase deficiency 
acquired by somatic mutation in a population of stem cells. The anti- 
gen is present on RBCs, platelets, and granulocytes arising from these 
stem cells. This condition (seen as persistent mixed-field agglutination 
because of the presence of both normal and abnormal cells) causes 
other RBC changes, such as depressed MN expression, enhanced H, and 
reduced NeuAc content. Tn antigen exposure is associated with mye- 
lodysplastic syndrome and acute myelomonocytic leukemia.’ Other 
antigens (T, Tk) occur as a result of infection when microbes produce 
enzymes that remove some sugars (NeuAc) and expose new ones. Group 
A individuals can appear to acquire a B antigen when bacterial deacety- 
lase removes the acetyl group on GalNAc.*!° This phenomenon is asso- 
ciated with severe infection, gastrointestinal lesions, and malignancies. 

RBCs may acquire blood group activity when they adsorb material 
from certain microorganisms. Group B activity has been associated with 
E. coli% and Proteus vulgaris infection, and K antigen with Enterococcus 
faecium. Acquired Jk-like activity has been associated with E. faecium 
and Micrococcus infections, although the mechanism is not clear.“ 


DISEASES ASSOCIATED WITH ABSENT 
ANTIGENS OR NULL PHENOTYPES 
Rh „Syndrome 


The "Rh, phenotype is associated with hereditary stomatocytosis, 
hemolytic anemia (usually mild and well compensated), and a lack 
of proteins carrying Rh antigens. The Rh protein resides in the RBC 
membrane, interacts with other membrane proteins and possibly the 
membrane skeleton, and may help regulate or organize the lipids within 
the red cell membrane bilayer.” Hence, it is an important determinant 
of membrane shape and expression of other antigens. Rh, „ cells have 
depressed expression or absence of S, s, U, LW, and Fy5 antigens. 

Most Rh, „ red cells are stomatocytes or occasionally spherocytes 
and demonstrate increased osmotic fragility, increased potassium 
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TABLE 136-4. Blood Group Antigens and Antibodies Associated with Disease 


PHENOTYPES ASSOCIATED WITH DISEASE SUSCEPTIBILITY 


Group A Carcinoma of the salivary glands, stomach, colon, rectum, ovary, uterus, cervix, bladder (T1 and T2 
tumors); idiopathic thrombocytopenic purpura, coronary thrombosis, thrombosis (oral contraceptives), 
pernicious anemia, giardiasis, meningococcal meningitis infections 

Group B Escherichia coli urinary tract infection, gonorrhea 

Group O Duodenal and gastric ulcers, rheumatoid arthritis, von Willebrand disease, typhoid, paratyphoid, cholera 


ABH nonsecretors 


Duodenal ulcers, spondyloarthropathies; increased susceptibility to Candida albicans, Neisseria meningiti- 
dis, Streptococcus pneumoniae, Haemophilus influenzae 


Le(a-b-) Sjögren syndrome 
Group O, Le(a—b+) Helicobacter pylori 
Globoside Parvovirus 


PHENOTYPES ASSOCIATED WITH DISEASE RESISTANCE 


p (PP1 PX) 


Pyelonephritogenic infections of E. coli, parvovirus B 


Fy(a—b-) 


Plasmodium vivax, Plasmodium knowlesi 


Tn-, Cad-, En(a-), U-, Ge- 


Plasmodium falciparum 


DISEASES ASSOCIATED WITH ALTERED ANTIGEN EXPRESSION 


Weakened AB 


Leukemia, myelodysplastic syndrome, Hodgkin lymphoma and non-Hodgkin lymphomas, aplastic 
anemia, bacterial infections 


Weakened MN 


Bacterial infections, myelodysplastic syndrome, leukemia (Tn, T, Tk activation) 


Enhanced i 


Thalassemia, sickle cell disease, HEMPAS, Diamond-Blackfan anemia, myeloblastic or sideroblastic ery- 
thropoiesis, refractory anemia 


Acquired A (Tn) 


Myelodysplastic syndrome, acute myelogenous leukemia 


Acquired B 


Bacterial infections, gastrointestinal lesions or malignancies 


Acquired T, Tk 


Bacterial infections 


Acquired K antigens 


Enterococcus faecium 


Acquired Jk? antigen 


E. faecium or Micrococcus infection 


Absent Cromer, Yt, Dombrock, 
JMH, Emm antigens 


Paroxysmal nocturnal hemoglobinuria 


Weakened target antigens (Rh, 
Kell, Kidd, LW) 


Autoimmune hemolytic anemia 


LW 


Hodgkin disease, lymphoma, leukemia, sarcoma 


Weakened |, Rh, S, s, U, Kp?, Jke, 
Xg?, or En? 


Stomatocytic hereditary elliptocytosis 


DISEASES ASSOCIATED WITH NULL PHENOTYPES 


Rh _ (D-—C-E-c-e-) 


null 


Hereditary stomatocytosis, mild hemolytic anemia 


McLeod phenotype (Kx-) 


Hereditary acanthocytosis, mild hemolytic anemia, see text 


GE „ı (Leach type) 


Hereditary elliptocytosis, mild hemolytic anemia 


Bombay (O,) Leukocyte adhesion deficiency II (some) 
l- (i Adult) Congenital cataracts in Asians (some) 
com Inability to maximally concentrate urine 
RAPH Kidney disease 


null 


DISEASES ASSOCIATED WITH ANTIBODY PRODUCTION 


Anti-l, -IH, -i, -H, -Pr 


Cold agglutinin disease 


Anti-"Rh,’-"Kell,’-U, -Wr> 


Warm autoimmune hemolytic anemia 


Anti-l 


Mycoplasma pneumoniae, chronic lymphocytic leukemia, Hodgkin lymphoma and non-Hodgkin 
lymphomas 


Anti-i 


Infectious mononucleosis, reticuloendothelial diseases 


(continued) 
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TABLE 136-4. Blood Group Antigens and Antibodies Associated with Disease (Continued) 


Anti-I" Hodgkin lymphoma and non-Hodgkin lymphomas 

Anti-K Enterocolitis, bacterial infections (E. coli0125:B15, Campylobacter jejuni, E. coli) 
Anti-P1 Parasitic infections: hydatid cyst disease, liver flukes 

Anti-PP1P* Early spontaneous abortions 

Anti-P Paroxysmal cold hemoglobinuria, early spontaneous abortions, lymphoma 
Anti-NF Renal dialysis (formaldehyde exposure) 

Anti-Forssman Neoplastic disorders 

Anti-Rx Virally induced hemolysis 


Decreased anti-A or -B 


Agammaglobulinemia or hypogammaglobulinemia 


“NULL” PHENOTYPES ASSOCIATED WITH BIOLOGIC DIFFERENCES BUT NO OR MILD DISEASE 


Group O Lack GalNAc or Gal on terminal Gal 

Bombay Lack Fuc on terminal Gal 

Le(a-b-) Lack Fuc on terminal GIcNAc 

M-N- or En(a-) Lack or have altered GPA 

S-s—U- Lack or have altered GPB 

Wr(a-b-) Lack or have altered GPA 

M* phenotype Lack GPA and GPB 

K Lack Kell glycoprotein 

Jk(a-b-) Lack or have altered Jk protein, reduced ability to concentrate urine 

Lu(a-b-) Lack or have reduced or altered Lu glycoprotein; RBC may show poikilocytosis, potassium loss, increased 
hemolysis during storage 

LW(a-b-) Lack or have altered LW glycoprotein 

Do(a-b-), Gy(a-) Lack a GPl-linked protein (Do glycoprotein) 

SC:-1,-2,-3 Lack or have altered Sc glycoprotein 


Fuc, fucose; GIcNAc, N-acetylglucosamine; GPA, glycophorin A; GPB, glycophorin B; GPI, glycosylphosphatidylinositol; HEMPAS, hereditary 


erythroblastic multinuclearity with positive acidified serum lysis test. 


Data from Issitt PD, Anstee DJ: Applied Blood Group Serology, 4th ed. Montgomery Scientific, Durham, NC, 1998; Daniels G: Human Blood Groups, 
3rd. Blackwell Science, Oxford, 2013; Reid ME, Lomas-Francis C, Olsson ML: Blood Group Antigen FactsBook, 3rd. Academic Press, San Diego, 2012; 
Reid ME, Lomas-Francis C: Blood Group Antigens & Antibodies: A Guide to Clinical Relevance & Technical Tips. Star Bright Books, New York, 2007. 


permeability, and higher potassium pump activity. They have reduced 
cation and water content and a relative deficiency of membrane choles- 
terol. Although these abnormalities are assumed to contribute to short- 
ened in vivo survival, Rh, „ı RBCs survive normally in splenectomized 
patients, suggesting their removal is related more to splenic clearance 
because of shape rather than some other intrinsic factor. 

Two genetic mechanisms account for the Rh, , phenotype. Persons 
with the amorphic type are homozygous for the silent RHCE gene on a 
deleted RHD background. Individuals with the more common regulator 
type of Rh, ,, have normal RH genes but an altered (silenced) RHAG 
gene. RhAG is required for expression of Rh antigens. Individuals 
with the Rh , phenotype have similar membrane and clinical anom- 
alies associated with Rh, ,, syndrome but demonstrate some Rh anti- 
gen expression. The reduced expression of Rh antigens results from the 
presence of an altered form of RhAG.™6? 


McLeod Phenotype 

Numerous males (but no females) with the McLeod phenotype have 
been identified. These individuals have acanthocytosis, decreased RBC 
survival, very weak expression of Kell blood group antigens, lack of Kx 
antigen on RBCs, and a well-compensated hemolytic anemia.” 


Kx antigen is carried on the Xk protein encoded by the XK gene on 
the X chromosome, which interacts with the RBC membrane skeleton 
and helps stabilize the membrane. The absence of Kx is associated with a 
lipid deficiency in the membrane bilayer that may be critical to the Kell 
glycoprotein and general RBC discoid shape. RBCs with the McLeod 
phenotype show a defect in water transport, increased mobility of phos- 
phatidylcholine across the membrane, and increased phosphorylation 
of protein band 3 and $-spectrin.* 

After age 40 years, patients with the McLeod phenotype develop a 
slowly progressive form of muscular dystrophy that is associated with 
areflexia, choreiform movements, and cardiomegaly, leading to cardio- 
myopathy. They have elevated levels of serum creatine kinase and car- 
bonic anhydrase III. Some patients with the McLeod phenotype and 
X-linked chronic granulomatous disease (CGD) have a deletion of both 
the XK and Phox-91 genes (Chap. 66). The McLeod phenotype results 
from deletions or nucleotide changes in the XK gene.“ 


Gerbich-Negative Phenotype 

The GYPC on chromosome 2 encodes two proteins: GPC, with antigens 
Ge3 and Ge4 (the Ge2 portion is “hidden” by the Ge4-bearing terminal 
end), and its shorter partner GPD, with antigens Ge2 (now exposed) 
and Ge3. GPC and GPD interact with membrane skeleton proteins 4.1 
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and p55, which are involved in cell deformability and membrane stabil- 
ity. Gerbich-negative RBCs of the Leach type (Ge:-2, -3, -4) lack both 
GPC and GPD, have reduced protein 4.1, and elliptocytosis but exhibit 
normal survival in vivo.®!° 


Bombay (0, ) Phenotype 

Rare people lack A, B, and H antigens and have naturally occurring 
anti-A, anti-B, and anti-H in their plasma. Such people are said to have 
the Bombay (O,) phenotype. In rare people with the Le(a-b-) Bombay 
phenotype, the gene that encodes the Fuc transporter is silenced. As 
a consequence, all cells lack Fuc. Without Fuc, neutrophils lack sialyl 
Le* and thus cannot roll and ingest bacteria. These patients have a high 
white blood cell count and severe recurrent infections. The condition is 
called leukocyte adhesion deficiency II (LADII) or congenital disorder of 
glycosylation I (CDG I).**° 


I-Negative Phenotype (i Adult) 

The gene encoding the I-branching 6-1,6-N-acetylglucosaminyltrans- 
ferase (GCNT2) has three alternative forms of exon 1, with common 
exons 2 and 3. Mutations in exon 2 or 3 silence GCNT2 and give rise to 
the form of I-negative phenotype associated with congenital cataracts 
in Asians.*”** Mutations in exon 1C (IGnTC or IGnT3) silence the gene 
in RBCs but not in other tissues, and lead to the I-negative phenotype 
(i adult) without cataracts.” 


CO__,, Phenotype 

Antigens of the Colton blood group system are carried on the water 
transporter (aquaporin [AQP1]). Although an absence of this protein 
from the RBC membrane was thought to be incompatible with life, in 
reality these rare individuals have been shown only to be unable to max- 
imally concentrate urine.” 

RAPH „Phenotype 

The MER2 antigen in the RAPH blood group system is carried on 
CD151. Rare individuals who lack CD151 have chronic renal failure, 
skin ulcers, and deafness.*! 


Other Null Phenotypes 

Patients with null phenotypes can develop RBC antibodies that make 
it difficult to find compatible blood to avoid the otherwise serious 
hemolytic transfusion reactions. For example, people with the Bombay 
phenotype (O, or H „„) demonstrate no red cell abnormality but make 
potent hemolytic anti-H as well as anti-A and anti-B. These antibodies 
are incompatible with all RBCs except those from other persons with 
the Bombay phenotype. Likewise, p individuals (PP1P*-negative) or P* 
individuals (P-negative) can make hemolytic antibodies to the antigens 
they lack. Anti-PP1P* and anti-P also are associated with spontaneous 
abortions in the first trimester.'* Women with such antibodies (notably 
IgG anti-P), even those with a history of spontaneous abortions, have 
delivered viable infants after plasmapheresis.” 

Null phenotypes in the MNSs and Lutheran systems are interesting 
because several types of null phenotypes are known. Within the MNSs 
blood group system, people may lack GPA (En[a—] or MN-negative), 
GPB (SsU-negative), or both (M‘M* phenotype). The rare Lu(a—-b-) 
phenotype is caused by a dominant inhibitor called In(Lu), by homozy- 
gous pairing of the silent allele Lu, or by a recessive sex-linked inhibitor 
XS2.*" Only the LuLu-type null (recessive Lu[a—b-]) is associated with 
antibody production because the inhibitor type nulls produce small 
amounts of Lutheran antigen. In(Lu) type, Lu(a-b-) RBCs have low 
expression of CD44 and AnWj, and have varying degrees of poikilo- 
cytosis and acanthocytosis. RBCs of this type tend to hemolyze more 


quickly during storage, even though they demonstrate normal osmotic 
fragility. Inactivating nucleotide changes in KLF1, which encodes an 
altered transcription factor, cause the InLu phenotype.” 

The Jk(a-b-) phenotype is caused by the silent alleles JkJk or the 
dominant inhibitor In(Jk). RBCs having the Jk(a—b-) phenotype resist 
lysis in 2M urea,* a reagent commonly used in automated platelet 
counting systems; resulting in erroneously high platelet counts. No 
significant clinical abnormalities have been identified to date, although 
Jk(a-b-) individuals have reduced ability to concentrate urine.” 

The following diagnoses are made easily by simply typing the RBCs 
with appropriate antisera: Rh syndrome, McLeod syndrome, and LAD II. 


@ERYTHROCYTE ANTIBODIES 
IMMUNOLOGY OF RED CELL ANTIBODIES 


Blood group antibodies are classified as alloantibodies if they only react 
with antigens present on the RBCs of other people and as autoantibodies 
if they react with self-antigens present on the patients own RBC. Alloan- 
tibodies also can be classified according to their mode of sensitization 
as naturally occurring (no apparent sensitization) or immune (following 
sensitization). Table 136-5 summarizes the common anti-erythrocyte 
antibodies, +6156 


IMMUNOGLOBULIN CLASSES ASSOCIATED 
WITH BLOOD GROUP ACTIVITY 


Immunoglobulin G 

IgG is the predominant antibody made in an immune response and 
constitutes approximately 80 percent of total serum Ig (Chap. 75). These 
antibodies, when specific for RBC antigens, can attach to or induce 
hemolysis of transfused antigen-positive RBCs. Receptors on macro- 
phages in the liver and spleen allow the macrophages to remove IgG- 
coated RBCs from the circulation. IgG blood group antibodies also 
are capable of fixing complement, although some subclasses do so less 
efficiently than others: IgG, > IgG, > IgG, > IgG, How well an IgG ery- 
throcyte antibody binds complement, depends on the surface density 
and location of the recognized antigen. This situation occurs because 
Clq, the initiator of the classic complement cascade, requires binding 
of at least two IgG molecules to the RBC within a span of 20 to 30 nm 
to initiate the complement cascade.'® For example, IgG anti-D rarely 
binds complement, presumably because most D sites are spaced too 
far apart." Most IgG blood group antibodies do not agglutinate saline- 
suspended RBCs, presumably because the IgG molecule is too small to 
span the distance between RBCs, although some exceptions are known 
(i.e., potent IgG examples of anti-A, anti-B, anti-M, and anti-K). Some 
IgG anti-D can directly agglutinate RBCs with the D-phenotype. Most 
IgG antibodies sensitize RBCs at 37°C and are detected with an anti- 
globulin reagent. 


Immunoglobulin M 

IgM is a pentamer of five basic units (having u heavy chains plus a short 
J, or joining, chain) and makes up only approximately 4 percent of total 
serum Ig (Chap. 75). IgM is the first class of Ig produced by the fetus 
and is the predominant antibody in a primary immune response, but it 
does not cross the placenta. Because of their pentameric structure, even 
low-affinity IgM blood group antibodies can agglutinate RBCs and acti- 
vate complement. Both hemolyzing and agglutinating abilities of IgM 
molecules are destroyed by reducing reagents, such as 2-ME and DTT. 
IgM antibodies of low affinity may agglutinate RBCs only at temper- 
atures below 37°C. Such antibodies still may fix complement onto the 


TABLE 136-5. Summary of Selected Erythrocyte Antibodies 


Ig Class Serologic Activity Implicated in Antigen Frequency (%) 
Blood BAG Activates 
Group Antibody IgM IgG RT AHG ENZ/DTT Complement HTR HDFN Whites Blacks Comments 
ABO A Most Some Most Most I/nc Yes Yes Mild 40 27 A/B: very clinically significant, sometimes IgA 
B Most Some Most Most l/nc Yes Yes Mild 11 20 
A1 Most Rare Most Rare I/nc Rare Rare No 30 — A1: usually not clinically significant 
H Most Rare Most Rare I/nc Rare Rare — >999 — H: usually weak 
autoantibody, but strong alloantibody in O, 
Rh D Some Most Some Most I/nc No Yes Mild to 85 92 D: most common immune antibody 
Sev 
C Few Most — Most I/nc No Yes Mild to 70 33 C: often found with D 
Sev 
E Some Most Some Most I/nc No Yes Mild 30 21 E/C or E/c: often found together 
G — Most — Most I/nc No Yes Mild to 80 oF, All alloantibodies: clinically significant 
Sev 
e — Most — Most I/nc No Yes Mild 98 99 Autoantibodies commonly directed against 
Rh protein 
f (ce) — Most — Most I/nc No Yes Mild 64 — 
(ay Some Most — Most I/nc No Yes Mild to 1 — 
Mod 
VS/V — Most — Most I/nc No Yes No <1 30 
Lewis Le? Most Rare Most Some _ I/nc Yes Rare No 22 23 Common in pregnancy 
Le’? Most Rare Most Some l/nc Yes No No 72 55 Not clinically significant; Le(a-b-) individuals 
commonly make anti-Le? but can simultane- 
ously make anti-Le? and anti-Le? 
li Most — Most Some I/nc Yes Rare No 599.9 >99.9 I: common autoantibody, rare significant 
alloantibody 
i Most — Most Some _ I/nc Yes No Rare 100 100 i: rare autoantibody 
(mild) 
P1PK P1 Most Rare Most Some l/nc Few Rare No 79 94 P1: usually not clinically significant 
GLOB P Most Few Most Some l/nc Yes Yes No-Mild >99.9 >99.9 P: Donath-Landsteiner antibody in PCH 
PP1P« Most Few Most Some _ |/nc Yes Yes No -Sev 99:9 >99:9 
MNSs M Some Some Most Few  D/nc No Rare Rare 78 70 M: common, usually not clinically significant 
N Some Some Most Rare  D/nc No Rare (Rare) 72 74 N: rare, usually not clinically significant 
S Some Some Some Most V/nc Some Yes Mild - Sev 55 31 
S Few Most Few Most V/nc Rare Yes No-Sev 89 97 
U — Most — Most nc/nc Rare Yes Mild-Sev 100 99.7 SsU: clinically significant autoantibody speci- 


ficities reported 


(continued) 


INIX Hed 
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Kell K Some Most Few Most nc/D Rare Yes Mild-Sev 9 2 K: very common immune antibody 


— Most Rare Most nc/D No Yes Mild-Sev 99.9 — 
Kp? — Most Rare Most nc/D No Yes Mild-Sev 2.3 — 
Kp> — Most Rare Most nc/D No Yes Mild-Mod >99.9 100 Autoantibodies reported 
JEP — Most Rare Rare nc/D No Yes Mild-Sev — 20 
Js? — Most — — nc/D No Yes Mild-Sev >99.9 99 
Duffy Fy? — Most Rare Most D/nc Rare Yes Mild-Sev 66 10 Fy?: common immune antibody 
Fy> — Most Rare Most D/nc Rare Yes Mild 83 23 
Kidd Jk? Few Most Rare Most l/nc Yes Yes Mild-Mod 77 92 Jk?: associated with delayed HTR; hemolytic; 
disappears quickly from serum 
Jk? Few Most Rare Most I/nc Yes Yes No-Mild 72 41 
Lutheran Lu? Some Few Most Few nc(V)/D No No No-Mild 7. — Mild RBC destruction 
Lue Some Some Few Most nc(V)/D No Yes Mild 9919 — Lu glycoprotein on placental tissue may 
adsorb maternal Lu antibodies 
Xg Xg? Some Most Rare Most D/nc Some No No 64m) - Xg?: poor immunogen = 
89(f) - 5 
Yt Vite - Most No Most D(V)/D(V) No No- No 99.7 = Yt: some antibody examples clinically signifi- © 
Mod cant, others not me 
vita = Most No Most D(V)/D No No No 8 = 8 
Ch/Rg Ch Rare Most - Most D/nc No No No 96 - Ch/Rg: associated with C4 complement, clini- m 
cally insignificant antibodies < 
Rg - Most - Most D/nc No No No 98 - = 
Colton Co? - Most Some Most nc/nc Some No- Mild-Sev 99.9 -= 2 
Mod T 
Cor - Most Some Most nc/nc Rare No- Mild 10 - > 
5} 
Mod > 
© 
Cromer General Most - Most nc/V No No- No >99.9 >99.9 D 
group Mild z 
Diego Di? - Most Some Most nc/nc Rare Yes Mild-Sev Rare - Di: antigen found in South American Indians 5 
and Asians a 
7 7 > 
Dib - Most No Most nc/nc No No- Mild 100 - 5) 
Mod = 
ion 
Dom- Do? - Most No Most nc/D(V) No Yes +DAT 67 ~ Do? Do’: poor immunogens 2 
brock D 
Wn 
Do? = Most No Most nc/D(V) No Yes +DAT 83 = 


(continued ) 


TABLE 136-5. Summary of Selected Antierythrocyte Antibodies (Continued ) 


Ig Class Serologic Activity Implicated in Antigen Frequency (%) 
Blood 37°C Activates 
Group Antibody IgM IgG RT AHG ENZ/DTT Complement HTR HDFN Whites Blacks Comments 
Hy - Most - Most — nc(I)/D(V) No No +DAT >99 - 
- Mod Hy- and Jo(a-): found only in blacks y 
Gy(a-) (Do, „ı) found in eastern Europeans and = 
Japanese >x< 
Gy? = Most - Most — nc(I)/D(V) No No- — +DAT sce = 
Mod- = 
erate 2 
Jo? = Most - Most nc(I)/D(V) No No- No >99 = 4 
= 
Mod A 
Gerbich General Most - Most D/nc Yes No- (+DAT) >99.9 >99.9 Ge: located on glycophorins C and D Q 
group Mod = 
Indian In? - Most - Most D/D No Yes (+DAT) <0.1 <0.1 In: located on CD44 adhesion protein Ti 
In? - Most - Most D/D No No (DAT) 99 96 = 
- Sev D 
Knops Kn? - Most - Most D/D/V No No No 98 99 Knops antigens associated with CR1 (com- 
plement) receptor, clinically insignificant 
antibodies 
McC? - Most - Most D/D No No No 98 94 
Yk? - Most - Most D/D No No No 92 98 
Scianna Sc - Most - Most nc/nc Yes No +DAT >999 - Sc1: some antibodies react in serum but not 
plasma 
Sen - Most - Most nc/-V No No +DAT 1 - 
Sc3 - Most - Most nc(I)/nc No No- Mild >99.9 - 
Mild 
JMH JMH - Most - Most D/D No No No >99.9 >99.9 JMH: carrier protein CDw108 


D, destroyed; DTT, dithiothreitol; ENZ, enzyme (papain/ficin); |, increased; nc, no change; V, variable. 


RBC membrane in vivo, at the lower temperatures in the extremities, 
and activate the complement cascade in the core of the body. Because 
such IgM antibodies dissociate from RBCs at higher temperatures, their 
reactivity may be detected in routine antiglobulin tests (using polyspe- 
cific antiglobulin) by virtue of the complement components that remain 
bound to the red cell membrane.'""* 


Immunoglobulin A 

IgA is the primary Ig in body secretions, where it exists predominantly 
as a dimer with a secretory component (Chap. 75). IgA does not cross 
the placenta or fix complement, but aggregated IgA can activate the 
alternative pathway of complement, and IgA can trigger cell-mediated 
events. Multimeric IgA antibodies in serum are seen as hemagglutinins 
in blood bank tests and most often are associated with anti-A or anti-B. 


IMMUNOGLOBULIN IN THE FETUS AND 
NEWBORN 


Initially, the fetus acquires low levels of maternal IgG, probably by dif- 
fusion across the placenta. These levels rise significantly between 20 and 
33 weeks gestation as a selective transport system matures and maternal 
IgG is actively transported across the placenta. Thus, almost all blood 
group antibodies detected in the fetus and newborn originate from the 
mother and disappear within the first few months of life. 

Actual fetal antibody production begins shortly before birth with 
low levels of IgM, followed by IgG and IgA several weeks after birth. 
Anti-A and anti-B usually are readily detected by age 2 to 6 months. 

Because of this late immune response in the newborn and because 
maternal antibody is so predominant at birth, blood bank standards 
permit abbreviated testing on neonates younger than 4 months.* If 
available, the mother’s serum is used (and preferred) for identifying 
antibodies in a newborn and for crossmatching RBC components. 


NATURALLY OCCURRING ANTIBODIES 


Naturally Occurring Antibodies in Development 

An antibody is said to be naturally occurring when it is found in the 
serum of an individual who has not been exposed to the antigen through 
transfusion or pregnancy. These antibodies most likely are heteroagglu- 
tinins produced in response to substances in the environment that are 
similar to those on RBC antigens. 

Evidence supporting this concept has come from studies on the 
formation of anti-B in chickens.” Chicks raised in a normal environ- 
ment made anti-B within the first 30 days of life, whereas chicks raised 
in a germ-free environment did not make anti-B by day 60. Naturally 
occurring anti-A and anti-B in humans, also called isoagglutinins, can 
increase in titer following ingestion or inhalation of suitable bacteria. 

However, a great many antigens that likely are not present in the 
environment have been associated with naturally occurring antibodies, 
so the stimulus for naturally occurring antibodies is not clearly known. 


Blood Group Associations and Presence of Naturally Occurring 
Antibodies 

Naturally occurring alloantibodies are commonly associated with the 
carbohydrate antigens of the ABO, LE, and P1PK blood group systems. 
Anti-A and anti-B are expected in people who lack the corresponding 
antigens, as are antibodies specific for H, PP1P\, or P antigens. Naturally 
occurring antibodies reactive with A1, Le’, Le’, or P1 determinants also 
are seen frequently. Carbohydrate antigens, especially those with repet- 
itive epitopes, can stimulate B cells to make specific antibody without 
the aid of helper T cells. Such thymus-independent immune responses 
typically result in antigen-specific antibodies of the IgM class. 
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Within other systems," anti-Sd’, anti- Vw, and anti-Wr’ are found 
in up to 2 percent of normal people. Other, less-common antibody spec- 
ificities in approximate order of descending occurrence are anti-M, -S, 
-N, -Ge, -K, -Lu’, -Di’, and -Xg*. Rh antigens are thought to reside only 
on RBCs, but apparent naturally occurring anti-D has been reported in 
0.15 percent of Rh-negative donors and anti-E in more than 0.1 percent 
of Rh-positive donors when more sensitive enzyme detection methods 
are used. Examples of naturally occurring anti-C, anti-C, and anti-C* 
also have been described.** 

Some naturally occurring antibodies exist as autoagglutinins (e.g., 
anti-H and anti-I). Patients with autoimmune hemolytic anemia can 
produce many antibodies to low-prevalence antigens with no specific 
stimulus, in addition to autoantibody.**'*”° 


Characteristics of Naturally Occurring Alloantibodies 

Most naturally occurring antibodies are IgM, but some have an IgG 
component and a few are predominantly IgG. Some anti-A or anti-B 
may even be of the IgA class. Antibodies that cause direct agglutination 
of saline-suspended RBCs most commonly are of the IgM class. How- 
ever, even IgG antibodies may cause agglutination of RBCs when they 
bind antigens that are present at high density on the RBC membrane, 
such as the ABO or MN antigens. With the exception of anti-A and 
anti-B, most common naturally occurring antibodies do not react at 
body temperature and are considered clinically insignificant. However, 
if they are found to react at 37°C, providing crossmatch-compatible 
blood for transfusion is prudent. 


ANTIBODIES GENERATED IN RESPONSE TO 
IMMUNIZATION: IMMUNE ANTIBODIES 


Blood Group Associations and Occurrence of Immune 
Antibodies 

Immune antibodies are produced following exposure to foreign RBC 
antigens through pregnancy or transfusion. The primary immune 
response is seen several weeks to several months after the first exposure 
to antigen. IgM usually is associated with early primary responses, but 
whether it is always the first antibody class made is unclear. In most 
individuals, IgG soon predominates. This process is characteristic of a 
thymus-dependent immune response, where T cells help induce B cells 
to undergo isotype switching from IgM to IgG. 

In a secondary or anamnestic response, antibody concentration 
starts to increase several days to several weeks following exposure, and 
IgG may rise to very high levels. Some IgG antibodies remain detect- 
able for decades after a stimulus. Others, especially Kidd antibodies, can 
disappear after several months and are more commonly associated with 
delayed hemolytic transfusion reactions.**'® 

Immune antibodies are found more commonly in individuals who 
have been multiply transfused than in multiparous women. This situa- 
tion occurs because in pregnancy the immunizing dose of red cells often 
is too small to elicit a primary response and the foreign antigens are 
limited to those of the father.'® 

Anti-D used to be the most common immune antibody, but with 
the advent of Rh matching of donors and recipients in the late 1940s 
and use of RhIg prophylaxis since the 1970s, its incidence has sharply 
decreased. Anti-D is present in 0.27 to 0.56 percent of transfusion recip- 
ients, 0.10 to 0.20 percent of pregnant women, and 0.16 to 0.25 percent 
of healthy blood donors.'® 

In contrast, the occurrence of immune antibodies other than 
anti-D has increased. Specificities other than anti-D have been reported 
in approximately 0.6 percent of transfusion recipients, 0.14 percent of 
pregnant women, and 0.19 percent of healthy blood donors. Pooled 
data from three 5-year periods and approximately 300,000 patients 
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suggest the absolute occurrence of Rh antibodies other than anti-D is 
0.22 percent, other than anti-K is 0.19 percent, other than anti-Fy° is 
0.05 percent, and other than anti-Jk* is 0.04 percent.'® The rate of allo- 
immunization in patients with sickle cell anemia was 18.6 percent in 
one survey, and 55 percent of the immunized patients made more than 
one antibody. The most common specificities were anti-C, anti-E, and 
anti-K.'° 


Characteristics of Immune Antibodies 

Immune antibodies most often are IgG but may be IgM and some- 
times are IgA. Most immune antibodies react at body temperature and 
are considered clinically significant, except those directed against Bg, 
Knops, Cs’, JMH, and sometimes Yt? and Lutheran antigens. 


@ CLINICAL SIGNIFICANCE OF 
ERYTHROCYTE ANTIBODIES 


Information about the clinical significance of alloantibodies is available 
at www.nybloodcenter.org.* 


HEMOLYTIC TRANSFUSION REACTIONS 


Clinically significant antibodies are capable of destroying transfused 
RBCs. The severity of the reaction varies with antigen density and anti- 
body characteristics. 

Antibodies commonly associated with intravascular hemoly- 
sis include anti-A, anti-B, anti-Jk*, and anti-Jk®. ABO incompatibility 
is the most potent cause of immediate hemolytic reactions because A 
and B antigens are strongly expressed on RBCs and the antibodies so 
efficiently bind complement. Kidd antibodies are associated more often 
with delayed hemolytic reactions because they typically are difficult 
to detect and can disappear quickly from the circulation. IgG anti- 
Jk? appears to bind complement only when traces of IgM anti-Jk* are 
present.'® Anti-PP1P, anti-Vel, and anti-Le* have been associated with 
hemolysis, but such examples are rare. 

Extravascular hemolysis occurs with IgG, and IgG, antibodies that 
react at body temperature; that is, immune antibodies reactive with Rh, 
Kidd, Kell, Duffy, or Ss antigens. These antibodies make up the bulk of 
clinically significant antibodies. Antibodies not expected to cause RBC 
destruction are those that react only at temperatures below 37°C and 
IgG antibodies of the IgG, or IgG, subclass.'* 


HEMOLYTIC DISEASE OF THE FETUS AND 
NEWBORN 


HDEN is caused by blood group incompatibility between a sensitized 
mother and her antigen-positive fetus (Chap. 55). The antibodies most 
significant in HDFN are those that cross the placenta (IgG, and IgG), 
react at body temperature to cause red cell destruction, and are directed 
against well-developed RBC antigens. ABO incompatibility most com- 
monly is seen, but ABO HDEN is clinically mild, presumably because 
the antigens are not fully expressed at birth. Antibodies directed against 
the D antigen can cause severe HDEN, and fetal health should be care- 
fully monitored when anti-D titers are greater than 16. The severity of 
HDEN is less predictable with other blood group antibodies and can 
vary from mild to severe. For example, anti-K and anti-Ge3 not only 
causes red cell hemolysis but also may suppress erythropoiesis.** 


AUTOIMMUNE HEMOLYTIC ANEMIA 


Autoimmune hemolytic anemia is caused by the production of 
“warm-” or “cold-” reactive autoantibodies directed against RBC 


antigens (Chap. 54).*° Production can be triggered by disease, viral 
infection, or drugs; from breakdown in immune system tolerance to 
self-antigens; or from exposure to foreign antigens that induce anti- 
bodies that crossreact with self-RBC antigens. Autologous specificity 
is not always obvious because antigen expression can be depressed 
when autoantibody is present.“ 

Warm autoantibodies react best at 37°C and are primarily IgG 
(rarely IgM or IgA). Most are directed against the Rh protein, but Wr’, 
Kell, Kidd, and U blood group specificities have been reported.” 

Cold-reactive autoantibodies are primarily IgM. They react best at 
temperatures below 25°C but can agglutinate RBCs or activate comple- 
ment at or near 37°C, causing hemolysis or vascular occlusion upon 
exposure to cold."* Patients with cold agglutinin disease often have C3d 
on their RBCs, which can provide some protection from hemolysis. 
Most cold-reactive autoantibodies have anti-I activity. Reactivity with i, 
H, Pr, P, or other antigenic specificities is much less common. 

The biphasic cold-reactive IgG antibody associated with paroxys- 
mal cold hemoglobinuria (“Donath-Landsteiner” antibody) typically 
reacts with the high-prevalence antigen P (GLOB). It attaches to RBCs 
in the cold and very efficiently activates complement before it dissoci- 
ates at warmer temperatures. 


DISEASES ASSOCIATED WITH ANTIBODY 
PRODUCTION 


Table 136-4 lists diseases associated with specific antibody produc- 
tion. These antibodies cause autoimmune hemolytic anemia only if the 
patient carries the corresponding antigen. 


@ SEROLOGIC DETECTION OF 
ERYTHROCYTE ANTIGENS AND 
ANTIBODIES 


ABO 


ABO grouping is the single most important test performed in the 
transfusion service because it is the fundamental basis for determining 
blood compatibility. ABO grouping is determined by testing RBCs with 
licensed antisera to identify the A or B antigens they carry (forward, 
or cell, grouping) and by testing the corresponding serum or plasma 
with known A and B cells to identify the antibodies present (reverse, 
or serum, grouping). Positive reactions are seen as hemagglutination 
or hemolysis, and the results of one test should confirm the results of 
the other. 

If results are discrepant or reactions are weaker than expected, the 
cause must be investigated before the ABO group can be interpreted 
with confidence. Discrepancies can be related to RBC anomalies, 
serum anomalies, or both, and they may be associated with disease.*'!"'° 
Table 136-6 lists common causes, excluding clerical and technical error. 
If the ABO group of a patient cannot be determined, group O blood can 
be used for transfusion. 


Rh 


The D type is the next most important test performed for blood com- 
patibility. Individuals whose RBCs type D+ are called Rh-positive, and 
those who type D- are called Rh-negative, provided controls are accept- 
able. Blood donors who type D- using standard typing sera are tested 
further for weak D expression using more sensitive methods, such as an 
indirect antiglobulin test. Donors with weak D antigen are considered 


TABLE 136-6. Common Causes of Abo Discrepancies 


RED CELLS MAY APPEAR TO HAVE 


Weak or missing 
antigens 


Weak subgroup of A or B antigen 

Excess soluble A or B antigen in plasma 
Disease-associated loss (leukemia) 

ABO nonidentical marrow transplantation 


ABO nonidentical red blood cell (RBC) 
transfusions 


Extra antigens Positive direct antiglobulin test 
Antibody to reagent additive or dye 
Rouleaux or cold agglutinin on cells 
Disease-associated acquisition 
(polyagglutination) 

SERUM MAY APPEAR TO HAVE 


Weak or missing 
antibody 


Age related (newborns or the very elderly) 
Disease-associated immunosuppression 
Congenital hypogammaglobulinemia 
ABO nonidentical marrow transplantation 
Alloantibodies (A, Le?, Le’, P, M, N) 
Autoantibodies (I, i, H, Pr, P) 

Rouleaux 

Antibodies to additives in reagent RBCs 


Passive antibody acquisition from trans- 
fusion or from passenger lymphocytes in 
organ transplantation 


Extra antibody 


Rh-positive. Testing for weak D is optional for transfusion recipients 
and pregnant women.” 


EXTENDED ANTIGEN PHENOTYPING 


Reagent antisera to detect other common antigens (e.g., CcEe, MNSs, 
Kk, Fy*Fy®, Jk*Jk°) are available and used when identification of the red 
cell phenotype is essential to antibody identification, blood compatibil- 
ity, determination of zygosity, or paternity or forensic issues. Extended 
phenotyping is especially important to patients who are at high risk for 
alloimmunization from chronic blood transfusion, for example, those 
with sickle cell anemia or thalassemia. Ideally, an extended RBC phe- 
notype of patients who are likely to be chronically transfused should 
be determined prior to initiation of transfusion therapy. Prediction of a 
blood group antigen can be made by testing DNA of a patient, even in 
the presence of transfused RBCs.” 


ANTIBODY SCREEN 


The antibody screen, or indirect antiglobulin test, detects “atypical” or 
“unexpected” antibodies in the serum (ie., other than anti-A and 
anti-B) using group O reagent red cells that are known to carry var- 
ious combinations of antigens. The methods used must be able to detect 
clinically significant antibodies. Typically, serum or plasma and screen- 
ing cells are incubated at 37°C with an additive to potentiate antibody- 
antigen reactions, then an indirect antiglobulin test is performed. 
Hemagglutination or hemolysis at any point is a positive reaction, indi- 
cating the presence of naturally occurring or immune alloantibody or 
autoantibody. The antibody screen will not detect all atypical antibodies 
in serum, such as antibodies to low-prevalence antigens not present on 
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screening cells and antibodies that are not apparent at 37°C and in the 
antiglobulin phase. 


DIRECT ANTIGLOBULIN TEST 


The direct antiglobulin test (often referred to as the direct Coombs test, 
a term discouraged by Robin Coombs because he said that Race and 
Mourant were also key to the description of the test) detects antibody or 
complement bound to RBCs in vivo. Red cells are washed free of serum 
and then mixed with an antiglobulin reagent that agglutinates RBCs 
coated with IgG or the C3 component of complement. 

Positive direct antiglobulin test results are associated with the fol- 
lowing: (1) transfusion reactions, in which recipient alloantibody coats 
transfused donor RBCs or transfused donor antibody coats recipient 
RBCs; (2) HDFN, in which maternal antibody crosses the placenta 
and coats fetal RBCs; (3) autoimmune hemolytic anemias, in which 
autoantibody coats the patient’s own RBCs; (4) drug or drug-antibody 
complex interactions with RBCs that sometimes lead to hemolysis; 
(5) passenger lymphocyte syndrome, in which transient antibody 
produced by passenger lymphocytes from a transplanted organ coats 
recipient RBCs; and (6) hypergammaglobulinemia, in which Ig nonspe- 
cifically adsorb onto circulating RBCs. 

A positive direct antiglobulin test result does not always indicate 
decreased red cell survival. As many as 10 percent of hospital patients 
and 0.1 percent of blood donors have a positive direct antiglobulin test 
result with no clinical indication of hemolysis." 


COMPATIBILITY TESTING 


Compatibility testing refers to a set of donor and recipient tests that 
are performed prior to red cell transfusion. The collecting facility tests 
donors for ABO, Rh, and unexpected antibody. However, transfusing 
hospitals retest the ABO (and D on Rh-negative units) to verify the 
accuracy of the blood label.** Routine recipient testing includes an ABO, 
D, and antibody screening on a blood sample collected within 3 days of 
the intended transfusion. Results are checked against historical records 
to verify ABO, D, and antibody status.* 

If the recipient has a negative antibody screening test result and no 
history of clinically significant antibodies, a serologic immediate spin 
crossmatch between recipient serum and donor red cells or a “computer 
crossmatch” (wherein computer software compares the ABO test results 
of both donor and recipient) is required to confirm ABO compatibility." 

If clinically significant antibodies are detected in a recipient's serum 
or previously were identified, red cell components should test negative for 
the corresponding antigens and be crossmatch compatible at 37°C by the 
antiglobulin test. The chance of finding compatible units usually reflects 
the antigen prevalence in the population, that is, 91 percent of units should 
be compatible with a patient making anti-K because 9 percent of the pop- 
ulation is K+. This reasoning will not be valid if the local donor population 
varies significantly from the general population. When more than one anti- 
body is present, the probability of finding compatible blood is the prod- 
uct of the prevalence (probability) of each independent antigen tested. For 
example, only 21 percent of units will be compatible for the recipient having 
both anti-K and anti-Jk*: (0.91 for K-) x (0.23 for Jk[a—]) = 0.21. 

When multiple clinically significant antibodies or an antibody 
directed against a high-prevalence antigen are present, finding com- 
patible RBC components can be extremely difficult. Such antibody 
producers should be encouraged to give autologous donations prior to 
their elective blood needs. If the patient is not a candidate for autolo- 
gous donation, compatible units may be found by testing the patient’s 
siblings or by asking regional blood suppliers to check their rare 
donor inventories and files. Such procurement requires additional 
time. 
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ABLE 136 ABO-Rh Compatibility Guidelines 


Compatible Blood Groups 


Antigenon Antibody Donor Red Donor 
Red Cells in Serum Cells Plasma 
If recipient blood group is 
A A Anti-B A,O A, AB 
B B Anti-A B, O B, AB 
(0) (0) Anti-A, (0) O, A, B, AB 
anti-B 
AB A,B None AB, A, B, O AB 
Rh- D None Rh-positive, Rh not 
positive Rh-negative considered 
Rh- None Anti-D Rh-negative Rh not 
negative only if considered 
immunized 


Whole blood must be identical to recipient’s blood group. Red blood 
cell (RBC) products must be compatible with recipient's serum. 
Plasma products should be compatible with recipient's RBCs. Platelet 
and cryoprecipitate products should be compatible with recipient's 
RBCs, but any ABO group can be given if compatible products are 
not available. 


Repeat donor testing and crossmatching are not performed 
for plasma and platelet components, but the recipients ABO and Rh 
phenotypes must be known for appropriate selection of components. 
Table 136-7 gives general ABO-D compatibility guidelines. 


ANTIBODY IDENTIFICATION 


All unexpected antibodies should be investigated. Those detected in 
serum or plasma as an ABO discrepancy, a positive antibody screen- 
ing result, or an incompatible crossmatch are identified using a panel of 
eight to 16 different group O red cells that have been typed for antigens 
corresponding to clinically significant antibodies. Serum reactions with 
these RBCs are compared to their antigen typing to determine specific- 
ity." For example, an antibody that reacts with all K+ RBCs but not with 
K- cells most likely is anti-K. 

A control of autologous RBCs and serum is tested concurrently 
with panel RBCs. Absence of reactivity with autologous cells implies the 
antibody is an alloantibody, whereas a positive result suggests autoan- 
tibody or a positive direct antiglobulin test result. Once antibody spec- 
ificity is identified, the patients RBCs are tested for the corresponding 
antigen. If the alloantibody is anti-K, the cells should type K-. Such 
antigen typing helps to confirm serum findings. 

When antibody is detected both on red cells (a positive direct anti- 
globulin test result) and in serum, only the antibody in serum is identi- 
fied unless a review of the medical, pregnancy and transfusion history 
offers evidence that the antibodies might be different. When antibody is 
detected only on RBCs and in vivo hemolysis is suspected, the antibody 
can be eluted from the patients RBCs and tested against panel RBCs to 
identify the specificity. 
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CHAPTER 137 
HUMAN LEUKOCYTE 
AND PLATELET ANTIGENS 


Myra Coppage, David Stroncek, Janice McFarland, and Neil Blumberg 


The human leukocyte antigens (HLAs) are highly polymorphic glycoproteins 
encoded by the major histocompatibility complex on chromosome 6. Their 
biologic function is presentation of antigenic peptides to T lymphocytes, and 
there are two major classes: class | (A, B, and C loci) and class II (DR, DQ, and 
DP loci). Class | antigens are present on almost all nucleated cells, whereas 
class Il antigens are primarily expressed on B cells and other antigen- 
presenting cells such as dendritic cells, endothelial cells, and monocytes. These 
antigens play key roles in hematopoietic cell transplantation acceptance/ 
rejection and allosensitization to nonleukoreduced blood transfusions leading 
to platelet transfusion refractoriness, with lesser, but distinct roles in solid- 
organ transplantation. Other clinically important lineage-specific white cell 
antigens include those on neutrophils, which are much less polymorphic and 
less commonly a cause of clinical problems than the HLA system. Antibody to 
neutrophil antigens plays a role in autoimmune neutropenia, and reactions 
such as transfusion-related acute lung injury. Platelets also possess a relatively 
limited number of polymorphic antigens that are involved in clinical problems 
such as posttransfusion purpura and platelet transfusion refractoriness, and 
neonatal problems such as alloimmune thrombocytopenia. 


@HUMAN LEUKOCYTE ANTIGENS (MAJOR 
HISTOCOMPATIBILITY COMPLEX) 


DEFINITION 


The human leukocyte antigens (HLAs) are highly polymorphic glyco- 
proteins encoded by a region of genes known as the major histocom- 
patibility complex (MHC) located on chromosome 6p21 and covering a 
region of approximately 7.6 Mbp.'” After ABO antigens, HLA antigens 
are the major barrier to transplantation. Their biologic function is to 
present antigenic peptides to T lymphocytes. The MHC codes for several 
groups of antigens. The best understood are the highly polymorphic, 
classical class I (HLA-A, HLA-B, and HLA-C) and class II (HLA-DR, 
HLA-DQ, and HLA-DP) antigens. Class I antigens are ubiquitous and 
present on most nucleated somatic cells. Class II antigens exhibit more 


Acronyms and Abbreviations: CDC, complement-dependent cytotoxicity; ELISA, 
enzyme-linked immunosorbent assay; GP, glycoprotein; GVHD, graft-versus-host dis- 
ease; HLA, human leukocyte antigen; HNA, human neutrophil antigen; HPA, human 
platelet antigen; MHC, major histocompatibility complex; NAIT, neonatal alloim- 
mune thrombocytopenia; NMDP, National Marrow Donor Program; PCR, polymerase 
chain reaction; PRA, panel reactive antibody; PTP, posttransfusion purpura; SSO, 
sequence-specific oligonucleotide; SSP, sequence-specific primer; TRALI, transfusion- 
related acute lung injury; WHO, World Health Organization. 


restricted distribution, with varying levels of expression on B cells, den- 
dritic cells, monocytes, macrophages, and endothelial cells. However, 
class II antigens can be induced on many cell types through activation.* 
The nonclassical class Ib antigens HLA-E, HLA-F, and HLA-G, and the 
MHC class I chain-related antigens are much less polymorphic, their 
function less understood, and their tissue expression more limited. In 
addition the MHC region codes for a number of pseudogenes. This 
chapter focuses on the classic class I and II molecules because of their 
importance in transfusion and transplantation. 

The two major classes of HLA antigens are homologous. However, 
there are areas of high variability (polymorphism) that distinguish indi- 
vidual HLA molecules (alleles) and confer antigen specificity. HLA anti- 
gens are codominantly expressed so that each individual expresses two 
antigens at each locus (A, B, DR, etc.). As of July 2014, many thousands 
of HLA alleles had been characterized." Table 137-1 lists the number of 
known HLA alleles at each locus. 


GENETICS OF THE MAJOR 
HISTOCOMPATIBILITY COMPLEX 


The first sequence map of the MHC encompassed approximately 
3.6 Mbp on chromosome 6p21 and was divided into three regions: class I, 
class II, and class III genes.” Newer analysis confirming high linkage 
disequilibrium and conserved synteny led to the concept of an extended 
MHC (xMHC), and a new map was produced in 2004.° The xMHC 
occupies approximately 7.6 Mbp, and is composed of five subregions, 
which include the classical classes I, IL, and III genes. Class II genes 
are the most centromeric and occupy approximately 1 Mbp of DNA. 
The genes are ordered sequentially beginning with HLA-DP genes fol- 
lowed by HLA-DM, TAP, HLA-DQ and lastly the HLA-DR genes. The 
class III genes occupy space between the class I and class II genes. The 
class III genes include genes that encode other proteins that participate 
in immune response such as complement, heat shock proteins, tumor 
necrosis factor, and other lymphocyte antigens. Telomeric are the class I 
genes sequentially as MICA, MICB, HLA-B, HLA-C, HLA-E, HLA-A, 
HLA-E, and HLA-G. Extended class I genes include histone clusters and 
zinc finger genes. Figure 137—1B is a representative map of the MHC. 


STRUCTURE AND FUNCTION 
Class | Antigens 


The HLA-A, -B, and -C molecules are transmembrane glycopro- 
teins with an Mr 56,000.’ Each is a heterodimer composed of one a 
heavy chain (Mr 45,000) noncovalently bound to ,-microglobulin 
(Mr 11,000). The a heavy chain is the polymorphic glycoprotein encoded 
by the MHC genes. The extracellular region of the a chain consists of 
three domains (a,, a,, a,) based on folding and disulfide bonding (see 
Fig. 137-1A). Antigenicity resides in the a, and a, domains, the areas 
of highest polymorphism. These two chains form a platform composed 
of a single 6-pleated sheet “floor” topped by two « helices with a cleft 
or groove between them. The structure is supported by the third, a,, 
domain of the heavy chain in conjunction with B,-microglobulin, which 
stabilizes the molecule on the cell surface. Class I HLA molecules pres- 
ent peptide fragments from endogenously derived proteins (e.g., viral 
infection, intracellular bacteria, or transformation) to CD8+ T cells. 
The highly polymorphic groove permits presentation of highly variable 
peptides of nine amino acids average length. Class I HLA-A, -B, and -C 
antigens are found on most nucleated somatic cells.* Platelets express 
HLA-A antigens, but lack some HLA-B and most HLA-C antigens.’ 


Class II Antigens 
The class II antigens are also transmembrane glycoproteins formed by 
two noncovalently bound chains.” Both the a heavy chain (Mr 34,000) 
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TABLE 137-1. Number of Known Alleles for Each Human 
Leukocyte Antigen Locus as of July 2014 


HLA CLASS | 

Gene A B @ E F G 
Alleles 2884 3590 ABS 5) 22 50 
HLA CLASS II 

Gene DRA DRB DQA DQB DPA DPB 
Alleles 7 1642 52 664 38 422 
NON-HLA 

Gene MICA MICB TAP1 TAP2 

Alleles 100 40 12 12 


HLA, human leukocyte antigen (HLA). 
Data from Robinson J, Waller MJ, Parham P, et al: IMGT/HLA and IMGT/ 


MHC: Sequence databases for the study of the major histocompati- 
bility complex. Nucleic Acids Res 31(1):311-314, 2003. 


and the light £ chain (Mr 29,000) are encoded in the MHC region. Class II 
molecules, like class I, consist of an extracellular hydrophilic NH,- 
terminal region, a hydrophobic transmembrane region, and an intracel- 
lular COOH- terminus region. Unlike class I antigens, the extracellular 
regions of each chain contain only two domains. The two domains of 
the æ chain are designated a, and a,, and the two domains of the B-chain 
are called $, and f,. The a chain of HLA-DR is constant for all HLA-DR 
molecules, whereas the $ chain is polymorphic and determines spec- 
ificity of the molecule. Both a and f} chains of HLA-DQ and -DP are 
polymorphic, although the £ chain is more so than the « chain. In all 
class II antigens the 6, domain represents the most polymorphic region. 
The structure of HLA-DR is essentially similar to the structure of class I 
molecules. Class II antigens present peptides from exogenous sources, 
such as bacterial pathogens, to CD4+ cells. The binding groove is more 
open than that of class I, and peptides of longer length (11 to 18 amino 


~ 
<= Groove for 


Class II Region 


acids) are accommodated.’ Class II antigens have a more restricted 
tissue distribution, being found primarily on B lymphocytes and other 
antigen-presenting cells such as dendritic cells, monocytes, and macro- 
phages. They may also be expressed on activated endothelial cells and 
T lymphocytes.” 

The extraordinarily polymorphic nature of HLA has probably 
evolved because of the need to present a very large array of different 
antigenic peptides in host defense. Antigen processing and presenta- 
tion is a tightly regulated process, especially among the professional 
antigen-presenting cells such as dendritic cells. A number of alternative 
mechanisms have been demonstrated in vitro, such as cross-presentation, 
whereby dendritic cells transfer antigen derived from endocytic sources 
to the class I pathway, but are poorly understood." One promising area 
of research is the ability of HLA molecules to present antigenic peptides 
derived from tumors. Such peptides could arise via point mutation, 
or reactivation of a normally silent gene that produces a peptide that 
can bind to HLA and induce a T-cell immune response. Several such 
peptides (melanoma-associated gene [MAGE] antigens) have been 
identified for melanoma.'® 


NOMENCLATURE 


Distinguishing polymorphic variations among HLA antigens is clin- 
ically important in stem cell transplantation. Terminology used to 
describe accepted HLA alleles or antigens is standardized by the 
World Health Organization (WHO), Nomenclature Committee for 
Factors of the HLA System, which issues biannual reports and monthly 
updates.* In addition, an HLA dictionary defining HLA antigens, their 
assigned nomenclature, and serologic equivalents is published period- 
ically.* The nomenclature committee approved major changes to the 
system that were implemented in 2010.” The revisions were designed to 
accommodate the unexpected number of new sequenced alleles. Under 
this system, colons are used as delimiters to separate fields. The first field 
signifies the allele family that often corresponds to the serological antigen. 
The second field denotes the alleles, assigned in order of determination. 
The third field is used for defining synonymous nucleotide substitutions. 


Class IlI Region Class | Region 


MICC 
(Bas PoBo) E 
HLA-X HLA-G 
HLA-DOB MICB 
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Figure 137-1. A. Schematic of the HLA-A2 molecule. The peptide groove is formed by the a helices and -pleated sheet floor. The groove holds 
processed peptide antigen. The peptide and the polymorphic a helices interact with the T-cell receptor. B. Representative diagram of the genes of 
the MHC on chromosome 6. (A, reproduced with permission from Bjorkman PJ, Saper MA, Samraoui B, et al: The foreign antigen binding site and T cell rec- 
ognition regions of class | histocompatibility antigens. Nature 329(6139):5 12-518, 1987. B, adapted with permission from Campbell RD, Trowsdale J: Map of 
the human MHC, Immunol Today 14(7):349-352, 1993.) 
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The last field defines alleles that differ by sequence polymorphisms in 
introns or in the 5’ or 3’ untranslated regions that flank the exons and 
introns. In addition, there are suffixes that are used to describe expres- 
sion status. Null alleles (not expressed) are identified by the suffix “N? 
Low surface expression is represented by “L? Secreted molecules not 
present at the surface are assigned “S? 


INHERITANCE OF MAJOR 
HISTOCOMPATIBILITY COMPLEX ANTIGENS 


The genes of the MHC demonstrate more polymorphism than any other 
genetic system; that is, many alleles exist for each locus. Each individual, 
however, has one allele for each locus per chromosome, and therefore, 
encodes two HLA antigens per locus. The identification of each HLA 
antigen of an individual is called a phenotype. Because HLA genes are 
closely linked, recombination within the MHC is rare (<1%), and a 
complete set of HLA genes usually is inherited from each parent as a 
unit. The genes inherited from each parent are referred to as a haplo- 
type. Maternal and paternal haplotypes can be identified through fam- 
ily studies. Identification of both haplotypes of an individual provides 
the genotype. Family studies consist of typing for the HLA-A, HLA-B, 
HLA-C, HLA-DR, and HLA-DQ antigens to identify haplotypes and to 
rule out genetic recombination within the MHC. Because HLA genes 
are inherited together on a single chromosome, four combinations of 
maternal and paternal haplotypes are possible provided no recombina- 
tion occurs (Fig. 137-2). 


Linkage Disequilibrium 

Because the MHC is so highly polymorphic, the probability that any 
two unrelated individuals are HLA identical is extremely low. However, 
the system exhibits a phenomenon known as linkage disequilibrium. 
That is, HLA alleles are inherited together on the same chromosome 


Father Mother 
ab cd 
Child #1 #2 #3 #4 #5 
ac ac ad bc bd 
Code: Haplotype: 

a A1, B8, Cw1, DR17, DR52, DQ2 

b A2, B44, Cw2, DR11, DR52, DQ7 

Cc A3, B7 Cw3, DR15, DR51, DQ6 

d A11, B55, Cw3, DR4, DR53, DQ8 


Figure 137-2. Pedigree representing inheritance of HLA antigens. 
Each of the four parental haplotypes is coded by a letter: a and b rep- 
resent paternal haplotypes; c and d represent maternal haplotypes. Each 
child inherits one paternal and one maternal haplotype such that four 
combinations are possible. 


more often than would be predicted if HLA loci were in equilibrium. At 
equilibrium, the frequency of an allele at one locus is independent of the 
frequencies of alleles at linked loci. For example, the gene frequency of 
HLA-A1 is 0.145 and that of HLA-B8 is 0.1 in North American whites. 
Given no preferential association between Al and B8, then the hap- 
lotype frequency would be 0.0145 (0.145 x 0.1). However, population 
studies demonstrate that the actual frequency of the HLA-A1, B8 hap- 
lotype is 0.0726." The degree of linkage disequilibrium is defined as the 
observed frequency minus its expected frequency, 0.0581 in this exam- 
ple. Although particular alleles found in linkage disequilibria differ for 
various racial groups, all racial groups display significant disequilibria. 
Different races and ethnic groups can vary greatly in the frequency with 
which HLA antigens are found.” 


HUMAN LEUKOCYTE ANTIGEN TYPING 


Tissue typing for HLA antigens can be performed by various methods 
using serologic, cellular, and molecular technologies. The most frequent 
procedures used in the clinical setting are serologic and molecular. 
Cellular assays such as the mixed lymphocyte reaction and the primed 
lymphocyte test were common prior to the widespread adoption of 
DNA methods. Compared to DNA techniques, cellular methods are 
labor-intensive and require the use of radioisotopes; they are mainly 
used in research laboratories. 


Serology 

The microlymphocytotoxicity complement-dependent cytotoxicity (CDC) 
test has been a fundamental procedure for defining HLA antigens for 
more than 30 years,” although it has been supplanted by molecular typ- 
ing methods. In this assay, a suspension of lymphocytes is incubated 
with human alloantisera or monoclonal antibody in a microtiter tray.” 
Rabbit serum is added as a source of complement. Cell death is induced 
when antibody binds to antigen on the cell surface and the complement 
cascade activated. Death is visualized microscopically by the uptake 
of vital dye or by immunofluorescence. Panels used to determine a 
patient's HLA type consist of two to four antisera that recognize the 
same specificity, which requires approximately 150 different reagents for 
class I antigens and 80 to 150 for class II antigens. Antisera are usually 
obtained from multiparous women, multiply transfused patients, and 
from patients who have rejected allografts. Monoclonal antibodies are 
also commercially available for many HLA specificities. Serology for 
class II (DR and DQ) antigens requires enrichment for B lymphocytes, 
which can be accomplished with antibody or immunomagnetic bead 
reagents. 


Molecular Human Leukocyte Antigen Typing 

The development of the polymerase chain reaction (PCR)” revolu- 
tionized the approach to HLA typing. Several DNA-based methods are 
commonly accepted for HLA typing. These include sequence-based 
typing, sequence-specific primer (SSP) amplification”? and sequence- 
specific oligonucleotide (SSO) probe hybridization. All of these meth- 
ods involve amplification of genomic DNA from selected portions of 
HLA genes with oligonucleotide primer pairs. Generally exons 2 and 
3 of class I and exon 2 of class II genes are amplified. These exons encode 
most of the polymorphisms of the classes I and II molecules. Molecular 
HLA typing is primarily of clinical interest in marrow/blood stem cell 
transplantation. 

The advent of “next-generation sequencing” (NGS) strategies 
has proven useful to high-throughput sequencing of HLA genes. NGS 
methods also overcome limitations of Sanger-based methods, includ- 
ing combination ambiguities that result from heterozygous samples 
in diploid genomes or between alleles where sequence varies outside 
the target region (i.e., exons 2 and 3). NGS methods are described as 
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massively parallel allowing for many overlapping reads of the same 
sequence area. Multiple platforms using different chemistries are avail- 
able; bioinformatics expertise is required to analyze the extensive data 
provided by these methods. 


Detection of Antibodies to Human Leukocyte Antigen 
Molecules 

In addition to typing for HLA antigens, most laboratories also use tech- 
nology to detect antibodies to HLA antigens. This is very important for 
solid-organ transplantation where the presence of anti- HLA antibodies 
can cause irreversible rejection upon transplantation. It is of less con- 
cern for marrow/stem cell transplantation where donors and recipi- 
ents are generally matched for HLA antigens. The microcytotoxicity 
serologic test is still in use, but solid phase assays have become stan- 
dard practice as they are more sensitive than the CDC method. These 
assays include enzyme-linked immunosorbent assay (ELISA) and 
microbead-based flow assays such as FlowPRA and Luminex assays. 
These tests require HLA antigen, in either recombinant or native form, 
bound to a solid surface such as a microsphere and used to capture 
alloantibody in patient serum. Analysis of the reaction patterns yields 
information about the breadth of alloimmunization, or PRA (panel 
reactive antibody), and the specificity of the reactions. Prior to most 
solid-organ transplants, a donor-specific crossmatch is also performed 
to ensure that the recipient does not have anti-HLA antibodies against 
donor HLA antigens. Crossmatches are performed by microlympho- 
cytotoxicity (CDC), flow cytometry, and by solid-phase (ELISA and 
microbead) assays. Labs are now adopting the “virtual” crossmatch 
using data from the sensitive microbead assays to predict crossmatch 
outcome. For low-risk cases this allows a transplant to proceed without 
waiting for a physical crossmatch and shortens cold ischemic time for 
an organ.”* 


CLINICAL APPLICATIONS 


The HLA antigens coded by the MHC play a central role in transplan- 
tation, regulation of immune responses, and susceptibility to a vari- 
ety of diseases. The most common application, however, is the field of 
transplantation. In renal and stem cell transplantation, allografts from 
HLA-identical sibling donors have significantly greater survival than 
grafts from nonmatched family or unrelated donors. 

For solid-organ transplantation, a living donor is not always avail- 
able or feasible (e.g., for heart transplantation). HLA typing for match- 
ing of kidneys and pancreas is performed at the HLA-A, HLA-B, and 
HLA-DR loci at low resolution (serologic or antigen level by DNA). 
In the early years of renal transplantation a high degree of match was 
sought between recipients and donors. However, as more potent immu- 
notherapies have developed, the level and use of HLA matching has 
declined. HLA matching is not prospectively performed for hepatic or 
cardiac transplantation. Detection of alloantibody by screening tech- 
niques and the donor specific crossmatch is of prime importance for 
kidney and heart transplants where its existence could cause a hyper- 
acute rejection and graft failure. The role of alloantibody is less clear 
in the immediate posttransplantation period, but may be detrimental 
to long-term survival.” In the last several years, several “paired donor 
exchanges” have arisen to assist recipients who have incompatible, but 
willing living donors. These programs, such as the National Kidney Reg- 
istry allow donor-recipient pairs to swap within or between transplanta- 
tion centers. Chains of up to 30 cross-country swaps in the United States 
have facilitated more than 1200 transplantations since its inception. 

Marrow or stem cell transplantation entails problems other 
than allograft survival. In these therapies an immunocompetent graft 
is transplanted to an immunocompromised/immunoablated host. 


The graft may recognize the host tissue as foreign and mount an 
immune response resulting graft-versus-host disease (GVHD). With 
HLA-identical sibling donors, disease-free survival of greater than 
80 percent can be achieved for some hematopoietic malignancies.**”” 
However, fewer than 30 percent of individuals have an HLA-identical 
sibling. For these patients, alternative donors, such as phenotypically 
matched unrelated volunteers and partially matched family mem- 
bers, may be considered. However, the risks and incidence of graft 
failure and GVHD are higher than seen with HLA-identical siblings, 
and increase with the level of HLA disparity. HLA typing for stem cell 
transplants is generally performed by molecular methods. For those 
with a family donor, low-resolution typing may be sufficient to identify 
a match. However for unrelated or haploidentical family donors, high- 
resolution (allele-level) typing for HLA-A, HLA-B, HLA-C, HLA-DR, 
and HLA-DQ should be performed, and is required by the national 
registry program (National Marrow Donor Program [NMDP]).”° HLA 
alloantibody is becoming common, especially when incompletely 
matched donors are used. 

Patients requiring platelet transfusions may be broadly sensitized 
to HLA-A, and -B (i.e., have high PRA) through prior transfusions (par- 
ticularly nonleukoreduced) or pregnancies. HLA antibody screening to 
select nonreactive donors and/or HLA donor platelet matching may 
enable these refractory patients to achieve improved platelet transfusion 
count increments. 

HLA typing at one or a few antigens or alleles may also be per- 
formed to support diagnosis of diseases associated with specific HLA 
antigens. The most common of these is the association between HLA- 
B27 and ankylosing spondylitis” and HLA-DQ2’s association with nar- 
colepsy.”” HLA typing may also be performed to determine eligibility 
for vaccine trials that use peptides and HLA." HLA antigens also are 
implicated in drug hypersensitivity. For example, HLA-B°5701 is asso- 
ciated with hypersensitivity to the drug for treatment of the human 
immunodeficiency virus, abacavir.* 

HLA tetramers may be used to monitor the efficacy of HLA-based 
peptide vaccines. Recombinant HLA molecules are loaded with the 
peptide vaccine and linked via a fluoresceinated streptavidin molecule. 
They are incubated with patient blood lymphocytes. Effector T cells spe- 
cific for the peptide-HLA will be bound by the tetramer and monitored 
by flow cytometry. 


@ NEUTROPHIL ANTIGENS 
AND ANTIBODIES 


Clinically significant alloantigens expressed only or predominantly by 
neutrophils are known as human neutrophil antigens (HNAs).** In this 
nomenclature, the antigen systems are indicated by integers, and spe- 
cific antigens within each system are designated alphabetically by date 
of publication (Table 137-2). 


THE HNA-1 ANTIGEN SYSTEM 


HNA-1 Antigens 

The neutrophil-specific HNA-1 antigen system is made up of the four 
antigens alleles, HNA-1a, -1b, -1c and -1d (see Table 137-2).** HNA-1 
antigens are located on the low-affinity Fcy receptor IIb (FcyRIIb), 
CD16, and are expressed only on neutrophils.*** FcyRIIb and HNA-1 
antigens are expressed on all segmented neutrophils, on approximately 
one-half of neutrophilic metamyelocytes, and on approximately 10 per- 
cent of neutrophilic myelocytes.® Soluble FcyRIIIb is present in plasma 
and has the same HNA-1 polymorphisms found on neutrophils.” 


TABLE 137-2. Human Neutrophil Antigens 


Location of 
System Alleles Antigens Genes 
HNA-1 HNA-1a,-1b, — FcyRIllb FCGR3B*01, 
-1c, and 1d FCGR3B*02, and 
FCGR3B*03 
HNA-2 HNA-2 NB1gp CD177 
HNA-3 HNA-3a Choline SLC44A2*01 
transporter-like 
protein-2 (CTL2) 
HNA-4 HNA-4a a,, integrin, ITGAM*01 
C3bi-receptor 
(CR3)(CD11b) 
HNA-5 HNA-5a aL integrin, ITGAL*01 
LFA-1(CD11a) 
Molecular Biology 


FcyRIIIb and the HNA-1 antigens are encoded by the FCGR3B gene 
located on chromosome 1q23-24. FCGR3B is highly homologous to 
FCGR3A, which encodes FcyRII]a. In addition to the polymorphic 
FCGRB3B nucleotides only four others differ between FCGR3B and 
FCGR3A. The most important difference between the two genes is a 
C-to-T change at 733 in FCGR3B that creates a stop codon. As a result, 
FCGR3A has 21 more amino acids than FCGR3B and FCGR3B is a 
glycosylphosphatidylinositol (GPI)-anchored rather than a transmem- 
brane glycoprotein (GP). 

The four HNA-1 system antigens are encoded by three alleles. The 
FCGR3B*01 allele differs from FCGR3B*02 by only five nucleotides in 
the coding region, at positions 141, 147, 227, 277, and 349." Four 
of the nucleotide changes result in changes in amino acid sequence 
between the HNA-la and HNA-1b forms of FcyRIIIb. The glycosyla- 
tion pattern of FcyRIIb differs between the two antigens because of two 
nucleotide changes at bases 227 and 277. The HNA-1b form of FcyRIIIb 
has six N-linked glycosylation sites and the HNA-1a form has four gly- 
cosylation sites. 

The FCGR3B*03 allele is identical to FCGR3B*02 except for a 
C-to-A substitution at nucleotide 266 resulting in an alanine to aspar- 
tate change at amino acid 78 of FcyRIIb.* In many cases, FCGR3B*03 
exists on the same chromosome with a second or duplicate FCGR3B 


Chapter 137: Human Leukocyte and Platelet Antigens 


gene.“ FCGR3B*03 encodes both HNA-1b and HNA- 1c. FCGR3B*02 
also encodes HNA-1d which is characterized by the FcyRIIIb sequence 
Ala78-Asn82.¥ 

The antigen frequencies of three of the alleles vary widely among 
different racial groups. Among whites, HNA-1b is the most common 
antigen (Table 137—3),**** but in Japanese and Chinese populations 
HNA-1a is most common.**“*“*°! The frequency of the gene encoding 
HNA-1c antigen also varies among racial groups. HNA-1c is expressed 
by neutrophils in 4 to 5 percent of whites, 25 to 38 percent of African 
Americans, and 10 percent of Brazilians.” The antigen frequency of 
HNA-1d should be nearly the same as that of HNA-1b, but it has not yet 
been investigated. 

Several other sequence variations in FCGR3B have been 
described.** Most of these chimeric alleles have single-base substitutions 
involving one of the five single nucleotide polymorphisms (SNPs) that 
distinguish FCGR3B*1 and FCGR3B"2. FCGR3B alleles that most closely 
resembled FCGR3B*2 were found more often in African Americans than 
in whites or Japanese.“ 

Genetic deficiencies of neutrophil FcyRIIb and HNA-1 antigens 
have also been reported. Among whites the incidence of individuals 
homozygous for FCGR3B deletion is approximately 0.1 percent.>***° 
However, among Africans and African Americans the incidence is 
much higher. In one study, 3 of 126 Africans were found to be FCGR3B 
deficient, and in another study, 1 of 53 were found to be FCGR3B 
deficient.“ 


Function of HNA-1 Antigens 

Polymorphisms in FcyRIIIb have some effect on neutrophil function. 
Neutrophils that are homozygous for HNA-1b have a lower affinity 
for immunoglobulin (Ig) G, than those homozygous for HNA-1a.*® 
Neutrophils from those who are homozygous for HNA-1b phagocy- 
tize erythrocytes sensitized with IgG, and IgG, anti-Rh monoclonal 
antibodies and bacteria opsonized with IgG, at a lower level than neu- 
trophils homozygous for HNA-1a.57** 


THE HNA-2 ANTIGEN SYSTEM 
The HNA-2 Antigen 


HNA-2 is an isoantigen without allelic variation. HNA-2 is expressed 
only on neutrophils, neutrophilic metamyelocytes, and myelocytes.?”? 
It’s unique in that it is expressed on subpopulations of neutrophils. The 
mean size of the HNA-2-positive subpopulation of neutrophils is 45 to 


TABLE 137-3. Human Neutrophil Antigen Frequencies 


Antigen Frequencies 


Europeans/ Africans and African Brazilians/ 

System Alleles North Americans Americans Asians Argentineans 
HNA-1 HNA-1a 58% 59-67% 91% 68% 

HNA-1b 88% 71-88% 54% 76% 

HNA-1c 5% 25-38% <1% 5-10% 

HNA-1d NA NA NA NA 
HNA-2 HNA-2 95-97% 95% 89-99% NA 
HNA-3 HNA-3a 89-92% NA NA NA 
HNA-4 HNA-4a 99% NA 99% 97% 
HNA-5 HNA-5a 85% 88% 81-96% 78-92% 


NA, not available. 
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65 percent® © and is dependent on gender. The size of the HNA-2 posi- 
tive subpopulation of neutrophils from women is approximately 60 per- 
cent, compared with approximately 50 percent for men.*** Neutrophil 
expression of HNA-2 is greater in pregnant women than in healthy 
female blood donors.“ 


HNA-2 Molecular Biology 
The glycoprotein carrying HNA-2, NB1 glycoprotein, is located on neu- 
trophil plasma membranes and secondary granules®™ and is a GPI- 
anchored glycoprotein.” The gene encoding NB1 glycoprotein, CD177, is 
located on chromosome 19q13.31* and belongs to the Ly-6 snake toxin 
superfamily. Other genes in this family include urokinase-type plasmino- 
gen activator receptor (CD87) and decay accelerating factor (CD59). 
HNA-2 is expressed on neutrophils by approximately 95 to 97 per- 
cent of whites, 95 percent of African Americans, and 89 to 99 percent 
of Japanese.***”* SNPs have been identified in CD177. These SNPs have 
been associated with the size of the HNA-2-positive population of neu- 
trophils, but not the HNA-2-negative phenotype.” The HNA-2-negative 
neutrophil phenotype is the result of a CD177 transcription defect.” 


Role of NB1 Glycoprotein in Neutrophil Function 

NB1 glycoprotein binds to platelet endothelial cell adhesion molecule-1 
(PECAM-1, CD31) and functions as a cell adhesion molecule.” 
PECAM.-1 is expressed on both neutrophils and endothelial cells and 
PECAM-1-PECAM-1 interactions are important in the migration of 
neutrophils through endothelial cells. Interactions between NB1 glyco- 
protein and PECAM-1 are also involved with neutrophil-endothelial 
cell interactions, and mediate neutrophil transendothelial cell migra- 
tion.” However, women who produce HNA-2 specific alloantibodies 
and who lack NB1 glycoprotein are healthy. 

CD177 mRNA is overexpressed by neutrophils from patients with 
polycythemia rubra vera and essential thrombocytosis, but the expres- 
sion of HNA-2 is not.” The increased expression of CD177 mRNA in 
neutrophils from these patients may be secondary to the constitutive 
activation of Janus kinase 2 (JAK2) by JAK2 V617E 


THE HNA-3 ANTIGEN SYSTEM 


The HNA-3 antigen system has one antigen, HNA-3a, that was pre- 
viously known as 5b. HNA-3a is expressed by neutrophils, lympho- 
cytes, platelets, endothelial cells, kidney, spleen, and placental cells. 
HNA-3a has an antigen frequency of 89 to 92 percent and is located 
on a 70- to 95-kDa neutrophil glycoprotein.“ HNA-3a is a result of a 
single nucleotide change in choline transporter-like protein-2 gene 
(SLC44A2) at nucleotide 455, which results in an amino acid change at 
position 152.”7° Several cases of transfusion-related acute lung injury 
(TRALI) have been associated with transfusion of plasma containing 
anti- HNA-3a.””-” 


THE HNA-4 AND HNA-5 ANTIGEN SYSTEMS 


The HNA-4 and HNA-5 antigens are located on the f, integrins. Each 
antigen system contains only a single antigen, HNA-4a and HNA-5a, 
respectively. The HNA-4a antigen was previously known as Mart(a). 
HNA-4a was defined by an antibody in the sera of three nontrans- 
fused multiparous blood donors. This antigen has an autosomal dom- 
inant inheritance and an antigen frequency of 99 percent in whites* 
and Asians," and 97 percent in Brazilians.** HNA-4a is located on the 
a,, chain (CD11b) of the C3bi receptor (CR3) and is caused by a sin- 
gle nucleotide substitution of G-to-A at position 302" that results in 
an Arg-to-His polymorphism at amino acid 61. The significance of the 
antibody is not known, and none of the infants of the three multiparous 


women with anti-HNA-4a showed evidence of neonatal alloimmune 
neutropenia. 

A second polymorphism of the $, integrins, HNA-5a, was first 
described as Ond(a). A chronically transfused man with aplastic anemia 
became alloimmunized to HNA-5a. HNA-5a was found to be expressed 
on the a, integrin unit, leukocyte function antigen-1 (CD11a), and 
is a result of a G-to-C single nucleotide substitution at position 2446 
that results in a change of Arg to Thr at amino acid 766.” The antigen 
frequency of HNA-5a is 78 to 96 percent.*!***4 


ANTIBODIES TO NEUTROPHIL ANTIGENS 


Alloimmune Neonatal Neutropenia 
Neutrophil antibody tests are performed by agglutination or fluores- 
cent techniques, and these are not widely available because clinical 
syndromes caused by these antibodies are uncommon. A commercial 
solid-phase assay that allows for the detection of antibodies directed 
to HNA-1, HNA-2, HNA-3, HNA-4, and HNA-5 antigens is now avail- 
able.” During pregnancy, mothers can become alloimmunized to fetal 
neutrophil antigens. Maternal IgG directed to neutrophils can cross the 
placenta and destroy the neonate’s neutrophils. Maternal alloimmuni- 
zation to neutrophil antigens can affect the first child. Most neonates 
experience isolated neutropenia, but the cytopenias are self-limit- 
ing and resolve as the antibody is cleared. Antibodies to neutrophil- 
specific antigens HNA-1la, HNA-1b, and HNA-2 most commonly cause 
neonatal alloimmune neutropenia.”** Mothers with FcyRIIIb defi- 
ciency have also produced antibodies to FcyRIIIb, causing neonatal 
neutropenia.*”**° 

Most often the neutropenia is detected in the first week of life when 
the neonate becomes febrile or develops an infection and a neutrophil 
count is done. Typically, the counts are 0.1 to 0.2 x 10°/L. Total white 
blood cell count, platelet count, and hemoglobin are usually normal, but 
eosinophilia or monocytosis may be present. The clinical course is quite 
variable. An occasional infant is asymptomatic, but almost all affected 
children have an infection. The duration of the neutropenia may be 
as short as a few days or as long as 28 weeks.** The mean duration of 
neutropenia is approximately 11 weeks.** Intravenous immunoglobulin 
(IVIG) and granulocyte colony-stimulating factor (G-CSF) have a lim- 
ited role in the treatment of neonatal alloimmune neutropenia.*° 


Autoimmune Neutropenia of Childhood 

Autoimmune neutropenia is well described in children.*”-*° Typically, 
the onset of the autoimmune neutropenia of children begins at 8 months 
of age, but children between 1 and 36 months of age can be affected. 
Most studies have found that neutrophil counts recover spontaneously 
by the age of 5 years, with a median duration of neutropenia of 13 to 20 
months.” In most cases, children presented with severe neutropenia, 
having neutrophil counts less than 0.5 x 10°/L. Monocytosis has been 
reported to occur in up to 38 percent of patients. Marrow biopsies in 
affected patients usually show normal to hypercellular marrow with a 
decreased number of mature neutrophils. 

Antibodies to neutrophils can be detected in up to 98 percent of 
affected patients. If an antibody specificity is identified, the antibodies 
are almost always specific to epitopes located on FcyRIIIb. The antibod- 
ies are directed to HNA-1a in 10 to 46 percent of patients, to HNA-1b 
in 2 to 3 percent of patients, and rarely to FcyRIIb epitopes expressed 
by neutrophils from all donors.**’ Autoimmune neutropenia has been 
treated with glucocorticoids, IVIG, and G-CSE® 


Transfusion Reactions 
Antibodies to neutrophil and HLA antigens in transfused blood can 
cause febrile nonhemolytic reactions. Febrile nonhemolytic transfusion 
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reactions occur within a few hours of a transfusion and can be associ- 
ated with chills and rigors. These reactions are a result of neutrophil 
antibodies in the transfusion recipient binding to leukocytes in the 
transfused blood component. Febrile transfusion reactions can be pre- 
vented in recipients of platelet and red blood cell component transfu- 
sions by the use of leukocyte-reduced blood components. 

A more serious type of neutrophil antibody-mediated transfusion 
reaction is TRALI. TRALI is often caused by the transfusion of neu- 
trophil antibodies in the plasma portion of a blood component. TRALI 
occurs within 6 hours of a transfusion when hypoxia and noncardio- 
genic pulmonary edema occur, as measured by a fall in hemoglobin 
oxygen saturation to less than 90 percent or a partial pressure of arterial 
oxygen (PaO,)-to-fraction of inspired oxygen (FIO,) ratio (PaO,;:FIO,) 
of less than 300 torr.” 

Many case reports have associated TRALI with the inadvertent 
transfusion of neutrophil antibodies. Investigations of transfusion 
recipients of blood components from donors with neutrophil antibod- 
ies who have been implicated in cases of TRALI suggest that a large 
proportion of neutrophil antibodies can cause TRALI and less-severe 
pulmonary transfusion reactions.“°*** A prospective case study with 
controls and a prospective nested case-control study have confirmed 
that the transfusion of blood products containing antibodies directed to 
neutrophil antigen are an important cause of TRALI.” 

Antibodies to HNA-2 and -3a have most frequently been impli- 
cated in lung injury. Animal models also show that the transfusion of 
anti-HNA-2 and anti- HNA-3a can cause acute lung injury.” 


@ HUMAN PLATELET ANTIGENS 


Platelets express a variety of immunogenic markers on the cell surface. 
Some of these antigens are shared with other cell types as in the case 
of HLAs or blood group (ABO) antigens, whereas others are specific 
to platelets. Some of these platelet-specific markers can be recognized 
by autoantibodies’ or by antibodies induced by certain drugs,'*1° 
and still others by antibodies made by pregnant women or recipients of 
blood transfusions. 


PLATELET ALLOANTIGENS 


Platelet alloantigens are associated with polymorphisms of platelet sur- 
face GPs and can induce production of alloantibodies when individ- 
uals lacking a particular polymorphism are exposed via pregnancy or 
transfusion.” Immune responses to platelet alloantigens are involved in 
the pathogenesis of several clinical syndromes, including fetal or neona- 
tal alloimmune thrombocytopenia (FNAIT), posttransfusion purpura 
(PTP), and occasionally in unresponsiveness to platelet transfusion." 
Alloimmune thrombocytopenia can also be an unusual complication of 
solid-organ transplantation in which donor lymphocytes make alloan- 
tibodies specific for the platelets produced by the recipient of an organ 
allograft. 


PLATELET ISOANTIGENS 


A condition similar to alloimmune platelet destruction occurs in 
patients who lack part or all of a particular platelet GP because of defec- 
tive alleles of the GP-encoding genes. Such patients can make isoanti- 
bodies against platelets of virtually all donors that bear the platelet GP. 
For example, patients with Bernard-Soulier syndrome, who lack plate- 
let GPIb-V-IX (CD 42a-c), or patients with Glanzmann thrombasthe- 
nia, who lack expression of GPIIb (CD41) and GPIIIa (CD61), can be 
induced to make broadly reactive antiplatelet isoantibodies. 10-113 


Platelet GPIV (CD36) is expressed on various human cells includ- 
ing platelets, macrophages, capillary endothelium, erythroblasts, and 
adipocytes.'!+!'5 Some apparently normal individuals lack CD36 on 
their platelets (type II deficiency) or platelets and monocytes (type I 
deficiency).''® CD36 deficiency is common in Asians (3 to 11 percent)!” 
and Africans (3 to 6 percent),'® but is rare in white populations (0.1 
percent).''® CD36 deficiency may confer protection from malaria and 
has been shown to be a receptor for red cells infected with Plasmodium 
falciparum. However, one report suggests CD36 deficiency may actu- 
ally increase the risk for more severe forms of malarial infection. The 
role of CD36 deficiency as either a protective or aggravating factor in 
malarial infection remains controversial.''” Type I CD36-deficient 
individuals can become immunized via transfusion or pregnancy and 
make isoantibodies against CD36 that have been implicated in cases of 
FNAIT, PTP, and platelet transfusion refractoriness. !1!?-1235 


PLATELET ANTIGENS: GENETICS 
AND STRUCTURE 


Platelet-specific alloantigens result from genetic polymorphism in 
genes encoding platelet surface proteins.” These alloantigens were first 
defined by antiplatelet antibodies discovered in the sera of multiparous 
females who gave birth to thrombocytopenic infants (FNAIT) or in 
patients who developed PTP. Many of these alloantibodies were subse- 
quently found to recognize allotypic determinants of platelet-associated 
membrane GPs, such as GPIIb/IIIa (CD41/CD61). Almost all of these 
determinants are generated by single-amino-acid substitutions encoded 
by SNPs in the GP genes (Table 137-4). In some cases, differential 
glycosylation may contribute to or influence the expression of certain 
human platelet antigen (HPA) epitopes, such as those associated with 
HPA-3.'*”? In any case, these amino acid substitutions generally do not 
appear to affect platelet function in vitro. However, the genetic polymor- 
phism in platelet GPs may be associated with more subtle differences in 
platelet physiology that can contribute to the relative risk for thrombo- 
sis and/or atherosclerosis.'*°'% 

To date, 33 HPA expressed on six different platelet GPs: GPIIb 
(CD41), GPIIla (CD61), GPIba (CD42b), GPIbB (CD42c), GPla 
(CD49b), and CD109 have been described including localization to 
platelet surface GPs, quantification of their density on the platelet sur- 
face, and determination of DNA polymorphisms in genes encoding for 
them (see Table 137-4). For a current list see http://www.ebi.ac.uk/ 
ipd/hpa/tablel.html and http://www.ebi.ac.uk/ipd/hpa/table2.html.'”” 
Thirteen antigens are clustered into one triallelic'” (HPA-1) and five 
biallelic groups (HPA-2, HPA-3, HPA-4, HPA-5, HPA-15). HPA for 
which antibodies against only one of the alleles have been detected are 
labeled with a “w” for workshop, for example, HPA-8bw. To date, 20 
such low-frequency single-allele HPAs have been discovered, essentially 
all involved in FNAIT cases." 

Although the frequencies of HPAs have been most extensively 
studied in white populations, it should be noted that they have been 
determined for other racial and ethnic groups as well and in some 
cases vary significantly from white frequencies. For example, HPA-lb 
is expressed on the platelets of approximately 15 percent of persons of 
European ancestry but of less than 1 percent of persons of Asian ances- 
try. For more information re HPA frequencies in different populations, 
readers are directed to: http://www.ebi.ac.uk/ipd/hpa/freqs_1.html'”” 


NOMENCLATURE 


A nomenclature for human platelet alloantigens has been adopted to 
replace the old complex “classic” nomenclatures that previously were 
developed independently in laboratories throughout the world (see 
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TABLE 137-4. Human Platelet Alloantigens!?7136163* 


Phenotypic Frequency Glycoprotein Location/ Encoding Gene/ 
Alloantigens Other Names (Whites) Amino Acid Substitution Nucleotide Change 
HPA1a PIA, Zw 72% a/a GPllla ITGB3 
HPA1b 26% a/b 33h T176C 
HPA-1¢ 2% b/b L33V C175G 
<1% a/c 
HPA2a Ko, Sib 85% a/a GPlba GPIBA 
HPA2b 14% a/b T145M C482T 
1% b/b 
HPA3a Bak, Lek 37% a/a GPIIb ITGA2B 
HPA3b 48% a/b 1843S T2621G 
15% b/b 
HPA4a Pen, Yuk >99.9% a/a GPllla ITGB3 
HPA4b <0.1% a/b R143Q G506A 
<0.1% b/b 
HPA-5a (Brb) Br, Hc, Zav 80% a/a GPla ITGA2 
HPA-5b (Bra) 19% a/b E505K G1600A 
1% b/b 
HPA-6bw Caa, Tu <1% GPilla ITGB3 
R489Q G1544A 
HPA-7bw Mob <1% GPlla ITGB3 
P407A C1297G 
HPA-8bw Sra <0.1% GPllla ITGB3 
R636C C1984T 
HPA-9bw Maxa <1% GPllb ITGA2B 
V837M G2602A 
HPA-10bw Laa 1% GPllla ITGB3 
R62Q G263A 
HPA-11bw Groa <0.5% GPllla ITGB3 
R633H G1976A 
HPA-12bw lya 1% GPlbB GPIBB 
G15E G119A 
HPA-13bw Sita <1% GPla ITGA2 
T799M C2483T 
HPA-14bw Oea 1% GPllla ITGB3 
K611del 1909_1911delAAG 
HPA-15a Gov 35% a/a CD109 CD109 
HPA-15b 42% a/b S682Y C2108A 
23% b/b 
HPA-16bw Duva <1% GPllla ITGB3 
T1401 C497T 
HPA-17bw Vaa <1% GPllla ITGB3 
T195M C662T 
HPA-18bw <1% GPla ITGA2 
Q716H G2235T 
HPA-19bw <1% GPllla ITGB3 
K137Q A487C 


(continued ) 


TABLE 137-4. Human Platelet Alloantigens'?”"6'®" (continued) 
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Phenotypic Frequency 


Glycoprotein Location/ Encoding Gene/ 


Alloantigens Other Names (Whites) Amino Acid Substitution Nucleotide Change 
HPA-20bw <1% GPllb ITGA2B 
T619M C1949T 
HPA-21bw <1% GPllla ITGB3 
E628K G1960A 
HPA-22bw <1% GPIIb ITGA2B 
K164T A584C 
HPA-23bw <1% GPIlla ITGB3 
R622W C1942T 
HPA-24bw <1% GPIIb ITGA2B 
S472N G1508A 
HPA-25bw <1% GPla ITGA2 
T1087M C3347T 
HPA-26bw <1% GPllla ITGB3 
K580N G1818T 
HPA-27bw <1% GPIIb ITGA2B 
L841M C2614A 
HPA-28bw <1% GPIIb ITGA2B 
V740L G2311T 
NAt Naka <1% CD36 (GPIV) T:G1 264 
97% (African) C:T 478 
96% (Asian) 


*Phenotypic frequencies for the antigens shown are for the white population only. Significant differences in gene frequencies may be found in 


African and Asian populations. 


tSensitization to CD36 (GPIV) is an example of isoimmunization. Anti-CD36 antibodies have been implicated in cases of neonatal alloimmune 
thrombocytopenia (NAIT) and posttransfusion purpura (PTP) and thus are included in the list of platelet alloantigens that are associated with 


these disorders. 


Table 137-4). In most cases, an HPA site has two alleles, designated by 
the suffix a or b. These alleles are expressed by platelets codominantly. 
The a allele represents the more prevalent form of the protein, while 
the b allele represents the less-common form. There is one example of 
a triallelic HPA system, HPA-1, with the c allele being least prevalent.!” 
A number of HPA alleles, for example, HPA-6b, HPA-7b, HPA-8b, and 
HPA-10b, are present at gene frequencies of less than 0.1 percent and 
were recognized in the sera of mothers of thrombocytopenic babies 
(FNAIT) in a single or only a very few families. Their putative high- 
frequency alternative alleles or the a form of the HPAs have not yet 
been identified serologically, probably because of the extremely low fre- 
quency of individuals who are homozygous for the rare alleles and who 
could therefore be sensitized to the high-frequency alternative allele. 
When such low-frequency markers are detected in only one family, they 
are referred to as private alleles. When more than one family is discov- 
ered to have such low-frequency markers and the families are unrelated, 
the alleles are then designated as rare. Such extremely rare or private 
alleles are unlikely to be present in the blood donor population. For 
this reason, these markers are unlikely to account for cases of PTP, but 
can be found in isolated cases of FNAIT in selected families. Alleles 
present at gene frequencies greater than 2 percent within the population 
are designated as public alleles. These alleles are more likely to encode 
alloantigens involved in PTP. Similarly, sensitization to HPA alleles 
with frequencies less than 50 percent are unlikely to account for platelet 


transfusion refractoriness by themselves, as it would be expected that 
randomly selected platelet products would have been collected from 
a donor population with a similar frequency of these more common 
antigens. 


TESTING FOR PLATELET-SPECIFIC ANTIGENS 
AND ANTIBODIES 


Three types of platelet antibody detection methods have been devel- 
oped. The earliest were phase I assays that involved mixing of patient 
serum with normal platelets and used platelet function-dependent end 
points such as «-granule release, aggregation, or agglutination. The sero- 
tonin release assay, used for the laboratory diagnosis of heparin-induced 
thrombocytopenia, and in which radiolabeled serotonin, a dense-gran- 
ule constituent, is measured, is the only major phase I assay remain- 
ing in wide use today.'” Other phase I assays were largely succeeded 
by phase II tests that detect either surface or total platelet-associated 
immunoglobulin on patient platelets or on normal platelets after sensi- 
tization with patient serum. An example of a phase II assay in wide use 
today is the solid-phase red cell adherence test, used for platelet cross- 
matching. Phase III assays have been developed in which the binding 
of antibodies to isolated platelet surface GPs is detected. These assays 
are used to detect alloantibodies in the evaluation of suspected FNAIT 
and PTP cases as well as autoantibodies in some cases of idiopathic 
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thrombocytopenic purpura." Phase III assays have an advantage over 
both phase I and phase II tests in that they detect antibodies that bind 
to platelet GPs, and not to non-platelet-specific epitopes, such as class I 
HLA. Examples of phase III assays are the monoclonal antibody immo- 
bilization of platelet antigens assay (MAIPA)'® and the modified anti- 
gen capture ELISA (MACE)."° 

Although most of the platelet antibody detection methods can be 
employed to determine platelet alloantigen types of individuals, because 
of limited access to rare typing sera and the need to establish platelet 
typing in patients with very few platelets, they have been largely sup- 
planted by molecular typing using methods based on PCR. Molecular 
typing is now available for all of the platelet alloantigens that have been 
elucidated at the gene level. 14415 


CLINICAL IMPORTANCE 


Antibodies recognizing platelet-specific alloantigens have been discov- 
ered in three clinical situations: mothers who give birth to infants with 
FNAIT; patients who develop dramatic thrombocytopenia after blood 
transfusion (PTP); and patients who have received multiple transfu- 
sions. Chapter 117 discusses the clinical syndromes of FNAIT. 

Although antibodies to class I HLA antigens are the principal 
cause of immunologic platelet transfusion refractoriness (discussed in 
Chap. 139), occasionally patients receiving multiple platelet transfusions 
will develop antibodies to platelet specific alloantigens. Many of the 
best-documented platelet-specific antibodies detected in such patients 
are directed against platelet antigens whose phenotypic frequencies are 
less than 30 percent in the blood-donor population.'*'"™ Therefore, it 
is difficult to attribute refractory responses in random-donor and/or 
HLA-matched platelet transfusions to these antibodies alone. Indeed, 
the majority of refractory patients with platelet-specific antibodies also 
have HLA antibodies. Alloimmunization to high-frequency platelet- 
specific antigens would be expected to present a major challenge in 
finding compatible platelets to support a patient requiring multiple 
platelet transfusions. Fortunately, these cases are extremely rare.'?!4 
If platelet transfusion refractoriness does develop because of platelet- 
specific antibodies, compatible platelet products may be identified by 
using either platelet crossmatching or by accessing family member 
or other HPA-typed donors who are compatible with the patient's 
antibodies.'**'** Platelet GP reactivity in transfusion recipients that lacks 
specificity usually does not influence transfusion responses.'5'57-!° 

Antibodies against some HPA-allelic determinants can inhibit 
platelet function. Anti-HPA-1 alloantibodies, for example, can inhibit 
clot retraction and platelet aggregation, presumably because they block 
the binding of GPIIb/IIla (a,,,8,) (CD41/CD61) to fibrinogen. More- 
over, anti-HPA-4 alloantibodies can completely inhibit aggregation of 
HPA-4 platelets that are homozygous for the allele recognized by the 
alloantibodies because the epitope is in close proximity to the RGD 
(arginine-glycine-aspartic acid peptide sequence)-binding domain of 
the 8; integrin.“ On the other hand, other anti- HPA-alloanti- 
bodies, such as those specific for HPA-3, may not significantly interfere 
with platelet function but nonetheless can cause Fc-mediated platelet 
destruction and immune thrombocytopenia.’ 
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CHAPTER 138 
BLOOD PROCUREMENT 
AND RED CELL TRANSFUSION 


Jeffrey McCullough, Majed A. Refaai, and Claudia S. Cohn 


Blood procurement is a vital national priority that is met in the United States 
by volunteer donors and a pluralistic blood collection program that includes 
the American Red Cross, independent community blood centers, and hospitals. 
More than 15 million units of whole blood are collected from approximately 
10 million donors annually. Recruitment of donors is preceded by a medical 
history and limited physical examination. The donated blood is subjected to 
tests of blood type, red cell antibodies, and infectious agents that may be trans- 
mitted by blood transfusion. In some cases, collection of red cells, platelets, 
leukocytes, or plasma is achieved by hemapheresis. Plasma for the subsequent 
manufacture of derivatives such as albumin and intravenous immunoglobulin 
is obtained from paid donors by for-profit organizations different from those 
that collect whole blood and prepare blood components. The meticulous 
attention to donor risk characteristics and the use of sensitive assays to detect 
infectious agents that may be transmitted by blood have greatly improved the 
safety of blood. 

It is widely accepted that red blood cell (RBC) transfusions save lives 
and prevent ischemia-related morbidity in severely hemorrhaging patients 
and those with acute anemia (hemoglobin [Hgb] less than 6 g/dL). When a 


Acronyms and Abbreviations: 2,3-BPG, 2,3-bisphophosglyceric acid,; AABB, 
American Association of Blood Banks; AHTR, acute hemolytic transfusion reaction; 
APACHE Il, Acute Physiology and Chronic Health Evaluation Il; ATR, allergic transfu- 
sion reaction; BCSH, British Committee for Standards in Haematology; BNP, B-type 
natriuretic peptide; Cl, confidence interval; CMV, cytomegalovirus; CPD, citrate, phos- 
phate, and dextrose; DAT, direct antiglobulin test; DHTR, delayed hemolytic transfu- 
sion reaction; ESA, erythropoiesis-stimulating agents; FNHTR, febrile non-hemolytic 
transfusion reactions; FOCUS trial, Transfusion Trigger Trial for Functional Outcomes 
in Cardiovascular Patients Undergoing Surgical Hip Fracture Repair; G-CSF, granulo- 
cyte colony-stimulating factor; GVHD, graft-versus-host disease; Hct, hematocrit; 
Hgb, hemoglobin; HLA, human leukocyte antigen; HNA, human neutrophil antigen; 
HPC-A, hematopoietic progenitor cells obtained by apheresis; HPC-C, hematopoietic 
progenitor cells obtained from umbilical cords; HSCT, hematopoietic stem cell trans- 
plant; IL, interleukin; LDH, lactate dehydrogenase; MOD, multiple-organ dysfunction; 
MODS, multiple-organ dysfunction syndrome; NATP, neonatal alloimmune thrombo- 
cytopenic purpura; NT-proBNP, N-terminal pro-BNP; PAS, platelets stored in additive 
solution; PBM, patient blood management; PEPFAR, President's Emergency Plan for 
AIDS Relief; PINT, Premature Infants in Need of Transfusion; PLS, passenger lympho- 
cyte syndrome; PRCA, pure red cell aplasia; RBC, red blood cell; SCD, sickle cell disease; 
TACO, transfusion-associated circulatory overload; TA-GVHD, transfusion-associated 
graft-versus-host disease; TNF-a, tumor necrosis factor-alpha; TRACS, Transfusion 
Requirements After Cardiac Surgery; TRALI, transfusion-related acute lung injury; 
TRICC, Transfusion Requirements in Critical Care; TRIPICU, Transfusion Strategies for 
Patients in Pediatric Intensive Care Units. 


patient's Hgb level exceeds 10 g/dL, oxygen delivery and consumption do not 
necessarily increase with RBC transfusions. For patients in the 6 to 10 g/dL Hgb 
“gray zone,’ the benefit of a transfusion depends upon a patient's clinical status 
and should be weighed against the inherent risks of allogeneic blood. 

These risks include adverse reactions, which occur in up to 3 percent of 
transfusions. Transfusion-related acute lung injury is the number one cause 
of transfusion-related fatalities, and new pathogens causing transfusion- 
transmitted infections continue to pose a threat to the blood supply. 
Transfusion-associated circulatory overload is often not recognized, but is 
associated with increased morbidity and prolonged lengths of stay. 

As the aging population grows in the United States, the demand for blood 
will increase, even as the donor population declines. Patient blood manage- 
ment efforts are growing in popularity as hospitals grapple with the risks and 
costs associated with transfusion. The implementation of evidence-based prac- 
tice is the best way to benefit patients and minimize the risks of transfusion. 


@ OVERVIEW OF THE BLOOD BANKING 
SYSTEM IN THE UNITED STATES 


The United States has a pluralistic system of blood collection rather 
than the single national system that exists in other developed countries. 
In the United States during 2011, approximately 15,721,000 units of 
blood were available for use (Table 138-1). This was a 9 percent decrease 
from 2008. Approximately 94 percent of the blood was collected in 
regional blood centers and hospitals collected 7 percent.’ Less than 
lpercent of the units donated in the United States were autologous 
donations or directed donations, that is, blood given by family or friends 
for a specific patient. Both autologous and directed donations decreased 
substantially from 2008.' Of red cells collected, 97.7 percent of alloge- 
neic, 59.0 percent of autologous, and 72.0 percent of directed donor red 
cells were transfused to the intended recipient. 

All whole blood for transfusion in the United States is donated by 
unpaid volunteers; however, costs are incurred in the collection, testing, 
production, and distribution of blood components. Blood banks pass 
on these costs to hospitals. Some areas of the United States are able to 
collect more blood than is needed locally and other areas are unable 
to collect enough blood to meet their local needs. Several inventory- 
sharing systems are used to move blood around the United States so as 
to alleviate the shortages. 

Blood is considered a drug and all aspects of the selection of 
donors, collection, processing, testing, preservation, and dispens- 
ing are regulated by the FDA. The FDA requirements define the pro- 
cedures, record-keeping, staff proficiency, specific testing, and donor 
medical requirements that blood banks must follow. Blood banks meet 
these requirements using the FDA-defined good manufacturing prac- 
tices that are similar to those used by pharmaceutical manufacturers.’ 
Additional standards are formulated by the American Association of 
Blood Banks (AABB), a voluntary organization that accredits blood banks. 


@ INTERNATIONAL PRACTICES 


Approximately 107 million units of blood are collected annually world- 
wide. Considerable differences in the availability of blood and blood 
components throughout the world are related to the extent of develop- 
ment in the country and the country’s healthcare system.* The amount 
of blood collected in relation to the population ranges from 50 dona- 
tions per 1000 population in industrialized countries to five to 15 per 
1000 population in developing countries and one to five per 1000 
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population in the least-developed countries.’ Thus, industrialized coun- 
tries utilize transfused blood products far more commonly. In developed 
countries, especially Western Europe and parts of Asia, a governmental 
agency usually oversees the blood collection activities, although the 
extent to which the government sets requirements and monitors or 
inspects the blood collection system varies. In developed countries, the 
basic processes of donor medical screening, blood collection, laboratory 
testing, and preparation of blood components are similar to the system 
found in the United States. In virtually all developed countries, blood is 
donated by volunteers because paid donors are associated with a higher 
risk of disease transmission.’ The basic blood components—red cells, 
platelets, and plasma—usually are available and apheresis instruments 
are used to collect platelets. Plasma derivatives such as albumin, coag- 
ulation factor VIII, other plasma protein concentrates (coagulation 
factors or inhibitors, or complement factor-1 inhibitor) and immune 
globulins are available. 

However, in the developing world the blood supply is very lim- 
ited and components are often not available. Patients may be required 
to arrange for the blood they need so donors may be friends or fam- 
ily members of patients or even individuals who have been paid by the 
patient's family to donate the blood needed. Donor screening may not 
be as extensive, transmissible disease testing may be lacking, and equip- 
ment may be reused. These difficulties may be compounded by the pres- 
ence of endemic transfusion-transmissible diseases for which screening 
is difficult or expensive and thus not performed as extensively as in 
more developed countries. Great strides have been made during the last 
decade primarily from the U.S.-funded President’s Emergency Plan for 
AIDS Relief (PEPFAR) program.* Thus, the availability of blood and its 
components around the world varies widely, from inadequate supplies 


TABLE 138-1. United States Blood Supply System in 
2011* 


Number Percent 
Total units whole blood 15,721,000 100 
Blood centers 14,686,000 93 
Hospitals 1,036,0000 7 
Red blood cell transfusions 13,785,000 100 
Allogeneic 13,785,000 99 
Autologous 65,000 <1 
Directed 37,000 <1 
Platelets-total dose 1,738,000 100 
SDP collected 2,516,000 92 
WB platelet concentrates 1,110,000 8 
Total platelets transfused* 9,875,000 
Fresh-frozen plasma 5,926,000 — 
Fresh-frozen plasma 4,089,000 — 
transfused 
Cryoprecipitate 1,690,000 
Cryoprecipitate transfused 890,000 


SDP, single-donor platelet concentrate prepared by plateletpheresis. 
One SDP is equivalent to five platelet concentrates; WB, whole-blood 
derived platelet concentrate. Usually five units are pooled to obtain 
a therapeutic dose. 

Data from Whitaker BI, Henry, RA, World Health Organization: 
National blood transfusion services [on the Internet]. www.who.int/ 
bloodsafety/transfusion_services/en/. Accessed September 1, 2009. 


and uncertain safety to sophisticated supply systems and component 
availability equal to or surpassing those of the United States. 


@ PROCUREMENT OF PLASMA 
DERIVATIVES 


The plasma industry is separate from the blood banking system 
described above. Plasma can be subjected to a fractionation process 
to produce several medically valuable products referred to as plasma 
derivatives. Plasma fractionation is performed in manufacturing plants 
in batches of up to 10,000 L involving the pooling of plasma from a 
large number of donors. Plasma for manufacture or fractionation into 
derivatives can be obtained from units of whole blood, but this amount 
of plasma is inadequate to meet the needs for plasma derivatives. Con- 
sequently, large amounts of plasma are obtained by plasmapheresis in 
which only the plasma and not red cells or platelets are retained from 
the donor. Individuals can donate plasma up to two times per week and 
usually are paid because of the more extensive time commitment. This 
plasma collection system usually is operated by for-profit organizations 
and functions separately from the system for whole-blood donation. 

Approximately 29 million liters of plasma were collected in the 
United States in 2013. Twenty-six plasma derivatives are approved for 
licensure by the FDA. Disruption in the sources of plasma or in one 
manufacturer’s plant can have serious consequences and create short- 
ages of certain derivatives. 

The remainder of this chapter describes the blood collection sys- 
tem operated by voluntary community organizations to provide cellular 
and whole-blood-derived components. 


@ RECRUITMENT OF BLOOD DONORS 


Although most Americans will require a blood transfusion at some time 
in their lives, only about one-third of the U.S. population is eligible to 
donate blood,’ and only a small portion of those actually donate. Blood 
donors are more likely than the general population to be male, age 30 
to 50 years, white, employed, and have more education and higher 
income.’ It is generally believed that the most effective way to get some- 
one to donate blood is to ask him or her personally. Factors such as 
the convenience of donation, peer pressure, receipt of blood by a family 
member, and perceived community needs are important factors that are 
superimposed onto the individual's basic social commitments. 


@WHOLE-BLOOD DONOR SCREENING 


The approach to the selection of blood donors is designed to (1) ensure 
the safety of the donor and (2) obtain a high-quality blood component 
that is as safe as possible for the recipient. Some specific steps that are 
taken to ensure that blood is as safe as possible are the use of only vol- 
unteer blood donors; questioning of donors about their general health 
before their donation is scheduled; obtaining a medical history, includ- 
ing specific risk factors, before donation; conducting a brief physical 
examination before donation; laboratory testing of donated blood; 
checking the donor's identity against a donor deferral registry; and pro- 
viding a method by which the donor can confidentially designate the 
unit as unsuitable for transfusion after the donation is completed. 


HEALTH HISTORY, PHYSICAL EXAMINATION, AND 
LABORATORY EXAMINATION OF THE BLOOD 


The health history is usually done by a computer-assisted self-interview. 
The questions designed to protect the safety of the donor include 
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whether the donor is under the care of a physician or has a history of 
cardiovascular or lung disease, seizures, present or recent pregnancy, 
recent donation of blood or plasma, recent major illness or surgery, 
unexplained weight loss, unusual bleeding, or is taking medication(s). 
Some medications may make the donor unsuitable because of the con- 
dition requiring the medication, whereas other medications may be 
potentially harmful to the recipient. Questions designed to protect the 
safety of the recipient include those related to the donor’s general health, 
history of receipt of growth hormone, and occurrence of or exposure to 
patients with hepatitis or other liver disease, or a previous diagnosis of 
HIV or AIDS (or symptoms of AIDS), Chagas disease, or babesiosis. A 
history also is obtained regarding the injection of drugs; receipt of coag- 
ulation factor concentrates; blood transfusion; tattoos; acupuncture; 
body piercing; receipt of an organ or tissue transplant; recent travel to 
areas endemic for malaria; recent immunizations; ingestion of medi- 
cations (especially aspirin); presence of a major illness or surgery; and 
previous notice of a positive test for a transmissible disease. In addition, 
several questions are related to AIDS risk behavior, including whether 
the potential donor has had sex with anyone with AIDS, given or 
received money or drugs for sex, (for males) had sex with another male, 
or (for females) had sex with a male who has had sex with another male. 

The physical examination includes determination of the tempera- 
ture, pulse, blood pressure, weight, and blood hemoglobin (Hgb) con- 
centration. The donor’s general appearance is assessed for any signs of 
illness or the influence of drugs or alcohol. The skin at the venipuncture 
site is examined for signs of intravenous drug abuse, and local lesions 
that would make disinfecting the skin difficult and thus lead to contam- 
ination of the blood unit during venipuncture. 


@ COLLECTION OF WHOLE BLOOD 
BLOOD CONTAINERS 


Blood must be collected into single-use, sterile, FDA-licensed contain- 
ers. The containers are made of plasticized material that is biocompatible 
with blood cells and allows diffusion of gases so as to provide optimal 
cell preservation. These blood containers are combinations of bags and 
integral tubing that allow separation of the whole blood into its compo- 
nents in a closed system, thus minimizing the chance of bacterial con- 
tamination while making storage of the components for days or weeks 
possible. Plasticizers from the bags accumulate in red cell components 
during storage and can be found in tissues of multitransfused patients 
but also in healthy nontransfused individuals. Although no evidence 
indicates that transfusion of this material causes clinical problems, con- 
tainers without plasticizers are now used in some countries. 


VENIPUNCTURE AND BLOOD COLLECTION 


The blood should be drawn from an area free of skin lesions and the 
phlebotomy site should be decontaminated. The site is scrubbed with 
a soap solution, followed by the application of tincture of iodine or 
iodophor complex solution. The venipuncture is done with a needle that 
should be used only once in order to prevent contamination. The blood 
must flow freely and be mixed with anticoagulant frequently as the 
blood fills the container to prevent the development of small clots. The 
actual time for collection of 450 to 500 mL usually is approximately 7 
minutes and almost always is less than 10 minutes. During blood dona- 
tion, cardiac output falls slightly but heart rate changes little. A slight 
decrease in systolic pressure results with a rise in peripheral resistance 
and diastolic blood pressure. 

Usually 500 mL is collected. The blood is mixed with 63 to 70 mL 
of anticoagulant composed of citrate, phosphate, and dextrose (CPD). 


The amount of blood withdrawn must be within prescribed limits so as 
to maintain the proper ratio with the anticoagulant; otherwise, the blood 
cells may be damaged and/or anticoagulation may be unsatisfactory. 

An untoward reaction occurs after approximately 2 to 5 percent of 
blood donations, but, fortunately, most of the reactions are not serious. 
Donors who have reactions are more likely to be younger, unmarried, 
have a higher predonation heart rate and lower diastolic blood pressure, 
lower weight, female, and first-time or infrequent donors. Donors who 
experience a reaction are less likely to donate in the future. 

The most common reactions to blood donation are weakness, cool 
skin, and diaphoresis.* More extensive, but still moderate, reactions are 
dizziness, pallor, hypertension, and bradycardia.’ Bradycardia usually 
is considered a sign of a vasovagal reaction rather than hypotensive or 
cardiovascular shock, where tachycardia would be expected. In a more 
severe form, a vasovagal reaction may progress to loss of consciousness, 
convulsions, and involuntary passage of urine or stool. Other reactions 
include nausea and vomiting; hyperventilation, sometimes leading to 
twitching or muscle spasms; hematoma at the venipuncture site; con- 
vulsions; and serious cardiac difficulties. Such serious reactions are rare. 
Injury of the brachial nerve and resulting pain and/or paresthesia may 
occur as a result of needle puncture of the nerve or compression from 
a hematoma. 

Donors are advised to drink extra fluids to replace lost blood vol- 
ume and to avoid strenuous exercise for the remainder of the day of 
donation. The latter advice is given to prevent fainting and to minimize 
the possibility of hematoma development at the venipuncture site. Some 
donors are subject to lightheadedness or even fainting if they change 
position quickly. Therefore, donors are advised not to return to work 
for the remainder of the day if they have an occupation where fainting 
would be hazardous to themselves or others. 


@SPECIAL BLOOD DONATIONS 
AUTOLOGOUS DONOR BLOOD 


Autologous blood for transfusion can be obtained by preoperative 
donation, acute normovolemic hemodilution, intraoperative salvage, 
and postoperative salvage, but only preoperative donation is discussed 
here. Most commonly, this situation occurs with elective surgery. Autol- 
ogous blood accounts for a very low level (<1 percent) of the United 
States’ blood supply.! 

If patient candidates for autologous blood donation meet the usual 
FDA criteria for blood donation, their blood can be used for other 
patients if the original autologous donor has no need for the blood. 
However, this practice is not allowed by AABB standards and is usually 
not relevant because most patients do not meet the FDA donation cri- 
teria. If the autologous donor does not meet the FDA criteria for blood 
donation, the blood must be specially labeled, segregated during stor- 
age, and discarded if it is not used by that specific patient. Thus, the 
autologous blood donation should be collected only for procedures with 
a substantial likelihood that the blood will be used. Without this type of 
planning, a very high rate of wastage of autologous blood is observed, 
estimated at 59 percent in 2011.' Thus, the cost of autologous blood is 
high. 

No age or weight restrictions exist for autologous donation. Preg- 
nant women can donate, but this practice is not recommended routinely 
because these patients rarely require transfusion. The autologous donor’s 
Hgb may be lower (11 g/dL) than that required for routine donors 
(12.5 g/dL), although usually only 2 to 4 units of blood can be obtained 
before the Hgb falls below 11 g/dL. Autologous blood donors can be 
given erythropoietin and iron to increase the number of units of blood 
they can donate,'*” although this strategy has not been shown to reduce 
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the need for allogeneic donor blood. Reactions in autologous donors 
are similar to allogeneic donors and are related to first-time donation, 
female gender, lower age, and lower weight. 

Autologous blood must be typed for ABO and Rh antigens. If the 
unit is to be shipped to another facility for transfusion, it must be tested 
for transmissible diseases similar to allogeneic blood. If any of the trans- 
missible disease tests are positive, the unit must be labeled with a bio- 
hazard label. 


DIRECTED DONOR BLOOD 


Directed donors are friends or relatives who wish to give blood for a 
specific patient because the patient hopes those donors will be safer 
than the regular blood supply. However, directed donors do not have a 
lower incidence of transmissible disease markers” and thus do not sup- 
port a realistic rationale for these donations. Because the blood becomes 
part of the community’s general blood supply if it is not used for the 
originally intended patient, directed donors must meet all the usual 
FDA requirements for routine blood donation. 


PATIENT-SPECIFIC DONATION 


In a few situations, appropriate transfusion therapy involves collecting 
blood from a particular donor for a particular patient. Examples are 
donor-specific transfusions prior to kidney transplantation, maternal 
platelets for a fetus projected to have neonatal alloimmune thrombocy- 
topenic purpura (NATP), or family members ofa patient with a rare blood 
type. Usually, these donors must meet all the usual FDA requirements, 
except that they may donate as often as every 3 days so long as the Hgb 
remains above the normal donor minimum of 12.5 g/dL. An exception is 
donation of maternal platelets for a neonate with NATP. Patient-specific 
donated units must undergo all routine laboratory testing. 


THERAPEUTIC BLEEDING 


Blood can be collected as part of the therapy of diseases such as poly- 
cythemia vera or primary hemochromatosis. Usually such blood is not 
used for transfusion because the donors do not meet the FDA standards 
for donor health. As the genetic basis of hemochromatosis has become 
better understood, blood removed from these patients appears to be 
safe and red cells from patients with hemochromatosis are normal dur- 
ing blood bank storage,” and although a blood collection program can 
operate successfully, this has not gained general acceptance. 


@ COLLECTION AND PRODUCTION OF 
BLOOD COMPONENTS BY APHERESIS 


Blood components can be obtained by apheresis rather than prepared 
from whole blood. In apheresis, the donor’s anticoagulated whole blood 
is passed through an instrument in which they use centrifugation to 
separate the blood components. Red cells, platelets, granulocytes, blood 
stem cells, mononuclear cells, and plasma can be obtained by apheresis. 


PLATELETPHERESIS 


In the United States, approximately 92 percent of platelet concentrates 
are produced by plateletpheresis (see Table 138-1). Plateletpheresis 
requires approximately 90 minutes, during which approximately 4000 
to 5000 mL of the donor’s blood is processed through the blood cell 
separator. The process results in a platelet concentrate with a volume of 
approximately 200 mL and containing approximately 4.0 x 10" plate- 
lets and less than 0.5 mL red cells. Currently manufactured blood cell 
separators produce a platelet concentrate that contains less than 5 x 10° 


leukocytes and thus can be considered leukocyte reduced. Following 
plateletpheresis, the donor’s platelet count declines by approximately 30 
percent but returns to preplateletpheresis levels in approximately 4 days. 


COLLECTION OF RED CELLS BY APHERESIS 


Chronic shortages of group O red cells stimulated interest in the use 
of apheresis for collecting the equivalent of 2 units of red cells from 
some donors, especially group O."* In 2011, 1,978,000 units of red cells 
were collected by apheresis.' The collection procedure is similar to 
other apheresis procedures, except that red cells are retained rather than 
returned to the donor. The red cells usually have a very high hematocrit 
(Hct) as they are removed from the instrument, but an additive solution 
is incorporated and the red cells can be stored for the usual 42 days. Red 
cells obtained by apheresis have the same characteristics as those pro- 
duced from whole blood. Because 2 U of red cells are removed, donors 
may donate only every 4 months. 


LEUKAPHERESIS 


Leukapheresis has been used to produce a granulocyte concentrate for 
transfusion therapy of infections unresponsive to antibiotics. Because 
the efficiency of granulocyte extraction from whole blood is less than 
for platelets, the leukapheresis procedure involves processing 6500 to 
8000 mL of donor blood for approximately 3 hours. To increase the 
separation of granulocytes from other blood components, hydroxyethyl 
starch is added to the blood-cell-separator flow system. In addition, 
glucocorticoids and granulocyte colony-stimulating factor (G-CSF) 
have been administered to granulocyte donors to increase the granulo- 
cyte count and the granulocyte yield." 


PLASMAPHERESIS 


Plasmapheresis is used to obtain plasma for manufacture of deriva- 
tives but not plasma for transfusion. Plasmapheresis usually can be 
performed in approximately 30 minutes and produces up to 750 mL 
of plasma. Because few red cells are removed, the procedure can be 
repeated up to two times per week, so theoretically a donor could pro- 
vide a large amount of plasma. Because of the nature and possible fre- 
quency of plasma donation, special donor criteria apply. 


@ SELECTION OF APHERESIS DONORS 


The selection of donors for apheresis uses the same criteria as for 
whole-blood donation with some additional donor requirements. No 
more than 15 percent of the donor’s blood should be extracorporeal 
during apheresis; thus, the donor’s size is considered when making 
decisions about specific apheresis procedures or instruments to be used. 
The platelet count must be monitored for frequent donors. Because a 
plateletpheresis concentrate would be the sole source of platelets for the 
transfusion, the donor must not have taken aspirin for at least 3 days. 

The amount of blood components removed from apheresis donors 
must be monitored. Not more than 200 mL of red cells per 2 months or 
approximately 1500 mL of plasma per week can be removed. The laboratory 
testing of donors and apheresis components for transmissible diseases is the 
same as for whole-blood donation. Thus, the likelihood of disease transmis- 
sion from apheresis components is the same as from whole blood. 


@ REACTIONS IN APHERESIS DONORS 


Apheresis donors can experience the same kind of reactions as whole- 
blood donors. In addition, apheresis donors experience a higher inci- 
dence of paresthesias, probably because of the infusion of citrate (that may 


affect calcium levels) used to anticoagulate the donor's blood while it is in 
the cell separator. This type of reaction is managed by slowing the blood 
flow rate through the instrument, which slows the rate of citrate infusion. 
In leukapheresis, donors can be given glucocorticoid and/or G-CSF to 
increase the granulocyte count, and the sedimenting agent hydroxyethyl 
starch is used in the cell separator to improve the granulocyte yield. When 
G-CSF and glucocorticoids are used, approximately 60 percent of donors 
experience side effects, usually myalgia, arthralgia, headache, or flu-like 
symptoms." The major side effect of hydroxyethyl starch is blood volume 
expansion manifested by headache and/or hypertension. 


@ LABORATORY TESTING OF DONATED 
BLOOD 


Each unit of whole blood or each apheresis component undergoes a 
standard battery of tests, including those for blood type, red cell anti- 
bodies (including ABO, Rh, minor antigens), and transmissible diseases 
(Table 138-2). Additional tests, such as those for cytomegalovirus (CMV) 
antibodies, may be done. During the last few years, testing for West Nile 
virus and Trypanosoma cruzi have been added. Babesia is another trans- 
fusion transmissible disease'® for which a donor screening test has been 
developed. It is not clear whether routine testing will be introduced. 


@ SAFETY OF THE BLOOD SUPPLY 


Ironically, the improvements in blood safety have occurred at a time 
of the public’s increased fear of transfusion and the more cautious use 
of blood components by physicians. Each step in the overall process of 


TABLE 138-2. Laboratory Tests for Transmissible Agents 
of Donated Blood 


Agent Disease 
Treponema Syphilis 
Hepatitis B. antigen Hepatitis B 
Hepatitis B_ antibody Hepatitis B 
Hepatitis B virus nucleic acids Hepatitis B 
Hepatitis C antibody Hepatitis C 
Hepatitis C nucleic acids Hepatitis C 
HIV-1 and HIV-2 antibody AIDS 

HIV nucleic acids AIDS 


West Nile virus nucleic acids West Nile infection 


Bacteria* Sepsis 
HTLV-I antibody Leukemia 
Lymphoma 


Tropical paresis 


HTLV-II antibody Disease unknown 


Trypanosoma cruzi* 


Chagas disease 


Viral infection 
CMV disease 


West Nile virus 
CMVt 


CMV, cytomegalovirus; HTLV, human T-cell lymphotropic virus. 
*Only platelet concentrates tested. 

Only first time donors are tested. 

*Of use for immunodeficient recipients. 
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donor evaluation and testing adds to blood safety in important ways, 
and the medical history is important as illustrated by the 90 percent 
reduction in HIV infectivity from the use of donor-selection criteria 
identifying HIV risk behavior.” Tests for transmissible diseases further 
reduce the proportion of infectious donors.'* Donor deferral regis- 
tries detect individuals who previously were deferred as blood donors 
but who for various reasons attempt to donate again. Currently, the 
risk of acquiring a transfusion-transmitted disease ranges from one 
per 150,000/unit for hepatitis B to one per 2,135,000/unit for HIV 
(Table 138-3). Thus, although the blood supply is safer than ever, trans- 
fusion is not risk free and should be undertaken only after careful consider- 
ation of the patient's clinical situation and specific blood component needs. 


@ RED CELL TRANSFUSIONS 


Red blood cell (RBC) transfusions are indicated to increase oxygen car- 
rying capacity in anemic patients. While oxygen extraction and deliv- 
ery may be measured using invasive procedures, these methods are not 
available in most clinical settings. As a result, the decision to transfuse 
RBCs is often based on Hgb or Hct value(s). 

Transfusing RBCs to a critically anemic patient will increase the 
oxygen-carrying capacity; however, the utility of RBC transfusions in 
an asymptomatic patient with a Hgb between 6 and 10 g/dL is less clear. 
Most of the large, prospective, randomized controlled studies looking 
at RBC usage and transfusion triggers did not specifically address the 
question of increased oxygen-carrying capacity at various Hgb/Hct 
levels. Instead they used the more practical markers of mortality, end- 
organ dysfunction, or adverse events to determine the efficacy and safety 
of restrictive (low Hgb threshold) versus liberal (higher Hgb threshold) 
transfusion strategies. 


RED BLOOD CELL TRANSFUSION THRESHOLDS 


The Transfusion Requirements in Critical Care (TRICC) trial was the 
first adequately powered study to compare a restrictive and liberal strat- 
egy for RBC transfusions in critically ill patients.” A total of 838 ICU 
patients were randomized into two groups: a liberal arm, which main- 
tained Hgb concentrations between 10 and 12 g/dL and gave transfu- 
sions when the Hgb concentration fell below 10 g/dL; and a restrictive 
arm, which maintained Hgb levels between 7 and 9 g/dL and used a 
Hgb value of 7 g/dL as the trigger for transfusion. The exclusion crite- 
ria included age younger than 16 years; active blood loss at the time of 
enrollment; admission after a routine cardiac procedure; chronic ane- 
mia; imminent death; and others. Thirty-day mortality from all causes 
was the primary outcome measure. Secondary outcomes included 
60-day mortality, death during hospitalization, and multiple-organ dys- 
function (MOD). The severity of a patient’s illness was classified using 
the Acute Physiology and Chronic Health Evaluation II (APACHE II) 
scores. This and other patient characteristics were statistically similar 
in the two study arms. This study was designed as an equivalency trial, 
and overall found similar results in the two groups for 30-day mortality 
(18.7 vs. 23.3 percent; p = 0.11), as well as for the secondary outcomes. 
Thirty-day mortality rates among patients in the restrictive transfusion 
arm who were less acutely ill (APACHE II <20) (8.7 vs. 16.1 percent; p = 
0.03), or were younger than 55 years old (5.7 vs. 13.0 percent; p = 0.02). 
‘The restrictive group also received fewer transfusions (54 percent) than 
the liberal group. The authors concluded that “a restrictive strategy is as 
least as effective as and possibly superior to a liberal transfusion strategy 
in critically ill patients...” 

Studies conducted after the TRICC trial have used various cate- 
gories of high-risk patients to better define RBC transfusion thresholds 
in these populations (Table 138-4). Studies have focused on patients 
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Data from Strong and 


TABLE 138-3. Incidence of Transfusion-Transmitted Diseases 


Data from Dodd, Notari, 


Katz (2002)”° and Stramer (2002)'® Data from Tabor (2002) Total U.S. Cases* 
Hepatitis C 1/1,200,000 1/1,935,000 1/625,000 8 
Hepatitis B 1/150,000 — 1/150,000 sot 
HTLV-I/HTLV-II 1/641,000 = — 20° 
HIV 1/1,400,000 1/2,135,000 1/769,230 7 


HTLV, human T-cell lymphotropic virus. 


*Calculated based on transfusion of 15,000,000 U of blood annually and Dodd’? incidence figures. 


‘Calculations based on data from Strong and Katz.”° 


with upper gastrointestinal bleeding, cardiovascular risk factors, ortho- 
pedic surgery patients and other populations that usually require a large 
number of RBC transfusions. All studies followed the basic structure of 
the TRICC trial, randomizing patients into a restrictive versus liberal 
arm. Most studies also used mortality or end-organ dysfunction as end 
points. 

A total of 899 patients with an upper gastrointestinal bleed were 
randomized so that the restrictive arm had a transfusion threshold of 
7 g/dL versus a Hgb level of 9 g/dL for the liberal arm.” Death from any 
cause within the first 45 days was the primary outcome, and the rate of 
further bleeding and in-hospital complications were used as secondary 
outcomes. The two patient groups had similar characteristics, including 
equivalent numbers and grades of cirrhosis. The results of this study 
also favored a restrictive transfusion strategy. The probability of survival 
at 6 weeks was higher in the restrictive strategy group (p = 0.02) and 
the risk of further bleeding was lower (p = 0.01). Overall adverse events 
were also lower in the restrictive group when compared to the liberal 
transfusion arm (p = 0.02). The rate of survival was slightly higher in 
the restrictive group compared to the liberal group for patients with 
peptic ulcers (hazard ratio, 0.70; 95 percent confidence interval [CI], 
0.26 to 1.25); and was significantly higher in patients with cirrhosis and 
Child-Pugh class A or B disease (hazard ratio, 0.30; 95 percent CI, 0.11 
to 0.85). No difference was found for cirrhosis patients and Child-Pugh 
class C disease (hazard ratio 1.04; 95 percent CI, 0.45 to 2.37). As with 
the TRICC study, a highly significant difference in transfusion rates was 
reported. In the restrictive arm, 51 percent of patients did not receive a 
transfusion, compared to 15 percent of patients in the liberal arm who 


did not receive RBC transfusions (p <0.001). These two major trials 
demonstrated that a 7 g/dL Hgb threshold was safe for a variety of crit- 
ically ill patients. 


RED BLOOD CELL TRANSFUSIONS 
FOR CARDIOVASCULAR PATIENTS 


Moderate anemia may lead to increased rates of myocardial ischemia 
and infarction in patients with cardiovascular risk factors. Several stud- 
ies were designed to test whether lower transfusion thresholds were del- 
eterious in this patient population. A subgroup analysis of the TRICC 
trial found that patients with cardiovascular disease had similar out- 
comes in the restrictive and liberal cohorts; however, the rate of patients 
suffering from acute pulmonary edema was significantly higher in the 
liberal transfusion arm.”! 

The Transfusion Trigger Trial for Functional Outcomes in Cardio- 
vascular Patients Undergoing Surgical Hip Fracture Repair (FOCUS 
trial) compared the transfusion thresholds of 10 g/dL versus less than 
8 g/dL in patients who were status post-hip fracture repair and had car- 
diovascular risk factors.” The trial enrolled 2016 patients older than 50 
years of age who were randomized into the restrictive or liberal transfu- 
sion threshold group. The primary outcome was death or an inability to 
walk across a room without human assistance on 60-day followup. Sec- 
ondary outcomes included in-hospital myocardial infarction, unstable 
angina, or death for any reason. The liberal transfusion strategy, when 
compared with the restrictive strategy, did not reduce rates of death or 
inability to walk independently at 60-day followup or reduce in-hospital 


TABLE 138-4. Major Randomized Controlled Trials for Safe Hemoglobin Thresholds in Adults 


Number Hgb/Hct Thresholds 
Trial Patient Population Enrolled (Rest/Lib) Primary End Point Conclusions 
MRICEZ ICU 838 7/10 g/dL 30-Day all-cause Restrictive strategy as effective 
mortality and possibly superior to liberal 
strategy 
EOGUSH History or risk factor for 2016 8/10 g/dL 60-Day all-cause Liberal strategy did not reduce 
CV disease following hip mortality or inability death rates or inability to walk 
fracture surgery to walk 10 ft 
TRACS” Cardiac surgery 502 24/30 percent 30-Day all-cause Restrictive strategy was nonin- 
mortality and severe _ ferior to liberal strategy 
morbidity 
Upper GI bleed™ Severe acute upper GI 921 7/9 g/dL 45-Day all-cause Restrictive strategy improved 


bleed 


mortality outcomes compared with 


liberal 


CV, cardiovascular; FOCUS, Functional Outcomes in Cardiovascular Patients Undergoing Surgical Hip Fracture Repair; GI, gastrointestinal; Hct, 
hematocrit; Hgb, hemoglobin; TRACS, Transfusion Requirements After Cardiac Surgery; TRICC, Transfusion Requirements in Critical Care. 
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morbidity in elderly patients at high cardiovascular risk. The rates of 
in-hospital complications were similar in the two groups. 

The Transfusion Requirements After Cardiac Surgery (TRACS) 
trial randomized patients who underwent cardiac surgery with cardio- 
pulmonary bypass into a liberal (Hct 230 percent) or restrictive (Hct 
224 percent) strategy for RBC transfusions.” This noninferiority study 
found similar rates of 30-day all-cause mortality and severe morbidity. 
The number of transfused RBC units was found to be an independent 
risk factor for complications or death at 30 days. 

Taken together, the evidence points to a Hgb threshold of 8 g/dL 
as a safe level to maintain most patients with a history of cardiovascu- 
lar disease. Patients with acute coronary syndrome continue to be an 
important exception for which current data is insufficient to support 
any guidance. 


RED BLOOD CELL TRANSFUSIONS 
FOR ORTHOPEDIC PATIENTS 


The FOCUS trial, discussed above (see “Red Blood Cell Transfusions for 
Cardiovascular Patients”), specifically identified patients with cardio- 
vascular risk factors undergoing hip repair.” Other studies with ortho- 
pedic patients looked at more general outcome measures such as ability 
to ambulate after hip surgery. One prospective study found a significant 
association between anemia and a decreased ability to walk indepen- 
dently before the anemia was corrected.” However, a second prospec- 
tive study found no differences in postoperative functional mobility 
or length of stay when comparing patients maintained on restrictive 
(8 g/dL) or liberal (10 g/dL) transfusion strategies.” However, the 
liberal transfusion group had few cardiovascular complications and 
lower mortality when compared to the restrictive group. The authors 
concluded that a liberal transfusion strategy does not increase ambula- 
tion scores but that a restrictive strategy should be treated with caution 
in elderly high-risk hip fracture patients. 

The population in the FOCUS trial was elderly, high-risk car- 
diovascular patients; the finding of an 8 g/dL Hgb threshold for RBC 
transfusions may not be generalizable to the remaining lower-risk 
orthopedic patient population. However, until adequately powered 
studies are conducted in these populations, applying the 8 g/dL trigger 
is the safest approach for lower risk patients. While a Hgb of 8 g/dL is 
safe for orthopedic patients, the quality-of-life studies indicate that a 
higher Hgb allows for faster recovery. 


RED BLOOD CELL TRANSFUSIONS 
FOR NEUROLOGICALLY IMPAIRED PATIENTS 


No large scale, prospective randomized trial has been done regard- 
ing the safety and efficacy of transfusion practice in neurocritically ill 
patients. The lack of large studies led to a systematic review of six studies 
that had a combined total of 537 patients.” The Hgb triggers in these 
studies ranged from 7 to 10 g/dL in restrictive groups, to 9.3 to 11.5 g/dL 
in higher Hgb groups. While some studies reported shorter lengths of 
stay in the lower Hgb groups, the systematic review found insufficient 
evidence to guide transfusion practice in neurocritically ill patients. 


RED BLOOD CELL TRANSFUSIONS 
FOR PEDIATRIC PATIENTS 


Clinical trials of transfusion triggers for pediatric patients fall into two 
basic categories: general studies of critically ill pediatric patients and 
studies focused on high-risk neonates. The Transfusion Strategies for 
Patients in Pediatric Intensive Care Units (TRIPICU) trial and its affil- 
iated subanalyses represent the major data set covering the pediatric 


population ranging from 3 days old to 14 years of age.” The trial enrolled 
626 patients who had Hgb less than or equal to 9.5 during their first 7 
days in the pediatric ICU. The restrictive arm used a Hgb threshold of 
7 g/dL, versus the liberal threshold of 9.5 g/dL. The restrictive group 
received significantly fewer transfusions yet multiple-organ dysfunc- 
tion syndrome (MODS) and mortality were almost identified in the two 
arms of the study. Thus, for critically ill children, a Hgb threshold of 7 g/ 
dL could decrease transfusion requirements without increasing adverse 
outcomes. 

Three subgroup analyses were conducted with the TRIPICU data. 
One study analyzed postoperative patients,” the second looked at pedi- 
atric patients after cardiac surgery,” and the third examined patients 
with sepsis.® All three found no significant differences between new 
or progressive MODS or 28-day mortality in the restrictive and liberal 
groups. However, all three studies suffered from small sample size and 
could not draw strong conclusions because of insufficient power. 

Trials in the neonate population have focused on premature babies 
and infants of very low birth weight. Unlike the clinical trials in adults, 
where the results of all studies found that a restrictive transfusion 
approach was as good as, or possibly superior to a liberal transfusion 
strategy, the results from clinical trials in neonates were mixed. One 
trial enrolled 100 preterm infants with birth weights between 500 and 
1300 g.*! The transfusion thresholds in the restrictive and liberal arms 
were dependent upon the infant’s age and respiratory status and varied 
from 22 to 34 percent in the low group to 30 to 46 percent in the high 
group. In each age group the transfusion threshold levels decreased with 
improving clinical status, as indicated by the level of respiratory support 
required. In either arm of the study, additional RBC transfusions could 
be given at the discretion of the attending neonatologist based on a set of 
predetermined circumstances. Infants in the restrictive arm of the study 
were more likely to have intraparenchymal brain hemorrhage or periven- 
tricular leukomalacia and also had more frequent episodes of mild and 
severe apnea. The liberal arm received more RBC transfusions; however, 
donor exposure was similar in both groups. The authors concluded that a 
restrictive transfusion practice may be harmful to preterm infants. 

The largest trial of transfusion practice in preterm infants was the 
Premature Infants in Need of Transfusion (PINT) study.” This random- 
ized trial asked whether extremely-low-birth-weight infants transfused 
at different Hgb thresholds had different rates of survival or morbidity 
at discharge. A total of 451 infants, each weighing less than 1000 g at 
birth, were randomized into a low or high Hgb threshold group. The 
thresholds ranged from 6.8 g/dL to 11.5 g/dL in the low group and 7.7 g/dL 
to 13.5 g/dL in the high group. The actual threshold was determined 
by a combination of age and presence or absence of respiratory sup- 
port. There was no statistically significant difference between the two 
groups in terms of death before home discharge or survival with severe 
morbidity. In addition, fewer infants received one or more transfusions 
in the low threshold group. The authors concluded that maintaining 
extremely-low-birth-weight infants at a higher Hgb threshold conferred 
no benefit. 

A Cochrane review of transfusion in neonates concluded that 
a restrictive approach resulted in a modest reduction in exposure to 
transfusion, but did not appear to have a significant impact on death or 
major morbidities (Table 138-5).* 


@ HEMOGLOBINOPATHIES 
SICKLE CELL DISEASE 


Transfusion therapy is indicated for sickle cell patients suffering from 
stroke, acute chest syndrome, acute exacerbations of anemia, and 
other complications. Regular transfusions also significantly reduce 
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TABLE 138-5. Major Randomized Controlled Trials for Safe Hemoglobin Thresholds in Children 


Number 
Trial Patient Population Enrolled Hgb/Hct Primary End Point Conclusions 
TRIPICU?” PICU (age from 626 7/9.5 New or progressive multiple- In stable, critically ill 
3 days old to 14 years organ dysfunction syndrome children, a Hgb threshold of 
of age) 7 g/dL can decrease 
transfusions without 
increasing adverse outcomes 
PINT?2 ELBW 451 6.8-11.5 g/dL (low) Death before home discharge or In ELBW, maintaining a 


7.7-13.5 g/dL (high) 


higher Hgb results in more 
transfusions but confers little 
evidence of benefit 


survival with severe retinopathy, 
bronchopulmonary dysplasia or 
brain injury 


ELBW, extremely-low-birth-weight infants; Hct, hematocrit; Hgb, hemoglobin; PICU, pediatric intensive care units; PINT, Premature Infants in 
Need of Transfusion; TRIPICU, Transfusion Strategies for Patients in Pediatric Intensive Care Units. 


the recurrence of cerebral infarcts in children with sickle cell disease 
(SCD).** Transfusions are usually not necessary to correct baseline 
anemia or alleviate vasoocclusive crises. Because transfusion also cre- 
ates complications, such as iron overload, transfusion reactions, allo- 
immunization, and delayed hemolytic transfusion reactions, clinicians 
should take particular care when considering transfusions for sickle cell 
patients. 

Chronic transfusion can lead to a high rate of RBC alloimmuniza- 
tion in patients with SCD. Rates ranged from 18 to 47 percent, which is 
significantly higher than found in the general U.S. population (0.5 to 1.5 
percent),** or the highly transfused hematology-oncology population (9 
to 15 percent). The reasons for this high rate include number of transfu- 
sions, age at first transfusion, the inflammatory milieu created by SCD,** 
and the different RBC antigens present in donors of mostly European 
descent versus sickle cell patients of African ancestry. 

The multiple antibodies specific for RBC antigens can cause delayed 
hemolytic transfusion reactions (DHTRs).*” DHTRs may be difficult to 
recognize, because some occur without any detectable antibody present, 
and with a negative direct antiglobulin test (DAT).** In addition, some 
DHTRs occur without obvious clinical signs of hemolysis.” Severe cases 
of DHTR result in the hyperhemolysis syndrome, defined by a drop in 
the patients Hgb to a level lower than the pretransfusion value. This 
steep decline in Hgb suggests hemolysis of autologous cells, as well as 
the transfused allogeneic RBCs. 

Transfusion services may attempt to ameliorate the alloimmuniza- 
tion rate by prophylactically matching donor and patient for Rh (anti- 
gens D, C, c, E, e) and Kell antigens. A few will also provide an extended 
phenotype match for the common Kidd, Duffy and S antigens. Both 
strategies reduce alloimmunization, yet even with matched transfu- 
sions, SCD patients continue to form RBC antibodies at rates up to 58 
percent of chronically transfused and 15 percent of episodically trans- 
fused SCD patients.” Most of these antibodies were made against Rh 
antigens, and more than half occurred in patients who received RBCs 
phenotypically matched for the corresponding Rh antigen. The likely 
explanation for this seeming paradox is that SCD patients have variant 
RH genes. In fact, high resolution RH genotyping showed variant alleles 
in 87 percent of the subjects.” 


THALASSEMIA 


Thalassemia major patients are chronically transfusion dependent. 
Over time, this will lead to iron overload, and can result in RBC allo- 
immunization. No clinical trial has been staged to find the optimal 
transfusion threshold for patients with thalassemia; however, the conse- 
quences of anemia can be severe and must be balanced with the risks of 


transfusion. Transfusing to maintain a Hgb of 10 g/dL is considered suf- 
ficient to suppress erythropoiesis, thereby averting the bone deformities 
and other sequelae of this disease; however, some transfusion regimens 
call for a pretransfusion minimum of greater than 10 g/dL, with a post- 
transfusion goal of more than 15 g/dL. Thalassemia intermedia patients 
have more varied transfusion requirements, in keeping with the wide 
clinical presentation of this disease. If transfusion therapy is clinically 
indicated, the transfusion recommendations are similar to those for 
thalassemia major (Chap. 48). 


@ HEMATOPOIETIC STEM CELL 
TRANSPLANT 


TRANSFUSION SUPPORT 


The duration and specificity of transfusion support for hematopoietic 
stem cell transplantation (HSCT) patients depends upon the disease, 
the source of the stem cells, the preparative regimen applied prior to 
transplant, and patient factors during the post-transplant recovery 
period. Human leukocyte antigen (HLA) matching remains an impor- 
tant predictor of success with HSCT. As a result, the ABO barrier is 
often crossed when searching for the best HLA match between donor 
and patient. Crossing the ABO barrier has little or no effect upon over- 
all outcomes; however, transfusion difficulties can arise due to anti- 
genic incompatibility between the transplanted cells and the patient. 

Transfusion support can be divided into the pre- and posttrans- 
plantation periods. Prior to an HSCT, an immunocompetent patient 
(e.g., aplastic anemia, hemoglobinopathies) is capable of mounting an 
immune response to transfusions, leading to alloimmunization against 
HLA antigens present on the surface of leukocytes. Leukoreduction 
reduces alloimmunization rates, but sufficient white blood cells remain 
in the unit for alloimmunization to occur. Antibodies against HLA 
contribute to delayed engraftment and graft rejection in some patient 
populations.” As a result, pretransplantation transfusions in immu- 
nocompetent patients should be avoided, as they are associated with 
increased graft failure rates.*'*? RBC transfusions can be minimized by 
using a Hgb trigger of 8 g/dL for stable patients. 

Patients who are immunocompromised, either because of their dis- 
ease, or from chemotherapy, are less likely to become immunized to for- 
eign antigens. Nonetheless, using leukoreduced products to minimize 
the risk of alloimmunization is still recommended. Extra care must also 
be taken ifthe stem cell donation comes from a blood relative. In this sit- 
uation family members should not give directed blood donations prior 
to transplantation, as this may lead to alloimmunization against major 


and/or minor HLA antigens that are present in the transplant organ. In 
addition, all RBC and platelet transfusions should be irradiated as the 
risk for transfusion-associated graft-versus-host disease (TA-GVHD) 
is high in HSCT patients (see section Transfusion-Associated-Graft- 
versus-Host Disease below for more in-depth discussion of TA-GV HD). 

RBC engraftment is difficult to assess, but may be defined by the 
appearance of 1 percent reticulocytes in the peripheral blood, or as the 
day of the last RBC transfusion, with no transfusion given in the follow- 
ing 30 days. In general, engraftment time is shortest when hematopoi- 
etic progenitor cells are obtained by apheresis (HPC-A), and greatest 
when hematopoietic progenitor cells are obtained from umbilical cords 
(HPC-C) are used; however, considerable patient-to-patient variability 
exists. Prolonged engraftment directly translates into higher transfusion 
rates for RBCs and platelets. 

When an ABO incompatible transplant is used, group O red cells 
are used to avoid incompatibility issues. The ABO type of plasma prod- 
ucts may be different from the red cell type (Table 138-6). Once the 
patient begins to produce “donor-type” erythrocytes, their blood type 
should be reassessed. The decision to switch a patient’s blood type is 
highly variable across institutions. In our hospital, when a patient is 
RBC transfusion independent for 100 days, and no incompatible iso- 
hemagglutinins against the new RBC phenotype can be detected in two 
consecutive blood samples, the patient’s native blood type is switched to 
the donor type for future transfusions. 


TRANSFUSION-RELATED COMPLICATIONS 


There are transfusion-related complications that are specific to, or more 
frequently seen, in the HSCT population. Some of these complications 
arise when lymphocytes within the transplant are activated against the 


TABLE 138-6. Component Type Selection for Hematopoietic 
Stem Cell Transplantations That Cross the ABO Barrier 


Transplant Transfuse 

Mismatch Donor Recipient Red Blood Platelets*/ 

Type Type Cell Plasma 
Major A (0) (0) A, AB 
mismatch 

B © O B, AB 

AB © (0) AB 

AB A A,O AB 

AB B B,O AB 
Minor (0) A (8) A, AB 
mismatch 

(0) B (0) B, AB 

© AB O AB 

A AB A,O AB 

B AB B, O AB 
Bidirectional A B (0) AB 
mismatch 

B A O AB 


*Platelets stored in additive solution reduce the volume of incompat- 
ible plasma transfused. 


Modified with permission from Cohn CS: Transfusion support issues 
in hematopoietic stem cell transplantation. Cancer Control 22(1): 
52-59, 2015. 
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recipient; these include TA-GVHD and passenger lymphocyte syn- 
drome (PLS). Another complication, pure red cell aplasia (PRCA), 
occurs when the patient's residual antibodies attack the transplanted 
red cells. Standard transfusion reactions, such as allergic or febrile 
nonhemolytic reactions, are frequently seen in this heavily transfused 
patient population; however, these “standard” transfusion reactions are 
discussed more fully later in this chapter in the section Adverse Effects 
of Red Cell Transfusions. 


Major and Minor ABO Mismatches 

Complications from ABO incompatibility depend upon whether a 
major or minor ABO mismatch is present (see Table 138-6). A major 
mismatch occurs when the transplant contains RBCs that are incom- 
patible with the recipients plasma. Conversely, a minor mismatch is 
present when the donor plasma contains isohemagglutinins against the 
recipient’s RBCs. Bidirectional transplants (e.g., group A transplant into 
group B recipient) carry both major and minor mismatches. 

Major ABO Mismatch When a major ABO mismatched trans- 
plant is given, immediate hemolysis may occur during the infu- 
sion. This complication is more commonly seen when the HSCT is 
derived from marrow, because more red cells are present; however, 
RBC depletion techniques have effectively eliminated this compli- 
cation. Because HPC-A units contain a minimal volume of RBCs 
(8 to 15 mL), clinically significant cases of immediate hemolysis 
have not been identified. Most HPC-C units are RBC-depleted 
prior to cryopreservation, and the residual erythrocytes lyse during 
cryopreservation, therefore immediate hemolysis is not a problem 
with cord blood transplants. 

Preformed antibodies against non-ABO RBC antigens can remain 
in a recipient’s peripheral circulation for many weeks after transplanta- 
tion. These antibodies may cause lysis when engrafted cells begin to pro- 
duce new RBC. Also chimeric patients may develop antibodies against 
ABO or non-ABO RBC antigens, resulting in delayed hemolysis. When 
recipients have isohemagglutinins specific for the ABO type of the 
transplant, delayed erythrocyte engraftment and PRCA may ensue. This 
is seen most frequently when group O patients receive a group A trans- 
plant, or with bidirectional mismatches. PRCA develops when anti- 
ABO antibodies destroy erythrocyte progenitor cells in the marrow. 

Minor Mismatches When lymphocytes within the HSCT recog- 
nize the recipient RBCs as foreign, antibodies may be produced that are 
specific for ABO or minor RBC antigens. This PLS usually presents 7 
to 14 days after the transplant with the abrupt onset of hemolysis. The 
hemolysis ranges from mild to severe, and may be intra- or extravascu- 
lar, depending upon the nature of the antibody involved. These “pas- 
senger lymphocytes” are reported most frequently in transplants that 
use a group O donor with a group A recipient.* Antibodies against 
minor RBC antigens are less frequently reported, and cause less-severe 
hemolysis. 

In cases involving the ABO system, the Hgb level may drop precip- 
itously. The laboratory signs of intravascular hemolysis, that is, hemo- 
globinemia, hemoglobinuria and an elevated lactate dehydrogenase 
(LDH) should be used to follow the course of disease. In most cases a 
DAT will be positive, unless all antibody bound cells have already been 
lysed. The hemolysis can persist as long as incompatible RBCs are pres- 
ent, but usually subsides within 5 to 10 days.* 

Nonmyeloablative conditioning regimens carry a greater risk 
for PLS than when full ablation is used. Because HPC-A preparations 
carry a greater lymphocyte load when compared to hematopoietic cell 
concentrate-marrow (HPC-M) and hematopoietic cell concentrate-cord 
(HPC-C) collections, recipients of peripheral blood stem cells are at an 
increased risk of developing PLS. The authors are not aware of a case of 
PLS that has been reported with an umbilical cord stem cell transplant. 
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Maintaining graft-versus-host disease (GVHD) prophylaxis with only a 
T-cell inhibitor, such as cyclosporine, without an accompanying B-cell 
inhibitor, is also considered a risk factor. 


Transfusion-Transmitted Cytomegalovirus 

CMV infection continues to be a serious complication following 
HSCTs. Most CMV infections are likely the result of reactivation of 
virus from a previous infection rather than acquisition of a new strain. 
However, in CMV-antibody-negative patients there is a risk of devel- 
oping a transfusion-transmitted de novo CMV infection. To reduce 
this risk, one may use CMV-antibody-negative blood, or leukocyte- 
reduced components. A large controlled trial and a meta-analysis 
from 2007 showed that leukocyte-reduced components are as effec- 
tive as antibody-negative components in preventing transfusion- 
transmitted CMV.” Two additional studies support the safety of using 
only leukoreduced blood in preventing transfusion transmission of 
CMV.**” Both studies found 0 percent risk of transfusion-transmitted 
CMV infection. Nonetheless, the overall risk of transfusion transmis- 
sion of CMV in leukoreduced components is not zero. CMV DNA was 
found in 44 percent of newly seropositive blood donors, and the over- 
all prevalence of CMV DNA was 0.13 percent in nearly 32,000 dona- 
tions.*° While blood products could be obtained from donors with 
a longstanding history of CMV-positive serology, a more practical 
approach is to screen donated blood for CMV DNA or immunoglobu- 
lin (Ig) M antibodies, although we believe that the use of leukoreduced 
blood components is adequate. 


Transfusion-Associated Graft-Versus-Host Disease 

All HSCT patients should receive irradiated components from the time 
of initiation of conditioning chemotherapy, and for at least 1 year fol- 
lowing transplantation to prevent TA-GVHD. However, many centers 
continue to provide irradiated products for the life of the patient. The 
British Committee for Standards in Haematology (BCSH) recommends 
that allogeneic transplant recipients should receive irradiated com- 
ponents for 6 months posttransplantation, or until the patient’s lym- 
phocyte count is greater than 1 x 10°/L; however, if chronic GVHD is 
present, then irradiated products should be given indefinitely.*’ Autol- 
ogous transplant patients should begin receiving irradiated compo- 
nents from the time of initiation of conditioning chemotherapy, but can 
revert to nonirradiated components 3 months after the transplantation. 
If autologous transplant patients received total-body irradiation, then 
the BCSH recommends extending the use of irradiated products for 6 
months after the transplantation. 


@SOLID-ORGAN TRANSPLANT 


Patients awaiting a solid-organ transplant should have minimal expo- 
sure to allogeneic blood products to reduce the risk of alloimmuniza- 
tion. Leukoreduced components contain sufficient white blood cells 
to immunize a patient against class I and class II HLA molecules. The 
risk of sensitization from a blood transfusion ranges from 2 to 21 
percent.” Sensitization may increase the extent of alloimmunization, 
which contributes to delays in finding a compatible organ for trans- 
plantation. In fact, patients who have been transfused have an 11 per- 
cent reduction in the likelihood of ever receiving a renal transplant.” 
Attempts to reduce alloimmunization by matching blood donors and 
patients™ or matching for the DR locus have shown no consistent 
reduction.** Using a Hgb of 7 g/dL as a safe threshold for transfusions 
can minimize exposure. In some patients the use of erythropoiesis- 
stimulating agents (ESA) may help decrease the number of RBC trans- 
fusions; however, ESAs are contraindicated in patients with a history 
of malignancy or stroke. 


@ ADVERSE EFFECTS OF RED CELL 
TRANSFUSIONS 


The precise risk of an adverse reaction is difficult to estimate; many reac- 
tions may be wrongly attributed to the patients underlying illness, and 
approximately half of all transfusions are given to anesthetized patients 
in the operating rooms where reactions may be blunted or more difficult 
to recognize. The incidence of some adverse reactions has fallen in the 
past decade due to changes in component handling. Adverse reactions 
may occur soon after a transfusion begins, as seen with acute hemolytic 
reactions or acute lung injury, or within days to weeks of a transfusion, 
as seen with delayed hemolytic reactions.” Fortunately, the majority 
of acute transfusion reactions are mild and manageable. Many of the 
reported transfusion-related fatalities involve human errors which may 
be as much as 1:18,000 transfusions. 


IMMEDIATE TRANSFUSION REACTIONS 


In general, immediate transfusion reactions are more dangerous than 
delayed reactions. Severe complications, including death, can on rare 
occasions develop within a few minutes of initiating transfusion. Close 
attention and early vital sign assessments are recommended at the 
beginning and within 15 minutes of starting a transfusion. 


Acute Hemolytic Transfusion Reactions 

Acute hemolytic transfusion reactions (AHTRs) are almost always 
caused by the immune-mediated destruction of ABO-incompatible 
transfused blood. ABO incompatible transfusions are estimated to occur 
in one in 38,000 to one in 70,000 RBC transfusions.” Isohemagglutinins 
can activate the complement and coagulation systems. C3a and C5a can 
activate white blood cells to release inflammatory cytokines (interleukin 
[IL]-1, IL-6, IL-8, and tumor necrosis factor-alpha [TNF-«]), contribut- 
ing to fever, hypotension, wheezing, chest pain, nausea, and vomiting.” 
The presence of antigen-antibody complexes and activated complement 
on donor RBCs may lead to bradykinin generation. This can increase 
capillary permeability and arteriolar dilatation causing a fall in systemic 
blood pressure. Activation of factor XII may initiate the coagulation 
cascade with formation of thrombin and lead to disseminated intravas- 
cular coagulation. Renal failure may also develop as a result of ischemia, 
hypotension, antigen-antibody complex deposition, and thrombosis. 
Although rare, AHTRs can also be seen because of other blood group 
antibodies, particularly those in the Kidd blood group system. 

Clinical Presentation The most common presenting symptom is 
fever with or without chills or rigors. In mild cases, this may be accom- 
panied with abdominal, chest, flank, or back pain, whereas dyspnea, 
hypotension, hemoglobinuria, and eventually shock can be seen in severe 
cases. Bleeding, caused by the consumptive coagulopathy, can occur. 
Hematuria can be the first sign of intravascular hemolysis, particularly in 
anesthetized or unconscious patients. The severity of AHTR is extremely 
variable and usually depends on the rate and total volume of blood 
administered. Approximately 47 percent of the recipients of ABO incom- 
patible blood show no effects, even after receiving a whole unit, 41 percent 
show symptoms of AHTR, and mortality is approximately 2 percent.>°° 

Laboratory Evaluation Laboratory evaluation involves checking 
for technical and identification errors, examine a posttransfusion spec- 
imen for hemolysis, and perform a DAT to detect antibody-coated red 
cells. If AHTR is strongly suspected, repeat ABO and Rh typing of the 
patient and the transfused blood and repeat antibody screen and cross- 
match may be helpful. A negative DAT occurs in rare cases when all 
transfused RBCs are lysed. 

Management Immediate discontinuation of transfusion should 
always be the first step in any transfusion reaction. Maintaining vascular 
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access with slow infusion of normal saline, monitoring vital signs, and 
assessing urine output are key early steps. A blood specimen should be 
collected immediately for laboratory evaluation. The component bag 
should be returned to the blood bank. If severe hemolysis has occurred, 
therapy focuses on management of hypotension, coagulation disor- 
ders, and renal function. A urine output of approximately 100 mL/h 
for 24 hours should be maintained in adults without contraindications. 
In simple cases, normal saline infusion may be sufficient; however, 
diuretics may be necessary in some cases. Intravenous administration 
of furosemide (40 to 80 mg) promotes diuresis and improves blood flow 
to the renal cortex. In severe cases of hypotension, intravenous dopa- 
mine, which dilates renal vasculature and increases cardiac output, can 
be used. Patients with coagulopathy and active bleeding may require 
administration of platelets, fresh-frozen plasma, or cryoprecipitate. 
Prevention The most common basis for AHTRs is a clerical error 
resulting from mistakes in identifying the patient, labeling the pretrans- 
fusions sample, or identifying the correct red cell unit for the patient.6~* 


Febrile Nonhemolytic Transfusion Reactions 

A febrile nonhemolytic transfusion reaction (FNHTR) is defined, arbi- 
trarily, as a temperature increase of 1°C or more during or up to 4 hours 
after transfusion. Other possible symptoms include increases in respira- 
tory rate, anxiety, and, more unusually, nausea or vomiting. 

FNHTRs are one of the most commonly encountered transfu- 
sion reactions occurring in approximately 0.12 to 0.5 percent of RBC 
units transfused, and are more likely to occur following transfusion of 
platelets than RBCs. Leukocyte reduction decreases the incidence of 
FNHTRs with both whole-blood derived and apheresis platelets. 

Clinical Presentation Fever is triggered by the action of cytokines 
(e.g., IL-1, IL-6, TNF-a). This may be the result of activation of donor 
leukocytes by anti-HLA or other antibodies in the recipient, activation 
of recipient leukocyte and endothelial cells by transfused donor leuko- 
cytes or plasma constituents, or by the passive transfer of cytokines or 
CD40 ligand (CD154) that accumulated in the unit during storage. 

Fever should not be solely attributed to FNHTR until other potential 
life-threatening transfusion reactions or patient-related factors have been 
excluded. Past transfusion reaction history should be reviewed to deter- 
mine if additional measures should be implemented for future transfusions. 

Laboratory Evaluation The laboratory investigation should con- 
centrate on ruling out a septic transfusion reaction. A Gram stain is not 
a highly sensitive technique in this setting, but may be used to rule-in 
bacterial contamination. Rapid qualitative immunoassay tests (e.g., Verax 
or BacTx) are highly sensitive for most commonly encountered bacterial 
contaminants and may be used in lieu of Gram stain to screen implicated 
platelet units. In cases with a high index of suspicion, the unit should be 
cultured. If all results are negative and the patient's presentation is consis- 
tent with a mild FNHTR, no additional testing is required. 

Management FNHTRs are typically benign, and usually resolve 
completely within 1 to 2 hours after the transfusion is discontinued. The 
remainder of the transfused unit and a posttransfusion blood sample 
from the patient should be sent to the laboratory for investigation. Anti- 
pyretics may be administered to shorten the duration of the fever and 
provide analgesia. Acetaminophen 325 to 650 mg orally for adults or 10 
to 15 mg/kg/dose orally for children is effective for this purpose. 

Transfusing leukoreduced RBCs and/or platelets stored in additive 
solution will significantly reduce the risk of FNHTRs.” Premedication 
with antipyretics (acetaminophen) is not helpful. 


Allergic Transfusion Reactions 

These are a common adverse reaction of transfusion therapy, ranging 
from mild forms characterized by localized pruritus and/or urticaria, 
to severe anaphylactic or anaphylactoid reactions. The mild forms of 


allergic transfusion reaction (ATR) occur in 1 to 3 percent of transfu- 
sions of plasma-rich components (i.e., platelets/fresh-frozen plasma) 
and in 0.1 to 0.3 percent for red cells. Severe anaphylactic reactions 
are much less frequent and estimated at one in 20,000 to 50,000 
transfusions.’ 

The majority of ATRs are immediate (type 1) hypersensitivity reac- 
tions, mediated by preformed IgE antibodies binding to soluble proteins 
present within donor plasma.” Severe anaphylactic reactions may occur 
after transfusion of blood products to IgA-deficient patients who have 
anti-IgA antibodies. Most patients labeled as IgA deficient still have 
low levels of the immunoglobulin (2 to 4 mg/dL) and will not produce 
anti-IgA antibodies. The rare patient with complete IgA deficiency 
(<0.05 mg/dL) may develop anti-IgA antibodies and thus might experi- 
ence anaphylaxis with transfusion. Anaphylactoid reactions are similar 
to anaphylaxis but clinically less severe and caused by non-IgE-medi- 
ated activation of mast cells. 

Clinical Presentation ATRs usually begin during or within an 
hour of starting a transfusion, but may not become evident until sev- 
eral hours later. Common findings include urticaria, rash, pruritus, 
and flushing. More severe reactions occur sooner and may include 
angioedema, chest tightness, dyspnea, cyanosis, hoarseness, stridor, 
or wheezing. In addition, gastrointestinal symptoms such as abdomi- 
nal pain, nausea, vomiting, and diarrhea may also occur. Unlike other 
acute transfusion reactions, fever is usually absent. Anaphylaxis occurs 
immediately after starting the transfusion. Symptoms can include bron- 
chospasm, angioedema, respiratory distress, nausea, vomiting, abdomi- 
nal cramps, diarrhea, shock, and loss of consciousness. 

Laboratory Evaluation There is no need for laboratory investiga- 
tion with simple urticarial and/or localized pruritus. However, the inci- 
dent should be reported to the blood bank to update the patient’s record 
for any future transfusions. In anaphylactic reactions, the patient should 
be tested for complete IgA deficiency; however, a history of anaphylactic 
reactions mandate use of washed red cells and platelets and avoidance of 
plasma transfusions regardless of the results of these tests. 

Management Most ATRs are mild, self-limited and respond 
well to transfusion discontinuation and, if indicated, administration 
of antihistamine (diphenhydramine hydrochloride, usually orally). In 
cases limited to urticaria, the transfusion may be resumed immediately 
after symptoms resolve. However, transfusion should never be resumed 
when there is a severe reaction. In acute anaphylaxis, fluid resuscita- 
tion may be needed to maintain blood pressure followed by administra- 
tion of subcutaneous or intramuscular epinephrine (0.3 mL of 1:1000 
dilution), as well as airway management and intensive care. In case of 
shock, a higher concentration of intravenous epinephrine (3 to 5 mL of 
a 1:10,000 dilution) can be administered. Steroids are usually not help- 
ful in acute crises. 

Prevention Patients with a history of mild ATRs should not be 
premedicated with an antihistamine, as this does not reduce the over- 
all risk of ATRs.*' Platelets stored in additive solution may be used to 
reduce the risk of a reaction. In IgA-deficient patients with a history of 
anaphylaxis to transfusion, components from IgA-deficient donors are 
sometimes available." 


Transfusion-Related Acute Lung Injury 
Transfusion-related acute lung injury (TRALI) is a syndrome of acute 
hypoxia attributable to noncardiogenic pulmonary edema that occurs 
within 6 hours of a transfusion.” TRALI has been the leading cause of 
transfusion-related fatalities for several years. 

There are two main hypotheses regarding the capillary leak seen 
in TRALI. The two-hit hypothesis states that underlying patient fac- 
tors act as a necessary first hit, leading to adherence of primed neu- 
trophils to the pulmonary endothelium. The second hit is caused by 
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mediators within the transfused component, which activate pulmonary 
neutrophils, which, in turn, damage the endothelium.“ The mediators 
are often antibodies specific for either class II HLA or for human neu- 
trophil antigens (HNAs). There are also cases in which no antibody was 
detected, which are thought to be a result of proinflammatory medi- 
ators, bioactive lipids, and CD40 ligand that accumulate in the blood 
product during storage.® Despite reports of a direct correlation between 
storage time of cellular blood components and TRALI, this mechanism 
remains controversial. 

Specific patient factors (first hits) that are associated with a greater 
risk of TRALI include patients on mechanical ventilation, sepsis, chronic 
alcohol abuse, severe liver disease, hematologic malignancy, and others. 
It is not known whether the risk is determined by the patient's condi- 
tion, or by a greater transfusion requirement. The two-hit hypothesis 
accounts for critically ill patients who develop TRALI; however, there 
are reports of TRALI in reasonably healthy patients. This observation 
led to the threshold model of TRALI.“ In this paradigm, a threshold, 
or tipping point, must be surpassed to induce TRALI. A healthy patient 
may develop TRALI when transfused with a high titer of antibody. Con- 
versely, a critically ill patient with primed neutrophils can be tipped into 
TRALI with a lower titer of antibody. 

Clinical Presentation and Differential Diagnosis It is often 
impossible to fully distinguish TRALI from other causes of respiratory 
distress. The typical presentation of TRALI is the sudden development 
of dyspnea, severe hypoxemia (O, saturation <90 percent in room air) 
hypotension, and fever that develop within 6 hours of transfusion and 
usually resolves with supportive care within 48 to 96 hours. Although 
hypotension is considered one of the important signs in diagnosing 
TRALI, hypertension can occur in some cases. 

In addition to new or worsening oxygen desaturation, TRALI is 
characterized by chest x-ray findings of bilateral diffuse patchy pulmo- 
nary densities without cardiac enlargement. TRALI can be ruled out as 
the sole cause of pulmonary failure by the presence of rales and jugular 
venous distention on physical exam and/or dilated pulmonary arteries 
on chest x-ray, which are evidence of congestive heart failure with or 
without transfusion-associated circulatory overload (TACO). Transient 
leukopenia, which follows the reaction within few hours, can also dis- 
tinguish TRALI from TACO. 

Management Supportive care is the mainstay of therapy in 
TRALI, including oxygen supplementation and aggressive respira- 
tory support plus intravenous fluid and vasopressors for hypotension, 
if indicated. It has been suggested that diuretics, which are indicated 
in TACO management, are not efficacious and should be avoided in 
TRALI. Glucocorticoids may provide benefit. 

Prevention HLA alloimmunization has been directly correlated 
with the number of times a woman is pregnant and plasma from mul- 
tiparous women has been implicated as a risk factor in TRALI. To reduce 
this risk, blood banks attempt to collect plasma from males, nulliparous 
females, and/or females tested and found to be negative for HLA anti- 
bodies. After blood collection centers implemented TRALI mitigation 
strategies, the incidence of TRALI dropped from an estimate of one in 
4000 transfusions, to approximately one in 12,000.” Nonetheless, TRALI 
continues to be the leading cause of transfusion-related fatalities. 

Pooled plasma may also be used for TRALI mitigation because 
antibody titers drop due to dilution. No cases of TRALI resulting 
from transfusion of pooled solvent detergent treated plasma have been 
reported. 


Transfusion-Associated Circulatory Overload 

TACO occurs when patients are unable to effectively process the expan- 
sion in intravascular volume from a blood transfusion. Circulatory 
overload may be the consequence of the infusions rates, the volume of 


infused blood product, and/or an underlying cardiac, renal, and/or pul- 
monary pathology. The fluid volume transfused may be less important 
than the infusion flow rate and the patient’s ability to process the fluid. 

The incidence of TACO is difficult to ascertain, as there are incon- 
sistent case definitions, passive reporting systems and poor clinical 
recognition. Approximately 1 percent of orthopedic patients developed 
TACO postoperatively, compared to 6 percent of patients in an ICU set- 
ting.” Reports of TACO have surged as awareness has increased. Active 
surveillance also increases the number of cases. In one institution the 
historical prevalence rate from 6 years of passive reporting was one in 
1566 from plasma transfusions. After 1 month of active surveillance the 
prevalence rate jumped to one in 68.” 

TACO is seen more in younger and advanced age patients.” Addi- 
tional risk factors include female sex, a history of congestive heart fail- 
ure, hemodialysis, mechanical ventilation, recent vasopressors, and 
positive fluid balance.” 

Clinical Presentation Symptoms of TACO may include dyspnea, 
orthopnea, cough, headache, and hypoxemia, which are not specific. 
However, signs such as rales, hypertension, and jugular vein distention 
may differentiate TACO from TRALI. These signs and symptoms usu- 
ally present within 2 hours of the onset of transfusion, but may be up to 
6 hours or even 24 hours after the onset of transfusion. 

Laboratory Evaluation Oxygen saturation may decrease along 
with the partial pressure of oxygen in the arterial blood. New bilateral 
infiltrates on chest x-ray is characteristic for TACO; however, it is also 
seen in TRALI. Elevated levels of B-type natriuretic peptide (BNP) and 
N-terminal pro-BNP (NT-proBNP) are both useful markers for TACO, 
but NT-proBNP may be more useful as it has a longer in vivo and in 
vitro half-life. Unfortunately neither peptide was found to be useful in 
distinguishing TACO from TRALI in critically ill patients.” 

Management Once TACO is suspected, intravenous fluids 
should be restricted, followed by the administration of supplemental 
oxygen and a diuretic, if not contraindicated. Placing the patient in a 
sitting position can also be helpful. In severe cases, mechanical ventila- 
tion may be required. 

If a patient is at risk for TACO and blood transfusion is impera- 
tive, blood should be administered slowly at a rate of 1 to 4 mL/kg/h. 
Most blood banks can also reduce the transfusion volume by splitting 
the blood product into smaller volumes if the transfusion is going to 
last longer than 4 hours. Close monitoring of the patient’s vital signs 
throughout the transfusion may also help in decreasing the develop- 
ment of TACO. 


Transfusion-Related Sepsis 

Transfusion-related sepsis when it occurs is usually from platelet units 
that are stored at room temperature. Red cells, stored at refrigerator 
temperatures, are very rarely contaminated by unusual cold-growing 
organisms (e.g., Yersinia, Serratia, Pseudomonas). ‘The rate of fatal 
transfusion-transmitted bacteremia from red cells has been estimated 
to be 0.13 per million units transfused in the United States.” 

Clinical Presentation The infusion of large numbers of Gram- 
negative microorganisms may lead to fever (>38.5°C), rigors, marked 
hypotension, abdominal pain, vomiting, diarrhea, and the development 
of profound shock. Gram-positive contaminants may cause fever and 
rigors, but are not associated with the severe symptoms produced by 
Gram-negative toxins. 

Laboratory Evaluation Rapid diagnosis usually may be made via 
Gram stain of the residual donor blood; however, a culture of the trans- 
fused component is necessary. 

Management Septic shock from transfusion of contaminated 
blood should be managed as for septic shock from other causes and is 
not discussed further here. 


DELAYED TRANSFUSION REACTIONS 


Delayed Hemolytic Transfusion Reactions 

DHTRs occur when a previously immunized patient receives red cells 
containing the corresponding antigen but are compatible in the cross- 
match because of a low titer of circulating alloantibody. DHTRs occur 
in 0.2 to 2.6 percent of patients. It is vanishingly rare in infants younger 
than 4 months of age, and more common in chronically transfused 
patients. 

Approximately 30 to 40 percent of alloantibodies become unde- 
tectable months to years after their initial identification. However, a 
patient previously immunized by transfusion or pregnancy may develop 
a secondary immune response after reexposure to a blood group anti- 
gen. Decreasing Hct or failure to see the typical 1 g/dL Hgb/3 percent 
Hct increment following transfusion may be noted within several days 
to weeks of a blood transfusion, as well as an unexplained fever. Hemo- 
lysis from DHTR is typically extravascular, without dramatic clinical 
symptoms and signs, although some classes of IgG bind complement 
and will cause intravascular hemolysis. Hemolysis in DHTRs is usually 
mild and gradual, however, when antibodies are produced against anti- 
gens in the Kidd blood system, the hemolysis may be rapid, intravascu- 
lar, and may be severe. 

The usual evidence of hemolysis is seen. The appearance of sphero- 
cytes and reticulocytes on peripheral blood film, increases in total and 
unconjugated bilirubin, and increased LDH. The DAT is usually posi- 
tive but may be negative if all the transfused RBCs have been eliminated 
from the circulation. The antibody screen is usually positive and the 
antibody can be identified. No specific management is usually needed 
as these reactions are usually subtle and clinically silent. In cases of 
intravascular hemolysis, clinical support measures are similar to those 
described for an acute hemolytic transfusion reaction. If transfusion 
is necessary donor red cells negative for the offending antigen may be 
selected. 


Posttransfusion Purpura 
Posttransfusion purpura is a rare immune-mediated disorder that is dis- 
cussed in greater detail in Chap. 139. 


@ IRON OVERLOAD 


One of the most common complications of chronic RBCs transfusion is 
iron overload, which is further discussed in the chapters on congenital 
hemoglobinopathies (Chaps. 48 and 49). 


@TRANSFUSION-ASSOCIATED 
GRAFT-VERSUS-HOST DISEASE 


Most cases of TA-GVHD are associated with HSCT. TA-GVHD is a very 
rare complication that occurs when a susceptible patient is exposed to 
viable lymphocytes introduced in a blood transfusion. This can occur 
when transfusions from close relatives or other unintentionally genet- 
ically matched donors are administered to severely immunocompro- 
mised recipients. The immunocompromised recipient is incapable of 
“rejecting” or mounting an attack against the lymphocytes in the trans- 
fused blood. In addition, cases of TA-GVHD have been reported in 
recipients with an intact immune system.”°”” 

TA-GVHD may present with maculopapular rash, fever, watery 
diarrhea, liver dysfunction, and marrow failure within 8 to 10 days of 
transfusion. The mortality rate in is approximately 90 percent and the 
downhill course often rapid. 
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RBC, platelet, and granulocyte units all contain some lymphocytes 
and therefore carry a risk of TA-GVHD; plasma and cryoprecipitate 
are acellular and therefore pose no risk. To prevent TA-GVHD, lym- 
phocytes within a blood component must be eliminated or disabled. 
Leukoreduction is not sufficient, as it reduces, but does not completely 
eliminate white blood cells. Frozen units may also carry a risk, as the 
lymphocytes may survive. Gamma and X-ray irradiation of components 
are effective prophylaxis for TA-GVHD.” A dose of at least 2500 cen- 
tigray to the center of a cellular blood component and 1500 centigray 
throughout the unit leaves lymphocytes intact but unable to proliferate. 
This simple precaution prevents TA-GVHD. 

Irradiation at the indicated dose appears to damage the red cell 
membrane. The damage does not affect the oxygen carrying capacity of 
the erythrocyte, but does allow potassium to leak from the cell. The level 
of extracellular potassium has been shown to increase with storage time. 
As a result, red cells may be stored for only 28 days after irradiation. 


@ POTENTIAL EFFECT OF AGE OF RED 
CELLS ON TRANSFUSION OUTCOME 


In the United States, RBC may be stored in additive solution for up to 
42 days. The criteria used to determine storage limits are based on in 
vivo recovery and in vitro hemolysis data. During storage, RBC units 
develop a progressive “storage lesion.” Some of these changes include 
an increase in free Hgb which acts as a nitric oxide scavenger; a reduc- 
tion in 2,3-bisphophosglyceric acid (2,3-BPG), which leads to increased 
oxygen affinity/decreased oxygen delivery; an increase in hydrogen ions 
in the supernatant causing a drop in the pH; an increase in microvesi- 
cles in the supernatant, creating a procoagulant effect and reduced RBC 
membrane deformability. Each of these changes is a dynamic process, 
with some occurring on the first day of blood storage, and others taking 
days or weeks to be evident. Aspects of the storage lesion have been 
demonstrated in vivo using healthy volunteers who are transfused with 
autologous units that are stored for widely divergent time periods. In 
three of these controlled experiments, no differences were found in 
pulmonary function,” nitric oxide-mediated hyperemic response to 
ischemia,” or cognitive function.*! A fourth volunteer study found sig- 
nificant differences with in vivo iron-related parameters and signs of 
hemolysis when fresh and older units were compared.” 

The clinical relevance of these in vitro and in vivo studies is not 
clear. Some of the in vitro findings are reversed within 24 to 48 hours of 
transfusion, and no adverse effects were reported in the volunteers used 
for the in vivo studies; however, they were healthy and may be more able 
to withstand insults to their system. Multiple retrospective and prospec- 
tive studies have looked for an association between the storage age of a 
RBC unit and clinical outcomes. In one study,’ in more than 5000 car- 
diac surgery patients receiving more than 18,000 units of RBCs, patients 
receiving blood that was stored for longer than 2 weeks were at a signifi- 
cantly higher risk of postoperative complications as well as short-term 
and long-term survival. Subsequently, a large number of retrospective 
studies and a smaller number of prospective studies were performed. A 
recent review summarizing the findings of 32 studies reported that 18 
found a detrimental effect from prolonged RBC storage, while 14 stud- 
ies did not.*** It is notable that the four prospective randomized trials 
included in the review found no significant ill effect. A meta-analysis of 
21 studies, either observational studies or randomized controlled trials, 
found that use of older stored blood is associated with a significantly 
increased risk of death.* 

The question of higher risk from transfusion of older units con- 
tinues to be studied in multiple, large prospective clinical trials. These 
studies are being conducted with ICU and cardiac surgery patients, 
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among others. Until the results of these studies are available, no changes 
to practice should be made based on the available data. 


@ PATIENT BLOOD MANAGEMENT 


Patient blood management (PBM) is an evidence-based, systematic and 
multifaceted approach to optimizing the care of patients who might 
need transfusion. The risks associated with unnecessary transfusions, 
coupled with the rising cost of blood have helped fuel the growth of 
PBM efforts. PBM was recently adopted by the World Health Organi- 
zation as the new standard of care, and the AABB has issued guidelines 
and other tools designed to help hospitals implement a PBM program. 
A comprehensive PBM program includes (1) hospital-wide guidelines 
for evidence-based use of blood components, (2) early assessment and 
correction of preoperative anemia, and (3) application of a variety of 
techniques to minimize perioperative blood loss. 

Guidelines for transfusion have been published by multiple med- 
ical professional societies, and can serve as a useful starting point for 
hospitals; however, the evidence for Hgb thresholds was developed in 
selected patient populations and does not always apply in all clinical 
situations. Combining evidence with a clinical assessment is necessary 
when deciding if a transfusion is indicated. Adding decision support 
tools into computerized physician order entry systems can remind cli- 
nicians of guidelines and safety considerations when ordering blood.** 
‘These systems have been shown to reduce blood use and decrease costs 
associated with transfusions.” Auditing transfusion orders may reveal 
patterns of blood utilization that can be corrected with education. 

Preoperative anemia is associated with adverse outcomes in sur- 
gery.** °° Anemia levels act as an inverted sliding scale, with higher mor- 
tality seen in patients with lower preoperative Hgb. The effect of blood 
loss on mortality was also more pronounced in patients with lower ver- 
sus higher preoperative Hgb values. When preexisting comorbidities 
and other confounders were considered, preoperative anemia contin- 
ued to be independently associated with adverse outcomes after cardiac 
and noncardiac surgery. Even relatively mild preoperative anemia was 
shown to be an independent risk factor for higher early mortality in 
cardiac surgeries, and for 30-day morbidity and mortality in patients 
undergoing major noncardiac surgery.” 

Given the risks of preoperative anemia, both patients and hospi- 
tals may benefit from a preoperative anemia assessment program for all 
surgical patients. When possible, this assessment should be undertaken 
28 days before surgery, to correct anemia with oral iron when possible, 
and IV iron or erythropoietin when necessary and not contraindicated. 
Hematologists should be consulted for cases of refractory anemia. 

Perioperative blood management is the third pillar of a strong 
PBM program. Blood sparing surgical techniques and anesthesiology- 
based blood conservation tools should be used whenever possible. Min- 
imizing perioperative blood loss reduces the need for RBC transfusion 
and the length of hospital stay.” Together the combination of a restric- 
tive transfusion strategy, preoperative anemia correction and perioper- 
ative blood management has been shown to reduce RBC transfusions, 
decrease adverse events and reduce hospital costs.” 
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CHAPTER 139 
PRESERVATION AND 
CLINICAL USE OF PLATELETS 


Terry Gernsheimer and Sherrill Slichter 


The numbers of platelet transfusions administered in the United States 
increased dramatically during the 1980s, and has continued to grow as 
increasingly aggressive medical and surgical treatments have been developed 
and become more widely available. In particular, the growth of more inten- 
sive treatments for hematologic and other malignancies has spurred demands 
for platelet transfusion support and put pressure on platelet inventories 
nationwide. 

The response to a platelet transfusion is affected by platelet recovery and 
platelet survival and includes the random loss of platelets in maintaining 
endothelial integrity. In a normal individual, weighing 70 kg, approximately 
4.8 x 10" platelets per day will be consumed maintaining the endothelium, 
less than the number of platelets in a single concentrate. However, many clin- 
ical conditions can adversely affect platelet recovery and platelet survival in 
the circulation. Prophylactic platelet transfusion is an important part of sup- 
portive care of patients with hypoproliferative thrombocytopenia because 
of hematologic malignancy and the effects of its treatment with cytotoxic 
drugs. A morning blood platelet count of less than 10 x 10°/L appears to be 
an appropriate threshold for prophylactic transfusion. Although higher thresh- 
olds may be indicated for patients at high risk or who have active bleeding, 
little or no data support specific platelet count goals and a transfusion plan 
should be guided by the clinical setting. Larger doses of platelets do not confer 
additional protection against bleeding in this patient population, although 
they do result in higher increments and a longer interval until the next platelet 
transfusion, a potential benefit in the outpatient setting. The platelet count at 
which an invasive procedure or major surgery can be safely performed is not 
supported by randomized control studies and practice has been governed by 
retrospective data and case reports. Most minor invasive procedures and even 
major surgery can be safely performed at platelet counts of 20 to 50 x 10°/L 
whereas high-risk procedures or severe bleeding may require platelet counts 


Acronyms and Abbreviations: AML, acute myeloid leukemia; AP apheresis 
platelet; BC, buffy coat; CCI, corrected count increment; GVHD, graft-versus-host 
disease; HIT, heparin-induced thrombocytopenia; HLA, human leukocyte antigen; 
HSCT, hematopoietic stem cell transplant; ITP, immune thrombocytopenia; LP, lumbar 
puncture; PLADO, Platelet Dose study; PRP, platelet-rich plasma; PROPPR, Pragmatic 
Randomized Optimal Platelet and Plasma Ratios study; rd WBP random-donor whole- 
blood platelet; TOPPS, Therapeutic or Prophylactic Platelet Transfusion Study; TPO, 
thrombopoietin; TTP, thrombotic thrombocytopenic purpura; TRAP, Trial to Reduce 
Alloimmunization to Platelets; WHO, World Health Organization. 


above 100 x 10°/L. Patients may become refractory to platelet transfusion 
and fail to respond for many reasons. Patients alloimmunized to platelets may 
respond to platelet transfusions from class | human leukocyte antigen (HLA)- 
matched donors. 

Platelets can be collected by apheresis or obtained from whole blood and 
pooled for transfusion. Both preparations have comparable effectiveness in 
the prevention of bleeding in patients with hematologic malignancy. Plate- 
lets should remain at room temperature and so are approved for only 5 days 
of storage because of risks of bacterial contamination and may lose viability 
within days after that. Leukocyte reduction of platelet components, either 
upon apheresis collection or by filtration, reduces HLA alloimmunization, pre- 
vents cytomegalovirus transmission by transfusion, and reduces febrile trans- 
fusion reactions. Pathogen reduction of platelets prevents replication of RNA 
and DNA in contaminating organisms and leukocytes and may prevent alloim- 
munization and decrease transfusion reactions. Prospective clinical trials are 
needed to better define indications for platelet transfusion and improve upon 
the effectiveness of transfusion therapy. 


@ CLINICAL PLATELET TRANSFUSION 
THERAPY 


The number of platelet units transfused in the United States increased 
by 33 percent between the years 1997 and 2008 (data available at the 
time of this writing).! Of more than 2,000,000 doses of platelets trans- 
fused in the United States in 2008, hematology-oncology patients used 
32 percent, compared to the next highest usage of 15 percent in general 
medicine and 12 percent in cardiac surgery patients. Platelet transfusion 
therapy is associated with multiple adverse effects, including transfu- 
sion reactions, infection, alloimmunization, and immune modulation. 
The cost of platelets, their short storage time, and inventory pressures 
have made appropriate use of platelet transfusions a high priority for 
the management of thrombocytopenic patients to either prevent or con- 
trol bleeding. Improved methods of collecting, processing, and storing 
platelets will be paramount in maintaining platelet inventories in the 
coming decade. 


EXPECTED RESPONSE TO A PROPHYLACTIC 
PLATELET TRANSFUSION 


The expected response to a prophylactic platelet transfusion in non- 
refractory thrombocytopenic patients is assessed by two parameters: 
(1) the number of platelets that circulate immediately after transfu- 
sion, as measured by platelet recovery; and (2) the survival time of the 
transfused platelet as measured by days-to-next-transfusion. Platelets 
circulate for a shorter time in thrombocytopenic patients (<5 days) 
compared with normal subjects (8 to 10 days).? This can be explained 
by the two mechanisms by which platelets are lost from circulation: 
(1) senescence, whereby platelets are removed by the mononuclear 
phagocyte system, and (2) random, whereby platelets are consumed 
during hemostasis to provide endothelial support.’ The random loss 
has been estimated to be 7.1 x 10° platelets/L per day. Thus, the more 
thrombocytopenic a patient is, the higher the percentage of their circu- 
lating platelets that will be removed randomly versus lost by senescence 
(Fig. 139-1A). At a platelet count of 300 x 10°/L, approximately 15 percent 
of the platelets will be randomly removed—a fraction too small to influ- 
ence the overall platelet survival. However, in a patient with a platelet 
count of 50 x 10°/L, approximately 60 percent of the platelets will be 
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Figure 139-1. A. Relationship between platelet count and random platelet des 
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ruction. Studies were performed on healthy volunteers receiving 


autologous radiolabeled platelets as well as on patients receiving allogeneic platelet transfusions. Data points were obtained by dividing the fixed 
number of platelets lost per day by the number of circulating platelets lost from turnover. B. Relationship between platelet count and radiolabeled 
platelet survival measurements in healthy and thrombocytopenic patients. The curve (solid line) was obtained from an equation predicting the 
dependence of platelet life span on platelet count, assuming a fixed platelet requirement. The data show a high correlation of a finite rate of random 


platelet destruction per day with a fixed life span of the platelets.’ 


used for endothelial support, and this will have a significant impact on 
reducing platelet survival time. This random platelet loss at low platelet 
counts results in a direct relationship between platelet count and platelet 
survival at platelet counts of less than 100 x 10°/L (Fig. 139-18). 

The number of platelets needed daily to support the random loss 
of platelets in maintaining endothelial integrity can be calculated. For 
example, a man weighing 70 kg with an estimated blood volume of 
5 L would need 7.1 x 10° platelets/L per day, thus 3.6 x 10'° platelets 
per day. To account for the platelets pooled in the spleen, an additional 
30 percent should be added giving a daily requirement of 4.8 x 10" 
platelets for endothelial support. As one random donor platelet concen- 
trate contains on average 8.3 x 10" platelets, the daily requirement for 
endothelial support should be easily maintained with the transfusion 
of only one platelet concentrate per day. A somewhat higher number 
of platelet concentrates may be needed for patients who are also con- 
suming transfused platelets based on clinical conditions such as sepsis, 
extensive tumor burden, and others. 


PATIENTS WITH HEMATOLOGIC MALIGNANCY 
Bleeding Risks 


Prior to the availability of platelets for transfusion, observational stud- 
ies found the incidence of spontaneous bleeding increases at platelets 
counts of 100 x 10°/L or less in children with acute leukemia,* but minor 
and major bleeding began to increase (>1 percent chance of observable 
bleeding per patient-day) when the platelet count fell below 50 x 10°/L. 
Major bleeding was only observed below 20 x 10°/L, and on only 3 per- 
cent of days. Major bleeding was much more common below a platelet 
count of 5 x 10°/L, as high as 33 percent as the count fell toward zero. 
Notably, many of the patients observed in this study were treated with 
aspirin for pain and fever resulting in some degree of platelet dysfunc- 
tion that likely increased their bleeding risk. More recent observations 
suggest that the amount of bleeding is not dependent on the platelet 
count as long as it is above 5 x 10°/L.?5 Life-threatening bleeding rarely 


occurs above platelet counts of 5 x 10°/L to 10 x 10°/L without disrup- 
tion of the vessel wall. In the Platelet Dose (PLADO) study, bleeding 
occurred on 17 percent of the study days at platelet counts between 6 x 
10°/L and 85 x 10°/L and increased to 25 percent when counts fell below 
6 x 10°/L.° These data are remarkably consistent with the increase in 
bleeding time when platelet counts fall below 100 x 10°/L,’ although the 
bleeding time is not an accurate enough test to be relied upon clinically. 
There was also a marked increase in bleeding at platelet counts below 
5 x 10°/L as determined by stool blood loss measurements.” 

Most recent large platelet transfusion trials have used the World 
Health Organization (WHO) bleeding scale or some modification 
of this scale to standardize the incidence and severity of bleeding in 
thrombocytopenic patients (Table 139-1). Grade 1 bleeding is notice- 
able but without clinical significance. Grade 2 bleeding, which requires 
some minor intervention to control bleeding, is an observable and reli- 
able measurement for monitoring bleeding risk in platelet transfusion 
trials. It occurs frequently enough to be a useful end point for compari- 
son of bleeding incidence and severity with different platelet transfusion 
strategies. In two large platelet transfusion trials, the incidence of Grade 2 
bleeding in patients being treated for hematologic malignancies with 
chemotherapy was between 38 and 73 percent.®° In patients undergo- 
ing autologous hematopoietic stem cell transplantation (HSCT), bleed- 
ing rates were 45 percent and 57 percent; however, it was much higher 
(79 percent) in patients undergoing allogeneic HSCT. The 79 percent 
bleeding rate in allogeneic HSCT patients is likely because of their 
intensive conditioning therapies and the occurrence of graft-versus- 
host disease (GVHD). 

In a study of 1244 hematology-oncology patients, the 198 pediat- 
ric patients had a significantly higher overall risk of Grade 2 or higher 
bleeding than did adults (86 percent, 88 percent, and 77 percent for 
patients ages 0 to 5 years, 6 to 12 years, and 13 to 18 years, respectively, 
vs. 67 percent for adults). Children also experienced more days with 
Grade 2 or higher bleeding (median: 3 days in each pediatric group vs. 
1 day in adults; p <0.001). The pediatric patients were at higher risk of 


TABLE 139-1. General Criteria for World Health 


Organization Bleeding Grade Categories Including Grade 2a 
Modification 


Grade1 Grade2 Grade 3 Grade 4 

Minor Bleeding requires Bleeding Bleeding 

bleeding intervention or requires red that is fatal 
treatment, e.g., nasal cell transfu- or life- 


packing, bladder sion related to 
irrigation, platelet treatment of 
transfusion or bleeding 
medications, to treat or 


bleeding 


Grade 2a: Grade 2 
bleeding excluding 
skin manifestations 


threatening 


Significant 
intervention to 
treat bleeding, 
e.g., endoscopy 
or surgery 


bleeding over a wide range of platelet counts, indicating that their excess 
bleeding risk may be a result of factors other than just platelets. 


Platelet Transfusion Therapy in the Patient with Hematologic 
Malignancy 

Hematologic malignancies accounted for approximately 9 percent of all 
new cancers reported in the United States in 2012."' More aggressive 
therapies have led to increased 5-year survival rates, but also resulted 
in substantial increases in the demand for platelet transfusions to sup- 
port extended periods of marrow failure. The disturbance of endothelial 
integrity that frequently occurs with these therapies” and the associated 
inflammation can induce hemorrhage in periods of thrombocytopenia." 
Mucositis, GVHD, infection, and organ dysfunction can all increase 
daily platelet consumption and negatively affect posttransfusion platelet 
increments and life span. Multiple strategies have been evaluated for 
maximizing the hemostatic effect of platelets while minimizing platelet 
use. Prospective randomized controlled trials have evaluated the rela- 
tive safety of different platelet count thresholds for transfusion, whether 
platelets should be transfused prophylactically or can be administered 
therapeutically at the first sign of bleeding, and optimal platelet dose for 
platelet transfusion. 


Platelet Transfusion Threshold 

Prophylactic platelet transfusions were shown to decrease the incidence 
of bleeding into vital organs noted at autopsy of leukemia patients as 
early as 1966,“ and have become an integral part of treatment regimens 
for hematologic malignancy. However, maintaining platelet counts may 
be difficult owing to very short platelet survivals in severely throm- 
bocytopenic patients.**'* Several prospective randomized platelet 
transfusion trials have shown no differences in spontaneous bleeding 
events when patients are transfused at platelet counts below 10 x 10°/L 
versus 20 x 10°/L'*'* or even versus 30 x 10°/L,' and a threshold for 
transfusion as low as 5 x 10°/L may be safe.” In one study, 85 patients 
with acute leukemia were randomized to receive prophylactic platelet 
transfusions when their platelet count fell to 20 x 10°/L, 10 x 10°/L, 
or 5 x 10°/L.” An aliquot of each patient’s red cells were labeled with 
radioactive *'chromium and daily stool collections were performed to 
quantify the amount of gastrointestinal mucosal bleeding. There were 
no differences in stool blood loss, red blood cell transfusion rates, or 
incidence of bleeding events among the three study arms. However, 
there was a significant decrease in both the frequency and number of 
platelet transfusions required among patients randomized to the lower 
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transfusion threshold compared to the higher transfusion thresholds. A 
platelet transfusion threshold of less than 10 x 10°/L in stable patients 
has been recommended by both the American Association of Blood 
Banks (AABB)*! and Sanquin Blood Supply in 2014.” Patients with 
active infection, fever, or who are bleeding may require higher transfu- 
sion thresholds.” 


Prophylactic Versus Therapeutic Platelet Transfusions 

WHO Grade 4 bleeding that causes life threatening hemorrhage or 
death is a rare occurence.® Several prospective trials have evaluated 
the potential bleeding risk of withholding platelet transfusions until 
WHO Grade 2 bleeding occurs with the assumption that Grade 4 
bleeding would very rarely take place before Grade 2 bleeding was 
observed. A trial comparing a therapeutic-only transfusion strategy 
versus prophylactic platelet transfusion given routinely for a morn- 
ing platelet count of less than 10 x 10°/L in 396 patients who were 
undergoing intensive chemotherapy for acute myeloid leukemia 
(AML) (n = 190) or autologous HSCT patients (n = 201) monitored 
patients for bleeding according to the WHO bleeding scale.” Despite 
randomization to the therapeutic-only transfusion arm, 30 percent of 
patients were transfused with platelets prophylactically and 22 percent 
for extended petechiae or bruising. The primary end point (number 
of platelet transfusions) was 33.5 percent higher in the prophylactic 
transfusion group. However, Grade 4 bleeding occurred in 14 patients 
with AML in the therapeutic-only transfusion arm, two of which were 
fatal cerebral hemorrhages. No Grade 4 bleeding occurred in patients 
undergoing autologous HSCT. In the Therapeutic or Prophylactic 
Platelet Study (TOPPS), 600 patients with acute leukemia, lymphoma, 
or myeloma undergoing chemotherapy alone (n = 98), autologous 
HSCT (n = 411) or reduced-intensity allogeneic HSCT (n = 74) were 
randomized to a therapeutic-only or prophylactic transfusion strat- 
egy.’ Patients in the therapeutic-only transfusion arm had a signifi- 
cantly shorter time to their first Grade 2 or greater bleeding event, 
and they also experienced more bleeding overall. Although both of 
these studies showed a decrease in the number of platelet transfusions 
administered in the therapeutic-only arms compared to the prophy- 
lactic transfusion arms, and there were no differences in the number 
of red cell transfusions, this strategy cannot be considered safe in the 
majority of patients undergoing HSCT or induction chemotherapy for 
acute leukemia. 


Platelet Dose 

It has been estimated that 4.8 x 10” platelets are used daily to maintain 
endothelial integrity in an individual weighing 70 kg with an estimated 
blood volume of 5 L.’ As long as this minimal number of platelets is 
provided, higher platelet doses do not appear to decrease the incidence 
of bleeding in patients with hematologic malignancy. The PLADO trial 
studied more than 1200 patients with hematologic malignancies who 
were receiving prophylactic platelet transfusions at a threshold of less 
than 10 x 10°/L during chemotherapy or HSCT.° Patients were ran- 
domized to one of three platelet doses; the accepted current standard 
dose of 2.2 x 10"! platelets/m? (expected to be equivalent to four to six 
pooled platelet concentrates or one apheresis platelet [AP] collection 
in most adults), a low dose of 1.1 x 10!!/m? (half of standard), or a 
high dose of 4.4 x 10!!/m? (twice standard). WHO Grade 2 bleeding 
was common in all patients and similar at all doses. Seventy percent 
of patients had at least one episode of Grade 2 or greater bleeding 
with no significant differences among the dose groups (71 percent, 69 
percent, and 70 percent, respectively). Grade 3 bleeding occurred in 8 
percent of patients and Grade 4 in only 2 percent with no differences 
among the groups. Only one hemorrhagic death occurred, in a patient 
in the high-dose group. By treatment category, 79 percent of patients 
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undergoing allogeneic HSCT had at least one episode of Grade 2 or 
greater bleeding compared to 73 percent of patients undergoing che- 
motherapy for hematologic malignancy, and 57 percent of autologous 
or syngeneic HSCT patients. There were no differences in bleeding 
risk based on transfused platelet dose among any of these patient cat- 
egories. Lower platelet doses required fewer number of platelets over- 
all, but more frequent transfusions to maintain a platelet threshold of 
10 x 10°/L. However, as the cost of platelet therapy is predominantly 
related to the number of transfused platelets rather than the frequency 
of administration, low-dose therapy may be the most cost-effective 
strategy, at least during hospitalization.” Platelet transfusion intervals 
were significantly longer in the higher-dose groups, resulting in fewer 
transfusion events, which may make higher-dose transfusions the pre- 
ferred strategy for outpatients. 


EFFECT OF THROMBOPOIETIN MIMETICS 
ON PLATELET TRANSFUSION REQUIREMENTS 


Only mild shortening of the period of thrombocytopenia in patients 
undergoing chemotherapy for hematologic malignancy has been 
observed with the use of thrombopoietin mimetic agents. Treatment 
with romiplostim, a thrombopoietin (TPO) receptor agonist, in patients 
with low-risk/intermediate-1-risk myelodysplastic syndrome increased 
platelet counts and decreased the number of bleeding events and plate- 
let transfusions. Although the study drug was discontinued because 
of an initial concern of risk of progression to AML, survival and AML 
rates were similar in patients receiving romiplostim and a placebo.” At 
this time, TPO receptor agonists cannot be routinely recommended as 
an adjunct to or replacement for platelet transfusions in patients with 
hypoproliferative thrombocytopenia, but clinical trials are ongoing. 


PLATELET TRANSFUSION THRESHOLDS 
FOR INVASIVE PROCEDURES 


Little data exist to guide platelet transfusions in patients who are under- 
going invasive procedures.” Most recommendations are based on 
reports of “no harm” observed in groups of patients undergoing planned 
procedures. Some implications can be drawn from bleeding time mea- 
surements performed at various platelet counts (Fig. 139-2).’ At platelet 
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Figure 139-2. The relationship between platelet count and bleed- 
ing time. With normal platelet function, bleeding time above a plate- 
let count of greater than 100 x 10°/L is maintained at approximately 5 
minutes. Bleeding time has an inverse relationship with platelet count 
below a platelet count of 100 x 10°/L, prolonging as the platelet count 
decreases. (Repoduced with permission from Harker LA, Slichter SJ: The 
bleeding time as a screening test for evaluation of platelet function. N Engl J 
Med 27,287(4):155-159. 1972.) 


counts of 100 x 10°/L or greater, the bleeding time averages approxi- 
mately 5 minutes. At platelet counts of less than 100 x 10°/L, there is an 
inverse relationship between platelet count and bleeding time; that is, as 
the platelet count decreases, the bleeding time increases.’ Figure 139-2 
provides a graphical comparison of bleeding times at different platelet 
counts but does not predict the risk of bleeding at surgery. Neither plate- 
let counts nor bleeding times are exact measurements, and small differ- 
ences in platelet counts are unlikely to make a significant difference in 
the time it takes for bleeding to cease. The need for a prophylactic plate- 
let transfusion for an invasive procedure must consider platelet count, 
platelet function, and endothelial integrity, as well as the consequences 
of prolonged bleeding. Procedures that would result in significant harm 
with even small amounts of bleeding (e.g., neurosurgical procedures) 
should probably be performed at higher platelet counts (2100 x 10°/L), 
although most procedures can safely be performed at lower platelet lev- 
els. Abnormal coagulation parameters, drugs or diseases (e.g., uremia) 
that inhibit platelet function should be corrected as much as possible 
before any procedure. Although international guidelines exist for plate- 
let counts at which a procedure can be safely performed, evidence for 
these recommendations are generally weak and of low quality.” 


Platelet Transfusion for Minor Invasive Procedures 

Central Venous Catheter Placement Observational studies of cen- 
tral venous catheter placement have reported low bleeding rates of 0 to 
9 percent. The largest study included the placement of 604 nontunneled 
catheters in 193 consecutive patients and found only patients with pre- 
procedure platelet counts below 20 x 10°/L were at increased risk of 
bleeding compared to those with counts above 100 x 10°/L.** Ninety-six 
percent of bleeding events were Grade 1, and the remaining were Grade 2, 
requiring only local compression for bleeding cessation. A study of 3170 
tunneled catheter placements under ultrasound guidance reported no 
bleeding complications in 344 patients with platelet counts less than 
50 x 10°/L, nor in the 42 patients with even lower platelet counts of 
25 x 10°/L or less.” 

Lumbar Puncture Lumbar puncture (LP) can often be safely 
performed at platelet counts below 20 x 10°/L. A study of 5223 LPs 
performed in 956 pediatric leukemic patients reported that 941 proce- 
dures were done at or below 50 x 10°/L, with 199 done below 21 x 10°/L, 
with no bleeding complications.” Even in those patients who had a trau- 
matic LP (>500 red blood cells/high power field), which occurred in 10.5 
percent of the patients, there were no adverse clinical outcomes. In a study 
in 66 adults with acute leukemia undergoing 195 LPs, there were no bleed- 
ing complications in the 40 LPs performed at platelet counts of 31 to 50 x 
10°/L nor in the 35 LPs performed at platelet counts of 20 to 30 x 10°/L.*! 


Major Invasive Procedures 

High-level evidence is again lacking for determining a safe platelet 
count for major invasive procedures. At this time there are no data to 
support increased perioperative bleeding risk in patients with platelet 
counts below 50 x 10°/L who are undergoing major surgery.” How- 
ever, the presence of other hemostatic abnormalities, especially platelet 
dysfunction, should be considered. Although there is no evidence to 
support platelet transfusion in the nonbleeding cardiac surgery patient, 
a bleeding patient post-cardiopulmonary bypass may benefit from 
platelet transfusion, even in the setting of a normal platelet count as 
a result of the detrimental effect of bypass on platelet function.” The 
patient undergoing major neuraxial surgery may require higher platelet 
counts perioperatively to minimize increased accumulation of blood 
in an enclosed space. Although no specific evidence supports the prac- 
tice other than normalization of the bleeding time, a platelet count of 
100 x 10°/L is generally accepted as appropriate for major neurosurgical 
procedures.”?”” 
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The Thrombocytopenic Patient on Anticoagulation Therapy 
Anticoagulation itself does not slow the formation of the primary plate- 
let plug, although a decrease in thrombin generation would slow acti- 
vation of more platelets and clot stabilization. It is not known whether 
higher counts are more appropriate for patients on anticoagulation, and 
if so what the appropriate level would be. Although platelet counts of 40 
to 50 x 10°/L are often considered to be a safe level for patients antico- 
agulated with warfarin or heparin therapy,” there have been no trials to 
evaluate whether lower counts would be as safe. 

Platelet Transfusion Thresholds for Bleeding A paucity of evi- 
dence exists on the target platelet count in bleeding patients. The site of 
bleeding and other hemostatic abnormalities or drugs that might result 
in a bleeding tendency should be considered and corrected as needed. 
A target platelet count of 100 x 10°/L should be used in life threatening 
bleeding such as intracerebral bleeding or diffuse alveolar hemorrhage 
to minimize compromise of healthy tissue. For diffuse microvascular 
bleeding, a platelet count of 100 x 10°/Lis also usually recommended,” 
but difficulties of obtaining timely results during massive hemorrhage 
make the feasibility of this approach unrealistic in the field and in many 
trauma centers. Retrospective analysis of combat casualties requiring 
massive transfusion (>10 units in 24 hours) found a transfusion ratio of 
one AP platelet component to every 8 units of red blood cells to be asso- 
ciated with significantly improved survival at 24 hours and 30 days in 
combat casualties requiring a massive transfusion (MT) within 24 hours 
of injury.” Equal ratios of plasma, platelets, and red blood cells, is an 
essential element of the United States Department of Defense “Damage 
Control Resuscitation” clinical practice guideline for control of massive 
hemorrhage adopted in 2006.** In the Pragmatic Randomized Optimal 
Platelet and Plasma Ratios (PROPPR) study,” 680 patients at level 1 
trauma centers requiring massive transfusion were randomized to one 
of two standard transfusion ratio interventions: 1:1:1 or 1:1:2 (plasma: 
platelets: red cells), the equivalent of one AP platelet to every 6 or 12 
units of red blood cells. Both 24-hour and 30-day mortality were signifi- 
cantly improved when the numbers of platelets and plasma transfusions 
were increased to a 1:1 ratio with red blood cell transfusions.* 


The Bleeding Patient on Platelet Inhibitor Therapy 

Although aspirin inhibits the production of thromboxane A., an effect 
that lasts for days after ingestion, the drug itself has a relatively short 
half-life of 2 to 3 hours, whereas other nonsteroidal antiplatelet agents 
have effects that last less than 24 hours.” Thienopyridine-class anti- 
platelet agents such as clopidogrel have much longer half-lives, as do 
the active metabolites of these drugs, and may continue to affect plate- 
lets for more than a week. Although it is common practice to transfuse 
platelets to patients treated with these drugs if they suffer serious or 
life-threatening bleeding, there are no data that have established the 
effectiveness of platelet transfusions in these patients. 


MANAGEMENT OF PATIENTS REFRACTORY 
TO PLATELET TRANSFUSIONS 


The incremental increase in platelet count following a platelet trans- 
fusion is dependent upon the platelet dose (number) and the patient’s 
blood volume (which is, in turn, dependent on their body size). The cor- 
rected count increment (CCI), generally measured 30 minutes to 1 hour 
following a platelet transfusion, takes into account both patient size and 
the dose of platelets transfused and can be calculated by the formula: 


(Posttransfusion Platelet Count — Pretransfusion Platelet Count) 
(Body Surface Area in Meters?) 


CHT Number of Platelets Transfused (x10!!) 


Patients who have a CCI of less than 5 x 10°/L on at least two con- 
secutive occasions are considered to be “refractory” to platelet transfu- 
sions. As the platelet count of the product is not usually available to the 
clinician, two sequential 1-hour platelet increments of 11 x 10°/L or less 
may also be used to indicate refractoriness.” Platelet refractoriness can 
be classified as immune or nonimmunologically mediated with the latter 
being the most common cause of platelet refractoriness.“ Unfortunately, 
many patients concurrently experience both types of platelet refractori- 
ness. In the Trial to Reduce Alloimmunization to Platelets (TRAP)* that 
involved 533 patients given 6379 transfusions, the factors that most likely 
resulted in platelet refractoriness, in order of frequency, were: develop- 
ing lymphocytotoxic antibodies; being female with two or more preg- 
nancies or male; heparin administration; fever; bleeding; transfusion 
of y-irradiated platelets; and receiving an increasing number of platelet 
transfusions. In addition, platelets express ABO antigen on their surface 
and occasionally patients with high anti-A agglutinin titers may benefit 
from ABO-matched platelets.’ Similar factors are associated with poor 
platelet responses in many other platelet transfusion studies.”****° 

Active bleeding or denuded endothelium may cause increased 
platelet consumption so that the incremental increase in platelet count 
is decreased. Patients with reduced responses to transfused platelets 
due to increased platelet consumption may benefit from more frequent 
transfusions. The use of very frequent or continuous (“drip”) platelet 
transfusions in patients with life-threatening bleeding is sometimes 
undertaken,” although no trials of this mode of therapy have been 
performed. 

Patients who have been previously transfused or pregnant may fail 
to increase their platelet count following transfusion as a consequence 
of human leukocyte antigen (HLA) antibodies directed against the 
class I HLA antigens on the platelet surface. Transfusion of leukocyte 
reduced cellular blood components can reduce the rate of formation 
of these antibodies.” A minority of patients will develop or recall these 
antibodies and have only minimal or no increase in the platelet count 
following transfusion. There are a number of methods for HLA anti- 
body testing, either by cell-based or solid-phase assays. Testing can be 
used to screen for antibodies and to identify antibody specificity to aid 
in donor selection.” The results of these assays are expressed as a per- 
centage of the test cells or beads that bind patient antibodies. Patients 
with poor responses to platelet transfusions because of HLA antibodies 
may benefit from HLA-matched platelets, identifying the specificity of 
the patient's antibodies and avoiding any incompatible antigens or using 
platelet crossmatching assays to select compatible donors. 

In patients with marked splenomegaly, large doses of platelets may 
increase the total body platelet mass and increase the platelet count. 
Platelets are released from the spleen upon injection of epinephrine,” 
suggesting that under times of stress these sequestered platelets may 
become available for hemostasis. Homologous platelets transfused to 
patients with immune thrombocytopenia survive only a few hours in 
the majority of patients studied.” Therefore, transfusion of platelets to 
patients with immune thrombocytopenia is appropriate only for life- or 
organ-threatening bleeding.” Platelet transfusion was associated with an 
increased risk of arterial thrombosis in patients with thrombotic throm- 
bocytopenic purpura (TTP) and heparin-induced thrombocytopenia 
(HIT), but not in patients with immune thrombocytopenia (ITP). 


Use of Antifibrinolytic Therapy 

Tranexamic acid and aminocaproic acid improve bleeding and decrease 
platelet use in patients with thrombocytopenia associated with hemato- 
logic malignancy.” The use of antifibrinolytic therapy with tranexamic 
acid or -¢-aminocaproic acid has been suggested to augment other mea- 
sures to decrease or prevent bleeding in patients who continue to bleed 
in spite of platelet transfusions. 
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@ PLATELET PRODUCTS AVAILABLE 
FOR TRANSFUSION 


Platelets are obtained by two different methods: platelet concentrates 
from whole blood or apheresis platelets. The FDA requires at least 5.5 
x 10” platelets/concentrate and 3.0 x 10" platelets/apheresis collection. 


PLATELET CONCENTRATES FROM 
WHOLE BLOOD 


Platelet concentrates can be prepared from units of whole blood using 
two different methods as outlined in Fig. 139-3. These are referred to as 
the platelet-rich plasma (PRP) method, which is used exclusively in the 
United States,” and the buffy coat (BC) method,” which is predomi- 
nantly used in Europe and Canada. Comparative studies show no differ- 
ence in the quality of these platelet concentrates when they are stored for 
up to 7 days.***” That there are no differences in these products was con- 
firmed in a controlled trial in which the same normal subjects donated 
whole blood on two occasions." A buffy-coat platelet concentrate or a 
PRP platelet concentrate was randomly assigned to be prepared from 
either the first or second whole-blood donation. After storage for 7 days, 
the platelets were radiolabeled and transfused back into their normal 
donor. Recovery differences averaged 3.7 + 2.4 percent (+ SE, p = 0.15) 
and survival differences 0.48 + 0.56 days (p = 0.41). 


APHERESIS PLATELETS 


The major advantage of AP platelets is that enough platelets can be col- 
lected from a single donor to constitute a transfusion dose. In contrast, 
to obtain an equivalent number of platelets requires pooling four or five 
whole-blood-derived platelet concentrates. 

The reduction in donor exposures by using AP platelets has the 
potential advantages of reducing transfusion-transmitted infections 
and the incidence of platelet alloimmunization. However, the current 
tests for detecting viral transmission by transfusion have reduced 


Methods of preparing platelet concentrates 
from units of whole blood 


the infectious risk/donor exposure to very low levels.” The bacte- 
rial risk associated with platelet transfusions is high because plate- 
lets are stored at 22°C. Some studies suggest a reduction in bacterial 
transmission by transfusion with the use of single-donor platelets. 
However, both the American College of Pathologists and the AABB 
mandate testing of all platelet products for bacteria,’ which should 
reduce this potential advantage of single-donor platelets. Currently, 
the requirement for bacterial testing has increased the use of APs 
because the costs for culture-based testing of an apheresis unit ver- 
sus testing each platelet concentrate that would be used in a pool has 
provided a significant cost advantage for APs. As platelet concentrates 
are less expensive to produce, this current cost advantage of APs will 
likely shift to pooled random donor platelets with more widespread 
use of prestorage pooling of platelet concentrates allowing bacterial 
testing of the pool.” Certainly, there were no differences in post- 
transfusion platelet responses between patients given either pre- or 
poststorage pooled platelet concentrates. Although transfusion reac- 
tions may occur less frequently with APs, leukoreduction appears to 
mitigate this advantage over pooled platelets. In addition, the use 
of leukoreduced pooled random donor platelets does not appear to 
lead to increased alloimmunization rates or broaden the specificity of 
any preexisting or developing antibodies compared to leukoreduced 
single-donor platelets.” 


COMPARATIVE EFFECTIVENESS OF PLATELET- 
RICH PLASMA PLATELET CONCENTRATES 
VERSUS APHERESIS PLATELETS, ABO 
MATCHING, STORAGE DURATION, AND 
ADVERSE EVENTS 


Transfusion Responses 

Many clinicians consider that platelets obtained by AP give 
superior posttransfusion platelet responses compared to PRP 
pooled random-donor whole-blood platelets (rdWBPs). The large 


Figure 139-3. Preparation of platelet concentrates 
from whole blood. Two methods of preparing platelet 
concentrates from whole blood have been developed. 
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The main differences are related to the centrifugation 
steps that are used when proceeding from whole blood 
o a platelet concentrate. Specific details of the methods 
are described in Slichter and Harker** for platelet-rich 
plasma (PRP) method platelet concentrates and Pietersz, 
Loos, and Reesink°> for buffy coat (BC) method platelet 
concentrates. PPP, platelet-poor plasma. 
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Probability of remaining 
event free 


T T T T T T 1 


0 5 10 15 20 25 30 35 
B Time since first platelet transfusion (days) 
No. Patients at Risk 
ABO Identical 467 215 78 31 10 3 1 
Minor Mismatch 75 30 8 2 1 1 
Major Mismatch 198 72 27 5 


0 5 10 


15 20 25 30 


Cc Time since first platelet transfusion (days) 
No. Patients at risk 
0-2Days 48 13 5 
3Days 158 47 16 1 
4Days 223 69 13 1 
5 Days 221 71 23 4 1 1 


Figure 139-4. Kaplan-Meier plots of time from platelet transfusion to first Grade 2 or higher bleeding for each platelet characteristic. A. Time 
from first platelet transfusion to first Grade 2 or higher bleeding by source of platelets. Time to bleeding was censored at the first date that any of 
the following occurred: transfusion of a platelet unit with a different source from the patient's initial platelet transfusion; missing data on whether 
Grade 2 or higher bleeding occurred; or end of study. Platelet source was not a significant predictor of time to Grade 2 or higher bleeding (p = 0.44). 
Apheresis platelets (_) and random-donor whole-blood platelets (rdWBPs) (..). B. Time from first platelet transfusion to first Grade 2 or higher bleeding 
by ABO matching status from the patient's initial platelet transfusion or missing data on ABO matching status; missing data on whether Grade 2 or 
higher bleeding occurred; or end of study. Divergence of the curves after 15 days is probably the result of the small number of patients still at risk 
by that time. ABO matching status was not a significant predictor of time to Grade 2 or higher bleeding (p = 0.33). ABO identical platelets (_), ABO 
minor mismatched platelets (..), and major ABO mismatched platelets (_). C. Time from first platelet transfusion to first Grade 2 or higher bleeding, 
by platelet storage duration, among patients whose first platelet transfusion was stored for 0 to 5 days. Time to bleeding was censored at the first 
date that any of the following occurred: transfusion of a platelet unit with a different storage duration from the patient's initial platelet transfusion; 
transfusion of a platelet unit with missing data on storage duration; transfusion of pooled rdWBPs of different storage durations; missing data on 
whether Grade 2 or higher bleeding occurred; or end of study. Divergence of the curves after 10 days is probably the result of the small number of 
patients still at risk by that time. Duration of platelet storage was not a significant predictor of time to Grade 2 or higher bleeding (p = 0.87). Platelet 
storage times: 0 to 2 days (_.), 3 days (..), 4 days (_), and 5 days (_). (Reproduced with permission from Triulzi DJ, Assmann SF, Strauss RG, et al: The impact of 
platelet transfusion characteristics on posttransfusion platelet increments and clinical bleeding in patients with hypo-proliferative thrombocytopenia. Blood 


7;119(23):5553-5562, 2012.) 


multiinstitutional PLADO trial provides new information on the 
relative merits of the two products.’ The PLADO trial involved 1272 
platelet-transfused patients who received 8994 platelet transfusions of 
which 6031 were given prophylactically. The patients were observed 
for 24,309 days. Subsets of this database were used to analyze bleeding 
outcomes, posttransfusion increments, and CCI within 4 and 24 hours 
posttransfusion, and transfusion intervals based on blood product 
transfused, ABO matching between donor and recipient, and duration 
of platelet storage. 


Time to Bleeding 

Importantly, in the PLADO trial neither differences in platelet prod- 
uct, ABO matching, nor in storage duration affected time to bleeding 
(Fig. 139-4).6 


PLATELET INCREMENTS, CORRECTED COUNT 
INCREMENTS, AND TRANSFUSION INTERVAL 


In the PLADO ttrial, the absolute increments for rdWBPs at 4 
hours posttransfusion were on average 3.5 x 10°/L lower than APs 
(p = 0.002), and CCIs were 1400 less (p = 0.01), with no differences 
for these parameters at 24 hours. Major ABO-incompatible (donor 
red cell A or B antigens incompatible with recipient’s anti-A or anti-B 
antibodies), but not ABO-minor (donor’s anti-A or anti-B antibodies 
incompatible with recipient’ red cell A or B antigens), transfusions were 
associated with lower increments of 2.2 x 10°/L (p = 0.0001) and lower 
CCIs of 1.4 x 10°/L (p <0.0001) at 4 hours posttransfusion, respectively, 
compared to ABO-identical transfusions. Similarly, at 24 hours post- 
transfusion, major ABO-mismatched transfusions had lower platelet 
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increments of 2.6 x 10°/L (p <0.001) and CCIs were less by 1.8 x 10°/L 
(p <0.0001), but there was no effect of minor ABO incompatibility on 
these measurements at any time point. Platelet storage duration did 
show a progressive decline in platelet increments and CCIs, but the 
effect was very modest. Importantly, transfusion intervals showed only 
trivial effects based on transfusion type (AP or rdWBP) and only for 
low-dose platelet transfusions (1.1 x 10" platelets/m’) (p = 0.02), the 
interval was 3.9 hours less for ABO-major-mismatched transfusions 
(p <0.001), and there was no effect of storage duration. Because of the 
large number of transfusions, some of the differences between plate- 
let products, ABO matching, and storage duration were highly statis- 
tically significant. However, for the two most important parameters 
for clinicians (e.g., bleeding risk and interval between transfusions), 
there were no important differences based on product transfused, ABO 
matching, and storage duration of 5 or fewer days.® Even differences in 
platelet increments and CCIs were modest, as confirmed by previous 
meta-analysis. ® 


ADVERSE EVENTS 


Additional analysis of the PLADO data base showed no differences in 
any adverse event based on platelet source, ABO matching, or storage 
duration.” 


@ MODIFICATIONS TO TRANSFUSED 
PLATELETS 


LEUKOREDUCTION 


There are clear indications for providing leukoreduced platelet products: 
(1) reduction of platelet alloimmunization,* (2) prevention of cytomeg- 
alovirus transmission by transfusion,” and (3) reduction in febrile 
transfusion reactions.” In addition, some studies suggest that white 
cells that contaminate platelet and red cell transfusions may contribute 
to immunomodulatory effects of transfusion, such as an increased inci- 
dence of postoperative infections and metastasis formation in cancer 
patients.” However, controversy still surrounds whether transfusions 
have immunomodulatory effects.” 


y- IRRADIATION 


y-Irradiation of platelets is indicated to prevent transfusion-related 
GVHD, which is uniformly fatal.” y-Irradiation with the usual dose of 
25 Gy in one study did not affect either posttransfusion platelet survival 
or function.” However, in a transfusion study in thrombocytopenic 
patients, y-irradiation decreased 1-hour posttransfusion increments by 
2.8 x 10°/L and showed an increased hazard ratio of 1.45 for the develop- 
ment of platelet refractoriness.” Furthermore, additional observations 
from the TRAP demonstrated that y-irradiation prolonged the dura- 
tion of HLA alloantibodies in patients who developed these antibodies 
during the course of their transfusions.” Therefore, indiscriminate use 
of y-irradiation should be avoided. Situations in which y-irradiation 
should be performed are: (1) patients receiving allogeneic HSCT and 
(2) patients who are severely immunocompromised, usually because of 
their disease or its treatment (e.g., patients who have Hodgkin or other 
lymphomas).” 


VOLUME REDUCTION 


For some patients who are receiving large volumes of fluids where con- 
sideration of intravenous line availability is an issue, who are volume 


overloaded, or for infants/young children where an adult volume may 
be excessive, volume reduction of platelets before transfusion is a con- 
sideration. For most children, volume reduction is often unnecessary.” 
Whenever platelets are concentrated by centrifugation, there is likely 
to be some damage to the platelets, re-suspension is often incomplete, 
and, therefore, this extra processing should only be done if necessary 
for patient care.” 


@ FUTURE ADVANCES IN PLATELET 
PRODUCTS FOR TRANSFUSION 


PATHOGEN REDUCTION 


Two methods of pathogen reduction®*' have been evaluated in clinical 
trials. Both systems involve adding an agent—either amotosalen (Inter- 
cept system)* or riboflavin (Mirasol system)*!—to the platelets prior 
to exposure to ultraviolet (UV) light. After UV exposure, these agents 
prevent replication of RNA and DNA in pathogenic organisms, as well 
as eliminating the function of contaminating leukocytes.**** Both the 
Mirasol and Intercept methods produce a reduction in posttransfu- 
sion autologous radiolabeled platelet recoveries and survivals**** that 
is related to the dose of UV used in the pathogen-reduction process. 
Recoveries and survivals of 5-day stored pathogen-treated platelets 
were reduced by approximately 15 to 25 percent, compared to similarly 
stored nontreated platelets from the same subjects (p <0.05 to <0.01). 
The Intercept system has been evaluated in a 645-patient U.S. random- 
ized trial comparing treated to control platelets.” This technology was 
approved by the FDA for pathogen reduction of platelet components 
on December 19, 2014. A limited randomized trial in France involving 
110 thrombocytopenic patients documented hemostatic efficacy 
of Mirasol-treated platelets and similar rates of red cell and platelet 
utilization but lower CCIs for patients who received treated compared to 
control platelets. However, there were no adverse events following trans- 
fusion of the treated platelets, and more studies will likely be needed for 
FDA approval. Both technologies have received regulatory approval for 
their use in Europe. 

Several centers in Europe that have incorporated pathogen reduc- 
tion technology have eliminated y-irradiation of platelets to prevent 
transfusion-associated GVHD. Inactivating leukocytes may also 
decrease transfusion-related adverse events such as fever, chills, and 
allergic reactions associated with cytokine release from residual white 
cells during platelet storage, and it may also reduce rates of platelet allo- 
immunization. All of these benefits will mean safer, more cost-effective 
platelets for transfusion. 


EXTENDED PLATELET STORAGE 


The major risk of extended platelet storage at 22°C is bacterial over- 
growth usually as a consequence of inadequate sterilization of the 
venipuncture site. Most bacteria have been demonstrated to grow to 
confluence by 3 to 5 days. Therefore, once platelets have been stored 
beyond 5 days, there is little increased risk from bacterial overgrowth. 
The only remaining issue to allow extended platelet storage will likely be 
having either a sensitive and specific point of release bacterial assay or 
incorporating a prestorage pathogen reduction process. 

The FDA has suggested a hierarchical system for evaluating stored 
platelets prior to licensing” proceeding from a variety of in vitro assays, 
to radiolabeled autologous platelet recovery and survival measure- 
ments in normal subjects, and, finally, depending on the magnitude 
of the differences in the new product compared to products that are 
currently licensed, to transfusion trials in thrombocytopenic patients 
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TABLE 139-2. Extended Platelet Storage in Plasma 


PLATELET 
Recovery (%) Survival (Days) 

Platelet Product N Storage Time (Days) Fresh Stored %ofFresh Fresh Stored %ofFresh Reference 
PRP-PCt 10 6 ©) a2 46+4 sae (|i Shi] ae) SESO OAE 2s 42 

12 7 60 +3 4344 Tae Vi" 8.7405 41+04 51416 42 
BC-PC* 10 6 67+14 54 +13  80+9* Shilae ties) lasik Os 10" 43 

10 7 (3) 22 (17/ 50+14 79+6* 8.22018 4:82) 11) 592 16 43 
Haemonetics Apheresis* 20 8 66 + 16 SOs 5 Gi) ze Zi)" eas la MOa ito  (67/ ae 77" 44 


*Percent of fresh platelet recoveries and survivals that meet FDA poststorage platelet viability criteria. 


‘Data reported as average +1 SE. 
*Data reported as average +1 SD. 


to document efficacy (predominantly hemostatic) and safety. Previ- 
ously, most platelets have not been stored beyond 7 days.*”°! We have 
completed a series of studies based on autologous radiolabeled platelet 
recovery and survival measurements in normal subjects to determine 
how long PRP or BC platelet concentrates or AP platelets can be stored 
in either plasma or a platelet additive solution (Plasmalyte) while still 
meeting FDA poststorage platelet viability guidelines; that is, the 95 per- 
cent lower confidence limits for each donor’s stored radiolabeled autol- 
ogous platelet recoveries should be 66 percent of the same donor’s fresh 
radiolabeled recoveries, and survivals should be 58 percent of fresh. As 
shown in Table 139-2, both plasma-stored PRP and BC platelet con- 
centrates met FDA recoveries and survivals for 6 days of storage but 
only recoveries for 7 days of storage with no differences between the 
two types of platelet concentrates.”°? In contrast, Haemonetics plasma 
stored AP could meet both FDA's platelet recovery and survival crite- 
ria for 8 says of storage, but, by 9 days, low pH values resulted in loss 
of platelet viability.” Although concurrent data with the same donor’s 


fresh platelets were not obtained, AP had poststorage platelet viability 
that was not significantly different than Haemonetics platelets when 
both products were stored for 1 to 9 days.” 

When platelets are stored in a platelet additive solution (Plasma- 
lyte), the longest storage times that were achieved were the same as in 
plasma; that is, 6 days (Table 139-3). However, Haemonetics platelets 
could be stored for 13 days. The significance of these data are (1) the 
life span of the platelet is not intrinsic to the cell as after 13 days of 
storage platelet survivals still averaged 4.6 + 0.3 days, and (2) platelet 
viability is better maintained in vitro than in vivo as normal subjects in 
vivo fresh autologous platelet survivals are only 8 to 10 days.” This may 
be because platelets in vivo have a work-related function that shortens 
their life span compared to in vitro storage. In addition, our studies may 
suggest much longer storage times are possible in platelet additive solu- 
tion than plasma, the same bags that are acceptable for storing platelets 
in plasma may not allow long-term platelet storage in this solution, and 
the method of platelet collection significantly affects storage duration.” 


TABLE 139-3. Extended Platelet Storage in Plasmalyte 


PLATELET 
Recovery (%) Survival (Days) 

Platelet Storage Plasmalyte % of 
Product N Time (Days) Concentration (%) Fresh Stored %ofFresh Fresh Stored Fresh Ref. 
PRP-PC* 10 6 65 £3 Gijae 12 S521 82 + 6* 8.1414 5.0414  62+417 43 
BC-PC* 10 6 67 265) 61413 49412 80 + 10* 8.0+1.5 Sy) ae || 70+14* 43 

5 1 6557 7443 58E Ts) ae 5" TONS 41+16 55+10 43 
Haemonetics 4 9 Is) ae 3} 67 +4 55) ae 5) GA ae (0 7641.1 6.6+0.6 93+19* 46 
Apheresis** 

10 13 filas: il 674 49+3 73 +4* 7.0+0.6 4.6+0.3 69+6 46 

10 14 82+ 65+4 43 +3 67+4 74+0.6 4.2+0.5 57+4 46 
Trima 8 9 83+ 54+4 44+4 Ths ae By? 7.7+0A4 5.0 + 0.2 59 +2 46 


Apheresis* 


*Percent of fresh platelet recoveries and survivals that meet FDA poststorage platelet viability criteria. 


‘Data reported as average +1 SE. 
*Data reported as average +1 SD. 


5Data reported as “fresh results” are for platelets that have been stored for 1 day. 
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megaloblastic anemia and, 606t 
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ADAMTS-13 (ADAMTS13) 
acquired deficiency, 2256 
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activation, 303-304 
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vs. innate immunity, 293, 294t 
natural killer cells and, 1191 
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ADCC (antibody-dependent cellular 
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1840 
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Adeno-associated viral (AAV) vectors, 
438-439, 442, 2129 
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Adenosine deaminase (ADA) deficiency, 439, 
1214t, 1217, 1218 
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Adenosine monophosphate kinase (AMPK), 
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Adenosine signaling, in sickle cell disease, 
765-766 
Adenosine triphosphate. See ATP (adenosine 
triphosphate) 
Adenosylcobalamin, 589, 589f, 592, 592f 
Adenoviral vectors, 438 
Adenovirus infection. See also Viral 
infections 
in immunocompromised host, 384 
T-cell therapy for, 412 
Adenylate kinase (AK), 692t, 699, 700t, 705 
Adenylate kinase 2 deficiency, 1217 
Adhesion molecules 
atherosclerosis and, 2286 
in cell signaling, 250 
eosinophil, 948-949, 949t 
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leukocyte-endothelial cell, 1977-1978, 
1977t 
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900 
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activation of Akt by, 1882 
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platelet response to, 2074 
receptors for, 1874-1876 
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ADP receptor defects (P2Y,, and P2X,), 
2056-2057 
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in disseminated intravascular coagulation, 
2205t 
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definition, 1700 
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AF4 proteins, 169 
AF9 proteins, 169 
Afamelanotide, for erythropoietic 
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acute lymphoblastic leukemia prognosis 
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cellular senescence, 132 
hematopoietic microenvironment and, 267 
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organismal, 132 
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2259-2261, 2259t 
AI. See Anemia of inflammation (AI) 
AICAR, 585, 590 
AICC (anti-inhibitor coagulant complex), 
2185 
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AIDS (acquired immunodeficiency 
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immunodeficiency virus (HIV) 
infection 
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cobalamin deficiency and, 601-602 
diagnosis, 1240-1242, 1241t 
malignancies associated with. See Human 
immunodeficiency virus 
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natural killer cells and, 1192 
opportunistic infections in, 1240-1241, 
1241t 
AIDS-defining conditions, 1240-1241, 1241, 
1243, 1243t, 1244f 
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AIRE, 1181, 1219, 1224 
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sickle cell disease and, 769 
AITL (angioimmunoblastic T-cell 
lymphoma), 1498t, 1598, 1694, 
1694t, 1697-1698 
Ajoene, 2079 
AK (adenylate kinase), 6921, 699, 700t, 705 
AK1, 699 
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AKT, 209, 1666 
Akt (protein kinase B), 208f 209, 251, 1882 
AKT inhibitors, 1403 
ALA (6-aminolevulinic acid), 889, 891f, 893f 
ALAD (6-aminolevulinate dehydratase), 894 
ALA (6-aminolevulinic acid) dehydrase, 701t 
AL amyloidosis. See Immunoglobulin light- 
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892-894, 917-918 
ALAS1, 892-894, 896, 901 
ALAS2, 892-894, 896, 918 
ALAS2, 894, 916, 920 
ALCL. See Anaplastic large cell lymphoma 
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hematologic effects, 654-655 
lymphocytopenia in, 1206 
neutrophil motility and, 1026 


porphyria cutanea tarda and, 906 
thrombocytopenia in, 1998 
ALDOA, 695 
Aldolase 
activity, 692t 
deficiency, 700t, 704 
in glucose metabolism, 695 
Aldosteronism, 560 
Alefacept, for acquired aplastic anemia, 527 
Alemtuzumab, 345 
adverse effects, 343t, 1535, 1695 
for autoimmune hemolytic anemia, 839 
for B-cell prolymphocytic leukemia, 1542 
for chronic lymphocytic leukemia, 1535 
dose, 343t 
for mycosis fungoides, 1687 
for myelodysplastic syndromes, 1359 
for peripheral T-cell lymphoma, 1695 
for pure red cell aplasia, 544 
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leukemia, 1567 
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ALK, 188, 1576 
ALK-1, 1688 
ALK-positive large B-cell lymphoma, 1496t, 
1598-1599 
ALK-positive/negative anaplastic large cell 
lymphoma. See Anaplastic large cell 
lymphoma (ALCL) 
Alkylating drugs, 329-331. See also specific 
drugs 
adverse effects, 330-331 
for chronic lymphocytic leukemia, 1534 
high-dose, 331, 331t 
mechanism of action, 329, 330f 
pharmacology, 329-330 
resistance to, 319f 
secondary acute myelogenous leukemia 
and, 1407 
ALL. See Acute lymphoblastic (lymphocytic) 
leukemia (ALL) 
Allele-specific oligonucleotide polymerase 
chain reaction (ASO-PCR), 1716 
Allelic exclusion, 1168 
Allergic disorders 
basophils and mast cells in, 969 
eosinophilia in, 955t 
Allergic irritability, 303 
Allergic transfusion reaction, 2375 
Alloantibodies, 2343 
Allogeneic hematopoietic stem cell 
transplantation. See Hematopoietic 
cell transplantation (HCT), 
allogeneic 
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Alloimmune hemolytic anemia, 836 
Alloimmune hemolytic disease of the fetus 
and newborn (HDEN), 847-859 
antenatal monitoring, 853f 
amniotic fluid spectrophotometry in, 
854 
fetal blood sampling, 854 
maternal immunohematologic testing, 
852-853 
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definition and history, 847, 2329 
differential diagnosis, 849 
epidemiology, 847-848, 848t 
obstetric history and, 849 
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pathophysiology 
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2348 
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RhD hemolytic disease, 849-850, 851f, 
852t, 2348 
prevention, 858-859, 859f, 2339 
therapy, 854-858 
delivery, 855 
erythropoietin, 859 
exchange transfusion, 856-857 
immediate postnatal, 856 
intrauterine transfusion, 854-855 
IVIG, 858-859 
neonatal monitoring, 855-856, 856f 
phototherapy, 857 
Alloimmune neonatal neutropenia, 995, 2358 
Allopurinol, 322 
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1514 
for hyperuricemia, 1394, 1450, 1514 
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All-trans-retinoic acid. See ATRA (all-trans- 
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ALOX12, 2060 
a2a adrenergic receptors, 1876 
aß heterodimers, 1175, 1176f 
aß, interface, mutations in, 781 
aß T-cell receptor, 1177 
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a chemokines, 288, 288t 
aô-storage pool deficiency, 2055 
a-enolase, 696 
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6-thalassemias and, 742 
hemoglobin, 728, 760-761 
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1846-1847t, 1848, 2166 
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pathophysiology. See Thalassemias, 
pathophysiology 
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ALPS (autoimmune lymphoproliferative 
syndrome), 210, 1224, 1575t 
Alteplase, 403 
for myocardial infarction, 2295 
for stroke, 2314, 2314t, 2315 


AMPK (adenosine monophosphate kinase), 
194-195 
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for acute myelogenous leukemia, 1395 
secondary acute myelogenous leukemia 
and, 1407 
Amyloid, 1773 
Amyloid light-chain amyloidosis. See 
Immunoglobulin light-chain (AL) 
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a helix, disruption of, 781 Amenorrhea, history of, 5 inherited forms, 1773, 1774t, 1776, 
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a-storage pool deficiency (gray platelet 1404 systemic, 2108 
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molecular basis, 736-737, 737t, 738f 
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hydrops fetalis syndrome 
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disease 
hemoglobin variants causing, 778t 
leukemia and, 739 
mental retardation and, 739, 745 
minor, 636 
molecular basis, 736-739, 737t, 
739f 
myelodysplasia and, 739 


Amikacin, 386, 387t 
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deletions, unstable hemoglobins and, 781 
in neutrophils, 935, 935t 
Aminocaproic acid. See e-aminocaproic acid 
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Aminoglycosides, 384 
6-Aminolevulinate dehydratase (ALAD), 894 
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(ADP), 890t, 8911, 894, 900 
6-Aminolevulinate hydrolase, 894 
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892-894 
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6-Aminolevulinic acid (ALA), 889, 891f, 893f 
6-Aminolevulinic acid (ALA) dehydrase, 
701t 
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mechanism of action, 197 
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AMLI. See RUNX1 (AML1) 
AML1-ETO, 225, 240 
AMLI-3, 926 
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180, 1382f, 1387, 1388t, 1390 
AMN (amnionless), 591, 605 
Amniotic fluid embolism, 2210 
Amniotic fluid spectrophotometry, 854 
Amotosalen, 2388 
AMP deaminase, 701t 
Amphotericin B, 385, 387t 


Amyloid precursor protein (APP), 1848 
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adverse effects, 1314, 2081 
for chronic myeloproliferative disorders, 
2081 
for cytoreduction in chronic myelogenous 
leukemia, 1450-1451 
for essential thrombocythemia, 1313t, 
1314, 1314t, 2081 
for polycythemia vera, 1298t, 1300 
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Anal cancer, 1243 
Anaphylactic reactions, 2375 
Anaphylatoxin, 932 
Anaplastic large cell lymphoma (ALCL) 
ALK-negative, 1694, 16951, 1698, 1699 
ALK-positive, 1637, 1694t, 1695t, 
1698-1699 
breast implant-associated, 1698 
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224t, 1499t, 1576-1577 
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definition, 1698 
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gene mutations, 1499t 
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1599f, 1600f, 1699-1700 
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prognosis, 1695t, 1699 
treatment, 1694-1696, 1695t, 1696t, 1699 
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antibodies), 959-960, 2107 
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Anderson disease, 567 
Androgens 
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for anemia of primary myelofibrosis, 1328 
for aplastic anemia, 526 
deficiency, anemia and, 560 
erythropoietic effects, 560, 879, 880f 
for Fanconi anemia, 529 
for paroxysmal nocturnal hemoglobinuria, 
578-579 
Anemia, 503-506 
in acute lymphoblastic leukemia, 1509 
in acute myelogenous leukemia, 1381 
in alcoholism, 654-655 
aplastic. See Aplastic anemia 
from blood donation, 629-630 
of chronic disease, 549. See also Anemia of 
inflammation (AI) 
of chronic kidney disease. See Anemia of 
chronic kidney disease 
of chronic liver disease, 636 
classification, 506, 507—508t 
clonal, 1277 
congenital dyserythropoietic. See 
Congenital dyserythropoietic 
anemias (CDAs) 
consultative approach to, 42 
cow’s milk, 630 
of critical illness, 549 
differential diagnosis, 42 
dilution, 554, 742 
of endocrine disorders, 559-561 
factitious, 630 
Fanconi. See Fanconi anemia 
hemolytic. See Hemolytic anemia 
of hemolytic disease, 637 
in HIV infection. See Human 
immunodeficiency virus (HIV) 
infection, anemia in 
in Hodgkin lymphoma, 1610 
hypoplastic, 637 
of hypothyroidism, 559, 637 
iatrogenic, 629 
of inflammation. See Anemia of 
inflammation (AI) 
iron-deficiency. See Iron deficiency 
with marrow infiltration. See Marrow, 
infiltration 
from metastatic invasion of marrow, 
553-554 
newborn, 103, 849 
pathophysiology and manifestations, 
503-506 
cardiac output, 505 
oxygen transport, 503-505, 504f, 505f 
pulmonary function, 505 
red cell production, 505-506, 505f 
tissue hypoxia, 506 


pernicious. See Pernicious anemia (PA) 
in pregnancy, 120 
preoperative, 2378 
prevalence of, 134, 134t 
in primary myelofibrosis, 1328 
of protein deficiency (kwashiorkor), 654 
sideroblastic. See Sideroblastic anemias 
of starvation, 654 
trace metal deficiency, 653-654 
unexplained, 134, 136 
vitamin-deficiency, 651-653. See also 
specific vitamins 
Anemia of chronic kidney disease 
clinical features, 552 
epidemiology, 550 
iron deficiency and, 637 
laboratory features, 552 
pathophysiology, 549, 550f 
therapy, course, and prognosis, 554t, 555 
Anemia of inflammation (AI), 549-555 
clinical features, 552 
conditions associated with, 550t 
definition and history, 549 
differential diagnosis, 553-554 
epidemiology, 550 
etiology and pathogenesis, 550-552, 551f 
vs. iron deficiency, 636 
laboratory features, 552-553, 553f, 553t 
therapy, course, and prognosis, 554-555, 
554t 
Anesthesia 
for marrow aspiration, 28 
platelet function and, 2079 
in sickle cell disease, 773 
Aneuploidy, 175t 
Aneurysm, formation of, 1975, 1975f 
Angina pectoris, 5, 2295-2297 
Angiogenesis, 279 
fibrinolysis and, 2311 
in myelodysplastic syndromes, 1353 
in primary myelofibrosis, 1321 
regulation by hypoxia, 504f 
Angiogenin, 1449 
Angiography, for pulmonary embolism, 
2271-2272, 2272f 
Angioimmunoblastic T-cell lymphoma 
(AITL), 1498¢, 1598, 1694-1695, 
1694t, 1695t, 1697-1698 
Angioma, tufted, 2014 
Angiotensin II, 1879 
Anhydrotic ectodermal dysplasia with 
immunodeficiency caused by 
NEMO mutations, 1215 
Anidulafungin, 385, 388t, 389 
Animal models 
eosinophilic disease, 951 


hemochromatosis, 642-643 

knockout, 153 

transgenic, 153 
Anion exchanger (AE1), 663t, 664 
Anisocytosis, 21 
Anistreplase, 2313, 2313t 
ANKI1i, 666 
Ankyrin, 663t, 666, 666f, 670t, 671-672 
Annexin A2, 1973f, 1974, 1976, 2237, 2305t, 

2309 
Annexin A5 anticoagulant shield, 2236, 2236f 
Annexin A5 resistance assay, 2243-2244 
Anorexia, history of, 5 
Anorexia nervosa, 654 
Anosmia, history of, 5 
Anthracyclines, 327-328. See also specific 

drugs 

for acute lymphoblastic leukemia, 1515 

for acute myelogenous leukemia, 1394- 
1396, 1395¢ 

adverse effects, 327-328, 1520 

for anaplastic large cell lymphoma, 1699 

for intravascular large B-cell lymphoma, 

1635-1636 

for mantle cell lymphoma, 1655 
mechanism of action, 327 
pharmacology, 327-328 
for primary cutaneous diffuse large B-cell 
lymphoma, leg type, 1637 
resistance to, 319t 
Antiangiogenesis agents, for acute 
myelogenous leukemia, 1404 
Antiannexin A2 antibodies, 1976 
Anti-B, glycoprotein antibody assays, 2242 
Antibiotics. See also specific drugs 
for a-heavy-chain disease, 1808 
anthracycline. See Anthracyclines 
platelet effects, 2078 

Antibodies 
dendritic cells and, 309 
erythrocyte. See Erythrocyte antibodies 
to human leukocyte antigens, 2356 
to neutrophil antigens, 2358-2359 
to platelet antigens, 2361-2362 
reaginic, 1162 

Antibody-dependent cellular cytotoxicity 

(ADCC), 344-345, 1645 
Antibody identification, 2336 
Antibody screening, 2336, 2349. 

See also Erythrocyte antibodies 
Anticardiolipin antibody, 2101f 
Anticardiolipin antibody assays, 2242 
Anti-CCR4 monoclonal antibody. 

See Mogamulizumab 
Anti-CD20 monoclonal antibody. 

See Rituximab 
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Anti-CD52 monoclonal antibody. 
See Alemtuzumab 
Anticoagulants/anticoagulation. 
See Antithrombotic therapy 
Anticodon, 147 
Anticonvulsants, megaloblastic anemia and, 
606t 
Anti-D alloimmunization, 850, 1253-1254 
Antidepressants, platelet function and, 2079 
Antierythrocyte antibodies. See Erythrocyte 
antibodies 
Antifibrinolytic therapy, 2317-2318 
agents 
aprotinin, 2318 
g-aminocaproic acid (EACA). 
See e-aminocaproic acid (EACA) 
tranexamic acid. See Tranexamic acid 
for bleeding not response to platelet 
transfusion, 2385 
for combined deficiency of factors V and 
VIII, 2140 
for disseminated intravascular coagulation, 
2214 
for hemophilia A, 2123 
indications, 2317t 
platelet function and, 2078 
Antigen collection, 2329 
Antigenicity, 2336 
Antigen-presenting cells. See Dendritic cells 
(DCs) 
Antigens 
cross-presentation, 308 
for cytomegalovirus-specific T cells, 
409-410 
defined, 2336 
discovery of, for cancer vaccine therapy, 
421, 422t 
erythrocyte. See Erythrocyte antigens 
for leukemia-specific T cells, 413 
leukocyte. See Human leukocyte antigen 
(HLA) 
for melanoma-specific T cells, 412 
minor histocompatibility, 413-414 
neutrophil. See Human neutrophil antigens 
(HNAs) 
platelet. See Human platelet antigens 
(HPAs) 
self-, 2343 
tumor, categories of, 412t 
uptake and processing in dendritic cells, 
308-309 
Antihemophilic factor. See Factor VIII 
Antihistamines 
for allergic transfusion reactions, 2375 
for mastocytosis, 976 
platelet function and, 2079 


Anti-IL-5 monoclonal antibody, 959, 1470 
Anti-IL-6 monoclonal antibody. See 
Siltuximab 
Anti-IL-6 receptor monoclonal antibody. 
See Tocilizumab 
Anti-inhibitor coagulant complex (AICC), 
2185 
Anti-integrin aiba 1995 
Antilymphocyte serum (ALG), 522 
Antineoplastic drugs/chemotherapy, 
315-346. See also specific drugs 
acute myelogenous leukemia and, 1374, 
1374t 
agents of diverse mechanisms, 331-333 
L-asparaginase. See L-Asparaginase 
bleomycin. See Bleomycin 
alkylating drugs. See Alkylating drugs 
antitubulins, 325-326 
taxanes, 326 
vinca alkaloids. See Vinblastine; 
Vincristine 
aplastic anemia and, 517t, 519 
basic principles, 316-318 
cell cycle-specific agents, 318-325 
5-azacytidine. See 5-Azacytidine 
cladribine. See Cladribine 
clofarabine. See Clofarabine 
cyclin-dependent kinase inhibitors, 218 
cytarabine. See Cytarabine (ara-C) 
fludarabine phosphate. See Fludarabine 
phosphate 
gemcitabine. See Gemcitabine 
hydroxyurea. See Hydroxyurea 
methotrexate. See Methotrexate 
nelarabine, 323f, 325, 1518 
pentostatin. See Pentostatin 
(deoxycoformycin) 
purine analogues. See Purine analogues 
cell kinetics and, 317 
combination chemotherapy, 317 
differentiating agents, 335-336 
arsenic trioxide. See Arsenic trioxide 
retinoids, 335. See also ATRA 
(all-trans-retinoic acid) 
dose modification for renal or hepatic 
dysfunction, 316, 316t 
epigenetic agents, 336-338 
demethylating agents, 336. See also 
5-Azacytidine; Decitabine 
future targets, 337-338, 337f 
histone deacetylase inhibitors, 240, 
336-337. See also Romidepsin; 
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immunomodulatory drugs, 333-335, 333f 
lenalidomide. See Lenalidomide 
pomalidomide. See Pomalidomide 
thalidomide. See Thalidomide 
molecularly targeted small molecules, 
338-343, 339t, 340f 
ibrutinib. See Ibrutinib 
janus kinase inhibitors, 341-342 
proteasome inhibitors, 342-343. See also 
Bortezomib; Carfilzomib 
tyrosine kinase inhibitors. See Tyrosine 
kinase inhibitors 
monoclonal antibodies. See Monoclonal 
antibodies 
platelet function and, 2079 
resistance to, 318, 319t 
topoisomerase inhibitors, 326-329 
anthracycline antibiotics, 327-328. See 
also Daunorubicin; Doxorubicin; 
Epirubicin; Idarubicin; 
Mitoxantrone 
camptothecins, 326-327 
epipodophyllotoxins, 328-329. See also 
Etoposide; Teniposide 
for transplantation preparation, 360-361 
Antineutrophil cytoplasmic antibodies 
(ANCAs), 959-960, 2107 
Antioxidant protein 2 (AOP2), 790 
Antioxidants, porphyria cutanea tarda and, 
907 
Anti-PF4-heparin antibodies, 2029-2030, 
2030t. See also Heparin-induced 
thrombocytopenia (HIT) 
Antiphosphatidyl serine antibody assay, 2242 
Antiphospholipid antibodies, 1995, 
2233-2235, 2236f, 2237 
Antiphospholipid syndrome (APS), 
2233-2245 
antiannexin A2 antibodies in, 1976 
catastrophic, 2239, 2245 
in children, 2241 
clinical features, 2100, 2101f, 2234t, 
2238-2241, 2238f, 2238t, 2240t 
definition and history, 2233-2234 
differential diagnosis, 2244 
etiology, 2234 
immune thrombocytopenia in, 2008 
laboratory features, 2234t, 2241-2244, 
2241t 
pathogenesis, 2234-2237, 2235f, 2235t, 
2236f, 2237f 
in pregnancy, 2239, 2244, 2245 
therapy, course, and prognosis, 2234-2245 
Antiplatelet antibodies, 2084-2085 
Antiplatelet drugs, 394t, 403-406, 404t. See 
also specific drugs 


ADP receptor blockers, 405 
nb blockers, 405-406 
cyclic adenosine monophosphate 
modulators, 404-405 
cyclooxygenase inhibitors, 403-404 
for essential thrombocythemia, 1313 
for myocardial infarction, 2295-2296 
for peripheral artery disease, 2297 
platelet transfusion and, 2385 
thrombin receptor blockers, 406 
for thrombotic thrombocytopenic 
purpura, 2256 
Anti-protein S antibodies, 2187 
Antiprothrombin antibodies, 2186-2187 
Antiretroviral therapy (ART) 
chemotherapy drugs and, 1249 
for HIV infection 
adverse effects, 1242, 2281 
effectiveness, 1242 
with Hodgkin lymphoma, 1249 
initiation, 1242, 1242t 
maternal ingestion, effects on fetus and 
newborn, 112t 
Anti-(Rh)D, 2005, 2011 
Antisense DNA, 153 
Antisense RNA, 153 
Antiswitching therapies, for sickle cell 
disease, 774-775, 774t 
Antithrombin (AT), 1959-1960 
antibodies, 2186 
characteristics, 1916t, 1936 
in disseminated intravascular coagulation, 
2202 
functions, 1936-1937, 1936f, 1968, 2202 
gene structure and variations, 1937, 1959 
mutations, 1959 
as protease inhibitor, 1919, 1919t, 
1958-1959 
structure, 1936, 1952t 
synthesis, 1958 
Antithrombin (AT) concentrate, 2213 
Antithrombin (AT) deficiency 
acquired causes, 2224t 
clinical implications of testing for, 2228t 
epidemiology, 2222t 
etiology and pathogenesis, 1937, 1959, 
2222-2223 
heparin resistance in, 397 
venous thromboembolism risk and, 2225t, 
2226t 
Antithrombin I. See Fibrinogen 
Antithrombin III. See Antithrombin (AT) 
Antithrombotic therapy, 393-406 
adverse effects, 2277 
antiplatelet drugs. See Antiplatelet drugs 
in cancer, 2276-2277 


contraindications, 2273 
direct thrombin inhibitors, 2031. See also 
Argatroban; Bivalirudin 
fibrinolytic therapy. See Fibrinolytic 
therapy 
heparin. See Heparin 
indirect factor Xa inhibitors. See 
Danaparoid; Fondaparinux 
low-molecular-weight heparin. See 
Low-molecular-weight heparin 
(LMWH) 
for myocardial infarction, 2295-2296 
overview, 393 
platelet function and, 2078 
platelet transfusion and, 2385 
in pregnancy, 580, 2277 
targeted oral anticoagulants. See 
Apixaban; Dabigatran; Edoxaban; 
Rivaroxaban 
types and function, 394t 
for venous thromboembolism. See Venous 
thrombosis/thromboembolism, 
therapy 
vitamin K antagonists. See Warfarin 
Antithymocyte globulin (ATG) 
for aplastic anemia, 523, 524t, 525f, 525t, 527 
for graft-versus-host disease prophylaxis, 
371 
for hemophagocytic lymphohistiocytosis, 
1115 
for myelodysplastic syndromes, 1359 
for pure red cell aplasia, 544 
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Antitumor necrosis factor (TNF)-a therapy, 
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AOP2 (antioxidant protein 2), 790 
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54, 100f, 101, 257-258, 1149-1150 
Aortic aneurysms, 2210 
AP1 (activator protein 1), 1606 
AP3 (activator protein 3) complex, 1843 
AP-3 endosomal protein, 1229 
AP1903, 440, 440f 
Apafl, 205 
APC. See Activated protein C (APC) 
APC, 1346 
APECED (autoimmune polyendocrinopathy- 
candidiasis ectodermal dystrophy), 
87, 1181, 1224 
Apheresis 
for blood component collection and 
production, 2368-2369, 2386 
definition and history, 427 
extracorporeal photochemotherapy, 429t, 
433, 1687 
leukocytapheresis. See Leukocytapheresis 


plasma exchange. See Plasma exchange 


red cell depletion. See Erythrocytapheresis 
red cell exchange. See Red cell exchange 
thrombocytapheresis, 433 


Apixaban, 402 


adverse effects, 2275t 

clinical studies, 401t 

mechanism of action, 1922 

for venous thromboembolism, 2274-2275, 
2274t, 2275t 
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clinical features, 519 
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course and prognosis, 527 
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degree of severity, 513, 514t 
differential diagnosis, 520-521, 637, 1513 
epidemiology, 513-514 
etiology and pathogenesis, 514-519, 514t, 
516f 
autoimmune disorders in, 518 
autoreactive cytotoxic T lymphocytes in, 
515, 516f 
drug-related, 515-516 
iatrogenic, 518-519 
pregnancy-related, 518 
stromal microenvironment and growth 
factors in, 519 
telomere shortening in, 515 
toxic chemicals in, 516-518 
viral, 518 
hereditary 
dyskeratosis congenita, 530-532, 531f, 
531t 
Fanconi anemia. See Fanconi anemia 
rare syndromes, 530t, 532 
Shwachman-Diamond syndrome, 532, 
993-994, 1026 
history, 513 
laboratory features, 519-520, 519t, 520f 
monocytopenia in, 1098 
paroxysmal nocturnal hemoglobinuria 
and, 521 
Ph chromosome-positive clonal myeloid 
diseases and, 1450 
treatment, 521-527 
androgens, 526 
approach to, 521-522, 521, 525f 
cytokines, 526 
hematopoietic cell transplantation, 
522-523 
immunosuppressive therapy, 523-526, 
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Aplastic anemia, treatment (Cont.): 
investigative, 527 
rituximab, 526 
splenectomy, 527 
supportive care, 522 
Aplastic crisis 
in hereditary spherocytosis, 674 
in sickle cell disease, 767 
Apo-1. See Fas (CD95) 
Apoferritin, 618 
Apoferritin mRNA, 624f, 625f 
Apolipoprotein A (ApoA), 1976 
Apolipoprotein Al (ApoA1), 2288 
Apolipoprotein E receptor 2 (apoER2), 2237 
Apolipoprotein H. See B2Glycoprotein (GP)I 
(apolipoprotein H) 
Apoptosis 
BCR-ABL and, 1444 
caspases in, 203-205, 204f 
definition, 203 
of eosinophils, 951 
genotoxic stress and, 209 
hematologic diseases and, 209-211 
of hematopoietic stem cells, 74-75 
macrophages in, 1060-1061, 1061f 
of neutrophils, 285, 992 
signal transduction pathways and, 
208-209, 208f 
suppressors, 205-208 
Apoptosome, 205 
Apoptotic cells, 23 
APP (amyloid precursor protein), 1848 
APRIL, 309 
Aprotinin, 2318 
APS. See Antiphospholipid syndrome (APS) 
aPTT. See Activated partial thromboplastin 
time (aPTT) 
Arabidopsis thaliana, 293 
Arabinosyl cytosine. See Cytarabine (ara-C) 
Ara-C. See Cytarabine (ara-C) 
Arachidonic acid, 288, 1854, 1857f, 1874 
Arachidonic acid metabolism, 1016, 2058 
Arachidonic acid metabolites, 284t, 286t, 
1876-1877 
Arasulfatase A, 439 
ARDS (acute respiratory distress syndrome), 
2201, 2204-2205, 2208 
Arf, 1883 
Argatroban, 399 
clinical uses, 399 
for heparin-induced thrombocytopenia, 
2030, 2031t 
pharmacology, 399 
for unstable angina, 2296 
Arginase-1, 1013¢, 1014 
Arginine, for sickle cell disease, 777t 


L-Arginine, 286 
Arginine butyrate, 775 
ARIDIA, 235t, 1788 
ARID 1B, 1788 
Arp2/3 complex, 1841 
Arry-614, 1360 
ARSA, 439 
Arsenic, megaloblastic anemia and, 606t 
Arsenic hydride, 52., 810 
Arsenic trioxide, 335-336 
for acute myelogenous leukemia, 1404 
for acute promyelocytic leukemia, 1404, 
1405t, 1406 
for myelodysplastic syndromes, 1360 
Arsine gas, 810 
Artemis, 1166f, 1167, 1214t 
Arterial thrombosis 
in antiphospholipid syndrome, 2238 
in chronic myeloproliferative neoplasms, 
2080-2081 
consultative approach to, 47 
in disseminated intravascular coagulation, 
2204 
in heparin-induced thrombocytopenia, 
2028 
in hereditary thrombophilia, 2226-2227 
in nonatherosclerotic arteries, 2293 
pathobiology, 2291-2292, 2291t 
pathogenesis, 2292-2293 
platelet activation in, 2245 
site-specific characteristics, 2292 
systemic factors, 2246 
thrombophilia testing in, 2228-2229 
tissue factor and phospholipids in, 
2245-2246 
vs. venous thrombosis, 2291t 
vorapaxar for prevention of, 2076-2077 
Arthralgia, history of, 6 
Arthritis 
in acute myelogenous leukemia, 1381 
history of, 6 
rheumatoid. See Rheumatoid arthritis 
septic, 771 
Arthropathy 
in hemochromatosis, 643 
in hemophilia, 2117, 2117f, 2118f 
Arthropod bites, 2102 
Ascariasis, 957t 
Ascorbic acid. See Vitamin C (ascorbic acid) 
ASCT2 (SLC1A5), 197, 198 
ASO-PCR (allele-specific oligonucleotide 
polymerase chain reaction), 1716 
L-Asparaginase, 332-333 
for acute lymphoblastic leukemia, 1515, 
1516, 1517 
adverse effects, 333, 1519t, 1520 


formulations, 1515 
mechanism of action, 197, 198, 332-333 
for NK/T-cell lymphoma, 1702 
ASPEN syndrome, 770 
Aspergillus infections 
as cause of hemolytic anemia, 820 
in chronic granulomatous disease, 1030, 
1032 
cutaneous, 2104-2105, 2105f 
after hematopoietic cell transplantation, 
369 
in immunocompromised host, 383 
prevention, 389 
Aspirin 
for antiphospholipid syndrome in 
pregnancy, 2245 
avoidance in hemophilia A, 2121 
for chronic myeloproliferative disorders, 
2081 
clinical uses, 404, 404t 
dosage, 404t 
for essential thrombocythemia, 1313, 2081 
hemolytic anemia and, 708 
hemostatic effects, 2075 
maternal ingestion 
effect on fetus and newborn, 112, 112t 
platelet aggregation in newborn and, 
107 
mechanism of action, 404, 404t, 2073-2074 
myeloma incidence and, 1709 
for myocardial infarction, 2295-2296 
for peripheral arterial disease, 2297 
platelet effects, 2073-2075 
for polycythemia vera, 1300, 2081 
resistance, 2075 
for stroke prevention, 2297 
for thrombotic thrombocytopenic 
purpura, 2256 
for venous thromboembolism, 2276 
Asplenia, 868 
Asthma 
eosinophils and, 954, 955t 
mast cells in, 969 
sickle cell disease and, 769 
ASXL1, 226t, 227t, 229t, 1346t, 1351 
AT. See Antithrombin (AT) 
AT 1-type receptors, 1879 
Ataxia-pancytopenia, 530t 
Ataxia-telangiectasia, 1226-1227 
acute lymphoblastic leukemia and, 1507 
clinical features, 1215t, 1226-1227 
gene mutations, 1227, 1575t 
laboratory features, 1214t 
lymphomas and, 1575t 
pathophysiology, 1226 
treatment, 1227 


Ataxia-telangiectasia-like disorder, 1227 
Ataxia-telangiectasia mutated and 
rad3-related (ATR) kinase, 532 
Atazanavir, 1249 
ATG. See Antithymocyte globulin (ATG) 
Atheroembolism, 2101, 2102f, 2298 
Atheromatous embolism, 2298 
Atherosclerosis, 2281-2291 
in antiphospholipid syndrome, 2237, 
2237f, 2240 
carotid artery, 2297 
endothelial dysfunction in, 2282-2285 
blood fluidity and, 2285 
inflammation, 2282f 
progenitor cells and, 2285 
vascular growth and, 2283-2285, 2284f 
vascular tone and, 2282-2283, 2282f 
inflammation and, 2285-2288 
adaptive immunity, 2286 
adhesion molecules, 2286 
CD40 and CD40 ligand, 2288 
genetics, 2288 
high-density lipoprotein levels, 
2287-2288 
immune cells, 2286 
infection, 2288 
innate immunity, 2285-2286 
lipid peroxidation, 2287 
lipoprotein phospholipase A, 2286 
low-density lipoprotein in vascular wall, 
2287 
scavenger receptors, 2287 
splenectomy, 2288 
transforming growth factor-B, 2288 
monocytes/macrophages in, 1079 
plaque in 
atherothrombi formation and. See 
Arterial thrombosis 
classification, 2288-2289, 2289f 
formation, 1975f 
life span, 2282f 
vulnerable, 2289-2291, 2290f, 
2291t 
risk factors, 2281-2282, 2282t 
Atherothrombosis 
arterial thrombosis and. See Arterial 
thrombosis 
definition, 2291 
gene variants, 1850, 1850f 
ATL/ATLL. See Adult T-cell leukemia/ 
lymphoma (ATL/ATLL) 
ATM 
in acute lymphoblastic leukemia, 1507 
in ataxia-telangiectasia, 1227 
in chronic lymphocytic leukemia, 187, 
231t, 1529 


in lymphomas, 187 
in mantle cell lymphoma, 187, 236f, 1654 
Atovaquone 
for babesiosis, 819 
as empiric therapy for infections, 386 
prophylactic, 389 
ATP (adenosine triphosphate) 
in glucose metabolism, 192, 692 
in platelet metabolism, 1839-1840 
receptors for, 1874 
ATP-dependent chromatin remodeling 
complexes (remodelers), 166-168, 
166f 
ATP diphosphohydrolase. See CD39 
ATRA (all-trans-retinoic acid), 335 
for acute myelogenous leukemia, 1396, 
1404, 1409 
for acute promyelocytic leukemia, 1391, 
1404-1406, 1405¢ 
in pregnancy, 124 
dose and action mechanism, 1404-1405 
for Langerhans cell histiocytosis, 1107 
resistance to, 197 
toxic effects, 1405 
ATRX, 1346¢, 1353 
Atypical chronic myelogenous leukemia 
(aCML), 1279, 1473 
Atypical hemolytic uremic syndrome 
(aHUS), 1932, 1953, 2259-2261, 
2259t 
Atypical myeloproliferative disease, 1473 
Auer rods, 23, 1390 
Aurora kinase inhibitors, 1403 
Autoantibodies 
development, 2183-2184 
induction, 825f, 830t, 831 
red cell, 2343. See also Erythrocyte 
antibodies 
Autoimmune diseases 
antiphospholipid syndrome and, 2238 
aplastic anemia and, 518 
cobalamin deficiency and, 600 
hyposplenism and, 868 
lymphocytopenia and, 1206 
myeloma and, 1734 
primary immunodeficiency 
disorders presenting as. See 
Immunodeficiency diseases, 
primary, presenting as autoimmune 
diseases 
thrombotic microangiopathy and, 2262 
Autoimmune hemolytic anemia, 823-840 
in chronic lymphocytic leukemia, 824, 827, 
831, 839, 840, 1541 
classification, 824-825, 824t 
cold-antibody 


classification, 824, 824t 
clinical features, 831-832 
course and prognosis, 840 


epidemiology, 825, 827 
etiology, 828 
laboratory features, 832-833, 833f, 834t 
pathogenesis, 829, 2348 
serologic features, 835-836 
therapy, 839 
course and prognosis, 840 
definition and history, 823-824 
differential diagnosis, 836-837 
direct antiglobulin test findings in, 823, 
833, 834t 
drug-induced. See Hemolytic anemia, 
drug-induced immune 
laboratory features, 832-834, 833f 
primary/idiopathic, 824, 827 
secondary, 824, 827 
therapy, 837 
warm-antibody 
classification, 824, 824t 
clinical features, 832 
course and prognosis, 840 
epidemiology, 825 
etiology, 827-828 
laboratory features, 832-834, 833f, 
834t 
pathogenesis, 828-829, 2348 
serologic features, 834-835, 834f 
therapy, 838-839 
thrombocytopenia with. See Evans 
syndrome 
Autoimmune lymphoproliferative syndrome 
(ALPS), 210, 1224, 1575t 
Autoimmune neutropenia, 995, 996f, 2358 
Autoimmune polyendocrinopathy- 
candidiasis ectodermal dystrophy 
(APECED), 87, 1181, 1224 
Autoimmune thrombocytopenic purpura. See 
Immune thrombocytopenia (ITP) 
Autoimmunity 
forward feedback loops and, 304 
lymphomas and, 1574-1575 
Autologous blood donations, 2367-2368 
Autologous hematopoietic stem cell 
transplantation. See Hematopoietic 
cell transplantation (HCT), 
autologous 
Autologous stem cell infusion 
for acute myelogenous leukemia, 1399, 
1408 
for chronic myelogenous leukemia, 1460 
for myelodysplastic syndromes, 1362 
Autophagy, 487, 1062, 1065f 
Autosomal dominant inheritance, 148, 148f 
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Autosomal recessive agammaglobulinemia, 
1212-1213, 1214t 

Autosomal recessive hyper-IgE syndrome. 
See Hyperimmunoglobulin E 
syndrome (HIES) 

Autosomal recessive hyper-IgM syndrome. 
See Hyperimmunoglobulin M 
syndromes 

Autosomal recessive inheritance, 149, 149f 

Autosomal recessive megaloblastic anemia 
(MGA1), 605 

Avascular necrosis, 771, 771f 

Avatrombopag, for immune 
thrombocytopenia, 526 

5-Azacytidine, 322 

for acute myelogenous leukemia, 1403 
for chronic myelomonocytic leukemia, 1469 
mechanism of action, 239, 1360 
for myelodysplastic syndromes, 336, 1360, 
1361 
for sickle cell disease, 774t, 775 
5-Aza-2’-deoxycytidine. See Decitabine 


6-Azantidine, megaloblastic anemia and, 606t 


Azathioprine, 322 
for autoimmune hemolytic anemia, 839 
for immune thrombocytopenia, 2006-2007 
megaloblastic anemia and, 606t 
for pure red cell aplasia, 544 
Azidothymidine, anemia induced by, 561 
Azithromycin, for babesiosis, 819 
AZT. See Zidovudine (AZT) 
Aztreonam, 387t 
Azurocidin (heparin-binding protein), 1012t, 
1013 
Azurophil granules 
in acute myeloblastic leukemia, 1387 
formation, 1009, 1010f 
heterogeneity, 1009 
laboratory features, 926, 928f 
physical-chemical and functional 
properties, 1011-1013, 1012t 


B 
B-1 B cells, 1141, 1151 
B-2 B cells, 1151 
B19 parvovirus infection. See Parvovirus B19 
infection 
BA2. See CD9 
Babesia, 819-820 
Babesiosis, 429t, 432, 817f, 818-819 
Bacillus cereus, 809 
Back disorders, history of, 6 
Bacterial infections. See also specific bacteria 
antiphospholipid antibodies and, 2234 
disseminated intravascular coagulation 
and, 2207 


empiric therapy, 384-385, 387t 
in febrile nonhemolytic transfusion 
reaction, 2375 
after hematopoietic cell transplantation, 
369 
in immunocompromised host, 383 
from platelet products, 2386, 2388 
prevention, 388-389 
purpura and, 2104, 2104f 
TLR-signaling defects with increased 
susceptibility to, 1230 
Bacterial permeability-increasing protein 
(BPI), 106-107, 1011, 1012t, 1013 
Bactericidal activity, in newborn, 106-107 
Baculovirus inhibitor of apoptosis repeat 
(BIR) domains, 207, 298 
BAF (BRG/BAF-associated factors) complex, 
166, 166f 
BAFF (B-cell activation factor), 309, 
1713 
Bak, 204f, 206 
BAK, 1528 
B-ALL. See B-cell acute lymphoblastic 
leukemia (B-ALL) 
Band 3, 664, 664f, 670t, 672 
Band 3 clustering models, 498 
Band cells, marrow, 34 
Banded chromosome, 175t 
Band form, marrow, 32t 
Band neutrophils 
development, 926f, 939 
kinetics, 941t 
structure, 20f, 926-927, 927f 
Bands, 22 
Baroreflex, 91 
Barr bodies, 150, 150f 
Bartonella infection (bartonellosis, Oroya 
fever), 818, 997 
Bartter syndrome, 2086 
Basal coagulation, 1942 
Basket cells, 23 
Basophilia, 971-972 
in clonal myeloid diseases, 971-972, 972t 
consultative approach to, 44 
in inflammatory and immunologic 
responses, 971 
punctate, 468 
Basophilic erythroblasts, 34, 463f, 464, 464f 
Basophilic leukemia, 971-972, 972t 
Basophilic megaloblasts, 595f 
Basophilic stippling, 467f, 468 
Basophilopenia, 971 
Basophils 
alterations in numbers, 970-972, 971t, 
972t 
biologic functions, 969-970 
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distinguishing features, 966, 966f 
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role in IgE-associated immune response, 
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Bax, 204f, 206 
BAX, 951 
BAX, 210 
B-cell activation factor (BAFF), 309, 1713 
B-cell acute lymphoblastic leukemia (B-ALL). 
See also Acute lymphoblastic 
(lymphocytic) leukemia (ALL) 
chromosomal abnormalities, 186f, 
221-222t, 1494t 
vs. chronic lymphocytic leukemia, 1543 
differential diagnosis, 1674 
gene mutations, 232-233t, 1494t 
immunologic subtypes, 1512t 
laboratory features, 1511, 1511f, 1512t 
Philadelphia chromosome-like, 177f, 186, 
232-233t 
precursor (immature), 183, 184t, 186f, 
1515-1517, 1521t 
prognosis, 1520 
therapy, 1514, 1515 
B-cell antigen-receptor vaccines, 423 
B-cell antigens, 1141, 1141f 
B-cell linker protein (BLNK), 1144, 1163 
B-cell lymphoblastic lymphoma. See B-cell 
acute lymphoblastic leukemia 
(B-ALL) 
B-cell maturation antigen (BCMA), 1606 
B-cell neoplasms. See also specific types 
development stages, 1591f 
immature/precursor, 1494t, 1592 
leukemias, 1494t 
lymphomas 
chromosomal abnormalities, 184t, 186f, 
1494-1497t 
chronic lymphocytic leukemia and, 1542 
classification, 1493, 1494-1497t 
clinical features, 1501-1502 
extranodal involvement, 1502 
B-cell precursor acute lymphoblastic 
leukemia, 1512t 
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B-cell prolymphocytic lymphoma, 1542 
B-cell receptors (BCRs), 1151, 1528-1529 
B cells. See also Lymphocytes 
in chronic inflammation, 291 
development, 61, 1151, 1155, 1589-1590, 
1589f, 1707-1708 
differentiation, 1169, 1172 
disorders, 1195, 1196f, 1215 
fetal, 101, 1151 
function, in neonate, 108-109 
immunoglobulins and activation of, 1163 
in lymph nodes, 93 
memory, 1172 
monocytoid, 1595 
neoplasms. See B-cell neoplasms 
persistent polyclonal lymphocytosis, 
1200-1202, 1201f 
receptor diversity, 1177 
in spleen, 90, 90f 
BCL2 (BCL-2) 
in apoptosis, 209-210 
in chronic lymphocytic leukemia, 1529 
in diffuse large B-cell lymphoma, 187, 
1596, 1626, 1627t, 1632 
in “double-hit” lymphoma, 1674 
in follicular lymphoma, 187, 236t, 1576, 
1576f, 1594, 1642 
in memory B cells, 1172 
in Waldenström macroglobulinemia, 1785 
BCL2A1, 414 
Bcl-2 family, 205-206 
in apoptosis, 206, 208-209, 208f, 237 
in caspase activation, 204t 
in chronic lymphocytic leukemia, 1528, 
1539 
in diffuse large B-cell lymphoma, 198 
interactions, 206f 
in leukemic stem cells, 198 
in life span of hematopoietic stem cells, 
206 
in mitochondrial metabolism, 198 
in myeloma, 1711 
p53 inhibition, 209 
structure, 206 
as therapeutic target, 1539 
Bcl-2 homologue protein, 2202 
BCL6 
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in diffuse large B-cell lymphoma, 187, 
235t, 1625-1626, 1632 
in follicular lymphoma, 1642, 1644 
memory B cells and, 1172 
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Bell 1b, 1156 
BCL11B, 166 
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BCL-X, 210 
Bcl-X, , 206, 483 
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BCMA (B-cell maturation antigen), 1606 
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BCR, 176, 1441-1442, 1442f, 1666, 1710 
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1442f 
progenitors, 1440 
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1444f 
in clonal myeloid disorders, 1278 
detection, 1447-1448 
in healthy subjects, 1443 
molecular pathology, 1441-1442, 1442f 
p210°**“*" fusion protein, 1442-1443 
signal transduction and, 1443-1444, 1444f 
BCR-ABLI-negative cells, 1439, 1440 
BCR-ABL1-positive cells, 1439, 1440 
BCR-ABL1-positive thrombocythemia, 1449 
bcr-abl fusion protein, 230 
BCR-ABL kinase, 318 
BCR-ABL peptide vaccine, 423 
BCR-ABL-positive thrombocythemia, 1449 
BCR-ABL tyrosine kinase inhibitors. See 
Tyrosine kinase inhibitors 
BCR breakpoints, 1442-1443, 1442f 
BCR rearrangement, 1447 
BCRs (B-cell receptors), 1151, 1528-1529 
BEACOPP regimen, for Hodgkin lymphoma 
in advanced disease, 1613-1614 
adverse effects/complications, 1614, 1617 
clinical trials, 1614, 1615t 
dose, route, and schedule, 1612t 
in favorable limited-stage disease, 1613 


history, 1611 
in HIV-associated disease, 1248 
with radiation therapy, 1613 
in unfavorable limited-stage disease, 1613 
BEAM regimen 
for diffuse large B-cell lymphoma, 1632 
for Hodgkin lymphoma, 1616 
Becaplermin, 1848 
Beclin, 206 
Bee stings, 809, 970 
Behcet disease, 2103 
Belching, history of, 5 
Belinostat, 1696, 1696t 
Bence Jones proteinuria, 1721, 1725, 1810 
Bendamustine 
adverse effects, 1534 
for chronic lymphocytic leukemia, 1534, 
1537 
for follicular lymphoma, 1644, 1645t, 1647, 
1649 
for mantle cell lymphoma, 1656, 1659t 
for myeloma, 1755 
pharmacology, 330 
Benign monoclonal gammopathy. See 
Essential monoclonal gammopathy 
Benzene exposure 
acute myelogenous leukemia and, 1319, 1374 
aplastic anemia and, 516-517 
myelodysplastic syndromes and, 1342, 
1345 
primary myelofibrosis and, 1319 
Benzocaine, toxic methemoglobinemia and, 
789 
Berger disease, 1161 
Bernard-Soulier syndrome (glycoprotein 
Ib-IX-V defect), 2048-2050 
clinical features, 2049 
definition and history, 2047 
etiology and pathogenesis, 2047-2048 
laboratory features, 1839-1840, 1996 
molecular defects, 2048-2049, 2049f 
platelet defects, 1839, 1867, 1868, 1877, 
2048, 2359 
therapy, 1840 
Berry cell. See Echinocytes 
-adrenergic blockers, 2295, 2296 
-adrenergic receptors, 1059 
b-carotene, 899 
B chemokines, 288t 
B-globin, 893 
-globin chains, 728 
-thalassemia and, 749-750 
developmental switches in synthesis, 730 
vs. y-globin chains, 760 
structure, 760-761, 760f 
variants, 733, 751 


Index 


B-globin gene cluster 
-thalassemia mutations unlinked to, 733 
dfthalassemia-like disorders resulting 
from mutations in, 734-735 
dominantly inherited B-thalassemia and, 
732 
regulation, 730 
sickle cell disease and, 762, 763 
structure, 729, 729f 
6-globin synthesis, 730 
B-integrins. See under Integrin 
6-thalassemias 
B+, 726 
B°, 726 
-globin chain variants and, 733, 749-750 
clinical features, 743-745 
differential diagnosis, 748, 749f 
dominantly inherited, 732-733 
epidemiology/population genetics, 
727-728 
forms, 726 
gene therapy, 441, 441f 
hemoglobin A, levels in, 750-751 
hemoglobin variants causing, 778t 
inclusion body, 732 
intermedia, 744-745, 744t, 746f 
laboratory features, 745-747, 746f 
major, 725, 743-744, 744f, 745-746 
minor, 636, 745, 746-747, 746f 
molecular basis, 730-733, 731f, 731t, 732f 
pathophysiology. See Thalassemias, 
pathophysiology 
in pregnancy, 126 
prevention, 753-754 
prognosis, 753 
silent, 733, 750 
treatment, 441, 441f, 751-753, 2372 
variant forms, 733, 751 
BET (bromodomain and extraterminal)- 
family, 169 
BET (bromodomain and extraterminal) 
inhibitors, 170, 338 
Bevacizumab 
adverse effects, 2263 
for myeloma, 346t 
Bexarotene, 1685-1686, 1702 
BFP (biologic false-positive) syphilis test, 
2233 
BFU-E. See Burst-forming unit-erythroid 
(BFU-E) 
BH3 domain, 206 
Bicytopenia, 1277 
Bid, 204f, 206 
Bilineal (biphenotypic) leukemia, 1386 
Bilirubin, destruction of hemoglobin and 
excretion of, 499-500 


Biliverdin, 499 
Bim, 206, 1672 
Binet clinical staging system, 1533t 
Bing-Neel syndrome, 1791 
Biogenesis of lysosome-related organelles 
complexes (BLOCs), 1843, 2053, 
2053f 
Biologic false-positive (BFP) syphilis test, 
2233 
Biopterin, 585 
Biotin method, for red cell life span 
measurement, 496 
Birbeck granules, 310, 1101 
BIRC3, 231t, 233t, 236t, 1664t 
BIR (baculovirus inhibitor of apoptosis 
repeat) domains, 207, 298 
Bischloroethylnitrosourea (BCNU). See 
Carmustine (BCNU) 
Bispecific antibodies, 344 
1,3-Bisphosphoglycerate (1,3-BPG), 692, 695 
2,3-Bisphosphoglycerate (2,3-BPG) 
in glucose metabolism, 692-693, 695 
hemoglobin M and, 792 
hemoglobin oxygen affinity and, 504, 760, 
760f, 2377 
Bisphosphoglycerate mutase 
(bisphosphoglyceromutase) 
abnormalities, 701t 
actions, 692t 
in glucose metabolism, 695 
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Carbon monoxide (CO), in red cell life span 
measurement, 496 
Carbon monoxide poisoning 
clinical and laboratory features, 795 
epidemiology, 795 
etiology and pathogenesis, 795 
therapy, course, and prognosis, 795-796 
Carbonyl iron, 638 
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zeg) Cells 
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in inflammation, 1977t 
in monocytes, 1056, 1078 
in myeloma, 1712 
structure, 1056 
CD11a/CD 18, 282, 1083 
CD11b (C3) 
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in lymphoid progenitors, 1153 


in monocytes, 1046, 1052, 1052f, 1054, 
1056, 1095, 1097 
CD15 
in acute lymphoblastic leukemia, 
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CD79b (Ig-B), 1162, 1162f, 1168 
CD80, 1183, 1184, 1185f 
CD86 
in dendritic cell maturation, 309 
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CD143, 1144t 

CD144, 68 

CD148, 1172 

CD151, 1871 
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(cdk) 

CDRs (complementarity determining 
region), 1170 

CDw32 (FcyRII), 953 
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Celecoxib, 2075, 2121 
Celiac disease, 597, 630, 1575 
Cell adhesion, 65-68, 67t 
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Cell cycle 
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oncogenes, 219-222 
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Cell signaling. See Signal transduction 
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Central nervous system. See also Neurologic 
disease/symptoms 
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primary lymphoma, 1244f, 1246, 1579 
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(CEP) 


CEPBA, 1280, 1377, 1378t, 1379, 1383 

Cephalosporins, 830 
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definition and history, 1018 
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epidemiology, 1018 
etiology and pathogenesis, 1018, 1019t, 
1229 
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in innate immune response, 303 
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history of disorders of, 5 
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1513t 
clinical features, 1509t 
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gene mutations, 1508f, 1513t 
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laboratory features, 1509-1510, 1510t 
survival, 1506f, 1513t 
treatment, 1505, 1515, 1516 
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bleeding risk in, 2382-2383 
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red cell transfusion in, 2371 
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and, 1574, 1579, 1664 
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adverse effects, 1534 
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1536 
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for mantle cell lymphoma, 1657t 
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CHOP (C/EBP homologous protein), 204f, 
205, 208f 
CHOP regimen. See also R-CHOP regimen 
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for T-cell-histiocyte-rich large B-cell 
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CHR (complete hematologic response), 
1452t 
Ch/Rg blood group, 2345t 
Christmas disease/Christmas factor 
deficiency. See Hemophilia B 
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Chronic graft-versus-host disease. 
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alkylating agents, 1534 
antibody therapy, 1535-1536 
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Chromosomal abnormalities 
analytic techniques, 174-176, 176f 
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malignancies, 176-188, 179-180t, 
184-185t, 219, 220-225t, 225, 230. 
See also specific diseases 
nomenclature, 174, 175t 
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course and prognosis, 1470 
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etiology and pathogenesis, 1279, 1468t 
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laboratory features, 1467, 1469-1470 
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etiology and pathogenesis 
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disease biology, 1528 
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immune dysregulation, 1528, 1592 
laboratory findings 
blood, 1494, 1530-1531, 1531f 
histopathology, 1592-1593, 1592f 
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for relapsed disease, 1540 
splenectomy, 1539 
venetoclax, 1539 
Chronic lymphoproliferative disorders of NK 
cells (CLPD-NK) 
clinical features, 1566 
definition and history, 1563 
etiology and pathogenesis, 1563-1564 
gene mutations, 1564 
immunophenotypic features, 1565 
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Chronic myelogenous (myeloid) leukemia 
(CML), 1437-1473 
accelerated phase and blast crisis 
clinical features, 1465 
course and prognosis, 1467 
cytogenetics, 1466 
definition, 1464 
extramedullary blast crisis, 1465 
laboratory features, 1465 
marrow blast crisis, 1465-1466 
pathogenesis, 1464-1465 
treatment, 1466-1467 
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clinical features, 1445 
BCR-ABL1-positive thrombocythemia, 
1449 
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concurrence of lymphoid malignancies, 
1449 
extramedullary tumors, 1285 
hyperleukocytic syndromes, 1285-1286, 
1286t, 1449 
marrow necrosis, 1287 
metabolic signs, 1286-1287 
signs and symptoms, 1445 
splenomegaly, 1287, 1445 
systemic symptoms, 1286 
thrombocytosis, 1311-1312 
course and prognosis, 1462-1464, 1462t 
definition and history, 1437-1438 
differential diagnosis, 1327, 1449-1450 
epidemiology, 1438, 1439f 
etiology and pathogenesis, 1438-1445 
BCR-ABL1. See BCR-ABL1, in chronic 
myelogenous leukemia 
chromosomal abnormalities, 176-178, 
177f, 179t, 221, 225, 230, 1278 
chronic myelogenous leukemia stem 
cell, 1439 
coexistence of normal stem cells, 1440 
environmental leukemogens, 1438 
gene mutations, 230t 
molecular pathology, 1441-1443, 1441f, 
1442f 
origin from mutant hematopoietic stem 
cell, 1438-1439 
Ph chromosome, 1440 
pluripotential stem cell lesion, 1439-1440 
progenitor cell characteristics, 
1440-1441 
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laboratory features, 1445-1449 
basophilia, 971, 972t 
blood, 1445-1446, 1445f, 1446f, 1447t 
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cytogenetics, 1447, 1448f 
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marrow, 1446-1447, 1446f 
molecular probes, 1448-1449 
monocytosis, 1096 
progenitor cell growth, 1447 
minimal residual disease detection, 
1463-1464 
minor-BCR breakpoint-positive, 1449 
neutrophilic, 1449 
pathogenesis, 1282 
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phenotypic expression, 1283-1284 
progression, 1280-1281, 1464 
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rearrangement, 1467-1473, 1468t 
atypical myeloproliferative disease, 
14681, 1472-1473 
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myelogenous leukemia, 1472-1473 
chronic basophilic leukemia, 1279, 1470 
chronic eosinophilic leukemia. See 
Chronic eosinophilic leukemia 
chronic myelomonocytic leukemia. See 
Chronic myelomonocytic leukemia 
(CMML) 
chronic neutrophilic leukemia, 1279, 
1450, 1471-1472 
juvenile myelomonocytic leukemia, 
1096, 1470-1471 
therapy 
in accelerated and blast crisis, 1466-1467 
busulfan, 1459 
cytarabine, 1459 
donor leukocyte infusion for 
posttransplantation relapse, 1462 
hematopoietic cell transplantation, 
1460-1461, 1466-1467 
high-dose chemotherapy with 
autologous stem cell infusion, 1460 
hydroxyurea, 1459 
for hyperuricemia, 1450 
for initial cytoreduction, 1450-1451 
interferon-a, 1459 
potential agents, 1459 
during pregnancy, 1459-1460 
radiation therapy, 1459 
splenectomy, 1459, 1467 
tyrosine kinase inhibitors 
in accelerated phase and blast crisis, 
1466 
adherence to therapy, 1456 
bosutinib, 339¢, 1457-1458 
comparison, 339t, 1451t 
dasatinib, 176, 319t, 1453-1454, 1457 
discontinuation of, 1460 
disease progress and monitoring 
during treatment, 1458-1459 
effect on rate of progression, 1464 
after hematopoietic cell 
transplantation, 1461-1462 
imatinib, 176, 319t, 1451-1453, 1452t 
nilotinib, 176, 339t, 1454, 1457 
pharmacology, 338-341 
ponatinib, 339¢, 1458 
resistance to. See Tyrosine kinase 
inhibitors, resistance to 


response to, 1452f, 1454-1456, 1455t, 
1463 
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with, 1456 
selection for initial therapy in chronic 
phase, 1454 
vaccine, 423 
transformation to acute lymphoblastic 
leukemia, 1465-1466 
Chronic myelogenous (myeloid) leukemia 
(CML) stem cell, 1439 
Chronic myelomonocytic leukemia (CMML) 
chromosomal abnormalities, 180t 
clinical features, 1467-1468, 1468t 
differential diagnosis, 1450 
epidemiology, 1467 
gene mutations, 170, 1351, 1468t 
monocytosis in, 1096 
Chronic natural killer cell lymphocytosis, 
1197 
Chronic neutrophilic leukemia, 1279, 1450, 
14681, 1471-1472 
Chronic thromboembolic pulmonary 
hypertension, 2273 
CHS1, 1018 
Churg-Strauss syndrome. See Eosinophilic 
granulomatosis with polyangiitis 
(EGPA) 
Chuvash polycythemia 
clinical features, 510, 880 
course and prognosis, 884 
epidemiology, 873 
etiology and pathogenesis, 876-877, 
877f 
laboratory features, 881-882 
VHL mutations and, 510, 876-877, 877f, 
878f, 882t 
CID. See Combined immunodeficiencies 
(CID) 
Cigarette smoking 
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adult Langerhans cell histiocytosis and, 
1108, 1109 
lymphoma and, 1573 
myelodysplastic syndromes and, 1342 
neutrophilia and, 1001 
persistent polyclonal lymphocytosis of 
B lymphocytes and, 1200 
polycythemia and, 872, 876, 876t 
porphyria cutanea tarda and, 906 
Cilostazol 
antiplatelet effects, 404 
clinical uses, 404t, 405 
dosage, 404t 
for peripheral arterial disease, 2297 
platelet effects, 2077-2078 
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for acute intermittent porphyria, 904 
aplastic anemia and, 516 
for toxic methemoglobinemia, 793 
Ciprofloxacin, 387t, 388 
Circulating cell-free fetal DNA (ccff-DNA), 
852 
Circulatory overload, transfusion-associated, 
2376 
Circumcision, 1988 
CIS3 (SOCS3), 485, 486f 
Cisplatin, 331, 331t. See also ESHAP regimen 
for diffuse large B-cell lymphoma, 1629¢, 
1631 
for Hodgkin lymphoma, 1616 
platelet function and, 2079 
secondary acute myelogenous leukemia 
and, 1407 
Citrovorum factor, 584 
c-Kit, 258, 264-265 
c-Kit ligand. See Stem cell factor (SCF) 
CKS1B, 1712, 1736 
CLA-1 (scavenger receptor-B1, SCARB1), 
1872 
Cladribine, 324 
for acute myelogenous leukemia, 1395t, 
1396, 1402t 
for adult Langerhans cell histiocytosis, 
1108-1109 
for autoimmune hemolytic anemia, 839 
autoimmune hemolytic anemia and, 831 
for chronic lymphocytic leukemia, 1534, 
1535 
for Erdheim-Chester disease, 1111 
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for gastric MALT lymphoma, 1666 
for hairy cell leukemia, 1553, 1557, 1559t 
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for Langerhans cell histiocytosis, 1106, 
1107 
for pure red cell aplasia, 544 
resistance to, 319t 
structure, 323f 
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1793, 1794-1795 
Classic von Hippel-Lindau syndrome, 
877-878 
Class switching, heavy-chain, 1168-1169 
Class switch recombination (CSR), 1213 
Claudication, 2297 
CLC (Charcot-Leyden crystal) protein, 929, 
947, 953 
Clearance receptors, 2309 
CLEC-2, 1857, 1871 
Clindamycin, for babesiosis, 819 


CLL. See Chronic lymphocytic leukemia 
(CLL) 
Clofarabine, 322, 324-325 
for acute myelogenous leukemia, 1402 
for Langerhans cell histiocytosis, 1107 
for myelodysplastic syndromes, 1362 
resistance, 319t 
structure, 323f 
Clonal disorders. See Chromosomal 
abnormalities 
Clonal hematopoiesis, 1284 
Clonal hemopathy, in myelofibrosis, 1328 
Clonality assay, 883-884 
Clonally evolved acute myelogenous 
leukemia (ceAML), 1281 
Clonal myeloid disorders, 1275-1287, 1276t. 
See also specific disorders 
aplastic anemia and, 521 
basophilia in, 971-972, 972t 
clinical manifestations, 1284-1287 
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dysfunction, 1284-1285 
extramedullary tumors, 1285 
factitious laboratory results, 1287 
hyperleukocytic syndromes, 1285-1286, 
1286t 
marrow necrosis, 1287 
metabolic signs, 1286-1287 
organ involvement, 1287 
procoagulant and fibrinolytic activator 
release, 1285 
splenomegaly, 1287 
systemic symptoms, 1286 
thrombocythemic syndromes, 1286 
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hematopoiesis in, 1284 
minimal-deviation, 1276t, 1277-1278 
moderate-deviation, 1276t, 1278-1279 
moderately severe-deviation, 1276t, 1279 
pathogenesis, 1281-1282, 1281f 
Ph chromosome-positive, 1450 
phenotype, 1282-1283, 1282f, 1283f 
pluripotential stem cell pool and, 1283 
quantitativeness, 1283-1284 
severe-deviation, 1276t, 1279-1280 
transitions among, 1280-1281 
Clone, 175t 
Cloning, DNA, 152 
Clonogenic myeloerythroid progenitors, 1154 
Clopidogrel, 405 
antiplatelet effects, 405, 2076 
clinical uses, 404t, 405 
dosage, 404t 
for essential thrombocythemia, 1313 
for peripheral arterial disease, 2297 
platelet transfusion and, 2385 


for stroke prevention, 2076, 2297 
for unstable angina, 2296 
Clostridial bacteremia, 2207 
Clostridium difficile, 384, 388, 1182 
Clostridium perfringens, 817f, 2211 
Clostridium perfringens septicemia, 819 
Closure time, in newborn, 107 
Clot retraction, 1842 
CLP (common lymphoid progenitor), 269- 
270, 1151 
CLPD-NK. See Chronic lymphoproliferative 
disorders of NK cells (CLPD-NK) 
CLRs (C-type lectin receptors), 1008, 1870- 
1871 
Clustered, regularly interspaced, short 
palindromic repeats (CRISPR), 444 
Cluster of differentiation. See under CD 
CML. See Chronic myelogenous (myeloid) 
leukemia (CML) 
CMML. See Chronic myelomonocytic 
leukemia (CMML) 
C-MOPP regimen, for diffuse large B-cell 
lymphoma, 1628-1629 
CMP (common myeloid progenitor), 
270-271, 1151 
c-mpl. See Thrombopoietin (TPO) receptor 
(c-mpl, CD110) 
CMR (complete molecular response), 1452t 
CMV infection. See Cytomegalovirus (CMV) 
infection 
CMV mononucleosis. See Cytomegalovirus 
(CMV) mononucleosis 
CMX-001, 369 
c-Myc, 237 
c-MYC, 230t, 235t, 1626 
CNVs (copy number variants), 147 
CoA (acetyl-coenzyme A), 193, 193f, 196 
CoA (succinyl coenzyme A), 892, 893f 
Coagulation. See also Hemostasis 
activation of, in sickle cell disease, 765 
control of, 1949-1961, 2222f. See also 
Coagulation factors 
activated protein C. See Activated 
protein C (APC) 
activated protein C-independent 
activity of protein S, 1958 
coagulation pathways. See Coagulation, 
pathways 
heparin cofactor II, 1960 
hereditary deficiencies associated with, 
1951 
inhibition of activated protein C, 
1958 
protease inhibitors, 1958-1959 
protein C pathway. See Protein C 
pathway 


protein Z-dependent protease inhibitor, 
1960 
tissue factor pathway inhibitor. See 
Tissue factor pathway inhibitor 
(TFPI) 
in inflammation, 286t, 290 
metabolic modulation of, 2203 
monocytes and macrophages in, 1059 
in neonate, 109-111, 110¢, 111t 
in older adults, 137 
pathways. See also Coagulation factors 
basal coagulation/anticoagulation and, 
1942 
cascade model, 1938-1939 
cell-based model, 1940, 1940f 
endothelial cells in, 1941-1942, 1941f 
fibrinolysis in, 1942 
immune cells in, 1940-1941, 1941f 
plasma protease inhibitors in, 1942 
platelet activation in, 1842, 1940, 1940f 
protein C pathway and, 1949-1951, 
1950f 
revised model, 1939-1940, 1939f 
Coagulation factors 
aging and, 135 
cell-associated 
endothelial protein C receptor. See 
Endothelial protein C receptor 
(EPCR) 
thrombomodulin. See Thrombomodulin 
(TM) 
tissue factor. See Tissue factor (TF) 
contact system 
factor XII. See Factor XII 
high-molecular-weight kininogen, 
1916t, 1929 
prekallikrein, 1929 
deficiencies. See also specific factors 
acquired, 2145 
antibody-mediated, 2183-2187 
assays, 1990 
diagnosis, 1988, 1989f 
in hepatic disease, 2192 
inherited. See Rare bleeding disorders 
(RBDs) 
in pregnancy, 121 
in disseminated intravascular coagulation, 
2203 
factor XI. See Factor XI 
fibrin network 
factor XIII. See Factor XIII 
fibrinogen. See Fibrinogen 
thrombin-activatable fibrinolysis 
inhibitor. See Thrombin-activatable 
fibrinolysis inhibitor (TAFI) 
in inflammation, 2201 


inhibitors, 1991 
antithrombin. See Antithrombin (AT) 
protein Z, 1938, 1952t 
protein Z-dependent protease inhibitor, 
1916t, 1938, 1952t, 1960 
tissue factor pathway inhibitor. See 


Tissue factor pathway inhibitor 
(TEPI) 
procoagulant factors 
factor V. See Factor V 
factor VII. See Factor VIII 
soluble cofactors 
protein S. See Protein S 
von Willebrand factor. See Von 
Willebrand factor (VWF) 
vitamin K-dependent zymogens, 1915- 
1918, 1916t, 1917f, 1918f, 1918t 
factor VII. See Factor VII 
factor IX. See Factor IX 
factor X. See Factor X 
protein C. See Protein C 
prothrombin. See Prothrombin (factor 
1) 
Cobalamin, 588-593 
cell uptake, 592 
chemistry, 588f, 589f 
daily requirements, 589 
intestinal absorption, 583, 591-592, 591t 
metabolism, inborn errors of, 607, 607t 
oral, 604 
plasma haptocorrin and, 592-593 
role in metabolism, 583, 589-590, 589f 
serum assay, 593 
sources, 589 
Cobalamin-binding proteins 
childhood megaloblastic anemia and 
defects in, 605, 607 
levels in disease, 593t 
Cobalamin C deficiency, 2263 
Cobalamin deficiency, 599-604. See also 
Pernicious anemia (PA) 
clinical features, 602-603, 602f 
etiology and pathogenesis, 583, 596t, 
599-602 
AIDS, 601-602 
blind loop syndrome, 601 
in children, 605, 607 
defective intrinsic factor secretion. See 
Pernicious anemia (PA) 
dietary deficiency, 602 
fish tapeworm, 601 
gastrectomy syndromes, 601 
intestinal disorders, 601 
pancreatic disease, 602 
Zollinger-Ellison syndrome, 601 
folate deficiency and, 590-591, 590f 


laboratory features, 603, 994 
neural tube defects and, 598 
neurologic effects, 602 
pregnancy and, 120 
subtle, 602-603 
therapy, course, and prognosis, 603-604, 
604f 
thrombocytopenia and, 1997-1998 
Cobalophilin. See Haptocorrins 
Cobblestone area-forming cell (CAFC), 260 
Cocaine, 2079 
Coccidioides infection, 384, 385 
Codanin-1, 565 
Codocytes (target cells), 21, 21f, 473f, 473t, 
474f, 475 
CODOX-M/IVAC regimen, for Burkitt 
lymphoma, 1245, 1675, 1675t 
Coenzymes, in erythrocytes, 470t 
Cofilin, 1833¢t 
COH1, 994 
Cohen syndrome, 994 
Cohort methods, for red cell life span 
measurement, 495, 496f 
Coin rubbing, purpura and, 2107 
Colchicine 
for familial Mediterranean fever, 1025- 
1026 
megaloblastic anemia and, 606t 
Cold agglutinin disease, 823-824, 837, 
840, 1790. See also Autoimmune 
hemolytic anemia, cold-antibody 
Cold agglutinins, 828, 829 
Cold-antibody hemolytic anemia. See 
Autoimmune hemolytic anemia, 
cold-antibody 
Collagen, 63 
interactions, 1846¢ 
platelet activation and, 1879-1881 
structure, 1846f 
type III, 267, 1446, 1846t 
types I, V, VI, 267, 1846t 
Collagenases, 283 
Collagen receptor. See Integrin a,b, 
Collagen-related peptide (CRP), 1851 
Colon 
cancer, folic acid deficiency and, 599 
primary lymphomas in, 1581 
Colony-forming cell (CFC), 269 
Colony-forming unit (CFU), 269 
Colony-forming unit-erythroid (CFU-E) 
development, 462 
in erythropoiesis, 480f, 481, 483f 
progenitors, 270 
Colony-forming unit-granulocyte-erythroid- 
monocyte macrophage (CFU- 
GEMM), 100 
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Colony-forming unit-granulocyte-monocyte 
(CFU-GM), 100, 263 
in aplastic anemia, 515 
Colony-stimulating factor (CSF), 105, 
939-940 
Colony-stimulating factor (CSF)-1, 1287 
Colton blood group/antigens, 2331t, 2345t 
Combined immunodeficiencies (CID) 
Ca™ entry channel defects, 1221 
CD27 deficiency, 1220 
clinical features, 1213t 
coronin-1A deficiency, 1220 
CTPS1 deficiency, 1220-1221 
dedicator of cytokinesis 9 deficiency, 
1221-1222 
defects of T-cell-receptor signaling, 1220 
magnesium transporter 1 defects, 1221 
major histocompatibility complex class I 
deficiency, 1221 
major histocompatibility complex class I 
deficiency, 1221 
with multiple intestinal atresia, 1222 
Omenn syndrome, 1166, 1219-1220 
severe. See Severe combined 
immunodeficiency (SCID) 
T-cell immunodeficiencies with impaired 
NF-«B activation, 1220 
with venoocclusive disease, 1222 
Combined system disease, 602, 602f 
COMMD7, 1853 
Common lymphoid progenitor (CLP), 
269-270, 1151 
Common myeloid progenitor (CMP), 
270-271, 1151 
Common variable immunodeficiency 
(CVID), 993, 1214t, 1216, 1575t 
Compartment syndrome, 2118 
Compatibility testing, 2349-2350, 2350t 
Competitive repopulation, 259 
Complement 
in antiphospholipid syndrome, 2237 
defects, in atypical hemolytic uremic 
syndrome, 2259-2260, 2259t 
in paroxysmal nocturnal hemoglobinuria, 
572, 573f 
Complementarity determining region 
(CDRs), 1170 
Complementary DNA (cDNA) 
in Fanconi anemia, 530 
libraries, 421 
von Willebrand factor, 2164 
Complement (C3)-coated red cells, 499 
Complement fixation, 829 
Complement receptor 1, 815, 1054 
Complement receptor 3. See CD11b 
Complement receptors, 1053f, 1054 


Complement system 
deficiencies, 1213t, 1232 
in inflammation, 286t, 289-290, 289f 
Complete cytogenic response (CCyR), 1452t 
Complete hematologic response (CHR), 
1452t 
Complete molecular response (CMR), 1452t 
Computed tomography (CT), in pulmonary 
embolism, 2271, 2272f 
Concentrate film, 29 
Conditional ablation, suicide genes for, 416 
Confusion, history of, 5 
Congenital adrenal hyperplasia, 560 
Congenital alopecia and absence of thymus, 
1223 
Congenital amegakaryocytic 
thrombocytopenia (CAMT), 530t, 
532, 1822 
Congenital disorder of glycosylation II. See 
Leukocyte adhesion deficiency type 
2 (LAD-2) 
Congenital dyserythropoietic anemias, 608 
Congenital dyserythropoietic anemias 
(CDAs), 563-569 
atypical, 568, 568t 
definition and history, 563 
differential diagnosis, 563, 564f, 568-569, 
637 
epidemiology, 563-564 
type I 
clinical features, 564-565, 566f 
genetics, 565-566 
laboratory features, 565, 565f 
therapy, course, and prognosis, 566 
type II 
clinical and laboratory features, 
566-567 
genetics, 567 
therapy, course, and prognosis, 567-568 
type II, 568 
Congenital erythropoietic porphyria (CEP), 
889, 896-897 
clinical features, 890t, 896f, 897 
definition and history, 890, 896 
diagnosis, 897 
enzymes affected by, 890t 
laboratory features, 891t 
pathogenesis of clinical findings, 897 
pathophysiology, 896 
therapy, 897 
Congenital Heinz body hemolytic anemia, 
781-782 
Congenital immunodeficiency diseases. See 
Immunodeficiency diseases 
Congenital leukemia, 1386 
Congenital neutropenia, 992-993, 993f 


Congenital thrombotic thrombocytopenic 
purpura (Upshaw-Schulman 
syndrome), 2257-2258 

Congestive heart failure, history of, 5 

Congo red stain, 1773, 1776, 1776f 

Conjugated estrogens, for uremia, 2084 

Connective tissue tumors, polycythemia 
with, 879 

Consciousness, history of impairment of, 5 

Consensus E-box motifs (CANNTG), 262 

Constant region, 1175 

Constipation, history of, 5 

Co. phenotype, 2343 

Cooley anemia, 743. See also B-thalassemias 

Coombs (direct antiglobulin) test, 823, 833, 
834t, 2349, 2372 

COPP-ABVD regimen, for Hodgkin 
lymphoma, 1612t, 1614 

Copper, 652t, 811 

Copper deficiency, 653 

neutropenia and, 995 
sideroblastic anemia and, 919-920 
COPP regimen 
for diffuse large B-cell lymphoma, 
1628-1629 
for Hodgkin lymphoma, 1612t 

Coproporphyrinogen oxidase (CPO), 895 

Coproporphyrinogens, 891f, 8911, 893f 

Copy-number neutral LOH, 174, 177f 

Copy number variants (CNVs), 147 

Cord blood, 102, 357, 358 

Cord colitis, 357 

Cordocentesis, 854 

Coronary artery bypass grafting, 2296 

Coronary artery disease, 1850, 2240. See also 
Cardiovascular disease 

Coronary stents, 2293 

Coronin-1A deficiency, 1220 

Cor pulmonale, 882 

Corrected count increment (CCI), 2385, 
2387-2388 

Corrinoids, 588 

Corrin ring, 588, 588f, 589f 

Corynebacterium diphtheriae pharyngitis, 1268 

Cost antigens, 2333t 

Cough, history of, 5 

Coumadin. See Warfarin 

Coumarin, 393 

Cow’s milk anemia, 630 

COX. See under Cyclooxygenase (COX) 

CPB2, 1935-1936 

Cpg islands, 168 

CPO, 905 

CPO (coproporphyrinogen oxidase), 895 

CPX-351, for myelodysplastic syndromes, 
1361 


CRI, 1053f 
CR3. See CD11b/CD18 
CR4, 1053f 
C-reactive protein 
in Castleman disease, 1250 
high-sensitivity, 2283 
in pregnancy, 119-120 
in primary myelofibrosis, 1325 
in reactive thrombocytosis, 2035 
in sickle cell disease, 765 
CRE-BBP, 235t 
CREBBP, 1644 
C-REL, 209 
Crenated cell. See Echinocytes 
Crenolanib, 1403 
CRIs (cross-reactive idiotypes), 1170 
CRISPR (clustered, regularly interspaced, 
short palindromic repeats), 444 
Critical limb ischemia, 2297 
Crizotinib 
for anaplastic large cell lymphoma, 1699 
for peripheral T-cell lymphoma, 1696 
CRKL, 1443-1444 
CRLF2, 232t, 1508 
Crohn disease, 1229 
Cromer blood group/antigens, 2332t, 2337, 
2345t 
Crossover, genetic, 151, 151 f 
Cross-presentation, 308 
Cross-reacting material (CRM), in 
hemophilia, 2121 
Cross-reactive idiotypes (CRIs), 1170 
Crosstalk, 253 
CRP (collagen-related peptide), 1851 
CRS (cytokine release syndrome), 415-416, 
1539 
Cryofibrinogenemia, 2099 
Cryoglobulinemia, 428, 429t, 1789, 1790f, 
2097, 2099f 
Cryohydrocytosis, 682t, 684 
Cryoprecipitate 
for afibrinogenemia, 2156 
for bleeding, 2317, 2317t 
for disseminated intravascular coagulation, 
2213 
for hemophilia A, 2122 
Cryptococcus infection, 384 
Cryptosporidium, 1017, 1213 
Crypts, 94 
CSF (colony-stimulating factor), 105, 
939-940 
CSF-1 (colony-stimulating factor-1), 
1287 
CSFIR, 232t 
CSF3R, 228t, 1468t, 1472 
CSR (class switch recombination), 1213 


CT (computed tomography), in pulmonary 
embolism, 2271, 2272f 
CTAP-III, 1844-1845 
CTCL. See Cutaneous T-cell lymphoma 
(CTCL) 
CTLA-4 (cytotoxic T-lymphocyte antigen-4, 
CD152), 424, 1184, 1224 
CTLs. See CD8+ T cells 
CTP (cyclic thrombocytopenia), 2015 
CTPS1, 1220-1221 
CTPS1 (cytidine 5-triphosphate synthase 1) 
deficiency, 1220-1221 
C-type lectin receptors (CLRs), 1008, 
1870-1871 
CUBAM complex, 591 
Cubilin, 591-592 
Cumin, 2079 
Cushing disease, 1986 
Cushing syndrome, 543, 544, 560, 1987, 
2108 
Cutaneous calciphylaxis, 2101-2102 
Cutaneous disorders. See Skin disorders 
Cutaneous mastocytosis, 973t 
Cutaneous polyarteritis nodosa, 2106, 2106f 
Cutaneous T-cell lymphoma (CTCL). See also 
Mycosis fungoides (MF) 
chromosomal abnormalities, 1498t 
classification, 1680t, 1684t 
definition and history, 1679 
differential diagnosis, 1683-1684, 1688 
erythrodermic subset, 1683, 1684 
etiology and pathogenesis, 1680 
lymphomatoid papulosis, 1499t, 
1688-1689, 1688t 
primary cutaneous anaplastic large cell 
lymphoma, 1499, 1688, 1688f 
CUX1, 1347 
CVID (common variable 
immunodeficiency), 993, 1214t, 
1216, 1575t 
CVP regimen, for follicular lymphoma, 
1646f, 1646t 
CXC chemokines, 288, 288¢ 
CXCL4 (platelet factor 4) 
in gray platelet syndrome, 2054 
in heparin-induced thrombocytopenia, 
2026-2028, 2026f 
in inflammation, 1856 
in platelet signaling, 1878 
structure, 2027f 
target cells, 288t 
in a granules, 1844 
CXCL12 (stromal cell-derived factor-1), 
265-266, 1823 
in chronic lymphocytic leukemia, 1528 
in hematopoiesis, 259 


in hematopoietic stem cell homing, 355, 
356 
in megakaryopoiesis, 1817 
stem cell function and, 261 
in WHIM syndrome, 994 
CXCL12-abundant reticular cells, 264 
CXCL12 (SDF-1)/CXCR4, 1712-1713, 1737 
CXCL13, 1698, 2097 
CXCRI1, 1878 
CXCR2, 2286 
CXCR4 (CXCR-4) 
antagonists, 1404 
in atherosclerosis, 2286 
in chronic lymphocytic leukemia, 1528 
in hematopoietic stem cell homing, 355 
in HIV infection, 1240 
in megakaryopoiesis, 1823 
in platelets, 1878 
in WHIM syndrome, 994 
CXCR4 promoter, 1321 
CXCRAWHIM, 1787-1788, 1787f 
CXCRS, 1710 
CXCR12, 2286 
Cyanide, cobalamin and, 590 
Cyanocobalamin (vitamin B,,), 588, 588f, 
589, 592f. See also Cobalamin 
Cyanosis 
definition and history, 789 
differential diagnosis, 794-795 
etiology, 789 
history of, 6 
in methemoglobinemia, 792 
in polycythemia, 508 
in sulfhemoglobinemia, 794 
CYBA (p22°"**), 1013¢, 1027, 1028t, 1029 
CYBB (gp91""*), 1013t, 1028t, 1029 
Cyclic adenosine monophosphate (cAMP), 
404-405 
Cyclic neutropenia, 983, 985, 994, 1097 
Cyclic thrombocytopenia (CTP), 2015 
Cyclin A, 213, 215, 215t 
Cyclin B, 213, 215, 215t 
Cyclin box, 214-215 
Cyclin D, 215-216, 215t, 1710 
Cyclin D1 
in essential monoclonal gammopathy, 
1736t 
in mantle cell lymphoma, 1593-1594, 
1593f, 1653 
in myeloma, 1735, 1736t 
Cyclin D2, 1735 
Cyclin D3, 1735 
Cyclin-dependent kinase (cdk), 213-218 
functions, 213, 215-217, 215t 
pharmacologic inhibition, 218 
substrates and inhibitors, 217-218, 217f 
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Cyclin-dependent kinase 4 inhibitors gene, 
1465 
Cyclin-dependent kinase 7 (cdk7), 216 
Cyclin-dependent kinase 8 (cdk8), 216 
Cyclin-dependent kinase 9 (cdk9), 216 
Cyclin-dependent kinase 10 (cdk10), 216 
Cyclin-dependent kinase 11 (cdk11), 
216-217 
Cyclin-dependent kinase inhibitors (CDKIs), 
217-218, 1539 
Cyclin E, 215 
Cyclins, 213-216, 214f, 215t 
Cyclooxygenase (COX)-1, 403, 1857f, 1876, 
1969-1970, 2073-2074 
Cyclooxygenase (COX)-1b, 2073 
Cyclooxygenase (COX)-1 inhibitors, 404 
Cyclooxygenase (COX)-2, 404, 1876, 1970, 
2073-2074 
Cyclooxygenase (COX)-2 inhibitors, 2075, 
2121 
Cyclooxygenase (prostaglandin H, 
synthase-1) deficiency, 2058 
Cyclophosphamide. See also BEACOPP 
regimen; CHOP regimen; 
CODOX-M/IVAC regimen; 
COPP regimen; EPOCH regimen; 
HyperCVAD regimen 
for acute lymphoblastic leukemia, 1515, 
1516 
adverse effects, 331, 368, 1407, 1519t 
for AL amyloidosis, 1761, 1780-1781 
for a-heavy-chain disease, 1808 
for antiphospholipid syndrome, 2245 
for aplastic anemia, 526, 527 
for autoimmune hemolytic anemia, 839 
for Burkitt lymphoma, 1675, 1675t, 1676 
for chronic lymphocytic leukemia, 1534, 
1535, 1537 
for diffuse large B-cell lymphoma, 1629t 
for follicular lymphoma, 1645t, 1646 
for y-heavy-chain disease, 1806 
before hematopoietic cell transplantation, 
360 
high-dose, before hematopoietic cell 
transplantation, 331t, 3321, 360 
for Hodgkin lymphoma, 1616 
for immune thrombocytopenia, 2007 
for large granular lymphocytic leukemia, 
1567 
mechanism of action, 329 
for -heavy-chain disease, 1810 
for mycosis fungoides, 1687 
pharmacology, 330 
platelet function and, 2079 
posttransplantation, 357 
for pure red cell aplasia, 544 


in reduced-intensity conditioning, 360 
for Waldenström macroglobulinemia, 
1794-1795 
Cycloserine, megaloblastic anemia and, 606t 
Cyclosporine 
adverse effects, 2262 
for aplastic anemia, 523-524, 525f, 525t, 
527 
for autoimmune hemolytic anemia, 840, 
1541 
for Diamond-Blackfan anemia, 540 
for drug resistance in acute myelogenous 
leukemia, 1404 
for familial hemophagocytic 
lymphohistiocytosis, 1228 
for hemophagocytic lymphohistiocytosis, 
1115 
for immune thrombocytopenia, 2007 
for IPEX syndrome, 1223 
for large granular lymphocytic leukemia, 
1567 
for myelodysplastic syndromes, 1359 
for primary myelofibrosis, 1329 
for pure red cell aplasia, 544 
in reduced-intensity conditioning, 360 
for thrombotic thrombocytopenic 
purpura, 2257 
CYLD (CYLD), 233¢, 1711, 1737 
CYP2C9, 395 
CYP2C19, 1850, 2076 
CYP enzymes 
acute intermittent porphyria and, 901 
porphyria cutanea tarda and, 906 
Cysteine aspartyl-specific proteases. See 
Caspases 
Cytarabine (ara-C), 321-322. See also 
CODOX-M/IVAC regimen; 
ESHAP regimen 
for acute lymphoblastic leukemia, 1515 
or acute lymphoblastic leukemia, 1516 
for acute myelogenous leukemia, 
1394-1396, 1395t, 1398-1399, 1402t 
in children, 1409 
high-dose vs. standard-dose, 1396 
in older patients, 1408 
in pregnant patients, 1409 
for acute promyelocytic leukemia, 1404, 
1405t 
for adult Langerhans cell histiocytosis, 
1108-1109 
adverse effects, 322, 1519t 
for chronic lymphocytic leukemia, 
1534 
for chronic myelogenous leukemia, 1459 
for chronic myelomonocytic leukemia, 
1469 


in combination chemotherapy, 327 
for diffuse large B-cell lymphoma, 1628, 
1629t, 1631 
high-dose, 331t 
for Hodgkin lymphoma, 1616 
for juvenile myelomonocytic leukemia, 
1471 
for Langerhans cell histiocytosis, 1106, 
1107 
for mantle cell lymphoma, 1656, 1658t, 
1659t 
mechanism of action, 321 
megaloblastic anemia and, 606t 
for myelodysplastic syndromes, 
1358-1359, 1361 
pharmacology, 321-322 
for primary myelofibrosis, 1330 
resistance to, 319t 
for transient myeloproliferative disorder, 
1386 
Cytidine 5-triphosphate synthase 1 (CTPS1) 
deficiency, 1220-1221 
Cytochrome b, 621t, 1013¢, 1014, 1029 
Cytochrome b, deficiency, 790 
Cytochrome b ; reductase, 701t 
Cytochrome b, reductase deficiency. See also 
Methemoglobinemia 
clinical features, 793 
epidemiology, 789 
etiology and pathogenesis, 789-790 
heterozygosity for, 790 
laboratory features, 792 
treatment, 793 
Cytochrome c (Cyt-c), 204f, 205 
Cytogenetics, 173-188. See also 
Chromosomal abnormalities 
in aplastic anemia, 520 
cell preparation methods, 173-174 
chromosome nomenclature, 174, 175t 
metaphase, 1711-1712 
Cytokine release syndrome (CRS), 415-416, 
1539 
Cytokines. See also specific cytokines 
for aplastic anemia, 526 
in apoptosis regulation, 209 
in B-cell precursor development, 270 
in disseminated intravascular coagulation, 
2200 
in erythropoietic precursor development, 
550 
in extracellular matrix, 61-62, 62t 
for Fanconi anemia, 529 
in hematopoietic stem cell regulation, 
264-265, 264t 
in innate immune response, 303 
in lymphopoiesis regulation, 1154 


in macrophage activation, 1085-1086, 
1085f 
in megakaryopoiesis, 1817, 1821 
natural killer cells and, 1191 
in neonatal phagocytic function, 107 
in regulation of inflammation, 286t, 
287-288 
stem cell factor. See Stem cell factor (SCF) 
in transfusion reactions, 2374, 2375 
for vaccine therapy enhancement, 422 
Cytolytic T cells, 1139 
Cytomegalovirus (CMV) infection 
antiphospholipid antibodies and, 
2234 
complications, 1266t 
differential diagnosis, 1269 
epidemiology, 1261-1262 
after hematopoietic cell transplantation, 
369-370, 2374 
in immunocompromised host, 385, 
1267-1268 
preventive therapy, 389, 1268, 2374 
T-cell therapy, 409-411, 410f, 411f 
in transplant recipients, 1267-1268 
Cytomegalovirus (CMV) mononucleosis, 
1266-1268 
clinical manifestations, 1263t, 1267 
complications, 1267 
epidemiology, 1266 
history, 1266 
laboratory features, 1267, 1267t 
treatment, 1269 
Cytopenias, 1277, 1610 
Cytoplasmic antineutrophil cytoplasmic 
antibody (cANCA), 1013 
Cytoplasmic granules, 1145, 1511, 1511f 
Cytoreductive therapy, for essential 
thrombocythemia, 1313-1314, 
1313t 
Cytosine arabinoside. See Cytarabine (ara-C) 
Cytosine methylation, 162 
Cytotoxicity disorders. See 
Immunodeficiency diseases, 
cytotoxicity disorders 
Cytotoxic T cells. See CD8+ T cells (cytotoxic 
T lymphocytes, CTLs) 
Cytotoxic T-lymphocyte antigen (CTLA)-4, 
424, 1184, 1224 
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D6, 285 

D409H, 1123, 1123t 

Dabigatran, 399, 401 
adverse effects, 2275t 
clinical studies, 400t 
mechanism of action, 1919 


for venous thromboembolism, 2274-2275, 
2274t, 2275t 
Dacarbazine. See also ABVD regimen 
for malignant histiocytic diseases, 1110 
mechanism of action, 329 
Dacetuzumab, for myeloma, 346t 
Daclizumab, for pure red cell aplasia, 544 
Dacryocytes (teardrop cells), 21f, 473f, 473t, 
47 4f 
Dactylitis, 771 
DAF (decay accelerating factor), 572 
DAG (diacylglycerol), 935, 1016, 1849 
DAH (diffuse alveolar hemorrhage), 368 
DAI (DNA-dependent activator of IRFs), 
302f, 303 
Dalbavancin, 385 
Dalteparin, for venous thromboembolism, 
2274t 
Damaged (“smudge,’ “basket”) cells, 23 
Danaparoid, 398 
for heparin-induced thrombocytopenia, 
2030, 2031t 
for unstable angina, 2296 
Danazol 
for autoimmune hemolytic anemia, 839 
for immune thrombocytopenia, 2007 
for paroxysmal nocturnal hemoglobinuria, 
579 
D antigen, 2330, 2336 
DAP (y-D-glutamyl diaminopimelic acid), 
299, 301f 
DAP12, 1190 
DAPK, 1528 
Dapsone 
adverse effects, 2007 
G6PD deficiency and, 708¢, 712, 1252 
for immune thrombocytopenia, 2007 
prophylactic, 389 
toxic methemoglobinemia and, 790t, 793 
Dapsone-trimethoprim, 386 
Daptomycin, 384, 385, 388t 
Darapladib, for atherosclerosis, 2286 
Daratumumab, for myeloma, 345, 345f, 346¢, 
1754-1755 
Darbepoetin, 554. See also Erythropoiesis- 
stimulating agents (ESAs) 
DARC (Duffy antigen receptor for 
chemokines), 285 
Darling-Roughton effect, 795 
Dasatinib, 338-341 
for acute lymphoblastic leukemia, 1518 
for acute myelogenous leukemia, 1403 
adverse effects, 339t, 341, 1203, 1451t, 
1453-1454 
for chronic myelogenous leukemia, 176, 
339t, 1451t, 1453-1454, 1457, 1466 
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comparison with other tyrosine kinase 
inhibitors, 1451t 
drug interactions, 339t, 1451t 
for mastocytosis, 977 
pharmacology, 338, 339t, 340-341, 1454 
resistance to, 319t 
structure, 340f 
Daunomycin, for acute myelogenous 
leukemia in children, 1409 
Daunorubicin, 327-328 
for acute lymphoblastic leukemia, 1515, 
1516 
for acute myelogenous leukemia, 1395, 
1395t, 1408 
for acute promyelocytic leukemia, 1404, 
1405t 
adverse effects, 328, 1519t 
DCs. See Dendritic cells (DC) 
DC-SIGN (CD-209), 308, 1057#, 1082 
DDAVP. See Desmopressin (DDAVP) 
D-dimer levels 
aging and, 135, 137 
in deep vein thrombosis, 2269 
in disseminated intravascular coagulation, 
2206 
in pulmonary embolism, 2271 
DDT, 517 
Dead fetus syndrome, 2211 
Death domain (DD), 205, 249 
Death effector domains (DEDs), 205, 207f 
Death-inducing signaling complex (DISC), 
205 
DEC205, 310 
DEC205/CD205 lectin receptor, 308, 310 
Decay accelerating factor (DAF), 572 
Decitabine, 322 
for acute myelogenous leukemia, 1403 
mechanism of action, 239, 1360-1361 
for myelodysplastic syndromes, 239, 336, 
1360-1361 
for sickle cell disease, 774t, 775 
Dectin-1 
in fungal infection susceptibility, 1057t, 
1230 
in innate immunity, 295, 1084 
toll-like receptors and, 1054, 1055f, 1057t 
Dedicator of cytokinesis 8 (DOCK) 
deficiency, 1215¢, 1221-1222 
DEDs (death effector domains), 205, 207f 
Deep vein thrombosis (DVT). 
See also Venous thrombosis/ 
thromboembolism 
in antiphospholipid syndrome, 2238 
complications, 2269 
definition and epidemiology, 2267 
differential diagnosis, 2269, 2270f 
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Deep vein thrombosis (DVT) (Cont.): 
etiology and pathogenesis, 2268 
objective testing for, 2269-2270, 

2272-2273 
therapy. See Venous thrombosis/ 
thromboembolism, therapy 
Defensins, 107, 1009-1010, 1011, 1012t, 1013 
Deferasirox, for iron chelation therapy, 644, 
752, 776, 1358 

Deferiprone, for iron chelation therapy, 644, 
752, 776 

Deferoxamine, for iron chelation therapy, 
751-752, 1358 

Deferoxamine mesylate, 5 

Defibrotide, 368 

Deformin, 818 

Degranulation, 948 

Degranulation abnormalities 
Chédiak-Higashi syndrome. 

See Chédiak-Higashi syndrome 
specific granule deficiency, 1019t, 
1020-1021 

Dehydrated stomatocytosis. See Hereditary 

xerocytosis 

Delayed hemolytic transfusion reaction 

(DHTR), 2372, 2377 

Deletions, chromosomal, 175t 

66-thalassemias, 726 
(*y5B)°, 733, 733t 
clinical features, 743 
(5B)*, 733-734, 735f, 748 
(58)°, 733, 748 
epidemiology/population genetics, 

727-728 
laboratory features, 750f 
molecular basis, 733-734, 733t, 734f, 735f 
nondeletion, 734-735 

Delta ligand, 1824 

5-storage pool deficiency, 2052-2054 

5-thalassemias, 726, 736, 751 

Demargination (pseudoneutrophilia), 

999-1000 

Dematin, 663t 

Demethylating agents, 239, 336. See also 

5-Azacytidine; Decitabine 

Dendritic cells (DCs) 
antigen uptake and processing in, 308-309 
blood, 1092, 1098 
in cellular therapy, 413 
classification, 309-310 
development, 309, 1151 
differentiation, 1076f 
functions, 307-308, 308t 
in immunotherapy, 310 
in Langerhans cell histiocytosis, 1103 
in malignant histiocytosis, 1101 


markers, 1080t 
progenitors, 310 
for vaccine delivery, 422 
Dendritic cell sarcomas, 1110 
Denileukin diftitox 
adverse effects, 1687 
for mature T-cell lymphomas, 1695 
mechanism of action, 346 
for mycosis fungoides, 1687 
for subcutaneous panniculitis-like T-cell 
lymphoma, 1702 
Denosumab, for myeloma, 1737 
Dense granules, platelet, 1843 
Dense tubular system (DTS), 1836 
Dental bleeding/extractions 
antibiotic prophylaxis, 869 
antifibrinolytic therapy for, 2317t 
fibrin glue for, 2157 
gingival bleeding, 5, 8, 1987 
in hemophilia, 2120 
in hemostatic disorders, 1987, 1988 
2’-Deoxycoformycin. See Pentostatin 
(deoxycoformycin) 
Deoxyhemoglobin, 761, 761f 
Deoxynucleotide synthesis, 587f 
Deoxypyridinoline (DPD), 1738 
Deoxyuridine (dU) suppression test, 594, 
598, 603 
Depsipeptide, 335, 1403 
Desferrioxamine, 639, 644, 751, 776 
Desirudin, 2030 
Desmopressin (DDAVP) 
adverse effects, 2175 
for bleeding 
in chronic myeloproliferative neoplasms, 
2081 
in fibrinolytic therapy, 2317 
in inherited platelet disorders, 2061- 
2062 
postsurgical, 2086 
in uremia, 2084 
for combined deficiency of factors V and 
VIII, 2140 
for hemophilia A, 2122-2123, 2185 
release of von Willebrand factor and factor 
VIII and, 2166 
for von Willebrand disease, 2175 
contraindication during pregnancy, 121 
Deviation, 1275 
Dexamethasone. See also HyperCVAD 
regimen 
for acute lymphoblastic leukemia, 1515, 
1516, 1517 
adverse effects, 1519t 
for AL amyloidosis, 1779-1781 
for a-heavy-chain disease, 1808 


for Burkitt lymphoma, 1676 
for chronic lymphocytic leukemia, 1537 
for diffuse large B-cell lymphoma, 1629t 
for familial hemophagocytic 
lymphohistiocytosis, 1228 
for follicular lymphoma, 1645t 
for hemophagocytic lymphohistiocytosis, 
1115 
for Hodgkin lymphoma, 1616 
for immune thrombocytopenia, 2004 
for myeloma, 1750-1751, 1753t 
for Waldenström macroglobulinemia, 
1794-1795 
Dexrazoxane, cardioprotective effects, 1396, 
1520 
Dextran, 2079 
DGKE/DGKE, 2260, 2261 
DGKH, 233t 
DHAP regimen 
for diffuse large B-cell lymphoma, 1629¢, 
1631 
for Hodgkin lymphoma, 1616 
for peripheral T-cell lymphoma, 1696 
DHFR (dihydrofolate reductase), 318, 584 
DHFR (dihydrofolate reductase) deficiency, 
608 
DHTR (delayed hemolytic transfusion 
reaction), 2372 
Diabetes insipidus (DI) 
in acute myelogenous leukemia, 1384 
in Langerhans cell histiocytosis, 1104- 
1105 
Diabetes mellitus, hemostasis and, 2203 
Diacylglycerol (DAG), 935, 1016, 1849 
Dialysis, 2083-2084 
Diamond-Blackfan anemia (inherited pure 
red cell anemia), 539-540, 994 
Diamond-Blackfan syndrome, 2340 
Diapedesis, 1059 
Diaphragmatic hernia, blood loss from, 629 
Diarrhea, history of, 5 
Diazoxide, maternal ingestion of, effect on 
fetus and newborn, 112, 112t 
DIC. See Disseminated intravascular 
coagulation (DIC) 
Dickkopf-1 (DKK1), 1713, 1737, 1738, 
1739f 
Diclofenac, 2075 
Didanosine, 1249 
Diego blood group/antigens, 2331t, 2337, 
2345t 
Dietary restriction, aging and, 131-132 
Diferric transferrin pool, 491 
Differential count 
in children, 15t 
in newborn, 105, 105t 


Differentiating agents, 335-336. See also 
Arsenic trioxide; ATRA 
(all-trans-retinoic acid) 

Differentiation syndrome (retinoic acid 
syndrome), 1405 

Diffuse alveolar hemorrhage (DAH), 368 

Diffuse large B-cell lymphoma (DLBCL), 
1625-1637 

activated B-cell-like, 234-235t, 1495t, 
1626, 1627t, 1632, 1634f 
autoimmune disorders and, 1574-1575 
cell metabolism in, 199 
central nervous system, 1579 
clinical features, 1626 
course and prognosis, 1632-1633, 1632t, 
1633f, 1633t, 1634f 
definition and history, 1625 
differential diagnosis, 1627, 1674 
endocrine glands, 1583 
epidemiology, 1571, 1625 
etiology and pathogenesis, 1625-1626 
chromosomal abnormalities, 184t, 187, 
224t, 225t, 1495-1496t, 1625-1626 
gene expression, 1595-1596, 1596f, 
1626, 1632 
gene mutations, 234-235t, 1626 
BCL2, 209, 234t, 1596, 1626, 1627t 
BCL6, 235t, 1625 
CD79B, 235t 
C-REL, 209 
EZH2, 170, 234t, 1626, 1627t 
GNA 12/13, 1627t 
IRF (MUM1), 235t 
MEF2B, 1627t 
MYC, 235t, 1596, 1626, 1627t 
MYD88, 235t 
PRDM1, 1171 
PTEN, 234t 
TNFAIP3, 235t 
TNFRSF14, 1627t 
germinal center B-cell-like, 234-235t, 
1495t, 1626, 1627t, 1632, 1634f 
hepatitis and, 1573 
histologic/morphologic variants, 
1495-1497t, 1572t, 1595-1596, 
1595f 
HIV-associated, 187, 1243-1245, 1244f, 
1247, 1571 
laboratory features 
blood and marrow, 1627 
cell immunophenotype, 1627 
histopathology, 1495-14971, 
1595-1596, 1595f, 1627 
mediastinal, 1596, 1596f, 1597f 
molecular subtypes, 1495-1496t 
OSPHOS group, 200 


paranasal sinuses, 1581 
therapy, 1627-1632 
in advanced stage diffuse disease, 
1628-1630, 1629t 
general considerations, 1627 
hematopoietic cell transplantation, 
1631-1632 
in limited stage diffuse (stages I and II) 
disease, 1627-1628, 1628t 
during pregnancy, 1634 
radioimmunotherapy, 1632 
in recurrent and refractory disease, 
1631-1632 
variants and subtypes, 1626¢ 
anaplastic. See Anaplastic large cell 
lymphoma (ALCL) 
intravascular large B-cell lymphoma, 
1496t, 1626, 1635-1636 
lymphomatoid granulomatosis, 
1635 
posttransplant lymphoproliferative 
disorders, 1265-1266, 1500t, 1574, 
1636 
primary cutaneous diffuse large B-cell 
lymphoma, leg type, 1637 
primary mediastinal large B-cell 
lymphoma. See Primary 
mediastinal large B-cell lymphoma 
primary testicular lymphoma, 1246, 
1581-1582, 1582f, 1634 
T-cell-histiocyte-rich large B-cell 
lymphoma, 1636-1637 
Diffuse reticuloendotheliosis. See Langerhans 
cell histiocytosis 
DiGeorge syndrome (22q 11.2 deletion 
syndrome), 86-87, 1214, 1222 
Di Guglielmo syndrome, 1342 
Dihydrofolate (FH,), 584 
Dihydrofolate reductase (DHFR), 318, 584 
Dihydrofolate reductase (DHFR) deficiency, 
608 
Dihydroxyacetone/Lawsone, 899 
Dihydroxyacetone phosphate, 695 
Dilute prothrombin time, 2243 
Dilute Russell viper venom time (dRVVT), 
2241, 2243 
Dilution anemia, 554, 742 
5,6-Dimethylbenzimidazolyl group, 588 
Dimethylglycine dehydrogenase, 588 
Dimethyltriazenoimidazole carboxamide 
(DTIC), 329, 330 
Dimorphic anemia, 637 
Dimorphic dysmorphic platelets with giant 
A-granules and thrombocytopenia, 
2061 
Dinaciclib 
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for chronic lymphocytic leukemia, 326, 
1539 
for myeloma, 218 
Dipeptidyl peptidase 1 (cathepsin C), 1013 
Diphyllobothrium latum, 41, 601 
Diploid, 175t 
Dipyridamole 
for acute myocardial infarction, 2295 
antiplatelet effects, 404-405, 2077 
clinical uses, 404t 
dosages, 404t 
for stroke prevention, 404-405, 2297 
Direct (saline) agglutinins, 823 
Direct antiglobulin (Coombs) test, 823, 833, 
834t, 2349, 2372 
Directed donation (directed donor blood), 
2368 
Direct film, 29 
Direct glycolytic pathway, 692-694, 693f 
Direct thrombin inhibitors. See Argatroban; 
Bivalirudin 
DIS3, 1736t, 1737, 1759 
DISC (death-inducing signaling complex), 
205 
Discocyte, 472f, 472t, 474f 
Discoid platelets, 1835f 
Disodium cromoglycate, for mastocytosis, 
976 
Disseminated candidiasis, 2104-2105, 2105f. 
See also Candida infections 
Disseminated intravascular coagulation 
(DIC), 2199-2214 
clinical features, 2107, 2203-2205, 2204t, 
2205t, 2261 
definition and history, 2199 
vs. HELLP syndrome, 802 
laboratory features and diagnosis, 
2205-2207, 2205t, 2206f, 2206t 
in liver transplantation, 2193 
mortality, 2205 
in newborns, 2211 
pathogenesis, 2200-2203 
anticoagulant pathways, 2201-2202, 
2201f 
coagulation proteases in upregulating 
inflammation, 2201 
cytokines and tissue factor, 2200 
fibrinogen and fibrin, 2201 
fibrinolysis dysregulation, 2202-2203 
hemostatic factor consumption, 2203 
inflammation and endothelium, 2200, 
2200f 
metabolic modulation of coagulation, 
2203 
natural anticoagulants and 
inflammation, 2202 
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Disseminated intravascular coagulation 
(DIC), pathogenesis (Cont.): 
oxidative stress and vasoactive 
molecules, 2203 
thrombin and platelets, 2200-2201 
pathology, 2199 
platelet dysfunction in, 2086 
during pregnancy, 120-121, 2210-2211 
therapy, 2210-2214, 2212f, 2317t, 2318 
underlying diseases, 2207-2210 
aortic aneurysm, 2210 
brain injury, 2208 
burns, 2208 
heat stroke, 2209 
hemangiomas, 2209-2210 
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glucose 
enzymes, 692t, 694-697 
pathways, 692-694, 693f 
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production. See Erythropoiesis 
progenitors, 463 
splenic clearance/sequestration, 90-91 
viscosity, 668 
Erythrocyte zinc protoporphyrin, 635 
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therapy, 899-900 
Erythropoietin (EPO), 264t 
activation of JAK, 252 
anemia and, 505-506 
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leukemia 
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Extramedullary tumors, 1285, 1324 
Extranodal histiocytic sarcoma, 1110 
Extranodal lymphoma, 1502. See also 
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therapy, 2136f, 2141 
Factor Vila 
cofactor and substrates, 1918t 
in control of coagulation, 1950, 1959f, 1960 
functions, 1920, 1930 
structure, 1920, 1920f 
in thrombin generation, 1940, 1940f 
Factor VIIa replacement 
in cardiac surgery, 2086 
for factor VII deficiency, 2141 
for hemophilia A, 2125, 2125t, 2185 
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laboratory features, 529 
therapy and course, 529-530 
Fanconi genes, 442, 527, 528f, 528t 
FAO (fatty acid oxidation), 198, 200 
Farnesyltransferase inhibitors, for acute 
myelogenous leukemia, 1403 
Fas (CD95), 210, 1224, 1564, 1873 
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CD14 and, 1056 
in monocytes, 1052 
in eosinophils, 949, 949t, 953 
expression, 1053 
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FH, (tetrahydrofolate acid), 584, 586f 
FHL (familial hemophagocytic 
lymphohistiocytosis), 1228, 1849, 
2061 
Fibrin 
antithrombin activity, 2154 
degradation, 2303, 2310, 2310f. See also 
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thrombin-activatable fibrinolysis 
inhibitor. See Thrombin-activatable 
fibrinolysis inhibitor (TAFI) 
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plasmin in. See Plasmin 
plasminogen activators in. See 
Plasminogen activators 
plasminogen in, 2303, 2303, 2304-2305t, 
2304f, 2304t 
in pregnancy, 2312 
vascular, 1972-1976 
endothelial cells in, 1973-1974, 1973f 
in vascular disease, 1975-1976, 1975f 
in vascular injury, 1974-1975, 1974t 
Fibrinolytic activators, 1285 
Fibrinolytic proteins, 1973-1974, 1973f, 
2304-2305t 
Fibrinolytic therapy, 393, 402-403, 2312- 
2317 
agents for 
alteplase. See Alteplase 
comparison, 2313t 
reteplase, 403, 2313 
streptokinase. See Streptokinase 
tenecteplase. See Tenecteplase 
tissue-type plasminogen activator, 403, 
2277 
bleeding complications, 2304t, 2317t 
for myocardial infarction, 2295 
patient selection, 2313t 
for peripheral vascular disease, 2316-2317 
platelet effects, 1855t, 2078 
principles of, 2313 
for stroke. See Stroke, fibrinolytic therapy 
for 
for venous thromboembolism, 2277-2278 
Fibrinopeptide release, 2153, 2158 
Fibrin tissue adhesive, for hemophilia A, 
2123 
Fibroblast-growth factor-4, 1817 
Fibroblasts, 264 
Fibronectin, 62-63 
in hematopoietic stem cells, 261, 266 
in inflammation, 283 
interactions, 1846t 
macrophages and, 1054 
in newborn, 106 
in platelets, 1845, 1865 
structure, 1846t 
Fibronectin receptor. See Integrin a, , 


Index 


Fibroplasia, 1322-1323, 1322t 
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Fibulins, 64 
Ficolin-1, 1013¢, 1014 
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Filamin A, 1832t, 1837, 1838, 2059 
Filamin B, 1832¢, 1838 
Filanesib, for myeloma, 1756 
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stimulating factor (G-CSF) 
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FIPILI-PDGFR-a (FIFPLI-PDGFRA), 977, 
1469, 1470 
FISH (fluorescence in situ hybridization), 
175t, 176, 176f, 1711 
Fish oils, 2079 
Fish tapeworm, 601, 604 
5q-minus syndrome, 1312, 1347, 1347f 
FIX, 441-442 
FKBP51, 1322 
FKHD (forkhead transcription factors), 209 
FL. See Flt3 ligand (FL) 
FLAER (fluorescently labeled inactive variant 
of protein aerolysin), 37-38 
FLAG-Ida regimen, for myelodysplastic 
syndromes, 1361 
Flavopiridol 
for acute myelogenous leukemia, 218 
for chronic lymphocytic leukemia, 
1539 
FLCs (free light chains), 1708, 1714, 1741, 
1742f, 1775, 1781. See also 
Immunoglobulin (Ig) light chains 
FLI1, 2060, 2061 
c-FLIP, 207 
Flippases, 662, 742 
FLIP proteins, 207 
FLJ9586. See TSSC6 
FLJ17158. See TSSC6 
FLK-1, 258 
Floppases, 662 
Flow cytometry, 35-37, 36f, 1715, 1716 
Floxuridine, megaloblastic anemia and, 606t 
Flt1 (fms-like tyrosine kinase-1), 2011 
FLT3, 1155 
FLT3 
in acute myelogenous leukemia, 181, 181¢, 
198, 226t, 363, 1377, 1378t, 1383, 
1415 
in acute promyelocytic leukemia, 1391 
in B-cell acute lymphoblastic leukemia, 
232t 
detecting mutations in, 163, 1415 
Flt3 (CD135), 309 
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FLT3 inhibitors, for acute myelogenous 
leukemia, 1403 
Flt3 ligand (FL) 
hematopoiesis and, 258f, 265 
in megakaryopoiesis, 1822 
Fluconazole 
as empiric therapy for infections, 385, 387t 
prophylactic, 369, 389 
Fludarabine phosphate (fludarabine), 322, 
324 
for acute myelogenous leukemia, 1396, 
1402t 
adverse effects, 1534 
autoimmune hemolytic anemia and, 831 
for chronic lymphocytic leukemia, 1534, 
1535, 1537 
for follicular lymphoma, 1645t, 1647 
for y-heavy-chain disease, 1806 
before hematopoietic cell transplantation, 
360 
for -heavy-chain disease, 1810 
for mycosis fungoides, 1687 
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resistance to, 319t 
structure, 323f 
for Waldenström macroglobulinemia, 
1793, 1795 
Fluorescence in situ hybridization (FISH), 
175t, 176, 176f, 1711 
Fluorescent polymerase chain reaction 
(F-PCR), 1716 
5-Fluorouracil 
megaloblastic anemia and, 606t 
resistance to, 319t 
Fluoxetine, platelet effects, 2079 
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myelofibrosis, 1328 
Flushing, skin, 6 
Fms-like tyrosine kinase-1 (Flt1), 2011 
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FNHTR (febrile nonhemolytic transfusion 
reaction), 2375 
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Focal adhesion kinase (FAK), 266, 1841 
FOG (friend of GATA), 271, 483-484 
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blood levels, 588, 652t 
chemistry, 584, 585f 
daily requirements, 584 
excretion, 588 
inborn errors of metabolism, 607-608 
metabolism, 584-586, 586f, 586t, 588 
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clinical features, 598 
cobalamin deficiency and, 590-591, 590f 
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differential diagnosis, 598 
etiology and pathogenesis, 583, 597-598 
HELLP syndrome and, 599 
laboratory features, 598 
neural tube defects and, 598 
nonhematologic effects, 598 
in pregnancy, 120, 597-598 
therapy, course, and prognosis, 599 
thrombocytopenia and, 1997 
vascular disease and, 598-599 
Folate-dependent enzymes, 584-585 
Folate hydrolase (glutamate carboxypeptidase 
Il), 586-587 
Folate supplementation, 584 
for autoimmune hemolytic anemia, 839 
for paroxysmal nocturnal hemoglobinuria, 
579 
in pregnancy, 120, 584 
for sideroblastic anemia, 920 
for thalassemias, 753 
Folic acid (pteroylglutamic acid), 584, 585f, 
935. See also Folate 
Folic acid coenzymes, 584, 586¢ 
Folinic acid, 584 
Follicular dendritic cell tumors, 1110 
Follicular hyperplasia, 1589f 
Follicular lymphoma, 1641-1650 
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1495t, 1576, 1642-1643, 1642f 
clinical features, 1641 
course and prognosis, 1649-1650, 1650f 
definition and history, 1641 
differential diagnosis, 1655, 1667, 1668 
epidemiology, 1571, 1573, 1641 
extranodal, 1579 
gene mutations, 170, 235-236t, 1495t, 
1594, 1643-1644 
grades, 1594, 1594f, 1641, 1642f 
laboratory features, 1495t, 1576f, 1594- 
1595, 1594f, 1641-1643 
prognostic factors, 1643-1644, 1643f 
staging, 1643 
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of advanced stage disease, 1644-1648 
combination chemotherapy, 1645t 
hematopoietic cell transplantation, 
1648, 1648f 
idiotype vaccines, 1648 
interferon-a, 1647-1648 
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observation alone, 1644 
radioimmunotherapy, 1647 
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1646-1647, 1646f, 1646t 
single agent chemotherapy, 1644, 
1645t 
of limited stage I-II disease, 1644 
pragmatic approach to, 1649 
of transformed disease, 1648-1649 
vaccine, 423 
transformed, 1648-1649, 1649f 
Follicular small-cleaved-cell lymphoma, 1594 
Follicular small noncleaved cell lymphoma, 
184t 
Folylpolyglutamates, 585-586 
Folylpoly-y-glutamyl synthase (FPGS), 
585-586 
Fondaparinux, 398-399 
for acute myocardial infarction, 2296 
clinical uses, 399 
for heparin-induced thrombocytopenia, 
2030, 2031t 
mechanism of action, 398, 1922 
pharmacology, 398 
for venous thromboembolism, 2274, 2274t 
Food/food additives, platelet function and, 
2079 
Forkhead box P3 (FOXP3), 1181, 1223 
Forkhead transcription factors (FKHD), 209 
Formaldehyde, 810 
Formate starvation hypothesis, 590f, 591 
Formyl peptide receptor, 1014-1015 
FORS blood group, 2332t 
Foscarnet, 386, 387t 
Founder effects, 690 
AT score, 2029, 2029t 
FOXNI, 1223 
FOXO-1, 894 
FOXP3 (forkhead box P3), 1181, 1223 
F-PCR (fluorescent polymerase chain 
reaction), 1716 
FPGS (folylpoly-y-glutamyl synthase), 
585-586 
Fractalkine, 62t, 69 
Fragment X, of fibrinogen, 2310, 2310f 
Frameshift mutations, 146 
Francisella tularensis, 1064f 
Free light chains (FLCs), 1708, 1714, 
1741, 1742f, 1775, 1781. See also 
Immunoglobulin (Ig) light chains 
Free radical hypothesis of aging, 130t, 131 
Fresh-frozen plasma 
for afibrinogenemia, 2156 
for congenital thrombotic 
thrombocytopenic purpura, 2258 
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2213 
Friend of GATA (FOG), 271, 483-484 
Frizzled related protein-2 (FRP-2), 1738, 
1739f 
Fructose-1,6-biphosphate, 192 
Fructose-1,6-diphosphate, 694, 695 
Fructose-6-diphosphate, 696, 696f 
Fructose-6-phosphate, 192, 694 
Fumarate hydratase (FH), 193 
Functional decline, coagulation and, 135 
Fungal infections 
in chronic lymphocytic leukemia, 1541 
empiric therapy, 385-388, 387-388t 
after hematopoietic cell transplantation, 
369 
in immunocompromised host, 383 
pattern-recognition signaling pathways 
with increased susceptibility to, 
1230 
prevention, 389 
purpura and, 2104-2105, 2105f 
Furosemide 
for acute hemolytic transfusion reactions, 
2375 
vasculitis induced by, 2106, 2106f 
Fusion proteins, 169-170, 1016-1017 
FUT, 2337 
FVIII, 442 
Fy(a-b-) phenotype, 2339 


G 
G,/S checkpoint, 219 
G,/M checkpoint, 219 
G6PC3, 993 
G6PD. See under Glucose-6-phosphate 
dehydrogenase 
G20210A, 1920 
GAGs (glycosaminoglycans), 69, 2027f, 2028 
Gaisb6ck syndrome, 872 
Galactokinase, 692t, 701t 
Galactose-1-P-uridyltransferase, 701t 
Galactose-4-epimerase, 692t 
Galectin-1, 1182 
Gallbladder disease 
in hereditary spherocytosis, 674 
primary lymphomas, 1581 
in sickle cell disease, 772 
Gai, 1875 
Gai, deficiency, 2057 
Gagq deficiency, 2057 
Gas, genetic variation in extra large, 2057 
Gas hyperfunction, 2057 
Gaz, 1876 
GALT (gut-associated lymphoid tissue), 
93-94, 94f 


y-carboxyl glutamic acid (Gla) domain, 
1915-1918, 1917f, 1918f, 1919f 
y6 heterodimers, 1175-1176 
yô T cells, 1142, 1142t 
y6 T-cell receptors, 1177, 1565, 2286 
y-globin chains, 728 
6-thalassemias and production of, 742 
developmental changes in synthesis of, 730 
fetal hemoglobin, 760 
thalassemias and, 740 
y-heavy-chain disease, 1803-1806, 1804¢, 
1805f 
y-retroviral vectors, 439 
Ganciclovir 
adverse effects, 1252, 1269 
for CMV infection, 369, 1269 
as empiric therapy for infections, 386, 387t 
prophylactic, 389 
suicide gene activation by, 440 
Gas 6 (growth arrest-specific 6) protein, 484, 
1845 
Gastrectomy, 601, 604, 1665 
Gastritis, 629 
Gastrointestinal tract 
absorption 
of cobalamin, 591-592 
of folate, 586-587, 587f 
of iron, 552 
macrophages in, 1082 
microbiome, 2287 
mucosa, iron transport across, 619, 620f 
in pernicious anemia, 583, 600-601, 601f 
Gastrointestinal tract bleeding 
anemia from, 553 
in hemophilia, 2120 
history of, 5 
iron deficiency and, 628-629, 628t 
in polycythemia vera, 1293 
red cell transfusion for, 2370, 2370t 
Gastrointestinal tract disorders 
in acute myelogenous leukemia, 1380- 
1381, 1387 
in AL amyloidosis, 1760 
in a-heavy-chain disease, 1806, 1808 
in antiphospholipid syndrome, 2240 
cobalamin deficiency and, 601 
eosinophils and, 955t, 956 
folic acid deficiency and, 597 
gastric MALT lymphoma, 1664-1666, 
1665f, 1666t 
in hemolytic uremic syndrome, 2258 
history of, 5 
immunoproliferative small intestinal 
disease, 1663, 1665, 1808, 1809 
inflammatory bowel disease, 1229 
in Langerhans cell histiocytosis, 1105 


in mantle cell lymphoma, 1593, 1593f, 
1654 
monocytosis and, 1097 
pernicious anemia and, 600 
primary lymphomas, 1581 
in thrombotic thrombocytopenic purpura, 
2255 
in Waldenström macroglobulinemia, 1791 
GATA-1 
ALAS expression and, 893 
in biosynthesis of neutrophil granules, 
1011 
eosinophils and, 949 
in erythropoiesis, 483 
erythropoietin secretion and, 550 
in hematopoiesis, 271, 2060 
in hematopoietic tissue, 730 
in megakaryopoiesis, 1817, 1818, 1820 
neutrophil granules and, 926 
in primary myelofibrosis, 1320 
PU.1 and, 268 
GATA-1, 539, 568, 2060 
GATA2, 258, 262, 483-484, 949, 1215t, 1231, 
1606 
GATA2, 1089, 1098, 1345, 1346t, 1351-1352, 
1379 
GATA-3, 1156, 1180, 1181f 
GATA transcription factor family, 262 
Gating strategies, 36 
Gaucher cells, 1126-1127, 1126f 
Gaucher disease, 1121-1128 
clinical features, 1123-1125, 1123t, 1125f 
course and prognosis, 1128 
differential diagnosis, 1127 
epidemiology, 1121-1122 
etiology and pathogenesis, 1122, 1122f 
gammopathy in, 1725 
genetic basis, 1122-1123 
heterozygote detection, 1127 
history and definition, 1121 
laboratory features, 635, 1124f, 1125-1127, 
1126f 
pathophysiology, 1091 
therapy, 1127-1128, 1128f 
types, 1123, 1123t 
“Gaucheroma, 1124, 1124f 
GCL (glutamate cysteine ligase) deficiency, 
705 
GCNT2, 2337 
G-CSF. See Granulocyte colony-stimulating 
factor (G-CSF) 
GDF15, 567 
GEF (guanine-nucleotide exchange factor), 
1063f 
Gelatinase, 1012t, 1014 
Gelatinase granules, 1009 
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Gelatinous transformation, of marrow, 33 
Gelfoam, 2062 
Gelsolin, 1832t, 1840 
Gemcitabine, 322 
adverse effects, 2263 
for Hodgkin lymphoma, 1616 
for mantle cell lymphoma, 1659t 
Gemtuzumab ozogamicin 
for acute myelogenous leukemia, 271, 
1395t, 1396, 1402t, 1403 
ATRA and, 1404 
removal from market, 346, 1403 
Gender 
acute lymphoblastic leukemia and, 1506, 
1506f 
acute lymphoblastic leukemia prognosis 
and, 1520 
hairy cell leukemia and, 1554 
hemophilia A and, 2116 
lymphoma and, 1570, 1570f 
myelodysplastic syndromes and, 1345 
primary myelofibrosis and, 1319 
Gene duplication, 147-148 
Gene editing, 443-444 
Gene expression 
interference with, 153 
macrophage, 1064-1066 
regulation, 165-166 
Gene mutations, 146. See also individual 
genes; specific diseases 
in major lymphoid malignancies, 231-237t 
in major myeloid malignancies, 226-230t 
next-generation sequencing analysis, 
160-161 
Gene repair, 453 
Gene therapy, 437-444 
for adenosine deaminase deficiency severe 
combined immunodeficiency, 439 
for brain tumors, 442 
for chronic granulomatous disease, 1032 
for chronic lymphocytic leukemia, 442 
definition and history, 437 
for Diamond-Blackfan anemia, 540 
ex vivo, 437, 438f 
for Fanconi anemia, 442 
for Glanzmann thrombasthenia, 2062 
graft-versus-host disease prevention in, 
440, 440f 
hematopoietic stem cells in, 437 
for hemophilia, 2129-2130 
for HIV infection, 440-441, 454, 1243 
in vivo, 437, 438f 
for leukodystrophies, 439 
MGMT selective method, 442, 443f 
principles, 153, 437, 438f, 453-454 
for sickle cell disease, 453 


targeted-insertion, 443-444, 443f 
for thalassemias, 753 
T lymphocytes in, 438 
vectors for, 438-439 
for Wiskott- Aldrich syndrome, 439 
for X-linked severe combined 
immunodeficiency, 437, 439, 453, 
1219 
Genetic Information Nondiscrimination Act 
(GINA), 162 
Genetics. See also specific diseases 
aging and, 130 
autosomal dominant inheritance, 148, 148f 
autosomal recessive inheritance, 149, 149f 
chromosomal abnormalities. See 
Chromosomal abnormalities 
expressivity, 149 
linkage analysis, 151-152, 151f 
Mendelian, 147 
mutations. See Gene mutations 
penetrance, 149 
X inactivation, 150, 150f 
X-linked inheritance, 149-151 
Genitourinary system 
blood loss from, 629 
complications in sickle cell disease, 
770-771 
history of disorders of, 5-6 
primary lymphomas in, 1581-1582 
Genome, 145 
Genome-wide association studies (GWAS), 
162 
Genomics 
history, 155 
next-generation sequencing. See Next- 
generation sequencing 
Genotype-phenotype correlations, 146 
Gentamicin, 387t 
Geranylgeranyltransferase-1 inhibitors, 1403 
Gerbich blood group, 2332t, 2337, 2346t 
Gerbich-negative phenotype, 2342-2343 
Germ cell tumors, mediastinal, 1386-1387 
Germinal center, lymph node, 1589, 1590f 
Germinal center B-cell-like diffuse large 
B-cell lymphoma, 234-235t, 1495t, 
1626, 1627t 
Germline mosaicism, 148 
Gestational thrombocytopenia, 45, 121-122, 
2010 
GFI1B, 2061 
GH (growth hormone), 561, 1407 
Giant cell reticulosis, 1109 
Giant cell tumor of the bone, 1110 
Giant follicular lymphoma, 1569 
Giant metamyelocyte, 593 
Giardia lamblia, 1212, 1216 


GIG2. See CD9 
Gilbert syndrome, 565 
Gil blood group, 2332t 
Gingival bleeding, 5, 8, 1987 
Ginkgo biloba, 1986 
Ginseng, 1986 
Givinostat, for polycythemia vera, 1300 
Gla (y-carboxyl glutamic acid) domain, 
1915-1918, 1917f, 1918f, 1919f 
Glanzmann thrombasthenia (GT), 2042-2047 
clinical features, 1985, 2046, 2046t 
definition and history, 2042-2043 
etiology and pathogenesis, 1842, 1865, 
1995, 2043-2046, 2043f, 2044f, 
2359 
laboratory features, 2046-2047, 2046t 
therapy, course, and prognosis, 2047, 2062 
Gliomas, 170 
Gln506-factor V. See Factor V Leiden/factor V 
G1691A 
GLOB blood group, 23321, 2334t, 2337, 2344t 
Globin chains, 728, 740, 781 
Globin gene clusters, 728-730, 729f 
Globin synthesis, disorders of. See 
Thalassemias 
Globoside, 2340 
Gloves-and-socks syndrome, 2104 
Glucocerebrosidase, 1121, 1122, 1122f 
Glucocorticoids 
for acute lymphoblastic leukemia, 1515, 
1516, 1517 
for antiphospholipid syndrome in 
pregnancy, 2245 
for aplastic anemia, 526 
for autoimmune hemolytic anemia, 838, 
840, 1541 
for chronic lymphocytic leukemia, 
1536-1537 
for Diamond-Blackfan anemia, 540 
eosinophilic granulomatosis with angiitis, 
960 
for Erdheim-Chester disease, 1111 
erythropoietin and, 560 
excess, 2107-2108 
for hypereosinophilic syndrome, 959 
for immune thrombocytopenia, 2003- 
2004 
for lymphomatoid papulosis, 1689 
macrophage deactivation and, 1070¢ 
for mastocytosis, 977 
for mononucleosis, 1269 
for mycosis fungoides, 1685 
for neonatal alloimmune 
thrombocytopenia, 2013 
neutrophilia and, 1001 
neutrophil motility and, 1026 


for paroxysmal nocturnal hemoglobinuria, 
578 
for thrombocytopenia in pregnancy, 
2010-2011 
for thrombotic thrombocytopenic 
purpura, 2256 
in thymic development, 85 
for Waldenström macroglobulinemia, 1793 
Glucose metabolism 
enzymes, 692t, 694-697 
pathways, 192-193, 193f, 692-694, 693f 
Glucose-6-phosphate, 192, 694 
Glucose-6-phosphate dehydrogenase (G6PD) 
in chronic myelogenous leukemia, 1470 
erythrocyte aging and, 497 
gene for, 697, 702 
in glucose metabolism, 696-697 
structure, 696-697, 697f 
variants, 702, 703t 
Glucose-6-phosphate dehydrogenase (G6PD) 
deficiency 
clinical features, 700t, 1020t 
common forms for, 708-709 
course and prognosis, 712 
definition and history, 689-690 
differential diagnosis, 711 
epidemiology, 690, 691f 
favism in, 692, 707, 709 
genetics, 702 
hemolysis/hemolytic anemia in, 707, 708, 
708t 
laboratory features, 700t, 710-711 
malaria resistance and, 690 
neonatal icterus/ jaundice in, 709 
platelet abnormalities in, 2061 
sickle cell disease severity and, 690 
therapy, 711 
Glucose phosphate isomerase (GPI) 
activity, 192, 692t 
deficiency, 694, 700t, 704 
in glucose metabolism, 694 
GLUT1 (SLC2A1), 192 
GLUT-3, 1836 
Glutamate carboxypeptidase II (folate 
hydrolase), 586-587 
Glutamate cysteine ligase (GCL) deficiency, 
705 
Glutamate cysteine synthetase, 698 
Glutamate oxaloacetate transaminase (GOT), 
193 
Glutamine, 192-193, 193f, 199 
y-Glutamylcysteine synthetase, 688, 692t 
y-D-Glutamyl diaminopimelic acid (DAP), 
299, 301f 
Glutathione (GSH), 694, 698, 706-707 
Glutathione disulfide (GSSG), 698 


Glutathione peroxidase, 692t, 
701t 
Glutathione reductase (GR), 692t, 698 
Glutathione reductase (GR) deficiency, 698, 
700t, 701t, 705, 1020, 1033 
Glutathione S transferase, 701t 
Glutathione synthetase (GS), 692t, 698 
Glutathione synthetase (GS) deficiency, 700t, 
705, 709, 1020¢, 1033 
Glutathione-5-transferase, 692t 
Glutethimide, megaloblastic anemia and, 
606t 
GLUTs, 192 
Glycation, aging and, 130-131 
Glyceraldehyde-3-phosphate, 694, 695 
Glyceraldehyde-3-phosphate dehydrogenase, 
701t 
Glyceraldehyde phosphate dehydrogenase, 
692, 695 
Glycine C-succiny] transferase, 892 
Glycine N-methyl transferase, 588 
Glycocalicin, 1866 
Glycocalix, 1834 
Glycogen storage diseases, 994 
Glycogen storage disease type 1b, 1026 
Glycolipids, erythrocyte membrane, 662 
Glycolipid storage diseases. See Lipid storage 
diseases 
Glycolysis, 192-193, 193f, 199 
in neutrophils, 932, 933t 
in platelets, 1839-1840 
Glycolytic (Embden-Meyerhof) pathway, 
692-694, 693f, 932, 933t 
Glycophorin A, 2337, 2338f 
Glycophorin B, 2338f 
Glycophorin C, 668, 670t 
Glycophorins, 663t, 664-665 
Glycoprotein (GP) 
lymphocyte function-associated, 
1184-1185, 1185f 
in neutrophils, 2358 
in newborn, 108 
in platelet membrane, 1838f, 1846-1847t, 
1857-1874, 1858-1859t. See also 
specific proteins 
glycosyl phosphatidylinositol-anchored 
proteins, 571, 1871 
immunoglobulin family of cell surface 
adhesion receptors, 1868-1870 
integrins. See Integrins 
lectin-containing receptors, 1870-1871 
leucine-rich repeat glycoprotein 
receptors, 1865-1868 
scavenger receptors, 1871 
tetraspanins, 1871 
tyrosine kinase receptors, 1871-1872 
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6,Glycoprotein (GP)I (apolipoprotein H), 
2234, 2235, 2235f, 2236f, 2237 
Glycoprotein (GP)la/Ila. See Integrin a,b, 
Glycoprotein (GP)Ib, 1830-1831f, 1841, 
1865, 1866f, 1867f, 1868 
Glycoprotein (GP)Iba (CD42b,c), 1833, 1837, 
1865-1868, 1866f, 1867f, 1877. See 
also Platelet-type (pseudo-) von 
Willebrand disease 
Glycoprotein (GP)IbB, 1866-1867 
Glycoprotein (GP)Ib/IX complex, 
1815-1816, 1831, 1834, 1866f, 
1867f, 1877 
Glycoprotein (GP)Ib/IX/V complex (CD42), 
1839, 1865-1868, 1866f, 1867f, 
1875f, 1881. See also Bernard- 
Soulier syndrome 
Glycoprotein (GP)Ic/Ila. See Integrin aĝ, 
Glycoprotein (GP )Ic*/Lla. See Integrin a.b, 
Glycoprotein (GP) IIb/IIIa. See Integrin apb, 
Glycoprotein (GPIIb/IIIa antagonists. See 
Integrin a,,,b, antagonists 
Glycoprotein (GP)IV (CD36, FAT, SCARB3), 
1872 
deficiency, 2359 
in dense bodies, 1843 
in fatty acid transport, 1872 
in monocytes and macrophages, 1052f, 
1055, 1057t 
in platelet adhesion, 1833, 1872 
in platelet-leukocyte interactions, 1856 
in platelet membrane, 1836 
thrombosis and, 1856 
thrombospondin and, 1845, 1879 
Glycoprotein (GP)IV (CD36, FAT, SCARB3) 
deficiency, 2051 
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in antiphospholipid syndrome, 2240 
bleeding in, 2193 
chronic, 636 
in disseminated intravascular coagulation, 
2204, 2204t, 2205t 
disseminated intravascular coagulation 
and, 2208 
dose modification in patients with, 316t 
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904-905 
Hereditary elliptocytosis (HE), 677-680 
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laboratory features, 710-711 
pyruvate kinase deficiency in, 690, 709 
therapy, 711-712 
Hereditary orotic aciduria, 608 
Hereditary persistence of fetal hemoglobin 
(HPFH) 
deletion forms, 726, 734f, 735, 736t 
56 type, 748-749 
heterocellular, 749 
molecular basis, 735-736, 736t, 737f 
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5-HPETE, 289 
12-HPETE, 1877 


HPFH. See Hereditary persistence of fetal 
hemoglobin (HPFH) 

HPP. See Hereditary pyropoikilocytosis 
(HPP) 

HPRT (hypoxanthine 
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Impotence, history of, 5 
IMPs (intramembrane particles), 1047 
Inborn errors of metabolism, 890 
Inclusion body f-thalassemia, 732 
Incomplete infarction, 2269 
Indian blood group/antigens, 2332t, 2337, 
2346t 
Indian hedgehog (IHH), 54 
Indomethacin 
antiplatelet effects, 404, 2075 
for patent ductus arteriosus, 107 
Induced pluripotent stem cells (iPSCs), 
448-449 
Induced proximity model, 205 
Inducible caspase-0 protein (iCasp9), 440, 
440f 
Induction of hepatic ALASI, 901 
I-negative phenotype (i adult), 2343 
Infants. See Newborns/infants 
Infection 
atherosclerosis and, 2288 
bacterial. See Bacterial infections 
blood group association, 2341-2342t 
bone marrow infiltration, 33, 33f 
disseminated intravascular coagulation 
and, 2204t, 2207 
eosinophilia in, 955t 
fungal. See Fungal infections 
hemolytic anemia caused by. 
See Hemolytic anemia, 
infection-related 
in hemophilia A, 2126 
in immunocompromised host, 383-389 
bacterial, 369, 383, 384-385, 388-389 
cytomegalovirus, 1267-1268 
diagnosis, 384 
fungal, 369, 383, 385-386, 389 
after hematopoietic cell transplantation, 
357, 368-370, 389 
mycobacterial, 384, 386 
prevention, 388-389 
risk factors, 383 
treatment, 384-388 
adjustments, 386 
duration, 386 
of fever after recovery from 
chemotherapy, 386, 388 
initial, 384-386, 387-388t 
outpatient, 388 
viral, 369-370, 383-384, 386, 389 
lymphocytopenia and, 1204-1205 
lymphocytosis and, 1204 
monocytosis and, 1097 
neutropenia and, 991, 997 
neutrophilia and, 1000-1001, 1000¢ 


parasitic. See Parasitic infections 
platelet function in, 1855-1856 
purpura and, 2104-2105, 2104f, 2105f 
recurrent, workup of, 1034f 
red cell antigens and susceptibility to, 2340 
susceptibility to 
in acute lymphoblastic leukemia, 1514 
in chronic granulomatous disease, 
1029-1030, 1031t 
in chronic lymphocytic leukemia, 1528, 
1530, 1541 
in Gaucher disease, 1125 
in hairy cell leukemia, 1555-1556, 1559 
in HIV infection, 1240-1241, 1241t 
in immunodeficiency diseases. See 
Immunodeficiency diseases 
in myeloma, 1745-1746 
in sickle cell disease, 773 
in thalassemias, 742 
thrombotic microangiopathy and, 
2260-2261 
viral. See Viral infections 
Infectious mononucleosis. See Mononucleosis 
syndromes 
Inferior vena cava filter, 2278 
Infertility. See Reproductive system disorders 
Infiltrative lesions, history of, 6 
Inflammasome pathway, 299, 300f 
Inflammasomes, 284, 1063, 1065f, 1066f 
Inflammation. See also Inflammatory 
response 
anemia of. See Anemia of inflammation 
(Al) 
in atherosclerosis. See Atherosclerosis, 
inflammation and 
chronic, 279, 290-291 
in disseminated intravascular coagulation, 
2200, 2201 
endothelial, 2283 
frailty and, 137 
hepcidin regulation by, 622 
monocytosis and, 1097 
thrombocytosis in, 2035-2036 
Inflammatory bowel disease, 1229 
Inflammatory lipids, 288-289 
Inflammatory response, 279-291. See also 
Inflammation 
acute, 279, 280-285 
acute-phase response, 284-285 
hemodynamic changes in, 280, 281f 
leukocyte adhesion and transmigration 
in, 280-283, 282f, 282t 
leukocyte chemotaxis and activation in, 
283-284 
basophilia and, 971 
characteristics, 279-280 


chronic, 279, 290-291 
history, 279 
molecular changes in, 1976-1979 
acute, 1978 
adhesion molecules, 1978 
chronic, 1978 
immediate, 1976-1978 
inflammatory mediators, 1979t 
leukocyte-endothelial cell matrix 
interactions promoting 
coagulation, 1979 
leukocyte-platelet and endothelial 
cell-platelet interactions, 1977t, 
1978-1979 
monocytes/macrophages in, 1083-1086 
cytokine-induced priming and, 
1085-1086, 1086f 
G-protein-coupled receptors in, 1059, 
1060t 
immunomodulation of, 1084, 1084f 
innate activation of, 1084 
recruitment of, 1083-1084, 1084f 
natural anticoagulants and, 2202 
neutrophilia and, 1000-1001, 1000¢t 
platelets in, 1855-1856 
regulation, 286-290, 286t 
coagulation system in, 290 
complement system in, 289-290 
cytokines and chemokines in, 287-288, 
287t, 288t 
inflammatory lipids in, 288-289 
kinins in, 289 
lysosomal granule constituents in, 287 
neutrophil apoptosis in, 285 
proteinase-activated receptors in, 290 
reactive nitrogen intermediates in, 
286-287 
reactive oxygen intermediates in, 286 
vasoactive amines in, 289 
repair process and, 280, 290-291 
resolution, 285-286 
in sickle cell disease, 765 
suppressive effects on erythropoietin 
precursors, 550 
Infliximab, 1359 
Influenza, 1064f 
Inhibitor of apoptosis (IAP) proteins, 
207-208, 210, 1858-1859t 
Inhibitor of KB kinase y (IKKy), 298 
Inhibitory signals, 253 
Innate immunity, 293-304 
activation of adaptive immunity and, 
303-304 
vs. adaptive immunity, 293, 294t 
atherosclerosis and, 2285-2286 
dendritic cells and, 307 


effector cytokines in, 303 
inappropriate response of, 304 
innate defects, 304 
platelet coagulant activity and, 1855 
sensors of the nucleotide-binding 
oligomerization domain-like 
receptor family in, 298-300, 299f, 
300f, 301f 
sensors of the RIG-I-like helicase pathways 
in, 300-303, 302f 
toll-like receptors in. See Toll-like 
receptors (TLRs) 
types, 293-294 
Innocent bystander mechanism, 830 
Inosine triphosphatase, 701t 
Inositol 1,4,5-triphosphate (IP,), 935, 1016, 
1836, 1840 
INR (international normalized ratio), 
395-396, 396t 
Insulin-like growth factor-1 (IGF-1), 487 
Insulin receptor substrates, 251 
Integral membrane proteins. See Membrane 
proteins, integral 
Integrin activation deficiency disease (LAD, 
LAD-1 variant), 1019f, 1024, 2060 
Integrin a,B, (GPla/Ila, CD49b/CD29, 
VLA-2, collagen receptor), 
1864-1865 
characteristics, 1858-1859t 
in collagen activation of platelets, 
1879-1881, 1880f 
gene mutations, 1864 
in platelets, 1833, 1847t, 1851, 1858-1859t, 
1864 
structure, 1847t, 1864 
synthesis, 1847t 
Integrin aß, (GPla/Ila, CD49b/CD29, 
VLA-2, collagen receptor) 
deficiency, 2051 
Integrin a,,,8, (GPIb/Ia, fibrinogen 
receptor, CD41/CD61), 1861-1864 
abnormalities 
in Glanzmann thrombasthenia. See 
Glanzmann thrombasthenia 
select macrothrombocytopenias, 2047 
activation, 1836, 1837, 1838f, 1860f, 
1863-1864 
biogenesis, 2043-2044, 2043f 
in clot retraction, 1842 
fibrinogen binding to, 1861 
immune thrombocytopenia and, 2000 
inside-out activation, 1860f, 1862-1863, 
1863f, 1883-1884 
outside-in signaling by, 1851, 1860f, 
1862-1863, 1863f, 1883-1884 
platelet activation and, 2293 


in platelet adhesion, 1834, 1847t, 1979 
in platelet aggregation, 1863-1864 
in platelet spreading, 1841-1842 
prothrombin and, 1854 
structure, 1184, 1860f, 1861-1862 
in thrombocytopenia, 2008 
variants, 1851 
von Willebrand factor binding to, 2168 
Integrin OP receptor antagonists, 405-406, 
1855, 1995-1996, 2074t, 2077, 
2296. See also Abciximab 
Integrin app, receptors, 1833-1834, 1861, 
2043-2044, 2043f 
Integrin ab (VLA-4), 261, 949, 950, 1185, 
1737, 1977t 
Integrin a,b, , 1138-1139 
Integrin ab, (GPIc*/Ila, fibronectin receptor, 
VLA-5, CD49e/CD29), 261, 1847t, 
1858-1859t, 1865 
Integrin a «Py (GPIc/Ila, laminin receptor, 
VLA-6, CD49f/CD29), 1847t, 
1858-1859t, 1865 
Integrin a,,B,. See CD11b/CD18 (Mac-1, 
Mol, CR3, aub) 
Integrin a f, (vitronectin receptor, CD51/ 
CD61), 1847t, 1858-1859t, 1865, 
2043f, 2044 
Integrin B 282-283, 1007 
Integrin B, 
in leukocyte adhesion, 282-283, 282f, 282t 
in lymphocytes, 1138-1139 
in monocyte adhesion, 1059 
in neutrophils, 2358 
Integrin B,, 1851, 1885 
Integrins, 66, 67t, 1858-1859t, 1861-1865 
in cell signaling, 250, 1015 
in hematopoietic stem cells, 260-261 
inflammatory response and, 1083 
in leukocyte activation, 284 
in leukocyte adhesion, 282-283, 282f, 282t 
monocytes and, 1059 
in neutrophil adhesion, 1007, 1007f 
neutrophils and, 1007 
in sickle cell disease, 764-765 
in T-cell adhesion, 1184 
trafficking of hematopoietic stem cells and, 
355 
Integrin transmembrane complex, 1862f 
Intercellular adhesion molecules. See under 
ICAM 
Interdigitating cells, 309. See also Dendritic 
cells (DCs) 
Interdigitating dendritic cell sarcoma, 1110 
Interferon (IFN) 
in innate immune response, 303 
for primary myelofibrosis, 1329-1330 
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signaling pathways, 1069f 
spleen and production of, 1082 
thalidomide and, 334 
Interferon (IFN)-a 
adverse effects, 1314, 1459 
for chronic myelogenous leukemia, 1459 
in chronic myelogenous leukemia, 
1440-1441 
with cladribine, for mastocytosis, 977 
for congenital dyserythropoietic anemia 
type I, 566 
for Erdheim-Chester disease, 1111 
for essential thrombocythemia, 1313¢, 
1314 
for follicular lymphoma, 1647-1648 
for hairy cell leukemia, 1553 
for lymphomatoid papulosis, 1689 
in macrophages, 1064, 1069f 
in megakaryopoiesis, 1823 
for mycosis fungoides, 1687 
natural killer cells and, 1191 
in neutrophils, 933t 
for polycythemia vera, 1298t, 1299 
during pregnancy, 1459 
for primary myelofibrosis, 1329-1330 
production, 309 
for thrombocytopenia, 1824 
Interferon (IFN)-B, 1064, 1069f, 1823 
Interferon (IFN)-f promoter stimulator 1 
(IPS-I). See Mitochondrial antiviral 
signaling protein (MAVS) 
Interferon (IFN)-y, 291 
in aplastic anemia, 515 
for chronic granulomatous disease, 1012 
in inflammatory response, 1978 
in large granular lymphocytic leukemia, 
1203 
in macrophage activation, 308, 1070¢, 1085 
in megakaryopoiesis, 1823 
in natural killer cells, 1189 
in newborn, 107 
in nitrogen metabolism, 1069f 
for primary myelofibrosis, 1329-1330 
in reactive thrombocytosis, 2036 
in Th cells, 1180 
in vaccines, 422 
Interferon (IFN)-yR1 deficiency, 1231 
Interferon (IFN)-yR2 deficiency, 1231 
y-Interferon (IFN)-inducible protein, 288t 
Interferon-regulated factor 8 (IRF8), 235t, 
1231 
Interferon regulatory factor 4 (IRF4), 
1171-1172, 1710, 1710f 
Interferon (INF) response factor (IRF), 297f, 
298 
Interferon-stimulated gene 15 (ISG15), 1231 
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Interleukin (IL)-1 
aplastic anemia and, 519, 526 


in disseminated intravascular coagulation, 


2200, 2202 
in familial Mediterranean fever, 1025 
fibrinolysis and, 2202 
hematopoiesis and, 258f 
in hematopoietic stem cells, 264 
in inflammation, 287-288, 287t 
in inflammatory response, 1978 
interleukin-6 production and, 2036 
matrix association, 62t 
monocytopenia and, 1091 
in neutrophils, 932, 934 
Interleukin (IL)-la, 303 
Interleukin (IL)-18 


in disseminated intravascular coagulation, 


2208 
in inflammation, 281, 282, 284, 287-288 
in innate immune response, 303 
in neutrophils, 932, 933t 
in primary myelofibrosis, 1325 
in sickle cell disease, 765 
Th17 T cells and, 1182 


Interleukin-1-B-converting enzyme-protease 


activating factor (Ipaf), 1066f 
Interleukin (IL)-2, 264t 
for acute myelogenous leukemia, 1404 
in aplastic anemia, 515 
in cellular therapy, 412 


in large granular leukocytic leukemia, 1203 


in lymphopoiesis, 1154 
T-cell receptors and, 1178, 1181 
in vaccine therapy, 422 
Interleukin (IL)-2R, 1154 
Interleukin (IL)-2Ra, 1700 
Interleukin (IL)-2 receptor antibody. See 
Daclizumab 
Interleukin (IL)-2 receptor family, 248f, 249 
Interleukin (IL)-3 
basophils and, 966 
BCR-ABL1 and, 1441 
BFU-E and, 483f 
for Diamond-Blackfan anemia, 540 
eosinophils and, 947, 949 
hematopoiesis and, 258f 
in hematopoietic stem cells, 264t 
in inflammatory response, 1978 
in megakaryopoiesis, 1817, 1821 
in myeloma, 1713 
neutrophilic granulopoiesis and, 940 
Interleukin (IL)-4 
basophil-derived, 968 
in basophils, 932 
in eosinophils, 950, 952 
hematopoiesis and, 258f 


in hematopoietic stem cells, 264t 
in inflammatory response, 1978 
lymphoma and, 1573 
in lymphopoiesis, 1154 
macrophage activation and, 1070t, 
1085-1086 
in macrophages, 1064, 1066 
monocytes and, 1046 
in neutrophils, 932 
Tin cells and, 1182 
Th cells and, 1180 
in vaccine therapy, 422 
Interleukin (IL)-5, 264t, 947, 949, 950, 951 
Interleukin (IL)-5Ra, 1141 
Interleukin (IL)-6 
in Castleman disease, 1249-1250 
in disseminated intravascular coagulation, 
2200, 2201, 2208 
in heat stroke, 2209 
in hematopoietic stem cells, 264t 
hepcidin and, 551, 552, 620 
in Hodgkin lymphoma, 1610 
in inflammation, 284, 288 
in innate immune response, 303 
in large granular leukocytic leukemia, 1203 
in megakaryopoiesis, 1821 
monocytopenia and, 1091 
in myeloma, 1709, 1759 
in neutrophils, 933t 
in primary myelofibrosis, 1325 
in sickle cell disease, 765 
in thrombopoiesis, 2035-2036 
Interleukin (IL)-6 receptor family, 247-248, 
248f 
Interleukin (IL)-7 
in hematopoiesis, 258f 
in hematopoietic stem cells, 264t 
in lymphopoiesis, 270, 1154 
in severe combined immune deficiency, 
1217 
Interleukin (IL)-7Ra, 1154, 1214t 
Interleukin (IL)-8 (neutrophil-activating 
peptide 1) 
in disseminated intravascular coagulation, 
2208 
in heat stroke, 2209 
lymphoma and, 1573 
in neutrophils, 2884, 932, 1007, 1007f, 1844 
Interleukin (IL)-9, 264t, 950, 1154 
Interleukin (IL)-10 
in Hodgkin lymphoma, 1607, 1610, 1617 
lymphoma and, 1573 
macrophage activation and, 1086 
macrophage deactivation and, 1070t 
monocytes and, 1091 
monocytosis and, 1097 


in neutrophils, 932, 1008 
Ta cells and, 1182 
Th cells and, 1180 
in vaccine therapy, 422 
Interleukin (IL)-11 
in hematopoietic stem cells, 264t 
in megakaryopoiesis, 1821 
for thrombocytopenia, 1824 
Interleukin (IL)-12 
immunodeficiencies and, 1230 
in innate immune response, 303 
monocytopenia and, 1091 
mycobacterial disease and, 1231 
in neutrophils, 933t 
Th cells and, 1180 
Interleukin (IL)-12p40 deficiency, 1231 
Interleukin (IL)-12R, 1231 
Interleukin (IL)-12R6, deficiency, 1231 
Interleukin (IL)-13 
basophil-derived, 968 
in basophils, 932 
macrophage activation and, 1070t, 
1085-1086 
Interleukin (IL)-15 
in hematopoietic stem cells, 264t 
in neutrophils, 932, 934 
in vaccine therapy, 422 
Interleukin (IL)-15R, 1154 
Interleukin (IL)-17, 1182 
Interleukin (IL)-21, 264¢, 1154, 1172, 1699 
Interleukin (IL)-22, 1182, 1699 
Interleukin (IL)-23, 1182 
Interleukin receptor-associated kinase 
(IRAK), 298 
Interleukin receptor-associated kinase 
(IRAK)-4 deficiency, 1054, 1230 
Interlineal leukemia, 1386 
International normalized ratio (INR), 
395-396, 396t 
Intestinal disorders. See Gastrointestinal tract 
disorders 
Intraarterial thrombolysis, 2315-2316 
Intracranial hemorrhage, 2119, 2123, 2315 
Intramembrane particles (IMPs), 1047 
Intraocular lymphoma, 1580-1581 
Intravascular large B-cell lymphoma, 1496, 
1626, 1635-1636 
Intravenous immunoglobulin (IVIg) 
for acquired von Willebrand disease, 2082 
for agammaglobulinemia, 1213 
for alloimmune hemolytic disease of the 
fetus and newborn, 857-858 
for antiphospholipid syndrome in 
pregnancy, 2245 
for aplastic anemia, 527 
for autoimmune hemolytic anemia, 838 


for chronic lymphocytic leukemia, 1541 
for immune-related myelofibrosis, 1330 
for immune thrombocytopenia, 2000, 
2003, 2004-2005, 2011 
for neuropathy, 1724 
for persistent B19 parvovirus infection, 
544-545 
for X-linked anhydrotic ectodermal 
dysplasia, 1215 
Intrinsic factor 
assays of, 603 
in cobalamin absorption, 591, 591t 
congenital deficiency, 605 
in pernicious anemia, 18 
Intrinsic mutagenesis theory of aging, 130, 
130t 
Introns, 147 
Invariant CD3 proteins, 1176, 1176f 
Inversions, chromosomal 
in acute myelogenous leukemia, 180-181, 
1377, 1384t, 1414-1415 
definition, 175t 
Iodine, radioactive 
in plasma labeling, 488 
in transplant preparation, 360 
Ion Torrent platform, 157-158, 157f 
IP, (inositol 1,4,5-triphosphate), 935, 1016, 
1836, 1840 
Ipaf (interleukin-1-B-converting 
enzyme-protease activating factor), 
1066f 
IPEX syndrome (immune dysregulation, 
polyendocrinopathy, enteropathy, 
X-linked syndrome), 1181, 1215¢, 
1223 
IPH2101, 1192 
IPS (idiopathic pneumonia syndrome), 368 
iPSCs (induced pluripotent stem cells), 
448-449 
IPS-I (interferon-6 promoter stimulator 
1). See Mitochondrial antiviral 
signaling protein (MAVS) 
IPSID (immunoproliferative small intestinal 
disease), 1663, 1665, 1808, 1809 
IRAK (interleukin receptor-associated 
kinase), 298, 1230 
IRAK (interleukin receptor-associated 
kinase)-4 deficiency, 1054, 1230 
IREs (iron-responsive elements), 623, 624f 
IRF (interferon response factor), 297f, 298 
IRF4 (interferon regulatory factor 4), 
1171-1172, 1710, 1710f 
IRF4 (MUM1), 234t 
IRF8 (interferon-regulated factor 8), 235t, 
1231 
Irinotecan, 326-327 


IRIS (immune reconstitution inflammatory 


syndrome), 1242 
Tron 
bioavailability, 618-619 
dietary, 618-619, 618t 
distribution, 617-618, 618t 
inhibition of intestinal absorption of, 552 
labile pool, 618 
levels of, in newborn, 104 
malabsorption, 630 
metabolism 
absorption and, 619-622, 619f 
erythrocyte production and, 490-491, 
491f, 491t 
excretion and, 624-625 
homeostasis and, 620-622, 620f, 6211, 
623 
in iron deficiency anemia, 552, 553t 
macrophages in, 1063, 1065f 
regulation by hypoxia, 504f 
in sideroblastic anemia, 918 
in thalassemia, 742 
mitochondrial, 623-624 
in myoglobin, 618 
overload, 641. See also Hemochromatosis 
poisoning, 638-639 
radioactive, in red cell labeling, 488 
recycling, 619 
storage compartments, 617-618, 618t 
therapeutic. See Iron therapy 
toxicity, 640-641 
transport, 622-624, 622f 
erythroblast and, 623-624 
across intestinal mucosa, 619, 620f 
intracellular iron homeostasis and, 623, 
625f 
transferrin endocytosis in, 622-623, 
623f, 624f 
turnover, 490-491, 490f 
unavailability, 551-552, 551f 
Iron-binding capacity, 634 
Iron chelation therapy 
for congenital dyserythropoietic anemia, 
567 
for hemochromatosis, 644 
for iron overload in sickle cell disease, 776 
monitoring, 752 
for myelodysplastic syndromes, 1358 
for thalassemias, 751-752 
Iron cycle, 622f 
Iron deficiency, 628-639 
clinical features, 632-633 
course and prognosis, 639 
definition and history, 628 
differential diagnosis, 635-638, 635f, 636t 
epidemiology, 628 


etiology, 628 
blood loss, 628-630, 628t 
dietary, 630 
genetic, 631 
hemoglobinuria, 631 
intravascular hemolysis, 631 
malabsorption, 630 
paroxysmal nocturnal hemoglobinuria, 
579 
in pregnancy, 120, 630 
iron metabolism in, 552, 553t 
laboratory features, 633-635, 633f, 634f, 
638 
pathogenesis, 631-633, 631f 
reactive thrombocytosis in, 2036 
thrombocytopenia and, 1997 
treatment, 638-639 
Iron dextran, 639 
Iron overload 
in congenital dyserythropoietic anemia, 
567 
in myelodysplastic syndromes, 1358 
porphyria cutanea tarda and, 907 
in sickle cell disease, 776 
in sideroblastic anemia, 920 
in thalassemias, 742 
Iron protoporphyrin IX. See Heme 
Iron-regulatory protein (IRP-1), 623, 624f 
Iron-responsive elements (IREs), 623, 624f 
Iron storage disease, 639. See also 
Hemochromatosis 
Iron stores, marrow, 34-35 
Iron therapy, 638 
for anemia of chronic kidney disease, 554t, 
555 
for anemia of inflammation, 554, 554t 
iron overload and, 641 
oral, 638-639 
parenteral, 639 
for paroxysmal nocturnal hemoglobinuria, 
579 
IRP-1 (iron-regulatory protein), 623, 624f 
Irradiation. See also Radiation therapy 
platelets, 2388 
total-body, 353, 359-360 
Irreversibly sickled cells (ISCs), 475, 764 
Isavuconazole, 385 
Ischemia, protein C activation and, 1954 
Ischemia pneumonitis, 2269 
Ischemia-reperfusion injury, in sickle cell 
disease, 765 
Ischemic stroke. See Stroke 
ISCs (irreversibly sickled cells), 475, 764 
ISG15 (interferon stimulated gene 15), 
1231 
Isochromosome, 175t 
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Isocitrate dehydrogenase (IDH), 170, 198, 
199f, 337, 337f 

Isocitrate dehydrogenase (IDH) inhibitors, 
337 

Isofagomine tartrate, 1128 

Isoniazid, for tuberculosis, 386 

ISWI-(imitation SWI) remodelers, 166, 166f 

ITAMs. See Immunoreceptor tyrosine-based 
activation motifs (ITAMs) 

ITCH E3 ubiquitin protein ligase deficiency, 
1224 

Itching. See Pruritus/itching 

ITF4 (MUM1), 234t 

ITGB3, 1851 

ITIM (immunoreceptor tyrosine inhibitory 
motif), 1184, 1190, 1868, 1884 

ITK, 1643 

ITK-SYK, 1696 

S']-tositumomab 

for diffuse large B-cell lymphoma, 1632 
for follicular lymphoma, 1647 

ITP. See Immune thrombocytopenia (ITP) 

Itraconazole, 387t, 389 

ITSM (immunoreceptor tyrosine-based 
switch motif), 1868 

IVIg. See Intravenous immunoglobulin 
(IVIg) 

Ixazomib, 1754 

Ixodes dammini, 2311 


J 
Jagged ligand, 1824 
JAK. See under Janus kinase (JAK) 
JAK1, 232t, 233t, 235t 
JAK2 
in B-cell acute lymphoblastic leukemia, 
232t, 1508 
in essential thrombocythemia, 228t, 1278 
in familial thrombocytosis, 1310 
in myelodysplastic syndromes, 228t 
in myelofibrosis, 228t, 1278 
in polycythemia vera, 228t, 1278, 1450 
in primary myelofibrosis, 1319, 1450 
JAK2 exon 12 mutations, 1296 
JAK2 inhibitors 
for essential thrombocythemia, 1314 
for polycythemia vera, 1300 
for primary myelofibrosis, 1328-1329, 
1329t 
JAK2ve7F 
in acute myelogenous leukemia, 181t 
in chronic neutrophilic leukemia, 1279, 
1468t, 1472 
in essential thrombocythemia, 1307, 1308f, 
1311, 1312, 1312f, 1315 
in hypereosinophilic syndrome, 958 


in myelodysplastic syndromes, 181t, 1352 
in polycythemia vera, 178, 1292, 
1295-1296, 1312, 1312f, 1313f 
in primary myelofibrosis, 1320-1321 
JAK3, 232t, 233t 
JAK3 deficiency, 1214t, 1217-1218 
JAM. See under Junctional adhesion molecule 
JAM) 
Jamshidi biopsy instrument, 28, 28f, 29 
Janus kinase (JAK), 248, 249, 251f, 252 
Janus kinase (JAK)-2, 250, 485, 486f, 932 
Janus kinase (JAK)-3, 1154, 1217-1218 
Janus kinase (JAK) inhibitors, 341-342 
Janus kinase (JAK)/STAT pathway, 1606 
Jaundice 
in alloimmune hemolytic disease of the 
fetus and newborn, 848-849 
eye, 8 
history of, 6 
neonatal, 707, 709 
skin, 7-8 
JC polyomavirus infection, 1240, 1536 
Jk(a-b-) phenotype, 2343 
IRON gene segments, 1170 
JMH blood group/antigens, 2337, 2346t 
JNK (c-Jun N-terminal kinase), 249, 298, 
1178 
Job syndrome. See Hyperimmunoglobulin E 
syndrome (HIES) 
John Milton Hagen blood group, 2332t 
Joints, examination of, 9. See also 
Hemarthroses 
JR blood group, 2332t 
Junctional adhesion molecule-3 (JAM-3), 
1856 
Junctional adhesion molecule-A (JAM-A), 
1870 
Junctional adhesion molecule-A (JAM-C), 
1870, 1977t, 1979 
c-Jun N-terminal kinase (JNK), 249, 298, 
1178 
Juvenile myelomonocytic leukemia, 1096, 
1468t, 1470-1471 
Juvenile rheumatoid arthritis, 1090-1091, 
1513 
Juvenile xanthogranuloma (JXG), 1101, 
1102¢, 1111-1112 


K 

Kallikrein, 286t, 289 

Kaolin clotting time, 2243 

Kaposi-like hemangioendothelioma, 2014 

Kaposi sarcoma, 1239, 1250, 1573 

Kaposi sarcoma-associated herpesvirus- 
associated inflammatory cytokine 
syndrome (KICS), 1250 


k light-chain (KM) allotypes, 1170, 1741 
k light-chain gene complex, 1165f, 1167f 
Karnovsky scale, 4t 
Karyotype, 175t 
Kasabach-Merritt syndrome (KMS), 806, 
2014-2015, 2317t, 2318 
Kawasaki disease, neutropenia and, 997 
KEAPI1, 196 
KEL, 851 
Kell blood group 
antibodies, 2345t 
antigens, 2335t, 2337 
characteristics, 2331t, 2334t 
disease association, 2331t, 2340 
fetal expression, 104 
frequency, 2334t 
genetics, 2339 
in hemolytic disease of the fetus and 
newborn, 851, 851f 
phenotypes, 2334t 
in pregnancy, 853-854 
variation in expression, 2337 
XK protein, 681. See also McLeod 
phenotype 
Keratocytes (horn cells), 473f, 473t, 474f 
Kernicterus, 849, 858 
Ketanserin, 2079 
a-Ketoglutarate. See 2-Oxoglutarate (20G) 
Ketotifen, for mastocytosis, 976 
Ketron-Goodman variant, pagetoid 
reticulosis, 1684 
Keyhole limpet hemocyanin (KLH), 423, 
423f, 424f, 1648 
Ki-67, 1654 
KIAA0023, 414 
KICS (Kaposi sarcoma-associated 
herpesvirus-associated 
inflammatory cytokine syndrome), 
1250 
Kidd blood group/antigens, 2331t, 2335t, 
2337, 2340, 2345t 
Kidney disease/dysfunction. See Renal 
disease/dysfunction 
Kidney transplantation. See Renal 
transplantation 
KIF23, 568 
Killer cell immunoglobulin-like receptors 
(KIRs), 1190, 1401, 1461, 1565 
Kinases 
cyclin-dependent. See Cyclin-dependent 
kinases (cdks) 
Janus. See under Janus kinase (JAK) 
Kindlin, 1884 
Kindlin-3 deficiency (LAD; LAD-1 variant; 
integrin activation deficiency), 
1019t, 1024, 2060 


Kininogen, high-molecular-weight, 1916¢, 
1929, 2121 
Kinins, 286t, 289 
KIRs (killer cell immunoglobulin-like 
receptors), 1190, 1401, 1461, 1565 
KIT 
in acute myelogenous leukemia, 181, 181, 
227t, 1376 
imatinib sensitivity and, 1279 
in mast cell disorders, 965, 973, 976, 977 
in primary myelofibrosis, 1321 
Klebsiella infections, 383, 1030. See also 
Bacterial infections 
Kleihauer-Betke test, 859, 859f 
KLF1/KLF1, 568, 730, 2337 
KLH (keyhole limpet hemocyanin), 423, 
423f, 424f, 1648 
KLHLO6, 1529 
KM (x light-chain) allotypes, 1170, 1741 
KMD6A, 1346t 
KMS (Kasabach-Merritt syndrome), 806, 
2014-2015, 23171, 2318 
KMT2A, 183 
KMT2A/MLL, 176f 
KMT2D (MLL2), 1644 
KMTA/AFF1 (MLL-AF4), 1507 
Knockout animal models, 153 
Knops blood group/antigens, 2332t, 2337, 
2346t 
Koilonychia, 8, 632 
Kostmann syndrome, 983, 992-993, 993f 
Kp*/Js* blood group, 2335t 
KRAS (K-RAS) 
in acute myelogenous leukemia, 1376, 
1384t 
in chronic myelomonocytic leukemia, 
1468 
in juvenile myelomonocytic leukemia, 
1468t 
in myelodysplastic syndromes, 1346t 
in myeloma, 188, 233t, 1709, 1737, 1759, 
1760 
Kruppel-like factor (KLF1), 568, 730, 2337 
Ku70, 1167 
Ku80, 1167 
Kwashiorkor, 654 
Kx blood group/antigens, 2332t, 2337, 2342 
Kyphoplasty, 1756 


L 
L444P, 1123, 1123t 
LA (lupus anticoagulants), 2101f, 2186, 2233, 
2243 
Labile iron pool, 618 
Lactate dehydrogenase (LDH) 
abnormalities, 701t 


activity, 692t 
in Burkitt lymphoma, 1245 
in chronic lymphocytic leukemia, 1532, 
1532t 
in chronic myelogenous leukemia, 1448 
in diffuse large B-cell lymphoma, 1632 
in glucose metabolism, 692, 696 
in HELLP syndrome, 802 
in megaloblastic anemia, 597 
in myeloma, 1716 
in paroxysmal nocturnal hemoglobinuria, 
575 
Lactoferrin, 284t, 285, 1012t, 1013 
Lactoferrin receptors, 1058t 
LAD. See Leukocyte adhesion deficiency 
À gene, 1168 
À light chains, 1163 
Lamellipodium, 1005 
Laminin, 63, 267, 1846t, 1865 
Laminin receptor. See Integrin aĝ, 
LAMP-1 (CD107a), 1873 
LAMP-2 (CD107b), 1873 
LAMP-3. See CD63 
Lan blood group, 2332t 
Landsteiner- Wiener blood group, 2331t 
Langerhans cell histiocytosis 
adult, 1108-1109 
clinical features 
multisystem, 1104-1105, 1105f 
single-site, 1103-1104, 1103f 
consequences and late effects of treatment, 
1107-1108 
course and prognosis, 1107 
differential diagnosis, 1106 
epidemiology and inheritance, 1102-1103 
etiology and pathogenesis, 1101, 1103 
histopathology, 1102t 
history, 1100 
laboratory features, 1105-1106, 1105f 
treatment, 1106-1107, 1106t 
Langerhans cells, 310, 1078, 1078f, 1082, 
1101 
Langerhans cell sarcomas, 1110 
Lansoprazole, megaloblastic anemia and, 
606t 
Large granular lymphocytic leukemia 
(LGLL), 1352, 1499t, 1563. See also 
T-cell large granular lymphocytic 
leukemia (T-LGLL) 
Large granular lymphocytosis, 1189, 
1202-1203 
Larval myeloma, 1725 
Lassitude, history of, 4 
Lasthénie de Ferjol syndrome, 630 
LAT (linker of activation of T cells), 1144, 
1178 


Late hemorrhagic disease of the newborn, 
109 
Latent membrane protein 1 (LMP1), 1606 
LCAD (long-chain acyl coenzyme A 
dehydrogenase) deficiency, 2211 
LCDD (light chain deposition disease), 1744, 
1760 
LCMV (lymphocytic choriomeningitis virus), 
1192 
LCR (locus control region), 730 
LDH. See Lactate dehydrogenase (LDH) 
Lead poisoning, 811 
Lectin-containing receptors, 1870-1871 
Lectins. See Selectins (lectins) 
LEF1, 1643 
Legionella, 1062, 1064f, 1066f 
Legionnaire disease, 304 
Leg ulcers, 6, 8, 771-772 
Leishmania, 1062, 1064f 
Lenalidomide, 333-335 
for acute myelogenous leukemia, 1404 
adverse effects, 334-335, 1741, 1752, 
1756-1757 
for AL amyloidosis, 1761, 1780-1781 
for chronic lymphocytic leukemia, 
1538-1539 
clinical use, 334 
for diffuse large B-cell lymphoma, 1631 
for mantle cell lymphoma, 1658, 1659t, 
1660t 
mechanism of action, 333-334, 1192 
for myelodysplastic syndromes, 1359 
for myeloma, 364, 365f, 1750-1751, 1752, 
1752t, 1753, 1753t, 1754 
pharmacology, 334 
for primary myelofibrosis, 1329 
structure, 333f 
Lentiviral vectors, 439, 443 
Lepirudin 
for heparin-induced thrombocytopenia, 
2030 
pharmacology, 399 
removal from market, 399 
for unstable angina, 2296 
Leptocytes, 473t, 474f 
Leptomeningeal myelomatosis, 1746 
Lesch-Nyhan syndrome, 608 
Letterer-Siwe disease. See Langerhans cell 
histiocytosis 
LEU7 (CD57), 1528 
Leu33Pro, 1851 
Leucine-rich repeat glycoprotein receptors, 
1858-1859t, 1865-1868 
Leucovorin, 320-321, 584 
Leukämie, 1438 
Leukapheresis, 1450, 1540, 2368 
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Leukemia. See also individual types 
a-thalassemia and, 739 
associated with basophilia, 971-972, 972t 
B-cell, 1494t 
cell growth and metabolism in, 197-198, 
198f 
cellular therapy, 413-414 
disseminated intravascular coagulation 
and, 2207 
mast cell, 978 
platelet function and, 2081-2082 
during pregnancy, 124 
T-cell, 1498, 1571, 1573 
Leukemia-associated proteins, 414 
Leukemia inhibitory factor, 1821 
Leukemia stem cell, 1376 
Leukemic blast cells 
in acute myelogenous leukemia, 1381 
in clonal myeloid disorder classification, 
1277 
extramedullary tumors and, 1285 
hyperleukocytic syndromes and, 
1285-1286, 1286t 
procoagulant and fibrinolytic activator 
release and, 1285 
Leukemic reticuloendotheliosis, 1553. See 
also Hairy cell leukemia (HCL) 
Leukemic transformation 
in clonal myeloid diseases, 1280-1281 
in polycythemia vera, 1295 
in thrombocythemia, 1310 
Leukemoid reaction, 999 
Leukocytapheresis, 429t, 433 
Leukocyte adhesion deficiency type 1 
(LAD-1) 
clinical features, 1019t, 1021f, 1022-1023 
definition and history, 1021-1022 
differential diagnosis, 1023-1024 
etiology and pathogenesis, 1019f, 1022 
gene mutations, 1021¢ 
laboratory features, 1021t, 1023, 1023f 
therapy, course, and prognosis, 1024 
Leukocyte adhesion deficiency type 2 
(LAD-2), 1019¢, 1021f, 1023-1024, 
2343 
Leukocyte adhesion deficiency type 3 
(LAD-3, LAD-1 variant syndrome), 
1019t, 1024, 2060 
Leukocyte antigens, human. See Human 
leukocyte antigens (HLAs) 
Leukocyte common antigen. See CD45 
(T200) 
Leukocyte count, 16 
in acute lymphoblastic leukemia, 1510, 
1510t 
in acute myelogenous leukemia, 1381 


in children, 15t 
in chronic myelogenous leukemia, 1445, 
1445f 
in newborn, 105, 105t 
in primary myelofibrosis, 1326 
reference ranges, 18t 
Leukocyte differential, 16-17 
Leukocyte function antigen. See under LFA 
Leukocyte integrin (B,) subfamily, 1054 
Leukocytes 
in acute inflammation, 280-284 
adhesion and transmigration, 280-283, 
282f, 282t 
chemotaxis and activation, 283-284, 
284t 
artifacts, 23 
automated analysis, 16-17 
cellular homing and, 68-69 
donor infusions of, 1400-1401 
fetal liver, 100 
inclusions, 23 
interactions with endothelial cells, 
1977-1978, 1977t, 1979 
interactions with platelets, 1829-1834, 
1830-1831 f, 1852f, 1855-1856, 
1857f, 1978-1979 
iron deficiency and, 633 
levels of, in older persons, 134 
in marrow infiltration, 659f 
morphology, 22-23 
in newborn, 105 
nucleotides in, 935t 
in polycythemia vera, 1295 
release, 71 
response, 247 
types, 20f 
Leukocytoclastic vasculitis, 2096f 
Leukocytosis, 43-44, 997. See also 
Neutrophilia 
Leukodystrophies, 439 
Leukoerythroblastic reaction, 657, 659f 
Leukolysin, 1012¢, 1014 
Leukomethylene blue, 793 
Leukopenia, 991. See also Neutropenia 
Leukoreduction, for platelet transfusion, 2388 
Leukosialin, 1873 
Leukotriene B p 283, 952 
Leukotrienes, 1830-1831f 
Levofloxacin, 387t 
Lewis blood group/antigens, 104, 23311, 
2334t, 2337, 2340, 2344t 
LFA-1. See CD11a (LFA-1) 
LFA-2 (CD2), 1185, 1185f 
LFA-3 (CD58), 1184, 1185, 1978 
LFA (lymphocyte function-associated) 
glycoproteins, 1184-1185, 1185f 


LGLL (large granular lymphocytic leukemia), 
1563. See also T-cell large granular 
lymphocytic leukemia (T-LGLL) 

LGMN, 1643 

LGP2, 300 

Lhermitte sign, 1618 

Lidocaine, toxic methemoglobinemia and, 
789 

Life span, 131-132 

Li-Fraumeni syndrome, 1575t 

LIGHT (tumor necrosis factor receptor 
superfamily member 14), 1873 

Light chain deposition disease (LCDD), 1744, 
1760 

Light chain glomerulonephropathy, 1744 

Light chains, immunoglobulin. See 
Immunoglobulin (Ig) light chains 

Light-chain vasculopathy, 2099 

Lindane, 517 

Linezolid, 384, 385, 388t 

Linkage analysis, 151-152, 151f 

Linker of activation of T cells (LAT), 1144, 
1178 

Lipid granulomatosis. See Erdheim-Chester 
disease 

Lipid mediators, 952, 1878 

Lipid rafts, 662, 1836 

Lipids 

disseminated intravascular coagulation 
and, 2203 

inflammatory, 288-289 

membrane. See Membrane lipids 

in neutrophils, 935, 935t 

peroxidation, 2287 

Lipid storage diseases, 1121-1130 

catabolic pathways of glycosphingolipids 
in, 1122f 

definition, 1121 

Gaucher disease. See Gaucher disease 

Niemann-Pick disease. See Niemann-Pick 
disease 

Lipopolysaccharide (LPS), 294, 298, 2203 

Lipopolysaccharide responsive beige-like 
anchor (LRBA) deficiency, 1216 

Lipoprotein(a), 1287, 1976 

Lipoprotein-associated coagulation inhibitor. 
See Tissue factor pathway inhibitor 
(TFPI) 

Lipoprotein phospholipase A,, 2286 

Liposomal amphotericin-B, 385, 387t 

Lipoxins, 289, 1857f 

Lipoxygenases, 2287 

Listeria, 1062, 1064f 

Listeria infection, 383. See also Bacterial 
infections 

Livedoid reticularis, 2240, 2298 


Livedoid vasculitis, 2101 
Liver 
B-cell development in, 1151 
disease/dysfunction. See Hepatic disease/ 
dysfunction 
examination of, 9 
fetal, hematopoiesis in, 100-101 
heme synthesis in, 895-896 
macrophages in, 1081f, 1082 
natural killer cell development in, 1151 
primary lymphomas in, 1581 
Liver transplantation 
for acute intermittent porphyria, 904 
for afibrinogenemia, 2157 
antifibrinolytic therapy in, 2317f, 2318 
for hemophilia, 2129 
hemostatic alterations during, 2193 
hemostatic management during, 2194 
for hypersplenism, 867 
thrombosis following, 2195 
LKB1, 195, 196 
LL-37 (hCAP-18, CAMP), 1012t, 1013 
LMAN1/LMAN1, 2135t, 2139 
LMO2, 1632 
LMO2 protooncogene, 437 
LMP1 (latent membrane protein 1), 1606 
LMPP (lymphoid-myeloid primed 
progenitor), 61, 1152f, 1153 
LNK (SH2B3), 229t, 232t, 233t 
Locus, 147 
LOH (loss of heterozygosity), 174, 177f 
Lonafarnib, 1459 
Long-chain acyl coenzyme A dehydrogenase 
(LCAD) deficiency, 2211 
Long-term culture-initiating cells (LTC-ICs), 
260, 1440 
Lorvotuzumab mertansine, for myeloma, 
346t 
Loss of heterozygosity (LOH), 174, 177f 
Low-density lipoprotein (LDL) 
accumulation in macrophages, 2287 
accumulation in vascular wall, 2287 
in antiphospholipid syndrome, 2235, 2237 
arterial thrombosis and, 2294 
nitric oxide synthases and, 2283, 2283f 
platelet activation and, 1878 
Low-density lipoprotein receptor-related 
protein 1 (LRP1), 2309 
Low-infiltrate leukemia. See Oligoblastic 
myelogenous leukemia (refractory 
anemia with excess blasts) 
Low-molecular-weight heparin (LMWH), 
398-399. See also Heparin 
argatroban. See Argatroban 
bivalirudin. See Bivalirudin 
choice of, 398 


danaparoid. See Danaparoid 
fondaparinux. See Fondaparinux 
lepirudin. See Lepirudin 
for myocardial infarction, 2295-2296 
pharmacology, 398 
in pregnancy, 2277 
for unstable angina, 2296 
for venous thromboembolism, 2273-2274, 
2274t, 2276-2277 
5-LOX, 1877 
12-LOX, 1877 
Loxosceles laeta, 809 
Loxosceles reclusa, 809 
LPA (lysophosphatidic acid), 1878 
LPIN2, 568 
LPL. See Lymphoplasmacytic lymphoma 
(LPL) 
LPS. See Lipopolysaccharide (LPS) 
LRBA (lipopolysaccharide responsive 
beige-like anchor) deficiency, 
1216 
LRP1 (low-density lipoprotein receptor- 
related protein 1), 2309 
LRRFIP1, 1853 
LRRK2, 233t 
L-selectin (CD62L) 
activities, 66, 68 
counterreceptor, 282t 
in disseminated intravascular coagulation, 
2207 
distribution, 67t 
expression, 281, 1870 
hematopoietic stem cell trafficking and, 
355 
in inflammatory response, 1083, 
1976-1977, 19771, 1979 
in leukemic cells, 1440 
ligands, 67t 
in lymphocytes, 1139 
in monocytes, 1052f 
neutrophils and, 1006 
in T-cells, 1183 
LSG15 regimen, for adult T-cell leukemia/ 
lymphoma, 1701 
LSK CD34+FLT3hi, 1153 
LTA H, 2288 
LTC, 952 
LTC-ICs (long-term culture-initiating cells), 
260, 1440 
Lu’ antigens, 104 
Lu’ antigens, 104 
LuLu-type null phenotype, 2343 
Lumbar puncture, bleeding risk and, 2384 
Lung 
disease/dysfunction. See Pulmonary 
disease/dysfunction 
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macrophages in, 1082-1082 
stem cell therapy for repair of, 451 
Lupus anticoagulant (LA), 2101f, 2186, 2233, 
2243 
Lutheran blood group 
antibodies, 2341t, 2343, 2345t 
antigens, 2335t, 2337 
characteristics, 2331t, 2335t 
disease association, 2331t 
fetal expression, 104 
frequency, 2335t 
genetics, 2339 
null phenotypes, 2342t, 2343 
LYL1, 1508t 
Lyme disease, 819, 2104, 2 104f, 2311 
Lymphadenopathy 
in chronic lymphocytic leukemia, 1530 
consultative approach to, 48 
in follicular lymphoma, 1641 
in Langerhans cell histiocytosis, 1104 
in mastocytosis, 973-974 
Lymph nodes 
anatomy, 91, 92f 
B-cell development in, 1151 
examination of, 8 
function, 93 
germinal centers, 1589, 1590f 
macrophages in, 1082 
reactive, 1589f, 1590f 
structure, 91-93, 92f 
Lymphoblastic leukemia, 1498t 
Lymphoblastic lymphoma, 1498t 
Lymphoblasts, 1511, 1511f 
Lymphocyte doubling time, 1532, 1532t 
Lymphocyte function-associated antigens. 
See under LFA 
Lymphocyte function-associated (LFA) 
glycoproteins, 1184-1185, 1185f 
Lymphocyte homing cell adhesion molecule 
(HCAM), 68 
Lymphocytes. See also B cells; T cells 
antigens 
B-lymphocyte, 1141, 1141f 
surface, 1143 
T-lymphocyte and NK cell, 1141-1142, 
1142 1142t 
cell adhesion and homing, 66 
in chronic inflammation, 291 
composition, 1143-1144, 1144t 
in cutaneous T-cell lymphoma, 1681f 
cytochemical reactions, 1049t 
differentiation, 61 
disorders, 1195-1197 
B lymphocyte, 1195 
classification, 1195, 1196-1197t 
clinical manifestations, 1195-1197 
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Lymphocytes, disorders (Cont.): 
combined T-and B-cell, 1197 
natural killer cell, 1197 
T lymphocyte, 1195-1197 

infants, 108-109, 109t 
infusions from donor, in allogenic 
hematopoietic cell transplantation, 
359, 373 
large granular, 23 
marrow, 32t, 35 
in mycosis fungoides, 1683f 
in myelodysplastic syndromes, 1353 
in newborn, 105¢ 
precursors, increased apoptosis of, 1217 
reactive, 23 
reference ranges, 15f, 18t 
release, 72 
structure, 1137-1140 
changes associated with activation, 
1138f, 1139-1140, 1140f 
cytomatrix, 1144-1145 
definition and history, 1137 
microscopy and histochemistry, 966f, 
1137-1139, 1138f, 1139f 
organelles, 1145 
types, 20f, 23 
Lymphocytic choriomeningitis virus 
(LCMV), 1192 
Lymphocytopenia, 1204-1206 
acquired, 1204-1206, 1205t 
iatrogenic, 1205-1206 
in infectious diseases, 1204-1205 
nutritional or dietary, 1206 
in systemic disease, 1206 
definition, 1204 
idiopathic CD4+ T, 1206 
inherited causes, 1204, 1205t 
Lymphocytosis, 1199-1204 
causes, 1200t 
consultative approach to, 44 
definition, 1199 
primary, 1199-1202 
monoclonal B-cell lymphocytosis, 
1199-1200, 1201¢, 1542-1543 
persistent polyclonal lymphocytosis of B 
lymphocytes, 1200-1202, 1201f 
secondary (reactive), 1202-1204 
acute infection lymphocytosis, 1202, 
1203f 
drug-induced lymphocytosis, 
1203-1204 
hypersensitivity reactions, 1204 
infectious mononucleosis, 1202 
large granular lymphocytosis, 
1202-1203 
persistent lymphocytosis, 1204 


pertussis, 1202 
stress lymphocytosis, 1204 
Lymphoid fibrosis, 1553. See also Hairy cell 
leukemia (HCL) 
Lymphoid-myeloid primed progenitor 
(LMPP), 61, 1152f, 1153 
Lymphoid progenitors, 269-270 
functional characterization, 1154 
human, 1153 
murine, 1153 
thymic, 1154 
Lymphoid tissues, 85 
lymph nodes. See Lymph nodes 
mucosa-associated, 93-94 
Peyer patches, 94, 94f 
spleen. See Spleen 
thymus. See Thymus 
tonsils, 94, 1081f 
Lymphokines, 208-209 
Lymphomas, 1569-1583. See also individual 
types 
aggressive, 1501f 
cell growth and metabolism in, 199-200 
chromosomal abnormalities, 184-185t, 
187-188, 224-225t, 1576-1577 
vs. chronic lymphocytic leukemia, 1543 
classification, 1493-1501, 1587-1589, 
1588t 
clinical features, 1493, 1577 
abnormal immunoglobulin production, 
1501 
lymphokine-induced disorders, 1502 
marrow and tissue infiltration, 1502 
metabolic signs, 1502 
systemic symptoms, 1502 
definition and history, 1569-1570 
diagnosis, 1590-1592, 1591t 
early precursor lesions, 1501 
epidemiology, 1570-1571, 1570f, 1571f 
etiology and pathogenesis, 1571-1576 
autoimmunity, 1574-1575 
environmental factors, 1571, 1572-1573 
histopathologic heterogeneity, 
1571-1572, 1572t 
immunosuppression, 1574, 1575t 
infectious agents, 1265, 1573-1574 
interaction of environment and 
genotype, 1573 
extranodal involvement, 1502 
gene mutations, 166, 209-210 
hematopoietic cell transplantation for, 366 
histologic subtypes and frequency of, 
1571-1572, 1572t 
HIV-associated. See Human 
immunodeficiency virus 
(HIV)-associated malignancies 


Hodgkin lymphoma treatment and, 1617 
indolent, 1501t, 1570 
marrow findings, 31-32 
monocytosis and, 1097 
in pregnancy, 124 
response assessment, 1570, 1578-1579, 
1579t, 1580t 
secondary acute myelogenous leukemia 
and, 1407 
staging, 1570, 1577-1579, 1577f, 1578t, 
1579t 
vaccine therapy for, 423, 423f, 424f 
Lymphomatoid granulomatosis, 1635 
Lymphomatoid papulosis, 1499t, 1688-1689, 
1688t 
Lymphomatous polyposis, 1593, 1593f 
Lymphopenia, consultative approach to, 42 
Lymphoplasmacytic lymphoma (LPL). 
See also Waldenström 
macroglobulinemia (WM) 
chromosomal abnormalities, 184f, 1494t 
definition, 1785 
differential diagnosis, 1667, 1668 
gene mutations, 184t, 234t, 1494t 
laboratory features, 1592-1593, 1593f 
Lymphopoiesis, 1149-1156, 1282f 
differentiation pathways, 1151-1154, 1152f 
functional characterization of 
progenitors in, 74. 
human lymphoid progenitors in, 1153 
murine lymphoid progenitors in, 1153 
thymic progenitors in, 1154 
fetal, 101 
neonatal, 108-109 
during prenatal development, 1149-1151, 
1150f 
regulation, 1154-1156 
Lymphosarcoma, 1569, 1603 
Lyso-glucosylsphingosine, 1126 
Lysophosphatidic acid (LPA), 1878 
Lysosomal granule constituents, 286t, 287 
Lysosomal proteases, 284t 
Lysosomal storage diseases. See Lipid storage 
diseases 
Lysosome-associated membrane proteins. See 
under LAMP 
Lysosomes, 1145, 1843 
Lysozyme, 284t, 1012t, 1014, 1064, 1067¢ 
LYST, 994, 1229, 1843 
Lytic state, 403 


M 

mAbs. See Monoclonal antibodies (mAbs) 
MAC, 234t 

MAC (membrane attack complex), 572, 572f 
Mac-1. See CD11b/CD18 (Mac-1) 


MACOP-B regimen 
for anaplastic large cell lymphoma, 1699 
for diffuse large B-cell lymphoma, 1630 
for primary mediastinal large B-cell 
lymphoma, 1634 
Macrocyte, 21 
Macrocytic anemia, 506 
Macrocytosis, 559, 654, 655 
a,-Macroglobulin, 1960-1961, 2308 
Macroglobulinemia. See Waldenström 
macroglobulinemia 
Macroglossia, 5, 1774, 1775f 
Macrophage activation syndrome, 
1115-1116, 1539 
Macrophage colony-stimulating factor 
(M-CSE), 62t, 249, 1077-1078 
1077f 
Macrophage inflammatory protein (MIP)-1a, 
288t, 1440, 1737-1738, 1738f, 1739f 
Macrophage inflammatory protein (MIP)-16, 
288t 
Macrophage receptor with collagenous 
structure (MARCO), 1055, 1057t, 
1080, 1082, 1084, 1085f 
Macrophages 
activation, 283, 1083-1086 
classical and alternative, 1085-1086, 
1086f 
immunomodulation, 1084, 1085f 
innate, 1084-1085 
in response to inflammation and 
tumors, 1083-1084, 1084f 
in atherothrombosis, 2287 
blood dendritic cells and, 1092 
disorders, 1089, 1090t. See also Monocytes, 
disorders 
distribution 
in central nervous system, 1083 
in lymph nodes, 1082 
in marrow, 1081-1082, 1082f, 1083f 
in nonlymphohematopoietic organs, 
1082-1083 
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functions 
apoptosis, 1060-1061, 1061f 
cell adhesion and homing, 66 
cellular interactions, 1066, 1071, 1071f 
in chronic inflammation, 284, 291 
endocytosis, phagocytosis, and killing, 
1061-1063, 1062f, 1063f, 1064f, 
1065f 
gene expression, synthesis, and 
secretion, 1064-1066, 1067¢, 1068f, 
1069f, 1070f, 1070t 
G-protein-coupled receptors and, 1060t 
inflammasome, 1063, 1065f, 1066f 


interaction with coagulation cascade, 
1059 
motility, 1059 
recognition and clearance, 1060 
hematopoietic functions, 1071 
immunomodulation of phenotype, 1070t 
iron released from, 551 
M1 and M2 phenotypes, 284, 285 
markers, 1080t 
marrow, 32t, 34 
morphology, 1048-1052, 1050f, 1051f 
neonatal, 108-109 
production 
development, 1075-1076 
growth, differentiation, and turnover, 
1076, 1076f 
in hematopoietic organs, 61 
maturation and differentiation, 
1077-1078, 1077f 
receptors 
CD4, 1056-1057 
CD11, 1056 
CD14, 1056 
CD16, 1056 
chemokine, 1057-1058, 1058t 
complement, 1054 
Fc, 1053-1054, 1053f 
human leukocyte antigen class II, 
1055-1056 
non-toll-like, nonopsonic, 1054-1055, 
1056f, 1057t 
surface, 1052-1053, 1058t 
surface antigens, 1052f 
toll-like, 1054, 1055f 
resident populations in adult tissues, 
1079-1080, 1080t 
secretion products, 1067t 
stromal, 1082f, 1083f 
study methods, 1075 
Macroreticulocytes, 467 
MAdCAM.-1 (mucosal addressin cell 
adhesion molecule 1), 950, 1977 
MAF (MAB), 233t, 1713, 1736, 1736t 
MAG (myelin-associated glycoprotein), 
1790 
MAGE-1, 412 
Magnesium sulfate, for sickle cell disease, 
777t 
Magnesium transporter 1 defects, 1221 
Magnetic resonance imaging (MRI) 
in cardiac amyloidosis, 1779, 1780f 
for marrow evaluation, 659 
in myeloma, 1715, 1748, 1749f 
for pulmonary embolism, 2271-2272 
in Waldenström macroglobulinemia, 
1792 
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MAGTI, 1221 
Major basic protein (MBP), 929, 948, 952 
Major cytogenic response (MCyR), 1452t 
Major histocompatibility complex (MHC), 
2353, 2354f, 2355. See also Human 
leukocyte antigen (HLA) 
Major histocompatibility complex (MHC) 
class I, 409, 1141, 1177, 1190 
Major histocompatibility complex (MHC) 
class I deficiency, 1215t, 1221 
Major histocompatibility complex (MHC) 
class II, 1141, 1177, 1214t, 1978 
Major histocompatibility complex (MHC) 
class II deficiency, 1215t, 1221 
Major molecular response (MMR), 1452t 
MAL (MyD88 adapter-like), 297f, 298 
Malaise, history of, 4 
Malaria, 815-818 
alterations in infected red cell, 815-816 
blood antigens associated with resistance 
to, 2340 
Burkitt lymphoma and, 1573, 1672 
clinical features, 817 
course and prognosis, 818 
diagnostic methods, 817-818, 817f 
epidemiology, 815 
G6PD deficiency and, 690 
glycoprotein IV deficiency and, 2359 
pathogenesis, 816-817 
Plasmodium spp. and severity of anemia 
in, 816 
prevention, 818 
pyruvate kinase deficiency and, 704 
red cell exchange for, 432 
sickle cell trait and, 763 
Southeast Asian ovalocytosis and, 680 
thalassemias and, 728 
treatment, 818 
Malignancy. See Cancer 
Malignant fibrous histiocytoma, 1110 
Malignant hypertension, 2263 
Malignant transformation, 132 
MALT (mucosa-associated lymphoid tissue), 
93-94 
MALT lymphoma. See Extranodal marginal 
zone lymphoma of MALT type 
Mammalian target of rapamycin (mTOR), 
194, 1654, 2237, 2237f 
Mammalian target of rapamycin (mTOR) 
inhibitors, 1220, 1403. See also 
Temsirolimus 
Mannan-binding lectin (MBL) pathway, 289f, 
290 
Mannose-binding lectin (MBL), 1017 
Mannose receptors (MRs), 284, 1054, 1057t, 
1080, 1081f 
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Mantle cell lymphoma (MCL) Marfan syndrome, 2061 storage pool shift, 1000 
blastoid cell variant, 1653, 1654f Marginal neutrophil pool (MNP), 942t structure, 55-65 
clinical features, 1654-1655, 1654t Marginal zone, spleen, 88-89 extracellular matrix, 61-64 
course prognosis, 1655, 1655f, 1659 Marginal zone B-cell lymphomas, 1663-1668 hematopoietic cell organization and, 
definition and history, 1653 definition and classification, 1595, 1663 64-65 
differential diagnosis, 1543, 1655, 1667 epidemiology, 1663 hematopoietic niches, 56 
epidemiology, 1571, 1653 extranodal. See Extranodal marginal zone innervation, 56 
etiology and pathogenesis lymphoma of MALT type sinus architecture, 56-59, 57f, 58f, 59f 
chromosomal abnormalities, laboratory features, 1595f vasculature, 55-56, 56f 
1653-1654, 1654f nodal, 1495t, 1595, 1595f, 1667-1668, transplantation of. See Hematopoietic cell 
t(11;14), 184¢, 187, 224t, 1577, 1593, 1668f transplantation 
1654f splenic, 1495t, 1557, 1558t, 1666-1667 Marrow blast crisis, 1465-1466 
translocations, 187, 1494t Marginated pool, 941-942 Marrow examination, 27-37 
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Margination, 280 
Maribavir, for cytomegalovirus prophylaxis, 


in acute lymphoblastic leukemia, 
1510-1511 


BCL1, 1494t 369-370 in acute myelogenous leukemia, 
BIRC3, 237t Marrow 1381-1383, 1382f 
CCND1, 236t, 1577 aging, 132-134, 133f, 136 in amyloidosis, 33 

EZH2, 170 B-cell development in, 1151 in aplastic anemia, 519-520, 520f 


gene expression, 1593-1594 
IGH, 236t, 1577 


cellularity, 31 
dendritic cell development in, 1151 


aspiration technique for, 28-29, 28f 
in chronic myelogenous leukemia, 


MEF2B, 236t drug-induced suppression, 553 1446-1447, 1446f 

MLL2, 236t examination. See Marrow examination in clonal myeloid diseases, 1287 
NOTCH1/2, 237t failure, in paroxysmal nocturnal in congenital dyserythropoietic anemia, 
SOX11, 236t hemoglobinuria, 576-578, 576t type I, 565f 

TLR2, 237t gelatinous transformation, 33 differential cell count, 32t 

TP53, 236t, 1494t infections infiltrating, 33 in diffuse large B-cell lymphoma, 1627 
TRAF2, 237t infiltration, 31-33, 657-659 in essential thrombocythemia, 1309f, 1310 
WHSCI, 236t in amyloidosis, 33 flow cytometry for, 35-37, 36f 


laboratory features 
histopathology, 1494t, 1593-1594, 1593f 
large bowel involvement, 1593, 1593f 
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differential diagnosis, 659 

etiology and pathogenesis, 657-658, 


in hairy cell leukemia, 1555, 1557f 
in hemochromatosis, 642 
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in immune thrombocytopenia, 2003 


therapy 658t indications for, 27 
for advanced disease, 1655-1657, 1657t, fibrosis, 32 in infections, 33 
1658t laboratory features, 658-659, 659f interpretation, 22f, 30-33, 32t, 33f 


hematopoietic cell transplantation, 366 
for localized disease, 1655 
palbociclib, 218 
recommendations, 1656f 
for relapsed or recurrent disease, 
1658-1659, 1659t 
watchful waiting, 1655 
MAPIPA (monoclonal antibody-specific 
immobilization of platelet antigens) 
assay, 2000 
MAPK (mitogen-activated protein kinase), 
237, 266, 1054, 1055f, 1178, 1817 
Maraviroc, for graft-versus-host disease 
prophylaxis, 371 
March hemoglobinuria, 631, 806 
MARCKS (myristoylated alanine-rich 
C-kinase substrate), 667, 668f 
MARCO (macrophage receptor with 
collagenous structure), 1055, 1057, 
1080, 1082, 1084, 1085f 


by malignant neoplasms, 31-32 
in storage disorders, 33 
therapy, course, prognosis, 659 
iron deficiency and, 633 
iron levels in, 635 
iron stain, 552-553 
lymphocyte differentiation in, 61 
macrophage differentiation in, 61 
macrophages in, 1081-1082, 1082f 
microenvironment. See Hematopoietic 
microenvironment 
necrosis, 33, 657, 658f 
in acute myelogenous leukemia, 1385 
in clonal myeloid diseases, 1287 
neutrophil kinetics, 940-941, 941t 
neutrophil reserves, 1000 
precursor development in, 925, 926f 
reticulocytes, 482t 
as source of hematopoietic stem cells for 
transplantation, 355, 356 


iron stores, 34-35 

in Langerhans cell histiocytosis, 1104 

in lymphomas, 31-32 

macrophages, 1050f 

in mastocytosis, 974-975, 975f 

in megaloblastic anemia, 595, 595f 

morphologic differentiation of 
hematopoietic lineages, 33-35 

myeloblasts, 927f 

in myelodysplastic syndromes, 1350f, 
1353-1354 

in myeloma, 31-32, 1715, 1741-1744, 
1742f, 1743f, 1744f 

needle biopsy technique for, 29 

in pernicious anemia, 595f 

polycythemia vera and, 1296 

in primary myelofibrosis, 1323f, 
1326-1327 

sample adequacy in, 30-31 

in sideroblastic anemia, 916d 


specimen preparation for, 27-28 
in storage diseases, 33 
in T-cell large granular lymphocytic 
leukemia, 1565, 1565f 
in transient aplastic crisis, 541f 
in Waldenström macroglobulinemia, 
1786f, 17881, 1791, 1792f 
MART-1, 412 
Masked Ph chromosome, 1447 
Masked translocation, 1447 
Massively parallel digital sequencing. 
See Next-generation sequencing 
Massive transfusion, 2385 
Mast cell activation syndrome (MCAS), 978 
Mast cell growth factor. See Stem cell factor 
(SCF) 
Mast cell knockin mice, 970 
Mast cell leukemia, 978 
Mast cell nevi, 973 
Mast cells 
in asthma, 969 
basophils and, 967-968 
in chronic inflammation, 291 
disorders 
mast cell activation syndrome, 978 
mast cell leukemia, 978 
mast cell nevi, 978 
mast cell sarcoma, 978 
monoclonal mast cell activation 
syndrome, 977-978 
systemic mastocytosis. See Systemic 
mastocytosis 
distinguishing features, 966, 966f 
heterogeneity, 966-967 
in host defense, 969-970 
in IgE-associated immune response, 969 
marrow, 35 
mediators, 967t, 968 
natural history, 967t 
normal levels, 972 
secondary changes in numbers of, 
972-973, 972t 
structure, 931f, 932, 968 
surface membrane structures, 967t 
in Waldenström macroglobulinemia, 1788, 
1791, 1792f 
Mast cell sarcoma, 978 
Mastocytomas, 973 
Mastocytosis, 973. See also Systemic 
mastocytosis 
Matriptase 2 (Tmprss6), 621, 621t 
Matrix metalloproteinases (MMPs), 1014, 
1874, 1881, 2307, 2311 
Matrix modulators, 2284f 
Matrix proteins, 266-267. See also specific 


types 


Mature neutrophil reserve, 941, 941t 


Mature T-cell lymphomas 
cutaneous. See Cutaneous T-cell 
lymphoma (CTCL) 
systemic. See Peripheral T-cell lymphoma 
(PTCL) 
MAVS (mitochondrial antiviral signaling 
protein), 302, 302f, 303 
MAX, 234t 
May-Hegglin disease/anomaly, 22f, 23, 2061 
m-BACOD regimen, for diffuse large B-cell 
lymphoma, 1629-1630 
m-bcr breakpoints, 1443, 1449 
M-bcr breakpoints, 1442 
MBL (mannose-binding lectin), 1017 
MBL (monoclonal B-cell lymphocytosis), 
1199-1200, 1201t, 1542-1543 
MBL (mannan-binding lectin) pathway, 289f, 
290 
MBP (major basic protein), 929, 948, 952 
MCAS (mast cell activation syndrome), 978 
MCFD2/MCFD2, 2135t, 2139 
MCH (mean cell hemoglobin), 14 
MCHC (mean cell hemoglobin 
concentration), 14, 766 
MCL. See Mantle cell lymphoma (MCL) 
MCL-1, 1528, 1711 
MCL-1 (MCL1), 210, 1736 
Mcl-1 protein, 206, 216, 218, 231t, 237 
McLeod phenotype/syndrome, 681, 2341t, 
2342 
MCP, 2260, 2259t 
MCP-1 (monocyte chemoattractant 
protein). See CCL2 (monocyte 
chemoattractant protein, MCP-1) 
MCP regimen 
for follicular lymphoma, 1646t 
for mantle cell lymphoma, 1657t 
M-CSF (macrophage colony-stimulating 
factor), 62t, 249, 1077-1078, 1077f 
M-CSF (monocyte colony-stimulating 
factor), 264, 1352 
MCSs (multispecies conserved sequences), 
730 
MCV (mean cell volume), 14, 184, 19f, 21 
MCV (mean corpuscular volume), 634f 
MCV (mean red cell volume), 102 
MCyR (major cytogenic response), 1452t 
mCyR (minor cytogenic response), 1452t 
MD2, 1054 
MDAS (melanoma differentiation-associated 
gene 5), 300-301, 302f 
MDM2 (murine double minute protein 2), 
238 
MDP (muramy] dipeptide), 299, 301f 
MDR, 341 


MDR protein-1, 1404 
MDSs. See Myelodysplastic syndromes 
(MDSs) 
Mean cell hemoglobin (MCH), 14 
Mean cell hemoglobin concentration 
(MCHC), 14, 766 
Mean cell volume (MCV), 14, 18t, 19f, 21 
Mean corpuscular hemoglobin concentration 
(MCHC) 
in hereditary spherocytosis, 675 
iron deficiency and, 634f 
Mean corpuscular volume (MCV), 634f 
Mean platelet volume (MPV), 17 
Mean red cell volume (MCV), 102 
Measles 
lymphocytopenia and, 1204 
purpura and, 2104 
Mechlorethamine. See Nitrogen mustard 
Meckel diverticulum, blood loss and, 629 
Mediastinal germ cell tumors, 1386-1387 
Mediators 
basophil, 967t, 968 
lipid, eosinophils and release of, 952 
mast cells, 967t, 968 
MEF2B, 235t, 236t, 1627t, 1644 
MEFYV, 1025 
Megakaryoblasts, 1815-1817, 1816f 
Megakaryocyte-erythroid progenitor (MEP) 
cells, 259, 268 
Megakaryocytes 
marrow, 32t, 35 
in myelodysplastic syndromes, 1350f, 1354 
release, 72, 73f 
Megakaryopoiesis, 64-65, 1815-1824 
extrinsic regulation, 1821-1823 
maturation stages, 1816¢ 
precursor cell kinetics, 75t 
progenitors, 271 
stage I (megakaryoblasts), 1815-1817, 
1816f 
stage II, 1817-1818 
stage III/IV, 1818-1820, 1819f, 1820f 
Megaloblastic anemias, 593-608 
acute, 604-605 
autosomal recessive, 605 
clinical features, 594 
definition, 593 
etiology and pathogenesis, 584, 593-594, 
596t 
acute erythroid leukemia and, 608 
in childhood, 605, 607 
cobalamin deficiency, 583, 590. See also 
Cobalamin deficiency 
congenital dyserythropoietic anemia, 
608 
drug-related, 596t, 605, 606¢ 
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Megaloblastic anemias, etiology and 
pathogenesis (Cont.): 
folate deficiency, 583, 590. 

See also Folate deficiency 
hereditary orotic aciduria, 608 
inborn errors of cobalamin metabolism, 

607, 607t 
inborn errors of folate metabolism, 

607-608 
Lesch-Nyhan syndrome, 608 

incomplete, 596 
ineffective erythropoiesis and, 597 
iron deficiency and, 637 
laboratory features 
blood cells, 594-595, 594f 
in body fluids, 597 
cytokinetics, 597 
in epithelial cells, 597 
marrow, 595, 595f 
neutropenia, 994 
with microcytic anemia, 596 
misdiagnosed as acute leukemia, 597 
refractory, 608 
thiamine-responsive, 608, 652 
Megaloblastic crisis, in hereditary 
spherocytosis, 674 
Megaloblastoid erythropoiesis, 1350f, 1354 
MEK (mitogen-activated extracellular- 
regulated kinase), 298, 1016 
Melanesian elliptocytosis. See Southeast 
Asian ovalocytosis (SAO) 
Melanocyte growth-stimulating activity, 288t 
Melanoma 
cellular therapy, 412-413 
marrow infiltration in, 659f 
Melanoma differentiation-associated 5 
(MDAS), 300-301, 302f 
MELAS syndrome, 2108 
MELD (model of end-stage liver disease), 
2192 
Melena, 5, 1987 
Melphalan 
for AL amyloidosis, 1761, 1779-1780 
for y-heavy-chain disease, 1806 
high-dose, before hematopoietic cell 
transplantation, 3311, 364, 365f 
for Hodgkin lymphoma, 1616 
mechanism of action, 329 
for myeloma, 1751, 1752t 
platelet function and, 2079 
Membrane 
basophil, 967t 
erythrocyte. See Erythrocyte membrane 
lymphocyte, 1143-1144, 1144t 
mast cell, 967¢ 
platelet. See Platelets 


Membrane attack complex (MAC), 572, 572f 
Membrane folate transporter, 588 
Membrane inhibitor of reactive lysis (MIRL), 
572 
Membrane lipids 
in abetalipoproteinemia, 681 
erythrocyte, 662 
in hereditary spherocytosis, 672-673 
modification, in cell signaling, 251 
Membrane matrix metalloproteinase 
leukolysin, 1010 
Membrane proteins, 662-667, 663t 
classification, 664 
defects. See Erythrocyte membrane 
disorders 
integral, 664-665 
band 3, 664, 664f 
glycophorins, 664-665 
Rh-RhAG group, 665 
peripheral, 663t, 665-667 
actin and actin-binding proteins, 667 
adducin, 667 
ankyrin, 666, 666f, 670-671 
defects, 670-672, 670t 
p55, 667, 667f 
protein 4.1R, 666-667, 667f, 678 
protein 4.2, 667 
spectrin. See Spectrin 
Memory B cells, 1172 
Memory stem cells (CD62L+ cells), 411 
Memory T cells, 1182-1183 
aging and, 135-136 
in immune cell therapy, 411 
killer cell immunoglobulin-like receptors 
and, 1190 
Menatetrenone (vitamin K,), 1360 
Mendelian genetics, 147 
Mendelian susceptibility to mycobacterial 
disease, 1231 
Meningococcal disease, 304 
Meningococcal vaccine, 773 
Menorrhagia, 5-6, 1987, 2007, 2135, 2139 
Menstrual bleeding, iron deficiency and, 629 
Mental retardation, a-thalassemia and, 739, 
745 
MEP (megakaryocyte-erythroid progenitor) 
cells, 259, 268 
Meperidine, 767 
Mephenytoin, drug-related hemolytic anemia 
and, 824 
Mepolizumab, 954 
Mer, 1845 
MER2. See CD151 
MER2 antigen, RAPH blood group, 2343 
Mercaptoethane sulfonate (MESNA). See also 
CODOX-M/IVAC regimen 


for alkylating drug toxicity, 330 
for diffuse large B-cell lymphoma, 1629t 
for malignant histiocytic diseases, 1110 
6-Mercaptopurine (6-MP) 
for acute lymphoblastic leukemia, 1505, 
1516 
adverse effects, 324, 1519t 
for autoimmune hemolytic anemia, 839 
for Langerhans cell histiocytosis, 1106, 
1107 
mechanism of action, 323 
megaloblastic anemia and, 606t 
pharmacology, 323-324 
resistance to, 319t 
structure, 323f 
Meropenem, as empiric therapy for 
infections, 384, 387t 
Mesenchymal cell plasticity, 54-55 
Mesenchymal stromal cells (MSCs), 449-450, 
451 
MESNA. See Mercaptoethane sulfonate 
(MESNA) 
Messenger RNA. See mRNA (messenger 
RNA) 
Metabolic syndrome, 5 
Metabolism 
inborn errors. See Inborn errors of 
metabolism 
iron deficiency and, 632 
of red cells, in newborn, 104 
Metabolites, in erythrocytes, 471t 
Metacentric centromere, 175t 
Metachromatic leukodystrophy, 439 
Metal ion-dependent adhesion site (MIDAS), 
2044-2045, 2044f 
Metamyelocytes 
marrow, 34 
maturation, 926f, 940-941, 940f, 941t 
normal values, 32t 
structure, 925-926, 927f 
Metformin, megaloblastic anemia and, 
606t 
Methemoglobin. See Hemoglobin M 
Methemoglobinemia, 789-794 
clinical features, 791t, 792 
definition and history, 789 
epidemiology, 789 
etiology and pathogenesis, 789-791, 790t, 
791f, 791t 
laboratory features, 792, 793f 
treatment and course, 432, 793 
Methicillin-resistant Staphylococcus aureus 
(MRSA) infections, 384-385 
Methionine synthesis, 586t, 589-590 
Methotrexate, 318-321. See also CODOX-M/ 
IVAC regimen 


for acute lymphoblastic leukemia, 1515, 
1516, 1517 
adverse effects, 321, 368, 599, 1407, 1519t 
for a-heavy-chain disease, 1809 
for Burkitt lymphoma, 1675, 1675t, 1676 
for diffuse large B-cell lymphoma, 1628 
for graft-versus-host disease prophylaxis, 
368, 371 
for intravascular large B-cell lymphoma, 
1636 
for Langerhans cell histiocytosis, 1106, 
1107 
for large granular lymphocytic leukemia, 
1567 
leucovorin rescue for, 320-321 
for lymphomatoid papulosis, 1689 
mechanism of action, 318-319, 320f 
megaloblastic anemia and, 605, 606t 
for mycosis fungoides, 1687 
pharmacology, 319-321 
resistance to, 319t 
structure, 320f 
6-Methoxy-arabinosylguanine. See 
Nelarabine 
Methoxypsoralen, for mastocytosis, 977 
Methylcobalamin, 589, 592 
a-Methyldopa, 827, 831, 832, 835, 840 
Methylene blue, 793 
Methylenetetrahydrofolate reductase 
(MTHER). See under MTHFR 
Methylfolate trap hypothesis, 590-591, 590f 
Methylmalonic acid, 603 
Methylmalonic aciduria (cblA, cblB, cblH), 
607, 607t 
Methylmalonic aciduria and homocystinuria 
(cblC, cblD, cblF), 607, 607t 
Methylmalonyl coenzyme A mutase, 589, 
589f 
Methylprednisolone. See also ESHAP 
regimen 
for autoimmune hemolytic anemia, 838 
for chronic lymphocytic leukemia, 
1536-1537 
for Diamond-Blackfan anemia, 540 
for diffuse alveolar hemorrhage, 368 
for graft-versus-host disease, 371 
for immune thrombocytopenia, 2004 
N°-Methyltetrahydrofolate-homocysteine 
methyltransferase, 585, 587f, 589 
N°-Methyltetrahydrofolate-homocysteine 
methyltransferase deficiency, 608 
Methylthioadenosine phosphorylase 
(MTAP), 238-239 
Metoclopramide, 901 
Mevalonate kinase deficiency, 568 
ME. See Mycosis fungoides (MF) 


MGAI (autosomal recessive megaloblastic 
anemia), 605 
MGC22455. See TSSC6 
MGCD0103, 1403 
MGMT (O°-methylguanine-DNA 
methyltransferase), 442 
MGUS (monoclonal gammopathy of 
unknown significance), 1721. 
See also Essential monoclonal 
gammopathy 
mHAgs (minor histocompatibility antigens), 
413-414 
MHC. See under Major histocompatibility 
complex (MHC) 
MI. See Myocardial infarction (MI) 
MIC3. See CD9 
Micafungin, 388t, 389 
Miconazole, 2078 
Microangiopathic hemolytic anemia, 
803-804, 803t 
Microarray analysis, 174-175, 177f 
Micrococcus infection, 2340 
Microcyte, 21 
Microcytic hypochromic anemia, 506 
Microglia, 1083 
6,-Microglobulin 
in chronic lymphocytic leukemia, 1532 
in diffuse large B-cell lymphoma, 1632 
in essential monoclonal gammopathy, 1726 
in human leukocyte antigen, 2353 
infection susceptibility and, 1746 
in iron homeostasis, 621t 
in mantle cell lymphoma, 1655 
in myeloma, 1715-1716, 1746, 1747-1748, 
1748t, 1759 
Microgranular leukemia, 1390 
Microparticles, platelet, 1854 
MicroRNAs 
in acute myelogenous leukemia, 1280 
in chronic lymphocytic leukemia, 1529, 
1532 
in erythropoiesis, 487-488 
in gene regulation, 239 
in myelodysplastic syndromes, 1347 
in neutrophil granule protein expression, 
1011 
platelet, 1853 
Microvilli, neutrophil, 1006 
MIDAS (metal ion-dependent adhesion site), 
2044-2045, 2044f 
Midazolam, 28 
MIDD (monoclonal immunoglobulin 
deposition disease), 1497t, 1744 
Midostaurin, 977, 1403 
Migfilin, 1832¢, 1837 
Miglustat, 1128, 1130 
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Migraines, 2239 
Milatuzumab, for myeloma, 346t 
Milk, folate-binding proteins of, 588 
Milk fat globulin, macrophages and, 1054 
Miller- Fisher syndrome, 1790 
Minimal-deviation myeloid clonal disorders, 
1276t, 1277-1278 
Minimal residual disease (MRD) 
in acute myelogenous leukemia, 1412, 
1414 
in chronic lymphocytic leukemia, 1540 
in chronic myelogenous leukemia, 
1463-1464 
in hairy cell leukemia, 1554, 1558 
in myeloma, 1716-1717, 1758 
next-generation sequencing for detection 
of, 163 
Minor-BCR-breakpoint-positive chronic 
myelogenous leukemia, 1449 
Minor cytogenic response (mCyR), 1452t 
Minor histocompatibility antigens (mHAgs), 
413-414 
MIP (macrophage inflammatory protein)-1a, 
288t, 1440, 1737-1738, 1738f, 
1739f 
MIRL (membrane inhibitor of reactive lysis), 
572 
miRNAs. See MicroRNAs 
Missense mutations, 146 
Mithramycin, 2079 
Mitochondria 
in cell death pathways, 205 
ferritin in, 624 
iron in, 623-624 
in platelets, 1840 
Mitochondrial antiviral signaling protein 
(MAVS), 302, 302f, 303 
Mitochondrial myopathy and sideroblastic 
anemia (MLASA), 919 
Mitochondrial outer membrane 
permeabilization (MOMP), 206 
Mitogen-activated extracellular-regulated 
kinase (MEK), 298, 1016 
Mitogen-activated protein kinase (MAPK), 
237, 266, 1054, 1055f, 1178., 1817 
Mitogen-activated protein kinase (MAPK) 
pathway, 237, 252 
Mitogens, 1139 
Mitomycin C, 1824, 2262-2263 
Mitosis, 213 
Mitoxantrone, 327-328 
for acute lymphoblastic leukemia, 1516 
for acute myelogenous leukemia, 1395, 
1395t, 1402t 
in children, 1409 
in older patients, 1408 
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See also specific drugs 
dose and toxicity, 343t 
for follicular lymphoma, 1645-1646 
immunotoxins, 345-346 
for mycosis fungoides, 1687 
for myeloma, 345, 345f, 346t, 1755 
radioimmunoconjugates, 346, 360 
Monoclonal antibody-specific 
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tumors, 1083-1084, 1084f 
blood dendritic cells and, 1092 
cell adhesion and homing, 66 
in children, 15t 
cytochemical reactions, 1049t 
development, 1075-1076 
growth, differentiation, and turnover, 
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MyD88 adapter-like (MAL), 297f, 298 
MYD88L265, 1711, 1722 


maturation, 926f, 940-941, 940f, 941t 
structure, 925 


Myelocytes 


marrow, 32t, 34 
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Myeloid-natural killer cell hybrid leukemia, 
1386 
Myeloid progenitors, 270-271 
Myeloid (granulocytic) sarcoma 
in acute myelogenous leukemia, 1285, 
1381 
in chronic myelogenous leukemia, 1465 
nonleukemic, 1398 
Myeloid series, marrow, 34 
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myelomonocytic leukemia; 
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Myeloperoxidase (MPO), 107, 1011, 1012t, 
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Myeloperoxidase (MPO) deficiency, 1020t, 
1033 
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N°-formy] FH, 584 
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methyltransferase, 585, 587f, 
589-590 
N°-methyl FH,-homocysteine 
methyltransferase deficiency, 608 
N3708, 1122, 1123, 1123t 
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NAD+, in glucose metabolism, 693 
NADH, in glucose metabolism, 692 
NADH diaphorase. See Cytochrome b, 
NADH-methemoglobin reductase, 692t 
NADP 
in folate metabolism, 584 
in glucose metabolism, 694 
NADPH 
in folate metabolism, 584, 585 
in glucose metabolism, 694 


in neurodegenerative disorders, 1840 
NADPH diaphorase, 692t, 701t, 790, 793 
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in inflammatory response, 286 

neutrophil granules and, 927 

respiratory burst and, 1068f 
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Newborns/infants, alloimmune 
thrombocytopenia in 
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phosphoribosyltransferase), 200 
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NAP-2 (neutrophil-activating peptide 2), 
1856 
NAPc2 (nematode anticoagulant protein c2), 
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Naproxen 
antiplatelet effects, 404, 2075 
maternal ingestion of, effect on fetus and 
newborn, 112 
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Natural killer (NK) cell antigens, 1142, 
1142t 
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extranodal, 1192, 1498t 
histologic subtypes and frequency of, 
1572t 
Natural killer (NK) cell progenitors, 270 
Natural killer (NK) cell receptors, 1190-1191, 
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Natural killer (NK) cells 
antigens, 1142, 1142t 
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definition, 1189 
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natural killer (NK)/T-cell 
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CD56), 1142, 1189, 1699, 1726, 
1737 
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Neck, history of disorders of, 5 
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Necrotic lesions, history of, 6 
Neisseria meningitidis, 868, 869, 1017, 2104, 
2340 
NEK2, 1711, 1712 
Nelarabine, 323f, 325, 1518 
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2214 
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1629t 
Neural stem cells (NSCs), 451 
Neural tube defects, 598 
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differential diagnosis, 682 
HARP syndrome, 682 
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McLeod syndrome, 681 
pantothenate kinase-associated 
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Neuroendocrine theory of aging, 131 
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Parasitic infections 
blood loss from, 629 
eosinophils and, 956-957, 957t 
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Paratarg-7, 1708, 1709-1710, 1734 
Paresthesias, 5, 632 
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Parkinson disease, 453, 1125 
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Paroxysmal cold hemoglobinuria (PCH), 
837, 839, 2348 
Paroxysmal nocturnal hemoglobinuria 
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2100f 
course and prognosis, 580-581 
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etiology and pathogenesis, 572-573 
complement-mediated, 572, 572f 
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activated receptor (PAR)-1 
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Parturition, iron deficiency in, 630 
Parvovirus B19 infection 
antiphospholipid antibodies and, 2234 
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erythema and, 2104, 2105f 
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Passenger mutations, 1348 
Pasteur effect, 504 
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Patient blood management, 2378 
Patient-specific blood donation, 2368 
Pattern recognition receptors 
dendritic cells and, 307 
macrophage polarization and, 1085 
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PD-1 (programmed death-1), 424, 1755 
PD-1 (programmed death-1) receptor, 416 
PDCD1 (CD279), 1184 
PDGF (platelet-derived growth factor), 1322, 
1845, 1848 
PDGFR-a, 1279, 1468t 
PDGER-£ (PDGFRB), 232t, 1468, 1469 
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PECAM-1. See Platelet-endothelial cell 
adhesion molecule-1 (PECAM-1, 
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Pegaspargase, 1515 
PEG-IFN-a. See Interferon (IFN)-a 
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Pellagra (niacin deficiency), 652 
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606t 
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drug-mediated immune injury and, 
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platelet function and, 2078 
prophylactic, in sickle cell disease, 773 
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1535, 1537 
for hairy cell leukemia, 1553, 1557-1558, 
1559t 
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mechanism of action, 322 
for mycosis fungoides, 1687 
structure, 323f 
for Waldenström macroglobulinemia, 1794 
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antiplatelet effects, 404 
clinical uses, 404t 
dosage, 404t 
for heart valve hemolysis, 805 
for peripheral arterial disease, 2297 
for peripheral vascular disease, 405 
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Peptidylprolyl isomerase (PIN1), 951 
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Percutaneous coronary intervention (PCI), 
2295 
Percutaneous umbilical blood sampling, 854 
Perforin, 1114, 1145, 1228, 1567 
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Periarterial lymphoid sheath (PALS), 88, 89f, 
90f 
Pericentric inversion, 175t 
Pericytes, 1008 
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1403 
Peripheral arterial disease (PAD), 2297 
Peripheral blood progenitor cells (PBPCs), 
355-356 
Peripheral membrane proteins. See 
Membrane proteins, peripheral 
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chromosomal abnormalities, 185t 
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diagnosis, 1693-1694 
epidemiology, 1693, 1694t 
laboratory features, 1498t, 1598, 1598f 
prognosis, 1694, 1695t 
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Adult T-cell leukemia/lymphoma 
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anaplastic large cell lymphoma. See 
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angioimmunoblastic T-cell lymphoma, 
1498t, 1598, 1697-1698 
enteropathy-associated T-cell 
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nasal type, 1498t, 1500¢, 1573, 
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1498t, 1567, 1701 
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otherwise specified, 1694t, 1695t, 
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lymphoma, 1498t, 1702 
treatment 
initial, 1694-1696, 1695t 
for relapsed or refractory disease, 
1696-1697, 1696t 
Peripheral vascular disease, 2240, 2316-2317 
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Cobalamin deficiency 
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autoimmune diseases and, 600 
blood films, 594f 
gastric disorders in, 600 
in hypothyroidism, 559 
inherited predisposition to, 600 
marrow films, 595f 
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601f 
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Peroxidase, promonocytes and, 1046 
Peroxidase-negative neutrophil granules, 
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also Neutrophils, granules 
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1009. See also Neutrophils, granules 
Peroxiredoxin 2, 699 
Peroxisome proliferator-activated receptor 
(PPAR), 197, 452, 1873-1874 
Peroxisomes, platelet, 1840 
Peroxynitrite, 284t, 2203 
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Persistent polyclonal lymphocytosis of B 
lymphocytes (PPBL), 1200-1202, 
1201f 
Pertussis. See Bordetella pertussis infections 
Pesticides, lymphoma and, 1571, 1572-1573 
PETA-3. See CD151 
PET-CT. See FDG-PET 
Petechiae, 6, 8, 1987 
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PF4. See CXCL4 (platelet factor 4) 
PFK. See Phosphofructokinase (PFK) 
PFKL, 695 
PFKM, 695 
PGA (polyglandular autoimmune) syndrome, 
87 
PGK. See Phosphoglycerate kinase (PGK) 
P-gp, 1404 
Phagocytes 
cell surface proteins, 1017 
killing and degradation of microorganisms 
in, 284t 
mononuclear. See Macrophages; 
Monocytes 
in newborn, 105-106 
respiratory burst, 1068f 
Phagocytosis 
evasion of, 1064f 
in inflammatory response, 279, 284 
pathways, 1061-1062, 1061f, 1062f, 1063f 
surface components for, 1008-1009 
Pharmacologic chaperones, 1128 
pH change sensing, for DNA sequencing, 
157-158, 157f 
Ph chromosome. See Philadelphia (Ph) 
chromosome 
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PHDs (proline hydroxylases), 486, 486f 
PHEMxX. See TSSC6 
Phenazopyridine, 5 
Phenformin, megaloblastic anemia and, 606t 
Phenobarbital 
maternal ingestion of, effect on fetus and 
newborn, 112 
megaloblastic anemia and, 606t 
Phenotype, 147 
Phenotypic mosaicism, in paroxysmal 
nocturnal hemoglobinuria, 573, 
574-575f 
Phenylbutazone, maternal ingestion of, effect 
on fetus and newborn, 112 
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maternal ingestion of, effect on fetus and 
newborn, 109, 112, 112t 
megaloblastic anemia and, 606t 
Pheochromocytomas, 560, 879 
PHF6, 2271, 233t, 1346t 
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1517, 1521 
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1407 
characteristics, 1441, 1441f, 1448f 
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178, 1278, 1438-1440, 1447, 1452 
in clonal myeloid diseases, 1450 
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leukemia, 1445 
masked, 1447 
Philadelphia chromosome-like acute 
lymphoblastic leukemia, 177f, 186 
Philadelphia chromosome-negative chronic 
myelogenous leukemia, 1450 
Philadelphia chromosome-positive 
eosinophilic chronic myelogenous 
leukemia, 1445 
Phlebotomy 
for bleeding in chronic myeloproliferative 
neoplasms, 2081 
for hemochromatosis, 644 
for polycythemia vera, 1298t, 1299-1300 
for porphyria cutanea tarda, 908 
PHMxX. See TSSC6 
Phorbol myristate acetate (PMA), 1011 
Phosphatases, 253 
Phosphatidylethanolamine, 1955 
Phosphatidylinositol-4,5-bisphosphate, 1016 
Phosphatidylinositol-4-monophosphate, 
1016 
Phosphatidylserine, 1060, 1061f 
Phosphatidyl serine antibody assay, 2242 
Phosphatidylserine exposure model, 498 
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Phosphofructokinase (PFK) 
activity, 692t 
deficiency, 690, 700t, 704 
in glucose metabolism, 694-695 
Phosphoglucomutase, 692¢, 701t 
6-Phosphogluconate dehydrogenase, 692t, 
697, 701t 
6-Phosphogluconolactonase, 692t, 697, 701t 
3-Phosphoglycerate, in glucose metabolism, 
692-693, 695 
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activity, 692t 
deficiency, 700t, 704-705 
in glucose metabolism, 695 
Phosphoglycerate mutase, 695 
Phosphoglycolate phosphatase, 692t 
Phosphoinositide/phosphoinositol/ 
phosphatidylinositol 3-kinase 
(PI3K) 
in eosinophils, 951 
in Hodgkin lymphoma, 1606 
inhibitors, 1403 
in mantle cell lymphoma, 1654 
in platelets, 1833t, 1882 
Phosphoinositide/phosphoinositol/ 
phosphatidylinositol 3-kinase 
(PI3K) inhibitors, 1529, 1538 
Phospholipase A, 1970 
Phospholipase A, (PLA,), 1016, 1876 
Phospholipase B, 1874 
Phospholipase C (PLC), 1016, 1874, 2057- 
2058 
Phospholipase CB, (PLC-B,) deficiency, 
2057-2058 
Phospholipase Cy, (PLC-y,), 1178, 1529 
Phospholipase Cy, (PLCy,), 1538 
Phospholipase ô, 1874 
Phospholipase y, 1874 
Phospholipids 
activated protein C and, 1956 
arterial thrombosis and, 2294 
in erythrocyte membrane, 662 
in erythrocytes, 469t 
in neutrophils, 1016 
in platelets, 1836, 1854 
Phosphomannose isomerase, 692t 
Photochemotherapy/photopheresis, 
extracorporeal, 429t, 433, 1687 
Photodynamic therapy, 1686 
Photosensitivity, 897, 898 
Phototherapy, 857, 1686 
Physical examination, 7-9 
PI3K. See Phosphoinositide/phosphoinositol/ 
phosphatidylinositol 3-kinase 
(PI3K) 
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Pickwickian syndrome, 876, 882 
PIGA, 571, 572-573, 574-575, 577, 1346t 
Pim-1, 218 
PIM1, 1626 
PIN1 (peptidylprolyl isomerase), 951 
Piperacillin-tazobactam, 384, 387t 
Pipobroman, for essential thrombocythemia, 
1313¢, 1314 
Piroxicam, 2075 
Pituitary gland 
anemia and, 560-561 
in Langerhans cell histiocytosis, 1104, 
1105, 1106 
Pituitary gland, primary lymphomas in, 1579 
PK. See Pyruvate kinase (PK) 
PK (prekallikrein), 1929, 2121 
PKC (protein kinase C), 1016, 1178, 1837, 
1841 
PKC-B, 235t 
PKC-0 deficiency, 2058 
PLA, (phospholipase A,), 1016, 1876 
Placental growth factor, 801 
Plaque 
atherosclerotic. See Atherosclerosis 
cutaneous, 1680, 1681f 
Plasma 
in aplastic anemia, 519 
in myelodysplastic syndromes, 1353 
platelet storage in, 2388-2389, 2388t 
in polycythemia vera, 1295 
in primary myelofibrosis, 1327 
Plasmablastic lymphoma, 1246, 1496t 
Plasma cell leukemia, 1736t, 1737, 1743f, 
1746 
Plasma cell myeloma, 188, 1497t 
Plasma cell neoplasms 
classification, 1497t 
cytogenetic assessment techniques, 
1711-1712 
definition and history, 1707 
essential monoclonal gammopathy. See 
Essential monoclonal gammopathy 
etiology and pathogenesis, 1708-1710 
immunoglobulin light-chain amyloidosis. 
See Immunoglobulin light-chain 
(AL) amyloidosis 
light chain deposition disease, 1744, 
1760 
minimal residual disease assessment, 
1716-1717 
myeloma. See Myeloma 
POEMS syndrome (osteosclerotic 
myeloma), 9, 1733, 1746 
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smoldering myeloma, 1708-1709, 1725, 
1734f, 1761 
solitary plasmacytoma, 1497t, 1733, 1760 
Waldenström macroglobulinemia. See 
Waldenström macroglobulinemia 
(WM) 
Plasma cells 
antigens, 1141, 1141f 
composition, 1145 
development, 61, 1710f 
generation of, 1171-1172 
in immunoglobulin synthesis regulation, 
1171-1172 
marrow, 32t, 35 
structure, 1137, 1138f 1140 
Plasma coagulation factors, in neonate, 
109-111 
Plasmacytoid dendritic cells, 309 
Plasmacytoid lymphocytes, 1203f 
Plasmacytoma, 1497t, 1760 
Plasma derivatives, 2366, 2368 
Plasma exchange 
adverse effects, 431, 2257 
for atypical hemolytic uremic syndrome, 
2261 
for autoimmune hemolytic anemia, 839 
for cryoglobulinemia, 428 
definition, 427 
for HELLP syndrome, 802-803 
for hyperviscosity, 428 
indications for, 427-428, 428t, 429-430t 
for myeloma cast nephropathy, 428 
for neuropathy, 1724 
principles, 427, 430f, 431f 
for thrombotic microangiopathies, 428, 
431 
for thrombotic thrombocytopenic 
purpura, 2256 
Plasma factor concentrations, in older 
persons, 135 
Plasma labels, 489 
Plasmalyte, 2389, 2389t 
Plasmapheresis, 427, 544, 2368. See also 
Plasma exchange 
Plasma proteins, in pregnancy, 119-120 
Plasma thromboplastin component (PTC), 
2113. See also Factor IX 
Plasma tissue-type plasminogen, aging and, 
135 
Plasma volume, 488-489 
Plasmin 
disorders of generation of, 2311-2312 
in fibrinolysis and angiogenesis, 2311 
fibrinolytic actions of, 2304f, 2309-2311, 
2310f 
in inflammatory response, 290 
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Plasmin (Cont.): 
inhibitors, 2307-2308 
nonfibrinolytic vascular functions, 1974 
platelet function and, 2078 
as tissue remodeler, 2311 
Plasminogen (Plg), 2303 
activation, 2304f, 2310-2311 
functions, 2303 
properties, 2304-2305t 
structure, 2303 
Plasminogen activator inhibitor (PAI)-1, 
1975, 2308 
activities, 1923, 2308 
characteristics, 2305t, 2308 
in disseminated intravascular coagulation, 
2206, 2208 
in fibrinolysis regulation, 1845, 2202, 2311 
gene expression, 2308 
plasmin generation and, 1973-1974 
in platelets, 1845 
Plasminogen activator inhibitor (PAI)-1 
deficiency, 2318 
Plasminogen activator inhibitor (PAI)-2, 
2305t, 2308, 2312 
Plasminogen activators, 2303-2307 
accessory, 2307 
comparison, 2304—2305t, 2313t 
fibrinolysins, 2307 
in fibrinolytic therapy. See Fibrinolytic 
therapy 
genes, 2306f, 2307t 
physiologic functions, 2307 
tissue-type. See Tissue-type plasminogen 
activator (t-PA) 
urokinase. See Urokinase plasminogen 
activator (u-PA) 
Plasminogen receptors, 2308 
Plasmodium falciparum 
glycophorins and, 664, 2340 
life cycle, 815 
malaria and. See Malaria 
mannose-binding lectin deficiency and, 
1017 
pyruvate kinase deficiency and, 704 
Southeast Asian ovalocytosis and, 680 
thalassemias and, 728 
TIRAP and, 1054 
Plasmodium knowlesi, 2340 
Plasmodium ovale, 815 
Plasmodium vivax, 728, 815, 817, 817f, 2340 
Platelet-activating factor (PAF) 
in inflammatory response, 281, 284t, 286t, 
289, 1979t 
as lipid mediator, 1878 
neutrophils and, 1007, 1016 
production, 1977 


release, 1852f, 1856 
synthesis, 1840 
in thrombosis and hemostasis, 1979t 
Platelet-activating factor (PAF) receptor 
defect, 2057 
Platelet antigens (human). See Human 
platelet antigens (HPAs) 
Platelet count, 17-18 
in acute lymphoblastic leukemia, 1510, 
1510t 
bleeding risk and, 2382-2383 
in chronic myelogenous leukemia, 1445, 
1445f 
in disseminated intravascular coagulation, 
2205t 
in essential thrombocythemia, 1310, 1311¢ 
in hemostatic disorders, 1988, 1989f 
in heparin-induced thrombocytopenia, 
2028 
in hepatic disease, 2191 
in immune thrombocytopenia, 2002 
normal, 1994, 2035 
platelet destruction and, 2381-2382, 2382f 
during pregnancy, 119, 2010 
in primary myelofibrosis, 1326 
reference ranges, 18t, 19f 
technique, 1994 
transfusion threshold, 2383 
Platelet-derived growth factor (PDGF), 1322, 
1845, 1848 
Platelet-endothelial cell adhesion molecule-1 
(PECAM-1, CD31) 
in inflammatory response, 1977t, 1978 
in leukocyte adhesion, 283 
in monocytes, 1052f 
in neutrophil function, 2273 
in platelet adhesion and aggregation, 1868 
Src activation and, 1884 
structure, 1858-1859t, 1868 
Platelet factor 4. See CXCL4 (platelet factor 4) 
Plateletpheresis, 2368 
Platelet-rich plasma method, 2386, 2386f 
Platelets. See also Thrombopoiesis 
activation, 2293 
adhesion, aggregation, and thrombus 
formation, 1830-1831f, 
1830-1834, 1852f, 1857f, 1940 
alloimmunization, 2084-2085 
antibody-induced agglutination, 1995 
antiphospholipid antibodies and, 2237 
automated analysis, 16-17, 18t, 19f 
calcium homeostasis, 1837f 
CD39 inhibition, 1971 
characteristics, 1993 
clearance, 1993 
coagulant activity, 1854 
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syndrome, 2082-2083 
antiplatelet antibodies and, 
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2085-2086 
in chronic myeloproliferative 
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in disseminated intravascular 
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drug-induced, 2073-2079 
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in hemorrhagic fevers, 2086 
in hepatic disease, 2086, 2191 
in iron deficiency, 633 
in leukemias and myelodysplastic 
syndromes, 1353, 2081-2082 
in polycythemia vera, 1295 
in uremia, 2083-2084 
hereditary, 1996-1997, 2039-2062. 
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2040t, 2042-2052 
approach to, 1996, 2040-2042, 2041f 
classification, 1996, 1998t, 2039-2040 
clinical features, 1996, 2040 
coagulant activity abnormalities, 
2040t, 2058-2059 
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granule abnormalities, 20401, 
2052-2056, 2052f 
laboratory features, 1996-1997 
in pregnancy, 2062 
signaling and secretion abnormalities, 
2040t, 2056-2058 
surgical management in, 2062 
therapy, 2061-2062 
transcription factor mutations, 2040f, 
2060-2061 
energy metabolism, 1839-1840 
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functions 
in hemostasis, 2039 
in inflammation and infection, 
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gene expression 
gene variants associated with disease, 
1850 
gene variants associated with platelet 
traits, 1850-1851, 1850f 
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transcriptomics, 1851-1853, 1852f 
granule formation, 1818, 1819f 
granule-plasma membrane fusion, 1849 
inflammatory response in monocytes and, 
1970f 
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GMP-33, 1873 
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organelles, 1840 
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response, 247 
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dense bodies, 1835f, 1843 
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clot retraction 
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overview, 1832-1833t, 1840 
shape change, 1835f, 1840-1841 
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signaling pathways, 1874-1886, 1875f 
agonist-induced platelet activation, 
1874-1881 
adenosine diphosphate, 1874-1876 
angiotensin II, 1879 
chemokines, 1878 
collagen, 1879-1881, 1880f 
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lipid mediators, 1878 
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thrombolysis and, 1855 
for transfusion. See Platelet transfusion 
von Willebrand factor binding to, 2168 
Platelet satellitism, 22, 22f 
Platelet transfusion 
adverse effects, 2381, 2385 
for aplastic anemia, 522 
for bleeding, 2385 
bleeding time and, 2384, 2384f 
for disseminated intravascular coagulation, 
2213 
dose and response to, 2383-2384 
for heparin-induced thrombocytopenia, 
2032 
human leukocyte antigens typing and, 
2356 
incidence, 2381 
indications, 2383 
for inherited platelet disorders, 2061 
for invasive procedures, 2384 
for myelodysplastic syndromes, 1357 
for neonatal alloimmune 
thrombocytopenia, 2013 
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during pregnancy, 580 
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2386f 
for extended storage, 2388-2389, 2389t 
irradiation, 2388 
pathogen reduction, 2388 
response and, 2386-2387, 2387f 
volume reduction, 2388 
prophylactic vs. therapeutic, 2383 
refractoriness to, 2385 
response to, 2000, 2381-2382, 2382f, 2387f 
for thrombocytopenic patient on 
anticoagulant therapy, 2385 
for thrombotic thrombocytopenic 
purpura, 2256 
Platelet-type (pseudo-) von Willebrand 
disease, 2050-2051, 2165t, 2174 
Platelet volume distribution width (PDW), 17 
Platinating drugs, resistance to, 319t 
Platinum analogues, 329 
PLC (phospholipase C), 1016, 1874, 
2057-2058 
PLC-8, (phospholipase C-B,) deficiency, 
2057-2058 
PLC-y, (phospholipase Cy,), 1178, 1529 
PLC-y, (phospholipase Cy,), 1538 
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Plethora, 8 
Plg. See Plasminogen (Plg) 


PLL. See Prolymphocytic (prolymphoblastic) 
leukemia (PLL) 
Pluripotential stem cell lesion, 1439-1440 
Pluripotential stem cell pool, 1283 
PLZE, 230 
PLZF, 1405 
PMA (phorbol myristate acetate), 1011 
PMF. See Primary myelofibrosis (PMF) 
PML (progressive multifocal 
leukoencephalopathy), 1536 
PML (promyelocytic leukemia). See Acute 
promyelocytic leukemia (APL) 
PML-RARa 
in acute myelogenous leukemia, 1377, 
1384t 
in acute promyelocytic leukemia, 181, 225, 
230, 240, 1390-1392, 1415 
PMN (polymorphonuclear neutrophils), 940f 
Pneumococcal polysaccharide vaccine 
(PPV23), 773 
Pneumococcal vaccine (PCV7), 773 
Pneumococcus infections, 384. See also 
Bacterial infections 
Pneumocystis jiroveci (P. carinii) infections 
cytomegalovirus infection and, 1268 
in HIV infection, 1239, 1240, 1241t 
in hyperimmunoglobulin M syndromes, 
1213 
idiopathic CD4+ T lymphocytopenia and, 
1206 
in immunocompromised host, 384 
prevention, 389, 524, 1115, 12411, 1514 
in severe combined immunodeficiency 
syndrome, 1218 
treatment, 386 
PNH. See Paroxysmal nocturnal 
hemoglobinuria (PNH) 
Pocked (pitted) red cells, 468 
Podoplanin, 1870-1871 
Podosomes, 60 
POEMS syndrome (osteosclerotic myeloma), 
9, 1733, 1746 
Poikilocytosis, 21, 21f 
Poloxamer 188, for sickle cell disease, 
777t 
Polyamines, 200 
Polyarteritis nodosa, 2106, 2106f 
Polychromatophilic cells, 21 
Polychromatophilic erythroblasts, 34, 463f, 
464-465, 465f 
Polychromatophilic erythrocytes, 34 
Polychromatophilic megaloblasts, 595f 
Polyclonal hematopoiesis, 83.1012 


Polycythemia (erythrocytosis), 506-510, 
871-884. See also Polycythemia 
vera 

apparent (relative), 872, 880 
classification, 509-510, 509t, 871-872 
clinical features, 506, 508-509, 880-881 
consultative approach to, 44-45 
course and prognosis, 884 
definition and history, 871-872 
differential diagnosis, 882-884, 883f 
epidemiology, 872-873 
etiology and pathogenesis, 873-880 
laboratory features, 505f, 881-882 
neonatal, 879-880, 881 
pathophysiology, 506, 508f 
primary familial and congenital, 509, 509t, 
871 
Chuvash polycythemia. See Chuvash 
polycythemia 
clinical features, 880 
definition and history, 871 
disorders of hypoxia sensing. See 
Hypoxia sensing, disorders of 
epidemiology, 872 
etiology and pathogenesis, 873, 873t, 
874f, 877-878 
laboratory features, 881 
pheochromocytoma and, 879, 881 
VHL mutations associated with, 510, 
876-877, 877f, 878f, 882t 
renal, 879-880. See also Renal 
transplantation, erythrocytosis 
following 
secondary, 509, 509t, 871-872 
chemically induced tissue hypoxia and, 
876 
course and prognosis, 884 
definition and history, 871-872 
in Eisenmenger syndrome, 872, 876, 
881 
endocrine disorders and, 872, 879, 880f 
epidemiology, 872-873 
erythrocyte enzyme deficiencies and, 
876 
etiology and pathogenesis, 874 
high altitude. See High-altitude 
polycythemia 
high oxygen-affinity hemoglobins and, 
782, 872, 876 
laboratory features, 882 
post-renal transplant. See Renal 
transplantation, erythrocytosis 
following 
pulmonary disease and, 872, 881 
sleep apnea-related, 872, 876 
smoking-related, 872, 876, 876t 


testosterone treatment-related, 872, 879, 
880f 
tumors and, 872, 879, 881 
spurious, 872, 884 
stress, 872 
therapy, 884 
Polycythemia hypertonica, 872 
Polycythemia vera (PV), 1291-1301 
clinical features, 1293-1295 
leukemic transformation, 178, 1295 
signs and symptoms, 1293-1294, 1294f 
spent phase, 1294-1295, 1294f 
thrombosis and bleeding, 2079-2081 
thrombosis and hemorrhage, 1286, 
1293 
transition to other clonal myeloid 
diseases, 1280, 1295 
course and prognosis, 1278t, 1301, 1301f 
definition and history, 1291 
differential diagnosis, 1297, 1297t, 
1449-1450 
epidemiology, 1291 
etiology and pathogenesis, 1278, 
1291-1292 
chromosomal abnormalities, 178, 179t 
gene mutations 
frequency, 1308f 
JAK2, 228t, 1278, 1308f 
JAK2"°'", 178, 1292, 1295-1296, 
1312f, 1313f 
TET2, 229t, 1292, 1308f 
iron deficiency and, 629 
laboratory features, 1295-1296 
blood findings, 1295 
clonality in female subjects, 1296 
erythroid colony cultures, 1296 
erythropoietin levels, 883, 1296 
JAK2 exon 12 mutations, 1296 
JAK2‘'* mutations, 1295-1296 
marrow findings, 1296 
in pregnancy, 125, 2081 
surgical considerations, 1294 
treatment, 1297-1301, 1298t 
erythrocytapheresis, 429t, 432 
JAK inhibitors, 341-342 
plethoric phase, 1297-1300 
anagrelide, 1300 
aspirin, 1300, 2081 
epigenetic modulation, 1300 
interferon, 1299 
JAK2 inhibitors, 1300 
myelosuppression, 1298-1299 
phlebotomy, 1299-1300 
summary, 1300 
symptomatic therapy for pruritus, 
1300 


spent phase, 1301 
hematopoietic cell transplantation, 
1301 
splenectomy, 1301 
for thrombosis or bleeding, 2081 
Polyglandular autoimmune (PGA) syndrome, 
87 
Poly-Ig receptor, 1161 
Polymerase chain reaction (PCR), 152, 1716 
Polymorphisms, 147 
Polymorphonuclear leukocytosis, 997. See 
also Neutrophilia 
Polymorphonuclear neutrophils (PMN), 940f 
Polyphosphate-4-phosphatase (P4P), 1817 
Polyposis coli, 1654 
Pomalidomide, 333-335 
adverse effects, 335 
for AL amyloidosis, 1761, 1781 
mechanism of action, 333-334 
for myeloma, 1753t, 1754 
pharmacology, 334 
structure, 333f 
Ponatinib 
adverse effects, 339, 341, 1451t, 1458 
for chronic myelogenous leukemia, 339t, 
1454, 1458, 1466 
comparison with other tyrosine kinase 
inhibitors, 1451¢ 
drug interactions, 339t, 1451t 
pharmacology, 339, 340 
structure, 340f 
Popcorn cells, 1600, 1601f 
Porcine factor VIII, 2185 
Porphobilinogen (PBG), 889, 891f, 903 
Porphobilinogen deaminase (PBGD), 701¢, 
894 
Porphobilinogen (PBG) synthase, 894, 918 
Porphyria cutanea tarda (PCT), 905-908 
clinical features, 643, 890t, 907, 907f 
definition, 905 
diagnosis, 907-908 
enzymes affected by, 890t, 891f 
laboratory features, 891 
pathogenesis of clinical findings, 906-907 
pathophysiology, 905-906 
therapy, 908-909 
Porphyrias, 889-909 
6-aminolevulinate dehydratase (ADP), 
894, 900 
congenital. See Congenital erythropoietic 
porphyria (CEP) 
definition and history, 889-890 
enzyme defects in, 890f, 891f 
erythropoietic protoporphyria. See 
Erythropoietic protoporphyria 
(EPP) 


etiology and pathogenesis, 892-896 

hepatoerythropoietic, 889, 905, 906, 909. 
See also Porphyria cutanea tarda 
(PCT) 

hereditary coproporphyria, 890t, 904-905 


intermittent. See Acute intermittent 
porphyria (AIP) 
laboratory features, 890t 
porphyria cutanea tarda. See Porphyria 
cutanea tarda (PCT) 
variegate, 904-905 
X-linked coproporphyria, 889, 890¢, 891t 
Porphyrin precursors, 891t 
Porphyrins, 889, 891t 
in congenital erythropoietic porphyria, 897 
in hepatoerythropoietic porphyria, 
905-906 
in hereditary coproporphyria, 905-906 
in porphyria cutanea tarda, 905-906 
Portal hypertension, in primary 
myelofibrosis, 1324-1325 
Portal-systemic vascular shunt surgery, for 
primary myelofibrosis, 1330 
Portal vein thrombosis, 2195 
Portland hemoglobin, 101, 101t, 728, 747 
Posaconazole, 385, 387t, 389, 1397 
Positive regulatory domain 1-binding 
factor-1 (PRDM1), 1171-1172 
Positron emission tomography (PET). See 
FDG-PET 
Postpartum hemorrhage, 1987, 2137, 2138 
Postthrombotic syndrome, 2273 
Posttransfusion purpura (PTP), 2359, 2361 
Posttranslational effects, aging and, 130-131 
Posttransplant lymphoproliferative disorders 
(PTLD), 1265-1266, 1500t, 1574, 
1636 
Potassium chlorate, 810 
PPIR12C, 444 
PPAR (peroxisome proliferator-activated 
receptor), 197, 452, 1873-1874 
PPBL (persistent polyclonal lymphocytosis of 
B lymphocytes), 1200-1202, 1201f 
PPO (protoporphyrinogen oxidase), 895 
PRI vaccine, 423 
Pracinostat, 240 
Pralatrexate, 1687, 1696¢ 
Prasugrel 
for acute coronary syndromes, 2076 
antiplatelet effects, 404t, 405 
for sickle cell disease, 777t 
PRAT4A, 296, 296f 
Praziquantel, 604 
PRDM1, 234t, 1171, 1737, 1786 
PRDM1 (positive regulatory domain 
1-binding factor-1), 1171-1172 


Pre-B cell, 270 
Precursor (immature) B-cell acute 
lymphoblastic leukemia, 183, 184t, 
186f, 1515-1517, 1521t 
Precursor (immature) B-cell lymphomas/ 
leukemias, 1494t, 1592 
Precursor B cells, 1151, 1168 
Precursor cells, in erythropoiesis, 482f, 482t, 
483, 483f 
Precursor (immature) T-cell lymphomas/ 
leukemias, 1498, 1592, 1592f 
Precursor thymocytes, 1179 
Prednisolone 
for acute lymphoblastic leukemia, 1515 
adverse effects, 1519t 
for antiphospholipid syndrome in 
pregnancy, 2245 
for immune thrombocytopenia, 2004 
for Langerhans cell histiocytosis, 1107 
for NK/T-cell lymphoma, 1702 
for a-heavy-chain disease, 1808 
for u-heavy-chain disease, 1810 
Prednisone. See also BEACOPP regimen; 
CHOP regimen; COPP regimen; 
EPOCH regimen; MOPP regimen; 
Stanford V regimen 
for acute lymphoblastic leukemia, 1515 
for adult Langerhans cell histiocytosis, 
1108 
adverse effects, 1519t 
for AL amyloidosis, 1779-1780 
for a-heavy-chain disease, 1808 
for autoimmune hemolytic anemia, 838 
for chronic lymphocytic leukemia, 
1534-1535 
for diffuse large B-cell lymphoma, 
1629t 
for follicular lymphoma, 1645t, 1646 
for y-heavy-chain disease, 1806 
for graft-versus-host disease, 372 
for immune thrombocytopenia, 2004 
for Langerhans cell histiocytosis, 1107 
for large granular lymphocytic leukemia, 
1567 
lenalidomide and, 334 
for mononucleosis, 1269 
for mycosis fungoides, 1688 
for myeloma, 1751, 1752t 
for primary myelofibrosis, 1328 
thalidomide and, 334 
for Waldenström macroglobulinemia, 
1793, 1794-1795 
Preeclampsia, 2011-2012, 2210-2211 
Prefibrotic primary myelofibrosis, 1323t, 
1324 
p region, 1166 
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acute fatty liver of, 2012, 2211 

acute intermittent porphyria and, 901 

acute myelogenous leukemia during, 1409 

adaptations to, 119 

alloimmunized, 849, 853f. See also 
Alloimmune hemolytic disease of 
the fetus and newborn (HDEN) 

anemia in, 120 

anticoagulant therapy during, 112, 112t, 
2277 

antiphospholipid syndrome in, 2239, 2244, 
2245 

aplastic anemia and, 518 

blood volume, erythropoietin level, and 
hemoglobin concentration in, 119 

carbon monoxide poisoning in, 796 

chemotherapy during, 124 

chronic myelogenous leukemia during, 
1459-1460 

coagulation factor deficiencies and, 121, 
2135, 2141, 2144 

cobalamin deficiency in, 598 

congenital thrombotic thrombocytopenic 
purpura in, 2257-2258 

disseminated intravascular coagulation 
during, 120-121, 2204t, 
2210-2211 

essential thrombocythemia and, 124-125, 
1314-1315, 2081 

factor V deficiency in, 2138 

fibrinogen abnormalities in, 2155, 2156, 
2159 

fibrinolytic activity during, 2312 

folate requirements/deficiency in, 120, 584, 
597-598, 599 

HELLP syndrome in. See HELLP 
syndrome 

hematologic consultation in, 45-46 

hematologic malignancies in, treatment of, 
123-124 

hemoglobinopathies in, 125-126 

heparin-induced thrombocytopenia in, 
2032 

hereditary spherocytosis and, 674 

HIV infection in, 1269 

hypertension during, neonatal neutropenia 
and, 994 

inherited platelet disorders in, 2062 

iron deficiency in, 120, 630 

lymphoma treatment during, 1634 

mononucleosis in, 1269 

paroxysmal nocturnal hemoglobinuria 
and, 580 

parvovirus B19 infection in, 849 

polycythemia vera in, 125, 2081 


postpartum hemorrhage and, 1987, 2137, 
2138 
preeclampsia in, 2011-2012, 2210-2211 
Rh blood groups and, 2336 
sepsis during, 2211 
sickle cell disease and, 772-773 
thalassemia syndromes in, 126 
thrombocytopenia during, 121-122, 
2010-2012, 2010t 
thrombophilia in, 122-123, 2221, 2225t, 
2227 
thrombophilia testing in, 2228¢, 2229 
thrombotic microangiopathy in, 2262 
toxoplasmosis in, 1269 
von Willebrand disease and, 121, 2176 
warfarin therapy during, 112, 112t 
Pregnane X receptor, 893 
Prekallikrein (PK), 1929, 2121 
Preleukemic anemia, 1342 
Preleukemic stem cells, 1376 
Prenatal diagnosis/testing 
for hemophilia A, 2116 
for hemophilia B, 2127 
for thalassemias, 754 
for von Willebrand disease, 2174 
Prepromultimerin, 1845 
Presenilin, 1013 
Preventive hematology, 7 
Priapism, 770 
Primary adrenal lymphoma, 1583 
Primary autoimmune myelofibrosis, 1327 
Primary central nervous system lymphoma, 
1244f, 1246, 1579 
Primary cutaneous anaplastic large cell 
lymphoma, 1499t, 1687, 1688, 
1688f 
Primary cutaneous diffuse large B-cell 
lymphoma, leg type, 1637 
Primary cutaneous follicular center 
lymphoma (PCFCL), 184t, 1581 
Primary cutaneous marginal zone B-cell 
lymphoma (PCMZL), 184t, 1581 
Primary cutaneous peripheral T-cell 
lymphomas, 1499t 
Primary effusion lymphoma, 1246-1247, 
1496t 
Primary extranodal lymphoma, 1579-1583 
bone, 1583 
breast, 1583 
central nervous system, 1244f, 1246, 1579 
chest and lung, 1581 
endocrine glands, 1583 
eye, 1574, 1579-1581 
gastrointestinal tract, 1581 
genitourinary, 1246, 1581-1582, 1582f, 
1634 


heart, 1581 
paranasal sinuses, 1581 
skin, 1581 
spleen, 1582 
Primary mediastinal large B-cell lymphoma, 
1634-1635 
clinical features, 1634 
definition, 1634 
epidemiology, 1634 
gene mutations, 225f, 1496t, 1597f, 1626 
laboratory features, 14961, 1596, 1596f, 
1634 
therapy, 1635 
Primary myelofibrosis (PMF), 1319-1332 
clinical features, 1324-1325 
bone changes, 1325, 1325t 
extramedullary tumors, 1324 
immune and inflammatory, 1325 
portal hypertension and varices and 
pulmonary arterial hypertension, 
1324-1325 
prefibrotic stage, 1323t, 1324 
presenting signs, 1324 
presenting symptoms, 1324 
thrombocytosis, 1311 
thrombosis and bleeding, 2079-2081 
thrombosis and hemorrhage, 1325 
course and prognosis, 1278, 1331-1332 
definition and history, 1319 
differential diagnosis, 1311, 1327-1328, 
1449-1450 
epidemiology, 1319-1320 
essential thrombocythemia and, 1312- 
1313 
etiology and pathogenesis, 1320-1323 
CD34+ cell egress and neoplastic 
megakaryocytopoiesis, 1321 
chromosomal abnormalities, 178, 179t 
clonal myeloid disease, animal models, 
and activating mutations, 1320- 
1321 
enhanced angiogenesis and splenic 
endothelial cells, 1321 
exogenous factors, 1320 
extramedullary hematopoiesis, 1278, 
1323 
fibroplasia, 1322-1323, 1322t 
gene mutations, 228-229f, 1278, 1308t, 
1320-1321 
hematopoietic dysfunction, 1321-1322 
immune mechanisms, 1320 
laboratory features, 1325-1327 
blood cell counts and morphology, 
1323f, 1323t, 1325-1326 
functional abnormalities of blood cells, 
1326 


marrow, 1322t, 1325t, 1326-1327 
monocytosis, 1096 
plasma and urine chemical, 1322t, 1325, 
1327 
therapy, 1328-1331 
androgens and glucocorticoids for 
anemia, 1328 
bisphosphonates for bone disease, 1330 
decision to treat, 1328 
drug therapy for myeloproliferation, 
splenomegaly or cytopenias, 
1328-1330, 1329t 
hematopoietic cell transplantation, 
1330-1331 
intravenous immunoglobulin, 1330 
portal-systemic vascular shunt surgery, 
1330 
radiotherapy, 1330 
recombinant human erythropoietin for 
anemia, 1328 
red cell transfusion, 1328 
ruxolitinib, 341-342 
splenectomy, 1330 
for thrombosis and bleeding, 2081 
transitions to and from, 1328 
Primary pituitary lymphoma, 1579 
Primary polycythemia. See Polycythemia 
(erythrocytosis), primary familial 
and congenital 
Primary testicular lymphoma, 1246, 
1581-1582, 1582f, 1634 
Primary thrombocythemia, vs. primary 
myelofibrosis, 1327 
Primary thyroid lymphoma, 1583 
Primidone, megaloblastic anemia and, 606t 
Prion protein, 1871 
Prions, 2126 
PRKAR1B, 1853 
Proband, 148 
Pro-B cell, 270 
PROC, 1923, 1923f 
Procainamide, 2015 
Procarbazine. See also BEACOPP regimen; 
COPP regimen; MOPP regimen 
for a-heavy-chain disease, 1808 
mechanism of action, 329 
pharmacology, 330 
resistance to, 319t 
Procoagulants, 1285 
PROCR, 1932 
Proerythroblasts, 32t, 34, 463-464, 463f, 464f, 
482t 
Profilin, 1832t, 1841 
Progenitor cell leukemia, 1283 
Progenitor cells. See Hematopoietic 
progenitors 


Progesterone, 901 
Programmed cell death, 203. See also 
Apoptosis 
Programmed death-1 (PD-1), 424, 1755 
Programmed death-1 (PD-1) receptor, 416 
Progressive multifocal leukoencephalopathy 
(PML), 1536 
Prolactin, 561 
Proline hydroxylase deficiency, 878 
Proline hydroxylases (PHDs), 486, 486f 
Prolymphocytic (prolymphoblastic) leukemia 
(PLL) 
chromosomal abnormalities, 187, 223t, 
225, 1494t 
chronic lymphocytic leukemia and, 
1542 
gene mutations, 1494t 
laboratory features, 1494t 
ProMACE/CytaBOM regimen 
for diffuse large B-cell lymphoma, 
1629-1630 
for posttransplant lymphoproliferative 
disorders, 1636 
ProMACE/MOPP regimen, for follicular 
lymphoma, 1644 
Promegaloblasts, 595f 
Promonocytes, 34, 1046 
Promyelocytes 
marrow, 32t, 34 
maturation, 926f, 940-941, 940f, 941t 
structure, 925, 927f 
Promyelocytic leukemia, 1390 
Proplatelets, 72, 73f, 1815, 1818, 1820f 
Propofol, 28 
Propranolol, 2078 
PROS1, 1926-1927, 1928f 
Prostacyclin (prostaglandin L) 
antiplatelet effects, 404, 1885, 1967, 2074 
as autacoid, 1970 
in HELLP syndrome, 801 
inflammation and, 288-289, 2202 
synthesis, 1834, 1969-1970 
Prostacyclin G/H synthase, 1970 
Prostaglandin E,, 1182, 1885 
Prostaglandin H, synthase-1 
(cyclooxygenase) deficiency, 2058 
Prostaglandin I. See Prostacyclin 
Prostaglandins, 404, 1885, 2074. See also 
Eicosanoids 
Prostate, primary lymphomas in, 1572 
Prosthetic heart valves, hemolysis and, 
804-806, 805t 
Protamine, for heparin reversal, 397 
Protease (proteinase)-activated receptor 
(PAR)-1, 290, 1954 
activation, 1877, 1877f, 1881 
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in coagulation reactions, 1949, 2201 
in platelets, 1843 
signaling, 1956, 1957f, 2076 
Protease (proteinase)-activated receptors 
(PARs), 290 
Protease-cofactor complexes, 1917-1918, 
1918t 
Protease inhibitors, 1242, 1249, 1941-1942, 
1958-1959. See also Antithrombin 
(AT); Heparin 
Proteasome, 240-241 
Proteasome inhibitors, 209, 342-343, 342f, 
1750-1751, 1754. See also specific 
drugs 
Protectins, 286 
Protein 4.1R, 663t, 666-667, 667f, 670t, 
678 
Protein 4.2, 663t, 667, 670t, 672 
Protein antigens, 2337 
Proteinase 3, 283, 414, 1012¢, 1013 
Proteinase (protease)-activated receptors 
(PARs), 290. See also Protease 
(proteinase)-activated receptor 
(PAR)-1 
Protein C, 1951-1952 
activation, 1923. See also Activated protein 
C (APC) 
antibodies, 2187 
endothelial protein C receptor and, 1953 
functions, 1952t 
gene structure and variations, 1923, 1923f, 
1952 
mutations, 1952 
structure, 1854, 1917f, 1923, 1951-1952, 
1951f, 1952t 
synthesis, 1951-1952 
therapeutic forms, 1952 
thrombomodulin and, 1953, 1972 
Protein C deficiency 
acquired causes, 2224t 
clinical features, 2100, 2223 
clinical implications of testing for, 2228t 
epidemiology, 2222t 
etiology and pathogenesis, 1923, 1952, 
2222-2223 
venous thromboembolism risk and, 2225t, 
2226t 
Protein C pathway 
antiphospholipid antibodies and, 2237 
coagulation pathways and, 1949-1951, 
1950f 
components, 1951-1954, 1952t 
endothelial protein C receptor. See 
Endothelial protein C receptor 
(EPCR) 
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Protein C pathway, components (Cont.): 
protease activated receptor-1. See 
Protease (proteinase)-activated 
receptor (PAR)-1 
protein C. See Protein C 
protein S. See Protein S 


thrombomodulin. See Thrombomodulin 


(TM) 


in disseminated intravascular coagulation, 


2201f, 2202 
in inflammatory response, 1971-1972, 
2202 
Protein deficiency, anemia of, 654 
Protein inhibitor of activated STATs (PIAS), 
253 
Protein kinase B (Akt), 208f, 209, 251, 1882 
Protein kinase C (PKC), 1016, 1178, 1837, 
1841 
Protein kinase C-0 deficiency, 2058 
Proteins 
adaptor, 251-252 
in a-heavy-chain, 1807-1808 
a-heavy-chain disease, 1807, 1807f 
cross-presentation, 308 
in erythrocytes, 469t 
fibrinolytic, 2304-2305t 
fusion, 1015-1016 
in y-heavy-chain disease, 1803, 1805f 
iron-containing, 631 
in iron homeostasis, 621t 
leukemia-associated, 414 
membrane. See Membrane proteins 
in ut-heavy-chain disease, 1809-1810, 
1810f 
in neutrophil granules, 1011-1014 
nonimmunologic adsorption, 825f, 826t, 
830t 
nonimmunologic protein adsorption, 831 
phosphorylation, 250-251 
prion, 1871 
secretory, 1161 
synthesis 
genes and, 147 
in mature neutrophils, 932, 933t 
Protein S, 1949, 1952-1953 
activated protein C and, 1955, 2202 
anticoagulant activity, 1958 
cofactor function, 1926 


gene structure and variations, 1926-1927, 


1928f, 1953 
in platelets, 1845 
structure, 1926, 1927f, 1951f, 1952t, 
1953-1954 
Protein S deficiency 
acquired causes, 2224t 
clinical features, 2100, 2223 


clinical implications of testing for, 2228t 
epidemiology, 2222t 
etiology and pathogenesis, 1927, 1953, 
2222-2223 
venous thromboembolism risk and, 1927, 
1958, 2225t, 2226t 
Protein tyrosine phosphatases (PTPs), 253 
Protein Z, 1938, 1952t 
Protein Z-dependent protease inhibitor 
(ZPI), 1916t, 1938, 1952t, 1960 
Proteoglycans, 62 
Proteomics, platelet, 1853-1854 
Proteus infections, 383, 2207. See also 
Bacterial infections 
Proteus vulgaris, 2340 
Prothrombin (factor II) 
activation and activity, 1854, 1918-1919 
characteristics, 1917t 
conversion to thrombin, 1918-1919, 1919f, 
2136-2137 
gene structure and variations, 1920, 1920f, 
2137 
lupus anticoagulant activity and, 2186 
structure, 1917f, 1918, 2136 
Prothrombin complex concentrate (PCC), 
396, 2135, 2136, 2136t 
Prothrombin (factor II) deficiency, 
2135-2137 
clinical features, 2137 
definition, 2135-2136 
gene mutations, 2135t, 2137 
incidence, 2133, 2134t 
therapy, 2136t, 2137 
Prothrombin G20210A 
arterial thromboembolic disease risk and, 
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Rh-positive, 2348 
Rh proteins, 835 
Rh-RhAG proteins, 665 
Rh sensitization, 432 
R-hyperCVAD regimen, for mantle cell 
lymphoma, 1657, 1657t, 1658t 
Ribavirin, 386 
Riboflavin (vitamin B,), 652t, 793, 2388 
Riboflavin (vitamin B,) deficiency, 651-652 
Ribonucleotide reductase, 582f 
Ribonucleotide reductase inhibitors, 325, 
606t. See also Hydroxyurea 
Ribosephosphate isomerase, 692t, 697 
Ribosomal RNA (rRNA), 147, 195 
Ribosomes, 147, 192, 195 


Ribozymes, 153 
Ribulose-phosphate epimerase, 697 
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maternal ingestion of, effect on fetus and 
newborn, 112t 
for tuberculosis, 386 
RIG-I (retinoic acid inducible gene I), 
300-301, 302f 
RIG-I-like helicase (RLH) pathway, 300-303 
Rigosertib, for myelodysplastic syndromes, 
1361 
Ring sideroblasts, 178, 465, 567, 624, 918, 
1353. See also Sideroblastic 
anemias 
Rip], 207, 207f 
RIPA (ristocetin-induced platelet 
agglutination), 2173 
RIPK4, 1711 
RISC (RNA- induced silencing complex), 
153 
Ristocetin, 1867, 2168 
Ristocetin cofactor assay/activity, 2164t, 2173 
Ristocetin-induced platelet agglutination 
(RIPA), 2173 
Ristocetin-induced platelet aggregation test, 
1988-1989 
Ritonavir, 1249 
Rituximab, 344 
for acquired hemophilia A, 2186 
adverse effects, 343t, 344, 1250, 1519t, 
1535-1536, 2005, 2256 
for antiphospholipid syndrome, 2245 
for aplastic anemia, 526 
for atypical hemolytic uremic syndrome, 
2261 
for autograft purging, 358 
for autoimmune hemolytic anemia, 838, 
839 
for autoimmune lymphoproliferative 
syndrome, 1224 
for B-cell acute lymphoblastic leukemia, 
1515 
for Burkitt lymphoma, 1676 
for Castleman disease, 1249-1250 
with CHOP. See R-CHOP regimen 
for chronic lymphocytic leukemia, 
1535-1536, 1537 
for diffuse large B-cell lymphoma, 1628, 
1628t, 1629f, 1630, 1631 
dose, 343t, 344 
with EPOCH. See R-EPOCH regimen 


for follicular lymphoma, 1644, 1645-1647, 
1645t, 1646f, 16461, 1649 
for y-heavy-chain disease, 1806 
for gastric MALT lymphoma, 1666, 1666¢ 
for graft-versus-host disease prophylaxis, 
372 
for Hodgkin lymphoma, 1616, 1617 
for immune thrombocytopenia, 122, 2000, 
2005 
for intravascular large B-cell lymphoma, 
1636 
for mantle cell lymphoma, 1655-1656, 
1656f, 1657t, 1658, 1658¢, 1659, 
1660t 
for u-heavy-chain disease, 1810 
for posttransplantation 
lymphoproliferative disease, 1266, 
1636 
in pregnancy, 1634 
for primary cutaneous diffuse large B-cell 
lymphoma, leg type, 1637 
for primary mediastinal large B-cell 
lymphoma, 1634 
for pure red cell aplasia, 544 
in reduced-intensity conditioning, 360 
resistance to, 344 
for splenic marginal zone lymphoma, 1667 
for thrombocytopenia, 2008 
for thrombotic thrombocytopenic 
purpura, 2256 
for Waldenström macroglobulinemia, 1794 
Rivaroxaban, 401-402 
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extinguishing signals in, 252-253 
insulation, 252 
metabolism and, 193-196, 194f, 195f 
overview, 247 
in platelets. See Platelets, signaling 
pathways 
receptors, 247-250, 248f. See also specific 
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Single-molecule sequencing, 158-159, 158f 
Single nucleotide polymorphism (SNP), 147, 
174 
Singlet oxygen, 284f, 286 
Sinus histiocytosis with massive 
lymphadenopathy (Rosai-Dorfman 
disease), 1101, 1112-1113 
Sinusoidal obstructive syndrome (SOS), 368 
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fungoides (MF) 
primary lymphomas, 1581, 1665 
in Rosai-Dorfman disease, 1113 
in systemic mastocytosis, 973-974, 974f 
in Waldenström macroglobulinemia, 1791 
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Smoldering myeloma, 1708-1709, 1725, 
1734f, 1761 

Smooth muscle cells, 2283-2284, 2284f 
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Splenomegaly. See also Hypersplenism 
in chronic lymphocytic leukemia, 1530 
classification and causes, 863, 864, 865t, 
866t 
in clonal myeloid diseases, 1287 
consultative approach to, 48 
in hairy cell leukemia, 1554 
in juvenile myelomonocytic leukemia, 
1471 
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(HSCs); Multipotential cells 

Stem cell transplantation. See Hematopoietic 
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Streptomyces pilosus, 644 
Streptomyces verticillus, 331 
Stress lymphocytosis, 1204 
Stress polycythemia, 872 
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Stroke 
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tissue-type plasminogen activator, 
2314-2315, 2316t 
integrin OP; blockers for, 1855 
in sickle cell disease, 769-770 
therapy, 2297 
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nuclease), 444 
Taliglucerase alfa, for Gaucher disease, 1127 
Talin, 1832t, 1837, 1838f, 1884 


Tamm-Horsfall mucoprotein (uromodulin), 
1744 
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Targeted disruption models of 
hemochromatosis, 643 
Target of rapamycin complex 1 (TORC1), 192 
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TBI (total-body irradiation), 353, 359-360, 
1656-1657 
TBK (TANK-binding kinase), 298, 302f 
TBNP (total blood neutrophil pool), 942, 
942t 
TCA (tricarboxylic acid) cycle, 192, 193f 
T-cell acute lymphoblastic leukemia (T-ALL). 
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etiology and pathogenesis, 1563-1564 
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therapy, course, and prognosis, 1567 
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T-cell neoplasms. See also specific types 
clinical behavior, 1493 
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antigen presentation to, 1177 
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molecular features, 1178 
signaling defects, 1218, 1220 
signal transduction in, 1178-1179 
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adhesion molecules, 1184-1185, 1185f 
aging and, 135-136 
antigen receptors. See T-cell receptors 
antigens, 1141-1142, 1142f 1142t 
in atherosclerosis, 2286 
autoreactive cytotoxic, in aplastic anemia, 
515 
CD4+. See CD4+ T cells (helper T cells) 
CD4+CD25+. See CD4+CD25+ regulatory 
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CD8+. See CD8+ T cells (cytotoxic T 
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cytomegalovirus-specific, 409-411, 410f, 
411f 
cytotoxic. See CD8+ T cells (cytotoxic T 
lymphocytes, CTLs) 
dendritic cells and, 308 
development, 86-87, 87f 
disorders, 1195-1197, 1196-1197t. 
See also Cutaneous T-cell 
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helper. See CD4+ T cells (helper T cells) 
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CD28, 415-416, 1183, 1184, 1185f 
CD152 (CTLA-4), 424, 1184 
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in immunologic response, 969 
leukemia-specific, 413-414 
in lymph nodes, 92-93 
melanoma-specific, 412-413 
memory. See Memory T cells 
multispecific, 412 
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suicide genes, 416 
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TCF3, 1672 
TCF3-PBX1 (E2A-PBX1), 1507, 1516 
TCL1, 1529 
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TCRs. See T-cell receptors 
TdT (terminal deoxynucleotidyl transferase), 
1465-1466 
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TEL (ETV6), 228t, 230, 1346t, 1351 
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973 
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Telomerase reverse transcriptase (TERT), 
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Telomere defects 
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in aplastic anemia, 515 
in chronic myelogenous leukemia, 
1444-1445 
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for acute myelogenous leukemia, 1408 
mechanism of action, 329 
pharmacology, 330 
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Mammalian target of rapamycin 
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comparison to other fibrinolytics, 2313t 
for myocardial infarction, 2295 
for pulmonary embolism, 2277-2278 
for stroke, 2315 
Teniposide, 328-329 
adverse effects, 329, 1519t, 1520 
for a-heavy-chain disease, 1808 
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TERC, 531, 531f 
Terminal deoxynucleotidyl transferase (TdT), 
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Ternary complex formation, 825f, 826t, 
830-831, 830t 
TERT, 531, 531f 
TERT (telomerase reverse transcriptase), 
1444-1445 
TERT/TERC, 1346t 
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1581-1582, 1582f, 1634 
Testicular relapse, in acute lymphoblastic 
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Testosterone 
for anemia of primary myelofibrosis, 1328 
erythropoietic response to, 872, 879-880, 880f 
TET2 
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1376, 1378-1379, 1378t 
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in myelodysplastic syndromes, 227t, 1346t, 
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TET proteins, 169 
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Tetraspanins, 1858-1859¢, 1871 
Textarin/ecarin test, 2243 
TE See Tissue factor (TF) 
T follicular helper (T,,,,) cells, 1182 
TFPI. See Tissue factor pathway inhibitor (TFPI) 
TFPI, 1937 
TR2, 641, 642 
TGF. See under Transforming growth factor 
(TGE) 
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definitions and history, 725 
differential diagnosis, 568-569, 748, 749f 
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727-728, 727f 
etiology and pathogenesis, 728-730, 729f 
forms, 726, 726t 
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5, 726, 736, 751 
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eydB, 735, 745, 751 
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as global health problem, 754 
globin gene clusters and, 728-730, 729f 
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i antigen and, 2340 
intermedia, 725, 753 
laboratory features, 745-748, 746f, 747f 
major, 725 
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minor, 553, 636, 725 
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pathophysiology, 739-743 
abnormal iron metabolism, 742 
cellular heterogeneity, 741 
clinical heterogeneity, 742-743, 743f 
coagulation defects, 742 
compensatory mechanisms for anemia, 
741 
erythroid precursor damage, 740-741 
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infection, 742 
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741 
red cell damage, 740-741 
splenomegaly, 742 
pregnancy and, 126 
prevention of, 753-754 
prognosis, 753 
sickle cell, 749 
treatment, 362-363, 751-753, 2372 
Thalassic anemia, 725 
Thalidomide, 333-335 
for acute myelogenous leukemia, 1404 
for adult Langerhans cell histiocytosis, 
1109 
adverse effects, 334, 1741, 1757 


clinical use, 334 
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1107 
for malignant histiocytic diseases, 1110 
for mantle cell lymphoma, 1659f, 1660t 
mechanism of action, 334 
for myelodysplastic syndromes, 1359 
for myeloma, 1750, 1752, 1752t, 1754 
pharmacology, 334 
for primary myelofibrosis, 1329 
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THBD, 1931-1932, 1932f 
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(helper T cells) 
T-helper type 1 (Th1) cells, 1180, 1181f 
T-helper type 2 (Th2) cells, 1180, 1181f 
T-helper type 9 (Th9) cells, 1181f, 1182 
T-helper type 17 (Th17) cells, 1182, 2000 
Theophylline, cAMP inhibition and, 404 
Therapeutic apheresis. See Apheresis 
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acute myelogenous leukemia. See Acute 
myelogenous (myeloid) leukemia 
(AML), therapy-related 
myelodysplastic syndromes. See 
Myelodysplastic syndrome (MDSs), 
therapy-related 
Thiamine deficiency, 652 
Thiamine-responsive megaloblastic anemia, 
608, 652 
Thiazides, maternal ingestion of, effect on 
fetus and newborn, 112, 112t 
Thienopyridines, 2074t, 2075-2076 
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for acute lymphoblastic leukemia, 1505, 
1516, 1517 
for acute myelogenous leukemia, 1395t, 
1399, 1409 
adverse effects, 324 
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839 
mechanism of action, 323 
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structure, 323f 
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1516 
6-Thiopurines, 319t, 323 
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structure, 1919 
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in disseminated intravascular coagulation, 
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structure, 1935, 2308 
Thrombin-antithrombin (TAT) complexes, 
2209 
Thrombin receptor antagonists, 406, 
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Thrombin time, 1989 
Thromboatherogenesis, 1092 
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in alloimmune hemolytic disease of the 
fetus and newborn, 849 
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consultative approach to, 42-43 
cyclic, 2015 
definition and history, 1993-1994 
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etiology and pathogenesis, 1985, 1986t 
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hypersplenism and, 2014 
hypothermia and, 2014 
immune. See Immune thrombocytopenia 
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neonatal alloimmune, 2012-2013 
nutritional deficiencies and, 1997-1998 
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treatment, 1824-1825, 2213, 2385 
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syndrome, 1996, 1997f, 2061 
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consultative approach to, 45 
etiology, 1312t, 2036t 
reactive, 1310, 1312t, 2035-2037 
thrombocytapheresis for, 433 
Thromboembolectomy, 2316-2317 
Thromboembolism. See Venous thrombosis/ 
thromboembolism 
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Thrombokinase, 2113 
Thrombolytic therapy. See Fibrinolytic 
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functions, 1931, 1952, 1972 
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definition, 2221 
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cellular physiology, 1815-1821 
megakaryopoiesis. See 
Megakaryopoiesis 
platelet formation, 1820-1821 
kinetics, 1815 
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regulation, 2035 
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regulation, 2000 
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development, 1825, 2001 
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for immune thrombocytopenia, 
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Thromboregulation, 1968 
Thromboregulatory molecules, endothelial, 
1967-1968, 1968f, 1968t 
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in disseminated intravascular coagulation, 
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1979t 
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Thrombospondin, 63, 765, 1856, 1879 
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Thrombospondin N-terminal fragment 
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Thrombotic microangiopathies, 2253-2263 
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classification, 2255t 
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in disseminated intravascular coagulation, 
2261 
drug-induced, 428, 431, 2262-2263 
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in malignant hypertension, 2263 
mechanical hemolysis and, 2263 
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plasma exchange for, 428, 4301, 431 
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See Thrombotic thrombocytopenic 
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course and prognosis, 2257 
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1876-1877, 1968t, 2074 
Thromboxane A, (TXA,) receptor defect, 
2056 
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Thromboxane prostanoid receptor, 
1876-1877 
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Thymectomy, for autoimmune hemolytic 
anemia, 839 
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Thymidine kinase, 1532, 1532t 
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Thymocytes, 85-86, 87f, 1141, 1142f, 
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Thymus, 85-87 
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defective development 
CHARGE syndrome, 1222 
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thymus, 1223 
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development, 1150-1151 
immune function, 86-87, 87f 
in Langerhans cell histiocytosis, 1104 
T-cell development in, 85-86, 87f 
Thyroid disease/dysfunction 
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Hodgkin lymphoma treatment and, 1618 
primary lymphomas, 1583 
TIA-1, 1567 
TIBC (total iron-binding capacity), 634 
Ticagrelor 
for acute coronary syndromes, 2076 
antiplatelet effects, 404t, 405 
TICAM1. See Toll/interleukin-1 receptor 
domain-containing adaptor 
inducing IFN-ß (TRIF) 
TICAM2. See TRIF-related adaptor molecule 
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adverse effects, 2262 
antiplatelet effects, 404t, 405, 2075-2076 
Tigecycline, 384-385 
TILs (tumor-infiltrating lymphocytes), 412 
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metalloproteinase), 1975 
Tingible body macrophages, 1596 
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2274t 
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for primary myelofibrosis, 1329 
TIR (toll/interleukin-1 receptor), 295-297, 
297f 
TIRAP. See MyD88 adapter-like (MAL) 
TIRAP (toll-interleukin receptor adaptor 
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antiplatelet effects, 405, 2045, 2077 
clinical uses, 404t, 405 
dosage, 404t 
thrombocytopenia and, 2015, 2077 
for unstable angina, 2296 
Tissue 
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perfusion of, anemia and, 504-505, 505f 
Tissue factor (TF) 
activation and cofactor function, 
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in disseminated intravascular coagulation, 
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factor VIIa and, 1930, 1940, 1940f 
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sickle cell disease and, 765 
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in disseminated intravascular coagulation, 
2201, 2202 
functions, 1922, 1937, 1960, 1968 
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recombinant, 2214 
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synthesis, 1960 
Tissue inhibitor of metalloproteinase 
(TIMP-1), 1975 
Tissue iron compartment, 618 
Tissue macrophages, 291 
Tissue plasminogen activator (t-PA), 1973, 1975 
Tissue thromboplastin inhibition test, 2243 
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for fibrinolytic therapy. See Fibrinolytic 
therapy, agents for 
gene, 2305-2306, 2306f 
in plasminogen activation, 2310 
production, 1973 
structure, 2303, 2304—2305t, 2305 
T-LGLL. See T-cell large granular 
lymphocytic leukemia (T-LGLL) 
TLI (total lymphoid irradiation), 360 
TLR2, 236t 
TLR4, 1711 
TLRS, 1643 
TLRs. See Toll-like receptors (TLRs) 
TLX1, 186 
T lymphocytes. See T cells 
TM. See Thrombomodulin (TM) 
TMD (transient myeloproliferative disorder), 
1385-1386 
Tmprss6 (matriptase 2), 621, 621t 
TNE See Tumor necrosis factor (TNF) 
TNFAIP3 (A20), 235t, 236t, 1644, 1664t, 
1786, 1787 
TNFRSF14, 1627t 
TNT (trinitrotoluene), 518 
Tobacco. See Cigarette smoking 
Tobramycin, 387t 
Tocilizumab 
for Castleman disease, 1250 
for Erdheim-Chester disease, 1111 


Toll/interleukin-1 receptor (TIR), 295-297, 
297f 
Toll/interleukin-1 receptor domain- 
containing adaptor inducing IFN-B 
(TRIF), 297f, 298 
Toll-interleukin receptor adaptor protein 
(TIRAP), 1054, 1230, 1352 
Toll-like receptors (TLRs), 75 
in dendritic cells, 307 
discovery, 294-295 
macrophage activation and, 1084 
microbe recognition by, 294, 294t 
in monocytes and macrophages, 1054, 
1055f 
in neutrophils, 1008 
in platelets, 1873 
signaling defects, 1230 
signaling pathways, 296-298, 297f, 1055f 
structure, 295-296, 295f, 296f 
Tomosyn1/syntaxin binding protein 5, 1849 
Tongue 
burning, in iron deficiency, 632 
enlarged, in AL amyloidosis, 1774, 1775f 
examination of, 8 
hematoma, in hemophilia, 2118, 2119f 
history of pain or tingling in, 5 
Tonsils, 94, 1081f 
Tooth extractions. See Dental bleeding/ 
extractions 
Topoisomerase inhibitors, 326-329 
anthracyclines. See Anthracyclines 
camptothecins, 326-328 
secondary acute myelogenous leukemia 
and, 183, 1407 
Topotecan, 326-327 
TORCI (target of rapamycin complex 1), 
192 
Torulopsis glabrata infection, 369 
Total blood neutrophil pool (TBNP), 942, 
942t 
Total blood volume, anemia and, 505, 505f 
Total-body hematocrit, 489 
Total-body irradiation (TBI), 353, 359-360, 
1656-1657 
Total erythropoiesis, 490 
Total iron-binding capacity (TIBC), 634 
Total lymphoid irradiation (TLD, 360 
Touch imprint, 29 
Touch preparations, 30 
Toxic granulation, 22f, 23 
Toxic methemoglobinemia, 789, 790t, 792, 
793. See also Methemoglobinemia 
Toxic oil syndrome, 959 
Toxocara canis, 291, 957t 
Toxoplasmosis 
central nervous system, 1246 


idiopathic CD4+ T lymphocytopenia and, 
1206 

mononucleosis and, 1261, 1262t, 1268 

in pregnancy, 1269 


prophylaxis, in HIV infection, 1241t 
TP53 
in acute myelogenous leukemia, 227t 
in B-cell acute lymphoblastic leukemia, 
232t 
in chronic lymphocytic leukemia, 231t, 
1529 
in chronic myelogenous leukemia, 230t 
in mantle cell lymphoma, 236t 
in myelodysplastic syndromes, 228t, 1346t, 
1347, 1348, 1352 
in myeloma, 233t, 1735f, 1736, 1736t, 1737, 
1759 
in plasma cell leukemia, 1736t 
in Waldenström macroglobulinemia, 1788 
t-PA. See Tissue plasminogen activator (t-PA) 
TPI. See Triosephosphate isomerase (TPI) 
T-PLL (T-cell prolymphocytic lymphoma), 
1498t, 1542 
TPO. See Thrombopoietin (TPO) 
Trace metal deficiency, 653-654 
TRADD (TNF receptor death domain), 207f, 
249, 302, 302f 
TRAE, 249, 298, 302, 302f 
TRAF2 (TRAE2), 207, 207f, 236t 
TRAF3 (TRAF3), 233t, 1711, 1737 
TRAF6 (TRAF6), 298, 1220, 1352 
TRAIL (TNF-related apoptosis-inducing 
ligand), 204f, 205, 249, 951, 996, 
1193, 1873 
Trained immunity, 168 
TRALI (transfusion-related acute lung 
injury), 2359, 2375-2376 
TRAM (TRIF-related adaptor molecule), 
297f, 298, 1008, 1054 
Tranexamic acid 
adverse effects, 2318 
for bleeding not response to platelet 
transfusion, 2385 
in cardiopulmonary bypass, 2086 
for combined deficiency of factors V and 
VIII, 2140 
for disseminated intravascular coagulation, 
2214 
for epistaxis, 2139 
for hemophilia A, 2123 
for inherited platelet disorders, 2062 
for mucosal bleeding in immune 
thrombocytopenia, 2007 
pharmacology, 2317-2318 
for von Willebrand disease, 2176 
Transaldolase, 692t, 697, 701t 


Transcobalamin, 591, 591t, 592, 593, 593t, 
1448 
Transcobalamin I and III. See Haptocorrins 
Transcobalamin deficiency, 607 
Transcription, 147 
in hematopoietic stem cells, 262-263 
in lymphopoiesis, 1154-1155 
Transcription activator-like effector nuclease 
(TALEN), 444 
Transcription factors, 165-166, 267-268 
Transcriptome, 161, 1851, 1853-1854 
Transcriptomics, platelet, 1851-1853, 1852f 
Transdifferentiation, 269 
Transferrin, 618 
in anemia of chronic inflammation, 552 
endocytosis of, 622-623, 623f 
iron-binding capacity and, 634 
in iron homeostasis, 621t, 917f, 918 
levels of, in newborn, 104 
Transferrin receptor-1, 621, 621, 623 
Transferrin receptor-2, 621, 621t, 623 
Transferrin receptors, 622-623, 623f, 635, 
1058t 
Transfer RNA (tRNA), 147 
Transforming growth factor (TGF) a, 62t 
Transforming growth factor (TGF) p, 266 
atherosclerosis and, 2288 
in chronic myelogenous leukemia, 1440 
in fibroplasia, 1322 
in macrophages, 1070t 
in megakaryopoiesis, 1823 
in platelets, 1848 
Transforming growth factor (TGF) $ family, 
249 
Transfusion reactions 
acute hemolytic, 2374-2375 
acute lung injury, 2359, 2375-2376 
allergic, 2375 
circulatory overload, 2376 
delayed hemolytic, 2372, 2377 
disseminated intravascular coagulation 
and, 2210 
febrile nonhemolytic, 2375 
graft-versus-host disease, 2374, 2377 
HNA antibodies and, 2358-2359 
pathophysiology, 2348 
sepsis, 2376 
Transfusions. See also Exchange transfusion; 
Platelet transfusion; Red cell 
transfusion 
for acquired pure red cell aplasia, 544 
for autoimmune hemolytic anemia, 837 
for cobalamin deficiency, 584 
for G6PD deficiency, 711-712 
intrauterine fetal, 854-855 
iron overload and, 641 


massive, thrombocytopenia associated 
with, 2014 
for sickle cell disease, 776 
Transgenic animal models, 153 
Transient aplastic crisis, 541-542 
Transient erythroblastopenia of childhood, 
541-542 
Transient ischemic attacks, 2238-2239 
Transient myeloproliferative disorder (TMD), 
1385-1386 
Transitional cells, marrow, 32t 
Transketolase, 692t, 697 
Translation, 147 
Translocations, 173, 174, 175t, 251 
Transmembrane activator and calcium 
modulator and cyclophilin ligand 
interactor (TACI), 1606 
Transplantation 
alloimmune hemolytic anemia following, 
836 
cytomegalovirus infection following, 
1267-1268 
hematopoietic cell. See Hematopoietic cell 
transplantation (HCT) 
liver. See Liver transplantation 
red cell transfusion and, 2374 
renal. See Renal transplantation 
thrombotic microangiopathy following, 
2262 
Transport compartment, plasma, 618 
Transthyretin (TTR), 1773, 1776, 1777-1778 
TRAPS (TNF receptor-associated periodic 
syndrome), 1025 
Trauma 
disseminated intravascular coagulation 
and, 2204, 2208 
vascular purpura and, 2107 
Teg (regulatory T) cells. See CD4+CD25+ 
nec) Cells 
TREM (triggering receptors expressed on 


regulatory T (T 


myeloid cells)-like transcript-1 
(TLT-1), 1869 

Trench fever, 818 

Treponema pallidum infections, 290 

TRE-1101, for sickle cell disease, 777t 

Triamterene, megaloblastic anemia and, 606t 

Tricarboxylic acid (TCA) cycle, 192, 193f 

Trichinella spiralis, 949, 956, 957t 

TRIF (toll/interleukin-1 receptor domain- 
containing adaptor inducing 
IFN-6), 297f, 298 

TRIF-related adaptor molecule (TRAM), 
297f, 298, 1008, 1054 

Triggering receptors expressed on myeloid 
cells (TREM)-like transcript-1 
(TLT-1), 1869 
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TRIM25 (T-cell receptor-interacting 
molecule 25), 302, 302f 
Trimethoprim, megaloblastic anemia and, 
605, 606t 
Trimethoprim-sulfamethoxazole 
adverse effects, 1252 
as empiric therapy for infections, 386, 387t 
prophylactic, 389, 1213, 1514 
Trinitrotoluene (TNT), 518 
Triosephosphate isomerase (TPI) 
activity, 692t 
deficiency, 695, 700t, 704 
in glucose metabolism, 695 
Trisomy 7, acute myelogenous leukemia and, 
1383 
Trisomy 8, 220t, 221t, 521, 1347, 1384t, 
1466 
Trisomy 11, 181 
Trisomy 12, chronic lymphocytic leukemia 
and, 187, 1529, 1531, 1532t 
Trisomy 19, 1466 
Trisomy 21 
acute lymphoblastic leukemia and, 1506 
acute myelogenous leukemia and, 1383, 
1386 
neonatal leukemia and, 1386 
platelet abnormalities in, 2061 
tRNA (transfer RNA), 147 
Tropical spastic paraparesis, 1573 
Tropical sprue, 597, 599 
Tropomodulins, 663t, 1837 
Tropomyosin, 663t, 1832t 
True juvenile pernicious anemia, 607 
Tryptase, serum, 1470 
Tryptophan, for sideroblastic anemia, 920 
AT score, 2029, 2029t 
t-SNARE, 1849 
Tspan9, 1871 
TSPAN24. See CD151 
TSPAN29. See CD9 
TSPAN32. See TSSC6 
TSSC6, 1871 
TTC7A, 1222 
TTP. See Thrombotic thrombocytopenic 
purpura (TTP) 
TTR (transthyretin), 1773, 1776, 1777-1778 
Tuberculosis 
lymphocytopenia and, 1204 
macrophage-derived giant cells in, 1078, 
1078f 
monocytosis in, 1097 
prophylaxis, in HIV infection, 1241t 
Tubulin, 1838 
P -Tubulin abnormalities, 2059 
Tufted angioma, 2014 
Tumor antigens, 412t 


Tumor-associated macrophages (TAMs), 
1083 
Tumor- infiltrating lymphocytes (TILs), 412 
Tumor lysis syndrome, 1287, 1502, 1535, 
1539, 1675 
Tumor necrosis factor (TNF), monocytes 
and, 1091 
Tumor necrosis factor (TNF)-a 
in aplastic anemia, 515 
basophils and, 969 
in cell membrane, 62t 
in disseminated intravascular coagulation, 
2200, 2208 
effects on erythropoiesis, 550 
in fibrinolysis, 2202 
in fibroplasia, 1322 
hematopoiesis and, 258f 
in inflammation, 284, 287-288, 287t 
in inflammatory response, 1978 
in innate immune response, 303 
interleukin-6 production and, 2036 
in leukocyte adhesion, 281, 282 
in myelodysplastic syndromes, 1352 
neutrophils and, 932, 933t, 1008 
in primary myelofibrosis, 1325 
in sepsis and septic shock, 285 
in sickle cell disease, 765 
Tumor necrosis factor (TNF)-a receptors, 
249 
Tumor necrosis factor (TNF) receptor-1 
(TNER1), 207-208, 207f 
Tumor necrosis factor (TNF) receptor- 
associated factors (TRAFs). 
See under TRAF 
Tumor necrosis factor (TNF) receptor- 
associated periodic syndrome 
(TRAPS), 1025 
Tumor necrosis factor (TNF) receptor death 
domain (TRADD), 249, 302, 302f 
Tumor necrosis factor (TNF) receptor 
superfamily, 204f, 249, 252 
Tumor necrosis factor (TNF) receptor 
superfamily member 14 (LIGHT), 
1873 
Tumor necrosis factor (TNF)-related 
apoptosis-inducing ligand 
(TRAIL), 204f, 205, 249, 951, 996, 
1193, 1873 
Tumor necrosis factor (TNF)-RII, in primary 
myelofibrosis, 1325 
Tumors, solid 
disseminated intravascular coagulation 
and, 803-804, 2207-2208 
hematopoietic cell transplantation for, 362 
Tumor-suppressor genes, 219, 237-239 
Tumor suppressors, 195 


Turmeric, 2079 
TXA, (thromboxane A,), 288, 1830, 1852f, 
1876-1877, 1968t 
TXB, (thromboxane B,), 952 
TYK2, 232t 
Tyrosine kinase 
activation in neutrophils, 1016 
phosphorylation, 1884 
in platelets, 1833¢ 
Tyrosine kinase inhibitors, 338-341. See also 
specific drugs 
for acute lymphoblastic leukemia, 1518 
for acute myelogenous leukemia, 1403 
adverse effects, 341 
for chronic eosinophilic leukemia, 1470 
for chronic myelogenous leukemia. See 
Chronic myelogenous (myeloid) 
leukemia (CML), therapy 
comparison, 1451t 
after hematopoietic cell transplantation, 
1461-1462 
for mastocytosis, 977, 1279 
mechanism of action, 338 
pharmacology, 338, 340-341 
resistance to 
chromosomal abnormalities associated 
with, 230 
in chronic myelogenous leukemia, 
1456-1458, 1457t 
gene mutations associated with, 178, 
318, 340-341 
management, 1457-1458 
in mastocytosis, 1279 
mechanisms, 318, 319f, 338, 340, 
1456-1457 
response to, 1451-1452, 14521, 1454-1455 
secondary chromosomal changes with, 
1456 
structure, 340f 
Tyrosine kinase receptors, 1871-1872 


U 
U2AFI, 1349 
U2AF2, 1348 
Ubiquitin, 253 
UCM (upregulation of costimulatory 
molecules), 304 
UGT1A1, 565, 567 
UIBC (unsaturated or latent iron-binding 
capacity), 634 
Ulceration/ulcers 
gastric, 629 
leg, 6, 8, 771-772 
mouth, 8 
tongue, 5 
Ultrasonography 


in deep vein thrombosis, 2269-2270 
fetal, 854, 855f 
spleen, 850f, 851f 
Ultraviolet light therapy. See Phototherapy; 
Psoralen plus ultraviolet A (PUVA) 
Umbilical cord blood, 102, 357, 358 
Umbilical stump, bleeding from, 1988 
UNC93B1, 296, 296f 
Unexplained anemia, 136 
UNG (uracil DNA glycosylase), 1169, 1214t, 
1215 
Unsaturated or latent iron-binding capacity 
(UIBC), 634 
Unstable angina, 2296 
Unstable hemoglobins, 781-782 
u-PA (urokinase plasminogen activator), 
1973, 1973f, 1975 
Upregulation of costimulatory molecules 
(UCM), 304 
Upshaw-Schulman syndrome (congenital 
thrombotic thrombocytopenic 
purpura), 2257-2258 
Uracil DNA glycosylase (UNG), 1169, 1214t, 
1215 
URAF1, 1346t 
Ureaplasma urealyticum, 1212 
Uremia, 2083-2084 
Ureter, primary lymphomas in, 1582 
Urine 
in primary myelofibrosis, 1327 
protein electrophoresis, 1714 
UROD. See Uroporphyrinogen decarboxylase 
(UROD) 
UROD, 905, 906 
Urokinase plasminogen activator (u-PA) 
comparison to other fibrinolytic agents, 
2291t 
in fibrinolysis, 1975, 2304f, 2307 
gene, 2306f 
in plasmin generation, 2311 
production, 1973 
structure, 2304—2305t, 2306-2307 
Urokinase plasminogen activator receptor 
(uPAR), 1973, 2305t, 2308-2309 
Uromodulin (Tamm-Horsfall mucoprotein), 
1744 
Uroporphyrinogen decarboxylase (UROD) 
functions, 895 
porphyria cutanea tarda and, 905-906, 908 
Uroporphyrinogen I synthase. See 
Porphobilinogen (PBG) deaminase 
Uroporphyrinogens, 891f, 893-894, 893f 
Uroporphyrinogen synthase (UROS), 893, 
894-895 
UROS, 896 
Ursodeoxycholic acid, 806 


Urticaria pigmentosa, 973-974, 974f, 977 
UTAF1, 228t 

Uterus, primary lymphomas in, 1582 
UTX, 1736, 1736t 

UTY, 414 


Vv 
V1-type receptor, 1879 
Vaccine therapy 
for acute myelogenous leukemia, 1404 
advantages, 421 
antigen discovery for, 421, 422t 
assays of efficacy, 422, 423t 
B-cell antigen-receptor, 423, 423f, 424f 
clinical trial design, 422 
components, 421-422 
delivery strategies for, 422 
for follicular lymphoma, 1648 
future directions, 424 
immunostimulants for enhanced efficacy 
of, 422 
impediments to, 423-424 
for myeloid leukemias, 423 
VACOP-B regimen, for primary mediastinal 
large B-cell lymphoma, 1635 
Vacuolization, 23 
VAD regimen, for myeloma, 1750 
Valacyclovir 
as empiric therapy for infections, 386, 387t 
prophylactic, 369, 389 
Valdecoxib, 2075 
Valganciclovir 
adverse effects, 1252 
as empiric therapy for infections, 386, 387t 
prophylactic, 389 
Valproic acid, 240 
VAMP, 1849, 1853 
Vancomycin, 385, 387t 
Varicella zoster virus (VZV) infections, 370, 
384 
Varices, blood loss from, 629 
Variegate porphyria, 889, 890t, 891t, 904-905 
Vasa nervorum, 1746 
Vascular anomalies, blood loss from, 629 
Vascular cell adhesion molecule (VCAM)-1 
atherosclerosis and, 2286 
endothelial inflammation and, 2283 
in eosinophils, 950 
in hematopoietic stem cells, 261 
in inflammatory response, 1978 
in leukocyte adhesion, 282-283 
in sickle cell disease, 765 
in T-cell adhesion, 1185 
Vascular disease/injury. See also 
Cardiovascular disease 
in antiphospholipid syndrome, 1976, 2237f 
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fibrinolytic assembly and, 1975-1976, 
1975f 
fibrinolytic function in, 1974-1975, 1974¢, 
1975f 
folic acid deficiency and, 598-599 
homocysteine in, 1976 
lipoprotein(a) in, 1976 
peripheral vascular disease, 2240, 2316- 
2317 
sickle cell disease and, 765 
Vascular endothelial growth factor (VEGF) 
in a-granules, 1843, 1844f 
in chronic myelogenous leukemia, 1449 
in platelets, 1848 
in preeclampsia, 801, 2011-2012 
Vascular endothelial growth factor (VEGF) 
inhibitors, 2263 
Vascular endothelial growth factor (VEGF) 
receptor-1, 801 
Vascular fibrinolysis. See Fibrinolysis, 
vascular 
Vascular purpuras, 2097-2109. See also 
specific conditions 
definition and diagnostic approach, 2097, 
2098f 
nonpalpable, noninflammatory, round, 
2098t, 2107-2109 
palpable and nonpalpable inflammatory, 
2098t, 2102-2107 
palpable noninflammatory, 2097-2102, 
2098t 
Vasculitis 
antineutrophil cytoplasmic antibody- 
associated, 2107, 2107f 
drug-induced, 2106, 2106f 
paraneoplastic, 2106 
Vasoactive amines, 286f, 289 
Vasoactive intestinal peptide, 952 
Vasoactive substances, 2284f 
Vasoocclusive crisis, in sickle cell disease, 
766-767, 768f 
Vasopressin, 1879. See also Desmopressin 
(DDAVP) 
VASP, 1833t, 1875, 1885 
VCAM. See under Vascular cell adhesion 
molecule 
V(D)J recombination, 1166f, 1168 
Vegans, 602 
VEGF. See Vascular endothelial growth factor 
Velaglucerase alfa, for Gaucher disease, 
1127 
Vel blood group, 104, 2333t 
Vemurafenib 
for Erdheim-Chester disease, 1111 
for hairy cell leukemia, 1559 
for Langerhans cell histiocytosis, 1107 
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Venetoclax (ABT-199) 
for chronic lymphocytic leukemia, 1539 
for mantle cell lymphoma, 1660t 
Venipuncture, 2367 
Venography, 2269-2270 
Venoms, 970 
Venoocclusive disease with 
immunodeficiency (VODI), 1222 
Venous thrombosis/thromboembolism, 
2267-2278 
in antiphospholipid syndrome, 2238, 
2238f, 2244 
vs. arterial thrombosis, 2291t 
in chronic myeloproliferative neoplasms, 
2079-2081 
clinical course, 2273 
clinical features, 2268-2269. See also 
Deep vein thrombosis (DVT); 
Pulmonary embolism 
consultative approach to, 46-47 
definition and epidemiology, 2267-2268 
in disseminated intravascular coagulation, 
2204, 2205t 
etiology and pathogenesis, 2268 
in heparin-induced thrombocytopenia, 
2028 
in immune thrombocytopenia, 2002 
laboratory features/objective testing, 
2269-2273, 2270f, 2272f 
in liver disease, 2192, 2193t, 2194-2195 
after liver transplantation, 2195 


Vesicle-associated membrane protein-2, 926, 
1010 
V genes, 1163, 1167f, 1169, 1170, 1177, 1708 
VH3/JH4, 1786 
VH-34, 1554, 1557 
VHL. See under Von Hippel-Lindau 
VAL, polycythemia and, 510, 876-877, 877f, 
878f, 882t 
Vibrio cholerae, 2340 
Vibrio parahaemolyticus, 2340 
Vimentin, 1837 
Vinblastine, 325-326. See also ABVD 
regimen; Stanford V regimen 
for adult Langerhans cell histiocytosis, 
1108 
adverse effects, 326, 1108 
for immune thrombocytopenia, 2007 
for juvenile xanthogranuloma, 1112 
for Langerhans cell histiocytosis, 1107 
mechanism of action, 325 
pharmacology, 325-326 
resistance to, 319t 
stomatocytosis and, 684 
for a-heavy-chain disease, 1808 
Vinca alkaloids. See Vinblastine; Vincristine 
Vincristine, 325-326. See also BEACOPP 
regimen; CHOP regimen; 
CODOX-M/IVAC regimen; 
COPP regimen; EPOCH regimen; 
HyperCVAD regimen; MOPP 
regimen; R-CVP regimen; Stanford 


Vindesine, for diffuse large B-cell lymphoma, 


1628 


Vinorelbine, for Hodgkin lymphoma, 1616 
Viral infections. See also specific viruses 


aplastic anemia and, 518 

disseminated intravascular coagulation 
and, 2207 

erythema multiforme and, 2106 

after hematopoietic cell transplantation, 
369-370 

immune cell therapy of. See Immune cell 
therapy (adoptive cellular therapy), 
of viral diseases 

immune thrombocytopenic purpura and, 
2009 

in immunocompromised host, 383-384 

immunodeficiencies with increased 
susceptibility to, 1230 

mast cells/basophils in host response to, 
970 

prevention, 389 

purpura and, 2104, 2105f 

transmission in factor VII products, 
2126 

treatment, 386, 387t 


Viral vectors, for gene therapy 


adeno-associated, 438-439, 442 
adenoviral, 438 

lentiviral, 439, 443 

retroviral, 439 

self-inactivating, 437 


in myeloma, 1741, 1756-1757 
in paroxysmal nocturnal hemoglobinuria, 
580 
during pregnancy, 123 
prophylaxis, 2268 
risk factors, 2268t 
therapy. See also specific drugs 
anticoagulants 
adverse effects, 2277 
in cancer patients, 2276-2277 
contraindications, 2273 
duration, 2276 
objective and principles, 2273 
oral, 2274-2276, 2275t 
parenteral, 2273-2274 
in pregnancy, 580, 2277 
regimens, 2273, 2274t 
fibrinolytic, 2277-2278, 2313t 
inferior vena cava filter, 2278 
thrombophilia testing in, 2228. See also 
Hereditary thrombophilia 


V regimen 

for acute lymphoblastic leukemia, 1515, 
1516, 1517 

adverse effects, 325-326, 1519t 

for a-heavy-chain disease, 1808 

for blast crisis in chronic myelogenous 
leukemia, 1466 

for Burkitt lymphoma, 1676 

for diffuse large B-cell lymphoma, 1629t 

for follicular lymphoma, 1645t, 1646 

for y-heavy-chain disease, 1806 

for immune thrombocytopenia, 2003, 
2007 

mechanism of action, 325 

for -heavy-chain disease, 1810 

for myeloma, 1750, 1752t 

for NK/T-cell lymphoma, 1702 

pharmacology, 325-326 

resistance to, 319t 

stomatocytosis and, 684 

for thrombotic thrombocytopenic 


VISA. See Mitochondrial antiviral signaling 
protein (MAVS) 
Vitamin A, 335, 652t 
Vitamin A deficiency, 651 
Vitamin B, (riboflavin), 652t, 793, 2388 
Vitamin B, (riboflavin) deficiency, 651-652 
Vitamin Bo 652t 
Vitamin B, deficiency, 651 
Vitamin B,, (cyanocobalamin), 588, 588f, 
589, 592f, 1448. See also Cobalamin 
Vitamin B,, deficiency. See Cobalamin 
deficiency 
Vitamin C (ascorbic acid) 
blood levels, 652t 
for Chédiak-Higashi syndrome, 1020 
for erythropoietic protoporphyria, 899 
hemolytic anemia and, 708 
for hereditary methemoglobinuria, 793 
for TET protein activity enhancement, 170 
Vitamin C (ascorbic acid) deficiency 
(scurvy), 652, 1986, 2108, 2108f 
Vitamin D, 335, 2245 


Verapamil, 2079 

Verruca peruviana, 818 
Vertebroplasty, 1756 
Very-late-antigen. See under VLA 


purpura, 2256-2257 
for Waldenström macroglobulinemia, 
1794-1795 
Vinculin, 1832t, 1848 


Vitamin E 
for abetalipoproteinemia, 681 
functions, 653 


for G6PD deficiency, 711 
normal levels, 652t 
Vitamin E deficiency, 653 
Vitamin K 
neonate and, 109 
for warfarin reversal, 396, 396t 
Vitamin K, (menatetrenone), 1360 
Vitamin K antagonists, 393. See also Warfarin 
Vitamin K deficiency, 1986, 1986f, 1988, 
1989f 
Vitamin K-dependent zymogens, 1915-1918, 
1916t, 1917f, 1918f, 1918t 
factor VII. See Factor VII 
factor IX. See Factor IX 
factor X. See Factor X 
protein C. See Protein C 
prothrombin. See Prothrombin (factor II) 
Vitamin K epoxide reductase complex 
(VKORC), 395 
Vitamins 
in erythrocytes, 470t 
in neutrophils, 935 
Vitronectin, 63-64, 1834, 1845, 1846t, 1865 
Vitronectin receptor. See Integrin aĝ, 
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autoantibody activity, 1789 
cold agglutinin anemia, 827, 1790 
cryoglobulinemia, 1789, 1790f 
hyperviscosity syndrome, 428, 
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in heparin-induced thrombocytopenia, 
2031-2032 
maternal ingestion of 
effect on fetus and newborn, 112, 112t 
neonatal hemorrhage and, 109 
for myocardial infarction, 2296 
pharmacology, 394 
reversal, 396-397, 396t 
for venous thromboembolism, 2274 
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X-ray repair complementing defective 
repair in Chinese hamster cells 4 
(XRCC4), 1167 


Y 
Yellow marrow, 28 
Yersinia enterocolitica, 742 
Y-ibritumomab tiuxetan, 346 
adverse effects, 343t 
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chemotherapy drugs and, 1249 
for HIV infection, 1242 
macrocytic anemia and, 1252 
megaloblastic anemia and, 605, 606t 
Zieve syndrome, 655 
Zinc, 652t 
Zinc deficiency, 653 
lymphocytopenia in, 1206 
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ZPI (protein Z-dependent protease 
inhibitor), 1916¢, 1938, 1952z, 
1960 

ZRSR2, 1346t 

ZU5-ANK, 666 


